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A B S T R A C T 

GD1400AB was one of the first known white dwarf + brown dwarf binaries and is the only one of these systems where the white 
dwarf is a ZZ Ceti pulsator. Here, we present both radial velocity measurements and time-series photometry, analysing both the 
white dwarf pulsations and the effects of irradiation on the brown dwarf. We find that the brightness temperatures of 1760 ±
10 K for the nightside and 1860 ± 10 K for the dayside indicate that the brown dwarf is hotter than spectra have previously 

suggested, although brightness temperatures calculated using a larger radius for the brown dwarf are consistent with previously 

determined spectral types. We also discuss the likely evolutionary pathway of this binary and put its common envelope phase 
into context with the other known systems. 

K ey words: bro wn dwarfs – stars: low-mass – white dwarfs – infrared: stars. 
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 I N T RO D U C T I O N  

etached brown dwarf + white dwarf systems allow the explo- 
ation of a variety of aspects of binary formation and evolution, 
ncluding probing the known deficit of brown dwarf companions 
o main-sequence stars (McCarthy & Zuckerman 2004 ; Grether & 

ine weaver 2006 ; Metche v & Hillenbrand 2009 ). In detached
ystems (close or wide), the brown dwarfs themselves can be 
tudied spectroscopically because they dominate the spectral energy 
istrib ution at near - to mid-infrared (IR) wa v elengths (F arihi &
hristopher 2004 ; Dobbie et al. 2005 ; Burleigh et al. 2006a ; Casewell
t al. 2018b , 2020a ; Lew et al. 2022 ; Zhou et al. 2022 ). It should be
oted that there are fe w observ ational constraints on brown dwarf
volutionary models at older ages, such as might be expected for
ost white dwarfs ( >1 Gyr; Pinfield et al. 2006 ) as determining

he age of a field brown dwarf is challenging due to the age–mass–
adius–luminosity de generac y. 

The closest brown dwarf + white dwarf pairs provide another 
hannel for cataclysmic variable (CV) formation (Politano 2004 ; 
urleigh et al. 2006b ; Littlefair et al. 2007 ; Hern ́andez Santisteban
t al. 2016 ), in which the substellar companion survives common 
nvelope (CE) evolution when it is engulfed by the envelope of
he red giant progenitor to the white dwarf (Maxted et al. 2006 ;
arsons et al. 2017 ; Rappaport et al. 2017 ). In extremis , the closest
uch binaries might even represent the end state of CV evolution, 
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n which the secondary has become highly evolved through mass 
ransfer (Patterson, Thorstensen & Kemp 2005 ). Indeed, Zorotovic & 

chreiber ( 2022 ) calculated the CE efficiency for the known white
warf + brown dwarf pairs to be 0 . 24 ≤ αCE ≤ 0 . 41, which is
onsistent for CVs with main-sequence secondary stars. 

In close detached binaries, the brown dwarf is irradiated by the high 
ltraviolet flux of the white dwarf, leading to substantial temperature 
ifferences between the ‘day’ and ‘night’ hemispheres. Such systems 
an provide empirical laboratories for comparison with models for 
rradiated ‘hot Jupiter’ atmospheres (F ortne y et al. 2008 ; Knutson
t al. 2012 ; Stevenson et al. 2014 ; Arcangeli et al. 2019 ; Beatty
t al. 2019 ; Mikal-Evans et al. 2022 ). Ho we ver, detached bro wn
warf companions to white dwarfs are rare (the fraction of L-type
econdaries is < 0.5 per cent; Farihi, Becklin & Zuckerman 2005b ;
irven et al. 2011 ; Steele et al. 2011 ) with only ∼20 such systems
nown to date, of which ∼10 are close, post-CE binaries, although
any candidates are known (Brown et al. 2023 ). The majority of

hese systems studied to date have been those in which the brown
warf is highly irradiated: WD0137 −349B (Casewell et al. 2015 ;
ongstaff et al. 2017 ; Lee et al. 2020 ; Zhou et al. 2022 ), SDSS1411

Case well et al. 2018b ; Le w et al. 2022 ), and EPIC212235321
Casewell et al. 2018a ; Lothringer & Casewell 2020 ; Zhou et al.
022 ). These three systems have periods between 68 min and ∼2
, and the white dwarfs have ef fecti ve temperatures between 25 000
nd 13 000 K. Very little is known as to the effects of irradiation
n brown dwarfs orbiting cooler white dwarf primaries, although 
hat is known suggests that some form of inflation of the brown
warf is likely (e.g. Casewell et al. 2020a , b ). The majority of these
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Our best fit to the photometry from GALEX , Pan-STARRS, and 
2MASS (shown by error bars), and using the Gaia DR3 parallax. Filled 
circles represent the best-fitting model with parameters given in the panel. 
The red error bars correspond to the photometric data not included in the fit 
as they are in photometric excess over the single white dwarf model. 

Figure 2. Spectroscopic fit to the normalized Balmer lines of GD 1400A. 
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lose binaries have periods of ∼2 h (e.g. Maxted et al. 2006 ; Steele
t al. 2013 ; Littlefair et al. 2014 ; Casewell et al. 2020a ), making
hose with longer periods unusual: GD 1400AB at ∼10 h (Burleigh
t al. 2011 ) and ZTFJ0038 + 2030 with a period of 10.36 h (van
oestel et al. 2021 ).The only post-CE systems known with substellar
ompanions and long orbital periods are Gaia 0007 −1605, which
as a period of 1.0446 d (Rebassa-Mansergas et al. 2022 ), and the
hite dwarf–planet system WD1856 + 534Ab, which has a period of
.407 d (Vanderburg et al. 2020 ). 
GD 1400 (WD0145 −221) is a DA white dwarf located at 46.25 ±

.07 pc. Farihi & Christopher ( 2004 ) determined that GD 1400 had
 likely unresolved L dwarf companion, confirmed as an L7 dwarf
ith near-IR spectroscopy by Dobbie et al. ( 2005 ). Farihi, Zuck-

rman & Becklin ( 2005a ) subsequently obtained Spitzer InfraRed
rray Camera (IRAC) photometry from 3.6 to 9 microns, which
as also consistent with a secondary of L5–L7 spectral type. The
ost recent work on the system was by Walters et al. ( 2023 ), who

etermined an ef fecti ve temperature of 2100 K for the brown dwarf,
ignificantly hotter than suggested by the previous spectra. GD 1400
s known to be a ZZ Ceti pulsator; hence, it is photometrically variable
ith Fontaine et al. ( 2003 ), Kilkenny et al. ( 2014 ), and Bogn ́ar et al.

 2020 ) detecting numerous periods. 
In this paper, we present radial velocity (RV) measurements and

ime-series photometry of the GD 1400 system in order to better
onstrain the mass of the brown dw arf, lik ely levels of irradiation, and
he effects the pulsations are having on the system. We also present
n in-depth analysis of the likely CE evolution of the system, and
ow this compares to other binaries formed via the same evolutionary
athway. 

 G D  1 4 0 0 A  

entile Fusillo et al. ( 2021 ) fitted the Gaia photometry and parallax
f GD 1400A with pure hydrogen atmosphere models and obtained
n ef fecti ve temperature of T eff = 11 090 ± 160 K and a surface grav-
ty of log g = 8 . 00 ± 0 . 03, resulting in a mass of 0.604 ± 0.016 M �.
his is broadly consistent with the values given in Koester et al.
 2009 ) of T eff = 11 747 ± 20 K and log g = 8 . 066 ± 0 . 007 from
pectroscopy alone. A more recent spectroscopic determination by
ergeron et al. ( 2021 ) yields a slightly higher mass with parameters
f T eff = 11 390 ± 260 K, log g = 8 . 17 ± 0 . 19, and a mass of 0.71

0.06 M �, although the spectrum in this case is a classification
pectrum from the Montreal–Cambridge–Tololo surv e y. Walters
t al. ( 2023 ) determined parameters of T eff = 11 000 ± 500 K and a
ass of 0.59 ± 0.07 M � based on the Gaia Data Release 3 (DR3)

arallax and the Pan-STARRS photometry. 
Vincent, Bergeron & Lafreni ̀ere ( 2020 , see their fig. 4) show the

ifference between spectroscopically and photometrically derived
arameters for ZZ Ceti stars, highlighting the fact that time-averaged
hotometry of ZZ Ceti pulsators is not the same as for non-pulsating
A white dwarfs. The lack of a u -band measurement for GD1400A
 ould also lik ely bias the photometric fit towards lower effective

emperatures (Bergeron et al. 2019 ). We decided to independently
easure the parameters of GD 1400A by reanalysing the best

vailable photometric and spectroscopic data available. We show
n Fig. 1 our photometric fit to GD 1400A using the Gaia parallax,
alaxy Evolution Explorer (GALEX) , Pan-STARRS gri zy , and 2
icron all sky survey (2MASS) photometry.In doing so, ho we ver,
e exclude the photometric passbands that appear contaminated
y the brown dwarf companion. We obtain T eff = 12 169 ± 50 K,
og g = 8 . 14 ± 0 . 06, and M = 0 . 689 + 0 . 006 

−0 . 004 M �. 
NRAS 535, 753–762 (2024) 
We also updated the spectroscopic fit using the optical spectrum
rom Gianninas, Bergeron & Ruiz ( 2011 ) with the most recent DA
hite dwarf models, and by including the 3D hydrodynamical correc-

ions from Tremblay et al. ( 2013 ). We rely on the evolutionary models
rom B ́edard et al. ( 2020 ) with CO cores, q( He ) ≡ log M He /M � =
0 −2 , and q(H) = 10 −4 , which are representative of H-atmosphere
hite dwarfs. Our best fit displayed in Fig. 2 is obtained with
 eff = 11 939 ± 177 K and log g = 8 . 123 ± 0 . 046, which result in
 mass of M = 0 . 680 ± 0 . 029 M �, in excellent agreement with our
hotometric solution. This updated mass gives a gravitational redshift
f 35 km s −1 , larger than the measured difference in γ velocities given
n Walters et al. ( 2023 ), but broadly consistent with the gravitational
edshift for their adopted mass. 

We can estimate an upper limit on the total age of the system using
he white dwarf cooling age, the initial–final mass relation (IFMR)
or white dwarfs and an estimate of the main-sequence lifetime,
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e glecting an y accelerated evolution during the CE phase. Using the
oftware WDWARFDATE (Kiman et al. 2022 ) and with the Cummings
t al. ( 2018 ) IFMR and MESA Isochrones and Stellar Tracks (MIST)
sochrones, we determine the cooling age to be 0.46 + 0 . 04 

−0 . 03 Gyr and the
hite dwarf progenitor mass to be 2.09 + 0 . 49 

−0 . 52 M �. The total system age
s estimated to be 1.76 + 1 . 20 

−0 . 56 Gyr. It should, ho we ver, be noted that this
s an upper limit, as we do not know when the main-sequence lifetime
f the white dwarf progenitor was truncated by the CE evolution. 

 R A D I A L  V ELOCITY  OBSERVATIONS  

5 high-resolution optical spectra of GD 1400 were obtained be- 
ween 2006 July and September with the Ultraviolet and Visible 
chelle Spectrograph (UVES: Dekker et al. 2000 ) on UT2 of the
uropean Southern Observatory’s Very Large Telescope (ESO VLT), 
nder programme 077.D-0673(A).UVES was used with the DIC-1 
ichroic, with the split beams centred at 3900 and 5640 Å, giving a
esolution of 0.04 Å and an RV accuracy of 1.5 km s −1 in the cores of
he H α and H β absorption lines. The observations were performed 
n service mode, in seeing no worse than 1 . 4 arcsec , for a total
xposure time of 1200 s to deliver an anticipated S/N ≈ 25 pixel −1 

using 2 × 2 binning). Each observation was split into 2 × 600 s
xposures to a v oid smearing. 

The spectra were reduced with the ESO MIDAS pipeline for 
VES, in the same way as for the ESO Supernova Type 1 Surv e y

Napiwotzki et al. 2020 ) including the merging of the Echelle orders
nd the wavelength calibration. The quality of these automatically 
xtracted spectra is very good, except for a quasi-periodic w ave-lik e
attern that occurs in some of the spectra. This is largely remo v ed by
dditional processing. In addition, a featureless (DC) white dwarf, 
D0000 −345, was observed as part of the programme to aid in

orrecting the detector response curve. 
We see no sign of emission within the Balmer features at any

hase that could be caused by irradiation (e.g. Longstaff et al. 2017 ),
hich was expected as no such emission is seen in the lines of
D1032 + 011 (Casewell et al. 2020a ), which has a similar white

warf temperature, but a 2 h period. 
We measured the RVs of GD 1400 from the non-local thermody- 

amic equilibrium (NLTE) line cores of the Balmer lines H α and 
 β. The measurements were carried out with the package FITSB2 
esigned to fit the spectra of single-lined (SB1) and double-lined 
SB2) binaries (Napiwotzki et al. 2004 ) as for Napiwotzki et al.
 2020 ). 

Synthetic spectra from Koester ( 2010 ) were convolved to the 
bservational resolution with a Gaussian and interpolated to the 
ctual parameters with bi-cubic splines and interpolated to the 
bserv ed wav elength scale. We used the model profiles computed by
oester et al. ( 1998 ) for their investigation of rotation in white dwarfs.
hese are computed performing an NLTE line formation on top of
p-to-date local thermodynamic equilibrium model atmospheres for 
A white dwarfs (Koester et al. 1998 ) for details. The inner core
f GD 1400 is not very well reproduced by the model profiles. The
ery likely explanation of this is GD 1400 being a large-amplitude ZZ
eti variable. FITSB2 offers the option to combine model spectra with 
ther line profiles. In our case, we achieved reasonable representation 
f the observed line profile by adding a central Gaussian component. 
The line profiles were derived from a simultaneous fit of all spectra

vailable, significantly reducing the o v erall uncertainties. The RV 

rrors were determined by bootstrapping the pixels of the spectra (see 
apiwotzki et al. 2020 ). We determined an RV dispersion of σRV =
 . 71 km s −1 , indicating very good stability for the observations. Any
V shifts seen within the measurements are likely caused by the ZZ
eti pulsations (Berger et al. 2005 ). 
The period search was carried out by means of a periodogram
ethod (see Lorenz, Mayer & Drechsel 1998 ; Napiwotzki et al.

001 ). Sine-shaped RV curves were fitted to the measured RVs for
 large range of trial periods. The quality of each fit was determined
ased on the sum of the squared residuals ( χ2 ). A detailed fit for
he best period estimate was then done to derive the orbital semi-
mplitude K 1 , system velocity γ1 , and the epoch of phase zero T 0 .
he last one is defined here as the conjunction time when the visible
rimary mo v es from the blue side to the red side of the RV curv e. 
The orbital parameters were then refined by fitting with FITSB2 

sing the solution from abo v e as starting point. In this process, we
t all spectra simultaneously leading to a direct determination of 

he orbital parameters (and line profile parameters), with the errors 
stimated using the bootstrapping method. Ho we v er, there e xists
o straightforward way to include the systematic errors affecting 
omplete spectra in this error estimate, and so we used an alternative
pproach: the bootstrapping is applied to the set of spectra, instead
f pixels within the spectra. For each bootstrapping step, a list with
 random selection of spectra is produced and a fit is performed
xactly the same way it is done on the original set of spectra. This is
epeated several times (we used 2000 iterations) and error estimates 
re computed from the scatter of the fitted parameters. As long as
systematic’ errors vary in a random way between spectra – which 
s likely true for most error sources, e.g. centroiding errors or not
erfectly corrected flexing of the spectrograph – these are fully taken 
nto account (Table 1 : Fig 3). 

To take into account that it is possible that the correct period is very
ifferent from the best-fitting period, for instance, outside the formal 
rror limits, we converted the χ2 values fitted for the trial periods
nto probabilities before integrating over the periods – comparing 
he probability for an interval centred on the primary peak with the
outside’ region. The integration was carried out between 0.1 and 
0 d extending over all plausible periods for this post-CE system. 

 TIME-SERIES  P H OTO M E T RY  

.1 Optical wavelength 

s GD 1400A is a ZZ Ceti variable, we monitored it between
007 and 2010 at the South African Astronomical Observatory 
SAAO) with the STE4 CCD imager and the UCT high-speed camera
ounted on the 1.0 m telescope in white light (i.e. with no filter).The

ata were reduced using SAA O’ s data reduction pipeline, which
ubtracted the bias, flat-fielded the science frames, and extracted the 
rightness of the stars in the frames using D AOPHO T . The light curve
s expressed in terms of flux relative to the average brightness of
he star. In some cases, a low-order, best-fitting polynomial was also
ubtracted from the light curve to remove any residual extinction 
ffects. A summary of the observations is given in Table 2 and an
xample of the light curves from 2010 is shown in Fig. 4 , where the
ultiperiodic nature of the variable is clearly e vident. Observ ations

aken during the same run were combined into a single epoch light
urve and analysed using the Period04 program (Lenz & Breger 
005 ). The Fourier transform (FT) of each epoch is illustrated in
ig. 5 , along with its window function and prewhitened FT, obtained
rom subtracting the best-fitting periodicities from the light curve and 
ecalculating the FT. Table 3 summarizes the best-fitting periodicities 
etermined from non-linear least-squares fitting for the 2007, 2008, 
009, and 2010 data sets, with both least-squares and Monte Carlo
ncertainties computed using Period04. We have not attempted to 
MNRAS 535, 753–762 (2024) 
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M

Table 1. Spectroscopic orbit of GD 1400A and adopted 
parameters. 

Parameter Value 

P (d) 0 . 415 82 ± 0 . 000 08 
T 0 (BJD) 2451699.888265 ± 0.001128 
K 1 (km s −1 ) 24 . 08 ± 0 . 96 
γ1 (km s −1 ) 42 . 11 ± 0 . 59 
T 1 (K) 11 939 ± 180 K 

M 1 (M �) 0.680 ± 0.029 
M 2 sin i (M �) 78 ± 6 M Jup 

Table 2. Journal of SAAO time-series photometric observations. 

Telescope/instrument 
Observation 
date ( UTC ) 

Start time 
( UTC ) 

Exposure 
time (s) 

Number of 
points 

SAAO 1.0 m STE4 2007-11-30 19:50:13 12 480 
SAAO 1.0 m STE4 2007-12-03 20:18:45 12 140 
SAAO 1.0 m STE4 2007-12-04 21:06:52 12 287 
SAAO 1.0 m UCT 2008-10-31 18:21:50 10 1815 
SAAO 1.0 m UCT 2008-11-04 18:35:59 10 451 
SAAO 1.0 m UCT 2009-10-30 22:21:46 10 1438 
SAAO 1.0 m UCT 2009-10-31 18:31:52 10 876 
SAAO 1.0 m UCT 2009-11-04 20:55:02 10 1106 
SAAO 1.0 m UCT 2010-09-29 20:42:01 10 1325 
SAAO 1.0 m UCT 2010-10-17 19:18:37 10 1817 
SAAO 1.0 m UCT 2010-10-18 19:08:50 10 1400 
SAAO 1.0 m UCT 2010-10-26 18:59:28 10 1437 
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Table 3. Best-fitting periodicities for each epoch of data (also marked on the 
FTs in Fig. 5 ). Both formal least-squares uncertainties and italicized Monte 
Carlo uncertainties, as computed using Period04, are given. 

Year Frequency ( μHz) Period (s) Amplitude (mma) 

2007 1: 1613 . 126 ± 0 . 032 619 . 914 ± 0 . 012 26 . 14 ± 0 . 85 

±0.041 ±0.016 ±0.98 

2: 2172 . 433 ± 0 . 058 460 . 313 ± 0 . 012 14 . 58 ± 0 . 85 

±7.514 ±1.593 ±1.62 

3: 1389 . 348 ± 0 . 177 719 . 762 ± 0 . 092 10 . 53 ± 0 . 92 

±8.420 ±4.363 ±3.22 

4: 3797 . 264 ± 0 . 092 263 . 348 ± 0 . 007 9 . 24 ± 0 . 84 

±16.074 ±1.115 ±1.88 

5: 1203 . 470 ± 0 . 099 830 . 931 ± 0 . 069 8 . 74 ± 0 . 85 

±59.798 ±41.390 ±1.93 

2008 1: 2176 . 060 ± 0 . 038 459 . 546 ± 0 . 008 26 . 62 ± 0 . 64 

±0.040 ±0.009 ±0.63 

2: 1307 . 978 ± 0 . 060 764 . 539 ± 0 . 036 17 . 75 ± 0 . 64 

±37.926 ±22.187 ±2.96 

3: 3500 . 282 ± 0 . 103 285 . 691 ± 0 . 009 9 . 81 ± 0 . 64 

±14.089 ±1.150 ±1.46 

2009 1: 1193 . 327 ± 0 . 021 837 . 994 ± 0 . 015 28 . 97 ± 0 . 69 

±0.019 ±0.014 ±0.91 

2: 980 . 043 ± 0 . 040 1020 . 363 ± 0 . 042 14 . 53 ± 0 . 68 

±6.781 ±7.061 ±1.50 

3: 1343 . 156 ± 0 . 046 744 . 515 ± 0 . 025 13 . 02 ± 0 . 69 

±11.537 ±6.396 ±2.07 

4: 2453 . 043 ± 0 . 047 407 . 657 ± 0 . 008 11 . 54 ± 0 . 68 

±0.049 ±0.009 ±0.77 

5: 3643 . 886 ± 0 . 068 274 . 432 ± 0 . 005 8 . 32 ± 0 . 68 

±0.066 ±0.005 ±0.64 

2010 1: 1395 . 9980 ± 0 . 0050 716 . 3334 ± 0 . 0025 28 . 76 ± 0 . 48 

±0.0056 ±0.0029 ±0.62 

2: ∗ 1412 . 9989 ± 0 . 0068 707 . 7141 ± 0 . 0034 15 . 01 ± 0 . 48 

±0.0111 ±0.0055 ±0.47 

3: ∗ 1370 . 5606 ± 0 . 0086 729 . 6288 ± 0 . 0046 14 . 44 ± 0 . 45 

±0.0064 ±0.0034 ±0.45 

4: 2805 . 1524 ± 0 . 0068 356 . 4872 ± 0 . 0009 10 . 86 ± 0 . 38 

±0.0075 ±0.0010 ±0.47 

5: ∗ 1317 . 7424 ± 0 . 0107 758 . 8736 ± 0 . 0062 8 . 57 ± 0 . 39 

±0.0100 ±0.0058 ±0.44 

6: ∗ 1457 . 8933 ± 0 . 0087 685 . 9213 ± 0 . 0042 7 . 89 ± 0 . 43 

±0.0093 ±0.0045 ±0.51 

7: 2180 . 7316 ± 0 . 0135 458 . 5617 ± 0 . 0029 5 . 50 ± 0 . 38 

±0.0147 ±0.0031 ±0.40 

Note. ∗Multiplet best-fitting periodicities (also marked on its FT) that were required to 

remo v e the signal from the FT to approximately �4 σ . 
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dentify multiplets or � , k, and m modes and the orbital period of
D 1400AB at ∼10 h is not detected in these data. All phases of the
rbital period have been covered with the light curve, but we also
nd no indication of an eclipse when the light curve is folded on the
rbital period. 
Tentative periods were identified by Fontaine et al. ( 2003 ) at

62.20, 727.90, and 823.20 s in data taken in July 2002 at the
.6 m Canada–France–Hawaii Telescope with LAPOUNE, a portable
ontr ́eal three-channel photometer. In 2012, Kilkenny et al. ( 2014 )

etermined periods of 437, 730, and 454 s in order of dominance,
wo of which are consistent with those determined by Fontaine et al.
 2003 ). Bogn ́ar et al. ( 2020 ) used 13 448 data points from NASA’s
ransiting Exoplanet Surv e y Satellite (TESS) sector 3 in 120 s mode
 v er 20.3 d to determine periods of 415.420 s with the second highest
eaks at 451 s consistent with previous work. At lower frequencies,
here were clusters of periods around 1046, 796, and 766 s detected,
ll of which are complex (below frequencies ∼1400 μHz). They
lso comment that there could be a ‘triplet’ of frequencies at ∼765 s
eading to a rotation period of either 3.3 or ∼0.57 d, although the
uthors were unable to confirm this. When TESS returned to Southern
emisphere observations, it was found by Bogn ́ar et al. ( 2023 ) that
he detected pulsation periods had changed. 

We also detect three significant frequencies, 1395.9763 (at
16.34 s), 1413.0393, and 1370.4765 μHz. Ho we ver, if those are
rom splitting caused by the rotation period, they are uneven – 17.1
nd 25.5 μHz from the central component, respectively. At these
eriods, the mode density also increases, leading to o v erlapping
 = 1 and � = 2 modes making identification of triplets challenging.

GD 1400 sits in a typical place within the ZZ Ceti instability
trip (Hermes et al. 2017 ); ho we ver, the best-fitting periodicities
re not stable, with the peak frequencies and amplitudes changing
rom year to year. Unfortunately, this makes GD 1400A an unsuitable
andidate for a long-term O–C study to search for tertiary, lower mass
NRAS 535, 753–762 (2024) 
ompanions in wide orbits through a search for periodic variations
n the arri v al time of these pulsations (Mullally et al. 2008 ; Hermes
018 ). 

.2 Near-IR wavelengths 

e observed GD 1400 using Son OF Issac (SOFI; Moorwood,
uby & Lidman 1998 ) on the New Technology Telescope La Silla
n the nights of 2007 October 25 and 2007 October 26 as part of
rogramme 080.C-0587(A). Photometry was obtained in the J , H ,
nd K s filters using a five-point dither pattern with exposure times
f 4 s for J H and 9 s for K s . The seeing was between 0.5 and 1.6
rcsec. 
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Figure 3. UVES RV measurements of GD 1400 folded on the best-fitting 
9.98 h period. 

Figure 4. Light curves of GD 1400 taken in 2010 at SAAO with the UCT 

high-speed CCD in white light. The multiperiodic variable nature of GD 1400 
(behaviour indicative of large-amplitude ZZ Ceti white dwarfs) is clearly 
evident. The light curve is expressed in terms of flux relative to the star’s 
mean brightness. Time is given in units of modified heliocentric Julian day 
(MHJD). 
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The data were reduced using the STARLINK software package 
RAC-DR to perform the flat-fielding, sky subtraction, and mosaic 
ombining each five dithered frames using the method outlined 
n Casewell et al. ( 2015 ). Object extraction was performed using
perture photometry routines within SE XTRACTOR and an aperture 
qui v alent to the seeing. 

There are 22 J -band, 22 H -band, and 23 K s -band data points after
eduction (Fig. 6 ) co v ering phases 0–0.1, 0.4–0.55, and 0.65–0.77.
he maxima and minima of the orbit are co v ered; ho we ver, there is
o reflection effect detected similar to that seen in WD0137 −349AB 
Casewell et al. 2015 ; Zhou et al. 2022 ), which is perhaps to be
xpected from the longer orbital period and cooler host star. 

.3 Mid-IR wavelengths 

D 1400 has been observed by NASA’s Wide Infrared Surv e y
xplorer ( W I SE) mission (Wright et al. 2010 ; Mainzer et al. 2011 )
nd there is archi v al time-series photometry from ALLW I SE at
oth W 1 and W 2 (3.6 and 4.5 microns).The ALLW I SE source
atalogue (combined photometry) has 13.801 ± 0.026 and 13.633 ±
.033, respectively, for magnitudes in W 1 and W 2, broadly consistent
ith the 13.65 ± 0.06 and 13.68 ± 0.06 determined by Farihi et al.

 2005a ) (it should be noted here that the Spi tzer and W I S E bands
re not identical). 

We used the ALLW I SE guidance notes and remo v ed all pho-
ometry flagged as affected by the moon, and those flagged as poor
uality, or close to the South Atlantic Anomaly. For each data band,
e performed a sinusoidal curve fit to the phase-folded data, keeping

he period as a fixed parameter (Fig. 7 ). We calculated the chi-
quared metric between the best-fitting sinusoid and the data, as well
s a chi-squared metric between the data and a flat line at the mean
alue. From this comparison, we find that the reduced chi-squared 
alue in W 1 is 28.05 for a sine and 31.33 for a flat value. So, W 1 is
.12 times more likely to follow a sinusoidal trend than a flat line,
hich is not a statistically significant result. For W 2, we find that the

educed chi-squared value is 9.91 for a sine and 30.79 for a flat line
nd that the data are 2.92 times more likely to follow a sinusoidal
rend than the flat line at the mean of 13.69 mag. Therefore, the
 2 band shows a small reflection effect with semi-amplitude of

.07 mag. This reflection effect is smaller than that detected for
D0137 −349B, which has a semi-amplitude of 0.34 mag at 4.5
icrons. NLTT5306B, ho we ver, which has a 101 min orbit, has a

.5 micron reflection effect half that seen for GD 1400 at 0.047 mag.
D 1400 receives 9000 times less irradiation than WD0137 −349B, 

nd 320 times less than NLTT5306B. The reason for this difference
ay be clouds. As an L6–7 dwarf, GD 1400B is predicted to be more

loudy than the L5 NLTT5306B (Casewell et al. 2020b ). 
We interpolated the DA white dwarf models in the W I SE filters

rom Tremblay, Bergeron & Gianninas ( 2011 ) for an 11 900 K, log g 
 8.0 white dwarf to obtain apparent magnitudes of W 1 = 15.325 and
 2 = 15.39. We subtracted the predicted white dwarf W 2 magnitude

rom the maximum and minimum measured by ALLW I SE and
alculated the brightness temperatures as described in Casewell et al. 
 2015 ) using the orbital separation of 0.009 au and a brown dwarf
adius of 0.086 R �. This gives brightness temperatures of 1760 ± 10
 for the nightside and 1860 ± 10 K for the dayside. If we use a

arger secondary radius, such as might be expected for an 80 M Jup 

bject, then the temperatures drop to ∼1550 K on the nightside
nd ∼1650 K on the dayside. These brightness temperatures are 
ust about consistent with those suggested by an L6–L7 dwarf. From
bservations of field L dwarfs, Dupuy & Liu ( 2017 ) give the effective
emperature of L6–L7 dwarfs as between 1441 and 1615 K. An 
850 K dwarf would have a spectral type nearer to an L2–L3 dwarf
sing the same relationships. 
Using the predicted magnitudes from Dupuy & Liu ( 2012 ) for

6–7 dwarfs, we get 14.35 ± 0.37 and 14.07 ± 0.37 as the combined
hite dwarf + brown dwarf magnitudes of the system, just consistent
ith the ALLW I SE photometry on the nightside of the brown dwarf

t 4.5 microns. The measured 3.6 micron magnitudes are, ho we ver,
oo bright by ∼0.5 mag, even taking into account the large scatter on
he Dupuy & Liu ( 2012 ) magnitudes and the data. The spectral type
ould need to be nearer to L3–L4 to be consistent with these values.
MNRAS 535, 753–762 (2024) 
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M

Figure 5. The upper panel for each epoch of data is the FT, as calculated using Period04, where the frequencies of the pulsation modes are marked with lines. 
The blue, dashed lines indicate the σ and 4 σ noise levels. The lower panel is the prewhitened FT on the same y -axis scale obtained after subtracting the indicated 
frequencies. The window function is given in each case. The red marks on the 2010 FT indicate multiplet best-fitting periodicities. Amplitude is given in units 
of milli-modulation amplitude (mma), where 10 mma is equi v alent to 1 per cent. 
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Farihi et al. ( 2005a ) suggested that the [3.6]–[4.5] mag colour of
D 1400B is too blue when compared to a L5–L7 dwarf, suggesting

hat there is significant absorption in the [4.5] band due to CO,
lthough this result does not take into account the fact that there
s photometric variability at 4.5 microns. These Spitzer data were
aken at phases ∼0.15–0.18 co v ering a v ery small part of the orbit
s the reflection effect is reaching its maximum. Our W 1–W 2 colour
aries from 0.36 to −0.05 mag, the latter of which is consistent with
he Farihi et al. ( 2005a ) values. 

 DISCUSSION  

VES RV measurements presented here reveal that the white dwarf
 L6–L7 brown dwarf GD 1400AB has an orbital period P orb =
 . 4158 d = 9 . 98 h and a separation a = 0 . 009 au. The envelope of
NRAS 535, 753–762 (2024) 
he post-main-sequence progenitor would have extended beyond this
istance, so GD 1400B must have survived a phase of CE evolution.

.1 The mass of the brown dwarf 

s our UVES spectra of GD 1400 are single lined, we can only
etermine a lower limit on the mass of GD 1400B from our spectro-
copic data. The lack of any features (emission or absorption) from
he brown dwarf in the majority of the UVES spectra means that we
an only make RV measurements for the white dwarf. 

Using the K velocities of 21.8 ± 1.1 and 199.2 ± 0.6 km s −1 

resented in Walters et al. ( 2023 ), which are consistent with our
alues for the white dwarf, and our updated mass for GD1400A, we
eri ved a bro wn dwarf mass of 0.074 ± 0.007 M � equating to 78 ±
 M Jup . 
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Figure 6. J (purple triangles), H (green boxes), and K s (blue circles) 
photometry phase-folded on the orbital period of GD1400AB. No significant 
variability due to a reflection effect is detected, although the orbital sampling 
is poor. 

Figure 7. ALLWISE light curve for W 1 (red circles) and W 2 (blue boxes) 
phase-folded on the system period showing a reflection effect in the W 2 band 
and the best-fitting sine curve (blue). 
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is outlined with a circle. 
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If we simply use our own K 1 value for the white dwarf, then from
epler’s laws and using the white dwarf mass estimate, the orbital 
eriod and our measured white dwarf’s velocity K 1 = 24 . 08 ± 0 . 96
m s −1 ( =V WD ), we determine the brown dwarf mass to be M 2 =
 . 0812 ± 0 . 0089 M � if we use the inclination of 60 ± 10 ◦ (Walters
t al. 2023 ). At the higher end of the inclination (70 o ), but not large
nough to eclipse, the secondary mass decreases to 0.071 M �. Both
hese mass estimates are large for a substellar object. Indeed, the 
pectral type of the brown dwarf (GD 1400B) has been constrained 
y two near-IR spectroscopic observations (Farihi & Christopher 
004 ; Dobbie et al. 2005 ) and additional Spitzer mid-IR photometry
Farihi et al. 2005a ) to be L6–7. From observations of field L dwarfs,
upuy & Liu ( 2017 ) give the effective temperature of L6–L7 dwarfs

s between 1441 and 1615 K. At an age of 2 Gyr, the Sonora Bobcat
Marley et al. 2021 ) models predict that the brown dwarf mass should
e between 0.058 and 0.065 M �. At the lowest end of our age limit,
his is 0.048–0.055 M �, and at 6 Gyr it is 0.069–0.071 M �. It should
e noted that the rms scatter on the Dupuy & Liu ( 2017 ) relationship
etween T eff and spectral type is ∼80 K; ho we ver, taking this into
ccount, and the mass derived from the RVs, this would suggest an
ge for GD 1400AB of greater than 3 Gyr. 
If GD 1400B is indeed only 2 Gyr old as we determine from
DWARFDATE , then it may have had its cooling slowed by the

nflux of irradiation from GD 1400A, similar to the suggestions 
or NLTT5306AB (Casewell et al. 2020b ; Amaro et al. 2023 ), or
ndeed be inflated such as WD1032 + 011B (Casewell et al. 2020a ).
his scenario would also possibly explain the mismatch between 

he proposed spectral type and the best-fitting model as determined 
y the K-band spectra in Walters et al. ( 2023 ), where the model
s ∼600 K hotter than would normally be assumed for an L6–L7
warf. Alternati vely, both WD0137 −349B (Case well et al. 2015 ) and
DSS1411 (Casewell et al. 2018b ) have been shown to be too bright
n both the dayside and nightside in the K band when compared to
odels of unirradiated brown dwarfs, and this may indeed be the

ame effect. 

.2 A possible evolutionary history for GD 1400 

ven if the mass of the white dwarf GD 1400A is as much as 0.1 M �
ower than the spectroscopically determined value of 0.68 M �, it is
till around the peak of the mass distribution for field white dwarfs
Tremblay et al. 2016 ) and is most likely a C/O-core degenerate.
hus, the progenitor star likely underwent two giant phases, as would
e expected for an isolated field white dwarf. Our progenitor mass
s determined by WDWARFDATE is 2.09 + 0 . 49 

−0 . 52 M � assuming single-star 
volution. 

Assuming solar metallicity , Hurley , Pols & Tout ( 2000 ) estimate
he radius of a 2.5 M � red giant branch (RGB) star as 25 R � or
.12 au, and the radius of a 2.5 M � asymptotic giant branch (AGB)
tar as 250 R � or 1.2 au. Therefore, during the main sequence phase
D 1400B must have orbited its parent star at a separation somewhere 
etween ≈0 . 1 and 1 au. Interestingly, this region is precisely that
hich is largely void of brown dwarfs around solar-type main- 

equence stars (Grether & Lineweaver 2006 ; Triaud et al. 2017 ).
hile only ∼40 transiting brown dwarfs have been disco v ered in

his region (e.g. Henderson et al. 2024 ), coined the brown dwarf
esert (Fig. 8 ), ∼8 per cent are orbiting stars more massive than 2 M �
Grieves et al. 2021 ; Psaridi et al. 2022 ; Vowell et al. 2023 ), although
one of these are giants. Similarly, RV searches at first ascent giant
tars, which are descended from the intermediate-mass stars that are 
he progenitors of white dwarfs such as GD 1400, find brown dwarfs
rbiting within a few au at roughly the same frequency as for solar-
MNRAS 535, 753–762 (2024) 
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ype stars ( < 1 per cent; Hatzes et al. 2005 ; Lovis & Mayor 2007 ;
iu et al. 2008 ), and candidate substellar companions to red giants
ave been identified as causing long secondary period variability
Soszy ́nski et al. 2021 ). 

The details of the CE interaction following contact with the
xpanding A GB en velope are poorly understood, but it is thought
hat the drag on the brown dwarf forces it to quickly spiral in towards
he core of the AGB star. The deposition of orbital energy as kinetic
nergy in the envelope causes it to be ejected from the system, leaving
 close binary consisting of the AGB core (now a white dwarf) and
he brown dwarf (e.g. Izzard et al. 2012 ). 

In order to test this evolutionary pathway, we have reconstructed
he CE phase using the same method recently used by Zorotovic &
chreiber ( 2022 ) for similar systems. This algorithm, developed by
orotovic et al. ( 2010 ), searches for possible white dwarf progenitors

n a grid of stellar evolution tracks generated with the single-star
volution ( SSE ) code from Hurley et al. ( 2000 ). Assuming that the
ore mass of the progenitor when it filled the Roche lobe is equal
o the mass of the current white dwarf, we used the radius of the
rogenitor and the companion mass, assuming Roche geometry, to
etermine the period the system had at the onset of the CE phase
or each possible progenitor. We then used the energy formalism
or CE developed by Webbink ( 1984 ) with the binding and orbital
nergy calculated as in the binary-star evolution ( BSE ) code from
urley, Tout & Pols ( 2002 ). The CE efficiency αCE was left as
 free parameter, while the structural parameter λ was calculated
s in Claeys et al. ( 2014 ) without considering contributions from
ecombination energy. The metallicity was set to z = 0.02. For the
alculation of the final orbital energy, we used the period the system
ad when it emerged from the CE, which was calculated based on
he current orbital configuration and the cooling time of the white
warf, assuming gravitational radiation during the post - CE phase
Schreiber & G ̈ansicke 2003 ). 

In Fig. 9 , we show the total age of the system (top), i.e. the
ime until the CE phase occurred plus the cooling age of the white
warf, and the progenitor mass (bottom) as a function of the CE
f ficiency αCE deri ved from our reconstruction. The results in dark
rey were computed assuming a white dwarf mass consistent with our
stimation. Considering the different values reported in the literature
or the white dwarf mass, we allowed the progenitor’s core to vary
etween 0.6 and 0.7 M �. The mass of the companion was set to
.0812 M � based on our estimation derived from the velocity ratio
eported by Walters et al. ( 2023 ). We were able to reconstruct the
E phase without the need of recombination energy and with a

mall efficiency (as low as αCE ∼ 0 . 35), especially if the system is
t least 2 Gyr old. Our reconstruction predicts an initial progenitor
ass in the range of ∼1 . 83 −2 . 86 M � and a total age of ∼1 −2 . 2 Gyr,
ith all possible progenitors being on the AGB phase at the onset
f the CE evolution. When restricting αCE ≤ 0 . 41, to align with the
ange derived by Zorotovic & Schreiber ( 2022 ) for similar systems,
he ranges for the possible mass of the progenitor and total age
f the system are reduced to ∼1 . 83 −2 . 0 M � and ∼1 . 95 −2 . 2 Gyr,
espectively. While the reconstructed parameters presented in Fig. 9
orrespond to a fixed metallicity ( z = 0.02), different metallicities
ere also tested. Although these results are not shown in the figure,
 lower metallicity leads to faster e volution, allo wing for possible
rogenitors with lower masses and less envelope mass to expel
uring the CE phase. This results in a lower minimum value for
he reconstructed efficiency ( αCE ). 

We also tested our reconstruction using the white dwarf mass of
 . 590 ± 0 . 005 M � derived by Walters et al. ( 2023 ). These results
re shown in light grey in Fig. 9 . Again, only possible progenitors
NRAS 535, 753–762 (2024) 
n the AGB phase are found, and the minimum value obtained for
CE remains as low as for a larger white dwarf mass. Ho we ver, the
econstruction for a lower white dwarf mass predicts progenitors
ith lower initial masses, resulting in an older system compared to

he case with the higher white dwarf mass derived here. 
Finally, considering the uncertainty in the brown dwarf mass, we

epeated the calculations assuming a mass at the lower end of our
stimations, i.e. 0.071 M ��. While the ranges for the possible initial
ass of the progenitor and total age remained almost unchanged,
e observed a slight shift towards larger values of the CE efficiency
ith a minimum value of αCE ∼ 0 . 4. This behaviour is expected, as

owering the mass of the companion does not affect the possible
rogenitors of the white dwarf. Ho we ver, it reduces the available
rbital energy to eject the envelope, which translates in a larger CE
fficiency required to emerge from the CE phase at a given orbital
eriod. 
If the CE phase had happened on the first ascent of the RGB phase,

he growth of the progenitor’s core would have been significantly
runcated. The premature ejection of the envelope during the RGB
hase leaves behind a naked He core ( <0 . 48 M �). This core can
gnite helium to become a hot subdwarf star, and later evolve into a
ybrid He/CO white dwarf if the CE phase occurs near the tip of the
GB (Han et al. 2002 ; Arancibia-Rojas et al. 2024 ). Otherwise, if

he naked core is not massive enough to ignite helium, it contracts
nd cools down after the CE ejection, becoming an He-core white
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warf. This is most likely the evolutionary path for WD0137 −349A, 
nd the majority of the other known systems. 

GD 1400 appears to have a different evolutionary history to many 
f the known close, detached white dwarf + brown dwarf binaries. 
ost of them contain white dwarfs with a mass <0 . 5 M � (see

able 1 in Zorotovic & Schreiber 2022 ). The WD0137 −349AB 

ystem, for example, had the smaller original separation ( � 0.1 au)
nd underwent CE evolution on the RGB, while GD 1400B originally 
rbited its parent star at a wider separation, roughly between 0.1 
nd 1 au, and went through CE evolution only when its companion
eached the AGB. 

 SU M M A RY  

V measurements with UVES on the VLT conclusively demonstrate 
hat the white dwarf + L6–L7 dwarf binary GD 1400 is a close system
ith an orbital period P orb = 9 . 98 h. Optical time-series photometry
f GD 1400A shows that the pulsations are consistent with a large-
mplitude ZZ Ceti variable and that the frequencies and amplitudes 
re unstable from year to year. ALLW I SE photometry detects a
eak reflection effect suggesting a day–night temperature difference 
f ∼100 K, but a nightside that is warmer than would be suggested
y field dwarfs of the same spectral type, suggesting that either the
ystem is younger, or the constant irradiation from the white dwarf 
as slowed the cooling of the brown dwarf. The brown dwarf must
av e surviv ed a prior phase of CE evolution, when the progenitor
f the white dwarf was on the AGB phase and not the RGB phase,
aking it different to the majority of the known systems. 
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