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ABSTRACT

We present CARMA, the Cluster Ages to Reconstruct the Milky Way Assembly project, the aim of which is to determine precise
and accurate age measurements for the entire system of known Galactic globular clusters (GCs) and to use them to trace the most
significant merger events experienced by the Milky Way. The strength of CARMA relies on the use of homogeneous photometry,
theoretical isochrones, and statistical methods, which will enable us to define a systematic uncertainty-free chronological scale for
the complete sample of Milky Way GCs. In this paper, we describe the CARMA framework in detail, and present a first application
on a sample of six metal-rich GCs, with the aim being to unequivocally elucidate the debated origin of NGC 6388 and NGC 6441.
Our results demonstrate that this pair of clusters is coeval with another four systems that have a clear in situ origin. Moreover, their
location in the age—metallicity plane matches that occupied by in situ field stars. The accurate age comparison enabled by the CARMA
methodology rules out the possibility that NGC 6388 and NGC 6441 were accreted as part of a past merger event.
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1. Introduction

The precise six-dimensional phase space information provided
by the ESA-Gaia space mission (Gaia Collaboration 2021,
2023) in terms of position, parallax, proper motion, and line-
of-sight velocity measurements has revolutionised our view of
the early history of the Milky Way (see Helmi 2020, for a
review). In combination with chemical abundances provided by
large spectroscopic surveys such as APOGEE (Majewski et al.
2017), GALAH (De Silvaetal. 2015), the Gaia ESO Sur-
vey (Gilmore et al. 2012), H3 (Conroy etal. 2019), RAVE
(Steinmetz et al. 2006), SEGUE (Yanny et al. 2009), and LAM-
OST (Cui et al. 2012), this groundbreaking wealth of informa-
tion has enabled the disentanglement of the contribution of sev-
eral past merger events in building up the halo of our Galaxy.
Analyses conducted on this unprecedented data set have
identified the debris of the Gaia-Enceladus-Sausage (GES)
dwarf galaxy as the main component of the local halo
(Helmi et al. 2018; Belokurov et al. 2018). GES is unambigu-

ously recognised as the latest significant merger event expe-
rienced by the Milky Way, and is also recognised as being
responsible for dynamically heating the Galactic proto-disc
that was already in place at the time of GES accretion
(e.g., Di Matteo et al. 2019; Gallart et al. 2019; Belokurov et al.
2020). Other than GES, and in addition to the obvious con-
tribution by the Sagittarius dwarf Galaxy (Ibata et al. 1994),
other prominent substructures have been discovered as over-
densities showing some degree of coherency in the chemo-
dynamical space populated by halo stars and globular clus-
ters (GCs), such as the Helmi streams (Helmietal. 1999;
Koppelman et al. 2019b), Sequoia (Myeong et al. 2019), Tham-
nos (Koppelman etal. 2019a), and Kraken (Kruijssen et al.
2019; Massari et al. 2019). A first merger tree of the Milky Way
based on the properties of these progenitors was presented by
Kruijssen et al. (2020).

With the constant improvement of the quality and com-
pleteness of the available data, this early picture has become
more and more complex. Many new substructures in the
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dynamical space have been discovered (see e.g., Yuan etal.
2020; Naidu et al. 2020; Necib et al. 2020; Aguado et al. 2021;
Horta et al. 2021; Re Fiorentin et al. 2021; Mardini et al. 2022;
Malhan et al. 2022; Myeong etal. 2022; Oriaetal. 2022;
Tenachi et al. 2022; Ruiz-Lara et al. 2022b; Dodd et al. 2023;
Mikkola et al. 2023). Nevertheless, their interpretation as inde-
pendent merger events rather than overdensities from already
known progenitors or even in situ structures originating from the
Milky Way disc is challenged by the fact that (i) these structures
often dynamically overlap, and (ii) the distribution in energy
of the debris of progenitors that sink rapidly shows multiple
bumps and wrinkles, which originate from each stripping event
(Amarante & Debattista 2022; Khoperskov & Gerhard 2022). In
these cases, the addition of chemical information is crucial, and
yet sometimes is not sufficient to unambiguously solve the most
controversial cases (e.g., Monty et al. 2020, 2023; Feuillet et al.
2021; Malhan et al. 2022; Horta et al. 2023). Additional infor-
mation is therefore required, and one key ingredient could be
provided by stellar ages.

Despite their importance, estimating accurate stellar ages
remains a challenging task in astrophysics (Soderblom 2010).
Many of the current limitations stem from our poor under-
standing of some of the physical processes involved in stellar
evolution and the difficulty in controlling systematic effects on
the observational measurements (Lebreton et al. 2014a,b). Most
age-dating methods rely on measurements of stellar properties
such as luminosity, chemical composition, and surface temper-
ature (which can be affected by various factors such as stellar
activity or atmospheric dynamics), and on their comparison with
the predictions of stellar evolution models. Uncertainties in our
knowledge of the underlying physics and assumptions made in
the models (both stellar evolution models and synthetic spec-
tra) also translate to uncertainties in the age estimates. Never-
theless, age measurements for individual stars in the old regime
are becoming more and more precise. On the one hand, this is
thanks to the availability of homogeneous photometric and spec-
troscopic data for large samples of stars, which help in over-
coming some of the systematic effects (see e.g., Gallart et al.
2019; Xiang & Rix 2022). On the other hand, the development
of asteroseismology has led to age measurement precisions of
~10% (see e.g., Montalbdn et al. 2021). The asteroseismic age-
dating technique, which does not require a large sample of stars
to achieve high precision and depends more weakly on the esti-
mate of stellar photospheric properties, is particularly promising
in this respect (see e.g., Verma et al. 2022; Tailo et al. 2022), but
further refinement and testing are still required.

Among the tracers of the Milky Way assembly history, those
for which age can be measured in the most precise and accu-
rate way are GCs. When considering relative ages, the cur-
rent best measurements can achieve a precision of the order
of ~500 Myr (VandenBerg et al. 2013). With these precise mea-
surements, the age—metallicity relation (AMR) of Milky Way
GCs has proven to be a powerful tool to assess the origin of GCs
as in situ or accreted stellar systems (see e.g., Forbes & Bridges
2010; Leaman et al. 2013; Kruijssen et al. 2019; Massari et al.
2019; Callingham et al. 2022). Even more precise measurements
might allow us to distinguish between the different progenitors
of the accreted ones, and in turn to precisely characterise their
accretion time (Kruijssen et al. 2020). Unfortunately, precise
GC age measurements are limited to relatively small samples.
Different age indicators, photometric catalogues, assumptions
on distance and reddening, and theoretical models are exam-
ples of the many sources of systematic uncertainties that affect
different compilations of GC ages. By comparing the results
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from Forbes & Bridges (2010) and VandenBerg et al. (2013),
Massari et al. (2019) demonstrated that these systematic errors
can add up to differences of 2 Gyr or more, and that properly
taking them into account and correcting for them is not trivial,
as they might depend on the GC age itself as well as on the GC
metallicity.

The objective of CARMA (Cluster Ages to Reconstruct the
Milky-way Assembly) is to overcome this limitation by build-
ing up the first complete and homogeneous catalogue of Milky
Way GC ages. In combination with the dynamical and chemi-
cal properties of the GCs, this will enable a complete charac-
terisation of the accreted and in situ population of Milky Way
GCs by solving the cases for which the origin remains ambigu-
ous (see e.g., Minelli et al. 2021; Carretta & Bragaglia 2022).
At the same time, this approach will allow us to characterise
the progenitors of the past merger events in terms of accretion
time thanks to analysis of their AMRs, and from analysis of the
colour-magnitude diagrams (CMDs) of the progenitor systems
through CMD-fitting (e.g., Gallart et al. 2019; Ruiz-Lara et al.
2022a), whenever possible.

In this first paper of the series, we present the method
that CARMA will employ to determine the GCs ages, and we
describe its first application: the unequivocal determination of
the origin of two GCs, namely NGC 6388 and NGC 6441, whose
in situ or accreted nature cannot be unambiguously determined
using either dynamical information or their chemical properties.
To this end, we derive homogeneous ages for these two GCs and
for four additional GCs of similar metallicity ([Fe/H]=~-0.5)
for which there is agreement in the literature about their in
situ origin based on dynamical (see Massari et al. 2019; Forbes
2020; Bajkova et al. 2020; Callingham et al. 2022) and chemical
(Minelli et al. 2021) evidence. As additional evidence, we also
compare the ages and metallicities of these clusters with the two
age—metallicity sequences of the Milky Way kinematic halo (one
associated to GES, the other to the heated early disc) derived
using Gaia Data Release 3 (DR3) data and updated methodol-
ogy with respect to Gallart et al. (2019).

The paper is organised as follows. Section 2 presents the
method adopted by CARMA to determine GC ages, including
a description of the theoretical models and of the isochrone-
fitting algorithm employed for this goal. In Sect. 3, we discuss
the proof-of-concept scientific case concerning the origin of the
pair of GCs NGC 6388 and NGC 6441 together with the data
used in the analysis. We present the results of our investigation
of these two GCs in Sect. 4, and outline our final conclusions as
to their origin in Sect. 5.

2. The method

In this section, we present the method employed to determine
the age of each GC, which is based on the isochrone fitting code
presented in Saracino et al. (2019), here refined and updated.
We also present a brief summary of the CMD-fitting technique
applied here to derive the age—metallicity relation of Milky Way
halo field stars, highlighting the differences with respect to the
original work by Gallart et al. (2019).

2.1. Stellar evolution framework

CARMA relies on the adoption of the stellar theoretical mod-
els provided within the latest release of the Bag of Stellar
Tracks and Isochrones (BaSTI) database (Hidalgo et al. 2018;
Pietrinferni et al. 2021). More specifically, for the present anal-
ysis, we adopt the model sets accounting for the occurrence of
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Fig. 1. Behaviour of the total extinction in the two filters used in this work, Argew (left-hand panel) and A g 4w (right-hand panel), as a function

of T.¢ and colour-coded based on E(B — V).

diffusive processes (we refer to Hidalgo et al. 2018, for a detailed
discussion on the adopted input physics and physical assump-
tions). For the sake of the aim of our project, which is to ensure
the highest possible degree of accuracy in terms of age deter-
mination, we decided to only use solar-scaled models. This pre-
scription and use of the global metallicity [M/H] rather than the
iron content [Fe/H] as input for the code allow us to avoid mak-
ing any assumption on the a-element abundance of each GC,
which would otherwise be based on heterogeneous measure-
ments coming from many different sources. Salaris et al. (1993)
demonstrated that the impact of different [/Fe] mixtures on the-
oretical models for population II stars can simply be treated as
an additional term on the global metallicity [M/H], according to
the relation'

[M/H] = [Fe/H] + 1og(0.694 x 101/Fl 4 0.301). (D)

This is especially true when working in the optical-infrared
colour combinations adopted in this work, as in these bands the
effect of the specific @-elements distribution on the bolometric
corrections becomes negligible (Cassisi et al. 2004). Estimates
of [a/Fe] for the target GCs are only used a posteriori to per-
form a direct comparison of our best-fit metallicity with existing
(possibly high-resolution) spectroscopic measurements.

The whole sets of isochrones adopted in the present work
were transferred from the theoretical Hertzsprung-Russell dia-
gram to the various relevant photometric planes by adopting self-
consistent color-temperature (7g) relations and bolometric cor-
rections (for more details, we refer to Hidalgo et al. 2018).

The ratio between the extinction in a given photometric band
A, and Ay depends on the flux distribution of the stellar source,
and is in principle dependent on parameters such as T.g, sur-
face gravity (logg), and the chemical composition (see e.g.,

! The coefficients of this relation are slightly different from the ones

provided by Salaris et al. (1993) in order to take into account the use of
a different reference solar mixture between the BaSTI models, which
are based on the heavy-element distribution provided by Caffau et al.
(2011), whereas the models by Salaris et al. (1993) were based on the
Ross & Aller (1976) mixture.

Bedin et al. 2005, for a discussion on this issue). When Ay is
small, this effect is also small and a single value of A,/Ay can
be safely applied along the whole isochrone. However, for those
clusters affected by large extinction (typically for values larger
than E(B — V) = 0.10), it is necessary to consider the variation
of A,/Ay along the isochrones in the fit to the observed CMD.
Such an effect is increasingly significant towards bluer photo-
metric passbands.

To properly take into account this effect in the procedure of
isochrone fitting to the CMD of those clusters affected by large
extinction, we applied Tg-dependent reddening corrections to
the magnitudes of the theoretical isochrones. The 7.g-dependent
corrections were evaluated by adopting the web interface® that
implements the prescriptions by Girardi et al. (2008) in order to
determine the extinctions in the various photometric passbands,
covering a wide range of T and values of interstellar extinction.
Figure 1 shows how the total extinction in the two filters used in
this work, namely A ggoew and Apg4w, varies as a function of T
and E(B-V).

2.2. The isochrone-fitting code

The isochrone fitting algorithm developed within CARMA is a
series of procedures that provide age, metallicity, distance, and
reddening best-fit values within a Markov Chain Monte Carlo
(MCMO) statistical framework, thus further associating robust
uncertainty estimates to all of the output parameters. The steps
followed by the algorithm are described in detail, as follows:

1. The first step of the algorithm consists in the construction
of the best CMD to be fit. This includes the application of pho-
tometric quality cuts; the selection of GC member stars via kine-
matic information (whenever available) or via a selection based
on the distance from the cluster centre; the correction of differen-
tial reddening effects; and the exclusion of obvious photometric
binaries along the CMD main sequence. The details of this step
applied to the case under study are described in Sect. 3.1.

2 http://stev.oapd.inaf.it/cgi-bin/cmd
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2. A grid of BaSTI (Hidalgoetal. 2018) theoretical
isochrones in the appropriate photometric bands is created with
a very fine sampling of the age-metallicity space. The adopted
step in [M/H] is of 0.01 dex, whereas the step in age is of
100 Myr, but a linear interpolation algorithm® enables us to
sample the parameter space even more finely. As explained in
Sect. 2.1, the adopted models have a solar-scaled [a/Fe] mix-
ture, include diffusion effects as well as mass loss, and are cor-
rected for T.g-dependent reddening effects. Finally, the models
are converted to the observational plane by applying the cluster
distance modulus and extinction, by assuming the reddening law
by Cardelli et al. (1989).

3. At this point a fitting function is defined, which measures
the goodness-of-fit between the isochrones and the observed
CMD. The portion of the isochrones that is fit to the CMD goes
from the bottom of the main sequence to the tip of the red giant
branch. Building upon the method presented in Saracino et al.
(2019), our proposed function is the sum of two terms. The first
term (Lpriors) is the likelihood that evaluates the consistency of
the inferred parameters with the initial priors on [M/H], distance,
and E(B-V); it has a Gaussian form and, when expressed in nat-
ural logarithm, can be written as:

@

where each individual term is in turn expressed as the natural
logarithm of a Gaussian function:

Lpriors = LE®-v) + Lom + Lpvymgs

L,=-05%x(x- xprior)z/xgtd’ 3

with x=[E(B - V), DM, [M/H]], and Xy and xgq being the
adopted values of the priors and their associated uncertainties,
respectively. The second term (Lg) is the likelihood associated
to the fit of the i individual points of the CMD, and is computed
as

N
Loo= Y min(dist) /o, @
i=1

where N is the total number of stars in the CMD, min(dist) is the
minimum distance between data and model, and o is the photo-
metric error. After some testing, we realised that in a few cases
the fitting algorithm prefers local solutions that are significantly
different from (by more than 0.5 dex) the spectroscopic mea-
surements of [M/H] used as prior. Given that the spectroscopic
metallicity is an independent and very robust prior, we decided
to help the algorithm to avoid these local solutions — which are
clearly offset even by visual inspection — by assigning greater
importance to the first term, with a weight of 1. Conversely, the
second term, which measures the disparity between the CMD
and the isochrone, is assigned a lower weight, but not so low as
to force the solution on the priors. Rather, we want the MCMC
chains to still sample a wide range of parameters that can deviate
from the values of the priors while still providing visually good
fits. After some tests, we find that the best weight to assign to the
second term in this sense is 0.3, so that

Lo = Lpriors +0.3 x Lg. )

4. The algorithm then looks for the best-fitting isochrone
— meaning the model that minimizes L, — by exploring the

3 The interpolation is performed by means of the Python library

scipy.interpolate.1d (Virtanen et al. 2020). Different choices of interpo-
lation algorithms might introduce further small systematic errors on the
age estimates, but CARMA avoids this source of inhomogeneity as well.
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parameter space (age, [M/H], distance, and reddening) by means
of the emcee (Foreman-Mackey et al. 2019) Python package
that provides an efficient implementation of the affine-invariant
MCMC ensemble planner.

5. Finally, the algorithm provides the best solution in terms of
age, [M/H], distance, and E(B — V), together with the associated
uncertainties (corresponding to the 16th and the 84th percentiles
of the posterior distributions) and their correlation parameter.

The results coming from the application of this algorithm to
the GCs under study are shown in Appendix A.

2.3. The CMD-fitting methodology

The star formation history (SFH) and the distribution of ages
and metallicities of the stars in a complex stellar system can
be quantitatively retrieved from the comparison of its observed
CMD - reaching the oldest main sequence turnoff — with
theoretical CMDs derived from stellar evolution models, that
is, after observational effects are properly taken into account
(e.g., Gallart et al. 1999; Dolphin 2002; Cignoni & Tosi 2010;
Monelli et al. 2010). The application of this technique to Gaia
DR?2 data by members of our team is discussed in Gallart et al.
(2019) and Ruiz-Lara et al. (2020), while updated procedures,
which we call CMDft.Gaia are introduced in Ruiz-Lara et al.
(2022a) and in more detail in Gallart et al. (in prep). We refer to
these works for a detailed description of the methodology, while
a brief summary is presented here.

CMDft.Gaia is a suite of procedures that includes (i) the
computation of synthetic CMDs in the Gaia bands, adopting a
given set of stellar evolution models, IMF, and a parameteriza-
tion of the binary star population; (ii) the simulation in the syn-
thetic CMDs of the observational errors and completeness affect-
ing the observed CMD after quality and reddening cuts; and (iii)
the derivation of the SFH with DirSFH, which finds the com-
bination of simple stellar populations (SSPs) that best fits the
observed CMD. A distinctive feature of DirSFH is that it defines
the SSPs with a Dirichlet tesselation (Green & Sibson 1978) of
the synthetic CMD from a grid of seed points within the avail-
able range of ages and metallicities. The final SFH is derived as
the weighted average of a large number (of the order of 100) of
individual solutions obtained by slightly modifying the grid of
age and metallicity seed points.

3. Application: The origin of NGC 6388 and
NGC 6441

Using a combination of dynamical properties and AMR data,
Massari et al. (2019) associated the 151 GCs with Gaia DR2
proper motions to their most likely galaxy progenitor, which
is either the Milky Way or one of the past accretion events
described in Sect. 1. Some of these associations are naturally
uncertain, as for example the location of a GC in the (E,L;)
integrals of motion space is sometimes at the boundary between
regions associated with different progenitors. Among these
uncertain associations, those concerning the pair NGC 6388-
NGC 6441 have attracted particular attention in the literature.
According to Massari et al. (2019), NGC 6388 is an in situ GC
associated with the bulge of our Galaxy, while NGC 6441 was
accreted during the merger event involving the Kraken dwarf
galaxy*. These associations did not take into account any age
estimate, as the authors demonstrated that for [Fe/H]> -0.5
(as is the case for these two GCs) the systematic uncertainties

4 Kraken is referred to as Low-Energy group in the nomenclature by
Massari et al. (2019).
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among different compilations of age measurements can reach up
to more than 2 Gyr; they are therefore purely based on orbital
properties computed using the distances provided by the Harris
catalogue (Harris 1996). When adopting the distances provided
by Baumgardt & Vasiliev (2021) instead, the orbital apocentre
of NGC 6388 increases from 3.4 kpc to 4.2 kpc, and the clus-
ter enters the region occupied by Kraken’s GCs. Vice versa,
the vertical angular momentum of NGC 6441 increases from
L, = 268kms ! kpc to L, = 519kms~! kpc, so that the cluster
moves from the Kraken to an in situ association with the Milky
Way disc. According to Forbes (2020) and Callingham et al.
(2022), both clusters are in situ.

A solution was not found for this dynamical ambiguity when
including information on the chemistry of the cluster. By per-
forming a direct relative comparison among the abundances
of [Zn/Fe], [Sc/Fe], and [V/Fe] of these two GCs and a sam-
ple of undoubtedly in situ GCs, Minelli et al. (2021) found
that NGC 6388 and NGC 6441 show systematically lower
abundances, and therefore recognised both clusters as accreted.
By investigating the same chemical elements for NGC 6388,
Carretta & Bragaglia (2022) instead reached the opposite con-
clusion, associating the cluster to the Milky Way. Finally, by
analysing APOGEE «a-element abundance, Horta et al. (2020)
suggested a possible accreted origin for NGC 6388.

NGC 6388 and NGC 6441 are therefore perfect test cases for
CARMA, allowing us to demonstrate the importance of accurate
and precise age measurements in unravelling the origin of the
entire system of Milky Way GCs, and in turn to contribute to
the reconstruction of our Galaxy assembly history. In particu-
lar, we propose to determine accurate relative ages for a sam-
ple that includes these two GCs of ambiguous origin as well as
four clusters in the same metallicity range ([Fe/H] ~ —0.5) whose
origin is unambiguously in situ according to all the indicators
(dynamics and chemistry) and to the different studies in the lit-
erature (Massari et al. 2019; Forbes 2020; Bajkova et al. 2020;
Callingham et al. 2022). These four clusters are NGC 5927,
NGC 6304, NGC 6352, and NGC 6496. If NGC 6388 and
NGC 6441 are of accreted origin, according to the behaviour
of the AMR observed in dwarf galaxies (Kruijssen et al. 2019)
they should be about 2 Gyr younger than the sample of in situ
clusters.

3.1. The globular cluster data set

In order to ensure the highest possible accuracy on our differ-
ential age comparison for all six GCs, we used Hubble Space
Telescope photometry taken with the Wide Field Channel of
the Advanced Camera for Survey (ACS/WFC) in the F606W
and F814W filters. The catalogues produced with the KS2 code
(Bellini et al. 2017) were made public by the HUGS survey
(Piotto et al. 2015; Nardiello et al. 2018), and the photometry
comes from observations of the ACS Survey of Galactic Globu-
lar Clusters (GO-10775, PI: A. Sarajedini, see Sarajedini et al.
2007). By following the prescriptions in Bellini et al. (2017),
Nardiello et al. (2018), we adopted the photometry acquired
using KS2 method-2, as it is best suited for faint stars and
crowded environments.

Before running the isochrone-fitting code on the photometric
catalogues, we took some other actions to perform our age esti-
mates on the best possible photometry. First of all, the HUGS
survey provides proper-motions-based probability memberships
for all the sources in the catalogues. We therefore restricted our
analysis to stars with a probability membership of >90%, which
is particularly crucial in the regions that are highly contami-
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Fig. 2. Example of differential reddening correction in the case of
NGC 6352. The original CMD is shown on the left and the corrected
one on the right.

nated by field stars, such as those populated by NGC 6388 and
NGC 6441.

After the membership selection, we performed a differential
reddening correction for each cluster using the method described
by Milone et al. (2012). Briefly, we used main sequence stars
down to four magnitudes below the turnoff as the reference sam-
ple, and paid particular attention to the removal of the equal-
mass binary sequence from it. Main sequence stars are preferred
over red giants as they are more numerous and thus ensure higher
resolution in the determination of the reddening spatial varia-
tion. Then, for each individual cluster member, we estimated
the differential reddening value d[E(B — V)] as the median off-
set from the mean ridge line along the reddening vector, com-
puted among the 60 closest reference neighbours. We adopted an
Ry = Ay/E(B-V) of 3.1 and the reddening law by Cardelli et al.
(1989). This process was repeated iteratively — typically two or
three times depending on the GC — until the residual d[E(B— V)]
values matched the typical photometric error. An example of the
resulting correction on the CMD can be found in Fig. 2. The
associated reddening map is instead shown in Fig. 3.

The differential-reddening-corrected, membership-selected
catalogues were then further cut by excluding the innermost
regions of each cluster, with a distance cut that ranged between
a projected radius of R = 20 arcsec and R = 60 arcsec depend-
ing on each GC density and core radius size. Such a cut con-
fers a double advantage. On the one hand, it excludes sources
in the most crowded regions, where the photometry is affected
by poor-quality measurements. On the other hand, given that
we are solely interested in the age measurement, we do not
want the complexity of GC stellar populations (the so-called
multiple-population phenomenon; see Gratton et al. 2019, for
a review) to affect our estimates. With only a few exceptions
(see e.g., Leitinger et al. 2023), all the observational results
agree over the finding that, regardless of the kind of com-
plexity involved (from the iron spread, to the helium varia-
tion, and the (anti-)correlation affecting lighter elements; see
e.g., Pancino et al. 2003; Piotto et al. 2007; Massari et al. 2014;
Milone et al. 2017), the first primordial population of GCs is
less centrally concentrated than any other peculiar one. The
choice of colour-magnitude diagrams (CMDs) in the F606W
and F814W filters already ensures that only possible iron- and
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Fig. 3. Example of a differential reddening map for NGC 6352. Each of
the stars used to compute the differential reddening correction is plotted
in sky coordinates and coloured according to its value of dE(B — V).

helium spreads should affect the CMD by broadening the evo-
lutionary sequences and thus altering the age estimates. The
radial distance cut further reduces this possibility by preferen-
tially excluding peculiar populations (see e.g., Sbordone et al.
2011; Cassisi et al. 2013; Cassisi & Salaris 2020).

Nonetheless, NGC 6388 and NGC 6441 are known to be
extremely peculiar GCs. Indeed, Bellini et al. (2013) demon-
strated that the two clusters share a similar helium spread,
which reaches values of AY ~ 0.07 (see also Caloi & D’ Antona
2007; Busso et al. 2007), but despite their similar metallicity and
helium content, their CMDs in the optical and ultra-violet bands
display differences that can likely be ascribed to peculiar C, N,
O abundances. For what concerns this study, these complex stel-
lar populations manifest as split subgiant branches (SGBs) and
broad red giant branches in the optical CMD of the clusters,
and most importantly, these photometric features are not entirely
erased by the radial distance cut. This is why we followed the
prescriptions by Milone et al. (2017; see also Milone et al. 2015)
and the HUGS photometry in the required bands to create a chro-
mosome map for each of the two clusters and to select only
stars belonging to the primordial populations. Figure 4 shows
an example of how such a selection works in the region of the
(mFg]4w, MEeO6W — mF814w) CMD around the SGB, which is the
most peculiar sequence of these two clusters in the optical CMD.
Stars excluded from the analysis are those shown in cyan, which,
moreover, tend to occupy a region that is redder and fainter than
the primordial population (black symbols), and would therefore
affect the isochrone fitting.

3.2. The halo field dataset and its SFH derivation

From Gaia DR3 (Gaia Collaboration 2023), we selected
stars belonging to the Milky Way halo within a cylinder
of heliocentric radius 1kpc and distance from the plane
|Z] < 3.5kpc, by adopting a cut in tangential veloci-
ties V7 > 200kms~! (as defined from proper motions in
Gaia Collaboration 2018). This CMD presents the typical dou-
ble sequence of stars indicating the presence of an in situ pop-
ulation and an accreted one (Helmi et al. 2018; Gallart et al.
2019). We only consider stars with a small relative parallax error
(parallax_over_error >5) in order to derive their distances
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directly by inversion of the parallax (after applying the global
zero-point indicated in Lindegren et al. 2021), and we corrected
their colours and magnitudes for extinction using the 3D extinc-
tion maps by Green et al. (2019) with the recipes presented in
Gaia Collaboration (2018).

We calculated the synthetic CMD used to derive the SFH
and associated age—metallicity relations with the BaSTI solar-
scaled models (see Sect. 2.1), assuming a Kroupa initial mass
fraction (IMF; Kroupa 2001), a fraction of unresolved binaries
(B) of 30%, and a minimum mass ratio for binaries (g) of 0.1.

As a consistency check, we also derived alternative SFHs
by (i) correcting the reddening of the observed stars with the
3D extinction map by Lallement et al. (2018); and (ii) adopting
a fraction of unresolved binaries of 50%. The resulting age—
metallicity relations are similar, with small differences that do
not affect the conclusions of this work.

4. Results

The result of the isochrone fitting for each of the six GCs under
analysis is shown in Figs. A.1-A.6. We ran the isochrone fit-
ting code using Gaussian priors on the input paramaters, cen-
tred on the metallicity (assuming solar-scaled [@/Fe] mixture),
colour-excess, and distance modulus values provided in Harris
(1996), and with dispersions of om/m) = 0.1, ogi-vy) = 0.05,
and opm; = 0.1, respectively. Finally, we ran the code twice
per GC, once on the (mgsiaw, Mreosw — Mrg1aw) CMD and once
on the (mpeocw, Mreosw — Mrgiaw) CMD. The results we present
here are the average value of the two, while the overall uncertain-
ties are computed so as to encompass the upper and lower limits
of both runs combined (all the uncertainties of <0.01 were con-
servatively rounded up to that value). Table 1 summarises these
results.

As a first sanity check, we compare the output metallic-
ity, E(B — V), and DM with existing estimates from the lit-
erature. For the metallicity, we adopt the catalogue by Harris
(1996) as a reference. As explained in Sect. 2.1, the output of
the isochrone fitting is [M/H], and corresponds to [Fe/H] only
in case of solar-scaled a-element abundances (see Equation 1).
We therefore determined the [a/Fe] value that minimises the
average difference between our results and those from the lit-
erature, finding that [a/Fe] = 0.08 makes the difference null, as
shown in Fig. 5. Given that these GCs are rather metal-rich,
and the typical behaviour of the [@/Fe] abundance ratio shows a
decrease towards solar values in the metal-rich regime (see e.g.,
Horta et al. 2020), [a/Fe] ~ 0.1 appears to be a reasonable value.
The scatter of the distribution (o~ = 0.07) further guarantees that
the adopted priors are not too stringent. Overall, the sanity check
on the cluster metallicity is successful.

The same sanity check performed on colour excess and dis-
tance modulus values from the literature provides good results
as well. Figure 6 shows the difference between our findings and
other E(B — V) and DM estimates coming from isochrone fitting
methods (contrarily to the adopted priors, which come from mul-
tiple different techniques). In particular, the values for the four
in situ GCs were taken from VandenBerg et al. (2013), while
those for NGC 6388 were provided by Moretti et al. (2009) and
those for NGC 6441 by Baumgardt & Vasiliev (2021). Concern-
ing the colour excess (see the left-hand panel), the mean differ-
ence is only —0.006 mag, and the dispersion around the mean is
0.01 mag. In the plot, the error bars are computed as the sum in
quadrature between the uncertainties estimated by our code and
a 5% uncertainty, which is a typical value for literature estimates.
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Table 1. Results of the isochrone fitting.

Name [M/H] EB-YV) DM Age
[mag] [mag] [Gyr]
NGC5927 —0.42’:8;82 O.42i8j8} 14.59igjg} 12.33f8z}j
NGC6304 —O.40f8;8§ 0.49f8:8§ 14.01fg:8% 13.07f8:§g
NGC6352 —0.48’:818‘3‘ 0.27f8:8; 13.71f8:8; 1 1.91’:8;}1
NGC6388 —0.46’:818% 0.36“:8:8} 15.36“:8:8; 1 1.88’:82
NGC6441 —O.53f8;8§ 0.46f8j8{ 15.64fgj8§ 13.1 lfgég
NGC6496 —0.47f8:8; O.24f8:8; 14.93f8:8£ 13.12t8:f2

Notes. The CMD fits and corner plots are shown in Appendix A.

As for DM values (see the right-hand panel of Fig. 6), the mean
difference is zero, with a small dispersion of 0.02. In this case,
the uncertainties shown in the plot are the sum in quadrature
between ours and a typical literature value of 0.05 mag.

All these successful consistency checks demonstrate that
the isochrone fitting has worked properly, converging to rea-
sonable solutions. In the following, we focus on the age esti-
mates, with the important caveat that, without an appropriate
independent absolute zero-point (which is currently missing),
these isochrone-fitting absolute ages have to be interpreted in a
relative sense by focusing on age differences rather than on their
absolute values.

Figure 7 shows the location of the six GCs analysed here
in the age—metallicity plane, overplotted on the age—metallicity
relation derived from the halo field population. The first imme-
diate feature that stands out is that all of the six GCs have rather
similar ages. The youngest is NGC 6388, but its age is perfectly
consistent within a 1o uncertainty with the age of at least two
of the in situ GCs, namely NGC 5927 and NGC 6352. The other
cluster with debated origin is NGC 6441, which is even older,
and has an age that is consistent with those of NGC 6304 and
NGC 6496. By looking at the nominal uncertainties, which take
into account the interplay of all of the parameters involved in the

0.4 1
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[Fe/Hliso-[Fe/Hlspec
o
o
0—
+_
o—

|

o

—e——
——

~0.4 1

NGC5927 NGC6304 NGC6352 NGC6388 NGC6441 NGC6496
GC

Fig. 5. Difference between the output metallicities [Fe/H] computed
assuming [a/Fe] =0.08 and literature spectroscopic estimates for each
GC, as provided by Harris (1996). The scatter around the mean value
is 0.07 dex. Error bars are given by the sum in quadrature between our
uncertainties and those by Harris (1996), and amount to ~0.1 dex.

fit, it might be tempting to distinguish the six GCs in two groups
with strikingly similar age, one group (NGC 6441, NGC 6304
and NGC 6496) with a mean () = 13.10Gyr (and a tiny dis-
persion of o; = 0.03 Gyr), and a second group (NGC 6388,
NGC 5927 and NGC 6352) with (¢) = 12.05 Gyr and o, = 0.25
Gyr. If this second group consists of the youngest among the
in situ GCs, as CARMA will determine when the sample of
GC ages becomes increasingly complete, they might precisely
pin-point an important event in the Milky Way merger history
that halted the in situ GC formation. Moreover, the quoted num-
bers are not dissimilar from the estimated accretion time of the
Kraken (Kruijssen et al. 2020) or of the GES (Helmi et al. 2018;
Gallart et al. 2019; Montalbén et al. 2021; Xiang & Rix 2022;
Ciucd et al. 2023) merger events. For the moment though, given
that we focus here on age differences, we prefer not to make

A20, page 7 of 16



Massari, D, et al.: A&A 680, A20 (2023)

0.08
0.06
0.04 1
0.02

0.00 l

—-0.02 1 |

E(B-V)iso-E(B-V)rer

_..__
_.._
—_———

—0.04

—0.06 -

—0.08

NGC5927 NGC6304 NGC6352 NGC6388 NGC6441 NGC6496
GC

0.20
0.15 1
0.101
0.05 1 l
0.00 1

—0.05 A

DMiso-DMer

—0.10

—0.15 -

-0.20 T T T T T T
NGC5927 NGC6304 NGC6352 NGC6388 NGC6441 NGC6496

GC

Fig. 6. Difference between the absolute reddening value (left-hand panel) and distance modulus (right-hand panel) coming from our best-fit

solution and literature ones.

Normalised SFR

14
s

0.2

—— - GES
= Thick disk

11 10 9 8
Lookback time (Gyr)

Fig. 7. Location of the six GCs under study in the age-metallicity plane,
overplotted on the age—metallicity relation derived from the halo CMD.
GCs with undoubted in situ origin are shown as black symbols, while
NGC 6388 and NGC 6441 are marked in white. The location of GES
(black dashed line) and of the Milky Way thick disc (black ellipse) are
shown for comparison.

strong claims, and to leave this possible evidence as an interest-
ing feature to be more thoroughly investigated in the future.

In order to come to an unequivocal conclusion as to the origin
of the two GCs NGC 6388 and NGC 6441, in Fig. 7 we com-
pare their position on the age—metallicity plane with the age—
metallicity relation for the halo field population, which clearly
shows the signature of GES at low metallicity ([M/H] < —0.75)
and that of the heated early disc in situ population at the highest
metallicity end. GES stars show a clearly distinct age—metallicity
relation with [M/H] ~—1.25 at 13 Gyr ago and [M/H] ~-0.8 at
12 Gyr ago, while the in situ disc remains ~13 Gyr old up to
[M/H] ~—0.7 and then becomes younger at higher metallicity.
Very clearly, the six GCs studied here are all entirely consistent
with the pattern expected for an in situ formation. In particu-
lar, to be located on the AMR of an accreted system like GES,
NGC 6388 and NGC 6441 should be about 2 Gyr younger (or
more) than the in situ GCs, which is excluded at levels of 2.50
and 7o, respectively. We can therefore conclude that both clus-
ters were born in the Milky Way with a high statistical signifi-
cance.
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5. Summary and conclusions

In this first paper of a series, we present the CARMA project,
highlighting its methods and objectives. We further demonstrate
an immediate application of its results, and finally settle a long-
standing debate over the origin of the pair of GCs, NGC 6388
and NGC 6441.

The aim of CARMA is to provide the first complete and
homogeneous compilation of GC ages to date, targeting preci-
sion and accuracy of <0.5 Gyr. To this end, we developed an
isochrone fitting code that builds upon the work of Saracino et al.
(2019) and provides age estimates and uncertainties in a statis-
tically robust MCMC framework. Using differential-reddening-
corrected and kinematically decontaminated photometry, which
is then properly treated in order to exclude chemically peculiar
stars and poor-quality measurements, CARMA code finds the
best solution among a fine grid of BaSTI theoretical isochrones
corrected for temperature-dependent extinction effects, and pro-
vides homogeneous estimates of [M/H], E(B — V), DM, and
age.

As a proof-of-concept study, we applied our method to six
Milky Way GCs. Four out of these six have a well-established
in situ origin, while the other two, namely NGC 6388 and
NGC 6441, have widely debated origins in the literature. Our
results show that NGC 6388 and NGC 6441 are coeval with other
in situ GCs, and a comparison between their location in the age—
metallicity plane and that of the sequences derived for GES and
the heated in situ early disc indicate — with high statistical sig-
nificance — that they formed in situ as well. The youngest among
these in situ GCs might pin-point the moment when GC forma-
tion in the Milky Way disc was suppressed (or when a second
peak in GC formation was triggered) by the merger event with a
large dwarf galaxy such as Kraken or Gaia-Enceladus-Sausage.
However, further investigation in conjunction with independent
absolute age calibrators (such as those that will be provided
by the asteroseismic mission HAYDN, Miglio et al. 2021) is
required to make more robust claims in this sense.

These findings demonstrate the power of precise and accu-
rate GC age measurements in the context of reconstructing the
Milky Way assembly history. Future investigations by CARMA
will target GCs associated with different external progenitors —
including the Milky Way itself —in order to disentangle uncertain
associations and put precise constraints on the accretion time and
mass of the related merger events.
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Appendix A: Isochrone fitting results

In this Appendix, we show the results of our isochrone fitting
algorithm applied to the six GCs under study in this work. Each
figure is made up of four panels. The lower ones show the
posterior distribution of the parameters of the model, including
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Fig. A.1. Results for NGC 5927. Panel (a): Best-fit model in the (mggiaw, Mpeosw-Mpgiaw) CMD. Panel (b): Best-fit model in the (mggpew,
Mpeoew-Mrgiaw) CMD. Panel (c): Posterior distributions for the output parameters and the best-fit solution, quoted in the labels, in the (mggiaw,
Mpgoew-Mrgiaw) CMD. Panel (d): Posterior distributions for the output parameters and the best-fit solution, quoted in the labels, in the (mgepsw,

Mpgosw-Mpgi4w) CMD.
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Fig. A.6. Results for NGC 6496. The contents of the different panels are the same as in Fig. A.1
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