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ABSTRACT

Context. Kinematic and chemical tagging of stellar populations have both revealed much information on the past and recent history
of the Milky Way, including its formation history, merger events, and mixing of populations across the Galactic disk and halo.

Aims. We present the first detailed 3D kinematic analysis of a sample of 3133 white dwarfs that used Gaia astrometry plus radial
velocities, which were measured either by Gaia or by ground-based spectroscopic observations. The sample includes either isolated
white dwarfs that have direct radial velocity measurements, or white dwarfs that belong to common proper motion pairs that contain
nondegenerate companions with available radial velocities. A subset of common proper motion pairs also have metal abundances that
have been measured by large-scale spectroscopic surveys or by our own follow-up observations.

Methods. We used the white dwarfs as astrophysical clocks by determining their masses and total ages through interpolation with
dedicated evolutionary models. We also used the nondegenerate companions in common proper motions to chemically tag the pop-
ulation. Combining accurate radial velocities with Gaia astrometry and proper motions, we derived the velocity components of our
sample in the Galactic rest frame and their Galactic orbital parameters.

Results. The sample is mostly located within ~300 pc from the Sun. It predominantly contains (90-95%) thin-disk stars with almost
circular Galactic orbits, while the remaining 5-10% of stars have more eccentric trajectories and belong to the thick disk. We identi-
fied seven isolated white dwarfs and two common proper motion pairs as halo members. We determined the age — velocity dispersion
relation for the thin-disk members, which agrees with previous results that were achieved from different white dwarf samples without
published radial velocities. The age — velocity dispersion relation shows signatures of dynamical heating and saturation after 4-6 Gyr.
‘We observed a mild anticorrelation between [Fe/H] and the radial component of the average velocity dispersion, showing that dynam-
ical mixing of populations takes place in the Galactic disk, as was detected through the analysis of other samples of FGK stars.
Conclusions. We have shown that a white dwarf sample with accurate 3D kinematics and well-measured chemical compositions en-
ables a wider understanding of their population in the solar neighborhood and its connection with the Galactic chemodynamics. The
legacy of existing spectroscopic surveys will be boosted by the availability of upcoming larger samples of white dwarfs and common
proper motion pairs with more uniform high-quality data.

Key words. white dwarfs — binaries: general — Galaxy: kinematics and dynamics

1. Introduction

Our Galaxy, the Milky Way, is a dynamic ensemble of stars,
gas, dust, and dark matter. Its complexity is enhanced by
the mixing of its components through the Galactic potential
(Sellwood & Binney 2002) or by recent and past interactions
with satellite galaxies (Antojaetal. 2018; Helmi et al. 2018;
Belokurov et al. 2018). In the current era of large spectro-

* Full Tables 2, 4-7 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/658/A22

Article published by EDP Sciences

scopic surveys, such as the Radial Velocity Experiment (RAVE;
Steinmetz et al. 2006), the Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST; Deng etal. 2012), the
Galactic Archaeology with HERMES (GALAH; De Silva et al.
2015), the Gaia-ESO survey (Randich & Gilmore 2013), and
the Apache Point Observatory Galactic Evolution Experiment
(APOGEE; Majewski et al. 2017), our advantageous observa-
tion point from the inside of the Milky Way favors a direct
analysis of stellar populations. This favorable perspective has
been enabling a key understanding of the correlations among
location, kinematics, metallicity, and stellar ages through the
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analysis of hundreds to several thousand spectra in various
databases (Bland-Hawthorn & Gerhard 2016, and references
therein). These large spectroscopic databases have contributed to
identifying metallicity gradients along the galactocentric radius
and vertical height above the plane, or detailed information on
stellar orbits in the Galactic disk and halo (Boeche et al. 2013;
Bergemann et al. 2014; Hayden et al. 2020). With increasing
distance from the plane, increasing numbers of metal-poor stars
are found that also posses enhanced abundances of a-elements
(Mg, Si, Ca, and Ti) with respect to Fe. This leads to the com-
monly adopted distinction into thin and thick components of the
Galactic disk (Hayden et al. 2015; Bland-Hawthorn et al. 2019).
The observed differences in the abundance patterns of Galac-
tic populations are interpreted as the signature of a sequen-
tial enrichment of the interstellar medium with the ejecta of
core-collapse and thermonuclear supernovae, which occur on
different timescales and leave their traces in the atmospheres
of present-day stars (Matteucci & Recchi 2001). Even the solar
neighborhood contains mix of stars that have likely formed in
situ or migrated from the inner Galaxy (Navarro etal. 2011;
Adibekyan et al. 2011). The kinematic analysis of metal-rich or
metal-poor and @-enhanced or -depleted populations indicates
that different mechanisms take place in the Galactic disk, such as
secular heating (i.e., an increased velocity dispersion in the radial
or vertical directions; Dehnen & Binney 1998; Aumer & Binney
2009; Aumer et al. 2016) and radial mixing (migration and blur-
ring of Galactic orbits for stars that were born at different galac-
tocentric radii; Schonrich & Binney 2009; Minchev et al. 2018;
Hayden et al. 2018).

In this dynamic context, white dwarfs can play a prominent
role because they are the end products of low- to intermediate-
mass stars (<10 My; Doherty et al. 2017; Cummings et al. 2018)
and are ubiquitous in the stellar populations of all ages in
the Galactic disk and halo, even 100pc away from the Sun
(Torres et al. 2021). Although white dwarfs can potentially trace
the kinematics of the youngest and oldest stellar populations
because of their billion-year-long cooling times and their reli-
ability as astrophysical clocks (Althaus et al. 2010), their use for
such studies is typically hindered by some of their physical prop-
erties. First, white dwarfs only “superficially” lose the memory
of the chemical make-up of their progenitors because all the ele-
ments that are heavier than hydrogen or helium sink in their inte-
riors as a result of their strong gravitational field (Schatzman
1945). Second, measuring precise and accurate radial velocities
of white dwarfs from their pressure-broadened lines is a difficult
endeavor that is complicated by the intrinsic redshift of spectral
lines that arise from the gravitational field of white dwarfs (e.g.,
Greenstein et al. 1977; Schulz 1977). Various attempts have
been made to overcome the problem of the missing radial veloc-
ity in various ways (Oppenheimer et al. 2001; Reid et al. 2001;
Sion et al. 2014; Rowell & Kilic 2019; Torres et al. 2021). Some
of the earliest works that included radial velocities of hydrogen-
atmosphere (DA spectral type) white dwarfs contained small
samples of stars that were used to determine the average gravita-
tional redshift and the dispersion of the Galactic velocity compo-
nents (Trimble & Greenstein 1972; Wegner 1974). Another way
to study the kinematics of white dwarfs relies on studying those
that belong to common proper motion pairs because the systemic
radial velocity can be more easily estimated from the nondegen-
erate companions (Wegner 1981; Silvestri et al. 2001). However,
as a result of the lack of accurate radial velocities, one of the
largest samples of white dwarfs that satisfies these requirements
came from the ESO supernova type Ia progenitor survey (SPY;
Napiwotzki et al. 2020). Out of this sample, 634 DA white
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dwarfs were categorized into thin and thick disk or halo members
in an attempt to estimate the white dwarf contribution to bary-
onic dark matter (Pauli et al. 2006; Richter et al. 2007; Dimpel
2018). More recently, a larger sample of 20247 DA white
dwarfs from the Sloan Digital Sky Survey (SDSS) Data Release
12 was thoroughly investigated by Anguiano et al. (2017), who
measured their radial velocities. These authors detected the
existence of a mean Galactic radial velocity gradient and an addi-
tional source of dynamical heating from the analysis of the age —
velocity dispersion relation, with respect to the prediction for the
secular evolution of the Galactic disk. Later attempts at finding
correlations among white dwarf masses, kinematics, and ages
found that the most massive white dwarfs have the small-
est velocity dispersion, thus appearing to have experienced
fewer dynamical interactions because their lifetimes are shorter
(Wegg & Phinney 2012). More recent work by Cheng et al.
(2020) has suggested that the kinematics of massive white dwarfs
may carry the imprint of past binary mergers. A significant frac-
tion of massive white dwarfs have a larger velocity dispersion
according to this and are therefore older than they appear.

In this paper, we expand the previous kinematic analysis
of isolated white dwarfs that we complement with common
proper motion pairs that contain white dwarfs and nondegenerate
companions that have radial velocity and metallicity measure-
ments. Combining radial velocities with the astrometric data of
the European Space Agency Gaia mission (Gaia Collaboration
2016) for the first time, we analyze the full 3D kinematics and
derive the Galactic orbital parameters of the sample of isolated
white dwarfs and common proper motion pairs. Hence, we ana-
lyze their correlations with the white dwarf ages and the chem-
ical composition of their nondegenerate companions. We also
discuss a few peculiar systems. Finally, we determine the age
— velocity dispersion for these white dwarfs by comparing our
results to previous measurements.

2. Sample selection
2.1. Isolated white dwarfs with radial velocity measurements

Our first sample consisted of single white dwarfs that have radial
velocity measurements. We cross-matched the latest release of
SPY (Napiwotzki et al. 2020), which contains 643 DA white
dwarfs, and the sample of 20247 DA white dwarfs from the
SDSS (Anguiano et al. 2017) with the Early Data Release 3
of Gaia (EDR3; Gaia Collaboration 2021). We performed our
cross-match through the TAP' service that is implemented by
the command-line tool, STILTS (Taylor 2006), requesting that
parallaxes are strictly positive and are measured with a preci-
sion of 20% (w > 0 and 05/@ < 0.2), and imposing addi-
tional quality cuts that are listed in Table 1. Moreover, we
cleaned our selection by requesting that our sources are mini-
mally affected by blending, that is, they have a parameter § <
0.1 (as defined by Riello et al. 2021). We removed the most
likely spurious astrometric solutions (fidelity >0.5; Rybizki et al.
2022) and imposed a 5o cut on the corrected BP and RP flux
excess (C*; Rielloetal. 2021). As an additional safety mea-
sure, we also applied a cut on the renormalized unit weight
error (ruwe; Lindegren 2018) as defined in Table 1. Finally, we
collected the geometric distance estimates (Bailer-Jones et al.
2021) for all identified objects. In addition, we removed from the

! Accessing the relevant online services, which are listed here: https:
//gea.esac.esa.int/tap-server/tap
https://gaia.ari.uni-heidelberg.de/tap
http://dc.zah.uni-heidelberg.de/tap


https://gea.esac.esa.int/tap-server/tap
https://gea.esac.esa.int/tap-server/tap
https://gaia.ari.uni-heidelberg.de/tap
http://dc.zah.uni-heidelberg.de/tap

R. Raddi et al.: Kinematic properties of white dwarfs

Table 1. Selection criteria adopted for the identification of white dwarf candidates and common proper motion companions.

Quality cuts applied to white dwarfs and common proper motion companions

w >0AND o,/w <0.2 AND visibility_periods_used > 10
phot_bp_mean_mag < 20.5 AND phot_bp_mean_flux_over_error > 10
phot_rp_mean_mag < 20 AND phot_rp_mean_flux_over_error > 10
B <0.1 AND |C % | < 50¢-(G) AND fidelity > 0.5 AND ruwe < max(ruwe + o pyye, 1.4)

White dwarf color-magnitude cuts

G+5-5x% lOg(]OOO/?D') >9X(G-Ggrp)—-3X%X (G- GRP)2 -09x%x (G- GRP)3 +(G - GRP)4 + 8.5
G+5-5x% lOg (1000/@') > 6 X (Ggp — Grp) — 0.9 x (Ggp — GRP)2 -0.9x (Ggp — GRP)3 +0.35 x (Ggp — GRP)4 +8.5
G —Ggp < 0.9 AND GBP —Grp < 1.9

Notes. 5 and C* are defined by Riello et al. (2021).
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Fig. 1. Hertzsprung-Russel diagrams of our selected white dwarfs with
radial velocity measurements (fop panel) and the Gaia-selected com-
mon proper motion pairs (bottom panel). The cooling tracks for He-,
CO-, and ONe-core white dwarfs (Althaus et al. 2013; Camisassa et al.
2016, 2019) and the isochrones are shown. The corresponding masses
and ages are labeled in the top panel for clarity. The solar metallicity
BaSTTI isochrones with [Fe/H] = 0.06 (blue curves; Hidalgo et al. 2018)
and a-enhancement (orange curves; Pietrinferni et al. 2021) are plotted
at 1 and 10 Gyr (dashed and solid curves, respectively).

cross-match all the SPY white dwarfs that either are identified
as spectroscopic binaries, have other peculiarities, or have prob-
lematic data; we also excluded the SDSS white dwarfs with
a signal-to-noise ratio (S/N) lower than 20 and radial velocity
errors larger than 10 kms~'. The result of this cross-match pro-
duced 484 white dwarfs with SPY spectra and 1641 white dwarfs
with SDSS DR12 spectra; 48 stars are in common in the two
surveys. As shown in the Gaia Hertzsprung-Russell (HR) dia-
gram (top panel of Fig. 1), the selected objects encompass the
full range of white dwarf masses and a wide spread of cooling
ages up to 5 Gyr, although the majority of them are intrinsically
bright white dwarfs younger than 0.3 Gyr. The Gaia source iden-

tifiers, photometry, and geometric distances of the selected white
dwarfs are listed in Table 2. The full table is available at the CDS.

Because it is important for our kinematic study, we note
that the radial velocities of the SPY and SDSS white dwarfs
were measured with two different techniques. On the one hand,
Napiwotzki et al. (2020) performed Gaussian fits to the nar-
row Ha and Hp line cores of SPY white dwarfs (a descrip-
tion of the procedure is detailed in Sect. 3 and Appendix A of
Napiwotzki et al. 2020), with the goal of avoiding the pressure
shifts and asymmetries due to nonlinear effects in the wings
of the strongly Stark-broadened Balmer lines (Halenka et al.
2015, and references therein). On the other hand, Anguiano et al.
(2017) used the cross-correlation method employing the entire
spectra of SDSS white dwarfs. The two samples contain 48
white dwarfs in common. We compare their radial velocities in
Fig. 2. The SDSS measurements show an average difference of
+15 + 13kms~! with respect to the SPY results. Because the
high-resolution SPY sample is better suited for accurate and pre-
cise radial velocity measurements, we corrected the SDSS sam-
ple for the average offset, and we used the SPY measurements
when a star was observed by both surveys.

2.2. Common proper motion pairs

The second sample consisted of common proper motion pairs
containing white dwarfs and nondegenerate companions that
have radial velocity measurements. In order to identify the
common proper motion pairs, we began by selecting white
dwarf candidates following the methods of Gentile Fusillo et al.
(2021), and applying the color and magnitude cuts in the prox-
imity of the white dwarf cooling sequence in the Gaia EDR3 HR
diagram as well as the quality cuts given in Table 1. The resulting
query returned 168 247 white dwarf candidates.

The identification of common proper motion pairs drew from
the recent work of El-Badry et al. (2021), but we used our ini-
tial selection of white dwarfs to identify mutual pairs and non-
degenerate companions in the full Gaia EDR3. In contrast to
El-Badry et al. (2021), we searched for common proper motion
pairs with maximum projected separations of s < 0.5 x 10° au
and a projected orbital velocity difference of Avgwy < 2.7 X
(s [au]/1000)~1/2kms~!, as is computed for a total binary mass
of ~8.5 M. We applied the quality cuts of Table 1 to the selec-
tion of common proper motion companions, and we cleaned
the resulting sample from possible members of open clusters
by removing the stars that matched the astrometric parame-
ters of those characterized by Cantat-Gaudin & Anders (2020).
The resulting sample contains 7256 systems, 40 of which are
resolved triple systems containing two nondegenerate stars, and
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Table 2. System identifiers in this paper, Gaia identifiers, photometry, and distances of isolated white dwarfs and common proper motion pairs.

System Gaia EDR3 G [mag] Ggp[mag] Ggrp[mag] d[pc] Gaia EDR3 G [mag] Ggp[mag] Ggrp[mag] d[pc]
White dwarfs Non-degenerate companions

0001 152935195517952 17.98 18.00 18.00 225

0002 288175125714560 17.47 17.49 17.52 153

3148 6907694553263596672  19.54 19.68 19.39 206 6907694690702552576  13.52 14.11 12.79 223
3149  6910805342238827648 16.37 16.28 16.59 158 6910806102448648576 14.85 15.88 13.84 156
3150  6910816513450124288 17.40 17.30 17.60 357

3151 6917473674103954560 17.53 17.69 17.24 75

Notes. The full table is available at the CDS. The system number is used as short identifier throughout the paper.

Radial velocity (Anguiano+2017) [km/s]

Radial velocity (Napiwotzki+2020) km/s]

Fig. 2. Radial velocity comparison for 48 isolated white dwarfs that
have been observed by Anguiano et al. (2017) and Napiwotzki et al.
(2020). The dashed lines correspond to the equality and a +10km s
radial velocity offset.

six are triplets containing two white dwarfs. These systems
were excluded from further analysis because they may have had
higher chances of past interactions that affected their evolution
(Toonen et al. 2020). As for the single white dwarf sample, we
collected the geometric distance estimates for all the identified
pairs.

2.3. Companion stars with radial velocity measurements

Among the common proper motion pairs, we identified 976
systems for which the nondegenerate stars have reliable veloc-
ity measurements in the Second Data Release of Gaia (DR2;
Gaia Collaboration 2018), based on their number of measure-
ments (dr2_rv_nb_transits >5) and the absence of brighter
neighbors within 10 arcsec (reflecting stricter quality criteria
than advised by Boubert et al. 2019). This sample includes two
double-degenerate binaries with a nondegenerate companion
each, and one system containing one white dwarf and two non-
degenerate companions that have very similar radial velocities.
Subsequently, we searched for nondegenerate companion
stars that may also have been observed by other spectro-
scopic surveys by cross-matching our sample with the RAVE
DR5 (Kunder et al. 2017), LAMOST DRS5 (Luo et al. 2019;
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Table 3. Results of our cross-match with spectroscopic surveys for the
nondegenerate companions.

Catalog Quality criteria Selected
Gaia dr2_rv_nb_transits>5, no bright neighbor 976
RAVE QR=0,cl =c2=c3 =n 68
LAMOST S/N > 20 113
APOGEE Eflag =0, Aflag=0 37
GALAH+ flag_sp =0, flag_fe_h=0 51

Xiang et al. 2019), APOGEE DR16 (Jonsson et al. 2020), and
GALAH+ DR3 (Buder et al. 2021). Hence, we selected only
those stars that have iron abundances, [Fe/H], which is a proxy
for stellar metallicity, and a-element abundances, [@/Fe], which
is a measure of the chemical nucleosynthetic evolution. The
selected data satisfy the quality criteria defined in the relevant
references. When more than one spectrum was available for a
star in a given survey, we chose the best-quality observation.
The correlation between [Fe/H] and [a/Fe] of this sample is dis-
cussed in Sect. 4 because it is relevant for the interpretation of
the results. In Table 3 we list the numbers of spectra that were
identified in each survey and the corresponding selection crite-
ria. Finally, we added 61 common proper motion pairs to this
sample that have spectra for their nondegenerate companions
that were analyzed by Rebassa-Mansergas et al. (2021, hereafter
shortened to RM+2021 in figures and tables). The selected stars
have spectra with an S /N > 20 and [Fe/H] measurements. For 48
of these stars, we measured radial velocities, and the remaining
13 stars have reliable Gaia DR2 measurements.

All in all, our sample of common proper motion pairs with
radial velocity measurements includes 1092 systems, which are
displayed in the Gaia HR diagram in the bottom panel of Fig. 1.
We note that 198 nondegenerate companions have multiple
radial velocity measurements from both Gaia DR2 and the other
spectroscopic catalogs we considered, while 778 and 116 non-
degenerate companions only have radial velocity measurements
from either Gaia DR2 or the other spectroscopic surveys, respec-
tively. We also note that 18 isolated white dwarfs from either
the SPY or SDSS samples belong to common proper motion
pairs. We comment on the agreement between the radial veloc-
ity measurements in Sect. 3.1 after estimating their gravitational-
redshift correction. The Gaia source identifiers, photometry, and
geometric distances of the white dwarfs and nondegenerate stars
in common proper motion pairs, along with the element abun-
dances and radial velocities of the latter, are listed in Table 4.
The stars with more than one observation in the spectroscopic
surveys have repeated entries.
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Table 4. Element abundances and radial velocities of the Gaia-selected common proper motion pairs.

System Survey [Fe/H] [a/Fe] Urad [kms™11D pq [kms™1]@
0011 CPMP +323+1.7
0020 GALAH+ +0.03+0.10 +0.06 +0.07 —-11.3+0.1

3146 RAVE -0.22+0.20 +0.14+0.20 -239+0.9 -242+03
3148 CPMP +32.3+49

Notes. The full table is available at the CDS. CPMP indicates the nondegenerate stars that do not have available spectra. The radial velocities from

(1) the listed surveys or (2) Gaia DR2.
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Fig. 3. Radial velocity comparison for nondegenerate stars in common
proper motion pairs that have measurements in Gaia DR2 and the other
considered surveys. The dashed lines correspond to the equality line and
a +10km ™! radial velocity offset.

The comparison between the Gaia DR2 radial velocities and
those measured by the other surveys is shown in Fig. 3. It con-
firms an agreement that is well within 10 km s~! and supports the
use of Gaia DR2 radial velocities in the kinematic analysis of this
sample for the stars that were not observed by other spectroscopic
surveys. The LAMOST radial velocities present a systematic off-
set of —4.4 + 3.7kms~! with respect to the Gaia DR2 values, as
was previously noted (Anguiano et al. 2018; Wang et al. 2019).
Therefore we compensate for this offset when we analyze the
LAMOST stars in Sect. 3. Five data points in Fig. 3 display a
stronger disagreement between Gaia DR2 and the other surveys
and have Gaia DR2 velocity errors of more than 3kms~'. We
note that the sample of common proper motion pairs we studied
that only have Gaia DR2 radial velocity measurements contains
81 stars with radial velocity errors that are larger than 3kms~!.
We do not know whether these stars have calibration issues or
belong to unresolved binaries. In the remainder of the paper, we
include these objects for statistical purposes, but care should be
taken when they are analyzed individually.

3. Data analysis

3.1. Physical parameters of white dwarfs

Because we are interested in studying the relations among
the Galactic orbital parameters and stellar ages, we use the

white dwarfs as cosmic chronometers. This is possible thanks
to the well-constrained physical properties of white dwarfs
(Althaus et al. 2010, and references therein), which enable us
to estimate their masses, M, and cooling ages, T, that is, the
time since a white dwarf formed, as well as their effective tem-
peratures and surface gravities (T and log g) based on the white
dwarf colors and luminosities. From the white dwarf masses, it is
possible to estimate their progenitor masses through the initial-
to-final-mass relation (IFMR), and to infer their progenitor ages
by means of appropriate stellar evolutionary tracks.

Our approach follows the idea behind the photometric tech-
nique of measuring white dwarf atmospheric parameters, which
was first developed by Bergeron et al. (1997). It has since been
thoroughly validated and tested against numerous datasets. We
used the Gaia color-magnitude diagram (Fig. 1) to robustly
determine the physical parameters of all white dwarfs in our
sample through direct interpolation of the observed Gaia EDR3
magnitudes and colors (G, Ggp — Grp) on the La Plata cooling
tracks for He-, CO-, and ONe-core white dwarfs (Althaus et al.
2013; Camisassa et al. 2016, 2017, 2019), which span over a
range of T = 5000-80000K, and logg = 7-9.5 or logg =
7.9-9.5 for H-rich or H-deficient atmospheres, respectively. For
this purpose, we computed the absolute magnitudes of the evo-
lutionary models in the Gaia EDR3 passbands by means of
appropriate synthetic spectra for the La Plata cooling sequences
with H-rich and H-deficient atmospheres (i.e., using synthetic
DA and DB spectra, respectively; Koester 2010, including many
unpublished improvements). For the interpolation, we used the
scipy module (Virtanen et al. 2020) LinearNDInterpolator,
which is based on the Qhull triangulation?, and we sampled the
observed Gaia EDR3 photometry and parallaxes of each white
dwarf with a Monte Carlo method, adopting Gaussian distri-
butions and using the geometric distances of Bailer-Jones et al.
(2021) as priors. We corrected the observed Gaia EDR3 mag-
nitudes for the effect of interstellar extinction, which we deter-
mined using the geometric distance estimates in combina-
tion with the 3D extinction-distance maps of Lallement et al.
(2019). We converted the monochromatic extinctions at 5500 A
of the 3D maps into the Gaia EDR3 passbands through the
Fitzpatrick et al. (2019) reddening law with Ry = 3.1.

We adopted cooling tracks of white dwarfs with solar metal-
licity even when the metallicity of common proper motion pairs
was known because the differences in cooling age due to the
metallicity content of the white dwarf are typically negligible
in contrast to the total age errors or the cooling age differences
due to the atmospheric composition (H-rich or H-deficient),
which is unknown for most of the white dwarfs in common
proper motion pairs. For example, in our sample, a typical white
dwarf of 0.6 M with a DA spectrum will have a cooling age

2 http://www.qghull.org
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Fig. 4. Comparison between spectroscopic and photometric effective
temperatures (fop panel) and surface gravities (bottom panel) for the
white dwarf sample. The dashed lines represent the 10% and 0.15 dex
differences in the T.¢ and log g comparison plots, respectively.

7.0

of 7.0o00 = 1Gyr at a Gaia color of Ggp — Grp = 0.35. In
contrast, a white dwarf of the same mass and color, but with a
non-DA spectrum, would be 0.4 Gyr older. This cooling age dif-
ference reaches ~1 Gyr at Ggp — Grp ~ 0.8, and it reverts back
to zero when the white dwarfs have a Ggp — Grp = 1.1, that is,
at Tcool ~ 5 Gyr. Very few white dwarfs in our sample have cool-
ing ages larger than 5 Gyr, when the H-rich white dwarfs start
to slow their aging down. When a white dwarf was far outside
the limits of the evolutionary tracks, as happened for 10 isolated
white dwarfs and 8 members of common proper motion pairs, we
did not estimate their physical parameters. Based on the a priori
knowledge of white dwarf spectral types, we used the appropri-
ate cooling tracks for H-rich atmospheres (e.g., for the SPY and
SDSS samples that have DA spectral types) or H-deficient tracks.
As we previously noted, 18 white dwarfs in common proper
motion pairs are also part of the SPY or SDSS samples, and
another 82 have previous spectral classifications in the Montreal
White Dwarf Database (Dufour et al. 2017). For the majority of
white dwarfs in common proper motion pairs, which are cur-
rently unclassified, we determined the physical parameters using
both H-rich and -deficient cooling tracks.

Because the photometric interpolation procedure also allows
us to derive Ter and logg, we compared them with the cor-
responding spectroscopic values for the SPY and SDSS white
dwarfs in Fig. 4 as a way of testing the accuracy of our method.
The SPY sample shows a generally good agreement that is
mostly within 10% over the whole T.g range and 0.15 dex
for log g, although some larger systematic differences are seen
for the hottest or coolest objects with low logg. These differ-
ences may arise from the difficulty of obtaining reliable pho-
tometric fits for hot white dwarfs on the one hand, but on
the other hand, they may also indicate that these white dwarfs
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could be unresolved binaries or have problematic data. Cau-
tion should therefore be taken when studying them further. The
SDSS white dwarfs display a much larger scatter that is likely
due to their lower spectral resolution, which affects the mea-
surement of spectroscopic parameters. The data shown in Fig. 4
can be visually compared with the in-depth analyses performed
by Tremblay et al. (2019a) and Bergeron et al. (2019), which
showed a similar degree of scatter for the SDSS samples. The
comparisons among spectroscopic and photometric measure-
ments of white dwarf masses and cooling ages for the SPY
and SDSS samples show an average scatter around the zero
of ~0.1 My and =0.3 Gyr, respectively. The scatter of cooling
ages is temperature dependent and increases toward low Teg.
The systematic differences among spectroscopic and photomet-
ric determinations, which have been analyzed in particular with
regard to the mass distribution of the white dwarf population
(Tremblay et al. 2019a; Bergeron et al. 2019), are smaller than
other dominant sources of error that in turn affect the determina-
tion of the white dwarf total ages, as we discuss in the following
section. By employing the photometric technique to measure the
physical parameters of the isolated white dwarfs and those in
common proper motion pairs, we aim to obtain uniform results
and to mitigate possible systematic discrepancies affecting the
sample, although we pay the price of larger uncertainties in some
cases.

The radial velocities of isolated white dwarfs in the SPY and
SDSS samples are subject to gravitational redshift. We there-
fore determined the correction as v, = GM/cR, where G is the
gravitational constant, ¢ is the speed of light, and M/R is the
mass-radius ratio as determined through the photometric inter-
polation. Hence, the apparent white dwarf velocities can be cor-
rected to obtain their radial velocity vrg = vapp — vg. We verified
the radial velocity agreement for the 18 common proper motion
pairs that have radial velocities for the white dwarfs, either from
SPY or SDSS in Table 5, and for the nondegenerate compan-
ions in Table 4. The 6 pairs containing SPY white dwarfs have
Vrad(WD) = 01,a(CPMP) = —0.5 + 3.8 kms™', while the 12 pairs
containing SDSS white dwarfs have v,q(WD) — v;,4(CPMP) =
—4.8 +3.8kms~!. We note that these radial velocity differences
are on the same order of magnitude as those measured for tan-
gential velocities implied by the selection criteria of Sect. 2.2.

In total, we were able to determine physical parameters for
2067 out of 2077 isolated white dwarfs. In addition, 25 of these
white dwarfs are at the edge of our model grid, causing their
parameters to be incompletely determined. We determined phys-
ical parameters for 1084 out of 1092 white dwarfs in common
proper motion pairs, 3 of which are at the edge of the H-rich
grid and have less accurate parameters. We determined physical
parameters from the H-deficient model grid for only 691 white
dwarfs in common proper motion pairs. The white dwarf phys-
ical parameters that were determined from H-rich models are
listed in Table 5, while those determined from the H-deficient
models are listed in Table 6. White dwarfs for which we could
not retrieve a spectral type are featured in both tables.

3.2. White dwarf total ages

In order to estimate the white dwarf total ages, we first inferred
their progenitor masses (M;) using two semi-empirical IFMRs
by Catalén et al. (2008) and Cummings et al. (2018). These rela-
tions are two- and three-piece linear fits to observations of white
dwarfs in open clusters, respectively, and are a good representa-
tion of the predominantly solar metallicity Galactic disk popu-
lation analyzed in this paper (see, e.g., Romero et al. 2015). The
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Table 5. Physical parameters of white dwarfs, interpolated from H-rich evolutionary models.

System  log Ter [K]  logg[cgs] MM, RIRo  Teoo [Gyr] Mi/Mo V' Tprog [Gyrl'V Mi/Mo @ Tprog [Gyr]® Name SPT  vraa [kms™]®  Sample
0001 4.066 +0.015 7.58+0.09 0.43+0.03 0.018 0.540t8:?§g J030342.23+005310.4 DA -30.0+ 16 SDSS
0002 408440015 7.89+006 0.54=003 0.014 0.331%007 122%020  5g37:6s4 1 02#02¢ 1138249247 J025709.004004628.1 DA —17.8+144 SDSS
3151 386540005 7.92£003 055002 0.013 1254*00% 124*017 55397363 <105 9722 J205905.90-003347.8 DA —-602+148 SDSS

Notes. The full table is available at the CDS. (1): Progenitor mass determined through the Cataldn et al. (2008) IFMR relation and corresponding
progenitor age. (2): Progenitor mass determined through the Cummings et al. (2018) IFMR relation and corresponding progenitor age. (3): v;,q iS
the barycentric radial velocity of the white dwarf that is corrected for gravitational redshift.

Table 6. Like Table 5, but interpolated from H-deficient evolutionary models.

System log Tt [K]  logg[cgs] M/M, R/Ry  Teool [Gyr] M;/M, M Tprog [Gyr](') M;/M @ Tprog [Gyr](z) Name SpT Sample
0011 3.856 £0.012 8.05+0.07 0.60+0.05 0.012 2.130f8:}i}1 1.74’:8:3; 1.8901’3:3‘3‘% 1.43’:8:;? 3.4021’?:3}@ CPMP
0020  3.803+0.017 7.99+0.11 0.56 +0.07 0.013 2.719f8§;§ 1.39f8:}2 3.8133%26 1.38f8fﬁ 3.9353_06‘228 GALAH+
3148 3.947 +0.033 8.19+0.17 0.69+0.11 0.011 1.472+04% 270+08  (614+2556 270066  (.606+2234 CPMP

—0.256

—1.24 —0.335 -1.18 —0.285

Notes. The full table is available at the CDS. (1): Progenitor mass determined through the Cataldn et al. (2008) IFMR relation and corresponding
progenitor age. (2): Progenitor mass determined through the Cummings et al. (2018) IFMR relation and corresponding progenitor age.

adopted IFMRs imply slightly different progenitor masses, with
lower limits for progenitor masses of 1 M, (Catalan et al. 2008)
and 0.83 M (Cummings et al. 2018) for white dwarf masses of
0.52 and 0.55 M, respectively. We extrapolated both relations
down to progenitor masses M; = 0.8 M, which would be as old
as the Milky Way age (~13.5 Gyr).

The progenitor ages (Tjroe) of white dwarfs were estimated
from the BaSTI evolutionary tracks of appropriate progenitor
mass, [Fe/H], and [@/Fe] (Hidalgo et al. 2018; Pietrinferni et al.
2021). We adopted the composition of the nondegenerate com-
panions for the white dwarfs in common proper motion pairs
(Table 4). The adopted error on RAVE abundances is 0.2 dex
(Kunder et al. 2017). We also adopted an additional 0.05 dex
abundance uncertainty that we summed in quadrature with
the listed errors for LAMOST (Xiang et al. 2019), APOGEE
(Jonsson et al. 2020), and GALAH+ (Buder et al. 2021). When
[Fe/H] and [a/Fe] lay beyond the grid limits, we assumed the
corresponding nearest values. When the metallicity of a white
dwarf was unknown (e.g., that of the isolated white dwarfs), we
assumed a Gaussian distribution of [Fe/H] = 0.00 + 0.26 dex and
[a/Fe] = 0dex, as is typical for our sample (see Sect. 4). If the
nondegenerate companions of white dwarfs in common proper
motion pairs were observed by two different spectroscopic sur-
veys, we determined their progenitor parameters for both the
measured abundances. While these values typically agree within
the errors, we note that the progenitor lifetimes could differ by
a few million years to up to a billion years, depending on the
adopted parameters.

The distributions of cooling ages and total ages for the con-
sidered samples are plotted in Fig. 5, where we display the
median age bin occupancy and the 16-84% scatter, which we
determined through a Monte Carlo sampling of the uncertain-
ties. The histogram bars of common proper motion pairs also
take a 2/8 ratio of non-DA/DA white dwarfs into account when
the spectral type is undetermined. Isolated white dwarfs typi-
cally have younger cooling ages because they were selected from
magnitude-limited spectroscopic samples, which favor intrinsi-
cally bright/young objects. The common proper motion sample
is less affected by this selection bias. However, we note that as
expected for a predominantly disk population, both samples have

similar total age distributions. Because of the strong correlation
between stellar mass and age, especially in the low-mass regime,
the progenitor ages corresponding to initial masses computed
through the Cummings et al. (2018) IFMR are typically older
than those computed through the Catalan et al. (2008) formula-
tion. White dwarfs of ~0.5 M have very uncertain total ages
because their progenitors of ~0.8 My have long evolutionary
timescales and the relation between initial mass and age is very
steep for these low masses. Moreover, because the evolutionary
timescales of =0.8 M, are close to or even longer than the age of
the Milky Way (~13.5 Gyr), we were often only able to derive
upper limits. Hence, the dominant source of scatter in our age
determinations originates from the error propagation through the
IFMRs, followed by those implied by [Fe/H] and [a/Fe] uncer-
tainties. The estimated progenitor masses and ages are listed in
Tables 5 and 6, respectively, for H-rich and H-deficient cooling
models.

3.3. Galactic orbit integration

We used the PYTHON package for Galactic dynamics, galpy’
(v1.6; Bovy 2015), to compute the Galactic orbital parame-
ters of the white dwarfs. In the galpy framework, we adopted
the standard Galactic potential, MWPotential2014, which is
defined as a combination of a spherical bulge, plus disk
(Miyamoto & Nagai 1975) and halo components (Navarro et al.
1997), which we scaled to the galactocentric distance of the
Sun, Ry = 8.178 kpc (GRAVITY Collaboration 2019), and we
adopted the rotation velocity at the solar circle, @ = 235kms™!
(Reid & Brunthaler 2004; GRAVITY Collaboration 2019). The
Schonrich et al. (2010) results for the solar motion components
were also adopted. We sampled the observed data using a Monte
Carlo method (coordinates, proper motions, radial velocities, and
geometric distances), and we randomly drew 10000 combina-
tions of the initial parameters for each star, assuming Gaussian
distributions and accounting for the Gaia EDR3 correlation
matrix. In this way, we computed their Cartesian coordi-
nates (X, Y, Z) and the corresponding velocity components

3 http://github.com/jobovy/galpy
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(U, V, W) in aleft-handed Galactocentric rest frame, that is, with
the x-axis pointing from the Galactic center toward the Sun and
the y-axis along the direction of the Galactic rotation. For ease
of computing time, we used the fast orbit-characterization func-
tionality of galpy (Mackereth & Bovy 2018) that enables esti-
mating the Galactic orbital periods as a first guess through the
Stickel approximation (Binney 2012). Subsequently, using their
randomly sampled initial conditions, we integrated the Galactic
orbits of each star for ten cycles around the Milky Way that we
sampled at 50 time intervals. After the integration, we numer-
ically estimated the Galactic orbital parameters such as eccen-
tricity, azimuthal action (i.e., the vertical component of the angu-
lar momentum in the considered axisymmetric potential), Galac-
tic pericenter and apocenter, and the maximum height above the
Galactic plane (e, L;, Rperi» Rapos and Zpy,y, respectively). The
Galactic Cartesian coordinates and their velocity components as
well as the Galactic orbital parameters for a subset of the studied
sample are listed in Table 7. The full table is available at the CDS.

4. Results and discussion
4.1. Spatial distribution and surveyed volume

The two samples we studied have a median geometric dis-
tance of 160 pc and spatial distributions with long tails stretch-
ing up to 0.5 and 1kpc away from the Sun for the isolated
white dwarfs and the common proper motion pairs, respec-
tively. Due to our strict selection cuts and quality requirements
that are presented in Sect. 2, just 4 common proper motion
pairs and 15 isolated white dwarfs are found within 20 pc from
the Sun, while 17 common proper motion pairs and 83 iso-
lated white dwarfs are less than 40 pc away from the Sun (cf.
144 and 1263 systems, which lie within 20 and 40pc from
the Sun, respectively, as identified with Gaia DR2 and EDR3
by Hollands et al. 2018; Tremblay et al. 2020; McCleery et al.
2020; Gentile Fusillo et al. 2021). Similarly, just 561 isolated
white dwarfs and 213 common proper motion pairs are within
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100 pc from the Sun (cf. 13732 white dwarfs in Gaia DR2;
Jiménez-Esteban et al. 2018; Torres et al. 2019b).

The spatial distribution of the stars we studied is shown in
Fig. 6, where we plot the isolated white dwarfs in the top pan-
els and the common proper motion pairs in the bottom panels,
color-coding each point according to their estimated total ages.
The two samples are roughly symmetrically distributed around
the Sun in galactocentric X and Y coordinates, with a dispersion
of 100-130 pc. In the vertical direction with respect to the Galac-
tic plane, the SDSS white dwarfs extend farther out in the north-
ern hemisphere at an average Z = 120 pc and with a dispersion
of 150 pc, while the SPY white dwarfs and the common proper
motion pairs are more symmetrically distributed around Z = 0 pc
with a dispersion of 100 pc. No strong correlations among the
spatial coordinates and ages are observed, but some sort of clus-
tering is visible that could be investigated in future work. White
dwarfs of M + oy < 0.52 M, which are not color-coded in
Fig. 6 because their total ages are typically more uncertain, appear
slightly more scattered than higher-mass white dwarfs, display-
ing a dispersion of a few 10 pc larger than that of the whole sam-
ple. This larger spread is likely due to their intrinsically brighter
magnitudes that enabled them to be detected at larger distances.
We note that about 5% of the white dwarfs we studied also have
masses below 0.45 M, ata 3o level, which may indicate that their
evolution was affected by as yet unresolved companions or by
their common proper motion companions.

4.2. Kinematic and dynamic properties

The kinematics of single white dwarfs in the SPY and
SDSS samples was previously studied by Pauli et al. (2003,
2006), Richter et al. (2007), Dimpel (2018), and Anguiano et al.
(2017), and our results do not drastically change the results they
obtained. Nevertheless, the higher accuracy and precision of the
Gaia EDR3 astrometry significantly reduces the uncertainties on
the Galactic orbital parameters. Especially the accuracy for the
SDSS sample should have been increased for two reasons: (i) the
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Table 7. Galactic Cartesian coordinates, Cartesian velocity components in the local standard of rest, and Galactic orbital parameters of isolated

white dwarfs and common proper motion pairs.

System Sample X [kpc] Y [kpc] Z[kpc] U [kms™!] V[kms™] W [kms™!] e L. [kpckm s7H Ryperi [kpc]  Rapo [kpc]  Zmax [kpc]
0001  SDSS 8329 +0.008 -0.144 +63.95+10.97 +11.47+0.76 —0.28+12.03 021*)0;  2053*3 725702 11117095 021703
0002  SDSS 8279 +0.008 —0.094 +37.05+9.42 +10.02+0.90 +8.16+10.80 0.137093  2029*¢ 7.697020  9.94%032  0.17+0.16
; 0.05 77 0.53 0.07 0.10
3151  SDSS  8.134 +0.049 -0.015 -5332+867 -3533+£9.70 —11.37+7.03 0.23*303 1622777 547703 8.837 00T 0.16%0 09
Notes. The full table is available at the CDS.
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Fig. 6. Spatial distribution of single white dwarfs (fop panels) and common proper motion pairs (bottom panels) in the Galactocentric rest frame.
Each point is color-coded according to the median total age of the represented star, which is mapped in the color bar on the right. The location of
the Sun at (X, ¥, Z) =(8.178, 0, 0.025) kpc is marked by a cross. White dwarfs with M + o, < 0.52 My, are plotted as white symbols.

Gaia parallaxes reduced the scatter of atmospheric parameters,
leading to improved estimates of the white dwarf masses, hence
gravitational redshifts, and cooling ages, and (ii) we calibrated
the radial velocities of the SDSS white dwarfs against those of
the high-resolution measurements for the SPY sample.

In Fig. 7 we show two diagrams that are commonly used to
study stellar kinematics: on the left, the Toomre diagram, which
uses the galactocentric Cartesian velocity components, and on
the right, the vertical component of the angular momentum ver-
sus the eccentricity of Galactic orbits. The single white dwarfs
and the common proper motion pairs are displayed in the top
and bottom panels, respectively. In general, as for the spatial
distribution, there is no strong correlation among the velocity
components and total ages, as would be expected for a mixed
population. We note a larger scatter in the parameter spaces for
isolated white dwarfs with respect to common proper motion
pairs. The majority of systems belong to a thin-disk popula-
tion, with velocities within £100kms~! of the general motion
around the solar circle in the Toomre diagrams. These stars
also mostly have quasi-circular Galactic orbits with e < 0.3
in the two right-hand side panels of Fig. 7. Moreover, we also
note an unusually high number of isolated white dwarfs of typ-
ically old ages (=10 Gyr) that have small velocity components

(VU? + V2 + W2 < 100kms~!) and orbits with low eccentricity
(e <0.2).

Learning from the kinematic classification scheme drawn
by Pauli et al. (2006), we more simply considered stars with
e < 0.27 as the most likely thin-disk members, while those
with 0.27 < e < 0.7 are thick-disk members. The candidate
halo stars either have the most eccentric Galactic orbits with
e > 0.7 and Ly > Okpckm s~! or are on retrograde orbits with
Lz < Okpckms™'. The isolated white dwarf sample accounts
for 90% and 10% of thin- and thick-disk members, respectively.
The common proper motion pairs are instead divided into 95%
and 5% of thin- and thick-disk members, respectively. There
are only seven isolated white dwarfs and two common proper
motion pairs that are halo candidates, corresponding to less than
0.3% of the respective samples. While this result is just a factor
of three smaller than the halo fraction identified by Torres et al.
(2019Db) in their analysis of the 100 pc Gaia DR2 white dwarf
sample, pre-Gaia results by Pauli et al. (2006) and Richter et al.
(2007) found 2% and <5%, respectively, halo members in the
SPY sample. A Gaia DR2 update on this sample leveled down
the estimate to about 1% (Dimpel 2018). It is important to pre-
cisely establish the fraction of halo white dwarfs because they
have long been debated as important contributors to the bary-
onic dark matter. While the SPY and SDSS samples include rel-
atively warm younger white dwarfs with Balmer absorption lines
that could belong to a smaller population of halo white dwarfs,
previous works, although with contrasting results, focused on
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the kinematic analysis of much cooler white dwarfs that do not
possess suitable absorption lines for measuring radial veloci-
ties (Oppenheimer et al. 2001; Reid et al. 2001). The inclusion
of common proper motion pairs, as we do here, may help to
solve this issue in future because the nondegenerate companions
enable us to measure the systemic radial velocities.

The three kinematic subgroups display a wide range of
ages. While those of thin-disk stars strongly peak at young
ages, mimicking the distributions displayed in Fig. 5, thick-
disk and halo candidates have more scattered age distribu-
tions. Within the group of halo candidates, four out of seven
isolated white dwarfs have lower masses (M < 0.55 M),
for which the total ages are rather uncertain and typi-
cally very old, as expected for such an old population. The
isolated white dwarfs that were identified as halo candi-
dates are numbers 0703, 1461, 1463, 1536, 1762, 2014, and
2921, which are known as WD 1448+077, WD 2351-368,
WD 2359-324, HE 0201-0513, SDSSJ225513.66+230944.1,
WD 1314-153, and WD 1524-749, respectively. All the SPY
white dwarfs except for WD 1314—-153 were previously clas-
sified by Paulietal. (2006) as thick-disk or halo members.
WD 1314-153 is a new addition to the Pauli et al. (2006) sam-
ple, but it was also classified as a halo member by Richter et al.
(2007) and confirmed by Dimpel (2018). The white dwarf
HS 152740614, which was classified by Pauli et al. (2006) as
another halo member, was reclassified as a thin-disk object (con-
firming previous results based on Gaia DR2; Dimpel 2018).
Another SPY white dwarf, WD 0252-350, which is a suggested
halo member (Pauli et al. 2006; Dimpel 2018), did not pass
our quality cuts. The SDSS white dwarf J225513.66+230944.1
is a new identification. The two common proper motion pairs
that we identified as halo candidates are numbers 0776 and
2561, in which the white dwarfs that do not yet have a spec-
troscopic classification are SDSSJ151530.71+191130.8 and
LSPM J1756+09318S, respectively. The two white dwarfs have
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relatively low masses of M < 0.5 M. These two systems only
have Gaia DR2 radial velocity measurements for their nonde-
generate members, and the measurement of number 2561, i.e.,
LSPMJ1756+0931N, has the largest measurement in our sam-
ple: vg = —324.9 + 0.7 km s~!. This value is supported by a rel-
atively high proper motion of 225 mas yr~!, which corresponds
to 77kms~! at a distance of 72 pc.

The random forest classification of the 100 pc sample pre-
sented by Torres et al. (2019b) used Gaia DR2 astrometry and
ages, but did not include radial velocities. Three of their halo
candidates are isolated white dwarfs in our sample (numbers
0703, 1461, and 2014) and were also classified as halo mem-
bers above. The other 682 stars in common with the Torres et al.
(2019b) sample were classified by these authors as thin- and
thick-disk members, which also confirms our results, although
with a large overlap between the two samples. In general, we
note that future classifications of thin/thick disk and halo mem-
bers will greatly benefit from precise and accurate radial velocity
measurements.

The Galactic orbits of the stars we studied reach a wide
range of apocenters and pericenters that mostly span between
Rperi = 5-7kpc, that is, within the solar circle, and R, = 9-
10kpc. On the other hand, the high-velocity outliers (ten iso-
lated white dwarfs and four common proper motion pairs with
V < —100kms™! that also have e > 0.5 and are likely thick-disk
or halo members), reach down to Rperi < 3 kpc, but have Galac-
tic orbits mostly constrained within R,,, = 8-12kpc. More-
over, the common proper motion pair 0776, which hosts a white
dwarf of ~0.34 M, has the most extreme trajectory spanning
between Ry = 1kpc and Ry, ~ 25kpe. The fact that these
14 systems have Rper; < 3 kpe may suggest their dynamical inter-
action with the Galactic bar and/or bulge potentials. The iso-
lated white dwarf 1762 is the record holder with Ry =~ 0.5 kpc.
Furthermore, there is a group of four isolated white dwarfs
(numbers 0038, 0855, 0885, and 0886) that also reach large
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Fig. 8. Histogram distributions of [Fe/H] and [@/Fe] (top panels) and
their correlation (bottom panel) for the sample. The dashed line is the
reference curve from Hayden et al. (2015), which reflects the typical
trend of disk stars.

Rapo = 19-22 kpc although they reach Rpe; = 5-8kpc and have
Galactic thick-disk orbits of moderate eccentricity. The most
interesting object in this group is number 0886, which is an ultra-
massive DA white dwarf, LP 387-21, which has M = 1.24 M,
The total age of this white dwarf is dominated by its cooling
age, Teool ® 2 Gyr, because the predicted progenitor mass is in
excess of 6.5 M. Nevertheless, this white dwarf could also be
a binary-merger product, in which case its progenitor lifetime
and cooling age would be much longer (Wegg & Phinney 2012;
Cheng et al. 2020; Temmink et al. 2020). Moreover, we note that
number 0886 is located in the Q branch, that is, the region of
the cooling sequence in which core crystallization takes place
in massive white dwarfs (Tremblay et al. 2019b). In this case
as well, the cooling time may therefore be longer than what
is currently estimated due to the release of latent heat during
Ne22 settling in ultra-massive white dwarfs (Bauer et al. 2020;
Blouin et al. 2021; Camisassa et al. 2021). A longer total age
might therefore even push this star toward a halo membership.

The maximum vertical displacements reached by the sam-
ple of white dwarfs are typically within Z,,x < 2kpc, but 26
isolated white dwarfs and two common proper motion pair stars
that reach Zy, > 2kpc have [W| > 60kms~'. The white dwarfs
in this group are mostly thin- and thick-disk members, but there
are also two halo candidates (numbers 1463 and 2561).

4.3. Common proper motion pairs with abundances

In the top panels of Fig. 8, we show the histogram distributions
of [Fe/H] and [«a/Fe] of the 314 common proper motion pairs
that have available spectra for the nondegenerate stars. They
have [Fe/H] = 0.00 +0.26 dex and predominantly [e/Fe] > 0 dex.
The correlation between [Fe/H] and [a/Fe] that is seen in the
bottom panel of Fig. 8 is typical for thin-disk stars in the
solar neighborhood (cf. Navarro et al. 2011; Adibekyan et al.

2011; Hayden et al. 2015), but some interlopers from the thick
disk may be present. Moreover, we note that while the stars
with LAMOST, APOGEE, and GALAH+ spectra mostly have
[a/Fe] < 0.2dex, which is more common for local thin-disk
stars, the RAVE spectra have [a/Fe] > 0.2, which is more
common for thick-disk objects. The iron and a-element abun-
dances of stars that have more than one spectrum roughly agree
within their reported uncertainties. The common proper motion
pair 1145 is not shown in Fig. 8 because its [Fe/H] = —3.45 dex
is beyond the plot ranges.

The spatial distribution of these stars is shown in Fig. 9,
in which we have color-coded them according to the measured
[Fe/H] and [@/Fe] of the nondegenerate stars. The spatial dis-
tribution of this subsample and the median distance from the
Sun are roughly the same as those of the entire sample of
common proper motion pairs. We note a spatial bias toward

Z < 0and VX2 + Y2 < R, for stars of [a/Fe]>0.2dex that is
due to the RAVE sample, which was observed from the Aus-
tralian Astronomical Observatory in the Southern Hemisphere.
The overall lack of a correlation between metallicity and coor-
dinates that is observed here is also seen in much larger sam-
ples of stars and is linked to the absence of a well-defined age-
metallicity relation (Casagrande etal. 2011; Bergemann et al.
2014), which also characterizes the binary sample analyzed by
Rebassa-Mansergas et al. (2021). These two aspects are related
to the radial mixing and churning that takes place in galax-
ies, where stars of different composition travel far away from
their birth sites (Schonrich & Binney 2009; Minchev et al. 2018;
Hayden et al. 2018).

As for the full sample, we also show the Toomre diagram
and the azimuthal action versus eccentricity plots in Fig. 10.
Even here we do not see any straightforward age versus kine-
matics relation, but we note two interesting aspects. First, the
majority of the systems have e < 0.3, as is typical for a sample
dominated by low-a abundances ([@/Fe] < 0.2 dex). Second, five
a-enriched systems have e > 0.3, which could qualify them as
members of the thick disk. Four of these systems (2632, 2653,
2655, and 3089) have —0.7 < [Fe/H] < —0.3, while 2873 has
[Fe/H] =0.18 dex. The Galactic orbits of these five stars reach
Rperi = 3.5-4.5kpc and have apocenters that do not go beyond
10kpc. The very metal-poor star in our sample, number 1145,
has an unusual thin-disk kinematics with a basically circular
Galactic orbit.

4.4. Age — velocity dispersion relations

We investigated the dynamic properties of the sample further by
constructing a set of age — velocity dispersion relations that are
shown in Fig. 11. Each panel separately shows the age — veloc-
ity dispersion for the isolated white dwarfs, the common proper
motion pairs, and the combined sample. The age — velocity dis-
persion relations are considered separately for the Cataldn et al.
(2008) and Cummings et al. (2018) IFMRs and for the average
of the two. To compute the data points shown in the figure, we
only considered systems that have e < 0.27, which we adopted
as cutoff for the thin disk. We removed dynamically classified
thick-disk and halo members because their age uncertainties
overlap with that of the thin-disk candidates, and they may there-
fore affect our results. We also excluded isolated white dwarfs
from the SPY sample whose photometric T.q differs by more
than 30% from the spectroscopic measurement. The age — veloc-
ity dispersion relations were computed by sampling the white
dwarf total ages (= Tcool + Tprog) With a Monte Carlo method,
accounting for the measured uncertainties. For the systems of
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shown on the right.

unknown spectral type, we took a 2/8 ratio of non-DA/DA atmo-
spheres into account by randomly drawing ages from the two
estimates given in Tables5 and 6. When the total ages were
constrained by lower limits in these tables, we only included
the fraction of the derived distributions that are below 13.5 Gyr,
which we assumed to be the total age of the Milky Way. We com-
puted the velocity dispersion for each randomly drawn sample
by dividing the stars into nine logarithmically spaced age bins
0,1,14,19,2.6,3.7,5.1,7,9.7, and 13.5 Gyr). We computed
the median and the 16-84% uncertainties in each age bin in this
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way after initially removing the 20 outliers and requiring at least
35 stars per age bin. We included an age bin older than 10 Gyr
for computational purposes and because the age distribution of
our thin-disk candidates extends beyond the typical estimate for
the Galactic disk.

Inspecting Fig. 11 from left to right, we note a general
increase in velocity dispersion up to 6 Gyr and a saturation that
coincides with relatively flatter velocity dispersion at older ages.
The age — velocity dispersion relation of isolated white dwarfs
that uses the Catalén et al. (2008) IFMR shows a slight decrease
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Fig. 11. Age — velocity dispersion relations for the isolated white dwarfs (left panels), the white dwarfs in common proper motion pairs (middle
panels), and the combined samples (right panels). Each row shows the results obtained by considering two white dwarf progenitor age estimates,
which are based on the progenitor masses that we derived through the Catalan et al. (2008) and Cummings et al. (2018) IFMRs, or the average of
the two. The three velocity components use different symbols and colors, as is shown in the legend of the top panels. The shaded regions in the
bottom panels represent the 16—-84% ranges of the Cheng et al. (2019) formulation for the age — velocity dispersion of white dwarfs in the Galactic
thin and thick disk. The dashed curves represent the extrapolated thin-disk contribution.

in the last bins, in contrast to that using the Cummings et al.
(2018) IFMR. This difference is likely caused by the larger num-
ber of white dwarfs of lower progenitor mass that are obtained
with the latter IFMR, which in turn have older total ages. The
observed trends are typically more evident for the oy compo-
nent, while the oy and oy components are noisier, especially
in the first few age bins of the isolated white dwarf sample. The
three bottom panels of Fig. 11 show a comparison of our aver-
aged results with the parameterization obtained by Cheng et al.
(2019), who modeled thin- and thick-disk contributions by ana-
lyzing a Gaia-selected white dwarf sample within 250 pc and
using FGK-type stars as reference. Our results are obtained
by averaging the 7y, which were inferred from the progeni-
tor masses obtained with the two considered IFMRs. The oy
component of the age — velocity dispersion relation for the iso-
lated white dwarfs follows the Cheng et al. (2019) formulation
up to 4 Gyr, but it continues on a relatively straight line at older
ages. The oy and o components are instead more or less flat
throughout the entire age range. The best agreement is obtained
for the age — velocity dispersion relation of the common proper
motion pairs, which closely follows the Cheng et al. (2019) for-
mulation up to 67 Gyr and reaches a flat asymptote for older
ages. The asymptotic values are below the extrapolated curves
for the thin-disk contribution to the age — velocity dispersion
relation of Cheng etal. (2019), where these authors imposed
a dominant contribution from the thick disk for ages >7 Gyr,
while we excluded the kinematically selected thick-disk and halo

members. The age — velocity dispersion of the two combined
samples is more strongly dominated by the isolated white dwarf
sample, and it therefore compares less well with the Cheng et al.
(2019) formulation, especially in the o component. The three
average relations are tabulated in Table 8.

In Figs. 12 and 13 we break down the contribution of each
subsample into the age — velocity dispersion relations. Although
the SPY sample contains fewer objects than the SDSS sam-
ple (top and bottom panels of Fig. 12), it clearly shows a rise
in velocity dispersion with increasing age and a saturation that
begins at ~4 Gyr. The SDSS sample, as noted by Anguiano et al.
(2017), has a much flatter age — velocity dispersion relation at
almost all ages, which the authors interpreted as being caused
by an unidentified source of dynamical heating in addition to
that caused by the secular evolution of the Galactic disk. The
possibly still inaccurate radial velocity measurements of the
SDSS sample, despite our calibration obtained in Sect. 2.1,
may be the cause of the disagreement between the SPY and
SDSS samples. However, we note that the SPY sample was
cleaned from objects that had discrepant T.g measurements in
between the spectroscopic and photometric analyses, while the
SDSS sample included all stars that were initially selected by
us in Sect. 2.1. Nevertheless, we also note that the maximum
velocity dispersion we measured for both samples agrees with
their averages, which were previously determined for the thin-
disk stars in the SPY sample (Pauli et al. 2006). The common
proper motion pairs with spectra comprise just 314 stars, which
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Table 8. Average age — velocity dispersion relations that are shown in the bottom panels of Fig. 11.

Age bin [Gyr] oy [kms™'] oy [kms™'] ow[kms™'] Agebin[Gyr] oy[kms™'] oy[kms™'] ow[kms™'] Age bin[Gyr]

oy lkms™] oylkms™'] owlkms™]

Isolated white dwarfs

Common proper motion pairs

Full sample
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Fig. 12. Age — velocity dispersion relations for the isolated white dwarf
subsamples.

limits our ability to determine a meaningful age — velocity dis-
persion relation beyond 6 Gyr (top panel of Fig. 13). This result
is quite noisy, especially in the earliest age bins. The age —
velocity dispersion relation of the common proper motion pairs
that only have Gaia DR2 radial velocities features a smoother
increase. Furthermore, we note that the three components clearly
reach an asymptotic behavior in the range of 15-35kms™! at
~6 Gyr, which is expected to be caused by dynamical heating
of stars as they interact within the Galactic disk potential (cf.
Seabroke & Gilmore 2007, and references therein). The values
we measured for the age — velocity dispersion relation appear
to be lower than those obtained by previous work on wide bina-
ries (Wegner 1981; Silvestri et al. 2001), which considered much
smaller samples without separating stars in age bins or eccentric-
ity ranges, however. They therefore likely included at least some
thick-disk members.
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Fig. 13. As Fig. 12, but showing the age — velocity dispersion relations
for the white dwarfs in common proper motion pairs that have either
observations from spectroscopic surveys or Gaia-DR2 radial velocities.

We also computed the age — velocity dispersion relation in
Galactic cylindrical coordinates, which we compare in Fig. 14
to the age — velocity dispersion relation of LAMOST FGK-type
stars with [Fe/H] > —0.2 (Yu & Liu 2018). The studied samples
follow the general increasing trend observed for the LAMOST
stars up to 4-6 Gyr, where our age — velocity dispersion rela-
tions reach saturation. On the other hand, the LAMOST selec-
tion, which favors a-depleted stars that are more likely thin-disk
members, shows a oy component that rises up to 50kms~".

To conclude this section, we measured the velocity dis-
persion of the common proper motion pairs by binning their
[Fe/H] and [a/Fe]. The results of this exercise are given in
Table 9. Here, even taking into account the small size of our
sample, we note that the radial component, o, has the largest
dispersion in the case of the most metal-poor systems and is
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Fig. 14. Age — velocity dispersion relations in Galactic cylindrical coordinates. Our results (data points with error bars) are compared to the results
of Yu & Liu (2018) for LAMOST FGK-type stars with [Fe/H] — 0.2 dex. The colored bands represent their 1o- error ranges.

Table 9. Velocity dispersion as function of [Fe/H] and [a/Fe].

[Fe/H] oylkms™] oy[kms™']  ow[kms™]
(-1.00,-0.50) 427329 26.24+3%0  2037+)8
(-0.50,0.00) 31 .55;?}2% 20.52?;}2% 19.88%%
. +1. +1.
(0.00,0.60) 28.29+10  2397+108 g 40114
[a/Fe] oylkms™'] oy[kms™!'] ow[kms™']
(-020,0.00)  31.597275  24.73*19% 15207167
(0.00,0.20) 30.82¢066 19794229 g8+ 12
(0.20,0.60) 30.8372% 19631278 18,1473 17

anticorrelated with increasing metallicity, while the other two
components have the same velocity dispersion within the errors.
The observed trend for oy may be related to the radial mixing
occurring in the Milky Way, as discussed in the previous sec-
tions. The three velocity dispersion components do not show a
significant trend with [@/Fe]. The average dispersions of each
velocity component agree with those from much larger samples
of single stars (cf. Hayden et al. 2020).

5. Summary and outlook

We have analyzed, for the first time, the 3D kinematics of 3133
isolated white dwarfs with available radial velocity measure-
ments and white dwarfs in common proper motion pairs that
contain one nondegenerate companion with radial velocity mea-
surements. The studied stars have highly reliable Gaia EDR3
data, and in about 30% of the common proper motion pairs,
measured metal abundances for the nondegenerate stars. We uni-
formly estimated the white dwarf physical parameters (mass
and cooling age) by interpolation with dedicated evolutionary
sequences in the Gaia HR diagram. Using a set of initial-to-
final-mass relations and main-sequence evolutionary tracks, we
estimated the white dwarf progenitor masses and total ages. This
approach has enabled us to identify kinematic members of the
Galactic thin and thick disk, and of the halo. The latter group
contains seven isolated white dwarfs. Another previously classi-
fied halo member is confirmed to belong to the thin disk based
on the accurate proper motions of Gaia EDR3. We measured the
age — velocity dispersion relation for the studied sample, break-
ing it down by subsamples, in agreement with previous results

that used different methods. Moreover, our age — velocity dis-
persion relations show signs of dynamical heating and saturation
beginning at 4-6 Gyr. Taking advantage of the measured abun-
dances for the nondegenerate companions in common proper
motion pairs, we confirmed the presence of overlapping pop-
ulations in the solar neighborhood, for instance, due to radial
mixing, and we measured an anticorrelation between [Fe/H] and
the velocity dispersion along the radial direction in the Galactic
reference frame. The sample we studied can be further exploited
to improve classification schemes of white dwarfs belonging to
the thin and thick disk and to the halo, and also to study their
membership in local streams and moving groups (Torres et al.
2019a).

In the coming years, the legacy of the existing large spec-
troscopic surveys such as RAVE, LAMOST, APOGEE, and
GALAH will be taken up by much larger projects such as
WEAVE (Dalton et al. 2012), 4MOST (de Jong et al. 2012),
and SDSS-V (Kollmeier et al. 2017), which will simultaneously
observe all Gaia white dwarfs and millions of stars for a chem-
ical tagging of the Galactic populations. Hence, a more coher-
ent picture of the global chemodynamics of the Milky Way and
its connection with the solar neighborhood and the white dwarf
population will come within reach.
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