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Abstract

Context. Local young stellar associations (LYSAs <50 Myr and <150 pc) are important laboratories to test predictions from star formation theories. Estimating their ages through various dating techniques with minimal biases is thus of paramount importance.

Aims. We aim to determine the ages of LYSAs with the expansion rate dating technique.

Methods. We estimated the ages of the LYSAs using literature membership lists, publicly available data (astrometry and radial velocities), and a recent open-source Bayesian code that implements the expansion rate method. This code in combination with simple statistical assumptions allowed us to decontaminate, identify possible substructures or populations, and estimate expansion ages.

Results. We derive the largest and most methodological homogeneous set of ages of LYSAs. We rediscover three and discover four associations hidden within the literature membership lists of the classical ones.

Conclusions. The expansion ages we report here are compatible with literature age estimates. Moreover, our analysis shows that previous age tensions can be explained, in most cases, by the presence of unidentified populations or substructures.
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1 Introduction
Accurate and precise age determinations of stellar associations are fundamental stepping stones for the validation of the current theories of the formation of stars and planets and their dynamical evolution. Yet, inferring these ages is a difficult task due to the inherent complexities associated with the data availability and quality, and the often inconsistent results obtained through different dating techniques (see, for example Galindo-Guil et al. 2022; Barrado y Navascués et al. 1999; Stauffer et al. 1995).
Kinematic ages and nuclear ages are the two most common dating techniques applied to stellar associations. On the one hand, the dynamical or kinematic dating techniques (e.g., expansion rate and traceback, see for example, Galli et al. 2024, 2023; Wright et al. 2024; Miret-Roig et al. 2022; Brown et al. 1997, and references therein) take advantage of the proximity and youth of stellar associations to determine their age based on its kinematic properties. The underlying assumption of these techniques is that stellar associations were more spatially concentrated at their birth than what they are today, and that the elapsed time can be inferred based on the current positions and velocities of its members (while the traceback technique integrates these back in time under a Galactic potential, the expansion rate assumes that they resulted from ballistic trajectories). On the other hand, the nuclear dating techniques (e.g., isochrone-fitting and Lithium depletion boundary, hereafter LDB, see for example, Ratzenböck et al. 2023a; Jeffries et al. 2023; Galindo-Guil et al. 2022; von Hippel et al. 2006, and references therein) derive ages by fitting the predictions of stellar interior and stellar atmospheric models, which are assumed to be correct and unbiased, to the ensemble of observed photometric or spectroscopic properties of the system’s members.
In this series of articles, we infer the ages of the local young stellar associations (LYSA) with dynamical and nuclear dating techniques under a Bayesian paradigm. In this first article, we aim to infer the ages of LYSA with the expansion rate dating technique (for an application of this method see, for example, Mamajek & Bell 2014), particularly with the Bayesian age estimator recently developed by Olivares et al. (2025a, hereafter the method paper). The expansion rate of a stellar system measures the average rate of change in the system’s velocity with respect to the distance to its centre (see, for example, the section ‘The concept of linear expansion’ in Blaauw 1964). Thus, in the expansion rate dating method, this spatial rate of expansion is inverted to obtain an estimate of the stellar system’s age (see Eq. (1) of the method paper). We notice that this method makes the underlying assumption that the stellar system is expanding, that this expansion originated at the system’s birth, and that it has remained constant since then (more below).
The expansion of young stellar systems was hypothesised long ago by Ambartsumian (1955, 1954) but remained elusive due to examples of detections (Kuhn et al. 2015), non-detections (Dzib et al. 2017; Wright et al. 2016), and partial detections through runaway members (Olivares et al. 2013; Poveda et al. 2005). It was not until recently and thanks to exquisite astrometry of the Gaia data, that the expansion of young stellar systems has been statistically confirmed in relatively large samples (e.g., Wright et al. 2024; Kuhn et al. 2019). The expansion of young stellar associations may result from a variety of phenomena, such as changes in their gravitational potential due to gas expulsion (e.g., Hills 1980; Tutukov 1978) or tidal shocks by surrounding stellar systems or gas clouds (Kruijssen et al. 2012). Despite its origin, once detected, the expansion rate can be used to compute the time elapsed between the event that originated the expansion and the present day. Moreover, if the expansion started at birth time and remained constant since, then the age of the stellar system can be estimated by inverting its expansion rate. Throughout this work, we will assume that, whenever expansion is detected, it was imprinted at birth, and has remained constant since then (see Assumptions 1, 2, 3 of the method paper).
The rest of this work is organised as follows. In Sect. 2, we present the data of selected LYSAs that fall within the applicability domain of the Bayesian expansion rate method. In Sect. 3, we briefly describe the methods we will use. Then, in Sect. 4, we show the results obtained by the Bayesian age estimator, and in Sect. 5, we discuss them. Finally, in Sect. 6, we present our conclusions.
2 Data
The applicability domain of the Bayesian expansion rate age estimator (see Sect. 3) when applied to stellar associations covers from ~10 Myr to ~40 Myr in age and up to ~150 pc in distance (see Sect. 5.1 of the method paper). Thus, in this section, we first select the stellar association falling within this domain. Then, we compile their lists of members from the literature together with their astrometry and radial velocity (RV) data.
2.1 Stellar associations within the applicability domain
Our objective is the determination of ages for the local young stellar associations up to 150 pc away and up to 40 Myr old. Thus, we exclude open clusters and star-forming regions within these intervals. On the one hand, open clusters are expected to be gravitationally bound to some extent (see Sect. 1.2 of Krumholz et al. 2019), and thus, we do not expect them to show expansion rates. To the best of our knowledge, there is no evidence in the literature for the expansion of open clusters’ central regions. On the other hand, star-forming regions are expected to be expanding, however their elevated complexity resulting from the entanglement of their subgroups and partial embedding (e.g., Ratzenböck et al. 2023b; Olivares et al. 2023a; Miret-Roig et al. 2022; Galli et al. 2019) precludes the direct application of our method. In the future, we will estimate the expansion ages of star-forming regions on a region-by-region basis.
We compiled a list of nearby young stellar associations from the works of Riedel et al. (2017); Gagné et al. (2018a,b); Gagné & Faherty (2018); Lee & Song (2019a), and Moranta et al. (2022). We gather ages and distances from Table 1 of Gagné et al. (2018b) and Table 2 of Lee & Song (2019a). Then, we filter literature lists of stellar associations and end up with the following ones (see Table 1 for details): ϵ-Chamaeleontis (EPCHA), η-Chamaeleontis (ETCHA), TW Hydrae (TWA), 118 Tau (118TAU), 32 Orionis (THOR), β-Pictoris (BPIC), Octans (OCT), Columba (COL), Carina (CAR), and TucanaHorologium (THA).
The previous associations are briefly summarised as follows. EPCHA and ETCHA are two young stellar associations located on the outskirts of the Scorpius-Centaurus region, with similar ages and distances to the Sun: ~9 Myr and ~100 pc, respectively (see for example, Ratzenböck et al. 2023a). Due to their similar space velocities, they have been recognised as related between themselves and to the background star-forming regions of Chamaeleon I and II (Bobylev & Bajkova 2024; Galli et al. 2021). Although their age is at the lower limit of the applicability domain of our method, we nonetheless include them in our analysis. TWA is one of the youngest and closest to the Sun associations (40–100 pc, ~10 Myr, Luhman 2023), which makes it a fundamental system for the study of the solar neighbourhood’s star formation history. THOR and 118TAU are two nearby groups located at approximately 100 pc and 110 pc, respectively, and with ages between 17 and 25 Myr (Luhman 2022; Galindo-Guil et al. 2022; Kerr et al. 2021; Bell et al. 2017; Burgasser et al. 2016; Mamajek 2007). BPIC, due to its proximity and young age (40–50 pc and 18–24 Myr, e.g., Lee et al. 2024; Galindo-Guil et al. 2022; Miret-Roig et al. 2020) is a benchmark for the analysis of the formation and evolution of stellar systems and the search of exoplanets. OCT is a relatively young, ~34 Myr, sparse stellar association located at ~150 pc that extends over 40 pc (e.g. Galli et al. 2024). COL is a young association (Luhman 2024; Bell et al. 2015, 34–45 Myr) located ~60 pc away from the Sun. CAR is a nearby stellar association located ~90 pc away and with age estimates of 30–45 Myr (see, Table 2 of Lee & Song 2019a). Finally, THA is a nearby association located at ~46 pc (Gagné et al. 2018a) with age estimates varying from 27 to 53 Myr (see Sect. 1 of Galli et al. 2024).
2.2 Membership lists
For each stellar association in our list, we gathered its literature members from the following works on stellar association surveys: LACEwING (Riedel et al. 2017), BANYAN (Gagné et al. 2018a,b; Gagné & Faherty 2018), Lee & Song (2019a), SPYGLASS (Kerr et al. 2021), and Moranta et al. (2022). The LACEwING list corresponds to Table 3 from Riedel et al. (2017). Although Ujjwal et al. (2020) reanalysed the LACEwING catalogue of stellar association members obtained with Gaia DR2 data, here we work with the Gaia DR3 data of the original lists by Riedel et al. (2017). The BANYAN list consists of the union of Tables 5 and 7 of Gagné et al. (2018a), Table 4 of Gagné et al. (2018b), and Table 2 of Gagné & Faherty (2018). The membership lists of Lee & Song (2019a) are those presented in their Appendix B. However, we do not use the membership lists of Lee & Song (2019b) because the machine-learning algorithms they use result in the mixing of several stellar associations. Finally, the lists of SPYGLASS and Moranta et al. (2022) correspond to their Table 1.
We complement the previous lists of members with the following works targeting specific associations. In EPCHA, with those of SigMA (Ratzenböck et al. 2023b) and Qin et al. (2023). In ETCHA, with those of Hunt & Reffert (2024) and SigMA (Ratzenböck et al. 2023b). In TWA, those by Luhman (2023) and Miret-Roig et al. (2025), which share the same members but differ in the RV data. In THOR with those by Žerjal et al. (2023, their final list) and Hunt & Reffert (2024). In BPIC, the works by Luhman (2024), Couture et al. (2023), Miret-Roig et al. (2020) and Crundall et al. (2019). In OCT, with that by Galli et al. (2024). In COL with that by Luhman (2024). In CAR with those by Booth et al. (2021) and Luhman (2024). In THA with those by Popinchalk et al. (2023), Galli et al. (2023), and Luhman (2024).
Finally, we also analyse each association with a list of members resulting from the union of all its literature lists, excluding duplicated sources, which we call the UNION list. However, we notice that the membership lists by Luhman (2023) and Luhman (2024) for 32 Orionis and Car-Ext, respectively, are extremely numerous compared to the rest of the literature lists. For this reason, we exclude these lists from the UNION ones and instead, we analyse them independently.
2.3 Astrometric data
For each stellar association in our list, we cross-match (using a radius of 10″) its literature lists of members (above) with the Gaia DR3 data. From this latter, we recover sky positions, proper motions, parallax, radial velocity, uncertainties, and correlations. In addition, we also collected the source’s photometry and renormalised unit weight error (RUWE).
2.4 Radial velocities
We use the RV data from several sources. In those specific works from the literature where the authors provide RV measurements, we use them to perform independent analyses on those data. We call these RVs catalogues the ‘original’ ones.
In addition, we compile a catalogue with publicly available RV measurements, which we call the GLASSS one. It includes RV data from Gaia DR3, the Large Sky Area Multi-Object Fiber Spectroscopic Telescope DR 10 (LAMOST, Cui et al. 2012; Zhao et al. 2012), the Apache Point Observatory Galaxy Evolution Experiment DR17 (APOGEE, Abdurro’uf et al. 2022), the Survey of Surveys DR1 (SoS, Tsantaki et al. 2022), and SIMBAD (Wenger et al. 2000). The radial velocities from these surveys were not mixed, but simply selected according to the following priority: APOGEE, LAMOST, Gaia, SoS, and SIMBAD. If neither of these surveys has an RV measurement for the source, we set its value as missing.
3 Methods
In this section, we present the methods used to infer the expansion ages of the LYSA selected in Sect. 2. Given that the core of our Bayesian methodology is the Kalkayotl code (Olivares et al. 2025b, 2020), we start by briefly describing it. Then, we dedicate two subsections to explain the procedures we follow to clean the input list of members from possible contaminants and outliers. First, we applied general filters to remove the most clear outliers in the observed space. Then, we applied a dedicated method to further remove contaminants in the phase space. Afterwards, we describe the method that we used to disentangle phase-space substructures with stellar associations, without this disentanglement, the age estimates could be biased. Finally, we end this section with a brief description of the Bayesian expansion rate age estimator developed in the method paper. It is important to notice that throughout this work we will undertake the assumptions listed in Appendix A of the method paper.
3.1 Review of Kalkayotl
Kalkayotl is a flexible Bayesian hierarchical framework that allows its users to create models of stellar systems in which the source-level parameters could represent individual stellar distances (1D version), positions (3D version), or positions plus velocities (6 D version), and global-level parameters could represent the system’s distance, location, velocity and its corresponding dispersions. Furthermore, other global parameters can be inferred, such as contraction, expansion, or rotation.
The code is specifically designed to take as input the Gaia astrometry and possibly missing radial velocities of the stellar system’s members. As output, it delivers the joint posterior distribution of the source-level and population-level parameters. It offers a flexible environment where different dimensionalities, statistical distributions, reference systems, and velocity models can be used to construct the desired stellar system’s model. In addition, it delivers several diagnostics and summaries of the inferred posterior distribution.
In this work, we only use Kalkayotl’s 6D version with parameters inferred in the Galactic reference system with joint and linear velocity fields. As statistical distributions, we only work with the Gaussian one or with Gaussian mixture models (GMM) with two components.
3.2 Pre-processing of outliers and unresolved binaries
The presence of outliers, contaminants, and binary stars in the LYSA list of members could bias their parameter estimates, particularly their age. Thus, to minimise these possible biases, we removed as many outliers in the observed space as possible with the following filtering criteria.
Concerning binary stars, we assumed that the most important source of biases corresponds to the RV of unresolved binaries. Therefore, we masked as missing the RV of possibly unresolved binaries, that is, of those sources with RUWE > 1.4. Although the astrometry of unresolved binaries could also be biased, we assumed that the observed astrometry corresponds to that of the centre of mass of the binary system (see Assumption 5 of the method paper).
Concerning outliers, we considered as such, and thus drop from the input list, those sources with parallax ≥3σϖ and RV ≥ 2σrv, with σϖ and σrv the standard deviation of the LYSA’s observed parallax and RV, respectively. We used a more stringent criterion in the RV than in parallax because we expect stellar associations to be more tightly concentrated in velocity space than in distance.
Finally, we set a minimum value for the RV uncertainty at 0.01 km s−1 (i.e. the uncertainty is never smaller than this value). This minimum ensures a fast convergence of Kalkayotl’s posterior sampling algorithm without impacting the inferred source-level parameters.
3.3 Decontamination algorithm
Decontaminating the input list of members from a LYSA demands a compromise between completeness and purity. On the one hand, contaminants can bias the results towards more random motions, less significant ordered kinematic patterns, and thus, towards older ages. On the other hand, an excessive trimming of the input list of members reduces its statistical significance and thus, diminishes the detectability of the kinematics patterns. Therefore, we present an iterative decontamination algorithm aimed at removing as few sources as possible, while rejecting the majority of contaminants. The steps of this decontamination algorithm are the following.
We started by applying Kalkayotl’s field-Gaussian mixture decontamination model (FGMM) (see Sect. 2.4.5 of Olivares et al. 2025b), which is a GMM with two components: one for the field and another for the stellar system. This field-Gaussian distribution is concentric with the Gaussian one of the stellar system and has a diagonal covariance matrix with entries fixed to user-defined values. Here, we set the field standard deviations in positions and velocities to 20 pc and 5 km s−1, which correspond to the upper end values of LYSAs (see Table 1 of Gagné et al. 2018a). The FGMM returns as output the posterior distribution of the stellar system parameters, the source parameters, and the classification of each source in the input into either the field population or the stellar system. We discarded from the list of members those classified by the FGMM as the field population. We iteratively applied this FGMM until the inferred weight of the field population is less than 10%. This iterative approach ensures that possible contaminants that escaped from the first classification are removed in subsequent classifications. The 10% field-weight threshold was heuristically set for these sparse systems.
Then, we removed possibly unidentified outliers as follows. We applied Kalkayotl’s Gaussian model with joint velocity to the sample of members resulting from the previous step. We used the Gaussian with joint velocity model due to its good convergence properties and simplicity in inferring the members’ positions and velocities (see Sect. 3.3 of Olivares et al. 2025b). Following Galli et al. (2023) and Miret-Roig et al. (2020), we computed, for each member, its Mahalanobis distance to the stellar association velocity centre with the minimum covariance determinant method (MCD, Rousseeuw & Driessen 1999), and sorted members according to this distance. This filtering method has been successfully applied by our group to remove kinematic outliers and interlopers (Galli et al. 2023; Miret-Roig et al. 2020). Here, we kept all members with Mahalanobis distances of less than 10σ, which is a highly conservative criterion. The resulting clean list of members is then used to search for substructures, identify the association’s kinematic patterns, and infer its expansion age.
3.4 Identification of phase-space substructures and kinematic patterns
We searched for phase-space substructures within each LYSA using GMMs with two components (see Sect. 3.1). We started our exploration assuming the following null hypothesis: the UNION list of members of each LYSA (see Sect. 2) contains only one population and it can be described with only one Gaussian distribution. As the alternative hypothesis, we assumed that the LYSA’s UNION list contains only two phase-space substructures, each of them Gaussian distributed, and both can be described by a two-component GMM. Unless specified otherwise, we worked with the UNION list of members because, by definition, it has the largest number of sources.
For the inference of the GMM’s parameters, we used the following prior distributions. In the weights parameters, we used a Dirichlet distribution with a = [1, 1] (equivalent to a uniform distribution) when there is no prior identification of substructures, or an informed value when substructures were previously identified. The rest of prior distributions and hyper-parameters were set to their default values (see Sect. 3.2.2 of the method paper).
We adopted the following criteria to reject the null hypothesis. We assumed that the association is composed of two populations whenever the Gaussian distributions inferred by the GMM have non-negligible weights (i.e. both weights are larger than 5%) and are mutually exclusive at the 2σ-level. This last criterion is equivalent to Mahalanobis distances ℳ between the two components, say A and B, larger than 2, this is ℳAB > 2 and ℳBA > 2. If the inferred Gaussian distributions have nonnegligible weights but are not mutually exclusive at the 2σ-level, then we said that the LYSA is composed of a core (i.e. the most compact) and halo (i.e. the most extended) populations.
Whenever the alternative two-populations hypothesis proves to be true, we applied the same previous procedure to each of the identified substructures. This exploration allows us to identify more complex substructures with the same underlying assumptions. This hierarchical tree has already been proved in star-forming regions (see Olivares et al. 2023a) and open clusters (see Olivares et al. 2023b).
The kinematic patterns of expansion, contraction, and rotation were inferred using Kalkayotl’s Gaussian family with linear velocity field model, which is described in Sect. 2.3.2 of Olivares et al. (2025b). We applied this model to each LYSA and its identified substructures. Finally, we report the detection of such patterns whenever their statistical significance exceeds the 2σ level.
3.5 Bayesian expansion rate dating method
As a methodology to estimate the ages of LYSAs, we used the Bayesian expansion rate dating method recently introduce in the method paper. This method assumes that the age of a stellar system can be estimated by inverting its present-day expansion rate, that this later started at the system’s birth time, and that it has remained constant since then (see the aforementioned work’s Assumptions). Briefly, the method is built within Kalkayotl and upon an improved version of Lindegren et al. (2000) linear velocity field model in which the diagonal entries of the linear velocity tensor correspond to the expansion rate components. These components are drawn, in a Bayesian hierarchical fashion, from a unique expansion rate that in turn is sampled and inverted from the age distribution. For more details, see Sect. 3 of the method paper.
The extensive validation of the Bayesian method on realistic synthetic datasets of stellar associations and star-forming regions shows that it offers several advantages over the traditional frequentist approaches of the expansion rate dating techniques at the cost of being more computationally expensive (see Sect. 6.1 of the method paper). Among these advantages, we considered its ability to work with missing RV data, its high credibility (i.e. the true age value is always contained within the 95% high density interval of the posterior distribution), low error (<10%), and low uncertainty (<20%) as the most important ones.
We notice that, contrary to other frequentist age estimators, the Bayesian one benefits from larger samples of stellar system members despite their fraction of missing radial velocities. For this reason, in this work we focused on compiling the most complete lists of LYSA’s member in spite of their possibly large fractions of missing radial velocities.
The Bayesian expansion rate method requires the specification of prior distributions for all its population-level parameters (the source-level parameters are sampled from the population-level distribution in a hierarchical fashion). We used the default and non-isotropic configurations of prior distributions and hyper parameters, which are described in Sect. 3.2.2 of the method paper. As recommended in the aforementioned work, we informed the prior distribution of the velocity dispersion using, as a location hyper-parameter, the velocity dispersion value inferred with the joint velocity model on the same dataset.
Finally, we established age prior distribution using the available information in the literature and following the recommendations given in Sect. 6.2 of the method paper. In particular, we established age prior distributions with a mean and a standard deviation under the weakly informative paradigm and repeat the analysis with updated prior distributions whenever we detect hints of posterior biases due to the prior. Appendix A contains the details of our chosen age prior distribution for each LYSA, as well as the literature works that provided the a priori information.
Table 1 
Bayesian expansion ages of local young stellar associations.

4 Results
In this section, we present the results obtained after applying our methods (see Sect. 3) to the selected LYSAs (see Sect. 2). First, we start with an overview of our results in all associations. Then, for each LYSA, we detail its identified substructures, kinematic patterns, and expansion ages as inferred from the literature membership list.
In Appendix B, we provide tables with the complete properties of the input lists of members and summary statistics of the model parameters posterior distributions for each LYSA, identified substructure, membership list, and RV origin. As a summary of our results, Table 1 provides the ages inferred for each of LYSA, as well as those others recovered or discovered within the literature membership lists.
4.1 Overview
The application of our methods in the literature membership lists showed the following interesting patterns. First, as expected, the pre-Gaia membership lists from the literature have larger fractions of contaminants than those of the Gaia era. For example, in OCT, the LACEwING and BANYAN lists reach contamination levels of up to 43% and 45%, respectively. Second, hidden within the literature membership lists, there are several substructures and populations (see Sect. 3.4 for a disambiguation between these terms). Although the majority of the recovered populations and substructures were already discovered in recent literature works, we discovered four new nearby associations. Finally, as a by-product of our analysis, our methodology delivers kinematic parameters of expansion, contraction and rotation. This is the first time that such a large compilation of these detections is reported.
4.2 ϵ− and η−Chamaeleontis
We explore the possibility that the UNION lists of EPCHA and ETCHA hosted phase-space structures. To test this hypothesis, we fitted GMM with two components to both membership lists. In the case of ETCHA, the second component has a negligible weight, thus indicating that the alternative hypothesis can be rejected. On the contrary, in the case of EPCHA, the two fitted Gaussian components, that we call UNION-A and UNION-B, have non-negligible weights of 0.63 and 0.37, and Mahalanobis distances ℳAB = 3.9 and ℳBA = 3.3. Therefore, we reject the null hypothesis with a confidence level >99.8%. Furthermore, we tested the hypothesis that EPCHA may host three populations by fitting a GMM with three components. However, this model resulted in a negligible weight for the third component, which allowed us to conclude that EPCHA hosts two populations. After cross-matching the members of these populations with recent literature censuses, we find that UNION-A corresponds to the Musca-Foreground group identified and described in Ratzenböck et al. (2023b) and Ratzenböck et al. (2023a). We identify the remaining group with the classical EPCHA association.
Concerning lists of members, in EPCHA the contamination and RV coverage reach values of up to 36% in LACEwING and 70% in Qin et al. (2023). In ETCHA, the contamination reaches 41% in the UNION list and a 61% RV coverage in the list by Hunt & Reffert (2024).
Concerning the kinematic patterns, in ETCHA we are unable to detect any kinematic pattern at a 2σ level. In EPCHA, we detect expansion along the X and Z directions, but mostly in Z in almost all membership lists.
Concerning the expansion ages, we observe the following. In EPCHA, our estimates are all compatible (within the 95% HDI) and consistent, within the uncertainties, except for that obtained from the list by SigMA, which is significantly younger but still compatible with the ages inferred from the UNION and Qin et al. (2023) lists. In ETCHA, all our age estimates are compatible and consistent.
Finally, from all the age estimators and membership lists, we choose to report the following ones. In the case of EPCHA, we report the age estimate resulting from the SigMA list because it is the most populous one and the one providing the most significant detections of expansion both in X and Z directions. In the case of ETCHA, we report the age estimate resulting from the UNION list. Moreover, we also report the age of the MuscaFG group from the UNION-A list of EPCHA.
4.3 TW Hydrae
In TWA, we test the alternative hypothesis of two populations in the UNION, Luhman (2023), and Miret-Roig et al. (2025) membership lists. We expand our search to the latter two lists because, recently, Miret-Roig et al. (2025) find two substructures within their list of members, which is the same as that of Luhman (2023) except for the RV measurements.
On the one hand, the results on the membership lists by Luhman (2023) and Miret-Roig et al. (2025) with their original RV measurements produce GMM with non-negligible weights in the second components although with Mahalanobis distances that are not mutually exclusive at the 2σ level criterium. In the membership list by Luhman (2023), the Mahalanobis distances are ℳAB = 0.9 and ℳBA = 1.8, while in that by Miret-Roig et al. (2025), the distances were ℳAB = 1.5 and ℳBA = 2.35. Thus, the data from these lists do not allow us to reject the null hypothesis of a single population.
On the other hand, in the UNION and Luhman (2023) membership lists with GLASSS radial velocities, our substructures identification method found that the null hypothesis of a single population was rejected with high confidence levels (>99%). In the UNION list, the GMM with two components, which we call UNION-A and UNION-B, have non-negligible weights of 0.74 and 0.26, respectively, with Mahalanobis distances of ℳAB = 3.25 and ℳBA = 4.65. In the list by Luhman (2023), the GMM with two components, which we call L23-A and L23-B, was inferred with non-negligible weights of 0.64 and 0.36, respectively, and their Mahalanobis distances are ℳAB = 3.40 and ℳBA = 3.45. Moreover, the groups A and B identified from these two membership lists share most of their members. The 42 members of L23-A are shared with UNION-A and none with UNION-B, while out of the 15 members of L23-B, 6 are shared with UNION-B and only one with UNION-A. Thus, our results represent an independent discovery, at the 3σ-level, of the two populations of TWA recently found by Miret-Roig et al. (2025). Moreover, the populations A (UNION-A and L23-A) and B (UNION-B and L23-B) mostly correspond to groups a and b found by Miret-Roig et al. (2025), although with partial entanglement. For example, out of the 42 members of L23-A, 31 and 11 are in common with groups a and b, and out of the 15 members of L23-B, 9 and 6 are in common with groups a and b, respectively.
The UNION, LACEwING, and BANYAN lists of members are the most contaminated ones, with contamination rates varying between 25% and 44%. On the other hand, the most recent membership lists only have up to 15% of contaminants, although with varying RV coverages.
The analyses of the majority of the membership lists produce significant, at the 2σ level, detections of expansion in the three components of the expansion rate. It is only in the membership lists by LACEwING, Lee & Song (2019a), and L23-B that the expansion is significantly detected in two components, and only in the membership list of UNION-B and Miret-Roig et al. (2025) for group b that expansion is not significantly detected in any component. Due to the weakness of this expansion signal, the age determination of this group is the most uncertain. Finally, rotation is significantly detected only in ωz and in the membership list by Lee & Song (2019a).
Concerning the inferred ages, we observe that, except for the results of the pre-Gaia membership lists of BANYAN and LACEwING, the modern membership lists of the classical TWA (i.e. excluding the substructures) by Lee & Song (2019a), Luhman (2023), and Miret-Roig et al. (2025) result in compatible and precise age determinations.
The ages of the substructures show that they are coeval, with small ≲3 Myr age differences. On the one hand, the age of group A is well constrained by the three membership lists, with the three expansion rate components significantly detected and age uncertainties between 0.8 and 1.2 Myr. On the other hand, the age uncertainty of group B varies between 1.3 and 2.4 Myr, and is only well constrained with the membership list L23-B, which has two components of the expansion rate significantly detected. Given the large number of members and RV completeness of the membership lists L23-A and L23-B, we choose these lists to report the ages of the two TWA populations.
4.4 32 Orionis and 118 Tau
We analyse the presence of supra and substructures with the following three membership lists. First, the list compiled by Luhman (2022), which contains not only the classical 118TAU and THOR associations, but also new members lying within the shared phase-space between these two. Second, the UNIONSL-22 list, that is the unification of THOR’s and 118TAU’s UNION lists but excludes the one by Luhman (2022). Third, the UNIONS+L22 list, which is the addition of the previous two lists. As done with other lists resulting from the union of several lists (see Sect. 2.2), we removed the duplicated sources. We notice that the UNIONS-L22 list has six members in common, thus indicating that the literature lists of the classical THOR and 118TAU already showed some level of entanglement in the studies previous to that by Luhman (2022). Our substructure identification methods (see Sect. 3.4) applied to the previous three membership lists produced the following results.
In Luhman (2022) list of members, the GMM with two components, which we call L22-A and L22-B, was inferred with non-negligible weights of 0.57 and 0.43, respectively. In this mixture, component L22-A fits the phase-space distribution of the classical members from THOR and 118TAU, while L22-B fits the newly identified members by Luhman (2022). These two Gaussian components are mutually exclusive, with Mahalanobis distances of ℳAB = 2.4 and ℳBA = 6.3, which indicates that the null hypothesis of a single population within Luhman (2022) list of members can be excluded with a confidence level of 98%. Given the previous results, we inferred a GMM with three components, which resulted in one of the components with a negligible weight and the other two components being equivalent to those of the GMM with two components. Therefore, we conclude that, given the list of members by Luhman (2022) and his original RV data, we cannot reject this author’s claim about THOR and 118TAU belonging to a single population. However, our substructure identification methodology allows us to identify the structure L22-B as a new and independent population.
In the UNIONS-L22 list of members, the GMM with two Gaussian components, which we call A and B, was inferred with non-negligible weights of 0.27 and 0.73, respectively. The Mahalanobis distances between these components take values of ℳAB = 1.67 and ℳBA = 16 sigma, which do not fulfil our substructure identification criterium of at least 2σ level. Therefore, we stop our exploration and conclude that, given the UNIONL-22 list of members and its GLASSS RV data, THOR and 118TAU remain entangled.
In the UNIONS+L22 list of members, the GMM with two components, which we call A and B, was inferred with weights of 0.63 and 0.37, respectively. The Mahalanobis distances between these components are ℳAB = 6.5 and ℳBA = 3.5 sigma, thus indicating that the two components are mutually exclusive with a high confidence level of 99.9%. As in the case of the membership list by Luhman (2022), component A fits the phase-space distribution of the two classical THOR and 118TAU members while component B fits the extended population corresponding to L22-B (more below). The inference of the GMM with three components, called A, B, and C, resulted in non-negligible weight for the three of them and mutually exclusive Mahalanobis distances in all cases, with the smallest distance being ℳAC = 2.7, equivalent to confidence level of 99.4%. The inference of a four-component GMM returned a negligible weight for the fourth component. Thus, we reject the hypothesis of four populations within this membership list.
The previous phase-space exploration showed that the precise Gaia DR3 data allowed us to disentangle three independent populations depending on the membership list and RV data. Although THOR and 118TAU remained entangled in the Luhman (2022) and UNIONS-L22 lists, in the largest and with the most complete RV data of UNIONS+L22, we were able to disentangle them with a confidence level of 99.99% equivalent to 4.95σ. Therefore, we decided to report the three populations identified in the UNIONS+L22 list. From these populations, component A shares 33 members (out of 35) with the 57 literature members of 118TAU, component B shares 42 members (out of 45) with the 71 literature members of THOR, and component C shares 54 members (out of 64) with the 62 members of L22-B. Therefore, we identify components A and B with 118TAU and THOR, respectively. Component C is a new independent population that we name Háap1.
Concerning the number of members, we observe that both THOR and 118TAU have literature membership lists with only a few dozen members, resulting in poorly constrained age estimates. The contamination reached maximum values of 41% in THOR’s lists by LACEwING and BANYAN, and 30% in 118TAU’s list by Moranta et al. (2022). The RV coverage is >50% in both associations.
Concerning the kinematic patterns in the classical 118TAU and THOR membership lists, we only detect, at the 2σ level, expansion along the Y and Z directions in four lists, and rotation in the X direction in only one list. On the contrary, in the 118TAU+THOR lists, expansion was significantly detected in the three directions from almost all lists, except in those of L22-A and UNIONS+L22-A. Rotation was detected in X, Y, and Z in the lists by Luhman (2022) and UNIONS+L22. Given the entanglement of substructures in these lists, we interpret these detections as the result of motions between structures rather than the true rotation of a single population.
Concerning the expansion ages of the identified populations and substructures, we observe that ages vary greatly with membership lists. For example, in the case of 118TAU, the BANYAN list provides an age estimate of 17.6 ± 7.4 Myr that is inconsistent with the 26.2 ± 5.1 Myr and 30.1 ± 4.7 Myr inferred from the lists by SPYGLASS and Moranta et al. (2022), respectively. We interpret these large variations as resulting from the entanglement of the THOR and 118TAU groups, which was partially present in the classical literature membership lists. Due to the previous reasons, we decided to report the ages of 118TAU and THOR as inferred from the UNIONS+L22-A and UNIONS+L22-B lists, respectively, which are cleaner, larger, and with more RV coverage than those from the literature. In the same way, we report the age of Háap as that inferred from the UNIONS+L22-C membership list.
4.5 β-Pictoris
We test the hypothesis of two populations within the UNION, Lee & Song (2019a), and Luhman (2024) membership lists. We extend our search for substructures to the last two lists due to their large number of members (more than a hundred) compared to the rest of the lists, which only have a few dozen. The results of this exploration are the following.
In the membership list by Lee & Song (2019a), the GMM with two components was inferred with a negligible weight for the second component. Thus, we conclude that the null hypothesis of a single population cannot be rejected based on this membership list.
In the membership lists by Luhman (2024), the GMMs with two components allow us to reject the null hypothesis of a single population with confidence levels of 99.2% and 99.5% for the original and GLASSS spectroscopic radial velocities, respectively. These two populations, which we call Luhman2024-A and Luhman2024-B, have non-negligible weights of 0.65 and 0.35, respectively. We tested the alternative hypothesis of three populations by inferring GMMs with three components on the original and GLASSS spectroscopic radial velocities. Although the weights of these three components were non-negligible, their mutual Mahalanobis distances did not allow us to accept the alternative hypothesis due to confidence levels of only 93.5% and 76.8% in the original and GLASSS data, respectively.
The identified substructures of Luhman2024-A and Luhman2024-B have 118 and 63 members, respectively. We cross-matched these lists with those from the literature, and we observed that all the literature lists share the majority of their members with Luhman2024-A and a minority with Luhman2024-B, with membership lists that share the most members with Luhman2024-B are those of Lee & Song (2019a, with 32), BANYAN (with 18) and Crundall et al. (2019, with 13), with the rest of the lists sharing fewer than ten members. Furthermore, we searched the CDS (Wenger et al. 2000) for possible identification of parent groups for each of the Luhman2024-B members and found that all of them belong to BPIC. Thus, we conclude that Luhman2024-B is a new population, which was partially entangled with the members of BPIC, and that we call Balaam due to the fact that its brightest member, HD 191089, lays at the head of the Mayan constellation thus called (see Stellarium, Zotti et al. 2021, and references to the Maya constellations).
Concerning Luhman2024-A, we observe that it contains the majority of the classical BPIC members from the literature, although the membership list by Luhman (2024) greatly extended its census. Our hierarchical tree exploration for phase-space substructures showed that this population can be modelled with a GMM of two components with non-negligible weights of 0.73 and 0.27 for components Luhman2024-AA and Luhman2024-AB, respectively, although with Mahalanobis distances that do not allow us to reject the null hypothesis of a single population due to a confidence level of only 82%. Due to convergence issues in the age determination of Luhman2024-A (more below), instead, we provide the age estimates of its substructures Luhman2024-AA and Luhman2024-AB.
Concerning the UNION list, we tested the alternative hypothesis of two populations and rejected it due to a Mahalanobis distance ℳBA = 1.9, which fails to fulfil our 2σ criterion. Similarly, when testing the alternative hypothesis of three populations, the third component remained entangled with the other two, with Mahalanobis distances smaller than 2.
When applying our expansion age methodology to the lists of members by the literature and identified phase-space structures, we observed that the sampling algorithm failed to converge on the membership lists by Luhman (2024) with the original RV, the UNION one, and the Luhman2024-A. These convergence failures have their origin in several factors. First, BPIC is the closest stellar association to the Sun, thus the astrometric uncertainties of its members are extremely low and the simple linear velocity may not be flexible enough to describe the phase-space complexity of this group (see Sect. 3.3 of Olivares et al. 2025b). Second, the presence of substructures that, although they fail to pass our strict criteria to identify them as populations, nonetheless have complex phase-space characteristics that prevent them from being modelled. For the previous reasons, in the following, we do not present the properties of those lists where our expansion age methodology failed.
With respect to the number of members, we observe that the most contaminated membership lists are those of LACEwING and Lee & Song (2019a) with 45% and 17% of contaminants, respectively, while the least contaminated ones are those of Miret-Roig et al. (2020), Crundall et al. (2019), Couture et al. (2023), and Moranta et al. (2022). The RV coverage varies from 52% to 95%, indicating that future increases in the RV coverage could improve the age determination of this association.
Concerning the detection of statistically significant kinematic patterns, we observe that contraction along the Z direction is observed in the membership lists by SPYGLASS, Miret-Roig et al. (2020) with the GLASSS data, and Luhman2024-AB. On the contrary, the majority of the membership lists result in significant detections of expansion along the X and Y directions, with the only exceptions being the SPYGLASS list where no significant expansion was detected, and those of LACEwING, Moranta et al. (2022), and Luhman2024-AA, where expansion is only detected along the X direction. With respect to rotation, it is detected in seven membership lists along the X direction, in two along the Y direction, and only in one along the Z direction.
Concerning the expansion ages, all our age estimates are compatible (within the 95% HDI) and consistent within 1σ, except for the case of Balaam (Luhman2024-B), which has the youngest age estimate, and is only consistent, at 1σ, with the ages resulting from the lists by Crundall et al. (2019) and Miret-Roig et al. (2020). The rest of the age estimates vary from 23.4 Myr to 28.5 Myr. We notice that the age posterior distribution resulting from the membership lists by BANYAN, Lee & Song (2019a), Crundall et al. (2019), Luhman (2024), and Luhman2024-AB are all bimodal, with a first mode peaking at ages younger than 20 Myr and the second one peaking at ages older than 25 Myr. Not surprisingly, the membership lists by Lee & Song (2019a), BANYAN and Crundall et al. (2019) are the ones sharing more members with the Balaam (Luhman2024-B) population. Thus, we interpret the youngest peak as arising from partial entanglement with the Balaam population. Moreover, the young secondary age peak of substructure Luhman2024-AB at 16 Myr indicates that this group may still be partially entangled with Balaam (Luhman2024-B). In the future, complete RV coverage will help to not only improve the age determination of these populations but also to fully disentangle them.
As the expansion age of BPIC, we decided to report the value inferred from the membership list by Miret-Roig et al. (2020, with their original RV) because it is the one resulting in the smallest uncertainty, of 4.8 Myr. Although the membership list by Luhman (2024) returns an uncertainty of 4.7 Myr, this value results from a list containing the substructures Luhman2024-A and Balaam (Luhman2024-B). Furthermore, we also report the expansion age of the newly identified Balaam population.
4.6 Octans
Our search of substructures in the UNION list of members, which is the most populated one, resulted in no rejection of the null hypothesis of a single population. The GMM fitted with two components returned no-negligible weights of 0.51 and 0.49 for components A and B, respectively, and Mahalanobis distances of ℳAB = 4.3 and ℳBA = 1.9. Although, according to our criteria (see Sect. 3.4), these distances are not sufficient to reject the null hypothesis, the 1.9σ value is at the limit of our criterion. When we attempted to estimate the expansion age of the UNION list as a single population, the sampling algorithm faced convergence issues. The same occurred when we attempted to infer the age of the UNION-B substructure. Thus, we decided to test the hypothesis of three populations by fitting a GMM with three components. It resulted in non-negligible weights of 0.39, 0.50, and 0.11 for the components that we call UNION-A, UNION-B, and UNION-C, respectively. The mutual Mahalanobis distances between components A and B indicate that these two groups are partially entangled (ℳAB = 1.6 and ℳBA = 2.7). On the contrary, component C was identified as an independent population with confidence levels larger than 99.5% (i.e. Mahalanobis distances of ℳAC = 19.8, ℳCA = 15.7, ℳBC = 14.3 and ℳCB = 2.9). Cross-matching these groups with the census of stellar systems done by Hunt & Reffert (2023), we found that out of the 69, 76, and 17 members of UNION-A, UNION-B and UNION-C, respectively, seven of UNION-A correspond to HSC 1998, six of UNION-B correspond to groups HSC 1998 and CWNU 1178, and nine of UNION-C to HSC 2597. Thus, the independent identification of these groups confirms the partial entanglement of substructures UNION-A and UNION-B and the independent population of UNION-C, for which we refer as HSC2597. In the following, we report the expansion ages and properties of the OCT substructures UNION-A and UNION-B, and HSC 2597 (UNION-C).
Our age methodology failed to provide an age estimate for the substructure UNION-B due to convergence issues. After performing the recommended steps in Olivares et al. (2025b), we were unable to arrive at convergence of the age models. For this reason, we do not include this list in the following analysis.
Concerning the properties of the membership lists, we observe that the pre-Gaia ones have a large number of contaminants (between 43–45%) and low RV coverages (45–66%). On the contrary, the lists by Galli et al. (2024) and Moranta et al. (2022) have low number of contaminants (~6%) and large RV coverages (87–100%).
Concerning the kinematic patterns, all the membership lists, except that of HSC2597 (UNION-C), present significant detections of expansion along the X and Y components. In addition, the lists by BANYAN, Moranta et al. (2022), and UNION-A present significant contraction along the Z direction. Rotation is significantly detected in the Y and Z components, in the LACEwING and Moranta et al. (2022), and only in Z in the UNION-A.
Concerning the expansion ages, we observe that all OCT membership lists result in consistent and compatible age estimates that vary between 29–34 Myr, with uncertainties in the 4–6 Myr interval. The older age of HSC 2597 (UNION-C) supports the hypothesis of it as an independent population.
We decided to report the expansion age inferred from the UNION-A list, given its large number of members and RV coverage. In the case of the independent population of HSC2597 we report its age based on the UNION-C list.
4.7 Columba
We search for phase-space structures in the UNION and BANYAN membership lists. We include the BANYAN one due to convergence issues in the sampling algorithm of our methodology (thus it is not included in the analysis as an independent list). The search for substructures resulted in the identification of populations BANYAN-A and BANYAN-B with non-negligible weights of 0.82 and 0.18, respectively. These populations were identified with confidence levels greater than 99.95% (equivalent to Mahalanobis distances larger than 3.5). Our search of substructures in the UNION list resulted in similar conclusions as those obtained in the BANYAN one. We also reject the null hypothesis of a single population with a confidence level of 99.99%, but this time, the weights of components UNION-A and UNION-B are 0.89 and 0.11, respectively. We tested the alternative hypothesis of three populations by fitting a GMM with three components. The three components A, B, and C have 126, 46, and 15 members, respectively. Nonetheless, the three populations hypothesis was rejected in favour of the two populations due to a partial entanglement between components A and B, which have Mahalanobis distances of ℳAB = 1.5 and ℳBA = 7.4. The 15 members of UNION-C have 13 members in common with BANYAN-B, and only two and one counter-parts in the LACEwING and Lee & Song (2019a) membership lists. Cross-matching with the large and complete survey by Hunt & Reffert (2023), we only identify one crossmatch with system HSC 1347. It does not corresponds to BANYAN-B or UNION-C due to its discrepant distance, which the previous authors report as 85 pc, whereas UNION-C is located at only 31 pc. Thus, the discrepant distance and lack of counterparts in the membership lists from the Gaia era allow us to conclude that BANYAN-B (UNION-C) is a new population related to but independent of COL. Following the nomenclature of its brightest member, we call this new population the ω Aurigae association, and abbreviate it as OMAU. The membership lists of the substructures UNION-A and UNION-B have 16 and 32 members in common with the catalogue by Hunt & Reffert (2023). On the one hand, UNION-A has seven, four, three, and two members in common with HSC 1900, HSC 1766, Alessi 13, and β-Tucanae, respectively. On the other hand, UNION-B has 27 and five members in common with HSC 1900 and HSC 1684. These cross-matches prove that COL has a complex phase space.
We observe that the membership lists of BANYAN, LACEwING and Lee & Song (2019a) are the most contaminated (14–36%) ones, while those of Moranta et al. (2022) and Luhman (2024) have no contaminants. The RV coverage varies from 50–100%.
Concerning the kinematic patterns of COL, there is significant expansion along the X or Y components in all lists and contraction in the Z component from the membership lists by Lee & Song (2019a), Luhman (2024), BANYAN-A, UNION-A and UNION-B. Rotation is detected in the X, Y, and Z components on the membership lists of LACEwING, Lee & Song (2019a), and BANYAN-A respectively, as well as in UNION-A and UNION-B, in Z and X and Y, respectively. In OMAU, there are no significant expansions or contractions but only rotation in Y from the BANYAN-B list.
Concerning the expansion ages, we observe that all values are compatible (within the 95% HDI) and consistent (within 1σ), except the two values from the OMAU population, which are older than COL. We notice that the posterior age distributions of COL’s substructures are bimodal, with one peak at 21 Myr and another at 39 Myr, which will be further discussed in Sect. 5.11. We decided to report the expansion age of COL as inferred from the membership list UNION-A because of its large number of members and significant expansion in X and Y directions. In the case of OMAU, we report its age from the UNION-C list because it has a smaller uncertainty.
4.8 Carina
We search for phase-space substructures in the memberships by Luhman (2024, with both the original and GLASSS spectroscopic radial velocities) and the UNION one. In the UNION list, the null hypothesis cannot be rejected due to a negligible weight for the second component. However, the results on the membership list by Luhman (2024) of the CAR-Ext population show that the null hypothesis of a single population can be rejected with high confidence levels of 99.99% in both GLASSS and original RVs. The weights of components Luhman2024-A and Luhman2024-B are 0.79 and 0.21 in both GLASSS and original datasets. Similarly, their Mahalanobis distances are ℳAB = 7.5 and ℳBA = 6.1 in the GLASSS data and ℳAB = 7.4 and ℳBA = 6.5, in the original data. Due to the extremely large population of Car-Ext and the computational burden of a three and four-component GMM, instead of testing these alternative hypotheses, we proceed hierarchically on the already discovered populations. This hierarchical exploration shows that both populations have complex phase-space distributions. On the one hand, population Luhman2024-A has two substructures, Luhman2024-AA and Luhman2024-AB that, although have non-negligible weights of 0.56 and 0.44, respectively, their Mahalanobis distances of ℳAB = 7.3 and ℳBA = 1.9 do not fulfil our criteria of 2σ. On the other hand, population B has two components, Luhman2024-BA and Luhman2024-BB, with non negligible weights of 0.19 and 0.81 and Mahalanobis distances of ℳAB = 14.7 and ℳBA = 19.9 that allow us to conclude, with confidence levels larger than 99.99%, that these components are populations rather than substructures.
We searched the literature for counterparts to the previous populations and substructures. On the one hand, the members of substructures Luhman2024-AA and Luhman2024-AB are partially entangled with the rest of CAR’s literature members and a cross-match with the catalogue by Hunt & Reffert (2023) shows that Luhman2024-AA has 200 members in common with Platais 8 and Luhman2024-AB has three members in common with Platais 8 and another three with HSC 2399. On the other hand, the members of the populations Luhman2024-BA and Luhman2024-BB appear unrelated to CAR’s literature lists, with only one member of Luhman2024-BB in common with the membership list by Lee & Song (2019a). According to the CDS, two members of Luhman2024-BA pertain to IC2395, and one, one, and three members of Luhman2024-BB pertain to NGC 2669, Vela R1 association, and Platais 8, respectively. The cross-match with the catalogue by Hunt & Reffert (2023) shows that Luhman2024-BA and Luhman2024-BB have 20 and 30 members in common with group HSC 2139, which the previous authors cite as having only 67 members. Thus, we conclude that the substructure Luhman2024-AA and Luhman2024-AB corresponds to the open cluster Platais 8 and the classical CAR association, respectively. On the other hand, the populations Luhman2024-BA and Luhman2024-BB, which were previously related to CAR and HSC 2139, are now two independent associations. Moreover, from the 129 final members in the UNION list, 12 are in common with Luhman2024-AA, 25 with Luhman2024-AB, zero with Luhman2024-BA, and one with Luhman2024-BB, thus confirming our classification of Luhman2024-AB as the classical CAR association, its entanglement with Platais 8, and the independence of Luhman2024-BA and Luhman2024-BB. The members of Luhman2024-BA and Luhman2024-BB are located in the modern constellations of Vela and Carina, respectively. This sky region is covered by a Maya constellation (see Stellarium, Zotti et al. 2021, and references therein to the Mayan constellations) depicting Nal, the corn’s god, travelling in a canoe, which is called chem in the Maya language. Due to this correspondence, we decided to call Luhman2024-BA and Luhman2024-BB as the Nal and Chem associations, respectively.
Concerning the number of members and their properties, we observe that the literature membership showed low levels of contaminants, varying from 13% in LACEwING to 5% in BANYAN. Unfortunately, the RV coverage remains at 65% or less. In the case of the list by Luhman (2024), which was treated independently, it has low contamination (4%) but also a low RV coverage of 40%.
Concerning the kinematic patterns, the majority of the membership lists present contraction in the Z direction, except for those of Luhman (2024), Luhman2024-B, and Luhman2024-BB. Expansion is significantly detected, in either the X or Y direction, in all lists except in Luhman2024-BA. Rotation is detected in the X direction in the lists by BANYAN, Lee & Song (2019a), UNION, Luhman (2024), and Luhman2024-AB, in the Z direction in the lists by UNION, Platais 8 (Luhman2024-AA), and Luhman2024-AB, and in the Y direction in Luhman (2024).
The expansion ages of CAR (excluding the Platais 8, Nal and Chem populations) are all consistent within the uncertainties. We decided to report the age inferred from the Luhman2024-AB list due to its large number of members and significant detections of expansion along the X and Y directions. We also report the expansion ages of Platais 8, Nal, and Chem, from the lists by Luhman2024-AA, Luhman2024-BA, and Luhman2024-BB, respectively.
4.9 Tucana-Horologium
In THA, our methodology failed to converge in several membership lists, except in those by BANYAN, Lee & Song (2019a), and Galli et al. (2023). This failure may have its origin in the close proximity (20 pc) and large extent (about 60 pc) of its members, in combination with the lack of flexibility of the linear velocity field model (see Sect. 3.3 of Olivares et al. 2025b). Thus, in the following, we present the results of the membership lists in which convergence of the sampling algorithm was ensured, and we leave to future work the analysis of the large membership lists by Luhman (2024) and the other authors.
We searched for phase-space substructures and populations in the three membership lists where our methods did not fail. In the list by Galli et al. (2023), with both the original and GLASSS RV data, the GMM with two components were inferred with negligible weights for the second component, thus indicating that the alternative hypothesis of two substructures was rejected. In the BANYAN list, the GMM with two components returned non-negligible weights 0.79 and 0.21 for components BANYAN-A and BANYAN-B, respectively, with Mahalanobis distances of ℳAB = 6.2 and ℳBA = 1.2, thus, we cannot reject the null hypothesis of a single population but we provide ages for the two substructures as well. Similarly, in the list by Lee & Song (2019a), the GMM with two components returned nonnegligible weights of 0.77 and 0.23 for components Lee+2019-A and Lee+2019-B, respectively, with Mahalanobis distances of ℳAB = 2.4 and ℳBA = 0.4, thus we provide the ages of these two substructures. The substructures BANYAN-A and Lee+2019-A share 18 and 16 members with the list by Galli et al. (2023), respectively, while substructures BANYAN-B and Lee+2019-B share only three and one members, respectively. We searched at the CDS and found that BANYAN-A has 66 of its 70 members as pertaining to THA and the following systems: BPIC (1), AB Dor (1), Alessi 13 (2), COL (4), Pleiades moving group (5), and Tucana moving group (6). Similarly, BANYAN-B has its 15 members pertaining to THA and to the following systems: CAR (1), Alessi 13 (2) and Tucana moving group (3). In Lee+2019-A, 159 out of its 165 members are cited in the CDS as members of THA and to the following systems: Tucana moving group (84), Pleiades moving group (6), Alessi 13 (2), COL (2), AB Dor (1), and BPIC (1). Finally, BANYAN-A, BANYAN-B, Lee+2019-A and Lee+2019-B have all of its cross-match with the catalogue by Hunt & Reffert (2023, 47, 10, 146, and 32, respectively) as belonging to the β-Tucanea group (i.e. THA). Thus, we conclude that given the minimum entanglement of these substructures with other literature groups and the lack of evidence supporting the hypothesis of two populations, we consider them as substructures of THA.
Concerning the contaminants and RV coverage of the three membership lists, we observe that the one by Lee & Song (2019a) is the most contaminated, with 10%, while the other two are virtually clean. The RV coverage varies from 95% in Galli et al. (2023), 63% in BANYAN, to 56% in Lee & Song (2019a).
Concerning the kinematic patterns, we observe that significant contraction is observed along the Z direction only and in the lists of group A (i.e. BANYAN-A and Lee+2019-A). On the other hand, significant expansion is observed only in the X direction from the lists by Galli et al. (2023) with the original RV, BANYAN-A, Lee+2019-A, and Lee+2019-B. No significant rotation was detected in any of the membership lists.
With respect to the expansion ages, we observe that the values inferred from all lists are consistent within the uncertainties, except for those from Lee & Song (2019a) and Lee+2019-B, which are the older ones. However, Lee+2019-A is younger than the later group and consistent with the age estimates from the other lists, which indicates that Lee+2019-B is most likely part of an older group that our method and data do not allow to be disentangled from group Lee+2019-A.
We decided to report the expansion ages from the substructures Lee+2019-A and Lee+2019-B because these are the ones with the largest sample of members and RV, and have significant expansion along the X direction and the smallest uncertainties.
5 Discussion
Once our results were presented in the previous section, in this one we discuss them. As before, we start with a brief overview of the most general results and their implications. Then, we do specific discussions for each LYSA. Finally, we discuss the caveats of our methods and their implications in our results.
5.1 Overview
Our findings can be categorised into the following: the expansion ages themselves, the populations and substructures present in the literature membership lists of the classical associations, and the significant detections of kinematic patterns of contraction, expansion, and rotation. We now briefly discuss these three categories.
The ages that we report here represent the largest and most homogenous compilation of LYSAs’ ages obtained through the expansion rate method. This compilation will serve not only to study the associations themselves but a wide interval of phenomena, varying from the characterisation of exoplanets and discs to the star formation history in the solar neighbourhood, including understanding the differences between the various dating techniques, as done, for example, in Miret-Roig et al. (2024).
The populations and substructures recovered or discovered within the literature membership lists of the classical associations serve as a probe that the stellar systems in the solar neighbourhood possess much phase-space complexity that was thought before. The unveiling of this complexity was possible not only due to the exquisite precision of the Gaia data but also to the development in recent years of machine learning methodologies working beyond the traditional observational spaces (Ratzenböck et al. 2023b; Olivares et al. 2025b). The identification of populations or substructures not only serves to improve our understanding of the solar neighbourhood but also to obtain more exact estimates of their parameters, although in some cases implies a degradation of precision due to low-number statistics. In this sense, future work will be needed to increase their census of members or the precision of their observational data.
Finally, our compilation of kinematic patterns for the 18 LYSAs is the largest and most homogeneous one inferred in the Galactic phase-space reference system. Other works have presented this type of compilation focused on open clusters (e.g., Guilherme-Garcia et al. 2023; Jadhav et al. 2024) and independently obtained from observational subspaces of proper motions and RV. In Olivares et al. (in prep.) we explore the correlations between the various kinematics patterns detected here with age and Galactic position.
	[image: thumbnail]	Fig. 1 Age distribution for EPCHA. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



	[image: thumbnail]	Fig. 2 Age distribution for ETCHA. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates of Murphy et al. (2013) correspond to different isochrone models.



5.2 ϵ− and η−Chamaeleontis
EPCHA and ETCHA have been the subject of various literature age estimates, most of them obtained through isochrone fitting. Figures 1 and 2 show, colour-coded with the method through which they were obtained, the literature age estimates of EPCHA and ETCHA, respectively. From these figures, we observe the following.
First, due to the low number of members and the scarcity of RV measurements, the age posterior distribution of ETCHA has only mildly shrank with respect to the prior distribution. In the case of EPCHA, the posterior is clearly narrower than the prior distribution. Indeed, the dispersion of EPCHA is 2.1 Myr, and that of ETCHA is 3.4 Myr, which are smaller than that of the prior, 5 Myr. Although in ETCHA this level of shrinking is marginal, it nonetheless suffices to distinguish the posterior from the prior, and thus, to provide an age estimate.
Second, the age posterior distributions of EPCHA and ETCHA have different shapes. While the former has one clear peak, the latter has a long positive tail and hints of three peaks. The asymmetry and irregular shape of ETCHA’s posterior distribution suggest that possible phase-space substructures could still be entangled within the UNION list of members. An extended list of members and RV measurements will be needed to further explore this possibility.
Third, EPCHA’s expansion age is compatible (within the 95% HDI) with previous isochrone age estimates from the literature, and consistent, at the 1σ level, with the majority of them, except with those by Murphy et al. (2013) and Ratzenböck et al. (2023a). Even though we are using the same list of members as the later authors, our expansion age (6.4 ± 2.1 Myr) is inconsistent with their isochrone age ([image: equation] Myr), thus indicating that systematic offsets may be present between these two age dating techniques at this young age.
Fourth, ETCHA’s expansion age is consistent, at the 1σ level, with all the literature ages. This overall agreement is explained by the posterior similarity with the prior due to the scarcity of members and RV measurements. Future work should focus on extending ETCHA’s membership list and improving its RV coverage.
Our phase-space analysis found substructures entangled within the literature lists of members, particularly in EPCHA, where we reidentified the MuscaFG population found by Ratzenböck et al. (2023b). Without the disentanglement of these substructures, EPCHA’s age determination would have resulted in an older and apparently more precise age of 8.5 ± 1.4 Myr. The previous result is yet another example of the impact that phase-space complexity has on kinematic age determinations. However, we notice that our UNION-B list of members for EPCHA lacks the necessary constraining information to provide a robust age determination, and for this reason, we choose to report the age estimate obtained from the most populous SigMA list.
The coevality of EPCHA and ETCHA has long been hypothesised due to their proximity and similar ages (see, for example, the discussion in Sect. 7.1 of Murphy et al. 2013). The similar ages and space velocities that we infer here for these two associations (see Table 1 and those in Appendix B) fully support not only the hypothesis of coevality but also that of joint formation. Recently, Bobylev & Bajkova (2024) use Gaia DR3 data to traceback the trajectories of these two associations, together with those of the Chamaeleon I and II regions and found that the former two intersected ~8 Myr ago and that the four of them were together at the same Galactic height 10–15 Myr ago. Although tracing back to 10–15 Myr is probably too old for these groups, those results also support the hypothesis of EPCHA and ETCHA forming together (Torres et al. 2008; Jilinski et al. 2005) out of the same parent molecular cloud as the Chamaeleon star-forming region (Galli et al. 2021). Furthermore, as proposed by Ratzenböck et al. (2023a), these fourth groups belong to the Scorpius-Centaurus complex and formed in the third and fourth star formation bursts of this complex, with EPCHA and ETCHA forming 10 Myr ago and Chamaeleon I and II ~5 Myr ago. However, the traceback analysis of Bobylev & Bajkova (2024) suggests that Chamaeleon I and II are probably much younger, with ages <1 Myr. All the previous hypotheses and results call for a reassessment of the Chamaeleon I and II ages based on larger samples of members and more precise and complete RV data.
5.3 Musca-Foreground
The literature age determinations of MuscaFG are shown in Fig. 3. As can be observed, these estimates are very recent and have only been determined through isochrone fitting. In the cases of Kerr et al. (2021) and Hunt & Reffert (2024), we report two ages corresponding to the substructures in which our lists of members have been identified. In the case of Kerr et al. (2021), our membership list has 26 members in common with their ScoCen list, out of which 22 pertain to Lower-Centaurus-Crux and out of these five and four belong to their A (EPCHA) and B groups, respectively, with the remaining one still unclassified. The isochrone ages that these authors report for their groups A and B are 8.3 ± 1.0 and 13 ± 1.4 Myr, respectively. In the case of Hunt & Reffert (2024), our membership list has four and six members in common with their HSC2523 and HSC2515 groups for which those authors report isochrone ages of [image: equation] and [image: equation] Myr, respectively. Due to its extreme value and uncertainty, this latter age is not shown in Fig. 3. Finally, the isochrone age determination by Ratzenböck et al. (2023a) corresponds to that of their MuscaFG group with 95 members, from which 36 of our 37 MuscaFG members are in common.
Figure 3 shows that our expansion age estimate is (1σ) compatible with the two latest isochrone age determinations from the literature and falls within the age range of the groups SCA-27A and SCA-27B by Kerr et al. (2021). The differences between our age estimate and those by Kerr et al. (2021) and Hunt & Reffert (2024) most likely arise from the different membership lists. While the previous authors use the generic HDBSCAN clustering algorithm to identify members, our method and that of Ratzenböck et al. (2023a,b) use clustering algorithms specifically conceived for the astrophysical problem of identifying members and substructures. As a consequence, our age estimate is in excellent agreement with that by Ratzenböck et al. (2023a) despite our wide and weakly informative prior.
To the best of our knowledge, this is the first time that an expansion age is reported for the MuscaFG group. This independent age determination supports the star formation scenario proposed by Ratzenböck et al. (2023a) in which MuscaFG formed 10 Myr ago as part of the third star formation peak of the Sco-Cen complex.
	[image: thumbnail]	Fig. 3 Age distribution for MuscaFG. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Kerr et al. (2021) correspond to those of its SC-27A and SC-27B groups.



5.4 TW Hydrae
The age of TWA has been the subject of several literature studies that have obtained it through dynamical and nuclear dating methods. Figure 4 provides a review of the previous TWA’s age estimates colour-coded by the type of dating method. As can be observed, most of the literature estimates are compatible with an age of 7–10 Myr, except for the dynamical methods of Makarov et al. (2005, 4.7 ± 0.6 Myr) and Donaldson et al. (2016, 3.8 ± 1.1 Myr). Our Bayesian expansion age is older than all pre-Gaia dynamical age estimates but consistent (within 1σ) with all the isochrone ones (except with the age of group b, [image: equation] Myr by Miret-Roig et al. 2025), and with the recent expansion age determination by Luhman (2023, [image: equation] Myr).
The expansion ages inferred here for substructures A and B (called in Sect. 4.3, L23-A and L23-B, respectively) show a similar age gradient as that reported by Miret-Roig et al. (2025) for their populations TWA-a and TWA-b, although with shifts of 1–3 Myr in the absolute age determinations. These shifts cannot be entirely attributed to the different age dating methods, given that the membership lists, although similar, are not identical.
Summarising, our Bayesian methodology allows us to independently confirm the discovery of the two populations reported by Miret-Roig et al. (2025), their young and similar ages, and their age gradient. Future RV surveys will be fundamental to increase the current 50% RV coverage of these populations, and thus, further constrain their age uncertainty and gradient.
	[image: thumbnail]	Fig. 4 Age distribution for TWA A and B. The violin plots show kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



	[image: thumbnail]	Fig. 5 Age distribution for THOR. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



5.5 32 Orionis and 118 Tau
The age of THOR has been determined in the literature through several methods, but mostly the nuclear ones of isochrone fitting and LDB (see Fig. 5). On the contrary, 118TAU has been poorly characterised, most likely due to its entanglement with THOR (Luhman 2022), Cas-Tau (David et al. 2018), Taurion (Bouy & Alves 2015), and Taurus-Auriga (Kraus et al. 2017). Figure 6 shows the few literature age estimates that we were able to gather for this association.
Recently, Luhman (2022) attempted to measure the kinematic age of his 32 Orionis association, which includes members of THOR and 118TAU, finding inconsistent expansion age values ranging from 15 Myr to 47 Myr, and a traceback age between 1.5 Myr and 17 Myr. Moreover, he provided a relative isochrone age difference between members of the classical THOR and 118TAU associations of only 3.6 ± 2.9 Myr. We interpret the lack of consistency in the kinematic ages and the apparent coevality of THOR and 118TAU reported by Luhman (2022) as consequences of the phase-space entanglement of the several populations and substructures within his membership list.
Concerning THOR’s age, our estimate is consistent (at 1σ) and compatible (at 95% HDI) with most of the literature estimates obtained through isochrone fitting and LDB, except with the recent estimate by Hunt & Reffert (2023). Moreover, our age estimate falls within the span of the expansion age reported by Luhman (2022). We notice that, despite the young prior (20 ± 10 Myr) that we chose, our posterior age distribution is older and more compact than the prior, thus indicating that it was informed by the data.
Regarding the age of 118TAU, Fig. 6 shows that our expansion age is older than previous estimates but compatible (within 2σ) with the most recent ones in the Gaia era (Kubiak et al. 2021; Krolikowski et al. 2021). We notice that the two age estimates by Krolikowski et al. (2021) correspond to the ages of their young 118TauE and old 118TauW substructures, with six and three members, respectively, which they identified on the basis of their XYZ distribution. However, our phase-space analysis (see Sect. 4.4) indicates that given the current data and census of members, there is no evidence to reject the null hypothesis that 118TAU is a single population, and thus contains no substructures.
To the best of our knowledge, this is the first time that an expansion age is derived for 118TAU (the one derived by Luhman 2022, was for his 32 Orionis superstructure). Nonetheless, studies with other dating techniques, such as traceback or LDB, are still needed to confirm this age.
The expansion ages and close phase-space proximity of THOR, 118TAU, and Háap may suggest that these groups formed out of the same molecular cloud at different star formation episodes. This hypothesis will require future work and data, particularly, more complete spectroscopic coverage to obtain precise RV and Lithium equivalent width measurements.
	[image: thumbnail]	Fig. 6 Age distribution for 118TAU. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Krolikowski et al. (2021) correspond to those of their young 118TauE and old 118TauW populations.



	[image: thumbnail]	Fig. 7 Age distribution for Háap. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates for 32 Orionis are included for comparison.



5.6 Háap
Given that Háap has been proposed for the first time in this work, its age estimate is also the only one we currently have. Nonetheless, Fig. 7 shows our expansion age estimate together with the expansion age interval and LDB age derived by Luhman (2022) and Luhman (2024), respectively, for members of his 32 Orionis supergroup. As can be observed, our age estimate is consistent with these two.
In an attempt to compare our age estimate with other ones from the literature, we cross-matched our list of Háap members with the recent Gaia DR3 surveys of nearby stellar associations by Kerr et al. (2021), Moranta et al. (2022), and Hunt & Reffert (2024). With that by Kerr et al. (2021), we found 26 Háap members in common with the Greater Taurus supergroup but only one assigned to 118TAU. With that by Moranta et al. (2022), we found 9 Háap members in common with 118TAU. Finally, with that by Hunt & Reffert (2024), we only found one cross-match associated with THOR. Therefore, we conclude that the Háap population has been elusive in the recent literature works and was discovered thanks to Luhman (2022) membership list and our robust statistical methodology.
As was discussed in the previous section, Háap’s age and phase-space parameters suggest that it may be related to THOR and 118TAU, and thus, to the controversial old population in the Taurus region (see Luhman 2018; Kraus et al. 2017). However, future spectroscopic data and traceback studies will be needed to confirm this link.
5.7 β-Pictoris
Due to its proximity, young age, and importance for exoplanet searches and star formation analysis, the age of BPIC has been the focus of several studies. Lee et al. (2024) provide a review of the previous studies and the challenges faced by the various age dating techniques. Comparing our Bayesian expansion age estimate with those from the literature (see Fig. 8, which is an update of Fig. 1 from Lee et al. 2024) we observe that it is compatible with almost all age determination based on the LDB and isochrone fitting methods, particularly with those of recent studies. On the contrary, our expansion age is older and 1σ inconsistent (although perfectly compatible within the 95% HDI) with the trace-back dating method by Miret-Roig et al. (2020) and the forward-modelling by Crundall et al. (2019).
The main physical difference between the expansion rate method and the trace-back and forward-modelling ones is that the expansion method assumes that the members expand freely, while the other two assume that the members’ trajectories are influenced by the Galactic potential. The Galactic potential will effectively accelerate the members and, as a consequence, change the expansion rate of the association as a whole, but it is expected that the accumulated effects of the Galactic potential be important only after 40 Myr (see, for example, Blaauw 1952, and Appendix A of Olivares et al. 2025a).
One possible explanation for the age difference between our Bayesian expansion rate method and the dynamical ones from the literature concerns the assumed phase-space geometry of the association. In Crundall et al. (2019), the authors assume that, at birth time, the association’s size was isotropic, in other words, the authors assume the same standard deviation σXYZ for the three spatial dimension and the same one σUVW for the three velocity dimensions. On the contrary, our method does not assume the phase-space geometry of the association, aside that it follows a Gaussian distribution. In the dynamical trace-back methods by Couture et al. (2023) and Miret-Roig et al. (2020), the age is estimated based on metrics computed from a single dimension of the positional ellipsoid and the arithmetic mean of the three of them, respectively. On the contrary, our method combines the three dimensions of the expansion rate components together with their correlations into a single age estimator (see, Sect. 3 of the method paper). Interestingly, the age determination that Couture et al. (2023) make based on the determinant of the covariance matrix, which is a metric that robustly estimates the size of the association taking into account not only the dispersions in the three axes but also their correlations, have larger uncertainties than those of the metrics the authors choose to report. For example, our age estimate inferred based on those authors’ membership list with their RV data, 26.2 ± 5.2 Myr, is 1σ consistent with the 23.1 ± 6.3 Myr that those authors found with the determinant metric. This agreement shows that the complex phase-space geometry of BPIC was captured by the trace-back study of those authors, although they decided to report the age resulting from a single high contrast and low uncertainty metric. Finally, it is also highly likely that a non-isotropic phase-space ellipsoid, as that of BPIC, would affect the different literature metrics in a similar way in which the discrepant values of the kappa; components introduce biases in the expansion rate frequentist age estimators (see Sect. 6.1 of the method paper). Thus, we encourage future users of the trace-back method to test the impact and possible biases of non-isotropic position and velocity ellipsoids on the age determinations resulting from different metrics.
In our phase-space analysis of this association, we identified two populations: the classical BPIC and Balaam (Luhman2024-B). Also, we found two substructures within BPIC (Luhman2024-AA and Luhman2024-AB) that, based on the available data, we were unable to identify as different populations (see Sect. 4.5). These substructures have expansion ages of 25.7 ± 5.5 Myr (Luhman2024-AA) and 23.7 ± 5.4 Myr (Luhman2024-AB), which are consistent with the rest of BPIC age estimates, and particularly with the 23.4 ± 4.8 inferred based on the membership list by Miret-Roig et al. (2020). Thus, we conclude that our phase-space analysis confirms the hypothesis proposed by Miret-Roig et al. (2020) on the presence of two coeval substructures in BPIC. Those authors identified these two kinematic substructures only at the birth time of BPIC and thanks to their detailed trace-back analysis. However, they were unable to disentangle these populations at the present time, most likely due to the low-number statistics of their membership list.
Finally, our Bayesian phase-space analysis allows us to conclude that the discrepancy between BPIC’s dynamical and nuclear ages may have its origin in its complex phase-space geometry and substructures. When the dating methods overlook this complexity, by, for example, neglecting statistical correlations, they may result in underestimated uncertainties and apparent age tensions.
	[image: thumbnail]	Fig. 8 Age distribution for BPIC. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



	[image: thumbnail]	Fig. 9 Age distribution for Balaam. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions.



5.8 Balaam
Balaam is a new stellar association whose members were previously entangled with those of BPIC in the literature studies. Our phase-space methodology allows us to identify it and provide an age estimate that is younger than that of BPIC (see Fig. 9).
Most likely, the discrepant literature age estimates of BPIC may have been biased towards younger ages due to the presence of Balaam. Future work will be needed to both increase its census of members and RV coverage.
	[image: thumbnail]	Fig. 10 Age distribution for OCT. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Hunt & Reffert (2023) correspond, in ascending order, to those of their groups CWNU1178 and HSC1998.



5.9 Octans
In OCT, our methodology was able to identify two partially entangled substructures within the UNION list, UNION-A and UNION-B, with non-negligible weights and Mahalanobis distances that almost suffice to distinguish them as populations. This evidence, in combination with the large physical extent of OCT, which is more than twice that of the rest of the LYSA in the X and Y directions, allows us to hypothesise that this association has been squeezed by tidal forces into this elongated and almost split group of stars. This hypothesis is also supported by the trace-back analysis performed by Galli et al. (2024), in which those authors find that at the moment of birth, the size of OCT was similar to that of other associations. Another hypothesis is that UNION-A and UNION-B are two distinct populations that our methodology is unable to disentangle given the current data. This hypothesis is supported by the bimodal age distribution of UNION-A. More data is still needed to clarify the current state of OCT.
Comparing our expansion age with those from the literature (see Fig. 10), we observe that it is compatible (within the 95% HDI) with the isochrone age estimate by Hunt & Reffert (2023) on their group CWNU1178. Moreover, our expansion age is consistent (within 1σ) with the previous trace back and LDB age estimates by Galli et al. (2024) and Murphy & Lawson (2015), respectively.
5.10 HSC 2597
Our phase-space methodology allows us to independently discover Hunt & Reffert (2023) group HSC 2597 within the literature membership lists of OCT. Our expansion age for this group, see Fig. 11, is not only consistent with that of the previous authors ([image: equation]) but provides a more precise value, with an uncertainty three times smaller in a population six times smaller. We nonetheless notice that, due to the low number of members, our age estimate may underestimate the true age of the system.
5.11 Columba
As shown in Fig. 12, our expansion age is consistent (within 1σ) with the age estimates by Luhman (2024, [image: equation] Myr) with LDB and by Bell et al. (2015, [image: equation] Myr) with isochrone. Given that the later authors worked with pre-Gaia data, most likely, their much older isochrone age determination was biased by the presence of the older OMAU population (see Sect. 5.12). On the contrary, we found that the COL membership list by Luhman (2024) has no contaminants, although with only a 50% RV coverage.
Our age estimate is also consistent (within 1σ) with the age estimates by Hunt & Reffert (2023) of their groups HSC 1684, HSC 1766, Alessi 13, and β-Tucanae but incompatible with HSC 1900. We compare our age estimates with these previous groups because they all show partial entanglement with our groups COL A and COL B.
Figure 12 also shows that both COL A and COL B have a bimodal age distribution. This bimodality suggests the presence of substructures that our strict identification criterion may have overlooked. The presence of substructures in both COL A and COL B is a hypothesis which may be supported by the partial entanglement with the groups mentioned above. Future work will be needed to improve the RV of this LYSA and unravel its possible populations and substructures.
	[image: thumbnail]	Fig. 11 Age distribution for HSC 2597. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The isochrone age by Hunt & Reffert (2023) is included for comparison.



	[image: thumbnail]	Fig. 12 Age distribution for COL. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The ages by Hunt & Reffert (2023) correspond, in ascending order, to their groups HSC 1900, HSC 1684, HSC1766, Alessi 13, and β-Tucanae.



5.12 ω-Aurigae
OMAU is a new population whose expansion age indicates an age difference of 7 Myr with COL (based on the UNION-C list). Although this age difference is compatible with the age uncertainties of both populations (6–9 Myr), it points towards a shared origin. As shown in Fig. 13, our expansion age is consistent (within 1σ) with the isochrone age of COL by Bell et al. (2015, [image: equation] Myr). As mentioned in the previous section, the study of the later authors was done on pre-Gaia membership lists, where the entanglement of COL and OMAU was present.
Due to their similar, although not identical, ages, we hypothesise that COL and OMAU may have formed out of the same parent molecular cloud in two episodes of star formation. Future work will be needed to increase the census and RV coverage of this new association, which becomes, to the best of our knowledge, the nearest association to the Sun, located at only 36 pc and making it an excellent place to search for brown-dwarfs and exoplanets.
	[image: thumbnail]	Fig. 13 Age distribution for OMAU. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The isochrone age estimate by Bell et al. (2015) for COL is included for comparison.



	[image: thumbnail]	Fig. 14 Age distribution for CAR. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



5.13 Carina
Figure 14 shows that our expansion age for CAR is consistent (within 1σ) with the LDB ages by Bell et al. (2015) and Wood et al. (2023) and with the isochrone age by the latter authors. However, it is only compatible (within the 95% HDI) with the LDB age estimate by Luhman (2024), although we notice that this latter estimate was obtained for the Car-Ext population.
It is important to notice that our posterior age distribution resembles that of our prior. Thus indicating that the dataset lacks constraining information to update our prior. For this reason, our CAR age estimate must be taken as a lower limit of the true age of the system (see Sect. 5.17).
5.14 Platais 8
Platais 8 was found within the Car-Ext list by Luhman (2024), which the later author already reports as the most distant cluster within this extended population. Moreover, the latter author reports that Car-Ext is a single large and spatially and kinematically continuous population. However, given our criterion to identify populations (see Sect. 3.4), we identify several populations within the Car-Ext list.
As can be seen in Fig. 15, our age estimate for Platais 8 is consistent (within 1σ) with the isochrone age by Hunt & Reffert (2023) and incompatible with that by Yen et al. (2018). Moreover, the bulk of the age posterior distribution is younger than the bulk of the prior, thus indicating a clear informed posterior. The long and positive posterior tail may be an indication of either some remnant contaminants from nearby associations.
The fact that our expansion age method, given its simple assumptions and limitations, was able to provide an age estimate for young open clusters opens promising venues for the use of this method in other stellar systems in the local neighbourhood.
	[image: thumbnail]	Fig. 15 Age distribution for Platais 8. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



	[image: thumbnail]	Fig. 16 Age distribution for Nal. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The previous literature age estimate by Hunt & Reffert (2023) for HSC 2139 is included for comparison.



5.15 Nal and Chem
The Nal and Chem new associations were discovered within the membership list by Luhman (2024) thanks to our phase-space methodology. Figures 16 and 17 show the posterior age estimates of Nal and Chem, respectively, as compared to that of HSC 2139 by Hunt & Reffert (2023), which, to the best of our knowledge, is the only literature reference that includes both systems. On the one hand, the age of Chem is not compatible (within the 95% HDI) with that of HSC 2139 and shows a shrinkage of the posterior with respect to the prior represented by its narrow uncertainty (2.1 Myr), thus confirming its independence as a population. On the other hand, the posterior age distribution of Nal is consistent (within 2σ) with the isochrone age of HSC 2139. Nonetheless, we notice that at the large distance of Nal (184 pc), the low astrometric precision and low RV coverage with only four sources result in this large age uncertainty. On the contrary, the precise age estimate of the Chem association proves that the applicability domain of the Bayesian expansion rate method can be extended up to 170 pc with uncertainties at the 10% level, provided that the number of sources is larger than a hundred.
Nal and Chem are two new promising associations for testing the validity of star formation theories at the 150–200 pc domain. Their age similarity and phase-space proximity indicate that these two systems most likely formed together out of the same parent molecular cloud. Future studies will be needed to both unravel nearby associations formed out of the same parent cloud and to increase the RV coverage, particularly for the Nal association.
	[image: thumbnail]	Fig. 17 Age distribution for Chem. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The previous literature age estimate by Hunt & Reffert (2023) for HSC 2139 is included for comparison.



	[image: thumbnail]	Fig. 18 Age distribution for THA A and B. The violin plots show kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.



5.16 Tucana-Horologium
In THA, our expansion ages for substructures A and B (Lee+2019-A and Lee+2019-B, respectively; see Fig. 18) are consistent (within 1σ) with all previous age estimates, except with the isochrone one by Bell et al. (2015), with which it is only compatible (within the 95% HDI). Most likely, the isochrone age estimate of the latter authors was biased towards older ages due to the presence of a nearby old population, such as that of substructure B.
Concerning the substructures of THA, we observe the following. On the one hand, substructure A (Lee+2019-A) has a posterior age distribution with a peak at 28 Myr and a long positive tail. This peak is consistent with the age derived by Galli et al. (2023, in their Table 4) for the X direction alone, allowing us to conclude that both dynamical methods can unravel the internal kinematics of THA. On the other hand, substructure B (Lee+2019-B) has a posterior age distribution that is older, but still compatible, with that of substructure A. Therefore, we hypothesise that substructure B is part of a different population that, given the current data, remains entangled with substructure A.
Future work will be needed to improve the census of members of the substructures of THA and their RV. Moreover, due to the close proximity and relatively old age, the internal kinematics and expansion age of THA will benefit from improving phase-space modelling beyond the linear velocity field.
5.17 Method caveats
We categorise the caveats of our methods into exogenous and endogenous ones. We consider exogenous all those sources affecting the input data, such as astrometric and radial velocity biases, unresolved binaries and contaminants. On the other hand, we consider endogenous effects as those related to the model construction and specification, such as the prior distributions.
5.17.1 Exogenous caveats
The input data passed to our methods may contain contaminants and unresolved binaries that could bias our estimates. We distinguish between contaminants and binaries because the former, once identified, can be removed from the input list while unresolved binaries are members of the association but with possibly discrepant RV (see Assumption 5 of Olivares et al. 2025a). One one hand, we expect that contaminants will have a minimum impact in our parameter estimation given the successive filtering stages that we applied, first by removing clearest parallax and RV outliers (see Sect. 3.2), and then by the iterative phase-space decontamination steps of our method (see Sect. 3.3). On the other hand, the impact of unresolved binaries has also been minimised by our filtering criteria, in which the RV of 2σ outliers or sources with RUWE >1.4 is masked as missing. We consider these threshold values conservative enough to minimise the biases introduced by unresolved binaries.
The astrometric data that we use can also be biased. However, it comes entirely from the Gaia DR3, for which the systematics have been thoroughly analysed in Lindegren et al. (2021). The parallax and proper motions angular correlations are corrected as part of the default Kalkayotl routines using the recipe corrections provided by Lindegren et al. (2021).
Our RV GLASSS data (see Sect. 2.4) can also be subject to biases. In Katz et al. (2023) and Blomme et al. (2023), the authors have compared the accuracy of Gaia DR3 RV with respect to other surveys, including the ones used in the GLASSS data. Although the previous authors derived corrections for the systematics they found, the Gaia DR3 archive was not corrected for it, given that, as the previous authors point out, the RV of individual sources can behave differently. Thus, we do not apply those corrections. Concerning the Simbad radial velocities, we query the archive for the RV of Gaia DR3 sources within 200 pc from the Sun and found a global shift with respect to Gaia DR3 of 0.1 ± 3.5 km s−1, which we deemed statistically insignificant and therefore, we do not correct for it.
5.17.2 Endogenous caveats
We identify as endogenous caveats those related to the phase-space complexity of LYSAs, our criteria to discern populations from substructures, the linear velocity field model, and the selected prior. We now briefly comment on them.
Our methods could be failing at identifying phase-space substructures due to the series of assumptions upon which they were constructed. First, we assume that the phase-space distribution of LYSAs is Gaussian or can be modelled as a mixture of Gaussians (see Assumption 4 of the method paper). Second, we assume that two populations can be identified as such if 95% of their phase-space distributions are not overlapped (see Sect. 3.4 and Assumption 4 of the method paper). Third, we assume that the velocity space of a LYSA can be described by a linear model. As shown here several times, our methods face convergence issues with the sampling algorithm. In the majority of cases, these resulted from the presence of substructures. However, these failures can also arise from the intrinsic complexity of the velocity field, which is not captured by a simple linear model.
Finally, the prior could also be an important source of bias, particularly when the datasets lack constraining information. This lack of information generally manifests as an age posterior being similar to the prior, as in the case of CAR (see Fig. 14), where there is only a mild shrinkage of the posterior. In such cases, our age estimates can only be considered as a lower limit because, due to the asymmetry of the transformation (see the method paper), a low-signal expansion would result in an older age but not in a younger one.
6 Conclusions
In this work, we have aimed to infer the expansion ages of classical LYSAs using publicly available data, literature membership lists, and open source codes. In doing so, our phase-space methodology has allowed us to discover new LYSAs hidden in the literature membership lists and rediscover others recently found thanks to Gaia data and improved clustering algorithms (e.g Ratzenböck et al. 2023b). We independently rediscovered the Musca-Foreground, HSC 2597, and Platais 8 systems and discovered and characterised the following new ones: Háap, Balaam, Nel, Chem, and OMAU. With this last one being the closest stellar association to the Sun.
Our results for the 18 LYSAs represent, to date, the largest and most homogenous compilation of expansion ages and kinematic patterns of stellar associations in the solar neighbourhood. We hope that this compilation serves not only to the study of individual systems, like host-disc stars and exoplanets, but also to improve the formation history of the solar neighbourhood.
Although the methodology that we use here offers improved ways to remove contaminants, minimise the effects of unresolved binaries, identify phase-space substructures and populations, and incorporate the complex phase-space geometry of stellar associations, it has caveats that could be further minimised with improved data, particularly with an increased census of members and RV coverages. Finally, the analysis of stellar associations in the local vicinity will strongly benefit from improved phase-space modelling beyond the simple linear velocity field.

[bookmark: S7]Data availability
Tables B.2 and B.3 are 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/699/A122
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Appendix A  Age prior distributions
In this Appendix, we present the compilation of all literature sources and decisions we took to specify the age prior of each LYSA. We structure the presentation in the same order as in Sect. 4.
In EPCHA and ETCHA, given their possible common origin, we decided to use the same age prior. For this latter, we set its mode to the 9 Myr, similar to the [image: equation] Myr found by Ratzenböck et al. (2023a) on the base of Gaia DR3 and the PARSEC isochrone models (see Sect. 2 of the previous authors). We notice that Ratzenböck et al. (2023a) report, in their Table 1, similar ages for these two associations, although ETCHA appears slightly but insignificantly older, thus we use the same prior for both associations. We chose a standard deviation of 5 Myr for the age prior to accommodate the age variations found in the literature (see, for example, Table 1 of Gagné et al. 2018b).
In TWA, we work with an age prior weakly informed by the 10 ± 2 Myr reported by Luhman (2023). However, we intentionally provide weak a priori information with an increased age dispersion that accommodates the variation in the literature age estimates. Thus, we set the age prior hyper-parameters to μτ = 10 Myr and στ = 5 Myr.
In THOR and 118TAU, we choose to work with an age prior of 20 ± 10 Myr. This prior peaks at the 20 Myr reported by Lee & Song (2019a, in their Table 2) and has a dispersion of 10 Myr, which covers most of the literature age estimates, including the recent age determination by Luhman (2022) in which the suprastructure of 32 Orionis is ~3 Myr younger than BPIC.
In BPIC, we use as age prior the recent 23 ± 8 Myr age estimate reported by Lee et al. (2024) because it is based on two dating techniques: isochrone fitting and LDB. Moreover, this value is compatible with most of BPIC’s literature age estimates, as can be seen in Fig. 1 of the aforementioned authors.
In OCT, we choose to work with a value 34 ± 10 Myr. This prior peaks at the latest literature age estimate of 34 ± 2 Myr by Galli et al. (2024), although with a dispersion five times larger to provide a weakly informative prior.
In COL, we work with a prior of 34 ± 10 Myr, which peaks at the latest literature LDB age estimate by Luhman (2024). However, to provide a weakly informative age prior, we set the age dispersion to 10 Myr, which is five times larger than the uncertainty reported by the later author.
In CAR, we choose an age prior of 45 ± 11 Myr, which peaks at the isochrone fitting age estimate reported by Bell et al. (2015). We selected this literature estimate due to its wide uncertainty and compatibility with the recent LDB age estimate of 41.5 ± 3.2 Myr by Wood et al. (2023).
In Nal and Chem associations, which were discovered within CAR literature membership lists, we update our age prior to a value of 10 ± 10 Myr. We choose this value following the isochrone age determination of [image: equation] Myr done by Hunt & Reffert (2023) for the group HSC 2139, which as explained in Sect. 4.8 contains both the Nal and Chem populations.
In THA, we decided to work with an age prior of 38 ± 15 Myr following the age estimate derived by Galli et al. (2023). We increase the age dispersion to accommodate the interval of literature age estimates, and thus, we provide a weakly informative prior.

Appendix B  Additional tables
In Table B.1, we summarise the results of each LYSA with rows corresponding to each literature membership list and the following columns. The first and second columns indicate the association abbreviation and membership list. The third and fourth columns show the RV origin and percentage of coverage (of the final members). The fifth and sixth columns show the percentage of contaminants in the initial list of members and the final number of members, respectively. The seventh column shows the association’s distance to the Sun as inferred from the final list of members. The eighth, ninth, and tenth columns show the significant detections (at 2σ level) of the kinematic patterns of contraction, expansion, and rotation, respectively. Finally, the eleventh and twelfth columns show the 95% high density interval (HDI) of the age posterior distribution and its mean and standard deviation, respectively.
Table B.2, available at the CDS, contains statistics of the posterior distribution of linear velocity field parameters as inferred from the various membership lists and RV origins. Columns 1, 2, and 3 list the abbreviated name of the association, the literature membership and RV origin, respectively. Column 4 gives the parameter’s statistics (mean, standard deviation and 95% HDI). Columns 5 to 10 provide the 6D location in Galactic coordinates. Columns 11 to 16 give the standard deviation of the 6D coordinates (i.e. the association’s size). Columns 17 to 34 provide the correlations between pairs of 3D positions and 3D velocities. Column 35 provides the magnitude of the expansion vector κ while Columns 36 to 38 list the X, Y, and Z components of this vector. Similarly, Column 39 gives the total magnitude of the rotation vector ω while Columns 40 to 42 provide the X, Y, and Z components of this vector. Finally, Columns 43 to 47 give the non-isotropic dilation parameters W1 to W5; for a definition of these parameters, see Eq. 4 of Lindegren et al. (2000).
Table B.3, available at the CDS, contains the final members of each analysed LYSA. Columns 1, 2, and 3 list the abbreviated name of the association, the literature membership and RV origin, respectively. Finally, Column 4 provides the Gaia DR3 source id.
Table B.1 
Members, significant kinematic patterns, and expansion ages.
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1 The members of component C cover the sky region that, in the cosmogony of the Seri people, corresponds to the constellation of the bura deer that they name Háap (see Stellarium, Zotti et al. 2021, and references therein to the Seri constellations).
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	[image: thumbnail]	Fig. 6 Age distribution for 118TAU. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Krolikowski et al. (2021) correspond to those of their young 118TauE and old 118TauW populations.
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	[image: thumbnail]	Fig. 7 Age distribution for Háap. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates for 32 Orionis are included for comparison.
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	[image: thumbnail]	Fig. 8 Age distribution for BPIC. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.
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	[image: thumbnail]	Fig. 9 Age distribution for Balaam. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions.
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	[image: thumbnail]	Fig. 10 Age distribution for OCT. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Hunt & Reffert (2023) correspond, in ascending order, to those of their groups CWNU1178 and HSC1998.
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	[image: thumbnail]	Fig. 11 Age distribution for HSC 2597. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The isochrone age by Hunt & Reffert (2023) is included for comparison.
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	[image: thumbnail]	Fig. 12 Age distribution for COL. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The ages by Hunt & Reffert (2023) correspond, in ascending order, to their groups HSC 1900, HSC 1684, HSC1766, Alessi 13, and β-Tucanae.
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	[image: thumbnail]	Fig. 13 Age distribution for OMAU. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The isochrone age estimate by Bell et al. (2015) for COL is included for comparison.
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	[image: thumbnail]	Fig. 14 Age distribution for CAR. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.
In the text



	[image: thumbnail]	Fig. 15 Age distribution for Platais 8. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.
In the text



	[image: thumbnail]	Fig. 16 Age distribution for Nal. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The previous literature age estimate by Hunt & Reffert (2023) for HSC 2139 is included for comparison.
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	[image: thumbnail]	Fig. 17 Age distribution for Chem. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The previous literature age estimate by Hunt & Reffert (2023) for HSC 2139 is included for comparison.
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	[image: thumbnail]	Fig. 18 Age distribution for THA A and B. The violin plots show kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.
In the text





    
      Table 1 

      Bayesian expansion ages of local young stellar associations.

      
        


	
	
	RV
	Members
	Distance
	Age



	
	
	

	
	
	



	
	
	Origin
	Coverage
	final
	
	μ ± σ



	
	
	
	%
	
	(pc)
	(Myr)



	Association
	Membership
	
	
	
	
	





	EPCHA
	SigMA
	GLASSS
	37.8
	37
	102
	6.4 ± 2.1



	MuscaFG
	UNION-A
	GLASSS
	53.8
	39
	101
	10.4 ± 1.4



	ETCHA
	UNION
	GLASSS
	60.0
	20
	98
	7.6 ± 3.4



	TWA
	L23-A
	GLASSS
	58.5
	41
	63
	10.2 ± 1.0



	
	L23-B
	GLASSS
	53.3
	15
	65
	8.5 ± 1.3



	118TAU
	UNIONS+L22-A
	GLASSS
	60.0
	35
	107
	24.0 ± 4.5



	THOR
	UNIONS+L22-B
	GLASSS
	66.7
	45
	101
	29.8 ± 4.9



	Háap
	UNIONS+L22-C
	GLASSS
	55.6
	63
	90
	25.9 ± 4.6



	BPIC
	Miret-Roig+2020
	Original
	73.1
	26
	42
	23.4 ± 4.8



	Balaam
	Luhman2024-B
	Original
	47.6
	63
	63
	19.3 ± 4.7



	OCT
	UNION-A
	GLASSS
	81.2
	69
	150
	30.4 ± 4.6



	HSC2597
	UNION-C
	GLASSS
	41.2
	17
	138
	39.6 ± 6.9



	COL
	UNION-A
	GLASSS
	59.2
	125
	71
	33.0 ± 9.2



	OMAU
	UNION-C
	GLASSS
	46.7
	15
	36
	40.1 ± 5.9



	CAR
	Luhman2024-AB
	GLASSS
	44.8
	259
	112
	45.4 ± 9.2



	Platais8
	Luhman2024-AA
	GLASSS
	42.0
	362
	133
	28.3 ± 10.9



	Nal
	Luhman2024-BA
	GLASSS
	11.4
	35
	183
	16.1 ± 5.5



	Chem
	Luhman2024-BB
	GLASSS
	30.3
	132
	168
	22.2 ± 2.1



	THA
	Lee+2019-A
	GLASSS
	58.4
	161
	42
	32.9 ± 6.3



	
	Lee+2019-B
	GLASSS
	54.1
	37
	43
	38.6 ± 5.4





      

      
Notes. The columns in this table correspond, from left to right, to the association’s abbreviated name, the selected membership’s list (the reasons for this selection will be described at each LYSA’s section), the RV origin and percentage of coverage (out of the final members), the final number of members (after the decontamination algorithm), the association’s distance, and the inferred Bayesian expansion age. For simplicity, the age is reported as the mean and standard deviation of the inferred age’s posterior distribution. Its 95% HDI (high density interval) is reported in Table B.1.




    

  
    
      Fig. 1 
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        Age distribution for EPCHA. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Fig. 2 
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        Age distribution for ETCHA. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates of Murphy et al. (2013) correspond to different isochrone models.

      

    

  
    
      Fig. 3 
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        Age distribution for MuscaFG. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Kerr et al. (2021) correspond to those of its SC-27A and SC-27B groups.

      

    

  
    
      Fig. 4 
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        Age distribution for TWA A and B. The violin plots show kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Fig. 5 
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        Age distribution for THOR. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Fig. 6 
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        Age distribution for 118TAU. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Krolikowski et al. (2021) correspond to those of their young 118TauE and old 118TauW populations.

      

    

  
    
      Fig. 7 
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        Age distribution for Háap. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates for 32 Orionis are included for comparison.

      

    

  
    
      Fig. 8 
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        Age distribution for BPIC. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Fig. 9 
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        Age distribution for Balaam. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions.

      

    

  
    
      Fig. 10 
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        Age distribution for OCT. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The two age estimates by Hunt & Reffert (2023) correspond, in ascending order, to those of their groups CWNU1178 and HSC1998.

      

    

  
    
      Fig. 11 
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        Age distribution for HSC 2597. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The isochrone age by Hunt & Reffert (2023) is included for comparison.

      

    

  
    
      Fig. 12 
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        Age distribution for COL. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison. The ages by Hunt & Reffert (2023) correspond, in ascending order, to their groups HSC 1900, HSC 1684, HSC1766, Alessi 13, and β-Tucanae.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Age distribution for OMAU. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The isochrone age estimate by Bell et al. (2015) for COL is included for comparison.

      

    

  
    
      Fig. 14 
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        Age distribution for CAR. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Fig. 15 
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        Age distribution for Platais 8. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Fig. 16 
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        Age distribution for Nal. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The previous literature age estimate by Hunt & Reffert (2023) for HSC 2139 is included for comparison.

      

    

  
    
      Fig. 17 
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        Age distribution for Chem. The violin plot shows kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. The previous literature age estimate by Hunt & Reffert (2023) for HSC 2139 is included for comparison.

      

    

  
    
      Fig. 18 
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        Age distribution for THA A and B. The violin plots show kernel density estimates obtained from samples of the prior (bottom) and posterior (top) distributions. Previous literature age estimates are included for comparison.

      

    

  
    
      Table B.1 

      Members, significant kinematic patterns, and expansion ages.

      
        


	
	
	RV
	Members
	Distance
	Contraction
	Expansion
	Rotation
	Age



	
	
	origin
	coverage
	cont.
	final
	
	[2σ]
	[2σ]
	[2σ]
	HDI
	μ ± σ



	
	
	
	[%]
	[%]
	
	[pc]
	
	
	
	[Myr]
	[Myr]



	Association
	Membership
	
	
	
	
	
	
	
	
	
	





	EPCHA
	LACEwING
	GLASSS
	63.3
	36.2
	30
	101
	
	κz
	
	(6.6,15.0)
	10.5 ± 2.2



	
	BANYAN
	GLASSS
	51.5
	15.4
	33
	100
	
	κz
	
	(7.2,13.3)
	9.8 ± 1.6



	
	SPYGLASS
	GLASSS
	64.7
	0.0
	17
	101
	
	
	
	(4.5,14.2)
	9.2 ± 2.6



	
	Qin+2023
	GLASSS
	69.7
	0.0
	33
	101
	
	κz
	
	(4.9,13.0)
	8.5 ± 2.2



	
	SigMA
	GLASSS
	37.8
	5.1
	37
	102
	
	κx,κz
	
	(3.5,10.9)
	6.4 ± 2.1



	
	UNION
	GLASSS
	50.8
	26.7
	63
	101
	
	κz
	
	(6.1,11.2)
	8.5 ± 1.4



	
	UNION-B
	GLASSS
	52.0
	3.8
	25
	102
	
	κz
	
	(4.1,15.2)
	9.5 ± 3.0



	MuscaFG
	UNION-A
	GLASSS
	53.8
	0.0
	39
	101
	
	κz
	
	(8.1,13.4)
	10.4 ± 1.4



	ETCHA
	LACEwING
	GLASSS
	55.6
	21.7
	18
	98
	
	
	
	(1.8,14.4)
	8.1 ± 3.6



	
	BANYAN
	GLASSS
	57.1
	6.7
	14
	98
	
	
	
	(1.1,14.5)
	7.6 ± 3.9



	
	SPYGLASS
	GLASSS
	60.0
	11.8
	15
	97
	
	
	
	(2.4,13.4)
	6.9 ± 3.1



	
	SigMA
	GLASSS
	60.0
	33.3
	20
	98
	
	
	
	(2.1,13.9)
	7.6 ± 3.4



	
	Hunt+2024
	GLASSS
	61.1
	5.3
	18
	97
	
	
	
	(2.0,12.4)
	6.2 ± 3.0



	
	UNION
	GLASSS
	60.0
	41.2
	20
	98
	
	
	
	(2.3,14.2)
	7.6 ± 3.4



	TWA
	LACEwING
	GLASSS
	56.2
	43.9
	32
	60
	
	κx,κy
	
	(10.4,15.2)
	12.8 ± 1.2



	
	BANYAN
	GLASSS
	56.7
	25.0
	30
	65
	
	κx,κy,κz
	
	(9.7,12.6)
	11.1 ± 0.8



	
	Lee+2019
	GLASSS
	65.8
	7.3
	38
	59
	
	κx,κz
	ωz
	(6.6,12.9)
	9.7 ± 1.6



	
	Luhman2023
	GLASSS
	61.4
	14.9
	57
	63
	
	κx,κy,κz
	
	(7.5,10.7)
	9.0 ± 0.9



	
	Luhman2023
	original
	62.3
	9.0
	61
	63
	
	κx,κy,κz
	
	(7.9,10.9)
	9.2 ± 0.8



	
	Miret-Roig+2025
	original
	33.9
	11.9
	59
	63
	
	κx,κy,κz
	
	(7.9,11.3)
	9.5 ± 0.9



	
	UNION
	GLASSS
	57.1
	39.8
	56
	66
	
	κx,κy,κz
	
	(9.3,12.6)
	10.8 ± 0.9



	
	Miret-Roig+2025a
	original
	32.4
	17.8
	37
	72
	
	κx,κy,κz
	
	(8.1,12.6)
	10.1 ± 1.2



	
	Miret-Roig+2025b
	original
	42.1
	9.5
	19
	46
	
	
	
	(9.1,18.2)
	13.5 ± 2.4



	
	L23-A
	GLASSS
	58.5
	2.4
	41
	63
	
	κx,κy,κz
	
	(8.2,12.2)
	10.2 ± 1.0



	
	L23-B
	GLASSS
	53.3
	0.0
	15
	65
	
	κx,κz
	
	(6.2,11.1)
	8.5 ± 1.3



	
	UNION-A
	GLASSS
	51.1
	2.1
	47
	66
	
	κx,κy,κz
	
	(10.0,12.9)
	11.4 ± 0.8



	
	UNION-B
	GLASSS
	37.5
	0.0
	8
	71
	
	
	
	(7.3,15.8)
	11.4 ± 2.2



	118TAU
	BANYAN
	GLASSS
	72.7
	8.3
	11
	102
	
	
	
	(5.2,30.8)
	17.6 ± 7.4



	
	SPYGLASS
	GLASSS
	43.3
	11.8
	30
	107
	
	
	
	(16.5,36.2)
	26.2 ± 5.1



	
	Moranta+2022
	GLASSS
	84.6
	27.8
	13
	95
	
	κy
	
	(20.7,39.4)
	30.1 ± 4.7



	
	UNION
	GLASSS
	64.0
	12.3
	50
	103
	
	κy
	
	(26.1,41.0)
	33.5 ± 3.9



	
	UNIONS+L22-A
	GLASSS
	60.0
	0.0
	35
	107
	
	κz
	
	(15.4,32.4)
	24.0 ± 4.5



	THOR
	LACEwING
	GLASSS
	76.9
	40.9
	13
	97
	
	κz
	ωx
	(9.7,31.2)
	19.9 ± 5.8



	
	BANYAN
	GLASSS
	46.2
	40.9
	26
	100
	
	
	
	(18.0,37.0)
	27.1 ± 4.9



	
	Lee+2019
	GLASSS
	66.7
	2.9
	33
	102
	
	
	
	(15.4,35.3)
	25.4 ± 5.1



	
	SPYGLASS
	GLASSS
	62.5
	27.3
	8
	101
	
	
	
	(16.2,37.0)
	26.7 ± 5.4



	
	Zerjal+2023
	GLASSS
	57.7
	0.0
	26
	98
	
	
	
	(8.2,31.2)
	18.9 ± 6.4



	
	Hunt+2024
	GLASSS
	57.6
	0.0
	33
	99
	
	
	
	(15.6,35.6)
	25.7 ± 5.2



	
	UNION
	GLASSS
	63.3
	31.0
	49
	100
	
	
	
	(17.9,36.8)
	27.3 ± 4.9



	
	UNIONS+L22-B
	GLASSS
	66.7
	0.0
	45
	101
	
	
	
	(20.3,39.1)
	29.8 ± 4.9



	THOR+118TAU
	Luhman2022
	original
	61.5
	12.4
	148
	97
	
	κx,κy,κz
	ωx,ωy,ωz
	(20.5,40.4)
	31.4 ± 5.0



	
	Luhman2022
	GLASSS
	62.1
	17.2
	140
	97
	
	κx,κy,κz
	ωx,ωy,ωz
	(19.2,40.4)
	32.1 ± 5.4



	
	UNIONS-L22
	GLASSS
	60.7
	27.0
	89
	101
	
	κy,κz
	
	(22.0,36.9)
	29.6 ± 3.8



	
	UNIONS+L22
	GLASSS
	61.8
	25.8
	144
	97
	
	κx,κy,κz
	ωx,ωy,ωz
	(22.9,42.0)
	33.4 ± 4.8



	
	L22-A
	original
	76.7
	0.0
	86
	103
	
	κx,κy,κz
	
	(22.9,37.2)
	29.8 ± 3.7



	
	L22-B
	original
	43.5
	0.0
	62
	91
	
	κx,κy
	
	(16.1,39.5)
	28.8 ± 5.6



	
	L22-A
	GLASSS
	67.1
	1.2
	85
	103
	
	
	
	(25.0,40.3)
	32.4 ± 4.0



	
	L22-B
	GLASSS
	54.4
	8.1
	57
	91
	
	κx,κy
	
	(17.5,34.2)
	24.7 ± 4.3



	
	UNIONS+L22-A
	GLASSS
	60.0
	0.0
	35
	107
	
	κz
	
	(15.4,32.4)
	24.0 ± 4.5



	
	UNIONS+L22-B
	GLASSS
	66.7
	0.0
	45
	101
	
	
	
	(20.3,39.1)
	29.8 ± 4.9



	
	UNIONS+L22-C
	GLASSS
	55.6
	1.6
	63
	90
	
	κx,κy,κz
	
	(17.8,35.9)
	25.9 ± 4.6



	Háap
	L22-B
	original
	43.5
	0.0
	62
	91
	
	κx,κy
	
	(16.1,39.5)
	28.8 ± 5.6



	
	L22-B
	GLASSS
	54.4
	8.1
	57
	91
	
	κx,κy
	
	(17.5,34.2)
	24.7 ± 4.3



	
	UNIONS+L22-C
	GLASSS
	55.6
	1.6
	63
	90
	
	κx,κy,κz
	
	(17.8,35.9)
	25.9 ± 4.6



	BPIC
	LACEwING
	GLASSS
	63.2
	44.1
	38
	22
	
	κx
	
	(15.6,33.8)
	24.1 ± 5.0



	
	BANYAN
	GLASSS
	66.3
	18.9
	86
	31
	
	κx,κy
	ωy
	(15.4,34.2)
	25.2 ± 5.3



	
	Lee+2019
	GLASSS
	61.2
	26.4
	103
	31
	
	κx,κy
	ωx
	(15.9,36.3)
	26.7 ± 6.1



	
	Crundall+2019
	GLASSS
	73.8
	8.7
	42
	34
	
	κx,κy
	ωx
	(15.6,32.7)
	23.8 ± 4.8



	
	Miret-Roig+2020
	GLASSS
	73.1
	0.0
	26
	42
	κz
	κx,κy
	
	(15.1,33.1)
	24.0 ± 4.9



	
	Miret-Roig+2020
	original
	73.1
	0.0
	26
	42
	
	κx,κy
	ωy
	(15.8,33.0)
	23.4 ± 4.8



	
	SPYGLASS
	GLASSS
	52.6
	20.8
	19
	55
	κz
	
	
	(18.2,37.9)
	28.5 ± 5.0



	
	Moranta+2022
	GLASSS
	95.2
	8.7
	21
	44
	
	κx
	ωx
	(13.7,36.6)
	26.8 ± 5.9



	
	Couture+2023
	GLASSS
	87.0
	8.0
	23
	33
	
	κx,κy
	ωx
	(16.0,35.0)
	26.1 ± 5.3



	
	Couture+2023
	original
	87.5
	4.0
	24
	32
	
	κx,κy
	ωx,ωz
	(17.4,35.3)
	26.2 ± 5.2



	
	Luhman2024
	GLASSS
	60.0
	14.1
	165
	42
	
	κx,κy
	ωx
	(16.3,33.7)
	26.0 ± 4.7



	
	Luhman2024-AA
	original
	50.0
	0.0
	82
	37
	
	κx,κy
	ωx,ωy
	(15.8,35.4)
	25.7 ± 5.5



	
	Luhman2024-AB
	original
	68.6
	0.0
	35
	22
	κz
	κx,κy
	ωx
	(14.7,32.5)
	23.7 ± 5.4



	Balaam
	Luhman2024-B
	original
	47.6
	0.0
	63
	63
	
	κx,κy,κz
	ωx
	(12.2,29.2)
	19.3 ± 4.7



	OCT
	LACEwING
	GLASSS
	45.5
	42.9
	44
	115
	
	κx,κy
	ωy,ωz
	(25.3,43.7)
	33.7 ± 4.8



	
	BANYAN
	GLASSS
	66.1
	45.1
	56
	134
	κz
	κx,κy
	
	(22.8,40.0)
	30.2 ± 4.7



	
	Moranta+2022
	GLASSS
	87.5
	7.7
	72
	156
	κz
	κx,κy
	ωy,ωz
	(24.4,42.6)
	33.0 ± 4.9



	
	Galli+2024
	GLASSS
	100.0
	6.9
	27
	145
	
	κx,κy
	
	(21.9,38.0)
	29.0 ± 4.3



	
	Galli+2024
	original
	100.0
	6.9
	27
	146
	
	κx,κy
	
	(22.8,44.5)
	33.0 ± 5.9



	
	UNION-A
	GLASSS
	81.2
	0.0
	69
	150
	κz
	κx,κy
	ωz
	(22.5,39.1)
	30.4 ± 4.6



	HSC2597
	UNION-C
	GLASSS
	41.2
	0.0
	17
	138
	
	
	
	(25.9,52.7)
	39.6 ± 6.9



	COL
	LACEwING
	GLASSS
	65.2
	37.1
	66
	60
	
	κx
	ωy
	(21.2,48.2)
	35.1 ± 7.2



	
	Lee+2019
	GLASSS
	65.9
	14.0
	129
	70
	κz
	κx,κy
	ωz
	(18.5,48.3)
	35.5 ± 8.3



	
	Moranta+2022
	GLASSS
	100.0
	0.0
	11
	72
	
	κy
	
	(22.0,46.6)
	34.0 ± 6.6



	
	Luhman2024
	original
	41.2
	0.0
	51
	58
	κz
	κx
	
	(17.4,45.4)
	31.0 ± 7.8



	
	Luhman2024
	GLASSS
	52.9
	0.0
	51
	58
	
	κx
	
	(18.2,43.9)
	30.9 ± 6.9



	
	BANYAN-A
	GLASSS
	64.3
	2.3
	84
	69
	κz
	κx
	ωx
	(16.5,47.4)
	31.2 ± 8.8



	
	UNION-A
	GLASSS
	59.2
	0.8
	125
	71
	κz
	κx,κy
	ωz
	(18.7,48.7)
	33.0 ± 9.2



	
	UNION-B
	GLASSS
	56.5
	0.0
	46
	58
	κz
	κx
	ωx,ωy
	(18.0,47.2)
	31.8 ± 8.9



	OMAU
	BANYAN-B
	GLASSS
	46.7
	0.0
	15
	31
	
	
	ωy
	(24.7,49.1)
	37.8 ± 6.3



	
	UNION-C
	GLASSS
	46.7
	0.0
	15
	36
	
	
	
	(29.3,52.3)
	40.1 ± 5.9



	CAR
	LACEwING
	GLASSS
	66.7
	22.7
	51
	94
	κy,κz
	
	
	(28.3,62.6)
	45.6 ± 8.8



	
	BANYAN
	GLASSS
	53.0
	4.6
	83
	73
	κz
	κx
	ωx
	(20.5,56.9)
	38.8 ± 10.1



	
	Lee+2019
	GLASSS
	64.4
	13.2
	59
	99
	κz
	κx,κy
	ωx
	(24.6,56.4)
	39.6 ± 8.4



	
	Booth+2020
	GLASSS
	63.6
	15.4
	22
	72
	κz
	κx
	
	(26.3,59.5)
	42.7 ± 8.8



	
	UNION
	GLASSS
	58.1
	29.5
	129
	83
	κz
	κx
	ωx,ωz
	(21.0,61.8)
	44.4 ± 11.3



	
	Luhman2024
	GLASSS
	40.3
	3.9
	812
	132
	
	κx,κy
	ωx,ωy
	(23.3,55.7)
	41.5 ± 8.0



	
	Luhman2024-A
	GLASSS
	42.7
	2.5
	626
	123
	κz
	κx,κy
	ωx,ωy,ωz
	(28.0,59.7)
	42.7 ± 8.1



	
	Luhman2024-B
	GLASSS
	25.1
	1.8
	167
	171
	
	κx
	
	(21.1,60.7)
	44.3 ± 11.0



	
	Luhman2024-AB
	GLASSS
	44.8
	0.8
	259
	112
	κz
	κx,κy
	ωx,ωz
	(24.8,63.3)
	45.4 ± 9.2



	Platais8
	Luhman2024-AA
	GLASSS
	42.0
	0.8
	362
	133
	κz
	κx,κy
	ωz
	(16.5,54.4)
	28.3 ± 10.9



	Nal
	Luhman2024-BA
	GLASSS
	11.4
	0.0
	35
	183
	κx,κz
	
	
	(5.8,26.4)
	16.1 ± 5.5



	Chem
	Luhman2024-BB
	GLASSS
	30.3
	0.0
	132
	168
	
	κx
	
	(18.0,26.5)
	22.2 ± 2.1



	THA
	BANYAN
	GLASSS
	63.5
	3.4
	85
	44
	κz
	κx
	
	(24.5,49.4)
	36.1 ± 7.3



	
	Lee+2019
	GLASSS
	56.0
	10.7
	200
	43
	
	κx,κy
	
	(24.5,49.8)
	39.5 ± 6.7



	
	Galli+2023
	original
	95.2
	0.0
	21
	42
	
	κx
	
	(21.1,47.0)
	32.2 ± 8.0



	
	Galli+2023
	GLASSS
	94.7
	9.5
	19
	41
	
	κx
	
	(23.1,46.7)
	32.1 ± 6.5



	
	BANYAN-A
	GLASSS
	69.1
	2.9
	68
	44
	κz
	κx
	
	(24.9,47.9)
	34.1 ± 6.6



	
	BANYAN-B
	GLASSS
	35.7
	6.7
	14
	49
	
	
	
	(17.1,46.8)
	32.6 ± 7.9



	
	Lee+2019-A
	GLASSS
	58.4
	2.4
	161
	42
	κz
	κx
	ωz
	(24.7,46.9)
	32.9 ± 6.3



	
	Lee+2019-B
	GLASSS
	54.1
	0.0
	37
	43
	
	κx
	
	(27.9,49.1)
	38.6 ± 5.4
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