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Fig. 8: The observed sample of Galactic disc stars in the [↵/Fe]-age (upper panel) and [Fe/H]-age (lower panel) plane. Only stars
kinematically associated with the thin and thick disc are shown (Sect. 6.3).

mediate range of ages, 7 . ⌧ . 11 Gyr, both ↵-poor and ↵-rich
components overlap in age, which suggests their co-evolution
over this limited period of time.

As seen in the bottom panel of Fig. 8, there is also a di↵er-
ence in terms of metallicity evolution of both populations. At a
given age the ↵-rich population is somewhat more metal-poor,
by ⇠ 0.2 dex, compared to the ↵-poor population. The ↵-rich
population dominates in the metallicity range �1 . [Fe/H] .
�0.4 and gradually vanishes at higher [Fe/H]. The ↵-poor pop-
ulation becomes dominant at solar and super-solar metallicities.
We remind that the owing to the photometric selection function
of the survey, the younger part of the distribution is incomplete
and there is a bias against metal-poor stars, [Fe/H] < �1 dex
(Sect. 5).

The presence of old ↵-poor stars with a broad range of metal-
licities, up to [Fe/H] ⇠ +0.4 dex, is intriguing although not fully
unexpected. Among the earlier studies, Hayden et al. (2017) re-
marked on the significant temporal and chemical ([Fe/H]) over-
lap of the ↵-rich and ↵-poor components of the Galactic disc,
studying the properties of TO and subgiant stars in the AM-
BRE:HAPRS survey. Silva Aguirre et al. (2018) identified a pop-
ulation of old ↵-poor stars through asteroseismic age dating of
APOGEE targets in the Kepler field. They report an overlap in
age from 8 - 14 Gyrs between the ↵-poor and ↵-rich compo-
nents. A non-negligible fraction of ↵-poor metal-rich stars with
ages up to 9 Gyr is also evident in the results by Xiang & Rix
(2022). Similar distributions are seen in the results based on the
APOGEE data by Ciucă et al. (2021) and Beraldo e Silva et al.
(2021), who find ↵-poor stars with ages up to ⇠ 12 Gyr spanning
the entire range of metallicity, �0.7 . [Fe/H] . +0.4, in the so-
lar neighbourhood. The study by Beraldo e Silva et al. (2021) is
relevant in the context of our work, as the spatial coverage is sim-
ilar, Rhelio ⇠ 2 kpc, and the targeted stellar population (subgiants
and the lower part of the RGB branch) overlaps with the prop-
erties of our observed Gaia-ESO sample. Feuillet et al. (2019)
find rather tight age-[↵/Fe] relationships, with some evidence
for the presence of old ↵-poor stars. However, they do not report
stellar densities in each bin in the age-[↵/Fe] plane (e.g. their
Fig 6), whereas this would be necessary to confirm whether an
age-[↵/Fe] bimodality exists in their distributions.

7. Discussion

The main finding of our work is that the [↵/Fe]-poor and [↵/Fe]-
rich stellar populations with disc-like kinematics, often referred
to as the thick and the thin discs -, co-existed during a non-
negligible period of their evolution.

The rather limited temporal extent of the thick ([↵/Fe]-rich)
disc appears to be well-established (Bensby et al. 2005; Hay-
wood et al. 2013; Hayden et al. 2017), and our results rein-
force the evidence for an extended star formation in this pop-
ulation spanning several Gyrs. More interesting is the age dis-
tribution of the [↵/Fe]-poor disc population, which extends out
to ⌧ > 10 Gyr and spans a broad range of metallicities �0.7 .
[Fe/H] . +0.4. It cannot be ruled at this stage that the temporal
distributions seen in the data are related to the uncertainties of
stellar ages. However, the fact that these distributions are con-
firmed by di↵erent age dating methods and di↵erent observa-
tional samples (Hayden et al. 2017; Ciucă et al. 2021; Beraldo
e Silva et al. 2021), lends support to the interpretation that the
thick and thin disc are possibly coeval.

This analysis is not the first to highlight the possibility of the
parallel formation of the Galactic discs. This scenario has also
received support from studies based on other tracers, including
the analyses of properties of ↵�poor old RR Lyrae in the disc
(Prudil et al. 2020) and high-latitude stellar overdensities (e.g.
Laporte et al. 2020). The latter study, in particular, showed that
for the Anticenter Stream (ACS), a coherent stream-like outer
disc structure with [Fe/H] ⇠ �0.6 and no enhancement of ↵ el-
ements, the cumulative age distribution is consistent a high frac-
tion of old stars ⌧ > 10 Gyr and an abrupt dearth of young stars.
The Monoceros Ring (Newberg et al. 2002) shows more steady
star formation through the presence of a more extended distribu-
tion stars with ages from ⇠ 5 to ⇠ 10 Gyr (Laporte et al. 2020).

At face value, this implies that the Milky Way galaxy already
had an [↵/Fe]-poor disc in place before z ⇠ 2, around the peak
of the cosmic star formation rate density (Madau & Dickinson
2014). The size of the early disc cannot be reliably estimated
in this work, because our sample probes a rather limited spatial
volume, about few kpc from the Sun. However, we find that even
the oldest stars in the alpha-poor disc are not preferentially con-
fined to the inner disc, but are rather broadly distributed over the
entire range of Galactocentric radii probed by the observed sam-
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Fig. 4: Synthetic stellar population to simulate the selection ef-
fect of the Gaia-ESO survey and of the observed stellar sample.
Here the results of the simulation at 1 kpc are shown for the
blue box (top row) and red box (bottom row) as defined in Sect.
2. Right: the completeness fraction, defined as the ratio of stars
with cut to the number of stars without cut, i.e. the larger the
number the more stars are retained in the population after apply-
ing the colour cuts (Sect. 2). In case of no bias, the completeness
fraction is unity 1.

evolutionary tracks were used (Sect. 4). Firstly, a complete pop-
ulation of stars has been generated assuming the Salpeter ini-
tial mass function (IMF), a constant star formation rate (SFR),
and a uniform and age-independent metallicity [Fe/H] distribu-
tion. The distribution exhibits a trend, which reflects simply the
IMF and the stellar evolution lifetime, that is shorter at lower
[Fe/H] and same mass. We then remove stars outside the Te↵-
log g box used in our analysis (Sect. 3). In the second step, this
Mock dataset is used to determine the completeness fraction by
calculating the ratio of photometrically selected targets relative
to the complete sample. This is done separately for the blue and
red photometric boxes.

Figure 4 shows for a given distance of 1 kpc, the relative
stellar density (left) and completeness (right) of the Mock stel-
lar population from the red and blue selection boxes. The dis-
tance was chosen as representative of the bulk fraction of stars
in the observed Gaia-ESO sample, but careful inspection of the
simulated fractions suggests that the distribution is qualitatively
similar at distances at 0.5 kpc or 2 kpc.

Based on Fig. 4, it can be concluded that the distribution
of stars in the age-metallicity plane su↵ers from a strong and
systematic bias, which is primarily caused by the rigid colour
cuts adopted in the Gaia-ESO survey. These cuts lead to a very
pronounced depletion in the fraction of young stars with ages
between 0 and ⇠6 gyr, although the e↵ect slightly depends on
metallicity. The red box additionally skews the distribution to-
wards old metal-rich stars, whereas the blue box is primarily sen-
sitive to old metal-poor stars. This situation is rather similar to
the completeness for the Gaia-ESO UVES sample described by
Bergemann et al. (2014), although the UVES selection appears
to be less restrictive in the age-metallicity plane.

We conclude that the distribution of our Gaia-ESO HR10
sample is thus preferentially skewed towards older populations

Fig. 5: The densities of NLTE abundances of [↵/Fe] (traced by
Mg) as a function of [Fe/H] from results for stars with a SNR
cut of 20 applied. The dashed lines represent the average [↵/Fe]
value for stars which are ↵-rich (red) and ↵-poor (blue).

with slightly sub-solar metallicities. This e↵ect will be discussed
in the context of our results in Sect. 6.5.

6. Results

6.1. Chemical abundances

The [Mg/Fe] abundance ratios of our sample against metallicity
are shown in Fig.5. Here we limit the analysis to the abundance
of Mg, because no particular sub-structure is visible in the dis-
tribution of Ti or Mn abundance ratios.

We find a clear bi-modality in the [Mg/Fe] abundance ratio,
which is seen as two over-densities separated at [Mg/Fe]⇡ +0.15
dex across the entire metallicity range, �1.5 ⇡ [Fe/H] ⇡ �0.2
dex. The low-↵ component peaks at [Mg/Fe] ⇡ +0.05 dex and
the high-↵ component at [Mg/Fe] ⇡ +0.24 dex. It shall be
stressed that no component of the analysis, neither the (spa-
tial distribution) observed data nor the grid (models), have any
known non-linear dependence that could lead to this disconti-
nuity in the space of Mg and Fe abundances. In particular, in
the spectroscopic grid used in the chemical abundance analysis,
all elemental abundances have a random uniform distribution.
Therefore, it appears to be plausible that the chemical discon-
tinuity is real. In agreement with the visible over-densities, we
choose to assign stars to the ↵-rich population, if their associ-
ated [Mg/Fe] abundance is above 0.13 dex, and to the ↵-poor
disc otherwise. Throughout the text, we will proceed to call these
two sets of stars "↵-rich" and "↵-poor" populations.

Comparing our distributions with literature, we find an over-
all satisfactory agreement, although it should be noted that owing
to a combination of factors, including vastly di↵erent spatial-
photometric coverage of observational surveys, their observa-
tional strategy, and incomplete volume sampling, certain dif-
ferences arise that render a one-to-one comparison of chemi-
cal abundances in a given volume of the Galaxy impossible.
Nonetheless, it appears that our distributions are consistent with
the distributions seen in the previous DRs of the Gaia-ESO (e.g.
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【アブスト】 銀河系円盤には、化学組成（[α/Fe]）の異なる２つの成分が共存していることが知られている。円盤がこのような構造を持つ原因はまだよく

分かっておらず、２つの成分それぞれの形成メカニズムや星形成のタイミングなども未解明である。この論文では、Gaia-ESO サーベイの一環として取得
された高分散分光データとGaiaによる位置天文データを組み合わせた太陽近傍の一様サンプルで、化学組成がα-richとα-poor な成分それぞれの化
学組成、年齢、運動を調べた。その結果、２つの成分がはっきりと分離され、それらの年齢分布がオーバーラップしていることが分かった。この結果は、２
つの成分が一つずつ順に形成されたのではなく、共進化したことを示している。

【ゴール】 【オリジナリティ】

【ロジック】

高分散分光データの独自の一様解析による高精度の化学組成解析と年齢、運動を組み合わせた解析

GAゼミ@20220704 石垣

銀河系円盤の起源

The Prince and The Pauper: Co-evolu4on of the thin and thick disc in the Milky Way: Gent et al.  (arXiv: 2206.10949)

I. 背景: ・銀河系円盤は太陽近傍で化学組成の異なる２つの星種族（α-rich / α-poor）が共存することが知られている。円盤がこのような２重構造を持
つに至った原因として、衛星銀河との相互作用や星のradial migra7on、銀河風など様々なメカニズムが提案されているが、いまだに決着はついていない。
・ 既存の分光サーベイデータは、それぞれのサーベイに特有のサンプルバイアスがある他、化学組成の精度が不十分などの問題点があった。

[Fe/H]、Ageのbinに分けた

時の運動を詳しく見てみた
い。

II. データ
・ Gaia-ESO サーベイ DR4に含まれる Giraffe （R~20000）で取得された55,761天体のスペクトル
・ J-(J-K)の色等級図上で２つのサンプルを定義（図１） Blue box (MSTO, subgiant) とRed box (red clump)
・ Gaia EDR3 とクロスマッチして運動のデータを取得
・ 年齢はMSTO + sub giant について、isochrone モデルを使って推定

・ IMFと星形成率を仮定して生成した擬似データを使ってSelec7on func7on を評価 ➡ 年齢0-6Gyrの若い星が
欠如しているが、古い星についてはよくカバーされている

III. 結果
図３：α-rich とα-poorな成分がはっきりと分離できている。
図４：２つの成分のVr-VΦ空間での分布。α-rich、α-poor どちらとも低金属量ほど分散が大きくなり、VΦの平均が
減少傾向。
図５：（上段）α-rich は8-12 Gyr、α-poor は<10Gyr まで広く分布しており、２つの成分は年齢分布が大きく重なって

いる。（下段）同じ年齢では、α-poorとα-richで「Fe/H」が異なる

【コメント】

図３

図5IV. 議論
・α-rich、α-poorとも、幅広い年齢分布を
示唆
・α-poor に古い星が含まれていること
は、先行研究と一致（An7center Stream, 
Monoceros Ring）
➡ α-poor 成分がz~2にはすでに存在し
ていた？
・宇宙論シミュレーションでは、α-rich成
分の後にα-poor 成分ができる予測

➡今回のデータは２成分の形成が平行
して進んだことを示唆



図1 サンプルの定義

図４: α-rich （下段）と
α-poor（上段）の運動
の空間での分布

図２:サンプルの空間分布
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The main di�culty in this work, so far, has been the limited
observational information - not in a sense of data quantity, but in
the sense of chemo-dynamical parameter coverage -, combined
with a complex selection function of di↵erent observational sur-
veys (e.g. Bergemann et al. 2014; Stonkutė et al. 2016; Nandaku-
mar et al. 2017). The observing strategy of the GALAH survey
is such that the majority of stars belong to the thin disc (Duong
et al. 2018), and the population statistics of objects with chemi-
cal properties of the thick disc is very incomplete. The APOGEE
survey is also magnitude-limited, therefore the samples are bi-
ased to relatively metal-rich stars in the range �0.5 . [Fe/H]
. 0.3 (Hayden et al. 2015), also the ages are less reliable at
[Fe/H] < �0.5 because of the paucity of metal-poor stars in the
training samples (Lian et al. 2020). The LAMOST stellar sur-
vey of the Galaxy has a deeper spatial coverage compared to
GALAH and APOGEE (Xiang et al. 2019), however, the accu-
racy of chemical composition is limited and does not allow to
resolve the sub-structure in the chemical abundance plane and to
identify small gradients associated with di↵erent formation sce-
narios and chemical enrichment sites.

In this work, we address the question of the formation and
evolution of the apparently bi-modal disc through a detailed
analysis of its chemical, temporal, and kinematical distribution
functions with the new spectroscopic data from the Gaia-ESO
large spectroscopic survey, astrometry from the Gaia early Data
Release (eDR3), and stellar ages. Similar work, but based on
the data from APOGEE survey, was presented by Feuillet et al.
(2019) and Lian et al. (2020). However, neither of these studies
performed a simultaneous analysis of stellar kinematics in the
two populations. In our work, we furthermore make an attempt
to quantify the temporal evolution of the ↵-poor and ↵-rich pop-
ulations, using a large sample of subgiants with accurate age es-
timates.

The paper is organised as follows, in Sect. 2 we discuss the
observational sample. Sect. 3 outlines the approach used for the
determination of stellar parameters and chemical abundances. In
Sect. 4, we briefly state how the ages are determined. The results
are presented in Sect. 6, where we focus on the distributions of
chemical abundances, combined with kinematics and ages. In
Sect. 7 we discuss the results in the context of previous obser-
vational and theoretical findings, and we close the paper with
conclusions in Sect. 8.

2. Observed data

In this work, we rely on targets observed within the Gaia-ESO
large spectroscopic survey (Gilmore et al. 2012; Randich et al.
2013). In the latest public data release (DR4), spectra for over
105 are available, and we use all spectra taken with the HR10
setting of Gira↵e spectrograph1. The HR10 data are available
for 55, 761 stars. The signal-to-noise (SNR) distribution of the
sample is very broad and ranges from 2 to a few 100 per pixel.

Fig. 1 shows the targets in the photometric colour-magnitude
(CMD), J versus J - Ks, plane, where J and Ks are VISTA photo-
metric filters (McMahon et al. 2013). The apparent regular dis-
tribution is caused by the photometric selection of targets in the
input Gaia-ESO catalogue. For the Gira↵e catalogue, the follow-
ing basic selection scheme was used: 0.00  (J�Ks)  0.45 and
14.0  J  17.5 for the blue box, and 0.40  (J�Ks)  0.70 and
12.5  J  15.0 for the red box. The boxes were defined to max-
imise the probability of observing targets in all Galactic compo-

1 The NLTE grids employed in this work cover the corresponding
wavelength regime

nents, the discs and the halo, therefore the target densities vary
drastically, and to account for this e↵ect, the boxes were slightly
extended in order to optimise the fiber occupancy in each field.
In particular, in the fields, where number of targets exceeded the
number of fibers - as in low latitude fields -, additional selection
criteria were used, such as shifting the boxes by the mean value
of extinction in a given field 0.5 E(B - V). This procedure leads
to a characteristic spread of the distribution along the x-axis, as
seen in Fig. 1. The relative distribution is such that the majority
of targets (80 %) are in the blue box, whereas stars in the red
box account for about 20 % of the sample. The blue box targets
include main-sequence, turno↵, and subgiant stars, and the red
box was optimised for red clump stars, however because of the
extension of the boxes a certain overlap exists. For the detailed
description of the selection, we refer to Stonkutė et al. (2016).
This selection implies that most targets in the Gaia-ESO HR10
sample are rather faint, 14 & Gmag . 17, compared to other sur-
veys such as RAVE, APOGEE, or GALAH.

Fig. 1: Photometry of the observed sample. Left panel shows the
distribution in the Gaia magnitudes, G vs GBp - GRp. Right panel
shows the distribution in the VHS magnitudes, J vs J - Ks (see
Sect. 2).

We complement these data with the proper motions, photom-
etry, and extinction from the EDR3 Gaia catalogue (Gaia Collab-
oration et al. 2020). The cross-match between every Gaia-ESO
spectrum and Gaia ED3 catalogue was performed on grounds of
angular position within a 1.0 arcsec tolerance (cone search). Dis-
tances and their uncertainties were adopted from Bailer-Jones
et al. (2021). The spatial distribution of the sample is shown in
Fig. 2. Most of these objects are confined closer to the plane with
altitudes of up to 2 kpc and they probe a range of Galactocentric
radii from ⇠ 5 to 12 kpc. The 3D space velocities2 for the sam-
ple are calculated using the Python package ’astropy’ (Astropy
Collaboration et al. 2013; Price-Whelan et al. 2018). The accu-
racy of the astrometric information is high enough to yield the
velocities with the uncertainty of . 5 kms�1.

3. Stellar parameters

The homogeneity, accuracy, and precision of stellar parameters
is essential given by the scientific goals of this study. However,
our analysis of the Gaia-ESO sixth internal data release (iDR6)3

(Gilmore et al. 2012; Randich et al. 2013) show artificial ridges

2 In this work, we use galactocentric cylindrical coordinate system. So
that Vr, V�, Vz are the components of the full 3D space velocity pointing
towards Galactic center R, in the direction of rotation �, and vertically
relative to the disc mid-plane, respectively.
3 https://www.gaia-eso.eu/
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Fig. 2: Spatial distribution of the observed sample. The vertical
axis represents the height above the disc plane in kpc and the hor-
izontal represents the Galacto-centric radius in kpc. The colour
scale shows normalised density from 0.07% (dark blue) to 100%
(dark red).

and bifurcations in the space of stellar parameters and their un-
certainties. It su↵ers from some loss of precision owing to the
complex homogenisation and cross-calibration procedure em-
ployed.Therefore, this does not allow for a robust analysis of the
distribution functions in the space of astrophysical parameters
and ages.

Fig. 3: The distribution of the observed sample in the Te↵-
log gplane. The targets enclosed within the red box represent the
sample used for the analysis of ages.

We have therefore opted to re-analyse the spectra using the
Bayesian SAPP pipeline4 described in Gent et al. (2021). This
method was shown to provide atmospheric parameters, includ-
ing Te↵ , log g, [Fe/H], and abundances (Mg, Ti, Mn), across
a broad range of stellar parameters: 4000 . Te↵ . 7000 K,
1.2 . log g . 4.6 dex, and �2.5 . [Fe/H] . +0.6 dex. Ex-
tensive tests of the NLTE synthetic spectral grids and the Payne
model (Ting et al. 2019) based on these can be found in Kovalev
et al. (2019). The latter study also presented a detailed spectro-
scopic analysis of the benchmark stars, including main-sequence
stars, subgiants, and red giants, and 742 stars probing the en-
tire evolutionary sequence in 13 open and globular clusters. In
Gent et al. (2021), the code was developed to carry out the full
Bayesian analysis, by combining the probabilities obtained from
the spectroscopy, photometry, astrometry, and asteroseismic data
analysis modules.

The results of the SAPP analysis are shown in Fig. 3, where
the entire Gaia-ESO HR10 sample with SNR > 20 is plotted in
the Te↵-log g plane. The characteristic uncertainties of stellar pa-
rameters are of the order 22 K for Te↵ , 0.043 dex for log g, 0.025
dex for [Fe/H], 0.049 dex for [Mg/Fe], and 30% for age. These
uncertainties represent the combined estimates derived from the
shape of the multi-dimensional posterior PDF, and thus, they
account for the statistical uncertainties (those of the observed
data) and for the systematic (di↵erences between the individual
PDFs derived from the photometric, astrometric, and spectro-
scopic data). For more details on the error analysis, we refer the
reader to Gent et al. (2021).

4. Stellar ages

One important component of this study is the availability of ages.
Ages are derived using the Bayesian pipeline BeSPP presented
in Serenelli et al. (2013), which was also applied to the analysis
of the first Gaia-ESO data release in Bergemann et al. (2014).
The code relies on the GARSTEC grid of stellar evolutionary
tracks (Weiss & Schlattl 2008) (also used in SAPP) that covers
the mass range from 0.6 to 5.0 M� with a step of 0.02 M� and
metallicity from �2.50 to +0.60 with a step of 0.05 dex. The
resulting precision of ages is approximately 30%.

The analysis of ages is limited to subgiants and upper main-
sequence stars (including turn-o↵), because of the strong degen-
eracy typically identified between tracks of di↵erent ages and
metallicities for the lower MS and RGB phases. This selection
is made by limiting the e↵ective temperature and surface grav-
ity to: 4700 - 6700 K, 3.5 - 4.5 dex for subgiants and turn-o↵
stars, and 5400 - 6700 K, 3.5 - 4.2 dex for the upper main-
sequence. We also include the stars with accurate abundances
and ages analysed in Bergemann et al. (2014). These stars are
part of the Gaia-ESO sample. The uncertainties of stellar param-
eters are small enough to ensure that our selection retains most
of the subgiants in the sample and it minimises the contamina-
tion by lower main-sequence stars. Our final stellar sample with
ages thus contains 4 406 stars, all of have a complete kinematic
characterisation.

5. Selection function

In order to assess the influence of the survey selection function
on our data set, we followed the methodology of Bergemann
et al. (2014). To ensure self-consistency in the analysis, the same

4 https://github.com/mg477/SAPP
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Fig. 6: Phase-space of the observed Gaia-ESO sample: Circular velocity, V�, versus radial velocity, Vr, coloured in density. The
upper panels represent the ↵-poor population, and the lower panels represent the ↵-rich population. Each population is split into two
[Fe/H] bins, metal poor and metal solar-rich. The blue ellipse represents the halo distribution following the multi-Gaussian approach
described in Belokurov et al. (2018) to determine halo contamination within the disc.

Mikolaitis et al. 2014; Recio-Blanco et al. 2014; Kordopatis
et al. 2015), as well as independent studies (e.g. Adibekyan et al.
2013; Bensby et al. 2014). In the latter work, a prominent separa-
tion is detected in [Ti/Fe] abundance ratios, whereas the [Mg/Fe]
ratios show a more continuous distribution. This could be the
consequence of the spatial coverage of the sample. The study
by Bensby et al. focuses on the nearby stars in the solar neigh-
bourhood, whereas our sample probes more extended regions in
the Rgc - z space, reaching 3 < Rgc < 13 kpc and |z| ⇡ ±3
kpc. A similar distribution of the low and high-↵/Fe populations
is seen in the APOGEE sample (e.g. Hayden et al. 2015). One
should note, however, that their ↵ parameter refers to the av-
erage of di↵erent elements5, and so their distributions are not
directly comparable to the present sample. The GALAH survey
results (Bland-Hawthorn et al. 2019; Buder et al. 2021) are also
consistent with our distributions, although the ↵-poor sequence
in our data extends to [Fe/H] ⇡ �1.5, and the majority of ↵-
poor stars are more metal-rich than [Fe/H] ⇡⇡ �0.7 dex. In the
chemical distributions of the RAVE stellar sample (Steinmetz
et al. 2020), the ↵-rich component discernible at [↵/Fe] ⇡ +0.45,
that is somewhat higher compared to our data and the samples
from APOGEE6(Hayden et al. 2015; Jönsson et al. 2020), al-
though consistent within the uncertainties of both samples. in-
ally, comparing our results to LAMOST (Xiang et al. 2019), we
find a similar distribution in the [Mg/Fe] plane, although their re-
sults are somewhat more uncertain compared to our SAPP abun-
dances.

5 O, Mg, Si, S, Ca, and Ti
6 The Ti abundances from the APOGEE SDSS-DR16 appear to be un-
reliable.

6.2. Kinematics and abundances

Figure 6 shows the distribution of our complete sample in the Vr
- V� plane. The upper and lower rows of the panel correspond the
distributions for the ↵-poor and ↵-rich populations, respectively.
The sample is split in di↵erent [Fe/H] bins from �2.5 to +0.5
to highlight the metallicity dependence of the kinematical sub-
structure. The majority of stars from both ↵-rich and ↵-poor pop-
ulations are centred with Vr ' 0 kms�1 and V� ' 220 kms�1,
consistent with the expectations for the Galactic disc ( et al.
2011; Navarro et al. 2011; Bensby et al. 2014). With decreas-
ing metallicity, the velocity dispersion in the radial direction in-
creases significantly, and the mean rotation of stars decreases
and a counter-rotating component appears at [Fe/H] ⇡ �0.6,
in line with previous studies (Fuhrmann 2004; Chiba & Beers
2000; Deason et al. 2017). In the most metal-poor bin, [Fe/H]
. �1 dex, low-V� stars with large radial velocities |Vr| & 200
km/s appear. In Belokurov et al. (2018), these stars were iden-
tified as a population with very radial orbits associated with a
massive merger event around 8 to 11 Gyr ago. Helmi et al. (2018)
coined this merger as the Gaia-Enceladus event.

Combining Gaia DR2 with APOGEE, Di Matteo et al.
(2019) found that the accreted halo component is characterised
by the V� ⇡ 0 kms�1 and is approximately Gaussian distributed
in Vr, with the corresponding velocity dispersion of ⇡ 120 kms�1

(Lancaster et al. 2019). For highly prograde velocities,V� > 100
kms�1 (Di Matteo et al. 2019, their Fig. 10) however, the con-
tribution of the accreted halo population is of the order of a few
percent.
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