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ABSTRACT

We report on a comparison of spectroscopic analyses for hydrogen (DA) and helium
atmosphere (DB) white dwarfs with Gaia Data Release 2 (DR2) parallaxes and pho-
tometry. We assume a reddening law and a mass-radius relation to connect the effective
temperatures (Teff) and surface gravities (log g) to masses and radii. This allows the
comparison of two largely independent sets of fundamental parameters for 7039 DA
and 521 DB stars with high-quality observations. This subset of the Gaia white dwarf
sample is large enough to detect systematic trends in the derived parameters. We find
that spectroscopic and photometric parameters generally agree within uncertainties
when the expectation of a single star is verified. Gaia allows the identification of a
small systematic offset in the temperature scale between the two techniques, as well
as confirming a small residual high-mass bump in the DA mass distribution around
11 000-13000 K. This assessment of the accuracy of white dwarf fundamental param-
eters derived from Gaia is a first step in understanding systematic effects in related
astrophysical applications such as the derivation of the local stellar formation history,
initial-to-final mass relation, and statistics of evolved planetary systems.
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1 INTRODUCTION

The atmospheric parameters of white dwarfs, the effective
temperature (Teff) and surface gravity (log g), play a fun-
damental role in the study of post-main-sequence stellar
evolution (see, e.g., Kalirai et al. 2014; Rolland et al. 2018),
evolved planetary systems (Koester et al. 2014), Galac-
tic formation history (Tremblay et al. 2014), and the cal-
ibration of instruments (Bohlin et al. 2014). For decades,
the most precise method to determine Teff and log g
has been the spectroscopic fitting of the Balmer lines
in hydrogen-atmosphere DA white dwarfs (Bergeron et al.
1992; Finley et al. 1997), and the He I lines in helium-
dominated DB stars (Beauchamp et al. 1999; Voss et al.
2007; Bergeron et al. 2011). In contrast, trigonometric par-
allax measurements of stellar remnants or their companions
can also be used to characterise Teff and stellar radii from
photometric analyses (Koester et al. 1979; Bergeron et al.
2001). The surface gravity can then be inferred by using the
white dwarf mass-radius relation (see, e.g., Fontaine et al.
2001), with a small dependence on the assumed internal
stratification (Romero et al. 2012). The main advantage of
the photometric technique is that it can be used to fit
cool DC white dwarfs with no optical transitions as well
as metal- or carbon-rich remnants where spectroscopic log g

determinations are difficult (Dufour et al. 2005, 2007b). One
shortcoming is that for Teff ' 12 000 K, optical colours
of all stellar remnants get rather insensitive to the tem-
perature, requiring very precise photometry for that de-
termination (Carrasco et al. 2014). Until now, the main
limitation of the photometric analyses has been that pre-
cise parallax measurements were available for only hun-
dreds of white dwarfs (Bédard et al. 2017), compared to the
≈ 30 000 objects (Kleinman et al. 2013; Kepler et al. 2015,
2016; Gentile Fusillo et al. 2018) with spectroscopy from the
Sloan Digital Sky Survey (SDSS; Abazajian et al. 2009).

The spectroscopic and photometric techniques have
been combined to derive masses and radii independent
of a theoretical mass-radius relation (Vauclair et al. 1997;
Provencal et al. 1998; Holberg et al. 2012; Tremblay et al.
2017; Bédard et al. 2017). This method aims at understand-
ing the internal stratification of white dwarfs, where ad-
ditional constraints from asteroseismology (Romero et al.
2012) and statistical analyses (Tremblay & Bergeron 2008)
can also be considered. The cornerstone European Space
Agency Gaia space mission is now challenging our knowl-
edge of white dwarfs by providing a homogeneous and
extremely precise sample of photometry and parallaxes.
Tremblay et al. (2017) used 52 directly or indirectly (wide
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companions) observed white dwarfs in Gaia Data Release
1 and found that uncertainties on the spectroscopic pa-
rameters are now the dominant uncertainties on individ-
ual mass and radius determinations for bright and close
white dwarfs. The authors conclude that the comparison
of the photometric and spectroscopic techniques is equally
a verification of the mass-radius relation and the model
atmospheres (see also Genest-Beaulieu & Bergeron 2014).
In the latter case, a number of improvements have been
made in recent years for the bulk of the white dwarfs
that have H- or He-dominated atmospheres, such as Stark
broadening for hydrogen lines including non-ideal gas ef-
fects (Tremblay & Bergeron 2009), neutral broadening for
Lyman α (Kowalski & Saumon 2006), improved opacities
from collision-induced-absorption (CIA; Blouin et al. 2017),
and the account of 3D convective effects for both DA and DB
stars (Tremblay et al. 2013; Cukanovaite et al. 2018). It is
highly desirable to compare these theoretical developments
with Gaia.

There are approximately 250 000 white dwarfs
(Gentile Fusillo et al. 2018) in the second Gaia Data
Release (DR2; Gaia Collaboration et al. 2018). The sample
is estimated to be 95.8+1.3

−1.7
percent volume-complete within

20 pc (Hollands et al. 2018), and this is likely to hold up to
a distance of ≈ 60 pc, where the coolest disk white dwarfs
become too faint to be observed (Gentile Fusillo et al.
2018). In addition to parallaxes that have a median preci-
sion of 1.5% within 100 pc, Gaia DR2 provides colours in
the broad G, GBP, and GRP pass bands, which can be used
to constrain white dwarf parameters using the photometric
technique (El-Badry et al. 2018; Jiménez-Esteban et al.
2018; Gentile Fusillo et al. 2018; Kilic et al. 2018). For the
20 pc sample, Hollands et al. (2018) have demonstrated that
the atmospheric parameters derived from Gaia are in very
good agreement with earlier photometric analyses. Fur-
thermore, Gentile Fusillo et al. (2018) have shown that for
known single DA white dwarfs for which the monochromatic
spectral energy distribution is well modeled (Bohlin et al.
2014), Gaia-derived Teff values are in very good agreement
with independent photometric temperatures obtained
using instead the Pan-STARRS (Chambers et al. 2016)
or SDSS data sets. This suggests that Gaia photometry
is well calibrated at the precision level of other existing
photometric surveys.

In this work, we present an overview of how Gaia

DR2 compares with published or existing spectroscopic
parameters for single, non-magnetic DA and DB/DBA
white dwarfs (Gianninas et al. 2011; Koester & Kepler 2015;
Tremblay et al. 2016; Rolland et al. 2018). These corre-
spond to the spectral types where both the photometric and
spectroscopic techniques are deemed reliable and indepen-
dent. Gaia provides such a dramatic update in sample size
compared to existing parallax samples that we can now hope
to identify trends as a function of Teff , log g or spectral sub-
types. Our initial approach is to combine the spectroscopic
atmospheric parameters, a theoretical mass-radius relation,
and the Gaia G apparent magnitude to predict a parallax
that can be compared with the observed value. In a further
step, we also derive independent Teff and log g values from
the photometric technique using the full Gaia data set. In all
cases we present the current picture and make no attempt

to improve any of the existing models, data calibration, or
fitting techniques.

In Section 2 we present our selected spectroscopic sam-
ples and in Section 3 we compare existing spectroscopic dis-
tances for DA and DB/DBA stars with Gaia parallaxes. In
Section 4 we compare Gaia DR2 photometric atmospheric
parameters to spectroscopic analyses, followed by a discus-
sion in Section 5 and a summary in Section 6.

2 WHITE DWARF SAMPLES

The all-sky and bright sample of DA white dwarfs from
Gianninas et al. (2011) drawn from the White Dwarf Cata-
log of McCook & Sion (1999) is a benchmark to study their
fundamental parameters because of the high signal-to-noise
ratio (S/N) of the spectroscopic observations. The relative
proximity of the objects also allows for the most precise
Gaia data set that we employ in this study. We rely on
the 1D atmospheric parameters as published by the au-
thors. We also use a sample of DA white dwarfs drawn from
theGaia-SDSS catalogue of Gentile Fusillo et al. (2018). We
have secured all spectra from the SDSS SkyServer1 with the
new data reduction from DR14 (Abolfathi et al. 2018), and
fitted the observations using the same technique and 1D
model atmospheres as those employed for our analyses of
earlier data releases (Tremblay et al. 2011, 2016) as well as
Gianninas et al. (2011). In brief, the model atmospheres rely
on the Stark broadening profiles of Tremblay & Bergeron
(2009), the Hummer & Mihalas (1988) equation-of-state,
and fully account for NLTE effects (Tremblay et al. 2011).
For all objects where we observed the so-called Balmer-line
problem (Werner 1996; Gianninas et al. 2010) with deeper
than predicted cores at Hα and Hβ, we employed the NLTE
models with carbon, nitrogen, and oxygen computed by
Gianninas et al. (2010) to provide a better fit to the Balmer
lines and improved atmospheric parameters (see Section 4.3
of Tremblay et al. 2011).

From a visual inspection of the SDSS spectra and
fits to the ugriz photometry, we have cleaned the sample
of magnetic white dwarfs, DAO stars, cool He-rich atmo-
spheres with weak hydrogen lines, and identifiable bina-
ries of the types DA+DC, DA+DB and DA+dM. For the
Gianninas et al. (2011) sample, we have used the existing
flags in their catalogue to filter these subtypes. We note that
double DA white dwarfs can not be identified from the spec-
trum and photometry alone except for rare double-lined bi-
naries (Tremblay et al. 2011). We kept all DAZ white dwarfs
as the presence of metals does not significantly influence the
atmospheric parameters. For SDSS spectra, we restrict our
analysis to objects with S/N > 20 since this high-quality
subsample is cleaner and already large enough to provide a
robust comparison with Gaia.

In the following, we split the SDSS spectra in two
subsamples, first based on observations made with the
original SDSS spectrograph (Abazajian et al. 2009) up to
DR7. This subsample largely overlaps with the catalogue
of Kleinman et al. (2013) apart from a small fraction of
cool DA white dwarfs not covered by their colour cuts

1 https://skyserver.sdss.org/dr14/
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Table 1. White dwarf samples

Sample Initial Clean (non-magnetic, Gaia DR2 (with
single WDs, S/N > 20) quality cuts, Eqs. 1-3)

DA: Gianninas et al. (2011) 1265 1201 1145
DA: SDSS DR1-DR7 12491 2941 2726a

DA: SDSS BOSS DR9-DR14 8650 3584 3168b

DB: Rolland et al. (2018) 119 119 116
DB: Koester & Kepler (2015) 1107 439 405

a Spectroscopic parameters available in Table A1.
b Spectroscopic parameters available in Table A2.
Notes: Spectroscopic parameters are otherwise taken from the sample papers and Gaia data
from Gentile Fusillo et al. (2018).

(Gentile Fusillo et al. 2018). The second sample, overlap-
ping with Kepler et al. (2015, 2016), is for white dwarfs ob-
served within the newer SDSS-III Baryon Oscillation Spec-
troscopic Survey (BOSS; Ahn et al. 2012), corresponding to
the SDSS Data Releases 9 to 14. The adopted spectroscopic
samples of DA white dwarfs are summarised in Table 1. We
emphasise that by using the same models and fitting tech-
nique for all three data sets, we can more easily study the
effects from the different instruments and data reduction.

We also perform a comparison of the spectroscopic pa-
rameters of DB and DBA white dwarfs with Gaia. We rely
on the all-sky sample of bright objects from Rolland et al.
(2018) and the SDSS DR12 analysis of Koester & Kepler
(2015). In both cases we employ the published atmospheric
parameters. As for the DA white dwarfs in the SDSS, we re-
strict the comparison to S/N > 20 to provide a comparison
with Gaia on the same scale as the other samples. Both DB
samples already exclude magnetic white dwarfs, and there-
fore we make no additional modifications. We also make no
distinction between the SDSS spectrographs in this case be-
cause the number of objects is much smaller (see Table 1)
and the two adopted samples use different models and fitting
techniques, meaning that isolating data reduction issues is
much more difficult.

We have cross-matched our initial samples with the
Gaia DR2 white dwarf catalogue of Gentile Fusillo et al.
(2018). A number of Gaia sources have poor quality flags,
and we made the following additional cuts

astrometric excess noise < 0.75 , (1)

phot bp rp excess factor/

(1.3 + 0.06(GBP −GRP)
2) < 1.0 , (2)

astrometric sigma5d max < 1.0 . (3)

The removal of a small fraction of lower quality data with
likely underestimated Gaia errors does not significantly im-
pact our analysis. We note that these cuts, coupled with
the removal of DA+DC and DA+DB candidates based on
a spectral visual inspection, implies that we have biases
against detecting double degenerates in our adopted sam-
ples. Therefore, we make no attempt to derive the dou-
ble degenerate fraction. The different samples are neverthe-
less a reasonable representation of the magnitude-limited lo-
cal population of non-magnetic and apparently single white
dwarfs, and completeness is not required to compare their
fundamental parameters using different methods. The final

Figure 1. Natural logarithm of the ratio between observed Gaia

DR2 and predicted spectroscopic parallaxes using 3D corrections

for the samples of Gianninas et al. (2011) (top panel), SDSS DR7
(middle panel), and SDSS-III BOSS (bottom panel). We note
that the natural logarithm of the ratio is close to the difference
in percentage.

number of white dwarfs with precise spectroscopic atmo-
spheric parameters and clean Gaia data is given in Table 1.

The adopted samples are rather different in terms of the
volume covered, with average parallaxes of 15.4, 6.1, and 3.8
mas for Gianninas et al. (2011), SDSS DR7, and SDSS-III
BOSS, respectively. In the latter case, the upgraded and

MNRAS 000, 000–000 (0000)
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bluer sensitive BOSS spectrograph is allowing the observa-
tion of more distant white dwarfs at a higher S/N compared
to what had been possible before. Given that Gaia precision
decreases with both magnitude and distance, it suggests that
the SDSS-III BOSS sample will provide a less thorough test
of the consistency between Gaia and spectroscopic analyses.

We use the dereddened Gaia G, GBP and GRP magni-
tudes, parallaxes, and derived photometric atmospheric pa-
rameters as made available in Gentile Fusillo et al. (2018).
In brief, the magnitudes are dereddened using the 2D maps
(total line-of-sight reddening) of Schlegel et al. (1998) with
corrections from Schlafly & Finkbeiner (2011). For the third
spatial dimension, the distance, we use the reddening law
described in equations 17-19 of Gentile Fusillo et al. (2018)
where a gas scale height of 200 pc was constrained empir-
ically from the Gaia white dwarf cooling sequence. The
dereddenedGaia magnitudes are then converted to observed
fluxes fS

λ in erg cm−2 s−1 in the revised Gaia DR2 pass-
bands Sλ (Evans et al. 2018) using the appropriate zero
points (see table 3 of Gentile Fusillo et al. 2018). The min-
imised quantity is fS

λ = 4π̟2R2HS
λ (Teff , log g) where R is

the white dwarf radius, ̟ is the parallax in arcsec, and HS
λ

is the Eddington flux predicted from model atmospheres
integrated over the Gaia passbands. Only Teff and log g
are kept as free parameters and the radius is fixed from
the mass-radius relation of Fontaine et al. (2001) for C/O-
cores (50/50 by mass fraction mixed uniformly). We use
thick hydrogen layers (MH/MWD = 10−4) and thin hy-
drogen layers (MH/MWD = 10−10) for DA and DB white
dwarfs, respectively. For Teff > 30 000 K, we interpolate
over the pure C-core sequences of Wood (1995). For masses
below 0.46 M⊙, we use the He-core cooling sequences of
Serenelli et al. (2001).

Before comparing the photometric and spectroscopic
analyses in two dimensions (Teff and log g) in Section 4, we
proceed with an intermediate step in Section 3 where we
neglect Gaia GBP and GRP in order to compare both tech-
niques in 1D dimension, here with the independent variable
chosen to be the parallax. In doing so, we use the same mod-
els as described above, but do not fit Gaia photometry and
instead use the spectroscopic atmospheric parameters cou-
pled with predicted stellar fluxes and the Gaia G magnitude
to predict a spectroscopic parallax. This makes any potential
problem caused by the Gaia photometric calibration more
easily tractable.

3 PREDICTED AND OBSERVED

PARALLAXES

The comparison of Gaia DR2 parallaxes with predicted
values from spectroscopic analyses of DA white dwarfs is
presented in Fig. 1 when the atmospheric parameters are
corrected for 3D convective effects (Tremblay et al. 2013).
The average spread clearly increases going from bright
(Gianninas et al. 2011) to faint white dwarfs (SDSS-III
BOSS), which is mainly caused by increasing Gaia error
bars. Furthermore, the SDSS-III BOSS survey has fewer
cool white dwarfs (Teff < 12 000 K) owing to a change in
the spectroscopic follow-up selection function. Nevertheless
there are enough objects over all selected samples to look at
systematic trends.

Figure 2. Natural logarithm of the ratio between observed Gaia

DR2 and predicted spectroscopic parallaxes for the same samples
as in Fig. 1 but with 1D model atmospheres.

Figure 3. Natural logarithm of the ratio between observed Gaia

DR2 and predicted spectroscopic parallaxes using 3D corrections
and assuming thin H-layers for the Gianninas et al. (2011) sam-
ple.

In all three samples, an inflexion is seen in the range
between 11 000 K and 13 000 K, where the spectroscopic
parallaxes are slightly under luminous. While this is coin-
cident with a high-mass problem (Tremblay et al. 2010), it
is also close to the location of the maximum strength of
the Balmer lines where Teff determinations are less precise
(Bergeron et al. 1995). Fig. 2 demonstrates that when using

MNRAS 000, 000–000 (0000)
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1D model atmospheres, there is a strong discrepancy with
Gaia for all three samples. This confirms that the 3D model
atmospheres, including improved physics, are in much bet-
ter agreement with the observations (Tremblay et al. 2013).
In the range 11 000-13 000 K, it is tempting to suggest that
there is a small, residual high-mass problem according to
Fig. 1. This is further investigated in Section 4 making use
of photometric parameters.

At warm Teff values above 13 000 K where convective
flux is negligible, we do not observe a systematic, cross-
survey offset between spectroscopic and trigonometric paral-
laxes. However, both SDSS samples suggest a trend of lumi-
nosities that are over-predicted at high temperatures, which
is not seen in the Gianninas et al. (2011) sample. One rea-
son could be an issue with our approximate treatment of
dereddening (Gentile Fusillo et al. 2018), but this is likely
ruled out because the SDSS-III BOSS sample, which cov-
ers a larger volume, is not in significantly worse agreement
with Gaia. Furthermore, all data sets were analysed with
the same models and fitting technique. One explanation
for the behaviour is within the spectroscopic calibration of
the SDSS spectrograph. It has been reported on many oc-
casions (Kleinman et al. 2004; Tremblay et al. 2011, 2016)
that SDSS spectroscopic parameters are systematically off-
set from those of independent surveys but the issue remains
unchanged with the DR14 data reduction. However, the
SDSS-III BOSS spectrograph with the DR14 data reduction
appears to show the same trend. Since both SDSS spectro-
graphs share a data reduction pipeline, it may be that the
two SDSS samples are not fully independent and one should
be cautious in the interpretation of the differences with the
Gianninas et al. (2011) sample.

Fig. 3 demonstrates that if thin instead of thick hy-
drogen layers are employed for the bright DA stars in
Gianninas et al. (2011), the agreement is only marginally
worse between spectroscopic and trigonometric parallaxes.
It confirms that individual uncertainties are too large to
assign hydrogen layer thicknesses on a case-by-case basis
(Tremblay et al. 2017; Joyce et al. 2018). Additionally there
is no clear split in the Gianninas et al. (2011) distribution of
Fig. 1 that would suggest a bimodal distribution of H-layer
thicknesses. Whether any information on the mass-radius re-
lation or hydrogen layer masses as a function of white dwarf
mass (Romero et al. 2012) can be extracted from these data
sets will need to be considered from a more careful statisti-
cal analysis with a better understanding of the spectroscopic
error bars.

There are a number of outliers in all surveys for which
we have carefully examined the data. A significant number of
these objects could be DA+DA or DA+DC unresolved dou-
ble degenerates for which the optical spectrum behaves like
a single star. In particular, Figs. 1-2 confirm a fairly obvious
sequence of objects at cool Teff below the standard white
dwarf sequence where the Gaia fluxes are over-luminous by
a factor of about of two, correspond to a parallax offset of
a factor 1.5 (ln[πGaia/πSpectro] ≈ −0.35). These are likely to
be unresolved DA+DA double degenerates. DA+DC dou-
ble degenerates have much more varied spectroscopic solu-
tions owing to the arbitrary dilution of the Balmer lines
(Tremblay et al. 2011), and are suspected to be the source
of some of the outliers in other parts of the diagram. In
some cases, these objects could also be single, helium-rich

Figure 4. Natural logarithm of the ratio between observed Gaia

DR2 and predicted spectroscopic parallaxes for the DB/DBA
sample of Rolland et al. (2018) using 1D model atmospheres
(Bergeron et al. 2011, top panel) and with 3D corrections
(Cukanovaite et al. 2018, bottom panel).

DAwhite dwarfs (Gentile Fusillo et al. 2017). Finally, a frac-
tion of outliers are caused by a confusion between the cool
and hot spectroscopic solutions (Bergeron et al. 1992), spec-
troscopic flux calibration issues, or Gaia data issues with-
out raised quality flags. While outside of the scope of this
work, this demonstrates the potential of this technique to
unravel statistics on the population of double degenerates
and helium-rich DA white dwarfs. We note that there are
more outliers in the Gianninas et al. (2011) sample than in
the SDSS, which is likely because the latter data set includes
ugriz photometry and a spectroscopic coverage up to ≈ 1
µm, which allowed us to more easily remove binaries and
select between the cool and hot solutions at the pre-analysis
stage.

The comparison of the spectroscopic analysis of DB
and DBA white dwarfs from Rolland et al. (2018) with Gaia

data is shown in Fig. 4 (upper panel). All these objects have
a convective atmosphere and Cukanovaite et al. (2018) have
recently proposed 3D corrections assuming pure-He compo-
sition. Fig. 4 (bottom panel) illustrates the effects of 3D
modeling, with the important caveat that this is a prelimi-
nary assessment without accounting for the effect of hydro-
gen on 3D corrections, as the majority of DB white dwarfs
are thought to have traces of hydrogen (Koester & Kepler
2015; Rolland et al. 2018). The parameters of DB stars are
in reasonable agreement with Gaia, although for cool ob-
jects (Teff < 14 000 K) where a problem with neutral line
broadening is suspected (Rolland et al. 2018), Gaia clearly
suggests lower masses than predicted from spectroscopy.

We also present the comparison of Gaia with the SDSS
DB and DBA spectroscopic sample of Koester & Kepler
(2015) in Fig. 5, once again both for 1D and 3D
model atmospheres. For objects below Teff = 16 000 K,

MNRAS 000, 000–000 (0000)
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Figure 5. Same as Fig. 4 but for the SDSS DB/DBA sample
and model atmosphere fits of Koester & Kepler (2015). Objects
with fixed spectroscopic parameters at a value of log g = 8.0 are
plotted as red points with no error bars.

Koester & Kepler (2015) have assumed log g = 8.0 due to
potential issues with neutral line broadening. We still show
these stars in Fig. 5 but with red points and no error bars.
The two published analyses of DB white dwarfs presented
in this paper use different models and fitting methods but
the agreement with Gaia is similar according to Figs. 4 and
5. For Teff ' 16 000 K, both the 3D and 1D atmospheric
parameters agree equally well with Gaia within 2σ on a
star-by-star basis.

The parameters of cool SDSS DB stars where log g = 8.0
was assumed do agree with Gaia parallaxes with a very small
scatter. This suggests that the mass distribution of DB stars
does not have a high-mass problem when the photometric
technique is employed, and that the discrepancy is entirely
caused by issues with the spectroscopic technique.

4 THE TEMPERATURE AND SURFACE

GRAVITY SCALE

The predicted spectroscopic parallax depends on the abso-
lute magnitude which is itself a function of both Teff and
log g. As a consequence, it is of interest to study whether
both spectroscopic parameters do agree with independent
Gaia measurements.

We directly employ the photometric atmospheric pa-
rameters derived in section 4 of Gentile Fusillo et al.
(2018) and briefly described earlier in Section 2.
Gentile Fusillo et al. (2018) have demonstrated that Gaia

photometric fits are in very good agreement with fits us-
ing instead Pan-STARRS DR1 or SDSS ugriz photometry.
As a starting point for this study, we assume that Gaia

photometric parameters are as accurate as the model at-
mospheres, mass-radius relation, and dereddening procedure

can describe them. We note that Teff almost only depends
on Gaia colours and is degenerate with the fixed deredden-
ing procedure. On the other hand, log g almost only depends
on the absolute Gaia fluxes and is degenerate with the fixed
mass-radius relation.

Figs. 6-8 present the comparison of photometric and
3D spectroscopic parameters for our samples of DA white
dwarfs. In all cases we can see similar trends, with the Gaia

effective temperatures being systematically smaller than the
spectroscopic values for all Teff , even though individual stars
are in agreement within 1-2σ. The offset was not observed
in Section 3 where photometric Teff values were not em-
ployed, which could be suggesting an issue with redden-
ing. However, the fact that similar trends are seen for all
three samples covering very different volumes suggests that
reddening is not the obvious culprit, and we have verified
that unrealistic large reddening, i.e. close to the full line-
of-sight independently of the distance, is needed to make
the temperature scales in agreement. We conclude that a
slight issue with the spectroscopic temperature scale is a
more likely explanation. The discrepancy is slightly more
important for the SDSS spectrograph, suggesting once again
an issue with the flux calibration for observations taken up
to DR7. The comparison of log g values has less obvious
trends since most objects concentrate around log g = 8.0,
although there is a slight systematic offset that largely can-
cels out with the temperature offset when calculating ab-
solute magnitudes, which explains the good agreement in
Section 3. It is interesting to remark that when non-ideal
effects were included in currently employed Stark broaden-
ing tables (Tremblay & Bergeron 2009), both log g and Teff

changed in the same direction so that the predicted absolute
magnitude remained largely constant. Therefore, it is tanta-
lizing to suggest that Gaia may be observing some residual
issues in the line broadening. A similar result was found in
Genest-Beaulieu & Bergeron (2014) where they used SDSS
photometry.

Figs. 9-10 highlight the ratio between photometric and
spectroscopic parameters in the region where 3D effects are
important for the Gianninas et al. (2011) sample. We em-
ploy units of T 2

eff and R, the latter directly derived from the
surface gravity because we assume a mass-radius relation,
as they are directly proportional to the predicted parallax
(Section 3). It is seen that 3D corrections mostly impact
the predicted radii, and that there remains a small residual
bump around 12 000 K when comparing with Gaia, in agree-
ment with the inflexion observed at the same temperature
in Section 3 for the predicted parallaxes. It is interesting
to note that Tremblay et al. (2013) had already noticed a
small residual bump, with an amplitude of ≈ 6%, in the 3D
mass distribution of the Gianninas et al. (2011) sample in
the range between 11 000 K and 12 000 K. This is consistent
with a slight residual high-mass problem that is not fully ac-
counted by 3D log g corrections in that range. Finally, Fig. 10
confirms a tight sequence of white dwarfs where Gaia sug-
gests that the radius is larger by a factor of about two, or
in other words that there are actually two DA white dwarfs
at the observed location with similar Teff and log g.

The comparisons of Gaia photometric parameters with
the DB/DBA spectroscopic samples of Rolland et al. (2018)
and Koester & Kepler (2015) are presented in Figs. 11-12.
We observe a pattern similar to that seen for DA white

MNRAS 000, 000–000 (0000)
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Figure 6. Comparison of spectroscopic and photometric Gaia

effective temperatures (top panel) and surface gravities (bottom
panel) for the DA sample of Gianninas et al. (2011) corrected for
3D effects (Tremblay et al. 2013). The one-to-one agreement is
illustrated by the dashed lines.

dwarfs, with Gaia Teff values being systematically smaller
than the spectroscopic ones, both for 1D and 3D models.
There is no evidence, however, that the cause is the same
as that for DA stars. As it was observed in Section 3, the
3D corrections of Cukanovaite et al. (2018), assuming pure-
helium atmospheres, have a significant effect and must be
included in the comparison, although they do not bring the
spectroscopic parameters into obviously better agreement
with Gaia. This must be re-assessed once 3D corrections for
DBA stars become available. Finally, we note that all large
spectroscopic log g values in the Rolland et al. (2018) sam-
ple, which correspond to objects with Teff < 14 000 K, are
disproved by Gaia, suggesting instead standard log g = 8.0
values for these stars. The discrepancy is not observed in
the Koester & Kepler (2015) sample, as they artificially
fixed the surface gravity to log g = 8.0 for objects with
Teff < 16 000 K and these stars are not shown on the right
panel of Fig. 12.

Figure 7. Same as Fig. 6 but for the SDSS DR7 sample.

5 DISCUSSION

Gaia photometric parameters allow the derivation of stel-
lar masses by adopting the white dwarf mass-radius rela-
tions described in Section 2. Despite their incompleteness,
our adopted samples are expected to present a reasonable
picture of the field white dwarf mass distribution for a mag-
nitude limited survey, similarly to what has been done in the
pre-Gaia era (see, e.g., Tremblay et al. 2016). Gaia selected
samples will be more appropriate in the future to study the
astrophysical implications of the white dwarf mass distri-
bution, but such samples currently have very poor spectro-
scopic completeness beyond 20 pc, leading to potentially er-
roneous interpretations given the strong colour differences
between cool DA and DC white dwarfs (El-Badry et al.
2018; Gentile Fusillo et al. 2018).

Fig. 13 compares the photometric mass distribu-
tions of DA and DB white dwarfs from the samples of
Gianninas et al. (2011) and Rolland et al. (2018), and those
found in the SDSS. We neglect the DA sample from SDSS-
III BOSS as the results are very similar to SDSS DR7 and
for DB stars we have made no such distinction between the
SDSS spectrographs. We remind the reader that the mass
distributions in Fig. 13 are independent from spectroscopy
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Figure 8. Same as Fig. 6 but for the SDSS-III BOSS sample.

apart from the sample selection. We find very similar mean
masses for all studied samples, suggesting that there is no
strong bias from the selection function.

The SDSS sample of DB white dwarfs clearly has a
larger standard deviation around the mean compared to the
more local Rolland et al. (2018) sample. It illustrates that
observational scatter dominates over intrinsic width for the
SDSS sample. This is a remarkable result, illustrating that
the standard deviation in DB masses is at least three times
smaller than for DA white dwarfs and it is unclear if even
Gaia is able to resolve the DB mass distribution. For DA
white dwarfs, the standard deviations agree well between
samples and also between photometric and spectroscopic
analyses (Gianninas et al. 2011; Tremblay et al. 2011), con-
firming that the mass distribution is well resolved.

Gaia DR2 robustly suggests that the mean mass of DA
and DB white dwarfs is the same within the uncertainties
in the selection function of the samples and the assumption
of thick hydrogen layers for all DA stars. However, there is
also clear evidence that the DA and DB mass distributions
have different shapes, with a sharp decline of the number of
DB white dwarfs both at masses lower and higher than the
average. These properties observed by Gaia have been sug-
gested before from spectroscopic analyses (Bergeron et al.

Figure 9. Natural logarithm of the T 2
eff ratio between Gaia pho-

tometric fits and Gianninas et al. (2011) spectroscopic parame-
ters as a function of effective temperature for both 1D (top panel)
and 3D model atmospheres (bottom panel).

Figure 10. Similar to Fig. 9 but for the radius ratio.

2001; Koester & Kepler 2015; Rolland et al. 2018), but they
are now much more firmly established, with possible system-
atics from 3D effects and line broadening theories largely re-
moved. This illustrates that while both spectral types may
have the same mean mass, it can not be concluded that they
originate from the same range of progenitors.

Almost all spectroscopically confirmed non-magnetic
white dwarfs (e.g., excluding hot DQs, Dufour et al. 2007a)
in the age range where DB stars are found appear to

MNRAS 000, 000–000 (0000)
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Figure 11. Top panels: Comparison of spectroscopic and photometric Gaia Teff values (left panel) and surface gravities (right panels)
for the DB and DBA sample of Rolland et al. (2018). The one-to-one agreement between the two measurements is indicated by the
dashed lines. Bottom panels: Similar to the top panels but with the 3D spectroscopic parameter corrections of Cukanovaite et al. (2018)
assuming pure-helium atmospheres.

have hydrogen-atmospheres for masses below ≈ 0.5 M⊙

and above 0.7 M⊙. This trend appears to continue for
older and cooler remnants according to the Gaia-SDSS
catalogue of Gentile Fusillo et al. (2018). The behaviour
at low masses is not surprising, as these objects are ei-
ther low-mass white dwarfs (MWD . 0.45 M⊙) or double
degenerates. The former must have been formed through
close binary evolution to have evolved in less than a
Hubble time, and the samples of eclipsing binaries from
Parsons et al. (2017) or the extremely-low-mass (ELM)
white dwarfs from Gianninas et al. (2014) exclusively con-
tain hydrogen-atmosphere stellar remnants. Double degen-
erates with mixed spectral types were likely eliminated from
our samples as the optical spectra can identify them, which
implies that only rare instances of DB+DB double degen-
erates may populate the very low-mass tail of the DB mass
distribution.

The situation at higher-than-average masses is dis-
cussed in Gentile Fusillo et al. (2018), with a strong sug-
gestion from young stellar clusters and Gaia that massive
white dwarfs overwhelmingly have thick hydrogen layers
(Kalirai et al. 2005) and are not subject to convective di-
lution or convective mixing (Rolland et al. 2018). Further-
more, the detailed shape of the DA mass distribution above

0.6 M⊙ could be explained from features in the initial-to-
final-mass relation such as the onset of the second dredge-
up (Tremblay et al. 2016; El-Badry et al. 2018). There is no
evidence to rule out binary evolution for some of these ob-
jects (Toonen et al. 2017), but the latter does not lead to an
unique, recognisable feature on the higher-than-average side
of the white dwarf mass distribution.

6 SUMMARY

Gaia DR2 has detected about eight times more white dwarfs
than previously known (Gentile Fusillo et al. 2018). This al-
lows for a rich variety of astrophysical applications, from
constraining the local stellar formation history to the initial-
to-final mass relation. As a first step, it is essential to un-
derstand the accuracy and systematics when deriving the
fundamental parameters of these stellar remnants.

We have used DA and DB white dwarfs with well under-
stood spectroscopic parameters and mass-radius relations,
and compared these to Gaia-derived absolute magnitudes
and fundamental stellar parameters. We emphasise that
for all samples studied in this work (Gianninas et al. 2011;
Rolland et al. 2018, as well as the SDSS), individual spectro-
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Figure 12. Similar to Fig. 11 but for the DB/DBA sample of Koester & Kepler (2015). Objects with fixed spectroscopic parameters at
a value of log g = 8.0 are plotted as red points with no error bars on the left panels and omitted from the comparison of log g values.

Figure 13. Left: Gaia photometric mass distributions for the DA white dwarfs in Gianninas et al. (2011) and the DB and DBA stars in
Rolland et al. (2018). The total numbers of white dwarfs have been renormalised to unity for an easier comparison of the different samples.
Right: Similar to the left panel but for the DA white dwarfs in SDSS DR7 and the DB/DBA stars from SDSS DR12 (Koester & Kepler
2015).

MNRAS 000, 000–000 (0000)
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scopic Teff and log g values of both DA and DB white dwarfs
are generally in good agreement with Gaia within 2σ when
the assumption of a single star is verified. For a few percent
of the objects, Gaia has clearly uncovered previously unsus-
pected double degenerates, although we made no attempt to
fully separate the two populations from the available data
because of poorly constrained selection functions.

We confirm that even with the precision of Gaia DR2,
it is not possible to robustly test the mass-radius relation or
derive the hydrogen layer thickness on a star-by-star basis.
We observe no evidence of a bimodal distribution of thin and
thick layers, which is expected to be most prominent at large
temperatures where a warm and thick hydrogen layer leads
to a significant increase in stellar radius (Tremblay et al.
2017). However, these hot white dwarfs are generally dis-
tant, resulting in a lower Gaia precision and additional un-
certainties from reddening. Furthermore, it is possible that
additional scatter owing to the presence of undetected met-
als and NLTE effects (Gianninas et al. 2010) may hinder the
detection of thin H-layers.

The size and precision of the Gaia sample has allowed
the detection of small systematic offsets between the spec-
troscopic and photometric parameters. There is a small
residual bump in the spectroscopic log g distribution of
DA white dwarfs in the temperature range from 11 000 to
13 000 K, which is likely related to an incomplete account
of 3D effects. For DB white dwarfs in the regime below
Teff < 14 000 K, we find that the spectroscopic technique
fails to get accurate surface gravities as it has long been
suspected (Bergeron et al. 2011), and Gaia photometric pa-
rameters do not appear to have such issue. This is consistent
with a problem with neutral line broadening. For both DA
and DB white dwarfs, the photometric and spectroscopic
temperature scales appear to have a slight systematic offset,
with Gaia systematically predicting slightly cooler tempera-
tures by a few percent. We have no obvious explanation for
this offset, but residual issues with line broadening theories
in spectral analyses remain a possibility.

The present study suggests that Gaia and current mass-
radius relations can be employed to derive precise Teff , log g,
masses, and radii, which is the first step to link white dwarfs
to their progenitors. Gaia has clearly confirmed that DA
and DB white dwarfs have the same mean mass within less
than two percent. However, it was also found that the DB
mass distribution has a significantly smaller intrinsic width
around its mean than for DA white dwarfs. The next steps
will be to understand the precision of the Gaia photometric
parameters for other types of white dwarfs as well as gain a
better understanding of the cooling rates, e.g. from stellar
remnants in wide binaries or clusters.
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Romero A. D., Córsico A. H., Althaus L. G., Kepler S. O., Castan-

heira B. G., Miller Bertolami M. M., 2012, MNRAS, 420, 1462
Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103
Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 500, 525
Serenelli A. M., Althaus L. G., Rohrmann R. D., Benvenuto O. G.,

2001, MNRAS, 325, 607
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APPENDIX A: GAIA-SDSS SPECTROSCOPIC FITS

Table A1: Subsample of Gaia-SDSS DR1-DR7 DA white dwarfs

SDSSJ name MJD-plate-fiber πGaia σ
π Gaia 3D Teff σTeff 3D log g σlogg πspectro σπ spectro Comment

[mas] [mas] [K] [K] [cgs] [cgs] [mas] [mas]

000022.88−000635.7 51791-0387-166 2.41460 0.28810 23013 473 7.443 0.064 1.84623 0.12224

000034.06−052922.4 54380-2624-261 5.12254 0.17227 20299 148 7.799 0.022 5.23086 0.10821

000034.07−010820.0 52203-0685-187 5.68123 0.23765 13006 222 8.025 0.054 5.59269 0.25335

000051.85+272405.3 54452-2824-272 2.17536 0.38865 21961 371 7.946 0.051 2.25211 0.10966

000100.42−042742.9 54327-2630-359 2.41227 0.32521 17138 225 7.604 0.041 2.50832 0.09545

Notes: Atmospheric parameters are from Balmer line fitting and objects fitted with models including CNO (Gianninas et al.
2010) are indicated in the Comment column. For objects with multiple spectra, we only kept the spectrum with the highest
S/N. This is a portion of the table and the full data is available as Supplementary material (online).

Table A2: Subsample of Gaia-SDSS-III (BOSS) DR9-DR14 DA white dwarfs

SDSSJ name MJD-plate-fiber πGaia σ
π Gaia 3D Teff σTeff 3D log g σlogg πspectro σπ spectro Comment

[mas] [mas] [K] [K] [cgs] [cgs] [mas] [mas]

000006.75−004653.9 56956-7850-0719 4.67747 0.35240 11309 139 8.071 0.052 4.13786 0.19743

000022.87−000635.6 56959-7848-0062 2.41460 0.28810 22497 185 7.492 0.025 1.90322 0.04927

000034.09−052922.4 56564-7034-0336 5.12254 0.17227 19983 131 7.785 0.020 5.15266 0.09676

000104.05+000355.8 56959-7848-0026 3.53414 0.34839 13126 157 8.100 0.036 3.54205 0.11033

000106.93+082825.5 55863-4534-0466 6.60360 0.30072 7682 62 7.931 0.097 6.88215 0.48615

Notes: Atmospheric parameters are from Balmer line fitting and objects fitted with models including CNO (Gianninas et al.
2010) are indicated in the Comment column. For objects with multiple spectra, we only kept the spectrum with the highest
S/N. This is a portion of the table and the full data is available as Supplementary material (online).
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