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Abstract

Context. Metal-poor stars are key for studying the formation and evolution of the Galaxy. Evidence of the early mergers that built up the Galaxy remains in the distributions of abundances, kinematics, and orbital parameters of its stars. Several substructures resulting from these mergers have been tentatively identified in the literature.

Aims. We conducted a global analysis of the chemodynamic properties of metal-poor stars. Our aim is to identify signs of accreted and in situ stars in different regions of the parameter space and investigate their differences and similarities.

Methods. We selected a sample of about 6600 metal-poor stars with [Fe/H] ≤ −0.8 from DR3 of the GALAH survey. We used unsupervised machine learning to separate stars in a parameter space made of two normalised orbital actions, plus [Fe/H] and [Mg/Fe], without additional a priori cuts on stellar properties.

Results. We divided the halo stars into four main groups. All groups exhibit a significant fraction of in situ contamination. Accreted stars of these groups have very similar chemical properties, except the group of stars with very retrograde orbits. This points to at most two main sources of accreted stars in the current sample, the major one related to Gaia-Enceladus and another possibly related to Thamnos and/or Sequoia. Gaia-Enceladus stars are r-process enriched at low metallicities, but a contribution of the s-process appears with increasing metallicity. A flat trend of [Eu/Mg] as a function of [Fe/H] suggests that only core-collapse supernovae contributed to r-process elements in Gaia-Enceladus.

Conclusions. To better characterise accreted stars in the low-metallicity regime, high precision abundances and guidance from chemical evolution models are needed. It is possible that the in situ contamination in samples of accreted stars has been underestimated. This can have important consequences for attempts to estimate the properties of the original systems.
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1. Introduction
The quest to understand how galaxies form is one of the main endeavours of modern-day astrophysics. The Milky Way, our home galaxy, plays a central role in this quest, as stellar populations can be resolved in finer detail than is possible for other galaxies. In the modern Λ cold dark matter paradigm (see Springel et al. 2006; Spergel et al. 2007), large galaxies grow hierarchically through the accretion and merging of smaller systems (e.g., Searle & Zinn 1978; White & Frenk 1991; Bullock & Johnston 2005; Bland-Hawthorn & Freeman 2014). The sequence of these events leaves its imprint on the distributions of stellar properties of the main host galaxy (Helmi 2008, 2020).
Kinematic and orbital stellar parameters carry signs of this accretion history because the exchange of energy and momenta takes longer than the time that has passed since the formation of the Galaxy (Eggen et al. 1962). This process imbues the velocity space with very cold structures, detectable even after many billions of years (see e.g., Helmi 2008; Martin et al. 2022; Balbinot et al. 2023, and references therein). In addition, long-lived low-mass stars retain in their stellar atmospheres the chemical abundances from the time and place of their formation. Because of this, the chemical properties of old stars also offer fundamental information needed to reconstruct the history of the Milky Way (Freeman & Bland-Hawthorn 2002).
The discovery of the ongoing merger with the Sagittarius dwarf galaxy (Ibata et al. 1994) demonstrates that the hierarchical assembly of the Milky Way continues today. Not long after, Helmi et al. (1999) found evidence of halo star streams in the solar neighbourhood, now referred to as Helmi streams, which are relics of the Milky Way formation process (Limberg et al. 2021; Ruiz-Lara et al. 2022). Further substructures (streams and overdensities) in the halo, including debris left by the Sagittarius dwarf, were later uncovered by large photometric surveys (Newberg et al. 2002; Majewski et al. 2003; Belokurov et al. 2006; Jurić et al. 2008; Perottoni et al. 2019) and more recently with Gaia data (e.g., Necib et al. 2020; Ibata et al. 2021; Viswanathan et al. 2023).
Thanks to the Gaia mission (Gaia Collaboration 2016), the substructure of the halo and the merger history of the Milky Way are now being revealed in greater detail. Gaia is bringing about a revolution in the field of Galactic archaeology by providing parallaxes and proper motions for more than 109 stars. Using data from Gaia, Helmi et al. (2018) and Belokurov et al. (2018) identified an elliptical-like structure in the Toomre and Lindblad diagrams, which they associated with a previous major merger incurred by the Milky Way – with a satellite galaxy now referred to as Gaia-Sausage or Gaia-Enceladus (GE). This merger happened about 9.5 × 109 Ga1 ago (Gallart et al. 2019; Bonaca et al. 2020; Montalbán et al. 2021; Borre et al. 2022; Giribaldi & Smiljanic 2023). The GE progenitor galaxy is estimated to have had a stellar mass in the range M⋆ ∼ 108–5 × 109 M⊙ (Vincenzo et al. 2019; Feuillet et al. 2020; Mackereth & Bovy 2020; Limberg et al. 2022; Lane et al. 2023), although evidence that it is not straightforward to infer the mass ratio of past mergers (see Rey et al. 2023).
Observational evidence of additional past mergers has since been discovered. The Sequoia merger, discovered by Barbá et al. (2019) and Myeong et al. (2019), is a highly retrograde substructure with weakly bound stars. A non-exhaustive list of proposed substructures also includes Thamnos (Koppelman et al. 2019), which could be the low-energy tail of Sequoia (see e.g., Kordopatis et al. 2020), the Koala (Forbes 2020), or Kraken (Kruijssen et al. 2019, 2020), among others (see e.g., Donlon 2020; Naidu et al. 2020; Necib et al. 2020; Yuan et al. 2020; Horta et al. 2021; Malhan et al. 2022, and references therein). However, careful work is still necessary to establish the reality and properties of each of these events (e.g., Buder et al. 2022; Donlon 2022; Horta et al. 2023) and to demonstrate whether or not the identified structures actually correspond to distinct events (Jean-Baptiste et al. 2017; Koppelman et al. 2020; Amarante & Debattista 2022; Pagnini et al. 2023; Rey et al. 2023).
To understand the chemodynamic properties of the progenitors of accreted systems, disentangling the stars that originated in the Milky Way from those that were accreted is crucial. There have been several approaches to this in the literature (e.g., Naidu et al. 2020; Carollo & Chiba 2021; Feuillet et al. 2021; Belokurov & Kravtsov 2022), but doing so is, of course, not trivial, particularly since we are working with noisy data. As a way to select groups of stars likely dominated by one population or another, several authors have resorted to defining boxes or straight-line cuts on the kinematic, dynamic, and/or chemical parameter space(s). Another approach is to use supervised or unsupervised machine learning methods to separate different groups, overdensities, or clusterings of stars identified as peaks over distributions of properties in multi-dimensional spaces made up of different chemodynamic quantities (e.g., Buder et al. 2022; Lövdal et al. 2022; Myeong et al. 2022; Shank et al. 2022a,b, 2023; Dodd et al. 2023; Giribaldi & Smiljanic 2023; Ou et al. 2023; Zepeda et al. 2023). However, in many cases, the subsequent discussions usually focus on the properties of the few highlighted stellar groups. The general population of stars that remains as ‘background’ tends to be ignored. Thus, such investigations provide only an incomplete assessment of the characteristics of the Milky Way metal-poor stellar populations. Focussing only on the peaks of the distributions can have a particularly noticeable impact on the identification of the trends of chemical evolution of each population part of the observed mixture (Giribaldi & Smiljanic 2023).
Here, we present an investigation that aims for a wider discussion of the properties of old metal-poor stars in a bid to improve our understanding of accreted and in situ stellar populations. Our analysis tries to avoid as much as possible any a priori cut (in kinematics or chemistry) used to define groups of stars of similar properties. We first use unsupervised machine learning methods to separate groups with different properties in a restricted chemodynamic space. We then discuss the more global orbital and chemical properties of these groups to understand if they can be explained by in situ or accreted stars. We are particularly interested in identifying variations in these global properties that can be a sign of different fractions between accreted and in situ stars in each of the groups that are identified. Possible changes in the chemical patterns can also reveal whether one or several merger events are needed to explain the data. The article is divided as follows. In Sect. 2, the observational data are presented. Section 3 describes the machine learning methods applied to the data. In Sect. 4, we present the main results and discuss the characteristics of the stellar groups identified in our sample. Finally, Sect. 5 presents a summary of our findings.
2. Observational data
2.1. Chemical abundances
The stellar sample we analysed here was taken from Data Release 3 (DR3) of the GALactic Archaeology with HERMES (GALAH) survey (De Silva et al. 2015; Buder et al. 2021). GALAH is a spectroscopic survey that provides chemical abundances for up to 30 elements. In particular, GALAH is one of the two current surveys that provides abundances for the heavy neutron-capture elements Ba and Eu (the other one being the Gaia-ESO Survey, Gilmore et al. 2022; Randich et al. 2022). These elements can be used to trace the contributions of nucleosynthesis through the s- and r-processes. In its DR3, GALAH provides astrophysical parameters (e.g., chemical abundances and radial velocities) for 588 571 stars.
For our analysis, we chose to select only metal-poor stars with [Fe/H] ≤ −0.8. Our goal with this selection is to eliminate most of the population that is dominated by disc stars and to concentrate the analysis on the old metal-poor stellar populations dominated by the halo, where most accreted stellar populations will be found (see Fig. 1). We expect that this simple metallicity cut will preselect a sample of heterogeneous origin, made up both of accreted and in situ formed stars. The accreted stars can likely be traced to several mergers, but the in situ population is probably not any less complex. The in situ part will include halo stars, such as what was called Erebus by Giribaldi & Smiljanic (2023), a fraction of old disc stars (the thick disc and its metal weak component; see Norris et al. 1985; Morrison et al. 1990; Beers et al. 2014), but also those stars that have been heated to halo orbits (Haywood et al. 2018; Di Matteo et al. 2019; Gallart et al. 2019), such as what has been called Splash by Belokurov et al. (2020) and Aurora by Belokurov & Kravtsov (2022). Although the GE merger was proposed to be the agent that heats the orbits of Splash stars (Belokurov et al. 2020), there is the possibility that local interactions between disc stars and gas might also generate such a population (Amarante 2020). Most of what has been identified as the Splash by Belokurov et al. (2020) is more metal rich than our selection criteria, nevertheless, we note that other authors have suggested that this population can extend to lower metallicities, at least down to [Fe/H] ∼ −1.00 (Horta et al. 2021; Donlon 2022). Stars formed in a possible starburst related to the GE merger might also be present (Grand et al. 2020; Rey et al. 2023). Furthermore, we stress that we are aware that our metallicity selection also removes part of the metal-rich low-α tail of the accreted populations belonging to the halo. However, we consider these low-α stars to have already been extensively discussed in the literature (e.g., Mackereth et al. 2019; Buder et al. 2022; Myeong et al. 2022). The aim of our work is to explore the chemodynamic structure mainly towards the metal-poor region of the parameter space. Applying the metallicity selection mentioned above to the GALAH DR3 catalogue selected a sample of 24 817 stars.
	[image: thumbnail]	Fig. 1. Diagram of [Mg/Fe] as a function of [Fe/H] for the whole GALAH sample. Dashed lines indicate values of [Fe/H] = −0.8 dex, −0.7 dex and −0.6 dex.



We decided to use the GALAH Value-Added Catalogue (VAC) which provides a cross-match of GALAH DR3 and Gaia Early DR3 (EDR3). This VAC contains the positions and proper motions provided by Gaia (Gaia EDR3; Gaia Collaboration 2021) and also the Bayesian distances provided by Bailer-Jones et al. (2021). To further clean the sample, we followed the recommendations of the GALAH consortium and kept only the stars that have the flags: flag_sp = 0, snr_c3_iraf > 30, flag_fe_h = 0 and flag_Mg_fe = 0 (see Buder et al. 2022). As we discuss below, the values of [Fe/H] and [Mg/Fe] are used in the unsupervised machine learning analysis. This selection of high-quality results strongly reduces the final sample to 6618 stars. We already anticipate here that when abundances of other elements are discussed, the relevant flag for that element is used to restrict the sample to those stars with reliable abundance determination. We did not apply further cuts on abundance errors, but note that for [Fe/H] and [Mg/Fe] the selected sample has a mean error of ±0.09 dex in both cases, with a dispersion of 0.03 dex for [Fe/H] and a dispersion of 0.04 dex for [Mg/Fe].
2.2. Orbital parameters
We computed stellar orbits using galpy2, a galaxy dynamics tool written in Python that provides a range of gravitational potentials for use in calculations of orbital and kinematic parameters (see Bovy 2015). One of the accepted input formats consists of an astropy (Astropy Collaboration 2018) object made of the right ascension (α), declination (δ), proper motions ([image: equation] and μδ), radial velocity (𝜚) and distance (d), of each star in any epoch. The vast majority of the sample selected as described above has a fractional error in the parallax value of 20% or less. We decided not to remove these few stars with larger errors, as they are not present in numbers that can potentially bias the results.
The orbits were integrated for 13Ga assuming the Galactic potential determined by McMillan (2017). To estimate the uncertainties, a Monte Carlo simulation of 100 random samples was performed on all parameters, assuming that the errors have a Gaussian distribution. For our analysis, we extracted the following parameters: En, the total binding energy of the orbit; Jr, the radial action, which is associated with the orbital eccentricity; Jϕ, the azimuthal action, which is related to the rotation around the Galactic Centre; Jz, the vertical action, which is related to how far the star moves from the galactic plane; and e, the eccentricity of the orbit. We adopted a frame of reference in which Lz = Jϕ.
Figure 2 shows diagrams that use these parameters and are commonly used to classify stars into the different Galactic stellar populations. The top panel displays the Lindblad diagram (Lz× En). The bottom panel displays the Toomre diagram with the stellar space velocities in Cartesian coordinates (Vy is the component in the direction of Galactic rotation, Vx in the radial direction, and Vz in the direction of the Galactic north pole). From these plots, we can see that the sample still contains a significant number of stars with disc-like parameters in prograde orbits. The plume-like structure around zero net rotation, which has been associated with GE (Helmi et al. 2018), is also visible.
	[image: thumbnail]	Fig. 2. Dynamic diagrams for our sample. Top: Lindblad diagram with our sample stars in grey. The Sun is included to serve as a reference. Bottom: Toomre diagram with our sample stars in grey. The yellow circle delineates the region of stars with total velocity below 233 km s−1 (McMillan 2017). The Sun is also shown for reference.



3. Analysis methods
For our analysis, we sought a way to divide and explore the different stellar populations and/or substructures without resorting to boxes or straight-line cuts in the parameter space. Our aim is to obtain a global overview of the observed distribution functions of the relevant stellar properties. We note that it is not possible to obtain information on the absolute distributions of these properties, since we do not attempt to correct the selection functions of the GALAH and Gaia surveys, which are the sources of data we use. We also note that the constraints we applied (like the flags in chemical abundances) introduce additional biases that would need to be taken into account if one wants to recover the absolute distributions. In this first effort, we simply aim to investigate whether there are broad characteristics that can help differentiate the stellar groups. To some extent, we also want to avoid the possibility that our prior knowledge introduces biases in our investigation of the sample. Thus, we looked for unsupervised machine learning techniques that would help the sample itself tell how it should be best divided. We decided to build a chemodynamic space with the following quantities: two chemical parameters, [Fe/H] and [Mg/Fe], and two dynamic dimensions [image: equation] and [image: equation], where [image: equation] and [image: equation] are the axes of the action map similar to that presented by Vasiliev (2019)3.
The diagram [Mg/Fe] versus [Fe/H] has been extensively used to separate accreted from in situ stars (e.g., Buder et al. 2022; Horta et al. 2023, and references therein). It has been shown that dwarf galaxies have [Mg/Fe] versus [Fe/H] sequences where the so-called knee – the place in terms of [Fe/H] values where the [Mg/Fe] ratio starts to decrease, occurs at lower metallicity than what is observed in Milky Way stars (Venn et al. 2004; Hasselquist et al. 2021). This is caused by a lower star formation efficiency, as the interstellar medium (ISM) cannot achieve higher values of [Fe/H] before the extra Fe contribution from Type Ia supernovae becomes important (Kirby et al. 2011; Matteucci 2021). Although our metallicity selection does remove a good chunk of low-α stars, the knee itself for accreted populations in the halo has been found between [Fe/H] = −1.5 to −1.00, depending on the author (e.g., Mackereth et al. 2019; Feuillet et al. 2021; Buder et al. 2022). Therefore, low-α abundance remains useful to define accreted populations. Chemical parameters were normalised as needed, so they have means and variances of the same order of magnitude.
Normalised actions have been used mainly to study globular clusters and their association with halo structures (Vasiliev 2019; Myeong et al. 2019). A map built with these quantities is useful to separate objects by the type of orbit (prograde versus retrograde; polar versus radial; in-plane versus out-of-plane). Accreted populations in radial orbits should be easily recognised in such quantities. Nevertheless, as discussed by Lane et al. (2022), because the actions are normalised, there can be a certain degree of confusion between halo stars and hotter thick-disc stars when the magnitudes of their vertical and radial actions become comparable to the angular momentum. Nevertheless, thick-disc stars should still have high-α abundances up to higher values of metallicities (e.g., Bensby et al. 2005; Fuhrmann 2008; Recio-Blanco et al. 2014). From this follows our idea of combining normalised actions and the chemical parameters [Mg/Fe] and [Fe/H] in a multi-dimensional space. Our initial expectation is that this combination of quantities can break down, at least in part, the degeneracy between populations.
In the first step of the analysis, we used a dimensionality reduction technique called t-distributed stochastic neighbour embedding (t-SNE). In general terms, when t-SNE is applied to data distributed in a multi-dimensional space, it returns a projected 2D or 3D map in which the neighbourhood of the points is preserved. In our case, we resorted to a projection in 2D. In the second step, we used agglomerative hierarchical clustering with Ward’s method (Ward 1963) on top of the t-SNE projection, to identify the different groups of neighbouring points. The methodology is described in detail below.
3.1. t-SNE
The t-SNE is a manifold learning method that uses the affinity between the data points as a probability. As many other dimensionality reduction tools, such as the better-known principal component analysis, t-SNE is especially useful for exploring structures from an N-dimensional problem in a 2D map. In astronomy, t-SNE has been used for a number of applications: spectral reduction and classification (see Traven et al. 2017, 2020), selection or derivation of the parameters of metal-poor stars (see Matijevič et al. 2017; Hawkins et al. 2021; Hughes et al. 2022), identification of star clusters (see Kos et al. 2018; Chun et al. 2020), and exploration of properties of stellar populations (Anders et al. 2018; Queiroz et al. 2023).
The algorithm works as follows. First, t-SNE computes the similarity between two N-dimensional vectors that represent the properties of two points in the parameter space, xi and xj:
[image: thumbnail]
where σi is a generalised uncertainty that can be manually set or estimated by the algorithm. We chose the latter option. The algorithm searches for a value that makes the entropy of the distribution over neighbours equal to log k, where k is the perplexity parameter. The perplexity is related to the local number of neighbours at that point.
Afterwards, the similarity is made symmetric, mainly to avoid outliers:
[image: thumbnail]
The algorithm then attempts to create a map of smaller dimension, where the two original points are now characterised by the new vectors yi and yj:
[image: thumbnail]
The aim is to make these two neighbourhood distributions, pj|i and qij, match as well as possible. The location of the points on the t-SNE map is finally given by minimising the Kullback-Leibler (KL) divergence (Kullback & Leibler 1951):
[image: thumbnail]
The minimisation of the KL divergence is performed by means of a gradient descent. It should be noted that the method emphasises local distances. It attempts to keep objects that were nearby in the multi-dimensional space to also end up close by in the final map, at the same time as it tries to separate objects that were far apart. Because of this, it is important to keep in mind that the distances in the final t-SNE map are not physically connected to the original values in the multi-dimensional space (i.e. the distances between the points in the final map are not linear combinations of the initial distances). The goal is simply to maintain objects with similar properties close to each other while, at the same time, separating those with very different properties.
An advantage of t-SNE is that its efficiency does not depend on the density of the points, since it automatically adjusts how clumpy the projection will be. This is summarised in the perplexity parameter, which can be thought of as the average number of neighbours that one data point has. For optimal use of t-SNE, Wattenberg et al. (2016) recommends exploring the perplexity parameter and how it affects the reduction in dimensionality. After performing these tests, we set the perplexity at 35.
An example of a 2D map obtained for our sample of metal-poor stars is presented in Fig. 3. The Sun has been included in the analysis to help with the visualisation. On this map, one can immediately notice structures at different levels. Stars that are clumped closely together around the Sun can be expected to show properties of disc stars (i.e., prograde circular orbits close to the Galactic plane). Metal-poor halo stars will be positioned in another region of the map. Indeed, the two main islands that can be visually identified in this figure seem to be related to a division between disc and halo stars (despite our metallicity cut, some important contamination by disc stars remained).
	[image: thumbnail]	Fig. 3. Reduced 2D t-SNE map for our sample of metal-poor stars. The projected dimensions themselves are not connected to the physical quantities used in the analysis. This is one example from the 50 realisations of the 2D maps that were created in our analysis.



It is important to note here that the position of the points and the density of the regions on the map change each time the algorithm is run. t-SNE preserves neither the global structure nor the density structure. The individual position of each point or the shape of each clump is not important. In the t-SNE results, the important factor is not how dense an area is on the final map, but the local structures that remain in the final map. As we stressed above, the goal is to keep similar data points together and to drive dissimilar data points away from each other. One other way to put this is, as t-SNE tries to agglomerate similar points together, the distance loses meaning. Two close points are similar, but the distance is not a direct measure of similarity or dissimilarity. The density and sizes of the clumps are adjusted mainly as a function of the perplexity parameter. To take some of the variation introduced by t-SNE into account, we performed 50 different realisations of the 2D map of our sample. We used these realisations to derive statistics regarding how the stellar populations can be divided.
Due to the above facts, for the next step of the analysis, we decided not to use clustering methods based on density (such as DBSCAN and its variations like HDBSCAN; see chapter 4 of Wattenberg et al. 2016) as they could in principle produce misleading results. Another problem with DBSCAN and its variations is shown in Ou et al. (2023). As these authors discuss, HDBSCAN results are unstable when the points are resampled by their uncertainties. We actually performed a few tests using HDBSCAN but finally decided to apply a different approach to separate the structures seen on the t-SNE map. That is what we describe next.
3.2. Hierarchical clustering
To separate the groups (or clusters) in the t-SNE map, we used hierarchical clustering. Hierarchical aglomerative clustering (HAC) tries to cluster objects by a distance, starting from the closest points and progressively including the farther ones, until all points have been grouped together. During this process, the minimum distance needed to identify a group is recorded. Even though, as we highlighted above, distances have no physical meaning on a t-SNE map, in our tests we found this to be the method that could best separate local structures for further exploration.
Several different metrics can be used to determine the type of distance to be used in HAC, from Euclidean to Mahalanobis4, for example. The method proposed by Ward (1963), which is the one we use here, consists of passing the Euclidean distances between the points through the Lance-Williams formula. This is done to compute the distances between each pair of clusters using an unstructured linkage criterion, which are then used to decide which clusters to merge next (i.e. to determine which are the closest clusters). In our case, a structured Ward hierarchical clustering with a k-nearest neighbour linkage was used5. We decided to go for this approach, as it better preserves the structure between the data points. The method was implemented using the Python module scikit-learn (Pedregosa et al. 2011).
To evaluate the number of clusters in which to divide the data, we used a dendrogram generated from the HAC (Fig. 4). The vertical axis of this diagram shows the Euclidean distances between the clusters. The horizontal axis separates the number of groups that were generated at each distance. Here, we show the groups up to the third level of division. The first-level division appears to recover a separation between what seems to be halo- and disc-dominated populations. We note here that deciding which is the optimal number of groups in which the sample should be divided is subjective, since the method itself does not provide a metric that can be used to judge the goodness of a subdivision with respect to another.
	[image: thumbnail]	Fig. 4. Dendrogram of Ward hierarchical clustering for one of the 50 t-SNE realisations. In orange are the clusters that can be associated with the halo and in green the clusters with stars belonging to the disc.



We decided to explore a division that selects 16 clusters, as it seems to divide the t-SNE map with enough granularity for an exploratory study. An example of the distribution of the 16 groups on the t-SNE map is shown in Fig. 5. The different colours in this plot are used to show how the clustering by HAC separates the clumps of stars. The Lindblad diagram showing the same divisions is shown in Fig. 6. At first glance, it seems that the method divided the stars following some pattern in the En and Lz diagram. Nevertheless, it is possible to see that there are stars of several clusters occupying the same En by Lz region (particularly in the disc region). Therefore, it is apparent that the separation we obtained is not simply a matter of cutting the sample at certain values of Lz.
	[image: thumbnail]	Fig. 5. Same example projection of Fig. 3 but with the clusters produced by agglomerative clustering.



	[image: thumbnail]	Fig. 6. Lindblad diagram for the projection of Fig. 3 with the clusters produced by agglomerative clustering with the same colours as Fig. 5. The boxes correspond to the selection criteria for stars belonging to Sequoia and GE defined in Massari et al. (2019).



For the purposes of this paper, we focus on the discussion of the clusters identified in the halo part of the 2D t-SNE map (the ‘island’ to the right of Figs. 3 and 5). Clusters belonging to this island were separated and selected in each of the 50 t-SNE projections. This exercise was useful in giving an idea of the probabilities that each star is associated with a certain structure on the t-SNE map. However, it is not the case that in all 50 t-SNE maps, the halo island is divided into six groups (as is the case for the map shown in Fig. 5). In our analysis, the number of clusters found on the halo island ranged from four to seven.
4. Discussion
The accreted stellar population that is now generally recognised as GE was established as the result of a major merger in the works of Helmi et al. (2018) and Belokurov et al. (2018) and thanks to Gaia DR2 data (Gaia Collaboration 2018a,b). In fact, data from Gaia and spectroscopic surveys had stimulated several other efforts aimed at better characterising Galactic halo stars that were in progress in parallel (Deason et al. 2018; Fernández-Alvar et al. 2018; Hayes et al. 2018; Haywood et al. 2018). However, one should note that even before that, hints of this population had been found due to the low abundance of α elements, retrograde motions, peculiar kinematics, or eccentric orbits of its stars (e.g., Carney et al. 1996; Majewski et al. 1996; Chiba & Beers 2000; Gratton et al. 2003). That such stars could have an origin in the accretion of a dwarf galaxy had already been suggested (e.g., Gilmore et al. 2002; Brook et al. 2003).
Several authors have investigated different ways to select stars with a high probability of belonging to the GE merger (e.g., Massari et al. 2019; Naidu et al. 2020; Feuillet et al. 2021; Buder et al. 2022; Carrillo et al. 2023). It is worth to mention that Massari et al. (2019) selection was developed for studying globular clusters, not for selecting field stars as is the case for the other references. We start to explore our sample trying to define which of the halo groups most likely corresponds to what has been defined in the literature as the GE merger. For that, we chose from the groups identified in the t-SNE map the one in which the distribution of stars shows close to zero angular momentum and radial motion, characteristics generally attributed to this population. That is the main decision in our exploratory study where some prior knowledge was used. This selection was repeated in each of the 50 projections performed with t-SNE. Even if the number of clusters on the halo island changed (from a minimum of four to a maximum of seven), we could always define the probable GE-dominated group as the cluster with stars that have an average angular momentum close to zero and a radial motion. The number of stars included in this cluster varied from projection to projection. Therefore, we computed statistics from these selections. What we finally identify as our GE-dominated population is made up of 317 stars that appeared in this group on at least 80% of the t-SNE maps.
Before discussing the properties of the GE-dominated group, as an exercise, we compared our selection of GE stars with those selected using the criteria adopted by the different authors. We selected stars from our sample of 6 618 metal-poor stars using the criteria of Massari et al. (2019), Naidu et al. (2020), Feuillet et al. (2021), Limberg et al. (2022), and Horta et al. (2023). These multiple selections are compared in an example t-SNE map in Fig. 7. The colours are over-plotted on top of each other, but the samples overlap, like a matryoshka doll. Interestingly, some of the GE selections even enter the island that we generically associate with the stellar populations of the disc. Our own selection, adopting a 80% (or even a 60%) probability cut, appears to be the most restrictive, returning a sample concentrated in a corner of the map. Most importantly, the figure shows that at least a part of our GE sample would also be selected using many of the other criteria. However, it seems important to note here that for all criteria in the literature, there are stars on the t-SNE map that neighbour probable GE members, but that were not selected by them as part of GE. This, of course, reflects the fact that in the various works mentioned above, properties different from those we used to build the t-SNE map were used to select GE stars. The question of how to select the purest possible sample of GE stars remains open. We refer to Buder et al. (2022) for an extensive discussion on this topic using observational data and to Lane et al. (2022) for a discussion using simulated data (see also Carrillo et al. 2023). These last two references indeed find that using actions can return a sample of accreted stars with high purity, at the expense of completeness. It would be interesting to check, using the same simulations, the impact on purity and completeness of using actions and chemistry together for a selection of accreted stars. In the following sections, we explore in detail the stellar content of the groups defined in our analysis.
	[image: thumbnail]	Fig. 7. t-SNE map comparing the selection of GE stars in the literature with ours. Our selection of stars with a probability of at least 80% of belonging to GE is shown in blue. The stars that would be selected if we relaxed the criterion to 60% are shown in yellow. The stars in green, purple, pink, salmon, and brown were selected according to the works of Massari et al. (2019), Naidu et al. (2020), Feuillet et al. (2021), Limberg et al. (2022), and Horta et al. (2023), respectively.



4.1. General properties of the GE-dominated group
The stars selected as part of the GE-dominated cluster are depicted in dynamical diagrams in Fig. 8. In the Lindblad diagram (left panel of the figure), the selected stars form a plume around Lz = 0 that grows wider the less bound the stars become. A certain preference for stars with slightly prograde motions is apparent. This is confirmed on the action map (right panel). The stars occupy the corner of radial orbits with an asymmetry towards prograde motions. This in itself already suggests that we might be looking at a mixture of accreted and (heated) thick disc stars (see e.g., the discussion on the action map in Lane et al. 2022).
	[image: thumbnail]	Fig. 8. Diagrams showing how frequently each star of our sample was selected in the group we associate with the GE merger. Left: Lindblad diagram (Lz by En). Right: action map. Labels indicate the type of orbit that can be found in each region of the map.



A Kiel diagram of the stars is shown in the left panel of Fig. 9. For illustration, the plot includes isochrones from the MESA Isochrones and Stellar Tracks (MIST) database (Dotter 2016; Choi et al. 2016). The age-metallicity combinations of the isochrones were chosen to reproduce the GE age-metallicity relationship derived in Giribaldi & Smiljanic (2023). There is a general agreement between the parameters and the isochrones, showing at least a qualitative agreement with what is expected for a population dominated by GE. The exception is the region of the turn-off, where the stars have cooler temperatures than expected. This problem with the Teff values for turn-off stars was already shown in Giribaldi & Smiljanic (2023), where the GALAH values were found to be too cool by 200–300 K, on average, compared with the Teff values obtained using the infrared flux method (Casagrande et al. 2021), which in turn agree with the accurate Teff scale obtained in Giribaldi et al. (2021).
	[image: thumbnail]	Fig. 9. Diagrams showing the isochrones and the metallicity distribution. Left: Kiel Diagram of the GE-dominated group with MIST isochrones for [Fe/H] = −0.8, −1.0 and −1.5 dex with an age of 11.0 Ga and [Fe/H] = −2.0 dex with an age of 12.6 Ga. Right: normalised metallicity histogram comparing the GE-dominated group and the entire GALAH sample with [Fe/H] ≤ −0.8 dex.



A histogram with the metallicity distribution for these stars is presented in the right panel of Fig. 9. The mean metallicity value of our sample is [Fe/H] = −1.29 dex (median of [Fe/H] = −1.26 dex). This value is very similar to the mean metallicity of GE stars derived in other works, which was found to mostly be between −1.15 and −1.3 (Hayes et al. 2018; Mackereth et al. 2019; Matsuno et al. 2019; Das et al. 2020; Feuillet et al. 2021). Our GE-dominated sample contains a good number of stars with metallicity as low as [Fe/H] = −2.0, with a few objects reaching [Fe/H] = −2.7. Other works have shown that the metal-poor tail of GE extends to metallicities below [Fe/H] = −3.0 (e.g., Das et al. 2020; Naidu et al. 2020; Monty et al. 2020; Bonifacio et al. 2021; Cordoni et al. 2021; Kielty et al. 2021; Giribaldi & Smiljanic 2023). However, several other works concentrate the discussion mostly on low-α stars that can be easily identified when [Fe/H] ≥ −1.5 (e.g., Montalbán et al. 2021; Myeong et al. 2022) and miss the metal-poor tail that we include here.
4.2. Accreted and in situ stars in the GE-dominated group
Figure 10 depicts the GE dominated group in two chemical diagrams now commonly used to separate accreted stars from in situ formed stars, [Mg/Fe] × [Fe/H] and [Mg/Mn] × [Al/Fe] (see Hawkins et al. 2015; Das et al. 2020). We note here that the number of stars with good Al and Mn abundances in this group (94) is much smaller than the number of stars with good Mg abundances (327). Lower sequences of the [α/Fe] and [Al/Fe] ratios as a function of [Fe/H] are generally seen in stars of dwarf galaxies when compared to Milky Way stars (Tolstoy et al. 2003; Venn et al. 2004; Kirby et al. 2010; Vargas et al. 2013; Hasselquist et al. 2021). Because of that, such characteristics are also expected to be seen in accreted stars.
	[image: thumbnail]	Fig. 10. Diagrams of [Mg/Fe] versus [Fe/H], and [Mg/Mn] versus [Al/Fe] for our GE. Stars selected with [Fe/H] ≤ −0.8 are shown in grey. The stars of the GE-dominated cluster are shown in other colours (347 stars in the left panel; 94 stars in the right panel). Black crosses are (43) stars with high [Al/Fe] ratios and thus are likely of in situ origin. Green star symbols are objects with low [Al/Fe] ratios or without Mn and/or Al abundances of good quality. The latter group is likely dominated by stars of accreted origin. Left: [Mg/Fe] by [Fe/H] diagram. Right: [Mg/Mn] by [Al/Fe] diagram.



The GE-dominated group includes only stars of high [Mg/Mn] (i.e., rich in α elements, which are SN type II products, and poor in Mn, which is mainly a SN type Ia product). However, they span a range in [Al/Fe] ratios, from −0.5 to > +0.5, indicating a possible mixture of in situ and accreted stars. Aluminium is produced mainly in non-explosive hydrogen burning (Arnould et al. 1999) and the evolution of [Al/Fe] with metallicity can be explained by Al being mainly returned to the ISM by SNe II with little contribution from SNe Ia (Kobayashi et al. 2020). As stars in dwarf galaxies do not show high values of [Al/Fe] (Hasselquist et al. 2021), such stars can be interpreted here as probably belonging to a heated population originating from the Galactic (proto-) thick disc. In Fig. 10, we separate the possible in situ and accreted stars using the definitions proposed by Das et al. (2020). Of the 94 stars shown in the right panel of Fig. 10, 43 (45. 7%) seem to have an in situ origin. In fact, when looking at [Mg/Fe] × [Fe/H] (left panel of Fig. 10), we see that the stars with high [Al/Fe] mostly have a high [Mg/Fe] ratio, which is closer to expectations of in situ populations. The presence of this in situ contamination is consistent with what is seen on the action map (Fig. 8), as discussed above.
Our selection of probable accreted GE stars displays a sequence with lower [Mg/Fe] values relative to the rest of the metal-poor sample, even for metallicities down to [Fe/H] = −2.0 (despite the visible large scatter in both groups of stars). We see a difference of about 0.1 dex, between the GE stars and the remaining sample, with the accreted GE sample having a mean [Mg/Fe] of 0.14(12) dex. The [Mg/Fe] knee is not fully obvious to the eye (because of the metallicity cut in our sample), but there is a hint of its presence between [Fe/H] = −1.2 and −1.0. This agrees with, for example, Mackereth et al. (2019) and Horta et al. (2023) who found the knee around [Fe/H] ∼ −1.2 dex using APOGEE data (but see also Monty et al. 2020, who found the GE knee at lower metallicity, [Fe/H] ∼ −1.6, using a different sample of stars).
In Fig. 10 we can see that some of the stars labelled as in situ contaminants in the GE-dominated cluster also display low [Mg/Fe] ratios. This dispersion can be attributed to the errors in the abundances, creating a large scatter in the points. In any case, this clearly shows that in this sample a simple cut in the diagram [Mg/Fe] × [Fe/H] is not enough to isolate stars of accreted origin. Moreover, we are left to wonder whether the in situ contamination abruptly ends at the straight cut apparent in the right panel of Fig. 10. In fact, that stars in dwarf galaxies display low values of [Al/Fe] says nothing about the behaviour of this ratio in metal-poor stars of the Milky Way. Chemical evolution models seem to show that low [Al/Fe] values are a general feature of metal-poor stars and could also be present in stars formed in the Milky Way (Kobayashi et al. 2020). Therefore, it is not clear what the true level of in situ contamination is, even in the stars shown in green in the right panel of Fig. 10, which we assume to be most likely of accreted origin. To advance in this discussion and understand if there are chemical differences between the in situ and accreted stars with [Fe/H] ≲ −1.2, we clearly need: i) stellar abundances of higher precision and ii) guidance from chemical evolution models. At the moment, we are forced to conclude that even a combination of chemical and dynamical parameters is not able to fully separate a pure sample of accreted origin, at least in the corner of the parameter space where we selected our GE-dominated cluster. Before discussing the abundances of other chemical elements, we first turn our attention to other groups of halo stars separated in the t-SNE maps.
4.3. Other halo groups
To continue exploring our sample of metal-poor stars, we defined three additional clusters from the t-SNE maps. What we henceforth call the prograde cluster is defined as the one that has a mean positive Lz value just higher than the GE cluster. The (intermediate) retrograde group is the one that has a mean negative value of Lz that is just lower than the one of the GE cluster. The most retrograde group is the one with the most extreme negative mean value of Lz. The stars assigned to these groups are those that appear in the same cluster in at least 80% of the 50 t-SNE maps. The GE-dominated cluster is the largest with 327 stars. The most retrograde, prograde, and retrograde clusters have 253, 198, and 176 stars, respectively.
In Fig. 11 the kinematic and dynamic properties of all four groups of stars are compared in several different diagrams. The average properties of each group are summarised in Table 1. In the Lindblad and Toomre diagrams (top row of Fig. 11), the most retrograde group is in the same region as the Thamnos substructure (Koppelman et al. 2019), although it also shows a tail towards very retrograde loosely bound stars (top left in the figure) entering the region identified as the Sequoia merger (see Myeong et al. 2018). We do not attempt to separate both substructures here, as the probable Sequoia tail is poorly populated. In both the Lindblad and Toomre diagrams, the other three clusters (at least partially) fall into regions that other authors might use to define GE (Helmi et al. 2018; Massari et al. 2019). The prograde cluster, however, has most of its stars in a region of the Toomre diagram that would be used to define a kinematic thick disc. These stars would end up excluded from most discussions of accreted stars. As the numbers in Table 1 show, there is a decrease in the mean orbital energy when moving from the prograde to the most retrograde group (although the dispersion is always high).
	[image: thumbnail]	Fig. 11. Diagrams showing the dynamic of the selected groups. In all panels, the GE is shown in light green, the prograde halo group in blue, the retrograde group in light brown, and the most retrograde group in violet. Top left: Lindblad diagram (Lz × En). Top right: Toomre Diagram. Middle left: eccentricity as a function of the galactocentric distance (Rgal). Middle right: cylindrical velocity components, Vϕ, as a function of the radial component, Vr. Bottom left: maximum distance from the Galactic (Zmax) plane as a function of eccentricity. The dashed line at Zmax = 2 kpc indicates the scale height of the thick disc (Li et al. 2018). Bottom right: radial action ([image: equation]) as a function of the orbital angular momentum, LZ.



Table 1. 
Chemodynamical parameters for the halo groups.

The average eccentricity of our GE-dominated cluster is remarkably high, with a mean value of 0.86 (left panel in the middle row of Fig. 11). Both prograde and retrograde clusters also have high average eccentricity values, 0.80 and 0.76, respectively. High eccentricity is one of the characteristics often used to separate samples of GE stars (e.g., Naidu et al. 2020). Typical values for this separation are 0.7 or 0.8. Therefore, such a cut could end up including many of the stars in the prograde and retrograde clusters as part of GE. However, we remark that eccentricity is often not used by itself, and only after some sample cleaning is used to remove disc stars and possibly other structures. It is interesting that the prograde cluster tends to have a somewhat higher mean eccentricity than the retrograde one. This could indicate a higher contamination from accreted stars or be caused by the heating up of the disc caused by mergers. In the velocity plot (right panel, middle row), it is possible to see that the GE-dominated cluster is indeed the one that dominates in the regions of extreme radial motions; |VR| ≥ 200 km s−1 (and is so by construction). The prograde and retrograde clusters share a distribution around Vϕ ∼ 0 km s−1, but the tails at extreme VR values are less prominent (in particular for the prograde cluster).
In terms of eccentricity and velocities, the most retrograde cluster is very different from the others. Eccentricity values vary from about 0.2 to 0.6 (with an average of 0.42). Myeong et al. (2019) found Sequoia stars to have typical eccentricity values around 0.6. This again suggests that the number of Sequoia stars in our very retrograde cluster is small. Thamnos, on the other hand, was found to have lower eccentricity values than GE (Koppelman et al. 2020), with values below ∼0.65 (Kordopatis et al. 2020; Horta et al. 2023). It seems likely that this cluster is dominated by Thamnos stars. However, our most retrograde cluster has a smaller secondary peak in its eccentricity distribution around 0.2, with a few stars with smaller values. A very retrograde group of stars with thick disc chemistry was reported by Koppelman et al. (2019), but was not discussed in detail. Those stars could be the same as the one in this peak with small eccentricity values. They are not necessarily part of the disc, but could of the inner halo with motions confined to the disc region.
The bottom row of Fig. 11 shows plots of Zmax as a function of eccentricity (left) and of the square root of the radial action as a function of angular momentum (right). In the latter plot, the clusters are all well separated, which simply reflects the way they were defined in the first place. Our GE-dominated cluster matches the regions that Feuillet et al. (2021) and Matsuno et al. (2021) used to find GE stars. The most retrograde cluster also matches the position of Sequoia stars in Feuillet et al. (2021) but, as we discussed above, this cluster is mostly dominated by stars from Thamnos. In the former plot, we can see that most of the sample, in the four groups, tends to be inside the inner halo with orbits that take the stars out to at most 10 kpc from the Galactic plane. Li et al. (2018) reports a scale height of the thick disc component of the Galaxy of around 2.76 kpc. Interestingly, the stars of the most retrograde group are the ones that are concentrated mainly on typical disc heights, while the others show a tendency of higher dispersion. Stars from the GE-dominated cluster have a clearer tail to higher Zmax distances than the stars of the prograde and retrograde clusters. There are very few stars with Zmax ≳ 20 kpc, which are most likely part of the outer halo (Carollo et al. 2007, 2010). The number of these outer halo stars tends to increase for higher values of eccentricity.
The metallicity distributions of the three additional clusters are shown in Fig. 12. The similarity between the GE, retrograde, and prograde clusters is also visible here (see the top row of Fig. 12 compared to the left panel of Fig. 9). The one cluster that seems to have distinct properties is the very retrograde one (bottom panel in Fig. 12), which is clearly more populated in metal-poor stars (as also discussed elsewhere, e.g., Kordopatis et al. 2020; Horta et al. 2023). Let us now turn our attention back to the chemical abundances to investigate whether there are more similarities (or differences) among these clusters.
	[image: thumbnail]	Fig. 12. Histograms with the metallicity distribution of the three other clusters defined in the analysis: The prograde cluster (top panel), the retrograde cluster (middle), and the most retrograde cluster (bottom).



4.4. Accreted and in situ stars in the other halo groups
Figures 13–15 show the diagrams of [Mg/Fe] versus [Fe/H] and [Mg/Mn] versus [Al/Fe] for the prograde, intermediate retrograde, and most retrograde groups, respectively. Again, we note that requiring good abundances of Mn and Al decreases the size of the samples. For the prograde group, we found that 47 of the 78 stars (∼60%) with Al and Mn abundances are probably of in situ origin due to their high values of [Al/Fe] (Das et al. 2020). For the intermediate retrograde group, 39 of 84 stars (∼46%) are possibly in situ. For the most retrograde group, 46 of 66 stars (∼70%) seem to probably be of in situ origin.
	[image: thumbnail]	Fig. 13. Same as Fig. 10 but for the prograde group. Black crosses are (47) stars with high values of [Al/Fe] of probable in situ origin. The blue star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 198 stars that belong to the prograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 78 stars that belong to the prograde group.



	[image: thumbnail]	Fig. 14. Same as Fig. 10 but for the retrograde group. Black crosses are (39) stars with high values of [Al/Fe] of probable in situ origin. The light brown star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 176 stars that belong to the retrograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 84 stars that belong to the retrograde group.



	[image: thumbnail]	Fig. 15. Same as Fig. 10 but for the most retrograde group. Black crosses are (46) stars with high values of [Al/Fe] of probable in situ origin. The violet star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 253 stars that belong to the most retrograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 66 stars that belong to the most retrograde group.



Although the number of in situ stars should probably decrease for groups that are increasingly more retrograde, we find that the most retrograde group is the one with the largest fractional in situ contamination. Nevertheless, it is hard to judge the significance of this finding, as this is also affected by the data quality and the capability of detecting and analysing the Al lines in these stars. In any case, we do clearly find that the in situ contamination is important in all dynamical parameter space, accounting for about 50% or more stars with measured Al and Mn abundances. This in situ contamination is probably what was identified in Giribaldi & Smiljanic (2023) and named Erebus, an old in situ component affected by the chaotic conditions in the early Galaxy. As discussed in Giribaldi & Smiljanic (2023), there is probably some relation between Erebus and the Aurora component identified by Belokurov & Kravtsov (2022).
In all cases, the in situ contamination concentrates in the region of higher metallicity values ([Fe/H] ≳ −1.4). This is probably related to the limit of detectability of the Al and/or Mn lines. The in situ stars also tend to have values of [Mg/Fe] that are higher than for the others, although the scatter is always high. The most retrograde group is the one with stars that on average have higher values of [Mg/Fe], a feature that is probably related to its lower metallicity and the difficulty in separating accreted and in situ stars using Mg abundances at this regime. Chemical differences at the lower-metallicity end are very unclear; Al and Mn abundances are mostly missing, and Mg values seem to overlap. In the sections below, we investigate whether other abundances give additional information on possible chemical differences between the groups.
4.5. Europium and barium abundances
Aguado et al. (2021) analysed nine stars from GE and Sequoia, with [Fe/H] < −1.4, and found that they are enhanced in r-process elements with [Ba/Eu] ∼ −0.6 dex and [Eu/Fe] = 0.6–0.7. Matsuno et al. (2021), using DR3 of GALAH, also found enrichment in r-process elements in GE stars, although not at the same level as Aguado et al. (2021), with [Ba/Eu] ∼ 0.0 and [Eu/Fe] ∼ 0.5. New observations reported by Naidu et al. (2022) also show an Eu enhancement in GE stars, with [Ba/Eu] ∼ −0.45 (but the [Eu/Fe] ratios are not given). A globular cluster enriched with r-processes elements (NGC 1261; [Fe/H] = −1.26) has also been associated with GE (Koch-Hansen et al. 2021), further supporting the idea that this system contained an environment enriched by the r-process.
In the panels of Fig. 16, we present the neutron capture ratios for our GE-dominated group, compared to the abundance distribution of the entire sample. For this discussion, we exclude from the group those in situ stars with high values of [Al/Fe]. The mean values of [Ba/Fe] and [Eu/Fe] of our GE are 0.26(42) dex and 0.52(18) dex, respectively, which implies that the GE-dominated group is enriched in elements of the r-process. This qualitatively agrees with the conclusions of previous works. However, we do not find that GE is as heavily enriched as found in Aguado et al. (2021) and find it more enriched than reported by Matsuno et al. (2021). The overall [Ba/Eu] ratio is −0.26, but increases to −0.15 if we consider only stars that have both Ba and Eu abundances (top left panel of Fig. 16).
	[image: thumbnail]	Fig. 16. Ba and Eu abundance diagrams for the GE-dominated group. In grey, the whole sample of metal-poor stars is shown. Black crosses are stars of the GE-dominated group that were found to be of in situ origin and high values of [Al/Fe]. The green symbols are the remaining stars of the group. Top left: [Ba/Eu] as a function of [Fe/H]. Dashed lines indicate the solar ratio, and the values for pure contributions for the s- and r-processes were calculated by Bisterzo et al. (2014). The horizontal lines on the kernel density estimate (KDE) plot mark the peak values. Top right: [Eu/Ba] as a function of [Eu/Fe]. The limits of [Eu/Fe] for defining the r-I and r-II stars proposed by Beers & Christlieb (2005) are indicated. Bottom left: [Eu/Fe] as a function of [Fe/H]. Bottom right: [Eu/Mg] as a function of [Fe/H]. The green line and the green stripe show the running mean and the scatter, respectively.



We can also restrict the investigation to only those stars that have [Al/Fe] < 0 (the numbers above include stars where Al and Mn were not detected). In this case, [Eu/Fe] remains similar, 0.48(15) dex but the [Ba/Fe] increases to 0.45(37). With this, we recover the same result as Matsuno et al. (2021), [Ba/Eu] ∼ 0.0. As these stars are at the high-metallicity end of the sample, what we detect is an increase in Ba produced by the s-process as the metallicity increases. Only when we look at lower metallicities do the GE stars show evidence of a purer r-process enrichment. This agrees with the findings of Aguado et al. (2021), whose sample was of lower-metallicity stars.
Similar behaviour is seen in the other halo groups, except for the intermediate retrograde one (see Figs. 17–19). If we simply remove from the groups the stars that we think are in situ because of their high [Al/Fe] ratios, we obtain [Eu/Fe] = 0.55(29) and [Ba/Fe] = 0.33(44), [Eu/Fe] = 0.47(14) and [Ba/Fe] = 0.39(35), [Eu/Fe] = 0.50(25) and [Ba/Fe] = 0.20(41) for the prograde, retrograde, and most retrograde groups, respectively. The numbers change to [Eu/Fe] = 0.49(18) and [Ba/Fe] = 0.54(46), [Eu/Fe] = 0.45(15) and [Ba/Fe] = 0.39(21), [Eu/Fe] = 0.42(18) and [Ba/Fe] = 0.49(31) for the prograde, retrograde and most retrograde groups, respectively, if we focus on stars with low [Al/Fe] ratios only. Therefore, signs of an increased s-process contribution are also present in the prograde and most retrograde samples. For the intermediate retrograde sample, the different behaviour does not mean that an s-process contribution is not present. Instead, it reflects that this contribution of the s-process is already important at lower metallicities (see e.g., the models of Kobayashi et al. 2020). This is supported by the increasing trend of [Ba/Fe] as a function of [Fe/H] seen in all groups (top right panels in Figs. 16–19).
	[image: thumbnail]	Fig. 17. Same as Fig. 16 but for the prograde group. The stars shown in blue have low [Al/Fe] or lack Al and/or Mn abundances.



	[image: thumbnail]	Fig. 18. Same as Fig. 16 but for the retrograde group. The stars shown in light brown have low [Al/Fe] or lack Al and/or Mn abundances.



	[image: thumbnail]	Fig. 19. Same as Fig. 16 but for the most retrograde group. The stars shown in violet have low [Al/Fe] or lack Al and/or Mn abundances.



An interesting indicator to look at is the [Eu/Mg] ratio. This ratio reflects the correlation between the production sites of the two elements. A flat trend of [Eu/Mg] versus [Fe/H] shows that Eu and Mg are produced at the same rate. A positive slope indicates that there is an additional source of Eu that does not contribute much Mg. Skúladóttir & Salvadori (2020) using this indicator concluded that Eu abundances in ultra-faint dwarf galaxies likely come from two sources. One results in quick Eu enrichment and produces Mg at the same time (possibly SNe II). The other is a delayed contributor that produces more Eu than Mg, enriching the medium in r-process elements only (possibly neutron star mergers).
The [Eu/Mg] ratios are shown as a function of [Fe/H] in the bottom right panels of Figs. 16–19. In the GE, the intermediate retrograde and the slightly prograde groups, we detect a flat trend of [Eu/Mg] ∼ +0.4 dex, indicating that these elements come continuously from the same source. Sometimes, particularly at the most metal-poor regime, there is one star or another that is very Eu rich, driving some variation in the running mean. Nevertheless, for most of the sample, the mean [Eu/Mg] seems constant. Although the mean seems flat, the most retrograde group appears to separate into two populations with distinct [Eu/Mg] values. A metal-poor part with [Eu/Mg] ∼ +0.4 dex, similar to what is seen in the other groups, and another with [Eu/Mg] ∼ 0 dex and [Fe/H] ≥ −1.5 dex. This is also seen in the [Eu/Fe] versus [Fe/H] plot (bottom left of Fig. 19). There is one group of stars that seems to remain Eu rich in the whole metallicity range, but another shows a decreasing [Eu/Fe] ratio with increasing metallicity. This latter population with [Eu/Mg] ∼ 0 dex and [Fe/H] ≥ −1.5 dex, seems to match the behaviour of the in situ population better.
That we see a flat [Eu/Mg] ratio among stars that are likely accreted, in all of our groups, means that in these stars Eu and Mg have similar rates of production. This implies that there is no clear sign of a source that only produces r-process elements, such as neutron star mergers (NSMs). This conclusion goes in contrary to the findings of other works, where such a contribution was needed (Naidu et al. 2022). We do see that the [Eu/Mg] ratio of GE stars becomes different from that of in situ stars at metallicities around [Fe/H] = ∼ − 1.3, but without change in its [Eu/Mg] value. Assuming the age-metallicity relationship of GE derived by Giribaldi & Smiljanic (2023), this metallicity corresponds to ages around 11.0–10.5 Ga. This means that even after ∼2.0–2.5 Ga of star formation history, the nucleosynthetic contribution from NSMs did not become significant, implying perhaps longer delays for the contribution of this type of source.
4.6. Other chemical abundances in the halo groups
Finally, we tested for chemical differences between halo groups using all other elements available in the GALAH DR3 catalogue. Distributions of abundances were compared using the Kolmogorov-Smirnov (KS) test. We adopted the traditional value of p = 0.05 corrected using Bonferroni criterion for the number of comparisons we make; thus, p = 0.002 when considering the distributions as different (rejecting the hypothesis that they are the same). As in the discussion above, this comparison was done for two cases; first, removing only the confirmed in situ contamination that has [Al/Fe] > 0.0 (and leaving inside the sample the stars without good Al abundances), and second, restricting the sample to only those objects with good Al abundances and [Al/Fe] < 0.0. part of the results for the first case are shown in Fig. 20 in the form of correlation matrices.
	[image: thumbnail]	Fig. 20. Results of the KS test applied to the chemical abundances of all four halo groups defined in this work. These results concern the case where the in situ contamination that has [Al/Fe] > 0.0 was removed from all groups. Brown regions indicate that the null hypothesis was not rejected (i.e. there is no difference between the groups). The green regions indicate that the null hypothesis was rejected (there is a difference between the groups). Only elements where some difference was detected are shown. For all other elements, the KS test indicates no difference between the groups.



Essentially, we find that only the most retrograde group appears to be chemically distinct from the other groups. It differs from all other groups in the distributions of [O/Fe]. In addition, it differs from the prograde group in [Y/Fe]; from the GE-dominated group in [Si/Fe] and [Mn/Fe]; and from the intermediate retrograde group in [Si/Fe], [Y/Fe] and [Ba/Fe]. Otherwise, we also detect a difference in [Si/Fe] between the prograde and intermediate retrograde groups and in [Ba/Fe] between the GE-dominated and intermediate retrograde groups. For the other elements available in GALAH DR3, we found no difference between the groups.
If we concentrate instead on those stars with good Al abundances and [Al/Fe] < 0.0, all differences disappear except for the [Mn/Fe] ratio of the most retrograde group, which becomes different from all other groups. However, one should keep in mind that sometimes the number of stars that are compared can be small, depending on the element being tested. In summary, from comparisons of both subsamples, we find that the most retrograde group is the only one with clear signs of being chemically different from the others. The abundances of the prograde, GE-dominated, and intermediate retrograde groups are very similar.
In addition, we separated from each group two samples, one containing only dwarfs and the other only giants. We repeated the abundance comparisons with KS tests only among samples of the same stellar types. As discussed in more detail in Appendix A, abundance differences appear only in the sample of giants (see Fig. A.2). Also, in this case, the differences appear only for the most retrograde group. For dwarfs, all abundances are similar. Although this seems to indicate the existence of systematic effects between dwarfs and giants in the GALAH results, the differences seen in the giants support the discussion above.
We interpret these results, together with the information that was gathered in the previous sections, as signs that the accreted component part of the prograde, GE-dominated, and retrograde groups is the same. Therefore, our exploration seems to show no significant signs of accretion events other than GE in the region of the parameter space occupied by the three groups; at least in the sample we selected for analysis here. This conclusion could be different if, for example, the sample was selected to extend to higher metallicity values (see e.g., Myeong et al. 2022).
However, the most retrograde group shows signs of being chemically distinct from the others. We interpret this result as showing that the accreted stars present in this group possibly have a different origin. This could be attributed to a different accretion event, for example Thamnos and/or Sequoia (Myeong et al. 2018; Koppelman et al. 2019) or to a separate region of the GE progenitor, where the chemical enrichment history was distinct (Koppelman et al. 2020; Amarante & Debattista 2022). In that sense, we call attention to the discussion in Amarante & Debattista (2022), where it is argued on the basis of simulations that Sequoia could be explained as the metal-poor part of the same merger that gave origin to GE. Amarante & Debattista (2022) show that accreted stars that end up with very retrograde, high-energy orbits tend to be more metal-poor, with a multi-peak metallicity distribution, more α-rich, to have a larger spread in abundances, and to have less eccentric orbits. Although the stars in our most retrograde group are perhaps not in the same high-energy orbits, the remaining characteristics seen in the Amarante & Debattista (2022) simulations agree with what we detect.
Finally, it is also important to note that uncertainties in the abundances might still be affecting our capability of detecting chemical differences among the groups. Therefore, additional studies that derive high-quality abundances are needed to confirm or refute our findings.
5. Conclusions
We performed a comprehensive analysis of the chemodynamic properties of metal-poor stars ([Fe/H] < −0.8) present in the DR3 of the GALAH survey (Buder et al. 2021). We used unsupervised machine learning methods, t-SNE and HAC, on a parameter space made of two dynamic ([image: equation] and [image: equation]) and two chemical ([Fe/H] and [Mg/Fe]) quantities to separate the stars into groups of similar properties. We did not use cuts in the parameter space, but attempted to let the sample itself tell how it should be best divided. This analysis was repeated 50 times to estimate the probability that the stars belong to the groups that were identified. On the basis of this analysis, we defined four groups of halo stars.
The first group was selected as the one in which the stars show an angular momentum and radial action distribution similar to what has been defined as the GE merger. We refer to this as the GE-dominated group. Two other groups comprised stars slightly more prograde and slightly more retrograde than the GE ones. The final group was selected to be composed of stars that show the most extreme retrograde motions in the sample. We then performed a detailed exploratory study of the dynamical and chemical properties of the groups, trying to be as independent of predefined concepts as possible. The following conclusions can be drawn from this exploration.

	
Our GE-dominated group has a mean metallicity of [Fe/H] = −1.29 and extends to [Fe/H] ∼ −2.7. The metallicity distribution of the prograde and retrograde groups is very similar. On the other hand, the most retrograde group has a larger fraction of more metal-poor stars.



	
The GE-dominated group contains stars with the most eccentric orbits in the sample (median eccentricity equal to 0.86).



	
The prograde and retrograde groups also contain stars of very eccentric orbits, but with lower medians, 0.80 and 0.76, respectively.



	
The most retrograde group has a completely different eccentricity distribution, between 0.2 and 0.6 with a mean of 0.42. Structures identified in the same regime of dynamic properties (Thamnos and Sequoia) have already been reported to have eccentricities of about 0.6 or lower.



	
Using abundances of Mg, Mn, and Al, we find an important in situ contamination in all four groups. We identify this contamination as the Erebus component defined in Giribaldi & Smiljanic (2023), which could also be related to the Aurora defined by Belokurov & Kravtsov (2022). At the high-metallicity end (> −1.4), chemistry can tentatively be used to separate accreted stars from in situ ones. However, there is important scatter that sometimes blurs the division.



	
At lower metallicities, it is less clear that chemistry (Mg, Al, and Mn) can separate in situ and accreted stars. However, abundances of Al and Mn are not available for a large number of stars in the catalogue. We note that chemical evolution models suggest that low-metallicity in situ stars can also have low Al abundances (Kobayashi et al. 2020), making it more difficult to separate stars of different origins.



	
Because the chemodynamic separation between accreted and in situ stars becomes difficult, it is possible that unrecognised in situ contamination affects samples selected as being of possible low-metallicity accreted stars. This might have important consequences for works that attempt to infer the properties of the original systems that merged with the Galaxy.



	
Regarding neutron capture elements, we find accreted stars from GE to be r-process rich at the low-metallicity end of our sample. However, the abundance of Ba increases with metallicity, indicating that an increasing contribution of the s-process is present. The same is seen in accreted stars of all groups.



	
The most retrograde group of stars seems to contain stars from two populations with different trends in [Eu/Fe] as a function of [Fe/H]. One population of stars remains Eu rich in the whole metallicity range, just as for the accreted stars in the other three halo groups. However, the other shows a decreasing [Eu/Fe] ratio with increasing metallicity. We interpret the latter as part of an in situ contamination.



	
The [Eu/Fe] ratios and in particular the flat trend of [Eu/Mg] with [Fe/H] indicate that the accreted stars were enriched by a source that produces Mg and r-process elements simultaneously (e.g., core-collapse SNe). We do not see signs of any major contribution from a delayed source, such as a NSM, that produces only r-process elements.



	
We tested for differences in the abundances of all other elements available in the catalogue. We find that the accreted stars in the prograde, GE-dominated, and retrograde groups, at this metallicity regime, do not differ among themselves. Essentially, only the stars of the most retrograde group show signs of different chemical abundances in some elements.



	
On the basis of the observations above, we conclude that the current sample shows signs of at most two distinct accretion events. The first we associate with GE: stars distributed in the region of the parameter space occupied by three of our groups. The second, which can be associated with Thamnos and/or Sequoia, is present only in the most retrograde group of stars. Nevertheless, we call attention to the discussion in Amarante & Debattista (2022), which suggests that one single merger could explain the accreted stars in all four of our groups. However, we note here that the sample we analysed does not cover regions of the Galaxy where other substructures are found, for example, Heracles (Horta et al. 2021) in the inner Galaxy, the Cetus Polar Stream (at about 34 kpc from the Sun; Newberg et al. 2009), or the Saggitarius stream (more than 20 kpc of the Sun; Majewski et al. 2003).




Finally, we point out that to advance in the characterisation and separation of stars belonging to different merger events, high-quality chemical abundances are needed. Moreover, we believe that it is important to take the guidance offered by chemical evolution models into account when this kind of separation is attempted.


1 The lower-case letter ‘a’ is the symbol adopted by the International Astronomical Union (IAU) and the bureau of weights and measures of the International System of Units (BIPM/SI) for ‘year’, and is thus the symbol used here.


2 Available at https://docs.galpy.org/en/


3 Where [image: equation] = Jϕ/Jtot, [image: equation] = (Jr − Jz)/Jtot, and Jtot = |Jr| + |Jϕ| + |Jz|.


4 A distance, in multi-dimensional space, measured with respect to a centroid (such as the mean) of a distribution of points.


5 An example of structured and unstructured Ward’s hierarchical clustering can be seen in the scikit-learn documentation (https://scikit-learn.org/stable/autoexamples/cluster/plotwardstructuredvsunstructured.html).
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Appendix A:  Additional figures
This appendix includes some additional figures that are useful for comparison with results displayed and discussed in the main body of the text.
Figure A.1 shows the Kiel diagram for the stars included in the prograde, retrograde, and most retrograde groups (top left, top right, and bottom panels, respectively). It should be compared to the Kiel diagram of the GE-dominated group, left panel of Fig. 9. All four groups include stars from the main sequence to the red-giant branch, with the largest fraction being giants. The most retrograde group has the smallest number of dwarfs. Considering as dwarfs those stars with log g ≥ 3.5, the numbers for the prograde, GE-dominated, retrograde, and most retrograde groups are: 30 dwarfs and 168 giants; 43 dwarfs and 274 giants; 10 dwarfs and 166 giants; 9 dwarfs and 244 giants, respectively.
	[image: thumbnail]	Fig. A.1. Kiel diagrams of the stars in the prograde, retrograde, and most retrograde groups in the top-left, top-right, and bottom panels, respectively. The isochrones are the same as in Fig. 9. The grey stars in the background are the sample of metal-poor stars selected from GALAH DR3.



Figure A.2 presents results of KS tests applied to the chemical abundances of only giants. For this exercise, we defined as giants those stars with 1.5 ≤ log g ≤ 2.5, the interval with the largest number of stars. The restriction was also motivated as an effort to decrease the influence of possible systematic errors that can depend on atmospheric parameters. The results should be compared with those in Fig. 20, discussed in Sect. 4.6. For the giant sample, some of the chemical differences are the same detected in the analysis of the larger sample: O, Na, Si, and Mn. However, differences are now also seen in Ti and La. Again, the differences are seen strongly in the most retrograde group in comparison to the others. The differences detected before in the abundances of Y and Ba disappeared. We also performed KS tests restricting the sample to dwarf stars (3.5 ≤ log g ≤ 4.5). For dwarfs, there were no differences in any of the abundances. The different results obtained for dwarfs and giants hint at systematic effects that affect the chemical abundances in the GALAH DR3 results. Nevertheless, we note that the sample of dwarfs is considerably smaller, which can make potential differences in the distributions harder to detect. In summary, these tests support our conclusion that the most retrograde group is the one that shows clear chemical differences with respect to the others. However, the fact that the behaviour is different between dwarfs and giants, and also between the full sample and the restricted giant sample, also stresses our point that we need to strive for abundances of higher quality to firmly establish chemical differences between the different accreted and in situ halo populations.
	[image: thumbnail]	Fig. A.2. Results of the KS test applied to the chemical abundances of only the giant stars (1.5≤log g≤2.5) in all four halo groups defined in this work. Only elements for which abundances were available for at least ten stars were tested. The figure displays only the elements for which differences were found.
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Table 1. 
Chemodynamical parameters for the halo groups.
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	[image: thumbnail]	Fig. 1. Diagram of [Mg/Fe] as a function of [Fe/H] for the whole GALAH sample. Dashed lines indicate values of [Fe/H] = −0.8 dex, −0.7 dex and −0.6 dex.
In the text



	[image: thumbnail]	Fig. 2. Dynamic diagrams for our sample. Top: Lindblad diagram with our sample stars in grey. The Sun is included to serve as a reference. Bottom: Toomre diagram with our sample stars in grey. The yellow circle delineates the region of stars with total velocity below 233 km s−1 (McMillan 2017). The Sun is also shown for reference.
In the text



	[image: thumbnail]	Fig. 3. Reduced 2D t-SNE map for our sample of metal-poor stars. The projected dimensions themselves are not connected to the physical quantities used in the analysis. This is one example from the 50 realisations of the 2D maps that were created in our analysis.
In the text



	[image: thumbnail]	Fig. 4. Dendrogram of Ward hierarchical clustering for one of the 50 t-SNE realisations. In orange are the clusters that can be associated with the halo and in green the clusters with stars belonging to the disc.
In the text



	[image: thumbnail]	Fig. 5. Same example projection of Fig. 3 but with the clusters produced by agglomerative clustering.
In the text



	[image: thumbnail]	Fig. 6. Lindblad diagram for the projection of Fig. 3 with the clusters produced by agglomerative clustering with the same colours as Fig. 5. The boxes correspond to the selection criteria for stars belonging to Sequoia and GE defined in Massari et al. (2019).
In the text



	[image: thumbnail]	Fig. 7. t-SNE map comparing the selection of GE stars in the literature with ours. Our selection of stars with a probability of at least 80% of belonging to GE is shown in blue. The stars that would be selected if we relaxed the criterion to 60% are shown in yellow. The stars in green, purple, pink, salmon, and brown were selected according to the works of Massari et al. (2019), Naidu et al. (2020), Feuillet et al. (2021), Limberg et al. (2022), and Horta et al. (2023), respectively.
In the text



	[image: thumbnail]	Fig. 8. Diagrams showing how frequently each star of our sample was selected in the group we associate with the GE merger. Left: Lindblad diagram (Lz by En). Right: action map. Labels indicate the type of orbit that can be found in each region of the map.
In the text



	[image: thumbnail]	Fig. 9. Diagrams showing the isochrones and the metallicity distribution. Left: Kiel Diagram of the GE-dominated group with MIST isochrones for [Fe/H] = −0.8, −1.0 and −1.5 dex with an age of 11.0 Ga and [Fe/H] = −2.0 dex with an age of 12.6 Ga. Right: normalised metallicity histogram comparing the GE-dominated group and the entire GALAH sample with [Fe/H] ≤ −0.8 dex.
In the text



	[image: thumbnail]	Fig. 10. Diagrams of [Mg/Fe] versus [Fe/H], and [Mg/Mn] versus [Al/Fe] for our GE. Stars selected with [Fe/H] ≤ −0.8 are shown in grey. The stars of the GE-dominated cluster are shown in other colours (347 stars in the left panel; 94 stars in the right panel). Black crosses are (43) stars with high [Al/Fe] ratios and thus are likely of in situ origin. Green star symbols are objects with low [Al/Fe] ratios or without Mn and/or Al abundances of good quality. The latter group is likely dominated by stars of accreted origin. Left: [Mg/Fe] by [Fe/H] diagram. Right: [Mg/Mn] by [Al/Fe] diagram.
In the text



	[image: thumbnail]	Fig. 11. Diagrams showing the dynamic of the selected groups. In all panels, the GE is shown in light green, the prograde halo group in blue, the retrograde group in light brown, and the most retrograde group in violet. Top left: Lindblad diagram (Lz × En). Top right: Toomre Diagram. Middle left: eccentricity as a function of the galactocentric distance (Rgal). Middle right: cylindrical velocity components, Vϕ, as a function of the radial component, Vr. Bottom left: maximum distance from the Galactic (Zmax) plane as a function of eccentricity. The dashed line at Zmax = 2 kpc indicates the scale height of the thick disc (Li et al. 2018). Bottom right: radial action ([image: equation]) as a function of the orbital angular momentum, LZ.
In the text



	[image: thumbnail]	Fig. 12. Histograms with the metallicity distribution of the three other clusters defined in the analysis: The prograde cluster (top panel), the retrograde cluster (middle), and the most retrograde cluster (bottom).
In the text



	[image: thumbnail]	Fig. 13. Same as Fig. 10 but for the prograde group. Black crosses are (47) stars with high values of [Al/Fe] of probable in situ origin. The blue star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 198 stars that belong to the prograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 78 stars that belong to the prograde group.
In the text



	[image: thumbnail]	Fig. 14. Same as Fig. 10 but for the retrograde group. Black crosses are (39) stars with high values of [Al/Fe] of probable in situ origin. The light brown star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 176 stars that belong to the retrograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 84 stars that belong to the retrograde group.
In the text



	[image: thumbnail]	Fig. 15. Same as Fig. 10 but for the most retrograde group. Black crosses are (46) stars with high values of [Al/Fe] of probable in situ origin. The violet star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 253 stars that belong to the most retrograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 66 stars that belong to the most retrograde group.
In the text



	[image: thumbnail]	Fig. 16. Ba and Eu abundance diagrams for the GE-dominated group. In grey, the whole sample of metal-poor stars is shown. Black crosses are stars of the GE-dominated group that were found to be of in situ origin and high values of [Al/Fe]. The green symbols are the remaining stars of the group. Top left: [Ba/Eu] as a function of [Fe/H]. Dashed lines indicate the solar ratio, and the values for pure contributions for the s- and r-processes were calculated by Bisterzo et al. (2014). The horizontal lines on the kernel density estimate (KDE) plot mark the peak values. Top right: [Eu/Ba] as a function of [Eu/Fe]. The limits of [Eu/Fe] for defining the r-I and r-II stars proposed by Beers & Christlieb (2005) are indicated. Bottom left: [Eu/Fe] as a function of [Fe/H]. Bottom right: [Eu/Mg] as a function of [Fe/H]. The green line and the green stripe show the running mean and the scatter, respectively.
In the text



	[image: thumbnail]	Fig. 17. Same as Fig. 16 but for the prograde group. The stars shown in blue have low [Al/Fe] or lack Al and/or Mn abundances.
In the text



	[image: thumbnail]	Fig. 18. Same as Fig. 16 but for the retrograde group. The stars shown in light brown have low [Al/Fe] or lack Al and/or Mn abundances.
In the text



	[image: thumbnail]	Fig. 19. Same as Fig. 16 but for the most retrograde group. The stars shown in violet have low [Al/Fe] or lack Al and/or Mn abundances.
In the text



	[image: thumbnail]	Fig. 20. Results of the KS test applied to the chemical abundances of all four halo groups defined in this work. These results concern the case where the in situ contamination that has [Al/Fe] > 0.0 was removed from all groups. Brown regions indicate that the null hypothesis was not rejected (i.e. there is no difference between the groups). The green regions indicate that the null hypothesis was rejected (there is a difference between the groups). Only elements where some difference was detected are shown. For all other elements, the KS test indicates no difference between the groups.
In the text



	[image: thumbnail]	Fig. A.1. Kiel diagrams of the stars in the prograde, retrograde, and most retrograde groups in the top-left, top-right, and bottom panels, respectively. The isochrones are the same as in Fig. 9. The grey stars in the background are the sample of metal-poor stars selected from GALAH DR3.
In the text



	[image: thumbnail]	Fig. A.2. Results of the KS test applied to the chemical abundances of only the giant stars (1.5≤log g≤2.5) in all four halo groups defined in this work. Only elements for which abundances were available for at least ten stars were tested. The figure displays only the elements for which differences were found.
In the text
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        Reduced 2D t-SNE map for our sample of metal-poor stars. The projected dimensions themselves are not connected to the physical quantities used in the analysis. This is one example from the 50 realisations of the 2D maps that were created in our analysis.
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        Same example projection of Fig. 3 but with the clusters produced by agglomerative clustering.
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        t-SNE map comparing the selection of GE stars in the literature with ours. Our selection of stars with a probability of at least 80% of belonging to GE is shown in blue. The stars that would be selected if we relaxed the criterion to 60% are shown in yellow. The stars in green, purple, pink, salmon, and brown were selected according to the works of Massari et al. (2019), Naidu et al. (2020), Feuillet et al. (2021), Limberg et al. (2022), and Horta et al. (2023), respectively.
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        Diagrams of [Mg/Fe] versus [Fe/H], and [Mg/Mn] versus [Al/Fe] for our GE. Stars selected with [Fe/H] ≤ −0.8 are shown in grey. The stars of the GE-dominated cluster are shown in other colours (347 stars in the left panel; 94 stars in the right panel). Black crosses are (43) stars with high [Al/Fe] ratios and thus are likely of in situ origin. Green star symbols are objects with low [Al/Fe] ratios or without Mn and/or Al abundances of good quality. The latter group is likely dominated by stars of accreted origin. Left: [Mg/Fe] by [Fe/H] diagram. Right: [Mg/Mn] by [Al/Fe] diagram.
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        Diagrams showing the dynamic of the selected groups. In all panels, the GE is shown in light green, the prograde halo group in blue, the retrograde group in light brown, and the most retrograde group in violet. Top left: Lindblad diagram (Lz × En). Top right: Toomre Diagram. Middle left: eccentricity as a function of the galactocentric distance (Rgal). Middle right: cylindrical velocity components, Vϕ, as a function of the radial component, Vr. Bottom left: maximum distance from the Galactic (Zmax) plane as a function of eccentricity. The dashed line at Zmax = 2 kpc indicates the scale height of the thick disc (Li et al. 2018). Bottom right: radial action ([image: equation]) as a function of the orbital angular momentum, LZ.
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        Histograms with the metallicity distribution of the three other clusters defined in the analysis: The prograde cluster (top panel), the retrograde cluster (middle), and the most retrograde cluster (bottom).
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        [image: thumbnail]
      

      
        Same as Fig. 10 but for the prograde group. Black crosses are (47) stars with high values of [Al/Fe] of probable in situ origin. The blue star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 198 stars that belong to the prograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 78 stars that belong to the prograde group.
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        Same as Fig. 10 but for the retrograde group. Black crosses are (39) stars with high values of [Al/Fe] of probable in situ origin. The light brown star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 176 stars that belong to the retrograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 84 stars that belong to the retrograde group.
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        Same as Fig. 10 but for the most retrograde group. Black crosses are (46) stars with high values of [Al/Fe] of probable in situ origin. The violet star symbols are objects with a low [Al/Fe] ratio or without values for the Al and/or Mn abundances. Left: [Mg/Fe] by [Fe/H] diagram highlighting the 253 stars that belong to the most retrograde group. Right: [Mg/Mn] by [Al/Fe] diagram highlighting the 66 stars that belong to the most retrograde group.

      

    

  
    
      Fig. 16. 
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        Ba and Eu abundance diagrams for the GE-dominated group. In grey, the whole sample of metal-poor stars is shown. Black crosses are stars of the GE-dominated group that were found to be of in situ origin and high values of [Al/Fe]. The green symbols are the remaining stars of the group. Top left: [Ba/Eu] as a function of [Fe/H]. Dashed lines indicate the solar ratio, and the values for pure contributions for the s- and r-processes were calculated by Bisterzo et al. (2014). The horizontal lines on the kernel density estimate (KDE) plot mark the peak values. Top right: [Eu/Ba] as a function of [Eu/Fe]. The limits of [Eu/Fe] for defining the r-I and r-II stars proposed by Beers & Christlieb (2005) are indicated. Bottom left: [Eu/Fe] as a function of [Fe/H]. Bottom right: [Eu/Mg] as a function of [Fe/H]. The green line and the green stripe show the running mean and the scatter, respectively.

      

    

  
    
      Fig. 20. 

      
        [image: thumbnail]
      

      
        Results of the KS test applied to the chemical abundances of all four halo groups defined in this work. These results concern the case where the in situ contamination that has [Al/Fe] > 0.0 was removed from all groups. Brown regions indicate that the null hypothesis was not rejected (i.e. there is no difference between the groups). The green regions indicate that the null hypothesis was rejected (there is a difference between the groups). Only elements where some difference was detected are shown. For all other elements, the KS test indicates no difference between the groups.
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