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White dwarfs represent the last stage of evolution of stars with mass less than about

eight times that of the Sun and, like other stars, are often found in binaries'* If the
orbital period of the binary is short enough, energy losses from gravitational-wave
radiation can shrink the orbit until the two white dwarfs come into contact and
merge®. Depending on the component masses, the merger can lead to asupernova of
type la or result in a massive white dwarf*. In the latter case, the white dwarf remnant is
expected to be highly magnetized®® because of the strong magnetic dynamo that
should arise during the merger, and be rapidly spinning from the conservation of the
orbital angular momentum’. Here we report observations of awhite dwarf, ZTF
J190132.9+145808.7, that exhibits these properties, but to an extreme: arotation
period of 6.94 minutes, amagnetic field ranging between 600 megagauss and

+160

900 megagauss over its surface, and a stellar radius of 2140”3 kilometres, only
slightly larger than the radius of the Moon. Such asmall radius implies that the star’s
mass is close to the maximum white dwarf mass, or Chandrasekhar mass. ZTF
J190132.9+145808.7 is likely to be cooling through the Urca processes (neutrino
emission from electron capture on sodium) because of the high densities reached in

itscore.

Using the Zwicky Transient Facility® (ZTF), we searched for short-period
objects that lie below the main white dwarf cooling sequence in the
Gaia’® colour-magnitude diagram (see Fig.1). ZTFJ190132.9+145808.7
(hereafter ZTFJ1901+1458) showed promising small photometric vari-
ations. Follow-up with CHIMERA'®, a high-speed imaging photometer
on the 200-inch Hale telescope, confirmed a period of 6.94 min (see
Fig.2). The period of ZTF J1901+1458 is unusually short for awhite dwarf,
aswhite dwarfrotational periods typically are upwards of hours'. The
period and ephemeris are listed in Table 1.

We undertook phase-resolved spectroscopy using the Low Resolu-
tion Imaging Spectrometer (LRIS)? on the 10-m W. M. Keck I Telescope.
AscanbeseenfromFig. 3, the phase-averaged spectrum exhibits broad
and shallow features that we identify as hydrogen absorptionlinesin
ahigh magneticfield. The presence of astrong magnetic field results
in splitting and proportional shifting of the zero-field energy levels,
leading to line broadening. To identify the field strength, we consid-
ered all the allowed bound-bound hydrogen transitions (tabulated
in ref.’®) and, as shown in Fig. 3, we find a satisfactory explanation
for the spectrum. The identified spectral lines are listed in Extended
Data Table 2.

We find that most of the spectral features are well characterized by
amagnetic field strength of 800 million gauss (MG; red horizontal

linein Fig. 3), comparable to the field detected on the most magnetic
white dwarfs known'. As the absorption features indicate an aver-
age field strength over the surface, the field at the magnetic pole is
bound to be higher. From the phase-resolved spectra (Extended Data
Figs. 4 and 5), we see that some of the features become narrower or
broader depending on the phase, and the feature at -4,600 A shifts
inwavelength, which accounts for the dip at -4,500 A in the co-added
spectrum. This means thatin someregions of the surface, the magnetic
field is as low as 600 MG. The explanation for the photometric varia-
tion, confirmed by the variations of absorption features with phase,
is thus the combination of magnetic dichroism and rotation: the high
magnetic field causes variations in the continuum opacities and in
the surface temperature, and therefore, as the star rotates, we detect
changes in flux as a function of the field strength across the stellar
surface. Depending on the magnetic field configuration, this dichro-
ism can account for up to 10% photometric variation®, so it can easily
account forthe 3% amplitude observed in ZTF J1901+1458. The period
of ZTF J1901+1458 could also be consistent with non-radial pulsations;
however, its temperature and surface gravity place it far away from
theoretical predictions for known instabilities (see Fig.1), and its mag-
netic field may be strong enough to suppress gravity-mode (g-mode)
pulsations (see Methods for further discussion).
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Fig.1| Gaia colour-magnitude diagram. Gaia colour-magnitude diagram for
the white dwarfs that are within 100 pc from Earth and within the SDSS
footprint?, where the x-axis depicts the difference between the Gaia BP and RP
bands, and the y-axis the absolute magnitude in the Gaia G filter. Solid lines
show theoretical cooling tracks for white dwarfs (WDs) with masses between
0.6 M, (top) and 1.28 M, (bottom), equally spaced in mass; the atmosphere is
assumed to be hydrogen-dominated® and the interior composition to be
carbon-oxygen®’ for M<1.1M, and oxygen-neon" for M>1.1M,. Coloured
markers indicate white dwarfs for which amagnetic field was measured*. ZTF
J1901+1458 is shown as ared star, and its location in the colour-magnitude
diagramrevealsits high mass. Vertical dashed lines indicate the location of the
ZZ Cetiinstability strip® (the pre-white dwarf, or DOV, instability strip lies
above the plot®>*3). Reddening corrections were applied only to ZTF J1901+1458;
astheobjectsinthe sampleare close, reddeningis expected to be small. 10
errorbars are smaller than the size of the coloured markers and are omitted
from the black background dots for clarity.

To determine the temperature and radius of the white dwarf, we
obtained photometric measurements in the near-ultraviolet using
the UVOT (Ultraviolet/Optical Telescope) instrument’® on the Neil
Gehrels Swift Observatory”, while the Pan-STARRS Survey' (PS1) and
the Gaia mission provided optical photometry and parallax, respec-
tively. We estimated the temperature, reddening and radius from the

Table 1| ZTF J1901+1458 parameters

Parameter Value

GaiaID 4506869128279648512
Parallax (mas) 2413+0.06

Hra (mas yr™) 95.50 + 0.09

Hpec (mas yr™) 72.45 £ 0.09

T (K) 46,00019 000

To(9) (BMID;p5) 59079.217290 + 0.000012
To (r) (BMJD;55) 59079.21670 + 0.00006
R (km) 2,140"5%

M (M.) 1.327 £1.365

EB-Y) 0044331

P(s) 416.2427 + 0.0002
P(ss™ <10™

Ugra @nd Lpee, proper motion; P, period. The ephemeris T, (barycentric modified Julian date in
barycentric dynamical time, BMJD;gp) corresponds to a minimum in the lightcurve. It is given
separately for the ZTF g-band and r-band because the latter lags behind the former by 51s.
Here, T, corresponds to the minimum of each lightcurve.

photometry, by comparing the observations with non-magnetic
white dwarfatmosphere models. Because the white dwarfis very hot,
the photometric constraints on the temperature are weak; however,
the precise distance measurement from Gaia allows us to obtain a
good estimate for the radius. We found the effective temperature,
stellar radius and interstellar reddening to be T ¢ =46,000"% ;o5 K,
R,=2,140"1% km and E(B- V) =0.044:331%, respectively (see Meth-
ods). Theradius is smaller than those measured for other white dwarfs
and only slightly larger than that of the Moon. As explained below, the
smallradius also means that ZTFJ1901+1458 may be the most massive
white dwarfyet discovered.

Themass canbeinferred from the mass-radius relation which, ascan
beseeninFig.4,is composition-dependent. White dwarf descendants
of single stars with mass above 1.1 solar masses (M,) are expected to
be mostly oxygen and neon, with traces of carbon, sodium and mag-
nesium'®. Even if born from a merger, compressional heating due
to rapid accretion is expected to ignite off-centre carbon burning?®,
resultinginan O/Ne white dwarf’. We conclude that, depending on the
composition, ZTF J1901+1458 has amass between 1.327 M,and 1.365 M.,.

Fig.2|ZTFJ1901+1458lightcurve.a,b, The
binned CHIMERA lightcurve phase-folded ata
period of 6.94 minintheg’-band (a) andinthe
r-band (b). The flux has been normalized to the
minimum of thelightcurveineachband. The
amplitude of the photometric variationis higher
inthe g’-band (about 3% peak-to-peak) thaninthe
r’-band (-1.5%). Additionally, the two filters show a
} differenceinphase: theredlagsthegreenby
about51s.c,d, Thesimilarly normalized ZTF

discovery lightcurveinthe ZTF g-band (c¢) and
r-band (d). Theerrorbarsindicateloerrors.
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Fig.3|ZTFJ1901+1458 optical spectrum. a, b, The LRIS phase-averaged
spectrumof ZTFJ1901+1458 is showninblackin the upper panels for the blue
(a)andred (b) sections. ¢,d, The spectrumis compared to predicted line
positions of Ha, HB and Hy as a function of magnetic field", showing that the
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white dwarfis characterized by afield strength of about 800 MG (red
horizontal solid line). The identified absorption features are highlighted by the
greendot-dashed linesand numbered, and the respective transitions are listed
inExtended Data Table 2.
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Fig.4|Mass-radiusrelation. The white dwarfmass-radiusrelation at the
temperature of ZTFJ1901+1458 (-46,000 K) is shown for different
homogeneous compositions, neglecting the effect of electron captures:
carbon C; oxygen O; neon Ne; and the mixture thatis thought to result from
carbonburning (M,), specifically 58% oxygen, 30% neon, 2% carbon, 5% sodium
and 5% magnesium'. The lowermost red solid curve (M,) traces the result from
the carbon-burning ash mixture, including the effect of electron captures (see
text). The black marks along each track indicate the radius at which the central

Radius (km)

density reaches the threshold for inverse beta decay of Ne (circles), Mg
(squares) and Na (diamonds). The vertical blue-shaded areaindicates the
observedradius of ZTFJ1901+1458 within 1o errors. The red triangle indicates
the maximum mass of1.354 M, at aradius of 1,600 kmalong the track of the
mixed composition. The horizontal black solid lines highlight the mass of
1.365M,determined using aradius 0f1,910 km for the upper line (pure C), and
1.327 M, foraradius of 2,300 km for the lower line (carbon-burning ash
mixture).
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Two other extremely massive white dwarfs for which a radius has
been measured are REJ0317-853?2 and WD1832+089%, both with a
radius of about 2,500 km. Curiously, they are both variable with short
periods (6 min and 12 min, respectively). Whereas WD1832+089 does
not show evidence for magnetism, REJ0317-853 appears to have a
field that varies between 185 MG and 425 MG over its surface®. Thus
both ZTFJ1901+1458 and REJ0317-853, with their rapid rotation, high
mass and magnetism, are likely to be remnants of a white dwarf merger.

At the densities reached in the centre of ZTF J1901+1458, the nuclei
of some elements may undergo electron capture (also called inverse
beta decay), removing electrons that contribute to the degeneracy
pressure that keeps the star from collapsing. This lowers the maximum
mass that can be sustained against gravity and reduces the equilibrium
radius for afixed mass (see Fig. 4, solidred curve).If ZTF J1901+1458 has
anoxygen-neoninternal composition (asis expected from its mass™"),
its central density is right at the threshold for electron capture on**Na,
and its mass is within 2% of the highest possible mass for awhite dwarf.

Neutrinos produced by inverse beta decay escape and carry away
energy, contributing to the cooling of the white dwarf. Based on the
luminosity of the white dwarf®, we estimate the temperature in the
core to be about 2-3 x 10’ K. At such a high central temperature and
density, the neutrino cooling of ZTF J1901+1458 will be dominated by
the Urca process®** acting on **Na. This unusual neutrino cooling makes
an age determination difficult. A recent work® studied the evolution
of Urca-cooling white dwarfs; from the same models, we estimate the
cooling age of ZTF J1901+1458 to be between 10 and 100 Myr.

The mass-radius relation in Fig. 4 was calculated assuming that the core
composition is homogeneous—a good assumption as ZTF J1901+1458
isless than100 Myr old. However, over a few hundred million years, the
heaviest elements, including Na, will gradually sink to the centre?. If the
starlies at the smallend of the radius constraints andif at least 60% of the
Namanages to sink and undergo beta decay before the core crystallizes
and sedimentation stops, electron-capture on Mg would ensue. The
star would shrink and the internal pressure would no longer be able to
support the star, as the maximum allowed mass for the new composi-
tion would be lower than the mass of the white dwarf (see Methods for
amore detailed discussion). The star would therefore collapse and heat
up, leading to the onset of electron capture onto Ne and to the ignition
of oxygen nuclear burning. The white dwarf would then undergo a dis-
ruptive thermonuclear supernova or implode to form a neutron star®.

The probability of collapse is highly uncertain, as it depends on the
timescales of sedimentation and crystallization, both unconstrained
at these high masses. However, the possibility of this new formation
channel for neutron stars is intriguing. If, upon collapse, no angular
momentumis lostand magnetic fluxis conserved, the newly born neu-
tronstar, withamagnetic field strength of -2 x 10" G and aspin period of
~15ms, would resemble a young pulsar. Owing to the gradual collapse,
the neutron star would probably not receive a strong natal velocity
kick. We would therefore expect such a neutron star population to be
more concentrated to the galactic plane. Furthermore, the proximity
of ZTF J1901+1458 (41 parsecs) meansitis notarare type of object, and
thus this formation channel would contribute appreciably to the total
neutron star population. ZTF is currently discovering large numbers
of similarly massive and rapidly variable white dwarfs. This enlarged
sample will help us better understand the origin and fate of such objects.
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Methods

Period detection

Our search for periodicity in massive white dwarfs was part of abroader
search for periodic variability on and around the white dwarf cooling
track with ZTF, which has already yielded several results, including
finding numerous double white dwarf binaries****. The targets were
selected using the Pan-STARRS (PS1) source catalogue’®, cross-matched
with a white dwarf catalogue®, after imposing a photometric colour
selectionof (g—r)<0.2and (r-i) <0.2. Asthe sensitivity of period find-
ing depends strongly on the number of samples in the lightcurve, we
limited the search to those targets for which 50 or more photometric
5o detections are available in the ZTF archival data. To maximize the
number of epochs for eachlightcurve, we combined datafrom multiple
filters by computing the median magnitude in each filter and shifting
the g-and i-bands so that their median magnitude matched the r-band
data. We used agraphics processing unit (GPU) implementation of the
conditional entropy period-finding algorithm®. We cross-matched our
candidates with the Gaia DR2 catalogue® and visually inspected the
lightcurves of those objects that lie below the main white dwarfcooling
trackin the Gaia colour-magnitude diagram. ZTF J1901+1458 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. 1).

Magneticfield

Atlow magnetic field strengths, the effect of magnetic field on hydro-
gen transitions can be calculated as a perturbation to the zero-field
electron wavefunction. The perturbation lifts the degeneracy in the
m quantum number, and each transition is splitinto three Zeeman
components, corresponding to a change in m of +1, 0 and —1. In the
strongregime (above ~-100 MG), the magnetic and Coulomb terms are
comparable, and the wavefunction no longer has spherical symmetry.
The perturbationmethodis not viable inthis case, and the energies and
oscillator strengths of hydrogen transitionsin this regime were calcu-
lated using variational methods®*%. An important characteristic of
high-field transitionsis that some transitions become ‘stationary’—that
is, they go through aminimum or amaximumin energy—and, at those
field strengths, appreciable changes in B yield only small changes in
wavelength. The magneticbroadening at these transitions is consider-
ablyreduced, and therefore the absorption features are still detectable
even after averaging the field over the surface of the white dwarf. We
considered all the bound-bound transitions tabulated in ref. ™ that fol-
low selection rules, and we found that the features in the spectrum of
ZTFJ1901+1458 correspond to stationary linesin afield of ~-800 MG. The
wavelengths of the transitions in this regime as a function of magnetic
field strength are shown in the lower panels of Fig. 3. The identified
features are numbered and the corresponding transitions arelisted in
Extended Data Table 2, where the states are labelled by their asymptotic
quantum numbers nlm for the zero-field states and by the numbers
NMu for B> a, where u defines the z parity of the states (1t = (-1)¥). A
few lines show variations with phase (see Extended DataFigs.4 and 5),
which canbe attributed to the variation of the magnetic field strength
acrossthe surface. In particular, some of the features become narrower
or broader at different times, indicating that the field is more or less
uniform over the surface at different rotation phases. Additionally, the
feature at ~4,600 A (line 7) shifts in wavelength, going as low as ~4,500 A,
which indicates that the magnetic field is as low as 600 MG on some
regions on the surface of the white dwarf. Thisis also confirmed by the
contamination of line 10 by line 11.

Photometric fitting

To determine the radius and effective temperature of ZTF J1901+1458,
we made use of the available Pan-STARRS™ photometry and the Gaia®*®
parallax. In addition, we obtained Swift” UVOT* photometry (TOO
proposal number 14380, target ID13650). The photometric data used

in the fitting are listed in Extended Data Table 1. As the errors in the
Pan-STARRS photometry are lower than the photometric variation,
we used an error of 0.02 magnitudes instead to take into account the
errorinduced by variability. To estimate the temperature and redden-
ing, we fitted the photometric data with the white dwarf 1D model DA
(hydrogen-dominated) atmospheres of ref. *’. The value of the radius
is then estimated thanks to the parallax measurement from Gaia.

To account for extinction, we applied reddening corrections to the
synthetic spectra (and polynomials) using the extinction curves of
ref.* (available at https://www.stsci.edu/). Fromthe 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 T.and radius R« of the
white dwarf as well as the interstellar reddening £(B - V). For the red-
dening, we imposed a prior based on the distribution of interstellar
extinction measured by Gaia for the stars in the same area of the sky
as ZTFJ1901+1458. In particular, we selected the stars that are within
5degrees of the location of white dwarf and within 50 pc from Earth
(see Extended Data Fig.2). Thebestfitisshownin Extended DataFig.1,
while the left panel of Extended Data Fig. 3 illustrates the corner plots.
In the fit, we assumed the nominal value of the Gaia parallax for the
distance. Asachangein distance would have the effect of changing the
normalizationin the spectrum, the errorin the distance only influences
theerrorinthestellar radius, and therefore weincluded the errorin the
distanceintheerrorintheradius. The errors quoted are the statistical
errors derived from the Monte Carlo simulation shown in Extended
Data Fig. 3. They do not include possible modelling errors due to the
effect of the magnetic field; however, as the photometric variation is
small, we do not expect the magnetic field to introduce a significant
error on the synthetic values.

To verify whether our estimates are robust against the uncertain-
ties in the spectral models, we used a different set of models for
hydrogen-dominated atmospheres, the ones developed by ref. **, and
performed the same analysisintroduced above. Theresults are shown
intheright panel of Extended Data Fig. 3: the estimates of temperature,
radius and reddening all agree within the 1o errors. Magnetic models
that tackle the effects of magnetic field on the continuum opacities
are currently unavailable, and therefore we cannot estimate the errors
due to neglecting the field.

Theoretical mass-radius relation

To derive the mass of the white dwarf, we computed the mass-radius
relation using an equation of state thatincludes Coulomb corrections
to the pressure and energy of a degenerate Fermi gas*®*’, as done in
ref. 8. As ZTFJ1901+1458 is so compact, general relativistic corrections
are important and therefore, contrary to ref. *8, we did not integrate
the Newtonian hydrostatic equilibrium equation, but rather the Tol-
man-Oppenheimer-Volkoff (TOV) equation**°. The results are shown
in Fig. 4 for several compositions. Our calculations were performed
assuming the zero-temperature limit because the temperature of the
white dwarfisinsufficient to changeits structure significantly. For the
composition of the carbon-burning ash, we use the results fromref. .
For the density thresholds for the electron capture onto magnesium
andneon®, we use values of 4 x10°gcm=and 9 x10° g cm respectively.
Forsodium®, weuse 1.7 x10° g cm™. We estimate the temperature ata
density 0of 1.7 x10° gcm to be about 3 x10” K; therefore, the neutrino
cooling of ZTF J1901+1458, unlike for all other known white dwarfs, is
dominated by the Urca process on*Na (refs. %), which makes an age
determination difficult. A recent work? simulated the evolution of
Urca-cooling white dwarfs with the Modules for Experiments in Stellar
Astrophysics code (MESA)** %, showing that the Urca processes are the
main cooling mechanismin the core of stars like ZTF J1901+1458 when
they are younger than about 30 Myr. From the same models, we can esti-
mate the cooling age of the white dwarfto be between 10 and 100 Myr.


https://www.stsci.edu/
https://mfouesneau.github.io/docs/pyphot/
https://mfouesneau.github.io/docs/pyphot/

Article

Sedimentation and collapse
Thesolidred curvein Fig.4 was calculated assuming that the core com-
position of the white dwarf is homogeneous and that all the sodium
currently at densities above the threshold for electron capture has
already undergone inverse beta decay, and similarly for magnesium
and neon. As the sedimentation proceeds, much of the remaining ®>Na
will sink to densities above the threshold and undergo beta decay,
reducing the number of electrons in the star and reducing its radius.
This means that the solid red curve in Fig. 4 will be lowered, because
theequilibriumradius for any given mass will be smaller, and therefore
thered triangle (the maximum mass allowed) will sink. This process can
onlybestoppedifthe core crystallizes before enough sodium canreach
the centre, as crystallization would de facto freeze the composition
gradient. If the star lies at the small end of the radius constraint and
if at least 60% of the 22Na manages to sink and decay before the core
crystallizes, electron capture on >*Mg would ensue and the radius of
the white dwarfwould shrink to about 1,550 km. The central density at
this pointwould be 6 x10° g cm™, still below the threshold for electron
capture on neon, but the mass of the white dwarf would be above the
maximum mass (the red triangle in Fig. 4 would have sunk below the
current white dwarf mass). The internal pressure would be then insuf-
ficient tosupportthe star, and the star would begin to collapse, heat up
and start electron capture onto neon and nuclear burning of oxygen.
The possibility of collapse is highly uncertain as it depends on the
timescales for crystallization and for the sedimentation of sodium,
both currently poorly constrained, especially for such an extremely
massive white dwarf.

Origin of photometric variability
The photometric variability of ZTF J1901+1458 may arise from
either rotation or pulsations, but we believe rotational modulation
is more likely. A large fraction of the hot DQs (hot white dwarfs with
carbon-dominated atmospheres) are magnetic and photometrically
variable, often with periods of several minutes®%, Although ZTF
J1901+1458 is not a DQ white dwarf, its other properties such as high
mass, high temperature, high magnetic field and rotational modula-
tion are similar to the hot DQ white dwarfs, albeit more extreme. A
useful case study is that of the white dwarf SDSS J142625.71+575218.3,
which varies with a period of P~ 418 s (ref. *°) and has a magnetic field
strength of B=1.2 MG (ref. ®°). Non-radial g-mode pulsations were
originally thought to be responsible for the photometric modulation
of SDSSJ1426. Follow-up observations revealed a tentative additional
periodicity at 318 s (ref.¢'), but additional data ruled out the existence
of this periodicity and set stringent limits on additional periodicities
in SDSS 1426 and other variable DQ white dwarfs>. This led Williams®’
to conclude that rotational modulation is the most likely source of
variability in SDSS 1426 and other hot DQ white dwarfs. At present,
there are no known strongly magnetic pulsating WDs, although some
magnetic WDs could be pulsating below detectable levels.
Furthermore, the inferred temperature and surface gravity of ZTF
J1901+1458 characterize it as an unlikely pulsator for known instability
mechanisms. The temperature of ZTF J1901+1458, -50,000 K, is much
higher than the predicted blue edge of the ZZ Ceti instability strip,
located at a temperature of about 12,500-14,000 K (refs. *%) and of
the heliumwhite dwarf (DBV) instability strip, at about 30,000 K (ref. ©%)
(the detection of hydrogen also discourages the DBV interpretation).
The DOV or GW Vir instability strip includes similar and higher tem-
peratures than what we found for ZTF J1901+1458, but both instability
mechanismsinvolved, the k. —y mechanismfor carbon and oxygen and
the e-mechanism for hydrogen, are inefficient at such high surface
gravities (see for example Figure 8 of ref. ** and Figure 6 of ref. *). It
is also possible that magnetic fields suppress g-mode pulsations by
converting gravity waves to Alfvén waves®*, whichiis likely to be the
cause of suppressed dipole modes in red giant stars®. Follow-up work

showed that magnetic fields greater than B= 0.1 MG are sufficient to
suppress g modes of typical periods in ZZ Ceti stars®’, so magnetic
suppression is a possibility for ZTF J1901+1458.

Forthese reasons, we believe the variability of ZTFJ1901+1458 is most
likely to be caused by rotation rather than pulsations, although we can-
notrule out either mechanism. Follow-up observations can place more
stringent limits on the presence of other non-harmonic periodicities
that would be expected in the pulsation hypothesis. Finally, even if
pulsations were the source of variability in ZTF J1901+1458, this would
further enhance the extraordinary nature of this star by making it the
most massive pulsating white dwarf and the only magnetic pulsating
white dwarf known.

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 photometric lightcurves are also available in
the GitHub repository https://github.com/ilac/ZTF-J1901-1458. ZTF data
are accessible in the ZTF database. The astrometric and photometric
data are already in the public domain, and they are readily accessible
inthe Gaia and Pan-STARSS catalogues and in the Swift database.

Code availability

We used the pyphot package (https://mfouesneau.github.io/docs/
pyphot/) and the corner.py package™. The LRIS spectrawere reduced
using the Lpipe pipeline”. Upon request, I.C. will provide the code used
to analyse the spectroscopic and photometric data.
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Extended Data Table 1| Photometric data for ZTF J1901+1458

PS1—z PS1—1 PS1—r PS1—g

16.595 £0.006 16.276 = 0.003 15977 £0.003  15.513 £ 0.002

UvoT-U UuvoT-uvw1l UVOT-UVM2 UVOT-UVW?2

14.94 4+ 0.06 14.42 £ 0.06 14.40 £ 0.06 14.38 £ 0.06
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Extended Data Table 2 | Identified Balmer transitions

line nlm — n'l'm" NMp — N'M'y/ A [A]
1 | Balmer Hy 25y — 5pj 002 = 0011 3344.23
2 | Balmer Hy 2sq — 5p°;, 002 — 0-110 3370.41
3 | Balmer Hy  2sq — 5f] 002 —-009 3464.11
4 | Balmer HB 25y — 4pj 002 =007 3694.56
5 | Balmer HG  2sy — 4p’ 002 —-0-16 3805.82
6 | Balmer H3 259 — 4f] 002 —005 4249.86
7 | Balmer HB  2s9 — 4f", 002 - 0—-14  4517.97, 4590.9
8 | Balmer Ho 2p_; —» 3d_y 0-10 — 0-20 5883.63
9 | Balmer Hoe  2sy — 3py 002 —-003 6615.06
10 | Balmer Hoe  2py — 3d_, 002 —-0-11 8525.69
11 | Balmer Hoe 259 — 3p_1 001 — 0—-12 8537.76, 9542.62

The numbers correspond to the identified transitions in Fig. 3, and the wavelengths of the transitions at 800 MG are from ref. '®. For 7 and 11, we also list the wavelength for 600 MG (left).
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