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ABSTRACT

Context. The study of the Milky Way is living a golden era thanks to the enormous high-quality datasets delivered by Gaia, and space
asteroseismic and ground-based spectroscopic surveys. However, the current major challenge to reconstruct the chronology of the
Milky Way is the difficulty to derive precise stellar ages for large samples of stars. The CMD-fitting technique offers an alternative to
individual age determinations to derive the star formation history (SFH) of complex stellar populations.

Aims. We aim to obtain a detailed "dynamically evolved" SFH (deSFH) of the solar neighbourhood, and the age and metallicity
distributions that result from it. We define deSFH as the amount of mass transformed into stars, as a function of time and metallicity,
in order to account for the population of stars contained in a particular volume of the MW.

Methods. We present a new package to derive SFHs from CMD-fitting tailored to work with Gaia data, called CMDft.Gaia and we
use it to analyse the CMD of the Gaia Catalogue of Nearby Stars (GCNS), which contains a complete census of the (mostly thin disk)
stars currently within 100 pc of the Sun.

Results. We present an unprecedented detailed view of the evolution of the Milky Way disk at the solar radius. The bulk of star
formation started between 11-10.5 Gyr ago at metallicity around solar and continued with a slightly decreasing metallicity trend until
6 Gyr ago. Between 6 and 4 Gyr ago, a notable break in the age-metallicity distribution is observed, with three stellar populations
with distinct metallicities (sub-solar, solar, and super-solar), possibly indicating some dramatic event in the life of our Galaxy. Star
formation then resumed 4 Gyr ago with a somewhat bursty behaviour, metallicity near solar and average star formation rate higher
than in the period before 6 Gyr ago. The derived metallicity distribution closely matches precise spectroscopic data, which also
show stellar populations deviating from solar metallicity. Interestingly, our results reveal the presence of intermediate-age populations
exhibiting both a metallicity typical of the thick disk, approximately [M/H] =~ —0.5, and supersolar metallicity.

Conclusions. The many tests performed indicate that, with high precision photometric and distance data such as that provided by
Gaia, CMDft.Gaia is able to achieve a precision of < 10 % and an accuracy better than 6% in the dating of stellar populations,
even at old ages. The comparison with independent spectroscopic metallicity information shows that metallicity distributions are also
determined with high precision, without imposing any a-priory metallicity information in the fitting process. This opens the door
to obtaining detailed and robust information on the evolution of the stellar populations of the Milky Way over cosmic time. As an
example we provide in this paper an unprecedented detailed view of the age and metallicity distributions of the stars within 100 pc of
the Sun.

arXiv:2402.09399v1 [astro-ph.GA] 14 Feb 2024

Key words. Galaxy: solar neighbourhood, Galaxy: stellar content; Galaxy:disk, Galaxy: evolution, Stars: Hertzprung-Russell and
C-M diagrams

1. Introduction

The Milky Way (MW) is the galaxy that we can study with the
greatest detail, over its whole history, by characterising its stellar
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content on a star-by-star basis. The low mass stars that formed
since the first star formation events in the Universe inform us of
the rate of star formation as a function of time, and how metals
build up in successive stellar generations.

The study of the MW is living a golden era. On the one
hand, the impressive data-sets delivered by the ESA mission
Gaia (Gaia Collaboration et al. 2016, 2018, 2023) are revolu-
tionising our current view on our Galaxy (Brown 2021). On the
other hand, several ground based spectroscopic surveys, ongo-
ing or planned, (e.g. LAMOST, Wang et al. 2020; Liu et al.
2019; RAVE, Steinmetz et al. 2020b,a; GALAH, Buder et al.
2021; APOGEE, Ahumada et al. 2020; WEAVE, Jin et al. 2023;
4MOST, Bensby et al. 2019; Chiappini et al. 2019; or DESI
Cooper et al. 2023), are complementing the Gaia mission by
obtaining spectroscopy with higher resolution and/or down to a
fainter limiting magnitude. Finally, asteroseismic missions such
as Kepler (Borucki et al. 2010) and K2 (Howell et al. 2014) have
shown the potential of adding seismic information to derive ages.

As stated in the ”Gaia Red Book”' A primary scientific
goal of the Gaia mission is the determination of the star forma-
tion histories, as described by the temporal evolution of the star
formation rate, and the cumulative numbers of stars formed, of
the bulge, inner disk, Solar neighbourhood, outer disk and halo
of the Milky Way”. The most difficult part to accomplish this
goal, once the necessary data is available, is the determination of
stellar ages, since they cannot be directly measured: they need to
be inferred by comparing the observed properties with the pre-
dictions of stellar evolution models.

The most suitable method for determining the age of a given
star depends on its mass and/or evolutionary stage, and thus de-
riving homogeneous ages for a broad range of stellar types or
for the full age range is virtually impossible (Soderblom 2010;
Salaris & Cassisi 2005, for detailed reviews). In the most widely
used method in Galactic archaeology, a set of physical parame-
ters derived from spectra (and/or photometry), such as effective
temperature, surface gravity and metallicity (or colours and lu-
minosities), are compared to a set of stellar evolution models,
which predict age as a function of these parameters (Sahlholdt
et al. 2019). Isochrone fitting is in practice prone to large un-
certainties, both due to the difficulty of accurately deriving the
needed stellar parameters, and due to the biases introduced by
the isochrone interpolation. Even in the favourable case of stars
with well measured distances and accurate spectroscopic pa-
rameters, typical age errors of individual stars are around 25%
(Sanders & Das 2018; Mints & Hekker 2018; Queiroz et al.
2018; Kordopatis et al. 2023), and only estimated lower in partic-
ularly exquisite instances (e.g. Haywood et al. 2013). In spite of
this, the wealth of data from large spectroscopic surveys, and the
increasing availability of distances (initially from Hipparcos and
currently from Gaia), has led to works exploiting advanced sta-
tistical methods, in particular based on Bayesian statistics (Pont
& Eyer 2004; Jgrgensen & Lindegren 2005), to derive ages for
large stellar samples (e.g. Holmberg et al. 2009; Feuillet et al.
2016; Sanders & Das 2018; Mints et al. 2019; Frankel et al.
2019; Sahlholdt et al. 2022; Xiang & Rix 2022; Queiroz et al.
2023).

Asteroseismology has turned into the big hope to derive pre-
cise stellar ages (Miglio et al. 2017). When combined with spec-
troscopy, it provides solid constraints on stellar mass, radius and

! Gaia report on the Concept and Technology

(sometimes referred to as the "Gaia Red Book"),
https://www.cosmos.esa.int/documents/29201/297049/report-

science.pdf/
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evolutionary state (see Mathur et al. 2012; Chaplin et al. 2020),
particularly for bright red giants, which allows to obtain ages for
distant stellar samples. A number of stellar catalogues have al-
ready exploited this combination (Martig et al. 2016; Ness et al.
2016; Anders et al. 2017; Rendle et al. 2019). However, age er-
rors are still large (see Fig 22 in Pinsonneault et al. 2018). A best
case scenario expected to provide an age precision of 10% is dis-
cussed by Miglio et al. (2017) for long duration observations like
those planned with the Plato satellite.

These individual stellar age determinations require detailed
and costly observations, only possible for a tiny fraction of MW
stars. This results in very complicated selection functions. These
samples allow inferring information such as age-metallicity or
age-velocity trends, but it is basically impossible to retrieve from
them the much sought holy grail of galaxy evolution, that is
the star formation history (SFH), or to produce unbiased age
and metallicity distributions directly comparable with predic-
tions from galaxy models.

The Colour-Magnitude Diagram fitting (CMD-fitting) tech-
nique offers a highly complementary way to approach the prob-
lem of deriving the SFH of a composite stellar population. In
the case of the MW, because only Gaia CMDs reaching the old
main sequence turnoffs (oMSTO) are required, SFH derivation
is possible for unbiased and huge stellar samples. With current
and forthcoming Gaia data releases it will be possible, using this
methodology, to obtain SFHs and precise age distributions out to
distances of several kpc from the Sun, thus exploring all Galac-
tic components and addressing major questions of Galactic as-
tronomy. In fact, the Gaia Red Book proposes the CMD-fitting
methodology as the best method to derive the SFH of the MW?,
after the early successes of this methodology in providing SFHs
of Local Group galaxies from deep CMDs obtained from ground
based or Hubble Space Telescope (HST) imaging.

Indeed, in extra-galactic archaeology, deep CMDs reaching
the oMSTO with good photometric accuracy and precision, anal-
ysed with the robust technique of CMD-fitting (Tosi et al. 1991;
Bertelli et al. 1992; Tolstoy & Saha 1996; Aparicio et al. 1997,
Dolphin 1997; Gallart et al. 1999; Dolphin 2002; Aparicio &
Gallart 2004; Gallart et al. 2005; Aparicio & Hidalgo 2009;
Cignoni & Tosi 2010), are regarded as the most direct and re-
liable observable to obtain a detailed SFH and stellar age distri-
butions of a galaxy, from its earliest epochs to the present time.
CMD-fitting has been, over 25 years, the standard to determine
detailed SFHs for Local Group galaxies, from nearby MW satel-
lites using ground based data, to more distant members using
large allocations of HST time. This has provided insight on a
number of important topics of near-field cosmology, such as the
role of reionization on the early SFH of dwarf galaxies (Cole
et al. 2007; Monelli et al. 2010b,a; Weisz et al. 2014; Ruiz-Lara
et al. 2018), the origin of their different morphological types
(Gallart et al. 2015), the differences between the MW and M31
satellite systems (Monelli et al. 2016; Skillman et al. 2017), the
spatial gradients (No€l et al. 2009; Cignoni et al. 2013; Meschin
et al. 2014; Rubele et al. 2018) and synchronised SFHs of the
Magellanic Clouds (Ruiz-Lara et al. 2020b; Massana et al. 2022)
and the SFHs of the M31 halo, spheroid, and outer disk (Brown
et al. 2008; Bernard et al. 2012). CMD-fitting has flourished
in the context of the study of Local Group galaxies, because
they are sufficiently close to resolve their individual stars, yet
far enough that all their stars can be considered to be at the same
distance, which can be obtained accurately using various well
calibrated distance indicators (Benedict et al. 2007; Beaton et al.

% (Gaia Red Book, p. 34)
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2016). This is fundamental to transform the measured apparent
luminosities to absolute magnitudes that can be compared with
the predictions of stellar evolution models.

In the case of the MW, precise and accurate distances for
each individual star are necessary, and thus the first examples
of CMD-fitting to derive the SFH of stellar samples in the very
close solar vicinity (within approximately 50 pc) used Hipparcos
data (Hernandez et al. 2000; Bertelli & Nasi 2001; Cignoni et al.
2006). However, the real breakthrough came with the availabil-
ity of Gaia data, which allowed to extend the study of the so-
lar neighbourhood to 100-250 pc, first with Gaia DR1 (Bernard
2018) and then with Gaia DR2 (Alzate et al. 2021; Dal Tio et al.
2021). Additionally, samples within 2 kpc allowed to date the ac-
cretion time of Gaia-Enceladus and the early SFH of MW thick
disk and halo (Gallart et al. 2019a), and the possible repeated
influence of the Sagittarius dSph on the SFH of the MW disk,
since its accretion some 6 Gyr ago (Ruiz-Lara et al. 2020a), as
well as SFH gradients as a function of distance from the MW
plane (Gallart et al. 2019b; Mazzi et al. 2023).

In this paper, we describe in detail our current implementa-
tion of the CMD-fitting technique to derive detailed SFHs from
Gaia CMDs, which has been upgraded in several aspects (e.g.
the adopted stellar evolution library, and the CMD-fitting code it-
self) with respect to the procedures used in Gallart et al. (2019a)
and Ruiz-Lara et al. (2020a). One salient characteristic of our
methodology is that no a priori assumptions are made on the
age-metallicity relation, on the metallicity distribution, or on the
functional form of the star formation rate as a function of time,
SFR(t). We apply this methodology to derive a first detailed SFH
of the Solar neighbourhood, using the exquisite Gaia Catalogue
of Nearby Stars (GCNS) dataset (Gaia Collaboration, Smart et
al. 2021), therefore presenting an unprecedented detailed view
of the evolution of the Milky Way disk at the solar radius.

This paper is organised as follows: Section 2 summarises the
contents of the original GCNS dataset relevant for this study,
which are complemented with Gaia DR3 data on chemical abun-
dances and radial velocities; Section 3 presents CMDft.Gaia, a
new suite of procedures for CMD-fitting specially tailored for
the analysis of Gaia CMDs; Section 4 describes the particular
application of CMDft.Gaia to the CMD of the GCNS while Sec-
tion 5 presents the derived deSFH and age-metallicity distribu-
tions and the robustness of these results, and compared them
with literature spectroscopic metallicity distributions and age-
metallicity relations; Section 6 discusses the evolutionary history
of the Milky Way (thin) disk in the light of the derived SFH; fi-
nally Section 7 summarised the main results and conclusions,
both regarding the evolution of the Milky Way disk and the per-
formance of CMDft.Gaia. A number of Appendix present com-
plementary information on various aspects of this work.

2. The data

We base our analysis on the Gaia Catalogue of Nearby Stars
(GCNS, Gaia Collaboration, Smart et al. 2021), which comprises
331312 stars residing within a sphere of 100 pc radius centred
on the Sun, selected from the full Gaia EDR3 catalogue. It is a
volume-complete sample of all objects with spectral type earlier
than M8 down to the nominal G = 20.7 magnitude limit of Gaia.

For details on this catalogue we refer the reader to the orig-
inal paper (Gaia Collaboration, Smart et al. 2021). Here suffices
to say that it originates from a selection of all sources in Gaia
EDR3 with measured parallaxes w > 8 mas (corresponding to a
maximum distance of 125 pc), from which objects with spurious

astrometric solutions were removed with a random forest clas-
sifier (Breiman 2001). Subsequently, posterior probability den-
sities for the true distance of each source were inferred with a
simple prior not dependent on the sky position or type of star,
based on the distance distribution of stars in GeDR3mock (Ry-
bizki et al. 2020) with observed parallax greater that 8 mas>.
Finally, all the stars with a non-zero probability of being within
100 pc were retained in the catalogue.

In terms of photometric information, apart from Gaia eDR3
data, the original GCNS also included magnitudes from external
optical and infrared catalogues. We checked the resulting CMDs
in a number of combinations of the available filters and con-
cluded that, for the purposes of SFH derivation, the CMD in the
Gaia bands [Ggp — Ggp, G] was definitely superior. This is there-
fore the combination we will use in the rest of the article.

Gaia Collaboration, Smart et al. (2021) do not discuss the
amount of extinction affecting the stars in the sample. We have
used the Green et al. (2019) 3D dust map to derive extinctions
at the 3D position of each star and have verified that they are
negligible.

In this section we provide a bird’s-eye view of the GCNS
stellar content in terms of the CMD, kinematic and global chem-
ical information, and how it is globally split between the Milky
Way thin and thick disc and stellar halo components. Given that
Gaia DR3 data have become available since the publication of
the GCNS, here we complement the original data-set with Gaia
DR3 line-of-sight velocities for 174221 stars, as well as metal-
licity ([M/H]) and [a/Fe] abundance measurements for 23629
stars from the Gaia Radial Velocity Spectrometer (RVS) as mea-
sured by the General Stellar Parametriser-spectroscopy module,
GSP-Spec (Recio-Blanco et al. 2023). We refer the reader to Ap-
pendix A for details on how these quantities were assembled and
on how we assign probabilities of membership for a star to be-
long to the thin disc, thick disc or stellar halo.

Figure 1 summarises the content of this updated GCNS. In
the upper panels and in the bottom left, the thin disc stars are
indicated by purple symbols or contours, the thick disc in or-
ange and the halo in black. The whole kinematic, chemical and
photometric samples are shown in grey in the upper left, upper
middle and lower left panels, respectively. The upper left panel
represents the Toomre diagram; note that the different compo-
nents overlap slightly in this space. The stars classified as halo
mostly have retrograde orbits and follow the distribution that
has been associated to the remnants of Gaia-Enceladus-Sausage
(Belokurov et al. 2018; Helmi et al. 2018). The middle panel
presents the metallicity distribution [Fe/H] of each component
and that of the whole sample (that of the halo has been multiplied
by 100 to make it visible). Note that the thick disk distribution is
only slightly shifted to lower metallicity values compared to the
thin disk distribution (mean [M/H];z;, = —0.11 dex, o, = 0.2
dex; mean [M/H] icx = —0.29 dex, opick = 0.4 dex). Some con-
tamination from the thin disk may be responsible of this slightly
higher metallicity compared to the ’canonical’ metallicity of the
thick disk. Finally, the upper right panel displays the [a/Fe] ver-
sus [Fe/H] distribution. Both disk components, kinematically se-
lected, have a similar range of [@/Fe] with thick disk stars some-
what more extended to high [@/Fe] values and lower [Fe/H]. The
reason of the relatively similar distribution of thin and thick disk

3 For this sample of very nearby, well measured stars, the dists, dis-
tances obtained in this way are practically identical to those that would
be obtained by simply inverting the parallax. However, for consistency
we adopted distsy from the GCNS as the distance, and (distgs — dist;¢)/2
as its error.
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Fig. 1. Summary of the content of the updated GCNS. Upper left panel: Toomre diagram of the stars with line-of-sight velocities. The thin disk
stellar distribution is represented with violet contours and the thick disk and halo stars as orange and black dots, respectively. The grey points in
the background represent the whole GCNS sample with kinematic data from DR3. Middle upper panel: [Fe/H] distribution for the global (grey),
thin disk (purple), thick disk (orange) and halo (black; multiplied by 100). Upper right panel: [@/Fe] distribution of halo stars (black stars), thick
disk stars (orange dots and contours) and thin disk stars (purple dots and contours). In these two panels, only the stars with abundance information
have been represented. Lower left panel: CMD of the three kinematically selected components within 100 pc of the Sun, superimposed to the
whole original GCNS sample (in grey): thin disk (purple), thick disk (orange) and halo (black). Middle panel: CMD of the kinematic thin disk
with superimposed isochrones of solar metallicity with a range of ages (0.03, 0.2, 0.5, 1, 2, 5, 10 and 13 Gyr) from the BaSTI-IAC (solid lines)
and PARSEC (Bressan et al. 2012, dashed lines) stellar evolution libraries. A [M/H]= —0.5, 5 Gyr old metallicity BaSTI isochrone is also plot.
Lower right panel: CMD of the kinematic thick disk with superimposed isochrones from the BaSTI-IAC library: [Fe/H]=0.06 and 5, 10 and 13
Gyr; [Fe/H]=-0.5,-1.0,-2.0 and 10 Gyr.

stars in this plane is twofold: first, @ abundances from Gaia GSP-
Spec come primarily from Calcium measurements, and this el-
ement is produced both by SNIa and SNII, thus not resulting in
such a clear-cut separation for different populations (this is con-
firmed in the CNN analysis by Guiglion et al. 2024, where the
break in a/Fe becomes more evident after combining Gaia data
with APOGEE); second, a separation of thin and thick disk stars
with kinematic (or geometric) criteria, does not necessarily re-
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produce a chemical separation (Kawata & Chiappini 2016). The
kinematically selected halo stars do have a distinct distribution,
with all of them having [a/Fe] > 0.2 and [Fe/H]<-0.5.

The lower left panel shows the CMD of the global GCNS
catalogue and the three kinematically selected components. One
can appreciate that the dominant thin disk component (146108
stars) reaches very bright absolute magnitudes and blue colours
in the main sequence, indicative of a very young population; the
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thick disk (13153 stars) is clearly much older, and its low main
sequence is located in the blue part of that of the thin disk, indi-
cating a lower metallicity. Finally, the few halo stars (415 stars,
in black) are all located in the blue ridge of the other two popu-
lations, reflecting their even lower metallicity.

The lower middle and right panels of Fig.1 display the
CMD of the kinematic thin and thick disk, respectively, with
isochrones superimposed. In the case of the thin disk, solar
metallicity isochrones ([Fe/H] =0.06)* with a range of ages (0.03,
0.2, 0.5, 1, 2, 5, 10 and 13 Gyr) from the BaSTI-IAC® (Hi-
dalgo et al. 2018) and PARSEC (Bressan et al. 2012) stellar
evolution libraries have been selected. The stars in this CMD
are well matched by solar metallicity isochrones within the se-
lected age range, from the youngest to the oldest. The youngest
30 Myr isochrone, while not obviously needed to match very
bright young stars in the main sequence, seems to match very
well the less populated red part of the broad low main sequence
(fainter than M=8). The blue side of this low main sequence
is well matched by a lower metallicity population (see 5 Gyr
isochrone with [Fe/H]= -0.5, in red). Finally note that there are
basically no stars in the subgiant branch between the 10 and the
13 Gyr old isochrones, hinting to an scarcity of a very old popu-
lation in this sample.

The comparison between the BaSTI-IAC and PARSEC
isochrones in this panel reveals some slight differences between
the two stellar evolution libraries: the PARSEC isochrones are
systematically redder in the main sequence (see inset) and red-
giant branch, while they are brighter in the sub-giant branch
compared to the BaSTI-IAC isochrones (we refer to Hidalgo
et al. 2018, for a more detailed comparison between the two
independent isochrone libraries). These differences between
isochrones from different stellar evolution libraries indicate that
also systematic differences may be expected between models and
data. In the derivation of the SFH, we will quantify this effect by
allowing small shifts between the whole observed CMD and the
synthetic CMD to which it will be compared (see section 3.3.3).
The differences between the predictions of stellar evolution li-
braries lead to somewhat different SFHs and age and metallicity
distributions (see Section 5.2).

In the case of the thick disk, for clarity only isochrones from
the BaSTI-IAC library, in a range of metallicities, are displayed
([Fe/H]=0.06 and 5, 10 and 13 Gyr; [Fe/H]= -0.5, —1.0, —=2.0
and 13 Gyr). The thick disk population is basically matched by
the 10 Gyr old solar metallicity isochrone, with a minority of
stars scattered around the 5 Gyr old isochrone, and very few stars
fainter (thus older) than 10 Gyr. This is similar to what was found
by Miglio et al. (2021) using isochrone ages for a Kepler sample
observed by APOGEE. These authors also found an almost co-
eval (age scatter of around 1 Gyr) and old thick disk. Old ages
for the thick disk were also found by Queiroz et al. (2023) us-
ing data from different spectroscopic surveys together with Gaia
DR3. The old, lower metallicity isochrones show that there is
room for a minority lower metallicity population which, at faint
magnitudes in the main sequence (Mg < 8) becomes bluer than
the bulk of the population.

4 Note that the chosen solar metallicity [Fe/H]=+0.06 is the initial
metallicity of the Sun so that at its present age of ~ 4.5 Gyr and as a
consequence of atomic diffusion, its measured photospheric metallicity
is [Fe/H]=0.

5 The BaSTI-IAC isochrones in this figure differ from the official re-
lease in the colours of the faint main sequence portion of the isochrone,
below Mg ~ 8. The reason for this corrections and how it is computed
is discussed in Appendix B.

This was a first qualitative assessment of the age and metal-
licity ranges of the Milky Way components present in the volume
covered by the GCNS. In Section 5, we will present a quantita-
tive description of these stellar populations.

3. Derivation of SFHs: CMD fitting methodology

In this series of papers, we will define the SFH as the amount
of mass that has transformed into stars, as a function of time
(t) and metallicity (Z), in order to account for the population of
stars contained in a particular volume of the MW. Because the
defined volumes will typically be small compared to the MW
size, and stars are expected to move away from their birth posi-
tion (owing to diffusive or dynamical processes induced by the
spiral arms or the bar, see e.g. Minchev & Famaey 2010; Halle
et al. 2015; Hayden et al. 2018; Feltzing et al. 2020), these SFHs
may be more appropriately referred to as dynamically evolved
SFHs (deSFH), and the existence of stellar migration will need
to be taken into account in the interpretation of the results. In any
case, from these deSFHs, local age and metallicity distributions
can be derived and this is a fundamentally important information
in Galactic Archaeology.

The SFH can be expressed as a combination of simple stellar
populations (SSPs) with a small range of age and metallicity. A
convenient way to obtain these SSPs is from a synthetic CMD
computed assuming that stars are born with a constant prob-
ability for all ages and metallicities within a given age and Z
range and adopting other stellar population characteristics such
as an initial mass function (IMF) and a parameterisation of the
binary star population. The errors affecting the absolute colours
and magnitudes of the stars, as well as the completeness func-
tion across the CMD need to be simulated in the synthetic CMD
to make it comparable to the observed CMD. We will call this
specific type of synthetic CMD from which we derive the SSPs,
mother CMD.

Once these SSPs have been defined, any arbitrary SFH (and
its associated model CMD) can be obtained as a linear combina-
tion of SSPs:

W(t,7) = Z ¥,

where ¥; refers to SSP i and q; is the strength attributed to that
SSP for that arbitrary SFH.

The best fit SFH (for a given mother CMD) is then obtained
by comparing the distribution of stars across the observed CMD
and in an arbitrary number of model CMDs, constructed from
different combinations of SSPs defined through sets of @, until
the best possible match is found.

In the following we will discuss in detail all the steps in-
volved in our implementation of the SFH derivation procedure,
which we call CMDft.Gaia (first introduced in Ruiz-Lara et al.
2022). It has been considerably updated compared to previous
works such as Gallart et al. (2019a) and Ruiz-Lara et al. (2020a).
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Fig. 2. Summary of the steps involved in the SFH derivation using CMDft.Gaia. A detailed discussion of ChronoSynth and DirSFH is provided in
this paper, while Dispar-Gaia was presented in Ruiz-Lara et al. (2022) and will be discussed in more detail in Fernandez-Alvar et al. 2024, in prep

Table 1. Glossary of acronyms and specific terms

Term Definition/description

Age (Z) bins Difference in age (Z) between consecutive age (Z) seed points

Age (Z) seed points  Array of age (Z) values that define a typical "size" of the SSPs reflecting the varying age (Z) resolution
across the whole age (Z) interval

Bundle Regions of the CMD containing the stars that are used for the CMD-fitting. The bundle(s) are divided in
colour-magnitude boxes (or ’pixels’) where the stars (real and synthetic) are counted

deSFH Mass, per unit time and metallicity, that has been transformed into stars somewhere in the galaxy to
account for the stars that are today in the studied volume

deSFR(t) Marginalisation over metallicity of the deSFH. It gives the mass per unit time that has been transformed
into stars somewhere in the galaxy to account for the stars that are today in the studied volume

MDF y, Metallicity distribution function of the mass transformed into stars

MDFg Metallicity distribution function of the stars currently populating the studied volume

Model CMD CMD resulting from an arbitrary linear combination of SSPs

Mother CMD Specific type of synthetic CMD computed assuming that stars are born with a constant probability for

Solution CMD

SSp
Synthetic CMD

all ages and metallicities within a given age and metallicity range and adopting other stellar population
characteristics such as an initial mass function (IMF) and a parameterisation of the binary star population,
and with observational errors and completeness simulated in it. The SSPs are derived from a mother CMD

CMD obtained with the best fit SFH, and matching the number of stars of the observed CMD inside the
bundle

Simple Stellar Population, population of synthetic stars in a small range of age and metallicity

Any CMD obtained from the predictions of stellar evolution models

CMDft.Gaia is a suite of procedures specifically designed explain these steps in detail below, while a summary is presented
to deal with Gaia data that includes 1) the computation of syn- in Figure 2.
thetic CMDs in the Gaia bands (Sec 3.1; ii) the simulation in the
synthetic CMDs of the observational errors and completeness af-
fecting the observed CMD after quality and reddening cuts (Sec-
tion 3.2; and iii) the derivation of the SFH itself (Section 3.3). We
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3.1. Synthetic CMD computation

All mother CMDs adopted in the present investigation have been
computed with our own synthetic CMD code, that results from
a deep evolution/update of the code presented in Pietrinferni
et al. (2004) and Cordier et al. (2007) and that we will call
ChronoSynth. Due to the need of computing mother CMDs host-
ing a huge number of synthetic stars, the current version of the
code has been parallelised in order to speed up the whole com-
putational procedure. The code provides magnitudes and colours
of stars belonging to a synthetic stellar population with an arbi-
trary SFH, as well as the total mass that has been transformed
into stars associated to that population, which includes that of
the stars already dead and thus not present in the synthetic CMD.
For this purpose, the code relies on a grid of isochrones in a wide
age and metallicity range, which depends on the adopted stellar
model library.

The code has some flexibility in the types of SFH that can be
adopted. However, for the purpose of SFH derivation, the syn-
thetic mother CMDs are computed adopting a flat probability
distribution for star to be born within the whole defined age and
metallicity range (the latter can be defined flat in Z or log(Z)).
The lower and upper limits both in age and metallicity have to
be specified in the input file, as well as the adopted IMF® and the
characteristics of the binary population, which are parameterised
as a function of the binary frequency § and minimum mass ratio
Qmin-

To create the synthetic stellar population, with a desired
number of stars (Ngus) down to a given limiting magni-
tude (Mpax), according to the adopted SFH, a random value
of the stellar age and metallicity are drawn from the whole
age/metallicity range. Then a stellar initial mass, M, is randomly
selected following the adopted IMF. These values of age, stellar
mass, and metallicity are used to interpolate in the isochrones of
the selected grid to determine the bolometric luminosity, effec-
tive temperature, and current value of the mass’ of the synthetic
star. These properties are then used to predict its absolute mag-
nitudes in the various Gaia DR3 photometric passbands ® on the
basis of the bolometric correction tabulations’ provided by Hi-
dalgo et al. (2018).

To include a given population as unresolved binary systems,
the binary fraction 8 and the minimum mass ratio gni, between
secondary and primary stars have to be specified. Then, for each
generated synthetic star, an additional random number is used to
determine if it is a component of an unresolved binary. If this

® The current version of the code allows to choose between a power
law (with exponent chosen by the user), and the Kroupa et al. (1993)
IMF.

7 The current mass of the star, that can be different than the initial one
as a consequence of mass loss, is needed in order to properly evaluate
the actual surface gravity that is — together with the effective temper-
ature and chemical composition — the quantity needed to evaluate the
bolometric correction for any selected photometric passband. The oc-
currence of mass loss is taken into account by adopting a stellar model
grid computed by accounting for a selected value of the mass loss effi-
ciency (we refer to Hidalgo et al. 2018, for a more detailed discussion
on this topic).

8 Many other photometric systems are also available in the code.

° These bolometric correction tables are used for all the libraries of
stellar models than can be selected as input in the synthetic CMD code.
This means that they are adopted also when selecting the PARSEC 1i-
brary; however it is worth noting that both the BaSTI/BaSTI-IAC library
and the PARSEC one adopt very similar spectral libraries in the regime
appropriate for main sequence and sub-giant branch stars as discussed
by Hidalgo et al. (2018) and Chen et al. (2019).

is the case, the mass of the secondary star is randomly selected
from the distribution given by Woo et al. (2003), that is, the mass
of the secondary of a primary star with mass M,, is randomly
chosen - according to a flat distribution - between guin X M,
and M,,. The predicted properties (luminosity, effective tempera-
ture, magnitudes) of this unresolved binary system are calculated
properly adding the fluxes of the two unresolved components.
No evolution of the binary system itself is considered.

Finally, in order to investigate the impact of the choice of
different stellar model libraries on the properties derived for
the studied stellar populations, we have implemented different
model grids in ChronoSynth. The current version of the code
allows to use the following libraries: '

-the BaSTI-IAC grid both for solar-scaled (Hidalgo et al.
2018) and @—enhanced heavy element mixture (Pietrinferni et al.
2021). The selected grid is that accounting for diffusive pro-
cesses, core convective overshooting and mass loss (with effi-
ciency fixed by selecting a value for the free parameter n equal
to 0.3);

-the PARSEC stellar model library for a solar-scaled mixture
as provided by Bressan et al. (2012).

3.2. Simulation of the observational errors and completeness

Prior to the comparison between the observed and synthetic star
distribution across the CMD, it is necessary to simulate the ob-
servational errors and the completeness in the synthetic CMD. In
the case of the GCNS, since it is basically complete and the pho-
tometric and distance errors are really small, we adopted a sim-
plified error simulation procedure (see Section 4.2). A compre-
hensive description of the general method we will adopt in this
series of papers to simulate the observational errors and com-
pleteness in the synthetic CMD, called DisPar-Gaia will be pro-
vided in Ferndndez-Alvar et al. (2024, in prep), while a summary
is provided in Ruiz-Lara et al. (2022) (see also Figure 2).

3.3. Determination of the best fit SFH

To determine the best fit SFH through comparison of the ob-
served CMD with model CMDs computed from combinations of
SSPs, we use a new CMD-fitting package that we call DirSFH'!.
This package is a sophisticated evolution of previous CMD-
fitting software such as IAC-pop (Aparicio & Hidalgo 2009) and
TheStorm (Bernard et al. 2018; Rusakov et al. 2021). We will
discuss the novel approach followed by DirSFH to the differ-
ent steps involved in the CMD-fitting process, which lead to ex-
tremely robust solutions providing a large amount of details in
the age-metallicity plane. We will mention the main differences
with respect to IAC-pop and TheStorm, the latter being the code
used in our two first works delivering SFHs of the MW with
Gaia CMDs, namely Gallart et al. (2019a) and Ruiz-Lara et al.
(2020a).

10 In addition to the two libraries quoted in the main text, the first re-
lease of the BaSTI isochrone grid (hereinafter BaSTI) for both the so-
lar scaled (Pietrinferni et al. 2004) and @—enhanced (Pietrinferni et al.
2006) mixture is also kept in the code in order to allow — if needed —
some comparison with previous works. Indeed, this library is the one
used in Gallart et al. (2019a) and Ruiz-Lara et al. (2020a). The selected
model set from the former library is the one accounting for convective
core overshooting during the central H-burning stage, and mass loss ac-
cording to the Reimers law with the free parameter n fixed at a value
equal to 0.4.

! Because an important feature of the code is the use of a Dirichtlet (or
Voronoi) tessellation algorithm to define the SSPs
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3.3.1. Definition of the simple stellar populations (SSPs)

An innovative aspect of DirSFH lays in the way SSPs are
defined. The mother CMD is dissected as a function of age
and metallicity in a semi-random Dirichlet-Voronoi tessellation,
based on a grid of seed points in both age and metallicity, which
allows the user to define a typical "size" of the SSPs reflecting
the varying age and metallicity resolution across the whole age
and metallicity interval. A minimum number of stars is required
in each SSP, and if this number is not reached, a SSP may be
merged with neighbour ones until it has the minimum required
number of stars. Therefore, a large enough mother diagram is
necessary to avoid degrading the resolution in age and metallic-
ity of the derived SFH.

A large number N of ’individual’ SFHs are derived with dif-
ferent sets of SSPs constructed with the above method, and the
final SFH is the average of all of them. Figure 3 shows three indi-
vidual SFH solutions in which the Dirichlet-Voronoi tessellation
of the mother CMD can be appreciated. Note that each solution
is somewhat different from another, even though they share gen-
eral trends, including a low metallicity old population with very
low signal, as well as some high metallicity population.

3.3.2. Sampling the star’s distribution across the CMD and
weights of the fit

As mentioned in the introduction of this section, the distribution
of stars in the observed CMD and in the model CMDs resulting
from each combination of SSPs, need to be compared. For this,
observed and model CMDs are binned as a function of colour
and magnitude in the same way.

The amount of information on the SFH that a particular re-
gion of the CMD can provide depends mainly on a) how sepa-
rated in colour and magnitude the populations of different ages
and metallicities are in that region, b) the accuracy with which
stellar evolution models are able to predict the positions and life-
times of the stars (Gallart et al. 2005) in the corresponding evolu-
tionary phase, and c) the number of stars populating it. The main
sequence (and particularly the region around the turnoffs) and
the sub-giant branch are thus the CMD regions that provide most
information on the SFH. In contrast, the (shorter lived) red giant
branch, the red clump and the horizontal branch phases are af-
fected both by larger uncertainties in the stellar evolution model
predictions (including more uncertain bolometric corrections)
and by the superposition in a small colour-magnitude region of
stars that encompass almost the whole range of possible ages and
metallicities. The latter leads to a poor age and metallicity reso-
lution which is exacerbated by a larger age-metallicity degener-
acy compared to the rest of the CMD. To take this into account,
in IAC-Pop or TheStorm, several bundles in the CMD were typi-
cally defined, each in turn divided in colour-magnitude boxes (or
"pixels’) of different sizes where the number of stars are counted
for the comparison between the observed and the model CMD.
These bundles could exclude, or sample more coarsely, CMD
regions corresponding to certain stellar evolutionary phases, in
order to modify their overall weight in the fit. This approach has
the disadvantage of a certain subjectivity in the bundle definition,
which however, was shown to have little effect on the final SFH
(see, for example Ruiz-Lara et al. 2021). DirSFH uses a single
bundle defined by the user to tightly include both the observed
and the mother CMD down to a given limiting magnitude, which
is used only as a delimiter of the fitting space. Within this bun-
dle, a weight matrix is calculated from the mother CMD based
on how precisely a given "pixel” of that CMD is unique in terms
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of age (see next paragraph for a discussion of how these ’pix-
els’ are defined). In particular, in the current implementation, the
weight of each "pixel’ in the CMD is calculated as the inverse of
the variance of the stellar ages in that ’pixel’, such that a ’pixel’
populated by a small range of age will be given more weight
(see Figure 4 for an example of the weights applied across the
CMD for the q01b03_120M_M5 12 mother CMD). This occurs,
for example, in the bright, blue parts of the CMD, which are pop-
ulated exclusively by young stars. Giving more weight to those
areas defines the populations therein (mostly young SSPs) with
higher accuracy, imposing a strong constrain on the presence of
young stars in areas where the CMD has severe overlap of ages.
The option of a uniform weight across the whole CMD is also
possible, and we have verified that the results are not affected in
a significant way by the weighting scheme applied (see Figure
D.3).

The way the CMD ’pixels’ are defined in DirSFH takes into
account the fact that the number of stars in each pixel is sub-
ject to statistical fluctuations. In TheStorm this was taken into
account by shifting the limits of the boxes by a fraction of their
size and calculating new SFHs, which would at the end be aver-
aged together and used to calculate statistical errors. In DirSFH,
a ’coarse’ grid of pixels is defined (typically of size 0.2 mag-
nitudes in Mg and 0.1 magnitudes in (Ggp — Ggp)) and used to
calculate a colour-magnitude histogram. Then, the grid is shifted
a number of times (25 times, for 5x5 steps in colour and mag-
nitude in the current implementation) and new histograms are
calculated for each shift. This results in an over-sampled repre-
sentation of the CMDs, maintaining the number statistics of the
coarse grid, but adding the information of the variation of the
number of stars across the CMD in much finer steps (effectively
increasing the ‘resolution’ by 25 times). This preserves fine de-
tails in the stellar distribution across the CMD that would have
otherwise been destroyed by the simple coarse grid.

3.3.3. Search for systematic shifts between theory and
observations

Uncertainties in the effective temperature scale, and/or in the
bolometric corrections adopted to transfer stellar evolution pre-
dictions from the H-R diagram to the observational plane (in this
case the Gaia photometric system), as well as residual uncer-
tainties in the photometric calibration, may lead to slight overall
systematic shifts between the observed and the synthetic CMDs.
An evidence of the existence of such shifts can be observed in
the data shown in the lower middle panel of Figure 1, where
PARSEC and BaSTI-IAC isochrones have been superimposed
to the Gaia CMD in the absolute plane: in most evolutionary
phases, small but noticeable systematic shifts do exist between
isochrones of identical age and metallicity belonging to the two
model sets (as also discussed in Hidalgo et al. (2018)). Similar
systematic shifts may be expected between data and models.

In order to derive the size and direction of these system-
atic offsets, several SFHs are calculated with the mother CMD
shifted in colour-magnitude space within a maximum specified
range. Then, the residuals of these fits are analysed, and an ap-
propriate weighted average of the colour and magnitude shifts
leading to the smallest residuals is adopted as the best shift for

12 From now on, this will be the typical naming convention for mother
CMDs. In this particular case, q01b03_120M_MS5 means a CMD com-
puted adopting q,,;,=0.1, $=0.3, and with 120 million stars down to
M=5.0. The Basti-IAC stellar evolution library is used unless stated
otherwise
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Fig. 3. Three individual solutions of the GCNS SFH are shown. The Dirichlet-Voronoi tessellations of the mother CMD, different for each solution,
can be appreciated, while the overall shape and characteristics of the derived SFH is preserved.
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Fig. 4. Example of the weights applied across the CMD for the
q01b03_120M_MS5 mother CMD. The weight of each ’pixel’ in the
CMD is calculated as the inverse of the variance of the stellar ages in
that ’pixel’. The bundle defining the area where observed and model
CMDs are compared is also shown. Note that the bundle tightly delim-
its the mother CMD; a few ’pixels’ containing synthetic stars outside
the bundle correspond to stars that have been scattered in the simulation
of the observational errors.

the final SFH calculation. This is a similar, but slightly more so-
phisticated procedure compared to that adopted in TheStorm or
IACpop (see, for example, Figure 5 in Rusakov et al. 2021).

3.3.4. The minimisation algorithm

In DirSFH, the goodness of the coefficients in the linear com-
bination that defines each model CMD is measured through a
Skellam distribution (as opposed to simple Poisson statistics
in TheStorm). This statistic considers both the observed and
model CMD histograms to be stochastic in nature. For any given
colour-magnitude pixel, the difference in the number-counts be-
tween observed and model is evaluated, and the probability of
this result, considering both inputs to be Poisson distributed, is
used to calculate the goodness-of-fit of the ensemble. This im-
plies a critical difference with TheStorm approach: in DirSFH,
cases where there are observed stars but no model CMD stars
are treated completely equivalent to the cases where there are no
observed CMD stars but model stars are present. In particular,
DirSFH minimises:

(0i = My)?
S = E ——
Z Oi + Mi

Where O; and M; are the number counts for each pixel in the
ensemble for the observed CMD and the model CMD, respec-
tively.

3.3.5. Calculation of the final SFH and associated errors

The CMD-fitting procedure is repeated for a large number (N =
100) of different realisations of the SSPs and the final SFH is a
weighted average of the resulting N SFHs, with the error being
the dispersion of the distribution.

3.3.6. The outputs of DirSFH

DirSFH produces two main outputs:

1) The SFH, that is, the mass transformed into stars as a func-
tion of lookback time (age) and metallicity [M/H] in units of Mg
Gyr~! dex™!, in the form of a 800x800 grid of star formation rate
values and their uncertainties as a function of age and metallicity.
From this information, the SFR(t) (in units of My, Gyr™!) and the
metallicity distribution function of the astrated mass (MDF),) (in
units of My dex™!) are calculated by marginalising over metallic-
ity and age, respectively. From the SFR(t), the cumulative mass
function is calculated.

ii) A solution CMD, which is obtained by sampling the mother
CMD according to the derived SFH, until the same number of
stars in the observed CMD is obtained. In the solution CMD,
each star has information of its age and metallicity, in addition to
its colour and magnitude. The solution CMD, therefore, allows
analysing the current stellar content of a given stellar population,
in terms of the number of stars currently present as a function of
their age and metallicity. In particular, the metallicity distribu-
tion function of the stars in the sample (MDF; hereafter) can be
obtained, which is an important observable that can be compared
with that derived spectroscopically. Note that no information is
obtained about the age of individual stars in the observed CMD.

4. Deriving the SFH of the GCNS

In this section we will discuss the particular application of
CMDft.Gaia to the GCNS (Gaia Collaboration, Smart et al.
2021).
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4.1. Synthetic CMDs used to derive the deSFH within 100pc

As discussed in 3.1, in addition to the adopted stellar evolution
library, a number of choices have to be made to calculate the syn-
thetic CMDs that will be used to derive the SFH. Along the paper
we will explore the impact on the SFH of the most relevant of
these choices. In particular, the extraordinary depth of the GCNS
CMD will allow us to check different assumptions on the binary
star population using the distribution of stars in colour and mag-
nitude in the low main sequence. For a summary of the synthetic
CMDs used in this work, see Table 2. The choices made to com-
pute this set of synthetic CMDs are the following:

i) Stellar evolution library. The reference stellar evolution li-
brary used is BaSTI-IAC with the solar scaled mixture (Hidalgo
et al. 2018). Several synthetic CMDs with a number of choices
on the other parameters have been calculated with this library.
Two additional synthetic CMD has been computed using the
PARSEC solar-scaled library (Bressan et al. 2012).

ii) Age and metallicity distribution, and number of stars in
the synthetic CMDs: all synthetic CMDs have been computed
with a flat age and metallicity distribution (flat in Z) within the
age and [M/H] range indicated in Table 2, and with a specified
total number of stars down to a given limiting magnitude Mg pqx-

For each synthetic CMD, the age and metallicity limits as
well as the number of stars brighter than M=5 (which allows
a homogeneous comparison of the size of each CMD in the ap-
proximate portion used to calculate the SFH, above the oMSTO)
are given in Table 2.

iii) Binary star population: we have explored different pop-
ulations of unresolved binary systems, parameterized as a func-
tion of the fraction of unresolved binaries 8 and minimum mass
ratio gmin, as discussed in Section 3.1. The 8 and g, adopted
combinations are specified in Table 2.

iv) IMF: the Kroupa et al. (1993) IMF has been used, except
in one case, for which the Salpeter IMF was adopted.

4.2. Simulation of the GCNS observational errors

In the case of the GCNS, since both the photometric errors and
those derived from the distance calculation are really small and
other sources of error (such as reddening) are negligible, we
adopted a simplified error simulation procedure compared to
DisPar-Gaia, which will be used in future papers of this series.
We considered that the sources of uncertainty affecting the
position of an observed star in the CMD were solely the photo-
metric errors and the error in the determination of the distance.
In order to implement these observational effects on the mother
diagrams, we first assigned to each synthetic star a distance fol-
lowing the global distribution of stellar distances in the GCNS
(dist_50). This preliminary step allowed us to, applying the
relation between apparent and absolute magnitudes, move our
mother CMD to the apparent plane (we verified that extinction
is totally negligible in this sample). As shown in Riello et al.
(2021) there is a clear trend of photometric errors with magni-
tude, with the brighter tail (G< 6) presenting larger uncertain-
ties, and a smooth trend to larger uncertainties for fainter stars as
well. We found a similar trend for the distance errors, with more
distant stars displaying larger uncertainties, which we defined
as (dist_84-dist_16)/2.0, being ’dist_84’ and ’dist_16" the 84th
and 16th percentiles of the distance PDF (1o upper and lower
bounds, assuming a gaussian distribution) provided by Gaia Col-
laboration, Smart et al. (2021). In both cases (photometry and
distance information), we fitted a 5" degree polynomial (P;) to
the run of the error in the parameter i as a function of the value
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of such parameter, with i corresponding to apparent Ggp, Ggp,
G or distance. Also, we characterised the running standard devi-
ation of each parameter (o). Thus, to each star s in the synthetic
CMD, with a given set of parameters i (G, Gpp, Ggp, distance),
we assigned random errors (¢;) following a Gaussian centred at
P;i(iy) and with sigma o;(iy), with i; referring to the value of the
parameter i for the star s.

Once we have the photometric and distance errors for each
synthetic star, we performed a quadratic propagation of uncer-
tainties to translate these observational errors into an error in the
absolute magnitude and colour. These errors were simulated by
adding to the colour and magnitude of each star a correction fol-
lowing a Gaussian distribution centred at zero and with sigma
equal to the propagated error in colour and magnitude. Finally,
since the GCNS is considered to be complete down to spectral
type M8 (Gaia Collaboration, Smart et al. 2021, much fainter
than the stars to be used for the SFH calculation), we have not
applied any completeness simulation in the synthetic CMD.

4.3. Parameterising the mother CMD and configuring
DirSFH

As discussed in Section 3.3, DirSFH allows the user to define a
number of input parameters that will determine some details of
the fit. In this section we will discuss how these parameters have
been chosen:

4.3.1. The arrays of age and metallicity seed points used to
define the SSPs

The decrease in the isochrone separation toward older ages re-
sults into a decrease of the age resolution. Nevertheless, the ac-
tual age resolution as a function of age may also depend on the
characteristics of the observed CMD, and in particular, on the
photometric errors across it. The age and metallicity seed points
need to be carefully chosen to optimise the recovery of the age
and metallicity information present in the data, while avoiding
over-fitting the CMD and keeping manageable computing times.

For metallicity, and after some testing, we have adopted a
typical separation of the seed points of 0.1 dex in [M/H], which
is of the order of the typical error in spectroscopic metallicity
measurements.

In order to assess the age precision and accuracy that can
be achieved with a high quality Gaia CMD such as that of the
GCNS, we have designed recovery tests based on: i) a compos-
ite CMD of four MW open clusters observed by Gaia, and ii)
seven synthetic clusters with ages 0.2, 2, 4, 6, 8, 10 and 12 Gyr,
a small age range (20 Myr) and a small metallicity range, close
to solar metallicity ((M/H]=-0.1 to -0.05), which is the metallic-
ity of most stars in the observed GCNS CMD. These tests con-
sist on testing DirSFH recovery using several arrays of age seed
points, which result in corresponding arrays of age bins, as we
will refer, for simplicity, to the difference in age between con-
secutive age seed points. These tests will allow us to check how
the age precision and accuracy vary with different age bins. In
Appendix C we describe how these datasets have been prepared
(membership selection, distance and reddening determination in
the case of the open clusters, and ChronoSynth input parameters
for the calculation of the synthetic clusters).

From a set of age seed points similar to the one used in previ-
ous works"? (e. g. Ruiz-Lara et al. 2021, 2020a), which results in

13 The set of age seeds that we used as starting point is the follow-
ing: Ages(Gyr)= [0.08, 0.195, 0.340, 0.477, 0.606, 0.732, 0.877, 1.057,
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Table 2. Characteristics of the synthetic mother CMDs used for the analysis of the SFH of the GCNS.

Synthetic Diagrams

Name Age range [M/H] dmin B Library Mg max N* (X 10%) shift
(Gyr) range Mg <5) (col,mag)

q01b03_60M_MG10 13.5-0.02 -2.2-045 0.1 0.3 BaSTI-IAC 10 7.0 (-0.036, 0.041)
q01b03_112M_MG6 13.5-0.08 -2.2-045 0.1 0.3 BaSTI-IAC 68.2  (-0.036, 0.040)
qO01b03_120M_MG5 13.5-0.08 -2.2-045 0.1 0.3 BaSTI-IAC 120  (-0.035, 0.037)
q01b03_30M_MGI10_parsec  13.5-0.02 -2.2-0.27 0.1 0.3 PARSEC 10 4 (-0.047,0.045)
qO01b03_43M_MGS5_parsec 13.5-0.02 -2.2-0.27 0.1 03 PARSEC 5 432 (-0.035,0.030)
q01b05_60M_MG10 13.5-0.02 -2.2-045 0.1 0.5 BaSTI-IAC 10 6.9 (-0.030, 0.030)
qO01b07_30M_MGT11 13.5-0.02 -2.2-045 0.1 0.7 BaSTI-IAC 11 2.2 (-0.027,0.030)
qO01b07_81M_MGS5 13.5-0.02 -2.2-045 0.1 0.7 BaSTI-IAC 5 81.3 (-0.030, 0.030)
q04b03_30M_MGl1 13.5-0.02 -2.2-045 04 0.3 BaSTI-IAC 11 2.2 (-0.034,0.038)
q06b01_30M_MG10 13.5-0.02 -22-045 0.6 0.1 BaSTI-IAC 10 3.5 (-0.039, 0.048)

Notes. Columns, from left to right: identification name, which includes information on the millions (M) of stars down to a given limiting magnitude
(MG), age and metallicity ranges, the minimum binary mass ratio (q,.,), the binary fraction (8), the stellar evolution library, the limiting magnitude
Mg max» the number of stars with a M < 5 mag and, the shift in colour and magnitude subtracted to the synthetic CMD.

what we will call XL age bins, we created three new sets of age
seed points that result in progressively smaller age bins, follow-
ing the same functional relation between bin size as a function
of age as the original set. We will call the four sets XL, L, M and
S bins. We have derived the SFH of the composite CMD of the
four open clusters and that of the seven synthetic clusters men-
tioned above, with the four sets of age bins, keeping unchanged
all the other parameters involved in the fit. The derived SFHs
are presented in Appendix C, while we discuss here the main
conclusions regarding the precision and accuracy of the age de-
termination as a function of age.

For each real or synthetic cluster we have fitted a 2D gaus-
sian'* to the corresponding distribution of ages and metallicities
of the stars of the solution CMD in the age-metallicity plane. The
square root of each diagonal term of the corresponding covari-
ance matrix (that is, the standard deviations projected in the age
and metallicity axis, o g and oz, respectively) provide a mea-
sure of the age or metallicity precision, while the comparison of
the 2D fitted gaussian centre with the input mean age or metal-
licity of the corresponding synthetic cluster gives information on
the accuracy of the derived ages or metallicities.

The metallicity is recovered accurately at all ages, and with
a oz between 0.05 and 0.10 dex (and thus, of the order of the
size of metallicity bins, 0.1 dex), with little dependency of the
number of stars in the cluster or the size of the age bins (see
discussion in Appendix C and Figures C.5 and C.6).

The left panel of Figure 5 displays o, as a function of
the age bin size for the four open clusters and the seven syn-
thetic clusters. For each cluster, four points indicating the mea-
sured o4 for the XL, L, M and S bins are connected with a

1.293, 1.664, 2.190, 2.736, 3.295, 3.852, 4.4585, 5.231, 6.197, 7.235,
8.279, 9.324, 10.368, 11.418, 12.456, 13.5]. It is similar to the set used
by Ruiz-Lara et al. (2020a) but the age bins have been optimised by tak-
ing into account the typical separation of the isochrones in the populated
areas near the turnoff point, as a function of age.

!4 Using a program based on the Scikit-learn Python package and the
Gaussian Mixture Model code

line. The age bin sizes in the x axis correspond to those at the
age of each cluster. In the case of the synthetic clusters, three
sequences of o, are displayed, corresponding to simulations
with different number of stars brighter than the faint limit of the
bundle (Mg=4.2): ~ 350 per cluster (similar to the open clus-
ters), ~2000, such that the total number of stars in the seven
clusters is similar to that in the GCNS CMD, and =~ 14000, in
order to check whether a much larger number of stars leads to
a substantially greater precision. In the case of the open clus-
ters, two lines indicate the results of solutions with two different
mother CMDs with different unresolved binary star characteris-
tics: q01b03_120M_MGS (dashed line and open symbols) and
q01b07_81M_MGS (solid line and filled symbols).

The conclusions that can be extracted from the left panel of
Figure 5 are:

— The o, decreases with the size of the age bins. While this
could be expected, the fact that even for the oldest clusters
(12-10 Gyr old) the precision is better for smaller age bins
is showing that, within this range of bin sizes, we are not
hitting a physical limit imposed by the decreasing separation
of the isochrones with increasing age, at least for this CMD
with very small photometric and distance errors.

— The precision depends also on age, with a ’break’ between
6-4 Gyr: note that for a very similar age bin size, the age of
the 4-2 Gyr old synthetic clusters is recovered with greater
precision than that of the 6 Gyr old cluster. In Figure C.2 it
can be seen that the separation of the synthetic clusters starts
to decrease faster for the synthetic clusters older than 6 Gyr.
Also, the shape of the isochrone changes around this age re-
flecting the transition from radiative to convective H-burning
cores. For ages older than 6 Gyr, the bin size as a function of
age is basically kept constant for each XL, L, M and S set. In
this range, it can be observed that the age of the 6 Gyr clus-
ter (green) is recovered with slightly better precision than the
other older clusters, for which the sequences are quite mixed,
indicating little dependence of age precision on age for ages
older than 8 Gyr.
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Fig. 5. Left panel: precision analysis. o7, as a function of the age bin size is displayed for the four open clusters (black symbols) and the seven
synthetic clusters (coloured symbols). For each cluster, four points indicating the measured o, for the XL, L, M and S bins are connected with
a line. The three sequences of o, for the synthetic clusters correspond to clusters simulated with different number of stars with Mg<4.2: ~
350, 2000 and =~ 14000. The two sequences of o, for the open clusters refer to solutions obtained with two different mother CMDs with
different unresolved binary star characteristics: q01b03_120M_MGS (dashed line and open symbols) and q01b07_81M_MGS5 (solid line and filled
symbols). Right panel: accuracy analysis. The relative error of the age determination, as a function of age, is represented. Only the synthetic
clusters are displayed. Clusters with different numbers of stars are depicted in different colours as indicated in the labels. The size of the bins used

for each measurement is represented with the corresponding letters.

— The age precision shows little dependency with the num-
ber of stars in the population. It is remarkable that even
with only a few hundred stars, DirSFH is able to determine
the age as precisely as with 40x the number of stars. This is
an important finding as it shows that this methodology can
be used confidently to determine age distributions even for
minority populations in the MW.

— The age of the open clusters is determined as precisely as
that of synthetic clusters of similar age, showing that the
BaSTI-IAC models are able to match the data remark-
ably well, and that the possible mismatch between the ob-
served populations and those simulated in the mother CMD
(as, for example, the characteristics of the binary star popu-
lation or the IMF) do not affect substantially the recovered
age precision. In fact, in the case of the open clusters, we
have recovered the SFH with two mother CMDs with differ-
ent binary fraction (30% and 70%). For M67, the age pre-
cision is basically identical with the two binary fractions,
while for the other three clusters, a better precision is reached
with 70% binaries. This may reflect different actual binary
fractions in each individual cluster. However, except in the
case of Pleiades with 30% binary fraction, the age precision
achieved is similar to that reached for the synthetic clusters
for which there is a perfect match of the binary fraction be-
tween the mock and the mother.
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— The gray horizontal lines indicate the locus of 10% preci-

sion in age for ages 0.2, 2, 4 and 6 Gyr. The comparison
with the sequences of the clusters indicates that, for ages 6-
12 Gyr, even for the XL age bins, the age of the popula-
tions is recovered with precision better than 10%, a goal
that is within the best expectations of Galactic Archaeology,
even when including asteroseismology information (Miglio
et al. 2017). !> For the S bins, the ages of the 2-12 Gyr
old clusters are recovered with a precision of the order
or better than 5%, (with better relative precision for older
clusters in each group 2-4 and 6-12 Gyr old), while for the
youngest clusters (both synthetic and open) the best resolu-
tion achieved is 10%.

The right panel of Figure 5 displays the relative error of the

age determination (a measure of the accuracy), as a function of
age. In this case, only the synthetic clusters are displayed, as
for them we can compare the recovered age with the mean in-
put age. Clusters with different numbers of stars are depicted in
different colours as indicated in the labels, while the age bins
used for a particular measurement are represented by the corre-
sponding letters. The x position of the symbols has been shifted

15

Note that, in this case, we are referring to the age of a population of

stars rather than a single star.
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slightly for clarity. From this figure, we can conclude that ages
are systematically overestimated by a maximum of 6%. The only
instances with a lower accuracy, up to 8%, are in the case of the
XL bins for the 10 Gyr cluster or, in the case with fewer stars,
for the youngest cluster. The latter can be easily understood as
an effect of the very small number of stars, which may result
in an undersampled main sequence turnoff mimicking an older
age. For the intermediate-age range (6-2 Gyr), the accuracy is
better than 4%. The figure also shows that neither the size of the
bins, nor the number of stars in the population (except for very
young ages) are systematically related to the accuracy of the age
recovery.

In Appendix C we present this study of the age accuracy and
precision in more detail.

4.3.2. The area in the CMD included in the fit and whether
weights are provided within it

Ruiz-Lara et al. (2021) showed that different bundle strategies
had little effect on the resulting SFH of the dwarf galaxy Leo 1.
With DirSFH, we consider a single bundle including the whole
observed and mother CMD and we have verified that the result-
ing SFH has little dependence on its exact shape. As mentioned,
we consider that the use of a single bundle removes subjectiv-
ity, improving the repeatability of the results, and maximizes the
information used to compute the SFHs. We have paid special
attention to test whether the faint magnitude limit of the bun-
dle would affect the precision of the derived SFH. Inspection of
the isochrones in Figure 1 (lower, middle panel) indicates that
the best age sensitivity can be expected along the main sequence
down to the oldest main sequence turnoff and on the subgiant
branch. Thus, in principle, it would be enough to sample the ob-
served and mother CMD down to the magnitude of the oldest
turnoff of the more metal rich population included in the mother
CMD (as this is the faintest population), that is, Mg=4.2. How-
ever, it is reasonable to ask whether including a larger portion
of the main sequence below the oMSTO could provide useful
information and increase the accuracy or precision of the SFH
derivation. To check this, we derived the SFH of the synthetic
and observed clusters described in (i) using three bundles with
different faint Mg limit: 4.2, 4.7 and 5.2 and fitted 2D gaussians
to the age-metallicity distribution of each cluster to determine
the recovered age and metallicity and the corresponding o4, and
oz. No significant difference in the precision or accuracy of the
derived ages is observed by changing the faint magnitude of the
bundle. In Appendix D, we show a compilation of tests carried
out with the goal of assessing the robustness of our SFH recov-
ery. In particular, in Figure D.2 we show the SFH of the GCNS
derived with the three faint bundle limits. It is clearly seen that
the solutions are basically identical. This is an important finding
as it implies that there is no gain, as far as the SFH is concerned,
in sampling the CMD deeper than the oldest and more metal-
rich subgiant branch involved, and thus, it will allow us to reach
larger distances in the galaxy than if a fainter magnitude would
be necessary. As discussed above, this result can be somewhat
expected, as below the oMSTO, stars of different ages are mixed.

We have also tested if using different weights according to
the variations in the range of stellar ages across the CMD would
produce differences in the resulting SFH (see Sec. 3.3, par. ii)
and Figure 4). Figure D.3 compares two solutions calculated
with and without weights across the CMD. It can be seen that
also in this case the results are basically identical.

4.3.3. Systematic differences in the Gaia DR3 magnitude
scale and that of stellar evolution models

For each model in Table 2, the corresponding best shift (dc, om)
is calculated, and subtracted to each mother CMD before calcu-
lating the final SFH. These shifts are also specified in Table 2.
In principle, this shift should be a systematic difference for each
stellar evolution library, given a set of bolometric corrections.
However, different binary populations in the mother CMD can
also lead to small differences in the shifts as they change the
overall distribution of stars in colour. For this reason, we have
computed the shifts for each mother CMD and listed them in the
last column of Table 2. It can be seen that, for a given binary pop-
ulation and library, the shifts are basically identical, particularly
in the case of the BaSTI-IAC library, and they change slightly
(for a maximum of 0.01 in magnitude and/or colour) for different
binary populations. In general, it appears that models are bluer
and fainter than the GCNS by =~ 0.03 — 0.04 mag.

4.3.4. Parametrisation of the unresolved binary population

Unresolved binaries in which the component stars are both in the
main sequence appear offset to brighter magnitudes and redder
colours compared to the single stars main sequence ridge line.
Equal-mass binary stars appear offset by -0.75 mag from the lo-
cus of a single star of the same mass, while extreme mass ratio
binaries locate somewhat to the red and at a similar magnitude in
the CMD compared to the most massive star in the pair. Binary
stars with intermediate mass ratios populate a continuum of stars
between these two extremes. The unresolved binary population
can be observed in the GCNS CMD below the oMSTO as a par-
allel, less populated sequence, above and to the red of the main
sequence of single stars.

Fig. 6 shows the main sequence of the observational data
(blue dots) and the solution from the q01b03_60M_MGI10
mother CMD (orange dots). The sequence of unresolved bina-
ries can be seen both in the data and in the solution. The magni-
tude distribution of stars in the main sequence provides valuable
information on the characteristics of the binary star population.
Comparing the distribution in the observed CMD and that result-
ing in the best fit CMDs for different 8, and q,,,, (see Table 2)
will allow us to constrain the parameters that result in a good fit
of the binary sequence. We will then adopt them to derive the
final SFH of the GCNS.

In order to trace the position of the main sequence main locus
(which should approximately correspond to locus of the single
stars) as a function of colour, we fitted a Gaussian mixture model
(GMM) to the distribution of magnitude of the stars in colour
bins of 0.01 mag. and, for each colour bin, we calculated the
maximum of the Mg distribution as the peak Mg value of the
dominant Gaussian component. We also calculated the colour
average for each bin. Thereafter, we performed a polynomial fit
to these magnitudes and colours. The blue and yellow line in Fig.
6 represent these fits for the GCNS and of the solution CMD,
respectively. The red line represents the fit to the solution CMD
with no shift applied. It is reassuring that the shift inferred from
the best fit to the bright part of the CMD (above the oMSTO)
provides also a good match between the observed and solution
main sequence below the oMSTO, which otherwise would be
offset from each other (as the blue and red lines are).

We then parametrise the distribution of stars in the main se-
quence compared to its main locus through AG=Mg, ,0i-Mg «
(see Gaia Collaboration, Smart et al. 2021), such that Mg, refers
to the absolute G magnitude of each star and Mg, is the abso-
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Fig. 6. Zoomed region of the main sequence below the oMSTO. Blue
dots: CMD of the GCNS. Orange dots: solution CMD obtained from
the q01b03_60M_deep model. Blue and yellow lines: fit to the main
sequence of the GCNS and solution CMD, respectively. Red line: fit to
the solution CMD with no shift applied.

lute G magnitude interpolated in the polynomial fit for the colour
of the star. We then compute the histogram of the AG values
(marginalising over the whole colour range).

Figure 7 depicts, in different colours, the AG normalized his-
tograms derived from the solution CMDs for the SFHs derived
from the deep’ mother CMDs (those with Mg jnqx=10-11) listed
in Table 2, compared to that of the GCNS (in black, dashed
line). Note that all distributions are centred in zero, by defini-
tion, and have a main component corresponding to the main se-
quence of single stars. They also have a secondary bump on the
left side of the main component, centred at approximately AG
= -0.75, which corresponds to the unresolved binary population.
Its height depends on the binary fraction 8 and on q,, with
more prominent bumps for larger S in which the components
have similar mass (larger q,)-

The observed distribution is closely matched by that corre-
sponding to the qO1b03_60M_MG10 solution while the distri-
bution that differs the most is that of the q01b07_30M_MG1 1
model. The latter contains the largest fraction of binaries among
our tests, resulting in a stronger binary bump. The solutions from
q04b03_30M_MG11 and q01b05_60M_MG10, with intermedi-
ate fractions of binaries lie in between'®. The PARSEC model,
q01b03_30Mparsec_MG10 has a slightly larger bump compared
to the equivalent model from BaSTI-IAC and to the observed
distribution. It also differs from the observed distribution and
from that of the BaSTI-IAC models by the shape of the faint part
of the main sequence, with a more abrupt fall to the zero value.
Finally, all solutions show a few stars towards positive values of
AG, which are associated to the presence of synthetic metal-poor
stars lying under the main sequence (see Fig. 6). The fact that this
feature is missing in the observed GCNS CMD may indicate an
underlying subtle mismatch between the empirical data and the
theoretical models. In any case, this only affects a minority of
stars, so it won’t have a substantial effect on the conclusions.

16 q04b03_30M_MGI11 has the same binary fraction as
q01b03_60_MG10, but the larger q,;, implies a larger fraction
of binaries with similar mass, which are the ones that effectively
contribute to the bump.
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Some observed stars are in this region, but they are much more
scattered in colour.

Taking into account these results, we will adopt 8=0.3 with
gmin=0.1 for the final SFH of the GCNS. This value is basically
compatible with the results by Belokurov et al. (2020a), who
studied the problem of unresolved binaries in Gaia DR2 data
based on the renormalised unit weight error (RUWE) parameter
from the Gaia catalogue. They exploit the fact that in the case of
stars belonging to an unresolved system, the motions of the cen-
tre of light and mass are decoupled, and thus, assuming a single-
source for the astrometric model fails. They found that, using this
ruwe parameter, they can identify such unresolved systems. As
part of their analysis, they study how the binary fraction evolves
across the CMD. From their Figure 9, we can see how the av-
erage unresolved binary fraction, in the region of the CMD that
we analyse, ranges from ~ 12% (faint main sequence) to ~ 50%
(bright main sequence), with average values compatible with the
30% we are finding. A similar result is found by Penoyre et al.
(2022) for the GCNS.
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Fig. 7. Black dashed line: AG histogram of the GCNS. coloured lines:
AG histograms corresponding to solution CMDs with different 8 and
Qmin- All histograms have been normalised to the number of stars in the
colour range considered.

5. Results: the SFH derived from the GCNS.

In this section, we will discuss the deSFH and current age
and metallicity distributions of the stars within 100pc of
the Sun. We will focus on the solution obtained with the
q01b03_120M_MGS5 mother CMD, which is the largest syn-
thetic CMD we have computed with the solar-scaled BaSTI-IAC
stellar evolution models (120 million stars with Mg < 5), adopt-
ing 8=0.3, qui»=0.1 and a Kroupa IMF (Kroupa et al. 1993). We
will use a bundle with faint limit Mg=4.2, weight of each CMD
"pixel’ calculated as the inverse of the variance of the stellar ages
in that ’pixel’ (see Section 3.3), S age bins and 0.1 dex metallic-
ity bins. A shift of (6c, dm) = (-0.035, 0.04) has been subtracted
to the colour and magnitude of the stars in the mother CMD (see
Table 2).

Figure 8 displays (left and middle panels) the observed and
the solution CMD of the GCNS, with the bundle including the
stars that have been used for the fit superimposed. The bundle is
significantly larger than the area covered by the observed CMD
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since it has to include the whole mother CMD. Since the latter
has a much larger metallicity range than the observed and solu-
tion CMD, it covers a larger range in colour (see Figure 4). The
right-hand panel shows the residuals of the fit. Note the high
quality of the fit, with no significant trends or structures in the
residuals, which in most ’pixels’ in the CMD are within =10
with deviations up to + 30 in only a few pixels.

5.1. The deSFH of the solar neighbourhood within 100 pc of
the Sun.

Figure 9 displays what we consider our best calculation of the
deSFH of the stars currently within 100 pc of the Sun. The bot-
tom left panel shows the age-metallicity distribution of the mass
transformed into stars as a function of lookback time (age) and
metallicity, [M/H]. Old ages are on the left. The colour bar in-
dicates the star formation rate in units of Mg Gyr~' dex™!. The
upper left panel displays the deSFR(t), which is the marginaliza-
tion over metallicity of the deSFH, in units of My Gyr~!. The
lower right panel displays the metallicity distribution function of
the mass transformed into stars (MDF},), in units of My dex~!.
Finally, the upper right panel shows the cumulative distribution
of the mass transformed into stars as a function of lookback time.
The lines indicate the 50 and 90 percentiles.

Figure 10 displays an alternative view of the characteristics
of the stellar populations in the solar neighbourhood, in terms
of the number of stars currently present as a function of their
age and metallicity!”. The bottom left panel shows the distribu-
tion in age and metallicity of the stars currently alive. The upper
left panel displays the number of stars as a function of their age
while the lower right panel presents the stellar metallicity dis-
tribution function (MDFg). Finally, the upper right panel shows
the fraction of stars as a function of their age.

Note that the features in Figures 9 and 10 are very similar,
the main difference being their relative strength at young and
old ages, since a fraction of the mass that has been transformed
into stars at any age is not anymore in the form of currently alive
stars, and this fraction varies with time. For example, the peak of
star formation that can be observed 3 Gyr ago in the SFR(t) plot
(Figure 9, upper left panel) has approximately twice the intensity
of the peak occurred 10 Gyr ago, while the ratio of number of
stars is approximately 4:1 (see Figure 10, upper left panel).

The most detailed and rich view of the history of the stellar
mass in the solar neighbourhood is provided by the panels show-
ing the age-metallicity distribution in Figures 9 and 10 (bottom
left panels). We remind the reader that, in the case of the deSFH,
this is the mass (per unit time and metallicity) that has been
transformed into stars somewhere in the Galaxy to account for
the stars that are today in the studied volume. The correspond-
ing panel in Figure 10 describes the main features of the stellar
populations currently located in the solar neighbourhood. These
age-metallicity distributions can be described as follows:

-We measure an age of ~ 11 Gyr and a metallicity of
[M/H] = -0.16 for the oldest stars. Taking into account the
systematic difference between input and recovered ages found
in the tests with synthetic clusters (see Figure 5), this age could
be reduced to about 10.4 Gyr. Thereafter, a sequence of progres-
sively younger and more metal rich stars is observed, up to age
~ 9.7 Gyr (or 9.2 Gyr considering the possible systematics) and
[M/H] = 0.25.

17 In this figure, the number of stars is that inside the bundle, that is,
stars with Mg < 4.2. This number could be extrapolated to include the
stars with Mg > 4.2 using the IMF.

-Between ~ 9.5 and 6 Gyr ago, two main metallicity se-
quences, somewhat disjoint in time, exist: at an earlier time, stars
have metallicity slightly above solar, while after ~ 8 Gyr ago, the
main population has solar metallicity, and a less prominent pop-
ulation with [M/H] = —0.25) can be observed.

-Six Gyr ago a dip in the SFR(t) can be observed, followed
by a large scatter in metallicity, with three main populations: one
with [M/H]= —0.4, another at solar metallicity, and a third one
with a very narrow age range (slightly older than 4 Gyr) and
super-solar metallicity. The latter one coincides with a star for-
mation gap at the expected solar metallicity, and is followed by
a conspicuous break of star formation (see the upper left panel
displaying the deSFR(t)).

-Since 4 Gyr ago, the star formation proceeds at an average
higher rate until the present time, even though still showing a
bursty behaviour. Between 4 and 2 Gyr ago, populations at dif-
ferent metallicities, solar and below solar ((M/H] =~ —0.2) coex-
ist. Finally, since 2 Gyr ago, the majority of the stars have solar
metallicity, with a small fraction of super-solar stars.

-Almost no star formation is detected with [M/H]<s -0.5,
even though the whole metallicity range between [M/H]= —2.2
and [M/H]=0.45 was present in the mother CMD used to de-
termine the SFH, and no a priori chemical evolution law was
imposed. Only a very small amount of star formation is de-
tected with ages between 12 and 10 Gyr and metallicity around
[M/H]~ —1.5 (it is barely visible in Figures 9, see contours,
and 10). It translates in around one hundred stars in this range
of age and metallicity which can be only hinted in the left lower
panel of Figure 10. We will discuss this population in Section 6.
This paucity of low metallicity stars is not surprising since the
GCNS sample is primarily composed of thin disk stars: more
than 90% of the stars that we can classify based on kinemat-
ics are found to belong to the thin disk; see Figure 1 and Ap-
pendix A.

The right lower panels of Figures 9 and 10 show that the
metallicity distribution function peaks very close to solar metal-
licity with the great majority of the stars having [M/H] in
the range 0.2 to -0.3, a minority population down to metal-
licity [M/H]~ -0.5, and an even less relevant population up
to [M/H]=0.4. The very small old metal poor population that
we mentioned earlier can be noticed as a small peak around
[M/H] =~ -1.3

Finally the upper right panels of Figures 9 and 10 show the
fraction of the total mass transformed into stars as a function of
age, and the fraction of stars older than a given age, respectively.
The lines indicate the 50 and 90 percentiles: it can be seen that
50% and 90% of the stellar mass was reached 4.5 and 0.9 Gyr
ago, respectively, while 50% and 90% of the stars are older than
3 and 0.6 Gyr. These numbers picture an average young solar
neighbourhood.

5.2. Robustness of the solution

In Section 4 we have discussed a number of choices that have
been tested, regarding both parameters adopted to calculate the
mother CMDs and the input parameters of the fit, in order to de-
termine their impact on the final SFH. These parameters are: the
number of stars in the mother CMD, the size of the age bins,
the faint magnitude limit of the bundle, the weights across the
CMD, and the unresolved binary stars parameterisation. Addi-
tionally, a mother CMD has been computed with the PARSEC
stellar evolution models. SFHs determined with different choices
in each one of these aspects are shown in a number of figures in

Article number, page 15 of 35



A&A proofs: manuscript no. Paper_ GCNS

-4 -4
GCNS Best fit Residuals
-3 -3 :
10?

-2 -2 2
1 i o i b il )
8 0 X! Taa o o8 0| T
5 b i "0 g E T 0 ®
EO i Il'. I.+_-| I-'l ﬁﬂ o EO ! ll.':l':-. At '.‘l'l 1

Ll 1 o Tt T all -
2 L . " 2 “ﬂ"'?f;'l =

rs ] ':I:_':I:.I-. 5 1
3 3 J 3 g .:.l_". Lo -2
4 : 4 o .,
. i 1 r L i 10 ; 1', i
-0.5 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 -05 00 05 10 15 20

(Ggp — Ggrp) [mag]

(Ggp — Ggrp) [mag]

(Ggp — Gprp) [mag]
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Appendix D. Here, for its relevance, in Figure 11 we show the
solution obtained with the PARSEC stellar evolution models.

Concentrating first in the various solutions obtained with the
BaSTI-IAC stellar evolution library, we see that the main con-
clusions regarding the SFH of the GCNS do not change with the
different parametrisations which, from oldest to youngest ages,
can be summarised as follows (see Figure 9: i) the oldest sub-
stantial'® stellar populations are measured as ~11.5 Gyr old; ii)
there are several episodes of star formation with decreasing age
and increasing metallicity in the subsequent ~ 2 Gyr, until 9-9.5
Gyr ago; iii) there are hints of splitting of the age-metallicity
distribution between 10 and 6 Gyr ago, with a large scatter and
different episodes of star formation with different metallicities
around =5 Gyr ago; iv) there is a sudden decrease in the star for-
mation activity around 4 Gyr followed by an increased average
star formation rate, which lasts until the present time; v) the star
formation activity is bursty at all ages.

Most of these features hold in the solution with the PARSEC
models, which we show in Figure 11, where the BaSTI-IAC so-
lution has been superimposed in thin dashed lines in the panels
displaying the deSFR(t), the MDF,,, and the cumulative distri-
bution of the mass transformed into stars. The main differences
are that the overall population is retrieved more metal poor with
PARSEC (see the MDF), in the lower right panel of Figure 11),
and that the metallicity range for each given age is narrower, with
less obvious metallicity splits. However, the range of metallicity
around 10 Gyr ago is also present, as well as an split around 8
Gyr ago. A feature that is hinted in the BaSTI-IAC solutions and
is more evident in the PARSEC one is a somewhat decreasing
metallicity trend since the oldest age (=~ 11 Gyr ago) until 4 Gyr
ago. At this age, after the same break in the SFH, the metal-
licity starts to increase to reach solar metallicity at the present
time. Comparing the deSFR(t) in the upper left panel of Fig-
ure 11, it can be noticed that the same episodes of star formation
are present in both cases, even though the relative importance of
some of them may be somewhat different, and age shifts are ob-
served, specially between 9 and 4 Gyr ago. It can also be noticed
that no significant star formation before 11 Gyr ago is measured
with the PARSEC models, while star formation starts to rise 12

'8 Very minor older populations are also found, with low and high
metallicity, [M/H]~ —1.5, and [M/H]=0.3.
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Gyr ago in the BaSTI-IAC solution, with metallicity slightly be-
low solar. Finally, the shape of the cumulative SFR after 10 Gyr
ago indicates a slightly more constant average SFR in the case
of the solution based on the PARSEC library, with 50% and 90%
of the stellar mass reached 5 and 1 Gyr ago - as opposed to 4.5
and 0.9 Gyr for the case of the BaSTI-IAC model library.

Going back to the comparison of the different SFHs ob-
tained with the BaSTI-IAC models, some differences in the so-
lutions can be associated with changes in some of the parame-
ters: a larger number of stars in the mother CMD (Figure D.1)
or smaller age bins (Figure D.4) result in sharper features in the
SFH. The effect of the age bin size is most evident. For exam-
ple, while there are hints of the split in the age-metallicity dis-
tribution at intermediate-ages regardless of the size of the bins,
they are more clearly visible with the smallest (S) bins. The
reality of this latter feature, which appears in most of the so-
lutions with different parameters, deserves further attention. In
Section C.3 we have discussed an experiment designed to check
whether this metallicity split may be real: we derived the SFH
for a composite CMD of 14 synthetic clusters of 7 different ages
and two metallicities separated by a small metallicity gap (0.15
dex). Figure C.7 displays the age-metallicity distribution recov-
ered from the CMD of this composite population. It can be seen
that the two metallicities are best separated for ages of 8 Gyr or
older, where the metallicity is more precisely recovered (see also
Figure C.5), and of course, they are best separated also for the
smallest (S) age bins. For younger ages, the existence of the two
metallicities is still hinted in the cluster’s age-metallicity distri-
bution, but in a less obvious way. We conclude, thus, that the
different metallicity sequences seen in the SFH of the GCNS are
real, at least for stars older than 2 Gyr, age when the metallicity
distribution gets narrower.

5.3. Comparison with spectroscopic metallicity distribution
functions.

The comparison of the MDFg resulting from the SFH calcula-
tion with that obtained from spectroscopy can provide a totally
independent, external check of our results, as no assumptions
on the age-metallicity distribution or the metallicity distribution
function have been made in the SFH derivation.
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Figure 12 shows the comparison of our derived MDFg with
two spectroscopic MDF: that for the metallicities derived by
Gaia GSP-Spec for the same volume (middle panel; see Sec-
tion 2), and that for the Fuhrmann et al. (2017) volume complete
sample of stars located within 25 pc of the Sun (right panel)
and with T.rr > 5300 K. We show both the MDF;g from our
preferred deSFH obtained from the BaSTI-IAC mother CMD
displayed in Figure 9 (solid coloured lines) and that obtained
from the PARSEC mother CMD, displayed in Figure 11 (dashed
coloured lines).

For the comparison with the Gaia GSP-Spec sample, we
took into account the completeness and typical errors of the
spectroscopic metallicity measurements within the GCNS vol-
ume. The completeness is represented in the left panel of Fig-
ure 12, indicated as the number of stars with spectroscopic
[Fe/H] divided by the total number of stars in the GCNS, in pix-

els of (6 col, 6 mag)= (0.05, 0.1) mag across the CMD. The
GCNS CMD is shown in the background as grey dots. It can be
seen that there is a sharp cut at Ggp — Ggp =~ 0.75 corresponding
to the T = 8000 limit of GSP-Spec (Creevey et al. 2023; Recio-
Blanco et al. 2023). This cut implies that main sequence stars
younger than ~2 Gyr are not represented in the Gaia GSP-Spec
MDF (MDFg,, thereafter). The figure also shows that RGB stars
have Gaia metallicity determinations with high completeness,
while the completeness is around 50% for low main sequence
stars. Given that, according to our derived age-metallicity distri-
butions, the metallicity range of stars younger than =~ 2 Gyr is
within the limits of the general metallicity range, and that stars
up to ~ 1 Gyr old are present in the RGB, we do not expect
that the incompleteness of the spectroscopic metallicity mea-
surements across the CMD will significantly affect the shape of
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are calculated for stars with Mg < 4.2.

the MDFg,;,. In any case, for consistency, we simulated the Gaia
GSP-Spec incompleteness and errors as explained below.

In the middle panel of Figure 12 the MDFg,;, (black line)
is compared with our MDFg. The curves are histograms of the
number of stars per 0.05 dex bins, normalised to the total num-
ber of stars. The green lines corresponds to the metallicity dis-
tribution of the whole solution CMD, while the pink lines are
the same MDF; after completeness correction, MDFg. To per-
form this correction, we randomly selected, for each CMD pixel,
a fraction of stars from the solution according to the complete-
ness. As expected, the two lines are basically identical, confirm-
ing that the metallicity distribution across the CMD is basically
uniform. Note that the peak of the MDFy and the MDFg,;, oc-
cur basically at the same metallicity in the case of the BaSTI-
TIAC solution (solid line), indicating that the metallicity scale
of our solution from these models is the same as the GSP-Spec
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metallicity scale!®. This is not the case for the PARSEC models
(dashed line): in this case, the peak metallicity of the solution
MDF; is more metal poor than that of MDFg,;,. The difference
in shape of the distributions can be attributed to the different
dispersion of the metallicity measurements. In the case of the
SFH, the average standard deviation of the metallicity derived
from the open clusters (for the S age bins) is 0'[015/ m =0.06 dex.
The standard deviation of the differences between the GSP-Spec
metallicity measurements, based on Table D.1. in Recio-Blanco
et al. (2023), is around 0.1 - 0.12 dex. In order to simulate this
different dispersion in the MDFg, we used a more conservative
value of 0.15 dex, that we call spectroscopic sigma. We then add
a normal distribution of noise to the metallicity values of the so-
lution, with a standard deviation equal to the square root of the

19 Slightly different (6c,5m) shifts would result in a slightly different
peak of the age-metallicity distribution, but it is reassuring that our
best estimate of this shift provides a solution that leads to a remarkable
agreement with the spectroscopic MDFg,,
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quadratic difference of the spectroscopic sigma minus 0'3‘5/ H
The blue lines are the MDFg after adding this extra dispersion
(MDFS ). Note that the width of MDF{ , are now practically
identical to that of MDFg4-

The right panel of Figure 12 displays the comparison of our
MDFs (from BaSTI-IAC, solid green line, and PARSEC, dashed
green line) with the MDF obtained by Fuhrmann et al. (2017).
It is based in high-resolution spectroscopic data obtained with
the FOCES (Pfeiffer et al. 1998) and BESO (Steiner et al. 2006)
échelle spectrographs for the northern and southern samples, re-
spectively. The fainter sources were observed with the FEROS
échelle spectrograph (Kaufer et al. 1999). This catalogue pro-
vides very high quality [Fe/H] and [Mg/Fe] determinations, with
typical errors of 0.08 dex in [Fe/H]. Since these errors are simi-
lar to our estimated errors in the metallicity determination of the
clusters, we do not apply any extra scatter to our MDFg. How-

ever, since our metallicity values represent the global metallicity
of the stars, [M/H], we have transformed the [Fe/H] values into
[M/H] using [Mg/Fe] as a proxy for [a/Fe], and following the
relation

ey

from Salaris et al. (1993), with coefficients slightly different
from the original reference in order to take into account the refer-
ence solar mixture adopted in the BaSTI-IAC models, based on
the heavy element distribution provided by Caffau et al. (2011).
The agreement between Fuhrmann et al. (2017) MDF and our
MDF; derived from the BaSTI-IAC solution is outstanding: the
peak metallicity and the width and shape of the distributions
are basically identical, including its asymmetry slightly biased
to lower metallicities. Additionally, both MDF show a small

[M/H] = [Fe/H] + log (0.694 x 101@/Fel 4 0.306)
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peak at [M/H] =~ —0.4, which was erased when degrading our
metallicity errors to match those in the MDFg,;,. In Fuhrmann
et al. (2017), most stars with this metallicity belong to the low
[Mg/Fe] branch, with [Mg/Fe] ~ —0.15, and are consequently
classified as Pop I stars. In our solutions, the [M/H]~ —0.4 stars
have ages around 5 Gyr ?°. This striking agreement of our MDFg
with a high quality spectroscopic MDF supports that the interest-
ing low-metallicity feature in the age-metallicity distribution at
intermediate ages (see Figures 9 and 10) and the many structures
and splits in our age-metallicity distributions are real, includ-
ing possibly the bump at the high metallicity end, [M/H]> 0.2,
which is present also in the Fuhrmann et al. (2017) MDF. Even
though the shape is different from the high metallicity feature
in our MDFg, the fraction of stars encompassed in this feature
is similar, and thus, this also supports that the high metallicity
features that can be observed in our solution may be real. The
most striking of those features is the one at age ~ 4 Gyr and
[M/H]=0.4.

The agreement between MDFg obtained from the PARSEC
solution and the Fuhrmann et al. (2017) MDF is clearly worse:
the peak metallicity does not coincide and, more importantly, the
width and the fine structure of the MDF are in worse agreement.
This reinforces our choice of the BaSTI-IAC library as the refer-
ence stellar evolution library for this work.

5.4. Comparison with literature age-metalliicty distributions

Figure 13 displays a number of age-metallicity distributions
adapted from recent literature data (Xiang & Rix 2022; Queiroz

20 See also the position of the 5 Gyr old, [M/H]=-0.5 isochrone com-
pared to the thin and thick disks CMDs in Figure 1
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et al. 2023; Kordopatis et al. 2023), as indicated in the labels and
on the figure caption. The samples analysed in these works are
very heterogeneous not only in terms of the volume covered, but
also in the data used (from different spectrocopic survey sam-
ples) and the resulting selection functions. They all have in com-
mon the use of Bayesian isochrone fitting techniques to derive
ages. The precision in the ages determined for individual stars
depends on the accuracy of the spectroscopic measurements and
the stellar evolutionary state, as highlighted in previous studies
(Mints & Hekker 2017; Sanders & Das 2018). Isochrone fitting
methods are inherently linked to the choice of stellar evolution
models. In Figure 13, ages are derived by comparison with the
PARSEC models (used in Queiroz et al. 2023 and Kordopatis
et al. 2023) and the Yonsei-Yale (Demarque et al. 2004) mod-
els (used in Xiang & Rix 2022), which introduce differences
in age scales compared to the BaSTI-IAC models used in the
DirSFH determination. In addition, each Bayesian method in-
corporates different prior assumptions. Furthermore, APOGEE
(Majewski et al. 2017), GALAH (De Silva et al. 2015), LAM-
OST (Cui et al. 2012), and Gaia RVS (Recio-Blanco et al. 2023)
each incorporate specific assumptions in the derivation of spec-
troscopic [Fe/H] and alpha abundances, which we present in
terms of global metallicity using eq.1.

In order to mitigate the effect of the different selection func-
tions and make the Galactic stellar populations represented in the
different panels more comparable to those present in the volume
of 100 pc radius analysed in this paper (top panel), we have se-
lected, from Kordopatis et al. (2023) only those stars with guid-
ing Radius 7 < R, < 9 and Z,;,,x < 500 pc, similar to the majority
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of the stars in our sample (see Figure 14)>!. Then, we have se-
lected the same stars in the Xiang & Rix (2022) and Queiroz
et al. (2023) samples.

2l The orbital parameters represented in Figure 14 are taken from Kor-
dopatis et al. (2023)

The features in the four central panels are very similar and
characterised by a basically flat age metallicity relation with
metallicity slightly below solar and prominent maximum in the
stellar distribution around 3 Gyr ago. The metallicity distribu-
tion seems to get slightly narrower around 4 Gyr ago with hints
of widening between 6 and 4 Gyr ago. The absence of stars with
ages younger than ~ 2 Gyr is entirely due to selection effects,
mainly caused by the T.g and logg limits of the stars actually
present in these catalogues, and the further limits imposed in the
papers for the stars actually used to derive the ages. The bottom
panel, corresponding to Kordopatis et al. (2023) ages determined
from Gaia RVS data, displays the most numerous stellar sample,
and it also shows a high concentration of stars around 3 Gyr
ago. However, in this case, a more prominent maximum is seen
around 1.5 Gyr ago. This difference with the other panels can be
attributed to the fact that (Xiang & Rix 2022) and Queiroz et al.
(2023) restrict their analysis to subgiant branch stars or main se-
quence turnoff and subgiant branch stars, respectively, while Ko-
rdopatis et al. (2023) don’t have this restriction and thus, include
in their sample brighter, and thus younger stars, as well as RGB
stars. Note however the large errors of this sample, specially at
young ages.

These age-metalliticy distributions provide much less detail,
owing to larger age errors, than the one derived in this paper from
CMD-fitting, and displayed in the top panel. A detailed com-
parison of the age-metallicity distributions obtained with both
methodologies is out of the scope of this work. However, it is
possible to identify the overdensity of 3 Gyr old stars with be-
low solar metallicity with the various star formation events that
we resolve between 4 and 2 Gyr ago. The younger overdensity
in the Kordopatis et al. (2023) age-metallicity distribution co-
incides with the star formation episodes that we identify in the
last 1 Gyr. Finally, the slightly increased metallicity dispersion
between 6 and 4 Gyr ago could be the same that we observe, re-
solved in three star formation episodes at different metallicities.

This comparison shows the superior ability of CMD fitting
to derive age distributions compared to those obtained from the
combination of individual ages. This is thanks to the fact that
CMD-fitting uses, in addition to the colours and magnitudes of
the stars, the extra information on the relative lifetimes of stars
of different masses and in different evolutionary stages, provided
by stellar evolution theory, and on the relative number of stars
of different masses, according to externally derived IMF. It also
has the advantage that the required data are only photometry and
parallaxes from Gaia, and thus the selection function is easier to
control (and in this particular case, the sample can be considered
complete). Of course, the important caveat is that ages are not
obtained for each individual star, and this precludes the direct
association of ages to other important properties, such as chemi-
cal abundances or kinematics, which help disentangling different
stellar populations in the MW. Both sets of techniques are there-
fore highly complementary and necessary to advance in our un-
derstanding of the evolutionary processes that have shaped the
MW.

6. Discussion: the evolutionary history of the Milky
Way thin disk

Figure 14 displays the guiding radius (Rg, upper left panel),
Zmax (upper right panel), apocentric (R,,,) and pericentric
(R eri) radius (lower left and right panels, respectively), for stars
in the GCNS. We have adopted for these parameters the values
provided by Kordopatis et al. (2023). It can be seen that the ma-
jority of the stars currently within 100 pc of the Sun have guid-
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ing radius between 7 and 9 kpc and Zmax up to 0.5 kpc. In their
apocenters they can travel as far as 11 kpc while in their peri-
centers they can approach the Galactic centre as close as 5 kpc.
We live, therefore, in a quite cosmopolitan place, with a good
fraction of the inhabitants possibly born quite far away. As a re-
sult, the age-metallicity distribution derived in this paper from
the exquisitely observed bubble of 100 pc radius from the Sun
contains, in fact, information of a much larger volume. This lo-
cal stellar population, however, is heavily dominated by thin disk
stars, as discussed in Section 2 and graphically shown in Fig-
ure 1. Indeed, our kinematic selection classifies only =~ 10% of
the GCNS stars as thick disk. Most of the stars have low [a/Fe],
and so they would be chemically classified as thin disk as well.
The results in this paper, therefore, provide a sharp view of the
formation and evolution of the MW thin disk, while still provid-
ing hints of the nature of the stellar populations in the thick disk
and the halo.

We shall start our discussion in chronological order, by not-
ing the small amount of stars older than 10 Gyr, with [M/H]< -1,
which are metallicity values typical of the stellar halo. This pop-
ulation is shown with contours in Figure 9. Based on previous
derivations of the SFH of kinematically selected halo stellar pop-
ulations (Gallart et al. 2019a; Massari et al. 2023), the stars with
this age-metallicity location would correspond to the GES rem-
nant. Interestingly, we don’t see in our solution signs of a popula-
tion older than =~ 11 Gyr and [M/H] between -0.5 and -0.3 which
according to Gallart et al. (2019a) and Massari et al. (2023)
would correspond to the red sequence of the halo CMD (see also
Haywood et al. 2018b) also called the Splash (Belokurov et al.
2020b). In our solution CMD, for Mg < 4.2, 96 out of 21357
stars”? have [M/H]< —0.6 and ages older than 9 Gyr. However,
when classifying the stars in the GCNS based on their kinemat-

22 When quoting number of stars in a particular population, we refer to
stars inside the analysed area of the CMD.
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ics, only 9 stars end up being classified as halo within this mag-
nitude range. Therefore, most of the stars that produce the signal
that we observe at old age and low metallicity must have disc
kinematics. This would be in qualitative agreement with the nu-
merous claims in the literature about metal-poor stars in disc-like
orbits, possibly tracing an early rotating disk component (Mor-
rison 1990; Haywood et al. 2013; Chiba & Beers 2000; Carollo
et al. 2010; Sestito et al. 2020; Di Matteo et al. 2020; Fernandez-
Alvar et al. 2021; Cordoni et al. 2021; Mardini et al. 2022; Xiang
& Rix 2022; Belokurov & Kravtsov 2022; Feltzing & Feuillet
2023; Chandra et al. 2023; Nepal et al. 2024b; Fernandez-Alvar
et al. 2024) and opens interesting prospects about the possibility
of studying the ages of stars in the metal poor disk by analysing
larger samples of stars pertaining to different Milky Way vol-
umes. However, owing to the small number of stars in this par-
ticular sample, our results on this matter should be considered as
preliminary.

The thin disk is expected to form after the early epoch of
frequent mergers and to grow from the smooth accretion of gas
(Brook et al. 2012; Agertz et al. 2021; Yu et al. 2023; Grand
et al. 2017). Since most stars in our sample belong to the thin
disk, our results should be able to provide tight constraints re-
garding the oldest age of the bulk of the Milky Way thin disk
stars. Our deSFH indicates that these stars have near solar metal-
licity and are ~ 11 Gyr old (after taking into account our age
precision at old ages, and ~ 10.4 Gyr old after additionally cor-
recting by age systematics).”> This age indeed coincides very
well with the time of the last major merger experienced by the
Milky Way, that of Gaia-Enceladus-Sausage (GES, Belokurov
et al. 2018; Helmi et al. 2018) dated to have occurred around
11-10 Gyr ago (Gallart et al. 2019a, Bonaca et al. 2020, Mon-
talban et al. 2021, although see also Donlon et al. 2023). The
high metallicity of the oldest stars in the thin disk must be the
result of a rapid initial chemical enrichment in our Galaxy in an
epoch of intense star formation activity expected to take place
in its inner parts (in an inside-out scenario in which star forma-
tion is more efficient in the innermost regions, e.g. Larson 1976;
Chiappini et al. 1997, 2001; Haywood et al. 2018a; Matteucci
2021), and it is followed by a trend of slightly decreasing metal-
licity with time. Inverted age-metallicity relations have been in-
ferred by other works (Sahlholdt et al. 2022; Xiang & Rix 2022;
Imig et al. 2023, see also Section 5.4), and different explana-
tions have been proposed. The most natural one could be that this
trend is the result of more steady star formation fuelled by gas
accretion while the radius of the MW disk progressively grows
(Chiappini et al. 2001; Minchev et al. 2014; Ciucd et al. 2021).
In this scenario, the combined effects of gas dilution and metal
enrichment by ongoing star formation may be the origin of the
observed trend (Weinberg et al. 2017) for the main populations
formed between ~ 11 and 6 Gyr ago. The effects of radial mi-
gration (Grand et al. 2015; Minchev et al. 2018; Okalidis et al.
2022) and satellite infall (Grand et al. 2018; Agertz et al. 2021,
Lu et al. 2022, see below) are expected to also play a role.

A dramatic event in the history of the Milky Way must have
happened around 6 Gyr ago, when a dip in the star formation
activity is observed, followed by a clear disruption of the previ-
ous relatively steady age-metallicity trend. This event may be the
first infall of the Sagittarius dwarf galaxy (Sgr), thought to have

23 This is actually an upper limit, as the 11 Gyr old population in Fig-
ures 9 and 10 could actually originate in the stars that we have kinemat-
ically classified as thick disk in Section 2. However, deriving SFHs for
kinematically distinct populations is beyond the scope of this paper, and
will be the subject of Ferndndez-Alvar et al. (2024, in prep).
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occurred around this epoch (Law & Majewski 2010; Laporte
et al. 2018), and seen to have possibly caused repeated bursts
of star formation coinciding with its pericentric passages (Ruiz-
Lara et al. 2020a). Cosmological simulations find that accretion
of large satellites is usually accompanied by the accretion of gas
(both from the gas in the satellite itself >* and from cosmological
cold flows, Ruiz-Lara et al. 2016, Grand et al. 2020, Agertz et al.
2021), and result in a drastic chemical and kinematic reorgani-
sation of the disk, accompanied by disk growth. For example,
Grand et al. (2018) found that the accretion of a gas-rich satellite
about 6 Gyr ago supplied fresh, metal-poor gas which reinvigo-
rated star formation in the outer disc. This resulted in a resump-
tion of disc growth and distinct features in the age-metallicity
distribution. Another example is the work of Agertz et al. (2021),
who find that a satellite accretion occurring at z =~ 1.5 (= 9 Gyr
ago) results in the rapid formation of an extended disk which is
more metal poor than the existing disk when the satellite was
accreted, leading to a feature in the age-metallicity distribution
of their simulated disk that is highly reminiscent of the low and
intermediate metallicity population that we infer around 5 Gyr
ago. What is missing in their predicted age-metallicity distribu-
tion is the high-metallicity population that we infer in ours. In
our case, this may indicate that the star formation triggered by
this accretion event may have reached the inner galaxy as well,
where star formation would take place in a more metal enriched
environment. Stellar migration to the solar radius could possibly
be enhanced at this time by a growing bar (Nepal et al. 2024a)
which formation could have been triggered by the interaction
with Sgr itself (e.g. Purcell et al. 2011; however see also Mer-
row et al. 2023 for claims that the GES could be linked to the
bar formation). Thus, both populations with metallicity clearly
different (higher and lower) than solar, observed between 6 and
4 Gyr ago, could be present in the analysed volume owing to ra-
dial migration (from the inner and outer disk, respectively). It is
interesting to note that the three populations follow an age se-
quence, with the most metal poor population being the oldest,
and the more metal rich, the youngest. Additionally, the number
of stars in them decreases from the more metal-poor to the most
metal-rich population (with =~ 1000,700 and 400 stars respec-
tively). This could indicate a propagation of the star formation,
possibly with decreasing intensity, from the outer to the inner
disk over a period of 1.5-2 Gyr.

After the striking dip observed 4 Gyr ago in the deSFH (Fig-
ure 9) and the age-metallicity distribution (Figure 10), star for-
mation in the extended solar neighbourhood starts again and
proceeds at an average higher rate than ever before, and in an
episodic manner. The stars formed in the first episode after the
6-4 Gyr old break have metallicity very close to (or just slightly
below) solar, but a further metallicity decrease is observed be-
tween 3 and 1.5 Gyr ago, with most of the stars having [M/H]
~ —0.2 and only a minor population with solar metallicity. This
age can be linked to another pericentric passage of Sgr (Purcell
et al. 2011; Laporte et al. 2018, with exact timing depending
on the models), and even to a moment in which the MW starts
to experience the combined influence of both Sgr and the LMC
(Besla et al. 2007; Laporte et al. 2018; Vasiliev 2023). Therefore,
the same mechanisms discussed above, with possibly less inten-
sity owing to a stripped, less massive Sgr may be at play here.
Finally in the most recent 2 Gyr, the deSFH exhibits a notable

24 Sagittarius must have been gas-rich at the time of its accretion, as
star formation close to the centre of the remnant galaxy has been seen
to proceed for many Gyr after its infall, possibly coinciding with the
subsequent pericentric passages (see Siegel et al. 2007).
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Fig. 15. CMD of the two open clusters contained within 100 pc: Hyades
and Coma Berenices. The superimposed isochrones correspond to the
age of the two main star formation episodes in the last 1 Gyr, occurred
~ 900 and 650 Myr ago

bursty pattern (which is observable due to enhanced age resolu-
tion in this time range) and a discernible upward trend in metal-
licity, with the majority of stars having metallicity very close to
solar. This pattern can be attributed to both the gradual increase
in local metallicity and the limited radial migration that likely
occurred within this relatively short time span, with the majority
of stars in the analysed volume born in close proximity to their
current locations (Minchev et al. 2013). An exception to this is
the significant ~ 600 Myr old, metal-rich population, containing
around 250 stars (see inset in the lower left panel of Figure 9),
which presence in the solar neighbourhood must again be at-
tributed to radial migration. Finally, the ages of the two strongest
episodes of star formation that we derive in the last 1 Gyr, oc-
curring =~ 650 and 900 Myr ago, coincide very approximately
with the ages of the two open clusters contained within 100 pc,
Hyades and Coma Berenices, respectively (see Figure 15 and
Gaia Collaboration, Smart et al. 2021). However, the presence
of the stars belonging to these clusters in our sample cannot ac-
count for the whole strength of the bursts, which contain ~ 800
stars each, while the number of stars in the cluster CMD within
the same magnitude range (Mg < 5) is an order of magnitude
smaller.

7. Summary and conclusions

This paper presents for the first time a detailed dynamically
evolved SFH (deSFH) within 100 pc of the Sun, as well as the
distribution of age and metallicity of the stars in the same Milky
Way volume. They have been derived with a new set of codes to
perform CMD fitting, called CMDft.Gaia. In this section we will
present our main conclusions both regarding the stellar content
of the solar neighbourhood and the performance of CMDft.Gaia.

7.1. The stellar populations within 100pc of the Sun

The main conclusions regarding the evolutionary history of the
disk near the solar radius, obtained from the deSFH and age and
metallicity distributions of the GCNS, which contains mostly
thin disk stars inhabiting a range of galactocentric radius be-

Article number, page 23 of 35



A&A proofs: manuscript no. Paper_ GCNS

tween at least 7 and 9 kpc, and Zmax<500pc, can be summarised
as follows:

-The bulk of the stellar population contained in the anal-
ysed volume form an age-metallicity sequence, with metallici-
ties around solar. The oldest stars in this main population have an
age of about 11 Gyr (or 10.4 Gyr considering systematic effects)
and a metallicity of [M/H] = —0.16, increasing to [M/H] = 0.25
within the next Gyr.

-Our solution requires around 100 stars older than 10 Gyr
and with metallicities around [M/H] = —1.5. This number is
one order of magnitude larger than the stars that we classify as
halo based on their kinematics, and thus we could be dating the
population of the metal poor disk stars found in many previous
works.

-Between =~ 9.5 and 6 Gyr ago, two distinct metallicity se-
quences emerged. In the earlier phase, stars exhibited metallicity
slightly above solar. Subsequently, around 8 Gyr years ago, the
primary population has solar metallicity, with a less prominent
group with [M/H] = —0.25).

-Stars between 6 and 4 Gyr old are clumped in three well sep-
arated populations with little difference in age but large metallic-
ity differences: the oldest with [M/H]= —0.4, the next with solar
metallicity, and the youngest with a very narrow age range =~ 4
Gyr old and supersolar metallicity. The latter one coincides with
a star formation gap at the expected solar metallicity, and is fol-
lowed by a conspicuous break of star formation.

-Stars younger than 4 Gyr are more numerous (per age range)
compared to older ages, and form clumps as a function of age
and metallicity: between 4 and 2 Gyr ago, populations with a
range of metallicities, including solar and sub-solar ((M/H] =
—0.2), coexisted. However, since 2 Gyr ago, the majority of stars
have exhibit solar metallicity.

-The stellar metallicity distribution derived with CMDft.Gaia
is in excellent agreement with spectroscopically derived ones.
In particular, it compares extremely well (even in its details)
with that obtained by Fuhrmann & Chini (2021) with their high-
resolution, high signal-to-noise, complete sample of stars within
25 pc of the Sun. The peak metallicity and width of the two dis-
tributions are virtually identical, and the same two lower metal-
licity components, with [M/H] =~ —0.2 and ~ —0.5, are observed.
Interestingly, our age-metallicity distributions disclose that these
are intermediate-age populations, including the [M/H] ~ -0.5
component, with metallicity typical of the thick disk, which here
we infer to be ~ 5 Gyr old.

The picture that emerges from the results in this paper is thus
that of a thin disk that begins to form the bulk of its stars ~ 11-
10 Gyr ago, from gas chemically enriched in an earlier epoch of
high star formation rate, possibly triggered by mergers (Gallart
et al. 2019a, see also Orkney et al. 2022, Belokurov & Kravtsov
2022). Several Gyr of star formation with slightly decreasing
metallicity follow, possibly the result of steady star formation
fuelled by gas accretion while the radius of the Milky Way disk
progressively grows. Then, around 6 Gyr ago, some dramatic
event seems to be required to cause the break in the star for-
mation activity after which three stellar populations with very
different metallicities are observed. This event is likely the first
infall of the Sgr dwarf galaxy, and we hypothesise, in agreement
with results of cosmological simulations, that it was accompa-
nied by a substantial amount of gas accretion which led to an
important chemical and kinematic reorganisation of the disk, ac-
companied by further disk growth. Stellar migration to the solar
radius could possibly be enhanced at this time by a growing bar
which formation could have been triggered by the interaction
with Sgr itself, and thus the presence of stellar populations with
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such different metallicity. The age sequence observed from the
most metal poor to the most metal rich population within 6-4 Gyr
ago could indicate some kind of propagation of the star forma-
tion from the outer disk to the inner galaxy. The final, more vig-
orous period of star formation since 4 Gyr ago may as well hold
some relation with further Sgr pericentric passages (as hinted by
some gas dilution between 3 and 1.5 Gyr ago) and converges to
a mainly local population of metallicity very close to solar.

7.2. The performance of CMDft.Gaia:

CMDft.Gaia is a suite of procedures that includes i) the
computation of synthetic CMDs in the Gaia bands with
ChronoSynth; ii) the simulation in the synthetic CMDs of the
observational errors and completeness affecting the observed
CMD; and iii) the derivation of the SFH itself using DirSFH.

Salient characteristics of CMDft.Gaia are:

i) the synthetic mother CMDs computed with ChronoSynth
have a virtually continuous age and metallicity distribution be-
tween desired upper and lower limits of these parameters, and
following parameterised IMF and binary population character-
istics. ii) the final deSFH is derived by averaging numerous
SFHs generated using different sets of SSPs. These SSPs are
obtained by dividing, as a function of age and metallicity, us-
ing a Dirichlet-Voronoi tessellation, a mother CMD featuring a
vast number of stars with continuous age and metallicity dis-
tribution and a realistic simulation of the observational errors;
iii) no assumptions are made on the age-metallicity relation, on
the metallicity distribution or on the functional form of the star
formation rate as a function of time. This results in robust and
detailed information on the evolution of the age and metallicity
of the stellar populations present in the analyzed volume over
cosmic time.

We have used synthetic populations of real open clusters ob-
served by Gaia, and synthetic clusters in a wider range of age and
metallicity, to test the accuracy and precision of DirSFH when
determining the ages and metallicities of stellar populations. Ad-
ditionally, we have tested the effect of the variation of some of
the input parameters on the derived deSFH of the GCNS. These
tests allow us to reach the following conclusions on the perfor-
mance of CMDft.Gaia:

-The age of a stellar population with a narrow age and metal-
licity range is determined with a precision of 10% or better, with
little dependency on the number of stars in the test stellar popu-
lation, the size of the age bins, the age, or whether the test pop-
ulation is observed (open clusters) or synthetic.

-The ages of synthetic clusters were systematically overes-
timated by a maximum of 6% (and as little as 2-4% in the age
range 1-6 Gyr), except in very special cases, and again with little
dependency on the size of the population or the size of the age
bins.

-The main features of the GCNS deSFH show little depen-
dency on various input choices for the fit, such as the number
of stars in the mother CMD, the size of the age bins, the faint
magnitude limit of the bundle, the weights across the CMD, and
the unresolved binary stars parametrisation (for sensible choices
of this parametrisation). The largest differences occur for solu-
tions obtained with mother CMDs calculated with different stel-
lar evolution libraries, such as the BaSTI-IAC (the library we
used for most tests) or the PARSEC stellar evolution libraries.
The level of agreement between the derived MDF for each li-
brary and spectroscopic MDFs make us prefer the solution with
the BaSTI-IAC models, and this is the one we choose for de-
scribing the stellar content of the GCNS.



Carme Gallart et al.: Chronogal: The formation and evolution of the Milky Way thin disk from the GCNS

Acknowledgements. We would like to thank C.B. Brook, R.J.J. Grand, D.
Kawata, I. Pérez and A. Recio-Blanco for enlightening discussions. CG, EFA,
GB, GT, SC, and TRL acknowledge support from the Agencia Estatal de Inves-
tigacion del Ministerio de Ciencia e Innovacion (AEI-MCINN) under grant “At
the forefront of Galactic Archaeology: evolution of the luminous and dark matter
components of the Milky Way and Local Group dwarf galaxies in the Gaia era”
with reference PID2020-118778GB-100/10.13039/501100011033. SC, CG and
EV also acknowledge financial support from the Spanish Ministry of Science,
Innovation and University (MICIN) through the Spanish State Research Agency,
under Severo Ochoa Centres of Excellence Programme 2020-2023 (CEX2019-
000920-S). CC acknowledges support from the Fundacion Jesis Serra and the
Instituto de Astrofisica de Canarias under the Visiting Researcher Programme
2022-2024 agreed between both institutions. EFA also acknowledges support
from the "Marfa Zambrano" fellowship from the Universidad de La Laguna. SC
acknowledges financial support from PRIN-MIUR-22: CHRONOS: adjusting
the clock(s) to unveil the CHRONO-chemo-dynamical Structure of the Galaxy”
(PI: S. Cassisi) finanziato dall’Unione Europea - Next Generation EU, and The-
ory grant INAF 2023 (PIL: S. Cassisi). TRL acknowledges support from Juan
de la Cierva fellowship (1JC2020-043742-1). AH is grateful for financial sup-
port from a Spinoza prize (NWO). EV acknowledges support from the Severo
Ochoa program through CEX2019-000920-S, during a visit to IAC. This work
has made use of data from the European Space Agency (ESA) mission Gaia
(https://www.cosmos.esa.int/gaia), processed by the Gaia Data Process-
ing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/
gaia/dpac/consortium). Funding for the DPAC has been provided by na-
tional institutions, in particular the institutions participating in the Gaia Mul-
tilateral Agreement.

References

Agertz, O., Renaud, F, Feltzing, S., et al. 2021, MNRAS, 503, 5826

Ahumada, R., Prieto, C. A., Almeida, A., et al. 2020, ApJS, 249, 3

Alzate, J. A., Bruzual, G., & Diaz-Gonzilez, D. J. 2021, MNRAS, 501, 302

Anders, F., Chiappini, C., Rodrigues, T. S., et al. 2017, A&A, 597, A30

Aparicio, A. & Gallart, C. 2004, AJ, 128, 1465

Aparicio, A., Gallart, C., & Bertelli, G. 1997, AJ, 114, 680

Aparicio, A. & Hidalgo, S. L. 2009, AJ, 138, 558

Baraffe, 1., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42

Beaton, R. L., Freedman, W. L., Madore, B. F,, et al. 2016, ApJ, 832, 210

Belokurov, V., Erkal, D., Evans, N. W., Koposov, S. E., & Deason, A. J. 2018,
MNRAS, 478, 611

Belokurov, V. & Kravtsov, A. 2022, MNRAS, 514, 689

Belokurov, V., Penoyre, Z., Oh, S., et al. 2020a, MNRAS, 496, 1922

Belokurov, V., Sanders, J. L., Fattahi, A., et al. 2020b, MNRAS, 494, 3880

Benedict, G. F., McArthur, B. E., Feast, M. W, et al. 2007, AJ, 133, 1810

Bensby, T., Bergemann, M., Rybizki, J., et al. 2019, The Messenger, 175, 35

Bensby, T., Feltzing, S., & Lundstrom, 1. 2003, A&A, 410, 527

Bernard, E. J. 2018, in IAU Symposium, Vol. 334, Rediscovering Our Galaxy,
ed. C. Chiappini, I. Minchev, E. Starkenburg, & M. Valentini, 158-161

Bernard, E. J., Ferguson, A. M. N., Barker, M. K., et al. 2012, MNRAS, 420,
2625

Bernard, E. J., Schultheis, M., Di Matteo, P., et al. 2018, MNRAS, 477, 3507

Bertelli, G., Mateo, M., Chiosi, C., & Bressan, A. 1992, ApJ, 388, 400

Bertelli, G. & Nasi, E. 2001, AJ, 121, 1013

Besla, G., Kallivayalil, N., Hernquist, L., et al. 2007, ApJ, 668, 949

Bland-Hawthorn, J. & Gerhard, O. 2016, ARA&A, 54, 529

Bonaca, A., Conroy, C., Cargile, P. A., et al. 2020, ApJ, 897, L18

Borucki, W. J., Koch, D., Basri, G., et al. 2010, Science, 327, 977

Breiman, L. 2001, Machine Learning, 45, 5

Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127

Brook, C. B., Stinson, G. S., Gibson, B. K, et al. 2012, MNRAS, 426, 690

Brown, A. G. A. 2021, ARA&A, 59, 59

Brown, T. M., Beaton, R., Chiba, M., et al. 2008, ApJ, 685, L121

Buder, S., Sharma, S., Kos, J., et al. 2021, MNRAS[arXiv:2011.02505]

Caffau, E., Ludwig, H. G., Steffen, M., Freytag, B., & Bonifacio, P. 2011,
Sol. Phys., 268, 255

Carollo, D., Beers, T. C., Chiba, M., et al. 2010, ApJ, 712, 692

Casagrande, L. & VandenBerg, D. A. 2018, MNRAS, 479, L102

Chabrier, G. & Baraffe, I. 2000, ARA&A, 38, 337

Chandra, V., Semenov, V. A., Rix, H.-W., et al. 2023, arXiv e-prints,
arXiv:2310.13050

Chaplin, W. J., Serenelli, A. M., Miglio, A., et al. 2020, Nature Astronomy, 4,
382

Chen, Y., Girardi, L., Bressan, A., et al. 2014, MNRAS, 444, 2525

Chen, Y., Girardi, L., Fu, X, et al. 2019, A&A, 632, A105

Chiappini, C., Matteucci, F., & Gratton, R. 1997, ApJ, 477, 765

Chiappini, C., Matteucci, F., & Romano, D. 2001, ApJ, 554, 1044

Chiappini, C., Minchev, 1., Starkenburg, E., et al. 2019, The Messenger, 175, 30

Chiba, M. & Beers, T. C. 2000, AJ, 119, 2843

Cignoni, M., Cole, A. A., Tosi, M., et al. 2013, ApJ, 775, 83

Cignoni, M., Degl’Innocenti, S., Prada Moroni, P. G., & Shore, S. N. 2006, A&A,
459,783

Cignoni, M. & Tosi, M. 2010, Advances in Astronomy, 2010, 158568

Ciuci, 1., Kawata, D., Miglio, A., Davies, G. R., & Grand, R.J. J. 2021, MNRAS,
503, 2814

Cole, A. A., Skillman, E. D., Tolstoy, E., et al. 2007, ApJ, 659, L17

Cooper, A. P., Koposov, S. E., Allende Prieto, C., et al. 2023, ApJ, 947, 37

Cordier, D., Pietrinferni, A., Cassisi, S., & Salaris, M. 2007, AJ, 133, 468

Cordoni, G., Da Costa, G. S., Yong, D., et al. 2021, MNRAS, 503, 2539

Creevey, O. L., Sordo, R., Pailler, F,, et al. 2023, A&A, 674, A26

Cui, X.-Q., Zhao, Y.-H., Chu, Y.-Q., et al. 2012, Research in Astronomy and
Astrophysics, 12, 1197

Dal Tio, P, Mazzi, A., Girardi, L., et al. 2021, MNRAS, 506, 5681

De Silva, G. M., Freeman, K. C., Bland-Hawthorn, J., et al. 2015, MNRAS, 449,
2604

Demarque, P., Woo, J.-H., Kim, Y.-C., & Yi, S. K. 2004, ApJS, 155, 667

Di Matteo, P., Spite, M., Haywood, M., et al. 2020, A&A, 636, A115

Dias, W. S., Monteiro, H., Moitinho, A., et al. 2021, MNRAS, 504, 356

Dolphin, A. 1997, New A, 2, 397

Dolphin, A. E. 2002, MNRAS, 332, 91

Donlon, Thomas, I., Newberg, H. J., Sanderson, R., et al. 2023, arXiv e-prints,
arXiv:2310.09376

Feltzing, S., Bowers, J. B., & Agertz, O. 2020, MNRAS, 493, 1419

Feltzing, S. & Feuillet, D. 2023, ApJ, 953, 143

Fernandez-Alvar, E., Kordopatis, G., Hill, V., et al. 2024, arXiv e-prints,
arXiv:2402.02943

Fernandez-Alvar, E., Kordopatis, G., Hill, V., et al. 2021, MNRAS, 508, 1509

Feuillet, D. K., Bovy, J., Holtzman, J., et al. 2016, ApJ, 817, 40

Frankel, N., Sanders, J., Rix, H.-W., Ting, Y.-S., & Ness, M. 2019, ApJ, 884, 99

Fuhrmann, K. & Chini, R. 2021, MNRAS, 501, 4903

Fuhrmann, K., Chini, R., Kaderhandt, L., & Chen, Z. 2017, MNRAS, 464, 2610

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, Al

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016, A&A, 595, Al

Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 2023, A&A, 674, Al

Gaia Collaboration, Smart et al. 2021, A&A, 649, A6

Gallart, C., Bernard, E. J., Brook, C. B., et al. 2019a, Nature Astronomy, 3, 932

Gallart, C., Freedman, W. L., Aparicio, A., Bertelli, G., & Chiosi, C. 1999, AJ,
118, 2245

Gallart, C., Monelli, M., Mayer, L., et al. 2015, ApJ, 811, L18

Gallart, C., Ruiz-Lara, T., Bernard, E. J., et al. 2019b, in The Gaia Universe, 40

Gallart, C., Zoccali, M., & Aparicio, A. 2005, ARA&A, 43, 387

Grand, R. J. J., Bustamante, S., Gémez, F. A., et al. 2018, MNRAS, 474, 3629

Grand, R. J. J., Gémez, F. A., Marinacci, F., et al. 2017, MNRAS, 467, 179

Grand, R. J. J., Kawata, D., Belokurov, V., et al. 2020, MNRAS, 497, 1603

Grand, R. J. J., Kawata, D., & Cropper, M. 2015, MNRAS, 447, 4018

GRAVITY Collaboration, Abuter, R., Amorim, A., et al. 2019, A&A, 625, L10

Green, G. M., Schlafly, E., Zucker, C., Speagle, J. S., & Finkbeiner, D. 2019,
ApJ, 887,93

Griggio, M. & Bedin, L. R. 2022, MNRAS, 511, 4702

Guiglion, G., Nepal, S., Chiappini, C., et al. 2024, A&A, 682, A9

Halle, A., Di Matteo, P., Haywood, M., & Combes, F. 2015, A&A, 578, A58

Hayden, M. R., Recio-Blanco, A., de Laverny, P., et al. 2018, A&A, 609, A79

Haywood, M., Di Matteo, P., Lehnert, M., et al. 2018a, A&A, 618, A78

Haywood, M., Di Matteo, P., Lehnert, M. D., Katz, D., & Gémez, A. 2013, A&A,
560, A109

Haywood, M., Di Matteo, P., Lehnert, M. D, et al. 2018b, ApJ, 863, 113

Helmi, A., Babusiaux, C., Koppelman, H. H., et al. 2018, Nature, 563, 85

Hernandez, X., Valls-Gabaud, D., & Gilmore, G. 2000, MNRAS, 316, 605

Hidalgo, S. L., Pietrinferni, A., Cassisi, S., et al. 2018, AplJ, 856, 125

Holmberg, J., Nordstrom, B., & Andersen, J. 2009, A&A, 501, 941

Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126, 398

Imig, J., Price, C., Holtzman, J. A., et al. 2023, ApJ, 954, 124

Jin, S., Trager, S. C., Dalton, G. B, et al. 2023, MNRAS[arXiv:2212.03981]

Jgrgensen, B. R. & Lindegren, L. 2005, A&A, 436, 127

Kaufer, A., Stahl, O., Tubbesing, S., et al. 1999, The Messenger, 95, 8

Kawata, D. & Chiappini, C. 2016, Astronomische Nachrichten, 337, 976

Kordopatis, G., Schultheis, M., McMillan, P. J., et al. 2023, A&A, 669, A104

Kroupa, P., Tout, C. A., & Gilmore, G. 1993, MNRAS, 262, 545

Lallement, R., Capitanio, L., Ruiz-Dern, L., et al. 2018, A&A, 616, A132

Laporte, C. F. P, Johnston, K. V., Gémez, F. A., Garavito-Camargo, N., & Besla,
G. 2018, MNRAS, 481, 286

Larson, R. B. 1976, MNRAS, 176, 31

Law, D. R. & Majewski, S. R. 2010, ApJ, 714, 229

Lindegren, L., Bastian, U., Biermann, M., et al. 2021, A&A, 649, A4

Liu, N., Fu, J.-N., Zong, W., et al. 2019, Research in Astronomy and Astro-
physics, 19, 075

Lu, Y. L., Ness, M. K., Buck, T., & Carr, C. 2022, MNRAS, 512, 4697

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ, 154, 94

Article number, page 25 of 35


https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://www.cosmos.esa.int/web/gaia/dpac/consortium

A&A proofs: manuscript no. Paper_ GCNS

Malofeeva, A. A., Mikhnevich, V. O., Carraro, G., & Seleznev, A. F. 2023, AJ,
165, 45

Mann, A. W., Feiden, G. A., Gaidos, E., Boyajian, T., & von Braun, K. 2015,
ApJ, 804, 64

Mardini, M. K., Frebel, A., Chiti, A., et al. 2022, ApJ, 936, 78

Martig, M., Fouesneau, M., Rix, H.-W., et al. 2016, MNRAS, 456, 3655

Massana, P., Ruiz-Lara, T., Noél, N. E. D., et al. 2022, MNRAS, 513, L40

Massari, D., Aguado-Agelet, F., Monelli, M., et al. 2023, A&A, 680, A20

Mathur, S., Metcalfe, T. S., Woitaszek, M., et al. 2012, ApJ, 749, 152

Matteucci, F. 2021, A&A Rev., 29, 5

Mazzi, A., Girardi, L., Trabucchi, M., et al
RAS[arXiv:2309.13453]

Merrow, A., Grand, R. J. J., Fragkoudi, F., & Martig, M. 2023, arXiv e-prints,
arXiv:2312.02318

Meschin, 1., Gallart, C., Aparicio, A., et al. 2014, MNRAS, 438, 1067

Miglio, A., Chiappini, C., Mackereth, J. T., et al. 2021, A&A, 645, A85

Miglio, A., Chiappini, C., Mosser, B., et al. 2017, Astronomische Nachrichten,
338, 644

Mincheyv, 1., Anders, F., Recio-Blanco, A., et al. 2018, MNRAS, 481, 1645

Minchev, 1., Chiappini, C., & Martig, M. 2013, A&A, 558, A9

Minchev, 1., Chiappini, C., & Martig, M. 2014, A&A, 572, A92

Mincheyv, I. & Famaey, B. 2010, ApJ, 722, 112

Mints, A. & Hekker, S. 2017, A&A, 604, A108

Mints, A. & Hekker, S. 2018, A&A, 618, A54

Mints, A., Hekker, S., & Minchev, 1. 2019, A&A, 629, A127

Morelli, M., Gallart, C., Hidalgo, S. L., et al. 2010a, ApJ, 722, 1864

Morelli, M., Hidalgo, S. L., Stetson, P. B., et al. 2010b, ApJ, 720, 1225

Morelli, M., Martinez-Vazquez, C. E., Bernard, E. J., et al. 2016, ApJ, 819, 147

Montalbdn, J., Mackereth, J. T., Miglio, A., et al. 2021, Nature Astronomy, 5,
640

Morrison, H. L. 1990, JRASC, 84, 107

Nepal, S., Chiappini, C., Guiglion, G., et al. 2024a, A&A, 681, L8

Nepal, S., Chiappini, C., Queiroz, A. B. A., et al. 2024b, arXiv e-prints,
arXiv:2402.00561

Ness, M., Hogg, D. W., Rix, H. W., et al. 2016, ApJ, 823, 114

Netopil, M., Paunzen, E., Heiter, U., & Soubiran, C. 2016, A&A, 585, A150

Noél, N. E. D., Aparicio, A., Gallart, C., et al. 2009, ApJ, 705, 1260

Okalidis, P., Grand, R. J. J.,, Yates, R. M., & Springel, V. 2022, MNRAS, 514,
5085

Orkney, M. D. A,, Laporte, C. F. P, Grand, R. J. J, et al. 2022, MNRAS, 517,
L138

Penoyre, Z., Belokurov, V., & Evans, N. W. 2022, MNRAS, 513, 5270

Pfeiffer, M. J., Frank, C., Baumueller, D., Fuhrmann, K., & Gehren, T. 1998,
A&AS, 130, 381

Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, F. 2004, ApJ, 612, 168

Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, F. 2006, ApJ, 642, 797

Pietrinferni, A., Hidalgo, S., Cassisi, S., et al. 2021, ApJ, 908, 102

Pinsonneault, M. H., Elsworth, Y. P, Tayar, J., et al. 2018, ApJS, 239, 32

Pont, F. & Eyer, L. 2004, MNRAS, 351, 487

Purcell, C. W., Bullock, J. S., Tollerud, E. J., Rocha, M., & Chakrabarti, S. 2011,
Nature, 477, 301

Queiroz, A. B. A., Anders, F., Chiappini, C., et al. 2023, A&A, 673, A155

Queiroz, A. B. A., Anders, F,, Santiago, B. X., et al. 2018, MNRAS, 476, 2556

Ramirez, I., Allende Prieto, C., & Lambert, D. L. 2013, ApJ, 764, 78

Recio-Blanco, A., de Laverny, P., Palicio, P. A., et al. 2023, A&A, 674, A29

Reid, M. J., Menten, K. M., Brunthaler, A., et al. 2019, ApJ, 885, 131

Rendle, B. M., Miglio, A., Chiappini, C., et al. 2019, MNRAS, 490, 4465

Riello, M., De Angeli, F., Evans, D. W., et al. 2021, A&A, 649, A3

Rubele, S., Pastorelli, G., Girardi, L., et al. 2018, MNRAS, 478, 5017

Ruiz-Lara, T., Few, C. G., Gibson, B. K., et al. 2016, A&A, 586, A112

Ruiz-Lara, T., Gallart, C., Beasley, M., et al. 2018, A&A, 617, A18

Ruiz-Lara, T., Gallart, C., Bernard, E. J., & Cassisi, S. 2020a, Nature Astronomy,
4,965

Ruiz-Lara, T., Gallart, C., Monelli, M., et al. 2021, MNRAS, 501, 3962

Ruiz-Lara, T., Gallart, C., Monelli, M., et al. 2020b, A&A, 639, L3

Ruiz-Lara, T., Helmi, A., Gallart, C., Surot, F., & Cassisi, S. 2022, A&A, 668,
L10

Rusakov, V., Monelli, M., Gallart, C., et al. 2021, MNRAS, 502, 642

Rybizki, J., Demleitner, M., Bailer-Jones, C., et al. 2020, PASP, 132, 074501

Sahlholdt, C. L., Feltzing, S., & Feuillet, D. K. 2022, MNRAS, 510, 4669

Sahlholdt, C. L., Feltzing, S., Lindegren, L., & Church, R. P. 2019, MNRAS,
482, 895

Salaris, M. & Cassisi, S. 2005, Evolution of Stars and Stellar Populations

Salaris, M., Chieffi, A., & Straniero, O. 1993, ApJ, 414, 580

Sanders, J. L. & Das, P. 2018, MNRAS, 481, 4093

Schonrich, R., Binney, J., & Dehnen, W. 2010, MNRAS, 403, 1829

Sestito, F., Martin, N. F,, Starkenburg, E., et al. 2020, MNRAS, 497, L7

Siegel, M. H., Dotter, A., Majewski, S. R., et al. 2007, ApJ, 667, L57

Skillman, E. D., Monelli, M., Weisz, D. R., et al. 2017, ApJ, 837, 102

Soderblom, D. R. 2010, ARA&A, 48, 581

2023, MN-

Article number, page 26 of 35

Soderblom, D. R., Laskar, T., Valenti, J. A., Stauffer, J. R., & Rebull, L. M. 2009,
AJ, 138, 1292

Soubiran, C., Bienaymé, O., & Siebert, A. 2003, A&A, 398, 141

Steiner, L., Seifert, W., Stahl, O., et al. 2006, in SPIE Conference Series, ed. I. S.
McLean & M. Iye, Vol. 6269, 62692W

Steinmetz, M., Guiglion, G., McMillan, P. J., et al. 2020a, AJ, 160, 83

Steinmetz, M., Matijevi¢, G., Enke, H., et al. 2020b, AJ, 160, 82

Tolstoy, E. & Saha, A. 1996, AplJ, 462, 672

Tosi, M., Greggio, L., Marconi, G., & Focardi, P. 1991, AJ, 102, 951

Vasiliev, E. 2023, Galaxies, 11, 59

Vasiliev, E. & Baumgardt, H. 2021, MNRAS, 505, 5978

Wang, J., Fu, J.-N., Zong, W, et al. 2020, ApJS, 251, 27

Weinberg, D. H., Andrews, B. H., & Freudenburg, J. 2017, ApJ, 837, 183

Weisz, D. R., Dolphin, A. E., Skillman, E. D., et al. 2014, ApJ, 789, 148

Woo, J.-H., Gallart, C., Demarque, P., Yi, S., & Zoccali, M. 2003, AJ, 125, 754

Xiang, M. & Rix, H.-W. 2022, Nature, 603, 599

Yu, S., Bullock, J. S., Gurvich, A. B., et al. 2023, MNRAS, 523, 6220



Carme Gallart et al.: Chronogal: The formation and evolution of the Milky Way thin disk from the GCNS

Appendix A: Complementing the GCNS with Gaia
DR3

We complemented the original GCNS catalogue with Gaia DR3
line-of-sight velocities for 174221 stars, as well as metallicity
([M/H]) and [a/Fe] abundance measurements for 23629 stars de-
rived from the Radial Velocity Spectrometer by the General Stel-
lar Parametriser-spectroscopy module, GSP-Spec (as explained
in Recio-Blanco et al. 2023). This allowed us to explore the stel-
lar population characteristics in terms of kinematics and chemi-
cal abundances, which are summarised in Figure 1.

To select the sample with chemical information, we applied
quality cuts based on the flags provided by Recio-Blanco et al.
(2023) and encoded in the flags_gspspec parameter. We se-
lected only stars with bits 1 to 6 in flags_gspspec equal to 0
or 1, bit 7 equal to 0, 1 or 2, bit § equal to 0 or 1, and bits 9
to 13 equal to 0. This way we avoid the inclusion of possible
erroneous abundance estimates due to biases in Teg, log g and
[M/H] induced by bad line broadening models, large uncertain-
ties because of flux noise, extrapolation of the parametrisation
and other issues, as explained in section 6 and table 2 in Recio-
Blanco et al. (2023).

Following the suggestions in the same paper we also cal-
ibrated [M/H] with the polynomial coefficients in their table
3, and [@/Fe] with the polynomial relation as a function of
t = Tex/5750 in their table 4. We restrict our sample to cali-
brated log g values (based on the relation in table 2) between 0
and 4.75 because we detected suspicious [@/Fe] overabundances
in stars with log g > 4.75. This is probably due to the vicinity to
the log g = 5 limit of the grid.

In order to assign probabilities of membership to the thin
disc, thick disc and stellar halo, we first derived Galactic space
velocities, U,V, W 2. We then transformed them into Galacto-
centric velocities considering the Sun position with respect to
the Galactic centre at 8.178 kpc (GRAVITY Collaboration et al.
2019), the Sun motion with respect to the Local Standard of Rest
(LSR) as (Us, Vo, W) = (11.1,12.24,7.25) km s~! (Schénrich
et al. 2010) and a V-velocity for the LSR of 236.26 km/s (Reid
et al. 2019). Then, we adopted the procedure by Bensby et al.
(2003) to calculate the probability for each star to be a member
of the thin, the thick disc or the halo. Each Galactic component
is assumed to follow a Gaussian distribution for each component
of the velocity vector, with the parameters shown in Tab. A.1. In
terms of number density laws, we assumed an exponential pro-
file both in the radial direction (R) and in the vertical, z, direction
for the discs, and a power law (r~23) for the stellar halo, respec-
tively (r in this case is the spherical 3D Galactocentric distance).
It is assumed that 90% of the stars in the considered volume be-
long to the thin disc, and 8% and 2% to the thick disc and halo,
respectively. A star is assigned to a given Galactic component if
it has a probability higher than 70% of belonging to that compo-
nent. For more details on the kinematic selection of the stars be-
longing to the different Galactic components, we refer the reader
to Ferndndez-Alvar et al. (2024, in prep). This returned samples
of 146108 thin disc stars, 13153 thick disc stars, and 415 halo
stars.

25 As a reminder, this is an heliocentric reference frame, with the x-
direction pointing towards the Galactic centre, y- being measured in the
direction of Galactic rotation and the z- direction points towards the
North Galactic Pole; the velocity components in this reference frame
are typically indicated as U, V, W.

Appendix B: Empirical constraints on the
(Ggp — Ggp) colour for the fainter portion of the
BaSTI-IAC isochrones

The extraordinary depth and precision of the Gaia photometry
for nearby samples of field stars and open clusters offer an ex-
cellent test-bed to assess the accuracy of stellar evolution models
and of the bolometric corrections needed to transfer the theoret-
ical framework from the H-R diagram to the Gaia photometric
plane. Figure B.1 displays the comparison between isochrones
of 170 Myr from BaSTI-IAC (Hidalgo et al. 2018) and PARSEC
(Bressan et al. 2012) with the Gaia DR3 CMD of one of the
best-studied nearby open clusters: the Pleiades (Dias et al. 2021,
Soderblom et al. 2009, see Appendix C for a description of the
procedure used for the membership selection, distance and red-
dening determination for this cluster as well as for all clusters
studied in the present work).

The PARSEC and the BaSTI-IAC isochrones shown in this
figure have been transferred in the Gaia photometric plane by
adopting their own bolometric correction tabulations — but see
the discussion about this topic in Sect. 3.1.

Fig. B.1 reveals that the two sets of isochrones show a
quite different behaviour concerning the faintest portion of the
main sequence locus. In particular for Mz > 7, the BaSTI-
IAC isochrone (orange dotted line) is systematically bluer than
the observed sequence, with a shift in colour increasing with
increasing magnitude up to ~ 0.5 mag at Mg =~ 12. On the
other hand, the PARSEC isochrone (blue dashed line), although
slightly bluer than the empirical sequence, provides a quite bet-
ter match to the data. In order to understand the reason for such
a behaviour we compared the two sets of isochrones in the the-
oretical plane and we discovered that, despite the fact that the
two stellar models libraries are based on similar physical inputs
concerning equation of state, opacity and outer boundary condi-
tions, the effective temperature scale of the very low-mass stars
(M < 0.45M,) in the PARSEC database is significantly cooler
than that predicted by the corresponding BaSTI-TAC models,
with the difference increasing with decreasing stellar mass. This
is shown in Fig. B.2, that discloses the comparison, at solar
metallicity, between very low mass (VLM) stellar models from
the BaSTI-IAC and the PARSEC libraries. For the sake of com-
parison, in the same figure we also show the main sequence locus
for the VLM models by Baraffe et al. (2015) that represent the
state-of-the-art for the VLM stellar regime.

The BaSTI-IAC models are in very good agreement with
those by Baraffe et al. (2015); some differences appear only for
masses larger than about ~ 0.65M¢, and are due to the adoption
of different values for the mixing length parameter. On the other
hand the PARSEC models are in good agreement with the other
two model libraries for masses larger than about 0.6M,, and be-
come progressively cooler with decreasing mass. The reason for
such behaviour is that, as discussed by Chen et al. (2014), in the
last release of the PARSEC models, the outer boundary condi-
tions adopted for computing stellar models in the VLM stellar
regime, have been tuned in order to improve the match between
these models and the empirical Mass - Radius relationship. In
our belief, this approach is unsafe due to the fact that, for a given
stellar mass, the radius of a VLM star can be hugely affected by
the presence of a strong magnetic field as usually occurs in M
dwarfs (Chabrier & Baraffe 2000).

Being aware of the significant shortcomings that still affect
the synthetic spectra computations, we decided to follow a dif-
ferent methodological approach to try to improve the agreement
between the observed sequence for VLM stars and the BaSTI-
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Table A.1. Kinematic parameters

Population  Relative density ~ Scale-height ~ Scale-length <U> <V> <W> ou oy ow

(kpc) (kpc) (kms™) (kms) (kms!) (kms!) (kms) (kms)
Thin disc 0.9 0.3 2.6 0 236 0 39 20 20
Thick disc 0.08 0.9 2.0 0 206 0 63 39 39
Halo 0.02 - - 0 0 0 141 106 94

Notes. We assumed that the thin and thick disks follow gaussian velocity distributions, with means and standard deviations from Soubiran et al.
(2003), and a halo component with velocity dispersion following Chiba & Beers (2000). We considered the density fractions as in Ramirez et al.
(2013), scale-heights, scale-lengths, and the halo power law are based on Bland-Hawthorn & Gerhard (2016).

IAC models in the Gaia DR3 photometric bands: we compared
the T.rr — (Gpp — Grp) relationship predicted by the BaSTI-
IAC VLM stellar models with the empirical one provided by
Mann et al. (2015), which is based on accurate spectra for a
large sample of field M dwarfs with reliable estimate of their
effective temperature. We found that the original BaSTI-IAC
Tex — (Ggp — Ggp) relationship predicts, at a given effective
temperature a bluer colour with respect the analogue relation by
Mann et al. (2015): the A(Ggp — Ggp) colour?® is negligible for
T.rr ~ 4000 K, of the order of ~ 0.2 mag at 3600 K, and of
about 0.5 mag at T,.sy = 3000 K. Therefore we decided to apply
a T.rr— dependent correction to the (Ggp — Ggp) of the origi-
nal BaSTI-IAC isochrones in the VLM star regime in order to
reproduce the empirical colour of field M dwarfs.

The ‘corrected” BaSTI-IAC isochrone is also shown in
Fig. B.1 (orange solid line): note that the ‘corrected” BaSTI-IAC
isochrone are in quite better agreement with the observed main
sequence locus with respect the original BaSTI-IAC one.

=5.0
P ol e ————
—-2.51 7( ...... \5/
L BaSTI-IAC (original)
0.0 y
\V BaSTI-IAC (corrected)
Nae . — = PARSEC
259 S _
S 4, [Fe/H]=-0.01, 170Myr
© & L. - Pleiades
£ 5.01 o
[C] e,
= "
7.5
10.01
12.51
15.0 Lt
0.5 1.5 2.5 3.5

(Ggp — Grp) [mag]

Fig. B.1. Gaia DR3 Pleiades CMD with 170 Myr isochrones su-
perimposed: BaSTI-IAC isochrones (orange dotted line: uncorrected;
orange solid line: corrected adopting Mann et al. (2015) empirical
T.s; — (Gpp — Ggp) relation) and PARSEC isochrone (blue dashed line).

26 The bolometric corrections provided by Mann et al. (2015) have been
evaluated by adopting the Gaia DR1 passbands; therefore by using the
BaSTI-IAC isochrones in both Gaia DR1 and DR3 photometric systems
we have estimated the impact (~ —0.06 mag) on the A(Ggp — Ggp) due
to the use of the more updated Gaia passbands
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Fig. B.2. The main sequence locus in the H-R diagram for BaSTI-IAC
and PARSEC VLM stellar models at solar metallicity for an age of 10
Gyr. The dot-dashed line represents the models provided by Baraffe
et al. (2015).

Appendix C: Tests with open and synthetic
clusters.

We have carried out a number of tests regarding the performance
of CMDft.Gaia, and the effects on the SFH derivation of various
parameters, using composite CMDs of four open clusters ob-
served by Gaia, and several set of synthetic clusters computed
with the BaSTI-IAC stellar evolution library. In this Appendix
we discuss the creation of these mock datasets, and the results of
a representative number of tests.

C.1. Open clusters: member selection, distances, reddening

We have chosen four open clusters for these tests: one young
cluster (Pleiades), one of intermediate-age (IC 4651) and two old
clusters (M 67 and NGC 188). The membership selection is per-
formed using the same mixture modelling approach as for globu-
lar clusters in Vasiliev & Baumgardt (2021). Specifically, the dis-
tribution of cluster and field stars in the 3d space of parallax and
two proper motion components is represented by Gaussians (one
for cluster members, two for field stars), which are convolved
with individual star’s measurement uncertainties when comput-
ing the likelihood of membership. Additionally, the spatial dis-
tribution of cluster members is assumed to follow a Plummer
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Fig. C.1. CMD of the four open clusters (left panel) and solution CMDs
with q01b07_81M_MGS5 (middle panel) and qO01b03_120M_MGS5
(right panel).

profile, while field stars are assumed to be uniformly distributed
on the sky within the considered region (2-3 times the half-light
radius). The parameters of these distributions are optimised to
maximise the total likelihood of the entire dataset, after which
the membership probability of each star is computed as the ratio
of likelihoods of it belonging to the cluster vs. the field popula-
tion. If the cluster’s mean proper motion is well separated from
the bulk of field stars (as in the case of M 67 and Pleiades), the
probability is very close to either O or 1, while for NGC 188 and
especially IC 4651 the selection is still quite clean for bright stars
but becomes less certain beyond G ~ 18. Notably, we do not use
photometric information in the classification, making it an ideal
tool to test the level of agreement with theoretical isochrones.

The CMD of the clusters have been transferred to the abso-
lute magnitude plane using the values of distance and E(B-V)
listed in Table C.1. The distance for each cluster has been ob-
tained by inverting the average parallax (adopting the parallax
zero point of -17 puas recommended by Lindegren et al. 2021)
of member stars with good photometric and astrometric mea-
surements, by imposing cuts of parallax_over_error > 5,
G < 17 and the quality parameter cuts adopted by Griggio &
Bedin (2022). The E(B-V) value was obtained by interpolating
in the Lallement et al. (2018) 3D reddening map at the position
of each cluster. Finally, temperature dependent extinction cor-
rections were derived for each star using the transformations in
Casagrande & VandenBerg (2018).

The resulting composite CMD in the absolute plane of
the four open clusters is displayed in the left panel of Fig-
ure C.1. The SFH has been derived with two mother CMDs:
q01b03_120M_MGS and q01b07_81M_MGS (see Table 2) and
with the same bundle and error simulation in the mother CMD
as for the GCNS. The shift with respect to the mother CMD
that provides the best fit to the GCNS CMD has been used
in both cases, namely (-0.036, 0.04). SFHs with the four age
bins, XL, L, M and S have been computed. The solution CMD
for both mother CMDs with the S bins is shown in the mid-
dle and right panels of Figure C.1. Note how the observed se-
quences are well reproduced, particularly in the case of the so-
lution with q01b07_81M_MGS, as a spurious sequence of stars
appears above the subgiant branch corresponding to M67 in the
solution with q01b03_120M_MGS5. As we will see in Section
C.3, for this composite population of open clusters, the solution
with the mother CMD computed with a larger binary fractions
seems to provide a better solution. A fraction of unresolved bi-
naries of 70% is broadly consistent with that found by Malofeeva
et al. (2023) for a sample of open clusters.

C.2. Synthetic clusters

We have created two composite populations of synthetic clus-
ters computed with ChronoSynth adopting 30% of binaries with
gmin=0.1, and a Kroupa IMF. The first of them contains seven
synthetic clusters with ages 0.2, 2, 4, 6, 8, 10 and 12 Gyr, each
with a small age range (20 Myr) and with metallicity between
[M/H]=-0.1 and -0.05 dex. Three CMDs with different number
of stars with Mg < 4.2 have been extracted from this composite
population, so that the individual synthetic clusters have: ~ 350
stars per cluster (similar to the open clusters described in C.1),
~2000 stars, such that the total number of stars in the seven clus-
ters is similar to that in the GCNS CMD, and = 14000 stars, in
order to check whether a much larger number of stars in the input
data leads to a substantially better recovery of the input popula-
tion parameters. The second composite population includes the
former one and seven additional clusters with the same ages, and
higher metallicities between [M/H]=0.1 and 0.15. This popula-
tion contains a similar number of stars as in the GCNS (some
1000 stars per cluster) and is aimed at exploring the ability of
DirSFH to discriminate populations of different metallicity sep-
arated by a very small metallicity gap, in this case 0.15 dex. Pho-
tometric and distance errors typical of the GCNS have been sim-
ulated.
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Fig. C.2. Left panel: composite CMD of the set of fourteen synthetic
clusters with two metallicity sequences separated by 0.15 dex (metal-
licities between [M/H]=-0.1 and -0.05 dex and between [M/H]=0.1 and
0.15 dex. An isochrone of age 2 Gyr has been superimposed as ref-
erence, to show how the binary stars depart from the locus of single
stars. The synthetic stars in the low and high metallicity sequences are
displayed in black and orange, respectively. Middle and right panels:
solution CMDs derived with the XL and S bins, respectively. Note the
more scattered sequences in the solution with the XL bins.

The left panel of Figure C.2 displays the CMD of the com-
posite population containing the two metallicity sequences. The
sample with the intermediate number of stars, similar to that of
the GCNS is displayed. This CMD shows how the two metallic-
ities at each age are slightly separated, with the more metal rich
population redder in the main sequence and in the RGB, and
fainter at the end of the subgiant branch and in the red clump.
The binary stars are clearly seen to the red of the younger main
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Table C.1. Open Cluster parameters

Name Distance +o E(B-V) [Fe/H] N° stars
(pc) (dex) Mg < 4.2)
Pleiades 135+2 0.043 -0.01+0.05 82
IC4651 926+40 0.129 0.12+0.04 357
M67 860+36 0.030 0.03+0.05 349
NGCI188 1853+108  0.079 0.11+0.04 345

Notes. Adopted open cluster distance, reddening and spectroscopic metallicity (from the HQS sample of Netopil et al. 2016). See text for details.

sequences, and broadening the lower composite main sequence.
The stars scattered around the subgiant branches are also binary
stars. Note how the binaries modify the main sequence turnoff
of the intermediate-age populations: for example, in the 2 Gyr
old sequence, the typical shape of the overall contraction region
(marking the transition from the main sequence to the subgiant
branch stage) gets blurred by binary stars bluer and/or brighter
than the single star sequence (an isochrone of the lower metallic-
ity and 2 Gyr has been superimposed as a reference). The middle
and right panels of Figure C.2 display the solution CMD with
bins XL and S, respectively. In both cases all the sequences are
more blurred than in the original input CMD, even though they
are still distinguishable even in the case of the larger XL age
bins. Note the subtle effect of the bin size in the resulting solu-
tion CMDs.

C.3. SFH of open and synthetic clusters

Figure C.3 shows two solutions (in the age-metallicity plane)
for the composite CMD of the open clusters. The left panel
displays the solution obtained with the q01b03_120M_MGS5
mother CMD while the right panel corresponds to the solu-
tion with q0O1b07_81M_MGS. The results for the XL bins (up-
per panels) and S bins (lower panels) are shown. Note that the
four populations have been more cleanly recovered with the
q01b07_81M_MGS mother.

Figure C.4 displays the solution in the same plane for the
composite CMD of synthetic clusters (sets with single metallic-
ity sequence). The result from the mock with the small number
of stars is shown in the left panel, while the one for the mock
with intermediate number of stars is displayed in the right plane.
The results for the XL bins (upper panels) and S bins (lower
panels) are shown.

In all cases, best fit ellipses with 1-0 axes are overlaid. In
the case of the synthetic clusters, two horizontal lines marking
the metallicity range of the input population, and vertical lines
indicating the input age are included in the plot. The comparison
of the recovered age-metallicity relation with the reference lines
allows us to visually evaluate the precision and accuracy of the
results. It is remarkable that, even with only =~ 350 stars per clus-
ter (left panel), DirSFH is able to separate the 7 clusters in age,
even though the separation becomes marginal for the 8-12 Gyr
old clusters, specially with the XL bins.

Visual inspection of Figure C.4 already discloses that the
metallicity value is accurately recovered at all ages with a preci-
sion that depends on the age, with the metallicity of the three
older clusters recovered more precisely than that of the four
younger clusters (see Figure C.5). Additionally, in the clusters
younger than 7 Gyr (and specially in the 2 and 6 Gyr old clus-
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ters), the angle of the ellipse indicates the occurrence of age-
metallicity degeneracy, more prominent for these ages than for
other age intervals. This is possibly due to the characteristic dis-
tribution of stars in the CMD near the turnoff in this age range,
with the typical ‘hook’ shape that is reproduced by the models
when overshooting is accounted for (see Figure C.2), making
the degeneracy more difficult to break. This occurrence is also
clearly seen in the age-metallicity relation of the open clusters in
Figure D.3, in which a larger scatter of a small number of stars
toward lower and higher metallicity (and older and younger age,
respectively) can be appreciated.

The fact that the populations are recovered systematically
older (see Figure 5) is also evident in Figure C.4 for clusters
older than 6 Gyr, from the mismatch between the vertical lines
indicating the input ages of the synthetic clusters, and the cen-
tre of the ellipses. Figure C.6 presents the same information in
the form of normalised histograms of percentage of stars as a
function of age and metallicity for an easier visualisation. The
broadening of the age and metallicity sequences (smaller for the
S bins) and the systematic shifts in the recovered age, while the
metallicity is recovered with no systematic shifts can be clearly
appreciated. It is also worth remarking that DirSFH is very suc-
cessful in delimiting the metallicity of the populations: even
though the mother CMD used to calculate the SFH contains stars
in the whole metallicity range, the stars in the solution are well
confined in a narrow metallicity range.

Figure C.7 shows the age-metallicity distribution retrieved
for the composite synthetic cluster CMD with two metallicity
sequences. Note that both the XL and S age bins are able to
discriminate the double metallicity sequence for ages equal or
older than 8 Gyr, even though, in the case of the XL bins the dif-
ferent populations are much less defined than in the case of the
S bins. For younger ages the S bins are necessary for a marginal
metallicity separation of the different clusters. This result how-
ever indicates that our CMD-fitting methodology should be able
to discriminate small metallicity differences in populations of the
same age, specially at old ages.

Appendix D: Robustness of the solutions

In this Appendix we display a number of age-metallicity distri-
butions derived varying some parameters of the fit, or those used
to compute the mother CMDs.

Figure D.1 displays age-metallicity distributions derived
from three mother CMDs computed with identical parameters
(indicated in the caption) except for the number of stars, as in-
dicated in the figure labels. Note the similarity of the features
in all SFHs. The 7M solution, however, seems to be more noisy
that the other two, indicating that a large number of stars in the
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Fig. C.3. Age-metallicity distribution obtained from the composite CMD of the open clusters. Left panels: solution from q01b03_120M_MGS5.
Right panels: solution with q01b07_81M_MGS. The results for the XL bins (upper panels) and S bins (lower panels) are shown. Best fit ellipses
with 1-sigma axes are overlaid (eight ellipses in total have been fit, and only those with weight larger than 5% are displayed).
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Fig. C.4. Age-metallicity distribution obtained from the composite CMD of synthetic clusters (sets with single metallicity sequence). Left panels:
result from the mock with the small number of stars . Right panels: results from the mock with intermediate number of stars. The results for the
XL bins (upper panels) and S bins (lower panels) are shown. Two horizontal lines mark the metallicity range of the input population, and vertical
lines indicate the input ages. Best fit ellipses with 1-sigma axes are overlaid.

mother CMD is important in order to avoid spurious features in
the SFH.

Figure D.2 displays three age-metallicity distributions de-
rived from the same mother CMD (see caption), for different
faint magnitude limit of the bundle (see labels). The features in
the SFH are basically identical in all three cases, indicating that
there is no clear gain of age and metallicity information when
including in the CMD fit main sequence stars with magnitude
fainter than those in the subgiant branch of the oldest and more
metal rich population present in the mother CMD (in our case
Mg <4.2).

Figure D.3 displays two age-metallicity distributions derived
from the same mother CMD applying or not weights across the
CMD for the fit (see caption for details). The differences between
the two SFHs are minimal.

Figure D.4 displays four age-metallicity distributions derived
from the same mother CMD (q01b03_112M_MG6), with the
four different age bins sizes (XL, L, M, S) tested in this pa-
per. Note how the features in the age-metallicity distributions
sharpen as the age bins used in the fit are smaller. The main fea-
tures, however, are the same in all four. In particular, the split
in the metallicity of the two oldest events of star formation is
already hinted in the age-metallicity distributions derived with
the XL bins, but is more clearly visible in the age-metallicity
distributions derived with the S bins.

Figure D.5 displays five age-metallicity distributions derived
from the five deep mother CMDs computed with different bi-
nary parametrisations, but otherwise identical parameters of the
mother CMDs and the SFH fit. In all cases, the mother CMDs
have a small number of stars in the area of the CMD used for
the fit (= 2M-7M) which, as seen in Figure D.1 can lead to
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Fig. C.5. Analysis of the precision of the metallicity recovery. The o
is show as a function of the age. While the metallicity bins are kept
constant (0.1 dex), the effective size of the SSPs is also affected by the
size of the age bins. Results for different age bins are shown in different
colours as indicated in the labels

more noisy solutions that in the case of mother CMDs with a
larger number of stars available for the fit. Note that, except
for q01b07_deep (the mother CMD that results in the highest
discrepancy in the distribution of stars in the binary sequence
compared to the single stars main sequence, see Figure 7),
the resulting age-metallicity distributions have very similar fea-
tures. The presence of a more conspicuous metal poor popula-
tions at intermediate age in the case of q01b07_deep (short for
q01b07_81M_MGS; similar abbreviations have been used in the
other panels) can be expected from the fact that an excessive
number of binaries produces a red population in the CMD that
is compensated in the solution by introducing a larger amount of
metal poor stars, which are bluer, in the solution.
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Fig. D.1. Age-metallicity relation of the mass transformed into stars as
a function of time and [M/H] derived from three mother CMDs with dif-
ferent number of stars down to Mg = 5, calculated from the BaSTI stel-
lar evolution library adopting q,,»=0.1, $=0.3 and a Kroupa IMF. They
are the mother CMDs named q01b03_60M_deep, q01b03_112M_MG6
and q01b03_120M_MGS in Table 2.
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Fig. D.2. Age-metallicity relation of the mass transformed into stars
as a function of time and [M/H] derived from the same mother CMD
(q01b03_112M_MG6) but three different faint magnitude limit of the
bundle, as indicated in the labels.
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Fig. D.4. Age-metallicity distribution of the mass transformed into stars
as a function of time and [M/H] derived from the same mother CMD
(q01b03_112M_MG6) but the four different age bin sizes (XL, L, M
and S) tested in this work. In all case, the metallicity bin size is 0.1 dex.
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Fig. D.5. Age-metallicity distribution of the mass transformed into stars
as a function of time and [M/H] derived from five mother CMDs com-
puting adopting five different parametrisations of the binary star popu-
lation, as indicated in the labels (see Table 2 for details).

|
o o o
[ N] = ¥

[M/H] [dex]

|
o
=)

—0.81
~3:93

0.0

[M/H] [dex]

_0»3 4

-1.0

0.4

q01b03 120M _MG5

-0.2 1
—0.41
—0.61

q01b03_43M_MG5_parsecSS

12 10 8 6 4 2 0

Age [Gyr]

Fig. D.6. Age-metallicity distribution of the mass transformed into
stars as a function of time and [M/H] derived from the BaSTI mother
CMD adopted for our final solution, q01b03_112M_MGS, and a
PARSEC mother CMD with the same binary stars parametrisation
(q01b03_43Mparsec_MGY), as indicated in the labels (see Table 2 for

details).
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