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ABSTRACT

Context. The emergence of the disc in our Galaxy and the relation between thick and thin disc formation and evolution is still a matter
of debate. The chemo-dynamical characterization of disc stars is key to resolving this question, particularly at parameter regimes,
where both disc components overlap, such as the region around [Fe/H]∼−0.7 corresponding to the thin disc’s metal-poor end.
Aims. In this paper, we re-assess the recent detection of a metal-poor extension of stars moving with thin-disc-like rotational veloci-
ties between −2< [Fe/H]<−0.7, carried out on the basis of metallicity estimates obtained from photometric data and their rotational
velocity distributions.
Methods. We explored the chemo-dynamical properties of metal-poor stars from the recent Gaia third data release (DR3), which
includes the first catalog of metallicity estimates from the Radial Velocity Spectrometer (RVS) experiment. We complemented them
with the two largest high-resolution (λ/dλ > 20 000) spectroscopic surveys available: the GALAH DR3 and the APOGEE DR17.
Results. We confirm that there are high-angular-momentum stars moving in thin-disc-like orbits, that is, with a high angular momen-
tum of Lz/Jtot > 0.95, and close to the Galactic plane, |Zmax| < 750 pc, reaching metallicity values down to [Fe/H]∼−1.5. We also
find tentative evidence for stars moving on such orbits at lower metallicities, down to [Fe/H]∼−2.5, albeit in smaller numbers. Based
on their chemical trends, thin-disc-like stars with [Fe/H]<−1 would have formed in a medium that is less chemically evolved than
the bulk of the thick disc. Stars with chemical abundances typical of the thin disc appear at metallicities between −1< [Fe/H]<−0.7.

Key words. Galaxy: abundances – Galaxy: disk – Galaxy: formation – Galaxy: kinematics and dynamics – Galaxy: stellar content

1. Introduction

Analyses of the Milky Way (MW) have clearly established that
most stars in our Galaxy move in a disc configuration following
a double density law, leading to a separation into distinct thin
and thick disc components (Gilmore & Reid 1983). Over recent
decades, further chemo-dynamical analysis have revealed that
both components are also differentiated both chemically (e.g.,
in the [α/Fe] vs. [Fe/H] abundance space; see Fuhrmann 1998;
Bensby et al. 2003; Reddy et al. 2003) and dynamically, ending
up distributed in different proportions over the Galactic plane
and from the Galactic center (Jurić et al. 2008; Kordopatis et al.
2015; Hayden et al. 2015; Queiroz et al. 2020).

Thin-disc stars, that is, those moving closer to the plane with
low eccentricities, display an overall low [α/Fe] enhancement
and a metallicity distribution centered around the solar value
(Recio-Blanco et al. 2014; Hayden et al. 2014), which ranges
from supersolar values down to [Fe/H]∼−0.7 on its metal-poor
end (Bensby et al. 2014; Fuhrmann et al. 2017). On the con-
trary, the thick disc reaches larger distances from the plane,
rotating with a lower angular momentum. Its stars show a
higher [α/Fe] enhancement and a poorer metallicity content than

the thin disc, with a broader metallicity distribution centered
around [Fe/H]∼−0.55 (Gilmore et al. 1989; Katz et al. 2011;
Kordopatis et al. 2011b) extending towards much lower val-
ues – several works have even reported the identification of a
very metal-poor population moving in orbits compatible with
the thick disc, the so-called metal-weak thick disc, down to
metallicities [Fe/H]∼−2.5 (Norris et al. 1985; Beers et al. 2002;
Ruchti et al. 2011; Kordopatis et al. 2013; Carollo et al. 2019),
although its link with the more metal-rich thick disc is still a mat-
ter of debate (Mardini et al. 2022). Even if the chemo-dynamical
properties of the thin and the thick discs are generally differ-
ent, there is a large overlap between them and the thin and
thick disc classification based on their chemistry does not cor-
respond precisely to the classification based on their dynamics
(e.g., Bensby et al. 2014). This fact makes it difficult to under-
stand the disc components origin.

Cosmological simulations of Milky-Way-like galaxies point
to several formation scenarios that could explain the double
disc characteristics: the formation of a dynamically hot disc
after an early stage of turbulent accretion of stellar substructures
into the Milky Way halo (e.g., Jones & Wyse 1983; Brook et al.
2004; Bird et al. 2013) or the formation of the thick disc from
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dynamical heating of a thinner component caused by mergers of
satellite galaxies into the Galaxy (Quinn et al. 1993; Font et al.
2001; Villalobos & Helmi 2008, among others) or by depositing
stars (Abadi et al. 2003). To this day, it is not clear when the thin
disc started forming. In any case, the first stages of Galaxy for-
mation seem to have been dominated by a high merger activity
(El-Badry et al. 2018), which would have prevented the forma-
tion of a disc that would be stable over time. Thus, finding old
stars (and, consequently, those with a very low metallicity con-
tent) moving in cold disky orbits is unexpected and puzzling.

Recent studies have found more and more evidence of
very ([Fe/H]<−2), extremely ([Fe/H]<−3), and even ultra-
metal-poor stars ([Fe/H]<−4), with a large angular momentum
and a location that is confined relatively close to the Galac-
tic plane (Sestito et al. 2019, 2020, 2021; Di Matteo et al. 2020;
Venn et al. 2020; Cordoni et al. 2021; Dovgal et al. 2024), most
of them moving in thick-disc-like orbits. Sestito et al. (2021) and
Santistevan et al. (2021) investigated their possible origin with
cosmological simulations, concluding that some of the stars from
accreted structures that merged early (and became the building
blocks of the Milky Way) and/or later mergers heading in spe-
cific directions would end up on relatively planar orbits. Another
kind of explanation was recently proposed by Dillamore et al.
(2024). By exploring particle simulations these authors showed
that a rotating bar can give the stellar halo a net spin, lead-
ing to an asymmetric prograde angular momentum distribution
with some stars moving close to the plane on disc-like orbits.
Yuan et al. (2023) and Li et al. (2023) also presented how due to
a rapidly decelerating bar, some bulge stars gain rotation because
they are trapped in co-rotating regions and move outwards on
prograde planar orbits. However, they concluded that the frac-
tion of stars affected by this mechanism is too small to account
for all the metal-poor rotators detected. Thus, their origin is still
unclear.

A recent analysis by Fernández-Alvar et al. (2021;
hereafter FA21) of stars observed as part of the Pristine
survey (Starkenburg et al. 2017; Martin et al. 2023) towards the
Galactic anticenter revealed a stellar population moving with
rotational velocities that are not just disc-like, but typical of the
thin disc at metallicities down to [Fe/H]∼−2. The metallicities
used in the FA21 analysis were derived photometrically with the
Pristine filter centered on the CaHK doublet at ∼3900 Å, which
is very sensitive to a variation of the global metallicity of the
star. The aim of the present work is to verify, with more accurate
spectroscopic metallicities and a more complete dynamical
characterization, the existence of high angular-momentum stars
at very low metallicities (−2< [Fe/H]<−0.7) and investigate
their possible linked origin with the chemically defined thin disc
(i.e., the low-[α/Fe] population).

The Gaia third data release (DR3; Gaia Collaboration 2016,
2023) provides the first determinations of stellar parameters and
chemical abundances obtained from the Radial Velocity Spec-
trometer (RVS; Cropper et al. 2018; Recio-Blanco et al. 2023).
This is the largest existing sample of stellar parameters and
individual abundances homogeneously derived for Milky Way
stars from medium-resolution spectra (λ/dλ∼ 11 500). It com-
prises a database of 5.6 million stars, including several 104 stars
with [Fe/H]<−1. Combined with the highly accurate astromet-
ric measurements, this constitutes a extremely valuable sample
to explore the metal-poor tail of the thin disc. In addition, we
also investigated the two largest high-resolution spectroscopic
surveys available, the GALAH DR3 (λ/dλ∼ 28 000; Buder et al.
2021) and APOGEE DR17 (λ/dλ∼ 22 500; Abdurro’uf et al.
2022).

This paper is structured as follows. We present the data
and the quality selection criteria applied in Sect. 2. We explore
the metallicity distribution function (MDF), chemical abundance
trends and orbital parameters of dynamically selected thin-disc-
like stars in Sect. 3. Finally, we summarize and discuss our
results in Sect. 4.

2. Data selection

We selected stars within the Gaia DR3 RVS, GALAH DR3 and
APOGEE DR17 spectroscopic databases with estimated metal-
licities lower than [Fe/H]1 <−0.55, where the probability of find-
ing stars in thin disc orbits is very low based on the standard
thin disc MDF (e.g., Bensby et al. 2014), even considering the
disc metallicity gradients with both radial and vertical distance
(∼−0.06 ± 0.00 dex kpc−1 and ∼−0.26 ± 0.01 dex kpc−1, respec-
tively – e.g. Kordopatis et al. 2020; Imig et al. 2023).

We searched for the best-quality data among the Gaia
DR3 RVS database by following the selection suggested
by Recio-Blanco et al. (2023) for metal-poor stars (see their
Sect. 10.5). Their criteria, which include flags and parameter
constraints, are meant to avoid possible incorrect metallicity esti-
mates due to the Teff-[M/H] degeneracy induced by the upper
limit on Teff in the training grid in their analysis. Apart from
the criteria they provided, we conservatively included additional
constraints to reject hot and cool stars for which the metallic-
ity determination could be less reliable also because of their
proximity with the limits of the GSP-Spec model grid. Thus,
we removed stars reported in the “Astrophysical parameters”
table as spectraltype_esphs types O, B, and A. We restricted
our stars to stellar parameters between 4250 < Teff [K] < 6000
and 0 < log g < 4.75; and we considered only stars with the
f lag_extrapol < 2. We provide a table of all the flags and
conditions we applied in Appendix A. We calibrated the RVS
metallicities with the log g dependent third-order polynomial
suggested by Recio-Blanco et al. (2023) and keep stars with cal-
ibrated metallicities lower than [Fe/H]<−0.55.

Because of the small wavelength range covered by the RVS
spectra and the fact that it is dominated by the Ca II triplet (at
8498 Å, 8542 Å and 8662 Å), some degeneracies between the
[Fe/H] and [α/Fe] determinations could lead to systematic errors
when deriving these chemical abundances (e.g. Kordopatis et al.
2011a; Matsuno et al. 2022). For instance, an overestimation of
[α/Fe] would translate in underestimating [Fe/H]. In that case,
some metal-rich thin-disc stars could contaminate our sample
of interest, below [Fe/H]<−1. These would show large [α/Fe]
enhancements. We evaluated this issue by comparing the Gaia
RVS [Fe/H] of our selected sample with the [Fe/H] of stars in
common within GALAH and APOGEE databases. The compar-
ison showed that we avoid underestimated [Fe/H] by removing
stars at [Fe/H]>−2, with f lags_gspspec chain character num-
ber 7 equal to 2. The details of this comparison are shown in
Appendix B.

For the GALAH data, we filtered out those with unreliable
stellar parameters ( f lag_sp = 0) and with unreliable metallici-
ties ( f lag_ f e_h = 0), as suggested by Buder et al. (2021). Dur-
ing our analysis, we detected a decreasing trend of the metallicity

1 Both Gaia RVS and APOGEE provide two sets of iron abundances:
[M/H], calculated using all the spectral range available, and [Fe/H], esti-
mated by taking into account only individual iron lines. In this work we
consider the [M/H] parameter. In the case of GALAH they only provide
a unique set of [Fe/H] values. For convenience, we will refer to them all
as [Fe/H] from now on.
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Fig. 1. Action space (normalized to the sum of the three actions of
motion, Jtot) of Gaia RVS stars with calibrated [Fe/H]<−0.55, along
with a zoom-in of the area that we use to select our thin disc sample.
The x axis displays the normalized angular momentum, which is equiv-
alent to the azimuthal action of motion and the y axis the normalized
difference of vertical action and radial action. Their mean uncertainties
are displayed in black on the top right corner.

with Teff in stars with Teff > 6500 K. Overestimating Teff , for
example because of a sub-optimal broadening model, would lead
to a substantial underestimation of [Fe/H]. To avoid this prob-
lem, we focused on cooler stars only and rejected those with Teff

differences between photometric and spectroscopic determina-
tions (both provided by the GALAH Collaboration – Buder et al.
2021) larger than 300 K. We added an additional cut removing
stars with a large velocity broadening, vbroad > 15 km s−1, which
could be related to unresolved binaries or fast spinning stars, and
would also lead to inaccurate [Fe/H] measurements2.

In the case of APOGEE data, we selected only stars
with ASPCAPFLAG bits 14–42 equal to 0, STARFLAG bits
1–26 equal to 0, and EXTRATARG bits 2 and 4 equal to
0. We also excluded those objects with the apogee1_target1,
apogee1_target2, apogee2_target1, and apogee2_target2 clas-
sifying them as clusters3, streams, dwarf galaxies, sky, telluric,
binaries, radial velocity variables, the bar, extended objects,
and the TriAnd, GASS, and A13 disc structures. In addition,
we select only stars with 3500 < Teff [K]< 6500 and 1 <
log g [dex]< 3.5, where the determination of stellar parameters,
including metallicity, are more reliable (Jönsson et al. 2020). For
consistency with the Gaia RVS final metallicity upper limit,
we restricted our GALAH and APOGEE samples to stars with
[Fe/H]<−0.55.

To select stars in thin-disc-like orbits (see Sect. 3) we con-
sider the actions of motion of the stars, Jr, Jφ, and Jz

4, which
are invariants with time (for a static potential in a galaxy in

2 For Gaia RVS metallicities, this issue was taken care of via the vbroad
flags as shown in Appendix A.
3 We also verified the presence of cluster members considering the
candidates published in Hunt & Reffert (2023). We found only 18
in Gaia RVS, 9 in GALAH, and 8 in APOGEE, all of them with
[Fe/H]>−1, except for 1 APOGEE star with [Fe/H] =−1.38. Thus, the
presence of these objects is extremely low and do not have an impact
on the action space distribution of our thin-disc-like sample.
4 Jφ is identical to the angular momentum, Lz. We will refer to it as Lz
from now on.

equilibrium) and can offer a better classification of the stellar
motion than present day velocities. We also evaluate their rota-
tional velocity, Vφ, maximum distance from the plane reached
in their orbits, |Zmax|, and guiding radius, Rguide

5. We derived
the velocities and actions of motion as in Kordopatis et al.
(2023; see their Sect. 3.1) considering the spectroscopic Gaia
RVS/GALAH/APOGEE radial velocities, Gaia DR3 proper
motions and distances calculated by Bailer-Jones et al. (2021).

We imposed some additional quality data cuts to minimize
parameter uncertainties that may result in non-physical proper-
ties for some disc stars. To remove possible binaries, we dis-
carded the stars for which the measured GALAH/APOGEE
radial velocity is not in agreement with the Gaia measure-
ment, within the uncertainties. We also excluded likely binaries
based on the Gaia ruwe parameter (ruwe> 1.4, as suggested by
Lindegren et al. 2021). We restrict ourselves to precise distances
by removing stars with parallax relative uncertainties greater
than 20%. Finally, we did not take into account those for which
our final total velocity exceeds the escape velocity of the Galaxy,
600 km s−1, calculated using the McMillan (2017) potential as in
Kordopatis et al. (2023). These selection criteria resulted in sam-
ples of 41682 Gaia DR3 RVS stars, 21544 GALAH DR3 stars,
and 16404 APOGEE DR17 stars.

3. Metal-poor stars on thin-disc orbits

Figure 1 represents the combined vertical and radial actions
(Jz − Jr) as a function of the azimuthal action Lz, normalized
to the sum of the three, Jtot = Jz + |Lz| + Jr. The stars of interest,
that is, moving on circular orbits on the Galactic plane, would
be those with Lz/Jtot ∼ 1 and (Jz − Jr)/Jtot ∼ 0. We select stars
on thin-disc-like orbits by choosing those with Lz/Jtot > 0.95,
which have a |(Jz − Jr)/Jtot| < 0.05. This selection still includes
some stars reaching large distances from the plane (up to |Zmax| ∼

3 kpc; see left panel of Fig. 2). To restrict our sample to be con-
sistent with the location where most of the Pristine stars in FA21
were observed, we only keep stars with |Zmax| < 1.5 kpc. While
this threshold might appear as too generous, we recall that the
relative proportion of thin-disc stars at |Zmax| ∼ 1.5 kpc at the
solar radius is still of the order of 50 percent (e.g., Jurić et al.
2008, however, see also Vieira et al. 2023). We note however,
that depending on the radial dependence of the scale-height of
each of the discs, this ratio may be different at different radii (see
Bland-Hawthorn & Gerhard 2016 for a discussion). That said,
based on Fig. 2, we can see that most of our targets are confined
within |Zmax| < 750 pc, which is consistent with the limits of the
geometrical thin disc (with a scale height of 300 pc measured in
the solar neighborhood; Bland-Hawthorn & Gerhard 2016). The
analysis below confirms that the bulk of these stars indeed dis-
play |Zmax| values that are significantly lower than this 1.5kpc
limit, irrespective of their metallicity.

We obtained 12889 Gaia DR3 RVS stars, 4097 GALAH
DR3 stars, and 1840 APOGEE DR17 stars that fulfill our orbital
and chemical criteria: Lz/Jtot > 0.95, |Zmax| < 1.5 kpc and
[Fe/H]<−0.55, including the specific quality selection applied
to each survey explained in Sect. 2. Among those, there are 211
stars in common between Gaia RVS and APOGEE, 211 between
Gaia RVS and GALAH, and only 9 in common between the
three surveys. As expected based on the selection criteria,
the eccentricities, ecc, of the resulting samples are very low,

5 Rguide = (Rapo + Rperi)/2, being Rapo and Rperi the apocenter and peri-
center of a stellar orbit, respectively.
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Fig. 2. |Zmax| distribution of the Gaia RVS DR3 stars with [Fe/H]<−0.55 and Lz/Jtot > 0.95 (left). The red dashed line at |Zmax| = 1.5 kpc
correspond to the upper limit that we impose to avoid stars that reach very large distances from the Galactic plane. Eccentricities distribution of
the our final thin disc selection: stars with Lz/Jtot > 0.95 and |Zmax| < 1.5 kpc (right).

Fig. 3. Spatial distribution in cylindrical galactocentric coordinates of our thin disc samples selected in Gaia RVS (left), GALAH (middle), and
APOGEE (right).

distributing uniformingly between 0 < ecc < 0.3 and showing
no trends with metallicity (see right panel of Fig. 2).

Figure 3 displays the spatial distribution of our thin-disc
selected stars with [Fe/H]<−0.55 gathered within Gaia DR3
RVS, GALAH DR3, and APOGEE DR17. The location of the
selected thin-disc stars is different depending on the survey, with
Gaia DR3 RVS covering more evenly the Galactocentric radii
between 6 and 10 kpc and distance from the plane between −1.5
and 1.5 kpc, thus including the anticenter explored by FA21.
APOGEE stars cover a similar area, but GALAH stars clearly
avoid the anticenter.

3.1. Metallicity distribution and orbital characterization.

We derived the metallicity distribution function (MDF) of our
selected thin-disc-like stars, which are displayed in the left pan-
els of Fig. 4 on a logarithmic scale6. The top panel corresponds
to the MDF for our final selection with |Zmax| < 1.5 kpc and the
bottom panel shows the MDF of those stars that reach only up

6 The MDF derived with APOGEE data is already cleaned from stars
with a likely accreted origin, as suggested by their chemical trends (see
Sect. 3.2).

to |Zmax| < 750 pc, which resembles the previous one, although
the lack of stars below [Fe/H]<−1.5 dex is more evident for the
latter. We assess the impact of the orbital parameters uncertain-
ties on the selection. Right panels of Fig. 4 show the MDFs
after excluding all the stars for which the orbital parameters
uncertainties leave them out of the dynamical selection described
above (considering their higher limit uncertainty). This excludes
296, 423, and 212 from the Gaia RVS, GALAH, and APOGEE
thin-disc-like samples, respectively. The resulting MDFs show
a similar shape as the left panels of Fig. 4, albeit the stricter
selection.

The three surveys show similar MDFs: a continuous
decrease down to [Fe/H]∼−1.5 and, albeit in much lower num-
bers, the existence of high-angular-momentum stars down to
[Fe/H]∼−2.5. To make a quantitative comparison of the MDFs
of the three surveys, the percentage of stars below −1, −1.5, and
−2, with respect to those below −0.55 (and |Zmax| < 1.5 kpc),
are shown in Table 1. The coherence in the MDFs derived from
surveys that used different methodologies to determine stellar
metallicities confirms the existence of this fast rotating metal-
poor tail. In addition, the detection of this population does not
depend on the specific selection functions of these three sur-
veys nor on a particular location in the Galaxy, as it is shown
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Fig. 4. Metallicity distribution functions, in logarithmic scale, derived from our thin disc samples of Gaia DR3 RVS, GALAH, and APOGEE
stars (left). Right panels are the same as the left, but excluding stars for which the uncertainties on their orbital parameters leave them out of the
selection criteria.

Table 1. Number of stars below [Fe/H]<−0.55, −1, −1.5, and −2 and
the corresponding percentage (in brackets) with respect to the number
of stars with [Fe/H]<−0.55.

Survey <−0.55 <−1 <−1.5 <−2

Gaia RVS 12889 415 (3.22) 27 (0.21) 15 (0.12)
GALAH 4097 80 (1.95) 10 (0.24) 2 (0.05)
APOGEE 1788 26 (1.45) 2 (0.11) 0 (0)

in Fig. 3. In particular, they are not restricted to the anticenter
region, where FA21 had detected them initially.

Top panels in Fig. 5 show the stellar orbital rotational velocity
as a function of metallicity. This is the parameter space in which
FA21 identified the potential metal-poor thin-disc tail. The three
top panels show (from left to right) all stars with [Fe/H]<−0.55
in Gaia DR3 RVS, GALAH DR3, and APOGEE DR17 (after the
quality selection). The metal-poor thin-disc-like stars are over-
plotted in a red density scale, on top of the gray density scale that
shows the complete metal-poor sample. Contour plots of the 50%,
75%, 90%, 99%, and 99.9% (the latter only for our thin-disc-like
sample) are overplotted following the same color code.

The distributions of our three selected samples resemble
qualitatively the one displayed in FA21: a large fraction between
−0.55 and −1.5, and a significant drop at lower metallicities.
However, contrary to what was observed in FA21, the number
of stars below −1.5 is much lower. This fact could be due to a
large fraction of underestimated [Fe/H] within the Pristine pho-

tometric metallicity catalog that would be artificially increasing
the number of stars down to [Fe/H]∼−2 (see González-Rivera
et al., in prep.). Another explanation could be that the stars with
high Vφ in Pristine do not enter the strict thin disc selection based
on actions applied in the present work. Either way, the number of
stars detected in these surveys that move in thin-disc-like orbits
at metallicities below [Fe/H]<−1.5 is very low, compared with
the rest of the stellar sample at the same metallicity.

The following rows in Fig. 5 show the distributions of Vφ,
|Zmax|, and Rguide (from top to bottom, respectively) in four differ-
ent metallicity ranges (−1< [Fe/H]<−0.5, −1.5< [Fe/H]<−1,
−2< [Fe/H]<−1.5 and [Fe/H]<−2). We see that the Vφ distri-
butions do not strongly depend on the metallicity range consid-
ered and they are compatible with a thin-disc velocity distribution
(〈Vφ〉 ∼ 240 km s−1 – GRAVITY Collaboration 2019), although
the stellar velocity distribution at −1< [Fe/H]<−0.55 peaks at
slightly higher velocities than stars at lower metallicities.

There is a large fraction of stars with −1< [Fe/H]<−0.55
confined closer than 500 pc from the plane and at lower metal-
licities the peak of the distribution moves slightly towards larger
|Zmax|, around 500–750 pc, although some stars are also very
close to the plane, with |Zmax| ∼ 100 pc. Even if the |Zmax| upper
limit of 1.5 kpc imposed in our selection criteria is a bit large
to be considered a geometric thin disc, looking at the resulting
|Zmax| distributions we confirm that most of our stars are confined
in thin-disc-like orbits, very close to the plane.

Because of our criteria selecting stars in almost circular
orbits, the Rguide must be similar to their current galactocen-
tric radius and, thus, their distributions depend on the selection
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Fig. 5. Rotational velocity, Vφ, as a function of the metallicity, [Fe/H], color coded by density scale, for the thin disc selections (top row). Thin-disc
stars are shown in red scale overplotted over the rest of the sample in grey scale. Contour plots of the 50%, 75%, 90%, 99%, and 99.9% (the latter
only for the metal-poor thin disc) are overplotted following the same color code. Second row: Vφ distributions of thin-disc stars at four different
ranges of metallicity (from dark blue to white, [Fe/H]<−0.5, [Fe/H]<−1, [Fe/H]<−1.5, [Fe/H]<−2), normalized to the maximum number of
stars and multiplied by a factor to help the visualization (from dark blue to white, ×10, ×5, ×2 and ×1). Third and fourth rows: same as middle
panels but for |Zmax| and Rguide distributions, respectively. From left to right we display the Gaia DR3 RVS, GALAH and APOGEE stellar samples.

function of each survey. APOGEE covers larger distances than
the other surveys towards the outer disc. Interestingly, it shows
that metal-rich stars Rguide reach up to 14 kpc but stars at
[Fe/H]<−1 are confined within radius below ∼10 kpc, as if they
did not actually belong to the outer disc.

3.2. Chemical trends to shed light on their origin

As mentioned before, previous studies have shown that at metal-
licities [Fe/H]>−0.7, Milky Way stars moving in thick-disc-

like orbits tend to have high-[α/Fe] ratios (chemical thick disc),
and stars moving in thin-disc-like orbits show low-[α/Fe] ratios
(chemical thin disc). Figure 6 displays the [α/Fe] vs. [Fe/H]
space for stars in the three surveys following our thin disc selec-
tion criteria, at all [Fe/H]. APOGEE abundances clearly show
that our high angular-momentum selection is not only com-
prised by the low-α population, but there is also a fraction of
high-α stars; there are also some stars with a very low [α/Fe]
content, [α/Fe]∼−0.2, which may point to an accreted origin
(Tolstoy et al. 2009; Das et al. 2020). Both GALAH and Gaia
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Fig. 6. [α/Fe] ratios as a function of [Fe/H] estimates derived from Gaia RVS (left panel), GALAH (middle panel), and APOGEE (right panel)
for stars at all metallicities moving in thin-disc-like orbits based on our selection criteria. Two grey lines at [Fe/H] =−0.5 and [Fe/H] =−1 help
to visualize the location of our metal-poor thin-disc stars in this chemical space. The grey dashed line at 0.15 indicates the separation in high-
and low-α. Golden yellow crosses in the APOGEE panel correspond to stars with a likely accreted origin (see Sect. 3.2) that we exclude in our
chemo-dynamical analysis of thin-disc-like stars (Figs. 4 and 5).

Fig. 7. [Mg/Mn] vs. [Al/Fe] chemical ratios of APOGEE stars verifying our selection criteria, color coded based on the stellar density. Over-
plotted in red are our selected thin-disc-like sample with metallicities below [Fe/H]<−1 (left panel), −1< [Fe/H]<−0.7 (middle panel), and
−0.7< [Fe/H]<−0.55 (right panel).

RVS show consistent trends with APOGEE, although more scat-
tered and not split into two sequences7. for the latter.

We roughly separated the stars into high-α and low-α,
following the observed split in the APOGEE abundances at
[α/Fe]∼ 0.15. The three catalogs show that among stars with
−1< [Fe/H]<−0.55, around 50% are high- and low-α, but below
[Fe/H]<−1, most of our stars tend to be high-α.

We also explore the [Mg/Mn] versus [Al/Fe] which is
another chemical space where the Galactic components also dif-
ferentiate chemically (Hawkins et al. 2015; Horta et al. 2021). In
their Fig. 2, Horta et al. (2021) illustrated the chemical evolution
followed by a Milky-Way-like system and a GES-like galaxy on
this space. The upper left region is populated by the first stars
formed in both systems, when the chemical enrichment is still
early and unevolved. Later, due to a fast but intense star for-
mation rate, the Milky Way follows an increase of [Al/Fe] due
to the contribution of AGBs while the [Mg/Mn] remains high
(thick disc) and then, once the SNIa explode, both the [Mg/Mn]

7 This is likely due to the fact that GSPspec’s alpha is mostly a [Ca/Fe]
measurement, which does not separate high-alpha and low-alpha popu-
lations clearly (see Prantzos et al. 2023; Mikolaitis et al. 2014.

and [Al/Fe] decrease (thin disc). On the other hand, a sys-
tem such GES, which had a slower SFH (Fernández-Alvar et al.
2018), starts the chemical evolution in the upper left
region and as the metallicity increases, the [Al/Fe] increases
slowly and remains subsolar, while the [Mg/Mn] decreases
(Andrews et al. 2017).

We focus on the APOGEE abundances, for which the differ-
ences between the components are more clearly visible. Figure 7
shows the whole sample of thin-disc-like stars at all metal-
licities as in Fig. 6, color-coded in density scale, overplotted
with those in our sample with metallicities below [Fe/H]<−1
(left panel), between −1< [Fe/H]<−0.7 (middle panel), and
−0.7< [Fe/H]<−0.55 (right panel) in red. We see that stars with
[Fe/H]<−1 clearly populate the upper left region associated
to the early star formation when the stellar populations were
chemically unevolved. As the metallicity increases the number
of stars populating the thick disc region dominates; however,
there are stars populating the thin disc region, even at metal-
licities below −0.7. At higher metallicities, both locations are
well populated. Interestingly, at metallicities [Fe/H]>−1, there
is a group of stars that follows the expected chemical evolu-
tion path of a dwarf satellite (lower-left region). These stars

A151, page 7 of 11



Fernández-Alvar, E., et al.: A&A, 685, A151 (2024)

Fig. 8. Action space as in Fig. 1 of stars with metallicities between −1.5< [Fe/H]<−1 (top panels) and below [Fe/H]<−1.5 (bottom panels),
within the Gaia RVS DR3 (left), GALAH DR3 (middle), and APOGEE DR17 (right) databases. A continuous red line separate stars moving on
prograde (Lz/Jtot) and retrograde (Lz/Jtot) orbits. Red dashed lines mark at Lz/Jtot = 0.8 and −0.8 mark the most prograde and most retrograde
ends of the distributions.

have also low [α/Fe] content. Thus, they are likely candidates
of being accreted stars and we excluded them to derive the MDF
in Fig. 4.

Chemical abundances derived with automatic pipelines that
run on hundreds of thousands of stars should be taken with a
grain of salt, since they are not thoroughly tested on peculiar
cases as the one investigated in this paper. For this reason
we checked the APOGEE spectra of our selected thin-disc-
like stars with [Fe/H]<−1 to verify that the spectral fit with
models from which the chemical abundances were derived
are reliable. We only detected one star, with APOGEE_ID
“2M08401826+5145470”, S/N = 52, [Fe/H] =−1.317 and
[α/Fe] = 0.419585, with extreme flux values in some of the pix-
els and whose Fe lines are deeper than the solution fit, pointing
to an underestimated [Fe/H]. However, the spectra of the vast
majority have a signal-to-noise ratio (S/N) that is higher than
100 and show a good fit between each observation and its best
model solution, giving us confidence in our results.

In summary, based on these chemical abundance distribu-
tions of the stars we observed at [Fe/H]<−0.55 moving in
thin-disc-like orbits, we conclude that the chemo-dynamically
defined thin disc begins to appear at metallicities between −1
and −0.7. At lower metallicities, the thin-disc-like stars exhibit
chemical abundances that point to a star formation in a system
that is chemically unevolved and less enriched than the bulk of
the thick disc.

3.3. Investigating a thin disc, thick disc, or a prograde halo
origin

The present analysis confirms the existence of stars mov-
ing in thin-disc-like orbits below [Fe/H]<−0.55 down to
[Fe/H]<−1.5 and even lower metallicities, although in fewer
numbers. However, their chemical trends show that not all of
them are part of the chemical thin disc. In particular, at metal-
licities [Fe/H]<−1 they present the chemical signature charac-
teristic of an early chemical enrichment, distinct from the thick
disc. In addition, given their paucity, we were not able to rule out
that these stars could be just part of the high angular-momentum
tail of another Galactic component with a broader distribution of
orbits, such as a prograde halo.

We would expect that, if they are part of an isotropic halo
distribution, there would be the same number of stars with the
same characteristics but on retrograde orbits. Figure 8 shows the
action space for stars within the three databases with metallici-
ties −1.5< [Fe/H]<−1 (top panels) and [Fe/H]<−1.5 (bottom
panels). A red continuous line at Lz/Jtot = 0 separate stars on
prograde (positive) and retrograde (negative) orbits. Shorter red
dashed lines at Lz/Jtot = 0.8 and −0.8 mark the most prograde
(at the very end of which our thin-disc-like stars are located) and
most retrograde extremes of the distributions. There is clearly an
excess of stars on prograde orbits with respect to the retrograde
counterpart. The Gaia RVS plot shows a striking lack of stars
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compared with the other surveys, probably because the conser-
vative selection cuts applied likely removed also bona fide metal-
poor stars from our sample.

Recent simulations suggest that the galactic bar could induce
the emergence of a stellar population on disc-like orbits initially
belonging either to the halo (Dillamore et al. 2024) or to the inner
galaxy (Yuan et al. 2023; Li et al. 2023). Our chemical analysis
corroborates the fact that below [Fe/H]<−1 stars formed in a
medium less chemically enriched than the bulk of the thick disc
which could be the stellar halo. However, based on our results
only, we cannot exclude the possibility of them being part of an
ancient disc, formed before the majority of the thick disc.

The analysis performed by Zhang et al. (2023), fitting
Gaussian mixture models to the 3D velocity space, revealed that
below [Fe/H]<−1.6 there are no signs of a significant disc pop-
ulation (they limit it to <3% of their total distribution), which is
in line with our findings. Like in this work (see the bottom plots
of Fig. 8), they do find an asymmetry in rotational velocity at low
metallicity (even for [Fe/H]<−2.0) with an excess of prograde
stars, which they explained through the presence of a prograde
halo component with a mean rotational velocity of ∼80 km s−1.
Further analyses with age distributions and/or more comprehen-
sive chemical abundance measurements are required to clearly
establish the precise metallicity at which the early Milky Way
disc formed.

4. Conclusions and discussion

In this work, we have confirmed that the metallicity distribu-
tion of stars moving in thin-disc-like orbits, (i.e., with a high
angular momentum, Lz/Jtot > 0.95, moving very close to the
plane, within |Zmax| < 750 pc), shows a metal-poor tail that goes
below the classical lower limit of [Fe/H]∼−0.7, and decreases at
a constant rate in logarithmic scale down to [Fe/H]∼−1.5. Ten-
tatively, we also found thin-disc-like stars at lower metallicities,
down to [Fe/H]∼−2.5, although in much lower numbers.

Their orbital parameters show that they are confined
to the plane, with the bulk of them having |Zmax| <
750 pc (approximately twice the thin disc’s scale height, e.g.,
Bland-Hawthorn & Gerhard 2016). This orbital distribution is
observed independently on the metallicity range considered or
their current location in the Galaxy. In particular, they are not
restricted to the anticenter region where they were found for the
first time by FA21, but cover the whole area surveyed by each
database. However, we observed that the most metal-poor, those
with [Fe/H]<−1.5, do not reach galactocentric radii larger than
10 kpc, suggesting that they do not belong to the outer disc.
Dynamically selected thin-disc stars with −1< [Fe/H]<−0.5
are comprised of both high- and low-α populations, but stars
at lower metallicities are mostly high-α. The evaluation of the
[Mg/Mn] vs. [Al/Fe] chemical space clearly shows that the
chemically defined thin disc is initiated at metallicities between
−1< [Fe/H]<−0.7. Below [Fe/H]<−1, while the thin-disc-like
stars show the chemical trends typical of an earlier chemical
enrichment than the bulk of the thick disc.

Using Gaia and APOGEE data, Belokurov & Kravtsov
(2022) found that MW stars formed in situ have a mean rota-
tional velocity (and dispersion) variation with metallicity that
could be explained by the formation of the disc from a kinemat-
ically hot spheroid of stars with a slightly net prograde rotation
(Vφ = 50 km s−1), which spins up to the rotation of the current
disc between −1.3< [Fe/H]<−0.9. They interpret these findings
as the transition from turbulent bursty star formation through gas
accretion in cold narrow filaments to a more steady gas accretion

phase through cooling gas from a hot halo that allows the forma-
tion of a coherent disc. They found that these in situ stars below
[Fe/H]<−0.9 describe a broad velocity distribution that reaches
velocities from −200 km s−1 to 300 km s−1.

Following the Belokurov & Kravtsov (2022) scenario our
metal-poor thin-disc-like stars could be the high angular-
momentum tail of a thicker disc in formation. The fact that we
see an increasing number of stars as a function of the metallicity
moving in thin-disc-like orbits is coherent with the possibility of
an incipient disc that gains angular momentum as the metallicity
increases, because we would expect the number of high angular-
momentum stars to also increase (Kordopatis et al. 2017). How-
ever, based on our results, such spin up might have started at
lower metallicities, at least at [Fe/H]∼−1.5.

The evaluation of other chemical species would be help-
ful to verify whether they could belong to an accreted popula-
tion. Recently, Mardini et al. (2022) pointed out the existence
of metal-poor disc stars with metallicities lower than −0.8 dex
down to −3.5 dex, that they called the Atari disc, for which
they suggested an accreted origin. This stellar group was identi-
fied by selecting stars with similar characteristics as the “metal-
weak” thick disc that had been previously detected (Norris et al.
1985; Ruchti et al. 2011; Kordopatis et al. 2013; Carollo et al.
2019). Although the Atari disc shares the same metallicity range
with our metal-poor thin disc, there are significant differences
between the two populations. The Atari disc mean rotational
velocity is 〈Vφ〈= 154 km s−1, which means that it rotates even
slower than the thick disc, and, consequently, than our metal-
poor thin disc. Atari stellar orbits are characterized by large
eccentricities between 0.3 < ecc < 0.5, typical of the halo and
thick disc, contrary to our low eccentricity population, ecc < 0.3.
It is true that these two populations were selected with different
dynamical criteria, which explains why they do not show the
same dynamical properties.

However, the analysis of the APOGEE chemical abundances
has revealed that some of our selected stars may be indeed
accreted. A further analysis will be the topic of future work.
As mentioned in Sect. 3.2, chemical abundances derived with
automatic pipelines that run on hundreds of thousands of stars
have limitations. For this reason, a higher-resolution follow-up
is planned to properly characterize these metal-poor thin-disc
stars. For this sample (to come), reliable stellar ages will be also
derived, as they are necessary to disentangle the origin of the
Galactic disc populations.
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Appendix A: Flags quality selection on Gaia RVS.

Table A.1. Flags and stellar parameters of the stars selected in our Gaia
RVS sample.

f lag_vbroadT 0,1
f lag_vbroadG 0,1
f lag_vbroadM 0,1
f lag_vradT 0,1
f lag_vradG 0,1
f lag_vradM 0,1
f lag_ f luxnoise 0,1, and 2 where [Fe/H]8< −2
f lag_extrapol 0,1
f lag_neg f lux 0
f lag_nan f lux 0
f lag_emission 0
f lag_null f luxer 0
f lag_KM 0
spectraltype_esphs all except type O, B and A
Teff (K) [4250, 6000]
log g (dex) [0, 4.75]

8 Uncalibrated Gaia RVS [M/H]

Appendix B: Gaia RVS [Fe/H] comparison with
APOGEE and GALAH [Fe/H].

Figure B.1 shows the metallicity comparison of calibrated Gaia
RVS DR3 measurements with respect to the GALAH DR3 and
APOGEE DR17 determinations, color coded with the [α/Fe]
ratios measured in Gaia RVS. We see that there is a dependence
of the [Fe/H] deviations with the [α/Fe]: stars with very large
[Fe/H] discrepancies correspond to objects with high [α/Fe].
After an inspection of the flags provided by the Gaia Collab-
oration in Recio-Blanco et al. (2023), we realized that the com-
parison of Gaia RVS [Fe/H] with APOGEE and GALAH are
much improved by selecting stars with f lags_gspspec chain
character number 7 (hereafter f luxnoise_ f lag) < 2. The reason
why this flag helps to improve the comparison with GALAH
and APOGEE estimates is because it warns us of the flux
noise-induced uncertainties (Recio-Blanco et al. 2023). When it
is equal to 2, the uncertainties in [Fe/H] are estimated to be
0.25 < σ[Fe/H] ≤ 0.5, being lower than 0.25 for stars flagged
below < 2.

In the case of stars with uncalibrated Gaia RVS [Fe/H] < -
2, we see that overall, after calibration, they are in fairly good
agreement with the GALAH and APOGEE measurements, even
those with f luxnoise_ f lag = 2. There is, however, a negative
offset in Gaia RVS [Fe/H] respect to the other surveys. In partic-
ular in GALAH, the comparison in this metallicity range shows
a relatively large standard deviation. Still, because stars below
[Fe/H] < -2 are scarce and that even with the negative offset and
standard deviation, they will remain with a metallicity below the
thin-disc metal-poor limit we are evaluating, [Fe/H] < -0.55, we
decided to keep them all. The big circles in Figure B.1 show the

Fig. B.1. Calibrated Gaia DR3 RVS [Fe/H] as a function of [Fe/H] esti-
mates from GALAH DR3 (top panel) and APOGEE DR17 (bottom
panel) of stars with [Fe/H] < -0.5 that pass the quality selection cri-
teria. Small and big circles show stars before and after removing stars
with Gaia DR3 RVS [Fe/H] > -2 and the f luxnoise_ f lag = 2, respec-
tively. The color code indicates the [α/Fe] Gaia RVS DR3 measure-
ments between for each star.

Table B.1. Mean and standard deviations of the [Fe/H] differences
between the measurements provided by Gaia RVS and those by
GALAH or APOGEE, after applying all the quality cuts.

Calibrated < ∆GALAH > ±σ < ∆APOGEE > ±σ
Gaia RVS [Fe/H]

(-3,-2) −0.40 ± 0.63 −0.30 ± 0.20
(-2,-1.5) −0.18 ± 0.33 −0.15 ± 0.18
(-1.5,-1) −0.07 ± 0.20 −0.01 ± 0.13
(-1.5,-0.55) −0.02 ± 0.13 0.01 ± 0.11

[Fe/H] comparison of stars after applying the final selection of
flags and the mean differences in [Fe/H] and standard deviations
at several metallicity ranges are collected in Table B.1.
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