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obtained, the expected periods being 
about 80 minutes. The students, after 
being confronted by all sorts of drifting 
and aliasing problems, could finally show 
that the real period was in fact closer to 
3–4 hours for one target, and 6–7 hours 
for the other, but longer series of data  
are still needed to confirm these values. 
Another, unknown, variable star was also 
found in one of the fields, the nature of 
which remains to be clarified.

Finally, Bruno Dias (ESO) conducted an 
ambitious, and difficult (at least for begin-
ners) multi-object spectroscopy pro-
gramme at the NTT with his group, to 
determine the nature of the globular clus-
ter NGC 3201: whether it is a member  
of the Milky Way or an absorbed dwarf 
galaxy. This first required pre-imaging, 
then preparation of the masks, and finally 
observing during the last night of the run. 
After all the hard work, those students 
presented superb results, showing a 
trend of Fe abundance versus heliocen-
tric velocity (demonstrating that the 
selected stars did indeed belong to the 
cluster). The CH versus CN indices 
showed that two different abundance 
groups were present, but both belonging 
to the Milky Way.

In addition to their main tasks, two of  
the groups were triggered to observe a 
Target of Opportunity (a situation that 
many observers have to face nowadays), 
led by Michel Dennefeld (IAP, Paris). The 
targets were provided by the European 
Space Agency’s Gaia satellite, which has 
very recently started to provide dozens of 
alerts per day. One of them, Gaia16agf, 

proved to be a young Type Ia supernova, 
caught about one week before maximum, 
while the other, Gaia16afz, was classified 
as a dwarf nova in eruption. Both results 
were immediately published as Astrono-
mer’s Telegrams, Nos. 8754 and 8766, 
respectively. Many of the other results 
from the student groups will also lead to 
publications, but over a slightly longer 
timescale.

Back to Santiago

The last days in Santiago were mainly 
devoted to data reduction, before the sci-
entific results were presented on the last 
day of the school. In addition, lectures  
on other topics of great interest for the 
future were presented: on the Atacama 
Large Millimeter/submilllimeter Array 
(ALMA), on adaptive optics, the European 
Extremely Large Telescope, etc. There 
were also lively discussions about career 
prospects, how to make a good presen-
tation or how to write a good telescope 
observing proposal.

Overall, the 20 students, all from South 
America, selected from over 140 appli-
cants in total, were very enthusiastic, 
worked hard during the two weeks, both 
in Santiago and on the mountain, and 
presented excellent results at the end. 
The groups of four were very dynamic, 
covering a wide range of levels (from first 
year PhD to postdoc) and origins, 
although the majority came from those 
countries with a larger astronomical 
 population, namely Argentina, Brazil and 
Chile, and with a good gender balance. 
The ambiance was very friendly, as it 
should be for a summer school, favoured 
by nice weather and excellent environ-
ment at the ESO premises in Santiago 

and La Silla, including nice lunches in the 
ESO gardens in Vitacura.

Prospects

One may wonder about the motivation to 
organise such a school at La Silla, as it  
is not especially intended for European 
students, who have ample opportunities 
to attend the regular NEON Schools in 
Europe, except for those students doing 
their PhDs in Chile. In fact, there is a high 
demand, as shown by the huge number 
of applications, and it is in ESO’s interests 
(and the European community at large) to 
ensure the most efficient use of its facili-
ties, which are open to everybody, since 
the allocation of observing time is based 
on scientific merit only. In addition, the 
operation of all the facilities in Chile 
requires a large number of dedicated and 
skilled astronomers and engineers, who 
have to be trained somewhere. In this 
sense, such a school also reinforces the 
European links with the local commu-
nities and emphasises the various job 
opportunities for the future. The success 
of the present event is already generating 
suggestions for future similar schools, a 
point well taken at ESO, and enthusiasti-
cally supported by the ESO tutors. It is a 
revival of past successes as the first 
observing school was organised jointly by 
ESO and Centre national de la recherche 
scientifique (CNRS) at the Haute-Provence 
Observatory in 1988 (Chalabaev & 
D’Odorico, 1988).
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ings/2016/lasilla_school2016.html

Figure 2. All NEON School students and tutors pose 
in the dome of the ESO 3.6-metre telescope for a 
group portrait.
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▸ Benz = test prototypes and new ideas 

▸ Molinari: 1st time at La Silla as student 
= life-changing 

▸ Groot: E&E = educate & experiment 

▸ Spite = new projects (SPIAKID camera) 

▸ Jehin = 1m robotic tel. for European 
high schools 

▸ Barbieri = quantum optics (IQUEYE) 

▸ Lopriore = test bed telescope

THE FUTURE OF LA SILLA: TECHNOLOGY AND STUDENTS

▸ Ortolani = 1st time in La Silla when 
phot.plates were just changed to CCD: 
took the challenge 

▸ Melo = ESO to inspire next generations 
around the world 

▸ Kaufer: VA + student to learn 

▸ Dennefeld: Train also Master stud. 

▸ Kotak: ePESSTO internal training 

▸ Ederoclite: Medium-small telescope = 
formation of students

Bruno Dias, bdias@eso.org, www.sc.eso.org/~bdias     La Silla 50 years. 25-29 Mar 2019, La Serena, Chile
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NEON SCHOOL: 2000-2015

▸ Calar Alto, Spain (2000,2005,2010) 

▸ Haute-Provence, France (2001,2006) 

▸ Asiago, Italy (2002,2007,2012,2015) 

▸ La Palma, Spain (2008, 2011 remotely, 2013) 

▸ Moletai, Lithuania (2011) 

▸ Rozhen, Bulgaria (2014) 

▸ ESO-Garching, Germany (archive) (2004,2006,2008)
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NEON SCHOOL: 2016-TODAY

▸ Asiago, Italy (2018) 

▸ La Palma, Spain (2017) 

▸ Rozhen, Bulgaria (2019) 

▸ ESO-La Silla (2016,2018): 
finally an experience using 
ESO telescopes, not only 
archival data. 

▸ D’Odorico = "EFOSC was 
the 'inspirator'"… also for 
students
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± 0.01 dex (σ = 0.04 dex), in good agreement with the
previous estimates available in the literature. In this case, the
two iron distributions (shown in Figure 6) have small observed
dispersions, both compatible with a negligible scatter within the
uncertainties, as demonstrated by the ML algorithm. The two
distributions are compatible with each other also in terms of
their shape, at variance with those of M22. The same results are
obtained when the parameters are all derived spectroscopically.
This test demonstrates that: (i) the different [Fe I/H] and [Fe II/
H] distributions obtained for M22 with methods (2) and (3) are

not due to the adopted procedure; (ii) in a normal GC the shape
of [Fe I/H] and [Fe II/H] distributions are not significantly
different.

5. NO IRON SPREAD IN M22

The new analysis of the sample of giant stars already
discussed in M09 leads to an unexpected result: an iron
abundance spread in M22 is found when Fe I lines are used,
independently of the adopted spectroscopic or photometric
gravities. This scatter totally vanishes when the iron abundance
is derived from Fe II lines and photometric gravities are used. In
the case of spectroscopic gravities, the abundances from Fe II

lines are forced to match those from Fe I lines, thus producing a
broad [Fe II/H] distribution. Given that the adoption of
photometric gravities leads to a broad [Fe I/H] distribution
and a narrow, mono-metallic [Fe II/H] distribution, which one
should we trust? In principle, Fe II lines are more trustworthy
than Fe I lines in determining the iron abundance because Fe II

is a dominant species in the atmospheres of late-type stars
(where iron is almost completely ionized) and its lines are
unaffected by NLTE effects, at variance with the Fe I lines (see,
e.g., Kraft & Ivans 2003; Mashonkina et al. 2011).
The analysis of the results shown in Figures 2 and 4 suggests

that the adoption of method (1) tends to produce an artificial
spread of [Fe II/H] toward low metallicities. Since [Fe II/H]
strongly depends on the adopted values of log g, this implies
that gravities are severly underestimated in method (1). This
bias is clearly revealed when the stellar masses corresponding
to the spectroscopic values of log g values are computed. We
estimated the stellar masses by inverting the Stefan–Boltzmann
equation and assuming the spectroscopic log g derived with
method (1). The derived masses range from 0.12 to 0.79 M:,
with a mean value of 0.46 M: and a dispersion of 0.2 M:. Note
that ∼70% of the stars have masses below 0.6 M:. Such low
values, as well as the large dispersion of the mass distribution,

Figure 4. Generalized histograms for [Fe I/H] and [Fe II/H] (same colors of
Figure 2) obtained with the method (3) (photometric Teff and log g), adopting
the mean parameters (upper left panel) and those derived from individual
broadband colors.

Figure 5. Behavior of the difference between Teff as derived with method (3)
and (2) as a function of those derived with method (2).

Figure 6. Generalized histograms for [Fe I/H] and [Fe II/H] (same colors of
Figure 2) for a sample of 14 RGB stars in the GC NGC 6752. The analysis has
been performed adopting spectroscopic Teff and photometric log g, the same
method used for the right panel of Figure 2.

6

The Astrophysical Journal, 809:128 (11pp), 2015 August 20 Mucciarelli et al.

STAR-TO-STAR [FE/H] DISPERSION = ANOMALOUS GLOBULAR CLUSTERS

NORMAL GC

Mucciarelli et al. (2015a)
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842 A. F. Marino et al.

Figure 19. [Ba/Fe] and [La/Fe] as a function of [Fe/H] for anomalous GCs and field stars. Different symbols and colours are used for different GCs, as shown
in the legend. The literature sources of the plotted abundances are: this paper for NGC 5286; Marino et al. (2009; 2011b) for M 22; Marino et al. (2011a) for
ω Centauri; Yong et al. (2008) for NGC 1851; Yong et al. (2014) for M 2; and Fulbright (2000) for the Milky Way field stars.

Figure 20. Metallicity histograms for the GCs with detected internal vari-
ations in metallicity plus s-process elements. The literature sources of these
data are: Marino et al (2009, 2011b) for M 22, Marino et al. (2011a) for
ω Centauri and Yong et al. (2014) for M 2. As a comparison, we also show
the metallicity distribution for the UFD galaxy Bootes I (data from Norris
et al. 2010) and the GC M 54+SgrN (data from Carretta et al. 2010b).

Sagittarius dwarf galaxy (Layden & Sarajedini 2000) and has metal-
licity variations (Carretta et al. 2010a). Also, a low-density halo of
stars surrounding NGC 1851 has been discovered by Olszewski
et al. (2009), whose chemistry is compatible with the s-poor group
observed in this cluster (Marino et al. 2014). The absence of s-rich
stars in this halo may suggest either that this GC is preferentially
losing s-poor stars into the field, or that this sparse structure is the
remnant of a dwarf galaxy, as its composition is compatible with
field stars at similar metallicity (Marino et al. 2014).

The lower-left panel of Fig. 20 shows the metallicity distribu-
tion function (MDF) for 16 stars in the ultrafaint dwarf galaxy
(UFD) Bootes I (from Norris et al. 2010). Norris and collaborators
noted that Bootes I, similarly to that observed in dwarf spheroidals,
exhibits a slow increase from lowest abundance to the MDF peak,
while, by contrast, ω Centauri shows a steep rise. In the other panels

of Fig. 20, we compare the [Fe/H] kernel-density distributions for
the anomalous GCs studied through high-resolution spectroscopy,
including ω Centauri and the M 54 plus the Sagittarius nucleus
(SgrN) system. An inspection of these distributions reveals that a
sharp rise in metallicity to the metal-poorer peak7 is a common
feature among anomalous GCs.

Another difference among anomalous GCs and dwarf galaxies
is the lack, in the latter, of typical (anti)correlation patterns among
light elements (e.g. Norris et al. in preparation for Carina). We note
however that, if the hypothesis of the origin of anomalous GCs as
nuclei of disrupted dwarf galaxies will be confirmed, the chemistry
of the dwarfs does not have to necessarily resemble the GCs’ one, as
the latter would constitute just their nuclear regions. In anomalous
GCs, the variations in light elements within each s/Fe-group (such
as the individual Na–O anticorrelation) is difficult to understand
within a self-pollution scenario, even in the hypothesis that the
anomalous GCs are the nuclear remnants of more massive systems.
As individual s-groups appear similar to mono-metallic GCs, with
their own Fe content and their own Na–O anticorrelation, it has
been proposed that they can result from mergers between different
clusters (e.g. Bekki & Yong 2012). If this scenario will apply to
every anomalous GC, we will need to understand why in almost all
the GCs with internal metallicity variations found so far the increase
in metals is coupled with a s-enrichment. In other words, we should
find an explanation for the very similar properties of these objects,
while in the hypothesis of a merger of two (or more) GCs one would
expect a much more heterogenous observational scenario.

It is worth noticing that nearby dwarf and irregular galaxies host
their more massive GCs in their central regions, these GCs being
nuclear star clusters (e.g. Georgiev et al. 2009). We do not have,
at the moment, any evidence for these nuclear GCs to share the
same Fe distribution of the parent galaxies, or they show instead
Fe distributions and chemical patterns more similar to the Galactic
anomalous GCs.

To explore further a possible galaxies-anomalous GCs connec-
tion, we plotted the position of various stellar systems in the half-
light radius (log (rh/pc)) versus absolute-mag (MV) plane (Fig. 21).

7 We note that the distributions shown in Fig. 20 for the anomalous GCs
are biased in the number of metal-richer stars for NGC 5286, M 2, and
M 54+SgrN because metal-richer stars have been preferentially selected.
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± 0.01 dex (σ = 0.04 dex), in good agreement with the
previous estimates available in the literature. In this case, the
two iron distributions (shown in Figure 6) have small observed
dispersions, both compatible with a negligible scatter within the
uncertainties, as demonstrated by the ML algorithm. The two
distributions are compatible with each other also in terms of
their shape, at variance with those of M22. The same results are
obtained when the parameters are all derived spectroscopically.
This test demonstrates that: (i) the different [Fe I/H] and [Fe II/
H] distributions obtained for M22 with methods (2) and (3) are

not due to the adopted procedure; (ii) in a normal GC the shape
of [Fe I/H] and [Fe II/H] distributions are not significantly
different.

5. NO IRON SPREAD IN M22

The new analysis of the sample of giant stars already
discussed in M09 leads to an unexpected result: an iron
abundance spread in M22 is found when Fe I lines are used,
independently of the adopted spectroscopic or photometric
gravities. This scatter totally vanishes when the iron abundance
is derived from Fe II lines and photometric gravities are used. In
the case of spectroscopic gravities, the abundances from Fe II

lines are forced to match those from Fe I lines, thus producing a
broad [Fe II/H] distribution. Given that the adoption of
photometric gravities leads to a broad [Fe I/H] distribution
and a narrow, mono-metallic [Fe II/H] distribution, which one
should we trust? In principle, Fe II lines are more trustworthy
than Fe I lines in determining the iron abundance because Fe II

is a dominant species in the atmospheres of late-type stars
(where iron is almost completely ionized) and its lines are
unaffected by NLTE effects, at variance with the Fe I lines (see,
e.g., Kraft & Ivans 2003; Mashonkina et al. 2011).
The analysis of the results shown in Figures 2 and 4 suggests

that the adoption of method (1) tends to produce an artificial
spread of [Fe II/H] toward low metallicities. Since [Fe II/H]
strongly depends on the adopted values of log g, this implies
that gravities are severly underestimated in method (1). This
bias is clearly revealed when the stellar masses corresponding
to the spectroscopic values of log g values are computed. We
estimated the stellar masses by inverting the Stefan–Boltzmann
equation and assuming the spectroscopic log g derived with
method (1). The derived masses range from 0.12 to 0.79 M:,
with a mean value of 0.46 M: and a dispersion of 0.2 M:. Note
that ∼70% of the stars have masses below 0.6 M:. Such low
values, as well as the large dispersion of the mass distribution,

Figure 4. Generalized histograms for [Fe I/H] and [Fe II/H] (same colors of
Figure 2) obtained with the method (3) (photometric Teff and log g), adopting
the mean parameters (upper left panel) and those derived from individual
broadband colors.

Figure 5. Behavior of the difference between Teff as derived with method (3)
and (2) as a function of those derived with method (2).

Figure 6. Generalized histograms for [Fe I/H] and [Fe II/H] (same colors of
Figure 2) for a sample of 14 RGB stars in the GC NGC 6752. The analysis has
been performed adopting spectroscopic Teff and photometric log g, the same
method used for the right panel of Figure 2.
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Figure 2. Generalized histograms for [Fe i/H] (empty histogram) and [Fe ii/H] (gray histogram) obtained from the analysis performed with spectroscopic gravities
(left panel) and with photometric gravities (right panel).

of mass loss phenomena during the RGB phase (Rood 1973;
Origlia et al. 2002, 2007, 2014). In fact, Gratton et al. (2010)
provide the masses for a sample of horizontal-branch (HB) stars
in NGC 3201, finding values between 0.62 and 0.71 M⊙. We
initially analyzed all the targets assuming the mass of a RGB star.
Then, the AGB candidates, selected according to their position
in Teff–logg plane (as discussed in Section 4) have been re-
analyzed by assuming the median value (0.68 M⊙) of the HB
stars estimated by Gratton et al. (2010).

This method allows us to take advantage of the high quality
of the spectra, deriving accurate Teff thanks to the large number
of transitions spanning a large range of E.P.s. On the other
hand, this approach does not require a fully spectroscopic
determination of log g that is instead calculated using both
photometric information and spectroscopic Teff , avoiding any
possible bias related to NLTE effects.

The [Fe i/H] and [Fe ii/H] abundances obtained with this
method are listed in Table 1. The right panel of Figure 2
shows the [Fe i/H] and [Fe ii/H] distributions represented as
generalized histograms obtained from this analysis. The two
distributions turn out to be quite different. The iron distribution
obtained from Fe i lines resembles that obtained with the
spectroscopic parameters (left panel of Figure 2), with an
average value of [Fe i/H] = −1.46 ± 0.02 dex (σ = 0.10 dex),
while the distribution obtained from Fe ii lines has a narrow
Gaussian shape ([Fe ii/H] > = −1.40 ± 0.01 dex, σ = 0.05 dex)
pointing to a quite homogeneous iron content.

3.3. Uncertainties

Internal uncertainties in the derived Fe abundances have been
calculated by adding in quadrature two sources of uncertainties.

1. Those arising from the EW measurement. For each tar-
get, we estimated this term as the line-to-line dispersion
normalized to the rms of the number of lines. Because of
the high quality of the used spectra, the line-to-line scat-
ters are smaller than 0.1 dex, leading to internal uncertain-
ties of about 0.005–0.008 dex for [Fe i/H] and of about
0.010–0.025 dex for [Fe ii/H].

2. Those arising from the atmospheric parameters. To estimate
this term, we follow the approach described by Cayrel et al.

Table 3
Abundance Uncertainties Due to the Atmospheric

Parameters for the Stars #63 and #89

Ion Parameters δTeff δlog g δvturb
Uncertainty ±50 K ±0.1 ±0.1 km s−1

(dex) (dex) (dex) (dex)

#63 (RGB)

Fe i ±0.03 ±0.05 ±0.00 ∓0.03
Fe ii ±0.04 ∓0.02 ±0.04 ±0.03

#89 (AGB)

Fe i ±0.02 ±0.04 ±0.00 ∓0.03
Fe ii ±0.03 ∓0.02 ±0.04 ±0.02

Notes. The second column is the total uncertainty calculated according to Cayrel
et al. (2004). The other columns list the abundance variations related to the
variation of only one parameter.

(2004) to take into account the covariance terms due to the
correlations among the atmospheric parameters. For each
target, the temperature has been varied by ±1σTeff , the grav-
ity has been re-calculated through the Stefan–Boltzmann
equation adopting the new values of Teff and the microtur-
bulent velocity re-optimized spectroscopically.

Table 1 lists the total uncertainty including both the terms
(1) and (2). Also, Table 3 shows for two representative
targets (one RGB and one AGB star) the abundance
uncertainty obtained following the prescriptions by Cayrel
et al. (2004; second column) and those obtained with the
usual method of independently varying each parameter (an
approach that obviously does not take into account the
correlation among the parameters and can overestimate the
total uncertainty).

4. DISCUSSION

In this paper we present a new analysis of the
UVES–FLAMES spectra of 21 member stars of NGC 3201
already discussed in Simmerer et al. (2013). The Fe abun-
dances have been calculated both using spectroscopic gravities
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Figure 19. [Ba/Fe] and [La/Fe] as a function of [Fe/H] for anomalous GCs and field stars. Different symbols and colours are used for different GCs, as shown
in the legend. The literature sources of the plotted abundances are: this paper for NGC 5286; Marino et al. (2009; 2011b) for M 22; Marino et al. (2011a) for
ω Centauri; Yong et al. (2008) for NGC 1851; Yong et al. (2014) for M 2; and Fulbright (2000) for the Milky Way field stars.

Figure 20. Metallicity histograms for the GCs with detected internal vari-
ations in metallicity plus s-process elements. The literature sources of these
data are: Marino et al (2009, 2011b) for M 22, Marino et al. (2011a) for
ω Centauri and Yong et al. (2014) for M 2. As a comparison, we also show
the metallicity distribution for the UFD galaxy Bootes I (data from Norris
et al. 2010) and the GC M 54+SgrN (data from Carretta et al. 2010b).

Sagittarius dwarf galaxy (Layden & Sarajedini 2000) and has metal-
licity variations (Carretta et al. 2010a). Also, a low-density halo of
stars surrounding NGC 1851 has been discovered by Olszewski
et al. (2009), whose chemistry is compatible with the s-poor group
observed in this cluster (Marino et al. 2014). The absence of s-rich
stars in this halo may suggest either that this GC is preferentially
losing s-poor stars into the field, or that this sparse structure is the
remnant of a dwarf galaxy, as its composition is compatible with
field stars at similar metallicity (Marino et al. 2014).

The lower-left panel of Fig. 20 shows the metallicity distribu-
tion function (MDF) for 16 stars in the ultrafaint dwarf galaxy
(UFD) Bootes I (from Norris et al. 2010). Norris and collaborators
noted that Bootes I, similarly to that observed in dwarf spheroidals,
exhibits a slow increase from lowest abundance to the MDF peak,
while, by contrast, ω Centauri shows a steep rise. In the other panels

of Fig. 20, we compare the [Fe/H] kernel-density distributions for
the anomalous GCs studied through high-resolution spectroscopy,
including ω Centauri and the M 54 plus the Sagittarius nucleus
(SgrN) system. An inspection of these distributions reveals that a
sharp rise in metallicity to the metal-poorer peak7 is a common
feature among anomalous GCs.

Another difference among anomalous GCs and dwarf galaxies
is the lack, in the latter, of typical (anti)correlation patterns among
light elements (e.g. Norris et al. in preparation for Carina). We note
however that, if the hypothesis of the origin of anomalous GCs as
nuclei of disrupted dwarf galaxies will be confirmed, the chemistry
of the dwarfs does not have to necessarily resemble the GCs’ one, as
the latter would constitute just their nuclear regions. In anomalous
GCs, the variations in light elements within each s/Fe-group (such
as the individual Na–O anticorrelation) is difficult to understand
within a self-pollution scenario, even in the hypothesis that the
anomalous GCs are the nuclear remnants of more massive systems.
As individual s-groups appear similar to mono-metallic GCs, with
their own Fe content and their own Na–O anticorrelation, it has
been proposed that they can result from mergers between different
clusters (e.g. Bekki & Yong 2012). If this scenario will apply to
every anomalous GC, we will need to understand why in almost all
the GCs with internal metallicity variations found so far the increase
in metals is coupled with a s-enrichment. In other words, we should
find an explanation for the very similar properties of these objects,
while in the hypothesis of a merger of two (or more) GCs one would
expect a much more heterogenous observational scenario.

It is worth noticing that nearby dwarf and irregular galaxies host
their more massive GCs in their central regions, these GCs being
nuclear star clusters (e.g. Georgiev et al. 2009). We do not have,
at the moment, any evidence for these nuclear GCs to share the
same Fe distribution of the parent galaxies, or they show instead
Fe distributions and chemical patterns more similar to the Galactic
anomalous GCs.

To explore further a possible galaxies-anomalous GCs connec-
tion, we plotted the position of various stellar systems in the half-
light radius (log (rh/pc)) versus absolute-mag (MV) plane (Fig. 21).

7 We note that the distributions shown in Fig. 20 for the anomalous GCs
are biased in the number of metal-richer stars for NGC 5286, M 2, and
M 54+SgrN because metal-richer stars have been preferentially selected.
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Figure 1. This figure illustrates the procedure to derive the !F275W, F336W, F438W versus !F275W, F814W pseudo-two-colour diagram (or ‘chromosome map’)
for the prototypical cluster NGC 6723. Panels (a1) and (b1) show the mF814W versus CF275W, F336W, F438W pseudo-CMD and the mF814W versus mF275W −
mF814W CMD of NGC 6723. The aqua circle in panel (b1) marks the MS turnoff, whereas the two horizontal dotted lines in panels (a1) and (b1) are placed
at the magnitude level of the MS turnoff and 2.0 F814W mag above it. The blue and red lines mark the boundaries of the RGB, while the aqua segments in
the panels (a1) and (b1) indicate the mF275W − mF814W colour and the CF275W, F336W, F438W pseudo-colour separation between the two lines at 2.0 F814W mag
above the MS turnoff. The ‘verticalized’ mF814W versus !C F275W, F336W, F438W and mF814W versus !F275W, F814W diagrams for RGB stars are plotted in panels
(a2) and (b2), respectively, where the red and blue vertical lines correspond to the RGB boundaries in panels (a1) and (b1) that translate into vertical lines in
panel (a2) and (b2). The sample of RGB stars used to construct the chromosome map in panel (c) are those panels (a2) and (b2), where !F275W, F336W, F438W

and !C F275W, F814W are defined in equations (1) and (2) as explained in the text. The orange points indicate the distribution of stars expected from observational
errors only, while the red ellipses include the 68.27 per cent of the points. Panel (d) shows the Hess diagram for stars in panel (c).

! quantities represent the colour and pseudo-colour distance from
such lines. The resulting !C F275W, F336W, F438W versus !F275W, F814W

plot is shown in panels (c) and (d) and reveals the distinct stellar
populations of NGC 6723.

Following the nomenclature introduced in Paper V, we will refer
to plots such as those shown in panels (c) and (d) of Fig. 1 as the
‘chromosome map’ of a GC. The chromosome maps of all 57 GCs
are presented in Section 4.

3.3 Distinguishing first- and second-generation stars

The chromosome map of NGC 6723 shown in panels (c) and (d)
of Fig. 1 and in the left-hand panel of Fig. 2 reveals that cluster
stars are distributed along two main, distinct groups that we name
1G and 2G and that correspond to the first and second generation
of stars as defined in Paper V. It is indeed commonly believed that
the multiple stellar populations phenomenon in GCs is the result
of multiple events of star formation, where 2G stars form out of
material processed by 1G stars (e.g. Decressin et al. 2007, Paper V,
D’Antona et al. 2016, and references therein). Thus, in this paper we

will consider GC ‘multiple populations’ and ‘multiple generations’
as synonyms, as done in previous papers of this series.

We preliminarily identify 1G stars as those at nearly constant
!C F275W, F336W, F438W departing from the origin of the reference
frame, located at !C F275W, F336W, F438W = !F275W, F814W = 0. As a
consequence, 2G stars are identified as those in the steep branch
reaching high values of !C F275W, F336W, F438W. A full justification
of this choice is presented in Section 4.3, where 1G and 2G
are chemically tagged, in analogy to what done in Paper II and
Paper III.

The procedure to define a sample of bona fide 1G and 2G stars
is illustrated in Fig. 2 for NGC 6723. The green line is a fit to the
group of 1G stars and the angle between the green line and the
dashed horizontal line is θ = 18o. We adopted this same value of
θ for all the analysed clusters. The !2 versus !1 diagram shown
in the middle panel of Fig. 2 has been obtained by rotating coun-
terclockwise the left-hand panel diagram by an angle θ around the
origin of the reference frame, and the black histogram plotted in
the right-hand panel represents the normalized !2 distribution of
cluster stars. The orange points shown in the left-hand and middle

MNRAS 464, 3636–3656 (2017)
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Figure 2. The figure illustrates the method used to identify the two samples of bona fide first-generation (1G) and second-generation (2G) stars in NGC 6723.
The left-hand panel reproduces the !F275W, F336W, F438W versus !F275W, F814W diagram from Fig. 1. The green line through the origin of the frame is a fit to
the sequence of candidate 1G stars and defines an angle θ = 18◦ with respect to the horizontal line. The middle panel shows the !2 versus !1 plot where
these new coordinates have been obtained by rotating counterclockwise by an angle θ the plot in the left-hand panel. The histogram in the right-hand panel
shows the distributions of the !2 values. The orange points in the left-hand and middle panels show the distribution of the observational errors and their !2
distribution is represented by the shaded orange histogram in the right-hand panel. The dashed magenta lines separate the selected 1G and 2G stars, which are
coloured aqua and magenta, respectively, in the left-hand and middle panels. See the text for details.

panels of Fig. 2 represent the expected distribution of the observa-
tional errors obtained by Monte Carlo simulations and have been
plotted at the arbitrary position !2 = 0. The normalized histogram
distribution of the !2 errors is shown in orange in the right-hand
panel of the figure. The magenta dashed line is then plotted at the
!2 level corresponding to the 3σ deviation from the mean of the
error histogram, and the same line is also reported in the left-hand
panel, after counter rotation.

We have then taken as bona fide 1G stars all those below the
magenta dashed line, while the remaining stars are defined as 2G.
1G and 2G stars are coloured aqua and magenta, respectively, in the
left-hand and middle panel of Fig. 2. We can already notice that the
!F275W, F814W and !C F275W, F336W, F438W extension of both 1G and
2G stars in this cluster is significantly wider than expected from
photometric errors alone, thus demonstrating that both 1G and 2G
stars in the cluster are not chemically homogeneous. As we shall
see, this is the case for the vast majority of our 57 GCs.

4 TH E C H RO M O S O M E M A P S O F T H E 5 7
G L O BU L A R C L U S T E R S

Figs 3–7 show a collection of the chromosome maps for all 57 GCs
studied in this paper. GCs are roughly sorted in order of decreasing
metallicity, from the most metal rich (NGC 6624, [Fe/H] = − 0.44,
Fig. 3) to the most metal poor (NGC 7078, [Fe/H] = − 2.37, Fig. 7).

4.1 Classifying clusters in two main types

In most maps, it is possible to easily identify the two main groups
of 1G and 2G stars as it was the case for NGC 6723 (see Fig. 2).
The magenta dashed lines superimposed on each panel of Figs 3–7
have been derived as described in Section 4.2 and have been used
to identify the two groups of bona fide 1G and 2G stars of each
cluster. Clusters for which the map allows the 1G/2G distinction as
described for NGC 6723 are called here type-I clusters. However,
the extension of the 1G group of stars and its separation from the
2G group are quite ambiguous in some clusters, and eventually a
distinction between 1G and 2G groups is no longer possible, at

least with the present photometric accuracy. This is the case for the
three clusters NGC 5927, NGC 6304, and NGC 6441. The 1G/2G
separation may still be possible using other passbands, such as in
the case of NGC 6441 (Bellini et al. 2013).

Finally, several other clusters exhibit more complex chromosome
maps, with an additional 2G sequence (e.g. NGC 1851) or even what
appears to be a split of both 1G and 2G sequences (e.g. NGC 6934).
Stars in these additional sequences are coloured in red in the chro-
mosome maps. These are the clusters that define the type II and,
besides the mentioned NGC 1851 and NGC 6934, this group in-
cludes NGC 362, NGC 1261, NGC 5286, NGC 6388, NGC 6656,
NGC 6715, NGC 7089, and the famous ω Cen which, not surpris-
ingly, has the most complex map of them all. Noticeably, in order to
derive the red and blue fiducial lines that are used to determine the
chromosome map of type-II GCs (see Fig. 1), we used only blue-
RGB stars. Type-II clusters deserve a dedicated analysis, which is
presented in Section 5.

As illustrated by Figs 3–7, the chromosome maps of type-I GC
exhibit a great deal of variety. In particular, the !C F275W, F336W, F438W

and !F275W, F814W extensions differ from one cluster to another, and
in several clusters distinct clumps are clearly visible within the 1G
and/or the 2G sequences. This is the case of NGC 2808 where
at least five distinct subpopulations can be identified, as already
illustrated in Paper III. The detailed study of substructures within
the 1G and 2G sequences is not further developed in this paper.

Among type-I clusters, quite surprising is the case of NGC 6441,
often considered a twin cluster of NGC 6388, since both are metal-
rich clusters with an extended blue HB (e.g. Rich et al. 1997;
Bellini et al. 2013, and references therein). Yet, their chromosome
maps are radically different, with the type-II NGC 6388 exhibit-
ing a very complex map whereas the type-I NGC 6441 shows a
unique sequence where it is not even possible to distinguish be-
tween 1G and 2G stars. Similarly, we note significant difference
between the chromosome map of the second-parameter pair cluster
NGC 6205 (M 13) and NGC 5272 (M 3), with the latter hosting a
very extended 1G. First- and second-generation stars in the other
famous second-parameter pair, NGC 288 NGC 362, share a similar
distribution in the corresponding chromosome maps. Intriguingly,
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Figure 1. This figure illustrates the procedure to derive the !F275W, F336W, F438W versus !F275W, F814W pseudo-two-colour diagram (or ‘chromosome map’)
for the prototypical cluster NGC 6723. Panels (a1) and (b1) show the mF814W versus CF275W, F336W, F438W pseudo-CMD and the mF814W versus mF275W −
mF814W CMD of NGC 6723. The aqua circle in panel (b1) marks the MS turnoff, whereas the two horizontal dotted lines in panels (a1) and (b1) are placed
at the magnitude level of the MS turnoff and 2.0 F814W mag above it. The blue and red lines mark the boundaries of the RGB, while the aqua segments in
the panels (a1) and (b1) indicate the mF275W − mF814W colour and the CF275W, F336W, F438W pseudo-colour separation between the two lines at 2.0 F814W mag
above the MS turnoff. The ‘verticalized’ mF814W versus !C F275W, F336W, F438W and mF814W versus !F275W, F814W diagrams for RGB stars are plotted in panels
(a2) and (b2), respectively, where the red and blue vertical lines correspond to the RGB boundaries in panels (a1) and (b1) that translate into vertical lines in
panel (a2) and (b2). The sample of RGB stars used to construct the chromosome map in panel (c) are those panels (a2) and (b2), where !F275W, F336W, F438W

and !C F275W, F814W are defined in equations (1) and (2) as explained in the text. The orange points indicate the distribution of stars expected from observational
errors only, while the red ellipses include the 68.27 per cent of the points. Panel (d) shows the Hess diagram for stars in panel (c).

! quantities represent the colour and pseudo-colour distance from
such lines. The resulting !C F275W, F336W, F438W versus !F275W, F814W

plot is shown in panels (c) and (d) and reveals the distinct stellar
populations of NGC 6723.

Following the nomenclature introduced in Paper V, we will refer
to plots such as those shown in panels (c) and (d) of Fig. 1 as the
‘chromosome map’ of a GC. The chromosome maps of all 57 GCs
are presented in Section 4.

3.3 Distinguishing first- and second-generation stars

The chromosome map of NGC 6723 shown in panels (c) and (d)
of Fig. 1 and in the left-hand panel of Fig. 2 reveals that cluster
stars are distributed along two main, distinct groups that we name
1G and 2G and that correspond to the first and second generation
of stars as defined in Paper V. It is indeed commonly believed that
the multiple stellar populations phenomenon in GCs is the result
of multiple events of star formation, where 2G stars form out of
material processed by 1G stars (e.g. Decressin et al. 2007, Paper V,
D’Antona et al. 2016, and references therein). Thus, in this paper we

will consider GC ‘multiple populations’ and ‘multiple generations’
as synonyms, as done in previous papers of this series.

We preliminarily identify 1G stars as those at nearly constant
!C F275W, F336W, F438W departing from the origin of the reference
frame, located at !C F275W, F336W, F438W = !F275W, F814W = 0. As a
consequence, 2G stars are identified as those in the steep branch
reaching high values of !C F275W, F336W, F438W. A full justification
of this choice is presented in Section 4.3, where 1G and 2G
are chemically tagged, in analogy to what done in Paper II and
Paper III.

The procedure to define a sample of bona fide 1G and 2G stars
is illustrated in Fig. 2 for NGC 6723. The green line is a fit to the
group of 1G stars and the angle between the green line and the
dashed horizontal line is θ = 18o. We adopted this same value of
θ for all the analysed clusters. The !2 versus !1 diagram shown
in the middle panel of Fig. 2 has been obtained by rotating coun-
terclockwise the left-hand panel diagram by an angle θ around the
origin of the reference frame, and the black histogram plotted in
the right-hand panel represents the normalized !2 distribution of
cluster stars. The orange points shown in the left-hand and middle
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Figure 2. The figure illustrates the method used to identify the two samples of bona fide first-generation (1G) and second-generation (2G) stars in NGC 6723.
The left-hand panel reproduces the !F275W, F336W, F438W versus !F275W, F814W diagram from Fig. 1. The green line through the origin of the frame is a fit to
the sequence of candidate 1G stars and defines an angle θ = 18◦ with respect to the horizontal line. The middle panel shows the !2 versus !1 plot where
these new coordinates have been obtained by rotating counterclockwise by an angle θ the plot in the left-hand panel. The histogram in the right-hand panel
shows the distributions of the !2 values. The orange points in the left-hand and middle panels show the distribution of the observational errors and their !2
distribution is represented by the shaded orange histogram in the right-hand panel. The dashed magenta lines separate the selected 1G and 2G stars, which are
coloured aqua and magenta, respectively, in the left-hand and middle panels. See the text for details.

panels of Fig. 2 represent the expected distribution of the observa-
tional errors obtained by Monte Carlo simulations and have been
plotted at the arbitrary position !2 = 0. The normalized histogram
distribution of the !2 errors is shown in orange in the right-hand
panel of the figure. The magenta dashed line is then plotted at the
!2 level corresponding to the 3σ deviation from the mean of the
error histogram, and the same line is also reported in the left-hand
panel, after counter rotation.

We have then taken as bona fide 1G stars all those below the
magenta dashed line, while the remaining stars are defined as 2G.
1G and 2G stars are coloured aqua and magenta, respectively, in the
left-hand and middle panel of Fig. 2. We can already notice that the
!F275W, F814W and !C F275W, F336W, F438W extension of both 1G and
2G stars in this cluster is significantly wider than expected from
photometric errors alone, thus demonstrating that both 1G and 2G
stars in the cluster are not chemically homogeneous. As we shall
see, this is the case for the vast majority of our 57 GCs.

4 TH E C H RO M O S O M E M A P S O F T H E 5 7
G L O BU L A R C L U S T E R S

Figs 3–7 show a collection of the chromosome maps for all 57 GCs
studied in this paper. GCs are roughly sorted in order of decreasing
metallicity, from the most metal rich (NGC 6624, [Fe/H] = − 0.44,
Fig. 3) to the most metal poor (NGC 7078, [Fe/H] = − 2.37, Fig. 7).

4.1 Classifying clusters in two main types

In most maps, it is possible to easily identify the two main groups
of 1G and 2G stars as it was the case for NGC 6723 (see Fig. 2).
The magenta dashed lines superimposed on each panel of Figs 3–7
have been derived as described in Section 4.2 and have been used
to identify the two groups of bona fide 1G and 2G stars of each
cluster. Clusters for which the map allows the 1G/2G distinction as
described for NGC 6723 are called here type-I clusters. However,
the extension of the 1G group of stars and its separation from the
2G group are quite ambiguous in some clusters, and eventually a
distinction between 1G and 2G groups is no longer possible, at

least with the present photometric accuracy. This is the case for the
three clusters NGC 5927, NGC 6304, and NGC 6441. The 1G/2G
separation may still be possible using other passbands, such as in
the case of NGC 6441 (Bellini et al. 2013).

Finally, several other clusters exhibit more complex chromosome
maps, with an additional 2G sequence (e.g. NGC 1851) or even what
appears to be a split of both 1G and 2G sequences (e.g. NGC 6934).
Stars in these additional sequences are coloured in red in the chro-
mosome maps. These are the clusters that define the type II and,
besides the mentioned NGC 1851 and NGC 6934, this group in-
cludes NGC 362, NGC 1261, NGC 5286, NGC 6388, NGC 6656,
NGC 6715, NGC 7089, and the famous ω Cen which, not surpris-
ingly, has the most complex map of them all. Noticeably, in order to
derive the red and blue fiducial lines that are used to determine the
chromosome map of type-II GCs (see Fig. 1), we used only blue-
RGB stars. Type-II clusters deserve a dedicated analysis, which is
presented in Section 5.

As illustrated by Figs 3–7, the chromosome maps of type-I GC
exhibit a great deal of variety. In particular, the !C F275W, F336W, F438W

and !F275W, F814W extensions differ from one cluster to another, and
in several clusters distinct clumps are clearly visible within the 1G
and/or the 2G sequences. This is the case of NGC 2808 where
at least five distinct subpopulations can be identified, as already
illustrated in Paper III. The detailed study of substructures within
the 1G and 2G sequences is not further developed in this paper.

Among type-I clusters, quite surprising is the case of NGC 6441,
often considered a twin cluster of NGC 6388, since both are metal-
rich clusters with an extended blue HB (e.g. Rich et al. 1997;
Bellini et al. 2013, and references therein). Yet, their chromosome
maps are radically different, with the type-II NGC 6388 exhibit-
ing a very complex map whereas the type-I NGC 6441 shows a
unique sequence where it is not even possible to distinguish be-
tween 1G and 2G stars. Similarly, we note significant difference
between the chromosome map of the second-parameter pair cluster
NGC 6205 (M 13) and NGC 5272 (M 3), with the latter hosting a
very extended 1G. First- and second-generation stars in the other
famous second-parameter pair, NGC 288 NGC 362, share a similar
distribution in the corresponding chromosome maps. Intriguingly,
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Figure 8. This figure exemplifies the procedure to estimate the fraction of
1G stars with respect to the total number of RGB stars, for NGC 6723 (upper
panels) and NGC 6205 (middle panels). The left-hand panels show the !2
versus !1 diagrams presented in Section 4.2, where the pre-selected 1G
and 2G stars are coloured aqua and magenta, respectively. The histogram
in the right-hand panels show the distributions of the !2 values. The red
lines superimposed on the histograms of NGC 6723 and NGC 6205 are the
best-fitting Gaussians of the 1G peak of the histogram. The fraction of 1G
stars is then calculated as the ratio of the area of the Gaussian over that of
the whole histogram. Lower panels show the case of NGC 6441, a type-I
cluster, for which no clear distinction can be made between 1G and 2G stars
and, correspondingly, we did not estimate the fraction of 1G stars. See the
text for details.

evidence indicates that stars in the faint SGB and red RGB are
enhanced in global C+N+O content, in iron and in s-process ele-
ments. We conclude that type-II clusters differ from type I ones in
three aspects: the SGB of type-II GCs splits in optical bands, they
host multiple 1G and/or 2G sequences in the chromosome maps
and they show a wide composition range in heavy elements. Of
course, these three characteristics ought to be physically connected
to each other. To the best of our current understanding, each of these
three properties, separately, is sufficient to identify as such a type-II
cluster. We refer the reader to paper by Marino et al. (2015) and ref-
erence therein for further discussion on the chemical composition
of type-II GCs.

Figure 9. Panel (a) shows the chromosome map of RGB stars in the type
I cluster NGC 6121, where we have coloured aqua and magenta 1G and
2G stars, respectively. Large aqua and magenta dots indicate 1G and 2G
stars studied spectroscopically by Marino et al. (2008), and whose [Na/Fe]
versus [O/Fe] anticorrelation is shown in panel (b) using the same symbols.
Stars for which an oxygen abundance determination is not available are
plotted on the right side of the vertical line in this and in similar panels. The
chromosome map of the type II NGC 5286 is shown in panel (c), where
red-RGB stars are coloured red and black point are used for the remaining
RGB stars. Large black circles and red triangles indicate those stars studied
spectroscopically by Marino et al. (2015), and whose [Ba/Fe] versus [Fe/H]
plot is shown in panel (d).

Figure 10. Upper panel: the mF336W versus mF336W − mF814W CMD of
NGC 1851 with red-RGB stars coloured red. The inset shows a zoomed-
in view around the SGB. Lower panels: mF438W versus mF438W − mF814W

(left), mF606W versus mF606W − mF814W (middle), and mF275W versus mF275W

− mF814W (right) CMDs around the SGB. The sample of faint SGB stars
selected from the CMD in the insert of the upper panel are coloured red in
these panels.
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Figure 4. As in Fig. 3, but for NGC 6652, NGC 6362, NGC 6171 (M 107), NGC 6723, NGC 2808, NGC 6121 (M 4), NGC 6717, NGC 1851, NGC 362,
NGC 1261, NGC 5904 (M 5), NGC 288, and NGC 6934.

larger than measurement errors) demonstrates that neither 1G nor
2G are consistent with a simple stellar population. This raises a new
fundamental question: what are the chemical differences within the
1G population of a GC?

4.3 The chemical composition of multiple stellar populations

The chemical characterization of the multiple populations identified
on the chromosome maps is a key step to justify our identification
of 1G and 2G stars as belonging to the first and the second gener-
ation and an indispensable tool to understand their origin. For this
purpose, the spectroscopic analysis of some stars included in our
chromosome maps is needed. At present, we can rely only on exist-
ing data but additional extensive spectroscopic surveys are needed
to shed further light on our photometric data.

To illustrate the case, in Fig. 9 we focus on NGC 6121 as a pro-
totype of a type-I cluster. Multiple stellar populations in NGC 6121
have been widely studied, both photometrically (e.g. Marino et al.
2008; Milone et al. 2014; Nardiello et al. 2015b) and spectroscop-

ically (e.g. Ivans et al. 1999; Marino et al. 2008, 2011; Carretta
et al. 2009, 2013). From Marino et al. (2008), chemical analysis is
available for 11 stars in common with our WFC3/UVIS sample of
RGB stars. Panel (b) of Fig. 9 shows the sodium–oxygen anticor-
relation, where some stars are oxygen rich and sodium poor, hence
with primordial chemical composition, while others are enhanced in
sodium and depleted in oxygen. These stars are shown, respectively,
with aqua and magenta filled circles in panels (a) and (b) of Fig. 9,
showing that those we have called 1G stars have indeed primordial
chemical composition, while 2G stars are Na rich and O poor. No
significant differences in iron content appear to exist among 1G and
2G stars in NGC 6121. In Papers II and III, we performed a similar
chemical tagging for NGC 7089 and for NGC 2808, by compar-
ing the chromosome map of these clusters with the light-element
abundances from Yong et al. (2014) and Carretta et al. (2006),
respectively.

The chemical tagging of stars identified on the chromosome maps
is clearly very limited at this time, but it could be greatly expanded
by future spectroscopic observations targeting stars selected on the
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Fig. 8. Similar to Fig. 7 but using HST UV photometry from Soto et al.
(2017), available only for 12 out of the 19 good quality member stars
within the HST field of view (See Fig. 6). The bottom panels show the
CMDs with our spectroscopic targets identified using the same symbols
as in Fig. 2 . The index �cF275W,F336W,F438W is plotted against �S(3839)
on the upper left panel. A second-order polynomial was fitted to S1

stars, and it is shown as red dashed line. The index �cF275W,F336W,F438W
is plotted also against �cF275W,I on the upper right panel, which is a
version of the so-called “chromosome map” from Milone et al. (2017)
that distinguishes 1G and 2G stars, split by a line inclined by ✓ = 18�.
Our spectroscopic targets are identified on the map.

We show in Fig. 9 a similar CMD to the one done in Fig. 71

but now with the colour defined by Eq. (5). We defined the dif-2

ferential index �cB,V,I in a similar way to that for �cU,B,I . Only3

stars brighter than V < 14 are analysed as before. All S2 stars4

are to the right of the fitted line, the pec are to the left, and5

S1 stars are spread around the curve. Kernel density estimations6

(KDEs) were produced for these stars separated into pec-S1-S2,7

and bandwidth as the average uncertainty. Although the KDEs8

are broad, it is possible to identify that the peaks follow the9

sequence pec-S1-S2 in terms of increasing �cB,V,I . In conclu-10

sion, �cB,V,I is able to split pec-S1-S2 NGC 3201 stars, even if11

not as clearly as for NGC 5286. If this index is able to split12

groups of stars with different C+N+O abundance and possibly13

s-process element abundances, NGC 3201 could join the group14

of anomalous clusters.15

4.3. CN distribution16

Campbell et al. (2012) revealed a quadrimodal CN distribution17

for the anomalous cluster NGC 1851. It is known that the more18

metal-rich the cluster the larger range its CN distribution has19

(e.g. Kayser et al. 2008; Schiavon et al. 2017; Milone et al. 2017),20

therefore Campbell et al. compared NGC 1851 with NGC 28821

that has a similar metallicity ([Fe/H] = �1.19,Dias et al. 2016b).22

They concluded that both clusters indeed have similar ranges on23

the CN distribution, but NGC 288, taken as a typical globular24

cluster, has a clearly bimodal distribution, while NGC 1851 has25

a quadrimodal distribution. Moreover, they showed that the two26
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Fig. 9. Bottom panel: same as Fig. 7 but for the index cB,V,I defined in
Eq. (5). Average error bars are indicated at the upper left corner. Top

panels: the KDEs of �cB,V,I are shown for each group of stars: S1, S2,
and peculiar only for stars brighter than V < 14. The KDE bandwidth
is the average uncertainty of 0.03. Peak values are indicated by vertical
dashed lines.

CN-strong peaks are also Ba-rich, and the other two peaks are 27

Ba-poor. We discuss whether a quadrimodal CN distribution can 28

be another indicator of anomalous clusters. 29

In order to compare NGC 3201 with other clusters, we pro- 30

duced the KDE for each cluster shown in Fig. 10 using the 31

indices from the RGB stars of Kayser et al. (2008) corrected 32

following Appendix A. The KDE smoothing bandwidth was 33

considered as the average index uncertainty of each cluster. For 34

each distribution we fitted the minimum number of Gaussian 35

functions that was needed to converge the fit using non-linear 36

least squares9. They are shown in the figure and represent well 37

the KDEs. The sigma of each Gaussian was forced to be similar 38

to the average index uncertainty in each case. A possible check 39

of the significance of the multi-Gaussian fit is the number of 40

degrees of freedom. Each Gaussian has two variables to be fit, 41

therefore at least three points per Gaussian are needed in order 42

to give flexibility for the fit to proceed. For NGC 288, two Gaus- 43

sians were fitted to 16 points, which is more than six, hence the 44

9 R script adapted from http://research.stowers.org/mcm/

efg/R/Statistics/MixturesOfDistributions/index.htm.
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Figure 8. This figure exemplifies the procedure to estimate the fraction of
1G stars with respect to the total number of RGB stars, for NGC 6723 (upper
panels) and NGC 6205 (middle panels). The left-hand panels show the !2
versus !1 diagrams presented in Section 4.2, where the pre-selected 1G
and 2G stars are coloured aqua and magenta, respectively. The histogram
in the right-hand panels show the distributions of the !2 values. The red
lines superimposed on the histograms of NGC 6723 and NGC 6205 are the
best-fitting Gaussians of the 1G peak of the histogram. The fraction of 1G
stars is then calculated as the ratio of the area of the Gaussian over that of
the whole histogram. Lower panels show the case of NGC 6441, a type-I
cluster, for which no clear distinction can be made between 1G and 2G stars
and, correspondingly, we did not estimate the fraction of 1G stars. See the
text for details.

evidence indicates that stars in the faint SGB and red RGB are
enhanced in global C+N+O content, in iron and in s-process ele-
ments. We conclude that type-II clusters differ from type I ones in
three aspects: the SGB of type-II GCs splits in optical bands, they
host multiple 1G and/or 2G sequences in the chromosome maps
and they show a wide composition range in heavy elements. Of
course, these three characteristics ought to be physically connected
to each other. To the best of our current understanding, each of these
three properties, separately, is sufficient to identify as such a type-II
cluster. We refer the reader to paper by Marino et al. (2015) and ref-
erence therein for further discussion on the chemical composition
of type-II GCs.

Figure 9. Panel (a) shows the chromosome map of RGB stars in the type
I cluster NGC 6121, where we have coloured aqua and magenta 1G and
2G stars, respectively. Large aqua and magenta dots indicate 1G and 2G
stars studied spectroscopically by Marino et al. (2008), and whose [Na/Fe]
versus [O/Fe] anticorrelation is shown in panel (b) using the same symbols.
Stars for which an oxygen abundance determination is not available are
plotted on the right side of the vertical line in this and in similar panels. The
chromosome map of the type II NGC 5286 is shown in panel (c), where
red-RGB stars are coloured red and black point are used for the remaining
RGB stars. Large black circles and red triangles indicate those stars studied
spectroscopically by Marino et al. (2015), and whose [Ba/Fe] versus [Fe/H]
plot is shown in panel (d).

Figure 10. Upper panel: the mF336W versus mF336W − mF814W CMD of
NGC 1851 with red-RGB stars coloured red. The inset shows a zoomed-
in view around the SGB. Lower panels: mF438W versus mF438W − mF814W

(left), mF606W versus mF606W − mF814W (middle), and mF275W versus mF275W

− mF814W (right) CMDs around the SGB. The sample of faint SGB stars
selected from the CMD in the insert of the upper panel are coloured red in
these panels.
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Figure 4. As in Fig. 3, but for NGC 6652, NGC 6362, NGC 6171 (M 107), NGC 6723, NGC 2808, NGC 6121 (M 4), NGC 6717, NGC 1851, NGC 362,
NGC 1261, NGC 5904 (M 5), NGC 288, and NGC 6934.

larger than measurement errors) demonstrates that neither 1G nor
2G are consistent with a simple stellar population. This raises a new
fundamental question: what are the chemical differences within the
1G population of a GC?

4.3 The chemical composition of multiple stellar populations

The chemical characterization of the multiple populations identified
on the chromosome maps is a key step to justify our identification
of 1G and 2G stars as belonging to the first and the second gener-
ation and an indispensable tool to understand their origin. For this
purpose, the spectroscopic analysis of some stars included in our
chromosome maps is needed. At present, we can rely only on exist-
ing data but additional extensive spectroscopic surveys are needed
to shed further light on our photometric data.

To illustrate the case, in Fig. 9 we focus on NGC 6121 as a pro-
totype of a type-I cluster. Multiple stellar populations in NGC 6121
have been widely studied, both photometrically (e.g. Marino et al.
2008; Milone et al. 2014; Nardiello et al. 2015b) and spectroscop-

ically (e.g. Ivans et al. 1999; Marino et al. 2008, 2011; Carretta
et al. 2009, 2013). From Marino et al. (2008), chemical analysis is
available for 11 stars in common with our WFC3/UVIS sample of
RGB stars. Panel (b) of Fig. 9 shows the sodium–oxygen anticor-
relation, where some stars are oxygen rich and sodium poor, hence
with primordial chemical composition, while others are enhanced in
sodium and depleted in oxygen. These stars are shown, respectively,
with aqua and magenta filled circles in panels (a) and (b) of Fig. 9,
showing that those we have called 1G stars have indeed primordial
chemical composition, while 2G stars are Na rich and O poor. No
significant differences in iron content appear to exist among 1G and
2G stars in NGC 6121. In Papers II and III, we performed a similar
chemical tagging for NGC 7089 and for NGC 2808, by compar-
ing the chromosome map of these clusters with the light-element
abundances from Yong et al. (2014) and Carretta et al. (2006),
respectively.

The chemical tagging of stars identified on the chromosome maps
is clearly very limited at this time, but it could be greatly expanded
by future spectroscopic observations targeting stars selected on the
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Figure 6. Abundance ratios [Ba/Fe] and [La/Fe] as functions of [Fe/H] derived from the GIRAFFE sample. In each panel, blue circles represent s-poor/Fe-poor
stars, red triangles represent s-rich/Fe-rich stars. For each stellar group we show the average values, with associated dispersions (grey bars) and errors (blue
and red bars). The typical uncertainty (from Table 7) associated with single measurements is plotted on the bottom-right corner.

Table 8. Mean GIRAFFE abundances for the total number of analysed stars, the s-rich, the s-poor groups. The
averaged and rms values and the associated errors, have been computed by excluding values deviating more than
3 × 68th percentile from the median. The total number of analysed stars for each group is also listed.

Abundance Mean ± σ # Mean ± σ # Mean ± σ #
All GIRAFFE stars s-poor s-rich

[O/Fe] +0.44 0.04 0.22 28 +0.49 0.05 0.20 18 +0.34 0.08 0.23 10
[Na/Fe] +0.34 0.04 0.21 39 +0.29 0.05 0.22 22 +0.41 0.05 0.18 17
[Si/Fe] +0.40 0.01 0.09 53 +0.40 0.02 0.11 33 +0.41 0.02 0.08 20
[Ca/Fe] +0.41 0.01 0.09 55 +0.40 0.02 0.10 35 +0.42 0.01 0.05 20
[Sc/Fe] −0.03 0.01 0.08 54 −0.01 0.02 0.11 34 −0.04 0.01 0.05 20
[Ti/Fe] I +0.33 0.02 0.10 44 +0.30 0.02 0.09 27 +0.38 0.02 0.09 17
[Fe/H] −1.72 0.01 0.11 55 −1.77 0.02 0.09 35 −1.63 0.02 0.06 20
[Ni/Fe] +0.13 0.01 0.07 27 +0.11 0.01 0.05 17 +0.13 0.02 0.07 10
[Ba/Fe] II +0.45 0.06 0.42 55 +0.18 0.03 0.19 35 +0.93 0.05 0.24 20
[La/Fe] II +0.61 0.09 0.40 21 +0.14 0.01 0.03 8 +0.88 0.07 0.23 13

∼4 higher in the s-rich/Fe-rich group. UVES data also confirm
the difference in metallicity among different stellar groups, with
the s-rich/Fe-rich stars again being enhanced in Fe by a factor
of ∼1.5.

The histogram distribution of the [Fe/H] values obtained from
GIRAFFE and UVES data is represented in Fig. 8. These Fe dis-
tributions alone suggest the presence of a genuine Fe spread in
NGC 5286. The kernel-density distributions corresponding to the
observed data strongly differ from the distribution for a mono-
metallic GCs expected from our observational errors. The probabil-
ity that the s-poor and s-rich stars in the GIRAFFE sample come
from the same parent distribution is ∼10−7, as verified by comput-
ing a Kolmogorov–Smirnov test.

In Fig. 9, we show some Ba, Ce, and Nd transitions in stars
with similar atmospheric parameters but very different derived s-
elements chemical contents. The s-rich GIRAFFE star 969G clearly
has a much stronger Ba line λ6141 Å than does the s-poor GIRAFFE
star 1237G, and the same is observed in the pair of UVES stars
1339U and 1219U. Inspection of other contrasting pairs of stars
and other spectral lines yields the same conclusion. The average
chemical abundances for the s-poor and the s-rich stellar groups of
NGC 5286 are listed in Tables 8 and 9, for GIRAFFE and UVES,
respectively.

5.2 The p-capture elements and light-elements
(anti)correlations

The elements we have inferred that can be affected by proton-
capture (p-capture) reactions include O and Na analysed from both
UVES and GIRAFFE, and Mg and Al, available only for UVES
data. All of these elements show internal dispersions larger than
those expected from observational errors, suggesting that NGC 5286
shares with the typical Milky Way GCs the presence of light-
elements variations (see Tables 8 and 9). For most elements (in-
cluding O, Na, and Al), internal dispersions remain high even when
the sample is separated into s-poor and s-rich groups.

In Fig. 10, we show [Na/Fe] versus [O/Fe] (left) and versus [Si/Fe]
(right) for the GIRAFFE sample. These data suggest that both the
s-rich/Fe-rich and the s-poor/Fe-poor groups independently exhibit
an O–Na anticorrelation. Additionally, the s-rich/Na-rich stars typi-
cally have higher Si content, and a subsample of the s-poor/Na-rich
stars are also Si-richer. As shown in Fig. 11, no obvious correlations
are present between O and Na with s-element Ba, although the mean
[Na/Fe] and [O/Fe] are, respectively, higher and lower in the s-rich
stars, but these differences have only a 1σ significance.

The smaller sample of UVES stars confirms the presence of a
O–Na anticorrelation, showing also a well-defined Na–Al correla-
tion (Fig. 12), with variations in these elements internally present
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Figure 13. U–(U − V) CMD (left-hand panel) and I–cBVI diagram (right-hand panel) for NGC 5286, corrected for differential reddening. The grey symbols
on the right-hand panel represent HB stars. Spectroscopic data are superimposed with s-rich/Fe-rich stars represented by red triangles, s-poor/Fe-poor stars by
blue circles, and the s-poor/Fe-rich UVES star by a green cross, according with the other figures.

Previous papers have shown that a number of colours or pho-
tometric indices based on ultraviolet and far-ultraviolet photome-
try are very effective for detecting multiple sequences along the
RGB. These include the (U − B) colour (Marino et al. 2008), the
Strömgren index cy = c1 − (b− y) (Grundahl 1999; Yong et al.
2008), and the cF275W, F336W, F438W = (mF275W − mF336W) − (mF336W

− mF438W) and cF336W, F438W, F814W ‘(cUBI)’ = (mF336W − mF438W) −
(mF438W − mF814W) indices introduced by Milone et al. (2013) by
using HST filters F275W, F336W∼U, F438W∼B, and F814W∼I.
An appropriate combinations of U, B, I ground-based photometry
can efficiently separate multiple populations with different content
of nitrogen (through the CN line at ∼3300 Å) and helium (Marino
et al. 2008; Milone et al. 2012b, 2013; Monelli et al. 2013).

However, since O–Na–Al (anti)correlations are present among
both s-rich and s-poor stars of NGC 5286, an index that is sensitive
to the light-element patterns, like the cU, B, I index, is not able to
provide a clear separation between the two s and Fe groups of stars
hosted in the cluster. We have defined a new photometric index
based on a combination of B, V, and I magnitudes, cBVI = (B −
V) − (V − I), that maximizes the separation between the s-poor
and the s-rich groups of NGC 5286 (right-hand panel of Fig. 13).
In contrast with the cU, B, I index, the newly defined cB, V, I index, is
largely insensitive to nitrogen variations on the atmosphere of the
stars and provides a clear separation between s-rich and s-poor stars
of NGC 5286. This is similar to what observed in M 22, i.e. the
s-rich and s-poor stars define two RGBs in the V versus m1 diagram
(Marino et al. 2011b).

While a difference in age may account for the SGB structure of
NGC 5286, it cannot reproduce the large split seen in the cBVI index
(Marino et al., in preparation), and also the observed difference in
metallicity is too small to cause the wide separation observed on
the I–cBVI diagram. As the s-process abundances are not directly af-
fecting broad-band colours, this is another indication that the major
cause of the observed split in the cBVI is likely to be the presence
of metallicity and C+N+O variations among the s-poor/Fe-poor
and the Fe-rich/s-rich. Future spectroscopic investigations may be
enlightening in this regard, and should prove if C+N+O variations
exist in NGC 5286, further constraining the nature of the polluters.

We note here that the observed variation in the overall metallicity
is not able to reproduce such a large split in (U − V) and cBVI.
For M 22, we have demonstrated that the observed difference in
C+N+O (plus the variation in metallicity) can account for the en-
tire split SGB/RGB without any significant variation in age among
the s-poor (bright SGB) and the s-rich stars (faint SGB). Even if
we could not measure abundances of C and N for our stars in
NGC 5286, given the similar chemical abundance and photometric
patterns shared with M 22, it is tempting to speculate that internal
variations in C+N+O are present also in this GC and can account
(in part or totally) for its SGB split. We note that, in order to deter-
mine relative ages among the two SGB populations in NGC 5286,
future studies that measure the total C+N+O of the two s-groups
is essential.

5.5 On the possible presence of a metallicity spread
in the s-poor/Fe-poor group

From Fig. 6, we note that although on average, the s-poor group is
more Fe-poor than the s-rich group, there are some s-poor stars with
[Fe/H] similar to the s-rich group. Also in the UVES sample, one star
shows a similar behaviour and we preferred not to include this star
in either of the two main s-groups. The possible presence of a minor
third stellar component or a metallicity spread in the s-poor group
warrants a detailed discussion, and we have performed additional
tests to investigate whether this group is present in NGC 5286, or if
the spread in [Fe/H] is merely due to observational errors.

First, we have inspected the position of these stars in the CMD.
As shown in Fig. 14, we have selected a group of GIRAFFE stars,
composed of seven objects, showing lower s-content ([Ba/Fe] <

0.40) and higher Fe ([Fe/H] >− 1.70; green crosses in the [Ba/Fe]
versus [Fe/H] plane). The position of these stars in the V–(U − V)
CMD is shown in the left-hand panel of Fig. 14. Clearly, the main
s-poor and s-rich groups define two different branches on this CMD
(as discussed in Section 5.4), but the seven stars with higher Fe and
lower s-content do not appear to define distinct branches, and their
position is consistent with that of the RGB as defined by the s-poor
stars.
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Figure 6. Abundance ratios [Ba/Fe] and [La/Fe] as functions of [Fe/H] derived from the GIRAFFE sample. In each panel, blue circles represent s-poor/Fe-poor
stars, red triangles represent s-rich/Fe-rich stars. For each stellar group we show the average values, with associated dispersions (grey bars) and errors (blue
and red bars). The typical uncertainty (from Table 7) associated with single measurements is plotted on the bottom-right corner.

Table 8. Mean GIRAFFE abundances for the total number of analysed stars, the s-rich, the s-poor groups. The
averaged and rms values and the associated errors, have been computed by excluding values deviating more than
3 × 68th percentile from the median. The total number of analysed stars for each group is also listed.

Abundance Mean ± σ # Mean ± σ # Mean ± σ #
All GIRAFFE stars s-poor s-rich

[O/Fe] +0.44 0.04 0.22 28 +0.49 0.05 0.20 18 +0.34 0.08 0.23 10
[Na/Fe] +0.34 0.04 0.21 39 +0.29 0.05 0.22 22 +0.41 0.05 0.18 17
[Si/Fe] +0.40 0.01 0.09 53 +0.40 0.02 0.11 33 +0.41 0.02 0.08 20
[Ca/Fe] +0.41 0.01 0.09 55 +0.40 0.02 0.10 35 +0.42 0.01 0.05 20
[Sc/Fe] −0.03 0.01 0.08 54 −0.01 0.02 0.11 34 −0.04 0.01 0.05 20
[Ti/Fe] I +0.33 0.02 0.10 44 +0.30 0.02 0.09 27 +0.38 0.02 0.09 17
[Fe/H] −1.72 0.01 0.11 55 −1.77 0.02 0.09 35 −1.63 0.02 0.06 20
[Ni/Fe] +0.13 0.01 0.07 27 +0.11 0.01 0.05 17 +0.13 0.02 0.07 10
[Ba/Fe] II +0.45 0.06 0.42 55 +0.18 0.03 0.19 35 +0.93 0.05 0.24 20
[La/Fe] II +0.61 0.09 0.40 21 +0.14 0.01 0.03 8 +0.88 0.07 0.23 13

∼4 higher in the s-rich/Fe-rich group. UVES data also confirm
the difference in metallicity among different stellar groups, with
the s-rich/Fe-rich stars again being enhanced in Fe by a factor
of ∼1.5.

The histogram distribution of the [Fe/H] values obtained from
GIRAFFE and UVES data is represented in Fig. 8. These Fe dis-
tributions alone suggest the presence of a genuine Fe spread in
NGC 5286. The kernel-density distributions corresponding to the
observed data strongly differ from the distribution for a mono-
metallic GCs expected from our observational errors. The probabil-
ity that the s-poor and s-rich stars in the GIRAFFE sample come
from the same parent distribution is ∼10−7, as verified by comput-
ing a Kolmogorov–Smirnov test.

In Fig. 9, we show some Ba, Ce, and Nd transitions in stars
with similar atmospheric parameters but very different derived s-
elements chemical contents. The s-rich GIRAFFE star 969G clearly
has a much stronger Ba line λ6141 Å than does the s-poor GIRAFFE
star 1237G, and the same is observed in the pair of UVES stars
1339U and 1219U. Inspection of other contrasting pairs of stars
and other spectral lines yields the same conclusion. The average
chemical abundances for the s-poor and the s-rich stellar groups of
NGC 5286 are listed in Tables 8 and 9, for GIRAFFE and UVES,
respectively.

5.2 The p-capture elements and light-elements
(anti)correlations

The elements we have inferred that can be affected by proton-
capture (p-capture) reactions include O and Na analysed from both
UVES and GIRAFFE, and Mg and Al, available only for UVES
data. All of these elements show internal dispersions larger than
those expected from observational errors, suggesting that NGC 5286
shares with the typical Milky Way GCs the presence of light-
elements variations (see Tables 8 and 9). For most elements (in-
cluding O, Na, and Al), internal dispersions remain high even when
the sample is separated into s-poor and s-rich groups.

In Fig. 10, we show [Na/Fe] versus [O/Fe] (left) and versus [Si/Fe]
(right) for the GIRAFFE sample. These data suggest that both the
s-rich/Fe-rich and the s-poor/Fe-poor groups independently exhibit
an O–Na anticorrelation. Additionally, the s-rich/Na-rich stars typi-
cally have higher Si content, and a subsample of the s-poor/Na-rich
stars are also Si-richer. As shown in Fig. 11, no obvious correlations
are present between O and Na with s-element Ba, although the mean
[Na/Fe] and [O/Fe] are, respectively, higher and lower in the s-rich
stars, but these differences have only a 1σ significance.

The smaller sample of UVES stars confirms the presence of a
O–Na anticorrelation, showing also a well-defined Na–Al correla-
tion (Fig. 12), with variations in these elements internally present
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Figure 13. U–(U − V) CMD (left-hand panel) and I–cBVI diagram (right-hand panel) for NGC 5286, corrected for differential reddening. The grey symbols
on the right-hand panel represent HB stars. Spectroscopic data are superimposed with s-rich/Fe-rich stars represented by red triangles, s-poor/Fe-poor stars by
blue circles, and the s-poor/Fe-rich UVES star by a green cross, according with the other figures.

Previous papers have shown that a number of colours or pho-
tometric indices based on ultraviolet and far-ultraviolet photome-
try are very effective for detecting multiple sequences along the
RGB. These include the (U − B) colour (Marino et al. 2008), the
Strömgren index cy = c1 − (b− y) (Grundahl 1999; Yong et al.
2008), and the cF275W, F336W, F438W = (mF275W − mF336W) − (mF336W

− mF438W) and cF336W, F438W, F814W ‘(cUBI)’ = (mF336W − mF438W) −
(mF438W − mF814W) indices introduced by Milone et al. (2013) by
using HST filters F275W, F336W∼U, F438W∼B, and F814W∼I.
An appropriate combinations of U, B, I ground-based photometry
can efficiently separate multiple populations with different content
of nitrogen (through the CN line at ∼3300 Å) and helium (Marino
et al. 2008; Milone et al. 2012b, 2013; Monelli et al. 2013).

However, since O–Na–Al (anti)correlations are present among
both s-rich and s-poor stars of NGC 5286, an index that is sensitive
to the light-element patterns, like the cU, B, I index, is not able to
provide a clear separation between the two s and Fe groups of stars
hosted in the cluster. We have defined a new photometric index
based on a combination of B, V, and I magnitudes, cBVI = (B −
V) − (V − I), that maximizes the separation between the s-poor
and the s-rich groups of NGC 5286 (right-hand panel of Fig. 13).
In contrast with the cU, B, I index, the newly defined cB, V, I index, is
largely insensitive to nitrogen variations on the atmosphere of the
stars and provides a clear separation between s-rich and s-poor stars
of NGC 5286. This is similar to what observed in M 22, i.e. the
s-rich and s-poor stars define two RGBs in the V versus m1 diagram
(Marino et al. 2011b).

While a difference in age may account for the SGB structure of
NGC 5286, it cannot reproduce the large split seen in the cBVI index
(Marino et al., in preparation), and also the observed difference in
metallicity is too small to cause the wide separation observed on
the I–cBVI diagram. As the s-process abundances are not directly af-
fecting broad-band colours, this is another indication that the major
cause of the observed split in the cBVI is likely to be the presence
of metallicity and C+N+O variations among the s-poor/Fe-poor
and the Fe-rich/s-rich. Future spectroscopic investigations may be
enlightening in this regard, and should prove if C+N+O variations
exist in NGC 5286, further constraining the nature of the polluters.

We note here that the observed variation in the overall metallicity
is not able to reproduce such a large split in (U − V) and cBVI.
For M 22, we have demonstrated that the observed difference in
C+N+O (plus the variation in metallicity) can account for the en-
tire split SGB/RGB without any significant variation in age among
the s-poor (bright SGB) and the s-rich stars (faint SGB). Even if
we could not measure abundances of C and N for our stars in
NGC 5286, given the similar chemical abundance and photometric
patterns shared with M 22, it is tempting to speculate that internal
variations in C+N+O are present also in this GC and can account
(in part or totally) for its SGB split. We note that, in order to deter-
mine relative ages among the two SGB populations in NGC 5286,
future studies that measure the total C+N+O of the two s-groups
is essential.

5.5 On the possible presence of a metallicity spread
in the s-poor/Fe-poor group

From Fig. 6, we note that although on average, the s-poor group is
more Fe-poor than the s-rich group, there are some s-poor stars with
[Fe/H] similar to the s-rich group. Also in the UVES sample, one star
shows a similar behaviour and we preferred not to include this star
in either of the two main s-groups. The possible presence of a minor
third stellar component or a metallicity spread in the s-poor group
warrants a detailed discussion, and we have performed additional
tests to investigate whether this group is present in NGC 5286, or if
the spread in [Fe/H] is merely due to observational errors.

First, we have inspected the position of these stars in the CMD.
As shown in Fig. 14, we have selected a group of GIRAFFE stars,
composed of seven objects, showing lower s-content ([Ba/Fe] <

0.40) and higher Fe ([Fe/H] >− 1.70; green crosses in the [Ba/Fe]
versus [Fe/H] plane). The position of these stars in the V–(U − V)
CMD is shown in the left-hand panel of Fig. 14. Clearly, the main
s-poor and s-rich groups define two different branches on this CMD
(as discussed in Section 5.4), but the seven stars with higher Fe and
lower s-content do not appear to define distinct branches, and their
position is consistent with that of the RGB as defined by the s-poor
stars.
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Fig. 8. Similar to Fig. 7 but using HST UV photometry from Soto et al.
(2017), available only for 12 out of the 19 good quality member stars
within the HST field of view (See Fig. 6). The bottom panels show the
CMDs with our spectroscopic targets identified using the same symbols
as in Fig. 2 . The index �cF275W,F336W,F438W is plotted against �S(3839)
on the upper left panel. A second-order polynomial was fitted to S1

stars, and it is shown as red dashed line. The index �cF275W,F336W,F438W
is plotted also against �cF275W,I on the upper right panel, which is a
version of the so-called “chromosome map” from Milone et al. (2017)
that distinguishes 1G and 2G stars, split by a line inclined by ✓ = 18�.
Our spectroscopic targets are identified on the map.

We show in Fig. 9 a similar CMD to the one done in Fig. 71

but now with the colour defined by Eq. (5). We defined the dif-2

ferential index �cB,V,I in a similar way to that for �cU,B,I . Only3

stars brighter than V < 14 are analysed as before. All S2 stars4

are to the right of the fitted line, the pec are to the left, and5

S1 stars are spread around the curve. Kernel density estimations6

(KDEs) were produced for these stars separated into pec-S1-S2,7

and bandwidth as the average uncertainty. Although the KDEs8

are broad, it is possible to identify that the peaks follow the9

sequence pec-S1-S2 in terms of increasing �cB,V,I . In conclu-10

sion, �cB,V,I is able to split pec-S1-S2 NGC 3201 stars, even if11

not as clearly as for NGC 5286. If this index is able to split12

groups of stars with different C+N+O abundance and possibly13

s-process element abundances, NGC 3201 could join the group14

of anomalous clusters.15

4.3. CN distribution16

Campbell et al. (2012) revealed a quadrimodal CN distribution17

for the anomalous cluster NGC 1851. It is known that the more18

metal-rich the cluster the larger range its CN distribution has19

(e.g. Kayser et al. 2008; Schiavon et al. 2017; Milone et al. 2017),20

therefore Campbell et al. compared NGC 1851 with NGC 28821

that has a similar metallicity ([Fe/H] = �1.19,Dias et al. 2016b).22

They concluded that both clusters indeed have similar ranges on23

the CN distribution, but NGC 288, taken as a typical globular24

cluster, has a clearly bimodal distribution, while NGC 1851 has25

a quadrimodal distribution. Moreover, they showed that the two26
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panels: the KDEs of �cB,V,I are shown for each group of stars: S1, S2,
and peculiar only for stars brighter than V < 14. The KDE bandwidth
is the average uncertainty of 0.03. Peak values are indicated by vertical
dashed lines.

CN-strong peaks are also Ba-rich, and the other two peaks are 27

Ba-poor. We discuss whether a quadrimodal CN distribution can 28

be another indicator of anomalous clusters. 29

In order to compare NGC 3201 with other clusters, we pro- 30

duced the KDE for each cluster shown in Fig. 10 using the 31

indices from the RGB stars of Kayser et al. (2008) corrected 32

following Appendix A. The KDE smoothing bandwidth was 33

considered as the average index uncertainty of each cluster. For 34

each distribution we fitted the minimum number of Gaussian 35

functions that was needed to converge the fit using non-linear 36

least squares9. They are shown in the figure and represent well 37

the KDEs. The sigma of each Gaussian was forced to be similar 38

to the average index uncertainty in each case. A possible check 39

of the significance of the multi-Gaussian fit is the number of 40

degrees of freedom. Each Gaussian has two variables to be fit, 41

therefore at least three points per Gaussian are needed in order 42

to give flexibility for the fit to proceed. For NGC 288, two Gaus- 43

sians were fitted to 16 points, which is more than six, hence the 44

9 R script adapted from http://research.stowers.org/mcm/

efg/R/Statistics/MixturesOfDistributions/index.htm.
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First, whatever mechanism has altered the light-element
compositions of the cluster stars has left the heavy elements
essentially untouched, at least to the limits of our ability to
determine them—the analysis of M5 by Ramı́rez & Cohen
(2003) is an excellent example. This alone would seem to
exclude the possibility of the light-element variations arising
from the merger of two distinct protocluster clouds (as has
been pointed out by numerous authors).

Second, these abundance variations appear to be almost
ubiquitous among the population of Galactic globular clusters
(GCs). To highlight this, we have plotted in Figure 6 the [C/Fe]
and [N/Fe] values for the present sample of M13 MSTO stars,
the 47 Tuc MS stars of Briley et al. (2004), the M5 SGB stars of
Cohen et al. (2002), and the MSTO stars of M71 from
BC01. Note that BC01 did not directly extract C and N
abundances from their observed indices—we have converted
them here following the procedure outlined in Cohen et al.
(2002) and using the indices and models presented in BC01; the
values are given in Table 5.

Third, the elements that are observed to vary are associated
with proton-capture nucleosynthesis under conditions of CN
and ON cycling. The source or site must process these CNO-
group elements and return this material to the cluster to be
incorporated into the present population of low-mass stars
either before, during, or after their formation.

A popular model that fits these constraints is the incorpo-
ration of ejecta from intermediate-mass (3–6 M!) AGB stars
undergoing hot bottom burning and third dredge-up (see

Ventura et al. 2001), although difficulties, such as the estab-
lishment of an O-Na anticorrelation, remain (see, e.g.,
Denissenkov & Herwig 2003). However, as is discussed in
Briley, Smith, & Claver (2001) and BCS02, the quantities of
material required to produce the observed star-to-star differ-
ences among the low-luminosity stars (most notably extreme
C depletions), which are clearly not diluted as the convective
envelopes deepen during RGB ascent, rule out any sort of
simple accretion model. Indeed, for the present M13 stars,
roughly 70% of a C-poor MS star’s total mass must be cap-
tured ejecta if the accreted matter is completely free of C (see
BCS02). It is of course not clear how such an enormous
amount of material can be returned to the cluster without
appealing to a shallow initial mass function (see Briley et al.
2001), or how the present stars can sweep up the necessary
mass of ejecta (although a novel look at accretion by Thoul
et al. 2002 suggests significant quantities of AGB ejecta could
be captured by stars in clusters with high central concen-
trations, it should be noted that M13 is definitely not a cluster
with a high central concentration). We note that in Figure 6 the
depletions in C do appear smaller in the more metal-rich
clusters M71 and 47 Tuc, in accord with the prediction of the
AGB ejecta models of Ventura et al. (2001). Yet at the same
time, if one presumes the highest [C/Fe] SGB/MSTO stars in
M13 and M5 to represent the original (accretion-free) C
abundance of the cluster stars, they are still some 0.4 dex more
C-poor than their 47 Tuc/M71 counterparts, implying either
truly primordial (i.e., preaccretion) differences in at least C or
that nearly all of the present stars in M13 and M5 have un-
dergone at least some accretion of C-poor material. However,
the spread in [N/Fe] is essentially identical among all four
clusters. Clearly, knowledge of the patterns of [O/Fe] and
[Na/Fe] among the present stars would help constrain the
AGB ejecta theories.

An interesting counterpoint to this model is the scenario
suggested by Carbon et al. (1982) and Trefzger et al. (1983) to
explain similar results among M92 and M15 SGB stars—that
the stars of these clusters were inhomogeneously ‘‘polluted’’
by an injection of raw C from intermediate-mass AGB stars
that is subsequently converted into N in the present stars before
SGB evolution, thereby explaining both the C deficiencies
and large N enhancements, as well as star-to-star differences
in C + N. This has the additional advantage of requiring con-
siderably more modest composition modifications (a factor of
4 or so in C from star to star), which in turn lowers the mass
of captured ejecta required. However, to explain the large C
depletions already in place by the MSTO, significant pro-
cessing of the envelope through a region of CN cycling
must have taken place while the stars occupied the MS. One
then returns to the difficulty of mixing in such stars discussed
above.

TABLE 5

M71 Subgiants from BC01: Program Stars, Photometry, Indices, and Abundances

Star R B"R I(CH) S(3839) [C/Fe] [N/Fe]

C51228_3737.................................. 17.00 1.38 0.138 0.131 "0.17 +0.32

C51265_3739.................................. 17.01 1.31 0.122 0.141 "0.25 +0.49

C51314_3755.................................. 17.01 1.34 0.096 0.340 "0.39 +1.41

C51385_4166.................................. 17.01 1.40 0.092 0.378 "0.40 +1.54

C51312_3634.................................. 17.03 1.35 0.156 0.388 +0.04 +1.19

Note.—Table 5 is presented in its entirety in the electronic edition of the Astronomical Journal. A portion is
shown here for guidance regarding its form and content.

Fig. 6.—The [N/Fe] vs. [C/ Fe] values plotted for MS, MSTO, and SGB
stars in four different clusters. The present MSTO abundances appear con-
sistent with the SGB stars of M5 (Cohen et al. 2002), a cluster of roughly
similar metallicity ([Fe/H] = "1.26 vs. "1.51), as opposed to those of the
higher metallicity 47 Tuc and M71 stars ([Fe/H] = "0.7).
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Fig. 16. From the left to the right: nitrogen, sodium and oxygen abundance ratios as a function of [C/Fe]. Symbols are as in Fig. 6.

Fig. 14. [Na/Fe] as a function of [O/Fe]. The bottom panels dis-
play all stars in the Na-O plane by using LTE (left) and NLTE Na
abundances (right). The top left-hand panel contains only s-poor
stars and the top right-hand panel contains only s-rich stars. The
dashed lines in the top panels represent a free-hand representa-
tion of the mean Na-O trend of only the s-poor stars. Symbols
are as in Fig. 6.

figures, show little di↵erences in the b � y versus I plot (top-left
panel). However, a clear split is apparent between the s(Fe)-poor
and s(Fe)-rich stars in m1 versus I plot (top-right panel). As the
m1 index is strongly a↵ected by the blue CN bands and over-
all metallicity, we expected this bimodal distribution as a con-
sequence of the higher mean abundance in both C and N of the
s-rich stars, as shown in Fig. 13. Hence, the s-rich stars populate
the RGB sequence associated to the stars enriched in CN, and
s-poor stars the branch associated to weaker CN band strengths
(see Richter et al. 1999).

Of course, our sample of stars could be contaminated by
AGB stars, but the presence of few AGB stars does not a↵ect
the results, as discussed also in M09. A visual inspection of the
stars on the CMD on the right-upper panel of Fig. 19, suggests
that some AGB stars could be present among both the s-poor
and the s-rich RGB. The AGB lies blueward of the RGB at a

Fig. 15. [Al/Fe] abundance ratios as a function of [Na/Fe] (left
panel), and [Mg/Fe] (right panel). Symbols are as in Fig. 6.

Fig. 17. [(C+N+O)/Fe] (left panel) and log ✏(C+N+O) (right
panel) as a function of <[s-process/Eu]>. Symbols are as in
Fig. 6. The dashed lines represent the error associated with sin-
gle measures, the black error bars represent the mean CNO abun-
dance contents for the two s-groups and the statistical error as-
sociated with the mean.

given luminosity. But identification of blue-o↵set stars in the I

vs. b�y CMD (left-upper panel of Fig. 19) as probable members
of the AGB could be misleading, because we also expect to find
the slightly more metal-poor, s-poor stars on the blue side of the
RGB. Unambiguous assignment of AGB stars in this manner is
not easy.

On the other hand, systematically redder colours for the
s-rich rich stars would lead to a low probability of being shifted
by photometric errors into the AGB region. Indeed in M09, six
out of seven probable AGB stars, belong to the s-poor group.
Note that the possible presence of AGB stars in M09 was based
only on a visual inspection of the stars in the I vs. (B� I) CMD,
and doesn’t necessarily mean that AGB stars preferentially be-
long to the s-poor group.
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C-N ANTI-CORRELATION, METALLICITY DEPENDENT

Briley et al. (2004) Marino et al. (2011)

M22

MANY NORMAL CLUSTERS 
[FE/H] = -1.5 TO -0.6 DEX 

ANOMALOUS CLUSTER 
[FE/H] = -2.0 TO -1.6 DEX 
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NGC3201 HAS 3 SEQUENCES OF C-N ANTI-CORRELATION 
(DESPITE THE DEBATED METALLICITY SPREAD)

THE BIG DISCOVERY
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Fig. 4. Correction of S(3839) and G4300 for stellar surface tempera-
ture and gravity for 28 member and good quality (S/NCN � 25) RGB
stars of NGC 3201. We fitted a second-order polynomial to each dataset,
which is represented by the red dashed lines. The difference between
the indices and the fitted line for a given magnitude defines �S(3839)
and �G4300. Symbols are the same as in Fig. 2. If the peculiar stars
indicated by the crosses are not considered, two groups of stars with
anti-correlated CN and CH can be identified: S1, indicated by squares,
and S2, indicated by diamonds (see also Fig. 5 and discussions). Error
bars are of the order of the point size, and are thus omitted in the plots.

decreasing C (e.g. M 5; Cohen et al. 2002) and ON-cycle pro-1

cessed material is required to explain that. During the first2

dredge-up, the convective envelope of an RGB star can move3

material processed during the CNO cycle up to the atmosphere.4

However, for metal-poor stars, the convective envelope does not5

go deep enough to reach the H-burning shell to mix enhanced6

(or depleted) CNO-cycle processed elements8. NGC 3201 is rel-7

atively metal-poor, but S1, S2, and peculiar stars have different8

CH strength (proxy for C) and we can only speculate that these9

three groups may have different C+N abundances.10

4.2. Seeking a photometric index that splits pec-S1-S2 stars11

Monelli et al. (2013) defined a colour index based on Johnson12

filters U, B, I as given by the equation13

cU,B,I = (U � B) � (B � I). (3)

They found that the V � cU,B,I diagram reveals a split RGB14

for all globular clusters analysed, after differential reddening15

correction. The multiple branches correlate with the chemical16

abundances of light-elements O, Na, C, N, and Al.17

We adopted the available UBVI photometry corrected by dif-18

ferential reddening by Kravtsov et al. (2009) to produce a V-cU,B,I19

diagram for NGC 3201. In Fig. 6 we show the sky distribution of20

the stars from Kravtsov et al. (2009) and identify the core radius21

and half-light radius, as well as our 28 targets. We plotted the22

pseudo-CMD, aka V � cU,B,I diagram, using stars from Fig. 6 and23

displayed them on Fig. 7. We also fitted a second-order polyno-24

mial to all RGB stars within a box defined by 12 < V < 16 mag25

and �2.0 < cU,B,I < �1.7 mag. In a similar way to what it26

was done to correct S(3839) to �S(3839), we define �cU,B,I as27

8 For a recent review, see Gratton et al. (2004) and references therein.
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Fig. 5. Panel a: Na–O anti-correlation for all globular clusters from
Carretta et al. (2009) in grey dots superimposed by the 11 NGC 3201
stars in common with our sample with available [Na/Fe] and [O/Fe];
symbols are the same as in Fig. 2. Smooth spline function is shown as
red dashed line to highlight the anti-correlation in our data. Peculiar
stars indicated by green crosses are not considered in the fitted func-
tion based on the selection of panel (d). Panel b: Correlation between
sodium and cyanogen, which is a proxy for nitrogen abundances for the
18 stars in common with available [Na/Fe]. A straight line is fitted to S1

stars. Panel c: Same as (b) but for CH and oxygen for stars in common
with available [O/Fe]. The fitted line is shifted by 0.1 mag in �G4300 to
match the only S2 star. Panel d: Distribution of CN and CH indices for
all 28 NGC 3201 good quality member stars, revealing three groups of
stars: sequence 1 (S1), sequence 2 (S2), and peculiar (pec). A second-
order polynomial was fitted to S1 stars and the same curve was shifted
by 0.1 mag in �G4300 as in panel (c) to match the S2 stars, and by
�0.1 mag to match the peculiar stars. Mean uncertainties are shown by
the cross on the upper right corner of the panel.

the difference between cU,B,I and the fitted line for a given V 28

magnitude. 29

The corrected spectroscopic index �S(3839) is plotted 30

against the corrected photometric index �cU,B,I on the upper 31

panels of Fig. 7. Stars fainter than V > 14 mag have larger photo- 32

metric uncertainties and generate dispersion on the plot. If only 33

bright stars are plotted, a correlation between these indices is 34

clearly seen, as expected, and 1G and 2G stars are well sep- 35

arated. However, pec-S1-S2 stars are all mixed. In conclusion, 36

�cU,B,I cannot split the three groups. 37

UV filters are also useful to split the RGB of globular 38

clusters. The Hubble Space Telescope (HST) Large Legacy 39

Treasury Program (Piotto et al. 2015) had its first public data 40

release with the homogeneous photometric catalogues published 41

recently (Soto et al. 2017). This release is preliminary, therefore 42

no differential reddening correction was taken into account, 43

which could cause some dispersion on the photometric indices 44

but not as much as ground-based photometry. This team defined 45

the colour index 46

cF275W,F336W,F438W = (mF275W � mF336W) � (mF336W � mF438W),
(4)
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PROPOSAL: SCIENCE CASE, TECHNICAL REQUIREMENTS, 
OB… = PHASE I + II
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PRE-IMAGE OBSERVATION, DATA REDUCTION, PHOTOMETRY, 
TARGET SELECTION…

Bruno Dias, bdias@eso.org, www.sc.eso.org/~bdias     La Silla 50 years. 25-29 Mar 2019, La Serena, Chile



MASK PREPARATION…
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MASK PUNCHED ON TIME…
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CHECKING THE INSTRUMENT…
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COFFEE + SUNSET BEFORE OBSERVING…
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CLEAR SKIES, 
GOOD SEEING
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DATA REDUCTION AND (QUICK) ANALYSIS…
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PRESENTATION OF THE RESULTS…

EVERYTHING DONE WITHIN  
2 WEEKS OF DEDICATED WORK!!
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obtained, the expected periods being 
about 80 minutes. The students, after 
being confronted by all sorts of drifting 
and aliasing problems, could finally show 
that the real period was in fact closer to 
3–4 hours for one target, and 6–7 hours 
for the other, but longer series of data  
are still needed to confirm these values. 
Another, unknown, variable star was also 
found in one of the fields, the nature of 
which remains to be clarified.

Finally, Bruno Dias (ESO) conducted an 
ambitious, and difficult (at least for begin-
ners) multi-object spectroscopy pro-
gramme at the NTT with his group, to 
determine the nature of the globular clus-
ter NGC 3201: whether it is a member  
of the Milky Way or an absorbed dwarf 
galaxy. This first required pre-imaging, 
then preparation of the masks, and finally 
observing during the last night of the run. 
After all the hard work, those students 
presented superb results, showing a 
trend of Fe abundance versus heliocen-
tric velocity (demonstrating that the 
selected stars did indeed belong to the 
cluster). The CH versus CN indices 
showed that two different abundance 
groups were present, but both belonging 
to the Milky Way.

In addition to their main tasks, two of  
the groups were triggered to observe a 
Target of Opportunity (a situation that 
many observers have to face nowadays), 
led by Michel Dennefeld (IAP, Paris). The 
targets were provided by the European 
Space Agency’s Gaia satellite, which has 
very recently started to provide dozens of 
alerts per day. One of them, Gaia16agf, 

proved to be a young Type Ia supernova, 
caught about one week before maximum, 
while the other, Gaia16afz, was classified 
as a dwarf nova in eruption. Both results 
were immediately published as Astrono-
mer’s Telegrams, Nos. 8754 and 8766, 
respectively. Many of the other results 
from the student groups will also lead to 
publications, but over a slightly longer 
timescale.

Back to Santiago

The last days in Santiago were mainly 
devoted to data reduction, before the sci-
entific results were presented on the last 
day of the school. In addition, lectures  
on other topics of great interest for the 
future were presented: on the Atacama 
Large Millimeter/submilllimeter Array 
(ALMA), on adaptive optics, the European 
Extremely Large Telescope, etc. There 
were also lively discussions about career 
prospects, how to make a good presen-
tation or how to write a good telescope 
observing proposal.

Overall, the 20 students, all from South 
America, selected from over 140 appli-
cants in total, were very enthusiastic, 
worked hard during the two weeks, both 
in Santiago and on the mountain, and 
presented excellent results at the end. 
The groups of four were very dynamic, 
covering a wide range of levels (from first 
year PhD to postdoc) and origins, 
although the majority came from those 
countries with a larger astronomical 
 population, namely Argentina, Brazil and 
Chile, and with a good gender balance. 
The ambiance was very friendly, as it 
should be for a summer school, favoured 
by nice weather and excellent environ-
ment at the ESO premises in Santiago 

and La Silla, including nice lunches in the 
ESO gardens in Vitacura.

Prospects

One may wonder about the motivation to 
organise such a school at La Silla, as it  
is not especially intended for European 
students, who have ample opportunities 
to attend the regular NEON Schools in 
Europe, except for those students doing 
their PhDs in Chile. In fact, there is a high 
demand, as shown by the huge number 
of applications, and it is in ESO’s interests 
(and the European community at large) to 
ensure the most efficient use of its facili-
ties, which are open to everybody, since 
the allocation of observing time is based 
on scientific merit only. In addition, the 
operation of all the facilities in Chile 
requires a large number of dedicated and 
skilled astronomers and engineers, who 
have to be trained somewhere. In this 
sense, such a school also reinforces the 
European links with the local commu-
nities and emphasises the various job 
opportunities for the future. The success 
of the present event is already generating 
suggestions for future similar schools, a 
point well taken at ESO, and enthusiasti-
cally supported by the ESO tutors. It is a 
revival of past successes as the first 
observing school was organised jointly by 
ESO and Centre national de la recherche 
scientifique (CNRS) at the Haute-Provence 
Observatory in 1988 (Chalabaev & 
D’Odorico, 1988).
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Links

1 OPTICON: http://www.astro-opticon.org
2  School website: http://www.eso.org/sci/meet-

ings/2016/lasilla_school2016.html

Figure 2. All NEON School students and tutors pose 
in the dome of the ESO 3.6-metre telescope for a 
group portrait.

▸ 2 weeks of focused hard work was very productive 

▸ Teamwork, collaboration!!! (organization and students 
groups) 

▸ Life-changing for all students 

▸ Beginning: ESO+Opticon 50%+50%, future: ?

CONCLUSIONS



Bruno Dias, bdias@eso.org, www.sc.eso.org/~bdias     La Silla 50 years. 25-29 Mar 2019, La Serena, Chile

▸ ESO science fellowship: >1976 (258+176=434 so far) 

▸ ESO studentship: > 1990  (200 students so far) 

▸ ESO on-site observing training programme: > 2016 

▸ ESO engineering and technology fellowship: > 2018 

▸ Internships, short-term students, astro camp (high school) 

▸ Topics: research, engineering, communication, diversity, 
data reduction, observation, programming languages, 
statistics, paper writing, archive, VO etc

THE ROLE OF ESO ON SHAPING THE NEXT GENERATION

INTERVIEW WITH X.BARCONS: HTTPS://WWW.ESO.ORG/PUBLIC/BLOG/ESO-TRAINING-PROGRAMMES/

LA SILLA ERA
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