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Abstract

Context. Globular clusters (GCs) and their associated stellar streams are key tracers of the hierarchical assembly history of the Milky Way. ω Centauri, the most massive and chemically complex GC in the Galaxy, is widely believed to be the remnant nucleus of an accreted dwarf galaxy. Identifying its associated debris and that of chemically similar clusters can provide important constraints on the nature of this progenitor system.

Aims. We aim to identify stars in the Galactic field that are chemically and kinematically associated with ω Cen and with a group of GCs hypothesised to share a common origin. This group, recently proposed to form a coherent system named Nephele, may represent the remnants of a single, massive accretion event.

Methods. We analysed APOGEE DR17 data to select field stars with high-quality chemical abundances. We applied a Gaussian mixture model (GMM) in an 8D chemical abundance space to identify stars compatible with ω Cen chemistry. We then computed the orbital energy and angular momentum of these stars and applied a second GMM, calibrated on simulations from the e-TidalGCs project, to determine the kinematic compatibility with the predicted streams of ω Cen and the associated Nephele GCs.

Results. We identify 470 stars chemically compatible with ω Cen, of which 58 are also Al-rich, consistent with second-generation stars found in GCs. Of these, six stars show kinematics consistent with the predicted ω Cen stream, and additional stars are linked to the tidal streams of NGC 6205, NGC 6254, NGC 6273, NGC 6656, and NGC 6809. These findings suggest the presence of extended stellar streams that have not been previously detected. We also find overlap in chemical and kinematic properties between Nephele stars and the Gaia Sausage-Enceladus population.

Conclusions. Our results suggest the presence of stellar debris associated with ω Cen and its candidate family of GCs. The combined chemical and kinematic analysis supports the scenario in which these systems originated in a common progenitor, which has now been disrupted. While uncertainties remain—particularly due to disc contamination and limited sky coverage—this work illustrates the potential of chemical and dynamical methods to trace the remnants of past accretion events in the inner Galaxy.
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1 Introduction
The current system of Galactic globular clusters (GCs) today amounts to about 170 objects (with Gaia parameters from Vasiliev & Baumgardt 2021), mostly redistributed in the halo of our Galaxy, but also in the bulge and thick disc. With typical masses and sizes1 of 1.3 × 105M⊙ and 5 pc, respectively (Baumgardt & Hilker 2018), this system probably represents what is left of a population that must have been much more numerous in the past, and even more massive, and that has been reduced because of a variety of physical processes, including tidal effects (Gnedin & Ostriker 1997; Murali & Weinberg 1997a,b; Fall & Zhang 2001). Tidal effects are in fact experienced by all finite-sized systems orbiting the Galaxy, due to the different gravitational attraction exerted by the latter in different regions of the system. This differential acceleration causes stars to escape mainly through the L1 and L2 Lagrange points, where gravitational and centrifugal forces are in equilibrium. Consequently, stars preferentially leak out through these gateways, giving rise to tidal tails that extend ahead of and behind the cluster along its orbit in the Galaxy (see, for example, Capuzzo Dolcetta et al. 2005; Montuori et al. 2007). This is how tidal tails, or stellar streams, are formed. Over time, these structures grow in size (stars lost in earlier times tend to move further and further away from their parent system), and after billions of years of evolution they can reach extensions of tens of kiloparsecs in the Galaxy. This phenomenon has been reproduced in detail in numerous numerical works, which have highlighted how tidal tails and their properties depend on the characteristics of the progenitor (e.g. its mass) but also on its orbit in the Galaxy and the properties of its visible and dark mass distribution (among others, see Keenan & Innanen 1975; Oh & Lin 1992; Grillmair 1998; Combes et al. 1999; Johnston et al. 2002; Küpper et al. 2010; Mastrobuono-Battisti et al. 2012; Bovy 2014; Erkal & Belokurov 2015; Pearson et al. 2017; Carlberg 2018, 2020).
Observational evidence of the existence of tidal tails around GCs dates back some 30 years, when the first works (see, for example, Grillmair et al. 1995; Leon et al. 2000) started highlighting the existence of tidal features around some Galactic GCs. The discovery of extended tidal tails around the halo cluster Palomar 5 (Odenkirchen et al. 2001, 2003) dates from this period and has arguably remained probably the most spectacular result of the existence of streams around such objects. Because of its characteristics, Palomar 5 is considered to be a cluster in the process of dissolution, and one that will probably not survive the next passage through the Galactic disc (Dehnen et al. 2004). Many other discoveries of streams around GCs followed (see, for example, Belokurov et al. 2006; Chun et al. 2010; Sollima et al. 2011, 2012) and were boosted by the release of the Gaia catalogues (Gaia Collaboration 2016, 2018; Gaia Collaboration 2021; Gaia Collaboration 2023), which made it possible to discover many new stellar streams, some of which associated with known GCs, and to confirm and extend the study of already known ones (see, for example, Navarrete et al. 2017; Malhan et al. 2018b,a; Ibata et al. 2019a,b, 2021; Piatti 2018, 2021; Piatti et al. 2021; Thomas et al. 2020; Boldrini & Vitral 2021). Despite the Gaia data being available for the whole sky, however, the streams discovered so far are mostly confined to absolute latitudes |b| > 15 deg where the field density is significantly lower than in the bulge, disc, and innermost halo regions, with those regions being particularly inconvenient for the search of streams also due to dust obscuration. However, a large number of GC streams are also predicted there, even if their morphology is expected to be more complex than that of streams emanating from halo clusters (Ferrone et al. 2023; Pearson et al. 2024; Grondin et al. 2024).
Among the first GCs around which signs of tidal tails were sought was the ω Centauri cluster. This cluster has a very peculiar set of characteristics: its mass is ten times greater than the average mass of Galactic GCs (Baumgardt & Hilker 2018); its stars show a very wide spread in metallicity (see, for example, Johnson & Pilachowski 2010; Pancino et al. 2011; Marino et al. 2011; Nitschai et al. 2023), accompanied by a possible spread in age (Villanova et al. 2007, 2014; Clontz et al. 2024); and its kinematics is peculiar (Meylan & Mayor 1986; Merritt et al. 1997; Norris et al. 1997; van de Ven et al. 2006; Pancino et al. 2007; Bianchini et al. 2013; Kamann et al. 2018; Sanna et al. 2020) with part of its stars in counter-rotation (Pechetti et al. 2024). All the properties have long led to the suspicion that it is the remnant of a dwarf galaxy that was accreted by the Milky Way in the past (Lee et al. 1999; Majewski et al. 2000; Carraro & Lia 2000, for early works). Of this galaxy, ω Cen would have constituted the nuclear regions, which would have survived the destruction (Bekki & Freeman 2003; Tsuchiya et al. 2003, 2004), appearing to us in the guise of a GC, however atypical. The search for tidal tails around ω Cen began with the work of Leon et al. (2000), who pointed out the presence of such structures outside the cluster tidal radius, with an inclination roughly perpendicular to the Galactic plane. These results were partly questioned by Law et al. (2003), due to the strong differential reddening in the region where ω Cen tails were found by Leon et al. (2000). The search for streams around this cluster was subsequently continued with the works of Da Costa & Coleman (2008) and Marconi et al. (2014), until the discovery of the Fimbulthul stream by Ibata et al. (2019b) in Gaia DR2 data. This stream was subsequently shown to be related to ω Centauri (Ibata et al. 2019a), of which it would constitute part of the trailing tail. Simpson et al. (2020) explored GALAH data (De Silva et al. 2015) to find two additional members of Fimbulthul, based in particular on their peculiar chemical abundances. Chemical abundances have also been used by Lind et al. (2015) and Fernández-Trincado et al. (2015) to link some individual stars found in the Galactic field to the cluster.
In addition to the stars lost by ω Cen GC along its current orbit in the Galaxy, more recently, using spectroscopic data and Gaia astrometry, the search for traces of the accretion of ω Cen’s progenitor in the Milky Way has begun, in particular using the chemical abundances of stars and GCs as chemical markers of their origin. Following this approach, in Pagnini et al. (2025) we used the APOGEE DR17 data (Abdurro’uf et al. 2022) and in particular the catalogue of GCs published by Schiavon et al. (2024) to search for the population of GCs that once belonged to the progenitor of ω Cen, and which would later be accreted in the Galaxy. For this, we searched, among Galactic GCs, those chemically compatible with ω Centauri, i.e. clusters that overlap with ω Centauri in part of its chemical abundance space. If ω Cen is indeed the nucleus of an accreted galaxy, we assumed that its chemical abundances should be representative of at least a part of its progenitor, as it is the case for M 54 and the nuclear star cluster of the Milky Way, whose chemical patterns overlap with those of their respective host galaxies, i.e. Sagittarius dwarf (as shown by Pagnini et al. 2025) and the Milky Way (as shown by Nandakumar et al. 2025; Ryde et al. 2025). Following this approach, we were able to highlight the strong link that binds the GCs NGC 6656, NGC 6752, NGC 6254, NGC 6809, NGC 6273 and NGC 6205 to ω Cen and interpreted this link as evidence that all these clusters formed in the same progenitor galaxy, which has been long searched for and which we named Nephele. This work was followed by that of Anguiano et al. (2025), who - using APOGEE DR17 data as well - suggested that even among field stars there are some with chemistry compatible with ω Cen, and that these field stars are also redistributed over a wide range of energies and angular momenta, in agreement with Pagnini et al. (2025)'s findings for GCs.
In this paper we continue our analysis of the APOGEE data, in particular by exploiting the unique opportunity that this survey offers to compare in a ‘self-consistent’ manner the chemical abundances of stars from different clusters with those of stars in the field, to search, among the latter, stars that once belonged to Nephele, either to its field population or to its GCs. By using the same methodology adopted in Pagnini et al. (2025), we exploit the APOGEE DR17 catalogue and find 470 stars which have a high probability to be chemically compatible with ω Cen and the Nephele accretion event, 58 of which are Al-rich stars, as typical of second generation GC stars (see, for example, Gratton et al. 2001; Pancino et al. 2017). By comparing the kinematic properties of these stars to the numerical models of Galactic GCs’ streams of Ferrone et al. (2023), we conclude that, of these 470 stars, 6 have kinematics compatible with the stream of ω Cen GC itself, 9 with NGC 6656, 1 with NGC 6254, 2 with NGC 6809, 1 with NGC 6273, and 1 with NGC 6205. Instead, no kinematically compatible stars were found for NGC 6752.
This paper is structured as follows: in Sect. 2, we discuss the observational sample analysed in this work, in Sect. 3 we explain the method used to identify field stars belonging to ω Cen stream and other Nephele’s GCs streams, and in Sect. 4 we present the results, first focusing on the selection of stars chemically compatible with ω Cen. We then operate further selections on the kinematics of this sample, to restrict the search of stellar streams. In Sect. 5, we discuss the novelties of our results, also in the context of other recent studies on the subject, and finally, in Sect. 6 we derive our conclusions.
Before continuing, a word on the nomenclature adopted in this work. Every time we refer in the following to the ω Cen stream we refer to stars lost by the ω Cen GC, along its current orbit in the Galaxy. The same applies when we refer to other GC streams. Because, however, as recalled above, there are strong hints that this cluster is the left-over of a more massive galaxy, whose accretion into the Milky Way possibly started several Gyr ago, we refer to this galaxy, the ω Cen progenitor, as Nephele, as already done in Pagnini et al. (2025)2. Beyond its stars, Nephele - as stated before - would have brought into the Galaxy also its system of GCs. It is this whole ecosystem - made of Nephele stars, its GCs, and the streams associated to these latter — that we want to investigate in this paper.
2 Observational data
To select the sample of field stars, we exploit the APOGEE DR17 catalogue (Abdurro’uf et al. 2022) applying the following selection criteria :

	a signal-to-noise ratio SNREV > 70;


	temperatures in the range 3500 K < Teff < 5500 K and surface gravities logg < 3.6;


	APOGEE STARFLAG and APOGEE STARBAD = 0.



From this sample of field stars, we further removed stars which have a high probability to belong to GCs, i.e. we removed all stars in the APOGEE DR17 catalogue with VB_PROB ≥ 0.9 according to Vasiliev & Baumgardt (2021). After these selections, our final sample of field stars comprises 197 265 stars. As in Pagnini et al. (2025), for the GCs data of the Nephele’s family, we make use of data from the APOGEE Value Added Catalogue (VAC) of Galactic GC stars (see Schiavon et al. 2024) using the membership probabilities from Vasiliev & Baumgardt (2021). These probabilities are obtained from a mixture-model analysis of Gaia EDR3 positions, parallaxes and proper motions combined with the structural parameters of each cluster (see their Sect. 2). In this work we adopt stars with VB_PROB ≥ 0.9 as high confidence members, following the practice of Vasiliev & Baumgardt (2021), who use stars with membership probabilities >90 per cent as high-confidence cluster members in their error analysis (their Sect. 3). Among these stars, only those satisfying the previous criteria and stars which have, according to Vasiliev & Baumgardt (2021), a high probability of being members of Nephele’s GCs (VB_PROB ≥ 0.9), have been used for this study.
Besides detailed chemical abundances for 20 species, and radial (i.e. line-of-sight) velocities, the APOGEE catalogue provides also proper motions from Gaia EDR3 release (Gaia Collaboration 2021). As for the distances of individual stars, we make use of those provided by the ASTRONN3 catalogue where distances have been determined as described in Leung & Bovy (2019). We used a right-handed Galactocentric frame that leads to a three-dimensional velocity of the Sun equal to [U⊙, V⊙, W⊙] = [11.1,248.0,8.5] kms−1 (Horta et al. 2023). We assumed the distance between the Sun and the Galactic centre to be R⊙ = 8.178 kpc (GRAVITY Collaboration 2019), and the vertical height of the Sun above the midplane to be Z⊙ = 0.02 kpc (Bennett & Bovy 2019).
3 Methods
Our analysis is divided into two main steps: first, we search for Galactic field stars that are chemically compatible with ω Centauri, to identify stars that are likely to belong to Nephele. Then we refine this sample by looking for those that are also kinematically compatible with the streams of Nephele’s clusters, making use of the numerical simulations presented in Ferrone et al. (2023).
3.1 Searching for Nephele stars in the field: Chemical filter
To assess the chemical compatibility of field stars with ω Cen, we make use of the same Gaussian Mixture Model approach4 used in Pagnini et al. (2025), here referred as GMMChem. We consider the 8D abundance space tested in that work and defined by [Fe/H], α-elements as [Mg/Fe], [Si/Fe] and [Ca/Fe], light+odd-Z elements as [C/Fe], [Al/Fe] and [K/Fe], and an iron-peak element as [Mn/Fe], and we keep only stars which have all the abundance flags of these elements equal to zero. With this choice, the number of field stars used for the analysis described below reduces to 176 965. As in Pagnini et al. (2025), the distribution of ω Cen in the 8D abundance space is fitted with an increasing number of gaussian components. By minimising the Bayesian information criterion (BIC), we retrieve that the number of components that best reproduces the 8D distribution of ω Cen is five (see Figure 1 in Pagnini et al. (2025) for ω Cen distribution in the [Mg/Fe]-[Fe/H] plane). We then apply this model to the sample of field stars defining chemically compatible stars as those whose log-likelihood exceeds or is equal to a threshold, which we established as the 10th percentile of the log-likelihood distribution of the training dataset, namely ω Cen. The subset of ω Cen stars whose log-likelihood exceeds the defined threshold is designated as the “reference sample”, whereas stars with a probability density below this threshold are classified as outliers. Similar results were obtained also varying this threshold between the 5th and the 20th percentile. To account for the uncertainties in the abundances of both field stars and ω Cen, we applied a bootstrap resampling of the data. For each star, we estimated a probability of compatibility with ω Cen by recording the fraction of bootstrap realisations in which the star satisfied the compatibility criteria, i.e. P = Ncompatible/Nboot, where Nboot = 100 is the number of bootstrap realisations. The list of 1411 stars in the APOGEE DR17 catalogue which appear to have a probability P > 0 to be chemically compatible with ω Cen, according to the GMMChem model, is given in Table 1, in which we report also the associated probability P. The distribution of probabilities is shown in Fig. 1, left panel, from which we can see that this distribution shows a first peak at P ~0.25, followed by a minimum at P ~ 0.7, after which the distribution rises up to P = 1. Stars having a moderate probability to be chemically associated to ω Cen are, on average, more metal-rich than ω Cen itself (see Fig. 1, middle panel) and are mostly redistributed in the α-enhanced thick disc (Fig. 1, right panel). We interpret these stars as contaminants from the disc, which - especially at these high metallicities - shows chemical patterns which are close to those of the metal-rich population of ω Cen and thus can sometimes be classified by the GMMChem model as chemically compatible with it. To remove this contamination, which is significant in terms of number of stars, for the following of this work, we retain as candidate members only a set of 470 stars with probabilities P ≥ 0.7, which we refer to as Nephele candidate stars in the field. Already with this selection, most of the metal-rich contamination is removed (see Fig. 1). We also adopt a second, more restrictive definition, selecting only stars with P ≥ 0.99. This leaves us with 181 stars, which constitute the Nephele golden sample. Throughout the following we refer to stars with P ≥ 0.7 as Nephele candidates, while stars with 0 < P < 0.7 are explicitly treated as contaminants and are not used in our quantitative estimates.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left panel: probability distribution of all stars in our sample which do not have a null probability of being chemically compatible with ω Cen, according to the GMMChem model. Middle panel: [Fe/H] distribution of all stars with a probability P > 0 (grey), P ≥ 0.7 (magenta), and P ≥ 0.99 (yellow) to be chemically compatible with ω Cen (black). Right panel: distribution in the [Mg∕Fe]-[Fe∕H] plane of ω Centauri stars (black points), and of stars chemically compatible to it, coloured-coded by the probability of their compatibility P. Outliers, defined as stars with a probability density below the 10th percentile threshold, are shown as empty black circles for ω Cen and as contours for field stars. Stars 0 < P < 0.7 mostly distribute in the region occupied by α-enhanced thick disc stars; these are interpreted as contaminants from the disc.



Table 1 
APOGEE ID of candidate Nephele stars and their probability of compatibility P.

3.2 Searching for stellar streams of Nephele globular clusters: Kinematic filter
Among the 470 candidate members of Nephele, some may belong to the stellar streams of GCs which Pagnini et al. (2025) have associated to this accretion event, namely NGC 6656, NGC 6752, NGC 6254, NGC 6809, NGC 6273 and NGC 6205. We recall indeed that all these clusters share part of the chemical patterns of ω Centauri, and that - for this reason - at this stage are indistinguishable from Nephele field stars. To determine whether, among the stars found in GMMChem, there are any that may have been lost from the clusters mentioned above, including ω Cen itself, we proceed as follows. We take advantage of the fact that APOGEE DR17 and its Value Added Catalogue AstroNN provide full 6D information for stars: together with their positions in the sky, their distances to the Sun, proper motions and radial velocities are also available. We exploit this additional information, by computing their orbital energy (E). and angular momentum (Lz) and comparing these properties with the predictions provided by the e-TidalGCs project5, a library of simulations of Galactic GCs streams (see Ferrone et al. 2023).
These simulations have modelled so far the formation and evolution of extra-tidal features around 159 Galactic GCs -including all those of interest for the present study - by making use of a test-particle methodology (see Ferrone et al. 2023, for details). In these models, particles experience the gravitational field from the GC and the Galaxy but do not generate any gravitational field themselves. For each GC, the errors in its distance, proper motions, and radial velocities are also taken into account by assuming Gaussian distributions of these quantities.
This results in the generation of 50 random realisations of these parameters, and thus, for each cluster, in a given Galactic potential, we have in total 50+1 simulations. These simulations allow to predict the kinematic properties of the corresponding stream, taking into account also the uncertainties on the current clusters positions and velocities. In Ferrone et al. (2023), three different Galactic potentials have been used for orbit integration, two of which axisymmetric and one containing a rotating stellar bar. For the present study, we make use of the simulations of stellar streams integrated in one of the two axisymmetric potentials (called PII in Ferrone et al. (2023) - see also Pouliasis et al. (2017) for the original work describing this Galactic mass distribution6), in which the Milky Way is modelled by three components: two discs (a thin and a thick), both described by Miyamoto & Nagai (1975) density distributions, and a spherical dark matter halo with the same functional form as adopted in the Allen & Santillan (1991) model.
Guided by the e-TidalGCs simulations, we start by searching for stars - among those that are chemically compatible with ω Cen - which are also compatible with the kinematic properties of the streams of the Nephele’s GCs. To enable a direct comparison with the observed stars, we compute orbital energy and angular momentum (E, Lz) from the simulated streams using the publicly available galpy (Bovy 2015) under the McMillan (2017) Galactic potential, the same model adopted for the APOGEE stars. In this way, both the simulations and the data are placed consistently in the same E-Lz space.
We then applied a Gaussian Mixture approach, stacking all the 51 realisations of each simulated stellar stream, considering the 2-dimensional E-Lz space defined above, which is fitted with an increasing number of gaussian components until the optimal number of components is retrieved by minimising the Bayesian information criterion. The resulting set of GMM models for Nephele’s GCs in this 2D-kinematic space is hereafter referred to as GMMKin. We then apply these models to the sample of field stars, selected to be compatible with ω Cen with the GMMChem model, defining kinematically compatible stars as those whose log-likelihood exceeds or is equal to a threshold, which we established as the 10th percentile of the log-likelihood distribution of the training simulated dataset7.
4 Results
4.1 Nephele candidate stars
Figure 2 shows the results of the GMMChem in the 2D projections of abundance spaces for all the abundances used to build the model. The Nephele candidates, golden sample and outliers are highlighted, and the corresponding distribution of ω Cen stars (reference sample and outliers) is also reported for comparison. Candidate Nephele stars - which we recall here are all field stars in the APOGEE DR17 catalogue that satisfy the quality criteria defined in Sect. 2 and which have a probability to be chemically compatible with ω Cen P ≥ 0.7 - follow closely the chemical patterns of ω Cen, up to its most metal-rich edges. Most of these candidate stars, however, redistribute in the high [Mg/Fe], low [Al/Fe] region where the bulk of ω Cen stars are (Fig. 2). Note that this is not a natural consequence of the method used, because this latter requires that the stars be within the 8D volume defined by ω Cen chemical abundances, without imposing any constraints on the density of occupation of that volume. If we restrict the analysis to the Nephele golden sample (see also Fig. 2), it follows even more closely the bulk of the chemical patterns of ω Cen, with a handful of stars still distributed in the low-Mg, high-Al sequences.
So far, our study has only used chemical information to find stars possibly lost from Nephele. It is therefore interesting to understand how these stars are redistributed in kinematic spaces, to see whether or not they show any consistency. Spaces such E-Lz space (that is orbital energy versus z component of the angular momentum) have in fact been used for several years to identify the origin of stars and Galactic GCs (whether in situ or accreted), and to reconstruct the accretion history of our Galaxy (see the review by Smith (2016) and more recent works by Kruijssen et al. (2020); Massari et al. (2019), among many others) although this approach has been questioned on several occasions (Jean-Baptiste et al. 2017; Pagnini et al. 2023; Khoperskov et al. 2023c,b,a; Mori et al. 2024; Boldrini et al. 2025; Mori et al. 2025). In Fig. 3, we show the distribution in the E-Lz space of Nephele candidate members and stars of the golden sample. It is interesting to see that both groups show an extended range of orbital energies and angular momenta, as expected if Nephele was massive enough at the time of its merger with the Milky Way (i.e. mass ratio of about 1:10, see Jean-Baptiste et al. 2017), or if other events occurred afterwards to reshuffle the orbits of the accreted stars (see, for example, the recent works by Weerasooriya et al. 2025, and by Guillaume et al, in prep). The fact that even the golden sample - i.e. stars which have a probability larger than 99% to be compatible with ω Cen - shows such a broad extension, strengthens this result, which can be hardly interpreted as due to polluters (i.e. stars only marginally compatible with the ω Cen progenitor). Note that the extended distribution of Nephele debris in the E-Lz space has been already highlighted by Anguiano et al. (2025). We provide a more detailed comparison between our results and theirs in the Discussion section. One additional element that it is worth citing when discussing Fig. 3 is that some of the Nephele debris, some of its golden sample stars included, show very prograde orbits, lying in the region of the E-Lz space occupied by MW stars with disc-like kinematics. This result also applies to Al-rich stars, which have been selected as stars, among the Nephele candidates, which satisfy the following relation (see also Fig. 2, middle row, middle panel):
[image: Mathematical equation: \rm [Al/Fe] \gt 0.73 \times [Fe/H] + 1.09.](1)
These stars could be signatures of the tidal disruption of GCs likely accreted and/or formed in situ (Fernández-Trincado et al. 2020). Indeed, it has been shown that this population could have been dynamically ejected in different orbital configurations from GC systems at similar metallicity, or possibly a massive system similar to ω Cen (Meza et al. 2005; Majewski et al. 2012).
To summarise: so far, we have identified stars that are highly likely to have origins linked to the progenitor of ω Cen. However, since we have shown in Pagnini et al. (2025) that some Galactic GCs also share part of ω Cen’s chemical patterns, some of the stars identified so far as Nephele candidate stars (or golden sample stars) could actually be stars lost from these clusters and now part of their streams. Some stars could also be associated with the streams of the ω Cen GC itself. In the next section, we will therefore focus on understanding which of the Nephele candidates may in fact be stars linked to streams from the GCs of the Nephele family.
	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Chemical abundance relations for ω Cen members and APOGEE DR17 field stars. Filled black and coloured symbols represent respectively the ω Cen reference sample and the subset of field stars identified as chemically compatible with it by GMMChem. Outliers, defined as stars with a probability density below the 10th percentile threshold, are shown as empty black circles for ω Cen and as contours for field stars. The dashed line in the central panel indicates the division for our definition of Al-rich stars (see Eq. (1)).



4.2 From Nephele stars in the field to stellar streams of Nephele’s family clusters
In the previous section, we have discussed how stars chemically compatible with ω Cen are redistributed in the E-Lz plane. GCs that we associated with ω Cen in Pagnini et al. (2025) - namely NGC 6205, NGC 6254, NGC 6273, NGC 6656, NGC 6809 and NGC 6752 - are also in the middle of this distribution. Which of Nephele’s stars can be linked to the streams of these clusters? To answer this question, we used the GMMKin model to determine which of Nephele’s stars are kinematically compatible with the clusters in question. For this, we used the simulations in Ferrone et al. (2023), which offer predictions on the kinematics of the streams. Since the clusters are significantly less massive than dwarf galaxies, we expect them to conserve their orbital energies and angular momenta over timescales of a few billion years if no significant changes to the Galactic gravitational potential occur during this time. It should also be noted that among the simulations made by Ferrone et al. (2023), we only use those in which the streams develop in axisymmetric potentials, which therefore allow the conservation of the z component of the angular momentum.
Given these premises, Figure 4 shows the stars that, according to the GMMKin, are highly likely to be linked to the streams of the aforementioned clusters, and how they are redistributed in the E-Lz plane. Table B.1 in Appendix B shows the APOGEE identifiers of these stream stars, together with their associated parent cluster. The Table also contains a third column, where we add additional details (for example, if the star is an interloper and not a robust stream candidate, see Sect. 5.3 for an explanation and discussion on this point). The corresponding chemical abundance relations for Nephele’s GC members and their associated field stars selected by GMMKin are shown in the abundance planes of Figs. B.1, B.2, B.3, B.4, B.5, and B.6, illustrating each GC and its debris. Our GMMKin finds 6 stars that are kinematically compatible with ω Cen, 1 with NGC 6205, 1 with NGC 6254, 1 with NGC 6273, 9 with NGC 6656, 2 with NGC 6809, and none with NGC 6752. When we restrict ourselves to Al-rich stars only (Fig. 4), we find one star compatible with ω Cen, and five with NGC 6656. Overall, Al-rich stars constitute only about 17% of the Nephele candidates (81 out of 470), whereas they account for 6/20 ≃ 30% of the stars that are also kinematically associated with the streams of Nephele’s GCs in our default GMMKin selection. Thus Al-rich stars are at least as frequent, and in fact somewhat enhanced, among the GC-stream candidates compared to the full Nephele sample, even though their absolute numbers remain small because they are relatively rare in APOGEE and must additionally satisfy the stringent GMMKin kinematic criteria (see also Appendix B).
Note that some of the stars found by the GMMKin method may actually be part of the clusters themselves. For example, we find one star compatible with ω Cen and four stars (3 of which are also Al-rich) compatible with NGC 6656 that have a VB_PROB= -999 thus, in the selection presented in Sect. 2, they are kept among the field population. According to the RV-based membership presented in Schiavon et al. (2024), instead, their probability of belonging to their corresponding cluster is higher than 0.97 (see Table B.1). The fact that these stars are retrieved as being associated with the cluster progenitor can be seen as a sanity check of our adopted procedure. Finally, Fig. 5 reports the distribution in the sky of Nephele candidate stars, and of its golden sample, together with ω Centauri, its family of GCs, as identified in Pagnini et al. (2025), and their likely stream stars. The distribution of these stars is clearly influenced by the APOGEE footprint. However, it is interesting to see how Nephele’s stars are distributed across the entire sky, and how the stars in the streams can also be at large angular distances from the clusters we have associated them with, thus demonstrating the full potential of such an analysis.
	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Distribution of Nephele candidates (magenta) and golden sample (golden) in kinematic spaces: orbital energy (E) versus the z component of the angular momentum (Lz). Al-rich sub-samples (see definition in Eq. (1)) are shown as star symbols. For comparison, the distribution of all APOGEE stars is shown as grey points.



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Distribution of simulated Nephele’s GCs and observed field stars in the E-Lz space. All Nephele candidates and the Al-rich subsample (respectively as magenta points and magenta star symbols) are compared to simulated Nephele’s GCs (colour-coded maps). Stars that result also kinematically compatible with Nephele’s GCs according the GMMKin are identified as colour-coded symbols with their number reported in parentheses. For comparison, in both panels, the distribution of all APOGEE stars is shown as grey points.



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Nephele’s distribution in the sky. Nephele candidate stars (magenta symbols), its golden sample (golden symbols), ω Centauri and its family of GCs as identified in Pagnini et al. (2025) (colour-coded circles), and their likely stream stars (colour-coded symbols) are shown together with all APOGEE stars (grey points).



5 Discussion
The results presented in this paper are new, to our knowledge, in several respects. A not negligible fraction of field stars at low metallicities is chemically compatible with ω Cen (16% of field stars with [Fe∕H]≤ -1.6 in APOGEE DR17 results indeed compatible with ω Cen with P ≥ 0.7). This discovery reveals the importance of the Nephele accretion in the early history of our Galaxy and complements the findings in Pagnini et al. (2025) regarding the existence of at least six galactic GCs - NGC 6656, NGC 6752, NGC 6254, NGC 6809, NGC 6273 and NGC 6205 -all associated with ω Cen and its progenitor galaxy. The stars and GCs associated with this accretion event are redistributed over a wide range of similar energies and angular momenta, suggesting that Nephele must have been massive relative to the Milky Way at the time of its accretion, and/or that other processes intervened after its accretion to redistribute its stars in the E-Lz plane. In the following of this discussion, we start by placing our results in the context of previous works in the literature, focusing in particular on Nephele field stars, their link with Gaia Sausage Enceladus (hereafter GSE, Sect. 5.1) and how our GMMChem selection compares with that presented by Anguiano et al. (2025) (see Sect. 5.2). We then move to discuss the results concerning new candidate members of GC stellar streams and the advances with respect to previous works (see Sect. 5.3).
5.1 Nephele and Gaia Sausage-Enceladus
Nephele candidate stars redistribute over energies and angular momenta intervals usually adopted to define other accretions events, such as GSE, Heracles, Helmi Stream and Thamnos (see our Fig. 3 and Fig. 4 in Horta et al. (2023) for comparison). The possibility that Thamnos contains stars chemically compatible with ω Cen has been recently discussed by Mori et al. (2025). In the following we rather comment on the overlap between GSE and Nephele stars, first because some works have suggested that ω Cen may be the nucleus of GSE which - if confirmed - would imply that Nephele and GSE are the same progenitor galaxy, and secondly because GSE has been so far identified as one of the major ancient building block of our Galaxy (Nissen & Schuster 2010; Belokurov et al. 2018; Haywood et al. 2018; Helmi et al. 2018), making necessary to compare other ancient accretions with it.
In previous studies aiming to identify the progenitor system of GCs in the Milky Way based on kinematic criteria, ω Cen has been proposed as the former nuclear star cluster (NSC) of the GSE accretion event (e.g. Massari et al. 2019). Interestingly, the set of clusters typically linked to ω Cen through such kinematic associations does not coincide with those we attribute to the Nephele progenitor. Nonetheless, one or two clusters from the Nephele group—specifically NGC 6205 and NGC 6656—have been associated with GSE in the literature (Massari et al. 2019; Callingham et al. 2022), suggesting some degree of overlap or ambiguity in progenitor assignments.
The distribution in E-Lz space of Nephele’s field stars and clusters shown in Figures 3, 4 suggest an overlap in kinematic spaces between these two systems. Indeed, for example in Horta et al. (2023), GSE is defined in the E-Lz space as a substructure having |Lz| < 0.5 ( × 103 kpc km s−1) and -1.6 < E < -1.1 ( × 105 km2 s−2). Such an overlap would not be surprising if Nephele and Gaia Sausage Enceladus were both massive galaxies relative to the MW, at the time of their accretion. Simulations indeed show that even independent systems, once accreted onto the MW, can be redistributed in similar regions of the kinematic spaces (see e.g. Pfeffer et al. 2018; Khoperskov et al. 2023c; Pagnini et al. 2023; Mori et al. 2024).
The upper panel of Figure 6 shows the metallicity distribution function (MDF) of Nephele’s candidates, in comparison with the GSE population as defined by Horta et al. (2023). Additionally, we include a refined selection in which we retain only stars with all abundance flags equal to zero for the elements used in our GMMChem analysis (see Sect. 3.1). In this way we are consistent with the selections made for the Nephele field stars and can thus compare the two datasets. In the bottom panel of Fig. 6 we have indeed calculated, for each bin of [Fe/H], the contribution of Nephele’s field stars among those of GSE. As we can see, the importance of Nephele increases as [Fe/H] decreases, reaching a maximum for -1.9 < [Fe/H] < -1.6, where the peak of ω Cen MDF is actually found (see Pagnini et al. 2025). This finding implies that the contamination of Nephele on the GSE sample may be significant up to [Fe/H] as high as —1.6. Such convergence raises the question of whether GSE and Nephele could in fact be one and the same (see a more detailed comparison of their abundance trends in Appendix C). Few lines of evidence argue against this interpretation. In Pagnini et al. (2025), we showed that the chemical abundance patterns of ω Cen are fundamentally incompatible with those of the GCs traditionally associated with GSE—namely NGC 1851, NGC 1904, NGC 2298, and NGC 2808 (see also Myeong et al. 2018; Callingham et al. 2022). These clusters lack the complex chemical signatures characteristic of ω Cen. Conversely, the clusters we associate with Nephele—NGC 6205, NGC 6273, NGC 6656, NGC 6752, NGC 6809, and NGC 6254—display abundance patterns that align closely with those of ω Cen across a multi-dimensional chemical space. This chemical coherence, not seen in the GSE-linked clusters, supports the interpretation that ω Cen and its associated system formed in a distinct progenitor. That said, the existence of Nephele field stars in common with the kinematic definition of GSE indicates that the overlap between these two systems is not negligible. This raises the possibility that some stars currently classified as part of GSE—especially those at lower metallici-ties—could in fact originate from Nephele, or that the two had similar accretion processes dynamically mixing in phase space. Importantly, it also underscores the challenge of defining GSE itself (Carrillo et al. 2024). The selection adopted in this work (following Horta et al. 2023) is based purely on kinematics, but several other definitions in the literature incorporate additional chemical constraints (e.g. Myeong et al. 2019; Naidu et al. 2020; Feuillet et al. 2020; Das et al. 2020), often emphasising low-α and metal-poor populations on highly eccentric orbits. These varying criteria lead to partially overlapping but not identical stellar samples, complicating direct comparisons and can significantly affect which stars are attributed to GSE and how its global properties are interpreted. Finally, one last point for which - based on our current knowledge - we tend to rule out a link between the origin of ω Cen and that of GSE is the following.
The NSCs of the MW and of Sgr have chemical patterns similar to those of the host galaxy (Ryde et al. 2025; Nandakumar et al. 2025; Pagnini et al. 2025). Although the reason for this similarity is not yet clear, current observational data (but note, based on only two NSCs) seem to indicate that the chemical patterns of NSCs are representative of those of the host galaxy. This is not true for ω Cen and GSE, for which - even recently - it has been shown that the chemical overlap is minimal (see Mori et al. 2025). If ω Cen was the NSC of GSE, based on the results of Pagnini et al. (2025); Ryde et al. (2025); Nandakumar et al. (2025) we would expect to see a chemical similarity between their chemical patterns which is not observed.
Altogether, the chemo-dynamical properties of the Nephele debris and its associated GCs point to a progenitor in the massive-dwarf regime. The metallicity distribution of ω Cen and of the high-probability Nephele debris peaks at [Fe/H] ≃ -1.6. Inserting this value into the mass-metallicity relation for accreted systems derived by Naidu et al. (2022, their Eq. (3)) yields a characteristic stellar mass M* ≈ 3 × 107 M⊙, with the intrinsic scatter implying a plausible range of roughly M* ~ 107-108 M⊙. A progenitor stellar mass of order 108 M⊙ for the system hosting ω Cen is also consistent with dynamical and chemical evolution models for its putative parent dwarf galaxy (e.g. Bekki & Freeman 2003). This places Nephele well above the regime of ultra-faint dwarfs and low-mass classical dSphs, and into the domain of relatively massive accreted systems. The number of massive GCs we associate with Nephele is also compatible with the observed diversity of GC systems in dwarf galaxies at similar stellar masses: the sample compiled by Eadie et al. (2022) shows that galaxies with M* ~ 107-108M⊙ span a wide range of GC specific frequencies, from systems with no known GCs to others hosting rich GC systems with NGC ~ 10 (see Fig. 1 in Eadie et al. 2022)8. In this context, a progenitor with ω Cen plus a handful of additional massive clusters lies toward the high end of the observed distribution. The robustness of the individual GC memberships is discussed in detail in Pagnini et al. (2025); here we focus on the aggregate chemo-dynamical picture, noting that some level of field contamination (e.g. in situ halo or GSE debris) in our debris sample is expected but does not affect the interpretation of Nephele as the relic of a relatively massive, ω Cen-like accretion event.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Metallicity distribution functions (MDFs) of Nephele and Gaia Sausage-Enceladus (GSE). Top panel: the MDFs of GSE as selected in Horta et al. (2023) (in grey), the same definition of GSE plus our cuts in chemical abundances (see Sect. 5, in dark grey), Nephele’s candidates (in magenta), and Nephele’s candidates that fall within the GSE selection (in black). Bottom panel: contribution of Nephele among stars of GSE for each [Fe/H] bin.



5.2 Nephele and the ω Cen debris studied by Anguiano et al. (2025)
The recent study by Anguiano et al. (2025) also analysed APOGEE DR17 data to identify stars originally associated with ω Cen that now orbit within the Galactic field. However, there are differences in our approaches. Anguiano et al. (2025) apply different quality selection cuts to the APOGEE DR17 catalogue - among others, they do not restrict the search for ω Cen debris to giants, as we did, but included also dwarfs in their sample. They make use of a different method from ours - a neural network trained on APOGEE observations of ω Cen’s core, while we use a GMM. They use a set of chemical abundances to train the neural network which is different from the set we used for the GMMChem. Even if their conclusions on the broad distribution of ω Cen debris in the E-Lz space are similar to ours, it is still worth understanding how much the two methods produce the same results.
Before commenting on similarities and differences in our results, it is important to understand the size of the data sets we will be comparing. Anguiano et al. (2025) provide a sample of 463 stars which have a probability PA25 ≥ 0.8 to be chemically compatible with ω Cen according to their model. With our GMMChem, we find 1441 stars which have a P > 0 to be chemically compatible with ω Cen, 470 of which have a probability of chemical compatibility P ≥ 0.7 and constitute our candidate members. While the two samples (i.e. PA25 ≥ 0.8 and P ≥ 0.7) have comparable sizes, their common APOGEE identifiers - as we checked - are only 49. This number increases to 65 if we relax our probability threshold and we check - among our whole sample of stars with P > 0 - how many are also in the Anguiano et al. (2025) sample. The limited overlap between the two samples may be due to different reasons. The methodology adopted is clearly not the same. Moreover, the fact that the initial quality cuts applied to the APOGEE catalogue are also different (see our Sect. 2 and their Sect. 3.1) implies that of the 463 stars in the Anguiano et al. (2025) sample only 114 satisfy our initial selection cuts. So only for 114 stars out of the 463 of Anguiano et al. (2025) we can effectively make a comparison with our work. Taking this normalisation into account, 49/114 stars, i.e. 43% of the sample, have a high probability in both works of being chemically compatible with ω Cen (respectively PA25 ≥ 0.8 for Anguiano et al. (2025), and P ≥ 0.7 for us), (65-49)∕114 stars, i.e. 14% of the sample, have a high probability for Anguiano et al. (2025) (PA25 ≥ 0.8) but 0 < P < 0.7 for us, and finally (114-65)∕114 stars, i.e. 43% of the sample, have a high probability of compatibility for Anguiano et al. (2025) but a null probability for us (see Fig. 7, top left panel).
Stars in the Anguiano et al. (2025) sample which, according to our analysis, have a not null probability P to be chemically compatible with ω Cen span the whole range of positive P: while we observe a peak at P ~ 1, we notice also that there is a long tail in the probability distribution that extends up to very low P values (top row-middle panel). Nephele candidate members (i.e. stars with P ≥ 0.7) which are also in the Anguiano et al. (2025) sample show a [Fe/H] distribution which peaks where the peak of the ω Cen distribution is found (see Fig. 7, second row, left panel). As the probability P of chemical compatibility with ω Cen decreases, the [Fe/H] distribution of the sample common to us and Anguiano et al. (2025) tends to shift towards higher [Fe/H] values (in particular the mean of the distribution, see Fig. 7, second row, middle and right panels). Remarkably, stars that according to Anguiano et al. (2025) have a high probability to belong to ω Cen debris, but that according to our analysis have a low probability (P < 0.7) of a common origin with the cluster, show a [Fe/H] which peaks at values ~ - 1, well beyond the ω Cen [Fe/H] peak (Fig. 7, second row, right panel). This shows that outside the bulk of ω Cen, our methods start to differ.
As a further comparison, in Fig. 7 (bottom row), we have reported the distribution in the [Mg/Fe]-[Fe/H], [Al/Fe]-[Fe/H], and [Mg/Fe]-[Al/Fe] planes of the whole set of stars in Anguiano et al. (2025)’s sample, and those in Anguiano et al. (2025)'s sample for which we have estimated a probability P, and we compare these two distributions with that of ω Cen itself, for each of these planes. It is interesting to see how there are stars, at the periphery of the distributions of these abundance planes, that Anguiano et al. (2025) assign as ω Cen debris but that for us have zero probability of being associated with ω Cen - these are stars that the GMMChem rejected every time. For many other stars, our initial selection did not include them in the analysed set. Finally, note how some of Anguiano et al. (2025)'s stars, to which our method attributes ero probability of belonging to ω Cen, are located in a region of the [Al/Fe]-[Mg/Fe] plane where no ω Cen stars are present.
To conclude this comparison, it is interesting to discuss how stars with high chemical compatibility with ω Cen according to both Anguiano et al. (2025)'s and to our analysis are redistributed in the E-Lz plane. It can be seen that, compared to the extended energy distribution of the entire sample, the latter are mostly redistributed in an energy ‘band’ between -2 ≲ E ≲ -1.5 covering the whole range of angular momenta. It cannot be ruled out that this is indeed the region with the highest probability of containing ω Cen debris, at least in the APOGEE DR17 dataset.
Overall, both methods recover a similarly broad distribution of Nephele debris in the E-Lz plane and agree well for the core of the ω Cen chemical locus; the stars that are selected by one method and not by the other are mainly objects near the edges of this locus, where the different parent samples, input abundance sets and the more flexible neural-network decision boundary of Anguiano et al. (2025) naturally lead to a less conservative selection than our explicitly probabilistic GMM.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Comparison with stars in Anguiano et al. (2025) (A25). Top row, left panel: number of stars in the A25 sample that, according to our analysis, have a null (P = 0), not null (0 < P < 0.7) or high (P ≥ 0.7) probability of being chemically compatible with ω Cen. Top row, middle panel: distribution of probabilities P (magenta) of the stars of A25’s sample which, according to our analysis, have a not null probability of being chemically compatible with ω Cen, compared to the analogue distribution of probabilities PA25 (cyan) provided by A25. It can be noted that part of the stars which have a high PA25 turns out to have a low P, according to our GMMChem model. Top row, right panel: distribution in the E-Lz plane of Nephele candidate members (P ≥ 0.7, magenta), compared to that of stars in A25 (cyan) which have also a high P, according to our analysis, of belonging to Nephele. Middle row, left panel: normalised [Fe/H] distribution of A25's stars which are classified as Nephele candidate members (P ≥ 0.7) also by our GMMChem model (cyan). For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Middle row, middle panel: same for A25's stars which have a moderate probability (0 < P < 0.7) of being chemically compatible with ω Cen, according to our GMMChem model. For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Middle row, right panel: same for A25's stars which have a null probability P of being chemically compatible with ω Cen, according to our GMMChem model. For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Bottom row, left panel: distribution in the [Mg/Fe] vs [Fe/H] plane of stars in the A25's sample. Blue points indicate A25's stars which have not been analysed in our work, cyan points indicate A25's stars for which a probability P has been assigned by our GMMChem model. Cyan crosses indicate A25's stars which have a P = 0, according to our GMMChem model. The corresponding distribution of ω Cen stars in this plane is also shown (light grey points). Bottom row, middle panel: same for [Al/Fe] vs [Fe/H]. Bottom row, right panel: same for [Al/Fe] vs [Mg/Fe].



5.3 Additional comments on candidate stars in GC streams of Nephele’s family
An additional outcome of our analysis is the identification of six field stars in the APOGEE sample that exhibit both chemical and kinematic properties consistent with ω Cen and its predicted tidal stream. Notably, one of these stars is Al-rich, suggesting being a second-generation star with GC origin. These stars are spatially and chemically distinct from the Fimbulthul stream (Ibata et al. 2019b), which lies outside the APOGEE footprint (see Fig. 5). This provides the first evidence, to our knowledge, of additional ω Cen debris beyond the known Fimbulthul members. Independent evidence for extended ω Cen debris also comes from optical spectroscopic surveys. Using GALAH DR2 and Gaia, Simpson et al. (2020) chemically tagged two Fimbulthul stream stars to ω Cen on the basis of their Na-Al enhancement and s-process abundances. In addition, Lind et al. (2015) and Fernández-Trincado et al. (2015) identified further halo stars and RR Lyrae populations, from other high-resolution spectroscopic data sets, whose kinematics and detailed chemistry are consistent with being debris from ω Cen or its progenitor. More recently, Youakim et al. (2023) exploited GALAH DR3 and Gaia eDR3 with an unsupervised clustering algorithm to find 18 candidate ω Cen debris stars spread over more than 50° on the sky. Although the overlap between the GALAH and APOGEE samples is limited by the different footprints and selection functions of the two surveys, the GALAH-based candidates occupy a similar metallicity and light-element abundance regime to the ω Cen locus, and where available their orbits are retrograde and halo-like.
Beyond candidate stars of ω Cen stream, some are found to have kinematics compatible with the predicted streams of NGC 6205, NGC 6254, NGC 6273, NGC 6656, and NGC 6809. For all these clusters the detection of streams has so far been lim-itedly successful and mostly confined to the periphery of these clusters: in the case of NGC 6205 extra-tidal stars have been identified but only in the cluster surroundings (see, for example Xu et al. 2024); for NGC 6254, very recently, some tidal distortions have been found in the cluster outskirts, by analysing Euclid Early Release Observations (see Massari et al. 2025); only in the case of NGC 6656, a star with radial velocity, [Fe/H] and α-elements compatible with the cluster has been found at projected distances of about 10 degrees from it, in the RAVE data (Kunder et al. 2014). Finally the search for extra-tidal stars around NGC 6809, to date, has not led to any detection (Piatti 2021). Our work potentially opens the possibility to increase the number of tidal debris associated to these clusters significantly, also extending these discoveries to more extended distances from the clusters themselves.
Despite the robustness of our selection method, our results are not immune to caveats. We recall that we made two selections in order to search for potential candidate stars from the streams of the clusters. GMMChem allowed us to find all the stars chemically compatible with ω Cen (the Nephele candidate stars); GMMKin allowed us to find the stars that, based on their E and Lz, are located in kinematic regions where we would expect to find stars from the streams of these clusters (in accordance with Ferrone et al. (2023) models). If we compare the chemical abundances of these stars with those of the clusters to which they are associated, we can see that for some of them the abundances are not comparable to those of the clusters with which they share similar E and Lz. This is indeed the case of NGC 6656 (see Appendix B, Fig. B.5). Of course, these stars can be removed by operating an additional selection on [Fe/H], to restrict the range to that of the cluster under consideration. Applying this further selection, the number of stars in the streams of NGC 6205, NGC 6254, NGC 6273, NGC 6656, and NGC 6809, reduces, respectively, to 1, 1, 1, 6, 1. However, it is interesting to understand the nature of these interlopers, and to which population they may be related to. By definition, these stars are chemically compatible with ω Cen (first step of our selection procedure) and compatible, in terms of E and Lz, with the streams of some of the clusters of the Nephele’s family, without however sharing their chemical abundances. The simplest interpretation is that these are stars from the Nephele’s field in which these clusters were and are immersed. In fact, Fig. 3 shows that the Nephele’s candidate stars pervade the space of energies and angular momenta surrounding the clusters. Some of them can therefore be found on E and Lz similar to those of the GC streams associated with this accretion and enter the selection of candidate streams. This result highlights how delicate the search for stars associated with a stream (and/or an accretion) is, and how - even when applying various selection procedures - the possibility of contamination by other populations cannot be ruled out and must in fact be verified.
A further limitation of our analysis arises from the fact that APOGEE is not an all-sky survey, and we are therefore constrained by its restricted spatial coverage (see Fig. 5). Nonetheless, this survey remains fundamental to our study, as it enables a consistent comparison between the chemical abundances of field stars and those of GC stars observed and processed through the same reduction pipeline. However, APOGEE primarily targets specific regions of the Galaxy, particularly the innermost parts, where the identification of stellar streams is particularly challenging. In these regions, the short dynamical timescales cause unbound stars to quickly disperse, rapidly erasing their phase-space coherence.
At the same time, regions such as that occupied by Fim-bulthul fall outside the APOGEE footprint, limiting our ability to perform additional validation checks of our method.
It is also important to note that, since our selection is limited to red giant stars in the APOGEE catalogue, and stars escaping from GCs are preferentially low-mass main sequence stars (see, e.g. Baumgardt & Makino 2003; Küpper et al. 2010), our methodology could potentially identify many more escaped members if applied to more complete stellar sampling. In general, searching for stars in stellar streams will become feasible with the forthcoming wide-field spectroscopic surveys conducted with MOONS (Cirasuolo et al. 2020; Gonzalez et al. 2020), WEAVE (Jin et al. 2024), and 4MOST (de Jong et al. 2012).
6 Conclusions
In this study, we employed a chemical and dynamical tagging approaches to trace field stars that may be remnants of the Nephele accretion event—an hypothesised merger that brought ω Cen and a family of chemically similar GCs into the Milky Way. Using data from the APOGEE DR17 catalogue, we selected 470 stars chemically compatible with ω Cen in a 8D abundance space, and among them, 58 are aluminium-rich, consistent with second-generation stars found in GCs. Out of these 470 stars, 181 have a probability larger than 0.99 to belong to the Nephele accretion. Our main results can be summarised as follows.
The vast majority of the stars that we find to be chemically compatible with ω Cen distributes over a large range of the E-Lz space, from prograde to retrograde orbits, suggesting that the accretion event which brought ω Cen into the Milky Way must have been relatively massive (~1:10 ratio at the time of the accretion), and/or that a significant redistribution in the E-Lz space of stars from this accretion event has further occurred. Similar conclusions have been recently reached also by Anguiano et al. (2025). The discovery that stars chemically compatible with ω Cen are distributed across such a vast region of the E-Lz space accessible with APOGEE data, together with the identification in Pagnini et al. (2025) of at least 6 GCs chemically compatible with ω Cen, shows that the accretion of ω Cen and Nephele constitutes a major, and perhaps hitherto insufficiently studied, event in the evolution of our Galaxy.
By combining this chemical tagging approach with predictions from the e-TidalGCs project, we also uncovered 6 stars that are both chemically and kinematically consistent with the predicted tidal stream of ω Cen, none of which belong to the previously discovered Fimbulthul stream, and additional stars associated with the tidal streams of NGC 6205, NGC 6254, NGC 6273, NGC 6656, and NGC 6809.
These results suggest that through this method we can trace tidal debris from GCs, extending stream detections beyond their immediate surroundings. We have seen for ω Cen and NGC 6656, that some identified candidates might be cluster members misclassified as field stars due to uncertainties in cluster membership probabilities, serving as a robustness check for our method.
We explored the relationship between Nephele and Gaia Sausage-Enceladus (GSE), showing that, by adopting for this latter the definition given by Horta et al. (2023), for [FeZH]≲ -1.6 GSE is dominated by stars of the Nephele accretion. The chemical overlap observed at these metallicities indicates a nontrivial entanglement of their respective debris, and points to the need for a more refined, multi-dimensional definition of accretion structures such as GSE.
This work represents a step forward in chemically and kinematically identifying the disrupted remnants of a massive progenitor system, enriching our understanding of Galactic archaeology and the build-up of the Milky Way halo.

Data availability
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Appendix A  Other elements
Figure A.1 shows the distribution of the field stars chemically compatible with ω Cen in [X/Fe] versus [Fe/H] planes where the different X elements are the others provided by APOGEE DR17 but not used in the GMMChem, namely: N, O, Na, S, Ti, V, Cr, Ni, and Ce. Although these abundances have been excluded (see discussion in Sect 3 in Pagnini et al. 2025), it is nevertheless interesting to see at least qualitatively how they compare with ω Cen (also shown). Overall, although these elements are not used in the GMMChem, in all these spaces the match between Nephele field stars and ω Cen is retrieved. The most important differences occur when examining the [N/Fe] vs [Fe/H] space: here most field stars are under-abundant compared to the bulk of ω Cen stars, having [N/Fe] ≲ + 0.5. In addition, the distribution in [O/Fe] vs [Fe/H] of Nephele stars turns out to be more clustered at high values of [O/Fe] (≳ +0.2), in contrast to that of ω Cen. Another element that seems to behave somewhat differently is Ce: for [Fe/H] ≲ -1.2 in fact, at a given metallicity Nephele stars turn out to be under abundant in [Ce/Fe] compared to ω Cen stars.
	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 [X/Fe] versus [Fe/H] planes of the field stars chemically compatible with ω Cen (magenta stars). Here, the different X elements are the others provided by APOGEE DR17 but NOT used in the GMM, namely: N, O, Na, S, Ti, V, Cr, Ni, and Ce. For comparison, the APOGEE sample of field stars and the distribution of stars belonging to ω Cen are also shown as respectively contours and black circles.




Appendix B  Comparison of chemical abundances: Nephele’s GCs versus their compatible stars
For each Nephele’s cluster, Figures B.1, B.2, B.3, B.4, B.5, and B.6 show the comparison of its chemical abundances with the ones of field stars that have been found as chemically compatible with ω Cen and kinematically compatible with the cluster itself. This comparison highlights the fact that, especially for some clusters such as NGC 6656 and NGC 6809, it is possible that, among the stars selected as possible members of the corresponding stellar stream, the contamination of field stars may not be negligible, and could in fact originate from stars in the main body of the progenitor galaxy Nephele, whose chemical properties are compatible with those of ω Cen. These stars are referred as "interloper" in Table B.1. In this stricter selection we retain four Al-rich stream stars in total (one for ω Cen and three for NGC 6656), so that Al-rich stars represent 4/16 = 25% of the sample, i.e. a fraction still comparable to or slightly higher than the 17% found in the full Nephele candidate sample. This confirms that Al-rich stars remain well represented among the GC-stream candidates even under the more conservative cuts.
Table B.1 
APOGEE identifiers of stream stars retrieved by our GMMKin, together with their associated parent cluster, and an Al-rich flag indicating membership in the Al-rich population, according Eq. 1.

	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Chemical abundance relations for members of ω Cen (coloured squares) and field stars that are chemically and kinematically compatible with it according to the GMMKin (coloured circles). For comparison, all APOGEE field stars (grey points) are also shown.



	[image: Thumbnail: Fig. B.2 Refer to the following caption and surrounding text.]	Fig. B.2 Chemical abundance relations for members of NGC 6205 (coloured squares) and Nephele candidates that kinematically compatible with NGC 6205 according to the GMMKin (coloured circles). Among these, stars outside the [Fe/H] range of the cluster under consideration are shown as empty circles. For comparison, all APOGEE field stars (grey points) are also shown.



	[image: Thumbnail: Fig. B.3 Refer to the following caption and surrounding text.]	Fig. B.3 Same as Fig. B.2 but for NGC 6254.



	[image: Thumbnail: Fig. B.4 Refer to the following caption and surrounding text.]	Fig. B.4 Same as Fig. B.2 but for NGC 6273.



	[image: Thumbnail: Fig. B.5 Refer to the following caption and surrounding text.]	Fig. B.5 Same as Fig. B.2 but for NGC 6656.



	[image: Thumbnail: Fig. B.6 Refer to the following caption and surrounding text.]	Fig. B.6 Same as Fig. B.2 but for NGC 6809.




Appendix C  Nephele and Gaia Sausage-Enceladus in chemical spaces
In Fig. C.1 we compare the [X/Fe]-[Fe/H] trends of our Nephele candidates with those of our GSE sample (see Sect. 5.1). The two systems do not occupy identical regions of abundance space. Within our APOGEE selection, Nephele stars are somewhat more biased towards lower metallicities and, at fixed [Fe/H], they tend to show slightly higher [Mg/Fe] and [Si/Fe], as well as generally more scattered [Al/Fe] and [K/Fe], than GSE. In this qualitative sense, these ratios most clearly highlight subtle differences between the two samples in APOGEE. However, Fig. C.1 also shows substantial overlap: no single [X/Fe] ratio provides a clean one-dimensional separation, especially around -1.8 ≲ [Fe/H] ≲ -1.5.
	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 APOGEE abundance trends for Nephele candidates (magenta) and the GSE sample defined in this work (blue, see Sect.5.1). Each panel shows [X/Fe] versus [Fe/H] for a different element.






1 As an estimate of the size, we made use the half-mass radius of the cluster.


2 This may seem like a mere semantic difference, but the possibilities described above (i.e. stars in the Nephele field, stars in the ω Cen stream, or in the streams of one of the six clusters that Pagnini et al. (2025) have associated with Nephele) can be associated with physical processes acting on different timescales: the stars in the Nephele field may have been lost even at very early times, when the interaction between Nephele and the MilkyWay began, while those associated with the ω Cen stream or one of the other clusters, and which are still dynamically coherent with them, may have been lost from the clusters themselves at more recent times.


3 https://www.sdss4.org/dr17/data_access/value-added-catalogs/?vac_id=the-astronn-catalog-of-abundances,-distances,-and-ages-for-apogee-dr17-stars


4 In particular we make use of the Gaussian Mixture class available in sklearn, as part of the clustering methods of the scikit-learn python package, see https://scikit-learn.org/stable/ modules/generated/sklearn.mixture.GaussianMixture.html#sklearn.mixture.GaussianMixture


5 https://etidal-project.obspm.fr


6 This model is consistent with several key observational constraints, including the stellar density in the solar neighbourhood, the scale lengths and heights of the thin and thick discs, the Galactic rotation curve from Reid et al. (2014), and the vertical gravitational force as a function of Galactocentric distance (see Pouliasis et al. 2017). However, being axisymmetric by construction, the model does not fully capture the non-axisymmetric mass distribution observed in the innermost few kiloparsecs of the Galaxy.


7 We recall that energies are computed from the simulations' outputs using the McMillan (2017) Galactic potential — the same used for the data — to ensure consistency. Within the e-TidalGCs framework we have also repeated the GMMKin selection using the alternative axisymmetric Galactic potential from Pouliasis et al. (2017) (referred to as PI in Ferrone et al. 2023). The total number of stream candidates remains 20, and the number of stars associated with each GC changes by at most one, so our GC-stream associations in the E-Lz plane are robust within the family of e-TidalGCs models. In addition, Ferrone et al. (2023, their Sect. 3.3.3 and Figs. 10-12) compare the e-TidalGCs-predicted streams with several observed stellar streams using the galstreams library (Mateu 2023) and find good agreement over the range covered by current data, supporting the use of these simulations as our kinematic prior. Our stream identifications should nevertheless be regarded as conditional on the adopted orbital models and can be revisited as alternative suites of dynamical simulations become available.


8 For the Local Group dwarf galaxies in the Eadie et al. (2022) sample at M* ~ 107-108 M⊙, the majority have NGC ≈ 10.
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Table 1 
APOGEE ID of candidate Nephele stars and their probability of compatibility P.
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Table B.1 
APOGEE identifiers of stream stars retrieved by our GMMKin, together with their associated parent cluster, and an Al-rich flag indicating membership in the Al-rich population, according Eq. 1.
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	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Left panel: probability distribution of all stars in our sample which do not have a null probability of being chemically compatible with ω Cen, according to the GMMChem model. Middle panel: [Fe/H] distribution of all stars with a probability P > 0 (grey), P ≥ 0.7 (magenta), and P ≥ 0.99 (yellow) to be chemically compatible with ω Cen (black). Right panel: distribution in the [Mg∕Fe]-[Fe∕H] plane of ω Centauri stars (black points), and of stars chemically compatible to it, coloured-coded by the probability of their compatibility P. Outliers, defined as stars with a probability density below the 10th percentile threshold, are shown as empty black circles for ω Cen and as contours for field stars. Stars 0 < P < 0.7 mostly distribute in the region occupied by α-enhanced thick disc stars; these are interpreted as contaminants from the disc.
In the text



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Chemical abundance relations for ω Cen members and APOGEE DR17 field stars. Filled black and coloured symbols represent respectively the ω Cen reference sample and the subset of field stars identified as chemically compatible with it by GMMChem. Outliers, defined as stars with a probability density below the 10th percentile threshold, are shown as empty black circles for ω Cen and as contours for field stars. The dashed line in the central panel indicates the division for our definition of Al-rich stars (see Eq. (1)).
In the text



	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Distribution of Nephele candidates (magenta) and golden sample (golden) in kinematic spaces: orbital energy (E) versus the z component of the angular momentum (Lz). Al-rich sub-samples (see definition in Eq. (1)) are shown as star symbols. For comparison, the distribution of all APOGEE stars is shown as grey points.
In the text



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Distribution of simulated Nephele’s GCs and observed field stars in the E-Lz space. All Nephele candidates and the Al-rich subsample (respectively as magenta points and magenta star symbols) are compared to simulated Nephele’s GCs (colour-coded maps). Stars that result also kinematically compatible with Nephele’s GCs according the GMMKin are identified as colour-coded symbols with their number reported in parentheses. For comparison, in both panels, the distribution of all APOGEE stars is shown as grey points.
In the text



	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Nephele’s distribution in the sky. Nephele candidate stars (magenta symbols), its golden sample (golden symbols), ω Centauri and its family of GCs as identified in Pagnini et al. (2025) (colour-coded circles), and their likely stream stars (colour-coded symbols) are shown together with all APOGEE stars (grey points).
In the text



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Metallicity distribution functions (MDFs) of Nephele and Gaia Sausage-Enceladus (GSE). Top panel: the MDFs of GSE as selected in Horta et al. (2023) (in grey), the same definition of GSE plus our cuts in chemical abundances (see Sect. 5, in dark grey), Nephele’s candidates (in magenta), and Nephele’s candidates that fall within the GSE selection (in black). Bottom panel: contribution of Nephele among stars of GSE for each [Fe/H] bin.
In the text



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Comparison with stars in Anguiano et al. (2025) (A25). Top row, left panel: number of stars in the A25 sample that, according to our analysis, have a null (P = 0), not null (0 < P < 0.7) or high (P ≥ 0.7) probability of being chemically compatible with ω Cen. Top row, middle panel: distribution of probabilities P (magenta) of the stars of A25’s sample which, according to our analysis, have a not null probability of being chemically compatible with ω Cen, compared to the analogue distribution of probabilities PA25 (cyan) provided by A25. It can be noted that part of the stars which have a high PA25 turns out to have a low P, according to our GMMChem model. Top row, right panel: distribution in the E-Lz plane of Nephele candidate members (P ≥ 0.7, magenta), compared to that of stars in A25 (cyan) which have also a high P, according to our analysis, of belonging to Nephele. Middle row, left panel: normalised [Fe/H] distribution of A25's stars which are classified as Nephele candidate members (P ≥ 0.7) also by our GMMChem model (cyan). For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Middle row, middle panel: same for A25's stars which have a moderate probability (0 < P < 0.7) of being chemically compatible with ω Cen, according to our GMMChem model. For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Middle row, right panel: same for A25's stars which have a null probability P of being chemically compatible with ω Cen, according to our GMMChem model. For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Bottom row, left panel: distribution in the [Mg/Fe] vs [Fe/H] plane of stars in the A25's sample. Blue points indicate A25's stars which have not been analysed in our work, cyan points indicate A25's stars for which a probability P has been assigned by our GMMChem model. Cyan crosses indicate A25's stars which have a P = 0, according to our GMMChem model. The corresponding distribution of ω Cen stars in this plane is also shown (light grey points). Bottom row, middle panel: same for [Al/Fe] vs [Fe/H]. Bottom row, right panel: same for [Al/Fe] vs [Mg/Fe].
In the text



	[image: Thumbnail: Fig. A.1 Refer to the following caption and surrounding text.]	Fig. A.1 [X/Fe] versus [Fe/H] planes of the field stars chemically compatible with ω Cen (magenta stars). Here, the different X elements are the others provided by APOGEE DR17 but NOT used in the GMM, namely: N, O, Na, S, Ti, V, Cr, Ni, and Ce. For comparison, the APOGEE sample of field stars and the distribution of stars belonging to ω Cen are also shown as respectively contours and black circles.
In the text



	[image: Thumbnail: Fig. B.1 Refer to the following caption and surrounding text.]	Fig. B.1 Chemical abundance relations for members of ω Cen (coloured squares) and field stars that are chemically and kinematically compatible with it according to the GMMKin (coloured circles). For comparison, all APOGEE field stars (grey points) are also shown.
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	[image: Thumbnail: Fig. B.2 Refer to the following caption and surrounding text.]	Fig. B.2 Chemical abundance relations for members of NGC 6205 (coloured squares) and Nephele candidates that kinematically compatible with NGC 6205 according to the GMMKin (coloured circles). Among these, stars outside the [Fe/H] range of the cluster under consideration are shown as empty circles. For comparison, all APOGEE field stars (grey points) are also shown.
In the text



	[image: Thumbnail: Fig. B.3 Refer to the following caption and surrounding text.]	Fig. B.3 Same as Fig. B.2 but for NGC 6254.
In the text



	[image: Thumbnail: Fig. B.4 Refer to the following caption and surrounding text.]	Fig. B.4 Same as Fig. B.2 but for NGC 6273.
In the text



	[image: Thumbnail: Fig. B.5 Refer to the following caption and surrounding text.]	Fig. B.5 Same as Fig. B.2 but for NGC 6656.
In the text



	[image: Thumbnail: Fig. B.6 Refer to the following caption and surrounding text.]	Fig. B.6 Same as Fig. B.2 but for NGC 6809.
In the text



	[image: Thumbnail: Fig. C.1 Refer to the following caption and surrounding text.]	Fig. C.1 APOGEE abundance trends for Nephele candidates (magenta) and the GSE sample defined in this work (blue, see Sect.5.1). Each panel shows [X/Fe] versus [Fe/H] for a different element.
In the text





    
      Fig. 1 

      
        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Left panel: probability distribution of all stars in our sample which do not have a null probability of being chemically compatible with ω Cen, according to the GMMChem model. Middle panel: [Fe/H] distribution of all stars with a probability P > 0 (grey), P ≥ 0.7 (magenta), and P ≥ 0.99 (yellow) to be chemically compatible with ω Cen (black). Right panel: distribution in the [Mg∕Fe]-[Fe∕H] plane of ω Centauri stars (black points), and of stars chemically compatible to it, coloured-coded by the probability of their compatibility P. Outliers, defined as stars with a probability density below the 10th percentile threshold, are shown as empty black circles for ω Cen and as contours for field stars. Stars 0 < P < 0.7 mostly distribute in the region occupied by α-enhanced thick disc stars; these are interpreted as contaminants from the disc.

      

    

  
    
      Table 1 

      APOGEE ID of candidate Nephele stars and their probability of compatibility P.

      
        


	APOGEE ID
	P
	Al-rich
	Nephele candidate





	2M00081703-5132067
	0.26
	N
	N



	2M00093859-5202193
	0.62
	N
	N



	2M00103225-2109408
	0.94
	Y
	Y



	2M00115922+0111203
	0.21
	N
	N



	2M00134023+8432153
	0.70
	N
	Y



	2M00255788+0241423
	0.39
	N
	N



	2M00361137+0111448
	0.30
	N
	N



	2M00402516+4954415
	0.39
	N
	N



	2M00421277-6729561
	0.32
	N
	N



	2M00451197+1420100
	0.43
	N
	N





      

      
Notes. Only stars with a Nephele compatibility probability P ≥ 0.7 (Sect. 3.1) are considered as Nephele candidates. The column Nephele candidate flags these stars, and the column Al-rich indicates which stars belong to the Al-rich population, according to the abundance criterion defined by Eq. (1). (This table is available in full online, with Nephele and Al-rich given as boolean flags matching the Y/N entries.).




    

  
    
      Fig. 2 

      
        [image: Fig. 2 Refer to the following caption and surrounding text.]
      

      
        Chemical abundance relations for ω Cen members and APOGEE DR17 field stars. Filled black and coloured symbols represent respectively the ω Cen reference sample and the subset of field stars identified as chemically compatible with it by GMMChem. Outliers, defined as stars with a probability density below the 10th percentile threshold, are shown as empty black circles for ω Cen and as contours for field stars. The dashed line in the central panel indicates the division for our definition of Al-rich stars (see Eq. (1)).

      

    

  
    
      Fig. 3 

      
        [image: Fig. 3 Refer to the following caption and surrounding text.]
      

      
        Distribution of Nephele candidates (magenta) and golden sample (golden) in kinematic spaces: orbital energy (E) versus the z component of the angular momentum (Lz). Al-rich sub-samples (see definition in Eq. (1)) are shown as star symbols. For comparison, the distribution of all APOGEE stars is shown as grey points.

      

    

  
    
      Fig. 4 

      
        [image: Fig. 4 Refer to the following caption and surrounding text.]
      

      
        Distribution of simulated Nephele’s GCs and observed field stars in the E-Lz space. All Nephele candidates and the Al-rich subsample (respectively as magenta points and magenta star symbols) are compared to simulated Nephele’s GCs (colour-coded maps). Stars that result also kinematically compatible with Nephele’s GCs according the GMMKin are identified as colour-coded symbols with their number reported in parentheses. For comparison, in both panels, the distribution of all APOGEE stars is shown as grey points.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        Nephele’s distribution in the sky. Nephele candidate stars (magenta symbols), its golden sample (golden symbols), ω Centauri and its family of GCs as identified in Pagnini et al. (2025) (colour-coded circles), and their likely stream stars (colour-coded symbols) are shown together with all APOGEE stars (grey points).

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        Metallicity distribution functions (MDFs) of Nephele and Gaia Sausage-Enceladus (GSE). Top panel: the MDFs of GSE as selected in Horta et al. (2023) (in grey), the same definition of GSE plus our cuts in chemical abundances (see Sect. 5, in dark grey), Nephele’s candidates (in magenta), and Nephele’s candidates that fall within the GSE selection (in black). Bottom panel: contribution of Nephele among stars of GSE for each [Fe/H] bin.

      

    

  
    
      Fig. 7 

      
        [image: Fig. 7 Refer to the following caption and surrounding text.]
      

      
        Comparison with stars in Anguiano et al. (2025) (A25). Top row, left panel: number of stars in the A25 sample that, according to our analysis, have a null (P = 0), not null (0 < P < 0.7) or high (P ≥ 0.7) probability of being chemically compatible with ω Cen. Top row, middle panel: distribution of probabilities P (magenta) of the stars of A25’s sample which, according to our analysis, have a not null probability of being chemically compatible with ω Cen, compared to the analogue distribution of probabilities PA25 (cyan) provided by A25. It can be noted that part of the stars which have a high PA25 turns out to have a low P, according to our GMMChem model. Top row, right panel: distribution in the E-Lz plane of Nephele candidate members (P ≥ 0.7, magenta), compared to that of stars in A25 (cyan) which have also a high P, according to our analysis, of belonging to Nephele. Middle row, left panel: normalised [Fe/H] distribution of A25's stars which are classified as Nephele candidate members (P ≥ 0.7) also by our GMMChem model (cyan). For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Middle row, middle panel: same for A25's stars which have a moderate probability (0 < P < 0.7) of being chemically compatible with ω Cen, according to our GMMChem model. For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Middle row, right panel: same for A25's stars which have a null probability P of being chemically compatible with ω Cen, according to our GMMChem model. For comparison, the normalised [Fe/H] distribution of ω Cen stars is also shown. Bottom row, left panel: distribution in the [Mg/Fe] vs [Fe/H] plane of stars in the A25's sample. Blue points indicate A25's stars which have not been analysed in our work, cyan points indicate A25's stars for which a probability P has been assigned by our GMMChem model. Cyan crosses indicate A25's stars which have a P = 0, according to our GMMChem model. The corresponding distribution of ω Cen stars in this plane is also shown (light grey points). Bottom row, middle panel: same for [Al/Fe] vs [Fe/H]. Bottom row, right panel: same for [Al/Fe] vs [Mg/Fe].

      

    

  
    
      Fig. A.1 

      
        [image: Fig. A.1 Refer to the following caption and surrounding text.]
      

      
        [X/Fe] versus [Fe/H] planes of the field stars chemically compatible with ω Cen (magenta stars). Here, the different X elements are the others provided by APOGEE DR17 but NOT used in the GMM, namely: N, O, Na, S, Ti, V, Cr, Ni, and Ce. For comparison, the APOGEE sample of field stars and the distribution of stars belonging to ω Cen are also shown as respectively contours and black circles.

      

    

  
    
      Table B.1 

      APOGEE identifiers of stream stars retrieved by our GMMKin, together with their associated parent cluster, and an Al-rich flag indicating membership in the Al-rich population, according Eq. 1.

      
        


	GCNAME
	APOGEE ID
	Al-rich
	comments





	NGC 5139
	2M10332941-8541290
	
	-



	NGC 5139
	2M13275828-4810111
	
	GC member: RV_Prob = 0.98



	NGC 5139
	2M14555718+2143047
	
	-



	NGC 5139
	2M16102042+2600410
	
	-



	NGC 5139
	2M16141203+1944342
	✓
	-



	NGC 5139
	2M22030484-4736227
	
	-



	




	NGC 6205
	2M14515461+4628484
	
	-



	




	NGC 6254
	2M15574647-2334261
	
	-



	




	NGC 6273
	2M17305742-2319057
	
	-



	NGC 6656
	2M05180778-5930455
	
	-



	NGC 6656
	2M11462612-1419069
	
	interloper



	NGC 6656
	2M11592083+2156402
	
	-



	NGC 6656
	2M15264680+2908444
	
	interloper



	NGC 6656
	2M17015278+2152062
	✓
	interloper



	NGC 6656
	2M18360558-2416056
	✓
	GC member: RV_Prob = 0.98



	NGC 6656
	2M18362044-2420197
	✓
	GC member: RV_Prob = 0.98



	NGC 6656
	2M18373436-2340254
	
	GC member: RV_Prob = 0.98



	NGC 6656
	2M18374802-2400334
	✓
	GC member: RV_Prob = 0.97



	




	NGC 6809
	2M15132332+0148026
	
	interloper



	NGC 6809
	2M21383576-3057135
	
	-





      

      
Notes. Additional details, i.e. if the star is an interloper and not a robust stream candidate (see Sect. 5.3 for an explanation and discussion on this point) or if the star is considered as a cluster member according to the RV-based membership (see Schiavon et al. 2024), are described in the third column.




    

  
    
      Fig. B.1 

      
        [image: Fig. B.1 Refer to the following caption and surrounding text.]
      

      
        Chemical abundance relations for members of ω Cen (coloured squares) and field stars that are chemically and kinematically compatible with it according to the GMMKin (coloured circles). For comparison, all APOGEE field stars (grey points) are also shown.

      

    

  
    
      Fig. B.2 

      
        [image: Fig. B.2 Refer to the following caption and surrounding text.]
      

      
        Chemical abundance relations for members of NGC 6205 (coloured squares) and Nephele candidates that kinematically compatible with NGC 6205 according to the GMMKin (coloured circles). Among these, stars outside the [Fe/H] range of the cluster under consideration are shown as empty circles. For comparison, all APOGEE field stars (grey points) are also shown.

      

    

  
    
      Fig. B.3 

      
        [image: Fig. B.3 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. B.2 but for NGC 6254.

      

    

  
    
      Fig. B.4 

      
        [image: Fig. B.4 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. B.2 but for NGC 6273.

      

    

  
    
      Fig. B.5 

      
        [image: Fig. B.5 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. B.2 but for NGC 6656.

      

    

  
    
      Fig. B.6 

      
        [image: Fig. B.6 Refer to the following caption and surrounding text.]
      

      
        Same as Fig. B.2 but for NGC 6809.

      

    

  
    
      Fig. C.1 

      
        [image: Fig. C.1 Refer to the following caption and surrounding text.]
      

      
        APOGEE abundance trends for Nephele candidates (magenta) and the GSE sample defined in this work (blue, see Sect.5.1). Each panel shows [X/Fe] versus [Fe/H] for a different element.
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