Astronomy & Astrophysics manuscript no. output

July 10, 2026

Intrinsic iron abundance spreads in globular clusters

J. Schiappacasse-Ulloa', S. Lucatello?, L. Magrini', A. Bragaglia®, and E. Carretta’

! INAF—Osservatorio Astrofisico di Arcetri, Largo Enrico Fermi 5, 50125 Florence, Italy
e-mail: jose.schiappacasse@inaf.it
2 INAF-Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy
3 INAF-Osservatorio di Astrofisica e Scienza dello Spazio, via P. Gobetti 93/2, 40129 Bologna, Italy

Received September 15, 1996; accepted March 16, 1997

ABSTRACT

Context. Globular clusters host multiple stellar populations, likely composed of a subset of first-generation stars that enriched the
intracluster medium and gave rise to second-generation (SG) stars, each characterised by distinctive chemical patterns. These patterns
typically include enhancements in elements such as N, Na, and Al, coupled with depletions in C, O, and Mg in SG stars. Traditionally,
heavier elements such as those in the iron peak were considered unaffected in most clusters. However, recent studies have reported
significant internal spreads in these elements, suggesting a more complex picture of chemical enrichment within globular clusters.
Aims. This study seeks to derive precise and homogeneous differential iron abundances in a large sample of globular clusters. By
doing so, our aim is to investigate the presence of intrinsic iron spreads within them and to assess the existence of differences in Fe
between their stellar populations.

Methods. We used the Python-based tool Q2 to determine both differential stellar parameters and iron abundances for 92 sibling stars
— defined by the similarities in their stellar parameters — across 13 Galactic globular clusters. This differential approach reduces the
influence of non-local thermodynamic equilibrium effects, and minimises observational errors, and systematic biases linked to stellar
parameters. We performed Monte Carlo simulations to evaluate the statistical significance of the measured spreads.

Results. Most of the globular clusters in our sample do not show evidence of statistically significant iron spreads. Only a few excep-
tions emerge, namely NGC 1851, NGC 3201, and NGC 5634, which display a highly significant iron spread. In particular, NGC 3201
shows a particularly pronounced spread in its first-generation population, reflecting a potential inhomogeneous iron abundance in its
pristine material. Finally, through statistical tests, we conclude that our data do not support the presence of a widespread iron variation
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in globular clusters.
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1. Introduction

Globular clusters (GCs) serve as key tracers of the formation and
evolution of the Galactic halo (Searle & Zinn|/1978}; [Zinn| 1985}
Carretta et al.|2010b; [Martell et al.|2011)), and they also trace the
formation history of the Galactic bulge (Lee et al.[2019). Over
the past few decades, these ancient stellar systems have attracted
sustained attention following the discovery of the multiple stel-
lar population (MP) phenomenon, which has fundamentally re-
shaped our understanding of their nature and formation history
(Gratton et al.|2004; \Gratton et al.|2012; Bastian & Lardo[2018)).

Several scenarios have been proposed to explain the ori-
gin of MPs. In particular, one of the proposed models suggests
that a subset of first-generation (FG) stars evolved and polluted
the intracluster medium with material processed through hot H-
burning (Gratton et al.|2019; Bastian & Lardo|2018]). This chem-
ically enriched material, mixed with pristine gas, subsequently
formed second-generation (SG) stars. Other proposed models to
explain this phenomenon do not even require multiple episodes
of star formation. For example, the inertial-inflow mechanism
scaled up to GCs (Gieles et al.[|[2025) describes a single burst
of star formation driven by an accreting extremely massive star
(103-10*M,). Over a brief 1-2 Myr window, these stars accrete
pristine gas and eject chemically processed material via stellar
winds. Consequently, low-mass stars that continuously formed
throughout this period incorporate varying fractions of polluted

material, naturally producing the observed spectrum of stellar
populations|’| As a consequence, present-day Galactic GCs host
at least two chemically distinct stellar populations. The FG stars
exhibit abundance patterns similar to those observed in field
stars at the same metallicity, whereas the SG stars display en-
hanced abundances of elements such as N, Na, and Al, together
with depleted abundances of C, O, and Mg. Spectroscopic stud-
ies have extensively characterised these chemical peculiarities
in MPs by providing direct measurements of elemental abun-
dances, particularly for elements involved in hot H-burning, such
as O, Na, Mg, and Al (e.g. Johnson et al.|2005; (Carretta et al.
2009alb; Mészaros et al.|[2015;; [Pancino et al.|2017)), but also Li
(Schiappacasse-Ulloa et al.[2022), and neutron-capture elements
(Schiappacasse-Ulloa & Lucatello|2023)).

In contrast to the significant variations observed in light el-
ements, with the exception of a select number of clusters (e.g.
MI15, M22), data show no evidence for significant spreads in
heavy elements (see e.g.|Schiappacasse-Ulloa et al.[|2025])). Vari-
ations in iron-peak elements (e.g. Fe and Ni) beyond observa-
tional uncertainties appear only in a limited number of GCs
(e.g. w-Cen|Johnson & Pilachowskil (2010), M 54 |Carretta et al.
(2010a), and NGC 2808 |Lardo et al.| (2023)), while most stud-
ied clusters show no evidence of significant iron spreads (see

' Tt is worth noting that throughout this paper we use the labels FG
and SG solely as a convenient nomenclature and do not intend them to
imply any specific formation scenario for MPs.
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e.g.Bailin|2019). This chemical uniformity suggests that Type Ia
supernovae (SNe Ia), which represent major producers of iron,
did not significantly contribute to the chemical enrichment of
SG stars. Two main arguments support this interpretation: (i)
SNe Ia typically explode on timescales longer than the forma-
tion timescale of SG stars, and (ii) their highly energetic ejecta
would likely exceed the escape velocity of most GCs, prevent-
ing efficient retention of iron-rich material. Consequently, any
proposed polluter must alter the light-element chemistry without
modifying the overall iron content of the cluster.

Photometric studies that exploit flux differences across spe-
cific spectral regions, however, argue for a more complex pic-
ture. In this context, Milone et al.|(2017) formalised the concept
of the chromosome map (ChM), a pseudo—colour—colour dia-
gram constructed from combinations of Hubble Space Telescope
(HST) filters designed to identify and characterise MPs. Based
on the stellar distributions observed in the ChM, [Milone et al.
(2017) classified GCs into two categories. Type I clusters (~80%
of Galactic GCs) display two well-defined stellar sequences and
generally lack intrinsic iron abundance variations. In contrast,
Type 1II clusters exhibit more complex ChMs, characterised by
an additional stellar component located redwards of the typical
SG population. In some systems, this feature has been linked
to internal iron variations; however, spectroscopic analyses of
several photometrically defined Type II clusters — for example,
NGC 6388 [Carretta & Bragaglial (2022)) and NGC 362 |Carretta
et al.[(2013)); Mészaros et al.|(2020) — indicate that any iron vari-
ation remains negligible.

However, Type 1II clusters display additional complexity in
both their photometric and spectroscopic properties. For exam-
ple, NGC 5139 (w-Cen) hosts multiple distinct stellar popula-
tions spanning a wide metallicity range, while NGC 6715 (M 54)
exhibits a substantial [Fe/H] spread and likely formed within the
Sagittarius Dwarf Spheroidal Galaxy, as recent dynamical stud-
ies confirm (Alfaro-Cuello et al.|2020; Kacharov et al. ZOZZE
Their properties therefore suggest that at least some systems that
exhibit internal iron abundance variations may have an extra-
galactic origin.

Adding further complexity, |[Legnardi et al.|(2022) analysed
HST photometry for 55 GCs and reported significant internal
iron spreads, in several cases exceeding 0.1 dex and reaching val-
ues above 0.2 dex, in a surprisingly large fraction of the sample,
including several Type I clusters. Moreover, these intriguing iron
variations were found among FG stars. This result challenges the
prevailing paradigm and points towards a more complex enrich-
ment history.

Some spectroscopic studies support the findings of [Legnardi
et al.|(2022) in a limited number of clusters. For example, |[Lardo
et al.| (2022) used high-resolution spectroscopy to report signifi-
cant iron variations, while [Latour et al.| (2025) analysed MUSE
spectra and also detected internal Fe spreads. However, the iron
variations reported by [Latour et al.| (2025)) are generally smaller
than those inferred by [Legnardi et al.|(2022) for FG stars. In ad-
dition, Latour et al.|(2025) detected iron spreads among SG stars,
although these remain less pronounced than those observed in
the FG population. In contrast, other spectroscopic studies find
no evidence for significant iron variations (e.g. (Carretta & Bra-
gaglial|2025a). In particular, |Carretta & Bragaglial (2025b) high-
lighted a discrepancy between the iron spreads inferred from
the photometric analysis of |[Legnardi et al.[(2022) and those de-

2 Tt is worth noticing that both w-Cen and M 54 are widely interpreted
as nuclear star clusters of accreted dwarf galaxies rather than genuine
mono-metallic Galactic GCs.
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rived from spectroscopic observations. Furthermore, |Carretta &
Bragaglial(2025a) demonstrated that the uncertainties associated
with iron abundances derived from traditional high-resolution
spectroscopic analyses of individual stars (i.e. through spec-
tral synthesis or equivalent-width measurements) are compara-
ble to the magnitude of the iron spreads inferred from photomet-
ric studies, such as those reported by Marino et al.| (2019) for
NGC 3201 and by Marino et al.| (2023)) for NGC 104.

To overcome the limitations inherent in traditional spectro-
scopic methods, we explore the use of differential abundance
analysis, which enables significantly higher precision in the de-
termination of elemental abundances (Ramirez et al.|[2009). This
technique is applicable only to pairs or groups of stars with
nearly identical atmospheric parameters and its use has, so far,
been limited to a small number of cases in the context of GCs
(see e.g.Monty et al.|2023} [Lardo et al.|2023). Nevertheless, dif-
ferential analysis provides the precision required to detect subtle
internal chemical variations in GCs.

In this work, we perform a differential abundance analysis of
92 stars with similar stellar parameters across 13 GCs, with the
aim of quantifying variations in their iron content. This dataset
represents the largest sample of stars in GC analysed with this
technique to date and enables a robust assessment of subtle iron
abundance variations within clusters.

The paper is organised as follows. Section [2] describes the
sample selection and methodology. Section presents a com-
parison with the results available in the literature. Section [3]
presents our findings, Sectiond]discusses their implications, and
Section |5 summarises the main conclusions and outlines the
broader significance of this work.

2. Methodology
2.1. Sample

We based our analysis on the stellar sample of [Schiappacasse-
Ulloa et al.| (2024} hereafter JSU24), based on high-resolution
spectra obtained with the Ultraviolet and Visual Echelle Spec-
trograph (UVES, [Dekker et al.[2000) mounted on the Very
Large Telescope (VLT) of the European Southern Observatory
(ESO) with a resolving power of R = 47,000, a spectral range
of 480.0-680.0 nm, and a typical signal-to-noise of ~85. These
data were originally presented by|Carretta et al.|(2009a)) and later
extended to the GCs NGC 1851 and NGC 5634 by |Carretta et al.
(2011)) and |Carretta et al.| (2017)), respectively. While |Carretta
et al.| (2009a) focused primarily on light-element abundances,
Carretta et al.| (2011) and |Carretta et al.| (2017) expanded the
analysis to include heavy elements for a subset of these clusters.
Together, these studies provide homogeneous stellar parameters
and elemental abundances for more than 200 red giant branch
(RGB) stars across 18 GCs, spanning a wide range of metallici-
ties. |Carretta et al.| (2009a) derived photometric Teg in a homo-
geneous manner, and |Carretta (2015) applied the same method-
ology to NGC 2808, ensuring consistency with the earlier analy-
sis. In particular, the initial estimates of T.g were obtained from
the V-K colour—temperature calibration of |Alonso et al.| (1999).
The authors then refined these values using an empirical rela-
tion between T and V magnitude (or K magnitude in clusters
affected by significant reddening), derived from a subsample of
well-behaved stars. We refer the reader to Carretta et al.| (2009a)
for more details.

Although the original abundance analyses were performed
with rigorous methodologies, the quoted uncertainties are com-
parable to the subtle abundance variations that we aim to de-
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tect. This limitation becomes evident when examining stars with
nearly identical atmospheric parameters. For illustrative pur-
poses, Fig. [T] shows, in the left panel, a set of Fe I lines for a
group of such stars in NGC 104. The right panel zooms in on a
representative line, highlighting subtle differences in line depth
between stars. These differences may reflect genuine variations
in iron abundance that are, however, partially masked by the un-
certainties reported in the original studies.

To overcome this limitation, we reanalysed the same spec-
tra using a strictly differential abundance approach. This method
minimises systematic effects and significantly reduces uncertain-
ties (see below), thereby increasing sensitivity to intrinsic abun-
dance spreads within GCs. We describe the methodology in de-
tail in the following section.

2.2. Method

To investigate potential intra-cluster abundance variations within
each GC, we carried out a differential chemical analysis on
groups of stars with similar stellar parameters — hereafter re-
ferred to as sibling stars — using a line-by-line abundance com-
parison. By selecting stars with nearly identical atmospheric pa-
rameters (within =100 K), we minimise systematic trends asso-
ciated with Teg , surface gravity (log g), and microturbulence
(v;). Although the Fe lines in our sample may be affected by
departures from local thermodynamic equilibrium (LTE; [Lind
et al.|2012)), these effects remain negligible when comparing
stars with such small parameter differences and small abundance
differences, as they influence all members of a group in nearly
the same way (Yong et al.|[2013). The differential method also
suppresses several other major sources of systematic uncertainty
that affect traditional absolute abundance analyses, including er-
rors in oscillator strengths, limitations in 1D LTE atmospheric
models, and systematic imperfections in continuum placement
(e.g.Bedell et al.|2014). Consequently, differential spectroscopy
offers significantly higher internal precision and allows us to de-
tect subtle star-to-star abundance variations within GCs.

For this analysis, we employed the Python-based tool Q2
(Ramirez et al.2014)), which is specifically designed for differen-
tial abundance studies. Q2 interfaces with MOOG (Sneden|/1973)),
a widely used 1D LTE radiative transfer code, and utilises a grid
of a-enhanced Kurucz model atmospheres (Castelli & Kurucz
2003). As input, Q2 requires the equivalent widths (EWs) of
spectral lines. To improve the robustness of the EW measure-
ments, we measured EWs independently with two automated
tools: REVIETAE] (McKenzie et al.[2022), designed for fitting EWs
in high-resolution spectra, and ARESE] (Sousa et al.| [2007), a
widely used EW measurement code. We visually inspected all
line fits and matched transitions line by line. We then compared
the two sets of measurements using a weighted linear regres-
sion to identify systematic offsets and trends, and transformed
the REVIEW EWs onto the ARES scale. It is worth noticing that,
because REVIEW does not provide line-by-line EW error, we only
used the error reported by ARES to perform the weighted re-
gression between the ARES and REVIEW measurements and to
derive the calibration relation between the two methods. After
correcting for any systematic offset and trend, we adopted the
final EW for each line as the average of the calibrated REVIEW
measurement and the original ARES value. Finally, we rejected
lines with EWs smaller than 5mA to avoid weak lines that are

3 https://github.com/madeleine-mckenzie/REVIEW/tree/
main
4 https://github.com/sousasag/ARES

strongly affected by noise and continuum placement and larger
than 100mA to avoid saturated lines and lines where the differ-
ence between the two methods exceeded 20% of the ARES EW,
to remove clearly discrepant measurements.

Figure [2)illustrates the comparison between the EW's derived
from REVIEW and ARES and the difference between the two mea-
surements in the left and middle panels, respectively, for the star
715590’ of the GC NGC 6752. The results of both methods
seem to show a slight trend and offset that was corrected by com-
puting the weighted averaged EWs (right panel). In the middle
panel, we also add a shaded grey area that indicates the EW lim-
its that we imposed and discussed in the last paragraph.

For differential analysis, we grouped stars within each GC
according to the effective temperature (T ) reported by|Carretta
et al.| (2009a) as a first guess, requiring that the maximum tem-
perature difference within a group does not exceed 100 K. This
threshold is considerably more stringent than those commonly
adopted in the literature — which are typically around 200-250
K (see e.g.Monty et al.|2023)) — and plays a key role in improving
our sensitivity to subtle abundance variations and in mitigating
potential trends of differential abundances with stellar parame-
ters. To ensure statistical robustness, we only retained groups
that contained at least four stars. Within each group, we selected
as a reference the star whose input Teg lay closest to the group
mean, irrespective of whether it belonged to the FG or SG. We
then used this star as the baseline for the differential comparison.

Figure 3| shows the colour-magnitude diagrams for each GC
in our sample, constructed using Gaia DR3 photometry (Gaia
Collaboration et al.|[2023)). For the purposes of our analysis, we
further divided the groups NGC 5904 and NGC 6218 into two
distinct subsamples, shown in different colours, to maximise in-
ternal homogeneity within each group.

Finally, we defined the differential abundances of a given line

as 0A; = A — Aré/erence Then the mean Fe differential abun-
dance of a star with respect to the reference is given by

N
1
©A7) = & > 6Afc = AT,
i=1

where N is the number of lines measured. Accordingly, the stan-
dard deviation is given by

Therefore, the mean differential abundance of the group
(A£°) is given by the average A" of the stars that belong to the
group. We estimated the uncertainty on the observed Fe abun-
dance spread through Monte Carlo error propagation. For each
star, we perturbed the measured abundance by drawing random
values from a Gaussian distribution centred on the observed
abundance, with a standard deviation equal to the individual
abundance uncertainty. For each cluster, we generated 10,000
synthetic realisations and calculated the Fe abundance disper-
sion for each realisation. We used the standard deviation of the
resulting distribution of simulated spreads as the uncertainty on
the observed spread. This approach accounts for the individual
stellar abundance uncertainties and the finite size of the stellar
sample.

2.3. Determination of stellar parameters and Fe abundances

Stellar parameters and iron abundances were re-derived using a
differential approach implemented in Q2 (Ramirez et al.|[2014).
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Fig. 1: Spectral region containing Fe I lines (shaded areas). The different coloured curves correspond to stars in the GC NGC 104
with nearly identical stellar parameters. Star 13795 (blue curve) belongs to the FG, whereas the remaining stars belong to the SG.
The right-hand panel shows a zoomed view of one of the Fe I lines.

For each GC, a reference star was selected, and its absolute pa-
rameters and iron abundance were first determined within Q2.
These values were then used as a baseline for calculating the
differential abundances of the remaining stars within the same
group.

As initial estimates of the stellar parameters, we adopted
the values reported by |Carretta et al.| (2009a) and |Carretta et al.
(2017), which provide a homogeneous and well-tested reference.
Using these parameters, we derived preliminary iron abundances
and excluded spectral lines that deviated by more than 30~ from
the mean abundance. We then refined the stellar parameters iter-
atively, adopting the literature values as starting guesses.

Since Q2 applies a differential line-by-line method, the opti-
misation of stellar parameters is achieved by minimising (i) the
slope of Fe I abundances as a function of excitation potential,
(i) the slope of Fe I abundances against reduced EW, and (iii)
the discrepancy between Fe I and Fe II abundances. As a re-
sult, the final parameters represent the set of differential values
that best satisfy excitation and ionisation equilibrium relative to
the chosen reference star, rather than yielding absolute measure-
ments for individual stars. It is worth noticing that the final set
of stellar parameters does not affect our conclusions, as our anal-
ysis focuses on differential abundances rather than absolute pa-
rameter values, and therefore all quantities related to the stellar
parameters are effectively subtracted. Moreover, the stellar pa-
rameters adopted from |[CO9u| are generally very close to those
independently re-derived in this work, ensuring internal consis-
tency within the analysis. Table[T]lists the star’s IDs (taken from
Carretta et al.|2009a)) and the resulting differential stellar param-
eters for all stars included in our analysis. We indicate the ref-
erence stars with the suffix ‘-r’. Our final sample contains 92
sibling stars, organised into 15 groups across 13 GCs.

2.4. Robustness of the method

The differential abundance method has been applied only spar-
ingly in the literature to the study of GCs (see e.g. McKenzie
et al[[2022; |Yong et al|[2013; [Lardo et al.[[2023; Monty et al.
2023). In a recent work, [McKenzie et al.| (2022) used this tech-
nique for six stars in the GC NGC 6656 (M 22), obtaining
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high-precision measurements for 18 chemical elements based on
UVES spectra. To verify the robustness of our methodology, we
retrieved spectra for a subset of their target stars and re-analysed
them using our differential approach. For this purpose, we se-
lected the stars III-3, III-14, and IV-102, which, according to
their analysis, differ in effective temperature by less than 100
K.

Figure[d|compares the EW's measured in our study with those
reported by McKenzie et al.| (2022) for these stars. The two sets
of measurements show good agreement, with mean offsets of ap-
proximately -1.01, -1.99, and -1.69 mA and standard deviations
of 3.51,3.32, and 2.60 mA for I1I-3, I1I-14, and IV-102, respec-
tively. This level of consistency supports the reliability of our
EW determinations and the robustness of our method. Table
lists the stellar parameters derived using our approach alongside
those reported by McKenzie et al.[(2022)). Using star III-3 as the
reference, we derived average differential [Fe/H] values of —0.10
and —0.18 dex for III-14 and IV-102, respectively, while[McKen-
zie et al.|(2022) reported corresponding values of -0.09 and -0.19
dex. The close agreement between the two analyses further con-
firms the validity of our results.

3. Results
3.1. Internal iron spread by cluster

Before assessing the statistical significance of the inferred iron
variations, we first examine the observed differential Fe spreads
measured in each GC. Across the sample, the absolute values
of the dispersions remain small. In most clusters, the measured
spreads lie within the range a'g ¢ ~0.02-0.05 dex, smaller than
those reported in previous photometric studies (e.g. [Legnardi
et al.|[2022; [Latour et al.||2025). These results do not provide
support for the existence of a spread much beyond the current
detection limits of high-resolution spectroscopy.

The limited number of stars analysed in each cluster com-
plicates the interpretation of these spreads, as several samples
contain fewer than ten stars. Consequently, the observed disper-
sions alone do not allow for a robust assessment of statistical
significance. To address this limitation, we complemented the



J. Schiappacasse-Ulloa et al.: Intrinsic iron abundance spreads in globular clusters

120 40 120 >
/,/
30‘ z ~— 7/
100 — o< 100
B < o €
<L g0 — 3 801
e = 109 S
= o =
= 60 S o = 60
o 0 @D
> c.‘ -10 o
L 40 n o 401
o L ek
o —20 o
201 < < 201
_30 ~
0 T T T T T —40 T T T T T 0 T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
ARES [mA] ARES [mA] ARES [mA]

Fig. 2: Comparison of EW measurements obtained with ARES and REVIEW for star ‘15590’ in NGC 6752. Green and orange symbols
represent discarded and selected measurements, respectively. Left panel: Comparison of EWs measured with REVIEW and ARES. The
REVIEW EWs are plotted as a function of the ARES measurements. Middle panel: Difference between the EWs measured with the
two methods as a function of the ARES EWs. Only measurements lying within the grey shaded region are included in the subsequent

analysis. Right panel: Weighted average EWs derived from the two methods for lines with EWs between 5 and 100 mA.
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Fig. 3: Colour-magnitude diagrams of the 13 GCs analysed using Gaia DR3 photometry. Small black symbols indicate cluster
members based on the selection done by [Vasiliev & Baumgardt| (2021), while large pentagons mark the stars in our sample. For
clusters with more than one subsample (NGC 5904 and NGC 6218), the pentagons appear in two different colours to distinguish the
subsamples.
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Table 1: IDs and their corresponding RA and DEC coordinates, differential stellar parameters, along with the respective errors of

our sample of stars in each GC.
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Cluster ID RA DEC Teq logg [Fe/H] Vi AT¢
NGC 104 13795-r 6.30535417 -72.13067500 4332+37 1.81+0.17 -0.71+0.04 1.84+0.09 0.00+0.00
NGC 104 14583  5.63324583 -72.11360833 431619 1.92+0.12 -0.74+0.03 1.65+0.07 -0.02+0.03
NGC 104 18623  5.83738333 -72.08840278 4324+20 1.92+0.12 -0.77+0.03 1.79+0.07 -0.04+0.03
NGC 104 20002 5.87197500 -72.08006944 4263+27 1.79+0.13 -0.75+0.04 1.75+0.07 -0.05+0.03
NGC 1851 14080-r 78.4111875 -40.12765278 4458+45 1.67+0.17 -1.06+£0.04 1.76x0.09 0.00+0.00

Notes. The reference star is indicated with the suffix ‘-r’. The full table is available in electronic form at the CDS.
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Fig. 4: Comparison between the EWs measured by [McKenzie et al.| (2022) and those obtained with our method for the M 22 stars
III-3, III-14, and IV-102. Each panel reports the mean difference and standard deviation.

Table 2: Comparison of stellar parameters obtained using our
method and the ones reported by McKenzie et al.| (2022) for the
three sibling stars in NGC 6656.

NGC 2808, NGC 5904, NGC 6121, NGC 6218, NGC 6254,
NGC 6397, NGC 6752, and NGC 6809 do not show significant
Fe spreads, indicating that the observed dispersions in these sys-
tems can be fully explained by measurement uncertainties. In

- . 1 This “E(li“ﬂ;H] . I\;ICkenZiGHEz%]Z contrast, NGC 1851, NGC 3201, and NGC 5634 exhibit signifi-
eff 0g g € Vi eff 0og g & Vi .

3 4066 05 168 218 4041 095 178 279 cant Fe spreads that cannot be attributed solely to measurement

M-14 4061 027 -1.78 247 4038 0.2 -1.87 224  CITOIS.

IV-102 4081 024 -1.86 255 4043 0.10 -1.97 243 It should be noted that we identified two subsamples in each

observational analysis with a Monte Carlo approach designed to
determine whether the measured spreads can arise solely from
the reported uncertainties.

To test whether the internal Fe spread observed in each GC
can be explained entirely by measurement errors, we compared
the observed dispersion of each group (o-é,D ¢) with a simulated
spread. We generated the simulated distributions through 10,000
Monte Carlo iterations, assuming a normal distribution centred
on the mean differential abundance of the group (Ag ¢), with the
spread determined only by the uncertainties reported by Q2.

Figure 5] presents the results for the full set of GCs, showing
histograms of the simulated spreads obtained from the 10,000
iterations. The dashed purple line marks the observed spread for
each cluster (0_§ ¢). We evaluated the statistical significance of
the observed values using the p value, defined as the fraction of
simulations in which the simulated spread exceeds the observed
one. In this work, we classify a dispersion as significant when
the p value is < 0.05, and as not significant when it exceeds this
threshold.

We grouped the clusters according to the statistical signif-
icance of their Fe spread. The clusters NGC 104, NGC 1904,
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of NGC 5904 and NGC 6218. We initially defined these groups
separately because their stellar temperatures differ by about 150
Kin NGC 5904 and 250 K in NGC 6218. Nevertheless, under the
assumption that the iron abundance remains chemically homoge-
neous within each cluster, we then merged the subsamples into
single groups that comprise nine stars in NGC 5904 and seven
stars in NGC 6218. The resulting p values — approximately 0.31
for NGC 5904 and 0.36 for NGC 6218 — indicate that the ob-
served dispersions remain consistent with the measurement un-
certainties reported and do not require intrinsic Fe variations. We
also verified that our results remain stable, within the uncertain-
ties, regardless of whether we select the reference star from one
subsample or the other within each cluster.

3.2. Internal iron spreads by generation

We applied the same test to each GC separately for each stellar
generation. To assign stars to a given generation, we adopted the
classification of |Carretta et al.| (2009a)), which relies on [Na/Fe]
abundances. Only five of the thirteen GCs in our sample include
at least two stars per stellar generation. Most of the remaining
clusters contain only one star in one of the generations. In partic-
ular, NGC 104, NGC 1851, NGC 1904, NGC 6121, NGC 6218,
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and NGC 6254 each include only one FG star, while our samples
of NGC 2808 and NGC 5634 contain only one SG star.

Table [3] summarises the observed abundance spreads for the
full sample (o-i,F ¢) in each cluster, together with the spreads mea-
sured within each stellar generation. We denote the observed
spreads among FG and SG stars as O'?G and 0'52, respectively.
The table also lists the number of stars assigned to each gener-
ation. Figure [6] presents the same information graphically: blue
and orange circles represent the standard deviations of FG and
SG stars (ok¢ and o§%), while the black cross marks the differ-
ential standard deviation of the entire cluster (o-i,F ). The shaded
green region highlights clusters with at least five analysed mem-

ber stars.

Figure [7] shows the distributions of simulated spreads ob-
tained from 10,000 Monte Carlo iterations for the two subsam-
ples — FG and SG stars — under the assumption of no intrin-
sic spread beyond the measurement uncertainties. In each panel,
pink and grey histograms represent the simulated spreads for FG
and SG stars, respectively, while the dashed purple and red lines
mark the observed Fe spreads for the corresponding populations.

Three clusters show more pronounced signatures:
NGC 1851, NGC 3201, and NGC 5634. Although NGC 1851
does not exhibit an unusually large overall spread compared
with other clusters, the spread measured among its SG stars
reaches high statistical significance. However, the presence
of only one FG star in our sample prevents any meaningful
comparison between generations. In NGC 3201, FG stars
exhibit an iron spread substantially larger than that measured
among SG stars (see Table E]), and the Monte Carlo simulations
indicate a high statistical significance for the FG spread. This
result provides strong evidence that the FG population in this
cluster displays greater iron variation than the SG population.
In NGC 5634, the FG population shows one of the largest iron
spreads in the entire sample; however, the presence of only one
SG star again prevents any meaningful comparison between
generations.

All remaining clusters display iron spreads that remain fully
consistent with the measurement uncertainties in both stellar
generations. We therefore find no evidence for intrinsic iron vari-
ations within either population in those systems.

Table 3: Summary table of observed spreads by cluster (o) and
stellar generation (o g and os¢).

Cluster oy TrG Nrc TsG Ns¢ Origin Type
NGC 104  0.019+0.010 0.000 1 0.011+0.011 3 M-D I
NGC 1851  0.038+0.010 0.000 1 0.037+0.011 4 G-E 1T
NGC 1904  0.021+0.014 0.000 1 0.017+0.014 6 G-E X
NGC 2808  0.025+0.010  0.026+0.011 5 0.000 1 G-E I
NGC 3201  0.069+0.013  0.103+0.021 3 0.016+0.016 4 Seq; G-E I
NGC 5634  0.075+0.017 0.077+0.019 4 0.000 1 H99; G-E X

NGC 5904*  0.035+0.011  0.022+0.014 2 0.038+0.013 7 H99; G-E 1
NGC 6121  0.017+0.009 0.000 1 0.018+0.010 5 L-E I
NGC 6218*  0.032+0.011 0.000 1 0.034+0.011 6 M-D 1
NGC 6254  0.050+0.013 0.000 1 0.050+0.014 6 L-E I
NGC 6397  0.037+0.012  0.043+0.021 2 0.030+0.013 4 M-D I
NGC 6752  0.024+0.005 0.010+0.008 4 0.016+0.006 6 M-D 1
NGC 6809  0.041+0.009 0.042+0.023 2 0.028+0.009 11 L-E 1

Notes. The columns Ny and Ng¢ report the number of stars assigned to
each generation. The origin classification is the one according to Mas-
sari et al.|(2019), where M-D, G-E, Seq, H99, and L-E refer to the main
disc, Gaia-Enceladus, Sequoia galaxy, Helmi Streams, and an unasso-
ciated low-energy GC, respectively. Cluster type classification is based
on Milone et al.| (2017). Letter ‘X’ stands for GCs type that were not
classified in the mentioned article. The symbol ‘*’ next to NGC 5904
and NGC 6218 indicate that those GCs include two subsamples.

4. Discussion

The detection of significant internal variations in elements be-
yond those involved in hot H-burning processes may challenge
the current understanding of the multiple stellar population phe-
nomenon in GCs. In our sample, most clusters do not exhibit sta-
tistically significant iron spreads, either globally or within indi-
vidual stellar populations. However, three clusters — NGC 3201,
NGC 1851, and NGC 5634 — display statistically significant Fe
variations. We first discuss these systems individually before
comparing our results with previous studies.

4.1. Clusters with significant iron spreads

NGC3201 The case of NGC 3201 has long been debated in the
literature. Simmerer et al.| (2013) reported a substantial Fe spread
of approximately 0.40 dex — well beyond their observational un-
certainties — suggesting that the cluster may have retained mate-
rial from SNe Ia despite its relatively low mass. However, Muc-
ciarelli et al.|(2015) later attributed the reported spread to non-
LTE effects affecting asymptotic giant branch (AGB) stars, im-
plying that the Fe variation is not intrinsic. Our differential ap-
proach, which compares sibling stars with similar atmospheric
parameters, should minimise non-LTE biases. Therefore, the sig-
nificant spread detected in our analysis is unlikely to arise from
this effect alone. It is also important to note that NGC 3201 ex-
hibits strong differential reddening, which may introduce addi-
tional observational uncertainties. Although NGC 3201 has oc-
casionally been discussed as a candidate cluster hosting multiple
metallicity groups, no clear metallicity bimodality is identified
in the spectroscopic sample analysed in this work. For this rea-
son, we did not separate the stars into metal-poor and metal-rich
subcomponents and instead analysed the cluster as a whole. As-
suming the presence of an intrinsic iron spread in NGC 3201,
we performed an additional Monte Carlo analysis similar to that
described in the previous section, introducing intrinsic spreads
in steps of 0.025 dex. This experiment indicates that the intrinsic
dispersion in this cluster is likely between 0.025 and 0.05 dex,
consistent with the values reported by [Latour et al.| (2025)). Evi-
dence in favour of an extragalactic origin may also provide addi-
tional context for the peculiar behaviour of NGC 3201. Massari
et al| (2019) associated this cluster with the Sequoia or Gaia-
Enceladus merger event. However, other Gaia-Enceladus clus-
ters included in our sample (e.g. NGC 1904 and NGC 2808) do
not exhibit comparable Fe spreads, suggesting that extragalactic
origin alone cannot fully explain the observed behaviour. Never-
theless, since NGC 3201 remains the only cluster in our sample
plausibly associated with Sequoia, its origin may still be relevant
for understanding its chemical complexity.

NGC 1851 This GC, which exhibits a modest but statistically
significant spread, has attracted considerable attention in pre-
vious studies. Through photometric observations, Milone et al.
(2008) identified two distinct subgiant branches, suggesting ei-
ther the merger of two separate GCs or the origin of NGC 1851
within a disrupted dwarf galaxy. The latter scenario agrees with
the findings of [Massari et al.| (2019), who proposed an extra-
galactic origin associated with Gaia-Enceladus (see Table [3).
From a spectroscopic perspective, Carretta et al.|(2010c) was the
first to suggest that the cluster could be the result of a merger
of two GCs with slightly different Fe and an age difference of
1 Gyr. Later, similar results were confirmed by TautvaiSiené
et al.| (2022)). Moreover, |Carretta et al.|(2011) confirmed an iron
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Fig. 5: Histogram of 10,000 Monte Carlo simulations of Fe spread. The dashed purple line indicates the observed Fe spread in our

sample of GCs.

spread that exceeded observational uncertainties, indicating pos-
sible contributions from supernova enrichment, and later classi-
fied this cluster among iron-complex GCs (Johnson et al.[2015).
Our detection of a significant iron spread in NGC 1851 therefore
agrees with previous studies. However, the presence of only one
FG star in our sample prevents an analysis of iron spread within
that generation and limits comparisons with the SG population.

NGC 5634 This GC remains relatively unexplored from a spec-
troscopic standpoint. Several studies have associated this cluster
with an extragalactic origin, although its parent system remains
uncertain. Previous works linked NGC 5634 to the Helmi stream
(Callingham et al.|[2022; Massari et al.|[2019), Gaia-Enceladus
(Massari et al.|[2019), or the Sagittarius system (Bellazzini et al.
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2002). Among the few available spectroscopic investigations,
Sbordone et al.|(2015) analysed only two stars, which prevented
any statistically meaningful assessment of iron spreads. Later,
Carretta et al.| (2017) studied seven stars and reported a possi-
ble small iron spread based on a comparison between observa-
tional uncertainties and the measured dispersion, although they
ultimately considered the spread unlikely to be real. As a consis-
tency check, we verified that the stars in common with |Carrettal
et al| (2017) display the same abundance ordering in our anal-
ysis, from the lowest to the highest iron abundance. Our results
therefore strengthen the evidence for a potentially significant Fe
variation in NGC 5634, both at the cluster level and within the
FG population.
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Fig. 6: Measured abundance spreads for the full GC sample.
Green and orange symbols denote the spreads of FG and SG
stars, respectively, following the classification of |Carretta et al.
(2009a)). Black crosses indicate the spread measured across all
cluster members. The shaded grey region highlights clusters with
samples larger than six stars.

4.2. Comparison with previous work

In a large photometric study of 55 GCs, [Legnardi et al.|(2022)
derived internal iron spreads among FG stars using the colour—
metallicity relation of Dotter et al.|(2008)), reporting variations of
up to 0.30 dex and a mean spread of 0.12 dex. Given that typical
spectroscopic detection limits are of the order of 0.10 dex, such
results have been questioned in terms of statistical robustness
(see e.g. [Carretta & Bragaglia |2025a). We note that the analy-
sis of [Legnardi et al.| (2022) included main-sequence (MS) stars,
whereas our sample consists only of upper RGB stars. However,
we do not expect this difference in evolutionary stage to signif-
icantly affect the comparison of intrinsic Fe spreads. Any abun-
dance variations produced by atomic diffusion during the MS
phase are expected to be largely erased during the first dredge-
up.

Our differential approach, based on comparisons between
sibling stars, minimises systematics associated with stellar pa-
rameters and reduces spurious abundance variations. Within this
framework, and with the exception of NGC 3201, none of the
clusters in common with |Legnardi et al.| (2022)) shows a highly
significant Fe spread among FG stars. It is also important to
note that our sample does not include several clusters identified
by [Legnardi et al.| (2022) as exhibiting the largest internal iron
spreads (e.g. NGC 2298, NGC 4833, NGC 5024, NGC 5272,
NGC 5927, and NGC 7078). These and other systems should be
revisited using homogeneous high-resolution spectroscopy, pos-
sibly complemented by large surveys such as Gaia-ESO (Pan-
cino et al.[|2017), APOGEE (Schiavon et al.|[2024)), or 4AMOST
(Lucatello et al.|[2023)).

We also note that Dondoglio et al.| (2025) reported iron
spreads comparable to those inferred by |Legnardi et al.| (2022).
However, their analysis differs from ours in two important re-
spects. First, they compiled abundance measurements from mul-
tiple surveys and catalogues rather than deriving abundances
through a homogeneous spectroscopic analysis. Secondly, the
identification of stellar populations is based on photometric in-
dices primarily sensitive to C and N abundances, whereas our
classification relies on Na abundances. These methodological
differences may contribute to the contrasting results and com-
plicate a direct comparison between the studies.

Our results are broadly consistent with those of [Latour et al.
(2025)), who analysed more than 8,000 low-resolution spectra in
21 GCs. Although their sample mainly probes stars along the
lower RGB, whereas our analysis focuses on upper RGB stars,
we do not expect this difference to significantly affect the in-

ferred intrinsic Fe spreads because effects such as atomic dif-
fusion do not generate significant abundance changes within
the rapid RGB evolution. They reported small Fe dispersions
for each cluster, typically below 0.05 dex, and obtained con-
sistent results when separating stellar populations. Notably, in
NGC 3201 they did not identify an anomalously large global Fe
spread, although they measured a dispersion approximately 50
percent larger among FG stars than among SG stars.

Finally, Lardo et al.| (2023) performed a differential abun-
dance analysis of FG stars in NGC 2808 and reported a signifi-
cant Fe spread. Although their methodology resembles ours, we
did not detect a comparable dispersion in this cluster. The ab-
sence of common stars prevents a direct comparison between the
two datasets. Notably, their targets are more centrally concen-
trated, whereas our sample probes more external regions. This
spatial difference may contribute to the discrepancy if the iron
variations are more pronounced towards the cluster centre. Alter-
natively, observational effects such as imperfect background sub-
traction or contamination from neighbouring stars in crowded
regions may artificially enhance the measured dispersion. Fur-
thermore, a direct comparison with ChMs would provide addi-
tional insights into the discrepancy between our results and those
of |Lardo et al.| (2023)), particularly given the reported sensitivity
of the extension of the FG sequence to iron variations. Unfortu-
nately, homogeneous ChM data are not currently publicly avail-
able for the full set of clusters analysed in this work. Moreover,
existing HST-based photometric samples predominantly cover
the central regions of the clusters and do not show spatial over-
lap with our spectroscopic targets. As a result, we cannot assess
whether differences in the ChM distributions of the sampled stars
contribute to the contrasting Fe-spread measurements.

4.3. Monte Carlo validation of literature spreads

To assess whether the large iron spreads reported by [Legnardi
et al.|(2022)) are compatible with our observations, we performed
an additional Monte Carlo experiment. We considered the seven
clusters in our sample containing at least two FG stars (NGC
2808, NGC 3201, NGC 5634, NGC 5904, NGC 6397, NGC
6752, and NGC 6809), for which an internal FG dispersion can
be measured. In each Monte Carlo realisation, we randomly se-
lected one iron dispersion from the distribution of values re-
ported in Table 3 of |[Legnardi et al.| (2022)), spanning 0.00-0.30
dex, and generated a Gaussian abundance distribution centred
on zero with the selected dispersion. We then drew a number
of stars equal to the observed number of FG stars in each clus-
ter and measured the resulting sample dispersion. We repeated
this procedure 10,000 times for each cluster. For each realisation,
we recorded whether the simulated dispersion exceeded the ob-
served FG dispersion measured in that cluster. We then counted
the number of clusters satisfying this condition in each Monte
Carlo iteration. Figure 8 shows the resulting distribution. If the
large Fe spreads reported by [Legnardi et al.| (2022) were rep-
resentative of the intrinsic FG dispersions of our clusters, we
would expect to recover dispersions larger than those observed
in most clusters. Instead, obtaining two or fewer clusters with
simulated dispersions exceeding the observed values occurs in
only 1% of the Monte Carlo realisations, indicating that the large
spreads reported in the literature are difficult to reconcile with
our measurements.
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Fig. 7: Histogram of 10,000 Monte simulations of Fe spread by stellar generation. The pink and grey histograms display the
distribution of the spread in FG and SG, respectively. Moreover, the dashed lines indicate the observed Fe spread in FG (purple) and

SG (red) stars in each GC.

4.4. GC properties and iron spread

To explore alternative explanations for the observed internal iron
variations, we examined several global cluster properties, includ-
ing origin (Massari et al.|[2019), mass, stellar density, and dis-
tance from the Sun (Baumgardt & Hilker|2018]). Figure |g| com-
pares the measured abundance spreads with these parameters.
The figure presents differential abundance spreads for the full
sample (upper panels), FG stars (middle panels), and SG stars
(lower panels) as functions of cluster mass (left column), stellar
density within the half-mass radius (middle column), and dis-
tance from the Sun (right column). Symbols are colour-coded
according to cluster origin: blue for in situ systems, orange for ex
situ systems, and grey for clusters of uncertain origin, following
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Massari et al.| (2019). Across all panels, we find no clear correla-
tion between abundance spreads and any of the examined global
parameters. Spearman correlation tests confirm this conclusion,
yielding p values that remain far from statistical significance for
all cases.

5. Summary and conclusions

In this study, we applied a differential abundance analysis to a
large sample of Galactic GCs spanning a wide metallicity range.
By comparing sibling stars with closely matched stellar parame-
ters, this approach minimises systematic uncertainties associated
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fewer GCs with iron spread in their FG.

with classical abundance techniques and provides a high sensi-
tivity to subtle intrinsic iron variations.

Our results show no evidence for significant Fe spreads in the
majority of the clusters analysed. This conclusion holds for both
the full cluster samples and, where statistics allow, within indi-
vidual stellar generations. The present data therefore do not sup-
port a scenario in which internal iron variations are a common
property of Galactic GCs. However, a small number of excep-
tions emerge. NGC 3201 displays the most significant Fe spread
in our sample, with additional tests indicating an intrinsic dis-
persion of 0.025-0.050 dex. NGC 1851 and NGC 5634 also ex-
hibit statistically significant internal variations, confirming that
a limited subset of clusters may have experienced more com-
plex chemical enrichment histories. Our Monte Carlo compari-
son with the iron spreads among FG stars reported by
(2022) suggests that such large Fe variations may not be
common among GCs. If these spreads were widespread and in-
trinsic, we would expect a larger fraction of the clusters in our
sample to exhibit statistically significant iron variations than we
observed.

Overall, these findings indicate that measurable Fe inhomo-
geneities might be rare and not ubiquitous among Galactic GCs,
although larger stellar samples will be required to establish the
prevalence of this behaviour across the Galactic GC population.
To do so, differential abundance techniques provide a powerful
framework for identifying the few systems that preserve signa-
tures of non-standard formation or enrichment pathways.

Future work should extend this methodology to larger stellar
samples and additional chemical species. In this context, the next
generation of high-resolution multi-object spectrographs

2023)) will be particularly important, enabling precise

abundance measurements for large numbers of stars and a more
comprehensive reconstruction of the chemical evolution of GCs.

Data availability

Table[T]is only available in electronic form at the CDS via anony-
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Fig. 9. Differential abundance spreads for the
full sample (upper panels), FG stars (middle
panels), and SG stars (lower panels), shown as
a function of cluster mass (left column), stel-
lar density within the half-mass radius (middle
column), and distance from the Sun (right col-
umn). Symbols are colour-coded by cluster ori-
gin: green diamonds for in situ, orange circles
for ex situ, and grey crosses for clusters of un-
certain origin.
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