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ABSTRACT

The Hubble Space TelescopdV Legacy Survey of Galactic Globular Clusters (GCs) has
investigated GCs and their stellar populations. In previous papers of this series we ha@
introduced a pseudo two-colour diagram, or ‘chromosome map’ (ChM) that maximizes thé
separation between the multiple populations. We have identified two main classes of G(‘g:
Type |, including~83 per cent of the objects, and Type Il clusters. Both classes host two mama
groups of stars, referred to in this series as first (1G) and second generation (2G). Typeﬂl
clusters host more complex ChMs, exhibiting two or more parallel sequences of 1G and 2@
stars. We exploit spectroscopic elemental abundances from the literature to assign the chemical
composition to the distinct populations as identified on the ChMs of 29 GCs. We find thaf
stars in different regions of the ChM have different compositions: 1G stars share the sarge
light-element content as field stars, while 2G stars are enhanced in N and Na and depletedin
0. Stars with enhanced Al, as well as stars with depleted Mg, populate the extreme regionsof
the ChM. We investigate the intriguing colour spread among 1G stars observed in many Typé&l|
GCs, and find no evidence for internal variations in light elements among these stars, whereas
either a~0.1 dex iron spread or a variation in He among 1G stars remains to be verified. In thg
attempt of analysing the global properties of the multiple-population phenomenon, we havg
constructed a universal ChM, which highlights that, though very variegate, the phenomen@
has some common pattern among all the analysed GCs. The universal ChM reveals a tight
connection with Na abundances, for which we have provided an empirical relation. Th§I
additional ChM sequences observed in Type Il GCs are enhanced in metallicity and, in sorge
casess-process elements. Omega Centauri can be classified as an extreme Type Il GC, W%h
a ChM displaying three main extended ‘streams’, each with its own variations in chemicgl
abundances. One of the most noticeable differences is found between the lower and upfer
streams, with the latter, associated with higher He, being also shifted towards higher Fe a%d
lower Li abundances. We publicly release the ChMs. oo
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(M54), NGC6752, NGC6809 (M55), NGC6838 (M71), NGC7078 (M15), NGC7089 (M2),
NGC7099 (M30).

the GCs with known variations in heavy elements, including iron,
belong to this (photometrically defined) class of objeet€entauri,
Multiple stellar populations in Milky Way globular clusters (GCs)  with its well-documented large variations in the overall metallicity,
are now considered a rule. Spectroscopically, we have known for ais an extreme example of a Type Il GC. These GCs were early
long time that GCs’ stars are not chemically homogeneous (e.g. defined as ‘anomalous’ (Marino et &009 2011ab, 2015 see
Kraft 1994 Carretta et al.2009 and references therein). The also table 7 in Marino et aR018 as they display variations in the
chemical abundances in light elements obey specific patterns, suchoverall metallicity and/or in thelowneutron captures] elements
as the O—Na and C—N anticorrelations, and in some GCs an Mg—(e.g. Marino et al2009 2015 Carretta et al2011 Yong et al.
Al anticorrelation is also observed (e.g. lvans et1#899 Yong 2014 Johnson et ak015, suggesting that they have experienced
et al.2003 Marino et al.2008. These behaviours are interpreted a much more complex star formation history than the typical Milky
as being due to nucleosynthetic processes, specifically by protonWay GCs (e.g. Bekki & Tsujimot@016 D’Antona et al.2016.
captures at high temperatures, occurring in a first generation (1G) The reason why this different behaviour occurs remains to be
of stars (e.g. Ventura et a2001 Decressin et al2007 Krause established, but, intriguingly, it might be linked to a different origin
et al. 2013 Denissenkov & Hartwick2014), and can be used as  with respectto the more common GCs in the Galaxy (see discussion ;
constraints to the mass of the polluters (e.g. Prantzos, Charbonnel &n Marino et al.2015.
lliadis 2017). The most acknowledged scenarios predict that second  Another surprising finding irPaper IXis that the 1G group
generations (2G) of stars form from material processed in 1G itself of many Type | GCs displays a spread &f;75w Fs1awin
polluters, so filling the Na—N-enhanced and O—C-depleted regionsthe ChM that is not consistent with 1G stars being a simple
of the common (anti)correlation abundance plots. However, the stellar population; i.e., they don't make a chemical homogeneous
nature (e.g. mass range) of 1G stars where these processes hasimple. The 1G stars span quite a large rangeé gpysw rsiaw
taken place remains largely unsettled, as is the sequence of eventsvhile sharing approximately the sam®cgz7swrassw,Fazsw The
leading to the formation of 2G stars (see e.g. Renzini e2@l5 cause of this odd behaviour is not understood yet. Given that
hereaftePaper V for a critical discussion). the Acra7swrasew,FazswaXis is constant among these 1G stars,
More recent observations have revealed that the multiple stellar they likely share the same content in N (and likely in other
population phenomenonin GCs is far more complex than previously light elements). Their different (F275W-F814W) colour suggests
imagined. In particular, ouHubble Space TelescofelST) UV a difference in the stellar structure itself, i.e. in effective tem-
Legacy Survey of Galactic Globular Clusters, whose data are used inperature, rather than in the atmospheric abundances. Star-to-starg

1 INTRODUCTION
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One very effective way of visualizing the complexity of multiple — work.
stellar populations is represented by a colour—pseudo-colour plot Clearly, two major challenges in the understanding of the multiple
that we have dubbedhromosome mapChM), with such maps stellar population pattern as displayed on the ChMs are the presence
having been presented for 58 GCsRaper IX The ChM plot, of additional sequences at reddgg,7sw rs1aw in Type 1l GCs, and
Ar275wW,F814WVEISUSA ¢ F275w,F336w Fazsw(SeePaper llfor a detailed the large spread of\gz7s5wrs1awtowards bluer colours exhibited
discussion on how to construct these maps), owes its power to theby 1G stars in many GCs, both Type | and Type II. To start
capability of maximizing the photometric separation of different attacking these questions we here correlate the detailed chemical
stellar populations with even slightly different chemical abundances composition of stars (as from high-resolution spectroscopy) with
(Paper 1). In such plots red giant branch (RGB) stars are typically their location on the various sequences in the ChMs. Relating
separated into two distinct groups: one 1G group and a 2G one spectroscopic abundances to photometric properties of GC multiple
(Paper 1X. Specifically, 1G stars are located around the origin of the populations was first pioneered in Marino et &008, where
ChM (i.e.Ap275W,pgl4W= Ac F275W,F336W,F438W— O), while 2G stars it was shown that the Iight-element patterns, such as the O-Na
have largeAc 275w rassw,Fazswand lOW Aga7sw rs1aw EXperiments and C-N anticorrelations, are linked to different UV colours, due
based on synthetic spectra suggest that N abundance variationsto the CH/CN/NH/OH molecules in the UV spectrum (see also

this work, has revealed an astonishing variety from cluster to cluster variations in helium within the 1G would be capable of producing &
of the multiple stellar population phenomenon, as documented for such aAg7sw rs1awSpread without affectind\c k275w Fasew Fassw 2
58 GCs (Piotto et aR015 hereaftePaper j Milone et al.2015ab, much and inPaper XVI we consider various scenarios that g
20173 2018hereaftePapers IJ 111 , IX, XVI). could have led to such helium enrichment, but none appears to S
)
4]
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through the impact of molecular bands on tRer27sw F3sew Fazsw Paper Il).

index, are mainly responsible for the ChM pattern. So far, this has In this paper we exploit the photometric data base fronHB&

been confirmed by spectroscopy in just a couple of G&pérs Legacy Survey supplemented by ground-based photometry, and &
=1X). couple it to chemical abundances of the same stars as mined from &

The variety of the multiple-population phenomenon has the literature. Thus, we explore, for the first time for a large sample
prompted efforts to classify GCs in different classes, whose defini- of GCs, the chemical properties of their stellar multiple populations
tion has changed from time to time, depending on the new featuresas photometrically revealed by ChMs. The paper is organized as
being discovered. For example, in at least ten clusters over thefollows. In Section 2 we describe the photometric and spectroscopic
analysed 58, i.e. 17 per cent of the entire sample, the 1G and/or thedata set and use ChMs of GCs to identify the distinct stellar
2G sequences appear to be split, indicating a much more complexpopulations; the chemical composition of the stellar populations is
distribution of chemical abundances compared to the majority of derived and discussed in Section 3, separately for Type | and Type
GCs. InPaper IXthese clusters have been indicated as Type Il GCs, |l GCs; Section 4 is specifically devoteddaoCentauri; Section 5 is
while the other, more common, GCs were classified as Type I. All a final discussion and summary of the results.

ez0oz Arenu

MNRAS 487, 3815-3844 (2019)



Chemical tagging of stellar populations in GCs 3817

2 DATA AND DATA ANALYSIS of stellar populations with different metallicity arsprocess ele-
ment content is the main distinctive feature of the Type Il GCs, with
available spectroscopy. However, this phenomenon looks variegated
as well, as some ‘red RGB’ sub-populations have been observed
not to be enhanced melements (e.g. in M2, Yong et &014 and

GC 6934, Marino et al2018. Furthermore, many Type Il GCs 4

ave a very tiny red component that has not yet been investigated in2
terms of chemical abundances. So, at this stage, we prefer to keeg:
our general naming scheme introduceBaper IXfor ChMs, Type | f%’
and Il GCs, rather than adopting a more informative nomenclature =
based e.g. on chemical abundances. This is to prevent assigning tg
all Type Il GCs properties that they might not have. In the future,
In this work we investigate 11 chemical species, namely Li, N, O, we may not exclude adopting a more informative naming scheme.
Na, Mg, Al, Si, K, Ca, Fe, and Ba, that are among the most com-  Fig. 1 reproduces the ChMs of 22 Type | GCs frdPaper X
monly analysed in GC studies. Each element has been taken into acwhere we have represented with green and magenta dots all th
count only when both photometry and high-resolution spectroscopy 1G and 2G stars, respectively, for which spectroscopy is available.
are available for at least five stars in a given cluster. Elemental A collection of ChMs in six Typell GCs, namely NGC 362,
abundances have been taken from the literature as listed inTable NGC 1851, NGC 5286, NGC 6715, NGC 7089, and NGC 5139
which provides, for each cluster, the number of stars for which the (w Centauri), is shown in Fig2. In these clusters, besides the
chemical abundances of the various species were measured. common 1G and 2G groups (coloured green and magentain analog

with what is done for Type | GCs of Fid), we have represented in
red the RGB stars located on the additional sequences, redder tha

2.2 TheHST photometric data set the common sequence formed by 1G and 2G stars.

The distinction between blue and red RGB stars in Type Il GCs
has also been made oglassiccolour—magnitude diagram (CMD),
either themessgw VersusMessgw — Meg1aw Plot or using the versus
U — | plot from ground-based photometry, as we will discuss in
detail in Section 2.3. The colours and symbols used to distinguish
1G, 2G, and red RGB stars introduced in Figand2 will be used
consistently hereafter.

As shown in the lower panel of Fi@,  Centauri exhibits the
most complex ChM among Type Il GCs. In particular, we note
two main streams of red RGB stars with small and high values of
Acr275w,F336w,Fasswihat define the lower and upper envelope of the
map. These features will be discussed in detail in Section 4.

In order to investigate the chemical composition of multiple stellar
populations in GCs, we combined multiwavelengtBT photom-
etry with spectroscopy. In addition, we used wide-field ground-
based photometry of four GCs, namely NGC 1851, NGC 5286,
NGC 6656, and NGC 7089. The spectroscopic data set is describe
in Section 2.1, while Sections 2.2 and 2.3 are devotdd3d and
ground-based photometry, respectively.

2.1 The spectroscopic data set

Seysdny
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The multiple stellar populations along the RGB have been identified
by using the photometric catalogues publisheBapers hndIX as
part of theHSTUVIS Survey of Galactic GCs. Photometry has been
derived fromHSTimages collected with the Wide-Field Channel of
the Advanced Camera for Surveys (WFC/ACS) and the Ultraviolet
and Visual Channel of the Wide-Field Camera 3 (UVIS/WFC3) as
part of programmes GO-11233, GO-12605, and GO-13297 (PI. G.
Piotto, Paper ) and GO-10775 (PI. A. Sarajedini, Sarajedini et al.
2007 Anderson et aR008, and from additional archive datBdper
I andIX). Photometry has been corrected for differential reddening
as in Milone et al. 2012 and only stars that, according to their
proper motions, are cluster members have been included in our
study. The analyseHSTimages cover-2.7 x 2.7 square arcmin
over the clusters’ central regions (deaper landIX for details).

For the sake of clarity, we list here the definitions as fidaper 2.3 Theground-based photometric data set
IX that will be used in this paper to refer to the various stellar
populations as appearing on the ChMs.

Ground-based photometry is used here for a sub-sample of Type 115
GCs only, because spectroscopic chemical abundances are availablg

(i) 1G stars and 2G stars are separated by a line cutting throughfor many stars lackingiSTobservations. As discussedRaper 1X §
the minimum stellar density on the ChM. Thus, 1G stars are those Typell GCs are characterized by a bimodal RGB in thesew R
located at lowerAc ra7swrasswrazswand will be represented by — Versusmessew — Megiaw CMD, where the redder RGB is clearly m
green dots if spectroscopic abundances are available. connected with a faint sub-giant branch (SGB). As an example, the §

(i) 2G stars are located on bluekryzswrsiaw and higher redder RGB is evident in th@rzzew VErsusmeassw — Meg1aw CMD S
Acr27sweasew,rassw and will be represented by magenta dots if of NGC 1851 plotted in the left-hand panel of Fig.where we )
spectroscopic abundances are available. indicate with small red dots the red RGB stars. Blue and red RGB

o ) stars with available spectroscopy have been displayed with large§
The;g definitions will be used both for Type | and Type Il GCs. fjjled blue dots and red triangles, respectively. Clearly, stars in the o
In addition, for Type Il GCs only, we also define: blue RGB are located in the main ChM sequence, which includes ~

(i) blue RGB stars, those defining the main ChM 1G and 2G 1G and 2G stars (see the inset in B3Yy. while stars in the redder
sequences, as observed in Type | GCs; RGB correspond to red RGB stars, as defined in Section 2.2.

(i) red RGB stars are the objects located on redder ChM The middle panel_of F_i93 shows theU versusU — | CMD .
sequences, only found in Type Il GCs. Red RGB stars for which of NGC 1851 from wide-field ground-based photometry. The split

spectroscopy is available will be represented by red triangles in the SGB and RGB are clearly visible in both CMDs, i.e. from ground-
paper. based andHST photometry. This fact is quite expected due to the

similarity betweenmgszgw and meg; 4y filters of UVIS/WFC3 and
A note on the adopted naming scheme. We decided to use here th&VFC/ACS and the Johnsdd and| bands. The two main RGBs
pure photometric classification from above. This is because of the of NGC 1851 are clearly visible also in the/ersusCgy, pseudo-
variety of the multiple stellar population phenomenon, as seen on the CMD, introduced by Marino et al2015 and shown in the right-
ChMs. As an example, from the chemical point of view, the presence hand panel of Fig3.

ez0z Arenuer 8T u
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Table 1. Description of the spectroscopic data set used in this paper. For each cluster and element we provide the number of stars for which both spectroscopy
andHSTphotometry are available and the reference to the spectroscopic paper.

CLUSTER Reference A(Li) [N/Fe] [O/Fe] [Na/Fe] [Mg/Fe] [AllFe] [Si/lFe] [K/Fe] [Cal/Fe] [Fe/H] [Ba/Fe]
NGC 104 Carretta et al2009 - - 7 10 - - - - - 10 -

Carretta et al.Z013 - 7 - - 10 7 10 - - - - o
Mucciarelli, Merle & Bellazzini 017 - - - - - - - 10 - - - g
NGC 288 Carretta et al2009 - - 9 18 - - - - - 18 - =1
NGC 362 Carretta et al2013 - - 8 9 9 - 9 - 9 9 8 s
D'Orazi et al. 015 5 - - - - 6 - - - - - &
NGC 1851 Carretta et al20108 - - 9 10 10 - 10 - 10 10 9 %
NGC 2808 Carretta2014 - - 31 39 39 25 39 - 39 39 - S
D’Orazi et al. Q015 8 - - - - 13 - - - - - =
NGC 3201 Carretta et al2009 - - 16 22 - - - - - 22 - 5
NGC4590  Carretta et al2009 - - 15 17 - - - - - 22 - 2
NGC 4833 Carretta et al2014 - - 13 11 11 - 14 - 14 14 14 3
NGC 5024 Boberg, Friel & Vesperin016 - - 18 19 - - - - 19 19 19 8
NGC5139 Johnson & Pilachowsk@10 - - 94 94 - 12 92 - 94 94 - 5
Marino et al. 0110 - - 26 29 - - - - - 29 29 o
Marino et al. 012 - 16 - - - - - - - - - _g
Mucciarelli et al. 018 42 - - 42 - 42 - - - 42 - o
NGC 5272 Sneden et aRQ04 - - 12 12 12 11 12 - 12 12 12 g
NGC 5286 Marino et al.2019 - - 5 7 - - 10 - 8 10 10 3
NGC 5904 Carretta et al2009 - - 9 10 - - - 10 - =
D'Orazi et al. 014 5 - - - - 5 - . - . - &
NGC 5986 Johnson et akQ17) - - 7 7 7 7 7 - 7 7 - g2
NGC 6093 Carretta et al2019 - - 8 8 7 - 8 - 9 9 8 g
NGC 6121 Marino et al.2008 - - 9 11 11 8 11 - 11 11 10 =
D’Orazi & Marino (2010 8 - - - - - - - - - - 3
Carretta et al.Z013 8 - - - - - - - - - ‘:’\0
NGC 6205 Johnson & Pilachowsk@12 - - 23 23 - - - - - 23 - *
Mésaros et al.2015 - 5 - - 6 6 6 - 6 - - a
NGC 6254 Carretta et al2009 - - 15 18 - - - - - 21 - g
NGC6362  Mucciarelli et al.2016 - - - 15 - - - - - 15 - §
NGC 6397 Carretta et al2009 - - - 13 - - - - - 19 - N
NGC 6535 Bragaglia et al2017) - - 12 11 11 - - - - 13 - o
NGC 6715 Carretta et al20103 - - 18 18 18 - - - 18 18 - é
NGC 6752 Carretta et al2009 - - 12 20 - - - - - 22 - =2
Carretta et al.7012) - - - - 18 14 21 - - - - S
Mucciarelli et al. 017 - - - - - - - 21 - - - §
NGC 6809 Carretta et al2009 - - 9 7 - - - - - 11 - o
Mucciarelli et al. 017 - - - - - - - 10 - - - g'
NGC 6838 Carretta et al2009 - - 9 14 - - - - - 14 - =
NGC 7078 Carretta et al2009 - - 7 8 - - - 12 - %
NGC 7089 Yong et al.2014) - - 6 7 7 6 7 - 7 7 7 g
NGC 7099 Carretta et al2009 - - 5 7 - - - - 17 - o
&
In the following we will thus exploit theU versusU — | Collaboration2018. TheU versusJ — | CMDs andl versusCg %
CMD and thel versusCgy, pseudo-CMD from wide-field ground- pseudo-CMDs for NGC 5286, NGC 6656, and NGC 7089 are shown r‘%
based photometry in order to increase the sample of stars forin Fig. 4. All the stars in the ground-based CMDs of NGC 1851, g
NGC 1851, NGC 5286, and NGC 7089 for which both photometry NGC 5286, NGC 6656, and NGC 7089 selected as red RGB and 3
and spectroscopy are available. Moreover, wide-field ground-basedblue RGB stars are coloured red and blue, respectively, with blue %
photometry will allow us to extend the analysis to NGC 6656 (M22), open circles and red open triangles representing stars with available @
for which no stars with spectroscopy is available in H@T field spectroscopy. §
of view. Specifically, for NGC 1851, NGC 5286, and NGC 6656 we 5
have used the photometric data collected throughUtfiter of 2
the Wide-Field Imager (WFI) at the Max Planck 2.2m telescope 3 THE CHEMICAL COMPOSITION OF ®
at La Silla as part of the SUrvey of Multiple pOpulations in GCs MULTIPLE POPULATIONS OVER THE g
(SUMO; programme 088.A-9012-A, PI. A. F. Marino). Photometry CHROMOSOME MAPS g
and astrometry of the WFI images havg been carrled.(.)ut by using Figs 5 and 6 show theA(Li), [N/Fe], [O/Fe], [Na/Fe], [Mg/Fe], N
the method described by Anderson & Kirg008. In addition, we  [Al/Fe], [Si/Fe], [K/Fe], [Ca/Fe], [Fe/H], and [Ba/Fe] abundantes &3

have used, V, | photometry from the archive maintained by P..B.  for all the stars in each cluster for which both spectroscopy and
Stetson (StetsoR000.

The CMDs of NGC 5286 and NGC 6656 are strongly contami-
nated by field stars on the same line of sight as these two clusters.ichemical abundances are expressed in the standard notation, as the loga-
In order to select a sample of probable cluster members we haverithmic ratios with respect to solar valueX/Y] = |Og(%)star— |og(pf\%)®,

used stellar proper motions fro@aia data release 2 (DR2; Gaia ko jithium, abundances are reportedidii) — |Og(%)star+ 12.

MNRAS 487, 3815-3844 (2019)
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Figure 1. Reproduction of the ChM diagrams froRaper I1Xof the 22 analysed Type | GCs. 1G and 2G stars with available spectroscopy are marked wi
large green and magenta dots, respectively. Error bars areFager 1X

photometry are available. As in the previous figures, we have used3.1 Typel GCs
green and magenta to show 1G stars and 2G stars, while red RG
stars in Type Il GCs are coloured in red. When more than five
stars are available in each group, we show the box-and-whisker

plot, and the median abundance. The boxes in this plot include the . . :
interquartile range (IQR) of the data, and the whiskers extend from these two .Ste"‘f’“ populations only. We start m_spectlng t_he boxplots
' displayed in Figsb and 6 from the lightest (Li) to heaviest (Ba)

the first quartile minus 1.5IQR to the third quartile plus 1.5IQR. elements, for 1G (green) and 2G stars (magenta).

The average abundances derived for each group of analysed stars; . " -

the corresponding dispersion (rms), and the number of stars that we Lithium abundances plotted in Figs have been corrected
' for departures from the local thermodynamic equilibrium (LTE)

hal\;etlkjlseef?)ﬁlgsvil:tev(\j/énvjiﬁtgiescuss in detail the chemical pattern assumption in the cases of NGC 362, NGC 2808, artdentauri,
observed in variogus ortions of the ChMs by discussin Tp el and while for NGC 5904 and NGC 6121 (M 4) the available abundances
P Y g 'yp have been derived in LTE. Note that Li has been analysed here only

;y([;)g !t:rgsaze%ari:)er:)gtrl:gtti?)r:hfgh?\:stzeo Sl:itrsinirl]jcli)(/aszg rr]r?r‘foﬁ(r:eforstars fainter than the RGB bump, to minimize the effects of strong
85, DY ' ymp Li depletions that occur at this luminosity. With the exception of

giant branch stars (AGBs; s@aper lllfor a detailed description of NGC 2808 andv Centauri, which will be discussed in more detail

the construction of ChM<) Our goal is to investigate the chemical in Sections 3.6 and 4, all tha(Li) abundances plotted in Figs

gceangzr:;srsgovernmg the shape and variety observed on the maps fo%re measurements, with no upper limits. No obvious difference is

seen in the box-and-whisker plot of Fi§.between theA(Li) of
1G and 2G, though very few stars are available and only in a few
20 far, a study of the AGB ChM has been performed only for NGC 2808 clusters. In the case of NGC 2808, for which we have two 1G stars

(Marino et al.2017), suggesting that the AGB of this GC does not host the and six 2G stars, the differencezfsA(L_i)ZG_le = —0.11+ 0.05,
counterpart of the most He-rich stars observed on the RGB Gt I1). an~1.5% difference, but a clearer difference can be seen when

S Ip oJusWILe

BAs discussed in Section 2.2 the ChM of Type | GCs is composed 2.
of two main sub-structures that we have named 1G and 2G. In this 2
section we investigate the difference in chemical content between

e[ 8T UO JaSN aydIWoU0dT 8Zud
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RGB stars have been represented by red triangles, while green and magenta indicate the blue RGB 1G and 2G stars, respectively. In the ChM plane ofdM 54,
field stars in the Sagittarius dwarf (Sgr) are plotted as azure crosses.Gemtauri we have plotted both the targets from Marino e8l11h big symbols)

and Johnson & Pilachowsk2Q1Q small symbols); and, in addition to blue RGB 1G and 2G stars, it is represented by a third group of blue 1G stars with mo
negativeA 275w Fs1awthat we have represented with grey crosses. The stars represented in grey crosses have not been considered in the abundance agalysi:

of Section 3, and will be analysed in Section 4. Error bars are fPaper IX

plotting Li abundances with other elements (see Section 3.6). Givenhave depleted O with respect to the 1G stars in most clusters.
the nuclearfragility of lithium, one would have expected it to be  However, the most evident differences between 1G and 2G stars
strongly depleted in 2G stars, unless stars making the material forare in the Na abundances, with the 2G having systematically higher
the formation of 2G stars were also making some fresh lithium (e.g. Na, then strengthening the notion of the ChM being an optimal
Ventura, D’Antona & Mazzitelli2002. We note however that the  tool to separate GC stellar populations with different light-element
lithium abundance in 2G stars depends also on the Li content of thechemical contents.

pristine gas, with which the material ejected from whatever polluter =~ Remarkably, the [O/Fe] distribution of 1G stars is generally
is likely diluted (D’Antona et al2012). consistent with the typical observational errors for these spectro-

Nitrogen abundances are available only for a few 1G and 2G starsscopic measurements;0.10-0.20 dex. On the other hand, when
in NGC 104 (47 Tucanae), M4, and NGC 6205, suggesting higher more measurements are available, 2G stars display wider oxygen &
N for 2G stars, as expected. In the cased@entauri we find that spreads. Some GCs might have 1G Na distributions somewhat wider £
red RGB stars span a wide range of N of more than 1 dex, and havethan expected from observational errors alone, e.g. NGC 5024 and &
on average higher N than 1G blue RGB stars, but this case will be NGC 6752, but it is difficult to make definitive conclusions given
discussed more in detail in Section 3.4. the very small number of observed 1G objects.

In the past years, sodium and oxygen abundances have been No large difference is seen between the Mg abundances of 1G and
widely used to investigate the multiple stellar populations in several 2G stars in our data set, as plotted in FgThe average Mg values
GCs (e.g. Carretta et aR009. Hence, among stars studied in of 1G and 2G stars, listed in TabR however suggest that there
the Legacy Survey of GCs, sodium and oxygen abundances areis some hint (in most cases afilo difference) for 2G stars to be
available for a relatively high number of stars in 22 and 20 Type | Mg-depleted with respect to the 1G ones. Note indeed that for many
GCs, respectively. As illustrated in Fi®, on average 2G stars  GCs considered for Mg abundances here, Mg—Al anticorrelations

T UO J3sn aydlwouod3 aZualds Ip
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Figure 3. mg3zsw versusmezzew — Meg1aw CMD of NGC 1851 fromHSTphotometry (left-hand panel). The ChM is shown in the left-hand panel inset. The <
middle and right-hand panels show tbleversusU — | CMD and| versusCgy, pseudo-CMD of NGC 1851 from ground-based photometry, respectively.
Stars for which chemical abundances &8IT photometry with ChMs are available have been plotted with filled symbols: blue dots for blue RGB stars an
red triangles for red RGB ones. Stars with available abundances in the ground-based photometry are hereafter plotted with open symbols: tlie open
and red open triangles for blue and red RGBs, respectively.
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Figure 4. U versusU — | CMD (upper panels) antlversusCgy, pseudo-CMD (bottom panels) of the Type Il GCs NGC 5286, NGC 6656 (M22), and ‘<
NGC 7089 (M2) from ground-based photometry. Red RGB stars are coloured red, while the blue points represent blue RGB stars. Spectroscopic targ@s are
represented with red open triangles (red RGB stars) and blue open circles (blue RGB stars).

have been reported in the literature (see TdleThe GCs with extended 2G on the ChM of this GC. Only one 2G star has Al
the most clear enhancement in Al in 2G stars are 47 Tucanae,measurements available ferCentauri and NGC 5904, and in both
NGC 2808, NGC 5986, NGC 6205, and NGC 6752. Stars in the 2G cases the abundance is higher than in 1G stars. A lower degree of
of NGC 2808 show a broad Al distribution, consistent with the very Al enhancement is observed for NGC 5272.

MNRAS 487, 3815-3844 (2019)
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Figure 5. Box-and-whisker plot for the chemical abundances of light elema(it§, [N/Fe], [O/Fe], [Na/Fe], [Mg/Fe], and [Al/Fe] for all the clusters N

analysed here. Stars selected as 1G and 2G from the ChMs are represented by the green and magenta filled boxes, while stars on the red RGB in Typ
are represented by the open red boxes. Each box represents the interquartile range of the distribution, with the median abundance markedblre horizon

_sﬂ@s

The whiskers include observations that fall below the first quartile minus 1.5IQR or above the third quartile plus 1.51QR. Small filled circlesgée®l tria S
represent outliers or the data for 1G/2G and red RGB stars, respectively. When less than five measurements are available for a given populat®arelata po%
represented without a box-and-whisker plot. For NGC 513 éntauri) we have plotted the targets from Marino et201(h NGC5139M11), Johnson & S
Pilachowski (NGC5139J10), and Marino et &0(2 NGC5139M12). o
e}

Q

Enhancements in silicon in 2G stars, linked to depletions in Mg together) in Fig.7, where we have marked the mean difference 5
and enrichments in Al, suggest that the temperature of the H burning value with a black dotted line. The corresponding distribution for 3
generating this pattern exceed&l~ 65K (Arnould, Goriely & Type | clusters only is represented by the black histograms. These 2
Jorissen1999, because at this temperature the reacfon(p, histograms illustrate well the chemical elements that are mostly
1)?8Si becomes dominant ov&fAl(p, «)?*Mg. The upper panel of  involved in determining the distributions of stars along the ChMs, §

Fig. 6 suggests that in most GCs there is no obvious evidence for namely N, O, and Na. Indeed, among the inspected species, thesey
Si abundance variations between 1G and 2G stars, indicating thatthree elements have the highest mean difference in the chemical [T
if present, they should be small. The exceptions are NGC 2808, abundances between 1G and 2G stars, purely selected on the ChM.S
where the 2G stars enriched in Al (Fi§).have on average a higher  Sitill, it would be important to have far more stars with measured
Si abundance, and Centauri. Possible small Si enrichmentin 2G nitrogen, as this element is expected to show the largest differences
is likely present in NGC 4833 and NGC 6752. between 1G and 2G stars and to drive much of the 1G-2G difference
From Fig.6, no remarkable difference is generally observed in in the ChMs.
the elements K, Ca, Fe, and Ba between 1G and 2G. The fact that Thus, the ChM is a very effective tool in separating stellar
the elements shown in Fi@. do not display any strong variation  populations with different light elements, as typically observed
between 1G and 2G suggests that the chemical abundances fom Milky Way GCs (Papers Il] IX, andXVI). The capability of
heavier elements are not significantly involved in shaping the ChMs ChMs to isolate stars with the typical chemical composition of
of Type | GCs. In general, we note that, as the 1G stars are typically different stellar populations in GCs is also illustrated in Fg.
a lower fraction than the 2G stars (de@per X, in mostcasesonly ~ where we plot the 1G and 2G stars on the Na—O plane. This figure
a few stars are available in this population. represents the Na—O anticorrelation for the 20 Type | GCs where
To further compare the chemical composition of the different both Na and O abundances are available on the ChMs. The grey
stellar populations, we have calculated for each element the differ- dots show the full spectroscopic samples, whereas the large green
ence between the average abundance of 2G and 1G starsZJable and magenta dots represent 1G stars and 2G stars, respectively,
The histogram distribution of such differences is represented with as identified on the ChMs. As expected, 1G stars are clustered in
grey-shaded histograms for all the clusters (Type | and Type Il the region of the Na—O plane with high oxygen and low sodium,

€20z Arenuer gT UO Jasn ayoIWwolo

MNRAS 487, 3815-3844 (2019)

GC:



Chemical tagging of stellar populations in GCs 3823

Y ‘ ‘ ‘ ‘ F— ‘ ‘ ‘ ‘ ‘ ‘ ‘ 3
06} - T -
- @ N A
—_ . e ) . - _ e R ®
2 0afo g4l - ? 6o o-A eg (e ge |8F [oo]
° ® ® & * = © @9 = L
@n o2t . ° i I A . A
— I
0.0} ° - |
0.2 L T L o) L N L vy L oy A L ) L 5 L : L - L oy L - L o) L 5
40 20 25 20 23 110 X sl o 4 VA 00 19 )
NEY Ny R NGC? NGO “GQBX?’Q 6P ngOgL NGP 1GOP NGO® e GO® et
0.6 ‘ ‘ ‘ 0.7 — ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.6} oA - ]
L @ i @ —
04 e - _ osf o T @ ' ]
@ 02} ha 1 S 04l . e | - ! e ]
e ‘entlCet|ch (5= ¥ 2 280 _a
Zop i* | gufreaighed o= i 5 P 82 [ o [0 1|o24]
== + = 02t T o= © °- A
—o2p  °F ] ol e . |
—04 Y L L 0.0 L L L L A L L
' o4 %2 09 o2 By a0 & A0 912 03 15 02
NGOV }‘006" 1ae®® RO GO (e GQA% 050“ 6@95?‘605% X{G(;s‘z X{GGE,Q 060 006" GOG‘L “Gce;l G OqQ
—0.5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 = A A
10} p ~ T + i
— el CR ‘ ® @ ‘ - ! 1
E o O o= P
o L15F (=L E O @ q 1
= -H| 8 -4 LR
= . 7 =mr| o=
—2.0F ) ©% h () |
ii Q= ?i’ o~ 1
_as ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
[\ 30 62 By 0% 0 90 3 24 Ay 10 12 36 i 20
“GOX ’SGO‘L ﬂGO?’ ﬂGCYa “GG%% }XGCB‘L ﬁGC'A‘b gGCA‘% “GCE’Q O Gg,x’ng‘ GGE,X?’QS ﬁGGE"L ﬂGcg’?‘ gGCBg “(3059
—0.5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
=
’_‘71.0 r e =] ii é A R
E —15}F [ _ e ~ 4
o) = e < ® e
20} - |=a (07 o= 1
sl ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . |le= L
' 03 2 ) B 62 ot 25 \6 ) %) 2% 18 ) )
B R I AR LN LA L L I AN
1.0} - A A -
o 05h ) ® e 4 . . o . e 4 1
% o4 @ - S ® e - o 8 c - _ A
Mool & 8 ° o i = @ -;— e ® ? é © ® o & |
—05p @ - g e |
-]
3% 125 483° 502* JNess 5212 5280 609 2 108°
NG RCS RCS NES e we© NGO ned na® RCS

Figure6. Same as Figb for elements Si, K, Ca, Fe, and Ba.

Table 2. For each element and GC, we provide the average abundance for 1G stars, 2G stars, and blue RGB and red RGB stars. The corresponding
the number of used stars are also listed. The complete table is available online.

1G 2G Blue RGB Red RGB
A(Li)

NGC 362 0.91 - 1 1.04 0.06 3 1.00 0.08 4 0.80 - 1
NGC 2808 1.18 0.03 2 1.07 0.09 6 1.10 0.09 8 - - -
NGC 5904 0.99 0.07 4 0.82 - 1 0.96 0.10 5 - - -
NGC 5139 0.75 0.24 3 0.77 0.15 10 0.76 0.17 13 0.69 020 28
NGC 6121 1.29 0.07 4 131 0.07 4 1.30 0.06 8 - - -
[N/Fe]

NGC 104 0.94 0.05 2 112 0.03 5 1.07 0.10 7 - - -
NGC 5139 (M+ 12) 0.30 0.10 3 - - - 0.30 0.10 3 1.00 055 13
NGC 6121 0.93 0.15 3 1.25 0.18 5 1.13 0.23 8 - - -

Note M + 12 is Marino et al.2012; M + 11 is Marino et al. 20110; J+ 10 is Johnson & Pilachowsk2010

MNRAS 487, 3815-3844 (2019)
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Figure 7. Distribution of the average abundance difference between 2G and 1G stars for all the analysed clusters (grey-shaded histogram) and for the el
GCs only (black histogram). No difference is indicated by the black dashed line. Red histograms correspond to the distribution of the average abun
difference between red RGB and blue RGB stars in Type Il GCs. The dotted black vertical line and the continuous red line indicate the mean ofdée differ
distributions between 2G and 1G stars and red RGB and blue RGB stars, respectively. To better visualize the different sizes of variationscfoerdisahct

species, the range on theaxis has been kept the same for all the elements.

B

n

/8e

while 2G stars have, on average, lower oxygen and higher sodiumdifferences from 1G in the ChMs. Indeed, the sodium abundance
abundance. itself does not directly affect any of fluxes in the passbands used to
The role of each element in separating stars along the construct the maps, which instead are affected by nitrogen coming
Ar27swrsiaw and Acrazswrsssw.razsw aXis of the ChMs has from the destruction of carbon and oxygen. So, there must be N—
been investigated by exploring possible correlations between Na correlations and an N-O anticorrelation, but given the sparse
the stellar abundance and the pseudo-colaNgsysw rsiaw and determinations of N, they remain to be adequately documented
Ac r275w F336w,Fassw FOr each combination of element and pseudo- by spectroscopic observations for large samples of stars in each
colour we have determined the statistical correlation between the population observed in different GCs.
two quantities by using the Spearman rank correlation coefficient,
r. The corresponding uncertainty has been estimated as in Milone
et al. 014 by means of bootstrapping statistics. To do this we 32 A universal chromosome map and relation with chemical
have generated 1,00 equal-sized resamples of the original data seipundances
by randomly sampling with replacement from the observed data set. . i .
For eachith resample, we have determingdand considered the In this section we analyse the ChMs and chemical abundances of
68.27th percentile of the measurementss() as indicative of the 1G and 2G stars, and try to envisage general patterns (if present) in
robustness of. the variegate zoo of ChMs that can be valid for all the GCs. To this
In Table3 we provide the derived values for the entire sample ~ iM we examine here both Type I and Type Il GCs, but for the latter
of analysed stars and for the individual groups of 1G and 2G We consideronly 1G and 2G stars (i.e. only the blue RGB).
stars. These groups have been analysed separately only when 1N€ArzzswrgiawaNdAcrzrswrasswrassuidth of the ChM dra-
both photometry and spectroscopy are available for five stars or matically changes from one cluster to another and mainly correlates
more. An inspection of the results listed in Tal8esuggests with the cluster metallicity. In particular, low-mass GCs define a
that there is no straightforward correlation for any element with Narrow correlation between the ChM width and [Fe/H] (e.g. figs 20
Arz7swirsiaw and Ac rarswirssewrassith the exception of Na. ar_1d 21 fromPaper I_X}. This .ob_ser_vatlor?al evu_jence is consistent
Fig. 9 reveals that in most clusters there is a strong correla- with _the fact that a fixed variation in helium, nitrogen, ar_ld_oxygen
tion between [Na/Fe] and\c ro7swrasswrazswas confirmed by — Provides smallemezzsw — Megiaw @ndCrazsw,razsw Fassuvariations
the Spearman correlation coefficients listed in TaBleAmong in metal-poor GCs than in the metal-rich ones. As an example, in
the clusters with the clearest Nac rz7swrssew rassucorrelations, the Ieft-h_and panel of Figl2we compare the Cth_ of NGC 6397
NGC 2808, NGC 5904, NGC 6205, and NGC 6752 exhibit a signif- (3Zure diamonds) and NGC 6838 (gray dots), which are two low-
icant [Na/Fe]-A 75w rs1ananticorrelation with 2G stars spanninga Mmass GCs with metallicities [Fe/R} —2.02 and [Fe/H}= —0.78
wide range of Na. Oxygen anticorrelates Witk 275w, Fasew Fassw (I_—Iarns 1996, 2010 version). While both clusters eXthI_t a quite
and correlates With gp7sw egrawin most GCs (see FigkDand11). simple ChM, theArz7sw re1awaNd Ac ra7sw Fazew,Fassuextension of
Clusters with extended ChMs, and larger internal variations in He, Stars in NGC 6838 is significantly wider than that of NGC 6397.

e.g. NGC 2808, show the most significant trends between the Chm N @n attempt to compare the ChMs of GCs with different
and O abundances. metallicities we defined for each cluster the quantities

£20g Atenuer gT UO 1asn ayIWOU0IT 3ZudIdS Ip ojudwilediq eds10IqIg Ag GZ6.6VS/ST8E/S/.8Y/BIIE

Although sodium is the element that best correlates with the

A _ AlGO
ChM pattern, this does not mean that Na is the driver of 2G Srorswrsiaw = — e oHW — ZF275WFa14W
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@
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Figure 8. [Na/Fe] versus [O/Fe] for 20 Type | clusters for which both sodium and oxygen abundances are available from the literature. 1G and 2G stapgare
represented with large green and magenta dots, respectively. The entire sample with spectroscopic abundances is represented with grejcdbesrdihe typ 2
bars are taken from the reference papers listed in Thble

Table 3. For each cluster we provide the Spearman rank correlation coefficient between the abundance of the various elementsyaggaw (r1), and

between the abundance afdr275wF33swrassw, (F2). We have considered four groups, including all stars, blue RGB stars, 1G stars, and 2G stars. We prov

the number of used staksfor each group. The complete table is available online.

ID All Blue RGB 1G 2G

N rl r2 N rl r2 N rl r2 N rl r2
A(Li)
NGC 362 5 —050+ 040 —0.40+ 050 4 - - 1 - - 3 - —
NGC 2808 8 0.79t 0.17 —-0.794+ 0.14 8 0.79+ 0.17 -0.79+ 014 2 - - 6 074017 -0.77+0.23
NGC 5139 42 —0.15+ 0.15 —0.34+ 0.16 13 0.54+ 0.21 -054+030 3 - - 10 0.66:-0.15 -0.84+ 0.12
NGC 5904 5 0.90+ 0.10 —0.90+ 0.20 5 0.90+ 0.10 -090+ 020 4 - - 1 — -
NGC6121 8 0.29+ 0.38 0.33+ 0.31 8 0.29+ 0.38 033029 4 - - 4 — -
[N/Fe]
NGC 104 7 —0.36+ 0.39 0.93+ 0.11 7 —-0.36+ 0.39 093+ 011 2 - - 5 0.00+ 0.60 0.90+ 0.20
NGC5139 (M+ 12) 16 0.53+ 0.20 0.72+ 0.10 3 - — 3 - - 0 - —
NGC6121 8 —0.36+ 0.38 0.794+ 0.19 8 —-0.36+ 0.38 0.79+ 0.17 3 - - 5 0.20+ 0.70 0.40+ 0.60

NotesM + 12 is Marino et al.2012; M + 11 is Marino et al. 2011hH; J+ 10 is Johnson & Pilachowsk2010

MNRAS 487, 3815-3844 (2019)
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WhereAF275W |:814WG 0j is the median value QﬁF275W |:814wf0r 1G
starsand1=0.14x [Fe/H]+ 0.44 is the straight line that provides
the best fit of GCs witlvly > —7.3 in theA 75w rs1awversus [Fe/H]

with [Fe/H] < —0.6 is plotted in panel (a), where we also show the
8¢ r275w,F336w,F43swand S 275w rs1awhistogram distributions for all
the analysed stars. The Hess diagram plotted in panel (b) is derived ¥ )

Ip oluawiedR] ©oa101q1g AQ S26/61S/STEE/S/.8/31oNIe/Seluw/wod dno dlwapede//:sdny wol) papeojumod

plane, and in such a way that the stars of each GC have been normalized to the :,'
160 total number of stars in that cluster.
SCE275WFI36WE438W= ACF275W,F336W,F438W_ACF275W,F336W,F438W’ These universal maps are useful tools to investigate the global
i i D2 properties of the multiple stellar population phenomenon in GCs.
(2 Noticeably:
where  Acrarswrasswrase™® i the median value of overdensities observed the

ACF275W'|:336W'|:433Wof 1G stars andD2 = 0.03 x [Fe/H]2 +
0.21 x [Fe/H] + 0.43 is the square linear function that provides
the best fit of GCs Wltm/lv > —7.31in theCF275W'F336W'F438V\)/erSUS

[Fe/H] plane.

The resulting ¢ r275w, F3ssw,F43sw VEISUS Sra7sw,re1aw Plot Of
NGC 6397 and NGC 6838 RGB stars is shown in the right-hand
panel of Fig.12 and reveals that thesermalizedChMs almost

overlap each other. This fact suggests that the dependence on

metallicity of the classical ChM is significantly reduced in this

plane.

Now that the metallicity dependence has been reduced, we
can compare the ChMs for all the clusters in our sample on
the k275w rs1aw-d ¢ F275W,F336w Fa3swPlane, and obtain an universal
ChM. The result of this comparison is shown in Fit3. The
8¢ F275W,F336W,F438WVEISUSS 275w, Fe1aw Hess diagram for all GCs

MNRAS 487, 3815-3844 (2019)

(i) two  major
8¢ F275W,F336wW,Fa38w F275w,Fe1awplane.

(i) a clear separation between 1G and 2G stars exists that
corresponds téc ra7sw,rF3ssw,Fazew™ 0.25.

(iii) as expected the first overdensity corresponds to the 1G
population, which appears to occupy a relatively narrow range in
Sc F275W,F336W, F43nghe extension iﬁF275W |:814wi5 Iarger, but most
stars are located withir 0.3 < §ra75w rs1awS +0.3.

(iv) the bulk of 2G stars are clustered aroWd7sw F3zew,Fassw

~ 0.9 with a poorly populated tail of stars extended towards larger
values ofsc F275W,F335W’F43nghiS suggests that even if the ChMs
are variegated, the dominant 2G stars in GCs have similar properties.

are on

€20z Arenuer gT U0 Jasn aydIWouod] 8z

The universal ChM allows us to investigate the global variations
in light elements in the overall sample of analysed GCs, in the
Sr275wW,F1aw-dC F275w F3sew,Fasswplane. Panels (c1)—(c4) of Fig3
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<
@©
representc ra7sw Fassw, Fa3sw@S @ function of the O, Na, Mg, and et al. Q006 showing that these stars have the same composition %
Al abundance ratios relative to the average abundances of 1Gof halo field stars with similar metallicities. Unfortunately, no )
stars. We find significant correlation witfjAl/Fe] and s[Na/Fe]. spectroscopic measurements are available for sub-population Ag
The 8¢ ra7sw rassw Fazswd[Na/Fe] relation is well reproduced by  stars. A comparison of the appropriate synthetic spectra and thez
the straight linedc ra7sw razew,Fassw= 1.72 x S[Na/Fe] + 0.18 observed colours then revealed that population B is consistentg_

that is obtained by the least-squares fit. The tight relation and with having a helium abundance0.03 higher in mass fraction
the high value of the Spearman rank correlation coefficient ( with respect to population-A star®gper 1l1). Alternatively, the
+0.73) suggest that such a relation could be exploited for empirical 1G spread inAgz7sw rs1awmay be ascribed to population-A stars
determination of the relative sodium abundance in GCs. We also find being enhanced in [Fe/H] and [O/Fe] by0.1 dex with respect to
significant anticorrelations betwe&gr7sw F3sew Fassvands[O/Fe] population-B stars (Paper Ill and D’Antona et2016), but having
and §[Mg/Fe]. In the latter case, we note that only stars with the same helium abundance.

Scrarsw rassw,rassws, 0.8 exhibit magnesium variations, meaning The wide spread ith275w,rs1aw@mong Type | clusters was fully
that Mg-depleted stars are located in more extreme regions of documented iPaper IX measuring the full\ rp7sw rg1awwidth WAC

[ 8T UO Jasn aydiwouod3 |Zualds Ip Ousw

ChMs. for all the programme clusters and showing that it mildly correlates
Panels (d1)-(d4) show the relation betwe®ka;swrsiaw and with the cluster mass, and can reach up @3 mag in some clusters

8[O/Fe], s[Na/Fe], s[Mg/Fe], ands[Al/Fe]. In these cases the sig-  while being negligibly small in others. Moreover, the 1G wibhf®

nificance of the correlations is lower than By 275w Fazew,FazswaS mildly correlates with the 2G width?® as well, and in several cases

indicated by the Spearman rank correlation coefficients quoted in theit even exceeds it.

figure. Interestingly, the 1G stars with extremely 18pg75w Fs1aw The discovery that even 1G stars do not represent a chemically

values share the same chemical abundances of [O/Fe], [Na/Fe],homogeneous population has further complicated, if possible, theg
[Mg/Fe] and [Al/Fe] of the bulk of 1G stars. This suggests thatif a already puzzling phenomenon of multiple stellar populations in
variation in He is present among 1G stars, it would not be coupled GCs. The helium abundance differences among both 1G and
with variations in the other light elements. 2G stars has then been thoroughly investigatedPaper XV|
where it was shown that, if the 1G width is entirely due to a
helium spread then the helium variations among 1G stars change
dramatically from one cluster to another, ranging frévi® ~
Already in Paper Illit was shown that 1G stars in NGC2808 0 to ~0.12, with an average<sY'® > ~ 0.05. However, we
exhibit a spread iM ra7swrsrawWith two major clumps that we have been unable to find a process that would enrich material
have named A and B. The chemical composition of the sub- in helium without a concomitant production of nitrogen at the
population B is constrained by the abundances derived by Carrettaexpense of carbon and oxygen (Pap#fl ). Thus, the alternative

€20z Are

3.3 Search for intrinsic abundance variations among 1G stars

MNRAS 487, 3815-3844 (2019)
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option of a metallicity spread among 1G stars is still on the Therefore, the Spearman rank correlation coefficients between these
table. quantities listed in Tabl® may provide further insights into the

We note that the presence of a spread in iron or oxygen or any origin of the 1G spread. However, from Tal8ewe do not find
other chemical species among 1G stars would resultin a positive cor-strong evidence for a positive correlation betwegn;sw rs1awand
relation betweemr r,75w rs14w@nd the abundance of these elements. any element abundance in the analysed GCs, with a few exceptions.

MNRAS 487, 3815-3844 (2019)
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Figure 13. Panels a, bHess diagrams of the universal ChM for all the analysed GCs with [Fe/H]0.6. The colour is indicative of the density of all

the stars (panel a) and the stars normalized to the total number of stars in the parent cluster (pan&lda75We 33w, Fa3swand 275w Fs1awhistogram
distributions for all the analysed stars are shown as side plots of panPh@ls c1-c4dc r275w,F336w,Faszswwersus the abundance ratios [O/Fe], [Na/Fe],
[Mg/Fe], and [Al/Fe] relative to the average abundances of 1G fRarels d1-d4the abundance ratios [O/Fe], [Na/Fe], [Mg/Fe], and [Al/Fe] relative to the
average abundances of 1G stars as a functiafrgbw,rs1aw In all the panels with chemical abundances, 1G and 2G stars, as selected from the ChMs in
Paper IX are represented in green and magenta, respectively. For each element plot, we report the Spearman correlatiorr cogffesien{c2) we plot the
least-square fit with data (see Section 3.2 for details).
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In Fig. 14 we show the [Fe/H] and [Na/Fe] abundances as a implying that, similarly to the blue RGB, it hosts both 1G and
function of Arz7sw rs1awfor the clusters for which data for at least  2G stars.
seven stars are available. They7sw rs1aw-[Fe/H] plots suggest that From the ChMs presented iRaper IX as well as here from
there is no significant correlation in five out of the seven clusters. Fig.2, one can see that among Type Il GCs the red RGB/blue RGB
Only in the case of NGC 3201 and NGC 6254 do we have positive number ratio varies considerably from cluster to cluster, whereas
and significant correlations ¢ 0.8). The fact that NGC 3201 and  for most GCs the 2G stars (with high&¢& 275w Fazew Fazswalues)
NGC 6254 also exhibit a very extended sequence of 1G makes itare the dominating stellar component in the red RGB. This sets an
tempting to speculate that small internal iron variations among the important constraint when trying to imagine the sequence of events
1G stars in these clusters may be responsible for the 1G spread irthat led to the two distinct (blue and red) populations in these
Ar27sw,rs1aw We note here that for NGC 3201 the presence of an special clusters. We now pass to discussing the chemical tagging of
intrinsic metallicity spread has been proposed by Simmerer et al. the various sub-populations of this group of clusters as identified
(2013 see also Kravtsov et a2017. However, Mucciarelli et al. on their ChMs.
(2015 found that the RGB sample analysed in this GC does not  As shown in Fig6, lithium for red RGB stars is available only for
show any evidence for intrinsic variations in Fe. An investigation of one star in NGC 362 and 28 starsdnCentauri. Keeping in mind
the connection between a possible Fe variation and the 1G extensiorthat our sample includes only one star, we note that the red RG
iN Agz7sw rs14wiS Still undergoing. star in NGC 362 has lower Li than blue RGBs. Red RGB stars see
The lack of a significant trend in the other GCs suggests that iron to have on average slightly lower Li alsodnCentauri, which will
variations, if present, are smaller and not detectable, which might be discussed in more detail in Sections 3.6 and 4.3.
also be due to the smaller rangeAR,7sw,rs1an(exploredy in these Among Type Il GCs, N abundances are available onthe ChMonly <
clusters. Still, the small number of analysed 1G stars prevents usfor three blue RGB 1G stars and 13 red RGB stars iGentauri.
from any definitive conclusion even in the more promising cases of Fig.5 shows that the [N/Fe] abundances distribution in the red RGB
NGC 3201 and NGC 6254. Itis also worth noting that small spurious stars spans more than one dex, in agreement with the presence o
metallicity variations can be actually due to systematic errors in the a strong C—N anticorrelation among the stars in this cluster (e.g.
determination of the stellar effective temperature. Indeed Carretta Marino et al.2012).
et al. Q009 have determined the effective temperature by assuming The same figure shows also that@nCentauri and NGC 6715
that all the stars have the same helium and metallicity, and projecting (the Type Il GCs with abundances available for a larger number
their stars on one single fiducial, which may not be realistic for such of stars) the red RGB stars have larger variations in O, and extend

w
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large variations im\ gz7sw, rg1aw to higher Na abundances compared to blue RGB stars, although
Remarkably, the lack of any significant correlation between for a small number of stars these features are observed also in
Ar27swrsiaw and Na abundances (right-hand panels in Rig. the other Type Il GCs plotted in Fid. If the large spreads in O

and Cabrera-Ziri, Lardo & Mucciarel2019 suggests that light- and Na among red RGB stars are consistent with the presence of
element abundances, likely including C, N, and O, can be ruled internal anticorrelations in this stellar group (e.g. Marino 2609
out as being responsible for the high spread in 1G stars observed2011h Johnson & Pilachowsk010, it is noteworthy that there is
in some GCs. We conclude this section by emphasizing the needa tendency of red RGBs to have higher mean Na than blue RGBs.
to further investigate this phenomenon with chemical abundancesIn our sample we do not detect any significant difference in either
obtained from high-resolution spectroscopy for many more stars Mg or Al between blue and red RGB stars. We note however that
than done so far. Yong et al. 014 find a small increase in these elements in red
RGB stars in M2.

From Fig.6, the typicala elements Si and, to a lesser degree,

34 Typell GCs Ca appear to increase going from the blue to the red RGB stars in

In addition to the 1G and 2G observed in Type | GCs, the ChMs « Centauri. This trend is seen for Siin M2 and Ca in M 54.

of Type Il clusters display stellar populations extending on redder ~ Perhaps most importantly, differences are observed in the iron

colours, and distributing on a distinct red RGB on tfgzew versus abundance between blue and red RGB stars, no matter whether

Messew — Megraw OF U versus U — 1) CMDs (Sections 2.2 and belonging to the respective 1G or 2G. dnCentauri, NGC 5286,

2.3). On the chemical side, the presence of stellar populations withM 54 and M2 red RGB stars have higher [Fe/H], as already

different metallicities and contents afprocess elements is the —documented in the literature (e.g. Carretta e2@lL0a Yong et al.

main distinctive features of the ‘anomalous’ GCs as were defined 2014 Marino et al.2015. Higher Ba abundances characterize the

in Marino et al. 015 from pure chemical abundance evidence. red RGB stars of all the Type Il GCs in our sample. These results

The fact that all the Type Il GCs analysed spectroscopically exhibit indicate that stars chemically enriched in metallicity (Fe) and

star-to-star variations in heavy elements suggested that the clasrocess elements have a specific location on the ChMs, which is on

of Type Il GCs, identified from photometry, corresponds to the redderArzswrs1awlG and 2G sequences shown in Fid.

‘anomalous’ GCs previous|y identified from Spectroscopy Slmllarly to what has been done for 1G and 2G components [N

In this section we explore the chemical abundance—ChMs con- of Type | clusters (see Section 3.1), we have calculated for each 2

nections for all the stellar populations observed in Type Il GCs: element the difference between the average abundance of the f9d<

the 1G and 2G components of the blue RGB, corresponding to

those discussed in Section 3.1 for Type | GCs, and the red RGB

populations. The ChMs in Fi@ immediately suggest that the red 4By analysing four stars in the Type Il GC NGC 6934, Marino et2018

RGB component includes stars at differeft ra7swrasew rasew find no evidence for chemical enrichment in taelements among red
RGB stars, which resulted instead in being enriched in Fe. Given the
small sample size and the fact that the red RGBs analysed are only at

3As an example in NGC 2808 the full range Mr275w,g1awfor 1G stars low Ac 275w F336w,Fazsw the authors did not excludeprocess element

has not been properly analysed in terms of chemical abundances. enrichment among other red RGB stars in this cluster.
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Figure 14. [Fe/H] (left-hand panels) and Na abundances relative to Fe (right-hand panels) as a funétionsofrs1awfor the 1G stars. Only the GCs for
which at least seven stars are available on the 1G region of the ChMs have been considered. In each panel, we report the Spearman correlatidheoeffic
typical error bars for Na and Fe are taken from the reference papers listed inlT&ter bars forAgz7sw rg1aware fromPaper IX
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RGB and blue RGB stars (lumping together the corresponding 1G respectively. Similarly to blue RGB stars, red RGB ones exhibit
and 2G) and we have plotted the distribution of such differences their own Na—O anticorrelation.

in Fig. 7 by using red-shaded histograms. The corresponding mean For completeness, together with the Type II GC M54
differences are marked with red vertical lines. From these results, (NGC 6715), we show in Figl6 the stars belonging to the
we see that blue and red RGB stars’ abundance differences in Type lISagittarius dwarf galaxy (the likely host of M 54), as identified by
GCs are dominated by Fe and Baglements) variations. Carretta et al.Z010g from their position on the CMD. While most

The sodium abundances are nicely correlated with of these stars are clustered around ([O/Fe];[Na/Fe)-0.1,—0.2)

Ac ra75w F33ew,FassWfOr both blue and red RGB stars, as displayed we note a few stars with higher sodium and, possibly, lower oxygen @
in Fig. 15, just like in Type | GCs (see Fi@). The red RGB stars may be present. However, there is no strong evidence for the 2

o
show their own internal range iAcr27sw,F3zsw,Fazsw as well as Sagittarius stars exhibiting the 1G/2G dichotomy that is ubiquitous i
in Na, and tend to overlap with the blue RGB 2G stars in these among GCs. Unfortunately the available data do not allow us to °

plots. Data plotted in Figl5for NGC 362, NGC 1851, NGC 5286,  decide whether the few stars with high [Na/Fe] values are either S
NGC 7089, and NGC 6715 suggest indeed that the red RGB starscontaminants from NGC 6715 stars, or spectroscopic errors, or if a§
are shifted towards both slightly highA&t r275w F3sew Faszswand Na smallfraction of Na-rich (2G-like) stars are also presentin this dwarf
values than blue RGB ones. galaxy.

Sodium abundances are plotted against oxygen abundances in The Na—O anticorrelation of RGB starsdnCentauri is shown
Fig. 16. Blue and red RGB stars do not appear to segregate from in the lower panels of Figl6 (Marino et al.2011h left-hand panel
each other in these plots, emphasizing that these elements are noand Johnson & Pilachowsk01Q right-hand panel). Similar to
responsible for the splitting of the ChMs of these clusters. As a Type | GCs, blue RGB 1G stars have high O and low Na abundance
general trend, 1G and 2G stars (no matter whether blue or red) areand 2G stars are enhanced in Na and depleted in O; and, similarly
located on the Na-poor/O-rich and on the Na-rich/O-poor regions, to the other Typell GCs, red RGB stars define their own Na—-O

<
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w
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Figure 15. Sodium abundance as a function® r275w,razsw,Fazswfor a sample of Type Il clusters. Blue RGB 1G and 2G stars are represented with green®
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error bars for Na are taken from the reference papers listed in Talblee error bars fo ¢ 275w, F33sw,Fazsware fromPaper IX
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Figure16. [Na/Fe]versus [O/Fe]for six Type Il clusters with available abundances. The symbols are the same d$jwitlgaqua crosses in the NGC 6715
(M 54) panel indicating stars of the Sagittarius dwarf galaxy. The typical error bars for O and Na are taken from the reference papers listéd in Table

anticorrelation. Furthermore, as previously noted, it appearsthatred The majority of Type Il GCs that have been properly stud-
RGB stars have, on average, slightly higher Na abundance than bluged spectroscopically exhibit internal metallicity variations, with
RGB stars. Data are consistent with an Na—O anticorrelation for red NGC 362 and NGC 1851 being possible exceptions (Villanova,
RGB stars largely overlapping with that of blue RGB stars, slightly Geisler & Piotto201Q Carretta et al2013. Iron abundance has
extended towards higher Na, a pattern that can be recognized alsdeen investigated in 29 clusters studie®apers andiX, including
in some upper panels of Fi@6. The extreme ChM of this cluster
displays the presence of well-extended red streams, which will be stars identified by using ground-based photometry in four Type Il
discussed in further detail in Section 4.
For NGC 1851, NGC 5286, and NGC 6656 we took advantage available spectroscopy and ChM photometry. We find that red RGB
of ground-based photometry (Section 2.3) to increase our samplestars are significantly enhanced in iron with respect to the remaining
of blue and red RGB stars from the CMDs of Figand plotted
them in Fig.17. The figure confirms that blue and red RGB stars
follow basically the same Na—O anticorrelation, with a slight pre-
dominance of low O and high Na in red RGB stars, in particular in
NGC 1851.

MNRAS 487, 3815-3844 (2019)

seven Type Il GCs. [Fe/H] is also available for blue and red RGB

GCs including NGC 6656 for which there are no stars with jointly

RGB stars in most Type Il GCs and the average iron difference
ranges from~0.15 dex for NGC 5286 to-1 dex forw Centauri. In
NGC 362 and NGC 1851 there appears to be no appreciable iron
difference between red and blue RGB stars. However, we note that
the absence of a significant difference between the [Fe/H] of red and
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Figure 17. An expanded view of the [Na/Fe] versus [O/Fe] anticorrelation for the clusters NGC 1851, NGC 5286, and NGC 6656 (M22) with blue RGB and
red RGB stars, from ground-based photometry, being shown as light-blue circles and red triangles, respectively. The typical error bars for ©takdriNa ar

from the reference papers listed in Tathland from Marino et al.Z009 20113 for M22.

blue RGB stars in NGC 1851 (found here and by Lardo e2@12 shown in Fig.19 for My and the chemical species for which data
appears to be at odds with the Gratton et201Q) finding that the exist for more than five clusters (both Type | and Type II).

faint SGB stars of this cluster are more metal-rich than those onthe To investigate possible correlations that might be present for
bright SGB. Clearly, whether a small metallicity difference existsin Type Il GCs, we have derived the average metallicity difference
this cluster (and in NGC 362) between the blue and red RGB stars A([Fe/H]) = ([Fe/H] edras)— ([F€/H]bierce) between blue and

is yet to be firmly established. red RGB stars in each cluster. Again, this quantity does not

As barium is the most commonly studisgprocess element in  distinguish between 1G and 2G stars, but lumps together, separately;
GCs, it has been taken as representative of this group of chemicalall blue and red RGB stars. This selection is blind towards the
species. Red RGB stars are significantly enhanced in Ba with respectvarious stellar populations with different Fe that could be present
to blue RGB stars. This is illustrated in Fi@8, where we plot on distinct red RGBs. As an example, at leastirtCentauri and
[Ba/Fe] as a function of [Fe/H] for six Type Il GCs. These results NGC 7089 there is more than one stellar population with enhanced 3
confirm that stars enhanced in both iron and barium populate the Fe, defining different red RGB sequences. This translates into @
red RGB of NGC 6656 and NGC 5286 (Marino et2009 2011a larger statistical errors associated with th@Fe/H]) of those GCs.
2015. Moreover, Fig18shows that stars of NGC 5286, NGC 6656, Furthermore, ourA([Fe/H]) values hide the real range in Fe in
NGC 7089, andv Centauri follow similar patterns in the [Ba/Fe]  Type Il GCs, and can be observationally biased, depending on howz
versus [Fe/H] plane as early suggested by Da Costa & Marino many stars are available in each population with different Fe (see %
(2011 and Marino 2017 for the NGC 6656« Centauri pair. Table2).

The connection between iron aggrocess elements seems more Having in mind all these possible shortcomings, we plot in
controversial for NGC 1851. Similarly, NGC 362 apparently does Fig. 20 the A([Fe/H]) as a function ofMy. Interestingly, there
not follow the [Ba/Fe] versus [Fe/H] trend observed in other Type Il is quite a strong correlation, with Spearman’s coefficiest 0.9.
GCs. If confirmed, this relation would imply that more massive Type Il

The evidence presented in this section definitively demonstrates GCs have been able to retain some material ejected by supernovag,
that Type Il GCs identified from photometry correspond to the and formed stellar populations with enhanced Fe abundances. The;)'
class of ‘anomalous’ GCs that were spectroscopically identified obvious caveat is that the samples of measured stars in each clusteg
(Marino et al.2009 2015. The evidence that the blue and red RGB are rather small. For example, if we add to the current sample &
correspond to stars with different abundances of heavy elements iSNGC 6934 (Marino et aR018, which has not been included inthis [
consistent with previous findings that teeich ands-poor stars in study because only four stars have been observed spectroscopicall@
‘anomalous’ GCs host stars with different light-element abundances we get a point at\([Fe/H]) = 0.20 dex andVly = —7.45, virtually
(Marino et al.2009 20114 2015 Carretta et al2010h Yong et al. wiping out the correlation. Of course, the presiitof this cluster
20149. gives just an estimate of its current mass, which could be very

All in all, these facts demonstrate that ChMs offer an efficient different from the mass at birth.
tool to identify GCs with intrinsic heavy-element variations.
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3.5 Relationswith the parameters of the host GC 3.6 Lithium

Having measured the mean chemical abundances for 1G andAlthough Li can provide important constraints to the formation
2G stars as identified on the ChMs, we have investigated their mechanisms of multiple stellar populations in GCs, as it is easily
relations with GCs’ metallicity and absolute magnitull. To destroyed by proton capture in stellar environments, its observed
this aim, we derived the Spearman correlation coefficient between abundance depends on the interplay between several mechanisms
the average difference in chemical abundances between 2G andhat can decrease the internal and surface Li content of low-mass
1G ((abundancgs) — (abundances)) and the cluster [Fe/H] and  stars at different phases of their evolution. A drop in the surface Li
luminosity My, a proxy for the cluster mass). The results indicate abundance is observed in the sub-giant branch, as a consequence of
that no strong correlation exists either with [Fe/H] or witly, as the Li dilution due to the first dredge-up, and at the luminosity of
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Figure 18. [Ba/Fe] as a function of iron abundance for Type Il GCs. Symbols are as il&igor NGC 1851, NGC 5286, NGC 6656, and NGC 7089 blue
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shown at the top of the figure. The typical error bars for Fe and Ba are taken from the reference papers listed iantafstan Marino et al.Z009 20113
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Figure19. Abundance differences relative to Eundances) — (abundances) (and relative to H in the case of Fe) between 2G and 1G stars (from Zgble

as a function of the absolute magnitude. Error bars are the square root sum of the statistical errors associated with the average vajués\rmi), with

N the number of measurements) of 1G and 2G stars; when only one measurement is available, the statistical error has been assumed equal to 0.20dex. Th
dashed black line indicates no difference. For comparison purposes, dahedy-axes have the same size in all the panels. Each panel reports the Spearman
correlation coefficient.
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Figure 20. Differences in [Fe/H] between red and blue RGB stars as a function of the absolute magnitude for Type Il GCs. The differences obtained @0m
the ChM selection are represented as grey filled circles; for NGC 5286, NGC 1851, and NGC 6656 (M 22) we plot the Fe differences between the red an& blue
RGBs as selected from the ground-based (GB) CMDs described in Section 2.3 (star-like symbols). Error bars are the square root sum of thamlstistical@r
associated with the average values (fgf6V — 1), with N the number of measurements) of blue and red RGB stars. The dashed grey line is the best fit with

the results obtained from the ChM selection (grey dots), plus NGC 6656.
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Figure21. Upper left-hand panekeproduction of the ChM of NGC 2808 froRaper IX Spectroscopic targets studied by D’'Orazi et 2015 and Carretta
(2014 of the populations B, C, D, and E definedRaper Illhave been marked with large orange, yellow, cyan, and blue dots and crosses, respectively. These
colours have been used consistently in the other panels of this figipper right-hand panelA(Li) versus [Al/Fe] from D’Orazi et al.Z015. Lower left-hand

panel A(Li) and [Al/Fe] as a function ofA¢ r275w,F336w,Fa3swWhile in the lower right-hand panel we plot the average lithium abundance as a function of the
average relative helium content of populations B-E.
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the RGB bump (Lind et aR009 when thermohaline mixing occurs  as red triangles. The Li abundance distribution for the three stellar

(Charbonnel & Zahr2007). groups (lower right-hand panel) suggests a wide range for 2G stars.
Allthe stars discussed in this section are RGBs less luminous thanTwo out of three 1G stars have among the highest Li in the sample,

the RGB bump, such that their abundances have not been affectedvhile the other one, which has the highesg k275w r3zsw Fazsw

by the strong drop due to the occurrence of thermohaline mixing. and lowestAgy7swrsiaw @mong 1G stars, has low LA(LI) <

However, the Li content observed in these stars is depleted with 0.5). Lithium for 2G stars decreases wit\y,75w Fs1awand with

)
respect to their primordial abundances. increasing Ac k275w Fasew,Fassw however, Li has been measured g

The Li abundance in the five clusters with measurements rangesfor all the 2G stars in our sample, suggesting that this element =
from A(Li) ~0.4 to ~1.4 (see Fig.5), with no obvious dif- is detected even in the stellar atmospheres of stars with the highestf%’

ferences between 1G and 2G stars. This compares to a typicalAc r27sw rasew Fazsw(See the bottom left-hand and upper right-hand
value of ~1 for RGB stars having experienced the full first panels).
dredge-up but not having yet reached the RGB bump level (Lind The red RGB stars have a much broader distribution in Li,

et al.2009. pointing to the coexistence of stars with relatively high abundances,
NGC 2808 hosts stellar populations with extreme photometric comparable to those observed in 1G stars, and stars with the
and spectroscopic properties (e.g. Carretta 2@08 Piotto et al. lowest abundances in the sample, with many objects having only

2007 and provides an ideal case to investigate the lithium content upper limits. Comparing the Li abundances for these stars with
of stellar populations with very different chemical compositions. the location on the ChM, it is clear that most red RGB stars with
In Paper Illwe have analysed the ChM of NGC 2808 and we have high Ac r27s5w F3sew,FassWave low Li measurements or upper limits.
identified at least five stellar populations, namely A—E, with differ- This in turn suggests that these stars, also enriched in Nal(Bjig.
ent helium and light-element abundances. Specifically, populations formed from a highly processed material enriched in Na, highly
A and B have nitrogen and oxygen abundances consistent with halodepleted in O and Li, and they are likely the most He-enhanced
field stars with the same metallicity and correspond to 1G stars, stars inw Centauri. To the best of our knowledge, only in the AGB
while populations C, D, and E are enhanced in sodium, depleted in scenario can a relatively high level of lithium coexist with high
oxygen, and correspond to the second generation. oxygen depletion (D’Antona et a2019.

Lithium and aluminium abundances have been determined from In general, the presence of Li in 2G stars requires mixing
spectroscopy by D'Orazi et aR(Q14) for stars in four of the stellar with pristine gas if the polluters were massive stars, as such
populations identified iRPaper Il These stars are marked with large  stars destroy lithium. As mentioned above, AGB stars can both
coloured dots in the ChM plotted in the upper left-hand panel of produce and destroy lithium and in this regard the presence of
Fig. 21 while in the upper right-hand panel we show lithium as a an extreme 2G star in NGC 2808, extremely oxygen-depleted but
function of the aluminium abundances. These plots reveal that for with fairly high lithium (A(Li) ~ 1) hints in favour of AGB
the available stars the lithium abundance changes only slightly from polluters. Indeed, in such a case one cannot appeal to mixing
one population to another, with the population E star (blue open of massive star ejecta with pristine material, as this would have
circle) being depleted in lithium by only0.2 dex with respect to restored a high oxygen abundance. On the other hand, the presenc
population B stars. Note that a few stars with high Al abundance, of a Li-poor 1G star inw Centauri (see Fig5) remains quite
but without any ChM information, have lower Li, including some puzzling.
upper limits (see D’Antona et 82019 for a discussion).

The slight decrease @f(Li) as a function ofAc r275w F33ew, Fassw
is evident from the lower left-hand panels of F2d. This figure also
shows that population D and E stars with lar8€r27sw,r3zsw Fazsw
cluster around distinct high values of [Al/Fe]. Similarly, as shown The most complex ChM observed in the sample of clusters
in Fig. 9, population E, which has the highest r275w F3sew,Fassw from the HST UV Legacy Survey is that fow Centauri Paper
values, also has higher Na abundances. We note that the group ofX). This complexity corresponds to a very intricate interplay of
stars with high aluminium abundance (populations D and E) host stellar populations with different chemical abundances in both
both stars with higher Li abundances and stars with slightly lower light (He, C, N, O, Na) and heavy elements (including Fe and
abundances, suggesting that these populations, at least populatioprocess elements), which is observed also on the main sequence:
D, might not be chemically homogeneous. Unfortunately, the small (Bellini et al. 2017, with up to 16 distinct stellar populations
sample with available ChM information does not allow us to make being identified Paper 1X. In previous sections, for comparison
stronger conclusions. purposes, we treated this GC together with the other simpler ones.

Finally, in the lower right-hand panel of Fig1l we have plotted However, given the complexity o Centauri, we devote this
the average lithium abundance of population B, C, D, and E stars entire section to a more careful exploration of the ChM of this
against the relative helium enhancement as deriveajper Il The cluster.
presence of stars with extreme helium abundance but only slightly ~From the ChM represented in Figj.we have considered the blue
Li-depleted (population E) is a challenge for scenarios that aim to RGB 1G (green) and 2G (magenta) components while lumping
explain the formation of multiple stellar populationsin GCs. Indeed, together all the red RGB stars as a single population. However, this
under normal circumstances, depleting O and enhancing Na and Alselection hides a higher level of complexity of stellar populations
requires very high temperatures, such that Li is totally destroyed, in this remarkable cluster. Ilts ChM displays quite elongated red
unless the ‘Cameron’ Li production process is in operation, such as streams asking for some more effort to be made to characterize the

dig 02101101 Aq G26.675/STE/E/L8Y/I0NIe/SeIuW /W0 dno"dIWapese//:sdny Wwoly p

4 MORE ON THE CHROMOSOME MAP OF
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e.g. in massive AGB stars (Ventura et2002). chemical properties of stars in this diagram.
In Fig. 22 we report the stars with available Li abundances (from In this section we focus on these streams, so evident in the ChM
Mucciarelli et al.2018 on the ChM ofw Centauri. Similarly to of w Centauri at differentAc 275w rassw razsw SO that stars have

previous figures, 1G and 2G stars in the blue RGB are plotted with been divided into three different streams. In the top left-hand panel
green and magenta dots, respectively; red RGB stars are plottedof Fig. 23we represent once again the ChMw€entauri, with the
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Figure 22. In the upper left-hand panel small grey dots represent the Chi G&ntauri. Stars represented with large coloured symbols are those with &

available Li abundances (or upper limits) from Mucciarelli et 20%8. As in Fig. 2, red RGB stars have been represented as red triangles, while green an
magenta indicate the blue RGB 1G and 2G stars. Lithium abundances as a funaligsy£f;,Fs1awand Ac r27sw,F33sw,Fazsware represented in the bottom
and right-side panels, respectively. The bottom right-hand panel is the histogram distribution of the Li abundances for 1G (green), 2G (nuagehiBEn

stars (red), respectively.
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Figure 23. Chromosome map ab Centauri (top-left panel): three main streams of stars are evident at different levets-efsw, F3zsw, Fazsw The lower,
middle, and upper streams have been coloured in light blue, pink and orange colours, respectively. Larger dots are stars with available cliemoes abun

from spectroscopy from Johnson & Pilachowsk01Q dots without the black circles) and Marino et &001h black-circled points). Oxygen abundances
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from Johnson & PilachowskR010 have been shifted by0.15 dex to account for the systematic difference with the O abundances inferred by Marino et al.

(2011H. To each star with spectroscopic data a gradient in colour has been assigned proportionakigsitsrsiawvalue. In the lower-left and -middle
panels we represent the observed Na-O anticorrelation in abundances relative to Fe (left) and in absolute abundances (middle) for the $¢afemneeesen
ChM. The two right-side panels represent the same Na-O planes with contour density levels for stars belonging to each separate stream of the map.
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selection of main populations considered here: overdensity of stars at higher Fe-1.2 < [Fe/H] < —1.1dex).
The upper stream is peaked at higher Fe ([FefH}-1.4dex),

(1) a lower stream, with lowet\cra7sw rasew,rasaw painted in and shows hints of multiple peaks, reaching the highest metallicity

“gzit)b;ur?]’i d-stream, with intermediata c »7sw rasow 43w Shown values obse_rved im Centauri. This rgsult may sugge_st that, while
in pink: ' ' ’ the Na. enrichment (and O fjepletlon) occurs.durlng the whole
(i) én upper stream with the higheak: rp7swrasewrasavalues Fe en_rlc_:hmen_t phase experienced dyCentauri, _the stropge;t o
. ) ’ ’ metallicity enrichments took place when the enrichment in high- £
on the map, painted in orange. . s
temperature proton-capture products was maximum. =
These so-selected populations of stars are on top afidhmal f%’
blue and red RGB sequences observed in all the GC maps. In the S =
following we discuss the chemical abundance pattern on the Chv 43 Lithium in the streams °
of @ Centauri focusing on its distinctive streams. We start with the Fig. 26 shows again the ChM @ Centauri, with the three streams =
Na—O anticorrelation. represented in different colours, and the stars where Li abundances, 5
or upper limits, are available from Mucciarelli et a018. The §
4.1 Na—O anticorreation Gaussian kernel density distribution of Li abundances for the three £
streams immediately suggests that, while the lower and mid-streams §
The position of the selected stream populations on the O—Na planenhave distributions peaked around similar relatively higf the &
is shown in the lower left-hand and lower central panels Of% upper stream has lower abundances (note that many of the Li _g
where we plot both the sample from Marino et 2010 and that abundances derived for the upper stream are upper limits). 8
from Johnson & PilaChOWSkQOlQ, with Iarge and small CirCles, Three stars in the lower stream have low Li abundamej) 3
respectively. < 0.5 dex, more consistent with values of the upper stream. On the 3
In Section 3.4, we have discussed thabiCentauri thenormal other hand, the light-element abundances of these stars are similar to

sequence stars composed of blue RGB 1G and 2G populationsthose inferred for the remaining lower-stream stars, both in Na and
define an O-Na anticorrelation, just as in Type | GCs. Most of the | (right panels in Fig26). We note that, while for the other GCs
stars are enhanced in O, as typical of primordial composition of analysed in this work the contamination from AGB stars inthe ChMs
halo field stars. Stars with similar high O span a relatively large is negligible, as they can be easily removed by inspectiagsical
range in Na. We note here that the three streams clearly occupyCmDs, in the case ob Centauri, the large spread in Fe makes it

different locations on the O-Na anticorrelation (see ). The difficult to clean the ChM from AGBs, and we expect contamination
upper stream (orange) stars mostly occupy the section of higher Nafrom AGBs belonging to the metal-richer populations. From the
and lower O quadrant of the O-Na plane with [O/Fe[0.0 dex. lower right-hand panel of Fig.26 however all the three stars have

G¢6.L6V7S/STBE/E/LBY/31014e/Sel

Mid-stream stars mostly distribute on an intermediate location in Fe consistent with the metal-poor populationo€entauri.

the O-Na plane, at intermediate values of Na, without reaching too A careful inspection of the upper stream reveals that the stars £
low O values, while lower stream stars have on average lower Na with lower Agz7sw rs14w and hence which are metal-poorer (these

than mid-stream ones, and higher O. stars are the 2G stars discussed in previous sections, with the &
Stars with the most extreme positions on the red side of the ChM highestA ¢ gp75w r3zew Fazss all have Li measurements, with(Li)

have the highest abundances of Na, but are not the most depleted. 0.7 dex. Upper limits suggestin(Li) < 0.6 dex occur for larger

in O, with a few stars with intermediate Na ([Na/Fe]0.2 dex) Arz7swrsiawvalues. The three metal-richest stars, with the highest
and high O ([O/Fel> 0.5dex). These stars are those defining an Ara7swrsraw all haveA(Li) < 0.6 dex. In general, the upper stream
Na-O correlation (Marino et a2011h D’Antona et al.2011). To hosts stars with higher Na and Al. Two stars have been found to
guide the eye, shaded contour areas have been plotted on the O-NBave Li similar to the lower and mid-streams, but they follow the

anticorrelation planes (right-hand panels of FA8) corresponding general upper stream abundances in Na and Al.
to the colours of the different streams defined on the ChM.

. 4.4 On the helium enrichment
4.2 Iron enrichment

Our chemical analysis of the ChM af Centauri suggests that the
upper stream hosts the most extreme stars in terms of chemical
properties. They are the most processed in terms of light elements,
with the highest Na and Al abundances, and the lowest Li and O. ¢
) S . Although the Fe enrichment occurs in all the streams, the upper 2
rule, stella_r populations with increasing Fe populate re_ddgr and stream Fe distribution is peaked at higher Fe, and includes the Fe- S
redder regions of the map. The [Fe/z75w Fs1awcorrelation is richest stars of, Centauri. 2
(&

well seen in the left-hand panel of Figs, and agrees with the Among upper stream stars, those that in previous sections have
observations of the other (simpler) Type Il GCs where the red RGB ooy ¢|assified as 2G (blue RGB), are likely born from material
stars on the ChM have higher Fe, though on lower levels. with aless degreef p-capture processing, if compared to the other

The Fe enr|chment Seems g.enerally. de-couplled from the light- upper stream stars belonging to the red RGB. This is suggested by§
element processing, corroborating previous studies on less complex »

Type Il GCs like M22 (Marino et al2009 20114, and previous

analysis ofw Centauri (Marmo et 'al2011b 2013. By inspecting 5Note however that Li abundances in the lower and mid-streams do not cover
the streams, we observe in the right-hand panel of Faghat all the entire range itr27sw raravy Li is available forArs7swraiaws —1.2,

the three streams have a wide distribution in [Fe/H]. Interestingly, and for Ara7sw.rsiaws —0.9, in the lower and mid-stream, respectively.
the lower and mid-streams are peaked at similar Fe abundancesye cannot exclude lower Li abundances for stars with highefsw re1aw

of [Fe/H] ~ —1.7 dex, with the mid-stream displaying a minor and Fe.

To investigate the role of Fe in shaping the ChMwfCentauri,

in each panel of Fig24 we show stars in different bins of [Fe/H],
from both the Marino et al.2011h sample (upper panels) and the
Johnson & Pilachowski (2010) one (lower panels). As a general
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Figure 24. From the left to the right the positions of stars with increasing [Fe/H] are plotted on the ClMGCaintauri. The Marino et al2011h and
Johnson & Pilachowski2010 samples are plotted in the top and bottom panels, respectively. Due to the systematic Fe difference between the two sam
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Figure 25. Left-hand panelAr27s5w Es1awas a function of [Fe/H] forw Centauri. Stars from the Marino et a2q11h and Johnson & Pilachowsk2Q10 %
samples have been represented as aqua star-like symbols and teal-blue circles, respighitdisind panelGaussian kernel density distribution of [Fe/H] T

for the three streams by combining the Marino et 201(1h and Johnson & Pilachowsk2010 samples, with the latter values increasedy.15 dex to
account for the systematic difference between the two data sets (see Marin20at1dy.

their less extreme abundances of Na, Al, and Li (see Sections 4.1-hydrogen-burning limit. The two MSs are consistent with stellar

4.3). Specifically, these stars are those coloured in magenta (e.g. inpopulations with different metallicities, helium and light-element

Figs2 and22), with the highesi ¢ r27sw, Fassw, Fazswalues. abundances. Specifically, MS-I corresponds to a metal-poor stellar
The upper stream red RGB stars have more extreme enrichmentgopulation ([Fe/Hpr —1.7) withY ~ 0.25 and [O/Fet 0.30, while

in Na and Al, and depletions in Li. As stars with more extreme MS-II hosts helium-rich stars with metallicity ranging from [Fe/H]

abundances in these elements have the highest level of He enrich~ —1.7 to —1.4dex, and lower [O/Fe]. Noticeably, to match the

ment (e.gPaper Il), the upper stream red RGB stars are likely the MS-II, the helium content required for the metal-poor isochrone, at

most enhanced in helium. [Fe/H] ~ —1.7,isY ~ 0.37, while a higher HeY ~ 0.40, is needed
Helium abundance variations in theCentauri sub-populations  for the isochrone at [Fe/H} —1.4.

have originally been inferred from the analysis of main-sequence This resultis in line with our chemical analysis of the&Centauri

(MS) stars, which suggested a higher He for the blue MS (e.g. Bedin ChM, which suggests that the most He-enhanced stars are those ir.

et al.2004 Norris 2004 Piotto et al2005 King et al.2012. More the red RGB upper stream, which have the most extreme abundance§’

recently, we have presented the He internal variations between 1Gin light elements. Stars in the blue RGB, although highly enriched S

and 2G stars appearing in the ChMwp€entauri, and found thatthe  in He, do not reach the extreme enhancements characterizing th

maximum He variation among blue RGB stars (with similar [Fe/H] red RGB upper stream stars.

~ —1.7)is8(Y) = 0.09 Paper XV). This He difference is between

the 1G (stars coloured in green in FRjand22) and 2G (blue RGB)

upper stream stars. This He variation is intended for the metal-poor 5 DISCUSSION AND CONCLUSIONS

population ofw Centauri corresponding to its blue RGB. Previous work, based on synthetic spectra, suggested that the
Very interestingly, Milone et al.2017h, by using optical-near-  chemical abundances observed among different stellar populations

infrared CMDs, have identified two main stellar Populations | and i Galactic GCs are strictly correlated to the distribution of stars

I along the entire MS ofo Centauri, from the turn-off tOWardS the on the ChMS (elg?aper th see their f|g 6) Th|s Correlation has
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Figure 26. In the upper left-hand panel small grey dots represent the Chi G&ntauri. Stars represented with large coloured symbols are those with &
available Li abundances (or upper limits) from Mucciarelli et 20%8. As in Fig. 23, the lower, middle, and upper streams have been coloured in light blue, o
pink, and orange colours, respectively. To each star with spectroscopic data (large dots) a gradient in colour has been assigned proparfipia) te1iis g
value. In the lower left we represent the Gaussian kernel density distribution of Li abundances for the three streams. Right-hand panels refdreseht Na g
Fe as a function of Li abundances (or upper limits) for the entire available spectroscopic sample (small grey symbols), and the stars with Ch&/dtas, (lar g
for which we used the same colour code as that used on the map in the upper left-hand panel. o
Q
9
been corroborated by direct spectroscopic measurements of stargormed frompureejecta, in that material lithium was not completely S

along the ChMs of a few GCs (e.g. PapBtdll, IX; Marino et al. destroyed.
2017. Expanding from these early investigations, in this paper we  Ithas emerged from previous papers of this series that two aspects
combined the elemental abundances of Li, N, O, Na, Mg, Al, Si, K, of the multiple-population phenomenon are particularly intriguing:
Ca, Fe, and Ba and the ChMs of 29 GCs to characterize the chemicallt appears that even 1G stars are not chemically homogeneous, as
composition of the distinct stellar populations as identified on the indicated by their large spread 8,75 rs14w and the split of the
ChMs, thus helping toead ChMs themselves. 1G and 2G sequences in Type |l GCs.

Thus, we calculated the average abundance of 1G and 2G stars As an illustrative example, we reproduce in F23.the ChMs of
for each analysed element, providing the first determination —in a the Type | GC NGC 3201, with its large spread Axo7sw Fs14w
large sample of GCs — of the mean abundances of distinct stellaramong 1G stars, and the Type Il GC NGC 5286, with its split
populations identified photometrically. We find strong correlations 1G and 2G sequences. Overplotted on the ChMs are the vectors o
between nitrogen, oxygen, and sodium abundances and the positionepresenting the expected changes due to the variations in He (in ©
of stars on the ChM. Specifically, 2G stars identified on the ChM mass fractiorY), N, O, Mg, and Fe (C effects are almost negligible)
have higher N and Na and lower O than 1G stars. This was as labelled in the left-hand panel (see aPaper XV). The case
quite expected: Thé\c r27sw Fasew,Fa3swdXis is highly sensitive to of NGC 3201 in Fig27illustrates well how variations in Fe and/or
variations in light elements, in particular to N through absorption by He (and possibly the €N+0O) can be responsible for variations in
NH molecules. Unfortunately, nitrogen abundances are not available Agz7sw,rs14w ON the other hand, combined variations in helium and
for a significant number of stars and clusters, but given the known nitrogen are needed to populate the 2G sequence with increasing
correlation between this element and Na and its anticorrelation with both Agz7sw rs1aw aNd Acra7swrssswrassw A Mere increase in
O, these latter elements can be used as a proxy of the N variationshelium seems to qualitatively reproduce the distribution of 1G
causing the separation of stars along the map, as proven withstars, although it remains mysterious how to produce an increase
synthetic model atmospheres Raper XVI We also noticed that  in helium without a concomitant increase in nitrog@ager XV).
the lithium abundance of one extreme star in NGC 2808 (population Indeed, we find that the observed colour spread in 1G stars is not
E) is lower, but not zero, than in the other stars, suggesting correlated to any of the analysed light elements, thus confirming
that, assuming that this highly He-enriched/highly O-depleted star that stellar populations with different chemical abundances in light
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Figure 27. ChMs of the Type | GC NGC 3201 (left) and the Type Il GC NGC 5286 (right). The arrows indicate the effect of changing He, C, N, Mg, and é,
one a at a time by the quantities quoted in the insetApsysw rs1awand Ac F275w,F336W,F438W ‘g”\)

%
elements occupy locations with differeft r275w,r3sew,Fazswlong metallicity of the host GC8 This result is consistent with previous &
the 2G sequence rather than along the 1G sequence (Sections 3.2findings of no correlation (or very mild correlation) between the =
3.3). We found only a significant correlation betwe®gbrsw,rsiaw relative average helium abundance of 2G and 1G stars and the
and the iron abundance and this was in the case of NGC 3201 cluster mass and metallicity (Lagioia et aD18 Paper XV). On g
and NGC 6254, the two clusters with the widest 1G range in the contrary, we find a correlation between the average difference ¢

) . B
Apa7sw,rs1aw but still too few stars with data are available even in the iron abundance of red RGB and blue RGB stars and the S

in these two clusters. Formally, the observed dispersion in iron of apsolute luminosity of the host GC, which may suggest that the
~0.1 dex (see Fidl4) could accountforthe 1G spread inNGC 3201, internal metallicity difference between the blue and red populations
with iron increasing with increasingrazsw,rs1aw We conclude that  of Type Il GCs increases with the cluster mass. B@shows the
a dedicated spectroscopic survey of 1G stars in many Type | GCs isposition of various stellar systems in the half-light radius i(¢ac)
required to decide whether helium or iron (or else?) is responsible versus absolute magnitud&l() plane. We include the position
for the 1G spread. This is a crucial issue to solve, in the perspective of Milky Way GCs, classical dwarfs (DWs), ultrafaint dwarfs
of understanding how GCs formed, along with their multiple stellar (UFDs), ultracompact dwarfs (UCDs), dwarf-globular transition
generations. If it turned out that iron is responsible for the 1G objects (DGTOs) and nucleated GCs (nGCs). The position of Type Il
spread, then this would imply an ongoing star formation of 1G stars GCs shows that they are in general among the most massive GCs.
while at least a few supernovae had started to pollute the interstellar  The crucial question about Type Il GCs is to understand what 3
medium, with 2G stars starting to form only after the 1G population sequence of events led to the formation of the blue and red &
was complete. Otherwise also the 2G sequence would exhibit apopulations, each with its own first and second generations. We%.
broadening similar to that of the 1G sequence. see two possible options. A first and second generatibiuefstars 3
In Paper IXit was shown thatin about 17 per cent of the analysed formed as in any other Type | cluster. The material out of which
clusters (then called Type Il GCs) the 1G and 2G sequences arethe blue 1G and 2G stars formed was almost completely converted3
split as illustrated for NGC 5286 in the right-hand panel of 2ig. into stars or any residual was expelled. Then the cluster reaccrete
In these clusters also the RGB splits into a blue and a red branchpristine gas that was enriched in iron by supernovae from the blue 5
in e.g. the U — 1) colour and this split is used to separate the two population (of either Type la or core collapse) and then formed a
populations. It is important to emphasize that (in most clusters) new 1G and its 2G companion population. Alternatively, one may
there is a clear dichotomy between the blue and red populations,think of formation within a dwarf galaxy, with the blue and red
as evident from Fig27 (see also Fig8 and4). All Type Il GCs population forming at different times, while the dwarf itself was
that have been analysed spectroscopically exhibit internal heavy-self-enriching in iron. Or even the blue and red populations formed
element variations pointing to a connection between their unusual in different places, and then merged together, as indeed speculate
ChM patterns and metallicity (iron) variations. We find that the blue  for NGC 1851 (Bekki & Yong2012. Clearly the red population did
RGB stars of Type Il GCs behave in a very similar manner as stars not form from the gas that formed the blue 2G stars; otherwise there
of Type | GCs. Stars on the red RGB have, in most cases, higher Fe,would be no 1G stars (i.e. nitrogen-poor) in the red population.
and/or higheis-element abundances. The shift on the red is likely  As discussed iPaper IX the fraction of red RGB stars in Type |l
due to a temperature effect due to an overall higher metallicity. GCs varies from cluster to cluster, NGC 6656 being one of the
We have derived the average abundances of 1G and 2G stars
for both blue RGB and red RGB populations, finding no evidence
for a correlation between the relative abundances of 2G and 1Ge grong correlation is instead found between the GC mass and the
stars and the absolute magnitude (a proxy of mass), or with the maximum helium variation in the clustePgper XV).
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Figure 28. Absolute magnitudeMy) as a function of the half-light radius
(rn). Different colours and symbols represent different classes of objects:
Milky Way GCs (black crosses; Har2910, Milky Way satellites including
dwarf (DW; Irwin & Hatzidimitriou 1995 Mateo 1998, ultrafaint dwarf
galaxies (UFDs) and all the objects discovered by the SDSS (Willman et al.
2005 2006 Belokurov et al2006 2007 Zucker et al2006 Jerjen2010,
ultracompact dwarf galaxies (UCDs; Brodie et 2011), nucleated GCs
(nGCs; Georgiev et ak009, dwarf-globular transition objects (DGTOs;
Hagegan et al2005. Type Il GCs, here considered as all the objects with
internal metallicity and/or heavy-element variations, have been marked with
red crosses. The upper panel is the histogram distribution dflthef GCs,

with Type Il GCs shown in red.

clusters with a higher fraction witk40 per cent of red RGBs. Given
the present mass of this cluster4 x 10° M), the metallicity of
the blue population ([Fe/Hf —1.82) and the-0.15 dex difference

in iron abundance between its red and blue populations, we estimateby fig. 19 inPaper XV) is also reminiscent of the Type Il syndrome

that the whole red population now contains jusi.2 My of

iron more than if it had the same iron abundance as the blue
population. According to current understanding, a stellar generation
makes ~0.5 M of iron from core-collapse supernovae every
1000 M, of gas turned into stars (e.g. Renzini & Andrezii4and

references therein). Hence, the blue population alone should havesTRASBGFR). We will continually update the files and figures of

produced over~120 M, of iron and therefore just-1 percent

of it would have been sufficient to enrich the red population to
the observed level. Similarly, the cluster NGC 5286 has a mass
of ~4.6 x 10° M, ~17 percent of which is in the red RGB
population, a metallicity of the blue population [Fe/H] —1.77,

and again an-0.15 dex difference in iron abundance between its

red and blue populations. Therefore, the same calculation leadsthat significantly improved our work. Support fétubble Space

to just ~0.6 My of excess iron in the red population, while the
blue population would have produce@®00 M, of iron, with only
~0.3 per cent of it being sufficient to enrich the red population to
the observed level. For example, the same exercise foentauri
indicates that only-2 per cent of the iron from the supernovae from
its metal-poor population would have been sufficient to enrich its
metal-rich population to the observed level (RenZ01L3 Paper

MNRAS 487, 3815-3844 (2019)

V). Thus, in this respect there appears to be not much difference
between Type I clusters that have lost 100 per cent the iron produced
by their stars and Type Il clusters that have lost 498 per cent,

but might have sustained a more prolonged star formation.

Finally, we have explored in detail the ChM®@fCentauri, whose
wide ranges in chemical abundances of CNONa and Fe make it an
ideal laboratory to test the role of these elements in shaping the
maps of GCs in general. We found th&t,7sw rs1awis very well
correlated to [Fe/H], and that the location of the stars on the three
main streams, which we have defined in the ChM, is related to a
different position on the Na—O abundance plane. The upper stream
is the most distinctive not only in the Na—O plane, but also in terms
of Fe, Li, and likely He content. There is no doubt that in this most
massive GC of the MW metal enrichment and star formation from
proton-capture processed material have concomitantly taken place
though still in a sequence of events that we have not yet been able @
to decipher from either its ChM or spectroscopic analysis. But we
keep trying.

In conclusion, the\gz7sw rs1awspread among 1G staM/(s) can
be ascribed either to a helium or to an iron spread, with a spx&ad
giving a similanW, g to what would be produced by a similar spread
in [Fe/H]; for example, an enhancemet = 0.1 would produce
the sameW,g as a variationA[Fe/H] = —0.1. Here the minus
sign indicates that the bluest 1G stars would be either helium-rich
or iron-poor. Though giving similar results, a spread in helium of
~0.1 is much more demanding in terms of nucleosynthesis than a
spread of-0.1 dex iniron, to the point that no viable scenario could
be envisaged that would produce such a helium spread without
affecting the nitrogen abundance (Blaper XV). For this reason
we have been cautious in claiming the 1G spread being due to
helium, after we first hinted at it iRaper 11l We now have for two
clusters, namely NGC 3201 and NGC 6254, some weak evidence
supporting the notion of the 1G spread being due to iron, rather than
due to helium (Figl4). However, more systematic and accurate
measurements of the iron abundance in several clusters with wide @
1G sequences are necessary before definitely ascribing to iron the £
observed spread. Iron dishomogeneities at the levellf dex in
the molecular cloud generating the 1G stars appear to be a plausible
alternative to helium and could be generated by incomplete mixing
of the supernova ejecta in the parent dwarf galaxy. We also notice
that the correlation of the 1G spre¥d with cluster mass (implied
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(multiple iron abundances) being confined to the most massive GCs,
as shown in Fig28, as if retaining supernova ejecta were more likely
in the progenitors of the most massive clusters.

The chromosome maps will be available via thigp://proget
ti.dfa.unipd.ittGALFOR/web page and at the CD®{SARCU-

this paper on thattp://progetti.dfa.unipd.ittGALFOR&ebpage as
new spectroscopic observations come in.
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Table 2. For each element and GC, we provide the average he authors. Any queries (other than missing material) should be
abundance for 1G stars, 2G stars, blue-RGB, and red-RGB stars. directed to the corresponding author for the article.

Table 3. For each cluster we provide the Spearman’s rank cor-
relation coefficient between the abundance of the various ele-
ments andAgz7sw, rs1aw (F1), and between the abundance and

Acr275wrssewrazsws (12).
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