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ABSTRACT

In light of substantial new discoveries of hot subdwarfs by ongoing spectroscopic surveys and the availability of the Gaia mission Early
Data Release 3 (EDR3), we compiled new releases of two catalogues of hot subluminous stars: The data release 3 (DR3) catalogue
of the known hot subdwarf stars contains 6616 unique sources and provides multi-band photometry, and astrometry from Gaia EDR3
as well as classifications based on spectroscopy and colours. This is an increase of 742 objects over the DR2 catalogue. This new
catalogue provides atmospheric parameters for 3087 stars and radial velocities for 2791 stars from the literature. In addition, we have
updated the Gaia Data Release 2 (DR2) catalogue of hot subluminous stars using the improved accuracy of the Gaia EDR3 data set
together with updated quality and selection criteria to produce the Gaia EDR3 catalogue of 61 585 hot subluminous stars, representing
an increase of 21 785 objects. The improvements in Gaia EDR3 astrometry and photometry compared to Gaia DR2 have enabled us to
define more sophisticated selection functions. In particular, we improved hot subluminous star detection in the crowded regions of the
Galactic plane as well as in the direction of the Magellanic Clouds by including sources with close apparent neighbours but with flux

levels that dominate the neighbourhood.
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1. Introduction

The name ‘subdwarf’ was suggested in 1939 by Kuiper et al.
(1939) to describe the stars found between the main sequence
and the white dwarf regions of the Hertzsprung-Russell dia-
gram (HRD). Most of those cool objects of late spectral types
were later identified as metal-poor main sequence stars from
old Galactic populations. The first hot subdwarf stars with early
spectral types were found somewhat later by Humason & Zwicky
(1947) and in contrast to their cool siblings, their formation
mechanism and evolutionary status are still unclear.

Many, but not all hot subdwarfs lie at the extreme blue end
of the horizontal branch (extreme horizontal branch (EHB)) in
the HRD (Heber 1986) (see Fig. 1). Only very few stars are pre-
dicted by single star evolution in this region as the evolutionary
timescale of the post-asymptotic giant branch (post-AGB) phase
is very short. Many hot subluminous stars are therefore likely to
be helium-burning stars with longer evolutionary timescales. To
evolve to the EHB, red giants or subgiants must lose almost their
entire hydrogen envelope, which is explained by various scenar-
ios of binary merger or mass transfer (Han et al. 2002, 2003). See
Heber (2016) for a review. More recently, this region in the HRD
was found to also contain cooling progenitors of helium white
dwarfs (Heber et al. 2003) and other rare types of detached or
accreting compact binary systems.

* Catalogues are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/662/A40

Article published by EDP Sciences

Initially, hot subdwarf stars were discovered via photomet-
ric surveys of faint blue stars (e.g. Humason & Zwicky 1947,
Luyten & Miller 1951; Luyten 1953; Iriarte & Chavira 1957,
Feige 1958; Chavira 1958, 1959; Haro & Luyten 1962; Slettebak
& Brundage 1971; Berger & Fringant 1984; Green et al. 1986;
Demers et al. 1986; Downes 1986). Kilkenny et al. (1988) pub-
lished the first catalogue of 1225 spectroscopically identified hot
subdwarf stars. See Lynas-Gray (2004) for a review of those
early studies. Surveys mainly targeting extragalactic sources
detected many more such stars (Hagen et al. 1995; Wisotzki
et al. 1996; Stobie et al. 1997; Mickaelian et al. 2007; Mickaelian
2008) and @stensen (2006) compiled a database containing more
than 2300 entries.

In the following decade, the Sloan Digital Sky Survey
(SDSS) provided spectra of almost 2000 hot subdwarfs (Geier
et al. 2015b; Kepler et al. 2015, 2016, 2019) and new samples
of bright hot subdwarf stars were observed (Vennes et al. 2011).
In parallel, more and more data from new large-area photometric
and astrometric surveys were gathered in multiple bands from the
ultraviolet to the far-infrared. The availability of this amount of
high-quality data triggered the first data release of the catalogue
of known hot subdwarf stars (Geier et al. 2017a).

In the following years, substantial new discoveries were
made of hot subdwarfs and quantitative spectroscopic analy-
ses of large samples have since been conducted in the course
of ongoing spectroscopic surveys such as LAMOST (Lei et al.
2018, 2019, 2020; Luo et al. 2019, 2021) and SDSS (Gesier et al.
2017b; Kepler et al. 2019). A major milestone was the publica-
tion of Gaia mission DR2 (Gaia Collaboration 2018), because
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Fig. 1. Full-scale Gaia EDR3 colour-magnitude diagram (CMD) (grey
dots) with the known hot subdwarfs from Geier (2020) (magenta cir-
cles) highlighting the Gaia EDR3 CMD region where hot subdwarfs are
expected. Here we can see the EHB cluster of sources at (Ggp — Ggrp) ~
—0.35, Gaps ~ 4.5 and the extended cloud of hot subdwarf plus main
sequence binaries towards (Ggp — Grp) ~ 0.5, Gps ~ 3.0.

it allowed us to use colour, absolute magnitude, and reduced
proper motion criteria to identify 268 previously misclassified
hot subdwarfs as white dwarfs, blue horizontal branch (BHB),
and main sequence stars. The release of the second version of the
catalogue (Geier 2020) contained 5874 unique sources, provided
atmospheric parameters for 2187 stars, and radial velocities for
2790 stars from the literature. This added 528 newly discovered
hot subdwarfs to the Geier et al. (2017a) catalogue (see Fig. 1).

The Geier et al. (2017a) catalogue has been used to determine
selection criteria for an all-sky catalogue of hot subdwarf star
candidates selected from Gaia DR2 (Gaia Collaboration 2018)
by means of colour, absolute magnitude, and reduced proper
motion cuts. This catalogue contains 39 800 unique sources, has
a magnitude limit of G < 19 mag, and covers the whole sky with
the exception of the Galactic plane and the direction of the Large
and Small Magellanic Clouds (LMC/SMC). It should be fairly
complete up to ~1.5kpc and the contamination by cooler stars
should be about 10% (Geier et al. 2019).

Here we present new releases of the catalogue of known hot
subdwarfs (DR3) and the catalogue of hot subluminous star can-
didates (DR2) based on improved data from Gaia EDR3 (Gaia
Collaboration 2021a), new results from spectroscopic surveys,
and an extensive literature search. The catalogue of known hot
subdwarfs contains stars of spectral types O to B occupying the
region in the colour—magnitude diagram between the more lumi-
nous main sequence stars of similar spectral type and the less
luminous white dwarfs and their cooling curve. In addition, it
also includes the known hot subdwarfs in binary systems with
main sequence companions. The aggregated colour and absolute
magnitude of these unresolved binaries is found between those
of the individual stars causing the large spread seen in Fig. 1.

The Gaia EDR3 catalogue of hot subluminous stars con-
tains candidates in the same region of the HRD. Next to single
subdwarfs and composite subdwarf binaries, it also contains
subluminous stars of A and early-F type.

The Gaia EDR3 hot subluminous star catalogue and the
catalogue of known hot subdwarfs have been brought together
to examine the possible effects of binarity on the Gaia EDR3
photometric and astrometric measurements and their associated
errors. Differences have been found that correlate with the type
of binary system that prevails.
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Fig. 2. Full-scale Gaia EDR3 colour-magnitude diagram (grey dots)
with the known hot subdwarfs DR3 (cyan crosses). Due to the unre-
liable absolute G magnitudes of the remaining 2877 objects, only the
3373 objects from the DR3 catalogue of known hot subdwarfs that con-
form to the astrometric and photometric selection quality criteria (see
Table 1.) are plotted. Here we can see the EHB cluster of sources at
(Ggp — Grp) —0.35, G4 4.5 and the extended cloud of hot subdwarf
plus main sequence binaries towards (Ggp — Ggrp) 0.5, Gps 3.0.

The contents of this paper are as follows: Sect. 2 provides
a catalogue of the known hot subdwarfs: Data Release 3. In
Sect. 3 we describe how we constructed the hot subluminous star
catalogue from Gaia EDR3. In Sect. 4 we consider astrometric
and photometric indications of variability. Section 5 outlines the
main specifications of the catalogues in terms of magnitude, dis-
tance and sky coverage. Section 6 contains a summary and the
conclusions drawn.

2. Catalogue of known hot subdwarfs: Data
Release 3

2.1. Input data

We complement the spectroscopically classified hot subdwarfs
from the Geier (2020) catalogue with 224 newly discovered
objects from DR6/7 of the LAMOST survey (Luo et al. 2021)
(see Fig. 2). These latter authors also provide atmospheric
parameters and radial velocities for more than 1500 hot subd-
warfs observed in all the available releases of LAMOST. The
second main source of new and refined classifications of 107
helium-rich hot subdwarf stars and related objects is provided by
a targeted survey conducted with the South African Large Tele-
scope (SALT) by Jeffery et al. (2021). The discovery of a large
sample of eclipsing HW Vir type binaries with hot subdwarf pri-
maries has been reported by Schaffenroth et al. (2019). Those
that have been confirmed spectroscopically have been added to
the catalogue. In contrast to the previous releases, we decided to
also include the 196 spectroscopically identified hot subdwarfs
in the globular clusters M80 (Moni Bidin et al. 2009), w Cen
(Moni Bidin et al. 2012; Latour et al. 2018b; Moni Bidin et al.
2009), and NGC 6752 (Heber & Kudritzki 1986; Moni Bidin
et al. 2007).

A further extension of our catalogue is provided by the
rare spectroscopically identified stars in the post-AGB region
and central stars of planetary nebulae (CSPNe), which are sit-
uated below the MS and have not yet evolved to the WD stage.
Thus, they also belong to the population of the hot subdwarfs.
The spectroscopically identified CSPNe are compiled in the
catalogue of Weidmann et al. (2020). From this sample, we
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selected CSPNe with classifications as O-type or emission line
stars excluding both hot WDs and CSPNe located on or above
the MS in the CMD. Those are regarded as the best candidates
for hot subluminous stars, but as no clear distinction is possible,
the catalogue of Weidmann et al. (2020) should be regarded as
complimentary to our catalogue.

Adding the known post-AGB stars without nebulae, we find a
total of 402 such objects in the literature (Rauch & Werner 1995;
Dreizler 1998; Napiwotzki 1999; Werner et al. 2004a,b, 2005,
2014; Herald & Bianchi 2011; Ziegler 2012; Reindl et al. 2014,
2016, 2017, 2020; Aller et al. 2015; de Marco et al. 2015; Werner
& Rauch 2015; Hillwig et al. 2017; Lobling 2020). The catalogue
now includes, for the first time, all spectroscopically confirmed
hot subdwarf stars regardless of their Galactic population and
their evolutionary stage.

In addition, several recent studies reported the discovery of
individual subdwarfs (Hillwig et al. 2017; Kupfer et al. 2017a,b,
2020, 2022; Holdsworth et al. 2017; Ratzloff et al. 2019, 2020;
Kilkenny et al. 2019; Bell et al. 2019; Hogg et al. 2020; Silvotti
et al. 2021; Pelisoli et al. 2021; Vos et al 2021; Dorsch et al.
2022; Silvotti et al. 2022; Werner et al. 2022a,b), all of which
are included in our compilation.

2.2. Astrometry and multi-band photometry

Gaia EDR3 (Gaia Collaboration 2021a) astrometry and pho-
tometry has been added to the catalogue. The zero-points of
the parallax measurements have been corrected as described in
Lindegren et al. (2021b) and the corrected Gaia parallaxes are
provided in addition to the uncorrected ones.

The sources for the further multi-band photometry as well as
the Galactic extinction and reddening provided in the catalogue
are described in Geier (2020). Only the infrared photometry in
the YJHK bands from the Visible and Infrared Survey Telescope
for Astronomy (VISTA) Hemisphere Survey has been updated to
the most recent DR5 (McMahon et al. 2013).

2.3. Cleaning the catalogue

To remove misclassified objects, we used colour indices as
described in Geier (2020). As most of the newly discovered
subdwarfs have been well classified and analysed, we did not
find any cool outliers in this data release. Due to the PNs sur-
rounding them and the fact that many of them are found at low
latitudes and high reddening, we did not apply any colour clean-
ing to the CSPNe. Calculating the absolute magnitudes of all
stars with accurate parallaxes (parallax error smaller than 20%
and zero-point correction applied), we identified several misclas-
sified white dwarfs (WDs) with Mg < 6.5 mag and also brighter
objects such as main sequence B (MS-B) stars. The reduced
proper motion H = G + Slogu + 5 was calculated for stars with
parallax errors >20% using the Gaia G magnitudes and proper
motion (i) to identify additional WDs with H > 15. However,
we find no additional misclassified objects.

Several misclassified subdwarfs were found by cross-
matching our sample with the SIMBAD database, the most
recent analysis of the MMT hypervelocity star survey (Brown
et al. 2014; Kreuzer 2021), and the list of misclassified hot sub-
dwarfs from the LAMOST survey (Luo et al. 2021). The main
contaminants of our sample are WDs and MS-A/B-type stars
as well as a few cataclysmic variables. However, a galaxy and
an active galactic nucleus were also previously classified as hot
subdwarfs.

The 182 misclassified objects are provided with their correct
classifications as a separate catalogue. Based on their previous

classifications as sdBs or sdOs and their colours, a tentative
classification of the WD candidates as either DAB (hydrogen
and neutral helium lines) or DAO (hydrogen and/or ionised
helium lines) candidates is provided. In the absence of a pre-
vious detailed classification, they are classified as WD. The final
DR3 catalogue of known hot subdwarfs contains 6616 unique
objects. The predominance of hot subdwarfs outside the Galactic
plane (see Fig. 3) is due to observational limitations in crowded
regions. For a description of the catalogue columns of both the
DR3 catalogue and the catalogue of misclassified objects, see
Table A.1.

2.4. Classification, spectroscopic parameters, and radial
velocities

For the spectroscopic and photometric classifications, we follow
the scheme outlined in Geier et al. (2017a) and updated in Geier
(2020). To complement the spectroscopic classes sdB, He-sdB,
sdOB, He-sdOB, sdO, and He-sdO, we introduce the additional
classes O(H), O(He), PG1159, and [WR] to classify the hotter
central stars of planetary nebulae (CSPNe) and other post-AGB
stars in our sample. O(H) stars have hydrogen-rich spectra sim-
ilar to sdOs with Balmer lines and usually only one HelI line
at 4686 A. O(He) stars exclusively show He 11 and some weaker
metal lines of high ionization stages, while PG1159 stars show
strong carbon lines in addition to the He II lines in the optical.
[WR] stars are hot and luminous CSPNe with spectra dominated
by emission lines.

The catalogue contains spectroscopic parameters such as
effective temperatures, surface gravities, and helium abun-
dances. In this catalogue, we aim to provide those parameters
for all the stars where such data are provided in the literature.
To achieve that in the most efficient way, we started with papers
containing parameters of larger samples of hot subdwarfs. For
all the remaining stars in the catalogue, we queried the avail-
able literature using the SIMBAD database and collected the
atmospheric parameters. For the CSPNs, we only include atmo-
spheric parameters determined with non-local thermodynamic
equilibrium (NLTE) models, which we consider as reliable (for
the references from the literature see Table A.1).

As the main purpose of this catalogue is the identification
and classification of hot subdwarf stars, only one set of atmo-
spheric parameters is provided for each star, even if several
different values are provided in the literature. In total, 3087
objects in our catalogue have measured atmospheric parameters
taken from the literature. This is, again, a significant increase
with respect to the 2187 objects included in Geier (2020) and
should now be close to complete, especially regarding results
taken from older literature.

Radial velocities (RVs) are provided for the 2791 stars with
spectra in the SDSS and LAMOST data archives. However,
for the most helium-rich objects, systematic offsets by up to
~100kms~! are possible owing to cross-correlation with inad-
equate template spectra (Geier et al. 2015a, 2017a). If available,
we used the RVs provided by Luo et al. (2021) for the LAMOST
spectra, because they were measured using appropriate models
and should not be affected by such systematic errors.

3. Constructing the hot subluminous star
catalogue from Gaia EDR3

The aim of the European Space Agency’s Gaia mission was to
create a three-dimensional map of our Galaxy. Gaia Early Data
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Fig. 3. Full-sky distribution of known hot subdwarfs DR3: Known hot subdwarfs with no binarity observed (cyan squares), known hot subdwarfs in
wide binary systems (magenta triangles), and known hot subdwarfs in close binary systems with WD, dwarf-M type, or brown dwarf companions

(blue diamonds).

Release 3 (EDR3; Gaia Collaboration 2021b) has charted over
1.8 billion sources and contains astrometry and photometry data
acquired during the first 34 operational months. The procedure
we used to generate our catalogue is based on that used in Geier
et al. (2019) but modified to reflect the differences between the
Gaia DR2 and EDR3 data sets in accordance with the recom-
mendations made by Fabricius et al. (2020) that the Gaia EDR3
data set be considered independently of DR2. As such, we did
not directly use any of the results from Geier et al. (2019). Fur-
thermore, given the proven high quality of the Gaia data, we
decided to compile the catalogue from these data only and not
include ground-based datasets as in Geier et al. (2019).

3.1. Hot subluminous star selection using parallax
measurements

We selected all Gaia EDR3 objects with good parallax measure-
ments (parallax_over_error > 5; parallax > 0), and used
the colour criteria (—0.7 < (Ggp — Grp) < 0.7) and the absolute
magnitude criteria (—5 < Gups < 7). The absolute G magnitude
was calculated using:

abs_g_mag = phot_g_mean_mag + 5 + 5log,y,(parallax/1000).
(H

Applying these criteria resulted in 3213406 objects from
the Gaia EDR3 catalogue. The criteria used were less restrictive
than the (-1 < Ggs < 7; =0.7 < (Ggp — Grp) < 0.7) used
for the Geier et al. (2019) catalogue. This was done to ensure
that all possible hot subluminous stars were considered. Visual
comparison of the respective CMDs showed this to be the case.

We calculated the corrected BP and RP flux excess
factor (phot_bp_rp_excess_factor_corrected) using
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the equations found in Sect. 6 of Riello et al. (2021) and
applied the following photometric and astrometric qual-
ity criteria: astrometric_sigma5d_max < 1.5 limiting
the five-dimensional uncertainty in the astrometric solu-
tion (Lindegren et al. 2018, 202la); |[phot_bp_rp_excess_
factor_corrected| < 0.6 to act as a filter to remove sources
with inconsistencies in G, Ggp, and Grp photometry (Riello
et al. 2021). Application of these quality criteria reduced the
number of potential candidates with good parallax to 3 195 369.

The correction for parallax bias with regard to magnitude
(zero point correction - zpc) outlined in Lindegren et al. (2021b)
was not taken into account for the candidate selection as many
of the hot subluminous stars lie in a parameter range where the
correction is not well defined. To maintain internal consistency
without unnecessarily removing objects without a well-defined
zero-point we have opted to use Gaia EDR3 parallax without
bias correction.

It should be noted that the astrometric quality criteria from
Lindegren et al. (2018, 2021a) based on the renormalised unit
weight error (ruwe) and astrometric excess noise significance
(astrometric_excess_noise_sig) were not used as they are
sensitive to astrometric binaries with unresolved companions
and we do not aim to exclude such systems.

We created a cut in Gaia EDR3 colour and absolute magni-
tude parameter space by dividing the Gaia EDR3 hot subdwarf
CMD parameter space into a 100 x 100 grid and counting the
number of objects in each subregion. We generated a polynomial
in colour-magnitude space (see Table 1) to follow the trough in
values between the hot subdwarf and main sequence clusters of
objects and act as a main sequence region rejection criterion (see
the cyan line in Fig. 4).

Applying the selection criteria for sources with a parallax
error of less than 20% (criteria 1, 2, 3, and 4; see Table 1)
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Table 1. Selection criteria applied to Gaia EDR3 to define the hot sublu-
minous star candidate selection from colour and absolute G magnitude
using sources with good parallax.

1. Gaia EDR3 initial hot subluminous star CMD ranges
—0.7 < (Ggp — Ggrp) < 0.7
—5<Gus <7

2. Astrometric quality selection criteria
parallax >0
parallax_over_error > 5
astrometric_sigma5d_max < 1.5

3. Photometric quality selection criteria
| phot_bp_rp_excess_factor_corrected| < 0.6

4. Gaia EDR3 CMD main sequence region rejection criterion
Gabs < 177(GBP - GRP)3 - 69(GBP - C;Rp)2 + 735(GBP - GRP) +1.95

5. Strict hot subluminous star selection criterion
Gaps < 120(GBP - GRP)3 + 12.9(Ggp — GRP)Z + 6.8(Ggp — GRp) +3.53
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Fig. 4. Gaia EDR3 Colour magnitude diagram (CMD). Upper panel:
full-scale Gaia EDR3 CMD (grey dots) with the Gaia EDR3 initial hot
subluminous star CMD range (red rectangle) used in subsequent CMD
plots; lower panel Gaia EDR3 initial hot subluminous star CMD region.
The colour scale shows the number density of objects. The cyan line
shows the cutoff used to remove the main sequence region.

reduced the number of potential hot subluminous stars to 16 959
objects.

It is known that sources in regions of high apparent stel-
lar density are prone to inaccurate astrometry. When these

inaccurate measurements are repeatable, the astrometric qual-
ity criteria will not flag such measurements as being erroneous
(Gentile Fusillo et al. 2019, 2021; Geier et al. 2019; Pelisoli &
Vos 2019; Culpan et al. 2021). Furthermore, regions of high
apparent stellar density are also known to be more suscepti-
ble to inaccuracies in the determination of the Ggp and Ggp
background as well as blending effects (Riello et al. 2021).

In order to minimise these crowded region effects, we
defined the subset of objects in the Gaia EDR3 CMD hot sublu-
minous star region with no apparent neighbours within a 5 arcsec
radius. We find 10 672 such candidates and refer to them here as
the Parallax Selection 1 set. We next considered those objects
with one or more apparent neighbours within 5 arcsec. The total
G flux from the hot subluminous star and the apparent neigh-
bours within 5 arcsec was calculated. Next we selected the hot
subluminous stars whose G flux dominated the 5 arcsec neigh-
bourhood flux. The criterion for this was at least 70% of the
5 arcsec neighbourhood G band flux coming was from the hot
subluminous star itself. There are 1147 such candidates, which
we refer to as the Parallax Selection 2 set.

Finally, we considered the remaining candidate objects
whose G flux was less than 70% of the total 5 arcsec neighbour-
hood G flux. As both the astrometry and photometry might be
adversely affected for these objects, we applied a stricter paral-
lax quality criterion (parallax error <10%) and a stricter cutoff
(see criterion 5 in Table 1) to ensure that only the objects whose
colour lies directly within the most populated region of the hot
subluminous star CMD cloud were selected. It was considered
highly unlikely that objects that were bluer than a hot subdwarf
were then reddened by extinction to make them lie in this region.
We generated a polynomial for the strict hot subdwarf selection
criterion (see Fig. 5 bottom left panel). There are 1304 candidate
objects in this final Parallax Selection 3 set.

The three parallax selection sets identified here (see Fig. 5)
resulted in 13 123 hot subluminous stars (Final Parallax Selec-
tion) selected using colour and absolute G magnitude. A sum-
mary of the selection criteria used and their effect on the number
of candidate objects found in the Gaia EDR3 hot subluminous
star catalogue can be seen in Table 3.

3.2. Hot subluminous star parameter determination for
candidate selection using proper motion measurements

The use of reduced proper motion as a proxy for absolute G mag-
nitude when identifying hot subluminous stars, white dwarfs,
and BHB objects has become common practice, and was used
by Gentile Fusillo et al. (2021), Geier et al. (2019), and Culpan
et al. (2021).

Using parallax errors <20% as a selection criterion effec-
tively limits the distance at which we are able to select hot
subluminous stars. Around 90% of the Final Parallax Selection
is found at distances of less than 3 kpc from the Sun. By using
reduced proper motion as a proxy for absolute G magnitude, we
are able to benefit from the fact that there are many objects in
the Gaia EDR3 data set that have a parallax error >20% yet still
have reliable proper motion measurements.

Plotting the Final Parallax Selection objects in colour
reduced proper motion space (see Fig. 6 upper panel) we were
able to find the parameter space where we could expect to
discover more distant candidate objects. In order to do this,
the reduced_proper_motion (Hg) and the proper_motion_
over_error (pm/opm) were calculated for all 3213 406 objects
in the Gaia EDR3 hot subluminous star CMD range where:

Hg = G + 5log,o(u) + 5 2
A40, page 5 of 19
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Fig. 5. Left column: Gaia EDR3 colour-magnitude diagrams showing the 3 213 406 initial candidate objects (grey dots) with the Gaia EDR3 CMD
hot subluminous star region selection criteria (magenta line - top and middle rows) and the strict hot subluminous star-selection criterion (blue line
- bottom row) (see Table 1). Right column: sky distribution of the parallax selection candidate objects. Top row: parallax Selection 1 objects (blue
circles). Middle row: parallax Selection 2 objects (red squares). Bottom row: parallax Selection 3 objects (green triangles).
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The plot of colour versus reduced proper motion for the
3213406 initial selection and the Final Parallax Selection super-
imposed (see Fig. 6, upper panel) shows, as expected, the same
general form as the colour-magnitude plot (lower panel), but
with the hot subluminous star region less well separated from
the main sequence region. This gave us confidence that using
reduced proper motion as a proxy for absolute magnitude is a
valid method for this data set albeit with lower completeness and
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higher levels of contamination than found in the Final Parallax
Selection. A discussion of the relative contamination and com-
pleteness between the Final Parallax Selection and the Proper
Motion Selection can be found in Sect. 5.

As was done in the parallax selection procedure, a polyno-
mial line was defined to separate the cloud of hot subluminous
stars and the main sequence objects. For the reduced proper
motion selection, this was done iteratively by comparing the
results for the same objects in the colour versus reduced proper
motion (colour-Hg) diagram (see Fig. 6 upper panel) and the
CMD (see Fig. 6 lower panel).
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Table 2. Selection criteria applied to Gaia EDR3 to define the hot sub-
dwarf candidate selection from colour and reduced proper motion using
sources with unreliable parallax measurements.

1. Gaia EDR3 hot subluminous star colour-Hg ranges
—0.7 < (Gpp — Grp) < 0.7
-10<H<17

2. Astrometric quality selection criteria
parallax_over_error <5
pm_over_error > 5

astrometric_sigma5d_max < 1.5

3. Photometric quality selection criteria

(phot_bp_n_obs > 2 AND phot_rp_n_obs > 2) OR phot_g_mean_mag < 19

4. Gaia EDR3 colour-H_G main sequence region rejection criterion
H < -9.26(Gpp — Ggp)® + 24.4(Gpp — Ggp) + 10.8

5. White dwarf region rejection criterion
H < 342.5(Gpp — Grp)* + 40.8(Gpp — Grp)® + 13.7(Gpp — Grp)? + 4.6(Gpp — Grp) + 14.7

6. Magellanic Cloud rejection criteria
within 15° of RA = 81.28°, Dec = —69.78° OR within 9° of RA = 12.8°, Dec = —73.15°

3.3. Reduced proper motion hot subdwarf candidate
selection

We found 7390541 objects within the hot subluminous star
colour—Hg region given in Sect. 3.3 (see Table 2). The use
of proper motion (pm) in calculating reduced proper motion
is directly analogous to the use of parallax in calculating
absolute magnitude. Thus, an equivalent quality criterion of
proper motion error <20% was applied (Gentile Fusillo et al.
2021; Culpan et al. 2021). This reduces the dataset to 6 860074
objects.

Comparison of the colour-Hg plot for the parallax error
<20% objects (see Fig. 6 upper panel) and the parallax error
>20% objects (see Fig. 7) showed that a very different popu-
lation of stars is present in the parallax error >20% selection.
Using a parallax error <20% cutoff criterion is, as stated in
Sect. 3.2, effectively limiting the distance of the selected objects
to 2-3 kpc from the Sun. Considering objects at greater distances
brings with it considerable contamination from the Magellanic
Clouds. The region around the Magellanic Clouds was therefore
removed, reducing further the number of objects to 4 856 823.
Applying the astrometric and photometric quality criteria and
the Gaia EDR3 colour-Hg diagram main sequence region rejec-
tion criterion that was found in Sect. 3.2 (see Table 2) to the
remaining sources leaves 92,409 hot subluminous candidates.

We then applied the same filtering criteria for crowded
region effects as used in the Parallax Selection 1 and Parallax
Selection 2, resulting in 66393 objects with no apparent
neighbours within 5 arcsec (Proper Motion Selection 1) and
7044 objects where at least 70% of the total flux from within a
5 arcsec radius came from the candidate object (Proper Motion
Selection 2).

3.4. Proper motion selection: white dwarf contamination

We saw a cloud of objects that were present at high reduced
proper motions (see Fig. 7). These were not seen in the Final
Parallax Selection (see Fig. 6 upper panel). We made a colour—
Hg plot with the number density plotted on the colour axis using
the same method as outlined in Sect. 3.1 and observed two clear
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Fig. 6. Upper panel: Gaia EDR3 colour-reduced proper motion dia-
gram. Lower panel: Gaia EDR3 colour-magnitude diagram. Both
showing the initial parallax selection (grey dots) and Final Parallax
Selection (blue circles) and reduced proper motion selection (magenta
squares). The polynomial lines are defined as the cutoff criteria to
remove the main sequence objects in colour-reduced-proper-motion
space and colour—magnitude space, respectively.
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Fig. 7. Gaia EDR3 colour-reduced proper motion diagram for the hot
subluminous star region. The grey dots show the objects outside the
Magellanic Clouds that conform with all quality criteria. The colour
scale shows the number density of Proper Motion Selection 1 and 2
objects in colour—Hg space. The red line shows the cutoff used to
remove the main sequence region. The blue line shows the cutoff used
to remove the white dwarf region.
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concentrations of objects in colour-Hg space. Overlaying the
high-probability white dwarf candidates in the reduced proper
motion extension from Gentile Fusillo et al. (2021) shows that
the cloud at higher reduced proper motions is white dwarf con-
tamination. An additional cutoff was therefore made to reduce
this white dwarf contamination (see Fig. 7). Applying the white-
dwarf-rejection criterion leaves 48462 hot subluminous star
candidates (Final Proper Motion Selection). For a summary of
the selection criteria and their effects on the number of candidate
objects, see again Table 3.

4. Indications of variability

The formation and evolution of hot subdwarf stars is still not
fully understood but mass loss and mass transfer with binary
partners is thought to play a major role (Geier et al. 2017a;
Pelisoli et al. 2020). We examined both the astrometric and pho-
tometric variability using different methods when applied to the
Gaia EDR3 hot subluminous star catalogue and the known hot
subdwarf catalogue and compared the results.

Astrometric variability, where the centre of an object moves
between different images, is a known method to detect stel-
lar companions (Lindegren et al. 2018, 2021a; Belokurov et al.
2020; Penoyre et al. 2021). The use of photometry to detect
variability faces additional challenges as the uncertainty in the
mean flux published in Gaia EDR3 is the standard deviation of
the flux measurements with a weighting factor applied. How-
ever, this weighting factor is not provided. Many of the published
methods (Chornay et al. 2021; Mowlavi et al. 2021) assume that
the weighting factors are equal. The errors in the photometric
noise are not only dependent on the variability of a candidate
object, but also on colour, magnitude, sky background, and stray
light. Different apparent magnitudes also have different acqui-
sition and calibration parameters. Despite these limitations, the
consideration of sources with anomalous flux error has led to
successful identification of variable objects (Gentile Fusillo et al.
2021; Chornay et al. 2021; Mowlavi et al. 2021; Guidry et al.
2021).

4.1. Photometric variability

To investigate the photometric variability, we applied the meth-
ods described in Gentile Fusillo et al. (2021) and Guidry et al.
(2021) and compared the results. Both of these methods were
developed to identify photometric variability in white dwarfs
which are close neighbours to hot subdwarfs in the Hertzsprung-
Russell diagram. As such we considered it likely that these
methods could be applied to hot subdwarfs.

The excess flux error method presented in Gentile Fusillo
et al. (2021) compares the phot_g_flux_error of each can-
didate object to the median G flux error of 500 similar objects
in terms of colour (bp_rp), G flux (log,, phot_g_mean_flux),
and the number of observations (phot_g_n_obs) taken from
the full Gaia EDR3 catalogue. A more precise description of
the method and the evaluation can be found in Gentile Fusillo
et al. (2021). This method, when applied to the Final Parallax
Selection, found that 9.6% (1308 of 13 123) of the candidate
objects with a parallax error <20% showed an excess of flux error
indicating variability (see Fig. 8).

This method was also applied to the catalogue of known hot
subdwarfs. We found that 7.6% of hot subdwarfs in wide binary
systems and 23% of hot subdwarfs in close binary systems
(see Fig. 9) showed an excess in flux error. Also, 5.2% of hot
subdwarfs with no indication of binarity display an excess in
flux error.
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Fig. 8. Gaia EDR3 colour-magnitude diagram for the hot subluminous
star region showing the initial parallax selection (grey dots), Final Par-
allax Selection (yellow circles), and hot subluminous stars found to have
an excess flux error that indicates variability. The red line shows the cut-
off used to remove the main sequence region.
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Fig. 9. Gaia EDR3 colour-magnitude diagram for the hot subluminous
star region showing the initial parallax selection (grey dots), Final Par-
allax Selection (yellow circles), known hot subdwarfs in wide binary
systems displaying an excess in flux error (blue circles), and known hot
subdwarfs in close binary systems that display an excess in flux error
(magenta squares). The red lines show the variability cutoffs used.

The results show a higher incidence of variability in compos-
ite systems when compared to single star systems. This might
be due to intrinsic variability of the cool main sequence com-
panions, which tend to show variations caused by rotation and
spots (Pelisoli et al. 2020). The percentages found also show
that close binary systems are more likely to exhibit photometric
variability that is detectable with this method than wide binary
systems. This is unsurprising as the amplitude of photometric
variations is larger in close binary systems when compared to
wider binaries with main sequence companions. Furthermore,
there is a significant fraction of close binary systems that show
eclipses, reflection effects or ellipsoidal variations among the hot
subdwarf population (e.g. Schaffenroth et al. 2019; Pelisoli et al.
2021).

The method to detect variability that was proposed by Guidry
et al. (2021) calculates a Gaia variability metric using Gaia
photometry (G flux error, apparent G magnitude, G flux, and
the number of observations) and a Zwicky variability metric
using photometry data from the Zwicky Transient Facility. This
method is calibrated to white dwarfs.
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Fig. 10. Astrometric and photometric fluctuation indicators versus abso-
lute G magnitude. Upper panel: distribution of excess flux error versus
apparent G magnitude for all sources in the final parallax selection.
The horizontal red line shows the cutoff used as the limit for variabil-
ity detection. Lower panel: distribution of re-normalised unit weight
error versus apparent G magnitude for all sources in the final parallax
selection. The horizontal red line shows the cutoff used as the limit for
variability detection.

The Gaia variability metric, when used alone, was found to
be less effective than the excess flux error method for our data
set. We considered this to be due to the fact that this was only one
part of the full method and did not include colour as a compari-
son criterion. Comparing the results of the two methods revealed
an unwanted colour dependency in the levels of variability found
using the Gaia variability index from Guidry et al. (2021).

4.2. Astrometric variability

We used the Gaia EDR3 output renormalised unit weight error
(ruwe) (Lindegren et al. 2018, 2021a) — a dimensionless measure
of how much the centre of an object moves between different
images — as an indicator for possible binarity. Identifying bina-
rity from astrometric variability is currently planned for Gaia
Data Release 3. Plotting ruwe versus the excess flux error (see
Fig. 11) shows that there is a correlation between photometric
and astrometric error excesses. Taking flux_error_excess >
4 (Gentile Fusillo et al. 2021) (see Fig. 10 upper panel) and ruwe
> 1.4 (see Fig. 10 lower panel) as the regions where variabil-
ity has been detected, we see that known hot subdwarfs in wide
binary systems display excess errors in both the astrometric and
photometric domains. Hot subdwarfs with close binary partners
display only photometric error excesses.

As the known composite hot subdwarf binaries with solved
orbits have periods of the order of years (e.g. Vos et al 2018),
they should also be detectable by Gaia astrometry due to the
comparable duration of the Gaia mission. It is therefore not sur-
prising that many of them show astrometric excesses in addition
to the photometric variability discussed in the previous section.
The known hot subdwarfs in close binary systems have orbital
periods of the order of hours to days (e.g. Kupfer et al. 2015) and
are not expected to show astrometric variability.

5. Completeness and contamination

To estimate the completeness and contamination level of the
Gaia EDR3 catalogue of hot subluminous stars, we made some
comparisons within the catalogue itself and also with the cata-
logue of known hot subdwarfs.

5.1. Parallax versus proper motion selection

When considering all objects with a parallax error <20% we find
8694 of the 13 123 objects in the Final Parallax Selection are also
selected using the proper motion selection criteria. This gives us
a 66% completeness of the proper motion selection compared to
the parallax selection.

There is a strong colour dependence in the completeness of
the proper motion selection versus the parallax selection (see
Fig. 6 lower panel). The reduced proper motion selection cri-
teria find nearly all of the Final Parallax selection in the range
—0.7 < Ggp — Grp < —0.15 but find virtually no redder objects
where Ggp — Grp = —0.15.

Furthermore, we find only 10512 parallax error <20%
objects were selected using the proper motion criteria of which
2967 were not in the Final Parallax Selection. This gives a 28%
contamination of the proper motion selection compared to the
parallax selection.

The peak in the distance histogram (see Fig. 14) at 1.8 kpc
indicates that the Final Parallax Selection is reasonably complete
out to this distance for those hot subdwarfs that are not in binary
systems or have unseen binary companions. When we make the
approximation that all hot subdwarfs have an absolute magni-
tude of 4.5, then we can calculate an approximate distance to the
objects selected according to their reduced proper motion using:

d ~ 100-2Phot_g_mean_mag-4.5+5) 4)

Using this equation, we find that the distance distribution of
the Final Proper Motion Selection (see Fig. 15) peaks at ~4 kpc
with candidates found out to ~9 kpc.

5.2. Known hot subdwarf and Gaia EDR3 subluminous star
catalogue comparison

We find 3847 of the known hot subdwarfs to have a parallax error
of <20%, of which 3246 (84%) are found within the Final Par-
allax Selection. As can be seen in Fig. 12, the majority of the
known hot subdwarfs that are not in the Final Parallax Selec-
tion are those in binary systems with main sequence companions
which, due to their redder composite colour, are located beyond
our colour cut.

Of the remaining 2759 known hot subdwarfs that do not have
a parallax error of <20%, we find 1715 (62%) in the Final Proper
Motion Selection (see Fig. 13). In total, 5562 (84%) of the 6616
known hot subdwarfs are also present in the Gaia EDR3 hot
subluminous star catalogue.
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Table 3. Effect of the hot subluminous star selection criteria for the parallax selection and the proper motion selection as outlined in Sect. 3.

A&A 662, A40 (2022)

Selection criteria Object count
Parallax selection criteria:

1. Parallax >0, parallax error <20%, initial hot subdwarf CMD ranges 3213406
2. Position 1 + astrometric quality criteria 3213398
3. Position 2 + photometric quality criterion 3195369
4. Position 3 + CMD main sequence rejection criterion 16959
5a. Position 4 + no apparent neighbours within 5 arcsec 10672
5b. Position 4 + faint apparent neighbours within 5 arcsec 1147
Sc. Position 4 + bright apparent neighbours within 5 arcsec + strict hot subdwarf cutoff 1304
6. Final parallax selection 5a + 5b + 5c 13123
Proper Motion Selection Criteria

7. Hot subdwarf colour-H_G range, parallax error >20% 7390 541
8. Position 7 + proper motion error <20% 6860074
9. Position 8 + removal of the Magellanic Clouds direction 4856823
10. Position 9 + astrometric and photometric quality criteria 4784233
11. Position 10 + colour-H_G main sequence rejection criterion 92409
12a. Position 11 + no apparent neighbours within 5 arcsec 66393
12b. Position 11 + faint apparent neighbours within 5 arcsec 7044
13. Positions 12a+12b + white dwarf rejection criterion 48462

Notes. The definition of ‘bright’ and ‘faint’ apparent neighbours is described in Sect. 3.
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Fig. 11. Excess flux error versus Gaia EDR3 (ruwe) diagram showing the Final Parallax Selection (grey dots), the known hot subdwarfs in wide
binary systems (blue circles), the known hot subdwarfs in close binary systems with WD, dM type, or BD companions (magenta squares), and the
known hot subdwarfs where no binarity has been observed (yellow triangles). The red lines shows the variability cutoffs used for (ruwe) and flux
erTor excess.
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Fig. 12. Gaia EDR3 colour-magnitude diagram for the hot subluminous star region showing the initial parallax selection (grey dots), final Parallax
Selection (yellow circles), known hot subdwarfs with no binarity observed (cyan squares), known hot subdwarfs in wide binary systems (magenta
triangles), and known hot subdwarfs in close binary systems with WD, dwarf-M type or brown dwarf companions (blue diamonds).The red line

shows the cutoff used to remove the main sequence region.
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Fig. 13. Gaia EDR3 colour reduced proper motion diagram for the
hot subluminous star region showing the initial proper motion selec-
tion (grey dots), Final Proper Motion Selection (yellow circles), known
hot subdwarfs with no binarity observed (cyan squares), known hot
subdwarfs in wide binary systems (magenta triangles), and known hot
subdwarfs in close binary systems with WD, dwarf-M type or brown
dwarf companions (blue diamonds).The red line shows the cutoff used
to remove the main sequence region.

In summary, the Gaia EDR3 hot subluminous star catalogue
parallax selection should be almost complete (80-90%) for sin-
gle sources and unresolved binaries. However, there is a much
lower completeness for hot subdwarfs in wide binary systems as
the main sequence companion moves the colour of the binary
system away from the EHB cloud in colour-magnitude space.
The reduced proper motion selection has a completeness of 50%
with a contamination level of 28%.
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Fig. 14. Distance distribution of the Gaia EDR3 Final Parallax Selection
objects.
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Fig. 15. Approximate distance distribution of the Gaia EDR3 Final
Proper Motion Selection objects.
A40, page 11 of 19



A&A 662, A40 (2022)

-4
-2
0
5)
(1]
E 2
"]
i}
2 4
c
[=)]
[3°]
s 6
Q
[}
5 8
E
2 10
12
14
16

-0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Gaia EDR3 G(BP) - G(RP) (mag)

Fig. 16. General properties of the Final Parallax Selection. Upper panel: sky distribution of Gaia EDR3 Final Parallax Selection objects. Lower
panel: final Parallax Selection (yellow circles) shown on the full range Gaia CMD (grey dots).
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Fig. 17. Sky distribution of Gaia EDR3 Final Proper Motion Selection objects.

6. Magnitude, distance, and sky coverage of the
catalogues

The Gaia EDR3 catalogue of hot subluminous star candidates
consists of two parts (for a description of the catalogue columns,
see Table B.1). The Final Parallax Selection is a catalogue of
13,123 candidate objects found at distances of up to a few
kiloparsecs with an apparent magnitude range from 7.0 up to
18.3 mag with the peak of the distribution at 16.2 mag (see
Fig. 18). We consider the Final Parallax Selection to be a full-
sky catalogue (see Fig. 16) as there are no filtering or selection
criteria based on Galactic latitude or similar. On the other hand,
the crowded region filtering does remove some objects in the
most crowded regions of the Galactic plane.

The Final Proper Motion Selection catalogue contains 41 8§22
candidate objects found at approximate distances of up to ~7 kpc
with an apparent magnitude range of 8.6 mag up to 19.4 mag
with the peak of the distribution at 18 mag (see Fig. 18). The
crowded region filtering is stricter than that applied in the
Final Parallax Selection and there is also a filter to cut out
candidate objects in the direction of the Magellanic Clouds (see
Fig. 17).

7. Summary and conclusions

In this work, we compiled two catalogues: The Known Hot Sub-
dwarf Catalogue DR3 comprising 6616 known hot subdwarfs
with spectroscopic and photometric classifications; and the Gaia
EDR3 Hot Subluminous Star catalogue comprising 13 123 hot
subluminous star candidates with parallax error <20% selected
using absolute G magnitude and 48 462 hot subluminous star
candidates with parallax error >20% selected using reduced
proper motion.

The known hot subdwarf catalogue DR3 was created using
the methods used by Geier (2020) but using the additional,
recent discoveries as outlined in Sect. 2.1. The Gaia EDR3 Hot
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Fig. 18. Distribution of Gaia EDR3 apparent G magnitude for the Final
Parallax Selection (blue) and Final Proper Motion Selection (magenta).

Subluminous Star catalogue was generated based on the proce-
dures used in Geier et al. (2019) but modified to take into account
the improvements in Gaia EDR3 photometry and astrometry
compared to Gaia DR2. The data quality criteria were also mod-
ified to reflect the most recent published methods. The latest
colour algorithms were also applied. The improved data quality
in Gaia EDR3 also meant that we could improve the hot sub-
luminous star candidate detection in the Galactic Plane and, in
the Final Parallax Selection, in the direction of the Magellanic
Clouds.

For the Final Parallax Selection, we were successful in using
astrometric and photometric error excess measurements to dis-
cern between main sequence and hot subdwarf binary systems,
unresolved hot subdwarf binary systems, and hot subdwarfs not
in binary systems.

Our catalogues are the next step in the iterative process of
creating a more complete, full-sky catalogue of hot subdwarf
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stars. It is known that the colour-magnitude diagram on its
own is not sufficient to disentangle the diverse subtypes of hot
subluminous stars and to distinguish them without any doubt
from main sequence, BHB, and white dwarf stars. Spectroscopic
follow-up is needed to learn more about this class of objects.

Our catalogue provides the selection criteria upon which
future surveys can be based. In particular, upcoming large spec-
troscopic surveys (e.g. 4MOST, WEAVE, DESI) can construct
their target lists using our catalogue. The target selection for the
upcoming 4MOST hot subdwarf (HSD) consortium survey (de
Jong et al. 2019) to observe hot subluminous stars in the southern
hemisphere will be based on our catalogues.
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R. Culpan et al.: The population of hot subdwarf stars studied with Gaia

Appendix A: Catalogue of known hot subdwarfs DR3

Table A.1. Catalogue columns

Column Format Description Unit
NAME A30 Target name

GAIA_DESIG A30 Gaia designation

RA F10.6 Right ascension (J2000) deg
DEC F10.6 Declination (J2000) deg
GLON F10.6 Galactic longitude deg
GLAT F10.6 Galactic latitude deg
SPEC_CLASS Al5 Spectroscopic classification

SPEC_SIMBAD AlS Spectroscopic classification from SIMBAD
COLOUR_SDSS A10 Colour classification SDSS
COLOUR_APASS AI10 Colour classification GALEX/APASS

COLOUR_PS1 A10 Colour classification GALEX/PS1

COLOUR_SKYM Al10 Colour classification SkyMapper

PLX F8.4 Gaia parallax mas
PLX_ 7P F8.4 Zero-point-corrected Gaia parallax mas

e PLX F8.4 Error on PLX mas
M_G F8.4 Absolute magnitude in G-band mag
G_GAIA F6.3 Gaia G-band magnitude mag
e_G_GAIA F6.3 Error on G_GAIA mag
BP_GAIA F6.3 Gaia BP-band magnitude mag

e BP GAIA F6.3 Error on BP_GAIA mag
RP_GAIA F6.3 Gaia RP-band magnitude mag
e_RP_GAIA F6.3 Error on RP_GAIA mag
PMRA_GAIA F73 Gaia proper motion (, cos mas yr~!
e PMRA_GAIA F7.3 Error on PMRA_GAIA mas yr"
PMDEC_GAIA F71.3 Gaia proper motion fs mas yr~!
e_ PMDEC_GAIA F7.3 Error on PMDEC_GAIA mas yr‘1
RV_SDSS F5.1 Radial velocity SDSS kms™!
e_RV_SDSS F5.1 Error on RV_SDSS kms™!
RV_LAMOST F5.1 Radial velocity LAMOST kms™!

e RV_LAMOST F5.1 Error on RV_LAMOST kms™!
TEFF F8.1 Effective temperature K
e_TEFF F8.1 Error on T_EFF K
LOG_G F4.2 Log surface gravity (gravity in cms™2) dex
e_LOG_G F4.2 Error on LOG_G dex
LOG_Y F5.2 Log helium abundance n(He)/n(H) dex

e LOG_Y F5.2 Error on LOG_Y dex
PARAMS_REF A20 Reference for atmospheric parameters (Bibcode)'

EB-V F6.4 Interstellar reddening E(B-V) mag

e EB-V F6.4 Error on EB-V mag

AV F6.4 Interstellar extinction Ay mag
FUV_GALEX F6.3 GALEX FUV-band magnitude mag

! References from the literature: Tomley (1970); Greenstein (1973); Giddings (1981); Hunger et al. (1981); Heber et al. (1984); Heber & Kudritzki
(1986); Heber et al. (1986); Heber & Langhans (1986); Heber (1986); Heber et al. (1987, 2002, 2003); Husfeld et al. (1989); Dreizler et al. (1990);
Moehler et al. (1990); Bixler et al. (1991); Rauch et al. (1991, 2014); Viton et al. (1991); Jeffery et al. (1992, 2013, 2021); Rauch (1993); Theissen
et al. (1993); Saffer et al. (1994, 1997); Thejll et al. (1994); Bauer et al. (1995); Rauch & Werner (1995); Lanz et al. (1997); Lemke et al. (1997);
Dreizler (1998); Koen et al. (1998); Napiwotzki (1999); Edelmann et al. (1999); Wood & Saffer (1999); Burleigh et al. (2000); Maxted et al.
(2001); Ramspeck et al. (2001); Maxted et al. (2002); Ahmad & Jeffery (2003); Edelmann et al. (2003); Morales-Rueda et al. (2003); Werner et al.
(2004a,b, 2005, 2014); Werner & Rauch (2015); Werner et al. (2022a,b); Lisker et al. (2005); O’ Toole & Heber (2006); Hiigelmeyer et al. (2006);
Przybilla et al. (2006); Moni Bidin et al. (2007, 2009, 2012); Stréer et al. (2007); Charpinet et al. (2008, 2010); Geier et al. (2008, 2010, 2011);
Geier et al. (2013a,b, 2014, 2015b, 2017b); Geier et al. (in prep.); Geier et al. (2022); Fontaine et al. (2008); Hirsch (2009); Todt (2009); For et al.
(2010); van Grootel et al. (2010); Barlow et al. (2010, 2013); Jeffery et al. (2010); Naslim et al. (2010); @stensen et al. (2010a,b,c, 2014); Klepp
& Rauch (2011); Latour et al. (2011, 2015, 2018a); Tillich et al. (2011); Bloemen et al. (2011); Copperwheat et al. (2011); Koen (2011); Herald &
Bianchi (2011); Miszalski et al. (2008); Nemeth et al. (2012, 2016); Vos et al. (2012); Vos et al (2013); Almeida et al. (2012); Baran et al. (2012,
2016, 2019); Verbeek et al. (2012); Ziegler (2012); Schaffenroth et al. (2013, 2019, 2021); Frew et al. (2014); Reindl et al. (2014); Kupfer et al. (2015,
2017a,b, 2020, 2022); Kepler et al. (2016, 2019); Reindl et al. (2016, 2017, 2020); Derekas et al. (2015); Chayer et al. (2015); de Marco et al. (2015);
Aller et al. (2015); Bachulski et al. (2016); Luo et al. (2016, 2019, 2021); Ziegerer et al. (2017); Hillwig et al. (2017); Holdsworth et al. (2017); Lei
et al. (2018, 2019, 2020); Gvaramadze et al. (2019); Ratzloff et al. (2019, 2020); Kilkenny et al. (2019); Lobling et al. (2019); Bell et al. (2019);
Lobling (2020); Hogg et al. (2020); Silvotti et al. (2021, 2022); Pelisoli et al. (2021); Dorsch et al. (2022)
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Appendix B: Gaia EDR3 catalogues of hot subluminous star candidates

Table B.1. Catalogue columns

Column Format Description Unit
source_id 119 Gaia EDR3 source identifier -

ra F10.6 Gaia EDR3 Right ascension deg

dec F10.6 Gaia EDR3 Declination deg

1 F10.6 Galactic longitude deg

b F10.6 Galactic latitude deg
parallax F8.4 Gaia parallax @ mas
parallax_error F8.4 Error on parallax mas
abs_g_mag F8.4 Absolute magnitude in G-band mag
phot_g_mean_mag F6.3 Gaia apparent G magnitude mag
bp_rp F6.3 Gaia Ggp - Ggp magnitude mag
phot_bp_rp_excess_factor_corrected F6.3 Corrected Gaia Ggp - Grp excess factor -

pmra F7.3 Gaia proper motion g, cos 6 mas yr~!
pmra_error F7.3 Error on pmra mas yr~!
pmdec F7.3 Gaia proper motion ys mas yr!
pmdec_error F7.3 Error on pmdec mas yr~!
pm F7.3 Gaia proper motion u mas yr~!
pm_error F7.3 Error on proper motion mas yr~!
ruwe F7.5 Gaia EDR3 renormalised unit weight error -
reduced_proper_motion F7.3 Reduced proper motion H mag
excess_flux_error F7.3 Excess flux error -
parallax_selection_flag I1 Parallax selection catalogue candidate -
proper_motion_selection_flag I1 Proper motion selection catalogue candidate -
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