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A B S T R A C T 

Disentangling distinct stellar populations along the red-giant branches (RGBs) of globular clusters (GCs) is possible by using 

the pseudo-two-colour diagram dubbed chromosome map (ChM). One of the most intriguing findings is that the so-called 

first-generation (1G) stars, characterized by the same chemical composition of their natal cloud, exhibit extended sequences in 

the ChM. Unresolved binaries and internal variations in helium or metallicity have been suggested to explain this phenomenon. 
Here, we derive high-precision Hubble Space Telescope photometry of the GCs NGC 6362 and NGC 6838 and build their ChMs. 
We find that both 1G RGB and main-sequence (MS) stars exhibit wider ChM sequences than those of second-generation (2G). 
The evidence of this feature even among unevolved 1G MS stars indicates that chemical inhomogeneities are imprinted in the 
original gas. We introduce a pseudo-two-magnitude diagram to distinguish between helium and metallicity, and demonstrate that 
star-to-star metallicity variations are responsible for the e xtended 1G sequence. Conv ersely, binaries pro vide a minor contribution 

to the phenomenon. We estimate that the metallicity variations within 1G stars of 55 GCs range from less than [Fe/H] ∼0.05 

to ∼0.30 and mildly correlate with cluster mass. We exploit these findings to constrain the formation scenarios of multiple 
populations showing that they are qualitatively consistent with the occurrence of multiple generations. In contrast, the fact that 
2G stars have more homogeneous iron content than the 1G challenges the scenarios based on accretion of material processed in 

massive 1G stars on to existing protostars. 

Key words: techniques: photometric – stars: abundances – stars: Population II – globular clusters: general. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are thought to form out of high-density 
egions within supergiant molecular clouds that trace back to earliest 
pochs (e.g. Harris & Pudritz 1994 ). While these objects are of fun-
amental importance for a range of astrophysical studies, the origin 
f such compact and massive agglomerates of stars is still strongly
ebated. Conversely, it is now a well-established fact that GCs host
ultiple stellar populations with different chemical composition. A 

onsiderable number of works has provided strong evidence that 
hese stellar systems harbour at least two main populations of stars,
ommonly dubbed first- (1G) and second-generation (2G). The latter 
ncludes stars that, being enhanced in He, N, and Na and depleted
n C and O, exhibit abundance patterns distinctive of GC stars. On
he contrary, 1G stars are characterized by an ‘original’ chemical 
 E-mail: mariavittoria.legnardi@studenti.unipd.it 
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omposition that retains memories of their natal cloud chemistry 
e.g. Kraft 1994 ; Carretta et al. 2009a ; Marino et al. 2019a ). In
ight of this feature and since Galactic GCs are among the most
ncient objects of the Galaxy, studying 1G stars provides the unique
pportunity to trace the original chemical composition of the clouds 
here GCs formed in the early Universe. 
A powerful tool to infer the relative chemical composition of 

C stars is the ‘Chromosome Map’ (ChM; Milone et al. 2015 ),
 pseudo-two-colour diagram, constructed with appropriate pho- 
ometric bands of the Hubble Space Telescope ( HST ), which is
articularly sensitive to the chemistry of the distinct stellar popu- 
ations thus maximizing the separation between them. On the ChM 

eference frame, � C F275W , F336W , F438W 

versus � F275W,F814W 

, 1 the 2G 
 A brief description of the procedure used to build the ChM can be found in 
ection 3 . In addition, see Milone et al. ( 2015 , 2017 ) for a comprehensive 
efinition of the � C F275W , F336W , F438W 

and � F275W,F814W 

pseudo-colours. 
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equence is elongated towards large � C F275W , F336W , F438W 

and low
 F275W,F814W 

values, whereas 1G stars lay in proximity of the origin.
s pointed out by Milone et al. ( 2017 ), the � F275W,F814W 

colour
nd � C F275W , F336W , F438W 

pseudo-colour distributions of both 1G
nd 2G stars are wider than photometric errors (including errors
ssociated with differential reddening corrections), thus demonstrat-
ng that neither of the two components is consistent with simple
tellar populations. This phenomenon can be naturally explained
or the 2G component using the dependence of � F275W,F814W 

and
 C F275W , F336W , F438W 

pseudo-colours on light-element abundances.
s illustrated in details by Milone et al. ( 2018 , see section 4),

ndeed, the 2G colour spread can be reproduced by a combination
f variations in the N and He abundances, as expected for 2G
tars characterized by a chemical composition produced by various
egrees of CNO processing. The extension of the 1G sequence,
nstead, has revealed to be a more puzzling result. 

Given that the position of stars along the ChM x -axis of
onometallic GCs is predominantly affected by their helium abun-

ance, Milone et al. ( 2018 ) tentatively attributed the 1G colour spread
o a pure helium variation without any appreciable enrichment in
ther light elements, like N. Inhomogeneities in the helium content
f the gas forming 1G stars may arise in regions of the Universe where
he baryon-to-photon ratio was considerably enhanced, possibly by
any orders of magnitude (e.g. Arbey, Auffinger & Silk 2020 ).
onversely, according to basic stellar nucleosynthesis, reproducing

ignificant helium enhancements (even of the order of δY 1G ∼ 0.1)
ot accompanied by appreciable nitrogen variations, is extremely
ifficult and all the scenarios considered by Milone et al. ( 2018 , see
heir discussion in section 8) are unable to reproduce observations. In
ddition, the analysis of M 3 horizontal-branch (HB) stars by Tailo
t al. ( 2019a ) demonstrates that pure helium variations among 1G
tars lead to inconsistent properties of HB stars thus making this
cenario even more implausible. 

An alternative hypothesis was suggested first by D’Antona et al.
 2016 ) based on theoretical arguments and then by spectroscopy of
G stars by Marino et al. ( 2019a , b ). According to these authors,
ariations in iron abundances could mimic the effect on the 1G
hM colour distribution caused by a spread in helium. Marino et al.
 2019b ) analysed the chemical abundances of 18 red-giant branch
RGB) stars belonging to the 1G of NGC 3201 finding a spread in
he o v erall metallicity of the order of ∼0.1 de x. The fact that GC
tars are not chemically homogeneous is additionally supported by
he pioneering work by Yong et al. ( 2013 ), based on high-precision
ifferential abundances of 1G and 2G stars in the GC NGC 6752. Iron
ariations in the gas forming 1G stars might have been inherited from
he interstellar medium (ISM) out of which proto-cluster molecular
louds formed. In turn, chemical inhomogeneities in the ISM might
esult from incomplete mixing of supernova ejecta with the ISM (e.g.
rumholz & Ting 2018 ; Wirth et al. 2021 ; Bailin & von Klar 2022 ).
lternati vely, iron v ariations might be the product of stellar feedback

nside the cloud itself (e.g. McKenzie & Bekki 2021 ). 
Among the investigated targets, Marino and collaborators identi-

ed three binary candidates as the stars with the lowest � F275W,F814W 

alues, thus suggesting that binarity could be responsible for the
longation of the 1G component. The authors explored deeply this
ossibility demonstrating that a large number of binaries is required
o account for the observed 1G colour spread. This finding allows
o conclude that binaries provide only a minor contribution to the
longation of the 1G sequence (see also Kamann et al. 2020 ; Martins
t al. 2020 ). 

More recently, extended sequences of 1G stars have been also
etected along the red HB of 12 Galactic GCs (Dondoglio et al.
NRAS 513, 735–751 (2022) 
021 ), thus demonstrating that this phenomenon is not a peculiarity
f RGB stars. The spectro-photometric analysis by Dondoglio and
ollaborators have shown that the extended red-HB sequences are
onsistent with either star-to-star iron variations or with an internal
elium spread, in close analogy with what has been observed along
he RGB ChM. 

With the aim of shedding new light on this intriguing phenomenon,
n this work we combine multiband HST photometry and synthetic
pectra analysis techniques to investigate for the first time chemical
 ariations among une volved main-sequence (MS) stars of the Galac-
ic GCs NGC 6362 and NGC 6838. We choose to analyse these two
lusters because the ChM of their RGB stars display an elongated
olour sequence that is not consistent with observational errors alone
see figs 3 and 4 of Milone et al. 2017 ). Moreo v er, the y display
 quite simple multiple population pattern with only two distinct
roups of 1G and 2G stars that reveal to be well separated at all
volutionary stages, both in ChMs and other appropriate photometric
iagrams. For a general overview of the two GCs, we listed their main
arameters in Table 1 . 
The paper is organized as follows. Section 2 presents the pho-

ometric data set for NGC 6362 and NGC 6838 and the procedure
mployed to reduce it. In Section 3 , we investigate multiple stellar
opulations and derive the ChM of MS stars for both clusters.
 detailed analysis of the 1G colour spread observed on the
hM is developed in Sections 4 and 5 by using MS and sub-
iant branch (SGB) stars, respectively. In Section 6 , we extend
ur considerations to a sample of 55 Galactic GCs calculating the
nternal iron variations within the 1G and searching for correlations
etween this quantity and the main host GC parameters. Finally,
n Section 7 , we summarize the main results of this work and
iscuss physical reasons that could explain the presence of iron
nhomogeneities among 1G stars. We also speculate about pos-
ible implications on the formation scenarios of 2G stars within
Cs. 

 DATA  A N D  DATA  R E D U C T I O N  

n this work, the astro-photometric catalogues of the Galactic GCs
GC 6362 and NGC 6838 were obtained starting from the archive

mages taken with the Wide Field Camera of the Advanced Camera
or Surv e ys (WFC/ACS) and the Ultraviolet and Visual Channel of
he Wide Field Camera 3 (UVIS/WFC3) onboard HST . Specifically,
o investigate the 1G colour spread in NGC 6838 we used exposures
ollected through 5 filters, namely F275W, F336W, F438W, F606W,
nd F814W. A similar data set has been exploited for NGC 6362 with
he only exception that also images in the F625W and F658N filters
f WFC/ACS were available. The main properties of the complete
et of exposures used in this work are summarized in Table 2 . 

Accurate measurements of stellar position and magnitudes have
een derived by using the computer program KS2 developed
y Jay Anderson as an evolution of kitchen sync (Anderson
t al. 2008 ). Briefly, KS2 performs different iterations to find and
easure stars: it first identifies only the brightest stars and then,

fter subtracting them, it looks for progressively fainter stars that
atisfy a set of different criteria based on the distance, on the
eak position or on the quality fit parameter. This program offers
he possibility to measure stars with distinct methods optimized to
rovide the best possible photometry according to their luminosities
see e.g. Sabbi et al. 2016 ; Bellini et al. 2017 ; Nardiello et al.
018 , for a detailed description of how KS2 works). Specifically,
he positions and magnitudes of relatively bright sources, having
nough flux to be detected in single images, are measured by
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Table 1. Main parameters of NGC 6362 and NGC 6838. Metallicities are derived from high-resolution 
spectroscopy by Massari et al. ( 2017 ) and Carretta et al. ( 2009b ). The values of distance modulus, age, and 
reddening are taken from Dotter et al. ( 2010 ), whereas absolute visual magnitudes and cluster masses are 
provided by the 2010 version of the Harris ( 1996 ) catalogue and Baumgardt & Hilker ( 2018 ), respectively. 

Cluster ID [Fe/H] ( m −M ) V Age E ( B −V ) M V Mass 
(mag) (Gyr) (mag) (mag) (M �) 

NGC 6362 −1.07 ± 0.01 14.55 12.5 ± 0.50 0.07 −6.95 1.47 ± 0.04 × 10 5 

NGC 6838 −0.82 ± 0.02 13.40 12.5 ± 0.75 0.22 −5.61 4.91 ± 0.47 × 10 4 

Table 2. Summary information about the archive images of NGC 6362 and NGC 6838 used in this work. 

DATE N × EXPTIME INSTRUMENT FILTER PROGRAM PI 

NGC 6362 
2014 March 30 2 × 720 s UVIS/WFC3 F275W 13297 G. Piotto 
2014 July 1 2 × 829 s UVIS/WFC3 F275W 13297 G. Piotto 
2010 August 13 368 s + 4 × 450 s UVIS/WFC3 F336W 12008 A. Kong 
2014 March 29 323 s UVIS/WFC3 F336W 13297 G. Piotto 
2014 March 30 323 s UVIS/WFC3 F336W 13297 G. Piotto 
2014 July 1 2 × 323 s UVIS/WFC3 F336W 13297 G. Piotto 
2014 March 29 68 s UVIS/WFC3 F438W 13297 G. Piotto 
2014 July 1 67 s UVIS/WFC3 F438W 13297 G. Piotto 
2006 May 30 10 s + 4 × 130 s WFC/ACS F606W 10775 A. Sarajedini 
2011 March 30 140 s + 145 s WFC/ACS F625W 12008 A. Kong 
2011 March 30 750 s + 766 s WFC/ACS F658N 12008 A. Kong 
2006 May 30 10 s + 4 × 150 s WFC/ACS F814W 10775 A. Sarajedini 

NGC 6838 
2013 October 23 2 × 792 s UVIS/WFC3 F275W 13297 G. Piotto 
2014 May 03 2 × 750 s UVIS/WFC3 F275W 13297 G. Piotto 
2013 October 23 2 × 303 s UVIS/WFC3 F336W 13297 G. Piotto 
2014 May 3 2 × 303 s UVIS/WFC3 F336W 13297 G. Piotto 
2013 October 23 65 s UVIS/WFC3 F438W 13297 G. Piotto 
2014 May 3 65 s UVIS/WFC3 F438W 13297 G. Piotto 
2006 May 12 4 s + 4 × 75 s WFC/ACS F606W 10775 A. Sarajedini 
2013 August 20 5 × 500 s + 3 × 466 s + 2 × 459 s WFC/ACS F606W 12932 F. Ferraro 
2006 May 12 4 s + 4 × 80 s WFC/ACS F814W 10775 A. Sarajedini 
2013 August 20 440 s + 3 × 357 s + 5 × 337 s WFC/ACS F814W 12932 F. Ferraro 
2020 December 12 35 s + 4 × 337 s WFC/ACS F814W 16298 M. Libralato 

fi
a
s  

a
t
m

m
t  

(  

i
 

d  

t
I
e
M  

2

n
U

2

T
s
s  

(

o  

r  

d
c

 

p  

a  

o  

s

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/735/6555468 by U
ni PD

 user on 10 February 2023
tting the appropriate PSF model in each exposure independently 
nd then averaged together to derive the best estimates. Since faint 
tars do not produce a significant peak in all the exposures this
pproach is not suited to measure them making necessary to combine 
he information from all the images to derive their positions and 

agnitudes. 
KS2 also provides various diagnostics to test whether the photo- 
etric and astrometric measurements are reliable or not. Following 

he procedure described in Milone et al. ( 2009 ) and Bedin et al.
 2009 ), we exploited these parameters to select a sample of relatively
solated stars well fitted by the PSF. 

The next step was to calibrate photometry into the Vega system. To
o that we exploited the procedure by Nardiello et al. ( 2018 ) using
he updated zero points retrieved from the Space Telescope Science 
nstitute webpage. 2 Finally, magnitudes have been corrected for the 
ffects of differential reddening following the recipe introduced by 
ilone et al. ( 2012a , see their section 3 for details on the procedure).
 ht tps://acszeropoint s.st sci.edu and ht tps://www.st sci.edu/hst/inst rume 
t at ion/wfc3/dat a- analysis/photometric- calibration for ACS/WFC and 
VIS/WFC3, respectively. 

3
N

A
o  
.1 Artificial stars 

o estimate the photometric uncertainties associated with our mea- 
urements and generate simulated diagrams we performed artificial- 
tar (AS) tests extending the procedure introduced by Anderson et al.
 2008 ) to NGC 6362 and NGC 6838. 

Briefly, we first generated a list of coordinates and magnitudes 
f 99 999 stars with a spatial distribution along the field of view
esembling the one of cluster stars. The magnitudes of ASs were
erived starting from a set of fiducial lines obtained from the observed 
olour–magnitude diagrams (CMDs). 

We reduced ASs by using once again KS2. In particular, the
rogram derives for ASs the same parameters used to e v aluate the
strometric and photometric quality of real stars. To select a sample
f relatively isolated ASs well fitted by the PSF we applied the same
tringent criteria obtained from the reduction of real stars. 

 MULTI PLE  POPULATI ONS  IN  N G C  6 3 6 2  A N D  

G C  6 8 3 8  

 visual inspection at the m F814W 

versus C F275W ,F336W ,F438W 

diagrams 
f NGC 6362 and NGC 6838 illustrated in panels (a1–b1) of Fig. 1 ,
MNRAS 513, 735–751 (2022) 

https://acszeropoints.stsci.edu
https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration
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M

Figure 1. Panels (a1) and (b1) show the m F814W 

versus C F275W ,F336W ,F438W 

CMDs for NGC 6362 and NGC 6838, respectively. This diagram has been exploited 
in combination with the m F814W 

versus m F275W 

− m F814W 

CMD to derive the � F275W,F814W 

and the � C F275W , F336W , F438W 

pseudo-colours used to build the 
ChMs of MS and RGB stars. The ChMs of RGB stars are shown in panels (a2–b2), whereas the Hess diagrams of the MS ChMs are plotted in panels 
(a3–b3). 
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especti vely, immediately re veals that both clusters exhibit two
istinct sequences that run almost parallel from the bottom of the MS
o the upper part of the RGB. These sequences correspond to stellar
opulations with different abundances in light elements. Indeed,
he C F275W ,F336W ,F438W 

pseudo-colour, encompassing the absorption
eatures of the OH, NH, CH, and CN molecules, allows us to separate
tellar populations with different content of C, N, and O. 

To better investigate stellar populations, we show in panels (a2–
2) of Fig. 1 the ChMs of RGB stars for NGC 6362 and NGC 6838,
espectively (Milone et al. 2017 ). Similarly, panels (a3–b3) of Fig. 1
eproduce the Hess diagram of the ChM for MS stars. These diagrams
ere derived adapting the method by Milone et al. ( 2015 , 2017 ) to
S stars. In the case of NGC 6362, for example, we first selected stars
ith 18.75 ≤ m F814W 

≤ 19.75 in the m F814W 

versus C F275W ,F336W ,F438W 

nd m F814W 

versus m F275W 

− m F814W 

CMDs and divided this sample
f MS stars into magnitude bins of size 0.2 mag. For each bin, we
alculated the 4 th and the 96 th percentile of the m F275W 

− m F814W 

olour and C F275W ,F336W ,F438W 

pseudo-colour distribution. We then
nterpolated these values with the mean m F814W 

magnitudes to infer
he blue and red boundaries of the selected MS stars. Finally, to
btain the � C F275W , F336W , F438W 

and � F275W,F814W 

pseudo-colours, we
verticalized’ the two diagrams as in Milone et al. ( 2017 ). We derived
he ChM of NGC 6838 in the same way but by using MS stars with
7.75 ≤ m F814W 

≤ 18.75. 
As illustrated in panels (a3) and (b3) of Fig. 1 , the distribution

f MS stars in the � C F275W , F336W , F438W 

versus � F275W,F814W 

plane
s bimodal, in close analogy with what is observed for the RGB,
ndicating the presence of multiple populations among the MS. 

 T H E  EXTENDED  FIRST-GENERATIONS  O F  

G C  6 3 6 2  A N D  N G C  6 8 3 8  

o further investigate multiple populations of NGC 6362 and
GC 6838, we reproduce the ChMs of RGB stars and the
 F275W,F814W 

kernel-density distributions of 1G, 2G, and observa-
NRAS 513, 735–751 (2022) 
ional errors in the upper panels of Fig. 2 . Stars near the origin
f the ChM reference frame may reflect the chemical composition
f their natal cloud and correspond to the 1G, whereas the 2G
omponent, which is He- and N-enhanced and C- and O-depleted,
efines the sequence elongated towards large � C F275W , F336W , F438W 

nd lo w � F275W,F814W 

v alues (e.g. Milone et al. 2020a ; Jang et al.
021 ). Hence, the aqua dash–dotted lines, drawn by hand, separate
G and 2G stars that we coloured red and blue, respectively. Both
G and 2G stars of each cluster span wider � F275W,F814W 

intervals
han what is expected from observational errors alone, indicated by
range dots in Fig. 2 . 
Moreo v er, 1G and 2G stars exhibit different patterns in the ChM.

he kernel-density distributions of � F275W,F814W 

reveal that 2G stars
n both clusters have nearly symmetric patterns and are centred
round � F275W,F814W 

∼ −0.18 mag. Conversely, the kernel-density
istributions of 1G stars present more-complex behaviours with hints
f multiple peaks. In both clusters, for example, the frequencies of
G stars suddenly increase from � F275W,F814W 

∼ −0.20 to −0.15
ag, where they approach their maximum values, and gently decline

owards � F275W,F814W 

∼ 0.0 mag. Some hints of secondary peak(s)
re visible towards � F275W,F814W 

∼−0.1–0.0. Clearly, in both clusters
G stars display more extended ChM sequences than the 2G. 
In the following, we investigate whether the extended 1G se-

uences are peculiarities of the RGB or are also present among
nevolved MS stars. To do this, we exploit multiband HST pho-
ometry to analyse the colour distributions of 1G stars along the

Ss of NGC 6362 and NGC 6838. In the next subsection, we
emonstrate that MS 1G stars of both GCs exhibit intrinsic colour
xtensions (Section 4.1 ). We then continue our analysis of the 1G
olour spread exploring the physical phenomenon responsible for
t. Specifically, in Section 4.2 , we consider the role of binaries in
haping the 1G ChM sequence, whereas in Section 4.3 we constrain
he chemical composition of the 1G by considering MS stars. Finally,
n Section 4.4 , we use the � F275W,F814W 

pseudo-colour broadening to
erive the metallicity distribution of 1G stars. 

art/stac734_f1.eps


Chemical composition of 1G stars in GCs 739 

Figure 2. ChM of RGB (upper panels) and MS (lower panels) stars in NGC 6362 (left) and NGC 6838 (right). 1G and 2G stars are coloured red and blue, 
respectively, while the error distribution is represented by orange points on the bottom-left corner. The kernel-density distributions of 1G, 2G stars, and 
observational errors are plotted on the top panel of each figure. 
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.1 Chemical inhomogeneities among 1G MS stars 

ower panels of Fig. 2 reproduce the ChMs for MS stars in
GC 6362 and NGC 6838 together with the � F275W,F814W 

kernel- 
ensity distributions of 1G, 2G, and observational errors. Though 
he 1G–2G separation in MS ChMs is not as sharp as in the
GB, due to higher photometric errors tending to fill the gap, 
e were still able to identify two distinct sequences on the 
S ChM of both clusters, corresponding to the 1G and 2G 

omponent. The aqua dash–dotted line, drawn by hand to sep- 
rate the two main stellar populations, defines the samples of 
ona-fide 1G and 2G stars, marked with red and blue colours,
espectively. 

Consistently with what is observed on the RGB ChMs, the 1G
S stars of NGC 6362 and NGC 6838 display a well-elongated 

istribution along the � F275W,F814W 

direction. Conversely, the 2G 

equence exhibits a narrower � F275W,F814W 

spread on the MS ChM of
oth clusters, as highlighted by the corresponding kernel-density 
istribution. To investigate whether the F275W −F814W colour 
istribution of 1G stars is entirely due to observational errors or
t is intrinsically broad, we exploited three distinct approaches. 
MNRAS 513, 735–751 (2022) 
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M

(a)

(b) (c)

(d)

(e)

Figure 3. Panel (a): ChM of MS stars in NGC 6362 where we have highlighted in orange, green, yellow, and cyan the samples of 1G I–IV stars, respectively. 
P anel (b): m F606W 

v ersus � F336W,F606W 

diagram where we hav e plotted only 1G stars identified on the ChM. P anels (c) and (d): Normalized histograms of 
the � F275W,F814W 

and � F336W, F606W 

distributions for each sample of 1G stars identified on the ChM. Panel (e): Correlation between the � F336W, F606W 

and 
� F275W,F814W 

pseudo-colours. 
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(i) The first evidence that 1G MS stars are not consistent with a
imple stellar population is provided by the fact that the observed
 F275W,F814W 

spread of NGC 6362 ( σ obs , 1G 
F275W , F814W 

= 0.062 ± 0.003

ag) and NGC 6838 ( σ obs , 1G 
F275W , F814W 

= 0.086 ± 0.003 mag) are
ignificantly wider than the colour broadening inferred from the
imulated ChM of a simple population ( σ sim 

F275W , F814W 

= 0.026 mag
nd 0.022 mag, respectively, orange points in the bottom-left corner
f lower panels in Fig. 2 ). To account for the inclination of the 1G
equence in the ChM, we rotated the ChM as in Milone et al. ( 2017 ,
ee their fig. 2) in such a way that the abscissa of the new reference
rame is parallel to the 1G sequence. We repeated the comparison
etween the observed pseudo-colour distribution and the AS tests as
escribed abo v e but in the rotated reference frame. We found that the
bserved pseudo-colour spreads are much wider than the broadening
ssociated with observational errors, thus confirming the conclusion
f an intrinsic colour spread in 1G stars. 
(ii) As highlighted by the comparison of the � F275W,F814W 

kernel
istributions of 1G and 2G stars, the 1G exhibits wider colour broad-
ning than the 2G in both clusters ( σ obs , 2G 

F275W , F814W 

= 0.038 ± 0.003
nd 0.049 ± 0.003 for NGC 6362 and NGC 6838, respectively). Since
imilar observational uncertainties affect the two stellar populations,
his fact pro v es that the 1G is intrinsically broad. 

(iii) To emphasize that the colour spread of 1G MS stars observed
n the ChM is intrinsic, we extended to NGC 6362 and NGC 6838
he procedure used by Anderson et al. ( 2009 ) to pro v e that the MS
f the GC 47 Tucanae is composed of multiple populations. Their
ethod is based on the idea that, if the MS broadening is due to

bservational errors alone, a star that is red (or blue) in a given
hotometric diagram has the same probability of being either red or
NRAS 513, 735–751 (2022) 
lue in other diagrams built from a different data set. On the contrary,
eparated colour distributions are the signature of an intrinsic colour
pread. 
he procedure is illustrated in Fig. 3 for NGC 6362. We identified by
ye in panel (a) four groups of 1G stars with different � F275W,F814W 

alues, namely 1G I–IV , with the criteria that each group comprises
bout one-fourth of 1G stars. The same stars are plotted in the
ther panels of Fig. 3 . Specifically, panel (b) of Fig. 3 shows
he m F606W 

versus � F336W, F606W 

diagram, which is derived from a
istinct data set than that shown in panel (a). Clearly, the four
tellar groups, identified in panel (a), have, on average, different
 F336W, F606W 

pseudo-colours, thus confirming that the colour spread
s intrinsic. The fact that the average colours of the four stellar
roups remain well separated is further illustrated in panels (c) and
d), where we show the � F275W,F814W 

and � F336W, F606W 

histogram
istributions, respectively . Finally , the correlation of the � F336W,F606W 

nd � F275W,F814W 

pseudo-colours is provided in panel (e) of Fig. 3 .
he distribution of 1G stars in the � F336W,F606W 

versus � F275W,F814W 

lane reinforces the conclusion that the 1G colour spread is
ntrinsic. 

The disco v ery of e xtended 1G sequence among unevolv ed MS
tars rules out the possibility that chemical inhomogeneities are the
esult of stellar evolution and suggests that 1G stars of GCs may
e records of the chemical inhomogeneities in the original cloud
here they formed at high redshift. Moreo v er, the fact that the 2G

equence displays a narrower colour spread than the 1G on the ChM
emonstrates that these inhomogeneities have been partially erased
efore the formation of 2G stars. 

art/stac734_f3.eps


Chemical composition of 1G stars in GCs 741 

Figure 4. This figure illustrates the procedure used to derive the colour differences between the two sub-groups of 1G A and 1G B stars for NGC 6362. The 
upper-left panel reproduces the ChM of MS stars with the orange and cyan points that identify 1G A and 1G B stars, respectively. The lower panels show the 
m F814W 

versus m X − m F814W 

CMDs where X = F275W, F336W, F438W, and F606W (the same has been done for F625W and F658N filters) in which the 
fiducial lines obtained for 1G A and 1G B are plotted in orange and cyan. In each panel, the horizontal dotted line corresponds to the reference F814W magnitude 
at which we calculate the colour separation, � ( m X − m F814W 

). The upper-right panel shows the � ( m X − m F814W 

) calculated at m 

ref 
F814W 

= 19 . 5 against the 
central wavelength of the X filter. The colours inferred from the best-fitting synthetic spectra are overplotted with blue triangles and red starred symbols (see 
text for details). 
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.2 The role of binaries in shaping the 1G colour extension 

s illustrated in Fig. 2 , the � F275W,F814W 

distributions of 1G stars
long the RGB and the MS follow similar patterns. In particular, 
he distributions of both MS and RGB stars are not symmetric with
espect to the peak, with a gentle decline towards � F275W,F814W 

∼ 0.0. 
his feature would provide crucial constraints on the effect of binaries

n shaping the ChM. Indeed, binary systems composed of two MS
tars would populate the reddest part of the MS thus contributing to
he red tail of the ChM. On the contrary, pairs of RGB stars exhibit
luer colours than single RGB stars and are responsible for the blue
ail in the ChM (Marino et al. 2019b ). 

The fact that the � F275W,F814W 

distributions of both MS and RGB
xhibit a tail towards redder colour demonstrates that unresolved 
inaries provide a minor contribution to the extension of the 1G 

equence in the ChM. This finding is consistent with previous 
onclusion based on radial velocities of 1G stars (Marino et al. 2019b ;
amann et al. 2020 ) and supported by studies on the comparison of
he observed 1G of NGC 6752 with appropriate isochrones (Martins 
t al. 2020 ). 

.3 Insights from multiband photometry of MS stars 

o shed light on the physical phenomenon that is responsible for
he colour extension of the 1G sequence on the ChM, we applied
o 1G stars of NGC 6362 and NGC 6838 the procedure by Milone
t al. ( 2012b , 2018 ). This method, shown in Fig. 4 for NGC 6362,
onsists in comparing the observed colour widths of 1G stars with the
redictions from appropriate isochrones that account for variations 
n light elements, helium, and iron. 

We first identified two groups of 1G stars along the direction of the
G colour spread on the ChM, namely 1G A and 1G B , with the criteria
hat each sample comprises about half of 1G members. 1G A and 1G B 
MNRAS 513, 735–751 (2022) 
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3 To demonstrate that the conclusions on internal chemical variations do not 
depend on colours that involve the F814W filter, we repeated the analysis 
based on m X − m F606W 

(or m F606W 

− m X ) colours. We verified that we 
obtain identical results on the internal variations in iron and helium deriving 
colours based on the F606W filter instead of the F814W one. 
4 ht tps://pypi.org/project /genet icalgorithm/
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tars are respectively marked with orange and cyan dots in the upper-
eft panel of Fig. 4 . We then selected these two groups of 1G stars in
he m F814W 

versus m X − m F814W 

CMDs, where X = F275W , F336W ,
438W , F606W , F625W , and F658N and derived the corresponding
ducial line. To do this, we divided the MS into a series of m F814W 

bins
f size δm defined o v er a grid of points separated by fixed intervals
f magnitude ( δm / 4). For each bin the median m F814W 

magnitude
nd m X − m F814W 

colour have been calculated and then smoothed by
eans of boxcar averaging, where each point has been replaced by

he average of the three adjacent points. The fiducial lines for 1G A 

nd 1G B stars were derived by linearly interpolating the resulting
oints and are plotted with orange and c yan lines, respectiv ely, in the
ower panels of Fig. 4 . 

Subsequently, we defined a list of N reference points along the MS
egularly spaced in m F814W 

by 0.25. For each point, i , we calculated
he � ( m X − m F814W 

) colour difference between the fiducial of 1G A 

nd 1G B stars. The � ( m X − m F814W 

) values derived for m F814W , i =
9 . 5 (dotted horizontal line in bottom panels of Fig. 4 ) in NGC 6362
re represented as filled circles in the upper-right panel of Fig. 4 .
learly, the colour separation between 1G A and 1G B stars changes
ith the width of the colour baseline reaching its maximum value

or X = F275W. 
The � ( m X − m F814W 

) values measured for each filter were
hen compared with the colours inferred from a grid of synthetic
pectra with appropriate chemical compositions. To derive them, as
 preliminary step, we estimated gravity and ef fecti ve temperature
orresponding to each point, i , by using the isochrones from the
artmouth data base (Dotter et al. 2008 ) and adopting the same age,

eddening, distance modulus, metallicity, and [ α/Fe] listed in Dotter
t al. ( 2010 ) for NGC 6362 and NGC 6838, respectiv ely. F or each
eference point i , we then used the codes ATLAS12 and SYNTHE
Castelli 2005 ; Kurucz 2005 ; Sbordone, Bonifacio & Castelli 2007 )
o compute a reference synthetic spectrum and a grid of comparison
pectra with different chemical compositions. 

To calculate the reference one, we used the values of ef fecti ve
emperature, gravity, and metallicity (Z) derived previously from the
est-fitting isochrone, together with helium, Y = 0 . 245 + 1 . 5 × Z,
olar abundances of C and N, and [O / Fe] = 0 . 40. Comparison spec-
ra, instead, were derived by using the same chemical composition
s the reference one but changing the abundances of He, C, N, O,
nd Fe. Specifically, in close analogy with Milone et al. ( 2018 ), we
imulated a grid of spectra enhanced in [N/Fe] up to 1.5 dex in steps
f 0.1 dex, with [O/Fe] ranging from −0.2 to 0.4 in steps of 0.1 dex,
C/Fe] from −0.4 to 0.0 in steps of −0.1. Helium has been changed
p to 0.33 and [Fe/H] by ±0.2 dex. 
The atmospheric parameters, gravity, and ef fecti ve temperature,

f the reference spectra have been derived from the Dartmouth
sochrones (Dotter et al. 2008 ), accordingly with their metallicity and
elium content. The colour differences � ( m X − m F814W 

) synth between
he comparison and reference spectrum have been determined from
he integration of each spectrum over the transmission curves of the
even HST filters used in this work for NGC 6362. We applied the
ame procedure to NGC 6838 with the only exception that for this
luster magnitudes in F625W and F658N filters were missing. 

Results from the analysis of NGC 6362 1G stars with m F814W , i =
9 . 5 are illustrated in the upper-right panel of Fig. 4 , where we
ompare the observed colour differences between 1G A and 1G B 

tars with those inferred from the best-fitting synthetic spectra. We
ound that colours derived from spectra with different light-element
bundances provide poor fit to the observations. We conclude that 1G
tars of NGC 6362 share the same abundances of C, N, and O within
ur uncertainty of ∼0.1 dex. As a consequence, for a fixed luminosity,
NRAS 513, 735–751 (2022) 
he y e xhibit internal v ariations in their ef fecti ve temperature. This
act indicates that the colour broadening of the 1G component is
ue either to helium ( � Y = 0 . 024) or iron ( � [Fe / H] = 0 . 06 dex)
ariations. Indeed, the colour differences inferred from spectra of
G B and 1G A stars that differ either in [Fe/H] and or in Y alone
rovides a good match with the observed colour differences (upper-
ight panel of Fig. 4 ). Similar results have been found for NGC 6838,
here the 1G is consistent with the presence of two groups of stars
ith either metallicity variations of � [Fe / H] = 0 . 05 dex or helium
ifferences of � Y = 0 . 020. 3 

Our results, based on multiband photometry of 1G MS stars,
ogether with similar findings, based on spectroscopy of 1G RGB
tars (e.g. Marino et al. 2019a , b ; Kamann et al. 2020 ), indicate that
G stars have constant light-element abundances. 

.4 The metallicity distribution of 1G stars 

n this subsection, we derive the [Fe/H] distribution of 1G stars
n NGC 6362 and NGC 6838, by assuming that the � F275W,F814W 

seudo-colour broadening of the 1G is entirely due to metallicity
ariations. To do this, we adapted to the ChMs of RGB and MS
tars, the method by Stauffer ( 1980 ) and Cignoni et al. ( 2010 ) by
omparing the observed � F275W,F814W 

distribution of 1G stars and the
orresponding distributions of grids of simulated ChMs, where all
tars have nearly pristine helium content ( Y = 0.249) and the same
ight-element abundances. In a nutshell, we simulated the ChMs
f N stellar populations with different metallicities in the interval
etween [Fe/H] 0 − 0.5 and [Fe/H] 0 + 0.5 dex, where [Fe/H] 0 is
he iron abundance corresponding to � F275W,F814W 

= 0. We assumed
Fe/H] 0 = −1.1 for NGC 6362 and [Fe/H] 0 = −0.8 for NGC 6838,
s inferred from high-resolution spectroscopy (Carretta et al. 2009b ;
assari et al. 2017 ). We adopted for each stellar population a
aussian [Fe/H] distribution with a tiny iron dispersion ( σ = 0.01
ex) and assumed that two adjacent populations differ in their average
ron abundance by 0.01 dex. 

We combined together the simulated populations and derived
he � F275W,F814W 

histogram distribution in such a way that each
opulation, j, contributes by a factor c j to the total number of stars
n the combined histogram. Here, c j is a coefficient that ranges
rom 0 to 1. The simulated � F275W,F814W 

histogram distributions are
hen compared with the observed ones by means of Poissonian χ2 

inimization: 

2 = 

N bins ∑ 

i 

n i ln ( n i /m i ) − n i + m i , (1) 

here N bins is the number of pseudo-colour bins, while n i and m i 

re the numbers of observed and simulated 1G stars, respectively,
n each bin. The χ2 minimization has been performed with the
eneticalgorithm PYTHON public library 4 and the output
onsists in an array of coefficients c j that provide the contribution of
ach population to the best-fitting ChM of 1G stars. 

Results are illustrated in Fig. 5 , where we show the histogram
istributions of the relative iron abundances of 1G stars, δ[Fe/H],
nd show that we get comparable [Fe/H] distributions from RGB

https://pypi.org/project/geneticalgorithm/


Chemical composition of 1G stars in GCs 743 

Figure 5. Histograms of the iron distribution of 1G stars in NGC 6362 (left) and NGC 6838 (right) inferred from MS stars (bottom) and RGB stars (top). 
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5 An effect of changing the helium mass fraction (Y), is that for a fixed metal 
mass fraction (Z), a change in Y modifies the hydrogen mass fraction, thus 
affecting the metal-to-hydrogen ratio Z/X (see Yong et al. 2013 , for details). 
As a consequence, increasing Y would result in rising [Fe/H]. Ho we ver, it is 
unlikely that metallicity variations of NGC 6362 and NGC 6838 are induced 
by helium variations. Indeed, helium enhanced stars should be located at 
lo w v alues of � F275W,F814W 

(e.g. Marino et al. 2019a ; Milone et al. 2020b ), 
whereas metal-rich stars populate the ChM region with large � F275W,F814W 

values. 
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nd MS stars that span similar intervals of 0.1 dex for NGC 6362 and
GC 6838. 

 INSIGHTS  F RO M  T H E  SUB-GIANT  B R A N C H  

o disentangle the effect of helium and metallicity variations on the 
olour extension of the 1G component, we introduce here a new 

pproach based on SGB stars. 
We first identified the sample of SGB cluster members in the 
 F814W 

versus m F438W 

− m F814W 

CMD and plotted these stars in the 
 F336W 

− m F438W 

versus m F275W 

− m F336W 

two-colour diagram of 
ig. 6 . In this plane, SGB stars of both NGC 6362 and NGC 6838
xhibit a bimodal colour distribution allowing us to identify the 1G 

nd 2G components as the groups of stars on the right and on the left
f the dash–dotted line, respectively. 
We focused on SGB stars because, in appropriate photometric 

iagrams, differences in helium and metallicity lead to different 
GB morphologies, thus breaking the de generac y observ ed in other
volutionary phases. As an example, the upper panels of Fig. 7 com-
are the photometry of NGC 6362 stars with four alpha-enhanced 
sochrones ([ α/Fe] = 0.4) from the Dartmouth data base (Dotter 
t al. 2008 ) in the m F275W 

+ m F336W 

+ m F438W 

versus m F606W 

+
 F814W 

plane. Specifically, the upper-left panel of Fig. 7 compares 
wo isochrones with nearly pristine helium abundance (Y = 0.249) 
nd different iron abundances ([Fe/H] = −1.10 and [Fe/H] = −1.16), 
hereas both isochrones plotted on the upper-right panel share 

he same metallicity [Fe/H] = −1.13 but different helium mass 
ractions, Y = 0.249 and Y = 0.274. The iron and helium differences
atch the values inferred from the colour broadening of MS 1G 

tars. We adopted for all isochrones an age of 12.5 Gyr, distance
odulus, ( m − M ) 0 = 13.34 mag, and reddening E ( B − V ) = 0.07
ag, to match the observations of NGC 6362. The SGBs of the

wo isochrones with different metallicities define parallel sequences, 
hereas the isochrones with different helium abundances exhibit 

maller magnitude separations and cross to each other near the RGB
ase. Clearly, the isochrone behaviour justifies the choice of the 
dopted pseudo-magnitude–magnitude plane. Indeed, it maximizes 
he separation between isochrones with different iron content and 
llows us to disentangle the effect of helium and metallicity. 

Lower panels of Fig. 7 mark with red and blue starred symbols
he two groups of 1G and 2G stars selected in Fig. 6 , respectively.
o quantify the magnitude broadening of SGB stars, we adopted the
rocedure illustrated in Fig. 8 for NGC 6362. 
Briefly, we first derived the fiducial line of the SGB stars in the
 F275W 

+ m F336W 

+ m F438W 

versus m F606W 

+ m F814W 

diagram plotted
n the upper panel of Fig. 8 . To do this, we defined 0.15-mag wide
ntervals of m F606W 

+ m F814W 

and calculated the median values of
 F606W 

+ m F814W 

and m F275W 

+ m F336W 

+ m F438W 

in each bin. The
ducial is obtained by linearly interpolating these median points, and 

s represented with the aqua dash–dotted line. Finally, we calculated 
he m F275W 

+ m F336W 

+ m F438W 

residuals of SGB stars, by subtracting
o the m F275W 

+ m F336W 

+ m F438W 

pseudo-magnitude of each star the
orresponding value of the fiducial at the same m F606W 

+ m F814W 

alue. The � ( m F275W 

+ m F336W 

+ m F438W 

) values of 1G and 2G stars
re plotted in the bottom-left panels of Fig. 8 as a function of m F606W 

 m F814W 

. The corresponding histogram distributions are shown in 
he bottom-right panels together with the best-fitting least-squares 
aussian functions. Clearly, 1G SGB stars exhibit a wider pseudo- 
agnitude broadening than the 2G, as indicated by the standard 

eviation of the best-fitting Gaussian functions of 0.18 and 0.10 
ag, respectively. 
To investigate whether the magnitude broadening of 1G SGB stars 

s due to internal metallicity or helium variations, 5 we compared 
bservations with simulated pseudo-two-magnitude diagrams, as 
llustrated in Fig. 9 for NGC 6362. We first used ASs to generate
he synthetic m F275W 

+ m F336W 

+ m F438W 

versus m F606W 

+ m F814W 

iagram for stellar populations with Y = 0.249 and the metallicity
istribution inferred in Section 4.4 (upper-left panel of Fig. 9 ). We
dopted the isochrones from Dotter et al. ( 2008 ) and the values of
istance, reddening, and age introduced before for NGC 6362. This 
iagram is used to derive the m F275W 

+ m F336W 

+ m F438W 

residuals
f SGB stars that we plotted against m F606W 

+ m F814W 

in the middle-
MNRAS 513, 735–751 (2022) 
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M

Figure 6. m F336W 

− m F438W 

versus m F275W 

− m F336W 

two-colour diagram for SGB stars of NGC 6362 (left) and NGC 6838 (right). The black dash–dotted line 
separates 1G and 2G stars, coloured in red and blue, respectively. 

Figure 7. Pseudo-two-magnitude diagrams for NGC 6362 cluster members (grey dots) zoomed around the SGB. Upper panels compare isochrones from 

Dartmouth data base (Dotter et al. 2008 ) with different helium content and metallicities. Lower panels mark 1G and 2G SGB stars selected in Fig. 6 with red 
and blue colours, respectively. 
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eft panel of Fig. 9 and used to derive the � ( m F275W 

+ m F336W 

+
 F438W 

) histogram distribution, shown in the bottom-left panel of
ig. 9 . We found that the � ( m F275W 

+ m F336W 

+ m F438W 

) distribution
f simulated SGB stars is reproduced by a Gaussian function with
ispersion σ δFe = 0 . 16, which is comparable with the corresponding
NRAS 513, 735–751 (2022) 

sim 
roadening of 1G SGB stars ( σ 1G = 0.18). Similarly, we simulated
he diagram shown in the upper-right panel of Fig. 9 adopting
onstant [Fe/H] = −1.13 and the helium distribution derived with
he procedure described in Section 4.4 but by assuming that the
roadening of 1G stars is entirely due to helium variations. In this

art/stac734_f6.eps
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Figure 8. Upper panel : Reproduction of the m F275W 

+ m F336W 

+ m F438W 

versus m F606W 

+ m F814W 

diagram of NGC 6362 introduced in Fig. 7 . Black starred 
symbols mark the studied 1G and 2G SGB stars. The aqua dash–dotted line is the fiducial line of the SGB. Lower panels : Normalized � ( m F275W 

+ m F336W 

+ 

m F438W 

) versus m F606W 

+ m F814W 

diagram for 1G (bottom) and 2G stars (top). The corresponding � ( m F275W 

+ m F336W 

+ m F438W 

) histogram distributions are 
plotted on the right together with the best-fitting least-squares Gaussian functions. 
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ase, we obtained a much smaller value for the � ( m F275W 

+ m F336W 

 m F438W 

) dispersion of σ δHe 
sim 

= 0 . 06, which is not consistent with
he observations of 1G stars. 

We carried out the same analysis for NGC 6838 SGB stars and
ummarized the results in Fig. 10 . The upper-panels represent 
he m F275W 

+ m F336W 

+ m F438W 

versus m F606W 

+ m F814W 

diagram 

here we marked 1G and 2G stars with red and blue starred
ymbols, respectively. The � ( m F275W 

+ m F336W 

+ m F438W 

) val-
es of 1G and 2G stars are plotted as a function of m F606W 

+
 F814W 

in the bottom-left panels while the corresponding histogram 

istributions are shown in the bottom-right ones together with 
he best-fitting least-squares Gaussian functions. In close analogy 
ith NGC 6362, 1G SGB stars of NGC 6838 are characterized 
y a wider pseudo-magnitude broadening ( σ 1G = 0.34) than the 
G ( σ 2G = 0.22). Moreo v er, we generated a synthetic m F275W 

+
 F336W 

+ m F438W 

versus m F606W 

+ m F814W 

diagram by using the 
etallicity distribution derived from MS stars of NGC 6838 in 
ection 4.4 . This diagram has been then exploited to infer the m F275W 

 m F336W 

+ m F438W 

residuals of SGB stars and the correspondent 
istogram distribution, illustrated in the upper-left and -right panel 
f Fig. 11 , respectively. In this case, the � ( m F275W 

+ m F336W 

+

 F438W 

) distribution is reproduced by a Gaussian function with 
ispersion σ δFe 

sim 

= 0 . 26, which is comparable with the corresponding
roadening of 1G SGB stars. Conv ersely, e xploiting the helium
istribution to generate the synthetic m F275W 

+ m F336W 

+ m F438W 

ersus m F606W 

+ m F814W 

diagram, the best-fitting Gaussian function 
as a smaller dispersion ( σ δHe 

s i m 

= 0 . 08) which is not consistent
ith observations of 1G stars, as illustrated in bottom panels of
ig. 11 . 
The results obtained from the analysis of SGB stars of NGC 6362

nd NGC 6838 allow us to disentangle the effect of helium and
etallicity and conclude that star-to-star metallicity variations are 

rimarily responsible for the extended 1G sequence in the ChM. 

 META LLICITY  VA R I AT I O N S  IN  GALACTIC  

L O BU L A R  CLUSTERS  

n the previous section, we have demonstrated that the colour 
xtension of 1G stars observed on the ChMs of NGC 6362 and
GC 6838 is the signature of intrinsic metallicity variations. By 

xtending this conclusion to all GCs, in the following we use the
olours of 1G RGB stars to infer the maximum iron abundance 
MNRAS 513, 735–751 (2022) 
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Figure 9. Upper panels : Simulated pseudo-two-magnitude diagrams for SGB stars of composite stellar populations with the iron distribution (left-hand panel) 
and helium distribution (right-hand panel) inferred from 1G MS stars of NGC 6362. The aqua dashed lines are the SGB fiducials. Middle panels : � ( m F275W 

+ m F336W 

+ m F438W 

) against m F606W 

+ m F814W 

. Lower panels : Histogram distributions of � ( m F275W 

+ m F336W 

+ m F438W 

) for SGB stars. The best-fitting 
least-squares Gaussian functions are represented with black lines and the corresponding σ are quoted in each panel. 
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pread within the 1G of 55 Galactic GCs. Moreo v er , we in vestigate
he relations between the iron spread and the main parameters of the
ost GC. 
To quantify the � F275W , F814W 

extension of 1G stars observed on
he ChM, Milone et al. ( 2017 ) have estimated the intrinsic colour
idth of 1G RGB stars belonging to 55 Galactic GCs ( W 

1G 
F275W , F814W 

).
y assuming that iron variations are the only responsible for the
G colour spread, we exploited the colour–metallicity relations by
otter et al. ( 2008 ) to transform the values of W 

1G 
F275W , F814W 

into
nternal [Fe/H] variation ( δ[Fe / H] 1G ). 

Results are listed in Table 3 . As illustrated in the left-hand panel
f Fig. 12 , where we show the δ[Fe / H] 1G histogram distribution, the
nternal iron variation within the 1G component changes dramatically
rom one cluster to another ranging from ∼0.00 to ∼0.30, with an
verage value of δ[Fe / H] 1G ∼ 0 . 12. 

.1 Relations with the host GC parameters 

n the following, we investigate the relations between the internal
ron variations among 1G stars ( δ[Fe / H] 1G ) and the main parameters
f the host GC. 
Overall, our analysis includes 20 global GC parameters. Iron

bundance ([Fe/H]), absolute visual magnitude ( M V ), ellipticity ( ε),
entral concentration ( c ), central stellar density ( ρ0 ), and central
urface brightness ( μV ) have been taken from the 2010 version
f the Harris catalogue (Harris 1996 ). Present-day (M) and initial
M in ) mass of the host cluster, central escape velocity (v esc ), central
elocity dispersion ( σ v ), core density ( ρc ), and core relaxation time
NRAS 513, 735–751 (2022) 
t half mass ( τhm 

) have been derived by Baumgardt & Hilker ( 2018 ).
o compute the 1G mass (M 1G ), we exploited the fraction of 1G
tars measured in previous papers by Milone et al. ( 2017 , 2020a )
nd Dondoglio et al. ( 2021 ). Finally, GC ages have been derived
y Mar ́ın-Franch et al. ( 2009 , MF09 ), Dotter et al. ( 2010 , D10 ),
andenBerg et al. ( 2013 , V13 ), and Tailo et al. ( 2020 , T20 ), while

he fractions of binary stars in GCs have been calculated by Milone
t al. ( 2012a ) within the cluster core ( f C bin ), in the region between the
ore and the half-mass radius ( f C −HM 

bin ), and beyond the half-mass
adius ( f oHM 

bin ). 
For each pair of analysed quantities, we estimated the statistical

orrelation between the two by calculating the Spearman’s rank
oefficient (R S ) and the corresponding p-value. The results of the
orrelations between δ[Fe / H] 1G and the cluster parameters are listed
n Table 4 , where for each couple of variables we provide R S , the
orresponding p-value, and the number of degrees of freedom. 

As shown in Fig. 12 , we find mild correlations between δ[Fe / H] 1G 

nd cluster mass and 1G mass (R S = 0.35, and 0.39, respectively),
ith massive GCs having on average larger 1G metallicity spreads.
oreo v er, the internal iron variation of 1G stars decreases with

luster metallicity (R S = −0.43). 

.1.1 M3- and M13-like clusters 

o study further the relations between δ[Fe / H] 1G and the host cluster
arameters, we divided GCs in two categories of M 3-like and M 13-
ike GCs (Milone et al. 2014 ; Tailo et al. 2020 ). This selection is
ased on the HB morphology and on the parameter L1, defined

art/stac734_f9.eps
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Figure 10. Upper panels : Pseudo-two-magnitude diagrams for NGC 6838 cluster members (grey dots) zoomed around the SGB. 1G (left) and 2G (right) SGB 

stars selected in Fig. 6 are marked with red and blue starred symbols, respectively. Lower panels : Normalized � ( m F275W 

+ m F336W 

+ m F438W 

) versus m F606W 

+ m F814W 

diagram for 1G (bottom) and 2G stars (top). The corresponding � ( m F275W 

+ m F336W 

+ m F438W 

) histogram distributions are plotted on the right 
together with the best-fitting least-squares Gaussian functions. 

Figure 11. As in middle and lower panels of Fig. 9 but for NGC 6838. 
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Table 3. Internal iron variations among 1G stars ( δ[Fe / H] 1G ) for the 55 
Galactic GCs studied in this work. 

Cluster ID δ[Fe / H] 1G Cluster ID δ[Fe / H] 1G 

NGC 0104 0.087 ± 0.009 NGC 6304 0.125 ± 0.028 
NGC 0288 0.066 ± 0.007 NGC 6341 0.156 ± 0.022 
NGC 0362 0.075 ± 0.010 NGC 6352 0.064 ± 0.018 
NGC 1261 0.129 ± 0.022 NGC 6362 0.051 ± 0.020 
NGC 1851 0.063 ± 0.007 NGC 6366 0.017 ± 0.030 
NGC 2298 0.234 ± 0.046 NGC 6397 0.130 ± 0.019 
NGC 2808 0.110 ± 0.010 NGC 6441 0.074 ± 0.007 
NGC 3201 0.142 ± 0.038 NGC 6496 0.080 ± 0.011 
NGC 4590 0.123 ± 0.015 NGC 6535 0.128 ± 0.022 
NGC 4833 0.238 ± 0.023 NGC 6541 0.125 ± 0.014 
NGC 5024 0.307 ± 0.029 NGC 6584 0.121 ± 0.028 
NGC 5053 0.096 ± 0.024 NGC 6624 0.112 ± 0.016 
NGC 5139 0.148 ± 0.011 NGC 6637 0.061 ± 0.009 
NGC 5272 0.252 ± 0.015 NGC 6652 0.087 ± 0.011 
NGC 5286 0.172 ± 0.012 NGC 6656 0.195 ± 0.038 
NGC 5466 0.091 ± 0.055 NGC 6681 0.056 ± 0.012 
NGC 5897 0.129 ± 0.030 NGC 6717 0.019 ± 0.010 
NGC 5904 0.135 ± 0.027 NGC 6723 0.111 ± 0.011 
NGC 5927 0.215 ± 0.023 NGC 6752 0.106 ± 0.017 
NGC 5986 0.074 ± 0.006 NGC 6779 0.192 ± 0.083 
NGC 6093 0.107 ± 0.010 NGC 6809 0.115 ± 0.011 
NGC 6101 0.079 ± 0.016 NGC 6838 0.067 ± 0.010 
NGC 6121 0.039 ± 0.031 NGC 6934 0.123 ± 0.028 
NGC 6144 0.161 ± 0.031 NGC 6981 0.151 ± 0.028 
NGC 6171 0.066 ± 0.011 NGC 7078 0.204 ± 0.014 
NGC 6205 0.113 ± 0.024 NGC 7089 0.156 ± 0.023 
NGC 6218 0.060 ± 0.015 NGC 7099 0.000 ± 0.020 
NGC 6254 0.173 ± 0.022 
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s the colour difference between the RGB and the reddest part of
he HB (Milone et al. 2014 ). Specifically, as in Tailo et al. ( 2020 ),
e defined M 3-like GCs with L 1 ≤ 0 . 35 and M 13-like GCs with
 1 > 0 . 35. M 3-like GCs mostly include GCs having red HBs while
 13-like GCs present the blue HB only. 6 

Intriguingly, the 1G iron variations of the two groups of GCs
xhibit different behaviours. As illustrated in the left-hand panels of
ig. 13 , there is no correlation between the δ[Fe / H] 1G iron variation
f M 13-like GCs and cluster mass (R s = 0.09), whereas M 3-like
Cs show a significant correlation with cluster mass (R s = 0.60).
oreo v er, M 13-like GCs display smaller iron variations than M 3-

ike GCs with similar metallicity. To support this statement, we had
east-squares fitted the δ[Fe / H] 1G versus [Fe/H] relation for M 3-
nd M 13-like clusters, respectively, with a straight-line, as shown
n the right-hand panel of Fig. 13 . To do that we considered only
he common range of metallicity between the two groups of clusters,
amely −2.2 < [Fe/H] < −1.2, omitting GCs with [Fe/H] ≤−2.2 that
eviate from the common trend. The best-fitting straight lines are
iven by δ[Fe / H] 1G = ( −0 . 139 ± 0 . 056) × [Fe / H] + ( −0 . 058 ±
 . 093) (M 3-like GCs, red line) and δ[Fe / H] 1G = ( −0 . 138 ±
 . 046) × [Fe / H] + ( −0 . 120 ± 0 . 079) (M 13-like GCs, blue line),
NRAS 513, 735–751 (2022) 

 Another distinctive feature of M 13-like clusters is that their 1G stars 
uffer higher RGB mass-loss than 1G stars of M 3-like GCs and stars in 
imple-population GCs (Tailo et al. 2020 , 2021 ). For this reason, the authors 
uggested that 1G stars of M 13-like GCs form in high-density environments. 
s an alternative interpretation of the results from Tailo and collaborators, 
e can speculate that M 13-like GCs have entirely lost their 1G stars as first 

uggested by D’Antona & Caloi ( 2008 ). In this scenario, the stars that we 
ame 1G are 2G stars that formed in a dense environment in the cluster centre. 
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(  

N  

t  
espectively, thus corroborating the evidence that M 13-like GCs
xhibit smaller internal iron variations than M 3-like GCs with similar
etallicity. This fact is further confirmed by the most metal-poor

lusters that we excluded from the fit. Indeed, the only M 13-like
bject in this sample is characterized by the lowest δ[Fe / H] 1G iron
ariation. 

 SUMMARY  A N D  DI SCUSSI ON  

e have exploited HST multiband images to present a photometric in-
estigation of stellar populations within the Galactic GCs NGC 6362
nd NGC 6838. The main purpose is to shed light on the physical
easons that are responsible for the extended 1G sequence in their
hMs. Results can be summarized as follows: 

(i) We derived the ChM of MS stars of both GCs, where 1G and
G stars define distinct sequences. We found that the 1G sequence
as an intrinsic F275W −F814W colour broadening in close analogy
ith what is observed for the RGB ChM. The evidence of extended
G sequences among unevolved MS stars demonstrates that the
olour extension is not due to stellar e volution. Alternati vely, this
henomenon could be the signature of chemical inhomogeneities in
he proto-cluster cloud. 

(ii) We introduced the pseudo-two-magnitude diagram m F275W 

 m F336W 

+ m F438W 

versus m F606W 

+ m F814W 

, where the SGBs
f isochrones with different metallicities and helium abundances
isplay different behaviours. The distribution of 1G SGB stars in
hese diagrams is consistent with internal variations in [Fe/H] but
ot with helium v ariations. The e vidence that 1G SGB stars exhibit
tar-to-star iron variations, implies that the colour extension of 1G
equences in the ChMs of 1G RGB and MS stars is due to metallicity
ariations up to δ[Fe/H] 1G = 0.1 dex. 

Moreo v er, we compared the distributions of 1G and 2G stars
long the ChM. Results have the potential to constrain the formation
cenarios of multiple populations in GCs. 

(i) We found that the F275W −F814W colour extension of 2G
S stars of both NGC 6362 and NGC 6838 is significantly narrower

han that of the 1G, but wider than the colour broadening expected by
bservational errors. Specifically, subtracting in quadrature the effect
f observational errors, the F275W −F814W spread of 2G stars is two
imes smaller than the corresponding 1G colour spread. This fact
emonstrates that the gaseous environment where 2G stars formed
ad more homogeneous iron content compared to the environment
here 1G stars formed. 
(ii) We exploited the 1G F275W −F814W colour extension of the

GB from Milone et al. ( 2017 ) to estimate [Fe/H] variations within
G stars of 55 GCs in the hypothesis that metallicity spread is the
nly responsible for the RGB broadening. The internal iron variation
anges from less than [Fe/H] ∼0.05 to ∼0.30 and mildly correlates
ith cluster mass and metallicity. 
(iii) Noticeably, the 2G sequences of NGC 6362 and NGC 6838

hMs join the 1Gs on their metal-poor sides. In the hypothesis that
he � F275W,F814W 

pseudo-colour of 2G stars at the bottom of the 2G
equence is indicative of their iron abundance, these 2G stars would
hare the same metallicity as the metal-poor 1G stars. Ho we ver,
his is not a universal property of GCs. A visual inspection at the
hMs of Galactic GCs shows that the relative position between 1G
nd 2G sequences significantly changes from one cluster to another
see figs 3–7 from Milone et al. 2017 ). While many clusters (e.g.
GC 2808 and NGC 6981) behave like NGC 6362 and NGC 6838,

he 2G sequences of other clusters like NGC 104 and NGC 5272 are
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Figure 12. Histogram distribution of δ[Fe / H] 1G (left) for 55 Galactic GCs. The relations between δ[Fe / H] 1G and cluster mass, 1G mass, and [Fe/H] are plotted 
in the other three panels. The Spearman’s rank correlation coefficient and the associated p-value are quoted in the upper-left corners. 

Table 4. Relation between the internal iron variations among 1G stars 
( δ[Fe / H] 1G ), obtained in this work, and 20 GC parameters. For each 
parameter, the Spearman’s rank correlation coefficient is reported together 
with the associated p-v alue, indicati ve of the significance of the relation, and 
the number of degrees of freedom. 

Parameter δ[Fe / H] 1G Parameter δ[Fe / H] 1G 

Age ( MF09 ) −0.16, 0.247, 52 f C bin 0.44,0.008,33 
Age ( D10 ) 0.23,0.098,53 f C −HM 

bin 0.25,0.094,44 
Age ( V13 ) 0.15,0.286,48 f oHM 

bin 0.05,0.742,39 
Age ( T20 ) 0.11,0.476,44 c 0.06,0.656,53 
[Fe / H] −0.43, < 0.001, 53 log ( τhm 

) 0.31,0.020,53 
log (M / M �) 0.35,0.008,53 μV 0.02,0.884,53 
log (M in / M �) 0.17,0.213,53 log ( ρc ) −0.08, 0.547, 53 
log (M 1G / M �) 0.39,0.004,50 σ v 0.19,0.174,53 
M V −0.36, 0.007, 53 v esc 0.19,0.175,53 
ε 0.23,0.091,51 ρ0 0.06,0.658,53 
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istributed on the metal-intermediate and, possibly, the metal-rich 
ide of the 1G sequence. 

(iv) 1G stars of M 13-like GCs, namely GCs with the blue HB
nly, present smaller iron variations than M 3-like GCs with the same
etallicity and no correlation with cluster mass. On the contrary, M 3-

ike clusters exhibit significant correlation with cluster mass (R s = 

.60). 

The presence of metallicity variations among 1G stars might 
e due to the presence of metallicity variations within the ISM
rom which proto-cluster molecular clouds were born. Analytical 
odels show that the metallicity scatter among the stars must 

o we ver be lower than the scatter initially present in the gas (e.g.
urray & Lin 1990 ; Bland-Hawthorn, Krumholz & Freeman 2010 ). 

urbulent diffusion within a proto-cluster cloud should smooth out 
hemical inhomogeneities at the scale of the cloud in roughly a 
rossing time – defined as the ratio between the cloud radius and 
he cloud velocity dispersion – and smaller scale inhomogeneities 
ven more quickly. Star formation in a molecular cloud also appears 
o begin in no more than a crossing time after its formation (see
rumholz, McKee & Bland-Hawthorn 2019 , and references therein). 
his suggests that chemical inhomogeneities initially present in 

he gas should be reduced at the onset of star formation (see
lso Feng & Krumholz 2014 ; Armillotta, Krumholz & Fujimoto 
018 ). In this picture, the presence of more or less metallicity
ariation in a given 1G population might be explained either by 
he presence of more or less metallicity variation in the original 
as, or by different diffusion efficiencies during the cloud collapse. 
 or e xample, we note that the cloud crossing time increases in low-
ensity extended clouds, while decreases in high-density turbulent 
louds. 

Another possible explanation for the presence of metallicity 
ariations among 1G stars is that the process of star formation within
he cloud was still at play when the first supernovae exploded. In this
icture, the cloud was nearly homogeneous at the onset of the star
ormation. Inhomogeneities arose at later times as supernovae pol- 
uted the surrounding star-forming gas. This possibility is explored 
n a recent work by McKenzie & Bekki ( 2021 ). Through simulations
f a gas-rich dwarf galaxy, the authors find that self-enrichment 
f star-forming clouds from short-li ved massi ve stars may increase
he metallicity dispersion within the resulting populations of 1G 

tars (see also Bailin 2018 ). In their fiducial model, McKenzie &
ekki ( 2021 ) measure [Fe/H] abundance variations of the order of
.1 dex, a value consistent with the average spread found in this
aper. In comparison, He abundance spreads are found to be of the
rder of 0.001 dex, in agreement with the result that He alone is
nsufficient in elongating the 1G population in the ChM. Ho we ver,
s pointed out by McKenzie & Bekki ( 2021 ), the degree of self-
nrichment is strongly sensitive to the star formation and feedback 
rescriptions adopted in the simulation. F or e xample, the sole thermal 
eedback from supernovae implemented in their simulations is not 
f fecti v e in remo ving gas from the cloud, allowing star formation
o proceed for a long time. This results in enhanced self-enrichment
ithin the cluster. Besides, by means of analytical arguments, Bland- 
awthorn et al. ( 2010 ) argue that the time o v er which star formation

akes place is larger than the time required for the first supernovae
o explode only in very massive clouds ( M > 10 7 M � under the
ypical conditions of high-redshift environments, where GCs were 
orn). High-resolution simulations able to capture the details of star 
ormation and feedback are clearly required to shed light on this
cenario. 

Another interesting outcome of this work is that, both in NGC 6362
nd NGC 6838, the metallicity spread among 2G stars is generally
ower than the metallicity spread among 1G stars. This result would
rovide a challenge for scenarios of multiple population formation 
ased on accretion of material processed in massive stars on to
rotostars. Gieles et al. ( 2018 ) suggest that supermassive stars
SMSs) with masses bigger than ∼10 3 M � are responsible for 
he distinctive chemical composition of 2G stars in GCs (see also
enissenkov & Hartwick 2014 ). In this scenario, protostars accrete 

he hot-hydrogen burning material processed in SMSs and expelled 
hrough strong SMS winds. The processed material, diluted with 
MNRAS 513, 735–751 (2022) 
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Figure 13. Left-hand panels : Internal iron variation of 1G stars, δ[Fe / H] 1G , ag ainst the log arithm of cluster mass for M 13-like (top) and M 3-like GCs (bottom). 
Right-hand panel : δ[Fe / H] 1G against [Fe/H]. Blue dots correspond to M 13-like GCs while red ones to M 3-like GCs. The best-fitting least-squares straight 
lines derived for M 13- and M 3-like clusters with −2.2 < [Fe/H] < −1.2 are coloured blue and red, respectively. The Spearman’s rank correlation coefficient is 
reported for each couple of quantities. 
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riginal gas, is responsible for the observed chemical composition
f 2G stars. Similarly, in the scenario proposed by Bastian et al.
 2013 ), pre-MS stars are polluted with processed material released
y interacting massive binaries and fast-rotating stars. The released
as is first accreted into the circumstellar discs and then on to the
re-MS stars, thus addressing the origin of the HeCNONa abundance
nomalies of 2G stars (see Renzini et al. 2015 , for critical discussion
n the formation scenarios). More recently, Wang et al. ( 2020 )
nvestigated the role of mergers of binary star components for the
ormation of multiple stellar populations and suggested that 2G stars
orm from the gas polluted by mergers-driven ejection winds. 

In these scenarios, 1G and 2G stars are expected to share the same
ron abundance. In particular, an iron spread among 1G stars should
esult in nearly identical iron variations among the 2G. This fact is
n contrast with what is observed in both NGC 6362 and NGC 6838,
here the 2G exhibits small, if any, internal iron variations when

ompared with the 1G. 
Alternative scenarios suggest that GCs experienced multiple star-

ormation episodes. 1G stars are supposed to form first. Their
ormation stops when feedback from massive stars clears any
emaining gas from the cluster. At a later time, 2G stars form in
he innermost and densest cluster region from original gas (i.e.
as that shares the same abundances as the 1G stars) reaccreted
rom the ISM and diluted with the material processed by more-
assive 1G stars (e.g. Ventura et al. 2001 ; D’Antona & Caloi 2004 ;
ecressin et al. 2007 ; D’Ercole et al. 2008 , 2010 ; De Mink et al.
009 ; Denissenkov & Hartwick 2014 ; D’Antona et al. 2016 ; Calura
t al. 2019 ). Ev en though the lev el of iron inhomogeneities present
n the ISM gas is expected to be the same, the lower metallicity
NRAS 513, 735–751 (2022) 

B

pread observed among 2G stars can be explained by a different
ynamical state of the proto-cluster environment. We know that
he time required to smooth out initial chemical inhomogeneities
n the gas is smaller in denser environments characterized by a
igher gas velocity dispersion (see abo v e). Hence, the chemical
omogeneity of 2G stars is consistent with the idea that they formed
n highly dense environments, as predicted by multigeneration
cenarios. 

In this context, the evidence that 1G stars of M 3- and M 13-like
Cs exhibit different internal iron variations may indicate different
roperties of the formation environment. Specifically, the smaller
ron variation of M 13-like GCs is consistent with a scenario where
hese clusters formed in high-density environments as suggested by
ailo et al. ( 2019a , b , 2020 , 2021 ) based on the larger amount of
GB mass-loss of 1G stars in these clusters. 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for the useful suggestions. This
ork has received funding from the European Research Coun-

il (ERC) under the European Union’s Horizon 2020 research
nnovation programme (Grant Agreement ERC-StG 2016, No
16082 ‘GALFOR’, PI: Milone, ht tp://proget ti.dfa.unipd.it/GALF
R ). APM, MT, and GC acknowledge support from Ministero
ell’Istruzione, dell’Universit ̀a e della Ricerca (MIUR) through the
ARE project R164RM93XW SEMPLICE (PI: Milone). APM, ED,
nd MC acknowledge support from MIUR under the Progetti di
ile v ante Interesse Nazionale (PRIN) program 2017Z2HSMF (PI:
edin). 

art/stac734_f13.eps
http://progetti.dfa.unipd.it/GALFOR


Chemical composition of 1G stars in GCs 751 

D

T
t

R

A
A  

A
A
B
B
B  

B
B  

B  

B
C  

C
C  

C
C  

D
D
D  

D  

D  

D
D  

D
D  

D  

D
F
G

H
H
J
K
K
K
K
K
M
M
M
M
M  

M
M
M
M
M
M
M
M
M
M
M
N
R
S
S  

 

S
T  

T  

T
T
V  

V
W
W  

Y

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/735/6555468 by U
ni PD

 user on 10 F
ATA  AVAILABILITY  

he data underlying this article will be shared on reasonable request 
o the corresponding author. 

EFERENCES  

nderson J. et al., 2008, AJ , 135, 2114 
nderson J., Piotto G., King I. R., Bedin L. R., Guhathakurta P., 2009, ApJ ,

697, L58 
rbey A., Auffinger J., Silk J., 2020, Phys. Rev. D , 102, 023503 
rmillotta L., Krumholz M. R., Fujimoto Y., 2018, MNRAS , 481, 5000 
ailin J., 2018, ApJ , 863, 99 
ailin J., von Klar R., 2022, ApJ , 925, 36 
astian N., Lamers H. J. G. L. M., de Mink S. E., Longmore S. N., Goodwin

S. P., Gieles M., 2013, MNRAS , 436, 2398 
aumgardt H., Hilker M., 2018, MNRAS , 478, 1520 
edin L. R., Salaris M., Piotto G., Anderson J., King I. R., Cassisi S., 2009,

ApJ , 697, 965 
ellini A., Anderson J., Bedin L. R., King I. R., van der Marel R. P., Piotto

G., Cool A., 2017, ApJ , 842, 6 
land-Hawthorn J., Krumholz M. R., Freeman K., 2010, ApJ , 713, 166 
alura F., D’Ercole A., Vesperini E., Vanzella E., Sollima A., 2019, MNRAS ,

489, 3269 
arretta E., Bragaglia A., Gratton R., Lucatello S., 2009a, A&A , 505, 139 
arretta E., Bragaglia A., Gratton R., D’Orazi V., Lucatello S., 2009b, A&A ,

508, 695 
astelli F., 2005, Mem. Soc. Astron. Ital. Suppl., 8, 25 
ignoni M., Tosi M., Sabbi E., Nota A., Degl’Innocenti S., Prada Moroni P.

G., Gallagher J. S., 2010, ApJ , 712, L63 
’Antona F., Caloi V., 2004, ApJ , 611, 871 
’Antona F., Caloi V., 2008, MNRAS , 390, 693 
’Antona F., Vesperini E., D’Ercole A., V entura P ., Milone A. P ., Marino A.

F ., T ailo M., 2016, MNRAS , 458, 2122 
’Ercole A., Vesperini E., D’Antona F., McMillan S. L. W., Recchi S., 2008,

MNRAS , 391, 825 
’Ercole A., D’Antona F., Ventura P., Vesperini E., McMillan S. L. W., 2010,

MNRAS , 407, 854 
e Mink S. E., Pols O. R., Langer N., Izzard R. G., 2009, A&A , 507, L1 
ecressin T., Meynet G., Charbonnel C., Prantzos N., Ekstr ̈om S., 2007,

A&A , 464, 1029 
enissenkov P. A., Hartwick F. D. A., 2014, MNRAS , 437, L21 
ondoglio E., Milone A. P., Lagioia E. P., Marino A. F ., T ailo M., Cordoni

G., Jang S., Carlos M., 2021, ApJ , 906, 76 
otter A., Chaboyer B., Jevremovi ́c D., Kostov V., Baron E., Ferguson J. W.,

2008, ApJS , 178, 89 
otter A. et al., 2010, ApJ , 708, 698 (D10) 
eng Y., Krumholz M. R., 2014, Nature , 513, 523 
ieles M. et al., 2018, MNRAS , 478, 2461 
arris W. E., 1996, AJ , 112, 1487 
arris W. E., Pudritz R. E., 1994, ApJ , 429, 177 

ang S. et al., 2021, ApJ , 920, 129 
amann S. et al., 2020, A&A , 635, A65 
raft R. P., 1994, PASP , 106, 553 
rumholz M. R., Ting Y.-S., 2018, MNRAS , 475, 2236 
rumholz M. R., McKee C. F., Bland-Hawthorn J., 2019, ARA&A , 57, 227 
urucz R. L., 2005, Mem. Soc. Astron. Ital. Suppl., 8, 14 
cKenzie M., Bekki K., 2021, MNRAS , 507, 834 
ar ́ın-Franch A. et al., 2009, ApJ , 694, 1498 (MF09) 
arino A. F. et al., 2019a, MNRAS , 487, 3815 
arino A. F. et al., 2019b, ApJ , 887, 91 
artins F., Morin J., Charbonnel C., Lardo C., Chantereau W., 2020, A&A ,

635, A52 
assari D. et al., 2017, MNRAS , 468, 1249 
ilone A. P., Bedin L. R., Piotto G., Anderson J., 2009, A&A , 497, 755 
ilone A. P. et al., 2012a, A&A , 540, A16 
ilone A. P. et al., 2012b, ApJ , 744, 58 
ilone A. P. et al., 2014, ApJ , 785, 21 
ilone A. P. et al., 2015, ApJ , 808, 51 
ilone A. P. et al., 2017, MNRAS , 464, 3636 
ilone A. P. et al., 2018, MNRAS , 481, 5098 
ilone A. P. et al., 2020a, MNRAS , 491, 515 
ilone A. P. et al., 2020b, MNRAS , 492, 5457 
urray S. D., Lin D. N. C., 1990, ApJ , 357, 105 
ardiello D. et al., 2018, MNRAS , 481, 3382 
enzini A. et al., 2015, MNRAS , 454, 4197 
abbi E. et al., 2016, ApJS , 222, 11 
bordone L., Bonifacio P., Castelli F., 2007, in Kupka F., Roxburgh I., Chan

K. L., eds, Proc. IAU Symp. 239, Convection in Astrophysics. Kluwer,
Dordecht, p. 71 

tauffer J. R., 1980, AJ , 85, 1341 
ailo M., D’Antona F., Caloi V., Milone A. P., Marino A. F., Lagioia E.,

Cordoni G., 2019a, MNRAS , 486, 5895 
ailo M., Milone A. P., Marino A. F., D’Antona F., Lagioia E. P., Cordoni G.,

2019b, ApJ , 873, 123 
ailo M. et al., 2020, MNRAS , 498, 5745 (T20) 
ailo M. et al., 2021, MNRAS , 503, 694 
andenBerg D. A., Brogaard K., Leaman R., Casagrande L., 2013, ApJ , 775,

134 (V13) 
 entura P ., D’Antona F., Mazzitelli I., Gratton R., 2001, ApJ , 550, L65 
ang L., Kroupa P., Takahashi K., Jerabkova T., 2020, MNRAS , 491, 440 
irth H., Jerabkova T., Yan Z., Kroupa P., Haas J., Šubr L., 2021, MNRAS ,
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