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Abstract

Context. The peculiar Galactic globular cluster ω Centauri (NGC 5139) has drawn attention for its unique features, such as an unusually high stellar mass compared to other Galactic globular clusters and a broad distribution of chemical elements. These features have led to the hypothesis that ω Centauri might be the nuclear remnant of an ancient dwarf galaxy accreted by the Milky Way, potentially bringing along its own globular cluster system.

Aims. In this work, we adopt an innovative approach by examining the individual chemical abundances of Galactic globular clusters to identify shared patterns with ω Centauri.

Methods. Applying Gaussian mixture models to globular cluster stars, whose membership is based on the analysis of the Gaia EDR3 release, and whose chemical abundances have been obtained from APOGEE DR17, we depart from traditional kinematic-based procedures and search for globular clusters that are chemically compatible with ω Centauri in an eight-dimensional space defined by [Fe/H], α-elements such as [Mg/Fe], [Si/Fe], and [Ca/Fe], light+odd-Z elements such as [C/Fe], [Al/Fe], and [K/Fe], and an iron-peak element as [Mn/Fe]. With this approach, clusters that are chemically compatible with ω Centauri are clusters whose chemical patterns are contained in the abundance domain defined by ω Centauri stars.

Results. Our analysis leads to the identification of six globular clusters – NGC 6752, NGC 6656, NGC 6809, NGC 6273, NGC 6205, and NGC 6254 – that exhibit strong chemical similarities with ω Centauri, and that have metallicities that coincide with those of the two known peaks (primary and secondary) of ω Centauri’s metallicity distribution. They all exhibit non-null intrinsic [Fe/H] dispersions, ranging between 0.07 and 0.12 dex, unless the ASPCAP uncertainties had been severely underestimated, and three of them have statistically significant skewed [Fe/H] distributions. Furthermore, the chemical patterns of these clusters lead to the exclusion that they were formed in progenitor galaxies with chemical enrichment histories similar to those of the Large and Small Magellanic Clouds, Sagittarius, and Fornax. Once placed in kinematic spaces such as the energy – angular momentum plane, these clusters result scatter across an extended region, which is predicted by N-body simulations if their common progenitor was sufficiently massive compared to the Milky Way.

Conclusions. Our novel approach suggests a common origin for NGC 6752, NGC 6656, NGC 6809, NGC 6273, NGC 6205, NGC 6254, and ω Centauri, indicating that Nephele, as we propose to call the progenitor in which all these clusters formed, played a substantial role in the Galaxy’s history. The finding that a set of globular clusters can be associated with ω Centauri reinforces the hypothesis that this system is the remnant of a galaxy, and not simply an unusual globular cluster. This study also shows that the spectroscopic data at our disposal have reached the quality needed to compare chemical patterns of stellar systems, to reveal their common origins or exclude their association with specific progenitor galaxies.
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1 Introduction
The Galactic globular cluster (GC) ω Centauri (NGC 5139) has been known to be peculiar in many aspects for several decades. Its total stellar mass, estimated to be 3.5 ± 0.03 × 106 M⊙ (Baumgardt & Hilker 2018), is ten times greater than the mean stellar mass of all known Galactic GCs. Since the early work of Sistero & Fourcade (1970), it has been known that this cluster has a flattened shape, which is accompanied by a significant amount of rotation (Meylan & Mayor 1986; Merritt et al. 1997; Norris et al. 1997; Pancino et al. 2007; Bianchini et al. 2013; Kamann et al. 2018; Sanna et al. 2020) and also a counter-rotating core (Pechetti et al. 2024). It contains stars with an extended [Fe/H] distribution (Norris & Da Costa 1995; Suntzeff & Kraft 1996; Smith et al. 2000; Sollima et al. 2005; Villanova et al. 2007; Calamida et al. 2009; Johnson & Pilachowski 2010; Pancino et al. 2011; Marino et al. 2011; Nitschai et al. 2023) with values ranging from about −2.2 to −0.4 dex (Mészáros et al. 2021). Not only [Fe/H], but all chemical abundance elements studied so far indicate that ω Cen had a complex formation (among others, see Norris & Da Costa 1995; Hilker et al. 2004; Johnson & Pilachowski 2010; D’Orazi et al. 2011), which is possibly also reflected in its stars having an extended age range (Villanova et al. 2007, 2014). Because of these peculiar properties, it was already suggested more than 20 years ago (Lee et al. 1999; Majewski et al. 2000; Carraro & Lia 2000; Bekki & Freeman 2003; Tsuchiya et al. 2003, 2004) that ω Cen could be the remnant of an ancient dwarf galaxy accreted by the Milky Way (MW) during the first billion years after its formation. In this scenario, the current cluster would be the stellar nucleus of the dwarf, whose stellar envelope would have been stripped during the accretion process, due to the tidal effects exerted by the Galactic potential. The stellar nucleus, much more compact and dense, would have survived the accretion, and continued orbiting the MW since then. Bekki & Freeman (2003) showed that this scenario may explain some of the properties of ω Cen (namely, its current mass and its orbital characteristics) if the host galaxy had an initial stellar mass of about 108 M⊙, the nucleus an initial mass of about 6 × 106 M⊙, and a total-to-baryonic mass ratio of 10. Since then, the remnant galaxy and its nucleus would have continued to lose stars (and dark matter) and keep sinking in the inner Galaxy, due to the combined effect of the tidal forces and dynamical friction exerted by the MW. If such a merger occurred in the first few billion years of the formation of our Galaxy, the estimated mass of the ω Cen progenitor is sufficiently large (at least a factor of 1/100 with respect to the mass of the MW, depending on the time of the accretion, see Snaith et al. 2014) to consider it a significant accretion event in the early evolution of our Galaxy.
Given the numbers above, such an accretion event would have contributed to increasing the stellar mass budget of the Galaxy by an amount similar to that of the stellar halo (in this respect, it is interesting to recall the recent discovery of the Fimbulthul stream, which is unequivocally showing that ω Cen is still losing part of its stars in the field, see Ibata et al. 2019), as this dwarf galaxy should have also brought its own GC system to the MW. Galaxies in the local Universe with stellar masses of the order of 108 M⊙ can contain up to dozen clusters (Eadie et al. 2022); simulations-based estimates (Kruijssen et al. 2020) of the number of GCs accreted by the MW over time also reinforce that a dozen clusters is a realistic number for a dwarf whose stellar mass was about a hundredth of that of the MW at the time of the accretion. This leads to the questions of where the GCs that the c Cen progenitor brought with it are, how they are redistributed in the Galaxy, how many there are, and, first of all, how they can be distinguished among all the GCs populating our Galaxy today.
One may be tempted to retrieve the population of GCs lost by the ω Cen progenitor galaxy by simply looking for the population of GCs that today share similar kinematic properties to those of this cluster. Following this approach, for example, Myeong et al. (2019) suggest that ω Cen may be associated with the Sequoia accretion event, while Massari et al. (2019) are more in favour of an association with the Gaia Sausage Enceladus galaxy, of which ω Cen would have been the nuclear star cluster (NSC). In both cases, the similarity of the cluster’s orbital properties with Sequoia (or Gaia Sausage Enceladus) is a decisive argument. An association of ω Cen with Sequoia would mean that this cluster shares a common origin with NGC 5466, IC 4499, NGC 7006, Pal 13, and FSR 1758 (these are indeed the clusters for which the association with Sequoia appears robust, according to Massari et al. 2019), while an association with Gaia Sausage Enceladus implies that ω Cen would be associated instead with the GCs NGC 288, NGC 362, NGC 1261, NGC 1851, NGC 1904, NGC 2298, NGC 2808, NGC 4147, NGC 4833, NGC 5286, NGC 5897, NGC 6205, NGC 6229, NGC 6235, NGC 6284, NGC 6341, IC 1257, Djorg 1, Terzan 10, ESO-SC06, NGC 6779, NGC 6864, NGC 7089, NGC 7099, and NGC 7492 (still follow-ing Massari et al. 2019, for the list of clusters robustly associated with Gaia Sausage Enceladus). These two classifications are thus in conflict, unless Sequoia and Gaia Sausage Enceladus are not part of the same progenitor galaxy (Koppelman et al. 2020; Amarante et al. 2022).
In these recent years, however, a number of studies have shown that the association of a group of GCs, as well as of field stars, with a common progenitor on the basis of orbital criteria (namely, their kinematic coherence – the approach followed in the above-cited papers) is not straightforward at all, and even worse, it is not completely physically motivated, unless very specific assumptions are made about the accretion history of our Galaxy (see Jean-Baptiste et al. 2017; Khoperskov et al. 2023b,a). The simulations by Bekki & Freeman (2003) also show that the progenitor galaxy of c Cen possibly left an extended trail of stars distributed over a wide range of orbital parameters (see Fig. 5 in their article). In Pagnini et al. (2023), we made use of N-body simulations to show that kinematic spaces are not a reliable tool for distinguishing GCs that originate from a single accreted galaxy from the rest of the GC population. In fact, clusters that have different orbital features today may originate from the same progenitor galaxy, just as clusters with similar kinematic properties may actually have a different origin (see Pagnini et al. 2023).
For all these reasons, in this work we have chosen to investigate the population of GCs associated with the progenitor of ω Cen by searching for all Galactic GCs that have chemical abundances compatible with those of ω Cen, in a sort of ‘chemical tagging’ approach (Freeman & Bland-Hawthorn 2002), whereby we look for common chemical patterns between Galactic GCs and ω Cen, based on individual star abundances. Indeed, unlike the orbital characteristics of GCs, which are generally not conserved during an accretion, their chemical properties are linked to those of the interstellar medium (hereafter ISM) in which these clusters were formed. We have therefore taken a new approach compared to those proposed so far in the literature, and taken advantage of the wealth of new spectroscopic homogeneous data available for tens of Galactic GCs, to search for their common characteristics in abundance spaces. For this, we searched for all GCs in the recently published catalogue of Schiavon et al. (2024), based on APOGEE DR17 data (Abdurro’uf et al. 2022), that are chemically compatible with ω Cen; that is, whose distribution in chemical abundance spaces is contained within that of ω Cen. Indeed, if ω Cen were the nucleus of a dwarf galaxy, its chemical abundance patterns should be representative (at least of part) of the chemical abundance patterns of its progenitor (as we shall show to be the case for the M54-Sagittarius dwarf system in Appendix C, available on Zenodo), which in turn reflect those of the ISM in which the progenitor stellar populations formed, at a given time. In other words, the chemical abundances of GCs, as well as of field stars, formed in the ω Cen progenitor should be representative of the chemical enrichment history of the progenitor galaxy itself; that is, they should trace specific epochs of this evolution. We can use the NSC of this progenitor galaxy – that is, ω Cen itself – as representative of at least part of the progenitor chemical evolution, based on the chemical similarities that exist, as we shall show, between the Sagittarius dwarf galaxy and M54, its NSC.
Our analysis allows us to identify six GCs – namely, NGC 6752, NGC 6656, NGC 6809, NGC 6273, NGC 6205, and NGC 6254 – that have chemical patterns found also in ω Cen, and that also show some common characteristics in their metal-licity distribution function (MDF) – all results that we interpret as evidence of their common origin. NGC 5024, NGC 6544, FSR 1758, and NGC 1904 may also be part of this same group, but - as we shall see – the analysis of these clusters is based on statistics that are too weak to allow us to derive any firm conclusions. According to the analysis presented in this paper, Nephele1, as we propose to call the progenitor of ω Centauri, in which all these clusters formed, has potentially brought at least six clusters to the MW, proving to be a significant accretion in the history of our Galaxy.
The paper is organised as follows. We describe in Sect. 2 the observational dataset used for this study, and in Sect. 3 the method used to analyse it. In Sect. 4, we present the obtained results. Finally, after a discussion in Sect. 5, in Sect. 6, we derive our conclusions.
2 Observational data
For this study, we have made use of data from the APOGEE Value Added Catalogue (VAC) of Galactic GC stars (see Schiavon et al. 2024). The catalogue comprises a total of 7737 entries for 6422 unique stars associated with 72 Galactic GCs and contains full APOGEE DR17 information (Abdurro’uf et al. 2022) including radial velocities and abundances for up to 20 elements2. As in Horta et al. (2023), among these stars, only those satisfying the following criteria have been used for this study:

	a signal-to-noise ratio of SNREV > 70;


	temperatures in the range of 3500 K < Teff < 5500 K and surface gravities of log g < 3.6;


	APOGEE STARFLAG and APOGEE STARBAD = 0;


	stars that have, according to Vasiliev & Baumgardt (2021), a high probability of being members of the cluster (VB_PROB > 0.9).




With these selections, the number of GC stars reduces from 6422 (before selection) to 3223 (after selection), corresponding to 57 Galactic GCs.
3 Methods
To assess whether a given GC is compatible, in the chemical abundance space, with c Cen, we made use of a Gaussian mixture model (GMM) approach. We considered a high-precision eight-dimensional abundance space defined by [Fe/H], the α elements [Mg/Fe], [Si/Fe], and [Ca/Fe], the light+odd-Z elements [C/Fe], [Al/Fe], and [K/Fe], and the iron-peak element [Mn/Fe]3, and we kept only the stars in the Schiavon et al. (2024) catalogue for which all the abundance flags of these elements are equal to zero. In this way, we covered several nucleosynthetic channels. The different a-elements have slightly different origins and Mg is the best determined APOGEE-element. Al and Mg are anti-correlated in GCs at low metallicities (Pancino et al. 2017), and carbon, although its abundance changes due to internal processes within red giant stars, could be further evidence in favour of a common origin. With this choice, the number of stars used for the GMM analysis described below reduces to 2077, associated with 54 different GCs. For all the elements listed above, the median uncertainty is smaller than 0.07. We note that the choice to use eight elements for the GMM analysis is a compromise between two different needs. On the one hand, the higher the number of abundances used, the higher the probability of identifying clusters that are chemically similar to c Cen (two clusters may have similar abundances of some elements, but not in others, so using enough abundances allows us to better discriminate clusters from each other; for a discussion on this point, see Sect. 4.3). On the other hand, the higher the number of elements used, the lower the number of stars per cluster (the flags imposed on the quality of each chemical abundance imply that the number of stars meeting the quality criteria on all abundances decreases as the number of elements used increases). We therefore chose to use eight elements as a compromise, but still tested the algorithm with up to 12 elements (namely, [Fe/H], [C/Fe], [N/Fe], [O/Fe], [Al/Fe], [Mg/Fe], [Si/Fe], [Ca/Fe], [K/Fe], [Mn/Fe], and [Ni/Fe]) and found that the results presented in the following of this paper were consistent. In particular, as we shall show in Appendix D (available on Zenodo), the chemical compatibility between c Cen and the clusters found using this approach extends also to chemical elements not used for the GMM analysis, [Na/Fe] and [Ce/Fe], for which the corresponding uncertainties are large (≃0.17 and ≃0.07), but which are available in the Schiavon et al. (2024) catalogue.
The distribution of ω Cen in the eight-dimensional abundance space defined by [Fe/H], [Mg/Fe], [Si/Fe], [Ca/Fe], [C/Fe], [Al/Fe], [K/Fe], and [Mn/Fe] was then fitted by using an increasing number of Gaussian components and the optimal number of components for our dataset was then determined by minimising the Bayesian information criterion (BIC). With this procedure, we found that the number of components that best reproduces the eight-dimensional distribution of ω Cen is five (see Fig. 1 for their distribution in the [Mg/Fe]-[Fe/H] plane, where outliers of this distribution are also reported, these latter being stars with a probability density below a threshold defined in Sect. 4). As we checked, the number of Gaussian components tends to decrease with the number of chemical elements used in the GMM and we advise the reader against giving a physical meaning to this specific number. Depending on the chemical abundances under study, as well as on the cluster algorithm used, this number may also vary. For example, Johnson & Pilachowski (2010) found that the MDF of ω Cen could be fitted by four components. Mészáros et al. (2021), on the other hand, considered a three-dimensional chemical space (including the [Fe/H], [Al/Fe], and [Mg/Fe] abundances), and found seven groups. The difference in the retrieved number of components may also be due to the different algorithm used to perform the clustering analysis. In particular, the k-means algorithm used in Mészáros et al. (2021) relies on centroid-based clustering, which performs particularly well in identifying clusters in a set of data points with a spherical-like structure, while it may perform less well in representing more complex patterns, such as those describing chemical abundances.
For each of the 54 GCs included in this study, we then estimated the fraction of stars that have a high probability of belonging to the GMM model obtained for ω Cen; that is, the fraction of stars whose distribution in the eight-dimensional abundance space falls within that of ω Cen. To estimate the uncertainties on the derived fractions, we repeated this procedure a hundred times, each time bootstrapping the data of both ω Cen and each GC: for each bootstrap realisation, we also took into account the individual uncertainties of the chemical abundances in the Schiavon et al. (2024) catalogue using a Monte-Carlo sampling. As an estimator of the compatibility of each GC in the sample with ω Cen, we used the fraction of compatible stars – that is, the fraction of stars that fall within the distribution of ω Cen in the eight-dimensional chemical spaces according to the GMM – out of the total number of stars in the GC. Compatible stars are defined as those whose log-likelihood exceeds or is equal to a threshold, which we established as the fifth percentile of the log-likelihood distribution of the training dataset; namely, ω Cen. In contrast, outliers are stars with a probability density below the established threshold. The sample of ω Cen stars with a log-likelihood above the fifth percentile threshold is referred to as the ‘reference sample’.
	[image: thumbnail]	Fig. 1 [Mg/Fe] vs. [Fe/H] distribution of stars belonging to ω Cen, colour-coded according to the different components retrieved when minimising the BIC criterion in the GMM. Filled symbols represent the reference sample of stars of ω Cen (i.e. stars with a probability density above a threshold defined in Sect. 4), while empty symbols are the outliers (i.e. stars below this threshold).



4 Results
For each cluster, the fraction of stars that are chemically compatible with ω Cen (in the eight-dimensional space defined in the previous section) out of the total is shown in Table 1 with the corresponding uncertainty obtained by averaging over the fractions derived from the 100 GMM repetitions and computing the standard deviation. The total number of stars in each GC after the selections made (see Sect. 2) is also listed, together with the median and mode of its [Fe/H] distribution. In this table, clusters are ranked according to the fraction of compatible stars, from clusters with the highest level of compatibility to clusters with the lowest. We have proven that this ranking is robust even when changing the threshold or the number of elements considered in the GMM. Apart from the two first GCs reported in Table 1 (Ter 10 and NGC 2298), for which the large fraction of stars overlapping with ω Cen is based on the analysis of only one and two stars, respectively, a result that we do not consider meaningful given the low statistics on which it is based, the third most compatible GC in the analysis is ω Cen itself. This result appears trivial, and indeed it is, but we checked this compatibility firstly to test that the whole procedure is correct and secondly to establish the compatibility fraction of two distributions (the training ω Cen eight-dimensional dataset and the ‘GC = ω Cen’ eight-dimensional dataset) drawn from the same initial set of stars through the bootstrap process described in the previous section. With a threshold for outliers detection fixed at the fifth percentile of the log-likelihood distribution of the ω Cen GMM model, we see that the fraction of the reference sample of stars in ω Cen, averaged over 100 bootstraps, is 89%. This compatibility fraction essentially sets the upper limit that we can expect to find for all other clusters, compared to ω Cen.
Table 1 
Fraction of stars chemically compatible with ω Cen.

	[image: thumbnail]	Fig. 2 Chemical abundance relations for members of NGC 6656 (colour) and ωCen (grey). The filled symbols show the reference sample of ω Cen (grey) and the stars of NGC 6656 (magenta) chemically compatible with it according to the GMM (see Sect. 4), while the empty ones (grey and orange colours) correspond to their outliers. The number of stars in each category is reported in parentheses.



4.1 [X/Fe] versus [Fe/H] planes for globular clusters chemically compatible with ω Cen
Apart from ω Cen itself, the GMM finds four GCs (with a total number of stars greater than 15) that have a fraction of stars compatible with ω Cen that is greater than 70%; namely, NGC 6752, NGC 6809 (M 55), NGC 6273 (M 19), and NGC 6656 (M 22). Three additional clusters – namely, NGC 6254 (M 10), NGC 5024, and NGC 6205 (M 13) – have a fraction of stars chemically compatible with ω Cen between 60 and 70%; however, the limited number of stars (5) available for NGC 5024 prevents us from drawing strong conclusions about this cluster. In Figs. 2 and 3 (and Figures in Appendix A, available on Zenodo), we report the distributions in [X/Fe] versus [Fe/H] spaces for all these clusters (except for NGC 5024 for the reason given above), and for all [X/Fe] abundances used to build the ω Cen GMM model. We emphasise that while these figures report two-dimensional projections of abundance spaces, the GMM model has been built by making use of the whole eight-dimensional abundance space, and not by estimating the chemical compatibility for each of these projections separately. In all panels of these figures, the corresponding distribution of ω Cen stars is also reported for comparison. For all clusters in these figures, compatible stars and outliers are shown with different colours or symbols, to visually show the result of the GMM classification.
Examination of Figs. 2 and 3 (together with the figures in Appendix A on Zenodo) reveals some interesting characteristics that lead us to classify the clusters chemically compatible with ω Cen into two groups:

	the first group, consisting of NGC 6656, NGC 6809, and NGC 6273: stars of these GCs are distributed in the abundance spaces in the same regions where the density of ω Cen is highest; that is, these clusters share the chemical properties of most of the stars today in ω Cen. Because, as we shall discuss in Sect. 4.2, the MDF of all these GCs peaks at [Fe/H]≃ −1.7 (see upper row of Fig. 4), in the rest of this paper we shall refer to these GCs as ‘metal-poor clusters’.


	the second group, consisting of NGC 6752, NGC 6205, and NGC 6254: stars of these GCs are distributed in the abundance spaces in regions where ω Cen stars are still present (otherwise, these GCs would not appear as chemically compatible with ω Cen), but in smaller proportions. Their MDF peaks at [Fe/H]≃ −1.5 (see middle row of Fig. 4) and for this reason in the following we refer to these GCs as ‘metal-rich clusters’. As we shall discuss in Sect. 4.2, the peak of the MDF of these clusters coincides with one of the secondary peaks of ω Cen MDF, which is often referred to in the literature as one of the ‘metal-intermediate’ components of ω Cen (RGB-Int1 or MI1 or M-int1, see for example Sollima et al. 2005; Calamida et al. 2020; Alvarez Garay et al. 2024). This group of GCs is in no way associated with the metal-rich population of ω Cen, which is mostly at [Fe/H]≳ −1 (see, for example, Alvarez Garay et al. 2024).




Before proceeding with a more detailed description of the characteristics of these clusters in the abundance spaces used, we would like to point out that not all GCs in the metallicity range of ω Cen are chemically compatible with it. For example, NGC 5272, Ter 9, and NGC 3201 have a very low degree of compatibility with ω Centauri (respectively, 11±7,10±15, and 8±8%, see Table 1), despite the modes and medians of their [Fe/H] distributions being in the range of ω Cen stars – more specifically, in between the first (−1.83 dex) and ninth (−1.31 dex) deciles of the ω Cen MDF. A comparison of the distributions in the [X/Fe] - [Fe/H] spaces of these clusters and ω Cen is given in Sect 4.3.
	[image: thumbnail]	Fig. 3 Same as Fig. 2 but for NGC 6752.



4.1.1 Metal-poor clusters
Stars of the metal-poor GCs NGC 6656 and NGC 6273 are distributed along a very extended and ‘thick’4 branch in the [Al/Fe]-[Fe/H] plane, and their distributions in the [Mg/Fe], [Si/Fe], [Ca/Fe], [C/Fe], and [K/Fe] versus [Fe/H] planes are visually quite broad. NGC 6809 shows very similar characteristics to the two above-cited clusters, except for the distribution in the [Al/Fe]-[Fe/H] plane, which still is very extended, however not as thick as those of NGC 6656 and NGC 6273. All these metal-poor GCs appear to have a very extended distribution in the [C/Fe] versus [Fe/H] plane, with a significant fraction of their stars at sub-solar [C/Fe] values, as is expected for red giants during their evolution (see Iben 1967). In NGC 6809, in particular, only a star has a super-solar [C/Fe]. Both the ‘thinness’ of the distribution in the [Al/Fe]-[Fe/H] plane and the absence of [C/Fe]-rich stars in this cluster may be due to the lower number of stars available for the analysis in this GC (18 – this number rises respectively to 40 and 68, for NGC 6273 and NGC 6656, see Table 1).
ω Cen shows a select number of stars (1.3% of the total) at [Ca/Fe] ≲ –0.2 dex for [Fe/H] values similar to those of the metal-poor GCs. Interestingly, a couple of stars with such low values of [Ca/Fe] are found also in NGC 6656 and NGC 6273, in a proportion similar to that of the [Ca/Fe] deficient population of ω Cen. We note that these stars are classified as outliers by the GMM analysis (empty orange asterisks in Figs. 2 and A.2), since, given the threshold chosen to define the outliers population, stars in ω Cen with similar low values of [Ca/Fe] also end up being outliers (empty grey circles in Figs. 2 and A.2). Among the other α-elements used for the GMM analysis, it is worth commenting on the [Mg/Fe] trends with [Fe/H] for these metal-poor GCs. None of these clusters shows a correlation between the two abundances, except for NGC 6809, which seems to show a decrease in the [Mg/Fe] ratio with increasing [Fe/H] (see top left panel in Fig. A.1). It is worth noting that ω Cen has a fraction of 15% of stars with sub-solar [Mg/Fe] ratios. Except for NGC 6273, for which about 10% of stars has [Mg/Fe] < 0, neither NGC 6656 nor NGC 6809 contains stars with such low values of [Mg/Fe]. Finally, all the metal-poor GCs show the same, nearly flat trend in the [Si/Fe] versus [Fe/H] plane as is observed in ω Cen.
	[image: thumbnail]	Fig. 4 [Fe/H] distribution of the Galactic globular clusters NGC 6656, NGC 6809, NGC 6273 (the metal-poor clusters, first row), NGC 6752, NGC 6205, and NGC 6254 (the metal-rich clusters, second row), which – according to our analysis – are chemically compatible with ω Cen. For each cluster, the values of the mean, median, mode, dispersion, and skewness of the distribution, and their relative uncertainties, are also reported. The horizontal black and grey error bars at the bottom of each plot show the median and mean uncertainties in [Fe/H], respectively, derived from the Schiavon et al. (2024) catalogue. In each plot, the value reported in parenthesis gives the number of stars used to trace the histogram. For comparison, in each plot, the [Fe/H] distribution of ω Cen (NGC 5139) is also reported (black step-like histogram). The latter has been normalised in such a way that the maximum value coincides with the maximum of the [Fe/H] distribution of the cluster to which it is compared (hence the normalisation varies from plot to plot). The absolute [Fe/H] distribution of ω Cen (i.e. without the normalisation of the peak value) is reported in the last row, with the corresponding mean, median, mode, dispersion, and skewness of its distribution.



4.1.2 Metal-rich clusters
NGC 6752, NGC 6205, and NGC 6254, the metal-rich clusters, show a number of abundance versus [Fe/H] trends similar to those found for the metal-poor GCs (see for example the extended distribution in the [Al/Fe]-[Fe/H] plane, which ranges from sub-solar [Al/Fe] ratios to [Al/Fe] ~ 1 in all three clusters), despite all these GCs being more metal-rich than the previous ones. However, they also show some peculiar features that are worth mentioning:

	a decreasing trend of [Mg/Fe] with increasing [Fe/H], which is particularly prominent in NGC 6752, for which we esti- mate5 a Spearman correlation coefficient of -0.42, and a p value of 2 × 10–6. In this cluster, an anti-correlation is found also for the [Si/Fe] versus [Fe/H] relation (a Spearman coefficient equal to -0.34 and a p value equal to 4 × 10–4). For NGC 6205 and NGC 6254, milder [Mg/Fe]-[Fe/H] and [Si/Fe]-[Fe/H] anti-correlations are present6. For these two GCs, in fact, two trends seem to co-exist: a rising [Mg/Fe] (and [Si/Fe])-[Fe/H] relation (at [Fe/H] ≲ –1.55) and a decreasing one (at [Fe/H] ≳ –1.55). That is, the trends in [Si/Fe] versus [Fe/H] (but also of [Mg/Fe] versus [Fe/H]) for these clusters are more complex than a simple monotonic description. Besides the strength of the anticorrelations, however, in these clusters the most metal-poor stars7 have median [Mg/Fe] and [Si/Fe] abundance ratios usually between 0.1 and 0.2 dex greater than those of the most metal-rich stars8 (see first and second panels, top rows, of Figs. 3, A.3 and A.4).


	both NGC 6752 and NGC 6254 show an extremely [K/Fe]- poor population ([K/Fe] ≲ –0.3 dex) that constitutes less than 10% of the total, and that is also present, at similar [Fe/H] values, in ω Cen.



It is worth mentioning that while we have based the GMM analysis on eight elemental abundances, as is discussed in Sect. 3, the Schiavon et al. (2024) catalogue includes several additional abundance ratios whose analysis allows one to test and indeed strengthen the results presented here. This supplementary discussion is presented in Appendix D (available on Zenodo), both for metal-poor and metal-rich GCs.
Finally, it is also important at this point to clarify an element of nomenclature. In this section, we have sometimes referred to distributions that appear ‘broad’ in certain [X/Fe] ratios. Obviously, these distributions are not necessarily inherently broad. This depends on the associated ASPCAP uncertainties. We refer the interested reader to Appendix E for an in-depth analysis on [X/Fe] distributions and their intrinsic dispersions, while we discuss the [Fe/H] distributions of the metal-poor and metal-rich clusters below, because – as we shall see – they show interesting similarities between each other and with ω Centauri itself.
4.2 [Fe/H] distributions of globular clusters chemically compatible with ω Cen: Their rise and fall
In this section, we analyse the distribution in [Fe/H] of stars in metal-poor and metal-rich clusters, for which we found a strong chemical compatibility with ω Centauri. Before proceeding with the presentation of this analysis, and the associated discussion, it is necessary to clarify one point. The approach used to establish (or not) a chemical compatibility between the clusters of the Schiavon et al. (2024) catalogue and ω Cen is based on an analysis of the multi-dimensional chemical domain of ω Cen. Once this domain is defined (via the GMM), we define as compatible those clusters for which a high fraction of their stars falls within the ω Cen chemical domain. At no point in this procedure does a density criterion in chemical spaces come into account. That is, it is sufficient for the eight-dimensional pattern of a cluster to be contained in the domain of ω Cen for this cluster to be compatible with it, regardless of the density of this pattern with respect to that of ω Cen itself. At no stage in this procedure, therefore, is it required, for example, that two distributions in chemical abundances – that of a chemically compatible cluster, and that of ω Cen - be similar. Yet, as we shall see below, interesting similarities do exist.
Figure 4 shows the [Fe/H] distributions of the six GCs that are chemically compatible with ω Cen, according to our analysis. For each of these clusters, we report also the mean, median, mode, dispersion, and skewness of the distributions, with their corresponding uncertainties, estimated by bootstrapping all stars of each cluster 100 times, and also taking into account in the bootstrap a Monte-Carlo sampling of the [Fe/H] uncertainties. To draw these distributions, we have included only stars in these six clusters that satisfy the conditions described in Sect. 2 and that have the APOGEE FE_H_FLAG=0. In each panel of Fig. 4, we also report the corresponding [Fe/H] distribution of ω Cen stars, re-scaled in such a way that its normalised maximum value coincides with the maximum value of the [Fe/H] distribution of the corresponding GC.
There are several characteristics common to many, sometimes all, of these clusters:

	all of them show total [Fe/H] dispersions, σ[Fe/H],tot, comprising between 0.07 and 0.13 dex. Given the median of [Fe/H] uncertainties for these clusters, ϵ[Fe/H], this implies intrinsic [Fe/H] dispersions9, σ[Fe/H],int, ranging between 0.07 and 0.12 dex. For the intrinsic [Fe/H] dispersions to be statistically insignificant, this would require median ASP- CAP uncertainties in [Fe/H] of the order of [image: equation] (for median uncertainties, ϵ[Fe/H], of this order, one would in fact get - by quadrature - comparable values of σ[Fe/H],int). That is, ASPCAP uncertainties should have been underestimated by a factor, A, between 4 and 5 for the intrinsic dispersions in [Fe/H] to be insignificant (see Table 2 for all these values).


	Three out of six GCs – namely, NGC 6809, NGC 6752, and NGC 6205 – present negatively skewed [Fe/H] distributions, at least at the >1σ level. The cases of NGC 6752 and NGC 6809 are particularly remarkable, since the skewness of their [Fe/H] distribution is respectively equal to –1.92 ± 0.45 and –0.86 ± 0.27; that is, the absolute value of the skewness is large and, respectively, nearly five and four times the corresponding uncertainty. A skewness test, performed by making use of the scipy skewtest function10, confirms that for these three clusters there is a low probability that their [Fe/H] distributions have been drawn from normal distributions (the z scores and p values for these GCs are, respectively: –2.86 and 0.004, –6.66 and less than 0.0001, –2.44 and 0.014)11. Two clusters, NGC 6656 and NGC 6254, have marginally skewed MDFs, at a level of ~1σ12, while NGC 6273 is the only GC with a skewness compatible with 0, given the corresponding uncertainty.


	the significant negative skewness of the [Fe/H] distribution of the above-cited GCs reflects a characteristic shape, with an initial rise in the number of stars at a given [Fe/H] for increasing values of [Fe/H], followed by a sharp truncation at the highest [Fe/H] values. This behaviour is found for all metal-rich GCs and for one of the metal-poor GCs; namely, NGC 6809.



About metal-poor GCs, it is very interesting to note that:

	all of them have an MDF peak coinciding with the peak of the ω Cen MDF;


	the rising part of their MDF is comparable to the rising part of the (normalised) MDF of ω Cen (compare the dark green and black step-like histogram in the top row panels of Fig. 4).


These two findings indicate that the rate of iron formation in these GCs and in ω Cen was the same until these GCs and ω Cen itself reached a maximum (corresponding to the peak of their MDF), after which a more or less rapid decrease in iron production follows.
Among metal-rich GCs, it is interesting to note that:

	their MDFs peak at the same [Fe/H] value, given the uncertainties;


	their most metal-poor stars have metallicities similar to those at the peak of the ω Cen MDF (at about [Fe/H] ≃ –1.73).



By assuming the metallicity as a measure of time, these two findings could suggest that these clusters started forming when the star formation and metal production in ω Cen was at its maximum and that in all of them, the star formation ceased at the same time. Additional investigation will be needed to confirm or reject this scenario (see also Sect. 5 for a discussion of the ages of these clusters).
With regard to the population of metal-rich GCs, it is interesting to further investigate the comparison with the MDF of ω Cen stars. Several works indeed report that, in addition to the primary peak at [Fe/H] ∼ –1.7 dex, the MDF of ω Cen has a series of secondary peaks, one of which at [Fe/H] ∼ –1.5 dex (see, for example Johnson & Pilachowski 2010; Alvarez Garay et al. 2024). This secondary peak is not clearly visible in the APOGEE data, possibly due to the spatial coverage of the ω Cen stars observed by APOGEE, with a deficiency of stars in the central regions of the cluster (see Figs. 10 and 11 in Alvarez Garay et al. 2024). In Fig. 5, we compare the MDF of ω Cen, derived from the data of Johnson & Pilachowski (2010), with that of the group of metal-rich clusters that we have identified as chemically compatible with it. The comparison is striking: these three GCs all have MDFs that peak where the secondary maximum of the ω Cen MDF is located.
The two groups of clusters found therefore have peaks that coincide with either the primary peak of metallicity of ω Cen or with its secondary peak. This result is not a consequence of the method we used to quantify the chemical compatibility between the clusters in question and ω Cen (see introduction to this section). It is rather proof that the similarity between these clusters and ω Cen is not coincidental. Indeed, for a cluster to be chemically compatible with ω Cen it is sufficient that it falls within its chemical domain, but its mean (or median or mode) metal- licity could be any value contained between ω Cen’s minimum and maximum metallicity. That is, there is no reason for the metallicities of compatible clusters to clump into two distinct groups, which in addition overlap with the two main metallicity peaks of ω Cen itself. These similarities in the MDFs of these clusters is thus a posteriori additional confirmation of the relevance of our findings, and allow us to strongly anchor NGC 6752, NGC 6205, and NGC 6254 to ω Cen and its progenitor galaxy.
	[image: thumbnail]	Fig. 5 [Fe/H] distribution of the metal-rich GCs that are chemically compatible with ω Cen; namely NGC 6752, NGC 6205, and NGC 6254. For comparison, in each plot, the [Fe/H] distribution of ω Cen (NGC 5139) reported in Johnson & Pilachowski (2010) is also shown (black step-like histogram). The latter has been normalised in such a way that the secondary peak value coincides with the maximum of the [Fe/H] distribution of the cluster to which it is compared.



Table 2 
Total and intrinsic [Fe/H] dispersions for the metal-poor and the metal-rich GCs chemically compatible with ω Centauri.

	[image: thumbnail]	Fig. 6 Chemical abundance relations for members of NGC 5272 (colour) and ω Cen (grey). The filled symbols show the reference sample of ω Cen (grey) and the stars of NGC 5272 (magenta) chemically compatible with it according to the GMM (see Sect. 4), while the empty ones (grey and orange colours) correspond to their outliers. The number of stars in each category is reported in parentheses. NGC 5272 is an example of a GC in the metallicity interval of ω Cen, which has a very low chemical compatibility with it (see also Appendix B, available on Zenodo).



4.3 Whether all stellar systems in the range of ω Cen metallicities have similar chemical patterns
Previous results have allowed us to show the existence of a group of GCs with the same chemical patterns found within the ω Centauri cluster. We looked into whether such a result is obvious; in other words, whether this similarity is simply due to the fact that, at the metallicities of ω Cen, all clusters have similar chemical compositions.
Among the clusters listed in Table 1, clusters like NGC 5272, Ter 9, and NGC 3201 have a very low fraction of stars compatible with ω Cen, despite being in its metallicity range. Abundance ratios for these clusters, as a function of [Fe/H], are shown in Fig. 6 (and in Appendix B, available on Zenodo). In these figures, similar to what is shown in Figs. 2 and 3, for each cluster both stars that the GMM classifies as compatible with ω Centauri (magenta symbols) and the outliers (orange symbols) are shown. As can be seen, for all these clusters, some chemical patterns (e.g. [Mg/Fe] vs. [Fe/H], [K/Fe] vs. [Fe/H]) overlap with those of ω Cen, while others (e.g [Si/Fe] vs. [Fe/H], or [Ca/Fe] vs. [Fe/H], or [C/Fe] vs. [Fe/H]) do not. Thus, when a sufficient number of chemical abundances are used, differences between clusters emerge, even for clusters that have similar metallicities. This shows that the chemical compatibility found between NGC 6656, NGC 6273, NGC 6809, NGC 6254, NGC 6205, and NGC 6752 and ω Cen is not merely the result of the fact that at these metal- licities all GCs should resemble each other. NGC 5272, Ter 9, and NGC 3201 are indeed proof that differences in the chemistry of stellar systems can be found even at these metallicities. The chemical compatibility of NGC 6656, NGC 6273, NGC 6809, NGC 6254, NGC 6205, and NGC 6752 and ω Cen, combined with the common characteristics of their MDFs discussed above, is rather proof that these clusters share the same formation environment, which is different from that of other Galactic GCs with similar metallicities.
Not only are there GCs in the metallicity range of ω Cen that are not chemically compatible with it. By comparing the chemical patterns of the most massive MW satellites – namely, the Large Magellanic Cloud (LMC), Small Magellanic Cloud (SMC), Sagittarius (Sgr), and Fornax (Fnx) – for which data are available in APOGEE DR17, we can quantify their degree of compatibility with ω Cen, applying the same procedure used for the GCs. For these galaxies, we used the APOGEE data presented in Hasselquist et al. (2021). In particular, their Table 2 provides the identifiers of stars belonging to these galaxies, which we cross-identified with the APOGEE DR17 catalogue to obtain their chemical abundances. From the retrieved sample, for the LMC, SMC, and Sag, we then selected only stars with:

	a signal-to-noise ratio of SNREV > 70;


	temperatures in the range of 3500 K < Teff < 5500 K and surface gravities of log g < 3.6;


	APOGEE STARFLAG and APOGEE STARBAD = 0.




For Fornax, we applied less strict selection criteria than those used above, and made use of all Fornax stars in Hasselquist et al. (2021), in order to keep stars at [Fe/H] < –1. As for NGC 5139 (ω Cen), we used the Schiavon et al. (2024) catalogue, applying the same selections discussed in Sect 2.
By making use of the same eight-dimensional space of chemical abundances used for the analysis of GCs, in Table 3 we report the fraction of stars in these galaxies that are chemically compatible with ω Cen, for different cuts in metallicity. Even for the most restrictive cuts, where we limit the analysis only to stars with [Fe/H] lower than –1.5, we see that the fraction of stars of these galaxies compatible with ω Cen chemistry is 32%, at the most (see Appendix F, available on Zenodo, for the corresponding plots). That is, none of the aforementioned dwarf galaxies is chemically compatible with ω Cen, in its range of metallicities. This result has two implications:

	the progenitor galaxy of ω Cen must have had a different chemical evolution from that which LMC, SMC, Sagittarius, and Fornax had, at the same metallicities;


	the chemical non-compatibility of ω Cen with LMC, SMC, Sagittarius, and Fornax also implies the chemical incompatibility of NGC 6656, NGC 6273, NGC 6809, NGC 6254, NGC 6205, and NGC 6752 with them. We can therefore exclude that these GCs formed in galaxies that had similar chemical evolution to the most massive satellites of the MW, at the same metallicities.




Table 3 
Fraction of stars in the most massive satellites of the MW (LMC, SMC, Sagittarius, and Fornax) chemically compatible with ω Cen.

4.4 Orbital properties of globular clusters chemically compatible with ω Cen
Once clusters chemically compatible with ω Cen have been identified on the basis of their abundances only, it is interesting to go back to kinematic spaces and investigate their orbital properties. To estimate the orbital parameters, we made use of the publicly available code galpy (Bovy 2015), adopting the McMillan (2017) Galactic potential. The positions and proper motions of all Galactic GCs and field stars studied in this section are taken from Gaia EDR3 data, whilst the radial velocities are taken from APOGEE DR17. The distances are the ones generated by Leung & Bovy (2019b) for the APOGEE DR17 catalogue, using the astroNN python package (see Leung & Bovy 2019a). These distances were determined using a retrained astroNN neural-network software, which predicts stellar luminosity from spectra using a training set comprising stars with both APOGEE DR17 spectra and Gaia EDR3 parallax measurements. 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]km s–1 (Horta et al. 2023). We assumed the distance between the Sun and the Galactic centre to be R⊙ = 8.178kpc (GRAVITY Collaboration 2019), and the vertical height of the Sun above the midplane to be z⊙ = 0.02 kpc (Bennett & Bovy 2019).
Figure 7 shows the distribution in the E – Lz and Lperp – Lz spaces of our sample of GCs in comparison to field stars in APOGEE DR17. These are the two kinematic spaces most commonly used in the literature to derive the origin of Galactic GCs, where E is the total orbital energy, Lz is the z component of the angular momentum space in a reference frame with the Galactic disc in the xy plane, and Lperp is the projection of the total angular momentum onto the Galactic plane. The bottom panel of Fig. 7 shows the distribution of all Galactic GCs (with at least 15 stars) in the Schiavon et al. (2024) catalogue in the E – Lz plane (left panel) and in the Lperp – Lz plane, in comparison to all field stars in the APOGEE DR17 catalogue. For the GCs, the values of energies and angular momenta reported in these panels are the mean values, averaged over all stars that have a high probability of being members of each cluster (see Sect. 2). In the same panel of Fig. 7, clusters are colour-coded according to the fraction of their stars compatible with ω Cen, as is listed in Table 1. We can see that GCs with a high fraction of stars chemically compatible with ω Cen are distributed over an extended region of these kinematic planes and are mixed with GCs with a lower fraction. The upper panel of Fig. 7 focusses on the E – Lz and Lperp – Lz of GCs for which at least 60% of the stars are chemically compatible with ω Cen in comparison to the other GCs in the sample and the field stars in APOGEE DR17. As we can see, these GCs occupy a large region in the kinematic diagrams due to the uncertainties on these quantities and the cluster’s intrinsic velocity dispersion. In fact, the more massive the cluster, the greater its dispersion, as we can see from the ω Cen extension in the kinematic spaces. Despite this, we can clearly see that the GCs that are chemically compatible with ω Cen have different kinematic properties, spanning a wide range of Lz (–103kpc km/s ≲ Lz ≲ 103 kpc km/s) and E (–2.1 × 105 (km/s)2 ≲ E ≲ –1.6 × 105 (km/s)2). In particular, we emphasise the fact that ω Cen and NGC 6205 appear to have a retrograde orbit, while the other compatible clusters have both prograde orbits (NGC 6656 and NGC 6752) and orbits with Lz ~ 0 (NGC 6273, NGC 6809, and NGC 6254). In particular, it is interesting to note that the clusters most compatible with ω Cen – namely, NGC 6752 and NGC 6656 – are actually the most prograde, meaning that the kinematic criteria would suggest they are not associated with ω Cen.
Given the wide spread found in energy and angular momenta for GCs chemically compatible with ω Cen, it is questionable whether it is realistic to imagine a common origin for them. In Fig. 8, we show the simulated distribution in energy and angular momenta of a set of ten clusters, accreted, together with their progenitor galaxy, on a MW-type galaxy. This simulation is one of those presented in Pagnini et al. (2023) (identified in that paper with the ID=MWsat_n1_Φ180). In this simulation, the orbital plane of the satellite is initially inclined by 180 degrees with respect to the disc of the MW-type galaxy – meaning that the orbit is initially retrograde in the plane of the MW-type galaxy – and the mass of the satellite is one tenth of that of the MW. In Fig. 8, energies and angular momenta have been re-normalised in order to obtain a distribution comparable with that of the Galactic GCs and field stars presented in the previous figure. For this, we have multiplied positions, velocities, and masses, respectively, by factors of 1.89, 1.06, and 2.12, which implies also re-scaling the timescale by a factor of 1.79, to keep the virial ratio = 1. We emphasise that this simulation does not intend to provide the most probable scenario for the accretion of ω Cen and its related GCs in the MW, and therefore neither the mass ratio nor the orbital parameters used in this simulation should be taken literally as representative of this accretion history. Incidentally, no NSC is included in the simulated satellite. This simulation simply serves us to show that, even in the case of an initially retrograde orbit, a sufficiently massive accretion on a MW-type galaxy can lead to accreted clusters on prograde orbits similarly to what is shown in Fig. 7. An interesting point emerging from this simulation is that a number of accreted GCs are found on retrograde orbits at high energy levels (at E ≳ –1 × 105 (km/s)2). These high-energy GCs are those, in the simulations, lost by the satellite in the early phases of its accretion. This is a region not probed by the GCs data used for this work, so it is not possible for us to test whether GCs chemically compatible with ω Cen are also present at these energy values, but it would be extremely interesting to conduct such kind of analysis in the future, once sufficient spectroscopic data is available, because – if found – the location of these high-energy GCs in the E – Lz plane may help to constrain the early history of this accretion.
	[image: thumbnail]	Fig. 7 Distribution of GCs and field stars in kinematic spaces: orbital energy (E) and projection of the total angular momentum onto the Galactic plane (Lperp) vs. the z component of the angular momentum (Lz). Top panel: star-by-star distribution in the E – Lz and Lperp – Lz spaces of GCs for which at least 60% of the stars are chemically compatible with ω Cen. Other GCs in our sample are shown as blue points (mean values). Bottom panel: distribution in the E – Lz and Lperp – Lz spaces of GCs, which are colour-coded according to the fraction of stars that are chemically compatible with ω Cen (see Table 1). Only GCs with a total number of stars greater than 15 are shown. For comparison, in both panels, the distribution of all APOGEE stars is shown as grey points. Note that the sign of Lz has been inverted from the usual sign of Lz in a right-handed system to enable a better comparison with other works in the literature.



	[image: thumbnail]	Fig. 8 Distribution in E – Lz of a set of ten clusters accreted together with their progenitor galaxy on a MW-type galaxy through one of the N-body simulations presented in Pagnini et al. (2023) (identified in that paper with the ID=MWsat_nl_Φ180). Clusters are colour-coded according to their escape time from the progenitor satellite, which is defined as the time when the distance between the GC and the satellite’s centre of mass is larger than 15 kpc (see Sect. 3 in Pagnini et al. 2023 for the details). In the background, the distribution of field stars of the accreted satellite is also shown as a density map. Energies and angular momenta have been re-scaled to obtain a distribution comparable with that of the Galactic GCs and field stars presented in Fig. 7.



5 Discussion
The chemical similarity between ω Cen and some of the clusters discussed in this paper has already been studied and emphasised in the literature. The first comparison, to our knowledge, of chemical abundances in ω Cen, NGC 6656 (M 22), and NGC 6752 was presented by Norris & Freeman (1983), who, after comparing CN, Ca, and Al in these three clusters, suggested ‘common abundance enhancement mechanisms which increase in degree in going from NGC 6752, through M 22, to ω Cen’. The high levels of carbon enhancement found in ω Cen and NGC 6656, but not in NGC 6752, led the authors to point out the exceptionality of the former two GCs with respect to NGC 6752 and other, more normal, clusters.
Extensive work has been presented in more recent years on the chemical peculiarities and abundance variations in NGC 6656 (see, for example, Marino et al. 2009; McKenzie et al. 2022) and the striking similarities with ω Cen (Da Costa & Marino 2011; Marino 2015). In particular, Da Costa & Marino (2011) provided a number of elements of comparison between the two clusters, and it is worth discussing here the similarities and differences between our conclusions and interpretations and those presented in their paper.
One of the first striking similarities between ω Cen and NGC 6656 is, of course, the discovery of a significant iron spread in both of them. While the existence of an iron spread in ω Cen has been known for quite a long time now (see introduction), the discovery of a spread in Fe-content in NGC 6656 is more recent (Da Costa et al. 2009; Marino et al. 2009, but see also Pilachowski et al. 1982; Lehnert et al. 1991 for earlier evidence of Fe-variations in this cluster). Since then, this discovery has been subject to some debate (see, for example Mucciarelli et al. 2015; Bailin 2019; Mészáros et al. 2021; McKenzie et al. 2022, and, in particular, Table 1 in this latter work for a summary of the publications on this matter). Figure 1 in Da Costa & Marino (2011) shows the comparison between the [Fe/H] distribution of ω Cen and that of NGC 6656, based on which the authors emphasise a considerable degree of similarity between these two clusters. They indeed observe that both distributions rise rapidly on the metal-poor side to a well-defined peak, which, however, they find to differ by about 0.09 dex (the peak in the NGC 6656 MDF results is more metal-poor than that in ω Cen). Our analysis confirms Da Costa & Marino (2011)’s findings, and allows us to push these similarities between the two MDFs even further: indeed the two peaks result mostly superposed, with the MDF of ω Cen peaking at [Fe/H]= –1.73 ± 0.01 and that of NGC 6656 peaking at [Fe/H]= –1.69 ± 0.02. Moreover, the rate of increase on the metal-poor side of the MDF is also impressively similar, as is discussed in Sect. 4.2. The higher difference found by Da Costa & Marino (2011) in the location of the peaks compared to ours may be due to the way the [Fe/H] distribution forω Cen was derived in their work (from the [Ca/H] distribution presented in Norris et al. 1996, by assuming a constant [Ca/Fe] ratio of 0.4 dex, see details in their paper).
Concerning α elements, we confirm what already discussed by Da Costa & Marino (2011) about the lack of Mg-depleted stars in NGC 6656, which are instead present, at similar metal- licity values, in ω Cen (see Fig. 2). Some Mg-depleted stars are, however, present in another of the metal-poor clusters chemically compatible with ω Cen: NGC 6273, which is also a cluster strikingly similar to ω Cen in many aspects, as was shown in the previous sections, and which shares, with NGC 6656, the same similarities to ω Cen as for their MDFs. While NGC 6656 does not show, in the current data, any presence of Mg-depleted stars, it does show the presence of a few Ca-depleted stars, another characteristic found also in NGC 6273 as well as in ω Cen itself (see Figs. 2 and A.2). The similar abundance patterns shared by ω Cen, NGC 6656, and NGC 6273 have also been investigated by Johnson et al. (2015), who point out, among other similarities, that the shape and slope of the [La/Fe] and [La/Eu] distributions are nearly identical in all these clusters (see also Johnson et al. 2017, for further analysis).
Of the three metal-poor GCs chemically compatible with ω Cen, NGC 6809 is the only cluster for which we could not find in the literature any direct comparison of its abundances with those of ω Cen. NGC 6809 is actually considered a ‘normal’ cluster, with the usual light-element variations found in other clusters, but with no iron spread (Carretta et al. 2009; Rain et al. 2018, but see also Bailin 2019 who reported a small, but nonzero spread for this cluster). We do find an iron spread in the APOGEE data, which is significant, given the uncertainties on the [Fe/H] estimates reported in the catalogue (for further details, see discussion in Sect. 4.2). In this regard, it is interesting to note that in the work by Rain et al. (2018), based on the abundance analysis of a sample of 11 red giant branch stars in NGC 6809, a star with a difference of –0.2 dex compared to the average iron content is reported13. To explain the presence of such a star, the authors evoke the possibility that it could be a pulsating variable (but note that, as the authors themselves acknowledge, they lack the photometry necessary to probe the statement). While this possibility cannot be ruled out, it is also possible that the iron content of this star is intrinsically different from the rest of the stars analysed in their work. We do also find a star in NGC 6809 with a [Fe/H] of –0.2 dex lower than the average value for the cluster, which represents 2% of our NGC 6809 sample. As we checked, this ratio rises to 14% for stars with a difference of –0.1 dex compared to the average iron content of the cluster.
As for the metal-rich clusters chemically compatible with ω Cen, we have already reported the early work by Norris & Freeman (1983), who emphasised a common abundance enhancement mechanism increasing in strength from NGC 6752 to ω Cen. The lack of stars in NGC 6752 as Ca-enhanced as in ω Cen led the authors to consider the similarity between the two clusters with some caution. Our analysis confirms that ω Cen contains stars with [Ca/Fe] > 0.5 dex; these are rare in NGC 6752, but still one of the 83 stars in our sample shows such a high Ca content (see Fig. 3). However, it is important to emphasise that ω Cen stars with extreme Ca abundances are found for [Fe/H] ≲ –1.6 dex, so essentially at metallicities lower than those spanned by NGC 6752 stars. Coming back to Fig. 3, it is indeed striking to see that NGC 6752 stars do cover the entire [Ca/Fe] range spanned by ω Cen at similar metallicities (note in particular the presence of a Ca-depleted star with a [Ca/Fe] ratio similar to those found for the (rare) Ca-depleted population present in ω Cen, as well as the presence of the stars with [Ca/Fe] > 0.5 dex, already mentioned above). As for the iron spread, we do find one, even if smaller than the spread found for clusters such as NGC 6656 or NGC 6273. A weak iron spread for NGC 6752 was also reported by Yong et al. (2013).
The fact that different clusters have chemical patterns also observed in ω Cen should not be surprising in itself. One hypothesis for the formation of NSCs is that they are the product of the orbital decay of GCs in the central regions of their galaxy (e.g. Tremaine et al. 1975; Capuzzo-Dolcetta 1993; Antonini et al. 2012, 2015; Mastrobuono-Battisti et al. 2014; Gnedin et al. 2014; Perets & Mastrobuono-Battisti 2014; Arca-Sedda et al. 2015; Tsatsi et al. 2017; Abbate et al. 2018). Thus, finding the imprint of GCs in a NSC is in itself a result in line with one of the theoretical hypotheses for the formation of these systems. This would be, to our knowledge, the first time that such a correspondence has been highlighted in observational data and this in itself constitutes an important result of our study (see Alfaro-Cuello et al. 2019, 2020; Kacharov et al. 2022, for a similar conclusion on M54). In this scenario, clusters with chemical patterns similar to those of NGC 6656, NGC 6273, NGC 6809, NGC 6205, NGC 6254, and NGC 6752 would have decayed into the centre of the progenitor galaxy of ω Cen, forming part (at least the metalpoor part) of it. However, this hypothesis does not fully represent what we find, or rather, what we find seems to indicate a more global scenario, which this hypothesis alone cannot explain. For example, the question of why clusters ‘that decayed’ in the inner regions of the progenitor galaxy should share such chemical similarities. In this scenario, it would have been sufficient to find a few clusters chemically compatible with ω Cen, but what our data show is that not only is each of these GCs chemically compatible with ω Cen, but they all share some important chemical similarities.
Indeed, beyond the individual comparison of each cluster with ω Cen, what our analysis reveals is that all these clusters have properties in common. The similarities of the MDF of the metal-poor clusters, on the one hand, and of the metal-rich clusters, on the other, reveal that these groups of clusters have similar global properties, which point to a formation and an early evolution tightly linked to that of their environment (i.e. the progenitor galaxy itself or part of it). For example: (1) the similarities in the rising part of the MDFs of NGC 6656, NGC 6273, NGC 6809, and ω Cen itself point to a simultaneous origin of these clusters, which must have experienced a similar star formation in the early phases of their evolution; (2) the similarities in the MDF of NGC 6205, NGC 6254, and NGC 6752 suggest a formation that started, reached its maximum, and ceased at the same time in these clusters and that is moreover clearly linked to one of the populations found in ω Cen (i.e. the intermediate 1 population, see for example Sollima et al. 2005; Calamida et al. 2020; Alvarez Garay et al. 2024); (3) the correlation found in the [Mg/Fe]-[Fe/H] and in the [Si/Fe]-[Fe/H] plane for these three clusters may suggest that the ISM in which these GCs formed was being enriched by type Ia supernovae (SNe Ia), and that possibly the star formation process went on for some time, in order to produce the declining [Mg/Fe] and [Si/Fe] ratios with [Fe/H] found in these clusters14. The possibility that SNe Ia may play a role in the star formation and chemical enrichment of Galactic GCs has recently been addressed by means of three-dimensional hydrodynamical simulations by Lacchin et al. (2021). Interestingly, some of their models (those in which SNe Ia ejecta are retained by the cluster, and mix with AGB ejecta and with high-density gas accreted by the cluster during its motion in the galaxy) produce negatively skewed metallicity distributions (see Figs. 10 and 11 in their paper), as we find for NGC 6205, NGC 6254, and NGC 6752.
It is also interesting to comment on the ages of these two groups of clusters. The three metal-rich GCs and two out of three metal-poor GCs had their ages measured in Marín-Franch et al. (2009) and VandenBerg et al. (2013). In Marín-Franch et al. (2009), the three metal-rich GCs were found to belong to the ‘young’ GC group, while the two metal-poor GCs belong to the old group classification introduced by these authors, with an overall age difference of about 1 Gyr. Similarly, VandenBerg et al. (2013) found an age of 12.00, 11.75, and 12.50 Gyr for NGC 6205, NGC 6254, and NGC 6752, respectively, and 12.50 and 13.00 for NGC 6656 and NGC 6809. There is, then, a consistent indication of an age difference between the metal-poor and metal-rich groups, suggestive of a possible chemical enrichment with time from one group to the other. Whether this is compatible with a corresponding evolution in ω Cen remains to be clarified given the complexity of the relation between age and metallicity in this system.
The common chemical abundance properties of these clusters (with each other and with ω Cen) also lead us to rule out the possibility that these clusters are the NSCs of galaxies that have been accreted in the past by the MW. This is one of the most accepted hypotheses to explain the origin of clusters with high metallicity spreads, including NGC 6656 and NGC 6273 (see, for example Da Costa 2016; Pfeffer et al. 2014, 2021). While we think that among the clusters proposed by Da Costa (2016) some are indeed NSCs of dwarf galaxies – besides ω Cen and NGC 6715, NGC 2808 is another interesting case that deserves additional investigation (see Lardo et al. 2023) – we believe that NGC 6656 and NGC 6273 are not ancient NSCs of galaxies, for the following reasons:

	The chemical similarities of these clusters with each other and with ω Cen, and the similar properties of their MDFs, would imply that they were formed in galaxies with a strikingly similar chemical evolution. These elements would be difficult to explain if they were truly independent systems.


	Among the clusters whose chemical compatibility with ω Cen we have quantified, there is NGC 6715 (M54), which is believed to be the NSC of the Sagittarius dwarf galaxy. The comparison between ω Cen and the latter shows very low chemical similarity (at the 16% level, see Table 1), which for us reinforces the argument that NSCs formed in different galaxies should have different chemical properties. As a further check, we applied the GMM restricting only to the metallicity range shared by ω Cen and NGC 6715, again obtaining a low level of compatibility (15%) with [C/Fe] and [Si/Fe] contributing more to this difference between the two.


	Finally, if these clusters were all ancient NSCs from some galaxy, the basic question would remain of where the clusters associated with ω Cen and its progenitor are. According to simulations (Pfeffer et al. 2018; Pagnini et al. 2023), massive enough progenitors should deposit part of their GCs in the inner Galaxy – that is, in the interval of orbital energies explored in this study – and it is hard to envisage that the clusters that arrived in the Galaxy with ω Cen are among the least chemically compatible with it.




With this work, we have shown that a possible way to proceed in finding clusters that share the same origin (i.e. formed in the same progenitor) is to look for similarities in individual chemical abundances of stars. Individual star abundances keep traces of the different sources (SNe II, AGB stars, SNe Ia, etc.) that may have concurred in producing a stellar system with given chemical characteristics, which are only partially reflected in means, medians, or modes of the distributions in abundance planes (see Appendix G, available on Zenodo). The underlying motivation for looking for similarities in the chemical abundances of different clusters formed in the same progenitor galaxy is that their abundances should, to some extent, reflect those of the ISM in which these clusters were formed; they should share the same genetic heritage. While we do not have direct evidence of how the chemical evolution proceeded in the progenitor galaxy of ω Cen, we do know the chemical abundance patterns of ω Cen itself, which in the hypothesis that ω Cen is the NSC of its host galaxy provide a good representation of the chemical evolution of its host. In Appendix C (available on Zenodo), we indeed show that M54 (NGC 6715), the NSC of the Sagittarius dwarf galaxy, exhibits chemical patterns strikingly similar to those of the Sagittarius galaxy itself. A similar result seems to hold also for the innermost regions of the MW (i.e. the inner degree), whose chemical abundances compare remarkably well with those of the inner disc (Nandakumar et al. 2024).
Once a common chemical link is established between a NSC and its host, it is justified to use the chemical patterns of the NSC – if known – as representative of those of their host galaxy, and hence establish a link with the GC population. This is exactly what we have done in this work, reaching the conclusion that NGC 6656, NGC 6273, NGC 6809, NGC 6205, NGC 6254, and NGC 6752 were all formed in the same progenitor galaxy of which ω Cen is the remnant nucleus. We propose to name this galaxy Nephele – in Greek mythology the mother of Centaurs – to emphasise a common origin for clusters that otherwise would be difficult to associate with each other. Indeed, the most popular way currently used in the literature to associate GCs with their progenitor galaxies, and thus with episodes of accretion onto the MW, is to use their actual kinematic properties. Following such an approach, Massari et al. (2019) classify the above-mentioned GCs as follows: NGC 6205 as one of the clusters associated with the Gaia Sausage Enceladus accretion, of which ω Cen would have been the NSC, according to their analysis; NGC 6273, NGC 6809, and NGC 6254 as part of the low-energy group (later identified with Kraken by Kruijssen et al. 2020 or Koala by Forbes 2020); and NGC 6752 and NGC 6656 as disc (i.e. in situ) clusters. Callingham et al. (2022), using a multi-component chemo-dynamical model to split the GC populations, also favour the Kraken origin for NGC 6809, NGC 6273, and NGC 6254, with the addition of NGC 6752, while assigning to NGC 6656 a Gaia Sausage Enceladus origin. Making use also of ‘kinematic-based’ motivations, Myeong et al. (2019) associate ω Cen with the Sequoia galaxy, which should have brought to our Galaxy other GCs, such as FSR 1758, NGC 3201, NGC 6101, NGC 5635, and NGC 6388. Of the abovelisted GCs, we could quantify the chemical similarity with ω Cen for three of them: FSR 1758 shows a fraction of stars chemically compatible with ω Cen that is significant, even if affected by large uncertainties (56% ± 26%), while for the other two clusters, NGC 3201 and NGC 6388, our analysis shows no chemical similarity with ω Cen.
In the introduction, we recalled the limitations and lack of physical motivations behind the assumption of ‘kinematic coherence’ that clusters (and field stars) accreted onto the MW over time should have. Here, we make a step forwards by showing that the kinematic-based classification leads one to establish connections between GCs that do not share common chemical characteristics and to miss connections among GCs that show strong chemical similarities: a possible further reason, other than those already given by Jean-Baptiste et al. (2017); Pagnini et al. (2023), for going beyond this approach.
6 Conclusions
In this paper, we have made use of data from the APOGEE VAC of Galactic GC stars (see Schiavon et al. 2024), which contains full APOGEE DR17 information (Abdurro’uf et al. 2022) for a total of 6422 unique stars associated with 72 Galactic GCs. Following the prediction that ω Cen (NGC 5139) should be the NSC of a galaxy accreted by the MW in the past, our analysis aims to search for the GCs brought by the ω Cen progenitor by looking for common chemical patterns between galactic GCs, and ω Cen, based on individual star abundances. For this purpose, we made use of a GMM approach considering an eight-dimensional abundance space defined by [Fe/H], [Mg/Fe], [Si/Fe], [Ca/Fe], [C/Fe], [Al/Fe], [K/Fe], and [Mn/Fe]. After having fitted the distribution of ω Cen in this eight-dimensional abundance space, we considered the other GCs in the sample and for each of them we estimated the fraction of stars with a high probability of belonging to the GMM model obtained for ω Cen. Apart from ω Cen itself, our analysis allowed us to identify six GCs – namely, NGC 6752, NGC 6656, NGC 6809, NGC 6273, NGC 6205, and NGC 6254 – that have a fraction of stars compatible with ω Cen that is greater than 60%. We suggest that these clusters have potentially been brought into the MW by the progenitor of ω Cen, in this paper referred to as Nephele, the mother of Centaurs. NGC 5024, NGC 6544, FSR 1758, and NGC 1904 – GCs with a fraction greater than 50%, but affected by large uncertainties because of the limited number of available stars – may also be associated with Nephele, although additional work will be needed to understand whether or not they are truly chemically similar with ω Cen. We have divided the clusters that are chemically compatible with ω Cen into two classes – the metal-poor (NGC 6656, NGC 6809, and NGC 6273) one and the metalrich one (NGC 6752, NGC 6205, and NGC 6254) – as these two groups share other features in addition to the [Fe/H] range. For metal-poor clusters, these are:

	an MDF peak that coincides with the peak of the ω Cen MDF;


	a rising part of the MDF that is comparable to the rising part of the (normalised) MDF of ω Cen;


	no trend of [Mg/Fe] with [Fe/H] (except for NGC 6809, which seems to show a slight decrease in the [Mg/Fe] with increasing [Fe/H]);


	a nearly flat trend in the [Si/Fe] versus [Fe/H] plane;


	a broad distribution in [Mg/Fe], [Si/Fe], [Ca/Fe], [C/Fe], and [K/Fe] with intrinsic dispersions that appear statistically significant in [Mg/Fe], [Ca/Fe], [C/Fe], and [K/Fe], given the reported ASPCAP uncertainties. We note, however, that this result crucially depends on their underestimation (if any).




Metal-rich GCs instead show these peculiarities:

	a decreasing trend of [Mg/Fe] and [Si/Fe] with increasing [Fe/H];


	an extremely [K/Fe]-poor population (except for NGC 6205) that is also present in ω Cen at similar [Fe/H] values;


	their MDFs peak at the same [Fe/H] value, given the uncertainties, and this peak coincides with one of the secondary peaks found in ω Cen MDF (see, for example Johnson & Pilachowski 2010);


	two out of three GCs – namely, NGC 6752 and NGC 6205 – have negatively skewed MDFs;


	their most metal-poor stars have metallicities similar to those at the peak of the ω Cen MDF (at about [Fe/H] ≃ −1.73).



Finally, both metal-poor and metal-rich GCs show significant, or non-zero, [Fe/H] intrinsic dispersions, between 0.07 and 0.12 dex. For these dispersions not to be significant, the ASP- CAP uncertainties in [Fe/H] should have been underestimated by a factor between 4 and 5, at the metallicities of these clusters. These global characteristics, common to the aforementioned clusters and ω Cen, suggest that these clusters did not evolve chemically independently of each other. Their chemical evolution, on the contrary, must have been closely linked to the environment in which they originated, and thus to the chemical evolution of their galactic progenitor or part of it. In this respect, we would like to comment on the possibility that the evolutionary history of ω Cen is more complex than the one assumed in this paper. For example, Calamida et al. (2020) suggest that ω Cen may be the result of a merger of at least two stellar systems, characterised by different mean metallicities. Our results are not in contradiction with these suggestions, in the sense that, given the current chemical space occupied by ω Cen stars, we derived a sample of clusters that is chemically compatible with it. It is still possible that the two groups of GCs (metal-poor and metal-rich) that we have identified have been formed in different systems, which later merged to form the current ω Cen cluster.
Based on the above-cited similarities, we also tend to rule out the possibility that these GCs are all NSCs of former accreted dwarfs, since this would require that all these NSCs (and their dwarfs) had a very similar chemical evolution, which should be unlikely. As additional support to this conclusion, our analysis shows that M54 (NGC 6715), which is known to be the NSC of the Sagittarius galaxy, is not chemically compatible with ω Cen. Finally, on the basis of their chemical characteristics, we also exclude that ω Cen and its associated clusters formed in galaxies with a chemical enrichment history similar to that experienced, at early times (i.e. similar metallicities), by the Large and Small Magellanic clouds, Sagittarius, and Fornax.
Once placed in kinematic spaces such as the E − Lz space, these GCs turn out to be spread out over an extended region, with some having retrograde orbits and some others direct orbits. For this reason, they have been linked to different galactic progenitors by kinematic-based classifications (see for instance Massari et al. 2019; Myeong et al. 2019; Kruijssen et al. 2020; Forbes 2020; Callingham et al. 2022; Belokurov & Kravtsov 2024). This spread is actually expected since, if Nephele were massive enough compared to the MW (with a mass ratio of about 1/10, as an order of magnitude), simulations show that the energy and angular momentum of its stars and GCs should have not been conserved during its fall into the MW (Jean-Baptiste et al. 2017; Amarante et al. 2022; Pagnini et al. 2023; Khoperskov et al. 2023a,b), and indeed in one of our N -body simulations the accreted GCs have a distribution similar to that observed in the E − Lz space for ω Cen and its related GCs. The accretion of other satellite galaxies such as Gaia Sausage Enceladus onto the MW has also probably contributed to changing the kinematics of these GCs, and hence their position in the E − Lz space.
Concerning Gaia Sausage Enceladus, it is also interesting to mention that while the set of clusters commonly associated (through kinematic methods) with it does not coincide with those that we associate with Nephele, one or two of the Nephele clusters (NGC 6205 and NGC 6656) have been associated in the literature with Gaia Sausage Enceladus (Massari et al. 2019; Callingham et al. 2022, as already mentioned). For ω Cen itself, a possible affiliation with Gaia Sausage Enceladus has been suggested (Massari et al. 2019). The distribution in E − Lz space of Nephele clusters shows an overlap in kinematic spaces between these two systems. 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; Pagnini et al. 2023). It is also possible, however, that this overlap hides closer links between Nephele and Gaia Sausage Enceladus, which need further analysis.
Overall, our work opens the possibility of connecting different Galactic GCs to the same origin in terms of a progenitor galaxy, suggesting for the first time a different procedure to achieve this goal; namely, that of exploiting the chemical similarities shown by individual chemical abundances. Our results also open new possibilities (and stimulate new questions) of understanding the formation of GCs, whose chemical evolution and related star formation histories appear to be tightly linked to that of the environment in which they formed. A similar conclusion stands also for the Sagittarius dwarf and its NSC NGC 6715 (M54). Consequently, the finding that the formation of star clusters is closely related to the environment in which they formed and that star clusters keep traces of the chemical evolution of their host galaxy seem both to be results of general significance, and not exclusively valid for Nephele and its GCs.
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Appendix A  Other clusters chemically compatible with ω Cen: [X/Fe] versus [Fe/H] planes
Available on Zenodo at the following link: https://zenodo.org/records/14277327.

Appendix B  Clusters chemically incompatible with ω Cen but with same metallicity: other examples
Available on Zenodo at the following link: https://zenodo.org/records/14277327.

Appendix C  Are the chemical abundances of a nuclear cluster representative of that of the host galaxy? The case of M54 and the Sagittarius dwarf
Available on Zenodo at the following link: https://zenodo.org/records/14277327.

Appendix D  GCs chemically compatible with ω Cen: other elements
Available on Zenodo at the following link: https://zenodo.org/records/14277327.

Appendix E  On the intrinsic dispersions of abundance ratios for the Galactic GCs chemically compatible with ω Cen
In Sect. 4.2, we have seen that all the Galactic GCs for which we find chemical compatibility with ω Cen show significant intrinsic dispersions, unless the ASPCAP uncertainties on [Fe/H] had been underestimated of a factor between 4 and 5, at the metallic- ities of these clusters. In Table E.1 we report a similar analysis for all the other abundance ratios that we have used for building the GMM of ω Cen. As in Sect. 4.2, for each cluster, we estimate the total dispersion of the generic [X/Fe] abundance, σ[X/Fe],tot, the median of [X/Fe] ASPCAP uncertainties for stars in the cluster, є[X/Fe], and the corresponding σ[X/Fe],int defined as [image: equation].
In general we notice that for all these GCs, the internal dispersions range between 0.04 dex and 0.46 dex, the smallest dispersions being generally found for [Si/Fe], and the largest ones for [Al/Fe]. While the [Si/Fe] dispersions are probably not significant (it is sufficient for ASPCAP uncertainties on this abundance ratio to have been underestimated by 30% to 50%, see parameter A in Table E.1, besides [Al/Fe], which is known to show an extended range of values in Galactic GCs, other abundance ratios seem to be characterised by not null internal dispersions. This is the case of [C/Fe], which shows intrinsic dispersions between 0.2 and 0.3 dex for all these GCs, except for NGC 6254. Note that these dispersions would be not statistically significant if the ASPCAP uncertainties on [C/Fe] had been underestimated of a factor of 3 at least. [Ca/Fe] and [K/Fe] are also elements for which intrinsic dispersions are found for these GCs, unless the corresponding ASPCAP uncertainties had been underestimated by a factor between 2 and 3. Note that such underestimations would lead to a not statistically significant dispersion in [Ca/Fe] and [K/Fe] also for NGC 5139.
Table E.1 
Total and intrinsic [X/Fe] dispersions for the metal-poor, the metal-rich GCs chemically compatible with ω Centauri, and ω Cen.


Appendix F  On the chemical compatibility of ω Cen with the most massive satellites of the Milky Way
Available on Zenodo at the following link: https://zenodo.org/records/14277327.

Appendix G  Median abundances of GCs chemically compatible with ω Cen
Available on Zenodo at the following link: https://zenodo.org/records/14277327.

Appendix H  Testing the reliability of our classification
In this section we test whether the classification shown in Table 1 is robust if [Al/Fe] or [C/Fe] is excluded in the GMM. In fact [Al/Fe] is the element most affected by a possible chemical evolution within the cluster while the value of [C/Fe] depends on the evolutionary phase of the star.
Table H.1 shows, for each cluster, the fraction of stars chemically compatible with ω Cen as in Tab. 1 when considering a seven-dimensional abundance space in the GMM defined by [Fe/H], [Mg/Fe], [Si/Fe],[Ca/Fe], [C/Fe], [K/Fe], and [Mn/Fe]. As we can see, the fractions in this case are in general all much higher than the classification made when also considering [Al/Fe] having 12 clusters (with a total number of stars greater than 15) with compatibility higher than 60% instead of 6. As explained in Sec 3, this should be expected since, by decreasing the dimension of the chemical space, fewer similarity constraints are imposed between clusters so the number of spurious associations increases. Despite this, also in this case all the Nephele’s clusters result strongly chemically compatible with ω Cen, having a fraction higher than 70%. Other clusters that share such a high fraction are NGC 6544 (with 15 stars in total), NGC 6218, NGC 288, NGC 6121, and NGC 7089 (with 15 stars in total). We refrain from associating them with Nephele since their similarity is less obvious when considering all the 8 elements in this study (see Tab. 1) but also when retaining [Al/Fe] and removing [C/Fe] (see Tab. H.2).
Table H.2 indeed shows, for each cluster, the same fraction of stars chemically compatible with ω Cen when considering a seven-dimensional abundance space defined by [Fe/H], [Mg/Fe], [Si/Fe],[Ca/Fe], [Al/Fe], [K/Fe], and [Mn/Fe]. In this case, we retrieve that the clusters (with a total number of stars greater than 15) with the highest fraction of stars compatible with ω Cen are the Nephele’s GCs, namely: NGC 6656, NGC 6809, NGC 6752, NGC 6254, NGC 6273, NGC 6205. This is the reason why we believe that the association of clusters with Nephele proposed in this study, despite being the result of a more conservative classification, is the most robust. Indeed, finding a similarity between clusters also in [Al/Fe] and [C/Fe] suggests that this group of clusters did not only have to form in an ISM with similar initial composition but also that their IMFs, as well as the dilution they experienced, must have been similar to give rise to such similar final abundance distributions.
Table H.1 
Fraction of stars chemically compatible with ω Cen when removing [Al/Fe] in the GMM.

Table H.2 
Fraction of stars chemically compatible with ω Cen when removing [C/Fe] in the GMM.
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1 In Greek mythology, Nephele is the mother of centaurs. We are aware that adding a new name to an already rich list of possible galaxies accreted by the MW over time may be confusing at first sight, but we believe it is important to assign a name to the set of clusters (and, in a future work, of field stars) associated with ω Cen on the basis of the individual abundances of stars, and thus make clear that this association is based on different criteria from the kinematically based ones usually adopted in the literature.


2 The APOGEE project is based on H-band spectra with resolution of R ~ 22 500 and derives elemental abundances for up to 20 species at a precision of 0.1 dex.


3 Note that the abundances of elements like K or Mn are based on a few weak lines. Towards the low metallicity end ([Fe/H] < −1.5), ASPCAP may be delivering upper limits only, depending on the star’s Teff and log g.


4 By “thick” in this context we mean that the distribution is extended in [Fe/H] at all values of [Al/Fe].


5 By making use of the scipy spearmanr function, see https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.spearmanr.html


6 For NGC 6205: Spearman correlation coefficients respectively equal to –0.40 and –0.17, with p values of 0.018 and 0.33; for NGC 6254: Spearman correlation coefficients respectively equal to –0.26 and –0.21, and corresponding p values of 0.05 and 0.12.


7 Defined as the 1st decile of the distribution.


8 Defined as the 9th decile of the distribution.


9 For each cluster, the intrinsic dispersions have been estimated by subtracting the median of the measurement uncertainties, ϵ[Fe/H], in quadrature.


10 https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.skewtest.html#scipy.stats.skewtest


11 Note that NGC 6752 has four stars with [Fe/H] < −1.65 that, when removed, obviously imply a decrease in the [Fe/H] dispersion (which decreases from 0.07 to 0.05) and skewness (which increases from  −1.92 to  −0.17). However, after checking their proper motions and radial velocities, these stars appear to be typical of the cluster and we could not find any particular reason to disregard them


12 For these two GCs, the skew test is also not conclusive, since it results in z scores and p values equal, respectively, to ‒1.43 and 0.15 (for NGC 6656) and ‒1.25 and 0.21 (for NGC 6254).


13 Note that this star was removed by Bailin (2019) in estimating the spread of NGC 6809.


14 Note that we have checked that this trend is robust, that is it does not depend either on the surface gravity nor on the effective temperature of the analysed stars.
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	[image: thumbnail]	Fig. 8 Distribution in E – Lz of a set of ten clusters accreted together with their progenitor galaxy on a MW-type galaxy through one of the N-body simulations presented in Pagnini et al. (2023) (identified in that paper with the ID=MWsat_nl_Φ180). Clusters are colour-coded according to their escape time from the progenitor satellite, which is defined as the time when the distance between the GC and the satellite’s centre of mass is larger than 15 kpc (see Sect. 3 in Pagnini et al. 2023 for the details). In the background, the distribution of field stars of the accreted satellite is also shown as a density map. Energies and angular momenta have been re-scaled to obtain a distribution comparable with that of the Galactic GCs and field stars presented in Fig. 7.
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      Fig. 1 
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        [Mg/Fe] vs. [Fe/H] distribution of stars belonging to ω Cen, colour-coded according to the different components retrieved when minimising the BIC criterion in the GMM. Filled symbols represent the reference sample of stars of ω Cen (i.e. stars with a probability density above a threshold defined in Sect. 4), while empty symbols are the outliers (i.e. stars below this threshold).

      

    

  
    
      Table 1 

      Fraction of stars chemically compatible with ω Cen.

      
        


	GC name
	Fraction (%)
	# stars
	[Fe/H]median
	[Fe/H]mode





	Ter10
	98 ± 14
	1
	−1.62 ± 0.02
	−1.60 ± 0.05



	NGC 2298
	94 ±22
	2
	−1.83 ±0.02
	−1.83 ±0.05



	NGC 5139
	89 ± 3
	607
	−1.57 ± 0.01
	−1.66 ± 0.04



	NGC 6752
	84 ± 8
	83
	−1.47 ± 0.01
	−1.47 ± 0.02



	NGC 6656
	81 ±8
	68
	−1.66 ± 0.02
	−1.64 ± 0.05



	NGC 6809
	79 ± 13
	18
	−1.73 ± 0.02
	−1.73 ± 0.05



	NGC 6273
	76 ±9
	40
	−1.67 ± 0.02
	−1.69 ± 0.07



	NGC 6205
	69 ± 14
	26
	−1.48 ± 0.02
	−1.48 ± 0.04



	NGC 5024
	64 ±23
	5
	−1.80 ± 0.02
	−1.80 ±0.03



	NGC 6254
	64 ± 15
	50
	−1.49 ± 0.01
	−1.49 ± 0.03



	NGC 6544
	56 ±20
	15
	−1.47 ± 0.02
	−1.48 ± 0.05



	FSR1758
	56 ±26
	7
	−1.40 ± 0.05
	−1.41 ± 0.07



	NGC 1904
	52 ± 18
	26
	−1.51 ± 0.03
	−1.53 ±0.07



	NGC 6093
	47 ± 50
	1
	−1.61 ± 0.01
	−1.59 ± 0.04



	NGC 7089
	44 ±23
	15
	−1.48 ± 0.02
	−1.48 ± 0.05



	NGC 6218
	33 ± 19
	40
	−1.26 ± 0.01
	−1.26 ± 0.02



	NGC0288
	31 ±22
	37
	−1.27 ± 0.01
	−1.26 ± 0.03



	NGC 6380
	31 ±28
	9
	−0.75 ± 0.03
	−0.76 ± 0.05



	Ter4
	30 ±46
	1
	−1.45 ± 0.02
	−1.40 ± 0.02



	NGC 6121
	29 ±25
	169
	−1.05 ± 0.00
	−1.04 ± 0.01



	Djorg_2
	24 ±36
	4
	−1.07 ± 0.02
	−1.07 ± 0.03



	NGC 6171
	24 ±21
	23
	−0.97 ± 0.03
	−0.97 ± 0.05



	NGC0104
	20 ± 19
	224
	−0.75 ± 0.00
	−0.74 ± 0.01



	NGC 6522
	20 ± 34
	2
	−1.15 ±0.07
	−1.16 ±0.10



	NGC 6715
	16 ± 10
	26
	−1.41 ± 0.05
	−1.52 ± 0.06



	HP1
	15 ± 20
	10
	−1.16 ± 0.05
	−1.17 ± 0.08



	NGC 6838
	14 ± 15
	45
	−0.76 ± 0.01
	−0.77 ± 0.04



	NGC 6397
	13 ± 15
	10
	−2.01 ± 0.02
	−2.02 ± 0.03



	NGC 5272
	11 ±7
	71
	−1.38 ±0.01
	−1.37 ± 0.04



	NGC 6723
	11 ± 18
	7
	−1.04 ± 0.02
	−1.06 ± 0.05



	NGC 6558
	11 ±25
	3
	−1.15 ±0.05
	−1.15 ±0.05



	NGC 6569
	11 ± 19
	6
	−0.99 ± 0.02
	−1.00 ± 0.03



	Ter9
	10 ± 15
	9
	−1.39 ± 0.04
	−1.40 ± 0.06



	NGC 3201
	8 ± 8
	98
	−1.35 ±0.01
	−1.34 ± 0.02



	NGC 6642
	8 ±21
	6
	−1.03 ± 0.29
	−1.04 ± 0.23



	Ter2
	5 ± 17
	2
	−0.84 ± 0.04
	−0.86 ± 0.06



	NGC 5904
	3 ±5
	79
	−1.20 ± 0.01
	−1.20 ± 0.04



	NGC 6316
	2 ± 10
	6
	−0.76 ± 0.02
	−0.77 ± 0.03



	NGC 6717
	2 ± 14
	2
	−1.17 ± 0.04
	−1.16 ± 0.06



	NGC 6760
	1 ± 10
	3
	−0.73 ± 0.02
	−0.73 ± 0.03



	NGC 6229
	1 ±7
	3
	−1.27 ± 0.02
	−1.27 ± 0.03



	NGC 1851
	1 ± 3
	31
	−1.12 ±0.02
	−1.14 ± 0.02



	NGC 7078
	0±0
	1
	−2.24 ± 0.01
	−2.19 ± 0.01



	Ter5
	0±0
	2
	−0.61 ± 0.01
	−0.59 ± 0.03



	Pal6
	0±0
	1
	−0.92 ± 0.01
	−0.89 ± 0.05



	NGC 6341
	0±0
	3
	−2.20 ± 0.04
	−2.19 ± 0.04



	NGC 6553
	0±0
	1
	−0.22 ± 0.01
	−0.20 ± 0.05



	NGC 6388
	0±0
	24
	−0.51 ± 0.02
	−0.53 ± 0.05



	NGC 6304
	0±0
	5
	−0.49 ± 0.05
	−0.51 ± 0.06



	NGC 6293
	0±0
	1
	−2.08 ± 0.02
	−2.03 ± 0.02



	NGC 4590
	0±0
	1
	−2.12 ± 0.01
	−2.07 ± 0.01



	NGC 2808
	0±0
	98
	−1.09 ± 0.01
	−1.10 ± 0.02



	NGC0362
	0 ± 1
	48
	−1.11 ± 0.01
	−1.11 ± 0.01



	Ton2
	0 ± 5
	2
	−0.61 ± 0.01
	−0.61 ± 0.04





      

      
Notes. Clusters for which this fraction is higher than 60%, and which – after the selections described in Sects. 2 and 3 – contain at least 15 stars, are marked in bold. For each cluster, the number of stars used for the analysis, the median, and the mode of [Fe/H] distribution are reported.




    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Chemical abundance relations for members of NGC 6656 (colour) and ωCen (grey). The filled symbols show the reference sample of ω Cen (grey) and the stars of NGC 6656 (magenta) chemically compatible with it according to the GMM (see Sect. 4), while the empty ones (grey and orange colours) correspond to their outliers. The number of stars in each category is reported in parentheses.

      

    

  
    
      Fig. 3 
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        Same as Fig. 2 but for NGC 6752.

      

    

  
    
      Fig. 4 
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        [Fe/H] distribution of the Galactic globular clusters NGC 6656, NGC 6809, NGC 6273 (the metal-poor clusters, first row), NGC 6752, NGC 6205, and NGC 6254 (the metal-rich clusters, second row), which – according to our analysis – are chemically compatible with ω Cen. For each cluster, the values of the mean, median, mode, dispersion, and skewness of the distribution, and their relative uncertainties, are also reported. The horizontal black and grey error bars at the bottom of each plot show the median and mean uncertainties in [Fe/H], respectively, derived from the Schiavon et al. (2024) catalogue. In each plot, the value reported in parenthesis gives the number of stars used to trace the histogram. For comparison, in each plot, the [Fe/H] distribution of ω Cen (NGC 5139) is also reported (black step-like histogram). The latter has been normalised in such a way that the maximum value coincides with the maximum of the [Fe/H] distribution of the cluster to which it is compared (hence the normalisation varies from plot to plot). The absolute [Fe/H] distribution of ω Cen (i.e. without the normalisation of the peak value) is reported in the last row, with the corresponding mean, median, mode, dispersion, and skewness of its distribution.

      

    

  
    
      Fig. 5 
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        [Fe/H] distribution of the metal-rich GCs that are chemically compatible with ω Cen; namely NGC 6752, NGC 6205, and NGC 6254. For comparison, in each plot, the [Fe/H] distribution of ω Cen (NGC 5139) reported in Johnson & Pilachowski (2010) is also shown (black step-like histogram). The latter has been normalised in such a way that the secondary peak value coincides with the maximum of the [Fe/H] distribution of the cluster to which it is compared.

      

    

  
    
      Table 2 

      Total and intrinsic [Fe/H] dispersions for the metal-poor and the metal-rich GCs chemically compatible with ω Centauri.

      
        


	GC name
	# stars
	σ[Fe/H],tot
	ϵ[Fe/H]
	σ[Fe/H],int
	A





	NGC 6656
	230
	0.10
	0.01
	0.10
	5.36



	NGC 6809
	58
	0.07
	0.01
	0.07
	4.29



	NGC 6273
	56
	0.13
	0.02
	0.12
	5.18



	NGC 6752
	117
	0.07
	0.01
	0.07
	4.13



	NGC 6205
	34
	0.07
	0.01
	0.07
	4.05



	NGC 6254
	58
	0.07
	0.01
	0.07
	4.18



	NGC 5139
	1201
	0.24
	0.01
	0.24
	12.87





      

      
Notes. For each cluster, we also report the median of the [Fe/H] uncertainties of its stars, ϵ[Fe/H] , and the factor A by which these uncertainties would have to be underestimated for the intrinsic dispersions not to be statistically significant. The same quantities for ω Cen (NGC 5139) are also reported.




    

  
    
      Fig. 6 
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        Chemical abundance relations for members of NGC 5272 (colour) and ω Cen (grey). The filled symbols show the reference sample of ω Cen (grey) and the stars of NGC 5272 (magenta) chemically compatible with it according to the GMM (see Sect. 4), while the empty ones (grey and orange colours) correspond to their outliers. The number of stars in each category is reported in parentheses. NGC 5272 is an example of a GC in the metallicity interval of ω Cen, which has a very low chemical compatibility with it (see also Appendix B, available on Zenodo).

      

    

  
    
      Table 3 

      Fraction of stars in the most massive satellites of the MW (LMC, SMC, Sagittarius, and Fornax) chemically compatible with ω Cen.

      
        


	Satellite
	[Fe/H] < –1
	[Fe/H] < –1.3
	[Fe/H] < –1.5





	LMC
	4% (8 out of 211)
	13% (8 out of 62)
	32% (8 out of 25)



	SMC
	0% (0 out of 322)
	0% (0 out of 40)
	0% (0 out of 14)



	Sgr
	4% (2 out of 81)
	6% (2 out of 34)
	25% (2 out of 8)



	Fnx
	0% (0 out of 43)
	0% (0 out of 6)
	0% (0 out of 2)





      

      
Notes. This fraction has been estimated for three different [Fe/H] intervals, reported in the different columns.




    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Distribution of GCs and field stars in kinematic spaces: orbital energy (E) and projection of the total angular momentum onto the Galactic plane (Lperp) vs. the z component of the angular momentum (Lz). Top panel: star-by-star distribution in the E – Lz and Lperp – Lz spaces of GCs for which at least 60% of the stars are chemically compatible with ω Cen. Other GCs in our sample are shown as blue points (mean values). Bottom panel: distribution in the E – Lz and Lperp – Lz spaces of GCs, which are colour-coded according to the fraction of stars that are chemically compatible with ω Cen (see Table 1). Only GCs with a total number of stars greater than 15 are shown. For comparison, in both panels, the distribution of all APOGEE stars is shown as grey points. Note that the sign of Lz has been inverted from the usual sign of Lz in a right-handed system to enable a better comparison with other works in the literature.

      

    

  
    
      Fig. 8 
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        Distribution in E – Lz of a set of ten clusters accreted together with their progenitor galaxy on a MW-type galaxy through one of the N-body simulations presented in Pagnini et al. (2023) (identified in that paper with the ID=MWsat_nl_Φ180). Clusters are colour-coded according to their escape time from the progenitor satellite, which is defined as the time when the distance between the GC and the satellite’s centre of mass is larger than 15 kpc (see Sect. 3 in Pagnini et al. 2023 for the details). In the background, the distribution of field stars of the accreted satellite is also shown as a density map. Energies and angular momenta have been re-scaled to obtain a distribution comparable with that of the Galactic GCs and field stars presented in Fig. 7.

      

    

  
    
      Table E.1 

      Total and intrinsic [X/Fe] dispersions for the metal-poor, the metal-rich GCs chemically compatible with ω Centauri, and ω Cen.

      
        


	GCname
	[X/Fe]
	nstars
	σ[X/Fe],tot
	є[X/Fe]
	σ[X/Fe],int
	A





	NGC 6656
	[Mg/Fe]
	230
	0.09
	0.03
	0.08
	2.04



	NGC 6656
	[Al/Fe]
	230
	0.40
	0.03
	0.39
	8.55



	NGC 6656
	[C/Fe]
	211
	0.32
	0.06
	0.32
	3.75



	NGC 6656
	[Si/Fe]
	230
	0.06
	0.03
	0.05
	1.36



	NGC 6656
	[Ca/Fe]
	219
	0.17
	0.05
	0.17
	2.54



	NGC 6656
	[Mn/Fe]
	84
	0.22
	0.05
	0.21
	3.25



	NGC 6656
	[K/Fe]
	201
	0.25
	0.09
	0.24
	2.06



	NGC 6809
	[Mg/Fe]
	58
	0.10
	0.03
	0.09
	2.34



	NGC 6809
	[Al/Fe]
	58
	0.40
	0.03
	0.40
	10.37



	NGC 6809
	[C/Fe]
	51
	0.27
	0.05
	0.26
	3.79



	NGC 6809
	[Si/Fe]
	58
	0.05
	0.03
	0.04
	1.27



	NGC 6809
	[Ca/Fe]
	52
	0.17
	0.04
	0.17
	2.92



	NGC 6809
	[Mn/Fe]
	24
	0.13
	0.04
	0.12
	2.15



	NGC 6809
	[K/Fe]
	57
	0.24
	0.08
	0.23
	2.06



	NGC 6273
	[Mg/Fe]
	56
	0.12
	0.04
	0.12
	2.38



	NGC 6273
	[Al/Fe]
	56
	0.42
	0.04
	0.41
	6.90



	NGC 6273
	[C/Fe]
	56
	0.29
	0.06
	0.28
	3.50



	NGC 6273
	[Si/Fe]
	56
	0.08
	0.04
	0.07
	1.47



	NGC 6273
	[Ca/Fe]
	54
	0.21
	0.06
	0.20
	2.57



	NGC 6273
	[Mn/Fe]
	46
	0.15
	0.06
	0.14
	1.97



	NGC 6273
	[K/Fe]
	51
	0.29
	0.10
	0.27
	2.08



	NGC 6752
	[Mg/Fe]
	117
	0.11
	0.03
	0.11
	3.10



	NGC 6752
	[Al/Fe]
	117
	0.44
	0.03
	0.44
	11.31



	NGC 6752
	[C/Fe]
	117
	0.22
	0.05
	0.22
	3.08



	NGC 6752
	[Si/Fe]
	117
	0.05
	0.03
	0.04
	1.38



	NGC 6752
	[Ca/Fe]
	115
	0.13
	0.04
	0.12
	2.29



	NGC 6752
	[Mn/Fe]
	89
	0.16
	0.04
	0.16
	2.95



	NGC 6752
	[K/Fe]
	109
	0.27
	0.08
	0.26
	2.58



	NGC 6205
	[Mg/Fe]
	34
	0.11
	0.03
	0.11
	3.04



	NGC 6205
	[Al/Fe]
	34
	0.44
	0.03
	0.44
	10.70



	NGC 6205
	[C/Fe]
	34
	0.26
	0.05
	0.26
	3.91



	NGC 6205
	[Si/Fe]
	34
	0.06
	0.03
	0.06
	1.62



	NGC 6205
	[Ca/Fe]
	34
	0.11
	0.04
	0.11
	2.02



	NGC 6205
	[Mn/Fe]
	26
	0.13
	0.04
	0.12
	2.33



	NGC 6205
	[K/Fe]
	34
	0.16
	0.08
	0.14
	1.49



	NGC 6254
	[Mg/Fe]
	58
	0.12
	0.02
	0.11
	3.29



	NGC 6254
	[Al/Fe]
	58
	0.46
	0.03
	0.46
	12.49



	NGC 6254
	[C/Fe]
	58
	0.17
	0.04
	0.16
	3.05



	NGC 6254
	[Si/Fe]
	58
	0.05
	0.02
	0.05
	1.50



	NGC 6254
	[Ca/Fe]
	57
	0.10
	0.04
	0.09
	1.96



	NGC 6254
	[Mn/Fe]
	56
	0.13
	0.04
	0.13
	2.47



	NGC 6254
	[K/Fe]
	53
	0.23
	0.07
	0.22
	2.28



	NGC 5139
	[Mg/Fe]
	1175
	0.19
	0.03
	0.19
	4.59



	NGC 5139
	[Al/Fe]
	1195
	0.51
	0.03
	0.51
	11.47



	NGC 5139
	[C/Fe]
	1129
	0.32
	0.05
	0.31
	4.32



	NGC 5139
	[Si/Fe]
	1201
	0.08
	0.03
	0.08
	1.94



	NGC 5139
	[Ca/Fe]
	1158
	0.17
	0.04
	0.17
	2.79



	NGC 5139
	[Mn/Fe]
	721
	0.22
	0.04
	0.21
	3.56



	NGC 5139
	[K/Fe]
	1071
	0.28
	0.08
	0.27
	2.42





      

      
Notes. For each cluster, we also report the median of the [X/Fe] uncertainties of its stars, є[X/Fe], and the factor A by which these uncertainties would have to be underestimated for the intrinsic dispersions not to be statistically significant.




    

  
    
      Table H.1 

      Fraction of stars chemically compatible with ω Cen when removing [Al/Fe] in the GMM.

      
        


	GC name
	Fraction (%)
	# of stars





	Ter10
	96 ± 20
	1



	NGC 5139
	90 ± 3
	607



	NGC 6656
	90 ± 5
	68



	NGC 2298
	90 ± 25
	2



	NGC 6752
	88 ± 6
	83



	NGC 6809
	84 ± 11
	18



	NGC 6205
	84 ± 11
	26



	NGC 6522
	83 ± 34
	2



	NGC 6558
	81 ± 32
	3



	Djorg_2
	80 ± 31
	4



	NGC 6544
	79 ± 14
	15



	NGC 6273
	79 ± 8
	40



	NGC 6218
	76 ± 14
	40



	NGC0288
	71 ± 13
	37



	NGC 6254
	70 ± 14
	50



	NGC 6121
	70 ± 14
	169



	NGC 7089
	70 ± 17
	15



	NGC 5904
	67 ± 15
	79



	Ter4
	65 ± 48
	1



	NGC 6229
	64 ± 37
	3



	NGC 5024
	63 ± 26
	5



	NGC 6723
	62 ± 30
	7



	NGC 6642
	62 ± 26
	6



	NGC 6171
	61 ± 20
	23



	NGC 1904
	60 ± 15
	26



	NGC 6093
	59 ± 49
	1



	NGC 5272
	54 ± 18
	71



	HP1
	52 ± 21
	10



	NGC 6569
	52 ± 28
	6



	FSR1758
	50 ± 26
	7



	NGC 6380
	46 ± 38
	9



	NGC 6717
	45 ± 45
	2



	NGC 1851
	41 ± 20
	31



	Ter2
	40 ± 46
	2



	Ter9
	36 ± 24
	9



	NGC 3201
	36 ± 14
	98



	NGC 6838
	35 ± 21
	45



	NGC0104
	31 ± 24
	224



	NGC0362
	26 ± 19
	48



	NGC 6715
	25 ± 12
	26



	NGC 2808
	24 ± 16
	98



	NGC 6397
	20 ± 20
	11



	Ter5
	15 ± 31
	2



	NGC 6316
	14 ± 25
	6



	NGC 6760
	12 ± 27
	3



	Pal6
	10±30
	1



	Ton2
	4±20
	2



	NGC 6304
	1±4
	5



	NGC 7078
	0±0
	1



	NGC 6553
	0±0
	1



	NGC 6388
	0±0
	24



	NGC 6293
	0±0
	1



	NGC 4590
	0±0
	1



	NGC 6341
	0±0
	3





      

      
Notes. Nephele’s clusters are marked in bold. For each cluster, the number of stars used for the analysis is also shown.




    

  
    
      Table H.2 

      Fraction of stars chemically compatible with ω Cen when removing [C/Fe] in the GMM.

      
        


	GC name
	Fraction (%)
	# of stars





	Ter10
	99 ± 10
	1



	NGC 5139
	90 ± 3
	629



	NGC 6656
	89 ± 6
	71



	NGC 6809
	88 ± 9
	22



	FSR1758
	85 ± 18
	7



	NGC 6752
	84 ± 6
	83



	NGC 6254
	82 ± 10
	50



	NGC 6273
	81 ± 10
	40



	Ter4
	79 ± 41
	1



	NGC 5024
	74 ± 25
	5



	NGC 6093
	73 ± 45
	1



	NGC 6205
	72 ± 12
	26



	NGC 2298
	62 ± 31
	3



	NGC 6544
	58 ± 18
	15



	NGC 1904
	57 ± 18
	28



	NGC0288
	53 ± 20
	37



	NGC 6218
	48 ± 17
	40



	NGC 7089
	43 ± 22
	15



	Djorg_2
	43 ± 39
	4



	Ter9
	37 ± 24
	9



	NGC 6121
	36 ± 26
	169



	NGC 6171
	31 ± 23
	23



	NGC 6380
	28 ± 28
	9



	HP1
	23 ± 26
	10



	NGC 6715
	22 ± 12
	27



	NGC 6558
	22 ± 31
	3



	NGC 6397
	22 ± 14
	15



	NGC0104
	20 ± 18
	224



	NGC 6569
	20 ± 23
	6



	NGC 6522
	18 ± 33
	2



	NGC 5272
	17 ± 12
	72



	NGC 6838
	16 ± 16
	45



	NGC 6723
	14±20
	7



	NGC 6642
	13 ± 24
	6



	NGC 6717
	13 ± 31
	2



	NGC 3201
	9±10
	101



	NGC 6229
	7 ±20
	3



	NGC 5904
	6±8
	80



	Ter2
	5 ± 21
	2



	NGC 6293
	5 ±22
	1



	NGC 4590
	4±20
	1



	Pal6
	2±14
	1



	Ton2
	2±14
	2



	NGC 6760
	1 ± 10
	3



	NGC 6316
	1±8
	6



	NGC 1851
	1±2
	31



	NGC 6553
	0±0
	1



	NGC 7078
	0±0
	2



	NGC 6388
	0±0
	24



	NGC 6304
	0±0
	5



	NGC 2808
	0±0
	98



	Ter5
	0±0
	2



	NGC0362
	0±1
	48



	NGC 6341
	0±0
	4





      

      
Notes. Nephele’s clusters are marked in bold. For each cluster, the number of stars used for the analysis is also shown.
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