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The UT White Dwarf Pilot Planet Search�
•  Commissioned with the Argos 

instrument on the 2.1m Otto 
Struve Telescope in 2001 

•  Chose 15 pulsating white 
dwarf stars to monitor as 
stable clocks; watch pulse 
arrival times 

Mullally et al. 2008, ApJ 676 573 



DAVs: Variable, Hydrogen-Atmosphere WDs�
•  About 98% of all stars in our Galaxy will 

become WDs 
•  Of those, the majority are DA (hydrogen) 
•  Pulsations are confined to instability 

strips: partial ionizations zones 
–  Recombination à opacity 

•  Non-radial, gravity-modes 
•  Observed light variations are temperature 

variations (integrated over the disk) 
•  DAV instability strip is to date 

observationally pure 
–  Most stars, including our Sun, will eventually 

pulsate as DAVs 
–  See excellent reviews by Fontaine & Brassard 

2008, PASP 120 1043; Winget & Kepler 2008, 
Ann. Review 46 157 

the interested reader should read § 3 of Gianninas et al. (2005).

The bottom line is that the rough atmospheric parameters

derived from the SDSS stars are not suitable for a serious

discussion of the instability strip.
The data plotted in Figure 9 indicate not only that the em-

pirical strip is pure, but also that there is a surface gravity-

effective temperature correlation in the sense that the blue edge

of the strip occurs at lower effective temperatures for lower sur-

face gravity stars. This trend was already observed in the initial

sample of 22 ZZ Ceti stars investigated by Bergeron et al.

(1995). The same is also true of the empirical red edge, and

there is even an indication that the slope of the red edge is more

pronounced than that of the blue edge (see Fig. 2 of Gianninas

et al. 2007). While there is an obvious need to build up statistics

to better pin down the locations of the empirical boundaries of

the strip (and this is exactly what we are pursuing in our ongoing

spectroscopic and photometric programs in Montréal), it has

been known for some time that these are the trends expected

from theory, at least for the blue edge.
The most recent detailed investigations of the theoretical blue

edge for ZZ Ceti stars is the study of Brassard & Fontaine

(1999). We have reproduced some of their results in Figure 9.

These calculations were obtained through full nonadiabatic cal-

culations of complete stellar models under the assumption that

the outer convection zone (due to H recombination) reacts in-

stantaneously to the perturbations caused by the oscillatory mo-

tions in the star. This is appropriate because, as first pointed out

by Brickhill (1983), the convective turnover timescale is about 2

to 3 orders of magnitude smaller than the measured pulsation

periods of ZZ Ceti stars near the blue edge. This is exactly

the opposite of the frozen convection hypothesis used in all

of the early nonadiabatic investigations of pulsating DA and

DB white dwarfs. As indicated in Figure 9, the results do de-

pend on the assumed version of the mixing-length theory used

in the construction of the equilibrium stellar models. These

should not be confused with the model atmospheres and the

synthetic spectra computed by Bergeron et al. (1995) whereby

a calibration of the mixing-length theory, the ML2=α ¼ 0:6
parametrization, was achieved as mentioned above. That cali-

bration, we recall, only applies in the atmospheric layers, in

regions where the observable flux comes from.
In comparison, the theoretical blue edge is most sensitive to

the physical conditions found at the base of the convection zone

(see the next section), well below the atmospheric layers. In fact,

the location of the theoretical blue edge is a measure of the

depth of the base of the convection zone, and the edge can

be pushed to higher effective temperatures by increasing the as-

sumed convective efficiency (which produces a more extensive

convection zone). Of course, this game of shifting the theore-

tical blue edge to higher temperatures by increasing the convec-

tive efficiency has its limits when the latter reaches the adiabatic

regime (see, in particular, Fig. 9 of Tassoul et al. 1990 for an

enlightening view of this).
As found originally by Bergeron et al. (1995), and as can be

appreciated in Figure 9, it appears that a higher efficiency (the

ML2=α ¼ 1:0 flavor) than the one used in the atmospheric ana-

lyses (the ML2=α ¼ 0:6 version) has to be invoked to account

for the empirical blue edge. (In fact, this more efficient version

provides a rather good match to the current empirical blue

edge.) This implies that convection in the atmospheric layers

of a ZZ Ceti star is less efficient than in the deeper envelope.

Quite interestingly, this is essentially what was found by

Ludwig et al. (1994) in their numerical simulations of convec-

tive energy transport at the surface of a ZZ Ceti model. They

found that the temperature profile of their test model resulting

from their 2D hydrodynamic calculations could not be repro-

duced with a single value of the α parameter (the ratio of

the mixing length to the local pressure scale height). Instead,

they determined that their temperature distribution was best re-

presented by mixing-length models with α increasing toward

the interior. This interesting finding deserves further investiga-

tions in the future. In particular, model atmospheres with a

depth-variable α should be attempted in order to verify if an

FIG. 9.—Instability domain in the log g" T eff diagram for the ZZ Ceti stars.

The positions of the pulsators are indicated by the filled circles, while those of

the nonvariable stars are given by the open circles. The error cross in the lower

left part of the figure gives the typical uncertainties on the atmospheric para-

meters. The dotted curves illustrate evolutionary tracks for H-atmosphere white

dwarfs of different masses, from 0:4 M⊙ above to 1:1 M⊙ below in steps of

0:1 M⊙. The thin solid curve on the left (right) gives the location of the the-

oretical blue edge assuming a convective efficiency given by the so-called ML

2=α ¼ 1:0 (ML2=α ¼ 0:6) version of the mixing-length theory used in the con-

struction of the equilibrium models employed in the nonadiabatic calculations.

1054 FONTAINE & BRASSARD

2008 PASP, 120:1043–1096

Theoretical successes now followed one another in rapid succession. First, Wojtek
Dziembowski & Detlev Koester (1981) found instabilities in nonradial g-modes, but the driv-
ing was in the underlying He layer, not in the surface H layer. Noel Dolez & Gerard Vauclair
(1981) were the first to find driving of nonradial g-mode pulsations in DA white dwarf models,
followed nearly simultaneously by others (Winget, Van Horn & Hansen 1981; Starrfield et al.
1982; Winget et al. 1982a). Theorists were finally able to find in their models the association of
the excitation by the zone of partial H ionization discovered by McGraw.

The demonstration of driving from the H-partial-ionization zone led Winget (1981) and
Winget et al. (1982a) to investigate models of DB white dwarf stars for possible instabilities
owing to the surface He partial ionization at a correspondingly higher temperature. They found
instabilities in their models and predicted pulsations in DB white dwarf stars near the He I opacity
maximum associated with the onset of significant partial ionization.

Observations soon caught up. A systematic survey of the DB white dwarf stars demonstrated
that the brightest DB with the broadest He I lines, GD 358, did indeed pulsate in nonradial
g-modes—remarkably similar to the large-amplitude DAV pulsators (Winget et al. 1982b).

The observed pulsating white dwarf stars lie in three strips in the H-R diagram, as indicated
in Figure 3. The pulsating pre-white dwarf PG 1159 stars, the DOVs, around 75,000 K to
170,000 K have the highest number of detected modes. The first class of pulsating stars to be
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Figure 3

A 13-Gyr isochrone with z = 0.019 from Marigo et al. (2007), on which we have drawn the observed
locations of the instability strips, following the nonadiabatic calculations of Córsico, Althaus & Miller
Bertolami (2006) for the DOVs, the pure He fits to the observations of Beauchamp et al. (1999) for the
DBVs, and the observations of Gianninas, Bergeron & Fontaine (2006) and Castanheira et al. (2007, and
references therein) for the DAVs.
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Hotter DAVs Exhibit Pulsation Stability�
G117-B15A (hDAV, Teff ~ 12kK) � WD1524-0030 (cDAV, ~ 11.6kK) �
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G117-B15A: An Extremely Stable Optical Clock �

215s  period  

S.O. Kepler 2012, private communication 



G117-B15A: An Extremely Stable Optical Clock �
•  We can remove the 

secular trend from 
cooling (and proper 
motion) and look for 
periodic modulation 

•  We are nearly able 
to exclude Uranus 
at Uranus distance 

Window 



GD244: A Stable, G117-B15A Analogue�
•  GD244 behaves as we’d “expect” of a DAV in our sample 
•  The (O-C) diagram is consistent with flat after 8 years 
•  Only the 202.97s mode is stable enough for an (O-C) analysis, 

although this is work in progress 



GD244: A Stable, G117-B15A Analogue�
•  Using this 202.97s mode we are able to rule out a Saturn-sized 

planet at Jupiter’s orbit, and a Jupiter-mass planet out to 10 AU 
•  This 0.61(3) M¤ WD likely had a 1.85(32) M¤ progenitor (Mullally 2008) 

–  We are reaching limits that exclude a 2MJ planet at Jupiter’s distance, 
accounting for orbital expansion 

–  Longer monitoring means measuring a dP/dt (sensitive to C/O core 
composition) and expanding this white region of planet search space 



WD0018+0031: A Stable, Low-Amplitude Mode�
•  A diversion about sines and parabolas 



WD2214-0025: 2 Modes in Relative Lockstep�
•  Another “well-behaved” DAV in our sample, with two modes 

behaving in unison 
•  Here again, though, we are running up against a sine/parabola 

ambiguity 



WD2214-0025: 2 Modes in Relative Lockstep�
•  Regardless, we are still putting 

stringent limits on the lack of a 
sub-stellar companion around 
this star throughout an extensive 
part of parameter space 

•  Perhaps, also, we are really 
measuring dP/dt 



WD0111+0018: A New Timescale for dP/dt �
•  DA evolution 

should be simple, 
dictated by cooling 

•  Expected rate of ~
(2-9) x 10-15 s/s for 
all l,k (Bradley et al. 
1992, ApJ 391 L33) 

•  The main mode in 
G117-B15A has us 
expecting all 
modes to behave 
this way 

•  However, the WDs 
have some 
surprises in store 



Lesson 1: Not All DAVs Have dP/dt ~ 10-15 s/s�
dP/dt f1 (s/s): 
(4.34 ± 0.04) x 10-12  
 
dP/dt f2 (s/s): 
(0.36 ± 0.06) x 10-12  
 
dP/dt 2f1 (s/s): 
(2.08 ± 0.04) x 10-12  
 
dP/dt f1+f2 (s/s): 
(1.10 ± 0.03) x 10-12 
 

 
These are not 2σ 
detections! 
 
This proves that 
these nonlinear 
combination freqs. 
are not 
independent modes 
but tied to their 
parent modes 



WD0111+0018: A New Timescale for dP/dt �
•  The assumption that it will take 30 years to make a dP/dt 

detection (if dP/dt < 10-15 s/s) in a DAV is not universal 
•  This being a talk about our planet search, though, we can 

remove these large parabolas and search for periodicity in the 
four modes 

•  Again, we rule out Jupiter-mass planets over a wide range of 
possible orbits (at least 3-10 AU) 



GD66: An Update on the “Candidate” �

pulsars, these objects are the most stable astrophysical clocks
known.

Measurements of Ṗ require data sets of between 10 and 30 yr,
but the investment in time yields a suitable scientific reward.
Measurement of Ṗ provides a rare opportunity to directly test
models of structure and composition of the core of a star (Kepler
et al. 2005), constrain the current rate of change of the gravita-
tional constant (Benvenuto et al. 2004), as well as provide useful
constraints on the mass of the hypothesized axion or other super-
symmetric particles (Isern et al. 1992;Córsico et al. 2001;Bischoff-
Kim et al. 2007).

If a planet is in orbit around a star, the star’s distance from the
Sun will change periodically as it orbits the center of mass of the
planetary system. If the star is a stable pulsator like a hDAV, this
will cause a periodic change in the observed arrival time of the
otherwise stable pulsations compared to that expected based on

the assumption of a constant period. The change in arrival time, ! ,
is given by

! ¼
apmp sin i

M"c
; ð1Þ

where ap is the semimajor orbital axis of the planet, mp is the
planet mass, M" is the mass of the WD, c is the speed of light,
and i is the inclination of the orbit to the line of sight. In common
with astrometric methods, the sensitivity increases with the orbital
separation, making long-period planets easier to detect given data
sets with sufficiently long baselines.
In 2003 we commenced a pilot survey of a small number of

DAVs in the hope of detecting the signal of a companion planet.
We present here a progress report of the first 3Y4 yr of observa-
tions on 12 objects, as well as presenting limits around three more
objects based partly on archival data stretching as far back as
1970. For one object we find a signal consistent with a planetary

TABLE 1

Modes Used to Construct O%C Diagrams

Star

Period

(s)

Amplitude

(%)

T0
(BJD) Ṗ

G117%B15A ........................................................ 215.1973888(12) 1.9 2,442,397.9194943(28) %1.07(49) ; 10%13

G185%32.............................................................. 370.2203552(55) 0.1 2,453,589.6557652(39) %0.5(1.0) ; 10%13

G238%53.............................................................. 122.1733598(38) 0.2 2,453,168.6334567(35) %5.7(2.4) ; 10%13

GD 244 ................................................................ 202.9735113(40) 0.4 2,452,884.8712580(31) 0.2(2.8) ; 10%13

GD 66 .................................................................. 302.7652959(21) 1.2 2,452,938.8846146(28) 1.347(95) ; 10%12

R548..................................................................... 212.76842927(51) 0.4 2,446,679.833986 1.2(4.0) ; 10%15

SDSS J001836.11+003151.1 ............................... 257.777859(13) 0.6 2,452,962.6358455(41) 9.4(9.2) ; 10%13

SDSS J011100.63+001807.2 ............................... 292.9445269(90) 1.9 2,452,963.7174455(44) 3.87(43) ; 10%12

SDSS J021406.78%082318.4 .............................. 262.277793(11) 0.6 2,452,941.7929412(37) %1.5(7.5) ; 10%13

SDSS J091312.74+403628.8............................... 172.605159(15) 0.3 2,453,024.8275265(47) 9.6(9.8) ; 10%13

SDSS J101548.01+030648.4............................... 254.9184503(56) 0.7 2,453,065.6152116(41) 7.2(3.6) ; 10%13

SDSS J135459.88+010819.3............................... 198.3077098(14) 0.6 2,452,665.9507137(33) %5.3(7.8) ; 10%14

SDSS J135531.03+545404.5............................... 323.9518703(69) 2.2 2,453,082.8582407(39) 1.39(47) ; 10%12

SDSS J172428.42+583539.0............................... 335.536871(14) 0.6 2,453,139.8477241(37) 1.23(85) ; 10%12

SDSS J221458.37%002511.7 .............................. 195.1406388(64) 0.4 2,452,821.8513218(35) 6.2(3.6) ; 10%13

SDSS J221458.37%002511.7 .............................. 255.1524057(30) 1.3 2,452,821.8521749(35) 1.7(2.1) ; 10%13

Notes.—The value T0 is the time of the arbitrarily defined zeroth pulse and is given in units of barycentric-corrected Julian day. Data onR548 come from
Mukadam et al. (2003), who do not provide a value for uncertainty in T0. Except for GD 66, we do not claim statistical significance for the measurement of
Ṗ for any star.

Fig. 1.—Sample FT of GD 66 from a single 6 hr run. The larger amplitude
modes are labeled with their periods. The peaks at 271 and 198 s are composed of
triplets of closely spaced modes separated by approximately 6.4 "Hz that are not
resolved in this FT.

Fig. 2.—The O%C diagram of the 302 s mode of GD 66. The solid line is a
sinusoidal fit to the data.

MULLALLY ET AL.574 Vol. 676

Mullally et al. 2008, ApJ 676 573 

f2 

•  The 302.77s mode showed evidence for periodic behavior, and a 
2MJ planet in a 4.5-year orbit was posited 

•  8 years on, how is “GD66b” looking? 



GD66: An Update on the “Candidate” �
•  As “expected” the (O-C) diagram for f2 has turned over, and 

there is clearly a periodic modulation to the phase of this mode 
–  The period, P0, has been refined slightly, which mimics a linear trend 

•  This modulation is currently consistent with a 1.2(2) MJ sin i 
planet at 2.2 AU (4.0(3) yr); there is no amplitude modulation, 
especially on this timescale 



GD66: An Update on the “Candidate” �
•  We have been able to construct an (O-C) diagram for the 

highest-amplitude mode at 271.71s, which is the m=0 component 
of a detected triplet (we simultaneously fit all 3 peaks, using 
several nights of data such that each is >1 mma) 

•  This mode also shows a 3.9(2) year modulation consistent with a 
1.3(2) MJ sin i planet! 



GD66: A Complication to the “Candidate” �
•  Uh oh: The best-fit sine curves to f1 and f2 are π out of phase 
•  An external companion would modulate all modes identically 
•  While discouraging for the planetary hypothesis, this is likely 

telling us something very interesting about the star. But what?! 



Lesson 2: Planets Are One Way to Modulate an O-C �
•  Our planet search has vastly expanded the number of stars with 

data sets long and dense enough to probe these timescales 
•  GD66 yields empirical evidence that there may be internal 

effects acting to cause a periodic signal in an (O-C) diagram 
–  We don’t yet have a model to explain GD66, but it certainly establishes the 

need to observe identical periodic behavior in more than one mode before 
claiming a planet around a pulsating star (perhaps even sdBs) 

–  Repeat refrain: Planets are but one explanation 

•  GD66 is not the only pulsating white dwarf that shows such 
behavior over similar timescales: 
–  James Dalessio (U. Delaware) has observed a similar effect in a DBV (He 

atmosphere), EC20058-5234 



EC20058-5234: The GD66 DBV Analogue�

Dalessio et al. 2012, in prep. 
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Fig. 3.— O − C of pulsation frequency D.

•  But the (O-C) 
diagrams are 
hardly simple 
parabolas 
from cooling 

•  Here is f10 

•  Taken alone, 
we might get 
excited for 
the planet 
hypothesis 

204.59 s Mode 



EC20058-5234: The GD66 DBV Analogue�

Dalessio et al. 2012, in prep. 
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Fig. 4.— O − C of pulsation frequency E.

256.85 s Mode 

•  But f8 
provides a 
sobering sight 

•  Again, the fit 
is π out of 
phase 



WD1354+0108: A New Hope�
•  Despite the complications with GD66 and EC20058, let’s not be 

wet blankets by constantly rejecting the planet hypothesis 
•  Did all of the progenitors 

to the WDs in our sample 
lack >1MJ planets inside 3 AU? 

•  We have found an interesting 
behavior in this relatively 
bright (V=16.4) DAV 

•  The pulsation spectrum has 
several low-amplitude 
modes, four of which can 
be used to construct a 
stable (O-C) diagram 

•  The four modes act in relative 
lockstep 



WD1354+0108: 4 Modes in Relative Lockstep�
•  That trend appears sinusoidal, with an 10.8(1.5)-yr period 
•  Such a modulation would be consistent with a 

0.8(2) MJ sin i planet at 4.1(4) AU 
•  Quick: We need a 

Wikipedia entry! 



WD1354+0108: 4 Modes in Relative Lockstep�
•  We are nearing coverage of a full cycle, by 2014 
•  Our weighted Lomb-Scargle periodogram peaks for 10.8 years 

above 3 times the average amplitude: significant? 



Conclusions and Future Prospects�
•  We have empirical evidence that two assumptions we had going 

into this planet search don’t always hold: 

–  1. Not every DAV has a dP/dt < 10-15 s/s 
•  WD0111+0018 (Hermes et al. 2012, in prep) is proof positive that dP/dt can exceed 10-13 s/s 

–  2. The planetary hypothesis is not the only explanation for a  
   periodic signal in a pulsating WD (O-C) diagram 
•  GD66 (a DAV) and EC20058 (a DBV) both show periodic phase changes, 

but not all modes are in phase with one another 

•  Still, we have continued our search for sub-stellar companions to 
pulsating DA white dwarfs, extending our baseline 8+ years 
–  G117-B15A has a 35+ year baseline, with no clear evidence of a companion 

•  Perhaps this search will yield useful exclusion statistics: We can 
currently exclude >1MJ companions out to 9 AU for 12/13 DAVs 

•  We have focused our search sample to accommodate some 
exciting new science, which may also be used to put limits on 
planets around WDs... 



J0651+2844: A 12.75-min Detached Binary�
•  0.25 M¤ WD + 0.55 M¤ WD 
•  The systems is inclined to 

show primary and 
secondary eclipses 

•  We are currently (as in, 
tonight!) observing this 
system to construct an 
(O-C) diagram of mid-
eclipse times, starting 
from April 2011 

•  dP/dtorbit < -8 x 10-12 s/s 
–  These WDs are strongly 

emitting gravitational 
radiation 

•  We get out a planet 
search for free! 

Brown et al. 2011, ApJL 737 L23 

The Astrophysical Journal Letters, 737:L23 (6pp), 2011 August 10 Brown et al.

Figure 4. J0651 light curve. The upper panel plots the observed photometry vs. orbital phase, while the lower panel compares the binned data to the best-fit model
(solid red line). The data reveal three dramatic features: a sinusoidal pattern due to ellipsoidal variations from the tidally distorted WD, an asymmetric peak in light
due to Doppler boosting, and periodic dips in light from the eclipses of the primary (at phase 0) and secondary (at phase 0.5) WDs.
(A color version of this figure is available in the online journal.)

observed light curve, phased to the best-fit period, is plotted
in Figure 4 and shows three significant features: a sinusoidal
pattern due to ellipsoidal variations from the tidally distorted
WD, an asymmetric peak in light due to relativistic beaming
(so-called Doppler boosting), and periodic dips in light from
the eclipses of the primary and secondary WDs.

We model the light curve of J0651 using JKTEBOP
(Southworth et al. 2004) and verify our results with PHOEBE
(Prša & Zwitter 2005). JKTEBOP6 and PHOEBE are based
on the Eclipsing Binary Orbit Program (Popper & Etzel 1981)
and the Wilson & Devinney (1971) codes, respectively. We first
remove the 0.5% Doppler boosting (relativistic beaming) sig-
nal, however, because neither code models Doppler boosting.
Doppler boosting has been seen in only a handful of systems (van
Kerkwijk et al. 2010; Mazeh & Faigler 2010; Shporer et al. 2010;
Bloemen et al. 2011); its asymmetric contribution to the J0651
light curve confirms the 765 s orbital period. We then fit the 5%
amplitude ellipsoidal variations and the 15% primary eclipse
and 4% secondary eclipse. Reflection effects due to the heating
of each WD by its companion are weak, 0.3% ± 0.4%.

The light curve yields a much more precise measurement
of orbital period, P = 765.2062 ± 0.003 s. The ellipsoidal
variations are due to the changing projected area of the distorted
primary WD, hence they strongly depend on the inclination

6 JKTEBOP models the projection of each star as a biaxial ellipsoid and
calculates a light curve by numerical integration of concentric circles over each
star. A by-product of this calculation is an estimate of the oblateness of the
primary WD. The 3% oblateness of J0651 falls within JKTEBOP’s 4%
oblateness limit for accurate light curve analysis.

angle of the binary system. J0651’s ellipsoidal variations and
eclipses constrain7 the orbital inclination to i = 86.9+1.6

−1.0
degrees.

Eclipses also provide a precise measurement of the WD
radii. The 0.25 M" primary WD has an observed radius of
0.0353 ± 0.0004 R" that differs by 5% from the 0.0337 R"
radius predicted by helium WD models (Panei et al. 2007).
Going in the other direction, the models predict that a WD
with the observed radius and with mass 0.24 M" has log g =
6.71 dex and Teff = 16,000 K, consistent with our spectroscopic
observations. Given the uncertainties, we consider the observed
and predicted radii in excellent agreement.

The unseen secondary has a mass of 0.55 M" and an observed
radius of 0.0132 ± 0.0003 R" typical for a carbon–oxygen WD.
The eclipse depths indicate that the secondary is 3.7% ± 0.3%
as bright as the primary. Adopting Mg = 8.9 ± 0.1 mag as the
absolute magnitude of the 0.25 M" primary (Panei et al. 2007),
the secondary has Mg = 12.5 mag. A carbon–oxygen WD of
this luminosity has Teff = 9000 K, log g = 7.9 dex, a cooling
age of 700 Myr, and a radius of 0.0137 R" (P.-E. Tremblay
2011, private communication). The observed secondary radius
differs by 4% from the predicted radius. There are only two other
model-independent mass and radius determinations of helium
and carbon–oxygen WDs (Steinfadt et al. 2010; Parsons et al.
2011). Our results thus provide important constraints and reveal
an overall agreement with current WD models.

7 Errors are estimated from 10,000 Monte Carlo simulations with JKTEBOP
as described in Southworth et al. (2005).
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