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ABSTRACT

We present evidence for globular cluster stellar debris in a dwarf galaxy system (Sagittarius: Sgr) based on an analysis of high-
resolution H-band spectra from the Apache Point Observatory Galactic Evolution Experiment (APOGEE) survey. We add [N/Fe],
[Ti/Fe], and [Ni/Fe] abundance ratios to the existing sample of potential members of M 54; this is the first time that [N/Fe] abundances
are derived for a large number of stars in M 54. Our study reveals the existence of a significant population of nitrogen- (with a large
spread, > 1 dex) and aluminum-enriched stars with moderate Mg depletion in the core of the M 54+Sagittarius system, which shares
the light element anomalies characteristic of second-generation globular cluster stars (GCs), thus tracing the typical phenomenon
of multiple stellar populations seen in other Galactic GCs at similar metallicity, confirming earlier results based on the Na-O anti-
correlation. We further show that most of the stars in M 54 exhibit different chemical - patterns evidently not present in Sgr field stars.
Furthermore, we report the serendipitous discovery of a nitrogen-enhanced extra-tidal star with GC second-generation-like chemical
patterns for which both chemical and kinematic evidence is commensurate with the hypothesis that the star has been ejected from
M 54. Our findings support the existence of chemical anomalies associated with likely tidally shredded GCs in dwarf galaxies in the

Local Group and motivate future searches for such bonafide stars along other known Milky Way streams.
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1. Introduction

The Sagittarius (Sgr) dwarf spheroidal (dSph) galaxy is one of
the closest massive satellites of the Milky Way (MW) (Ibata
et al. 1994), and has yielded a wealth of observational evidence
of ongoing accretion by the MW in the form of persistent stel-
lar debris and tidal streams discovered by Mateo et al. (1996),
and extensively studied with photometric and spectroscopic ob-
servations over a huge range of distances (~10-100 kpc) (see,
e.g., Ibata et al. 2001; de Boer et al. 2015) using different stel-
lar tracers—including Carbon stars (Totten & Irwin 1998), the
first all-sky map of the tails using 2MASS M-giants (Majew-
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ski et al. 2003), red clump Stars (Correnti et al. 2010), RR Lyrae
stars (Newberg et al. 2003; Ramos et al. 2020), and CN-strong
stars (Hanke et al. 2020), among other tracers, usually in small
patches along the stream (see, e.g., Li et al. 2019). These studies
have been followed-up by numerical studies (see, e.g., Law et al.
2005; Vasiliev et al. 2020), as well as by using precise astrometry
from the Gaia second data release (Gaia DR2; Gaia Collabora-
tion et al. 2018a), based on proper motions alone (Antoja et al.
2020). Its proximity provides a unique laboratory to study accre-
tion in detail, through the tidally stripped streams that outflow
from the Sgr system (Hasselquist et al. 2017, 2019; Hayes et al.
2020).

As a natural result of such an accretion event, there is a claim
in the literature that not only field stars but also GCs have been
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Fig. 1. Panel (a): Spatial positions of the stars in our sample, with the
tidal radius (r; = 10”) of M 54 over-plotted with a solid line. The open
red symbols designate N-rich stars (the diamond symbol refers to a field
star, while the open circle highlights the extra-tidal member of M 54).
The lime circles designate the M 54 population analyzed in this work,
while the black plus symbols designate the stars analyzed by Nataf et al.
(2019). The empty grey ‘star’ symbols designate the potential Sgr pop-
ulation from Hayes et al. (2020). The two concentric circles indicate 5
r, and 7 r, for reference. Panel (b): Gaia EDR3 proper motions of stars
that have been associated with the Sgr stream: blue symbols for the An-
toja et al. (2020) stars and open black ‘star’ symbols for Hayes et al.
(2020) stars. The orbital path of Sgr is shown by the dotted (backward)
and solid (forward) purple line in panels (a) and (b), with the thick and
thin lines showing the central orbit, and one hundred ensemble of orbits
that shows the more probable regions of the space, which are crossed
more frequently by the simulated orbit, respectively. Panel (c): Color
magnitude diagram from Gaia EDR3 photometry of our sample. The
symbols are the same as in panels (a) and (b), except the white circles,
which denotes the M 54 members from Gaia EDR3, selected on proper
motions and within 3’ from the cluster center. Panel (d): Radial veloc-
ities versus [Fe/H] ratios determined from APOGEE-2/ASPCAP (black
symbols) and our [Fe/H] ratio determinations from BACCHUS (green and
red symbols) in the field around M 54. The [Fe/H] APOGEE-2/ASPCAP
determinations have been systematically offset by ~0.11 dex in order
to compare with our [Fe/H] BACCHUS determinations, as suggested in
(Fernandez-Trincado et al. 2020c).

accreted (see, e.g., Massari et al. 2019). Some have been specu-
lated to be lost in the disruption process, and may lie immersed
in the Sgr stream. Candidates include: M 54, Terzan 7, Arp 2,
Terzan 8, Pal 12, Whiting 1, NGC 2419, NGC 6534, and NGC
4147 (e.g., Law & Majewski 2010; Bellazzini et al. 2020), but a
firm connection is still under debate (e.g., Villanova et al. 2016;
Tang et al. 2018; Huang & Koposov 2020; Yuan et al. 2020).
In this context, “chemical tagging" (e.g., Freeman & Bland-
Hawthorn 2002), which is based on the principle that the pho-
tospheric chemical compositions of stars reflect the site of their
formation, is a promising route for investigation of this question.

While the abundances of light and heavy elements for in-
dividual stars in GCs have been widely explored (e.g., Pancino
et al. 2017; Mészaros et al. 2020), little is known about these
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abundances in disrupted GCs likely associated with the closest
dwarf galaxies, such as Sgr (Karlsson et al. 2012). Although
some evidence for chemical anomalies has been detected to-
wards the inner bulge and halo of the MW (see, e.g., Ferndndez-
Trincado et al. 2016; Recio-Blanco et al. 2017; Schiavon et al.
2017; Fernandez-Trincado et al. 2017) and Local Group dwarf
galaxies (see, e.g., Ferndndez-Trincado et al. 2020b), suggesting
the presence of GCs in the form of disrupted remnants, alter-
native ways to produce these stars have been recently discussed
(Bekki 2019).

This paper is outlined as follows. The high-resolution spec-
troscopic observations are discussed in Section 2. Section 2.1
describes the sample associated with M 54, including a compar-
ison with data from the literature. Section 3 presents our esti-
mated stellar parameters and derived chemical-abundance deter-
minations. Section 4 discusses the results, and our concluding
remarks are presented in Section 5.

2. Data

We make use of the internal dataset (which includes all data
taken through March 2020) of the second-generation Apache
Point Observatory Galactic Evolution Experiment (APOGEE-
2; Majewski et al. 2017), which includes the first observations
from the Irénée du Pont 2.5-m Telescope at Las Campanas Ob-
servatory (APO-2S; Bowen & Vaughan 1973) in the Southern
Hemisphere (Chile), and more observations from the Sloan 2.5-
m Telescope at Apache Point Observatory (Gunn et al. 2006,
APO-2N;) in the Northern Hemisphere (New Mexico). The sur-
vey operates with two nearly identical spectrographs (Eisen-
stein et al. 2011; Wilson et al. 2012, 2019), collecting high-
resolution (R ~ 22,000) spectra in the near-infrared textitH-
band (1.5145-1.6960 ym, vacuum wavelengths). This data set
provides stellar parameters, chemical abundances, and radial ve-
locity (RV) information for more than 600,000 sources, which
include ~437,000 targets from the sixteenth data release (DR16;
Ahumada et al. 2020) of the fourth generation of the Sloan Dig-
ital Sky Survey (SDSS-IV; Blanton et al. 2017). APOGEE-2 tar-
get selection is described in full detail in Zasowski et al. (2017)
(APOGEE-2), Santana et al. (in prep.) (APO-2S), and Beaton et
al. (in prep.) (APO-2N).

APOGEE-2 spectra were reduced (Nidever et al. 2015) and
analyzed using the APOGEE Stellar Parameters and Chemical
Abundance Pipeline (ASPCAP; Garcia Pérez et al. 2016; Holtz-
man et al. 2015, 2018; Jonsson et al. 2018, 2020). The model
grids for APOGEE-2 internal dataset are based on a complete
set of MARCS stellar atmospheres (Gustafsson et al. 2008), which
now extend to effective temperatures as low as 3200 K, and spec-
tral synthesis using the Turbospectrum code (Plez 2012). The
APOGEE-2 spectra provide access to more than 26 chemical
species, which are described in Smith et al. (2013), Shetrone
et al. (2015), Hasselquist et al. (2016), Cunha et al. (2017), and
Holtzman et al. (2018).

2.1. M 54 field

The APOGEE-2 field toward M 54 was previously examined in
Meészaros et al. (2020) based on public DR16 spectra. In that
work, 22 stars were identified as potential members linked to
M 54 based in the APOGEE-2 radial velocities (Nidever et al.
2015), i.e., stars with RV within 30 gy.user, metallicity within
+0.5 dex around the cluster average, proper motion from the
Gaia Early Data Release 3 (Gaia EDR3; Gaia Collaboration
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et al. 2020) within 2.50" around the cluster average proper mo-
tion, and located inside the cluster tidal radius, r, < 10 arcmin,
(Harris 1996, 2010 edition) were classified as potential mem-
bers of M 54. However, only 7 out of 22 stars were spectroscopi-
cally examined with the BACCHUS code in Masseron et al. (2016),
since only these stars achieved a signal-to-noise (S/N>70) suffi-

cient to provide reliable abundance determinations.

The post-APOGEE DR16 dataset provides incremental visits
toward M 54, which has allowed to increase the signal-to-noise
for 20 out of 22 of the potential cluster members. As a result,
nitrogen, titanium, and nickel abundances can be now obtained
from the stronger absorption features (as shown for '>C!*N lines
as shown in Figure A.1), and other chemical species can also be
studied.

Nataf et al. (2019), using APOGEE-2 DR14 data (Abol-
fathi et al. 2018) and abundance determinations from the Payne
pipeline (Ting et al. 2019), have catalogued eight possible mem-
bers from M 54. Two of those objects (2M18544275-3029012
and 2M18550740—-3026052) were included in our study. The re-
maining six stars were rejected from our analysis for the fol-
lowing reasons. Six objects in Nataf et al. (2019) were found
to have low S/N (<70) spectra, resulting in very uncertain CNO
abundance ratios for many chemical species, since the molecu-
lar lines ('°OH, '2C'°0, and '*C'*N) are very weak. Secondly, 6
out of the 8 objects in Nataf et al. (2019) exhibit [Fe/H] > —1.1,
and were recently classified as Sgr stars (see, e.g., Hayes et al.
2020), which make them unlikely members of M 54.

In this study, we make use of the more recent spectra to ex-
amine the chemical composition of added stars to the abundance
average of M 54. As in Mészdros et al. (2020), we also limit our
discussion only to stars with S/N> 70.

2.2. Extra-tidal stars

We also report on the serendipitous discovery of two nitrogen-
enhanced (N-rich) metal-poor stars beyond the tidal radius of
M 54, as shown in pane (a) of Figure 1. APOGEE-2 stars in
the stream-+core Sagittarius (Sgr) system (see, e.g., Hasselquist
et al. 2017, 2019; Hayes et al. 2020) are highlighted as black
open ‘star’ symbols in pane (a) of Figure 1, while potential star
members (blue symbols) of the stream+core Sgr system from
Antoja et al. (2020) are also displayed in panel (a) of Figure 1.
It is important to note that the [Fe/H] abundance of APOGEE-2
Sgr stars are provided by the ASPCAP pipeline (see Hasselquist
et al. 2017, 2019; Hayes et al. 2020). In order to compare with
our [Fe/H] determinations, an offset of ~0.11 dex was applied
to ASPCAP metallicities in panel (d) of Figure 1, as suggested in
Fernandez-Trincado et al. (2020c¢).

Panels (a) to (d) of Figure 1 reveal that one
(2M18565969-3106454) of the newly discovered N-rich
stars meets the minimum criterion to be considered a potential
extra-tidal star which has likely escaped the cluster potential,
while the second N-rich star (2M18533777-3129187) has phys-
ical properties that are clearly offset from the M 54 population.
In particular, this star is brighter than the typical population
of M 54 (see panel (c) in Figure 1), and both proper motions
and RV differ from the nominal proper motion and RV of the
cluster as shown in panels (b) and (d) of Figures 1. It is likely
that 2M18533777-3129187 is a foreground field star (hereafter
N-rich field star).

3. Stellar parameters and chemical-abundance
determinations

The chemical analysis is very similar to that carried out by
Fernandez-Trincado et al. (2019a,b,c,d, 2020a,b,c,e, 2021b). The
stellar parameters (T.g, log g, and first guess on metallicity)
for the 20 cluster members with S/N>70 were extracted from
Meészaros et al. (2020), while we adopt the atmospheric param-
eters from the uncalibrated post-APOGEE DR16 values for the
two stars beyond the cluster tidal radius. The elemental abun-
dances and final errors in [Fe/H] and [X/Fe], astrometric and
kinematic properties of our sample are listed in Tables A.1, A.2,
and A.3, respectively.

A consistent chemical-abundance analysis was then carried
out with the BACCHUS code (Masseron et al. 2016), from which
we obtained the metallicities from Fe I lines, and abundances
for twelve other chemical species belonging to the light- (C, N),
a- (O, Mg, Si, Ca, and Ti), Fe-peak (Ni), odd-Z (Al, K) and s-
process (Ce, Nd) elements.

4. Results and discussion

Panel (a) of Figure 2 summarizes the chemical enrichment seen
in M 54 stars analyzed in this work, and compares to the
Mészaros et al. (2020) determinations. The chemical composi-
tion of the two newly identified N-rich stars beyond the cluster
tidal radius is also shown in the same figure. Overall, the chemi-
cal abundance of M 54 based on the added cluster stars is within
the typical errors, and does not affect the science results pre-
sented in Mészaros et al. (2020), while the two external N-rich
stars share chemical patterns similar to the M 54 population.

For M 54, we find a mean metallicity ([Fe/H]) = —1.30 +
0.12, which agrees well with Mészros et al. (2020)'. The spread
in [Fe/H] increased from 0.04 to 0.12 dex, but it is still smaller
than that reported in Carretta et al. (2010). Even if the measured
scatter is larger than that reported by Mészaros et al. (2020), it
does not seem to indicate the presence of a significant spread
in [Fe/H], and is similar to that observed in Galactic globular
clusters (GCs) at similar metallicity, such as M 10 (see, e.g.,
Meészaros et al. 2020). Nickel (an element that belongs to the Fe-
group), exhibits a flat distribution as a function of [Fe/H], similar
to that observed in Carretta et al. (2010), and at odds with that
observed in Sgr stars.

Regarding the other chemical species, we find excellent
agreement with the values provided by Mészaros et al. (2020),
as can be seen in panel (a) of Figure 2, with the main differ-
ence that the added stars introduce a larger star-to-star scatter
than previously measured. M 54 exhibits a modest enhance-
ment in a-elements, with mean values for [O/Fe], [Mg/Fe],
[Si/Fe], [Ca/Fe], and [Ti/Fe] which is similar to what is seen
in halo GCs: ({[O/Fe]) = +0.64 + 0.36 (14 stars); ((Mg/Fe]) =
+0.18 + 0.11 (18 stars); {[Si/Fe]) = +0.26 + 0.10 (20 stars);
([Ca/Fe]) = +0.25 + 0.07 (16 stars); and the new measured
([Ti/Fe]) = +0.21 = 0.21 (16 stars), indicating a fast enrich-
ment provided by supernovae (SNe) II events. Mean values are in
good agreement with Mészaros et al. (2020), with the exception
of oxygen, which displays the larger star-to-star spread expected
in likely second-generation stars.

We also find that the [O/Fe], [Mg/Fe], and [Si/Fe] ratios are
almost flat as a function of the metallicity, while [Ca/Fe] and

' Note that here, and for the abundances described below, the number
following the average abundance represents the one-sigma dispersion,
not the error in the mean.
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Fig. 2. BACCHUS elemental abundances. Panel (a): The observed
[X/H] and [Fe/H] abundance-density estimation (violin representation)
of M 54 stars, and the observed abundance ratios of newly identified
N-rich stars. The extra-tidal star from M 54 and a field star is high-
lighted with a black open circle and diamond, respectively. Each violin
indicates with horizontal lines the median and limits of the distribution.
The lime and dark violet violin representation refer to the abundance
ratios of 20 stars (this work) and 7 stars from Mészaros et al. (2020),
respectively. Panels (b)—(e): Distributions of light- (C,N), a- (Mg, Si)
and odd-Z (Al) elements in different abundance planes. In each panel,
the planes [Al/Fe] — [Mg/Fe], [N/Fel]-[C/Fe], [Al/Fe]-[Si/Fe], [Si/Fe]-
[Mg/Fe] are shown, respectively, for GCs from Mészdros et al. (2020).
The black dotted line at [Al/Fe] = +0.3 indicates the separation of FG
and SG stars as proposed in Mészdros et al. (2020). The distribution of
M 54 stars (lime squares) analyzed in this work are overlaid. The black
open circle and diamond refer to the extra-tidal and field N-rich star,
respectively. The plotted error bars show the typical abundance uncer-
tainties.

[Ti/Fe] ratios slightly increases as [Fe/H] increases, similar to
the behaviour found by Carretta et al. (2010). On the contrary,
the a-element trend observed in Sgr stars (see, e.g., Carretta
et al. 2010; McWilliam et al. 2013; Hasselquist et al. 2017, 2019)
differ from those seen in the population of M 54. Overall, the
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a-elements in the cluster are higher than seen in Sgr stars. In
conclusion, the measured a-enrichment in this work support the
previous hypothesis suggesting that the @-element in M 54 stars
formed before the typical e-folding time for SN Ia contributing
their ejecta to the gas pool (e.g., Carretta et al. 2010).

We also found that some stars in M 54 appear to be quite Mg
poor, with strong enrichment in aluminum and nitrogen, provid-
ing further evidence for the presence of second-generation stars
in M 54, and the signature of very high temperatures achieved
during H-burning (e.g., Carretta et al. 2010; Mészaros et al.
2020). The odd-Z elements (Al and K) in M 54 exhibit an
average ([Al/Fe]) = +0.14 = 0.37 (19 stars) and ([K/Fe]) =
+0.15+0.18 (17 stars), with a clear anti-correlation in Al-Mg, as
can be seen in in panel (b) of Figure 2, with moderate Mg deple-
tions related to the enrichment in Al abundances, as the result of
the conversion of Mg into Al during the Mg-Al cycle (e.g., Car-
retta et al. 2010; Denissenkov et al. 2015; Renzini et al. 2015;
Pancino et al. 2017). This pattern is evidently not present in the
Sgr stars, where, on the contrary, ASPCAP Mg and Al abundances
are positively correlated with each other (see, e.g., Hasselquist
etal. 2017, 2019; Hayes et al. 2020).

We derived average abundances for C and N in M 54, of
([C/Fe]) = —0.36 = 0.25 (13 stars) and ([N/Fe]) = +1.12 =
0.48 (17 stars). Most of the stars in M 54 are C deficient
([C/Fe]<s+0.3) and N enhanced ([N/Fe]> +0.5), but they do not
exhibit the typical N-C anti-correlation (see panel (c) of Figure
2) seen in other GCs at similar metallicity (e.g. Mészdros et al.
2020), most probably due the lack of stars with low nitrogen
abundances. On the contrary, an apparent continuous distribu-
tion of N abundances is present in M 54. This result indicates
the prevalence of the multiple-population phenomenon in M 54
as previously suggested in the literature (Carretta et al. 2010;
Milone et al. 2017; Sills et al. 2019; Mészaros et al. 2020).

Additionally, we do not find any evidence for the presence of
the K-Mg anti-correlation in M 54, as have been suggested to be
present in a few Galactic GCs at similar metallicity (Mészaros
et al. 2020). Furthermore, a Si-Al correlation is slightly evident
in M 54, as shown in panel (d) of Figure 2, and has a stubby Mg-
Si distribution (see panel (e) of Figure 2), which is an indication
of 28Si production from the result of a secondary leakage in the
main Mg-Al cycle, which is instead absent in the Sgr stars.

For the elements produced by neutron(n)-capture processes
(Ce IT and Nd II), we find, on average, {[Ce/Fe]) = +0.18 £ 0.13
(10 stars) and [Nd/Fe]= +0.44 (1 star). Overall, M 54 exhibits a
modest enrichment in s-process elements, with a few stars as en-
hanced as +0.4, similar to that observed in Galactic GC stars at
similar metallicity (see, e.g., Mészdros et al. 2020), suggesting
that it is possible that the s-process enrichment has been pro-
duced by a different source than the progenitor of the Mg-Al
anti-correlations, possibly by low-mass asymptotic giant branch
stars. Lastly, we find that [Ce/Fe] ratios in M 54 are almost flat
as a function of metrallicity. Unfortunately, Nd II is measured in
only one star, which has been found to exhibit the modest en-
hancement, consistent with a moderate enrichment of s-process
elements.

Furthermore, we report the serendipitous discovery of two
N-enhanced stars identified within ~7r, from M 54, as shown in
panel (a) of Figure 1. Panel (a) of Figure 2 show the collection of
[X/Fe] and [Fe/H] abundance ratios for the two newly identified
N-rich stars beyond the tidal radius of M 54. Both stars exhibit
very similar chemical-abundance patterns as those seen in the
population of M 54. A plausible explanation is that both stars
were previous members of M 54, from which they have been
ejected. However, this possibility seems unlikely for one of these
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extra-tidal stars (2M18533777-3129187), which was ruled out
as a possible member of M 54.

As can be appreciated from inspection of panels (a) to (d)
of Figure 1, the current position of 2M18533777-3129187 does
not resemble the kinematic and astrometric properties (e.g., An-
toja et al. 2020; Hayes et al. 2020) of Sgr+M 54 stars, nor the
orbital path of Sgr” . It is also the most luminous star in our
sample, making it a likely foreground star. The possibility that
this star was disrupted from M 54 and deposited in the inner
Galaxy seems unlikely, as the perigalacticon of M 54 is located
well beyond the solar radius (see, e.g., Baumgardt et al. 2019).
We conclude that 2M18533777-3129187 is a N-enhanced field
star born in a different progenitor than M 54, but with a similar
chemical-enrichment history to this cluster.

Aside from 2M18533777-3129187, there is another N-
enhanced field star (2M18565969—-3106454) located ~ 5 X r,
from the cluster center, which exhibits a stellar atmosphere
strongly enriched in nitrogen ([N/Fe]> +1.4), as extreme as
M 54 stars, accompanied by a very low carbon abundance
([C/Fel< —0.7), and with discernible contributions from the s-
process elements (Ce II). Since the [Al/Fe] ratio is > +0.5, which
is a ‘typical’ value for stars in GCs, and unlikely in dwarf galaxy
populations, we conclude that 2M18565969—-3106454 shares the
same nucleosynthetic pathways of second-generation stars in
M 54.

2M18565969-3106454 is a potential extra-tidal star with
kinematics and astrometric properties similar to that of M 54
stars, and exhibits unique chemical patterns comparable to that
of genuine second-generation GC stars, which makes it very
different from Sgr stars. On the other hand, N-rich stars are
commonly observed to be more centrally concentrated in GCs
(e.g. Dalessandro et al. 2019) and as a consequence they have
smaller probabilities to be tidally stripped. Thus, it is likely that
the extra-tidal star could well be just a stripped M 54 star as
many others in its surroundings. Our finding demonstrate that
N-rich stars are a promising route for identifying the unam-
biguous chemical signatures of stars formed in GC-like environ-
ment which may lie immersed in the M 54+4Sgr core and/or Sgr
stream, as well as confirm or discard the possible association of
GCs to the Sgr stream (Bellazzini et al. 2020).

Following the same methodology as described in Fernandez-
Trincado et al. (2021a), we compute the predicted number
(Nn—ric) of N-rich field stars observed in APOGEE-2 toward
M 54/Sgr using the smooth halo density relations presented in
Horta et al. (2021), and by adopting the same Monte Carlo im-
plementation of the Von Neumann Rejection Technique (see e.g.,
Press et al. 2002) as in Eq. 7 in (Fernandez-Trincado et al. 2015).
We find the expected number of observed N-rich halo stars be-
yond dy 2 15 kpc over the sky area of 1.5 degree radius cen-
tred in M 54, and with both astrometric and kinematic properties
as M 54 to be Ny_,icn < 0.1 (from 1000 Monte Carlo realisa-
tions). This yield a very low probability that the new identified
extra-tidal N-rich star associated with M 54 is due to random
fluctuations in the field. Furthermore, we also use the Besancon
galactic model (Robin et al. 2003) and the GravPot16 model
(Fernandez-Trincado et al. 2020d) to explore the expectations for

2 The Sgr orbit was computed with the GravPot16 model, https:
//gravpot.utinam.cnrs. fr, by adopting the same model configu-
rations as described in Ferndndez-Trincado et al. (2020c). For the Sgr
centre, we adopt the heliocentric distance d, = 26.5 kpc and helio-
centric radial velocity RV = 142 km s~! from Vasiliev & Belokurov
(2020), and proper motions from Gaia Collaboration et al. (2018b):
Hecosd = —2.692 mas yr™! and ps = —1.359 mas yr~!, with uncer-
tainties assumed of the order of 10% in d;,, RV, and proper motions.

a "default" Milky Way along the RV to the Sgr+M>54 surround-
ing field beyond ds = 15 kpc. The "all" sample is dominated by
halo kinematics with a negligible contribution from the thin and
thick disk beyond RV > 120 km s~!. Thus, our Milky Way sim-
ulated sample act to guide us in RV space, confirming that the
kinematics of the newly identified extra-tidal N-rich star differs
from the disk population, with practically low contribution form
the expected halo. ,

5. Concluding remarks

We present a spectroscopic analysis for 20 out 22 red giant stars
that are members of M 54 from the internal APOGEE DR16
dataset. This study doubles the sample of stars with spectro-
scopic measurements for this cluster, and the new post-APOGEE
DR16 spectra achieve high signal-to-noise (S/N> 70), allowing
the addition of new chemical species not examined in previous
studies (e.g., Mészdros et al. 2020) in the H-band—APOGEE-2
footprint.

Overall, the chemical species re-examined in M 54 were
found to be consistent with previous studies (Mészaros et al.
2020), although most of them exhibit a large star-to-star scat-
ter. We find that 15 out of the 20 stars investigated show a high
[N/Fe] abundance ratio ([N/Fe]z +0.5), confirming the preva-
lence of the MPs phenomenon in M 54. Both [Ni/Fe] and [Ti/Fe],
not previously examined in Mészdros et al. (2020), were found to
be in good agreement with measurements in the literature. In par-
ticular, we confirm the [Ti/Fe] ratio slightly increases as [Fe/H]
increases, as has been reported in Carretta et al. (2010). We also
find a large spread in [Al/Fe], and the presence of a genuine
second-generation star in M 54, which exhibits Mg deficiency
([Mg/Fe]<0) accompanied with large enhancements in nitrogen
and aluminum. In general, all chemical species examined in the
M 54 members present distinguishable chemical behaviour com-
pared with Sgr stars, suggesting a different chemical-evolution
history that resembles other Galactic halo GCs at similar metal-
licity.

Furthermore, we report on the serendipitous discovery of a
potential extra-tidal star toward the surrounding regions of the
M 54+Sgr core, which exhibits a strong enrichment in nitrogen
comparable to that seen in M 54 stars. As far as we know this is
the first study reporting on the unambiguous chemical signatures
of stars formed in GC-like environment into a nearby satellite
dwarf galaxy around the Milky Way. Finding out how many of
such chemical unusual stars likely originated in GCs are present
in dwarf galaxy systems, help to understand the link between
GCs and their stellar streams (see e.g., Bellazzini et al. 2020).
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Fig. A.1. Detection of >C'*N lines. Spectral synthesis for the deter-
mination of nitrogen abundances for two N-rich stars beyond the tidal
radius of M 54. Each panel shows the best-fit syntheses (red lines) from
BACCHUS compared to the observed spectra (black squares) of selected
12C!N lines (grey arrows)

Appendix A: Spectrum of N-rich stars

Figure A.1 shows an example of the local thermodynamic equi-
librium (LTE) —BACCHUS spectral synthesis of selected '>C!4N
lines for the two newly identified N-rich stars beyond the tidal
radius of M 54. The black squares represent the observed spec-
trum, and the solid red line is the best abundance fit.

Table A.1 and A.2 list the atmospheric parameters, abun-
dance ratios and the final errors in [Fe/H] and [X/Fe], while Ta-
ble A.3 list of the main physical properties of our sample.
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Table A.3. Astrometric and kinematic properties of our sample. The last two columns indicate the typical S/N of the spectra and number of
APOGEE visits.

APOGEE ID RUWE 4 cos(0) =+ A Us = A G Gpp Grp RV RV-scatter S/N  # Visits
mas yr~! mas yr~! [mag] [mag] [mag] kms™' kms™'  pixel™!
N-rich field star pixel ™!
2M18533777-3129187 | 0.9  0.001+0.016 —-4.150+0.013 12.79 13.62 1191 181.02 0.26 402 6
extra-tidal N-rich star
2M18565969-3106454 | 0.9 -2.701+0.027 -1.336+0.023 14.75 15.59 13.86 134.75 0.55 225 12
M 54 stars
2M18544275-3029012 | 1.0 -2.667+0.040 —-1.357+0.033 15.55 16.27 14.71 137.07 0.33 51 4
2M18544848-3031588 | 1.1 —2.686+0.037 -1.356+0.030 15.17 1591 14.32 141.74 0.34 172 12
2M18545303-3024220 | 0.8 —2.584+0.052 -1.430+0.045 16.27 1691 1549 147.14 0.91 53 10
2M18545434-3028458 | 1.1 —2.694+0.052 -1.440+0.045 15.72 16.33 14.85 142.11 0.42 109 12
2M18545470-3027044 | 1.4 -2.412+0.035 -1.345+0.030 14.60 1544 13.68 131.88 1.16 266 12
2M18545774-3025574 | 1.1 -2.717+0.029 -1.321+0.025 14.68 15.54 13.75 148.86 1.76 262 12
2M18545920-3028403 | 1.1 -2.800+0.040 -1.374+0.035 14.88 15.54 13.92 145.79 0.71 217 12
2M18550076—-3034068 | 0.9 —2.685+0.036 -1.494+0.030 1535 16.07 14.52 149.07 0.38 118 6
2M18550247-3031314 | 1.0 —-2.625+0.049 -1.310+0.040 16.10 16.76 15.33 138.48 0.77 82 12
2M18550293-3029523 | 1.0 -2.526+0.045 -1.230+0.037 15.82 16.30 14.89 141.96 0.49 115 12
2M18550560-3026332 | 0.9 -2.617+0.045 -1.345+0.038 1593 16.60 15.12 143.86 0.29 93 10
2M18550623-3030561 | 1.0 —2.832+0.038 -1.366+0.032 15.57 16.29 14.74 135.17 0.31 136 12
2M18550740-3026052 | 1.0 -2.658+0.028 —1.243+0.023 14.82 15.65 13.94 132.96 0.95 93 4
2M18550843-3029045 | 1.0 -2.557+0.038 -1.340+0.031 1546 16.16 14.54 135.85 0.35 158 12
2M18551026-3033406 | 1.1 —2.644+0.027 -1.407+0.021 14.49 1541 13.54 142.01 0.74 309 12
2M18551034-3027105 | 1.0 -2.682+0.037 -1.379+0.030 15.44 16.19 14.60 154.11 0.31 106 6
2M18551061-3029597 | 1.1 —-2.888+0.054 -1.325+0.044 16.07 16.65 15.24 147.11 0.94 78 11
2M18551152-3025352 | 1.0 —-2.665+£0.053 -1.407+0.044 16.22 16.74 15.35 146.85 0.62 73 10
2M18551416-3028548 | 1.1 -2.675+0.031 -1.342+0.026 14.98 15.80 14.10 139.67 0.38 208 12
2M18551535-3024142 | 1.0 -2.683+0.029 -1.403+0.023 14.74 15.62 13.82 151.11 1.01 230 12
2M18551672-3027508 | 0.9 —2.692+0.043 -1.407+0.035 15.80 16.44 15.00 140.11 0.94 76 11
2M18552982-3028545 | 0.9 —2.689+0.033 -1.292+0.028 15.15 1596 14.27 135.09 0.38 192 12
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