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ABSTRACT
We present a catalogue of 551, 214 main-sequence stars in the local (𝑑 < 2 kpc) Galactic thick disk and halo, based on a search
of stars with large proper motions (`tot > 40.0 mas yr−1) in the Gaia Early Data Release 3. We derive photometric metallicity
calibrated from the colour-luminosity-metallicity distribution of 20, 047 stars with spectroscopic metallicities, collected from
various spectroscopic surveys, including SDSS SEGUE/APOGEE, GALAH DR3, and LAMOST DR6. We combine these
results to construct an empirical colour-magnitude-metallicity grid, which can be used to estimate photometric metallicities for
low-mass metal-poor stars of K and M subtypes from their absolute 𝐺 magnitude and colour values. We find that low-mass,
high-velocity stars in our catalogue share similar kinematics as reported in recent studies of more luminous Galactic halo stars.
The pseudo-kinematic analysis of our sample recovers the main local halo structures, including the Gaia-Enceladus Stream and
the Helmi stream; aside from these the local halo stars appear to show a remarkably smooth distribution in velocity space. Since
the future Gaia data release will provide radial velocity measurements for only a small number of our sample, our catalogue
provides targets of high interest for the future spectroscopic observation programs like SDSS-V, DESI MW survey, WEAVE,
and/or 4MOST.
Key words: Catalogues — Galaxy: halo — Solar neighbourhood — stars: abundances — stars: kinematics and dynamics

1 INTRODUCTION

Thanks to the Gaia mission (Gaia Collaboration et al. 2016, 2018a,
2020), our understanding of the Milky Way has deepened, with an
accumulation of new information and detailed data that inform the
formation and evolutionary history of the Galaxy. In itself, the sec-
ond Gaia data release (DR2, Gaia Collaboration et al. 2018a), now
provides a vast dataset to survey and map out the stellar populations
of the Galactic disk and halo. However, Gaia data sets become even
more powerful when they are combined with other existing large
spectroscopic datasets that provide complementary information on
radial velocity and elemental abundance. For example, recent studies
(Belokurov et al. 2018; Helmi et al. 2018; Myeong et al. 2018a,b;
Koppelman, Helmi, & Veljanoski 2018) based on Gaia DR2 and the
Sloan Digital Sky Survey (SDSS, Blanton et al. 2017; Yanny et al.
2009; Majewski et al. 2017) have reported a slightly retrograde, large
ellipsoidal structure in velocity space that appears to have been cre-
ated by an accretion event involving a massive dwarf galaxy, known
as the Gaia-Enceladus-Sausage or Gaia-Enceladus1. Haywood et al.
(2018) investigated an apparent doubling of the main-sequence in
the colour-magnitude diagram (CMD) of stars with high tangential

★ E-mail: bokyoung.kim@ed.ac.uk
1 Hereafter, we use the term of "Gaia-Enceladus" to describe the structure,
if necessary.

velocities in Gaia DR2 and reported that the halo populations found
in the solar vicinity are a combination of accreted stars and of the
tail of the thick disk that was dynamically heated by past accretion
events. Naidu et al. (2020) identified seven known substructures tied
to recently identified accretion events (Horta et al. 2021; Koppel-
man et al. 2019; Myeong et al. 2018c,a) and three new structures
all within 50 kpc from the Galactic centre, using a sample of giants
at high Galactic latitude for which radial velocities and elemental
abundances are obtained from the H3 spectroscopic survey (Conroy
et al. 2019).
Most results probing the spatial structure and kinematics of the

Galactic halo have so far been obtained from the analysis of bright
sources, mainly giants, which are the best targets for observations
aiming to study the kinematics of moderately distant halo stars as
they require less effort to obtain high signal-to-noise spectral data
for measuring radial velocities and elemental abundances. Moreover,
using intrinsically bright sources as tracers of the halo populations
maximises the volume that one can survey, which can unveil the
structure of the halo on the largest scales (tens of kiloparsecs) to probe
the global formation and chemical enrichment history of the halo,
and identify major evolutionary events. Bright sources, therefore,
are the most favourable targets for studying the outer regions of the
Galaxy.
However, the main constituents of the stellar halo are not evolved

objects like red giants but main-sequence stars. Low-mass stars in
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2 Kim & Lépine

particular (K and M dwarfs) make up the bulk of the baryonic halo,
but they remain largely unexploited in studies of theGalactic halo due
to their low intrinsic luminosity. Due to these technical difficulties,
surveys of main-sequence stars merely extend out to a few kilopar-
secs from the Sun, and thus only probe the local halo populations.
Nevertheless, a merit of using low-mass main-sequence stars is that
they are “pristine" and have preserved the original chemical compo-
sitions of their birthplace in their atmosphere. As low-mass stars stay
in the main-sequence stage for much longer than 10 Gyr, those stars
in the local halo effectively deliver accurate abundance information
about the star-forming environment of the early Universe (Frebel &
Norris 2015; Helmi 2020), and hence provide valuable records of
the Solar vicinity in the early Galaxy. In addition, since low-mass
stars are > 102 times more common than red giants (Lépine & Shara
2005; Lépine 2005; Henry et al. 2006), they can potentially reveal
the signature of much smaller accretion or formation events, drawing
a more complete picture of Galaxy evolution.
The latest Gaia Early Data Release 3 (EDR3, Gaia Collaboration et

al. 2020) provides parallaxes and proper motions for more than 1.48
billion stars in the Milky Way. The magnitude limit in the 𝐺 band is
∼ 21.5, which makes it possible to identify and characterise millions
of low-mass stars in the Solar neighbourhood and obtain their pre-
cise distances, proper motions, and colours. Although Gaia cannot
provide full 6D astrometric solutions (i.e., position, proper motion,
distance, and radial velocity) for a large fraction of the low-mass
stars, which tend to be fainter than 𝐺 ∼ 16, Gaia EDR3 expands the
amount of main-sequence stars that we can use to statistically inves-
tigate the kinematics of the local halo. With a survey completeness
limit at 𝐺 ≤ 19 (Fabricius et al. 2020), we can identify even very
low-mass stars (e.g. late-type M dwarfs) with absolute magnitude
𝑀𝐺 ∼ 13 up to a distance 𝑑 < 150 pc. Gaia EDR3 reports an aver-
age improvement on the uncertainties for the positions and parallaxes
by a factor of ∼ 0.8 and for the proper motions by a factor of 0.5
(Lindegren et al. 2021) with respect to Gaia DR2, which is thanks to
the longer baseline from 33 months of observations as compared to
22-month data for Gaia DR2 (Lindegren et al. 2021; Fabricius et al.
2020). The significant improvement in Gaia astrometry benefits the
identification of the faint halo population since kinematic selection
of high-velocity stars is the primary method for rounding up halo
stars.
The application of simple kinematic cuts for selecting halo main-

sequence stars is not sufficient as the faster-moving stars from the
Galactic thick disk population will typically contaminate the sample
in significant numbers. Recent studies have reported that stars in the
Solar neighbourhood with high tangential velocities (𝑣𝑡 > 200 km
s−1) primarily consist of a mixture of stars from the Gaia-Enceladus
dwarf galaxy that merged with the Milky Way 9 – 11 Gyr ago and
stars from the old disk heated by the Gaia-Enceladus accretion event
(Belokurov et al. 2018; Helmi et al. 2018; Koppelman, Helmi, &
Veljanoski 2018; Haywood et al. 2018). Since both populations have
different origins, their chemical make-up also differs significantly
and they display different ranges of iron abundances [Fe/H], which
can serve as a clue to their origin. True halo stars, either from the
Gaia-Enceladus, or from other earlier accretion events, are typically
themost metal-poor, and their chemical make up can serve to identify
them as it affects their spectral distribution.
In the absence of spectroscopic data, an indirect approach to iden-

tify metal-poor stars is to use known relationships between metal-
licity, colour, and luminosity, which can be applied in a CMD. Em-
pirically, metal-poor stars on the main sequence are both bluer and
brighter in optical CMDs compared tometal-rich stars. As large spec-
troscopic surveys, like SDSS SEGUE (Yanny et al. 2009), APOGEE

(Majewski et al. 2017; Ahumada et al. 2020), GALAH (De Silva et al.
2015; Buder et al. 2020), and LAMOST (Cui et al. 2012), have col-
lected and provided a huge collection of stellar parameters in the last
decade, including metallicity measurements, data for these stars can
be used to calibrate colour-magnitude-metallicity relationships, from
which photometric metallicities can be estimated empirically. There
have been many studies reporting photometric metallicities derived
using metallicity-sensitive photometry, such as SDSS 𝑢𝑔𝑟𝑖𝑧 filter
photometry (Ivezić et al. 2008; An et al. 2013) or SkyMapper 𝑣 filter
on the sensitivity of the Ca II K absorptions connecting to 𝑢𝑔𝑖 pho-
tometry (Casagrande et al. 2019; Onken et al. 2019; Chiti et al. 2021).
While most of these studies have been done for higher-mass stars,
empirical calibration of colour-metallicity-luminosity relationships
for low-mass stars is still in progress, and depends on assembling
spectroscopic data for large enough numbers of low-mass stars.
In this paper, we assemble a large catalogue of candidate halo

main-sequence stars within 2 kpc from the Sun from Gaia EDR3. A
search of recent, large spectroscopic surveys of low-mass stars iden-
tifies > 17, 000 stars that have measured spectroscopic metallicities;
we use these stars to calibrate a metallicity grid in the optical CMD,
which we use to estimate photometric metallicities for all the stars in
the catalogue. In §2, we discuss the processes to identify candidates
in the local Galactic halo from Gaia EDR3 and introduce additional
datasets we collected to build the photometric metallicity grid. In §3,
we present how to estimate photometric metallicities of our sample
and how to calibrate the grid based on common-proper-motion pairs
in our catalogue. Detailed information and validation of our cata-
logue is provided in §4, which includes estimates of the local density
of halo stars and their luminosity function. We summarise our results
in §5.

2 DATA

2.1 A catalogue of High-proper-motion Stars in Gaia EDR3

Gaia EDR3 provides parallax, proper motion, and colour for ∼ 1.46
billion stars, which is the largest collection of data on stars in the
Galaxy. To select stars from the local halo populations, we first
assemble a list of stars with precise Gaia parallaxes (𝜎𝜋/𝜋 < 0.15)
and reported high proper motions (` > 40.0 mas yr−1). A chance to
catch halo stars increases, using this particular proper motion limit;
for example, a tangential velocity of a star with ` = 40.0mas yr−1 at
the distance of 1 kpc is 189.6 km s−1. We further introduce a set of
conditions to extract a subset with consistent and reliable astrometric
and photometric data. Lindegren et al. (2018, 2021) recommended
checking uncertainties in the parallax measurements, uncertainties
in fluxes of the Gaia BP and RP filters, the renormalised unit weight
errors (RUWE), and 𝐺BP − 𝐺RP colour excess factors (𝐸):

(i) 𝜋 > 0.0
(ii) 𝜎𝜋/𝜋 < 0.15
(iii) `total > 40.0 mas yr−1
(iv) −3.0 ≤ 𝐺BP − 𝐺RP < 6.0
(v) 3.0 ≤ 𝐺 < 21.0
(vi) 𝜎(𝐹BP)/𝐹BP < 0.10
(vii) 𝜎(𝐹RP)/𝐹RP < 0.10
(viii) RUWE < 1.4
(ix) 1.0 + 0.015(𝐺BP − 𝐺RP)2 < 𝐸 < 1.3 + 0.06(𝐺BP − 𝐺RP)2.

After applying all cuts above, 3,401,809 stars remain as an initial
sample set with precise Gaia astrometric/photometric measurements.
Those stars are spread over the sky with a uniform distribution (see

MNRAS 000, 1–23 (2021)



Stars in the Local Galactic Thick Disk and Halo 3

Figure 1. Sky distribution of the full subset of 3.40 million stars with precise Gaia parallaxes (𝜎𝜋/𝜋 < 0.150) and high-proper-motions (`tot > 40.0 mas
yr−1). We define six zones that correspond to the six cardinal directions in the Galactic coordinate system. Due to the “asymmetric drift", halo stars have specific
distributions of their transverse motions in each sector.

Figure 1), and the absence of any significant over-density at low
Galactic latitude confirms that objects in that subset are very local
disk/halo stars.

2.2 Identification of Halo Candidates from the Reduced Proper
Motion Diagram

The kinematics of local halo stars is very distinct and can be used to
separate them from the local disk populations. Typical halo stars have
high Galactic rotational velocities,𝑉 , relative to the local standard of
rest, 𝑉 ≥ 200 km s−1 (Bensby et al. 2014). Radial velocities for stars
are essential to precisely calculate the rotational velocities. However,
current Gaia EDR3 provides radial velocities mostly for bright stars.
As full radial velocity measurements for all Gaia stars will not be
published before 2022, we approach the selection process for halo
stars from a different angle by examining the distribution of stars in a
reduced proper motion (RPM) diagram. The RPM diagram (Luyten
1922; Jones 1972; Lépine&Shara 2005; Kim et al. 2020; Koppelman
& Helmi 2021) is an efficient tool for separating stellar populations.
The RPM diagram is distance independent, and efficiently separates
giants from main-sequence stars and white dwarfs, but also the RPM
diagram segregates stars by transverse motion, which is useful for
selecting high-velocity stars from the local halo.
An RPM diagram plots a reduced proper motion as a function of

a star’s colour. For stars in the Gaia catalogue, we define a reduced
proper motion, 𝐻𝐺 = 𝐺 + 5 log ` + 5, and from the relationship
between the proper motion, parallax, and transverse motion, we find
that: 𝐻𝐺 = 𝑀𝐺 + 5 log 𝑣𝑡 + 1.621, where 𝑀𝐺 is the absolute mag-
nitude of the star, and 𝑣𝑡 is the star’s transverse motion in km s−1.

Values of 𝐻𝐺 only require proper motions to be available and accu-
rate.
One caveat of the RPM diagram is that stars in the Galactic plane,

especially near the Galactic centre, can be significantly affected by
reddening effects due to the amount of gas and dust in the plane of the
Milky Way. Since we do not limit our sample to distance or galactic
latitude, the line-of-sight extinction value might play an important
role in the selection process, even though Andrae et al. (2018) report
that reddening of stars in the higher Galactic latitudes (|𝑏 | > 50◦) is
prominently less significant than that of stars in the Galactic plane.
We adapt the 3D reddening map from Green et al. (2019) to obtain

colour excess values 𝐸 (𝐵 − 𝑉) for each of our stars. To convert the
colour excess toGaia passbands, we referred toWang&Chen (2019),
who provides the colour excess ratio and extinction coefficient for
Gaia passbands based on the collected data from Gaia, APSS, SDSS,
Pan-STARRSDR1, Two-MASS (2MASS), andWISE surveys. From
Table 3 in Wang & Chen (2019), we obtain the relative extinction
values for Gaia passbands, which are:

𝐴𝑉 = 3.16 𝐸 (𝐵 −𝑉) = 2.394 𝐸 (𝐺BP − 𝐺RP)
∴ 𝐸 (𝐺BP − 𝐺RP) = 1.320 𝐸 (𝐵 −𝑉)

(1)

𝐴𝐺 = 1.890 𝐸 (𝐺BP − 𝐺RP), 𝐴𝐺RP = 1.429 𝐸 (𝐺BP − 𝐺RP)
∴ 𝐸 (𝐺 − 𝐺RP) = 𝐴𝐺 − 𝐴𝐺RP = 0.461 𝐸 (𝐺BP − 𝐺RP)

(2)

With those extinction corrections, we redefine the reduced proper
motion to be:𝐻𝐺 = 𝐺+5 log `+5−𝐴𝐺 , which provides an extinction
corrected RPM diagram. Since Green et al. (2019) constructed their
3D extinction map based on Pan-STARRS photometry, the map does
not provide extinction estimates for stars in the Southern hemisphere.

MNRAS 000, 1–23 (2021)



4 Kim & Lépine

Therefore, we assign ‘0’ to the colour excess and extinction value for
stars in 𝑏 ≤ −30◦. For stars in 𝑏 > −30◦, on the other hand, we obtain
the 𝐺 − 𝐺RP colour excess and 𝐺 band extinction values based on
the equations above.
As ∼ 30% of the high-proper-motion stars are found in the South-

ern hemisphere, reddening effects remain an issue for our RPM selec-
tion. We check how reddening effects influence the selection process
of halo main-sequence stars by comparing RPM diagrams of high-
proper-motion stars in six different zones of the sky (see Figure 2).
We use𝐺 −𝐺RP colour, instead of using𝐺BP−𝐺RP colour, because
a) the recent Gaia EDR3 paper (Fabricius et al. 2020) recommends
to use 𝐺 − 𝐺RP colour if the sample contains faint red sources
due to a strong bias for those sources in 𝐺BP magnitudes, and b)
𝐺 − 𝐺RP colour is inherently less sensitive to reddening compared
to the 𝐺BP − 𝐺RP colour.
The stellar distribution in each panel in Figure 2 show the typical

“split loci" of the disk and halo main-sequence stars, along with the
sparser white dwarf locus on the lower-left corner of the diagram.
The halo locus, in the centre of the diagram, can be recognised by its
rounded blue end, which consists of old main-sequence turnoff stars.
The disk locus is shifted up due to disk stars having lower transverse
motions. Subgiants from the halo overlap with solar-type stars in the
disk around 𝐻𝐺 ∼ 11.0 and 𝐺 − 𝐺RP ∼ 0.5. These diagram do not
show the red giants and blue/young main-sequence stars of the disk
populations, which have 𝐻𝐺 < 9.
Comparing the RPM diagrams from the six different directions on

the sky shows subtle differences. Some of these are due to colour
shift (reddening effect). While stars near both Galactic poles have
less scatter than those in the Galactic plane, stars near the Galactic
centre show the most dispersed features, which is mostly caused by
severe line-of-sight interstellar reddening toward the Galactic centre.
If reddening effects are supposed to be small the other reason can be
explained by the slightly different kinematics of the stars in different
parts of the sky. In the direction parallel to the Sun’s motion, the
transverse motions of the halo stars are larger or smaller because we
are more sensitive to the “𝑉" values, which are larger for the halo
stars. This can slightly “shift" the mean location of the halo sequence
depending on the area of interest where we observe.
To select halo stars in the RPM diagram we define arbitrary cuts in

the (𝐺 −𝐺RP, 𝐻𝐺) plane that are meant to select the vast majority of
stars with high-tangential-velocities (𝑣𝑡 > 200 km s−1; blue points
in Figure 2), which is an adopted criterion in Gaia Collaboration et
al. (2018a) to make a star a likely member of the halo population.
Reduced proper motion cuts, however, are more inclusive than pure
tangential velocity cuts because (1) they do not rely on the Gaia paral-
lax values, and (2) reduced proper motion cuts separate out halo and
disk stars both by velocity and by metallicity as demonstrated in § 2
and 3.1 below. Black dashed lines in each RPM diagram are empiri-
cal colour-RPM boundaries, which separate the halo population from
the disk population and the white dwarfs, based on the general shape
of their loci in theRPMdiagram.Wefirstly removemostwhite dwarfs
that have bluer colours and larger RPM values by using an empirical
cut which separates white dwarfs and main-sequence stars (Kim et
al. 2020):𝐻𝐺 ≤ 4.94(𝐺BP−𝐺RP) +12.91. To acquire a better fit, we
limit Gaia colour in the range of 0.2 < 𝐺−𝐺RP and RPMvalue in the
range of 11.5 < 𝐻𝐺 . Finally, the lines are defined from a third-degree
polynomial fit of the bluest and reddest median 𝐺 − 𝐺RP colours
where the number of high-tangential-velocity stars in𝐺−𝐺RP colour
histograms in each RPM bins is larger than 20. We use polynomials
of the form:𝐻𝐺 = 𝑐0+𝑐1 (𝐺−𝐺RP)+𝑐2 (𝐺−𝐺RP)2+𝑐3 (𝐺−𝐺RP)3.
The coefficients of the “blue" and “red" limits are slightly different
based on the zones and are listed in Table 1.

Table 1. Coefficients of the polynomials of the form: 𝐻𝐺 = 𝑐0 + 𝑐1 (𝐺 −
𝐺RP) + 𝑐2 (𝐺 −𝐺RP)2 + 𝑐3 (𝐺 −𝐺RP)3 used as boundaries for the selection
of halo main-sequence stars in the RPM diagram.

Zone colour 𝑐0 𝑐1 𝑐2 𝑐3

1: Galactic centre Blue −9.994 123.5 −197.3 110.5
Red −6.169 68.77 −79.74 33.23

2: Solar Antapex Blue −13.43 142.5 −236.1 137.2
Red −11.06 85.34 −97.50 39.64

3: Galactic Anti-centre Blue −18.67 165.3 −265.2 147.2
Red −9.149 77.89 −87.77 35.58

4: Solar Apex Blue −10.11 121.4 −191.9 106.0
Red −6.988 72.94 −84.69 34.73

5: Galactic North Pole Blue −14.46 146.8 −236.5 131.6
Red −2.199 54.86 −62.77 26.42

6: Galactic South Pole Blue −22.42 185.8 −300.6 166.3
Red −2.789 56.07 −63.30 26.34

GaiaCollaboration et al. (2018a) reported bimodalmain sequences
for stars with high-tangential velocities in the CMD, and our sam-
ple also shows this bimodality in the RPM diagram. The double
sequences are noticeable in all diagrams, regardless of any line-of-
sight direction of the sky. We believe the upper sequence shows
the high-velocity tail of the thick disk population; Amarante et al.
(2020) reported that kinematics of ∼ 13% of the high transverse ve-
locity (𝑣𝑇 > 200 km s−1) stars in their model are consistent to that
of stars in the thick disk.

2.3 Collective Calibration Dataset

To derive photometric metallicities for all the halo stars selected
above, we first assemble a list of “metallicity calibrators" which are
stars in our catalogue for which spectroscopic metallicity measure-
ments exist in the literature. A large majority of stars in the halo
population is expected to consist of the oldest objects in the Galaxy.
Stars in the halo are also expected to be significantly moremetal-poor
than stars in the disk, which has been confirmed in various spectro-
scopic studies (Carollo et al. 2007, 2010; An et al. 2013; Liu et al.
2018; Naidu et al. 2020, and see additional references therein). The
primary targets in those studies are mostly red giants which allow
us to study distant stellar structures extending in the far outer halo.
Halo main-sequence stars, which tend to be more local, are thus
often overlooked. However, there still exists spectroscopic metallic-
ity measurements ([Fe/H])2 for small but representative subsets of
our halo candidates from various surveys, which are sufficient to
define a photometric metallicity grid for low-mass stars (K and M
dwarfs/subdwarfs) in the CMD. The datasets we collected are from:

• SDSS SEGUE I/II (Yanny et al. 2009)
• SDSS APOGEE DR16 (Majewski et al. 2017; Ahumada et al.

2020)
• LAMOST DR6 (Cui et al. 2012)

– Low-resolution A, F, G, and K catalogue
– Low-resolution M dwarf catalogue
– Mid-resolution catalogue

• GALAH DR3 (De Silva et al. 2015; Buder et al. 2020)

2 Technically, [Fe/H] should be referred as iron abundance. In this study,
however, we define it as stellar metallicity and treat it the same as the overall
metal abundance, [M/H].

MNRAS 000, 1–23 (2021)



Stars in the Local Galactic Thick Disk and Halo 5

Figure 2. Reduced proper motion (RPM) diagrams for high-proper-motion (` > 40 mas yr−1) stars in the Gaia EDR3 in six different regions in the sky (see
Figure 1). High velocity stars (𝑣𝑡 > 200 km s−1) are plotted as blue dots and identify the general locus of halo stars in each diagram. We define empirical
colour-RPM relationships (upper black-dashed lines) to identify all likely halo candidates. We identify 551, 214 stars in total that are selected to be the halo
stars.

MNRAS 000, 1–23 (2021)



6 Kim & Lépine

• A low-and-mid resolution catalogue of nearbyMdwarfs (Hejazi
et al. 2020)

• SDSS M dwarf catalogue3

The total number of calibrators from these sources which are found
in our catalogue is 20, 047. Each of the subsets is described in more
detail below.

2.3.1 SEGUE-I/II and APOGEE DR16

One of the best-known, all-sky spectroscopic survey for stars in the
Galaxy is the Sloan Extension of Galactic Understanding and Ex-
ploration survey (SEGUE; Yanny et al. 2009) and the Apache Point
Observatory Galactic Evolution Experiment (APOGEE; Majewski
et al. 2017; Ahumada et al. 2020) survey. While the SEGUE survey
is a moderate-resolution (𝑅 ∼ 1, 800) spectroscopic survey in optical
wavelength for faint stars (14.0 < 𝑔 < 20.3), theAPOGEE survey is a
high-resolution (𝑅 ∼ 22, 500), high signal-to-noise survey in infrared
wavelength with a focus on red giants but including many main-
sequence stars as well. We cross-matched our catalogue with SDSS
SEGUE-I/II and APOGEE DR16, then removed stars with large un-
certainties in stellar abundances (𝜎( [Fe/H])/[Fe/H] ≥ 0.15) and a
SEGUE star with solar metallicity ([Fe/H] > 0.0). There remained
443 stars from APOGEE and 3656 stars from SEGUE. Top-left and
bottom-left panels in Figure 3 show their distribution in the CMD,
with their metallicity values encoded on a colour scale.

2.3.2 LAMOST DR6

The Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST; Cui et al. 2012) has been conducting low-resolution
(𝑅 ∼ 1, 800) and moderate-resolution (𝑅 ∼ 7, 500) spectroscopic
surveys in optical wavelength. We cross-matched our catalogue with
the low-resolution A, F, G, and K star (LRS-AFGK) catalogue, the
low-resolutionM star (LRS-M) catalogue, and themid-resolution pa-
rameter (MRS) catalogue in LAMOST DR64. After removing stars
with large uncertainties (𝜎( [M/H])/[M/H] ≥ 0.15) in their metal-
licities5 and five LRS-AFGK stars with apparent solar metallicities,
we retained 10, 608 stars from the LRS-AFGK, 1, 268 stars from the
LRS-M, and 383 stars from the MRS. The second and third panels
in the top row and the second panel in the bottom row of Figure 3
show the distribution of stars in the CMD fromMRS catalogue, LRS-
AFGK, and LRS-M, respectively, with their metallicity encoded on
the colour scale.

2.3.3 GALAH DR3

The recent GALactic Archaeology with HERMES (GALAH) DR3
provides stellar parameters and elemental abundances for 588, 571
stars that have been observed with the HERMES (𝑅 ∼ 28, 000)
spectrograph (De Silva et al. 2015; Buder et al. 2020). The database
contains 507 matches with our catalogue. All matches appear to
be intermediate mass stars (A, F, G type) near the main-sequence
turnoff, and their distribution in the CMD is shown in the top-right
panel in Figure 3, again with metallicity values encoded by colour.

3 A full catalogue is provided by S. Lépine (private communication).
4 http://dr6.lamost.org/v2/
5 M dwarf catalogue provides overall metal abundance, [M/H], which is
technically different with Fe abundance, [Fe/H]. In this study, however, we
treat both terms the same.

Table 2.Metallicity boundaries for stellar subtypes.

Subtype [Fe/H]
M −0.34 to 0.00∗
sdM −0.87 to −0.34
esdM −1.36 to −0.87
usdM −3.00∗ to −1.36

∗ We limited the maximum and minimum values of SDSS M dwarf
candidates, considering metallicity ranges for other dataset.

2.3.4 Hejazi et al. (2020)

All the catalogues above include very few late-type M stars, which
are critical to our calibration of the colour-magnitude-metallicity re-
lationship at the low-mass end. For that purpose, we cross-match
with a recent spectroscopic catalogue of nearby, high-proper-motion
M dwarfs and subdwarfs (Hejazi et al. 2020). The catalogue con-
tains metallicities ([M/H]) obtained from low-and-mid resolution
(2, 000 ≤ 𝑅 ≤ 4, 000) optical spectroscopic observation. After cross-
matching the positions on the sky, we exclude the stars with large
uncertainties in [M/H], which leaves 162 stars. The third panel in the
bottom row of Figure 3 shows the distribution of stars in the CMD
with their metallicity colour-coded.

2.3.5 SDSS M dwarf catalogue

Due to the relative paucity of low-mass stars in our calibration sub-
set, we add information for an additional 3, 020M dwarfs/subdwarfs
identified in the SDSS spectroscopic archive.While these stars do not
have formalmetallicitymeasurements, we can extract crudemetallic-
ity estimates from their spectral subtype. We obtain spectral types by
classifying the stars against classification templates using the method
described in Zhong et al. (2015). We use the classification of the
stars as dwarf (dM), subdwarf (sdM), extreme-subdwarf(esdM), and
ultra-subdwarf(usdM), and assigned uniformly distributed random
values in between the metallicity ranges for each stellar subtypes,
defined from the calibrated relationship between molecular indices,
ZTiO/CaH, and metallicities (Woolf, Lépine, & Wallerstein 2009).
The metallicity ranges for each subtype are provided in Table 2. We
show the distribution of these stars in the CMD in the bottom-right
panel in Figure 3.

3 PHOTOMETRIC METALLICITY ESTIMATES FOR THE
HALO CANDIDATES

The left panel in Figure 4 shows the full set of 20, 047 stars
in the collective dataset with stellar metallicities in the range of
−3.0 ≤ [Fe/H] < 0.0. Although only 3.6% of stars from our full
catalogue of halo candidates have spectroscopic metallicities, their
distribution spans a wide range of metallicity values along the en-
tiremain-sequence, and notably shows a clearmetallicity trendwhich
suggests a linear relationship betweenmetallicity and𝐺−𝐺RP colour
at a given absolute magnitude. Using this distribution we create a cal-
ibration grid from which to estimate metallicities for all the stars in
our catalogue of halo candidates. We describe the multi-step proce-
dure in detail below.

3.1 Duplicates and Removal of Unresolved Binaries

Stars shown in the left panel in Figure 4 include 856 stars that have
been observed multiple times by two or three different spectroscopic
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Figure 3. CMDs of stars with precise spectroscopic metallicities (𝜎 ( [Fe/H])/[Fe/H] ≤ 0.15) from SDSS APOGEE DR16 (443 stars), LAMOST DR6 MRS
(383 stars) and LRS catalogues (10,608 stars from the AFGK dwarfs catalogue and 1,268 stars from the M dwarf catalogue), GALAH DR3 (507 stars), SDSS
SEGUE-I/II (3,656 stars), Hejazi et al. (2020) (162 stars), and SDSS M dwarf catalogue (3,020 stars). For convenience, we use [Fe/H], instead of [M/H], for
describing chemical abundances of M dwarfs. For stars in the SDSS M dwarfs catalogue, we uniformly assigned random [Fe/H] values depending on their
subtypes (also see Table 2).

surveys. For those stars,we calculateweightedmeans and assign them
as their spectroscopic metallicities. While calculating the weighted
means, we exclude values from the SDSSM dwarf catalogue as those
values are not actual spectroscopic metallicity measurement.
We also remove stars that appear to be unresolved binary systems;

these stars are bad calibrators for the colour-luminosity-metallicity
grid since their composite colours and luminosities are not a reliable
indicator of metal content. To remove binaries, we firstly group the
calibrators in 13 different metallicity bins; the first and last groups
include all stars in the metallicity range of [Fe/H] < −2.4 and
−0.2 ≤ [Fe/H], respectively. Other groups are composed of stars
in the range of −2.4 ≤ [Fe/H] < −0.2 in 0.2 dex increments.
For each group, we iteratively fit a fourth-degree polynomial to the
stellar distribution in the CMD, and for each star we calculate the
absolute𝐺 magnitude difference (Δ𝑀𝐺) from the fit. For each of the
first three iterations, an outlier is removed if its Δ𝑀𝐺 is more than
5𝜎 away from the mean of the overall Δ𝑀𝐺 distribution. For the
last two iterations, we add an additional condition that removes any
overluminous star with Δ𝑀𝐺 ≥ 0.7.
The right panel in Figure 4 shows the final distribution of the

cleaned collective dataset (17, 170 stars) in the CMD. The few
WD+M pairs below the main sequence and most of unresolved bi-
naries are expected to have been eliminated from the subset. The
cleaning process yields a much smoother distribution of metallicity
values, and also eliminates most of the evolved stars with 𝑀𝐺 < 3.0
(which are also technically over-luminous).

3.2 Metallicity Estimates Using K-Nearest neighbour Regressor

To verify that our calibration set spans the full range of the colour-
magnitude distribution of our full catalogue of halo candidates, and
to identify other possible shortcomings, we obtain crude metallicity
values from the Python package, Scikit-learn (Pedregosa et al.
2011), which performs a K-Nearest neighbour (KNN) Regressor fit
(sklearn.neighbors.KNeighbors
Regressor) with a neighbour distance of 𝑘 = 20 and ‘distance’
weights. Figure 5 shows a CMD for all halo candidates with their
metallicity estimates from the KNN regressor in the metallicity range
of −3.0 ≤ [Fe/H]KNN ≤ 0.0.
The overall metallicity distribution appears to follow the trends
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Figure 4. CMDs for all stars (20, 047 stars; left) in the collective calibration dataset and for a “cleaned" subset (17, 170 stars; right) obtained after removing
duplicates and contaminants. We assign weighted averages to spectroscopic metallicities of 856 stars that have been observed in multiple surveys (duplicates),
then remove stars most likely to be unresolved pairs and WD+M binaries, using the procedure described in § 3.1. Most turn-off stars end up being eliminated as
well from the binary removal procedure.

of the clean collective calibration dataset, however, there are few
artificial features that come in sight. One would normally expect
that the mean metallicity of the stars should be similar up and down
the main-sequence, however stars with 0.75 ≤ 𝐺 − 𝐺RP ≤ 0.85
and 8.5 ≤ 𝑀𝐺 ≤ 10.0 appear to have their metallicity underesti-
mated by the model, probably because the sources from the collec-
tive dataset in that area are mostly stars flagged to be very metal-poor
by the SDSS SEGUE. In addition, there is a metallicity disconnect
in the lower main sequence where early M subdwarfs are located
(0.85 ≤ 𝐺 − 𝐺RP ≤ 0.95, 9.5 ≤ 𝑀𝐺 ≤ 11.0) where most stars are
flagged by the KNN regressor as being more metal-rich than stars
found elsewhere on the main-sequence. We believe that this model
overestimates metallicities for stars in that area in part due to the
lack of metal-poor stars in the area of the collective dataset (see Fig-
ure 5). However, it also appears likely, based on the shift in the mean
metallicity along the main-sequence, that the spectroscopic metallic-
ity estimates are themselves affected by significant systematic errors,
which tend to register early M dwarfs as more metal-poor than what
they really are, and late-M dwarf as more metal-rich. There are also
many small patches, mainly found in the A, F, G, and K dwarfs
ranges, which shows smoothing issues even though we selected 20
neighbours to estimate the metallicity values. One possible reason
for this is the incomplete elimination of unresolved binaries, which
might still contaminate the calibration sample.
A recent study on the metallicity distribution of high-tangential-

velocity stars (Gaia Collaboration et al. 2018a) reported that their

metallicity distribution shows double peaks, with peak metallicities
of −1.3 and −0.5 dex, and suggest that each peak corresponds to the
mean metallicity of the halo and thick disk population, respectively.
Gaia Collaboration et al. (2021) supports this idea by the fact that a
PARSEC isochrone with metallicity of −0.5 dex and age of 11 Gyr
aligns with the gap between the double sequences, even though the
isochrone has to be shifted by 0.04 in 𝐺BP − 𝐺RP colour and 0.2 in
𝐺 magnitude.
Histograms of spectroscopic metallicity estimates and the metal-

licity estimates from the KNN regressor also support the dual peaks
of the high-tangential-velocity stars, but with slightly different peak
metallicity values. A top panel in Figure 6 shows the histogram
of spectroscopic metallicities for the 17, 170 stars in the collective
dataset. It shows two major peaks at −0.75, and −1.40 dex. The nar-
row peak at −1.0 dex is an artifact from the LAMOST DR6 LRS
M dwarf catalogue, which appears to have many stars with metallic-
ity values arbitrarily set to −1.0. The other two peaks are, however,
more likely the true signature of the assumed dual populations of the
halo. The bottom panel in Figure 6 shows the histogram of metallic-
ity estimates from the KNN regressor, whose overall shape appears
to be similar to that in the top panel. There is a narrow peak at
−0.2 dex which is likely an artifact. It appears that the two metal-
poor peaks in both panels have similar values, both consistent with
the hypothesised dual populations, however, the value of the more
metal-rich peak in both panels ([Fe/H] ' −0.7), which is supposed
to represent the thick-disk population, seem to be more metal-poor
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Figure 5. A CMD of all halo candidates with their photometric metallicity
estimated from the KNN regressor. This provides a crude representation
of the colour-magnitude-metallicity relationship for these low mass stars,
but irregularities in the estimated metallicity distribution suggests random
and systematic errors in the KNN calibrators, and possible effects due to
unresolved binaries.

than the reported value from other studies. This may suggest that our
reduced proper motion selection is more efficient in eliminating the
more metal-rich stars of the thick disk population. The many artifacts
found in Figure 5 however suggest that one should be cautious, and
a more careful calibration method should be used.

3.3 Metallicity Estimates from a Calibrated Photometric
Metallicity Grid

Although the overall shape of the distribution of metallicity estimates
from the KNN regressor generally follows the results from the large
spectroscopic surveys and could provide a crude estimate of a star’s
metallicity, estimates of a number of stars (especially M dwarfs)
appear to be under-/over-estimated by the regressor. To improve our
metallicity estimates, henceforth, we define a photometricmetallicity
grid in the space of𝐺 −𝐺RP colour and 𝑀𝐺 , whose shape we define
using stars in the collective dataset.

3.3.1 Building the Photometric Metallicity grid

We grouped 17, 170 stars in the collective dataset in bins of absolute
magnitude in the range of 3.25 ≤ 𝑀𝐺 < 11.0 in 0.3 mag incre-
ments, in the range of 11.0 ≤ 𝑀𝐺 < 12.0 in 0.5 mag increments,
and in the range of 12.0 ≤ 𝑀𝐺 < 14.0 in 1.0 mag increments. The
increasing size of the magnitude increments at fainter absolute mag-
nitude ensures that significant number of stars are found in every bin.
As shown in Figure 7, we fit linear relationships between 𝐺 − 𝐺RP
colours and metallicities for stars in each magnitude bin, and then

Figure 6. Top: histogram of spectroscopic metallicities for the 17, 170 stars
in the collective dataset. Bottom: histogram of metallicity estimates from the
KNN regressor fit for halo candidates. The overall shape of both histograms
appears similar. A bimodal peak in both distributions reflects the signature of
the thick disk and halo populations.

apply the fitted relationships to evaluate the 𝐺 −𝐺RP colours corre-
sponding to 12 fixedmetallicity values, ranging from−3.0 to 0.3 dex,
in 0.3 dex increments. Considering that the spectroscopic metallicity
of stars in the collective datasets range between −3.0 and 0.0 dex,
𝐺 −𝐺RP values corresponding to [Fe/H] = 0.3 technically represents
an extrapolation of the fitted linear relationships. The extrapolated
grid line of [Fe/H] = 0.3 allows us to cover the significant number
of more metal-rich stars that lie above the solar metallicity grid; we
did not see the need to extrapolate a grid line at the low-metallicity
end of the distribution given the very small number of sources found
below the grid line of [Fe/H] = −3.0. Due to significant scatter in the
distribution (likely due in part to measurement inaccuracies but also
systematic errors from, e.g. unresolved binaries) we obtain a stronger
fit by iteratively excluding outliers. We go through six iterations of
the fit, excluding outliers with their differences from the fit higher
than 5𝜎 (for first three runs), 4𝜎 (for next two runs), and 3𝜎 (for the
last run). The dashed lines in Figure 7 show the initial fits to the data,
rejected outliers are represented as grey dots, and the red linear lines
are the finalised fits to the retained data points that are shown as dark
symbols.
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Figure 7. Linear fits to stars in each bin of absolute magnitude 𝑀𝐺 in the parameter space of spectroscopic metallicity, [Fe/H]spec, and 𝐺 −𝐺RP colour. Grey
dashed lines are the initial linear fits to data and red solid lines are the final fits to black points that have selected after cleaning the outliers (grey crosses). Red
points are the initial grid points of 𝐺 −𝐺RP colours as given [Fe/H] values in each 𝑀𝐺 bin.

We then generate the set of (𝐺 − 𝐺RP) colours estimated from
the linear fits for each pre-defined metallicity value, along with the
median 𝑀𝐺 values for all the stars used in the fit for each bin. For
each set of (𝐺 − 𝐺RP, 𝑀𝐺)[Fe/H] values, we fit a fourth-degree
polynomial. Each one of these polynomials defines one grid line, the
combination of which defines a grid with metallicities ranging from
−3.0 to 0.3 dex, which is the photometric metallicity grid shown in
Figure 8 (black lines). To adjust the shape of the grid at the high-
mass end, we assign arbitrary weights to absolute magnitudes of
certain data points to improve the regularity of the grid. Notably
we set a lower weight (𝑤 = 0.01) for data points in the absolute
magnitude range 𝑀𝐺 ≤ 3.5, and a higher weight (𝑤 = 2.5) for
data points in the absolute magnitude range 3.9 < 𝑀𝐺 ≤ 6.0, with
all other data points assigned a weight 𝑤 = 1.0. Figure 8 shows
the 12 resulting calibrated grid lines. The dash-dotted, dashed, and
solid lines are grid lines with the most metal-rich ([Fe/H] = 0.0),
the median metallicity ([Fe/H] = −1.2), and the most metal-poor
([Fe/H] = −3.0), respectively. A grey dotted line shows the extra
grid line extrapolated to the metallicity value, [Fe/H] = 0.3.
A metallicity estimate from the grid ([Fe/H]grid) is obtained by

interpolating the grid with a given 𝐺 −𝐺RP colour and 𝑀𝐺 . Metal-

licity estimates for stars outside the grid have values set to−3.0 or 0.3
dex which are the lowest and highest metallicity limits of our grid.
Metallicity estimates for stars within the grid limits, on the other
hand, are interpolated from the grid, even though the grid line for
[Fe/H] = 0.3 is linearly extrapolated from the 12 grid lines.

3.3.2 Vetting and Recalibration using Common-proper-motion
Pairs

Our catalogue of halo candidates happens to contain a significant
number of common proper motion pairs, most of which are likely to
be wide binary systems. Wide binaries are assumed to have formed
in the same star-forming environment, and thus are expected to share
the same chemical composition. This allows us to use these pairs
to validate the photometric metallicity grid, as a kind of internal
consistency check. We crossmatched our halo catalogue to the SU-
PERWIDE catalogue (Hartman & Lépine 2020) and recovered 1,246
wide binary candidates with high Bayesian probabilities (> 95%) of
being physical pairs. If we assume [Fe/H]grid of pairs are precise,
and there is no other unresolved companion in these systems, then
the difference in estimated metallicity between the primary and sec-
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Figure 8. CMD of stars in the collective calibration dataset with spectro-
scopic metallicities represented on the colour scale, and with the resulting
photometric metallicity grid overlaid. The grid lines have assigned [Fe/H]
values that vary from -3.0 (left) to +0.3 (right), in 0.3 dex increments. Dash-
dotted, dashed, and solid lines represent the grid lines with metallicity values,
[Fe/H] = 0.0, −1.2, and −3.0, respectively. A grey dotted line shows the ex-
trapolated grid with the metallicity of [Fe/H] = 0.3.

ondary of the common-proper-motion pair should be close to zero.
Large metallicity differences between some component stars may in-
dicate the presence of unresolved companions, but systematic offsets,
in particular for pairs of different masses, can reveal errors in the cal-
ibration of the grid, notably fundamental problems due to systematic
errors in the spectroscopic metallicity estimates of the calibration
stars. Effects of binarity should be best revealed by examining pairs
of stars of similar masses, for example K+K binaries, while more
serious systematic errors in the calibration of the grid should be best
revealed by comparing pairs of stars of different masses, like K+M
binaries.
In the top panel of Figure 9, we plot differences in the pho-

tometric metallicity estimates (Δ[Fe/H] = [Fe/H]grid,Secondary −
[Fe/H]grid,Primary) between primaries and secondaries for 116 K+K
pairs with metallicity estimates between −3.0 < [Fe/H]grid < 0.3,
these are plotted as a function of [Fe/H]grid of the primaries. Grey
shaded regions represent Δ[Fe/H] limits set by our metallicity grid.
A red solid line shows the fit to 78 data points (in black), which
remain after 10 iterations to exclude 38 outliers with Δ[Fe/H] higher
than 2𝜎 of the distribution; this is done to exclude outliers that
may be, e.g., unresolved systems. Due to the Δ[Fe/H] limits in
both metal-rich and metal-poor ends, we only use data points with
−2.5 < [Fe/H]grid < 0.0. The standard deviation, 𝜎 = 0.195, shown
in the title is the dispersion of the black points. The overall fit ismostly
consistent with zero offset, as we expected, even though the fit shows
a weak negative relationship.
The fraction of outliers among the K+K pairs may suggest that

32% of halo wide binaries are multiple star systems (i.e., triples or

Figure 9. Scatter plots displaying the difference in the estimated photometric
metallicity values from the grid between the primary and secondary star for
116 K+K (top) and 213 K+M (bottom) common-proper-motion pairs from
the SUPERWIDE catalogue, with high Bayesian probability (≥ 95%) of
being physical binaries. Red lines are linear fits to stars (black points) whose
metallicity deficit is less than 2𝜎 of the overall distribution after excluding
outliers (grey points). Shaded regions at the top-right and bottom-left of the
panels represent the metallicity deficit limits set by our grid.

quadruples). This large multiplicity fraction may affect the shape and
location of the grid in the CMD. If our calibrators contain many over-
luminous, unresolved binaries, the grid that is defined by the calibra-
tors could become slightly redder and brighter. The large multiplicity
fraction may also explain why there is a large scatter and many out-
liers in the diagrams shown in figure 7. Above all else, therefore, a
careful selection for K+K binaries by excluding multiple star systems
as many as possible is required to create the better calibration fit for
the grid.
The bottom panel in Figure 9 shows the same Δ[Fe/H]grid dis-

tribution, but for K+M pairs. This time we notice not just a larger
scatter in the distribution, but also a systematic offset: a linear fit
to the distribution of stars with −2.5 < [Fe/H]grid < 0.0 shows an
average offset of ∼ 0.33 dex, which strongly suggests that the metal-
licities of our M dwarf calibrators are overestimated by about that
much. This offset may be due to a different definition of “metallicity"
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for K and M stars. Metallicity values for K stars may be more closely
tied to Fe abundances. While early-type dwarf spectra have major
features that are mostly ionised elemental lines, the major character-
istics of M dwarf spectra are the presence of strong absorption bands
due to atomic and molecular bands, such as TiO, VO, and CaH,
and relatively weak Fe lines. This means that M dwarf metallicities
are more closely related to abundances of 𝛼-elements, and can thus
overestimate Fe abundances if halo stars happen to show high [𝛼/Fe]
ratios. Another possible problem is that many of the “spectroscopic"
metallicity values for our M dwarf calibrators are not derived from
detailed spectral analysis but from simple spectral subtypes (i.e., the
SDSSM dwarf subset). In any case, what matters is that the observed
systematic offset indicates that the colour-magnitude-metallicity grid
is not properly calibrated at this step, and some correction may be
needed.

3.3.3 Grid Recalibration

We will assume that the spectroscopic metallicities of the FGK stars
in our calibration sample are accurate, and apply arbitrary correc-
tions to the M dwarf metallicity values to make the grid more self-
consistent. After trial and error, we apply a systematic correction
to all calibration stars 𝑀𝐺 > 7.5 by subtracting 0.5 dex from their
initial spectroscopic metallicity values.We then redo all steps we dis-
cussed in §3.3.1 and derive a new metallicity grid. The offset value
of 0.5 dex is slightly larger than the offset we obtained from the fit,
which may appear to be an over-correction, buhe one also needs to
consider the fact that an M dwarf bias in the calibration subset could
also have dragged off other parts of the grid, especially the nearby K
dwarf regime.
Figure 10 shows the previous grid in the left panel and the revised

calibrated grid in the right panel. Black lines indicate the most metal-
poor (solid line; [Fe/H] = −3.0), intermediate (dashed line; [Fe/H]
= −1.2), and the most metal-rich (dash-dotted line; [Fe/H] = 0.0)
metallicities in our grid and dotted lines in between them represent
metallicities in range of −2.7 ≤ [Fe/H]grid ≤ 0.0. The grey dotted
line is the extrapolated metallicity grid for [Fe/H] = 0.3. The overall
shape of the grid appears to be same, however, its coverage of the
low-mass ends has been improved, and it no longer looks like the
lowest mass stars in our subset are systematically more metal rich
than the highest mass ones. Table 3 lists the coefficients of each
photometric metallicity grid line as a function of a given 𝐺 − 𝐺RP
colour and 𝑀𝐺 . Each grid line is fit with the polynomial equation:

𝐺 − 𝐺RP = 𝑐0 + 𝑐1 (𝑀𝐺) + 𝑐2 (𝑀𝐺)2 + 𝑐3 (𝑀𝐺)3 + 𝑐3 (𝑀𝐺)4 (3)

As we demonstrated in §3.3.2, we compare metallicity estimates
from the new grid of K+K pairs and K+M pairs to check the internal
consistency of metallicity estimates from the grid. We use the same
sample shown in Figure 9, but exclude stars with [Fe/H]grid = −3.0
or 0.3 dex, which removes two binary systems from K+M pairs ini-
tially featured in Figure 9. Figure 11 again shows the Δ[Fe/H]grid
distribution as a function of [Fe/H]grid,P, but now displaying the
results estimated from the revised grid. The red lines in both pan-
els are the linear fits to the data with −2.5 ≤ [Fe/H]grid ≤ 0.0.
Compared to Figure 9, the dispersion of K+M pairs is about to be
the same, however the systematic offset (red line; ∼ 0.031 dex) is
brought down very close to zero.

3.3.4 Validation and Caveats of the Photometric Metallicity Grid

One way to validate the photometric metallicity grid is to compare
photometric metallicities of stars in the collective dataset described

Table 3. Coefficients of the polynomials for the finalised photometric metal-
licity grid.

Metallicity 𝑐0 𝑐1 𝑐2 𝑐3 𝑐4
(dex)

0.3∗ 3.218 −1.666 0.3457 −0.02800 0.0008013
0.0 3.123 −1.618 0.3361 −0.02723 0.0007797
−0.3 3.028 −1.570 0.3264 −0.02646 0.0007581
−0.6 2.934 −1.522 0.3168 −0.02569 0.0007365
−0.9 2.839 −1.474 0.3071 −0.02492 0.0007149
−1.2 2.745 −1.426 0.2975 −0.02414 0.0006933
−1.5 2.650 −1.378 0.2878 −0.02337 0.0006717
−1.8 2.556 −1.330 0.2782 −0.02260 0.0006501
−2.1 2.461 −1.282 0.2686 −0.02183 0.0006285
−2.4 2.367 −1.234 0.2589 −0.02105 0.0006069
−2.7 2.272 −1.186 0.2493 −0.02028 0.0005853
−3.0 2.177 −1.139 0.2396 −0.01951 0.0005637

Polynomial equation: 𝐺 −𝐺RP = 𝑐0 + 𝑐1 (𝑀𝐺) + 𝑐2 (𝑀𝐺)2 + 𝑐3 (𝑀𝐺)3 + 𝑐3 (𝑀𝐺)4
∗ Extrapolated metallicity grid

in § 3 to spectroscopic metallicities. If our grid accurately estimated
photometric metallicities, the difference between photometric and
spectroscopic metallicities would be small.
Figure 12 presents the difference between spectroscopic metallic-

ities and the grid estimates of stars in the collective dataset, grouped
by their absolute 𝐺 magnitudes. It appears that the metallicity differ-
ence is larger in early-type stars close to the main-sequence turn-off
point (𝑀𝐺 < 4.0) and in low-mass stars including late K-type stars
and all M dwarfs (7.0 ≤ 𝑀𝐺 < 12.0).
The arbitrary offset we applied to adjust the grid for low-mass

stars likely explains why low-mass stars show underestimated grid
metallicities. Since the arbitrary offset we applied was introduced to
bring in agreement the metallicity scales of K and M dwarfs, this
suggests that the grid metallicity values are likely correct, and that
the real problem lies with the spectroscopic metallicity estimates,
which appear to overestimate the true metallicity of the M dwarfs.
For early-type stars, on the other hand, the reason they have sig-

nificant offset is due to poor alignment of our grid on the bluer end
of the main sequence as shown in the right panel in Figure 10. Due
to the misalignment at the blue-end, our grid tends to overestimate
metallicities for early-type dwarfs.
Another way to verify the applicability of the photometric metal-

licity grid for our entire catalogue is to verify if the distribution of
stars consistently aligns with the grid for bins of different distances
and Galactic latitudes. Since the local halo population is expected
to be relatively homogeneous within our survey range (𝑑 < 2 kpc),
subsets of stars should all consistently align with the grid.
Figure 13 presents the grid overplotted on the entire distribution of

halo candidates, for five subgroups based on their Galactic latitudes.
The grid aligns well with the distribution of red, faint stars, in each
one of the bins, which means the mean distribution of colours is
independent of Galactic latitude. This suggests that low-mass stars
(𝑀𝐺 ≥ 8) in the catalogue remain largely unaffected by reddening
biases, and that their photometric metallicity estimates are relatively
reliable, regardless of position on the sky. This is not the same for
stars of higher mass (𝑀𝐺 < 8). It is clear from Figure 13 that earlier-
type stars are found to be systematically redder than the grid at lower
Galactic latitudes.While this could in part be explained with a higher
fraction of unresolved systems at low-galactic latitudes, the most
likely explanation is that these stars suffer from reddening effects,
despite our earlier attempts to correct for this (see §2.2). Considering
this, [Fe/H]grid of early-type stars in the low Galactic latitude may
be overestimated.
Aside from this general colour drift with Galactic latitude, we see
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Figure 10. Left: Same plot as Figure 8, showing the initial photometric metallicity grid. Right: metallicity distribution and grid after a corrective offset is
applied to the metallicity values of the M dwarfs. Spectroscopic metallicities for stars with 𝑀𝐺 > 7.5 are corrected by subtracting 0.5 dex to correct for the
inconsistency in the metallicity values of K+M pairs, as shown in the bottom panel in Figure 9. The offset brings the photometric metallicities of K+M pairs in
agreement, as shown in the bottom panel of Figure 11.

that the early-type stars in our sample, notably stars in the main-
sequence turnoff (𝑀𝐺 ∼ 3.5) do not extend to the lowest metallicity
grid line [Fe/H] ∼ −3.0, while later type stars do in significant
numbers. This suggests that the envelope of the most metal-poor
objects is not defined in a consistent way. In consequence, the bright
end of the grid (𝑀𝐺 < 5.5) seems to be systematically shifted to
blue by 0.014 in 𝐺 − 𝐺RP, which likely causes that [Fe/H]grid are
overestimated by 0.3 dex compared with lower-mass objects.

Figure 14 shows the distribution of local halo stars, this time in
bins of distance. This is a good illustration of the dominance of
low-mass stars in the halo population, as late-type objects clearly
dominate the bins with distances 𝑑 < 500 pc. More than half of our
halo candidates are late-type dwarfs (𝑀𝐺 > 7.5; 321, 879 stars),
which are found within 1 kpc, as can be seen in Figure 14. Most
early-type dwarfs (𝑀𝐺 ≤ 7.5; 229, 335 stars), on the other hand, are
found at larger distances, which expands the volume of our catalogue
to 𝑑 ∼ 2 kpc. Even so, the volume completeness of the catalogue is
limited to 𝑑 ∼ 500 pc, considering the main source of our catalogue
is mostly late-type dwarfs. Figure 14 also shows that our catalogue
becomes magnitude-limited beyond 𝑑 > 500 pc, and suffers from
significant incompleteness at the low-mass end. The catalogue is
however statistically complete at least for stars with 𝑀𝐺 < 12.0 to a
distance 𝑑 < 500 pc.

3.4 Comparison to Photometric Metallicities in SkyMapper
DR2

Chiti et al. (2021, hereafter C21) have recently reported photomet-
ric metallicities ([Fe/H]SM2) for ∼ 720,000 stars with −3.75 /
[Fe/H]SM2 / −0.75. Their photometric metallicities were derived
by using SkyMapper 𝑢, 𝑔, 𝑖 photometry that is sensitive to stellar
metallicities and the dependency of SkyMapper 𝑣 flux on the Ca II
K absorption features; these metallicity estimates are thus entirely
colour-based. To compare our result to C21, we crossmatched our
catalogue to C21 and recovered 3271 stars with good photometric
metallicity estimates (less than 10% of fractional [Fe/H]SM2 errors)
from SkyMapper.

In Figure 15, the left panel compares the SkyMapper metallici-
ties to our grid metallicity estimates, with the stars colour-coded by
their absolute 𝐺 magnitudes. Due to the metallicity range of C21
(−3.75 / [Fe/H]SM2 / −0.75), a selection effect is clearly shown
in around [Fe/H]SM2 ∼ −0.75. Even Considering this, however,
our grid metallicity estimates have very poor agreement with C21’s
values. Stars showing the largest metallicity differences tend to be
ones at the bright-end with solar metallicities from the grid (darker
coloured points) or those at the faint-end with very low grid metal-
licities. A right panel in Figure 15 shows that these stars are mostly
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Figure 11. Same as Figure 9, but using the metallicity estimates from the
revised grid, after corrections to the spectroscopic metallicity estimates of
the M dwarf calibrators. The revised grid brings the photometric metallicity
values of the K+M pairs in agreement, which shows that the grid is self-
consistent.

early-type stars, evolved stars, late K-dwarfs, early M-dwarfs, and/or
binaries.

3.5 Luminosity Function for Stars in the Local Halo

If our catalogue is statistically complete within 500 pc from the Sun,
it is possible to generate a luminosity function (LF) of the local halo
by simply counting stars. As the observed LF is biased by environ-
mental factors, we took into account all systematics that may affect
an accurate count of the stars, securing a sufficient number of stars
to conduct a statistical study, completeness of a volume of the study,
precise distances from Gaia parallaxes, extinction correction, iden-
tification of unresolved binaries in the CMD, and stellar metallicity
(Bochanski et al. 2010).
Figure 16 shows histograms of absolute magnitude 𝑀𝐺 for local

halo in increasing volumes for stars within 100 pc (left), 300 pc
(centre), and 500 pc (right), respectively. We first removed evolved
stars at the bright end of the main sequence based on this empirical
cut: (𝑀𝐺)evolved < 4.264(𝐺 − 𝐺RP) + 2.188. We then divided all

remaining stars into two groups, selecting stars in the red, metal-rich
sequence (red histogram, −1.2 < [Fe/H]grid < 0.3) and the blue,
metal-poor sequence (grey histogram, −3.0 < [Fe/H]grid ≤ −1.2)
in the CMD. Outliers (such as some unresolved binaries or high-
reddening stars) that are systematically bluer/redder than the grid
are excluded as we only select stars falling on the specified range of
the metallicity grid. Black dashed and solid lines in each panel are
Gaussian fits to the histograms of low-mass stars (𝑀𝐺 > 7.5) within
300 pc from the Sun. These Gaussian fits are rescaled for amplitude
and plotted in the 𝑑 < 100 pc and 𝑑 < 500 pc distribution, to help
compare the three distributions. Table 4 presents star counts for stars
in each metallicity group.We assume that the distribution of absolute
magnitude, 𝑀𝐺 , has a Poisson distribution to estimate errors.
It is notably clear that low-mass stars are indeed dominant. As-

suming we define “intermediate-mass stars" as AFG dwarfs, defined
to be stars with 𝑀𝐺 ≤ 7.5, and “low-mass stars" as KM dwarfs,
defined to be stars with 𝑀𝐺 > 7.5, then we can calculate 𝑁AFG as
the total number of intermediate-mass stars in each distribution, and
𝑁KM as the total number of low-mass stars in each distribution. The
number ratios of low-mass stars 𝑁KM/𝑁tot in both populations are
more than 86% (see Table 4). The metal-rich population, however,
appears to have a higher number ratio compared to the metal-poor
population, ∼ 92% for metal-rich stars to ∼ 88% for metal poor stars.
One caveat is that some unresolved binaries in the blue (metal-poor)
sequence may be shifted into the red (metal-rich) sequence due to
those stars being overluminous at a given colour, and this could bias
the ratios depending on what the multiplicity fraction is. By compar-
ison, the general statistics for field (Galactic disk) stars in the Solar
neighbourhood shows that the fraction ratio of low-mass stars is only
about 80%6, each group still contains about 7% to 12%of unresolved
binaries as contaminants.
Interestingly, the Gaussian fits (black dashed and solid lines in Fig-

ure 16) for stars within 300 pc are well aligned with the distributions
of stars within 100 pc, which indicates that there is no luminosity
bias at least to a distance range 𝑑 ∼ 300 pc. The faint-end of the
Gaussian fits for stars in both metallicity groups, however, becomes
slightly depleted in the 𝑑 ∼ 500 pc volume. The overall low-mass
star ratio also decreases as the volume expands (see Table 4). These
observations indicate that survey incompleteness starts presenting
around 500 pc.
Each metallicity group shows a slightly different bimodal distri-

bution with peak absolute magnitudes of 𝑀𝐺 ∼ 5.0 and 𝑀𝐺 ∼ 10.5
for the metal-rich stars and 𝑀𝐺 ∼ 7 and 𝑀𝐺 ∼ 10 for the metal-
poor stars. The difference between the bright magnitude peaks can
be explained by the fact that intermediate-mass (AFG) stars in the
halo may have formed and evolved earlier than those in the thick
disk did. If most intermediate-mass stars are now in the form of
evolved giants or white dwarfs, the distribution of the remaining
main-sequence objects will show a deficit at the intermediate-mass
end. Intermediate-mass stars in the metal-rich group, on the other
hand, has a peak absolute magnitude at 𝑀𝐺 ∼ 5, which is a close fit
to the Sun’s absolute magnitude in Gaia𝐺 band (𝑀𝐺,� = 4.68mag;
Andrae et al. 2018), and suggests that Sun-like stars remain largely
unevolved in that group.

6 This value is empirically obtained from the full Gaia EDR3 subset of
nearby stars within 100 pc from the Sun. We applied simple selection criteria
to select “clean" sample, which is: 𝜎𝜋/𝜋 < 0.10, flux errors in BP/RP filters
better than 10%, and RUWE < 1.4. After removing red giants, white dwarfs,
and the overluminous stars above the main sequence, we obtained ∼ 81% as
the ratio of the low-mass stars to total number of main-sequence stars within
100 pc from the Sun.
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Figure 12. Scatter plots displaying the distribution of stars in the collective dataset grouped by absolute𝐺 magnitudes (increasing from top-left to bottom-right)
in the metallicity space. Stars close to the main-sequence turn-off point (𝑀𝐺 < 4.0) and low-mass stars (7.0 ≤ 𝑀𝐺 < 12.0) are showing a significant offset
from the spectroscopic measurements.
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Figure 13. CMDs of stars in our nearby halo catalogue, grouped in bins of Galactic latitude. The photometric metallicity grid lines with [Fe/H]grid = 0.0, −1.2,
and −3.0 dex are shown in grey dash-dotted, dashed, and solid lines. The colour distribution of the late-type, low-mass population (𝑀𝐺 ≥ 8.0) appears to
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systematically closer, which makes their photometric metallicities more reliable.
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Figure 16. Histograms of stars in the Solar neighbourhood, grouped in bins of increasing volume. Red histograms represent the number counts of metal-rich
stars (the red sequence; −1.2 < [Fe/H] < 0.3), and grey histograms show the counts of metal-poor stars (the blue sequence; −3.0 < [Fe/H] ≤ −1.2), both as
a function of absolute magnitude 𝑀𝐺 . Black dashed and solid lines in each panel are the Gaussian fits to the histograms of stars within 300 pc from the Sun,
but rescaled in the other two plots to match the amplitude.

The difference in the low-luminosity peaks is most likely caused
by metallicity effects, due to the fact that the mass-luminosity rela-
tion (MLR) varies with metallicity. A metal-poor object is shown to
be more luminous and bluer compared to its solar-metallicity coun-
terpart with the same mass (Sandage & Eggen 1959; Bochanski et
al. 2010). It is thus possible that the mass function peaks at the same
value for both groups, but the luminosity function peaks at different
values because the mass-luminosity relationship is different for the
metal-rich and metal-poor groups.
The other noticeable difference between the two groups is the

number counts for the low-mass stars (see Table 4); The number
ratios of the low-mass stars in the metal-poor group to those in the
metal-rich group (𝑁KM,MP/𝑁KM,MR) is 0.72 ± 0.044 (𝑑 < 100 pc),
0.58 ± 0.0065 (𝑑 < 300 pc), and 0.59 ± 0.0034 (𝑑 < 500 pc),
respectively. This may be interpreted as the signature of a more top-
heavy initial mass function (IMF) in the star-forming period in the
early Universe. A top-heavy IMF is an initial mass distribution that
contains more massive stars than the canonical mass function (i.e.,
Kroupa 2001). The idea of a top-heavy IMF in the early Universe
originates in the cooling behaviour of the gas that depends on its
metal components. As cooling in low-metallicity environments is
less efficient, the early star-forming environment, where the metal
components were much fewer than present, is most likely to have
favoured massive and intermediate mass stars over low-mass stars
(Marks et al. 2012). If the local halo population has this top-heavy
IMF in the early Universe and if the most massive stars have evolved
off to become giants and white dwarfs, it is explicable why the
present-day luminosity function has the form seen in Figure 16.
From the observed luminosity function, it would technically be

possible to estimate an IMF of the local halo only if we knew the
MLR for main-sequence stars in the halo. Since the IMF is the num-
ber distribution of masses of stars that have been just born, knowing
the IMF translates into how many stars formed in a given mass inter-
val in the birth environment (Kroupa, Tout, & Gilmore 1993; Covey
et al. 2008). The MLR at the low-mass end remains difficult to cal-
ibrate because of the difficulty in observing a sufficient number of
low-mass dwarfs in binary systems, for which the individual masses
of the stars can be independently derived (Henry et al. 1999; Bochan-
ski et al. 2010; Benedict et al. 2016). The situation is especially dire
for metal-poor stars, to the rarity of know low-mass binary systems

in the halo population. To calibrate the MLR at the low-mass end
for thick disk and halo stars would require identifying and monitor-
ing a significant number of low-mass eclipsing systems from these
metal-poor population. Jao et al. (2016) made a start on building an
empirical MLR for the low-mass, metal-poor stars using 10 subd-
warfs in five double-line spectroscopic binaries. They demonstrated
several challenges that they had to face while building the MLR,
and one of the reason was the rarity of metal-poor calibrators in
the Solar neighbourhood. Today, the fastest way to search for these
MLR calibrators (i.e., eclipsing binaries) would be to search for them
among light curves of halo stars that might have been observed by the
TESS/Kepler missions. Our present catalogue of low-mass, metal-
poor stars identifies the best candidates (nearest and brightest) for
carrying out this program.

3.6 Comparison to the PARSEC Isochrones

We present a distribution of all halo candidates in the CMD in the
top panel in Figure 17. Grey lines in the CMD are the grid lines
with [Fe/H]grid from −3.0 to 0.3 in 0.3 dex increments. As recent
studies reported (Gaia Collaboration et al. 2018a, 2021), our sample
shows dual main sequences in the CMD. The upper and lower main
sequences are aligned with the grid lines with [Fe/H]grid = −0.7 and
−1.7. As we described in § 3.3.4, we do recognise that the overall
grid is shifted to blue by𝐺−𝐺RP = 0.014 in the range of 𝑀𝐺 < 5.5,
which causes misalignment of the grid to actual distribution of stars.
The bottom panel in Figure 17 shows a histogram of [Fe/H]grid for
stars in highGalactic latitude (|𝑏 | > 50◦) withmetallicities of−3.0 <
[Fe/H]grid < 0.3. We remove main sequence turn-off stars using the
empirical colour-magnitude cut: 𝑀𝐺 > 4.264 × 𝐺 − 𝐺RP + 2.188.
The distribution of the grid metallicity estimates reflects the dual
main sequence with peak metallicity values of [Fe/H]grid = −0.7
and −1.7.
A grid line with [Fe/H]grid = −1.2, shown in a dashed line,

matches the gap between the upper and lower main sequences. The
grid line also matches the gap between the dual peaks in the his-
togram shown in the bottom panel in Figure 17. Considering the
result reported from (Gaia Collaboration et al. 2021), our value is sig-
nificantly lower than their parameters for the PARSEC isochrone with
[Fe/H] = −0.5 and age of 11Gyr, although it may not be appropriate
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Table 4. Star Counts for stars in the Local Halo.

Group Counts for intermediate-mass Stars (𝑁AFG) Counts for Low-mass Stars (𝑁KM) 𝑁KM/𝑁tot
100 pc 300 pc 500 pc 100 pc 300 pc 500 pc 100 pc 300 pc 500 pc

Metal-rich 56 ± 7 1,994 ± 45 10,288 ± 101 657 ± 26 21,477 ± 147 81,562 ± 286 0.921 ± 0.0360 0.915 ± 0.00624 0.888 ± 0.00311(−1.2 < [Fe/H]grid < 0.3)

Metal-poor 68 ± 8 1,684 ± 41 7,393 ± 86 475 ± 22 12,357 ± 111 48,071 ± 219 0.875 ± 0.0401 0.880 ± 0.00792 0.867 ± 0.00395(−3.0 < [Fe/H]grid ≤ −1.2)

Table 5. Columns in the catalogue

Header Description

source_id Gaia EDR3 unique source identifier
R.A. Right ascension in J2016.0 (deg)
Dec. Declination in J2016.0 (deg)
𝜋 Parallax (mas)
𝜎𝜋 Standard error of parallax (mas)
`𝛼 Proper motion in right ascension direction (mas yr−1)
`𝛿 Proper motion in declination direction (mas yr−1)
𝐺 𝐺-band mean magnitude (mag)

𝐺 −𝐺RP 𝐺 −𝐺RP colour (mag)
𝐸 (𝐺 −𝐺RP) 𝐺 −𝐺RP colour excess (mag)

𝐴𝐺 Gaia 𝐺-band extinction (mag)
[Fe/H]KNN Metallicity estimate from the KNN regressor (dex)
[Fe/H]grid Metallicity estimate from the photometric metallicity grid (dex)

to directly compare their result to ours as we do not have age informa-
tion for our stars. To compare the PARSEC isochrones to our grid, we
plot the isochrones with [Fe/H] = −0.5 (yellow lines) and−1.2 (blue
lines) in the CMD. To see the age effect, we plot three isochrones with
the same metallicity, but different ages of 10, 11, and 12 Gyr from
left to right. Our calibrated grid line with [Fe/H]grid = −1.2 is most
similar to the isochrone with [Fe/H] = −0.5 and age of 11 Gyr. Our
grid is an empirical fit to the data based on available spectroscopic
metallicity estimates; it remains unclear why our grid value is 0.7
dex less than the estimate from the model isochrones, but this points
to at least inconsistencies between the predicted colours from evolu-
tionary models and spectroscopic metallicities derived from stars of
the same colour and absolute magnitude.

4 A CATALOGUE OF MAIN-SEQUENCE STARS IN THE
LOCAL GALACTIC THICK DISK AND HALO IN THE
GAIA EDR3

We present a final catalogue of 551, 214 main-sequence stars in the
local Galactic thick disk and halo in the Gaia EDR3. Our catalogue
provides basic information in Gaia EDR3, including source id, po-
sition (R.A., Dec.), kinematic parameters (parallax, proper motion
in R.A. and Dec.) and their uncertainties, photometric magnitudes
and colours (𝐺 and 𝐺 − 𝐺RP colour), and and the adopted extinc-
tion value (𝐴𝑉 ) based on an application of the 3D reddening map
of Green et al. (2019). Finally, the catalogue lists our photometric
metallicity estimates from both the KNN regressor and from the
calibrated colour-magnitude-metallicity grid. Table 4 presents de-
scription of columns in the catalogue and Table 6 displays a portion
of the catalogue with 10 sample stars. The full catalogue is provided
electronically in a machine-readable format.

4.1 Confirmation of Halo Kinematics

The halo population is kinematically distinctive from the disk popula-
tion, most notably displaying a very large “asymmetric drift" relative
to the local standard of rest. We verify the halo status of the stars in
our catalogue by checking the global kinematics of the stars on our
catalogue. Conducting kinematic analysis normally requires radial
velocities to obtain their full (3D) spatial motions and constrain their
Galactic orbit. However, a large majority of stars in our catalogue
do not currently have radial velocity measurements and may not be
available in the future Gaia data sets due to their faint brightness
(Sartoretti et al. 2018). Hence, we use an indirect approach to have
a glimpse of their global kinematics by using tangential velocities of
stars in selective parts of the sky.
We follow the procedure described in §2.2 in Kim et al. (2020),

which demonstrates how to use tangential velocities of stars in se-
lected areas as projected 𝑈𝑉𝑊 velocities by rotating their Galactic
coordinates. Since this method can provide its best result only if we
apply it to stars in selective patches of the sky, we first select stars
in the patches near both Galactic poles (|𝑏 | > 70◦; 36, 801 stars)
and near the Galactic centre ((𝑙, 𝑏) = (0◦, 0◦); 11, 400 stars) and
anticentre ((𝑙, 𝑏) = (180◦, 0◦); 7, 026 stars) with a search radius of
20◦. Tangential velocities of stars near the Galactic poles are paral-
lel to Galactic 𝑈 and 𝑉 velocity vectors when applying the rotation
vector to tilt their position and proper motion vectors by 90◦ from
the Galactic coordinate system. Tangential velocities of stars near
Galactic centre and anticentre, on the other hand, can be directly
projected to the Galactic 𝑉 and 𝑊 velocity except folding signs of
𝑣𝑡 ,𝑙 of stars in 90◦ ≤ 𝑙 < 270◦ to align them with stars in other
patches. We should mention that our result has not been corrected
by the Sun’s motion with respect to the Galactic centre (Sgr A∗) and
the motion of the local standard of rest.
Figure 18 shows the distribution of stars in Galactic𝑈𝑉𝑊 velocity

space, with their photometric metallicities represented by the colour-
scale of the data points. The left panel shows stars in the patches near
both Galactic poles in 𝑈‖ and 𝑉‖ velocity space, and the right panel
shows all stars in the patches near Galactic centre and anticentre in
𝑉‖ and𝑊‖ space. A star-shaped point represents the Sun’s motion in
each plane of projection. Shaded area shows the assumed kinematic
limit of the disk population (𝑉 < 200 km s−1). More than 64%
of stars (23, 666 stars) in the first group and 54% of stars (10, 038
stars) in the second group are found outside the shaded area, which
unambiguously places them with the local halo population. Stars
inside this limit could technically represent the kinematic tail of the
old disk or thick disk population.
The distribution of stars clearly shows the large asymmetric

drift expected of the local halo, and the most metal-poor ob-
jects notably show a distribution consistent with a mean motion
(𝑈, 𝑉, 𝑊) = (0, 0, 0) in the Galactocentric frame, consistent with
zero net angular momentum. The 𝑈𝑉 distribution shows a clear
metallicity gradient, with stars in the “disk" region appearing to be
significantly more metal-rich, while stars unambiguously in the halo
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Table 6. The Catalogue of Candidates in the Galactic Thick Disk and

Halo in Gaia EDR3
source_id R.A. Dec. 𝜋 𝜎𝜋 `𝛼 `𝛿 𝐺 𝐺 −𝐺RP 𝐸 (𝐺 −𝐺RP) 𝐴𝐺 [Fe/H]KNN [Fe/H]grid

(deg) (deg) (mas) (mas) (mas yr−1) (mas yr−1) (mag) (mag) (mag) (dex) (dex)

4489782790598521344 268.10093 11.066672 5.2962 0.0926 −70.637 −226.94 17.316 1.146 0.000 0.000 −0.218 0.0144
4490275509244724608 262.78433 8.3478274 5.8721 0.0609 −157.28 −116.45 16.624 1.125 0.000 0.000 −0.0908 −0.0104
4489082161172907136 265.86335 9.2758875 4.0087 0.0949 −11.188 −109.42 17.443 1.184 0.091 0.371 −0.149 0.0741
4490338005313126912 262.41825 8.5301606 2.4762 0.153 −47.539 −49.179 18.316 1.140 0.067 0.274 −0.188 −0.198
4489611640444691968 267.01876 10.210906 3.4534 0.142 −78.226 −68.369 17.959 1.164 0.073 0.299 −0.178 −0.179
4488862155769809536 268.83964 10.024653 5.6977 0.0358 −79.302 −229.72 15.453 1.065 0.000 0.000 −0.168 0.0902
4490471492895500544 260.42788 8.4753347 3.3793 0.156 −46.741 −74.090 18.245 1.214 0.097 0.399 −0.205 0.125
6255613166476392320 227.78030 −21.167114 2.7782 0.148 −59.113 −29.145 18.180 1.130 0.073 0.299 −0.231 −0.435
6252911052232066688 231.01264 −20.714646 2.6004 0.0180 −112.19 8.5257 12.358 0.564 0.085 0.349 −0.583 −0.486
6256890008712715520 226.89827 −19.280277 2.8704 0.182 −7.5345 −81.105 18.361 1.164 0.055 0.225 −0.179 −0.0553
... ... ... ... ... ... ... ... ... ... ... ... ...

∗A full machine-readable catalogue is available online.

looking more metal-poor. This supports the fact that the halo popula-
tion is chemically more pristine than the disk population. The metal-
licity gradient is less evident in the 𝑉𝑊 plane. However, the more
metal poor stars do show a more spherical distribution and higher
overall dispersion. The most prominent feature in the𝑈𝑉 plane is the
elongated shape around𝑉‖ ≈ 0 km s−1, which is the Gaia-Enceladus
stream (Belokurov et al. 2018; Myeong et al. 2018a,b; Haywood et
al. 2018). Most of stars in the stream appear in darker colour, which
also indicates that they are relatively more metal-poor than the disk
population that is located inside the shaded area. In the right panel,
there is also a clump of metal-poor stars with 130 < 𝑉‖ < 190 km
s−1 and −200 < 𝑊‖ < 310 km s−1, which may be kinematic mem-
bers of the Helmi stream (Helmi et al. 1999; Koppelman, Helmi, &
Veljanoski 2018; Koppelman et al. 2019).
We will examine these kinematic features in more detail in a

future paper, and only point them out qualitatively for now. The main
takeaway for now is that our selection does recover much of the
kinematic features expected of local halo stars. We also emphasise
that the vast majority of our stars are low-mass K and M dwarfs,
which means we are recovering the bulk of the local stellar halo.

4.2 Comparison to Koppelman & Helmi (2021)

Since Gaia published their data for the first time in 2016, a number
of studies based on Gaia have reported very exciting, new results on
the kinematic makeup of the Galaxy. For example, Koppelman &
Helmi (2021, hereafter KH21) have presented a catalogue of halo
main-sequence stars in Gaia DR2 selected using an RPM diagram as
we did in the present study. Since we share some similarity to their
selection methods, we here compare our result to KH21.
KH21 identified a much larger set of 11, 711, 399 stars as halo

main-sequence stars using the RPM diagram. To identify the halo
stars, they made a fit as a function of 𝐺 − 𝐺RP colour and 𝑀𝐺 to
stars with precise parallaxes (𝜎𝜋/𝜋 < 0.02) and large tangential
motions (𝑣𝑡 > 300 km s −1) in the lower main sequence in the CMD,
which was performed to minimise the contribution from the upper
main sequence of stars with high-tangential-velocities. This fit was
converted to a relationship between 𝐺 − 𝐺RP colour and tangential
velocity so that they could use it to identify halo main-sequence stars
in the range 200 km s−1 < 𝑣𝑡 < 800 km s−1 in the RPM diagram.
They obtained photometric distances of main-sequence stars from a
colour-luminosity relationship, because only ∼ 10% of stars in the
Gaia DR2 have most precise Gaia parallaxes (𝜎𝜋/𝜋 < 0.2) whereas
having precise distances to distant stars is critical when analysing the
kinematics of the Galaxy. Within their sample, 7, 117, 555 stars have

reliable photometric distances in the range 0.45 < 𝐺−𝐺RP < 0.175,
which excludes main-sequence turn-off stars and low-mass stars.
Assuming the radial velocities of stars to be zero, as radial velocity
information is insufficient, they provided a kinematic analysis of
these halo stars and found ∼ 83% of the stars are located near the
vicinity of the Sun (𝑅 < 8.2 kpc). Their result recovered the local
halo structures, such as the Gaia-Enceladus, the Helmi streams, and
some other substructures including Sequoia and Thamnos.
The most significant difference between our catalogue and KH21

is the volume surveyed by the selection, which explains the difference
in numbers.With our focus on the local halo populations, we selected
from the subset of Gaia high-proper-motion (` > 40 mas yr−1) stars
with the parallax quality cut (𝜎𝜋/𝜋 < 0.15). Since this tends to select
for relatively nearby sources, it is not surprising that the number of
stars in KH21 is about 21 times greater than the number of stars in
our catalogue.
However, KH21 ended up excluding stars on the red sequence in

the CMD; our own more flexible selection has retained these redder
objects, which happen to be less metal-poor. This difference is clear
in the comparison between the RPM diagrams and CMDs of stars
in each of the catalogues. We crossmatched our catalogue to KH21
and recovered 205, 665 stars in common between both catalogues.
Figure 19 shows the RPM (top panels) and colour-magnitude (bottom
panels) diagrams of stars in our catalogue that are also listed in KH21
(left panels; yellow points) and stars in our catalogue not listed in
KH21 (right panels; blue points). Grey points are all stars in our
catalogue, shown for reference. The RPM diagram clearly shows the
effects of the tight selection in KH21 which overlooks half the stars
we selected. The consequences are quite apparent in the CMD, where
much of the redder, less metal-poor stars (i.e., the red sequence) end
up being excluded.
The main issue is that the KH21 cut does not follow the colour-

magnitude relationship of the local halo stars, and thus introduces
a metallicity bias which is much stronger for low-mass stars; the
result is that while KH21 includes a large fraction of the high-mass
stars in our catalogue, most low-mass stars are not present in KH21,
i.e., the local halo subset from KH21 is essentially “top-heavy", and
overlooks much of the lower-mass halo stars. It therefore appears
that the RPM diagram selections are not entirely reliable for fully
isolating halo late-type dwarfs from the thick disk population. While
a strict cut may eliminate much of the disk stars, this may also end
up eliminating many halo stars, especially among the less metal-
poor stars of the halo. For example, among the lower-mass stars with
𝑀𝐺 > 7.5 that were excluded in KH21, about 20% are stars that we
identify to be metal poor objects ([Fe/H] < −1.2) that we believe
are most likely genuine halo members (see the bottom-right panel
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Figure 17. Top: CMD of all halo candidates in the catalogue, with the em-
pirical photometric metallicity grid overplotted (grey lines). The very sparse
objects found at the lower-left of the main-sequence are most likely to be
WD+Mpairs, whichmay belong to the Galactic disk, not the halo. The yellow
and blue lines represent the PARSEC theoretical model isochrones (Bressan et
al. 2012) with [Fe/H] = −0.5 and −1.2 and ages of 10, 11, and 12 Gyr from
the left to right. Bottom: histogram of [Fe/H]grid of halo dwarf candidates
in the high Galactic latitude ( |𝑏 | > 50◦). The distribution shows bimodality
consistent with two populations with [Fe/H]grid ' −0.7 and −1.7, which
reflects the dual main sequences shown in the top panel.

in Figure 19). Another way to see this is in the RPM distribution
of stars not found in KH21 (top-right panel in Figure 19), which
clearly includes low-mass stars from the metal-poor sequence. The
conclusion is that limiting the selection to very nearby stars makes
it possible to better tailor the selection in the RPM diagram and
minimise metallicity biases.

5 SUMMARY AND CONCLUSIONS

In this work, we have collected high-proper-motion stars with precise
astrometric and photometric measurements in Gaia EDR3 in order
to identify the local halo population out to 2 kpc. To identify the
halo population, we use the RPM diagram, which is a tool to clas-
sify the local stellar populations only using given colours and proper
motions. Since our selection is not dependent on distance, a redden-
ing correction is essential to accurately identify the population. We
adapt the 3D reddening map from Green et al. (2019) and correct 𝐺
magnitudes and 𝐺 − 𝐺RP colours of stars in 𝑏 > −30◦. The selec-
tion cut in the RPM diagram is set by the distribution of stars with
high-tangential-velocities (𝑣𝑡 > 200 km s−1). As the reddening map
does not include the information on stars in southern hemisphere, the
selection boundaries for the identification of halo stars from the RPM
diagram are differently set up by six areas on the sky (see Figure 1).
Stellar metallicity is one of fundamental parameters that hold in-

formation on the formation and evolutionary history of a star and
its surrounding environment. Thanks to large spectroscopic surveys,
we are able to collect 20, 047 stars with spectroscopic metallicity
measurements from the SDSS, LAMOST, GALAH, and Hejazi et
al. (2020). We obtain metallicity estimates for our sample using the
KNN regressor fitting, based upon the distribution of stars in the col-
lective dataset as a training set. However, the estimates for low-mass
dwarfs from the KNN regressor are overestimated due to the lack of
data points in the training set. To overcome this problem, we built the
photometric metallicity grid on the basis of the distribution of stars
in the collective dataset. To check its credibility, we collected 322
K+K and K+M wide binaries from Hartman & Lépine (2020) and
compared the metallicity estimates from the grid of primaries and
secondaries. We applied a constant value (0.5 dex) to spectroscopic
metallicities of late-type dwarfs in order to remove the systematic
offset that we found between metallicity estimates of K+M pairs
from the initial grid.
Our catalogue contains 551, 214 main-sequence stars in 𝑑 < 2

kpc, including 321, 879 late-type dwarfs (𝑀𝐺 > 7.5). It is clear
to see the dual main-sequence features in the CMD as same as the
distribution of stars with high-tangential-velocity. Our grid line with
[Fe/H]grid = −1.2 matches the gap between the upper and lower
main sequence, however, this value is significantly lower than the
result reported in Gaia Collaboration et al. (2020) who overplotted
the PARSEC isochrone with [Fe/H] = −0.5 and age of 11 Gyr.
Stars in small areas near both Galactic poles and Galactic centre

and anticentre present similar kinematic distribution in the projected
Galactic velocity space as recent studies have reported. Although we
do not present detailed chemodynamic analysis in this work, it is clear
to find the two major local halo features in the kinematic distribution,
which are the Gaia-Enceladus stream and the Helmi stream. We plan
to present detailed chemodynamic analysis in future work.
Our catalogue will provide several possible targets for large spec-

troscopic surveys aiming to obtain observational data of the local
halo population. The future Gaia data releases will provide 6D as-
trometric data only for stars with 𝐺 < 16 as the Gaia radial velocity
spectrometer (Cropper et al. 2018) adopts narrow passbands to min-
imise the background light. Therefore, this would be insufficient to
obtain the full kinematics of more than 77% of stars in our catalogue
if we only adopt the Gaia dataset to conduct the kinematic analysis.
A better strategy would be to intentionally include them in the next
large spectroscopic surveys, such as SDSS-V (Kollmeier et al. 2017),
4MOST (de Jong et al. 2019), WEAVE (Dalton et al. 2014), or LSST
(Ivezić et al. 2019). As late-type dwarfs are known as the most com-
mon stellar population in the Universe, studying chemodynamics of
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Figure 18. Distribution of stars in our catalogue with colour-coded [Fe/H]grid values in the projected Galactic 𝑈𝑉𝑊 spatial velocity space. A yellow star
represents the Sun. Grey shaded area displays kinematic limits of the disk population (𝑉 < 200 km s−1). Although these are not drawn by the actual𝑈𝑉𝑊

velocities, a well-known stellar stream in the local halo, i.e., Gaia-Enceladus stream, is prominently shown in the𝑈𝑉 space (left), which seems to be dominant
by the metal-poor population in our catalogue.

halo late-type dwarfs will provide an interesting perspective on the
evolutionary history of the MilkyWay as the recent Gaia results have
shown us.
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Figure 19. Top panels: RPM diagrams of 205, 655 stars found in KH21 (left; yellow points) and 345, 559 stars not found in KH21 (right; blue points). Grey
points are all stars in our catalogue. Stellar density anomaly around the edge of the distribution is caused by our selection cuts in different spatial areas. Stars not
found in KH21 still shows the double sequences in the RPM diagrams, which indicates the mixture of the low-velocity halo stars in the thick disk population.
Bottom panels: CMDs of stars found in KH21 (left) and stars not found in KH21 (right). Distribution of stars found in KH21 is clearly distinguished from the
upper main sequence, where most of redder, metal-rich thick disk (compared to the halo population) stars dwell.
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