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Abstract

Context. The search for stars born in the very early stages of the Milky Way star formation history is of paramount importance in the study of the early Universe since their chemistry carries irreplaceable information on the conditions in which early star formation and galaxy buildup took place. The search for these objects has generally taken the form of expensive surveys for faint extremely metal-poor stars, the most obvious but not the only candidates to a very early formation.

Aims. Thanks to Gaia DR2 radial velocities and proper motions, we identified 72 bright cool stars displaying heliocentric transverse velocities in excess of 500 km s−1. These objects are most likely members of extreme outer-halo populations, either formed in the early Milky Way build-up or accreted from since-destroyed self-gravitating stellar systems.

Methods. We analysed low-resolution FORS spectra of the 72 stars in the sample and derived the abundances of a few elements. Despite the large uncertainties on the radial velocity determination, we derived reliable orbital parameters for these objects.

Results. The stars analysed are mainly slightly metal poor, with a few very metal-poor stars. Their chemical composition is much more homogeneous than expected. All the stars have very eccentric halo orbits, some extending well beyond the expected dimension of the Milky Way.

Conclusions. These stars can be the result of a disrupted small galaxy or they could have been globular cluster members. Age estimates suggest that some of them are evolved blue stragglers, now on the subgiant or asymptotic giant branches.
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⋆ Chemical and kinematic data are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/638/A122

⋆⋆ Based on observations made with ESO Telescopes at the La Silla Paranal Observatory under programme ID 104.D-0259.



1. Introduction
The results of the Gaia satellite (Gaia Collaboration 2016) and especially those of its second data release (DR2; Gaia Collaboration 2018; Arenou et al. 2018) have revolutionised our understanding of the build-up of the Galaxy. In particular it now appears that the halo stars1 in the Gaia catalogue are dominated by stars on disc orbits and stars with low rotational angular momentum that are interpreted as the result of a major merger with a massive satellite (Belokurov et al. 2018; Haywood et al. 2018; Helmi et al. 2018; Di Matteo et al. 2019). We refer to this satellite as Gaia-Sausage-Enceladus as done by Di Matteo et al. (2020), and its mass may have been in excess of 1010 solar masses (Belokurov et al. 2018; Mackereth & Bovy 2020). The stars on disc orbits may be prograde or retrograde, and their excursion about the Galactic plane may be as large as a few kpc (thick disc) or as small as a few hundred pc (thin disc). Quite unexpectedly, the most metal-poor star known, SDSS J1029+1729, is on a thick-disc orbit (Caffau 2018; Sestito et al. 2019; Di Matteo et al. 2020). Another extremely metal-poor star 2MASS J18082002-5104378 (Meléndez et al. 2016) with an iron abundance [Fe/H] = −3.84 (Spite et al. 2019) is on a thin-disc orbit (Schlaufman et al. 2018; Sestito et al. 2019; Di Matteo et al. 2020). More generally it now appears that when a sample of stars is chemically selected as metal poor there is always a significant fraction that is on disc orbits (see e.g. Venn et al. 2020). At the same time there is no evidence for the presence of a classical halo formed in situ as envisaged in the seminal Eggen et al. (1962) paper (Haywood et al. 2018; Di Matteo et al. 2019). The scenario in which the halo is formed from a combination of in situ early star formation and the accretion of stars and gas from tidally destroyed substructures, the latter dominating at large galactocentric radii (Tissera et al. 2013), needs to be deeply revised (see also Gallart et al. 2019). The number of significant fusions experienced by the Milky Way in the few Gyr of its existence is still debated (Myeong et al. 2019; Kruijssen et al. 2019; Reina-Campos et al. 2020).
In the Gaia data there is still space to identify stars that are the result of minor mergers, and a possible strategy for identifying these stars is to select stars with very high kinetic energy. It has been known for a long time that stars with high radial velocities or transverse velocities, which were once considered to belong to the Galactic halo, tend to have low metallicities (Roman 1950). Thus, in the past many observers targeted stars in high-velocity catalogues (Roman 1955; Giclas et al. 1971; Lee 1984) in order to find metal-poor halo stars. One of the first two metal-poor stars detected (HD 19445; Chamberlain & Aller 1951) was in fact in the Roman (1955) catalogue of high-velocity stars.
In recent years a number of surveys explicitly targeted at the discovery of low-metallicity stars have been employed to search in large spectroscopic or photometric surveys for these very rare primordial stars (usually, albeit misleadingly perhaps, identified with extremely iron-poor stars). Among other, our group developed (Ludwig et al. 2008) and successfully employed a selection tool able to detect candidate extremely metal-poor and extremely iron-poor dwarf stars in the low-resolution Sloan Digital Sky Survey (SDSS; York et al. 2000) spectra for subsequent follow-up (see e.g. Caffau et al. 2013). Among other results, this allowed the discovery of one of the only two non-CN enhanced ultra-metal-poor stars, SDSS J102915+172927 ([Fe/H] = −4.99; Caffau et al. 2011a), which still holds the record for the object with the lowest total metallicity (given that most extremely Fe-poor stars also show extreme C, N, O enhancements).
The quality and richness of the Gaia DR2 catalogue allows us to revive the classical strategy of kinematical selection, although our objectives are more ambitious than those of observers in the past. We do not simply want to find metal-poor stars, but we want to understand how the population(s) with extreme kinetic energy fit in the formation of the Milky Way. For this reason we want to assemble a chemical and kinematical census of these extreme objects that is as complete as possible. In contrast to most deep, targeted surveys, Gaia covers the full sky. The spectrographic capabilities in DR2 are not able to identify very or extremely metal-poor objects, but thanks to the accurate distances and proper motions of nearby stars delivered by Gaia it allows the transverse velocity of a large sample of relatively bright targets to be derived.
In the Gaia DR2 catalogue, we selected stars with large transverse velocity, expecting them to be old stars on extreme, highly elliptic bound orbits with apogalacticon well into the sparsely studied outer halo. Such objects might either form in situ or be accreted from tidally dissolved substructures (dwarf galaxies, stellar clusters). Outer-halo accreted stars, in particular, have a high likelihood of coming from low-mass or ultra-faint dwarf galaxies (Tissera et al. 2013), so should generally be metal poor, and have a relatively high fraction of extremely metal-poor objects, crucial to understanding the early phases of the chemical evolution of the Universe. While this method is less likely to discover ultra-metal-poor objects with respect to targeted surveys, it has a few major advantages:
– It selects very bright objects, whose observations is much less time-consuming, while yielding spectra of much higher quality. This allows us to design observations for these objects as a bad weather or bright time filler programme.
– Instead of selecting a priori on low metallicity (that can be, but is not necessarily, a marker of a very early origin), it targets stars that are likely kinematically associated with the ancient, poorly studied outer-halo population, thus biasing the sample in a very different way.
– It efficiently exploits the less favourable observing conditions at the Very Large Telescope (VLT, i.e. thick clouds, bright time, bad seeing) to mine the incredibly large reservoir of unstudied bright cool stars; the whole sample, except for three stars, consists of stars with no reference whatsoever associated with them in SIMBAD (Wenger et al. 2000).
2. Selection
From the Gaia DR2 catalogue, we selected stars with transverse velocity higher than 500 km s−1, in the G magnitude range 14–14.5. Further constraints were put on right ascension to ensure observability in European Southern Observatory (ESO) period 104 (0 h ≤α≤ 16 h or α ≥ 20) and on declination (δ ≤ −25) to privilege a south pointing. The latter constraint was set in order to ensure that the VLT could observe our targets even in the event of fairly strong northern wind. In this way we were able to ensure observations of stars that were not too far away, and as a consequence with relatively small uncertainties on parallaxes and proper motions, and of bright objects for an 8 m class telescope, allowing good quality observations even in bad weather conditions. This selection provided us with 1824 possible targets. Finally we selected for observation a set of “blue” stars in the hope that we would be selecting the most metal-poor population. The Gaia colour-magnitude of all the possible targets is shown in Fig. 1. In the figure the observed stars are highlighted and a metal-poor old isochrone is shown for reference. All 72 stars shown in Fig. 1 were observed during ESO period 104.
	[image: thumbnail]	Fig. 1.
Gaia colour-magnitude diagram of all stars selected for observation in ESO period 104. The filled red dots are the 72 stars observed. The blue solid line is a PARSEC isochrone (Bressan et al. 2012; Marigo et al. 2017) of metallicity –2.0 and age of 12 Gyr, to guide the eye.




From Fig. 1 it is clear that with our selection we favoured (i) asymptotic giant branch (AGB) stars over red giant branch (RGB) stars, (ii) metal-poor stars over solar metallicity stars, and (iii) hotter stars belonging to younger populations. There is also another bias in favour of young stars. Because of our limit on the apparent magnitude of the observed stars, the more luminous the observed stars are, the larger the explored volume is (the greater the distance from the Sun, the higher the luminosity of a star of given apparent magnitude). This is known as the Malmquist bias (Malmquist 1925): the absolute magnitude of a population is biased towards higher brightness objects, when the population is drawn from a sample, by applying an apparent magnitude limited selection.
In the kinematical and chemical investigations, we assumed that all stars are single. Spectroscopically and photometrically all stars in the sample, except perhaps one (GHS36; see Sect. 4.3), are compatible with the contribution of a single component. However, a binarity of some of the stars analysed here could affect the astrometric parameters provided by Gaia as an overestimation on the uncertainties (see e.g. Kervella et al. 2019; Penoyre et al. 2020) and as a consequence could affect the kinematic results.
The stars we observed are not known in the SIMBAD astronomical database, except for three objects, which are discussed in the appendix.
– GHS29: Gaia DR2 5188812082642658944, also known as CSTAR 9171, a variable star of RR Lyr type.
– GHS46: Gaia DR2 4629181692264635520, also known as V* Z Men, a variable star of RR Lyr type.
– GHS63: Gaia DR2 2321153334969276160, also known as CTLGM 5192.
3. Observations
The stars were observed with FORS2 (Appenzeller et al. 1998) at VLT-ESO, during the programme ID 104.D-0259, 1 h OB per star, translated in 2762 s of exposure time. The observations were done with GRISM 600B+22, 0[image: equation]28 wide slit providing a resolving power of about 2800 in the spectral range 330–621 nm, with 1 × 1 binning of the CCD (0.075 nm pixel−1). Of the 72 OBs, 66 are classified as A and 6 as B. The programme was executed in service mode, as a filler, so all the observations were done in extreme condition of Moon illumination and/or air mass. Of the sample of 72 stars, 23 stars were observed in dark time, 10 in grey time, and 39 in bright time. The distance from the Moon was sometimes small (up to 33°). In the data reduction, done with the ESO pipeline, the sky was subtracted with the option “optimal subtraction” to remove the sky contribution from the spectrum. The stars are bright enough to allow a good signal-to-noise ratio (S/N at 520 nm of the order of 90 for all stars, with the lower value of about 70 for GHS59 and few of the subgiant stars with about 100). The spectra of two of the most metal-poor stars in the sample are shown in Fig. 2.
	[image: thumbnail]	Fig. 2.
Spectra of the two most metal-poor stars. Both spectra have been normalised, and the spectrum of GHS05 has been shifted up by 1, for easy visualisation.




4. Analysis
4.1. Radial velocity and kinematics
For each star we computed an ATLAS 9 (Kurucz 2005) model with the stellar parameters we derived. We computed a synthetic spectrum with SYNTHE (see Kurucz 2005; Sbordone et al. 2004) and the radial velocities were derived by template-matching (see e.g. Caffau et al. 2020). Using the star’s coordinates, radial velocities, Gaia Dr2 distances, and proper motions we characterised the stellar orbital parameters. For this purpose, we used the GalPot code2 (Dehnen & Binney 1998) together with the best fit model from McMillan (2017). We derived thus the star’s coordinates and velocity components in the galactocentric cylindrical (R, z, ϕ, vR, vZ, vϕ) and Cartesian systems (X, Y, Z, vX, vY, vZ). We further characterised the orbit deriving the minimum and maximum cylindrical (Rmin, Rmax) and spherical (rmin, rmax) radii, the maximum height above the galactic plane (Zmax), the total energy (E), the z-component of the angular momentum (LZ), and the eccentricity (calculated as e = (rmax − rmin)/(rmax + rmin)). We used the default settings of GalPot, where the solar peculiar motion is the value measured by Schönrich et al. (2010, U⊙ = 11.1, V⊙ = 12.24, W⊙ = 7.25 km s−1) and R0 = 8.21 kpc, Z0 = 0.014 kpc, and vϕ(R0) = 233.1 km s−1 for the Sun. It should be noted that in the GalPot conventions the Sun rotates in the negative ϕ direction, and thus prograde motion corresponds to negative values of vϕ and LZ. The major contribution on the speed of these stars is due to the transversal velocity; the radial velocity plays a minor role in the total speed of the stars. In this way, also with the large uncertainties on the radial velocity determinations due to the flections of FORS2 combined with the lack of telluric lines in the spectral range, we are confident with regard to the nature of the stellar kinematic. To provide more solid results, we computed the orbital parameters again by using Vrad ± σ and the general behaviour does not change.
Five stars in the sample (GHS22, GHS33, GHS37, GHS58, and GHS64) return positive total energies E, and are thus unbound in the McMillan (2017) potential (total virial mass 1.3 × 1012 M⊙), while all the other stars belong to the Galactic halo, with the majority on retrograde orbits (44/72) and only 32% (23/72) on prograde orbits. Integration backwards of the orbits over 13 Gyr using the GalPy3 code (Bovy 2015) with the MWPotential2014 potential multiplied by 1.63 in order to match the same mass of the McMillan (2017) best fit model, supports the notion that these stars are in fact unbound to the Galaxy. Masses between 1.5 × 1012 M⊙ (for star GHS33) and 2.0 × 1012 M⊙ (for star GHS58) would be required to bound the stars although with apocentres in excess of 500 kpc. Of these five stars, only GHS64 has a direction of motion which is broadly compatible with coming from the Andromeda region. On the other hand, none is compatible with an origin in the Magellanic Clouds.
In Figs. 3 and 4 the orbital characteristics are presented. In the two figures the stars shown are (i) prograde stars as red triangles, (ii) retrograde stars as open black symbols, and (iii) the five unbound stars, when present, as filled black squares. The majority of the stars have very eccentric orbits, with 57 stars having an eccentricity higher than 0.9. Of the five unbound stars, three are prograde and two retrograde. The maximum (in plane) distance from the Galactic centre, Rmax is very large for some stars, larger than the Galactic radius. The Toomre diagram (upper right panel in Fig. 4) is comparable to the same diagram in Di Matteo et al. (2020, see their Fig. 3, upper left panel). The fraction of prograde and retrograde stars was different in Di Matteo et al. (2020), being 14/42 retrograde and 28/42 prograde. The stars in Di Matteo et al. (2020), selected only for their metallicity, were observed during the ESO large programme 165.N-0276 (Cayrel et al. 2004) and analysed in several papers (see e.g. Spite et al. 2005; François et al. 2007; Bonifacio et al. 2009).
	[image: thumbnail]	Fig. 3.
Portion of the stars in the XY and RZ planes. The stars are classified as prograde stars (red triangles), retrograde stars (open black symbols), and unbound stars (filled black squares).




	[image: thumbnail]	Fig. 4.
Orbital parameters for the stars. Symbols are as in Fig. 3.




4.2. Discussion on the parallax zero point
The Gaia DR2 astrometric solution is described at length in Lindegren et al. (2018) and the issue of a zero-point in the Gaia parallaxes is discussed in detail. An instrument like Gaia is designed to give absolute parallaxes; however, it is still prone to systematic errors, in particular to the precise value of the basic angle, which is the angle between the two primary mirrors. For Gaia this angle has been discovered to vary in time, thanks to an on-board metrology interferometer (the Basic Angle Monitor, BAM). The variations of basic angle as measured by the BAM are taken into account in the Gaia global calibration. From the parallax distribution of 556 869 sources classified as active galactic nuclei, therefore at distances where their true parallax should be zero within the sensitivity of Gaia, Lindegren et al. (2018) derive a global zero point of −0.029 mas. While within the accuracy of DR2 this is a statistically robust zero point, Lindegren et al. (2018) warn that “the actual offset applicable for a given combination of magnitude, colour, and position may be different by several tens of μas”. In our case the magnitudes of our objects are several magnitudes brighter than the bulk of the sources used to determine the global zero point and the colours of our stars are redder. To look for a more relevant comparison sample, we consider the results of Arenou et al. (2018), who, compared the Gaia parallaxes for star members of 200 open clusters of known distance and derived the offsets, Δϖ = − 0.067 ± 0.12 mas and Δϖ = − 0.064 ± 0.17 mas, for two different catalogues of open clusters. It should be kept in mind that the error associated with these two estimates of the zero point is not statistical in nature, but systematic, deriving from two very different systematics that affect the Gaia parallaxes and the determiniation of the open cluster distances. Therefore, the error on the zero point cannot be divided by the square root of the number of clusters.
Considering the uncertainty on the Gaia parallax zero point and that the stars lie in different directions in the sky, we considered that it is a more conservative choice not to apply any zero point. Nevertheless, we investigated the effect of applying a zero point correction to our sample of stars. For this test we choose −0.065 mas, which is an average of the two values found by Arenou et al. (2018) for open clusters. When this zero-point is applied to the Gaia DR2 data, all the distances of our stars become smaller with respect to the value shown in the figures. The effect is first noticeable in the colour-magnitude diagram. The luminosity of all the giant stars becomes smaller by up to two magnitudes. For the majority of the stars their position in the colour-magnitude diagram is no longer consistent with any isochrone of a metallicity consistent with the spectroscopic metallicity.
The second noticeable effect is on the kinematics. Because the stars are placed at smaller distances their transverse velocities become smaller thus all 72 stars would now be bound. The conclusions derived would be approximately the same even with this assumption. The stars remain on high-eccentricity halo orbits with a significant fraction of retrograde stars.
4.3. Stellar parameters
To derive the stellar parameters, we used the Gaia DR2 catalogue. With the parallax provided by Gaia DR2, we first derived the absolute G magnitude, and then by comparing the BP-RP colour and the G absolute magnitude to PARSEC4 isochrones (Bressan et al. 2012; Marigo et al. 2017) of a certain metallicity, we derived the stellar parameters. The Gaia photometry was dereddened by using the maps by Schlegel et al. (1998). With the derived stellar parameters, we ran our pipeline MyGIsFOS (Sbordone et al. 2014) to derive the chemical composition of each star. When the derived Fe abundance was not within about 0.25 dex of the metallicity of the isochrone used to derive the stellar parameters, new parameters were obtained by using isochrones of closer metallicity, and provided as input to MyGIsFOS.
Two of the three stars already investigated in the literature, GHS29 and GHS46, are classified as RR Lyr in the Gaia DR 2 catalogue. We compared Hβ, which is available in the wavelength range observed, to synthetic spectra computed with the stellar parameters derived from the colours. The agreement is good. We made some further checks on these two stars:
– GHS29 The effective temperature (Teff = 6100 K) we derived is more than 100 K hotter than 5885.0 K provided in the Gaia catalogue. The metallicity of −1.22 ± 0.22 provided in the Gaia DR2 RR Lyr catalogue is in good agreement with the value [Fe/H] = −1.38 ± 0.30 we derived. To verify the reliability of our analysis, we derived the stellar parameters by using the Gaia epoch photometry in correspondence with the phase during the FORS observation, and derived Teff = 6113 K and log g = 2.74, very close to the value derived from the average photometry provided by Gaia DR2 (6100 K/2.75) and used in this analysis.
– GHS46 The effective temperature we derived (Teff = 5976 K) is in perfect agreement with 5950.997 K provided in the Gaia catalogue. The metallicities we derived for this star ([Fe/H] = −2.54 ± 0.27) is in good agreement with the metallicity of −2.22 ± 0.22 provided by the Gaia DR2 RR Lyr catalogue. When using the Gaia epoch photometry corresponding to the phase of the observation to derive the stellar parameters, we find Teff = 5931 K and log g = 2.47, very close to the value adopted here and derived from the Gaia DR2 photometry (5976 K/2.50).
On the other hand, we suspected that the star GHS36 is also a RR Lyr: the observed Gaia photometry put it far from the isochrone of the metallicity derived from the analysis. This star from the photometry should be young and more metal poor. When comparing the Hβ wings to a synthetic spectrum, the star appears hotter than derived. We do not provide detailed abundances for this star, but only a probable metallicity.
In Fig. 5 the parameters we derived for all the stars in the sample are compared to isochrones of [M/H] = −1.5 for three ages, and in Fig. 6 the Gaia DR2 photometry of our sample of stars is compared to the isochrones. In Table 1 the stellar parameters are presented; as solar Fe abundance we applied A(Fe) = 7.52 by Caffau et al. (2011b, see also Table 2).
	[image: thumbnail]	Fig. 5.
Hertzsprung–Russell diagram comparing the observed stars with isochrones of metallicity [M/H] = −1.5, at three ages (1, 6, and 12 Gyr), the value closest to the metallicity derived for the largest fraction of the stars.




Table 1.

Coordinates, atmospheric parameters, and iron abundance of the programme stars.


Table 2.

Solar abundances.


From Fig. 6 we can deduce that the stars appear younger that expected from their relatively low metallicity. This effect could be the result of an overcorrection of the reddening. We then compared the photometry not corrected for reddening to the isochrones. Of course the stars move towards older ages, but the problem of stars that are too young for the metallicity still persists. The two known RR Lyr in the sample, GHS29 and GHS46, have to be old stars to be in this phase of their evolution, but to derive their stellar parameters we had to accept a young age. RR Lyr are variable stars, so these stars cannot be used to discuss the reliability of the ages. On the other hand, the other stars in the sample can hardly be RR Lyr type because their parameters (except for few stars) are not compatible with this stage of stellar evolution.
	[image: thumbnail]	Fig. 6.
Hertzsprung–Russell diagram of G Gaia vs. BP–RP, comparing the observed stars with isochrones of metallicity [M/H] = −1.5, for three ages (1, 6, and 12 Gyr). The colour-coding for the stars defines the metallicity of the isochrone used to derive the stellar parameters. The blue symbols correspond to the stars that used isochrones of [M/H] = −1.5, as in the plot.




4.4. Abundances
With the code MyGIsFOS (Sbordone et al. 2014), we derived the chemical composition of the stars of our sample. MyGIsFOS compares the selected features to a pre-computed grid of synthetic spectra, which we computed with the spectral-synthesis code SYNTHE (see Kurucz 2005; Sbordone et al. 2004) based on 1D model atmospheres we computed with ATLAS 12 (Kurucz 2005), and which makes a χ2 minimisation. We could derive the abundances of Fe (by using Fe I features, and in few cases also from Fe II features), Mg, Ca, Ti (both from Ti I and Ti II features), and Ba for all or most of the stars. We also derived Ni and Sr abundances for a subsample of stars (6 and 22, respectively). The Fe abundance we derive for our sample is in the range −2.61 ≤ [Fe/H] ≤ −0.95.
In Fig. 7 the comparison of the abundances derived by MyGIsFOS from neutral and single ionised lines of Ti and Fe is shown. The agreement is generally very good. The higher A(Ti) value derived from Ti II lines with respect to that from Ti I lines is explained by NLTE effects (see Mashonkina et al. 2016).
	[image: thumbnail]	Fig. 7.
Comparison of the abundances derived from neutral and ionised elements. To provide an idea of the uncertainties, an average error bar is shown in the plot.




In Fig. 8, the abundances of the two analysed α-elements, Mg and Ca, are shown. The reference solar abundances for this figure and the others are listed in Table 2. The sample shows a very homogeneous α-enhancement, even though that the analysis is based on low-resolution spectra. As the average [Mg/Fe] for the complete sample (71 stars) we derived ⟨[Mg/Fe]⟩ = + 0.42 ± 0.11 and for the 70 stars for which we have A(Ca) determination from Ca I lines ⟨[Ca/Fe]⟩ = + 0.31 ± 0.10. To make this statement stronger, we compared our sample to the FORS-Pristine sample (Caffau et al. 2020), which is a sample of similar metallicity stars, observed with the same spectrograph. These stars (open blue squares in the figure) generally show a larger scatter in [Mg/Fe] and [Ca/Fe], overall showing several stars with no evidence for the typical α-enhancement expected for the Galactic metal-poor stars. This situation is not seen in the sample of stars presented here.
	[image: thumbnail]	Fig. 8.
Two α-elements Mg and Ca vs. [Fe/H] (filled red circles) in comparison with the Caffau et al. (2020) sample (blue squares) and the literature compilation from Frebel (2010, cyan symbols).




For six stars we were able to derive the abundance of Ni from one single feature. In Fig. 9 these results are compared to literature values, and we see that this sample is completely compatible with stars of similar metallicity.
	[image: thumbnail]	Fig. 9.
[Ni/Fe] vs. [Fe/H] (red filled circles) in comparison with the literature compilation from Frebel (2010) (cyan dots).




In Fig. 10 the abundances of the two heavy elements are shown. For the stars that also have a detection in Sr and Ba, they behave as normal Galactic metal-poor stars. In Fig. 11, [Sr/Fe] and [Ba/Fe] are plotted versus [Fe/H], and are compared to the sample by Caffau et al. (2020) and to literature values collected by Frebel (2010). In Fig. 11, the most metal-poor stars in our sample ([Fe/H] <  −2) are compared to the stars with [Fe/H] <  −2 in Caffau et al. (2020) and to literature values for extremely metal-poor stars.
	[image: thumbnail]	Fig. 10.
Heavy elements [Sr/Fe] and [Ba/Fe] vs. [Fe/H] (filled red circles) compared to the Caffau et al. (2020) sample (blue open squares) and the literature compilation from Frebel (2010) (cyan symbols).




	[image: thumbnail]	Fig. 11.
[Sr/Ba] vs. [Ba/Fe] for the stars in our sample with [Fe/H]<  − 2 (red filled circles) compared to the sample by Caffau et al. (2020, black open symbols) and to metal-poor stars from the literature (blue open symbols).




One star, GHS48, shows a high [Ba/Fe] value and no Sr determination due to the poor reproduction of the fit on the Sr II line, and the abundance determination was rejected by MyGIsFOS because the probability was below threshold (for details, see Sbordone et al. 2014). The other star rich in Ba (GHS65, [Ba/Fe] = 1.03) is a carbon enhanced metal-poor (CEMP) star ([C/Fe] = 1.21), but its Sr is just slightly enhanced ([Sr/Fe] = 0.43).
The G-band is generally strong for cool stars, so for the majority of the stars (55 stars) we were able to derive the C abundance. For the others, we provide an upper limit. Two stars (GHS65 and GHS69) are CEMP ([C/Fe] >  1). GHS65 is a CEMP star also rich in Ba ([Ba/Fe] = 1.03). It is worth repeating that several evolved stars in this sample are probably AGBs, so that part of their C has been converted into N.
To derive the C abundances or upper limits, by using SYNTHE and the model atmosphere with the parameters of the star, we computed a grid of synthetic spectra varying in A(C). With a χ2 minimisation, we derive A(C). When A(C) is known, from the CN band at 380 nm, it is possible to derive the N abundance with the same technique. This CN band is much weaker than the G-band, and at this resolution is hardly detectable; however, for a subsample of stars (35 stars, generally the cooler and the most metal-rich in the sample) we were able to derive A(N). We have so many N detections because these stars are mostly cold, but also because some of our stars are AGBs and their N content is enhanced. In Fig. 12, the C abundance derived from the G-band is plotted as a function of the stellar [Fe/H] (upper panel of the figure). We compare our values to the results of the high-quality analysis by Spite et al. (2005). The comparison sample is definitely more metal poor, but we can see the very similar pattern. In the central panel of Fig. 12, [N/Fe] is shown, while in the lower panel [C+N/Fe]. The stars in our sample showing an enhanced A(N) are on average hotter than those in Spite et al. (2005), but this could be explained by looking at the Hertzsprung–Russell (HR) diagram in Fig. 5, several (probably the majority) of the evolved stars in our sample are AGBs; it is likely that on average they are more evolved than the stars in the sample of Spite et al. (2005), whose average temperature is lower, so that a fraction of them probably still belong to the red giant branch (RGB).
	[image: thumbnail]	Fig. 12.
On a [Fe/H] scale, we show for our programme stars (red symbols), [C/Fe] (upper panel), [N/Fe] (central panel), and [C+N/Fe] (lower panel). The red star symbols surrounded by a circle highlight stars with log g >  3.0. The comparison sample shows the very high-quality analysis by Spite et al. (2005).




5. Discussion
5.1. Chemical composition
Due to the extreme kinematics requested in the selection, the stars presented here almost surely belong to the halo, or are unbound stars passing through the Galaxy. We would have expected a large distribution in metallicity (passing-by stars could be of any metallicity), with a preference towards low metallicity, due to the preference we gave to blue objects in the colour selection. Instead, we have a small range in metallicity. Taking into account the complete sample ⟨[Fe/H]⟩ = − 1.51 ± 0.42; but if we restrict to [Fe/H] >  −2, we obtain ⟨[Fe/H]⟩ = − 1.37 ± 0.24, a scatter star-to-star that is comparable to the average line-to-line scatter in the [Fe/H] determination of each star. We have a clear peak at [Fe/H] ≈ −1.4, which is higher than the average value derived by Allende Prieto et al. (2014) in their investigation on metal-poor stars (see Fig. 13).
	[image: thumbnail]	Fig. 13.
Normalised [Fe/H] distribution (solid red) compared to the result from Allende Prieto et al. (2014) (solid blue).




We expected that some of these high-speed stars were objects captured from dwarf galaxies or even stars belonging to disrupted dwarf galaxies, but here we expected, at least for a few cases, stars with low α-enhancement because stars in this metallicity range belonging to some dwarf galaxies have this characteristic. One of the explanations for the low α-content in the dSph galaxies is that they are characterised by slow, bursting, or gasping star formation (e.g. Marconi et al. 1994; Font et al. 2006). On the contrary, most (if not all) of the stars in this sample appear α-enhanced by the amount expected for metal-poor Galactic stars. For the complete sample we find ⟨[Mg/Fe]⟩ = 0.42 ± 0.11 and ⟨[Ca/Fe]⟩ = 0.31 ± 0.10. The average line-to-line scatter in A(Mg) is 0.14 dex and in A(Ca) 0.21 dex. Only one star in the sample, GHS66, has the ratios of both α-indicators over Fe below 0.2 ([Mg/Fe] = 0.18 and [Ca/Fe] = 0.17); GHS71 is low in Ca ([Ca/Fe] = 0.07), but its Mg is normally enhanced ([Mg/Fe] = 0.31); GHS65 has [Mg/Fe] = 0.28 [Ca/Fe] = 0.17.
Already Haywood et al. (2013) had, in the sample they discussed, a small number of slightly metal-poor α-enhanced stars that are young. It is true that the metallicity in their sample is higher ([Fe/H] ∼  −0.5) than the metallicity of our young stars, but they could still belong to the same population. Chiappini et al. (2015) discussed a group of α-enhanced stars analysed by CoRoT. These stars with precise age determinations happen to be young and with metallicity from solar to slightly metal poor. According to the authors, these stars could originate near the Galactic bar. We are not sure if our sample of metal-poor young stars is connected to these stars, with good age determinations, studied in the literature.
In Fig. 14 the two α-elements analysed here, Mg and Ca, are compared to the analysis by Nissen & Schuster (2010). For Ca we can see no difference in the three populations analysed by Nissen & Schuster (2010, the low-α, accreted population; the high-α, halo population; the thick disc population), but for Mg there is a clear distinction, and from the upper panel of Fig. 14 it is clear that our stars are more consistent with the in situ population by Nissen & Schuster (2010).
	[image: thumbnail]	Fig. 14.
Abundances of α-elements vs. [Fe/H]: solid red symbols are the stars here analysed, compared with the data by Nissen & Schuster (2010) as open squares, green the low-α, black the high-α and blue thick-disc stars.




In Fig. 15, [Ca/Fe] (as a proxy for [α/Fe]) as a function of [Fe/H] for our stellar sample is compared to literature values from a few local group galaxies. From the figure it is clear that the stars analysed here are compatible with Galactic stars (light grey in the figure), as it was clear from Fig. 8, and with stars belonging to Sgr (black open circles in the figure). If these high-speed stars were formed in dwarf galaxies, then these galaxies should have a star formation history similar to that of Sgr, starting the descent of the α-to-iron ratio at a metallicity higher than –1.3. This suggests fairly massive galaxies, at least like Sgr. Alternatively, we know that globular clusters have very homogeneous Ca-to-Fe ratios (Mg may vary because of the presence of a Mg-Al anti-correlation, initially found by Gratton et al. (2001) and confirmed by many subsequent studies; see Gratton et al. (2004) and Bastian & Lardo (2018) for reviews on multiple populations in globular clusters), with Ca being enhanced, as in field Milky Way stars. Therefore, our high-speed stars could also have come from globular clusters. High-resolution spectroscopy could shed light on the origin of these stars. If, for instance, they were formed in globular clusters, we would expect to find a Na-O anti-correlation, and perhaps also a Mg-Al anti-correlation. At the very least we should be able to find a sizeable dispersion in Na abundances in any given metallicity bin.
	[image: thumbnail]	Fig. 15.
[Ca/Fe] as a proxy for the α-enhancement vs. [Fe/H] for our sample of stars (red filled circles) compared to data of the Milky Way and the dwarf local group galaxies from the literature. Shown are open grey triangles, MW stars (Venn et al. 2004; Reddy et al. 2006); black open circles, Sgr dSph main body stars (Monaco et al. 2005; Sbordone et al. 2007, 2015, and in prep.; Hansen et al. 2018; open blue squares, dSph (Venn et al. 2004; Letarte 2007); green “x” signs, Car dSph (Venn et al. 2004; Koch et al. 2008); orange open triangles, Scl dSph (Venn et al. 2004; Geisler et al. 2005). All remaining symbols are from Venn et al. (2004): open magenta diamonds, Sex dSph; brown triangles Leo dSph; yellow plus signs, Umi dSph; open cyan stars, Dra dSph.




It may be more difficult to find chemical signatures that point to an origin in a dwarf galaxy. For example, in Sgr a top-light initial mass function has been invoked to explain the observed abundances of neutron capture elements (especially for Eu/O) and of Cu (McWilliam et al. 2013). However, most of the signal comes from stars with [Fe/H] >  − 1.0; for the metal-poor population the abundance ratios are the same as those of Milky Way stars (Hansen et al. 2018). Roederer et al. (2018) have claimed that stars with enhanced neutron capture elements formed in the r-process (r-enhanced for short) have been formed in dwarf galaxies and accreted to the Milky Way; however, Di Matteo et al. (2020) refuted this claim on the grounds that r-enhanced stars are kinematically indistinguishable from r-normal stars. Skúladóttir et al. (2019) have shown that the growth of [Y/Mg] and [Ba/Mg] as a function of age are clearly different among different galaxies and among samples of Milky Way stars in different metallicity bins. In Fig. 16 our [Ba/Mg] results for bins in ages are compared to the curves for different galaxies by Skúladóttir et al. (2019). Clearly our values are in better agreement with the Milky Way results than with any of the other dwarf galaxies shown in the plot.
	[image: thumbnail]	Fig. 16.
[Ba/Mg] vs. age for Sculptor, Fornax, and Milky Way stars with [Fe/H] < −0.3, from Skúladóttir et al. (2019), compared with our high-speed stars. The latter seem very consistent with MW stars, but not with Sculptor or Fornax.




For [Ba/Fe] the comparison of our sample with the sample analysed by Nissen & Schuster (2011), shown in Fig. 17, also suggests that our sample is compatible with the Milky Way and thus not accreted. The comparison in Fig. 18 also shows an agreement with the Galactic sample more than with a sample from dwarf spheroidal galaxies.
	[image: thumbnail]	Fig. 17.
[Ba/Fe] vs. [Fe/H]: solid red symbols are the stars analysed here, compared with the data by Nissen & Schuster (2011) as open squares, low-α in green, high-α in black, and thick-disc stars in blue.




	[image: thumbnail]	Fig. 18.
[Ba/Fe] vs. [Fe/H], comparison with the literature values. Symbols are as in Fig. 15.




Overall, we expected to find a large chemical variation from star to star in the sample; instead, we find a homogeneous sample from this low-resolution analysis, with no chemical-peculiar star except two CEMP stars (GHS65 and GHS69). Could these stars, at least the ones with [Fe/H] >   − 2, belong to a disrupted globular cluster? Or could they all come from a disrupted small galaxy, similar to Sgr?
5.2. Variability
The two known RR Lyr stars (GHS29, GHS46) lie in the instability strip of the fundamental mode according to Bono & Stellingwerf (1994). In Fig. 19 they are compared to the other star in the sample. Four more stars lie in the instability strip: GHS24, GHS36, GHS42, GHS56. GHS36 has a strange spectrum, with broad H-lines. For the other three we have no special remarks.
	[image: thumbnail]	Fig. 19.
Hertzsprung–Russell diagram. The two known RR Lyr stars are highlighted by blue circles. The suspected RR Lyr star or binary, GHS36, by a green square. The two black curves are the blue edge and the red edge of the fundamental mode of pulsation of RR Lyr according to Bono & Stellingwerf (1994).




5.3. Ages
The subgiant stars (log g >  3) lie in an HR part of the diagram where, once the metallicity is known, the age of the star can be inferred by using an isochrone (see Fig. 6). We are absolutely aware of the uncertainty of this method, but it can give us a rough estimation of the age or at least tell us if the ages of these metal-poor stars are compatible with ages of the order of or larger than about 10 Gyr, as expected for metal-poor stars. On the contrary, all these stars are compatible with ages of 8 Gyr or younger. One problem could be the reddening that shift the stars to younger positions in the HR diagram. If no reddening is applied, some stars will surely take places in the colour-colour diagram close to an isochrone of a more appropriate older age, but not all. We conclude that the reddening can play a role in making some stars to appear younger, but not all. We could assume that these metal-poor apparently young stars are blue stragglers. Assuming that this is the case, by selecting high-speed stars that are bluer than the −2.0 metallicity isochrone, we end up with all the subgiant stars being blue stragglers. Is high speed a result of the formation of a blue straggler?
For the more evolved (log g <  3) stars things are more complicated. There are 19 stars for which we use isochrones of 10 or 12 Gyr to derive the parameters, but for the other 44 stars younger ages are needed to fit well the photometry of the stars on the isochrones. What is evident is that the isochrones of different ages are close enough to make it difficult to rule out that most of the stars are in fact about 10–12 Gyr old; even so, Fig. 6 convinces us that several of these stars are in fact younger than 12 Gyr. Without a doubt, some of the stars are in the HR diagram in places where no 10 or 12 Gyr old isochrone can be found. In addition, if our selection results in so many young subgiant stars that we could easily classify as blue stragglers, why is it not possible that some of these more evolved stars are the evolution of these blue stragglers? Or, even if the subgiant populations is in fact composed of young stars, why should it not also be the case for the giant stars?
The point is then to find an explanation that justifies the high speed and young ages in this sample of stars.
5.4. Kinematics
Some stars have a maximum distance from the centre of the Galaxy that is much larger than its estimated radius. Twenty-three stars reach distances larger than 100 kpc from the centre of the Galaxy. In particular, three stars (GHS32, GHS56, and GHS57) reach more than 300 kpc from the centre of the Milky Way. Clearly, for these stars in particular, to be sure that they are really bound and in order to derive their orbits and orbital parameters, we should take into account all the dwarf local galaxies in the potential, but probably also the Magellanic clouds and perhaps even Andromeda.
Clearly the sample is small, but we still tried to see if we could identify streams. We first checked whether our stars are consistent with the streams in Malhan et al. (2018), but we could find none. In a few cases the coordinates were consistent with known streams, but our stars are much further away. We looked for a subsample of stars close in proper motion, and we found two of them. These stars are probably close in proper motion just by chance; in fact, we did not find in the Gaia DR2 catalogue other stars that could form a stream consistent with these stars.
Five stars in the sample have unbound orbits (GHS22, GHS33, GHS37, GHS58, GHS64) at 1σ significance, due mainly to the uncertainty on the parallax. When considering the formal error on the total speed, we find that for all five stars it still exceeds the Galactic escape speed (taken to be [image: equation]; Deason et al. 2019) even after subtracting a 1σ error from it, but not if we subtract 2σ. The same holds true by taking into account the variation of the escape velocities with the distance from the Galactic centre (see Monari et al. 2018).
5.5. Possible origins of our sample high-speed stars
The selection of our sample, as described in Sect. 2, is heavily kinematically biased in colour and luminosity. In this respect we have to keep in mind that we are selecting a very rare population. Our colour-magnitude selection of the already rare high-speed sample selected only 4% of the stars. It is therefore legitimate to also consider the possibility that our stars trace several very rare events. If this were the case we would expect our stars to be very diverse in terms of chemical composition.
Cross-matching Gaia DR2 with LAMOST allowed us to identify 68 high-speed late-type stars for which the LAMOST pipeline provides atmospheric parameters and chemical abundances (Du et al. 2018a,b, 2019). None of these stars is also in our sample. Although Du et al. (2019) comment that “Most of the high velocity stars are metal-poor and α−enhanced”, inspection of Fig. 4 of Du et al. (2018a) and Fig. 2 of Du et al. (2018b) shows that there is a sizeable spread in α-to iron ratios, with several stars with low ratios and also a considerable spread in metallicity. This is not the case in our sample. The precision in abundances is probably the same for the LAMOST data and ours; we use a slightly higher resolving power, but the LAMOST spectra have a much larger spectral coverage. It should be noted that the selection of the two samples of stars is different: Du and collaborators were interested in detecting unbound stars; we were aiming at the metal-poor population of high-speed stars. Another difference is that we performed spectroscopic observations following our hybrid kinematical and colour-magnitude selection, while Du and collaborators just picked the stars that were independently targeted by LAMOST without any kinematical selection.
The availability of Gaia DR2 triggered many works searching for unbound stars, and many of these studies can be found in the works of Du and collaborators; we mention here only the work of Bromley et al. (2018). Star Gaia DR2 5846998984508676352 is in common between Bromley et al. (2018) and our sample of high-velocity stars, but we did not observe it because it was too cool and faint for our selection. Although they did not select preferentially brighter and bluer stars, as we did, it is nicely illustrated in their Fig. 7 that the unbound stars are the most luminous for any given colour. We interpret this as an effect of the Malmquist bias, as for our sample. This implies that the speed selections will always be biased towards brighter younger and metal-poor stars. However there is no obvious reason why the metallicity range should be limited.
The results of our analysis show that, on the one hand the metallicity range of our sample is very limited and that the abundance ratios are also very tightly clustered. While our preference for blue stars does explain the fact that all of the sample is metal poor, we expected a larger metallicity spread; in particular, we expected to observe at least one extremely metal-poor star with [Fe/H] <   − 3.0, as found by Du et al. (2018a). In the same spirit, we expected a large spread in α-to-iron ratios and barium-to-iron ratios, which is hardly the case.
Unless we admit that these stars were born with such extreme velocities we must assume that they were accelerated. Let us begin by examining the possible causes for acceleration:
1. Merging of an external galaxy with the Milky Way;
2. Interaction with black hole in the Galactic centre (Hills 1988);
3. Origin in an external galaxy (e.g. Andromeda, see Sherwin et al. 2008) and ejection through interaction with its central black hole;
4. Star in a binary system with a massive primary that ended its life as a SN and gave a “kick” to the secondary;
5. Star in a hierarchical triple system, with a massive primary that ended its life as a supernova (SN) and gave a kick to the outer couple that remained bound;
6. Origin in a globular cluster and ejection through gravitational interaction in an intermediate mass black hole at the centre of the cluster (see e.g. Fragione & Gualandris 2019, and references therein).
Scenario 1 requires that the merging galaxy be rather massive (but still less than the MW) and with a star formation history that implies a constant α-to-iron ratio in the metallicity range probed by the present sample. However, in such a case, according to the simulations of Jean-Baptiste et al. (2017), in the phase-space domain explored we should find both MW stars and stars formed in the accreted galaxy, although the latter are favoured among high kinetic energy stars. Even if in the presently explored metallicity regime the two populations were indistinguishable in terms of α-to-iron ratios, as we move to a more metal-rich regime we expect that the two populations should split, the accreted galaxy showing lower α-to-iron ratios. Figure 1 shows clearly that among these high-speed stars selected (black dots) the majority lie to the red of the metal-poor isochrone ([M/H] = −2.0), so they are indeed more metal-rich than the observed stars. It would therefore be extremely interesting to measure α-to-iron ratios in the more metal-rich high-speed stars to test this possible interpretation.
Scenarios 2, 3, 4, and 5 are all plausible, and not mutually exclusive. In particular, there are four targets whose minimum distance from the Galactic Centre is less than 0.5 kpc, making an origin in this environment (scenario 2) plausible. The star GHS64 is compatible with scenario 3 (see Sect. 5.4), yet there is no reason why a multiplicity of these rare events should end up with such a high chemical homogeneity, as observed. Scenario 5 in particular would also be able to explain the presence of evolved blue stragglers: after the kick due to the SN explosion, the remaining binary undergoes merging and becomes a blue straggler.
Scenario 6 is the most appealing. The weak point is the fact that no conclusive evidence yet exists for the presence of intermediate black holes at the centres of globular clusters, although there are strong theoretical reasons to suggest that this is the case (Greene et al. 2019). There are two reasons that make this scenario appealing: in the first place, the metallicity distribution and α-to-iron ratios of our sample are consistent with their origin in Galactic globular clusters (GGC); in the second place, this would explain the presence of blue stragglers, which we know populate GGC. This idea can be put directly to test in two ways. We know that GGC are characterised by multiple stellar populations that give rise to several correlations, and anti-correlations among abundance ratios, the most prominent being the Na-O anti-correlation, as mentioned in Sect. 5.1. Unfortunately our data resolution is too low to provide reliable Na abundances; the only Na I lines detected are the D-doublet, and at our resolution it is difficult to disentangle the stellar absorption from the interstellar absorption and the atmospheric emission, even for the stars with the highest radial speeds. Thus, the first test would be to observe a sizeable fraction of these stars at high resolution and see if a Na-O anti-correlation becomes apparent, or at least a large spread in Na abundances. In absence of this we could easily rule out the origin in GGC.
The second test concerns the subgiant and turn-off stars that appear to be younger than 10 Gyr. If they are blue stragglers then they should show no measurable Li if they were formed from the coalescence of the components of a binary system, or Li should be depleted (A(Li) ∼ 1) if the blue straggler was formed by collision (Glebbeek et al. 2010). If the stars are not blue stragglers, then their lithium abundance should lie on the Spite plateau at A(Li) ∼ 2.2 (Spite & Spite 1982; Sbordone et al. 2010).
We can see that the metallicity of this sample of stars peaks at about −1.4 (see Fig. 13), in surprising agreement with the peak of the Gaia-Sausage-Enceladus sample (see Fig. 19 in Di Matteo et al. 2019). This intriguing fact deserves further investigation.
6. Conclusions
We presented here the chemodynamical investigation of a sample of 72 stars, selected from the Gaia DR2 catalogue for their high transversal velocity and observed with FORS at the VLT. Our main conclusions, discussed in detail in the previous section, are summarised below:

	
The chemical pattern of these stars is extremely homogeneous. Although the stars in the sample analysed here suffer from a strong selection bias, we believe that the relatively narrow range in metallicity, from metal poor to very metal poor, is too extreme to be explained by our selection bias. Even if the analysis is based on low-resolution spectra, implying a larger uncertainty, the homogeneity in their abundances is comparable to the high-quality sample analysed by Spite et al. (2005).



	
The subgiant stars in the sample all appear to be younger than expected at this metallicity range, being of 8 Gyr of age or younger. With this selection we could have picked up mainly (or only) blue stragglers.



	
For the giant stars, a minority (30%, 19/63) are as old as expected, while others appear generally much younger than expected (70%, 44/63 with an age of 8 Gyr or younger, up to 1 Gyr). They could be evolved blue stragglers.



	
Most or all of these stars show a high [α/Fe], compatible with the MW population or (in this metallicity regime) the population of massive satellites like Sgr.



	
Some stars have extreme orbits. As expected, all the other stars show halo orbits. Few stars reach such large distances from the centre of the Galaxy to cast doubts on their boundness.



	
We identified several acceleration mechanism (see Sect. 5.5) of which the one able to explain the chemical homogeneity is an origin of these stars in GGCs. We suggested observations to probe this scenario.



	
We were able to identify two small subsamples of stars close in proper-motion, but we could not find other stars in the Gaia DR2 catalogue belonging to these hypothetical streams.






1 We loosely define halo stars as those with a total speed in excess of 180 km s−1 (see e.g. Di Matteo et al. 2019).


2 https://github.com/PaulMcMillan-Astro/GalPot


3 https://github.com/jobovy/galpy


4 http://stev.oapd.inaf.it/cgi-bin/cmd
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Appendix A:  Gaia identifier
The stars we observed are not known in the SIMBAD astronomical database, except for three objects.
– GHS29 Gaia DR2 5188812082642658944, also known as CSTAR 9171, RRab type according to Gaia DR 2 (Gaia Collaboration 2018), that provides a period of 0.591620 days and an epoch of T0 = 2456935.5943. Gaia, in the phot_variable_flag also provides a “VARIABLE” flag. Gaia provides 249 visits with phot_g_mean_flux of 38449.08627837765 and phot_g_mean_flux_error of 619.2625519560296, 16% uncertainty. The Julian date of observations is 2458784.71072. This star was observed by Wang et al. (2011, 2013), during a seasonal observation in the Antartica winters 2008 and 2010, respectively, with the Chinese Small Telescope. They observed the star in the i band, and derived a variability with a period of 0.591609 days, with T0 = 55.9779 (+2452500) in Wang et al. (2011) and 0.591726 days, with T0 = 785.4091 (+2452500) in Wang et al. (2013). They classified it as a RR Lyr.
– GHS46 Gaia DR2 4629181692264635520, also known as V* Z Men, a variable star of RRab type, according to Gaia DR 2, that provides a period of 0.687827 and an epoch of T0 = 2456893.6835. Gaia, in the phot_variable_flag, provides a “VARIABLE” flag with 146 visits. The Julian date of the observation is 2458775.7789. The star is found in Gavrilchenko et al. (2014), without classification. Demers & Irwin (1991) provide the B and V magnitude (V = 13.85 and B − V = −0.09) in their study of stars located in the southern sky and between the Magellanic Clouds. Lopez & Girard (1990) put this star in a sample of suspected variable stars and provide an improved position. Kukarkin et al. (1971) provide for this star a period of 0.6878 days and an RR type. This star is an object by Shapley (1953) in the article on the distribution of RR Lyr, and he provides a period of 0.688 days. Boyce (1943) studied this star in his sample of variable stars; he derived a period of 0.68781 days and put the star in a cluster.
– GHS63 Gaia DR2 2321153334969276160 is also known as CTLGM 5192. For this star, which is in the area of the open cluster Blanco 1, Platais et al. (2011) provide position and proper motion, which are consistent within the uncertainties with the values provided by Gaia DR2. They give probability zero that the star belongs to the cluster.
Table A.1.

Stellar Gaia identifier.
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	[image: thumbnail]	Fig. 1.
Gaia colour-magnitude diagram of all stars selected for observation in ESO period 104. The filled red dots are the 72 stars observed. The blue solid line is a PARSEC isochrone (Bressan et al. 2012; Marigo et al. 2017) of metallicity –2.0 and age of 12 Gyr, to guide the eye.
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Spectra of the two most metal-poor stars. Both spectra have been normalised, and the spectrum of GHS05 has been shifted up by 1, for easy visualisation.
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	[image: thumbnail]	Fig. 3.
Portion of the stars in the XY and RZ planes. The stars are classified as prograde stars (red triangles), retrograde stars (open black symbols), and unbound stars (filled black squares).
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Orbital parameters for the stars. Symbols are as in Fig. 3.
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	[image: thumbnail]	Fig. 5.
Hertzsprung–Russell diagram comparing the observed stars with isochrones of metallicity [M/H] = −1.5, at three ages (1, 6, and 12 Gyr), the value closest to the metallicity derived for the largest fraction of the stars.
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	[image: thumbnail]	Fig. 6.
Hertzsprung–Russell diagram of G Gaia vs. BP–RP, comparing the observed stars with isochrones of metallicity [M/H] = −1.5, for three ages (1, 6, and 12 Gyr). The colour-coding for the stars defines the metallicity of the isochrone used to derive the stellar parameters. The blue symbols correspond to the stars that used isochrones of [M/H] = −1.5, as in the plot.
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	[image: thumbnail]	Fig. 7.
Comparison of the abundances derived from neutral and ionised elements. To provide an idea of the uncertainties, an average error bar is shown in the plot.
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	[image: thumbnail]	Fig. 8.
Two α-elements Mg and Ca vs. [Fe/H] (filled red circles) in comparison with the Caffau et al. (2020) sample (blue squares) and the literature compilation from Frebel (2010, cyan symbols).
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	[image: thumbnail]	Fig. 9.
[Ni/Fe] vs. [Fe/H] (red filled circles) in comparison with the literature compilation from Frebel (2010) (cyan dots).
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	[image: thumbnail]	Fig. 10.
Heavy elements [Sr/Fe] and [Ba/Fe] vs. [Fe/H] (filled red circles) compared to the Caffau et al. (2020) sample (blue open squares) and the literature compilation from Frebel (2010) (cyan symbols).
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	[image: thumbnail]	Fig. 11.
[Sr/Ba] vs. [Ba/Fe] for the stars in our sample with [Fe/H]<  − 2 (red filled circles) compared to the sample by Caffau et al. (2020, black open symbols) and to metal-poor stars from the literature (blue open symbols).
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	[image: thumbnail]	Fig. 12.
On a [Fe/H] scale, we show for our programme stars (red symbols), [C/Fe] (upper panel), [N/Fe] (central panel), and [C+N/Fe] (lower panel). The red star symbols surrounded by a circle highlight stars with log g >  3.0. The comparison sample shows the very high-quality analysis by Spite et al. (2005).
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	[image: thumbnail]	Fig. 13.
Normalised [Fe/H] distribution (solid red) compared to the result from Allende Prieto et al. (2014) (solid blue).
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	[image: thumbnail]	Fig. 14.
Abundances of α-elements vs. [Fe/H]: solid red symbols are the stars here analysed, compared with the data by Nissen & Schuster (2010) as open squares, green the low-α, black the high-α and blue thick-disc stars.
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	[image: thumbnail]	Fig. 15.
[Ca/Fe] as a proxy for the α-enhancement vs. [Fe/H] for our sample of stars (red filled circles) compared to data of the Milky Way and the dwarf local group galaxies from the literature. Shown are open grey triangles, MW stars (Venn et al. 2004; Reddy et al. 2006); black open circles, Sgr dSph main body stars (Monaco et al. 2005; Sbordone et al. 2007, 2015, and in prep.; Hansen et al. 2018; open blue squares, dSph (Venn et al. 2004; Letarte 2007); green “x” signs, Car dSph (Venn et al. 2004; Koch et al. 2008); orange open triangles, Scl dSph (Venn et al. 2004; Geisler et al. 2005). All remaining symbols are from Venn et al. (2004): open magenta diamonds, Sex dSph; brown triangles Leo dSph; yellow plus signs, Umi dSph; open cyan stars, Dra dSph.
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	[image: thumbnail]	Fig. 16.
[Ba/Mg] vs. age for Sculptor, Fornax, and Milky Way stars with [Fe/H] < −0.3, from Skúladóttir et al. (2019), compared with our high-speed stars. The latter seem very consistent with MW stars, but not with Sculptor or Fornax.
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	[image: thumbnail]	Fig. 17.
[Ba/Fe] vs. [Fe/H]: solid red symbols are the stars analysed here, compared with the data by Nissen & Schuster (2011) as open squares, low-α in green, high-α in black, and thick-disc stars in blue.
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	[image: thumbnail]	Fig. 18.
[Ba/Fe] vs. [Fe/H], comparison with the literature values. Symbols are as in Fig. 15.
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	[image: thumbnail]	Fig. 19.
Hertzsprung–Russell diagram. The two known RR Lyr stars are highlighted by blue circles. The suspected RR Lyr star or binary, GHS36, by a green square. The two black curves are the blue edge and the red edge of the fundamental mode of pulsation of RR Lyr according to Bono & Stellingwerf (1994).
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Portion of the stars in the XY and RZ planes. The stars are classified as prograde stars (red triangles), retrograde stars (open black symbols), and unbound stars (filled black squares).



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
Hertzsprung–Russell diagram comparing the observed stars with isochrones of metallicity [M/H] = −1.5, at three ages (1, 6, and 12 Gyr), the value closest to the metallicity derived for the largest fraction of the stars.



    

  
    Table 2. 

Solar abundances.




	Element
	A(X)
	References





	C
	8.50
	Caffau et al. (2011b)



	N
	7.86
	Caffau et al. (2011b)



	Mg
	7.54
	Lodders et al. (2009)



	Ca
	6.33
	Lodders et al. (2009)



	Ti
	4.90
	Lodders et al. (2009)



	Fe
	7.52
	Caffau et al. (2011b)



	Ni
	6.23
	Lodders et al. (2009)



	Sr
	2.92
	Lodders et al. (2009)



	Ba
	2.17
	Lodders et al. (2009)







  
    
      Fig. 7. 
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Comparison of the abundances derived from neutral and ionised elements. To provide an idea of the uncertainties, an average error bar is shown in the plot.



    

  
    
      Fig. 10. 
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Heavy elements [Sr/Fe] and [Ba/Fe] vs. [Fe/H] (filled red circles) compared to the Caffau et al. (2020) sample (blue open squares) and the literature compilation from Frebel (2010) (cyan symbols).



    

  
    
      Fig. 11. 
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[Sr/Ba] vs. [Ba/Fe] for the stars in our sample with [Fe/H]<  − 2 (red filled circles) compared to the sample by Caffau et al. (2020, black open symbols) and to metal-poor stars from the literature (blue open symbols).



    

  
    
      Fig. 12. 
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On a [Fe/H] scale, we show for our programme stars (red symbols), [C/Fe] (upper panel), [N/Fe] (central panel), and [C+N/Fe] (lower panel). The red star symbols surrounded by a circle highlight stars with log g >  3.0. The comparison sample shows the very high-quality analysis by Spite et al. (2005).



    

  
    
      Fig. 13. 
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Normalised [Fe/H] distribution (solid red) compared to the result from Allende Prieto et al. (2014) (solid blue).



    

  
    
      Fig. 14. 

      
        [image: thumbnail]
      

      
Abundances of α-elements vs. [Fe/H]: solid red symbols are the stars here analysed, compared with the data by Nissen & Schuster (2010) as open squares, green the low-α, black the high-α and blue thick-disc stars.



    

  
    
      Fig. 15. 

      
        [image: thumbnail]
      

      
[Ca/Fe] as a proxy for the α-enhancement vs. [Fe/H] for our sample of stars (red filled circles) compared to data of the Milky Way and the dwarf local group galaxies from the literature. Shown are open grey triangles, MW stars (Venn et al. 2004; Reddy et al. 2006); black open circles, Sgr dSph main body stars (Monaco et al. 2005; Sbordone et al. 2007, 2015, and in prep.; Hansen et al. 2018; open blue squares, dSph (Venn et al. 2004; Letarte 2007); green “x” signs, Car dSph (Venn et al. 2004; Koch et al. 2008); orange open triangles, Scl dSph (Venn et al. 2004; Geisler et al. 2005). All remaining symbols are from Venn et al. (2004): open magenta diamonds, Sex dSph; brown triangles Leo dSph; yellow plus signs, Umi dSph; open cyan stars, Dra dSph.



    

  
    
      Fig. 16. 

      
        [image: thumbnail]
      

      
[Ba/Mg] vs. age for Sculptor, Fornax, and Milky Way stars with [Fe/H] < −0.3, from Skúladóttir et al. (2019), compared with our high-speed stars. The latter seem very consistent with MW stars, but not with Sculptor or Fornax.
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