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ABSTRACT

This letter reports the first detection of a periodic light curve whose modulation is unambiguously due to rotation in a polluted
white dwarf. TESS observations of WD 2138—332, at a distance of 16.1 pc, reveal a 0.39 per cent amplitude modulation with a
6.19 h period. While this rotation is relatively rapid for isolated white dwarfs, it falls within the range of spin periods common to
those with detectable magnetic fields, where WD 2138—332 is notably both metal-rich and weakly magnetic. Within the local
20 pc volume of white dwarfs, multisector 7ESS data find no significant periodicities among the remaining 16 polluted objects
(five of which are also magnetic), whereas six of 23 magnetic and metal-free targets have light curves consistent with rotation
periods between 0.7 and 35 h (three of which are new discoveries). This indicates the variable light curve of WD 2138—332
is primarily a result of magnetism, as opposed to an inhomogeneous distribution of metals. From 13 magnetic and metallic
degenerates with acceptable TESS data, a single detection of periodicity suggests that polluted white dwarfs are not rotating as

rapidly as their magnetic counterparts, and planet ingestion is thus unlikely to be a significant channel for rapid rotation.
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1 INTRODUCTION

Metal pollution and magnetism are each independently common
in white dwarfs. The ubiquitous metal-enrichment observed in white
dwarfs is well established at roughly 20-30 per cent (Zuckerman et al.
2003, 2010), and sufficiently sensitive spectroscopy can extend to
unbiased samples beyond 100 pc (Koester, Génsicke & Farihi 2014).
In contrast, the intrinsic occurrence rate of magnetism in white dwarfs
suffers from observational bias favouring more distant, luminous
targets with fields above 1 MG (Ferrario, de Martino & Giénsicke
2015). Recently however, based on spectropolarimetric observations
of the entire 20 pc volume of white dwarfs (e.g. Landstreet & Bagnulo
2019; Bagnulo & Landstreet 2020), it is now known that around
20 per cent of white dwarfs are magnetic, in agreement with earlier
estimates (e.g. Kawka et al. 2007). In this pioneering effort, one of
several key insights is that magnetic fields are more frequently present
and detectable around cooler white dwarfs (Bagnulo & Landstreet
2021).

Importantly, there is a bias against detecting magnetism in cooler
white dwarfs, owing to the weakening and eventual disappearance of
helium and hydrogen spectral lines, and thus the fact that fields appear
relatively late is robust. The presence of metals in cool white dwarfs
thus provide spectral lines which are sensitive to the presence of a
magnetic field, whereas metal-free counterparts are often featureless
or may exhibit Swan bands that are relatively insensitive tracers of
polarization (Bagnulo & Landstreet 2019).

The first mention of a possible, speculative connection between
metals and magnetism was based on the discovery of apparently
double Ca1l H and K lines in the nearby white dwarf G77-50, where
this was initially interpreted as duplicity (Zuckerman et al. 2003).
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Detailed follow-up spectroscopy revealed more complex splitting
consistent with a magnetic field of approximately 120 kG (Farihi et al.
2011). At the time, it was suggested that if a common envelope in
binary stars might be responsible for strong magnetic field generation
(Tout et al. 2008), then perhaps giant planet engulfment might lead to
similar outcomes, but with weaker results. However, it was quickly
noted that there is a dearth of sufficient progenitor systems (i.e. hot
Jupiters), at least around solar-type stars (Kawka & Vennes 2011).
Possibly more relevant, radial velocity studies continue to suggest
that giant planets, orbiting sufficiently close to be later engulfed,
are more common around the A-type progenitors of white dwarfs
(Bowler et al. 2010; Ghezzi, Montet & Johnson 2018).

The literature has continued to discuss a possible, observed
correlation between white dwarf magnetism and photospheric metals
(Kawka & Vennes 2014; Bagnulo & Landstreet 2019; Kawka et al.
2019), and there are recent speculations that planetary accretion may
enhance spin rates (Schreiber et al. 2021). The apparent correlation
is now understood as a consequence of white dwarf cooling age,
combined with a bias against detecting fields in cool white dwarfs
without metal lines (Bagnulo & Landstreet 2021). Nevertheless, the
correlation with cooling age implies that if an older white dwarf
has spectral lines, then it has around a 20 per cent chance to have
a detectable magnetic field, and this applies equally to polluted and
non-polluted white dwarfs.

Despite a few dozen examples of magnetic and metallic white
dwarfs discovered over more than two decades (Reid, Liebert &
Schmidt 2001; Dufour et al. 2006), until now none were known to
have a rotationally modulated light curve. In fact, among polluted
white dwarfs that are sufficiently cool that radiative forces are
negligible, no star is known to exhibit rotational modulation via
spectroscopy or photometry. In hotter white dwarfs where radiative
levitation of heavy elements can play a role, there does not appear
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to be a correlation with light-curve modulation and photospheric
metals (Hallakoun et al. 2018; Hoard et al. 2018). And while there
are observed periodicities in the optical, it is unclear if the source is
rotational modulation or has a circumstellar origin (Wilson, Hermes
& Ginsicke 2020).

This letter reports unambiguous rotational modulation in the
optical light curve of the T = 6900K, DZ spectral-type white
dwarf WD 2138—332 via space- and ground-based photometry. The
modulation is broadly sinusoidal but with an amplitude of less than
0.6 per cent at wavelengths longer than 4000 A, and consistent with
a stellar spin period of 6.2 h. In Section 2, the data and observations
are described, with a periodogram analysis and phase-folded light
curve presented in Section 3. The detected light-curve amplitude
of WD 2138—332 is compared with detections and upper limits for
similar stars in Section 4, followed by a short discussion.

2 OBSERVATIONS AND DATA

At d = 16.1pc and with G = 14.5mag, WD2138-332
(=NLTT 51844) is one of the nearest and brightest white dwarfs,
and was not discovered until a relatively recent, dedicated search in
the southern hemisphere (Subasavage et al. 2007). The star exhibits
a classical DZ spectrum with strong lines of Call H and K, as well as
other lines of Mg and Fe, even at low resolution. A model atmosphere
fit based on spectroscopy, photometry, and Gaia parallax yields
Teir =~ 6900K and M = 0.60 My, with around 10 and 20 per cent
errors, respectively, and corresponding to a nominal cooling age
of 1.7Gyr (Coutu et al. 2019). The magnetic field was recently
detected with spectropolarimetry, and is one of the weakest field
strengths measured at approximately 50 kG, yet robust with multiple
detections (Bagnulo & Landstreet 2019, 2021).

Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015)
data for WD2138—332 (TIC 204440456, T = 14.2mag) were
retrieved from the MAST archive,' and Sector 68 PDCSAP light curves
with 120 s cadence were downloaded (Jenkins et al. 2016), where
96 per cent of the total flux in the extracted aperture is attributable to
the target white dwarf. The Sector 68 data span the dates from 2023
July 29 to August 25. There are no other useful TESS observations for
this star, where it was imaged in Sector 28, but too close to the detector
edge for data to be extracted. Minimal cleaning of the light curve was
performed, including outlier rejection and removal of NaN entries,
and the time stamps were adjusted to BJD = TBJD + 2457000.
The TESS filter samples wavelengths in the range 6000—10000 A,
similar to Cousins / band in central wavelength but significantly
broader (Ricker et al. 2015).

Antecedent and subsequent observations of the white dwarf were
obtained using ULTRACAM (Dhillon et al. 2007) on the New
Technology Telescope at La Silla Observatory on 2021 August
20 and 2023 September 15, resulting in light-curve durations of
approximately 2.0 and 4.0 h, respectively. The instrument is a triple-
beam, frame transfer imaging camera, and images were taken in
high throughput ugr bandpass filters, with 3.2 s exposures on both
observing dates. Images in the blue channel were co-added every
three frames to increase signal to noise (S/N), but otherwise all three
channel images were taken simultaneously.

The raw frames were bias corrected and flat fielded using sky flats
taken during evening twilight each night. Differential photometry
was performed on the resulting images using custom-built software.>

Thttps://archive.stsci.edu
Zhttps://github.com/HiPERCAM/hipercam
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Owing to the fact that WD 2138—332 is a relatively bright white
dwarf with (Ggp, G, Grp) = (14.61, 14.45, 14.19) mag, there was
only a single field star that was suitably bright as a comparison
source, Gaia DR36592315860631132800 with (Ggp, G, Grp) =
(14.64, 14.25, 13.69) mag. The typical photometric S/N per saved
(co-added or single) image was 130, 290, and 280 in ugr, respectively
for the target star, and 90, 280, and 300 for the comparison star.

ULTRACAM light curves were constructed by dividing the
science target flux by that of the comparison star, and with errors
propagated as the quadrature sum of the fractional flux errors of both
stars measured. Thus the resulting light curves have formal errors
that are typically 1 per cent or better. Time stamps were converted to
BID following Eastman, Siverd & Gaudi (2010).

3 ANALYSIS AND RESULTS

In this section, the TESS and ULTRACAM light curves are analysed
and presented, and WD 2138—332 is placed into the wider context
of the polluted and magnetic white dwarfs within 20 pc, and beyond.

3.1 Light curves

Light-curve analysis was carried out using PERIOD04 (Lenz & Breger
2005), where Fourier power spectra were constructed, and fitted
parameter uncertainties calculated using Monte Carlo methods.
These simulations were performed with the frequency and phase
uncoupled, and run 1000 times with Gaussian noise added to each
point in the fitted light curve resulting from the periodogram analysis.
Fig. 1 displays the periodogram based on using only the TESS Sector
68 data, which yield a robust peak signal at 3.87d~! (6.2h), and an
error of 200 ppm. To reduce the uncertainty in the period, a second
Fourier analysis was performed using both TESS and ULTRACAM
g-+r light curves, generating a refined period but with an uncertainty
of 5 ppm. The adopted ephemeris is

BID1pp = 2460203.519(1) 4+ 0.258001(1) E.

The TESS data were phase folded on this period and are plotted
in Fig. 1. The amplitude of the variation in the TESS bandpass is
0.39 per cent.

The 2023 ULTRACAM light curves are shown in Fig. 2, and
were fitted with sine waves using the period determined above,
and the resulting amplitudes and errors from these fits are listed in
Table 1. In terms of detecting low-amplitude photometric variations
in white dwarfs, it is notable that the u-band variability is an order
of magnitude larger than that observed in TESS. Both sets of light
curves exhibit partial or total coverage of a secondary photometric
minimum (e.g. Fig. 1), supporting the presence of two surface spots.

3.2 Magnetic and metallic stars within 20 pc and beyond

To place the discovery of small-amplitude variability in the TESS
light curve of WD 2138—332 into context, a similar search was
carried out for the 20 pc sample of white dwarfs with either pho-
tospheric metals or magnetic fields, as well as all available stars with
both properties (Schreiber et al. 2021). For each target, available
sectors of TESS PDCSAP light-curve data were analysed to either
detect or confirm known variability, or in the case where no variability
is present, to establish a corresponding sensitivity. To determine a
limit on any variation that should have been detected if present, a
0.1 percent probability, false-alarm amplitude was established by
following standard methodology (Hermes et al. 2015).

In Fig. 3 are plotted the resulting variability thresholds and actual
detected amplitudes among the magnetic and metallic white dwarfs,
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Figure 1. Left: a periodogram of WD 2138—332 based on Sector 68 TESS observations, where the amplitudes are plotted in grey, and a 0.1 per cent probability,
false-alarm threshold (coincidentally at an amplitude of 0.095 per cent) is plotted with a blue dotted line. There is a single, strong peak frequency at 3.87 d~!
(6.2 h). Right: the phased TESS light curve of WD 2138—332, with 40 equally sized phase bins, where the fluxes and errors are weighted means of approximately
370 measurements each. A modest yet clear secondary minimum is detected 180° from the primary minimum, and consistent with two spots in a dipolar

configuration.
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Figure 2. Phased light curves of WD 2138—332 from ULTRACAM. The
blue data points and errors correspond to u-band photometry, and similarly
the green and red symbols are g- and r-band data, respectively. The plotted
data are the most recent observing run from 2023 September, where the 2021
August data offer no additional phase coverage and are thus not plotted. The
bin sizes are 0.002 (500 bins) and 0.004 (250 bins), respectively, for the
u-band light curve, and both the g- and r-band light curves. The variability
amplitude in the u band is remarkable, and the corresponding light curve
shows partial coverage of the secondary minimum seen in the TESS data.

Table 1. Multiwavelength variability amplitudes in per cent flux.

Band e Amplitude
A) (per cent)
u 3600 3.19 £ 0.06
g 4700 0.57 £ 0.01
r 6200 0.18 +£0.01
T 7900 0.39 £0.02

as a function of source brightness. Not all target sources have PDCSAP
light curves, and those which do often have unfavourable data owing
to crowding next to bright sources. Furthermore, a small number of
sources have light curves that are contaminated by variable sources
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Figure 3. TESS threshold and detected variability amplitudes for metal-
rich or magnetic white dwarfs in the 20 pc sample, and for those with both
properties known outside this volume. The open symbols are 0.1 per cent
probability, false-alarm thresholds for those sources with no significant
periodogram peaks, while the filled symbols are actual detected variation
amplitudes for those stars with unambiguous periodicities. Despite issues of
crowding within the relatively large TESS camera pixels, and light-curve
contamination from a few variable neighbouring sources that augments
their false-alarm thresholds, the plot demonstrates excellent sensitivity in
numerous cases, where WD 2138—332 (circled) is the only metal-rich white
dwarf to have a detected rotation period.

within the photometric aperture (see Table 2). Yet, there are numerous
sources with sufficient quality data such that variability should have
been detectable at the 0.1 per cent level, and even lower in roughly
one dozen cases.

Table 2 lists three magnetic white dwarfs reported for the first
time to be photometrically variable. Also included in the table are
TESS periods for three additional magnetic white dwarfs whose
rotational periods had previously been determined using time series
spectropolarimetry. Thus all six variable sources are consistent with
stellar rotation. Among the new findings is a 44.2 min rotation period
for WD 0011—-134, which has been known to be magnetic and
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Table 2. TESS spin periods for magnetic white dwarfs within 20 pc.

Star Period Amplitude References
(d) (per cent)

WD 00094501 0.16707(5) 0.31 +£0.02 1

WD 0011-134 0.030679(3) 0.34 +0.05 1
WD0011-721 0.588905(3) 0.28 +£0.01 1

WD 0912+536 1.331045(3) 1.94 £+ 0.01 2,1
WD 1953—-011 1.4427(3) 2.65 +0.02 3,1
WD 2138-332 0.25822(6) 0.39 £0.02 1

WD 2359—-434 0.11229383(2) 0.375 + 0.003 4,1

References: (1) this work; (2) Angel et al. (1972); (3) Valyavin et al. (2008);
(4) Gary et al. (2013).

Note: the magnetic white dwarfs WD 1009—184, WD 1036—204, and
WD 2153—512 all have variable TESS light curves, but the sources are
attributed to neighbouring stars using TESS LOCALIZE (Higgins & Bell 2023).
The period derived for WD 2138—332 based on TESS data alone (baseline of
25 d) differs by 3.60 from the adopted period that is based on the inclusion
of ULTRACAM light curves (baseline of 756 d).

variable for over 25 yr, but whose period was never determined until
now (Bergeron, Ruiz & Leggett 1992; Putney 1997).

It has been claimed that the G = 20.0 mag, polluted white dwarf
DES J214756.46—403529.3 is weakly magnetic with a spin period
of 13 h (Elms et al. 2022). Here, an independent analysis finds no
significant flux from this 7 = 19.1 mag star in the relevant TESS
Sectors 1 and 28. Using point spread function-subtracted, full-frame
images at the Gaia DR3 position (TGLC; Han & Brandt 2023), aper-
ture fluxes have median and scatter 3.5 £+ 2.4e~ s~! in both sectors,
comparable with variations in the sky after background subtraction.
Gaia DR3 6584429922718418176 is 39 arcsec (<2 pixels) distant,
and 10x brighter than the white dwarf with TGLC aperture fluxes
38 + 2e s7! in both sectors. These light curves exhibit a 13h
periodicity with amplitude 2.2 and 1.1 per cent in Sectors 1 and 28,
respectively (cf. 1.5 per cent reported by Elms et al. 2022). Thus, it
is challenging to ascribe this periodic signal to the white dwarf.

4 DISCUSSION

Only the stars known to be magnetic are detected as variable,
and none of these besides WD 2138—332 have photospheric met-
als. This is a strong indication that the photometric variability
in WD 2138—-332 originates in magnetism and not with surface
patches associated with its metal-enriched atmosphere. Given that
magnetic white dwarfs are commonly photometric variables — just
over 20 per cent (6 of 29) within the 20 pc volume — then one would
expect a similar fraction of polluted white dwarfs with detected
magnetic fields to be variable.

There are only 13 magnetic and metallic white dwarfs with suffi-
cient TESS data to ask if the variable fraction is similar to magnetic
stars in general. In this case, only one of 13 (WD 2038—332) is
variable, whereas a nominal expectation would be at least two. Owing
to small number statistics, these two fractions are insufficiently
distinct for any strong conclusions to be drawn. However, one
possibility is that a similar fraction of magnetic white dwarfs with
metals have surface spots, but that their periods are too long to be
detected in TESS (cf. the suggestion of a 29 d period in the Zeeman
splitting of the Ca i lines of G77—50; Farihi et al. 2011). The PDCSAP
data are detrended, and thus likely unreliable for periods longer
than a few days. Furthermore, if any longer period variations have
photometric amplitudes below 1 per cent as for WD 2138—332, then
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detection will remain a challenge, as large-scale photometric surveys
often lack the required sensitivity.

Fig. 2 suggests that a large-scale survey conducted in the u# band
might be particularly fruitful for identifying periods in magnetic
white dwarfs. In the case that photometric variability amplitudes
are of an order of magnitude more prominent in the bluest optical
bandpasses such as u, then TESS may not be ideally suited if the
bulk of potentially variable sources have sufficiently low amplitudes.
Recently, it was shown that for a sub-group of variable magnetic
white dwarfs, the photometric amplitudes were also strongest in
the u band (Farihi et al. 2023), suggesting future synoptic surveys
employing this bandpass will be valuable, e.g. BlackGem (Groot
et al. 2022).

Lastly, there is the question of the rotation period of
WD 2138—332 and its origin. Over several Gyr, polluted white
dwarfs may accrete up to a Pluto or even a Lunar mass of material
(Farihi et al. 2012; Swan et al. 2023), but this is unlikely to approach
the amount needed to appreciably spin up a white dwarf. Based on
modelling of planet ingestion, gas dwarf or giant planets are likely
necessary to attain spin periods less than one day (Stephan et al.
2020). While this may be the case for WD 2138—332, it appears
unlikely to be common for polluted white dwarfs in general.
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