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According to the standard cosmological scenario, the large galaxies that we
observe today have reached their current mass via mergers with smaller galaxy
satellites (Moore et al.|1999). This hierarchical process is expected to take place
on smaller scales for the satellites themselves, that should build-up from the
accretion of smaller building blocks (D’Onghia & Lake [2008). The best chance
we have to test this prediction is by looking at the most massive satellite of the
Milky Way (MW): the Large Magellanic Cloud (LMC). Smaller galaxies have
been revealed to orbit around the LMC (Erkal & Belokurov|2020; Patel et al.
2020), but so far the only evidence for mutual interactions is related to the
orbital interplay with the nearby Small Magellanic Cloud (SMC), which is the
most massive LMC satellite. In this work, we report the likely discovery of a past
merger event that the LMC experienced with a galaxy with a low star formation
efficiency and likely having a stellar mass similar to those of dwarf spheroidal
galaxies. This former LMC satellite has now completely dissolved, depositing
the old globular cluster (GC) NGC 2005 as part of its debris. This GC is the only
surviving witness of this ancient merger event, recognizable through its peculiar
chemical composition. This discovery is the observational evidence that the
process of hierarchical assembly has worked also in shaping our closest satellites.

The LMC is the largest satellite orbiting the MW, with a total mass of ~ 1 —2.5 x 10!
Mg (Penarrubia et al|2016; Erkal et al.2019) and a stellar mass of ~ 3 x 10 Mg, (van
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der Marel & Kallivayalil |2014)). A satellite this massive is expected to host its own system
of satellites. According to models of galaxy formation in the LCDM theory, the number of
these satellites is in the range 4-40 (Guo et al.|2010; Sales et al. [2013)), the most massive
of them dominating the mass budget (with a mass ratio compared to the LMC of ~ 0.1).
The SMC, with a total mass of ~ 2 x 10° M, (Stanimirovié¢ et al. 2004), matches well this
prediction. The precise measurement of their proper motion allowed for the first time a
reasonably sound reconstruction of the orbital history of the system(Kallivayalil et al.|2006],
2013). According to the most recent analyses the MCs may have become bound to each
other around ~3 Gyr ago and had their last close encounter ~150 Myr ago (Patel et al.
2020).

The other satellites of the LMC should be much smaller, with total masses from ~
108M,, down to values typical of the ultra faint dwarf galaxies (UFDs, [Simon|2019) that
are the lowest-luminosity, oldest, most dark matter-dominated galaxies known so far. At-
tempts to determine which of the known UFDs were accreted by the MW together with
the LMC hugely benefited from the advent of the second data release of the Gaia mission
(Gaia Collaboration, Brown et al. 2018), as this enabled the possibility to determine their
3D kinematics (Gaia Collaboration, Helmi et al|2018; Simon|2018; Kallivayalil et al.|2018]).
Dynamical integration of the UFDs orbits led to the conclusion that 4 to 6 of them (depend-
ing on the details of the modeling, Erkal & Belokurov [2020; Patel et al.2020)) are indeed
current satellites of the LMC. However, nothing is known about the past population of LMC
satellites, that may be already disrupted within the host galaxy halo. So far, the only traces
of accretion of matter from another galaxy by the LMC are associated with the complex
interaction with the SMC (D’Onghia & Fox 2016} Olsen et al.|2011)).

Chemical tagging (Freeman & Bland-Hawthorn!/[2002) is one of the few techniques that
allows us to trace completely dissolved satellites, also in absence of any kinematically or
spatially coherent relic, identifying stars and clusters that were lost long ago by means
of their anomalous chemical composition, in contrast with the environment in which they
live nowadays. However the power of the technique can be strongly hampered by the fact
that spotting chemically anomalous stars in a given galaxy requires (a) high resolution
spectroscopy for large samples, and (b) extremely homogeneous chemical abundance analysis,
as subtle differences in the assumptions on, e.g., astrophysical parameters, can wipe out (or
spuriously introduce) the small abundance differences we are looking for. With the aim
of digging into the past merging history of the largest MW satellite, here we attempt to
overcome these problems by using old GCs as tracers and by deriving chemical abundances
from high resolution spectra with a strictly homogeneous analysis.

In this respect, GCs are a class of tracers that has been proven to be particularly effective
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in reconstructing the merger history of a galaxy such as the MW (Massari, Koppelman &
Helmi|2019; Myeong et al.|2019; Kruijssen et al.|[2020) or M31 (Mackey et al.[2019). This is
because even a very low mass, low surface brightness dwarf galaxy, that may be dissolved by
the tidal force of the main galaxy at its first peri-galactic passage, may host a dense stellar
cluster able to survive in the same tidal field for many Gyr. Such a cluster will keep record
of the characteristics of the environment in which it was born. In particular the chemical
abundance pattern of its stars may be quite different from that of stars and clusters born in
the main galaxy, due to the large differences in the star formation and chemical evolution
between the hosting and the progenitor system. We analyzed optical, high-resolution spectra
of red giant stars in 11 old LMC GCs and in a reference sample of 15 MW GCs. These two
datasets have been analyzed with the same methodology (i.e. atomic data, solar reference
abundances, model atmospheres, temperature scale), thus removing any possible systematic
error between the abundances of the two families of clusters.

We derived the chemical abundance ratios for 13 species, indicators of different produc-
tion mechanisms and stellar progenitors. The LMC GCs draw well-defined sequences of each
abundance ratio as a function of [Fe/H] that are distinct, in most cases, from those defined
by the MW GCs, reflecting the different chemical evolution histories of the two galaxies
(Lapenna et al.[2012; Van der Swaelmen et al.|2013; |[Nidever et al.|2020). Among the LMC
GCs, the metal-poor cluster NGC 2005 ([Fe/H]=-1.75+0.04 dex) is distinguished as a clear
outlier. NGC 2005 is a relatively massive GC, M~ 2 — 3 10°M, (Mackey & Gilmore 2003,
located at ~ 0.23 kpc from the center of LMC. It exhibits abundance ratios that are sys-
tematically lower (in most cases at a level >30) than those measured in the LMC GCs with
similar metallicities (Figure 1) for almost all the species, including elements (Si, Ca, Sc, Ti,
V, Mn, Co, Ni, Cu, Zn, Ba, La, Eu) forming from different nucleosynthesis channels (i.e.
explosive and thermonuclear SNe, hypernovae, slow and rapid neutron capture processes).
The 5 LMC GCs with [Fe/H] comparable with that of NGC 2005 (-1.75 <[Fe/H]<~1.69 dex)
have abundance ratios very similar each other, constituting a homogeneous group of clusters
sharing the same chemistry. This demonstrates that these GCs formed in environments that
have experienced a similar chemical enrichment history, likely the LMC itself. On the other
hand, the strong chemical differences between NGC 2005 and this group of clusters is indica-
tive of a completely different chemical enrichment path. This reveals that NGC 2005 cannot
have formed in the same environment as the rest of the LMC clusters at that metallicity but
it has rather born in a system that converted its gas into stars at a slower pace.

In order to determine the characteristics of NGC 2005 most likely progenitor, we com-
puted chemical evolution models for different galactic environments. The analyzed data
allowed us to produce models and calibrate them with respect to MW-like and LMC-like
environment, and for systems evolving with less efficient star formations (see Methods). We
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purposely focused on elements with highly accurate stellar yields and that are representative
of different nucleosynthesis channels (Table 1 and Figure 2): Si and Ca (mainly produced
through a-capture processes), Cu (mainly produced through slow neutron-capture processes)
and Zn (mainly built in hypernovae high-energy explosions).

Our models for the LMC reproduce reasonably well the data for all the LMC GCs but
NGC 2005, which is always under-abundant at fixed metallicity. We run several chemical
evolutionary models for the putative NGC 2005 parent galaxy. The ones that fit best the
peculiar chemistry of NGC 2005 unavoidably require systems evolving with very low star
formation efficiency, e.g., of dwarf spheroidal galaxies (Tolstoy, Hill & Tosi2009). Although it
is very difficult to set precise limits to the mass of the progenitor based on the chemistry alone,
the very low [Zn/Fe| abundance measured in NGC 2005 with respect to the other MC GCs
suggests it formed from a gas poorly enriched from massive stars. In fact, in the framework
of our models, Zn comes mainly from low-metallicity, massive (> 30M) stars exploding as
hypernovae (Romano et al.[2010). If the formation of such massive stars is suppressed, less
Zn is formed, this resulting in a lower [Zn/Fe| ratio overall. It has been recently shown(Yan
et al.|[2020) that the very low star formation rates expected in low-luminosity, metal-poor
stellar systems lead to a lower upper mass limit for the galaxy-wide initial mass function
(IMF). Indeed, if we consider star formation rates lower than ~ 5 - 10~*Mgyr~! and an upper
mass limit of 40 M, for the galaxy-wide IMF, a remarkably good fit of the observed [Zn/Fe]
ratio for NGC 2005 is obtained. All the other abundance ratios are fitted well within their
errors under the same premises. These models for NGC 2005 are to be compared with the
model for the LMC GCs that assumes a star formation rate of the order 1-1.5 Moyr~—! during
the early LMC evolution and a galaxy-wide IMF upper mass limit of 100 M.

The radial velocity of NGC 2005 is similar to that of other clusters in its surroundings,
hence any (possible) strong anomaly due to its association with an accreted satellite has
been washed out after many orbits within the gravitational potential of the LMC. On the
other hand, its peculiar chemical composition suggests that this cluster originated in a galaxy
that formed its stars with a much less efficient star formation compared to the LMC. This
evidence suggests a low-mass galaxy progenitor, as massive as the dwarf spheroidal galaxies
currently orbiting the MW or even lighter, characterized by low star formation rates (Tolstoy,
Hill & Tosi/[2009). NGC 2005 is the surviving witness of the ancient merger event leading
to the dissolution of its parent galaxy into the LMC, the only case known so far identified
by its chemical fingerprints in the realm of dwarf galaxies. Our findings thus supports the
predictions on the self-similar nature of the process of galaxy formation by the standard
cosmology on our closest satellite, and opens a new way to investigate the assembly history
of galaxies beyond the Milky Way via the chemical tagging of their GC systems.
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Fig. 1.— Chemical abundances of NGC 2005. Abundance ratios measured for the
accreted cluster NGC 2005 (red triangles) in comparison with those measured in the LMC old
clusters with comparable metallicity (-1.75<[Fe/H]<-1.69 dex, green open triangles, namely
NGC 1786, NGC 1835, NGC 1916, NGC 2210 and NGC 2257). The green filled triangles
represent the average abundance ratios obtained for these five LMC GCs and the errorbars
are the corresponding standard deviation.
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Fig. 2— Chemical abundances of the LMC and MW clusters. Behaviour of the
[Si/Fe], [Ca/Fe], [Cu/Fe] and [Zn/Fe] abundance ratios as a function of [Fe/H] for the LMC
(green triangles) and the MW (grey squares) clusters. The accreted LMC cluster NGC 2005
is highlighted as a red triangle. Solar neighbourhood stars (small grey circles,
Feltzing & Oey|2014)) are shown as reference. Errorbars are computed as the mean value of
the uncertainties in individual stars and displayed only for the LMC clusters (see Methods).
Superimposed chemical evolution models for the MW Halo (grey line), LMC (green line)

and for two stellar systems with low star formation efficiencies, namely 0.075 Gy~! over 1
Gyr and 0.15 Gy~! over 0.5 Gyr (resulting in a star formation rate of < 5 - 10~*Moyr~!, red
solid and dashed lines, respectively).



Table 1. Chemical abundances of Fe, Si, Ca, Cu and Zn for LMC and MW

globular clusters. Average weighted abundance ratios for [Fe/H], [Si/Fe|, [Ca/Fe],

[Cu/Fe] and [Zn/Fe] for the analyzed LMC and MW old GCs with the corresponding
standard error and, in brackets, the dispersion of the weighted mean.

Cluster [Fe/H] [Si/Fe] [Ca/Fe] [Cu/Fe] [Zn/Fe]
(dex) (dex) (dex) (dex) (dex)
NGC 1466 —1.5540.02 (0.05)  +0.33£0.01 (0.02)  +0.08=£0.03 (0.08) —0.70%0.11 (0.15) —
NGC 1754 —-1.4540.03 (0.05) +0.16+0.02 (0.04) +0.104+0.02 (0.04) -0.644+0.07 (0.15) —0.11£0.04 (0.10)
NGC 1786 —-1.7240.02 (0.04) +0.294+0.05 (0.09) 40.19+0.03 (0.06) —0.59+0.05 (0.09)  —0.24+0.05 (0.10)
NGC 1835  ~1.6940.01 (0.01)  +0.324+0.05 (0.10)  +0.14£0.02 (0.04)  —0.79+£0.08 (0.15) —
NGC 1898 -1.1540.02 (0.05)  +0.124+0.01 (0.03)  +0.004+0.03 (0.07) —0.724+0.05 (0.10) —0.21£0.15 (0.23)
NGC 1916  ~1.75+0.03 (0.05)  +0.3940.01 (0.02) +0.1140.03 (0.04) ~0.5840.05 (0.09)  ~0.10+0.08 (0.11)
NGC 2005  ~1.7540.04 (0.06)  +0.0840.01 (0.01)  +0.010.03 (0.04)  ~1.104£0.14 (—)  -0.8040.20 (—)
NGC 2019 -1.4140.05 (0.08)  +0.214+0.01 (0.01)  +0.094+0.04 (0.08) —0.5840.03 (0.05) -0.3040.20 (—)
NGC 2210 ~1.7440.02 (0.06)  40.27+0.03 (0.07)  +0.14+0.01 (0.03) -0.750.03 (0.08)  ~0.12:0.07 (0.15)
NGC 2257 -1.7340.02 (0.04) +0.33+0.02 (0.04) +0.164+0.03 (0.05) —0.714+0.01 (0.01) —0.07£0.13 (0.21)
HODGE 11  —2.03+£0.04 (0.09) +0.424+0.08 (—) +0.164+0.01 (0.02) —0.57+0.02 (0.03)  +0.00+0.05 (0.10)
NGC 104 —0.754+0.01 (0.03)  +0.284+0.01 (0.03)  40.21+0.02 (0.07) — —-0.03+0.03 (0.09)
NGC 288 -1.2440.01 (0.04)  +0.3320.01 (0.03)  +0.2740.01 (0.03) ~0.2420.02 (0.05)  ~0.1840.04 (0.14)
NGC 1851 —-1.1340.01 (0.04) +0.254+0.01 (0.03) +0.1840.01 (0.05) — +0.05+0.03 (0.14)
NGC 1904  ~1.5240.01 (0.03)  +0.264+0.01 (0.02) +0.19+0.01 (0.02) ~0.7140.01 (0.04)  ~0.04+0.02 (0.06)
NGC 2808  —1.06£0.02 (0.07)  +0.26£0.01 (0.04)  +0.21£0.01 (0.02) —0.3740.04 (0.12)  +0.0440.05 (0.17)
NGC 4590 —2.2840.01 (0.05)  +0.35+0.04 (0.06)  +0.234+0.01 (0.02) —0.684+0.02 (0.04) +0.0740.03 (0.10)
NGC 5634 —1.804+0.02 (0.05)  40.29+0.01 (0.04)  +0.22+0.01 (0.03)  ~0.52+0.04 (0.11)  ~0.03£0.05 (0.15)
NGC 5824  —1.9240.02 (0.04)  +0.36:£0.03 (0.08)  +0.24£0.01 (0.02) —0.604£0.04 (0.11)  —0.0740.03 (0.07)
NGC 5904 -1.2240.01 (0.03)  +0.294+0.01 (0.03) 40.21+0.01 (0.03) -0.47£0.02 (0.06)  —0.02+0.02 (0.09)
NGC 6093  —1.7640.01 (0.03)  +0.35:£0.01 (0.04) +0.28+0.01 (0.03) —0.5840.01 (0.03)  —0.080.02 (0.07)
NGC 6397  -2.01£0.01 (0.03)  +0.37£0.02 (0.08)  +0.26+£0.01 (0.03) —0.7340.04 (0.09)  +0.0020.02 (0.06)
NGC 6752 ~1.48+0.01 (0.03)  +0.2940.01 (0.03)  +0.28+0.01 (0.02) ~0.4740.01 (0.06)  ~0.02+0.03 (0.12)
NGC 6809  —1.73£0.01 (0.03)  +0.26£0.01 (0.04) +0.25£0.01 (0.03) —0.6640.01 (0.05)  —0.0620.01 (0.05)
NGC 7078  -2.42+40.02 (0.07)  +0.4740.04 (0.09) +0.28+0.01 (0.02) —0.66+0.03 (0.07)  +0.0940.03 (0.12)
NGC 7099 -2.3140.01 (0.05)  +0.45+0.01 (0.02)  +0.28+0.01 (0.03)  ~0.73+£0.03 (0.10)  +0.08-0.02 (0.08)
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Methods

Spectroscopic datasets

The LMC hosts the largest system of old GCs among the MW satellites, including 13 GCs
(Olszewski, Suntzeft, & Mateo [1996) with ages comparable to those of the MW (Brocato et
al.[|1996; Olsen et al.| 1998} |Wagner-Kaiser et al.|2017). Chemical abundances of old LMC
GCs based on high-resolution spectra of individual giant stars are available for about an half
of the entire population (Hill et al.|2000; |Johnson, Ivans & Stetson/[2006; Mucciarelli, Origlia
& Ferraro|2010; Mateluna et al[2012). These analyses are based on different methods and
assumptions making the comparison among the LMC clusters and between MW and LMC
clusters affected by several systematics (i.e. atomic data, solar reference abundances, model
atmospheres, temperature scale...). In order to highlight similarities and differences in the
chemical composition of giant stars in LMC and MW GCs, we homogeneously analyzed two
samples of high-resolution, optical spectra.

1. LMC GCs dataset — This sample includes 11 out of 15 old LMC clusters, four of
them (NGC 1466, NGC 1754, NGC 1835, NGC 1916) have never been analyzed before using
high-resolution spectroscopy of individual stars (see Table 2). The dataset is composed of
proprietary and archival data collected with the spectrographs FLAMES (Pasquini et al.
2002) and UVES (Dekker et al. 2000)) at the Very Large Telescope of the European South-
ern Observatory and with the spectrograph MIKE (Berstein et al.|2003)) at the Magellan
Telescope. Signal-to-noise ratios per pixel range from about 30-40 to 100. For nine GCs,
observations with the fiber-fed spectrograph FLAMES in the UVES+GIRAFFE combined
mode have been secured. For all these clusters spectra with the Red Arm 580 UVES setup
have been obtained, with a spectral resolution of 47000 and a spectral coverage between about
4800 and 6800 A. Only for the clusters NGC 1466, NGC 1786, NGC 1898 and NGC 2257,
a few of additional cluster stars have been observed with the GIRAFFE fibers. In fact, the
small angular size (about 2 arcmin of diameter) of the LMC clusters and the physical size
of the magnetic buttons sustaining the fibers prevent to allocate more than ~8-10 FLAMES
fibers on the cluster area in the same pointing. The adopted GIRAFFE/MEDUSA setups
are HR11 (5597 - 5840 A and resolution 29500) and HR13 (6120 - 6405 A and resolution
26400).

For two clusters observed with FLAMES (namely, NGC 2210 and NGC 2257), additional
archival data acquired with the slit spectrograph UVES are available. These observations
have been secured with the Red Arm 580 UVES setup, adopting slits between 1 and 1.2
arcsec, providing spectral resolutions between 38,000 and 45,000.

Finally, we analyzed MIKE spectra for four GCs (NGC 1898, NGC 2005, NGC 2019,
Hodge 11, Johnson, Ivans & Stetson|2006), two of them in common with FLAMES. The
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MIKE spectra have been acquired with a slit of 1 arcsec, corresponding to a spectral resolu-
tion of 19,000 and with a spectral range between 4500 and 7250 A .

Among the LMC GCs with metallicity between —1.75 and —-1.69 dex (see Figure 1),
NGC 2005 is the only for which the spectra have been obtained with the spectrograph
MIKE while the other 5 GCs have been observed with the spectrograph UVES. Below we
discuss the consistency between the abundances obtained from UVES and MIKE spectra.

Note that the previous analysis of NGC 2005 (Johnson, Ivans & Stetson [2006)) pro-
vides abundances consistent with our ones but the lack of other LMC GCs with comparable
metallicity in that sample did not allow to highlight the peculiarity of the cluster.

2. MW GCs dataset — A sample of giant stars in 15 MW GCs has been collected from
archival data (see Table 3). The clusters have been selected in order to cover the entire
range of metallicity of the Galactic halo/disk GCs system ([Fe/H] between —2.5 dex and
—0.7 dex). All the spectra have been obtained with the multi-object spectrograph UVES-
FLAMES adopting the same setup used for the LMC clusters. Signal-to-noise ratios per
pixel range from about 70-80 to 150.

Chemical analysis tools

The chemical abundances of Fe, Si, Ca, Ti and Ni have been derived by comparing the
measured equivalent widths, derived with the code DAOSPEC (Stetson & Pancino|2008),
with the theoretical line strengths using the code GALA (Mucciarelli et al.|2013). For these
species, we considered only transitions selected to be unblended according to the atmospheric
parameters and metallicity of each individual star, privileging, when possible, the lines for
which laboratory oscillator strengths are available.

Abundances of Sc, V, Mn, Co, Cu, Ba, La and Eu (whose transitions are affected by hyper-
fine /isotopic splitting) and of Zn have been derived through spectral synthesis, by performing
a y2-minimization between observed and synthetic spectra. In the case of Zn, the only avail-
able line at 4810 A is not affected by particular splitting or blending. However, we resort
to spectral synthesis in order to have a better control on the continuum placement, which
requires particular care because the Zn line is located in a crowded and noisy spectral region.
This is especially true for some LMC clusters observed with UVES-FLAMES, that have a
lower SNR at the shortest wavelength due to the curve of efficiency of the spectrograph.

All synthetic spectra used in this work have been computed with the code SYNTHE (Ku-
rucz(2005) including all the atomic and molecular transitions available in the Kurucz/Castelli
database.

Model atmospheres for each star have been calculated with the code ATLAS9 (Kurucz 2005)
under the assumptions of plane-parallel geometry, hydrostatic and radiative equilibrium and
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local thermodynamic equilibrium for all the species. For all the stars the model atmo-
spheres have been computed assuming an a-enhanced chemical mixture, except for the stars
of NGC 2005 and NGC 1898, for which solar-scaled model atmospheres have been used in
accordance to the derived [a/Fe] abundance ratios. Still, we also verified that the use of
a-enhanced model atmospheres in these two cases changes the measured abundance ratios
only slightly, by less than 0.05 dex. This means, in particular, that the observed differences
between NGC 2005 and the other LMC GCs of similar metallicity cannot be reconciled by
the adoption of different model atmospheres.

Note that we exclude from this discussion the light elements Na, O, Mg and Al because
they are involved in the chemical anomalies due to the self-enrichment processes that char-
acterized the early stage of life of the clusters (Carretta et al.2009; [Mucciarelli et al.|2009).
Therefore, their abundances cannot be easily used as tracers of the chemical composition of
the parent galaxy. Indeed, we found evidence of star-to-star variations for the light elements
Na, O, Mg and Al in the target clusters, as expected considering their mass and age. On
the other hand, a null spread has been found for all the elements discussed in this work, so
that any effect due to the internal evolution of the individual clusters does not affect our
conclusions.

Determination of the atmospheric parameters

The effective temperature (Tog ) is the most crucial atmospheric parameter in the determi-
nation of chemical abundances. Temperatures can be inferred from suitable calibrations of
broad-band colors or by requiring that no trend exists between the abundances of individual
iron lines and their excitation potential. The two methods can often provide discrepant
results. In particular, the two approaches agree with each other for metallicities higher than
—1.5 dex while the spectroscopic Teg are overly low and under-estimated (down to about
300 K) for [Fe/H]<~1.5 dex, because of the inadequacies in the modeling of 1D/LTE radia-
tive transfer in metal-poor giant stars (Mucciarelli & Bonifacio|2020). Therefore, the use of
spectroscopic Teg leads to underestimate the abundances for metal-poor stars.

Due to the composite nature of the LMC dataset, homogeneous photometric information
are not available for all the targets: for the proprietary data, near-infrared JHK; photometry
is available, while for the archival data, optical ground-based or space-telescope photometry
is in hand but in different photometric filters. Thanks to the high spectral resolution, the
high number of lines and the good/high signal-to-noise ratio of the LMC spectra, Teg can
be derived spectroscopically with high precision for all the targets. Because the discrepancy
between spectroscopic and photometric Teg for clusters with [Fe/H]<—-1.5 dex increases with
decreasing the metallicity, we need to remove this effect in order to put all the Teg on the
same (unbiased) scale. The spectroscopic Teg for clusters with [Fe/H]<-1.5 dex have been



— 11 —

corrected according to the spectroscopic [Fe/H] (Mucciarelli & Bonifacio|2020) in order to put
them onto a photometric scale (Gonzalez Hernandez & Bonifacio [2009), while spectroscopic
Teg for clusters with higher metallicity do not need any correction. A pure spectroscopic
T scale leads to systematically lower abundances for metal-poor stars. With the adopted
procedure, the T.g of all the stars are on the same scale. On the other hand, for the MW
GCs homogeneous photometry is available (Stetson et al.[2019) and Teg have been derived
from the (V — Kg)-Teg calibration (Gonzalez Hernandez & Bonifacio 2009)).

However, since one of the key results presented in this letter is based on the comparison
of chemical abundances among LMC and MW clusters, it is particularly important to recall
that Teg for all the cluster stars are on the same scale (Gonzalez Hernandez & Bonifacio
2009).

The surface gravities have been estimated assuming for each cluster the Teg-log g relation
suitable for the red giant branch and derived from a theoretical isochrone (Dotter et al.|2008])
with an age of 13 Gyr and metallicity and [«/Fe| from our chemical analysis. Because log g
values have been derived according to the T.g and metallicity of each star, the procedure to
obtain this parameter is iterative. This approach avoids the uncertainties in log g arising from
color excess and distance modulus of each individual cluster. The assumption of a different
age is not critical: a change of 1 Gyr (that can be consider as a reasonable uncertainty in
the ages of the target clusters) implies a variation of 0.01 in log g, with a negligible impact
on the derived abundances.

Microturbulent velocities are derived by requiring no trend between abundances of the
iron lines and their strength (Mucciarelli 2011)).

The 2 observed stars in NGC 2005 have atmospheric parameters comparable with those
of the other stars in LMC clusters with similar metallicities, as expected because all the
target stars belong to the brightest portion of the clusters red giant branches (due to their
distance, high-resolution spectroscopy in old LMC GCs is restricted to the brightest stars).
We checked that there is no set of reasonable atmospheric parameters able to reconcile all
the abundances of NGC 2005 with those measured in the other LMC metal-poor clusters.
Because the analyzed transitions for the 13 measured species have different strengths, excita-
tion potential and ionization stages, they have different (and sometimes opposite) sensitivity
to the atmospheric parameters. Therefore, the variation of a given atmospheric parameter
leads to an increase of some abundance ratios and the decrease of others, depending on the
characteristics of the used transitions.

For example, a decrease of Teg by 200 K (coupled with new, appropriate log g and
microturbulent velocities) for the stars in NGC 2005 provides [Si/Fe| comparable with those
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of the other clusters while [Ca/Fe| and [Ti/Fe] remain low. Furthermore, this new set of
parameters provides values of [Zn/Fe] and [Cu/Fe] still significantly lower than those of the
other LMC clusters. In order to increase these two abundance ratios, Tog should be increased
by 400-500 K, decreasing significantly the other abundance ratios. Also, such hot Tt are
incompatible with the position of the stars on the color-magnitude diagram. We therefore
rule out that the peculiar chemistry of NGC 2005 could be driven by a particular choice
of the atmospheric parameters of its stars, concluding that its deviations from the average
trends defined by the other LMC clusters are genuine.

Figure 3 shows some portions of the MIKE spectrum of the star NGC2005-S3, around
four metallic lines of the species (namely Sc, Zn, La and Eu) that exhibit the largest dif-
ferences between NGC 2005 and the clusters with similar [Fe/H] (see Fig.1). The MIKE
spectrum is compared with two synthetic spectra: the best-fit one and the one calculated
assuming the average abundances measured in the other 5 LMC GCs. As is evident from
this figure, the depth of the observed lines in NGC 2005 is not compatible at all with the
abundances of the other LMC GCs with similar [Fe/H]. On the other hand, Figure 4 shows
the comparison between the MIKE spectrum of the star NGC2005-S3 and the UVES spec-
trum of the star NGC2210-764 (which has has atmospheric parameters and metallicity very
similar to those of NGC2005-S3). A smoothing filter and a re-sampling have been applied
to the UVES spectrum to mimic the spectral resolution and the pixel-size of MIKE spectra,
allowing us to directly compare the line strength of metallic lines. As visible in Figure 5 , Fe

lines have similar strengths while Sc, La and Eu lines are shallower in the MIKE spectrum
of NGC205-S3.

The uncertainty in the line fitting procedure and in the continuum location are not
sufficient to justify such a stark discrepancy, not even in the case of the Zn line, that is one
of the bluest transitions analyzed in this study, and for which the continuum location is more
affected by the lines crowding.

Comparison between abundances from UVES and MIKE spectra
NGC 2005 is the only LMC GC among those shown in Fig.1 to have been observed with
MIKE. The other five have been observed with UVES and FLAMES. We thus performed
some checks on the elemental abundances of NGC 2005 to exclude the possibility that the
chemical peculiarity of this cluster is artificially caused by some systematic effect due to the
use of different spectrographs.

To do so, we performed some checks on the abundances derived from UVES and MIKE.
First, we considered two clusters, namely Hodge 11 and NGC 1898, for which both UVES
and MIKE spectra are available (though no stars have been simultaneously observed with
both the instruments). Figure 5 shows the differences between the average abundances as
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derived from UVES and MIKE spectra for these two clusters. No systematic difference exists
for any of the measured elemental abundances, this demonstrating that the two instruments
provide abundances that are fully compatible within the uncertainties.

Similarly to what we did in Fig.1, Figure 6 compares the average abundance ratios
measured in two clusters with similar [Fe/H] but observed with the two spectrographs,
namely NGC 1754 (observed with UVES) and NGC 2019 (observed with MIKE). Also for this
pair of clusters, no significant differences are found and the abundance ratios of NGC 2019
are not systematically lower than those measured in NGC 1754.

As an additional sanity check, we further repeated the analysis of the UVES spectra
of Hodge 11 and NGC 1898 by applying a smoothing filter, thus to reproduce the spectral
resolution of the MIKE spectra, and by sampling the spectra to the pixel size of MIKE.
This set of MIKE-like spectra allows to estimate whether some instrumental characteristics
of the spectrograph (i.e. spectral resolution, efficiency and pixel size) can induce systematic
differences in the derived abundances, for instance leading to over- or -under-estimate the
continuum level or to significant variations in the derivation of the atmospheric parameters
(temperatures and microturbulent velocities have been derived spectroscopically). When
these spectra are analyzed after fixing the stellar parameters obtained from the original
UVES spectra, the average difference between the new and the original iron abundances
is -0.034+0.02 dex (o= 0.05 dex). When the stellar parameters are re-derived, the average
difference in [Fe/H] become -0.0540.02 dex (0= 0.05 dex), due to small changes in the stellar
parameters themselves. In both cases, the characteristics of the MIKE spectra induce only
a very small decrease of the iron abundances, while the differences cancel out for the [X/Fe]
abundance ratios.

Finally, we refer to the recent analysis of the Galactic benchmark star HD20 using
both UVES and MIKE spectra (Hanke et al|[2020). Thanks to the very high S/N ratio of
the spectra of this bright star (>400 for UVES and >1000 for MIKE), this comparison is
adequate to highlight intrinsic differences solely due to the instruments (and not induced by
the noise). The agreement between the abundances of Ti, Fe and Nd (the species with the
largest number of available lines in the analysis) derived from the same lines and measured
with UVES and MIKE is found to be excellent, thus excluding again significant systematics
between the two instruments.

All these checks demonstrate that the abundances derived from MIKE and UVES are
fully consistent with each other within the uncertainties and that the low abundance ratios
measured in NGC 2005 are not an instrumental artifact.
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Uncertainties in the chemical abundances
The total uncertainty associated to a given abundance (in the form of [X/H]) in individ-
ual stars is obtained by taking into account internal errors (mainly related to the measure
methodology) and those arising from the adopted stellar parameters. On the other hand,
when an abundance ratio [X/Fe|=[X/H]-[Fe/H] is considered, the uncertainties arising from
atmospheric parameters partially cancel out because metallic lines of different species but
the same ionization stage respond in a similar way to variations in these parameters.

The uncertainty of [Fe/H] is obtained by summing in quadrature the internal error and
the variations in the Fe abundance due to errors in atmospheric parameters. The uncertainty
for the abundance ratio [X/Fe] is computed by summing in quadrature the internal errors
of X and Fe (that are independent each other), and the abundance ratio variation due to
uncertainties in the adopted atmospheric parameters.

For each cluster, mean abundance ratios (and the corresponding standard errors) have
been computed by averaging the abundances of the member stars weighted by the uncertainty
(as described above). Since formal standard error on the weighted mean were in many case
exceedingly small (of the order of ~0.02-0.03 dex), due to the small number of stars per
cluster (2-3), we decided to take the average error on individual measures as a conservative
estimate of the uncertainty on the mean abundance.

Internal errors — Internal errors in [X/H] were estimated considering the line-to-line
dispersion of the abundance mean divided by the root mean square of the number of lines.
The dispersion of the mean reflects a combination of uncertainties in the measure, continuum
location and in the atomic data.

When one only line is available, we considered as internal error the abundance variation
due to the uncertainty in the measure process. For species for which equivalent width has
been measured, we transformed in abundance the error associated to the Gaussian fit used
to measure the equivalent width. For species measured from the spectral synthesis, we
performed Montecarlo simulations of the fitting procedure. For each star, a sample of 500
artificial spectra has been generated, by re-sampling the best-fit synthetic spectrum to the
instrumental pixel-size and injecting Poissonian noise to reproduce the measured signal-to-
noise. This sample of artificial spectra has been analyzed with the same approach adopted
for the real spectra. The dispersion of the derived abundance distribution has been adopted
as lo uncertainty.

Parameters errors — Abundance errors due to uncertainties in the atmospheric parame-
ters were estimated by re-computing abundances varying the parameters by their uncertain-
ties. The uncertainties in spectroscopic Teg are estimated by applying a jackknife bootstrap-
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ping technique (Lupton|[1993), leading to errors from ~50 up to ~100 K, mainly depending
on the signal-to-noise ratio of the spectrum. For the clusters with [Fe/H]<-1.5 dex, for which
the correction to the photometric scale has been applied, we added in quadrature also the 1o
dispersion (36 K) associated to the calibration itself (Mucciarelli & Bonifacio|2020). Tem-
peratures were varied by the corresponding errors, gravities were modified by propagating
the errors in Teg on the adopted Tog-log g relation and the microturbulent velocities were
re-computed adopting the new T.g and log g. This approach allows to take into account the
covariance existing between Teq and log g (Cayrel et al.[2004), due to the physical relation
existing between these two parameters, and between T.g and microturbulent velocity, due
to the correlation between line strength and excitation potential.

Systematic errors — Chemical abundances can be affected by several sources of system-
atics, mainly the accuracy of the adopted atomic data, the used solar reference abundances,
the used model atmospheres (and their physical assumptions), the zero-point of the used Teg
scale, and the method to infer stellar parameters. The chemical analysis of the two datasets
discussed in this work (LMC and MW GCs) has been performed using the same approach in
terms of these assumptions, in order to erase the main systematics and compare directly the
abundances of the two families of clusters. Therefore, any possible source of systematic error
arising from the analysis affects in the same way both the datasets, making the comparison
between LMC and MW clusters more accurate and robust.

Chemical evolution models
The trends of the abundance ratios of different chemical elements as a function of time (as
traced by metallicity) in a given stellar system can be used to infer the structure formation
timescale as well as the role of any gas inflow/outflow and the shape of the prevailing IMF.
However, in order to do so, one needs to work out the proper chemical evolution model,
tailored to the specific object under scrutiny.

The chemical evolution model for the MW adopted in this paper is described extensively
in previous papers (Chiappini et al.| 2001; Romano et al.|[2010)). It assumes that the inner
Galactic halo forms at early times from the accretion of unprocessed gas that triggers a very
efficient star formation, of the order of ~10 My yr~! on a Gyr timescale. The Galactic disc
forms later on at a slower pace, but since our MW GC data trace only the first ~1 Gyr of
Galactic evolution, in the following we omit all the details regarding the formation of the
disc component — the interested reader is referred to the original papers. As we will see in
the following, it is very important to calibrate the main ingredients of the chemical evolution
model against a valid reference template; the MW provides indeed a very good anchor.

The models for the LMC and the putative NGC 2005 parent galaxy rest on previous
work for dwarf Galactic satellites (Romano & Starkenburg|2013; Romano et al.2015). As for
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the LMC, we implement in the model the global star formation history (SFH) derived from
observational pointers independent from chemical indicators (i.e., long-period variable star
counts, which agree with previous studies (Rezaeikh et al.[2014)). According to the adopted
SFH, most LMC stars (about 75 per cent of the total stellar population) form during the
first ~3 Gyrs of evolution. The star formation rate peaks at SFR ~ 1-1.5 My yr~! during
the first 1.5 Gyr of evolution, and steadily declines afterwards. As for the dwarf NGC 2005
progenitor, there are not independent SFH indicators that can be accessed, hence we assume
a star formation burst forming 2 x 10°> M, of stars in either 0.5 or 1 Gyr. The star formation
of NGC 2005’s progenitor galaxy is found to proceed at a much slower pace than that of
the LMC, namely, <2.5-5 x 107* Mg yr~! (with the highest values corresponding to the
shortest-duration burst).

In all models, cold gas of primordial chemical composition is accreted at an exponentially

decreasing rate:

e e )
where Mi,¢(t) is the mass accreted at time ¢ and 7 = 1, 0.5 and 0.005 Gyr are the e-folding
times for the MW, LMC and UFD NGC 2005 progenitor, respectively. We note that this
smooth infall law produces results that are in qualitative agreement with those obtained by
adopting much more complex accretion histories from cosmological simulations (Colavitti,
Matteucci & Murante |2008; Romano & Starkenburg|2013).

The star formation rate is implemented according to the Kennicutt-Schmidt law (Schmidt
1989; Kennicutt| 1998). In the model for the MW it reads

Y(t) < 045 (t), (2)

where 0,4,(t) is the surface gas density at a given time and k£ = 1.5. In the models for dwarf
galaxies it is

W (t) o< My, (t), (3)

where Mg,s(t) is the gas mass at a given time and & = 1.

As for the Galactic halo, the galaxy-wide IMF is the canonical one used in previous
work (Kroupaj2002), with = 1.7 in the high-mass domain. A slightly steeper galaxy-wide
IMF (2 = 1.9 in the high-mass domain) is found to fit better the LMC data at relatively
high metallicities; therefore, in Fig. 2 we show the results obtained with this IMF choice.
Furthermore, in order to reproduce the chemical abundance ratios measured in NGC 2005, we
find that it is necessary to require also a reduction of the upper mass limit of the IMF, from
100 to 40 M. These assumptions are justified, at least qualitatively, in the framework of the
integrated galactic IMF theory by the low star formation rates and metal-poor environments
that characterize dwarf and UFD galaxies (Yan et al.|2020).
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Nucleosynthesis prescriptions

The most important ingredients of chemical evolution models are the stellar yields, namely,
the amounts of different chemical elements that stars produce and eject into the ISM at
their deaths. The chemical evolution models adopted in this study track the evolution of
the abundances of several elements from hydrogen to europium, allowing us to study the
evolution of elements that are produced by various nucleosynthetic processes in stars of dif-
ferent masses and initial chemical composition. The instantaneous recycling approximation
is relaxed, i.e. we consider in detail the stellar lifetimes. In this way, different chemical
elements are correctly restored to the interstellar medium at different times, according to
the lifetimes of their stellar progenitors.

We adopt grids of stellar yields calibrated against the MW data; in particular, with the
adopted prescriptions for single low- and intermediate-mass stars (Karakas/|2010), massive
stars (Nomoto et al.[2013) and type Ia SNe (Iwamoto et al.[[1999) (thermonuclear explosions
of white dwarfs in binary systems (Matteucci & Greggio||1986; [Matteucci & Recchi 2001)))
we are able to reproduce very well the average trends of the abundance ratios of several
elements, including [Si/Fe|, [Ca/Fe|, [Zn/Fe], and [Cu/Fe], as a function of [Fe/H] in the
Galactic halo (Romano et al.[2010). In particular, regarding the high-mass stars, we use
a mixture of “normal” core-collapse SNe, which explode releasing energies of the order of
105! ergs, and hypernovae, characterized by much larger explosion energies. In particular,
by considering hypernova explosions it is possible to explain the run of [Zn/Fe] with [Fe/H]
in halo stars (Kobayashi et al.[2006; Romano et al.2010). We obtain a good fit to the data
presented in this paper by assuming that as many as 95 per cent of stars with m > 20 Mg
explode as hypernovae for [Fe/H]< —2.5, while the hypernova fraction goes to zero for
[Fe/H]> —1 dex. In order to fit the MW GC data at best, we further adopt zero-point
shifts of —0.2 dex for both [Si/Fe] and [Zn/Fe] (well inside the range allowed by theoretical
uncertainties and observational systematics that may affect the ratios). The same stellar
nucleosynthesis prescriptions (and zero-point shifts) are then adopted in the models for the
LMC and NGC 2005’s parent galaxy. Interestingly, it is found that the best agreement
between model predictions and relevant data is obtained with a galaxy wide IMF that varies
in qualitative agreement with the predictions of the integrated galactic IMF theory (Yan et
al2020).

Do observed counterparts of the progenitor of NGC 2005 exist?
The chemical abundance patterns measured in NGC 2005 and in the other LMC GCs demon-
strate that the former originated in an environment characterized by a significantly less
efficient star formation than that of the LMC. This is typical of dwarf spheroidal (dSph)
satellites of the Milky Way (Tolstoy, Hill & Tosi|[2009). Thus it is natural to search among
them, when looking for an existing galaxy similar to the putative progenitor of NGC 2005.
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There are only two dSphs currently orbiting the MW that were able to form globular
clusters: Sagittarius and Fornax. However, the abundance pattern of the Sgr dSph is very
similar to that of the LMC (Mucciarelli et al.[|2017; Minelli t al.|2021), and as such it is not
compatible with the chemical composition of NGC 2005. On the other hand, Fornax seems
to fit all the properties of the progenitor galaxy of NGC 2005. In fact, the abundance pattern
of NGC 2005 is remarkably similar to that of Fornax stars of the same metallicity. As we
show in Figure 7, other two dSph galaxies, namely Draco and Ursa Minor (Shetrone, Coté
& Stetson| 2001} [Letarte et al. [2006; Cohen et al. 2009, 2010; Letarte et al. 2010; Lemasle
et al.|2014; [Ural et al.|2015) provide a good chemical match when compared to NGC 2005,
but they have a stellar mass comparable to NGC 2005 itself (~ 3 - 105 Mg, McConnachie
2012). Instead, Fornax has a stellar mass large enough (~ 2 x 10" Mg, McConnachie/[2012))
to host a population of 5 old GCs, four of them being in the same mass range as NGC 2005
(21.3:10°Mg,, Leung et al.[2020)). In general, dwarf galaxies with mass comparable to Fornax
typically host between 0 and 6 globular clusters (Prole et al.[2019). The mass ratio between
Fornax and LMC is MMLL];TC < 0.01, for both stellar and total (dynamical) mass. Therefore,
the merging of a progenitor galaxy of NGC 2005 similar to the Fornax dSph with the LMC
would classify as a minor merger, with negligible consequences on the structure of the LMC
and negligible probability to leave a long-lived relic, except for a dense cluster with chemical
composition not compatible with being born in the LMC.

We conclude that the properties of the hypothesized progenitor galaxy of NGC 2005,
now dissolved into the LMC, are fully compatible with well known existing galaxies, the
Fornax dSph providing the best suited local example.
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Fig. 3.— The observed spectrum of NGC2005-S3. Portions of the MIKE spectrum of
the star NGC2005-S3 (gray squares) around some metallic lines of interest for Sc, Zn, La and
Eu, with superimposed the best-fit synthetic spectrum (blue lines) and a synthetic spectrum
computed with the stellar parameters of this star but assuming the average abundances
derived from the 5 LMC GCs with metallicity comparable to that of NGC 2005 (red lines).
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Fig. 4— The observed spectrum of NGC2005-S3. Portions of the MIKE spectrum
of the star NGC2005-S3 (gray squares) around some metallic lines of interest for Sc, Fe, La
and Eu, with superimposed the UVES spectrum of the star NGC2210-764, convoluted with
a Gaussian profile to reproduce the MIKE spectral resolution and re-sampled to the MIKE
pixel size (blue line).
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Fig. 6.— Comparison between the chemical abundances of NGC 1754 and
NGC 2019. Abundance ratios measured for the clusters NGC 2019 (measured with MIKE,
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stars in the Fornax clusters (orange squares, Shetrone, Coté & Stetson 2001 [Letarte et al.|

2006; Cohen et al.|[2009, 2010; Letarte et al.|2010; Lemasle et al.[2014} [Ural et al.|2015).
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Table 2. LMC globular clusters dataset

Cluster RA Dec Ny_rr. Nu Ng Num Programs
(J2000) (J2000)

NGC 1466 03:44:33.0 —71:40:18.0 5 — 4 — 092.D-0244
NGC 1754 04:54:18.1  —70:26:32.6 5 — — — 084.D-0933
NGC 1786 04:59:07.5  —67:44:45.0 4 — 3 — 080.D-0933
NGC 1835 05:05:09.2  —69:24:21.0 4 — — 092.D-0244
NGC 1898 05:16:45.4  —69:39:16.7 4 — 3 2 084.D-0933 + JO6
NGC 1916 05:18:37.9  —69:24:22.9 4 — — — 092.D-0244

NGC 2005 05:30:08.5  —69:45:14.4 2 Jo6
NGC 2019 05:31:56.5  —70:09:32.5 — — — 3 JO6

NGC 2210 06:11:31.3  —69:07:17.0 5 3 — — 080.D-0368 + UVES-SV
NGC 2257 06:30:12.0 —64:19:36.0 3 3 3 — 080.D-0368, 66.B-0331
HODGE 11  06:14:22.9 —69:50:54.9 4 — — 2 082.B-0458 + J06
Note. — Coordinates of the cluster centers are from the SIMBAD database. The number

of analysed member stars for each cluster is listed according to the used instruments: U-FL for
UVES-FLAMES, U for UVES, G for GIRAFFE/MEDUSA-FLAMES, M for MIKE. The program
identification numbers of the ESO Programs are reported (Program ID: 080.D-0368, PI: Origlia;
Program ID: 084.D-0933, PI: Mucciarelli; Program ID: 092.D-0244, PI: Mucciarelli). The clusters
observed with the spectrograph MIKE are labeled as J06(Johnson, Ivans & Stetson|2006)). UVES-SV
identifies observations performed during the UVES Science Verification.

Table 3. MW globular clusters dataset

Cluster RA Dec Nstars Programs
(J2000) (J2000)
NGC 104 00 24 05.67 —72 04 52.6 10 073.D-0211
NGC 288 00 52 45.24  —26 34 57.4 10 073.D-0211
NGC 1851 0514 06.76  —40 02 47.6 23 188.B-3002
NGC 1904 0524 11.09 —24 3129.0 10 072.D-0507
NGC 2808 09 12 03.10 —64 51 48.6 12 072.D-0507
NGC 4590 12 39 27.98 26 44 38.6 13 073.D-0211
NGC 5634 14 29 37.23  —05 58 35.1 7 093.B-0583
NGC 5824 1503 58.63  —33 04 05.6 6 095.D-0290
NGC 5904 1518 33.22  +02 04 51.7 14 073.D-0211
NGC 6093 16 17 02.41  —22 58 33.9 9 083.D-0208
NGC 6397 17 40 42.09 53 40 27.6 12 073.D-0211
NGC 6752 1910 52.11  -59 59 04.4 12 073.D-0211
NGC 6809 19 39 59.71  —30 57 53.1 13 073.D-0211
NGC 7078 2129 58.33 41210 01.2 13 073.D-0211

NGC 7099 21 40 22.12 23 10 47.5 19 073.D-0211 ; 085.D-0375

Note. — Coordinates of the cluster centers are from the Harris catalog.
The number of used stars and the identification numbers of the corresponding
ESO Programs are also listed.



— 26 —

REFERENCES

(1) Moore, B. et al. Dark Matter Substructure within Galactic Halos. Astrophys. J. 524,
L19 (1999)

(2) D’Onghia, E. & Lake, G. Small Dwarf Galaxies within Larger Dwarfs: Why Some Are
Luminous while Most Go Dark. Astrophys. J. 686, L.61 (2008)

(3) Erkal, D. & Belokurov, V.A. Limit on the LMC mass from a census of its satellites. Mon.
Not. R. Astron. Soc. 495, 2554 (2020)

(4) Patel, E. et al. The Orbital Histories of Magellanic Satellites Using Gaia DR2 Proper
Motions. Astrophys. J. 893, 121 (2020)

(5) Penarrubia, J., Gémez, F.A., Besla, G., Erkal, D. & Ma, Y.Z. A timing constraint on the
(total) mass of the Large Magellanic Cloud. Mon. Not. R. Astron. Soc. 456, L54-1L58
(2016)

(6) Erkal, D. et al. The total mass of the Large Magellanic Cloud from its perturbation on
the Orphan stream. Mon. Not. R. Astron. Soc. 487, 2685-2700 (2019)

(7) van der Marel, R.P. & Kallivayalil, N. Third-epoch Magellanic Cloud Proper Motions.
II. The Large Magellanic Cloud Rotation Field in Three Dimensions. Astrophys. J.
781, 121 (2014)

(8) Guo, Q., White, S., Li, C. & Boylan-Kolchin, M. How do galaxies populate dark matter
haloes?. Mon. Not. R. Astron. Soc. 404, 1111 (2010)

(9) Sales, L.V., Wang, W., White, S. D. M. & Navarro, J. F. Satellites and haloes of dwarf
galaxies. Mon. Not. R. Astron. Soc. 428, 573 (2013)

(10) Stanimirovié, S., Staveley-Smith, L. & Jones, P. A. A New Look at the Kinematics of
Neutral Hydrogen in the Small Magellanic Cloud. Astrophys. J. 604, 176 (2004)

(11) Kallivayalil, N., van der Marel, R.P. & Alcock, C. Is the SMC Bound to the LMC? The
Hubble Space Telescope Proper Motion of the SMC. Astrophys. J. 652, 1213 (2016)

(12) Kallivayalil, N., van der Marel, R.P., Besla, G., Anderson, J. & Alcock, C. Third-epoch
Magellanic Cloud Proper Motions. I. Hubble Space Telescope/ WFC3 Data and Orbit
Implications. Astrophys. J. 764, 161 (2013)

(13) Simon, J.D. The Faintest Dwarf Galaxies. Annu. Rev. Astron. Astrophys. 57, 375 (2019)



— 27 —

(14) Gaia Collaboration Gaia Data Release 2. Summary of the contents and survey proper-
ties. Astron. Astrophys. 616, A1 (2018)

(15) Gaia Collaboration Gaia Data Release 2. Kinematics of globular clusters and dwarf
galaxies around the MW. Astron. Astrophys. 616, A12 (2018)

(16) Simon, J.D. Gaia Proper Motions and Orbits of the Ultra-faint MW Satellites. Astro-
phys. J. 863, 89 (2018)

(17) Kallivayalil, N. et al. The Missing Satellites of the Magellanic Clouds? Gaia Proper
Motions of the Recently Discovered Ultra-faint Galaxies. Astrophys. J. 867, 19 (2018)

(18) D’Onghia, E. & Fox, A.J. The Magellanic Stream: Circumnavigating the Galaxy. Annu.
Rev. Astron. Astrophys. 54, 363 (2016)

(19) Olsen, K.A.G., Zaritsky, D., Blum, R. D., Boyer, M. L., & Gordon, K. D. A Population
of Accreted Small Magellanic Cloud Stars in the Large Magellanic Cloud. Astrophys.
J. 737,29 (2011)

(20) Freeman, K. & Bland-Hawthorn, J. The New Galaxy: Signatures of Its Formation.
Annu. Rev. Astron. Astrophys. 40, 487-537 (2002)

(21) Massari, D., Koppelman, H. H. & Helmi, A. Origin of the system of globular clusters
in the MW. Astron. Astrophys. 630, L4 (2019)

(22) Myeong, G. C., Vasiliev, E., Torio, G., Evans, N. W. & Belokurov, V. Evidence for two
early accretion events that built the Milky Way stellar halo. Mon. Not. R. Astron.
Soc. 488, 1235-1247 (2019)

(23) Kruijssen, J. M. D. et al. Kraken reveals itself — the merger history of the MW re-
constructed with the E-MOSAICS simulations. Mon. Not. R. Astron. Soc. 498, 2472
(2020)

(24) Mackey, D. et al. Two major accretion epochs in M31 from two distinct populations of
globular clusters. Nature 574, 69 (2019)

(25) Lapenna, E., Mucciarelli, A., Origlia, L., & Ferraro, F. R. Tagging the Chemical Evo-
lution History of the Large Magellanic Cloud Disk. Astrophys. J. 761, 33 (2012)

(26) Van der Swaelmen, M., Hill, V., Primas, F. & Cole, A. A. Chemical abundances in
LMC stellar populations. II. The bar sample. Astron. Astrophys. 560, A44 (2013)



— 928 —

(27) Nidever, D. L. et al. The Lazy Giants: APOGEE Abundances Reveal Low Star Forma-
tion Efficiencies in the Magellanic Clouds. Astrophys. J. 895, 88 (2020)

(28) Mackey, A. D. & Gilmore, G. F. Surface brightness profiles and structural parameters
for 53 rich stellar clusters in the Large Magellanic Cloud. Mon. Not. R. Astron. Soc.
338, 85-119 (2003)

(29) Tolstoy, E., Hill, V. & Tosi, M. Star-Formation Histories, Abundances, and Kinematics
of Dwarf Galaxies in the Local Group. Annu. Rev. Astron. Astrophys. 47, 371-425
(2009)

(30) Romano, D., Karakas, A.L., Tosi, M. & Matteucci, F. Quantifying the uncertainties of
chemical evolution studies. I1. Stellar yields. Astron. Astrophys. 522, A32 (2010)

(31) Yan, Z., Jerabkova, T. & Kroupa, P. Chemical evolution of ultra-faint dwarf galaxies
in the self-consistently calculated integrated galactic IMF theory. Astron. Astrophys.
637, A68 (2020)

(32) Bensby, T., Feltzing, S. & Oey, M. S. Exploring the MW stellar disk. A detailed elemen-
tal abundance study of 714 F and G dwarf stars in the solar neighbourhood. Astron.
Astrophys. 562, A71 (2014)

(33) Olszewski, E. W., Suntzeff, N. B. & Mateo, M. Old and Intermediate-Age Stellar Pop-
ulations in the Magellanic Clouds. Annu. Rev. Astron. Astrophys. 34, 511 (1996)

(34) Brocato, E. et al. Mon. Not. R. Astron. Soc. 282, 614 (1996)

(35) Olsen, K.A.G. et al. HST colour-magnitude diagrams of six old globular clusters in the
LMC. Mon. Not. R. Astron. Soc. 300, 665 (1998)

(36) Wagner-Kaiser, R. et al. Exploring the nature and synchronicity of early cluster forma-
tion in the Large Magellanic Cloud - II. Relative ages and distances for six ancient
globular clusters. Mon. Not. R. Astron. Soc. 471, 3347 (2017)

(37) Hill, V. et al. Age-metallicity relation and chemical evolution of the LMC from UVES
spectra of Globular Cluster giants. Astrophys. J. 364, L.19 (2000)

(38) Johnson, J.A., Tvans, I.I. & Stetson, P.B. Chemical Compositions of Red Giant Stars in
Old Large Magellanic Cloud Globular Clusters. Astrophys. J. 640, 801 (2006)

(39) Mucciarelli, A., Origlia, L. & Ferraro, F. R. Chemical Composition of the Old Globu-
lar Clusters NGC 1786, NGC 2210, and NGC 2257 in the Large Magellanic Cloud.
Astrophys. J. 717, 277 (2010)



— 929 —

(40) Mateluna, R. et al. Chemical abundances in the old LMC globular cluster Hodge 11.
Astron. Astrophys. 548, A82 (2012)

(41) Pasquini, L. et al. Installation and commissioning of FLAMES, the VLT Multifibre
Facility. The Messenger 110, 1 (2002)

(42) Dekker, H. et al. Design, construction, and performance of UVES, the echelle spectro-
graph for the UT2 Kueyen Telescope at the ESO Paranal Observatory. Proc. SPIE
4008 534 (2000)

(43) Bernstein, R., Shectman, S.A., Gunnels, S.M., Mochnacki, S. & Athey, A.E. MIKE:
A Double Echelle Spectrograph for the Magellan Telescopes at Las Campanas Ob-
servatory. Instrument Design and Performance for Optical/infrared Ground-based
Telescopes. Proc. SPIE 4841, 1694 (2003)

(44) Stetson, P.B. & Pancino, E. DAOSPEC: An Automatic Code for Measuring Equivalent
Widths in High-Resolution Stellar Spectra. Publ. Astron. Soc. Pac. 120, 1332 (2008)

(45) Mucciarelli, A., Pancino, E., Lovisi, L., Ferraro, F.R. & Lapenna, E. GALA: An Au-
tomatic Tool for the Abundance Analysis of Stellar Spectra. Astrophys. J. 766, 78
(2013)

(46) Kurucz, R. L. ATLAS12, SYNTHE, ATLAS9, WIDTHO, et cetera. Mem. Soc. Astron.
Ital. - J. Ital. Astron. Soc. 8, 14 (2005)

(47) Carretta, E. et al. Na-O anticorrelation and HB. VII. The chemical composition of first
and second-generation stars in 15 globular clusters from GIRAFFE spectra. Astron.
Astrophys. 505, 117 (2009)

(48) Mucciarelli, A., Origlia, L., Ferraro, F.R. & Pancino, E. Looking Outside the Galaxy:
The Discovery of Chemical Anomalies in Three Old Large Magellanic Cloud Clusters.
Astrophys. J. 695, 1134 (2009)

(49) Mucciarelli, A. & Bonifacio, P., 2020, Astron. Astrophys. 640, A87 (2020)

(50) Gonzalez Hernandez, J. I. & Bonifacio, P. A new implementation of the infrared flux
method using the 2MASS catalogue. Astron. Astrophys. 497, 497 (2009)

(51) Stetson, P. B., Pancino, E., Zocchi, A., Sanna, N. & Monelli, M. Homogeneous photom-
etry - VII. Globular clusters in the Gaia era. Mon. Not. R. Astron. Soc. 485, 3042
(2019)



- 30 —

(52) Dotter, A. et al. The Dartmouth Stellar Evolution Database. Astrophys. J., Suppl. Ser.
178, 89 (2008)

(53) Mucciarelli, A. Microturbulent velocity from stellar spectra: a comparison between
different approaches. Astron. Astrophys. 528, A44 (2011)

(54) Hanke, M. et al. A high-precision abundance analysis of the nuclear benchmark star
HD 20. Astron. Astrophys. 635, A104 (2020)

(55) Lupton, R. Statistics in theory and practice (Princeton Univ. Press, 1993)

(56) Cayrel, R. et al. First stars V - Abundance patterns from C to Zn and supernova yields
in the early Galaxy. Astron. Astrophys. 416, 1117 (2004)

(57) Chiappini, C., Matteucci, F. & Romano, D. Abundance Gradients and the Formation
of the MW. Astrophys. J. 554, 1044-1058 (2001)

(58) Romano, D. & Starkenburg, E. Chemical evolution of Local Group dwarf galaxies in a

cosmological context - I. A new modelling approach and its application to the Sculptor
dwarf spheroidal galaxy. Mon. Not. R. Astron. Soc. 434, 471-487 (2013)

(59) Romano, D., Bellazzini, M., Starkenburg, E. & Leaman, R. Chemical enrichment in very
low metallicity environments: Bootes I. Mon. Not. R. Astron. Soc. 446, 4220-4231
(2015)

(60) Rezaeikh, S., Javadi, A., Khosroshahi, H. & van Loon, J.T. The star formation history
of the Magellanic Clouds derived from long-period variable star counts. Mon. Not. R.
Astron. Soc. 445, 2214-2222 (2014)

(61) Colavitti, E., Matteucci, F. & Murante, G. The chemical evolution of a MW-like galaxy:
the importance of a cosmologically motivated infall law. Astron. Astrophys. 483, 401-
413 (2008)

(62) Schmidt, M. The Rate of Star Formation.. Astrophys. J. 129, 243 (1989)

(63) Kennicutt, R.C. The Global Schmidt Law in Star-forming Galaxies. Astrophys. J. 498,
541-552 (1998)

(64) Kroupa, P. The Initial Mass Function and Its Variation (Review). Modes of Star For-
mation and the Origin of Field Populations Publ. Astron. Soc. Pac. 285, 86 (2002)

(65) Karakas, A. I. Updated stellar yields from asymptotic giant branch models. Mon. Not.
R. Astron. Soc. 403, 1413-1425 (2010)



- 31 —

(66) Nomoto, K., Kobayashi, C. & Tominaga, N. Nucleosynthesis in Stars and the Chemical
Enrichment of Galaxies. Annu. Rev. Astron. Astrophys. 51, 457-509 (2013)

wamoto, K. et al. Nucleosynthesis 1n andrasekhar Mass Models tor lype u-

67) 1 K 1. Nucl hesis in Chandrasekhar Mass Models for T IA S
pernovae and Constraints on Progenitor Systems and Burning-Front Propagation.
Astrophys. J., Suppl. Ser. 125, 439-462 (1999)

(68) Matteucci, F. & Greggio, L. Relative roles of type I and II supernovae in the chemical
enrichment of the interstellar gas. Astron. Astrophys. 154, 279-287 (1986)

(69) Matteucci, F. & Recchi, S. On the Typical Timescale for the Chemical Enrichment from
Type Ia Supernovae in Galaxies. Astrophys. J. 558, 351-358 (2001)

(70) Kobayashi, C., Umeda, H., Nomoto, K., Tominaga, N. & Ohkubo, T. Galactic Chemical
Evolution: Carbon through Zinc. Astrophys. J. 653, 1145-1171 (2006)

(71) Mucciarelli, A. et al. Chemical abundances in the nucleus of the Sagittarius dwarf
spheroidal galaxy. Astron. Astrophys. 605, 46 (2017)

(72) Minelli, A. et al. A Homogeneous Comparison between the Chemical Composition of
the Large Magellanic Cloud and the Sagittarius Dwarf Galaxy. Astrophys. J. 910,
114 (2021)

(73) Shetrone, M.D., Co6té, P. & Stetson, P.B. The Nature of the Red Giant Branches in
the Ursa Minor and Draco Dwarf Spheroidal Galaxies. Publ. Astron. Soc. Pac. 113,
1122-1129 (2001)

(74) Letarte, B. et al. VLT /UVES spectroscopy of individual stars in three globular clusters
in the Fornax dwarf spheroidal galaxy. Astron. Astrophys. 453, 547-554 (2006)

(75) Cohen, J.G. & Huang, W. The Chemical Evolution of the Draco Dwarf Spheroidal
Galaxy. Astrophys. J. 701, 1053-1075 (2009)

(76) Cohen, J.G. & Huang, W. The Chemical Evolution of the Ursa Minor Dwarf Spheroidal
Galaxy. Astrophys. J. 719, 931-949 (2010)

(77) Letarte, B. et al. A high-resolution VLT/FLAMES study of individual stars in the
centre of the Fornax dwarf spheroidal galaxy. Astron. Astrophys. 523, A17 (2010)

(78) Lemasle, B. et al. VLT /FLAMES spectroscopy of red giant branch stars in the Fornax
dwarf spheroidal galaxy. Astron. Astrophys. 572 , A88 (2014)



- 32 —

(79) Ural, U., et al. An inefficient dwarf: chemical abundances and the evolution of the Ursa
Minor dwarf spheroidal galaxy. Mon. Not. R. Astron. Soc. 449, 761-770 (2015)

(80) McConnachie, A.W. The Observed Properties of Dwarf Galaxies in and around the
Local Group. Astron. J. 144, 4 (2012)

(81) Leung, G.Y.C., Leaman, R., van de Ven, G. & Battaglia, G. A dwarf-dwarf merger and
dark matter core as a solution to the globular cluster problems in the Fornax dSph.
Mon. Not. R. Astron. Soc. 493, 320-336 (2020)

(82) Prole, D.J. et al. Halo mass estimates from the globular cluster populations of 175 low
surface brightness galaxies in the Fornax cluster. Mon. Not. R. Astron. Soc. 484,

4865-4880 (2019)

This preprint was prepared with the AAS I4TEX macros v5.2.



