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ABSTRACT

It is predicted that half or more of all cataclysmic variables (CVs) should have evolved past the period minimum and
now exist as so-called period bouncers where a white dwarf should be accreting from a Roche lobe filling substellar
companion. However, this prediction stands in stark contrast to observations, where only a few per cent of CVs are found
in this evolutionary phase. A potential solution to this discrepancy is that a magnetic field emerges from within the white
dwarf after the system has reached the period minimum. The transfer of angular momentum from the spin of the white
dwarf into the orbit then pushes the two stars apart, detaching them for potentially billions of years. Here we present the
discovery of ZTF J021804.16+071152.93, a detached 0.69 & 0.01 M, 19 MG magnetic white dwarf plus 37 & 5 My, brown
dwarf binary with an orbital period of 1.7 h. The kinematics of the system indicate that it is a high probability member
of the Galactic thick disc. However, this strongly disagrees with the much younger age of the system obtained from the
white dwarf parameters, implying that the system may have been accreting in the past. This system is therefore consistent
with having detached as a result of the emergence of the magnetic field of the white dwarf when the system was still mass
transferring, and may represent the ultimate fate for many (perhaps even most) CVs.

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

1 INTRODUCTION

White dwarfs in close binaries (orbital periods less than a few
days) with main-sequence or substellar companions are the result
of common envelope evolution (B. Paczynski 1976; R. F. Web-
bink 1984), in which the progenitor of the white dwarf expanded

* E-mail: s.g.parsons@sheffield.ac.uk
© The Author(s) 2026.

to fill its Roche lobe when it was a giant star and engulfed its
companion. If the companion star was able to unbind the enve-
lope of the giant before the system merged, then a post-common
envelope binary emerges. These systems will continue to evolve
to shorter periods as a result of angular momentum loss from
magnetic braking (F. Verbunt & C. Zwaan 1981; S. Rappaport, F.
Verbunt & P. C. Joss 1983) and/or gravitational wave radiation (R.
P. Kraft, J. Mathews & J. L. Greenstein 1962; J. Faulkner 1971),
eventually reaching the point where the companion star will fill
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its Roche lobe and transfer mass onto the white dwarf, forming a
cataclysmic variable (CV).

Once formed, CVs continue to evolve to shorter periods due
to angular momentum loss, with the donor star slowly stripped
down to lower and lower masses. Eventually the donor will be
reduced to a substellar mass object and the resulting structural
change of the donor causes the binary to start evolving towards
longer periods as a ‘period bounce’ CV (C. Knigge, 1. Baraffe &
J. Patterson 2011; D. Belloni & M. R. Schreiber 2023). Population
synthesis calculations predict that the majority (40-60 per cent,
J. Goliasch & L. Nelson 2015 or even as high as 75 per cent,
D. Belloni et al. 2018) of CVs should have already reached this
evolutionary stage. However, observationally only around 7-14
per cent of CVs are period bouncers (A. F. Pala et al. 2020) and
dedicated surveys for these objects appear to confirm that they
are much rarer than predicted (K. Inight et al. 2023), calling into
question our understanding of the evolution of CVs.

M. R. Schreiber, D. Belloni & J. van Roestel (2023) recently
suggested a possible solution to this problem. Based on earlier
work from J. Isern et al. (2017) and M. R. Schreiber et al. (2021),
they showed that if a magnetic field were to emerge from the
white dwarf once the system had become a period bouncer, then
the resulting transfer of angular momentum from the spin of
the white dwarf back into the orbit, would cause the orbital sep-
aration to increase and result in the system detaching and no
longer appearing as a CV. There is clear evidence that magnetism
appears long after the formation of most white dwarfs (S. Bag-
nulo & J. D. Landstreet 2021, 2022), whether this is the result of a
crystallization-powered dynamo or the emergence of a previously
buried fossil field remains unclear (M. Camisassa et al. 2024; M.
Castro-Tapia, S. Zhang & A. Cumming 2024). In either case the
result is the same (i.e. the system will detach), if the field emerges
after the white dwarf has already been spun up via mass transfer
in a non-magnetic CV.

M. R. Schreiber et al. (2023) showed that even a relatively weak
magnetic field of just one MG could potentially detach systems
for more than a Gyr, resulting in a 60-80 per cent decrease in the
population of period bounce CVs, much more consistent with
observations. However, as yet there is no direct evidence that
this scenario is correct. A key prediction of this model is that
there should be a large population of detached magnetic white
dwarf plus brown dwarf binaries and the identification of such
a population would strongly support this model. However, such
a population is challenging to identify, since these white dwarfs
will be cool and faint, while the brown dwarf masses could be as
low as a few tens of Jupiter masses (M. R. Schreiber et al. 2023;
M. R. Schreiber & D. Belloni 2025), making them extremely faint
and easy to hide, even next to a cool white dwarf. One way to
identify such systems is through their eclipses, if they happen to
have highly inclined orbits. When the larger, but much fainter,
brown dwarf transits in front of the white dwarf it can result in
deep eclipses that are easy to identify in multi-epoch photometric
surveys (e.g. A. Kosakowski et al. 2022). In this paper we present
the discovery of such a system and discuss whether it could pre-
viously have been a CV that detached as a result of the emergence
of the magnetic field of the white dwarf.

2 DISCOVERY

ZTF J021804.16+071152.93 (GALEXJ021804.1+071152 in SIM-
BAD, hereafter ZTF J0218+0711) was first identified as a white
dwarf from its Sloan Digital Sky Survey (SDSS) spectrum and
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listed as a DC white dwarf (S. J. Kleinman et al. 2013). While the
SDSS spectrum appears mostly featureless, the fitted temperature
was ~10 000 K, significantly hotter than expected for a hydrogen
atmosphere DC white dwarf. Similar ‘hot’ DC white dwarfs have
turned out to host strong magnetic fields, that distort and blur out
their absorption lines, making them appear as DC white dwarfs in
anoisy, low-resolution spectrum (e.g. S. G. Parsons et al. 2013), of-
fering the first evidence that ZTF J0218+-0711 may be a magnetic
white dwarf.

Gaia DR3 gives a parallax for ZTF J02184-0711 of 5.9 + 0.3 mas
(Gaia Collaboration 2023), implying a distance of around 172 pc
(C. A. L. Bailer-Jones et al. 2021). When placed on a colour-
magnitude diagram, ZTF J0218+4-0711 sits towards the cooler end
of the white dwarf cooling curve (see the left-hand panel of Fig.
1), confirming that its temperature is likely lower than the fit to
the SDSS spectrum implies. The fact that ZTF J0218+0711 ap-
pears to sit exactly on the cooling track would indicate that this is
likely an isolated white dwarf. However, inspection of its Zwicky
Transient Facility (ZTF) light curve (E. C. Bellm et al. 2019; F. J.
Masci et al. 2019) reveals a deep eclipse of the white dwarf every
1.7 h (see the right-hand panel of Fig. 1). These eclipses were
found through a dedicated search for eclipsing white dwarfs in
ZTF using a box least squares analysis, the full details of which
will be presented in a forthcoming paper (van Roestel et al. in
preparation).

The boxy-shaped eclipse seen in the ZTF light curves implies
that the white dwarf is eclipsed by a much larger object, ruling
out a double white dwarf system. The fact that this cool and
faint white dwarf shows no clear optical red excess means that
the companion to the white dwarf must be extremely faint and
almost certainly substellar, prompting the follow-up observations
presented in this paper.

3 OBSERVATIONS AND THEIR REDUCTION

In this section we summarize our observations and their reduc-
tion. A full list of our observations is given in Table 1.

3.1 X-shooter spectroscopy

ZTF J0218+4-0711 was observed with the echelle spectrograph X-
shooter (J. Vernet et al. 2011) mounted at the Cassegrain fo-
cus of the VLT-UT3 at Paranal, Chile, on the night of the 2024
September 2. X-shooter provides medium resolution spectro-
scopic data from 300-550 nm in the UVB arm, 550-1000 nm in
the VIS arm and 1-2.4 um in the NIR arm. The observations of
ZTF J0218+0711 were performed in STARE mode (the telescope
was not nodded between exposures). This approach, combined
with the faintness of the target at infrared wavelengths, means
that the NIR arm data have extremely low signal-to-noise ratios
and we do not include any of these data in our subsequent anal-
ysis.

We used slit widths of 1.0 arcsec in the UVB arm and 0.9 arcsec
in the VIS arm, binned the detector by a factor of two in the spatial
direction in both arms and by a factor of two in the dispersion
direction of the UVB arm. This results in a resolution of R~ 5000
in the UVB and R~ 8000 in the VIS arm.

All of the data were reduced using the standard X-shooter
pipeline release (version 3.6.3) within ESOREFLEX (W. Freudling
et al. 2013). The standard X-shooter pipeline can reach a velocity
accuracy of around 8kms™ in the VIS arm. We improved this
accuracy by fitting a number of telluric absorption features and
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Figure 1. Left: Gaia DR3 colour-magnitude diagram of the white dwarf cooling track. Red points show confirmed close, detached white dwarf plus
brown dwarf binaries (J. Farihi & M. Christopher 2004; P. F. L. Maxted et al. 2006; S. L. Casewell et al. 2012; K. Beuermann et al. 2013; J. Farihi, S. G.
Parsons & B. T. Ginsicke 2017; S. G. Parsons et al. 2017b; S. L. Casewell et al. 2018, 2020; J. Roestel et al. 2021; S. G. Parsons et al. 2025), ZTF J0218+0711
is shown as a blue star, demonstrating that the white dwarf is considerably cooler than in other known systems and shows no clear optical excess from
the companion to the white dwarf. Right: phase-folded ZTF light curves of ZTF J0218+-0711 in the g band (top) and r band (folded on a period of 1.7 h).
The light curve is consistent with no variability outside of the deep eclipse of the white dwarf.

Table 1. Journal of observations.

Telescope/ Date Filters No. of Exposure Transparency Seeing
instrument exposures times (s) (arcsec)
VLT/X-shooter 2024-09-02 UVB, VIS, NIR 10, 9, 46 588, 600,120 Clear 0.5-0.7
GTC/HiPERCAM 2023-09-17 Us, 8, Is, s, Zs 357, 1072, 1072, 536, 536 7.5,2.5,2.5,5.0,5.0 Clear 0.7-9.0
VLT/FORS2 2024-10-30 - 14 450 Clear 1.0-1.2

corrected for small (typically ~1 km s™!) systemic velocity offsets
in the data via the method described in S. G. Parsons et al. (2017a).
This allowed us to reach an accuracy of a few kms™! around
the H « line. All spectra were then placed on a barycentric wave-
length scale.

3.2 HiPERCAM photometry

High-speed multi-band light curves of ZTF J02184-0711 were ob-
tained with HIPERCAM (V. S. Dhillon et al. 2021) mounted on
the 10.4-m Gran Telescopio Canarias (GTC) on La Palma, Spain
on 2023 September 17. HIPERCAM allows simultaneous observa-
tions in the super-SDSS uy, g;, 1;, is and z; bands with negligible
(8 ms) dead-time between exposures. We used exposure times of
2.5 s in the g; and r; bands, 5 s in the i and g, bands and 7.5 s in
the ug band.

The HiPERCAM data were reduced using the HIPERCAM
pipeline software.! After bias subtraction and flat fielding (us-
ing twilight flats) the source flux was determined with aperture
photometry using a variable aperture scaled according to the

Lhttps://github.com/HiPERCAM/hipercam.

full width at half-maximum. The HIPERCAM z; band data were
also defringed using a reference fringe map. Transmission vari-
ations were accounted for by determining the flux relative to a
non-variable comparison star in the field of view. Unfortunately
ZTF J0218+4-0711 was considerably brighter than all other stars in
the field of view in the u; band, meaning that no suitable compar-
ison star was available in the u; band. We combined the flux of
several nearby stars to use as a comparison source, but the final
light curve is still dominated by the noise in these comparison
stars, rather than the source itself. Fortunately, given the lower
time resolution of the u; band data, these data are not essential for
determining the system parameters (the higher time resolution
and signal-to-noise ratio of the redder bands help constrain the
stellar and binary parameters far better than the u; band data).
The u; band data only help constrain the temperature of the white
dwarf, in combination with the other bands (see Section 4.3).

The data were flux calibrated using observations of the stan-
dard star G 184—17, based on the reference magnitudes for the
super-SDSS filters from A. J. Brown et al. (2022). Finally, all times
were converted to a TDB (Barycentric Dynamical Time) time-
scale corrected to the barycentre of the solar system. Using mod-
ified Julian dates format, this results in timing measurements of
the form BMJD(TDB).

MNRAS 547, 1-13 (2026)
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Figure 2. Circular polarization (V/I) spectra of seven observations of ZTF J0218+0711 showing variability, which is caused by the rotation of the white
dwarf. The top panel shows all spectra overlaid over the full wavelength range, with the black box marking the area of clearest variability. The bottom-left
panel shows the polarized spectra corresponding to the box in the top panel in phase with the orbital ephemeris. The bottom-right panel shows the mean
of the absolute polarization values in phase with the orbital ephemeris. The data appear periodic on a time-scale consistent with the orbital period,
however, a clear period cannot be determined given the limited baseline of the observations.

3.3 FORS2 spectropolarimetry

Spectropolarimetric observations were obtained with the FORS2
instrument (I. Appenzeller et al. 1998) at the ESO VLT, using
the 300V grism and a 1.2 arcsec slit, corresponding to a resolving
power of ~ 360. We acquired a sequence of 14 exposures of 450 s
each, with the retarder waveplate set at position angles of —45,
+45, +45, —45, etc. on 2024 October 30 between UT 03:11:43 and
UT 05:05:56. The observations were carried out using the blue-
optimized 2k x4k E2V CCD.

The data were recombined in pairs of frames obtained at wave-
plate position angles separated by 90°, following the standard
beam-swapping technique (e.g. S. Bagnulo et al. 2009). This pro-
cedure yielded a set of seven Stokes I and Stokes V/I spectra,
with Stokes I not flux-calibrated. The data reduction was per-
formed using the FORS pipeline (C. Izzo et al. 2010) to produce
wavelength-calibrated and rectified 2D frames, followed by beam
extraction using IRAF routines.

4 RESULTS

4.1 Spectropolarimetry analysis

The FORS2 observations of ZTF J0218+-0711 show clear variabil-
ity in the circular polarization of several spectral features, as can
be seen in the top panel of Fig. 2. The detection of circular po-
larization from ZTF J0218+4-0711 confirms the magnetic nature of
the white dwarf. The variability is shown in more detail in the bot-
tom two panels for the 4300-5300 A region, where the left panel

MNRAS 547, 1-13 (2026)

shows the polarized spectra in phase with the orbital ephemeris
of the system, and the average of the absolute polarization values
on the right.

The periodicity of the observed variability was analysed
through simultaneous sinusoidal fitting of all wavelength bins i
in a given wavelength range. The best fit is determined by mini-
mizing x2, which is expressed as

: ey

X2 = i ((V/D)i — (Aisin(ZEt + ¢y) + Mi))2

2
o1 Oy1i

where (V/I); and o77,, ; are the observed polarization value and
uncertainty in wavelength bin i, N the total number of bins, and
P the rotational period of the white dwarf. Each bin is modelled
as a sine wave with period P and individual values for amplitude
A;, mean u;, and phase ¢;. The best-fitting period from analysing
either the full wavelength range or specific ranges, such as 4300-
5300 A, is on the order of several hours with a lower bound of
90 min and no clear upper bound. While the variability visually
appears to be periodic on a time-scale consistent with the orbital
period (implying that the spin of the white dwarf is locked to
the orbit), the rotational periodicity cannot be determined more
clearly due to the short baseline of 100 min, which only covers a
single orbital period and so we cannot rule out a longer rotational
period for the white dwarf.
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Figure 3. Normalized, averaged X-shooter spectrum of ZTF J0218+0711
binned by a factor of 5 (black line). Overplotted are the Zeeman split
components as a function of the magnetic field strength for the H 8 line
(orange) and H y (green). The dips in the spectrum agree well with a field
strength of around 19 MG.

4.2 Spectroscopic analysis

The X-shooter spectra show a mostly featureless, blue continuum
from the white dwarf. However, when the individual spectra are
combined, the higher signal-to-noise ratio reveals a number of
absorption features. Given that the white dwarf completely dom-
inates the optical light, these lines must originate from the white
dwarf, but do not appear consistent with a typical DA white dwarf
spectrum. Fig. 3 shows a zoom in on the region around the H y
and H g8 lines highlighting these multiple absorption features,
which are consistent with the Zeeman split components of the
Hydrogen Balmer lines in a roughly 19 MG magnetic field. This
further confirms the magnetic nature of the white dwarf and
can be used to get a good estimate of the surface field strength.
While these features are also visible in the individual spectra the
signal-to-noise ratio is far too low to detect the ~20 km s~! radial
velocity variations from the white dwarf. Moreover, the changing
orientation of the magnetic field as the white dwarf rotates will
lead to far larger shifts in the positions of these lines than the
actual velocity of the white dwarf, meaning that we are unable
to constrain the white dwarf’s radial velocity from the X-shooter
data.

In addition to these absorption lines from the white dwarf, the
X-shooter data also revealed a narrow H « emission component
that moves with high velocity (see the left-hand panel of Fig. 4).
Based on the high velocity and orbital phase information it is
clear that this emission originates from the companion star to the
white dwarf. H « emission is commonly seen in white dwarf plus
main-sequence binaries (A. Rebassa-Mansergas et al. 2007) and
is usually the result of chromospheric emission from the main-
sequence star, which generally tracks the centre of mass of the
star (e.g. S. G. Parsons et al. 2017a). White dwarfs with substellar
companions can also show emission from the companion, but in
these cases the emission is the result of irradiation of the substel-
lar object by the much hotter white dwarf (e.g. S. G. Parsons et al.
2017b). Since only one side of the substellar object is irradiated,
the emission is localized on the inner hemisphere and hence
tracks the centre of light of this emission region, rather than the
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centre of mass of the object itself (i.e. it is effectively a lower limit
on the true radial velocity of the substellar object). In the case
of ZTF J0218+-0711 this emission is somewhat unexpected, given
the low temperature of the white dwarf. In irradiated systems the
companion star absorbs the ultraviolet light of the white dwarf,
which is then re-emitted as optical and infrared light. The white
dwarf in ZTF J0218+0711 has a temperature of only 8500 K (see
Section 4.3) and hence emits very little ultraviolet light. All other
white dwarfs with substellar companions that show emission
lines have white dwarfs hotter than ~13000K.? The fact that
the white dwarf in ZTF J0218+0711 also hosts a strong magnetic
field may help explain the origin of this emission. With an orbital
separation of only 0.65R, (see Section 4.3) the strength of the
white dwarf’s magnetic field is likely to be tens if not hundreds of
kG at the surface of the companion. This is likely to be far larger
than the intrinsic magnetic field of the companion (A. Reiners
& U. R. Christensen 2010) and therefore may well induce the
observed emission, meaning that the origin of this emission could
be quite different to the standard irradiation model.

In order to measure the radial velocity semi-amplitude of this
emission line we fitted the data following the method outlined
in S. G. Parsons et al. (2017b), in which the Ha line is fitted
with a combination of a first-order polynomial (to represent the
underlying continuum) and a Gaussian emission component. All
of the spectra are fitted simultaneously, with the position of the
emission component changing according to ygp +Kemis Sin (27 ¢),
where ¢ is the orbital phase (¢ = 0 is the centre of the eclipse
of the white dwarf). The width of the Gaussian component re-
mains the same in all spectra, while its height is modulated as
1 — cos(2m ¢), to simulate the increased strength of this compo-
nent as the inner hemisphere becomes more visible (i.e. the line
is strongest at ¢ = 0.5 and weakest at ¢ = 0).

We determined the orbital phase of each spectrum using the
orbital period (Pyp) measured from the ZTF light curve and the
time of mid-eclipse of the white dwarf (Tj) from our HHPERCAM
observations (see Section 4.3). The orbital phase is then given by

o= (Tobs - TO)/Porbs (2)

where T is the mid-exposure time of the spectrum. The emis-
sion component moves sufficiently fast that its motion is smeared
by the finite exposure times in the spectra taken around ¢ =
0.5 (where its velocity is changing fastest). To account for this
smearing we divide each spectrum into five equal sub-exposures,
covering the full phase range of each spectrum, and calculate
a model for each sub-exposure, then average these together to
create the final model for that spectrum. The simultaneous fit to
all spectra was performed using the Markov chain Monte Carlo
(MCMC) method as implemented in the EMCEE Python package
(D. Foreman-Mackey et al. 2013). We used 100 walkers, with a
burn-in period of 1500 and 10 000 production steps, with conver-
gence checked using the Gelman-Rubin statistic (A. Gelman & D.
B. Rubin 1992).

The best-fitting model of the H « emission line is shown in the
centre panel of Fig. 4 and the residuals to the fit are in the right-
hand panel of the same figure. We find ypp = 43.8 £ 7.1 kms™!
and Kemis = 409.8 £ 5.7 kms™L.

2NLTT 5306 has a 7750 K white dwarf and shows H « emission, but this
originates from the white dwarf and not the substellar object (P. R. Steele
et al. 2013).
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Figure 4. Trailed spectra of the H emission line originating from the companion of the white dwarf in ZTFJ0218+0711. Left: original data, where
there is a time jump between spectra 6 and 7, middle: our best-fitting model to the data, right: the residuals of the fit. Colours are normalized flux density,

as shown by the colour bars.

As previously noted, the radial velocity of the emission line is
unlikely to track the true centre of mass of the companion star.
The relationship between the radial velocity semi-amplitude of
the emission line (Kemis) and the centre of mass radial velocity
semi-amplitude (Kpp) is given by (R. A. Wade & K. Horne 1988):

I<emis

Ko 1— f(1+q)Rep/a’ ®
where ¢ = Mpp/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 on the irradiated hemisphere (S. G. Parsons et al. 2012). In
the most extreme case (f = 1) the emission is assumed to entirely
originate at the point on the companion’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. Therefore, we can use this
emission feature to help constrain the stellar and binary parame-
ters, in combination with information from the light curve.

4.3 Light-curve analysis

The HIPERCAM light curves only cover the orbital phases around
the eclipse of the white dwarf, but show a very typical shape for
a detached white dwarf plus substellar object system (see Fig. 5).
The eclipse is extremely deep in all bands, indeed we were unable
to detect any flux from the companion during the eclipse in any
of the bands. We determined upper limits on the brightness of
the companion of i; > 24.0 and z; > 23.7, which correspond to
absolute magnitudes of M; > 17.8 and M, > 17.5 (based on the
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Gaia DR3 parallax), implying a spectral type later than L4 (R.
Kiman et al. 2019).

Interestingly, despite the 19 MG magnetic field of the white
dwarf and the short period, there are no clear signs of magnetism
in the light curves. Typically, even low levels of wind accretion
onto the white dwarf are sufficient to drive strong cyclotron emis-
sion that can significantly distort the shape of the eclipse in white
dwarf plus main-sequence star systems (e.g. A. J. Brown et al.
2023). Strong cyclotron emission is seen in magnetic white dwarf
plus brown dwarf binaries as well (G. D. Schmidt et al. 2005,
2007; E. Breedt et al. 2012; S. G. Parsons et al. 2021), although
it is unclear whether these systems are Roche lobe filling. In the
case of ZTFJ0218+0711 the companion is definitely not Roche
lobe filling. Moreover, the field strength of only 19 MG means
that the cyclotron fundamental will be far in the infrared (around
59 um) and we would require emission at the 6th harmonic or
higher to get optical cyclotron emission, which is unlikely at the
expected very low wind accretion rate in this system (U. Woelk &
K. Beuermann 1992), if there is any accretion at all. It is therefore
unsurprising that we do not see any strong cyclotron emission in
any of our data. This also means that we could model the eclipse
light curves assuming that all the light comes from the photo-
sphere of the white dwarf, significantly simplifying the model.

The shape of the eclipse is related to the radii of the two stars
and the orbital inclination. Moreover, the out-of-eclipse flux in
each of the bands is related to the temperature and surface gravity
of the white dwarf, plus the distance and reddening of the system.
However, there is not enough information in the light curves
alone to uniquely determine the values of all these parameters
simultaneously, because of well-known degeneracies between
them (S. G. Parsons et al. 2017a). While the additional informa-
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tion from the H @ emission line from the companion somewhat
helps, because we do not have a direct measurement of the centre
of mass radial velocity for either star, we cannot break these
degeneracies. We therefore needed to rely on some theoretical
relationships, in addition to the light curves, to constrain the
stellar and binary parameters.

We used a similar approach to A. J. Brown et al. (2022) to
determine the stellar and binary parameters. Model eclipse light
curves are generated using the LCURVE code (C. M. Copperwheat
et al. 2010). For a detached binary the main input parameters for
LCURVE are the mass ratio (g = Mpp/Mwp), the orbital inclina-
tion (i), the radii of the two stars scaled by the orbital separation
(Rwp/a and Rgp/a), the temperatures of the two stars (Twp and
Tgp), the orbital period (Pyy,), time of mid-eclipse (Ty) and limb
darkening parameters for both stars.

To break the degeneracy between the orbital inclination and
scaled radii of the two stars we forced the white dwarf to follow
the theoretical mass-radius relationship of A. Bédard et al. (2020)
for a C/O core white dwarf. In addition to this, we calculated the
white dwarf flux in each of the HIPERCAM bands following the
approach of A.J. Brown et al. (2022), which uses the tables from
A. Claret et al. (2020) to determine the emergent flux from the
white dwarf, which is then scaled based on distance and extinc-
tion. These model fluxes are then compared to the observed out-
of-eclipse flux in the HIPERCAM light curves. This approach al-
lowed us to constrain the temperature of the white dwarf from the
light curves (albeit based on non-magnetic DA white dwarf mod-
els) and gave an additional constraint on the surface gravity of
the white dwarf. For the temperature and magnetic field strength
of this white dwarf the difference between magnetic and non-
magnetic models is a few hundredths of a magnitude (F. Hardy, P.
Dufour & S. Jordan 2023), comparable to the uncertainty on the
measurements and therefore we expect this to have a negligible
effect on the fit.

Our full fit therefore combined LCURVE model fits to the eclipse
profile and white dwarf model fits to the out-of-eclipse fluxes (ef-
fectively a spectral energy distribution fit). For a more complete
description of this method, see A. J. Brown et al. (2022). The
final input parameters for the fit were Mwp, Mgp, Rep, Twp, i,
To, the parallax (e, from which the distance was calculated) and
reddening (E(B — V'), from which the extinction in each band
was calculated). From these input parameters, plus Kepler’s third
law and the white dwarf mass-radius relationship from A. Bédard
et al. (2020) we calculated all of the required LCURVE inputs.
Since the companion is not detected in any of the light curves the
data are insensitive to the values of Tpp and the limb darkening
for the companion, so these were fixed at 1000K and a linear
limb darkening coefficient of 0.5 (these choices have no impact
on the final results). Since our HIPERCAM observations only
covered one eclipse we fixed Py, to the value found from the ZTF
light curve. We determined the limb darkening coefficients for
the white dwarf by interpolating the tables from A. Claret et al.
(2020), using the four-term law.

For the fit we placed a Gaussian prior on the parallax, based
on the Gaia DR3 value (Gaia Collaboration 2023) and a uniform
prior on the reddening (between 0 and 0.01) based on the STIL-
ISM reddening map (L. Capitanio et al. 2017). Additionally, for
each model generated during the fit we also calculated the value
of Kemis via equation (3) and Kepler’s third law:

PK3 Myp sin® i
orbApp _ ‘WD (4)

21 G 1+4q2°
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Figure 6. SED fit of the white dwarf in ZTFJ0218+0711, based on the
fit to the GTC+HIiPERCAM eclipse light curves. The black points are
effectively the out-of-eclipse fluxes in the HIPERCAM uy, gs, 75, is and zg
bands. A (non-magnetic) model white dwarf spectrum is shown, based
on the best-fitting parameters. The red points show the model fluxes in
the HIPERCAM bands. Residuals to the fit are shown in the lower panel
(in standard deviations).

and placed a Gaussian prior on this value based on the measured
value and uncertainty from the X-shooter spectra. This ensured
that our light-curve fit was also consistent with the spectroscopic
results and also helped to constrain the masses, inclination and
the size of the companion. However, in order to calculate Kgpis
we needed to assume a value of f in equation (3). Typically, for
irradiation-driven H « emission in white dwarf binaries a value
of f =0.51is assumed (e.g. S. G. Parsons et al. 2017a). However,
since it is unclear exactly how the H« emission is generated in
this system it is not obvious that this is the correct choice. Never-
theless, in the absence of any additional constraints we decided
to fix f = 0.5 for our fit (there is not enough information in the
data to allow this value to be free). We also repeated our fit with
the two extreme values of f =0 and f = 1, to see what impact
this had on the final parameters.

The fit was performed using the MCMC method, where the
goodness of fit was determined from a combination of the fit
to the five HIPERCAM lightcurves and the out-of-eclipse flux
measurements (see section 2.6 of A. J. Brown et al. 2022 for
a more detailed explanation). We used 100 walkers and 20 000
steps, with the first 2000 discarded as burn-in. The best-fitting
light-curve models are shown in Fig. 5, the SED fit is shown in Fig.
6 and the posterior probability distributions of the parameters are
shown in Fig. 7. The best-fitting values and their uncertainties
are also listed in Table 2, based on the median and 16th and 84th
percentiles of the probability distributions.

The fit revealed that the white dwarf has a fairly typical mass
for an isolated white dwarf (0.69 £0.01 My), but somewhat
above average for white dwarfs in post-common envelope bina-
ries (A. Rebassa-Mansergas et al. 2011). With an effective tem-
perature of only 8500K this is the coolest white dwarf with an
eclipsing substellar companion, with the exception of the transit-
ing planet around WD 1856+534 (A. Vanderburg et al. 2020). The
fit also confirms that the companion is indeed substellar, with a
mass of only 0.036 + 0.005 Mg, (37 & 5 Myyp). Thisis a little lower
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than the typical mass of around 50 My, seen in many white dwarf
plus brown dwarf binaries, but systems are known with lower
mass companions (e.g. S. G. Parsons et al. 2025). The brown dwarf
is also relatively far from filling its Roche lobe, with a fill factor of
only 0.78.

We re-ran the fit twice, changing the f factor in equation (3)
to 0 and 1 to determine the effect that this has on our final
results. Many parameters are unaffected by the choice of this
value or vary by an amount smaller than the uncertainties quoted
in Table 2. Decreasing the value to f =0 (i.e. assuming that
the Ho emission line traces the centre of mass of the brown
dwarf) had the largest effect, decreasing the white dwarf mass
to 0.630 My, while the mass of the brown dwarf increases to
0.045Mg (47 Myyp). Increasing the value to f =1 (i.e. assum-
ing that the Ho emission line only arises from the point on
the brown dwarf closest to the white dwarf) had a marginal
effect, with the mass of the white dwarf slightly increasing to
0.695 M, and the mass of the brown dwarf decreasing slightly to
0.030 Mg (31 Myyp). The true masses therefore sit somewhere be-
tween these extremes, but in the following discussions we adopt
the values from the f = 0.5 fit shown in Table 2, although we note
that our conclusions remain the same, regardless of what values
are chosen for the masses of the two objects.

5 DISCUSSION

5.1 A thick disc star?

We analysed the kinematics of ZTFJ0218+40711 to attempt to
identify which Galactic population it belongs to. The relatively
large proper motion and systemic velocity (ysp) makes it stand
out as a potential member of an older Galactic population, which
can place useful constraints on the total age of the system. We
calculated the space velocity of ZTF J0218+0711 relative to the
Sun using the Gaia DR3 coordinates and proper motion compo-
nents, the geometric distance from C. A. L. Bailer-Jones et al.
(2021) and the systemic velocity measured from the X-shooter
data. We used ASTROPY (Astropy Collaboration 2013, 2018, 2022)
for these calculations. A right-handed Galactocentric frame is
assumed, with a solar position of x, = (—8.12, 0.00, 0.02) kpc,
and solar velocity of vy = (12.9, 245.6, 7.8) kms~! (M. J. Reid &
A. Brunthaler 2004; R. Drimmel & E. Poggio 2018; GRAVITY
Collaboration 2019). We calculated space velocity components for
ZTFJ021840711 of vy = —6.1£5.7 kms™!, vg = —39.4 £6.7
kms™! and v, = —65.3 & 7.3 kms~!. While these values are not
extremely unusual, the large v, component is noteworthy, as it
is quite inconsistent with a thin disc star. Indeed, following the
approach of T. Bensby, S. Feltzing & 1. Lundstrém (2003) we find
that these space velocity components imply that ZTF J0218+0711
is a high probability member of the Galactic thick disc.

To investigate this further, we integrated the Galactic orbit of
ZTF J0218+4-0711 using the GALA package (A. M. Price-Whelan
2017), using a standard Milky Way potential model. We found
that the system is on a relatively circular orbit around the Galaxy
(e = 0.09) but reaches a significant distance above the Galactic
plane (Zmax = 1.2kpc), much larger than the ~0.25kpc scale
height of the thin disc (J. Imig et al. 2025). While a metallic-
ity measurement from the brown dwarf component would help
confirm this, we nevertheless conclude that ZTF J0218+0711 is
highly likely to be a thick disc star.
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Figure 7. Posterior probability distributions for model parameters obtained through fitting the GTC+HiPERCAM light curves of ZTF J0218+-0711.

5.2 An over-inflated brown dwarf?

Thanks to the additional constraint provided by the H o emission
line, we were able to simultaneously measure both the mass and
radius of the brown dwarf from the light curve, allowing us to
compare the measured radius to theoretical models. This is de-
pendent on the white dwarf following a standard mass-radius
relationship. However, as previously noted, we expect the effects
of the white dwarf’s magnetic field to have a negligible impact
on its measured parameters (F. Hardy et al. 2023), and measured
white dwarf parameters show good agreement with theoretical
models (S. G. Parsons et al. 2017a). We show the measured brown
dwarf parameters in Fig. 8, compared to other transiting brown

dwarfs and evolutionary models.

As a member of the Galactic thick disc it is likely that
ZTF J0218+4-0711 is roughly 10 Gyr old (see Section 5.3 for a more
detailed discussion of the total age of the system). For this age
and the measured mass of the brown dwarf, we would expect a
radius of roughly 0.83 Ry,p. Our measured radius of 0.90 Ry, is
therefore 8 per cent larger than expected and is more consistent
with a roughly 2 Gyr old object. Over-inflation is often seen for
brown dwarfs, both in binaries with white dwarfs (S. L. Casewell
et al. 2020; R. C. Amaro et al. 2023; S. L. Casewell et al. 2024,
J. R. French et al. 2024; S. G. Parsons et al. 2025, e.g.) as well
as main-sequence stars (e.g. R. J. Siverd et al. 2012; J. S. Acton
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Table 2. Stellar and binary parameters for ZTF J0218+0711. Kep;s is the
radial velocity semi-amplitude of the H o emission line from the brown
dwarf, not the centre of mass velocity of the brown dwarf. The white
dwarf is forced to follow the mass-radius relationship of A. Bédard et al.
(2020). RLFF is the volume-average Roche lobe fill factor.

Parameter Unit Value

From Gaia DR3 (Gaia Collaboration 2023):

RA h 02:18:04.16
Dec. deg +07:11:52.93
[ mas 5.87 £0.32
Ly COSS mas yr~! 10.140.3

s mas yr—! —76.240.3
G mag 19.266 £ 0.005
Ggp — Grp mag 0.421 +0.074
From C. A. L. Bailer-Jones et al. (2021):

D pc 17217
From ZTF light curves:

Porp d 0.070 969 585 59(50)
From X-shooter spectra:

Kemis kms™! 409.8 +5.7
¥BD kms™! 438+ 7.1
Bwp MG ~19
From HiPERCAM eclipse light curves:

To BMIJD(TDB) 60205.211 056 04(57)
i deg 85.3+0.3
Mwp Mo 0.688 £0.014
Tefr, wp K 8510 & 130
Mgp Mo 0.036 £ 0.005
Rpp Ro 0.093 £ 0.025
Derived:

a Ro 0.648 £ 0.005
WD log(g) cgs 8.141 + 0.021
Rwp Ro 0.0117 £ 0.0002
RLFF - 0.78 +£0.04

et al. 2021; J. Adams Redai et al. 2025), though the exact cause of
this is still unclear and many other brown dwarfs do have radii
consistent with theoretical models (e.g. J. A. Johnson et al. 2011;
S. G. Parsons et al. 2017b).

ZTFJ0218+0711 likely has a low metallicity, given that it is
a member of the thick disc. Low metallicity reduces the atmo-
spheric opacity, resulting in more efficient cooling and hence
smaller radii (M. S. Marley et al. 2021), therefore the likely low
metallicity makes the radius discrepancy worse, although the
effect of metallicity is minor at the mass of the brown dwarf in
ZTF J0218+0711 (see Fig. 8).

Brown dwarfs in close binaries with white dwarfs can be sub-
ject to intense irradiation from the much hotter white dwarf.
Irradiation can heat (or prevent the cooling of) brown dwarfs, po-
tentially causing them to appear over-inflated (T. D. Komacek &
A. N. Youdin 2017). Indeed, models that take irradiation into
account tend to show much better agreement with measurements
than models that do not (e.g. S. Mukherjee et al. 2025). How-
ever, in these models the irradiating source is usually a solar-
type star and it is still unclear exactly what effect the much
higher ultraviolet emission of white dwarfs has on the interiors
of brown dwarfs, since this light tends to be absorbed by the
higher layers of the brown dwarf’s atmosphere (J. D. Lothringer &
S. L. Casewell 2020). The white dwarf in ZTFJ0218+4-0711 has a
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temperature of only 8500 K (and a luminosity of just 0.0006 L),
hence we do not expect it to significantly irradiate the brown
dwarf at present. However, the white dwarf would have been
significantly hotter in the past and it has been suggested that the
cumulative effect of long term irradiation may eventually result
in over-inflation (by slowing down the contraction of the brown
dwarf), which may only become noticeable once the white dwarf
has already significantly cooled (J. R. French et al. 2024). While
this could potentially be the cause of the over-inflation of the
brown dwarf in ZTF J0218+0711, we note that the brown dwarf
in ZTF J0038+-2030 appears to have a radius consistent with mod-
els (J. Roestel et al. 2021) and the system hosts a similarly cool
white dwarf (Tei = 10900 K). So it is unclear if irradiation is the
cause of the over-inflation in ZTF J0218+-0711.

ZTF J0218+0711 may instead be over-inflated due to possess-
ing a thick cloud layer (A. Burrows, K. Heng & T. Nampaisarn
2011), although with the current data it is impossible to say
whether this is the case. Alternatively, the binary may once have
been a cataclysmic variable. If this is the case then the brown
dwarf could have originally been much more massive (potentially
even a stellar mass object) and driven out of thermal equilibrium.
Even after the system detaches the brown dwarf would still be
significantly over-inflated, since the thermal time-scale of brown
dwarfs is extremely long. We will now discuss the possibility of
this scenario and the evidence in favour of it.

5.3 A detached cataclysmic variable?

ZTF J0218+0711 appears to be consistent with the model of M. R.
Schreiber et al. (2023), in which the system was once a standard
non-magnetic period bounce CV, then the emergence of the mag-
netic field of the white dwarf pushed the two stars apart, creating
the detached system we see today. However, the alternative possi-
bility is that ZTF J0218+0711 is a pre-CV, that exited the common
envelope phase as a white dwarf plus brown dwarf binary and has
been evolving to shorter periods via gravitational wave radiation
ever since.

To test if we can rule out the pre-CV scenario we attempted to
reconstruct the past evolution of the system, including the com-
mon envelope phase, assuming that it is a pre-CV and following
the method of M. Zorotovic & M. Schreiber (2022). Initially we
placed no constraints on the total age of the system and used the
current system parameters to estimate the possible range of oy
(the common envelope efficiency parameter) that can reconstruct
the system. Typical values for o are found to be around 0.2-0.4
for white dwarfs with M dwarf and substellar companions (e.g. M.
Zorotovic et al. 2010; M. Zorotovic & M. Schreiber 2022), although
several white dwarf plus brown dwarf binaries appear to require
much larger values, or fine-tuned evolution (F. Lagos et al. 2021;
S. G. Parsons et al. 2025). We found that we could reconstruct the
evolution of ZTFJ0218+0711 for any value of « for both solar
and sub-solar metallicity. The ease with which we can reconstruct
the system as a pre-CV implies that ZTF J0218+0711 could well
be a pre-CV system. However, when we forced the total age of the
system to be consistent with the Galactic thick disc (~10 Gyr) we
were unable to reconstruct the evolution of the system regardless
of the value of acz. No model could reach such an old total age
while still creating a white dwarf with the observed mass and
temperature. This is because the current white dwarf parameters
imply a cooling age of only 1.1 & 0.6 Gyr (A. Bédard et al. 2020)
meaning that the progenitor lifetime needs to be close to 9 Gyr.
Hence, it would be a low mass star, which would create a much
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Figure 8. Observed masses and radii of transiting substellar objects with measured ages >1 Gyr (for references see S. G. Parsons et al. 2025 and references
therein and N. Vowell et al. 2025). White dwarf and sdB hosts are shown as small points, while main-sequence star hosts are shown as large points.
ZTF J0218+40711 is highlighted as a magenta star. Also shown are a number of different evolutionary tracks from M. S. Marley et al. (2021) for ages of 1,
2, and 10 Gyr, both for solar metallicity (solid lines) and [M/H] = —0.5 (dotted lines).

lower mass white dwarf than is observed, even assuming a per-
fectly efficient common envelope phase.

While the thick disc is an old Galactic population, there is an
observed spread of ages, with the youngest population around
6.6 Gyr old (J. Lian et al. 2025). However, even assuming a total
age of just 6.6 Gyr we still struggled to reconstruct the evolution
of the system, requiring it to have a very low common envelope
efficiency of oz < 0.02, which would make it an extreme outlier.
Assuming a more typical value of «cz = 0.2 we were unable to
create any system older than a total age of 4.5 Gyr, far younger
than even the youngest populations of the thick disc. Therefore,
if ZTFJ0218+0711 is confirmed to be a thick disc star then this
would mean that the system must be a detached CV, rather than
a pre-CV. If the system was a CV in the past then its current
parameters do not accurately reflect the original post-common
envelope stellar masses or the current cooling age of the white
dwarf. It is therefore possible that the true cooling age of the
white dwarf is far longer than the ~1 Gyr implied by its current
temperature, bringing the total age of the system into agreement
with the thick disc.

This scenario could also help explain the over-inflation of the
brown dwarf. In order to test this, we computed simulations of the
evolution of a detached CV using MESA (A. S. Jermyn et al. 2023,
version 24.03.1). A white dwarf with mass 0.688 M, was placed
in a binary with a 0.55Mg donor in an initial orbital period of
0.55 d and evolved until contact and into the cataclysmic variable
stage. During the CV stage, mass transfer rates were determined
using the prescription of H. Ritter (1988). Angular momentum
loss was included as described in C. Knigge et al. (2011); above
the gap magnetic wind braking was reduced from the prescription

of S. Rappaport et al. (1983) by a factor of 0.66. Below the gap,
a residual wind braking was simulated by including additional
angular momentum loss of 1.47 times the gravitational radiation
rate. As in C. Knigge et al. (2011) we accounted for the inflation
due to Roche distortion, and the known tendency of models to
underpredict the radii of main-sequence stars by adding starspots
to the surface of the donor, which inflated the radius of the donor
by ~10 percent. The resulting CV track closely resembles the
‘optimal’ track published in C. Knigge et al. (2011) and therefore
closely recreates the observed radii of CV donor stars (M. McAl-
lister et al. 2019). Once the donor reached a mass of 0.036 M, we
terminated mass transfer and followed the evolution of the donor
star.

Assuming that ZTF J0218+-0711 is a detached CV, we used the
current white dwarf temperature to estimate how long ago accre-
tion ceased. White dwarf temperatures in period bounce CVs are
typically 10-12 000 K (A. F. Pala et al. 2022). To reach the current
white dwarf temperature would therefore take 0.6-0.8 Gyr (A.
Bédard et al. 2020) after the cessation of mass transfer. After 0.6—
0.8 Gyr the detached donor has a radius of 0.092-0.094 Ry, - in
excellent agreement with the observed radius of the secondary in
ZTF J0218+4-0711. The predicted temperature of the donor star is
1100-1200 K, consistent with our non-detection during eclipse in
the z-band.

It is also worth noting that the system parameters (orbital pe-
riod, masses, white dwarf temperature and Roche lobe fill factor)
are remarkably consistent with the predictions of M. R. Schreiber
et al. (2023) for a detached period bouncer. ZTF J0218+0711 also
closely resembles the magnetic white dwarf plus brown dwarf
binary SMSSJ1606—1000 (A. Kawka et al. 2021), which is also
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a thick disc system and therefore poses the same challenge as
ZTF J0218+4-0711 to explain the relatively high white dwarf mass
and short cooling age with the large total age of a thick disc
system if it is a pre-CV. If the scenario of M. R. Schreiber et al.
(2023) is correct, then ZTFJ0218+4-0711 and SMSS J1606—1000
may represent the ultimate fate for the majority of CVs. However,
a dedicated search for similar systems is required to determine
whether a sufficient number exist to account for the significant
missing population of predicted period bounce CVs.

6 CONCLUSIONS

We have found that ZTF J0218+-0711 is an eclipsing binary con-
sisting of a magnetic white dwarf with a substellar companion
in a 102 min orbit. Follow-up high-speed HIPERCAM photome-
try and phase-resolved X-shooter spectroscopy and FORS2 spec-
tropolarimetry revealed that the white dwarf possesses a 19 MG
magnetic field and has a mass of 0.69 £+ 0.01 M and an effec-
tive temperature of 8510 + 130K, while the substellar compan-
ionis a 37 £ 5 My, slightly over-inflated brown dwarf. Analysis
of the Gaia kinematics implies that ZTF J0218+0711 is a high-
probability thick disc system. However, we were unable to re-
construct the evolution of the system assuming that it is a pre-
cataclysmic binary because the relatively short cooling age and
high white dwarf mass are at odds with the very long total lifetime
required for a thick disc star. We suggest instead that the binary
used to be a cataclysmic variable, but became detached as a result
of the late emergence of the magnetic field of the white dwarf
after the system had already become a period bouncer. This sce-
nario can explain the apparent age discrepancy, since the current
temperature of the white dwarf does not accurately reflect its total
cooling age if it has spent time accreting from its companion.

It is possible that this evolutionary scenario is the final fate
for many, if not most, cataclysmic variables. However, confir-
mation of this requires the identification of a significant pop-
ulation of similar systems. At present only one other system,
SMSS J1606—1000, shares similar properties to ZTF J0218+0711
and so it remains unclear if the apparently missing population
of period bouncers could be hiding as detached magnetic white
dwarf plus brown dwarf binaries.
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