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ABSTRACT

The Gaia Data Release 1 (DR1) sample of white dwarf parallaxes iseptes, including 6
directly observed degenerates and 46 white dwarfs in widarlss. This data set is combined
with spectroscopic atmospheric parameters to study theewliarf mass-radius relationship
(MRR). Gaia parallaxes an@® magnitudes are used to derive model atmosphere dependent
white dwarf radii, which can then be compared to the prealigtiof a theoretical MRR. We
find a good agreement betwe@aia DR1 parallaxes, publishedfective temperatured ;)
and surface gravities (Iag), and theoretical MRRs. As it was the case Hipparcos the
precision of the data does not allow for the characterigadibhydrogen envelope masses.
The uncertainties on the spectroscopic atmospheric paegasrae found to dominate the error
budget and current error estimates for well-known and lnighite dwarfs may be slightly
optimistic. With the much largeBaia DR2 white dwarf sample it will be possible to explore
the MRR over a much wider range of ma$sg;, and spectral types.

Key words. white dwarfs — stars: fundamental parameters — stars:ianter parallaxes —
stars: distances

1 INTRODUCTION (Hamada & Salpeter 1961 The predictions have now im-

. o . . . proved to include the finite temperature of C and O nuclei in
The white dwarf mass-radius relationship (MRR) is fundataken the interior and the non-degenerate upper layers of He and H

to many aspt_act_s c.)f astrqphysics. At one end of th? specthan, t (Wood 1995 Hansen 1999 Fontaine et al. 20Q1Salaris et al.
Upper mass limit first derlvgd byhandrasekha1931] is the cen- 2010 Althaus etal. 2010a The MRRs were also extended to
tral basis of our understanding of type la supernovae, atanchn- lower and higher mass ranges, with calculations for He afeO
dles that can be used to measure the expansion of the UniverseCores respectivelyAlthaus et z;l 20072013, The total mass
(l\?ll?eRssi:ta?:.:sgsgeﬁ;ﬁlnlg::;gnil.tol?:%?nc;:tteh(:vk?ittzezi:vz?fd,mtgsies of the gravitationally stratified H, He, and/@ layers in white
o . dwarfs is poorly constrained since we can only see the togrla:
from spectroscopy, photometry, or gravitational redsiméasure- W 'S poorly ! ! W y opriay

f from the outside. While there are some constraints on tlegiant
ments (see, e.gKoester et al. 197Bhipman 197Koester 1987 structure of white dwarfs from asteroseismolodoiftaine et al.

Bel.rgfrton frt] al. 15;92?:% Fla'.‘;]c.’tf‘ ftta"f.iolmmThesf TIaSSES 1992 Romero etal. 20122013 Giammichele et al. 2096 the
caiibrate the semi-empirical initial to final mass relatl white dwarf cooling sequence in clusterslapnsen et al. 2015

\;_V(r)](l)tg gwtarlf,s nm tcllljs;g:)sa? nldr V.V'dte lb Iggg;?/v('ﬁ??ﬁ él‘%e;dlerznozzr;n Goldsbury et al. 2016 and convective mixing studieSion 1984
ataan et a alirareta. tiams et al. Tremblay & Bergeron 2008Bergeron et al. 2001 a theoretical

gﬁ:?évfgsitl'?sl.uicl)(?c?l??hbebI[?o(tecter?tli.alzgolrzvc\irl:irtr;n:;\?v%srfgtg.big)unxg;e MRR assuming a specific interior stratification is usuallgfprred
. ) . . (Iben & Tutukov 1984 Fontaine et al. 20QJAlthaus et al. 2010p
understand the chemlcg | evolution of galaxuéal(rg ! ?t al. 2013, For hydrogen-atmosphere DA white dwarfs, most studiesragsu
date old stellar populationsi@nsen et al. 20QKalirai 2012, and . . _ B 4 o
trace the local star formation historyrémblay et al. 2014 thl(?k hydrogen Iayer; withgyy = My/Miot = 10, Wh'.Ch 'S an
On the theoretical side, the first MRRs.that were uti- es“”?""‘e of the maximum hydrogen mass for re5|dgal nuclear
lized assumed a zero te;nperature fully degenerate core burning _Qben & Tutukov 1984. More detallgd calculatlor_ls for
the maximum H envelope mass as a function of the white dwarf
mass have also been employedlltifaus et al. 20100 On the
* E-mail: P-E.Tremblay@warwick.ac.uk other hand, thin H-layersy = 1071°) are often used for helium
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. T e e e and surface gravity (log). The latter are most often constrained
Lo L [c/0-core]/c-core b by comparing detailed model spectra to the observed Balmes |

R T T in DA white dwarfs Bergeron et al. 199ZFinley & Koester 199y
and to the He | lines in DB white dwarf8érgeron et al. 2011
Koester & Kepler 201} If a dynamical mass is available, one can
then derive the radius from the spectroscopic surface tyrawit
for most white dwarfs it is not possible.

[ 10,000 K

0.95
r 30,000 K

0.90

Rthin/Rthick

7 The calculation of the semi-empirical MRR using atmospheri
parameters was pioneered Bghmidt(1996 and Vauclair et al.
(1997 with trigonometric parallax measurements for 20 white
b dwarfs directly observed from thidipparcossatellite. This tech-
nigue was later expanded to include wide binary systems factw

[ ] the primary has a precisklipparcos parallax Provencal et al.
oo b—— b 1998 Holberg et al. 201p This method is based on the fact that
' ‘ ' the energy flux measured at the eartRigD? times the flux emit-
ted at the surface of the star, whé&tés the stellar radius and the
distance to earth. The flux emitted at the surface itself dépen

(a4 = 10719 hydrogen layers as a function of the white dwarf mass. Cool- :hre predl(lztlgns.tfrr]otrr:] mdf)(:e:}atmosnptfrl]erre?. ;I'he”atml?srpinl dﬁaol n
ing sequences froifAontaine et al(2001) at T = 10,000 K (solid red line) ers coupliea wi € distance can theretore allow for they

and 30,000 K (black), as well as the models\i6od (1995 at 60,000 of a semi-empirical radius. As highlighted bguclair et al(1997),

[ 60,000 K

M/M,

Figure 1. Ratio of the predicted radii for thickqg = 107%) and thin

K (blue) were employed. We also show thefeience between the/G- once the surface flux is integrated and observed over a bitoad p

core (5050 by mass fraction mixed uniformly) and pure-C cooling keac ~ tometric band, the derived radius depends almost onlyrand

at 10,000 K (dashed red line). very little on logg. One can then compute a mass independent of
the MRR by using the radius defined above and the spectr@scopi
logg.

atmospheres (DB, DZ, DQ, and DC). Fig.demonstrates that
the MRR varies by 1-15%, depending on the white dwarf mass
and temperature, whether a thick or a thin hydrogen layer is
assumed. As a consequence, an observed MRR that would @chiev
a 1%-level precision could in principle constrain the laygrof
white dwarfs. On the other hand, Fifj.shows that the féect of
varying the QO ratio in the core is very small on the MRR (%).
Despite its fundamental importance, the MRR of white dwarfs
is not robustly constrained by observations. One of the reost
cessful tests so far has been from eclipsing binaries iirgjue
white dwarf. Currently, this method can reach a precisior 2
on the MRR Parsons et al. 20)6These derivations are based on Despite the fact that modern ground-based techniques have
photometric observations of the eclipses and kinemati@maters,  achieved a~0.5 milliarcsec (mas) precision for parallaxes of a
and are almost completely independent of white dwarf motiel a = few selected white dwarfs in the solar neighborhobidrgis et al.
mospheres. The disadvantage is that there are only a fewrknow 2007 Subasavage et al. 200%he picture of the semi-empirical
such systems¥'Brien et al. 2001Parsons et al. 201@yrzas et al. MRR has remained largely unchanged since Hiiigparcosstudy
2012 Parsons etal. 20125c; Bours etal. 2015 Parsonsetal.  of vauclair et al(1997) and the follow-up byHolberg et al(2012).
2016 and their configuration implies that they are always post- vayclair et al(1997) found that theHipparcosMRR is largely con-

Given that the atmospheric parameters are employed toederiv
the semi-empirical MRR, it is not straightforward to disamgle a
genuine signature of a MRR and interior structure from systéec
model atmosphereffects. We note that some authors have actu-
ally assumedh theoretical MRR and used the technique described
above to test the accuracy of the atmospheric parameterseahel
atmospheres (see, e.gremblay et al. 2018 To complicate mat-
ters even more, there is a partial degeneracy since inogeasth
Ter and logg can result in the same predicted luminosity and dis-
tance Tremblay & Bergeron 2009

common envelope binaries that have previously interacted. sistent with theoretical predictions when realistic uteieties on

Another method to test the MRR is to rely on astrometric bina- the atmospheric parameters are taken into account. Theymd
ries with knOW-n distances and pl’eCise dynamical orbitalmaea- that the error bars on the atmospheric parameters publlshbé
surements §hipman et al. 1997Barstow et al. 2005Bond et al. literature at the time were slightly too optimistic, andtttize de-

2019. There are only a few such systems, with Sirius, 40 Eri, and termination of the size of the H-layers fblipparcoswhite dwarfs
Procyon being the most studied. One can then use the observedyas out of reach.

gravitational redshift, e.g. from the wavelength shift bé tcores

of the Balmer lines, to derive the radius of the white dwalf re The main goal of this work is to usaia DR1 parallaxes
atively independently of its atmospheric parameters. Rerdase for the Hipparcosand Tycho-2 catalog white dwarfs, both directly
of Sirius B, the gravitational redshift measurements aite rgit observed and in wide binaries, to re-asses the semi-emigifiik R
fully understood and more work is needed to comprehend al co  for degenerate stars. In preparation for futGegadata releases, we
straints on mass and radilBgstow et al. 20052015. Neverthe- want to understand whether it is possible to disentanglentaio-
less, high-resolution and high signal-to-noise spectpiscobser- ties in the spectroscopic technique from a genuifised between
vations allow for radial velocity measurements at25% preci- the theoretical and observed MRRs. Our study is construatéal-
sion level Zuckerman et al. 209)3highlighting the potential of this lows. First we introduce in Section 2 ti@&ia DR1 andHipparcos
technique. white dwarf samples and determine the atmospheric parasnefte
All other methods to derive the MRR are semi-empirical and these objects. We derive the semi-empirical MRR in Sectian®8
rely on the atmospheric parameters, tffe@ive temperaturel(y) discuss the implications in Section 4. We conclude in Sadio
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The Gaia DR1 Mass-Radius Relation for White DwarfsS

2 THE GAIADR1SAMPLE

The European Space Agency (ESA) astrometric misSaia is
the successor of thdipparcosmission and increases by orders of
magnitude the precision and number of sourcasia will deter-
mine positions, parallaxes, and proper motions-fo?¥o of the stars

in the Galaxy, and the catalog will be complete for the full &

V < 20 mag Perryman et al. 2001 The final data release will in-
clude between 250,000 and 500,000 white dwarfs, and amaosg th
95% will have a parallax precision better than 10%r(es et al.
2005 Carrasco et al. 2034 The final catalog will also includ&
passband photometry, low-resolution spectrophotometityd blue
(BP, 330-680 nm) and red (RP, 640-1000 nm), and (for bright
stars,G < 15) higher-resolution spectroscopy in the region of the
Ca triplet around 860 nm with the Radial Velocity Spectragnet
(Jordi et al. 2010Carrasco et al. 2034

The Gaia DR1 is limited to G passband photometry and
the five-parameter astrometric solution for stars in commith
the Hipparcosand Tycho-2 catalogdMichalik et al. 2014 2015
Lindegren et al. 201,6Gaia Collaboration 2096 However, not all
Hipparcos and Tycho-2 stars are found iBaia DR1 owing to
source filtering. In particular, sources with extremelyebbr red
colours do not appear in the cataloggja Collaboration 2016
Unfortunately, this significantly reduces the size of Gaia DR1
white dwarf sample, with most of the bright and close singte d
generates missing.

We have cross-matched thipparcosand Tycho-2 catalogs
with Simbad as well as the White Dwarf CatalddqCook & Sion
1999. A search radius of YOaround the reference coordinates was
employed and all objects classified as white dwarfs wereddait
manually. Our method eliminates all objects that are notmto
be white dwarfs and wide binaries for which the stellar renting
at a separation larger tharl0” to the Hipparcosor Tycho-2 star.
We have identified 25 white dwarfs for which the bright degene
ate star itself is part of thelipparcos (22 objects) or Tycho-2 (3
objects) catalogs. Those objects are shown in Tabléh V mag-
nitudes along wittHipparcos parallax values fronvan Leeuwen
(2007 or alternative ground measurements if available in the lit
erature. The sample includes &llpparcoswhite dwarfs studied
by Vauclair et al.(1997) though we have classified WD 0425688
and WD 1544-377 as wide binaries (Tabl@and3) since theHip-
parcosstar is actually the companion. We include WD 21539
for which theHipparcosparallax solution was rejected during the
reduction process. WD 208803 and WD 2344322 areHippar-
cosdegenerates not Mauclair et al.(1997) while WD 0439+466,
WD 0621-376, and WD 2211495 are Tycho-2 white dwarfs.
For HZ 43 (WD 1314-293), theHipparcos parallax is known
to be inconsistent with the predicted MRRa{iclair et al. 199y,
and we take instead the value from the Yale Parallax Catalog
(van Altena et al. 1994 Only 6 of theHipparcoswhite dwarfs and
none of the Tycho-2 degenerates are presei@aia DR1 owing
to source filtering. Thesaia DR1 parallaxes anG magnitudes
are identified in Tablel. In addition to the random errors avail-
able in the catalog, we have added a systematic error of 0s3 ma
(Gaia Collaboration 2016

Our limited search radius of XGroundHipparcosand Tycho-

2 coordinates, which was designed to recover all white dsthidt
are directly inGaia DR1, does not allow to build a meaningful
sample of wide binaries. A list of white dwarfs that are in coon
proper motion pairs witlHipparcosor Tycho-2 stars was compiled
from the literature $ilvestri et al. 2002Gould & Chanamé 2004
Holberg et al. 2013Zuckerman 2013 Our aim is not to have a

MNRAS 000, 1-13 (2016)

complete sample but rather to include most kn@saia DR1 stars
with wide degenerate companions. The 62 selected binatgrags
are identified in Tabl@ along with their angular separation. Among
those, 39 are primary stars witfipparcosparallaxes collected in
Table 3, and 23 are Tycho-2 stars with no prior distance measure-
ments. We have found 46 of these primary staiG&la DR1, with
parallaxes identified in Tabl@ The resulting physical separations
lead to orbital periods longer than those of Procyon andi$gsi 40
yr), hence these orbital motions should have a minor impapao-
allax determinations. We can derive the semi-empirical MBR
members of wide binaries in the same way as we do for diretty o
served white dwarfsGaia DR1 G magnitudes are available for 43
of the white dwarf companions, whil magnitudes can be found
in the literature for most systems.

Our search has also recovered a large number of white dwarfs
in unresolved binaries, often in Sirius-like systems whéie de-
generate star is only visible in the U¥6lberg et al. 2008 When-
ever there was no optical spectroscopy for these objecthiave
neglected them from our sample, since their atmospherinpar
ters are significantly less precise than for the white dwiddstified
in Tablesl and3. This includes WD 1736133 and WD 1132325,
even though they are separated by more thafr@m their bright
companion Holberg et al. 2018

2.1 Spectroscopic Parameters

Precise atmospheric parameters determined from speafriodits

are a critical ingredient to extract the semi-empirical MR® a
consequence, we have ensured that we have a homogeneaus dete
mination of the atmospheric parameters by using the same mod
els and fitting technique for the whole sample as much as fea-
sible. Whenever possible, atmospheric parameters for DAewh
dwarfs are taken fronGianninas et al(2011), or in a few cases
from Tremblay et al(2011) andLimoges et al(2015. These stud-

ies are based on the model spectra fimemblay et al(2011), and

3D corrections fronTremblay et al(2013 were applied when ap-
propriate. The uncertainties {Bianninas et al(2011) are the sum

of the formaly? errors and external errors of 1.2%Tg; and 0.038
dexin logg. The latter were determined by observing selected stars
on different nights and at fierent sitesl(iebert et al. 200k There

are five DA white dwarfs, all in wide binaries, that are nottpar
of theGianninas et al(2011) sample. For WD 0315011, ¢ Ret B,

WD 0842+490, WD 1209-060, and HS 22202335, we use the at-
mospheric parameters Gfatalan et al(2008, Farihi et al.(2011),
Vennes et al(1997), Kawka & Vennes(2010), and Koester et al.
(2009, respectively. Except foFarihi et al.(2011), these studies
were performed prior to the inclusion of theemblay & Bergeron
(2009 Stark profiles, hence we have corrected for thfeet us-

ing fig. 12 of Tremblay & Bergeror(2009 and added 3D correc-
tions when appropriate. Finally, WD 022399, WD 0433270,

WD 751-252, WD 175@-098, and WD 2258054 have very weak
Balmer lines, hence they have no spectroscopic gravities.

A few hot white dwarfs that are identified with spectral type
DA+BP (or DAO+BP) have the so-called Balmer line problem
(Werner 199%. In those cases, th@ianninas et al(2011) solution
is with CNO added to the model atmospheres. We also note that
the optical spectrum of HZ 43 employed Byanninas et a(2011)
shows some evidence of contamination from the close M dwarf
companion. As a consequence, the error bars for this statdshe
taken with some caution.

For the DB white dwarfs WD 061591, WD 0845-188,
and WD 2129004, we use the atmospheric parameters from
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Table 1. Parallaxes of Directly Observed White Dwarfs

WD Alt. Name HIRTycho ID 7 (Gaia) G (Gaia) n (other) Ref \% Ref SpT Ter log(g) (spec) Ref
[mas] [mag] [mas] [mag] K] [er/s]

0046+051 vMa 2 HIP 3829 23460 (5.90) 1 12.37(0.02) 4 DZ 601BD) 10
0148+467 GD 279 HIP 8709 64.53(3.40) 1 12.44(0.03) 4 DA 0@,280) 8.04(0.04) 11
0227+050 Feige 22 HIP 11650 37.52(5.17) 1 12.78(0.01) 4 DA 9,920 (310)  7.93(0.05) 11
0232+035 Feige 24 HIP 12031 13.06 (1.06) 12.177(0.004) 10.9@43.91 12.41(0.01) 4 DAdM 66,950 (1440) 7.40(0.07) 11
0310-688 LB 3303 HIP 14754 97.66(1.85) 1 11.39(0.01) 5 DA  ,866 (240)  8.09 (0.04) 11
0439+466 SH 2-216 TYC 3343-1571-1 7.76(0.33) 2 12.62(0.0% DAO+BP 86,980 (2390) 7.23(0.08) 11
0501+527 G 191-B2B HIP 23692 16.70(2.97) 1 11.78(0.01) 4 DA 60,920 (990)  7.55 (0.05) 11
0621-376 TYC 7613-1087-1 TYC 7613-1087-1 .. 12.098). 6 DA+BP 66,060 (1140) 7.12(0.05) 11
0644+375 He 3 HIP 32560 63.53(3.55) 1 12.06(0.01) 4 DA 20@40)  8.10(0.05) 11
1134+300 GD 140 HIP 56662 63.26(3.60) 1 12.49(0.02) 4 DA  420(340) 8.56 (0.05) 11
1142-645 L 145-141 HIP 57367 21578 (0.57) 11.410(0.002) 215185) 1 11.51(0.01) 5 DQ 7970 (220) 10
1314+293 HZ 43A HIP 64766 17.23(0.77) 12.907 (0.002) 15.50(3.40p 12.91(0.03) 4 DAdM 56,800 (1250) 7.89 (0.07) 11
1327-083 Wolf 485A HIP 65877 57.55 (3.85) 1 1234(0.01) 5 DA 14,570 (240) 7.99 (0.04) 11
1337705 G 238-44 HIP 66578 38.29 (3.02) 1 1277(0.01) 7 DA 1,220 (330) 7.93(0.05) 11
1620-391  CD-38 10980 HIP 80300 76.00(256) 1 11.01(0.01) 4 DA 85@70)  7.96 (0.04) 11
1647+591 G 226-29 HIP 82257 91.04(0.80) 12.288(0.001) 94.04J2.6 1 12.24(0.03) 4 DAV  12510(200) 8.34(0.05) 11,12
1917-077 LDS 678A HIP 95071 95.10 (0.77) 12.248(0.001) 91.3124.0 1 12.29(0.01) 5 DBQA 10,400 (360) 10
2007-303 L 565-18 HIP 99438 61.09(451) 1 12.24(0.01) 5 DA 6,150 (230)  7.98(0.04) 11
2032+248 Wolf 1346 HIP 101516 64.32(258) 1 1155(0.01) 5 A D 20,700(320) 8.02(0.05) 11
2039-202 L 711-10 HIP 102207 48.22(3.77) 1 12.40(0.01) 5 DA 20,160 (300)  7.98 (0.04) 11
2117+539 G 231-40 TYC 3953-480-1 57.76(0.99) 12.411(0.001) ®&(rD0) 3 12.33(0.01) 4 DA 14,680 (240)  7.91 (0.05) 11
2149+021 G 93-48 HIP 107968 37.51 (4.41) 1 12.74(0.01) 8 DA 8,170 (270) 8.01 (0.04) 11
2211-495 TYC 8441-1261-1 TYC 8441-1261-1 .. 11.7019. 9 DA+BP 71,530 (1530)  7.46 (0.06) 11
23414322 LP 347-4 HIP 117059 58.39(11.79) 1 12.93(0.05) 4 A D 13,100(200) 8.02(0.04) 11,12

Notes. The Gaia uncertainties include both the random errors and a systerraor of 0.3 mas®aia Collaboration 20)60nly spectroscopic log determinations are included and not the
derivations based on the parallax measurements-BIAstands for a DA white dwarf with the Balmer line probleme(Section 2.1)References. 1) van Leeuwer(2007), 2) Harris et al.
(2007, 3) van Altena et al(1994, 4) Vauclair et al.(1997, 5) Koen et al.(2010, 6) McCook & Sion(1999, 7) Landolt & Uomoto(2007, 8) Landolt(2009, 9) Marsh et al(1997, 10)
Giammichele et al(2012), 11) Gianninas et al2011), 12) Tremblay et al(2013.

Bergeron et al(2011). Even though they are in the regirig; <

16,000 K, where spectroscopic lggleterminations are unreliable R2

(Bergeron et al. 20%1Koester & Kepler 2015 we keep them in fearn = 55 Fsurtace (2
the sample as Section 3 demonstrates that they are in agreeme . . . )

with the theoretical MRRs when parallaxes are availablewHo Wh'(_:h fully accounts for Imb-darkemqg. However,_the flisaisu-
ever, we make no attempt to determine whether a thin H-layer i ally integrated over some charac_tenstlc photometriclpasd, such
more appropriate for these objects, as suggested from tkeofa as Johnson-Kron-CousWSorGala G, and mea;ured by a photon-
hydrogen at the surface. On the other hand, WD @828 and cpuntlng device. Conversely, a surface magnitagecan be pre-
WD 1917-077 are too cool for a meaningful lggdetermination dicted

from the He | lines.

For 15 DC, 1 probable DB, 4 DQ, 4 DZ, and 2 probable white [ S(A)Fsurfaceldd
dwarfs, there are no spectroscopic ¢pdeterminations, hence no Mo = -2.5 lOQ(W) ths,
independent mass determinations apart from using thel@eeal
and magnitudes from Tabldsand3, combined with a theoretical ~ WhereS(4) is the total system quantunffieiency andCs is the
MRR. We do not perform such mass determinations as it is out- Zero point. The zero point for th¥ filter is defined from the
side the scope of this work to review the photometric fits esth ~ Vega magnitude 0#+0.026 which results inCy = -21.0607
objects. We only include the 48 DA and 2 DB white dwarfs with (Holberg & Bergeron 2006 If we use the same procedure as
spectroscopic log values and at least one parallax measurement in Holberg & Bergeror(2009 for the Gaia Gfilter where Vega has a
our analysis. magnitude of+0.03 Jordi et al. 201)) we obtainCs = —21.48050.

The radius is then found from

®)

logR/R; = 0.2(m, — m) — log z[arcsechk 7.64697, (4)

3 THE MASS-RADIUSRELATION wherer is the trigonometric parallax in arcsew,is the apparent
magnitude, and the constant is log(payéeg.

A correction for interstellar extinction could be necegsar
for white dwarfs with parallaxes smaller than about 20 mas
(Genest-Beaulieu & Bergeron 201&or the magnitude-limited di-
rectly observedHipparcoswhite dwarf sample, this corresponds to
Ter 2 50,000 K, including G193B2B which is suggested to have

Fourface= 4H,(Ter, 109 Q) , (1) a small reddening d&(B—V) = 0.0005 Bohlin et al. 2014. Never-
theless, it is diicult to calculate individual corrections that would
where we have explicitly included the dependence on the -atmo be appropriate for our sample, and we neglect thiece
spheric parameters. The flux measured at the earth is The emergent fluxes from the model atmospheres of

We employ the method dfauclair et al.(1997) to study the semi-
empirical MRR. The first step is to define the surface flux in erg
sec! cm2 A-1 from the predicted emergent monochromatic Ed-
dington fluxH,,

MNRAS 000, 1-13 (2016)



The Gaia DR1 Mass-Radius Relation for White Dwarf$

Table 2. White Dwarfs in Wide Binaries: Binary Parameters

WD Alt. Name Primary HIPTycho ID  V (primary)  Sep. Ref
[mag] [arcsec]
0030+444 G172-4 BD+43 100 HIP 2600 10.28 28.8 1
0042+140 LP 466-033 BD-13 99 HIP 3550 9.79 62.4 1
0148+641 G 244-36 G 244-37 TYC 4040-1662-1 11.38 12.1 2
0220+222 G 94-B5B HD 14784 TYC 1221-1534-1 8.24 26.9 3
0221+399 LP 196-060 BD-39539  TYC 2835-349-1 9.84 40.5 1
0250-007 LP 591-177 HD 17998 TYC 4700-510-1 9.11 274 1
0304+154 LP 471-52 LP 471-51 TYC 1225-1388-1 11.49 20.6 1
0315-011 LP 592-80 BD-01 469 HIP 15383 5.37 46.1 1
0355+255 NLTT 12250 HD 283255  TYC 1817-1583-1 10.82 16.0 3
0400-346 NLTT 12412 HD 25535 HIP 18824 6.73 64.1 1
0413-077 40Eri B 40 Eri A HIP 19849 4.43 83.4 1
0415-594 eRetB € Ret HIP 19921 4.44 12.9 1
0426+588 Stein 2051B LHS 26 HIP 21088 10.98 8.9 1
0433+270 G 39-27 HD 283750 HIP 21482 8.42 124 1
0551+123 NLTT 15768 HD 39570 HIP 27878 7.76 89.8 1
0615-591 BPM 18164 HD 44120 HIP 29788 6.43 40.7 1
0642-166 Sirius B Sirius A HIP 32349 -1.46 8.1 1
0642-285 LP 895-41 CD-283358  TYC 6533-994-1 10.57 16.1 1
0658+712 LP 34-137 BD+71 380 HIP 34082 9.34 28.7 1
0736+053 Procyon B Procyon HIP 37279 0.37 4.8 1
0743-336 VB 03 HD 63077 HIP 37853 5.37 868 1
0751-252 SCR J0753-2524 NLTT 18618 HIP 38594 9.72 400 4
0842+490 HD 74389B HD 74389 HIP 42994 7.48 20.1 1
0845-188 LP 786-6 NLTT 20261  TYC 6020-1448-1 11.23 30.2 1
1009-184 WT 1759 BD-17 3088 HIP 49973 9.91 399 1
1043-188 LP 791-55 BD-18 3019A HIP 52621 11.21 7.1 2
1107-257 LP 849-059 HD 96941 HIP 54530 8.69 100.2 1
1120+073 LP 552-49 LP 552-48 HIP 55605 10.38 23.2 2
1130+189 LP 433-6 LP 433-7 TYC 1438-418-2 11.15 154.5 1
1133+619 LP 94-65 LP 94-66 TYC 4153-706-1 11.77 17.72 1
1209-060 LP 674-029 HD 106092 HIP 59519 10.14 203 1
1304+227 SDSS J130/M2227 BD+232539  TYC 1456-876-1 9.75 20.5 1
1354+340 G 165-B5B BD+34 2473 HIP 68145 9.08 55.7 1
1455+300 NLTT 38926 BD+30 2592 HIP 73224 9.73 259 1
1501+301 LP 326-74 LP 326-75 TYC 2023-1076-1 12.14 88.4 1
1542+729 LP 42-164 LP 42-163 HIC 76902 10.85 18.4 1
1544-377 L 481-60 HD 140901 HIP 77358 6.01 14.8 1
1554+215 PG 1554215 BD+212850 TYC 1502-1772-1 10.16 75.7 5
1619+123 PG 1619123 HD 147528 HIP 80182 8.19 62.5 1
1623+022 NLTT 42785 BD+02 3101 HIP 80522 10.07 9.6 1
1623-540 L 266-196 L 266-195 TYC 8712-1589-1 11.92 39.7 2
1659-531 BPM 24602 BPM 24601 HIP 83431 5.29 1135 1
1706+332 G 181-B5B BD+33 2834 HIP 83899 8.59 37.6 1
1710+683 LP 70-172 LP 70-171 TYC 4421-2830-1 11.46 27.8 1
1743-132 G 154-B5B G 154-B5A HIP 86938 11.91 32.2 2
1750+098 G 140-B1B HD 162867 TYC 1011-534-1 9.41 24.7 1
1848+688 NLTT 47097 BD+68 1027 HIP 92306 9.72 33.9 1
2048+809 LP 25-436 BD+80670  TYC 4598-133-1 9.08 18.56 1
2054-050 NLTT 50189 Ross 193 HIP 103393 11.92 155 6
2129+000 LP 638004 BD-00 4234 HIP 106335 9.89 133 1
2154-512 BPM 27606 CD-51 13128 HIP 108405 10.49 28.5 3
PMJ2111%40120 TYC 527-72-1 10.65 335 5
2217211 LP 460-003 BD+20 5125 HIP 110218 10.07 83.2 1
HS 2229-2335 HD 213545 TYC 2219-1647-1 8.40 110.10 5
SDSS J22451002 PB 7181 BD-105983 TYC 5815-1030-1 10.30 60.4 5
2253+054 NLTT 55300 GJ 4304 HIP 113244 11.21 17.1 2
2253+812 LP 002-697 G 242-15 TYC 4613-31-1 11.80 7.2 2
2253-081 BD-085980B HD 216777 HIP 113231 8.01 41.8 1
2258+406 G 216-B14B G 216-B14A  TYC 3220-1119-1 11.57 26.1 1
2301+762 LP 027-275 HD 218028 HIP 113786 8.75 13.4 1
2344-266 NLTT 57958 CD-27 16448 HIP 117308 11.46 13.2 2
2350-083 G 273-B1B BD-086206  TYC 5831-189-1 11.00 23.7 1

References. 1) Holberg et al(2013, 2) Silvestri et al (2002, 3) Oswalt & Strunk(1994, 4) Zuckerman(2014, 5)
this work, 6)Gould & Chanamg§2004.

Tremblay et al(2011) were integrated over th@aia G passband
using Eq.3 as was done in the preparatory work@dirrasco et al.
(2014. The resulting radiRgaa from Eq. 4 are given in Tablel.
The results using instead thigpparcosor ground-based parallaxes
(Ruipparcog @re also shown in Tabl. In those cases, we have still
employed the appare@aia G magnitudes when available.

pendently of the MRR by combining the radii determined above
with the spectroscopic logy These masses are given in Tablend
presented in a M-R diagram in Fig.for both theGaia DR1 (top
panel) andHipparcosparallaxes (bottom panel). We note that the
errors typically form elongated ellipsell¢lberg et al. 201pcor-
responding to the fact thafl is a function ofR?. Furthermore, the

. . predicted positions on the M-R diagram dependTagg, as illus-
Traditionally, the next step has been to compute a mass inde-
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Table 3. Parallaxes of White Dwarfs in Wide Binaries

Tremblay et al.

WD Alt. Name n (Gaia) G (Gaia) n (other) Ref \% Ref  SpT Tef log(g) (spec) Ref
[mas] [mag] [mas] [mag] K] [eri/s]
0030+444 G172-4 13.97 (0.80) 16.550 (0.002) 11.22(1.52) 1 1646] 2 DA 10,270 (150) 8.03 (0.05) 12,13
0042+140 LP 466-033 17.41(0.57) 18.405(0.005) 14.38(1.44) 1 74@.05) 3 DZA 5070 (90) 14
01481641 G 244-36 57.63(0.70) 13.938 (0.001) 14.00 (0.0 DA 9000 (130) 8.14(0.05) 12,13
02201222 G 94-B5B 12.74 (0.55) 15.83(0.05) 2 DA  16,2280) 8.05 (0.05) 12
0221+399 LP 196-060 24.30 (0.55) 17.071 (0.002) 17.3%50.02 DA 6250 (140)  8.30(0.23) 12,13
0250-007 LP 591-177 21.00 (0.89) 16.291 (0.003) 16.405)0.0 2 DA 8410 (130) 8.20 (0.07) 12,13
0304+154 LP 471-52 19.11 (0.01) . 20.20 (0.10) 2 DC: R 2
0315-011 LP 592-80 17.493 (0.003) 14.89(0.84) 1 17.20(0.10) 2DA  7520(260)  7.97 (0.45) 15, 16, 13
0355+255 NLTT 12250 14.75(0.57)  18.237 (0.004) 16.80@p.1 2  DC: 2
0400-346 NLTT 12412 17.417 (0.002) 19.35(0.63) 1 17.82(0.054 DC 5100 (100) 4
0413-077 40Eri B 200.62(0.23) 1 9.520(0.05) 2 DA 17,1000026 7.95 (0.04) 12
0415-594 eRetB 54.83 (0.15) 1 1250(0.05) 2 DA 15,310 (350) {®88) 17
0426+588 Stein 2051B 181.50 (0.92) 181.36 (3.67) 1 12.44 (0.0 DC 7180 (180) 7
04331270 G 39-27 57.22(0.58) 15.531(0.001) 55.66(1.43) 1 1DMW) 5 DA 5630 (100) 7
0551+123 NLTT 15768 15758 (0.002) 8.68(0.81) 1 15.87(0.05) 4DB 13,200 (900) 4
0615-591 BPM 18164 26.72 (0.29) 1 14.09(0.10) 2 DB 15,75M)3 8.04 (0.07) 18
0642-166 Sirius B 380.11(1.26) 1 8.440(0.06) 6 DA 25978013 8.57 (0.04) 12
0642-285 LP 895-41 15.34 (0.54)  16.422 (0.002) 16.60 (0.02 DA 9280 (130) 7.87 (0.05) 12,13
0658+712 LP 34-137 13.04(0.68) 18.627 (0.004) 12.27(1.37) 1 Q@20) 2 DC 2
0736+053 Procyon B 28456 (1.26) 1 10.94(0.05) 7 DQZ 78ED(4 7
0743-336 VB 03 . 65.75 (0.51) 1 16.59(0.05 4 DC 4460 (100) 7
0751-252 SCR0753-2524 56.23 (0.56) 15.99 (0.07) 51.52 (1.46) 1.271®.05) 7 DA 5090 (140) 7
0842+490 HD 743898 8.97(057) 1 15.00(0.05) 2 DA  40,250{30 8.09 (0.05) 19, 16
0845-188 LP 786-6 15.648 (0.002) . 15.68(0.03) 8 DB  10@R0) 8.15(0.08) 18
1009-184 WT 1759 15.280 (0.002) 58.20 (1.67) 1 15.44(0.05) 7  DZ6040 (360) 7
1043-188 LP 791-55 52.59 (0.69) 49.95 (2.26) 15.52 (0.05) DQpec 5780 (90) 7
1107-257 LP 849-059 24.18(0.55) 17.273(0.002) 24.90(0.98) 1 794(.05) 2 DC 2
1120+073 LP 552-49 17.159 (0.003) 31.12(2.35) 1 17.49(0.05) 2DC 4460 (110) 20
1130+189 LP 433-6 463(0.73) 17.569 (0.003) 17.60(0.10) 2DA 10,950 (190) 8.34 (0.06) 12,13
11331619 LP 94-65 7.05(0.80)  18.358 (0.002) 17.70 (0.10) 2DZ 2
1209-060 LP 674-029 22.69(0.79) 16.878(0.004) 22.18(1.49) 1 26@.05) 2 DA  6590(100) 8.02(0.22) 4
1304+227 SDSS J130/72227 12.96 (0.58) 16.491 (0.002) 16.20 (0.10) 2 DA 280,(180) 8.21(0.09) 12,13
1354340 G 165-B5B 10.79 (0.58) 16.023 (0.004) 10.06(1.15) 1 7AEI01) 5 DA 14,490 (290) 8.06 (0.05) 12
1455+300 NLTT 38926 15.48 (0.55) 18.418(0.004) 16.51(1.66) 1 1@00.10) 9 . 9
1501+301 LP 326-74 12.56 (1.06) 17.654 (0.001) 17.70 (0.1@ DC 7250 21
1542+729 LP 42-164 13.44(0.52) 18.077 (0.004) 16.10(2.48) 1 @E@O®5) 10 DC 10
1544-377 L 481-60 65.57 (0.74) 13.003 (0.001) 65.13(0.40) 1 1p08m6) 2 DA 10,380 (150)  7.96 (0.04) 12,13
1554+215 PG 1554215 9.73 (0.68) 15.26 (0.01) 5 DA 27,320 (410) 71@O05) 12
1619+123 PG 1619123 17.70 (0.53) 19.29(1.02) 1 1466(0.05) 2 DA 17,18Dj2 7.87 (0.04) 12
1623+022 NLTT 42785 20.59 (0.61) 17.50 (0.01) 17.64 (2.12) 1 17e5) 9 DC 10
1623-540 L 266-196 21.82 (0.66) 15.445 (0.002) 15.74 (0.082 DA 11,280 (170)  7.95 (0.04) 12,13
1659-531 BPM 24602 36.73(0.63) 1 13.47(0.05) 2 DA 155%@DJ2 8.07 (0.04) 12
1706+332 G 181-B5B 13.98(0.53) 15.970(0.002) 14.35(0.87) 1 @5 2 DA 13,560 (390) 7.94 (0.06) 12,13
1710+683 LP 70-172 17.98(0.75)  17.259 (0.007) 1750 (0.02 DA  6630(230) 7.86(0.51) 12,13
1743-132 G 154-B5B 25.97 (0.75) 14.604 (0.002) 29.96 (3.63) 1 24005) 2 DA 12,920 (210) 8.01 (0.05) 12,13
1750+098 G 140-B1B 22.80(0.53) 15.615 (0.002) 15.72 (0.082 DA 9520 12
1848+688 NLTT 47097 11.09 (0.52) 17.342(0.004) 12.68(0.76) 1 1870.05) 9 . 9
2048+809 LP 25-436 11.67 (1.02)  16.434 (0.002) 1659 (0.02 DA 8450 (130) 8.11(0.07) 12,13
2054-050 NLTT 50189 62.15 (0.73) 56.54 (3.92) 1 16.69(0.05) 7 C D 4340(80) 7
2129+000 LP 638-004 23.16 (0.52) 22.13 (2.01) 1 1467(0.03) 8 B D 14,380(350) 8.26 (0.14) 18
2154-512 BPM 27606 66.13(0.75) 14.477 (0.001) 62.61(2.92) 1 4@M3) 7 DQP 7190 (90) 7
PM J2111%0120 16.37 (1.00)  15.266 (0.002) .. DA 16MD) 8.06 (0.05) 20
2217211 LP 460-003 18.76 (0.60) 17.672(0.004) 20.30(1.40) 1 64{@.05 2  DC 22
HS 2229-2335 9.02 (0.85)  15.992 (0.004) 16.01 (0.09) 5 DA 0,020 (500) 7.96 (0.09) 23,16
SDSS J22451002 PB 7181 16.72 (1.29) 17.02(0.05) 11 DA 87@) (3 8.36 (0.04) 11,13
2253+054 NLTT 55300 40.06 (1.09) 40.89(2.12) 1 1571(0.05) 2 A D 6240(150) 8.60 (0.24) 12,13
2253+812 LP 002-697 17.543 (0.003) 17.30(0.10) 2 DC: P 2
2253-081 BD-085980B  27.97(0.54) 16.311(0.002) 27.22(1.12) 1 16.5W600. 2 DA  6770(130) 7.82(0.18) 12,13
2258+406 G 216-B14B 13.96 (0.73)  16.676 (0.002) 155000.1 2 DA 9910(150)  8.16 (0.06) 12,13
23014762 LP 027-275 15.60 (0.56) . 14.97 (0.79) 1 1635(0.05 2 CD 24
2344-266 NLTT 57958 2150 (0.55) 16.673(0.008) 20.03(3.04) 1 5360.05) 2  DB: 2
2350-083 G 273-B1B 9.96 (1.13) 16.18(0.10) 2 DA  19,2300) 7.90 (0.05) 12

Notes. The Gaia uncertainties include both the random errors and a systeraabr of 0.3 mas Gaia Collaboration 2096 Only spectroscopic log determinations are in-
":" symbol are uncertRieferences. 1) van Leeuwer(2007), 2) McCook & Sion
(1999, 3) Kilic et al. (2010, 4) Kawka & Vennes(2010, 5) Zacharias et al(2012, 6) Holberg et al.(1984), 7) Giammichele et al(2012, 8) Landolt & Uomoto (2007, 9)
Gould & Chanamé&2004, 10) Holberg et al(2013, 11) Tremblay et al(2011), 12) Gianninas et al(2011), 13) Tremblay et al(2013, 14) Kilic et al. (2010, 15) Catalan et al.
(2008, 16) Tremblay & Bergeron(2009, 17) Farihi et al.(2011), 18) Bergeron et al(2011), 19) Vennes et al(1997), 20) Limoges et al(2019, 21) Girven et al.(2011), 22)
Hintzen(1986, 23)Koester et al(2009, 24) Greensteir{1984.

cluded and not the derivations based on the parallax measats. Spectral types with the
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The Gaia

trated in Fig.2 by the theoretical MRRs froriiVood (1995 and
Fontaine et al(2001) with thick H-layers at 10,000, 30,000, and
60,000 K. For these reasons, it is not straightforward terpret
the results in a M-R diagram. In particular, the data pointsSig. 2,
both for theGaia DR1 andHipparcossamples, do not form a clear
sequence of decreasing radius as a function of increasiag asdn
the predicted MRR. This is in part caused by observationeérn
tainties, the fact that most white dwarfs in the sample havédar
masses around0.6 M, and that for a given mass the radius will
change as a function Gf-.

WD 1130+189 and WD 2048809 are two peculiar white
dwarfs inGaia DR1 for which the observed radig,i, are about
twice the predicted values. Given the surface gravitigs,wiould
lead to spurious observed masses well above the Chandessekh
mass limit. The natural explanation for this behaviour iatth
these wide binaries are actually rare triple systems witte-un
solved double degenerate®’Brien etal. 2001 Andrews et al.
2016 Maxted et al. 200D These white dwarfs had no parallax
measurements until now and were not known to be double degen-
erates. However, high-resolution observations of WD 2@®
show peculiar line cores that can not be explained by ratatio
or magnetic fields Karl et al. 2009. Liebert et al. (1991) and
Tremblay et al.(2011) have shown that double DA white dwarfs
can almost perfectly mimic a single DA in spectroscopic ahd-p
tometric analyses. As a consequence, it may not be surptiséat
Gaiais able to reveal for the first time the double degenerater@atu
of these objects.

In the following, we compare thebservedradius Rgaia OF
Ruipparcos defined by Eq4 to apredictedradiusRyrr drawn from
theoretical MRRs and spectroscopic atmospheric paras)eter
approach also favoured Ibyolberg et al(2012. We note that nei-
ther quantity is purely observed or purely predicted andh lofet-
pend on the spectroscopic atmospheric parameters, hendel mo
atmospheres. NevertheleBgs,, depends almost only ohy while
Rurr depends largely on logg Theoretical MRRs with thick H-
layers ¢ = 10*) were employed for our standard derivation. For
M > 0.45 My, we use the evolutionary sequence$ohtaine et al.
(2001, T < 30,000 K, @QO-core 5@50 by mass fraction mixed
uniformly) and Wood (1995 Te > 30,000 K, pure C-core).
For lower masses we use the He-core sequencédtimdus et al.
(2002).

Fig. 3 comparesRzaia (top panel) an@Ryipparcos(b0ttom panel)
to Rurr- The dotted black line centered on zero illustrates a perfec
match between observations and theory for thick H-layetslew
the dashed red line shows the match to an illustrative thieate
MRR with thin H-layers ¢4 = 107! at 0.6 M,. On average,
the data agree with the theoretical MRR for thick H-layerthimi
0.99r and 0.98 for GaiaDR1 andHipparcos respectively, and no
significant systematicfset is observed (neglecting the suspected
double degenerates). The observed uncertainties for lbotiples
do not allow, however, for meaningful constraints on H eopel
masses. The error bars are only slightly smaller forGlaga DR1
sample compared tdipparcos There are two reasons for this be-
haviour. First of all, most of th&aia DR1 white dwarfs are com-
panions to fairly distant but bright primary stars with pkees.
While the absolute parallax error is on average 3 times smail
GaiaDR1, the relative errorsx, /) are comparable with 5.05% in
GaiaDR1 and 7.06% for pré&aiameasurements. Furthermore, the
uncertainties from the atmospheric parameters becomeatmé- d
nant contribution for th&aia DR1 sample (see Section 4.2). The
implications of these results are further discussed iniGedt
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Figure 2. (Top:) semi-empirical MRR usin@aia DR1 and atmospheric pa-
rameters defined in Tablefor directly observed white dwarfs (solid circles)
and in Table3 for wide binaries (open circles). Numerical values are mive
in Table4. Theoretical MRRs fogy = 107* (Wood 1995 Fontaine et al.
2007 at 10,000 K (red), 30,000 K (black), and 60,000 K (blue) ds® a
shown. The data points are also colour coded based onThgeiand the
closest corresponding theoretical sequer{Battom:) Similar to the top
panel but with presaia parallax measurements (mostly fradipparco9
identified in Tabled and3. We still rely onGaia G magnitudes when avail-
able.

4 DISCUSSION

4.1 Comparison with Other Empirical Mass-Radius
Relations

Our results can be compared to two empirical MRRs not drawn
from Gaia DR1. Fig.4 (top panel) shows an independent analysis
for eclipsing angbr tidally distorted extremely low-mass (ELM)
He-core white dwarf systems that provide model-indepenicetii
(Hermes et al. 20L4Gianninas et al. 2094 The data are repro-
duced from table 7 ofremblay et al(2015 where 3D model at-
mosphere corrections were applied. The theoretical raRljgs is
taken from the spectroscopic atmospheric parameters andeh
core MRR, similarly to our main analysis. The agreement with
theoretical He-core MRR for thick H-layers is on averagehimit
error bars. This result suggests that the consistency ketiree
theoretical MRR and spectroscopic atmospheric parambtéds
in the ELM regime as well.

Fig. 4 (bottom panel) also shows the results for eclipsing bina-
ries where masses and radii are both directly constraired fhe
eclipses and orbital parameters. The selected systemstifi@fii-
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Table 4. Semi-Empirical White Dwarf Mass-Radius Relation

WD MHipparcos RHipparcos MGaia RGaia RVRR
[Me] [0.01R0] [Mo] [0.01Re] [0.01Re]

Directly Observed White Dwarfs

0148467 0.612 (0.088) 1.237 (0.068) 1.259 (0.034)
0227+050 0.597 (0.182) 1.387 (0.196) . 1.372 (0.048)
0232+:035 0.703(0596) 2.771(1153) 0.490 (0.113) 2.313 (0.190B84 (0.151)

0310-688 0.587 (0.060) 1.144 (0.025) 1.221 (0.034)
0439-466 0.506 (0.104) 2.858 (0.126) 2.960 (0.226)
0501+527 0.674 (0.260) 2.282 (0.419) 2.049 (0.091)
0644+375 0.490 (0.080) 1.034 (0.059) 1.222 (0.044)
1134+300 0.935 (0.153) 0.840 (0.049) 0.857 (0.036)
13141293 0.638 (0.312) 1.501(0.346) 0.516 (0.096) 1351(006!2)322(0087)

1327-083 0.706 (0.117) 1.408 (0.096) 1.304 (0.035)
1337705 0.512 (0.101) 1.285 (0.103) 1.376 (0.048)
1620-391 0.510 (0.060) 1.239 (0.045) 1.360 (0.039)
1647+591 0.806 (0.106) 1.005 (0.031) 0.860 (0.103) 1.038 (0.01BP13 (0.038)

2007-303 0,572 (0.101) 1.282 (0.096) 1.316 (0.036)
2032248 0.725 (0.104) 1.378 (0.059) 1.291 (0.046)
2039-202 0.565 (0.104) 1.274 (0.102) 1.326 (0.037)
2117539 0.744 (0.227) 1.584(0.224) 0.573(0.071) 1.391 (0.03DB76 (0.046)

2149:021 0.847 (0.218) 1.507 (0.181) 1.294 (0.036)
23414322 0.528 (0.060) 1.176 (0.039) 1.274 (0.035)

White Dwarfs in Wide Binaries

0030+444 0.851 (0.257) 1.476 (0.206) 0.549 (0.092) 1.185 (0.072P58 (0.042)
0148+641 0.687 (0.087) 1.169 (0.030) 1.165 (0.040)
0220+222 0.561(0.082) 1.171(0.053) 1.255 (0.044)
0250-007 0.842(0.159) 1.207 (0.059) 1.116 (0.055)
0315-011 0.466 (0.579) 1.171 (0.093) . 1.300 (0.382)
0413-077 0.556 (0.053) 1.308 (0.016) 1.346 (0.037)
0415-594 0.484 (0.028) 1.323(0.024) 1.406 (0.019)
0615-591 0.622 (0.106) 1.247 (0.035) 1.263 (0.061)
0642-166 0.872 (0.084) 0.802 (0.012) 0.851 (0.029)
0642-285 0.478 (0.068) 1.329 (0.055) 1.392 (0.044)
0842+490 0.615 (0.106) 1.171 (0.075) 1.266 (0.049)
1130+189 2.061 (o 336) 1.012 (0.046)
1209-060 0.644(0.353) 1.299 (0.094) 0.615(0.329) 1.270 (0.05LP56 (0.180)
1304+227 1.021(0.237) 1.314(0.067) 1.111 (0.071)
1354+340 0.978 (0.255) 1.528 (0.179) 0.850(0.137) 1.425 (0.080p43 (0.043)
1544-377 0,539 (0.055) 1.273(0.029) 0.539(0.055) 1.273 (0.028B18 (0.035)
1554:215 0.492 (0.090) 1.303 (0.093) 1.424 (0.052)
1619+123 0.439 (0.063) 1.274(0.069) 0.521(0.059) 1.388 (0.04B)121 (0.039)
1623-540 0.409 (0.054) 1.122 (0.053) 1.330 (0.035)
1659-531 0.663 (0.067) 1.244 (0.026) 1.236 (0.034)
1706+332 0.426 (0.081) 1.158(0.075) 0.449(0.074) 1.189 (0.05245 (0.054)
1710683 . 0.470 (0.691) 1.333(0.097) 1.390 (0.449)
1743-132 0.430 (0.117) 1.074(0.133) 0.573(0.075) 1.239 (0.03B282 (0.043)
2048+809 2.018 (0.184) 1.188 (0.057)

PM J2111%0120 0.597 (0.118) 1.194 (0.096) 1.247 (0.044)
2129+000 1.079 (0.409) 1.275(0.121) 0.985(0.330) 1.219 (0.04R)78 (0.111)

HS 2229-2335 0.593 (0.169) 1.336 (0.130) 1.344 (0.085)

SDSS J22451002 0.944 (0.171) 1.063 (0.083) 0.994 (0.030)
2253-081 0.417 (0.183) 1.316 (0.069) 0.395(0.171) 1.281 (0.04B}125 (0.158)
2258+-406 0.733(0.132) 1.179 (0.067) 1.151 (0.048)
2350-083 0.361(0.093) 1.117 (0.129) 1.399 (0.048)

erature and their parameters are identified in T&ble those cases, does not agree well with the/O-core MRR Parsons et a(20123
the theoretical radiuRyrr is simply the dynamical mass processed have suggested that it might instead be a He-core white dwarf
through the theoretical MRR for thick H-layers, hence thedjs-

tion is independent of the atmospheric parameters. The bars It may not be entirely surprising that none of these post-
are significantly smaller than those shown in Bdor Gaia DR1 common envelope systems are DB white dwarfs owing to thiastel
and Hipparcos leading to a reduced y-axis scale in Fify. As wind of the companion. Very few hydrogen deficient degemarat
discussed irParsons et al2016), in most cases the observed ra- are known in post-common envelope systems (seeNagel et al.

dius is in agreement with the theoretical MRR for thick Hees. 2006. However, there is no evidence that the H envelope masses
A mixture of He-cores 1 < 0.45 M,) and GO-cores were em- are necessarily close to the maximum valueypf~ 107, and the
ployed given the masses of the white dwarfs identified in &&bl scatter observed in Fig. could be due to these variations. We re-

SDSS 08570342 with 0.514M,, is the one object in Figd that mind the reader that H envelope mass determinations arelmode
dependent even for eclipsing binaries. TBaia empirical MRR

for single DA and DB white dwarfs could have more objects with

MNRAS 000, 1-13 (2016)
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Figure 3. (Top:) Differences (in %) between obsen@diaDR1 radiiRgaia
(Eq.4) and predicted radiryrr drawn from the MRR with thick H-layers
(a4 = 10™%) as a function of lod ;. Error bars for loglg; are omitted
for clarity. Directly observed white dwarfs from Tableare represented
by solid circles while wide binaries from TabRare illustrated by open
circles. Numerical values are identified in TalleThe dotted lineAR = 0
is shown as a reference and the dashed red line is for a MREorelaith
thin H-layers 4 = 1010 at 0.6M,,. (Bottom:)Similar to the top panel but
with pre-Gaia parallax measurements (mostly frdripparcog identified
in Tablesl and3. We still rely onGaia G magnitudes when available. The
benchmark cases 40 Eri B (cooler) and Sirius B (warmer) ave/stin red.

very thin H-layers, but there is no clear indication that télation
would be significantly dferent. In particular, the results of Fig.

for eclipsing binaries strongly suggest that theoreticl®Ré are

in agreement with observations. The semi-empirical MRRtlier
GaiaDR1 sample in Fig3 supports this conclusion, but it also indi-
cates that the spectroscopic atmospheric parameters aremge
consistent withGaia DR1 parallaxes. In futur&aia data releases,
the results from eclipsing binaries may provide the key sedian-

gle a genuine observed signature of the white dwarf MRR from a
systematic fect from model atmospheres.

Finally, we note thaBergeron et al(2007) compared gravi-
tational redshift measurements with spectroscopicaltgrd@ned
logg and a theoretical MRR, but the comparison remained incon-
clusive because of the large uncertainties associatedtkéthed-
shift velocities.
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Figure 4. (Top:) Differences (in %) between observed rdriij v and pre-
dicted He-core radiRyirr @s a function of lod ¢ for the sample of He-core
ELM white dwarfs fromGianninas et al(2014) with 3D corrections from
Tremblay et al.(2015. Error bars for lodfef are omitted for clarity and
numerical values are presentedTiremblay et al.(2015. The dotted line
AR = 0 is shown as a reference and the dashed red line is for a tée-cor
MRR relation with thin H-layers at 0.8l,. (Bottom:) Differences between
observed radiReciipse and predicted radiRyrr for eclipsing binaries for
which there is an independent derivation of both the masgadids. The
observed sample of both He- andQEcore white dwarfs drawn from the
literature is described in Tabk The dashed red line is for a MRR relation
with thin H-layers at 0.6M,.

4.2 Precision of the Atmospheric Parameters

The studies ofVauclair et al.(1997) and Provencal et al(1999
have pioneered the derivation of the semi-empirical MRRxfloite
dwarfs using precisélipparcos parallaxes. Our work witlGaia
DR1 parallaxes is in continuation of this goal. We remindréreeder
that such observed MRR is still highly dependent on the white
dwarf atmospheric parameters, hence model atmosphergsedn
vious studies, parallax errors were often dominant, but Wiaia
DR1 parallaxes, errors on spectroscopic atmospheric peess
are becoming the most important. Figllustrates the error budget
on Rgaia — Rurr derived in Fig.3 and demonstrates that the un-
certainties on¢; and logg marginally dominate. The number and
precision of parallaxes will increase significantly withufte Gaia
data releases. In particular, the individual parallaxeBR2 will
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Table 5. Empirical Mass-Radius Relation from Eclipsing Binaries

Name Meclipse Reclipse RVRR Ter Ref
[Mo] [0.01Ro] [0.01Ro] [K]
NN Ser 0535(0.012) 2.08(0.02) 2.16(0.08) 63000 (3000) 1
V471 Tau 0.840 (0.050) 107 (0.07)  1.06(0.07) 34500 (1000) 2
SDSS J12163347 0.415(0.010)  1.59 (0.05) 1.61 (0.03) 6000 (200) 3
SDSSJ12120123 0.439 (0.002)  1.68 (0.03) 1.75 (0.01) 17710 (40) 4
GK Vir 0.562 (0.014)  1.70 (0.03) 1.76 (0.06) 50000 (670) 4
SDSS 01380016  0.529 (0.010)  1.31 (0.03) 1.32(0.01) 3570 (100) 5
SDSS 08570342 0514 (0.049) 2.47 (0.08)  1.74(0.15) 37400 (400) 6
CSS41177A  0.378(0.023) 2.224(0.041) 2.39(0.22)  2250p (60 7
CSS41177B  0.316(0.011) 2.066(0.042) 2.21(0.06) 11860)(28 7
QS Vir 0.781(0.013) 1.068 (0.007) 1.064 (0.016) 14220 (350) 8

References. 1) Parsons et al(2010, 2) O'Brien etal. (2001, 3) Pyrzas et al.(2019, 4)
Parsons et al(2012h), 5) Parsons et al(20129, 6) Parsons et al(20123, 7) Bours et al.
(20189, 8) Parsons et a(2016.
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Figureb5. Average error budget in the comparison of observed r&giii§ or
Rhipparcod @nd predicted radiiRvrr) in Fig. 3. The diferent uncertainties
are identified in the legend.

have significantly higher individual precision due to a lengnea-
surement time (22 months instead of 11 months, which is dyrea
36% of the total mission time). Systematic errors are alpeeted
to decrease significantly resulting from a more sophistitatali-
bration, including a better definition of the line spreaddiion, the
application of a chromaticity correction, a more accuratibca-
tion of the basic angle variation, and a calibration andexifon of
micro clanks. On the other hand, it is not expected that teeipr
sion on the atmospheric parameters will markedly improwgiame
soon.

We propose that the bright and well-studied single DA white
dwarfs in theHipparcos sample, unfortunately largely missing
from Gaia DR1, may be used as a benchmark to understand
the precision of the semi-empirical MRR of futu@aia data re-
leases. We will now assess the possibility of improving thecp
sion on the atmospheric parameters for these white dwafs, t
ing WD 1327083 as an example. There are three steps in the
Balmer line fitting procedure that could introduce errorscer-
tainties in the spectroscopic data, issues with the fittiogedure,
and inaccuracies in the model atmospheres. To illustrase e
have derived the atmospheric parameters of WD 1883 using a
number of observations and methods. In Bigee display the pub-
lishedGianninas et a2011) atmospheric parameters based on one
spectrum. The forma}? uncertainty is represented by the smaller
dash-dotted ellipse. We remind the reader that the errarfoam

Gianninas et al(2011) combine in quadrature this formgf error
and a fixed external error of 1.2% Wy and 0.038 dex in log,
resulting in the correspondingrland 2r error ellipses shown in
Fig. 6.

First of all, we rely on 12 alternative spectra for
WD 1327-083. These are all high signal-to-noise /NS>
50) observations that were fitted with the same model atmo-
spheres Tremblay et al. 2011 and the same fitting code as in
Gianninas et al2011). In all cases the formal? error is very sim-
ilar to the one illustrated in Fig6 for the spectrum selected in
Gianninas et al(2011). We employ 7 spectra taken by the Mon-
treal group from dierent sites (black filled points in Fi@) in
addition to the one selected @ianninas et al(2011). We also
rely on 3 UVESVLT spectra taken as part of the SPY survey
(Koester et al. 2009 shown with cyan filled circles in Fig. Addi-
tionally, new observations were secured. The first one igla §N
X-SHOOTERVLT spectrum taken on programme 097.D-0424(A).
The Balmer lines suggest a significantly warmer temperghlue
filled circle) than the average in Fi§. However, the calibrated
spectra show a smaller than predicted flux in the blue, stigges
ing the dfset could be caused by slit losses during the observa-
tions. Finally, we have recently obtained STIS spectropmetry
for WD 1327-083 undeHubble Space Telescopeogram 14213
as shown in Fig7. The Balmer lines were fitted and a solution (red
filled circle in Fig.6) very similar to that ofGianninas et al2011)
was obtained.

The atmospheric parameters in F&.determined from dif-
ferent spectroscopic data, show a relatively large scaltar is
significantly higher than thg? error, confirming that external er-
rors from the data reduction must be accounted for. Theescatt
appears slightly larger than the systematic uncertaintynased
by Liebert et al.(20095 and Gianninas et al(2011) from a similar
procedure. However, one could argue that some of the oligsrsa
selected in this work should have a lower weight in the awerag
since they show minor deficiencies in their instrumentalisetr
flux calibration.

The STIS spectrophotometry, which is calibrated using the
three hot Ter > 30,000 K) white dwarfs GD 71, GD 153, and
G191-B2B (Bohlin et al. 2014, also permits the determination of
the atmospheric parameters based on the continuum flux.urhe s
face gravity was fixed at log = 8.0 since the sensitivity of the
continuum flux to this parameter is much smaller than the sen-
sitivity to Ter. The blue wing and central portion of Ly were
removed from the fit because the observed flux is very small in
this region. Fig.7 shows our best-fit model (red) compared to the
solution using theT ¢ value fromGianninas et al(2011) in blue.
The solution is clearly driven by the UV flux, andTas value of
14,830 K, about 250 K larger than that @fanninas et al(2011),
is required to fit the observations. The STIS photometricitimh
is added to Fig6 (dotted red line). It is reassuring that there is
a good consistency between STIS spectrophotometry ande whit
dwarf atmospheric parameters both for current hotter flandzrds
and this cooler object. A full discussion about using thisitevh
dwarf as a STIS spectrophotometric standard will be redatse-
where. As an independent test, we have also used UBVRIJHK dat
drawn fromKoen et al.(2010 and 2MASS Cutri et al. 2003 to
fit a temperature of 14,285 900 K. The large error is due to the
fact that this photometric data set does not include the U\tkvh
is the most sensitive td;. We refrain from using th&GALEX
FUV and NUV fluxes since there is a significant systemaffe o
set between observed and synthetic fluxes in the magnitudge ra
of WD 1327-083 (Camarota & Holberg 2004 The results are re-

MNRAS 000, 1-13 (2016)
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Figure 6. Characterisation of the atmospheric parameters for
WD 1327-083 using dferent observations and model atmospheres.
The standard atmospheric parameters fr@mnninas et al(2011) used
throughout this work are represented by their &nd 2r error ellipses
(solid black). The smaller forma}? error is represented by a dash-dotted
ellipse. Diterent Balmer line solutions based on the same model atmo-
spheres and fitting technique but alternative spectra aershvith solid
circles. The alternative spectra are drawn from the Mohgeaup (black),

the UVES instrument (SPY survey, cyan), X-SHOOTER (bluey 8TIS
spectrophotometry (red). We also show the alternativetisolsl employing

the model atmospheres #&oester(2010 with open circles. The formal
x? error is very similar for all solutions. Finally, we show obest fits of

the continuum flux of STIS spectrophotometry (dotted red,Sg.7) and
UBVRIJHK photometry (dashed magenteget = 900 K). For photometric
fits we have fixed the surface gravity at lgg 8.0.

ported in Fig.6 (dashed magenta), though because of the large er-
ror, the UBVRIJHK Tt value is fully consistent with the STIS
spectrophotometry.

Finally, we have performed the same analysis but using in-
stead the model atmospheres@fester(2010 including the Stark
broadening profiles offremblay & Bergeron(2009. The results
are shown in Fig6 with open circles for fits of the Balmer lines.
The mearT¢; value is shifted by-295 K and the mean logvalue
by —0.06 dex, which is in both cases slightly larger than the pub-
lished error bars. In the case of the STIS and UBVRIJHK photo-
metric fits, we find essentially the sarigr values with both grids
of models.

Fig. 6 demonstrates that for the particular case of
WD 1327-083, the &r error bars fronGianninas et al2011) are a
reasonable but likely optimistic estimate of fhig-log g uncertain-
ties. It is perhaps not surprising since they did not comsadterna-
tive model grids or photometric solutions in their uncertigs. \We
have not explicitly considered thdfect of the fitting techniques,
which would increase even more the scatter between thereint
solutions. However, changing the fitting method would na-pr
vide a fully independent diagnostic since it is influencedblogh
the data reduction and systematic uncertainties in the hatiom-
sphere grids.

It is outside the scope of this work to review th&eiences be-
tween the model grids or to re-observe spectroscopicdllytate
dwarfs for which we currently have parallaxes. Nevertrelege
suggest that this should be done aheaaia DR2 for a bench-
mark sample of bright white dwarfs. We can nevertheless naake
few additional observations. If we allow the uncertainteshe at-
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Figure 7. STIS spectrophotometric observations of WD 13@83 as a
function of wavelength. The predicted flux from the model @spheres of
Tremblay et al(2011) using the atmospheric parametersGadnninas et al.
(2011) is shown in blue (solidTef = 14,570 K, logg = 7.99), and the best
fit is shown in red (dottedT; = 14,830 K with logg fixed at 8.0), which
is almost coincident with the observations on this scale.

mospheric parameters to increase by a very conservatiter fac
two following our discussion above, 26 GaiaDR1 white dwarfs
agree within error bars with thick H-layers while/28 are con-
sistent with thin H-layers. These results suggest thaingilre pre-
cision on the atmospheric parameters, the theoretical MREhi
tirely consistent with the observations. Furthermore dilsénction
between thin and thick H-layers f@aia DR1 white dwarfs is still
out of reach, as it was the case fdipparcos

5 CONCLUSIONS

The Gaia DR1 sample of parallaxes was presented for 6 directly
observed white dwarfs and 46 members of wide binaries. By-com
bining this data set with spectroscopic atmospheric patensieve
have derived the semi-empirical MRR relation for white disar
We find that, on average, there is a good agreement bet@aen
parallaxes, publishe@s and logg, and theoretical MRRs. It is not
possible, however, to conclude that both the model atmasplaad
interior models are individually consistent with obseiwas. There
are other combinations dfer, logg, and H envelope masses that
could agree withGaia DR1 parallaxes. However, the good agree-
ment between observed and predicted radii for eclipsingrizs,
which are insensitive to model atmospheres, suggest tliatthe
atmospheric parameters and theoretical MRRs are consigtém
GaiaDR1.

Starting withGaia DR2, it will be feasible to derive the semi-
empirical MRR for thousands of white dwarfs. Assuming syste
atic parallax errors will be significantly reduced, it wik Ipossible
to take advantage of large number statistics and computecéspr
offset between the observed and predicted MRRSTgr mass,
and spectral type bins. Alternatively, since the mass adidisaare
derived quantities, the parallax distances could be djrexxim-
pared to predicted spectroscopic distandésliferg et al. 2008
However, it may be dficult to interpret the results in terms of the
precision of the model atmospheres and evolutionary mohtels-
pendent constraints from eclipsing binaries, as well as e mare-
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ful assessment of the error bars for bright and well knowntavhi
dwarfs, may still be necessary to fully underst&saia data.
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