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ABSTRACT
In this work we combine spectroscopic information from the SkyMapper survey for Extremely
Metal-Poor stars and astrometry from Gaia DR2 to investigate the kinematics of a sample of
475 stars with a metallicity range of −6.5 ≤ [Fe/H] ≤ −2.05 dex. Exploiting the action map,
we identify 16 and 40 stars dynamically consistent with the Gaia Sausage and Gaia Sequoia
accretion events, respectively. The most metal-poor of these candidates have metallicities of
[Fe/H] = −3.31 and [Fe/H] = −3.74, respectively, helping to define the low-metallicity tail
of the progenitors involved in the accretion events. We also find, consistent with other studies,
that ∼21% of the sample have orbits that remain confined to within 3 kpc of the Galactic
plane, i.e., |Z𝑚𝑎𝑥 | ≤ 3 kpc. Of particular interest is a sub-sample (∼11% of the total) of low
|Z𝑚𝑎𝑥 | stars with low eccentricities and prograde motions. The lowest metallicity of these stars
has [Fe/H] = –4.30 and the sub-sample is best interpreted as the very low-metallicity tail of
the metal-weak thick disk population. The low |Z𝑚𝑎𝑥 |, low eccentricity stars with retrograde
orbits are likely accreted, while the low |Z𝑚𝑎𝑥 |, high eccentricity pro- and retrograde stars
are plausibly associated with the Gaia Sausage system. We find that a small fraction of our
sample (∼4% of the total) is likely escaping from the Galaxy, and postulate that these stars
have gained energy from gravitational interactions that occur when infalling dwarf galaxies
are tidally disrupted.

Key words: stars: kinematics and dynamics – Galaxy: Disc – Galaxy: formation – Galaxy:
halo – Galaxy: kinematics and dynamics – Galaxy: structure

1 INTRODUCTION

In the last decade, the astronomical community has experienced a
renewal of interest in the properties of low-metallicity stars, par-

★ E-mail: giacomo.cordoni@phd.unipd.it

ticularly those with [Fe/H] < −2 dex1. Motivated by the success-
ful surveys of Beers et al. (1992) and Christlieb et al. (2008), in

1 Wewill generally endeavour to follow the convention ofBeers&Christlieb
(2005) in that the terminology ‘very’, ‘extremely’, ‘ultra’, etc, metal-poor
indicates [Fe/H] < –2.0, –3.0 and –4.0, respectively.

© 2020 The Authors
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recent years numerous spectroscopic (e.g., SDSS, SEGUE, LAM-
OST, APOGEE; York et al. 2000; Yanny et al. 2009; Cui et al. 2012;
Zhao et al. 2012; Majewski et al. 2017) and photometric (e.g., Pris-
tine, SkyMapper; Starkenburg et al. 2017; Wolf et al. 2018) surveys
have been commissioned, scanning extensive sky-areas for these
very rare and key objects. We refer to Da Costa et al. (2019, their
Section 1) for a more complete list of spectro-photometric surveys
targeting low-metallicity stars. Not surprisingly, the underlying sci-
entific motive is the understanding of the formation of our Galaxy,
as well as other galaxies in the Universe.

Specifically, the lowest metallicity stars observable at the
present-day formed from gas enriched with the nucleosynthetic
products from first generation metal-free stars, the so-called
Population-III stars. Studies of abundances and abundance ratios
in ultra- and extremely metal-poor stars can then yield constraints
on the properties of the Pop III stars, such as their masses, and on
star formation processes at the earliest times (e.g., Frebel & Nor-
ris 2015). Moreover, the kinematics of these stars can also provide
much information on the events that occurred during the formation
of the Milky Way (MW), which is believed to include both star
formation in-situ and the accretion of lower-mass galaxies. Indeed,
together the abundances and kinematics of the lowest metallicity
stars offer a distinct perspective on the earliest stages of the forma-
tion and evolution of theMilkyWay, and by implication, of galaxies
in general.

In terms of the formation of the MW, the most common sce-
nario predicts that the most metal-poor stars will be found mainly
in the Galactic halo and Bulge, as these components likely formed
in the earliest stages of the MW’s evolution (e.g. White & Springel
2000; Brook et al. 2007; Tumlinson 2010; El-Badry et al. 2018).
In such a scenario relatively few, if any, very metal-poor stars are
expected to lie in the MW disk as it formed at a later epoch after the
settling into the plane of gas enriched bymultiple generations of star
formation (e.g. Bland-Hawthorn & Gerhard 2016). However, recent
kinematic results from surveys for the most metal-poor stars have
cast doubt on this scenario, altering our understanding of the for-
mation of the Milky Way. For example, the recent studies of Sestito
et al. (2019, 2020b), Di Matteo et al. (2020) and Venn et al. (2020)
have revealed a new scenario where ∼ 20% of very metal-poor
stars have orbits that are confined to within 3 kpc of the MW plane;
evidently the majority of these stars are not Galactic halo objects
despite their low metallicities.

In particular, Sestito et al. (2019) compiled a catalogue of
42 ultra metal-poor ([Fe/H] ≤ –4.0) stars from the literature and
analyzed their orbital properties making use of Gaia DR2 proper
motions (Gaia Collaboration et al. 2018). They found that 11 out of
42 stars have prograde orbits that are confined to within 3 kpc of
the Milky Way disk. Moreover, two of these MW-planar stars are
found to be on nearly circular prograde orbits, and one is the star
with the lowest overall metal content currently known (Caffau et al.
2011). In the same fashion, Di Matteo et al. (2020) investigated the
kinematics of a sample of coincidentally the same number of low-
metallicity stars drawn from the ESO Large Program “First stars –
First nucleosynthesis” (Cayrel et al. 2004). Their analysis also finds
that ∼ 20% of the stars show disk-like kinematics. They went on to
consider a larger sample of stars covering a wider metallicity range
and found consistent results. Di Matteo et al. (2020) then postulated
the existence of an “ultra-metal poor thick disk” that is an extension
to low metallicities of the Galaxy’s thick disk population.

Sestito et al. (2020b) carried out a similar kinematic analysis
on a substantially larger sample, consisting of 1027 very metal-poor
stars with [Fe/H] ≤ –2.5 selected from the Pristine (Starkenburg

et al. 2017; Aguado et al. 2019) and LAMOST (Cui et al. 2012; Li
et al. 2018) surveys. Again they find that almost 1/3rd of the stars in
the sample have orbits that do not deviate significantly from the disk
plane of the Galaxy. They suggest that this implies that a significant
fraction of the MW’s metal-poor stars formed with the Milky Way
(thick) disk. Moreover, they note that as a consequence, the history
of the disk must have been sufficiently quiescent that (presumably
old) metal-poor stars were able to retain their disk-like orbits to the
present-day (Sestito et al. 2020b).

Venn et al. (2020) have also investigated the kinematics of
metal-poor stars using a sample of 115 objects chosen from the
Pristine survey (Starkenburg et al. 2017) that have been observed
at high dispersion. They find 16, out of 70, metal-poor stars whose
orbits are confined to the vicinity of theGalactic plane, together with
small numbers of stars that may have unbound orbits. They also
identify stars whose orbital characteristics/actions are consistent
with an origin in the Gaia Enceladus (Helmi et al. 2018) accretion
event.

These somewhat unexpected results support the idea that the
metallicity distribution of the Galaxy’s thick disk does indeed pos-
sess a low metallicity tail, as first advocated by Norris et al. (1985)
and Morrison et al. (1990). Moreover, the proposed low metallicity
tail would extend to lower metallicities than those authors suggested
(see also Chiba & Beers 2000; Beers et al. 2014).

The origin(s) of these metal-poor thick disk stars is, however,
still uncertain, though the implications of their existence for the
formation and evolution of the MW, and disk galaxies in general,
are likely significant. A number of different possibilities have been
discussed (e.g. Sestito et al. 2019, 2020b; Di Matteo et al. 2020)
including that the stars were accreted from small satellites once the
MW disk had already formed, or that they represent low metallicity
stars formed in the gas-rich building-blocks that came together to
form the main body of the Galaxy’s disk (see also the theoretical
simulations presented in Sestito et al. 2020a).

In this work we conduct a similar study to those men-
tioned above by exploiting the metallicity determinations from the
SkyMapper Survey for extremely metal-poor stars (see Da Costa
et al. 2019), together with Gaia DR2 astrometry (Gaia Collabora-
tion et al. 2018), to investigate the dynamics of 475 very metal-poor
([Fe/H] < –2) stars in the southern sky. The wide extension in metal-
licity space, together with the relatively large number of stars, gives
us a detailed view of the kinematic properties of these objects. We
also consider the potential connection of any of the stars in our sam-
ple with the MW accretion events, such as those designated Gaia
Enceladus, Gaia Sausage andGaia Sequoia that have been recently
discovered in large scale analyses of Gaia DR2 data (e.g. Helmi
et al. 2018; Belokurov et al. 2018; Myeong et al. 2019; Mackereth
et al. 2019). Such a connection has also been pursued inMonty et al.
(2020).

The paper is organized as follows: in Sections 2 and 3 we
present the data set and the orbit determination procedure, respec-
tively, while in § 4 and § 5 we present and discuss our results.
Specifically, in § 5.3 we discuss the small number of stars in our
sample that appear not to be bound to the Galaxy. The final section
(§ 6) summarizes our findings.

2 DATA

The data set used in this work consists of 475 stars with metallicities
ranging from [Fe/H] = −2.08 to [Fe/H] < −6.5 dex. It is composed
as follows:

MNRAS 000, 1–22 (2020)
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• 114 giant stars with −6.2 ≤ [Fe/H]1D, LTE ≤ −2.25 dex.
Of these stars 113 come from Yong et al. (in preparation), while
the remaining star is the most-iron poor star for which iron has
been detected: SMSS J160540.18–144323.1 with [Fe/H]1D, LTE =

−6.2 ± 0.2 (Nordlander et al. 2019). These stars originate with the
extremely metal-poor (EMP) candidates discussed in Da Costa et al.
(2019) and all have been observed at high resolution, principally
with the MIKE spectrograph (Bernstein et al. 2003) at the 6.5m
Magellan (Clay) telescope.We shall refer to these stars as the HiRes
data set.

• 45 stars observed with the FEROS high-resolution spectrograph
(Kaufer et al. 1999) at theMPG/ESO2.2-metre telescope at La Silla.
Again, these stars originated from the Da Costa et al. (2019) sample.
We removed from the analysis all the stars with [Fe/H] > −2, and
the stars in common with HiRes data set. The final count of stars
belonging to this sub-sample is 38 and we label it as the FEROS data
set.

• 122 stars from Jacobson et al. (2015) which have −3.97 ≤
[Fe/H] ≤ −1.31 dex. These stars originated in the SkyMapper
commissioning-era survey (see Da Costa et al. 2019), and were
also observed at high-dispersion with the MIKE spectrograph at
Magellan. As for the FEROS sample, we removed 7 stars with
[Fe/H]1D, LTE > −2 and the single star in common with the HiRes
data set. However, as discussed in §3.2, there appears to be an is-
sue with the radial velocities for the stars observed by Jacobson
et al. (2015) during one specific Magellan/MIKE run, namely 2013
May 28 – June 01. As a result, we have removed the stars observed
in that run that lack a radial velocity from Gaia DR2 and which
had not been already discarded. The final sub-sample used here is
then composed of 91 stars and we refer to it as the Jacobson+15
sub-sample.

• 17 stars from Marino et al. (2019) with metallicity −3.26 <

[Fe/H]1D, LTE < −1.71 dex. The spectra of these stars were ob-
tained with the Keck HIRES high-resolution spectrograph (Vogt
et al. 1994). After the removal of 2 stars present in the Jacob-
son+15 sub-sample, and 2 stars with [Fe/H]1D, LTE > −2, we
retain 13 stars. This sub-sample is referred to as the Marino+19
data set.

• 362 giant star candidates from Da Costa et al. (2019) with
either [Fe/H]fitter2< −3.0, or −3.0 ≤ [Fe/H]fitter ≤ −2.5 and
𝑔SkyMapper < 13.7 mag. The radial velocities from the low-
resolution spectra lack sufficient precision for our analysis, so the
list of stars was cross-matched with Gaia DR2 to obtain radial ve-
locities. A total of 195 stars were retained after the cross-match.
These stars are referred to as the LowRes data set.

• 24 Ultra Metal-Poor giant stars ( [Fe/H] ≤ −4) from Sestito
et al. (2019), included to increase the number of UMP stars in the
full sample and to provide a consistency check on our procedures.
We have specifically selected only known giants from their sample
for consistency with the SkyMapper derived samples, which are
giant dominated. We refer to Sestito et al. (2019) for a detailed
description of the data set but we note it includes the star SMSS
J031300.36-670839.3, which has [Fe/H]3D,NLTE < −6.5 (Keller
et al. 2014; Bessell et al. 2015; Nordlander et al. 2017). This data
set is referred to as the Sestito+19 sub-sample.

Unless otherwise noted, the uncertainty in [Fe/H] values de-
rived from high dispersion spectroscopy is taken as ±0.10, while
for the stars in the LowRes data set, the uncertainty is ±0.3, and

2 [Fe/H]fitter is determined from the low-resolution spectra as described in
Da Costa et al. (2019).

6 5 4 3 2
[Fe/H]
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Figure 1.Metallicity distributions of the data sets analysed in this work. The
six different subsamples are marked with red, orange, blue, dark-red, navy
and green. The metallicity distribution of the total sample is shown with the
grey-black solid line. Each density distribution (𝜙) has been computed with
a Gaussian kernel and renormalized with the total number of stars in the
sample for a correct relative visualization.

the values are quantized at 0.25 dex intervals. Figure 1 then shows
the metallicity distribution of each data set, computed using kernel
density estimation with a Gaussian kernel and a bandwidth param-
eter of 0.5; the number of stars belonging to each set is reported
in the top-left corner of the panel. Each distribution has been nor-
malized by the number of stars in the sample. Figure 1 also shows
the distribution for the total sample formed by summing the indi-
vidual distributions. As is apparent, the sample spans a wide range
in metallicity, with a peak around [Fe/H] ∼ −2.8, consistent with
the observed metallicity distribution function of the full SkyMapper
EMP sample discussed in Da Costa et al. (2019).

Figure 2 shows the position of the analyzed stars, both inGalac-
tic latitude and longitude and in the Cartesian Galactocentric refer-
ence frame, with each star colour-coded according to its metallicity.
Since∼ 90% of the stars come from the SkyMapper survey, the data
set is affected by the same selection biases as discussed in Da Costa
et al. (2019). Specifically, the SkyMapper survey avoids regions of
the sky with significant stellar crowding, while the selection process
for candidates restricts the sample to stars with 𝐸 (𝐵 − 𝑉) < 0.25
mag. The net result is a lack of candidates near the Galactic plane
and in the Galactic Bulge (see Figure 4 and Figure 14 in Da Costa
et al. 2019) as is evident in the inset in the middle panel of Figure 2.
Indeed, the majority of the stars lie inside the solar circle in the
(XG,YG) plane, although at a variety of heights above and below
the plane; the star nearest the Galactic Centre in the sample has a
Galactocentric radius of 1.8 ± 0.8 kpc.

3 DERIVING THE KINEMATICS OF THE SAMPLE

To compute the orbit of a star the full 6-dimensional information
for the position and velocity is needed. Specifically, we need right
ascension (𝛼), declination (𝛿), distance from the Sun (d), proper
motions in right ascension and declination (𝜇𝛼 cos 𝛿, 𝜇𝛿), and the
heliocentric radial velocity (𝑣r). Gaia DR2 provides the optimal
source for these parameters, noting that strictly Gaia provides a
measurement of parallax, not distance, and that 𝑣r is only available
for the brightest stars. As recently discussed in Bailer-Jones et al.
(2018), for example, simply inferring the distance from the paral-

MNRAS 000, 1–22 (2020)
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Figure 2. Top panel. Mollweide projection of the analyzed stars in Galactic coordinates. Each star is colour coded according to its metallicity. Bottom
panels. Position of the analyzed stars in the Galactocentric Cartesian reference frame using the derived distances as discussed in section 3.1. The inset in the
middle-bottom panel shows a zoom of the Galactic plane region. In each panel the first named quantity is for the x-axis and the second is for the y-axis. The
Sun, marked by the black circle, is at (–8.2, 0.0, 0.02) and the Galactic Centre is at the origin in this co-ordinate system.

lax measurement alone can lead to unreliable results. To overcome
this problem, Bailer-Jones et al. (2018) combined parallax measure-
ments with a realistic prior for the distance as a function of Galactic
longitude and latitude, to generate distance estimates.

Sestito et al. (2019) introduced an alternate approach to deter-
mining distances that combines the exquisite astrometry and pho-
tometry provided by Gaia DR2 with theoretical isochrones in a
Bayesian analysis to infer the distance, as well as the physical prop-
erties surface gravity (log 𝑔) and effective temperature (𝑇eff). An
advantage of their technique is that it allows the breaking of the po-
tential degeneracy between dwarf and giant star distances at a fixed
𝑇eff . In our case however, by deliberate choice of the colour-range
used to define the underlying sample of low metallicity candidates
in the SkyMapper EMP-survey (see Da Costa et al. 2019), our data
set consists entirely of giants3, so that any dwarf/giant distance am-
biguity does not arise. It further allows us to exploit the effective
temperatures and metallicities of our stars, which are known from
either the high-resolution analyses or from the spectrophotometric
fits to the low-resolution spectra, to derive absolute magnitudes via
the use of red giant branch (RGB) isochrones, particularly for those
stars that lack a reliable parallax determination. This approach has
the underlying assumption that all the stars lie on the RGB, whereas

3 This is verified by the log 𝑔 values for our stars as determined from the
high resolution spectra, where available, or from the spectrophotometric fits
to the low-resolution spectra (see Da Costa et al. 2019, for details).

the distribution of temperatures and gravities in Da Costa et al.
(2019) suggests a small fraction (5–10%) of the total sample are
red horizontal branch or early-AGB stars. Such stars are more lu-
minous than RGB stars at the same effective temperature and thus
the distance determinations based on the RGB locus will be smaller
than the true distances. While this will result in some individually
incorrect orbital parameters, the overall results are unaffected given
the dominance of RGB stars in the sample.

Details of our distance determinations are discussed in the
next section, but when we compare our derived distances with those
in Sestito et al. (2019) for the stars in common, we find excellent
agreement. This is illustrated in Figure 3.

3.1 Distance determination

Our approach to determining distances for the stars in our sample
is twofold. First, for the stars with unreliable Gaia DR2 parallax
determinations, which we take here as those with 𝜎𝜋/|𝜋 | ≥ 0.15,
we adopted the following approach, which relies on the assump-
tion that the stars in our sample, being very metal-poor, can be
safely assumed to be old (age ≥ 10 Gyr)4. With this assumption we
can then use the known 𝑇eff and [Fe/H] values together with RGB

4 At ages exceeding ∼10 Gyr, for a given isochrone set there is very little
variation in absolute magnitude with age at fixed metallicity and 𝑇eff on the
RGB.

MNRAS 000, 1–22 (2020)
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Figure 3. Lower panel: Comparison between the distance estimates in this
work and those from Sestito et al. (2019). The solid line represents the 1:1
relation between the two different estimates.Upper panel: the relative differ-
ences between our distances and those from Sestito et al. (2019) expressed
as (Δ = (𝐷TW − 𝐷S+19)/𝐷TW) . The subscript TW indicates the values
from this work. Each star is colour-coded according to its metallicity, as
shown by the colour bar.

isochrones of different metallicity to infer the absolute magnitudes
and thus the distance. Specifically, we have used a set of Yonsei-Yale
RGB isochrones5 (𝑌2, Demarque et al. (2004)) for an age 12 Gyr,
[𝛼/Fe] = +0.3 and metallicities corresponding to [Fe/H] = –3.5,
–2.5 and –1.9 to infer the V-band absolute magnitude (𝑀V) for each
star.

In practice, to find the absolute magnitude corresponding to
a given star’s metallicity and 𝑇eff , we interpolated in 𝑀V across
the isochrones at the 𝑇eff value. Since the isochrones use visual
magnitudes, we first calculated the appropriate 𝑉 magnitude for
each star from the Gaia 𝐺 values using the coefficients provided
by the Gaia documentation6. Reddening values from Schlegel et al.
(1998) were adopted, corrected according to the recipe in Wolf
et al. (2018). For stars with metallicities between −4.5 and −3.5,
the (𝑀V) value is a linear extrapolation, while for the small number
of stars with [Fe/H] ≤ −4.5, which come primarily from the Sestito
et al. (2019) sub-sample, the 𝑀V inferred for [Fe/H] = −4.5 was
used. The uncertainties in the distances were then determined by
assuming an uncertainty of 100K in 𝑇eff and 0.1 dex in metallicity
(0.3 dex for stars in LowRes subsample) and then propagating these
values into the distance determination.

Second, for the stars with nominally reliableGaiaDR2 parallax
determinations, i.e., those with 𝜎𝜋/|𝜋 | < 0.15, we compared the
Bailer-Jones et al. (2018) distances with the distances inferred from
the RGB isochrones. This is shown in Fig. 4. While most stars do
scatter about the 1:1 line, there are sizeable differences between
the two estimates for ∼25% of the stars, most commonly with the
RGB-based distance being larger than the Bailer-Jones et al. (2018)
value, indicating that the parallax may have been overestimated, or
that the RGB-based distance is incorrect.

We have not sought to investigate the origin of the discrepancy

5 These isochrones were adopted for consistency with the analyses in Jacob-
son et al. (2015); Marino et al. (2019) and in the HiRes dataset (Yong et
al. (in preparation), where the isochrones were used to infer surface gravities.
6 https://gea.esac.esa.int/archive/documentation/GDR2/

Data_processing/chap_cu5pho/sec_cu5pho_calibr/ssec_

cu5pho_PhotTransf.html

for each individual case, noting that we include uncertainties in
𝑇eff and [Fe/H] when estimating the uncertainty in the RGB-based
distance. There is, however, a potential systematic uncertainty intro-
duced by RGB isochrone based approach. In particular, as discussed
by Joyce & Chaboyer (2018), the location of theoretical RGBs in
the Hertzsprung-Russell diagram is sensitive to the adopted value of
the mixing length parameter 𝛼MLT. The value of 𝛼MLT employed in
any particular isochrone set (e.g., 𝛼MLT = 1.7 for the𝑌2 isochrones)
is usually determined by requiring a fit to the solar values, but,
as demonstrated in Joyce & Chaboyer (2018), at low metallicities
the location of the RGB computed with a solar-calibrated 𝛼MLT is
more luminous by ∼0.3 mag at a fixed 𝑇eff than a comparison with
globular cluster RGB observations would suggest: a ∼10% smaller
value of 𝛼MLT is required for consistency with the observations. It is
possible therefore that our RGB-based distances are systematically
over-estimated, though the comparison shown in Fig. 4 suggests that
it is not a major effect.

In practice we have adopted the Bailer-Jones et al. (2018)
distance and its uncertainty whenever the absolute value of the
relative difference (Δ =

𝐷RGB−𝐷BJ+18
𝐷RGB

) is smaller than 0.35. This is
shown as the grey shaded region in Figure 4. For the remainder, i.e.,
for the stars outside the shaded area with |Δ| > 0.35, we adopted
the distance inferred from RGB isochrones. Overall, this results in
the use of the RGB isochrone distance for 357 stars, while for the
remaining 118 the Bailer-Jones et al. (2018) distance is employed7.

The largest (heliocentric) distance of the stars in our sample
is the RGB-based distance of ∼ 35 kpc for the high-luminosity
giant (log 𝑔 ≈ 0.3) SMSS J004037.55–515025.1, which has [Fe/H]
= –3.83 and is in the Jacobson+15 sub-sample. The smallest is
the Bailer-Jones et al. (2018) distance of 0.21 kpc for the sub-giant
BD+44 493 (log 𝑔 ≈ 3.2 and [Fe/H] = –4.30) from the Sestito+19
sub-sample. Overall, the median heliocentric distance for the entire
sample is ∼ 5 kpc, with a median ∼ 7 kpc for RGB-based distances,
and a median of ∼ 3 kpc for Bailer-Jones et al. (2018) distances.

3.2 Orbital properties

To compute the orbital parameters we used the full 6-dimensional
information on the position and velocity for each star. Gaia DR2
provides coordinates and proper motions, while the distances have
been obtained as discussed in the previous section. Radial velocities
come from the high-dispersion spectra, when available, and from
Gaia DR2 for the LowRes sample.

We note that there are a number of the stars with radial veloci-
ties from the high-dispersion spectra that also have radial velocities
from Gaia DR2, and this allows us to check for anything unusual or
unexpected. As mentioned in §2, in this comparison process we dis-
covered an anomaly in the Jacobson et al. (2015) radial velocities for
a particular Magellan/MIKE run. In that run 32 stars were observed
of which 8 also have radial velocities from Gaia DR2. The compar-
ison for these 8 stars shows extreme disagreement for 7 stars, with
values of the difference V𝑟 (J+15) – V𝑟 (Gaia DR2) ranging from
–400 to +415 km s−1. We are at a loss to explain the origin of the
disagreements8 and have consequently excluded from the analysis
the stars from this run that lack Gaia DR2 radial velocities, while

7 We have checked that the kinematics for the stars where we have adopted
the Bailer-Jones et al. (2018) distance are not significantly altered if instead
the RGB distance is assumed. This is not surprising as for these stars the
Bailer-Jones et al. (2018) and RGB distances are consistent.
8 It is important to recall that Gaia DR2 velocities were not available at
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Figure 4. Comparison between the distance determined in this work and
the distance inferred in Bailer-Jones et al. (2018) for the 195 stars with
𝜎𝜋/ |𝜋 | < 0.15. Each star is colour coded according to its metallicity, as
shown in the right colour-bar. The grey shaded region within the black solid
lines encloses stars with |Δ | ≤ 0.35, for which we adopted the Bailer-Jones
distances. The top panel shows the relative differences between distances
inferred through RGB isochrones and distances from Bailer-Jones et al.
(2018) (Δ = (𝐷RGB − 𝐷BJ+18)/𝐷RGB)

using the Gaia DR2 radial velocities in the kinematic calculations
for the remaining 7 stars that have [Fe/H] ≤ –2.0 dex. We stress that
such large disagreements are seen only for this one observing run in
the Jacobson+15 sample, the radial velocities from other runs are
very consistent with Gaia DR2 values when available. This is also
the case for the stars in the HiRes and FEROS samples. Overall, for
the 41 stars with radial velocities from our high-dispersion spectra
and from Gaia DR2, the velocities agree well with a mean differ-
ence, in the sense of our velocities minus Gaia, of 1.7 km s−1 and
a standard deviation of 5.5 km s−1. This agreement indicates that
any systematic uncertainties in the radial velocity determinations
are very minor compared to other contributors to uncertainties in
the orbit determinations. We have always used the radial velocity
and the corresponding uncertainty from the high dispersion spectra
when available; the Gaia radial velocities and their uncertainties
were utilized only when there was no alternative.

The kinematics of our sample of metal-poor stars have been
determined using the GALPY9 Python package (Bovy 2015). The
orbit of each star was obtained by direct integration backward and
forward in time for 2Gyrs.This choice relies on the assumption
that such a timescale is shorter than any significant variation in the
Galactic potential

We adopted the potential identified as the best candidate among
the ones studied in McMillan (2017)10. Briefly, it consists of an
axisymmetric model with a bulge, thin, thick and gaseous disks,
and a Navarro-Frenk-White (Navarro et al. 1996) dark matter halo.
The heliocentric distances derived in the previous section have
been converted to distances from the Galactic Centre (GC) in
the GALPY routine, specifying the galactocentric position of the
Sun as (𝑋,𝑌, 𝑍) = (−8.21, 0, 0.0208) kpc, and its circular speed

the time the Jacobson et al. (2015) results were published, so the velocity
anomalies would not have been apparent.
9 http://github.com/jobovy/galpy
10 We note that our adopted potential is different from that used in Sestito
et al. (2019).

as 𝑣0 = 232.8 km s−1. Both quantities are taken from McMillan
(2017).

For each star we determined the apogalacticon and perigalac-
ticon (𝐷apo, 𝐷peri) of the orbit, the maximum vertical excursion
from the Galactic plane (𝑍max), the eccentricity

(
𝑒 =

𝐷apo−𝐷peri
𝐷apo+𝐷peri

)
,

the energy (𝐸), the three actions (𝐽R, 𝐽𝜙 , 𝐽Z)11 and the veloc-
ity components 𝑈, 𝑉, 𝑊 in the frame of the local standard of rest
(LSR). As have others (e.g. Myeong et al. 2018), we emphasize that
action space is the ideal plane in which to evaluate large samples of
MW stars to identify and study possible sub-structures and debris
from accretion events. The reason is that the actions are nearly con-
served under the hypothesis that the potential is smoothly evolving
(Binney & Spergel 1984).

The uncertainties associated with the derived orbital parame-
ters are determined by sampling the Probability Distribution Func-
tions (PDFs) of the observed values. In particular, we drew 500 ran-
dom realizations of the distance and velocity components and, for
each realization, recomputed the orbital parameters assuming Gaus-
sian distributions with means and dispersions equal to the observed
values and their uncertainties. In particular, the uncertainties in the
two proper motion components (𝜇𝛼 cos 𝛿, 𝜇𝛿) were drawn from a
bivariate Gaussian taking into consideration the full covariance as
defined in Equation 1, following the Gaia DR2 documentation.

𝑐𝑜𝑣 =

(
𝜎2𝜇𝛼

𝜎𝜇𝛼
· 𝜎𝜇𝛿

· 𝑐𝑜𝑟𝑟 (𝜇𝛼, 𝜇𝛼)
𝜎𝜇𝛼

· 𝜎𝜇𝛿
· 𝑐𝑜𝑟𝑟 (𝜇𝛼, 𝜇𝛼) 𝜎2𝜇𝛿

)
(1)

The uncertainties on the orbital parameters have then been deter-
mined by propagating the 16th and 84th percentiles of the resulting
parameter distributions.

As examples, we consider the two most iron-poor stars known:
SMSS J031300.36–670839.3 (Keller et al. 2014; Bessell et al. 2015)
and SMSS J160540.18–144323.1 (Nordlander et al. 2019). For the
former we find an “outer-halo” orbit with 𝑒 = 0.70 ± 0.05 , 𝐷peri =
6.5 ± 2.0, 𝐷apo = 36.6 ± 9.8 and |𝑍max | = 34.2 ± 9.2 kpc. These
parameters are in good agreement with those listed in Sestito et al.
(2019). For the latter star, however, we determine an extreme “outer-
halo” orbit that may in fact be unbound as the derived energy 𝐸

is close to zero. The inferred parameters are 𝑒 = 0.93, 𝐷peri =
6.5±2.0, 𝐷apo ≈ 423 and |𝑍max | ≈ 327 kpc; the latter two quantities
are quite uncertain.

As discussed in detail in §5.3, SMSS J160540.18–144323.1
is, in fact, one of a small number of stars (30 out of 475) for which
we find apparent apogalacticon distances larger than the MilkyWay
virial radius, i.e., larger than ∼250 kpc. For such stars, a substantial
fraction of the 500 random realizations resulted in unbound orbits
(i.e., 𝐷apo = ∞), thus potentially biasing both the medians and the
uncertainties derived from the orbital parameter distributions. The
uncertainties for these specific stars are considered in more detail
in §5.3.

As an independent check on the uncertainties and on the role
of the adopted potential, we can compare our orbit parameters with
those listed in Sestito et al. (2019, see their Table 4) for the 24 Ultra

11 See Binney (2012) for a description of these variables. In particular,
the azimuthal action 𝐽𝜙 corresponds to the vertical angular momentum
𝐿Z for an axisymmetric potential, as is the case here. In the following we
will therefore refer to the azimuthal action in place of the vertical angular
momentum. We also adopted the Stäckel fudge method to calculate the
actions as implemented in GALPY.
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Metal-Poor stars in common. The agreement is generally excellent.
Specifically, defining Δ as the difference between our values and
those of Sestito et al. (2019) normalized by our values, then for
the 24 stars we find median Δ values of 0.04, 0.03, 0.03 and 0.08
for 𝐷apo, 𝐷peri, 𝐽𝜙 and 𝐸 , respectively, noting that for the energy
comparison we have taken into account the different solar energy
used here to that in the Sestito et al. (2019) study.

4 RESULTS

The physical properties and the computed orbital parameters of
the first 10 stars are listed in Tables 1 and 2 while the complete
tables are available with the online supplementary material. For Ta-
ble 1 the columns are, respectively, an index number, the Gaia DR2
and SkyMapper or other IDs, the on-sky location in degrees, the
parallax and its uncertainty from Gaia DR2, the adopted distance
and its uncertainty, a flag indicating whether the distance is from
the RGB isochrones (value=0), or from Bailer-Jones et al. (2018)
(value=1), the proper motions from Gaia DR2 and their uncertain-
ties, the heliocentric radial velocity and its uncertainty, log 𝑇eff and
its uncertainty, the abundance [Fe/H], the reddening, and the data
set fromwhich the star originates. Similarly for Table 2, the columns
are the index number (as for Table 1), the eccentricity and its uncer-
tainty, the apo- and peri-galactic distances, the maximum deviation
from the Galactic plane, the actions (𝐽R, 𝐽𝜙 , 𝐽Z), the energy, and
the𝑈, 𝑉 and𝑊 velocity components in the LSR frame.

Figure 5 shows the inferred orbital parameters for all the
stars with 𝐷apo ≤ 250 kpc, with each star colour-coded accord-
ing to its metallicity, as shown in the right colour-bar. In particu-
lar, panels a) and b) show the vertical action (𝐽Z [kpc km s−1]),
indicative of the vertical excursion of the star, and the orbital
energy (𝐸 [km2 s−2])12, as a function of the azimuthal action
(𝐽𝜙 [kpc km s−1])13. The quantities have been normalized by the
solar values computed for the McMillan2017 potential employed
here: 𝐽𝜙,� = 2014.24 kpc km s−1, 𝐽Z,� = 0.302 kpc km s−1 and
𝐸� = −153507.15 km2 s−2. We note that if we adopt the MWPo-
tential2014 employed by Sestito et al. (2019), and include the
increased dark matter halo mass, we obtain solar values similar to
those in that work. Retrograde orbits are characterised by a negative
value of 𝐽𝜙 , while prograde orbits have a positive 𝐽𝜙 . We find that
overall ∼ 42% (185/445) of our stars with 𝐷apo ≤ 250 kpc exhibit
retrograde orbits, and note that the selection of the stars for inclu-
sion in our sample should not have any bias as regards prograde or
retrograde orbits.

Regarding the uncertainties in the derived orbital quantities,
these are listed for each individual star in Table 2, but as examples,
we find that for stars with 𝐷apo ≤ 20 kpc, the median errors in
𝐷apo, 𝐷peri, |𝑍max | and 𝑒 are 0.9 kpc, 0.6 kpc, 1.0 kpc and 0.08,
respectively. These increase to 11.6 kpc, 1.7 kpc, 7.7 kpc and 0.08
for stars with 20 ≤ 𝐷apo ≤ 50 kpc, respectively, and to 56.4 kpc,
2.7 kpc, 52.0 kpc and 0.09 for stars with 50 ≤ 𝐷apo ≤ 250 kpc.

In panels c) and d) we show the maximum height
( |𝑍max | [kpc]) and eccentricity 𝑒 as function of the apogalatic dis-
tance (𝐷apo [kpc]). A preliminary inspection of panels a) and c)
reveals that, despite the lowmetallicity of the stars in the sample, we
detect a significant number of stars with small vertical excursion,

12 The energy is multiplied by −1 to maintain the canonical “V”-shape.
13 The azimuthal action corresponds to the vertical angular momentum 𝐿Z
for an axisymmetric potential as is used here.

in agreement with Sestito et al. (2019, 2020b) and Di Matteo et al.
(2020). In particular, if we follow Sestito et al. (2020b) and adopt
𝐽Z/𝐽𝑍𝑠𝑢𝑛 < 1.25×103, shown as the dotted horizontal line in panel
a), to characterize orbits that are confined to the disk, then ∼50%
of our sample meets this definition. Similarly, if we follow Sestito
et al. (2019) in using |𝑍max | = 3 kpc (horizontal dashed-dotted line
in panel c) of Figure 5) to discriminate between “disk-like” and
“halo-like” orbits, we find that 102, or ∼21%, of the stars in our
sample meet this criterion, i.e., have orbits that do not deviate far
from the Galactic plane. Further, panel d) suggests that, while stars
with 𝐷apo . 25 kpc have an approximately uniform distribution in
eccentricity, highly eccentric (𝑒 & 0.5) orbits are favoured for stars
with 𝐷apo & 25 kpc, while panels c) and f) show that there is an
apparent dearth of stars with low values of |𝑍max | beyond 𝐷apo ≈
30 kpc. These apparent effects are most probably a consequence of
the criteria adopted to select SkyMapper EMP candidates, as stars
with low |𝑍max | and large 𝐷apo aren’t likely to meet the apparent
magnitude cut that underlies the sample (𝑔skymapper < 16 for the
HiRes stars and 𝑔skymapper < 13.7 for the LowRes stars). In partic-
ular, the bottom-middle and bottom-right panels of Figure 2 show
that stars with |𝑍 | ≤ 3 kpc and Galactocentric distances beyond
10-15 kpc are rare in our sample.

The two bottom left panels again show the eccentricity versus
the apogalactic distance, but separately for stars with |𝑍max | in ex-
cess of 3 kpc (panel e) and those with |𝑍max | less than this value
(panel f). Similarly, the two bottom right panels also show eccen-
tricity versus the apogalactic distance but this time the sample is
split by metallicity: stars with [Fe/H] > −3 are shown in panel g)
while the more metal-poor stars are shown in panel h). The similar-
ity of panels g) and h) show that there is no obvious dependence of
the kinematics on metallicity, at least for this sample of metal-poor
stars.

To more clearly illustrate this point, we show in Figure 6 a
plot of [Fe/H] against 𝑒, the orbital eccentricity. Diagrams of this
nature have long played an important role in discussions of the
formation of the Galaxy. For example, in their classic paper, Eggen
et al. (1962) argued on the basis of an apparent correlation between
ultra-violet excess (an indicator of [Fe/H]) and orbital eccentricity,
that the proto-Galaxy collapsed rapidly to a planar structure with
a timescale of only a few ×108 years. Specifically, in their sample
of stars, those with [Fe/H] less than –1.5, approximately, all had
𝑒 ≥ 0.6 (Eggen et al. 1962). Norris et al. (1985) challenged the
rapid collapse interpretation arguing that the lack of low-𝑒 metal-
poor stars was a result of a kinematic bias in the selection of the
Eggen et al. (1962) sample. Instead, using a sample selected without
any kinematic bias, Norris et al. (1985) showed that metal-poor stars
with relatively low orbital eccentricities exist, a population they
identified as a metal-weak component of the thick-disk. The Norris
et al. (1985) result was confirmed and strengthened by Beers et al.
(2014, see their Fig. 10)who showed that for starswith [Fe/H]≤ –1.5
there is no correlation between orbital eccentricity and metallicity:
stars can be found with 𝑒 values between ∼0.1 and 1. Our results
in Figure 6 extend the lack of any correlation to substantially lower
metallicities than those in Beers et al. (2014), where there were only
a few stars at or below [Fe/H] = –2.5 and none below –3.0 dex. We
discuss the implications of the existence of extremely metal-poor
stars with low eccentricities (and low |𝑍max |) in §5.2. Figure 6 also
shows the location of candidate members of the Gaia Sausage and
Gaia Sequoia accretion events. The identification and properties of
these stars are discussed in detail in §5.1.

Finally, as noted above, we find that 30 stars from the full
sample have apparent 𝐷apo values larger than 250 kpc, i.e., larger
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Figure 5. Orbital parameters for the stars with 𝐷apo ≤ 250 kpc. Panels a) and b): Vertical action (𝐽Z [km s−1 ]) and energy (𝐸 [km2 s−2 ]) as a function of the
azimuthal action (i.e. the vertical component of the angular momentum, 𝐽𝜙 [km s−1 ]). All quantities have been normalized by the solar values. The horizontal
dashed-dotted line in panel a) indicates 𝐽Z/𝐽Z,� = 1.25×103. Panels c) and d):Maximum altitude from the MW plane ( |𝑍max | [kpc]) and eccentricity plotted
as a function of the apogalactic (𝐷apo [kpc]) distance. Note that since |𝑍max | cannot exceed 𝐷apo, the region above the 1:1 line in panel c) is forbidden. The
horizontal dashed-dotted line in panel c) marks 𝑍max = 3 kpc. Panels e) and f): as for panels c) and d) but split by |𝑍max |. Panels g) and h): as for panels c)
and d) but split by metallicity [Fe/H].

than the virial radius of the Milky Way. The majority of these stars
possess energies that are consistent with, or larger than, zero and
they likely have unbound orbits. These stars will be discussed in
more detail in §5.3 but we note again that they are not plotted in the
panels of Fig. 5 or in Fig. 6.

5 DISCUSSION

In the following sub-sections we discuss in detail the results for the
475 very metal-poor stars analyzed. We will focus specifically on
three key aspects. The first is the relation between the stars in our
sample and the recently described remnants of the postulated Gaia
Sequoia and Gaia Sausage accretion events (Belokurov et al. 2018;
Myeong et al. 2019). For the sake of this analysis, following the
hypothesis of Belokurov et al. (2018) and Myeong et al. (2019),
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Table 1.Observed properties of the first ten stars in our sample. The columns are: a numeral index, Gaia DR2 and SkyMapper or other IDs, coordinates, parallax
and uncertainty, distance and uncertainty, a flag for distancemethod (0=RGB interpolation, 1=Bailer-Jones et al. (2018)), propermotions and uncertainties, radial
velocity and uncertainty, log𝑇eff and uncertainty, [Fe/H], E(B-V) and origin data set as discussed in Section 2. The complete table is available electronically.

Index Gaia DR2 SMSS J 𝛼 𝛿 𝜋 𝜎𝜋 𝐷 𝜎D FLAG 𝜇𝛼 𝜇𝛿 𝜎𝜇𝛼 𝜎𝜇𝛿
𝑣r 𝜎vr 𝑙𝑜𝑔𝑇eff 𝜎log Teff [Fe/H] E(B − V) Datasetid

deg deg mas mas kpc kpc mas/yr mas/yr mas/yr mas/yr km s−1 km s−1 K K dex mag

1 2398202677437168384 230525.31-213807.0 346.3555462 -21.6353089 0.272750 0.049314 2.46 0.65 0 -1.142 -15.056 0.066 0.067 -15.7 0.4 3.708 0.009 -3.26 0.027 HiRes

2 2406023396270909440 232121.57-160505.4 350.3399235 -16.0848819 0.418462 0.036657 1.10 0.20 0 17.161 3.631 0.069 0.054 -39.1 1.0 3.736 0.008 -2.87 0.022 HiRes

3 2541284393302759296 001604.23-024105.0 4.0177235 -2.6848020 0.282214 0.046544 2.98 0.78 0 13.561 -9.876 0.093 0.055 49.3 1.2 3.705 0.009 -3.14 0.031 HiRes

4 2623363791014198656 224145.62-064643.0 340.4401074 -6.7786758 0.030874 0.031151 12.07 3.06 0 1.853 -2.861 0.053 0.048 -201.6 5.0 3.681 0.009 -3.16 0.029 HiRes

5 2666382767566459264 214716.16-081546.9 326.8173947 -8.2630725 0.499372 0.031415 3.48 0.93 0 1.497 -37.651 0.057 0.049 -12.3 0.3 3.708 0.009 -3.17 0.037 HiRes

6 2909324470226028800 053721.56-244251.5 84.3398617 -24.7143189 0.016537 0.027294 9.91 2.69 0 2.367 0.329 0.036 0.047 231.2 5.8 3.710 0.008 -3.50 0.021 HiRes

7 3064362275530429312 081627.99-055913.3 124.1166115 -5.9870501 0.176978 0.028682 7.47 1.92 0 -0.403 -1.921 0.048 0.032 159.8 4.0 3.688 0.009 -3.37 0.063 HiRes

8 3064545859613457536 081112.13-054237.7 122.8005492 -5.7104991 0.098921 0.047035 21.76 5.71 0 0.245 -2.879 0.075 0.066 121.0 3.0 3.686 0.009 -3.74 0.038 HiRes

9 3458991567268745728 120218.07-400934.9 180.5752523 -40.1597114 0.266276 0.035374 3.29 0.39 1 11.765 -2.682 0.040 0.029 -17.6 0.4 3.746 0.008 -2.89 0.090 HiRes

10 3473880535256883328 120638.24-291441.1 181.6593108 -29.2447637 0.257289 0.024364 3.41 0.28 1 -0.576 -2.246 0.031 0.016 58.1 1.5 3.708 0.009 -3.06 0.052 HiRes

Table 2. Derived orbital properties for the first ten stars in our sample. The columns are: numeral index; eccentricity; apo- and peri-perigalacticon distances;
maximum height; orbital actions; orbital energy; 𝑈 , 𝑉 , 𝑊 velocities and orbit type (Halo, Disk, Sequoia, Sausage, Unbound). Each numerical quantity is
followed by upper and lower uncertainties. The complete table is available electronically.

index Eccentricity 𝐷apo 𝐷peri 𝑍max 𝐽R 𝐽𝜙 𝐽Z Energy 𝑈 𝑉 𝑊 Orbit type
kpc kpc kpc kpc · km s−1 kpc · km s−1 kpc · km s−1 kpc · km2 s−2 km s−1 km s−1 km s−1

1 0.58 +0.17
−0.20 8.4 +0.3

−0.2 2.2 +1.4
−0.9 2.4 +1.0

−0.8 295.5 +137.9
−138.6 690.9 +360.1

−287.7 96.8 +55.2
−45.0 -176530 +2662

−634 86.7 +22.1
−25.4 -147.8 +48.3

−42.4 3.9 +5.6
−4.8 Disk

2 0.28 +0.05
−0.06 10.4 +0.5

−0.6 5.9 +0.5
−0.3 1.4 +0.3

−0.3 104.6 +44.7
−43.7 1698.7 +51.1

−44.4 33.6 +9.0
−8.9 -156666 +938

−697 -83.8 +19.3
−15.6 -16.0 +3.4
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Figure 6. [Fe/H] vs. 𝑒 for the stars with 𝐷apo < 250 kpc. Gaia Sausage and
Gaia Sequoia candidates are shown with blue and red circles, respectively.
The Keller star (Keller et al. 2014; Nordlander et al. 2017) is shown as a
grey star indicating the upper limit on the abundance.

we assume that these accretion events are distinct, but see Helmi
et al. (2018) for an alternative view, particularly of Gaia Enceladus

as a single ancient major merger event. The purpose of our work,
however, is not to discern between the scenarios proposed to explain
these structures in the Galactic halo, but rather to investigate their
very low-metallicity content. The second key point is the analysis
of low-metallicity stars with disk-like orbital properties that likely
have a fundamental role in contributing to the understanding of
the formation and evolution the MW’s disk. Finally, we discuss the
properties and potential origin of the stars in our sample that are
either loosely bound or not bound to the Galaxy.

5.1 Gaia Sausage and Gaia Sequoia candidate members

The exquisite data provided by Gaia DR2 has recently revealed the
trace of at least two early major accretion events in the history of
our Galaxy, referred to as Gaia Sausage and Gaia Sequoia (Helmi
et al. 2018; Belokurov et al. 2018; Mackereth et al. 2019; Myeong
et al. 2019; Koppelman et al. 2019). These discoveries are a direct
consequence of the development of computational techniques and
resources capable of processing very large data sets.

Here we exploit the action-space classification provided in
Myeong et al. (2019, their Figure 9) to identify possible members
of these accretion features within our sample of low-metallicity
stars. Monty et al. (2020) have adopted a similar approach finding
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possible members of these systems with metallicities as low as
[Fe/H] = −3.6 dex. The number, abundances and abundance ratios
of these stars could provide important information on the early
evolution of the progenitors of the two accretion events.

The top-left panel of Figure 7 shows the action map (𝐽Z −
𝐽R)/𝐽tot vs. 𝐽𝜙/𝐽tot with 𝐽tot being the sum of the absolute value of
the three actions (𝐽tot = 𝐽R+𝐽Z+ |𝐽𝜙 |). Following the classification
in Myeong et al. (2019), we highlight the loci of the Sequoia and
Sausage accretion events with red and blue rectangles, respectively.

We find that out of the 475 analyzed stars, 16 stars are kine-
matically coincident with the Sausage accretion event, while 40
stars are candidate Sequoia members. As expected from their defi-
nition and the action map (Helmi et al. 2018; Belokurov et al. 2018;
Myeong et al. 2019; Yuan et al. 2020), the latter are characterized
by mildly eccentric (𝑒 ∼ 0.5) retrograde orbits, while the former
have highly eccentric orbits (𝑒 ∼ 0.9). Appendix B shows some
typical orbits for stars identified as possible Gaia Sequoia and Gaia
Sausage members.

We remind the reader that our membership identification fol-
lows the criteria introduced in Myeong et al. (2019), and is thus en-
tirely based on the dynamics through the use of the action map. We
stress that this approach does not allow for any “background” popu-
lation that may be present in these regions of the action map. Conse-
quently, we cannot straightforwardly assume that all the stars in our
sample that are dynamically coincident with the Sequoia/Sausage
accretion events actually belong to such remnants. In Appendix A
we have attempted to perform a more accurate analysis through
the use of a clustering algorithm approach. Briefly, the clustering
analysis of our very metal-poor sample does provide independent
evidence for the existence of groupings consistent with the Sequoia
(group 6) and Sausage (group 8) dynamical definitions, though
there are also indications that our Sequoia and Sausage samples, as
defined in Fig. 7, are potentially contaminated by a “background”
population that might be as much as ∼ 50% and ∼35%, respec-
tively. These background estimates are determined by exploiting
the clustering analysis groupings discussed in Appendix A, and the
numbers of stars within the Gaia Sequoia and Gaia Sausage loci.

Panels b), c), d) and e) of Figure 7 show a detailed analysis
of stars identified as candidate Sequoia, shown in red, and Sausage
members, shown in blue. In panel c) we note that, by construction,
Sausage stars are characterized by more radial orbits, although at
low 𝐽R, some candidate Sequoia stars seem to share the similar
values of 𝐽R as Sausage stars. The Toomre diagram in panel d)
shows that both groups are consistent with halo dynamics, and
again we note that there is some degree of overlap between the
two groups of stars. As regards panel b), which shows the energy
versus azimuthal action, Sausage candidates show the distinctive
vertical distribution, indicative of almost null azimuthal angular
momentum, while Sequoia stars are clearly highly retrograde, as
expected. Comparing panel b) with Koppelman et al. (2019, their
Figure 2) we note that our accreted candidates span a wider range in
energy. However, we note that the definition of Sequoia and Sausage
parameters differs from work to work. Indeed, Yuan et al. (2020)
identifies Sausage members that lie well outside the selection box
of Myeong et al. (2019) and the energy range of Koppelman et al.
(2019). For the sake of our analysis, we choose to be consistent with
theMyeong et al. (2019) classification, although we stress again that
a number of the candidates may not actually belong to the remnants
of the accretion events.

As regards abundances, we find that the most metal-poor
star in our sample that is a candidate member of Sequoia
(SMSS J081112.13-054237.7) has ametallicity of [Fe/H] = −3.74,

while the most metal-poor Sausage candidate (SMSS J172604.29-
590656.1) has [Fe/H] = −3.31 dex. Both stars come from the
HiRes sample so that the abundance uncertainty is of order 0.1
(excluding any systematic uncertainties such as those arising from
the neglect of 3D/NLTE effects). These values are quite consistent
with the results of Monty et al. (2020). In that work, which uses
dwarf stars, the lowest metallicity star plausibly associated with
Sequoia, G082–023, has [Fe/H] = −3.59 ± 0.10 while the most
metal-poor star plausibly associated with Sausage, G064–012, has
[Fe/H] = −3.55 ± 0.10 (Monty et al. 2020).

Finally, for the stars in the HiRes, Jacobson+15 and
Marino+19 samples, we are able to investigate the chemical pat-
terns of the likely accreted stars. Panel f) of Figure 7 shows [𝛼/Fe]
vs. [Fe/H] for the 218 stars for which [𝛼/Fe] values are avail-
able. Specifically, [𝛼/Fe] is computed as the unweighted mean of
[Mg/Fe], [Ca/Fe], [TiI/Fe] and [TiII/Fe] where available14. The star
SMSS J160540.18–144323.1 (Nordlander et al. 2019) has been ar-
bitrarily plotted at a metallicity of [Fe/H]=–4.3 since otherwise it
would be the only star with [Fe/H]<–5 in the panel. A visual inspec-
tion reveals that, with the single exception of SMSS J111201.72-
221207.7, all the Sequoia and Sausage candidates are 𝛼-enhanced,
and no other trend is evident. Specifically, in our sample of very
metal-poor Sequoia and Sausage candidates, we see no evidence
for a “knee” in the ([𝛼/Fe], [Fe/H]) relation. The metallicity of the
knee marks the abundance where [𝛼/Fe] begins to decrease with
increasing [Fe/H] as the nucleosynthetic contributions from SNe Ia
become increasingly important. Our result, however, is not inconsis-
tent with the results ofMatsuno et al. (2019) andMonty et al. (2020)
who find evidence of the presence of a knee at higher abundances
than any of the Sequoia and Sausage candidates plotted in Fig. 7.
For example, Monty et al. (2020) indicate that the knee in Sequoia
is at [Fe/H] ≈ –2 while that for Gaia Sausage is at [Fe/H] ≈ –1.6,
values significantly more metal-rich than any of the candidates in
Fig. 7.

5.2 A very metal-weak component in the Thick Disk?

It has recently been shown (Sestito et al. 2019, 2020b; Di Matteo
et al. 2020; Venn et al. 2020) that, in contrast to the commonly
accepted view, a significant fraction (∼ 20%) of very low-metallicity
stars resides in the MW disk rather than in the halo. Here we find a
similar result: for the stars in our sample 102 out of 475 (∼ 21%)
exhibit disk-like dynamics in having orbits that are confined to
within 3 kpc of the plane of the Milky Way.

The straightforward conclusion would be to propose these stars
as supporting the existence of an extension to yet lower metallicities
of the proposedMetal-Weak Thick-Disk (e.g., Chiba&Beers 2000).
However, a detailed analysis is required to discern the origin of these
stars. Specifically, it is of key importance to understand if they are
indeed disk-like stars, or if they are, for example, halo stars whose
orbital plane happens to lie in the MW disk.

We therefore explore a number of orbital parameters to shed
light on the nature of these stars. Specifically, Sales et al. (2009, and
references therein) have shown how the orbital eccentricity can be
used to probe the formation scenario of the Milky Way thick disk.

14 We note that while detailed abundances, including those for neutron-
capture elements, have been published for the Jacobson+15 and
Marino+19 samples, this not the case for the HiRes sample (Yong et al.
in preparation). Consequently, we refrain from investigating other element
ratios.
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Furthermore, as mentioned in the previous sections, the actions,
and in particular the azimuthal action, provide important clues for
the origin of a star. Here we couple these two orbital properties to
disentangle the origin of the very low-metallicity stars residing in
the MW disk.

As noted above, we classify as “disk” stars those with |𝑍max | ≤
3 kpc. This choice is made on the basis of the following considera-
tions. First, Li & Zhao (2017) find that the (exponential) scale height
of the MW thick disk is 𝑧0 = 0.9 ± 0.1 kpc; it then follows that the
vast majority of the thick disk population should be found within
∼3 scale heights, i.e., within |𝑍max | = 3 kpc.

Second, Figure 8 shows the eccentricity distribution for differ-
ent values of the maximum vertical excursion, from 2 kpc to 8 kpc.
For each panel, the yellow histogram (designated as “disk”) shows
the distribution of stars within 𝑁 kpc, with 𝑁 = {2, 3, 4, 5, 8}, while
the grey shaded histogram (designated as “halo”) represents stars
with |𝑍max | > 𝑁 kpc.As is evident from the figure, for heights above
the plane exceeding 3 kpc, i.e., panels c), d) and e), the eccentricity
distributions for the stars above and below the cut-off height be-
come increasingly similar. On the other hand, for a cutoff value of
|𝑍max | = 3 kpc, an apparent difference is present in the sense the
𝑒-distribution for the low |𝑍max | stars has a possible excess of inter-
mediate eccentricity stars together with a possible narrow surfeit of
stars with 𝑒 ≈ 0.85, which is also evident in panel a). However, ap-
plication of both Kolmogorov-Smirnoff and Anderson-Darling tests
(see, e.g. Scholz& Stephens 1987) to compare the “disk” and “halo”
distributions in panel b) revealed that the apparent differences are
not statistically significant. Nonetheless, we adopt |𝑍max | = 3 kpc as
the value of |𝑍max | to discriminate between predominantly disk and
predominantly halo populations. For completeness, we also note
that if we choose |𝑍max | cutoff values of 2.5 or 4 kpc and repeat the
analysis discussed below, the outcomes are essentially unaltered.

Finally, the third reason for adopting a value of |𝑍max | = 3 kpc
for the disk-like population is that it is consistent with Sestito et al.
(2019, 2020b), allowing our results to be directly compared with
theirs.

Looking again in detail at panel b) in Figure 8, we can see
that the eccentricity distribution of the disk-like stars hints at the
presence of two main groups. The first group has a relatively broad
distribution peaking at 𝑒 ≈ 0.55 while the second population has
a narrower distribution centred at 𝑒 ≈ 0.85. This interpretation is
confirmed by the application of Gaussian Mixture Modeling to the
𝑒-distribution for the stars with |𝑍max | ≤ 3 kpc, a process that does
not require any choice as regards histogram bin size. The best-fit
is for two Gaussians, one centred at 𝑒 = 0.52 containing 80% of
the population and with a standard deviation of 0.14. The second
Gaussian is centred at 𝑒 = 0.89 with a narrow 𝜎 of 0.03. The two
Gaussians are overplotted with blue thick lines in panel b) of Fig. 8.
We shall refer to these two groups as the “low-eccentricity” and
“high-eccentricity” populations, respectively, and adopt 𝑒 = 0.75
as the eccentricity to separate them.

We now employ 𝐽𝜙 to identify the motion of the disk stars as
either prograde or retrograde. This is shown in Figure 9, where we
mark retrograde high-𝑒 and low-𝑒 population stars with dark-blue
and dark-red points, respectively, while prograde high-𝑒 and low-𝑒
group stars are indicated by azure and orange circles.15 Overall we

15 The colours are chosen consistently with the colour bar in Figure 7, so
that high eccentricity stars are identified by blue-ish colours, while red-ish
colours indicate low eccentricity stars.
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Figure 8. Eccentricity distribution of disk-like stars and halo-like stars for
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In each panel, the eccentricity distribution for stars within |𝑍max | ≤ 𝑁 kpc
is shown with the yellow histogram, while stars with |𝑍max | > 𝑁 kpc are
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considered. Panel b) also shows, as blue continuous curves, the outcome of
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find 72 low-𝑒 stars (53 prograde and 19 retrograde) and 30 high-𝑒
stars (15 prograde and 15 retrograde).

We then analyzed the orbital parameters of each of these sub-
groups of disk-star candidates. The results are shown in Figure 10.
The distributions shown in panels a) – j) are kernel density distribu-
tions computed by adopting a Gaussian kernel with a fixed value of
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Figure 9. Eccentricity vs. azimuthal actions for all the stars in our sample
(grey dots). Coloured filled points are for stars with 𝑍max ≤ 3 kpc. Specifi-
cally, stars on retrograde orbits with eccentricity greater and lower than 0.75
are marked with dark-blue and dark-red circles, respectively. Prograde stars
with eccentricity greater and lower than 0.75 are indicated with azure and
orange circles.

0.4 for the bandwidth scaling parameter, while the top three panels
show the action map, the Toomre diagram, and the 𝐸 vs. 𝐽𝜙 plot,
respectively. The disk candidates are marked with different colours,
as defined in Figure 9.

5.2.1 Low-eccentricity stars

In panel a) of Figure 10, it is interesting to see that the eccentricity
distributions of the prograde and retrograde high-𝑒 groups are al-
most identical, while, conversely, there are hints of a difference in
the corresponding distributions for the low-𝑒 stars. Specifically, the
prograde low-𝑒 stars (orange line) have a broader distribution while
the retrograde low-𝑒 stars (red line) have a narrower distribution
peaking at 𝑒 ∼ 0.5-0.6. Together these 𝑒-distributions are quite con-
sistent with the theoretical results in Sales et al. (2009), particularly
as regards the 𝑒-distributions in the top-left panel of their Figure 3
(Sales et al. 2009). In that context the retrograde low-𝑒 stars can be
interpreted as an accreted population, while the prograde low-𝑒 stars
are likely “in-situ”, i.e., born within the thick-disk of the Galaxy.

To support this interpretationwe consider again the actionmap,
here shown in the upper-left of Figure 10 with the |𝑍max | ≤ 3 kpc
stars identified. It is evident from this panel that the majority of
the retrograde low-𝑒 stars fall within the locus defining the Gaia
Sequoia accretion event, consistent with these stars having an ac-
cretion origin. Comparing the corresponding panels in Figures 7 and
10 for the Toomre diagram and the Energy (𝐸) against azimuthal
action (𝐽𝜙) diagram, respectively, confirms the connection.

Regarding the prograde low-𝑒 stars, a substantial number of
these fall in the region of the Toomre diagram usually restricted to
disk stars; their rotation velocities lag that of the Sun by relatively
small amounts, less than 100 km s−1 in some cases. We therefore
conclude that the prograde low-𝑒 stars define a very metal-weak
component to the Galaxy’s thick disk. This conclusion is supported
by the eccentricity distribution of the stars, which agrees well with
the eccentricity distributions for (more metal-rich) thick-disk stars
shown in Li & Zhao (2017, their Figure 12 and 14).

These 53 low-𝑒, low 𝑍max prograde stars represent ∼ 11% of
our total sample. Of these 53, 6 are included in the high-dispersion
data sets and the [𝛼/Fe] versus [Fe/H] for these stars is shown in
Figure 11. Four of the 19 low-𝑒, low 𝑍max retrograde stars are also
included on the plot along with the remainder of the stars in the

high-dispersion data sets. For completeness as regards the [Fe/H]
distributions of the samples, we also show in the upper part of the
figure the [Fe/H] values for the remainder of the prograde and ret-
rograde low-𝑒, low 𝑍max samples. Detailed abundance information,
such as [𝛼/Fe], is not available for these stars that arise from the
LowRes sample. Further, in order to avoid any potential systematic
effects, we have chosen not to plot the [𝛼/Fe] values for the 3 low-
𝑒, low 𝑍max Sestito+19 sample stars in Figure 11. The stars are
BD+44 493 ([Fe/H] = –4.30), 2MASS J18082002-5104378 ([Fe/H]
= –4.07) and LAMOST J125346.09+075343.1 ([Fe/H] = –4.02) and
all 3 have prograde orbits. The [Fe/H] values for these stars are taken
from Table 1 of Sestito et al. (2019).

It is evident from the figure that, though the sample is very
limited, the four retrograde low-e stars show no obvious difference
in location in this plane from the remainder of the (halo dominated)
sample with high-dispersion abundance analyses. The location of
the six prograde low-e stars, however, is intriguing despite the small
numbers. It appears that the mean [𝛼/Fe] for these stars is lower than
that for the full sample by perhaps 0.15, and two of the stars, namely
SMSS J230525.31-213807.0 which has [Fe/H] = –3.26 and which
is also known as HE 2302-2154a, and SMSS J232121.57-160505.4
([Fe/H] = –2.87, HE 2318-1621), are among the small number (of
order a dozen in total) that have [𝛼/Fe] < 0.1 in the high-dispersion
samples. Such 𝛼-poor stars, also referred to as “Fe-enhanced” stars
(e.g. Yong et al. 2013; Jacobson et al. 2015), may reflect formation
from gas enriched in SNe Ia nucleosynthetic products that, if valid,
may have implications for the epoch at which these stars settled into,
or formed in, the thick disk (see also Sestito et al. 2019, 2020b; Di
Matteo et al. 2020). However, we consider further discussion of the
element abundance distributions in these stars beyond the scope of
the present paper.

The overall [Fe/H] distribution of the retrograde and prograde
stars as inferred from Figure 11 is similar to that for the full sample.
The star with the lowest combination of metallicity and eccentricity
in our sample of prograde, low 𝑍max stars is SMSS J190836.24–
401623.5 that has [Fe/H] = –3.29 ± 0.10 and for which we find 𝑒
= 0.29 and a high 𝑉 velocity of –21 km s−1. We also note that the
orbital parameters derived here for theUMP star 2MASS J1808002–
5104378, which is included in our Sestito+19 data set, are very
similar to those found in Sestito et al. (2019). Specifically we find
for this star 𝑒 = 0.13 and 𝑉 = –29 km s−1, while Sestito et al.
(2019) list values of 0.09 and –45 km s−1, respectively. Moreover,
as noted by Sestito et al. (2019), the “Caffau-star” (Caffau et al.
2011), which is an apparently carbon normal (i.e., [C/Fe] < 0.7)
dwarf (and therefore not included in our sample) with [Fe/H] ≈
–5.0, and which is the star with the lowest total metal abundance
known to date, is a further example of an ultra-low metallicity star
with a disk-like orbit. Sestito et al. (2019) determine that this star has
a prograde orbit with 𝑒 = 0.12 that is confined to the Galactic plane,
and which has a high 𝑉 velocity of –24 km s−1. We agree with the
suggestion of Sestito et al. (2019) that these stars may have formed
in a gas-rich “building-blocks” of the proto-MW disk. The origin
of these stars is also discussed within the context of the theoretical
simulations presented in Sestito et al. (2020a). The simulations
reveal the ubiquitous presence of populations of low-metallicity
stars confined to the disk-plane. In particular, the simulations show
that the prograde planar population is accreted during the assembly
phase of the disk, consistent with our interpretation and that of
Sestito et al. (2019).

Panels b)-h) of Figure 10 show the kernel density distributions
of the other orbital parameters. These distributions do not exhibit
clear differences between prograde and retrograde low-𝑒 stars, with
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Figure 10. Top panels. Action map, Toomre diagram and energy vs. angular momentum for the stars with |𝑍max | ≤ 3 kpc. The colours are the same as
illustrated in Figure 9. Panels a) - h). Kernel density function of the orbital parameters of the identified four groups of disk stars.
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that are from the Sestito+19 dataset. For the stars with high dispersion
spectroscopic abundances, the typical uncertainty in [Fe/H] is ±0.1 dex and
±0.15 dex in [𝛼/Fe], as indicated by the black point on the left side. For the
stars from the LowRes sample the typical uncertainty in [Fe/H] is ±0.3 dex.
The dashed line indicates [𝛼/Fe] = 0.

the possible exception of 𝐷apo, in panel e), and 𝐷peri, in panel f),
which mimic the differences in the eccentricity distribution evident
in panel a).

We conclude that the low 𝑍max prograde and retrograde low-𝑒
stars likely have different origins, with the former possibly being
formed in-situ in the Galaxy’s thick disk while the latter are likely
accreted from disrupted Milky Way satellites. Whether these latter
stars belong to the Sequoia main remnant, or its higher-energy tails
(Thamnos 1 and 2, Koppelman et al. 2019) is beyond the scope of
the present work, although, as panel a) of Figure 10 shows, most
fall within the region defining Sequoia stars.

5.2.2 High-eccentricity stars

The interpretation of the 30 low 𝑍max, high-𝑒 stars in our sample
is less straightforward, since, as the panels of Figure 10 reveal,
nearly all their orbital parameters show similar distributions for
the prograde and retrograde stars, with the only exception being
the azimuthal action (by construction). We note first that the only
mechanism able to explain, at least qualitatively, the occurrence of
disk stars with high-eccentricity orbits, is the heating mechanism
discussed in Sales et al. (2009, e.g., Figure 3). Some of the stars
in this sub-sample could therefore be disk stars heated by accretion
events. Alternatively, some could simply be halo stars that happen
to have orbital planes that lie close to the Milky Way disk plane.

However, even though these high-𝑒 stars do not satisfy the
Gaia Sausage Myeong et al. (2019) membership criteria, we find
that many qualitatively share its typical orbital properties: high-
eccentricity, low or no angular momentum, small Galactic pericen-
ters, Galactic apocenters as great as ∼ 20-25 kpc and strong radial
motions. We therefore argue that at least some stars could be associ-
ated with the Sausage accretion event. In support of this conjecture,
we note that they are consistent with the Yuan et al. (2020) classifi-

cation for Gaia Sausage stars, both in the action map locus, and in
the energy regime.

Myeong et al. (2019) suggest that the Sausage accretion event
was an almost head-on collision with the Milky Way. Such an event
generates orbits with small perigalacticons that are strongly radial,
eccentric, and with roughly equal numbers of prograde and retro-
grade stars. These are the properties that we see for our low 𝑍max,
high-𝑒 stars and it therefore seems reasonable to conclude that many
of our low 𝑍max, high-𝑒 stars have their origin in the Sausage ac-
cretion event.

For seven of the 15 prograde high-𝑒, low 𝑍max stars, detailed
abundances are available from our high-dispersion data sets. The
[𝛼/Fe] abundance ratios are shown as a function of [Fe/H] in Figure
11. The corresponding data for 5 of the 15 retrograde stars are also
shown in the figure. The [Fe/H] values for the remainder of the stars
in these groups are shown across the top of the plot. The numbers
of stars with high-dispersion analyses in both high-𝑒, low 𝑍max
sub-samples are small, but there does not appear to be any obvious
difference between them and the distribution of the full sample.

5.3 The candidate unbound stars

As introduced in Section 4,wefind 30 starswith potentially unbound
orbits, defined by having an apparent 𝐷apo ≥ 250 kpc16. One star,
HE 0020–1741, comes from our subset of the Sestito+19 sample.
Sestito et al. (2019) list𝐷apo ≈ 296 kpc for this star, the largest value
in their determinations, while in the Mackereth & Bovy (2018)
catalogue17 the star is classified as unbound in accord with our
result. The remaining 29 stars are from the SkyMapper samples.

To test the sensitivity of the results to the adopted potential we
investigated the orbits of these stars using a different choice of the
potential, namely the GALPY MWPotential2014. The calculations
reveal that all 30 stars again have 𝐷apo > 250 kpc. In addition, for
this choice of potential, we find that the star SMSS J044419.01–
111851.2 may also be unbound; it is on a loosely bound orbit
in the McMillan2017 potential with an apogalacticon distance of
∼ 200 kpc.

In order to shed light on the nature of these stars we have
investigated the distributions of the 500 random realizations of the
orbits, together with the corresponding orbital parameters, such
as the apparent apo/peri-galacticon distance ratio (𝐷apo/𝐷peri), the
energy (𝐸) and the azimuthal action (𝐽𝜙). Panels a) – d) of Figure 12
show the information for the 30 potentially unbound stars.

Since the direct orbit integration for the observed positions and
velocities resulted in unbound orbits (apparent 𝐷apo > 250 kpc), it
would be incorrect to adopt the uncertainties as defined in Sec-
tion 3.2 for all parameters. Specifically, for these stars we opt not
to give uncertainties for the apparent 𝐷apo, 𝑒, 𝑍max and 𝐽R values
since the medians for the 500 realizations and the “observed” val-
ues, i.e., the values from the observed properties, differ significantly.
On the other hand, for the remaining orbital parameters, namely
𝐷peri, 𝐸, 𝐽𝜙 , 𝐽Z, and the 𝑈, 𝑉, 𝑊 velocities, the median values
are consistent with the observed ones, and therefore we compute

16 For a genuine unbound orbit 𝐷apo = ∞. The term “apparent 𝐷apo”
employed here for the potentially unbound stars represents theGalactocentric
radius at either the –2 Gyr or +2 Gyr endpoint of the orbit integration,
whichever is larger.
17 https://vizier.u-strasbg.fr/viz-bin/VizieR?-source=I/

348
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the uncertainties in these quantities as before, from the difference
between the 16th and the 84th percentile of the PDFs.

Panel a) of Figure 12 shows the fraction of unbound realiza-
tions for each star. Each bar is colour-coded according to its percent-
age, from a minimum of 42.6% for SMSS J095211.09–185713.7
(number 3 in the identification panel in the Figure 12) to a maxi-
mum of 100% for SMSS J090247.41–122755.1 (#26). White- and
reddish colour tones indicate stars with a fraction of unbound or-
bits greater than 70%, which we take as a conservative value to
identify likely unbound stars. Blueish colours represent stars with
a lower unbound fraction. A visual inspection of panel b) reveals
that nearly all stars with 𝑁unbound > 70% exhibit positive ener-
gies, thus confirming that they are likely to be escaping from the
Galaxy. Overall, we find that 17 stars have 𝑁unbound > 70%, and
of these 15 have 𝐸 > 0 (the two stars with 𝑁unbound > 70% but
𝐸 ≤ 0 are numbers 22 and 23). Panel b) also shows that four stars
(numbers 1, 8, 11, 13) have a positive energy, but with 𝑁unbound
slightly below 70%. We consider these stars as also likely unbound,
bringing the total number of candidate unbound stars to 21, or
4.4% of the total sample. We note in particular that aside from
HE 0020–1741 (#10), three further stars in our set of 21 unbound
candidates are also classified as unbound in the Mackereth & Bovy
(2018) catalogue. These are the bright 𝑟-process element enhanced
star SMSS J203843.18–002332.8 (#11, RAVE J203843.2–002333,
Placco et al. 2017), together with SMSS J183246.48–343434.3
(#30) and SMSS J202221.56–121443.9 (#13). On the other hand,
one of our stars, SMSS J103622.54-713010.3 (#12), has a bound
orbit in the Mackereth & Bovy (2018) catalogue. There are no stars
in common with the list of 20 ‘clean’ high-velocity star candidates
with unbound probability exceeding 70% in Marchetti et al. (2019).

The remaining nine stars have negative (bound) energies, al-
though the values are consistent with zero within their uncertainties.
Their classification is thus uncertain as they could be unbound or
on loosely bound orbits. None are found in the Mackereth & Bovy
(2018) catalogue.

We now speculate as to the origin of these stars, proposing
three possible physical mechanisms that could provide each star
with sufficient energy to escape the Galaxy.

• A star in a close binary can be expelled from the Galactic
Centre via an interaction with the central black hole. The clearest
example of this process is the star S5-HVS1 discussed in Koposov
et al. (2020).

• A star can acquire high velocity (of order of the binary’s pre-
SNe explosion orbital velocity) from being in a binary when the
companion explodes as a supernova (e.g., Eldridge et al. 2011).

• A star can acquire energy as part of a gravitational interaction
involving the merger of a dwarf galaxy with the Milky Way (e.g.,
Abadi et al. 2009).

For the first mechanism to happen, the star has to have an
origin close to the Galactic Centre, which means that its 𝐷peri
should be near zero. However, as panel c) of Figure 12 shows, only
one star (SMSS J115906.91–261050.6, #1, 𝐷peri = 0.26 kpc) has a
perigalacticon distance within 1 kpc of the Galactic Centre, while
the remainder of the candidates have 𝐷peri > 1 kpc. This suggests
that the first possibility is unlikely, particularly when it is recognised
that all the stars in the sample are giants and therefore unlikely to
be in a sufficiently compact binary.

The second mechanism also seems unlikely because the un-
bound stars are all giants with, as a consequence, relatively large
stellar radii. As a result, the separation between the components of
any pre-SNe binary containing the star is unlikely to be sufficiently

small that the orbital velocity, which underlies the “kick velocity”
providedwhen the companion becomes a SNe, would be sufficiently
high that the liberated star is no longer bound to the Galaxy. Fur-
thermore, at least for those stars where high dispersion spectra are
available, there is no evidence of any “pollution” from the SNe
event.

This leaves us with the third possible origin, which is plausible
given that it is generally accepted that the formation of the Galactic
halo is driven by the accretion and tidal disruption of dwarf galaxies
(e.g., the recent discovery of remnants of accretion events: Helmi
et al. 2018; Belokurov et al. 2018; Koppelman et al. 2019; Myeong
et al. 2019). Specifically, we postulate that our set of unbound stars
originated in the outskirts of dwarf galaxies thatwere accreted by the
Milky Way, gaining energy from the gravitational interaction that
resulted in the disruption of the dwarfs. Given the relatively low
metallicities of the unbound stars, which range from –4 (or less)
to –2 in [Fe/H] (see the lowermost panel of Fig. 12), we speculate
that the disrupted systems were relatively low-mass, low-metallicity
systems.In this context, we note that 16 out of 21 stars have pro-
grade orbits, while 5 have negative 𝐽𝜙 and thus a retrograde orbit.
This likely indicates that multiple accretion events may be involved.
However, it is necessary to keep in mind that the timescale for an
unbound star to reach the virial radius from the inner regions of the
Galaxy is ∼ 1 Gyr. Consequently, the gravitational interactions that
generated the unbound stars in our sample likely occurred relatively
recently, which may argue against the proposed “origin in accretion
events” scenario. Detailed evaluation of the orbits of the unbound
stars, individually and collectively, is required to assess the situation
and to investigate their origins(s). The metallicities of other candi-
date unbound stars, such as those in Marchetti et al. (2019) will also
provide important input (e.g., Hawkins & Wyse 2018).

We note also that there is a fourth possibility, that uncertainties
in the analysis lead to incorrect orbital parameters. For example, if
the distance to the star used in calculating the orbit were overes-
timated, this could result in unbound or nearly-bound status. This
is the likely explanation for the discrepancy concerning the star
SMSS J103622.54–713010.3 (unbound here, bound in the Mack-
ereth&Bovy (2018) catalogue) as our adopted distance ismore than
a factor of two larger than the Bailer-Jones et al. (2018) distance. The
availability of improved parallaxes and stellar parameters from the
forthcoming Gaia EDR3 and DR3 releases will help alleviate these
discrepancies. As another possibility, we note that the total mass of
the Galaxy may in fact be larger than that used in our modeling. If
this is the case then, although on high-energy orbits, the stars would
remain bound (e.g., Monari et al. 2018; Fritz et al. 2020).

Panel e) of Figure 12 shows the [𝛼/Fe] vs. [Fe/H] relation for
26 of the 30 candidate unbound stars that are in our high-dispersion
samples, together with the values for the remainder of the stars
from the high dispersion samples. The estimates of [Fe/H] for the
remaining 4 stars, from the LowRes data set, are shown at the top of
the panel. It is evident from this panel that candidate unbound stars
are not distinguished from the full sample as regards the overall
metallicity distribution or the [𝛼/Fe] distribution.

6 SUMMARY AND CONCLUSIONS

In this workwe have analyzed a sample of 475 verymetal-poor giant
stars, most of which have originated from the SkyMapper search
for the most metal-poor stars in our Galaxy (Da Costa et al. 2019).
The data set covers a metallicity range of almost five dex (−6.5 <
[Fe/H] ≤ −2), and together with the relatively large number of
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stars, makes it ideal to investigate the kinematics, and ultimately the
origin, of these very rare and important objects together with the
implications for the formation of the Milky Way.

We first exploited the action map for our sample together with
the classification criteria of Myeong et al. (2019) to identify can-
didate members of the Gaia Sausage and Gaia Sequoia accretion
events. We find 16 stars dynamically consistent with Gaia Sausage
and 40 with Gaia Sequoia. While we cannot be certain all candi-
dates are in fact associated with these entities, the lowest metallici-
ties ([Fe/H] = –3.31 for Gaia Sausage and –3.74 for Gaia Sequoia)
are quite consistent with the findings of Monty et al. (2020). With a
single exception, all our candidate Gaia Sausage and Gaia Sequoia
stars for which we have high-dispersion spectra are 𝛼-rich, similar
to the general halo population. This is again consistent with the
results of Monty et al. (2020).

The recent work of Sestito et al. (2019, 2020b), DiMatteo et al.
(2020) and Venn et al. (2020) has revealed an unexpected significant
population of very low-metallicity stars residing in the plane of the
Galaxy. We find a similar result in that ∼ 21% of the stars in
our sample have orbits that remain confined to within 3 kpc of the
Galactic plane. Moreover, these stars show a different eccentricity
distribution compared to the starswith larger |𝑍max | values, pointing
towards a different origin and/or evolution compared to the (halo
dominated) bulk of the sample.

Our detailed analysis of these low |𝑍max | stars reveals four
sub-populations as regards orbit eccentricity and prograde or retro-
grade motion. Of particular interest are the stars with relatively low
eccentricities (𝑒 < 0.75,median ≈ 0.5) and prograde velocities.
These stars, which make up ∼ 11% of the total sample, have metal-
licities at least as low as [Fe/H] = –4.3 and are best interpreted as
revealing the existence of a very low-metallicity tail to the Galaxy’s
metal-weak thick disk population (e.g. Chiba &Beers 2000). On the
other hand, the low-𝑒 retrograde stars that have |𝑍max | ≤ 3 kpc (∼
4% of the sample) are most likely an accreted population. We also
find a population (∼ 6% of the sample) of low |𝑍max | stars that have
high eccentricity orbits (median ≈ 0.88) with small pericenters and
which are split equally between prograde and retrograde motion. It
seems likely that many of these stars might be associated with the
Gaia Sausage accretion event (Myeong et al. 2019; Yuan et al. 2020;
Koppelman et al. 2019). With the possible exception of the low-𝑒,
low |𝑍max | prograde stars that may have a somewhat lower mean
[𝛼/Fe] abundance ratio, none of the four sub-populations with low
|𝑍max | are distinguished, as regards [𝛼/Fe] or [Fe/H], from the full
set of stars for which high-dispersion based analyses are available.

Finally, we find that a small fraction of our sample (21 stars,
∼ 4.4%) are likely to be escaping from the Galaxy, i.e., are on
orbits that are not bound. The [Fe/H] and [𝛼/Fe] distributions of
these stars are not distinguished from those for the full sample;
for example, their metallicities are spread from –4 (or less) to –2
in [Fe/H]. Our preferred interpretation for these stars is that they
have acquired sufficient energy to escape from the Galaxy via the
gravitational interaction that occurs when infalling dwarf galaxies
are tidally disrupted by the Milky Way.
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APPENDIX A: CLUSTERING ANALYSIS

As an alternative approach, we analyzed our sample of stars exploit-
ing the scikit-learn Spectral clustering algorithm (Pedregosa
et al. 2011). This analysis has the advantage of being almost com-
pletely independent from our choices (i.e., limiting |𝑍max |, pro-
grade/retrogade etc.), while on the other hand has the limitations of
being a “blind” analysis. Specifically, in order for the result to be
trustworthy, we should have knowledge of how the selection biases
(e.g., bright stars in the solar neighbourhood, uncrowded stellar en-
vironments and the other effects discussed in Da Costa et al. (2019))
propagate into the cluster choices. Unfortunately, it is not possible
to quantify these biases.

Nonetheless, we believe that it is worth exploring this
fully independent classification approach. The clustering has
been performed in the 4-dimensional space with the three
actions and the eccentricity (𝐽R, 𝐽𝜙 , 𝐽Z, 𝑒) with the follow-
ing input parameters: affinity=nearest_neighbors and as-

sign_labels=discretize.
FigureA1 shows the results of the clustering analysis. In the top

three panels we show the same top three panels as for Figure 10 but
now for the 8 identified clusters.We note that group # 1 (redmarkers
with coordinates (0,−1) in the action map) is the group of unbound
stars, and therefore is not investigated further in the lower panels18.
Panels a1)–e2) in Figure A1 and panels f1) to j2) in Figure A2 then
show the kernel density distributions of different orbital parameters
for each sub-group, with groups 2–4 in the left panels and groups
5–8 in the right panels. A comparison of Figures A1 and A2 with
Figure 10 suggests the following.

• group # 1 (G1, red markers, 28 stars) is composed of stars
with energies consistent or greater than 0, visible in the top-right
panel of Figure A1. These stars have apparent apogalacticon dis-
tances larger than the Milky Way virial radius, i.e., 250 kpc. They
are characterized by large values of the radial action, 𝐽R, which
translates in 𝐽𝜙/𝐽tot ∼ 0 and (𝐽Z − 𝐽R)/𝐽tot ∼ −1. Overall, we
find that 28 stars are grouped in G1. All of these stars are in
the sub-sample discussed in Section 5.3, although two stars in the
Section 5.3 sub-sample, namely SMSS J095211.09–185713.7 and
SMSS J002148.06–471132.1, are not classified as G1 stars, despite
having apparent 𝐷apo larger than 250 kpc. These two stars have neg-
ative (bound) energies and are classified by the clustering algorithm
in Group #7 (pink points), which is composed of stars on loosely
bound orbits. There is therefore essentially no discrepancy between
the sub-sample discussed in Section 5.3 and the high-energy G1
stars identified by the clustering algorithm. We do not show the
kernel density distributions of these stars in the subsequent panels
for scaling reasons.

• group # 2 (G2, blue markers, 93 stars) are a combination of
prograde and retrograde halo stars. We note that they span quite
a wide energy range, but we find difficult to draw further conclu-
sions. Presumably this group is made up of a mixture of in-situ and
accreted halo stars.

• group # 3 (G3, greenmarkers, 54 stars) is amixture of prograde

18 For scaling reason some group #1 stars are not shown in the top three
panels of Figure A1.
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Figure A1. Top row. Same as the top row Figure 10 except stars are colour-coded by group. The group colours are identified at the top of the panels. Panels
a1)-e2). Kernel density distributions of the computed orbital parameters for the groups identified by the clustering algorithm. In the panels with suffix 1 we
represent the distributions for groups 2 to 4, while panels with suffix 2 show groups 5-8. The kernel density estimates of the orbital parameters for group 1 (G1)
are not shown for scaling reasons.
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Figure A2. Panels f1)-j2). Same as panels a1)-e2) of Figure A1.

and retrograde stars on loosely bound orbits, that venture far from
the Galactic plane.

• group # 4 (G4, purple markers, 61 stars) partially overlaps with
low-𝑒 stars in all three of the top-panels of Figure 10. Furthermore,
their eccentricity distribution peaks at 𝑒 ∼ 0.4 − 0.6, while most
of them remain roughly confined within 5 kpc of the Galactic plane
and 20 kpc from theGalactic centre. A possible interpretationwould
be to consider these stars as thick-disk stars. This hypothesis is also
supported by the Toomre diagram in the top center panel of of
Figure A1, where purple stars occupy a locus typical of thick-disk
stars. By the comparison with Figure 10 we find a partial match
of this group with the low-𝑒 prograde population (orange points),
identified as candidate very metal-weak thick disk stars.

• group # 5 (G5, yellow markers, 53 stars) partially shares the

location of the low-𝑒 and retrograde population (red dots in Fig-
ure 10) as well as partially overlapping with the locus of the Sequoia
remnants identified in Myeong et al. (2019). The eccentricity dis-
tribution peaks at about 𝑒 ∼ 0.6, and they are confined to the inner
halo (𝐷apo ≤ 10 kpc). Panel b1) of Figure A1 shows that ∼ 80% of
these stars are confined within 5 kpc from the Galactic plane. Most
of them don’t orbit further than 10 kpc from the Galactic centre.
Comparing then the top-right panels of Figure A1 with Koppelman
et al. (2019, bottom-right panel of their Figure 2), we see that G5
stars have a higher energy (in absolute values) than Gaia Sequoia
stars, while their energy and their angular momentum suggest a pos-
sible association with the Thamnos 1/2 groups (Koppelman et al.
2019).

• group # 6 (G6, brown markers, 37 stars) is composed of stars
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with very retrograde and mildly-eccentric orbits that venture far
from the Galactic plane and from the Galactic centre, with 𝑍max
and 𝐷apo peaking at ∼15-20 kpc. These stars have energies that
range from ∼ −1 to ∼ −1.7 [105 kpc · km2 s−2]. This group is
consistent with the identification of the Gaia Sequoia remnants in
Koppelman et al. (2019).

• group # 7 (G7, pink markers, 67 stars) partially overlaps with
G4 both in the action map and in the Toomre diagram, while it
is well-defined in the Energy vs. 𝐽𝜙-plane. Panel a2) of Figure A1
shows that the eccentrity distribution of these stars is double peaked,
with the first peak at 𝑒 ∼ 0.3 and a second one at 𝑒 ∼ 0.6. Given
the distribution of 𝐷apo and 𝑍max it would seem that these stars are
a mixture of halo and thick-disk stars, with lower binding energies
than their G4 counterparts. As for G4, we note that there is a clear
overlap between this group and the low-𝑒 prograde stars shown in
Figure 10.

• group # 8 (G8, grey markers, 82 stars) share roughly the
same location of the high-𝑒 both retrograde and prograde popu-
lation (azure and navy dots in Figure 10) in all top three panels
of Figure A1. Furthermore, the distribution of their orbital param-
eters nearly overlaps with those of the combined high-𝑒 prograde
and retrograde populations. Their energy and angular momentum
agrees with the Gaia Sausage definition in Yuan et al. (2020). We
find particularly interesting the pericenter/apocenter distributions,
whose analysis suggest that most of these stars move back and forth
from the Galactic centre to the Galactic outskirts, always remain-
ing within few kpc from the Galactic plane (∼60% these stars are
indeed confined within 5 kpc from the plane). Given the observed
orbital properties, and in particular the perigalacticon distances as
low as ∼1 kpc, we speculate that such a remnant can be formed via
a “head-on” accretion event, as in the Sausage progenitor (Myeong
et al. 2019).

It is clear that the two different analyses (discussed here and in
Section 5) reach qualitatively the same conclusions. First, we find
solid evidence for the existence of a very metal-weak component
in the Galactic thick disk. Further, from the analysis of the orbital
actions and by means of the action map, we have identified possible
members of the Gaia Sequoia and Gaia Sausage accretion events.
The analysis also suggests that the low |𝑍𝑚𝑎𝑥 |, high-𝑒 population
that is composed of stars with both prograde and retrograde orbits,
may also be associated with the Gaia Sausage event. Both analyses
also identify a consistent set of candidates that are likely not bound
to the Galaxy.

APPENDIX B: EXAMPLE ORBITS

In the following we show four typical orbits of Halo, very metal-
weak thick disk, Sequoia and Sausage stars within our sample.
Each orbit is colour coded according to the integration time, while
the white dot represents the current position in the Galactocentric
cartesian reference frame. As discussed in Section 3.2, each orbit
has been integrated in a McMillan2017 potential (McMillan 2017)
backward and forward in time for 2Gyr. The actions have been
computed with the Stäckel fudge method implemented in GALPY.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure B1. From top to bottom: typical orbit in the Galactocentric cartesian frame for examples of Halo, very metal-weak thick disk, Sausage and Sequoia
stars, respectively. Each orbit is colour coded according to the integration time, and the white point indicates the current position of the star. The position of
the Sun is indicated by the circled dot. Note that the orbit for the Sequoia star shown in the third row is much larger than for the other three stars.
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