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White dwarfs, the extremely dense remnants left behind by most stars after their death, are
characterised by a mass comparable to that of the Sun compressed into the size of an Earth-
like planet. In the resulting strong gravity, heavy elements sink toward the centre and the
upper layer of the atmosphere contains only the lightest element present, usually hydrogen or

helium™2, Several mechanisms compete with gravitational settling to change a white dwarf’s



surface composition as it cools®, and the fraction of white dwarfs with helium atmospheres
is known to increase by a factor ~ 2.5 below a temperature of about 30,000 K*%; therefore,
some white dwarfs that appear to have hydrogen-dominated atmospheres above 30,000 K
are bound to transition to be helium-dominated as they cool below it. Here we report obser-
vations of ZTF J203349.8+322901.1, a transitioning white dwarf with two faces: one side of
its atmosphere is dominated by hydrogen and the other one by helium. This peculiar nature
is likely caused by the presence of a small magnetic field, which creates an inhomogeneity
in temperature, pressure or mixing strength over the surface’!, ZTF J203349.8+322901.1
might be the most extreme member of a class of magnetic, transitioning white dwarfs — to-
gether with GD 323'%, a white dwarf that shows similar but much more subtle variations.
This new class could help shed light on the physical mechanisms behind white dwarf spectral

evolution.

The white dwarf ZTF J203349.8+322901.1, which we nicknamed Janus after the two-faced
Roman god of transition, was found during a search for periodically variable white dwarfs with
the Zwicky Transient Facility!® (ZTF). Observations with the high-speed imaging photometer
CHIMERA™ on the Hale telescope and the quintuple-beam imager HIPERCAM on the Gran
Telescopio Canarias revealed a large amplitude sinusoidal light curve with a 14.97 minutes period
(see Fig. [T} Table [I] and Extended Data Fig. [T)). Next, we obtained phase-resolved spectroscopy
using the Low-Resolution Imaging Spectrometer (LRIS)'® on the Keck I Telescope (see Fig. .
The white dwarf’s spectrum transitions from showing only hydrogen lines at phase ~ 0 (the phase

of maximum brightness in the photometric light curve, Fig.[I)) to only helium lines at phase ~ 0.5



(minimum brightness).

These spectroscopic and photometric variations rule out the hypothesis of Janus being a bi-
nary system composed of a white dwarf with a hydrogen-dominated spectrum (usually called a DA
white dwarf) and one with a helium-dominated one (called DB). In fact, in order to explain Janus’
spectroscopic variability, the binary would have to be eclipsing and, at a 15-minute orbital period,
radial velocities would be apparent as Doppler shifts of the order of ~ 1, 000 km/s, corresponding
to wavelength shifts of 15 to 30 A, which are not detected in Janus’ spectra. Additionally, the light
curve is sinusoidal and does not show eclipses. Short-period sinusoidal modulations are observed
in pulsating white dwarfs; however, the simple change in temperature caused by pulsations cannot
explain the change in spectral composition observed in Janus. We therefore conclude that the white
dwarf is rotating with a period of 14.97 minutes and that the spectral and photometric changes are
caused by a variation in composition across the surface. Such short rotation periods are rare for
isolated white dwarfs (typical periods range from hours to days'”), and they are usually associated

with a merger origin because they are often observed in highly magnetised white dwarfs'®1°,

To constrain the white dwarf’s temperature, we obtained photometric measurements in the
near UV using the UVOT instrument“” on the Neil Gehrels Swift Observatory*'. The peak-to-peak
amplitude variation in the UV is more than twice that of the optical, 46 + 8%. We compared
the observed spectral energy distribution (SED) at maximum and minimum brightness (using the
HiPERCAM and Swift data) to synthetic atmosphere models (see the Methods section). For phase

0, we used pure-hydrogen atmosphere models, while for phase 0.5 we tried several models with



hydrogen to helium mass ratio ranging from 107" to 10~ (a higher hydrogen content would
result in a detectable Ha line in the spectrum), but we found that the composition did not affect
the SED fitting at these values. The best fitting models are shown in Fig. [3| while the properties
obtained from the fit are listed in Table We compared the radius and temperature obtained
with white dwarf cooling models®2* to infer the mass of the white dwarf; depending on the core
composition, we infer a mass between 1.2 and 1.27 solar masses. While we obtain a temperature of
about ~ 35,000 K for both faces, the absorption lines in the spectra are very weak, as are usually
observed in white dwarfs with a much higher surface temperature, close to 50,000 K. At such a
high temperature, we would expect a steeper SED and a strong He II absorption line at 4,685 A,
which is absent in Janus’ spectrum at phase 0.5. We therefore conclude that the temperature of the
white dwarf is close to what we infer from the SED and that the lines are weakened by some other
mechanism. As we explain below, the peculiar double-faced nature of the Janus might be due to
the presence of a magnetic field on its surface, which could also weaken the absorption lines. In
fact, disagreement between temperatures derived from photometry and from spectroscopy is very

22,123

common in magnetic white dwarfs , although such an effect remains to be demonstrated at the

temperature and field strength of Janus.

The temperature of Janus, ~ 35,000 K, places it at the red edge of the “DB gap”, a range
of temperatures in which the observed incidence of DB white dwarfs is about 2.5 times smaller
compared to DAs than at neighbouring temperatures*>” (see Fig. ). Because of the paucity
of DBs in the gap, some hot and young white dwarfs with helium-rich atmospheres are bound to

transition into DAs as they cool below ~ 50, 000 K. The current explanation for this transition is the



upward diffusion of a very thin layer of hydrogen under the influence of gravitational settling. The
reappearance of DBs below the cool end of the gap is interpreted as the consequence of the dilution
of the hydrogen layer by the growing convection zone in the underlying helium envelope, provided
that the surface hydrogen layer is thin enough (between 10717 and 10714 solar masses*®2%), The
temperature at which this second transition occurs likely depends on the mass of the white dwarf
(with higher masses transitioning at higher temperatures) and on the thickness of the hydrogen
layer, so instead of a sharp edge, the red end of the DB gap looks like a smooth transition between

35,000 and 25,000 K=,

Janus could be currently undergoing the second transition at the cool edge of the DB gap.
If a small magnetic field is present on the surface of the white dwarf, it would be enough to
inhibit convective mixing on part of the white dwarf’s surface. In this case, the hydrogen-rich
(bright) face of the white dwarf would correspond to the region where the field is strong enough
to impede convection, so that the hydrogen layer is preserved. The helium-dominated face, on the
other hand, would be where the magnetic field is weaker, and convection strong enough to corrode
the thin hydrogen layer. A simple estimate for the minimum magnetic field needed to inhibit
convection can be obtained by imposing the magnetic field pressure to equal the gas pressure at
an optical depth of about 1; we find that a field of a few tens of kiloGauss (kG) would be enough
to stop convection (see Methods). The absorption lines do not show any Zeeman splitting or
wavelength shifts, so we know that the magnetic field on either face cannot be higher than a few
MG. Alternatively, since the onset of convection due to neutral helium is extremely sensitive to the

effective temperature®’, if the magnetic field induced a small difference in temperature between



the two faces, it would be enough to explain the difference in composition: on the hot side, the
mixing region is not yet extended into the hydrogen layer and we still see hydrogen, while at the

colder side mixing has already diluted the hydrogen and we see only helium.

Even in the absence of convection, the presence of a small magnetic field on the surface of
the star may be able to explain the double-faced nature of Janus. If we assume the magnetic field
to be stronger on one side (as could be the case for an offset dipole structure and is witnessed
for example in the white dwarf G183-35%%), the magnetic pressure in the atmosphere would be
higher at the pole than on the rest of the surface. As a consequence, the gas pressure and density
at the same gravitational potential surface (i.e. at the same radius within the white dwarf) would
be lower at the pole, and the ion pressure gradient would cause ions with low mass-to-charge
ratio, in this case hydrogen, to diffuse toward the low-pressure region at the pole (see Extended
Data Figures @ and . If the hydrogen content is low enough, below ~ 1071* solar masses, the
hydrogen accumulated at the poles would cover only part of the stellar surface, forming a hydrogen

ocean.

In all these scenarios, the small hydrogen content and surface temperature characterise Janus
as a white dwarf currently transitioning out of the DB Gap. As it will cool to lower temperatures,
the much stronger convection will succeed in overcoming the magnetic field and destroying the
hydrogen layer, transforming the white dwarf into a normal DB. Spectral variations, although not
as extreme as in Janus, have been observed in another white dwarf, GD 323, which is also close

to the red edge of the DB Gap® and whose spectrum shows hydrogen and helium absorption



features that appear weak for its temperature. GD 323 also exhibits quasi-periodic variations in
both hydrogen and helium absorption lines, and the strength of the hydrogen and helium lines is
anticorrelated'®. Janus might therefore not be an isolated case but rather the most striking member
of a new class of double-faced white dwarfs. If more are found with similar temperatures, it
will be a strong indication that their behaviour is connected to the rise in convective instabilities
in the helium layer, and therefore double-faced white dwarfs could be a magnetic sub-sample of
white dwarfs transitioning out of the DB gap. Thanks to current and future photometric surveys,
like ZTF and the upcoming Vera Rubin Observatory, as well as to the new all-sky spectroscopic
surveys (DESI, SDSS V, WEAVE), discovering such spectroscopically variable DB white dwarfs
will soon become easy. Finding and studying a class of transitioning objects will help shed light on

the still poorly understood physical mechanisms that underpin spectral evolution in white dwarfs.
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Figure 1: Janus HIPERCAM lightcurve. a) The five-colour HIPERCAM light curve of Janus

with filters, from top to bottom, wus, gs, 75, %5 and zs. The redder filters are progressively fainter

because the white dwarf is hot. Also, the amplitude of variation decreases toward the red from

22% peak-to-peak in us to 12% in z, (see Table[I]). The solid black lines show sinusoidal fits to the

light curves. (b) The binned HIPERCAM light curves phase-folded at a period of 14.97 minutes.

Phase zero corresponds to the peak of the light curve and the error bars indicate 1o errors.
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Figure 2: LRIS spectra. a) Phase-averaged spectrum of Janus; the blue vertical lines highlight
the position of the hydrogen Balmer lines, while the red ones indicate the absorption lines of
neutral helium. b) Phase-resolved and phase-binned spectra, normalised and shifted vertically for
clarity. The numbers on the right indicate the centre of each phase bin. Phase 0 corresponds to the
maximum in the light curve (Fig.[I)). Helium lines are absent near phase 0 while hydrogen lines
are absent near phase 0.5, indicating the varying composition across the surface of the star. The

transition is best revealed by the helium line at 3888 A and the hydrogen Hj3 line at 4,861 A.
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Figure 3: SED fitting of the two faces. The plots show the simultaneous fitting of the SED
on phase 0 and phase 0.5 with hydrogen- and helium-dominated atmospheres models. a): The
blue error bars show the AB magnitude of Janus at the maximum of the light curve (phase 0) in
Swift UV'W 2 filter and in the HIPERCAM filters, while the green error bars show the minimum
(phase 0.5). The black lines show the best-fitting atmosphere models for phase O (hydrogen model,
dashed line) and for phase 0.5 (helium model, solid line), and the red dots show the corresponding
synthetic magnitudes in the different filters. Although the observed magnitudes in both phases are
shown with their error bar in absolute calibration, the fitting was performed by fixing the relative
amplitudes between phases in each filter with their errors as listed in Table |1| (see Methods). b):
Corner plot for the fitting procedure. We simultaneously fit the SED data on the two faces allowing
different temperatures (7/.g; for phase 0 and 7.4 for phase 0.5) but assuming the same radius,

interstellar extinction and distance (Table EP
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Table 1: SED fitting parameters. We list the input data (first two rows) and results (last two
rows) of the fit shown in Fig. For each filter, we list the AB magnitude at phase O (upper
value) and the difference in magnitude between phase 0 and phase 0.5 obtained by fitting the light
curve with a sinusoid as in Fig. [T] and Extended Data Fig. 2] (lower value). We fit for both the
interstellar extinction and parallax by imposing a prior from a dust map and from the Gaia eDR3

value respectively (see Methods), and we here list both the priors and the fitting results.

UVOT-UVW2 HiPERCAM—u HiPERCAM—g; HiPERCAM—r,
18.60 = 0.08 19.40 +0.05 19.83 £ 0.05 20.18 £ 0.05
0.46 £ 0.08 0.22 +£0.01 0.185 £ 0.004 0.160 £ 0.004

HiPERCAM—i, HiPERCAM —z, E(B — V)—prior

Parallax [mas] — prior

20.59 £ 0.05 20.98 +0.05
0.03 £ 0.01 2504
0.143 £ 0.008 0.12£0.02
Ter [K] — H face Ter [K] — He face Radius [km] E(B - V)-fit

34,9007 1200

36, 7007 "¢0 3,400179%

0.037+3908

Parallax [mas| — fit

2.5104

Mass — CO core [M]

©

1.27 £ 0.06 1.21 £ 0.06

Mass — ONe core [M]
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Figure 4: Gaia colour-magnitude diagram. Gaia colour-magnitude diagram showing the loca-
tion of Janus below the main white dwarf track (magenta star). The x-axis depicts the difference
between the Gaia Bp and Rp bands, and the y-axis the absolute magnitude in the G filter. White
dwarfs that are within 200 pc from Earth and that have a spectral classification in the Montreal
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cooling tracks for white dwarfs with masses, from top to bottom, 0.6, 0.8, 1.0, 1.2 and 1.3 Mg;
the atmosphere is assumed to be helium-dominated® and the interior composition to be carbon-
oxygen® for M < 1.1 M, and oxygen-neon?® for M > 1.1 M. The shaded area indicates the
range ~ 50,000 — 30, 000 K according to the same models, which is the location of the DB Gap.
Reddening corrections were applied only to Janus. 1o error bars are shown for Janus, and are

omitted for the background dots for clarity.
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Methods

Period Detection Janus was found during a search for periodic variability on and around the white
dwarf cooling track with ZTR!#3#3% which has already yielded several results, including finding

numerous double white dwarf binaries-2°

and an extremely massive and magnetic white dwarf
which is most likely the result of a white-dwarf merger’® . The targets were selected using Pan-
STARRS (PS1) source catalogue*’, cross-matched with a white dwarf catalogue*!, after imposing
a photometric colour selection of (¢ — r) < 0.2 mag and (r — ¢) < 0.2 mag. As the sensitivity of
period finding depends strongly on the number of samples in the lightcurve, we limited the search
to those targets for which 50 or more photometric 50 detections are available in the ZTF archival
data. In order to maximise the number of epochs for each lightcurve, we combined data from
multiple filters by computing the median magnitude in each filter, and shifting the g- and i-band so
that their median magnitude matched the r-band data. We used a graphics processing unit (GPU)
implementation of the conditional entropy period finding algorithm**. We cross-matched our can-
didates with the Gaia DR2 catalogue*® and visually inspected the lightcurves of those objects that
lie below the main white dwarf cooling track in the Gaia colour-magnitude diagram. Janus stood

out because of the high-significance detection of its short period and its blue and faint location in

the colour-magnitude diagram (see Fig. ).

Keck LRIS observation We obtained the Keck LRIS spectra using the 600/4000 grism on the
blue arm and the 600/7500 grating on the red arm. We used the 4 x 4 binning on the blue channel
and the 2 X 2 on the red channel to reduce both readout noise and readout time. We reduced the

Keck LRIS observations using a publicly available LPIPE automated data reduction pipeline**.
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Extended Data Figure 1: Janus ZTF and CHIMERA light curve The left panels show the binned
CHIMERA light curve phase-folded at a period of 14.97 minutes in the ¢’-band (a) and in the 7’'-
band (b). The flux has been normalised to the maximum of the light curve in each band. The
amplitude of the photometric variation is about 15% peak-to-trough in both bands. The right
panels show the similarly normalised ZTF discovery light curve in the ZTF g-band (¢) and »—band

(d). The error bars indicate 1o errors.
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HiPERCAM observation The HIPERCAM data were obtained on two nights, Sep 6th and Sep
9th 2021, for a total of 2.1 hours. Both nights were affected by Sahara dust, which made obtaining
an absolute flux calibration more challenging. We reduced the HIPERCAM data using the publicly
available pipeline'®. The pipeline performed aperture photometry with a dynamic full-width-half-
maximum, with variable aperture size equal to 1.7x the FWHM. We used 20 s exposures in ug, and
10 s exposures in gs, 75, i, and 25, and applied fringe map corrections the 2z, band. The charge cou-
pled devices (CCDs) were operated with conventional amplifiers using frame-transfer to effectively
eliminate readout overheads. The extinction coefficients were derived using different observations
during the night that spanned a large range in airmass. As the extinction was variable during both
nights, we estimated our error in flux calibration from the range of extinction parameters obtained.
The light curve is shown in Fig.|l{and the calibrated maxima and amplitude variation for each filter

are listed in Table

Swift UVOT observation The 5,459 s Swift observation (TOO proposal number 15866, target
ID 14382, observation IDs 00014382001 and 00014355002) was equally divided in the UVOT
filters UVW1, UVM2 and UVW2. We computed an average apparent magnitude of Janus in each
filter using the uvotsource tool and a 5 arcsecond aperture centered on the source. The values
obtained are listed in Extended Data Table 2 We also requested a 5,388 s observation in event
mode to obtain a light curve in the UVW?2 filter (TOO proposal number 17021, target ID 14382,
observation ID 00014382004), which is shown in Extended Data Fig. 2] We find the same average
magnitude as in the previous observation (18.83 + 0.08) and a peak-to-peak variation of 46 + 8%

(see also Table ).
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Extended Data Table 1: Janus parameters The ephemeris 7(, Barycentric Modified Julian Date

in barycentric dynamical time (BMJDrpp), corresponds to a maximum in the lightcurve.

Gaia ID Parallax [mas] Ura [mas/yr]  ppgc [mas/yr]
1863529616173400576 2.454+0.44 3.5+04 —70+04
TO [BMJDTDB} P [S]

59401.34710 £ 0.00003  898.023233 =+ 0.000016

18.6 1

18.7 1

18.8 A

18.9 1

19.0 A

Swift-UVW2 AB magnitude

19.1 A

19.2 A

0.00 0.25 050 0.75 1.00 1.25 150 1.75 2.00
Phase

Extended Data Figure 2: Janus Swift UVOT light curve The plot shows the binned Swift UVOT
light curve phase-folded at a period of 14.97 minutes in the UVW2 filter, the red solid line shows

a sinusoidal fit with a peak-to-peak amplitude of 46 4+ 8%. The error bars indicate 1o errors.
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Extended Data Table 2: Additional photometric data for Janus. The values for the HHPERCAM

and for the event-mode Swift observation (ID 00014382004) are given in Table

PS1—yg PS1—r PS1—: PS1—=z

19.87 + 0.03 20.22 £0.03 20.61 £0.02 20.89 £0.10

uvoT-uvw2 UVOT-UVM2 UVOT-UVWW1

18.83 £ 0.08 19.00 £ 0.08 19.11 £ 0.08

22



Photometric Fitting To determine the radius and effective temperature of Janus, we made use
of the available Pan-STARRS*” photometry and the Gaia*“® parallax. In addition, we obtained
Swift*' UVOT? photometry (see previous section). The photometric data used in the fitting is listed
in Extended Data Table [2| In order to estimate the temperature, radius, and reddening, we fitted
the photometric data with the white dwarf 1-D model DA (hydrogen dominated) atmospheres of
ref*” and with the 1-D model DB (helium dominated) atmospheres of ref**. In order to account for
extinction, we applied reddening corrections to the synthetic spectra using the Cardelli et al. 1989+
extinction curves, available at https://www.stsci.edu/. From the corrected models, we
computed synthetic photometry using the pyphot package

(https://mfouesneau.github.io/docs/pyphot/).

For the fit, we used a Levenberg-Marquardt algorithm, and the free parameters were the
effective temperature 7.4 and radius R, of the white dwarf as well as the interstellar reddening
E(B — V). For the reddening, we imposed a prior, based on the dust map by Green et al.*?, of
E(B—V) =0.034£0.02. The best fits for the hydrogen and helium models are shown in Extended
Data Fig. |3 In the fits, we assumed the nominal value of the Gaia parallax for the distance. The
values obtained are Toq = 28,0004 3,000 K, R, = 4,100+ 900 km and E(B —V') = 0.03+0.02
for the hydrogen model and T, = 36,000 + 4,000 K, R, = 3,600 + 800 km and E(B — V) =

0.03 £ 0.02 for the helium model.

The SED changes with phase, as we can see from the HIPERCAM and Swift data (Fig.s []]
and [2). Furthermore, the shape of the SED in the optical of a hydrogen-dominated white dwarf

is quite different from a helium-dominated one at the same temperature. We therefore decided
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Extended Data Figure 3: Photometric fit. The black solid line shows the best-fitting model spec-
trum, fitted to Pan-STARRS and Swift photometry to determine 7., R, and E(B — V). The
synthetic photometric values (obtained from the black line) are shown in red, while the Swift val-

ues are shown in green and the Pan-STARRS values in blue. Left: hydrogen atmosphere model;

right: helium atmosphere model.
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to simultaneously fit the SEDs of the brightest and the dimmest phases separately, employing the
light curves obtained with HIPERCAM and Swift UVOT UVW?2. For the bright side (phase 0),
we used the hydrogen models grid*?, while for the dimmest phase (phase 0.5) we used the helium
models*”, trying several hydrogen-to-helium mass ratios ranging from 10~*° (pure helium) to 10~3
(a higher hydrogen content would cause hydrogen absorption features to appear in the spectrum at
phase 0.5). We found that there was not an appreciable change in the fit by changing the hydrogen
content in the DB models in the range considered, so we report only the fit with pure helium
atmospheres for phase 0.5. We used a Levenberg-Marquardt algorithm and the input data is listed
in Table |1} the HIPERCAM and Swift UVW?2 magnitudes at the brightest phase, the difference in
magnitude in each filter from the brightest phase to the dimmest phase and a prior on reddening
and distance that come from a dust map*? and from the Gaia eDR3 parallax measurement*. The
free parameters were the effective temperatures of the two faces and the radius of the white dwarf

as well as the interstellar reddening and distance. The results from the fit are also listed in Table [}

To estimate the mass of the white dwarf, we compared the radius and temperatures obtained
with white dwarf cooling models by interpolating publicly available tables®**. The models by
Bedard et al 8 assume a carbon-oxygen core composition, and, at a radius of 3,400 75 km predict
a mass of 1.27 = 0.06 M, for a DA white dwarf with T, = 34, 900ﬂ§88 K, and a mass of
~ 1.26 £ 0.06 M, for a DB white dwarf with a temperature 7. = 36, 7002;288 K. For oxygen-
neon core composition, we used the models by Camisassa et al.**, and we obtained a mass of
~ 1.21 £ 0.05 M, for a DA white dwarf with To¢ = 34,9007 20 K, and a mass of ~ 1.21 4 0.06

Mg, for a DB white dwarf with a temperature 7.4 = 36, 7003:288.
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Magnetic field strength Magnetic fields can be detected in the spectra of white dwarfs because of
Zeeman splitting. At field strengths between about 1 and 5 MG, in the linear Zeeman regime, an ab-
sorption line is split into an unshifted central component, a redshifted component and a blueshifted
component, and the separation in energy between the components varies linearly with the field
strength®!. At higher magnetic fields, the central component is also blueshifted. For a white dwarf
with lines as broad and weak as Janus, the Zeeman splitting is unresolvable below ~ 1 MG for
most magnetic field geometries. Depending on the geometry of the field, Zeeman splitting can be
unresolved at higher fields as well, as is observed in WD J0103-0522°%. WD J0103-0522 is an
ultra-massive white dwarf with strongly diluted Balmer lines that does not show any Zeeman split-
ting in the spectrum; the Balmer lines, however, are blueshifted, possibly indicating a magnetic
field of the order of 5 MG (although alternative explanations have been proposed »%). As Janus
does not show any obvious splitting nor shifts in the hydrogen or helium lines in its spectrum, we

can infer that, if a magnetic field is present, it has to be weaker than a few MG.

White Dwarf Models The double-faced nature of Janus is intriguing, especially because the tem-
perature of the white dwarf might imply a connection between its behaviour and the spectral tran-
sition between DA and DB white dwarfs. In the main text, we presented some models that could
explain the spectroscopic and photometric variability of the white dwarf; we here analyse in more
detail the constraints and shortcomings of each model, as well as present other possibilities that we

consider less likely.

The dilution model. At a temperature of about 35,000 K, the convective instabilities in the helium

layer are quite marginal and limited to a very small depth range; a small change in pressure due

26



to the presence of a magnetic field can easily suppress convection and lead to a fully radiative
structure. This is unlike cooler white dwarfs where the adiabatic gradient is significantly smaller
than the radiative gradient, therefore making it essentially impossible to completely kill convective
instabilities. The spectrum of Janus does not show any Zeeman splitting or wavelength shift,
and therefore we can infer that the magnetic field, if present, has to be lower than a few MG. A
careful calculation of the field needed to stop convection with a realistic magnetic field structure
in a stratified atmosphere would require MHD simulations that are beyond the scope of this paper.
However, we can get an estimate of the minimum field strength needed to suppress convection by
assuming that the magnetic pressure equals the gas pressure (8 = Pyas/Pmag = 1) at an optical
depth of about one, which would be enough to make hydrogen float back to the surface. In a
nearly pure helium atmosphere*® (H/He= 10~'7), the gas pressure at 7z ~ 1 is of the order Pyas =
107 erg cm™3, which would imply a magnetic field B ~ 16 kG. Of course, this is just a ballpark
estimate and the threshold magnetic field could easily be an order of magnitude higher, assuming
that upward overshoot plumes can still mix the photosphere through convective dilution at 5 ~
0.01. In order to explain the double-faced nature of Janus, the magnetic field on the surface would

have to be greater than this value on the hydrogen side and lower on the helium side.

In this dilution model, the thickness of the hydrogen layer is also constrained. From the
phase-resolved spectroscopy, we know that a large fraction of one face is covered by optically
thick hydrogen, because we do not see absorption lines from any other element, and this means
that the hydrogen content must be of the order of 10717 M, or larger (assuming a log g of 9 and a

temperature of ~ 30,000 K). On the other hand, we do not see hydrogen on the mixed side. Given
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the size of the helium convection zone?’ and assuming two pressure scale heights of convective
overshoot as well as a surface composition of H/He = 1072, the hydrogen content should not
exceed ~ 107!° M. Otherwise, even when diluted, hydrogen would still show in the spectrum
on the helium side. Thus, in this scenario, both the amount of hydrogen and the magnetic field
strength have to be somewhat fine-tuned, and Janus would have to be a rather rare type of white
dwarf. Since the white dwarf is quite distant, at more than 400 pc from Earth, this is not a problem

per se, but it would be hard to justify if more objects of the same type were to be found.

The ocean model. Another possibility that we mentioned in the main text is the fact that hy-
drogen might diffuse toward a higher-field region. In order to test this hypothesis, we generated
white dwarf models using the MESA stellar evolution code™*. Beginning with MESA’s 1.259 M,
oxygen-neon white dwarf model, we stripped the hydrogen using remove_H_wind_mdot until
no hydrogen remained. We then turned on diffusion and gravitational settling and evolved the star
to a surface temperature of 31, 000 K. Figured]shows a pressure profile of the stellar atmosphere as
a function of external mass M,,;. We also plot the corresponding magnetic pressure (not included
in the MESA model) for a dipole field B = By(r/R)™* of strengths that range from By = 30 kG
for which the magnetic pressure Py, = B?/(87) equals the gas pressure at an optical depth of
~ 10, to By = 1 MG, which is close to the limit we get from the observed spectrum. In the MESA
model, the gas pressure reaches 107 erg cm™3 at an optical depth 7z ~ 3 instead of 7 ~ 1, as in
the atmospheric models employed above; this discrepancy is due to the fact that the photospheric

structure of the MESA model is only approximate.

If convection is prevented in the near-surface layers, then separation of hydrogen and helium
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Extended Data Figure 4: Pressure inside the white dwarf. The pressure from gas, magnetic field,

and convective motions as a function of depth within a white dwarf of 1.259 solar masses with a

ONe core and a pure helium atmosphere. The x-axis indicates the exterior mass (the photosphere

is on the right), and the right-hand y-axis indicates the optical depth. The shaded blue vertical strip

indicates an approximate plausible range of H masses, while the shaded green horizontal strip is a

plausible range of magnetic field pressure.
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Extended Data Figure 5: Scheme of the hydrogen diffusion scenario in the presence of a mag-
netic field. Hydrogen diffuses upwards (due to its low mass) and toward the magnetic pole (due
to the ion pressure gradient and its low charge). If there is sufficiently little hydrogen within the
white dwarf, it will only cover the photospheric layers near the magnetic pole, possibly explaining

the variable surface composition of Janus.

30



may occur via diffusion and gravitational settling. Consider hydrogen as a trace pollutant in a

helium atmosphere. Then the diffusion velocity of hydrogen relative to helium is >

. Vey Zy mpg Zy V Pion vT
=0 () ()T ]
Vit Cy ZHe " i kT * ZHe Pion - o T ( )

where ¢y = ng/(ng + ng.) is the concentration of hydrogen, pi., is the ion pressure, ar is the
thermal diffusion coefficient, and A and Z refer to the mass and charge of each species. Consider
the fully ionized case where Zy = 1, Zy. = 2, Ag = 1, and Ay, = 4. Then the second term
will cause hydrogen to rise upwards (against the direction of gravity), as we expect in a white
dwarf. The third term will cause hydrogen to diffuse against the ion pressure gradient, i.e., towards
regions of low ion pressure and hence low gas pressure. Hence, we expect hydrogen atoms to

diffuse towards the magnetic poles where the gas pressure is smaller.

Hydrogen could thus form an “ocean” at the surface of the white dwarf, with a deeper ocean
at the magnetic poles due to the diffusion described above (Fig. [3)). The lateral diffusion of hydro-
gen toward the magnetic pole will be efficient in layers where Py,ag 2 Peas such that there is a large
gas pressure gradient due to the magnetic field. An estimate for the upper limit to the amount of
hydrogen in Janus is the mass coordinate (Fig. [d) at which Py, ~ Pyas. For much larger hydrogen
masses, the ocean basin where Py,s S Pae Will “fill up” and the hydrogen ocean will cover the
entire photosphere. If the hydrogen mass is smaller than the mass contained within the final scale
height of the star, it will not be optically thick enough to create strong Balmer lines, setting an
approximate lower limit for the amount of hydrogen present. From the range of magnetic fields
considered, we obtain a range of hydrogen masses between ~ 10717 solar masses to ~ 10~ solar
masses (Fig. d). More detailed multi-dimensional diffusion models will be needed to test this sce-
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nario and provide more quantitative estimates of the magnetic field strength and hydrogen content

of white dwarfs like Janus.

DA+DB binary. Several white dwarfs that show hydrogen-dominated atmospheres and traces of
helium, originally classified as DAB, have been later identified as binaries containing a hydrogen-
rich (DA) and a helium-rich (DB) white dwarf>®>%, However, as we explain in the main text, a
binary nature can be excluded in the case of Janus because we do not detect Doppler shifts in the
spectrum, which should be apparent at a 15 minute period, and because the light curve is sinusoidal

and does not show eclipses.

Pulsations. Both DA and DB white dwarfs with temperatures close to that of Janus have been ob-
served to pulsate®®%Y, At these temperatures (or slightly colder ones), two mechanisms are known
that can drive pulsations: on one hand, the V777 Her (or DBV) instability strip lays between
~ 20,000 and ~ 30,000 K and is caused by partial He ionisation in the atmosphere of DB white
dwarfs; on the other hand, it has been suggested that, in transitioning white dwarfs at the red end
of the DB gap, pulsational instabilities can be driven by radiative heat exchange in the superadia-
batic atmospheric layer®*®2 As we already stated in the main text however, the spectral changes
observed in Janus cannot be explained simply by the changes in temperature caused by pulsations;
furthermore, we do not see any indication of pulsations: the rotation period has been stable for

three years and no other significant periods can be observed in the periodogram.

Weakness of the absorption lines As we mention in the main text, the absorption features on both

faces appear weak for the temperature that we infer from the SED. If we compare the spectrum of
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the hydrogen face with our hydrogen models for example, the absorption lines are as weak as in
models with temperatures around 50, 000 K (see Extended Data Fig. [} upper panel). Our helium
models’ grid only goes up to 40,000 K and in our highest temperature models, the lines are still
stronger than in the observed spectrum at phase 0.5. However, at 40,000 K we already see a He
IT absorption line at 4,685 A, which is even stronger at higher temperatures and which is absent in
Janus’ spectrum. For this reason, we assume that the temperature of Janus is actually close to what

we infer from the SED and that the lines are weakened by some other mechanism.

In the main text, we propose a few possible mechanisms to explain the double-faced nature
of Janus and, in all cases, we invoke the presence of a small magnetic field threading the surface
of the white dwarf. If the presence of a magnetic field can also modify the thermal structure of
the atmosphere, as for example by flattening the temperature gradient, it could weaken the absorp-
tion lines, although such an effect remains to be demonstrated. Tremblay et al.'” have shown that
magnetic fields of a few kG can significantly impact the thermal stratification in the upper layers
of convective DA white dwarfs, although not enough to weaken the absorption lines as observed
in Janus. Additionally, observations of the cool, metal-polluted, and magnetized white dwarf LHS
2534 show that the magnetic field can affect the atmospheric structure, exacerbating the narrow-

ness of weaker metal lines®

. More calculations are needed that fully account for the influence
of magnetic fields on the hydrostatic equilibrium of a white dwarf’s atmosphere at different field

strengths and atmospheric compositions.

The strength of the lines can be reduced if the atmosphere has a mixed composition; however,

if we increase for example the hydrogen content in our models so that in the mixed atmosphere
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Extended Data Figure 6: Comparison of phase-resolved spectra with models. Upper panel: a
comparison of the spectrum at phase 0 (the hydrogen phase, shown in black in the middle) with two
synthetic models: on top in blue is a pure hydrogen model*” at 34, 900 K (the temperature inferred
for the hydrogen phase from the SED) and at the bottom a pure hydrogen model at 50, 000 K. The
lines in the observed spectrum are too weak compared to the model at 34,900 K and resemble the
weak lines of the model at 50,000 K. Lower panel from top to bottom: a pure helium model*®
in blue, the observed spectrum at phase 0.5 in black (the helium phase), a homogeneously mixed
atmosphere model with a hydrogen-to-helium mass ratio of 1 in orange*®, and a composite atmo-
sphere in green in which 50% of the flux is from a pure DA atmosphere*” and 50% from a DB*%.
The models are calculated for a temperature of %91’ 700 K (the temperature inferred for the helium

phase from the SED). Neither a mixed nor a composite atmosphere can explain the weakness of

both the hydrogen and helium lines.



spectrum the helium lines appear as weak as in the observed spectrum at phase 0.5, the model
spectrum also shows strong hydrogen lines, which we do not see in the observed spectrum. The
same goes for the hydrogen face. A mixed composition is therefore insufficient to explain the
weakness of the lines. Extended Data Fig. |§] shows a mixed atmosphere model*® at 36, 700 K
(the temperature inferred for the helium phase from the SED, Table [I)) with equal abundances of
hydrogen and helium (orange dashed line): strong hydrogen lines are present and still the helium

lines are too strong compared to the lines in the observed spectrum.

The double-faced nature of Janus tells us that the composition of the white dwarf’s surface
is not homogeneous, and therefore even at phase 0 and at phase 0.5, when we see lines of only
hydrogen or helium, a small fraction of the surface facing the line of sight might still be dominated
by the other element and its emission can dilute the absorption lines. However, also in this case,
in order for the lines to be weakened as much as in the observed spectrum, the lines of the other
element would have to appear in the spectrum as well. In the lower panel of Extended Data Fig. [6]
we show a simple example in which half of the surface is covered by pure hydrogen*” and half of
the surface is covered by pure helium* (green dashed-and-dotted line): the helium lines appear
almost as weak as in the observed spectrum at phase 0.5, but both hydrogen and helium lines
appear in the synthetic spectrum. The only way to dilute the lines at such temperature without

other lines appearing in the spectrum would be with a featureless (DC) component.

Extended Data Fig. [/| shows a fit to the lines at phase 0 and phase 0.5: the models were
obtained by combining pure hydrogen*’ and pure helium*® atmosphere models with featureless

black bodies. The temperature was set to the one obtained from the SED fitting (34, 900 K for
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phase 0 and 36, 700 K for phase 0.5, Table|l) to both the atmosphere and the black body, while the
fraction of surface emitting as a black body and the surface gravity were left as free parameters. Our
line-fitting method is similar to the routine outlined in Liebert et al. 2005°*: we fit the spectrum
with a grid of spectroscopic models combined with a polynomial in A (up to A\?) to account for
calibration errors in the continuum; we then normalise the spectrum using this smooth function
picking normal points at a fixed distance in wavelength to the centres of the lines and finally use
our grid of model spectra combined with black body emission to fit the lines and extract the values
of the fraction of surface emitting as a black body and the logarithm of the surface gravity (log g).
The nonlinear least-squares minimisation method of Levenberg-Marquardt is used in all our fits.

In order to explain the weakness of the lines, about 40% of the flux would have to be featureless.

The weakness of the lines could be explained if Janus was in a binary with a highly magne-
tised white dwarf. Highly magnetised white dwarfs often show featureless spectra, due to strong
magnetic broadening, and if Janus was in a binary with such a white dwarf, the weakness of the
lines in its spectrum could be explained by contamination from the featureless spectrum of the
companion. Since we do not detect any Doppler shifts in the lines, the companion would have to
be in a large orbit (at least a few hours period). Additionally, as all the lines are weakened in a
similar fashion, the temperature of the companion would have to be similar to that of Janus. If
we assume the radii of the two objects to be also similar, they would then contribute equally to the
observed SED and therefore the radii of both objects would be of the order of R,/ V2 ~ 2,400 km,
where R, is the radius that we inferred from the SED fitting. This is close to the smallest radius

ever observed for a white dwarf!®, and would imply that both objects have masses above 1.3 solar
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Extended Data Figure 7: Fitting of the lines with a featureless component. a) An atmospheric
model fit of the Balmer lines at phase 0 (in black), from bottom to top: Ha, HS, Hy, Hd, He. The
blue dashed line shows the best-fitting model: T = 34,900 K, log g = 9.1 and fraction of surface
emitting as a black body: 36% . b) Fitting of the He I absorption lines at phase 0.5 (in black).
The 0 on the x-axis corresponds to, from bottom to top: 5925 A, 4880 A, 4430 A and 3975 A.
The green line shows the best-fitting model: 7.4 = 36, 700 K, log g = 9.1 and fraction of surface

emitting as a black body: 40%
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masses. Such massive white dwarfs are rare, and therefore we find it unlikely that the first ever
observed double-faced white dwarf happens to be a 1.3 M, white dwarf in a binary with another

1.3 Mg, highly magnetised white dwarf.

Other possible candidates The strength of the helium absorption lines in the spectrum of PG
1210+533, a DAO white dwarf at the blue end of the DB gap, has been observed to vary over
decades®”Sl, Gianninas et al ! suggested that the variability in the white dwarf’s spectrum could
be caused by the onset of diffusive equilibrium after the extinguishing of the stellar winds, i.e. by
the fact that the white dwarf might be entering the DB gap (the temperature of the white dwarf
is ~ 45,000 K). More follow-up is required to understand if the variation is periodic and if the

variability in PG 12104533 and in Janus might be related.

Recently, an ultra-massive DBA white dwarf was discovered to show photometric variability
over a short period of 353.456 s, WD 1832+089%. The phase-average spectrum shows helium
lines and very weak hydrogen lines, and the temperature of the white dwarf is very similar to that
of Janus, ~ 35,000 K. WD 1832+089 is therefore a strong candidate to be of the same class as

Janus and GD 323, but phase-resolved spectroscopy is needed to verify it.

The highly magnetised DBA white dwarf Feige 7 could also be a member of this class. Anal-
ysis of the phase-resolved intensity and circular polarization spectra for the object have revealed
variability in both magnetic field strength and surface composition; in particular, Achilleos et al %

invoked a complex surface morphology of areas of different mixed compositions of hydrogen and

helium as well as patches of pure H and pure He to explain the spectral variations. The white dwarf
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has a magnetic field as high as 57 MG at the poles and it is colder than Janus (~ 20, 000 K); if the

cause of the varying surface composition is an interplay between magnetic field and convection,

the colder temperature could be related to the much higher field strength.
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Data Availability Upon request, I.C. will provide the reduced photometric lightcurves and spectroscopic
data, and available ZTF data for the object. The spectroscopic data and the optical photometric lightcurves
are also available in the GitHub repository https://github.com/ilac/Janus, while ZTF data is
accessible in the ZTF database. The astrometric data from Gaia and photometric data from Gaia, Pan-
STARSS, and Swift are already in the public domain, and they are readily accessible in the Gaia and Pan-
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the spectroscopic and photometric data.
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