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ABSTRACT

Observations of planetary material polluting the atmospheres of white dwarfs are an important probe of the bulk composition
of exoplanetary material. Medium- and high-resolution optical and ultraviolet spectroscopy of seven white dwarfs with known
circumstellar dust and gas emission are presented. Detections or meaningful upper limits for photospheric absorption lines
are measured for: C, O, Na, S, P, Mg, Al, Si, Ca, Ti, Cr, Fe, and Ni. For 16 white dwarfs with known observable gaseous
emission discs (and measured photospheric abundances), there is no evidence that their accretion rates differ, on average, from
those without detectable gaseous emission. This suggests that, typically, accretion is not enhanced by gas drag. At the effective
temperature range of the white dwarfs in this sample (16,000–25,000 K) the abundance ratios of elements are more consistent
than absolute abundances when comparing abundances derived from spectroscopic white dwarf parameters versus photometric
white dwarf parameters. Crucially, this highlights that the uncertainties on white dwarf parameters do not prevent white dwarfs
from being utilised to study planetary composition. The abundances of oxygen and silicon for the three hydrogen-dominated
white dwarfs in the sample with both optical and ultraviolet spectra differ by 0.62 dex depending on if they are derived from the
optical or ultraviolet spectra. This optical/ultraviolet discrepancy may be related to differences in the atmospheric depth of line
formation; further investigations into the white dwarf atmospheric modelling are needed to understand this discrepancy.
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1 INTRODUCTION

Exoplanets are found to be ubiquitous across most stages of stellar
evolution (e.g. Mayor & Queloz 1995; Vanderburg et al. 2020). To
constrain a planet’s bulk composition, measurements of its mass and
radius are compared to theoretical mass-radius relationships for var-
ious interior compositions and structures (e.g. Seager et al. 2007;
Dorn et al. 2015). However, degeneracies arise because different
compositions can produce similar mass-radius curves, thus introduc-
ing uncertainties in determination of bulk compositions.

White dwarfs that have been ‘polluted’ by the accretion of elements
heavier than helium, directly sample the bulk elemental composition
of exoplanetary material; this is not possible with other observa-
tional techniques. Because of the strong surface gravity of white
dwarfs their outer layers should contain only hydrogen or helium or
both (Fontaine & Michaud 1979). However, contrary to this, obser-
vations have revealed that 25–50 per cent of single white dwarfs have
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atmospheres that are ‘polluted’ with elements heavier than helium
(Zuckerman et al. 2003, 2010; Koester et al. 2014; Wilson et al.
2019). Due to the rapid gravitational settling times (∼ days for hot
H-dominated DA white dwarfs, and ∼ millions of years for cool He-
dominated DBs) in comparison to the white dwarfs’ cooling age,
there must be ongoing accretion of material (Koester 2009). This
material is from remnant planetary systems that have survived to
the white dwarf phase (Jura 2003; Farihi et al. 2010). Planetesimals
from outer belts can become destabilised and are perturbed on to
eccentric star grazing orbits (e.g. Debes & Sigurdsson 2002; Bonsor
et al. 2011; Veras et al. 2014; Mustill et al. 2018). There are several
potential pathways that lead to the accretion of the planetary mate-
rial: tidal disruption into dust, sublimation directly into gas, or direct
collision with the white dwarf (Veras et al. 2014; Brown et al. 2017;
Bonsor et al. 2017; Steckloff et al. 2021; McDonald & Veras 2021;
Brouwers et al. 2022). Spectroscopic observations of white dwarfs
combined with atmospheric models reveal the chemical composition
of the planetary material that has polluted each white dwarf. So far,
23 heavy elements have been discovered across all polluted white
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2 L. K. Rogers

dwarfs (see table 1. in Klein et al. 2021 for references). The polluted
white dwarf GD 362 has absorption features from the most elements
detected for a given white dwarf (e.g. Zuckerman et al. 2007; Xu
et al. 2013).

In order to obtain absolute abundances of the polluting material, it
is crucial to obtain accurate white dwarf parameters. These param-
eters are most often derived based on spectra, where the H and/or
He lines are fitted with white dwarf models to infer the effective
temperature (𝑇eff) and log(𝑔) of the white dwarf, or from photom-
etry, where broad-band photometry is fitted to obtain the effective
temperature, and the parallax is used to constrain log(𝑔). Genest-
Beaulieu & Bergeron (2019) find that the spectroscopically derived
effective temperatures of DA stars greater than 14,000 K, are higher
than those derived by photometry by 10 per cent. This is thought to
be due to the inaccurate treatment of Stark broadening. The selection
of the photometric bands used in the fit for the photometric𝑇eff cause
the largest disparity in results; for hotter white dwarfs the 𝑢-band is
crucial to obtain accurate parameters (Bergeron et al. 2019). Recent
work by Izquierdo et al. (2023) highlights that for DB white dwarfs,
different spectral data can result in a large spread of derived white
dwarf parameters: 524 K in 𝑇eff , 0.27 dex in log(𝑔), and 0.31 dex in
log(H/He). Additionally, when deriving the parameters from photo-
metric data, depending on the data used, a spread of 1210 K and 0.13
dex in 𝑇eff and log(𝑔) respectively were found.

Previous studies have highlighted that there appears to be an optical
and ultraviolet discrepancy, where the abundances of the polluting
material derived from optical data are significantly discrepant from
those derived from ultraviolet data (Jura et al. 2012; Gänsicke et al.
2012; Xu et al. 2019). Gänsicke et al. (2012) consider that this could
be due to uncertain atomic data, abundance stratification, or real
variation. Given that the optical and ultraviolet abundances are most
often obtained from multiple studies where different white dwarf
parameters are implemented, a more thorough investigation ensuring
consistency is key to helping solve this issue.

Dust debris from tidally disrupted planetesimals has been discov-
ered via excess infrared emission around 1.5–4 per cent of white
dwarfs (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).
21 of the white dwarfs with dust debris also show evidence of cir-
cumstellar gas in emission near the same radius as the dust (Gänsicke
et al. 2006, 2007, 2008; Melis et al. 2010; Farihi et al. 2012a; Melis
et al. 2012; Brinkworth et al. 2012; Debes et al. 2012; Dennihy et al.
2020; Melis et al. 2020; Gentile Fusillo et al. 2021). These systems are
identified by their double peaked emission features, usually strongest
at the Ca ii infrared triplet. Gaia J0611−6931 has the most elements
detected in emission, with observations of Ca, O, Si, Mg, and Na
(Dennihy et al. 2020; Melis et al. 2020). The gaseous systems show
line profiles with Doppler broadened features consistent with the gas
rotating as a Keplerian disc. A number of theories have been proposed
to explain the production of gas. A proportion of the 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). This outwardly spreading gas causes drag on the dust
particles and thus accelerates their accretion on to the white dwarf
creating a runaway effect; this might explain the highest accretion
rates observed in polluted white dwarfs. An alternative explanation
for gas emission is collisional cascades of planetesimals within the
Roche radius of the white dwarf (Jura 2008; Kenyon & Bromley
2017a,b), observations of infrared variability in WD 0145+234 ap-
pear consistent with simple collisional cascade models (Wang et al.
2019; Swan et al. 2021).

Circumstellar dust and gas around white dwarfs tell us about the

current, potentially violent accretion of planetary material. With
> 1000 polluted white dwarfs known, but only 21 systems with both
detectable circumstellar dust and gas, this represents an intriguing
subsample of polluted white dwarfs with different circumstellar en-
vironments. These systems are extreme examples of polluted white
dwarfs, and as such they are perfect targets for studying pollution
in their atmospheres and understanding how the planetary material
ultimately ends up there. This work focuses on seven such systems,
Paper I (this paper) focuses on the methods to obtain the abundances
of the metals in the white dwarfs and the limitations involved, and
Paper II (Rogers et al. in preparation) provides an in depth analysis
of the composition of the planetary material accreted. This paper is
structured as follows. Section 2 describes the optical and ultravio-
let spectra of these seven systems taken with VLT X-shooter, Keck
HIRES, Magellan MIKE, and HST COS. Section 3 explains the meth-
ods to determine the white dwarf parameters and the abundances of
the metals in the white dwarfs. The effect on the abundances of
differing white dwarf parameters and spectral ranges is reported in
the results section in Section 4. Section 5 discusses the results and
limitations of the methods with the conclusions presented in Section
6.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Targets

The targets were selected as those with clear infrared excesses from
a dust disc using data from WISE (Xu et al. 2020), which were
confirmed with Spitzer photometry (Lai et al. 2021). Dennihy et al.
(2020) and Melis et al. (2020) report that these seven white dwarfs
all host circumstellar gaseous discs. These seven systems are listed
in Table 1.

2.2 X-shooter

Four of the white dwarfs were observed with the echelle spectro-
graph X-shooter (Vernet et al. 2011) on Unit Telescope 3 (UT3)
of the Very Large Telescope (VLT) at Paranal Observatory, Chile.
X-shooter allows simultaneous observations in the 3 arms: UVB
(3000–5595 Å), VIS (5595–10240 Å), and NIR (10240–24800 Å).
The white dwarfs are too faint to have strong signals in the NIR arm,
so the NIR data were excluded from this study. The observations were
taken between 2019 July-October during runs 0103.C-0431(B) and
0104.C-0107(A). For all observations, stare mode was used, with a
1.0 and 0.9 arcsec slit width for the UVB and VIS arms, respectively,
this gives a resolving power (𝜆/Δ𝜆) of 5400 and 8900. Two exposures
were taken lasting 1700 and 1729 s each for the UVB and the VIS
arms, respectively. The data reduction was performed using esore-
flex (v 2.11.3) with the X-shooter pipeline version 2.9.1 (Freudling
et al. 2013). The standard reduction procedures were followed includ-
ing minor alterations that improved the signal-to-noise ratio (SNR)
of the output spectrum, and reduced the number of cosmic ray con-
taminants. The details of the X-shooter observations are listed in
Table 2. The SNR at the continuum around the Ca ii K (3993 Å) line
was 30–134 for the UVB arm and the SNR at the continuum around
6600 Å was 35–127 for the VIS arms depending on the flux of the
white dwarf and observing conditions.
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I: white dwarf parameters and accreted planetary abundances 3

Table 1. Stellar parameters derived from the spectroscopic (spec) and photometric (phot) fitting methods, see Section 3.1 for further details. Distances (D) are
inferred from Gaia parallaxes.

WD Name Gaia eDR3 Number Coordinates SpT Spec 𝑇eff Spec log(𝑔) Phot 𝑇eff Phot log(𝑔) D (pc)

Gaia J0006+2858 2860923998433585664 00:06:34.71 +28:58:46.54 DAZ 23921 (335) 8.04 (0.04) 22840 (197) 7.86 (0.02) 152
Gaia J0347+1624 43629828277884160 03:47:36.69 +16:24:09.74 DAZ 21820 (305)∗ 8.10 (0.04)∗ 18850 (164) 7.84 (0.03) 141
Gaia J0510+2315 3415788525598117248 05:10:02.15 +23:15:41.42 DAZ 21700 (304)∗ 8.22 (0.04)∗ 20130 (145) 8.13 (0.02) 65
Gaia J0611−6931 5279484614703730944 06:11:31.70 −69:31:02.15 DAZ 17749 (248) 8.14 (0.04) 16530 (561) 7.81 (0.03) 143
Gaia J0644−0352 3105360521513256832 06:44:05.23 −03:52:06.42 DBZA 18350 (524) 8.18 (0.27) 17000 (327) 7.98 (0.02) 112
WD 1622+587 1623866184737702912 16:22:59.64 +58:40:30.90 DBZA 23430 (524) 7.90 (0.27) 21530 (313) 7.98 (0.03) 183
Gaia J2100+2122 1837948790953103232 21:00:34.65 +21:22:56.89 DAZ 25565 (358) 8.10 (0.04) 22000 (399) 7.92 (0.02) 88

Notes:
∗ Spectroscopic parameters from Melis et al. (2020).

Table 2. Observations of the seven white dwarfs listing dates of observations, exposure times in seconds, and SNR. The SNR for X-shooter UVB, HIRESb and
MIKE-blue were calculated from the continuum around the Ca ii K line (3933.7 Å). The SNR for X-shooter VIS, HIRESr and MIKE-red were calculated from
the continuum around 6600 Å.

WD Name X-shooter Exp UVB Exp VIS SNR UVB SNR VIS HIRESb Exp SNR HIRESr Exp SNR

Gaia J0006+2858 15-08-2019 3400 s 3458 s 31 36 07-07-2019 3300 s 57 16-07-2019 5400 s 40
Gaia J0347+1624 - - - - - 05-12-2019 5000 s 23 - - -
Gaia J0510+2315 - - - - - 05-12-2019 2400 s 33 09-12-2019 4800 s 71
Gaia J0611−6931† 15-10-2019 3400 s 3458 s 31 38 27-08-2021† 3100 s 12 27-08-2021† 3100 s 17
Gaia J0644−0352 15-09-2019 3400 s 3458 s 99 48 13-09-2020 1740 s 58∗ 09-12-2019 2700 s 35

- - - - - 08-10-2020 3000 s 58∗ - - -
WD 1622+587 - - - - - 10-07-2019 5400 s 33 16-07-2019 3300s 31
Gaia J2100+2122 13-07-2019 3400 s 3458 s 134 127 10-07-2019 3600 s 115∗ 16-07-2019 3300 s 73

- - - - - 07-07-2019 2700 s 115∗ - - -

Notes:
∗ SNR is reported based on the stacked spectra.
† Gaia J0611−6931 MIKE blue and red data listed under HIRESb and HIRESr respectively.

Table 3. NUV and FUV observations of the six white dwarfs listing dates of observations, exposure times in seconds, and SNR. The SNR for the NUV was
calculated at the continuum around 1860 Å and the FUV were calculated at the continuum around the carbon lines at 1334–1335 Å.

WD Name FUV Exp FUV SNR FUV NUV Exp NUV SNR NUV

Gaia J0006+2858 19-01-2022 1439 s 24 10-08-2021 5092 s 44
Gaia J0347+1624 - - - 07-08-2021 5000 s 33
Gaia J0510+2315 23-09-2021 1944 s 46 06-08-2021 4894 s 62
Gaia J0611−6931 22-01-2022 2015 s 21∗ 25-08-2021 5724 s 28

23-07-2022 4796 s 21∗ - - -
WD 1622+587 14-10-2021 5426 s 25 09-08-2021 8672 s 13
Gaia J2100+2122 - - - 14-09-2021 4914 s 36

Notes:
∗ SNR reported for the stacked data.

2.3 HIRES

Six of the white dwarfs were observed with the High Resolution
Echelle Spectrometer (HIRES) on the Keck I Telescope, Hawaii
(Vogt et al. 1994). This has 2 modes, HIRESb and HIRESr, with
a wavelength coverage of approximately 3200–5750 Å and 4700–
9000 Å respectively. The C5 decker was used, which has a slit width
of 1.148 arcsec and a spectral resolution of 37,000. The observations
were taken between 2019 July and 2020 October.

Data reduction including bias subtraction, flat fielding, wavelength
calibration, and spectral extraction were performed using makee fol-
lowing Xu et al. (2016). The final spectra were continuum normalised

using low order polynomials and combined using iraf functions
(Klein et al. 2010). The details of the HIRES observations are listed
in Table 2. The SNR for one observation was 32–89 around the con-
tinuum at the Ca K line for HIRESb and 31–73 around the continuum
at 6600 Å for HIRESr.

2.4 MIKE

Gaia J0611−6931 was observed with the Magellan Inamori Kyocera
Echelle (MIKE) spectrograph (Bernstein et al. 2003) on the 6.5 m
Magellan Clay Telescope at Las Campanas Observatory on 2021 Au-
gust 27 with one exposure of 1800 s followed by a second of 1300 s.

MNRAS 000, 1–16 (2022)



4 L. K. Rogers

Table 4. Number abundances (log n(Z)/n(H(e)) of the material polluting the white dwarfs calculated using the photometric and spectroscopic white dwarf
parameters separately. For the derivation of the upper limits the spectroscopic solutions are used. A dash denotes that it was not possible to derive an abundance
or upper limit for this element due to strong gaseous emission lines present, strong non-photometric features contaminating the spectrum, or no data available
in the required wavelength range.

[X/H(e)] Spec/Phot UV/Op Gaia J0006 Gaia J0347 Gaia J0510 Gaia J0611‡ Gaia J0644 WD 1622 Gaia J2100

H - - - - - - −5.16 −3.37 -

C Spec UV −6.90± 0.10 - < −8.27 −7.15± 0.10 - −4.75± 0.11 -
" Phot UV −6.93± 0.10 - −7.29± 0.10 - −4.69± 0.25 -

O Spec Op < −3.92∗ - −4.23± 0.11 −3.75± 0.16 −5.17± 0.13 < −4.46∗ < −4.10∗
" Phot Op - −4.35± 0.11 −3.84± 0.16 −5.60± 0.13
" Spec UV −4.48± 0.10 - −4.98± 0.12 −4.28± 0.10 - −5.39± 0.10 -
" Phot UV −4.54± 0.10 - −5.07± 0.12 −4.33± 0.10 - −5.80± 0.10 -

S Spec UV −6.35± 0.12 - −6.20± 0.10 −5.30± 0.25 - −5.99± 0.10 -
" Phot UV −6.46± 0.11 - −6.19± 0.10 −5.47± 0.14 - −6.01± 0.24 -

P Spec UV −7.39± 0.22 - < −7.90 −7.49± 0.12 - −7.74± 0.15 -
" Phot UV −7.55± 0.22 - −7.66± 0.12 - −8.01± 0.15 -

Na Spec Op < −5.11 - < −5.44 - < −5.65 < −4.67 < −5.18

Mg Spec Op −4.95± 0.10 −5.78± 0.16 −5.23± 0.10 −4.61± 0.11 −5.73± 0.10 −4.91± 0.10 −5.08± 0.10
" Phot Op −5.03± 0.10 −6.05± 0.16 −5.35± 0.10 −4.68± 0.11 −6.33± 0.10 −5.49± 0.17 −5.35± 0.10
" Spec UV - - - - - −4.76± 0.10 −5.23± 0.10
" Phot UV - - - - - −5.27± 0.10 −5.57± 0.10

Al Spec Op < −5.60 < −5.20 < −5.30 < −4.50 −6.76± 0.11 < −5.90 < −5.80
" Phot Op −7.05± 0.11
" Spec UV −6.5± 0.18 −7.34± 0.20 −7.04± 0.10 −6.46± 0.10 - −6.28± 0.10 −6.48± 0.10
" Phot UV −6.5± 0.18 −7.26± 0.20 −6.99± 0.15 −6.71± 0.18 - −6.38± 0.10 −6.49± 0.10

Si Spec Op −4.93± 0.10 < −5.30 −5.12± 0.10 −4.70± 0.11 −5.97± 0.10 −5.20± 0.10 −5.12± 0.10
" Phot Op −5.03± 0.10 −5.13± 0.10 −4.72± 0.15 −6.26± 0.10 −5.68± 0.10 −5.36± 0.10
" Spec UV −5.48± 0.10 - −5.85± 0.17 −5.22± 0.10 - −5.20± 0.10 -
" Phot UV −5.50± 0.10 - −5.88± 0.11 −5.24± 0.10 - −5.18± 0.17 -

Ca Spec Op −6.17± 0.10 < −5.68± 0.11† −6.31± 0.10 −6.08± 0.15 −6.70± 0.10 −5.85± 0.10 −6.21± 0.11
" Phot Op −6.32± 0.10 < −5.92± 0.35† −6.80± 0.10 −6.37± 0.14 −7.41± 0.10 −7.02± 0.10 −6.65± 0.10

Ti Spec Op < −6.30 < −6.43 < −5.86 < −5.64 −8.35± 0.11 < −6.77 < −6.69
" Phot Op −9.13± 0.10

Cr Spec Op < −5.71 < −5.47 < −4.53 < −3.50 −7.80± 0.10 < −5.74 < −5.78
" Phot Op −8.56± 0.10

Fe Spec Op < −4.66∗ < −4.38∗ < −4.10∗ - −6.51± 0.10 < −5.23∗ −4.96± 0.14
" Phot Op - −7.15± 0.10 −5.49± 0.14
" Spec UV < −5.00 - < −5.60 −5.23± 0.10 −5.26± 0.10 -
" Phot UV - −5.45± 0.10 −5.55± 0.13 -

Ni Spec Op < −4.99 < −4.67 < −3.77 < −3.00 < −7.21 < −5.10 < −5.11
" Spec UV < −6.50 - < −7.20 −6.83± 0.10 - −6.29± 0.24 -
" Phot UV - −7.05± 0.10 - −6.71± 0.28 -

Notes:
∗Denotes gaseous emission present when derived upper limit.
†Non-photospheric lines at approximately the same radial velocity as white dwarf photosphere, so this should be treated as an upper limit.
‡ Cu measured for Gaia J0611−6931 to 2.8 𝜎, abundances are: −7.87± 0.18 and −7.94± 0.18 for the spectroscopic and photometric parameters respectively,
see Fig. D6 for the model fit.
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I: white dwarf parameters and accreted planetary abundances 5

Observations were taken at airmass 1.5 with the atmospheric dis-
persion corrector installed, but possibly not correcting the spectrum
optimally, which would result in a lower SNR than expected in the
blue. The SNR of the continuum was about 15 near the Ca infrared
triplet. The seeing was 0.8 arcsec, and the employed 1 arcsec slit
produces spectral resolution of R≈ 28,000 on the blue side (3500–
5060 Å) and 22,000 on the red side (5000–9400 Å). ThAr lamps taken
before and after the exposures were used for wavelength calibration.
Data reduction with the standard Carnegie Python MIKE pipeline
included extraction, flat-fielding, and wavelength calibration using
methods described in Kelson et al. (2000) and Kelson (2003).

2.5 HST COS far ultraviolet spectra

Far ultraviolet (FUV) spectroscopic observations of four of the white
dwarfs were conducted with the FUV channel of comic origins spec-
trograph (COS) on the Hubble Space Telescope (HST) (Programme
ID: 16752), the observations are reported in Table 3. The G130M
grating was used with a central wavelength of 1291 Å, resulting in
a wavelength coverage of 1150–1430 Å (20 Å gap in between the
two segments). The data were reduced with the calcos reduction
pipeline. The data were obtained using the TIME-TAG mode allow-
ing the data taken when the Sun is below the geometric horizon from
the point of view of HST (‘night’ data) to be separated from those
taken when it is above the horizon (‘day’ data). Data taken during
the day can contain geocoronal contributions of Lyman alpha and
O i emission lines, and all four of the white dwarf spectra show this.
There are photospheric lines of O i and Si ii that are blended with
these emission features, therefore, for the three white dwarfs with
night data, the STScI COS notebooks1 were used to separate out the
night and day data. The COS2025 strategy means only FP-POS 3 and
4 can be used, the exposures were split between these positions and
the final data resulted in a median stack between these observations.
There are small discrepancies in the resolutions of these lifetime po-
sitions, however, tests reveal this affects the final abundances by less
than 0.05 dex. The SNR reported in Table 3 was calculated from the
continuum around the C ii lines at 1334.530 and 1335.708 Å using
the STScI COS notebooks.

2.6 HST COS near ultraviolet spectra

Near ultraviolet (NUV) spectroscopic observations of six of the
white dwarfs were conducted with the NUV channel of COS (Pro-
gramme ID: 16204). The data were reduced with the calcos reduc-
tion pipeline. The G230L grating was used with a central wavelength
of 2950 Å. Unlike the well-calibrated FUV wavelength scale, this
grating has a zero point accuracy to within 175 km s−1, therefore the
radial velocities of the lines are offset in comparison to those from
the optical and FUV, as seen in Supplementary Tables B1–B13, thus
the radial velocities of the NUV data are not meaningful. The SNR
reported in Table 3 was calculated from the continuum around the
Al iii lines at 1854.716 and 1862.790 Å.

1 https://www.stsci.edu/hst/instrumentation/cos/
documentation/notebooks

3 MODELLING METHODS

White dwarf atmospheric models were used to derive stellar param-
eters, and measure the abundance of the polluting material (Dufour
et al. 2012).

3.1 White Dwarf Parameters

Two methods were used to derive the stellar parameters for each white
dwarf. The first fitted white dwarf models to broad-band photometry
(the photometric method), and the second fitted white dwarf models
to the pressure broadened hydrogen and helium spectral lines (the
spectroscopic method). The derived values for the spectroscopic and
photometric methods are reported in Table 1. These methods are
discussed in more detail below.

3.1.1 Photometric method

For the photometric method, white dwarf models were fitted to SDSS,
Pan-STARRS, SkyMapper, and GALEX broad-band photometry with
parallaxes from Gaia to extract the best-fitting effective temperature
and log(𝑔). For the two DBs in the sample, fixed values of H/He
were used that matched the values measured from the spectra, as
described in the following section. SDSS to AB corrections were
included as outlined in Eisenstein et al. (2006). Reddening becomes
important for objects > 100 pc, and five of the white dwarfs fall into
this distance range. For these white dwarfs the observational data
were de-reddened using the method as described in Genest-Beaulieu
& Bergeron (2019) before fitting. When available, a combination
of SDSS 𝑢𝑔𝑟𝑖𝑧 and Pan-STARRS 𝑔𝑟𝑖𝑧𝑦 were used to constrain the
white dwarf parameters2. As discussed in Genest-Beaulieu & Berg-
eron (2019), this provides the most accurate and consistent results.
Otherwise, either the SDSS 𝑢𝑔𝑟𝑖𝑧, Pan-STARRS 𝑔𝑟𝑖𝑧𝑦, or SkyMap-
per 𝑢𝑔𝑟𝑖𝑧𝑦 were used.

3.1.2 Spectroscopic method

The spectroscopic method fits synthetic white dwarf model spectra
to the hydrogen and helium optical absorption lines to extract the
best-fitting effective temperature and log(𝑔). Updated white dwarfs
parameters were found for the four white dwarfs with X-shooter
data presented here, and for WD 1622+587 using the KAST data
from Melis et al. (2020). For the two remaining objects, the param-
eters derived in Melis et al. (2020) were used. The model fits to
the Balmer lines for the three DA white dwarfs (Gaia J0006+2858,
Gaia J0611−6931, and Gaia J2100+2122) are shown in Fig. 1. Dou-
bled peaked emission lines from the circumstellar gas discs are in the
hydrogen lines, these features represent a small fraction of the fre-
quency points and are not found to affect the derived parameters. For
the DB white dwarfs, GaiaJ0644−0352 and WD 1622+587, models
were fitted to the Helium lines as shown in Figs. 2a and 2b, trace
H is also present, and this abundance was also determined in this
fit. Heavy elements and hydrogen in cool DBZ stars may affect the
pressure/temperature structure and therefore affect the derived white
dwarf parameters (Dufour et al. 2012; Coutu et al. 2019). It was
tested whether including heavy elements in the models affected the
derived parameters; as these white dwarfs are hot (𝑇eff > 20,000 K),
the inclusion of heavy elements had a negligible affect on the derived
white dwarf parameters.

2 Photometry listed on: https://montrealwhitedwarfdatabase.org
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The uncertainties in the spectroscopically derived effective tem-
perature and log(𝑔) for DA white dwarfs are from Liebert et al.
(2005), 1.4 per cent in 𝑇eff and 0.042 dex in log(𝑔). For the two DBA
white dwarfs, the uncertainties derived in Izquierdo et al. (2023) are
used 524 K and in𝑇eff and 0.27 dex in log(𝑔). These are uncertainties
on the fitting procedure and do not encapsulate uncertainties from
the model atmospheres.

3.2 Line identification

A multitude of lines from heavy elements were identified in the
spectra of each white dwarf. Using the iraf task splot (Tody 1986)
the equivalent width, line centre, and radial velocity of each spectral
line was measured. The atomic data bases of Vienna Atomic Line
Database (VALD)3, National Institute of Standards and Technology
(NIST)4, and Van Hoof (2018), as well as published line lists of
polluted white dwarfs observed with Keck and HST (e.g. Klein et al.
2011; Jura et al. 2012; Gänsicke et al. 2012) were utilised to identify
which element species are associated with the spectral features. For
the equivalent width, a Voigt function was fitted to the profile of
the line five times whilst changing the region used for the continuum
fitting. From this the average equivalent width and standard deviation
for each line was found, this was compared to a direct flux summation
to ensure accuracy. The uncertainty on the equivalent width was
calculated by combining in quadrature the standard deviation of the
equivalent width measurements and the splot fitting error. The radial
velocities of the lines were calculated using the core of the Voigt
profile, the standard deviations of the radial velocities are reported
in Table E1 and the variation may be due to Stark shifts (Vennes
et al. 2011); further investigation is beyond the scope of this work.
Supplementary Tables B1–B13 list the spectral lines identified in
both the ultraviolet and optical, the derived equivalent widths and
errors, line centres, and radial velocities.

Non-photospheric absorption lines can be present in the spectra of
polluted white dwarfs, and may be due to interstellar absorption or
absorption from circumstellar material (Debes et al. 2012; Vennes &
Kawka 2013; Vanderbosch et al. 2021). This can cause additional un-
certainties when deriving abundances of metals in the photospheres
of white dwarfs. Table E1 shows the non-photospheric measure-
ments of lines in the spectra of the seven white dwarfs in this study.
These lines are usually offset from the velocity of the photospheric
lines so can be distinguished. For the ultraviolet wavelengths, an
interstellar medium model was used to fit Voigt profiles to the non-
photospheric contributions, enabling abundance determination for
the photospheric component.

There are two Si iv lines observed in the photosphere of
Gaia J0006+2858 at wavelengths of 1393.76 and 1402.77 Å. Both
lines have a blueshifted component offset from the silicon rest frame
wavelengths by −196 km s−1, with measured line centers of 1392.84
and 1401.85 Å as shown in Fig. 3. From the atomic data bases, ab-
sorption from other elemental species is ruled out. The relative shift
between the line centers from the blueshifted component compared
to the Si iv photospheric component are: 216 km s−1 and 222 km s−1

respectively. It is likely that these two absorption lines are blueshifted
Si iv lines. Additional absorption components to these Si iv lines have
been previously observed and are thought to be circumstellar absorp-
tion from close in hot gas, however, the velocity offset is much less
extreme (Fortin-Archambault et al. 2020; Gänsicke et al. 2012). The

3 http://vald.astro.uu.se
4 https://physics.nist.gov/PhysRefData/ASD/lines_form.html

width of these blueshifted lines seen in Gaia J0006+2858 is consis-
tent with the range in velocities expected for a gas disc which occults
the white dwarf. No circumstellar silicon gaseous emission features
are observed (Melis et al. 2020), so the radial extent of the silicon
part of the gas disc cannot be compared. More detailed models of
the gas disc are required to understand these observations. The other
three white dwarfs observed in the FUV show no additional Si iv
absorption components.

3.3 Abundance of polluting metals

The abundances of metals in the atmosphere of each white dwarf were
measured following Dufour et al. (2012). The spectra were divided
into panels which cover a region of 5–15 Å around each absorption
line. The white dwarf effective temperature and log(𝑔) was inputted,
and the best-fitting abundance for that spectral line was found. The
abundances of the lines were fitted using the effective temperature and
log(𝑔) from the photometric and spectroscopic methods separately.
When more than one line of a particular element are present in the
5–15 Å region, the lines are fitted together.

3.3.1 Absorption features in the presence of emission features

Some absorption lines also have gaseous emission features present
at the same wavelength which makes it difficult to disentangle the
contribution from the photosphere from the circumstellar emission.
In Supplementary Tables B1–B13 those lines which have photo-
spheric absorption at the same wavelength as the gaseous emission
features are noted. High order polynomials are fitted to the spectra to
normalise out the broader gaseous emission features. In Klein et al.
(2010) it is noted that through tests which varied the order of the
normalisation polynomial, the effect of continuum normalisation on
narrow absorption lines in the presence of bumpy features was < 1
per cent. However, in this sample, the spectra contain both broad and
sharp gaseous emission features which are less trivial to normalise
out in order to obtain accurate equivalent widths of the photospheric
features. To test how the sharp gaseous emission features affect the
derived equivalent widths, tests were performed on the 3933 Å Ca ii
line in Gaia J0006+2858 and 7771 Å O i line in Gaia J0510+2315.
The equivalent widths were measured using splot, as explained in
Section 3.2, using both the un-normalised and normalised HIRES
spectra. The average equivalent width deviation was found to be 12
per cent. For those spectral lines with gaseous emission features,
this additional error of 12 per cent was added in quadrature with the
equivalent width error. Gaia J0006+2858 has abundances determined
from two calcium lines, 3179 Å and 3933 Å, where the later has a
weak gaseous emission feature at the same wavelength. The calcium
abundance derived from 3933 Å and that derived from 3179 Å are
consistent within the errors of 0.1 dex, providing confidence that the
derived abundances in the presence of gaseous emission features are
accurate.

3.3.2 Upper limits

Some important elements are not detected, and so an equivalent width
upper limit that would have resulted in a 3𝜎 spectral line detection
was calculated. Either a detection or upper limit was determined for
these elements for each white dwarf: C, O, S, P, Na, Mg, Al, Si,
Ca, Ti, Cr, Fe and Ni. Around the strongest line for a particular el-
ement, a spectral line was artificially inserted at decreasing values
of equivalent width, corresponding to decreasing abundance. From

MNRAS 000, 1–16 (2022)

http://vald.astro.uu.se
https://physics.nist.gov/PhysRefData/ASD/lines_form.html


I: white dwarf parameters and accreted planetary abundances 7

Figure 1. Model fits to the Hydrogen Balmer line profiles from the X-shooter spectra for Gaia J0006+2858, Gaia J0611−6931, and Gaia J2100+2122. The
best-fitting model parameters are labelled on each panel. Double peaked emission lines originating from heavy elements (>He) in the circumstellar gas discs
are visible in some of these Balmer profiles, most of these were identified in Melis et al. (2020) and Dennihy et al. (2020). The emission feature near the core of
H𝜖 is from Ca ii at 3968.47 Å, not from hydrogen.

(a) Gaia J0644−0352 (b) WD1622+587

Figure 2. Model fits to the X-shooter Helium lines for Gaia J0644−0352 (left), and the KAST data from Melis et al. (2020) taken on UT 12-07-2019 (right).
The best-fitting white dwarf parameters and hydrogen abundance are labelled.

this, the significance of the absorption feature was calculated, and
repeated 10000 times. The equivalent width upper limit was taken
to be the point at which 99.7 per cent of the lines were detected
at 3𝜎 for a certain equivalent width. The equivalent width upper
limits are reported in Table C1. White dwarf models were used to
convert from equivalent width to abundance assuming the spectro-
scopically derived 𝑇eff and log(𝑔); the abundance upper limits are
reported in Table 4. As mentioned in Section 4.2, the hotter the ef-
fective temperature of the white dwarf used in the models, the larger
the abundance is for the same spectral line and equivalent width.
Therefore, the abundance upper limits consider the abundance error
associated with effective temperature and are applicable to both the
spectroscopic and photometric abundances.

4 RESULTING ABUNDANCES

4.1 Abundances of the accreted material

This work presents seven polluted white dwarfs with well charac-
terised abundances of multiple elemental species. For the optical
data, the average abundances from X-shooter and HIRES (or X-
shooter and MIKE for Gaia J0611−6931) are reported in the Supple-
mentary Tables B1–B13. For white dwarfs with observations from
different instruments, the abundances are consistent within the un-
certainties when measuring the abundance from the high resolution
(R≈ 40,000) and lower resolution (R≈ 5,000–9,000) spectrographs
separately. The higher resolution data provides more spectral lines
and elemental species for abundances to be measured. For those

MNRAS 000, 1–16 (2022)
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Figure 3. Si iv lines in the ultraviolet FUV spectrum of Gaia J0006+2858. The photospheric lines are redshifted compared to the rest wavelength of the Si iv
lines and an additional absorption component is present blueshifted from the rest wavelength of the Si iv lines of −196 km s−1.

white dwarfs with interstellar or circumstellar absorption features,
lower resolution data is unable to distinguish these features and con-
sequently gives a deceptively higher abundance. If the system is free
from interstellar and circumstellar absorption, then low resolution
and high resolution data give consistent abundances, but depending
on the requirements, higher resolution (> 40,000) spectra may be
preferable.

The abundances of the planetary material polluting these seven
white dwarfs are reported in Table 4. For those white dwarfs ob-
served with both high resolution and lower resolution instruments,
the average abundance of these is used, weighted by the number of
panels used to derive the abundance for that instrument. The reported
uncertainties have two key contributions: the spread in abundances
derived for a particular element, and the error associated with the
measured equivalent widths. The spread error is taken as the stan-
dard error (𝜎/

√
𝑁) of the abundances derived from the panels, and

the equivalent width error is calculated by propagating the individual
equivalent width errors for each spectral line used in the abundance
calculation. These two contributions are added in quadrature to give
the error for each abundance. If only one line of a particular ele-
ment is present, the average spread error based on the observations
(0.08 dex) was added in quadrature with the equivalent width error.
Given this spread as well as additional unknown uncertainties, an
uncertainty floor of 0.1 dex is used. Examples of unknown uncer-
tainties are: limits of the atomic data, uncertainties in white dwarf
parameters, and uncertainties introduced from the white dwarf mod-
els. Supplementary Figs. D1 – D11 show the abundances fit to the
strongest spectral line for each element in each white dwarf.

4.2 Spectroscopic versus photometric white dwarf parameters
used to derive abundances

The spectroscopic and the photometric methods for determining
white dwarf parameters result in different sets of absolute abundances
derived for the pollutant planetary material. All derived white dwarf
effective temperatures are hotter for the spectroscopic method than
for the photometric method. Derived heavy element abundance cor-
relates with temperature, so the abundances of heavy elements when
compared to the abundance of the principal element (H or He) as
derived from the spectroscopic white dwarf parameters are larger.

Figures 4a and 4b compare the absolute abundances compared to the
abundance ratios, the �̃�2 when testing the goodness-of-fit of a hori-
zontal line at 0 is 10.24 for the absolute abundances versus 1.03 for
the abundance ratios. Therefore, abundance ratios are less affected by
differing white dwarf parameters for the effective temperature range
of the white dwarfs in this sample. Figure 4b shows that the Ca/Mg
abundance ratio is most discrepant when comparing spectroscopic
versus photometrically derived abundances. This is likely due to the
ionisation levels of calcium being particularly sensitive to 𝑇eff .

4.3 Optical versus ultraviolet spectra to derive abundances

The abundances of the material polluting the white dwarfs were
determined based on both optical and ultraviolet data. There are
discrepancies between these abundances for the three DAZ white
dwarfs, as shown in Fig. 5. The difference between the abundances
appears constant with a mean offset of 0.62 dex. In this work, the
one DBZ with FUV data does not show an apparent offset, however,
previous studies (e.g. Jura et al. 2012; Xu et al. 2019) do observe a
discrepancy.

4.4 Accretion rates

The white dwarfs in this sample represent seven of just 21 polluted
white dwarf systems with detectable circumstellar gas and dust discs.
Theory suggests that white dwarfs with circumstellar gas discs may
have enhanced accretion from gas drag (Rafikov 2011) and so pol-
luted white dwarfs with gas are hypothesised to accrete at higher rates
than the general population of white dwarfs. A systematic approach is
taken and investigates whether these systems are distinct in terms of
their accretion rate properties. The mass accretion rates were calcu-
lated from the magnesium abundance, assuming magnesium makes
up 15.8 per cent of the total mass, as in Bulk Earth (Allègre et al.
2001). Xu et al. (2019) demonstrated this as a more reliable and
consistent way to measure and compare accretion rates for a sam-
ple of polluted white dwarfs, therefore only objects with magnesium
abundance measurements are included. The derived mass accretion
rates for white dwarfs with circumstellar gaseous emission discs with
measured photospheric abundances are shown in Table 5, and those
without circumstellar gaseous emission discs are shown in Table 6.

MNRAS 000, 1–16 (2022)
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(a) Absolute abundances
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Figure 4. (a) Difference between the absolute abundance of elements when derived from the spectroscopic white dwarf parameters versus the photometric
parameters for the optical data. The white dwarfs are ordered from the smallest difference between the spectroscopic and photometric 𝑇eff on the left to the
largest on the right. (b) Difference between the abundance ratio of elements with respect to Mg when derived from the spectroscopic white dwarf parameters
versus the photometric parameters for the optical data. The errors on the abundance ratio assumes simple error propagation where the error on the abundance
of [X/Hx] is added in quadrature with the error on the abundance of [Mg/Hx]. The �̃�2 when testing the goodness-of-fit of a horizontal line at 0 is 10.24 for the
absolute abundances versus 1.03 for the abundance ratios. The abundance ratios are less affected by the difference between the spectroscopic and photometric
white dwarf parameters.
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Figure 5. For the white dwarfs with both FUV and optically derived abun-
dances, the difference between the optical and ultraviolet abundances are
shown. For the DAZ white dwarfs, the offset appears constant (mean offset
of 0.62), and for the one DBZ there is no apparently offset.

For the seven white dwarfs in this work, the accretion rates were found
using the spectroscopic white dwarf parameters and the photometric
parameters. The coolest white dwarf discovered with a circumstel-
lar gaseous disc is WD 0145+234, with a 𝑇eff of 12,720 K (Melis
et al. 2020), thus, when comparing to the population of white dwarfs
without circumstellar gas discs, the lower effective temperature cut
off was set at 12,720 K. There is no correlation between temperature
(white dwarf cooling age) and accretion rate above 10,000 K (Xu
et al. 2019; Wyatt et al. 2014).

The accretion rates as a function of white dwarf effective temper-
ature are plotted in Fig. 6, which compares those white dwarfs with
detectable circumstellar gas discs to the population of white dwarfs
without circumstellar gas discs. The mass accretion rates differ by

factors of 1.6–4.2 between the rates derived from the spectroscopic
versus photometric white dwarf parameters; this demonstrates that
accurate white dwarf parameters are important for determining ac-
curate accretion rates. The white dwarfs with circumstellar gas have
accretion rates that span the full range of accretion rates in the plot. A
Kolmogorov-Smirnov (KS) test was used to test the null hypothesis
that the two samples, the mass accretion rates of those white dwarfs
with detectable gas discs versus those without, come from the same
distribution. For both the accretion rates derived from the spectro-
scopic white dwarf parameters and the photometric parameters, the
𝑝-values are found to be large, and therefore, the null hypothesis can-
not be rejected, and it remains plausible that the two samples came
from the same distribution. Therefore, there is no evidence for en-
hanced accretion rates for white dwarfs with circumstellar gas discs
compared to those without detectable circumstellar gas discs.

5 DISCUSSION

This paper presents the abundances of the planetary material accreted
by seven white dwarfs with circumstellar gas and dust. They represent
seven of just 21 known polluted white dwarfs with circumstellar gas
emission discs; it is crucial to understand the interplay between ac-
cretion, observed gas and atmospheric pollution. The abundances are
derived from optical and ultraviolet spectra for two different sets of
white dwarf parameters. The absolute abundances in the white dwarf
photosphere are most affected by uncertainties in the derived stellar
parameters, as well as the quality of the spectroscopic data and the
white dwarf models used to analyse and obtain the abundances. Cru-
cially, however, interpretation of the observed compositions, which
is based on elemental ratios, are less affected by uncertainties in the
stellar parameters.

In order to determine elemental abundances from the data, a num-
ber of systematics must be considered. Sometimes only one (or few)
absorption line(s) of a particular element are present in the spectrum
(see Supplementary Tables B1–B13 for details). This is especially

MNRAS 000, 1–16 (2022)
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Table 5. Total accretion rates based on Mg abundances for white dwarfs with an observable gaseous disc with emission features. This is calculated using
¤𝑀 = (100/15.8) × 𝑀WD × 10𝑞 × 10[Mg/H(e)] × 𝐴Mg/H(e)/𝜏Mg, where 𝑞 = log10 (𝑀CVZ/𝑀WD ) , 𝐴Mg/H(e) is the atomic mass of Mg divided by the atomic

mass of H or He, depending on the dominant atmospheric (atm) constituent, and 𝜏Mg is the sinking time of Mg. For the seven white dwarfs in this paper, the
accretion rates are calculated for both the spectroscopic and photometric white dwarf parameters and abundances.

WD Name Atm 𝑇eff (K) log(𝑔) 𝑀WD (M⊙) log(q) log(𝜏Mg) (yr) log(Mg/H(e)) ¤𝑀 (g s−1) Reference

Gaia J0006+2858 H 23920 8.04 0.66 −15.5 −1.43 −4.95 5.86×108 Spec, this work
Gaia J0006+2858 H 22840 7.86 0.56 −15.7 −1.49 −5.03 2.75×108 Phot, this work
Gaia J0347+1624 H 21820 8.10 0.69 −16.2 −1.93 −5.78 6.04×107 Spec, this work
Gaia J0347+1624 H 18850 7.84 0.54 −16.2 −1.78 −6.05 1.72×107 Phot, this work
Gaia J0510+2315 H 21700 8.22 0.76 −16.6 −2.26 −5.23 2.12×108 Spec, this work
Gaia J0510+2315 H 20130 8.13 0.70 −16.5 −2.19 −5.35 1.33×108 Phot, this work
Gaia J0611−6931 H 17750 8.14 0.70 −16.7 −2.32 −4.61 6.57×108 Spec, this work
Gaia J0611−6931 H 16530 7.81 0.51 −16.3 −1.84 −4.68 3.56×108 Phot, this work
Gaia J0644−0352 He 18350 8.18 0.70 −6.4 5.29 −5.73 5.89×109 Spec, this work
Gaia J0644−0352 He 17000 7.98 0.58 −5.8 5.85 −6.33 1.41×109 Phot, this work
WD 1622+587 He 23430 7.80 0.50 −7.3 4.92 −4.91 8.42×109 Spec, this work
WD 1622+587 He 21530 7.98 0.59 −6.9 5.08 −5.49 4.61×109 Phot, this work
Gaia J2100+2122 H 25570 8.10 0.69 −15.5 −1.47 −5.23 3.58×108 Spec, this work
Gaia J2100+2122 H 22000 7.92 0.59 −15.8 −1.59 −5.35 1.38×108 Phot, this work

WD 0145+234 H 12720 8.10 0.67 −15.6 −1.55 −5.90 6.35×107 Melis et al. (2020)
SDSS J0738+1835 He 13950 8.40 0.84 −6.0 5.45 −4.68 1.41×1011 Dufour et al. (2012)
WD 0842+572 H 16225 8.00 0.62 −16.6 −2.16 −3.90 2.78×109 Melis et al. (2020)
SDSS J0845+2257 He 19780 8.18 0.71 −6.7 5.08 −4.70 5.13×1010 Wilson et al. (2015)
SDSS J0959−0200 H 13280 8.06 0.64 −15.8 −1.59 −5.20 2.66×108 Farihi et al. (2012a)
SDSS J1043+0855 H 17880 8.12 0.69 −16.7 −2.29 −5.15 1.86×108 Manser et al. (2016)
SDSS J1228+1040 H 20900 8.15 0.71 −16.5 −2.15 −5.10 2.62×108 Gänsicke et al. (2012)
HE 1349−2305 He 18170 8.13 0.67 −6.3 5.40 −6.50 9.62×108 Melis et al. (2012)
SDSS J1617+1620 H 13520 8.11 0.68 −15.9 −1.70 −5.02∗ 4.16×108 Wilson et al. (2014)

∗Using the Convective at 𝜏𝑅 = 3.2 case.
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Figure 6. The accretion rates of white dwarfs with and without detectable
gaseous discs in emission as a function of their effective temperatures. The
data for the accretion rates of polluted white dwarfs without observable cir-
cumstellar gaseous discs are from Table 6, and the accretion rates for gaseous
disc systems are from Table 5. The seven systems reported in this work show
both the spectroscopic and photometrically derived accretion rates and these
are connected by dashed lines, where the higher effective temperatures are
those derived from the spectroscopic method and have a black outline.

important for the five DAZ white dwarfs where there are few ab-
sorption lines in the optical and they can be weak. Uncertain atomic
data can also cause additional uncertainties to arise (Vennes et al.

2011). The abundances are also limited by the white dwarf models,
for example, 3D effects such as convection may affect the derived
abundances (Cunningham et al. 2019).

This work corroborates previous studies which identified the dif-
ferences in deriving white dwarf parameters from spectral analy-
sis compared to those derived from broad-band photometry. Above
14,000 K spectroscopic 𝑇eff , and therefore also log(𝑔), can exceed
photometric 𝑇eff by 5–10 per cent (Genest-Beaulieu & Bergeron
2019). All white dwarfs in this study fall into this range, and indeed
this is reflected in the derived stellar parameters. The most accurate
white dwarf parameters derived from broad-band photometry are
those that include the SDSS 𝑢-band with additional optical photome-
try, e.g. Pan-STARRS (Bergeron et al. 2019). For those white dwarfs
with GALEX photometry, the GALEX 𝐹𝑈𝑉 and/or 𝑁𝑈𝑉 band mag-
nitudes help to constrain the white dwarf parameters in a similar way
to the 𝑢 band providing increased accuracy of the parameters. There
are significant systematic uncertainties associated with the stellar
parameters and a hybrid approach similar to Izquierdo et al. (2021)
may result in improved parameters.

The heavy element abundance uncertainties quoted in Table 4 are
measurement errors and do not include systematic errors arising from
the different methods of obtaining white dwarf parameters. Instead
the abundances based on the two sets of stellar parameters are consid-
ered. The difference in 𝑇eff and log(𝑔) between the two sets of stellar
parameters are between 1000–3500 K and 0.1–0.25 dex, respectively.
In order to obtain reliable and accurate absolute abundances of the
accreted planetary material it is crucial to obtain accurate stellar pa-
rameters. However, as shown in Fig. 4b the relative elemental ratios,
which are used to interpret the observed compositions, when com-
paring abundances derived from the spectroscopic stellar parameters
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Table 6. Total accretion rates based on Mg abundances for white dwarfs without an observable gaseous disc with emission features, with effective temperature
greater than 12,720 K.

WD Name Atm 𝑇eff (K) log(𝑔) 𝑀WD (M⊙) log(q) log(𝜏Mg) (yr) log(Mg/H(e)) ¤𝑀 (g s−1) Reference

WD 0002+729 He 13750 8.00 0.59 −5.10 6.35 −8.50 1.56×107 Wolff et al. (2002)
WD 0030+1526 He 15285 8.07 0.632 -5.57 5.96 -6.99 4.51×108 Izquierdo et al. (2023)
WD 0106−3253 H 17350 8.12 0.69 −16.71 −2.30 −5.57 6.97×107 Xu et al. (2019)
Gaia J0218+3625 He 14700 7.86 0.51 −5.01 6.49 −6.64 8.81×108 Doyle et al. (2023)
SDSS J0224+7503 He 16560 8.25 0.75 −6.18 5.42 −5.15 3.12×1010 Izquierdo et al. (2021)
WD 0259−0721 He 14128 8.01 0.594 -5.19 6.28 -5.61 1.17×1010 Izquierdo et al. (2023)
WD 0300−013 He 15300 8.00 0.59 −5.44 6.10 −6.20 2.58×109 Jura et al. (2012)
WD 0408−041 H 15270 8.09 0.67 −16.18 −1.90 −5.55 9.43×107 Xu et al. (2019)
WD 0435+410 He 17280 8.20 0.72 −6.24 5.41 −6.69 7.70×108 Farihi et al. (2013)
PG 0843+517 H 24670 7.93 0.60 −15.30 −1.22 −4.82 7.29×108 Xu et al. (2019)
WD 0859+1123 He 15253 8.09 0.644 -5.60 5.93 -5.92 5.43×109 Izquierdo et al. (2023)
WD 0930+0618 He 15560 8.01 0.597 -5.52 6.04 -5.9 4.99×109 Izquierdo et al. (2023)
WD 0944−0039 He 13113 8.15 0.678 -5.34 6.10 -6.96 6.42×108 Izquierdo et al. (2023)
PG 1015+161 H 19200 8.22 0.75 −16.75 −2.38 −5.30 1.55×108 Gänsicke et al. (2012)
PG 1018+411 H 24440 8.11 0.70 −15.77 −1.65 −4.86 7.08×108 Xu et al. (2019)
WD 1109+1318 He 15623 8.12 0.663 -5.75 5.81 -6.73 8.20×108 Izquierdo et al. (2023)
SBSS 1240+527 He 13000 8.00 0.59 −4.98 6.45 −5.26 2.86×1010 Raddi et al. (2015)
WD 1244+498 He 15150 7.97 0.57 −5.34 6.19 −6.79 6.57×108 Doyle et al. (2023)
SDSS J1248+1005 He 15180 8.11 0.66 −5.63 5.90 −6.40 1.85×109 Doyle et al. (2023)
WD 1337+701 H 20546 7.95 0.60 −16.16 −1.82 −5.66 5.70×107 Johnson et al. (2022)
WD 1359−0217 He 13995 7.78 0.47 -4.69 6.77 -6.32 1.86×109 Izquierdo et al. (2023)
WD 1415+234 He 17300 8.17 0.70 −6.20 5.46 −5.82 5.49×109 Doyle et al. (2023)
WD 1425+540 He 14490 7.95 0.56 −5.15 6.35 −8.16 2.96×107 Xu et al. (2017)
PG 1457−086 H 22240 7.99 0.62 −15.77 −1.57 −5.47 1.30×108 Xu et al. (2019)
WD 1516−0040 He 13193 7.94 0.552 -4.88 6.55 -6.82 7.33×108 Izquierdo et al. (2023)
WD 1536+520 He 20800 7.96 0.58 −6.72 5.23 −4.06 1.35×1011 Farihi et al. (2016)
WD 1551+175 He 14756 8.02 0.60 −5.35 6.15 −6.29 2.34×109 Xu et al. (2019)
WD 1627+1723 He 15903 8.11 0.657 -5.79 5.79 -6.85 5.90×108 Izquierdo et al. (2023)
SDSS J1734+6052 He 16340 8.04 0.62 −5.76 5.85 −6.62 8.67×108 Doyle et al. (2023)
WD 1822+410 He 15620 7.93 0.55 −5.39 6.18 −7.44 1.29×108 Klein et al. (2021)
Gaia J1922+4709 He 15500 7.95 0.56 −5.39 6.17 −6.14 2.70×109 Doyle et al. (2023)
WD 1929+012 H 23470 7.99 0.63 −16.75 −1.36 −4.10 3.85×109 Melis et al. (2011)
WD J2047−1259 He 17970 8.04 0.62 −6.14 5.58 −5.60 7.00×109 Hoskin et al. (2020)
WD 2207+121 He 14752 7.97 0.57 −5.25 6.25 −6.15 3.06×109 Xu et al. (2019)
EC 22211−2525 He 14740 7.89 0.53 −5.08 6.42 −6.52 1.20×109 Doyle et al. (2023)
WD 2222+683 He 15300 8.00 0.59 −5.44 6.10 −6.26 2.25×109 Jura et al. (2012)
SDSS J2248+2632 He 17370 8.02 0.61 −5.97 5.72 −6.52 9.04×108 Doyle et al. (2023)
WD 2324−0018 He 12823 7.66 0.411 -4.21 7.20 -8.09 3.10×107 Izquierdo et al. (2023)
Gaia J2339−0424 He 13735 7.93 0.55 −4.95 −6.50 −6.58 1.21×109 Klein et al. (2021)

compared with the photometric stellar parameters. The ratios are
less sensitive to the derived stellar parameters. Therefore, until the
uncertainties on the absolute abundances can be reduced, the dif-
ferences between the photometric and spectroscopic 𝑇eff and log(𝑔)
will have little affect on the abundance analysis based on the relative
ratios of elements. If absolute abundances are important, as when
deriving accretion rates, the variations induced by differing white
dwarf parameters must be considered. Table 5 and Fig. 6 show the
difference in derived accretion rates for the seven white dwarfs when
using the spectroscopic parameters versus the photometric parame-
ters. The accretion rates can change by up to a factor of 4.2 which
would consequently affect inferences about the accretion and mass
of the planetesimal currently present in the white dwarf photosphere.
Therefore, when considering accretion rates, careful error propaga-
tion considering these systematic errors are crucial.

It has been addressed in the literature that there exists an optical
and ultraviolet discrepancy, where the abundances determined from
optical data are offset from those derived from the ultraviolet data
(Jura et al. 2012; Gänsicke et al. 2012; Xu et al. 2019). This work

uses a systematic approach, ensuring that the same white dwarf pa-
rameters are used when deriving abundances from the optical and
ultraviolet. For the three DAZ white dwarfs in the sample, this dis-
crepancy is observed, with an approximately constant offset of 0.62
observed between O and Si derived from the optical and ultraviolet.
As is highlighted in previous works, atomic data uncertainties, accre-
tion rate variation, or imperfect white dwarf atmosphere calculations
may contribute to this effect. Figure 7a shows the depth of formation
of the lines in the ultraviolet and the optical. Depth of formation
is the Rosseland optical depth, 𝜏𝑟 , at which 𝜏𝜈 = 2/3 for each line
wavelength. The lines that form in the optical come from the same
depth, whereas those from the ultraviolet form from a range of depths.
Figure 7b shows that there is not an abundance dependence on the
depth of formation, and lines that form at the same depth have differ-
ent derived abundances. There may be issues with the white dwarf
structure calculations, however, further investigations are outside the
scope of this paper. Therefore, until the origin of this discrepancy is
discovered, when analysing polluted white dwarf abundances, care
must be given when combining results from the optical and UV.
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Figure 7. (a) The depth of formation of spectral lines versus the wavelength of the lines. The UV lines have a black outline to the markers. The abundances
derived using the optical data are all formed at a similar depth, compared to the ultraviolet which probes a variety of layers. (b) The 𝜏𝑅 as a function of
abundance of silicon and oxygen plotted relative to the average optical abundances, [X/H(e)]Op,Av from Table 4. The data points from the optical and UV are
marked separately.

Previous work has found that detectable circumstellar gas is a rare
phenomena in polluted white dwarfs (Manser et al. 2020). Xu et al.
(2019) compared pollution levels for those white dwarfs with and
without a detectable circumstellar dust disc, compiling their work
with data from the literature (Koester et al. 2011, 2014; Koester &
Kepler 2015; Hollands et al. 2018). No strong difference in total
mass accretion rate was found between those white dwarfs with de-
tectable circumstellar dust versus those without. Here the work of
Xu et al. (2019) is expanded to compare the pollution rate between
white dwarfs with and without detectable circumstellar gaseous discs,
where without refers to all polluted white dwarfs without any evi-
dence of circumstellar gas in emission. Previous studies investigating
the link between the presence of a detectable gaseous disc and accre-
tion rate based on a handful of systems found no correlation between
accretion rate and the presence of circumstellar gas (Manser et al.
2016, 2020). However, gas drag may cause enhanced accretion rates
above what may be expected from Poynting-Robertson drag alone.
Combining white dwarfs with detectable circumstellar gas discs from
the literature (which have reported abundances of at least Mg in their
photosphere) with the seven in this work, the sample size is almost
doubled. The white dwarfs that have circumstellar gaseous discs
appear to trace the mass accretion rates of polluted white dwarfs
without detectable gaseous discs, therefore, there is no evidence that
accretion of material onto the white dwarfs is enhanced by gas drag.
If instead it was found that gas discs systems accrete at higher rates,
it would be difficult to confirm whether the presence of gas causes
enhanced accretion, or vice-versa, whether the enhanced accretion
results in gas. These conclusions are limited by both small number
statistics and that the white dwarfs not studied in this paper have
accretion rates derived from different methods of obtaining white
dwarf parameters, therefore, the accretion rates for these could be
inaccurate.

Figure 6 highlights how the accretion rates of He dominated white
dwarfs are higher than those in H dominated atmospheres (Farihi
et al. 2012b; Xu et al. 2019). This may be due to the orders of mag-
nitude longer settling time-scales for He dominated white dwarfs

and therefore the rates represent an average historical accretion rate.
Direct impacts on to the white dwarf (Brown et al. 2017; McDonald
& Veras 2021), or the disruption of massive asteroids (> 500 km)
which can collisionally evolve to produce enhanced accretion on
short time-scales (Wyatt et al. 2014; Brouwers et al. 2022) can con-
tribute to larger measured average accretion rates for DBZ white
dwarfs. However, for the sample of objects with dust and gas discs,
direct impacts are unlikely to explain the enhanced accretion rates
as direct impacts do not result in circumstellar discs. Thermohaline
mixing may account for some differences between DA and DB accre-
tion rates, but it should be stated the effect is debated (Koester 2014).
DBZ white dwarfs would experience less thermohaline mixing than
DAZ white dwarfs (Bauer & Bildsten 2019). When including ther-
mohaline mixing into the white dwarf models, larger accretion rates
are required in order to account for this instability (Bauer & Bildsten
2018). As it disproportionally affects DA white dwarfs, the accretion
rates would need to be orders of magnitude larger for the DB white
dwarfs to make DA and DB consistent using thermohaline mixing
models.

6 CONCLUSIONS

This paper presents VLT X-shooter, Keck HIRES, and Magellan
MIKE optical spectroscopy and HST COS ultraviolet spectroscopy
of seven white dwarfs that host both detectable circumstellar gas and
dust discs. All seven have accreted heavy elements; between three
and 10 of these elements, C, O, S, P, Mg, Al, Si, Ca, Ti, Cr, Fe, and
Ni, are detected in the atmosphere of each of the white dwarfs. White
dwarfs with circumstellar gaseous discs are good targets for studying
photospheric abundances as they reveal numerous elements allowing
in depth compositional analysis of the polluting planetary material.

All the white dwarfs show non-photospheric lines in their spectra.
Most notably, Gaia J0006+2858 has a non-photospheric component
for two Si iv photospheric lines in the FUV data blueshifted with
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a velocity of −196 km s−1. This may circumstellar gas absorption,
however, the origin remains unsolved.

Abundances of planetary material in the atmospheres of white
dwarfs provide crucial constraints on the composition of exoplane-
tary material. This work shows that the ratio of abundances within
the white dwarf atmosphere, for example, Fe/Mg, are less effected by
uncertainties in the white dwarf parameters for the effective temper-
ature range considered (16,000–25,500 K) than absolute abundances
(e.g. [Mg/H], [Fe/H]). Thus, it is preferable to use abundance ra-
tios when interpreting planetary composition. This highlights the
importance of considering the discrepancy between white dwarf pa-
rameters derived by the spectroscopic and photometric method when
considering the total accretion onto white dwarfs, in this work the
accretion rates differed by factors of 1.6–4.2.

A poorly understood discrepancy between abundances derived
from optical or ultraviolet spectroscopy has previously been reported
in the literature. This work derives the abundances in the optical
and ultraviolet using a consistent approach and finds that there is
an approximately constant offset between the optical and ultraviolet
abundances of silicon and oxygen in three DAZ white dwarfs of 0.62
dex, and no offset is found for the one DBZ white dwarf analysed
in this sample. This work speculates as to whether this discrepancy
could be explained by vertical gradients in composition in the white
dwarf atmosphere. The optical lines form at approximately the same
depth, whereas, the ultraviolet lines form over a range of depths.
Further work is needed to understand the origin of this discrepancy.

Combining the seven objects from this paper with nine white
dwarfs from the literature with circumstellar gaseous discs and Mg
abundance measurements of the polluting material, the mass accre-
tion rates of systems with detectable circumstellar gaseous discs were
compared to those without. This supports that polluted white dwarfs
with circumstellar gaseous discs do not show enhanced accretion
when compared to the population of polluted white dwarfs without
gaseous discs, and so there is no evidence for enhanced accretion
rates from gas drag.

The analysis of the abundances of the material that has accreted
onto these seven white dwarfs is presented in the subsequent paper,
Paper II, including in depth discussions on the composition and
geological history of the planetesimals.
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APPENDIX A: SPECTRAL ENERGY DISTRIBUTIONS

Spectral energy distributions for the seven white dwarfs are shown
in Fig. A1 showing the best-fitting white dwarf models derived both
spectroscopically and photometrically.

APPENDIX B: SPECTRAL LINES AND ABUNDANCES

For each of the white dwarfs, the stellar parameters were determined
spectroscopically and photometrically. For each set of parameters the
abundances were obtained. Supplementary Tables B1 – B13 show the
spectral lines that were identified in the X-shooter, HIRES, MIKE and
COS spectra for the seven white dwarfs, their associated equivalent
width, radial velocity, and the abundance derived.

APPENDIX C: EQUIVALENT WIDTH UPPER LIMITS

Using the method discussed in Section 3.3.2 the equivalent width
upper limits were derived, as listed in Table C1 for the optical and
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Figure A1. Spectra (where available) and photometry for the seven white dwarfs. The X-shooter spectra for the four white dwarfs observed are shown in grey
and scaled as the spectra suffer from flux loss due to non-ideal weather conditions and slit losses. There is a gap in the data between 6360 Å– 6375 Å, and telluric
absorption features are present in the reddest parts of the spectra. The Hubble FUV data is also shown in grey for the four white dwarfs with FUV data. The
black photometric data points are over-plotted with SDSS as square data points, Pan-STARRS (PS) as circular data points, and GALEX as diamonds; errors are
plotted but are often smaller than the data points. The photometric and spectroscopic model fits are shown in orange (solid line) and blue (dashed line). Missing
GALEX FUV or NUV fluxes implies either a non-detection in that band, or the flux was flagged as it contained an artefact.
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16 L. K. Rogers

Table C2 for the ultraviolet. The strongest line in the wavelength
range was used to derive the equivalent width upper limit.

For the optical data, the HIRES data were used to obtain the
equivalent width upper limits as the higher resolution allowed more
stringent constraints to be used.

APPENDIX D: MODEL FITS TO SPECTRAL LINES

Supplementary Figs. D1 – D11 show the model abundance fit to the
strongest spectral line for each element in seven of the white dwarfs.

APPENDIX E: NON-PHOTOSPHERIC ABSORPTION
LINES

Table E1 shows the non-photospheric measurements of absorption
lines in the spectra of the seven white dwarfs in this study.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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I: white dwarf parameters and accreted planetary abundances 17

Table C1. The upper limit equivalent widths in mÅ of the material polluting the seven white dwarfs in this study. ∗ denotes when gaseous emission is present
at this wavelength. When calculating abundance upper limit, add 12 per cent on to the EW quoted to be conservative.

Element Line (Å) Gaia J0006 Gaia J0347 Gaia J0510 Gaia J0611 Gaia J0644 WD 1622 Gaia J2100

O i 7771.9377 20.78∗ - - - - 31.4∗ 11.42∗
Na ii 5889.9483 12.6 - 8.5 n/a∗ 25.1 16.5 8.7
Al ii 3586.5564 7.0 16.6 14.3 92.1 - 13.0 3.4
Ti ii 3349.0334 7.3 19.7 18.9 103.0 - 14.7 3.8
Cr ii 3368.0416 7.2 19.1 18.4 121.8 - 14.8 3.8
Fe ii 5169.0318 7.2∗ 20.3∗ 15.2∗ - - 8.0∗ -
Ni ii 3513.9871 7.0 16.9 14.5 91.2 7.3 12.7 3.4

Table C2. The upper limit equivalent widths in mÅ of the material polluting two white dwarfs in this study with COS FUV data.

Element Line (Å) Gaia J0006 Gaia J0510

Fe 1144.938 24.0 13.8
Ni 1370.132 17.5 10.0
C 1335.708 - 14.5
P 1153.995 - 11.7

Table E1. Comparison between the mean radial velocities of the photospheric (phot) and non-photospheric (non-phot) spectral lines. Gaia J0006 has two Na
non-photospheric lines, and Gaia J2100 has two Ca non-photospheric lines, these are listed on separate rows. As mentioned in Doyle et al. (2023), if the difference
between the photospheric and non-photospheric lines is of the order of the gravitational redshift of the white dwarf or less, it is possible that the non-photospheric
lines are circumstellar in origin. However, particularly for the white dwarfs > 100 pc, absorption from the interstellar medium cannot be ruled out.

WD RVphot 𝜎 RVphot Element Species RVnon-phot Gravitation Redshift Distance RVphot − RVnon-phot
(km s−1) (km s−1) non-phot (km s−1) (km s−1) (pc) (km s−1)

Gaia J0006 23.8 5.4 C, N, Na, Si, S, Ca, Fe? −8.4 32.5 152 32.2
" " " Na −1.6 " " 25.4
" " " Si −196 " " 219.8

Gaia J0347 16.0 ... Na, Ca 18.3 35.8 141 −2.3
Gaia J0510 26.1 4.8 C, N, Fe? 17.5 43.0 65 8.6
Gaia J0611 58.7 8.1 C, O, Si, Fe −2.0 37.8 143 60.7
Gaia J0644 93.2 4.2 Ca 23.6 39.6 112 69.6
WD 1622 −23.0 6.0 C, N, O, Si, S −21.8 21.5 183 −1.2

Gaia J2100 4.7 2.3 Ca −11.4 35.8 88 16.1
" " " Ca −26.8 " " 31.5

MNRAS 000, 1–16 (2022)



Table B1. Gaia J0006+2858 UV: The absorption lines in Gaia J0006+2858 from the FUV and NUV spectra. The notes column

highlights those lines that have a significant ISM contribution (labelled ‘i’) and those where two spectral lines are blended (‘b’). The NUV
RV measurements are invalid and included in brackets, see Section 2.6 in the main body of the paper for further details.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot Notes

C iii 1174.930 −0.468 6.496 1175.01 0.038 (0.007) 21.2 −6.98 −6.95

C iii 1175.260 −0.565 6.493 1175.33 0.022 (0.005) 18.6 −6.98 −6.95
C iii 1175.710 0.009 6.503 1175.77 0.067 (0.014) 15.3 −6.98 −6.95

C iii 1176.370 −0.468 6.503 1176.44 0.032 (0.010) 18.1 −6.98 −6.95
C ii 1334.530 −0.596 0.000 1334.55 0.225 (0.021)β 4.0 −6.83 −6.92 i

C ii 1335.708 −0.341 0.008 1335.74 0.148 (0.023)β 8.1 −6.83 −6.92 i

C Average: −6.90 −6.93

O i 1152.15 −0.268 1.967 1152.24 0.054 (0.007) 24.5 −4.48 −4.54

S ii 1253.811 −1.4 0.000 1253.91 0.018 (0.007)γ 23.2 −6.29 −6.41 i

S ii 1259.519 −1.32 0.000 1259.50 0.108 (0.024)β −5.7 −6.41 −6.51 i

S Average: −6.35 −6.46

Si iii 1141.579 0.47 16.098 1141.66 0.047 (0.015) 21.8 −5.57 −5.56

Si iii 1154.998 −0.35 16.081 1155.11 0.031 (0.009) 29.1 −5.37 −5.38
Si iii 1155.959 −0.35 16.098 1156.04 0.052 (0.017) 21.0 −5.37 −5.38

Si iii 1158.101 −0.26 16.098 1158.22 0.035 (0.011) 30.0 −5.37 −5.38

Si iii 1160.252 −0.26 16.130 1160.32 0.038 (0.015) 18.3 −5.37 −5.38
Si iii 1161.579 0.22 16.130 1161.65 0.076 (0.016) 18.3 −5.37 −5.38

Si ii 1190.416 −0.245 0.000 1190.42 0.281 (0.033)β 0.8 −5.69 −5.78 i

Si ii 1193.290 0.075 0.000 1193.31 0.233 (0.033)β 5.1 −5.69 −5.78 i
Si ii 1194.500 0.487 0.036 1194.58 0.172 (0.026) 19.5 −5.69 −5.78

Si ii 1197.394 −0.202 0.036 1197.49 0.076 (0.018) 22.8 −5.69 −5.78

Si ii 1227.604 0.528 5.345 1227.69 0.043 (0.020) 21.0 −5.38 −5.47
Si ii 1228.739 0.651 5.323 1228.74 0.111 (0.020) 0.4α −5.38 −5.47 b

Si ii 1229.383 0.882 5.345 1229.49 0.073 (0.021) 25.3 −5.38 −5.47
Si ii 1246.740 −0.236 5.309 1246.85 0.042 (0.012) 26.5 −5.53 −5.63

Si ii 1248.426 0.066 5.323 1248.53 0.074 (0.012) 23.8 −5.53 −5.63

Si ii 1250.091 0.228 6.857 1250.21 0.093 (0.012) 27.5 −5.53 −5.63
Si ii 1250.436 0.423 6.859 1250.54 0.157 (0.013) 25.9 −5.53 −5.63

Si ii 1251.164 0.24 5.345 1251.25 0.056 (0.008) 20.2 −5.53 −5.63

Si ii 1260.422 0.462 0.000 1260.49 0.387 (0.046)β 15.7 −5.53 −5.61 i
Si ii 1264.738 0.71 0.036 1264.82 0.420 (0.048) 19.5 −5.53 −5.61

Si ii 1265.002 −0.273 0.036 1265.09 0.180 (0.035) 21.6 −5.53 −5.61

Si iii 1294.545 −0.037 6.553 1294.67 0.253 (0.045) 28.3 −5.64 −5.60
Si iii 1296.726 −0.127 6.537 1296.85 0.217 (0.031) 28.9 −5.64 −5.60

Si iii 1298.892 −0.257 6.553 1299.05 0.462 (0.049) 37.4 −5.64 −5.60

Si ii 1309.276 −0.448 0.036 1309.50 0.283 (0.052) 51.8α −5.23 −5.34 b
Si iii 1312.591 −0.84 10.276 1312.69 0.097 (0.022) 21.5 −5.23 −5.34

Si ii 1346.884 −0.144 5.323 1346.98 0.030 (0.010) 22.3 −5.20 −5.29

Si ii 1348.543 −0.186 5.309 1348.62 0.043 (0.011) 17.5 −5.20 −5.29
Si ii 1350.072 0.216 5.345 1350.16 0.067 (0.020) 20.3 −5.20 −5.29

Si ii 1353.721 −0.158 5.345 1353.81 0.047 (0.013) 20.4 −5.20 −5.29
Si iv 1393.755 0.03 0.000 1393.85 0.213 (0.036) 20.0 −5.76 −5.53

Si iv 1402.770 −0.28 0.000 1402.89 0.122 (0.045) 25.6 −6.05 −5.83

Si iii 1417.237 −0.106 10.276 1417.34 0.156 (0.021) 22.2 −5.42 −5.35
Si Average: −5.48 −5.50

P iiδ 1153.995 0.067 0.058 1154.10 0.025 (0.011) 27.3 −7.39 −7.55

Al iii 1379.670 −0.6 6.656 1379.78 0.051 (0.005) 22.8 −6.43 −6.47

Al iii 1384.132 −0.29 6.685 1384.23 0.093 (0.026) 20.4 −6.36 −6.34
Al iii 1854.716 0.05 0.000 1854.93 0.165 (0.057) (34.7) −6.84 −6.82

Al iii 1862.790 −0.197 0.000 1863.05 0.097 (0.045) (42.4) −6.84 −6.82

Al Average: −6.50 −6.50

α Merged with nearby line, RV measured with respect to the line with the strongest log(gf) as listed in the table.
β Significant ISM component merged with the photospheric line, the equivalent width and radial velocity are calculated for the
combined line.
γ Significant ISM component but resolvable so the equivalent width is the estimated strength of the photospheric feature.
δ Additional P iii line observed at 1334.813Å, however, cannot be fit due to strong C lines.



Table B2. Gaia J0006+2858 Optical: The absorption lines in Gaia J0006+2858 from the optical. If two lines lie within ∼ 10 Å,

equivalent widths and abundances were fitted simultaneously.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot
HIRES X-Sh HIRES X-Sh

Ca ii 3179.332 0.499 3.151 3179.66 0.013 (0.003) 31.3 −6.21 −6.33

Ca iiβ 3933.663 0.105 0.000 3934.02 0.041 (0.006)α 27.3 −6.13 −6.32
Ca Average: −6.17 −6.32

Mg ii 4481.125 0.740 8.864 4481.59 0.208 (0.007) 31.2 −5.00 −4.90 −5.10 −4.97

Si ii 3856.018 −0.370 6.859 3856.37 0.029 (0.003) 27.5 −4.79 −4.89

Si ii 3862.595 −0.810 6.857 3862.94 0.015 (0.002) 26.8 −4.78 −4.90
Si ii 4128.054 0.410 9.836 4128.40 0.024 (0.003) 24.8 −4.99 −5.10

Si ii 4130.893 0.530 9.839 4131.26 0.024 (0.003) 26.3 −4.99 −5.10

Si ii 5041.023 0.150 10.066 5041.59 0.036 (0.006) 33.8 −5.10 −4.97 −5.20 −5.05
Si ii 5055.983 0.530 10.074 5056.53 0.055 (0.006) 32.3 −5.14 −4.97 −5.24 −5.05

Si ii 6347.106 0.170 8.121 6347.68 0.083 (0.008) 27.0 −4.95 −4.86 −5.04 −4.94

Si ii 6371.368 −0.040 8.121 6371.99 0.046 (0.008) 29.2 −4.93 −5.03
Si Average: −4.94 −4.91 −5.04 −4.99

α Gaseous emission from circumstellar gas at this wavelength, additional 12 percent error added in quadrature.
β Line has an additional resolvable absorption feature at the rest wavelength of line. This could be absorption from the ISM or the core

of the double peaked circumstellar gas emission feature.

Table B3. Gaia J0347+1624 UV: The absorption line in Gaia J0347+1624 from the NUV spectrum. The NUV RV measurements are
invalid and included in brackets, see Section 2.6 in the main body of the paper for further details.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot

Al iii 1854.716 0.05 0.000 1854.99 0.109 (0.055) (43.9) −7.34 −7.26

Table B4. Gaia J0347+1624 Optical: The absorption lines measured in the Gaia J0347+1624 HIRES spectrum. There is likely a

non-photospheric contribution to the Ca lines, and so the abundances should be taken as upper limits.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot

Ca ii 3933.663 0.105 0.000 3933.90 0.062 (0.006) 18.1 −5.79 −6.29

Ca ii 3968.469 −0.200 0.000 3968.71 0.022 (0.004) 18.2 −5.60 −5.72

Ca Average: −5.68 −5.92

Mg ii 4481.1250∗ 0.740 8.864 4481.36 0.040 (0.012) 16.0 −5.78 −6.05



Table B5. Gaia J0510+2315 UV: The absorption lines in Gaia J0510+2315 from the FUV and NUV spectra. If two lines lie within ∼
10 Å, equivalent widths and abundances were fitted simultaneously.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot

O i 1152.150 −0.268 1.967 1152.25 0.062 (0.010) 26.5 −4.98 −5.07

S ii 1253.811 −1.4 0.000 1253.92 0.021 (0.006) 25.0 −6.17 −6.13
S ii 1259.519 −1.32 0.000 1259.62 0.030 (0.003) 23.1 −6.23 −6.26

S Average: −6.20 −6.19

Si iii 1141.579 0.47 16.098 1141.62 0.034 (0.004) 11.3 −5.96 −5.87

Si iii 1142.285 −0.01 16.098 1142.37 0.032 (0.005) 21.3 −5.96 −5.87

Si iii 1144.309 0.74 16.130 1144.43 0.056 (0.011) 31.2 −5.96 −5.87
Si ii 1190.416 −0.245 0.000 1190.51 0.091 (0.006) 22.7 −6.09 −6.12

Si ii 1193.290 0.075 0.000 1193.36 0.102 (0.009) 17.6 −6.09 −6.12
Si ii 1194.500 0.487 0.036 1194.59 0.096 (0.012) 22.0 −6.09 −6.12

Si ii 1197.394 −0.202 0.036 1197.49 0.067 (0.011) 23.6 −6.09 −6.12

Si ii 1246.740 −0.236 5.309 1246.85 0.027 (0.006) 27.2 −5.89 −5.92
Si ii 1248.426 0.066 5.323 1248.53 0.041 (0.008) 24.6 −5.89 −5.92

Si ii 1250.091 0.228 6.857 1250.20 0.036 (0.006) 26.4 −5.89 −5.92

Si ii 1250.436 0.423 6.859 1250.56 0.067 (0.008) 29.2 −5.89 −5.92
Si ii 1251.164 0.24 5.345 1251.26 0.044 (0.004) 23.8 −5.89 −5.92

Si ii 1260.422 0.462 0.000 1260.53 0.236 (0.007) 25.6 −5.90 −6.02

Si ii 1264.738 0.71 0.036 1264.86 0.271 (0.014) 29.0 −5.90 −6.02
Si ii 1265.002 −0.273 0.036 1265.13 0.166 (0.013) 31.2 −5.90 −6.02

Si iii 1294.545 −0.037 6.553 1294.66 0.098 (0.005) 26.2 −6.23 −6.08

Si iii 1296.726 −0.127 6.537 1296.88 0.128 (0.009) 34.4 −6.23 −6.08
Si iii 1298.892 −0.257 6.553 1299.07 0.210 (0.007) 40.0 −6.23 −6.08

Si iii 1301.149 −0.127 6.553 1301.30 0.078 (0.009) 34.4 −6.23 −6.08
Si ii 1346.884 −0.144 5.323 1347.00 0.039 (0.005) 25.9 −5.46 −5.56

Si ii 1348.543 −0.186 5.309 1348.66 0.047 (0.005) 25.6 −5.46 −5.56

Si ii 1350.072 0.216 5.345 1350.17 0.070 (0.005) 22.6 −5.46 −5.56
Si ii 1352.635 −0.193 5.323 1352.74 0.043 (0.005) 22.1 −5.46 −5.56

Si ii 1353.721 −0.158 5.345 1353.84 0.050 (0.006) 25.6 −5.46 −5.56

Si Average: −5.85 −5.88

Al iii 1379.670 −0.6 6.656 1379.77 0.008 (0.002) 21.9 −7.08 −7.13

Al iii 1384.132 −0.29 6.685 1384.23 0.031 (0.009) 21.2 −7.00 −6.89
Al Average: −7.04 −6.99

Table B6. Gaia J0510+2315 Optical: The absorption lines in the HIRES spectra.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot

Ca ii 3933.663 0.499 3.151 3934.03 0.032 (0.004) 27.6 −6.31 −6.80

Mg ii 4481.125α 0.740 8.864 4481.53 0.114 (0.011) 26.9 −5.23 −5.35
Mg ii 4481.325α 0.590 8.864 4481.74 0.037 (0.007) 27.8 −5.23 −5.35

Mg Average: −5.23 −5.35

O i 7771.938 0.369 9.146 7772.63 0.023 (0.005)β 26.6 −4.23 −4.35

O i 7774.156 0.223 9.146 7774.88 0.020 (0.004)β 27.8 −4.23 −4.35

O i 7775.386 0.001 9.146 7776.04 0.005 (0.002)β 25.3 −4.23 −4.35
O Average: −4.23 −4.35

Si ii 3856.018 −0.370 6.859 3856.35 0.019 (0.003) 26.0 −5.00 −5.02
Si ii 4128.054 0.410 9.836 4128.44 0.015 (0.005) 28.0 −4.90 −4.88

Si ii 4130.893 0.530 9.839 4131.25 0.030 (0.006) 25.8 −4.90 −4.88

Si ii 5041.023 0.150 10.066 5041.52 0.014 (0.002) 29.8 −5.33 −5.33
Si ii 5055.983 0.530 10.074 5056.48 0.039 (0.003) 29.2 −5.36 −5.36

Si ii 6347.106 0.170 8.121 6347.65 0.058 (0.004) 25.7 −5.19 −5.21
Si ii 6371.368 −0.040 8.121 6371.92 0.031 (0.004) 26.1 −5.15 −5.16

Si Average: −5.12 −5.13

α Mg ii doublet is resolved and fitted simultaneously for EW and RV.
β Gaseous emission from circumstellar gas at this wavelength, additional 12 percent error added in quadrature.



Table B7. Gaia J0611−6931 UV: The absorption lines in Gaia J0611−6931 from the FUV spectrum. If lines lie within ∼ 10 Å,

equivalent widths and abundances were fitted simultaneously, and the strongest lines in the region are measured and reported here. The

notes column labels the lines that have a significant ISM contribution as ‘i’, those where two spectral lines are blended as ‘b’, and those
where the night data were used are labelled ‘N’. The ISM components are offset by ∼60 km/s and are resolvable so the equivalent widths

reported are those for the photospheric component.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot Notes

C ii 1334.530 −0.596 0.000 1334.79 0.052 (0.006) 57.3 −7.15 −7.29 i

C ii 1335.709 −0.341 0.008 1335.96 0.077 (0.004) 55.6 −7.15 −7.29

C Average: −7.15 −7.29

O i 1152.150 −0.268 1.967 1152.37 0.098 (0.010) 57.6 −4.30 −4.27

O i 1302.168 −0.585 0.000 1302.47 0.156 (0.023) 68.9 −4.26 −4.39 i,N

O i 1304.858 −0.808 0.020 1305.13 0.117 (0.014) 62.5 −4.26 −4.39 N

O i 1306.029 −1.285 0.028 1306.29 0.098 (0.016) 59.4 −4.26 −4.39 N

O Average: −4.28 −4.33

Al iii 1379.670 −0.600 6.656 1379.88 0.024 (0.007) 45.2 −6.42 −6.89

Al iii 1384.132 −0.290 6.685 1384.46 0.037 (0.009) 71.0 −6.51 −6.59

Al Average: −6.46 −6.71

Si iii 1142.285 −0.010 16.098 1142.50 0.058 (0.008) 55.8 −5.28 −5.16

Si iii 1144.309 0.740 16.130 1144.47 0.095 (0.008) 43.4 −5.28 −5.16

Si ii 1190.416 −0.245 0.000 1190.65 0.150 (0.017) 59.1 −5.27 −5.52 i

Si ii 1193.290 0.075 0.000 1193.50 0.120 (0.014) 51.7 −5.27 −5.52 i

Si ii 1194.500 0.487 0.036 1194.75 0.235 (0.026) 61.6 −5.27 −5.52

Si ii 1246.740 −0.236 5.309 1246.99 0.077 (0.010) 62.1 −5.32 −5.31

Si ii 1248.426 0.066 5.323 1248.69 0.089 (0.006) 63.0 −5.32 −5.31

Si ii 1250.091 0.228 6.857 1250.37 0.110 (0.019) 67.3 −5.32 −5.31

Si ii 1250.436 0.423 6.859 1250.71 0.220 (0.036) 65.7 −5.32 −5.31

Si ii 1251.164 0.24 5.345 1251.45 0.069 (0.007) 68.5 −5.32 −5.31

Si ii 1260.422 0.462 0.000 1260.62 1.065 (0.035) 47.5 −5.01 −5.02 iβ

Si ii 1264.738 0.71 0.036 1265.09 1.390 (0.114) 83.9α −5.01 −5.02 b

Si iii 1294.545 −0.037 6.553 1294.77 0.112 ( 0.013) 52.7 −5.16 −5.21 N

Si iii 1296.726 −0.127 6.537 1296.99 0.158 (0.028) 60.3 −5.16 −5.21 N

Si iii 1298.892 −0.257 6.553 1299.20 0.332 (0.015) 71.5 −5.16 −5.21 N

Si iii 1303.323 −0.037 6.585 1303.59 0.115 (0.022) 61.0 −5.16 −5.21 N

Si ii 1309.276 −0.448 0.036 1309.65 0.555 (0.065) 85.1α −5.16 −5.21 N,b

Si ii 1346.884 −0.144 5.323 1347.14 0.110 (0.007) 57.1 −5.13 −5.22

Si ii 1348.543 −0.186 5.309 1348.77 0.109 (0.006) 50.5 −5.13 −5.22

Si ii 1350.072 0.216 5.345 1350.32 0.188 (0.006) 55.2 −5.13 −5.22

Si ii 1350.516 −0.69 5.323 1350.76 0.068 (0.014) 53.5 −5.13 −5.22

Si ii 1350.656 −0.888 5.309 1350.91 0.087 (0.014) 55.6 −5.13 −5.22

Si ii 1352.635 −0.193 5.323 1352.88 0.118 (0.005) 54.7 −5.13 −5.22

Si ii 1353.721 −0.158 5.345 1353.96 0.137 (0.011) 53.4 −5.13 −5.22

Si iii 1417.237 −0.106 10.276 1417.51 0.077 (0.013) 56.9 −5.57 −5.40

Si Average: −5.22 −5.24

P ii 1153.995 0.067 0.058 1154.20 0.029 (0.006) 54.4 −7.49 −7.66

S ii 1253.811 −1.4 0.000 1254.06 0.072 (0.008) 59.3 −5.13 −5.36

S ii 1259.519 −1.32 0.000 1259.75 0.065 (0.014) 54.5 −5.57 −5.61

S Average: −5.30 −5.47

Fe ii 1143.226 −0.716 0.000 1143.39 0.054 (0.010) 42.2 −5.29 −5.43

Fe ii 1144.938 0.037 0.000 1145.14 0.078 (0.013) 51.2 −5.29 −5.43

Fe ii 1146.832 −1.177 0.107 1147.08 0.036 (0.007) 64.1α −5.29 −5.51 b

Fe ii 1147.409 −0.707 0.048 1147.64 0.036 (0.007) 59.0 −5.29 −5.51

Fe ii 1151.146 −0.451 0.083 1151.37 0.025 (0.007) 57.2 −5.29 −5.51

Fe ii 1154.352 −0.984 3.153 1154.58 0.015 (0.004) 58.1 −5.29 −5.51

Fe ii 1358.937 −0.193 3.245 1359.19 0.064 (0.009) 56.2α −5.19 −5.43 b

Fe ii 1361.373 −0.519 1.671 1361.64 0.020 (0.004) 59.4 −5.19 −5.43

Fe ii 1371.022 −0.229 2.635 1371.29 0.017 (0.003) 57.5 −5.15 −5.44

Fe Average: −5.23 −5.45

Ni ii 1317.217 −0.058 0.000 1317.45 0.038 (0.005) 54.1 −6.87 −7.07

Ni ii 1370.132 −0.105 0.000 1370.41 0.019 (0.004) 60.0 −6.82 −7.05

Ni ii 1381.286 −0.336 0.187 1381.54 0.019 (0.004) 55.0 −6.79 −7.02

Ni Average: −6.83 −7.05

Cu ii 1358.773 −0.268 0.000 1359.02 0.017 (0.006) 54.5 −7.87 −7.94 b

α Merged with nearby line, RV measured with respect to the line with the strongest log(gf) as listed in the table.
β Significant unresolved ISM component, EW is a combination of the ISM and WD component. Abundance calculated after subtracting

the ISM component.



Table B8. Gaia J0611−6931 Optical: The absorption lines in Gaia J0611−6931. If two lines lie within ∼ 10 Å, equivalent widths and

abundances were fitted simultaneously.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot
X-Sh MIKE X-Sh MIKE

Ca ii 3933.663 0.499 3.151 3934.51 0.118 (0.025)α 64.5 −6.17 −6.01 −6.41 −6.33

Mg ii 4481.125 0.740 8.864 4482.14 0.546 (0.014) 67.6 −4.66 −4.53 −4.68 −4.53

Mg ii 7896.037 0.650 9.999 7898.08 0.080 (0.025) 77.6 −4.68 −4.57 −4.76 −4.65

Mg Average: −4.67 −4.55 −4.72 −4.59

O i 7771.938 0.369 9.146 7773.48 0.049 (0.014)α 59.4 −3.81 −3.69 −3.90 −3.78

O i 7774.156 0.223 9.146 7775.72 0.038 (0.014)α 60.3 −3.81 −3.69 −3.90 −3.78
O i 7775.386 0.001 9.146 7776.96 0.033 (0.017)α 60.6 −3.81 −3.69 −3.90 −3.78

O Average: −3.81 −3.69 −3.90 −3.78

Si ii 5055.983 0.530 10.074 5057.13∗ 0.010 (0.003) 68.1 −4.83 −4.68 −4.87 −4.71

Si ii 6347.106 0.170 8.121 6348.40 0.117 (0.017) 60.9 −4.71 −4.79 −4.71 −4.80

Si ii 6371.368 −0.040 8.121 6372.68 0.090 (0.0065) 61.8 −4.54 −4.58
Si Average: −4.77 −4.66 −4.78 −4.69

α Gaseous emission from circumstellar gas at this wavelength, additional 12 percent error added in quadrature.



Table B9. Gaia J0644−0352 Optical: The absorption lines in Gaia J0644−0352. If two lines lie within ∼ 10 Å, equivalent widths and

abundances were fitted simultaneously.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/He]Spec [X/He]Phot
HIRES X-Sh HIRES X-Sh

Al ii 3586.556 0.637 11.847 3587.63 0.030 (0.005) 89.9 −6.76 −7.05

Al ii 3587.072 0.477 11.847 3588.18 0.021 (0.006) 92.8 −6.76 −7.05

Al ii 3587.445 0.307 11.847 3588.53 0.011 (0.004) 90.5 −6.76 −7.05

Al Average: −6.76 −7.05

Ca ii 3158.870 0.241 3.123 3159.86 0.092 (0.004) 93.5 −6.97 −6.91 −7.60 −7.52

Ca ii 3179.332 0.499 3.151 3180.34 0.094 (0.009) 95.1 −6.97 −6.72 −7.58 −7.32

Ca ii 3181.275 −0.455 3.151 3182.27 0.025 (0.004) 93.4 −6.97 −6.72 −7.58 −7.32

Ca ii 3706.024 −0.48 3.123 3707.19 0.020 (0.006) 94.2 −6.94 −6.57 −7.66 −7.44

Ca ii 3736.903 −0.173 3.151 3738.07 0.061 (0.003) 93.5 −6.89 −6.86 −7.54 −7.50

Ca ii 3933.663 0.105 0.000 3934.87 0.333 (0.004) 91.7 −6.67 −6.70 −7.50 −7.52

Ca ii 3968.469 −0.200 0.000 3969.69 0.181 (0.013) 92.4 −6.84 −6.84 −7.69 −7.68

Ca ii 8498.018 −1.416 1.692 8500.62 0.041 (0.015)α 91.8 −6.60 −6.76 −7.21 −7.40

Ca ii 8542.086 −0.463 1.700 8544.76 0.157 (0.028)α 93.8 −6.42 −6.56 −7.14 −7.26

Ca ii 8662.135 −0.723 1.692 8664.87 0.102 (0.022)α 94.7 −6.63 −6.45 −7.30 −7.14

Ca Average: −6.73 −6.68 −7.42 −7.39

Cr ii 3120.358 0.097 2.434 3121.30 0.022 (0.006) 90.4 −7.65 −8.41

Cr ii 3124.973 0.303 2.455 3125.95 0.011 (0.004) 93.6 −7.93 −8.70

Cr ii 3128.692 −0.543 2.434 3129.61 0.009 (0.003) 87.5 −7.77 −8.58

Cr ii 3132.053 0.423 2.483 3133.04 0.023 (0.005) 94.4 −7.77 −8.58

Cr ii 3368.042 −0.085 2.483 3369.06 0.009 (0.002) 90.8 −7.90 −8.61

Cr Average: −7.80 −8.56

Fe ii 3154.193 −0.513 3.768 3155.19 0.011 (0.003) 94.5 −6.69 −7.32

Fe ii 3213.309 −1.388 1.695 3214.31 0.014 (0.003) 93.0 −6.49 −7.14

Fe ii 3227.742 −1.178 1.671 3228.74 0.013 (0.002) 92.3 −6.44 −7.18

Fe ii 5169.032 −1.25 2.891 5170.64 0.018 (0.005) 93.1 −6.45 −7.02

Fe Average: −6.51 −7.15

Mg i 3832.304 0.121 2.712 3833.45 0.015 (0.004) 89.4 −5.71 −6.46

Mg i 3838.292 0.392 2.717 3839.43 0.021 (0.003) 88.8 −5.71 −6.46

Mg ii 4481.125 0.74 8.864 4482.59 0.229 (0.013) 97.9 −5.52 −5.58 −6.35 −6.31

Mg ii 7877.050 0.39 9.996 7879.88 0.147 (0.045) 107.7 −5.85 −5.89 −6.30 −6.31

Mg ii 7896.040 0.65 9.999 7898.94 0.179 (0.027) 110.2 −5.87 −5.85 −6.32 −6.27

Mg Average: −5.71 −5.75 −6.35 −6.30

O i 7771.938 0.369 9.146 7774.41 0.102 (0.011) 95.2 −5.08 −5.10 −5.50 −5.55

O i 7774.156 0.223 9.146 7776.65 0.096 (0.016) 96.0 −5.08 −5.10 −5.50 −5.55

O i 7775.386 0.001 9.146 7777.89 0.050 (0.017) 96.6 −5.08 −5.10 −5.50 −5.55

O i 8446.355 0.236 9.521 8448.87 0.050 (0.027) 89.1 −5.38 −5.20 −5.79 −5.62

O Average: −5.20 −5.15 −5.62 −5.58

Si ii 3853.665 −1.33 6.857 3854.86 0.014 (0.003) 93.2 −5.80 −5.93 −6.31 −6.40

Si ii 3856.018 −0.37 6.859 3857.21 0.099 (0.004) 92.3 −5.80 −5.93 −6.31 −6.40

Si ii 3862.595 −0.81 6.857 3863.77 0.064 (0.003) 91.0 −5.80 −5.93 −6.31 −6.40

Si ii 4128.054 0.410 9.836 4129.34 0.050 (0.005) 93.2 −6.01 −6.02 −6.51 −6.41

Si ii 4130.893 0.530 9.839 4132.16 0.092 (0.005) 91.7 −6.01 −6.02 −6.51 −6.41

Si ii 5055.983 0.530 10.074 5057.73 0.092 (0.013) 103.7 −6.09 −6.47

Si ii 6347.106 0.170 8.121 6349.07 0.242 (0.011) 92.6 −6.00 −5.98 −6.06 −6.01

Si ii 6371.368 −0.040 8.121 6373.34 0.145 (0.011) 92.6 −5.98 −6.24

Si Average: −5.96 −5.98 −6.29 −6.23

Ti ii 3234.515 0.43 0.049 3235.52 0.013 (0.002) 93.6 −8.25 −9.05

Ti ii 3236.572 0.24 0.028 3237.54 0.013 (0.003) 89.8 −8.25 −9.05

Ti ii 3239.036 0.07 0.012 3239.99 0.008 (0.002) 88.7 −8.25 −9.05

Ti ii 3341.874 0.35 0.574 3342.89 0.007 (0.002) 90.7 −8.37 −9.15

Ti ii 3349.033β 0.43 0.607 3350.07 0.015 (0.003) 92.9 −8.22 −9.04

Ti ii 3349.402β 0.53 0.049 3350.42 0.011 (0.002) 91.2 −8.22 −9.04

Ti ii 3361.212β 0.43 0.028 3362.24 0.007 (0.002) 91.4 −8.49 −9.28

Ti ii 3372.792 0.28 0.012 3373.79 0.010 (0.002) 89.0 −8.34 −9.13

Ti ii 3383.759 0.16 0.000 3384.79 0.008 (0.002) 91.3 −8.37 −9.10

Ti ii 3685.204β 0.128 0.607 3686.31 0.004 (0.001) 90.1 −8.58 −9.29

Ti ii 3759.292 0.28 0.607 3760.45 0.007 (0.002) 92.5 −8.31 −9.04

Ti Average: −8.35 −9.13

α Gaseous emission from circumstellar gas at this wavelength, additional 12 percent error added in quadrature.
β Merged with another photospheric absorption line.



Table B10. WD1622+587 UV: The absorption lines in WD1622+587 from the FUV and NUV. If two lines lie within ∼ 10 Å,

equivalent widths and abundances were fitted simultaneously. The notes column labels the lines that have a significant ISM contribution

as ‘i’, those where two spectral lines are blended as ‘b’, and those where the night data were used are labelled ‘N’. The ISM components
are blended with the photospheric components. The NUV RV measurements are invalid and included in brackets, see Section 2.6 in the

main body of the paper for further details.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/He]Spec [X/He]Phot Notes

C iii 1174.930 −0.468 6.496 1174.84 0.077 (0.007) −22.5 −4.95 −4.35

C iii 1175.260 −0.565 6.493 1175.18 0.043 (0.006) −20.4 −4.95 −4.35

C iii 1175.710 0.009 6.503 1175.57 0.132 (0.009) −35.7 −4.95 −4.35
C iii 1175.987 −0.565 6.496 1175.90 0.076 (0.015) −21.2 −4.95 −4.35

C iii 1176.370 −0.468 6.503 1176.26 0.075 (0.017) −27.5 −4.95 −4.35

C i 1261.550 −0.82 0.005 1261.50 0.049 (0.011) −12.6 −4.62 −5.01
C ii 1323.950 −0.15 9.290 1323.82 0.112 (0.016) −29.2 −4.97 −5.09

C i 1329.100α −1.108 0.002 1328.98 0.106 (0.025) −26.8 −4.97 −5.09 b
C i 1329.577 −0.624 0.005 1329.48 0.057 (0.008) −21.9 −4.97 −5.09

C ii 1334.530 −0.596 0.000 1334.43 0.488 (0.030) −23.1 −4.60 −4.71

C ii 1335.708 −0.341 0.008 1335.60 0.617 (0.034) −25.1 −4.60 −4.71
C Average: −4.75 −4.69

O i 1152.150 −0.268 1.967 1152.06 0.060 (0.014) −23.7 −5.43 −5.75
O i 1304.858 −0.808 0.020 1304.80 0.041 (0.013) −13.3 −5.36 −5.85 N

O Average: −5.39 −5.80

Al ii 1191.814 −0.51 4.659 1191.77 0.053 (0.006) −12.3 −6.20 −6.54

Al iii 1379.670 −0.6 6.66 1379.57 0.048 (0.013) −21.7 −6.32 −6.31 b

Al iii 1384.132 −0.29 6.685 1384.04 0.070 (0.009) −20.6 −6.30 −6.25
Al iii 1854.716 0.05 0.000 1855.18 0.236 (0.081) (74.9) −6.31 −6.50

Al iii 1862.790 −0.197 0.000 1862.96 0.238 (0.060) (27.9) −6.31 −6.50

Al Average: −6.28 −6.38

Si iii 1161.579 0.22 16.130 1161.48 0.036 (0.006) −26.6 −5.26 −4.90

Si ii 1190.416 −0.245 0.000 1190.30 0.394 (0.014) −28.2 −5.29 −5.58 i
Si ii 1193.290 0.075 0.000 1193.19 0.470 (0.019) −25.0 −5.29 −5.58 i

Si ii 1194.500 0.487 0.036 1194.40 0.711 (0.046) −25.4 −5.29 −5.58
Si ii 1197.394 −0.202 0.036 1197.31 0.264 (0.029) −21.0 −5.29 −5.58

Si ii 1223.896 −0.061 5.323 1223.82 0.082 (0.016) −18.4 −5.69 −5.92

Si ii 1224.245 0.002 0.152 1224.12 0.105 (0.011) −30.2 −5.69 −5.92
Si ii 1224.968 −0.584 5.323 1224.88 0.040 (0.006) −22.8 −5.69 −5.92

Si ii 1226.979 0.345 5.309 1226.81 0.275 (0.009) −42.2 −5.69 −5.92

Si ii 1227.604 0.528 5.345 1227.51 0.175 (0.010) −22.5 −5.69 −5.92
Si ii 1228.739 0.651 5.323 1228.58 0.341 (0.013) −38.7 −5.69 −5.92

Si ii 1229.383 0.882 5.345 1229.30 0.263 (0.012) −19.6 −5.69 −5.92

Si ii 1246.740 −0.236 5.309 1246.66 0.091 (0.017) −20.3 −5.54 −5.74
Si ii 1248.426 0.066 5.323 1248.34 0.112 (0.008) −20.4 −5.54 −5.74

Si ii 1250.091 0.228 6.857 1250.01 0.188 (0.014) −18.6 −5.54 −5.74

Si ii 1250.436 0.423 6.859 1250.38 0.232 (0.013) −13.1 −5.54 −5.74
Si ii 1251.164 0.24 5.345 1251.07 0.153 (0.006) −22.0 −5.54 −5.74

Si ii 1260.422 0.462 0.000 1260.34 1.247 (0.052) −18.8 −5.07 −5.36 i

Si ii 1264.738β 0.71 0.036 1264.74 1.758 (0.045) 1.0 −5.07 −5.36 b
Si iii 1294.545 −0.037 6.553 1294.46 0.182 (0.032) −20.1 −5.42 −5.29

Si iii 1296.726 −0.127 6.537 1296.65 0.206 (0.016) −17.8 −5.42 −5.29
Si iii 1298.892 −0.257 6.553 1298.84 0.385 (0.045) −12.0 −5.42 −5.29

Si ii 1309.276 −0.448 0.036 1309.29 0.710 (0.021) 2.2 −5.11 −5.34

Si ii 1311.256 0.579 10.415 1311.16 0.103 (0.013) −22.9 −5.11 −5.34
Si iii 1312.591 −0.84 10.276 1312.50 0.068 (0.010) −21.0 −5.11 −5.34

Si ii 1346.884 −0.144 5.323 1346.78 0.135 (0.017) −22.9 −5.06 −5.31

Si ii 1348.543 −0.186 5.309 1348.43 0.143 (0.010) −25.0 −5.06 −5.31
Si ii 1350.072 0.216 5.345 1349.96 0.168 (0.025) −25.6 −5.06 −5.31

Si ii 1350.516 −0.69 5.323 1350.46 0.157 (0.014) −11.8 −5.06 −5.31 b

Si ii 1352.635 −0.193 5.323 1352.53 0.153 (0.018) −24.0 −5.06 −5.31
Si ii 1353.721 −0.158 5.345 1353.63 0.100 (0.017) −20.8 −5.06 −5.31

Si iv 1393.755 0.03 0.000 1393.65 0.094 (0.018) −23.4 −5.34 −4.68

Si iv 1402.770 −0.28 0.000 1402.66 0.072 (0.020) −23.7 −5.17 −5.32
Si iii 1417.237 −0.106 10.276 1417.13 0.147 (0.012) −23.7 −5.13 −5.00

Si ii 2072.700 −0.29 6.86 2073.20 0.389 (0.100) (72.3) −4.91 −5.22
Si Average: −5.20 −5.18



Table B10. WD1622+587 UV: Continued.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/He]Spec [X/He]Phot Notes

P ii 1153.995 0.067 0.058 1153.91 0.022 (0.006) −22.4 −7.74 −8.01

S iii 1194.041 −1.305 0.037 1193.95 0.030 (0.009) −22.8 −6.04 −6.65

S iii 1200.956 −1.03 0.103 1200.87 0.064 (0.019) −21.5 −6.02 −5.80
S ii 1204.335γ −1.121 1.845 1204.209 0.070 (0.010) −31.4 −5.92 −5.94 b

S Average: −5.99 −6.01

Fe ii 1144.938 0.037 0.000 1144.84 0.101 (0.016) −24.9 −5.14 −5.29

Fe ii 1148.277 −0.179 0.048 1148.10 0.082 (0.013) −45.4 −5.34 −5.71 b

Fe ii 1151.146 −0.451 0.083 1151.05 0.022 (0.005) −25.3 −5.34 −5.71
Fe ii 1358.937 −0.193 3.245 1358.88 0.040 (0.007) −12.1 −5.18 −5.53

Fe ii 1371.022 −0.229 2.635 1370.88 0.020 (0.005) −30.4 −5.33 −5.70

Fe Average: −5.26 −5.55

Ni ii 1317.217 −0.058 0.000 1317.11 0.046 (0.008) −25.3 −6.56 −7.01

Ni ii 1370.132 −0.105 0.000 1369.99 0.034 (0.007) −30.2 −6.13 −6.53
Ni Average: −6.29 −6.71

Mg ii 2790.775 0.273 4.420 2792.00 0.175 (0.051) (131.6) −4.76 −5.27 b
Mg ii 2795.528 0.085 0.000 2796.58 0.878 (0.106) (112.9) −4.76 −5.27 b

Mg ii 2802.704 −0.218 0.000 2803.55 0.342 (0.085) (90.8) −4.76 −5.27 b

Mg Average: −4.76 −5.27

α Multiple merged C i lines (1328.83Å, 1329.085Å, 1329.1Å, 1329.12Å), RV with respect to line with highest log(gf).
β Two silicon lines merged, RV reported with respect to line with strongest log(gf).
γ Two S lines merged 1204.271 and 1204.324Å, RV reported with respect to line with strongest log(gf).

Table B11. WD1622+587 Optical: The absorption lines measured in the WD1622+587 HIRES spectra. If two lines lie within ∼
10 Å, equivalent widths and abundances were fitted simultaneously.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/He]Spec [X/He]Phot

Ca ii 3933.6631 0.105 0.000 3933.40 0.111 (0.010) −20.3 −5.85 −7.02

Mg ii 4481.125 0.74 8.864 4480.95 0.060 (0.009) −11.6 −4.92 −5.84

Mg ii 7877.050 0.39 9.996 7876.43 0.048 (0.016) −23.5 −4.80 −5.29

Mg ii 7896.362 0.65 9.999 7895.86 0.079 (0.018) −19.0 −5.03 −5.50
Mg Average: −4.91 −5.49

Si ii 3856.018 −0.37 6.859 3855.79 0.062 (0.009) −17.9 −5.23 −5.74

Si ii 3862.595 −0.81 6.857 3862.31 0.052 (0.010) −22.1 −5.20 −5.66

Si ii 4128.054 0.410 9.836 4127.79 0.036 (0.008) −19.4 −5.24 −5.71
Si ii 4130.893 0.530 9.839 4130.52 0.067 (0.009) −26.9 −5.24 −5.71

Si ii 5055.983 0.530 10.074 5055.77 0.087 (0.011) −12.8 −5.36 −5.81

Si ii 6347.106 0.170 8.121 6346.69 0.207 (0.017) −19.7 −5.14 −5.63
Si ii 6371.368 −0.040 8.121 6370.90 0.152 (0.018) −22.4 −5.06 −5.57

Si Average: −5.20 −5.68

Table B12. Gaia J2100+2122 UV: The absorption lines in Gaia J2100+2122 from the NUV. If two lines lie within ∼ 10 Å, equivalent

widths and abundances were fitted simultaneously. The NUV RV measurements are invalid and included in brackets, see Section 2.6 in

the main body of the paper for further details.

Line λ vac (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot

Al iii 1854.716 0.05 0.000 1855.39 0.242 (0.036) (108.4) −6.48 −6.49

Al iii 1862.790 −0.197 0.000 1863.50 0.162 (0.036) (113.5) −6.48 −6.49



Table B13. Gaia J2100+2122 Optical: The absorption lines measured in Gaia J2100+2122. If two lines lie within ∼ 10 Å, equivalent

widths and abundances were fitted simultaneously.

Line λ air (Å) log(gf) Elow (eV) λ obs (Å) EW (Å) RV (km/s) [X/H]Spec [X/H]Phot
HIRES X-Sh HIRES X-Sh

Ca ii 3179.331 0.499 3.151 3179.35 0.009 (0.002) 2.1 −6.32 −6.66

Ca ii 3933.663α 0.105 0.000 3933.72 0.022 (0.001) 4.1 −6.13 −5.79 −6.65 −6.25
Ca Average: −6.21 −5.79 −6.65 −6.25

Fe ii 3227.742 −1.178 1.671 3227.80 0.004 (0.001) 5.4 −4.96 −5.49

Mg ii 4481.125 0.74 8.864 4481.25 0.140 (0.005) 8.4 −5.12 −5.04 −5.40 −5.30

Si ii 3856.018 −0.37 6.859 3856.07 0.015 (0.002) 3.9 −5.04 −5.32

Si ii 3862.595 −0.81 6.857 3862.65 0.005 (0.001) 4.1 −5.10 −5.38

Si ii 4128.054 0.410 9.836 4128.10 0.017 (0.002) 3.0 −4.96 −5.16
Si ii 4130.893 0.530 9.839 4130.94 0.025 (0.002) 3.4 −5.12 −5.33

Si ii 5055.983 0.530 10.074 5056.15 0.027 (0.004) 9.7 −5.31 −5.32 −5.54 −5.53

Si ii 6347.106 0.170 8.121 6347.20 0.051 (0.003) 4.2 −5.14 −5.01 −5.41 −5.26
Si ii 6371.368 −0.040 8.121 6371.44 0.019 (0.002) 3.6 −5.19 −5.46

Si Average: −5.11 −5.14 −5.36 −5.37

α Ca ii has extra absorption bluewards. This is not resolved in X-shooter and is resolved in HIRES. Therefore the abundance is higher in

X-shooter and the final average abundance only includes the HIRES data.
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Figure D1. Model fits (red lines) to individual spectral lines in the HST/COS FUV spectra for Gaia J0006+2858, the spectra have a
five point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (C, O, Al, Si, P, and S), and

the lines fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution of that

element to the model. The blue model therefore encapsulates the photospheric components from other elements, as well as a model which
uses a Voigt profile to match the non-photospheric absorption contribution to the spectral lines, these lines are marked with a red dash

and are blueshifted in comparison to the photospheric component.
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Figure D2. Model fits (red lines) to individual spectral lines in the HIRES optical spectra for Gaia J0006+2858, the spectra have a five
point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (Mg, Si, and Ca), and the lines

fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution of that element

to the model. The Ca II line has a non-photospheric absorption component blueshifted from the photospheric component, it is spatially
separated and so is not modelled.
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Figure D3. Model fits (red lines) to individual spectral lines in the HIRES optical spectra for Gaia J0347+1624. Each panel correlates to
a different element measured in the spectra (Mg and Ca), and the lines fitted are denoted with a black dash and labelled. The blue line

shows the model without the photospheric contribution of that element to the model. The calcium line has a merged non-photospheric
contribution and is therefore an upper limit.
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Figure D4. Model fits (red lines) to individual spectral lines in the HST/COS FUV spectra for Gaia J0510+2315, the spectra have a five

point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (O, Si, S, and Al), and the lines

fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution of that element
to the model.
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Figure D5. Model fits (red lines) to individual spectral lines in the HIRES optical spectra for Gaia J0510+2315, the spectra have a five

point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (O, Mg, Si, and Ca), and the lines
fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution of that element

to the model.
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Figure D6. Model fits (red lines) to individual spectral lines in the HST/COS FUV spectra for Gaia J0611−6931, the spectra have a five

point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (C, O, Al, Si, P, S, Fe, Ni, and

Cu), and the lines fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution
of that element to the model. The blue model therefore encapsulates the photospheric components from other elements, as well as a model

which uses a Voigt profile to match the non-photospheric absorption contribution to the spectral lines, these lines are marked with a red

dash and are blueshifted in comparison to the photospheric component.
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Figure D7. Model fits (red lines) to individual spectral lines in the MIKE optical spectra for Gaia J0611−6931. Each panel correlates

to a different element measured in the spectra (O, Ca, Mg, and Si), and the lines fitted are denoted with a black dash and labelled. The
blue line shows the model without the photospheric contribution of that element to the model.
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Figure D8. Model fits (red lines) to individual spectral lines in the HIRES optical spectra for Gaia J0644−0352, the spectra have a five

point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (O, Mg, Al, Si, Ca, Ti, Cr, and
Fe), and the lines fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution

of that element to the model.
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Figure D9. Model fits (red lines) to individual spectral lines in the HST/COS FUV optical spectra for WD1622+587, the spectra have

a five point smoothing applied for clarity. Each panel correlates to a different element measured in the spectra (C, O, Al, Si, P, S, Fe, and

Ni), and the lines fitted are denoted with a black dash and labelled. The blue line shows the model without the photospheric contribution
of that element to the model. The blue model therefore encapsulates the photospheric components from other elements, as well as a model

which uses a Voigt profile to match the non-photospheric absorption contribution to the spectral lines, these lines are marked with a red

dash and are blueshifted in comparison to the photospheric component. It should be noted that the strong N i lines shown in the S panel
are non-photospheric.
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Figure D10. Model fits (red lines) to individual spectral lines in the HIRES optical spectra for WD1622+587. Each panel correlates to

a different element measured in the spectra (Mg, Si, and Ca), and the lines fitted are denoted with a black dash and labelled. The blue
line shows the model without the photospheric contribution of that element to the model.
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Figure D11. Model fits (red lines) to individual spectral lines in the HIRES optical spectra for Gaia J2100+2122. Each panel correlates
to a different element measured in the spectra (Mg, Si, Ca, and Fe), and the lines fitted are denoted with a black dash and labelled.

The blue line shows the model without the photospheric contribution of that element to the model. There is additional non-photospheric

absorption bluewards of the Ca ii K line and is marked with a red dash, this is excluded from the fit.
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