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A B S T R A C T 

This paper reports the ULTRACAM disco v ery of dipolar surface spots in two cool magnetic white dwarfs with Balmer emission 

lines, while a third system exhibits a single spot, similar to the prototype GD 356. The light curves are modelled with simple, 
circular, isothermal dark spots, yielding relatively large regions with minimum angular radii of 20 

◦
. For those stars with two 

light-curve minima, the dual spots are likely observed at high inclination (or colatitude); ho we ver, identical and antipodal spots 
cannot simultaneously reproduce both the distinct minima depths and the phases of the light-curve maxima. The amplitudes 
of the multiband photometric variability reported here are all several times larger than that observed in the prototype GD 356; 
nevertheless, all DAHe stars with available data appear to have light-curve amplitudes that increase towards the blue in correlated 

ratios. This behaviour is consistent with cool spots that produce higher contrasts at shorter wavelengths, with remarkably similar 
spectral properties given the diversity of magnetic field strengths and rotation rates. These findings support the interpretation 

that some magnetic white dwarfs generate intrinsic chromospheres as they cool, and that no external source is responsible for the 
observ ed temperature inv ersion. Spectroscopic time-series data for DAHe stars is paramount for further characterization, where 
it is important to obtain well-sampled data, and consider wavelength shifts, equi v alent widths, and spectropolarimetry. 

K ey words: stars: e volution – stars: magnetic field – white dwarfs. 
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 I N T RO D U C T I O N  

he origin of magnetism in white dwarf stars is an outstanding 
strophysical puzzle more than a half century old, but recent and 
ngoing developments are now shedding light on this fundamental, 
nd still poorly understood aspect of stellar evolution. The first 
ignatures of white dwarf magnetism resulted from the detection 
f circular polarization in spectra that were quasi-featureless or with 
nidentified absorption bands (Kemp et al. 1970 ; Angel & Landstreet 
971 ; Landstreet & Angel 1971 ) that were later understood to be
hifted hydrogen and (neutral) helium lines, mostly consistent with 
entred or offset dipole field geometries (Kemic 1974 ; Garstang 
977 ; Wickramasinghe & Martin 1979 ). A summary of magnetic 
hite dwarf research o v er the first sev eral decades can be found in

wo published re vie ws (Wickramasinghe & Ferrario 2000 ; Ferrario, 
e Martino & G ̈ansicke 2015 ). 
One of the ke y dev elopments was the recognition that magnetic

hite dwarfs are nearly e xclusiv ely found as isolated stars, or in
ataclysmic variables (Liebert et al. 2005 ). This empirical finding led 
o the hypothesis that fields are generated during common envelope 
volution (Tout et al. 2008 ; Nordhaus et al. 2011 ; Belloni & Schreiber
020 ), a process that may function ef fecti vely for stars, bro wn dwarfs,
nd giant planets that are engulfed during the post-main sequence 
Farihi et al. 2011 ; Kissin & Thompson 2015 ; Guidarelli et al. 2019 ).
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nd while fast-spinning and massive magnetic white dwarfs are 
nown, and thus consistent with a stellar merger origin (Ferrario et al.
997b ; Garc ́ıa-Berro et al. 2012 ; Kilic et al. 2021 ; Williams, Hermes
 Vanderbosch 2022 ), it is also clear that magnetism, high remnant
ass, and rapid rotation are far from tightly correlated (Ferrario &
ickramasinghe 2005 ; Brinkworth et al. 2013 ). 
It has been suspected for decades that cooler white dwarfs are more

ften found to be magnetic (Liebert & Sion 1979 ; Liebert, Bergeron
 Holberg 2003 ). Ho we ver, luminosity and sensiti vity biases exist,
here the coolest white dwarfs essentially require metal pollution 

o detect Zeeman splitting (Kawka & Vennes 2014 ; Hollands, 
 ̈ansicke & Koester 2015 ; Bagnulo & Landstreet 2019 ). Despite

hese uncertainties, the possibility that magnetic fields first emerge 
n cool and isolated white dwarfs is intriguing, as substantial cooling
s necessary for core crystallization, which has been hypothesized 
o be a source of an internal dynamo powered by the liquid–
olid phase separation at the core boundary (Isern et al. 2017 ). In
his scenario, magnetic field generation is decoupled from external 
ources of mass and angular momentum, but nevertheless, all else 
eing equal, more rapidly rotating remnants should have stronger 
elds. 
In a pioneering effort to o v ercome the aforementioned biases, and

etermine the actual frequency of magnetism as a function of white
warf characteristics, Bagnulo & Landstreet ( 2021 ) carried out a
early complete census of ( N ≈ 150) white dwarfs within 20 pc. This
olume-limited surv e y used sensitiv e circular spectropolarimetry and 
esulted in the first unbiased study of white dwarf magnetism, where
he principal findings can be summarized as follows. 
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Table 1. Chronological summary of ULTRACAM observing runs. 

Target Observing t exp Co v erage Filters 
dates (s) (min) 

SDSS J1252 2021 Apr 06 10.05 57 ugr 
2021 Apr 08 10.35 86 ugr 
2021 Aug 20 10.05 24 ugr 

LP 705-64 2021 Aug 17 8.05 73 ugi 
2021 Aug 19 8.05 77 ugr 
2021 Aug 20 8.05 146 ugr 

WD J1430 2022 Apr 26 6.06 277 ugi 
2022 Jun 05 6.33 176 ugi 
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(i) All spectral classes have similar incidences of magnetism,
egardless of atmospheric composition. 

(ii) The field strength distribution is uniform o v er four orders of
agnitude from 40 kG to 300 MG. 
(iii) Magnetism is detected more frequently in white dwarfs with

igher than average mass. 
(iv) White dwarfs with cooling ages younger than 0.5 Gyr – prior

o core crystallization – are rarely magnetic. 
(v) There is no evidence of field strength decay o v er time. 

It is within this background of recent developments that emerged
he relatively new and small class of DAHe white dwarfs (D:
egenerate, A: Balmer lines strongest, H: magnetic line splitting,
: emission). The prototype is GD 356, an isolated T eff ≈ 7500 K star
ith Balmer emission lines split in a B ≈ 13 MG field. There are deep,
ultiwavelength, non-detections that yield stringent upper limits

n an X-ray corona, ongoing accretion, and low-mass companions
Greenstein & McCarthy 1985 ; Ferrario et al. 1997a ; Weisskopf et al.
007 ). This apparently single white dwarf has a 1.927 h rotation
eriod, based on a nearly sinusoidal light curve that is well modelled
y single dark spot, whose size is consistent with that of the magnetic
nd heated region (Ferrario et al. 1997a ; Brinkworth et al. 2004 ).
hese enigmatic properties led to the hypothesis that, analogous to

he Jupiter–Io system, the relatively cool white dw arf surf ace could
e heated by Ohmic dissipation of a current loop set up by the orbital
otion of a conducting planet (Li, Ferrario & Wickramasinghe 1998 ;
ickramasinghe et al. 2010 ), referred to as the unipolar inductor
odel. 
GD 356 1 was the only known DAHe white dwarf for 35 yr, until

020 when second and third cases were reported (G ̈ansicke et al.
020 ; Reding et al. 2020 ). In addition to their shared spectral mor-
hology and strong magnetism implied from Zeeman splitting, these
hree cool white dwarfs with emission lines all share commonalities
ith some magnetic white dwarfs: relatively rapid rotation, masses
nly slightly abo v e av erage, and no evidence for low-mass stellar
r substellar (detached) companions. A detailed time-series study of
he prototype has shown that (i) the spin period is stable o v er two
ecades, with no other independent frequency signals as would be
xpected from a unipolar inductor, (ii) the emission line strength
scillates in antiphase with the broad-band stellar brightness, and
iii) so far , D AHe stars share a tightly correlated set of ef fecti ve
emperatures and luminosities (G ̈ansicke et al. 2020 ; Walters et al.
021 ). This clustering is potentially related to core crystallization
nd magnetic field diffusion towards the stellar surface (Ginzburg
t al. 2022 ). 

This paper reports detailed light curves for three DAHe white
warfs: the second known example, SDSS J125230.93 −023417.7
Reding et al. 2020 , hereafter SDSS J1252), and two re-
ently identified members of this class, LP 705-64 and
D J143019.29 −562358.3 (Reding et al. 2023 , hereafter
D J1430). Two of the three stars reveal light curves with asym-
etric dimming events that are 180 ◦ out of phase, and thus con-

istent with dipolar star spots. These data are inconsistent with
 unipolar inductor model, and instead support the generation of
ntrinsic chromospheres in some isolated, magnetic white dwarfs.
he observations and data are discussed in Section 2 , the time-
eries analysis is presented in Section 3 , followed by a summary
NRAS 525, 1097–1105 (2023) 

nd discussion. 

 Previously thought to have a helium-rich atmosphere (Bergeron, Leggett & 

uiz 2001 ; Limoges, Bergeron & L ́epine 2015 ). 

a  

s  

2

 OBSERVATI ONS  

his study focuses on light curves and the resulting periodicities
f three DAHe white dwarfs, using both ground- and space-based
hotometric monitoring as described below. 

.1 Target properties and selection 

DSS J1252 is the second disco v ered e xample of a DAHe white
warf, reported to have emission lines split in a B ≈ 5 MG field, and
ith a sinusoidal light curve dominated by a period of 317.3 s (Reding

t al. 2020 ). The fast rotation of this star makes it an attractive target
or high-cadence photometric monitoring from the ground, with a
oal to obtain a detailed light curve. LP 705-64 and WD J1430 are
wo newer members of the DAHe spectral class with indications from
ESS data that their full spin cycles could each be readily covered in
 single night of ground-based photometry (Reding et al. 2023 ). The
nitial observational goals were similar to those achieved by Walters
t al. ( 2021 ), to establish robust ephemerides against which future
eriod changes might be investigated (e.g. within a unipolar inductor
nd orbiting planet model), and to constrain the nature of the emitting
nd magnetic regions. 

.2 ULTRACAM obser v ations 

ll three stars were observed with ULTRACAM, a frame-transfer
CD imaging camera (24 ms dead time between exposures; Dhillon
t al. 2007 ) that is permanently mounted on the 3.6 m NTT telescope
t the La Silla Observatory in Chile. The instrument has three
ndependent channels that enable the use of independent filters
imultaneously, and data were taken with filters similar to standard
 , g , and one of r or i bandpasses, but with higher throughput. In each
ase, the blue channel was co-added every three frames to impro v e
he ef fecti ve signal-to-noise on the target. The observ ation details,
ncluding exposure times (same as the cadences for ULTRACAM),
nd durations of the resulting light-curve segments, are summarized
n Table 1 . 

Images were corrected for bias and flat-fielded with normalized
ky images obtained during evening twilight (taken in a continuous
piral to remo v e stars). Differential brightnesses were measured
elative to field stars with dedicated software 2 using photometric
pertures that were typically scaled to 2 × the mean full width at
alf-maximum of the stellar profiles for each exposure. The sky
nnuli were fixed to span the region 8.75–15.75 arcsec from the
tars, where a clipped mean was used to determine the background.
 https:// github.com/HiPERCAM/ hipercam . 

https://github.com/HiPERCAM/hipercam
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Figure 1. Approximately 1 h of ULTRACAM g -band light curves for SDSS J1252, each taken on a different night. The data are plotted as observed in sequence, 
each light curve normalized, offset vertically by ±0.1, and shifted horizontally to exhibit the same photometric phase. Visual inspection reveals that adjacent 
minima are unequal in depth, which is also true but more subtle for adjacent maxima. These real-time observations were the first indication that SDSS J1252 
has two star spots, 180 ◦ out of phase, and the true rotation period is twice as long as the 317.3 s previously reported by Reding et al. ( 2020 ). 
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or all stars in all observations, the same sets of comparison 
tars were used to generate light curves, consisting of two or
hree stars in the gri frames, and one to two stars in the u -band
mages. 

Light curves were constructed by dividing the science target 
ux by the sum of the comparison star fluxes, and normalizing 

he result. Measurement errors were propagated from the aperture 
hotometry, by summing in quadrature the fractional flux errors of 
ll stars measured for a given light curve. All ULTRACAM times
ere converted to Barycentric Julian Day (BJD) using Barycen- 

ric Dynamical Time (TDB), following Eastman, Siverd & Gaudi 
 2010 ). 

.3 TESS data 

ata for each of the three DAHe targets are available from
ESS (Ricker et al. 2015 ), and were downloaded from the MAST
rchive, where the PDCSAP processed light curves were retained 
or analysis. Time stamps were corrected to BJD = TESS BJD +
457000. 
LP 705-64 ( = TIC 136884288) was observed in Sector 30, while

ata were collected for WD J1430 ( = TIC 1039012860) within Sector
8, and for SDSS J1252 ( = TIC 953086708) during Sector 46. All
hree stars have 120 s cadence observations. These data were further
leaned of NaN flux entries, but with no other processing based 
n data quality flags, yielding light curves that retained between 
0 and 90 per cent of their PDCSAP array values. Lastly, outliers
eyond ±5 σ of the local time average (or phase average) flux 
ere remo v ed, which were fewer than five points in total for each

ource. 
It is worth noting that these data are not all equally useful in

ubsequent analysis. The following TESS benchmarks summarize 
heir relative quality: SDSS J1252 has G = 17.5 mag, a mean flux of
9.2 ± 5.3 e − s −1 (28 per cent scatter); LP 705-64 has G = 16.9 mag, a
ean flux of 38.0 ± 5.6 e − s −1 (15 per cent scatter), while WD J1430

as G = 17.4 mag, a mean flux of 9.6 ± 5.4 e − s −1 (73 per cent
catter), and lies within the Galactic plane. 
 TIME-SERIES  ANALYSI S  A N D  RESULTS  

ll light curves were analysed using PERIOD04 (Lenz & Breger 
005 ), where a Lomb-Scargle periodogram was constructed using 
LTRACAM data, TESS PDCSAP light curves, or a combination 
f the two datasets, with a goal to identify that which produces
he most precise ephemeris for each target. Monte Carlo simu- 
ations, run within PERIOD04 , were used to determine errors in
requency and phase for the strongest periodogram peak for each 
tar and set of light curves, then propagated to determine the
rror in T 0 corresponding to photometric minimum. The frequency 
nd phase were allowed to vary independently during the simu- 
ations to determine errors, which were typically repeated 1000 
imes. 

.1 SDSS J1252 

or SDSS J1252, there are sufficient ULTRACAM data to uniquely 
etermine the photometric period and provide an impro v ed 
phemeris. Light curv es co v er more than 30 epochs of its previously
eported 317.3 s periodicity (frequency 272.3 d −1 , Reding et al.
020 ), with an observational baseline of 136 d, spanning several
0 4 cycles at this frequency. In Fig. 1 are shown the first and second
 -band light curves obtained for this white dwarf, from which can be
iscerned that there are two distinct set of minima (and maxima) , each
anifesting every 317.3 s, and thus revealing an actual photometric 

eriod of 634.6 s. 
The ULTRACAM g + r co-added light curves were analysed using

ata from all three observing runs. The resulting best periodogram 

s plotted in Fig. 2 , where the strongest peak is identical to the
requency reported in the discovery paper; ho we ver, there is a
econd outstanding signal near 408 d −1 . This secondary peak is
ot as well determined as the 272.3 d −1 signal, but these two
requencies appear to have a near an exact ratio of 3:2. Ad-
itionally, the periodogram also reveals a weak-amplitude peak 
t roughly 816 d −1 , and the ratio of these three frequencies is
:3:2. 
These periodicities are far shorter than any possible range of 

rbital signals originating from non-degenerate companions, as the 
MNRAS 525, 1097–1105 (2023) 
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M

Figure 2. Periodogram of SDSS J1252 based on three nights of ULTRACAM 

data using co-added, g + r -band light curves, with amplitudes plotted in 
grey. The data were bootstrapped 10 000 times to determine the amplitude 
abo v e which represents a 0.1 per cent chance a signal is spurious. This false 
alarm amplitude of 0.007734 is delineated by the green dotted line, where 
only the strongest peak is higher. Ho we ver, the two frequencies with the 
largest periodogram peaks have a near exact ratio of 3:2, and a weaker 
third peak is consistent with a frequency that is an integer multiple of 
both lower frequencies. For a fixed rate of stellar rotation, and despite a 
lack of significant periodogram power (amplitude), this result indicates the 
fundamental frequency is 136.150 d −1 . This is half of the frequency with 
the largest periodogram signal, and is consistent with two distinct, out-of- 
phase star spots tracing the observ ed light-curv e morphology. The first six 
harmonics of the fundamental are marked with blue triangles, where only 
those showing noteworthy amplitude are numbered. 
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owest frequency periodogram signal, at 272.3 d −1 , corresponds to
 Keplerian orbit near 7 R � (seven white dwarf radii), deep within
he nominal Roche limit. Only a compact object could survive at
his orbital distance, such as those in close but detached, double
hite dwarf binaries. And while there are a few such systems known

o have orbital periods comparable to the frequencies exhibited by
DSS J1252, their light curves reveal ellipsoidal modulation owing

o tidal distortions in the primary white dwarfs (Brown et al. 2011 ;
ilic et al. 2011 ; Burdge et al. 2019 ). Furthermore, these rare,
eformed degenerates are all helium-core white dwarfs less massive
han 0.3 M �, and thus significantly more prone to tidal distortion
han SDSS J1252 and the DAHe stars, which are considerably more
ompact (G ̈ansicke et al. 2020 ; Reding et al. 2020 ; Walters et al.
021 ). 
Therefore, the light curve and resulting periodogram of

DSS J1252 are interpreted as arising from a single star. It is
easonable to assume the T eff ≈ 8000 K white dwarf has a fixed spin
eriod (no differential rotation), and no stellar pulsations, as it is far
rom the hydrogen atmosphere instability strip (Romero et al. 2022 ).
he observed signals are then interpreted as the second, third, and
ixth harmonics of the stellar rotation frequency. The periodogram
ignals and their amplitudes reflect the fitting of sinusoids to the light
urve, where the two highest have a 3:2 ratio in order to generate both
he principal flux variation at 272.3 d −1 , and the alternating minima
ia the interference with the 408 d −1 frequency. 
The revised stellar rotation period and associated uncertainty were

etermined by dividing the second harmonic frequency by two,
ielding 136.15032(2) d −1 [equi v alent to a period of 634.59273(9) s].
lthough essentially no amplitude (or power) is seen in the peri-
dogram at the frequency inferred to be the fundamental, this is an
NRAS 525, 1097–1105 (2023) 
xpected consequence of the light-curve morphology and sinusoidal
tting (VanderPlas 2018 ). 
A similar analysis was attempted using the TESS light curve,

oth on its own and in combination with ULTRACAM data. While
he TESS 120 s cadence is 2.6 × faster than the peak periodogram
requency for SDSS J1252, and thus above the Nyquist rate, the data
uality are relatively poor (Section 2.3). No time-series analysis
tilizing TESS led to an y impro v ement in frequency or phase
recision, and therefore all calculations for SDSS J1252 are based
olely on the ULTRACAM observations. 

.2 LP 705-64 and WD J1430 

ESS data were the initial means of identifying the stellar rotation
ates in these two DAHe white dwarfs (Reding et al. 2023 ). Ho we ver,
imilar to as observed in SDSS J1252, the ULTRACAM light curve
f LP 705-64 exhibits two unequal minima in a single cycle, and thus
he period determined by TESS represents one half its spin period
see Fig. 3 ). For this source, the ULTRACAM data alone do not span
 sufficient number of cycles to determine the photometric period
ith precision comparable to TESS . A significant impro v ement in the
ESS ephemeris is achieved using the combination of ULTRACAM g
 r co-added light curves and TESS , resulting in a periodogram with
 single peak at 39.65325(3) d −1 [cf. 39.653(2) d −1 ; Reding et al.
023 ], and a corresponding higher precision in phase. Ho we ver,
he true spin period must be calculated from this frequency by
ecognizing it is the second harmonic of the fundamental, which
s 19.82662(1) d −1 . 

For WD J1430, the ULTRACAM light curves reveal a single
aximum and minimum with one of the largest amplitudes observed

o date for a DAHe white dwarf (5.8 per cent in the g band). Similar
o LP 705-64, there are insufficient ULTRACAM data from which to
erive a precise ephemeris for this source, and thus the combination
f ULTRACAM and TESS Sector 38 PDCSAP data were utilized for
his goal. Initially, the analysis of these combined datasets impro v ed
he precision of the periodogram frequency, but resulted in phase
rrors that were larger than those based on TESS alone. Subsequently,
hese TESS data were re-scaled (see Section 3.4 ) to more closely
atch those of the co-added g + i -band ULTRACAM data, and

he resulting analysis marginally impro v ed the uncertainty in phase.
ltimately for this star, the best constraints were achieved by adding
 third set of light curves into the periodogram analysis, using full-
rame data from TESS Sector 11, where fluxes were extracted based
n PSF-subtracted images following Han & Brandt ( 2023 ). 

.3 Light-cur v e mor phologies, ephemerides, spectral phases 

ased on the preceding analysis, and to rev eal light-curv e structures
ore precisely as a function of phase, the ULTRACAM multiband

ata were phase-folded and binned using a weighted average onto
egular grids. The resulting light curves are shown in Fig. 3 , where
here are 80 phase bins for LP 705-64 and WD J1430 in all three
hannels. In the case of SDSS J1252, the short spin period indicates
hat a single ULTRACAM frame has a phase width of 0.016 in the
reen and red channels, but 0.048 in the blue channel (owing to
hree co-adds). For this reason, the light curves of SDSS J1252 were
e-sampled into 60 phase bins in g and r , but only 20 bins in u band.

The folded light curves for SDSS J1252 and LP 705-64 both
xhibit alternating minima that are indicative of two distinct star
pots 180 

◦
out-of-phase during rotation. While this behaviour is

ot no v el among magnetic white dwarfs, there appear to be only
 few documented examples of white dwarf light curves where
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Figure 3. Normalized and phase-folded ULTRACAM light curves for all three stars, where the blue points are u band, the green points are g band, and the 
red points are r or i band. The time-series data have been folded on the periods listed at the top of each panel, and have been re-sampled onto regular grids. 
There are 80 phase bins for LP 705-64 and WD J1430 in all three filters, while for SDSS J1252 there are 60 phase bins for g and r , but only 20 for the u band 
(Section 3.3 ). These light curves highlight the asymmetric, antiphase modulation from two starspots in the case of both SDSS J1252 and LP 705-64. 
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ipolar spots are suggested or required (Hermes et al. 2017 ; Kilic
t al. 2019 ; Pshirkov et al. 2020 ). In contrast, the majority of
agnetic white dwarf light curves seem to be broadly consis- 

ent with sinusoidal (single spot) morphologies (Brinkworth et al. 
013 ), including the prototype DAHe star GD 356 (Walters et al.
021 ). Ho we ver, it should be noted that incomplete phase cov-
rage and modest photometric precision can inhibit the detection 
f subtle light-curve features (e.g. the disco v ery light curv e of
DSS J1252, and the TESS light curve of LP 705-64; Reding et al. 
020 , 2023 ). 
To calculate accurate ephemerides based on the best precision 

chieved here, T 0 was chosen from an ULTRACAM light curve 
ocated nearest to the middle of the temporal co v erage for each
tar, and where a feature could be unambiguously identified as 
 true photometric minimum. The periodogram analysis of the 
receding sections then results in the following best ephemerides 
or all three DAHe white dwarfs, where zero phase corresponds 
o actual photometric minimum, and the periods are accurate and 
recise determinations of their spins: 

JD TDB (SDSS J1252) = 2459313 . 809921(6) + 0 . 007344823(1) E 

JD TDB (LP 705 - 64) = 2459444 . 92339(6) + 0 . 05043723(3) E 

JD TDB (WD J1430) = 2459696 . 8239(3) + 0 . 05999529(3) E 
As mentioned earlier, the ephemeris of SDSS J1252 is based 
olely on ULTRACAM, whereas those of LP 705-64 and WD J1430
re based on the combination of TESS and ULTRACAM. From 

hese ephemerides, forward and backward extrapolations can 
e made and compared with published, time-varying spectra 
f LP 705-64 and WD J1430, but in the case of SDSS J1252
here is insufficient time resolution to compare its spectro- 
copic variations in phase with photometry (Reding et al. 
020 , 2023 ). 
Starting with the more straightforward case of WD J1430 which 

xhibits a single spot, the photometric minimum (phase 0) occurred 
t BJD TDB = 2459049.056 ± 0.001 nearest the two epochs of the
ublished spectroscopy. This notably falls close to halfway in time 
etween the two spectra plotted and described by Reding et al.
 2023 ) as ‘emission’ and ‘absorption’. Specifically, and taking the
eported epochs of observation at face value, these spectra correspond 
o photometric phases 0.720 ± 0.007 and 0.221 ± 0.007, respec- 
ively, and thus both occur close to the average stellar flux. While
hese two spectral phases are reported as potentially representing a 
aximum and minimum magnetic field strength, this interpretation 

eems uncertain, especially if other spectral phases exhibit weaker 
mission or absorption, where Zeeman splitting is not a robust 
iagnostic. 
MNRAS 525, 1097–1105 (2023) 
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Table 2. Multiwavelength variability amplitudes A λ in per cent flux. 

SDSS J1252 LP 705-64 WD J1430 GD 356 

u : 5.72 ± 0.23 u : 4.48 ± 0.17 u : 6.62 ± 0.14 u : 1.50 ± 0.06 
g : 4.97 ± 0.06 g : 3.92 ± 0.06 g : 5.78 ± 0.04 g : 1.22 ± 0.04 
r : 2.99 ± 0.06 r : 2.38 ± 0.05 ... V + R : 0.81 ± 0.02 

... ... i : 3.84 ± 0.07 ... 
T : 2.05 ± 0.30 T : 1.60 ± 0.17 ... T : 0.62 ± 0.02 

Note . The u -band amplitude for GD 356 was obtained from a light curve taken 
at the WHT using PF-QHY on 2020 Jun 21. A T is the flux variation amplitude 
in the TESS band, where is no corresponding entry for WD J1430. While both 
SDSS J1252 and WD J1430 are similarly faint ( G ≈ 17.5 mag) and thus near 
the limit of what TESS can observe, the latter source has a target-to-total 
aperture flux of only 0.03 (cf. 0.89 for SDSS J1252, 0.56 for LP 705-64, 
and 0.87 for GD 356; Walters et al. 2021 ). Thus, the TESS amplitude for 
WD J1430 is likely unreliable. 
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Superficially interpreting these spectral phases of WD J1430 as
he highest and lowest field strength would be somewhat inverse
o that observed for the prototype DAHe GD 356, where there are
ultiple, full-phase co v erage observations using both spectroscopy

nd spectropolarimetry. For this well-studied case, the magnetic field
ariations, both from the observed parallel component and using
eeman splitting, display a peak and trough near phases 0.3 and
.8, respectively, from photometric minimum (Walters et al. 2021 ).
 or WD J1430, e xisting data may not probe the magnetic field with
uf ficient sensiti vity or phase co v erage, and hence these comparativ e
esults should be considered preliminary at best. 

In the case of LP 705-64, the situation is more complex. Depending
n the spot sizes, one might expect two minima and maxima in both
quivalent width and magnetic field variations, one pair associated
ith each spot . Ho we ver, there are only two epochs of spectroscopy
lotted and described by Reding et al. ( 2023 ), and here again a
omparison must be considered not only preliminary, but possibly
napt for the aforementioned reasons. Again taking the published
pochs at face value, and where the the deeper of the two light-curve
inima is zero phase, the spectrum shown with the broader Zeeman

plitting corresponds to photometric phase 0.048 ± 0.001. The two
eported spectral epochs were chosen as to be separated by exactly
ne half spin cycle (Reding et al. 2023 ), so that further interpretation
ould reflect the selection. 
While the updated photometric ephemeris is sufficient to predict

recise spin phases for spectroscopic observations of LP 705-64, their
otential correlation is not yet straightforward. It has not yet been
emonstrated that high and low Zeeman splitting might be in-phase
ith photometric extrema (cf. GD 356 Walters et al. 2021 ). The

wo published spectra may not represent precise peak behaviour,
nd there may be some uncertainty in the epoch dates reported.
easurements of both equi v alent width and magnetic field strength

t all rotational phases would eliminate these ambiguities. The sparse
et of published spectroscopic measurements of DAHe white dwarfs,
urrently prevents a more robust correlation of photometric and
pectroscopic phases. 

.4 Multiband light-cur v e amplitudes 

o better understand the nature of the spots and their associated
agnetic regions, multiband light curves for DAHe white dwarfs
ere used to calculate the photometric amplitude for each star in each
bserv ed bandpass. F or the three stars observ ed by ULTRACAM as
ell as GD 356, this was done by taking only the strongest signal in

he best periodogram for each star (Figs 2 and 3 ), and determining
he sinusoidal amplitude for each light curve in each bandpass at
hat frequency. In this way, all light-curve amplitudes are e v aluated
y their strongest sinusoidal components, including those stars with
ittle or no periodogram power at their true rotation frequency. Light-
urve amplitudes and uncertainties were determined using PERIOD04 ,
sing fixed frequencies and Monte Carlo simulations. 
Table 2 lists the multiband, photometric amplitudes for the four

AHe white dwarfs with available data, the three stars reported here
nd the prototype GD 356 (Walters et al. 2021 ). It is interesting to
ote that the amplitude of photometric variation is relatively small
n GD 356 (of the order of 1 per cent; Brinkworth et al. 2004 ),
ompared to the newer DAHe stars with several percent variations in
heir light curves. Although there is not yet any published multiband
hotometry of SDSS J1219, its light-curve amplitude is around 3 per
ent in the B band (G ̈ansicke et al. 2020 ; roughly halfway between
he u and g filters), and thus at least double that of GD 356 at similar
avelengths. It is also possible that WD J161634.36 + 541011.51
NRAS 525, 1097–1105 (2023) 
Manser et al. 2023 ; hereafter WD J1616) has a photometric am-
litude comparable to the strongest found here. These are likely
he results of observational bias, which enhances their detection as
ariables in surv e ys such as Gaia and ZTF (e.g. Guidry et al. 2021 ).

It should be noted that WD J1430 is positioned in a crowded field at
alactic latitude β < 4 ◦, and the TESS fluxes are dominated by other

ources in the photometric aperture (pipeline k eyw ord crowdsap
 0.032). This pipeline metric implies that only 3.2 per cent of the
ux in the extracted aperture is likely from the white dwarf, and
ubsequently the extracted flux has been dramatically reduced to
eco v er a more accurate stellar brightness in the PDCSAP light curve
Stumpe et al. 2012 ). While the ULTRACAM observations indepen-
ently confirm the stellar spin frequency identified by periodogram
nalysis of the TESS light curve, the pipeline fluxes are simply too
oisy (see Section 2.3 ) and likely offset significantly from the true
ean flux. Thus, no reliable variability amplitude can be deduced

or the TESS bandpass (see footnote to Table 2 ). 
The relative strengths of the photometric variations in DAHe

tars appear to follow a trend as a function of wavelength, with
ncreasing amplitudes towards the blue. Fig. 4 plots the strengths
f the multiband variability for the four white dwarfs, where the
hotometric amplitude for each bandpass is plotted relative to the g
and for each star. Three of the four stars have data in ugr (or similar)
andpasses, and all three exhibit a relatively tight correlation in their
mplitude ratios as a function of these three wavelength ranges.
hree stars have reliable TESS amplitudes where again the same
ehaviour is evident, and suggesting a phenomenon associated with
his emerging spectral family. Based on the narrow range of T eff 

mong DAHe white dwarfs, Fig. 4 implies their spots have similar
pectral properties. This indication is remarkable given the range of
AHe rotation periods and especially magnetic field strengths. 
To date, only relatively weak Balmer features have been detected

lueward of H β in any DAHe star, and yet the photometric variability
emains strongest at shorter wavelengths. This is consistent with the
revious finding that the photometric variability arises from changes
n the stellar continuum, and not from fluctuations in the Balmer
mission lines (Walters et al. 2021 ). 

In 2002–2003, the V -band (5500 Å) light-curve amplitude of the
D 356 was recorded as 0.2 per cent (Brinkworth et al. 2004 ). But

n 2020, the photometric variations observed using an SDSS g -band
lter (4700 Å), and a V + R filter (6200 Å) were found to be 4 × −6 ×
igher (Table 2 ). It thus seems possible that the starspot has evolved
uring this time frame; ho we ver, all six emission features within H α

nd H β seem consistent o v er at least 35 yr (Greenstein & McCarthy
985 ; Ferrario et al. 1997a ; Walters et al. 2021 ). 



Dipolar chromospheres in two white dwarfs 1103 

Figure 4. The multiband photometric variability amplitudes of the three 
DAHe white dwarfs with ULTRACAM light curves, together with similar 
measurements for the prototype GD 356 (Walters et al. 2021 ). The adopted 
central wavelengths are 3600, 4700, 6200, and 7500 Å for ugri (Fukugita 
et al. 1996 ; Gunn et al. 2006 ), and 7900 Å for TESS (Ricker et al. 2015 ). All 
data were analysed in a uniform manner for this plot and the Table 2 values, 
using PERIOD04 as described in Section 3.4 . The light-curve amplitudes are 
normalized to the g -band value for a given star, with a horizontal offset of 
±100 Å applied to separate the data points, and errors given for the sinusoidal 
fits to individual bandpass data. 

Table 3. Spot modelling parameter ranges and step sizes. 

Parameter Range Step size 

i 10 
◦
–90 

◦
10 

◦

θ 10 
◦
–90 

◦
2 

◦

α1 20 
◦
–80 

◦
5 

◦

α2 5 
◦
–20 

◦
5 

◦

f 1 ( T ) 0.99–0.48 0.01 
f 2 ( T ) 0.99–0.10 0.01 
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.5 Simple spot modelling 

 basic set of spot models and corresponding light curves were 
onstructed to better constrain the observed stellar surfaces as a 
unction of rotation, with a particular moti v ation to wards those stars
here two spots appear to be necessary. Each white dw arf w as treated

s a T eff = 8000 K blackbody, with one or two circular, isothermal
pots whose single temperature is controlled by a scaling factor 
 ( T ). Where required by the light-curve morphology, two identical
pots were placed on the surface at antipodal points. The other 
odel parameters are the inclination ( i ) of the stellar rotation axis

o the observer, the spot colatitude ( θ ), and the spot angular radius
 α). It is commonly acknowledged that such models are potentially 
egenerate when the values of i and θ are interchanged (e.g. Wynn 
 King 1992 ). 
For each star, a grid of models was generated with the following

arameter ranges and step sizes as given in Table 3 . For small angular
adii ( α < 20 

◦
), the spot temperature range was expanded because in

rder to reproduce a fixed photometric amplitude, the smallest spots 
ust be darkest. The root mean square (RMS) difference between 

he model and observed fluxes in a given bandpass as a function of
pin phase was computed and used to identify a best-fitting model 
or each α, although in practice there is nearly al w ays a range of
odels that yield similarly satisfactory results. 
While the modelling is relatively simple, a few basic results 
merge. Small spots with α � 15 

◦
cannot generate a sufficiently 

arge photometric amplitude for any of the three white dwarfs with
LTRACAM data, but otherwise the spot size is mostly uncon- 

trained. Beyond this small angular size threshold, the combination 
f adjustable geometry and spot temperature permits sufficient model 
exibility to achieve comparably good fits within a range of the other

hree parameters. Nevertheless, the spots must be at least modestly 
arge; in terms of solid angle, co v ering sev eral per cent or more of
ne hemisphere. In the case of WD J1430, which has the largest
hotometric variability amplitude, only spots with α ≥ 20 

◦
can 

eproduce the observed flux changes. 
Ho we ver, the models with the smallest RMS differences for the

ight curves with two minima exhibit clear shortcomings. The result- 
ng inclinations (or colatitudes) tend towards 90 

◦
, and consequently 

he model fits have equally deep, light-curve minima. These fitted 
arameters are driven in the direction of maximum inclination (or 
olatitude) because, while the lower i (or θ ) solutions can reproduce
 more shallow secondary minimum as observed, this particular 
hape e xhibits light-curv e maxima whose phase positions are shifted
owards the secondary minimum. Examples of these modelling 
utcomes are illustrated in Fig. 5 . 
Despite these limitations, the modelling demonstrates that the 

asic geometry of antipodal spots is essentially correct. Ho we ver, in
he context of the simple model assumptions, it is unlikely that there
s a centred but tilted, symmetric dipolar arrangement for the dual-
potted stars. Instead, the spots may not be circular, and where two
pposing spots are necessary each may be distinct in size, shape, or
emperature; alternatively, the spots may be in a dipolar configuration 
hat is offset from the rotational centre of the star. 

 DI SCUSSI ON  A N D  SUMMARY  

he disco v ery of DAHe white dwarfs whose light curves require
wo spots in a basic dipolar configuration, now totaling at least
hree systems (Manser et al. 2023 ), is a modest breakthrough in
heir characterization. It raises the immediate question of whether 
ll DAHe stars have dual spots, which manifest as light curves with
ither one or two minima, depending on the viewing angle and spot
rientation. As of this publication, there are now just o v er two dozen
nown DAHe stars, but where only six have robustly measured light
urves (G ̈ansicke et al. 2020 ; Reding et al. 2020 , 2023 ; Manser et al.
023 ; Reding et al. 2023 ). There is a seventh DAHe candidate with a
ell-measured TESS light curve, SDSS J041246.85 + 754942.26, but 
hich currently lacks any type of magnetic field indication or upper

imit (Tremblay et al. 2020 ; Walters et al. 2021 ). 
Of these seven objects, three of their light curves exhibit two

hotometric minima, and four are consistent with a single minimum. 
ith such small numbers and weak constraints on spot properties, a

tatistical assessment of the inferred viewing geometry is not possi- 
le, but the data to date are likely consistent with all class members
aving dipolar magnetic and spotted regions. If the simple modelling 
erformed here is any indication, it may be that magnetic (spot) axes
ust be highly inclined towards the viewer (or equivalently have 

imilar colatitudes) for both spots to transit, i.e. have ingress and
gress as opposed to being partly visible at all times. 

The detection of photometric variability in GD 356 yielded limited 
esults on its spot properties, where the size of the temperature-
ontrast surface was assumed to be identical to that of the magnetic
egion inferred from modelling of spectropolarimetry, around 40 ◦

Brinkworth et al. 2004 ). Otherwise the modelling followed the 
ame assumptions as those described in Section 3.5 , and the mostly
MNRAS 525, 1097–1105 (2023) 
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Figure 5. Illustrative spot models fitted to ULTRACAM light curves. The 
upper panels plot the g + r -band data for LP 705-64, which exhibits the more 
extreme depth change between its two minima (cf. SDSS J1252 in Fig. 3 ), 
and for which the simple models calculated here are moderately deficient. In 
the top panel are shown the RMS difference minimum models o v er a broad 
range of (fixed) spot sizes, all of which result in the highest inclination (or 
colatitude). The reason these maximum inclination models fit the data best is 
illustrated, by contrast, in the middle panel, where a representative model at 
lower inclinations is shown for a (fixed) spot radius of 40 

◦
. In these middle 

panel models, the resulting secondary minima are decreasing in depth, but 
this causes an increasing shift in the phase positions of the predicted flux 
maxima (towards phase 0.5). The bottom panel plots the g + i -band light 
curve of WD J1430 with analogous models that demonstrate a spot radius 
smaller than around 20 

◦
is insufficient to reproduce the observed variations. 
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inusoidal light curve was ultimately fitted to two sets of models,
ne with a dark spot near the rotational pole (low θ ) viewed at high
nclination, and a second viewed near the axis of rotation (low i ),
ut with high colatitude, an example of the degeneracy between i
nd θ . In the case that GD 356 has antipodal spots, in the former
cenario the secondary spot can remain hidden from the observer at
ll spin phases, and in the latter scenario, it is possible for both spots
o be partly visible at all times. If the prototype does indeed have two
pots, the previous photometric modelling would disfa v our the latter
rientation, as it would result in some light-curve impact on from
oth spots. 
As with the DAHe prototype, it is tempting to co-identify the

izable spots with their magnetic and chromospherically active
egions (Ferrario et al. 1997a ; Brinkworth et al. 2004 ). In one
uch picture, the spots are dark and magnetic regions underlying
he chromospheric activity, so that the Balmer emission lines are at

aximum brightness when the stellar continuum yields photometric
inimum (Walters et al. 2021 ). This behaviour may also be seen

n SDSS J1212 and SDSS 1219 (G ̈ansicke et al. 2020 ; Reding et al.
020 ), but insufficient phase co v erage and sampling prevent any
ertainty at present, and equi v alent widths have not been determined
or those stars. The results here for LP 705-64 and WD J1430 are
urrently ambiguous for similar reasons, and owing to additional
omplications. 

Interestingly, time-series spectroscopy for SDSS J1252,
D J1430, and WD J1616 suggest that their emission lines
ay ef fecti vely disappear at some phases (Reding et al. 2020 ,

023 ; Manser et al. 2023 ), presumably when a spot or spots (and
ssociated magnetic region) are out of view or have minimum
isibility. Ho we ver, as discussed in Section 3.3 , this is likely
n o v ersimplified picture; with the exception of GD 356, there
s a distinct lack of magnetic field determinations across the
ntire spin phases of DAHe white dwarfs, and Zeeman splitting
ay be an inef fecti ve tool for weak or transient emission

eatures. 
At present, empirical metrics associated with published, DAHe

ime-series spectroscopy are sparse, and it would be ideal for
bserv ers to pro vide both equi v alent widths and central wave-
engths for emission features o v er at least one full cycle with
ufficient sampling. In contrast to magnetic field strength estimates,
hich may not be possible to measure at all spin phases via
eeman splitting if magnetic regions rotate in and out of view,
nly the phase behaviour of equi v alent width has been robustly
haracterized, and only in the prototype (Walters et al. 2021 ). It
s thus essential that full spectroscopic phase co v erage of DAHe
hite dwarfs is carried out with these measurements in mind,

nd where spectropolarimetry will be more sensitive to magnetic
eld strength, particularly when emission or absorption features are
eak. 
The dual-spotted nature of at least three DAHe white dwarfs has

irect bearing on the hypothesis that a heated region can be caused
y star-planet interactions such that a current loop is dissipated in
ne region of the star (e.g. the unipolar inductor Li et al. 1998 ;
ickramasinghe et al. 2010 ). If such planetary interactions are

n fact taking place within the strong magnetospheres of DAHe
hite dwarfs, they are unlike the interactions that lead to unipolar,

upiter–Io footprint mechanisms (Goldreich & Lynden-Bell 1969 ).
oing forward, models that require the presence of closely orbiting

nd interacting planets, which at present lack empirical support in
bservations of DAHe stars, should require strong evidence to be
e-considered. Given the lack of additional periodic signals and the
ompelling evidence of DAHe white dwarf clustering in the HR
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iagram (Walters et al. 2021 ; Manser et al. 2023 ; Reding et al. 2023 ),
n intrinsic mechanism is the most likely source for the spotted 
egions and chromospheric activity. 
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