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ABSTRACT

There is increasing evidence for the presence and variability of circumstellar dust and gas around white dwarfs that are
polluted with exoplanetary material, although the origin of this dust and gas remains debated. This paper presents the first near-
simultaneous observations of both circumstellar dust (via broadband emission) and gas (via emission lines) around a polluted
white dwarf. From the optical spectra the gaseous emission lines, notably the calcium infrared triplet and magnesium lines,
show significant increases and decreases in their strength over timescales of weeks, while the oxygen and iron lines remain
relatively stable. Near-infrared JHKs photometry reveals dust emission changes of up to 0.2 magnitudes in the Ks band over
similar timescales, marking the shortest variability timescales observed to date. The two epochs with the strongest emission were
correlated between the dust (Ks band brightening) and gas (strengthened calcium and magnesium lines), showing for the first
time that the dust and gas must be produced near-simultaneously with a common origin, likely in collisions.

Key words: white dwarfs — circumstellar matter — planetary systems — stars: individual: WD J210034.65+212256.89

1 INTRODUCTION

There is strong observational evidence for planetary systems around
white dwarf stars. Between 25-50 per cent of single white dwarfs
are polluted with heavy elements (> He) resulting from the accretion
of planetary material (Zuckerman et al. 2003, 2010; Koester et al.
2014; Wilson et al. 2019). 1.5-4 per cent of white dwarfs show
an infrared excess from warm (~ 1000 K) dust (e.g. Becklin et al.
2005; Kilic et al. 2006; Jura et al. 2007; Rebassa-Mansergas et al.
2019; Wilson et al. 2019; Xu et al. 2020; Lai et al. 2021). 0.067
per cent of white dwarfs are expected to show Ca1 emission lines
from a Keplerian rotating gas disc (Manser et al. 2020), with 21
identified to date (Génsicke et al. 2006, 2007, 2008; Melis et al.
2010; Farihi et al. 2012; Melis et al. 2012; Brinkworth et al. 2012;
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Dennihy et al. 2020; Melis et al. 2020; Gentile Fusillo et al. 2021),
and a handful of white dwarfs show absorption from circumstellar
gas (e.g. Debes et al. 2012; Xu et al. 2016). X-ray emission has been
detected around one polluted white dwarf with a disc, providing
direct evidence of ongoing accretion from the disc (Cunningham
et al. 2022). Additionally, a few exoplanets have been discovered
around white dwarfs adding to the significant observational evidence
of the survival of planetary systems to the white dwarf phase (e.g.
Ginsicke et al. 2019; Vanderburg et al. 2020; Blackman et al. 2021).
JWST is expected to drastically increase this number (Limbach et al.
2022; Poulsen et al. 2024) with three candidate giant planets already
identified (Limbach et al. 2024; Mullally et al. 2024).

The material polluting white dwarfs is thought to be from the scat-
tering of planetesimals onto star-grazing orbits by outer planetary-
mass perturbers (e.g. Debes & Sigurdsson 2002). The planetesimals
tidally disrupt at the Roche radius and form an eccentric stream of dust
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before they circularise, sublimate, and finally accrete onto the white
dwarf (e.g. Jura 2003; Brouwers et al. 2022). The abundances of the
accreted material aligns with this scenario as the majority resemble
bulk Earth (e.g. Jura & Young 2014). The origin of the observable
circumstellar gas discs is debated. Gas produced at the sublimation
radius could viscously spread outwards causing an overlap in the
location of the dust and gas (Rafikov 2011; Metzger et al. 2012). An
alternative explanation for gas emission is collisions between large
planetesimals that are ground down into small dust within the Roche
radius of the white dwarf (Jura 2008; Kenyon & Bromley 2017a,b).
Observations of infrared variability in WD 01454234 appear consis-
tent with simple collisional cascade models (Wang et al. 2019; Swan
et al. 2021, 2024).

As highlighted above, the circumstellar environments of polluted
white dwarfs are known to be variable. Most polluted white dwarfs
with infrared emission from a dust disc display variability in the mid-
infrared (Xu & Jura 2014; Swan et al. 2019; Swan et al. 2020, 2021),
however, few display variability in the near-infrared (Rogers et al.
2020). Additionally, the largest variations in the dust are found for
those white dwarfs with discs that have both an observable dusty and
gaseous component (Swan et al. 2020; Guidry et al. 2024). More than
half of the currently known white dwarfs with gas discs in emission
exhibit variation in the morphology and/or equivalent width of the
gas emission lines, attributed to precession or the orbiting of plan-
etesimals within the disc (Wilson et al. 2014, 2015; Manser et al.
2016a,b; Dennihy et al. 2018; Manser et al. 2019; Dennihy et al.
2020; Gentile Fusillo et al. 2021; Melis et al. 2020). Furthermore,
observations of transiting debris around a fraction of white dwarfs
show variability in the shapes, depths and timescales of the tran-
sits which can evolve on periods of days (Vanderburg et al. 2015;
Ginsicke et al. 2016; Vanderbosch et al. 2021; Farihi et al. 2022).

Numerous studies have investigated dust variability and gas vari-
ability independently, however, so far these have not been stud-
ied simultaneously. This work reports the first study of a metal
polluted white dwarf hosting a circumstellar disc of dust and
gas, WD J210034.65+212256.89 (hereafter called: WD J2100+2122,
with properties listed in Table 1), where the dust and gas emission
features have been observed simultaneously. WD J2100+2122 was
first identified as a white dwarf candidate in Gentile Fusillo et al.
(2019), and a combination of historic photometry and new spectra
revealed it had metal pollution, a circumstellar dust disc and a cir-
cumstellar gas disc (Melis et al. 2020; Dennihy et al. 2020). The
abundance of the material polluting WD J2100+2122 was reported
in Rogers et al. (2023) and was found to accrete material similar in
composition to bulk-Earth (Rogers et al. 2024). The gas disc hosts a
rich spectrum of emission features showing lines from oxygen, cal-
cium and iron, and a circumstellar dust disc which has an infrared
excess above the white dwarf photosphere significant to 7.7 o in the
K-band. Additionally, it was demonstrated that the gas disc emission
features are variable with the appearance and disappearance of the
emission features over timescales of 2 months (Dennihy et al. 2020),
and the sparsely sampled WISE infrared lightcurves were also found
to vary significantly over timescales of a year. Therefore, this was
selected as the most ideal target to study simultaneous variability in
the dust and gas emission.

2 OBSERVATIONS AND DATA ANALYSIS
2.1 VLT X-shooter Observations

WDJ2100+2122 was observed with the echelle spectrograph X-
shooter (Vernet et al. 2011) on Unit Telescope 3 (UT3) of the Very
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Table 1. Properties of WD J2100+2122 with astrometry from Gaia DR3, and
effective temperature and log(g) from Rogers et al. (2023).

Gaia DR3 number 1837948790953103232
RA 21:00:34.65
DEC +21:22:56.89
Distance (pc) 88.1(0.4)
SpT DAZ
Effective Temperature (K) 25565 (358)
log(g) 8.10 (0.04)
Gaia G (mag) 15.172 (0.003)
2MASS J (mag) 15.789 (0.066)
2MASS H (mag) 15.545 (0.134)
2MASS Ks (mag) 14.904 (0.119)
Spitzer IRACI1 (uly) 679.2 (34.7)
Spitzer IRAC2 (uly) 685.3 (34.7)

Large Telescope (VLT) at Paranal Observatory, Chile between Octo-
ber 2019 and September 2023. X-shooter has 3 arms: UVB (3000—
5595 A), VIS (5595-10240 A), and NIR (1024024800 A); the NIR
has a low signal-to-noise ratio (SNR) due to the observing set-up be-
ing optimised for the UVB and VIS, therefore, the data from this arm
are not used. Supplementary Table A1 reports the observations con-
sidered in this study. Observations from multiple X-shooter programs
with differing observing strategies are used. For the majority of ob-
servations STARE mode was implemented, with a 1.0 and 0.9 arcsec
slit width for the UVB and VIS arms, respectively, this gives a resolv-
ing power (1/AQ) of 5400 and 8900. These observations consisted of
two exposures lasting 571 and 600 s each for the UVB and the VIS
arms, respectively. For the data from programs 0109.2383.005 and
0109.2383.007, a slit width of 1.3 and 1.2 arcsec were used giving a
resolving power of 4100 and 6500 in the UVB and VIS arms, with
total exposure times of 2946 and 2970 s each.

The data reduction was performed using ESOREFLEX (v 2.11.3)
with the X-shooter pipeline version 2.9.1 (Freudling et al. 2013)
which produced flux calibrated 1D spectra. Supplementary Table
Al reports the SNR for each exposure in the UVB and VIS arms,
where the SNR was calculated between the wavelength range 4000
~ 5500 A for the UVB arm and 6000 to 9000 A for VIS arm and is
> 86 and > 47 per pixel for all exposures in the UVB and VIS arms
respectively.

To analyse the emission profiles of the gas, the model spectrum of
WD J2100+2122 from Rogers et al. (2023) was subtracted from each
X-shooter spectrum. A low order (between 2 and 5 depending on the
spectral region) polynomial was fitted to the resultant continuum-
subtracted spectrum to remove any deviations from zero flux. Line
fluxes were then calculated from these continuum-subtracted spectra
by integrating the line flux over the regions where emission is seen
as has been done previously (e.g. Xu et al. 2024), the line fluxes are
reported in Supplementary Table A2. As the line profiles show the
characteristic double-peaked line profiles of a rotating disc of gas,
the profiles were also converted into velocity space, using the rest
wavelengths of the profiles obtained from the NIST database ! and
the Doppler shift formula at non-relativistic velocities. These veloci-
ties subsequently had their systemic velocity subtracted (—=31.1 km/s
using values from Rogers et al. 2023) such that the velocities are with
respect to the white dwarf. The maximum velocities in the disc, cor-
responding to the Full-Width Zero Intensity (FWZI) were determined
as the point where the profile reaches the continuum.

1 https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Figure 1. The evolution of the Fe 11 5316 A and Can 8542 A lines over time,
with each spectrum being offset vertically such that time evolves upwards and
the data are labelled with their MJD. As line fluxes are used, the emission
strength for each line can be compared directly. There are two regions in time
in which the calcium line increases in strength, yet no increase in strength is
seen in the iron line. The top panels show all the lines stacked on the same
plot, showing clear differences in strengths and FWZIs.
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2.2 VLT HAWK-I Observations

WD J2100+2122 was also observed with the High Acuity Wide field
K-band Imager (HAWK-I) on the Unit Telescope 4 (UT4) of the
VLT (Pirard et al. 2004; Casali et al. 2006; Kissler-Patig et al. 2008;
Siebenmorgen et al. 2011) between April 2022 and September 2023.
Six exposures of 10 seconds were used with five dithers in a jitter
box of width 20 arcseconds; this totaled five minutes of integration
time per filter. The J, H, and Ks magnitudes were extracted from
the phase 3 source tables and differential photometry was performed
using stellar objects with Ks band magnitudes between 12 and 17
within 700 pixels of WD J2100+2122 as comparison stars. This gave
22 sources for differential photometry in which a weighted mean was
used to correct the frame-to-frame variations. The magnitude errors
were calculated as a sum in quadrature of the measurement error
and the systematic error calculated from the comparison stars used
for differential photometry. The magnitudes and errors are reported
in Supplementary Table A1, with the differential photometry giving
errors of up to 0.006, 0.011, and 0.010 mags in the J, H, and Ks
respectively. To test the absolute flux calibration, a comparison with
2MASS stellar sources in the field was done. The 2MASS magnitudes
were transformed to match the HAWKI filters using equations from
the HAWKI user manual 2. The standard error for the difference
between the transformed 2MASS and HAWKI magnitudes are: J:
0.01 mags, H: 0.02 mags, Ks: 0.02 mags, and these should be added
in quadrature with the errors reported in Supplementary Table A1 if
absolutely calibrated magnitudes are required.

3 RESULTS
3.1 Gas variability

The circumstellar gas disc around WD J2100+2122 is found to be
highly variable with both emission line strength and morphological
changes observed. Figure 1 illustrates the evolution of the emission
line profiles for the Fe1r 5316 A and the Car 8542 A lines over the
four year observing period. Notably, the calcium lines exhibit two
distinct epochs where the lines increase in strength significantly and
decay over times of 64 and 13 d. The same behaviour is not reflected in
the iron lines, which remain at a stable emission strength comparable
in flux to the brightest epochs of calcium. The calcium lines show
clear asymmetries during the increase in strength on 59723 MJD
(and to a lesser degree 59699 MJD), whereas, during the increase in
strength on 60161 MJD the calcium lines show a symmetric profile.
From the top panel of Fig.1, it is clear that the iron lines have
a mostly symmetric profile throughout the observations, with the
exception that there appears to be variation in the strength of the blue
peak.

The top panel in Fig. 1 shows a difference in the FWZI for the
iron and calcium lines, and this is quantified in Table 2. Additionally,
there is a different FWZI depending on whether the calcium line
is in its strong emission state versus quiescent state. Assuming a
Keplerian rotating gas disc, the iron lines appear to arise from closer
in to the white dwarf in comparison to the calcium lines, and when
the calcium is strongly emitting, the gas appears to be originating
further out than both the calcium in quiescence and the iron.

Figure 2 presents the line fluxes of the calcium, magnesium, oxy-
gen, and iron lines. All three calcium lines demonstrate similar be-

2 https://www.eso.org/sci/software/pipelines/hawki/
hawki-pipe-recipes.html
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Table 2. FWZI measurements for WD J2100+2122, where BWZI is the ve-
locity width from the center of the emission line to the blue zero intensity,
and RWZI is the same but for the red side, these velocities are related to the
true velocity by Vobs = Virue Sini. The orbital radii of the inner edge of the
gas disc assuming an edge on inclination is also given for reference. The Fe i1
5316 A line is compared with the Ca1r 8542 A line for the strongly emitting
cases (labelled ‘E’) and the quiescent case (labelled ‘Q’).

Line FWZI BWZI Iy RWZI Iy

A kms™! kms~! Ro kms™! Ro
5316 1020+7 465+5 0.61+£0.01 5555 0.43+0.01
8542 E 655+7 350+5 1.07+0.03 305+5 1.41+0.05
8542 Q 795+7 390+5 0.87+0.02 4055 0.80+0.02

haviour with both epochs of increased brightness reflected in all
their line fluxes. The magnesium line shows a significant increase
in brightness at the same time as the calcium lines, although in qui-
escence is often undetectable. In contrast, the oxygen and iron lines
show some low level variability in their line fluxes, but do not exhibit
the same pronounced increases in strength as the calcium lines.

3.2 Dust variability

The dust emission from WD J2100+2122 shows clear variability in
the J, H, and Ks near-infrared bands, with certain epochs showing
emission at a > 3¢ significance compared to the baseline flux level.
The top panel of Fig. 3 displays the HAWKI J, H and K's magnitudes
plotted relative to their median values. The dashed vertical lines
indicate the two epochs with the strongest emission observed for
the Ca triplet. The Ks band exhibits the largest variation with a
change of up to 0.2 magnitudes, while the J and H bands also show
variability during these epochs but at a lesser strength. It should be
noted that gas emission lines can occur in the near-infrared and may
be contributing to a portion of the variability (Owens et al. 2023).

There is tentative evidence for a temperature change associated
with the epochs with the most significant near-infrared emission
changes; these occur at 59699 and 60161 Modified Julian Dates
(MIJDs). The ratio of the Ks/H band fluxes shows a maximum de-
crease of 27 per cent whilst the Ks/J shows a maximum decrease
of 32 per cent. A blackbody model was fitted to the J, H and Ks
band excesses after subtracting off the white dwarf model flux, the
median temperature and blackbody radius of the fits to the HAWKI
JHKs photometry is 1190 K and 23.5 Rwp (0.29 Rg), with the emis-
sion peaks at 59699 and 60161 MJDs having a higher best fitting
temperature of 1340K and 1280K respectively. However, the me-
dian error on the temperature fits is 166 K so a temperature increase
in the emission peaks is not statistically significant. Further, more
precise photometry extending to mid-infrared wavelengths would be
required to confirm whether there is a true temperature change of the
dust during these emission peaks.

3.3 Connection between gas and dust emission

Simultaneous increases and decreases in the circumstellar gas emis-
sion and infrared flux are found for WD J2100+2122. As illustrated
in Fig.3, increases in the calcium gas emission coincide with in-
creases in the dust emission, most notable in the Ks band (where the
infrared excess from the dust is most significant), and also reflected
in the H and J bands. A Pearson’s R value of 0.8 demonstrates the
strong positive correlation between the gas emission and Ks band
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Figure 2. The line flux of the gas emission lines normalised to their median
flux over time. The strong emission behaviour of the calcium lines is reflected
in all 3 components of the infrared triplet and in the magnesium line, and
the two strongest epochs are marked with vertical dashed lines at 59699 and
60161 MJDs. The oxygen and iron lines do not appear to vary in the same way
as the calcium lines, but low level variability is clear. Error bars are plotted
but are mostly hidden below the data points.

dust emission. During the two epochs which show concurrent emis-
sion, the near-infrared photometry and the optical spectroscopy were
obtained on the same observing night and within a few hours of each
other emphasising the simultaneity of the dust and gas emission.
This correlation highlights for the first time the linked behavior of
circumstellar gas and dust emission for any white dwarf.

4 DISCUSSION

This study provides for the first time clear evidence for a direct link
between dust and gas production in the circumstellar disc surrounding
WD J2100+2122, with two epochs showing a simultaneous strong in-
crease in emission in both the dust and the (calcium and magnesium)
gas and a subsequent return to a base quiescent level. Additionally,
it was found that the dust and gas fluxes increase and decrease on
timescales of days to weeks, one of the shortest ever recorded for
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Figure 3. Top: The HAWKI J, H and Ks magnitudes plotted relative to their median magnitude and offset by 0.15 mags for clarity (horizontal lines show the
median magnitude per band). Bottom: the gas emission line fluxes of one of the lines from the calcium infrared triplet (8542 A), and one of the iron lines (5316 A)
normalised to their median flux over time (with the horizontal dotted line showing the new median flux, which as it is normalised is equal to 1). The rest of the
lines are shown in Fig. 2, and data for line fluxes before this observing period are not shown here as there is no near-simultaneous near-infrared photometry. The
dashed vertical lines show where there are clear correlations between the dust emission and the calcium gas emission at 59699 and 60161 MJDs.

such systems. Furthermore, the behaviour of the gas emission lines
is different depending on the element, with the calcium lines show-
ing significant line flux and morphological variations, whereas, the
oxygen and iron lines remain relatively stable.

In this study simultaneous is defined as the two sets of observations
taken within a few hours of one another (see Supplementary Table A1
for observing dates) which is sufficient given that the dust and gas are
not thought to change on timescales less than the orbital timescale (~
a few hours). However, as the observations were taken with a cadence
of once every two weeks, it remain plausible that there is a delay of
<2 weeks between the increased dust emission and increased gas
emission, and only observations with a higher cadence would be
able to distinguish this.

The observations of dust and gas trace the inner regions of the
circumstellar environment (<0.01 au), however, the origin of the gas
surrounding white dwarfs is debated. Following standard theories of
white dwarf pollution, the circumstellar dust disc likely formed from
a parent body or bodies from a distant surviving planetary system
(beyond 3-5 au) which was perturbed close to the white dwarf and
was tidally disrupted which then produced an infrared excess (e.g.
Debes & Sigurdsson 2002; Jura 2003). However, the gas could be
produced by the sublimation of the dust as it migrates inwards and/or
by collisions, whether between scattered material and a pre-existing
disc or through collisional cascades. There are theoretical predictions
for the differences in the dust and gas emission depending on whether
the gas is produced by sublimation versus collisions.

White dwarfs observed with circumstellar gas discs in emission
are found to have gas and dust co-located (e.g. Melis et al. 2010).
Owens et al. (2023) fitted a flat opaque dust ring as prescribed in
Jura (2003) to the spectral energy distribution of WD J2100+2122

finding the inner edge of the dust to be 0.41t%_%57 Re, the outer edge

to be 0.70’:%'512l Re (although it should be noted that the outer edge
is difficult to fit for due to the lack of longer wavelength data), and
the inclination to be 60J:]355 degrees. Assuming the same inclination
for the gas disc, the inner edge of the gas disc as shown by the stable
iron lines (0.46 and 0.32 R for the blue and red shifted components
respectively using values from Table 2) aligns with the inner edge
of the dust disc measured by Owens et al. (2023). However, the
inner edge of the calcium gas in emission lies further out than the
dust (1.06 and 0.81 Rp). If this additional gas emission is produced
from the sublimation of the dust, it would likely be caused by the
dust migrating towards the white dwarf through Poynting-Robertson
(PR) drag and when hot enough, it sublimates, with the gas spreading
both inwards and outwards such that it is co-located with the dust
(Rafikov 2011). This would cause the gas mass to increase a time
of AT later, associated with the PR drag timescale (tpg ~ 15 days
for 0.1um dust around WD J2100+2122). This is inconsistent with
the observations shown here as the additional dust and gas emission
during 59699 and 60161 MJDs are correlated and near-simultaneous
(AT must be less than 2 weeks - shorter than the PR drag timescale),
and the inner edge of the calcium gas during the emission peaks
occurs further out than the inner edge of the dust. Therefore, it is
unlikely that the additional gas emission is produced by sublimation
of dust at the sublimation radius.

Instead, collisions provide a more natural explanation for the si-
multaneous production of dust and gas seen around WD J2100+2122.
Material could be ejected from a pre-existing disc by incoming de-
bris, or generated in destructive collisions (e.g. Malamud et al. 2021;
Swan et al. 2021). Those respective scenarios would result in in-
creased gas emission as dust sublimates above the disc’s surface, or
as it is collisionally vaporised as has been observed in extreme de-
bris discs around main sequence stars (e.g. Meng et al. 2014). Higher
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cadence data around the emission peaks would be required to assess
the dominant timescales for the infrared decay: settling back into
an optically thick disc would happen on orbital timescales (hours),
whereas collisional cascades have a characteristic 1/t decay (Do-
minik & Decin 2003). Collisions have been invoked to explain dust
variability (Farihi et al. 2018; Swan et al. 2021, 2024), but this work
shows for the first time that gas is likely also produced simultaneously
in these collisions.

Supporting this scenario, the only white dwarfs demonstrating
near-infrared J, H, or K band variability are those that also exhibit
gas discs (Xu & Jura 2014; Xu et al. 2018; Swan et al. 2021), and
Swan et al. (2020); Guidry et al. (2024) found that those white
dwarfs with gas discs also show more variable mid-infrared dust
emission, adding to this strong correlation between gas and dust
production. Furthermore, Dennihy et al. (2017) showed that white
dwarfs with gaseous discs either have the largest/brightest and/or the
hottest discs, and WD J2100+2122 fits with this conclusion with the
median temperature and blackbody radius for WD J2100+2122 being
1190K and 23.5 Rwp (0.29Rp).

The observed variability timescales for the gas and dust are the
shortest observed to date for any planetary disc around a white dwarf,
with significant Ks band changes detected within just one day, and the
gas emission shifting between peak emission and quiescent phases
within 13 days. These timescales are comparable to the photomet-
ric variability observed for white dwarfs with transiting debris which
show morphological variations in these transits (Génsicke et al. 2016;
Vanderbosch et al. 2021; Farihi et al. 2022). The two observed epochs
of dust and gas emission are also not identical, with the first event
(beginning at 59699 MJD) showing a slower decay in the gas over
64 days compared to the 13 day decline following the peak at 60161
MID (assuming the emission at 59699 MJD is due to a single event).
The physical mechanisms responsible for the decay in the dust and
gas emission must act on different timescales, highlighting the com-
plexity of the processes at play in these dynamic circumstellar envi-
ronments.

The significant variation in the strength of the calcium gas emis-
sion for WD J2100+2122 would suggest that either (i) a large amount
of gaseous material is being generated somewhere in the disc at a
temperature to facilitate Ca triplet emission but not Fem or O1
emission, (ii) a region of the disc is heating to enhance Ca triplet
emission, or (iii) cooling to allow Ca 1 ions to recombine into Ca 1t
(which has an ionisation energy of 11.97 eV). As the dominant source
of heating for these planetary debris discs is the photoionising flux
of the white dwarf, it is unlikely that options (ii) or (iii) are physical.
The upper energy levels for the transitions that results in the observed
emission lines are much lower for the calcium lines (3.15, 3.15, and
3.12¢V for the 8500, 8545 and 8660 A lines respectively), in com-
parison to the iron lines (5.55 and 5.48 eV for 5275 and 5316 A)
and the oxygen lines (10.74 and 10.998 eV for 7774 and 8446 A).
Therefore, it is likely that scenario (i) is occurring with the gas disc
surrounding WD J2100+2122 showing radially dependent excitation
with an inner hotter region and an outer more dynamic cooler region.
The hotter inner disc is quiescent and gives rise to the broad iron and
quiescent calcium line profiles. Given the high temperature of this
white dwarf the calcium is likely mostly ionised to Ca 11 and magne-
sium ionised to Mg 11 explaining the weak Ca1 and Mg1 profiles in
this hot inner quiescent disc. In the outer, cooler, and more dynamic
regions of the disc in which collisions are likely producing gas and
dust simultaneously, the right temperature exists to facilitate these
strong Cair lines. In depth modelling of the circumstellar gas us-
ing photoionisation codes like the studies by Hartmann et al. (2011,
2014); Ginsicke et al. (2019); Steele et al. (2021); Xu et al. (2024)
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will provide further insight into the composition of the gas and the
variability of the different species, but is beyond the scope of this
work. Additionally, the iron and quiescent calcium line profiles show
a more extended red wing, compared to the calcium profile when
in its strongly emitting state which has a more extended blue wing.
This is likely because the disc is eccentric and non-axisymmetric;
this adds to the handful of white dwarfs observed with asymmet-
ric profiles (e.g. Melis et al. 2010). Contrasting morphologies and
strengths of gaseous emission profiles for different elements has pre-
viously been observed, for example, for SDSS J1228+1040 (Manser
et al. 2016a; Goksu et al. 2024). In SDSSJ1228+1040 the calcium,
oxygen and iron lines showed a similar spatial extent (FWZI) but
differing strengths and morphologies which was explained by each
element having a different intensity distribution across the disc.

5 CONCLUSIONS

This paper reports near simultaneous observations of the gas and
dust surrounding the polluted white dwarf WD J2100+2122. The
key conclusions are as follows:

(i) There is a positive correlation between gas and dust emission,
with the line fluxes of the calcium and magnesium gas increasing
with the near-infrared photometry, representing the dust emission.
This implies that there is an underlying stable gas and dust disc with
additional dust and gas produced simultaneously, likely in collisions.

(i) The gas emission lines produced by the Ca triplet are ex-
tremely variable and change on short timescales of days — weeks,
some of the shortest variability observed in gas emission lines to
date.

(iii) The variability and behaviour of the gas emission lines de-
pends heavily on the atomic transition observed, with line flux and
morphological variations observed in the calcium lines, with limited
changes in the iron and oxygen lines. There is likely radially depen-
dent excitation, which could be caused by a hotter inner disc and a
colder more dynamic outer disc.

(iv) Observing dust and gas simultaneously is a crucial tool to
disentangle models of the circumstellar environments around white
dwarfs. Further studies with higher cadence around emission peaks
are critical to probe the timescales on which the dust and gas evolve.
The complexity of the circumstellar environment of WD J2100+2122
highlights the stochastic nature of white dwarf planetary systems and
paves the way to truly understand how planetary material arrives in
the atmospheres of white dwarfs.
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Table A1l. The dates at which X-shooter and HAWKI data were taken; if the two sets of data were taken within 4 days of each other, they
are reported on the same row. The SNR for the X-shooter data is reported for both the UVB and VIS arms with each exposure reported
separately if more than one is available. The HAWKI J, H and Ks magnitudes are reported with errors for differential photometry. If
absolutely calibrated magnitudes are required, add the following errors in quadrature with the reported errors: J: 0.01 mags, H: 0.02
mags, Ks: 0.02 mags.

Date X-shooter =~ SNR UVB  SNR VIS Date HAWKI J (mag) H (mag) Ks (mag)
2019 Oct 10 152.7/159.9  84.6/89.1
2021 June 28 149.2/161.9  82.2/87.7
2022 Apr 29 15.679 £ 0.006  15.604 £ 0.009 15.110 =+ 0.009
2022 Apr 30 95.6/101.1 53.7/56.5 2022 Apr 30 15.684 + 0.006  15.614 + 0.009  15.157 &+ 0.009
2022 May 24 115.9/111.2  64.1/61.5
2022 May 26 325.6 174.5 2022 May 26 15.717 £ 0.006  15.698 + 0.010  15.308 % 0.009
2022 May 31 111.4/109.5 61.8/60.5 2022 May 31 15.700 £ 0.006  15.670 £ 0.009  15.212 + 0.009
2022 June 12 15.717 £ 0.006  15.696 + 0.010  15.308 + 0.009
2022 July 03 115.0/116.4  64.0/65.2 2022 July 04 15.715 £ 0.006  15.700 £ 0.010  15.305 =+ 0.009
2022 July 26 88.2/93.9 49.3/52.3 2022 July 26 15.709 £+ 0.006  15.696 £+ 0.010  15.290 £ 0.009
2022 Aug 13 89.9/95.8  47.5/50.3
2022 Aug 14 111.3/106.5 61.4/58.9 2022 Aug 15 15.713 £ 0.006  15.716 £+ 0.010  15.291 + 0.009
2022 Sep 20 119.7/114.1  64.7/62.5 2022 Sept 20 15.713 £ 0.006  15.710 + 0.010  15.276 % 0.009
2022 Sep 30 127.0/125.9  69.5/69.1 2022 Sept 30 15.708 £+ 0.006  15.708 £+ 0.010  15.272 &£ 0.009
2022 Oct 02 114.9/113.3  62.8/62.0 2022 Oct 02 15.716 £+ 0.006  15.699 + 0.010  15.288 % 0.009
2022 Oct 25 116.8/113.9  64.0/62.6 2022 Oct 24 15.714 £+ 0.006  15.687 £+ 0.010  15.303 £ 0.009
2023 Apr 11 86.0/92.4  52.0/55.8
2023 May 02 377.7 211.1
2023 May 12 110.9/113.0  59.9/61.3 2023 May 16 15.711 + 0.006  15.681 + 0.010  15.267 & 0.009
2023 May 18 15.713 £ 0.006  15.710 + 0.010  15.276 + 0.009
2023 May 23 126.9/126.8  68.7/68.5 2023 May 22 15.714 £+ 0.006  15.696 + 0.010  15.271 %+ 0.009
2023 May 25 15.710 £ 0.006  15.683 £ 0.010  15.258 + 0.009
2023 June 08 91.5/89.2 69.6/68.2
2023 June 15 122.6/125.0 66.7/68.2 2023 June 13  15.713 £ 0.006  15.670 4+ 0.010  15.240 £ 0.009
2023 June 22 122.6/120.7 66.3/65.0 2023 June 22 15.707 £ 0.006  15.657 + 0.009  15.174 &+ 0.009
2023 July 07 15.712 £ 0.006  15.680 £ 0.010  15.254 &+ 0.009
2023 July 18 114.4/120.2  60.1/62.9
2023 Aug 05 112.7/116.8  62.9/65.0 2023 Aug 05 15.690 £ 0.006  15.617 £ 0.009 15.136 £ 0.009
2023 Aug 18 116.9/111.0  64.0/60.8 2023 Aug 21 15.717 £ 0.006  15.703 £ 0.010  15.263 £ 0.009
2023 Sep 06 107.3/102.6  57.4/55.7 2023 Sept 06 15.709 £+ 0.006  15.711 + 0.011  15.261 & 0.010
2023 Sep 17 122.3/123.3  66.4/67.1 2023 Sept 13 15.718 £+ 0.006  15.726 £+ 0.010  15.310 &£ 0.010
2023 Sep 20 118.0/121.9  65.0/67.3 2023 Sept 20 15.719 £+ 0.006  15.714 + 0.010  15.307 & 0.009




Table A2. The X-shooter line fluxes (in 10713 ergscm =2 s~1) for the gaseous emission lines.

MJD Fe 5275 Fe 5316 O 7774 O 8446 Ca 8500 Ca 8545 Ca 8660 Mg 8806

58766.06648 27.8+1.1 56.50+0.97  9.47+0.68 9.7£1.0 8.64+0.54 4.98£0.48 4.724+0.49 3.53£0.34
58766.08718 39.2+1.1 48.83+0.92  9.724+0.65 5.92£0.99 8.54 £0.51 5.51+£0.46 3.28 £0.46 3.38£0.33
59393.25132 29.0£1.1 50.66 £0.98  4.49+0.68 12.1+1.0 8.85+0.55 4.28£0.48 6.33 £0.52 1.71+0.36
59393.27201 23.2+1.1 47.14+0.90 4.09+0.64 17.85+£0.98 10.87+0.53  5.351+0.45 4.71+0.49 4.224+0.35
59699.35677 422+1.7 52.4+1.5 159+1.1 109+1.4 35.561+0.85 45.99+0.78 36.76 £0.92 8.01 £0.56
59699.36405 472+1.7 60.3+1.4 10.1+£1.0 9.8+1.4 37.890+£0.81 45.10£0.74 38.26+£0.85 6.28 £0.53
59723.31152 49.2+1.5 54.9+1.3 10.56 £ 0.88 15.1+1.1 23.97+0.70 21.32+£0.64 18.831+0.66 5.30£0.47
59723.31879 37515 55.1£1.3 4.894+0.92 16.5+£1.3 27.21£0.72 25.11+£0.67 18.67+0.69 5.15£0.48
59725.38037 34.44+£0.52 58.69+0.44 11.554+0.34 13.62+£0.60 18.17+0.31 16.37+0.26 13.93+£0.36 2.77£0.18
59730.29845 38.8+1.5 55.0£1.3 9.25£0.92 11.8+1.2 10.60£0.71  8.45+0.66 9.91£0.77 3.31£0.48
59730.30573 244+1.5 57.3+1.3 12.60 +£0.94 16.4£1.2 13.13+0.73  8.91+0.67 9.34+£0.82 4.76 £0.49
59763.32181 36.6+1.5 51.7+£1.3 13.15+£0.88 17.6£1.0 11.34£0.66  5.21£0.62 5.57£0.65 0.69 £0.47
59763.32908 39.6+1.5 53.3+1.3 12.58 £0.87 14.75£0.98 11.294+0.65 6.19£0.61 5.00+0.64 4.09+£0.46
59786.11357 33.9+1.9 60.3+1.6 10.3+1.1 11.0+1.7 7.68 £0.88 6.32+0.81 2.44+£0.85 3.83£0.61

59786.12085 26.0+1.8 52.3+1.5 8.0+1.1 8.0+1.4 7.124+0.86 5.66 +0.76 3.98+0.80 3.564+0.57
59804.20160 21.1+1.9 48.2+1.6 7.8+1.2 16.5+1.5 7.48+£0.93 2.41+£0.85 4.59+0.88 2.57+£0.64
59804.20890 23.2+1.8 48.1+£1.5 11.5+1.1 13.9+14 8.51+0.87 5.46 +0.80 4.84+£0.82 0.88+0.61

59805.16578 25.3+1.5 51.3£1.3 11.56 £0.92 9.4+1.1 6.44£0.71 3.94+0.67 6.01£0.64 1.294+0.48
59805.17305 24.8+1.6 52.1+1.4 3.41+£0.96 10.1£1.1 6.95+0.73 1.75+0.69 3.48+0.67 4.66 £0.50
59842.11708 25.8+1.4 48.0+1.2 11.66 +0.90 129+1.3 7.56 £0.68 3.35+0.62 2.89£0.63 1.56 £0.46
59842.12435 14.2+1.5 54.8+1.3 16.19+0.94 9.2+1.2 4.82£0.70 1.64+0.64 7.46 £0.66 3.44+£0.48
59852.03120 204+£1.3 479+1.2 4.194+0.84 14.0+1.2 6.50 £0.63 1.54+0.58 4.77+0.58 —0.04+£0.43
59852.03848 18.56+1.4 55.3+£1.2 9.69£0.85 6.87£0.99 6.44 £+ 0.64 1.574+0.58 5.34 £0.62 0.68 £0.43
59854.09335 37.7£1.5 52.5+£1.3 9.32£0.95 8.9+1.1 6.36 £0.69 2.95+0.65 3.63£0.68 3.70£0.47
59854.10064 33.7£1.5 50.5+£1.3 11.91+£0.96 172+£1.2 8.74+0.70 4.88 £0.66 3.35£0.69 1.06 +£0.48
59877.04943 20.8+1.4 50.7+£1.2 7.64£0.93 15.9+1.3 11.90+0.71 5.70£0.64 7.09£0.67 1.524+0.46
59877.05670 28.3+1.5 48.8+1.3 7.01£0.95 144+1.4 12.0+0.85 4.15+£0.65 4.26+£0.70 1.75+0.47
60045.38762 26.8+1.9 50.6+1.6 8.3+1.1 11.0£1.4 9.95+0.83 5.568 £0.76 6.82+£0.93 2.14£0.55
60045.39524 33.3+1.8 69.4+1.5 10.0+£1.0 159+1.3 8.78£0.77 3.42+0.73 5.51£0.83 1.68 +0.52
60066.36953  30.13+£0.44 51.58+0.38  9.28£0.27 8.48+0.44 7.40+0.21 3.76 £0.20 2.47+0.21 2.63+0.14
60076.39601 30.8+1.5 57.3£1.3 8.45+£0.95 10.2+1.4 4.76 £0.75 3.20£0.69 6.31£0.75 —0.96 £0.49
60076.40363 33.5+£1.5 42.7+£1.3 9.87+0.93 12.3£1.1 10.72+0.74  6.55+0.67 4.50£0.74 2.89+0.48
60087.38892 38.6+1.3 46.5+1.1 7.51£0.81 10.48+£0.96 6.37£0.63 2.63£0.60 5.96 £0.69 2.10£0.43
60087.39656 30.8+1.3 49.8+1.2 9.57+0.82 11.3£1.0 7.27+0.65 3.59+£0.59 4.23+£0.64 2.19+0.43
60103.40200 26.1+1.8 48.2+1.6 7.39£0.82 139+1.1 10.94+£0.65  5.65+0.59 3.62£0.65 1.98 +0.42
60103.41000 18.2+£1.9 48.8+1.6 7.35+£0.84 8.4+1.2 7.58 £0.67 2.81+0.61 3.84+0.63 0.32+0.43
60110.33391 29.3+14 52.1+£1.2 5.43£0.84 12.7+1.1 7.46 £0.66 4.00£0.61 3.45+£0.65 1.90+0.44
60110.34153 23.0+14 47.8+1.2 1.91£0.82 10.3£1.1 6.85+0.64 4.15+£0.60 4.53+£0.69 5.59+0.43
60117.30773 11.6+1.4 54.0£1.2 12.58 £0.85 8.9+1.1 7.70£0.67 3.96 £0.62 4.90 +£0.65 0.24£0.45
60117.31535 220+14 48.4+1.2 6.90 £0.87 13.5+1.0 9.40 £0.69 5.75£0.62 3.82+£0.65 2.17£0.45
60143.19602 319+1.5 51.3+£1.3 11.12+£0.95 12.7+1.3 8.88£0.74 4.60£0.68 4.00+0.67 —1.12+£0.49
60143.20364 229+14 55.7+£1.2 10.93+£0.91 13.1+£1.1 9.92£0.72 5.30£0.66 4.00+0.63 0.36 £0.47
60161.21424 53.2+1.5 62.5+1.3 15.20+£0.90 16.1+1.2 36.06+0.72 43.34+0.65 35.75+£0.64 9.63 £0.47
60161.22187 44.7+1.4 63.1+1.2 10.25+0.87 16.0£1.0 33.65+0.67 41.62+0.63 38.48+0.62 4.82+0.45
60174.23020 449+14 53.9+£1.2 17.31£0.89 18.3+1.2 13.14+£0.67  7.68£0.62 6.45£0.68 3.55£0.46
60174.23782 30.1£1.5 58.4+1.3 7.73£0.94 13.0£1.1 11.26 £0.71 5.41+£0.66 4.47+0.71 1.02+0.48
60193.09715 324+16 61.6+1.3 15.0+1.0 124+14 9.00£0.77 7.15+0.71 4.68+£0.75 1.214+0.51

60193.10477 28.2+1.6 60.7+1.4 8.6+t1.1 16.5+1.4 11.59+£0.82  6.10£0.73 3.92+£0.74 —0.76+0.53
60204.07595 286+1.4 54.8+1.2 10.40+£0.90 13.8£1.1 9.38+£0.73 4.92+0.62 4.67+£0.62 —1.851+0.44
60204.08357 36.5+1.4 55.1£1.2 7.24£0.89 10.9+1.1 10.49+£0.65 5.11£0.60 6.32£0.62 3.16 £0.44
60207.14767 33.6+1.4 59.8+1.2 11.19+0.93 14.1£1.3 11.35+0.67  6.04+0.62 6.48 +0.65 1.44+£0.45
60207.15530 30.56+1.4 57.6£1.2 11.98 +£0.90 16.9+1.1 10.61£0.65  5.27+£0.59 6.26 £0.62 1.13+£0.43
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