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ABSTRACT

Context. Globular clusters are considered key objects for understanding the formation and evolution of the Milky Way. In this sense,
the characterisation of their chemical and orbital parameters can provide constraints on chemical evolution models of the Galaxy.
Aims. We use the heavy element abundances of globular clusters to trace their overall behaviour in the Galaxy, with the aim to analyse
potential relations between the hot H-burning and s-process elements.

Methods. We measured the content of Cul and s- and r-process elements (Y II, Ball, Lall, and Eull) in a sample of 210 giant stars
in 18 galactic globular clusters from high-quality UVES spectra. These clusters span a broad metallicity range and the sample is the
largest that has been uniformly analysed to date, with respect to heavy elements in globular clusters.

Results. The Cu abundances did not show a considerable spread in the sample, nor any correlation with Na, indicating that the Na
nucleosynthesis process does not affect the Cu abundance. Most GCs closely follow the Cu, Y, Ba, La, and Eu field stars’ distribution,
revealing a similar chemical evolution. The Y abundances in mid-metallicity regime GCs (—1.10dex < [Fe/H] < —1.80 dex) display a
mildly significant correlation with the Na abundance, which ought to be further investigated. Finally, we do not find any significant
difference between the n-capture abundances among GCs with either Galactic and extragalactic origins.

Key words. stars: abundances — stars: AGB and post-AGB — stars: Population II — Galaxy: abundances — globular clusters: general —

Galaxy: halo

1. Introduction

Globular clusters (GCs) are as old as the Milky Way (MW) itself,
perhaps being an important contributor to the Halo formation
(Martell et al. 2011) and possibly the Bulge as well (Lee et al.
2019). Studying these objects, from their formation and evo-
lution to their potential dissolution in the field, can be crucial
for understanding the Galactic evolution. All the well-studied
Galactic GCs show the spectroscopic and photometric evidence
of multiple stellar populations (MSP, e.g. Smith 1987; Kraft
1994; Gratton et al. 2004, 2012; Bastian & Lardo 2018), reveal-
ing a star-to-star light element variation, which reflects a com-
plex process of self-enrichment and is considered their defining
signature.

These variations are the result of the hot H-burning at the
interior of polluter stars, which pollute the intra-cluster medium
with material enriched in, for instance, N, Na, and Al, but
depleted in C, O, and Mg (Bastian & Lardo 2018). In this con-
text, a given cluster is composed of a first-generation (FG) of
stars formed by the unpolluted (pristine) material and a second-
generation (SG) of stars formed by a mixture of variable amounts
of the pristine and polluted material (e.g. Gratton et al. 2019).

* Full Tables 2 and 3 are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/]/A+A/685/A10

While many potential sites responsible for cluster pollution have
been proposed, none have managed to successfully reproduce
the observations. The most commonly discussed polluter can-
didates are fast-rotating massive stars (FRMS; Decressin et al.
2007), massive binaries (de Mink et al. 2009), and intermediate-
mass (~4—8 M) asymptotic giant branch (AGB; Ventura et al.
2001) stars.

To better understand the MSP phenomenon, numerous stud-
ies have been carried out to constrain the nature of the pol-
luters via a detailed chemical composition. However, they have
concentrated mostly on elements lighter than Fe. On the other
hand, a limited number of studies have extended the analysis to
neutron- (n-) capture species. The neutron capture processes are
split into two classes: rapid or r-process (neutron capture time-
scale shorter than S-decay) and slow or s-process (in this case,
the neutron capture time-scale is longer than S-decay). Most n-
capture elements are produced by both the - and s-process, but
for some of these heavy nuclei, the production is dominated by
only one process; for example, in the solar system, europium
is almost exclusively produced by the r-process (Prantzos et al.
2020). The main s-process takes place mainly in low-mass
AGB stars (~1.2—4.0 My; with some contribution of AGB stars
up to 8 My) during their thermal pulses (Cseh etal. 2018).
Rotating massive stars can also produce s-process elements
through the weak s-process, in particular, the light n-capture ele-
ments (Sr, Y, and Zr) as recently shown by Frischknecht et al.
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(2016) and Limongi & Chieffi (2018). The r-process produc-
tion was thought to take place mainly in core-collapse super-
novae (Cowan et al. 1991); however, Arcones et al. (2007) found
that these candidates cannot efficiently host an r-process able
to produce the heaviest nuclei. A possible source was pro-
posed by Nishimura et al. (2015) with a class of supernovae,
the magnetorotationally driven supernovae (MRD SNe) that may
be the source of r-process; another scenario was proposed by
Siegel et al. (2019) who found that collapsar can also produce
neutron-rich outflows that synthesise heavy r-process nuclei.
The remaining channel is a binary system of neutron stars when
they merge. Neutron stars mergers are certainly a robust theoret-
ical site (Perego et al. 2021) and the only one where the produc-
tion of r-process was observed Kasen et al. (2017); however, the
delay time that should be taken into account for this source is
difficult to reconcile with the observations of n-capture elements
at extremely low metallicity (see Cavallo et al. 2023).

As mentioned earlier, n-capture elements have been the sub-
ject of limited investigations in GCs so far: studies have shown
that they display quite homogeneous abundances in most clusters
(e.g. James et al. 2004; D’Orazi et al. 2010; Cohen 2011). Nev-
ertheless, some metal-poor GCs have shown evidence of con-
siderable spread in their abundances, for instance, NGC 7078
(Sobeck et al. 2011), which shows a large spread of Eu (with
a difference of Eu within the sample of about 0.55 dex) with
a slight spread in Fe (~0.1dex). In this sense, the n-capture
element distribution can give us essential information for con-
straining the chemical enrichment of the MW. For example,
the [Ba/Eu] ratio is negative at lower metallicities, indicating
a prevalence of r-process products over the s-process ones,
which increases consistently at higher metallicities Gratton et al.
(2004). This higher r-process domination suggests a consider-
able contribution of massive stars (via explosive nucleosynthe-
sis) to the Galactic chemical enrichment at the early stages of
its evolution. On the other hand, because AGB star yields of
both light (/;) and heavy (k) s-process elements depend strongly
on the mass and metallicity of the star (Bussoetal. 2001;
Cescutti & Matteucci 2022), the [/,/Fe], [h/Fe], and [Ah,/[;] (e.g.
[Ba/Y]) ratios can trace the s-process enrichment in GCs. Rotat-
ing massive stars can also affect these ratios at low metallicity
(Cescutti & Chiappini 2014) and their participation should be
considered.

Because stellar systems retain some information from the
place they were born (Geisler et al. 2007), their chemical fea-
tures (Freeman & Bland-Hawthorn 2002), coupled with their
astrometric information, age, and orbital properties (Horta et al.
2020) can be used as a tracer not only for the chemical evo-
lution of GCs, but also for their origin. According to the most
accepted scenarios, all galaxies were built through the accre-
tion of smaller stellar systems (e.g. dwarf galaxies). Then,
the GCs in our Galaxy could have been stripped from extra-
galactic bodies (Arakelyan et al. 2020). This scenario has been
supported by observational evidence (e.g. Massari et al. 2019;
Horta et al. 2020) based on high-quality data from the Gaia
mission (Gaia Collaboration 2023), which provide parallaxes
and proper motions allowing to compute the orbital proper-
ties of the systems. Therefore, the complete characterisation of
the different stellar systems in the MW is crucial for under-
standing its formation and past mergers (e.g. Sequoia and
Gaia-Sausage-Enceladus). In the literature, attempts have been
made to distinguish GCs born in situ and accreted, taking
advantage of their different chemical signatures. For example,
Fernandez-Alvar et al. (2018) and Recio-Blanco (2018) argued
that the a-element abundances and [Si, Ca/Fe], respectively,

A10, page 2 of 22

can distinguish populations with different origins. On the other
hand, Carretta & Bragaglia (2022) claimed that iron-peak ele-
ments may efficiently identify only the GCs associated with the
Sagittarius dwarf galaxy.

In the present paper, we characterise a large sample of GCs
in terms of Cu and n-capture elements, aiming to study their
homogeneity and relation with lighter elements. Moreover, we
analysed the chemical signatures of the GCs in our sample and
their connection to potential galactic or extra-galactic origin. In
Sects. 2-5, we describe the sample, the stellar parameters, abun-
dances, and observational uncertainties determination, respec-
tively. Then, in Sects. 6 and 7, we show the distribution of Cu
and the n-capture elements and their relation to O, Na, and Mg.
Finally, in Sects. 8 and 9, we analyse our results regarding the
origin and the cluster mass.

2. Observational data

The present sample includes data from Carretta et al. (2009,
hereafter C09) plus NGC 5634 from Carretta et al. (2017), which
gives p-capture element abundances for a large number of GCs.
The data are based on VLT FLAMES/UVES spectrograph obser-
vations under programmes 072.D-507, and 073.D-0211. The
spectra have a resolution of ~40 000 and a wavelength coverage
of 4800-6800 A.

The sample includes GCs with a wide star distribution on
their horizontal branch (HB), ranging from stubby red HB to
blue ones with long tails. The sample includes the less massive
to the more massive GCs, covering different ages. On the other
hand, the star selection considered members without a close
companion brighter (fainter) than —2 (+2) mag. of the target star.
Moreover, the authors preferred stars near the red giant branch
(RGB) ridge over the ones close to the RGB tip to reduce prob-
lems with model atmospheres. We refer to the source for a more
detailed description of the cluster and star member selection. A
total of 210 stars in 18 clusters are included in the dataset.

C09 and Carretta et al. (2017) kindly provided the reduced
spectra. The same authors reduced the spectra for their respective
samples, shifted them to rest-frame, and co-added them for each
star as described in the cited articles. In brief, they reduced the
spectra using the ESO UVES-FLAMES pipeline (uves/2.1.1 ver-
sion). They measured each spectrum’s radial velocity (V;) using
the IRAF task called rvidlines. For the correspondent V;, we
refer the reader to the mentioned articles. For the present arti-
cle, we only performed the continuum normalisation using the
continuum task from IRAF.

3. Stellar parameters

To maintain homogeneity with the abundances reported by C09,
we used the same stellar parameters derived in their study. The
procedure adopted by the author for the atmospheric parameters
determination in the survey sample is exhaustively described in
the cited paper. We provide a summary of the method here. We
refer to CO9 for more details.

First, 2MASS (Skrutskie et al. 2006) photometry was used,
J and K filters, which were transformed into the TCS system as
indicated in Alonso et al. (1999). Using the relations for V — K
colours given in that work, the authors computed the 7. and
the bolometric corrections (B.C.). The final T.¢ was computed
with a relation between the former T.s and the V mag (or K
mag for GCs with high reddening), which was built based on
a sub-sample of “well behaved” stars. It is worth noticing that
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Table 1. Lines used for the abundance determination of heavier ele-
ments in the present extended survey.

Element n A (10\)
Cul 1 5105
Y1 4 4883; 5087,
5200; 5509
Ball 3 5853;6141;
6496
Lall 2 6262; 6390
Eu II 1 6645

Notes. We adopted solar abundances reported by Asplund et al. (2009)
for Fe, Cu, Y, Ba, La, and Eu.

these stars are defined as well-behaved if they have magnitudes
in the J, K, B, and V filters and they lay on the RGB. The
log g was obtained using the T and B.C. for a stellar mass
of 0.85 My and My o =4.75. On the other hand, the authors
determined the microturbulence velocity (v;) by removing the
dependency of the Fe I abundances with the strength of the lines
measured. They preferred this method instead of the classic func-
tions of v;(Tes, log g) to reduce the scatter on the obtained abun-
dances. Finally, the metallicities were derived after interpolation
of Kurucz (1993) model atmospheres grid with overshooting.
The selected model was the one with the proper stellar parame-
ters whose abundance was the same as the ones derived from the
Fel lines.

4. Abundance determination

For the present article, we extended the analysis of C09 to the
heavier elements Cu, Y, Ba, La, and Eu'. Although the num-
ber of lines used by the abundance determination can vary due
to specific features of the spectra (e.g. signal-to-noise ratio),
in general, the lines considered for abundance determination
can be found in Table 1. The abundance derivation for Cu, Y,
Ba, and Eu was done through spectral synthesis using MOOG
with its driver synth, which is a 1D LTE? line analysis code.
The line lists for this method were generated with linemake
code® (Placco et al. 2021), which considers hyperfine splitting
for Ball (Gallagher 1967), Cu I* (Kurucz & Bell 1995), and
Eull (Lawler et al. 2001). We assumed solar isotopic ratios from
Asplund et al. (2009) for Cu, Y, Ba, and Eu. Although the solar
isotopic ratios for these elements are not necessarily appropriate
for Population II stars, we note that this has negligible impact on
the results at the spectral resolution under discussion.

We decided to synthesise La lines automatically. We made
that decision because La lines are weak and have a well-
behaved shape. Moreover, although La lines are affected by
hyperfine splitting, this effect is negligible for these lines,
considering the associated errors. We used the 1D-LTE code
PySME> (Wehrhahn 2021), considering the solar isotopic ratios
cited before and the hyperfine splitting derived by Hohle et al.
(1982). We synthesised the same lines in Arcturus with both
codes to confirm that it does not introduce a systematic offset

! When using the notation [X/Fe], abundances of the neutral species
are indexed to Fe I, while those for ionised species are indexed to Fe II.
2 Local thermodynamic equilibrium.

3 Github site: https://github.com/vmplacco/linemake

4 http://kurucz.harvard.edu/atoms.html

> Webpage: pysme-astro.readthedocs.io/

with our result obtained with MOOG. We found an abundance
of A(La)®=0.50+0.06 and A(La)=0.48+0.07 dex when we
used PySME and MOOG, respectively. Using the approaches men-
tioned before, we analysed the Solar spectrum and obtained
A(Cu)=4.24+0.06, A(Y)=2.19+£0.06, A(Ba)=2.40=0.06,
A(La)=1.18+£0.07, and A(Eu) =0.45 £ 0.05 dex. Although our
results demonstrated a good agreement with Asplund et al.
(2009), we decided to use the latter as a reference in our results.
As it is standard practice (see, e.g. Mucciarelli 2011), we con-
sidered upper limits the abundances obtained from lines with
equivalent widths (EWs) smaller than three times the uncertainty
associated with the EW determination. That uncertainty follows
the relation defined by Cayrel et al. (1988, in Eq. (7)). In Fig. 1,
we show an example of the lines used in the present article.
Table 2 displays the abundances obtained for each star analysed
in the present article.

5. Observational uncertainties

The uncertainty associated with the measurements combines the
uncertainties of the best-fit determination and those associated
with the uncertainties in the adopted atmospheric parameters. As
we are adopting parameters from C09 and Carretta et al. (2017),
we are also adopting the errors associated with the atmospheric
parameters described there. It is worth noticing that, for the
species analysed in C09 and Carretta et al. (2017), the error asso-
ciated with log g and [Fe/H] have generally a quite limited influ-
ence on the budget of the total error. Heavy elements, whose
abundances are generally measured from transitions of ionised
species, are more sensitive to log g variations.

Because this sample is meant to be compared to different
GCs, the observational uncertainties should consider both the
individual star-to-star errors (arising from e.g. stochastic uncer-
tainties in the photometry associated with the line-to-line scatter,
etc.) and the cluster systematic error associated with overall clus-
ter characteristics (e.g. overall reddening). A full table with the
errors computed by C09 can be found in their Table 7.

5.1. Individual star error

To determine the individual star errors, we followed the approach
described by Schiappacasse-Ulloa & Lucatello (2023, hereafter
SUL23). That error is associated with the abundance determina-
tions and combines both the uncertainties of the best-fit determi-
nation and the uncertainties in the assumed stellar parameters.
For abundances derived via synthesis, the first one comes from
the error on the best-fit determination (e.g. the continuum posi-
tion). The second is derived by evaluating the variation of the
abundances to the change in each of the parameters (7., log g,
v;, and [Fe/H]), keeping fixed the remaining ones. We selected
one star of each cluster as a representative, trying to use the
one with median stellar parameters. The variations in stellar
parameters assumed to compute the sensitivity matrix (Table 3)
are: ATeg = 50K, Alog g = 0.2dex, Av; = 0.1kms~', and
A[Fe/H] = 0.1 dex. The final estimated error (o) derived from the
variation of stellar parameters is listed in Table 4. Moreover, we
listed the rms error defined as the standard deviation divided by
the squared root of the stars with actual measurements minus
one.

¢ A(X) =log(Nx/Nx) + 12, where Ny is the number density of a given
element.
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Fig. 1. Example of the synthesised lines for one star of our sample (NGC 2808—-49743). The red line represents the best fit. Blue and green fits
correspond to the best fit of each element +0.1 dex, respectively.
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Table 2. Abundances obtained for each element analysed in each GCs.

Cluster Star  FlagCu [Cu/Fe] [Y/Fe] [Ba/Fe] FlaglLa [La/Fe] FlagEu [Eu/Fe]
NGC 7099 954 0 -0.65 -020 -0.32 1 0.19 0 0.79
NGC7099 3399 1 -0.67 -0.04 -0.13 1 1.20 0 0.98
NGC7099 7414 0 -0.56 -0.13 -0.17 1 0.28 1 0.66
NGC7099 9817 0 -0.78 -0.21 0.17 1 0.51 0 0.55
NGC7099 9956 0 -0.57 -0.25 -0.20 1 0.46 1 0.72
NGC7099 10200 0 -0.78 -0.26 -0.32 1 0.29 1 0.67

Notes. Stars for which we reported actual measurement and upper limits were flagged with 0 and 1, respectively. The star IDs were taken from

Carretta et al. (2009, 2017). The full table is available at the CDS.

Table 3. Element sensitivity to the parameter variations (AT = +50K,
Alog g = +0.2 dex, A[Fe/H] = +0.10, and Av, = +0.10).

Cluster Element Tet log g [Fe/H] vy Star
NGC 7099 A(Cu) 0.08 -0.02 -0.01 0.00 9956
A®Y) 0.04 0.06 0.01 -0.01
A(Ba) 0.06 0.08 0.00 -0.04
A(La) 0.06 0.09 0.01 0.04
A(Eu) 0.04 0.08 0.03 0.04
NGC 7078 A(Cu) 0.09 -0.01 0.00 0.02 29401
AY) 0.03 0.05 0.01 0.00
A(Ba) 0.04 0.07 0.00 —-0.06
A(La) 0.04 0.07 0.02 0.02
0.00 0.03 0.01 -0.01

A(Eu)

Notes. The full table is available at the CDS.

5.2. Cluster systematic error

The error coupled to Tt comes from the empirical relation
between T4 and the (V—K) colour given by Alonso et al. (1999).
Since the V — K are dereddened, C09 and Carretta et al. (2017)
estimated the error from the reddening adopted, affecting their
T values. To get the internal error of the log g, they propa-
gated the uncertainties in distance modulus, the star’s mass, and
the error associated with T.g. The one associated with v, is given
by its internal error divided by the square root of the star num-
ber. Finally, the error coupled to the metallicity was given by the
quadratic sum of the systematic error contribution of the system-
atic contribution Teg, log g, and v; multiplied by their correspon-
dent abundance sensitivity. The last term was given by the rms
scatter in a given element divided by the square root of the star
number of a given cluster.

5.3. Data interpretation

To determine the strength of a given relationship between two
abundances, we used the so-called “Spearman coefficient”, also
known as the “Spearman rank” (Spearman 1904). To charac-
terise a correlation, we considered p-values lower (higher) than
0.01 (0.05) as highly (poorly) significant. Moreover, a p-value
between 0.01 and 0.05 is considered mildly significant. The
Spearman rank and its p-value will be indicated when corre-
sponding along the text and figures. In addition, we quantified
the variation of any correlation in the present article by sim-
ply using the slope of a one-degree fit to the two elements
considered.

6. Chemical abundance distribution: Cu
6.1. Internal spread

Only a handful of studies (e.g. Cunhaetal. 2002; Simmerer
et al. 2003) have analysed the presence of copper in GCs.
However, they found no evidence of internal variation. As Cu
abundances are derived from relatively strong lines, we tested
whether there is any dependency of the derived values on v;.
In the more metal-poor clusters, the Cu abundances are dom-
inated by upper limits. Figure 2 displays the behaviour of Cu
with respect to v, (ordered by increasing metallicity’) showing
no clear trend, except for NGC 6121, which has a positive corre-
lation highly significant. We note that we use the Cu abundance
obtained by re-scaling to the mean Cu within each cluster to bet-
ter visualise the sample. In most cases, the Cu results seem to
be (within the errors) quite flat and without spread. However,
the most metal-rich GCs (NGC 6171, NGC 6838, and NGC 104)
display a spread larger than the associated error. On the other
hand, the GC NGC 6254 has two stars with slightly higher Cu
abundances, considering the associated errors.

To further analyse whether this discrepancy is real, we show
in Fig. 3 a comparison of two stars with similar stellar parame-
ters to those of GC NGC 6171. The difference in A(Cu) is about
0.75 dex, which goes beyond the associated errors but is con-
sistent with the difference observed in the lines and cannot be
explained by the slight difference in v,. It is worth noticing that
the Cu enrichment goes in the opposite direction of the n-capture
enrichment for the pair. This may suggest that in this pair, the
nucleosynthesis process(s) responsible for the n-capture produc-
tion is (are) not linked to the one responsible for the Cu produc-
tion. Some authors (e.g. Pignatari et al. 2010) have claimed that
it may be related to the s-process production in massive stars or
AGB stars, which is investigated later in this paper.

In this context, it is interesting to consider the Cu relationship
with Na. In Fig. 4, we show the distribution of Cu abundances as
a function of the ANa content in each cluster. This value has been
used to eliminate any possible spurious dependencies of abun-
dances from the adopted v;, an effect that impacts the elemen-
tal abundances derived from strong lines.Thus, A; measurements
were defined as follows: for a given element X, A(X) is defined
as the difference between the reported [X/Fe] abundance, and a
linear fit between the [X/Fe] and v;. The distribution seems to be
quite flat along with Na, meaning that there is no obvious link
in the production between these two species. The only excep-
tions are GCs NGC 6218 and NGC 5904, with significantly high
Spearman correlations.

7 This order will keep fixed for the upcoming figures and tables.
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Table 4. Summary table with the mean abundances for each cluster with their respective errors (see Sect. 5.1).

Clusters [Fe/H] [Cu/Fe] n loa rms [Ba/Fe] n loa rms [Y/Fe] n loa rms [La/Fe] n o rms [Eu/Fe] n o rms
NGC7099 -234 -066 7 010 004 -022 10 0.11 0.06 -0.16 10 0.10 0.03 - 0 - - - 0 - -

NGC7078 -232 -0.71 2 011 0.06 0.19 13 0.19 0.11 -0.06 13 0.10 0.03 0.32 1 - - 0.90 6 0.12 0.09
NGC4590 -227 -074 2 0.11 002 -0.17 13 022 0.05 -037 13 0.13 0.03 - 0 - - - 0 - -

NGC6397 -1.99 -0.67 6 010 0.06 -0.12 13 0.11 0.03 -021 13 0.10 0.01 - 0 - - 0.63 5 0.10 0.05
NGC6809 -1.93 -0.69 14 0.10 0.03 0.20 14 0.16 0.06 -0.08 14 0.11 004 042 7 010 0.04 0.74 13 0.12 0.03
NGC5634 -1.87 -059 7 0.11 0.04 -002 7 0.I1 006 -0.10 7 0.10 0.08 0.42 6 012 004 056 7 0.10 0.03
NGC1904 -158 -0.76 10 0.10 0.03 -0.03 10 0.13 0.06 -027 10 0.10 0.03 0.30 2 011 0.11 0.49 7 0.10 0.04
NGC6254 -1.58 -0.68 14 0.10 0.12 0.06 14 0.12 0.07 -0.08 14 0.11 0.03 0.33 11 0.11 0.03 0.52 11 0.10 0.03
NGC6752 -156 -0.64 14 0.10 0.01 0.17 14 0.11 006 -0.08 14 0.11 0.03 0.14 14 0.10 0.02 0.43 14 0.12 0.02
NGC3201 -1.51 -0.72 13 0.10 0.04 -0.01 13 0.11 0.05 -021 13 0.11 0.04 0.04 13 0.12 0.03 0.38 10 0.10 0.04
NGC5904 -1.34 -0.51 14 0.10 0.02 0.12 14 0.12 005 -0.08 14 0.10 0.03 0.17 13 0.10 0.03 0.64 8 0.10 0.03
NGC6218 -1.33 -036 11 0.10 0.02 0.06 11 011 004 005 11 010 0.04 0.15 11 010 0.02 0.42 10 0.10 0.02
NGC 288 -130 -026 10 0.11 0.04 0.18 10 0.12 0.05 0.12 10 0.12 0.03 0.36 10 0.11 0.03 0.58 10 0.10 0.02
NGCe6121 -1.17 -0.15 14 0.11 0.04 045 14 0.11 006 028 14 0.10 0.04 037 14 0.10 0.02 0.49 14 0.10 0.04
NGC2808 -1.15 -044 12 0.12 003 -001 12 0.12 0.04 -0.18 12 0.11 0.03 0.23 12 010 0.04 0.63 12 0.10 0.03
NGC6171 -1.03 0.15 5 010 0.16 0.55 5 012 0.18 031 5 011 0.18 0.44 3 013 0.10 0.64 5 0.10 0.11
NGC6838 -0.83 -0.28 12 0.12 0.07 -0.08 12 0.15 007 -023 12 0.11 004 021 12 0.10 0.02 0.50 12 0.12 0.03
NGC 104 -077 -023 11 012 007 -0.15 11 0.11 0.07 -030 11 0.11 0.04 -0.06 11 0.12 0.02 0.37 11 0.10 0.02

Notes. The ratios of ionised species are indexed to Fe II. The letter “n” next to each element abundance refers to the number of stars used for the

mean value. The [Fe/H] reported by Carretta et al. (2009, 2017).

6.2. Cu overall distribution

Figure 5 shows the Cu distribution along the [Fe/H] in the Galac-
tic field and GCs. In the present figure, grey crosses represent
the Cu abundances for mostly halo field stars (with a hand-
ful from the thick disk) reported by Ishigaki et al. (2013). In
addition, we complement our results with GC abundances from
the literature when possible: NGC 1851 (Carretta et al. 2011),
NGC 362 (Carretta et al. 2013), Terzan 8 (Carretta et al. 2014a),
NGC 4833 (Carretta et al. 2014b), and NGC 6093 (Carretta et al.
2015), all of them represented with red-filled crosses. It is worth
noticing that the literature GCs were analysed using analogous
techniques (stellar parameter determination and abundance anal-
ysis). The colours were assigned to each solid symbol to repre-
sent the different GCs present in this sample. We linked the GCs
in common with Simmerer et al. (2003) with a dashed line for
an easy comparison. GCs display a steep increase for metallici-
ties higher than —2.0 dex, however, most GCs closely follow the
field star distribution, indicating that they do not experience a
particular Cu enrichment.

Simmerer et al. (2003) analysed Cu abundance in a large
sample of GC using the Cu lines at 5105 A and 5787 A. It is
worth noticing that the latter line is a better Cu indicator, which
is neither saturated nor crowded by other species. Unfortunately,
the mentioned line is located in the gap of the spectra anal-
ysed here. While there is good agreement among in-common
GCs with lower metallicity (NGC 6254 and NGC 7078), for
the GCs with higher metallicities (NGC 6121, NGC 5904, and
NGC 288), the cited article reported considerably lower (except
for NGC 6838) Cu abundances (with differences ranging from
0.05 to 0.50 dex) than the ones reported in the present article.

This discrepancy can be partially explained by the differ-
ence in the metallicity adopted, meaning that a model atmo-
sphere with high metallicity reproduces a stronger Cu line than a
model with a lower one. In addition, the sensitivity of the line at
5105 A to the change in v;, plus the presence of MgH lines in the
more metal-rich regime, could also play a role in this difference.
For the stars with these problems, Simmerer et al. (2003) deter-
mined the Cu abundance using the line at 5787 A Although we
have stars in common with Simmerer et al. (2003), there is only
one for which they determined the abundance from the line at

A10, page 6 of 22

5105 A. For those stars, the stellar parameters used in both (ours
and theirs) analyses are practically the same and the amount of
Cu obtained is —0.27 £0.10 and —0.30 = 0.10 dex, respectively.
In particular, the large spread found in the present article for
NGC 6254 was also reported by Simmerer et al. (2003). On the
other hand, they also reported a particularly high Cu content in
NGC 6121 compared with other GCs with similar metallicities.
NGC 2808 has similar metallicity as NGC 6121, but they display
quite different Cu content in our analysis. Given that there is a
pair of stars with similar parameters, one in each of the two clus-
ters, it is possible to assess the existence of such a difference
directly. Figure 6 shows such a comparison for the Cu line. The
figure reinforces that the difference is real and is not due to any
dependency on stellar parameters. In the case of NGC 6171, the
trend with v, does not seem to be present, but it displays a par-
ticular Cu enrichment.

7. Chemical abundance distributions: Y, Ba, La, and
Eu

7.1. Ba-Y dependency with v,

Based on three rather strong lines, Ba abundances show con-
siderable sensitivity to the adopted v,. This is a common find-
ing in cool giants, as discussed, for instance, by Worley et al.
(2013). It is worth noticing that the sensitivity of these species
to v, is independent of the method used for the v, derivation. We
explored averaging Ba abundances weighted by their respective
errors using the different combinations of lines to minimise this
effect and concluded that the best combination is, indeed, the use
of all three available to us. Hereinafter, we opted to use all three
lines for our final abundance due to the reduction of both the
spread and the lessening of the v, dependence. Similar consider-
ations apply to the Y II lines used to derive [Y/Fe]ll abundances.

In addition, we computed AX for Y and Ba to get rid of the
trend given by v, in the whole sample. Figure 7 shows an illus-
trative example for the GC NGC 1904. A strong negative Spear-
man correlation (about —0.80) is clearly shown in the left panel
of both figures. The right panels show how the trend is avoided
by using the A, (defined in Sect. 6).
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Fig. 2. A(Cu)vgan along with v, for each GC of the sample. The respective Spearman corr. and p-values are indicated on each panel. Filled circles
and empty triangles represent actual Cu measurements and upper limits, respectively.

7.2. Internal n-capture spread

For the sake of this section, we remind the reader of the effects
of v; on Y and Ba (discussed in Sect. 4). Because of this effect,
in general, the larger the range covered by v;, the larger the dis-
persion driven by this parameter.

As can be seen from Table 5, the GCs NGC6171
([Fe/H] =—-1.03dex) and NGC 7078 ([Fe/H]=-2.32dex) dis-
play both a large rms error and IQR in Y and Ba. The Ba disper-
sion plus the constant Y found in NGC 7078 is in good agree-
ment with previous results in the literature, where NGC 7078
has been reported as an r-process enriched cluster by several
literature sources (e.g. Kirby et al. 2020). At the cluster metal-
licity, Ba is mostly produced by the r-process. On the other
hand, NGC 6171 shows a large spread in all the elements anal-
ysed in the present article. This mildly significant spread agrees
with O’Connell et al. (2011), who speculated about a poten-

tial early r-process enrichment in the cluster due to the evi-
dence of La and Eu spread. However, because of the small num-
ber of stars it is based on, this spread should be taken with
caution.

7.3. Non-LTE correction for Y

Because our sample spans a large range of stellar parame-
ters, non-LTE correction is a factor to take into considera-
tion, especially due to their strong dependency on metallicity,
which could lead to unreal abundance trends in our results.
Storm & Bergemann (2023) presented the Y non-LTE correc-
tion for a large range of stellar parameters in different Y lines.
For the stars in our sample, the corrections range from ~0.05
and ~0.15 dex. Then, in the worst-case scenario, the maximum
variation would be around 0.10 dex, which has a limited impact
on the current analysis. Moreover, Guiglion et al. (2024) showed
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Teff = 4574, log(g) = 2.18, [Fe/H] = — 0.95, v = 1.36, A(Cu) = 3.89
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Fig. 3. Pair of stars of the GC NGC 6171 with similar stellar param-
eters as reported by Carretta et al. (2009), a different Cu abundance.
Black and red lines represent the spectra of ID = 19956 and ID = 7948,
respectively.

the Y spread along with the [Fe/H]; the results reveal that the
spread did not change considerably (~0.02 dex), meaning that
non-LTE corrections would not modify the potential spreads
within a given cluster. Similar results were reported for Ba in
the same article. Therefore, our results do not consider non-LTE
corrections.

7.4. Comparison with the literature

D’Orazi et al. (2010) analysed the Ba abundances of 15 GCs
included in our sample, for which we have 55 stars in com-
mon; however, using lower resolution GIRAFFE spectra of a
larger number of stars per cluster. They used equivalent width to
determine the chemical abundances and adopted stellar param-
eters derived identically from those used in the present arti-
cle. Because the Ba abundances for individual stars were not
published, Fig. 8 shows the comparison of our and their aver-
age Ba abundance for the 15 in-common GCs. We got con-
stantly lower abundances for the whole sample. As shown in
the figure, the average difference between our and their results is
o[Ba/Fe] = —0.12 £ 0.12 dex, probably due to the different meth-
ods used in the abundance determination and the lines consid-
ered. While we used Ba lines at 5853 A, 6141 A, and 6496 A,
D’Orazi et al. (2010) used only the second one.

7.5. The n-process elements: Relation with O, Na, and Mg

With a few exceptions, GCs have not shown heavy element vari-
ations among their different populations and are not involved in
the MSP phenomenon. Similarly to the analysis done by SUL23
for NGC 6752, we explored the variation of AY and ABa with
respect to Na. Figures A.1-A.3 show the results for the Y and Ba
abundances as a function of the O, Na, and Mg, respectively, for
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each cluster of the sample. The Spearman correlation for actual
measurements is reported in each panel. In the first figure, only
weak or poorly significant correlations exist between Y and O
in the whole sample. A few clusters (NGC 7078 and NGC 6121)
show a negative correlation between Ba and O highly significant,
which could be translated in a Ba decrease of about 0.07 and
0.05 dex for each 0.10dex increment of O, respectively. In the
second figure, the results for Y and Ba seem to display quite con-
stant abundances within the associated errors along the differ-
ent Na. However, there are GCs such as NGC 2808, NGC 6397,
and NGC 3201 that display a positive correlation highly signif-
icant between Y and Na, which would produce an increment in
Y of about 0.03, 0.015, and 0.02 dex for each increment in Na
of 0.1 dex, respectively. Finally, the last figure shows the rela-
tion of Y-Mg and Ba-Mg. Most of the clusters display weak
or non-significant Y-Mg correlations. The exception of it are
the GCs NGC 1904, NGC 6121, and NGC 2808. Interestingly,
the two latter clusters have a negative correlation, whereas the
first has a positive one. In particular, NGC 1904 would have a Y
increment of 0.06 dex for each 0.10 dex Mg, whereas NGC 6121
and NGC 2808 show a Y decrease of 0.17 and 0.03 dex for a
Mg increment of 0.10 dex, respectively. Concerning the relation
Ba-Mg, the GCs NGC 1904, NGC 3201, and NGC 2808 dis-
play a strong correlation, with the last GC the only one with
a negative relation. While the latter displayed a Ba decrease of
about 0.03 dex for each Mg increment of 0.10dex, NGC 1904
and NGC 3201 showed an increment of 0.09 and 0.16 dex. Nev-
ertheless, having s-process elements correlating with Na, with-
out a corresponding negative correlation with Mg (or vice-
versa) could indicate spurious occurrences due to the small
number of statistics. On the other hand, because the proton-
capture reactions produce intrinsically small Mg depletion (as
opposed to large enhancements in Na), the Mg variations are
difficult to observe. Then, these results should be taken with
caution.

Similarly, Fig. A.4 shows the results for La and Eu along
with A(Na). Although La and Eu abundances are dominated by
upper limits in the more metal-poor clusters, the distribution of
La and Eu does not display considerable spread. The only excep-
tions are the GCs NGC 7078 and NGC 6171, which display a
larger Eu spread supporting the scenario of the r-process enrich-
ment mentioned previously. Moreover (in most clusters), the La
and Eu results display a constant abundance along Na, demon-
strating the lack of correlation between these species. However,
NGC 6121 showed a mildly significant correlation between La
and Na. Similar results were found for NGC 3201, NGC 288,
and NGC 6752 for Eu and Na.

The trends were then examined on the combined sample,
that is to say, on all the stars analysed in the present work,
separated into groups according to their overall metallicity.
To do so, Figs. 9-11 show the A(Y) (upper row) and A(Ba)
(lower row) as a function of A(O), A(Na), and A(Mg), respec-
tively. This exercise aims to probe the variation of s-process
elements along with the O, Na, and Mg abundance. There-
fore, NGC 7078, known to display n-capture element spread
attributable to the r-process, was excluded from the com-
bined sample. The panels display the distribution for three
metallicity bins: [Fe/H] <—1.80dex (metal-poor; left panels),
—1.80dex < [Fe/H] < —1.10dex (metal-mid; mid-panels), and
[Fe/H] > —1.10dex (metal-rich; right panels). Each figure indi-
cates the corresponding Spearman coefficient and p-value for
each metallicity bin. All the panels show quite flat distributions
and weak correlations, which is valid for the whole sample and
each metallicity bin.
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Fig. 4. [Cu/Fe] distribution along with A(Na) for each GC analysed. The respective average and standard deviation Cu abundance are indicated in

solid and dashed lines, respectively. Symbols follow the same descriptio

However, it is worth noticing that for the mid-metallicity
regime (mid-panels), there is a mildly significant correlation
between Y and Na. The correlation is similar in the low metal-
licity bin; however, its significance is lower than in the mid-
metallicity regime and, in the high one, it disappears entirely. We
note, however, that in case of an actual correlation between those
abundances, such a metallicity regime should be the most suit-
able one to detect it. In fact, in this regime, the lines are strong
enough to be scarcely affected by noise but weak enough to have
to be weakly affected by the v, so that a linear fit can appro-
priately address its contribution. This correlation in the mid-
metallicity regime would be translated in a Y increment of about
0.01 dex for each 0.1 dex increment of Na.

7.6. Heavy element distributions

With an aim to take a look at the overall content in n-capture ele-
ments, a comparison of the heavy elements analysed for the sam-
ple of GCs and the galactic field was performed. In Fig. 12, we
show (from top to the bottom) the results obtained for [Y/Fe],
[Ba/Fe], [La/Fe], and [Eu/Fe], along with the [Fe/H]. The field
star distribution (grey crosses) was taken from SAGA Database®
Suda et al. (2008). Each GC is represented with a different colour.
Squares and triangles are actual measurements and upper lim-
its, respectively. As done in Fig. 5, we included (when available)

8 Data compilation of Galactic abundances, including the vast majority
of literature up to 2019 and composition studies from a large sample from
2019 to today: http://sagadatabase. jp/

n as in Fig. 2.
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Fig. 5. [Cu/Fe] distribution along the [Fe/H] for the whole sample. The
analysed GCs are shown with coloured squares. Grey crosses show the
field star abundances from Ishigaki et al. (2013). Red-filled crosses dis-
play the reported abundance of Cu in different GCs in the literature.
Black circles represent results reported by Simmerer et al. (2003) for
our in-common GCs (linked with a black dashed line).

the literature results (in red crosses) from Carretta et al. (2011)
(NGC 1851), Carrettaetal. (2013) (NGC362), Carretta et al.
(2014a) (Terzan8), Carrettaetal. (2014b) (NGC4833), and
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Fig. 6. Pair of stars of the GCs NGC 2808 (ID =8739; red line) and
NGC 6121 (ID =27448; black line) with similar stellar parameters and
different Cu abundance.

Carretta et al. (2015) (NGC 6093). In addition, Table 4 displays
the mean, spread, and the number of stars used to get the actual
abundance for each element.

Field stars show a yttrium distribution that increases with
the metallicity having Y abundances ranging from ~—0.60 dex
at low metallicities up to solar abundances at high metallicities.
In the upper panel, most of the GCs analysed follow closely the
trend displayed by field stars at the correspondent metallicity.
We see that NGC 6121 and NGC 6171 are the only exceptions,
displaying larger Y abundances than the field star counterparts.

Barium, at solar metallicity, mainly reveals an s-process
origin (85%; Sneden et al. 2008): Ba shows similar behaviour
to Y along with [Fe/H]; however, the former displays slightly
lower abundances than Y at [Fe/H]<-1.5dex. In the sec-
ond panel, similar to Y results, Ba abundances in almost
all the GCs analysed follow the field stars trend. The GCs
NGC6121, NGC6171, and NGC 7078 display higher abun-
dance than expected for stars at that metallicity.

Field stars display a lanthanum distribution slightly super-
solar at [Fe/H] < —1 dex, which becomes solar for richer metal-
licities. The third panel shows that the GCs surveyed fit the field
stars trend. It is worth noticing that only the upper limit was set
for the metal-poor GCs NGC 7099, NGC 4590, and NGC 6397
because the La lines became too weak. For NGC 7078, La abun-
dance was determined in only one star, so the result should be
taken cautiously.

Europium is known to be a pure r-process element (97%
at solar metallicity; Simmerer et al. 2004). In the lowest panel,
the Eu distribution in the field displays a quite constant over-
abundant at about [Fe/H] < —0.7 dex, which constantly decreases
toward higher metallicities, showing the iron production by SN
Ia after 0.1-1.0 Gyr, which agrees with both observations and
models (Cescutti et al. 2006). All the GCs analysed seem to fol-
low closely the upper envelope of the distribution drawn by the
field stars. It is worth noticing, that in the GCs NGC 4590 and
NGC 7099, the Eu detection was not possible. Moreover, the GC
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NGC 7078 displays a slight Eu over-abundance with respect to
the field stars at the same metallicity.

In general, most of the surveyed GCs closely follow the
field distribution’, meaning there is no evidence of a peculiar
n-capture enrichment. Our results are in good agreement with
literature GCs of similar metallicity.

On the other hand, Table 5 reports the IQRs of [Y/Fe],
[Ba/Fe], [La/Fe], and [Eu/Fe]. Upper limits were not consid-
ered in the IQR computation for La and Eu. It is worth notic-
ing that off-trend GCs display (NGC 7078, NGC6171, and
NGC6121) also a larger internal dispersion. NGC 7078 has
been reported as a GC with the largest spread in both Ba and
Eu. The present analysis reports a [Ba/Fe] abundance rang-
ing from —0.29 dex to 1.02 dex. Previous studies have reported
a difference of ~0.45dex (Otsukietal. 2006) and ~0.55dex
(Sobeck et al. 2011). The larger Ba spread found in the present
analysis can be related to the larger v, range compared to the
cited articles. For comparison, when the Ba intrinsic spread
(without considering the effect of v;) is considered, it decreases
to ~0.80 dex. In a larger sample of 63 stars, Worley et al. (2013)
reported bimodal distribution for both Ba and Eu, finding a dif-
ference of up to 1.25 dex for the first one and about 0.80 dex for
the second one. In the case of the present article, the [Eu/Fe] dif-
ference is at least 0.59 dex (upper limits could enlarge this differ-
ence), which is similar to the difference reported by Otsuki et al.
(2006) (~0.55dex) and Sobeck et al. (2011) (0.57 dex) in their
sample of three RGB stars. The large dispersion reported in both
Ba and Eu, presented in our results and the literature, agrees with
a peculiar r-process element enrichment.

On the other hand, NGC6171 displays a large IQR in
all the n-capture elements measured. O’Connell et al. (2011)
analysed the La and Eu abundances in 13 stars of the clus-
ter, which showed a good agreement with the present article
(([La/Fe]) =0.41 +0.12 and {[Eu/Fe]) = 0.73 + 0.13). Moreover,
they reported a large difference in the Eu (~0.50) and La (~0.40)
content in their sample, which agrees with the large IQR men-
tioned before arguing in favour of an early r-process enrichment.
Finally, the GC NGC 6121 was found to show a Y bimodal dis-
tribution (Villanova & Geisler 2011), which was later challenged
by D’Orazi et al. (2013), whose results are consistent with the
present analysis. The cluster was found to display an intrinsic
high s-process enrichment due to a particular higher concentra-
tion of these species in the protocluster cloud (Yong et al. 2008),
which agrees with the [Y/Fe] =0.44 dex and [Ba/Fe] = 0.50 dex
found by D’Orazi et al. (2013, 2010), respectively. Moreover,
the La (0.48dex) and Eu (0.40dex) results from Yong et al.
(2008) are in good agreement with the ones presented here.
Further discussion of internal spread is beyond the aims of the
present paper and will be addressed in an upcoming work, cur-
rently in preparation.

7.7. [Ba/Eu] and [Ba/Y] ratios

Figure 13 shows the ratio between the Ba and Y (right panel)
and Ba over Eu (left panel) as a function of [Fe/H]. The ratio of
these elements can provide means to disentangle the contribu-
tion of the r- and s-process to the heavy element content in the
cluster. The symbols follow the same arrangement as the previ-
ous figures. In addition, on the right-hand panel, we included

® We recall that SAGA is a compilation of data from different sources.
While these results are scaled to our solar abundances, there are still
some differences, such as the method used for the abundance determi-
nation, model atmosphere, log gf values, etc.
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Fig. 7. [Y/Fe] ([Ba/Fe]) abundances and A(Y) (A(Ba)), respectively, as a function of v, for the GC NGC 1904, shown in the upper (lower) left and

right panels. The blue dotted line shows the linear fit.

Table 5. Observational and rms error (excluding the v, contribution) for each cluster.

Cluster rms(Ba)ypan  o(Ba) mms(Y)mean 0(Y) IQRpy/re;  IQRpare; IQRpape  IQREw/Fe
NGC 7099 0.02 0.10 0.03 0.10 0.11 0.13 - -
NGC 7078 0.06 0.10 0.03 0.10 0.17 0.44 - 0.27
NGC 4590 0.04 0.10 0.03 0.10 0.18 0.15 — —
NGC 6397 0.02 0.10 0.02 0.10 0.04 0.14 - 0.01
NGC 6809 0.03 0.10 0.03 0.10 0.07 0.16 0.16 0.17
NGC 5634 0.03 0.10 0.08 0.10 0.18 0.19 0.15 0.10
NGC 1904 0.02 0.10 0.02 0.10 0.11 0.27 0.08 0.15
NGC 6254 0.04 0.10 0.03 0.10 0.15 0.27 0.12 0.08
NGC 6752 0.02 0.10 0.01 0.10 0.16 0.24 0.06 0.09
NGC 3201 0.03 0.10 0.03 0.10 0.24 0.32 0.16 0.20
NGC 5904 0.03 0.10 0.03 0.10 0.15 0.23 0.09 0.14
NGC6218 0.02 0.10 0.03 0.10 0.15 0.15 0.08 0.09
NGC 288 0.02 0.10 0.02 0.10 0.14 0.14 0.10 0.09
NGC6121 0.02 0.10 0.03 0.10 0.23 0.39 0.06 0.18
NGC 2808 0.04 0.11 0.04 0.12 0.11 0.11 0.12 0.15
NGC6171 0.09 0.10 0.07 0.10 0.53 0.41 0.15 0.22
NGC 6838 0.06 0.10 0.04 0.10 0.17 0.41 0.08 0.26
NGC 104 0.05 0.10 0.03 0.10 0.14 0.21 0.12 0.09

Notes. In addition, the IQRs of [Y/Fe], [Ba/Fe], [La/Fe], and [Eu/Fe] for each cluster are reported considering the v, effects. Upper limits were not

considered for the IQR computation.

in magenta diamonds dwarf galaxies results from Suda et al.
(2008) to compare their behaviour and the one for GCs.

The [Ba/Eu] distribution as a function of [Fe/H] provides
insight into the process by which our Galaxy was enriched. The
dotted horizontal lines at [Ba/Eu] —0.70 dex and 0.70 dex, reflect
a pure enrichment from r-process and s-process species, respec-
tively. The [Ba/Eu] pattern followed by the field stars goes from

a pure r-process enrichment at low metallicities to a continu-
ous contribution of s-process at solar metallicity. Although there
are GCs with similar metallicities but discrepant [Ba/Eu] (e.g.
NGC 2808 and NGC 6121), the results for most of the GCs dis-
play a similar behaviour as field stars. In addition, if [Fe/H] is
considered a proxy of time (with more metal-poor stars being
older than the ones with higher metallicity) it is possible to see
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Fig. 8. Comparison of Ba abundances obtained in the present article
with D’Orazi et al. (2010) for in-common GCs. The average difference

between our and their results, 6[Ba/Fe], is also indicated.

the rise of the s-process elements along the time. The results are
compatible with pure r-process abundances for the more metal-
poor cluster, meaning that their abundances are influenced by
explosive events, such as SNe type II or merging neutron stars.
As field stars, in GCs, the contribution of the s-process enrich-
ment increases with metallicity; however, it remains dominated
by the r-process. It is worth noticing that for the GCs NGC 4590
and NGC 7099, we reported lower limits for the [Ba/Eu] ratios.

In s-process production, Y and Ba are part of the first and
second peaks of s-process elements, respectively. Consequently,
their ratio investigates the contribution of /; and &, elements.
In the case of AGB stars, their nucleosynthesis is linked to the
stars’ mass and metallicity. Specifically, the [Ah,/l] ratio tends
to decrease as the star mass increases, which can vary depend-
ing on the star’s metallicity. Nevertheless, when dealing with
low metallicities, such as those observed in metal-poor globu-
lar clusters (GCs), the r-process contributes to the synthesis of
Ba and Y. This complicates the direct use of the [Ba/Y] ratio
in this scenario. To address the r-process contribution of these
elements, we adopted values for the r-process contribution to Ba
and Y from the solar system r-pattern derived by Simmerer et al.
(2004). These values are scaled to align with the europium (Eu)
abundance measured in both GC and field stars. The notation
[Ba/Y], denotes the Ba over Y ratio, considering only the con-
tribution from the s-process. The results are shown in the right
panel of Fig. 13, which reveals that the [Ba/Y], ratio in the
GC sample remains constant at low metallicity, but decreases at
metallicities higher than —1.5 dex. The decrement is also seen in
a fraction of field and dwarf galaxy stars; however, the behaviour
of GCs regarding the [Ba/Y], ratio seems better defined. The
increase [Fe/H] prompts a shift in the s-process pattern of GC
towards Y instead of Ba. This shift, from the A to the [ ele-
ments, suggests an augmented contribution from lower-mass
AGB stars at later stages of MW evolution.

7.8. Cluster comparisons: Cluster-to-cluster differences

To assess the discrepant Ba/Eu ratios among GCs with simi-
lar metallicities, we compared pairs of stars with similar stel-
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lar parameters in different clusters. The comparison is shown
in Fig. 14. The pairs also share similar Na abundances to those
reported by Carretta et al. (2009). In the first row of the figure,
the comparison between the stars of NGC 6121 (ID =27448)
and NGC2808 (ID=8739), two clusters with similar metal-
licities ([Fe/H] ~ —1.2dex), but quite different n-capture abun-
dance. As the spectra comparison shows, there is higher abun-
dance in their s-process elements (Y, Ba and La); however, this
behaviour changes for the r-process elements. Because the stars
have only slightly different v, values, its effect cannot explain
such a difference in abundance. This comparison suggests that
the large difference(~0.70 dex) shown in Fig. 13 is real, mean-
ing the NGC 6121 has a higher enrichment of s-process elements
than NGC 2808 and the latter has a higher r-process enrich-
ment. The second row compares a star pair, in GCs NGC 3201
(ID =541657) and NGC 5904 (ID =900129). The two stars with
similar stellar parameters and Na abundance show a systematic
overabundance in favour of the second one for all the elements
analysed, suggesting an overall different n-capture enrichment,
but still slightly more shifted to the r-process.

7.9. Comparison with chemical evolution models

As mentioned in Sect. 1, the main nucleosynthetic sites for the
s- and r-processes are mainly AGB stars (with some contribu-
tion of FRMS) and neutron star mergers and magneto-rotational
driven (MRD) SNe, respectively. Cescutti & Chiappini (2014)
proposed a model for the chemical enrichment of the halo con-
sidering different sources of heavy elements (for details on the
model, we refer to the cited article). In particular, they tested
the models with electron capture (EC) SNe and/or MRD SNe
with and without an early enrichment of s-process elements
from FRMS. According to Cescutti & Chiappini (2014), to bet-
ter reproduce the observed n-capture element distribution in the
Galactic halo, the model should take into account a mix of pol-
lution coming from FRMS and MRD for the s- and r-process
enrichment, respectively. Figure 15 shows the comparison of our
results (coloured symbols) and the predictions for Y, Ba, La, and
Eu from the aforementioned model. The figure is coloured by
log...» Which reflects the probability of finding a long-living
star. As shown in the present figure, the model closely repro-
duces the observations except for the [Y/Fe] and [Ba/Fe] abun-
dances in NGC 6121 and NGC 6171, which (as discussed pre-
viously) show a particularly high content in these elements. In
addition, although those clusters show a La abundance in good
agreement with the models, it is worth noticing that they are
located in the upper envelope of the model’s distribution.

As commented by Cescutti & Chiappini (2014), both r-
process sources analysed in their models (EC SNe and MRD)
reproduce the halo distribution of Eu quite well, displaying
a good agreement among these sources in the most metal-
poor regime ([Fe/H] < -2 dex), albeit with some slight discrep-
ancies at intermediate metallicities (—2 dex < [Fe/H] < —1 dex).
The model used in comparison with our results reflects good
agreement with the metallicity of our sample being no discrepant
with the MRD + FRMS scenario. We hope that in the future,
with current and subsequent observational constraints, we could
shed light on the contributor sources of n-capture elements of the
halo.

8. In situ and ex situ GCs

Various authors have attempted to determine the origin of GCs
and relate it to both their dynamical and chemical features.
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Fig. 9. AY (upper panels) and ABa (lower panels) as a function of AO for the whole survey sample (except for NGC 7078). The sample was
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Fig. 10. AY (upper panels) and ABa (lower panels) as a function of ANa. It follows the same description as Fig. 9.

We used the results published by Massari et al. (2019) to iden-
tify potential relations with the n-capture element abundances
obtained in the present article. Among the GCs in our sam-
ple, there are 16 previously analysed by Massari et al. (2019),
of which: 7 were identified as in situ (NGC 104, NGC 6171,
NGC 6218, NGC 6397, NGC 6752, NGC 6838, and NGC 7078),
6 as ex situ (NGC288, NGC2808, NGC3201, NGC 4590,
NGC 5904, and NGC7099) and which happen to be closely
associated with the Gaia-Enceladus Stream, and 3 GCs of uncer-
tain origins (NGC 6121, NGC 6809, and NGC 6254).

We analysed whether in situ and ex situ GCs behave
differently. We found that all the GCs identified as “in

situ” showed slightly higher Y and Ba abundances with
respect to the ex-situ GCs; moreover, the latter displayed
smaller spreads than the first ones in all the n-capture anal-
yses. The mean and standard deviation for in situ (ex situ)
GCs are [Y/Fe] =-0.07 and o([Y/Fe])=0.21 ([Y/Fe] =-0.15
and o([Y/Fe])=0.16), [Ba/Fe]=0.09 and o([Ba/Fe])=0.24
([Ba/Fe]=-0.02 and o([Ba/Fe])=0.16), [La/Fe]=0.20 and
o([La/Fe])=0.17 ([La/Fe]=0.20 and o([La/Fe])=0.13), and
[Eu/Fe] =0.56 and o([Eu/Fe])=0.18 ([Eu/Fe]=0.56 and
o([Eu/Fe]) = 0.12) dex. We note that GCs with upper limits were
not considered in that calculation.
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Firstly, we investigated whether these slight discrepancies in
the average abundances were linked to differences in metallic-
ity, age, or v,. We found that for Ba and Y, there seems to be a
trend with metallicity, as the most metal-rich ones have system-
atically higher abundances of these elements. As each cluster
spans approximately the same evolutionary range, the Ba and Y
transitions in metal-rich clusters are more likely to be saturated,
and the measurement of abundances from them might be affected
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0.0

([Mg/Fe] >0.2dex) taken from the SAGA
database (Suda et al. 2008).

by systematic errors. Nevertheless, it is worth noticing that this
effect would not affect the internal spread of each cluster and
(in any case) the overall pattern as a function of metallicity is in
good agreement with the field. Secondly, because s-process pro-
duction changes over time, we investigated any potential relation
with the cluster age. To this aim, we used the results determined
by VandenBerg et al. (2013); however, there were no trends
seen for GCs with different origins. Finally, after analysing the
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Fig. 14. Pair of stars with similar stellar parameters and Na abundances as was reported by Carretta et al. (2009), but different n-capture abundances.
From left to right: Y line at 4883 A, Ba line at 5853 A, La line at 6391 A, and Eu line at 6645 A.

maximum difference of v, within each cluster, we note that this
difference seems quite homogeneous along the clusters (with
only two outliers), meaning that v, affects all these clusters simi-
larly. Thus, this behaviour is not caused by different ranges in v;.
Nevertheless, a Student’s t-test comparing the mean abundances
of these two groups showed that their differences were not sig-
nificant. Therefore, there is no evidence of different chemical
evolution among them.

9. Chemical abundances and cluster mass

Several studies have compared the abundance patterns of GCs
with global properties such as cluster mass. Using part of the
sample presented here, Carretta et al. (2009) related the Mg-Al
anti-correlation with the mass and the metallicity of the GCs,
which was later confirmed by Pancino et al. (2017). Similarly,
Masseron et al. (2019) analysed a sample of 885 GC stars and
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Fig. 15. Comparison between the n-capture element abundances measured in the present work and modelled abundances from Cescutti & Chiappini

(2014) coloured-coded by the logarithmic number of stars in each bin.

found evidence of a correlation of the Al spread present in
GCs with the cluster mass. The latter suggested that the Mg-
Al reaction decreases its importance in more massive GCs. It
is interesting to perform a similar analysis using the n-capture
element abundances. A comparison was performed against the
absolute magnitude (My), a proxy for the cluster mass. The rela-
tion between My (from Harris catalogue; Harris 2010) and the
spread reported (represented by the IQR) for Y, Ba, La, and Eu
can be seen in Fig. 16. All the mentioned IQRs display a quite
flat distribution with a quite constant spread along the My, mean-
ing there is no evidence of any trends with cluster mass neither
in s-process species nor Eu abundances. Hence, we find no evi-
dence that cluster mass does play a role in retaining n-capture-
enriched material.

10. Discussion

In general terms, insofar as heavy elements are concerned, the
GCs in our sample behave similarly to field stars at the same
metallicity. Nevertheless, some present peculiarities, such as sig-
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nificant spreads or correlations between elements. Those cases
are briefly discussed below.

NGC 7078. 1t displays considerable n-capture element dis-
persion, explained by peculiar chemical enrichment from an
r-process. Moreover, we found highly significant correlations
between Ba and O and Na, being negative and positive, respec-
tively. These correlations suggest that the nucleosynthetic sites
destroying (producing) O (Na) were also contributing to the Ba
production.

NGC 1904. Although it has shown quite similar behaviour
to field stars at its metallicity, NGC 1904 displays a significant
correlation between both Y and Ba with Mg. The dispersion in
all these elements is modest, however, the nucleosynthetic site
responsible for the little Mg destruction would also deplete a
small amount of s-process elements.

NGC 2808. 1t shows a quite constant n-capture distribution,
however, correlating with Na. In addition, it presents a nega-
tive correlation (highly significant) correlation between both Y
and Ba with Mg. According to C09, NGC 2808 presents a large
dispersion in Mg (up to 0.7 dex), which seems to be bimodal.
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Because the Mg-poor group has higher abundances of Y and Ba,
the responsible for the Mg production in NGC 2808 should be
able to destroy s-process species. This highlights the fact that
a positive correlation between Y and Na, coupled with a nega-
tive correlation between Y and Mg, could reflect a real effect in
NGC 2808.

NGC 6121. It shows slightly overall higher s-process abun-
dances with respect to the field stars at its metallicity and
presents a large dispersion within their members. Interestingly,
it displays significant negative correlations between Y-Mg and
Ba-0. The spread reported by C09 for O and Mg is modest.
Then, the nucleosynthesis site of s-process elements either dif-
fers from the one destroying O and Mg or is destroyed in the
process.

11. Summary and conclusions

We then analysed 210 UVES spectra of RGB stars belonging
to 18 GCs with a large range of metallicities. The sample pre-
viously studied by Carretta et al. (2009, 2017) mainly focused
on determining hot H-burning elements. For homogeneity, the
present article used the same stellar parameters as in the men-
tioned ones to extend the analysis to Cu, Y, Ba, La, and Eu,
aiming to study the overall behaviour of n-capture elements in
GCs. We aimed to analyse the potential trend in producing the
enriched hot H-burning and s-process elements. Y, Ba, La, and
Eu abundances are generally quite constant within all the GCs in
our sample.

Heavy elements in GCs display the same distribution as field
stars, meaning that GCs have the same chemical enrichment and
do not show considerable spread in the elements considered. A
special case was found for NGC 7078, which displays the largest
spread in heavy elements. The latter is in good agreement with
the literature and has been attributed to an initial spread in r-
process enrichment. The distribution with respect to the field,
two GCs (NGC6121 and NGC6171), had a Y and Ba abun-
dance over the field star patterns. A further examination revealed
that the spread in their Y and Ba abundances is at least partially
due to the v,. However, a line-to-line comparison of stars with
similar stellar parameters revealed a real spread in the abun-
dances reported in both clusters. In the same way as field stars,
the [Ba/Eu] ratio in GCs shows a continuous s-process enrich-
ment over time, revealing that at the beginning (low metallici-
ties), both field stars and GCs were mainly enriched by r-process

logue (Harris 2010).

sources; however, at higher metallicities, the contribution of s-
process sources (like AGB of different masses) becomes more
important. In addition, we analysed the Y and Ba abundances
along with the Na abundances for the whole sample to study
their overall behaviour in GCs. To do so, the sample was divided
into three metallicity bins. In the intermediate-metallicity regime
(—1.10dex < [Fe/H] < —1.80dex), there is a mildly significant
correlation between Y and Na. Although the trend is low, it
could imply a modest production of light s-process elements
with the same nucleosynthetic site where Na is produced. On
the other hand, the halo chemical evolution model derived by
Cescutti & Chiappini (2014, which considers s- and r-process
enrichment from FRMS and MRD, respectively) closely repro-
duces the observations reported for the whole sample of this arti-
cle. The only exceptions are NGC 6121 and NGC 6171, which
display higher abundances in Y and Ba.

We compared the n-capture element abundances of GCs as
a function of their origin according to the classification given
by Massari et al. (2019). We did not find significant differences
between in situ and ex situ ones in the n-capture elements anal-
ysed. Therefore, no strong evidence exists of a different chemical
evolution among these groups.
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Appendix A: The n-capture elements and their relation with O, Na, and Mg

A(Y) A(Y) A(Y) A(Y) A(Y)

A(Y)

A(Ba) A(Ba) A(Ba) A(Ba) A(Ba)

A(Ba)

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

0.5
0.0
-0.5

corr: 0.43 p: 0.397 corr: 0.3 p: 0.624 corr: -1.0 p: 0.0
< [ ] A9q <
q = m Im :i < < ﬁ [ # q g qi ) - <
* NGC7099 i NGC7078 NGC4590
corr: -0.14 p: 0.787 corr: 0.24 p: 0.418 corr: -0.09 p: 0.872
]
g odig wmis = B0, (R, |
£3 NGC6397 NGC6809 = NGC5634
corr: -0.57 p: 0.18 corr: -0.08 p: 0.782 corr: -0.13 p: 0.681
n N 5 mE a" = L L] " u Fagues " 9y [ ]
HH NGC1904 H NGC6254 HH NGC6752
corr: 0.12 p: 0.729 corr: -0.27 p: 0.374 corr: 0.37 p: 0.259
n 1]
[ ] [ [ ]
5 - »{1. -y LT . ~ [ ] L ]
NGC3201 NGC5904 NGC6218
corr: 0.05 p: 0.881 corr: -0.34 p: 0.24 corr: -0.08 p: 0.831
G, s gun " "o ol W ag
]
H NGC288 H NGC6121 HH NGC2808
corr: -1.0 p: nan corr: -0.25 p: 0.467 corr: -0.03 p: 0.937
™1 |
— < . " " ] . "an g
NGC6171 FE NGC6838 H NGC104
-0.4 -0.2 0.0 0.2 0.4 -04 -0.2 0.0 0.2 04 -04 -0.2 0.0 0.2 0.4
A(O) A(O) A(O)
corr: 0.09 p: 0.872 corr: -0.9 p: 0.037 corr: -1.0 p: 0.0
n < ag <
q B = «m " < g < TR g g9 m g
—F —t— < ——
NGC7099 < NGC7078 NGC4590
corr: -0.37 p: 0.468 corr: 0.2 p: 0.493 corr: 0.14 p: 0.787
m omm <y s = " " g m " g n
- HH —F—
NGC6397 NGC6809 NGC5634
corr: 0.21 p: 0.645 corr: -0.09 p: 0.759 corr: 0.07 p: 0.831
[ ] L | [ ] [ ]
n s u W= n " " u mEEgm w H
NGC1904 NGC6254 NGC6752
corr: 0.27 p: 0.417 corr: 0.13 p: 0.681 corr: 0.18 p: 0.593
| | n
L L L L T T ma
— —F— ' ——
NGC3201 NGC5904 NGC6218
corr: -0.27 p: 0.446 corr: -0.61 p: 0.021 corr: -0.3 p: 0.433
B gfugs Sgg N "L m % agp
=t HH HH
NGC288 NGC6121 NGC2808
corr: -1.0 p: nan corr: 0.13 p: 0.709 corr: -0.19 p: 0.574
n
i " ogm M " "y mins
n
—F—iJ i . —F— -
NGC6171 NGC6838 NGC104
-0.4 -0.2 0.0 0.2 0.4 -04 -0.2 0.0 0.2 04 -04 -0.2 0.0 0.2 0.4
A(O) A(O) A(O)

Fig. A.1. A(Y) (upper) and A(Ba) (lower) as a function of A(Na) for each cluster of the sample. Filled squares and empty triangles represent actual
measurement and upper limits, respectively.
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Fig. A.2. A(Y) (upper) and A(Ba) (lower) as a function of A(Na) for each cluster of the sample. Filled squares and empty triangles represent actual
measurement and upper limits, respectively.
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Fig. A.3. A(Y) (upper) and A(Ba) (lower) as a function of A(Na) for each cluster of the sample. Filled squares and empty triangles represent actual
measurement and upper limits, respectively.
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Fig. A.4. [La/Fe] (upper) and [Eu/Fe] (lower) as a function of A(Na) for each cluster of the sample. Filled squares and empty triangles represent
actual measurement and upper limits, respectively.
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