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Fig. 12. Comparison of the ages (top) and the masses (bottom) between
the estimations obtained in this work and with those of FLAME-Spec
(left) and FLAME-Phot (right). Only GSP-Spec turn-off stars with the
first 13 GSP-Spec flags equal to zero are selected here, with age uncer-
tainties (both in our code and the FLAME modules) smaller than 50 per
cent. Contour lines contain 33, 66, 90, and 99 per cent of the distribu-
tion. The colour-coding is the GSP-Spec calibrated [M/H].
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Fig. 13. Comparison of E(Gpp — Ggp) derived in this work, with the
equivalent widths of diffuse interstellar bands at 862 nm derived from
the same GSP-Spec spectra (left) and the Schlegel et al. (1998) E(B—V)
with the Bonifacio et al. (2000) correction (right). For both plots, the
grey colour-scale is the logarithm of the number of stars in one bin, and
the red lines represent the running median. Overall, the correlations in
both cases are very good.

2.8. Calculation of the reddening and the extinction

To derive the extinctions it is first necessary to compute the
reddening E(Ggp — Ggp), obtained by measuring the difference
between the projected and the observed colours (Ggp — Ggp).
Extinction, Ag, is then computed using

Ag = cg- E(Ggp — Grp), 9

where cg is a constant that depends on the stellar type'' (Creevey
et al. 2023; Fouesneau et al. 2022).

The left plot of Fig. 13 compares the reddening
E(Gpp — Ggp) derived in our work, with the equivalent widths
of the diffuse interstellar band at ~862 nm, as derived in Gaia
Collaboration (2023b). The right plot is a comparison with the
Schlegel et al. (1998) E(B—V) reddening (corrected as described
in Sect. 2.6.2 towards the regions with the largest extinction).

' For extinction converters as a function of the passband and the
stellar atmospheric parameters see https://www.cosmos.esa.int/
web/gaia/dr3-astrophysical-parameter-inference
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Fig. 14. Galactic (¢, b) maps of the E(Gp — Ggp) distribution (left) and
the residuals between the E(Ggp — Grp) estimation from GSP-Phot and
our values (right).

rected for extinctiol

calibrated logg

X

s P
2 1 6
r Bailer-Jones (kpc)

4

4 6
ailer-Jones (kpe)

Fig. 15. Comparison of the line-of-sight distances derived from the
projected Mg and extinction, with the geometric values from Bailer-
Jones et al. (2021). No cuts in the uncertainties on the Bailer-
Jones et al. (2021) distances or in our line-of-sight distances are
made.

Overall, a good correlation is found with the two dust prox-
ies, confirming our estimations of reddening. We note, how-
ever, that some of our targets have E(Ggp — Ggp) values lower
than zero. We decided not to artificially put them equal to zero,
but note that the associated uncertainties of these stars should
be considered.

The left plot of Fig. 14 shows the reddening map derived
for the sample. The right plot of the same figure shows the
residuals between the GSP-Phot E(Ggp — Ggp) values and ours.
The median difference above and below Galactic latitudes of
|b] = 20° is 0.019 mag and 0.052 mag, respectively. The agree-
ment is rather good, acknowledging that GSP-Phot does not
use the same input data or parameters as we do, and that it
is precisely towards highly reddened regions that degeneracies
between E(BP — RP) and T make the GSP-Phot parametrisa-
tion challenging.

2.9. Absolute magnitudes and line-of-sight distances

Finally, to validate more thoroughly the projected absolute mag-
nitudes, we compare the geometric line-of-sight distances, r,
of Bailer-Jones et al. (2021) with those derived via the dis-
tance modulus (correcting for the projected extinctions, assum-
ing ¢y = 1.83037, valid for solar-type stars 1500 K). The results
are shown in Fig. 15 (left, before correcting for the extinction,
and right, after applying the correction). They suggest that we
find a very good agreement between the two distance estima-
tions, with a null median residual and a dispersion of 20 pc.
We find that the one per cent of stars that have the largest dis-
agreement with the Bailer-Jones et al. (2021) distances also have
either large differences between the input log g and the projected
one (>0.3) if these stars are dwarfs or large age uncertainties
(larger than 50 per cent) if these stars are giants.


https://www.cosmos.esa.int/web/gaia/dr3-astrophysical-parameter-inference
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Finally, we note that the very good agreement that is found
is not necessarily a direct consequence of the use of » when pro-
jecting the absolute magnitudes. We recall that when we project
the absolute magnitudes, extinction is ignored. As can be seen in
the left plot of this figure (which does not correct for the derived
interstellar reddening), when the estimated Ag is neglected when
computing the distance, the agreement between the two distance
estimates is rather poor and biased.

3. Age and mass correlations with the orbital
parameters and the positions in the Galaxy

In this section we illustrate the quality and the limitations of
our projected parameters. To do so, we first compute the orbital
parameters for all of the stars with measured radial veloci-
ties from the RVS and available astrometry. Then we correlate
them with the stellar ages and masses for a high-quality GSP-
Spec sample, requiring the first 12 quality flags of GSP-Spec to
be smaller than or equal to one (except fluxNoise_flag,
which we require to be smaller than or equal to 2); the
KMgiantPar_flag, which we require equal to zero; and the
relative age uncertainty, which we require to be smaller than
50 per cent.

3.1. Determination of galactocentric positions, velocities, and
orbital parameters

The galactocentric positions X, Y, Z (in Cartesian coordinates),
R (galactocentric cylindrical radius), and cylindrical velocities
(radial Vg, azimuthal Vj, vertical V) in a right-handed frame
were computed for all of the stars that have a Gaia radial
velocity measured (~33 million targets). In order to do so, we
used the star’s right ascension, declination, line-of-sight velocity,
proper motions, and Bailer-Jones et al. (2021) EGDR3 geomet-
ric and photogeometric Bayesian line-of-sight distances (there-
fore leading to two sets of positions, velocities, and orbits).
The assumed solar position is (R,Z), = (8.249,0.0208) kpc
(GRAVITY Collaboration 2020; Bennett & Bovy 2019), and the
velocities are (Vg, Vg, Vz)o =(-9.5,250.7, 8.56) km s7! (Reid &
Brunthaler 2020; GRAVITY Collaboration 2020).

To compute the orbital parameters (actions, eccentricities,
apocentre, pericentre, maximum distance from the Galactic
plane), we used the Stickel fudge method (Binney 2012; Sanders
& Binney 2016; Mackereth & Bovy 2018) with the Galpy code
(Bovy 2015), in combination with the axisymmetric potential
of McMillan (2017) (adjusted to our adopted solar position and
the local standard of rest velocity). The lower and upper con-
fidence limits (corresponding to the 16th and 84th percentiles)
were obtained by propagating the uncertainties of the line-of-
sight distance, line-of-sight velocity, and proper motions using
20 Monte-Carlo realisations. No correlation between proper
motions and distance uncertainties were taken into account, and
we assumed a non-Gaussian distribution for r, constructed as
two half-Gaussians defined by the upper and lower confidence
limits of r.

3.2. Galactic maps of ages and masses and identification of
the spiral arms

Maps of the stellar ages and masses in Galactic Aitoff projec-
tion (¢, b) are shown in Fig. 16. Young and massive stars are
predominantly found in (or close to) the Galactic plane, within
the regions of high reddening (see Fig. 14), as expected from the
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Fig. 16. Healpix projections (NSIDE=64) of the mean ages (top) and
masses (bottom) for the compiled sample.
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Fig. 17. Galactocentric Cartesian XY projection of the position of the
stars having M, > 4 My, logg < 2, and Z,, < 0.5 kpc. The Galactic
centre is located at (X,Y) = O (on the left) and Galactic rotation is
going clockwise. The colour-coding represents the metallicity of the
stars, whereas the plus sign is located at the Sun’s position. The position
of the Perseus, Local, Sagittarius, and Scutum spiral arms, based on the
Castro-Ginard et al. (2021) results, are also plotted as black continuous
lines.

interstellar medium distribution in the Milky Way (e.g. Kalberla
& Kerp 2009, and references therein).

In Fig. 17 we plot the galactocentric Cartesian X-Y positions
of stars that have an estimated initial mass greater than 4 solar
masses, logg < 2 (to avoid massive main-sequence stars at the
solar vicinity) and a maximum distance from the galactic plane
during their orbit (i.e. Zy.x) less than 0.5 kpc. Superimposed,
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Fig. 18. Age-metallicity relations as a function of the radial and vertical actions (Jg, Jz, first and third panel, respectively) and normalised angular
momentum (L; normalised by the Sun’s value, middle panel) for stars closer than 1 kpc from the Sun.
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Fig. 19. Age-velocity dispersion for the RGB stars (left) and for the
turn-off stars (right) closer than 1kpc from the Sun. A clear trend is
found in both samples, for each velocity component. However, the fact
that these trends do not exhibit the same shape, highlights the different
precisions achieved for each stellar type: RGB stars tend to have under-
estimated ages for old stars, whereas the younger turn-off stars tend to
have overestimated ages.

we also plot the position of the Perseus, Local, Sagittarius, and
Scutum spiral arms, based on the Castro-Ginard et al. (2021)
analysis of open clusters with Gaia EDR3 data (adapted to match
our assumed solar position). The positions of the massive stars
follow very closely the positions of the modelled spiral arms,
consistent with the fact that the latter are regions where star
formation takes place. Furthermore, one can also see the clear
metallicity gradient within those stars, reflecting the metallicity
of the interstellar medium at these locations (as these stars are
found to be younger than 300 Myr).

3.3. Age-metallicity relation as a function of orbital actions

Figure 18 shows the age metallicity-relation we derive for the
stars within 1kpc from the Sun, colour-coded by the three
different computed actions. Overall, we find a flat trend over
the entire age-range, in agreement with previous studies (e.g.
Edvardsson et al. 1993; Casagrande et al. 2011; Bergemann et al.
2014; Feuillet et al. 2019). Young stars (t < 2 Gyr) of subsolar
metallicity tend to have low Jg and Lz/Lz; above one, com-
patible with stars visiting the solar neighbourhood on slightly
eccentric orbits from the outer disc (we find that these stars
have e < 0.1).

Super-solar metallicity stars are found at all ages, with per-
haps a slight decrease in their number for ages above 10 Gyr that
may be due to our age prior. However, it is worth noting that
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Fig. 20. Maximum distance from the Galactic plane reached during a
star’s orbit (Zn,x, in kpc) vs. metallicity, colour-coded by age (in Gyr).
A clear increase in Z,,,, as a function of metallicity and age can be seen
from the black dots on the figure that represent the running mean. This
trend is compatible with what is expected for a transition between thin
and thick discs and between thick disc and halo.

whereas the youngest super-solar metallicity stars have low Jg
and Lz /Ly close to 0.9, the older stars have on average a larger
radial action and more eccentric orbits (e > 0.3), suggesting that
they just visit the solar neighbourhood, while being close to their
apocentre. Interestingly, we also find old (7 > 8 Gyr) metal-rich
stars with normalised angular momentum around one and low
values of radial and vertical actions. These stars are obvious can-
didates of objects having experienced churning processes, i.e.
stars that moved far from their birthplace without changing their
eccentricity via corotation resonances with the spiral arms or the
Galactic bar (Schonrich & Binney 2009; Minchev et al. 2013;
Kordopatis et al. 2015a).

Finally, we find that metal-poor stars ([M/H] < -1dex)
within 1kpc from the Sun are predominantly old, with large
radial and vertical actions and low angular momenta, as is
expected for typical halo stars.

3.4. Age-velocity dispersion and Zmax-metallicity relations

Figure 19 shows the age-velocity dispersion relation of our RGB
sample (left) and our turn-off sample (right), for stars closer
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Fig. 21. Calibrated [a/Fe] vs. [M/H], in 3 Gyr age bins for giant stars (logg < 3.5) closer than 1.5 kpc from the Sun. The contour lines inside each
panel were evaluated for the sample considering all the age ranges, represented in the bottom right panel. The colour-coding corresponds to the
maximum distance above the Galactic plane that a star can reach during its orbit.

than 1kpc from the Sun. In agreement with previous results
(e.g. Aumer & Binney 2009), we find a clear increase in the
velocity dispersions with age, which is even more pronounced
when selecting only the turn-off stars. The trend for old stars is
starker for the turn-off sample, whereas the giants seem to have
a stronger trend at the young side. These different behaviours
are in agreement with those described in Sect. 2.7 using the
APOKASC-2 and Casagrande et al. (2011) datasets, which sug-
gests that old giants tend to have underestimated ages, whereas
very young turn-off stars tend to have overestimated ages.

Similarly, Fig. 20 shows the maximum distance from the
Galactic plane reached during a star’s orbit as a function of
metallicity, colour-coded by age. The black circles represent the
running mean in bins of [M/H]. It can be seen that stars with
metallicities greater than —0.2 dex tend to be young (t < 5 Gyr)
and confined in a thin-disc configuration (Z,x < 0.3kpc),
whereas stars with —0.2 < [M/H] < —1dex have Z,x < 1.1 kpc
and are globally younger than 10 Gyr, in agreement with the
thick-disc properties in the solar neighbourhood (e.g. Bensby
et al. 2014; Haywood et al. 2018).

3.5. Chemical enrichment of the Galactic disc

A different way to show the wealth of information in our sam-
ple can be seen in Fig. 21, where we plot the [a/Fe] — [M/H]
space, in various age-bins, as a function of the orbital parame-
ters (in this case, Zyax). The [@/Fe] of GSP-Spec, being mostly
based on calcium abundance, does not allow us to separate the
well-known thin- and thick-disc chemical sequences (see e.g.
Kordopatis et al. 2015b; Hayden et al. 2015, obtained with high-
resolution Gaia-ESO or APOGEE spectra); nevertheless, one
can see that young stars mostly have low [a/Fe] ratios (<0.2),
high metallicity (> — 0.5), and low Z;,x. As look-back time
(i.e. age) increases, lower metallicity and higher [«/Fe] regions

become populated, with the low-metallicity tail exhibiting the
highest Z,,.x values. Chemical evolution models can then be fit-
ted to these trends in order to determine the star formation his-
tory of the Galaxy together with its gas infall history.

In addition to the inner evolution of the Milky Way, our
dataset also allows us to probe accreted populations present in
the surveyed volume. For example, low-metallicity and low-
[a/Fe] stars with high Z,.x associated with Gaia-Enceladus-
Sausage (Belokurov et al. 2018; Helmi et al. 2018) stars are
detected starting from 7 > 3 Gyr (with possible traces even
below that value, which we believe are subgiants with under-
estimated ages). Interestingly, the plot also shows some low-
metallicity ((M/H] < —0.6 dex) @-enhanced ([a/Fe] > 0.55 dex)
and low-Z.x (< 0.3kpc) stars present at all age bins. We find
that these stars are mostly targets with T > 6000 K and similar
logg ~ 3.5 (also seen in the top left plot of Fig. 9). The true
existence of these targets will have to be investigated further.

4. Conclusions

Using the calibrated atmospheric parameters derived from Gaia
spectra and the GSP-Spec module, the photometry from 2MASS
and Gaia-EDR3, and Bayesian line-of-sight distances estimated
using Gaia-EDR3 parallaxes, we derived the ages, initial masses,
and absolute magnitudes for ~5 million targets in four differ-
ent ways, depending on different combinations of parameters to
project on isochrones, and based on PARSEC isochrones. We
propose a way to combine these different estimations based on
the extinction along the line of sight (see Sect.2.6.2), and pub-
lish a compiled catalogue of best projected parameters and their
uncertainties.

We note that the reliability of the projected parameters is
closely related to that of the input data and their associated
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uncertainties. Biases in Teg, logg, [M/H], or distance modulus,
and/or underestimated errors on them, may lead (depending on
the stellar evolutionary phase) to biases on the output ages and
masses. For this reason, a careful consideration of GSP-Spec’s
flags on the atmospheric parameters is necessary, according to
the user’s objectives, in order to chose the parameters with the
desired reliability (see Table 2 in Recio-Blanco et al. 2023). Fur-
thermore, close binaries and multiple stellar systems of moderate
mass ratios, not caught by the RUWE parameter, may hamper
our results despite the good GSP-Spec flags. These systems, the
number of which is found to be anti-correlated with metallic-
ity (e.g. Moe et al. 2019; El-Badry & Rix 2019; Price-Whelan
et al. 2020), have brighter magnitudes (up to ~—0.75mag, in
the case of an unresolved binary system of two identical stars;
see Gaia Collaboration 2018b), which usually results, for a tar-
get located before the turn-off, in an overestimation of its age
(and vice versa if the star is located after the turn-off; see the
behaviour of the isochrones in the upper and lower panels 2 of
Fig. 1).

Tests made comparing our ages and masses with reference
catalogues of field stars, open clusters, and globular clusters sug-
gest that our code performs well, provided a filtering on the
estimated relative age uncertainty (we suggest <50 per cent),
except for the older giants, whose ages tend to be underesti-
mated. Ages are found to be the most reliable for turn-off stars,
even when the GSP-Spec parameters have large uncertainties,
whereas age estimations for giants and main-sequence stars are
also retrieved reliably (with uncertainties of the order of 2 Gyr)
provided the extinction towards the star’s line of sight is less
than Ay < 2.5 mag. Initial stellar masses are retrieved robustly
for main-sequence and turn-off stars (dispersions compared to
literature values are of the order of 0.1 M), whereas a filtering
based on the age uncertainty of the giants is necessary to obtain
reliable masses for the latter (dispersions compared to the litera-
ture values are of the order of 0.3M).

We complete our catalogue with galactocentric positions and
velocities as well as orbital parameters (actions, eccentricities,
apocentres, pericentres, maximum distance from the Galactic
plane) evaluated for the entire RVS sample, using an axisym-
metric Galactic potential and commonly used orbital derivation
methods and codes. The catalogue, which is publicly available'?,
is described in Table A.1.
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Appendix A: Output catalogue format

Table A.1. Description of the columns of the published catalogue

Name of column Description Units
source_id Gaia DR3 source ID -
age Inferred age Gyr
age_error Uncertainty on the inferred age Gyr
m_ini Inferred initial stellar mass Mg
m_ini_error Inferred uncertainty on the initial stellar mass Mg
teff Adopted projected Tef K
logg Adopted projected log g dex
meta Adopted projected [M/H] dex
p_flavour Adopted projection flavour for inferred ages and masses
G Inferred absolute G magnitude mag
G_BP Inferred absolute G gp magnitude mag
G_RP Inferred absolute Ggrp magnitude mag
ebprp Inferred reddening using the projected Ggp and Grp mag
ebprp_error Uncertainty on the inferred reddening mag
*%_spec Parameters adopting the calibrated GSP-Spec parameters only
**_speck Parameters adopting the calibrated GSP-Spec parameters and the K absolute magnitude
**_gpecjhk Parameters adopting the calibrated GSP-Spec parameters and the J, H, K absolute magnitudes
**_specjhkg Parameters adopting the calibrated GSP-Spec parameters and the J, H, K, G absolute magnitudes
x_med_dgeo Median galactocentric Cartesian X position kpc
y_med_dgeo Median galactocentric Cartesian Y position kpc
z_med__dgeo Median galactocentric Cartesian Z position kpc
r_med_dgeo Median heliocentric line-of-sight distance with geometric prior from Bailer-Jones et al. (2021) pc
vr_med_dgeo Median galactocentric radial velocity obtained using r_med_dgeo km 57!
vphi_med_dgeo Median galactocentric azimuthal velocity obtained using r_med_dgeo km 57!
vz_med_dgeo Median galactocentric vertical velocity obtained using r_med_dgeo km 57!
jr_med_dgeo Median radial action obtained using r_med_dgeo kpckm 57!
jphi_med_dgeo Median angular momentum (i.e. azimuthal action) obtained using r_med_dgeo kpckm s7!
jz_med_dgeo Median vertical action obtained using r_med_dgeo kpc km s~
zmax_med_dgeo Median maximum distance from the galactic plane obtained using r_med_dgeo kpc
rapo_med_dgeo Median apogalactic radius reached by the star, obtained using r_med_dgeo kpc
rperi_med_dgeo Median perigalactic radius reached by the star, obtained using r_med_dgeo kpc
e_med_dgeo Median eccentricity, obtained using r_med_dgeo kpc

**_upper_dgeo
**_lower_dgeo
**_dphotogeo

Upper confidence limit of the parameters
Lower confidence limit of the parameters
Parameters obtained using the photogeometric distances from Bailer-Jones et al. (2021)
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Appendix B: Results of the isochrone projection tainties in Teg, logg, and [M/H], and uncertainties in J, H, K,
with extinction and G, as indicated in the top left corner of each plot. The input

) o ) ) magnitudes are reddened according to the extinction Ay labelled
Figures B.1 to B.3 are similar to Fig. 3. They consider only the  jthin each plot.

speck, specjhk, and specjhkg projections, with Q50 uncer-
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Fig. B.1. Comparison of the input ages vs the relative error of the output ones, for the speck, specjhk, and specjhkg projections, with Q50
uncertainties in T, log g, and [M/H], and uncertainties in J, H, K, and G as indicated in the top left corner of each plot. No interstellar extinction
is considered here.
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Fig. B.2. Similar to Fig. B.1, but with an extinction of Ay = 0.3 mag.
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Fig. B.3. Similar to Fig. B.1, but with an extinction of Ay = 2.5 mag.
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Appendix C: Open and globular cluster plots isochrones with metallicity and age equal to the mean GSP-

Spec (calibrated) metallicity and mean derived age of the cluster
Figures C.1 and C.2 show open and globular cluster targets, stars, whereas in black we plot the isochrones for the reference
in the Teg-logg and Tex-Mk, spaces. In red are plotted the age.
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Fig. C.1. Tes-log g (left) and T.-Mg, (right) diagrams for a few cherry-picked open clusters. The isochrones of the adopted mean age (in red) and
the reference age from Cantat-Gaudin et al. (2020) are plotted in red and black, respectively, for the mean metallicity of the cluster derived from
the calibrated GSP-Spec values. The first two rows show examples for which our ages and the literature values are in good agreement. The bottom
two rows show the opposite: for NGC2112 our solution fits the data better than the younger isochrone, pointing towards offsets in the input 7.y,
[M/H], or distance modulus. For NGC7789, our solution is not reliable, since main-sequence stars do not constrain the ages well enough.
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Fig. C.2. T.s-log g (left) and T.s- M, (right) diagrams for a few cherry-picked globular clusters. Candidate stars were selected based on the results
of Gaia Collaboration (2018c¢). The isochrones with the adopted mean age (in red) and for 12 Gyr are plotted in red and black, respectively, for the
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mean metallicity of the cluster derived from the calibrated GSP-Spec values.
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