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A B S T R A C T 

We introduce the Sloan Digital Sk y Surv e y (SDSS)/ Apache Point Observatory Galactic Evolution Experiment (APOGEE) 
value-added catalogue of Galactic globular cluster (GC) stars. The catalogue is the result of a critical search of the APOGEE 

Data Release 17 (DR17) catalogue for candidate members of all known Galactic GCs. Candidate members are assigned to 

various GCs on the basis of position in the sky, proper motion, and radial velocity. The catalogue contains a total of 7737 entries 
for 6422 unique stars associated with 72 Galactic GCs. Full APOGEE DR17 information is provided, including radial velocities 
and abundances for up to 20 elements. Membership probabilities estimated on the basis of precision radial velocities are made 
available. Comparisons with chemical compositions derived from the GALactic Archaeology with HERMES (GALAH) survey, 
as well as optical values from the literature, show good agreement. This catalogue represents a significant increase in the public 
data base of GC star chemical compositions and kinematics, providing a massive homogeneous data set that will enable a variety 

of studies. The catalogue in FITS format is available for public download from the SDSS-IV DR17 value-added catalogue website. 

Key words: catalogues – stars: abundances – Galaxy: abundances – globular clusters: general. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are intriguing objects. The physics of their 
enesis is not entirely understood, yet their study has advanced 
nowledge in several fields of astrophysics. The mapping of the 
patial distribution of Galactic GCs promoted a radical revision of 
he position of the Solar system in the Univ erse (Shaple y 1918 );
pplication of the physics of stellar structure and evolution to GC
bservations constrained the age of the Universe in the early days 
f big bang cosmology (e.g. Sandage 1970 ; Bolte & Hogan 1995 ,
nd references therein); GC ages, chemical compositions, and orbital 
roperties provide important clues to the star formation and accretion 
istory of the early Milky Way (e.g. Searle & Zinn 1978 ; Salaris &
eiss 2002 ; Kruijssen et al. 2019 ; Massari, Koppelman & Helmi

019 ; Forbes 2020 ; Horta et al. 2020 ; Callingham et al. 2022 )
nd other galaxies (Brodie & Strader 2006 , and references therein); 
nally and no less crucially, to this day GCs are fundamental test beds
f stellar evolution theory in the low-mass regime (e.g. Schwarzschild 
970 ; Renzini & Fusi Pecci 1988 ; Chiosi, Bertelli & Bressan 1992 ;
alaris, Cassisi & Weiss 2002 ). Yet after o v er a century of study,

heir origin is still subject to debate, with no shortage of formation
cenarios (e.g. Fall & Rees 1985 ; Schweizer 1987 ; Ashman & Zepf
 E-mail: r.p.schia v on@ljmu.ac.uk (RPS); S.G.Phillips@ljmu.ac.uk (SGP); 
hortadarrington@flatironinstitute.org (DH) 
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992 ) despite recent encouraging progress (e.g. Kruijssen 2015 ; 
hoksi, Gnedin & Li 2018 ; Pfeffer et al. 2018 ). 
Since GCs stand at the crossroads of many areas of astrophysics,

t is small wonder that they have been subject to various herculean
bserv ational ef forts o v er the past sev eral decades – in fact, so
any that an exhaustive account is rendered impossible in this brief

ntroduction. We thus limit ourselves to mentioning a few highlights 
nd some of the most recent work, in a manner dictated by the
uthors’ own personal biases and an una v oidably limited grasp of an
 v erwhelming – and e ver-gro wing – literature. 
Systematic photometric observations built ground- and space- 

ased colour–magnitude diagrams of large GC samples in the optical 
e.g. Barbuy, Bica & Ortolani 1998 ; Rosenberg et al. 2000 ; Piotto
t al. 2002 ; Sarajedini et al. 2007 ; Stetson et al. 2019 ), near-infrared
NIR; e.g. Cohen et al. 2017 ; Minniti et al. 2017 ), and ultraviolet (e.g.
chia v on et al. 2012 ; Sahu et al. 2022 ). Libraries of integrated spectra
ere created for comparison against observations of extragalactic 
Cs and reality checking of stellar population synthesis models (e.g. 
inn & West 1984 ; Bica & Alloin 1986 ; Armandroff & Zinn 1988 ;
uzia et al. 2002 ; Schia v on et al. 2005 ), and more recently integral
eld spectroscopy of large GC samples have also become available 
e.g. Usher et al. 2017 ; Kamann et al. 2018 ). In this context, the GC
ystem of the Andromeda galaxy has also become subject to e xtensiv e 
nte grated light surv e ys both in optical and NIR (e.g. Galleti et al.
007 ; Caldwell et al. 2009 ; Schia v on et al. 2013 ; Sakari et al. 2016 ).
inally, with the advent of the Gaia satellite, a massive undertaking
y E. Vasiliev and H. Baumgardt has produced precision kinematics 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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nd structural parameters for the vast majority of known Galactic
Cs (Baumgardt & Vasiliev 2021 ; Vasiliev & Baumgardt 2021 ). 
Chemical compositions of individual GC stars constitute precious,

nd quite e xpensiv e, information for a variety of scientific pursuits.
ithin the confines of stellar evolution theory, such pursuits include

he calibration of evolutionary tracks, the study of stellar evolution
rocesses such as dredge-up and deep mixing along the giant branch
e.g. Kraft 1979 ; Shetrone 1996 ), and diffusion of heavy elements in
ain-sequence stars (e.g. Denissenkov & Weiss 1996 ; Castellani &

egl’Innocenti 1999 ; Lind et al. 2008 ). The first systematic collection
f chemical compositions of individual stars in Galactic GCs was
onducted by the Lick/Texas group (e.g. Kraft 1994 ; Shetrone 1996 ;
neden et al. 1997 ). Contrary to the generally agreed notion of GCs
s coe v al stellar systems with homogeneous chemical compositions,
hese early efforts revealed that star -to-star ab undance variations are
biquitous. These were difficult to understand, but since the data
ere restricted to bright giant stars, the broad consensus was that

uch variations should be ascribed to stellar evolution effects. 
The next generation of systematic measurements brought about

 considerable amplification of the existing data base of homoge-
eously derived chemical compositions (e.g. Carretta & Gratton
997 ; Carretta et al. 2010 , and references therein). These efforts
onsolidated the knowledge that star-to-star chemical composition
ariations are the norm in GCs. They typically manifest themselves in
he form of anticorrelations between the abundances of light elements
uch as C–N, Na–O, and Mg–Al (e.g. Gratton, Carretta & Bragaglia
012 ). Such abundance variations are present in main-sequence stars
e.g. Cannon et al. 1998 ), ruling out e volutionary ef fects as their
hysical origin. In addition to these features, massive systems such
s ω Cen, 1 among others, display variations in the abundances of the
eavy elements that are by-products of Type Ia supernova (SN Ia)
nrichment (e.g. Pancino et al. 2002 ; Johnson & Pilachowski 2010 ).

The disco v ery of multiple sequences in colour–magnitude dia-
rams, made possible by the significant increase in photometric
recision afforded by the Hubble Space Telescope ( HST )/Advanced
amera for Surv e ys (ACS), prompted the conclusion that GCs host
 complex mix of stellar populations. In view of this overwhelming
vidence, the historical assumption that GCs are single stellar popu-
ations had to be dropped. This so-called multiple populations (MPs)
henomenon is without a doubt inextricably linked to the physics of
C formation. Yet no formation scenarios are capable of accounting

or this phenomenon in a quantitative fashion (see reviews by Renzini
t al. 2015 ; Bastian & Lardo 2018 ; Milone & Marino 2022 ). 

A solution to the problem of MPs in GCs, and in a broader
erspective our understanding of the nature of these beautiful and
ascinating systems, can be advanced by the production of a massive,
omogeneous, and publicly available data base of chemical composi-
ions and kinematics for a large sample of Galactic GCs. This paper
ummarizes the effort by the Apache Point Observatory Galactic
volution Experiment (APOGEE) team to make one such data base
vailable for public access. We present the APOGEE value-added
atalogue (VAC) of Galactic GC members. This paper is organized
s follows. In Section 2 , we briefly describe the APOGEE data. In
ection 3 , the criteria adopted for selecting candidate GC members
NRAS 528, 1393–1407 (2024) 

 It bears mentioning at this point that ω Cen is now believed to be the 
emnant nuclear cluster of a dwarf galaxy long accreted to the Milky Way 
e.g. Bekki & Freeman 2003 ; Majewski et al. 2012 ), which more recently 
as been potentially identified (e.g. Massari et al. 2019 ; Pfeffer et al. 2021 ) 
s Gaia Enceladus/Sausage (Belokurov et al. 2018 ; Helmi et al. 2018 ) or 
equoia (Myeong et al. 2019 ; Forbes 2020 ). 
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re described, while membership probabilities are discussed in
ection 4 . Broad features of the data are presented in Section 5 , and
ection 6 describes the catalogue and provides access information. 

 T H E  DATA  

his paper presents a catalogue of chemical compositions and radial
elocities (RVs) from the latest data release of the Sloan Digital
k y Surv e y IV (SDSS-IV)/APOGEE-2 surv e y (Data Release 17 –
R17; Majewski et al. 2017 ; Abdurro’uf et al. 2022 ). Proper motions

PMs) from the Early Data Release 3 (EDR3) from the Gaia satellite
Gaia Collaboration 2021 ) and various additional metadata imported
irectly from the DR17 catalogue are also included for convenience’s
ake. Data from APOGEE have been described in detail in various
echnical publications, so we provide a brief account of their main
roperties in this section, referring the reader to the rele v ant papers
or further details. Chemical composition data based on earlier
POGEE data releases were presented for various collections of
alactic GCs in a number of publications (e.g. M ́esz ́aros et al. 2015 ,
020 , 2021 ; Schia v on et al. 2017b ; Masseron et al. 2019 ; Nataf et al.
019 ; Geisler et al. 2021 ). 
Elemental abundances and RVs are obtained from the automatic

nalysis of moderately high-resolution NIR spectra of hundreds of
housands of stars observed with the Apache Point Observatory
.5-m Sloan telescope (Gunn et al. 2006 ) and the Las Campanas
bservatory 2.5-m Du Pont telescope (Bowen & Vaughan 1973 ).
he telescopes are equipped with twin high-efficiency multifibre NIR
pectrographs designed and assembled at the University of Virginia,
SA (Wilson et al. 2019 ). A technical summary of the o v erall SDSS-

V experiment can be found in Blanton et al. ( 2017 ). 
APOGEE spectra for any given star (save for a relatively small

umber of exceptions) were obtained in a number of visits separated
n time to enable the detection of RV variations caused by binarity.
bservations spanned a period of typically 3 months, never exceed-

ng 6 months between the first and last visit. Every visit spectrum
as integrated typically for ∼1 h in sets of four (ABBA) exposures

aken with the detector dithered along the spectral direction. Spectral
ithers were aimed at bringing the sampling of the line spread
unction to slightly better than critical in the blue end of the spectrum
here the sampling by the detector’s original pixel size is subcritical.
A pipeline built specifically for the reduction of APOGEE data

Nidever et al. 2015 ) w as emplo yed to apply standard operations
uch as reference pixel voltage correction, linearization, cosmic
ay and saturation corrections, dark current subtraction, persistence
orrection, and extraction of the 2D data array from the 3D data cubes.
he 2D images were then flat-field corrected and a bad-pixel mask
as generated before 1D spectra were extracted, and subsequently
avelength and flux calibrated. The next step was to subtract the

ky background, which is dominated by emission lines, and perform
elluric correction before combining the dithered sequences into a
ingle well-sampled resulting visit spectrum. 

F or each star, relativ e RVs of visit spectra were measured through
terative cross-correlation with the combined spectrum, and final ab-
olute RVs were then obtained by cross-correlation of the combined
pectrum with a grid of synthetic spectra co v ering a wide range of
tellar parameters. The resulting combined rest-frame spectrum is
hat which is finally fed into the stellar abundances pipeline. 

The APOGEE Stellar Parameters and Chemical Abundances
ipeline ( ASPCAP ) is described in detail by Garc ́ıa P ́erez et al. ( 2016 )
nd later updates by Holtzman et al. ( 2018 ) and J ̈onsson et al. ( 2020 ).
n short, it determines stellar parameters and detailed elemental abun-
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ances through interpolation, using the FERRE 2 software (Allende 
rieto et al. 2006 ), into a huge grid of synthetic spectra co v ering

he entire range of stellar parameters and chemical compositions of 
nterest. The spectral library is calculated adopting MARCS model 
tmospheres (Gustafsson et al. 2008 ) generated specifically for 
he purposes of the APOGEE surv e y (see M ́esz ́aros et al. 2012 ;
amora et al. 2015 ; Holtzman et al. 2018 ; J ̈onsson et al. 2018 ).
SPCAP abundance analysis is based on various flavours of line lists,
epending on the spectrum synthesis codes, local thermodynamic 
quilibrium (LTE)/non-local thermodynamic equilibrium (NLTE) 
ssumption, and model atmospheres adopted in the construction of 
he spectral library. Those line lists are empirically tuned to match 
he observed high-resolution spectra of the Sun and Arcturus. For 
etails, see Smith et al. ( 2021 ) (but also see Shetrone et al. 2015 ;
asselquist et al. 2016 ; Cunha et al. 2017 ). 
The data described abo v e were made publicly available in DR17

n the form of various catalogues for different fla v ours of spectral
nalysis, according to the spectrum synthesis code adopted in the 
onstruction of the spectral library, adoption or not of an NLTE
pproach for some elements, 3 and the assumption of plane-parallel 
r spherical geometry in the radiative transfer calculation. Each 
atalogue contains 733 901 entries. The data contained in this VAC
re extracted from the default DR17 data analysis, which is based 
n the SYNSPEC -based (Hubeny & Lanz 2017 ) spectral library, with
ncorporation of an NLTE abundance analysis for elements Na, Mg, 
, and Ca (prefix synspec rev1 ; see Osorio et al. 2020 , and

eferences therein). 

.1 Globular cluster sample 

lobular clusters (GCs) were targeted by APOGEE so as to satisfy
t the same time scientific interests and calibration needs. As the 
rst attempt at automatic detailed chemical composition analysis of a 
assive NIR spectroscopic data base, optical calibrators are a crucial 

equirement for APOGEE. As targets of interest for various scientific 
ursuits, GC stars have for decades been the focus of chemical 
omposition studies. Thus the availability of multiple elemental 
bundance determinations in the literature, o v erwhelmingly based on 
ptical spectroscopy, placed GC stars at the centre of the APOGEE 

alibration procedure (e.g. Holtzman et al. 2015 , 2018 ; J ̈onsson et al.
020 ). With those goals in mind, a large number of GCs were targeted
uring the e x ecution of both APOGEE-1 and APOGEE-2. Targets 
ithin each GC were selected to meet a set of criteria whereby stars

hat were subject to previous abundance analysis and/or atmospheric 
arameter determinations were given top priority, followed by stars 
ith membership confirmed on the basis of RV, PM, and position on

he colour–magnitude diagram, in decreasing order of priority (for 
etails, see Zasowski et al. 2013 , 2017 ; Beaton et al. 2021 ; Santana
t al. 2021 ). In addition to the GCs targeted as part of the main
POGEE surv e y, a number of additional systems were observed as
art of the bulge Cluster APOgee Surv e y (CAPOS; Geisler et al.
021 ). The CAPOS team took advantage of Chilean access to the
POGEE-South spectrograph (Wilson et al. 2019 ) to collect data for
 number of GCs located towards the inner Galaxy. CAPOS spectra 
ere collected, reduced, and analysed following the same procedures 

nd pipelines as the main surv e y targets, with results being ingested
nto the SDSS/APOGEE data base. Data obtained by CAPOS are 
hus treated in this paper in the same way as the targets from the
 Available at https:// github.com/ callendeprieto/ ferre 
 For details see https:// www.sdss.org/ dr17/ irspec/ spectro data supplement

i

4

ain APOGEE surv e y. Table 1 lists the GCs included in this VAC,
long with basic parameters, extracted from Baumgardt & Vasiliev 
 2021 ) and Vasiliev & Baumgardt ( 2021 ), 4 which we hereafter refer
imply as the VB catalogue. The number of candidate members of
ach GC is also listed. The distribution of our GC sample in Cartesian
oordinates is shown in Fig. 1 . Unfortunately, GCs whose disco v ery
as reported after the latest update of the VB catalogue, such as
VV CL001 (Fern ́andez-Trincado et al. 2021b ) and Patchick 125

Fern ́andez-Trincado et al. 2022 ), are not included in this catalogue,
ut will be incorporated in future versions. 

 SELECTING  CLUSTER  MEMBER  

A N D I DAT E S  

he number of stars targeted per GC varied widely as a function
f the number of visits, apparent magnitude, and apparent GC size,
hich constrains the number of possible targets in any given visit
y virtue of the fibre collision radius of ∼1 arcmin. Moreo v er, the
raction of bona fide GC members from previous studies also vary
idely across the GC sample, as does the number of targets lacking a
revious membership assignment based on RV or PM measurement. 
The situation mandates a strategy based on a sweeping search of

he entire APOGEE DR17 catalogue for GC members defined ac- 
ording to a set of homogeneous membership criteria. By proceeding 
n this way we hope to generate a catalogue that confirms previously
stablished memberships while further extending member samples 
n the basis of good-quality RVs and PMs. 
The philosophy underlying our approach is to generously consider 

very star with a reasonable probability of belonging to a given
C, providing elements to enable the catalogue users to make their
wn informed sample selections. In short, catalogue completeness is 
rioritized o v er purity. Nev ertheless, the catalogue is devised in such
 way as to make a conserv ati ve selection leading up to a very pure
ample quite straightforward. 

Stars are selected on the basis of angular distance from GC centre,
M, and RV only. Criteria for selection are defined in terms of the
C’s Jacobi radius ( r J ), as well as central values and dispersion of
Ms ( μPM 

and σ PM 

) and RVs ( μRV and σ RV ). We decided not to use
osition in the colour–magnitude diagram as a selection criterion, 
o a v oid biasing against possible minority populations. We adopt
he following sets of criteria to define two broad types of candidate

embers. 

(i) Lik ely member s are those meeting a strict set of angular
istance, PM, and RV criteria, r egar dless of their chemical com-
ositions . 
(ii) Outliers are stars meeting more relaxed angular distance, PM, 

nd RV criteria, whose metallicities match closely those of nearby 
Cs. 

The Likely group, as its name indicates, contains the stars that have
he highest probability of being cluster members. By not imposing a

etallicity condition to define this group we wish to a v oid missing
embers for which ASPCAP could not find a metallicity solution (the

ase of very warm stars) or those with potentially large errors in
etallicity [the case of both very warm and very cool stars or those
ith low signal-to-noise ratio (S/N) spectra]. Moreo v er, Likely mem-
ers with very discrepant metallicities could represent a fringe GC 

opulation. Conversely, the Outlier group contains stars whose chem- 
cal compositions are consistent with membership, but whose posi- 
MNRAS 528, 1393–1407 (2024) 

 Available at https:// people.smp.uq.edu.au/ HolgerBaumgardt/ globular/ 
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Table 1. Globular clusters (GCs) included in the sample. Column information: (1) GC ID; (2) and (3) coordinates of GC centre; (4) mean iron abundance; (5) 
mean radial velocity (RV); (6) heliocentric distance; (7) Galactocentric distance; (8) mass; (9) Jacobi radius; and (10) number of entries. Numbers for columns 
(2), (3), (5), (6), (7), (8), and (9) are from the VB catalogue, whereas those for columns (4) and (10) are from this work. 

GC αcen δcen 〈� Fe/H �〉 〈 RV 〉 d � R GC Mass r J N 

( ◦) ( ◦) (km s −1 ) (kpc) (kpc) (10 4 M �) ( ◦) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

NGC 104 6.02379 −72.08131 −0.74 −17.45 ± 0.16 4.52 ± 0.03 7.52 ± 0.01 89.5 ± 0.6 1.557 297 
NGC 288 13.18850 −26.58261 −1.27 −44.45 ± 0.13 8.99 ± 0.09 12.21 ± 0.06 9.3 ± 0.3 0.605 43 
NGC 362 15.80942 −70.84878 −1.11 223.12 ± 0.28 8.83 ± 0.10 9.62 ± 0.06 28.4 ± 0.4 0.598 70 
Palomar 1 53.33350 79.58105 −0.45 −75.72 ± 0.29 11.28 ± 0.32 17.41 ± 0.29 0.10 ± 0.02 0.122 3 
NGC 1851 78.52816 −40.04655 −1.13 321.4 ± 1.55 11.95 ± 0.13 16.69 ± 0.11 31.8 ± 0.4 0.611 71 
NGC 1904 81.04584 −24.52442 −1.52 205.76 ± 0.2 13.08 ± 0.18 19.09 ± 0.16 13.9 ± 1.0 0.259 40 
NGC 2298 102.24754 −36.00531 −1.84 147.15 ± 0.57 9.83 ± 0.17 15.07 ± 0.14 5.6 ± 0.8 0.435 12 
NGC 2808 138.01291 −64.86349 −1.07 103.57 ± 0.27 10.06 ± 0.11 11.58 ± 0.07 86.4 ± 0.6 0.944 132 
NGC 3201 154.40343 −46.41248 −1.39 493.65 ± 0.21 4.74 ± 0.04 8.93 ± 0.02 16.0 ± 0.3 0.925 217 
NGC 4147 182.52626 18.54264 −1.63 179.35 ± 0.31 18.53 ± 0.21 20.2 ± 0.2 3.9 ± 0.9 0.274 3 
Rup 106 189.66750 −51.15028 −1.30 −38.36 ± 0.26 20.71 ± 0.36 18.0 ± 0.3 3.4 ± 0.6 0.213 2 
NGC 4590 189.86658 −26.74406 −2.22 −93.11 ± 0.18 10.40 ± 0.10 10.35 ± 0.07 12.2 ± 0.9 0.426 41 
NGC 5024 198.23021 18.16817 −1.90 −63.37 ± 0.25 18.50 ± 0.18 19.0 ± 0.16 45.5 ± 3.0 0.549 41 
NGC 5053 199.11288 17.70025 −2.21 42.82 ± 0.25 17.54 ± 0.23 18.01 ± 0.2 7.4 ± 2.0 0.317 17 
NGC 5139 201.69699 −47.47947 −1.60 232.78 ± 0.21 5.43 ± 0.05 6.5 ± 0.01 364 ± 4 2.142 1864 
NGC 5272 205.54842 28.37728 −1.43 −147.2 ± 0.27 10.17 ± 0.08 12.09 ± 0.06 41.0 ± 1.7 0.714 299 
NGC 5466 211.36371 28.53444 −1.81 106.82 ± 0.2 16.12 ± 0.16 16.47 ± 0.13 6.0 ± 1.0 0.284 17 
NGC 5634 217.40533 −5.97643 −1.72 −16.07 ± 0.6 25.96 ± 0.62 21.84 ± 0.57 22.8 ± 4.0 0.42 2 
Palomar 5 229.01917 −0.121 −1.24 −58.61 ± 0.15 21.94 ± 0.51 17.27 ± 0.47 1.0 ± 0.2 0.12 12 
NGC 5904 229.63841 2.08103 −1.21 53.5 ± 0.25 7.48 ± 0.06 6.27 ± 0.02 39.4 ± 0.6 0.607 259 
NGC 6093 244.26004 −22.97608 −1.61 10.93 ± 0.39 10.34 ± 0.12 3.95 ± 0.08 33.8 ± 0.9 0.344 3 
NGC 6121 245.86974 −26.52575 −1.07 71.21 ± 0.15 1.85 ± 0.02 6.45 ± 0.01 8.7 ± 0.1 1.658 224 
NGC 6144 246.80777 −26.0235 −1.80 194.79 ± 0.58 8.15 ± 0.13 2.5 ± 0.02 7.9 ± 1.4 0.198 1 
NGC 6171 248.13275 −13.05378 −1.02 −34.71 ± 0.18 5.63 ± 0.08 3.74 ± 0.04 7.5 ± 0.4 0.368 65 
NGC 6205 250.42181 36.45986 −1.48 −244.9 ± 0.3 7.42 ± 0.08 8.64 ± 0.04 54.5 ± 2.0 1.036 152 
NGC 6229 251.74525 47.5278 −1.24 −137.89 ± 0.71 30.11 ± 0.47 29.45 ± 0.44 28.6 ± 9.0 0.395 11 
NGC 6218 251.80907 −1.94853 −1.27 −41.67 ± 0.14 5.11 ± 0.05 4.57 ± 0.02 10.7 ± 0.3 0.508 107 
NGC 6254 254.28772 −4.10031 −1.51 74.21 ± 0.23 5.07 ± 0.06 4.35 ± 0.03 20.5 ± 0.4 0.611 87 
NGC 6273 255.65749 −26.26797 −1.71 145.54 ± 0.59 8.34 ± 0.16 1.43 ± 0.03 69.7 ± 3.6 0.266 81 
NGC 6293 257.54250 −26.58208 −2.09 −143.66 ± 0.39 9.19 ± 0.28 1.6 ± 0.18 20.5 ± 1.6 0.153 20 
NGC 6304 258.63440 −29.46203 −0.48 −108.62 ± 0.39 6.15 ± 0.15 2.19 ± 0.13 12.6 ± 1.1 0.276 34 
NGC 6316 259.15542 −28.14011 −0.77 99.65 ± 0.84 11.15 ± 0.39 3.16 ± 0.36 32.8 ± 4.0 0.271 24 
NGC 6341 259.28076 43.13594 −2.25 −120.55 ± 0.27 8.50 ± 0.07 9.84 ± 0.04 35.2 ± 0.4 0.808 80 
Terzan 2 261.88792 −30.80233 −0.86 134.56 ± 0.96 7.75 ± 0.33 0.74 ± 0.16 13.6 ± 2.5 0.084 5 
Terzan 4 262.66251 −31.59553 −1.38 −48.96 ± 1.57 7.59 ± 0.31 0.82 ± 0.2 20.0 ± 5.0 0.125 3 
HP 1 262.77167 −29.98167 −1.21 39.76 ± 1.22 6.99 ± 0.14 1.26 ± 0.13 12.4 ± 1.7 0.156 17 
FSR 1758 262.8 −39.808 −1.42 227.31 ± 0.59 11.08 ± 0.74 3.46 ± 0.63 62.8 ± 5.6 0.618 15 
Liller 1 263.35233 −33.38956 −0.14 60.36 ± 2.44 8.06 ± 0.35 0.74 ± 0.07 91.5 ± 14.7 0.261 30 
NGC 6380 263.61861 −39.06953 −0.78 −1.48 ± 0.73 9.61 ± 0.30 2.15 ± 0.21 33.4 ± 0.5 0.233 28 
Ton 2 264.03929 −38.54092 −0.74 −184.72 ± 1.12 6.99 ± 0.33 1.76 ± 0.19 6.9 ± 1.6 0.166 11 
NGC 6388 264.07178 −44.7355 −0.49 83.11 ± 0.45 11.17 ± 0.16 3.99 ± 0.13 125.0 ± 1.0 0.516 75 
NGC 6401 264.65219 −23.9096 −1.09 −105.44 ± 2.5 8.06 ± 0.24 0.75 ± 0.04 14.5 ± 0.2 0.094 7 
NGC 6397 265.17538 −53.67434 −2.02 18.51 ± 0.08 2.48 ± 0.02 6.01 ± 0.02 9.7 ± 0.1 1.174 187 
Palomar 6 265.92581 −26.22499 −0.92 177.0 ± 1.35 7.05 ± 0.45 1.33 ± 0.45 9.5 ± 1.7 0.124 6 
Terzan 5 267.02020 −24.77906 −0.78 −82.57 ± 0.73 6.62 ± 0.15 1.65 ± 0.13 93.5 ± 6.9 0.422 24 
NGC 6441 267.55441 −37.05145 −0.49 18.47 ± 0.56 12.73 ± 0.16 4.78 ± 0.15 132.0 ± 1.0 0.502 25 
UKS1 268.61331 −24.14528 −1.00 59.38 ± 2.63 15.58 ± 0.56 7.7 ± 0.5 7.7 ± 0. 0.17 5 
Terzan 9 270.41167 −26.83972 −1.36 68.49 ± 0.56 5.77 ± 0.34 2.46 ± 0.32 12.0 ± 1.4 0.295 23 
Djorg 2 270.45438 −27.82582 −1.07 −149.75 ± 1.1 8.76 ± 0.18 0.8 ± 0.13 12.5 ± 0.3 0.079 10 
NGC 6517 270.46075 −8.95878 −1.58 −35.06 ± 1.65 9.23 ± 0.56 3.24 ± 0.26 19.5 ± 2.8 0.27 1 
Terzan 10 270.74083 −26.06694 −1.62 211.37 ± 2.27 10.21 ± 0.40 2.17 ± 0.37 30.2 ± 5.6 0.191 2 
NGC 6522 270.89198 −30.03397 −1.22 −15.23 ± 0.49 7.30 ± 0.21 1.04 ± 0.17 21.1 ± 1.3 0.181 15 
NGC 6528 271.2067 −30.05578 −0.16 211.86 ± 0.43 7.83 ± 0.24 0.7 ± 0.1 5.7 ± 0.7 0.067 4 
NGC 6539 271.20728 −7.58586 −0.74 35.19 ± 0.5 8.17 ± 0.39 3.09 ± 0.07 20.9 ± 1.7 0.317 1 
NGC 6540 271.53566 −27.76529 −1.02 −16.5 ± 0.78 5.91 ± 0.27 2.34 ± 0.25 3.5 ± 1.2 0.165 6 
NGC 6544 271.83383 −24.99822 −1.52 −38.46 ± 0.67 2.58 ± 0.06 5.62 ± 0.06 9.1 ± 0.6 1.078 27 
NGC 6553 272.31532 −25.90775 −0.19 −0.27 ± 0.34 5.33 ± 0.13 2.83 ± 0.13 28.5 ± 1.6 0.494 17 
NGC 6558 272.57397 −31.76451 −0.99 −195.12 ± 0.73 7.47 ± 0.29 1.08 ± 0.17 2.65 ± 0.08 0.073 6 
Terzan 12 273.06583 −22.74194 −0.56 95.61 ± 1.21 5.17 ± 0.38 3.17 ± 0.34 8.7 ± 2.0 0.312 6 
NGC 6569 273.41167 −31.82689 −0.92 −49.83 ± 0.5 10.53 ± 0.26 2.59 ± 0.23 23.6 ± 2.0 0.226 14 
NGC 6642 277.97596 −23.4756 −1.09 −60.61 ± 1.35 8.05 ± 0.20 1.66 ± 0.01 3.4 ± 0.1 0.11 12 
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Table 1 – continued 

GC αcen δcen 〈� Fe/H �〉 〈 RV 〉 d � R GC Mass r J N 

( ◦) ( ◦) (km s −1 ) (kpc) (kpc) (10 4 M �) ( ◦) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

NGC 6656 279.09976 −23.90475 −1.70 −148.72 ± 0.78 3.30 ± 0.04 5.0 ± 0.03 47.6 ± 0.5 1.308 412 
NGC 6715 283.76385 −30.47986 −0.62 143.13 ± 0.43 26.28 ± 0.33 18.51 ± 0.32 178.0 ± 3.0 0.618 1809 
NGC 6717 283.77518 −22.70147 −1.12 30.25 ± 0.9 7.52 ± 0.13 2.38 ± 0.02 3.6 ± 0.8 0.151 5 
NGC 6723 284.88812 −36.63225 −1.02 −94.39 ± 0.26 8.27 ± 0.10 2.47 ± 0.02 17.7 ± 1.1 0.258 9 
NGC 6752 287.7171 −59.98455 −1.47 −26.01 ± 0.12 4.12 ± 0.04 5.3 ± 0.02 27.6 ± 0.4 0.913 152 
NGC 6760 287.80027 1.03047 −0.75 −2.37 ± 1.27 8.41 ± 0.43 5.17 ± 0.14 26.9 ± 2.5 0.488 11 
Palomar 10 289.50693 18.57899 0.02 −31.7 ± 0.23 8.94 ± 1.18 7.6 ± 0.59 16.2 ± 2.7 0.431 3 
NGC 6809 294.99878 −30.96475 −1.76 174.7 ± 0.17 5.35 ± 0.05 4.01 ± 0.03 19.3 ± 0.8 0.549 98 
NGC 6838 298.44373 18.77919 −0.75 −22.72 ± 0.2 4.00 ± 0.05 6.86 ± 0.01 4.6 ± 0.2 0.619 129 
NGC 7078 322.49304 12.167 −2.29 −106.84 ± 0.3 10.71 ± 0.10 10.76 ± 0.07 63.3 ± 0.7 0.757 155 
NGC 7089 323.36258 −0.82325 −1.47 −3.78 ± 0.3 11.69 ± 0.11 10.54 ± 0.08 62.7 ± 1.1 0.548 36 

Figure 1. Spatial distribution of the GCs included in this VAC, in Cartesian 
coordinates with the Sun at the origin (cross-hairs). The sample is preferen- 
tially concentrated towards the inner Galaxy. 

Table 2. Definition of two subgroups of candidate members. Column 
information: (1) subgroup type; (2) angular distance limits in units of the 
Jacobi radius, given in Table 1 ; (3) proper motion (PM) limits; (4) radial 
velocity (RV) limits; and (5) � Fe/H � limits. Limits in columns (3)–(5) in units 
of residuals are defined as δX = 

res ( X) 
σX 

, where res( X ) = | X − μX | , and μX 

and σX stand for the mean and rms scatter of each observable, respectively. 

Subgroup Distance PM RV � Fe/H � 
(1) (2) (3) (4) (5) 

Likely r < r J δ PM < 2 δ RV < 2 Any 
Outlier r J < r < 4 r J a 2 < δ PM < 10 2 < δ RV < 3 δ � Fe/H � < 2 

Note . a F or GCs located in crowded fields towards the inner Galaxy, the initial 
search radius was reduced from 4 r J to 2 r J , in order to minimize contamination by 
field stars. 
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ion and kinematics suggest at best a loose association. Inclusion of
he Outlier group aims at catching a maximum number of extra-tidal 
tars. In cases of GCs presenting a large spread in metallicity, such as
 Cen, M54, Terzan 5, or Liller 1, similarity in terms of [Fe/H] cannot
e used to define Outliers , although those with abundance patterns 
onsistent with a second-generation nature are retained and flagged. 

The quantitative definitions of these two subgroups are provided 
n Table 2 . GC centre coordinates and the values for r J , μPM 

,
RV , and σ RV were adopted from the VB catalogue. The generous 
pper angular distance limits adopted for Outliers are aimed at 
nabling the identification of extra-tidal GC members. The method 
o estimate σ PM 

is described below. The very generous PM threshold 
as adopted after we found out that some good candidates were 

ocated se veral σ PM 

of f of the mean PM value, which may reflect our
dmittedly rough estimate of σ PM 

. 
Our procedure can be summarized as follows. We start by 
btaining an estimate of the proper motion (PM) dispersion, σ PM 

. 
ata from the Gaia EDR3 archive were downloaded for each cluster.
dopting mean PM values from the VB catalogue we calculated σ PM 

hrough a single σ -clipping iteration aimed at removing background 
ontamination. That measured dispersion is obviously larger than 
he intrinsic dispersion since it folds in measurement errors that 
re not the same for every cluster. Given those estimates, stars are
onsidered to be Likely GC members if they meet the set of strict
riteria listed in the first row of Table 2 . Next, the APOGEE catalogue
as searched for Outliers , by following the set of loose criteria listed

n the second row of Table 2 . The selection process is illustrated
n Fig. 2 . 

The resulting sample consists of a total of 7737 entries for 6424
nique candidate members associated with 72 GCs. Multiple entries 
ccur for a number of stars located in o v erlapping fields and/or
bserved as part of different programs. The quality of the data is
llustrated in Fig. 3 , which shows the distribution of the median
/N pixel −1 of the resulting sample, where ∼93 per cent of the
pectra have S/N > 50. The distributions of the stars in the Kiel
iagram and Gaia colour–magnitude diagram are shown in Fig. 4 .
he right panel shows the distribution of the sample stars in the
aia undereddened colour–magnitude diagram, where the range of 
C metallicities can be immediately appreciated. In the left panel, 

ample stars are displayed in the Kiel diagram, which brings to sharp
elief the high precision of APOGEE stellar parameters. 

 MEMBERSHI P  PR  O B  ABILITIES  

n order to provide users of this catalogue with the elements required
or deciding which samples should be considered for their analysis, 
wo sets of membership probabilities are provided. The first set is
ased on a Gaussian mixture modelling of the Gaia EDR3 positions
nd PMs of GC stars, and directly imported from the VB catalogue
Section 4.1 ). In addition, we derive our own set of independent
embership probabilities, based on the APOGEE RVs. 

.1 Vasiliev & Baumgardt probabilities 

or the user’s convenience we briefly summarize the membership 
robability estimates provided in the VB catalogue. For further de- 
ails, the user is referred to the original papers (Baumgardt & Vasiliev
021 ; Vasiliev & Baumgardt 2021 ). Membership probabilities were 
etermined via a mixture modelling approach from which they also 
nferred cluster properties such as mean parallax, PM, dispersion, and
MNRAS 528, 1393–1407 (2024) 
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Figure 2. Selecting M13 members in the APOGEE catalogue. In all panels, 
grey dots represent catalogue stars within 4 r J of the GC centre. Black dots 
represent stars whose PMs differ from the mean value from the VB catalogue 
by no more than 4 σ PV . Red dots represent a subsample of the former whose 
RVs differ from the GC mean by no more than 3 σRV . 
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tructural parameters. The initial sample is obtained by extracting all
ources with five- or six-parameter astrometric solutions from Gaia
ithin a certain distance from the centre of each GC, which in the
eneral case is taken to be a few times greater than the cluster half-
ight radius. A first run of mixture modelling in the 3D astrometric
pace is performed on a subset of the sources with the most reliable
strometry, where one of the Gaussian components represents the
luster and the remaining component(s) account for the field stars. A
ull mixture model is then run, where a Plummer model is adopted
o match each GC’s density profile, with the scale radius as a free
arameter. The parameter space is explored with a Markov chain
onte Carlo (MCMC) code initialized with astrometric parameters

etermined by extreme deconvolution. Membership probabilities
or each star are then determined following the convergence of
he MCMC runs. Colour–magnitude diagrams of members thus
btained for each GC are inspected visually to verify the outcome
f the mixture model, which did not utilize any of the photometric
nformation. Finally, the mean parallax and PM of each cluster and
heir uncertainties are taken from the MCMC chain. 

.2 RV-based probabilities 

xceedingly accurate RVs are one of the main data products of the
POGEE surv e y. This can be verified through a quick comparison
ith the data from the latest Gaia release (Data Release 3 –
R3; Gaia Collaboration 2023 ). We cross-matched our sample

or M13 with the Gaia DR3 catalogue, obtaining 108 matches.
he mean heliocentric RV and rms scatter for each sample are

n excellent agreement, with 〈 RV APO 〉 = −246.30 km s −1 and
 σ APO 〉 = 5.27 km s −1 for the APOGEE sample, and 〈 RV Gaia 〉 =
NRAS 528, 1393–1407 (2024) 
246.33 km s −1 and 〈 σ Gaia 〉 = 5.95 km s −1 . It is noteworthy
hat the mean RVs agree to within 30 m s −1 , reflecting the great
ccuracy of the two data sets. In addition, the rms scatter, which
esults from the convolution between the cluster velocity dispersion
nd measurement error, is lower in the APOGEE sample by
12 per cent, reflecting APOGEE’s superior RV precision. 
We take advantage of this high-quality data set to complement the
embership information available from the VB catalogue with RV-

ased membership probabilities. These probabilities were estimated
s follows. We adopted a procedure similar to that of Gieseking
 1985 ) whereby the RV distribution within the field of each GC
as modelled as a combination of Gaussian functions plus a

onstant background. For any given star i , the RV-based membership
robability is given by 

 i = 

G gc ( v i ) 

G gc ( v i ) + B( v i ) 
, (1) 

here v i is the radial velocity (RV) of the star, G gc ( v) is the Gaussian
unction describing the RV distribution of the GC, and B ( v) is a
unction accounting for the RV distribution of the field background. 

For well-sampled GCs, the functions G gc ( v) and B ( v) were
btained from a fit to the RV distribution from the stars contained
ithin the field of each GC. In cases where the GC is poorly sampled

nd/or the contrast with the background is poor, the G gc ( v) function
dopted was based on parameters (mean RV and velocity dispersion)
athered from the VB catalogue. The background function B ( v), in
he general case, was a combination of Gaussians and a constant floor
alue. In no case were more than two Gaussians required to account
or the background data. An example fit is shown in Fig. 5 . 

 RESULTS  A N D  SCI ENCE  H I G H L I G H T S  

his VAC can be employed in a myriad of different science projects.
e highlight a few aspects of the data base that illustrate its

otential. In Fig. 6 , selected elemental abundances sampling different
ucleosynthetic pathways are displayed in various panels. Only
bundances derived from spectra with S/N > 150 are shown. To
istinguish stars associated with individual GCs, symbols are colour
oded by heliocentric distance. The complexity of the GC member
andidates distribution in chemical composition space is promptly
vident from a first glance at these data. 

In Fig. 7 , the data for M5 (NGC 5904) are displayed on the [C/Fe]
ersus [N/Fe] plane, where symbols are colour coded by surface
ravity (log g ). Two sequences are clearly visible, where a gentle
ariation of N and C abundances can be seen to be correlated with
og g . This variation is due to mixing along the giant branch, whereby

ore evolved stars (lower log g ) display depleted C and enhanced
 due to the progressive mixing of CNO-processed material during

he evolution along the red giant branch. The more drastic variation
ssociated with the MP phenomenon connects stars with the same
og g between the two sequences (e.g. Phillips et al. 2022 ). 

In Fig. 8 , data for various GCs with [Fe/H] < −0.5 are displayed
n the [Mg/Fe] versus [Al/Fe] plane. Symbols are colour coded by
etallicity. Metal-poor GCs show a strong anticorrelation between

hese two elements. The various GC sequences are displaced relative
o each other due to variations in the systems’ natal chemical
ompositions, associated with their origin. The weakening of this
nticorrelation with increasing metallicity (e.g. Nataf et al. 2019 )
anifests itself by the near absence of an anticorrelation in the most
etal-rich GCs. 
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Figure 3. Distribution of the S/N pixel −1 of the resulting sample. 
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Figure 5. Fit of the RV distribution in the field of M13. The model fit is 
a double Gaussian with an additional constant background. The secondary 
peak corresponds to the RVs of the cluster. 
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Finally, in Appendix A , we present a comparison of the APOGEE
R17 elemental abundances published in this VAC with data from 

arious sources from the literature. 

.1 Extra-tidal candidates 

Cs are slowly dissolving, shedding stars under the combined effect 
f e v aporation and tidal stripping as they follo w their orbits within the
ilky Way dark matter halo. Evidence to this phenomenon has been 

ocumented as stars are detected beyond GC tidal radii, in the form
f tidal streams (e.g. Odenkirchen et al. 2001 ; Belokurov et al. 2006 ;
rillmair & Johnson 2006 ; Bonaca & Hogg 2018 ; Malhan, Valluri &
reese 2021 ) and diffuse outer envelopes or less defined collections of 
igure 4. Right: Kiel diagram for the resulting sample. Note that this plot does not
arameters for some stars. Left: Gaia EDR3 colour–magnitude diagram of the GC
olour coded by the APOGEE DR17 Fe abundances. 
 xtra-tidal stars (e.g. K uzma et al. 2016 ; K uzma, Da Costa & Macke y
018 ; Chun, Lee & Lim 2020 ; Kundu et al. 2022 ; Piatti 2022 ). 
Identifying extra-tidal stars is a difficult task requiring deep 

hotometry o v er a wide field of view . More recently , data from
he Gaia satellite have enabled the use of PMs for that purpose
e.g. Kundu, Minniti & Singh 2019 ). In the past decade, chemical
agging has been used to identify field stars with chemistry that is
haracteristic of GC populations (e.g. Martell & Grebel 2010 ; Lind
MNRAS 528, 1393–1407 (2024) 

 display all stars included in the catalogue, as ASPCAP failed to deliver stellar 
 parent sample, including only stars with A K < 0.3. In both panels, stars are 

ras/article/528/2/1393/7296142 by guest on 05 February 2024
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M

Figure 6. Sample elemental abundances for Galactic GCs included in the VAC. Only abundances derived from spectra with S/N > 150 are shown. To distinguish 
individual GCs, data are colour coded by the cluster heliocentric distance. GCs with large spreads in metallicity, namely ω Cen and M54, are excluded from this 
plot. Mean error bars are displayed on the top right of each panel. 
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t al. 2015 ; Martell et al. 2016 ; Fern ́andez-Trincado et al. 2017 ;
chia v on et al. 2017a ; Tang et al. 2019 ), leading up to moderately
obust estimates of the contribution of dissolved GCs to the Milky

ay stellar halo mass budget (e.g. Martell et al. 2011 ; Schia v on et al.
017a ; Koch, Grebel & Martell 2019 ; Horta et al. 2021 ). 
Linking so-called ‘N-rich’ field stars with their parent GCs is quite

mportant as a means to establish once and for all their GC origin (e.g.
isku et al. 2021 ). Ho we ver, such associations have proved difficult,

esulting from likelihood estimates based on orbital parameters (e.g.
avino & Posti 2019 ). 
Detailed chemistry and precision RVs for large samples combined

ith Gaia -quality astrometry and GC structural parameters can make
n important contribution in this context. Large samples with pre-
NRAS 528, 1393–1407 (2024) 
ision chemistry enable unequivocal association of extra-tidal stars
ith their parent GCs. Indeed, recent work has provided evidence

or the presence of N-rich stars beyond the Jacobi radius of M54 and
alomar 5 (Fern ́andez-Trincado et al. 2021a ; Phillips et al. 2022 ). 
In Fig. 9 , VAC data are displayed on various chemical planes. Data

or the ω Cen and M54 are omitted from these plots. Grey dots show
he whole sample, and black dots represent only stars located beyond
he Jacobi radius of their parent GC. While most extra-tidal stars have
ormal chemistry, a few dozen N-rich stars can be identified in those
lanes, due to their enhanced abundances of N and Al, and depleted
g and O. Extra-tidal stars can be easily identified in the VAC by the

alue of the parameter DPOS , which is equal to the angular distance
o each GC centre, in units of r J . Extra-tidal stars have DPOS > 1. 
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Figure 7. Carbon–nitrogen (C–N) anticorrelation in the GC M5 (NGC 5904). 
Symbols are colour coded by surface gravity (log g ) to distinguish C–N 

abundance variations due to stellar evolution from those associated with 
the multiple populations’ (MPs) phenomenon. Two diagonal sequences can 
be seen. Along each sequence, the variations of N and C abundances are 
correlated with log g , as deep mixing brings the by-products of the CNO 

cycle to the star’s surface steadily changing its chemical composition during 
evolution along the giant branch. The more drastic anticorrelation due to 
the MP phenomenon connects stars with the same log g between the two 
sequences. Mean error bars are displayed on the top right. 

Figure 8. Magnesium–aluminium (Mg–Al) anticorrelation for a collection 
of GCs with [Fe/H] ≤ −0.5. Different sequences are displaced on this plane 
according to GC’s natal chemical composition. The Mg–Al anticorrelation 
is weakened or even absent towards higher metallicity. Mean error bars are 
displayed on the top right. 
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Figure 9. Candidate GC members in various chemical planes. Stars within 
their parent GC Jacobi radii are shown as grey symbols, whereas extra-tidal 
stars are displayed as black dots. A substantial fraction of the extra-tidal 
stars have N-rich abundance patterns, confirming the GC origin of N-rich 
stars identified in previous studies. For previous identifications of extra-tidal 
N-rich stars see discussion in text. Mean error bars are displayed on the top 
right of each panel. 

Figure 10. Candidate members of M54 (NGC 6715), the nuclear cluster 
of the Sagittarius dwarf Spheroidal (Sgr dSph), on the N–Fe and Al–Fe 
chemical planes. Stars located within (top panel) or beyond (bottom) the 
cluster’s Jacoby radius are displayed. Note the large number of extra-tidal 
N-rich and/or Al-rich stars (bottom panel). It is not clear whether this effect 
is real or due to an underestimate of M54’s Jacobi radius. Mean error bars are 
displayed on the top right of each panel. 
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.1.1 The case of M54 

54 is the nuclear cluster of the Sagittarius dwarf Spheroidal 
Sgr dSph). Its chemodynamical properties have been studied ex- 
ensiv ely (e.g. La w & Majewski 2010 ; Mucciarelli et al. 2017 ) and
erit some attention. In Fig. 10 , we show the data for M54 members

n the same chemical planes as Fig. 9 . Top/bottom panels show intra-
extra-tidal stars. It is noteworthy that this cluster is characterized by 
 very large population of extra-tidal stars, some of which have N-
ich abundance patterns (see e.g. Fern ́andez-Trincado et al. 2021a ). 
ndeed, a large fraction of the entire population of extra-tidal stars
dentified in this work are associated with M54. That could be 
 result of the cluster’s undergoing severe tidal disruption under 
he MW potential, or rather reflect a possible underestimate of the
54’s Jacobi radius. Such estimates are plagued by considerable 

ncertainties. In the case of M54, the situation is made worse by
he fact that it is not known whether the cluster is positioned at the
entre of its host galaxy’s potential well, and whether it possesses
ts own dark matter halo (e.g. Carlberg & Grillmair 2022 ). In view
f these uncertainties, we decided to retain a large number of M54
andidate members, while acknowledging the reality that this sample 
MNRAS 528, 1393–1407 (2024) 
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M

Figure 11. Interquartile range (IQR) of the [Al/Mg] ratio plotted against 
GC metallicity. A remarkable anticorrelation between the two quantities is 
apparent, with high significance ( ρx = −0.76). Symbols are colour coded by 
log GC mass, but no correlation is apparent. 
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Figure 12. IQR of the [Al/Mg] ratio plotted against central escape velocity. 
A strong correlation is present ( ρx = 0.68), but only after controlling for the 
effect of metallicity. Only GCs with –1.7 < [Fe/H] < –0.8 are considered. 
Symbols are colour coded by [Fe/H]. This might be an indicator of chemical 
enrichment due to a history of feedback-regulated star formation. 

Figure 13. IQR of the [Al/Mg] ratio plotted against a horizontal branch (HB) 
morphology parameter, � ( V − I ), which is higher for bluer HB morphologies. 
A fairly strong correlation is present ( ρx = 0.63), in the sense that only GCs 
with high IQR(Al/Mg) present a blue HB. Although GCs with red HBs can 
also have high IQR(Al/Mg), all GCs with low IQR(Al/Mg) have red HBs. 
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s considerably contaminated by Sgr dSph field stars. The catalogue
sers are again provided with data they can use to select subsamples
ccording to their science goals. 

.2 Abundance spreads and global parameters 

s discussed in the Introduction, perhaps the most puzzling observa-
ional feature of GCs is the presence of large anticorrelated spreads
f the abundances of light elements. Despite many efforts from
arious groups, no particular scenario has been able to account for
his phenomenon in a quantitative fashion (see re vie w by Bastian &
ardo 2018 ). Naturally, correlations between chemical composition
preads and GC global parameters can provide valuable constraints
n formation models. In this section, we provide a brief foray into the
opic, exploring how this new catalogue can potentially contribute to
his discussion. We focus on Al spreads. Aluminium abundances are
xceptionally well measured in APOGEE spectra, o v er a wide range
f metallicities. Moreo v er, unlike nitrogen, aluminium spreads can
e assessed in a fairly unambiguous way, since the abundance of this
lement is not affected by stellar evolution effects. 

Following Carretta et al. ( 2010 ), who adopted the [O/Na]
nterquartile range (IQR) as a measure of abundance spreads,
e measure the IQR of the [Al/Mg] ratio. We first examine

he well-known anticorrelation of aluminium spreads with GC
etallicity (see also Nataf et al. 2019 ; M ́esz ́aros et al. 2020 ). The

ata are displayed in Fig. 11 , where a very clear anticorrelation
etween IQR(Al/Mg) and [Fe/H] is present, with a Spearman’s
ank correlation coefficient ρx = −0.76. This result confirms
revious studies reporting a substantial decrease of Al spreads in
igh-metallicity GCs. Symbols are colour coded by GC mass, but
o clear correlation with that parameter can be seen. 
Ne xt, we e xamine the presence of a correlation between abundance

preads and a quantity related to a GC’s gravitational potential. Such
 correlation is interesting, as it may be an indication of the presence
f chemical enrichment brought about by a history of feedback-
egulated star formation (see also Carretta et al. 2010 ; Schia v on
t al. 2013 ; Sakari et al. 2016 ). In Fig. 12 , we plot IQR(Al/Mg)
gainst central escape velocity, from the VB catalogue. Because the
NRAS 528, 1393–1407 (2024) 
orrelation between IQR(Al/Mg) and metallicity is so strong, we
ust control for this parameter, so only GCs with –1.7 < [Fe/H] < –

.8 are shown. A strong correlation is seen ( ρx = 0.68). We also find
 strong correlation with central velocity dispersion ( ρx = 0.69) and
C mass ( ρx = 0.62). 
We conclude by inspecting the relation between abundance spread

nd horizontal branch (HB) morphology. A correlation between these
bservables is expected because the morphology of the HB is in part
ictated by the abundance of helium, an element for which there
s strong evidence for abundance spreads (e.g. Renzini 2008 ). In
he following, we adopt IQR(Al/Mg) as a surrogate for a spread
n the abundance of helium. The data are displayed in Fig. 13 ,
here IQR(Al/Mg) is plotted against the � ( V − I ) parameter from
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otter et al. ( 2010 ). High values of � ( V − I ) correspond to blue HB
orphology. Although we find a relatively high Spearman’s rank cor- 

elation coefficient ( ρx = 0.63), the data behave in a subtle way. There 
s a zone of a v oidance at low IQR(Al/Fe) and blue HB morphology.
Cs with large abundance spreads can have either a red or a blue HB,
ut those with low spreads are all characterized by a red HB. This
ay be related to the fact that the morphology of the HB is affected

y a number of parameters besides He abundance, including age, 
inarity, and mass loss during the first-ascent red giant branch phase. 

 T H E  C ATA L O G U E  

he VAC presented in this paper consists of two files 
n FITS format. The catalogue itself is contained in file 
AC GC DR17 synspec rev1.fits , which includes 
ll the data from the APOGEE DR17 allStar-dr17- 
ynspec rev1.fits for each of the 7737 entries associated 
ith GC candidate members. This file also incorporates distances 

rom GC centres (in units of r J ), residual PMs, RVs, and [Fe/H], in
nits of the rms dispersions of those values. Two sets of membership
robabilities are also provided, those based on the RV analysis 
n Section 4.2 and those from the VB catalogue, when available. 
nother file named GC parameters VAC.fits contains, for 

ach GC, the mean and rms values for RVs, PMs, and metallicities,
s well as a number of global parameters from the literature. Both
les are available for download from the SDSS DR17 VAC webpage 
 https:// www.sdss4.org/ dr17/ data access/ value-addedcatalogs /). 
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Table A1. Comparison of abundances from APOGEE and GALAH. Column 
information: (1) iron abundance or abundance ratio; (2) mean residual and rms 
dispersion around the mean; (3) intrinsic rms of APOGEE data; (4) intrinsic 
rms of GALAH data; and (5) number of stars in common. 

Abundance Residual σAPO σGAL n � 
(1) (2) (3) (4) (5) 

� Fe/H � −0.08 ± 0.15 0.44 0.44 447 
� Mg/Fe � 0.07 ± 0.16 0.14 0.21 423 
� Si/Fe � 0.00 ± 0.13 0.07 0.13 441 
� Ca/Fe � −0.06 ± 0.21 0.16 0.17 417 
� O/Fe � −0.38 ± 0.31 0.15 0.33 317 
� Al/Fe � −0.06 ± 0.25 0.33 0.33 294 
� K/Fe � 0.11 ± 0.35 0.25 0.25 395 
� Ni/Fe � 0.07 ± 0.16 0.09 0.15 398 
� Mn/Fe � 0.00 ± 0.24 0.20 0.18 365 
� Cr/Fe � 0.09 ± 0.37 0.33 0.19 380 
� V/Fe � −0.12 ± 0.45 0.27 0.35 188 
� Ce/Fe � 0.00 ± 0.24 0.40 0.33 165 
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PPEN D IX  A :  C O M PA R I S O N  WITH  DATA  

RO M  T H E  L I T E R ATU R E  

lemental abundance analysis is a tricky procedure with outputs that 
epend strongly on a number of factors. On the empirical side, the
esults are sensitive to the choice of spectral region and the overall
uality of the observational data, usually quantified in terms of S/N, 
esolution, and sampling. In addition, the adequacy of data reduction 
ethods is critical, with details such as sky subtraction and telluric 

bsorption elimination being particularly rele v ant in the NIR. The 
utcome is also strongly influenced by the arsenal employed in the 
nalysis, including model atmospheres, line opacities (wavelengths, 
olecular and atomic excitation/ionization potentials, log gf s, damp- 

ng constants), spectrum synthesis code, microturbulent velocities, 
nd assumptions such as spherical symmetry versus plane-parallel 
tmospheres, and consideration or not of LTE. In modern times, the 
dv ent of massiv e surv e ys brought to the fore the automation of the
ore of the spectral analysis, introducing additional uncertainties. It 
s thus parred for the course that the fidelity of any new data set is
crutinized via comparison with numbers generated independently. 
APOGEE data have been regularly contrasted with literature 
alues. The surv e y was indeed designed so as to afford such detailed
omparisons, which were performed for each successive data release, 
nd published in a number of papers (e.g. Holtzman et al. 2015 ,
018 ; M ́esz ́aros et al. 2015 , 2020 , 2021 ; J ̈onsson et al. 2018 , 2020 ;
ataf et al. 2019 ). To our kno wledge, ho we ver, such a detailed

xamination of DR17 data has not yet been published, particularly 
ithin the regime of GCs, whose stars inhabit unique loci of chemical

omposition space. We briefly examine in this appendix a few 

omparisons with data from a large surv e y and those from other
maller independent studies. 

We start by comparing our numbers with those generated by the
ALactic Archaeology with HERMES (GALAH) surv e y (De Silva 

t al. 2015 ; Martell et al. 2017 ). For that purpose, we matched
ur sample stars with the GALAH DR3 catalogue (Buder et al.
022 ), retaining only the elemental abundances with quality flag = 0,
hich yielded several hundred stars in common for all abundances of

nterest. The comparisons are displayed in Fig. A1 , and the rele v ant
tatistics are listed in Table A1 . Perfect agreement is indicated by the
olid black line, whereas the mean difference is marked by the grey
ashed line. Mean residuals and rms dispersion are indicated on the
op right of each panel. Data points are colour coded by [Fe/H]. For all
bundances, the mean residuals are well within the rms, except for the
ase of oxygen, for which the mean residuals are just abo v e 1 σ off. It
s also noteworthy that for some elements, such as O, K, Cr, V, and Ce,
he dispersion of the abundance ratio residuals is particularly large. 

By looking at the intrinsic dispersion of the abundance ratios in
he two data sets, we can pinpoint which of them contributes more
mportantly to the scatter in the data. Columns (3) and (4) of Table A1
isplay the numbers, obtained by simply calculating the rms of the
bundances from APOGEE and GALAH, using only the stars in 
ommon for a fair assessment. For Mg, Si, O, and Ni the intrinsic
catter in the GALAH data is up to twice larger than APOGEE. The
pposite is the case for Cr and, to some e xtent, Ce. F or all the other
lements, including those for which a large intrinsic scatter renders 
he comparison somewhat difficult to interpret (Fe and Al), the two
ets have comparable dispersion. We conclude that for most elements 
nvolved in this comparison, the precision of the APOGEE data is
uperior to that of GALAH, within this restricted data set. By the
ame token, for all elements except oxygen, the zero-points of the
wo abundance systems are indistinguishable from each other. 
MNRAS 528, 1393–1407 (2024) 
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M

Figure A1. Comparison between elemental abundances for stars in common between APOGEE and GALAH surv e ys, colour coded by [Fe/H]. The solid 
horizontal lines indicate identical abundances, whereas the dashed grey lines mark the position of the mean residuals. For all elements, except for oxygen, the 
mean residuals are much smaller than the rms of the distribution. 
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5 Sources included are the following: Briley et al. ( 1997 ), Carretta et al. 
( 2009 ), Cavallo & Nagar ( 2000 ), Cohen & Mel ́endez ( 2005 ), Ivans et al. 
( 2001 ), Johnson et al. ( 2005 ), Johnson & Pilachowski ( 2012 ), Koch & 

McWilliam ( 2010 ), Kraft et al. ( 1992 ), Kraft & Ivans ( 2003 ), Lai et al. 
( 2011 ), Lee, Carney & Balachandran ( 2004 ), Mel ́endez & Cohen ( 2009 ), 
Minniti et al. ( 1996 ), O’Connell et al. ( 2011 ), Otsuki et al. ( 2006 ), Ram ́ırez & 

Cohen ( 2002 , 2003 ), Roederer & Sneden ( 2011 ), Shetrone ( 1996 ), Smith, 
Shetrone & Strader ( 2007 ), Sneden et al. ( 1991 , 1992 , 1997 , 2004 ), Sneden, 
Pilachowski & Kraft ( 2000 ), Sobeck et al. ( 2011 ), Yong, Aoki & Lambert 
( 2006a ), and Yong et al. ( 2006b , 2008 ). 
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To address the matter of data accuracy, we need to resort to com-
arisons with other literature values based on classical abundance
nalysis of high-resolution (predominantly optical) spectra. The best
lace to start is the e xtensiv e data set painstakingly amassed o v er the
ears by E. Carretta and collaborators. The compilation presented
y Carretta et al. ( 2010 ) focuses on Fe, O, and Na, but we limit our
iscussion to the former two elements. APOGEE abundances for Na
re known to suffer from important shortcomings in the metallicity
egime of interest, as they are based on only two lines that are weak
n the spectra of metal-poor giants. Moreo v er, the y are affected by
mportant contamination by airglow emission (J ̈onsson et al. 2020 ). 

Stars in common to this VAC and Carretta et al. ( 2010 ) are
isplayed in abundance residuals versus T eff planes in Fig. A2 . The
op panel compares APOGEE versus Carretta et al. ( 2010 ) values for
O/Fe], whereas comparisons of Fe abundances derived using lines
ue to neutral and once-ionized iron are displayed in the middle
nd bottom panels, respectiv ely. Non-ne gligible differences, at the
 σ level, are seen between the two sets of Fe abundances. A mild
ependence on metallicity is apparent, with good agreement on the
igh-metallicity end, and a slight deterioration at [Fe/H] � –1.0.
verall, we conclude that the agreement between the Fe abundances
NRAS 528, 1393–1407 (2024) 
f APOGEE and Carretta et al. ( 2010 ) is about satisfactory. Regard-
ng oxygen abundances, the mean difference between the two sets is

0.1 dex, which is well within the rms scatter, suggesting that the
iscrepancy between APOGEE and GALAH on the same plane (Fig.
1 ) is due to systematics in the GALAH data. 
We wrap up our verification of APOGEE abundances against the

iterature by extending our scrutiny to additional elements. Fig. A3
ontrast APOGEE abundances with data from a variety of literature
ources, originally compiled by M ́esz ́aros et al. ( 2015 ). 5 Abundances
hown are those for C, N, O, Ca, Si, and Al. For all elements, the
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Figure A2. Comparison of APOGEE abundances for O (top panel) and 
Fe with values obtained by E. Carretta and collaborators (middle panel for 
abundances obtained from neutral lines, bottom panel for those based on once- 
ionized iron). Good agreements are achieved for [O/Fe], but for [Fe/H] the 
mean residuals are off at the 1 σ level. There is also evidence for a dependence 
of residuals on metallicity. 

Figure A3. Comparison of APOGEE abundances for other elements with 
values from other sources in the literature. We find excellent agreement for 
most elements, and satisfactory agreement for Al and N, with no obvious 
dependence on metallicity or T eff (except perhaps for N). 
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ean residuals are consistent with the identity line well within the
ms dispersion. For N and Al the scatter is larger, and in the case of
he former, there seems to be a dependence on metallicity. This is
erhaps not surprising, because APOGEE N abundances rely on CN 

ines, which become vanishingly weak in giant stars with [Fe/H] � –
.0. Outside that regime, an agreement between APOGEE and the 
iterature sources is actually very good. 

In conclusion, a comparison between APOGEE chemical com- 
ositions and data from GALAH and a compilation of classical 
bundance analyses from the literature indicates that APOGEE 

hemistry for Galactic GC members is characterized by excellent 
recision and very good accuracy. 
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