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A B S T R A C T 

The view of globular clusters (GCs) as simple systems continues to unrav el, rev ealing comple x objects hosting multiple chemical 
peculiarities. Using differential abundance analysis, we probe the chemistry of the Type I GC, NGC 288 and the Type II GC, 
NGC 362 at the 2 per cent level for the first time. We measure 20 elements and find differential measurement uncertainties of 
the order of 0.01–0.02 dex in both clusters. The smallest uncertainties are measured for Fe I in both clusters, with an average 
uncertainty of ∼0.013 dex. Dispersion in the abundances of Na, Al, Ti I , Ni, Fe I , Y, Zr, Ba, and Nd are reco v ered in NGC 288, 
none of which can be explained by a spread in He. This is the first time, to our knowledge, a statistically significant spread 

in s -process elements and a potential spread in metallicity has been detected in NGC 288. In NGC 362, we find significant 
dispersion in the same elements as NGC 288, with the addition of Co, Cu, Zn, Sr, La, Ce, and Eu. Two distinct groups are 
reco v ered in NGC 362, separated by 0.3 dex in average differential s -process abundances. Given strong correlations between 

Al and several s -process elements, and a significant correlation between Mg and Si, we propose that the s -process rich group 

is younger. This agrees with asymptotic giant branch star (AGB) enrichment between generations, if there is o v erlap between 

low- and intermediate-mass AGBs. In our scenario, the older population is dominated by the r -process with a � 

La –� 

Eu ratio of 
−0.16 ± 0.06. We propose that the r -process dominance and dispersion found in NGC 362 are primordial. 

Key words: techniques: spectroscopic – stars: abundances – stars: Population II – globular clusters: general – globular clusters: 
individual: NGC 288 – globular clusters: individual: NGC 362. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are among the most well-studied enigmas in 
odern astrophysics. Once prized as theoretical test beds for stellar 

volution, nucleosynthesis, and stellar dynamics, the assumption of 
heir simplicity has continued to unravel in recent years (a selection of
e vie ws on the subject include; Gratton, Carretta & Bragaglia 2012a ;
astian & Lardo 2018 ; Gratton et al. 2019 ; Milone & Marino 2022 ).
hemically, GCs are anything but simple, with many showing star- 

o-star abundance variations involving light elements (e.g. O and 
a; Yong et al. 2009 ; Carretta et al. 2014 ; Carretta 2015 ; Yong,
rundahl & Norris 2015 ) as well as spreads in iron (Gratton et al.
012b ; Y ong et al. 2014 ; Y ong, Da Costa & Norris 2016 ; Marino
t al. 2018 ) and other heavy elements (Gratton et al. 2012b ; Yong
t al. 2014 ). 

Early detection of the chemical complexity of GCs, like a large 
pread in strength of the cyanogen molecule (CN; Freeman & 
 E-mail: sm2744@cam.ac.uk 
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odgers 1975 ; Norris & Bessell 1975 ; Bessell & Norris 1976 ;
ottrell & Da Costa 1981 ), has since been shown to be indicative of
ultiple stellar populations (MSPs) formed through distinct episodes 

f star formation. The chemical differences between generations 
re attributed to high temperature hydrogen burning involving the 
lements C, N, O, F, Na, Mg, and Al in sites including asymptotic
iant branch stars (AGBs), fast rotating massive stars, binaries and 
upermassive stars (see Gratton, Sneden & Carretta 2004 , for a
e vie w). The use of narrow-band filters aboard the Hubble Space
elescope ( HST ) in the last decade has been groundbreaking in
evealing the seemingly ubiquitous appearance of MSPs in Milky 

ay GCs (Marino et al. 2008 ; Piotto et al. 2015 ; Milone et al. 2017 ).
Despite the disco v ery that almost all GCs are not simple stellar

ystems, some GCs remain outliers even in this increasingly complex 
pace. Cataloguing the characteristics of MW GCs has revealed two 
opulations, termed ‘Type I’ and ‘Type II’. Grouping GCs into these
w o types w as done using pioneering high resolution photometry and
hemical abundance analysis by Milone et al. ( 2017 ) and Marino
t al. ( 2019a ). The majority ( ∼ 80 per cent ) of GCs are of Type I and
isplay two distinct populations in chemical and colour–magnitude 
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Figure 1. Colour–magnitude diagrams for the clusters, NGC 288 ( left ) 
and NGC 362 ( right ) created using cleaned catalogues from Stetson et al. 
( 2019 ). The different horizontal giant branch morphology of the two clusters 
(characteristic of the second parameter problem) is highlighted by the purple 
bounding box in both clusters. The stars chosen for this study are highlighted 
in orange in both clusters. 
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1 Although a fascinating subject, we want to a v oid investigating the phenom- 
ena of MSPs in our clusters. Cross-matching with the catalogues of Piotto 
et al. ( 2015 ), resulted in HST UV photometry for only two of our NGC 362 
stars and three of our NGC 288 stars. Stars in both clusters appeared to occupy 
the same region of each cluster’s chromosome map. 
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pace due to differences in O, Na, N, and He abundances (the result
f H-burning, as mentioned). Type I GCs are also characterized
y homogeneous abundances in elements heavier than Si. Type
I GCs account for the other ∼ 20 per cent of MW GCs and are
haracterized by additional complexity in their HST pseudo two-
olour diagrams (‘chromosome maps’) (Milone et al. 2017 ). Many
ype II GCs demonstrate multiple populations beyond just the two
ound in Type I GCs, often displaying spreads in metallicity and/or
low neutron capture elements (Marino et al. 2011a , 2015 , 2021 ). 

One of the most famous Type II GCs is ω Centauri ( ω-Cen), the
ost most massive and chemically complex GC (Marino et al. 2011b ,

012 ). Owing to both of these characteristics, it has been proposed
o be the nucleus of an accreted dwarf galaxy (dGal; Majewski et al.
000 ; Bekki & Freeman 2003 ). Another Type II GC, M 54, is known
o be the nucleus of the presently disrupting Sagittarius dGal (Ibata,
ilmore & Irwin 1994 , 1995 ). To explain the anomalous chemistry
f Type II GCs, an extragalactic origin has been proposed for these
Cs, be-it as the nuclei of accreted dGals or as a member of a GC

ystem of an accreted dGal (Bekki 2012 ; Marino et al. 2015 ; Da
osta 2016 ; Marino et al. 2019a ). To investigate this further, Milone
t al. ( 2020 ) included information on the GCs dynamics and found
hat seven out of 13 (7/13) Type II GCs likely share a common origin
accreted as part of one event). One of the more famous Type II GCs
hat is not classified as accreted, is the massive GC M 22. Chemically,
 22 has often been compared to ω-Cen given its large dispersion in
etallicity (recently confirmed using differential abundance analysis,
cKenzie et al. 2022 ) and heavy elements (Marino et al. 2011a ) and

et it is firmly connected to the MW disc – making accretion unlikely.
Among the least massive Type II GCs is NGC 362, which

isplays both a spread in metallicity ( ∼0.12 dex), detectable with
ow resolution spectroscopy (Husser et al. 2020 ), and a Ba-enhanced
opulation of stars occupying a second red giant branch (RGB;
arretta et al. 2013 ). While a spread in slow neutron capture elements

s lik ely, thus f ar no obvious spread in rapid neutron capture elements
namely Eu) has been detected (Worley & Cottrell 2010 ). NGC 362 is
lso known to harbour at least two stellar populations and is unique
mong MSP-hosting GCs given that the older generation of stars
s located in the central regions of the cluster (Lim et al. 2016 ).
espite its classification as a Type II, and unlike its more massive

ounterparts, NGC 362 is not considered a likely candidate to be
he nucleus of an accreted dGal (Pfeffer et al. 2021 ). Although, an
xtragalactic origin for this GC could still be likely. We investigate
his possibility in an upcoming companion paper. 

The common companion to NGC 362 in the literature is the Type
 GC NGC 288, which together with NGC 362, forms the canonical
econd parameter problem pair. The second parameter problem
anifests as the appearance of distinctly different horizontal giant

ranch morphologies in the colour–magnitude diagrams (CMDs) of
early identical metallicity GCs. This is highlighted using the purple
ounding boxes in Fig. 1 for NGC 288 (left) and NGC 362 (right).
hemically, in the study of Shetrone & Keane ( 2000 ) NGC 288 was

ound to be slightly more metal-poor than NGC 362 ([Fe/H] = −1.39
ersus [Fe/H] = −1.33) and slightly more enhanced in Al, Na, and
a. Like most GCs, NGC 288 is also known to host two populations
f stars but without any clear difference in metallicity between the
wo (at R ∼ 18 000), as is expected for a Type I GC (Hsyu et al.
014 ). 
The primary aim of this study is to re-examine the chemical

bundances within the two GCs, NGC 288 and NGC 362, at the 0.01
ex (2 per cent) precision level. To do this we use the technique
f differential abundance analysis to remo v e as man y systematic
ources of error as possible. Such measurements should thereby, (i)
NRAS 518, 965–986 (2023) 
rovide new insight into the chemical homogeneity of each cluster
nd, (ii) rev eal an y une xpected elemental correlations which could
e indicative of the cluster formation environment and/or internal
volution. 

The paper is organized as follows. Section 2 describes the
bservational data set and analysis technique. Section 3 presents
he reco v ered dispersion in each element, in the context of the
lement individually and as a member of a nucleosynthetic group.
orrelations within each group are also explored in this section.
ection 4 explores the unexpected correlations between elements
ot found in the same nucleosynthetic group. The unexpected
orrelations are then discussed in the context of cluster formation
nd evolution. Finally, Section 5 provides a summary of the major
esults and the conclusions of the paper. 

 OBSERVATI ONS  A N D  ANALYSI S  

.1 Target selection 

e select a total of 14 stars from the original work of Shetrone &
eane ( 2000 ) to reanalyse, six in NGC 288 and eight in NGC 362.
hese stars are shown in orange in Fig. 1 highlighting their locations
ear the tip of the RGB. 1 As differential abundance analysis requires
oth high signal-to-noise (S/N) and high resolution spectra, we select
ur sample from amongst the brightest stars in the original study
nd re-observe them using VLT/UVES ( R ∼ 110 000; Dekker et al.
000 ). Example spectra for two of the program stars, NGC 288-344
nd NGC 362-1401 are shown in Fig. 2 highlighting the Mgb lines at
5100 Å in the top panel and two Ti I lines at ∼6554 and ∼6556 Å

n the bottom panel, alongside H α at ∼6562 Å. 
The choice of stars in our study is also go v erned by the requirement

hat they act as approximate ‘stellar siblings’, meaning they span a

art/stac3040_f1.eps
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Figure 2. Example spectra showing two regions of the VLT/UVES spectra 
for a sample star from each cluster and the reference star mg9. In the top 
panel, the Mgb lines are shown at 5167.3, 5172.7, and 5183.6 Å via the 
vertical dashed lines. The bottom panel highlights two Ti I lines at ∼6554 
and ∼6556 Å, alongside H α at ∼6562 Å. The best-fitting stellar parameters 
reco v ered via the method described in Section 2.3 are listed for the program 

stars. The stellar parameters for mg9 are taken from Yong et al. ( 2013 ). 
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ery small range in stellar parameters. The original stellar parameters 
erived by Shetrone & Keane ( 2000 ) were used in the initial selection
o ensure this. Note that we will refer to the ef fecti ve temperature
 T eff ), surface gravity (log g ), and metallicity (expressed as [Fe/H])
s the fundamental stellar parameters in this work. Observational 
nformation and characteristics of the stellar spectra are presented 
n Table 1 , alongside the Gaia DR2/DR3 (Gaia Collaboration 
018 , 2021 ) IDs and the membership probability as determined by
asiliev & Baumgardt ( 2021 ) using proper motions from Gaia EDR3

Gaia Collaboration 2021 ). 

.2 Line list and equi v alent width measurements 

he line list to measure abundances was created by combining the 
ine lists from the studies of Yong et al. ( 2013 ), Battaglia et al.
 2017 ), and Ji et al. ( 2020 ) (and references therein). In the case of
 v erlapping lines, priority was given to the more recent publication.
wo additional species were added to the final line list, Zr II (Roederer
t al. 2018 ) and Sr I from NIST (Meggers, Corliss & Scribner 1975 ).
yperfine structure (HFS) corrections were applied to the 5853.67 Å, 
141.71 Å, and 6496.9 Å lines of Ba II , the 5303.53 Å line of La II and
he 6645.10 Å line of Eu II using linemake 2 (Lawler , Bon vallet &
neden 2001a ; Lawler et al. 2001b ; Placco et al. 2021 ). To apply the
FS corrections, the additional transitions output from linemake 
ere added to the input linelist. 
Initial equi v alent width (EW) measurements were made using 

he automated EW measurement software, DAOSpec (Stetson & 

ancino 2008 ). Secondary measurements were also made using 
EvIEW 3 a PYTHON -based automated tool for EW measurements 
escribed in McKenzie et al. ( 2022 ). Initial cuts were made to only
nclude lines with EW measurements in the range [5, 100] m Å as

easured by DAOSpec . The two o v erlapping measurement sets
ere then compared for every line in common. To identify poor 
easurements in either method, lines were initially flagged if the 
 https:// github.com/vmplacco/ linemake 
 https:// github.com/madeleine-mckenzie/ REvIEW 

4

i
(

tandard deviation of the two measurements was greater than 5 m Å.
his pro v ed a more conserv ati ve method than culling by using an
rbitrary value of sigma. 

Following initial flag assignments, the flagged lines were then 
xamined by hand using the splot routine within IRAF . 4 The
and-measured value most often lay between the two automated 
easurement values and thus the mean value of the tw o w as assigned

s the final EW. In the case that the values differed greatly from the
and-measured value, the hand-measured value was adopted. Finally, 
dditional lines were added for elements with e xclusiv ely larger than
00 m Å measurements (e.g. Ba II , Mn I , and V I ). 
A sample of EWs for several stars in the study, including the

eference star (mg9, or B3169; Buonanno et al. 1986 ; Yong et al.
013 ) discussed in the upcoming section, are given in Table C1 . The
ull version of Table C1 is included with the online supplementary
aterial. 

.3 Stellar parameter determination 

tellar parameters and abundances were determined using the 
YTHON tool q2 (Ram ́ırez et al. 2014 ) in a two-step process. Using q2
o communicate to the 1D local thermodynamic equilibrium (LTE) 
adiative transfer code MOOG (Sneden 1973 ) and a set of α-enhanced

ARCS model atmospheres (Gustafsson et al. 2008 ), initial stellar 
arameters were found using the classical spectroscopic approach in 
 differential sense with respect to the reference star (Mel ́endez et al.
009 ). We do not consider departures from LTE in this study as the
ange of stellar parameters spanned by our program stars is small (a
esult of our choice of ‘stellar siblings’). We select the same reference
tar as Yong et al. ( 2013 ) to perform our differential analysis, namely
he star mg9 found near the tip of the RGB in NGC 6752. This choice
as moti v ated by the similarities in stellar parameters between mg9

nd our program stars ( T eff = 4288 K, log g = 0.91, ξ = 1.72 km s −1 ,
Fe/H] = −1.66), and to place the abundances on the same scale as
he study of Yong et al. ( 2013 ). 

The initial values of effective temperature ( T eff ) and microturbu-
ence ( ξ ) were found via minimizing the slopes of � 

FeI versus exci-
ation potential and � 

FeI versus log (EW/wav elength), respectiv ely. 
he differential abundance of Fe I ( � 

Fe I ) is determined line by line as
A line = A 

program star 
line − A 

mg9 
line where A is the abundance measurement 

ssociated with each line. An initial value of surface gravity (log g )
as found via imposing ionization equilibrium between the � 

Fe I and 
 

Fe II abundances. Note that � 

X refers to the differential elemental 
bundance relative to the references star mg9 (here and throughout), 
nd hence all excitation balances and ionization equilibria were 
chieved in a differential sense. Determining stellar parameters in 
his manner has been shown to provide accurate results (Nissen &
ustafsson 2018 ). 
As a starting point for the minimization process, the stellar pa-

ameters from Shetrone & Keane ( 2000 ) were fed to q2 . Preliminary
tep sizes of ±200 K, ±0.5 cm s −2 and ±0.5 km s −1 in T eff , log g ,
nd micro-turbulence, respectively, were then selected for the initial 
xploration. q2 uses an iterative process to converge on the best-
tting stellar parameters by finding an initial minimum, re-sampling 

he atmospheric grid with a smaller step size surrounding the initial
olution and then re-determining the best-fitting stellar parameters. 
MNRAS 518, 965–986 (2023) 

 IRAF is distributed by the National Optical Astronomy Observatory, which 
s operated by the Association of Universities for Research in Astronomy 
AURA) under cooperative agreement with the National Science Foundation. 

art/stac3040_f2.eps
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M

Table 1. Target information for the fifteen stars selected for re-analysis with VLT/UVES. Gaia IDs (Gaia Collaboration 2018 , 2021 ) and membership 
probability as taken from Vasiliev & Baumgardt ( 2021 ) are listed in the first two columns. The total exposure time resulting from summing N exposures 
is listed prior to the date the observation was collected, which is then followed by the total number of exposures. V -band magnitudes are taken from 

Shetrone & Keane ( 2000 ; table 1, references listed therein). 

Star Gaia ID Mem. Prob. RA Dec. V Exp. Time Obs. Date N Im. 
[J2000] [J2000] [s] 

NGC 288-20c 2342903118077555840 1 .0 00:52:43.30 −26:36:57.09 12.96 6000.0 July 15, 2005 2 
... ... ... ... ... ... ... July 21, 2005 ... 
NGC 288-281 2342904488170510592 0 .99 00:52:58.46 −26:36:06.12 13.27 9000.0 Aug. 18, 2005 3 
NGC 288-287 2342907584843612416 1 .0 00:52:46.67 −26:35:08.10 14.72 15000.0 Aug. 24, 2005 5 
... ... ... ... ... ... ... Aug. 25, 2005 ... 
... ... ... ... ... ... ... Sept. 11, 2005 ... 
NGC 288-338 2342904763048460416 1 .0 00:52:52.80 −26:34:38.73 13.63 6000.0 Sept. 15, 2005 2 
NGC 288-344 2342904732985400704 1 .0 00:52:52.88 −26:35:20.09 13.27 9000.0 Aug. 18, 2005 3 
... ... ... ... ... ... ... Sept. 11, 2005 ... 
NGC 288-351 2342904659969201024 1 .0 00:52:52.51 −26:36:04.03 13.54 9000.0 Aug. 14, 2005 3 

NGC 362-1137 4690886864638749312 1 .0 01:02:59.23 −70:49:43.8 13.02 9000.0 July 21, 2005 3 
... ... ... ... ... ... ... Aug. 5, 2005 ... 
... ... ... ... ... ... ... Aug. 20, 2005 ... 
NGC 362-1334 4690839448199896704 1 .0 01:03:38.19 −70:52:00.6 12.77 9000.0 Aug. 24, 2005 3 
... ... ... ... ... ... ... Aug. 26, 2005 ... 
... ... ... ... ... ... ... Sept. 11, 2005 ... 
NGC 362-2127 4690839448199896704 1 .0 01:02:37.12 −70:50:33.0 12.95 9000.0 July 20, 2005 3 
NGC 362-1401 4690839723077800320 0 .99 01:03:36.08 −70:50:50.9 12.63 6000.0 Aug. 23, 2005 2 
NGC 362-1423 4690839791797273216 1 .0 01:03:33.48 −70:49:35.0 12.77 6000.0 Aug. 23, 2005 2 
NGC 362-1441 4690886795919334912 1 .0 01:03:22.52 −70:48:38.7 12.72 6000.0 Aug. 22, 2005 2 
NGC 362-77 4690886727199867904 1 .0 01:03:25.04 −70:49:56.2 12.72 9000.0 Aug. 23, 2005 3 
... ... ... ... ... ... ... Aug. 24, 2005 ... 
NGC 362-MB2 4690886658480344320 1 .0 01:03:07.53 −70:49:43.7 12.94 6000.0 Aug. 22, 2005 2 
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Table 2. Final stellar parameters for the program stars in NGC 288 and 
NGC 362, respectively, (separated by the third horizontal line) derived using 
the process outlined in Section 2.3 and adopted for the remainder of the 
study. The differential uncertainties on the stellar parameters are also listed. 
The stellar parameters for the NGC 6752 reference star, mg9, taken from 

Yong et al. ( 2013 ) are also listed. 

Star T eff log g ξ [Fe/H] 
(K) (cm s −2 ) (km s −1 ) 

20c 4109 ± 9 0 .76 ± 0.05 1 .78 ± 0.03 − 1 .376 ± 0.01 
281 4144 ± 7 0 .86 ± 0.06 1 .61 ± 0.02 − 1 .362 ± 0.01 
287 4335 ± 12 1 .18 ± 0.05 1 .65 ± 0.02 − 1 .438 ± 0.01 
338 4314 ± 14 1 .28 ± 0.06 1 .60 ± 0.03 − 1 .390 ± 0.01 
344 4168 ± 5 0 .95 ± 0.06 1 .67 ± 0.03 − 1 .393 ± 0.01 
351 4264 ± 16 1 .13 ± 0.05 1 .69 ± 0.03 − 1 .422 ± 0.02 
403 3977 ± 20 0 .55 ± 0.05 1 .62 ± 0.03 − 1 .326 ± 0.02 

1137 4071 ± 20 0 .62 ± 0.07 1 .76 ± 0.05 − 1 .243 ± 0.02 
1334 4043 ± 23 0 .62 ± 0.07 1 .83 ± 0.06 − 1 .175 ± 0.03 
2127 4124 ± 14 0 .59 ± 0.05 1 .85 ± 0.04 − 1 .271 ± 0.02 
1401 3853 ± 17 0 .32 ± 0.14 2 .00 ± 0.10 − 1 .278 ± 0.04 
1423 4046 ± 15 0 .27 ± 0.09 2 .14 ± 0.07 − 1 .301 ± 0.02 
1441 3942 ± 11 0 .41 ± 0.10 1 .91 ± 0.07 − 1 .179 ± 0.02 
77 4127 ± 17 0 .50 ± 0.07 1 .97 ± 0.06 − 1 .297 ± 0.02 
MB2 4085 ± 12 0 .40 ± 0.10 2 .59 ± 0.12 − 1 .328 ± 0.02 

mg9 4288 0 .91 1 .72 − 1 .66 
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his process is continued until an absolute minimum is found,
ielding the final stellar parameters. 
Using the initial stellar parameters determined via the process

escribed abo v e, preliminary Fe I and Fe II abundances were found
n both the absolute and differential sense. In the case of the
eference star mg9, abundances were only determined in the absolute
ense. This is described in more detail in the next section. The
nitial Fe I and Fe II abundances were then plotted as a function
f wavelength to examine outliers. Initially, a 1.5 σ cull was
erformed to remo v e the bulk of the outliers. These lines were
hen visually examined to identify blended lines, poor continuum
lacement and/or inaccurate measurement of EW. Based on this
hey were remeasured, or removed from the line list for that star
ntirely. 

Following the culling procedure, the second step in the process
as performed by re-determining the stellar parameters via running

he 1.5 σ -culled linelist through q2 . The initial stellar parameters
etermined during the first round of minimization were used as the
tarting point for q2 and the step sizes were reduced to ±30 K,
0.1 cm s −2 and ±0.1 km s −1 in T eff , log g , and micro-turbulence,

espectiv ely. F ormal error analysis was performed by q2 in a purely
ifferential sense taking into account co-variances and following the
pproach of Epstein et al. ( 2010 ). The final stellar parameters adopted
or the remainder of the study are listed in Table 2 , alongside the
tellar parameters of the reference star. 

Comparing our final parameters to Shetrone & Keane ( 2000 ), we
nd average absolute differences of � T eff = 30 ± 21 K (NGC 288)
nd � T eff = 46 ± 28 K (NGC 362) in ef fecti ve temperature, � log g =
.16 ± 0.10 dex (NGC 288) and � log g = 0.19 ± 0.10 dex (NGC 362)
n surface gravity, �ξ = 0.12 ± 0.0.10 km s −1 (NGC 288) and
ξ = 0.21 ± 0.16 km s −1 (NGC 362) in microturbulence and finally,
NRAS 518, 965–986 (2023) 
omparing the metallicity of our adopted atmospheric models to
hose of Shetrone & Keane ( 2000 ), yields average differences of
 [Fe/H] model = 0.05 ± 0.03 dex (NGC 288) and � [Fe/H] model =

.07 ± 0.05 dex (NGC 362). 
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Figure 3. Comparison between simulated (purple) and measured (orange) 
elemental dispersion for elements with three or more lines measured for 
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deviation. The s -process enhanced star NGC 362-1441 is excluded from the 
calculations of dispersion. 
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.4 Differential abundances 

he stellar abundances for both clusters were determined on a 
ine-by-line basis, in a strictly differential sense, relative to the 
eference star mg9. The process of relative abundance determination 
s described in detail in Mel ́endez et al. ( 2012 ) and Yong et al.
 2013 ). Briefly, relative abundances are determined by measuring 
he line-by-line difference in abundance between the program star 
nd reference star. The total average differential abundance for 
very element is then � 

X = 

1 
N 

∑ N 

i= 1 δA line . The final differential 
bundances for our program stars are given in Tables C2 and C3 . The
bsolute abundances for the reference star mg9 are also listed. Note 
hat no corrections for departures from L TE (non-L TE, NL TE) have
een applied to any of the differential abundances. As mentioned 
n the previous section, NLTE effects are minimized in this study
hrough selection of ‘stellar siblings’. Any remaining differential 
LTE effects are considered negligible. HFS and isotopic splitting 

orrections were made by running MOOG in blend mode within q2 .
rrors associated with the differential abundances are calculated as 

n Ram ́ırez et al. ( 2014 ). 

 C H E M I C A L  A BU N DA N C E  DISPERSION  A N D  

XPECTED  ELEMENTA L  C O R R E L AT I O N S  

n this section, we present the chemical abundance results for 
he two clusters, focusing on the dispersion in each element and 
orrelations among expected elements. Each element is grouped 
y nucleosynthetic source as given by Burbidge et al. ( 1957 ) and
ncludes a discussion of both individual elements and the group as
 whole. Explanations for the reco v ered elemental dispersions will 
lso be discussed in this section in terms of each cluster individually.
mplications for the two cluster accretion scenarios are discussed in 
orthcoming sections and in our upcoming companion paper. 

.1 Statistically significant spreads in abundance 

bundances of several elements in both clusters show star-to-star 
ariations and potentially significant dispersion. Here and through- 
ut, we define dispersion in an element as the standard deviation 
n the set of abundance measurements for stars in that cluster. To
xplore the likelihood that these spreads are real, we simulated 
he expected dispersion due to measurement errors alone in several 
ell-measured elements ( N lines > 3) and compared this to the

eco v ered dispersion. To simulate the dispersion due to uncertainties, 
e created a Gaussian probability distribution centred around the 
 verage ab undance measurement for each element, in each cluster. 

The width of the distribution was dictated by the average measure- 
ent error, again for each element, in each cluster. Several thousand 
onte Carlo realizations were made, drawing six stars (in the case of
GC 288) and seven stars (in the case of NGC 362) to simulate the
nal dispersion. Only seven stars were selected in NGC 362 because 
tar NGC 362-1441 was excluded from the investigation (the reason 
ehind this choice is discussed in upcoming sections). The results of
his investigation are shown in Fig. 3 , where the measured spreads
re shown in orange centred around the average measured value, and 
he simulated spreads are shown in purple. The black points and error
ars represent the average dispersion measured and the measurement 
ncertainty. The amplitude of each spread is shown using the lighter 
hade and the standard deviation is shown using the darker shade. 

In NGC 362 all spreads presented in Fig. 3 are real, in that
hey cannot be reproduced through measurement errors alone. In 
GC 288, the heavy elements Y, Ba, and Nd show the most
bvious spread. Ho we ver, a small but significant spread in Fe is
lso reco v ered. We assess individual element dispersions and further
iscuss what we consider to be genuine elemental spreads in the next
ection. 

.1.1 Global explanations for observed spreads 

tatistically significant dispersion among the majority of well- 
easured elements was also reco v ered by Yong et al. ( 2013 ) in the

isc-like GC NGC 6752. In their study, Yong et al. ( 2013 ) discussed
our possible scenarios to explain both the reco v ered dispersion and
ositive correlations among unexpected elements. The first two were 
i) systematic errors in the determination of the stellar parameters 
nd (ii) unaccounted for star-to-star CNO abundance variations. 
oth were ruled out by Yong et al. ( 2013 ) through (i) persistence
f the correlations under variation of stellar parameters and (ii) 
 change in the CNO abundances in the stellar atmospheres from
CN-weak’ to ‘CN-strong’ resulting in a statistical strengthening of 
xisting correlations. Instead, Yong et al. ( 2013 ) found two more
ikely explanations for the elemental dispersions and strong positive 
orrelations, (i) ab initio He variations between the stars and (ii)
nhomogenous chemical evolution in the protocluster environment. 

In this section, we focus on the first potential explanation, He
bundance variations, to explain the dispersions we observe and 
iscuss the second explanation later in the context of unexpected 
lemental correlations. As discussed in Yong et al. ( 2013 ), He-
bundance variations would manifest in tw o w ays. The first being
 change to the model atmospheres, as they assume a fixed He-
bundance, resulting in a change in stellar parameters. The second 
eing a change to the global metal mass fraction ( Z ), and thus all
alues of [X/H], as a result of a change in the He mass fraction ( Y ). 

A recent determination of the He spread between first and second
eneration stars in our two clusters predicts small He spreads in both
Milone et al. 2018 ). In NGC 362, the average spread is expected to
MNRAS 518, 965–986 (2023) 
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e � Y = 0.008 ± 0.006 and in NGC 288 the average spread is slightly
igher at � Y = 0.01 ± 0.010. The maximum He differences in each
lusters are � Y max = 0.026 ± 0.008 and � Y max = 0.016 ± 0.012
n NGC 362 and NGC 288, respectively. Using equation (12) in
tromgren, Gustafsson & Olsen ( 1982 ), and adopting the MARCS
odel atmosphere He abundance ( Y = 0.25) as our starting value,
e can determine the average and maximal shift in log g due to the
e spreads in both GCs. Note that this is under the assumption that
e-enriched atmospheres behave like He-normal atmospheres with
igher values of log g in the case of both F dwarfs and metal-poor
iants (Stromgren et al. 1982 ; Lind et al. 2011 ). 
In the case of NGC 362, where the average log g value is 0.52

mong the program stars, the maximum difference in log g is ∼0.015.
or NGC 288, where the average log g value is 0.94, the maximum
ifference is ∼0.017. Using the average cluster He abundance spreads
he changes to log g are even smaller, of the order of 0.01 in NGC 288
nd 0.005 in NGC 362. As the average and maximum changes to
og g due to He abundance spreads are so small and well within the
ncertainties attached to our determinations of log g in both clusters,
e neglect this effect. 
The second effect we investigate is the global offset to [X/H],

nder the assumption of a fixed metal fraction in both clusters,
nd the condition that the total mass fraction is equal to unity
 Z + X + Y = 1). When adopting a solar metal fraction of
 � = 0.0139 (Asplund, Amarsi & Grevesse 2021 ), fixing the metal
raction in each cluster and exploring the maximum change to the
e fraction, we find a maximum change in [X/H] of ∼0.015 dex

n NGC 362 and ∼0.009 dex in NGC 288. In the following
ections, we include a discussion of the existence of the recovered
ispersion for each element in the presence of these He-induced
ffsets. 
In the last decade, an ab initio spread in He abundance has emerged

s a strong contender to solve the second parameter problem (as
ntroduced in Section 1 ) (Milone et al. 2014 ). The other contender is
ikely age (Dotter et al. 2010 ). Given the small differences in [X/H]
redicted by a He-spread in our two clusters and the primary goals
f this study, we do not investigate the second parameter problem in
hese two clusters beyond this. 

Dispersion ( σ� 

[X / H] ) values for individual elements are shown in
igs 4 –6 for the two GCs under study as well as the MW ‘disc’ GC,
GC 6752 using the data from Yong et al. ( 2013 ). As in Section 3.1 ,

he star NGC 362 −1441 is excluded from the determination of
ispersion. The dispersion values are also listed for both clusters
n Table 3 , alongside the average cluster abundances and errors. In
he case of NGC 362, we include the averages determined both with
nd without the s -process enhanced star 1441. Each dispersion shown
n Figs 4 –6 has an associated uncertainty, defined as σ[ � X / Fe] √ 

2 N−2 
where N

s the number of measured abundances ( ∼the number of stars in each
luster). These uncertainties are listed in Table 3 , under the σ� 

X 
error 

olumn headers. Arrows in Figs 4 –6 denote the dispersion measured
or elements with single line measurements. Finally, the quadrature
um of the average measurement error and the contribution from a
pread in He for each cluster, in each element, is shown alongside
ach dispersion value. 

.1.2 Light elements 

efore starting our discussion, we must first define what we consider
o be a ‘genuine’ abundance spread in a particular element. Through-
ut this section, we will define an abundance spread to be genuine if
he dispersion in the element exceeds 1.5 times the quadrature sum of
NRAS 518, 965–986 (2023) 
he average measurement error and the maximum spread introduced
y an ab intio spread in He ( σ ave + He ). 
Starting with the light elements Na, Al, and Mg and the interme-

iate elements Si, Ca, and Ti, we display the reco v ered dispersion
alues in Fig. 4 alongside 1.5 σ ave + He . Nucleosynthetically, the odd-
lements Na and Al are primarily synthesized via hydrostatic C-
urning in massive stars and released into the ISM via core-collapse
upernovae (CCSNe; Lamers & Levesque 2017 ). They are also
roduced in both massive and AGB stars through the NeNa and MgAl
ycles, where Ne and Mg are converted into Na and Al, respectively
Karakas 2010b ; Nomoto, Kobayashi & Tominaga 2013 ). 

Historically, Mg, Si, Ca, and Ti, have been classified as members
f the α-element family which are synthesized in massive stars and
redominantly released via CCSNe (Kobayashi et al. 2006 ). Type
a SNe also contribute an appreciable amount of Si, Ca, and Ti to
he ISM, although not in quantities comparable to the production
f Fe and Fe-peak elements (to be discussed in the next section)
Kobayashi, Karakas & Lugaro 2020 ). This contribution from Type
a may cause both α and Fe-peak elements to follow similar trends. 

Examining Fig. 4 , typical light element spreads are reco v ered
or the two GCs (in Na I and A II ) and considered to be genuine,
n agreement with what was found in NGC 6752 (Yong et al.
013 ) and the majority of MW GCs (in fact this is often the
asis for defining a GC, see Gratton et al. 2019 , and references
herein). Calculating the dispersion in Na and Al using our definition
nd the abundance measurements in Shetrone & Keane ( 2000 ) for
tars in common, our reco v ery of a dispersion in Na and Al is
upported by the results of Shetrone & Keane ( 2000 ). In NGC 288
heir abundance measurements yield dispersion values of σ Na =
.28 ± 0.09 and σ Al = 0.18 ± 0.06, and in NGC 362 (neglecting
tar 1441), their measurements yield σ Na = 0.22 ± 0.06 and
Al = 0.25 ± 0.07, in good agreement with what is shown in
able 3 . 
No detectable spread in Mg is found in either of the clusters,

lthough there are relatively large error bars associated with the mea-
urements (likely due to line saturation). Spreads in the remaining
ight and α-elements Si and Ca differ between the two clusters under
tudy, with NGC 362 displaying genuine spreads in both Si and Ca

art/stac3040_f4.eps
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Table 3. Average (differential) cluster abundances in the elements discussed in Section 3.1 ( � 

X 
ave ), along with the average measurement error in 

each element ( σmeas, ave , the contribution from He is not included), the dispersion in the element within the cluster ( σ� 

X ) and the uncertainty on 
the dispersion ( σ� 

X 
error ) as defined in Section 3.1.1 . Two measurements sets are given for NGC 362, the first is without including the s -process 

enhanced star 1441 (no s -rich) and second, including 1441 ( s -rich). 

NGC 288 NGC 362 
No s -rich s -rich 

Element � 

X 
ave σmeas, ave σ� 

X σ� 

X 
error � 

X 
ave σmeas, ave σ� 

X σ� 

X 
error � 

X 
ave σmeas, ave σ� 

X σ� 

X 
error 

Na I 0.282 0.023 0.252 0.080 0 .217 0.033 0.213 0.062 0.276 0.032 0.241 0.064 
Al I 0.031 0.013 0.109 0.034 − 0 .013 0.023 0.191 0.055 0.011 0.022 0.189 0.051 
Mg I 0.223 0.117 0.060 0.019 0 .247 0.077 0.037 0.011 0.253 0.078 0.040 0.011 
Si I 0.317 0.019 0.012 0.004 0 .297 0.028 0.049 0.014 0.299 0.029 0.046 0.012 
Ca I 0.236 0.021 0.017 0.005 0 .218 0.033 0.059 0.017 0.234 0.033 0.064 0.017 
Ti I 0.266 0.025 0.041 0.013 0 .289 0.040 0.058 0.017 0.301 0.039 0.060 0.016 
Ti II 0.222 0.027 0.026 0.008 0 .229 0.037 0.082 0.024 0.238 0.037 0.080 0.021 
Cr I 0.215 0.030 0.013 0.004 0 .272 0.045 0.052 0.015 0.283 0.045 0.056 0.015 
Cr II 0.279 0.067 0.094 0.030 0 .337 0.046 0.100 0.029 0.481 0.043 0.245 0.065 
Fe I 0.224 0.015 0.021 0.007 0 .353 0.023 0.035 0.010 0.361 0.023 0.039 0.010 
Fe II 0.240 0.031 0.017 0.005 0 .335 0.054 0.041 0.012 0.347 0.053 0.046 0.012 
Co I 0.257 0.015 0.031 0.010 0 .322 0.023 0.062 0.018 0.330 0.024 0.061 0.016 
Ni I 0.275 0.017 0.021 0.007 0 .302 0.026 0.039 0.011 0.310 0.026 0.042 0.011 
Cu I 0.661 0.032 0.156 0.049 0 .549 0.076 0.137 0.040 0.615 0.078 0.266 0.071 
Zn I 0.107 0.018 0.088 0.028 0 .164 0.035 0.073 0.021 0.193 0.035 0.100 0.027 
Sr I 0.117 0.018 0.035 0.011 0 .094 0.035 0.235 0.068 0.123 0.032 0.230 0.062 
Y II 0.391 0.035 0.059 0.019 0 .361 0.056 0.120 0.035 0.396 0.054 0.157 0.042 
Zr II 0.352 0.022 0.033 0.010 0 .314 0.032 0.150 0.043 0.345 0.028 0.162 0.043 
Ba II 0.303 0.035 0.064 0.020 0 .448 0.064 0.131 0.038 0.548 0.059 0.213 0.057 
La II 0.365 0.047 0.036 0.011 0 .419 0.046 0.078 0.022 0.460 0.044 0.146 0.039 
Ce II 0.368 0.041 0.038 0.012 0 .379 0.048 0.056 0.016 0.417 0.046 0.145 0.039 
Nd II 0.359 0.026 0.049 0.015 0 .521 0.053 0.089 0.026 0.559 0.051 0.127 0.034 
Eu II 0.402 0.024 0.018 0.006 0 .543 0.037 0.090 0.026 0.559 0.034 0.093 0.025 
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nd the scale of the dispersions in NGC 288 appearing more similar
o NGC 6752. This is also apparent in Ti I , although to a lesser extent,
here both cluster dispersions are considered genuine. Note that the 

arger uncertainty associated with the Ti measurements is likely due 
o the larger number of measured lines leading to increased scatter in
his case. The lack of any significant spread in Ca in NGC 288 is in
greement with previous observations of narrow-band Ca photometry 
f the cluster (Lim et al. 2015 ). 
When only considering Ca, Si, T i I , and T i II , the weighted average

lpha element dispersion values ( � 

α − � 

Fe , analogous to [ α/Fe]) in
he two clusters are σ� 

α/ Fe = 0 . 02 ± 0 . 006 for NGC 288 and σ� 

α/ Fe =
 . 05 ± 0 . 02 for NGC 362. The uncertainties on the dispersion values
re determined as described in Section 3.1.1 . The average value 
f σ ave + He for the four α-elements is 0.03 dex in NGC 288 and
.04 dex in NGC 362. In the case of NGC 362, the average α-element
ispersion value is slightly larger than the uncertainty introduced by 
ave + He ( ∼1.25 × larger). In the case of NGC 288, the spread can
e explained by measurement errors and a He-spread alone. If the 
ispersion in NGC 362 is genuine, this is likely the first detection of a
pread which has been predicted (Marino et al. 2018 ) but previously
ndetected (Kov ale v et al. 2019 ). 
To e v aluate the scale of our α-element dispersion values, we can

ompare our values to the two lightest Type II GCs (both more
assive than NGC 288), NGC 1261 ( M = 1.82 × 10 5 M �) and
GC 6934 ( M = 1.36 × 10 5 M �) (Baumgardt & Hilker 2018 ). Note

hat both are similar in metallicity to our two GCs [NGC 1261 [Fe/H]
−1.3, NGC 6934 [Fe/H] ∼ −1.6 Marino et al. ( 2021 )]. Using the
ost recent abundance measurements from Marino et al. ( 2021 ) and

he same α-elements, we find a dispersion of σ [ α/Fe] = 0.03 ± 0.004 
n NGC 1261 and σ [ α/Fe] = 0.04 ± 0.003 in NGC 6934. Although the
verage measurement errors are ∼0.10 dex in both clusters, making 
t difficult to conclude that the dispersion is real. 

If the α-dispersion is to be believed in the two clusters (which may
ot be the case for NGC 288), our values place NGC 362 well within
he low-mass range of Type II GCs and NGC 288 not far outside the
ange – despite being a Type I GC. In total we find five out of six (5/6,
n Na, Al, Si, Ca, and Ti) genuine dispersion measurements in the
ight and α-elements in NGC 362 and three out of size (3/6, in Na, Al,
nd Ti) in NGC 288. Of these dispersion measurements, the largest
nd smallest dispersions are σ� 

Na ∼ 0 . 25 ± 0 . 08 and σ� 

Si ∼ 0 . 01 ±
04 in NGC 288 and σ� 

Na ∼ 0 . 21 ± 0 . 06 and σ� 

Mg ∼ 0 . 04 ± 0 . 11
n NGC 362, respectively. 

Another interesting thing to note is the opposite direction of 
he trend in α-element dispersion found within GCs versus dGals. 

assive GCs display larger spreads in both light elements and α-
lements (e.g. ω-Cen with a spread of 0.2 dex in Si, Johnson &
ilacho wski 2010 ), while massi ve dGals sho w small spreads in α-
lements compared to their less massiv e counterparts. F or e xample,
n the LMC (total mass, M T = 1.4 × 10 11 M �, Erkal et al. 2019 )

[Si/Fe] ∼ 0.10 o v er � [Fe/H] = 0.2 de x (Pomp ́eia et al. 2008 ; Berg
t al. 2015 ), while in the less massive dGal, Sculptor (total mass,
 T = 3.4 × 10 8 M �, Battaglia et al. 2008 ), σ [Si/Fe] ∼ 0.3 o v er
 [Fe/H] = 0.3 dex (Hill et al. 2019 ). Note that the studies of
omp ́eia et al. ( 2008 ) and Hill et al. ( 2019 ) were both completed
sing the VLT/FLAMES spectrograph with comparable resolutions 
nd S/N ( ∼80). This trend in dGals has been proposed to be due to
nhomogeneous mixing in low gas-mass environments and has been 
upported by simulations (Re v az & Jablonka 2012 ). Beyond the light
lement variations, perhaps the ‘heavy’ α-element dispersion in GCs 
ay also be distinct from dGals. 
MNRAS 518, 965–986 (2023) 



972 S. Monty et al. 

M

Figure 5. Same as Fig. 4 for the Fe-peak elements. Implications are discussed 
in Section 3.1.3 . 

Figure 6. Same as Fig. 4 for the heavy s -process and r -process elements 
discussed in Section 3.1.4 . 
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.1.3 Fe-peak elements and spreads in metallicity 

ig. 5 explores the spread in the iron(Fe)-peak elements, Cr, Co, Ni,
u, Zn, and Fe itself (both ionization states). Fe-peak elements are
rimarily synthesized through the capture of α-particles (He-nuclei)
n to lighter nuclei like Si. This follows the photodistintegration
f heavy nuclei which release the excess α-particles (Lamers &
evesque 2017 ). Both processes occur via nuclear statistical equi-

ibrium during supernovae explosions (Woosley, Heger & Weaver
002 ). Enrichment of Cr, Fe, and Ni is dominated by Type Ia SNe,
hile Co, Cu, Zn are predominantly released in hypernovae (HNe),
ltra-energetic CCSNe with progenitor masses greater than 20 M �
nd explosion energies 10 times greater than that of regular CCSNe
Kobayashi et al. 2020 ). 

The Fe-peak elements show a mixture of detectable and non-
etectable spreads in abundance in both clusters. In case of both
GC 288 and 362, we infer the existence of genuine spreads in
e I , Ni I , Co I , and Cu I in the two GCs. Note that the Co and Cu
bundances are derived from single line measurements and thus the
ncertainties could be underestimated as they only account for the
ncertainties on the stellar parameters. The spreads in Fe I and Ni I , in
reat agreement in both clusters, are perhaps the most interesting as
hey are the best-measured elements in our study. On average between
0–33 Ni I lines and 67–103 Fe I lines were measured in the two GCs,
ith NGC 288 having more measureable lines in general due to the
igher S/N of the data. The dispersion in Ni and Fe is σ� 

Ni , Fe =
 . 021 ± 0 . 007, σ� 

Ni = 0 . 039 ± 0 . 011 and σ� 

Fe = 0 . 035 ± 0 . 010 in
GC 288 and NGC 362, respectively. 
In both GCs, based on our definition, we suggest the dispersion in

oth Ni and Fe I to be genuine in NGC 362 and potentially genuine in
GC 288, as the dispersion values are only 1.2–1.4 × σ ave + He , with

he spread in Fe I being more statistically significant. The detection
NRAS 518, 965–986 (2023) 
f a spread in Fe in NGC 362 is at odds with the recent findings of
argas et al. ( 2022 ), who declare that no spread is detectable after
sing three different measurement techniques and considering their
verage measurement error (of the order of 0.05 dex, compared to
.023 dex in our study). Ho we ver, the scale of the Fe-dispersion
etected in our study is in good agreement with all three dispersion
easurements made in Vargas et al. ( 2022 ) and given the average

ncertainty associated with our differential Fe I abundances, we
aintain our classification of the spread as genuine. 
Marginal spreads in both Ni and Fe I were also detected in

GC 6752 (Yong et al. 2013 ). To the best of our knowledge, this is
he first time a statistically significant spread in metallicity has been
bserved in NGC 288 (Carretta et al. 2009 ). In total, we find six out
f eight Fe-peak element dispersions (6/8, Cr II , Fe I , Co, Ni, Cu, and
n) in NGC 288 and seven out of eight (7/8, Cr I , Cr II , Fe I , Co, Ni,
u, and Zn) in NGC 362 (counting each ionization state separately)
annot be explained by measurement errors and a spread in He. Of
hese, by our metric (1.5 σ ave + He ), four are considered marginally
r truly genuine in NGC 288 (Fe I , Co, Cu, and Zn) and six are
onsidered truly genuine in NGC 362 (Cr II , Fe I , Co, Ni, Cu, and
n). 
While several GCs have been found to be inhomogenous in light

lements and possibly Fe when measurement errors are of the order
f > 0.05 dex (M ́esz ́aros et al. 2020 ), we interpret the spreads we
bserve as evidence that potentially all GCs are inhomogeneous at
he 0.02 dex level – measurable only through differential analysis.
ecause we have not selected for first or second generation stars only

n our GCs, this could mean that potentially generation-independent
preads in metallicity exist in GCs at the level of 0.02 dex or
bo v e. This highlights the power of high precision measurements to
nswer questions like those posed in Sneden ( 2005 ), who explored
he apparent existence of a [Ni/Fe] dispersion floor in GCs (at

0.06 dex). In our two GCs, the values of σ ( � 

Ni − � 

Fe ) are 0.006
nd 0.022 dex in NGC 288 and NGC 362, respectively, breaking
hrough this proposed floor. 

.1.4 Heavy elements 

he final groups of elements we explore are the heavy elements,
roduced by way of the slow ( s ) and rapid ( r ) neutron capture
rocesses. These elements are seeded from light nuclei through
he addition of neutrons on varying time-scales (slow or rapid
hen compared with β-decay of radioactive nuclei) (Meyer 1994 ;
 ̈appeler et al. 2011 ; Thielemann et al. 2011 ). The heavy elements
e investigate are Sr, Y, Zr, Ba, La, Ce, Nd, and Eu. 
The three elements Sr, Y, and Zr are referred to as the first s -process

eak and are produced in both AGB stars and through the weak
 -process in electron-capture SNe and massive stars. The heavier
lements, Ba, La, and Ce belong to the second s -process peak and are
redominately produced in AGB stars (Busso, Gallino & Wasserburg
999 ; Karakas & Lattanzio 2014 ). The remaining elements Nd
nd Eu have contributions from both s - and r -process sites, with
d marginally dominated by the s -process and Eu considered an

lmost ‘pure’ r -process element (Bisterzo et al. 2011 ). Sites of r -
rocess formation include CCSNe, neutron star mergers (NSMs),
eutron star–black hole mergers, and magneto-rotational supernovae
MRSNe; C ̂ ot ́e et al. 2018 ; Kobayashi et al. 2020 ). MRSNe are
CSNe that are triggered by strong rotation and/or magnetic fields

Cameron 2001 , 2003 ). Ba and Eu are considered the characteristic
 - and r -process elements, respectively. 

art/stac3040_f5.eps
art/stac3040_f6.eps


Precision abundances in NGC 288 and NGC 362 I 973 

 

s
t  

σ  

N  

N  

I  

A  

i
e  

d  

s  

c
e

 

p  

s  

m
t  

i
a  

a  

i  

o  

t  

e  

c
 

s  

f
w  

s  

I  

d
t

 

6  

N  

G  

E  

A
N
e  

r  

i  

H  

b  

i

f  

p  

c  

I
d
w
w
T
a  

5

m

Figure 7. Trends in the s -process dominated elements � 

Y , � 

Zr , � 

Ce , and 
� 

La as a function of � 

Ba , the characteristic s -process element. Note that all 
four elements show positive correlation with Ba, supporting the interpretation 
of an s -process spread in both clusters. Contours representing the expected 
spread in a homogeneous distribution due to measurement errors alone are 
shown in each panel to highlight that the dispersion is genuine. Single line 
measurements are shown with an arrow. 
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Fig. 6 reveals that both clusters show a spread in almost every
 -process element measured. The spread is most significant in 
he well-measured elements Y ( σ� 

Y = 0 . 06 ± 0 . 02 in NGC 288,

� 

Y = 0 . 12 ± 0 . 04 in NGC 362) and Ba 5 ( σ� 

Ba = 0 . 06 ± 0 . 02 in
GC 288 and σ� 

Ba = 0 . 13 ± 0 . 04 in NGC 362). In the case of
GC 288, the spread in Y is 1.7 σ ave + He and 1.8 σ ave + He in Ba.

n NGC 362, the spread is 2.1 σ ave + He in Y and 2.0 σ ave + He in Ba.
dditionally, with the exception of Nd, there appears to be a trend of

ncreasing dispersion with increasing s -process contribution in the 
lements shown in Fig. 6 . The s -process elements showing the largest
ispersions, Sr, Y, Zr, and Ba are dominated ( > 80 per cent ) by the
 -process (Bisterzo et al. 2011 ). While La and Ce with s -process
ontributions of < 80 per cent show decreased dispersion (Bisterzo 
t al. 2011 ). 

Overall, NGC 362 shows more significant spreads in all the s -
rocess elements. This is in agreement with what was found in the
tudy of Shetrone & Keane ( 2000 ) for Ba, the only s -process element
easured in their study. Considering only stars in-common between 

he two studies, σ Ba = 0.08 ± 0.02 in NGC 288 and σ Ba = 0.16 ± 0.05
n NGC 362, neglecting NGC 362-1441. Although the scale of the 
bundance errors is not noted in their study, the average 1 σ errors
ppear to be ∼0.10 dex in their Fig. 4 . Therefore, the s -process spread
n NGC 362 may have been tentatively identified in the original study
f Shetrone & Keane ( 2000 ). As NGC 362 is a Type II GC and
he cluster has since been confirmed to host a spread in s -process
lements (Carretta et al. 2013 ; Marino et al. 2019a ), we simply
onfirm this result. 

The average spread in s -process elements ( � 

s − proc − � 

Fe , con-
idering only Y, Ba, La, Ce, and Nd) is σ� 

s−proc / Fe = 0 . 04 ± 0 . 005
or NGC 288, only slightly larger than the average error associated 
ith measurement and a spread in He. In the case of NGC 362, the

pread increases to σ� 

s−proc / Fe = 0 . 09 ± 0 . 03, which is 1.6 σ ave + He .
f we consider all the s -process elements, the certainty in the
ispersion being real remains unchanged for NGC 288 but increases 
o 2.3 σ ave + He in NGC 362. 

Although we are only able to measure a single Eu II line at
645.1 Å, we find a significant spread in the Eu abundance in
GC 362 ( σ� 

Eu = 0 . 09 ± 0 . 04 or 2.4 σ ave + He ) but not in NGC 288.
iven the abundance errors of the order of ∼0.10 dex, a spread in
u in NGC 362 was not identified by Shetrone & Keane ( 2000 ).
n r -process spread could explain the increase in dispersion in 
d ( ∼ 50 per cent s-contribution), at odds with the trend mentioned 

arlier for the s -process elements in NGC 362. In the case of the
 -process spread ( � 

r − proc − � 

Fe , considering only Eu), the spread
n NGC 362 is ∼1.5 times larger than the measurement error plus
e-spread. In the case of NGC 288, we do not consider the spread to
e genuine by our metric, and given that it is of the order of 0.02 dex,
t could be explained through the He scenario. 

To further validate the observed spread in s -process elements 
ound in both clusters, we explore the correlations between the s -
rocess dominated elements Y, Zr, La, and Ce with Ba in Fig. 7 . The
orrelations for NGC 288 are shown abo v e the results for NGC 362.
n both clusters, we include contours associated with a homogeneous 
istribution in each element. That is, if all the stellar measurements 
ere contained within the contours, then no spread in that element 
ould be detectable when considering measurement errors alone. 
he correlations also show positive trends between each element 
nd the characteristic s -process element Ba. The disco v ery of a small
MNRAS 518, 965–986 (2023) 

 Recall that the Ba lines are strong (EW ∼ 150 m Å) but have all been hand 
easured. 

Figure 8. Spectral samples of the s -process normal star NGC 362 −1423 and 
the s -process rich star NGC 362 −1441 centred around the 5402.77 Å Y II 

( left ) and 6496.90 Å Ba II ( right ) lines. This comparison highlights the scale 
of s -process enhancement in NGC 362 −1441. 

art/stac3040_f7.eps
art/stac3040_f8.eps


974 S. Monty et al. 

M

Figure 9. Trends in the s -process dominated elements � 

Y , � 

Zr , � 

Ce , and 
� 

La as a function of the r -process element � 

Eu . Note the decrease in strength 
of the correlations, when compared to Fig. 7 due to the presence of two 
distinct s -process groups in the cluster. 
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ut potentially significant spread in s -process elements in NGC 288
s unexpected given that it is a Type I GC. This could suggest that
erhaps measurement uncertainties are hindering the detection of
 -process spreads in other Type I GCs. 

Interestingly, we reco v er a single s -process-enhanced star in
GC 362, star 1441.The degree of enhancement is highlighted in
ig. 8 through the difference in line depths between 1441 (shown in
range) and the s -normal star 1423 (shown in purple). In Fig. 7 , we
how the correlations with and without 1441, confirming that even
ithout the presence of the s -process enhanced star, the correlations

nd spreads remain. Note that this is supported throughout this
ection as star 1441 has been neglected in the determination of all the
lemental dispersions. Ba-rich, or generally s -process-enhanced stars
re not uncommon in GCs, especially Type II GCs like NGC 362
hich owe part of their classification to a spread in s -process element

Carretta et al. 2013 ; Milone et al. 2017 ; Marino et al. 2019a ). As
iscussed in Section 1 , NGC 362 is already known to harbour a
 -process rich RGB, which Carretta et al. ( 2013 ) estimate contains

6 per cent of the cluster stars. Given that we have selected eight
tars in NGC 362, our disco v ery rate of 1/8 is roughly in line with
his estimate. 

Using the HST ‘magic’ filters, Milone et al. ( 2017 ) also estimated
he fraction of first and second generation stars in Type II GCs based
n the pre v alence of the red versus normal RGB. In NGC 362, Milone
t al. ( 2017 ) estimated that stars from the red-RGB contributed
.5 ± 0.9 per cent to their sample of analysed stars. This is in closer
greement to our findings. In their discussion of red RGBs in Type
I GCs, Milone et al. ( 2017 ) also cross-match their photometry of
he Type II GC NGC 5286 with the high resolution spectroscopic
atalogue of Marino et al. ( 2015 ). They find that like in NGC 362,
he red RGB primarily contains s -process (Ba) enhanced stars that
re more metal-rich than the normal RGB stars. This is also the case
or our s -process enhanced star, 1441, which is the most metal-rich
tar in our sample (see Table 2 for example). This suggests that 1441
s likely a member of the red RGB of NGC 362. 

To explore the r -process spread further in NGC 362, we re-plotted
ig. 7 against Eu. As shown in Fig. 9 , no trends were present between
NRAS 518, 965–986 (2023) 
ny of the s -process elements and Eu ( r -process) due to a clear split
n the s -process abundances in our stars. The split was most visible in
 and La and is discussed in the next section. Referring to the work
f Roederer ( 2011 ), specifically their Fig. 1 where they investigated
 -process dispersion in GC literature data, the distribution of La
ersus Eu in NGC 288 most closely resembles clusters with ‘small
ispersion’ while NGC 362 resembles clusters with an ‘ s -process
ontribution’. In the case of NGC 362, other clusters occupying the
ame regime include two other Type II GCs, M 22, and ω-Cen. 

Cross-matching Roederer ( 2011 ) with the list of Type II GCs (e.g.
ound in Milone et al. 2020 ), the presence of an r -process spread is
ot as common among Type II GCs as an s -process spread. Whether
ome Type I GCs possess an r -process spread is unclear (e.g. in
ase of M 92: Cohen 2011 ; Roederer & Sneden 2011 ). An r -process
pread in GCs is interesting in the context of Galactic Archaeology
Freeman & Bland-Hawthorn 2002 ) as Roederer ( 2011 ) conclude
hat the existence of a spread could be primordial and is likely not the
esult of GC evolution. Thus a spread could potentially act as a unique
ag to the GC formation environment, and act as a discriminator
etween accreted and in situ Type I and II GCs. We revisit this in an
pcoming companion paper. 
In total, we consider five out of eight (5/8, Sr, Y, Zr, Ba, and

d) heavy element spreads in NGC 288 and eight out of eight
8/8, Sr, Y, Zr, Ba, La, Ce, Nd, and Eu) in NGC 362 to be genuine
 > 1.5 σ ave + He ). Considering both the spread from the best-measured
 -process elements only and the spread in all s -process elements
elative to H ( σ� 

s−proc ), both GCs show a global spread in s -process
lements that cannot be explained by measurement errors and/or a
pread in He. 

.1.5 Two (or more?) s -process groups in NGC 362 

rom the distribution of Y, Ba, and La in NGC 362, we find evidence
or at least two distinct s -process groups within the cluster. The first
roup of s -process rich stars contains 1334, MB2 and 1401 and
he extremely s -process enhanced star, 1441. The second group of
 -process weak stars contains stars 1137, 2127, 1423, and 77. 

The split between the groups is most apparent in Y, as seen
n the upper left panel of Fig. 7 . This behaviour has also been
bserved in the GCs: M 2 (Yong et al. 2014 ), NGC 5286 (Marino
t al. 2015 ) and the massive disc cluster M 22, where a difference
f 0.39 dex was found between the two s -process groups in the
atio of [La/Eu] (Marino et al. 2011a ). This difference was recently
onfirmed using differential abundance analysis, providing further
upport for the result (McKenzie et al. 2022 ). For our s -process
ich group, using our best-measured s -process elements, we find an
 verage � 

Y, Ba, La ab undance of 0.62 ± 0.15 (0.53 ± 0.05 without
he s -process enhanced star, 1441), for the s -process weak group we
nd � 

Y, Ba, La = 0.34 ± 0.08. This is a difference of 0.28 ± 0.17
0.19 ± 0.09 without 1441) between the two groups that cannot
e explained by a spread in He. Cast as the ratio of � 

La − � 

Eu 

equi v alent to [La/Eu]), we find average values of 0.007 ± 0.13
 −0.05 ± 0.11 without 1441) in the s -process rich group and
0.16 ± 0.02 in the s -process weak group. This is a difference

etween groups of ∼0.17 ± 0.13 in � 

La − � 

Eu . Although the scale
f the difference and the uncertainties are comparable, we tentatively
reat them as separate groups in forthcoming discussions. 

Two other interesting things to note about the two groups is that
ach contains an internal spread in Fe and that no universal offset
n Fe is found between the two. Metallicity spreads in the first
eneration of GC stars is seemingly more ubiquitous, having been
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bserved photometrically (Milone et al. 2015 ; Lardo et al. 2022 ;
egnardi et al. 2022 ), spectroscopically (Marino et al. 2019b ) and

hrough simulations of GC formation (McKenzie & Bekki 2021 ). 
he spread is largest in the s -process rich group, σ� 

FeI = 0 . 05 ± 0 . 02
 σ meas + He = 0.03) compared to σ Fe = 0.01 ± 0.004 ( σ meas + He = 

.02) in the s -weak group. While the Fe-spread in the s -process weak
roup may be explained by measurement errors and a spread in He,
he Fe-spread in the s -process rich group cannot. We revisit this in
ection 4.1.2 . 

.2 Elemental correlations: group by group 

o further explore the abundances of elements with common nucle- 
synthetic origins, we look for elemental correlations within each 
roup discussed in the previous section. To measure the correlations 
e perform a linear fit to each element combination (i.e. � 

Y versus
 

X ) and reco v er the uncertainty. The significance of the correlation
s then cast as the ratio of the slope to the uncertainty. No instances of
ero slope were found to disrupt this classification. The correlations 
or each group are presented in Appendix B in Figs C2, C3, C4, C5,
nd C6. For each element combination the slope of the correlation is
lso included in the associated tile. 

Summarizing the results of the group-by-group correlations, we 
nd positive correlations for the majority of well-measured α- and 
e-peak elements in both clusters. As a sanity check, the correlation 
etween neutral T i (T i I ) and singly ionized T i (T i II ) and neutral
e (Fe I ) and singly ionized Fe (Fe II ) are included and found to
av e strong positiv e correlations in both clusters. In general, trends
n correlation and significance agree between both clusters in the 
- and Fe-peak elements. This is not the case for the heavy s -
nd r -process elements. NGC 288 shows little to no significant 
orrelations between any of the heavy elements, while NGC 362 
isplays significant correlations between expected elements (e.g. Ba 
nd La, quintessential s -process elements.) To investigate whether 
he higher number of significant correlations found in NGC 362 
ould be the result of the strongly s -process enhanced star 1441,
e recreated Fig. C6 without 1441 and found that the correlations 

emained, although they were slightly less significant. As with the 
ther two element groups, no significant anticorrelations are seen 
etween any of the s - and r -process elements. 

 UNEXPECTED  ELEMENTA L  

O R R E L AT I O N S :  A  C H E M I C A L  LINK  TO  T H E  

R  O G E N I TO R  E N V I R  O N M E N T ?  

e now explore the full range of elemental correlations and abun- 
ance ratios within each cluster. Unlike Section 3.2 , where we 
resented chemical correlations of elements with common nucle- 
sythentic origins, we now look at correlations between elements 
rom different groups and explore their respective ratios. 

.1 Chemical correlations 

ll possible element combinations and correlations are shown in 
igs 10 and 11 using the same conventions as those described in
ection 3.2 . We exclude elements that have fewer than two individual
tellar measurements, as these cannot be fit reliably. In total, each 
gure represents 105 unique correlations, presenting a daunting task 
f interpreting the significance of each. Thus, we choose to focus on
lements with 3 σ or greater correlation strength. This reduces the 
umber of correlations in NGC 288 to 52 and to 54 in NGC 362. Note
hat in the case of NGC 362, the s -process enhanced star is included
n the calculations of the correlations. We experimented with not 
ncluding star 1441 and found no differences in what elements were
orrelated, only a decrease in the correlation strengths. The 3 σ -
trength correlations are highlighted in Figs 10 and 11 as the bolded
oxes. 
Two things are immediately apparent when considering the 3 σ

ignificant correlations. The first is that of the 105 unique combina-
ions approximately 50 per cent of them exhibit correlations which 
re significant at the 3 σ level or higher. This is further evidence
uggesting that the clusters are inhomogeneous at the level at which
e have measured them. The second thing that is apparent among

he 3 σ -strong correlations is that all are positive in both clusters, this
as also the case in the study of Yong et al. ( 2013 ). 
Included in the inhomogenous chemical evolution scenario pro- 

osed by Yong et al. ( 2013 ) to explain unexpected elemental corre-
ations, is dilution of the intracluster medium with pristine gas. This
ould result in later generations of stars forming from gas enriched

n every ratio of [X/H]. In this scenario, the light element variations
n Na and Al are decoupled from the enrichment of elements heavier
han Si (Yong et al. 2013 ). Equal enrichment in every ratio of [X/H]
quates to the prediction of an average slope of one for elements
eavier than Si. Examining the correlations in Si and heavier, we find
he average slopes of the correlations are m = 0.80 ± 2.12 and m =
.86 ± 0.84 in NGC 288 and NGC 362, respectively. These averages
ncrease to m = 1.26 ± 1.06 and m = 1.00 ± 0.49 for NGC 288
nd NGC 362, respectively, if only 3 σ or stronger correlations are
onsidered. Although the average values are close to one in both
lusters, with or without a 3 σ -clip, the standard deviation in the set
f slopes is too large to conclude whether enrichment by pristine gas
s the source of the unexpected correlations in either cluster. 

In the upcoming sections, we discuss another scenario proposed by 
ong et al. ( 2013 ) included in the inhomogenous chemical evolution
cenario, namely enrichment via a single nucleosynthetic source. 

.1.1 NGC 288 

t the 3 σ -level, there are sev eral e xpected elemental correlations
etween elements from different groups (as we have classified them). 
n example of this is the correlation between the heavy α-elements
a and Ti (both Ti I and Ti II ) and the Fe-peak elements Ni, Fe,
nd Cr (in the case of Ca). This is because both Ca and Ti are
lso produced via SNIa (Kobayashi et al. 2020 ). Additionally, the
haracteristic GC correlation between Na and Al is reco v ered. These
re comforting results as they lend support to both our analysis and
he unexpected correlations to be discussed. Note that we define 
unexpected’ correlations as correlations between elements that are 
ot produced via an obvious common nucleosynthetic channel. 
We find two interesting trends among the significant unexpected 

orrelations, the first being a general correlation between s -process 
lements and Fe-peak elements, and the second being a correlation 
etween the r -process element Eu and the Fe-peak element Cr. In the
ase of the first trend, both the s -process elements Nd and Ba show
rends with the Fe-peak elements Ni, Fe, Ti, and Cr (in the case of
a), while the s -process elements Ce, La, and Y do not. Correlations
etween Fe-peak and s -process elements are a distinctive feature of
any Type II GCs (e.g. NGC 5286, Marino et al. 2015 ), yet another

uriosity observed in our Type I GC. 
The weighted average slope for the combinations of Fe-peak (Ni, 

e, Cr, and Ti) versus s -process (Ba, Nd) is m = 0.33 ± 0.17 dex.
his implies that whatever process is enriching in s -process elements

s more efficient than the Fe-peak production channel. Similarly, The 
MNRAS 518, 965–986 (2023) 
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Figure 10. Elemental correlations coloured by statistical significance (with a maximum significance of 10 σ ) for a set of elements in this study in the GC 

NGC 288 . The light elements with known star -to-star ab undance variations (Na I , Al I , and Mg I have been excluded along with elements having only a single 
line measurement (with the exception of Eu II ). Elemental combinations with correlation strengths greater than 3 σ are shown as the bolded boxes. 
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lope of the correlation between Cr and Eu is m = 0.59 ± 0.17 dex.
inally, to assess the rate of s - to r -process production, we note

hat the best fit to Ba versus Eu was found to have a slope of m =
.96 ± 0.93 dex. 
To consider inhomogenous chemical evolution in the protocluster

nvironment as a potential explanation for the aforementioned trends,
e must consider both, (i) the possibility of a common nucleosyn-

hetic site and (ii) enrichment time-scales. Beginning with a dis-
ussion of common nucleosynthetic sites, as discussed in Kobayashi
t al. ( 2020 ), AGB stars dominate the production of Ba. They are also
roposed to be responsible for the light element variations mentioned
n Section 3.1.2 , through enriching the ISM between episodes of star
ormation (D’Ercole et al. 2008 , 2010 ; Karakas 2010b ). Ho we ver,
he production of s -process elements is dominated primarily by long-
i ved, lo w-mass AGB stars in the mass range M ≤ 3–4 M �, while light
lement production is dominated by intermediate-mass AGB stars ( M

3–4 M �) which reach temperatures high enough to facilitate hot
ottom burning (HBB; e.g. see Karakas et al. 2009 , for a discussion
NRAS 518, 965–986 (2023) 
f the different predictions for the two mass ranges.) Because of the
ifferences in timescales between the two mass ranges, intermediate-
ass AGB stars are thought to be more important in GCs (Karakas

010a ). We re-visit the difference in timescales in upcoming
ections. 

We find no correlation between Ba and any of the light elements
e measured (Al, Na, and Mg). Additionally, we find no significant

orrelations between Eu and Na, nor Ba and Al and instead, find
nticorrelations between both sets of elements. Although, we do
nd a statistically insignificant correlation between Mg and Eu
potentially explained by the r -process contribution from CCSNe).
he presence of a similar trend in 11 MW GCs, namely that no
orrelations existed between variations in light elements and La
or Eu, led Roederer ( 2011 ) to their conclusion that some clusters
arbour primordial spreads in r -process elements (as mentioned
n Section 3.1.4 ). This could suggest that the s - and r -process
bundances we see are indicative of the protocluster environment.
his then raises the question of whether a common nucleosynthetic

art/stac3040_f10.eps


Precision abundances in NGC 288 and NGC 362 I 977 

Figure 11. Same as Fig. 10 for the GC NGC 362 , all stars are included except the s -process enhanced star NGC 362-1441. 
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ite for both the Fe-peak elements and s - and r -process elements
xists. 

One potential site for the nucleosynthesis of both groups is through 
Ne, introduced in Section 3.1.3 . HNe enrich in more α and Fe-peak

lements than conventional CCSNe (Kobayashi et al. 2020 ). MRSNe 
ntroduced in Section 3.1.4 as an r -process site are also a type of HNe
nd have been shown to reproduce the r -process abundance patterns 
n metal-poor stars (Yong et al. 2021 ). In their galactic chemical
volution model, Kobayashi et al. ( 2020 ) find that only 60 per cent
f Cr, Ni, and Fe is produced via Type Ia enrichment, while the
emaining 40 per cent is produced via HNe. 

HNe are also a proposed site for early r -process enrichment 
rior to the onset of NSMs. Kobayashi et al. ( 2020 ) find that a
inimum contribution of 3 per cent enrichment from HNe is needed 

o explain the abundance of Eu to reproduce observations of MW 

tars. Kobayashi et al. ( 2020 ) also find that HNe are needed to
eproduce the abundance of Ba at very early times, before the onset of
GB stars. The time-scale for the enrichment of HNe matches with 

he picture of primordial enrichment of protocluster environment as 
t occurs at the earliest times. Therefore, HNe could serve as the
ucleosynthetic link enriching the protocluster environment in both 
e-peak and s / r -process elements. 

.1.2 NGC 362 

s discussed in Section 3.1.5 , we found two distinct s -process groups
ithin NGC 362. Therefore, we consider the elemental correlations 

n NGC 362 using (i) all the stars (shown in Fig. 11 ), (ii) only
sing stars from the s -process rich group (shown as the top panel in
ig. C7), and (iii) stars from the s -process weak group (the bottom
anel in Fig. C7). Beginning with Fig. 11 , as in the case of NGC 288
orrelations which are significant at the 3 σ level are found among
an y e xpected elements. These include correlations between the s -

rocess elements Y, Ba, and Ce and correlations between the Fe-peak
lements Ca (some SNIa contribution), Ti, Ni, and Fe. Again, as seen
n NGC 288, a correlation is found between the Fe-peak elements
i and Fe and the r -process element Eu and anticorrelations are

ound between Eu and the light elements. Contrary to what was seen
n NGC 288, no strong correlations are found between the Fe-peak
MNRAS 518, 965–986 (2023) 
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lements and the s -process elements, except in the case of Cr (both
onization states) and La and Nd. 

Splitting the cluster into the two s -process groups reveals some
nteresting differences. Looking first at the top panel of Fig. C7,
howing the s -process rich group ( s -rich), two notable differences
ppear compared to Fig. 11 . The first being further correlations
etween Fe-peak elements (Ti and Cr) and Eu, and the second being
ew correlations between the light element Al and s -process elements
e, Ba, and Y. While in the bottom panel of Fig. C7, showing the
 -process weak ( s -weak) group we find correlations between s - and
 -process elements in addition to anticorrelations between the light
lements Na and Al and the α-elements Ca and Ti. The other major
ifference between the two groups is the presence of a strong Mg–Si
nticorrelation in the s -process rich group and not in the s -process
eak group. Both groups show the characteristic Na–Al correlation

nd spreads in the light elements. Ho we ver, the s -rich group shows
 significantly larger spread in the light elements; Na, Mg, Si, and
a compared to the s -poor group. The only exception to this is Al,
here the s -weak group displays a larger dispersion. 
Two things lead us to believe that the two s -process groups

epresent different stellar populations and thus potentially different
pochs of star formation. The first is the existence of significant
orrelations between Al and the s -process elements Ce, Ba, and Y in
he s -rich group and not the s -weak group. The second point is the
eversal of the sign in the Mg–Si correlation between groups. The
 -rich group shows a 3 σ strong anticorrelation between Mg and Si,
hile the s -weak group shows a weak correlation between Mg and
i. The s -rich group is also more enhanced in Si compared to the
 -weak group (by ∼0.1 dex). 

As discussed in Section 4.1.1 , intermediate mass AGB star enrich-
ent of the ISM could explain the light element (anti)correlations

bserved through HBB at different temperatures. As a result of a
ombination of the CNO cycle and NeNa and MgAl burning, gas
rom intermediate-mass AGB stars is expected to be rich in Na and
l and weak in O and Mg. Further down in the mass spectrum,

ow-mass AGB stars are candidate primary sources of s -process
nrichment. If we assume some o v erlap in the production of both
ight elements and s -process elements in the o v erlapping mass region
etween low- and intermediate-mass AGBs, this could explain the
trong Al–s -process correlations we observed in the s -rich group. The

g–Si anticorrelation in the s -rich group could also be the result of
nrichment of the ISM via massi ve, e volved AGB stars. This occurs
hrough leakage in the MgAl chain at high temperatures producing
i (Karakas & Lattanzio 2003 ; Ventura & D’Antona 2009 ; Ventura
t al. 2012 ). 

Under the assumption that the s -rich group formed from more
GB-enriched material, this implies that the s -rich group could be
ounger than the s -weak group. Ho we ver, two things complicate this
icture, the first is the lack of Fe-evolution between the two groups
there is no obvious difference in metallicity between the two groups,
ith or without the s -process enhanced star 1441), and the second

s the presence of a Na–Al correlation in both groups. A lack of
e-evolution implies no obvious contribution from the most rapid
nrichment pathway, namely CCSNe. While the presence of a Na–
l correlation in both groups implies that intermediate-mass AGB

tars have enriched both populations. 
The first complication is likely a result of our selection of stellar

iblings and may not be present in a study with a larger sample size.
n the study of the massive Type II GC M 22 by Marino et al. ( 2011a )
introduced in Section 3.1.5 ) which included chemistry of 35 RGB
tars, the y sa w a metallicity difference between their two s -process
roups. On average the s -rich group was more metal-rich than the
NRAS 518, 965–986 (2023) 
 -weak group. Ho we v er, the y also sa w an o v erlap between the two
roups of ∼0.1 dex in [Fe/H], the same range spanned by our sample.
Regarding the second complication, the presence of Na–Al cor-

elations in both groups (or equi v alently Na–O anticorrelations),
arino et al. ( 2011a ) also saw this in both s -process groups in
 22. To explain both the time-scales and enrichment patterns seen

n both populations, Marino et al. ( 2011a ) presented a formation
heory. The theory suggests a formation scenario in which initial
nrichment via high velocity CCSNe ejecta occurred to increase the
 v erall abundance of Fe in the outer parts of the cluster. This was
hen followed by the injection of light elements via intermediate-

ass AGB stars. The s -weak population is then proposed to have
ormed in the inner region of the cluster from the intermediate-
ass AGB ejecta. After the formation of the s -weak population,

ollution of the ISM via low-mass AGB occurred introducing s -
rocess elements. Ultimately, the s -rich population is proposed to
ave formed (also in the inner region of the GC) from both low-
ass AGB-enriched material and CCSNe ejecta that fell into the
C centre following cooling. Note that this scenario also requires

ome production of the light elements by low-mass AGB stars
o introduce the light element (anti)correlations seen in the s -rich
tars. 

The scenario presented in Marino et al. ( 2011a ) could also explain
hat we observe in NGC 362, with the exception of enrichment
ia CCSNe to explain metallicity variations. This assumes that no
etallicity variations exist between the populations based off our

mall sample (as discussed this may not be the case.) Ho we ver, this
ssumption is supported by the lack of any trend in the abundance
f Ba as a function of metallicity in NGC 362 seen in the studies of
hetrone & Keane ( 2000 ) and Carretta et al. ( 2013 ). Carretta et al.
 2013 ) did report statistically significant, but weak, anticorrelations
etween Ba and the light elements Mg and O, also in agreement
ith our findings. Recall that we also reco v er a 3 σ significant

nticorrelation between Ba and Mg in our s -rich group. Carretta
t al. ( 2013 ) did not report any complementary correlations between
a and Si, nor between Ba and Na. 
Massiv e binaries hav e also been proposed to e xplain the production

f light element (anti)correlations (de Mink et al. 2009 ; Renzini,
arino & Milone 2022 ). In their model, Renzini et al. ( 2022 ) find
assive binaries can enrich the intracluster medium with CNO

roducts/light elements during the common envelope phase, and
rior to the stars detonating via CCSNe. Renzini et al. ( 2022 ) also
ite the relatively gentle expulsion of the stellar envelopes as support
or the theory, as it allows the GC to retain the processed material. One
f the major benefits of this theory is the rapid production of light
lement (anti)correlations within the cluster. Massive binaries are
redicted to enrich on ∼10 Myr time-scales versus ∼100 Myr time-
cales as predicted from intermediate-mass AGB models (Fishlock
t al. 2014 ; Shingles et al. 2014 ). Ho we ver, enrichment in heavy
 -process elements like Ba cannot be explained by massive binaries
Renzini et al. 2022 ). Perhaps early enrichment by massive binaries
ould explain the light element variations we see in our s -weak stars,
hile contributions from intermediate-mass AGB stars could explain

he variations seen in the (younger?) s -rich population. Low-mass
GB stars remain the s -process polluter between generations in our

cenario. 
In the case of NGC 362 (as in the case of most Type II GCs, e.g. in

GC 1851, NGC 5286, and M 22 Marino et al. 2014 , 2015 , 2011a ),
he picture of formation of the different chemical populations is
ncredibly complex. No single population of polluters (e.g. massive
inaries, CCSNe, or AGB stars), can explain the chemical differences
e observe between the two populations. Constraining any age
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ifferences between the two populations (if they exist) would greatly 
larify the picture. 

Bearing the previous discussion in mind, if our classifications of 
he two generations are correct, the potential spread in Fe in the
 -weak stars discussed in Section 3.1.5 implies a primordial spread 
n Fe within the first generation of stars in NGC 362 (as observed
n simulations of GC formation, McKenzie & Bekki 2021 ). After 
emoving the (anti)correlations explained through normal cluster 
volution and separate episodes of star formation, the correlation 
etween the Fe-peak elements and Eu remains in the s -rich population 
nd is of greater significance than could be explained by the [X/H]
ontribution from He of 0.015 dex. Additionally, the Eu abundance 
emains the same between groups – implying it is not the result of
luster evolution (this is also the case in the two s -process groups in
 22 Marino et al. 2011a ; McKenzie et al. 2022 ). As in NGC 288,

his could imply a common nucleosynthetic origin for the two, 
ne possible site being HNe. Again, we propose that the r -process
bundance spread is primordial, as a spread in Eu is found in both
 -groups. 

.1.3 Comparing NGC 288 and the s -process weak population in 
GC 362 

iven that the s -weak group in NGC 362 was found to share many
imilarities with NGC 288, we now compare the two. The most
ignificant shared correlation is found between Fe-peak elements 
nd s -process elements. This trend is more significant in NGC 288,
ut can be found between Cr, Fe, and La and Cr and Ba in the s -
eak group within NGC 362. As discussed in Section 4.1.1 , this

ould be due to a shared production site, namely HNe. Given that
he clusters share some common and unexpected correlations, it 
ould be that they formed out of the same pristine gas around
he same progenitor, enriched by the presence of HNe. Yet, they 
o not exhibit identical correlations, indicating that perhaps they 
ormed from discrete pockets of gas located within the same galaxy. 
n our upcoming companion paper we perform a comprehensive 
omparison of the two clusters and find both striking similarities and 
ifferences in various elements. 

 SUMMARY  A N D  C O N C L U S I O N S  

rom the original study of Shetrone & Keane ( 2000 ), we have re-
nalysed six stars from NGC 288 and eight stars from NGC 362
sing high quality UVES spectra. The stars were selected to act 
s ‘stellar siblings’, sharing similar values of ef fecti ve temperature 
 T eff ), surface gravity (log g ) and metallicity ([Fe/H]). Differential
bundance analysis was performed on all the stars using the same 
eference star from the study of Yong et al. ( 2013 ). This technique
as chosen to minimize uncertainties in the final (differential) 

bundances, leading to the successful reco v ery of errors on the order
.01–0.02 dex in several well-measured elements. Ultimately, the 
bundance precision was only limited by the S/N of the data (i.e.
ccuracy of EWs) and the range of stellar parameters in the program
tars relative to the reference star. 

From these abundances, statistically significant intracluster 
preads were found in both clusters in several light elements, Fe, 
i, and several heavy elements – many of which could not be 

xplained by an ab initio spread in He within the clusters. Significant
orrelations were also found between elements sharing common 
ucleosynthetic origins and between those that do not. We propose 
Ne as a common nucleosynthetic site to explain the correlations 
etween Fe-peak and s / r -process elements found in both GCs.
n the future, large aperture telescope coupled with efficient high 
esolution spectrographs could probe whether these dispersions and 
orrelations extend down the RGB and potentially into the main 
equence. 

Two s -process groups were found within NGC 362, most clearly
eparated in Y. The first, s -weak group, is comprised of stars
337, 2127, 1423, and 77. The second, s -rich group is comprised
f stars 1334, MB2, 1401 and the highly s -process enriched star
441. An average offset of 0.34 ± 0.08 dex was found in � 

Y, Ba, La 

hen including star 1441. Given the presence of 3 σ , or stronger,
orrelations between Al and the s -process elements Y, Ba, and Ce and
he presence of a MgSi anticorrelation in the s -rich group, we theorize
hat the s -rich group formed after the s -weak group. Enrichment
f Al and s -process elements, coupled with the depletion of Mg
ia leakage in the MgAl chain to produce Si, lead us to propose
GB stars as the primary polluter between the two episodes of star

ormation – if an o v erlap between low- and intermediate-mass AGB
tars exists (Karakas & Lattanzio 2003 ; D’Ercole et al. 2008 , 2010 ).
he s -weak group is dominated by the r -process, with a � 

La –� 

Eu 

analogous to [La/Eu]) ratio of −0.16 ± 0.02. Under the assumption 
hat the s -weak group represents the an earlier epoch of star
ormation in the cluster, we propose that this r -process abundance is
rimordial. 
In the following, bullet points we present the main findings of the

tudy. 

(i) Utilizing differential abundance analysis techniques we recov- 
red average abundance errors of the order of 0.01–0.02 dex in the
lusters NGC 288 and NGC 362. The best measured element in both
lusters was Fe I , with average uncertainties of 0.010 and 0.016 dex
n NGC 288 and NGC 362, respectively. 

(ii) Genuine dispersions in several elements were found in both 
lusters (12/22 in NGC 228 and 19/22 in NGC 362). We define
 ‘genuine’ spread to be larger than 1.5 times the quadrature
um ( σ ave + He ) of the average measurement error and uncertainty 
ntroduced by an ab initio spread in He abundances (0.009 dex in
GC 288 and 0.015 dex in NGC 362). 
(iii) Of the light elements, a genuine spread was found in Na, Al,

nd Ti in NGC 288 and in Na, Al, Si, Ca, and Ti in NGC 362. A
enuine spread in average α-elements ( σ� 

[ α/ Fe ] ) of 0.05 dex is detected
n NGC 362 and a tentative detection of a 0.02 dex spread is found
n NGC 288, at odds with its definition as a Type I GC. 

(iv) Genuine spreads in Ni and Fe I are detected in NGC 362
t the level of σ� 

Ni = 0 . 039 ± 0 . 011 and σ� 

Fe = 0 . 035 ± 0 . 010, or
.5 σ ave + He in both cases. Potentially significant spreads in Ni and 
e I are also detected in NGC 288 at the level of σ� 

Ni , Fe = 0 . 021 ±
 . 007 or 1.2 σ ave + He in the case of Ni and 1.4 σ ave + He in the case of
e I . To the best of our knowledge, this is the first time a significant
pread in Fe has been found in NGC 288. 

(v) Given the above point, we suggest that all GCs are inhomo-
eneous at the 0.02-dex level, highlighting the power of differential 
bundance techniques. 

(vi) Both clusters display genuine spreads in s -process elements, 
hich cannot be explained by a spread in He (in Sr , Y, Zr , Ba, and
d in NGC 288 and Sr, Y, Zr, Ba, La, Ce, and Nd in NGC 362. 
(vii) The largest abundance spread seen in NGC 288 is in Y at

he level of σ� 

Y = 0 . 059 ± 0 . 019 or 1.7 σ ave + He . The largest spread
n NGC 362 (not from a single line measurement and neglecting
tar 1441) is seen in Ba at the level of σ� 

Ba = 0 . 131 ± 0 . 038 or
.0 σ ave + He . A spread in r -process elements is found in NGC 362 but
ot NGC 288. 
MNRAS 518, 965–986 (2023) 
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(viii) We find at least two distinct s -process groups in NGC 362,
eparated by 0.3 dex in � 

Y, Ba, La and aided by the presence of an
xtremely s -process enhanced star. 

(ix) Given both the presence of strong correlations between Al
nd several s -process elements, and a significant positive correlation
etween Mg–Si in the s -process rich group, we hypothesize that
he s -rich group is younger than the s -weak group. This is in
greement with enrichment scenarios from AGB stars, if there is
 v erlap between low- and intermediate-mass AGB star enrichment. 
(x) In NGC 288 a 3 σ or greater correlation is found between the

 -process elements Ba, Nd, and Fe-peak elements Ni and Fe. This
rend is also observed in the s -weak population in NGC 362. 

(xi) The s -weak population is dominated by the r -process, dis-
laying a � 

La –� 

Eu (analogous to [La/Eu]) ratio of −0.16 ± 0.06.
f the s -weak population truly represents an earlier epoch of star
ormation in NGC 362, this suggests a primordial origin for the
 -process enrichment. 

These results have significant implications for our understanding
f globular cluster formation in the early Milky Way. In particular,
ur analysis provides evidence that NGC 288 and NGC 362 are
hemically inhomogeneous in elements from all four nucleosythentic
roups ( α-elements, Fe-peak, s -, and r -process). By extension, we
peculate that perhaps all GCs could be chemically inhomogeneous
t the 0.02 de x lev el. Whether these inhomogeneities are primordial
r the result of internal evolution remains to be seen. Regardless,
hese results act as a high-precision reproducible for theories of both
ype I and II GC formation and place constraints on the level of
in)homogeneity in the ISM in the earliest dGal environments. 
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PPENDI X  A :  VERI FYI NG  R E F E R E N C E  STAR  

ONSI STENCY  

o perform our differential abundance analysis, we re-analysed the 
eference star mg9 from the study of Yong et al. ( 2013 ) following
he procedure described in Section 2 . A comparison of the reco v ered
lemental abundances between studies (the difference between the 
wo) is shown in Fig. A1 . The large difference in Ba II abundances
etween the two studies can be partially explained by the lack
f HFS corrections applied to the element in Yong et al. ( 2013 ).
o investigate this we re-determined the Ba II abundance without 
pplying HFS corrections and re-calculated the difference. Without 
FS corrections, the difference between studies is shown as the red
oint, significantly reducing the tension between the two. 
MNRAS 518, 965–986 (2023) 

http://dx.doi.org/10.3847/1538-3881/abacb6
http://dx.doi.org/10.1088/0004-637X/722/2/1373
http://dx.doi.org/10.1103/RevModPhys.83.157
http://dx.doi.org/10.1111/j.1365-2966.2009.16198.x
http://dx.doi.org/10.1071/AS03010
http://dx.doi.org/10.1017/pasa.2014.21
http://dx.doi.org/10.1088/0004-637X/690/2/1130
http://dx.doi.org/10.1086/508914
http://dx.doi.org/10.3847/1538-4357/abae65
http://dx.doi.org/10.1051/0004-6361/201935861
http://dx.doi.org/10.1088/978-0-7503-1278-3
http://dx.doi.org/10.1051/0004-6361/202243843
http://dx.doi.org/10.1086/321549
http://dx.doi.org/10.1086/323407
http://dx.doi.org/10.1093/mnras/stac734
http://dx.doi.org/10.1088/0067-0049/216/1/19
http://dx.doi.org/10.3847/0004-637X/832/2/99
http://dx.doi.org/10.1051/0004-6361/201015356
http://dx.doi.org/10.1051/0004-6361:200810389
http://dx.doi.org/10.1051/0004-6361/201116546
http://dx.doi.org/10.1088/0004-637X/731/1/64
http://dx.doi.org/10.1088/0004-637X/746/1/14
http://dx.doi.org/10.1093/mnras/stu1099
http://dx.doi.org/10.1093/mnras/stv420
http://dx.doi.org/10.3847/1538-4357/aabdea
http://dx.doi.org/10.1093/mnras/stz1415
http://dx.doi.org/10.3847/1538-4357/ab53d9
http://dx.doi.org/10.3847/1538-4357/ac282c
http://dx.doi.org/10.1093/mnras/stab2171
http://dx.doi.org/10.1093/mnras/stac2254
http://dx.doi.org/10.1088/0004-637X/704/1/L66
http://dx.doi.org/10.1051/0004-6361/201117222
http://dx.doi.org/10.1093/mnras/stz3496
http://dx.doi.org/10.1146/annurev.aa.32.090194.001101
http://dx.doi.org/10.3390/universe8070359
http://dx.doi.org/10.1088/0004-637X/785/1/21
http://dx.doi.org/10.1088/0004-637X/808/1/51
http://dx.doi.org/10.1093/mnras/stw2531
http://dx.doi.org/10.1093/mnras/sty2573
http://dx.doi.org/10.1093/mnras/stz2999
http://dx.doi.org/10.1007/s00159-018-0111-3
http://dx.doi.org/10.1146/annurev-astro-082812-140956
http://dx.doi.org/10.1086/181946
http://dx.doi.org/10.1093/mnras/staa3407
http://dx.doi.org/10.1088/0004-6256/149/3/91
http://dx.doi.org/10.3847/2515-5172/abf651
http://dx.doi.org/10.1051/0004-6361:20064854
http://dx.doi.org/10.1051/0004-6361/201424244
http://dx.doi.org/10.1093/mnras/stac973
http://dx.doi.org/10.1051/0004-6361/201117402
http://dx.doi.org/10.1088/2041-8205/732/1/L17
http://dx.doi.org/10.1088/0004-6256/142/1/22
http://dx.doi.org/10.3847/1538-4357/aadd92
http://dx.doi.org/10.1086/301232
http://dx.doi.org/10.1088/0004-637X/795/1/34
http://dx.doi.org/10.1086/152374
http://dx.doi.org/10.1086/596126
http://dx.doi.org/10.1093/mnras/stz585
http://dx.doi.org/10.1086/130932
http://dx.doi.org/10.1016/j.ppnp.2011.01.032
http://dx.doi.org/10.1093/mnras/stac1758
http://dx.doi.org/10.1093/mnras/stab1475
http://dx.doi.org/10.1051/0004-6361/200811139
http://dx.doi.org/10.1088/2041-8205/761/2/L30
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.1103/RevModPhys.74.1015
http://dx.doi.org/10.1111/j.1365-2966.2010.16837.x
http://dx.doi.org/10.1088/0004-637X/695/1/L62
http://dx.doi.org/10.1093/mnras/stt1276
http://dx.doi.org/10.1093/mnras/stu806
http://dx.doi.org/10.1093/mnras/stu2334
http://dx.doi.org/10.1093/mnras/stw1091
http://dx.doi.org/10.1038/s41586-021-03611-2
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac3040#supplementary-data


982 S. Monty et al. 

M

Figure A1. Absolute abundance differences measured in the reference star 
mg9 for the elements in common between this study and Yong et al. ( 2013 ). 
Almost all elements show agreement within 1 σ with the exception of Ba II , 
La II, and Eu II . This is likely due to the use of spectral synthesis in the original 
study for the elements La II and Eu II . In the case of Ba II , HFS corrections 
were applied in this study and not in Yong2013. The red marker shows the 
difference if HFS corrections are not applied. Note that the same stellar 
parameters were assumed for the reference star in both studies. 
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Figure B2. Fe-peak element correlations coloured by statistical significance 
for NGC 288 . 
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PPENDIX  B:  A D D I T I O NA L  C H E M I C A L  

O R R E L AT I O N S  

lement correlations for each nucleosynthetic group as discussed in
ection 3.2 are shown for the α-elements (both clusters: Fig. B1 ),

he Fe-peak elements (NGC 288: Fig. B2 , NGC 362: Fig. B3 ) and
eavy elements (NGC 288: Fig. B4 , NGC 362: Fig. B5 ). Chemical
orrelations for all possible element correlations in the two s -process
roups in NGC 362 are shown in Fig. B6 . the s -rich group is shown
n the topmost panel and s -weak group below. Interpretations of the
nteresting and unexpected correlations are discussed in Section 4.1
nd subsequent sections. 
NRAS 518, 965–986 (2023) 

igure B1. α-element correlations coloured by statistical significance for 
GC 288 (left) and NGC 362 (right) . 

Figure B3. Fe-peak element correlations coloured by statistical significance 
for NGC 362 . 
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Figure B4. s - and r -process element correlations coloured by statistical 
significance for NGC 288 . 

Figure B5. s - and r -process element correlations coloured by statistical 
significance for NGC 362 . 
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Figure B6. Same as Fig. 10 for the two s -process groups in NGC 362 . The s -process rich group is shown on the top and the s -process weak group on the 
bottom . Note that only in the s -process rich group are the s -process elements Ce, Ba, and Y found to correlate with the light element Al – indicating enrichment 
via AGB stars as a natural consequence of GC evolution. The lack of correlation between the s -process weak group and the light element Al supports primordial 
enrichment in s -process elements within the protocluster environment. 
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PPENDIX  C :  EQUIVA LENT  W I D T H S  A N D  

TELLAR  A BU N DA N C E S  

able C1 lists a sample of EW measurements for all stars in this
tudy, including the reference star mg9. A description of how the 
ines are measured and which lines are included for the final analysis
Table C1. Sample of the equi v alent widths measured for t
of differential abundances. Lines for the reference star, mg9
methodology and choice of lines to include is given in Section 

Wavelength Element χ log gf mg9 
( Å) ... (eV) ... (m Å) 

6363.78 8.0 0 .02 − 10 .3 11 .1 
5682.63 11.0 2 .1 − 0 .71 56 .6 
5688.2 11.0 2 .1 − 0 .41 ... 
6154.226 11.0 2 .1 − 1 .547 13 .7 
6160.747 11.0 2 .1 − 1 .246 25 .6 
5528.4 12.0 4 .35 − 0 .5 170 .6 
5711.09 12.0 4 .34 − 1 .72 84 .2 
6698.673 13.0 3 .14 − 1 .647 17 .2 
5645.613 14.0 4 .93 − 2 .14 14 .8 
5665.55 14.0 4 .92 − 2 .04 16 .6 
5684.48 14.0 4 .95 − 1 .42 ... 
5690.43 14.0 4 .93 − 1 .87 22 .3 
5701.1 14.0 4 .93 − 2 .05 16 .9 
5948.55 14.0 5 .08 − 1 .23 47 .5 
6142.49 14.0 5 .62 − 1 .48 9 .6 
6155.14 14.0 5 .62 − 0 .86 29 .7 
6237.33 14.0 5 .62 − 1 .08 20 .3 
6243.814 14.0 5 .62 − 1 .244 13 .1 
6244.465 14.0 5 .62 − 1 .091 ... 
6721.84 14.0 5 .86 − 0 .94 14 .2 
... ... ... ... ... 

Table C2. Sample of the stellar abundances for the GC NGC 288 determined fo
are quoted in a differential sense relative to the reference star mg9. The abundan

Element N mg9 σ N NGC 288-281 σ

Na I 3 4 .895 0.025 4 − 0 .034 0.015 
Mg I 2 6 .351 0.014 2 0 .279 0.142 
Al I 1 5 .303 ... 1 − 0 .068 0.007 
Si I 10 6 .230 0.036 6 0 .335 0.009 
Ca I 12 5 .037 0.036 3 0 .248 0.013 
Sc II 1 1 .408 ... 1 0 .440 0.019 
Ti I 39 3 .550 0.068 18 0 .309 0.017 
Ti II 10 3 .574 0.051 5 0 .261 0.016 
V I 1 2 .339 ... 0 ... ... 
Cr I 4 3 .915 0.054 3 0 .221 0.035 
Cr II 2 4 .127 0.003 2 0 .301 0.132 
Mn I 3 3 .503 0.029 0 ... ... 
Fe I 130 5 .849 0.093 97 0 .250 0.008 
Fe II 15 5 .770 0.032 16 0 .263 0.026 
Co I 2 3 .504 0.236 1 0 .279 0.009 
Ni I 43 4 .524 0.107 23 0 .298 0.011 
Cu I 1 2 .416 ... 1 0 .844 0.025 
Zn I 1 2 .951 ... 1 − 0 .051 0.010 
Sr I 1 3 .548 ... 1 0 .111 0.012 
Y II 8 0 .582 0.096 5 0 .467 0.047 
Zr II 1 1 .446 ... 1 0 .325 0.018 
Ba II 3 − 0 .175 0.049 3 0 .343 0.042 
La II 3 − 0 .627 0.074 2 0 .357 0.058 
Ce II 3 − 0 .080 0.057 3 0 .376 0.040 
Nd II 11 − 0 .025 0.044 4 0 .400 0.020 
Sm II 1 − 0 .438 ... 1 0 .523 0.016 
Eu II 1 − 1 .240 ... 1 0 .401 0.020 
s given in Section 2.2 . A sample of abundances measurements for
elect stars in NGC 288 and NGC 362 are given in Tables C2 and
3 , respectively. Full tables are included in the online material. 
MNRAS 518, 965–986 (2023) 

he stars in this study and used in the determination 
 are also included. A description of the measurement 
2.2 . 

NGC 288-281 NGC 288-287 NGC 288-338 
(m Å) (m Å) (m Å) 

26 .6 10 .3 19 .3 
64 .9 80 .9 56 .1 
90 .7 ... ... 
16 .3 27 .1 13 .5 
32 .4 43 .0 24 .1 

197 .3 170 .1 195 .3 
113 .5 98 .9 98 .3 

19 .6 20 .2 14 .3 
... 23 .1 22 .0 

27 .0 ... 25 .6 
... 32 .1 ... 

34 .3 32 .5 36 .4 
26 .9 24 .9 26 .6 
60 .9 65 .8 61 .5 

... 14 .9 ... 
40 .0 42 .0 43 .7 
29 .6 31 .2 29 .1 

... 20 .7 22 .8 

... 21 .1 ... 

... 20 .8 18 .8 

... ... ... 

llowing the methodology described in Section 2.4 . All abundances listed 
ces listed for mg9 are absolute abundances. 

N NGC 288-287 σ N NGC 288-338 σ

3 0.358 0.018 3 − 0 .036 0.016 
2 0.134 0.139 2 0 .225 0.036 
1 0.097 0.011 1 − 0 .105 0.013 

11 0.298 0.013 9 0 .318 0.019 
7 0.226 0.021 6 0 .269 0.027 
1 0.446 0.021 1 0 .413 0.026 

33 0.198 0.026 23 0 .286 0.028 
10 0.179 0.027 7 0 .233 0.026 
1 0.279 0.030 1 0 .403 0.038 
4 0.200 0.028 3 0 .239 0.031 
2 0.155 0.030 2 0 .211 0.080 
2 0.374 0.131 2 0 .445 0.234 

105 0.191 0.013 105 0 .231 0.015 
14 0.213 0.027 13 0 .251 0.033 
2 0.194 0.018 1 0 .285 0.015 

38 0.237 0.018 31 0 .291 0.014 
1 0.383 0.027 1 0 .653 0.035 
1 0.179 0.016 1 0 .144 0.019 
1 0.102 0.016 1 0 .184 0.020 
7 0.296 0.030 7 0 .402 0.031 
1 0.355 0.018 1 0 .420 0.023 
3 0.194 0.039 3 0 .386 0.035 
2 0.303 0.035 2 0 .395 0.029 
2 0.340 0.018 3 0 .444 0.043 

11 0.277 0.023 8 0 .395 0.030 
1 0.358 0.017 0 ... ... 
1 0.370 0.020 1 0 .433 0.025 
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Table C3. Same as Table C2 , for the GC NGC 362. 

Element N mg9 σ N 

NGC 

362 −1137 σ N NGC 362 −1334 σ N 

NGC 

362 −2127 σ

Na I 3 4 .895 0.025 4 − 0 .074 0.033 3 − 0 .022 0.035 3 0.361 0.028 
Mg I 2 6 .351 0.014 2 0 .270 0.088 2 0 .241 0.144 2 0.275 0.050 
Al I 1 5 .303 ... 1 − 0 .329 0.018 1 − 0 .181 0.021 1 0.200 0.013 
Si I 10 6 .230 0.036 7 0 .286 0.023 7 0 .324 0.027 8 0.255 0.018 
Ca I 12 5 .037 0.036 4 0 .295 0.030 3 0 .319 0.032 5 0.216 0.024 
Sc II 1 1 .408 ... 1 0 .508 0.037 1 0 .546 0.038 1 0.401 0.029 
Ti I 39 3 .550 0.068 18 0 .368 0.039 14 0 .377 0.046 23 0.218 0.029 
Ti II 10 3 .574 0.051 4 0 .297 0.035 4 0 .363 0.037 5 0.175 0.026 
V I 1 2 .339 ... 1 0 .822 0.066 1 0 .946 0.085 1 0.453 0.040 
Cr I 4 3 .915 0.054 2 0 .305 0.042 2 0 .348 0.043 3 0.209 0.052 
Cr II 2 4 .127 0.003 2 0 .472 0.097 1 0 .392 0.038 1 0.457 0.029 
Mn I 3 3 .503 0.029 3 1 .314 0.249 3 1 .367 0.185 3 0.884 0.124 
Fe I 130 5 .849 0.093 77 0 .371 0.017 74 0 .421 0.020 72 0.359 0.012 
Fe II 15 5 .770 0.032 14 0 .366 0.055 13 0 .421 0.059 15 0.341 0.042 
Co I 2 3 .504 0.236 1 0 .363 0.017 1 0 .404 0.019 1 0.310 0.013 
Ni I 43 4 .524 0.107 24 0 .325 0.020 24 0 .384 0.024 27 0.307 0.017 
Cu I 1 2 .416 ... 1 0 .796 0.065 1 0 .299 0.066 1 0.576 0.048 
Zn I 1 2 .951 ... 0 ... ... 1 0 .252 0.038 1 0.124 0.025 
Sr I 1 3 .548 ... 1 0 .051 0.030 1 0 .073 0.034 0 ... ... 
Y II 8 0 .582 0.096 3 0 .309 0.030 2 0 .501 0.031 3 0.247 0.053 
Zr II 1 1 .446 ... 1 0 .269 0.028 1 0 .388 0.029 1 0.281 0.022 
Ba II 3 0 .099 0.396 2 0 .440 0.041 2 0 .573 0.048 2 0.479 0.074 
La II 3 − 0 .627 0.074 3 0 .426 0.032 3 0 .530 0.045 3 0.404 0.042 
Ce II 3 − 0 .080 0.057 2 0 .376 0.033 2 0 .339 0.080 2 0.338 0.031 
Nd II 11 − 0 .025 0.044 5 0 .538 0.039 5 0 .688 0.065 6 0.463 0.038 
Sm II 1 − 0 .438 ... 0 ... ... 0 ... ... 0 ... ... 
Eu II 1 − 1 .240 ... 1 0 .563 0.032 1 0 .725 0.035 1 0.592 0.027 
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