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ABSTRACT

The oldest stars in the Milky Way (born in the first few billion years) are expected to have a high density in the inner few
kpc, spatially overlapping with the Galactic bulge. We use spectroscopic data from the Pristine Inner Galaxy Survey (PIGS) to
study the dynamical properties of ancient, metal-poor inner Galaxy stars. We compute distances using STARHORSE, and orbital
properties in a barred Galactic potential. With this paper, we release the spectroscopic AAT/PIGS catalogue (13 235 stars). We
find that most PIGS stars have orbits typical for a pressure-supported population. The fraction of stars confined to the inner Galaxy
decreases with decreasing metallicity, but many very metal-poor stars (VMP; [Fe/H] <—2.0) stay confined (~ 60 per cent stay
within 5 kpc). The azimuthal velocity v, also decreases between [Fe/H] = —1.0 and —2.0, but is constant for VMP stars (at
~440 kms~"). The carbon-enhanced metal-poor (CEMP) stars in PIGS appear to have similar orbital properties compared to
normal VMP stars. Our results suggest a possible transition between two spheroidal components — a more metal-rich, more
concentrated, faster rotating component, and a more metal-poor, more extended and slower/non-rotating component. We propose
that the former may be connected to pre-disc in-situ stars (or those born in large building blocks), whereas the latter may be
dominated by contributions from smaller galaxies. This is an exciting era where large metal-poor samples, such as in this work
(as well as upcoming surveys, e.g. 4MOST), shed light on the earliest evolution of our Galaxy.

Key words: techniques: spectroscopic —stars: Population I Galaxy: formation — Galaxy: kinematics and dynamics —Galaxy:

stellar content.

1 INTRODUCTION

Low-mass stars born in the first few billion years after the Big
Bang allow us to probe the early Universe through detailed local
observations. The field of Galactic Archaeology makes use of these
ancient, metal-poor stars to learn about the first stellar generations
and to decipher the earliest phases of galaxy formation — in particular
they allow us to disentangle the history of the (early) Milky Way
(see e.g. the reviews by Freeman & Bland-Hawthorn 2002; Frebel
& Norris 2015). The oldest metal-poor stars in the Milky Way
are expected to be very centrally concentrated — overlapping with
the Galactic bulge, in the inner ~5 kpc of the Milky Way. This
expectation comes from the hierarchical build-up scenario of galaxy
formation as well as inside-out growth of the main galaxy progenitor,
and is supported by a variety of simulations investigating the spatial
distributions of the oldest metal-poor stars in our Galaxy (e.g. White
& Springel 2000; Tumlinson 2010; Starkenburg et al. 2017a; El-
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Badry et al. 2018; Belokurov & Kravtsov 2022). This ancient,
concentrated stellar population is expected to be the result of mergers
of many building blocks, small and larger, together assembling
the primordial Milky Way. If one of the building blocks clearly
dominates, it can be considered the main progenitor and stars formed
inside it could be labelled as formed ‘in-situ’. Up until that point, the
distinction between stars born in-situ or accreted is not as clear as
later on in the life of our Galaxy.

The inner ~5 kpc of the Milky Way host a complex mixture of
stellar populations. What is typically called ‘the bulge’ is a central
over-density extending outside of the Galactic plane, comprised of
relatively metal-rich stars (—1.0 < [Fe/H]' <+0.5, with multiple
peaks in the metallicity distribution), showing cylindrical rotation
around the Galactic centre, and is thought to originate (predomi-
nantly) from instabilities in the Galactic disc, namely a buckling
bar (for an overview, further references and discussions around the

xXry)= log (Nx/Ny): — log (Nx/Ny )@, where the asterisk subscript refers
to the considered star, and N is the number density. Throughout this work,
we use [Fe/H] to refer to ‘metallicity’.
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presence of a pressure-supported component, see Barbuy, Chiappini
& Gerhard 2018). The term ‘bulge’ is also sometimes used to simply
refer to the spatial location of stars, e.g. within 3.5 or 5 kpc. Metal-
poor stars are rare in the bulge region compared to the Galactic
halo — for example only 4 percent and 0.2 per cent of stars in the
relatively metallicity-blind ARGOS bulge survey had [Fe/H] <—1.0
and <—2.0, respectively (Ness et al. 2013a), whereas the metallicity
distribution function of the halo peaks below [Fe/H] = —1.0 (e.g.
Youakim et al. 2020, and references therein). The properties of the
metal-poor inner Galaxy have therefore remained elusive for many
years.

Early studies show that metal-poor? (MP, [Fe/H] < —1.0) stars
in the inner Galaxy have different properties compared to the metal-
rich bulge stars. For example the ARGOS survey showed that they
rotate slower around the Galactic centre and have a higher velocity
dispersion (Ness et al. 2013b; Wylie et al. 2021) — they connected
these stars with the Galactic halo. Works based on inner Galaxy
RR Lyrae stars (which are expected to be old and mostly metal-
poor, e.g. Savino et al. (2020) find that the inner Galaxy RR Lyrae
spectroscopic metallicities peak around [Fe/H] = —1.4) show that
their 3D distribution does not closely trace that of metal-rich stars,
although it might be slightly bar and/or peanut-shaped (Dékany et al.
2013; Pietrukowicz et al. 2015; Semczuk et al. 2022), and that they
have a high velocity dispersion and rotate slowly, if at all (Kunder
et al. 2016; Wegg, Gerhard & Bieth 2019; Kunder et al. 2020). The
latter authors also suggest that the RR Lyrae might trace multiple
overlapping Galactic components.

The APOGEE spectroscopic survey (Majewski et al. 2017) has
been very important in improving our understanding of the metal-
poor inner Galaxy, as it is the only large spectroscopic survey
covering both the inner Galaxy (very close to the Galactic mid-plane)
and other regions of the Milky Way. The sample of low-metallicity
stars is very sparse for [Fe/H] < —1.5, but the survey has still
revealed interesting properties above this metallicity through detailed
stellar chemical compositions. It was found that the fraction of stars
with hints of globular-cluster-like chemistry increases towards the
inner Galaxy, compared to the rest of the halo (Schiavon et al.
2017; Horta et al. 2021b). These authors, as well as Belokurov &
Kravtsov (2023) have interpreted this as an increased contribution
from disrupted (ancient) globular clusters in the central regions of
the Milky Way. The metal-poor APOGEE data, combined with Gaia
DR2 astrometry Gaia Collaboration (2016, 2018), also revealed
leftovers of a large inner Galaxy building block/accreted galaxy
(Horta et al. 2021a, 2023b, in agreement with the inference from
globular clusters by Kruijssen et al. 2020). Queiroz et al. (2021,
hereafter Q21) used APOGEE plus Gaia EDR3 (Gaia Collaboration
2021) astrometry to study the orbital properties of Milky Way
bulge stars and found signatures of a pressure-supported inner
Galaxy population (alongside other co-existing stellar populations
— inner thick and thin disc, stars in bar-shaped orbits), which is
more prominent among metal-poor stars. Follow-up of some of
those metal-poor (—2.0 < [Fe/H] < —1.0) stars showed high alpha
abundances (Razera et al. 2022), consistent with a population born
inside the Milky Way rather than accreted later on (the authors refer
to it as a ‘spheroidal bulge’). In the Solar neighbourhood, Belokurov

2For this summary, our definition of ‘metal-poor’ is [Fe/H] < —1.0, which is
more metal-poor than what typical bulge studies would use the term for —some
might even refer to [Fe/H] < 0.0 as metal-poor. For example, Zoccali et al.
(2017) find that metal-poor stars with [Fe/H] < 0.0 have a more centrally
concentrated/spheroidal distribution than super-solar metallicity stars.
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& Kravtsov (2022) use APOGEE data combined with Gaia DR3
(Gaia Collaboration 2023) to identify metal-poor ([Fe/H] < —1.3)
stars belonging to a chemically distinct, isotropic population, which
they infer to be the tail of an ancient centrally concentrated in-situ
component that formed in the main Milky Way progenitor before the
onset of the Galactic disc — named ‘Aurora’ by the authors.

Observations of samples of very metal-poor (VMP; [Fe/H] <
—2.0) stars in the inner Galaxy have mostly been made possible
thanks to efficient photometric pre-selection methods, e.g. using
infrared photometry (Schlaufman & Casey 2014), or narrow-band
optical photometry around the Ca H&K lines (e.g. from the SkyMap-
per and Pristine surveys, Starkenburg et al. 2017b; Wolf et al. 2018).
The spectroscopic follow-up observations of inner Galaxy VMP stars
show that globally, they look chemically similar to ‘normal’ halo
stars observed locally and/or further out into the halo (Garcia Pérez
et al. 2013; Howes et al. 2014, 2015, 2016; Casey & Schlaufman
2015; Koch et al. 2016; Lucey et al. 2019, 2022; Reggiani et al.
2020; Arentsen et al. 2021; Sestito et al. 2023), although there are
some hints from the population that they may have been born in
different/larger building blocks. For example, Casey & Schlaufman
(2015) find that their three inner Galaxy stars have low scandium
(although this was not found in other works, e.g. Koch et al. 2016),
Lucey et al. (2019), and Koch et al. (2016) find a low dispersion
in alpha abundances, Howes et al. (2015, 2016) and Arentsen et al.
(2021) find a low frequency of carbon-enhanced metal-poor (CEMP)
stars, and Lucey et al. (2022) uncover different correlations between
chemical abundances for stars with different orbital properties
(although this is mostly for stars with [Fe/H] > —2.0). Some of
these signatures (low scandium, low carbon) could be connected
to a larger contribution from pair instability supernovae, which are
expected to occur more often in larger systems (see e.g. Pagnini et al.
2023). Dedicated high-resolution spectroscopic follow-up of PIGS
so far finds many VMP stars with ‘typical’ halo chemistry, as well
as individual stars with peculiar abundance patterns, such as those
typical for globular cluster stars or ultra-faint dwarf galaxies (Sestito
et al. 2023, 2024), or the CEMP-1/s star presented by Mashonkina
et al. (2023) which has undergone binary interaction.

Dynamically, the most metal-poor inner Galaxy stars extend the
trends already observed for normal metal-poor stars in the region:
low (or even non-existent) rotation around the Galactic centre, a
high velocity dispersion and a large fraction of stars not confined to
the inner ~few kpc (Arentsen et al. 2020a; Lucey et al. 2021; Rix
et al. 2022; Sestito et al. 2023, and this work). For example, in the
high-resolution spectroscopic PIGS follow-up sample of Sestito et al.
(2023), less than half of the VMP stars are confined to within 5 kpc.
The observations to date are consistent with recent simulation results
looking at the rotation and velocity dispersion (e.g. Fragkoudi et al.
2020) and halo interlopers (Orkney et al. 2023) for the metal-poor
inner Galaxy.

Large samples of metal-poor inner Galaxy stars are now also
becoming available thanks to the release of the (very low resolution)
XP spectra in Gaia DR3 (Gaia Collaboration 2023). These are
spatially more homogeneous than previous samples, and can uncover
the spatial distribution of the most metal-poor stars. For example, Rix
et al. (2022) use XP metallicities and Gaia radial velocities to show
that there is a centrally concentrated, barely rotating population of
stars at low metallicity ((M/H] <—1.5), with most stars within |/[,
|b] < 15°, having a Gaussian extent of og ~ 2.7 kpc. They interpret
this population as being the result of chaotic early Galaxy assembly,
where in-situ and accreted become less strictly separable, and refer
to this as the ‘proto-Galaxy’ (see also Chandra et al. 2023).
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There still are several open questions regarding the nature of the
ancient, metal-poor inner Galaxy (see also the discussion in Rix et al.
2022). For example: what are the building blocks contributing to the
ancient inner Milky Way? Can we clearly distinguish ‘in-situ’ stars
from ‘accreted’ stars, and/or are these terms not meaningful anymore
when discussing the early Galaxy? How much mass is there in the
pressure-supported inner Galaxy? Where (and when) do the most
metal-poor stars in the inner Galaxy come from? What contribution
do disrupted globular clusters have in the central VMP population?
What new information can we learn about the first stars and small
galaxies from VMP stars in this different Galactic environment?

In this article, we extend the Pristine Inner Galaxy Survey (PIGS)
study of the dynamical properties of (V)MP inner Milky Way stars
started in Arentsen et al. (2020a) — now adding more stars and
deriving detailed orbital properties rather than using only projected
radial velocities. It also extends the work by Rix et al. (2022), with a
larger sample of VMP stars with reliable distances, radial velocities,
and metallicities, reaching closer to the Galactic centre due to the
fainter magnitude limit in PIGS compared to Gaia, and adopting a
more realistic Galactic potential with a bar.

The overview of this article is as follows. Section 2 describes
the PIGS observations and Section 3 describes how we derive
distances with STARHORSE (Santiago et al. 2016; Queiroz et al. 2018)
and orbital properties by integrating in a barred Galactic potential
(Portail et al. 2017; Sormani et al. 2022). We discuss the results in
Section 4, focusing on the confinement of metal-poor stars to the
inner Galaxy, their rotation around the Galactic centre, a comparison
to the dynamics of metal-rich inner Galaxy stars from Q21, and the
kinematics of CEMP stars. We then discuss the results in the context
of simulations and previously observations in Section 5, and point
forward to possible improvements for future work. We summarize
our findings in Section 6.

2 THE PRISTINE INNER GALAXY SURVEY

PIGS is a survey targeting the most metal-poor stars in the inner
Galaxy (Arentsen et al. 2020b), pre-selecting metal-poor candidates
using metallicity-sensitive narrow-band CaHK photometry from
MegaCam (Boulade et al. 2003) at the Canada—France—Hawaii
Telescope (CFHT). PIGS is an extension of the main Pristine survey
(Starkenburg et al. 2017b; Martin et al. 2023), which is mostly
targeting the Galactic halo, and faces unique challenges in the dusty
and crowded inner Galaxy. Details about the PIGS target selection are
described in Arentsen et al. (2020b), and the sub-survey targeting the
Sagittarius dwarf galaxy is described in Vitali et al. (2022). In short,
the CaHK photometry was combined with PanSTARRS-1 (PS1;
Chambers et al. 2016) or Gaia DR2 (Gaia Collaboration 2018) broad-
band photometry to create colour—colour diagrams, from which the
follow-up targets were selected, with the most metal-poor candidates
given the highest priority. A cut on the Gaia DR2 parallax and its
uncertainty was applied to remove foreground stars (which are mostly
metal-rich). The choice of broad-band photometry evolved while the
survey was progressing. When using PS1 we selected targets with 14
< g < 17 and, when using Gaia, we selected stars in the range 13.5 <
G < 16.5, with the goal of reaching giant stars in the Galactic bulge
region. PIGS focuses on the region with absolute longitudes and
latitudes <12 degrees, E(B—V) <0.8 and declination >—30 degrees.

Of the metal-poor candidates in PIGS, 13 000 were followed up
from 2017 to 2020 with the Anglo Australian Telescope (AAT) using
AAOmega+2dF (Lewis et al. 2002; Saunders et al. 2004; Sharp et al.
2006), obtaining simultaneous low-resolution (LR) optical spectra
(R ~ 1300, 3700-5500 A) and medium-resolution calcium triplet
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Figure 1. Comparison of radial velocities between PIGS and Gaia DR3
colour-coded by Gaia RVS S/N, for stars with S/N >5 in Gaia. One field
(Field251.2-29.7) is offset from the rest and has been highlighted in diamonds.
The maximum of the colour bar is fixed to 10 but there are stars with higher
S/N.

spectra (R ~ 11000, 8400-8800 A). The spectra were analysed
with two independent pipelines to derive stellar parameters, FERRE?
and ULySS,* as described in Arentsen et al. (2020b). Both are
full-spectrum fitting codes, but ULySS uses an empirical spectral
library and FERRE a synthetic library. In this work we adopt the
FERRE stellar parameters, which were found to be better at very
low metallicity in our previous work and also include an estimate of
the carbon abundance. We apply the FERRE parameter quality cuts
as described in Arentsen et al. (2020b), after which the sample has
median uncertainties of 149 K, 0.41 dex, 0.16 dex and 0.23 dex for
Tet, log g, [Fe/H], and [C/Fe], respectively.

The radial velocities in PIGS were derived from the calcium triplet
AAT spectra using the FXCOR package in IRAF, with the statistical
uncertainties estimated to be on the order of 2 kms~! (for details
see Arentsen et al. 2020b). Previously there was not enough overlap
between PIGS and other spectroscopic surveys to do an external test
of the velocities. However, there are now ~1000 stars in common
with the Gaia DR3 RVS sample (with Gaia S/N >5). We compare
the PIGS and Gaia DR3 velocities to test for any systematic issues
(see Fig. 1). The general agreement is excellent, with a small offset
(~ 0.5kms™") and a dispersion of ~ 4 kms~'. The dispersion goes
down to ~ 2 kms™! for stars with Gaia S/N >10. We found that
one AAT field (Field251.2-29.7) has a systematically different radial
velocity compared to Gaia than the rest of the fields, with a mean
offset of —24.77 kms~! and a slightly larger dispersion (5 kms™).
The night log reveals that there were some technical issues with the
fibre plate just before the observations of this field, which could have
caused a shift in the wavelength. We decided to apply a correction
of 24.77 km s~ to this field for the remainder of this work.

Some PIGS follow-up specifically targeted the Sagittarius dwarf
galaxy (see Vitali et al. 2022) — for the current work we removed
these Sagittarius stars from our analysis using their Gaia EDR3

3FERRE (Allende Prieto et al. 2006) is available from http:/github.com/
callendeprieto/ferre.

4ULySS (Koleva et al. 2009) is available from http://ulyss.univ-lyon1.fr/.
SIRAF (Image Reduction and Analysis Facility) is distributed by the National
Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under contract with the National
Science Foundation.

MNRAS 530, 3391-3411 (2024)
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Table 1. Metallicity groups used in this work.

Name Metallicity range ~ NpoHB Nus fas
Metal-rich (MR) [—1.0, —0.5] 699 20 0.52
Metal-poor (MP) [—1.5,—1.0] 1327 1587 0.87
Intermediate MP (IMP) [—2.0, —1.5] 3858 752 0.93
Very MP (VMP) <=2.0 1704 108 0.89

Note. The f3 5 is the fraction of (not HB) stars that has r < 3.5 kpc.

proper motions and PIGS radial velocities (removing stars with
V(1 +2.69)2 + (ks + 1.35)2 < 0.65 and RV >100 kms™1).

In the first PIGS paper we explored the kinematics of metal-poor
stars in the inner Galaxy as a function of metallicity (Arentsen
et al. 2020a) using radial velocities and ULySS metallicities for
the spectroscopic PIGS sample observed from 2017 to 2019. In
this paper, we extend the study of the kinematics of stars in PIGS
to the full footprint (which includes more fields in the Northern
bulge), adopting the FERRE metallicities, and adding more orbital
information beyond the radial velocities. Throughout this work we
will often divide our sample in four different metallicity groups,
see Table 1. They are split in horizontal branch (HB) and not HB
(because we found systematic differences between those two groups,
see the next section).

With this paper we also release the full spectroscopic AAT/PIGS
catalogue (13235 stars, among which are ~800 Sagittarius stars).
See Tables D1 and D2 for an overview of the observations and the
contents of the catalogue, which can be downloaded in full from the
CDS.

2.1 Comparison with APOGEE and Gaia XP metallicities

We present a comparison between the PIGS (FERRE) spectroscopic
metallicities and the metallicities from APOGEE DR 17 (Abdurro’uf
et al. 2022) in the top panel of Fig. 2, for stars with APOGEE SNR
>30 (the results do not change when using a stricter cut of e.g.
SNR >70). This is an updated comparison with respect to Arentsen
et al. (2020b), now with a larger sample of stars (154). The overlap
between the two surveys is mostly thanks to dedicated APOGEE
follow-up observations of PIGS within the bulge Cluster APOgee
Survey (CAPOS) project (Geisler et al. 2021) — ‘randomly’ there
would not have been much overlap at low metallicities. There is a
small offset between the metallicities from both surveys (median of
APOGEE—PIGS = +0.13 dex), which is not surprising given the
different methodologies, resolutions, and wavelength coverage used.
Overall the agreement is good, with a scatter of 0.17 dex.

The largest publicly available set of metal-poor inner Galaxy
candidates comes from Andrae et al. (2023), who derive stellar
parameters from the Gaia XP spectra combined with broadband
photometry. They train the XGBoost algorithm on APOGEE DR17
stellar parameters, also adding in a small set of very/extremely metal-
poor stars from Li et al. (2022), and find very good consistency in
their comparisons with the literature. The analysis of the metal-
poor inner Galaxy by Rix et al. (2022) was based on an earlier
version of these metallicities. We present a comparison between
the (Andrae et al. 2023, A23) ‘vetted giant sample’ and our PIGS
spectroscopic metallicities in the bottom panel of Fig. 2, colour-
coded by Gaia BP magnitude. The agreement is generally good,
especially for brighter and/or more metal-rich stars. There is a small
systematic offset between the two (median of A23—PIGS metallicity
= +0.19 dex for bright metal-poor stars, with a scatter of 0.22
dex) in the same direction as for the PIGS-APOGEE comparison,

MNRAS 530, 3391-3411 (2024)
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Figure 2. Top: Comparison of spectroscopic PIGS metallicities to APOGEE
DR17 metallicities, colour-coded by the Gaia BP magnitude. The dashed line
is the 1-1 line. Bottom: Same, but compared to Gaia XP metallicities from
Andrae, Rix & Chandra (2023) for their ‘vetted giant sample’. There are
~2800 stars in this comparison.

which is not surprising since Andrae et al. (2023) trained on
APOGEE metallicities. There is a larger offset and scatter (median
of A23—PIGS metallicity =+0.31, 0 = 0.32 dex) between —2.0
< [Fe/H] <—1.0, and the offset appears to be correlated with the
BP magnitude. Andrae et al. (2023) applied a cut in Gaia G <
16 to their vetted giant sample, but the G band is very broad and
in highly extincted regions the blue part of the spectrum will be
significantly fainter than the red. It is less problematic for metal-
rich stars, which have strong features, but affects metal-poor stars
more strongly because their features are weaker and some of the
main information (e.g. Ca H&K) is in the blue part of the spectrum.
Some metallicity biases may therefore be introduced when making
magnitude cuts in these kind of samples.

3 DYNAMICAL ANALYSIS

3.1 Distance determination with STARHORSE

We derive distances using STARHORSE (Santiago et al. 2016; Queiroz
et al. 2018), a Bayesian isochrone matching method capable of
deriving distances, extinctions and ages based on a set of observables
and priors. All this extra information is necessary because the Gaia
parallaxes alone are not good enough to derive distances to stars in the
inner Galaxy (distances from the Sun of ~4—12 kpc). The STARHORSE
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method has been extensively validated with simulations and external
samples, and has previously also been used in the Galactic bulge
and the whole disc (e.g. Queiroz et al. 2020, 2021). Details of the
method and its assumptions can be found in Queiroz et al. (2018)
and Anders et al. (2019, 2022). The resulting distance distributions
for any given star are not necessarily well-represented by a single
Gaussian — instead, we use a three-component Gaussian mixture
model representation of the probability distribution functions (see
the next section).

For the distances derived in this work, we give as input to the code
the Gaia EDR3 parallaxes (Gaia Collaboration 2021), photometry
from PanSTARRS (Chambers et al. 2016), 2MASS (Skrutskie et al.
2006), and WISE (Wright et al. 2010), and the spectroscopic
parameters (FERRE T, logg, [Fe/H]) from PIGS — similar to
what Queiroz et al. (2023) did for other spectroscopic surveys. The
main reference magnitude used is PanSTARRS gps. As in previous
STARHORSE papers, we used the PARSEC isochrones (Bressan et al.
2012; Marigo et al. 2017). These are based on [M/H], and since no
[a/Fe] estimates are available for PIGS, we converted our [Fe/H]
estimates into [M/H] following Salaris, Chieffi & Straniero (1993),
with a fixed [a/Fe] of 0.4 — appropriate for metal-poor stars (although
some accreted stars could have lower [a/Fe]). The lowest [M/H] in
the isochrones is —2.2, corresponding to [Fe/H] &~ —2.5. There are
stars with lower metallicities in PIGS, but the lowest metallicity
isochrone should be appropriate for these since for giant stars at this
metallicity the isochrones do not change much anymore. We find that
STARHORSE converged for 92 per cent of the input sample described
in the previous section. Roughly half of the non-converged stars do
not have a good gps magnitude, and among the other half there is
a relatively high fraction with [Fe/H] > —1.0, for which our stellar
parameters are less reliable, or low fidelity from Rybizki et al. (2022),
indicating spurious astrometry.

The uncertainties on the PIGS/STARHORSE distances are between
10 — 20 per cent for the bulk of the sample, peaking at 15 per cent —
see Fig. 3. There is also a population with much smaller uncertainties
(< 10 percent, peaking at 5 per cent), which turns out to be stars
that STARHORSE puts on the HB. Such stars should indeed be
good distance indicators and would be expected to have smaller
uncertainties. However, that requires being able to trust that the
spectroscopic parameters for these stars do not have any particular
biases (and our assumed alpha over iron ratios are appropriate),
as well as knowing the absolute magnitudes and therefore having
accurate HBs in the isochrones. Given that there are enough RGB
stars present in all metallicity ranges for our purposes, and they are
simpler to deal with, we decide to not use the HB stars for the bulk
of this work unless explicitly stated (although we checked that the
main results do not change if they are included). Some additional
discussion on HB stars in PIGS can be found in Appendix B,
including how we removed them.

3.1.1 Distance comparison with APOGEE

For stars in common between PIGS and APOGEE DRI17, we
compare our STARHORSE distances with the spectro-photometric
APOGEE-STARHORSE distances from Queiroz et al. (2023), see Fig.
4. The APOGEE distances appear to be larger by ~ 15 per cent on
average compared to PIGS. They have been derived with the same
methodology and assumptions as our distances, so any differences
should be due to differences in the stellar parameters/metallicities and
their uncertainties. Indeed there appears to be a correlation with the
difference in spectroscopic log g, as shown by the colour-coding of
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Figure 3. Distance uncertainties in PIGS. Top: Distributions of fractional
distance uncertainties (dist84-dist16)/(dist50 x 2) for the four main metal-
licity groups in this work. HB stars were removed from the coloured bins,
and are shown separately in the thin-lined grey histogram (although there
still appear to be some helium-burning stars left in the MR and MP samples).
The metallicity group labels are defined in Table 1. Bottom: Median distance
uncertainty as a function of the median distance, with the same colour-coding.
Error bars indicate the standard deviation (after removing 3o outliers).
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Figure 4. Comparison of spectro-photometric STARHORSE distances for
PIGS (this work) and APOGEE (Queiroz et al. 2023), colour-coded by the
difference in spectroscopic log g. The grey dashed line is the 1-1 line, the
orange dot-dashed line is this relation increased by 15 per cent of the PIGS
distance.
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the figure. This is not unexpected, given that log g is the main driver
for the brightness, and hence the distance. Queiroz et al. (2018)
investigated the effect of systematic stellar parameter differences on
STARHORSE distances, and found that for giants, an offset in log g
of 0.2 dex results in a ~ 10 percent distance bias (their fig. 6).
The median difference (PIGS—APOGEE) in log g for this sample is
+0.33 dex (and 4110 K for T¢s) — extrapolating the Queiroz et al.
(2018) results for log g predicts a distance bias of ~ 15 per cent,
which is indeed what we find.

Some of the more severe outliers are distant stars according to
APOGEE (>15 kpc), with low APOGEE log g. This could indicate
that some of the more distant stars in PIGS are not recognized as
such and are placed closer to us than they are. It might be the result
of biases in log g for stars (especially towards the tip of the RGB,
apparently), and/or the relatively large log g uncertainties in PIGS
which allow the STARHORSE inner Galaxy density prior to play a
larger role.

How could this impact our results? For our main analyses, we have
performed tests with distances increased (or decreased) by 15 per cent
to account for possible systematics, and our main conclusions are
not affected (see Appendix C). Furthermore, the overlap sample
with APOGEE is somewhat biased towards more evolved RGB
stars compared to the full PIGS sample, because it is on average
a magnitude brighter. The spectroscopic log g differences appear
to be larger for such stars. Therefore, the distance bias, as well as
the number of outliers, might be overestimated from this specific
comparison.

A final note: the STARHORSE distances for stars in Sagittarius (Sgr)
are not as reliable as those for the inner Galaxy — a number of the Sgr
stars (especially those further away from M54, where STARHORSE no
longer includes a Sgr distance prior) have distances that put them
close to the inner Galaxy instead of at the distance of Sgr. This is
consistent with what was seen above for distant stars in the APOGEE
comparison. We briefly explore this in Appendix A. This is a warning
to use the distances for Sgr stars with caution.

3.1.2 Spatial coordinates and metallicity samples

For the analysis of the orbits of the PIGS stars, we describe the
Galaxy in Cartesian and cylindrical coordinates, (x, y, z) and (Rgc,
¢, z), respectively. In these coordinates, we position the Sun at (x, y,
7) = (—Rg, 0, 0), where R, = 8.2 kpc (Bland-Hawthorn & Gerhard
2016; Portail et al. 2017) is the cylindrical distance of the Sun from
the Galactic centre.® The cylindrical radius Rgc is Rge = /x2 + y2,
while the azimuthal angle ¢ is set to be 0 at the Sun and increases in
the direction of Galactic rotation (clockwise).

Fig. 5 shows the median x-y and x-z distributions of stars in our
different metallicity bins (assuming the position of the Sun and using
the 50 Monte Carlo draws as described in the next sub-section). HB
stars are excluded. The grey lines indicate a radius of 3.5 kpc from
the Galactic centre. Of the stars in the MR, MP, IMP and VMP
metallicity ranges (Table 1), 52 per cent, 87 per cent, 93 per cent, and
89 per cent have r < 3.5 kpc, respectively, where the spherical radius
r = y/x? 4+ y% + z2. This is the sample we will use for the remainder
of this work, unless otherwise mentioned.

©We neglect the distance of the Sun from the Galactic plane z, setting it to
zero, since its value is very small and does not have a significant influence in
our analysis.
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Figure 5. Distribution of median x, y and z for different metallicity bins,
colour-coded by relative density in each panel. The solid curves indicate a
circle in x—y/x—z with a radius of 3.5 kpc. The metallicity group labels are
defined in Table 1. The location of the Sun is indicated with the orange Solar
symbol on the left-hand side of each panel.

3.2 Orbit integration in the Portail et al. (2017)/Sormani et al.
(2022) potential

To take into account the significant uncertainty in the measurements
of the PIGS stars position and kinematics (radial velocities from PIGS
and proper motions from Gaia DR3 data; Gaia Collaboration 2023),
we decide to draw samples for each star in the six-dimensional space
(s, a, 8, g, s, Vios), Where s is a star’s heliocentric distance, « and
§ the right ascension and declination, u, and us the corresponding
proper motions, and vy, the line-of-sight velocity. These samples
allow us to explore the probability distribution function for the
various orbital parameters of the stars in a Monte Carlo fashion.
The samples are drawn from the probability distribution function
(p.d.f)

(010, 00) = f(s5:8,0)p(@ —0)p(6 =8  [[ Gk o),

k=pta L5, Vios

ey

where 0 = (s, &, 8, [La, s, Vios), 0 = (5, &, 8, fg, fis, Dios) represent
the measured parameters, and o, their uncertainty (except in the
case of the distance s, see below). We neglect the uncertainty in the
sky position («, §), hence their contribution to the p.d.f. are Dirac
deltas §p. G(k; k, o) is a Gaussian p.d.f. centred at k with standard
deviation o, and is a good description of the p.d.f.s of the proper
motions and vs. In the case of the distance s, from the STARHORSE
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output, we make use of an approximation of the true distance p.d.f.
given by a mixture model of three components (Anders et al. 2022),

3 A
Zi:] w;G(s;58;, 05;)
3 - .
S S wiG(s'3 8, 04, ds’

Here, w; are weights, § = (5y, §2, §3), and 0, = (04,1, 05,2, 05, 3).

Using the p.d.f. of equation (1), we draw 50 samples for each
PIGS star, which is expected to be a sufficient representation of
the underlying distribution. The values drawn for each star are
transformed to Cartesian positions (x, y, z) and velocities (vy, vy,
v.), using the distance of the Sun Ry and assuming that the velocity
of the Sun in Cartesian coordinates is vo = (Ug, vo + Vg, Wg)
= (11.10, 246.6, 7.24) kms~!, where vy is the value of the circular
speed of the Galaxy at the Sun. The values for Ug and W come from
Schonrich, Binney & Dehnen (2010), while vy + Vg is in agreement
with the proper motion of Sgr A* measured by Reid & Brunthaler
(2004). The distribution of the median position of the samples in the
(x, v, z) space for different metallicity bins is shown in Fig. 5. The
Cartesian v, and v, velocities can be transformed to Galactocentric
radial and tangential velocities, vg and vy, by

fs:8,05) =

(@3]

XUy + YUy
Vp = ——FH
Rac

XUy — YUy

Vp = — s (3)

Rce

where the minus sign in front of the r.h.s. of equation (3) is used
to have vy positive in the sense of the rotation of the Galaxy (i.e.
clockwise). The distribution of the samples in the (vg, vy) space is
shown in Figure C1 for VMP stars.

We integrate the orbits in the Sormani et al. (2022, hereafter S22)
barred potential ®(x, y, z, t), in its AGAMA implementation (Vasiliev
2019). This potential is an analytical approximation of the Portail
et al. (2017) potential, which is a numerical M2M N-body model of
the Galactic centre, but adding a dark halo to respect constraints on
the rotation curve of the Milky Way between 6 and 8 kpc (Sofue,
Honma & Omodaka 2009). The S22 potential includes an X-shaped
inner bar, two long bars, an axisymmetric disc (covering the region
outside the bar), a central mass concentration (represented by a
triaxial disk), and a flattened axisymmetric dark halo. In this model,
the whole potential figure rotates at a fixed pattern speed Qpr =
39 kms~! kpc~!, in the same sense as the Galactic rotation. The bar
is initially inclined at 28 deg from the line connecting the Sun and the
Galactic centre, leading with respect to the sense of Galactic rotation.
From AGAMA, we can also build the ‘background’ axisymmetric and
static part of the potential ®(x, y, z), averaging ® along the azimuthal
angle. @y, allows us to calculate the circular velocity curve of the
Galaxy, which at Rg is vy = 239.17 kms~! (hence, the peculiar
velocity of the Sun in the y direction in the Local Standard of Rest
of our model is Vo = 7.43 kms™).

From @, using the ‘Stidckel fudge’ implemented in AGAMA, we
can determine the values of the radial, vertical, and azimuthal actions
(Jr, J;, and Jy, respectively; see Binney & Tremaine 2008), for the
various samplings of the PIGS stars. J,, is just the angular momentum
projected along the z-axis, L, = Rgcvg. Neither the actions nor the
energy,

vi + v} +v?
— Ty, “)
are conserved quantities in this barred, time-dependent potential —
they just give a present-day snapshot. We will not use these quantities
for any main conclusions. From AGAMA and @, we also derive the
(axisymmetric) orbital frequencies of the different samples Qg, 2.,
and 24. These can vary a lot between the different stars and samples,
and provide an estimate of the time that we need to integrate orbits

E =

PIGS orbits 3397

to obtain various orbital parameters. After some tests, we find that
integrating orbits (forward in time) in the S22 potential for a time
tine = STg = 5 X 27/, is good enough to have realistic estimates.
‘We repeat the integration for each sample of each star in PIGS, and
compute the positions and velocities on the orbit at 100 equispaced
time steps t;, from # = 0 (now), to ty.

For each star sample we compute the pericentre of the orbit as the
minimum r between the ones computed at the various time steps #;,
i.e. rmin = min{r(¢;)}. Similarly, we define the apocentre of the orbit
as Fmax = max{r(#;)}, the maximum height from the plane as zm.x =
max{z(#;)}, and the eccentricity as € = (Fmax — Fmin)/(Fmax + Fmin)-

We also derived the orbital properties in three other potentials:
the axisymmetric version of the S22 potential, the McMillan (2017,
hereafter MM17) potential and an adapted MWPotential2014
(Bovy 2015, hereafter aMW14) following Belokurov & Kravtsov
(2022), who make it slightly more massive to reproduce the circular
velocity at the Sun’s radius (Bland-Hawthorn & Gerhard 2016). We
will use these in later sections to make some sanity checks and/or
comparisons with previous work.

Itis a challenge to get precise and accurate orbital properties for our
metal-poor inner Galaxy stars. The uncertainties in the radial veloci-
ties, proper motions and distances result in large uncertainties on the
orbital properties of stars — most of this is driven by the uncertainty
in distance. For the main analyses in this work we will use our Monte
Carlo samples rather than the median/mean/dispersions, for a better
representation of the resulting probability density distributions. Some
further discussion and visualization of the uncertainties are presented
in Appendix C.

3.3 Dynamics catalogue

The distances, velocities and orbital properties for the PIGS sample
can be found in Table D3, which is available from the CDS. For each
star we provide the 16th, 50th, and 84th percentiles of the distribution.
The number of entries (11797) is lower than in Table D2 due to
photometric (present and not saturated in gps) and spectroscopic
quality cuts (good_ferre = yes and rv_err < 5 kms~!), and/or
due to non-convergence in STARHORSE.

As discussed previously, the distances for stars in Sagittarius may
suffer from biases and should not be used blindly. However, even for
Sgr stars with good distances, our derived orbital properties may not
be appropriate for these distant stars, given that we have chosen to
use a potential that focuses on reproducing the inner Galaxy.

4 RESULTS

In this section, we first compare the kinematics of the metal-poor
PIGS stars with a different, metal-rich sample of more typical bulge
stars. We then discuss how many of the metal-poor stars in PIGS are
confined to the inner Galaxy and study the Galactic rotation among
these stars. We end with a discussion on the kinematics of CEMP
stars.

4.1 Comparison with high-metallicity stars from APOGEE

Since PIGS is dedicated to observations of the lowest metallicity
stars in the inner Galaxy, an internal comparison with metal-rich
stars, which should mostly be ‘true bulge’/bar stars, is not possible.
In this section we instead compare to an external sample of metal-rich
stars from APOGEE DR16 (Ahumada et al. 2020) combined with
Gaia EDR3 (Gaia Collaboration 2021), for which Q21 derived orbital
properties for stars towards the bulge, also using spectro-photometric
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distances from STARHORSE and employing a very similar Galactic
potential [also based on Portail et al. (2017), but slightly different
from the S22 version] to derive orbital properties as in this work —
this is therefore the closest comparison we can make. The distances
(and therefore the derived velocities) for the Q21 sample are of
higher quality than those in this work, mostly due to more precise
spectroscopic parameters in APOGEE than in PIGS. The authors
used a cut in reduced proper motions (RPM) to remove most of the
disc stars from their orbital analysis sample and limited their sample
to stars with |z| < 1 kpc. This RPM sample is the one we compare to.

4.1.1 Creating similar spatial sub-samples

The metallicity distributions for PIGS and the Q21 APOGEE sample
(light-shaded histograms) are shown in the upper panel of Fig. 6.
They are clearly probing two entirely different (and complementary)
metallicity regimes. To make a comparison in the extreme, we further
select only PIGS stars with [Fe/H] < —1.5 and APOGEE stars with
[Fe/H] > 0.0. And although both surveys are targeting the inner
Galaxy, the APOGEE and PIGS footprints are quite different, with
APOGEE typically looking closer to the Galactic plane. To get a
more homogeneous comparison, we further limit both samples to
0.5 < Rge < 3.5 kpe, 0.35 < |z] < 1.0 kpc [see panels (a) and (b) of
Fig. 6 for PIGS and Q21 APOGEE, respectively] and |/| < 15° for
the Q21 APOGEE sample (PIGS is already within that range). The
dark-shaded (2D) histograms throughout Fig. 6 indicate these sub-
samples with our chosen metallicity and spatial cuts (1605 stars in
the APOGEE sub-sample, 2053 for PIGS), whereas the light-shaded
(2D) histograms represent the full samples (except that for PIGS a
cut of [Fe/H] < —1.0 has been applied to the light-shaded sample
to plot the 2D histograms).

4.1.2 Comparison of the kinematics

Panels ¢) and d) in Fig. 6 show vy as a function of galactocentric
radius, again with PIGS on the left and Q21 APOGEE on the right.
Q21 APOGEE has a higher net rotation, and both samples show a
decreasing azimuthal velocity and increasing velocity dispersion for
stars closer to the Galactic centre. The velocity dispersion in PIGS
is much larger than in the Q21 APOGEE sample. This is partly due
to the larger distance/velocity uncertainties in PIGS (for this sub-
sample, the median uncertainty in vg is 12 kms™!' for APOGEE
and 53 kms~! for PIGS), but that is not the only factor. In the Q21
APOGEE sub-sample, the v dispersion for Rgc > 1.5 is 55 kms™!
(without correcting for uncertainties), whereas in PIGS it is over
90 kms~! and increasing for [Fe/H] < —1.5 (see Fig. 11, corrected
for uncertainties). For further details and maps of velocities and
velocity dispersions in the Q21 APOGEE sample, see Q21. Overall,
between metal-poor (PIGS) and metal-rich (APOGEE) stars, we
see a similar trend of decreasing velocity and increasing velocity
dispersions closer to the Galactic centre, but the magnitudes are
different for the metal-poor and the metal-rich stars.

We present the distributions of eccentricity and maximum height
above the plane during the orbit in panels (e) and (f) of Fig. 6 for
PIGS and Q21 APOGEE stars, respectively. The metal-rich Q21 stars
are strongly concentrated in the bottom-right corner of the diagram,’

"The authors have recently recomputed the orbits with the full S22 potential
and find that the zm,x becomes slightly larger, looking a bit more like the PIGS
distribution, however, their previous results were robust and the changes do
not impact any conclusions (private communication).
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Figure 6. Comparisons of metal-poor stars from PIGS and metal-rich stars
from APOGEE (the RPM sample from Q21). The top panel shows the
metallicity distribution functions for the full samples (light-shaded) and sub-
samples highlighted in panels (a)-(h) (dark-shaded). The sub-samples result
from a combination of metallicity cuts ([Fe/H] < —1.5 and > 0 for PIGS
and APOGEE, respectively, see vertical lines) and spatial cuts (0.5 < Rgc <
3.5 kpe, 0.35 < |z| < 1.0 kpc [see panels (a) and (b)] and |/| < 15°). Panels
(a)—(h) show the spatial and dynamical properties of the full samples (light-
shaded) and the sub-samples (dark-shaded), colour-coded by the density of
stars, for PIGS (left) and APOGEE (right). The line in panels (c) and (d)
is vy = 0, the lines in panels (e) and (f) indicate the bar orbit-dominated
region in Q21, and the line in panels (g) and (h) is the 1-1 line (above which
stars cannot lie). Error bars indicate the median uncertainties in the sub-
samples (for APOGEE these are standard deviations, for PIGS the 84th—16th
percentile divided by 2).
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with very high eccentricities and low z,,,x. Q21 find that stars on bar-
shaped orbits mostly lie in this region (eccentricity >0.66 and zZyax <
1 kpc), using frequency analysis. They also find a significant number
of bar-shaped orbits among stars with lower eccentricity (0.33-0.66)
and zZmax < 1 kpc, but not many in other regions of this space.
The region with most bar-dominated orbits has been indicated by
orange lines. Most of the stars in PIGS lie outside this bar-dominated
region, although stars are still concentrated towards high eccentricity
and relatively low zp.«. As expected, we find that the distribution of
PIGS stars in this space is quite different when we rerun the orbits
in the axi-symmetric S22 potential. In this case, the eccentricities
are more homogeneously spread between eccentricities of 0.3-0.85
instead of having such a strong clump at eccentricities >0.7, and the
distribution of stars extends to slightly lower zn.x for eccentricities
<0.7. The bar appears to strongly influence the orbital properties of
these metal-poor inner Galaxy stars (although it does not strongly
affect the apocentres, see the discussion in Section 4.2).

The final row of Fig. 6 presents the distributions of apocentres and
maximum height above the plane in PIGS and Q21 APOGEE. The
different distributions between the two could partly be due to the
different spatial distributions, with the PIGS stars having higher |z|
on average, but this is unlikely the full explanation as the differences
are larger than 0.5 kpc. The metal-rich Q21 APOGEE stars mostly
lie away from the 1-1 line, indicating that the distribution of stars is
flattened, as expected for bar stars. The metal-poor PIGS distribution
has more stars closer to the 1-1 line than the metal-rich Q21
APOGEE stars, indicating a more spheroidal distribution, again as
expected. The PIGS distribution looks somewhat different in the axi-
symmetric S22 potential. The apocentres remain very similar, but the
Zmax Changes, which changes the distribution to less of a tight ‘cone’
in this plane and more of a ‘blob’, centred on (apo,zmax) = (2,1).

4.2 Metal-poor stars are less confined than metal-rich stars

Not all stars that are currently in the inner Galaxy, stay within the
inner Galaxy (e.g. Kunder et al. 2020; Lucey et al. 2021; Sestito et al.
2023). We present the distribution of median apocentres as a function
of metallicity for PIGS stars with r < 3.5 kpc in the top and middle
panels of Fig. 7. The peak of the apocentre distribution is between 2
and 3 kpc, with lower values for more metal-poor stars — this is likely
partly due to the difference in spatial distributions for the different
metallicity bins. The width of the distribution increases with
decreasing metallicity, and a prominent tail with apocentres >5 kpc
becomes visible for [Fe/H] < —2.0. We perform a Kolmogorov—
Smirnov test on the cumulative apocentre distributions for the
MP, IMP and VMP metallicity bins and find they are statistically
significantly different from each other (p-values <107?).

The bottom panel of Fig. 7 presents the fraction of stars in a given
metallicity bin that is confined to within 3.5 kpc, 5 kpc, and 10 kpc
in grey circles, orange diamonds, and yellow squares, respectively.
For this analysis we do not use the median apocentre but require
75 per cent of the orbit draws of each star to be below the apocentre
limit. We find that the fraction of stars confined to each of the three
radii drops with decreasing metallicity, although there appears to be
a break around [Fe/H] = —2.0, below which the fraction of confined
stars stays relatively constant (except at the lowest metallicities). For
a Galactocentric distance of 3.5 kpc, the confined fraction decreases
from 65 per cent at [Fe/H] = —1.0-40 per cent for VMP stars. These
fractions go up to 95 percent and 60 per cent for a Galactocentric
distance of 5 kpc, and to 100 percent and ~ 85 percent for a
Galactocentric distance of 10 kpc.
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Figure 7. Top: Column-normalized 2D histogram of metallicity versus
median apocentre, for stars with r < 3.5 kpc. The darkest pixels have the
highest density for a given metallicity. The dashed horizontal line indicates
5 kpc. Middle: 1D normalized slices of the distribution above, for the MP,
IMP and VMP samples. Bottom: The fraction of stars in the same sample that
is confined within a given distance (see legend) from the Galactic centre for
> 75 percent of their orbit samples, as a function of metallicity. Error bars
represent 1o uncertainties derived from binomial statistics.

We also check how these results change when adopting a dif-
ferent Galactic potential. The differences between the barred and
axisymmetric S22 potentials are within the uncertainties. There are
differences to the orbits, but they affect the pericentres more than
the apocentres. For the MM17 and aMW 14 potentials (which are
somewhat more massive than the S22 potential), the trend with
metallicity becomes steeper and the fractions of confined stars within
3.5 or 5.0 kpc slightly increase (those for 10 kpc remain similar). For
example, the confined fraction within 3.5 kpc at [Fe/H] = —1.0rises
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Figure 8. Top: Distributions of median apocentre for the three metallicity
slices for stars with 0.5 < Rgc < 1.5 kpc (coloured solid lines) and for stars
with 1.5 < Rgc < 3.5 kpc (grey dashed lines). Bottom: Similar to the bottom
panel in Fig. 7, now only for stars staying within 3.5 kpc and split for the
same two Rgc bins as above. The changes for confinement within 5 or 10 kpc
are smaller and not shown.

from ~ 65 percent to ~ 70 percent to ~ 80 percent for the S22,
MM17, and aMW 14 potentials, respectively. A less strong rise is seen
at[Fe/H] = —2.0 (from just under 45 per cent to just over 45 per cent
to ~ 50 percent). The overall trends remain the same and, if
anything, we might be underestimating the fraction of confined stars.

The median apocentre and confined fraction are likely to depend
on the distance to the Galactic centre (Rgc). We confirm this in Fig.
8, which shows the distributions of the median apocentres (top) and
the confined fraction within 3.5 kpc (bottom) for two rings of Rgc.
The top panel shows that the median apocentre distribution peaks
strongly at lower apocentres for the inner Rgc ring. The bottom
panel shows the same trend as seen in the bottom panel of Fig. 7 for
both Rgc rings, but the overall fraction of confined stars is larger in
the inner Galactic radius ring — as expected.

4.3 VMP stars still show a coherent rotational signature

Previous work has suggested that the rotational signature of stars
around the Galactic centre disappears for VMP stars (Arentsen et al.
2020a; Lucey et al. 2021; Rix et al. 2022). These papers were limited
in various ways, but we can now re-address this question with larger
samples of VMP stars that have full orbital properties available. In
this section we derive how the azimuthal velocity around the Galactic
Centre behaves with metallicity.

For each of the 50 realizations of the PIGS sample (see Sec-
tion 3.2), we use an Extreme Deconvolution Gaussian Mixture Model
(XDGMM; see Bovy, Hogg & Roweis 2011) to fit the mean vy, Vg,
and v, and their velocity dispersions. Velocity uncertainties were
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Table 2. Results from the XDGMM fitting for mean velocity and velocity
dispersion for stars in the MP, IMP, and VMP samples with 1.5 < Rgc <
3.5 kpe.

v [kms™!'] vy [kms™!] v, [kms™!'] Amplitude
MP (N = 754)
n 9+2 78 +2 —-6+1
o 103+ 1 91+£2 2+1
IMP (N = 1829)
1 —4+3 78 +4 0+2 0.62 £0.03
o1 87+5 84 +2 88 +2
o 8+6 26£6 1+4 0.38 £0.03
o) 1527 139+ 6 150+ 4
VMP (N = 695)
n 6+3 20£3 3+1
o 134 +£2 123+ 3 127 +£2

Note. The values reported are the mean and standard deviation of the fits to the 50 MC
samples.

assigned per star taking from the 50 draws the 84th percentile minus
the 16th percentile divided by two (‘1¢7).

We attempt fitting multiple components for the MP, IMP, and
VMP samples. We employ the Bayesian Information Criterion (BIC)
to identify the preferred number of components — the lowest BIC
indicates the preferred number of components. We limit the fit to
stars within 1.5 < Rgc < 3.5 kpc (as the uncertainties are more
problematic for stars closer to the Galactic centre, see Section 4.3.2).
The results are summarized in Table 2 and Fig. 9. The figure shows
the BIC for the fits in the top row and the 1D v, distributions with
preferred Gaussian fits in the bottom row. The BIC for the VMP
and MP samples prefers one component, while the BIC for the IMP
sample prefers a two-component fit. The two components in the IMP
regime are a slowly rotating, hotter component (v4 = 18 kms™!, o
=133 kms~!, amplitude = 0.38) and a faster rotating, slightly cooler
component (04 = 78 kms™!, o = 86 kms~!, amplitude = 0.62).

It is still possible that there are multiple components in the VMP
and MP regimes, there do seem to be more stars at negative vy than
the 1D model represents in both the VMP and MP distributions.
One reason that an extra component would remain undetected might
be that for all PIGS stars, the velocity uncertainties are large, and
specifically in these two metallicity ranges there are ~2.5 times
fewer stars than the IMP range — this makes it difficult to detect
multiple components with significance. To test what the contribution
of the two halo components might be in the MP and VMP regimes,
assuming the same components are present as those identified in
the IMP regime, we re-ran the XDGMM with two frozen GMM
components, only varying the relative amplitudes. In this case, we
find the mean amplitudes for the hotter component to be 0.60 £ 0.02
in the VMP regime and 0.17 &£ 0.01 in the MP regime, thus for the
cooler component 0.40 £ 0.02 (VMP) and 0.83 £+ 0.01 (MP).

4.3.1 Mean velocities

For the following analysis, we fit one Gaussian component, in
metallicity slices of 0.25 dex wide. The results for vy as a function of
metallicity are shown in the top panel of Fig. 10, for stars with apoc-
entres <5 kpc (this predominantly removes stars in the hotter halo
component) and two ranges of median cylindrical Galactocentric
radius Rgc with roughly equal number of stars — blue circles are for
stars closer to the Galactic centre, green diamonds are for stars further
away. Each of the metallicity bins contains at least 150 stars, except
for [Fe/H] < —2.5 for the blue circles and [Fe/H] < —2.25 for the
green diamonds (those have between 30 and 110 stars). We also show
the results for stars with median apocentres of 5 — 15 kpc in grey
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Figure 9. Top: Bayesian Information Criterion (BIC) for the 3D XDGMM fit to the 50 VMP, IMP and MP samples, with the black dashed line showing the
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middle panel shows the two separate components in colour and their sum in black. The means of the XDGMM Gaussian fits are indicated by dashed lines and
in text in the top left corners. Note that the histograms are not corrected for the uncertainties, while the Gaussian curves come from the extreme deconvolution,

which takes into account the uncertainties.

squares. We find that for stars with Rgc > 1.5 kpc and apocentres less
than 5 kpc, the azimuthal velocity drops as a function of metallicity.
However, it does not drop to zero, even for VMP stars, which still
have a vy ~ 40 kms™!, independent of metallicity. We find a similar
trend for the sample with larger apocentres (grey symbols), although
the average vy is systematically lower in this sample, except for
stars with [Fe/H] > —1.5, where it is much higher. This is possibly
due to a starting contribution from the disc/bar. For PIGS stars with
Rge < 1.5 kpe, the azimuthal velocity appears to be constant with
metallicity at a level of ~45 km s~!, with a slight drop to ~35 km s~!
between —2.7 < [Fe/H] < —2.0. We find that the average vg and v,
are consistent with zero, see the bottom panel of Fig. 10, as expected.

To compare with azimuthal velocities for ‘typical bulge’ stars,
we use the reduced proper motion APOGEE bulge sample from
Q21, selecting metal-rich stars with [M/H] >0 in our three Rgc and
apocentre bins (limiting to |/| < 15° and |z| > 0.35 kpc to make the
footprint more similar to PIGS, see also Section 4.1). The median
v, for these samples is shown by the horizontal lines. The rotational
signature for the metal-rich APOGEE stars with Rgc > 1.5 kpc (vg4
= 108 kms™') and with apocentres between 5 and 15 kpc (v, =
168 kms™!) is stronger than the signal in PIGS for all metallicities.
For the inner Rgc bin, the APOGEE stars have the same azimuthal
velocity as the PIGS stars. The relative difference between metal-rich
and metal-poor becomes larger the further away from the Galactic
centre stars are located (and/or the larger their apocentres are), which
is not surprising given e.g. a larger fraction of disc contamination
in the metal-rich regime, and the disc becoming a more dominant
component further away from the centre.

4.3.2 Velocity dispersions

We also derive the velocity dispersion for our stars. These are
corrected for the uncertainties because we used extreme deconvo-

lution to fit the velocity distribution. If we do not split the sample
by apocentre, we find that the velocity dispersion strongly and
continuously increases for stars with decreasing metallicity, see
Fig. 11 (only including stars with 1.5 < Rgc < 3.5 kpc). This
appears to be mostly due to the increased fraction of stars with larger
apocentres at low metallicity (Fig. 7), which enhances the velocity
dispersion. For this sample, the velocity dispersions are similar
for each of the velocity components, and the anisotropy parameter
B =1—(0; +0;)/(207) is therefore low (~0.2 or below).

After removing stars with apocentres >5 kpc, the trend with metal-
licity is much less strong. There is still a weak trend of increasing
velocity dispersion with metallicity (for —2.0 < [Fe/H] < —1.0),
most strongly for vy and only very weakly for vg. The trends between
velocity dispersions and metallicity are possibly still due to the
different apocentre distributions at different metallicities. At every
metallicity in our sample, we find that v4/0, < 1 — the population is
pressure-supported.

We find spurious results for stars with Rgc < 1.5 kpe, with lower
velocity dispersions in vy and vg that are constant with metallicity
(or even decreasing) at ~75 kms~', and higher velocity dispersions
in v, rising from 90 kms™! at [Fe/H] = —1.0 to 120 kms™! at
[Fe/H] = —2.4. For stars this close to the Galactic Centre, a small
change in distance can place a star in front or behind the Galactic
Centre, changing the direction of its velocity. This results in non-
Gaussian velocity distributions for v, and vg (see Figure C1), and
these are not well-represented by the ‘1o’ uncertainties we assigned.
The vy and vy uncertainties for these stars are likely overestimated,
allowing the XDGMM to therefore find lower ‘intrinsic’ velocity
dispersions for these velocity components. This issue should not
affect v,, because it does not flip sign depending on the distance
to the star (although it does change in magnitude). We find that
the velocity dispersion for v, is about 10-15 kms~! higher for the
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Figure 10. Top: Azimuthal velocity vy as a function of metallicity [Fe/H]
for PIGS stars. The sample is split into three subsets: 0.5 < Rgc < 1.5 kpc
(low Rgc) ‘inner’ and 1.5 < Rgc < 3.5 kpe (higher Rgc) ‘inner’ (both with
median apocentres less than 5 kpc) and Rgc < 3.5 kpc ‘outer’ (with median
apocentres between 5 and 15 kpc). The markers and their error bars indicate
the mean and the standard deviation of each of the 50 PIGS realizations, using
the XDGMM. Small offsets in [Fe/H] have been applied for visual clarity. The
horizontal lines indicate the median vy for the Q21 reduced proper-motion
APOGEE sample with [M/H] >0 (plus spatial cuts, see Fig. 6), in the same
Rgc samples. Bottom: Vertical velocities v, and radial velocities vr as a
function of metallicity, for the same apocentre <5 kpc samples as above.

Rge < 1.5 kpe sample compared to the higher Rgc sample, down
to [Fe/H] = —2.2. This suggests that the metal-poor inner Galaxy
population has a (slightly) higher velocity dispersion closer to the
Galactic centre.

4.4 No evidence for different kinematics for CEMP stars

CEMP stars are chemically peculiar VMP stars with large over-
abundances of carbon ([C/Fe] > 0.7). A large fraction of VMP stars
(~ 10 — 30 per cent, and larger towards lower metallicity) is thought
to be carbon-rich (e.g. Placco et al. 2014; Arentsen et al. 2022), so
it is important to understand them better. They are thought to have
either received a large amount of carbon from a former asymptotic
branch star binary companion (CEMP-s; see e.g. Lucatello et al.
2005; Bisterzo et al. 2010; Abate et al. 2015), or were born with their
large carbon abundance (CEMP-no). The latter type is thought to be
connected to the properties of the First Stars and their explosions
(see e.g. Umeda & Nomoto 2003; Chiappini et al. 2006; Meynet,
Ekstrom & Maeder 2006; Nomoto, Kobayashi & Tominaga 2013;
Tominaga, Iwamoto & Nomoto 2014).

MNRAS 530, 3391-3411 (2024)
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Figure 11. Velocity dispersions in the three cylindrical velocity components
as a function of metallicity, for stars with 1.5 < Rgc < 3.5 kpc and apocentre
<5 kpc (large solid symbols) and for stars with all apocentres (smaller
semitransparent symbols). Small offsets in [Fe/H] have been applied for
visual clarity.

Arentsen et al. (2021) found that the fraction of CEMP stars
appears to be lower in PIGS than in other VMP surveys that
target the halo. The authors suggested that this difference could
indicate differences in the early chemical evolution and/or binary
fraction between the building blocks of the inner Galaxy and the
rest of the halo (see also Howes et al. 2016; Pagnini et al. 2023,
for discussions around low CEMP fractions in the inner Milky
Way). Other explanations for the apparently low CEMP fraction
in PIGS could be photometric selection effects in the Pristine survey
(Arentsen et al. 2021) and/or systematic differences in the analysis
and sample selection biases of comparison halo samples (Arentsen
et al. 2022). However, it is likely that these cannot fully explain the
low fraction of CEMP stars in PIGS (as argued by those authors),
and we might therefore expect to see a difference in the orbital
properties between the CEMP stars and carbon-normal stars with
similar metallicities in PIGS. If the fraction of CEMP stars is lower
in the large early Galactic building blocks, we would expect the
CEMP stars that are currently in the inner Galaxy to come from
smaller building blocks, and hence to be less confined.

An important caveat when looking at the orbital properties for
CEMP stars in PIGS is that there might be systematic effects in the
derived STARHORSE distances of CEMP stars. The first reason for this
is that STARHORSE includes photometry in the distance derivation, and
the photometry for CEMP stars can be different from that of normal
VMP stars due to large molecular carbon-bands being present in the
spectrum (see e.g. Da Costa et al. 2019; Chiti et al. 2020). This effect
is very sensitive to the effective temperatures and carbon abundances
of the CEMP stars, being worse for cooler and more carbon-rich
stars. It typically makes stars look fainter in filters that contain
strong carbon features (e.g. gps), but the effects have not yet been
quantified systematically. The second reason is that the PIGS/FERRE
stellar parameters for very carbon-rich objects are sometimes less
accurate — especially the surface gravities, which are found to be
systematically lower for CEMP stars than for carbon-normal VMP
stars (Arentsen et al. 2021). These issues (biased photometry and
spectroscopic stellar parameters) might be expected to be worse for
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Figure 12. Orbital properties of carbon-normal and CEMP stars. Top:
[Fe/H]-[C/Fe] diagram colour-coded by STARHORSE distance. CEMP stars
have [C/Fe] > 0.7 (above the dashed horizontal line). Bottom: Apocentre
distributions for carbon-normal and CEMP stars in two metallicity ranges.

CEMP-s stars, which typically have higher [Fe/H] and [C/Fe] and
therefore stronger carbon features than CEMP-no stars.

The top panel of Fig. 12 presents the carbon abundances as a
function of metallicity for the VMP stars in the sample used in this
paper, colour-coded by STARHORSE distances. We find that most of
the very carbon-rich stars ([C/Fe] > 1.5) have large distances from
the Sun (d > 20 kpc). This is likely due to the above-described
caveats, and not necessarily because they truly are that far away.
The moderately carbon-enhanced (0.7 < [C/Fe] < 1.5) CEMP stars
appear to be less drastically affected, although there could still be
subtle systematic issues with their distances.

Keeping these caveats in the back of our minds, we select all stars
in our sample with Galactocentric distances <5 kpc (which removes
the drastic outliers above), and present the apocentre distributions for
carbon-normal stars ([C/Fe] < 0.5) and CEMP stars ([C/Fe] > 0.7)
in the bottom panels of Fig. 12. We split it into two metallicity
bins, since we previously found that the number of halo interlopers
varies with metallicity (see Fig. 7). The apocentre distributions for
CEMP and carbon-normal stars look very similar, possibly with a
slight offset to larger apocentres for the CEMP stars. A Kolmogorov—
Smirnov (KS) test suggests that there is no evidence for the C-normal
and CEMP stars coming from different underlying populations (KS
statistics of 0.15 and 0.20, and p-values of 0.49 and 0.68, for —2.5 <
[Fe/H] < —2.0 and [Fe/H] < —2.5, respectively, meaning that there
is no statistically significant difference). Given the limitations of the
data and our approach, we conclude that further work is necessary
to investigate the origin of CEMP stars in the inner Galaxy.

5 DISCUSSION

We first briefly discuss some of the limitations of our data and
our approach. We then dive into a comparison with the literature
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and possible interpretations of our results, and finally discuss some
directions for future work.

5.1 Possible limitations

As discussed earlier while describing the results, there are some
limitations as to what is possible to derive from the data alone
given the large uncertainties on some of the parameters (distance,
in particular). Systematic biases might also affect the results.

For the distances, systematic biases could, for example, come from
limitations in the STARHORSE analysis. We used one set of isochrones
(PARSEC), but it is well-known that there are some variations
between different isochrone sets (and there may also be systematics
between models and data). These variations tend to be larger for
metal-poor stars, where the assumptions on physical processes are
less well-constrained. Testing STARHORSE with different isochrone
sets is beyond the scope of this work, but this might be an interesting
exercise for future work. Furthermore, the extinction law has been
fixed in the STARHORSE analysis, although it has been shown that the
extinction law may vary across the sky as well as in the inner Milky
Way region (e.g. Nataf et al. 2016; Schlafly et al. 2016). Finally, the
density priors assumed in STARHORSE may drive the derived distances
for some stars, but Queiroz et al. (2018) show that this is only the
case for stars with large uncertainties (e.g. very distant stars, such as
Sgr stars, see Appendix A).

We tested the effect of a systematic shift in distances and whether
it could potentially produce a spurious v, signal (especially closer
to the Galactic centre) or significantly impact the estimates of the
confined fraction. We tested the effect of possible biased distances
by artificially reducing or increasing the distances by 15 per cent,
the median uncertainty for the distances of MP to VMP stars (see
Fig. 3), and rerunning our key analyses. We find that the main
conclusions/results of this paper do not change if the distances would
be biased by this amount, although some of the details would be
different — see Appendix C for further discussion.

Additionally, the LSR assumption could also affect the mean
azimuthal velocity. For stars in the bulge region (i.e. to the first
order in Galactic longitude /, and in the Galactic plane, b = 0), the
tangential velocity vy is

v, A — [SZ(U +Up) — (Ro —s)(V + U@):|
’ [Ro —s] ’
where v = vy + Vg, s is the distance, and U and V are the stars
Cartesian velocities (in the x and y direction respectively) with the
respect of the Sun. Hence, for Ug and vg off from their true values
by AUg and Avg,
SIAUO — (RO - S)AUO:|
|Ro — sl )

(&)

(6)

AU¢%—|:

However, especially in the VMP range, we have stars on both
sides of the Galactic centre in terms of distance (changing the
sign of Ry — ) as well as in longitude (changing the sign of /).
Calculating Avg for VMP stars in PIGS with 1.5 < Rgc < 3.5 kpc,
taking combinations of AUy = +10kms~' and Avg = +10kms™!
(which are extreme values), | Avg| is always less than 15 kms~!. Any
reasonable uncertainty in the LSR can therefore not remove the net
rotational signal that we find.

It is also possible that Gaia systematics towards the bulge have
an effect on our results. Luna et al. (2023) found that the proper
motion uncertainties in Gaia DR3 are underestimated in crowded
bulge regions, up to a factor of 4 in fields with stellar densities larger
than 300 sources per arcmin?. However, most of our sample is not in
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the extremely crowded regions of the bulge but in its outskirts, so it
is unlikely to have a large effect.

Another limitation of part of our analysis, is that we must necessar-
ily assume a potential to represent the gravitational field of the Milky
Way and integrate the orbits of stellar particles for each star in PIGS.
Although the S22 potential is one of the most up-to-date potentials
for explaining the kinematics and distribution of stars in the Galactic
centre, it is, as with all current Milky Way models, a simplification
of the complexity of the Milky Way. In our analysis we compared
the results with the axisymmetric version of the S22 potential,
and with two other axisymmetric potentials — which showed no
significant changes to our main results. However, remaining among
the non-axisymmetric models, even the S22 potential would require
extensions, first of all the inclusion of spiral arms. These could change
the orbital properties of PIGS stars, and for example induce radial
migration for some of them, both in the case of recurring spirals
with changing pattern speed (Sellwood & Binney 2002) or in the
case of overlapping bar/spiral arms resonances (Minchev & Famaey
2010). However, at the moment there are no detailed models of the
spiral arms of the Milky Way, both because the parameter space is
extremely large and because the data are very difficult to interpret
unambiguously. Another possibility, is that the bar’s pattern speed
changed with time (e.g. Chiba, Friske & Schonrich 2021). A changing
bar’s pattern speed can facilitate radial migration as the position of
resonances (especially corotation) changes over time. The bar may
bring out a fraction of the stars in the Galactic centre, but the variation
in pattern speed over time must be quite high (Li et al. 2023; Yuan
et al. 2023). In any case, exploring all these (still rather vague)
possibilities is outside the scope of this paper.

As discussed in previous PIGS papers (Arentsen et al. 2020b,
2021), the selection function of PIGS is complex. The targets were
selected based on their brightness and their location in the metallicity-
sensitive Pristine colour—colour diagram, with the most metal-poor
candidates having the highest priority and the rest of the fibres
being filled with stars of increasing metallicity. Our main goal
was to get as many of the most metal-poor stars as possible, not
to have a homogeneous selection function. This main goal drove
our observational strategy, which we optimized during the course
of the survey based on our earlier observations (e.g. changing the
source of broad-band photometry, updating the CaHK photometric
calibration, using different extinction maps, changing colour and
magnitude ranges, etc.). Throughout the PIGS follow-up effort, we
did not yet have a homogeneous and finalised photometric catalogue,
nor calibrated photometric metallicities, and we selected the best
candidates in each field relative to the other stars in that field only.
As a result, the selection function will be slightly different across
our 38 different AAT pointings, which leads to differences in the
distributions of the metallicities and distances. We also do not have
a complete understanding of the sources of contamination (metal-
rich stars) in our sample, which also depend on the extinction. In
summary, other kinds of samples (like those based on Gaia, e.g.
Rix et al. 2022) might be better suited for analyses that require
knowledge of the selection function, such as estimates of the mass
and/or the metallicity distribution function of the metal-poor inner
Galaxy population.

5.2 Comparison with the literature and interpretation

5.2.1 Fraction of confined stars/halo interlopers

Previous work studying the confinement of metal-poor stars to the
inner Galaxy found a range of different fractions. The first orbital
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properties for a set of VMP stars ([Fe/H] < —2.5) were published by
Howes et al. (2015); this was pre-Gaia so the authors used OGLE-
IV (Udalski, Szymanski & Szymariski 2015) proper motions and
distances based on absolute magnitudes. They found that 3 out of
10 stars had apocentres less than 3.5 kpc, and 7 out of 10 stars had
apocentres less than 10 kpc. These fractions are in good agreement
with ours for stars in the same metallicity range (30 — 40 per cent
and ~ 80 per cent for 3.5 and 10 kpc, respectively).

Kunder et al. (2020) find that 75 per cent of their RR Lyrae sample
was confined to within 3.5 kpc. The metallicity distribution function
of their stars peaks around [Fe/H] = —1.4 (Savino et al. 2020) —
our fraction of stars confined to within 3.5 kpc at this metallicity
is around 60 percent. One possible explanation for the difference
is the fact that their observations are located closer to the Galactic
plane than ours. For stars in our sample with 0.5 < Rgc < 1.5 kpc
at this metallicity the confined fraction is over 80 per cent (see Fig.
8). Given the differences between the surveys (e.g. spatial coverage,
target types, Galactic potential, definition of a confined star), our
results are in good agreement. Kunder et al. (2020) refer to the stars
with apocentres larger than 3.5 kpc as ‘halo interlopers’ and suggest
they are part of a different Galactic component compared to the
more centrally concentrated RR Lyrae, but most of these still have
apocentres <8 kpc.

Lucey et al. (2021) studied the fraction of confined stars in their
sample of metal-poor inner Galaxy stars from the COMBS survey,
and also find a decreasing fraction with decreasing metallicity. Their
absolute values, however, are roughly a factor of two lower than ours:
30 per cent around [Fe/H] = —1.0 and ~20 per cent for VMP stars,
for stars confined to within 3.5 kpc for 75 per cent of Monte Carlo
samples. They concluded most of the metal-poor stars in the inner
Galaxy are therefore ‘halo interlopers’ based on their apocentres.
Their sample size is significantly smaller than ours (~35 stars for
[Fe/H] < —1.5), and we also find when comparing to their R — z
distribution for [Fe/H] < —1.5 that, compared to PIGS, their stars
are typically more distant from the Galactic centre and at higher
latitude — these are less likely to be closely confined.

Rix et al. (2022) find that most of the metal-poor ((M/H] <—1.2
in this particular analysis) stars in their inner Galaxy sample have
apocentres less than 5 kpc, but they do not provide a specific fraction.
They also find that more metal-poor stars have a larger tail towards
higher apocentres and eccentricities. Our results are in qualitative
agreement, and we are likely probing the same population.

In the PIGS high-resolution spectroscopic follow-up sample of
Sestito et al. (2023), 7/17 (41 per cent) VMP stars have apocentres
less than 5 kpc, and only 3/17 (19 percent) stay within 3.5 kpc.
These fractions are slightly lower compared to the results in this
work, which may partly be due to the high-resolution follow-up
being performed for brighter stars that are closer to us and therefore
further away from the Galactic centre.

The number of halo interlopers in the inner Galaxy has also
been studied indirectly by Yang et al. (2022), using LAMOST stars
currently beyond 5 kpc whose orbits bring them into the inner Galaxy
(within 5 kpc). They estimate the total luminosity of the halo inter-
loper population and compare to the results by Lucey et al. (2021)
to derive the interloper fraction in the inner Galaxy: 100 per cent for
[Fe/H] < —1.5 and 23 percent for —1.5 < [Fe/H] < —1.0. This
does not match at all with our results, likely because it has been
calibrated against the incomplete and sparse sample of Lucey et al.
(2021). They also use the mass estimate of the metal-poor inner
Galaxy ([M/H] <—1.5) by Rix et al. (2022), which is >108 Mg,
to redo the calculation and find the fraction of halo interlopers with
apocentres <5 kpc to be more minor, less than 50 per cent.
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Overall, we find that our estimates of the fraction of confined
metal-poor inner Galaxy stars are consistent with previous results in
the literature. Thanks to the large sample size, range in metallicity
and spatial coverage of PIGS, our estimates are likely the most
representative of the underlying population.

5.2.2 Origin of the central metal-poor population

The consensus of these works as well as from PIGS is that there is
a population of metal-poor stars confined to the inner Galaxy, which
would have largely been missed by previous ‘typical halo’ surveys
that do not probe within ~5 kpc of the Galactic centre (although
it was included in several RR Lyrae studies). As discussed in the
introduction, galaxy simulations typically show signatures of ancient,
metal-poor, centrally concentrated, spheroidal populations in Milky
Way-like galaxies. Such a concentration was found in the Milky Way
by Rix et al. (2022), who refer to it as the proto-Galaxy (or the ‘poor
old heart’ of the Milky Way), as well as in Kunder et al. (2020) for
RR Lyrae stars, who refer to it as a classical bulge component. The
bulk of the stars in this population would have been accreted early
on in a galaxy’s history, when it was much less massive, or formed
inside the main progenitor halo. However, the distinction between
the main halo and an accreted galaxy for these early building blocks
(in spatial distribution, dynamics, and chemistry) may not be very
clear if they are of similar mass, see e.g. the analyses of Auriga and
FIRE simulations by Orkney et al. (2022) and Horta et al. (2023a),
respectively. We next discuss various literature works regarding the
origin of the metal-poor inner Galaxy population(s), and how our
results fit in.

In-situ population — Belokurov & Kravtsov (2022) gave the name
Aurora to the metal-poor pre-disc in-situ population of the Milky Way
— those born in the main progenitor. It has been identified among
Solar neighbourhood stars with [Fe/H] 2 —1.7, and the connection
between Aurora and the (very) low-metallicity inner Galaxy can
be inferred, but has not yet been established. However, Belokurov
& Kravtsov (2024) show that the Aurora stars must be strongly
centrally concentrated, following the very steep density profile to
globular cluster-like stars, and Belokurov & Kravtsov (2023) use the
[Al/Fe] abundances of APOGEE stars to suggest a cut in energy and
angular momentum below which most stars are expected to have
been born in-situ. This cut is constant for L./10° < —0.58 at the
Eamwi4/10° = —1.3 km? s~2 level and slightly dependent on L, for
higher L., see their equation (1).

We present the E-L, diagram for stars in the PIGS sample in Fig.
13, split by metallicity bins. We find that the Aurora level corresponds
to Eg2,/10° = —0.6 km? s~2 in our potential and shift equation (1)
from Belokurov & Kravtsov (2023) to the appropriate level for our
potential — it is plotted as the orange dash—dotted line in Fig. 13
and goes through the low-density energy tail of the PIGS population.
This cut is roughly similar to a cut in median apocentre of <10 kpc in
our PIGS sample — according to this definition of ‘halo interlopers’
there would only be < 20 per cent of these across the entire PIGS
metallicity range, down to at least [Fe/H] = —2.5 (see Fig. 7).

Belokurov & Kravtsov (2023) find that around 20-30 per cent
of stars below the Aurora boundary are chemically classified as
accreted, which may partly be contamination due to uncertainties
in the abundances, and/or these may be stars from the very early
evolutionary phase of Aurora before [Al/Fe] became high [see e.g.
the discussions in Horta et al. (2021a) and Myeong et al. (2022)], and
likely there are some truly accreted stars in this region as well. The
Aurora boundary has been determined for stars with [Fe/H] = —1.5

PIGS orbits 3405

—1.0 < [Fe/H] < —0.5

—1.5 < [Fe/H] < —=1.0
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Figure 13. Energy versus angular momentum for PIGS stars with Rgc <
3.5 kpc in our four different metallicity ranges, colour-coded by density.
Energy levels used by Horta et al. (2021a) and Belokurov & Kravtsov (2023)
are indicated (after correcting for differences in the employed potentials,
see text). The Sun has an energy of —0.57 x 10° km? s~2 in our employed
potential (S22).

(and mostly for stars in the solar Neighbourhood), due to a lack of
more metal-poor stars with abundances in APOGEE and due to the
difficulty to chemically separate in-situ and accreted stars for lower
metallicities. The fraction of accreted stars below the Aurora line
may be higher at lower metallicity.

Large building blocks — The possibility of identifying the larger
building blocks to the primordial Milky Way is under discussion,
but not entirely excluded. Kruijssen et al. (2020) use the globular
cluster system of the Milky Way (with their ages and metallicities)
to infer a large accretion event having taken place early on in
the Galaxy’s history (which they name Kraken) — this population
would be centrally concentrated. Horta et al. (2021a) use chemistry
([Mg/Mn] versus [Al/Fe]) to identify accreted stars in APOGEE
(with some contamination fraction due to in-situ stars born in the
‘unevolved’ phase of the early Milky Way), and find that there
is a large population of these stars centrally concentrated in the
bulge region, which they name Heracles and which peaks around
[Fe/H] = —1.3.

The energy level within which Horta et al. (2021a) find most of
these stars to be present is Eypy17 = —2.0/10° km? s =2, corresponding
to Esy = —1.0/10° km?s~2 in our potential, which is shown as
a blue dashed line in Fig. 13. This cut roughly corresponds to a
limit of ~5 kpc in the apocentre distribution of our PIGS stars,
and closely follows the edge of our high-density distribution in E-
L, for [Fe/H] < —1.5. The rough extent of the proto-Galaxy as
determined by Rix et al. (2022) was also ~5 kpc. Note that Lane,
Bovy & Mackereth (2022) suggested that the energy cut used by
Horta et al. (2021a) was not necessarily physical and was the result
of the APOGEE selection function, but we find that it matches well
with our concentrated population of ancient inner Galaxy stars. So it
does appear to be physical — there is a metal-poor stellar population
that drops off steeply beyond this energy level — but it cannot be
used to separate accreted from in-situ stars. For example, Horta et al.
(2023a) show that, in simulations, stars from large early building
blocks (of not much lower mass than the Milky Way main progenitor)
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have very similar present-day spatial distributions compared to the
in-situ stars.

According to the E-L, definition of Belokurov & Kravtsov (2023,
2024), both the Kraken globular clusters and the Heracles stars are
considered part of Aurora, hence born in-situ — this was also argued
by Myeong et al. (2022) based on similarity between Heracles and
Aurora in various chemical spaces. Horta et al. (2023b) show that
there is a statistical difference between the detailed chemistry of the
Heracles building block and Aurora stars — this might partly be due
to the Heracles stars being selected to have specific chemistry (low
[Al/Fe] and high [Mg/Mn]), but the authors argue that their results
are still an indication that the Heracles stars are of distinct origin
from the in-situ stars.

Furthermore, the contribution from Gaia-Sausage/Enceladus
(GS/E; Belokurov et al. 2018; Helmi et al. 2018), which was accreted
more recently (~10 Gyr ago), is expected to be small in the inner
few kpc of our Galaxy. This is especially true among confined stars,
since GS/E stars typically have low energies (above the orange line
in Fig. 13) and very radial orbits with large apocentres. But if any
GS/E debris is present/confined in the inner Galaxy, it is more likely
to be metal-rich since those stars are expected to have been most
tightly bound to the GS/E progenitor and therefore sunk deepest in
the MW potential (e.g. Amarante et al. 2022; Orkney et al. 2023).
GS/E is therefore unlikely a significant contributor to the metal-poor
inner Galaxy.

Small building blocks — The expectation is that smaller dwarf
galaxies should have contributed to the primordial Milky Way as
well, although their total mass contribution is expected to be minor
according to e.g. the analysis of the FIRE simulations by Horta et al.
(2023a) — they find that a proto-Milky Way is typically dominated
by one or two dominant systems and a few smaller ones. Small
(and/or very small) building blocks may contribute more in the
lower metallicity tail of the population; see e.g. Orkney et al. (2023),
who investigated the fraction of ex-situ/accreted stars in the Auriga
simulations. Focusing on Rgc < 5 kpc, they find that the fraction
of accreted stars (from a range of progenitors) steadily rises with
decreasing metallicity. In their main simulation, the accreted fraction
is ~35 percent for [Fe/H] = —1.5 and rises to 60/70 per cent for
[Fe/H] < —2.0 and <—2.5, respectively. The accreted fraction of
[Fe/H] < —2.5 stars is between 60 and 80 per cent for nine out of
their ten Milky Way simulations, only one simulation has a somewhat
lower fraction of 40 percent. These numbers do not significantly
change when considering stars that have apocentres within 5 kpc
(instead of just their present-day location). The decrease in fraction
of tightly confined stars with decreasing metallicity we observe
in PIGS (Fig. 7) might be connected to the increase in accreted
stellar populations. It is worth noting that our metallicities are not
necessarily on the same scale as those in the simulations, but the
trends remain.

Finally, as discussed in the introduction, it has also been shown
that the fraction of stars with globular cluster-like chemistry (based
on their high nitrogen abundances) is larger in the inner Galaxy
(Schiavon et al. 2017; Horta et al. 2021b; Belokurov & Kravtsov
2023). The latter authors argue that these mostly come from disrupted
in-situ globular clusters — and are therefore part of the same
population as Aurora. All these studies are based on APOGEE data,
typically for metallicities of [Fe/H] 2 —1.7, and it is still an open
question what the contribution of disrupted globular clusters might
be for VMP stars. Some VMP stars in the inner Galaxy do appear
to come from globular clusters; Sestito et al. (2023) found two stars
with [Fe/H] < —2.5 that show the typical globular cluster signature
of enhanced [Na/Mg]. Arentsen et al. (2021) discussed the possibility
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that the apparently low fraction of carbon-enhanced very metal-poor
s-process enhanced (CEMP-s) stars in the inner Galaxy could be due
to a lower VMP binary fraction, which in turn could be due to a
larger contribution from disrupted globular clusters (that have low
binary fractions). However, further work on the chemistry of inner
Galaxy VMP stars is necessary to investigate the role of disrupted
VMP globular clusters in this region.

5.2.3 Rotational properties of the metal-poor inner Galaxy

Simulations show that proto-galactic populations typically show
weak but systematic net rotation up to a few tens of kms™!
(Belokurov & Kravtsov 2022; Chandra et al. 2023; McCluskey et al.
2024; Horta et al. 2024). We indeed find rotation for PIGS metal-poor
inner Galaxy stars (Fig. 10). Our results are consistent with previous
work that also found some azimuthal velocity among metal-poor
inner Galaxy stars and/or local likely in-situ stars (Wegg et al. 2019;
Kunder et al. 2020; Lucey et al. 2021; Belokurov & Kravtsov 2022;
Conroy et al. 2022; Rix et al. 2022), although Rix et al. (2022) claim
that there is no net rotation among inner Galaxy stars with [M/H]
<—2.0. A net vy of ~+70 kms~! has also been found for metal-
poor ([Fe/H] < —1.0) in-situ globular clusters with Rgc < 5 kpc
(Belokurov & Kravtsov 2024), where in-situ was defined using the
E-L; Aurora boundary.

A proto-galactic population could have been spinning since its
formation (e.g. due to a net angular momentum from the combination
of building blocks), but this does not have to be the case — in their
simulations, McCluskey et al. (2024) show that the oldest in-situ
stars were born with low velocity dispersion and no net rotation,
but currently this population has the highest dispersion and has been
spun up (and flattened) over time (see also Chandra et al. 2023).
The mechanism(s) for the spinning up of the primordial Milky Way
are still under discussion — the growing disc likely plays a role,
as well as the Galactic bar, which can severely affect the orbits
of stars, moving them onto preferentially prograde orbits (see e.g.
Pérez-Villegas, Portail & Gerhard 2017; Dillamore et al. 2023).
Preferentially prograde merger events could also add to the spin
of the ancient inner Galaxy population.

In our PIGS sample, we find that the azimuthal velocity decreases
as a function of metallicity for stars with 1.5 < Rgc < 3.5 kpc
between —2.0 < [Fe/H] < —1.0 (Fig. 10), even after removing halo
interlopers with large apocentres. It remains roughly constant for
[Fe/H] < —2.0, with vs ~ 40 kms™'. We also find that v, stays
constant with metallicity at a similar vy closer to the Galactic centre
(Rgc < 1.5 kpe), across all metallicities (possibly with a slight drop
for [Fe/H] < —2.0). One effect to keep in mind is that the more
metal-rich stars in our sample are typically slightly further away
from the Galactic centre than the more metal-poor stars (see Fig. 5)
even within our selected rings of Rgc, which might allow them to
have slightly higher net azimuthal velocities. A rise in rotation is also
seen in the metal-rich APOGEE data from Q21, which has higher
vy further away from the Galactic centre — this might be related to
the rise in the rotation curve of the Galaxy (although in APOGEE it
might also be connected to a rising contribution from the disc/bar).

In previous work with the PIGS data (Arentsen et al. 2020a), the
rotation curve was studied as a function of metallicity by projecting
the radial velocities with respect to the Galactic centre. They observed
that there was no significant rotational signature for stars with
[Fe/H] < —2.0. This difference with the results in this work may
be due to several factors: the previous work did not do a cut on
apocentre and therefore included many ‘halo interlopers’ (which
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have small azimuthal velocities), the sample of VMP stars was only
half the size (and less well-distributed in / and b), and there is limited
sensitivity when only using projected radial velocities.
Additionally, Rix et al. (2022) claim to find no net rotation among
inner Galaxy VMP stars, looking at J;; / Ji, (see their fig. 6). However,
compared to PIGS, their analysis is limited to stars with slightly
larger apocentres (3—7 kpc, partly because their kinematics sample
has larger distances from the Galactic centre), and their figure does
not actually show a drop to completely zero rotational support for
[M/H] <—2.0. Their results are therefore not in conflict with ours.

5.2.4 Interpretation

There are currently no predictions for velocity trends with metallicity
within proto-galactic populations to compare to. We can, however,
speculate about the origin for the trends in the PIGS data. Previously,
Arentsen et al. (2020a) interpreted the trend of decreasing inner
Galactic rotation and increasing velocity dispersion as a function of
metallicity in PIGS (see also the small symbols in Fig. 11) as the result
of a density transition between two overlapping populations: the
metal-rich, cylindrically rotating bulge that formed from the disc and
a hotter metal-poor halo component with no net rotation. However,
the cylindrically rotating bulge is shown to be predominantly made
up of stars with [Fe/H] > —1.0 with no strong tail towards lower
metallicities, and stars with [Fe/H] < —1.0 are usually interpreted
as coming from the halo or a spheroidal bulge component (e.g. Q21;
Wylie et al. 2021; Razera et al. 2022). This is consistent with recent
works suggesting the MW thick disc does not start to form until
[Fe/H] ~ —1.3 and only becomes prominent above [Fe/H] = —1.0
(e.g. Belokurov & Kravtsov 2022; Chandra et al. 2023). It there-
fore appears unlikely that the v, trend with [Fe/H] is (entirely)
due to a transition between metal-poor halo and metal-rich discy
bulge.

Recently, Zhang, Ardern-Arentsen & Belokurov (2023) used the
Andrae et al. (2023) metallicities and kinematics from Gaia to
fit Gaussian Mixture Models to the velocity distributions of Solar
neighbourhood stars. They showed that there appear to be two
different halo components (separate from GS/E) in the metal-poor
and very metal-poor regime — a stationary halo with v, ~ Okms™!
and o,, ~ 130km s~! and a prograde halo with U4 ~ +70kms™!
ando,, ~ 90km s~! (which they suggest might be related to Aurora).
They find the stationary halo to be dominant for [M/H] <—2.0
(although the prograde halo is still present), and for —2.0 < [M/H]
< —1.0 the prograde halo takes over while the contribution from
the stationary halo drops strongly (and the disc becomes a relevant
component for [M/H] >—1.3).

If these two halo components are also present in the inner Galaxy,
as suggested by our detection of two components in the IMP regime
with similar mean and dispersion in v, (Section 4.3 and Table 2)
compared to the two inner halo components in Zhang et al. (2023),
we might interpret the trends we see between vy, 0y, and [Fe/H]
for 1.5 < Rgc < 3.5 kpc as a change in contributions from the
stationary and prograde halos. The fraction of the cooler and faster
component in our analysis varies from 0.83 to 0.62 to 0.40 for the
MP, IMP, and VMP regimes, respectively. Connecting it to the rest
of the discussion here as well as that in Zhang et al. (2023), this
suggests a transition from predominantly ‘accreted’ stars (or smaller
building blocks) at lower metallicity to predominantly ‘in-sifu’ stars
(or larger building blocks) at higher metallicities. We find that our
slower halo component still has a slight rotation (vy = 26 kms™!,
as opposed to the ‘stationary’ component by Zhang et al. (2023).
Our estimate is for stars with 1.5 < Rgc < 3.5 kpc, while Zhang
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et al. (2023) focus on stars closer to the Solar neighbourhood — it
is possible that this component rotates faster closer to the Galactic
centre. Along the same line of reasoning, the population of stars
even closer to the Galactic centre (0.5 < Rgc < 1.5 kpc, for which
Uy ~ +45 kms™! independent of metallicity, may be dominated by
the in-situ population at all metallicities.

5.3 Future work

There is limited information currently available for the metal-poor
inner Galaxy. In this work we employed spectroscopic metallicities
and dynamical properties for thousands of metal-poor inner Galaxy
stars, which have been observed with low/medium-resolution spec-
troscopy. Improvements in both the chemistry and dynamics could
be made with higher resolution spectroscopic observations.

The dynamics will be improved thanks to the improved proper
motions in the next Gaia data release, but in particular the dynamics
would improve if it were possible to get more precise distances. One
limitation is the parallax quality, which will only get slightly better
in the next Gaia data release. On the other hand, higher resolution
spectra would allow for more precise stellar parameter estimates,
which would improve the STARHORSE distance estimates. In addition,
more work could go into investigating how appropriate the adopted
isochrones are for VMP stars (as well as e.g. HB stars). Finally, there
is still much to learn about (inhomogeneous) extinction towards the
Galactic bulge, which also impacts distance estimates that include
photometry.

Higher resolution spectroscopic follow-up also allows for the mea-
surement of elemental abundances other than just ‘metallicity’ (and
carbon). The current samples of high-resolution observations in the
inner Galaxy are relatively small and/or inhomogeneous, although
we have already learned a lot from them (see the Introduction).
Large, homogeneous samples of metal-poor inner Galaxy stars will
be observed with the upcoming Southern hemisphere 4-m Multi-
Object Spectroscopic Telescope (4MOST; de Jong et al. 2019). Over
25000 metal-poor candidates pre-selected from PIGS photometry
will be observed in the VMP_PIGS sub-survey (more details in
a future paper, Ardern-Arentsen et al. in preparation) within the
4MIDABLE-LR consortium survey (Chiappini et al. 2019), as well as
VMP candidates based on metallicities from STARHORSE + Gaia XP
spectra. The LR mode in 4MOST is significantly higher resolution (R
~ 6500) than what is currently available in terms of ‘low-resolution’
surveys (which are more typically R < 2000). A variety of chemical
abundances is expected to be derived from these spectra, among them
carbon abundances, individual alpha and iron-peak elements, as well
as some s-process elements. This will be the first large sample of
thousands of very metal-poor inner Galaxy stars with chemical abun-
dances beyond simple metallicity. There will also be some dedicated
follow-up of VMP candidates in the high resolution 4AMIDABLE-HR
survey (Bensby et al. 2019), for which detailed chemical abundances
from all nucleosynthetic channels are expected to be derived. Other
ongoing and upcoming surveys will also target the inner Galaxy
[e.g. SDSS-V, Kollmeier et al. (2019) and MOONS, Cirasuolo et al.
(2011)], but they are not necessarily targeting VMP stars specifically,
and/or focusing on the infrared, which has fewer lines for VMP
stars.

What are the questions that can be probed with these large
samples of homogeneous chemical abundances? Hopefully these
large samples of stars with homogeneous chemical abundance will
shed light on the origin of inner Galaxy metal-poor stars, e.g. are
they more likely to have been born in the main progenitor of the
Milky Way, or in a small dwarf galaxy? What were the properties of
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the First Stars in different environments, and how did they affect the
next stellar generations? What kind of CEMP stars are present in the
inner Galaxy? What is the contribution of disrupted globular cluster
stars in the VMP regime? Additionally, in such a large homogeneous
data set, there is also ample opportunity for unexpected discoveries.

Finally, to be able to compare our dynamics results to simulations,
the right approach would be to forward model those to take into ac-
count the effect of large parameter uncertainties in the observations.
This is beyond the scope of the current work, but is certainly worth
revisiting in the future.

6 SUMMARY AND CONCLUSIONS

In this work, we investigated the dynamical properties of (very)
metal-poor stars in the inner Galaxy, using spectroscopic data from
PIGS (Arentsen et al. 2020b). Metal-poor stars in the central regions
of the Milky Way are expected to be among the oldest in our Galaxy.
We derived spectro-photometric distances for the stars in PIGS using
STARHORSE (Santiago et al. 2016; Queiroz et al. 2018), which have
typical uncertainties between 10 — 20 per cent (Fig. 3). Combining
these with radial velocities from PIGS and proper motions from Gaia,
we derive orbital properties by integrating the stars in the Portail et al.
(2017)/S22 potential, which includes a realistic representation of the
Galactic bar. After spectroscopic and photometric quality cuts, there
are ~7500 stars in the final sample used for our dynamical analysis,
of which ~1700 have [Fe/H] < —2.0 (VMP stars). This is the largest
sample of VMP stars with detailed dynamical properties in the inner
Galaxy.

With this paper, we release all the PIGS spectroscopic data
products (see Appendix D). This includes the stellar parameters from
two independent methods and the radial velocities, for which the
methods are described in Arentsen et al. (2020b), and the dynamical
properties inferred in this work, if available. The stars in PIGS are
mostly inner Galaxy stars, but there is also a significant number
(~800) of Sagittarius dwarf galaxy stars in the release (see Vitali
et al. 2022) — although the distances and dynamics in this work
should not be used for Sagittarius stars. The data release of the PIGS
photometry will be part of a future paper (Ardern-Arentsen et al., in
preparation).

Our main findings in this paper are as follows:

(i) Almost all stars in our sample are currently located within
3.5 kpc of the Galactic centre (Fig. 5). We find that VMP stars are
found more symmetrically distributed around the Galactic centre
than less metal-poor stars (—2.0 < [Fe/H] < —1.0), which are
systematically closer to us. This might be influenced by selection
effects in our sample (e.g. VMP stars are intrinsically brighter).

(ii) We compare trends in the dynamical properties (vg4, veloc-
ity dispersion, zmax, apocentres, eccentricities) of metal-poor stars
in PIGS ([Fe/H] < —1.5) to metal-rich inner Galaxy stars from
APOGEE ([Fe/H] > 0, from Q21), see Fig. 6. The dynamics of
metal-rich stars are dominated by the bar, whereas the metal-poor
stars do not clearly follow the same structure, and behave more like
a spheroidal, pressure-supported population.

(iii) We find that the majority of metal-poor stars in PIGS have
orbits that are confined to within ~5 kpc of the Galactic centre
(Fig. 7). The fraction of confined stars decreases with decreasing
metallicity, but even VMP stars have a significant fraction of stars
that is confined to the inner Galaxy (~ 40 per cent within 3.5 kpc,
~ 60 percent within 5 kpc and ~ 80 percent within 10 kpc).
Given the different selection functions, sample sizes and adoption
of different potentials, definitions and distance estimates, previous
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estimates in the literature are in reasonable agreement with our
results. We conclude that the Milky Way is hosting a significant,
centrally concentrated, (very) metal-poor Galactic component (in
agreement with e.g. Rix et al. 2022).

(iv) We find that metal-poor stars in the inner Galaxy show
coherent rotational motion around the Galactic centre (Fig. 10), down
to the very metal-poor regime. For a ring in Galactocentric radius
between 1.5 and 3.5 kpc, we find that v, changes roughly linearly
from ~+80 kms™! to ~+40 kms~' between [Fe/H] = —1.0 and
—2.2, respectively. Atlower metallicity, v remains roughly constant.
For stars within a Galactocentric radius of 1.5 kpc, we find v4 ~ 45
kms~!, independent of metallicity, with a slight decrease below
[Fe/H] < —2.0. We suggest these trends may be the result of
a transition between two spheroidal populations, a more metal-
rich one that rotates faster (possibly connected to stars formed
in-situ/in large building blocks) and a more metal-poor one that
rotates less fast or not at all (possibly connected to stars that were
accreted/formed in smaller building blocks). This is supported by
a preferred two-component fit to the velocity distribution for stars
with —2.0 < [Fe/H] < —1.5, with parameters similar to the two halo
components recently found by Zhang et al. (2023).

(v) The high velocity dispersion of metal-poor inner Galaxy stars
is mostly driven by ‘halo interlopers’, and previous PIGS results
of a strongly rising velocity dispersion with decreasing metallicity
(Arentsen et al. 2020a) can be explained by this (see Fig. 11,
consistent with previous findings by Lucey et al. 2021 and Kunder
et al. 2020). After removing stars with apocentres larger than 5 kpc,
the velocity dispersion is still rising with decreasing metallicity, but
only gently: from ~80 kms~! for [Fe/H] = —1 to ~95 kms~! for
[Fe/H] < —2.0. This is likely due to the VMP inner Galaxy stars
having a slightly more extended distribution compared to less metal-
poor stars.

(vi) We investigated the orbital properties of PIGS CEMP stars
in the inner Galaxy (Arentsen et al. 2021), and found no significant
difference between the apocentre distributions of carbon-rich and
carbon-normal VMP stars (Fig. 12). More work is necessary to
further investigate whether the occurrence of CEMP stars is different
between ‘true inner Galaxy stars’ and ‘halo interlopers’.

The past years have seen significant progress in the study of the
metal-poor inner Galaxy, but there are still many open questions
about the ancient stellar population(s) in this region. The next years
will see many new results from several large spectroscopic surveys
targeting the Galactic bulge (e.g. SDSS-V, MOONS, 4MOST), with
the 4MOST surveys 4MIDABLE-LR and -HR (Bensby et al. 2019;
Chiappini et al. 2019) being particularly promising for the inves-
tigation of the metal-poor inner Milky Way. Large, homogeneous
samples of metal-poor stars with chemical abundances will allow us
to probe the chemical evolution in the earliest phase of our Galaxy.
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