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ABSTRACT

We analyse high signal-to-noise ESPaDOnS/CFHT spectra of 20 very metal-poor (VMP) stars ([Fe/H] < —2.0) in the solar
neighbourhood (within ~ 2 kpc), selected to be on planar orbits with maximum heights < 4 kpc. The sample comprises
11 stars on prograde and 9 on retrograde orbits, all with relatively high eccentricities (0.5-0.9). Their chemical abundance
patterns indicate enrichment from high-energy supernovae and hypernovae up to the Fe-peak, and contributions from fast-
rotating massive stars and neutron star mergers for the neutron-capture elements. No significant chemical differences are
found between prograde and retrograde stars. The [Sr, Ba, Eu/Fe] ratios resemble those of stars in classical dwarfs galaxies.
Chemical dispersion and distance analyses further highlight the internal similarity of the sample and its separation from
the bulk of the observed, non-planar halo population. Applying the same kinematical selection to another homogeneous
data set yields consistent results, confirming that this group of planar VMP stars exhibit peculiar chemical properties
distinct from those of the observed halo and other known Galactic structures. These findings suggest that the stars formed
in an environment that experienced a homogeneous chemical evolution akin to that of dwarf galaxies. A plausible scenario,
supported by cosmological zoom-in simulations, is the early accretion of a single system whose subsequent dynamical
evolution naturally produced stars on both prograde and retrograde planar orbits. If this interpretation is correct, we
tentatively refer to this putative progenitor as Loki. However, comparisons with other planar VMP stars spanning a wider
range of chemo-dynamical properties indicate that multiple accretion events likely contributed to this diverse population
orbiting close to the Galactic plane.

Key words: Galaxy: formation - Galaxy: evolution - stars: abundances - stars: kinematics and dynamics - stars: Population
III - stars: Population II.
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A way to understand the Galactic chemical and assembly history
is to study the relics from those early epochs; these are assumed to
be the most metal-poor stars (K. Freeman & J. Bland-Hawthorn
2002; E. Tolstoy, V. Hill & M. Tosi 2009; J. Tumlinson 2010; J. H.
Wise et al. 2012). Cosmological simulations suggest that the most
metal-poor stars formed within 2-3 Gyr from the Big Bang in
low-mass systems, often called the building blocks of Milky Way
(MW)-like galaxies (e.g. E. Starkenburg et al. 2017a; K. El-Badry
et al. 2018; F. Sestito et al. 2021). These building blocks merged
together at early epochs, dispersing their stellar, gaseous, and
dark matter content into the forming proto-Galaxy. Therefore, the
most metal-poor stars coming from the early Galactic assembly
are supposed to populate the inner regions of the MW, while those
accreted later might be dispersed in the outer halo (J. S. Bullock &
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These expectations are consistent with observations from var-
ious all-sky surveys, e.g. SDSS (D. G. York et al. 2000) and LAM-
OST (X.-Q. Cui et al. 2012), and from dedicated metal-poor sur-
veys, e.g. Pristine (E. Starkenburg et al. 2017b; N. F. Martin et al.
2024) and SkyMapper (G. S. Da Costa et al. 2019). Some of the
most metal-poor stars have been serendipitously discovered in
all-sky surveys (e.g. E. Caffau et al. 2011; H. Li et al. 2015), al-
though they are extremely rare objects (K. Youakim et al. 2017)
hidden in a haystack of more metal-rich and younger stars. To
weed out the contamination, dedicated metal-poor star-finding
surveys use a metallicity-sensitive filter that includes the Ca HK
spectral lines which, in combination with other broad-band fil-
ters, can be used to estimate a photometric [Fe/H].! SkyMapper

![Fe/H]= log(Nfe/Ng ). — log(Nge/Ng)e, in which Nx is the number
density of element X.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and

reproduction in any medium, provided the original work is properly cited.

920z |1Mdy G| uo Jasn auysploiaH 1o AusisAlun Aq €8/ /£58/£956B1S/Z/87S/a101e/seluw/woo dno olwapese//:sdiy Wwoll papeojumo(]


https://doi.org/10.1093/mnras/stag563
http://orcid.org/0000-0002-3182-3574
http://orcid.org/0000-0002-2023-466X
http://orcid.org/0000-0001-5412-869X
http://orcid.org/0000-0003-4134-2042
http://orcid.org/0000-0002-0544-2217
http://orcid.org/0000-0002-1349-202X
http://orcid.org/0000-0001-5242-2844
http://orcid.org/0000-0003-2027-399X
mailto:f.sestito@herts.ac.uk
https://creativecommons.org/licenses/by/4.0/

2 F Sestito et al.

uses a v-filter, while Pristine has a narrow-band filter centred on
the Ca HK lines. In both cases, the two surveys reach a very high-
efficiency in discovering the most metal-poor stars (D. S. Aguado
et al. 2019; G. S. Da Costa et al. 2019). More recently, and with
strategies similar to those based on narrow filters, J-Plus (A. J.
Cenarro et al. 2019) and S-Plus (F. Almeida-Fernandes et al. 2022)
are discovering and investigating new low-metallicity stars in the
MW (e.g. C. A. Galarza et al. 2022; V. M. Placco et al. 2022; H. D.
Perottoni et al. 2024).

Along-debated question in Galactic studies is whether the MW
disc extends to the very metal-poor (VMP) regimes ([Fe/H] <
—2.0, P. Bonifacio, M. Centurion & P. Molaro 1999; T. C. Beers
et al. 2002; G. Kordopatis et al. 2013). The synergy of ground-
based high-resolution spectroscopy, Gaia astrometry, and cosmo-
logical zoom-in simulations can help to shed light on this ques-
tion. Cosmological simulations suggest that VMP stars should be
dispersed in a pressure-supported spheroidal distribution (a.k.a.
the halo, K. El-Badry et al. 2018), although the halo might natu-
rally overlap with the disc in terms of space and kinematics, thus
providing a similar contribution of prograde and retrograde stars.

VMPs with precise astrometric information were scarce before
Gaia DR2 (Gaia Collaboration et al. 2016, 2018). It is now possible
to complement the chemical information with precise astrome-
try, needed to derive distances and kinematical properties of the
stars. Orbital properties are a useful tool for unveiling the mul-
titude of accreted systems that concurred to form the MW as we
know it today (e.g. A. Helmi 2020; D. Horta et al. 2023). F. Sestito
et al. (2019) discovered that 26 per cent of known ultra-metal-
poor stars (UMP; [Fe/H| < —4.0) have kinematics confined to
the MW plane (with a maximum height of < 3.5kpc), with 10
stars in prograde orbits and only one in retrograde orbits. Among
the ones in prograde motion, two are on nearly circular orbits (see
also K. C. Schlaufman, I. B. Thompson & A. R. Casey 2018; M. K.
Mardini et al. 2022b; A. Dovgal et al. 2024), and the most metal-
poor star known (SDSS J102915 + 172927, E. Caffau et al. 2011) is
one of these two. To answer whether this kinematical signature
is also present at metallicities —4.0 < [Fe/H] < —2.0, F. Sestito
et al. (2020) gathered the VMPs in the solar neighbourhood from
the LAMOST survey and from Pristine targets with measured
radial velocity (D. S. Aguado et al. 2019), for a total of ~ 5000
stars. They found that the majority of the stars are distributed in
the halo; however, one-third of VMPs are confined to the plane.
Of these stars, prograde motion is favoured (F. Sestito et al. 2020).
Similar results have also been reported by the SkyMapper survey
(G. Cordoni et al. 2021), also showing that the [«/Fe] ratios are
compatible with the halo. Using the stars observed in the ESO
Large Program ‘First stars programme’ (R. Cayrel et al. 2004; P.
Bonifacio et al. 2009), P. Di Matteo et al. (2020) confirmed that
stars in planar orbits exist at all metallicities, suggesting that the
dissipative collapse that led to the formation of the old and metal-
poor Galactic disc must have been extremely fast.

Both F. Sestito et al. (2019) and F. Sestito et al. (2020) pro-
pose that the prograde and retrograde planar stars might have
originated in the building blocks of the proto-MW or in a sys-
tem accreted later during the MW history, while the prograde
ones might also be the tracers of the MW disc’s VMP tail. The
origin of the prograde planar population have been investigated
also with the latest Gaia DR3 (Gaia Collaboration et al. 2023),
since it is also releasing metallicities and radial velocities for
millions of stars. Within the Pristine survey, A. Viswanathan et al.
(2025) found that the prograde region with low vertical angular
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momentum is overdense with a significance of 40 more than
its retrograde counterpart. H. Zhang, A. Ardern-Arentsen & V.
Belokurov (2024) found that the disc, as a major component, does
not extend to the VMP regime, but, rather, that the VMP prograde
planar population is part of the rotating halo. In contrast, M.
Bellazzini et al. (2024) and I. Gonzélez Rivera de La Vernhe et al.
(2024) propose that the angular momentum distribution of the
prograde planar stars is similar to the more metal-rich disc and it
might be of in situ origin. I. Gonzalez Rivera de La Vernhe et al.
(2024) discuss that this prograde planar population bears some
of the properties that are classically associated with a thick disc,
i.e. its spatial distribution is compatible with a short scale-length
thick disc and its presence even in case of assuming a rotating
prograde halo. Moreover, E. Fernandez-Alvar et al. (2021) found
a population of VMP towards the Galactic anticentre that would
be compatible with the MW thin disc, and E. Fernandez-Alvar
et al. (2024) corroborate it in all directions. Recently, S. Nepal
et al. (2024) derived stellar ages and distances for ~ 200 000 stars
showing that the metal-poor ones with orbits compatible with
the thin disc are in fact old, i.e. > 13 Gyr. Finally, E. Fernandez-
Alvar et al. (2025) have identified very old (12 Gyr) metal-poor
stars (total metallicity [Z/H] < —1) in both thick and thin disc
like orbits by inferring the age and metallicity distribution of stars
in a very local volume from a new more sophisticated approach
of a CMD-fitting analysis (the Chronogal project).

With high-resolution cosmological zoom-in simulations,
NIHAO-UHD (T. Buck et al. 2020) and FIRE (P. F. Hopkins
et al. 2018), F. Sestito et al. (2021) and I. B. Santistevan et al.
(2021), respectively, investigated the potential formation sites of
this VMP planar population. Both suites of simulated galaxies
provide similar results. During the early Galactic assembly,
the merging of the first building blocks scattered the stars in
all kinematical configurations, given the shallow gravitational
potential of the forming proto-galaxies. Once the proto-Galaxy
grew and the Galactic disc started to form, later accreted systems
deposited their stars mainly in the halo or, in some cases, into the
plane in a prograde fashion by dynamical friction (M. G. Abadi
et al. 2003; I. B. Santistevan et al. 2021; F. Sestito et al. 2021).
In this picture, the retrograde planar stars can only originate
from the early MW assembly phase. In these simulations, the
galactic disc is detectable after the formation of these stars,
therefore, these VMP planar stars are not part of the VMP tail of
the simulated disc. Recently, D. Sotillo-Ramos et al. (2023) used
the TNG50 cosmological simulations (D. Nelson et al. 2019; A.
Pillepich et al. 2019) with a similar intent as the previous works.
They found that the origin of the prograde planar population
can also be attributed to in situ formation. However, a complete
census of detailed chemical abundances is still lacking in the
literature. Having a better insight into the chemical properties
of these stars would be beneficial to understand the merging
history of the Galaxy, as well as the chemical evolution of the
oldest part of the disc, as well as the chemical properties of the
first generations of stars.

In this work, we investigate the chemical properties of VMP
planar stars selected from F. Sestito et al. (2020) and observed
with the ESPaDOnS high-resolution spectrograph at the Canada-
France-Hawaii Telescope (CFHT). We want to highlight that the
stars in our sample have relatively large eccentricities; hence,
this work does not focus on stars with quasi-circular orbits. The
paper is organized as follows. Section 2 describes the observations
and their reduction. The calculations of the astrometric distances
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and orbital parameters are described in Section 3. The model
atmosphere analysis is described in Section 4. Section 5 discusses
the chemical properties of our targets, also in comparison with
the MW and dwarf galaxies. Section 6 discusses various tests that
suggest the chemical peculiarity of this population. Section 7 dis-
cusses whether a common origin for the planar stars is possible,
also in comparison with a larger compilation of planar stars that
have a wider range of kinematical properties. The summary of
our findings is reported in Section 8.

2 TARGET SELECTION AND SPECTRAL
REDUCTION

Targets used in this work were selected from F. Sestito et al.
(2020), which combines VMP stars ([Fe/H] < —2.0) from the
Pristine (E. Starkenburg et al. 2017b; D. S. Aguado et al. 2019)
and LAMOST (G. Zhao et al. 2012) surveys. The initial sample
of stars has been selected using the action space of fig. 1 in F.
Sestito et al. (2020) (vertical vs rotational motion), and include
stars that do not venture far from the MW plane (Zy.x < 3.5kpc)
in prograde and retrograde orbits. The second selection is based
on the brightness, 10.0 < G < 13.0 mag, to reach a high signal-to-
noise ratio (SNR) in the blue region within a reasonable exposure
time at ESPaDOnS/CFHT. Given this restriction on magnitudes,
only stars from the LAMOST catalogue have been observed, given
stars from Pristine reported in F. Sestito et al. (2020) are mostly
fainter than G~ 14 mag (D. S. Aguado et al. 2019). Although the
prograde planar stars are more numerous than the retrograde
counterpart (F. Sestito et al. 2020), the final selection is composed
of an equal number of stars from the two populations.

The selected objects have been observed in semesters 2021B,
2022A, and 2022B (21BC23, 22AC37, and 22BC14, PI: F. Sestito)
with the ESPaDOnS high-resolution spectrograph at the CFHT,
which covers the 3700-10500 A spectral region. Objects have
been observed with the star+sky mode with a resolution of ~
68 000. 2021B observations were carried out in Snapshot mode,
leading to only 2 observed stars. Observations for the 2022A and
2022B semesters were carried out in regular mode, and the spec-
tra of 9 stars were acquired during each semester. Therefore, the
observed sample is composed of 20 unique stars. Spectra observed
in Snapshot mode have a slightly lower SNR than the other data,
given the lower quality of the sky conditions, which results in
fewer species/lines measured in the bluest part of the spectrum.
A SNR per CCD pixel bin of ~ 75 in the Ba I1 4554 A region was
requested to ensure precision measurements of the equivalent
width of elements such as Sr 11 (e.g. 114078, 4216 A), Ba1 (e.g.
AA4554, 4934, 5854, 6142 A), MnI1 (e.g. Ar4031, 4460, 4754, 4783
A), and Eu 11 (e.g. AA4130, 4205 A). This SNR permits a precision
of < 0.15 dex in the [X/Fe] ratios.

ESPaDOnS spectra are reduced using the LIBRE-ESPIRIT.?
pipeline, which includes bias subtraction, flat fielding, wave-
length calibration, spectral extraction, and barycentric correc-
tions. A second reduction and optimization of the spectra was car-
ried out using a dedicated pipeline (R. Lucchesi et al. 2022). The
pipeline isolates and extracts the échelle orders, then it selects the
regions with the highest SNR between the overlapping regions of
the orders. The orders are then re-combined and re-normalized.
Radial velocities, RV, have been measured with FXCOR in IRAF

Zhttps://www.cfht.hawaii.edu/Instruments/Spectroscopy/Espadons/
Espadons_esprit.html
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(D. Tody 1986, 1993) and the spectra are corrected accordingly.
Multiple exposures of the same target have been combined to-
gether and the combined spectrum has been downgraded to res-
olution ~ 40 000 (see R. Lucchesi et al. 2022, for further details).
A table containing the coordinates, the Gaia info, the RV, and
the measured SNR is reported as online material. Panels in Fig.
1 show the high-quality spectra of three stars in various regions,
namely the Mg1 Triplet (5140-5200 A, top panel), the Si1 3905
A (central left), the Sr 11 4078 A (central right), the Ba 11 4554 A
(bottom left), and the Na 1 Doublet 5890, 5896 A (bottom right).

3 DISTANCES AND ORBITAL PARAMETERS

Distances are calculated using the exquisite Gaia DR3 parallaxes
in a Bayesian fashion. The posterior, or the probability distribu-
tion function, is obtained by multiplying the Gaussian likelihood
on the parallax times a Galactic stellar density distribution prior
(see F. Sestito et al. 2019, for further details). The zero-point offset
has been applied to the Gaia DR3 parallaxes (L. Lindegren et al.
2021) using the python GAIADR3_ZEROPOINT® package.

The kinematical information has been updated from Gaia DR2
(values from F. Sestito et al. 2020) to Gaia DR3 values, includ-
ing new astrometric distance and new radial velocities measured
from ESPaDonS spectra. Orbital parameters are inferred using
GALPY (J. Bovy 2015) and adopting the same Galactic gravita-
tional potential as in F. Sestito et al. (2019). The potential is a
modified version of MWPOTENTIAL2014 with an increased dark
matter halo mass of 1.2 x 102M, (J. Bland-Hawthorn & O. Ger-
hard 2016). Monte Carlo simulations have been used to generate
uncertainties on the orbital parameters from the input param-
eters (distance, RV, proper motion, coordinates), drawing them
from Gaussian distributions for 1000 times. The median and the
standard deviation are used as the measurement of an orbital
quantity and its uncertainty.

The current Galactocentric positions of these stars are dis-
played in the left panels of Fig. 2. The maximum height from the
plane Zp,,y, the angular momentum L, (normalized by the Sun’s
value) and the Galactic pericentric distance rpe;; are displayed in
the right panels of Fig. 2 as a function of the Galactic apocentric
distance r,p,. While the current position of these stars is within S
2.3 kpc from the Sun, 11 of them reach the inner Galactic region
(< 3 kpc from the Galactic centre) at their pericentric passage,
while the apocentric distance spans a range from ~ 8 to ~ 18
kpc. The eccentricities of these stars span a range from ~ 0.20 to
0.95. The majority of the stars reaches a maximum height from
the plane Zy.x < 3.5 kpc, with one kinematical outlier in Zax
at ~ 10 kpc, J110847.18+4-253047.2 (black circle in Fig. 2). This
object is also the only star with a large uncertainty on the radial
velocity ~ 9km s~! (vs ~ 2km s7!). The numbers of stars with
prograde and retrograde motion are 11 and 9, respectively. While
these stars were originally selected to have Zny,.x < 3.5kpc, the
updated astrometry from Gaia DR3 and the new RV from high-
resolution spectra lead to higher Z,,,x for some stars. However,
we will discuss in Section 5 that J110847.18+-253047.2 is the only
chemical outlier. The kinematical properties and heliocentric dis-
tances are reported as an online table only.

3https://gitlab.com/icc-ub/public/gaiadr3_zeropoint
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Figure 1. Example of the ESPaDOnS spectra. Top panel: The Mg1 Triplet region, which also includes several Fe and Ti lines. Vertical short lines mark
the position of Mgl, Ti, and Fe lines found in most of the targets. Central left panel: The Si13905.523 A line region. Central right: the Sr 11 4077.709 A line
region. Bottom left: The Ba 11 4554.029 A line region. Bottom right: The Na1 Doublet 2.15889.951, 5895.924 A lines region, which also includes spectral
lines from various clouds of the interstellar medium. The range of SNR measured in the Mgib Triplet region of the whole of sample spans from 40 (a
star observed in snapshot mode) to 220 (in normal mode).
4 MODEL ATMOSPHERE ANALYSIS Gonzéilez Hernindez & P. Bonifacio 2009) and adapted to the
Gaia DR3 photometry (A. Mucciarelli, M. Bellazzini & D. Massari
2021). The surface gravity, logg, is determined by applying the
Stefan-Boltzmann equation (e.g. R. P. Kraft & I. I. Ivans 2003;
K. A. Venn et al. 2017). An iteration between T; and logg is

4.1 Stellar parameters

The effective temperature, Ty, is derived from a colour-
temperature relation similar to the Infrared Flux Method (J. I.
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Figure 2. Orbital parameters. Left panels: Current Galactocentric positions, Y versus X (top left), Z versus X (centre left), and Z versus Y (bottom left).
Red squares and orange circles denote the prograde and retrograde targets, respectively. J110847.18+-253047.2 is marked with a black circle (the star with
the highest maximum height from the plane). Green circle represents the position of the Sun, (X, Y, Z)o = (8.3, 0.0, 0.0) kpc. Right panels: Maximum
height from the plane (top right), pericentric distance (centre right), and z-component of the angular momentum (bottom right) versus the apocentric
distance. The angular momentum is normalized by the Sun’s value, L, = 2010 kpc km s~!. Markers are colour-coded by the eccentricity. Squares and
circles indicate prograde and retrograde orbits, respectively. J110847.18+253047.2’s marker edge is a black circle.

used, following the method fully described in F. Sestito et al.
(2023a). Uncertainties on the stellar parameters are derived with
a Monte Carlo simulation on the input parameters (photometry,
distance, and extinction from E. F. Schlafly & D. P. Finkbeiner
2011). The Kiel diagram is displayed in Fig. 3 with a VMP Padova
isochrone (A. Bressan et al. 2012) for comparison. The plot shows
that the sample is composed of 4 subgiants, 14 red giants, and
2 horizontal branch (HB) stars. The microturbulence velocity
(Vmicro) is derived spectroscopically, imposing a flat relation be-
tween abundances of Fel and the reduced equivalent width. The
stellar parameters and their uncertainties are reported as online
material only.

4.2 Spectral line list, atomic data and model atmosphere

The line list and the atomic data are sourced from LINEMAKE (V.
M. Placco et al. 2021), which includes hyper-fine structure (HFS)
and r-process isotopic (for Ba and Eu) corrections. Molecular CH
bands are from T. Masseron et al. (2014). Solar abundances are
adopted from M. Asplund et al. (2009). The high SNR of these
spectra and the wavelength coverage of ESPaDOnS allow us to
detect atomic lines of a- (Mg, Si, Ca, and Ti), odd-Z (Na, Al, K,
Sc, and V), Fe-peak (Cr, Mn, Co, Ni, and Zn), and neutron-capture
(Sr, Y, Zr, Ba, La, Nd, and Eu) elements and molecular bands of
CH. The line list and their atomic are reported as supplementary
online material.
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Figure 3. Kiel diagram. Targets are colour-coded by metallicity. Retro-
grade and prograde stars are denoted by squares and circles, respectively.
A Padova isochrone (A. Bressan et al. 2012) of [Fe/H] = —2.0 (dark olive
dashed line) is shown for comparison.

The equivalent width (EW) of the spectral lines is measured us-
ing DAOSPEC (P. B. Stetson & E. Pancino 2008), which automati-
cally fits the lines with a Gaussian profile. The EWs of very strong
lines have been revised using a Voigt profile. Given the SNR of
our spectrum, lines weaker than 15 mA are rejected. Chemical
abundances are derived with the MOOG* code (C. A. Sneden
1973; 1. S. Sobeck et al. 2011) adopting the MARCS® model atmo-
spheres (B. Gustafsson et al. 2008; B. Plez 2012). EWs and derived
elemental abundances are reported as supplementary online ma-
terial. Carbon abundance is measured using the SYNTH mode in
MOOG, from the CH ~ 4300 A band (T. Masseron et al. 2014),
assuming an isotopic ratio of 1>C/13C = 20 (M. Spite et al. 2006).
Evolutionary corrections to [C/Fe] have been applied following
V. M. Placco et al. (2014)° As an example for C-synthesis, the
top panel of Fig. 4 shows the spectrum of J225724.464-385951.0
and three synthetic spectra ([C/Fe] +0.5, +0.7, +1.0), while the
residuals are displayed in the bottom panel. The star is further
discussed in Section 6.1 as it is enhanced in C ([C/Fe] = +0.7)
and Ba ([Ba/Fe] ~ +1.4).

The atmosphere of VMP stars are affected by non-local ther-
modynamic equilibrium (NLTE) effects, which can be large for
some species. NLTE corrections have been applied to Fe 1and Fe 11
(M. Bergemann et al. 2012a), Mgi (M. Bergemann et al. 2017), Si1
(M. Bergemann et al. 2013), Ca1(L. Mashonkina et al. 2017a), Ti 1
and Ti 1 (M. Bergemann 2011), Cr 1 (M. Bergemann & G. Cescutti
2010), Mn1 (M. Bergemann et al. 2019), and ColI (M. Bergemann,
J. C. Pickering & T. Gehren 2010) using the MPIA data base.” For
Nar (K. Lind, M. Bergemann & M. Asplund 2012) and Sr 11 (M.

“https://www.as.utexas.edu/~chris/moog.html
Shttps://marcs.astro.uu.se
®https://vplacco.pythonanywhere.com
https://nlte.mpia.de
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Figure 4. Carbon synthesis. Top panel: The ESPaDOnS spectrum of
J225724.46+385951.0 is represented by the blue line, while synthetic
spectra are shown by the black ([C/Fe] = 40.50), red ([C/Fe] = +0.7,
best fit), and olive ([C/Fe] = +1.00) lines. Bottom panel: Residuals of the
fits. The horizontal dotted lines mark the null difference (blue) and the
dispersion around the continuum (+£0.05 dex, black). The residuals of the
best fit (red line) in the regions of the C bands are within or similar to the
level of the continuum dispersion.

Bergemann et al. 2012b), the INSPECT.® webtool has been used.
Ba 11 NLTE corrections are adopted from L. I. Mashonkina &
A. K. Belyaev (2019) taken from their online data base® NLTE
corrections for Al and K are obtained from T. Nordlander & K.
Lind (2017) and D. V. Ivanova & V. V. Shimanskii (2000), respec-
tively. A table containing NLTE-corrected chemical abundances
is provided as supplementary online material.

4.3 Uncertainties on the chemical abundances

MOOG provides estimates of the chemical abundances A(X)
along with their dispersion, 85(x). The values of the chemical
abundance dispersions have been reduced by the square root of
the number of lines of a given species, §5x) /+/Nx. Then, these
values have been summed in quadrature with the uncertainties
resulting from variations in the stellar parameters (61, Sioge,

8v,.r,) tO Obtain the final uncertainty for a given element, oacx).
When only one spectral line is present, the dispersion is set to
be similar to the dispersion of the Fel lines in the same spectral
region.

8http://www.inspect-stars.com
http://www.inasan.ru/~lima/pristine/ba2/
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5 CHEMICAL PROPERTIES OF THE SAMPLE

5.1 Chemical abundances with respect to the MW halo

The quality of the observed ESPaDOnS spectra allow us to mea-
sure the chemical abundances of many light and heavy elements.
The chemical abundances of our sample are compared to a com-
pilation of stars in the MW. This compilation is composed of high-
resolution observations extracted from the Stellar Abundances
for Galactic Archaeology (SAGA) data base!® (T. Suda et al. 2008)
and from the VMP sample analysed in H. Li et al. (2022). The lat-
ter sample is homogeneously observed with SUBARU/HDS and
has a similar spectral resolution (~ 36 000) as our observations.
Literature stars with similar stellar parameters as our targets
(logg < 3.8, T < 6000K) are selected to minimize discrepancies
in the NLTE corrections between giants and dwarfs. The compar-
ison of the LTE chemical abundances is reported in Fig. 5, where
the panels are sorted in order of increasing proton number.

The general distribution of the [X/Fe] ratios in our sample is
in good agreement with the MW halo, embedded in the global
distribution, although a simple visual inspection already reveals
that our sample has a narrower chemical spread than the rest
of the halo distribution for several elements, and that there are
chemical outliers that might not be representative of the gen-
eral population. The C-panel of Fig. 5 shows that our sample is
located at the low end of the MW halo stars’ distribution, with
the exception of J225724.46+385951.0. This object is the only
C-enhanced star in the observed sample. The percentage of C-
enhanced metal-poor (CEMP) stars in the VMP MW halo is still
an open question and it is strongly biased by the different se-
lection effects of spectroscopic surveys (A. Arentsen et al. 2022).
However, the cumulative percentage is around ~ 20-30 per cent
for stars with [Fe/H] < —2.0 (V. M. Placco et al. 2014; A. Ar-
entsen et al. 2022), which is higher than the one in our sample
(~ 5 per cent). Given the low number of stars in our sample and
our restrictive selection criteria, this result has to be taken with
the grain of salt. While [C/Fe] is not a parameter of our target
selection, it is unknown if the LAMOST survey is biased against
CEMP stars. CEMP can be used as an excellent tracers for binarity
(CEMP-s) and for supernovae signatures (CEMP-no) (e.g. T. C.
Beers & N. Christlieb 2005; W. Aoki et al. 2007). Recently, R.
Lucchesi et al. (2024) discussed that the percentage of CEMP-
no stars in classical dwarf galaxies (DGs) is lower than the MW
halo’s and the ultra-faint dwarfs’ (UFDs) fraction. Similarly, F.
Sestito et al. (2024c) found that Sagittarius, and various DGs,
has a lower average [C/Fe] compared to the MW. F. Sestito et al.
(2024c) interpreted these results as the chemical imprint of a
different population of supernovae between DGs and the MW
halo. Classical DGs might have been able to retain the yields from
the most energetic events, which produced more Fe than C, while
the smaller building blocks of the MW halo and UFDs would have
been able to recycle material from faint events only (e.g. A. P. Jiet
al. 2016a; I. U. Roederer et al. 2016b; T. T. Hansen et al. 2017; C.
Kobayashi, A. I. Karakas & M. Lugaro 2020; E. Applebaum et al.
2021; I. Koutsouridou et al. 2023; I. Vanni et al. 2023; F. Waller
et al. 2023; F. Sestito et al. 2024a; A. Skuladottir et al. 2024a).
Similarly, the formation site(s) of these targets might contain the
imprint of high energy supernovae events, similarly to a DG.

Ohttp://sagadatabase.jp
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Fig. 5 shows that the «-elements are in good agreement with
the MW halo distribution, and they do not display the sign of
contribution from Type Ia supernovae, given the lack of an o-
knee (i.e. a change in the slope of [«¢-element/Fe] as a function
of [Fe/H]). Regarding the odd-Z elements, they are in good agree-
ment with the MW halo, however, [K/Fe] is higher in our sample.
We note that J110847.18+-253047.2 (large black circle) is strongly
Al-poor and also lower in K and V than the other targets. This star
also has a halo-like kinematics, rather than orbiting close to the
plane as the other targets. [Mn/Fe] increases with metallicity and
this ratio is slightly enhanced compared to the bulk of the MW
values for stars with [Fe/H] = —2.4. The same negative slope is
seen for [V, Cr, Zn/Fe] versus [Fe/H] in both our sample and the
MW halo. The panels of Fig. 5 relative to the neutron-capture
processes (from Sr to Eu), reveal that the [X/Fe] of our targets
are similar to those in the MW halo, with the exception of two
Sr-rich stars and one Ba-rich star.

5.2 Chemical similarities with classical dwarf galaxies

Neutron-capture elements and their ratios have been used to
separate massive and chemically evolved DGs from more pristine
UFDs (e.g. L. Mashonkina et al. 2017b; A. P. Ji et al. 2019). The
content of Sr and Ba is on average lower in UFDs than in classical
DGs. The distributions of [Sr, Ba/Fe] vs [Fe/H] are displayed in
the two leftmost panels of Fig. 6 for our targets (red and orange
markers) and a compilation of stars from DGs (black markers),
UFDs (magenta markers), and MW halo stars (grey circles). The
Ba and Sr contents of our sample clearly appears to be similar to
the average content of DGs, rather than of UFDs.

The right panel of Fig. 6 shows [Sr/Ba] versus [Ba/Fe]. In this
space, MW halo stars display a downward trend (L. Mashonkina
et al. 2017b), although distributed mostly around [Sr/Ba] ~ 0.3
(A. P. Ji et al. 2019). Stars of a given UFD or DG exhibit a rela-
tively wide distribution in [Sr/Ba], up to ~ 1.5 dex. This can be
explained by stochasticity in the interstellar medium (ISM) of
UFDs and multiple nucleosynthetic channels in both UFD and
DGs. Given the lower amount of Ba and Sr, UFDs populate a
distinct region of this space for the majority of MW halo stars and
of DGs.

Aratio [Sr/Ba] ~ 0 implies that these species were produced by
the same nucleosynthetic sources (L. Mashonkina et al. 2017b),
which seems to be the case for most of our targets. The three
exceptions are the CEMP-s target J225724.46+385951.0, where
Ba is likely enhanced by an AGB donor ([Ba/Fe] ~ +1.5); and the
two HB stars, J080626.724+194212.2 and J103037.10+224124.4. A
high [Sr/Ba] ratio can be explained by an extra nucleosynthetic
channel for Sr, which is still an open question and can be related
to s-processes or weak r-process production, which would not
involve synthesis of Ba (see L. Mashonkina et al. 2017b; T. M.
Sitnova et al. 2025, and references therein). In the [Sr/Ba] versus
[Ba/Fe] space, our sample is clearly detached from UFDs, resem-
bling more the properties of stars in DGs and in the halo.

5.3 Rapid and slow process sources

Eu and Mg are mostly synthesized by neutron stars mergers
(NSM) and SNe II, respectively, which are the main sources for
rapid-capture process elements. Ba can also be made in slow
process sources, namely fast-rotating and AGB stars. Therefore,
[Ba/Mg] versus [Mg/H] and [Ba/Eu] versus [Fe/H] chemical
spaces are useful diagnostics to investigate contribution of both

MNRAS 548, 1-22 (2026)
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Figure 5. Chemical abundances as a function of [Fe/H]. Prograde and retrograde targets are marked with red squares and orange circles, respectively.
MW halo from the SAGA data base (T. Suda et al. 2008) and H. Li et al. (2022) are denoted by smaller and larger grey circles, respectively. All data sets
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are in LTE. Halo stars have been selected to have a similar distribution in the stellar parameters as our targets for a more robust comparison.

rapid and slow process sources. These chemical spaces are shown
in Fig. 7, in the top and bottom panel, respectively.

The [Ba/Mg] versus [Mg/H] is reported for our sample (orange
circles and red squares), MW halo stars (grey markers), and classi-
cal DGs (black markers), namely Fornax (Fnx), Ursa Minor (UMi)
and Sagittarius (Sgr). The [Ba/Eu] versus [Fe/H] is displayed for

MNRAS 548, 1-22 (2026)

our targets and Sgr members. In both panels, literature theoret-
ical yields from pure rapid (green shaded area) and from slow
processes (pink shaded area) are reported (see caption for refer-
ences). Both [Ba/Mg] and [Ba/Eu] rise as a function of [Mg/H]
and [Fe/H], implying the need of an extra (s-process) source for

Ba.
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Figure 6. Neutron-capture elements. Left panel: [Sr/Fe] versus [Fe/H]. Central panel: [Ba/Fe] versus [Fe/H]. Right panel: [Sr/Ba] versus [Ba/Fe]. Empty
symbols denote upper limits on the vertical axis. MW stars (grey circles) are from SAGA (T. Suda et al. 2008); Coma Berenice (ComBer) stars are from A.
Frebel et al. (2010) and F. Waller et al. (2023); Bootes I (Bool) stars are from S. Feltzing et al. (2009), J. E. Norris et al. (2010), G. Gilmore et al. (2013), M.
N. Ishigaki et al. (2014), and A. Frebel et al. (2016); Gru I stars are from A. P. Ji et al. (2019); Tucana II (Tucll) stars are from A. P. Ji et al. (2016¢) and A.
Chiti et al. (2018); Segue 1 (Segl) stars are from A. Frebel, J. D. Simon & E. N. Kirby (2014); Hercules (Her) stars are from A. Koch et al. (2008), A. Koch
et al. (2013), and P. Francois et al. (2016); Reticulum II (RetII) are from A. P. Ji et al. (2016b) and I. U. Roederer et al. (2016a); Sculptor (Scl) are from L.
Mashonkina et al. (2017b) and V. Hill et al. (2019); Ursa Minor (UMi) stars are from L. Mashonkina et al. (2017b) and F. Sestito et al. (2023b); Sagittarius
(Sgr) stars are from C. J. Hansen et al. (2018) and F. Sestito et al. (2024b). Magenta and black markers denote UFDs and DGs, respectively. Data are from
1D LTE optical analyses. The Sr 11 lines detected in our targets are A14078, 4216 A, while those for Ba II are AA4554, 4934, 5854, 6142 A.

STARFIT!! is employed to fit the chemical pattern of our stars.
STARFIT takes as input the [X/Fe] with their uncertainties and
provides the best combination of SNe II through a x? fit. Theoret-
ical supernovae and massive stars yields are selected to account
for a variety of sources, from faint to pair instability SNe, to fast-
rotating massive stars.

STARFIT suggests that fast-rotating massive stars and com-
pact binary merger events are needed to reproduce the observed
neutron-capture elements in our sample. Additionally, high-
energy supernovae and hypernovae are required to account for
the production of the yields from the «—elements (high-energy
and hypernovae) to the Fe-peak group (hypernovae only). The
imprint of the most energetic events vs the lack of faint- and core-
collapse SNe has been recently proposed as typical of classical
DGs (e.g. A. Skuladéttir et al. 2024b; F. Sestito et al. 2024c). These
systems should be able to retain the most energetic events and
homogeneously recycle their yields, while the gas of UFDs would
be able to retain the ejecta of only fainter events (e.g. A. P. Ji et
al. 2016a; I. U. Roederer et al. 2016b; T. T. Hansen et al. 2017; C.
Kobayashi et al. 2020; E. Applebaum et al. 2021; F. Waller et al.
2023; F. Sestito et al. 2024a; A. Skaladottir et al. 2024b; F. Sestito
et al. 2024c¢).

5.4 In situ versus accreted origin

The early Galactic assembly is a chaotic phase composed of
the merging of the building blocks into the growing proto-
Galaxy and, likely, an in situ stellar formation. Traces of the

Whttps://starfit.org

latter have been found among stars with metallicities —2.0 <
[Fe/H] < —1.3, based on their distinct chemical composition (V.
Belokurov & A. Kravtsov 2022). Therefore, the next question to
address is whether the chemical properties of our sample provide
evidence for an accreted origin or indicate that it formed in situ
within the Galaxy. We want to emphasize that our definition
of ‘accreted’ includes stars either formed (1) outside the main
host halo during the early Galactic assembly, i.e. in the building
blocks, or (2) in systems accreted into the MW at later time.

The [Mg/Mn] versus [Al/Fe] space has been widely used as a
chemical diagnostic to separate the MW in situ population from
the accreted one (K. Hawkins et al. 2015; P. Das et al. 2020).
This space is shown in Fig. 8, where our sample is plotted with
a selection of MW halo stars from APOGEE DR17 (Abdurro’uf
et al. 2022) in grey and in light blue. In situ MW stars would
occupy the Al-enhanced side of this space, while accreted stars
are statistically on average Al-poor. The vertical axis provides a
division between evolved and less evolved systems/regions, i.e.
low-o and high-«, respectively. These four regions in Fig. 8 are
divided by the two black dashed lines. In Fig. 8, it is possible to
identify the thick disc, i.e. the blob in the in situ high-« region,
the thin disc, i.e. the low-« blob, and the accreted systems (low-
and high-o) as discussed in K. Hawkins et al. (2015) and P. Das
et al. (2020). Our sample occupies the accreted high-« region,
with some stars close to the low-« border.

We want to stress that, although this space has been applied
to stars and systems with [Fe/H] 2> —2.3 - the metallicity lim-
its of APOGEE, a data sets that does not contain many stars
below [Fe/H] < —2.0- its power to disentangle in situ from
accreted origin might be useful only at metallicities [Fe/H] 2>
—1.5. We note that ~ 85 — 90 per cent of the APOGEE stars with

MNRAS 548, 1-22 (2026)
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Figure 7. Rapid and slow processes. Top panel: [Ba/Mg] versus [Mg/H].
Fnx stars (black squares) are from B. Letarte et al. (2010); UMi stars (black
circles) are from M. D. Shetrone, P. C6té & W. L. W. Sargent (2001), K.
Sadakane et al. (2004), J. G. Cohen & W. Huang (2010), E. N. Kirby & J. G.
Cohen (2012), U. Ural et al. (2015), and F. Sestito et al. (2023b); Sgr stars
are from C. J. Hansen et al. (2018) and F. Sestito et al. (2024b). MW halo
stars (grey circles) are from SAGA. Bottom panel: [Ba/Eu] versus [Fe/H].
The green area delimits the region where [Ba/Mg] is purely produced by
r-process sources (SNe II yields from K. Ebinger et al. 2020), while the
pink shaded area indicates the region where [Ba/Mg] is produced by s-
process sources (AGB yields from C. Arlandini et al. 1999; O. Straniero,
R. Gallino & S. Cristallo 2006; S. Cristallo et al. 2007, 2009; S. Bisterzo
et al. 2014). Lines of Ba II used in these chemical spaces are those at
AA4554, 4934, 5854, 6142 A, while those for Eu II are A14130, 4205 A.
Elemental abundances of MgI are measured from up to 10 lines from 3900
to 5720 A.
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Figure 8. [Mg/Mn] versus [Al/Fe] space. Our targets are marked as red
squares (prograde) and orange circles (retrograde). J110847.18+253047.2
is not shown as it has a [Al/Fe] ~ —1.5. Grey dots are APOGEE DR17
MW stars selected to have SNR > 70 and [Fe/H] < —0.7 (NLTE infra-
red analysis). Light blue dots are APOGEE DR17 stars with the same
quality cuts as the grey dots, but restricting to stars with [Fe/H] < —1.5.
The chemical abundances of our sample have been corrected for NLTE
effects. Offsets between the NLTE infra-red (APOGEE) and the NLTE-
corrected optical analyses are estimated to be A[Mg/Mn]= +0.15+
0.18 and A[Al/Fe] = —0.11 £ 0.12 (H. Jonsson et al. 2020), which are
applied to our sample. The 4 regions delimited by the dashed black
lines, accreted/in-situ low-/high-o are defined following K. Hawkins
et al. (2015), P. Das, K. Hawkins & P. Jofré (2020), and F. Sestito et al.
(2024a). Chemical abundances for Al are measured from the All doublet
213944, 3961 A, while those for Mn are usually from the MnI Triplet at
~ 4033 A and from 114041, 4824 A lines.

[Fe/H] < —1.5 (light blue dots), and reliable measurements of
[Mg, AL, Mn/Fe], stands on the ‘accreted’ region of Fig. 8. If many
VMP stars formed also in the lumpy proto-MW, as proposed by
V. Belokurov & A. Kravtsov (2022), the lack of their presence in
the in situ region of this chemical space would suggest that this
diagnostic is inefficient to distinguish between the in situ and
the accreted VMP populations. Alternative chemical diagnostic
spaces, e.g. replacing Al with Na, as in S. Buder et al. (2022),
would provide an inconclusive answer for similar reasons if ap-
plied at the VMP regime. Given the lack of a powerful chemical
diagnostic at the VMP regime, we cannot firmly rule out the in
situ scenario solely based on this chemical space. Future spectro-
scopic surveys, e.g. WEAVE (G. Dalton et al. 2012; S. Jin et al.
2024) and 4MOST (T. Bensby et al. 2019), will provide a statisti-
cally large and homogeneous sample of VMP stars that could be
used to explore new chemical diagnostics spaces to disentangle
the in situ and the accreted populations.

6 HINTS OF CHEMICALLY PECULIAR
PROPERTIES

In this Section, various independent chemical diagnostics are
applied to better understand whether our targets have peculiar
chemical properties in comparison with to those of the metal-
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Figure 9. Circular NJ tree built using the distances of 14 chemical
abundances of stars in the data set. Tips represent individual stars (see
table online for ID to LAMOST name match). The tree is annotated with
abundance ([Al/Fe], [Co/Fe], [Ba/Fe], [Sr/Fe], [C/Fe]), and Zyax values
for each star.

poor MW halo to known structures. We will show that our kine-
matical selection present chemical peculiarities, which are not
clearly visible from classical [X/Fe] visualization methods (Figs
5 to 7). However, this peculiar chemical profile is visible when
the same kinematical cut is applied to another data set.

6.1 Stellar phylogenies and chemodynamical outliers

Figs 5-7 show that the majority of our targets display a very
similar chemical abundances. Here, we make use of phylogenetic
trees to find chemical outliers, to quantify the level of chemical
diversity and evolution in the data, and to reconstruct shared
histories if these exist in the data set (P. Jofré et al. 2017; H.
Jackson et al. 2021; D. Brito Silva et al. 2024).

Following K. Walsen et al. (2024, and references therein), we
analysed trees built using the distance-based method, which con-
sists of applying the agglomerative clustering algorithm named
Neighbour-Joining (N. Saitou & M. Nei 1987, NJ) on a pairwise
Manhattan distance matrix!'? as a measure. NJ trees are similar to
dendrograms, but the branch lengths are related to the distance
matrix. In other words, a long branch implies a large difference
between two individuals. NJ trees thus allow us to visualise the
hierarchical distribution of a data set.

To account for the influence of uncertainties on branching
analysis, the nodal support, or confidence in each branching
point, can be generated through perturbing the chemical abun-
dances with their uncertainties and repeating the NJ analysis.

12The Manhattan distance is the sum of absolute differences between the
components of two vectors (see P. Jofré et al. 2017).

From the sampled trees it is possible to find the Maximum-Clade-
Credibility (MCC) tree. This represents the tree that has the high-
est overall nodal support out of the perturbed abundances and is
the most reliable representation of relationships given the data
(see K. Walsen et al. 2024, for more discussions).

Fig. 9 shows a circular MCC NI tree built from a Manhattan
chemical distance matrix of 14 chemical ratios [X/Fe] and their
uncertainties for all the stars in the data set. Coloured bars indi-
cate [Al, Co, Ba, Sr, C/Fe] and Z,ax. Four stars significantly stand
out, namely J080626.72+194212.2 (S4), J103037.104224124.4
(S7), J225724.46+385951.0 (S11), and J110847.18+253047.2
(S17). We want to highlight that kinematical properties are not
included in the derivation of the branch lengths.

Two potential outliers, J080626.72+194212.2 (S4) and
J103037.10+224124.4 (S7), are enhanced in Sr ([Sr/Fe] ~ 1.3),
while having [Ba/Fe] ~ 0.1 and ~ —0.3, respectively. As already
discussed in Section 5.2, the extra production of Sr in these two
stars might be explained by their stellar evolutionary phase.
Hence, these stars are not outliers in the kinematical properties
nor in other [X/Fe] ratios.

The third outlier, J225724.46+385951.0 (S11), is a CEMP-s, as
shown in Figs 4 and 5. Therefore, this star should not be classified
as chemical outlier, given the extra-production of Ba and C in a
companion.

The fourth star, J110847.18+253047.2 (S17), appears to have
the largest distance from the other stars based on its large branch.
From Fig. 2 and from Fig. 9, this star also has distinct kinematics,
i.e. Zmax ~ 10kpc and is not compatible with having a planar
orbit. We note that only chemical abundances were considered
in the distance matrix. In particular, this star stands out for its
low content in Al, K, V, Ba, and Eu and for its high content
in Co and Zr when compared to the other stars (black circle
in Fig. 5). Therefore, J110847.18+253047.2 is to be considered
the true chemo-dynamical outlier in the sample. Assuming that
J110847.18+253047.2 must have had an ancestral chemical (and
dynamical) history that differs from the rest, we can use it to root
the tree and to analyse the history of the other stars.

NI trees do not consider an evolutionary model tailored specif-
ically for astronomical data, and thus should not be used to con-
clude on a specific history (see discussions in D. Brito Silva et al.
2024; P. Jofré et al. 2025, Tapia-Contreras et al., sub.). However,
we can use them to gather additional information, like testing
whether several types of supernovae contributed to the final
[X/Fe] ratios. We use then NI trees to test the hypothesis that
a tree built only using a-capture elements should be different
than one from only Fe-peak elements. This might be arising from
the fact that supernovae with different energy distribution con-
tributed differently to the final [X/Fe] for a- or Fe-peak elements.

To do so, we follow the strategy to compare trees introduced
in D. Brito Silva et al. (2024) and also used in P. Jofré et al.
(2025) for the Omega Centauri globular cluster, that considered
the Robinson-Foulds (RF) distances. This is a normalized value
between 0 (identical) and 1 (totally different) and compares the
frequency of nodes that appears in both trees. Following D.
Brito Silva et al. (2024), the distance matrix has been perturbed
1000 times to take uncertainties in [X/Fe] into account. The re-
sulting 1000 «-capture and Fe-peak NI trees are then compared
to obtain the distribution of the RF distances.

The mean of the RF distance distribution is 0.91 &+ 0.04, indi-
cating that the «-capture and Fe-peak NJ trees are significantly
different from each other. Fig. 10 displays the MCC trees built
using only [Mg, Si, Ca, Ti/Fe] as input («-capture, left side) and
the one built from only [Ni, Cr, Mn, Co/Fe]| (Fe-peak, right side).
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920z |1Mdy G| uo Jasn auysploiaH 1o AusisAlun Aq €8/ /£58/£956B1S/Z/87S/a101e/seluw/woo dno olwapese//:sdiy Wwoll papeojumo(]



12  F. Sestito et al.

Figure 10. Comparison of «-capture (left) and Fe-peak (right) tree.
Dashed lines connect the same stars in each tree.

Same leaves/stars are connected through the dashed lines. It is
possible to note how these leaves are located at different parts in
each tree.

By calculating RF distances of «-capture versus «-capture and
of Fe-peak versus Fe-peak trees, we obtain a mean RF distance
of 0.69 4+ 0.11 and of 0.71 &£ 0.12, respectively. This means that,
given the uncertainties of our data, the trees can be as similar
as ~ 0.7 and, therefore, a difference of ~ 0.9 is unlikely to be
explained only by uncertainties in the data. This implies that the
nucleosynthetic channels imprinted in the chemical distribution
of a-capture elements is different from those driving the diversity
of the Fe-peak elements. This is also in line from the STARFIT
output, i.e. hypernovae affect most of the elements up to the Fe-
peak, while high-energy supernovae are mostly imprinted in the
lighter ones.

6.2 Are the chemical abundance dispersions similar to a
closed system?

The comparison of the chemical abundances shows that the
chemical distribution of our targets falls within the region occu-
pied by the compilation of MW halo stars in the classical chemi-
cal spaces (Figs 5-7). However, MW stars are characterized by a
broader chemical dispersion, qualitatively wider than our VMP
planar stars. It is important to note that, to minimise the spread
due to the different assumptions in the chemical analysis between
our targets and that of the literature and other systematics be-
tween giant and dwarf stars, the halo compilation of Fig. 5 has
been restricted to stars with similar stellar parameters as our
sample (logg < 3.8 and —2.8 < [Fe/H] < —1.9), and measure-
ments from optical high-resolution spectra. The relatively small
intrinsic dispersions in our targets [X/Fe] ratios is also visible in
the phylogenetic trees discussed in Section 6.1, with the exception
for J110847.18+253047.2. Here, another independent method
is tested to show that our stars have dispersions in the [X/Fe]
smaller than those of the MW halo in the same metallicity regime.

MNRAS 548, 1-22 (2026)

In addition, we will show that applying the same kinematical cut
to the literature, the new planar sample would possess smaller
[X/Fe] dispersions than the halo.

We first compute the median absolute deviation (MAD) of
the [X/Fe] distributions for those elements that, usually, have no
trends with metallicity in the VMP regime, i.e. the light elements
in case Type Ia supernovae are absent (e.g. S. E. Woosley & T.
A. Weaver 1995; K. Nomoto, C. Kobayashi & N. Tominaga 2013;
C. Kobayashi et al. 2020). Other species, such Fe-peak elements
might have been produced in some metallicity-dependent ejected
supernovae yields, hence showing a trend in their [X/Fe] vs.
[Fe/H], which would inflate their MAD (e.g. Mn and Zn as shown
in Fig. 5). Successively, we compute the MADs of the halo (H.
Li et al. 2022), of the bulge (see caption for references), of a
compilation of planar stars selected from R. Zhang et al. (2024)
with abundances from H. Li et al. (2022), of the Ursa Minor (UMi)
dwarf galaxy, and of an ensemble composed of stars from UMi
and Draco (Dra). Then, these MADs are divided to the values
derived from our targets. The final quantities are called MADs
ratios.

These MADs ratios are displayed in Fig. 11, which has been
splitted in two panel for an easier reading. UMi and Dra have
been chosen because they are among the systems with the highest
number of measured species in the same metallicity range as our
sample. The chemodynamical outlier, J110847.184-253047.2, is
removed from this exercise, as well as the other CEMP or Sr-rich
stars described in Section 6.1. Peculiar stars have been removed
as some of their [X/Fe] might be larger due to binarity (1 CEMP)
or evolutionary phases (2 HBs), and not strictly linked to the
chemical evolution history. Similarly, HB and CEMP stars have
been removed from the comparison compilations. Comparison
stars have been selected to reproduce the ranges of [Fe/H] and
stellar parameters as our restricted sample.

In this MAD ratio space, a value greater than 1 implies a
smaller spread in the [X/Fe] distribution for stars in the denomi-
nator. Fig. 11 shows that the ratios of the MADs is always larger
than > 1.4 when comparing the MW halo from H. Li et al. (2022,
red squares) to our targets (red squares). The H. Li et al. (2022)
sample is preferred over the SAGA, since the former is homoge-
neously observed and analysed, and the instrument has similar
resolution as ESPaDOnS. Therefore, the spread observed in the
H. Li et al. (2022) sample should be more similar to the intrinsic
dispersion of the MW than what we would obtain from the SAGA
data set.

The MW halo is a melting pot of several building blocks ac-
creted at early times (e.g. E. Starkenburg et al. 2017a; K. El-Badry
et al. 2018; F. Sestito et al. 2021), of later accreted systems (A.
Helmi 2020; D. Horta et al. 2023, and reference therein) and
of stars formed in situ (e.g. V. Belokurov & A. Kravtsov 2022).
The lower number of stars in our sample compared with the
halo could cause that we are sampling fewer systems than the
larger number that comprises the halo, hence ending up with a
narrower distribution of chemical abundances. In other words,
are these results biased by observational limits or low-number
statistics? To overcome these additional effects, two Monte Carlo
simulations are run. In the first test, a subsample of halo stars,
composed of the same number of stars and within the same range
of metallicities and stellar parameters as our sample, is randomly
drawn for each atomic species for 10° iterations and the exercise
of Fig. 11 is repeated. Note that, in this first exercise, the random
halo population differs for each elemental species. The proba-
bility to find a MAD value similar to or lower than our targets
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Figure 11. Ratios of the median absolute deviation (MAD) as a function of the chemical species. Stars from the halo (H. Li et al. 2022), the bulge (L.
M. Howes et al. 2014, 2015, 2016; A. Koch et al. 2016; H. Reggiani et al. 2020; M. Lucey et al. 2022; F. Sestito et al. 2023a, 2024a), the planars, or from
dwarf galaxies (from SAGA, T. Suda et al. 2008) are selected from 1D LTE analyses in the optical and to have the same stellar parameters and metallicity
range as our targets (no CEMP and no HB). The orange solid line denotes a MAD ratio equal to 1, i.e. the same spreads in the two populations; the
magenta dashed line marks a MAD ratio equal to 2, i.e. the spread in the [X/Fe] of the population in the denominator is half than those of the numerator.
Uncertainties on the [X/Fe] have been taken into account when computing the MAD ratios and their uncertainties, which are often smaller than the

size of the markers.

within the halo is generally < 1 — 2 percent for each element.
The second test quantifies the probability to draw a subsample
of halo stars to have the same MAD, within an uncertainty of
15percnt, as our sample for all the chemical species. We find that
this probability is ~ 0.044 per cent, i.e. only 44 draws out of 10°
iterations. It is clear that the probability of these stars being part
of the general halo distribution and having being picked up by
chance is very low.

Recently, M. Lucey et al. (2022) and F. Sestito et al. (2023a)
discussed that the [X/Fe] of the inner Galactic VMP stars are
similar to those of the MW halo. Their findings also confirm
that multiple formation sites are responsible for the scatter in
the [X/Fe], a scenario similarly valid for the MW halo. The MAD
ratios in Fig. 11 between the bulge and our targets (black circles)
are always > 1.4, which indicates smaller [X/Fe] dispersions for
the latter, as the comparison with the MW halo.

To assess whether the differences in dispersion arise from com-
paring samples analysed with different methodologies and spec-
tra from different instruments, we identify within the halo sample
of H. Li et al. (2022) planar stars with the same orbital signature
as our targets. Using the kinematical parameters from R. Zhang
et al. (2024), we impose an heliocentric distance of < 2kpc, an
eccentricity from 0.5 to 0.9, and a maximum height from the
plane of 3.5kpc. The MAD ratios of these planar stars over our
targets are shown in Fig. 11 with olive crosses. Na, Ca, Sc, and
Ti have comparable MADs among our planars and those from H.
Li et al. (2022). On the other hand, Mg and Ti show a slightly
greater dispersion in our targets. Al and K have not been covered
by the observations from H. Li et al. (2022). More impressive is
that the MAD ratios values between the MW halo and the new
sample of planar stars (purple crosses), both from H. Li et al.
(2022), are similar or higher than the MW halo versus our targets.
In the former comparison (purple crosses) the [X/Fe] ratios in
these samples have been measured adopting the same analysis
and the same observational set-up. In this case, the MAD ratios

are 2 1.8 for all the species. The spectra of the halo and the planar
samples from H. Li et al. (2022) are qualitatively similar, as they
have a SNR > 30 at 4500 A, which is high enough to measure
chemical abundances in all the species used in the MAD test.
Finding similar MAD ratios in the H. Li et al. (2022) samples is
an evidence that this kinematical population might also display
peculiar chemical properties than the rest of the MW halo.

In a closed system with a well-mixed ISM and the absence of
Type Ia supernovae, «—elements display a small spread and a
constant trend with [Fe/H] (C. Kobayashi et al. 2020), while the
MW halo should possess a larger spread, given it is composed of
various disrupted systems. The MAD ratios for the MW halo over
UMi are > 1.3 for all the species (blue pentagons). In contrast, the
MAD ratios of UMi over our targets (magenta circles) oscillate
around the value ~ 1. In addition, a compilation of stars from
both UMi and Dra is used to check whether the [X/Fe] disper-
sions in our targets resemble those of two systems with different
chemical history. The MAD ratios in this case (gold circles) are
> 1. For Ca and Ti, the ratio is also close or greater than 2. From
these comparisons (magenta and gold circles), it appears that our
sample has a chemical dispersion more similar to one system,
rather than to those of the sum of two systems with different
chemical history.

The previous tests are repeated also dividing our sample into
prograde and retrograde, comparing their MADs between them
and with the other stellar systems (not shown in Fig. 11). In all the
cases, the same result is achieved, i.e. our targets show a narrower
distribution in the [X/Fe] to those of the MW halo, of the inner
Galaxy, and a similar one to those of a closed system.

6.3 Highly-eccentric planar stars stand out from the halo
in a multidimensional chemical space

To highlight the chemical peculiarity of the planar population, a
t-distributed stochastic neighbour embedding (t-SNE) visualiza-
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Figure 12. t-SNE visualization chemical space and its histograms. The t-
SNE algorithm is used on a [Fe/H] and [Mg, Ca, Ti, Mn, Ba/Fe| chemical
space. The chemistry of the halo and planar stars have been analysed by
H. Li et al. (2022), while their orbital parameters are from R. Zhang et al.
(2024). The three samples have the same ranges in metallicities and stellar
parameters.

tion algorithm is used on to our targets'®, the MW halo stars and
the planar stars from H. Li et al. (2022). The t-SNE algorithm re-
duces the high dimensionality of our data set to two-dimensional
points, grouping those objects that possess similar chemical prop-
erties in N-dimensions. This algorithm uses only chemistry, in
particular [Fe/H] and [Mg, Ca, Ti, Mn, Ba/Fe], hence no kinemat-
ical information. With this exercise we aim to test whether planar
stars cluster together and whether they segregate with respect
the halo stars. As the previous exercises, stars with similar stellar
parameters and in the same metallicity range have been selected,
therefore, reducing systematics due to NLTE effects. As shown in
Fig. 12, planar stars from H. Li et al. (2022, blue crosses) and our
sample (red squares) form two clusters.

The new sample of planar stars from H. Li et al. (2022) is very
well detached from the large majority of MW halo stars (still
from H. Li et al. 2022), also visible in the two histograms. As no
kinematical information is used in the t-SNe, this result, obtained
with a homogeneously analysed sample, tells us that the high-
eccentric planar sample might have chemical imprints that differ
from those of the MW halo. The result using our sample only is
not strikingly solid as the previous one, however, the majority
of our targets clusters together — a feature also visible in the
histograms —, which might be another indication of the chemical
peculiarity of this sample. We remind that our chemical analysis
might have different atomic assumptions from H. Li et al. (2022),
which might not be visible in the classical [X/Fe] space but they
can appear in this multidimensional space. We retain that such
differences might appear as an offset, therefore, affecting the seg-

3This algorithm is preferred over other similar approaches (e.g. UMAP),
since it focuses on finding local structures.
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Figure 13. The action space. The x-axis is the azimuthal component of
the action (equal to L;), while the y-axis is the difference between the
vertical and the radial action. Both axes are normalized by the total action,
defined as Jior = Jr + J; + |Jy|. Red squares and orange circles denote our
planar stars in prograde and retrograde motion, respectively. The black
circle indicates the non-planar J110847.18+253047.2. Action values for
Shiva and Shakti are from K. Malhan & H.-W. Rix (2024); Action values
for Aleph, Nyx, GSE, Thamnos, Sequoia, and I'Itoi are from D. Horta et al.
(2023). The position of the markers relative to the known structures do
not represent real stars as they are randomized from the median of their
action quantities.

regations between clusters. This offset would not impact previous
exercises based on the dispersion of the chemical abundances.

6.4 Multidimensional chemical comparison with known
structures

Many kinematical structures have been identified since the ad-
vent of the Gaia satellite (D. Horta et al. 2023, and references
therein). Prograde structures that are close to the MW plane are
Nyx (L. Necib et al. 2020), Aleph (R. P. Naidu et al. 2020), the
Atari disc M. K. Mardini et al. (2022b), Icarus (P. Re Fiorentin
et al. 2021, 2024), and the recent discovered Shiva and Shakti (K.
Malhan & H.-W. Rix 2024). Partially close to the plane, but in
retrograde motion, there are Sequoia (R. H. Barb4 et al. 2019; T.
Matsuno, W. Aoki & T. Suda 2019; G. C. Myeong et al. 2019; R.
P. Naidu et al. 2020), Thamnos (H. H. Koppelman et al. 2019),
Arjuna and I'Ttoi (R. P. Naidu et al. 2020). Heracles (D. Horta
etal. 2021) and Gaia-Sausage-Enceladus (GSE, V. Belokurov et al.
2018; A. Helmi et al. 2018) have an almost null angular momen-
tum and they are linked to the inner Galaxy and the MW halo,
respectively, mostly by construction. GSE is identified as a halo
structure, since this is a relatively easier place to look for accreted
structures (e.g. A. Carrillo et al. 2024), therefore its lower energy
part is not well characterized. In the case of Heracles, its stars
were selected imposing a low value for their energy and towards
the inner Galaxy. The action quantities for our sample and for
some of the known accreted structures are displayed in Fig. 13.
Recently, D. Horta et al. (2023) discussed that the chemical
properties of many retrograde structures (e.g. Sequoia, Arjuna
and I'Itoi) are indistinguishable from those of GSE. Their results
bring into question the independence of these substructures,
given the fact that these also partially overlap in the kinematical
spaces with GSE (see also results of G. Kordopatis et al. 2020,
separating prograde and retrograde stars and finding results along
the same lines). Therefore, these retrograde structures could be
satellites or part of the GSE outskirts. Similarly, A. Viswanathan
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Figure 14. t-SNE visualization multidimensional chemical space and its
histograms. The t-SNE algorithm is used on a [Fe/H] and [Mg, Ca, Ti, Cr,
Mn, Ba/Fe] chemical space. The chemistry of stars of GSE, of Thamnos,
and of the selected planars have been analysed by H. Li et al. (2022), while
their orbital parameters are from R. Zhang et al. (2024).

etal. (2026) proposed that Shakti and Shiva might be the prograde
and the lower energy tail of GSE.

All of these known structures have been chemically charac-
terized mostly using APOGEE, implying NLTE infrared analy-
ses restricted to stars mostly with [Fe/H] 2 —2.1. Therefore, a
thorough test for possible association between our targets and
known structures studied with APOGEE data would be hard to
check and beyond the scope of this work. Recently, R. Zhang
et al. (2024) calculated the kinematical properties for the VMP
sample chemically analysed in H. Li et al. (2022), dividing it
into dynamical groups. R. Zhang et al. (2024) characterized the
chemical properties of the VMP tail of various structures, e.g.
GSE, Thamnos. As they show and discuss, the [X/Fe] of these
structures are in the ranges of those of the MW halo, which is the
same result we obtain for our sample.

In other words, accreted structures might be indistinguishable
from the halo at the VMP regime, if a classical comparison of
the [X/Fe] versus [Fe/H] between systems is adopted, unless the
system is enriched or depleted in some of the [X/Fe]. To bypass
the limit of a classical chemical comparison, a t-SNE visualization
algorithm, based only on chemistry, is used to compare our sam-
ple with planar stars, GSE and Thamnos members kinematically
selected from R. Zhang et al. (2024) and chemically analysed in
H. Li et al. (2022).

This chemical, multidimensional space is shown in Fig. 14,
which also reports the histograms of the two axes. We note that
the majority of GSE stars (black circles) have vertical coordi-
nates < 1 (~ 66 per cent), while the majority of our targets (red
squares) and of the planar sample from H. Li et al. (2022, blue
crosses) has vertical coordinates > 1 (~ 75 and ~ 67 per cent,
respectively). The bulk of their distribution separates from GSE.

There are, indeed, some outliers that are present in GSE region
and vice versa. Interestingly, the majority of Thamnos stars (~
60 per cent), although less clearly, is located in the same region
as the planar ones and separate from GSE. Thamnos has been
discovered to be strictly retrograde, however, this could be only
a selection effect. Given the position of Thamnos in the action
space (see Fig. 13), i.e. its partial overlap our sample, Sequoia and
T'Itoi, it might be the case that there are some contamination in
the member selection among the various structures.

This t-SNE test might suggest that our sample and the planars
from H. Li et al. (2022) might have had a different origin from GSE
and from Thamnos, if kinematics are also used. However, larger
and homogeneous data sets are needed, including observations of
both the halo and the disc, to better characterise all the structures
with data on the same scale, especially at the VMP regime. This
will be possible with forthcoming spectroscopic surveys, such as
WEAVE (G. Dalton et al. 2012; S. Jin et al. 2024) and 4MOST (T.
Bensby et al. 2019).

7 A POSSIBLE ORIGIN FOR THESE ‘PLANAR’
STARS

Our planar sample (1) has different dynamical properties than
the broad distribution of MW halo stars; (2) presents a narrower
chemical distribution than the MW halo, which is visible from
the phylogenetic trees (Fig. 9) and from the MAD ratios tests
(Fig. 11); (3) has a MAD similar to those of a single closed sys-
tem; (4) behaves differently than the halo and of some known
accreted structures, when considering a multidimensional chem-
ical space, clustering together (Figs 12 and 12); (5) shows a steeper
slope trend in the [Mn, Zn/Fe] versus [Fe/H] than MW halo star;
and (6) if the same kinematical cut is applied to another sample,
the aforementioned chemical properties (versus the halo) are re-
produced, highlighting their peculiarities.

In this section, we will explore whether a single system sce-
nario is supported by cosmological zoom-in simulations, and if it
can explain the chemical properties of a larger variety of planar
stars, including those in low-eccentric orbits. With galactic chem-
ical evolution models, we will provide an estimate of the baryonic
mass in the case one single system is responsible for the formation
of our targets and, alternatively, in case two systems are needed
to account for the prograde and retrograde subsamples.

7.1 The infall of a Galactic building block at early epochs
from cosmological simulations

Our sample has stars in both prograde and retrograde orbits. This
may raise the question of whether they could have originated
from two distinct merger events, if they are of accreted origin.
The MAD ratios exercise and the phylogenetic trees are in favour
of a single-system scenario, unless these stars formed in more sys-
tems that possess a very similar or identical chemical enrichment.
We look into cosmological zoom-in simulations to understand
whether the single-system scenario might be supported or not.
The action space of Fig. 15 shows our sample and stellar par-
ticles from the NIHAO-UHD simulations (T. Buck et al. 2020),
which were used to investigate the origin of the planar VMP stars
by F. Sestito et al. (2021). Specifically, the selected stellar particles
belong to a simulated system that was accreted into the form-
ing MW-like galaxy g7.55e11 at a cosmic time of approximately
~ 3.8 Gyr. This simulated accreted system has a stellar mass of
3.2 x 108 Mg, a gas mass of 6.4 x 10° M, and a dark matter halo
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Figure 15. The action space similar to Fig. 13. Red squares and orange
circles denote our planar stars in prograde and retrograde motion, respec-
tively. The black circle indicates the non-planar J110847.184-253047.2.
The linear stellar density map of a simulated accreted system in the MW-
like galaxy g7.55e11 from the NIHAO-UHD simulation suites (T. Buck
et al. 2020) and studied in F. Sestito et al. (2021).

mass of 4.9 x 10'° M, corresponding to approximately 7 (1), 24
(9), and 19 (7) per cent of the respective components of the MW-
like galaxy at the time of accretion (present time). In terms of
the baryonic component, the mass of the accreted system is 21
(7) per cent of the simulated MW-like galaxy at the time of accre-
tion (present time).

The simulations indicate that the accreted system merged with
the forming proto-MW-like galaxy with an injection angle of < 40
degree. Due to the shallow gravitational potential of the proto-
MW:-like galaxy and to the lack of a net rotation in the proto-
disc, the accreted system was able to disperse its stellar content
primarily within the forming proto-disc in a prograde motion,
with some dispersal occurring in the retrograde planar and halo
configurations. The resulting configuration displays a wide range
of angular momenta and eccentricities, similar to those in our
sample (the origins of the whole retrograde and prograde planar
populations are thoroughly discussed in F. Sestito et al. 2021).
The possibility of dispersing stars in both retrograde and pro-
grade orbits is also discussed by the FIRE simulations team (I. B.
Santistevan et al. 2021). In conclusion, cosmological simulations
would allow a single system to disperse its stars in a kinematical
configuration similar to our targets.

Based on these simulations, the accretion of such system
should have been occurred during the assembly of the proto-
MW, since systems accreted later in the dynamical evolution of
an MW-like galaxy (e.g. after the formation of the disc) cannot
disperse their stars both in a prograde and in a retrograde pla-
nar fashion (see I. B. Santistevan et al. 2021; F. Sestito et al.
2021). Interestingly, various theoretical works have shown that
dynamical friction and tidal interactions played a significant role
in capturing accreted stars into the plane without the need for
the merger to be ‘in-plane’ or with a low-injection angle (e.g. J.
Pefiarrubia, P. Kroupa & C. M. Boily 2002; M. G. Abadi et al.
2003; C. Scannapieco et al. 2011; G. S. Karademir et al. 2019; R.
G. Carlberg et al. 2025).
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Figure 16. [«/Fe] versus [Fe/H]. Our prograde and retrograde stars are
marked by red squares and orange circles, respectively. Literature planars
with a wide ranges of orbital properties (grey squares and circles) are from
F. Sestito et al. (2019), G. Cordoni et al. (2021), A. Dovgal et al. (2024),
E. Fernandez-Alvar et al. (2024), F. Sestito et al. (2024a), and R. Zhang
et al. (2024); Blue diamonds mark the sample from H. Li et al. (2022),
with orbital parameters similar to our sample. Contour lines denote the
MW thin and thick discs observed by APOGEE DR17 (Abdurro’uf et al.
2022); APOGEE stars are selected to have SNR > 70 and absolute Galactic
latitude < 15 degree.

7.2 What about the origin of the other ‘planar’ stars?

Detailed chemical abundance analyses of VMP stars in planar
orbits are scarce, and they mostly focus on the prograde and low-
eccentricity population, aiming to investigate the primordial tail
of the MW disc. Recently, A. Dovgal et al. (2024) re-analysed an
EMP star with a quasi-circular prograde planar orbit discovered
by K. A. Venn et al. (2020), P1836849. A. Dovgal et al. (2024)
discuss the kinematics and the chemical information of P1836849
compared to other 6 quasi-circular prograde VMP planar stars
from the literature (E. Caffau et al. 2011; K. C. Schlaufman et al.
2018; F. Sestito et al. 2019; G. Cordoni et al. 2021; M. K. Mardini
et al. 2022a). Chemical information on these stars is very limited,
however A. Dovgal et al. (2024) proposed that a common forma-
tion origin is unlikely to be the case, given the diverse chemical
patterns across these stars (their figs 6 and 7), implying a different
chemical evolution. In fact, their sample spans a range of up to
~ 1dex in various [X/Fe], a difference well beyond the statistical
or systematic error due to a different analysis.

We expand the exercise from A. Dovgal et al. (2024), gathering
a larger compilation of planar stars, including objects with pro-
grade and retrograde motion and spanning a wide range of eccen-
tricities. The comparison of their [o/Fe]** versus [Fe/H] is shown
in Fig. 16. The compilation of planar stars from the literature
(in grey squares and circles) includes 8 UMPs ([Fe/H] < —4.0,
F. Sestito et al. 2019, and references therein), 21 VMPs from G.
Cordoni et al. (2021), the star from A. Dovgal et al. (2024), the star
from F. Sestito et al. (2024a), 127 LAMOST stars (Zma.x < 3.5kpc)
analysed in H. Li et al. (2022) and R. Zhang et al. (2024), and 24
stars with [Fe/H] < —0.8 identified in E. Fernandez-Alvar et al.
(2024). Stars with orbital parameters similar to our sample, anal-

4]t/ Fe] is defined as the unweighted mean of [Mg, Ca, Ti/Fe]
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ysed in H. Li et al. (2022, chemistry) and in R. Zhang et al. (2024,
kinematics), are reported with blue diamond markers. Contour
lines of the MW thin and thick disc are added to Fig. 16, as a
reference level for [a/Fe].

The overall [«/Fe] distribution does not indicate a clear trend
as a function of metallicity, rather a wide spread, i.e. ~ 1.2 dex in
< 4 dex of metallicity. Interestingly, this wide selection of planar
stars also displays a large range of values in the other [X/Fe] ratios
and we report some examples. The star analysed in F. Sestito et al.
(2024a) has a chemical pattern typical of UFD stars, showing
large differences compared to our sample at the same metallicity,
e.g.of ~ 0.8, ~ 1.5,and ~ 0.5 dex differences in [Na/Fe], [Ba/Fe],
and [Sr/Fe], respectively. P1836849 (A. Dovgal et al. 2024) has a
very low [Na, Mg/Fe] compared to our sample, displaying dif-
ferences of = 0.7 and ~ 0.3 dex with the mean of our sample,
respectively. The very a-poor population, found by E. Fernandez-
Alvar et al. (2024), has been associated to an accreted origin based
on its location in the [Mg/Mn] versus [Al/Fe] space, although it
is kinematically similar (by construction) to the MW thin disc (E.
Ferndndez-Alvar et al. 2021, 2024).

The wide ranges of the [X/Fe] among this large compilation
of planar stars cannot be fully reconciled by systematics in the
chemical analysis between the various works. To be noted, the
chemical abundance analysis in this work, that of A. Dovgal et al.
(2024) and of F. Sestito et al. (2024a) are performed with the
same methodologies and atomic assumptions. Consequently, we
propose that multiple systems with a variety of chemical enrich-
ment histories, from ones more similar to present-day UFDs to
others similar to classical DGs, contributed to the overall wide
group of planar stars. We want to highlight that this compilation
includes stars with different kinematical selection criteria, except
for a common cut on the maximum height from the plane, which
is < 3.5 kpc. For this reason, we also test whether the spread in
the a-elements is still visible using our selected stars with very
similar kinematical parameters as our sample, from H. Li et al.
(2022) and R. Zhang et al. (2024) (blue diamonds). Using this
stricter cut, the bulk of these planar stars are then distributed in
[o/Fe] between 0.3 and 0.5, hence showing a narrower range than
the whole sample and close to the range we obtain for our stars.
Another result that might suggest that planar stars with differ-
ent kinematical properties could have been formed in different
systems.

Cosmological zoom-in simulations (e.g. P. B. Tissera & C. Scan-
napieco 2014; I. B. Santistevan et al. 2021; F. Sestito et al. 2021)
suggest that the VMP broad planar population is composed of var-
ious building blocks spanning a wide range of sizes and masses,
and likely different chemical evolution. Conversely and if restrict-
ing to [«/Fe] only, chemodynamical simulations from S. Khoper-
skov et al. (2021) indicate that a wide spread in the [«/Fe] distri-
bution among VMP stars (in prograde orbits) can also be a result
of the multiphase, complex, and inhomogeneous mixing in the
ISM of the forming galaxy. Stars in such planar motion can also
be moved from their initial configuration, i.e. radial migration, by
various mechanisms, such as the interaction with the rotating bar
(e.g. I. Minchev & B. Famaey 2010). However, recent modelling
of the bar’s influence disfavours the possibility that a rotating bar
is the main contributor to the planar, and in particular prograde
quasi-circular, population (C. Li et al. 2024; Z. Yuan et al. 2024).

Metallicities and RVs from Gaia DR3 Gaia Collaboration et al.
(2023) have been used to test whether the VMP prograde quasi-
circular population is related to the MW thin and thick discs.
For example, H. Zhang et al. (2024) proposed that the VMP pro-

grade population is originated from the superposition of two halo
components, one that is stationary (pressure-supported) and one
that is rotating at about ~ 80km s~!, which would exclude a
common origin with the MW disc. M. Bellazzini et al. (2024) and
1. Gonzélez Rivera de La Vernhe et al. (2024) draw different in-
terpretations using different data sets with kinematics from Gaia
DR3 data, suggesting that this prograde population is instead
associated with the thick disc. Both studies discuss that the pro-
grade planar population, even in the VMP regime, is more skewed
toward higher angular momenta and is larger in number than the
retrograde counterpart, as also shown in previous findings (e.g. F.
Sestito et al. 2020; C. Carter et al. 2021; G. Cordoni et al. 2021). L.
Gonzalez Rivera de La Vernhe et al. (2024) conclude that this pop-
ulation would be present even if correcting their kinematics for
a rotating prograde halo (by 30-40 km s™'), in agreement to what
was found in zoom-in cosmological simulations (F. Sestito et al.
2021). Recently, J. Hong et al. (2024) derived photometric metal-
licities using SkyMapper and Stellar Abundance and Galactic
Evolution survey (SAGE, J. Zheng et al. 2018) data and confirmed
the presence of a VMP prograde quasi-circular population, which
they suggest is the remnant of the primordial disc. However, these
previous studies lack detailed chemical abundance analyses and,
therefore, it would be difficult to prove any association of these
stars with known structures or with the MW thick disc. A sample
of VMP stars in low-eccentric prograde planar orbit has been
analysed by R. Zhang et al. (2024). They show that their [X/Fe]
are similar to those of the MW halo, although the low [Zn/Fe]
and its trend as a function of metallicity can suggest that their
progenitor systems might have been small and experienced a slow
star formation, giving support to the hypothesis of being part of
a particular stellar system with a distinct origin than other halo
stars.

In summary, there are hints that the whole population of pla-
nar stars formed in various formation sites, given their different
chemodynamical properties. However, it is still an open question
how to unambiguously clarify any connections between the pri-
mordial MW and the various structures at this VMP regime, given
the lack of a homogeneous spectroscopic data set available so far.

7.3 What if our sample formed in a single system, a.k.a
Loki?

Given the various tests that indicate the chemical peculiarity of
our high-eccentric planar sample and their chemical dispersion
similar to a closed system, here, we use galactic chemical evolu-
tion (GCE) models to provide some physical and chemical prop-
erties in the case our sample is truly formed in a single system,
which would be dub as Loki >, and in case our stars formed in
two separate systems, i.e. one for the prograde and one for the
retrograde stars.

The GCE model similar to the one used in E. Fernandez-Alvar
et al. (2018) is used to derive the upper mass (M) of the initial
mass function (IMF), the integrated yields (Y) from massive stars,
the efficiency (v) of the star formation rate (SFR), the duration
(tn) of the star formation history (SFH), and the baryonic mass
(Mpary). The assumptions to derive these quantities are as follows:

15In the Norse mythology, Loki is considered a trickster and mischievous
god/goddess, known for being neither fully good nor evil since his/her
main aim was always to create chaos.
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(i) These stars formed in the same formation site that initially
was made only of pristine gas.

(ii) The primordial gas evolves chemically in a closed-box
model, i.e. no inflows or outflows of gas or stars.

(iii) The SFR is proportional to the gaseous mass with constant
efficiency v, therefore, the SFR decreases with time, as an expo-
nential function.

(iv) Semi-instantaneous recycling approximation, i.e. massive
stars (MS; m; > 9M,) explode as SNe II immediately after they
formed, but the bulk of neutron star mergers (NSM) enrich the
ISM as kilonovae with a delay of about 0.1 Gyr (e.g. S. Wanajo, Y.
Hirai & N. Prantzos 2021).

(v) Metallicity-dependent chemical yields for pre-supernovae
and Type II supernovae (SNe II) are from M. Limongi & A. Chi-
effi (2018, set F), containing fast-rotating stars up to 150 km s~1.
Improvements in the n-capture yields are from F. Rizzuti et al.
(2019).

(vi) n-capture elements, like Sr, Y, Zr, and Ba, are produced by
slow process (s-process, in massive stars) and by rapid process (r-
process, in NSM). Their r-process yields are scaled from the Eu
yield, considering r-factor by J. Simmerer et al. (2004) who took
into account the solar system r-process contribution.

(vii) Eu is produced only through rapid process channel and
each NSM ejects 2.5 x 10~° M, (S. Wanajo et al. 2014).

(viii) Most Type Ia supernovae (SNe Ia) explode with a delay
of about 1 Gyr after the formation of their progenitors (see S.
Wanajo et al. 2021). However, there is no trace of an «-knee in
the observed data, therefore the SNe Ia contribution is null in the
chemical evolution of this system.

(ix) AGBs stars do not contribute to the enrichment of s-
process elements at the VMP regime and within 1 Gyr from the
Big Bang (C. L. Doherty et al. 2014; A. 1. Karakas & M. Lugaro
2016).

(x) Stars form with the IMF of P. Kroupa (2002) with o = 2.7
for initial stellar mass m; > 1 M.

(xi) Our stellar sample between —3 < [Fe/H] < —2 might
correspond to an early portion of a longer star formation history.

As the massive metal-poor stars evolve and die, a fraction of
their ejected gas is recycled to form new stars. The observed
[X/Fe] ratios would be strictly linked to the population of SNe
II and NSM in a given system. Given the [Eu/Fe] ratios in our
sample, the total time tg,, needed by the system to form the
observed stars should be longer than 0.1Gyr, the necessary time
to form NSMs, which are the main source for Eu. As there is no
observational evidence for the presence of SNe Ia in our sample,
the tsn, should be shorter than ~ 1.0 Gyr.

The theoretical yields ejected from SNe II are integrated follow-
ing the adopted IMF, from a mass of 9 M, to the upper mass M.
The upper limit of My, is varied until the observed and theoretical
[X/Fe] produced by massive stars (i.e. no n-capture elements) are
matched. We use [Mg/Fe] to constrain the My, since Mg and Fe
are well-determined chemical elements from the observational
and theoretical point of view. Given all the assumptions in the
GCE model, the derived upper mass limit for the SNe IT is M, =
55 4+ 2 Mo,

The upper mass My, is strictly linked to the gas mass available
to form stars in each burst (L. Carigi & X. Hernandez 2008), hence
to the SFR. Using the integrated galactic stellar IMF (index o =
2.7) as a function of the SFR (fig. 3 of C. Weidner, P. Kroupa & J.
Pflamm-Altenburg 2013), the derived SFR is ~ 107! M, yr~!, or
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~ 108 Mg, Gyr~!, which is in agreement with the values predicted
for VMP by T. Jefabkova et al. (2018).

Since the most metal-rich star formed at tgp, from a gas with
[Fe/H] = —2, the efficiency of the SFR over time is v = 0.07
Gyr™! (see equation 7 in E. Fernandez-Alvar et al. 2018). The
SFR is proportional to v and to the initial gas mass, which would
lead to an initial baryonic mass (gas and stars) of Myay ~ 1.4 x
10° Mg, This value is similar to those of classical dwarf galaxies
(DGs) in the Local Group, e.g. the Small and the Large Magel-
lanic Clouds have a baryonic mass of ~ 0.9 and ~ 2.0 x 10° Mg,
respectively (e.g. A. W. McConnachie 2012). The mass derived
by the GCE model is in line with the picture drawn from our
observational diagnostics (Figs 6 and 7), as they suggest that
the chemical evolution in these stars was complex and included
several s- and r-process sources, very similar to what observed
in classical dwarf galaxies, rather than the more pristine ultra-
fain dwarfs. To be noted, the baryonic mass is similar to the one
possessed by the simulated Galactic building block discussed in
Section 7.1.

As also discussed in the Section 6, prograde and retrograde
stars possess a similar [Fe/H] range and have the same mean
[X/Fe], i.e. they share a very similar, if not identical, chemical
evolution. If the single system scenario is not truly the case, but
rather our sample originated in two systems, one bringing the
prograde stars and the other the retrograde ones, what would be
their baryonic masses? To address this question, our GCE model
is applied to the two subsamples. Given the same chemistry, the
GCE model would suggest that the two systems would have the
same properties, i.e. the total barionic mass would be twice the
value of the single-system scenario.

8 SUMMARY

This work provides, for the very first time, a dedicated detailed
chemical abundance analysis of a sample of VMP stars with orbits
close to the MW plane. We find that:

(i) The quality of the ESPaDOnS spectra (Fig. 1) is very high
(SNR up to ~ 220) and allows us to measure 23 chemical species
(Fig. 5).

(ii) These stars are relatively close to the Sun and the sam-
ple is composed of 11 stars with prograde motion and 9 with
retrograde orbits (Fig. 2). One star stands out for its high Zy,y,
J110847.18+253047.2.

(iii) The [X/Fe] ratios of the targets overlap those of the MW
halo (Fig. 5).

(iv) To reproduce the observed [X/Fe], supernovae yield fitters
indicate the presence of neutron star merger events (to account
for the n-capture elements), fast-rotating massive stars (for the
slow process channels), high-energy supernovae and hypernovae
(for the lighter elements) and a lack of SNe Ia. Observational
diagnostics cannot rule out the presence of AGBs as extra source
of s-process elements (Figs 6 and 7).

(v) Observational diagnostics indicate that our sample has
chemical patterns similar to stars in classical dwarf galaxies
rather than those of UFDs (Figs 6 and 7), displaying a complex
chemical enrichment.

(vi) The majority of the low-metallicity stars occupy the ac-
creted region of the [Mn/Mg] versus [Al/Fe] plane (Fig. 8). How-
ever, VMP stars formed during the earliest phases of the MW’s
chemical evolution are also expected to populate this region. At
such early times, the chemical enrichment of the proto-Galaxy
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had not yet produced the abundance patterns that later distin-
guish in situ populations, and therefore stars formed in situ may
display abundance ratios similar to those typically associated
with accreted systems. Consequently, the scarcity of stars in the
in situ region at these metallicities does not necessarily imply
an accreted origin. This degeneracy indicates that the [Mn/Mg]
versus [Al/Fe] diagnostic becomes inefficient at the lowest metal-
licities, preventing us from firmly concluding that our sample is
of accreted nature.

(vii) These targets, with the exception of one star
(J110847.18+4253047.2), show a narrower dispersion in the
[X/Fe] than that of the halo and of the bulge at the same [Fe/H].
The [X/Fe] dispersions of our targets are very similar to that of
a closed system (Figs 9-11), and smaller than the case of two
formation sites with different chemical enrichment. We find
no differences in the chemical abundance dispersions between
prograde and retrograde stars.

(viii) Looking at similarities in a multidimensional chemical
space (Figs 12 and 14), we see that our planar stars with high
eccentricities clump together and well separate from the rest of
the halo and from some known accreted structures.

(ix) Applying the same kinematical cut to the sample from H.
Li et al. (2022) (see R. Zhang et al. 2024, for orbital parameters),
we obtain the same results as for our sample: high-eccentricity
planar stars have a smaller chemical dispersion than the MW halo
and they cluster in a multidimensional chemical space. This is an
important result as H. Li et al. (2022) contains a homogeneous
analysis of stars in the halo, in known accreted structures, and in
planar orbit.

(x) One interpretation of these chemical peculiarities might be
that these stars shared a common formation site. Such scenario
is allowed by cosmological simulations. The NTHAO-UHD suite
of simulations suggests that an infall of a single system into the
forming proto-MW could disperse its stars into a wide range of
angular momenta, similar to what observed for our targets (Fig.
15). In order to also have stars on retrograde orbits, the accretion
events should have happened during the early MW’s assembly
phase, before the settling of the disc (see I. B. Santistevan et al.
2021; F. Sestito et al. 2021, for further details).

(xi) Looking at a wider range of orbital properties among
the planar stars (including those with quasi-circular orbits), the
[«/Fe] versus [Fe/H] space (Fig. 16) suggests that multiple sys-
tems are needed to account for the wide spread in such chemical
ratio. This is also confirmed by the limited availability of other
[X/Fe] in the literature. Restricting to eccentricities similar to our
sample, the spread in the [«/Fe] is reduced and comparable to
that of our sample.

(xii) If the single system scenario is truly the case for the high-
eccentric planar stars (the Loki scenario), GCE model would de-
rive a baryonic mass (gas and stars) of ~ 1.4 x 10° M, a value
similar to those of dwarf galaxies, and also in line with the
simulated accreted system from the NTHAO-UHD simulations.
Alternatively, if our sample originated in a pair of systems, the
simplest case would be one for the prograde and one for the
retrograde stars. The pair of systems would share a very similar,
if not identical, chemical history and evolution, as suggested by
the small MAD and by the GCE model. The total baryonic mass
would be twice the case of the single-system scenario.

In conclusion, this analysis provides novel results for studies on
the MW formation and evolution. We want to emphasise that this
analysis has been performed with a small number of stars, how-

ever, this is similar in size to those of other accreted structures at
their VMP regime. These planar stars are, undoubtedly, showing
hints of a distinct star formation site from normal halo stars that
are worthy to be taken into account for further follow-up analysis.
It is reassuring that imposing a cut on the orbital parameters in
the sample from H. Li et al. (2022), we obtain results very similar
to those using our sample alone. A fact that is suggesting the
peculiarity of this planar population with respect to the MW halo.
One intriguing interpretation of the various tests is that these
VMPs in planar orbit might be the remnant of an ancient system
or, less likely, a pair of systems, sharing a common chemical
evolution, that deposited its/their stars during the early Galactic
assembly. Certainly, coming large spectroscopic surveys, such as
WEAVE and 4MOST, would provide a large and homogeneous
data set that will help to shed light on to the nature and properties
of the various accreted systems and understand if they are truly
independent.
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