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ABSTRACT

Context. The motion of stars has been used to reveal details of the complex history of the Milky Way, in constant interaction with its environment.
Nevertheless, to reconstruct the Galactic history puzzle in its entirety, the chemo-physical characterisation of stars is essential. Previous Gaia data
releases were supported by a smaller, heterogeneous, and spatially biased mixture of chemical data from ground-based observations.
Aims. Gaia Data Release 3 opens a new era of all-sky spectral analysis of stellar populations thanks to the nearly 5.6 million stars observed by
the Radial Velocity Spectrometer (RVS) and parametrised by the GSP-Spec module. In this work, we aim to demonstrate the scientific quality of
Gaia’s Milky Way chemical cartography through a chemo-dynamical analysis of disc and halo populations.
Methods. Stellar atmospheric parameters and chemical abundances provided by Gaia DR3 spectroscopy are combined with DR3 radial velocities
and EDR3 astrometry to analyse the relationships between chemistry and Milky Way structure, stellar kinematics, and orbital parameters.
Results. The all-sky Gaia chemical cartography allows a powerful and precise chemo-dynamical view of the Milky Way with unprecedented
spatial coverage and statistical robustness. First, it reveals the strong vertical symmetry of the Galaxy and the flared structure of the disc. Second,
the observed kinematic disturbances of the disc — seen as phase space correlations — and kinematic or orbital substructures are associated with
chemical patterns that favour stars with enhanced metallicities and lower [@/Fe] abundance ratios compared to the median values in the radial
distributions. This is detected both for young objects that trace the spiral arms and older populations. Several «, iron-peak elements and at least
one heavy element trace the thin and thick disc properties in the solar cylinder. Third, young disc stars show a recent chemical impoverishment in
several elements. Fourth, the largest chemo-dynamical sample of open clusters analysed so far shows a steepening of the radial metallicity gradient
with age, which is also observed in the young field population. Finally, the Gaia chemical data have the required coverage and precision to unveil
galaxy accretion debris and heated disc stars on halo orbits through their [o/Fe] ratio, and to allow the study of the chemo-dynamical properties of
globular clusters.
Conclusions. Gaia DR3 chemo-dynamical diagnostics open new horizons before the era of ground-based wide-field spectroscopic surveys. They
unveil a complex Milky Way that is the outcome of an eventful evolution, shaping it to the present day.

Key words. Galaxy: abundances — stars: abundances — Galaxy: evolution — Galaxy: kinematics and dynamics — Galaxy: disk — Galaxy: halo

1. Introduction

The European Space Agency Gaia mission has transformed our

star formation, the more diffuse and older thick disc, the central
bulge, and the extended stellar halo) now appear to be interlinked

understanding of the Milky Way, thanks to its ability to trace
the motion of stars in the sky (Gaia Collaboration 2023a). The
observation of these movements has allowed us to see the Galaxy
as an evolving system. Components that were previously thought
to be distinct (the thin disc in the Galactic plane with ongoing

" Deceased.
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formation phases of a system in clear interaction with its envi-
ronment. In particular, studies of stellar orbits and kinematics
have uncovered a considerable proportion of merger debris in the
halo (e.g. Helmi et al. 2018; Belokurov et al. 2018; Malhan et al.
2018; Myeong et al. 2019; Helmi 2020, and references therein)
and the Galactic disc (e.g. Sestito et al. 2020; Re Fiorentin et al.
2021). Additionally, investigations of stellar motions have
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revealed the Galactic disc phase mixing process, which is subse-
quent to a mildly disturbed state (Antoja et al. 2018). A massive
disc-crossing perturber (e.g. Binney & Schonrich 2018) — pos-
sibly akin to the Sagittarius dwarf galaxy (Laporte et al. 2019a;
Bland-Hawthorn et al. 2019) — or a strong buckling of the stellar
bar (e.g. Khoperskov et al. 2020) are the most likely interpreta-
tions of this phenomenon. A recent or ongoing encounter with a
satellite galaxy seems also to be responsible for the rapidly pre-
cessing disc warp (Poggio et al. 2020, 2021a). In summary, the
picture of a ‘living and breathing Galaxy’ has emerged thanks to
Gaia data (Belokurov 2019; Brown 2021).

Despite the above-mentioned transformational results, stel-
lar motions alone do not allow a complete reconstruction of the
intricate puzzle of Galactic history. The orbit of a star evolves in
response to fluctuations in the Galaxy’s gravitational field (e.g.
Sellwood & Binney 2002). As a consequence, the reconstruction
of the history of the Milky Way based on the interpretation of
stellar motions in terms of evolutionary processes is hampered
by degenerate explanations and the complex interplay of differ-
ent physical mechanisms.

Indeed, understanding how galaxies like the Milky Way form
and evolve remains a challenge. In the cold dark matter Uni-
verse, galaxies grow through a sequence of merger and accretion
events. However, the impact of these events on the evolution of
a galaxy is extremely difficult to predict because of the com-
plex physics of baryons. As a consequence, studying the chemo-
physical properties of matter is essential to comprehend the
Galaxy in which we live. Fortunately, we have a powerful tool at
our disposal: stellar spectroscopy.

The study of stellar spectra gave rise to the science
of astrophysics in the 19th century (e.g. Huggins & Miller
1864; Huggins & Huggins 1899) and, since then, the vary-
ing characteristics of spectral absorption lines have been used
by researchers to decipher the physical properties of stars
(Maury & Pickering 1897; Cannon & Pickering 1918). Stellar
parametrisation became a powerful decryption tool, allowing
us to unveil the chemical composition of stellar atmospheres
(Payne 1925a,b), and to provide observational evidence of the
stellar nucleosynthesis theory (Burbidge et al. 1957). Stars form
during the collapse of molecular clouds of gas and dust. Like
alchemists, stars of different masses synthesise all chemical ele-
ments except hydrogen'; they partially return them in the later
stages of their life into the interstellar medium, from which new
stars are born. As a consequence, the stellar chemical composi-
tion evolves from one generation to the next, and reflects the gas
conditions at the time and place of the formation of a star. More-
over, contrary to stellar motions, the chemical abundances of a
star’s atmosphere are conserved? from its birth, and can therefore
be used to trace its origin. Chemical abundances break degen-
erated dynamical scenarios with a variety of conserved param-
eters (e.g. they play a key role in merger debris studies; e.g.
Helmi 2020). Therefore, stellar atmospheres record the past in
their chemical abundances, allowing a look-back time that varies
between a few hundred million years and the age of the first stars
in the Universe.

In this framework, previous intermediate Gaia data releases
had to be complemented with chemical data from ground-based
observations. However, ground-based spectroscopic surveys like
GALAH (e.g. Buder etal. 2021), APOGEE (Abdurro’uf et al.
2022), Gaia-ESO Survey (Gilmore et al. 2022; Randich et al.

' More particularly, the Big Bang nucleosynthesis produced H, He and
Li, cosmic rays contribute to Li, Be and B production and stellar nucle-
osynthesis concerns all chemical elements except H.

2 With the exception of some chemical species whose surface abun-
dance can be modified in certain stellar evolution phases.

2022), and RAVE (Steinmetz et al. 2020), despite the recent
improvement of multiplex capabilities, are still hampered by
spatially biased samples. In addition, the inhomogeneity induced
by different analysis procedures, targeted stellar types, and
spectral configurations blur the collected chemical informa-
tion. Moreover, ground-based spectroscopy suffers from time-
dependent effects such as the Earth’s atmospheric absorption and
instrumental systematic effects, which are difficult to model with
discontinuous data collections.

Fortunately, the context is now evolving favourably. Gaia
Data Release 3 (DR3; Gaia Collaboration 2023c) opens a
new era of all-sky spectroscopy and chemo-physical charac-
terisation of Galactic stellar populations, and includes a new
transformational data set that confirms Gaia’s leading role in
the golden age of Galactic archaeology: the largest homo-
geneous spectral analysis performed so far with a total of
5594205 stars observed by the Radial Velocity Spectrometer
(RVS; Cropper et al. 2018; Katz et al. 2023) and parametrised
by the General Stellar Parametriser - spectroscopy (GSP-Spec;
Recio-Blanco et al. 2023). With continuous data collection for
34 months outside the Earth’s atmosphere, and a large volume
coverage reaching distances of about 8 kpc from the Sun (thanks
to the population of giant stars), the Gaia DR3 spectroscopic
survey provides stellar parameters and chemical abundances in
all major Galactic populations, sharpening our global view of
the Milky Way. In addition to the sky coverage advantage, it
is worth comparing this Gaia DR3 GSP-Spec catalogue with
high-resolution ground-based surveys in other crucial character-
istics for Milky Way studies, as the number of analysed stars,
the limiting magnitude, and the explored chemical diagnostics.
For magnitudes brighter than G = 13.67, there are more stars in
the Gaia DR3 GSP-Spec catalogue than in any other ground-
based survey (with both GALAH and APOGEE representing
only ~8% of Gaia GSP-Spec). For magnitudes fainter than 13.6,
Gaia GSP-Spec has about 61 000 stars (reaching G = 16.1 mag),
GALAH has about 130000 stars (20% of the survey, reaching
G = 18 mag) and APOGEE about 314 000 stars (43% of the
survey, reaching G =~ 20 mag). Concerning the nucleosynthe-
sis diagnostics* through individual abundance estimates, Gaia
DR3 GSP-Spec explores five different nucleosynthetic channels
with 13 chemical elements, while GALAH covers seven nucle-
osynthetic channels with 21 elements, and APOGEE six chan-
nels with 24 elements.

The goal of this paper is to demonstrate the scientific qual-
ity of Gaia’s chemical cartography through a chemo-dynamical
analysis of disc and halo populations. To this purpose, Sect. 2
presents the data that are used, including (i) DR3 atmospheric
parameters and chemical abundances (Sect. 2.1), (ii) DR3 radial
velocities (Sect. 2.2), (iii) EDR3 astrometric data and distances
(Sect. 2.3), (iv) a set of stellar velocities and orbits specifically
derived for this work (Sect. 2.4), and (v) the definition of work-
ing subsamples (Sect. 2.5) allowing us to optimise the scien-
tific analysis, and illustrating the use of quality flags defined in
Recio-Blanco et al. (2023).

In Sect. 3 we present the global chemical properties of
the Milky Way through sky and Galactic maps (Sect. 3.1)
and explore selection function effects (Sect. 3.2). Section 4

3 In DR3, 99% of the GSP-Spec catalogue has Gmag < 13.6. This will
strongly evolve in future releases, reaching much fainter magnitudes
thanks to the continuous and on-going Gaia observations.

4 The following general nucleosynthetic channels are considered: (i)
cosmic rays spallation, (ii) nuclear burning in low- and intermediate-
mass stars, (iii) @-process in core collapse supernovae (massive stars),
(iv) neutrino process in core collapse supernovae, (v) explosions of Type
Ia supernovae (C+O white dwarfs in binary systems), (vi) slow neutron
capture (s-process), and (vii) rapid neutron capture (r-process).
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presents the radial and vertical chemical gradients of field stel-
lar populations. In Sect. 5 we present our analysis of large-scale
chemo-kinematical correlations, while in Sect. 6 we explore the
relation between the orbital parameters and stellar chemistry.
Subsequently, Sect. 7 is dedicated to chemo-dynamical relations
in solar cylinder populations using individual element abun-
dances, and in Sect. 8 we use the open clusters population to
study chemo-kinematical correlations and the temporal evolu-
tion of disc radial chemical gradients.

Finally, Sect. 9 summarises the results of our Galac-
tic chemo-dynamical analysis using the Gaia RVS GSP-Spec
database. In particular, we discuss the observed chemical mark-
ers of Milky Way structure (Sect. 9.1), disc kinematic dis-
turbances (Sect. 9.2), and satellite accretion (Sect. 9.3). This
is completed with the examination of the detected chemo-
dynamical trends of the last billion years (Sect. 9.4) and, finally,
with a discussion of the Sun’s chemo-dynamical properties in
the context of its Galactic environment (Sect. 9.5). Our overall
conclusions are presented in Sect. 10.

2. Data
2.1. Stellar atmospheric parameters and chemical data

This work makes use of the stellar physical parameters and
chemical abundances derived from the Gaia RVS spectra by
the GSP-Spec module and available through the astrophysi-
cal_parameters table of Gaia DR3. It is worth mentioning that
the present work does not use the global metallicity [M/H]
derived from BPRP spectra by the General Stellar Parametrizer
from Photometry (GSP-Phot) and published in the GaiaSource
and AstrophysicalParameters tables (mh_gspphot field).
Although GSP-Phot metallicities are suitable for different sci-
entific purposes, their application to large-scale Galactic chemo-
dynamical studies requires a calibration that at the time of writ-
ing this paper was not available.

GSP-Spec estimates the main atmospheric parameters (effec-
tive temperature Ty, stellar surface gravity log(g)>, global metal-
licity [M/H]®, and the global abundance of a-elements’ with
respect to iron [@/Fe]), together with the individual abundances of
12 different chemical elements from RVS spectra of single stars.
The RVS wavelength range is [845 — 872] nm, and its medium
resolving poweris R = 1/AA ~ 11500 (Cropper et al. 2018). This
spectral parametrisation is based on the MatisseGauguin GSP-
Spec workflow and is described in detail in the GSP-Spec pro-
cessing paper (Recio-Blanco et al. 2023). It is worth recalling that
the GSP-Spec [M/H] estimation considers all the non-a metallic-
ity indicators in the observed spectra thanks to a four-dimensional
synthetic spectra grid including not only the [M/H] dimension but
also the [a/Fe] one. Non-«a indicators are dominated by Fe lines
in the RVS domain. As a consequence, the estimated [M/H] value
follows the [Fe/H] abundance with a tight correlation.

In the following sections, T.q is taken from the teff_
teff_gspspec field; log(g) comes from the logg_gspspec
field; [M/H] is taken from mh_gspspec; and [@/Fe] corresponds
to alphafe_gspspec with a calibration® imposed that requires
a zero average value for [a/Fe] in the solar neighbourhood for
any gravity (see Recio-Blanco et al. 2023, Table 4).

In a similar way, all the stellar individual chemical
abundances come from the GSP-Spec estimates. In par-

35 g being expressed in cm.s~2.

6 We adopt the standard abundance notation for a given element X:
[X/H] = log (X/H), — log (X/H)s, where (X/H) is the abundance by
number, and log e(X) = log (X/H) + 12.

7 a-elements are O, Ne, Mg, Si, S, Ar, Ca, and Ti.

8 Tt is important to note that Gaia DR3 catalogue values are not cali-
brated.
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ticular, this paper makes use of [N/Fe] (nfe_gspspec),
[Mg/Fe] (mgfe_gspspec), [Si/Fe] (sife_gspspec),
[S/Fe] (sfe_gspspec), [Ca/Fe] (cafe_gspspec), [Ti/Fe]
(tife_gspspec), [Cr/Fe] (crfe_gspspec), [Fe/M]
(fem_gspspec), [Ni/Fe] (nife_gspspec), and [Ce/Fe]
(cefe_gspspec). As for the [a/Fe] estimates, these individual
abundances were calibrated following the prescriptions indicated
in Table 4 of Recio-Blanco et al. (2023). It is important to note
here that GSP-spec assumes the reference solar abundances of
Grevesse et al. (2007).

In addition, we make use of the GSP-Spec quality flags
reported in the flags_gspspec string chain (which con-
sists of 41 characters) defined in Recio-Blanco et al. (2023).
For example, we make use of the first three characters in
this chain (that is, flags_gspspec[0], flags_gspspec[1],
and flags_gspspec[2], reporting on the degree of param-
eter biases from line broadening) and called vbroadT,
vbroadG, and vbroadM, respectively (see naming convention
in Recio-Blanco et al. 2023).

Finally, the wuncertainty on any derived parameter
(Param_unc) or abundance ([X/Fe]_unc) is defined as
half of the difference between its upper and lower confi-
dence levels (e.g. Teff_unc = [teff gspspec_upper -
teff_gspspec_lower]/2).

2.2. Radial velocities

The complete GSP-Spec sample contains 5 594 205 stars in total
(based on the query flags_gspspec is not null). DR3 provides
radial velocities (radial_velocity, Vg,q) for 33 834 834 stars
(Katz et al. 2023) through the gaia_source table. The GSP-Spec
sample is a subset of the Vgr,q sample because the GSP-Spec
sample was selected based on the signal-to-noise ratio (S/N) of
the mean RVS spectra. An unpublished GSP-Spec S/N > 20 was
used (Recio-Blanco et al. 2023). This was found to be very sim-
ilar to rv_expected_sig_to_noise’ in the gaia_source table.
VRag 18 used to Doppler shift RVS CCD spectra to rest before
combining them into a mean RVS spectrum (Seabroke et al., in
prep.). The sensitivity of GSP-Spec parametrisation to spectra
that are not perfectly corrected for their radial velocity shift is
flagged in the GSP-Spec flags_gspspec string. In particular,
characters 3 to 5 (flags_gspspec[3], flags_gspspec[4]
and flags_gspspec[5]), called vradT, vradG, and vradM
respectively, report on the degree of parameter biases from Vyyg
uncertainties (see Recio-Blanco et al. 2023, for more details on
these flags).

2.3. Astrometric data and distances

High-precision astrometric parameters (@, 0, g, s, @) from
Gaia EDR3 (Gaia Collaboration 2021a) complement the above-
described radial velocities, allowing three-dimensional study of
stellar velocity. Thanks to the bright magnitude limit of the
spectroscopic sample, the median parallax uncertainty is better
than 20 pas for most of our targets and the median uncertainty
increases up to a maximum of ~40 pas for the faintest stars with
magnitude G ~ 14.

Based on these Gaia EDR3 astrometric data,
Bailer-Jones et al.  (2021) geometric distances, 7rge,, are
adopted in this study. To test the implications on our analysis
of the Galaxy prior (a 3D model of the stellar distribution and
extinction) adopted by Bailer-Jones et al. (2021), we defined an

9 rvs_expected_sig_to_noise propagates median noise proper-

ties, whereas rvs_spec_sig_to_noise calculates the noise from the
scatter on the signal in each wavelength bin and provides the median of
these.



