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Abstract
We present a chemo-dynamical study conducted with 2dF+AAOmega of ∼ 6 000 Gaia DR3 non-variable candidate metal-poor stars that lie
in the direction of the Galactic plane. Our spectral analysis reveals 15 new extremely metal-poor (EMP) stars, with the lowest metallicity at
[Fe/H] = −4.0 ± 0.2 dex. Two of the EMP stars are also carbon enhanced, with the largest enhancement of [C/Fe] = 1.3 ± 0.1 occurring in a
dwarf. Using our [C/Fe] results, we demonstrate that the number of carbon-depleted stars decreases with lower metallicities, and the fraction
of carbon-enhanced stars increases, in agreement with previous studies. Our dynamical analysis reveals that the fraction of prograde and
retrograde disk stars, defined as zmax < 3 kpc, with Jφ/Jtot > 0.75 and Jφ/Jtot < −0.75, respectively, changes as metallicities decrease. Disk
stars on retrograde orbits make up ∼ 10% of all the stars in our sample with metallicities below −2.1 dex. Interestingly, the portion of
retrograde disk stars compared with the number of kinematically classified halo stars is approximately constant at 4.6% for all metallicities
below −1.5 dex. We also see that Jφ increases from 380 ± 50 to 1320 ± 90 km s−1 kpc across metallicity range −1.5 to −1.1, consistent
with the spin-up of the Galactic disk. Over the metallicity range −3.0 < [Fe/H] < −2.0, the slopes of the metallicity distribution functions
for the prograde and retrograde disk stars are similar and comparable to that for the halo population. However, detailed chemical analyses
based on high-resolution spectra are needed to distinguish the accreted versus in situ contributions. Finally, we show that our spectroscopic
parameters reveal serious systematics in the metallicities published in recent studies that apply various machine learning techniques to Gaia
XP spectra.
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1. Introduction

According to the Standard Big Bang Nucleosynthesis model, only
hydrogen, helium, and traces of light elements (e.g. lithium) were
produced during the Big Bang. These baryons clustered with the
structures defined by dark matter, eventually collapsing to form
the first stars at z > 10 (e.g. Beers & Christlieb 2005; Bromm et al.
2009; Frebel & Norris 2015; Fraser et al. 2017). The first stars,
often referred to as Population III (or Pop. III), dominated the
star formation history until their supernovae enriched the inter-
stellar medium, allowing the formation of the next generations of
stars: the Pop. II and Pop. I stars (e.g. Klessen & Glover 2023).
Direct observations of Pop. III stars in the high-redshift Universe
(e.g. Oh, Haiman, & Rees 2001; Scannapieco, Schneider, & Ferrara
2003; Greif et al. 2009; Zackrisson et al. 2011; Zackrisson et al.
2012; Rydberg et al. 2013; Mas-Ribas, Dijkstra, & Forero-Romero
2016; Riaz, Hartwig, & Latif 2022) has so far been unsuccessful,
with instruments like the James Web Space Telescope requiring
a Pop. III star to be gravitationally lensed for it to be detectable
(Zackrisson et al. 2024). The likelihood of low-mass Pop. III stars
(M < 0.8 M�) forming, which could live until the present-day, is
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unknown (e.g. Ishiyama et al. 2016; Chandra & Schlaufman 2021),
but if they exist, forthcoming massive spectroscopic surveys such
as 4MOST and WEAVE (e.g. de Jong et al. 2019; Jin et al. 2024)
will be able to put constraints on their existence.

One approach to understanding the properties of Pop. III stars
is through the study of EMP stars, defined as [Fe/H]a ≤ −3.0
dex (Beers & Christlieb 2005). These stars may be direct descen-
dants of Pop. III stars, with their chemical composition offering
insights into the first stars and the evolution of the early Galaxy.
Numerous stellar archaeological studies have provided insights
into EMP stars by studying them in Galactic regions dominated by
old stars such as the halo and/or bulge (e.g. Christlieb et al. 2008;
Schörck et al. 2009; Frebel 2010; Salvadori et al. 2010; Caffau et al.
2013; Howes et al. 2015; Howes et al. 2016; Da Costa et al. 2019;
Arentsen et al. 2020; Yong et al. 2021; Ishigaki et al. 2021; Li et al.
2022).

Recently, it was discovered that a population of EMP stars con-
fined to disk-like orbits exists (e.g. Sestito et al. 2019; Sestito et al.
2020; Kielty et al. 2021; Fernández-Alvar et al. 2021; Cordoni et al.
2021; Chiti et al. 2021b), with the majority on prograde rather than
retrograde orbits. For example, studies such as Sestito et al. (2020),
which used the Pristine survey (Starkenburg et al. 2017), showed

a[X/H] = log(NX/NH)� − log(NX/NH)� , where NX is the number density for
element X.
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that at the 5.0σ confidence level, the majority of their 1 027 metal-
poor stars (with [Fe/H] ≤ −2.5 dex) are classified as prograde disk
stars. The follow-up study Sestito et al. (2021) used the NIHAO-
UHD simulations to show that there is a distinct population of
prograde metal-poor stars in the models. Similarly, the observa-
tional study Hong et al. (2024), using stellar parameters derived
from Huang et al. (2022, 2023), showed that from their sample
of 11.5 million stars from the SkyMapper Southern Survey Data
Release 2 (Onken et al. 2019) and Stellar Abundance and Galactic
Evolution Survey (Fan et al. 2023), the majority of their disk EMPs
are confined to prograde orbits with low eccentricities.

To understand the true nature of these stars, high-resolution
spectroscopy of EMP prograde disk stars is needed to gain a
detailed perspective from their chemistry. For example, the star
SDSS J102915+172927, also known as the ‘Caffau’ star (Caffau
et al. 2011, 2012) at [Fe/H] = −4.89 ± 0.10 has prograde disk
orbit with zmax < 3 kpc and e = 0.12 ± 0.01 (Sestito et al. 2019).
This star has no significant [C/Fe] enhancement, with an upper
limit of [C/Fe] < 0.6 derived with 3D hydrodynamical model
atmospheres, assuming local thermodynamical equilibrium (LTE)
(Lagae et al. 2023), a surprise as most stars at this metallicity range
are carbon-enhanced (e.g. Placco et al. 2014; Arentsen et al. 2021).
The nature of this star challenges models for early star formation
that require [C/Fe] enhancement to allow low-mass star formation
(Schneider et al. 2012).

Another EMP star confined on a prograde orbit is P1836849
(Dovgal et al. 2024), which has [Fe/H] = −3.3 ± 0.1 dex.
Compared with other metal-poor stars, P1836849 has very low
abundances (with respect to iron) of α-elements (Na, Mg, Si),
together with large abundances for Cr and Mn. Comparisons with
other EMPs in prograde disk orbits (e.g. Cordoni et al. 2021; Yong
et al. 2021) shows that there is no obvious common formation ori-
gin for these stars when considering the differences in chemistry
and kinematics.

These recent revelations provide a new perspective on the
diverse process that contributed to the formation of the early
Galaxy. Among the various possibilities, the disk may have formed
through in-plane accretions (e.g. Dinescu et al. 2002; Majewski
et al. 2012; Myeong et al. 2018), in-situ events (e.g. Alfaro et al.
2022; Conroy et al. 2022), or through stellar migration (e.g.
Grenon 1999; Schönrich & Binney 2009; Minchev et al. 2012).
EMP stars on both prograde and retrograde disk orbits are thus
important, as they can be used as tracers for the early build-up
of the Galaxy (Sestito et al. 2021), but the significant lack of EMP
disk stars makes this difficult. In this paper, we expand the pool
of EMP disk stars by presenting a new survey using 2dF coupled
with the AAOmega spectrograph (Saunders et al. 2004; Sharp et al.
2006), focused on the Galactic disk using stars selected from Gaia
DR3 (Gaia Collaboration et al. 2023). In what follows we present
our sample selection (Section 2), the determination and valida-
tion of stellar parameters (Section 3), a chemo-dynamical analysis
(Section 4) and a discussion of the results (Section 5). A detailed
comparison of our spectroscopic parameters against those inferred
from other analyses of Gaia XP spectra is provided in Appendix 1.

2. Observations

2.1. Sample selection

Gaia Data Release 3 includes 220 million low-resolution spec-
tra from the Blue (BP) and Red (RP) spectrophotometers (Gaia

Collaboration et al. 2023), which cover the wavelength regions
330–680 nm and 640–1 050 nm, respectively, with a spectral
resolving power ranging from 30 to 100 (De Angeli et al. 2023).
This wide wavelength coverage allows analysis of Gaia BP/RP (XP
hereafter) spectra to provide reasonably good inferences on stel-
lar parameters like metallicity and effective temperature from the
spectral energy distributions (SED) (e.g. Yao et al. 2024).

Numerous catalogues of stellar parameters have been published
based on Gaia XP spectra (e.g. Andrae et al. 2023b; Andrae, Rix, &
Chandra 2023a; Fouesneau et al. 2023; Martin et al. 2023; Li et al.
2024; Viswanathan et al. 2024b; Xylakis-Dornbusch et al. 2024).
For our work, we adopted the Zhang et al. (2023) catalogue. These
authors developed a data-driven model to provide estimates of
stellar parameters (Teff, log g and [Fe/H]) and reddening for the
entire Gaia XP spectra dataset.

We used that catalogue to select metal-poor star candidates,
initially regardless of location on the sky, stellar parameters, evolu-
tionary state, and reddening E(B−V), but adopting the suggested
basic reliability cut quality_flags < 8 in order to maximise
completeness at the cost of potential contamination from misclas-
sified more metal-rich stars. The adopted reliability cut indicates,
broadly, that the quality of the fit was acceptable and that the
parallax estimate is within 10 σ agreement with the actual Gaia
measurement. Nevertheless, uncertainties in Teff, log g or [Fe/H]
may be significant.

In order to mitigate the effects of metallicity uncertainties on
our selection, we specifically chose stars with [Fe/H] + σ[Fe/H] <

−1. We included the error term in our selection to adopt the 1 σ

upper bound on the metallicity. This process resulted in a selection
of 3 979 676 stars.

We intended to observe the sample at Siding Spring
Observatory (SSO) using the 2-degree field fibre-fed multi-object
system (2dF) instrument (Lewis et al. 2002). For this, we further
filtered the target list according to a blending criterion, based on
experience with typical seeing at SSO. In particular we required:

s > 5 − 3�GBP + (�GBP)2, (1)

where s is the separation between the target star and its neighbours
in units of arcsec, and �GBP is the difference in brightness (in units
of mag). The required separation for a contaminating star fainter
by 1 mag is 3 arcsec, and for successively brighter contaminating
stars the required separations are 5, 9, 15, 23, 33, 45 and 60 arcsec.
Applying this criterion reduced our catalogue to 3 230 740 stars.

We then broadly grouped stars according to metallicity (actu-
ally [Fe/H] + σ[Fe/H]) in bins of 0.5 dex, and used this as a primary
priority marker. At a finer level, targets were further prioritised
by brightness, with those at fainter magnitudes having lower pri-
ority than those with brighter magnitudes. This priority impacts
the allocation of fibres in 2dF, where targets with greater priority
(e.g. brighter targets) are more likely to be given allocations than
those with lower priority (e.g. fainter targets). Further, in order to
avoid observing known globular cluster members, we deselected
stars within the tidal radius of all objects listed in the Harris (2010)
catalogue of globular clusters (with the exception of NGC 362, see
next Section). We tiled the sky with overlapping fields of 2 deg
diameter, and prioritised the selection of fields according to the
number of candidate metal-poor stars with [Fe/H] < −1. Fields
close to the Galactic disk were preferentially selected over others.
To ensure maximum use of the 2dF fibres, targets with lower pri-
ority were used to fill out the fibres once the higher priority targets
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Table 1. First three fields observed at the AAT, identified by the field centre
coordinates in equatorial and Galactic coordinates, alongside the number of
stars observed in each field. Field ra_0103-7059 is the field located by the SMC,
containing globular cluster NGC 362 for validation. Full table available on the
electronic version of the paper.

Field ID RA Dec l (deg) b (deg) # Stars

ra_0103-7050 01:03:14.3 −70:50:56 301.5 −46.2 263

ra_0752-5047 07:52:37.1 −50:47:13 264.4 −11.8 315

ra_0803-3737 08:03:09.5 −37:37:29 253.9 −3.5 74

were allocated. We did not use reddening either for selecting fields
or for prioritising candidate stars.

2.2. Medium resolution spectroscopy

Stars selected from the Zhang et al. (2023) sample were followed
up using 2dF+AAOmega on the AAT at SSO. The 2dF instru-
ment allows us to target up to 392 targets simultaneously within
a 2-degree field (Sharp et al. 2006). The real number of fibres allo-
cated to targets is typically lower than this (∼300) due to the need
for fibres placed on the sky (typically 20–30) for sky subtraction,
avoidance of collisions with other fibres (i.e. in crowded regions),
and fibres that are broken.

The AAOmega spectrograph (e.g. Sharp et al. 2006) was used
with the 580V grating in the blue arm covering the wavelength
region 3 700 ≤ λ ≤ 5 800 Å at R ≈ 1 300, and the 1700D grating
for the red arm covering the wavelength region 8 450 ≤ λ ≤ 9 000
Å at R ≈ 10 000. These were chosen as the 580V grating provides
coverage of the Ca H & K lines (3 933 and 3 969 Å) for metallicity
estimates (e.g. Beers, Preston, & Shectman 1992; Frebel et al. 2005;
Norris et al. 2007; Roederer et al. 2014), the CH G-band (∼4 300
Å) for carbon abundances, and the Mg I b lines (5 167, 5 172, 5 183
Å) with relatively good throughput. The 1700D grating provides
coverage of the Ca II triplet (8 498, 8 542 and 8 662 Å), another
excellent indicator of metallicity (e.g. Armandroff & Da Costa
1991; Starkenburg et al. 2010; Carrera et al. 2013; Howes et al.
2015; Da Costa 2016), as well as accurate radial velocities. These
constraints allowed us to probe down to an apparent G magnitude
of about 17.5 mag, well matched by how faint XP spectra go for
reliable parameter determination. This also returns a number of
metal-poor candidates which broadly matches the available num-
ber of fibres. To avoid the impact of scattered light, we selected
targets within a range of 2.5 mag. At mG ∼ 16 across 4 410–4 500
Å, we achieved a signal-to-noise (S/N) ratio of ∼ 25, and for 8 560–
8 650 Å S/N ∼ 30 (see Fig. 2). Typical exposure times for our fields
are 4 × 1 800 s, with ∼ 2” seeing.

With this setup, 8 911 metal-poor star candidates from our
sample were observed over 74 h across 10 nights in 2023 cover-
ing 28 fields. The list of fields is in Table 1, and their locations
are shown by the red circles in Fig. 1. We have 21 fields above
and below the Galactic centre (b ± 20◦ at l ∼ 0), with six fields at
l ∼ 265◦ and b ∼ −8◦. The field near the Small Magellanic Cloud
(SMC; l ∼ 300◦ and b ∼ −46◦) contains the globular cluster NGC
362, targeted as part of our validation (see Section 3.4.2), but also
including field metal-poor star targets. As discussed below, 15
EMPs were found in the data, shown by the blue star symbols in
Fig. 1.

The data was reduced using version 8.03b of the 2dF reduc-
tion pipeline 2dfdr .b Here, fibre flat-field exposures were used
to define fibre positions on the detector, whilst arc lamp expo-
sures were used to wavelength calibrate the extracted spectra
(e.g. Howes et al. 2016; Da Costa 2016). Accurate sky subtrac-
tion is crucial for the Ca II triplet region, so we performed this
using SKYFLUX(COR), which takes the strengths of night sky emis-
sion lines present in the raw spectra and uses them to normalise
the fibre throughputs. Cosmic rays were then rejected using the
BCLEAN method, a simple ‘zap-ray’ method that is more gen-
eral and efficient than the Laplacian edge detection methods like
LACOSMIC and PYCOSMIC, but is less effective (Dokkum 2001).
The wavelength-calibrated sky-subtracted spectra from the indi-
vidual exposures were then combined using flux weighting with
rejection to remove any remaining cosmic rays and to improve the
overall signal-to-noise ratio. Fig. 2 shows the distribution of S/N
values, calculated using the SNR_DERIVED method in specutils c

(Astropy-Specutils Development Team 2019). For the blue detec-
tor, we measured the S/N from the continuum at 4 410–4 500 Å,
while for the red detector, we measured it from the continuum
at 8 560–8 650 Å. Stars with S/Nred ≤ 12d were removed due to
poor data quality in both the blue and red arms. Stars with the
phot_variable_flag = VARIABLEflag in the Gaia DR3 dataset
were also removed, reducing the final sample to 5 795 stars.
Examples of reduced AAOmega spectra are shown in Fig. 3.

3. Analysis techniques

3.1. Stellar parameters

To accurately extract stellar parameters for the sample, we devel-
oped a methodology that self-consistently derives Teff and log g,
then uses the template fitting code RVSpecFite (Koposov et al.
2011; Koposov 2019) to get [Fe/H] and [C/Fe]. The code initialises
with parameters from the Gaia XP analysis of Zhang et al. (2023),
iterating through the process by determining [Fe/H] for a given
Teff and log g, then redetermining Teff and log g with the new
metallicity. This repeats until reaching convergence, typically in
2–3 iterations. [C/Fe] is then determined independently using the
converged stellar parameters. Uncertainties for stellar parameters
are described in Section 3.2. Below we describe our procedure in
more detail.

3.1.1. Effective temperature

To compute stellar effective temperatures we use Gaia DR3 pho-
tometry with the colte f code (Casagrande et al. 2021). This
uses colour-Teff relations derived implementing the InfraRed Flux
Method in the Gaia and 2MASS system which have very mild
dependency on metallicity and surface gravity. Reddening cor-
rections used the Schlegel et al. (1998) extinction map, rescaled
as described in Casagrande et al. (2019). To ensure consistency
with our bolometric corrections (see Section 3.1.2), in colte we
adopted the ‘COD’ extinction law (based on Cardelli, Clayton, &
Mathis 1989 and O’Donnell 1994).

bhttps://aat.anu.edu.au/science/software/2dfdr.
chttps://specutils.readthedocs.io/en/stable/.
dS/N of 12 was chosen from visual inspection of the spectra.
ehttps://github.com/segasai/rvspecfit.
fhttps://github.com/casaluca/colte.
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