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ABSTRACT

Context. Multiple populations are ubiquitous in the old massive globular clusters (GCs) of the Milky Way. It is still unclear how they
arose during the formation of a GC. The topic of iron and metallicity variations has recently attracted attention with the measurement
of iron variations among the primordial population (P1) stars of Galactic GCs.

Aims. We explore the relationship between the metallicity of the P1 stars on the red-giant branch (RGB) of Galactic GCs and their
Ap27sw rs1aw pseudo-color. We also measure the metallicity dispersion of P1 and P2 stars.

Methods. We used the spectra of more than 8000 RGB stars in 21 Galactic GCs observed with the integral-field spectrograph MUSE
to derive individual stellar metallicities, [M/H]. For each cluster, we used Hubble Space Telescope photometric catalogs to separate
the stars into two main populations (P1 and P2). We measured the metallicity spread within the primordial population of each cluster
by combining our metallicity measurements with the stars’ Ag,75w ps14w pseudo-color. We also derived metallicity dispersions (o pwym;)
for the P1 and P2 stars of each GC.

Results. In all but three GCs we find a significant correlation between the metallicity and the Ap,7sw rs14w pseudo-color of the P1 stars:
stars with larger Agy7sw rs14aw have higher metallicities. We measure metallicity spreads that range from 0.03 to 0.24 dex and correlate
with the GC masses. As for the intrinsic metallicity dispersions, when combining the P1 and P2 stars, we measure values ranging from
0.02 dex to 0.08 dex, which correlate very well with the GC masses. The two clusters that show the largest o/ are NGC 6388 and
NGC 6441. The P2 stars have metallicity dispersions that are smaller than or equal to those of the P1 stars.

Conclusions. We present a homogeneous spectroscopic characterization of the metallicities of the P1 and P2 stars in a set of 21
Galactic GCs. We find that both the metallicity spreads of the P1 stars (from the Ap7sw psiaw spread on the chromosome maps) and
the metallicity dispersions (o) correlate with the GC masses, as predicted by some theoretical self-enrichment models presented

in the literature.
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1. Introduction

The formation of massive star clusters has been puzzling astro-
physicists over the past few decades. Despite considerable
progress recently gained through observations and hydrody-
namical simulations, a number of open questions remain. This
is probably best illustrated by the enigma of the multiple-
populations: star-to-star abundance variations in light elements
(such as C, N, O, and Na) that are ubiquitous in massive clusters
older than ~2 Gyr, such as the Galactic globular clusters (GCs)
or intermediate-age star clusters in the Magellanic Clouds (see
Bastian & Lardo 2018; Gratton et al. 2019, for recent reviews).
Despite a multitude of observational studies and a number of
proposed scenarios, the mechanisms underlying the formation
of multiple populations are still unknown.

*Based on observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere, Chile
(Program IDs 094.D-0142(B), 095.D-0629(A), 096.D-0175(A),
097.D-0295(A), 098.D-0148(A), 099.D-0019(A), 0100.D-0161(A),
0101.D-0268(A), 0102.D-0270(A), 0103.D-0204(A), 0103.D-0545,
0104.D-0257(B), and 105.20CR.002).

** Corresponding author; marilyn.latour@uni-goettingen.de

From an observational perspective, the ubiquity of multiple-
populations has been confirmed both photometrically and spec-
troscopically (e.g., Carretta et al. 2009b). The work of Milone
et al. (2017), making use of UV and optical magnitudes from the
Hubble Space Telescope (HST) in the form of chromosome maps
(which are pseudo-two-color diagrams), confirmed the presence
of multiple populations in a sample of 57 Galactic GCs. In all of
these clusters, the red-giant branch (RGB) stars have a spread in
color larger than what is expected from photometric errors only.
The pseudo-color (i.e., (mpa7sw — ME336w)—(ME336W — MES14W))
allows an efficient separation of the two principal population of
stars in GCs: the so-called first and second populations (here-
after P1 and P2). This is because this pseudo-color mainly traces
nitrogen variations (Milone et al. 2017). By matching photo-
metric and spectroscopic properties of the RGB stars of these
populations, it was found that the P1 stars have an atmospheric
chemistry that shows primordial abundances (i.e., a scaled solar-
like abundance pattern but with some degree of @ enhancement)
and the P2 stars have “anomalous” abundance patterns, most
notably enhancements in N and Na and depletions in O (see, e.g.,
Marino et al. 2019a, Milone et al. 2015, Carretta & Bragaglia
2024.) A few GCs have an additional population (P3) that is
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visible not only on the chromosome map but also on their color-
magnitude diagram (CMD) as a red RGB, which, in some cases,
also connects with a fainter subgiant branch (SGB). The most
notorious case is w Centauri, but other GCs such as NGC 1851
and NGC 5286 also have a distinct red RGB and a faint SGB.
These clusters were termed Type IT GCs (also anomalous or iron-
complex GCs; Johnson et al. 2015), and the stars belonging to
their red RGB are typically enriched in elements produced via
the slow neutron-capture process (s elements), such as Ba and
La, and possibly also in iron (see, e.g., Marino et al. 2015 their
Table 10), although the latter point is still a matter of debate (see
Carretta & Bragaglia 2023 and references therein).

What was unexpected was the realization that in the majority
of the GCs from Milone et al. (2017), the P1 stars them-
selves have a spread in F275W — F814W that is larger than
expected from measurement errors. This means that even this
“primordial” population is not consistent with a simple stellar
population. Spectroscopic analyses of the P1 stars present on
chromosome maps were scarce at the time, and no particular
chemical species could be found to explain such a color spread.
Based on the photometric properties of the P1 stars in three GCs
whose chromosome maps have different color spreads, Lardo
et al. (2018) found that a spread in He abundance and a small
range of N abundances could explain the extended color distri-
bution of the primordial population. An extensive comparison of
abundance values from the literature with the position of stars
on the chromosome maps of 29 GCs performed by Marino et al.
(2019a) showed no evidence of light-element variations among
the P1 stars, and the authors suggested instead that variations in
iron or helium could explain the color spread. Dedicated spec-
troscopic observations of P1 stars in NGC 2808 also resulted
in no evidence of light-element variations (Cabrera-Ziri et al.
2019). Additional spectroscopic investigations of P1 stars in
NGC 3201 suggested that a small spread in iron (by ~0.1 dex)
is present among these stars and could explain their pseudo-
color distribution on the chromosome map (Marino et al. 2019b).
Further spectroscopic and photometric investigations supported
this hypothesis (e.g., Husser et al. 2020; Lardo et al. 2022), and
the presence of a small iron spread among the primordial stellar
population is now strongly favored, as opposed to He variations
(see also Tailo et al. 2019). Iron variations among P1 stars have
been measured from high-resolution spectroscopy for a handful
of stars in three GCs so far, NGC 3201, NGC 2808, and NGC 104
(47 Tuc). The iron variations were found to be in the range 0.1 to
0.15 dex (Marino et al. 2019b, 2023; Lardo et al. 2023). Abun-
dances of up to 24 atomic species were also measured in the stars
of NGC 3201 and NGC 104, and for most species a positive cor-
relation with the pseudo-color of the star was found, suggesting
that not only does iron vary, but the overall stellar metallicity
as well. Finally, by comparing the photometric properties of the
P1 stars, essentially the width of their pseudo-color distribution
on the chromosome maps, with isochrones of varying metal-
licity, Legnardi et al. (2022) estimated metallicity variations in
55 GCs. They found a wide range of values: from less than 0.05
to ~0.30 dex.

The presence of metallicity (or iron) spreads within P1 stars
has implications for our view of GCs as a whole. Apart from a
few particular cases of massive clusters with a clear iron spread,
and possibly an age spread as well, such as w Cen, NGC 6715
(M 54), and Terzan 5 (see, e.g., Johnson & Pilachowski 2010;
Alfaro-Cuello et al. 2019; Ferraro et al. 2009; Pfeffer et al.
2021), the traditional view is that GCs do not show a significant
spread in iron abundances. For example, Carretta et al. (2009a)
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established an upper limit of 0.05 dex for iron spread among
19 GCs based on direct iron measurements from high-resolution
spectroscopy. The recent catalog of iron dispersion compiled in
Bailin (2019), based on selected iron abundances from the lit-
erature, shows that iron spreads among GCs are indeed modest
(<0.1 dex) but significantly different than zero in the majority of
cases. Yong et al. (2013) also measured a small (0.03 dex) but
significant metallicity spread (for iron and a dozen additional
species) among RGB stars in NGC 6752 using high-precision
differential abundance measurements. Measuring such a small-
amplitude internal iron spread is notoriously difficult. At times,
studies have claimed to find large iron spreads (>0.1 dex) in some
GCs, but they were often not corroborated by further investi-
gations. Even the issue of whether the P3 population in some
type II GCs is enhanced in iron or not is still a matter of debate
(Mucciarelli et al. 2015b; Carretta & Bragaglia 2022; Vargas
et al. 2022; McKenzie et al. 2022). Artificially large iron spreads
can be caused by a few factors, such as the inclusion of asymp-
totic giant branch (AGB) stars among a sample of RGB objects
(Mucciarelli et al. 2015a), the method used to determine the
surface gravity of the stars (Mucciarelli et al. 2015b), or even
the presence of intrinsic luminosity variations in some stars
(Albornoz et al. 2021).

The presence of intrinsic iron variations is of partic-
ular interest for the theoretical modeling of GC forma-
tion. It is commonly assumed that massive star clusters
form hierarchically, via the merging of smaller subclusters
(e.g., see Kruijssen 2014, and references therein). In this sce-
nario, iron variations within clusters could point to chemical
inhomogeneities of the interstellar medium within the spa-
tial scales on which massive clusters form. Alternatively, it
has been suggested that clusters self-enrich, for example via
core-collapse supernovae (SNe) of the first and most massive
stars formed in the cluster when the least massive stars are
still in their formation process (Morgan & Lake 1989; Wirth
et al. 2021). In line with the hierarchical scenario of cluster
formation, it has been argued that subclusters produce var-
ious levels of iron enrichment before merging to form the
final GC (Bailin 2018; McKenzie & Bekki 2021). Such model-
ing of GC formation can reproduce, qualitatively, the mass-
metallicity relationship observed among the massive metal-poor
GCs ([Fe/H] ~ —1.5) around galaxies (see, e.g., Bailin & Harris
2009; Strader & Smith 2008; but see Usher et al. 2018 for an
alternative explanation). However, the extent to which even
massive star clusters can self-enrich is still debated. Star for-
mation is expected to be suppressed by stellar winds even
before the onset of SNe (Smith et al. 2021), and young massive
clusters in the local Universe are indeed found to be gas-free
(Whitmore et al. 2014; Cabrera-Ziri et al. 2015). Recent hydro-
dynamical simulations (e.g., Lahén et al. 2024) find that while
enrichment in light elements through stellar wind material from
short-lived massive stars appears feasible, the clusters are not
significantly enriched in iron or other heavy elements via SNe.

In this work we made use of our MUSE spectral database
of GC stars to investigate the topic of metallicity dispersion and
variations within P1 stars. We selected P1 stars from the RGB of
21 GCs based on their position on the chromosome maps built
from HST photometric catalogs (Piotto et al. 2015; Nardiello
et al. 2018), and we measured the metallicity of the selected
RGB stars from the MUSE spectra. We want to make a clear
distinction here between metallicity and iron abundance as these
terms are sometimes used interchangeably in the literature. What
is measured from our MUSE spectra is an overall solar-scaled
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Table 2. Parameters of the Ap,7s5w rs14w pseudo-color—metallicity relationship and metallicity spread derived for the P1 stars.

Cluster Nstar [M/HJerr AC Rp p-value a b A[M/H]
(D (2) 3 &4 (&) (6) @) (8

NGC 104 226 0.008 029 0.58 796e-22 021 +£0.03 -0.787 £0.003 0.061 + 0.008
NGC 1851 127 0.011 021 040 4.29e-06 0.25+0.10 —1.169 + 0.011 0.053 + 0.016
NGC 2808 152 0.018 033 0.57 3.35e-14 041008 -1.072+0.008 0.137 £ 0.021
NGC 3201 30 0.007 025 0.69 2.29-05 0.38+0.15 —-1.449 + 0.018  0.095 + 0.029
NGC 362 113 0.017 0.12 021 254e-02 032+020 -1.159+0.009 0.039 + 0.020
NGC 5286 115 0.023 029 0.67 3.27e-16 0.51 +£0.10 —-1.585 +0.016  0.148 + 0.023
NGC 5904 113 0.015 020 0.63 736e-14 041 +£0.09 -1.296+0.006 0.083 + 0.015
NGC6093 234 0.025 020 024 2.02¢-04 015+0.09 -1.647 +0.008 0.030 = 0.014
NGC 6218 64 0.015 0.13 0.22 7.55e-02 0.17 = 0.18 —1.319 £ 0.011 0.022 = 0.018
NGC 6254 83 0.016 023 068 15le-12 048 +013 -1.497+0.009 0.110 £ 0.023
NGC 6362 33 0.025 021 038 2.76e-02 0.24+0.17 —1.090 +£ 0.013  0.050 + 0.028
NGC 6388 97 0.018 0.80 0.81 1.45e-23 030+0.04 -0.471+£0.012 0.240 = 0.025
NGC 6441 148 0.018 048 0.35 1.34e-05 0.14 + 0.07 —0.406 = 0.010  0.067 + 0.026
NGC 6541 255 0.017 0.13 0.16 1.12e-02 0.11 £ 0.08 —-1.727 £ 0.006  0.014 + 0.009
NGC 6624 68 0.017 036 048 3.33e-05 0.15+0.09 -0.761 £0.013  0.054 + 0.025
NGC 6656 72 0.014 0.23 0.55 5.14e-07 0.56 + 0.17 —-1.715+0.035 0.132 +0.032
NGC 6681 38 0.024 0.17 0.02 899-01 -0.05+0.22 -1546+0.014 -0.008 +0.028
NGC 6752 92 0.012 0.16 0.72 5.50e-16 0.71 =0.11 —1.499 + 0.006 0.117 £ 0.014
NGC7078 220 0.033 017 047 2.86e-13  0.71 +0.15 -2.195 + 0.010 0.122 + 0.021
NGC 7089 171 0.019 024 070 1.23e-26 0.66+0.09 -1484+0.008 0.156 +0.018
NGC 7099 67 0.021 0.10 0.05 6.63¢-01 022+045 -2172+0.020 0.021 +0.034

Notes. (1) Number of stars included in the P1 sample. (2) Median value of the errors on [M/H]. (3) Ag7sw rs1aw spread of the P1 stars. (4) Pearson
correlation coefficient between Agy7swrsiaw and [M/H] and its (5) p-value. (6) a and (7) b coefficients from the linear relationship derived as in
Ar7sw rsiaw= a[M/H] + b and their 95% confidence interval as uncertainties. (8) Metallicity spread.

metallicity! and not an iron abundance from individual iron
lines. Thus, we always refer to it as metallicity ((M/H]) and we
keep the use of iron abundance ([Fe/H]) for direct measurements
from iron lines, unless specified otherwise.

The paper is organized as follows. In Sect. 2 we describe our
spectroscopic data, and we explain the different aspects of our
methodology in Sect. 3. Our results on the metallicity spread
among the P1 stars and on the metallicity dispersions are pre-
sented in Sect. 4 and discussed in Sect. 5. We briefly conclude in
Sect. 6.

2. Observational data

Our target stars were observed with MUSE as part of the guaran-
teed time observation (GTO) program dedicated to GCs (PI: S.
Dreizler, S. Kamann). Of the 25 Galactic GCs observed for the
survey, 20 (listed in Table 2) have the photometric data necessary
to build their chromosome maps and a sufficient number of RGB
spectra to perform our analysis. In addition to the GCs observed
with the GTO program, we also used the MUSE observations of
NGC 6362 taken as part of GO time (Prop ID: 0103.D-0545, PI:
Dalessandro). MUSE is an integral field spectrograph mounted
on UT4 of the Very Large Telescope and is in operation since
2014 (Bacon et al. 2010). It features a wide-field mode (WFM)
with a field of view of 1’x1’ at a sampling of 0.2” per pixel
and a narrow-field mode (NFM) covering a smaller field of view
(7.5""x7.5") at a sampling of 0.025” per pixel. Both modes result
in a spectral coverage of 4750-9350 A, with a spectral resolu-
tion R ~ 3000 although this varies slightly across the wavelength
range (see Husser et al. 2016). The GC GTO program targeted

' Except for the a-enhancement factor.

the central region of the clusters, covering approximately up to
their half-light radii. Depending on the cluster, a varying num-
ber of WFM pointings were used to cover the area of interest.
Observations for the GTO program were taken between 2014 and
2022, most of the observations taken after mid-2017 made use of
the adaptive optics (AO) system installed on UT4, whenever the
observing conditions allowed it. In addition to the WFM point-
ings made for each GC, ten GCs have one or more additional
NFM (with AO) observations located at their very center (see,
e.g., Gottgens et al. 2021). However, because of the small field
of view of the NFM, these observations contribute only a very
small amount of RGB spectra per cluster.

The data reduction and spectral extraction processes have
been described at length in previous papers using spectra from
the Globular Cluster GTO program (e.g., Kamann et al. 2018,
2016) The basic data reduction of the MUSE datacubes is per-
formed using the official MUSE pipeline (Weilbacher et al.
2020). The extraction of the individual stellar spectra is done
with PAMPELMUSE? (Kamann et al. 2013, 2018) and relies on
a reference source catalog to determine the position of each
resolved star in the MUSE data. The photometric catalogs used
for the GCs included in our study are from the ACS Survey of
Globular Clusters (Sarajedini et al. 2007; Anderson et al. 2008).

3. Methods

3.1. Spectroscopic metallicities

The individual MUSE spectra of the RGB stars are fitted to
derive atmospheric parameters using the Gottingen spectral

2 https://pampelmuse.readthedocs.io/en/latest/about.
html
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Fig. 1. Mean S/N versus the uncertainty on the metallicity ([M/H] err) for a subsample of RGB stars in NGC 104 and NGC 7078, color-coded by

the number of spectra per star.

library of PHOENIX spectra (Husser et al. 2013) and the fitting
framework spexxy® (Husser et al. 2016). Because the spectra of
RGB stars are not very sensitive to changes in surface grav-
ity (log g), this parameter is obtained from an isochrone. For
each GC we find an isochrone (from Marigo et al. 2017) that
best reproduces the HST photometry in the FOO6W-F814W ver-
sus F606W CMD, and we derived a value of log g and T.g for
each star by finding the nearest point on the isochrone. This was
done with two sets of photometry: the ACS Survey of Globu-
lar Clusters (Sarajedini et al. 2007; Anderson et al. 2008) and
the HST UV Globular Cluster Survey (HUGS; Piotto et al. 2015;
Nardiello et al. 2018). The log g of the star is then fixed to the
average value obtained from both sets of photometry during the
spectral fit. The Tt estimated from the isochrone is used as a
starting value for the spectral fitting procedure and for selection
criteria (see Sect. 3.3). The resulting best fit provides a value
for the effective temperature (T.g), metallicity ([M/H]), radial
velocity, a model for the telluric lines and a polynomial func-
tion describing the continuum. The metallicities [M/H] of the
PHOENIX model grid are solar-scaled, except for the « elements
that are enhanced to a value that is kept fixed during the fitting
procedure. The o enhancement used varies from cluster to cluster
and is between [@/Fe] = 0.1 and 0.4 (Dias et al. 2016). During the
spectral fit, we did not target specific spectral regions but fit the
whole spectral range, except the region containing the interstellar
NaD lines and the AO gap (5780-5990 A) in AO observations.
Thus, what we measure from the spectral fit is the overall metal-
licity [M/H] and not a direct iron abundance. A more thorough
description of the spectral fitting method is included in Husser
et al. (2016) and Nitschai et al. (2023).

The next step is to combine, for a given star, the resulting
parameters from the multiple observations to derive average val-
ues of T, radial velocity, and most important for this work, the
metallicity ((M/H]). The general idea is to calculate the weighted
average of the individual measurements (from the individual
spectra), with the weight (w) being the inverse of the squared
uncertainty (€) returned by the Levenberg-Marquardt optimiza-
tion routine used by spexxy. The resulting uncertainty on the
weighted average is then

- [ -1
o= Zw[,wherew— =-

3 https://github.com/thusser/spexxy
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For a spectrum to be included in the calculation of the aver-
age parameters, two quality criteria are required: the spectrum
must have a signal-to-noise ratio (S/N) > 20 and a magni-
tude accuracy above 0.8. To determine the magnitude accuracy
parameter, PAMPELMUSE calculates the differences between the
magnitudes recovered from the extracted spectra and the true
magnitudes available in the photometric reference catalog. A
value of 1 indicates that the magnitude difference determined for
a star is fully consistent with the typical differences measured
for similarly bright stars, whereas O indicates a strong outlier
(see Sect. 4.4 in Kamann et al. 2018, for more details). The
uncertainties on the [M/H] measurements are mainly defined by
two factors. First, they scale with the mean S/N of the individ-
ual spectra because a higher S/N spectrum results in a smaller
statistical uncertainty €. Secondly, they depend on the num-
ber of measurements included in the average calculation. A
final factor affecting the [M/H] uncertainties is the metallicity
itself, meaning that the stars in low-metallicity GCs, such as
NGC 7078 and NGC 7099, have larger uncertainties than stars
at higher metallicity (like those of NGC 104) at a given S/N.
The behavior of the uncertainties ([M/H] err) is illustrated in
Fig. 1 where we show their relationship to the average S/N of the
stars’ spectra in two GCs: NGC 104 and NGC 7078. For illus-
tration purposes, we include in these figures only the P1 stars
included in the analysis described below. NGC 104 is relatively
metal-rich ([Fe/H]=—-0.7) and is one of the GCs with the largest
number of observations, resulting in small typical uncertainties
([M/H] err < 0.015 dex). NGC 7078 is the most metal-poor GC in
our sample ([Fe/H]=-2.4) and has fewer observations, typically
below six measurements, resulting in larger uncertainties than in
NGC 104. In the case of NGC 6362, we only have one measure-
ment per star, so the uncertainties on [M/H] for that cluster are
those returned by the Levenberg-Marquardt optimization routine
of spexxy. The median values of [M/H] err for the P1 stars of
each cluster are listed in Table 2.

3.2. Photometry and chromosome maps

The second essential ingredient for our analysis is the chromo-
some map of each GC. Our chromosome maps are constructed
following the method described in Milone et al. (2017) and have
been presented and used in previous work by our group (Husser
et al. 2020; Martens et al. 2023; Latour et al. 2019). Before
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Fig. 2. CMDs of NGC 5286, NGC 2808, and NGC 6388. The P1 stars included in our final samples are shown with black dots. The small gray dots
are the stars from the HUGS photometric catalog that have well-measured photometry (see Sect. 3.2).

making the chromosome maps, we cleaned the HST photom-
etry following the procedure described in Sect. 3 of Nardiello
et al. (2018, see also Milone et al. 2012). This procedure allowed
us to select stars with well-measured photometry according to
their photometric error and the shape and quality of their point
spread function during the photometric extraction. We kept only
the stars that pass the selection criteria for these three parameters
in all four filters necessary to create the chromosome maps.

For our study, the chromosome maps are not necessary only
to separate the stars into their respective population, but their
exact pseudo-colors, especially Apy7sw rsiaw (the x-axis of the
chromosome map), are important to look for metallicity trends.
One improvement we made for this work is the inclusion of the
differential reddening corrections provided by Legnardi et al.
(2023) that is available for seven GCs in our sample (NGC 3201,
NGC 5286, NGC 6254, NGC 6388, NGC 6441, NGC 6541, and
NGC 6656). We also paid particular care to the fiducial lines
defining the RGB envelope. Particularly, we removed the bright-
est RGB stars, down to two magnitudes (in F814W) below the
tip of the RGB. This is to avoid the issue of poorly defined fidu-
cial lines due to the small number of stars, which causes the
pseudo-colors to be more uncertain for bright RGB stars. From
the chromosome map, we separated the stars into their respective
populations (P1 and P2), which is more or less straightforward
depending on the cluster. In the Type II GCs, we also isolated
the P3 stars (those from the red RGB), but these stars were not
included in the analyses. The chromosome maps of the GCs in
our study are shown in Appendix B along with the P1 and P2
stars included in our samples.

3.3. Sample selection

Our selection of stars from the chromosome maps is then
matched with our sample of MUSE stars with [M/H] measure-
ments. We applied several additional criteria to define our final
sample of stars with the most reliable spectroscopic metallicity
measurements and Apy7sw rsiaw position. We enumerate below
the selection criteria.

— We kept stars that had at least three [M/H] measurements.
The two exceptions are NGC 6681 and NGC 6362. For
NGC 6681 we only have two observations of a single central
pointing; in that case, we kept the stars that have two mea-
surements. For NGC 6362 there is only one spectrum per star
so we kept all the stars.

— We removed stars that have a radial velocity variability prob-
ability above 0.8, as defined in Sect. 5 of Giesers et al.
(2019). This means that we removed from our sample the

stars showing radial velocity variations, most likely due to
binarity. Binaries were found to populate, among others, the
blue extension of the Apy75w rs1aw pseudo-color on the chro-
mosome map (Kamann et al. 2020; Martins et al. 2020).
While this is efficient at removing binaries in clusters with
many observations, such as NGC 3201 and NGC 104, there
are likely still binaries among the stars with a small number
of observations. We note that this criteria was not applied to
NGC 6362 because we have only one measurement per star.

— We kept only stars for which the difference between the
T. estimated from the isochrone and the spectroscopic
T.s is within 30 of the average T.; difference between
isochrone and spectroscopy. Effectively, this removed stars
whose spectra returned a T that is discrepant from their
photometric properties (i.e., their position along the RGB).
This can happen, for example, if the star is severely blended
with a close neighbor causing contamination in the extracted
spectra. This was done on a cluster-by-cluster basis.

— Similarly, we kept only stars for which the difference
between the log g returned from both sets of photometry
(ACS and HUGS) is within 30 of the average difference.
Effectively, this removed stars that have discrepant photom-
etry between ACS and HUGS. If their position on the two
CMDs is different, it results in different log g estimated from
the isochrones. This was done on a cluster-by-cluster basis.

— We removed the brightest RGB stars, that is, those one to two
magnitudes below the brightest star, depending on the clus-
ter. The cut was made depending on how populated the RGB
is; with fewer stars, the fiducial lines and the Apy75w pgiaw
positions are more uncertain. This cut also prevents con-
tamination by AGB stars because they are found along the
brightest part of the RGB. Finally, by limiting the range of
magnitudes spanned by our stars, we also limited the extent
of the metallicity-magnitude trend that affects the data (this
is discussed in Appendix A).

— We crossmatched the stars with the HST proper-motion cat-
alogs of Libralato et al. (2022) to remove any star that might
not be a cluster member from its proper motion.

— We removed stars with a membership probability pmember <
0.5, as defined in Kamann et al. (2016). Our membership
probability is based on a combination of radial velocity and
metallicity. While this is mostly redundant with the proper
motion selection, it is still relevant for bright stars because
some of them do not have proper motion measurements.

After applying this selection, we have between 30 and 250 P1
stars per cluster. The majority of them are fainter than the hor-
izontal branch. In Fig. 2 we show the position of the P1 stars
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in the F438W versus F814W CMD for three example clusters:
NGC 5286, NGC 2808 and NGC 6388. For each star in our final
samples, from P1 and P2, we provide their atmospheric param-
eters ([M/H], Tes, and, log g) and the pseudo-colors from our
chromosome maps in Table 1, which is only available online
from the CDS (see Sect. 6).

3.4. Metallicity variation and dispersion

To estimate the metallicity spread among the P1 stars of each
cluster, we performed a linear regression in the Apy7swrsiaw —
[M/H] plane. The individual measurements have varying preci-
sions, depending on their errors, and we took that into account
by performing a weighted least-square (WLS) regression, using
the inverse of the squared error as weight. From the relationship
obtained, we could estimate the metallicity variation for a given
range of Apyrswrsiaw pseudo-color. To compute the pseudo-
color extension (AC) of the P1 stars in each GC, we considered
the range between the 4th and 96th percentile of the P1 stars in
our final sample. The AC obtained from our spectroscopic sam-
ple is representative of that of the whole photometric sample on
the chromosome maps because, as opposed to the previous stud-
ies using high-resolution spectroscopy (e.g., Lardo et al. 2018;
Marino et al. 2023), we did not preselect the targets based on
their position on the chromosome map. From the linear relation
obtained with the WLS regression, we computed the metallicity
predicted at the 4th and 96th pseudo-color percentiles and calcu-
late the metallicity variation as A{M/H] = [M/H]og, — [M/H]a.
We can consider here two different values as uncertainties, either
from the standard errors returned on the parameters of the linear
equation or from the 95% confidence interval of the regression.
To be more conservative, in the following we compute and list
uncertainties considering the 95% confidence interval.

We also computed the metallicity dispersion among our sam-
ples of stars. This was done using a Markov chain Monte Carlo
ensemble sampler developed by Foreman-Mackey et al. (2013) to
model our metallicity measurements with a Gaussian function.
We then retrieved the most likely average metallicity and stan-
dard deviation (o), with their uncertainties being the 16th and
84th percentile of the posterior probability distributions (equiva-
lent to 107). This method takes the uncertainties on [M/H] into
account and thus returns a standard deviation that should be
representative, if the uncertainties are not significantly underes-
timated, of the intrinsic dispersion. We do not claim to measure
an accurate intrinsic metallicity dispersion from our data, but we
believe our values provide robust upper limits.

4. Results
4.1. Metallicity spread among the P1 stars

Our results are summarized in Table 2. For each GC we list the
number of P1 stars included (Nstar), the median uncertainty on
the stars’ metallicity ([M/H]err) as an indicator of our measure-
ments precision, the range in pseudo-color spanned by the P1
stars (AC, as described in Sect. 3.4), the Pearson correlation
coefficient Rp and its associated p-value. We used the Pearson
correlation coefficient because we expected a linear relation-
ship. We also include the a and b coefficients of the relationship
derived, as in y = ax + b, and their 95% confidence interval as
uncertainties. Finally, we list the metallicity variations A[M/H]
with their uncertainties. The first thing to examine is whether we
find a significant correlation between metallicity and color. This
is the case for 17 out of the 21 GCs. We measure a slope, a, that is
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consistent with zero, only for three clusters, namely NGC 7099,
NGC 6681, and NGC 6218. These three clusters have a p-value
larger than 7%. For all other clusters, the slope and Rp are
positive, which demonstrates the sensitivity of the Apy7sw rsiaw
pseudo-color to changes in metallicity. We illustrate our results
in Fig. 3 for four clusters: NGC 6752, NGC 104, NGC 3201,
and NGC 6218. The results for the other clusters are shown in
Appendix B.

The metallicity variations A[M/H] that we obtain are
between ~0.03 and 0.2 dex. In the hypothesis that the color
extension of P1 is caused by metallicity variations, we expect
a correlation between AC and A[M/H]. This is illustrated in
Fig. 4. However, the relationship is not strictly linear but also
shows a dependence on the average metallicity of the GC in
the sense that for a given AC, we find the higher metallicity
GCs to have smaller metallicity variations within their P1 stars.
This behavior is illustrated with the results of Legnardi et al.
(2022), shown in the right panel of Fig. 4. This clear depen-
dence between the metallicity spread (A[M/H]) and the GC
average metallicity is a natural consequence of the photometric
method used by Legnardi et al. (2022) that relies on the color-
metallicity relation of isochrones; a given metallicity increase,
say by 0.05 dex, has a smaller impact on the F275W magnitude,
where most iron and heavy-metal lines are found, at low metal-
licity than at larger ones. This dependence is also visible in our
data for the higher metallicity clusters. We note here that even
though the Legnardi et al. (2022) results are referred to as iron
variations (A[Fe/H]), their isochrones were generated with dif-
ferent metallicities and not only with different iron abundances
(Legnardi, priv. comm. 2024). We thus take the liberty to relabel
their results as metallicity variations (A[M/H]).

It is worth mentioning here that NGC 6388, with its partic-
ularly large AC of 0.8, is not part of the Legnardi et al. (2022)
sample because there is no estimate of a color spread for the
P1 stars of that cluster. In any case, the RGB of NGC 6388 is
especially wide in the F275W-F814W color (see Milone et al.
2017, but also Carretta & Bragaglia 2022) and the pseudo-color
— metallicity relation is conspicuous from Fig. B.3, this results
in our largest A[M/H] of 0.24 dex.

4.2. Metallicity dispersion

Table 3 presents the average and dispersion values of the metal-
licities [M/H] obtained from our samples of P1 and P2 stars.
The respective uncertainties correspond to 1o~. The number of
stars included in each sample is also indicated. The P2 stars
were first selected from their position on the chromosome maps
(see Figs. B.6-B.8), and then filtered according to the criteria
listed in Sect. 3.3. The metallicity dispersion of the P2 stars was
computed in the same way as that of the P1 stars.

While we know that the chemical composition, at least in
terms of light elements, is homogeneous in the P1 stars, this
is not the case for the P2 stars. This could potentially affect
our spectral fitting procedure because the PHOENTX models do
not account for variations of individual atomic species like Na,
O, Mg, and Al. These four elements have spectral lines, in
the MUSE spectra, and their strength varies between popula-
tions (see, e.g., Latour et al. 2019 for line strength variations
between the populations of NGC 2808). Admittedly, the wave-
length ranges affected by these lines are small compared to the
whole spectral coverage, but they could affect the metallicity of
the best-fitting model. For example, if strong lines (essentially
the magnesium triplet) are significantly stronger or weaker than
the model predictions, it could influence the y*> minimum toward
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Fig. 3. Metallicity [M/H] versus Agp7sw rsiaw pseudo-color relationship for four GCs. Top panels: chromosome maps of the clusters with P1 stars
within our sample color-coded by their metallicity. Middle panels: metallicity of each star, with the relationship derived from the WLS regression
(red line) and the 95% confidence interval (red shaded area) over the color range AC. We also indicate the number of stars (N), the Pearson
correlation coefficient (Rp), and the resulting metallicity variation A[M/H]. Bottom panels: residuals (i.e., observed minus predicted metallicity).

We indicate the standard deviation (o) of the residuals.

a higher or lower [M/H] value*. This could cause some small
metallicity spread among the P2 stars.

4 We note here that the strong sodium lines from the NaD doublet are
always masked during the spectral fit because they are blended with
the lines from the interstellar medium. Thus, they do not influence the
resulting metallicity.

We show the measured dispersion of the P2 stars versus that
of the P1 stars in Fig. 5. In all but three clusters, the dispersion
of the P2 stars is equal to or smaller than that of the P1 stars. If
systematic effects were present in our MUSE sample, we would
expect them to increase the metallicity dispersion of the P2 stars,
as discussed above. The fact that we measure, in most clusters, a
smaller metallicity dispersion among the P2 stars, is in line with
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Legnardi et al. (2022, right panel). Each point represents a GC and is color-coded by the average metallicity of the cluster (Harris, 2010 edition).

Table 3. Mean metallicity and dispersion measured in the P1 and P2 stars with their 10~ uncertainties.

Cluster Nstars Mean [M/H] o [M/H] Nstars Mean [M/H] o [M/H] Mean [M/H] o [M/H]
P1 P2 P1+P2

NGC 104 226 -0.802 £ 0.002  0.033 = 0.002 916 -0.802 £ 0.001  0.032 + 0.001 -0.802 £ 0.001  0.033 + 0.001
NGC 1851 127 -1.207 £ 0.003  0.036 = 0.003 239 -1.210 £ 0.002  0.031 + 0.002 -1.209 +£ 0.002  0.033 = 0.001
NGC 2808 152 —1.108 £ 0.005  0.056 + 0.004 483 —1.096 + 0.002  0.052 + 0.002 —1.105 £ 0.003  0.055 + 0.003
NGC 3201 30 -1.482 + 0.008  0.045 = 0.006 47 -1.474 £ 0.004  0.029 + 0.003 -1.477 £ 0.004  0.036 + 0.003
NGC 362 113 -1.178 £ 0.004  0.038 = 0.003 281 -1.195 £ 0.002  0.037 £ 0.002 -1.191 £ 0.002  0.038 + 0.002
NGC 5286 115 -1.663 + 0.006  0.057 + 0.005 174 -1.654 + 0.004  0.046 = 0.003 -1.658 + 0.003  0.051 + 0.003
NGC 5904 113 -1.307 £ 0.004  0.037 £ 0.003 355 -1.315 £ 0.001  0.022 + 0.001 -1.313 £ 0.001  0.027 = 0.001
NGC 6093 234 —-1.661 = 0.003  0.034 = 0.003 324 -1.662 +£ 0.002  0.027 + 0.002 -1.662 + 0.002  0.030 + 0.002
NGC 6218 64 -1.330 +£ 0.003  0.021 + 0.003 97 —1.345 + 0.003  0.022 = 0.002 -1.339 + 0.002  0.022 + 0.002
NGC 6254 83 —1.519 £ 0.005  0.047 = 0.004 171 -1.524 £ 0.002  0.026 = 0.002 -1.523 £ 0.002  0.034 = 0.002
NGC 6362 33 —1.101 +£ 0.006  0.024 = 0.007 18 -1.119 £ 0.007  0.012 = 0.009 —1.108 £ 0.005  0.020 = 0.006
NGC 6388 97 -0.541 £ 0.008  0.078 + 0.006 312 -0.498 +£ 0.004 0.064 + 0.003 -0.507 £ 0.004 0.070 + 0.003
NGC 6441 148 -0.433 £0.005 0.055 = 0.004 374 -0.378 £ 0.004  0.083 = 0.003 -0.394 £ 0.004 0.080 + 0.003
NGC 6541 255 -1.736 £ 0.002  0.026 + 0.002 242 -1.743 £ 0.002  0.027 + 0.002 —1.740 +£ 0.001  0.028 + 0.001
NGC 6624 68 -0.786 + 0.005  0.038 + 0.004 175 -0.804 = 0.003  0.029 = 0.002 -0.799 £ 0.002  0.033 + 0.002
NGC 6656 72 —-1.831 £ 0.007  0.059 + 0.005 107 -1.806 + 0.006  0.065 = 0.005 -1.816 £ 0.005 0.064 + 0.004
NGC 6681 38 —1.547 £ 0.005 0.024 + 0.005 180 -1.558 + 0.003  0.032 + 0.003 —1.556 + 0.003  0.031 + 0.002
NGC 6752 92 —-1.518 £ 0.004  0.038 = 0.003 220 -1.514 £ 0.002  0.027 = 0.002 -1.517 £ 0.002  0.032 + 0.002
NGC 7078 220 -2.242 £ 0.005 0.067 = 0.004 329 -2.200 = 0.003  0.053 + 0.003 -2.237 £ 0.004  0.064 = 0.003
NGC 7089 171 -1.515 £ 0.005 0.058 = 0.004 670 -1.526 £ 0.002  0.038 = 0.001 —1.524 + 0.002  0.044 + 0.001
NGC 7099 67 -2.184 + 0.007  0.051 + 0.005 150 -2.167 £ 0.003  0.028 + 0.003 -2.172 £ 0.003  0.038 + 0.002

the results of Legnardi et al. (2022) who found that the P1 main-
sequence stars have a wider F275W-F814W color spread than
the P2 main-sequence stars in two particular GCs. The authors
concluded that the metallicity spread among the P2 stars is lower
than the metallicity spread of the P1 stars. Our results show that,
at least for RGB stars, this conclusion can be extended to the
massive GCs of the Milky Way. We note that this important
result remains unchanged by the use of metallicities corrected
for the magnitude (or Tes) trend discussed in Appendix A (see
Fig. A.5). The three GCs for which we find a larger disper-
sion in P2 are NGC 6681, NGC 6656, and NGC 6441. In the last
two, the differences between op, and op; is less than 20. In
NGC 6656, there is one P2 star that is an outlier in terms of
[M/H] (see Fig. A.1), removing this object lowers op; very close
to the value of op;. In NGC 6441, the difference is significant,
but the separation of the populations is highly uncertain. The
chromosome map of that cluster is peculiar and the RGB stars are
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essentially distributed continuously along a diagonal sequence so
that it is not possible to see a distinction between P1 and P2 stars
(see Fig. B.8), this is why Milone et al. (2017) did not estimate
a Npi /Ny ratio for NGC 6441. Our separation simply aimed at
having a typical ratio of Np;/N,o; = 0.3 (Milone et al. 2017).

5. Discussion
5.1. Comparison with literature results

As mentioned in the introduction, iron spreads among the P1
stars of GCs have been estimated from high-resolution spec-
troscopic measurements in only three GCs. We recall here
that studies done with high-resolution spectroscopy are directly
measuring iron abundances. Nonetheless, from the abundances
of numerous atomic species in the P1 stars of NGC 104 and
NGC 3201 it appeared that not only iron is varying but also the
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Fig. 5. Metallicity dispersion of the P2 stars versus that of the P1 stars.
The error bars are 1o uncertainties. The identity relation is drawn with
a dashed line. The three GCs for which the P2 stars have a larger disper-
sion than the P1 stars are indicated, along with their names.

other elements studied (Marino et al. 2019b, 2023). A similar
conclusion was made by Lardo et al. (2023) from their five P1
stars in NGC 2808. It is thus reasonable to assume that iron and
metallicity variations go hand in hand. For NGC 2808, the lin-
ear relationship shown in Fig. 7 of Lardo et al. (2023), indicates
an iron variation of about 0.15 dex among five P1 stars. For this
cluster, we computed a A{M/H] of 0.14+0.02 dex for a similar AC
as that of Lardo et al. (2023). In NGC 3201, Marino et al. (2019b)
reported a difference of 0.1 dex among a dozen P1 stars span-
ning the same AC as in our sample. This is in perfect agreement
with our AIM/H] of 0.095+0.03 dex. Finally, for NGC 104, we
used our analysis method on the literature data (color and [Fe/H]
for 21 P1 stars, Marino et al. 2023) and obtained a A[Fe/H] =
0.14+0.07 dex for a AC of 0.22. This is larger than our value
of AIM/H] = 0.061 + 0.01 dex, even though we have a larger
color range (AC= 0.3). We note that because of its relatively high
metallicity ([M/H] = —0.8), NGC 104 has a smaller A[M/H] than
other more metal-poor clusters with a similar AC value in our
sample (see also Fig. 4).

The MUSE spectra have also been used by Husser et al.
(2020) to estimate the metallicity spread among the P1 stars
on the RGB. In that work, the metallicities were estimated from
an empirical calibration of the calcium triplet (CaT)—metallicity
relationship. This means that the equivalent widths of the three
Call lines (148498, 8542, 8662) and the stars’ magnitude were
used to derive the metallicity. Although the Husser et al. (2020)
study is also based on the MUSE spectra, the method used is
independent of ours because the metallicity derived from the
CaT does not rely on any model atmospheres or atmospheric
parameters such as T.¢ and log g. The chromosome maps used
in Husser et al. (2020) are slightly different than those presented
here (see Sect. 3.2) and their analysis included stars almost up
to the tip of the RGB. Besides a membership criteria, there was
no further “cleaning” of the stellar sample. They calculated a
metallicity spread in a similar way as done here, by computing
the slope of the P1 stars in the [Fe/H]-Agy75w psiaw plane (see
their Fig. 21) but they used a smaller AC than in this work to
compute their metallicity spread. In the left panel of Fig. 6 we
show a comparison between our results and those of Husser et al.
(2020). Here again, we relabel their [Fe/H] as [M/H] because the
calibration of the CaT equivalent widths is made using the aver-
age metallicities of GCs. The agreement is very good; only for

two clusters, namely NGC 6656 and NGC 7078, do we derive a
significantly larger metallicity spread.

We also compared our results with those of Legnardi et al.
(2022) for the 20 GCs in common (NGC 6388 is excluded) in
the right panel of Fig. 6. As explained above, the authors used
a different method to estimate metallicity variations, relying on
photometry and isochrones instead of direct metallicity measure-
ments and this results in a systematic shift between the two sets
of results. In general, the metallicity spreads obtained from pho-
tometry are larger than our spectroscopic measurements, but they
correlate well. At this point we do not know why the photometric
method results in larger metallicity spread than our spectroscopic
values.

Concerning the metallicity dispersions for the total P1+P2
populations (see Table 3 and Fig. 7), we find them to be gener-
ally very small, below 0.05 dex in the majority of our clusters.
They are thus fully compatible with the conclusions reached by
Carretta et al. (2009a), that o e/u) is smaller than 0.05 dex
in most of their 19 GCs, and by Bailin (2019), that ope/y; is
smaller than 0.1 dex with a median value of 0.045 dex for 55
GCs. However, we must keep in mind here that the P3 stars,
which are possibly more metal-rich than those of P1 and P2, are
excluded from our star samples in the Type II GCs (among our
clusters those are NGC 362, NGC 1851, NGC 5286, NGC 6656,
NGC 6388, and NGC 7089). So the total, in the sense of consid-
ering all RGB stars, metallicity dispersion in these six clusters
might be larger. Few studies have measured intrinsic iron, or
metallicity, dispersion below 0.05 dex, but Yong et al. (2013)
conducted a high-precision differential abundance analysis of
RGB stars in NGC 6752 and estimated an intrinsic iron and
metallicity dispersion of ~0.03 dex, which is fully compatible
with our value of ov/m = 0.032 dex measured for this cluster.
Our metallicity dispersion for NGC 362 of 0.038 dex is also in
good agreement with the values obtained by Monty et al. (2023)
of 0.035 and 0.041 dex (from FeT and FeII lines, respectively),
using the same differential abundance analysis technique (see
also Meléndez et al. 2009 for a description of the method).

NGC 6388 is a particular case, with its very large color
spread on the chromosome map (AC=0.8) we measure a large
A[M/H] of 0.24 dex and the color-metallicity relationship is
clearly seen in Fig. B.3. It is also the cluster for which we derive
the largest dispersion, 0.078 dex, among the P1 stars (0.07 dex
for P1+P2). We note that the metallicity trends with magnitude
and T.g discussed in Appendix A are rather mild for this cluster,
and by correcting the metallicities accordingly we only decrease
the A[M/H] to 0.20 dex and the total dispersion (P1+P2) to
0.068 dex). This cluster has been classified as Type II by Milone
et al. (2017) and is suspected to have some intrinsic iron spread
(Wallerstein et al. 2007; Hughes et al. 2007). However, the recent
studies by Carretta & Bragaglia (2022, 2023), based on a sample
of about 150 bright RGB stars from all populations, concluded
that there is no intrinsic iron (<0.04 dex) nor metallicity spread
in the cluster, thus questioning its classification as a Type I GC.
However, this would leave the significant color spread of the
RGB stars in NGC 6388 unexplained.

5.2. Comparison with theoretical expectations

The studies of Bailin (2018) and McKenzie & Bekki (2021)
simulated the formation of (proto)GCs and showed that self-
enrichment leads to metallicity variations within the resulting
GC. Although they use different types of simulations, their mod-
els predict a similar outcome in terms of intrinsic metallicity
dispersion: an increase in dispersion with the cluster mass for
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are color-coded by the average metallicity of the cluster (Harris, 2010 edition). The gray squares in the bottom-right panel represent the orr.;u;
taken from the literature compilation of Bailin (2019) for the GCs in common with our study. The gray downward triangle indicates the upper limit

on o.,n; measured for NGC 6362.

M > 10° Mo, In the top-left panel of Fig. 7, we plot our resulting
A[M/H] versus the mass of the GCs (from Baumgardt & Hilker
2018). We find a positive correlation between the two parame-
ters with a Spearman’s rank correlation coefficient Ry, = 0.63.
The majority of the GC in our sample have masses in the range
10°-10° Mg, where the iron dispersion is expected to slightly
increase with the cluster’s mass and reach up to ~0.1 dex (Bailin
2018; McKenzie & Bekki 2021). Our A[M/H] reach values that
are larger than 0.1 dex, but they cannot be directly compared to
the metallicity dispersions (o) that are presented in the literature.
Thus, in the bottom-left panel of Fig. 7 we plot the o-v/m of the
P1 stars versus the GC masses. From this dataset, we retrieve
a correlation coefficient Rg = 0.58, similar to that obtained
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from A[M/H], and our dispersion values are between 0.02 and
0.08 dex, in good agreement with the theoretical expectations.
We also show, in the right panels of Fig. 7, the metallicity
dispersion of the P2 and P1+P2 stars versus the GC masses.
Because the P2 stars dominate the total sample in most clus-
ters, the behavior is very similar in the two cases: the dispersions
are essentially constant and at their smallest (opm/m; < 0.04 dex)
until a mass of ~3 x 10° Mg. At higher masses, the dispersion
increases slightly up to ~0.08 dex. This is qualitatively similar to
what was measured by Carretta et al. (2009a) among their sam-
ple of 19 GCs using the absolute magnitudes of the clusters as
a proxy for the GC mass. We note, however, that the correlation
between iron dispersion and GC mass could not be reproduced
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by Mészaros et al. (2020) with their spectra from the SDSS-
IV APOGEE-2 survey, but their observed iron dispersions are
systematically larger, with an average o [ge/m close to 0.1 dex.

We also compared our dispersion values for P1+P2 with the
Ore/n) reported in the literature compilation of Bailin (2019)
(updated in Bailin & von Klar 2022) for the GCs in our study
(17 are in common, shown with gray symbols in Fig. 7). The two
samples show a similar range of dispersion, although the corre-
lation between the 17 Bailin (2019) data points and the GC mass
is weaker (Rs = 0.44). It is worth specifying here that Bailin
(2019) considered iron measurements from RGB stars regardless
of their population, so it presumably includes a mix of P1 and P2
stars but also stars belonging to the red RGB in the case of type
I clusters. The ratio of stars from each population included in
their spectroscopic samples varies from one cluster to another.

In their photometric study of iron variations within P1 stars,
Legnardi et al. (2022) observed a negative correlation between
A[M/H] and the average GC metallicity. Within our sample, we
do not have a correlation (Ry < 0.13) between the average metal-
licity of the GC and the metallicity spread (A[M/H]), nor any of
the dispersions (P1, P2, or P1+P2). We note that there was also
no such correlation among the observed oz, of Bailin (2019,
see also Bailin & von Klar 2022) and no global correlation is
expected from their theoretical models either. There is a rela-
tionship expected between metallicity and dispersion, but it is
linked to the initial metallicity of the model (see Fig. 1 of Bailin
& von Klar 2022). It essentially predicts a maximum possible
dispersion that decreases with increasing metallicity.

6. Conclusion

We used the metallicities of RGB stars in 21 GCs to quantify
the metallicity spread among the primordial stellar population of
each cluster and characterize its intrinsic metallicity dispersion.
The stellar metallicities were derived by fitting the MUSE spec-
tra with model atmospheres, and, for each star, we averaged the
results from at least three individual spectra with S/N > 20. The
exceptions are NGC 6681 and NGC 6362, for which we had only
two and one available measurement per star, respectively.

We characterized the relationship between the stellar metal-
licities, [M/H], and the pseudo-color, Agy7sw rsiaw, Which is the
position of the star on the x-axis of the chromosome map. In
almost all clusters, we observe a clear trend of increasing metal-
licity with increasing values of Apy7sw rg1aw among the P1 stars.
From this relationship, we measured metallicity differences that
mostly range from 0.03 to 0.15 dex. As expected, the metallic-
ity variations are generally found to be larger in the GCs with
a larger Apy7swpsiaw color extension of their P1 stars. In this
case, NGC 6388 stands out with, by far, the largest color spread
among its P1 stars, resulting in a metallicity spread of 0.24 dex.
Our metallicity spreads are in good agreement with those esti-
mated in various literature works based on spectroscopy, but we
find them to be, on average, systematically lower than those mea-
sured from photometry by Legnardi et al. (2022). We also find
that the metallicity spread within the P1 stars correlates with the
mass of the GCs.

In addition, we investigated the intrinsic metallicity disper-
sion (o m/nj) of the P1 stars, the P2 stars, and the combination
of the two (P1+P2). Our dispersion values are all relatively small
(<0.08 dex) and comparable to, if not smaller than, the values
presented in the literature based on high-resolution spectroscopy
(Carretta et al. 2009a; Yong et al. 2013; Mészaros et al. 2020;
Monty et al. 2023). For both the P1 and P2 stars we find a corre-
lation between the intrinsic dispersion and the mass of the GC.
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This is particularly striking when looking at the metallicity dis-
persion of the P2 stars: the GCs less massive than ~3 x 10° M,
all have a similarly low dispersion (<0.04 dex), but for the more
massive GCs, the dispersion increases with the cluster mass.
Interestingly, we find that for all but one cluster, the metallic-
ity dispersion of the P2 stars is lower than, or equal to, that of
the P1 stars. This is in line with the results of Legnardi et al.
(2022), who concluded, from photometry, that in NGC 6362 and
NGC 6838, the metallicity spread among the P2 stars is lower
than in the P1 stars. Our results show that this is a general
tendency among the massive GCs of the Milky Way.

Even though the resolution of the MUSE spectra is too low
to measure iron abundances from individual iron lines, we can
achieve high precision in measuring small metallicity variations
and dispersions thanks to the sheer amount of spectra accumu-
lated over the last decade as part of the MUSE GTO Globular
Cluster survey. In future work, we will explore in further detail
the metallicities of the anomalous population (i.e., the red RGB)
of Type-II GCs and some peculiarities among the P2 stars of
selected GCs, such as NGC 104 and NGC 7078.

Data availability

Table 1 is 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/J/A+A/694/A248.
The additional figures presented in Appendix B can be found
online at https://doi.org/10.5281/zenodo.14674172.
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Appendix A: The metallicity—magnitude trend

Upon inspection of our data, we found that our metallicities
([M/H]) are not constant along the RGB: they increase with
increasing luminosity. Given the relationship between the lumi-
nosity, Tes, and log g for RGB stars, this also means that the
metallicities decrease with increasing log g and Teg. Similar
issues were reported from the MUSE spectra of NGC 6397
obtained as part of the instrument commissioning (Husser et al.
2016; Baratella et al. 2022). From stellar evolution models
including atomic diffusion, it is known that stars near the main-
sequence turnoff display a lower metallicity due to the onset
of diffusion processes as convection in the outer layers of the
star ceases. Among other radiative transport processes, gravita-
tional settling causes the heavier elements to sink at the bottom
of the atmospheres, thus reducing the photospheric metallicity
(VandenBerg et al. 2002; Nordlander et al. 2012). As the stars
evolve on the SGB, convection reappears at the surface and the
metallicity gradually returns to its original value as the heavy
elements are brought back to the surface. According to stellar
evolution calculations and isochrones that take atomic diffusion
into account (e.g., Gruyters et al. 2014; Hidalgo et al. 2018; Choi
et al. 2016), the original metallicity is still not fully recovered at
the bottom of the RGB, so a difference in photospheric metallic-
ity of ~0.02-0.03 dex can be expected between the bottom and
the middle part of the RGB. We note that this effect is expected
to be larger at lower metallicities. The effect of atomic diffusion
is nicely illustrated in Fig. 10 of Nitschai et al. (2023) where
metallicity changes are seen in the measured metallicities from
MUSE spectra in w Centauri. Metallicity differences predicted
from theoretical isochrones are also shown in that same figure.

The gradient seen in our data, in terms of [M/H] versus mag-
nitude (F814W), is more or less important depending on the
cluster. We show it for five GCs in Fig. A.1. In some clusters,
like NGC 104, NGC 7089, and NGC 6752, the effect is mild (less
than 0.03 dex difference between the faintest and brightest stars
in our sample) and could be explained by atomic diffusion. But
in some other cases, like in NGC 6441 and NGC 2808, the effect
is much stronger than expected (more than 0.1 dex). We inves-
tigated our data and analysis method, but we could not find an
explanation for this large [M/H]—magnitude trend. We do not see
a correlation with the metallicity of the clusters, as is expected
from diffusion. We show in Fig. A.2 the slope derived versus the
average metallicity of the cluster. The three clusters with a slope
larger than 0.04 are NGC 6656, NGC 2808, and NGC 6441.

To verify if this affects significantly our results, we com-
puted "corrected" [M/H] values by removing the trend in the
[M/H]-F814W plane. For that, we fitted a linear relationship
between [M/H] and F814W for the P1 and P2 stars, individually.
Then, we subtracted from the average metallicity the residual
between the measured value of [M/H] and the predicted value
from the linear relationship. Then we redid our analyses using
the corrected metallicity for each star.

The metallicity spreads (A[M/H] corr) obtained with the
corrected metallicities are consistent, within their uncertainties,
with the results presented in the main text (see Fig. A.3). In the
case of the metallicity dispersions, they decrease slightly but in
most clusters, the decrease in dispersion is within the 30~ uncer-
tainties (see Fig. A.4). The two exceptions are NGC 6441 and
NGC 2808, those are the two GCs with the strongest [M/H]-
magnitude gradient. The opv/m obtained with the corrected
metallicities are significantly lower in these two clusters. For
NGC 2808 oM/ decreases from 0.055 to 0.041 dex and for
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Fig. A.1. Metallicity—magnitude trend for five clusters spanning the
metallicity range between [M/H]=—2.2 and —0.5 dex. The P1 and P2
stars are indicated by blue and orange dots, respectively. The black line
indicates the best-fit linear relationship for all stars.
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Fig. A.2. Slope of the [M/H]-F814W relation versus the average [M/H]
of the stars in our clusters.

0.25F
L o
® 0.20F 5
2 r
i) [ .
£ 0.15F ° o ]
(&) 3 ..,-5'
g 0.10F .ﬁ...... ]
< 0.05F e, ]
o

00800 005 010 015 020 025
A [M/H] (dex)

Fig. A.3. Comparison of the metallicity spreads, A[M/H] , obtained
with the original and corrected metallicities.

NGC 6441 it decreases from 0.080 to 0.068 dex. When using
the corrected metallicities, the P1 stars are still showing a larger
dispersion than the P2 stars, except for the same three GCs
(see Fig. A.5). Finally, the correlations between the GC masses
and the metallicity spread (A[M/H]) and dispersion essentially
remain the same whether we use the original or corrected metal-
licities. As a final remark, we mention that we also did this
exercise of correcting individual metallicities to remove the
[M/H]- T gradient and the results are not significantly dif-
ferent than what is presented here except for the ovm; of
NGC 6441 that decreases down to 0.062 dex.
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Fig. A.4. Comparison of the metallicity dispersions, o), obtained
with the original and corrected metallicities.

010

0.08 1
) NGC6441, L 1
[} o |
S 0.06} NGC6656, ]
N o ° 4
R~ I ° |
T 0.04f P ;
2 NGC668], @ ]
b .‘ PY ) i

0.02} 0 ee e ]

)
00800 0.0z 004 006 008 010

O[M/H] P1 (dex)

Fig. A.5. Same as Fig. 5 but for the dispersions computed with the cor-
rected metallicities.
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