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A B S T R A C T 

Current evidence suggests that ω Cen is the nuclear star cluster of a galaxy that merged with the Milky Way at early times. 
We use Apache Point Observatory Galactic Evolution Experiment (APOGEE), Gaia , Multi Unit Spectroscopic Explorer, 
and Hubble Spac e Telesc ope data supplement ed by galaxy chemical ev olution models t o place constraints on the assembly 

and chemical enrichment history of ω Cen. The APOGEE data reveal three stellar populations occupying separate loci 
on canonical chemical planes. One population resembles metal-poor halo field stars (P1), a second shows light-element 
abundance anticorrelations typical of metal-poor globular clusters (IM), and a third population (P2) is characterized 

by an e xtr eme ‘ second-gener ation’ abundance pat t ern. Both P1 and P2 populations cov er a broad range of metallicity, 
consistent with extended histories of bursty star formation (SF), which is also evident from their light and α-element 
abundance patt erns. Conv ersely, the IM stars e xhibit a narr ow metallicity spr ead, combined with Al–Mg, N a–O, and 

C–N anticorr elations r esembling metal-poor Galactic globular clusters. Mor eover, these thr ee populations alone seem 

to account for the distribution of ω Cen stars in the chromosome map. We discuss these findings in the context of a 

scenario according to which ω Cen formed by a combination of in situ SF within the host galaxy (P1), followed by the 
spiralling in of gas-rich globular clusters (IM), leading to another burst of SF (P2). We perform a robust comparison of the 
chemical composition of ω Cen with those of halo substructures well r epr esented in APOGEE DR17, finding no chemical 
associations to a high confidence level. 

Key words: methods: numerical – stars: abundances – stars: Hertzsprung–Russell and colour–magnitude diagrams –
globular clusters: general – globular clusters: individual – Galaxies: stellar content. 
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 INTRODUCTION  

n the prevailing � Cold Dark Matter cosmogony, the assem- 
ly of the Galaxy was partly due to its accretion of many so-
alled ‘building blocks’ (i.e. dwarf galaxies) during earlier cosmic 
pochs. In this vein, advancements in the field of Galactic archae- 
logy have led to a number of associations between the Galactic 
lobular clusters (GCs) and the debris that comprises the Milky 
ay’s (MW) stellar halo (e.g. D. Massari, H. H. Koppelman & 
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. Helmi 2019 ; D. Horta et al. 2020 ). Such associations find sup-
ort in the theoretical expectation that building blocks accreted 

t early cosmic epochs are survived by at least some members
f their GC systems at z = 0 (e.g. L. Searle & R. Zinn 1978 ; J.
. D. Kruijssen et al. 2019 ). Furthermore, nuclear star clusters

NSCs), which are speculated to form by a combination of in situ
tar formation and the spiralling in of GCs through dynamical 
riction (see N. Neumayer, A. Seth & T. Böker 2020 , and r efer ences
her ein), ar e observed at the centre of potential of most galaxies
nd can also survive their hosts after major mergers. Perhaps the
est known example is NGC 6715 (M54) which is suggest ed t o be
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he NSC of the Sagittarius dSph, a dwarf galaxy currently in the
rocess of merging with the Milky Way (R. A. Ibata, G. Gilmore
 M. J. Irwin 1994 ). 
ω Centauri ( ω Cen; NGC 5139) is the most massive ( M =

 . 55 × 10 6 M �; H. Baumg ar dt & M. Hilker 2018 ) of the Milky
ay’s GCs. It has been shown to host multiple stellar populations

MP s; see R. Gr at ton, C. Sneden & E. Carretta 2004 ; R. G. Gr at ton,
. Carretta & A. Bragaglia 2012 ; N. Bastian & C. Lardo 2018 , and
 efer ences ther ein), which ar e obvious both fr om photometric
e.g. A. P. Milone et al. 2017a ; M. S. Nitschai et al. 2024 ) and
pectr oscopic (e.g . J. E. N orris & G. S. Da Costa 1995 ; A. F. Marino
t al. 2011 ; D. A. Alv arez Gar ay et al. 2024 ) evidence. ω Cen’s
tars exhibit a broad spread in metallicity (e.g. E. Pancino et al.
000 ; P. M. Frinchaboy et al. 2002 ; M. S. Nitschai et al. 2023 ) with
ts metallicity distribution function (MDF) showing multiple dis-
inct peaks in [M/H] (e.g. Y. W. Lee et al. 1999 ; C. I. Johnson &
. A. Pilachowski 2010 ; S. Villanova et al. 2014 ; D. A. Alvarez
aray et al. 2024 ; M. Häberle et al. 2024 ). This indicates that it
nderwent an extended star formation history (SFH) that was

ikely characterized by multiple bursts. These properties set ω 

en far apart from ‘normal’ Galactic GCs, which are notionally
haracterized as a monometallic stellar populations. 
ω Cen also has a r etr ograde, coplanar orbit r elativ e t o the Milky
ay disc (e.g. D. I. Dinescu et al. 1999 ; S. R. Majewski et al.

000 ), which has naturally led to conjecture as to its origin in the
ontext of the hierarchical assembly of the Milky Way, and not
ust the physics responsible for the formation of its MPs. Earlier
 ork speculat ed that ω Cen may be the nucleat ed remnant of a

alaxy which originally resembled the massive dSphs we see in
he Local Group today. According to this scenario, such a galaxy
 ould hav e then been captured by the Milky Way (e.g. K. Bekki &
. C. Freeman 2003 ) and gradually stripped over many passages,

n a process similar to that currently undergone by the Sagittarius
Sph. 
Such a scenario plausibly explains its r etr ograde orbit and

tructur al par ameters, which place it on the border between the
oci occupied by GCs and the ultracompact dwarfs (UCDs) in the
uminosity–size r elation (e.g . E. Tolstoy, V. Hill & M. Tosi 2009 ,
nd r efer ences ther ein). Indeed, it is thought that UCDs form by
he same process, though their progenitors are thought to be more

assive than ω Cen (J. Pfeffer & H. Baumg ar dt 2013 ; J. Pfeffer
t al. 2014 ). 

While an enormous amount of work has gone into obtaining
ata from ω Cen and constraining its properties, it was not until
he advent of Gaia (Gaia Collaboration 2016 ) and massive spec-
roscopic surveys that these data could be placed in context of a
 epr esentative sample of stars within the Galaxy. Combination of 
etailed chemical compositions and radial velocities of individual
tars from surveys such as Gaia –E ur opean Southern Observa-
ory ( Gaia -ESO), the Large Sky Area Multi-Object Fiber Spectro-
copic Telescope (LAMOST), GALactic Archaeology with HER-

ES (GALAH), and Apache Point Observatory Galactic Evolu-
ion Experiment (APOGEE; L.-C. Deng et al. 2012 ; G. Gilmore
t al. 2012 ; G. M. De Silva et al. 2015 ; S. R. Majewski et al. 2017 )
ith astrometric information from Gaia has enabled the con-

truction of a rich multidimensional chemokinematic data set. 
The above data have allowed speculation about the associa-

ion between ω Cen and recently identified substructure in the
alactic halo. D. Massari et al. ( 2019 ), D. A. Forbes ( 2020 ), and

. Pfeffer et al. ( 2021 ) proposed that ω Cen was the nuclear star
luster of the Sausage/ Gaia Enceladus’ progenitor galaxy (S/GE;
. Belokurov et al. 2018 ; C. R. Hayes et al. 2018 ; M. Haywood et al.
NRAS 547, 1–23 (2026) 
018 ; A. Helmi et al. 2018 ; J. T. Mackereth et al. 2019 ), which
nderwent a major merger with the Milk y Wa y some � 10 Gyr
go. Alt ernativ ely, G. C. Myeong et al. ( 2019 ) advocate that ω Cen
s instead associated with the ‘Sequoia’ remnant, which in turn
as been claimed to be associated with the bulge GC FSR 1758 by
. H. Barbá et al. ( 2019 ). 
It is thought that there is a specific mass range in the scaling

elation between M host and M NSC within which NSCs formed by
n almost 50/50 mixture of in situ star formation and the inspi-
alling of a number of its host’s globular clusters (N. Neumayer
t al. 2020 ; K. Fahrion et al. 2021 ). If ω Cen does originate from the
ausage/ Gaia -Enceladus, estimates for the mass of this system
e.g . J. T. Macker eth & J. Bovy 2020 ; G. Limberg et al. 2022 )
nd the measured mass of ω Centauri place it firmly within the
ass range considered for systems thought to have formed this
ay. 
In this paper, we present an analysis of the properties of ω

en using a combination of stellar abundances, astrometry, and
ubble Space Telescope (HST) photometry. In Section 2 , we de-

cribe the data used for our study, and our pr ocedur e for selecting
ndividual stellar populations within the sample, as well as the
r ocedur e we used to construct the so - called chromosome map of 
 Cen. In Section 3 , we show the detailed chemistry of the mul-

iple populations in ω Cen and provide a quantitative description
f their properties, and speculate on the origin of their abundance
att erns. By mat ching our HST and APOGEE catalogues, we tie
ur analysis into the wider observational state of play by directly
inking the loci stars occupy on the ‘chromosome map’ to their
etailed stellar abundance patterns. In Section 4 , we fit galaxy
hemical evolution models to two of the three populations we
dentify in ω Cen. Finally, in Section 5 , we provide a specula-
ive formation scenario for the cluster, and perform a detailed
tatistical comparison between what we identified as the ‘field’
opulation of ω Cen’s progenitor and purported substructure in
he Galaxy’s stellar halo. 

 DA  T  A  AND  METHODS  

ur analysis is based on an amalgamation of data from three
iffer ent sour ces. Detailed chemical compositions for 1756 ω 

en stars ar e e xtracted fr om the R. P. Schiavon et al. ( 2024 )
alue Added Catalogue (VAC) of Galactic GC stars from the
7 th data release (DR17) by the APOGEE (S. R. Majewski et al.
017 ; Abdurr o ’uf et al. 2022 ). This catalogue is supplemented
y Gaia astrometry (Gaia Collaboration 2021 ), providing co-
r dinates and pr oper motions alongside radial velocities fr om
POGEE. 
A dditional spectr oscopic and multiband photometric data

ome from the oMEGACat catalogue (M. S. Nitschai et al. 2023 ;
. Häberle et al. 2024 ), which combines spectr oscopy fr om the

SO/VLT Multi Unit Spectroscopic Explorer (MUSE; R. Bacon
t al. 2010 , 2014 ) with PSF photometry from the Hubble Space
elesc ope . The latt er data are based on Adv anced Camer a for
urveys Wide Field Channel (ACS/WFC) and Wide Field Camera
/Ultraviolet and Visible light Channel (WFC3/UVIS) covering
he half-light radius of ω Cen ( R ≈ 5 arcmin ). 

In this section, we describe the data, our cross-match between
he VA C and oMEGA Cat, the quality cuts we perform on both
amples, our construction of the so - called chromosome map
ChM) to r epr oduce that by M. S. Nitschai et al. ( 2024 ), and
nally our method to split the VAC sample into different stellar
opulations on the basis of their chemical compositions. 
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.1 APOGEE data for ω Cen members 

his paper combines the latest data release (DR17; S. R. Majewski
t al. 2017 ; Abdurr o ’uf et al. 2022 ) of the Sloan Digital Sk y Survey -
II/IV (SDSS-III/IV; D . J . Eisenstein et al. 2011 ; M. R. Blanton
t al. 2017 ) and APOGEE survey (S. R. Majewski et al. 2017 ;
bdurr o ’uf et al. 2022 ) with distances and astrometry derived

r om the thir d data r elease of the Gaia survey (Gaia Collaboration
021 ). The APOGEE DR17 catalogue adopted ( allStar-dr17- 
ynspec_rev1.fits ) comprises stellar parameters and high- 
recision elemental abundances for up to 20 species as well as
adial velocities for appr o ximately ∼700 000 stars in total, within
he Milky Way and a number of its sat ellit es and GCs. 

Elemental abundances and radial velocities were obtained 

rom the analysis of high-resolution near-infrared spectra of 
undreds of thousands of stars in both hemispheres, observed 

ith the Apache Point Observatory 2.5m Sloan telescope (J. E. 
unn et al. 2006 ) and the Las Campanas Observatory 2.5m Du
ont telescope (I. S. Bowen & J. Vaughan 1973 ). These spec-
ra were obtained using twin high-efficiency multifibre near- 
nfrar ed spectr ographs assembled at the University of Virginia, 
SA (J. C. Wilson et al. 2019 ). A technical summary of the over-

ll SDSS-IV experiment can be found in M. R. Blanton et al.
 2017 ). 

Further in-depth information on the APOGEE survey, data, 
nd data reduction pipeline can be found in S. R. Majewski et al.
 2017 ), H. Jönsson et al. ( 2020 ) & J. A. Holtzman et al. ( 2018 ),
nd D. L. Nidever et al. ( 2015 ), respectively. The APOGEE Stellar
arameters and Abundances Pipeline is described in A. E. García 
érez et al. ( 2016 ). 
Chemical composition data based on earlier APOGEE data 

 eleases wer e pr esented for a number of Galactic GCs (S.
észáros et al. 2015 ; R. P. Schiavon et al. 2017b ; T. Masseron

t al. 2019 ; S. Mészáros et al. 2020 , 2021 ). How ev er, on a
C-by-GC basis sample sizes, spatial coverage, and magni- 

ude limits vary substantially. Furthermore, prior APOGEE 

ata releases lack robust estimates of star-by-star GC mem- 
ership probabilities. To address this issue, R. P. Schiavon 

t al. ( 2024 ) produced the SDSS/APOGEE Value Added Cat- 
logue of Galactic GC Stars (VAC). This VAC is the result
f a sweeping search of the APOGEE DR17 catalogue for 
ikely GC members using a set of membership crit eria, lev er-
ging precise astrometry (positions and proper motions) from 

aia , with radial velocities and chemical compositions from 

POGEE. 
In this paper, we concern ourselves primarily with a subset of 

he APOGEE VAC, namely giants located in ω Cen. The sample of 
 Cen stars analysed within this study is defined by the following

et of criteria: 

(i) GC_NAME = NGC5139 
(ii) p ωCen > 0 . 5 
(iii) log g < 3 . 6 
(iv) 3500 K < T eff < 5500 K 

(v) S/N > 70 pixel −1 , 

where p ωCen is the ω Cen membership probability (from the 
AC) and the other paramet ers hav e their usual meaning. These
riteria yielded 1555 unique stars in total. When data for other
Cs are described in the analysis, they are subject to identical 

riteria on a GC-by-GC basis. 
.2 Complementary HST and MUSE data for ω Cen stars 

omplementary HST photometry for APOGEE stars is derived 

rom the oMEGACat catalogue (M. S. Nitschai et al. 2023 ; M.
äberle et al. 2024 ), comprising both MUSE and HST observa-

ions of individual stars within ω Cen, out to the half-light radius
 R � 4 . 65 ar cmin ; H. Baumg ar dt & M. Hilker 2018 ). We applied
he same quality cuts (QC) as in M. S. Nitschai et al. ( 2024 ),
hereby we select red giants comprising the MUSE QC sample 

hat are also present in the HST QC sample from M. Häberle et al.
 2024 ). Thus, we are left with 10 850 stars satisfying the following
onditions: 

(i) Present in the HST QC with m F 625 W 

< 17 mag 
(ii) Measurements in F625W, F435W, F275W, F336W, and 

814W 

Any star in ω Cen also observed as part of the Gaia mission
as its source ID present in the oMEGACat catalogue, making 

he mat ch t o the VAC sample trivial. Ther e ar e 142 stars pr esent in
MEGACat satisfying the above conditions, that are also included 

n the quality-controlled VAC sample. 

.2.1 Constructing the ω Cen chromosome map 

o briefly summarize, so - called chromosome maps have become 
 valuable diagnostic tool for identifying stellar populations with 

bundance anomalies in GCs. Combining ultraviolet and optical 
ultiband photometry, they are very useful for the characteri- 

ation of multiple populations in GCs for which spectroscopic 
bundances of large samples of member stars are not available 
hich is often the case. 
Constructing a ChM r equir es a given colour-magnitude dia- 

ram (CMD) to be verticalized at fixed colour, such that character- 
stic variations in colour of individual stars with respect to the run
f the red giant branch may be computed star-by-star. Judicious 
hoice of filter combinations sensitive to physical properties, such
s helium or light-element abundance and effective temperature, 
 eveals differ ent populations that may not be obvious from a
lance of a standard CMD. 

The colours of choice are m F275W 

− m F814W 

and 

 F275W , F336W , F435W 

, where the latter is defined according to: 

C F275W , F336W , F435W 

= 

(m F275W 

− m F336W 

) − (m F336W 

− m F435W 

) . (1) 

he r efer ence magnitude for each CMD is m F814W 

. The pseudo-
olour C F275W , F336W , F435W 

is adopted as it is a potent tracer of the
egr ee of CNO-pr ocess enrichment e xperienced by stars. This is
ue to the fact that this combination of filters encompasses the
H molecular band, the NH band, and the CH and CN bands in
275W , F336W , and F435W , respectively (A. P. Milone et al. 2012 ,
015 ). 

We follow the pr ocedur e fr om M. S. Nitschai et al. ( 2024 ),
riefly described here, but refer readers to appendix C of that
aper for detailed instructions. We start by selecting a sample of 
ed giant stars meeting the quality cuts described in Section 2.2 .
ur pr ocedur e is mostly identical to A. P. Milone et al. ( 2017b ),
 x cept that we use different photometric filters (A. P. Milone et al.
017b , used F438W instead of F435W). As stated in that paper, the
etallicity spread in ω Cen requires constructing several fiducial 

ines for sequences on the CMD with different [M/H]. We thus
reak the sample down by metallicity subgroup, by applying a 
D Gaussian Mixture Model (GMM) to the [M/H] distribution. 
MNRAS 547, 1–23 (2026) 
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e found 11 to be the number of components with the lowest
ayesian Information Criterion (BIC, after running up to 30), in
greement with M. S. Nitschai et al. ( 2024 ). We then combine
abels from the GMM procedure t o deriv e three samples corre-
ponding to the metal-poor, metal-intermediate, and metal-rich
tars by visual inspection. 

The next step is then to derive the fiducial lines for each metal-
icity group in both CMDs. We start by describing the method
pplied to the CMD based on the m F275W 

− m F814W 

colour. For
he metal-poor population, we used Local WEight ed Scatt erplot
moothing (LOWESS; W. S. Cleveland 1979 ) in order to compute
he difference at fixed magnitude for individual stars between
heir color values and the LOWESS curve, δm . Then, the fiducials
orresponding to the position of the 4 th and 96 th percentiles of 
he distribution of δm were simply constructed by adding ± 2 σ
o the LOWESS-determined median. For the intermediate and

etal-rich populations, the red giant branches are well separated,
o that single LOWESS fiducial lines are calculated for m F275W 

−
 F814W 

, and δm is derived from these for each star. 
The pr ocedur e differ ed slightly when using the pseudo-

olour C F275W , F336W , F435W 

. That is because the giant branches
f the metal-poor and int ermediat e population are w ell sepa-
ated in m F275W 

− m F814W 

, but not in C F275W , F336W , F435W 

. There-
ore, �F275W , F336W , F435W 

values are calculated on the basis of fidu-
ial lines, corresponding to the 4 th and 96 th percentiles for (i) a
ombination of the metal-poor and int ermediat e stars, and (ii) the
etal-rich stars. Using these fiducial lines for both CMDs, we de-

ived star-by-star values of �F275W , F336W , F435W 

and �F275W , F814W 

,
alculated for each colour using equations C1–C11 and condi-
ions from table 3 in M. S. Nitschai et al. ( 2024 ). 

.3 Chemically tagging the multiple populations of ω 

entauri 

he elements Mg and Al are thought to be contributed to the star-
orming gas by SN II explosions (S. E. Woosley & T. A. Weaver
995 ; L. Portinari, C. Chiosi & A. Bressan 1998 ; A. Chieffi & M.
imongi 2004 ; C. K oba yashi et al. 2006 ; K. Nomoto, C. Kobayashi
 N. Tominaga 2013 ), with Al having yields that strongly de-
end on metallicity (D. H. Weinberg et al. 2019 ). Si is predomi-
antly formed in SN II, but has some contribution by SN Ia (C.
 oba y ashi, A. I. Kar akas & M. Lug ar o 2020 ). In GCs, all three

lements are affected by the MP phenomenon, where anomalous
opulations tend to exhibit Al- enhancement, Mg- depletion, and

n a few cases Si-enhancement (e.g. E. Carretta et al. 2009a ; D.
. Nataf et al. 2019 ; D. A. Alv arez Gar ay et al. 2024 ). Mn is

n Fe-peak element, produced by both SN II and SN Ia (D. H.
einberg et al. 2019 ), widely used in combination with Mg and
l t o discriminat e accret ed from in situ populations (K. Hawkins

t al. 2015 ; P. Das, K. Hawkins & P. Jofré 2020 ; D. Horta et al.
021a ; D. Horta & R. P. Schiavon 2024 ). 

We examine the stellar population mix present in ω Centauri
n the basis of the large sample of high-precision abundances
rom APOGEE. For that purpose, we apply the GMM method
mplemented in scikit-learn and the same used by M. S.
itschai et al. 2024 ) to a parameter space consisting of the abun-
ances of Fe, Mg, Si, Al, and N. Some of these elements are
trongly affected by the multiple populations phenomenon (Mg,
i, Al, and N), whereas Fe is seen to vary strongly within the ω Cen
opulations. Thus, this abundance space is characterized by a

arge variance within our sample, making it a good choice for the
dentification of substructure in the data. We remove stars whose
NRAS 547, 1–23 (2026) 
bundance err ors ar e larger than the mean error in the sample
y more than 3 σ of the error distribution, log-transforming the
N/Fe] uncertainties due to the skewed nature of its distribution
see discussions in J. A. Holtzman et al. 2015 ; A. E. García Pérez
t al. 2016 ). 

We apply the GMM method to the data for n = 1 to n = 10 clus-
ers and for each model compute the Bayes Information Criterion
BIC) of the model. The model that minimizes the BIC was se-
ected as our fiducial model, which corresponds to n = 3 clusters
 BIC = 2662 ). We hav e conduct ed a k-means based analysis of 
his sample, which resulted in very similar results. 

We label the three populations P1, P2, and IM. The reasons for
his nomenclature are clarified in Section 3 . The IM population
as a relatively narrow MDF, ranging from [Fe/H] � −2 to −1 . 3 ,
hereas P1 and P2 both present tails extending towards higher
etallicity ([Fe/H] � −1 . The MDF of the P2 population peaks at
 slightly higher [Fe/H] than P1 and IM. 

It is important that we highlight the significant difference
etween our method of identifying substructure in abundance
pace and the pr ocedur e followed by M. S. Nitschai et al. ( 2024 ).
hose authors identified different red giant branches in the
MEGACat photometry for ≈11 000 stars, for which MUSE data
ielded metallicity values. A GMM fit to the resulting MDF
ielded a total of 11 populations with different values of [M/H]
their Fig. 3 ). 

Conv ersely, w e apply GMM to a much smaller data set with
uch higher dimensionality. It is impossible for us to sample the
DF of ω Cen in as much detail as M. S. Nitschai et al. ( 2024 ),
ith a sample that is a 10 th of the size. How ev er, the higher
imensionality of the APOGEE data, sheds light on the chemi-
al connections between populations of different metallicity, as
iscussed in Section 3 . 

.4 The distribution of ω Cen’s multiple populations on 

he colour–magnitude diagram 

ig. 2 shows the distribution of chemically tagged populations in
 Cen on (i) the Kiel diagram for ω Cen stars in the APOGEE VAC
 left ), and (ii) the C F275W , F338W , F438W 

pseudo-CMD derived from
S T photometry a vailable in the oMEGACat catalogue ( right ). In-
ividual stars within each population are shown as points adopt-

ng the same colour scheme for the P1, IM, and P2 populations
s seen in Fig. 1 . The HST pseudo-CMD is represented by black
oints on the second panel. 
Fig. 2 shows that P1 and P2 are indeed characterized by large

preads in [Fe/H] as evidenced by the broad loci they occupy on
he Kiel diagram. Their chemical abundance patterns are also im-
licit in their distribution on the pseudo CMD, as it is evident that
ach population occupies a distinct locus on this plot. APOGEE
Ds, Gaia IDs, population assignments, and membership proba-
ilities for each population are available in supplementary data,
ith Table 1 showing the first five stars in the catalogue. 
In Section 3 , we place these populations on canonical chemical

lanes and characterize their abundance patterns. 

 I N T E R P R ET I N G  T H E  ABUNDANCE  

AT T E R N S  OF  ω C E N TAUR I ’ S  M U LT I P L E  

T E L A R  P O P U L AT I O N S  

n this section, we first provide a quantitative analysis of the
bundance patterns of our three populations identified by the
r ocedur e described in Section 2.3 , and speculate on the origin
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Figure 1. Metallicity distribution functions of the three populations 
identified by GMM clustering in ω Cen, which we label P1 (red), P2 
(yellow), and IM (for intermediate; blue). P1 is characterized by its lower 
[Fe/H] and a tail towards higher [Fe/H], whereas P2 is more metal- 
rich and has a broader metallicity spread. Conversely, the intermediate 
population is characterized by a narrow dispersion in [Fe/H] at the same 
[Fe/H] as P1 (see Table 2 ). For r efer ence, the MDF of C. I. Johnson & C. A. 
Pilachowski ( 2010 ) is shown in the back gr ound (black dotted histogram). 
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f these abundance patterns and how they shed light on ω Cen’s
ssembly history. 

Fig. 3 shows the distributions of the three ω Cen populations
escribed in Section 2.3 in various chemical planes. Table 2 lists
igur e 2. 2D histograms, wher e each pix el r epr esents the number of stars me
dopting 50 K and 0.1 dex bins in T eff and log (g) , respectively; and (ii) the HST
n both m F275W 

− m F814W 

and m F814W 

. Coloured points, adopting the same colo
ubpopulation identified in this paper (whose properties are summarized in Tab
nd blue, those of the P1 and P2 populations extend towards redder colours, as
i) the median [X/Fe], (ii) the dispersion in [X/Fe] ( σ[ X / Fe ] ), (iii)
he Spearman rank correlation coefficient ( R S ) computed for each
bundance ratio [X/Fe] with respect to [Fe/H], and (iv) pairwise 
ann–Whitney test p -values comparing the distributions of each 

lement. We also provide measurements of the median [Fe/H], 
he dispersion in [Fe/H] r epr esented by the standar d deviation
 σ[ Fe / H ] ), and the number of stars identified in each population. 

Fig. 3 displays some striking features. First, P1 and P2 are
learly separated in these chemical planes. Secondly, robust cor- 
 elations between [X /F e] and [F e/H] for sever al elements at test
o the occurrence of strong chemical evolution induced by a 
istory of star formation. Thirdly, the fact that the P1 and P2
opulations are extended over parallel sequences in many of the 
lanes indicates that these populations likely ev olv ed in chemical
etachment, suggesting that P1 and P2 stars formed in different 

ocations, at different times, or both (see discussion by J. T. Mack-
reth et al. 2018 , for similar considerations in the context of the
-bimodality in galaxy discs). Finally, the IM population is not 
haracterized by a str ong corr elation between abundance ratios 
nd [Fe/H], e x cept for the case of [N/Fe]. Most importantly, this
opulation has a very small metallicity spread, combined with 

 large spread in the elements affected by the multiple popula-
ions phenomenon, such as Al, C, and N. In fact, we show in
ection 4 that these abundance variations display the anticorre- 
ations known to exist in Galactic GCs (e.g. R. Gr at ton et al. 2004 ;
. Bastian & C. Lardo 2018 ; D. A. Alvarez Garay et al. 2024 ). 

.1 The abundance pattern of the P1 population 

he chemical compositions of the P1 population at the low- 
etallicity end exhibit a pattern that resembles that of field stars

t the same metallicity (e.g. [Mg/Fe] � 0 . 4 at [Fe/H] � − 1 . 8 ),
hich is consistent with the value of the high- α plateau in Galac-
MNRAS 547, 1–23 (2026) 

asur ed in (i) the Kiel diagram derived fr om APOGEE st ellar paramet ers 
 CMD fr om oMEG ACat (M. Häberle et al. 2024 ) adopting 0.1 mag bins 
ur scheme as Fig. 1 , show the chemically tagged stars belonging to each 
le 2 ). Note that, while the IM red giant branch (RGB) is relatively narrow 

 expected from the MDFs in Fig. 1 . 

33/8507253 by Sarah D
akin user on 22 April 2026
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Table 1. Sample APOGEE and Gaia IDs, assigned populations, and membership pr obabilities fr om the 
GMM clustering applied to ω Cen. The full table is available as a comma-separated table in supplementary 
data. 

APOGEE ID Gaia ID Population Prob 

2M13233428-4734432 6083732462275660672 P1 0.98 
2M13240738-4724118 6083743148154418816 P1 0.97 
2M13241618-4713113 6083758644396620416 P1 0.99 
2M13241760-4722030 6083743629190803712 P1 0.97 
2M13242041-4719352 6083744037177437568 IM 0.99 
– – – –

Figure 3. Distribution of GMM selected clusters on chemical planes using APOGEE data, where the y -axis values are the element abundance ratios 
[X/Fe] for species X in Table 2 plotted as a function of [Fe/H]. Consistent with prior observations, the most obvious feature of these abundance planes 
is the discreteness of what we dub the P1 (red) and P2 (yellow) populations. The former is characterized by initially halo-like light-element abundances 
that increase over the whole range of [Fe/H], consistent with a starburst. P2 is characterized initially by heavy depletion in Mg, heavy enhancement in 
Al, and enhancement in Si. As chemical enrichment took place in the cluster, the abundances tend back towards those characteristic of enrichment by 
SN II and SN Ia. The IM (navy) population has a narr ow metallicity spr ead compar ed to P1 and P2, slight depletion in Mg (but not Si), and int ermediat e 
C, N, and Al-enhancement between P1 and P2. 
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ic field populations (e.g. J. T. Mackereth et al. 2017 ; D. Horta et al.
021a , 2023 ). Above [Fe/H] ≈ −1 . 62 there is a monotonically
ncr easing tr end of [ α/F e] with [F e/H] which is seen in both Mg
nd Si and reflected by the high-Spearman rank correlation co-
fficients ( R S , 0.59 and 0.60, respectively) for both of those abun-
ances as a function of [Fe/H]. Such a strong positive correlation
etween [ α/Fe] and [Fe/H] implies that P1 underwent an early
NRAS 547, 1–23 (2026) 
tarburst which resulted in the chemical enrichment by core col-
apse supernovae (C CSN e) dwarfing that by SN e Ia (G. Gilmore &
. F. G. Wyse 1991 ; D. H. Weinberg, B. H. Andrews & J. Freuden-
urg 2017 ; A. C. Mason et al. 2023 ). The P1 stars also exhibit
imilar behaviour in [Al/Fe]. At low [Fe/H] ([Fe/H] � −2 . 0 ), P1
hows [Al/Fe] � −0 . 3 , which is consistent with what is seen in
he halo field (e.g. D. Horta et al. 2023 ). In addition, [Al/Fe] is
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Table 2. A table summarizing the pr operties of the thr ee populations identified in Section 2.3 . The top section quotes median abundances, 
the spreads estimated from those abundances (expressed as the standard deviation of the abundance distribution, σ[X / Fe] ), the Spearman rank 
correlation coefficient between a given species abundance ratio with respect to [Fe/H], anb the p-value of a pairwise Mann–Whitney test 
comparing the abundances for all three populations. The bottom section summarizes the properties of the three populations in terms of the 
metallicity distribution function (r epr esented by [Fe/H]), quoting median metallicity, the dispersion, and the number of stars in the sample for 
P1, IM, and P2. 

P1 IM P2 p -values 

X [X/Fe] σ R S [X/Fe] σ R S [X/Fe] σ R S P1–IM P1–P2 IM–P2 

C −0.01 0.38 0.60 −0.16 0.31 0.20 −0.11 0.21 0.12 < 0 . 01 < 0 . 01 < 0 . 01 
N 0.35 0.29 0.09 0.80 0.27 0.52 1.24 0.24 0.74 < 0 . 01 < 0 . 01 < 0 . 01 
Mg 0.34 0.10 0.59 0.23 0.11 0.09 −0.05 0.24 0.82 < 0 . 01 < 0 . 01 < 0 . 01 
Al −0.14 0.15 0.68 0.44 0.25 0.21 1.02 0.18 −0.03 < 0 . 01 < 0 . 01 < 0 . 01 
Si 0.28 0.07 0.60 0.25 0.06 −0.19 0.35 0.07 −0.50 < 0 . 01 < 0 . 01 < 0 . 01 
Mn −0.39 0.22 −0.38 −0.32 0.24 −0.43 −0.37 0.21 −0.15 < 0 . 01 0.40 < 0 . 01 
Median [Fe/H] −1.70 −1.71 −1.44 
σ[ Fe / H ] 0.19 0.12 0.29 
N stars 529 386 310 
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tr ongly corr elated with [Fe/H] ( R S = 0.68). As in the case of α
lements, a significant fraction of Al is produced in CCSNe, so
hat this trend is further evidence that P1 underwent an early 
tarburst. C. Conroy et al. ( 2022 ) claim that similar behaviour,
t appr o ximately the same metallicity, can be seen in prograde
 L z > −500 km s −1 ) stars in the stellar halo. 

If indeed the early starburst hypothesis is correct, the star form-
ng gas reservoir had abundances typical of field stars in the halo
t same [Fe/H]. This starburst must have been short-lived enough 

hat either the gas was consumed entirely or star formation was 
uenched befor e SN e Ia could make an important contribution to
he chemical enrichment of the gas. 

.2 The abundance pattern of the P2 population 

nlike their P1 counterparts the stars belonging to the P2 pop-
lation exhibit, at the low metallicity end ([Fe/H] � –1.7) de- 
leted Mg ([Mg/Fe] � –0.2), enhanced Si ([Si/Fe] � 0.40), and 

ery strongly enhanced Al ([Al/Fe] � 0.8). Similarly to the case 
f P1, [Mg/Fe] increases monotonically with [Fe/H]. Conversely, 
Si/Fe] initially decreases and flatt ens t o a plateau of [Si/Fe] �
 . 3 . [Al/Fe] also increases steeply with [Fe/H], before reaching
 peak at [Fe/H] � −1 . 4 and declining towards higher [Fe/H].
hese abundance patterns are consistent with observations of 
 Cen stars from other groups (e.g. C. I. Johnson & C. A. Pila-
howski 2010 ; D. A. Alvarez Garay et al. 2024 ). 

Such abundance patterns are ubiquitous among the Galactic 
lobular clusters that host MPs. Si and Al enhancement, coupled 

ith Mg depletion, have been postulated to be a clear sign that
he star-forming g as r eserv oir incorporat ed mat erial processed
n stellar interiors by the Mg–Al cycle, during high-temperature 
 T � 10 7 K ) H-burning in massive as well as AGB stars (e.g. M.
rnould, S. Goriely & A. Jorissen 1999 ). As in the case of P1,

he steep growth of [Mg/Fe] and [Al/Fe] with [Fe/H] on the
ow-metallicity end suggests the occurrence of an early burst of 
tar formation. How ev er, [Si/Fe] does not go up with metallicity,
aking the interpretation of the data for P2 difficult. This issue

s further discussed in Section 4 . 

.3 The abundance pattern of the IM population 

e discussed the abundance patterns of the P1 and P2 pop-
lations in previous sections, concluding that they both differ 
n substantial ways. The IM population is also characterized 

y substantially different chemistry. One chief difference is the 
act that IM stars present a narrower dispersion in metallicity, 
ignificantly smaller than those of the P1 and P2 populations. 
he dispersion in the metallicity of the IM population is lower

han that of the metal-poor peak of P1 ( σ[Fe / H] , IM 

= 0 . 12 , versus
[Fe / H] , P1 = 0 . 19 ). IM also lacks a tail towards high [Fe/H], a fea-
ure that is present in both P1 and P2. IM also presents a different
istribution in the relevant chemical planes. The light-element 
bundance ratios of IM stars lie somewhere between those of P1
nd P2 populations at same [F e/H]. F or α elements Mg and Si,
M is closer to P1, whereas for N and Al it shows much larger
ariance than P1 and P2 stars at the same metallicity. 

Looking more closely, the distribution of the IM population 

n chemical space is somewhat puzzling, especially when con- 
idering the Al–Fe and N–Fe planes. In both planes the trends
escribed by the IM and P2 populations merge seemlessly, with 

he latter looking like an extension towards higher metallicity of 
he tr ends e xhibited by the IM population, suggesting a possible
hemical evolution link between the two. However, the much 

loser similarity between IM and P1 in the abundances of Si and
g seem to rule out such a chemical association, arguing instead

n favour of a chemical evolution link between those two latter
opulations. These contradictory features make it quite difficult 
or one to devise a clear qualitative evolutionary path connecting 
hese three populations. 

.4 On the absence of a chemical evolution history 

onnecting the P1, P2, and IM populations 

he abundance patterns of the three populations displayed in 

ig . 3 ar e intriguing . The fact that P1 and P2 draw widely sep-
rate trends in almost all chemical planes suggests no straight- 
orward evolutionary link between these two populations. By the 
ame token, in some chemical planes the IM population seems 
o be chemically associated with the P1 stars (Mg–Fe and Si–Fe),
hereas in others (Al–Fe and N–Fe) there is a hint of a chemical

volution connection between IM and P2 populations. 
Additional insights can be gained by adopting Mg, instead of 

e, as the r efer ence metallicity indicator (which has been pre-
iously adopted in works by K. Fuhrmann 1998 , 1999 ; R. G.
r at ton et al. 2003 ; A. McWilliam et al. 2008 ; D. H. Weinberg

t al. 2019 ). For field stars, unlike Fe, Mg has a single source of 
MNRAS 547, 1–23 (2026) 
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Figure 4. Distribution of GMM clusters on chemical planes, where the y -axis values are the element abundance ratios [X/Mg] for species X used in the 
clust ering plott ed as a function of [Mg/H]. Here, it becomes mor e obvious that the IM and P2 populations ar e far mor e distinct fr om one another. The 
Al–Mg plane in particular shows that there is a discontinuity in the abundance patterns around [Al/Mg] � 0 . 8 – it is clear that what ev er produced the 
abundance pattern of the P2 stars must be distinct from the IM population. 
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nrichment (SNe II), so that the interpretation of Mg abundances
s not affected by ambiguities stemming from the enrichment
y the ejecta of both SNe II and SNe Ia. How ev er, one of the
haracteristic abundance patterns of ‘e xtr eme stars’ such as those
n our P2 sample is Si-enrichment and Mg-depletion. Those are
hought to emerge in stars formed from material processed by
igh-temperature quiescent hydrogen burning (e.g. D. Yong et al.
005 ; E. Carretta et al. 2009a ; D. A. Alvarez Garay et al. 2024 ). 

The result is shown in Fig. 4 . It becomes immediately ob-
ious that the three populations are quite detached in critical
hemical planes, particularly Al–Mg. Stars belonging to the IM
opulation show median [Mg/H] � –1.43, whereas the P1 and P2
opulations start their chemical evolution at [Mg/H] � –1.6 and
2.0, r espectively. Mor eover, P2 stars do not seem to constitute
n extension of the IM trend in either the [Al/Mg]–[Mg/H] or
he [N/Mg]–[Mg/H] planes. P2 stars also differ substantially from
he P1 and IM in [Si/Mg] on the metal-poor end. In these planes,
ow ev er, IM and P1 populations are similar, though slightly dif-

erent in [Fe/Mg] and [Si/Mg], while differing quite substantially
n [Al/Mg].2 

This e x er cise demonstrates that the seeming chemical evolu-
ion connection between the P2 and IM populations, apparent
NRAS 547, 1–23 (2026) 

l  
n the Al–Fe and N–Fe planes falls apart when Mg is taken as
he r efer ence metallicity indicator. B y the same token, while the
M population is more similar to the metal-poor end of the P1
opulation, differ ences ar e large enough that it is not quite easy
 o conceiv e how one can ev olv e from the other . W e next consider
ow further examination of the abundance pattern of the IM
opulation can help resolving this conundrum. 

.5 The resemblance of the IM population to 

onometallic Galactic globular clusters 

ig. 5 shows the distribution of our populations on the Mg–Al
lane. The arrows on top of the P1 and P2 data indicate the
ir ection of [Fe/H] gr owth in evenly spaced bins, determined via
 linear r egr ession of the r elation to the data on [F e/H], [Al/F e],
nd [Mg/Fe] for these two populations. As discussed in Sec-
ion 3.3 , the IM population has very small dispersion in [Fe/H],
nd moreov er w e find no compelling evidence of a correlation
etween [Fe/H] and the other abundances within the IM pop-
lation. Hence, arrows showing the direction of [Fe/H] growth
re not illustrated for the IM population. However, the IM popu-
ation does show a significant anticorrelation, at approximately
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Figur e 5. The Mg -Al anticorr elation plotted for the P1 (red), IM (blue), 
and P2 (yellow) populations in ω Cen. The black arr ows show, appr o xi- 
mately, the projection of [Fe/H] variation on to this plane. It is remarkable 
that the P2 and IM populations are quit e w ell separat ed, and that there is 
little, if any, evolution with [Fe/H] for the IM population. This is one piece 
of evidence that the IM population may not be the product of in situ star 
formation at all, but rather a ‘fossil population’ formed by the spiralling 
in of a globular cluster into the centre of the ω Cen host galaxy. Stars that 
appear in both the VAC and oMEGACat catalogues are marked by small 
black squares with inset white points, to illustrate that the stars exhibit 
the same abundance pattern as the sample they are drawn from. 
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Table 3. Globular clusters in the APOGEE VAC whose median 
P2 [Fe/H] lies within ±σ[Fe / H] IM . Globular clusters with reported 
metallicity spreads are highlighted in bold (NGC 5466, S. Villanova 
et al. 2016 ; NGC 6144, E. Carretta et al. 2009b ; NGC 6723, E. Car- 
retta et al. 2009b ; D. Yong, G. S. Da Costa & J. E. Norris 2016 ; NGC 

6656, E. Carretta et al. 2009b ). NGC 5634 (E. Carretta et al. 2017 ), 
NGC 6093 (E. Carretta et al. 2015 ), and NGC 6809 (E. Carretta et al. 
2009b ) do not have significant reported spreads in [Fe/H]. 

GC name Median [Fe/H] σ[Fe / H] 2P 

NGC 4147 −1.63 0.06 
NGC 5466 −1.81 0.09 
NGC 5634 −1.72 0.06 
NGC 6093 −1.61 0.004 
NGC 6144 −1.80 0.00 
NGC 6273 −1.71 0.14 
NGC 6656 (M22) −1.70 0.10 
NGC 6809 (M55) −1.76 0.08 
Terzan 10 −1.62 0.10 

Figure 6. The Mg–Al anticorrelation of the IM stars identified in ω Cen, 
and those in other Galactic globular clusters present in the VAC whose 
pr operties ar e summarized in Table 3 , having been identified as having 
median [Fe/H] within ±σ[ Fe / H , IM ] of the IM population. The fact that 
these stars all show a distribution in this plane consistent with the IM 

population lends credence to the scenario whereby ω Cen experienced 
spiralling in of field globular clusters from its host galaxy during distant 
cosmic epochs. 
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xed [Fe/H], between [Al/Fe] and [Mg/Fe]. This is consistent 
ith the behaviour of so - called second- generation populations 
ithin monometallic Galactic globular clusters (e.g. E. Carretta 

t al. 2012a , b ; S. Mészáros et al. 2015 , 2020 ; R. P. Schiavon et al.
017b ; D. M. Nataf et al. 2019 ). On this basis, we speculate that
he IM population in fact consists of between one and a few metal-
oor field globular clusters that spiralled into the core of the host
alaxy that ω Cen used to be the NSC of. 

To test this hypothesis, we search the R. P. Schiavon et al.
 2024 ) VAC for globular clusters whose median [Fe/H] lies within
σ[Fe / H] of the median value of the IM population (Table 3 ). For

hose Galactic globular clust ers, w e coarsely select anomalous 
tars by imposing the criterion that they have [Al/Fe] above the
ine where [Al / Fe] = m ∗ [ Fe / H ] + c with m = 0 . 5 and c = −0 . 3 ,
 condition which appr o ximately holds at these metallicities. We 
ummarize their properties in Table 3 . 

Table 3 shows the spreads in [Fe/H] estimated using the 
POGEE data. The names of GCs with reported significant 
etallicity spr eads ar e shown in bold face. Our reported [Fe/H]

pread of 0.12, while consistent with confirmed metallicity 
preads in some GCs, does not rule out a GC origin for the IM
opulation on the basis of APOGEE abundances, where P1 and 

2 seem to be the result of a prolonged history of star formation.
Fig. 6 shows the GC stars identified by the abov e crit erion on

he Mg–Al plane (grey points) overlaid on to stars comprising the
 Cen IM population (black points). The agreement is remark- 
ble, in support of our hypothesis. We performed a two - sample
S test on the Mg and Al abundances of these Al-enriched Galac-

ic globular cluster stars and the IM stars, whose p-values are 
nnotated on Fig. 6 . We find that we cannot reject the null hypoth-
sis that these abundance distributions are identical. Assuming 
hat the onset of the MP phenomenon followed the formation of 
1, it makes little sense that they would form with such an abun-
ance pattern after the starburst, which would preclude them 

imply being anomalous stars associated with the P1 population. 
In the Section 3.7 , we map the stars comprising our P1, P2,

nd IM sample on to the oMEG ACat chr omosome map, which
 e deriv ed in Section 2.2.1 . 
MNRAS 547, 1–23 (2026) 
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M

Figure 7. Ce abundances from the BAWLAS catalogue for ω Centauri stars present in both that catalogue and the VAC. The average BAWLAS-derived 
uncertainties are illustrated by black crosses in 0.5 dex bins at the bottom right of each panel. 
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.6 Cerium abundances of ω Cen stars 

n this section, we discuss the s-process element abundance
atterns of our three populations by supplementing our VAC
ample with re-derived abundances included in the value added
atalogue from the BAWLAS project (Brussels Automatic Code
or Char acterizing High-accur acy Spectr a/BACCHUS Analysis of 

eak Lines in APOGEE Spectra, T. Masseron, T. Merle & K.
awkins 2016 ; K. Cunha et al. 2017 ; C. R. Hayes et al. 2022 ). In
ig. 7 , ω Cen stars are displayed on four planes: [Ce/X] versus

X/H] ( left panels ), and [Ce/X] versus [N/X] ( right panels ), where
 = Fe on the top panels and X = Mg on the bottom panels. We
rst focus on the top panels. As pointed out by A. P. Milone et al.
 2017a ), ω Cen displays a type-II GC behaviour, whereby it con-
ains stars with a range of [Ce/Fe] abundance ratios (see also J. E.
orris & G. S. Da Costa 1995 ; V. V. Smith et al. 2000 ; C. I. Johnson
NRAS 547, 1–23 (2026) 
 C. A. Pilachowski 2010 ), which in turn are correlated with
Fe/H]. We note however that this correlation is only quite strong
ithin the P2 population. The P2 population is characterized by
igher [Ce/Fe] values, on average, than both the IM and P1 popu-

ations, which in turn hav e v ery similar [Ce/Fe]. We also note that
here is a very strong correlation between [Ce/Fe] and [N/Fe]. 

On the bottom left panel one can see the dependence of 
Ce/Mg] on [Mg/H]. In the case of the P2 population, [Ce/Mg]
ecr eases as [Mg/H] incr eases wher eas is is roughly constant

n P1 stars. In the IM population, [Ce/Mg] shows a large
catt er at relativ ely constant [Mg/H]. This behaviour resembles
hat displayed by our sample in the [Al/Mg] versus [Mg/H]
lane, although with larger scatter, presumably due to higher
ncertainties in the Ce abundances. This result suggests that
e and Al share a common nucleosynthetic source in ω Cen.



Insight into the birth of ω Cen’s MPs 11 

Figure 8. The chromosome map for ω Cen, constructed using multiband photometry from the oMEGACat catalogue, represented as a 2D histogram 

where in 0.05 dex bins of �F275W , F814W 

and �F275W , F336W , F435W 

each pixel shows the number of stars contained in each bin. Coloured points indicate 
the positions of the P1 (red), P2 (yellow), and IM (blue) stars that overlap between the VAC and oMEGACat. 
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inally, the bottom right panel shows that the strong correlation 

etween [Ce/Fe] and [N/Fe] disappears when Fe is replaced by 
g as the metallicity indicator. In fact, the P2 population shows

n anticorrelation between [Ce/Mg] and [N/Mg]. The latter 
rend switch is caused by the steep correlation between [Mg/Fe] 
nd [Fe/H] in P2, indicating that this population is enriched in
g at a faster pace than Fe, which is consistent with a starbust

ehaviour, as discussed in Section 4 . 
Ce is an s -process element that is contributed to the intestellar
edium predominantly by AGB stars. Due to the characteristi- 

ally long delay time distribution for the onset of AGB enrich-
ent, Ce and other s -process elements have been proposed as

chemical clocks’ that trace the age of st ellar populations. Sev eral
uthors hav e att empt ed t o deriv e empirical relations describing
he behaviour of [Ce/ α] as a function of stellar ages using aster-
seismology and spectroscopy (e.g. J. V. Sales-Silva et al. 2022 ; 
. Casali et al. 2025 ) for field stars in the Galaxy at different
alactocentric r adii. Gener ally, [Ce/Mg] decreases as a function 

f age (i.e. a lower [Ce/Mg] abundance ratio implies an older age). 
he average BAWLAS [Ce/Mg] for P1, IM, and P2 is, respectively, 
.38, 0.37, and 0.76. At face value, this could be int erpret ed as
vidence of P2 being younger than the P1 and IM populations.
ow ev er, a straight application of the G. Casali et al. ( 2025 )

Ce/Mg]-age relation to our data would lead to unrealistic ages 
o the ω Cen populations. This is not altogether surprising, given 

hat the G. Casali et al. ( 2025 ) relation is the result of a history of 
tar formation and chemical enrichment quite different than that 
f ω Cen, leading to a very different [Ce/Mg]-age relation. 

In Section 3.7 , we discuss the possible connections between the
bundances in ω Cen stars and their distribution on the chromo-
ome map. 

.7 APOGEE stars on the chromosome map 

n this section, we examine how the abundance patterns ex- 
ibited by the three populations identified in our study map 
nto their loci on the so - called chromosome map (ChM). Fig. 8
hows the ChM derived from oMEGACat, as described in Sec- 
ion 2.2.1 . Data fr om oMEG ACat ar e r epr esented as a 2D his-
ogram where each pixel is shaded according to the (logarith- 

ic) number of stars in 0.05 mag bins in �F275W , F336W , F435W 

and 

F275W , F814W 

. Adopting the same colour scheme as in Figs 1 –
 , coloured points show the 142 giants in common between
MEGACat and APOGEE. 

Fig. 8 shows that the P1, P2, and IM stars occupy separate
equences on the ChM as they do in Figs 3 –5 . The three se-
uences appr o ximately corr espond to sequences that are clearly
istinguishable in the oMEGACat data, running diagonally from 

he top left to the bottom right of the plane. The spread of the
ata in this direction is associated with the metallicity variation 

ithin each population, in the sense that [Fe/H] grows towards 
he bottom right corner of the pseudo - colour–colour plane (e.g.
. P. Milone et al. 2017a ). The three sequences are also vertically
isplaced. As discussed previously (e.g. A. P. Milone et al. 2017a ),
ertical shifts are associated with variations in the abundances 
f light elements. Thus, the positions of the P1, IM, and P2
opulations on this plane are consistent with the light element 
bundance patterns displayed in Figs 3 and 4 . 

The P2 population overlaps a locus that encompasses the over- 
ensity at the top left of the plot ( �F275W , F336W , F435W 

� −0 . 3 ),
xtending along a ‘plume’ that runs diagonally towar ds r edder

F275W , F814W 

and bluer �F275W , F336W , F435W 

. Conversely, the P1 
opulation is associated with the bluest �F275W , F336W , F435W 

se- 
uence, although its most metal-rich stars do not seem aligned 

ith it on the red �F275W , F814W 

end. Finally, the IM population 

ccupies a locus at �F275W , F336W , F435W 

� 0 . 15 , located in between
he regions populated by P1 and P2, with a much shorter range
n �F275W , F814W 

than P1 and P2. 
Fig. 8 is very revealing. The chemical complexity of ω Cen

as been discussed by various groups (e.g. C. I. Johnson & C. A.
ilachowski 2010 ; A. P. Milone et al. 2017a ; A. F. Marino et al.
019 ; D. A. Alvarez Garay et al. 2024 ). In particular, studies have
MNRAS 547, 1–23 (2026) 
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ed to reports that there may be as many as 15 stellar populations
n ω Cen on the basis of its metallicity distribution function and
ight element abundance patterns (e.g. E. Pancino et al. 2000 ; A.
ollima et al. 2005 ). A ccor ding t o that int erpretation of the data,
uch stellar population complexity manifests itself in the ChM
f Fig. 8 in the form of multiple density peaks, each associated
ith a stellar population of different metallicity and light-element

bundance pattern. 
Figs 3 , 4 , and 8 suggest that the stellar population mix of ω

en is in fact much simpler than previous studies have suggested.
s discussed above, metallicity explains the diagonal extension
f each of the three sequences, whereby �F275W , F336W , F435W 

de-
reases as a function of �F275W , F814W 

. Interestingly, P1 and P2
xt end ov er a much wider range in �F275W , F814W 

than IM, as one
ould expect from the MDFs of these populations as well as their
istributions in multiple chemical planes. 
It is not ew orthy that the P1 and P2 sequences run in parallel

n the ChM, while being widely separated in the chemical planes
isplayed in Figs 3 –5 , where they display marked differences in
heir abundance patterns. Both of them straddle a wide range
n colour, containing multiple density peaks that are clearly vis-
ble in the oMEGACat data. One example is the overdensity at

F275W , F814W 

� 1 . 25 , which corresponds to the high-metallicity
nd of P2 at [Fe/H] � −0 . 6 . This metal-rich component of P2
an also be easily identified in the CMD and Kiel diagram of 
ig. 2 . 
The distribution of APOGEE stars on the ChM in Fig. 8 and

n chemical planes in Figs 3 and 4 thus strongly suggests that
he multiple densities seen in the ChM are not independent stellar
opulations . Instead, each one of them is connected to one out
f three populations characterized by a particular set of light-
lement abundances and covering different ranges in metallicity.
hese seemingly detached substructures occurring along either
f the three parallel sequences are in fact connected by a common
bundance pattern, while differing chiefly in terms of overall
etallicity. As discussed in Section 4 , this behaviour is consistent
ith all three populations having formed from detached star for-
ation episodes operating on distinct gas reservoirs. Under this

nterpretation, the multiple density peaks in the oMEGACat data
or the P1 and P2 populations, r epr esent metallicity peaks associ-
ted with a bursty star formation history. They are not apparent
n the APOGEE MDF because, unlike oMEGACat, the APOGEE
ata do not sample the populations of ω Cen densely enough to
esolve those peaks. 

Finally, it has been pointed out that the distribution of GC
tellar populations on the ChM are determined by variations in
ight-element abundance patt erns (associat ed with the multiple
opulations phenomenon) and metallicity (in the case of type
I GCs). Indeed the loci of chemically selected ω Cen stars on
he ChM agree well with that interpretation of the data, as the
iagonal stretch of each of the three populations in the ChM
orrelates with‘their ranges in metallicity, whereas differences
n light element abundance account for their relative vertical
isplacements. One additional component must be considered,
hough. A. P. Milone et al. ( 2017a ) have shown that stars en-
anced in s-process elements in type II GCs extend over a branch

hat is locat ed t o the red of the main diagonal branch on the ChM.
he size of the BAWLAS subsample in common with oMEGACat

s unfortunately not large enough for a robust confirmation of 
hat tr end. N evertheless, the fact that the P2 population alone is
lmost entir ely r esponsible for the variance in [Ce/Fe,Mg] may
NRAS 547, 1–23 (2026) 

J

elp explain the apparent vertical scatter in its associated branch
n the ChM. 

.8 Summary of the observational evidence 

e have examined the chemical properties of each subpopu-
ation identified on the basis of their abundances using GMM
lustering . Ther e ar e two populations (P1 and P2) that seem to
 xhibit tight corr elations between abundance ratios and metallic-
ty, which are characteristic of chemical enrichment during peri-
ds of extended star formation. Conversely, there is a population
haracterized by its comparative lack of an [Fe/H] spread which
s consistent with that measured in other Galactic GCs present
n the VAC. This population (IM) has light element abundance
atios that are int ermediat e t o those of the P1 and P2 populations
t same metallicity. Most importantly, it exhibits the well-known
g–Al anticorrelation which strongly resembles that of other
Cs. 
We interpret these observations as evidence that ω Cen can

roadly be described as being comprised of three populations,
hich formed in separately. One of them (IM) also shows an

bundance pattern at fixed [Fe/H] that is consistent with that of 
onometallic metal-poor Galactic GCs, suggesting that it may re-

ult from the inspiralling of at least one GC into the central poten-
ial of ω Cen’s host galaxy . Conversely , the other populations (P1
nd P2) are characterized by metallicity spreads and tight corre-
ations between metallicity and abundance ratios, which suggest
hat their chemical evolution was influenced by an early burst
f star formation. Because the abundance ratios of these two
opulations differ significantly at every metallicity these bursts
f star formation have likely occurred at different points in space,
ime, or both. These results are remarkably consistent with those
f P. Jofré et al. ( 2025 ), who in their cont emporary w ork identified
hr ee br oad populations in ω Cen and speculated as to their origin
long similar lines on the basis of their chemical properties. 

In Section 4 , we rely on models of galactic chemical evolution
 o speculat e on the hist ories of gas infall and star formation that
ould be responsible for the chemical properties of the P1 and P2
opulations. Following from our interpretation of its abundance
atterns in Section 3 , we assume that the IM population r epr e-
ents a combination of typical monometallic GCs. In view of the
ingering uncertainties r eg ar ding the origin of such anomalies (R.
r at ton et al. 2004 ; R. G. Gr at ton et al. 2012 ; A. Renzini et al.
015 ; N. Bastian & C. Lardo 2018 ), we refrain from modelling
he chemical evolution of the IM population. Instead, we focus
n the P1 and P2 populations. In Section 5 , we discuss scenarios
hat may explain the co - existence of these three populations today
ithin the ω Cen stellar system. 

 M O D E L L I N G  T H E  C H E M I C A L  E VO LU T I O N  

F  ωC E N  

e begin this section by describing the prescriptions adopted for
he key ingredients of our models. Following that we compare
ur predictions with the chemical composition data available
or the P1 and P2 populations. All our calculations are based
n the Versatile Integrator for Chemical Evolu-
ion (VICE) galaxy chemical evolution modelling code (J. W.
ohnson & D. H. Weinberg 2020 ; E. J. Griffith et al. 2021 ; J. W.
ohnson et al. 2021 ). 
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Table 4. A table showing the median values of the posterior probability 
distributions of the model parameters for our P1 fits. Uncertainties are 
taken as the interquartile range of the posterior probability distribution 
function (PDF), with bold values indicating models with r elax ed con- 
straints on the SFH. 

Parameter Value 

SFE t g , i ( Gyr ) 172 ± 7 . 4 
5 . 7 139 ± 5 

6 

t g , b ( Gyr ) 1 . 01 ± 0 . 17 
0 . 10 1 . 08 ± 0 . 04 

0 . 06 

t b ( Gyr ) 3 . 94 ± 0 . 03 
0 . 05 3 . 49 ± 0 . 10 

0 . 13 

k 17 . 8 ± 0 . 6 
0 . 31 12 . 4 ± 0 . 57 

0 . 41 

Inflows t in (Gyr) 2 . 11 ± 0 . 24 
−0 . 26 3 . 44 ± 0 . 31 

0 . 32 

Z in , Mg 9 . 72 ± 0 . 02 ×
10 −6 1 . 19 ± 0 . 02 

0 . 02 × 10 −5 

Z in , Fe 9 . 47 ± 0 . 02 × 10 −6 1 . 21 ± 0 . 02 
0 . 02 × 10 −5 

η ( Gyr −1 ) 67 . 1 ± 0 . 9 33 . 5 ± 1 . 3 
1 . 19 

Other t total (Gyr) 4 . 80 ± 0 . 36 
0 . 32 4 . 38 ± 0 . 11 
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.1 Model prescriptions 

n Section 3 , we speculate that the abundance patterns shown
y the P1 and P2 populations on the Al–Fe and α-Fe planes are
onsistent with chemical evolution r esulting fr om bursts of star
ormation. Such behaviour has been seen identified in data for 
everal Local Group dwarfs such as the Larg e Mag ellanic Cloud
D. L. Nidever et al. 2020 ), Sagittarius dSph (S. Hasselquist et al.
017 ), and Fornax (S. Hasselquist et al. 2021 ; L. Fernandes et al.
023 ). In galaxy chemical evolution (GCE) models, bursts of star
ormation can be brought about by invoking either a sudden in-
ow of gas, or by an enhancement of the star formation efficiency

SFE). This follows from the fact that both kinds of event can
ignificantly enhance the SFR, and thus temporarily enhance the 
nstantaneous metal contribution by C CSN e such that it e x ceeds
hat of SNe Ia before steadily converging towards an equilibrium 

bundance (see D. H. Weinberg et al. 2017 , for a thorough discus-
ion of α-enhancement due to sudden star formation events). 

Thus, for P1 and P2 we r equir e pr escriptions in VICE that can
 epr oduce the tr end of incr easing [ α/Fe] as a function of [Fe/H].
n the case of P1, the characteristic ‘rising’ behaviour is similar to
hat observed in the Milky Way thick disc in the H3 and APOGEE
urv eys present ed in C. Conroy et al. ( 2022 ). We speculate that
his indicates the occurrence of a period of initially inefficient 
tar formation that was followed by a sudden enhancement of 
he SFE to form the rise in [ α/Fe]. C. Conroy et al. ( 2022 ) claim
hat the burst of star formation coincided with the formation of 
he high- α disc from an initially kinematically hot population. 
ow ev er, t o cav eat this picture w e point out that B. Chen, Y.-S.
ing & M. Hayden ( 2023 ) found that such a change in the SFE was
ot necessary to produce the observed enhancement of [ α/Fe] 
nd that the inflow of fr esh g as (i.e.‘cold mode’ accretion) can
lso produce this behaviour. 

First, we adopt the widely used linear-exponential form of the 
as inflow rate as a function of cosmic time, t, by the following
quation 

˙ 
 in = 

M i 

τin 

t 
τin 

e 
−t 
τin , (2) 

here M i is the inflow mass scaling factor in units M �, and τin 
s the e -folding time -scale in Gyr . W e describe the SFE in terms
f its inverse, the gas consumption time-scale ( t g ), and assume it
akes the form of a sigmoid function (as used in A. C. Mason et al.
023 ) such that: 

 g (t ) = t g , b + 

t g , i 
1 + exp [ −k(t − t b ) ] 

, (3) 

here t g , i and t g , b are respectively initial and the final values of t g ,
 is the multiplicativ e fact or of the exponent of the sigmoid, and
 b is the time at which the SFE begins to increase. 

We assume that ω Cen’s P1 and P2 populations formed such
hat no gas enriched by either population was mixed into the
ther, and thus attempt to fit two separate open box single-zone
odels. We assume that the amount of gas removed by feedback 

t any given time-step ( t step ) within this box is given by 

 out , t= t step = η SFR (t = t step ) , (4) 

here SFR is the star formation rate in M � Gyr −1 , η is the outflow
ass loading factor in units Gyr , and t step is the time correspond-

ng to a given time-step in Gyr. Furthermore, we assume that the
nflowing gas is not of a primordial composition whose abun- 
ances were set by big bang nucleosynthesis. Instead, in both 

ases we assume that the chemical composition of the inflowing 
as matched that of stars at the low end of the [Fe/H] distribution.
nterestingly, in the case of P1, that happens to be similar to the
hemical composition of the Galactic halo at the same [Fe/H]. 

We follow the pr ocedur e outlined in J. W. Johnson et al. ( 2023 )
n order to infer best-fitting models to the APOGEE data for
oth P1 and P2 stars, adopting the above prescriptions for the
etallicity of the inflowing gas, the outflow mass loading fac- 

or, the gas consumption time-scale, and the history of gas in-
ow. Ther e ar e nine fr ee paramet ers in our model, giv en by θ =
 t g , i , k, t g , b , t b , η, τin , t tot , Z in , Fe , Z in , Mg ] . Parameters L , t 0 , k,
 g , 0 , ν, and τin are defined in equations ( 2 )–( 4 ). The remaining
arameters t tot , Z in , Fe , and Z in , Mg are the total cosmic runtime
f the model in Gyr, and the inflowing abundances of Fe and Mg
nto the box, respectively. 

We assume flat, uniform priors on each model parameter with 

dditional conditions that, for P1, ensure: 

(i) 0 ≤ η < 100 Gyr 
(ii) t tot < t cosmo 
(iii) Z in , Mg > Z in , Fe , 

where t cosmo is the age of the universe, taken as the Planck
ollaboration VI ( 2020 ) value of t cosmo � 13 . 8 Gyr (see table 2 of 

hat paper). For P2, we enforce identical conditions e x cept for (iii)
here we enforce Z in , Mg < Z in , Fe , drawing from a uniform pri-
rs in the ranges Z in , Mg = 10 −6 × 1 - 10 and Z in , Mg = 10 −5 × 1 - 10 .
odel parameters are summarized in Tables 4 and 5 . 

.2 Modelling results 

.2.1 Initial caveats 

hen fitting models with large sets of free parameters, it is good
ractice to impose physically meaningful constraints on the range 
f v alues par ameters should span. It is common practice in ap-
lications of GCE models to maximize the constraints by con- 
idering both the run of abundance ratios of stellar populations 
ith metallicity and the probability density of observing a star at
 given metallicity (MDF). 

The case of ω Cen is not simple in that r eg ar d. As the likely
ormer nuclear cluster of a satellite of the Milky Way that was
ccreted many Gyr ago (D. Massari et al. 2019 ; G. Limberg et al.
MNRAS 547, 1–23 (2026) 
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Table 5. A table showing the median values of the posterior probabil- 
ity distributions of the model parameters for our P2 fit. Uncertainties 
are taken as the interquartile range of the posterior PDF. Bold values 
indicate models with r elax ed constraints on the SFH. 

Parameter Value 

SFE t g , i [ Gyr ] 235 ± 5 
6 269 ± 98 

82 

t g , b [ Gyr ] 1 . 51 ± 0 . 06 
0 . 09 1 . 48 ± 0 . 12 

0 . 11 

t b [ Gyr ] 4 . 43 ± 0 . 71 
0 . 92 6 . 31 ± 0 . 11 

0 . 08 

k 16 . 5 ± 0 . 8 
0 . 6 22 . 8 ± 2 . 6 

4 . 7 

Inflows t in [Gyr] 0 . 3 ± 0 . 01 
0 . 01 0 . 77 ± 1 . 29 

0 . 71 

Z in , Mg 1 . 0 ± 0 . 06 × 10 −6 2 . 35 ± 0 . 04 
0 . 05 × 10 −5 

Z in , Fe 2 . 46 ± 0 . 07 
0 . 04 × 10 −5 3 . 60 ± 1 . 30 

1 . 68 × 10 −7 

η [ Gyr −1 ] 18 . 8 ± 0 . 68 2 . 31 ± 0 . 77 
0 . 10 

Other t total [Gyr] 4 . 89 ± 0 . 06 6 . 84 ± 0 . 08 
0 . 06 
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Figure 9. Histories of gas infall, star formation, and Fe-evolution with 
cosmic time from the models corresponding to the median parameters 
drawn from the posterior PDFs of our model fits to the P1 and P2 samples, 
also seen in Figs 10 and 11 . 
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022 ), ω Cen must have been subject to strong tidal stripping. This
as been confirmed by studies reporting detection of ω Cen stars

n the halo (R. A. Ibata et al. 2019 ; J. D. Simpson et al. 2020 ). There
re at least two important implications of that fact for our chem-
cal evolution models of ω Cen. First, stars of varying age and
hemical composition may have been stripped over the lifetime
f ω Cen, so that the MDF of the surviving stellar population may
ot reflect its history of star formation and chemical enrichment.
econdly, the possible occurrence of gas loss due to tidal stripping
eans that gas removal cannot be assumed to originate purely

rom stellar feedback, as implied by equation ( 4 ). 
To address these issues, we fit two sets of models to the data, in

hich the MDF is or is not used as a constraint. In this way, we
an evaluate whether there is consistency between the evolution
n the abundance ratios and the bulk chemical enrichment of the
ystem. Important discrepancies in the results obtained in the two
odel fits could lend insights into the history of tidal stripping of 

he system. 
Another important warning must be brought to the reader’s

ttention at this stage. The MDFs for each population displayed
n Fig. 1 are based on samples of several hundred stars, spread
ver a range of over a decade in [Fe/H]so that, as pointed out
n Section 2.2.1 , they lack the resolution needed t o det ect the

ultiple peaks in ω Cen’s real MDF. Such a limitation has an
bvious impact on our ability to discern sharp time variations in
 Cen’s star formation rate, likely caused by tidal interactions as

ts host galaxy collapsed under the gravity of the Milk y Wa y halo .
urthermore, our sample is largely limited to bright and isolated
iants and we do not take into account the selection function of 
POGEE in our analyses. 
While definitely not fine-grained, the SFHs inferred from our
odelling should none the less be able to account for the broad

istribution of ω Cen’s stellar populations in chemical space,
hedding light on the evolutionary history leading up to its cur-
ent state. 

.2.2 ‘MDF-constrained models’ 

e start by studying models optimized to match both the dis-
ribution of stars on the Mg–Fe plane and the MDFs of the two
opulations. The resulting histories of gas infall and star forma-
ion, as well as the evolution of [Fe/H] with time, are shown
NRAS 547, 1–23 (2026) 
s solid lines in Fig. 9 . The model fit to the P1 stars favours
arameters with initially inefficient star formation, characterized
y a gas consumption time-scale t g � 227 Gyr. At t � 4 . 49 Gyr ,
 g declines precipitously to � 1 . 16 Gyr , resulting in a starburst
n the gas reservoir. Gas of a halo-like composition, such that
Mg / Fe] in = 0 . 35 , flows into the box over a time-scale of t in =
 . 40 [ Gyr ] . Outflows are highly efficient in removing gas per unit
tar formation, such that η = 38 Gyr . The top panels of Fig. 10
hows the predicted model track of [Mg/Fe] (t ) versus [Fe/H] (t )
nd MDFs for the P1 model, plotted against the P1 stars identified
n Section 3 . The starburst causes an increase in the frequency
f SNe II, and a boost in α-element production, which manifests
tself in the form of a sudden change in the slope of the model in
he Mg–Fe plane at [Fe / H] ≈ −1 . 65 . 

The top panels of Fig. 10 show the results of our constrained
odels for P1. The left panel shows the observed Mg–Fe plane,
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Figure 10. MDFs and Mg–Fe planes from the model fits to the P1 stars, where black solid lines correspond to the model corresponding to the median 
of the posterior PDFs. In each case, MDFs generated by the model have been convolved with the median uncertainty in [Fe/H] in the APOGEE VAC for 
P1 stars in ω Cen. The top and bottom rows correspond to the models described in Sections 4.2.2 and 4.2.3 , r espectively. Gr ey shaded r egions indicate 
the range of MDFs and abundance tracks produced by randomly sampling model parameters between the 16 th and 84 th percentiles of the posterior 
probability distributions. The precipitous decline in the probability density of stars with [Fe/H] > −1 . 7 reflects the rapid consumption of the star-forming 
gas following the onset of the starburst. 
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ith a solid line indicating the model corresponding to the me-
ian parameters of the posterior probability distribution pro- 
uced by the fitting. The right panel shows the observed MDF
s a histogram in 0.05 dex bins of [Fe/H]. In both panels, the
olid line corresponds to the model prediction generated for the 
edian parameters of the posterior probability distribution. The 

haded region indicates 1000 realizations of models with param- 
ters r andomly dr awn, with v alues r anging between the 16 th and
4 th percentiles of the posterior PDF. Overall, a good match to
he data is achieved. The normalization and shape of the MDF
s r epr oduced, along with the [Fe/H] corresponding to the peak
f the MDF. How ev er, the model underpredicts the number of 
etal-rich stars. 
The top panels of Fig. 11 show comparisons between data and 

odels for the P2 population. In this case, the abundance patterns
ecessitate the inflowing gas to have abundances characteristic of 

he so - called e xtr eme populations seen in some Galactic globu-
ar clusters, such that [ Mg / Fe ] initial � −0 . 60 . We do not include
rescriptions for any of the purported progenitors responsible 
or these abundance patterns, and instead assume that they have 
lready contributed their metals to the gas reservoir. Subsequent 
hemical evolution from this initial abundance pattern, is driven 

y enrichment coming from combination of SNe II, SNe Ia, and 

GB stars. 
As in the case of P1, the P2 population is characterized initially

y a very low SFE ( t g,i = 235 Gyr). Because of a much more vigor-
us initial gas infall, the star formation rate is higher than in the
ase of P1. About 4.4 Gyr after the beginning of star formation,
he SFE surges precipitously ( t g , b = 1 . 51 Gyr), bringing about a
urst of star formation. Due to the initially higher star formation
ate, when the starburst takes place the gas has achieved higher

etallicity ([Fe / H] ≈ −1 . 3 ). As in the case of P1, outflows are 
lso responsible for the termination of star formation. 

The top left panel of Fig. 11 shows that the model matches
he distribution of P2 stars on the Mg–Fe plane quite well.
ow ev er, the t op right panel shows that the model significantly

verpredicts the number of stars formed from the starburst. 
ur modelling sugests that these stars form over the course of 
 continuous history of star formation, and not a bursty one
her e ther e can be periods of quiescence or ev en t emporary
uenching of star formation, during which time gas mass can be

ost due to sources of feedback and stripping. This assumption
ay be valid for P1, but there is some observational evidence

hat the most metal-rich ([Fe/H] > −1.2) stars in P2 may have
ormed later, subsequent to some loss of gas from the system.
his can be seen in the ChM (Fig . 8 ), wher e ther e is a lack of 
tars connecting the two overdensities that trace our P2 stars. 
uch a discontinuity is also seen in M54 (A. P. Milone et al.
017a ), a system known to have undergone a bursty history
f star formation. Fig. 8 shows that there is a significant dis-
ontinuity between the most metal-rich P2 stars and the main 

ody of the P2 stars on the ChM. This may in fact reflect such
MNRAS 547, 1–23 (2026) 
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M

Figure 11. MDFs and Mg–Fe planes from the model fits to the P2 stars, where black solid lines correspond to the model corresponding to the median of 
the posterior PDFs. In each case, MDFs generated by the model have been convolved with the median uncertainty in [Fe/H] in the APOGEE VAC 

for P2 stars in ω Cen. The top and bottom rows correspond to the models described in Sections 4.2.2 and 4.2.3 , r espectively. Gr ey shaded regions 
indicate the range of MDFs and abundance tracks produced by randomly sampling model parameters between the 16 th and 84 th percentiles of the 
posterior probability distributions. Both models overpredict the abundance of metal-rich ([Fe/H] > −1 . 2 ) stars to varying degrees, in spite of successfully 
r epr oducing the abundance pattern of P2. This overabundance can be attribut ed t o the prescription of a continuous SFH – if there was a period of less- 
intense star formation during which gas was stripped from the clust er, follow ed by a fresh round of more intense star formation from the diminished 
g as r eservoir, this could e xplain the r elative paucity of metal-rich stars, and why the model is unsuccessful. Alt ernativ ely, these stars could hav e been 
stripped during interactions with the Milky Way. 
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 pause in the SFR, during which time some of the gas was
emoved. 

.2.3 Models without MDF constraints: a new mass budget 
roblem 

n this section, we examine the performance of models optimized
ithout the imposition of an MDF constraint. The resulting his-

ories of gas infall and star formation, as well as the evolution
f [Fe/H] with time, are shown as dotted lines in Fig. 9 . Com-
arisons with data are displayed in the bottom panels of Figs 10
nd 11 . For both P1 and P2 populations, the match to the run
f [Mg/F e] versus [F e/H] is only marginally improved – a little
ore so in the case of P1, whose metallicity now extends beyond

Fe/H] � –1.2. Unsurprisingly, the bigg est chang es take place in
he MDF predictions, which in both cases get shift ed t o great er
ow er t owards the high-metallicity end. The variation is more
 xtr eme in the case of P1, which presented a fairly good match in
he ‘constrained’ case, and now displays a sizeable wing towards
Fe/H] � –1 . 5 . In the case of P2, most of the power is now located
t [Fe/H] � –1 . 2 , in sharp constrast with the observed MDF. 
NRAS 547, 1–23 (2026) 
These results suggest the presence of an inconsistency be-
ween the apparent evolution of both populations in the Mg–Fe
lane and their MDFs. They suggest that, in order to produce
he str ong incr ease in [Mg/Fe] observ ed t owards the metal-rich
alf of both populations, the system must undergo a strong burst
f star formation, thus producing an overabundance of metal-
ich stars which are not observed. This new type of mass budget
roblem manifest in our models can be explained in two possible
a ys. In one scenario , it can be argued that these metal-rich

tars were actually formed, but due to their being somehow less
ound to the system they were tidal-stripped through interaction
ith the Milky Way host halo. Alt ernativ ely, gas stripping could
e responsible for the mismatch between the predicted and ob-
erved MDFs. The prescription for outflows due to stellar feed-
ack (equation 4 ) are likely too simplistic to r epr esent a situation
her e g as may have been tidally stripped through interaction
ith the Milky Way halo. In addition, the model does not allow

or temporary quenching of star formation. Indeed, continued
nt eraction betw een an infalling sat ellit e galaxy and the host halo
an contribute to the gradual removal of the star forming gas, as
ell as star formation bursts (see discussion in Section 5.1 ). Such

vents may single-handedly explain the discrepancies observed
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etween the model and observed MDFs we showed in Figs 10 and
1 . 

The model histories of star formation displayed in Fig. 9 pre-
ict an age spread of � 4 Gyr for both populations, which is in
ood qualitative agreement with the recent determinations by C. 
lontz et al. ( 2024 ). Furthermore, C. Clontz et al. ( 2025 ) recently

nferred the age-metallicity relations (AMRs) of subpopulations 
n ω Cen on the ChM along very similar lines and found that their
1 and P2 populations (which occupy the same loci as APOGEE 

tars in these populations on the ChM) have different age distri-
utions, with P2 indeed being younger than P1. In both cases, the
urst of star formation is predict ed t o hav e occurred in the lat est
tages of the chemical evolution of both populations, being as- 
ociated with the formation of their most metal-rich stars. Inter- 
stingly, it is in this regime that important discrepancies between 

bserved and predicted MDFs are found. We further elaborate on 

his result in Section 5 . 

.3 Summary of results from GCE modelling 

mploying the VICE GCE modelling code, we have derived best- 
tting GCE models to the P1 and P2 populations in ω Cen, under

he hypothesis that these populations ev olv ed in chemical de- 
achment. This assumption is w ell-motivat ed by an inspection of 
he chemical abundance patterns evident in Fig . 3 . B y optimizing
arameters dictating the evolution of gas infall, outflows, and star 
ormation efficiency, we find that the models predict that both 

opulations underwent a burst of star formation, preceded by a 
ew Gyr of low star formation rate. The GCE models are a good

at ch t o the distribution of both P1 and P2 stars on the Mg–
e plane, but fail to r epr oduce their MDFs. The mismatch is of 
ourse exacerbated when MDFs are not adopted as constraints in 

he optimization. In both cases the best-fitting models predict an 

 x cess of metal-rich populations formed during the bursts of star
ormation. 

In the following section, we first compare the data and our
nt erpretations t o other studies of the chemical composition of ω 

en stars. Following that, we perform a chemical comparison 

etween the P1 stars of ω Cen and the field stars of accreted dwarf 
alaxies in the Milk y Wa y’s stellar halo in an att empt t o constrain
he nature of ω Cen’s parent population. Finally, we tie in our
hemical tagging of the P1, P2, and IM stars in the VAC with the
arger observational state of play concerning ω Cen. 

 T H E  M U LT I P L E  P O P U L AT I O N S  OF  ω C E N  I N  

H E  CON T E X T  OF  C H E M I C A L  E VO LU T I O N  

O D E L S  

n Sections 3 and 4 , we e xplor ed new insights into the mix of stel-
ar populations hosted by the ω Cen stellar system, afforded by a
ombination of precise chemical abundances from the APOGEE 

AC, and the oMEGACat phot ometry. We show ed that APOGEE 

hemistry splits the stars of ω Cen into three stellar popula-
ions, which are mapped neatly on to separate sequences on the
hr omosome map. Furthermor e, we pr esented e xploratory g alaxy
hemical evolution models that attempt to explain these abun- 
ance patterns in terms of episodes of star formation occurring in
tar-forming g as r eservoirs with markedly differ ent compositions.

In this section, we discuss the shortcomings of the GCE models
escribed in Section 4 , particularly in relation to the MDF of 
2 and the implications of the model’s failure to reproduce it.
ollowing that, w e speculat e on the origin of the int ermediat e and
2 populations, which are both characterized by the anomalous 
bundance patt erns associat ed with the Galactic GCs. Finally, 
nder the assumption that the P1 sample comprises former field 

tars of the progenit or of ω Cen, w e perform chemical compar-
sons between these stars and other stars belonging to substruc-
ure identified in the literature, particularly ones wher e ther e has
een a speculative link to ω Cen’s progenitor. 

.1 On the role of gas mass-loss in shaping the MDF of P2 

n Section 4 , we fitted GCE models to Mg and Fe abundances of 
he P1 and P2 samples described in Section 2 . The underlying
ssumptions of these models are that after a period of initially
nefficient star formation, a starburst takes place without the 
nflow of additional gas, due to a sudden increase in the star for-

ation efficiency. Such a starburst (dubbed an ‘efficiency-driven 

tarburst’ e.g. J. W. Johnson & D. H. Weinberg 2020 ; D. L. Nidever
t al. 2020 ) is markedly differ ent fr om one driven by accretion,
s it simply marks an enhancement in the consumption of the
vailable g as, incr easing the rate of SN II enrichment relativ e t o
hat of SN Ia from antecedent star formation. Such a burst could
e driven by a dynamical disturbance to the existing gas supply. 

What Fig. 11 shows is that at the onset of the starburst that
ormed the P2 population, there is too much gas available in the
eservoir and thus the number of stars at [Fe/H] � −1 . 2 is vastly
v erpredict ed by the model. Fig. 8 indicates that the sequence on
he ChM corresponding to our P2 sample is characterized by a
earth of stars between �F275W , F814W 

� 0 . 7 and �F275W , F814W 

� 

 . 0 . The stars comprising the overdensity at �F275W , F814W 

� 1 . 25
re located on the locus on the Mg–Fe plane that must have
ormed during the starburst, characterized by constant [Si/Fe], 
nhancement in [Mg/Fe], and enhanced [N/Fe] as a function of 
Fe/H] (see stars with [Fe/H] � −1 . 2 in Fig. 3 ). This ‘gap’ on the
hM is also seen in M54 (A. P. Milone et al. 2017a ). 
This is interesting, in view of the ample evidence that the Sagit-

arius dSph has experienced a bursty history of star formation (M.
ellazzini et al. 2008 ), likely due to its interaction with the Milky
ay. This is the possible origin of its population of metal-rich

eld stars. Recently M. Alfaro-Cuello et al. ( 2019 , 2020 ) presented
n analysis of MUSE observations in the central region of the Sgr
Sph. Disentangling Sgr dSph field stars from those belonging 
o its NSC, M54, is a difficult task. Those authors found that
he young metal-rich stars in the core of the g alaxy ar e centrally
oncentrated and exhibit kinematics consistent with in situ star 
ormation in the core of M54 (see also N. Kacharov et al. 2022 ),
hich was likely triggered by its interaction with the Milky Way. 
Following its accretion of gas with GC-like abundances, in a 

imilar fashion, ω Cen may have experienced a temporary pe- 
iod of low-intensity or quenched star formation, during which 

 significant fraction of this gas reservoir was removed from ω 

en. A subsequent burst of star formation, occurring in the now
ignificantly depleted gas reservoir, formed the metal-rich stars of 
2. Since our GCE models adopt a simplistic feedback-motivated 

utflow, g as r emoval is under estimated, and as a r esult they badly
v erestimat e the number of metal-rich stars in the P2 population.
 full kinematic characterization of the three populations, per- 
aps at different metallicities, could confirm this. 

.2 On the origin of the three ω Cen populations 

s argued in Section 3.5 , our working hypothesis for the origin
f the IM population is the inspiralling of early GCs into the core
MNRAS 547, 1–23 (2026) 
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f ω Cen’s host galaxy. We now turn to an interpretation of our
esults for the P1 and P2 populations. A critical aspect of our
pproach is that we choose to model the chemical evolution of 
he two populations separately, without attempting to establish
 chemical evolution link between them. By proceeding in that
ay we renounce any ambition to devise a fully consistent model

or the chemodynamic ev olution of the ω Cen st ellar syst em.
ndeed, formulating a chemical link between populations such
s P1 and P2 is a proposition that has eluded the community for
 ell ov er a decade (see the discussion by N. Bastian & C. Lardo

018 ), and is beyond the scope of this work. Our focus instead
s on understanding what type of star formation and chemical
v olution hist ories can produce such a unique distribution of 
hemical properties as observed in ω Cen. In doing so we hope
o gain new insights into the history of this peculiar system. 

We start by looking at the evidence for the occurrence of star
orming bursts in these systems. As discussed in Sections 3 and
 , a steep relation between abundance ratios such as [Mg/Fe],
Al/F e], and [F e/H] is a telltale sign of a burst of star formation,
s it implies a preponderance of enrichment by massive stars (e.g.
. Hasselquist et al. 2021 ; L. Fernandes et al. 2023 ). Indeed, opti-
ization of GCE model parameters using the VICE code results

n SFHs characterized by low level star formation followed by a
trong burst for both P1 and P2 (Fig. 9 ). It is important to note
hat the starting time for both models is completely arbitrary, so
hat age differences implied by the SFHs displayed in Fig. 9 are
ifficult to interpret. 
Bursts of star formation can be triggered by interactions be-

ween infalling satellites and their hosts (e.g. K. Bekki & K. C.
reeman 2003 ; E. Emsellem & G. van de Ven 2008 ; W. J. Pear-
on et al. 2019 ). In addition, such episodes of star formation
n infalling sat ellit es are accompanied by gas stripping through
arious processes, such as tidal forces, dynamical friction, and
tellar feedback (L. P. Bassino, J. C. Muzzio & M. Rabolli 1994 ; J.
feffer & H. Baumg ar dt 2013 ). In this context, it may be possible

o understand the MDF mismatch displayed in Figs 10 and 11 as a
y-product of the merger process just as much as the bursts of star
ormation themselves. In other words, the deficit in metal-rich
tars (particularly important in the case of P2), may be the result
f the loss of metal-rich g as incurr ed during the accretion of the
 Cen host into the halo of the Milky Way. This gas mass deficit
ould then account for the reduced impact of the star formation
urst on the final stellar mass budget of ω Cen, explaining the
DF mismatches. 

.3 Putting the pieces together: a hypothetical scenario 

or the genesis of ω Cen 

efor e pr oceeding, it is suitable that we take st ock of where w e
re with the different pieces of the puzzle. According to our GMM
nalysis (Section 3 ), ω Cen hosts three stellar populations, char-
cterized by distinct chemistry. One population (IM) is likely the
esult of the inspiralling of one or more metal-poor GCs into the
entre of the ω Cen host galaxy. The remaining populations are
1, which is characterized by abundance ratios that are akin to

hose of halo field stars at same metallicity, whereas P2 displays
 xtr eme second-generation GC chemistry at a broad range of 
etallicities. The two populations seem to have undergone sep-

rat e hist ories of star formation and chemical enrichment, both
haracterized by a period of ‘simmering’ star formation, followed
y a starburst. 
NRAS 547, 1–23 (2026) 
Since the P1 burst is triggered at a time when the gas has
ubstantially lower metallicity than P2 ([Fe/H] ≈ –1.7 as opposed
o ≈–1.3), it is reasonable to suppose that the P1 burst took place
t an earlier time. This notion is further supported by the fact that
he models predict a longer period of ‘simmering’ star formation
or P2 than for P1 (Fig. 9 ). Thus the evidence favours the P1 burst
aving occurred first. 
A possible scenario would thus start with P1 as the direct chem-

cal descendant of the primordial stellar population residing in
he centre of the ω Cen host galaxy. Steady conversion of gas
nto stars at a low rate proceeded until the falling into the Milky

ay halo triggered a burst of star formation. Interaction with
he Milky Way could then have led to a quenching of the star
ormation rate, due to gas loss associated with tidal stripping,
arassment, and/or feedback. 
The P1 hypothesis being accepted, one is then left with the

ifficult question r eg ar ding the origin of the gas from which the
2 population was formed. As mentioned above, this is a fun-
amental unsolved problem in the present understanding of GC
ormation (see e.g. A. Renzini et al. 2015 ; N. Bastian & C. Lardo
018 ). It is beyond the scope of this paper t o att empt a solution,
o we simply take the existence of multiple populations in GCs
or granted. What follows are mere speculations based on the
nformation at hand. 

We have assumed that the P1 and P2 populations evolved in
hemical detachment. At first glance this assumption may seem
nreasonable in view of the fact that these two populations are

ightly colocat ed t oday in a dense environment. The obvious com-
eting scenario would be one according to which the system un-
erwent accretion of gas with the chemical composition needed
o, upon mixing with the existing in situ gas, dilute its chemical
omposition so as to next form stars with the abundance ratios
bserved in the metal-poor end of the P2 population. Looking at
ig. 4 , that would require, for instance, a decrease of � 1.6 dex in

Mg/H] and 3 dex in [Al/H]. In short, the chemistry of the early P2
opulations is so e x ceptional that for it to r esult fr om mixing with
r e-e xisting ev olv ed P1 gas w ould call for infall gas abundances
hat may be unreasonably extreme. While worth mentioning it,
e deem this scenario unlikely. 
A possible source for the gas that formed P2 is the inspi-

alling GC(s) that gave origin to the IM population. Since the
M population contains stars with second-generation chemical
ompositions, it is conceivable that the inspiralling of their host
C(s) br ought g as whose abundances wer e characteristic of that
 xtr eme abundance pattern. Such stars are also found in even
arger amounts in the field (e.g. R. P. Schiavon et al. 2017a ; J. G.
ernández-Trincado et al. 2019 ; S. Kisku et al. 2021 ; D. Horta et al.
021b ; S. G. Phillips et al. 2022 ; V. Belokurov & A. Kravtsov 2023 ).
 similar scenario has been proposed by D. A. Alv arez Gar ay et al.

 2024 ) as a mechanism to build up ω Centauri’s MPs. ω Cen’s
SC status would make such a mechanism e x ceptional when

ompared with other GCs as it would have still been embedded in
ts host’s dark matter halo, allowing it to retain and accumulate
nriched gas. 

While at present we lack a clear definition of what process is
esponsible for this phenomenon, there is no question about its
bility t o generat e enough gas t o form ≈10 6 M � in 2G stars within
he most massive GCs. These inspiralling GC(s) would likely be
orming the early P2 stars at a low level of star formation, but
hen infall of such a large amount of dense gas into the core of 
 Cen’s host galaxy may trigger a second burst of star formation,

esponsible for the production of the metal-rich P2 stars observed
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n ω Cen today. Stripping of that gas partly during the inspiralling
nto the host galaxy, and partly due to feedback and harassment
y the Milky Way may be responsible for the ‘metal-rich mass
udget problem’ laid bare by the MDF comparisons of Fig. 11 . 

 C A N  WE  I D E N T I F Y  T H E  REMAINS  OF  ω 

E N ’ S  HOST  GAL AXY  ON  T H E  BASI S  OF  

H E M I ST RY ?  

s we discussed in Section 1 , there may be a genetic link be-
ween ω Cen and accreted populations in the Milky Way’s stellar
alo. The two most prominent candidat es suggest ed t o dat e for
 Cen’s former host system are the Sausage/ Gaia Enceladus (V. 
elokurov et al. 2018 ; A. Helmi et al. 2018 ) and the Sequoia (G.
. Myeong et al. 2019 ). 
D. Horta et al. ( 2023 ) utilized a χ2 method on the basis of 

POGEE data to compare the chemical abundance patterns of 
ubstructures in the Milk y Wa y stellar halo to in situ stars at the
ame metallicity. Notable inclusions in the analysis were Hera- 
les (D. Horta et al. 2021a ), the Sausage/ Gaia -Enceladus (V. Be-
okurov et al. 2018 ; M. Haywood et al. 2018 ; A. Helmi et al. 2018 ;
. T. Mackereth et al. 2019 ), the Sagittarius dSph (R. A. Ibata et al.
994 ), the Helmi stream (A. Helmi et al. 1999 ), and Sequoia (R.
. Barbá et al. 2019 ; G. C. Myeong et al. 2019 ). 
We perform the same e x er cise, comparing the abundances of 

he Sausage/ Gaia -Enceladus, Sequoia, Heracles, and Aurora (V. 
elokurov & A. Kravtsov 2022 ; G. C. Myeong et al. 2022 ) to the
1 stars in the VAC. Aurora is purportedly the in situ relic of the
ilk y Wa y prior to the onset of the formation of the disc, char-

cterized by hot kinematics, an isotropic velocity ellipsoid, and 

light rotation. The comparison is based on the assumption that 
1 stars constitute the original field stars of ω Cen’s progenitor,
ince no halo substructure identified t o dat e is dominated by stars
ith chemistry similar to P2 or IM. 
To briefly summarize the method presented in D. Horta 

t al. ( 2023 ), for each population considered we mak e cor -
ections to the abundances to account for systematic abun- 
ance variations with surface gravity ( log g ), which can be 
aused by a combination of st ellar ev olution or syst ematic
ffects as a function of stellar parameters (see D. H. Wein- 
erg et al. 2022 , for a thorough discussion). We make these
orr ections, r estricting our sample to stars with 1 < log g <
 , and fit second order polynomials to the relationship be- 
ween log g and [X/H] for every species entering the compar- 
son (X ∈ [ O , Mg , Si , S , Ca , Ti , C , N , Al , K , Mn , Ni , Ce ] . Corr ec- 
ions are made by subtracting the difference between the poly- 
omial fit to the data and the observed abundance. 
N e xt w e det ermined, for each substructure, the dispersion

f the abundance ratios [X/Fe] at two r efer ence metallicities,
Fe/H] comp = −1 . 7 and −1 . 2 . That was achieved through a boos-
rapping resampling method, generating 1000 realizations of the 
–Fe planes of every substructure considered, for every species 
, selecting stars within a ±0 . 1 dex window around those two
 efer ence [Fe/H] values. This yields 1000 median [X/Fe] values 
or the 13 elements adopted for the comparison, from which we 
ompute the mean and standard deviations of [X/Fe], using them 

o compare the chemical abundances between the two popula- 
ions. 

Using the mean and dispersion values computed for every 
X/Fe] at the two [Fe / H] comp values, we assess the chemical sim- 
larity between P1 and halo substructures by using a χ2 statistic 
iven by equation (1) from D. Horta et al. ( 2023 ) 

2 = 

∑ 

i 

( [X / Fe] i , sub − [X / Fe] i, P1 ) 2 

(σ 2 
[X / Fe] i, sub 

+ σ 2 
[X / Fe] i, P1 

) 
, (5) 

her e [X / Fe] i , sub and [X / Fe] i, P1 ar e the abundances of a 
iven halo substructure and the P1 stars, respectively. σ 2 

[X / Fe] i, sub 

nd σ 2 
[X / Fe] i, P1 

are the corresponding uncertainties for those 
bundance measurements. We then compute the p-value for 
he χ2 statistic for 12 degrees of freedom using scipy ’s
cipy.stats.chi2.cdf r outine, wher e a value of p χ2 < 0 . 05

ndicates that the abundances of P1 and halo substructures are 
ot drawn from the same population. Finally, we also compute 

he sum of the differences, 
∑ 

�[X / Fe] , given by the numerator of 
quation ( 5 ). 

The samples and data for each substructure came from D. 
orta et al. ( 2023 ) The sample of in situ stars (r epr esented by

lack points and tr acks) w as chosen to mimic the same selection
n C. Conroy et al. ( 2022 ) (who adopted a left-handed coordinate
rame, hence we select stars with L z > 500 kms −1 kpc −1 and 

 < 0 . 8 ). 
Fig. 12 shows the results for [Fe / H] comp = −1 . 2 ± 0 . 2 . In this
etallicity none of the substructur es e xhibits the same abun-

ance pattern as P1. This is not surprising. For example, at this
Fe/H] comp P1 exhibits α-abundances ≈0.3 dex higher than those 
n these substructures at the same metallicity ( [Mg / Fe] ≈ 0 . 5 ). 

When running the same statistical test at [Fe/H] comp = −1 . 7
e find smaller discrepancies between all substructures and the 
1 population (we skipped Aurora, because the sample does not 
each low enough [Fe/H] for a meaningful comparison). In fact, 
or Heracles we find formal similarity with P1 ( p χ2 = 0 . 14 ). One
ould reasonably argue that these abundance differences are the 
esult of chemical composition gradients within the host galaxy. 
ow ev er, the one case for which chemistry of the body, outskirts,

nd NSC of a sat ellit e g alaxy ar e available, Sgr dSph, an [ α]/Fe]
radient is not present (C. R. Hayes et al. 2020 ). 

We thus conclude, on the basis of this analysis, that none of the
alo substructures contained in the APOGEE DR17 catalogue for 
hich an association with ω Cen has been claimed (e.g. G. Lim-
erg et al. 2022 ) has chemical compositions that are consistent
ith such an association. 

 O P E N  Q U E ST I O N S  

he highly speculative scenario presented in Section 5.2 and Sec- 
ion 5.3 accounts for some of the broad properties of the ω Cen
t ellar syst em, but leav es a number of questions unansw ered. It is
ritical that they are stated clearly, and we enumerate them below. 

(i) How was the P2 gas originally enriched? Our scenario for the
rigin of the P2 populations suffers from a fundamental short- 
oming . In or der t o fit the chemical ev olution of that population
e had to assume that it started from gas that was originally en-

iched to a somewhat e xtr eme second-generation GC abundance 
attern. That assumption, while justified by the observations, is 
evoid of a theoretical foundation. Although we know that all GC
econd-generation stars must have formed from gas characterized 

y such e xtr eme chemical compositions, there currently is no
odel capable of producing it while matching all the properties 

f the multiple populations in GCs (e.g. N. Bastian & C. Lardo
018 ). Without an answer to this basic question, a definitive
icture for the origin of ω Cen’s populations – and that of that
erplexing stellar system itself – will still remain elusive. 
MNRAS 547, 1–23 (2026) 
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M

Figur e 12. �[X /Fe] differ ences (Sub–P1) between the resulting mean values obtained using the method presented in section 5 of D. Horta et al. ( 2023 ) in 
13 different chemical abundance planes at [Fe/H] = −1.2 ± σ[Fe / H] P1 . Here we compare the stars comprising P1 to the (i) Aurora (green), (ii) Sausage/ Gaia 
Enceladus (navy), (iii) Sequoia, (iv) Heracles, and (v) a sample of in situ halo stars. 
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(ii) How much mass did ω Cen lose? Consider the metal-rich
ass budget problem discussed in Section 4.2.3 . Our scenario

xplains away the metal-rich MDF mismatch (Figs 10 and 11 ) as
eing caused predominantly by loss of gas due to tidal stripping
nd harassment. N evertheless, ther e is str ong evidence that ω
en lost substantial mass in the form of stars (e.g . B . Anguiano
t al. 2025 ; R. A. Ibata et al. 2019 ; J. D. Simpson et al. 2020 ; G.
agnini et al. 2025 ). A reliable estimate of the amount of stellar
ass lost by ω Cen over the past many Gyr will have to await the

hemical tagging of a statistically robust halo field sample (see B.
nguiano et al. 2025 , for a recent study using machine learning
ethods to chemically tag ω Cen stars that have been lost to the

eld). On the other hand, we have no means of ascertaining the
otal gas mass lost. However, if the model predictions displayed in
igs 10 and 11 are accurate, one would reasonably conclude that

t lost most of its mass to the field, predominantly in the form of 
2 stars and/or gas. 
(iii) Are the extreme abundance ratios of the P2 population a

eature of Nuclear Star Clusters? We hypothesize that the P2
opulation is the result of the conversion of 2G g as pr esent in
he GC(s) that spiralled into the centre of ω Cen’s host galaxy.
igs 3 and 4 show that P2 star formation starts from gas with
haracteristically low [Mg/Fe] and very high [Al/Fe]. This is a
egime found in very few Galactic GCs (see fig. 8 of R. P. Schiavon
t al. 2024 ). It may be reasonable to assume that such e xtr eme
bundance patterns are the result of star formation in GCs that
re under the effect of a strong interaction with the galaxy host
hey are spiralling into. Perhaps GCs that are not nuclear clus-
 ers nev er manage t o enrich the intraclust er gas t o such e xtr eme
bundance levels. If that is the case, one could reasonably h y -
othesize that the abundance patterns of 2G stars in NCs (our
2 population) constitute an upper limit on the abundance ra-

ios attained by 2G stars in normal GCs. If that is correct, our
esults may place important constraints on the source of Al-
nrichment/Mg- depletion in GCs. Moreover, if the run of Al with
etallicity seen in Figs 3 and 4 can be understood on theoretical

rounds, one would be able to explain why multiple populations
n metal-rich GCs do not attain a wide range of Al abundances
e.g . E. Carr etta et al. 2009a ; E. Pancino et al. 2017 ; R. P. Schi-
NRAS 547, 1–23 (2026) 
von et al. 2017b ; D. M. Nataf et al. 2019 ; R. P. Schiavon et al.
024 ). 

(iv) What do the differ enc es in Si/Mg between P2 and P1/IM
ean? Fig. 4 shows that the abundance ratio [Si/Mg] is much

igher in P2 than in either P1 or IM populations. As pointed out
y J. L. Carlin et al. ( 2018 ), this ratio is sensitive to the initial
ass function (IMF) of the system. That is because Si is produced

n explosive nucleosynthesis by SN IIe, whereas Mg is produced
uring hydrostatic nuclear burning in massive stars. As a result,
ields of these two elements are a function of stellar mass. In
articular, Mg is only produced in stars with high enough masses
hat hydrostatic burning of C and Ne is ignited. Therefore, that
2 has a much higher [Si/Mg] ratio than P1 and IM may suggest,
ll other relevant quantities being the same, that the IMF of P2
s top light, compared with that of P1 and IM. This observation

ay be related to the fact that star formation in P2 took place
n a considerably different environment than P1. Finally, it is
lso possible that SN Ia contribution to the enrichment of Si (C.
 oba yashi et al. 2020 ) may play a role in this conundrum. 

 SUMMARY  

e have selected and examined the stellar distributions on
anonical chemical planes of the multiple populations hosted by
 Centauri using the APOGEE Value-added Catalogue of Galac-

ic globular clusters (R. P. Schiavon et al. 2024 ). In doing so, we
ave placed constraints on the assembly history of this complex
t ellar syst em. Furthermor e, in our cr oss-match with oMEG ACat
nd construction of the ChM we are able to tie our interpretations
nto the wider observational state of play. Our main results can be
ummarized as follows. 

(i) Application of standard GMM substructure finding to the
bundances of Fe, Mg, Si, Al, and Mn, leads to the identification
f three distinct populations in ω Cen. The so - called P1 and
2 populations display a broad distribution of metallicities and
tr ong corr elations between abundance ratios of Mg, Si, Al, and N
nd metallicity. Such correlations are strong signatures of chem-
cal evolution of the gas forming these tw o separat e populations.
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he so - called IM population has a narrower range of metallici-
ies, is metal-poor, and displays the abundance anticorrelations 
ommonly present in GCs. 

(ii) Matching the APOGEE/VAC sample to photometry from 

he oMEGACat surv ey, w e mapped the loci of the three popula-
ions on the so - called chromosome map (ChM) for ω Cen. We
nd that the P1, P2, and IM populations span the entirety of 

he area covered by ω Cen stars in the ChM. The P1 and P2 se-
uences connect multiple density peaks within the ChM, which 

onsist of stars with different [Fe/H], but similar abundances of 
ight elements. We propose that these peaks, which are typically 
ssociated with distinct stellar populations in the literatur e, ar e 
nst ead connect ed by a hist ory of star formation and chemical
volution. We thus conclude that the chemical complexity of ω 

en stars can be accounted for by the chemistry of the IM, P1,
nd P2 populations, and in particular the chemical evolution of 
he latter two. 

(iii) The chemical compositions of P1 stars are similar (but 
ot identical) to those of dwarf galaxies and the stellar halo at

he same [Fe/H]. Starting at [Fe / H] ≈ −1 . 8 , [Al/Fe] and [ α/Fe] 
how an incr easing tr end with respect to [Fe/H], with the lat-
er showing no decline characteristic of the α knee. P2’s chem- 
cal compositions are characteristic of the most e xtr eme pop-
lations seen in Galactic globular clusters. It has significant 
l-enhancement (reaching [Al / Fe] ≈ +1 . 2 ); Si-enhancement (as 
igh as [Si / Fe] ≈ +0 . 4 ), and significant Mg-depletion (as low as 
Mg / Fe] ≈ −0 . 4 ). Its abundance patterns are characterized by 
ncreasing [Mg/Fe], declining [Al/Mg], and constant [Si/Fe] as a 
unction of [Fe/H]. The IM population has a much smaller spread
n [Fe/H], and it displays the standard Mg–Al anticorrelation 

ypical of metal-poor Galactic globular clusters. 
(iv) By assuming that the P1 and P2 populations ev olv e in

hemical detachment, we run models of galactic chemical evo- 
ution using the VICE package t o mat ch the behaviour of these
opulations in the Mg–Fe chemical plane. The best-fitting mod- 
ls for both populations consist of a history of star formation
haracterized by a starburst preceded by a few t o sev eral y ears
f low level star formation. The models are a good match to
he data on the Mg–Fe plane. We hypothesize that the density
eaks identified in the ChM along the P1 and P2 sequences are
ssociated with bursts of star formation that are not represented 

n our model star formation history because the APOGEE MDF 

s too sparse to resolve them. 
(v) Knowing that ω Cen has lost a large amount of stellar mass

n its past, we run a VICE optimization that ignores the MDFs of 
oth P1 and P2. The resulting predicted MDFs contain far more
ower in the metal-rich end than observed. This ‘metal-rich mass 
udget problem’ implies selective loss of stars and/or gas on the
igh metallicity end, predominantly by the P2 population. 
(vi) We propose a strawman scenario according to which the 

1 population was formed first, as a result of chemical evolution 

r om primor dial populations in the centr e of ω Cen’s host galaxy.
he IM population is the result of the spiralling in metal-poor
lobular clusters towards the centre of the host galaxy of ω Cen.
2 may form from gas enriched to extreme 2G chemical com- 
osition levels within the GC(s) that became the IM population. 
e speculate that, through this pr ocess, e xtr eme 2G abundance

atterns such as those seen in P2 are a feature exclusive of nuclear
tar clusters. 

(vii) The ratio of hydrostatic to explosive α-elements in P2 is 
uch lower than that in P1 and IM. This may be due to P2 having

ad a top-light IMF. 
(viii) Finally, we run a robust comparison of the detailed chem- 
cal composition of the P1 population with those of halo field
ubstructures Sausage/ Gaia -Enceladus, Sequoia, Heracles, and 

urora. The data suggest no chemical association between ω Cen 

nd any of those substructures. 
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