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Tidal tails of nearby open clusters
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Abstract

Context. Tidal tails of open clusters are the result of stellar evaporation from the cluster through the Galactic potential and internal dynamics. With the recent availability of high-precision data, tidal tails are being detected for most of the nearby open clusters.

Aims. We identify the tidal tail members for all open clusters within a distance of 400 pc that are older than 100 Myr and have >100 members. To do this, we use model-independent methods.

Methods. We used the convergent-point (CP) method to identify the co-moving stars near the open clusters using Gaia DR3 data. A new method called the self-compact convergent-point method was proposed and applied to some of the clusters. It performed better overall in tracing the tails. We also analysed the colour-magnitude diagrams and orbital energy to diagnose possible contamination.

Results. Nineteen out of 21 clusters have tidal tails. Five of them were discovered for the first time through this work. The typical span of the tidal tails is 20–200 pc, and 30–700 member stars lie in the region inside the tidal radius and the tidal tails. Four out of 19 tidal tails are tilted away from direction of the Galactic centre. This contradicts the known theory of the tidal-tail formation. The luminosity functions of the tails and clusters are consistent with each other and with the canonical stellar interstellar mass function, but systematically higher radial velocities for the trailing tail than for the leading tail were observed for the first time.

Conclusions. The CP method is useful for detecting tidal tails on a scale of ≈100 pc for clusters closer than 400 pc. A further analysis of theoretical N-body models is required to understand the incompleteness and biases in the current sample of tidal tails.
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1 Introduction
Stars escape from a star cluster potential because of the energy equipartition and becomes unbound by the tidal field of the host galaxy. These escaped stars form tidal tails around the star cluster in the Galactic gravitational field. These tidal tails of clusters were confidently predicted in the 1940s by Bok (1934) and Spitzer (1940), based upon the very preliminary classical mechanical equations of motion for cluster stars that move in the intra-cluster and Galactic potential. The authors used the best known model of the Milky Way (MW) in those early years. With modern observing facilities in the 1990s and later, several new discoveries provided observational confirmation of these extended structures around globular clusters (Grillmair et al. 1995; Lehmann & Scholz 1997; Kharchenko et al. 1997; Odenkirchen et al. 2001; Rockosi et al. 2002; Belokurov et al. 2006; Lee et al. 2003; Ibata et al. 2019) and on extragalactic scales (Federici et al. 2007). The Galactic globular clusters are very massive with significant overdensities in five- or six dimensional phase space. They can therefore be fairly easily distinguished from Galactic background stars because they reside in the Galactic halo, which has a low background stellar density. Unlike for globular clusters, it is intrinsically and observationally difficult to map tidal tails in open clusters (OCs). Most of the OCs are found in the Galactic disk close to the Galactic plane, where the noise due to the field stars is most dominant. Their masses are lower and there are fewer stars in a typical OC, and this hampers a detection of the overdensities above the Galactic noise in any phase space. These studies therefore only became possible with the advent of the Gaia mission (Gaia Collaboration 2016, 2018, 2021, 2023), which provides accurate positions, parallaxes, and proper motions, for nearly 1.5 billion stars within the MW.
The recent discoveries and detailed studies of tidal tails of OCs include several different methods that cover several dozen OCs with known tails. Hyades is unarguably the most extensively studied OC with tidal tails. It was mapped by Meingast & Alves (2019), Röser et al. (2019), and Jerabkova et al. (2021) using data from Gaia DR2. Meingast & Alves (2019) relied on the threedimensional velocity distribution and spatial distribution of stars constructed from six coordinates, and selected highly comoving stars with respect to the cluster. This revealed a structure for 238 stars with a long extent of 200 pc and a thickness of only 25 pc that covered over 100 deg on the sky, with a typical Ƨ-shape1 in the galactocentric X – Y plane, in agreement with the theoretical models (Dinnbier & Kroupa 2020; Wang et al. 2020).
Röser et al. (2019) adopted the CP method from van Leeuwen (2009) and constructed a five-dimensional phase space, where the cluster and tails showed significant overdensities. Overall, the structure had an extent of around 170 pc in the leading and 70 pc in the trailing tail directions, with 972 stars in total in the cluster and tails. The authors also reported a distinct moving group within the tidal tails. Jerabkova et al. (2021) developed N-body models of a Hyades-like cluster, and introduced the new compact convergent-point (CCP) method with which they identified the Hyades tidal tail stars. This work with Gaia DR2 and eDR3 revealed that the tails extend to almost 1 kpc. The authors also noted that for a Hyades-like cluster with an age of 600–700 Myr, the proper motions of the tail stars can differ by up to ±40 km s−1 relative to the cluster centre, and they are therefore not simple overdensities in any parameter space.
Meingast et al. (2021) used the CP method to find velocities in phase space and DBSCAN to find phase-space overdensities. They identified tidal tails of 10 OCs near the Sun within an age range of 30–300 Myr. The structures around the compact cluster core, as reported by the authors, extend farther than ≥100 pc and comprise the bulk of the stellar mass. They are comoving with the cluster, but have asymmetric velocity distributions. Bhattacharya et al. (2022) used several machine-learning algorithms and detected extended structures outside the tidal radius around the targeted 46 OCs with elongated morphologies, 20 of which were reported to show signs that the tidal tails were aligned with the orbit of the cluster in galactocentric coordinates. The limitations arising from the method they used truncated the tails at very short distances. The shortest tails ended a few parsecs outside the tidal radius. Kos (2024) simulated the dissolution of OCs and detected tidal tails in 476 OCs with a probabilistic method.
Vaher et al. (2023) developed a new method for tracing the escaped stars from the nearby clusters and applied it to the same to ten OCs near the Sun. Using the radial velocities from the Gaia data as well, the authors performed trace-back computations to determine probabilistic estimates whether an escaped star was a previous member of a cluster. Because the subsample with radial velocities was limited, the number of escaped stars for every cluster they found was smaller than with other dedicated methods for tracing the tidal tails. At the same time, they were able to trace the stars a few hundred parsec away from the clusters. Other notable attempts to detect tidal tails of OCs include Coma Berenices / Melotte 111 (Fürnkranz et al. 2019; Tang et al. 2019; Pang et al. 2021), Ruprecht 147 (Yeh et al. 2019), Praesepe/ NGC 2632 (Röser & Schilbach 2019), NGC 2506 (Gao 2020), UBC 274 (Castro-Ginard et al. 2020), Blanco 1 (Zhang et al. 2020; Pang et al. 2021; Vaher et al. 2023), Alpha Persi (Nikiforova et al. 2020; Meingast et al. 2021), NGC 2516, NGC 6633 (Pang et al. 2021), Pleiades / Melotte 22 (Li et al. 2021; Meingast et al. 2021; Vaher et al. 2023), IC 4756 (Ye et al. 2021), and NGC 752 (Bhattacharya et al. 2021; Boffin et al. 2022).
The shapes of tidal tails are influenced by many known and unknown variables on local as well as on Galactic scales. A qualitative explanation for the formation of leading and trailing tails stems from the differential velocities of stars that leave the OC, as explained by Kroupa (2008). Stars with a lower and higher Galactic velocity than the cluster form leading and trailing tails, respectively, with the typical S-shape. This was further discussed in detail in the semi-analytic model by Dinnbier & Kroupa (2020) and Jerabkova et al. (2021). Dinnbier & Kroupa (2020) also made the distinction into two types of tidal tails on the basis of the mechanism that is dominant in taking out the stars from the cluster into the tails and based on the timescales over which the tails form. Type I tails are formed relatively quickly by stars that escape from the cluster just after gas expulsion, and type II tidal tails form over hundreds of million years through the gradual evaporation of stars through energy equipartion. The morphology and kinematics of these two types are significantly different and were previously studied in detail by Küpper et al. (2008, 2010) for type II and by Dinnbier & Kroupa (2020) for type I tidal tails.
Another interesting phenomenon of tidal tails includes substructures that are called epicyclic overdensities or Küpper overdensities. These are density enhancements along the tidal tails at specific locations for a cluster in both circular and eccentric orbits (Küpper et al. 2008, 2010; Just et al. 2009). For a cluster on a circular orbit around the Galactic centre, the distance of an overdensity from the cluster centre depends on the mass of the cluster and on the strength of the tidal field. It is a decreasing function with time as the cluster looses its mass (Küpper et al. 2010). More complexity arises for clusters with eccentric orbits around the Galactic centre, where the distance continuously oscillates with time (Küpper et al. 2010).
As most of the OCs reside in the Galactic disk, the shapes of their tidal tails are influenced by the gravitational potential of the inner Galaxy. This provides possible probes for measuring the potential. Hence, the sample of tidal tails of OCs nearby the Sun, which shows wide ranges in different physical properties such as mass, ages, and orbital parameters, is very important for understanding the local gravitational potential. Further, as pointed out by Wang & Jerabkova (2021), tidal tails are important tools for studying the birth condition and evolution of star clusters and of the coupling and interaction of the clusters with the Galactic potential. The orientation of tidal tails with respect to the velocity vector of the cluster and current angular momentum of the cluster can also constrain the rotation of the cluster (Jerabkova et al. 2021; Guilherme-Garcia et al. 2023). The Küpper overdensities mentioned above also provide an additional constraint on the Galactic potential (Küpper et al. 2015). The stellar content of a cluster that is caused by the stellar evolution is irrecoverably lost, impacting the initial mass function, but the expelled stellar content residing in the tidal tails holds information that leads to a better completeness when it is accounted for Wirth et al. (2024). Finally, the number of stars in the leading tail versus the number of stars in the trailing tail allows us to test gravitation theories (Kroupa et al. 2022, 2024; Pflamm-Altenburg 2025).
The aim of this work was to detect the tidal tails of nearby OCs. The structure of the paper is as follows: the Gaia DR3 data and cluster sample selections are explained in Section 2. Section 3 describes CP-based tail detection methods, and we present the results in Section 4. Further, we discuss the tidal tail properties and possible incompleteness in Section 5. Section 6 summarises the findings in this work. The auxiliary materials can be found here on Z1 to Z19.
2 Data
2.1 Gaia data
We made use of Gaia DR3 (Gaia Collaboration 2023), which provides accurate and precise astrometry and photometry in three broad-band Gaia filters (G, BP, and RP) for nearly 1.5 billion sources. We downloaded data for all the sources with parallax ω > 2 mas. Quality cuts were applied to include stars with ASTROMETRIC_EXCESS_NOISE < 1 or ASTROMETRIC_EXCESS_NOISE_SIG < 2 and RUWE < 1.4. Additionally, we calculated the absolute distance error for every source with an error propagation as follows:
[image: equation](1)
where σω is the error in the parallax in mas yr−1. We constrained σDist < 10 pc. This modification was made to rule out any parallax-introduced bias that may occur in the distribution of stars in the leading and trailing tails as a result of their orientation. The ADQL query is given in Appendix A.1. The final sample of stars with distances up to 500 pc we obtained after these cuts constitutes 7 723 781 individual sources.
2.2 Sample selection
We selected nearby older OCs from Hunt & Reffert (2024) (HR2024 hereafter) within 400 pc and with an age greater than 100 Myr with a minimum of 100 stars within the tidal radius according to Table A.2. The criterion for the minimum number of stars was placed to ensure that the CP of the cluster can be reliably found and that the region inside the tidal radius of the cluster is well traced by the neighbour-finding algorithm (see Section 3.2). This selection yielded a sample set of a total of 22 OCs, 21 of which were selected for this work2. Their known parameters are listed in Table A.2.
3 Methods
3.1 CP method
Stars within OCs are known to be spatially co-moving with similar space velocities (and proper motions) that appear to converge at a single point on the celestial sphere. The motion is a perspective effect with respect to the solar barycentric frame of reference, and the point is referred to as the CP. The well- established CP method is a tool for simultaneously determining the CP as well as the actual members of moving groups or OCs (Jones 1971; de Bruijne 1999; van Leeuwen 2009). As we already had information on cluster priors from HR2024, we combined and modified the basic CP method (Jones 1971; de Bruijne 1999) to make it best suitable for this sample, for which the cluster members are known.
We only considered the member stars within the Jacobi radius or tidal radius from HR2024 for every cluster to calculate the CP. We laid a grid of test CPs ranging from −90° to +90° in Dec and 0° to 180° or 180° to 360° in RA, depending upon the hemisphere of the cluster position on the sky with an initial resolution of 1° in RA and Dec For each individual point on the grid, we calculated the observed velocities parallel and perpendicular to the CP, denoted by V‖obs, V⊥obs, as follows:
[image: equation](2)
[image: equation](3)
where µα cos δ, µδ, and ω are pmra, pmdec, and the parallax of individual stars from Gaia DR3, respectively. The factor 4.74047 is the ratio of one astronomical unit in kilometers and the number of seconds in one Julian year, which converts proper motions into mas yr−1 to velocities in km s−1. The position angle θ of the CP is expressed as
[image: equation](4)
where (α, δ) is the on-sky position of individual stars, and (αCP, δCP) is the position of the test CP from the grid. The predicted velocities were calculated for the entire cluster as follows:
[image: equation](5)
[image: equation](6)
where [image: equation] denotes the mean proper motion of the cluster, and [image: equation] is the mean parallax of the cluster. The equations based on the proper motion from de Bruijne (1999) were adapted and converted into velocity space in our Equations (2)–(6). In this formalism, V‖obs corrects for two effects. One effect is the projection effect on the velocities due to the angular distances of individual stars from the CP, and the other effect is the parallax effect. V⊥obs deals with the intrinsic velocity dispersion of the cluster and measurement errors in the proper motions. We plot the distributions of stars from our set of selected clusters in Figs. Z1 to Z19 with axes V‖obs − V‖pred = ∆V‖ and V⊥obs − V⊥pred = V⊥obs. The distributions are centred around (0,0), as expected. Finally, we calculated X2 for every test CP as follows:
[image: equation](7)
where N is the number of stars we used for the calculation, and σ⊥ is the first-order error as follows:
[image: equation](8)
The point from the grid with the lowest value of X2 was selected as the CP.
The algorithm explained above was bootstrapped to run 100 times with randomly selected 75% of the stars in each bootstrap loop for each cluster. This yielded a distribution of αCP and δCP, which is Gaussian to a good extent, with means [image: equation], medians (αMed,CP, δMed,CP), and standard deviations [image: equation]. In the next iteration, we reduced the range of test CPs to [image: equation] and boosted the grid resolution to 0.1°. The second iteration was run exactly as the first, and the final mean CPs and the standard deviations for every cluster are listed in Table A.2.
3.2 Finding phase-space overdensities
We follow the approach presented by Röser & Schilbach (2019) (RS2019 hereafter) in this section to reveal the phase-space overdensities for clusters and their possible tidal tails. For all the sources from Section 2, we transformed the positions and parallaxes into the Solar System barycentric Galactic Cartesian coordinate system using ASTROPY (Astropy Collaboration 2022). The X-axis points towards the Galactic centre, the Y-axis points in the direction of rotation of the Galaxy in the Galactic plane orthogonal to the X-axis, and the Z-axis points towards the Galactic north pole, orthogonal to the Galactic plane. We also calculated ∆V‖, V⊥ for every star in the data, given the CPs of the clusters in Table A.2. To reduce the computational burden, a selection of a phase-space volume around every cluster within |Z − Zc| ≤ 50 pc in the Z plane, |∆V‖| ≤ 50 km s−1 and |V⊥| ≤ 10 km s−1 in the velocity plane was made. Another cut in position space out of four of the following: X ≤ 0, Y ≤ 0, X ≥ 0, and Y ≥ 0, was made based on the position of the cluster in the chosen coordinate system, selecting only the hemisphere in which the cluster lay.
The phase-space neighbourhood definition was adopted from RS2019 as follows: Stars i and j with phase-space coordinates [image: equation] are neighbours if
[image: equation](9)
and
[image: equation](10)
where the rlim, a, b are free parameters, making an elliptical selection in V-plane owing to different intrinsic dispersions of ∆V‖ and V⊥ for the clusters under study. Stars whose entire neighbourhood lay inside the five-dimensional phasespace defined by Eqs. (9) and (10) were selected. This effectively dropped the sources close to the phase-space boundaries. This gave us the basic sample (BS) for every cluster.
The k-neighbourhood for every star is the number of fivedimensional neighbours that star i has in this phase space. Initially, all the sources with k ≤ 5 for the clusters within 350 pc and k ≤ 4 for the clusters farther than 350 pc were considered to be local Galactic background sources that contribute to noise. For these sources, the mean value (λ) of five-dimensional neighbours was calculated, and the Galactic background was modelled as a Poisson distribution with this λ. This particular step was a modification to the approach of RS2019 to compensate for the phase-space volume we considered, which was larger than the selection made by RS2019 for the Praesepe. We subsequently found a greater number of co-phase-space overdensities around the clusters we studied, which effectively increased the number of stars with k > 5 in the BS. These co-phase-space overdensities were the other clusters that lay close-by to the cluster we studied. In this case, the mean number of neighbours for all the stars in the BS was quite high for every cluster, and the Poisson distribution with this mean overestimated the local Galactic background noise. Our approach yields a better estimate for such cases. We then calculated the Poisson distribution probability mass function Pλ(k), Nexp(k), Nobs(k), pcont from the same definitions as RS2019. Finally, we only considered the sources with k-neighbours for which pcont was nearly 0.10 (≡10 %) or slightly larger. For all the clusters, this occurred for stars with k = 6. Some manual cuts were performed to remove co-phasespace overdensities due to other clusters that left the cluster and the tidal tails, if they existed, in the phase space. The pcont,max of the cluster and tidal tails owing to k = 6 are also reported in Table A.3.
The selection of free parameters was a crucial step in this analysis. It was made with a trial-and-error method with different permutations. The combination that recovered a maximum signal with a minimum background noise and eventually traced the tails up to a good extent without being affected by field stars, was chosen to be the best3. The final free parameters for all clusters are listed in Table A.3. The values of a, b, and rlim do not only depend on the intrinsic dispersions of cluster members, but also varied greatly with ambient phase-space density of the field stars around the clusters. We therefore considered a k value of 4 for the neighbours of Galactic background sources beyond 350 pc. Some cases of interference, especially in velocity-space due to another cluster, were also seen. We were unable to map out the tails reliably for these clusters (e.g. OC CWNU 1084). Closer to the Galactic disk, the background density introduces noise, and a smaller rlim was chosen to mitigate this. This optimal trade-off gives a sample of tails that is more reliable because the noise is lower, but it truncates tails to shorter distances from the cluster.
3.3 SCCP method
The use of a model-dependent CCP method for tracing the tidal tails of the Hyades and of NGC 752 was pioneered and demonstrated successfully by Jerabkova et al. (2021) and Boffin et al. (2022), respectively. Similar to these works, Kos (2024) developed probabilistic N-body models for more than 450 open clusters and traced their tidal tails. As mentioned by Boffin et al. (2022), the CCP or any N -body model-dependent works assume that observations follow the model(s), but this is not necessarily true. We developed a model-independent method called SCCP as an alternative to the model-dependent CCP.
Jerabkova et al. (2021) showed that the distance-dependent scatter in V‖ for models of a Hyades-like cluster can span up to 40 km s−1, with stars farther away from the cluster centre moving relatively faster. This trend in distance from the cluster centre, R − Rcl and V‖, can be expressed with a linear function Λ(R − Rcl). Correcting for V‖ with Λ(R − Rcl) by adopting V‖Λ = V‖ − Λ(R − Rcl) as a phase-space coordinate instead of the classical V‖ yielded a distribution of stars that was much more compact in velocity space, and it performed better in finding the phase-space neighbours. This proved advantageous for finding the tails up to larger extents.
For OCs Theia 517, Ruprecht 147, Stock 10, Platais 10, Collinder 350, Alessi 3, and Melotte 25, we observed a similar trend for the tails traced by the CP method, where the dispersion in V‖ was linearly related to R − Rcl. A linear fit in V‖ Vs R − Rcl was performed for the CP-traced tails of these clusters to determine the correction factor ΛSelf(R − Rcl). The same neighbour-finding parameters a, b, and rlim as the optimum ones found for the CP were used for the SCCP.
The novel SCCP method also has some caveats that we note here. Not all the clusters in our sample showed a linear relation in V‖ versus R − Rcl, and hence, this method is not applicable for every cluster. For a few OCs that fit within this constraint, the fit was not always perfect compared to the fit on the Hyades models in Jerabkova et al. (2021). This was expected as the observed data have uncertainties and depend on the CP selection. Hence, even if the ΛSelf(R − Rcl) is reliable, the SCCP missed a few stars that were detected by the CP method. These SCCP-missed stars are dispersed away from the velocity space overdensity near (0,0) in the course of the ΛSelf(R − Rcl) correction. We therefore created a merged catalogue by combining sources that passed the CP and SCCP methods, and they are listed in Table A.3.
	[image: thumbnail]	Fig. 1 X – Y plot of all the clusters and their tidal tails. The Galactic centre is in the positive X direction (to the right), the Galactic rotation is towards the positive Y direction (upwards), and the Sun is at the origin. A 3D interactive display can be found in the supplementary material of this article.



3.4 LZ–E secondary phase-space test
We also employed a test to confirm the reliability of the tidal tails found by using the CP or SCCP methods by calculating the parameters dependent on the orbits of the stars in the cluster and the tails. A secondary phase space of the Z–component of the angular momentum of a star and its total orbital energy (LZ – E) space was adopted, and the distribution of stars in the cluster and the two tails was compared. Lz and E were calculated using the McMillan (2017) Galactic potential and GALPY (Bovy 2015). LZ and E are conserved quantities in a typical axisymmetric galactic potential, and the use of overdensities in the (LZ – E) space was demonstrated by Bonaca et al. (2021), Malhan & Rix (2024) and many others to determine the older population of stellar streams and proto-galactic filaments in the inner Galactic plane. The calculations of the secondary phase-space coordinates LZ and E were limited for the brightest stars in the Gaia data for which radial velocities are available. The results from this test are discussed in Section 4.1.
4 Results
In total, we analysed 21 OCs, 19 of which show clear evidence for the existence of tidal tails, and 5 of which are discovered for the first time. The comparison with previously known clusters shows that the tails we found extend farther and have a significantly larger number of stars. Figures Z1 to Z19 document the results for individual clusters, and Figure 1 shows the X – Y distribution for all clusters. Figure Z20 shows the same in Galactic coordinates. The numbers we report in Table A.3 were subjected to specific data-quality filters (see Section 2) and the method (see Section 3).
We also confirmed the existence of the halo surrounding NGC 6475, which was discovered by Pang et al. (2021). Although an extended structure around CWNU 1084 was found, we were unable to confirm its association with the cluster as its phase space is most strongly affected by interference from nearby clusters. A catalogue of the cluster and tidal tail members is available at the CDS.
4.1 The LZ–E phase-space test
The distribution of a cluster and its tidal tails in the LZ – E plane are expected to follow a narrow arc-shaped structure based on the cluster orbit around the Galaxy (e.g. panel (i) of Figs. Z1 to Z19). We found a handful of outliers that deviated from the mean distribution in all clusters. These co-moving and co-spatial contaminants were located in and outside the tidal radius. They were not removed from the final catalogue, however, because there are only a few of them and we were unable to perform similar cuts for stars without a radial velocity. The comparison between the distribution of stars within the cluster and the tidal tails did not show significant differences, and the arc-shaped structures of these three regions match well. This supports the identification of tail members.
4.2 Improvement through the of CP + SCCP combined sample
For the clusters and their tidal tails for which we were able to use the SCCP method described in Section 3.3, we formed combined samples of stars traced by either CP or SCCP. These samples comparatively performed better overall than individual samples in terms of the number of stars and the extent of the tidal tails. Moreover, there was no significant change in the Poisson statistics in the SCCP basic sample when V‖Λ was adopted instead of V‖, and pcont for any given k remained nearly the same. This shows that the combined samples are as reliable as the CP samples with similar contamination.
The percentage increase in tracing the number for stars for the combined sample compared to the CP sample varied from 2 to 34% in our clusters. For Ruprecht 147, the increase is highest at 34.5%, with the recovery of a 50 pc longer trailing tail. For Collinder 350 and Stock 10, an improvement by 18.7% and 20.7% was observed, respectively, with greater recoveries and extents of both tails. For NGC 2632, the combined sample had a 100 pc longer leading tail, with a percentage increase in the number of stars of 5.7%. For Alessi 3 (2.6%), Melotte 111 (6.9%), Platais 10 (11.5%), and Theia 517 (10.1%), the recoveries were greater within the same extent of both tails. These results are summarised in Figure 4.
4.3 Corrected samples
The overall statistics of the recovery of the tidal tails found in this work is summarised in Table A.3. As the tidal tails are extended systems that in some cases span up to more than 100 pc, and owing to their stellar distribution in space with respect to the Sun, the samples are always biased due to the distance-dependent sensitivity in the Gaia G magnitude. In most cases, a larger number of stars are therefore detected in the tail nearer to the Sun than farther away. It is impossible to eliminate this bias completely, but it can be minimised by assuming a cut-off MG magnitude and considering the stars with MG below this cutoff. We calculated the cutoff as
[image: equation](11)
For a given cluster, we found the stars within both tails up to different distances. We truncated the longer tail up to the distance of the shorter tail from the cluster and only considered the stars that passed MG, Lim. We refer to these as the corrected samples and report their statistics in the same Table A.3. Figures of individual clusters and their tails can be found here on Z1 to Z19. The comments on the individual clusters and the comparison with literature on the basis of the overall extent, that is, the full tip-to-tip length and the number of stars in the cluster and the tails, is given below. Figure 3 shows the comparison of the tidal tails of different OCs found in this work with previous studies. We recall that the more distant tail has poorer trigonometric data. We will return to their additional bias in a forthcoming contribution (Risbud et al., in prep.).
	[image: thumbnail]	Fig. 2 Plot in X – Y coordinates for a comparison of Melotte 25 (Hyades) and their tidal tails with the literature. The coordinate system is the same as in Fig. 1. The studies from the literature are plotted with offsets of 150, 300, and 450 pc in the X coordinate for clarity.



4.4 ASCC 101
The sample of the cluster and its tidal tails from Bhattacharya et al. (2022) consists of 103 stars, very few of which are outside the tidal radius. We found a sample for the same with 144 stars in total, with the trailing tail extending to 100 pc from the cluster. In the tidal radius and near the tidal region, 58 stars crossmatch from both samples. Due to the position of the cluster at (X, Y, Z) = (145,360, 80) pc, we were unable to find many stars in the leading tail, which extends up to 35–40 pc from the cluster away from the Sun.
4.5 Alessi 3
The tidal tails of Alessi 3 were mapped by Pang et al. (2022), who found a total of 165 member stars in the cluster and tails.
The extent of the leading and trailing tail was less than 30 pc from the cluster centre. We found a total of 233 members, 124 (74.5%) of which cross-matched within an extent of 30 pc. Our work revealed a much larger extent of the tidal tails, with leading and trailing tails extending up to 120 and 60 pc from the cluster centre, respectively.
4.6 Blanco 1 (zeta Scl)
Zhang et al. (2020) mapped the tidal tails of Blanco 1 with the data from Gaia DR2 using unsupervised machine-learning in five-dimensional phase space. They reported 644 members within the tidal radius and the tails. Similarly, Meingast et al. (2021) reported 494 members. We found 554 members with 517 (80%) and 424 (85%) in common with the two studies, respectively. The overall extent of the tails found by all three is approximately 50–60 pc for each tail from the cluster centre.
4.7 Collinder 350
Similar to Alessi 3, Pang et al. (2022) revealed 156 stars associated with Collinder 350. Its tidal tails extend to less than 30 pc from the cluster. We mapped the same tails up to an extent of 50 pc with a total of 235 stars, 106 (64.9%) of which were found to be in common with the Pang et al. (2022) survey in the 30 pc region around the cluster.
4.8 Melotte 111 (Coma Berenices, Collinder 256)
The tidal tails of Melotte 111 were discovered by Fürnkranz et al. (2019); Tang et al. (2019); Pang et al. (2022). Fürnkranz et al. (2019) used the approach of overdensities in galactocentric velocity space to reveal the tidal tails. They found 214 stars with an overall extent of about 50 pc. A cross-match using the Gaia source IDs with our sample of 212 stars gave 170 (80.2%) stars in common in both works.
Tang et al. (2019) used a similar clustering algorithm in fivedimensional phase space to reveal an overdensity of the cluster and its tails. They found 197 stars within 50 pc, 164 (83.2%) of which match our sample.
While searching for the overdensities, we also detected group X identified by Tang et al. (2019). We further confirmed that this group X was identified by HR2024 as the moving group HSC 759. A comparison between the basic properties from HR2024 showed that HSC 759 is younger, with [image: equation]. The mean differential space velocities of HSC 759 compared to Melotte 111 are (−8.007, 61.603, 76.324) km s−1. Although the overdensities of Melotte 111 and HSC 759 appear to be related in phase space, HSC 759 is not associated with the leading tail of Melotte 111 because their ages and space motions are different. It is an example of phase-space interference.
4.9 Melotte 22 (Pleiades, Collinder 42, M 45, Theia 369)
The tidal tails of Melotte 22 were extensively mapped out and studied in great detail by various methods in the literature by Li et al. (2021); Meingast et al. (2021); Bhattacharya et al. (2021). A total of 1407, 1177, and 1410 stars are reported in the cluster and the tidal tails. The extent of the overall structure found by these three works is very different. Li et al. (2021) found stars in the tidal tails up to a few parsec outside the tidal radius, with an overall extent of less than 70 pc around the cluster with a more or less a circular distribution when projected onto the X – Y plane. Bhattacharya et al. (2021) found a 100 pc long structure, where the region inside the tidal radius has a circular projection, with the leading tail directed along the Y– axis in the X – Y plane and a slight tilt to the side of the Galactic centre. Conversely, Meingast et al. (2021) found a structure with a similar extent and a leading tail tilted more towards the Galactic anti-centre. We found 2029 stars associated with the Pleiades and their tails, with an overall tip-to-tip extent in the X – Y plane of more than 200 pc and the leading tail tilted towards the Galactic anti-centre. The Gaia source ID cross-matches with all three works gave 1240, 1117, and 1180 stars in common. We also found two moving groups within the tidal tails of the Pleiades. We discuss them in Section 5.3.
From the findings of Vaher et al. (2023)4, we took the sample of the Pleiades with pf ≥ pmin = 0.1. The comparison of our sample with the sample from Vaher et al. (2023) shows a striking resemblance. The leading tail is tilted towards the Galactic anticentre and the trailing tail is tilted towards the Galactic centre. The extent of the trailing tail from both works is quite similar, but Vaher et al. (2023) found a shorter leading tail and did not detect the moving group we found. Out of 462 stars from Vaher et al. (2023), 360 stars (78%) cross-match with our sample.
	[image: thumbnail]	Fig. 3 Plots in X – Y coordinates for the comparison of different clusters and their tidal tails with the literature. The coordinate system is the same as in Fig. 1. Successive +100 pc offsets were added to studies from the literature for clarity.



4.10 Melotte 25 (Hyades)
Röser et al. (2019) discovered the tidal tails of the Hyades with a total of 972 stars in the tails and the cluster. Our CP sample consists of 975 stars, which agrees very well with the literature. We considered a larger phase space in Z coordinate, 35 pc in both directions around the Hyades, compared to 20 pc taken by Röser et al. (2019). The CP + SCCP combined sample includes 1069 stars, 753 of which were found to be in common in both works. The extent from the cluster of the leading and trailing tail recovered in the two works was found to be the same, 170 pc and 70 pc.
Jerabkova et al. (2021) found 1109 and 862 stars in the Hyades and its tidal tails with the CCP method from models M1 and M5, respectively. Our sample only extends to 170 pc in the leading and 70 pc in the trailing tail direction, compared to their sample, which reaches 400 pc in both directions. In the overlap between the two, we found 703 and 615 stars in common in both works for models M1 and M5, respectively. The comparison of our sample of Melotte 25 with the literature is shown in Fig. 2.
It has been a long-standing problem that there are fewer white dwarfs than expected in the Hyades (and other galactic OCs). This is called the white dwarf deficit (see e.g. Weidemann 1977; Weidemann et al. 1992; Kalirai et al. 2001). Preferential ejections of white dwarfs in the course of dynamical processes were discussed as a possible solution to this problem (see e.g. Fellhauer et al. 2003 and reference therein). We observed a clear sequence of 19 probable white dwarf candidates (see panel d of Fig. Z8), 13 of which are located in the tails.
	[image: thumbnail]	Fig. 4 Plots in X – Y coordinates for the comparison between the tidal tails traced by the CP and SCCP methods.



4.11 NGC 2632 (Praesepe, M 44, Melotte 88)
The tidal tails of Praesepe were traced out by RS2019 using Gaia DR2 with the same CP method with which RS2019 found that 1357 stars belong to the cluster and the tails, with a contamination probability ≤0.561 or k ≥ 3. With our slight modification to the method from RS2019 (see the Section 3.2), we found a total of 1428 stars with k ≥ 6, 1208 (89.0%) of which match RS2019. Moreover, 1354 stars in our study were traced by the CP method, which agrees very well with RS2019, with 1181 (87.2%) crossmatches. The extent of the trailing tail found by us is somewhat shorter (approximately 100 pc) than was found by RS2019. We also confirm the existence of the separately identified moving group HSC 1244 within the leading tail of NGC 2632, which was found by RS2019. This is discussed in Section 5.3.
4.12 NGC 6633 (Collinder 380, Melotte 201)
Pang et al. (2022) analysed the three-dimensional morphology of NGC 6633, but failed to find any evidence for its tidal tails. We identified the extended structure and tidal tails of NGC 6633 with a total of 358 stars. Due to its larger distance of approximately 400 pc from the Sun, we were only able to recover a few stars in its tidal tails.
4.13 Roslund 6 (RSG 6)
Bhattacharya et al. (2022) attempted to find the tidal tails of Roslund 6, where 230 member stars were identified in total. The overall extent of the tails was only a few parsec outside the tidal radius, with very few stars. We mapped the stars up to a distance of 100 pc from the cluster in the leading and trailing tails, with a total count of 357 stars. Inside the tidal radius and near the tidal region, 164 stars were found by cross-matching with Bhattacharya et al. (2022).
4.14 Theia 517 (Collinder 438, M39, Melotte 236, NGC 7092)
The tidal tails of Theia 517 were studied in detail by Meingast et al. (2021) and Bhattacharya et al. (2022). Meingast et al. (2021) found a total of 351 stars, and the extent of the leading and trailing tail was about 100 and 80 pc from the cluster centre, and 308 stars were found by Bhattacharya et al. (2022), with both tails extending for a few parsec outside the tidal radius. Our sample has 489 stars, which is significantly larger than any of the literature studies. The extent of the leading and trailing tail we mapped is larger by 20 and 70 pc than Meingast et al. (2021). A cross-match using the Gaia source IDs of our sample with Bhattacharya et al. (2022) and Meingast et al. (2021) gives 86 and 267 (76.0%) stars in common, respectively.
4.15 Halo around OC NGC 6475
We confirm the existence of a halo of stars around OC 6475, which was discovered by Pang et al. (2022). We found 1005 stars in the cluster and halo, 866 of which cross-match with 1157 stars found by Pang et al. (2022).
5 Discussion
5.1 Analysis in ϕ1 - ϕ2 space
The projections of spatially three-dimensional tidal tails in the equatorial system (α - δ) appear to be elongated for a few dozen degrees on the sky. The usual equatorial coordinates can be spherically rotated into a new system that is aligned with this elongation along the tail. We call this new system (ϕ1, ϕ2). The goal of this transformation is to align the latitude ϕ1 along the elongated tail and the longitude ϕ2 to minimise the dispersion, which remains perpendicular to ϕ1. This helps us to analyse the kinematical and astrophysical parameters of the tails as a function of ϕ1. Similar elongation-aligned coordinates were used previously by Koposov et al. (2010), Koposov et al. (2019), Erkal et al. (2019), Koposov et al. (2023) and many others to analyse Galactic stellar streams (where they are called stream- aligned coordinates), which are several dozen kiloparsec long and distant.
We used the GALA (Price-Whelan 2017) Python package for the spherical rotation from (α, δ) to (ϕ1, ϕ2). It needs a great circle with the pole (αpole, δpole) to be defined in (α, δ). We estimated this by lying a grid of tests (αpole, δpole) on the sky with a resolution of 1° and minimising the squared distance from the ϕ2 = 0 great circle. The poles determined for all the clusters and their tidal tails are given in Table A.1. The origin5 of the (ϕ1, ϕ2) system was chosen to be the mean (α, δ) of the stars inside the tidal radius of the cluster.
The proper motions (µαcosδ, µδ) were initially corrected for the solar reflex motion with gala.coordinates.reflex_correct6. These solar reflex- corrected (µα,ref xcorr cosδ, µδ,ref xcorr) were transformed into [image: equation], which are along the new tail-aligned system.
In the ϕ1 versus ϕ2 plots (subplot (m) of Figs. Z1 to Z19), the tails of clusters near Y ≈ 0 appear to a have constant spread in ϕ2 throughout the elongation ϕ1. For clusters at higher |Y|, for which the tails in X – Y are along the line of sight, the ends closer to Y = 0 appear to be more dispersed in the ϕ1 versus ϕ2 plots. This is a pure projection effect.
The analysis in ϕ1 versus [image: equation] (panel (j) of Figs. Z1 to Z19) shows that in the increasing direction of ϕ1, for the tails in [image: equation] monotonically increases, and for the tails in Y > 0, it monotonically decreases. The few exceptions to these are Alessi 96, Blanco 1, Melotte 111, and Stock 10, where no trend was seen. Interestingly, for Melotte 25 and NGC 2632, the parts of their tails with Y > 0 monotonically decreases, and the rest with Y < 0 monotonically increases, forming an arc-like shape in the ϕ1 versus [image: equation] plot. The bulk proper motions of the tails and the cluster always point in the direction of the leading tail.
The tail-aligned proper motions of stars [image: equation] are expected to be along the elongation in ϕ1, which was found to be the case for most of the clusters. For a few exceptions such as Blanco 1, Collinder 350, Melotte 111, and RSG 4, however, the tail-aligned stellar proper motions deviate strongly from the tail elongation in the ϕ1 direction. This is inherited from the deviation of their Galactocentric velocities from the elongation along Y in three dimensions.
Although radial velocities (RVs) were only available for the brighter stars in the clusters and tails, we analysed them as a function of ϕ1, as shown in panel (k) of Figs. Z1 to Z19. Stars with very high |RVs| inside or outside the tidal radius are most likely outliers in the sample. A slightly tilted sequence is formed by the stars predominantly in the tails, mostly with individual stellar RVs close to the mean RV of the cluster. In most of the OCs, stars in their respective trailing tails have higher RVs than those in the leading tails. If there is no significant detection bias in the data, this physical effect may probe the gradient of the local Galactic potential around the OCs, where escape from the cluster is comparatively harder on the side of the trailing tail, and only the stars with higher velocity are therefore seen there.
The OCs and their tails that lie comparatively closer to the Sun, such as NGC 2632 (Praesepe), Melotte 22 (Pleiades), and Blanco 1, have better statistics and a greater number of stars with RVs, where tilted sequences are distinctly seen. In others, such as Theia 517, RSG 4, and Ruprecht 147, this is less distinct, but still clearly visible.
5.2 Possible biases and incompleteness
The N-body computer simulations of tidal tails in general clearly show the extent of the tidal tails up to kiloparsec scales for older clusters such as the Hyades (e.g. Dinnbier & Kroupa 2020; Jerabkova et al. 2021; Pflamm-Altenburg et al. 2023). Younger OCs are expected to have extents shorter than one kiloparsec. The CP method is limited in this aspect because the tail motion deviates from the cluster at larger distances and there are biases in tracing the tidal tails. It yields the best results for massive nearby OCs that trace their tails to an extent of 100–150 pc (e.g. Melotte 22 in Fig. Z7), which are significantly overdense above the background in their respective five-dimensional neighbourhoods. The less massive OCs intrinsically have relatively fewer stars in the tidal tails, and their density decreases along the tails. It was not possible to trace them equally well.
In addition to the population, the distance of the cluster and its tails has the largest effect on the recoveries. The spatial volume density of the previous cluster member stars is a decreasing function of the distance from the cluster. The field density for five-dimensional neighbourhoods of distant OCs is intrinsically lower than that of the nearer OCs. This reduces the number of stars with higher k for these. This is reflected in the recoveries also for OCs within distances ≈400 pc. For example, Collinder 350, NGC 6633, Stock 10, and Stock 2 evidently have poor recoveries in the tidal tails. As the tidal tails are generally along the galactocentric Y-axis, the clusters with l ≈ 90 or 270 have one tail closer to the Sun than the other. Hence, these clusters are likely significant biased due to differential recoveries in the nearer and farther tail. This is evident in Figure 1, where the nearer trailing tails of ASCC 101, RSG 4, and Roslund 6 are better traced than their respective leading tails. Similarly, the leading tails of Alessi 3 and UPK 545 are recovered comparatively better than the farther trailing tails. More analysis is required with simulated data to understand these biases in detail.
5.3 Moving groups within the tidal tails
In several cases, two or more separated but neighbouring phasespace overdensities are detected significantly above the background noise of field stars. In these cases, it is critical to distinguish whether they are associated with each other. The selection of the single strongest overdensity of the cluster affects the overall recovery and extent of the tidal tails. In contrast, a faulty association of two or more overdensities increases the contamination probability without being quantified in pcont. We verified these associations by similarities in the galactocen- tric positions, galactocentric velocities, CP velocities, ages, and CMDs. The minor overdensities at distances of a few dozen parsec from a cluster in the spatial coordinates were catalogued in HR2024 as separate moving groups. We found the missing links by associating them with clusters in five-dimensional phase space, where the moving groups were a part of the tidal tails of Melotte 22 and NGC 2632. These results are summarised in Table A.4. In contrast, we found some clusters whose tails either extended up to the moving group in five-dimensional phase space, for example moving group HSC 759 near Melotte 111 and moving group HSC 2408 near Platais 10. After we analysed the overdensities and other observables mentioned above, these phase space interferences were removed. A deeper analysis with N -body simulations, spectroscopic and time-series data (for stellar gyro-chronology, as the proxy of the actual age) may reveal the kinematic and morphological connections between the OCs and associated moving groups better. These associations may be physical and may be examples of incomplete post-gas-expulsion coalescence of the clusters discussed by Zhou et al. (2024).
	[image: thumbnail]	Fig. 5 Luminosity function slopes for all the clusters in the region inside the tidal radius (green), the leading tail (blue), and the trailing tail (red). The grey line represents the nominal slope for the Gaia G band (0.115) for a cluster with a Kroupa (2001) initial mass function.



5.4 Luminosity function
The luminosity functions (LFs) for each cluster and its tidal tails were made using the corrected samples (see Section 4.3). They are shown in panel (h) of Figs. Z1 to Z19. For comparison purposes, we calculated the LFs of the region inside the tidal radius, the leading tail, and the trailing tail with the same MG bin size of 1 mag. The faintest one or two bins for all the clusters in all the three regions had fewer counts (likely due to observational incompleteness and stellar evaporation). They were therefore not included in the straight-line fit using the following relation:
[image: equation](12)
where N is the number of stars in each magnitude bin, and a is the slope of the LF. Figure 5 shows that the slopes of the LFs in all the three regions are similar and are consistent with the observed value of ≈0.115 for a cluster with a canonical Kroupa (2001) stellar initial mass function.
5.5 S-shaped tails that contradict known theory
For 4 of the 19 OCs (Melotte 22, UPK 545, RSG 4 and Alessi 9) with clear evidence of tidal tails, we found S-shaped tidal tails, in which the leading tail was tilted towards the Galactic anti-centre. This disagrees with the theoretical models of tails, for example (Dinnbier & Kroupa 2020; Wang et al. 2020; Jerabkova et al. 2021), who predicted that the leading tail is tilted towards the Galactic centre. It also contradicts known theory. The comparisons of the basic parameters between the clusters and their respective inverted tails similar to the verification of an association of a moving group (see Section 5.3) are strikingly consistent. In some cases, a nearby cluster may lie outside the selected phase space of the cluster. Some part of the extended tail can still be inside in the phase space, however. We confirmed for the inverted tails that they are not the tidal tails of such another nearby OC that is by chance aligned with the cluster and is incorrectly detected.
We discuss a possible physical reasons of the formation of S-shaped tails. As tested to some extent and pointed out by Jerabkova et al. (2021), the initial spin angular momentum of the cluster has a significant effect on the formation of tails and properties such as the mass and number of stars in both tails. A cluster that spins in the same direction as its orbital motion develops longer and more massive tails than a cluster without initial spin angular momentum, but the phase-space depopulation via the formation of tidal tails for the systems with non-zero initial spin is only poorly understood. A number of simulations of clusters that rotate with different initial spins in the direction of their orbital angular momentum and opposite to it need to be analysed to study this further. This might show the missing links between initially rotating clusters and the orientation of their tails.
Another reason for the inverted tails might be dynamical interactions of the cluster and tails with another nearby cluster or the Galactic disk. Several star clusters that form in the same molecular cloud may influence each other’s tails. Stars that escape into the tails of a cluster may be subject to the gravitational potential of a neighbouring and comparatively massive cluster, which might be stronger than the Galactic tidal field. This would tilt the tails away from the Galactic centre. This possibility must be thoroughly tested using sets of simulations in which multiple neighbouring clusters from the same molecular cloud initially evolve together for a brief period of time at least.
6 Conclusions

	We analysed 21 nearby clusters older than 100 Myr with a minimum of 100 members using the CP (and the new SCCP) method to identify their tidal tails if they exist. We found tidal tails in 19 clusters and a stellar halo for one cluster.


	The tails have a tip-to-tip span of 20–200 pc with 30–700 tail members. These statistics have different biases in the tracing of the tails due to some factors such as their different masses, distances, and orientation of the tails in X − Y coordinates, however. We therefore suggest using the MG - corrected values for a comparison of the populations.


	The analysis in the spherically rotated tail-aligned sky coordinate system (ϕ1, ϕ2) showed that the tail-aligned proper motions are mostly along the tail elongation and point towards the leading tail, consistent with expectations. The deviation seen in a few tails arises from a misalignment of the galactocentric velocities with the three-dimensional morphology of the tails.


	The RVs of the tails are consistent with a mean radial velocity of the OC, with the trailing tail RVs being slightly higher than the leading tail.


	The LFs of the tails in the vicinity of the clusters are similar to those of the cluster. The slope of the LFs in the region inside the tidal radius, the leading tail, and the trailing tail are mostly consistent, but the uncertainties are larger.


	The tidal shapes are expected to be -shaped, with the tilt of the leading tails being towards the Galactic centre, while the trailing tails tilt away from the Galactic centre. However, 4 out of 19 clusters show S-shaped tails. The CMD (proxy for the stellar age), energy, and angular momentum are all consistent with a co-eval and co-moving group of stars. Interactions with a clumpy Galactic potential, an initial spin of the clusters, or a preferred detection of co-moving stars from a common molecular cloud might be the cause of this. The further analysis of these theory-defying tails using computer simulations of clusters and their tidal tails is required for a better understanding.



In summary, while it was thought that the tidal tails of the open stars clusters ought to be dynamically and kinematically fairly simple structures (Dinnbier & Kroupa 2020; Jerabkova et al. 2021; Küpper et al. 2010; Just et al. 2009), the actual real tidal tails appear to show features that are not understood at present and are certainly unexpected (e.g. Kroupa et al. 2022, 2024).

[bookmark: S7]Data availability
The catalogue of cluster and tidal tail members is available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/694/A258.
The plots from our analysis for all the clusters in Table A.3 are available on Zenodo https://doi.org/10.5281/zenodo.14651597.
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Appendix A  Supplementary query and tables
A.1 ADQL query
ADQL query for selecting the Gaia DR3 data

select TOP 10000000
dr3.source_id, dr3.ra, dr3.dec,
dr3.parallax, dr3.pmra, dr3.pmdec, dr3.bp_rp, dr3.phot_g_mean_mag,
1000 * dr3.parallax_error / power(dr3.parallax,
2) AS Dist_error
from gaiadr3.gaia_source AS dr3
where parallax > 2
and pmra IS NOT NULL
and pmdec IS NOT NULL
and parallax IS NOT NULL
and 1000 * dr3.parallax_error / power
 (dr3.parallax, 2) < 10
and (astrometric_excess_noise < 1 OR
astrometric_excess_noise_sig < 2)
and ruwe < 1.4
and phot_g_mean_mag IS NOT NULL
and phot_bp_mean_mag IS NOT NULL
and phot_rp_mean_mag IS NOT NULL


A.2 Tables
Table A.1 
Pole and origin in equatorial coordinates used for every cluster for the transformations from (α, δ) to (ϕ1 ,ϕ2) and (µαcosδ, µδ) to (µϕ1 co sϕ2, µϕ2) (see section 5.1).

Table A.2 
Open clusters selected in this work

Table A.3 
Statistics of the Tidal tails we found in this work.

Table A.4 
Moving Groups (MvGr) associated with OCs and their tails found in this work.
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1 The S Shape of tidal tails from semi-analytic modelling by Dinnbier & Kroupa (2020) predicts that the leading tail has a slight tilt towards the Galactic Center which gives an S-shape in the coordinate system in which the X–axis points towards the Galactic Anti-centre, as assumed by the authors. Throughout this work we assumed the coordinate system described in the Section 3.2 with the X–axis pointing towards the Galactic centre, hence the shape of tails translates to a mirror image,Ƨ.


2 We did not include Herschel 1 because the CP of this cluster found by the method described in Section 3.1 has large errors. This makes it unreliable for any further analysis. The central stellar concentration of the cluster was found to be relatively low, which makes it difficult for the neighbour-finding algorithm to work (see Section 3.2).


3 Stars with k = 0 and k = 1 should have pcont close to one when the neighbour-finding parameters are optimum. Larger parameters than those would cause pcont for k = 0 or 1 to deviate significantly from one. In this case, the sample is unreliable as the background noise for all values of k is enhanced and may be detected as a false signal, with k greater than or equal to 6.


4 See Section 2.1 from Vaher et al. (2023) for the definitions of pf and pmin.


5 gala.coordinates.GreatCircleICRSFrame.from_pole_ra0 was used for the transformations with argument ra0 = αpole, except for Blanco 1, where it was given to be 0° due to its position on sky. The argument origin_disambigute was always passed to be (αpole, δpole).


6 gala.coordinates.reflex_correct needs the radial velocities of stars as well. For all the stars independently of the radial velocities being available or not, 0 km s–1 was passed to avoid the differential corrections.
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      Table A.1 

      Pole and origin in equatorial coordinates used for every cluster for the transformations from (α, δ) to (ϕ1 ,ϕ2) and (µαcosδ, µδ) to (µϕ1 co sϕ2, µϕ2) (see section 5.1).

      
        


	Cluster
	αpole
	δpole
	αorg
	δpole



	
	(deg)
	(deg)
	(deg)
	(deg)





	Alessi_3
	120
	43
	108.993
	−46.233



	Alessi_9
	212
	28
	265.951
	−46.954



	Alessi_96
	193
	31
	75.501
	37.506



	ASCC_101
	170
	33
	288.354
	36.310



	Blanco_1
	57
	44
	53.057
	−29.883



	Collinder_350
	153
	86
	267.038
	1.537



	Melotte_111
	221
	−60
	186.247
	25.953



	Melotte_22
	162
	31
	56.626
	24.095



	Melotte_25
	176
	43
	67.469
	16.920



	NGC_2632
	39
	4
	129.953
	19.589



	NGC_6633
	181
	41
	276.890
	6.635



	Platais_10
	11
	−30
	205.692
	−59.348



	RSG_4
	343
	−21
	288.020
	56.871



	Roslund_6
	13
	−26
	307.285
	39.889



	Ruprecht_147
	203
	13
	289.053
	−16.465



	Stock_10
	16
	−25
	84.801
	37.754



	Stock_2
	189
	28
	33.834
	59.531



	Theia_517
	188
	32
	322.768
	48.293



	UPK_545
	25
	−7
	130.795
	−58.687





      

    

  
    
      Table A.2 

      Open clusters selected in this work

      
        


	Name
	Other names
	αc
	δc
	µα cos δ
	µδ
	ω
	αcp
	δCp
	[image: equation]
	rt



	
	
	(deg)
	(deg)
	(mas yr−1)
	(mas yr−1)
	(mas)
	(deg)
	(deg)
	
	(pc)





	ASCC 101
	Alessi J1913.6+3619, LeDrew 6,MWSC 3070,Theia 445
	288.345
	36.360
	0.967
	1.281
	2.51
	280.4 ± 2.0
	27.0 ± 2.7
	8.3
	5.69°



	




	Alessi 3
	MWSC 1157,Theia 1011
	109.187
	−46.680
	−9.793
	11.916
	3.58
	45.4 ± 3.0
	48.1 ± 2.3
	8.8
	7b



	




	Alessi 9
	MWSC 2670
	265.642
	−46.744
	9.831
	−9.151
	4.78
	228.4 ± 1.0
	−1.5 ± 1.8
	8.6
	5.5b



	




	Alessi 96
	RSG l,TRSG 1,Theia 380
	75.485
	37.487
	0.971
	−12.561
	3.05
	77.7 ± 0.2
	6.7 ± 4.0
	8.3
	10c



	




	Blanco 1
	ESQ 409-9,MWSC 7,OCL 43,zeta Sci
	0.914
	−30.011
	18.725
	2.593
	4.23
	78.8 ± 4.5
	1.8 ± 2.6
	8.2
	8.5d



	




	CWNU 1084
	
	302.547
	33.490
	5.048
	−0.388
	3.10
	273.0 ± 1.9
	31.5 ± 0.4
	8.0
	8.1 b



	




	Collinder 350
	MWSC 2700,OCL 75,Theia 919
	267.065
	1.418
	−4.869
	−0.066
	2.69
	303.9 ± 7.5
	1.9 ± 0.1
	8.4
	7.4 b



	




	Melotte 111
	Collinder 256,Coma Berenices,MWSC 2020,OCL 558
	186.017
	26.423
	−12.155
	−8.855
	11.71
	276.4 ± 5.7
	39.1 ± 1.5
	8.8
	6.9e



	




	Melotte 22
	Collinder 42,Escorial l,M45,MWSC 305, OCL 421,Pleiades,Theia 369
	56.680
	24.108
	19.955
	−45.457
	7.38
	89.8 ± 0.6
	−44.7 ± 0.7
	8.1
	11.8d



	




	Melotte 25
	Collinder 5O,Hyades,MWSC 379 OCL 456,Taurus Moving Cluster
	66.701
	16.081
	104.136
	−28.732
	21.2
	97.3 ± 0.2
	6.9 ± 0.1
	8.8
	9.0k



	




	NGC 2632
	Collinder 189,MWSC 1527,M 44, Melotte 88,OCL 507,Praesepe
	130.088
	19.666
	−35.943
	−12.903
	5.40
	89.8 ± 0.5
	1.6 ± 0.3
	8.5
	10.77f



	




	NGC 6475
	BH 254,Collinder 354,ESO 394-9,MWSC 2739, Melotte 183,OCL 1028,Theia 692
	268.476
	−34.828
	3.080
	−5.366
	3.58
	254.1 ± 0.7
	−8.2 ± 1.6
	8.2
	14.1b



	




	NGC 6633
	Collinder 380,MWSC 2917, Melotte 201,OCL 90,Theia 924
	276.805
	6.559
	1.204
	−1.804
	2.54
	265.6 ± 3.5
	21.6 ± 3.4
	8.7
	10.2b



	




	Platais 10
	HIP 67014 Group,MWSC 2150
	205.279
	−59.156
	−29.312
	−10.788
	4.13
	271.7 ± 0.1
	−3.4 ± 0.1
	8.1
	10 c



	




	RSG 4
	TRSG 4,Theia 520,UBC 1
	287.696
	56.523
	−2.489
	3.734
	3.09
	298.4 ± 0.8
	45.0 ± 1.2
	8.0
	17.5g



	




	Roslund 6
	RSG 6,TRSG 6
	307.593
	40.356
	5.950
	2.130
	2.83
	250.3 ± 6.6
	3.5 ±6.3
	8.2
	7.5a



	




	Ruprecht 147
	MWSC 3078,NGC 6774,OCL 65,Theia 1531
	289.141
	−16.269
	−0.949
	−26.672
	3.28
	286.3 ± 0.3
	−59.0 ± 2.6
	8.9
	12.11h



	




	Stock 10
	Theia 609
	84.742
	37.808
	−3.150
	−0.428
	2.79
	117.2 ±3.2
	36.8 ± 0.5
	8.1
	5.04j



	




	Stock 2
	Theia 524
	33.850
	59.577
	15.829
	−13.713
	2.68
	80.2 ± 0.7
	3.8 ± 1.6
	8.5
	22.65i



	




	Theia 517
	Collinder 438,M 39, MWSC 3521,Melotte 236, NGC 7092,OCL 211,Theia 822
	322.831
	48.349
	−7.400
	−19.704
	3.37
	289.8 ± 2.5
	−50.2 ± 3.9
	8.1
	6.7d



	




	UPK 545
	
	130.975
	−58.784
	−8.417
	2.531
	2.95
	100.9 ± 3.1
	−48.0 ± 2.0
	8.0
	10c





      

      
Columns 1 & 2 : Name(s) of the OC from HR2024; Columns 3 & 4 : Sky-coordinates from HR2024; Columns 5 & 6: Proper motions from HR2024 ; Column 7: Parallax from HR2024; Columns 8 & 9: Convergent-point Coordinates found in this work (see the Section 3.1): Column 10: Logarithm the of age of the OC from HR2024; Column 11: Tidal radius in parsec from various sources, aBhattacharya et al. (2022), bPang et al. (2022), c Canonical Assumption, dMeingast & Alves (2019) eTang et al. (2019), fRS2019, gHR2024, hΎeh et al. (2019) iYe et al. (2021), jJust et al. (2023) kRöser et al. (2011).




    

  
    
      Table A.3 

      Statistics of the Tidal tails we found in this work.

      
        


	NAME
	NTidal
	NLeading
	NTrailing
	NTidal,Corr
	NLeading,Corr
	NTrailing,Corr
	MG,Lim
	Pcont,max
	a
	b
	rlim



	
	
	
	
	
	
	
	(mag)
	
	(km s−1)
	(km s−1)
	(pc)





	ASCC 101
	30
	33
	81
	26
	26
	25
	8.173
	0.097
	2.4
	1.8
	17



	Alessi 3*
	95
	91
	47
	75
	36
	32
	10.114
	0.090
	1.6
	1.0
	20



	Alessi 9
	52
	148
	185
	43
	82
	115
	10.464
	0.070
	2.0
	1.0
	17



	Alessi 96
	65
	110
	60
	50
	66
	42
	8.724
	0.102
	3.0
	1.5
	20



	Blanco 1
	404
	68
	82
	270
	42
	41
	10.612
	0.089
	4.0
	2.0
	15



	Collinder 350*
	53
	52
	130
	41
	42
	61
	7.875
	0.090
	2.5
	1.5
	23



	Melotte 111*
	85
	72
	55
	79
	58
	47
	12.935
	0.093
	1.2
	1.2
	20



	Melotte 22
	1176
	565
	288
	1144
	411
	272
	13.17
	0.098
	1.5
	0.9
	20



	Melotte 25*
	312
	423
	334
	305
	349
	329
	14.759
	0.080
	2.5
	0.8
	15



	NGC 2632*
	973
	308
	147
	856
	168
	132
	11.928
	0.078
	2.0
	1.0
	17



	NGC 6633
	166
	87
	105
	147
	71
	76
	7.901
	0.090
	2.5
	1.8
	18



	Platais 10*
	48
	89
	67
	38
	64
	37
	10.669
	0.088
	3.5
	0.5
	17



	RSG 4
	110
	64
	247
	77
	49
	73
	9.117
	0.106
	2.5
	1.8
	20



	Roslund 6
	191
	43
	123
	147
	34
	62
	8.629
	0.048
	1.5
	1.1
	17



	Ruprecht 147*
	127
	69
	139
	113
	58
	49
	9.055
	0.100
	3.8
	1.2
	20



	Stock 10*
	41
	81
	73
	34
	53
	56
	8.089
	0.091
	2.1
	1.7
	25



	Stock 2
	883
	118
	277
	771
	95
	219
	8.609
	0.092
	7.0
	2.1
	14



	Theia 517*
	211
	83
	195
	145
	71
	55
	9.707
	0.206
	3.0
	1.5
	18



	UPK 545
	83
	382
	134
	72
	118
	102
	9.207
	0.085
	2.0
	1.5
	17





      

      
Column 1 : Name of the OC from HR2024,* signifies the statistics for CP + SCCP joint sample (see Section 3.3): Columns 2 – 4 : Number of stars inside the tidal radius, the leading tail and the trailing tail ; Columns 5-7: Number of stars inside the tidal radius, the leading tail and the trailing tail for the corrected sample (see the Section 4) ; Column 8: Maximum absolute G magnitude for the correction (see Section 4); Column 9: Maximum contamination probability for k = 6 (see Section 3.1): Columns 10 – 12: Optimum neighbour finding parameters (see Section 3.2).




    

  
    
      Table A.4 

      Moving Groups (MvGr) associated with OCs and their tails found in this work.

      
        


	Name_OC
	Name_MvGr
	[image: equation]
	[image: equation]
	VX_ OC (km s−1)
	VY_ OC (km s−1)
	VZ_OC (km s−1)
	VX_MvGr (km s−1)
	VY_MvGr (km s−1)
	Vz_MvGr (km s−1)





	Melotte 22
	HSC 1580
	8.1
	8.1
	6.406
	217.2
	−6.3
	4.2
	217.9
	−7.1



	Melotte 22
	UPK 303
	8.1
	8.0
	6.406
	217.2
	−6.3
	6.5
	217.1
	−3.7



	NGC 2632
	HSC 12441
	8.5
	8.1
	−29.2
	225.5
	−2.3
	−25.0
	228.1
	−5.1





      

      
First two columns are name of the OC and the moving group from HR2024. Columns 3 and 4 are ages respectively. Columns 5 to 7 and 8 to 10 are Galactic velocities in X, Y and Z directions respectively. 1. A positional cross-match performed between tidal tails of Praesepe from RS2019 and HR2024 shows that moving group HSC 1244 was also detected within the tidal tails of Praesepe by RS2019.
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