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Abstract. The UV-initiative Hubble Legacy program GO-13297 (PI G. Piotto) collected photometric data for 57 globular clusters
(GCs) with the UV/blue WFC3 filters F275W, F336W and F438W. This “magic trio” is sensitive to variations in CNO abundances
(anticorrelations between the multiple stellar populations) and, combined with previous HST optical data (GO-10775, PI A.
Sarajedini), it provide an unprecedented photometric database for GCs. This work presents a study of six bulge GCs, three moderately
metal-rich ([Fe/H] & −0.7) and three moderately metal-poor ([Fe/H] . −1.0), by means of isochrone fitting with the SIRIUS code, a
powerful and efficient tool adopting a Bayesian approach (Likelihood statistics and Markov chain Monte Carlo sampling technique),
in order to determine self-consistent and accurate ages, metallicity, distances, reddening and fraction of first-generation stars. As we
are able to distinguish the multiple populations from the main sequence to the red giant branch, the GCs are considered both within a
single or multiple populations context. We investigate whether there occurs any detectable age difference between the two metallicity
groups and between the identified stellar generations. Details about the SIRIUS code and some additional applications to GCs can be
seen in other works in this volume.
Resumo. O programa do Telescópio Espacial Hubble GO-13297 (PI G. Piotto) coletou dados fotométricos para 57 aglomerados
globulares (GCs) com os filtros UV/azul F275W, F336W e F438W, da câmera WFC3. Esse “trio mágico” é sensível a variações nas
abundâncias de CNO (anticorrelações entre as múltiplas populações estelares) e, combinado com dados anteriores do HST no óptico
(GO-10775, PI A. Sarajedini), ele fornece uma base de dados fotométricos sem precedentes para GCs. Esse trabalho apresenta um
estudo de seis GCs do bojo Galáctico, três moderadamente ricos em metais ([Fe/H] & −0.7) e três moderadamente pobres em metais
([Fe/H] . −1.0), por meio de ajuste de isócronas com o código SIRIUS, uma ferramenta poderosa e eficiente com uma abordagem
Bayesiana (estatística de verossimilhança e Monte Carlo via cadeias de Markov), para derivar idades, metalicidade, distâncias,
avermelhamento e fração de estrelas da primeira geração, de maneira auto-consistente e precisa. Como é possível distinguir as
múltiplas populações desde a sequência principal até o ramo de gigantes vermelhas, os GCs são considerados no contexto de
populações simples e múltiplas. Investigamos se ocorre uma diferença detectável em idade entre os dois grupos de metalicidade e
entre as gerações de estrelas detectadas. Detalhes sobre o código SIRIUS e aplicações adicionais para GCs podem ser encontrados
em outros trabalhos neste volume.
Keywords. globular clusters: individual: NGC 6304, NGC 6362, NGC 6624, NGC 6637, NGC 6652, NGC 6717, NGC 6723 —
Galaxy: bulge — globular clusters: general

1. Introduction
Globular clusters (GCs) are unique witnesses of the formation,
dynamics and evolution of galaxies and their substructures, since
they are amongst the oldest objects in the Universe. The recent
identification of multiple stellar populations (MPs) in virtually
all Galactic GCs challenge the classical paradigm that they host
a single stellar population, homogeneous in age and chemical
composition. The MPs phenomenon is explained by differences
in the abundances of He and elements produced in the CNO cycle and p-capture processes, leading to C–N, Na–O and Mg–Al
anticorrelations (Gratton, Carretta & Bragaglia 2012).
The GO-13297 project observed 57 GCs with WFC3 filters,
but only six of them can be considered as located in the Galactic
bulge, i.e. with galactocentric distances RGC < 3 kpc and metallicity [Fe/H] > −1.5. According to Bica et al. (2016), the metallicity distribution of Bulge GCs consists of a moderately metalpoor population ([Fe/H] ∼ −1.0), with a moderately metal-rich
([Fe/H] ∼ −0.5). Our selected sample is representative of these
populations, with three clusters in each population, and also including NGC 6362, a well-studied inner Halo cluster.

Our purpose in this work is to derive self-consistent parameters through isochrone fitting via Bayesian inference (both in the
single and multiple populations scenario), in order to probe age
differences between the two metallicity groups and between the
detected MPs. The MPs separation is carried out with Machine
Learning (ML)-based methods, adapted from previous papers.

2. HST data: GO-13297 program (PI G. Piotto)
There is a clear chemical enrichment between the first and second generation stars: the first (1G) presents compositions similar
to the protogalactic cloud, whereas the subsequent generations
(2G, ...) are depleted in C and O, and enhanced in N, Na, Al and
He, compared to 1G stars. The filters used in the GO-13297 program, namely F275W, F336W and F438W, are sensitive to C, N
and O abundance variations, because their bandpasses cover the
molecular bands of OH, NH, CN and CH (Piotto et al. 2015).
The database provided by the collaboration is already reduced,
proper-motion cleaned, and corrected for differential reddening
(Nardiello et al. 2018; Soto et al. 2017; Milone et al. 2012).
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Figure 1. MPs separation for RGB and SGB of NGC 6362 using
the chromosome map (left) and the color-color diagram (right).

Some particular features of the MPs constrain their formation scenarios, in such a way that the candidate 1G “polluters”
must be able to change light-element abundances (CNO cycle
and NeNa and MgAl chains) without producing heavy elements
(supernovae avoidance). According to Renzini et al. (2015), the
best candidates are: fast-rotating massive stars, massive interacting binaries or massive AGB and super-AGB stars – but none of
them is able to fully reproduce the above features.

3. Methods
In order to achieve the above mentioned goals, this work follows
these steps: first, we carry out the MPs separation from the MS
to the RGB applying classification algorithms based on Machine
Learning; then, perform the isochrone fitting treating the cluster
as a single stellar population; and finally, perform the isochrone
fitting with multiple populations, keeping the age as the only free
parameter. See the details below.
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Figure 2. (Left:) Best fit isochrone, in good agreement with the
cluster stars used in the fitting. (Right:) Corner plots showing the
1D and 2D projections of the posterior distributions.
(Nobs stars) and the closest theoretical (jth point of the isochrone)
points, assuming a Gaussian distribution:
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where mag and col are the axis of the CMD, σ is the corresponding uncertainty and P(Γ) is the set of priors (Y and distances from
RR Lyrae and [Fe/H] from high-resolution spectroscopy).

4. Results from isochrone fitting
Figure 2 presents the best fit isochrone and corner plots with the
posterior distributions for NGC 6637 with DSED models, recovering an age of ∼12.4 Gyr and parameters coherent with the literature. More results can be checked in Oliveira et al. (in prep.).

3.1. Multiple populations separation
The chromosome maps method for MPs separation, introduced
by Milone et al. (2017), is extremely efficient to outline the horizontal distribution of stars and detect a possible bimodal distribution. Based on the distances of each star to the blue and red
envelopes, it produces a ∆C F275W,F336W,F438W vs. ∆F275W,F814W diagram. In this 2D plane, we apply two ML-based methods: first,
the Gaussian Mixture Models (GMMs) find the center of the two
distributions, and then the Support Vector Machines (SVM) classifies each star according to its distance to the centers.
As the SGB sequence is almost horizontal, the chromosome
maps can be applied only to RGB (left panel of Figure 1) and
MS stars. For SGB stars, we apply conventional color-color diagrams (Nardiello et al. 2015), also adapted with the GMMs and
SVM algorithms. Figure 1 shows an example for NGC 6362, recovering a fraction of N1G /NTOT = 0.609 in the RGB.

5. Conclusion

3.2. Isochrone fitting
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The MPs separation for MS, SGB and RGB stars was succesful
applying ML methods for all clusters. The isochrone fitting with
both models provide good and self-consistent results: the metalpoor GCs with blue horizontal branches (NGC 6717, NGC 6723
and HP 1 – Kerber et al. 2019) are very old with ∼13 Gyr, and the
metal-rich ones are about 0.5 Gyr younger, on average. Finally,
the isochrone fits for 1G and 2G stars (not shown here) indicate
age differences lower than 0.25 Gyr, which are smaller than our
typical uncertanties (∼ 0.5 Gyr).
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