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ABSTRACT

The disruption and accretion of planetary material onto white dwarfs is expected to be inherently
dynamic and stochastic, potentially driving variability in the accretion rate and therefore the shape and
depth of the photospheric metal absorption lines. This paper presents an 18-year optical spectroscopic
monitoring campaign of five warm (11,000-23,000 K) polluted white dwarfs with sinking timescales
of days—months, observed using Magellan/MIKE and SALT/HRS to directly test this prediction. At
four of the five systems, no statistically significant variability is detected over baselines of 15-18 years
corresponding to hundreds to thousands of diffusion timescales, with inferred accretion rates stable
to within 15-30% (1 0) showing remarkably stable accretion on decadal timescales. This implies that
either the processes maintaining the accretion of the disrupted planetary material are stable on the
same timescales, or that currently uncharacterized photospheric processes act to smooth observable
abundance variations on these timescales. The one exception, WD 0106—328, shows statistically signif-
icant variability in the 4481 A Mg II doublet from the ground-based data. Yet no significant equivalent
width or abundance changes are seen between two Hubble Space Telescope ultraviolet spectra taken in
2016 and 2025, despite probing a larger set of transitions. This may imply that the ground-based obser-
vations witnessed a stochastic excursion from a stable baseline accretion rate, rather than a sustained
change in the bulk accretion rate.

Keywords: White dwarf stars (1799), Planetesimals (1259), Extrasolar Rocky planets (511)

1. INTRODUCTION

In recent years, evidence for the presence of plane-
tary systems around white dwarf stars has grown sub-
stantially. While only a handful of planets have been
directly detected orbiting white dwarfs (e.g. A. Vander-
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* based on observations made with the Southern African Large
Telescope (SALT), 6.5m Magellan Telescope, and Hubble
Space Telescope.

burg et al. 2020; J. W. Blackman et al. 2021), approxi-
mately 25-50% of white dwarfs show indirect signatures
of planetary material polluting their atmospheres (e.g.
B. Zuckerman et al. 2003, 2010; D. Koester et al. 2014;
L. B. Ould Rouis et al. 2024).

Polluted white dwarfs are thought to arise from the ac-
cretion of planetary debris that originates from the tidal
disruption of planetesimals. These planetesimals are dy-
namically scattered onto star-grazing orbits, where they
tidally disrupt, the resulting debris migrates inwards,
sublimates, and ultimately accretes onto the white dwarf
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(J. H. Debes & S. Sigurdsson 2002; M. Jura 2003; D.
Veras et al. 2014; M. G. Brouwers et al. 2022). The
accreted material typically has masses comparable to
asteroids in the Solar System (J. H. D. Harrison et al.
2018; S. G. D. Turner & M. C. Wyatt 2020). White
dwarfs have strong surface gravities that result in heavy
elements sinking out of their atmosphere on timescales
far shorter than their cooling ages, so the continued pres-
ence of heavy metals in the photospheres requires ongo-
ing or recent accretion from circumstellar material (D.
Koester 2009). Observations of close-in, disintegrating
transiting planetesimals (e.g. A. Vanderburg et al. 2015;
Z. P. Vanderbosch et al. 2021), and close-in circumstel-
lar dust and gas disks further supports this model. In-
frared excesses reveal dusty disks in 1.5-4% of white
dwarfs, with more than 100 such systems known (e.g.
E. E. Becklin et al. 2005; T. G. Wilson et al. 2019; S.
Lai et al. 2021). In at least 22 of these systems, double-
peak emission lines reveal the presence of gas co-located
with the dust (B. T. Génsicke et al. 2006, 2007, 2008;
C. Melis et al. 2010; J. Farihi et al. 2012; C. Melis et al.
2012; C. S. Brinkworth et al. 2012; J. H. Debes et al.
2012; E. Dennihy et al. 2020; C. Melis et al. 2020; N. P.
Gentile Fusillo et al. 2021; S. Bhattacharjee et al. 2025).
Furthermore, circumstellar gas in absorption has been
seen from optical spectroscopy for a handful of white
dwarfs (e.g. J. H. Debes et al. 2012; A. Steele et al. 2021),
and from ultraviolet spectroscopy from Si IV lines (e.g.
B. T. Génsicke et al. 2012; B. Zuckerman et al. 2026).
These circumstellar environments are highly dynamic
and variable. The first evidence of variable dust emis-
sion was for WD J0959—0200, where the fluxes in the
3.6 ym and 4.5 um Spitzer Infrared Array Camera chan-
nels dropped by approximately 35 % within a year (S.
Xu & M. Jura 2014). Surveys have since revealed that
the majority of polluted white dwarfs hosting dust disks
exhibit mid-infrared variability over year long timescales
(A. Swan et al. 2019, 2020, 2021; H. T. Noor et al.
2025). In contrast, near-infrared (< 2.5 pm) variabil-
ity is rarer with only a few cases reported (S. Xu &
M. Jura 2014; S. Xu et al. 2018; L. K. Rogers et al.
2020). The largest variations in dust emission are typi-
cally found in systems that host both dusty and gaseous
disks (A. Swan et al. 2020; J. A. Guidry et al. 2024),
and recent work has demonstrated a direct correlation
between dust and gas emission variability (L. K. Rogers
et al. 2025a). More than half of the known white dwarfs
with gaseous emission disks exhibit variation in the
morphology and/or equivalent width of their lines over
timescales from weeks to years. These variations are at-
tributed to dynamical processes such as disk precession
or the orbiting of planetesimals within the disk (D. J.

Wilson et al. 2014, 2015; C. J. Manser et al. 2016b,a; E.
Dennihy et al. 2018; C. J. Manser et al. 2019; E. Den-
nihy et al. 2020; N. P. Gentile Fusillo et al. 2021; C. Melis
et al. 2020; L. K. Rogers et al. 2025a). In addition, ob-
servations of transiting debris around white dwarfs show
variability in the shapes, depths and timescales of the
transits which can evolve on periods as short as days
(e.g. A. Vanderburg et al. 2015; B. T. Génsicke et al.
2016; Z. P. Vanderbosch et al. 2021; J. Farihi et al. 2022)
and their activity level can change over years (A. Aung-
werojwit et al. 2024).

Despite extensive evidence for variability in circum-
stellar gas and dust, there are few robust detections
of variability in the photospheric metal lines of white
dwarfs. Early spectroscopic monitoring of the polluted
white dwarf G29-38 reported an increase of ~70 per-
cent in the equivalent width of the Cair K line over
3 years (T. von Hippel & S. E. Thompson 2007). How-
ever, follow-up work by J. H. Debes & M. Lépez-Morales
(2008) found no evidence for changes in the equivalent
width of the Ca11 K line or in several other spectral lines,
and suggested that earlier variability may be an arti-
fact of differing spectral resolutions. L. Rogers (2022)
reported tentative variability over a 10 year period in
the Mg II 4481 A line for WD 0106—328, and additional
optical data reported in J. Farihi et al. (2026) found
changes in the Ca1r K and Mg II lines. Papers study-
ing time-series observations of circumstellar dust or gas
around individual white dwarfs have additional reported
no variability in photospheric lines (D. J. Wilson et al.
2014; J. Farihi et al. 2018; T. M. Johnson et al. 2022).
To date, no systematic investigations have been carried
out across a sample of white dwarfs to search for vari-
ability in metal line strengths and place constraints on
the amplitude or timescales of accretion rate changes.

This paper reports a spectroscopic monitoring cam-
paign of five warm hydrogen dominated polluted white
dwarfs (spectral type DAZ) using two medium resolu-
tion spectrographs, and follow-up Hubble Space Tele-
scope (HST) ultraviolet spectra of WD 0106—328, due
to optical variability, as outlined above. Warm DAZ
white dwarfs have accretion rates on the order of days,
therefore enabling the search for variability in the ac-
cretion rate using spectroscopic monitoring. Each white
dwarf was observed over a total baseline of 15-18
years with between 18-47 datasets obtained, covering
timescales of days, months and years and sampling hun-
dreds of sinking timescales, depending on the white
dwarf properties. Section 2 reports the target selec-
tion, optical and ultraviolet spectroscopic observations
of the selected targets, and data reductions and process-
ing. Section 3 discusses the methods used to determine



the equivalent width over time, with results reported in
Section 4. Finally Sections 5 and 6 discuss and con-
clude the results from the spectroscopic monitoring sur-
vey highlighting implications for accretion onto white
dwarf surfaces.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Target Selection

Five white dwarfs were selected for this study based
on their physical criteria (Table1l). Firstly, all tar-
gets are warm (Te>10,000K) white dwarfs with the
DAZ spectral type. DAZ white dwarfs have relatively
short metal sinking timescales on the order of days—
years (D. Koester 2009), making them well suited to
detect changes in the amount of metals in the white
dwarfs’ photospheres over the baseline of the observa-
tions (see Table1). In contrast, DBZ white dwarfs (he-
lium dominated with metals) exhibit much longer sink-
ing timescales on the order of 102 to 10° years, mak-
ing them less sensitive to short-term variations. The
selected targets also lie within a temperature range
that avoids both extremes: they are not too cool
(Teg<10,000K) such that the sinking timescales of the
metals become longer than the baseline of the obser-
vations, and are not too hot such that radiative lev-
itation could become a dominant mechanism to bring
metals into the photosphere (> 20—-25,000 K) (P. Chayer
et al. 1995a,b; M. A. Barstow et al. 2014). For one of
the hottest targets, WD 19294011, radiative levitation
has been shown to make a negligible contribution com-
pared to external accretion (D. Koester et al. 2014). Fi-
nally, the targets must exhibit strong atmospheric pol-
lution with detections of at least Ca and Mg in their
optical spectra, with abundances of [Ca/H] > —7.0 and
[Mg/H] > —6.0, as shown in Table 1. The brightest tar-
gets observable with HRS/SALT were then selected for
the study. Four of the five white dwarfs show an infrared
excess indicative of circumstellar dust, however, this was
not a selection requirement. G29-38 was included in this
program, as it has been the target of previous studies
(T. von Hippel & S. E. Thompson 2007; J. H. Debes &
M. Lépez-Morales 2008). As outlined in the introduc-
tion, it was proposed that variations were the result of
comparing equivalent widths from spectrographs with
differing resolutions, therefore, this target is re-visited
using long-term monitoring campaigns with two spec-
trographs.

2.2. Spectroscopic observations

2.2.1. HRS/SALT

Spectroscopic observations of the white dwarfs were
taken with the High Resolution Spectrograph (HRS,
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S. 1. Barnes et al. 2008; D. G. Bramall et al. 2010,
2012; L. A. Crause et al. 2014) mounted on The South-
ern African Large Telescope (SALT) at the Sutherland
Observatory in South Africa (D. A. H. Buckley et al.
2006). Observations spanned across 12 semesters from
Semester 2017/1 to 2025/1 covering 8 years; see Ta-
ble 2 for a summary of the range of dates of observa-
tion, exposure times, and signal-to-noise ratios (SNR).
The HRS is a dual-beam (3700-5500 A & 5500-8900 A)
fiber fed, echelle spectrograph. The LR mode was used
to yield a resolution of ~14,000. This was a queue
based program with both high priority time, where up
to three sets of spectra were taken consecutively for each
white dwarf to obtain high SNR data, and low priority
time, where one spectrum was obtained as a filler be-
tween other programs or during poor weather. There-
fore, for each observing night, the exposure times and
SNR varied. The data were reduced by the MIDAS
pipeline which produced flat fielded, wavelength cali-
brated and merged spectra (A. Y. Kniazev et al. 2016,
2017). For the observations where multiple consecutive
spectra were obtained, they were continuum normalized
using a third order polynomial fit to a region of 10-15 A
around the spectral line and stacked weighted by their
inverse variance. Experiments with higher order polyno-
mials tended to over-fit the continuum and include the
wings of the lines, systematically reducing the equivalent
widths of the lines.

2.2.2. MIKE/Magellan

Spectra were taken between 2007-2011 on the MIKE
spectrograph at the Magellan Clay Telescope at the Las
Campanas Observatory in Chile (R. Bernstein et al.
2003) (see Table 2 for details on the observations). The
MIKE spectrograph is a double echelle spectrograph
with two arms covering wavelengths of 3350-5000 A
(blue) and 4900-9500 A (red). The data were obtained
under varying atmospheric conditions but almost always
using the 0.7 x 5" slit. This gave a spectral resolution
of approximately 35,000 for the red arm and 46,000 for
the blue arm. The spectra were binned at 2 x 2 (in the
spatial and spectral direction) and used a slow readout
speed. The data were reduced using the CarPy suite
of MIKE reduction tools to produce calibrated spectra
(D. D. Kelson et al. 2000; D. D. Kelson 2003). The
MIKE/Magellan spectra exhibit substantial overlap be-
tween consecutive echelle orders, such that many spec-
tral features are present in multiple orders. In addition,
the instrument sensitivity functions are more complex.
Therefore, to continuum normalize the data, the local
continuum around each line was modeled using a polyno-
mial with order 3-5, with the polynomial order selected



Table 1. The sample of polluted white dwarfs used in this study highlighting their positions and distances from
Gaia ( Gaia Collaboration et al. 2016, 2023), white dwarf parameters (Teg and log(g)) derived from spectroscopic
fits from previous works, mass (Mwnp), radius and log(q) (q = logio(Mcvz/Mwp) the ratio of the mass of the
convection zone to the total white dwarf mass) derived using evolutionary models from A. Bédard et al. (2020),
pollution abundances, and sinking timescales from D. Koester et al. (2020). The dust row highlights whether they
are confirmed to have an infrared excess from circumstellar dust, and the variable dust marks whether they were
found to have variability in both 3.6 and 4.5 pm Spitzer bands above 3¢ in A. Swan et al. (2020) and H. T. Noor

et al. (2025).

WD Name WD 0106—328 WD 0408—041 WD 1457—086 WD 19294011 WD 23264049
Other name HE0106—3253 GD 56 GALEX J193156.84-011745 G29-38
RA (J2000) 01:08:36.035 04:11:02.169 14:59:52.990 19:31:56.932 23:28:47.637
DEC (J2000) —32:37:43.377  03:58:22.587 —08:49:29.646  +01:17:44.107 05:14:54.235
Distance (pc) 68.9 71.6 104.2 53.3 17.5
Terr (K) 17350 ¢ 153007 222007 212007 11800°
log(g) 8.12¢ 8.097° 7.997° 7.917 8.40°
Mass (Mg) 0.69 0.67 0.62 0.58 0.86
Radius (Ro) 0.012 0.0122 0.0132 0.0140 0.0097
log(q) —-16.71 —16.19 —15.78 —16.00 —14.00
Dust? Yes! Yes? . Yes® Yes*
Variable Dust? Yes Yes - No Yes
log(Ca/H) —5.93+0.11¢ —6.86+0.20¢  —6.2340.20¢ —5.8340.10° —6.58+0.12°¢
log(Mg/H) —5.57+0.20¢ —5.5540.20¢  —5.474+0.20¢ —4.1040.10° —5.7740.13°¢
TClp (d) 1.13 2.75 5.50 4.39 80.45
Mg (d) 1.83 4.58 9.59 7.48 86.01

NoTE—White dwarf parameter references: («) S. Xu et al. (2019), (8) A. Gianninas et al. (2011), (y) B. T.

Génsicke et al. (2012), (§) S. Xu et al. (2014).

Dust references: (1) J. Farihi et al. (2010), (2) M. Jura et al. (2007), (3) M. Rocchetto et al. (2015), (4) B.

Zuckerman & E. E. Becklin (1987).

Abundance References: (a) S. Xu et al. (2019), (b) C. Melis et al. (2011), (c) S. Xu et al. (2014).
* Although it was previously identified to have an infrared excess, E. Dennihy et al. (2017) report that the

photometry is contaminated.

according to the Bayesian Information Criterion. The
spectra were then continuum normalized and combined
using inverse-variance weighting.

2.2.3. HST/COS

HST far ultraviolet (FUV) spectroscopic observations
of WD 0106—328 were obtained on 2025-09-29 with an
exposure time of 3623.328 seconds as part of the pro-
gram 17819. These are compared to historic data taken
on 2016-08-28 with an exposure time of 2215 seconds
as part of the program 14597 and reported in J. Farihi
et al. (2026). The two sets of data were taken using the
G130M grating with a central wavelength of 1291 A, this
gives a total wavelength coverage of 1150-1430 A (with a
20 A gap between the two segments) covering numerous
metal lines across this region of the UV. The outputted
data products from the CALCOS reduction pipeline were
used for subsequent analysis. The SNR per resolution

element is 18.9 for the data taken in 2016 and 21.0 for
the data taken in 2025 as calculated from the contin-
uum around the C11 lines at 1334.530 and 1335.708 A.
All the HST data used in this paper can be found in
MAST: 10.17909/cxpw-zn51.

To assess whether instrumental variability between
the two COS datasets could affect the shape of depth
of the metal lines, the COS G130M line spread func-
tions were compared for the relevant lifetime positions.
The 2016 dataset used lifetime positions 1 through 4,
whereas, the 2025 data used lifetime positions 3 and
4. The mean line spread functions were calculated for
cach dataset using online tables'! and compared at var-
ious wavelengths across the detectors (1154, 1259, 1300,

I https://www.stsci.edu/hst /instrumentation /cos/
performance/spectral-resolution
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Table 2. Summary of optical observation details. SNR determined from the continuum around the
Mg II line at 4481.13 A.

WD Name Telescope Date range N epochs Exp Time range (s) SNR range
WD 0106—328 MIKE 2007-10-25 —2022-08-31 7 1800-3600 20.0-46.1
WD 0106—328 SALT 2019-06-08 —2025-09-30 20 1450-2900 5.0-33.0
WD 0408—-041 MIKE 2007-10-25-2009-10-14 6 3600 —-4800 32.4-53.8
WD 0408—041 SALT 2018-11-28 —2025-08-13 18 2375-3550 6.0-21.6
WD 1457—-086 MIKE 2008-03-21-2010-08-03 6 3580—-3600 9.5-59.8
WD 1457—086 SALT 2018-06-05 —2025-08-19 12 2375-3790 2.0-16.8
WD 1929+011 MIKE 2010-06-16 —2011-06-09 6 900 - 2687 20.2-69.3
WD 1929+011 SALT 2017-07-06 —2025-08-01 39 1625—-3550 8.5-51.0
WD 2326+049 MIKE 2007-10-25 -2011-06-09 15 400-3600 51.5-186.2
WD 2326+049 SALT 2017-07-05 - 2025-07-27 32 1775-3050 26.9-91.4

1400 A). A Kolmogorov-Smirnov test showed that the
profiles were statistically consistent, and so there are no
line spread function differences that could induce large
systematic errors on the metal line shape or depths.

3. VARIABILITY ANALYSIS

Equivalent widths are most often used to quantify the
strengths of spectral lines; this is a measure of the area
of the spectral line relative to the continuum level. To
derive equivalent widths, a Voigt profile was fitted to
the spectral lines, Voigt profiles were selected as they
account for Doppler and pressure broadening and there-
fore provide a more accurate representation of observed
absorption line shapes for white dwarfs (B. Armstrong
1967). A Markov Chain Monte Carlo (MCMC) ap-
proach was implemented to explore the range of Voigt
profiles which fit the fluxes and associated errors for
each spectral line; this better quantifies the uncertain-
ties. A six parameter Voigt profile was used, consisting
of a straight line (y = Mxz+C'), to account for additional
continuum variation, and a Voigt profile model. Voigt
profiles are a convolution of the Gaussian and Lorentzian
profiles. The Voigt profile does not have a defined equa-
tion but is related to the real part of the Faddeeva func-
tion, w(z), with z = %:

_ Re[w(z)]

oV2r
which gives the model to be fitted to the data as:
[w((z — 20 + iv)/oV2)]
oV 2T '

where o is the standard deviation of the Gaussian
profile; v is the half-width at half-maximum of the

4 (1)

V= (Ma+C) + A2

(2)

Lorentzian profile, x( is the wavelength value marking
the center of the line, A is the amplitude, and M and
C define the slope and intercept of the straight line.
The EMCEE'? python package was used to implement
the MCMC sampling. 24 walkers were used to sample
the posterior distributions of the parameters with 50,000
iterations each; 25,000 iterations were run and discarded
for the burn-in phase. The chains were thinned by ap-
proximately the auto-correlation time, the number of
iterations required for the walkers to ‘forget’ their ini-
tial position, to ensure the parameters in the chain were
independent. For each set of Voigt model parameters
in the chain (M, C, A, xg, o, ), the equivalent width
was evaluated. The Voigt profile was integrated with
bounds of £ 3 times the full-width at half-maximum of
the Voigt model, and divided by the continuum to give
the equivalent width for that set of parameters. From
this chain, the median value of the equivalent width was
calculated and the errors are quoted using the 16th and
84th percentiles.

Accurate and precise continuum normalization is crit-
ical for the analysis. The continuum around the spec-
tral line of interest was fitted for HRS/SALT and
MIKE/Magellan as outlined in Sections 2.2.1 and 2.2.2.
To quantify the systematic uncertainty associated with
continuum normalization, the equivalent widths were re-
computed using a high SNR spectrum while varying the
continuum fitting procedure. The order of the polyno-
mial was varied between 2—4 and the wavelength range
between 5-15A either side of the line. These varia-
tions result in changes in the measured equivalent widths
of 3.2% for MIKE /Magellan and 1.5% for HRS/SALT.

12 https://emcee.readthedocs.io/en/stable
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These values represent lower limits on the true system-
atic uncertainty as they are derived from relatively high
SNR data and do not fully capture additional uncer-
tainties introduced in lower quality spectra or by other
sources of systematic error, such as continuum place-
ment biases and instrumental effects. To conservatively
account for these effects, an uncertainty correspond-
ing to twice the measured variation in equivalent width
when propagating errors associated with continuum nor-
malization is adopted. These errors were combined in
quadrature with the 16th and 84th equivalent width per-
centiles from the MCMC Voigt fit.

The equivalent width results were also checked against
direct integration measurements on the continuum-
normalized spectra. An initial Gaussian profile is fit-
ted to each spectral feature to first determine the line
centroid and width. This is used to determine the inte-
gration window, defined as + 3 times the full-width at
half-maximum around the line center. The line flux is
computed using trapezoid integration within this win-
dow, without assuming any parametric line profile. Un-
certainties are estimated by perturbing the flux at each
wavelength using a Gaussian with width of the flux er-
rors and recomputing the integrated flux. This boot-
strapping method was repeated 100,000 times and the
16th and 84th percentiles of the resulting distribution
were adopted as the 1o confidence intervals.

G29-38 is a ZZ Ceti pulsator and therefore experi-
ences periodic changes in brightness of between 1-3%.
These pulsations can result in equivalent widths that
are discrepant from the mean equivalent width. Longer
integration times (>> 23 mins - approximately the max-
imum pulsation period, D. E. Winget et al. 1990; S. J.
Kleinman et al. 1998; M. Uzundag et al. 2023) average
out the effects of the pulsations on the equivalent widths
(T. von Hippel & S. E. Thompson 2007). Therefore, for
spectra taken on consecutive days, these are stacked and
processed together to obtain a longer total exposure to
gain more accurate measurements of equivalent width.
Given the sinking timescales are much greater than this
(Table 1), this does not bias results.

4. RESULTS

4.1. FEquivalent Width
4.1.1. MIKE/Magellan and HRS/SALT

This work reports spectroscopic monitoring cam-
paigns of five DAZ white dwarfs to investigate whether
the mass of heavy elements in their photosphere changes
over time. For cooler DAZ white dwarfs (below approx-
imately 12,000 K), such as G29-38, the strongest metal
line is the Ca11 K line at 3933.66 A, but for hotter DAZs
the dominant optical metal line shifts to the Mg II dou-

blet at 4481.13 A, as calcium becomes increasingly dou-
bly ionized whilst magnesium remains predominantly
in the Mg II state. HRS/SALT has limited sensitiv-
ity around 3933.66 A and therefore the Mg1r 4481.13 A
line is used as the primary tracer of variability in this
study.

Figure 1 (left) shows the equivalent width of the Mg II
4481.13 A line over time for the five white dwarfs in the
sample. To test whether the equivalent widths are con-
sistent with a constant value and therefore no variability,
a horizontal line was fitted to the data and the goodness-
of-fit was evaluated using the reduced chi squared statis-
tic (x? = x?/N(dof), where N(dof) is the number of de-
grees of freedom). A x? of 1 indicates that the constant
model provides a good description of the data, ¥? < 1
implies the model is over-fitting the data, ¥2 > 1 implies
the model is under-fitting the data or the uncertainties
are over-estimated, and 2 > 1 implies the model is a
poor fit to the data. To determine whether the constant
equivalent width model (the null hypothesis) can be re-
jected, the measured %2 values are compared to criti-
cal values, Xgrit’ corresponding to a confidence level of
99.9%. If X2 > X?‘Iit the null hypothesis is rejected and
the equivalent width is considered variable.

Following this analysis, four of the white dwarfs in
the sample show no statistically significant variability
in the equivalent width of the Mg II line over the mon-
itoring baseline with MIKE/Magellan and SALT/HRS
as shown in Fig.1 (left) with Y2 and X?zrit values re-
ported in Table 5, and no statistically significant vari-
ability in the equivalent width of the Ca II K line over
the baseline of the MIKE/Magellan as shown in Fig. 1
(right). For these systems, the measured y? values are
consistent with a constant equivalent width model at
the 99.9% confidence level. The dotted lines in Fig-
ure 1 show the abundance of Mg and Ca that would give
the plotted equivalent width showing that these white
dwarfs have equivalent widths that do not vary on av-
erage above £0.09dex (to 1o0) and £0.27dex (to 30).
In contrast, from the top panel in Fig. 1 (left) there ap-
pears to be a significant offset between the equivalent
widths measured from the MIKE/Magellan data and
those measured from the first datasets of HRS/SALT
for WD 0106—328. Indeed the ¥? value is high at 4.73,
driven by the large equivalent widths measured for the
HRS/SALT data around 9000 MJD-50000 days. The
X%rit value is 2.27, and so the null hypothesis of a con-
stant equivalent width can be rejected at the 99.9% con-
fidence level.

To further investigate potential long term changes,
the MIKE/Magellan spectra and the HRS/SALT spec-
tra were stacked separately for each star to produce
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Table 3. The abundances derived from the COS/HST data
for WD 0106—328 for the 2016 and 2025 data. All abun-
dances are consistent within 1.2 0.

[X/H] 2016 2025
O  —5.3040.10 —5.2840.12
Si  —5.83+0.12 —5.83+0.12
Fe  —54340.10 —5.2640.10
Ni  —6.9440.16 —6.94+0.10

two higher SNR spectra separated by approximately a
decade. The equivalent widths measured from these
stacked spectra for Mg II and other resolved spectral
lines are reported in Table 4. For four of the white
dwarfs, all the lines are consistent within 1-2 ¢ indi-
cating that the mass and abundances of accreted ma-
terial in the photospheres of these four white dwarfs
remain stable over the observed timescales. In con-
trast, WD 0106—328 shows evidence for a 2.8 ¢ increase
in equivalent width of the Mg IT doublet between the
MIKE/Magellan the HRS/SALT stacked spectra, this
increases to 4.4 ¢ if only the pre-2022 HRS/SALT data
is used in the stack. This is also shown in Fig. 2.

4.1.2. COS/HST

To further test whether the variability observed in the
ground-based optical data reflects a genuine change in
the accretion rate or bulk abundances for WD 0106—328,
ultraviolet spectra obtained with the HST were ana-
lyzed using the same methods as reported in Section 3
and compared between the two epochs, 2016 and 2025.
The equivalent widths of the Voigt profiles are given in
Appendix A Table 7. Only lines detected at the > 30
level in both epochs were included in the comparison to
ensure robust comparisons.
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Figure 3. Comparison between the measured equivalent
widths of the spectral lines between the 2016 and 2025 HST
data. Only lines detected at 3o in both the 2016 and 2025
data are plotted.

For these lines, no statistically significant variation
in equivalent width is detected at the 3o level between
the two HST observations. This is illustrated in Fig-
ure 3 where the difference in equivalent width between
the two epochs is shown. If the accretion rate changed,
the measurements would preferentially lie on one side of
zero, whereas, if the abundance of the material changed,
different elements would be offset by different amounts.
Instead, the measurements are consistent with being
symmetrically distributed about zero within their un-
certainties. No statistically significant differences are
found for O, Fe, or Si between the 2016 and 2025 spec-
tra, showing that the inferred atmospheric abundances
were identical within error for these two epochs.

White dwarf models were fitted to the HST data using
white dwarf parameters from Table 1 using the meth-
ods in P. Dufour et al. (2012). The spectra were fitted
in regions of 5-15 A. Where an element was present in
multiple regions, the average abundance was derived.
The uncertainties have two contributions: the spread
in abundances derived for a particular element when
present in multiple regions and the error from the equiv-
alent width, following L. K. Rogers et al. (2024a). The
resulting abundances for the 2016 and 2025 datasets are
reported in Table 3, and the corresponding fits to spec-
tral regions are shown in Fig.3. Within the uncertain-
ties, the measured abundances are consistent between
the two epochs, with all elements agreeing within 1.2 ¢.
This result supports the equivalent width analysis, in-
dicating that no statistically significant change in the
atmospheric composition of the accreted material was
detected between the two HST observations. Table 5
reports the 1 o abundance range from the ground-based
observations, and this is greater than the 1o abundance
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Table 4. The median equivalent width and average error for the stacked MIKE/Magellan (M) and HRS/SALT (S) data for

weaker lines for the white dwarfs.

Line Ay WD 0106 EW WD 0408 EW WD 1457 EW WD 1929 EW G29-38 EW
(A) (mA) (mA) (mA) (mA) (mA)
M S M S M S M S M S
Cal 4226.73 - - - - - - - - 22.8+2.2 21.4+2.0

MgII 4481.13 100.7£6.6 123.4+4.7 152.3£10.0 181.54+8.6 88.3+5.9 97.8+£6.1 431.4+28.4 477.2+£17.6 36.9£2.5 45.5+1.7

Fell 4923.93 - - - -

Fell 501844 15.24+2.3 18.1+£1.7 - - - - 20.7+1.8 22.5+1.2 - -
Fell 5169.03 21.242.0 17.9+£2.8 - - - - 32.7£3.0 26.4+1.4 - -
Sill  5041.02 - - - - - - 96.1+7.8 124.54+7.6 - -
Sill  5055.98 - - - - - - 218.8+£17.8  210.3+7.1 - -
Sill  5957.56 - - - - - - 52.945.6 64.3+5.3 - -
Sill  5978.93 - - - - - - 57.0+4.8 45.7+£2.4 - -
Sill  6347.10 - - - - - - 151.04£10.2  159.3£5.4 - -
Sillt  6371.36 - - - - - - 107.0+7.1 116.6+3.8 - -
Mgl 5172.68 - - - - - - - - 19.3+1.5 23.6+1.2
Mgl 5183.60 - - - - - - - - 36.1+2.3 35.242.2
MgIl 7877.05 - - - - - - 60.6+£19.1 75.5+5.8 - -
Mgl 7896.37 - - - - - - 114.14£20.0 125.74+10.6 - -
O1 7771.94 - - - - - - 44.2+4.6 44.0+2.3 - -
O1 777417 - - - - - - 32.1+4.2 22.24+1.7 - -
range from the HST observations reported in Table 3. 121 Ao E/\pm
Therefore the HST observations are more constrain- ' :
ing, and if WD 0106—328 were varying, the HST obser- M M l i
vations were sensitive enough to detect these changes. 1.0 ‘-‘n . H‘ '
These results suggest that if the accretion rate did vary, Py w \l* '
the change either occurred prior to the 2016 HST obser- %’J "i i
vations or varied between 2016 and 2025 before return- £ 081 '
ing to a similar level by the time of the later epoch. § 0.7 :
WD 0106—328 exhibits Si IV absorption features that - i |
are offset from the photospheric radial velocity by ap- ’ ; :
proximately —31kms~! and —36km s~ in the 2016 and 0.5 i |
2025 data, respectively. These velocities are compara- 04 - ;g;g : :

ble to the expected gravitational redshift of the white
dwarf (36.5kms™!, A. Bédard et al. 2020), indicating
that the absorbing material is not photospheric in ori-
gin and is likely circumstellar. Such velocity offsets are
characteristic of circumstellar gas observed in polluted
white dwarfs and are consistent with similar detections
reported in a growing sample of systems (B. T. Génsicke
et al. 2012; L. K. Rogers et al. 2024a, 2025b; B. Zucker-
man et al. 2026). As shown in Figure4, both Si IV lines
appear stronger in the 2016 spectrum compared to the
2025 observations. While this difference does not reach
a 30 significance (20 combined), follow up data may
confirm that this white dwarf has variable circumstellar
gas, analogous to other white dwarfs with dynamically
evolving gaseous disks (B. Zuckerman et al. 2026).

1393.0 13935 1394.0 1394.51402.0 14025 1403.0 14035
Wavelength (A) Wavelength (A)

Figure 4. A comparison between the 2016 (blue) and 2025
(orange) HST data of the two Si IV lines. The data are
normalized and smoothed with a box size of 5 for clarity with
the raw data faded in the background. Ay marks the vacuum
wavelength of the Si IV lines and )‘phot marks where the
photospheric lines would lie, there is a clear offset showing
these are likely circumstellar features. There is a tentative
decrease in the line between 2016 and 2025.

4.2. Radial Velocity constraints

Fitting of individual spectral lines naturally leads
to precise derivations of line centroids and hence ra-
dial velocities, enabling searches for stellar and, where
precision permits, sub-stellar companions.  Neither
SALT/HRS nor MIKE/Magellan are optimized for
ultra-precise radial velocity work, as both lack vacuum
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Figure 5. White dwarf model fits (red line) to the 2025
COS/HST data for WD 0106—328. Spectral lines are la-
beled, and those with an interstellar medium component
have an additional red dash at the position of the interstellar
medium lines.

enclosures and strict temperature stabilization, limiting
their long-term instrument stability. For SALT/HRS in
Low Resolution Mode (LRS), the instrument stability
has been quantified at 0.2kms~! for both red and blue
channels, with a maximum of 0.5kms™! if there has
not been a calibration within 50 days of the measure-
ments 3. Magellan/MIKE has a demonstrated perfor-
mance at the level of 3ms~! precision under optimal
conditions for bright, spectral line-rich main sequence
stars 14); however, this level of precision is not generally
achievable for white dwarf spectra due to their broader
and fewer spectral features and typically lower SNRs
(L. K. Rogers et al. 2024b).

Different methods of radial velocity extraction were
tested, including (i) single-line Voigt profile fitting (as
outlined in Section 3), (ii) simultaneous multi-line Voigt
profile fitting, (iii) cross-correlation techniques using the
highest SNR, spectrum as the master template, and
(iv) cross-correlation techniques using synthetic tem-
plate matching with white dwarf models. Among these,
direct fitting of the individual strongest spectral line
(most often Mg 11 4481A) yielded the lowest radial veloc-
ity scatter as shown in Fig.6 (left). This likely reflects
the wide wavelength separation of the spectral lines,
which fall on different regions of the detector that are
differentially affected by instrumental drifts. Therefore,
methods which assume a coherent velocity shift across
the full spectrum, such as cross-correlation or multi-line
fitting are more susceptible to systematic errors in non-
stabilized spectrographs.

Adopting the direct Voigt profile fitting of the
strongest metal line, the radial velocities were derived
from the posterior distributions of the fitted line cen-
troids of the Voigt profiles as reported in Section 4.1.1
for each epoch, with uncertainties derived from the cor-
responding 16th and 84th percentiles on the line center.
These line centers were converted into radial velocities
and the null hypothesis was tested as to whether the
radial velocities were consistent with a constant value.
The ¥? statistic was used as described in Section 4.1.1.
All targets yield a ¥? value below the 99.9% critical
threshold, indicating that the observed radial velocity
variations are statistically consistent with no intrinsic
variability, and so no real astrophysical signal is found.

The measured 1o standard deviation of the radial ve-
locities are 2.8kms~! (WD0106—328), 3.1kms~!
(WD 0408—041), 3.5kms? (WD 1457—086),

13 https://www.saao.ac.za/~akniazev/pub/HRS_MIDAS/
HRS_stability.pdf

14 https://ebps.carnegiescience.edu/telescopes/magellan-
telescope
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09kms~! (WD1929+011), and 3.1kms~! (G29-
38). Although these values exceed the expected
instrumental stability, the radial velocities are consis-
tent with a flat line, and therefore these values are
dominated by observational uncertainties rather than
astrophysical signals. Interpreted as upper limits on
the radial velocity semi-amplitudes, these constraints
allow the exclusion of close-in stellar companions on
inclined orbits (those that induce km s~! level signals)
for all targets. For WD 19294011, the tighter con-
straint of 0.9km s~! additionally permits limits to be
placed on massive close-in planetary companions, with
companions with M sin(é) greater than a few Jupiter
masses being detectable and therefore, disfavored in
this system.

Separating the datasets by instrument highlights the
impact of data quality, with radial velocity scatter de-
rived from MIKE/Magellan spectra being up to five
times lower than that from SALT/HRS, as shown in
Fig.6 (right). This improvement reflects the combined
effects of higher spectral resolution, increased SNR and
improved instrument stability, highlighting that these
factors dominate the limitations in the present analysis.

5. DISCUSSION
5.1. Variability in metal lines

This work aimed to investigate whether the mass of
the pollutants in the photosphere of five warm DAZ
white dwarfs changed over time. Given the dynamic
nature of white dwarf planetary systems, variability in
the accretion rate and therefore the amount of mate-
rial present in the photosphere is expected. Over the
baseline of up to 18 years, corresponding to hundreds to
thousands of diffusion timescales for these stars, no sta-
tistically significant variability in four of the five stars
was found. For one of the white dwarfs, WD 0106—328,
the ground-based data suggests variability in the equiv-
alent width of the Mg II doublet across 18 years, how-
ever, follow-up observations with the HST show no sta-
tistically significant variability when comparing two ul-
traviolet spectra with more transitions separated by 9
years. These results therefore suggest that, for the ma-
jority of the systems studied here, the accretion of plane-
tary material onto the white dwarf photosphere is stable
on decadal timescales with inferred accretion rates be-
ing stable at the 15-30% level (depending on the white
dwarf).

Polluted white dwarf systems are dynamic, with vari-
ability observed in the circumstellar material from as
short as hours (e.g. H. T. Noor et al. 2025) to as long
as decades (e.g. J. Farihi et al. 2018). If the accretion
is from asteroids with a range of sizes, then the ob-
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served pollution may be most typically dominated by
the accretion of smaller asteroids that are scattered in
often (M. C. Wyatt et al. 2014; I. L. Trierweiler et al.
2022). However, the inferred accretion rates can increase
following the scattering in of a larger asteroid, subse-
quently decreasing on a timescale determined by how
long it takes for that material to be processed through
the accretion disk to end up on the star, or by direct
impacts onto the white dwarf’s surface (C. H. McDon-
ald & D. Veras 2021). The lack of variability found
in this study implies that scattering events that lead
to variable accretion occur on timescales longer than
decades or that accretion disks act to stabilize the ac-
cretion flow. The viscous timescale of a circumstellar
accretion disk scales inversely with the viscosity param-
eter, a, with the viscous timescale being tens of years
if o is high (~ 0.5) and thousands of years if « is low
(~1073) (R. R. Rafikov 2011), suggesting that the sta-
bility of the accretion rates at 15-30% over 15-18 years
may favor a low-a regime, in which the disk viscous
timescale is long compared to the observational baseline
and acts to buffer short-term variations in the supply
of material. In contrast, models invoking runaway gas-
dust coupling instabilities or direct large-body impacts
predict the possibility of order-of-magnitude transient
excursions in the accretion rate (C. H. McDonald & D.
Veras 2021; M. G. Brouwers et al. 2022; J. K. Steckloff
et al. 2021). The present monitoring campaign cannot
exclude short-duration outbursts occurring between ob-
serving epochs, but it does limit sustained long-term
changes in the bulk accretion rate. The HST observa-
tions of WD 0106—328 constrain abundance changes be-
tween 2016 and 2025 to the <0.1 dex level, disfavoring a
long-lived high-state accretion episode across that inter-
val. It is worth noting that the probability of observing
a rise in accretion rate from a recent accretion event
increases with both the observational baseline and/or
by increasing the sample of stars being monitored. The
15-30% constraints on accretion rate stability over 18
years are a measure of the sensitivity to the disk pro-
cessing timescale, and can be further improved by hav-
ing a longer time baseline or higher equivalent width
accuracy.

5.1.1. WD 0106—528

For WD 0106—328, the ground-based spectra suggest
variability in the equivalent width of the Mg II dou-
blet between the MIKE/Magellan and HRS/SALT ob-
servations. To assess the impact of differing spectral
resolutions, the stacked MIKE/Magellan spectrum was
interpolated and convolved to the same resolution as
HRS/SALT (R~14,000). A significant difference in the
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Figure 6. Violin plots showing the distribution of radial velocity (RV) variations. (left) Comparison of the four methods tested
on the HRS/SALT data: a single-line Voigt profile fitting (using the Mg 11 4481A line), multi-line Voigt profile fitting (using some
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method, the mean RV has been subtracted to highlight relative variations. White points indicate the median, thick black bars
show the inter-quartile range, and the thin lines denote 1.5 times the inter-quartile range. (right) Comparison between the radial
velocities derived from single-line Voigt profiles from HRS/SALT and MIKE/Magellan respectively showing MIKE/Magellan is

more sensitive.

line profiles persists between the MIKE/Magellan and
early epochs of HRS/SALT (pre-2022) stacked spectra
(Fig. 2) indicating that resolution alone cannot account
for the discrepancy. When stacking all the data to-
gether for MIKE/Magellan and then for HRS/SALT,
there is a 2.8 ¢ increase in the equivalent width between
MIKE/Magellan and HRS/SALT, however, if only the
early epochs of HRS/SALT are used (as shown in Fig. 2),
this significance is instead 4.4 0. The stacked data show
additional metal lines due to the higher SNR. The Fe II
5018.44 and 5169.03 A lines do not show a change be-
tween these stacked datasets (Table 4), however, these
lines are weak and given these data are stacked, the
variability, if episodic, would likely be averaged over.
WD 0106—328 has particularly narrow metal lines in
comparison to other DAZ white dwarfs, and the instru-
mental resolution of HRS/SALT is comparable to the
intrinsic line width, meaning unresolved line structure
may affect the measured equivalent widths. The ab-
sence of comparable discrepancies in the other four white
dwarfs between MIKE /Magellan and HRS/SALT argues
against systematic differences between the instruments.

The lack of variability in the HST spectra comparing
data taken in 2016 and 2025 suggests that maintained
long-term changes in bulk accretion rate are not occur-
ring across the baseline of these observations. It remains
possible that the ground-based data did not show true
variability and agree with the HST data given obser-
vational errors, resolution issues, or seeing constraints,
however, it is also possible that there is a stable baseline
accretion rate with episodic accretion above this level,
rather than a sustained change in the bulk accretion
rate. Figure 7 compares the equivalent widths measured

for the Mg II 4481A and Ca II 3933A K line derived in
this work and those reported in J. Farihi et al. (2026). It
should be noted that multiple spectrographs and a dif-
ferent method of deriving equivalent width were used,
nonetheless, any equivalent width measurements made
within a few weeks are consistent within lo. Further-
more, including these results in the statistics, the ¥?
value increases to 5.29 for Mg and 5.36 for Ca compared
against the critical 2 value of 2.08 and 2.84 respec-
tively assuming a 99.9% significance threshold, there-
fore, increasing the significance of the equivalent width
variability. J. Farihi et al. (2026) also reported tempo-
ral changes in the Ca/Mg ratio, however, no statistically
significant (> 30) change in Ca/Mg is found here, noting
that the HRS/SALT data lack sensitivity in the blue.
The equivalent widths can be translated into metal
abundances and corresponding accretion rates (Table
5). WDO0106—328 exhibits a variable infrared excess
attributed to a circumstellar dust disk (A. Swan et al.
2020; H. T. Noor et al. 2025). The mid-infrared flux
is significantly decreasing across the ~ 10 year baseline
between the MIKE/Magellan and HRS/SALT observa-
tions. If the increase in equivalent width over time
is real, this may provide evidence for the inner disk
quickly evaporating and accreting such that there is
anti-correlation between the infrared flux, and the accre-
tion rate, as predicted in S. Xu & M. Jura (2014). Using
the maximum and minimum infrared fluxes reported by
A. Swan et al. (2020) and reported here in Table 6, and
assuming optically thin emission from micron-sized sil-
icate grains at 1000 K, the observed flux variation cor-
responds to a dust mass change of 6.8x10'¢ g (approxi-
mately 0.31 times the mass of comet Halley). This ex-



ceeds the spectroscopic detection threshold for changes
in the accreted mass (T05° times the mass of comet
Halley), implying that if this material were accreted ef-
ficiently on short timescales, a larger variation in the
photospheric metal abundances would be detected. The
absence of such variability indicates that the infrared
variations do not directly trace changes in the instan-
taneous accretion rate. Instead the infrared variabil-
ity likely reflects changes in the temperature structure,
emitting area, or small-grain population that does not
trace the bulk of the mass of the disk. The gaseous disk
of material accreting onto the white dwarf likely regu-
lates the accretion flow with potential metal line changes
from episodic accretion.

5.1.2. WD 0408—041

No statistically significant variability is detected in
the equivalent width of the Mg II and Ca K lines for
WD 0408—041, which places an average 1o upper limit
on accretion rate changes of 29 %. This corresponds to
a 1o change in the accreted mass of 0.085 times the
mass of comet Halley, implying that variations at or be-
low this level would not produce a detectable change in
the observed equivalent widths. The accretion rate onto
this system is therefore stable within these limits over
thousands of diffusion timescales. This is comparable to
the results reported in J. Farihi et al. (2018) where no
variation in metal lines was reported.

Over a comparable baseline to these observations, in-
frared variability has been reported for WD 0408—041
(J. Farihi et al. 2018; A. Swan et al. 2020; H. T. Noor
et al. 2025). If interpreted as a change in the mass of
circumstellar dust, this would correspond to an addi-
tional mass of 7.05 times that of comet Halley, under
the assumption of optically thin micron sized silicate
grains. As with WD 0106—328 this is above the de-
tection threshold of variability from the spectroscopic
monitoring again implying that the infrared variability
does not directly trace the changes in the mass accretion
rate onto this white dwarf, under the assumptions listed
above.

5.1.3. WD 1457-086

No statistically significant variations were detected in
the metal lines for WD 1457—086 which gave a 1o av-
erage accretion rate limit of 17 %, one of the tightest
constraints of any system in this study. This is likely
biased due to this white dwarf having the fewest epochs
which pass the SNR threshold for the analysis. There-
fore, over the duration of the observations, no change in
mass accreted above 0.04 times the mass of comet Halley
occurred over the total baseline of the observations.
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Although WD 1457—086 is accreting at a high rate,
there is no confirmed circumstellar disk (E. Dennihy
et al. 2017). WD 1457—086 is the hottest white dwarf
in the sample and it is plausible that this white dwarf
could be accreting from a pure gas disk due to the subli-
mation of optically thin dust within the tidal disruption
radius of the white dwarf (A. Bonsor et al. 2017; J. K.
Steckloff et al. 2021).

5.1.4. WD 1929+011

WD 19294011 is a heavily polluted white dwarf with
strong lines from numerous elements (Mg, Ca, Si, Fe, O)
in the optical spectral range. No statistically significant
variability was detected for WD 19294011 resulting in
an average 1 o accretion rate limit of 15%. This has the
strongest Mg II line and Mg abundance of any white
dwarf in the sample, meaning the resulting mass con-
straints are less stringent. No changes in mass accretion
corresponding to mass above comet Halley sized objects
was observed.

WD 19294011 appears to have no variability either in
the circumstellar dust nor the accretion rate. If changes
in accretion rate are caused by new bodies being ac-
creted, this implies that there are no recent, larger than
comet Halley sized, collisional or tidal disruption events.
Therefore, the processes driving the accretion of the cir-
cumstellar material are particularly stable in both the
circumstellar environment and accretion mechanisms.

5.1.5. G29-38

Searches for equivalent width changes for G29-38
have been studied previously by T. von Hippel &
S. E. Thompson (2007) and J. H. Debes & M. Lépez-
Morales (2008). The first data sets for G29-38 from
MIKE/Magellan are the same as those reported in J. H.
Debes & M. Lépez-Morales (2008), allowing a direct
comparison between methods to determine equivalent
widths. The equivalent widths derived here for these
data sets are consistent within 1o to those reported in
J. H. Debes & M. Lépez-Morales (2008). Small discrep-
ancies between measurements may arise due to differing
handling of the continuum normalization or the equiv-
alent width measurement. J. H. Debes & M. Loépez-
Morales (2008) normalized the regions around the spec-
tral lines using high-order polynomials between third
and twelfth order. Whereas, this work fitted lower order
polynomials (3-5), and then allowed the continuum to
be a free parameter in the Voigt model. The agreement
between the two approaches provides confidence in the
robustness of the equivalent width measurements.

T. von Hippel & S. E. Thompson (2007) reported vari-
ability with the Ca II K line changing from 165mA
to 280 mA. Whereas, J. H. Debes & M. Lépez-Morales
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(2008) found the equivalent widths to be consistent with
a median of 264 mA and proposed that the previously re-
ported variability likely arose from comparisons between
low-resolution (R~500) and higher resolution spectra.
In this work the best fitting equivalent width across the
MIKE/Magellan observations was 267 mA for the Ca II
K line, with no statistically significant variations found.
This result supports the conclusion of J. H. Debes & M.
Lépez-Morales (2008) that the metal absorption lines in
(G29-38 are stable over the timescales probed by these
observations. It should be noted that these conclu-
sions are based on a limited number of epochs, and
episodic variability between observations remains possi-
ble. Furthermore, the reduced chi-squared statistic, ¥2,
was compared against the critical ¥? value assuming a
99.9% significance threshold. The measured Y2 value of
1.22 for the Mg II line corresponds to a confidence level
of approximately 83%. Although this does not consti-
tute a statistically significant detection of variability, it
could still be possible.

5.2. Limitations and future work
5.2.1. Methods

Equivalent width measurements provide a convenient
tracer of line strength, however, they do not uniquely
determine changes in elemental abundances. Variations
in equivalent widths can arise from differences in con-
tinuum normalization, spectral resolution, or line blend-
ing, particularly in spectra with lower SNR. The spectra
used in this analysis were obtained with multiple in-
struments, including MIKE/Magellan and SALT/HRS,
which have different spectral resolutions, instrumental
line spread functions, and wavelength ranges. Although
care was taken when comparing data between instru-
ments, subtle systematic differences may introduce off-
sets in equivalent width measurements. Therefore, the
strongest constraints on equivalent width variation come
from comparisons of high SNR data taken on the same
instrument.

Fitting Voigt profiles using MCMC methods allows a
full exploration of the posterior distribution of the Voigt
parameters. However, for weaker lines and spectra with
lower SNR, the MCMC did not converge or found unre-
alistic line profiles. This meant that low SNR data-sets
(SNR<10) were omitted from the analysis and future
observations should focus on higher SNR data. The
results were also checked against direct line fitting, as
outlined in Section 3, with no significant changes in the
conclusions drawn.

The temporal sampling of the spectroscopic data re-
mains inherently sparse, with observations separated by
intervals ranging from days to years. Such cadence limits

sensitivity to variability occurring on short timescales,
particularly those comparable to or shorter than the dif-
fusion timescales of metals in DAZ white dwarfs. Tran-
sient accretion events or stochastic fluctuations in ac-
cretion rate may occur between observations and re-
main undetected resulting in an apparent stability in the
measured equivalent widths. In addition, sparse sam-
pling reduces the ability to characterize the amplitude
and period of any variability and may bias measure-
ments toward long-term averages rather than instanta-
neous states. Therefore, the absence of observed vari-
ability here should be interpreted as a constraint on sus-
tained or large-amplitude changes, rather than ruling
out short-lived or rapidly evolving accretion episodes.
High-cadence, time-resolved spectroscopic monitoring is
therefore required to fully capture the dynamical behav-
ior of metal accretion in these systems.

5.2.2. White dwarf models

Models of elemental sedimentation based on one-
dimensional (1D) mixing-length theory predicts that the
settling timescales are on the order of days for warm
(Z15000K) DAZ white dwarfs (D. Koester 2009; D.
Koester et al. 2020). Understanding mixing mechanisms
including convection and thermohaline mixing in the at-
mospheres of white dwarfs is crucial to ensure accurate
sinking timescales. T. Cunningham et al. (2019) per-
formed three-dimensional (3D) radiation-hydrodynamic
simulations that investigated the role of convective over-
shoot in determining accurate timescales of elemental
sedimentation for white dwarfs with convective atmo-
spheres. The onset of substantial convective instabili-
ties occurs at 18,000-18,250 K, DA white dwarfs cooler
than this may therefore be unstable to convection which
consequently may increase the diffusion timescales by
1.5-3 orders of magnitude (T. Cunningham et al. 2019).
WD 0106—328, WD 0408—041, and G29-38 lie in this
temperature regime and may therefore have longer sink-
ing timescales than those reported in Table 1. For
WD 0106—328 the sinking timescale increases to 4.0
days for Ca and 6.4 days for Mg (factor 3.5 increase),
for WD 0408—041 it increases to 33.3 and 37.6 days for
Ca and Mg respectively (factor 8 increase), and G29-
38 increases to 658.3 and 549.2 days for Ca and Mg
respectively (factor 8 increase) (T. Cunningham et al.
2019). Therefore, especially for G29-38, these obser-
vations cover fewer sinking timescales, and further fol-
low up spectra would enable more precise constraints on
variability.

It has been hypothesized that DAZ white dwarfs
(>10,500K) do not spread the metals homogeneously
across the surface, therefore predicting surface abun-
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Table 5. The %? and Xi- values for the Mg equivalent width measurements, together with the best-fitting equiv-
alent width (EW) and its standard deviation. These are converted into Mg abundance and associated abundance er-
ror. The mass accretion rate is calculated assuming a bulk Earth composition using the best-fitting [Mg/H] abundance
M = (100/15.4) x Myyp x 107 x 10Me/H(e)) AMg/H/TMg, where ¢ = log,o(Mcyz/Mwp), AMg/H is the atomic mass of
Mg to H, and Mg is the Mg sinking timescale (Table 1). M, denotes the total mass accreted over the full observational

baseline. Assuming the photospheric abundance varies by 4 1o from the best-fitting value, AM,..
)

change in accreted mass over this baseline, expressed as a fraction of the mass of Comet Halley (2.2x10'7 g).

T gives the corresponding

WD 2 Xirit EW [Mg/H] M Miotal A]Macc,T
(mA) (gs™1) (8) (M¢. Halley)

WD0106-328 4.73 227 110 £26 —5.67 915 57721 x107 32112 x 1016 +o.0e
WD0408—041 1.79 2.35 162 +£30 —5.45 7011 1.2 704 x 108 6.6 T}-) x 1016 000
WD1457-086 0.68 3.10 91 £11 —553 1057 12 %02 10% 5.9 T1-J x 1010 10.04
WD1929+011 1.10 1.82 468 +26 —4.14 7305 2.0 793 x 107 9.6 T4 x 10'7 to.08
+0.07 +0.8 +0.4 +0.20

G29-38 1.22 187 43 £7 —591 Tl 4.4 158 x 108 2.5 T x 1017 oo

dance variations of the metals, if the metals are accreted
with a heterogeneous surface distribution (T. Cunning-
ham et al. 2021). The rotation periods of white dwarfs
are longer than the spectroscopic exposure times in this
work, and therefore, this work should have been sensi-
tive to surface feature changes, providing the abundance
variations would be significant enough to detect. There-
fore, this may imply that the accretion is spherically
homogeneous.

Models of thermohaline mixing instabilities have been
used to predict that the mixed mass in white dwarf at-
mospheres may be orders of magnitude larger and have
been used to offer an explanation for the orders of mag-
nitude lower accretion rates of DAs than DBs (E. B.
Bauer & L. Bildsten 2018, 2019; A. M. Buchan et al.
2025). This enhanced mixing can also affect the verti-
cal sinking timescales. Thermohaline mixing is driven
by an inverted molecular weight gradient, which could
be established via the accretion of metals. If accretion
stops, the sudden absence of the inverted chemical gradi-
ent is expected to render thermohaline mixing irrelevant
(E. B. Bauer & L. Bildsten 2019), leading to diffusion
timescales governed by gravitational sedimentation, or
a combination of the latter and convection if the atmo-
sphere is unstable to convection.

Existing models of white dwarf atmospheric mixing do
not predict sinking timescales long enough, for the DAZs
in this work, to smooth out significant variations in the
accretion rate over the observational baselines used in
this study. The stability of the inferred accretion rates
to within 15-30% over 15-18 years therefore most plau-
sibly reflects genuinely stable accretion from a long-lived
circumstellar reservoir, rather than a photospheric aver-
aging effect. Continued refinement of mixing models will
enable further understanding as to whether variability in
the metal abundances in the photospheres are expected.

Model independent measurements of instantaneous ac-
cretion rates via X-ray observations (T. Cunningham
et al. 2022) offer a complementary route to disentan-
gling accretion variability from photospheric processing.

5.2.3. Future observations

Continued spectroscopic monitoring of polluted white
dwarfs provides a powerful means of probing stability
and variability of accretion from remnant planetary sys-
tems. The sensitivity achieved in this work demon-
strated that such observations are capable of detecting
changes in accreted mass on the scale of individual mi-
nor bodies, comparable down to a few per cent of the
mass of comet Halley. This highlights the potential of
long-term monitoring campaigns to directly trace the
delivery and evolution of planetary bodies around white
dwarfs.

These results underscore the importance of observa-
tional homogeneity as subtle systematic differences be-
tween instruments, particularly in spectral resolution,
can mimic or obscure intrinsic variability at the level
of interest. Future programs should therefore prioritize
repeated observations with the same instrumental con-
figuration with higher SNR (> 10), or ensure rigorous
cross-calibration between datasets in order to robustly
detect and interpret small-amplitude changes in metal
line strengths.

For radial velocity derivations, more accurate and pre-
cise measurements require stable and temperature con-
trolled spectrographs. The metal lines in polluted white
dwarfs are sufficiently narrow that planetary mass ob-
jects are possible to detect using the radial velocity
method and therefore, future work should prioritize time
series observations using higher precision stable spectro-
graphs.
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Table 6. Infrared variability from previous studies. The K band data is from L. K. Rogers et al. (2020) where the variability
measure is an upper limit that corresponds to the measurement limit of the observations. The Spitzer data are from A. Swan
et al. (2020) showing the percentage change, significance of the change, and the lowest and highest flux values for the 4.5 um
channel. Mg, qt gives the mass of optically thin dust that gives the infrared excess at the lowest and highest Spitzer 4.5 um
fluxes assuming 1 pm sized astronomical silicate grains (A. Laor & B. T. Draine 1993). AM st s the difference in micron sized
dust that would cause this difference in infrared flux. 74,4t is how long the disk would survive given the derived accretion rate
in Table 5. WD 1457—086 is excluded as it does not have a confirmed infrared excess from a dust disk.

WD Name K 3.6 pm 45pm  Fasiow Fasnign Mgustlow Mdust high AMgyst AM qyst Tdust
(%) (%) (%) (1dy) (ndy) (8) (8) (8) (M¢, Halley) (yrs)
WD 0106—328 <3.9 9.0 (60) 10 (60) 137 150 1.63E+417 2.31E+17 6.8E+16 0.31 90-129
‘WD 0408—-041 <1.1 16 (90) 26 (130) 1099 1381 5.54E+18 7.09E+18 1.55E+418 7.05 1464-1874
WD 19294011 <0.64 1.0 (0.70) 2.0 (20) 897 920 1.83E418 1.90E+418 7.00E+4+16 0.32 29-30
G29-38 <1.0 12 (70) 9.0 (40) 8801 9559 2.66E+18 2.90E+18 2.4E+4+17 1.09 192-209

References: (1) S. Xu et al. (2019), (2) C. Melis et al. (2011), (3) S. Xu et al. (2014).

6. CONCLUSIONS

This work presents a long-term spectroscopic monitor-
ing campaign of five DAZ white dwarfs, spanning base-
lines in excess of 15 years with 18-47 epochs per object
and sampling timescales from days to decades. These
observations probe hundreds to thousands of diffusion
(sinking) timescales based on standard 1D atmospheric
models and therefore provide stringent constraints on
sustained variability in photospheric metal abundances
and accretion rates, with accretion rates found to be sta-
ble to within 15-30% and can probe down to a few per
cent the mass of comet Halley.

Equivalent widths of the dominant metal absorption
lines were measured for each system. For four of the
five white dwarfs in the sample, no statistically signif-
icant variability was detected across the full observa-
tional baseline. For WD 0106—328, ground-based spec-
tra taken between 2007 and 2025 indicate statistically
significant variability in the Mg II doublet over the 18
year monitoring program, however, a comparison be-
tween two HST spectra taken in 2016 and 2025 found no
statistically significant difference in line strengths. If the
variability inferred from the ground-based data is intrin-
sic, the system must have undergone temporal changes
in accretion that subsequently returned to a comparable
photospheric abundance level. These results highlight
the importance of homogeneous observing strategies, as
systematic differences between instruments, particularly
in spectral resolution, can introduce uncertainties com-
parable to the variability being probed.

The absence of detectable variability in the majority
of the sample indicates that the underlying source of
the accretion is broadly stable at the level of sensitiv-
ity achieved over decadal timescales. This places con-
straints on the physics of circumstellar accretion, and
supports a scenario where a viscous gas accretion disk

smooths stochastic delivery of material from disrupted
planetesimals.

These findings highlight that time-domain spec-
troscopy of polluted white dwarfs can provide a powerful
probe of accretion physics. The sensitivity achieved is
sufficient to constrain changes in accreted mass at the
level of minor bodies, highlighting the potential of such
observations to directly trace the delivery of planetary
debris. Future monitoring campaigns, particularly those
with homogeneous, high-cadence observations, will be
essential for resolving short-timescale variability, refin-
ing constraints on diffusion physics, and establishing the
physical connection between circumstellar disk evolution
and accretion onto the white dwarf surface.
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APPENDIX

A. APPENDIX A - ABSORPTION LINES

Table 7 reports the lines detected in the two sets of ultraviolet HST data for WD 0106—328. The table lists the line,
transition information, and equivalent widths measured for the 2016 and 2025 data.

B. APPENDIX B - WD 0106—328 EQUIVALENT
WIDTH VARIATION

Figure 7 compares the equivalent widths derived for
(left) the Mg II 4481A line and (right) the Ca IT 3933A

K for this work (MIKE/Magellan and HRS/SALT) com-
pared with those derived in J. Farihi et al. (2026).
The closest in time observations were taken 13 days
apart around 4700 MJD-50000 days, and these equiv-
alent widths, although derived with different methods,
are consistent within 1o for both the Mg and Ca lines.
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Table 7. Details on the lines detected in the HST ultraviolet spectra for
WD 0106—328. Only lines detected at 3¢ in both the 2016 and 2025 spectra
are listed.
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Figure 7. A comparison between equivalent widths derived from this work (MIKE/Magellan and HRS/SALT) and J. Farihi
et al. (2026) using the (left) Mg IT 4481A line and (right) Ca IT 3933A K line for WD 0106—328. All measurements taken within
a few weeks of one another have equivalent widths consistent within 1 0.
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