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ABSTRACT

White dwarfs are often found in close binaries with stellar or even substellar companions. It is generally thought that these
compact binaries form via common envelope evolution, triggered by the progenitor of the white dwarf expanding after it
evolved off the main sequence and engulfing its companion. To date, a handful of white dwarfs in compact binaries with
substellar companions have been found, typically with masses greater than around 50 My,,,. Here, we report the discovery of two
eclipsing white dwarf plus brown dwarf binaries containing very low mass brown dwarfs. ZTF J1828+2308 consists of a hot
(15900 £ 75K) 0.610 & 0.004 M, white dwarf in a 2.7 h binary with a 0.0186 4= 0.0008 M, (19.5 & 0.8 My,p) brown dwarf.
ZTF J1230—2655 contains a cool (10000 = 110K) 0.65 &+ 0.02 My white dwarf in a 5.7 h binary with a companion that has
a mass of less than 0.0211 My, (22.1 Myp). While the brown dwarf in ZTFJ1828+-2308 has a radius consistent with its mass
and age, ZTFJ1230—2655 contains a roughly 20 per cent overinflated brown dwarf for its age. We are only able to reconstruct
the common envelope phase for either system if it occurred after the first thermal pulse, when the white dwarf progenitor had
already lost a significant fraction of its original mass. This is true even for very high common envelope ejection efficiencies
(acg ~ 1), unless both systems have extremely low metallicities. It may be that the lowest mass companions can only survive a
common envelope phase if it occurs at this very late stage.

Key words: binaries: eclipsing —brown dwarfs — stars: fundamental parameters — white dwarfs.

accepted that this orbital shrinkage is usually the result of a common

1 INTRODUCTION envelope (CE) phase (Paczynski 1976; Webbink 1984; Ivanova et al.

Present day white dwarfs are the descendants of mostly A and F type
stars, of which around 50 per cent are found in binary systems (e.g.
De Rosa et al. 2014). It is therefore unsurprising that a significant
fraction of white dwarfs are found in binaries (Toonen et al. 2017).
In many of these systems the separation between the white dwarf and
its companion is smaller than the size of the white dwarf progenitor
when it was a giant, leading to the idea that these binaries must have
originally been wider and they were subsequently brought closer as
aresult of the evolution of the white dwarf progenitor. It is generally

* E-mail: s.g.parsons @sheffield.ac.uk

2013), caused by the giant star filling its Roche lobe and transferring
mass to its companion. If the companion star cannot adjust quickly
enough to this additional material then it too will fill its Roche
lobe, resulting in an envelope of material surrounding the binary.
This envelope will not necessarily be co-rotating with the binary
and hence the stars experience a frictional force that extracts orbital
energy from the system, causing the stars to spiral in towards each
other. If sufficient orbital energy is transferred into the envelope then
it can be ejected, leaving behind the now closer binary. If there is
insufficient orbital energy, or energy is transferred from the orbit to
the envelope very inefficiently, then the binary may instead merge
during this phase.

© 2025 The Author(s).
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Eclipsing white dwarf + brown dwarf binaries

Surviving the CE phase can be particularly challenging for
substellar companions, such as brown dwarfs and planetary mass
objects. Their lower masses mean they have less orbital energy
available to eject the envelope. Nevertheless, there are a small
number of close white dwarf plus brown dwarf binaries known
(11 at present; see French et al. 2024 for an up-to-date list), with
around 0.1-0.5 per cent of white dwarfs thought to have brown dwarf
companions (Farihi, Becklin & Zuckerman 2005; Steele et al. 2011;
Rebassa-Mansergas et al. 2019). This low number may reflect the
difficulty in surviving the CE phase, but is primarily a result of
the intrinsic rarity of brown dwarfs in binaries with main-sequence
stars with separations smaller than a few au (i.e. the progenitors
of close white dwarf plus brown dwarf binaries), the so-called
‘brown dwarf desert’ (Grether & Lineweaver 2006; Grieves et al.
2017).

Brown dwarfs that do survive the CE phase and go on to closely
orbit white dwarfs are extremely useful probes of binary evolution
(Zorotovic & Schreiber 2022). When angular momentum loss
through gravitational radiation brings these systems close enough
for the brown dwarf to fill its Roche lobe, the system will form a
cataclysmic variable (CV; Warner 1995; Knigge, Baraffe & Patterson
2011). These binaries therefore directly create systems that resemble
period-bounce CVs, the end state of CVs that began mass transfer
with more massive donor stars.

Brown dwarfs in close (orbital periods of less than a few days)
binaries with white dwarfs can also be highly irradiated by the white
dwarf, which can have effective temperatures 10-100 times larger
than the brown dwarf. Since the brown dwarfs are also tidally locked,
there are significant temperature variations between the hemisphere
facing towards the white dwarf (the ‘day’ side) and the hemisphere
facing away from white dwarf (the ‘night’ side). Temperature
differences of hundreds of Kelvin are possible (Casewell et al. 2015;
Hallakoun et al. 2023), making these objects extreme analogues of
hot Jupiters. Given the difficulty in directly characterizing the atmo-
spheres of hot Jupiters, which are significantly outshone by their host
stars at all wavelengths, the atmospheres of brown dwarfs irradiated
by white dwarfs can be directly probed at infrared wavelengths,
where they can outshine the white dwarf (e.g. Casewell et al. 2015;
Longstaff et al. 2017; Lew et al. 2022; French et al. 2024), providing
some insight into the otherwise-inaccessible atmospheric physics of
hot Jupiter planets.

To date, the majority of close white dwarf plus brown dwarf
binaries have been discovered by identifying apparently single white
dwarfs with infrared excesses (e.g. Farihi et al. 2005; Girven et al.
2011; Steele et al. 2011). Given their small separations, these binaries
are often found to be eclipsing, allowing precise measurements of
the stellar and binary parameters (e.g. Littlefair et al. 2014). These
studies typically find brown dwarf masses above around 50 My,
potentially indicating that this is the lower limit for the mass of an
object that can survive a CE phase (i.e. avoid merging with the core of
the giant star). However, the recent discovery of the transiting planet
candidate around the white dwarf WD 18564534 in a 1.4 d period
(Vanderburg et al. 2020) demonstrates that lower mass objects (<14
My, for WD 1856+534b) can be found in close orbits around white
dwarfs. While it is likely that this planet was scattered into its close
orbit (Vanderburg et al. 2020), it is also possible that it survived
a CE phase (Lagos et al. 2021), with the previous lower limit of
around 50 My, being a selection effect caused by the requirement
for a detectable infrared excess. Lower mass (hence fainter and
cooler) brown dwarfs and planetary mass objects can be completely
outshone by white dwarfs even at infrared wavelengths and may only
be detected if they happen to eclipse the white dwarf (or possibly via
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high precision radial velocity monitoring of apparently single white
dwarfs).

The number of eclipsing white dwarf binaries has rapidly expanded
in the last few years, thanks mainly to large scale, wide-field time-
domain photometric sky surveys, such as the Zwicky Transient
Facility (ZTF; Bellm et al. 2019; Graham et al. 2019; Masci et al.
2019), with hundreds of eclipsing systems now known (e.g. van
Roestel 2019; Keller et al. 2022; Kosakowski et al. 2022; Brown
et al. 2023). A small number of these eclipsing white dwarf systems
sit on the white dwarf cooling track in the Gaia colour-magnitude
diagram, implying that the companion to the white dwarf in these
systems contributes a negligible amount of optical light compared
to the white dwarf, making these excellent close white dwarf plus
brown dwarf binary candidates.

In this paper, we present follow up phase-resolved spectroscopy
and high-speed photometry of two candidate white dwarf plus brown
dwarf binaries. These were initially identified as white dwarfs with
deep eclipses in ZTF and lacked any detectable excess flux at longer
wavelengths, implying low mass or even substellar companions.
Here, we measure their stellar and binary parameters and find that
both systems contain brown dwarfs with masses far below what is
typically found in post-CE systems and so we test if standard CE
reconstruction methods are able to reproduce these systems.

2 OBSERVATIONS AND THEIR REDUCTION

In this section, we summarize our spectroscopic and photometric
observations and their reduction. A full list of our observations is
given in Table 1.

2.1 X-shooter spectroscopy

We obtained phase-resolved medium resolution spectroscopy of our
targets with the Echelle spectrograph X-shooter (Vernet et al. 2011),
which is mounted at the Cassegrain focus of the VLT-UT?2 at Paranal,
Chile, on the nights of 2024 April 10-12. X-shooter covers the
spectral range from the atmospheric cut-off in the ultraviolet (UV)
to the near-infrared (NIR) K band in three separate arms, known as
the UVB (0.30-0.56 microns), VIS (0.56-1.01 microns) and NIR
(1.01-2.40 microns).Separate slit widths can be set for each arm and
our observations were performed with slit widths of 1.0, 0.9, and 0.9
arcsec in the UVB, VIS, and NIR arms, respectively. We also binned
the detector in the VIS arm by a factor of 2 in the spatial direction,
while the UVB arm was binned by a factor of 2 in both the spatial and
dispersion directions. This results in a resolution of R~5000 in the
UVB and R~8000 in the VIS arm. In order to minimize slit losses
we ran the active flexure compensation procedure once every hour
and realigned the slit to the parallactic angle while doing so.

All of the data were reduced using the standard X-shooter pipeline
release (version 3.6.3) within ESOREFLEX (Freudling et al. 2013).
Due to the faintness of our targets in the NIR arm (both are too
faint at these wavelengths to be detected in the Two Micron All
Sky Survey, 2MASS) and the fact that we did not nod the telescope
between observations, the data for both of our targets in the NIR
are extremely poor and we do not include these data in any of our
analysis.

The standard X-shooter pipeline can reach a velocity accuracy
of around 8 kms~! in the VIS arm. We improved this accuracy by
fitting a number of telluric absorption features and corrected for
small (typically ~1kms~!) systemic velocity offsets in the data via
the method described in Parsons et al. (2017a). This allowed us
to reach an accuracy of a few kms~! around the Ho line. These
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Table 1. Journal of observations.

Telescope/ Date Filters No. of Exposure Transparency Seeing
Instrument exposures times (s) (arcsec)
ZTF J1230-2655:

VLT/X-shooter 2024 April 10  UVB/VIS/NIR 7/6/31 510/600/120 Clear 0.7-1.0
VLT/X-shooter 2024 April 11~ UVB/VIS/NIR 20/18/92 510/600/120 Clear 0.5-0.7
VLT/X-shooter 2024 April 12 UVB/VIS/NIR 7/6/31 510/600/120 Thin clouds 1.0-1.2
NTT/ULTRACAM 2024 May 02 Us, 8 Ls 265/796/796 13.5/4.5/4.5 Clear 1.2-1.5
ZTF J1828+2308:

VLT/X-shooter 2024 April 10  UVB/VIS/NIR 10/9/46 510/600/120 Clear 0.7-1.0
VLT/X-shooter 2024 April 11~ UVB/VIS/NIR 10/9/46 510/600/120 Clear 0.5-0.7
GTC/HiPERCAM 2024 April 30 uy, g5, 15, 05,25 565/1695/1695/847/847 6/2/2/4/4 Clear 0.7-1.0

corrections pre-dominantly affect our measurement of the systemic
velocity of our systems, since accurate wavelength calibration is
essential for this. Differences in the accuracy of the wavelength
calibration from spectrum to spectrum are minimal, meaning that our
radial velocity semi-amplitude measurements can be more precise
than this (<1kms™!). All spectra were then placed on a barycentric
wavelength scale.

2.2 ULTRACAM and HiPERCAM photometry

ZTFJ123016.59—265551.34 (listed as GALEX J123016.6—265551
in SIMBAD; hereafter ZTFJ1230—2655) was observed with the
high-speed camera ULTRACAM (Dhillon et al. 2007), mounted on
the 3.5-m New Technology Telescope at La Silla, Chile on the night
of 2024 May 2. ULTRACAM uses a triple beam set-up and three
frame transfer CCD cameras, which allows simultaneous data in
three different wavebands with negligible (24 ms) dead-time between
exposures. For our observations we made use of the high throughput
super-SDSS u,, g,. and i, filters and targeted the orbital phases
around the eclipse of the white dwarf. We used exposure times of 4.5
s in the g; and r, bands and longer exposure times of 13.5 in the u;
band.

We observed ZTF J182848.77+230838.0 (hereafter
ZTFJ1828+2308) with the high-speed quintuple band camera
HiPERCAM (Dhillon et al. 2021) mounted on the 10.4-m Gran
Telescopio Canarias (GTC) on La Palma, Spain on 2024 April 30.
HiPERCAM allows simultaneous observations in the super-SDSS
Us, gs, I's, iy, and z; bands with negligible (8 ms) dead-time between
exposures. We used exposure times of 2 s in the g, and r, bands, 4 s
in the i; and z; bands, and 6 s in the u, band.

Both the ULTRACAM and HiPERCAM data were reduced using
the HIPERCAM pipeline software.! After bias subtraction and flat
fielding (using twilight flats) the source flux was determined with
aperture photometry using a variable aperture scaled according to
the full width at half-maximum (FWHM). The HIPERCAM z; band
data were also defringed using a reference fringe map. Transmission
variations were accounted for by determining the flux relative to a
comparison star in the field of view. The data were then flux cali-
brated using observations of the standard stars WD 1031—114 (for
the ULTRACAM observations of ZTFJ1230—2655) and Feige 66
(for the HIPERCAM observations of ZTF J1828+42308), using the
reference magnitudes for the super-SDSS filters from Brown et al.
(2022).

All times were converted to a TDB (Barycentric Dynamical Time)
time-scale corrected to the barycentre of the Solar system. Using

Thttps://github.com/HiPERCAM/hipercam
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modified Julian dates format, this results in timing measurements of
the form BMJD(TDB).

As noted by Brown et al. (2023), there is a faint source 2.8 arcsec
away from ZTFJ18284-2308. Fortunately due to the good seeing
during our HIPERCAM observations (~0.8 arcsec) the target and
this source are well resolved and we masked out any pixels around
this source to ensure that the final light curve and flux calibration
were not affected by it.

3 RESULTS

3.1 ZTF J182848.77+230838.0

ZTF J1828+4-2308 was first listed as a candidate white dwarf plus
brown dwarf binary by Kosakowski et al. (2022), who presented
the ZTF light curve and noted the very deep eclipse of the white
dwarf every 2.7 h, as well as the lack of any clear excess in
the PanSTARRS y band, indicating a likely substellar companion.
Follow-up high-speed multiband ULTRACAM photometry of this
object was presented by Brown et al. (2023), who used various
theoretical relationships to constrain the mass of the white dwarf
companion from the light curves, concluding that it was very likely
substellar.

Our HIPERCAM light curves achieve a much greater depth than
the ULTRACAM data in Brown et al. (2023), but still fail to detect
the companion in any bands. By combining all observations taken
during the eclipse, we place limits on the companion’s brightness in
the redder bands (where we might expect to detect a brown dwarf) of
iy > 24.5 and z; > 24.1. Based on the Gaia DR3 parallax (4.91 &+
0.10 mas; Gaia Collaboration 2023), this corresponds to absolute
magnitude limits of M; > 17.9 and M, > 17.6, implying a spectral
type later than L4 (Kiman et al. 2019).

While we do not detect the underlying photosphere of the com-
panion to the white dwarf, we do detect Ho emission from its heated
face. This, along with the radial velocity variations of the white dwarf
itself, allow us to place strong constraints on the stellar masses, which
combined with analysis of the white dwarf spectrum and eclipse light
curves yield the full system parameters.

3.1.1 Radial velocities

ZTF J1828+-2308 contains a fairly hot (7. = 15900 K) white dwarf.
This, combined with the short orbital period of 2.7 h (hence small or-
bital separation), means that the companion is moderately irradiated.
The effect is fairly minor and there is not a clear reflection effect in
the ZTF light curves or follow-up high-speed data (although these are
focussed around the white dwarf eclipse phases, where irradiation
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Figure 1. Trailed spectra of the Ha line in ZTF J1828+-2308. Left: the original data, where the non-LTE core of the white dwarf absorption line is clear as
well as emission from the companion moving in antiphase. The slight velocity jump between spectrum 9 and 10 is due to the fact that the data were taken on
different nights and some orbital phases are missed. Centre: our best fit model to the data. Right: the residuals to the fit.

effects are minimal). However, inspection of the X-shooter spectra
clearly revealed Ho emission moving at high velocities and in
antiphase with the white dwarf absorption line (see Fig. 1). The
emission is strongest around phase 0.5 (roughly spectra 5 and 15 in
Fig. 1) and weakens towards phase 1 (the eclipse of the white dwarf).
Note that there is a small gap in the coverage of our X-shooter data
between orbital phases 0.8 and 1.15 (i.e. around the eclipse of the
white dwarf), hence the slight jump in the data between spectrum 9
and 10 in Fig. 1.

While subtle, we also clearly detect the motion of the white dwarf
in the core of the He line. Since the higher order Balmer lines lack
this strong core, the He line is the only feature that we could use
to measure the white dwarf’s velocity. We therefore focussed on
measuring the velocities of both stars by fitting the Ho line in all our
spectra.

We fitted the Ho line following the method of Parsons et al.
(2017b), in which the line is fitted with a combination of a first-
order polynomial and three Gaussian components. Two Gaussian
components with the same velocity are used for the white dwarf
absorption line, a wide component for the wings of the line and a
narrower component for the core. The third Gaussian component is
used for the emission from the companion star. All of the spectra are
fitted simultaneously, with the white dwarf absorption components
changing position according to ywp + Kwp sin (2 ¢), where ¢ is the
orbital phase (note that this results in Kwp having a negative value
due to setting ¢ = 0 as the mid-eclipse of the white dwarf, but only
the amplitude is important, so we drop the sign when reporting this
value), and the emission component from the companion changing
position according to ygp + Kemis sin (2 ¢). The widths and heights
of the two white dwarf components remain the same in all spectra,

while the height of the emission component from the companion
is modulated as (1 — cos ¢)/2, to simulate the irradiation effect (its
width remains the same in all spectra).

We used the ephemeris from Brown et al. (2023) to determine the
orbital phase of each spectrum, ¢ = (Tobs — T0)/ Por» Where Tops is
the mid-exposure time of the spectrum, 7j is the time of mid-eclipse
of the white dwarf and Py, is the orbital period, but also allowed the
values to vary within the quoted uncertainties by placing Gaussian
priors on Ty and Py,. The fit was performed using the Markov chain
Monte Carlo (MCMC) method as implemented in the EMCEEPYTHON
package (Foreman-Mackey et al. 2013). We used 100 walkers, with
a burn-in period of 1500, and 5000 production steps.

The best fit model and residuals to the fit are shown in the central
and right-hand panels of Fig. 1. We found that the radial velocity
semi-amplitude of the white dwarf (Kwp) is extremely small (10.5 £+
1.1km s~!) despite the short period and high inclination of the binary,
strongly implying a very low mass for the companion. This is also
consistent with the large emission-line velocity for the companion
star (343.4 £ 1.2kms™!), although since this emission originates
from the inner hemisphere of the companion it does not track the
centre of mass of the star, but the centre of light of the emission
region. As such it represents a lower limit on the true radial velocity
of the companion (Kpp), which are related via

Kemis
Kgp = s 1
L Y M

where ¢ = Mpgp/Mwp is the mass ratio, Rgp/a is the radius of the
companion star scaled to the semimajor axis, and f is is a constant
between 0 and 1 which depends upon the location of the centre of light
(Wade & Horne 1988; Parsons et al. 2012a). In the most extreme case
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Figure 2. Averaged X-shooter UVB arm spectrum of ZTFJ1828+2308,
where all spectra have been shifted into the white dwarf frame before
averaging. The best fit Koester (2010) model is overplotted in black and
the residuals to the fit are shown in the lower panel. Note that the only
spectroscopic feature detected from the companion to the white dwarf is weak
Ho emission, no other hydrogen lines show detectable emission components.

(f = 1) the emission is assumed to entirely originate at the point on
the companion star’s surface closest to the white dwarf (the substellar
point), while f = 0 assumes that the emission is uniform over the
surface of the star and hence does track the centre of mass of the
star. Using f = 0 (i.e. Kgp = Kemis) gives an upper limit to the mass
ratio of ¢ < Kwp/Kemis = 0.03, significantly smaller than what is
typically found in white dwarf plus brown dwarf binaries (g ~ 0.1),
confirming the very low mass of the companion star (alternatively, a
very high white dwarf mass is possible, although we will see in the
next sections that this is not the case).

3.1.2 White dwarf spectral fit

Having calculated the white dwarf’s radial velocity semi-amplitude,
we shifted all our spectra into the rest frame of the white dwarf and
averaged them together to produce a high quality spectrum of the
white dwarf. We then fitted this white dwarf spectrum using Koester
(2010) models in order to constrain the effective temperature and
surface gravity. We also included a polynomial curve in the fit to
account for slit losses and the imperfect flux calibration of the X-
shooter data. The models were convolved with a Gaussian to match
the resolution of the data before fitting. Our short exposure times
(and the small velocity of the white dwarf) means that the movement
of the white dwarf during each exposure is negligible and hence there
is no additional smearing of the spectral features. We do not include
any corrections for interstellar reddening.

The average UVB arm spectrum and best fit model for
ZTF J1828+2308 are shown in Fig. 2. We find Te = 15900 £ 75K
and log (g) = 8.05 £ 0.05, where systematic uncertainties have been
applied to both values based on Hollands, Littlefair & Parsons (2024).
We found that applying the 3D corrections of Tremblay et al. (2013)
made no difference to the parameters of this white dwarf due to
its temperature being too high for convection. Assuming the mass—
radius relationship from Bédard et al. (2020), this implies a white
dwarf mass of around 0.6 M. These values are consistent with those
found by Brown et al. (2023) from analysis of multiband eclipse light
curves.

We also detected a weak Ca 11 3934 A absorption line in the spectra
of ZTF J1828+2308, but do not detect any velocity variations from
this line. It is also very narrow leading us to conclude that this is
most likely an interstellar absorption feature. No other lines except
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Figure 3. GTC+HIiPERCAM eclipse light curves of ZTF J1828+2308 (top
to bottom: ug, gs, rs, iy and z; bands) along with the best fit models
(black lines). Residuals to the fits are shown beneath each panel (in standard
deviations).

the hydrogen Balmer series are detected in the X-shooter spectrum
of ZTF J1828+2308.

3.1.3 Light curve fit

Our high-speed, multiband HIPERCAM light curves of the eclipse of
the white dwarf in ZTF J1828+-2308 show an extremely deep eclipse
in all bands (no flux is detected from the companion during the eclipse
in any band, see Fig. 3). The shape of the eclipse is sensitive to the
sizes of the stars as well as the inclination of the binary. However, in
general there is not sufficient information in the eclipse light curve
alone to simultaneously solve for the radii of both stars and also
the orbital inclination (Parsons et al. 2017a). This can be overcome
by also including any additional constraints from the spectroscopic
analysis when fitting the light curves. Of particular importance for
this system is the measurement of the surface gravity of the white
dwarf from the spectral fit and the constraints on the radial velocities
of the two stars. This is because knowledge of both radial velocities
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yields the masses for any given inclination (i) via Kepler’s third law,

PorbK13y2 _ Mz,lsin3i
216G (1+9)2,

where the subscripts 1 and 2 refer to the two stars (i.e. K, is used
with M, and vice versa) and ¢ = K;/K,. At the same time, the
shape of the eclipse yields the radii of the two stars for a given
inclination, so combining these two pieces of information means
that we can determine the surface gravity of the white dwarf at any
inclination. We can then use the spectroscopically determined value
of log g to determine the correct inclination and hence stellar and
binary parameters.

Unfortunately we do not have a direct measurement of the radial
velocity of the companion to the white dwarf, but a lower limit
from the Ho emission line. We can use equation (1) to correct the
emission line velocity to the centre of mass velocity, but a value of f
must be assumed (for a given inclination Rpp/a is known from the
eclipse shape and since ¢ = Kwp/Kgp it is possible to solve for this
analytically). Therefore, in order to fit the eclipse and determine the
stellar and binary parameters a value of f must be chosen. Typically
a value around 0.5 is used (e.g. Parsons et al. 2017a) which assumes
that the emission is mostly uniformly spread over the heated face of
the star. This is also what is measured in systems where there are
both irradiation-driven emission lines and absorption lines from the
secondary that track the centre of mass (Parsons et al. 2012b). These
studies find that different emission lines need different correction
factors, based on the optical depth of the emission, with Ho emission
typically needing f = 0.5 (Parsons et al. 2010), although see van
Roestel et al. (2017) for an alternative approach to determining this
value. Therefore, we adopt a value of f = 0.5 when fitting the light
curves of ZTFJ1828+2308 (although see the end of this section for
an alternative approach).

With a value chosen for the f term in equation (1) we were then
able to fit the eclipse light curves to determine the stellar and binary
parameters. The fit was performed using LCURVE (Copperwheat et al.
2010), a code specifically designed for fitting the light curves of white
dwarf binaries, which accounts for Roche distortion and irradiation.
We fitted for the two masses, Mwp and Mpp, the two radii, Rwp and
Rgp, the effective temperature of the white dwarf, T, wp, the orbital
inclination, i, and the time of mid-eclipse, 7;. We held the orbital
period fixed at the value from Brown et al. (2023).

LCURVE requires as input: the mass ratio, the orbital inclination,
the radii of both stars scaled by the separation (the separation can be
calculated from the masses and orbital period), the temperatures of
the two stars (we fix the temperature of the companion to 1500 K,
but since it is undetected in the light curves this has no effect on
the fit), the limb-darkening coefficients for both stars, which we set
for the white dwarf by calculating its log g value from the mass and
radius and interpolating the 4-parameter non-linear limb darkening
values from Claret et al. (2020) in each band. The limb darkening
coefficients of the companion star have no effect on the fit, so we
set these to a simple linear coefficient of 0.5 in all bands. LCURVE
also requires a central eclipse time and an orbital period but all other
parameters are irrelevant for this fit.

The light curves are only weakly dependent upon the temperature
of the white dwarf. In principle the out-of-eclipse flux levels in
each band constrain the temperature, but the accuracy of this is
dependent on the quality of the flux calibration. Moreover, LCURVE
computes models assuming blackbody temperatures, so a conversion
must be made (e.g. Brown et al. 2022). Given that we already had a
precise measurement for the white dwarf temperature from fitting the
spectrum, we decided to normalize each of our light curves before

(@3]
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Table 2. Stellar and binary parameters for ZTFJ1230—2655 and
ZTFJ1828+2308. Distances are from Bailer-Jones et al. (2021). For
ZTFJ18284-2308 Kpp is the corrected value of the centre of mass velocity
of the brown dwarf, based on the emission line velocity Kemis = 343.4 £
1.2kms™'. The white dwarf in ZTFJ1230—2655 is forced to follow the
mass—radius relationship of Bédard et al. (2020). The quoted RLFFs are the
volume-average Roche lobe fill factors.

Value Unit ZTF J1230—-2655 ZTF J1828+2308
RA h 12:30:16.59 18:28:48.77
Dec. deg —26:55:51.34 + 23:08:38.39
GaiaG mag 18.851 +0.003 17.996 + 0.003
GaiaGgp — Grp mag 0.20 £ 0.04 —0.11£0.02
D pc 193+9 204 £5

Porb d 0.235977 66(95) 0.112006 70(87)
Ty BMID(TDB)  60432.0478805(32)  60431.149404 4(2)
Kwp kms™! <9 105 £1.1
YWD kms™! 11.7+1.5 20.5+0.9
Kgp kms™! - 367.0+1.2
VBD kms~! - —12.1+0.9

i deg 86.7+0.3 88.9+0.4

a Ro 1.400 £+ 0.012 0.838 £ 0.002
Mwp Mg 0.646 +0.017 0.610 £ 0.004
Rwp Ro 0.0123 £ 0.0002 0.0131 £+ 0.0002
WD log(g) - 8.07 £ 0.05 8.05+0.05
Tett, wp K 10000 + 110 15900 + 75
Teool, WD Gyr 0.726 & 0.050 0.162 £ 0.003
Mgp Mg <0.0211 0.0186 % 0.0008
Rsp Ro 0.126 + 0.005 0.102 £ 0.002
RLFF - 0.59 0.77

fitting and constrain the white dwarf temperature via a Gaussian
prior on the fit based on the spectroscopic value. This means that a
conversion to a blackbody temperature is not required and also has the
advantage that the temperature can still vary during the fit within the
uncertainties from the spectroscopic fit, allowing a full exploration of
the range of limb darkening coefficients for the white dwarf (which
depend on its temperature). Given the extremely well sampled and
high signal-to-noise ratio of our HIPERCAM light curves, the fit is
sensitive to the limb darkening of the white dwarf and so we did
not want to fix these values. The consequence of this is that the
white dwarf temperature value (and uncertainty) returned by the fit
is essentially just the spectroscopic value and so we do not improve
on this with the light curve data.

Along with the prior on the white dwarf temperature, we also
placed a Gaussian prior on the surface gravity of the white dwarf,
based on the spectroscopically measured value. Finally, for each
model we also computed the expected values of Kwp and Kpp using
equation (2) and hence K¢nis (based on equation 1 with f = 0.5).
‘We placed Gaussian priors on Kwp and K.n;s based on the measured
values and their uncertainties. We then performed an MCMC fit of
the light curves in all band simultaneously using EMCEE. We used
100 walkers, with a burn-in period of 2000 and 10 000 production
steps.

The HIPERCAM eclipse light curves along with the best fit model
are shown in Fig. 3, the best fit parameters are listed in Table 2 and
the MCMC parameter distributions are shown in Fig. 4. We also
calculated the white dwarf cooling age from the Bédard et al. (2020)
models and the volume-averaged Roche lobe filling factor of the
brown dwarf, both of which are listed in Table 2. We find that the
companion to the white dwarf in ZTF J18284-2308 is a 0.0186 £
0.0008 M, (19.5 4= 0.8 My,p) object. This makes the companion the
second lowest mass object transiting a white dwarf after the planet
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Figure 4. Posterior probability distributions for model parameters obtained
through fitting the GTC+HiPERCAM light curves of ZTF J1828+-2308.
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Figure 5. Constraints on the mass and radius of the white dwarf in
ZTFJ18284-2308 shown as contours (68 and 95 percentile regions). Also
shown are theoretical mass—radius relationships for CO core white dwarfs
from Bédard et al. (2020) with thick hydrogen envelopes (gu = 104, solid
line) and with thin hydrogen envelopes (gg = 1070, dashed line). A very
good agreement is found with the thick envelope models.

candidate around WD 18564534 (excluding the transiting debris
systems), although with a mass high enough that it is likely a brown
dwarf rather than a planet.

We also find that the white dwarf has a mass of 0.610 £ 0.004 M,
and a radius of 0.0131 + 0.0002 R, and is therefore likely a CO
core white dwarf (Fig. 5) that reached the asymptotic giant branch
(AGB), in contrast to many known close white dwarf plus brown
dwarf binaries that contain low-mass He core white dwarfs (see the
list in Zorotovic & Schreiber 2022 for examples). Fig. 5 shows our
mass and radius constraints relative to theoretical models for CO core
white dwarfs with both thick and thin hydrogen envelopes (Bédard
et al. 2020). Our measurements are in excellent agreement with the
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thick envelope models, as is generally found for white dwarfs in close
binaries (Parsons et al. 2017a).

As a final step, we tested the effects of our choice of f = 0.5 as
the emission-line correction factor. Due to the low values of the mass
ratio (¢ = 0.03) and the scaled radius of the companion (Rpp/a =
0.12) the choice of f has only a minor effect on the final results (see
equation 1). This is because the companion is far from the centre
of mass of the binary and small compared to the separation of the
stars, so there is little difference in the velocity of its substellar point
compared to its centre of mass. However, in order to see whether
using the exact value of f = 0.5 has any effect we repeated our fit of
the eclipse light curves, but this time forced the white dwarf to follow
the mass—radius relationship of Bédard et al. (2020) but allowed f
to vary freely (between 0 and 1). In this case we found a best-fitting
value of f = 0.52 £ 0.02 and all other parameters consistent with the
previous fit. A value close to 0.5 is unsurprising, given the excellent
agreement in our original fit between the white dwarf parameters
and theoretical models in Fig. 5. We are therefore confident that the
values for the physical parameters of the brown dwarf are robust
against the choice of f.

3.2 ZTF J123016.59—265551.34

ZTF J1230—-2655 was discovered as an eclipsing white dwarf binary
using data from ZTF (van Roestel et al., in preparation). However,
given its very southerly declination, the ZTF data coverage is fairly
sparse and we made use of data from the Asteroid Terrestrial-impact
Last Alert System (ATLAS; Tonry et al. 2018) to improve the
ephemeris measurements and confirm the eclipsing nature of the
system. Given that ZTF J1230—2655 sits on the white dwarf cooling
track in the Gaia DR3 colour-magnitude diagram the companion
cannot contribute a significant amount of the optical light.

The companion to the white dwarf in ZTF J1230—2655 is unde-
tected in our follow-up ULTRACAM light curves and we place a
limit of i; > 23.2 based on all of our in-eclipse observations. Using
the Gaia DR3 parallax (5.11 £ 0.25 mas; Gaia Collaboration 2023)
this corresponds to M; > 16.7, implying a spectral type of later than
L2 (Kiman et al. 2019).

3.2.1 Radial velocities

Our X-shooter data of ZTFJ1230—2655 do not reveal any clear
evidence for irradiation-induced emission lines from the companion
star at Ho. Moreover, while the narrow absorption core of the
Ho line from the white dwarf is clear (see the left-hand panel
of Fig. 6), there are no obvious velocity variations. We attempted
to use the same fitting procedure that we used for the spectra of
ZTFJ1828+42308 (removing the emission component), but failed
to measure any significant velocity variations when fitting all the
data simultaneously. We therefore opted instead to fit each spectrum
individually with a combination of a first order polynomial and
two Gaussian components (a wide component for the wings and a
narrower one for the line core), forcing the two Gaussian components
to have the same velocity.

The velocity measurements for the white dwarf in
ZTFJ1230—2655 are shown in the right-hand panel of Fig.
6. The best fit sinusoid is also plotted, but the fit is poor and the
data appear to just randomly scatter, rather than vary sinusoidally
(although we unfortunately did not cover orbital phases near 0.75).
In order to see if any sinusoidal signal is present in these data we
performed two fits to the velocities, one in which we fitted a sinusoid
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Figure 6. Left: phase-folded trailed spectra of the Ha line in ZTF J1230—2655. The non-LTE core of the white dwarf absorption line is clear, but there is no
obvious velocity variations. Right: radial velocity measurements from the Ho absorption line along with a best fit (solid-red line), which is not statistically
significant. Accounting for systematic uncertainties in these measurements of 5kms~! (not included in the plotted errorbars) we determine an upper limit on

the radial velocity amplitude of 9 kms~!, shown as the dashed-red line.

to the data and another where we fitted the velocities as a constant
value. In each case we also included an additional systematic error
term in the fit and determined the model likelihood via

_ (xi — M;)? /J4747
ne=2 {Z(e?+02) iyt )}’ ©
where M; is the predicted velocity (based on either the sinusoidal or
constant term models), x; and ¢; are the velocity and error values for
each measurement 7, and o is a systematic uncertainty term added to
the measured uncertainties in quadrature. In both cases the fit gave
a value for o of around 5 kms~', with the sinusoidal fit also having
a semi-amplitude of 5km s~'. We then performed a likelihood ratio
test and found that we could not reject the constant fit and hence we
have not detected any clear velocity variations in this system.

We placed an upper limit on Kwp by artificially injecting sinu-
soidal signals into our data with increasing amplitudes. We then
reran the same fit and likelihood ratio test (with a fixed value of
o = 5kms™") until we could reject the constant model. We found
that we should have detected any signal with a semi-amplitude
of > 9kms~! and therefore we set an upper limit for the radial
velocity semi-amplitude of the white dwarf in ZTF J1230—2655 of
Kwp < 9kms~!, which is shown as the dashed line in the right-hand
panel of Fig. 6.

3.2.2 White dwarf spectral fit

We averaged together all our X-shooter spectra of ZTF J1230—2655
in order to fit the white dwarf spectrum. Since we did not detect
the motion of the white dwarf, we made no correction for this
when averaging. We then fitted this spectrum with Koester (2010)
models using the same method as described for ZTF J1828+2308.
The average UVB arm spectrum and best fit model are shown in
Fig. 7. After applying the 3D corrections of Tremblay et al. (2013),
which have a significant effect on the surface gravity, we found that
the white dwarf in ZTF J1230—2655 has T.; = 10000 4+ 110 K and
log (g) = 8.07 £ 0.05, where again we have applied the systematic
uncertainties based on Hollands et al. (2024). This corresponds to a
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Figure 7. Averaged X-shooter UVB arm spectrum of ZTFJ1230—-2655,
corrected only for the systemic velocity of the white dwarf (since no radial
velocity variations were detected). The best fit Koester (2010) model is
overplotted in black and the residuals to the fit are shown in the lower panel.

mass of around 0.65 Mg based on the mass—radius relationship of
Bédard et al. (2020).

As with ZTFJ1828+2308, we also detect a weak Call 3934 A
absorption feature. Although we cannot rule out that this line moves
with the white dwarf (since we don’t detect the white dwarf’s
motion), the narrowness of the line leads us to conclude that this
is likely an interstellar absorption feature. No other lines except the
hydrogen Balmer series are detected in the X-shooter spectrum of
ZTFJ1230—-2655.

3.2.3 Light curve fit

As with ZTF J18284-2308, our high-speed multiband ULTRACAM
eclipses of ZTF J1230—2655 can be used to place strong constraints
on the stellar and binary parameters. However, in this case we have no
direct measurement of Kwp, just an upper limit, and no constraints on
Kpp at all, since we did not detect any irradiation-driven emission
lines in the spectra of ZTFJ1230—2655. Therefore, a full model-
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independent fit is not possible in this case and we must rely on the
use of a theoretical mass—radius relationship for the white dwarf
in order to break the degeneracy between the two radii and orbital
inclination. Even with the use of a mass-radius relationship, the fact
that we only have an upper limit on Kwp means that we can only
place an upper limit on the mass of the companion to the white dwarf.

The fit was performed in the same way as for ZTF J1828+2308,
using the LCURVE code, the only differences being that we removed
Rwp as an input and instead computed this value from the mass,
temperature and Bédard et al. (2020) mass-radius relationship. We
used the spectroscopically determined values of the white dwarf
effective temperature and surface gravity as Gaussian priors. We
also calculated Kwp for each model using equation (2) and placed
a uniform prior on this value with an upper limit of 9kms™!, to
keep it consistent with our analysis of the radial velocity data.
The combination of these constraints meant that we could precisely
measure the orbital inclination and radius of the companion, while
the white dwarf parameters are determined by the spectroscopic fit,
and the mass of the companion is constrained by equation (2) and the
upper limit on Kwp. We performed an MCMC fit of the light curves
in all three bands simultaneously using EMCEE using 100 walkers,
with a burn-in period of 2000 and 10 000 production steps.

The ULTRACAM eclipse light curves of ZTF J1230—2655 along
with the best fit model are shown in Fig. 8, the best fit parameters
are listed in Table 2 and the MCMC parameter distributions are
shown in Fig. 9. We find that the companion to the white dwarf in
ZTF J1230—2655 has a mass of < 0.0211 Mg, (22.1 My,,), putting
it in the same mass range as the companion to ZTF J1828+2308 and
the transiting planet candidate around WD 18564-534. Indeed, with
the present data set we cannot rule out the possibility that this object
has a planetary mass, although for the remainder of this paper we will
refer to it as a brown dwarf. Furthermore, just like ZTF J18284-2308,
the mass of the white dwarf in ZTF J1230—2655 (0.646 £ 0.017 M)
implies that the progenitor of the white dwarf evolved all the way to
the AGB before the common envelope phase occurred.

4 DISCUSSION

4.1 Brown dwarf masses and radii

We have measured the mass and radius of the brown dwarf in
ZTF J18284-2308 independent of any evolutionary models, while the
radius and upper mass limit for the brown dwarf in ZTF J1230—-2655
are only dependent on the (well tested) white dwarf mass—radius
relationship (Parsons et al. 2017a). Therefore, these two objects are
ideal for testing the mass—radius relationship at substellar masses.
Fig. 10 shows the measured masses and radii of transiting brown
dwarfs, where the measurements are independent of evolutionary
models. Also shown are a number of evolutionary models for
different ages from Marley et al. (2021). Our two systems are
highlighted in bold and likely have total ages around 1.5-2 Gyr (see
Section 4.2). The measured mass and radius of the brown dwarf
in ZTFJ1828+2308 show good agreement with the evolutionary
models, with no evidence of overinflation, despite this object being
moderately irradiated. However, despite not having an exact mass
value for the brown dwarf in ZTF J1230—2655, the measured radius
is clearly significantly larger than evolutionary models would predict,
by around 20 percent, regardless of the actual mass (if this is a
planetary mass object it would still be around 10 per cent oversized).
This is despite the fact that this object suffers very little irradiation
from the cool white dwarf, and with an orbital period of 5.7 h, the
binary is well detached (only filling 59 per cent of its Roche lobe).
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Figure 8. NTTH+ULTRACAM eclipse light curves of ZTFJ1230—2655 in
the u; (top), gs (centre), and i (bottom) bands along with the best fit models
(black lines). Residuals to the fits are shown beneath each panel (in standard
deviations).

Overinflated brown dwarfs in close binaries with white dwarfs
have been found before. The brown dwarf in the eclipsing system
WD 10324011 also appears to be overinflated (Casewell et al. 2020a;
French et al. 2024), by possibly as much as 30 percent, given the
very old age of the system. The brown dwarfs in the non-eclipsing
systems GD 1400 (Casewell et al. 2024) and NLTT 5306 (Amaro
et al. 2023) may also be overinflated. However, the three other
eclipsing white dwarf plus brown dwarf systems with precise mass
and radius measurements show good agreement with theoretical
models (Littlefair et al. 2014; Parsons et al. 2017b; van Roestel et al.
2021). The situation is equally mixed for the population of brown
dwarfs around main-sequence stars, around half of which appear to
be overinflated. In order to clearly highlight this large variation, we
used the catalogue of transiting brown dwarfs from Grieves et al.
(2021) and removed any systems from the that were younger than
1 Gyr or where there was no good estimate for the age. This means
that all the systems plotted in Fig. 10 should be at or below the 1 Gyr
track in order to have measured radii consistent with theoretical
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Figure 9. Posterior probability distributions for model parameters obtained
through fitting the NTT+ULTRACAM light curves of ZTF J1230—2655.

models, but many clearly lie significantly above this track. There is
no clear trend with overinflation and host star mass (hence host star
temperature) either, although given that the orbital periods of these
systems range from around a day up to more than 100 d the actual
irradiation levels vary significantly from object to object.

In order to see if the most overinflated objects are also the most
irradiated, we calculated the time-averaged equilibrium temperature
of all of the objects plotted in Fig. 10 using the relation in Méndez &
Rivera-Valentin (2017), assuming zero albedo. Note that this neglects
the intrinsic luminosity of the brown dwarf, and assumes that it is in
thermal equilibrium with the external irradiation. These values are
highlighted in Fig. 11, where the highly irradiated objects are clear.
However, there is no clear correlation between the irradiation levels
and overinflation, with some highly irradiated objects both oversized
(e.g. KELT-1b; Siverd et al. 2012) and consistent with models
(e.g. SDSS J1205—0242B; Parsons et al. 2017b). Likewise there are
many objects with low levels of irradiation that are both oversized
(e.g. NGTS-19b; Acton et al. 2021) and consistent with models
(e.g. LHS 6343C; Johnson et al. 2011). However, the equilibrium
temperature only gives a limited view of how these objects are
irradiated, since the way the brown dwarf atmosphere responds to the
radiation will depend on the wavelength of the radiation. Hotter stars
(in particular white dwarfs) emit more of their light at ultraviolet
wavelengths, which tends to be absorbed in the higher layers of
the brown dwarf’s atmosphere potentially leading to temperature
inversions (Lothringer & Casewell 2020), while cooler stars emit
significant amounts of infrared light, which can pass deeper into the
atmosphere before being absorbed, potentially heating (or preventing
the cooling of) their interiors (Komacek & Youdin 2017).

Interestingly, the overinflation of the brown dwarf in
ZTF J1230—2655 is consistent with the trend that, in white dwarf
plus brown dwarf binaries, it is the oldest and least irradiated objects
that appear to be the most overinflated (French et al. 2024). The
overinflation may therefore be the result of the cumulative effect
of irradiation from the white dwarf over a very long time-scale
slowing down the contraction of these brown dwarfs and the younger
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systems simply have not been irradiated for long enough for this
effect to be detectable (Casewell et al. 2020b). However, the brown
dwarf in ZTF J1230—2655 is so overinflated that simply delaying the
normal contraction is likely not enough to explain its current radius,
which is more consistent with a 0.5 Gyr old brown dwarf (despite a
total age of 1.5-2 Gyr, see the next section). Additional mass—radius
measurements for close white dwarf brown dwarf binaries should
help test this hypothesis, if sufficient numbers (over a wide range of
white dwarf cooling ages) can be found and measured.

Alternatively, the brown dwarf in ZTFJ1230—2655 may be
overinflated due to possessing a thick cloud layer or high metallicity
(Burrows, Heng & Nampaisarn 2011). Unfortunately, since we did
not detect any flux from the brown dwarf itself we cannot place any
useful limits on the conditions in the atmosphere of this object. Given
their low masses, direct detection of the brown dwarfs in either of
the systems in this paper will likely be challenging, but might be
possible with the JWST.

4.2 Evolution

Given their extremely small separations and circular orbits, both
ZTFJ1230—-2655 and ZTF J1828+2308 are likely the result of CE
evolution. There is some debate if the transiting planet candidate
around WD 1856+-534 is also a post-CE system or if it migrated into
its present orbit after the formation of the white dwarf. Given that
WD 18564534 is part of a triple system this migration channel seems
plausible (Mufioz & Petrovich 2020; O’Connor, Liu & Lai 2021),
but the CE channel may still be possible (Lagos et al. 2021). Indeed,
the existence of two additional systems with similarly low mass
companions in close orbits around white dwarfs raises the possibility
that there does indeed exist a channel for creating such systems via
CE evolution. We note that neither of our two new systems appear
to form part of a higher order system at present and there are no
common proper motion companions to either system in Gaia DR3
and therefore dynamical scattering or migration seems unlikely in
these cases. Indeed, to migrate the brown dwarf in ZTF J1828+-2308
from several au (wide enough to avoid the giant star phases) down to
its present day separation of just 0.8 R in only 160 Myr (the cooling
age of the white dwarf) seems extremely challenging. We therefore
discuss the evolution of these two systems assuming that they have
passed through a CE phase, although as we will see, there are still
challenges with this interpretation.

It is also worth noting that the low Roche lobe filling factors of
both systems mean that it is unlikely these are period bounce CVs
that have temporarily detached. The short cooling age of the white
dwarf in ZTF J1828+-2308 also supports this, since it would take far
longer than the 160 Myr cooling age for a standard CV to evolve to
this phase. While it may be possible to detach period bounce CVs to
these kinds of fill factors via the late appearance of a strong white
dwarf magnetic field (Schreiber, Belloni & van Roestel 2023), neither
of the white dwarfs in these systems have a detectable magnetic field
(the lack of any obvious Zeeman splitting in the hydrogen Balmer
lines rules out any field stronger than an MG or so), so this mechanism
could not have occurred in these cases. The white dwarf mass in both
systems is also somewhat lower than is typically found in CVs (e.g.
McAllister et al. 2019; Pala et al. 2022). Therefore, we consider both
systems to be pre-CVs and the current stellar masses are the same as
at the end of the CE phase.

While the exact details of the CE phase are still poorly understood,
it is expected that drag forces acting on the brown dwarf once it
has entered the atmosphere of the giant star will cause energy to
be transferred from the orbit of the binary into the envelope. If the
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Figure 10. Measured masses and radii of transiting substellar objects with ages > 1 Gyr (Littlefair et al. 2014; Schaffenroth et al. 2014, 2015, 2021; Parsons
et al. 2017b; Vanderburg et al. 2020; Casewell et al. 2020a; Grieves et al. 2021; van Roestel et al. 2021; Psaridi et al. 2022; El-Badry et al. 2023; Lin et al.
2023; Vowell et al. 2023, 2025; Henderson et al. 2024; Page et al. 2024), where the mass of the host star is indicated by the colour of the point. White dwarf
and sdB hosts are shown as small points, while main sequence star hosts are shown as large points. ZTFJ1230—2655 and ZTF J1828+-2308 are highlighted
as bold points. Also shown are a number of different evolutionary tracks from Marley et al. (2021) for different ages. The masses of the substellar objects in
ZTFJ1230—2655 and WD 1856+-534 are upper limits, as indicated by the arrows.

envelope gains a sufficient amount of energy it will be ejected, leaving
behind a much tighter binary. However, this transfer of energy from
the orbit to the envelope may not necessarily be very efficient and
so only some fraction of the lost orbital energy is actually used to
unbind the envelope, typically parametrized as oc. A low value
of acp implies that only a small fraction of the lost orbital energy
is actually used to unbind the envelope, therefore the binary must
lose more orbital energy overall in order to eject the envelope. This
results in very close binaries emerging from the CE phase or even
mergers if the envelope fails to be ejected. To date, studies of both
white dwarf plus M-dwarf binaries and white dwarf plus brown
dwarf binaries have shown that almost all present day systems can
be reconstructed with a low value of oy >~ 0.2 — 0.4 (Zorotovic et al.
2010; Toonen & Nelemans 2013; Camacho et al. 2014; Cojocaru et al.
2017; Zorotovic & Schreiber 2022). Given the low masses (hence
low orbital energies) of the brown dwarfs in our systems, they offer a
particularly powerful test of whether this low value of o is universal
for these kinds of binaries.

We reconstructed the evolution of our systems following the
method of Zorotovic & Schreiber (2022), who investigated the CE
phase for number of white dwarf plus brown dwarf binaries. In brief,
we used the algorithm of Zorotovic et al. (2010), which first uses
the measured stellar and binary parameters to correct for any loss of
angular momentum (hence reduction in orbital period) since the end
of the CE phase. Due to the very low masses of the brown dwarfs it
is assumed that only gravitational radiation has reduced the orbital
period since the end of the CE phase. The algorithm then searches
over a large grid of single star evolutionary tracks to identify any
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giant stars where the core mass is equal to the measured white dwarf
mass. The orbital separation at the onset of the CE phase is then
determined using the total mass and radius of the giant star, the
mass of the brown dwarf (which we assume does not change) and
Roche geometry. The algorithm then uses the energy formalism for
CE from Webbink (1984), which relates the energy required to eject
the envelope (i.e. its binding energy, Eyinq) and the orbital energy
released by the binary (A Ep),

Eping = dcg A Eop, 4
GM\M,,
Epng = —————, 5
bind )\.R] ( )
1 1 1
AEorb = 7GM1,CM2 — = | (6)
2 a; ay

where M, M, ., and M, , are the total, core, and envelope mass of
the giant star (i.e. M, . is the mass of the present day white dwarf),
R, is the radius of the giant star, M, is the mass of the brown
dwarf, a; (= R;) and a; are the initial and final orbital separations.
The structural parameter X is related to the mass distribution of the
giant star’s envelope and was calculated as in Claeys et al. (2014).
This calculation also allows including additional energy sources that
reduce the binding energy of the envelope and hence make it easier
to expel, e.g. hydrogen recombination energy. However, we did not
include these in our reconstructions in order to test whether these
low mass systems can still be reconstructed without the need for
extra energy sources beyond the orbital energy of the binary, which
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Figure 11. Same as Fig. 10, except points are coloured by the equilibrium temperature of the brown dwarf. Note that this temperature ignores the intrinsic
luminosity of the brown dwarf, it is purely the equilibrium temperature due to irradiation.

appears to be the case for other white dwarf plus brown dwarf binaries our reconstruction, but given the low masses of the companions
(Zorotovic & Schreiber 2022). .y is treated as a free parameter and in our binaries, they cannot have accreted a substantial amount
we initially fixed the metallicity to the solar value (Z = 0.02). of mass. Moreover, it has only been 160 Myr since the CE event
The results of this reconstruction are shown in Fig. 12. For each in ZTFJ1828+2308. This is significantly shorter than the thermal
model we show the total age of the system (the sum of the pre-CE time-scale of the brown dwarf, so if it had managed to accrete a
lifetime and the current cooling age), the initial mass of the white large amount of material shortly before the CE phase then we would
dwarf progenitor and the mass of the progenitor at the onset of the expect it to still be overinflated, which it is not. This would seem
CE phase. For ZTF J1230—2655 we assumed a mass of the brown to argue against a CE phase during the TP-AGB for these systems,
dwarf of 0.0211 M, our measured upper mass limit. In Fig. 12, we making it extremely difficult to understand their evolution. However
distinguish models where the CE took place on the AGB before the the Belloni et al. (2024) study was focussed on much more massive
first thermal pulse (blue) and after the first thermal pulse (i.e. on the companion stars, so it is unclear if their conclusions are applicable
thermally pulsing AGB-TP-AGB, grey). Given the high white dwarf to these very low mass objects. For example, the mass accreted from
masses we found no solutions where the white dwarf progenitor was winds should strongly depend on the mass and radius of the accretor.
on the first giant branch (FGB). For ZTF J1230—2655 we only find Wind mass loss occurs in all directions, so only the fraction of the
solutions where the CE occurred during the TP-AGB. Moreover, all wind that can be trapped within the Roche lobe of the accretor will be
of these solutions also require the white dwarf progenitor to have lost accreted. Even for the solar-type accretors studied by Belloni et al.
a significant fraction of its total mass before the CE phase started. The (2024), the accreted mass is typically only a few per cent of a solar
situation is similar for ZTF J18284-2308, although AGB progenitors mass. Since brown dwarfs are significantly smaller in both mass and
are possible for very high values of acg. radius, it is unlikely that they can trap a considerable amount of wind
To be consistent with previous constraints of o >~ 0.2 — 0.4 material. Assuming a similar scaling rate as Bondi—-Hoyle—Lyttleton
would require that both of our systems underwent a CE phase when (i.e. the amount of accreted material scales as M?2; Edgar 2004),
the white dwarf progenitor was on the TP-AGB and had already lost would imply that these objects accreted around half a Jupiter mass
around a third to half of its original mass. This is perhaps not too at most during this phase.
surprising a result, given the low masses of the brown dwarfs, since To see if itis possible for a CE to occur before the TP-AGB phase in
the binding energy of the envelope is already quite low at this phase, these binaries we repeated our reconstruction but this time assuming
allowing even a low mass companion to survive. However, there are very low metallicity (Z = 0.001). Low metallicity stars evolve much
potential issues with this interpretation. As pointed out by Belloni faster than solar metallicity stars, allowing for less massive progen-
et al. (2024), TP-AGB stars generally transfer mass through winds itors with less envelope mass to expel, hence requiring less orbital
before they fill their Roche lobe, which tends to increase the mass energy to be lost from the binary during the CE phase. The results of
of the companion before the CE. This process is not included in this are shown in Fig. 13. In this case there is a much wider range of
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Figure 12. Reconstructions of the evolution of ZTF J1230—2655 (left, assuming a companion mass of 0.021 M) and ZTF J1828+-2308 (right), assuming a
metallicity of Z = 0.02. Shown are the predicted total age of the system (top), the initial mass of the white dwarf progenitor (middle), and the mass of the
white dwarf progenitor at the onset of the common envelope phase (bottom), as a function of the common envelope efficiency parameter, ocg. Dark-blue points
indicate systems where the common envelope occurs during the AGB, before the first thermal pulse, while light-grey points indicate systems where the common
envelope occurs after the first thermal pulse, i.e. during the thermally pulsing (TP)-AGB phase. Only TP-AGB solutions are found for ZTF J1230—2655.

possible models which undergo the CE phase before the TP-AGB,
including some models with low values of acg. Therefore, if these
are both extremely low metallicity systems then their evolutionary
history appears to be broadly consistent with other known white
dwarf plus brown dwarf binaries. However, the Gaia kinematics of
our systems imply that they are both high probability members of
the Galactic thin disc, based on the kinematic criteria of Bensby,
Feltzing & Lundstrom (2003). Stars in this population tend to have
much higher metallicities than Z = 0.001. Unfortunately, measuring
the metallicities of these two systems is not possible at present, but
we consider it unlikely that both systems have such low metallicities.

Another possibility for these systems is if there were originally
additional objects interior to the brown dwarfs. If these were engulfed
shortly before the brown dwarf then they could help facilitate the
ejection of the envelope (Bear & Soker 2011; Chamandy et al. 2021),
allowing lower mass brown dwarfs to survive a CE phase. However,
the small number of known main-sequence stars with brown dwarfs
in the desert (i.e. within a few au of the star) do not appear to have
a significant number of additional objects in closer orbits. This may
be due to the fact that the brown dwarf likely formed further out and
migrated into the desert, potentially destabilizing any nearby objects
as it migrated. Therefore, while this is a potential explanation for
these systems (as well as a possible evolution for WD 1856+534;
Chamandy et al. 2021), it would require an architecture unlike any
system we have currently detected.
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Finally, we note the similarities between our findings and the
proposed CE evolution for WD 1856+534 (Lagos et al. 2021). Like
our systems, the only solutions found for WD 18564534 required
the CE to occur on the TP-AGB, although all solutions required a
relatively high value of o > 0.36. Moreover, Lagos et al. (2021)
also required some contribution from additional energy sources
to help eject the envelope, which we have not had to include to
reconstruct our systems. These differences are partially caused by
the lower mass of the object in WD 1856+534, but are primarily the
result of the much longer present day orbital period of WD 18564-534
(1.4 d) compared to our systems (0.1-0.2 d). Finding more white
dwarf plus brown dwarf binaries with longer periods would be
particularly useful, to see if WD 1856+534 is an outlier or consistent
with the wider post-CE population.

It may be that these very low mass objects can only survive a CE
phase if it occurs right at the end of the evolution of the white dwarf
progenitor (i.e. on the TP-AGB), when it has already lost a significant
fraction of its original mass and when the envelope is more loosely
bound. In this case we would expect the lowest mass brown dwarfs
to be only found around CO (or ONe) core white dwarfs. Any similar
mass brown dwarf found in a close binary with a He core white dwarf
or sdB star would likely pose a significant challenge to reconstruct,
since the CE phase would have occurred much earlier, on the first
giant branch (FGB). Hydrodynamical simulations place a minimum
mass for the companion to eject the envelope at this evolutionary
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Figure 13. Same as Fig. 12, but assuming low metallicity for both systems (Z = 0.001).

stage of around 30 My, (Kramer et al. 2020), well above the brown
dwarf masses measured in our systems.

5 CONCLUSIONS

We have identified two very low mass substellar objects in close,
eclipsing orbits around white dwarfs. Using a combination of
phase resolved X-shooter spectroscopy and high- speed multiband
ULTRACAM and HIPERCAM imaging data we have measured the
stellar and binary parameters for these two systems, finding that
ZTF J1828+-2308 contains a 19.5 Mjy,, brown dwarf in a 2.7 h
orbit around a hot (15 900K) CO core (0.61 My) white dwarf
and ZTFJ1230—2655 contains a <22.1 Mjy,, brown dwarf in a
5.7 h orbit around a cool (10 000K) CO core (0.65Mg) white
dwarf. We found that the mass and radius of the brown dwarf
in ZTFJ1828+42308 are consistent with evolutionary models, but
the brown dwarf in ZTF J1230—2655 is significantly overinflated,
despite it being the less irradiated of the two. We also reconstructed
the past evolution of these binaries, finding that in both cases the
common envelope phase likely occurred at the very end of the
evolution of the white dwarf progenitor, after the first thermal pulse
and when the progenitor had already lost a significant fraction of its
original mass. A similar evolutionary history was also proposed for
the transiting planet candidate around WD 18564-534, potentially
indicating that common envelope events at this evolutionary stage
may allow very low mass brown dwarfs or even planetary mass
objects to survive a common envelope phase. Alternatively, both our
systems could have very low metallicities, allowing a more standard
common envelope phase before the first thermal pulse, or there may

have originally been additional bodies interior to the brown dwarf,
which were engulfed shortly before the brown dwarf, helping to eject
the envelope. Nevertheless, it is clear that post-common envelope
binaries with extremely low mass components offer a powerful test
of common envelope evolution.
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