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ABSTRACT

We present a catalogue of white dwarf candidates selected from Gaia Early Data Release 3 (EDR3). We applied several selection
criteria in absolute magnitude, colour, and Gaia quality flags to remove objects with unreliable measurements while preserving
most stars compatible with the white dwarf locus in the Hertzsprung—Russell diagram. We then used a sample of over 30 000
spectroscopically confirmed white dwarfs and contaminants from the Sloan Digital Sky Survey (SDSS) to map the distribution
of these objects in the Gaia absolute magnitude—colour space. Finally, we adopt the same method presented in our previous
work on Gaia Data Release 2 (DR2) to calculate a probability of being a white dwarf (Pwp) for 1.3 million sources that passed
our quality selection. The Pyp values can be used to select a sample of 359 000 high-confidence white dwarf candidates. We
calculated stellar parameters (effective temperature, surface gravity, and mass) for all these stars by fitting Gaia astrometry and
photometry with synthetic pure-H, pure-He, and mixed H-He atmospheric models. We estimate an upper limit of 93 per cent for
the overall completeness of our catalogue for white dwarfs with G < 20 mag and effective temperature (Tes) = 7000 K, at high
Galactic latitudes (Jb| > 20°). Alongside the main catalogue we include a reduced proper motion extension containing 10200
white dwarf candidates with unreliable parallax measurements that could, however, be identified on the basis of their proper
motion. We also performed a cross-match of our catalogues with SDSS Data Release 16 (DR16) spectroscopy and provide

spectral classification based on visual inspection for all resulting matches.
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1 INTRODUCTION

White dwarfs are by far the most common stellar remnants in the
Galaxy and over 95 per cent of all stars will end their lives as one of
these small fading members (Fontaine, Brassard & Bergeron 2001).
Several unique properties of white dwarfs make them powerful tools
with applications in various areas of astronomy: from flux calibration
(e.g. Bohlin, Gordon & Tremblay 2014) to cosmochronology (e.g.
Fontaine et al. 2001) and exoplanetary science (e.g. Hollands,
Génsicke & Koester 2018a). However, the intrinsic low luminosity of
white dwarfs has always posed a significant observational challenge
and large, well-defined samples of these stars have historically been
difficult to assemble.

In 2018 the Gaia Data Release 2 (DR2) led to a true revolution in
the field of white dwarf science, with accurate parallax measurements
unlocking the possibility to search for these stellar remnants on
an unprecedented scale. Jiménez-Esteban et al. (2018) identified

73000 white dwarfs and explored in more details the population
within the 100 pc solar neighbourhood, and Gentile Fusillo et al.
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(2019) sampled the entirety of Gaia DR2 identifying a total of

260000 white dwarfs, an eightfold increment compared to the
number of objects known before Gaia (Gentile Fusillo et al. 2019).
This new, well-defined, and homogeneous sample of white dwarfs
gave astronomers an unprecedented opportunity to look at the global
properties of these stars, resulting already in a number of important
new discoveries.

Tremblay et al. (2019b) identified a ‘transversal’ sequence in
the Hertzsprung—Russell (H-R) diagram of Gaia white dwarfs not
aligned with theoretical cooling tracks and not explained by a unique
atmospheric composition. Tremblay et al. (2019b) recognized this
feature as the first direct observational evidence of a delay in white
dwarf cooling due to core crystallization and associated physics
such as phase separation and sedimentation, a feature of the H-
R diagram that had been predicted over 50 yr before (van Horn
1968). Cheng, Cummings & Ménard (2019) later demonstrated that
about 6 per cent of high-mass white dwarfs (M > 1.05M ) on
this transverse sequence, likely the products of double-degenerate
mergers, must experience an extra 8 Gyr cooling delay not explained
by core crystallization alone. More recently, Blouin, Daligault &
Saumon (2021) reconciled these results showing that a distillation
process during ?>Ne phase separation in crystallizing white dwarfs
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could explain both the cooling delay of standard white dwarfs
and the extra delay experienced by high-mass double white dwarf
mergers (see also Bauer et al. 2020; Camisassa et al. 2021). A
number of additional studies have focused on the spectral properties
of ultramassive white dwarfs, consolidating the idea that many
of these systems are the result of double white dwarf mergers
(Hollands et al. 2020; Kawka, Vennes & Ferrario 2020; Kilic et al.
2021).

In addition to enabling a close look at the H-R diagram of white
dwarfs, the parallax measurements of Gaia allowed to more precisely
estimate white dwarf fundamental parameters and also calculate them
independently of spectroscopy. Consequently, in the wake of DR2 a
number of studies revisited the stellar parameters of various subsets
of white dwarfs, evaluated potential systematic offsets in the data of
Gaia and of various additional large-area surveys, and provided a
new statistical view on the global properties of white dwarfs (see e.g.
Bergeronetal. 2019; Coutu etal. 2019; Ourique etal. 2019; Tremblay
et al. 2019a; Chandra et al. 2020). The white dwarf luminosity
function was also reexplored with unprecedented level of detail
(Torres et al. 2021); and Torres et al. (2019) further investigated the
memberships of white dwarfs into the thin disc, thick disc, and halo
Galactic populations. Significant progress was also made for large-
scale identification and characterization of white dwarfs in binaries
with main-sequence stars, either in common proper motion pairs
(El-Badry, Rix & Weisz 2018), non-interacting unresolved systems
(Inight et al. 2021), or cataclysmic variables (Abril et al. 2020; Pala
et al. 2020).

In addition to providing new insight into the global properties of
white dwarfs, the huge number of new objects discovered thanks to
Gaia opened-up the opportunity to identify some of the most peculiar
and rare types of white dwarfs.

For example, Kaiser et al. (2021) and Hollands et al. (2021)
discovered five cool (T < 5000 K) white dwarfs with trace Li in
their atmospheres. This rare polluting element is extremely difficult
to detect in hotter white dwarfs and could be the signpost of accretion
of the crust of a planetary object (Hollands et al. 2021). More
discoveries related to planetary systems around white dwarfs enabled
by Gaia included WD J0914+1914, a peculiar white dwarf in the
process of evaporating a Neptune-like exoplanet (Génsicke et al.
2019), and the 14 newly identified white dwarfs with gaseous debris
from rocky planetesimals (Dennihy et al. 2020; Melis et al. 2020;
Gentile Fusillo et al. 2021), which brought the number of such
systems known from seven to 21.

However, despite the enormous progress based on the analysis of
the Gaia DR2 white dwarf samples, they are not without limitations.
We estimated the Gentile Fusillo et al. (2019) catalogue to be mostly
complete only out to 70 pc, but even within the 20 pc solar
neighbourhood a handful of historically known white dwarfs did
not have reliable Gaia observations. Furthermore the coolest and
therefore reddest white dwarfs remained difficult to be systematically
identified both because of their low luminosity and because of
relatively high contamination from other red sources with spurious
Gaia measurements.

The Early Data Release 3 (EDR3) of Gaia relies on 34 months
of observations (compared to 22 months for DR2) and represents an
improvement on all fronts over DR2, with parallax measurements
being now on average 20-30 per cent more accurate and proper
motion measurements twice as accurate as in the previous data
release (DR). Additionally, EDR3 includes new flags and diagnostic
parameters that allow to better assess the data available for each
source and make more robust quality cuts (Gaia Collaboration 2021a;
Lindegren et al. 2021; Riello et al. 2021).
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2 IDENTIFYING WHITE DWARFS IN GAIA
EDR3

2.1 EDRS3 quality filtering

The procedure we employed to select white dwarfs in Gaia EDR3 is
in many aspects analogous to the one we developed for Gentile
Fusillo et al. (2019), but we do not directly rely on any result
from our previous work on DR2. As advised in Fabricius et al.
(2021) the EDR3 data set should be considered independent of
DR2 and, therefore, we carried out our selection entirely anew. We
began by retrieving EDR3 photometry and astrometry for 128 000
objects with available spectroscopy in the Sloan Digital Sky Survey
(SDSS) Data Release 16 (DR16, Ahumada et al. 2019) with u —
g, g — r colours consistent with those of white dwarfs and with
PARALLAX_OVER_ERROR >1. We visually inspected these spectra and
reliably identified a total of 25655 white dwarfs that we used to
visualize the full extent of the white dwarf locus in the Gaia H-R
diagram (Fig. 1). We then implemented a broad cut that defines the
area in H-R space within which all white dwarfs with reliable EDR3
measurements are expected to be found (equation 1), and limits the
number of objects to which all subsequent steps in our selection are
applied:

Gabs >6+5x (GBP - GRP), (1)

AND PARALLAX_OVER_ERROR > 1. (2)

It is important to notice that the white dwarf locus defined in this
way can only be considered fully inclusive for single white dwarfs,
double white dwarf binaries, and white dwarfs with low-luminosity
companions that do not significantly contribute to the Gaia colour.
For the rest of the paper all mentions of white dwarfs refer only to
this type of systems. Some white dwarfs with unresolved main-
sequence companions are also included by our initial selection,
but the full parameter space spanned by this type of binaries is
considerably larger (see figs 3, 6, 8, and 15 in Inight et al. 2021)
and a significant fraction of these systems cannot be identified using
only Gaia data. Equations (1) and (2) provide a broad definition
of the white dwarf locus, but they include a total of 14422222
sources, a large fraction of which have unreliable photometric
and astrometric measurements and need to be filtered out. The
quality filtering criteria used in Fabricius et al. (2021, RUWE <1.4
and IPD_-FRAC_MULTI_PEAK <2 and IPD_GOF_HARMONIC_AMPLITUDE
<0.1) only remove 20 per cent of the objects in this sample, but,
at the same time, exclude 11 per cent of SDSS spectroscopically
confirmed white dwarfs with G < 20 and, therefore, on their own are
inadequate for our final aim. In order to maximize the completeness
of our final catalogue we defined a series of quality cuts using a
combination of several EDR3 parameters. Using our spectroscopic
sample as a reference, this selection aims to remove the vast majority
of contaminants sources while preserving all stars that genuinely
belong in the white dwarf locus.

However, no unique set of quality criteria can be applied uniformly
to the entire sky. Crowded areas remain more challenging even
in EDR3 and quality cuts that produce relatively clean samples
in low-crowding regions do not produce equally good results in
more densely populated parts of the sky. Therefore, stricter selection
criteria need to be applied for stars in these locations. In order to
efficiently deal with this problem, we split the entire EDR3 sample
in bins of 50 arcsec?, counted the objects within each bin and
assigned all Gaia sources a DENSITY parameter defined as the total
number of objects in its bin. This value can then be used to define
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Figure 1. Left-hand panel: Gaia H-R diagram showing a representative sample of 2 million objects (randomly picked using their RANDOM_INDEX) with
PARALLAX_OVER_ERROR > 1 (grey points). The blue points represent the SDSS DR16 spectroscopically confirmed white dwarfs used to broadly define the white
dwarf locus. The initial cut adopted for our selection is indicated by the red solid lines. Centre panel: distribution of spectroscopically confirmed SDSS white
dwarfs (blue) and contaminants (red) included in our final Gaia sample. Right-hand panel: Gaia H-R diagram of all 1280 266 objects in our catalogue. The

colour scale reflects the Pywp value of each object.

a threshold beyond which stricter selection criteria are required.
Additionally we divided the sky in three main areas within which we
carried out our quality filtering separately: high galactic latitudes,
Galactic plane, and Magellanic Clouds. The Magellanic Clouds area
was defined as a 15° radius around o = 81:28, 6 = —69:78 (for
the Large Magellanic Cloud) plus a 9° radius around a = 12:80,
0 = —73:15 (for the Small Magellanic Cloud; Gaia Collaboration
2021c).

Sources with DENSITY <400 even within the Magellanic Clouds
or Galactic plane areas were treated analogously to sources in the
High Galactic latitude sample. The final selection criteria adopted
are reported in equations (3)—(21).

High Galactic latitudes

(Jb] = 25 or DENSITY" < 400), )

AND ASTROMETRIC_SIGMA5D_MAX < 1.5
OR (RUWE < 1.1AND IPD_GOF_HARMONIC_AMPLITUDE < 1), (4)

AND ((PHOT_BP_N_OBS > 2AND PHOT_RP_N_OBS > 2)

OR PHOT_G_MEAN_MAG < 19), (5)
AND (PARALLAX_OVER_ERROR = 40R (PM/PM_ERR") > 10), (6)
AND |PHOT _BP_RP_EXCESS_FACTOR_CORRECTED'| < 0.6, (7)

AND ((ASTROMETRIC_EXCESS_NOISE_SIG < 2
OR (ASTROMETRIC_EXCESS_NOISE_SIG = 2
AND ASTROMETRIC_EXCESS_NOISE < 1.5))

OR ASTROMETRIC_PARAMS_SOLVED < 32), (8)

(]b] < 25 AND DENSITY' > 400). 9)

Galactic plane

AND ASTROMETRIC_SIGMA5D_MAX < 1.5
OR (RUWE < 1.1AND IPD_GOF_HARMONIC_AMPLITUDE < 1), (10)

AND ((PHOT_BP_N_OBS > 2AND PHOT_RP_N_OBS > 2)
OR PHOT_G_MEAN_MAG < 19), (11)

AND (PARALLAX_OVER_ERROR = 40R (PM/PM_ERR') > 10),  (12)
AND |PHOT _BP_RP_EXCESS_FACTOR_CORRECTED'| < 0.6, (13)

AND ((ASTROMETRIC_EXCESS_NOISE_SIG < 2
OR (ASTROMETRIC_EXCESS_NOISE_SIG = 2
AND ASTROMETRIC_EXCESS_NOISE < 1.5))
OR ASTROMETRIC_PARAMS_SOLVED < 32), (14)

AND ((JPHOT_BP_RP_EXCESS_FACTOR_CORRECTED' | <
5 X SIGMA_EXCESS_FACTOR)
OR (PARALLAX_OVER_ERROR = 4

AND ASTROMETRIC_SIGMA5D_MAX < 1)), (15)
DENSITY' > 400, (16)
AND ASTROMETRIC_SIGMASD_MAX < 1.5. a7

Magellanic clouds

AND (PHOT_BP_N_OBS > 2AND PHOT_RP_N_OBS > 2), (18)
AND (PARALLAX,OVER,ERROR >6

OR (PARALLAX_OVER_ERROR > 2AND (PM/PM_ERR') > 10)), (19)
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Table 1. Summary of the white dwarf candidate selection in Gaia EDR3.

Total number of sources in Gaia EDR3 1811709771
Sources in initial colour-Ggps cuts (equations 1-2) 14422222
No. of objects after quality filtering (equations 3-21) 1280266
High-confidence candidates (Pwp > 0.75) 359073
of which with G < 16 2034
of which with 16 < G < 18 20973
of which with 18 <G < 20 188784
of which with G > 20 147282
No. of objects in RPM extension (Section 2.3) 113572
of which with Pywp > 0.85 10200
AND (ASTROMETRIC,EXCESS,NOISE,SIG <2
OR (ASTROMETRIC,EXCESS,NOISE,SIG =2
AND ASTROMETRIC_EXCESS_NOISE < 1.5)), (20)
AND |PHOT,BP,RP,EXCESS,FACTOR,CORRECTEDT| <
5 % SIGMA_EXCESS_FACTOR, (21)
Hg = PHOT_G_MEAN_MAG + 5log 1 + 5, (22)
Hg > 10 + 7 > (Ggp — Gre). (23)

The symbol T indicates parameter not provided in the official EDR3
archival distribution, details are provided in the text.

The parameters with the largest impact on our selection are as
follows.

ASTROMETRIC_SIGMA5D_MAX, the five-dimensional equivalent to
the semimajor axis of the Gaia position error ellipse and is useful for
filtering out cases where one of the five parameters, or some linear
combination of several parameters, is particularly bad (Lindegren
et al. 2018).

PM_OVER_ERR, the ratio of total proper motion to total proper
motion error and, although it is not provided in EDR3 archive, it can
be calculated from PM, PMRA_ERROR, PMDEC_ERROR.

PHOT _BP_RP_EXCESS_FACTOR_CORRECTED, the
PHOT_BP_RP_EXCESS_FACTOR corrected for Ggp — Ggrp colour
dependence as described in Riello et al. (2021). It is not provided
in the EDR3 archive and needs to be calculated following the
recipe in Riello et al. (2021), pYTHON code for the calculation is
available on public repository.* This parameter can be used to filter
out sources with inconsistent G, Ggp, and Ggp photometry, which
are particularly prominent in crowded regions. In our selection we
make cuts in PHOT_BP_RP_EXCESS_FACTOR_CORRECTED With respect
t0 SIGMA_EXCESS_FACTOR that is defined as ‘the 1o scatter for a
sample of well-behaved isolated stellar sources with good quality
Gaia photometry’ (see section 9.4 in Riello et al. 2021 for full
details).

The combined result of our quality filtering for the three sky
areas is a sample of 1280266 objects (Table 1) that represents a
compromise between removing the majority of sources with non-
optimal Gaia measurements and preserving all the stars in white
dwarf locus.

2.2 Probability of being a white dwarf: Pyp

Even after applying all the quality filtering described the in previous
section, when looking at our sample of 1280266 objects, white

Lhttps://github.com/agabrown/gaiaedr3-flux-excess-correction
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Figure 2. Percentage of SDSS white dwarf spectra identified in our Gaia
EDRS3 catalogue as a function of SDSS g — r colour. The 20 per cent drop
at g —r < —0.4 is likely caused by erroneous inclusion of subdwarfs in the
spectroscopic sample.

dwarfs do not immediately stand out as a sequence clearly distinct
from the rest of the sources in the sample. Consequently any attempt
to select white dwarfs with simple cuts in the H-R diagram would
result in incomplete and/or contaminated sample.

To answer this problem, we adopted the same procedure described
in Gentile Fusillo et al. (2019), i.e. we rely on our sample of
spectroscopically confirmed SDSS white dwarfs and contaminants to
calculate probabilities of being a white dwarf (Pwp) for all objects in
our Gaia EDR3 sample. We used a total of 22 998 spectroscopically
confirmed single white dwarfs and 7124 contaminant objects to map
their distribution in H-R (Ggp — Grgp, Gans) Space (Fig. 1). In order
to create a smooth map covering the entire space of interest, every
object was treated as a 2D Gaussian, the width of which reflects
the Ggp — Ggrp and Ggs uncertainties of the object. For objects
with good quality spectra [signal-to-noise-ratio (S/N) > 10] these
Gaussians were normalized so that their volume equals unity, while
to reflect the more uncertain classification of objects with low S/N
spectra (S/N < 10) we used a normalization value of 0.5. This results
in two continuous smeared-out density maps one for white dwarfs
and one for contaminants. A probability map is then created as the
ratio of the white dwarf density map to the sum of both density
maps. Regions outside our H-R cut (equation 2) where given a fixed
probability value of zero. This map can then be used to calculate the
Pwp of any Gaia object by integrating the product of its Gaussian
distribution in H-R space with the underlying probability map.

Our Pyp Vvalues allow users to select subsamples of stars flexibly
compromising between the desired completeness and acceptable
levels of potential contamination.

As a generic guideline selecting objects with Pyp > 0.75 recovers

359 000 high-confidence white dwarf candidates, 25 632 of which
have SDSS spectroscopy. 91 per cent of these spectroscopic
sources are confirmed white dwarfs, 1 per cent are contaminant
objects, 3 per cent are white dwarf-main-sequence binaries or
cataclysmic variables, and the rest have unreliable classification.
When comparing with confirmed SDSS spectroscopic white dwarfs
we also find no significant colour bias in this selection (Fig. 2).
Cleaner, but less complete, white dwarf subsets can be obtained
with higher Pyp thresholds and by imposing additional cuts in
Gaia quality parameters stricter than those already adopted in our
selection.

2.3 The reduced proper motion extension

The location in the H-R diagram of all Gaia sources with PAR-
ALLAX_OVER_ERROR <1 was considered too unreliable to be used
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Figure 3. Same as Fig. 1, but showing the distribution of SDSS spectroscopic sources in reduced proper motion (RPM)—colour space and the Pywp distribution

for sources in the RPM extension.

to identify potential white dwarf candidates. However, a significant
fraction of these rejected objects have reliable proper motion mea-
surements. Indeed compared to DR2, proper motion measurements in
EDR3 are, on average, twice as precise while parallax measurements
improved only by 20-30 per cent. In the absence of reliable parallax
estimates, reduced proper motion (RPM) can be used as a proxy
for distance and can be employed to distinguish different stellar
populations. In particular, before the advent of Gaia, colour-RPM
diagrams have historically been used to efficiently select white
dwarf candidates (e.g. Jones 1972; Harris et al. 2006; Gentile
Fusillo, Génsicke & Greiss 2015; Lam et al. 2019). With the aim
to fully exploit the potential of Gaia as a resource to identify white
dwarfs, we decided to create an extension to our main catalogue
that contains white dwarf candidates with unreliable parallax mea-
surements, but that could be identified on the basis of their RPM.
Similarly to what is described in Section 2 we calculated RPM
defined as

AND PARALLAX_OVER_ERROR < 1 (24)

for all spectroscopically confirmed white dwarfs and contaminants
in our SDSS sample and used these objects to determine the
locus occupied by white dwarfs in Hg—BP_RP space (Fig. 3). We
then retrieved all Gaia sources with PARALLAX_OVER_ERROR < 1
and proceeded to define a set of quality cuts aimed at removing
sources with unreliable Gaia measurements while preserving objects
compatible with the white dwarf locus:

AND DENSITYT < 800, (25)
AND ASTROMETRIC_SIGMASD_MAX < 1.5, (26)
AND PHOT_BP_N_OBS > 3, 27)
AND PHOT_RP_N_OBS > 3, (28)
AND (PM/PM_ERRT) > 10), (29)

AND |PHOT_BP_RP_EXCESS_FACTOR_CORRECTED'| <
3 X SIGMA_EXCESS_FACTORT, (30)

As = 0.835Ay, (31)

AGBP = 1139AV . (32)

This selection results in a sample of 113572 objects (Table 1).
Analogously to what is described in Section 2.2 we created a
probability map using SDSS spectroscopic white dwarfs, though in
this instance using colour—-RPM space instead of colour—Ggs Space.
We then used this map to calculate RPM-based probabilities of
being a white dwarf (Pywp) for all objects in our RPM extension.
Because they are selected among objects with unreliable parallax
measurements, all sources in the RPM extension have relatively poor
Gaia parameters and are often very faint (G > 20.5). Furthermore
RPM-based probability maps cannot fully distinguish white dwarfs
from hot subdwarfs resulting in some contamination from this type
of stars even for relatively high values of Phwp. We therefore suggest
the use of the RPM extension only for users interested in the faintest
white dwarfs approaching the limit of Gaia detection and recommend
selecting objects with Pywp > 0.85. We estimate that a total of

10200 genuine white dwarfs are included in the RPM extension.
Because of the poorer quality of the Gaia parameters for the objects
in the RPM extension, in contrast with the main catalogue, we do
not provide extinction estimates (see Section 3.1), stellar parameters
(see Section 4), and EXCESS_FLUX_ERROR Vvalues (see Section 6) for
the white dwarf candidates in this sample.

3 THE WHITE DWARF CATALOGUE

A full version of the main Gaia EDR3 catalogue of white dwarf
candidates and the RPM extension presented in the previous sections
can be downloaded from https://warwick.ac.uk/fac/sci/physics/rese
arch/astro/research/catalogues/gaiaedr3_wd_main.fits.gz

https://warwick.ac.uk//fac/sci/physics/research/astro/research/cat
alogues/gaiaedr3_wd_rpm_ext.fits.gzand will also be made available
via the VizieR catalogue access tool.

All stars in our catalogue are given a name according to
the convention presented in Gentile Fusillo et al. (2019), i.e.
WD JHHMMSS.SS+DDMMSS.SS defined as the white dwarf coor-
dinates in IRCS, at equinox 2000, and epoch 2000. Objects that were

MNRAS 508, 38773896 (2021)
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