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ABSTRACT

Context. A growing number of white dwarfs (WDs) exhibit one or more signs of remnant planetary systems, including transits,
infrared excesses, and atmospheric metal pollution. WD 1054-226 stands out for its unique, highly structured, and persistent photomet-
ric variability.

Aims. We investigate the long-term stability and nature of the periodic signals observed in WD 1054-226 to better understand the
origin and evolution of its transiting material.

Methods. We analysed all available TESS light curves from Sectors 9, 36, 63, and 90 using Lomb-Scargle, box-least-squares,
and Gaussian process periodogram analyses. We complemented them with multi-band, high-cadence ground-based photometry from
LCOGT, MuSCAT2, ALFOSC, and ProEM to test for a colour dependence and confirm the periodicities.

Results. We confirm the persistence of the previously reported 25.01 h and 23.1 min periodicities over a six-year baseline. The 25.01 h
signal shows some temporal evolution, while the 23.1 min dips are highly coherent on long timescales. The previously reported tran-
sient 11.4 h feature was only detected in early TESS sectors and is absent in recent data. No significant colour dependence is found in
the ground-based observations.

Conclusions. The stability of the 25.01 h and 23.1 min signals indicates a long-lived, dynamically sculpted debris structure around
WD 1054-226. The lack of a colour dependence implies a high optical depth, consistent with an opaque, edge-on debris ring rather
than an optically thin dust population. This makes WD 1054-226 a key laboratory for testing models of remnant planetary systems

around WDs.
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1. Introduction

When a star similar to the Sun ends its life, it sheds its outer
layers and contracts into a white dwarf (WD). While the inner
planetary system is engulfed, outer planets and minor bodies
can survive and later perturb one another. This causes material
to be scattered onto the WD (e.g. Debes & Sigurdsson 2002;
Bonsor et al. 2011; Mustill & Villaver 2012; Veras et al. 2014;
Mustill et al. 2018; Smallwood et al. 2021; Veras et al. 2024).
Those planets and minor bodies that pass within the Roche limit

* Corresponding author: judithkorth@gmail.com

are tidally disrupted, generating compact dusty and gaseous discs
(Jura 2003; Ginsicke et al. 2006). Heavy element pollution in
WD atmospheres (Zuckerman et al. 2003; Koester et al. 2014;
Ould Rouis et al. 2024), along with infrared excesses consis-
tent with circumstellar dust discs (Zuckerman & Becklin 1987,
Graham et al. 1990; Reach et al. 2005; Jura et al. 2007; Wilson
et al. 2019; Madurga Favieres et al. 2024; Murillo-Ojeda et al.
2026), and circumstellar gas emission (Ginsicke et al. 2006;
Manser et al. 2020; Saker et al. 2025), provide strong evidence
for ongoing accretion of such material. Recent James Webb
Space Telescope (JWST) observation using the Mid-Infrared
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Instrument (MIRI) has revealed a wide variety of dust mineralo-
gies, including tentative silica glass signatures, which indicate
high-temperature processing and collisional replenishment of
small grains (Farihi et al. 2025).

In rare cases, fragments can be observed to directly
transit their WD host. The first and best-studied example,
WD 1145+017, showed multiple dust clouds orbiting near the
Roche limit with a period of ~4.5 h (Vanderburg et al. 2015;
Aungwerojwit et al. 2024). Since then, over a dozen simi-
lar systems have been reported (e.g. Vanderbosch et al. 2020;
Guidry et al. 2021; Vanderbosch et al. 2021; Aungwerojwit et al.
2024; Hermes et al. 2025; Bhattacharjee et al. 2025; Guidry
et al. 2025), demonstrating diverse activity levels and dynami-
cal pathways. However, only six of these systems have measured
orbital periods. Theoretical models suggest that these phe-
nomena (discs, transits and pollution) arise from gravitational
perturbations by surviving planets (Bonsor et al. 2011; Mustill
et al. 2018), leading to either full tidal disruption of an aster-
oid or comet within the Roche limit or to alternative outcomes.
For example, secular and scattering perturbations can trigger
repeated partial disruptions of planets or asteroids (Li et al. 2021;
Kurban et al. 2024), while Li et al. (2025b) showed that bod-
ies scattered to orbital pericentres just outside the Roche limit
may undergo tidal circularisation to short-period (=10 h-1 d)
orbits. The authors showed that this mechanism can account for
the orbital periods observed in systems such as WD 1145+017.
A companion study suggested that tidal heating during this evo-
lution might induce volcanism, producing dust-rich ejecta and
distinctive occultations (Li et al. 2025a).

The nearby metal-polluted WD 1054-226 displays uniquely
structured and persistent photometric variability (Farihi et al.
2022; Robert et al. 2024). As described in Farihi et al. (2022),
WD 1054-226 shows quasi-continuous dimming events that
repeat with remarkable precision in a 25.01 h period, but with
evolving morphology and variability at multiple harmonics, in
particular, the 65th harmonic at 23.1 min. This variability, drift-
ing transit features that suggest additional periodicities, and the
absence of un-occulted starlight have been interpreted by Farihi
et al. (2022) as produced by an opaque, edge-on debris struc-
ture occulting the WD, which is subject to perturbations from a
nearby massive body, such as a large asteroid fragment. Recent
studies also suggested that the 25.01 h signal might be consistent
with a partially circularised planetesimal orbit (Li et al. 2025b)
or with volcanically active bodies shedding dust in a narrow ring
(Li et al. 2025a).

The stability and regularity of WD 1054-226 distinguish it
from other transiting debris systems, making it a rare laboratory
for testing models of evolved planetary systems. The published
observational baseline for this system extends only over four
years. Systems like this have been observed only recently, and
little is known so far about their long-term evolution or stabil-
ity, although the small number of known systems show a range
of temporal behaviours. The transits of the archetypal system
WD 1145+017 have disappeared, or at least reduced in depth to
become undetectable, after several years (Aungwerojwit et al.
2024). Like WD 1054-226, ZTF J0328-1219 shows complex
transit features without an obvious out-of-transit baseline, but
its periodicities (around 9.9 and 11.2 hours) change both within
and between Transiting Exoplanet Survey Satellite (TESS) sec-
tors (Vanderbosch et al. 2021). SBSS 1232+562 has undergone
several month-long dimming events, after the last of which,
a 14.8-hour periodicity briefly appeared (Hermes et al. 2025).
ZTF 1194444557 shows cleaner transits with a clear flat baseline
between the transit events, although they are still more complex
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than the single transit per cycle (here 4.97 hours) seen for tran-
sits of planets; these transits were observed in 2023 and 2025, but
temporarily disappeared in 2024 (Guidry et al. 2025). Long-term
monitoring of more systems is therefore essential to constrain the
typical timescales on which these systems change, if indeed they
all do. We present new observations and an analysis of WD 1054-
226 to constrain the nature of the transiting material and its role
in the late stages of planetary system evolution.

2. Observations
2.1. TESS photometry

The WD 1054-226 (TIC 415714190) was observed by TESS
(Ricker et al. 2015) in Sector 9 at a cadence of 2 min and in
Sectors 36, 63, and 90 at a cadence of 20 sec. We used the pub-
licly available Pre-search Data Conditioning (PDC) light curves
(Smith et al. 2012; Stumpe et al. 2012, 2014) produced by the Sci-
ence Processing Operations Center (SPOC: Jenkins et al. 2016)
at NASA Ames Research Center, downloaded from the Mikulski
Archive for Space Telescopes' .

2.2. Ground-based photometry
2.2.1. LCOGT/Sinistro

We observed WD 1054-226 in the SDSS i’ band (617 to 894
nm) using the Sinistro cameras installed at the 1 m telescopes
from the Las Cumbres Observatory Global Telescope (LCOGT;
Brown et al. 2013) between 14 December 2022 and 27 June 2025,
covering observing windows from 2.13 to 7.48 hours. Details of
the observations are reported in Table A.1. The SDSS i’-band
images were calibrated by the standard LCOGT BANZATI pipeline
(McCully et al. 2018), and the photometry was reduced with our
pipeline following standard photometry practices (Parviainen
et al. 2019). The reduced i’-band photometry from LCOGT and
all the other instruments is shown in Fig. 1.

2.2.2. TCS/MuSCAT2

We observed WD 1054-226 in the ¢’ (400-550 nm), ' (550-
700 nm), i (700-820 nm), and z, (820-920 nm) bands using the
multi-band imager MuSCAT2 (Narita et al. 2019) mounted on
the 1.5 m Telescopio Carlos Sdnchez (TCS) at Teide Observa-
tory, Spain, between 24 January 2023 and 12 March 2024, with
observing windows lasting from 2.0 to 3.7 hours. All the MuS-
CAT2 data were reduced by the MuSCAT? pipeline (Parviainen
et al. 2019). The pipeline performs standard calibrations (dark
and flat-field corrections) and aperture photometry. Three nights
(25 January 2023, 5 March 2023, and 31 March 2023) were
cloudy, and the photometry for these nights was not included in
the analysis. The multi-colour photometry from MuSCAT2 and
all the other instruments is shown in Fig. 2, and the white-light
curve from MuSCAT?2 with the colour differences is shown in
Fig. B.1.

2.2.3. Struve/ProEM

We observed WD 1054-226 semi-simultaneously in SDSS ¢’ and
i’ using the ProEM frame-transfer photometer mounted on the
2.1 m Otto Struve Telescope at McDonald Observatory, Texas,
USA, on 5 January 2024 and 6 January 2024. The photometry

I https://mast.stsci.edu
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Fig. 1. All i-band light curves ordered into groups and phase-folded to the 25.01 h period. The reference time for the phase folding is 2459928.85.
The y-offset of the light curves in each group correspond to the 25.01 h period signal cycle.

was reduced with our pipeline in the same way as the LCOGT
photometry.

2.2.4. NOT/ALFOSC

We observed WD 1054-226 semi-simultaneously in the SDSS ¢/
and g’ bands using the Alhambra Faint Object Spectrograph and
Camera (ALFOSC) instrument installed at the 2.56 m Nordic
Optical Telescope (NOT) at the Roque de los Muchachos Obser-
vatory on La Palma, Spain, on 18 March 2023. The photometry

was reduced with our pipeline in the same way as the LCOGT
photometry.

3. Methods
3.1. Lomb—-Scargle and box-least-squares periodograms

Previous searches for periodic signals in the photometry of
WD 1054-226 used Lomb-Scargle (LS; Lomb 1976; Scargle
1982) and box-least-squares (BLS; Kovacs et al. 2002) peri-
odograms (Farihi et al. 2022; Robert et al. 2024). We repeated
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Fig. 2. Multi-colour photometry from MuSCAT2, ProEM, and ALFOSC shown for filters ¢’ (blue), r (green), 7, and i’ (yellow), and z; (red) and
phase-folded to the 25.01 h period. The reference time for the phase folding is 0.0. The MusCAT?2 photometry is binned to 3 min, the ProEM
photometry to 2 min, and the ALFOSC photometry is not binned. The y-offset of the light curves corresponds to the 25.01 h period signal cycle.

these analyses using our ground-based photometry and the new
TESS observations.

For the LS search, we used the astropy implementation
to identify sinusoidal periodicities in the TESS and ground-
based data sets using the standard normalisation in the range
10 min to 50 days and 10 min to 3 days, respectively. The
false-alarm probability level was calculated using the astropy
implementation with the method described in Baluev (2008). To
search for periodic transit-like features in the TESS photome-
try, we employed the BLS algorithm implemented in the Open
Exoplanet Transit Search pipeline (OpenTS; Pope et al. 2016)
using the PyTransit transit model (Parviainen 2015, 2020;
Parviainen & Korth 2020). The BLS search was divided into
short- and long-period searches, and we explored trial periods
of 0.007-0.2 days and 0.2-2 days, respectively.

3.2. Gaussian process period analyses
3.2.1. Gaussian process kernel

The LS periodogram is optimised for detecting sinusoidal vari-
ability. On the other hand, the BLS periodogram is better suited
for identifying periodic transit-like signals, where the duration
of the dip is short compared to the period.
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We adopted an additional approach and modelled the pho-
tometry using a Gaussian process (GP; Rasmussen & Williams
2006) consisting of an aperiodic component and up to three
quasi-periodic components. The full covariance kernel is

K v s,

k() =

Aperiodic

N
) .o 7T

+ ) o;exp (——2 —TIsin (—)),
; f Pi

Quasi-periodic

ey

where 7 = |t — | is the time lag between data points, N € {1, 2, 3}
is the number of periodic signals, and o is the amplitude of
the component. The aperiodic variability was modelled with a
Matérn-3/2 covariance function, governed by the characteris-
tic timescale p. The quasi-periodic signals were modelled by
multiplying an exponential-sine-squared kernel with a squared-
exponential kernel. This introduced an evolutionary timescale,
¢, that dictates the stability of the periodicity; a large € (€ > P)
enforces a strictly periodic persistent signal, while a smaller £
allows the signal phase or amplitude to evolve or decay over
time. The shape of the periodic feature was controlled by the
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characteristic inverse-length scale, I'. Low values of I constrain
the periodic component to smooth sinusoidal variations, while
high values of I' allow for sharp pulse-like features with rich
harmonic content. This formulation allowed us to model a wide
range of behaviours, including long-timescale stochastic vari-
ability, sharp transit-like dips, and quasi-periodic signals with
an evolving morphology.

3.2.2. Period search with Gaussian processes

We began by carrying out period searches using the TESS data
and the ground-based LCOGT data from January and March
2024. The searches were formulated as hypothesis tests between
three competing models: Hy, in which the variability is explained
entirely by an aperiodic process; Hj, in which the variability is
explained by an aperiodic process and a single quasi-periodic
signal with period p;; and H,, in which the variability is
explained by an aperiodic process and two quasi-periodic signals
with periods p; and p;.

We evaluated these hypotheses using Bayesian information
criterion (BIC) periodograms. First, we fitted the Hy model by
optimising the Matérn-3/2 hyperparameters and computing the
maximum log-likelihood. We then performed a period search
by evaluating H; over a grid of trial periods p;. At each trial
period, we fixed the aperiodic hyperparameters to their best-fit
Hj values and optimised the quasi-periodic kernel hyperparame-
ters over a predefined grid. The resulting ABIC = BICy, —BICy,
identifies periods where the inclusion of a periodic component
significantly improves the fit. A lower ABIC indicates stronger
evidence in favour of H;, where ABIC < —6 can be considered
strong evidence, and ABIC < —10 very strong (Kass & Raftery
1995, adopting 2 In B;y ~ —ABIC). For H,, we carried out a con-
ditional search for secondary periodicities: we included a known
primary period p; in the model and scanned for an additional
period p,, which allowed us to distinguish genuine secondary
signals from harmonics of the dominant periodicity.

We modelled the GPs wusing the George package
(Ambikasaran et al. 2016) with the basic solver rather than
the Hierarchical Off-Diagonal Low-Rank (HODLR) approxi-
mation, so the computational cost is dominated by the O(N?)
scaling of the covariance matrix inversion. To mitigate this,
we adopted different strategies for the short- and long-period
searches. For short periods (5-60 min), we did not bin the data
in time, but instead divided the light curves into chunks of n
data points at most and computed the total log-likelihood as
the sum over the individual chunks. For long periods (3-29 h),
we binned the TESS light curves into 22-minute intervals,
keeping the total number of points per sector at about 1500; the
ground-based light curves were binned into 4-minute intervals.

The periodograms were calculated separately for each TESS
sector and separately for the LCOGT observations from January
and March 2024. The searches were limited to two periodici-
ties at most at each timescale, as our tests found no evidence for
additional periodic signals.

3.2.3. Model refinement and comparison

The BIC periodograms identify candidate periods, but rely on
grid searches with fixed aperiodic hyperparameters and approx-
imate optimisation. To refine the results, we performed full GP
optimisations for the most significant periods. For each candidate
period or period pair, we optimised all hyperparameters jointly
and recomputed the BICs for Hy, H;, and H,. The optimisation
uses the differential evolution (DE; Storn & Price 1997,
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Price et al. 2005) algorithm implemented in PyTransit
(Parviainen 2015). The resulting models were then compared to
determine which set of periodicities best explains the data.

3.2.4. Posterior sampling

For the best-fitting models, we estimated the full posterior distri-
butions of the GP hyperparameters using a Markov chain Monte
Carlo sampling. We used the affine-invariant sampler imple-
mented in emcee (Foreman-Mackey et al. 2013), initialising the
walkers at the global posterior mode found by the DE optimi-
sation. The sampling was carried out with 50 walkers for 5000
steps. We discarded the first 4000 steps as burn-in and retained
the final 1000 steps as the posterior sample.

3.3. Colour dependence

Our ground-based photometry includes observations obtained
in multiple passbands, either simultaneously or semi-
simultaneously (see Sect. 2.2). We investigated whether
the depths of the light-curve dips depended on colour, which
might provide insights into the composition and size distribution
of the material that causes the dips (e.g. Alonso et al. 2016; Xu
et al. 2018).

The analysis parallels the approach of Farihi et al. (2022).
First, we resampled all passbands onto a common time grid to
enable a direct comparison; this step is required even for the
MuSCAT?2 data due to differences in exposure times. We then
examined the correlations between fluxes across the passbands
and assessed whether they showed significant non-linearity or
deviations from unity, which would indicate a colour-dependent
dip depth.

4. Results
4.1. TESS period search

We analysed all available TESS photometry using the BLS, LS,
and GP approaches.

The BLS transit search was performed per sector and across
multiple sectors using the 20 s and 2 min cadence data. The
long-period BLS search identified an 8.34 h signal in Sector 9,
consistent with a harmonic of the 25.01 h modulation, as well
as the 25.01 h periodicity itself in Sectors 36, 63, and 90,
both individually and in the combined multi-sector searches.
The short-period BLS search identifies the 23.1 min signal in
all individual sectors and in a search combining all the TESS
sectors.

The LS search was performed using the 2 min cadence alone;
the periodograms (Fig. 3) recover the two dominant periodicities
previously reported by Farihi et al. (2022): the 23.1 min signal
and the 25.01 h fundamental period. In addition, a secondary
signal with a period of either 5.7 h or 11.4 h was detected in
Sectors 9 and 36, in agreement with the findings from Farihi
et al. (2022).

The GP period searches were carried out separately for each
TESS sector using the 2 min cadence photometry. We com-
puted the GP periodograms for long periods (3-29 h, using
light curves binned into 22-minute intervals) and short periods
(6-36 min, using unbinned photometry split into segments of
750 data points).

The long-period TESS results are shown in Fig. 4. The GP
periodograms recover the 25.01 h signal seen in the LS analysis
and a candidate periodicity at either 11.4 or 22.8 h in Sectors 9

A27, page 5 of 13
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of these signals using the same colour-coding.

and 36. The short-period search detects the known 23.1 min
signal, but finds no other significant features. To search for sec-
ondary periodicities, we computed conditional two-period GP
periodograms (right column of Fig. 4), comparing a one-period
model with p; = 25 h against a two-period model with p; = 25h
and p, scanned across a grid of trial periods. In Sectors 9 and 36,
the best-fitting models combine the 25.01 h signal with either the
11.4 h or 22.8 h periodicity: a weak secondary signal appears
in Sector 9 and becomes stronger in Sector 36. By contrast,
Sectors 63 and 90 are consistent with a single-period model
dominated by the 25.01 h signal, and no significant secondary
periodicities are detected.

The LS and GP analyses both confirm that the known 25.01 h
periodicity is the dominant stable signal throughout the TESS
observations, with little risk of it being an alias of another period.
However, the two methods produce slightly different results for
the secondary signal in Sectors 9 and 36. The LS analysis iden-
tifies the strongest secondary peaks at 5.7 h and 11.4 h, whereas
the GP analysis prefers periods of 11.4 h and 22.8 h.

To identify which long-period signals are genuinely present
in each sector, we compared the BICs of competing GP models
(Sect. 3.2.4): an aperiodic model, single-period models at 5.7,
11.4, 22.8, and 25.0 h, and two-period models combining the
25 h signal with each candidate secondary period. The resulting
ABIC values are summarised in Table 1. The preferred model for
Sectors 9 and 36 combines the 25.01 h and 11.4 h periodicities,
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while Sectors 63 and 90 are best explained by a single 25.01 h
signal.

4.2. Ground-based period search

When we combined all available ground-based datasets, the LS
analysis detected only the 23.1 min modulation, while the longer-
period signals remained undetected. This is likely due to the
limited temporal coverage and the strongly non-sinusoidal nature
of the variability, which makes the LS method less sensitive to
the 25.01 h signal. In contrast, the GP periodogram combining
the January 2024 and March 2024 observations recovers both the
23.1 min and 25.01 h modulations.

We also performed separate analyses for two data subsets
obtained in January 2024 and March 2024. In January, the
LS periodogram again identifies the 23.1 min modulation, with
additional candidate long-period signals that are most likely spu-
rious. The GP analysis confirms the presence of the 23.1 min
variability and recovers the 25.01 h signal. A weaker feature near
6.25 h is also present, but this is consistent with being an alias
of the 25.01 h modulation rather than an independent period.
The March 2024 data show a similar picture: the 23.1 min signal
is robustly detected in the LS and GP analyses. The GP analy-
sis detects the 25.01 h modulation, but with a lower statistical
significance than in the January 2024 data, and a tentative =5 h
signal is also present, but lacks statistical significance. Overall,
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Fig. 4. GP periodograms for the long-period searches (3—-29 h) from the TESS Sector 9, 36, 63, and 90 photometry. Left column: 1D periodograms

for a single-period GP model. The plotted signal amplitude ABIC is defi

ned as the difference between the BIC of the single-period GP model and

that of the aperiodic GP model, i.e. ABIC = BIC,(p;) — BICy. Right column: conditional 1D periodograms for a two-period GP model where p,
is fixed to 25.01 h. Here, ABIC = BIC,(p; = 25.01h, p,) — BIC,(p, = 25.01h). The known 25.01 h period and its harmonics are marked with solid
and dashed blue lines, respectively, while the 11.4 h period and its harmonics are marked with the solid and dotted green lines. The horizontal

slashed line shows the ABIC level of -10, which corresponds to very stro

ng evidence in favour of the periodic signal (Kass & Raftery 1995).

Table 1. Difference in BIC (ABIC) relative to the best-fitting model for each TESS sector.

Single period (h) Two periods (h) (p; = 25h)
Sector Matérn-3/2 p; =57 p =114 p; =228 p; =250 p, =57 p,=114 p, =228
9 125.6 144.3 131.2 137.2 6.8 19.4 0.0 10.2
36 63.0 53.3 342 434 39.9 25.3 0.0 8.4
63 77.1 72.1 94.8 97.9 0.0 16.3 14.1 18.6
90 173.4 170.8 185.2 185.1 0.0 10.9 14.2 15.5

Notes. A lower value of ABIC indicates better agreement with the data.

the ground-based LS analysis consistently detects the 23.1 min
modulation, but fails to recover the 25.01 h periodicity, which is
expected given its sensitivity to sinusoidal variability.

4.3. Gaussian process posterior analysis

We present the GP period posteriors for the best models in
Table 2, the remaining hyperparameter posteriors in Fig. 5,
and the median posterior GP models for the ground-based

observations in Fig. 6. The period estimates for the 25.01 h and
23.1 min signals are consistent across all TESS sectors and the
ground-based data. The two TESS sectors that exhibit the 11.4 h
signal also agree within the uncertainties, but the signal is rel-
atively weak in Sector 9. We found no statistically significant
drifter-like features in the ground-based data after removing the
GP model, including the 25.01 h and 23.1 min signals.

The hyperparameter posteriors (Fig. 5) reveal markedly dif-
ferent characteristics for each periodicity in the ground-based
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sectors. First column: GP coherence scale. Second column: GP harmonic complexity. Third column: amplitude of the periodicity. The 11.4 h
period is estimated only from the TESS Sectors 9 and 36. The ground-based posterior estimates for the 25.01 h and 23.1 min periodicities are
significantly better than the TESS ones due to the significantly higher photometric precision.

Table 2. Period posterior estimates from the GP analyses.

Dataset p1 (h) p2 (h) p3 (min)
Ground-based
J&M  25.017 £ 0.002 - 23.0947 = 0.0003
J 25.017 £ 0.002 - 23.096 = 0.001
M 25.015 +0.003 - 23.095 + 0.009
TESS sector
9 25.013 £ 0.003 11.47 +£0.11 233 +2.1
36 24,997 + 0.007 11.379 +0.002 229+2.0
63 25.019 + 0.004 - 232 +1.7
90 25.012 + 0.004 - 227+1.9

Notes. The 11.4 h period is not constrained in TESS Sectors 63 and 90
or in the ground-based observations. For ground-based observations,
J stands for an analysis using the January 2024 dataset, M for an analysis
using the March 2024 dataset, and J&M for a combined analysis with
both datasets.

data. The 25.01 h signal has a well-constrained coherence
timescale of ¢ ~ 10 days (the 68% central credible interval
for log,, ¢ is 0.85-1.5, which corresponds to an ¢ interval of
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7-31 d) and a very high harmonic complexity (log,,I" = 4), con-
sistent with a sharp, complex periodic waveform that remains
coherent within each observing campaign, but evolves over
the combined January—March baseline. The 23.1 min signal
has a low harmonic complexity (log,,I" =~ —1), indicating a
smooth, nearly sinusoidal waveform, and a coherence timescale
with a lower bound of £ > 170 d (99% credible lower limit),
meaning that it remains coherent over at least the full ground-
based observing baseline. Its amplitude is comparable to that
of the 25.01 h signal at approximately 1% of the normalised
flux.

In the TESS data, the 25.01 h signal shows poorly con-
strained ¢ posteriors with ¢ > 1, indicating coherence over
timescales likely longer than the sector baseline, with log;, I" =
2. The 11.4 h signal, detected only in Sectors 9 and 36, has a
short coherence timescale (£ < 1 day) and high harmonic com-
plexity, as expected for transit-like dips with rapidly evolving
morphology. The 23.1 min signal is poorly constrained by the
TESS photometry, with broad posteriors for all hyperparame-
ters, consistent with the low signal-to-noise ratio at this cadence
for a faint target. Overall, the ground-based observations pro-
vide significantly tighter constraints on the hyperparameters of
the 25.01 h and 23.1 min signals than TESS, owing to their
substantially higher photometric precision.
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Fig. 6. Ground-based LCOGT observations for January and March 2024 (points with error bars) together with the GP model consisting of an
aperiodic component, a 25.01 h quasi-periodic component, and a 23.1 min quasi-periodic component (black line) folded over the 25.01 h period.
Top three panels: each separate GP component without the other components from the observations and the model. Bottom panel: observation
residuals with respect to the full GP model. The cycle number is marked on the right, starting from the first light curve in the dataset.

4.4. Colour dependence 5. Discussion

Finally, we investigated the wavelength dependence of the dips  As pointed out by Farihi et al. (2022), who analysed the TESS
using the multi-colour photometry (Fig. 2). We found no evi-  Sectors 9 and 36, large scatter prevents a direct detection of
dence of a colour dependence in the dip depths within the transiting events, but is beneficial for a frequency analysis. How-
observational uncertainties, consistent with previous studies of  ever, Robert et al. (2024) used a combined BLS and LS analysis
WD 1054-226 (Figs. B.1 and B.2). and detected the 25.01 h period using Sectors 9, 36, and 63. We

A27, page 9 of 13



Korth, J., et al.: A&A, 709, A27 (2026)

5_I T T I_
1 1 1 1
1 1 1 1
1 1 I 1
1 1 ] 1
. l l |
1 1 1 1
1 1 1 1
1 1 1 '
1 1 1
3l | | S09 i
3 : : : S36
e 1 1 1
A 1 1 1
2r | | '
1 1
1 1
1 1
1 1
1F1 1
1 1
1 1
1 1
1 1
0 1 1
63 64 65 66
Pl/P3

Fig. 7. Posterior distribution of the ratio of the 25.01 h period and the
23.1 min period estimated from the 2 min cadence TESS photometry
from the four TESS sectors. All sectors lie close to the 65:1 commen-
surability, except for Sector 36.

confirm this and the 23.1 min period, and we also report that
these signals persist in Sector 90.

The 25.01 h and 23.1 min signals are now largely persis-
tent for over 6 years (2300 days, or >2200 cycles of the 25.01 h
signal), indicating that they are reasonably long-lived and not
rapidly decaying transients. This is consistent with a dynamical
origin in which a disc is sculpted by a nearby massive perturber,
such as an asteroid, whether via waves as in Saturn’s rings or via
resonant clumps. In this scenario, the 25.01 h period is that of
the perturbing body, while the 23.1 min signal (at a 65:1 com-
mensurability) is caused by resonant clumping of material, or
waves launched by a 66:65 mean motion resonance at the disc
edge, although both of these scenarios have qualitative chal-
lenges in explaining the shape of the light curves (see discussion
in Farihi et al. 2022). Interestingly, the ratio of the 25.01 h and
23.1 min signals is very close to 65 in all TESS sectors except
for Sector 36: here, the closest commensurability is 64:1, but the
observed ratio lies further from the commensurability (Fig. 7);
we note that the drifters were more noticeable in this sector than
in the others, and this might affect the periodogram results. In
these scenarios, the 25.01 h signal is expected to remain phase-
coherent, as it is tied to the period and phase of the perturbing
body. However, we determined a relatively low coherence time
for this signal, which might arise from an evolution of its mor-
phology rather than its phase. If the disc is sufficiently massive
and flat, relatively rapid migration of the perturbing body might
take place on timescales much shorter than the expected disc life-
times of ~1 Myr (Veras et al. 2023). As an alternative scenario,
the 25.01 h period might correspond to magnetically trapped dust
that co-rotates with the stellar magnetosphere, as suggested for
WD 1145+017 (Farihi et al. 2017) and for young main-sequence
stars (Bouma et al. 2024). The stellar rotation period of >3 hours
(Farihi et al. 2022) is consistent with this scenario.

The exact nature of the 23.1 min signal remains undeter-
mined. In these dynamical scenarios, the 23.1 min signal is still
expected to show phase coherence, since the zero phase should
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be set by the longitude of conjunction with the perturbing body.
The amplitude, however, might vary, for example, as the bodies
composing the disc orbit at a different frequency from the per-
turbing body. The coherent 23-minute signal is consistent with a
constant forcing frequency, for example, from mean motion reso-
nances with an asteroid. A possible challenge to these dynamical
models comes from the relatively wide orbit of the perturbing
body. Its orbital period of 25.01 h is too long to have permitted
tidal circularisation, and it may possess a considerable residual
eccentricity in the range 0.2-0.4 (Li et al. 2025b). This would
likely render these dynamical models untenable, as such nearby
mean motion resonances as the 66:65 will likely be destabilised
by such a high eccentricity. However, other means exist of low-
ering a scattered body’s eccentricity, such as interactions with
any pre-existing disc: it is not necessary that the disc material
actually originates from the perturbing body (Mustill et al. 2018).

The lack of a colour dependence of the transits is in line with
observations of WD 1145+017 (Alonso et al. 2016; Izquierdo
et al. 2018; Xu et al. 2018), WD J0328-1219 (Gary & Kaye 2024),
ZTF J1944+4557 (Guidry et al. 2025), and SBSS 1232+563
(Hermes et al. 2025), and it implies a lack of small grains in the
structures transiting these stars, if the structures are in an opti-
cally thin regime (Xu et al. 2018). However, small grains should
be present as they are expected to be rapidly replenished by col-
lisions in these discs. Xu et al. (2018) argued for WD 1145+017
that small grains probably sublimate rapidly, and hence do not
contribute to the opacity. On the other hand, Izquierdo et al.
(2018) pointed out that small grains might be present if the opti-
cal depth is high across the whole of the transiting structures,
transitioning with a rapid gradient to zero towards their edge,
so there would be no noticeable optically thin regime. As with
these other WDs, we found no colour dependence in the transits
of WD 1054-226. For WD 1054-226, the longer orbital period
and lower stellar T.g mean that the grain temperature is much
lower than for WD 1145+017: we calculate a blackbody grain
temperature of 320 K at P = 25 h, while accounting for inef-
ficient cooling of sub-micron grains (Xu et al. 2018, Eq. (8))
gives an estimated grain temperature of 600 K. This is far too
low for the grains to sublimate on relevant timescales: following
(Xu et al. 2018), we found a sublimation lifetime of 10'® yr for
10 nm grains. This means that for WD 1054-226, sublimation
cannot be invoked as a means to remove small grains. Instead,
they must be present, but rendered invisible in the colour infor-
mation, presumably by a high optical depth. We note that the
non-detection of circumstellar gas absorption in WD 1054-226
by Farihi et al. (2022), in contrast to detections in WD 1145+017
(Xu et al. 2016; Redfield et al. 2017), would be consistent with a
lack of sublimation in the former’s disc.

6. Conclusions

We have presented updated time-series photometry for the vari-
able white dwarf WD 1054-226, including a new sector of TESS
observations as well as multi-band ground-based photometry.
WD 1054-226 still displays significant variability with peri-
ods of 25.01 h and 23.1 min, which now have remained stable
over 6 years, indicating a relatively long-lived origin. These
periods appear both in an LS periodogram analysis, and when
incorporating a GP to account for aperiodic variability. The
23.1 min signal remains at the 65:1 period commensurability
with the 25.01 h signal, which is qualitatively consistent with
the original interpretation of Farihi et al. (2022), which posits
that they arise from the sculpting of a circumstellar disc by a
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nearby or embedded asteroid. However, in TESS Sector 36, the
period ratio drifted from 65:1, which might indicate additional
processes in the system or cast doubt on this interpretation.

The ground-based observations included simultaneous
multi-band observations, which showed no colour dependence
of the transits, as was also the case for WD 1145+017 and several
similar WDs. However, for WD 1054-226, the transiting material
is cool enough that rapid sublimation of small dust grains cannot
be invoked. Instead, the disc of material might be optically thick
at all passbands observed so far.

While a quantitative model for this system remains lacking,
any such model must account for the disc’s high optical depth
and the stability of the dominant frequencies.
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Appendix A: Observation summary

Table A.1. Observation log.

Start Date Nexp Exp. time Duration Filter Instrument
[UTC] [s] [h]
2022-12-14 89 60 1.48 i’ Sinistro
2022-12-29 166 60 2.77 i Sinistro
2023-01-24 449, 869, 449, 449 30, 15, 30, 30 3.74 g ,r, i,z MuSCAT2
2023-01-26 111, 832, 111, 111 120, 15, 120, 120 3.70 qg,r, i,z MuSCAT2
2023-01-30 208 60 3.47 i Sinistro
2023-01-31 144 60 2.40 i Sinistro
2023-03-18 28, 30 120, 120 1.00 g, ALFOSC
2024-01-05 333,332 10, 10 0.93 g, ProEM
2024-01-06 480, 477 10, 10 1.33 g,v ProEM
2024-01-06 196 60 3.27 i’ Sinistro
2024-01-06 201 60 3.35 i Sinistro
2024-01-07 198 60 3.30 i Sinistro
2024-01-09 188 60 3.13 i’ Sinistro
2024-01-10 243 60 4.05 i Sinistro
2024-01-11 244 60 4.07 i Sinistro
2024-01-12 247 60 4.12 i Sinistro
2024-01-12 236 60 3.93 i Sinistro
2024-01-13 254 60 4.23 i Sinistro
2024-01-23 291 60 4.85 i’ Sinistro
2024-01-23 293 60 4.88 i Sinistro
2024-01-24 299 60 498 i Sinistro
2024-01-24 183 60 3.05 i’ Sinistro
2024-01-28 209 60 348 i Sinistro
2024-01-31 128 60 2.13 i Sinistro
2024-03-07 449 60 7.48 i’ Sinistro
2024-03-08 445 60 742 i Sinistro
2024-03-08 432 60 7.20 i Sinistro
2024-03-08 208, 790, 208, 201 60, 15, 60, 60 3.47 g,r, i,z MuSCAT2
2024-03-09 438 60 7.30 i Sinistro
2024-03-09 231, 879, 231, 231 60, 15, 60, 60 3.85 g v, i,z MuSCAT2
2024-03-09 432 60 7.20 i Sinistro
2024-03-10 201, 765, 201, 202 60, 15, 60, 60 3.35 g.,r, i,z MuSCAT2
2024-03-11 175, 662, 175, 175 60, 15, 60, 60 2.92 g,r, i,z MuSCAT2
2024-03-12 121, 459, 121, 121 60, 15, 60, 60 2.02 g,r, i,z MuSCAT2
2025-06-20 176 60 2.93 i Sinistro
2025-06-21 175 60 2.92 i Sinistro
2025-06-23 167 60 2.78 i’ Sinistro
2025-06-24 158 60 2.63 i Sinistro
2025-06-27 158 60 2.63 i Sinistro
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Appendix B: MuSCAT2 multi-colour photometry
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Fig. B.1. White light curves and the colour residuals against g, r, i, and z, light curves for six MuSCAT?2 multi-colour light curves. One of the
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Fig. B.2. MuSCAT?2 z- versus g-band light curves (in A mag). We do not detect any systematic colour signatures within uncertainties.
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