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ABSTRACT

In this work we derived [K/Fe] and [Mg/Fe] abundance ratios for six stars of the old globular cluster NGC 1786 in the Large Magellanic
Cloud. We employed high-resolution spectra acquired with the MIKE spectrograph mounted at the Magellan/Clay telescope. We find a
clear Mg-K anticorrelation among the analyzed stars. In particular, the Mg-poor stars ([Mg/Fe] < 0.0 dex) are enriched by ~0.25 dex
in [K/Fe] compared to the Mg-rich stars ([Mg/Fe] > 0.0 dex). This finding makes NGC 1786 the first globular cluster residing in an
external galaxy in which such an extreme chemical anomaly has been detected. The observed trend is in line with those observed in
Galactic globular clusters hosting Mg-poor stars, such as NGC 2808 and w Centauri, suggesting that such a chemical anomaly is an
ubiquitous feature of old, massive, and metal-poor stellar systems and does not depend on the properties of the parent galaxy in which
the cluster formed. Na—O and Mg—Al anticorrelations were also detected among the stars of NGC 1786. The newly discovered Mg—K
anticorrelation reinforces the idea that stars capable of activating the complete MgAl cycle are responsible for the observed chemical
anomalies in these clusters. In this context, asymptotic giant branch stars seem to be a valuable model since they are able to produce K

while becoming depleted in Mg. However, the precise and complete physics of this model remains a subject of debate.
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1. Introduction

In the last decade, potassium (K) has earned an important place
in the restricted group of key chemical elements used to charac-
terize the chemical evolution of globular clusters (GCs). The first
evidence of an intrinsic K spread was discovered in the massive
and metal-poor GC NGC 2419, where Mucciarelli et al. (2012)
and Cohen & Kirby (2012) independently identified a clear-cut
Mg-K anticorrelation. In this cluster, a subset of stars exhibits
extremely low levels of magnesium (Mg) ([Mg/Fe] down to
~ —1 dex) coupled with extremely high levels of K ([K/Fe] up
to ~ +2 dex). This feature, which is exceptionally pronounced
in NGC 2419, was identified in only a handful of other GCs
in the Milky Way, namely NGC 2808 (Mucciarelli et al. 2015),
NGC 4833 (Carretta 2021), M 54 (Carretta 2022), and w Cen-
tauri (Alvarez Garay et al. 2022). All these systems are among
the most massive and/or metal-poor in the Galaxy, and some of
them are distinguished by the presence of a subpopulation of
Mg-poor stars ([Mg/Fe] < 0.0 dex). Other GCs (i.e., NGC 104,
NGC 6752, and NGC 6809: Mucciarelli et al. 2017) without a
Mg-poor subpopulation show small or null [K/Fe] spreads, sug-
gesting that the high K is found only in Mg-poor stars. The
presence of such a chemical signature is interpreted as the result
of an extreme self-enrichment process.

* Corresponding author: deimer.alvarez@inaf.it

The chemical inhomogeneities observed in GCs, involving
(anti)correlations among light elements such as C, N, O, Na,
Mg, Al Si, and K, are widely interpreted as the signature of
this self-enrichment history, where multiple populations of stars
were born within the clusters (Bastian & Lardo 2018; Gratton
et al. 2019; Milone & Marino 2022). The majority of theoretical
models devoted to describing the formation and evolution of GCs
posit that GCs experienced multiple episodes of star formation
within the first 100-200 Myr of their life. In this scenario, a sec-
ond population (2P) of stars was formed from gas enriched by a
first population (1P) of massive stars. These 1P stars, born with a
field-like chemical composition, processed material through the
hot CNO cycle and its secondary NeNa and MgAl chains (e.g.,
Langer et al. 1993; Prantzos et al. 2007). This chemically altered
material was then ejected at a low velocity into the intracluster
medium, from which the 2P stars were born.

Different polluters have been proposed in the literature to
explain the presence of different populations of stars in GCs
(see, e.g., Renzini et al. 2015; Bastian & Lardo 2018; Milone
& Marino 2022, for a full discussion). However, these self-
enrichment models fail to reproduce all the chemical patterns
observed so far. In particular, the Mg—K anticorrelation is impor-
tant evidence for theoretical models, since the presence of such
chemical feature points to very high-temperature hydrogen burn-
ing reactions (7 > 10® K), where proton captures on argon (Ar)
nuclei can synthesize K (Ventura et al. 2012; Iliadis et al. 2016;
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Table 1. Sample stars of NGC 1786.

D Gaia DR3 ID RA Dec Ter logg &
NGC 1786- Gaia DR3 (J2016) (J2016) (K) (dex) (kms™)
978 4661651610683717248  74.7878641 —67.7285246 4310 0.83  1.40
1321 4661649995776473600  74.7638489  —67.7546146 4300  0.81 1.90
1436 4661654462541989248  74.7555606 —67.7353347 4350 0.90  1.50
1501 4661652946395262336  74.7493142  —67.7514295 4250  0.73 1.90
2310 4661651473244758656 747588569  —67.7432595 4150 0.56  2.10
2418 4661651541942717696  74.8215213  —67.7387519 4180  0.61 1.60

Notes. Coordinates are from Gaia Collaboration (2016, 2023) and atmospheric parameters from Mucciarelli et al. (2021).

Prantzos et al. 2017). The analysis of Mg and K, therefore, places
substantial constraints on the nature of the polluters responsible
for the chemistry seen in GCs.

Key chemical signatures of self-enrichment, such as the
Na—-O and Mg—Al anticorrelations, have been confirmed in extra-
galactic GCs (Mucciarelli et al. 2009), suggesting they are a
ubiquitous feature of old, massive stellar systems regardless
of the parent galaxy. The Mg—K anticorrelation, however, has
only been observed in a few massive, Milky Way clusters to
date. This raises a fundamental question as to whether the
manifestation of this extreme chemical feature is influenced by
the formation environment of the host galaxy, or whether it
depends solely on intrinsic GC properties, primarily mass and
metallicity. The GC NGC 1786 represents an ideal benchmark
through which to explore this question. This cluster belongs
to the Large Magellanic Cloud (LMC), it is old, coeval to the
Milky Way clusters (Brocato et al. 1996), metal-poor ([Fe/H]=
—1.72 dex; Mucciarelli et al. 2021), and massive (5 x 10° Mg;
Mackey & Gilmore 2003), and it harbors some rare Mg-poor
stars (Mucciarelli et al. 2009). It provides a unique opportunity
to check the existence of a Mg—K anticorrelation in a genuine
extragalactic GC where Mg-poor stars exist.

This paper is organized as follows: In Sect. 2 we present the
dataset; in Sect. 3 we describe the method we adopted to derive
chemical abundances, and in Sect. 4 we present the results of our
chemical analysis. Finally, in Sect. 5 we discuss and summarize
our findings.

2. Observations

The sample stars used in this analysis were originally observed
by Mucciarelli et al. (2009), who identified Na—O and Mg-Al
anticorrelations in NGC 1786. The same stars were reanalyzed
by Mucciarelli et al. (2021). In this work, we analyzed six out
of the seven stars present in the original sample'. All these tar-
gets are located in the bright portion of the red giant branch.
The stars were observed with the high-resolution MIKE spec-
trograph (Bernstein et al. 2003) at the Magellan/Clay telescope
over two runs in November 2023 and October 2024 (Program
IDs CN2023B-37 and CN2024B-53; PI: L. Monaco). The total
integration time on each source ranged from 1800 s up to 4500
s, depending on the target magnitude. We adopted the 0.7 x 5"
slit and 2 X 2 binning, resulting in a resolving power of 28 000
in the red arm (4900-9500 A). The data were reduced with the

I During the new run of observations, one star was incorrectly targeted
due to a pointing error. This resulted in the observation of the wrong
star, and therefore we obtained a final sample of six stars.
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CarPy MIKE pipeline (Kelson 2003). While Fe and Mg abun-
dances for these stars were already present in the literature, these
spectra allowed us to derive for the first time K abundances from
the K I resonance line at 7699 A. We checked for each target
that the K line was not contaminated by telluric lines. Due to the
high radial velocity of NGC 1786 (264.3kms™!, o = 5.7kms~};
Mucciarelli et al. 2009), no telluric contamination is present in
the K line of the analyzed stars. The final signal-to-noise ratio
per pixel is ~35 around 5700 A and ~65 around 7700 A.

3. Chemical analysis

We employed for the target stars the atmospheric parameters
(Tegr, logg, and &) and their associated errors as derived by
Mucciarelli et al. (2021). In particular, Tt values were obtained
spectroscopically, by erasing any trend between the abundances
and the excitation potential of the Fe I lines, and then corrected
to bring them onto a photometric-based temperature scale —
using Eq. (2) of Mucciarelli & Bonifacio (2020) — in order to
remove biases affecting spectroscopic Tegr in metal-poor giant
stars (Frebel et al. 2013; Mucciarelli & Bonifacio 2020). All
the relevant information about the observed targets (IDs, Gaia
DR3 IDs, coordinates, and the adopted atmospheric parameters)
is reported in Table 1.

Chemical abundances were determined via spectral synthe-
sis. We employed for this purpose our in-house code SALVADOR
(Alvarez Garay et al., in prep.), which performs a y?> minimiza-
tion between the observed line and a grid of suitable synthetic
spectra calculated on the fly using the code SYNTHE (Kurucz
2005), in which only the abundance of the element under anal-
ysis is varied. In the calculation of the synthetic spectra we
included all the atomic and molecular transitions available in
the Kurucz-Castelli database?, and we adopted ATLAS9 model
atmospheres. We calculated the total uncertainty associated
with the abundances ([Mg/Fe] and [K/Fe]) following the pro-
cedure described in Mucciarelli et al. (2021), which takes into
account both internal errors and errors arising from the adopted
atmospheric parameters.

The Fe abundances for the target stars were adopted from
the comprehensive analysis by Mucciarelli et al. (2021). How-
ever, as a sanity check, we performed an independent analysis
by measuring Fe abundances from our spectra using a suitable
line list of unblended and unsaturated lines at the MIKE res-
olution. The results of this check were fully consistent with
the values reported by Mucciarelli et al. (2021); therefore, we

2 https://wwwuser.oats.inaf.it/fiorella.castelli/
linelists.html
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Table 2. Derived elemental abundances for the NGC 1786 stars.

ID [Fe/H] [Mg/Fe] [K/Fe]
NGC1786- 7.52 7.54 5.11

978 -1.67+£0.10 +0.20+£0.04 +0.29+0.11
1321 -1.75+£0.07 +0.43+£0.04 +0.15+0.11
1436 -1.68£0.10 +0.37+0.06 +0.32+0.12
1501 -1.67+0.07 +042+0.05 +0.27+0.11
2310 -1.72+£0.06 -0.28+0.06 +0.54+0.10
2418 -1.68£0.12 -024+0.05 +0.46+0.12

' ' ' ' ‘ N‘GC‘17B‘6 —

1.0f

]
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@® w Centauri (-1.75<[Fe/H]<-1.67) H
A

NGC 2808

[K/Fe]

Fig. 1. Run of [K/Fe] as a function of [Mg/Fe] for the six stars of
NGC 1786 here analyzed (red squares). As a comparison, the same
trend is plotted for the stars belonging to w Centauri (gray and blue
circles; Alvarez Garay et al. 2022) and to NGC 2808 (green triangles;
Mucciarelli et al. 2015). The blue circles represent the stars of w Cen-
tauri in the same metallicity range as NGC 1786. The vertical dashed
line splits the Mg-poor and Mg-rich stars. The error bar in the bottom-
left corner represents the typical error associated with the abundance
ratios.

decided to keep the Fe abundances that they derived. Mg abun-
dances were already present in the literature, as obtained by
Mucciarelli et al. (2009). However, in this case we decided to
derive Mg again since the atmospheric parameters reported by
Mucciarelli et al. (2009) were slightly different from those pre-
sented in Mucciarelli et al. (2021)>. We made use of the Mg
lines at 5528, 5711, and 8806 A. Corrections for the departure
from local thermal equilibrium (LTE) were from the grids of
corrections from Bergemann et al. (2017). We corrected the K
abundances derived from the line at 7699 A for the non-LTE
effects by interpolating them into the grids of Reggiani et al.
(2019). Finally, we adopted as reference solar abundances those
computed by Lodders (2010) for Mg and by Caffau et al. (2011)
for K. Table 2 lists the abundance ratios and the corresponding
total uncertainties for all the stars observed in NGC 1786.

4, Results

Figure 1 shows the distribution of the [K/Fe] abundance ratios
as a function of [Mg/Fe] for the six stars of NGC 1786

3 The newly derived [Mg/Fe] abundance ratios are ~0.02 dex lower
than those presented in Mucciarelli et al. (2009) and, thus, fully
consistent with their values.

analyzed in this study. A clear Mg—K anticorrelation is apparent
despite the small size of the dataset. The four Mg-rich stars of
NGC 1786 are characterized by ([Mg/Fe]) = +0.36 (o~ = 0.09)
dex and ([K/Fe]) = +0.26 (o0 = 0.06) dex, whereas the two
Mg-poor stars have ({[Mg/Fe]) = —0.26 (o = 0.02) dex and
([K/Fe]) = +0.50 (o~ = 0.04) dex. Following the widely accepted
nomenclature for GC stars, the four Mg-rich, K-normal stars
belong to the 1P, while the two Mg-poor, K-rich stars belong to
the 2P. The average [K/Fe] values of the two groups of stars are
clearly not compatible with each other within the uncertainties.
A Welch test of the two mean values provides a p-value of 0.02,
ruling out the null hypothesis that the two values are compatible
with each other.

We checked the statistical significance of the observed Mg-K
anticorrelation. The Spearman correlation test provides a prob-
ability of 0.5% (with a p coefficient of —0.94) that the two
abundance ratios are non-correlated.

Further evidence supporting our finding of a Mg—K anticor-
relation in NGC 1786 is presented in Fig. 2. We display portions
of the MIKE spectra around the Mg line at 5711 A and the K
line at 7699 A for two stars of NGC 1786, superimposed with
the best-fit synthetic spectra derived from the analysis. The fig-
ure clearly shows a difference in the lines’ depths, implying
intrinsic differences in the derived Mg and K abundances, given
that the stars have the same metallicity and similar atmospheric
parameters.

While the amplitude of the anticorrelation in NGC 1786 is
relatively weak (with a variation of ~0.3 dex in [K/Fe] com-
pared to an observed variation of ~0.7 dex in [Mg/Fe]), the
observed trend is analogous to those found in NGC 2808 and
w Centauri, two of the few GC-like systems hosting Mg-poor
subpopulations (see Fig. 1). NGC 2808 is a genuine GC, one of
the most massive (7.9 x 10° Mg; Baumgardt & Hilker 2018), and
has a higher metallicity than NGC 1786 ([Fe/H]= —1.13 dex;
Carretta 2015). It shows a Mg—K anticorrelation qualitatively
similar to that of NGC 1786 but offset by 0.15 dex lower in
[K/Fe] (Mucciarelli et al. 2015). This offset is likely attributable
to the different non-LTE corrections adopted in the two stud-
ies or to the different metallicity regimes of the two clusters.
Indeed, NGC 2808 is more metal-rich than NGC 1786, and the
efficiency of the K enrichment scales with the metallicity, the
MgAl cycle being more and more efficient toward the metal-
poor regime. It is worth noting the comparison with w Centauri,
a complex stellar system that, in addition to showing a metal-
licity spread typical of galaxies (Johnson & Pilachowski 2010;
Meészaros et al. 2020), displays all the characteristic features
of the self-enrichment processes seen in GCs (Norris & Da
Costa 1995; Marino et al. 2011; Mészaros et al. 2020), includ-
ing the Mg—K anticorrelation (Alvarez Garay et al. 2022). This
GC-like system also exhibits a Mg—K anticorrelation that over-
laps with that of NGC 1786, especially when only considering
stars of similar metallicity. In fact, when we consider the sub-
sample of 42 stars of w Centauri in the same metallicity range
as NGC 1786 (—1.75 < [Fe/H] < —1.67 dex), the stellar group
with [Mg/Fe]>0.0 dex has ([K/Fe]) = +0.21 (o = 0.13) dex,
while the Mg-poor stars have ([K/Fe]) = +0.56 (o = 0.15) dex.
NGC 2419 is a different case, displaying a Mg—-K anticorre-
lation that is completely off the scale defined by w Centauri,
NGC 2808, and NGC 1786. Finally, differences emerge when
comparing NGC 1786 to NGC 4833 and M 54. In both of
these GCs, the Mg—K anticorrelation is less extended than in
NGC 1786 due to the lack of a subpopulation of Mg-poor stars
(Carretta 2021, 2022).
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Fig. 2. Comparison between the spectra of NGC1786-978 (left panels) and NGC1786-2310 (right panels) around the Mg line at 5711 A (upper
panels) and the K line at 7699 A (lower panels). The solid black lines represent the observed spectra, the solid red lines the best-fit synthetic
spectra, and the dash-dotted blue lines the synthetic spectra with the abundances varied by +0.2 dex with respect to the best values. In the bottom-
right corners are the names of the stars and the corresponding [Mg/Fe] and [K/Fe] abundance ratios.

5. Discussion and conclusions

This work presents the first clear evidence of the rare Mg—K anti-
correlation in a GC residing in an external galaxy. This finding
strongly suggests that the formation of this extreme chemical sig-
nature is independent of the host galaxy environment. The Mg—K
anticorrelation appears instead to be a ubiquitous feature of any
old, massive, and metal-poor GC that contains a subpopulation
of Mg-poor stars. In fact, in NGC 1786, the [K/Fe] values of Mg-
poor stars are higher by ~ + 0.25 dex with respect to the Mg-rich
stars, in perfect agreement with the findings in NGC 2808 and
w Centauri, both of which reside in the Milky Way. Once again,
NGC 2419 proves to be a unique case among this limited group,
with an extension of the Mg—K anticorrelation (Mucciarelli et al.
2012; Cohen & Kirby 2012) that is completely off the scale of
other systems where it has been identified. In the asymptotic
giant branch (AGB) scenario, the most common explanation for
this peculiar system is that the 2P stars formed directly from
the winds of the most massive AGB stars (M > 6 My; Ventura
et al. 2012, 2018), with a small or negligible dilution with pristine
gas*. The model of a 2P formed from gas with a negligible dilu-
tion seems to be further supported by the fact that Di Criscienzo
et al. (2015) showed that the horizontal branch of NGC 2419 can
be explained only by the presence of a He-rich population, with
Y > 0.35. Dilution with pristine gas, if any, must have been negli-
gible in this case; otherwise, the helium content of these 2P stars
would be lower, as a consequence of mixing of He-rich matter
from the AGB winds.

4 With this assumption it is possible to explain the presence of stars
with very low/high levels of Mg/K.
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The discovery of the Mg—K anticorrelation in NGC 1786
provides a crucial new piece of evidence that will help us under-
stand the most extreme chemical enrichment processes in GCs.
The detection of the Mg—K anticorrelation in an LMC clus-
ter strongly suggests that this extreme chemical signature is a
universal feature of a specific class of GC, independent of the
host galaxy environment. This conclusion echoes previous find-
ings for the Na—O and Mg—Al anticorrelations, which were also
confirmed in other LMC GCs (Mucciarelli et al. 2009) and
interpreted as evidence that the self-enrichment process is gov-
erned by the cluster’s intrinsic properties, primarily mass and
metallicity, rather than its galactic environment.

However, explaining the mechanism that produces the Mg—
K anticorrelation (coupled with all the other spectroscopic and
photometric evidence of self-enrichment in GCs) remains a
significant challenge for all the proposed models for multiple
populations in GCs. In fact, K is produced through the reac-
tion 30 Ar(p,y)* " K(8+)¥ Ar(p,y)*K(8+)3¥ Ar(p,y)* K. This reac-
tion requires very high temperatures (7 > 10% K) to activate
proton-capture reactions on Ar nuclei while simultaneously
depleting Mg (Ventura et al. 2012; Iliadis et al. 2016; Prantzos
et al. 2017). Based on current theoretical models, the polluter
scenario involving AGB and super-AGB stars appears to pro-
vide the most plausible framework for interpreting our results
in NGC 1786, even though the model requires some degree of
fine-tuning regarding the dilution of the ejected material with
pristine gas present in the intracluster medium. This scenario is,
at present, the only one that predicts both the strong Mg deple-
tion and the production of K within the same stellar environment
during the hot bottom burning phase (Ventura et al. 2012, 2018).
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In contrast, alternative models face significant difficulties in try-
ing to explain the observed overabundance of K. Among the
polluter candidates there are fast-rotating massive stars (Krause
et al. 2013), interacting binaries (de Mink et al. 2009), and super-
massive stars (M ~1000Mgy; Denissenkov & Hartwick 2014).
With different degrees of fine-tuning and adjustments of reac-
tion rates, these models are able to activate the CNO cycle and
the secondary chains in their interiors and reproduce some of
the observed anticorrelations (Na—O and Mg—Al), but they fail to
explain the Mg—K anticorrelation (see, e.g., Renzini et al. 2015,
for a discussion). Novae (Maccarone & Zurek 2012; Denissenkov
et al. 2014) have also been proposed as possible polluters able
to produce K, although they too face significant challenges in
reproducing the full chemical pattern observed so far. In the
model of novae, elements such as Na, Al, Si, and S are system-
atically produced in amounts much larger than those observed
in GCs. However, the study of nova nucleosynthesis products is
not straightforward since the nova outburst is a multiparameter
phenomenon that depends on the mass, temperature, and com-
position of the exploding dwarf, but also on the accretion rate
and composition of the material of the companion star and many
other parameters (see José 2017, for a discussion). A thorough
investigation, therefore, of the large parameter space of novae is
needed to better understand this model.

Even though the AGB and super-AGB stars are able to
reproduce the observed Mg—K anticorrelation in those clusters
where this feature is present, the model has flaws, especially
regarding the precise physics and timing of the dilution process.
Interestingly, however, in the model for the old and metal-
poor Galactic GC NGC 2419 by Ventura et al. (2012), the
oxygen abundance must be depleted by a huge factor in the
Mg-poor stars. In NGC 1786, the two Mg-poor stars (NGC1786-
2310 and NGC1786-2418) are classified as super-O-poor objects
(Mucciarelli et al. 2009), reinforcing the notion that the AGB and
super-AGB model best explains the multiple populations in this
cluster.

In conclusion, NGC 1786 is an extragalactic GC in which
all the chemical anticorrelations linked to the CNO cycle and
the secondary chains NeNa and MgAl are clearly visible.
Indeed, this system shows evident Na—-O, Mg—Al (Mucciarelli
et al. 2009), and Mg-K anticorrelations. These results sug-
gest that this cluster experienced the complete self-enrichment
process observed in other Galactic GCs, including NGC 2419,
NGC 2808, and w Centauri. The similarities of NGC 1786 with
these Galactic GCs suggest that there is a global mass and/or
metallicity threshold effect that allows only the most massive
and/or metal-poor GCs to experience the complete phenomenon
of multiple populations, independent of the environment in
which these systems were born.

The link to cluster mass and metallicity is substantiated by
comparing the GCs where Mg and K are known to be anticorre-
lated with those where it is not. In fact, clusters exhibiting this
feature (or alternatively a spread in [K/Fe]), such as NGC 2419,
NGC 2808, w Centauri, M 54, and NGC 4833, are among
the most massive systems known (Harris 2010; Baumgardt &
Hilker 2018) and, with the exception of NGC 2808, are metal-
poor. Conversely, extensive searches in less massive clusters like
NGC 6752 and NGC 6809, or in the massive but more metal-rich
NGC 104, did not reveal a Mg—-K anticorrelation (Mucciarelli
et al. 2017) nor significant K spread, suggesting that both a high
mass and a low metallicity are necessary conditions to trigger
this extreme nucleosynthetic path. The finding of the Mg—K anti-
correlation in NGC 1786 fits within this framework, suggesting

that the self-enrichment phenomena in clusters formed in the
LMC (and in general in other environments) are shaped the same
way as in our Galaxy.
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