
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The bright blue side of the night sky: Spectroscopic survey of bright and hot
(pre-) white dwarfs

Reindl, N.; Islami, R.; Werner, K.; Kepler, S.O.; Pritzkuleit, M.; Dawson, H.; Dorsch, M.;
Istrate, A.; Pelisoli, I.; Geier, S.; Uzundag, M.; Provencal, J.; Justham, S.
DOI
10.1051/0004-6361/202346865
Publication date
2023
Document Version
Final published version
Published in
Astronomy & Astrophysics
License
CC BY

Link to publication

Citation for published version (APA):
Reindl, N., Islami, R., Werner, K., Kepler, S. O., Pritzkuleit, M., Dawson, H., Dorsch, M.,
Istrate, A., Pelisoli, I., Geier, S., Uzundag, M., Provencal, J., & Justham, S. (2023). The bright
blue side of the night sky: Spectroscopic survey of bright and hot (pre-) white dwarfs.
Astronomy & Astrophysics, 677, Article A29. https://doi.org/10.1051/0004-6361/202346865

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:27 May 2024

https://doi.org/10.1051/0004-6361/202346865
https://dare.uva.nl/personal/pure/en/publications/the-bright-blue-side-of-the-night-sky-spectroscopic-survey-of-bright-and-hot-pre-white-dwarfs(d0cc08ed-87b4-4b39-b212-24c7bcde97c5).html
https://doi.org/10.1051/0004-6361/202346865


Astronomy
&Astrophysics

A&A 677, A29 (2023)
https://doi.org/10.1051/0004-6361/202346865
© The Authors 2023

The bright blue side of the night sky:
Spectroscopic survey of bright and hot (pre-) white dwarfs
Nicole Reindl1 , Ramazan Islami1, Klaus Werner2 , S. O. Kepler3 , Max Pritzkuleit1, Harry Dawson1,

Matti Dorsch1 , Alina Istrate4 , Ingrid Pelisoli5 , Stephan Geier1 , Murat Uzundag6,7,8 ,
Judith Provencal9,10, and Stephen Justham11,12,13,14

1 Institut für Physik und Astronomie, Universität Potsdam, Haus 28, Karl-Liebknecht-Str. 24/25, 14476 Potsdam-Golm, Germany
e-mail: nreindl885@gmail.com

2 Institut für Astronomie und Astrophysik, Kepler Center for Astro and Particle Physics, Eberhard Karls Universität, Sand 1,
72076 Tübingen, Germany

3 Instituto de Física, Universidade Federal do Rio Grande do Sul, 91501-970 Porto-Alegre, RS, Brazil
4 Department of Astrophysics/IMAPP, Radboud University, PO Box 9010, 6500 GL Nijmegen, The Netherlands
5 Department of Physics, University of Warwick, Coventry, UK
6 Instituto de Física y Astronomía, Universidad de Valparaíso, Gran Bretaña 1111, Playa Ancha, Valparaíso 2360102, Chile
7 European Southern Observatory, Alonso de Cordova 3107, Santiago, Chile
8 Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Toruń, Grudziądzka 5,
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ABSTRACT

We report on the spectroscopic confirmation of 68 new bright (G = 13.5–17.2 mag) and blue (pre-)white dwarfs (WDs). This finding
has allowed us to almost double the number of the hottest (Teff ≥ 60 kK) known WDs brighter than G = 16 mag. We increased the
number of known ultra-high excitation (UHE) WDs by 20%, found one unambiguous close binary system consisting of one DA WD
with an irradiated low-mass companion, one DAO, and one DOA WD that are likely in their transformation phase of becoming pure
DA WDs, one rare, naked O(H) star, two DA and two DAO WDs with Teff possibly in excess of 100 kK, three new DOZ WDs,
and three of our targets are central stars of (possible) planetary nebulae. Using non-local thermodynamic equilibrium models, we
derived the atmospheric parameters of these stars and by fitting their spectral energy distribution we derived their radii, luminosities,
and gravity masses. In addition, we derived their masses in the Kiel and Hertzsprung–Russell diagram (HRD). We find that Kiel,
HRD, and gravity mass agree only in half of the cases. This is not unexpected and we attribute this to the neglect of metal opacities,
possibly stratified atmospheres, as well as possible uncertainties of the parallax zero point determination. Furthermore, we carried out
a search for photometric variability in our targets using archival data, finding that 26% of our targets are variable. This includes 15
new variable stars, with only one of them being clearly an irradiation effect system. Strikingly, the majority of the variable stars exhibit
non-sinusoidal light-curve shapes, which are unlikely explained in terms of close binary systems. We propose that a significant fraction
of all (not just UHE) WDs develop spots when entering the WD cooling phase. We suggest that this could be related to the on-set of
weak magnetic fields and possibly diffusion.

Key words. white dwarfs – stars: atmospheres – stars: variables: general – starspots – binaries: close

1. Introduction

Very hot (pre-) white dwarfs (WDs) represent the beginning of
the end for the vast majority of all stars. They cover a huge but
sparsely populated region in the Hertzsprung-Russell diagram
(HRD) and, thus, they are an important link in stellar evolu-
tion between the (post-) asymptotic giant branch (AGB) stars, the
(post-) red giant branch (RGB) stars, the (post-) extreme horizon-
tal branch (EHB) stars, and the bulk of the cooler WDs. Because
the atmospheres of hot pre-WDs (and possibly the hottest WDs)
are not yet affected by gravitational settling of heavier elements
(Werner et al. 2020), they are particularly valuable objects in

the work to uncover and quantify non-canonical evolutionary
pathways, such as the occurrence of (very) late thermal pulses
or various double WD merger scenarios (Saio & Jeffery 2000;
Werner & Herwig 2006; Justham et al. 2011; Zhang & Jeffery
2012b,a; Reindl et al. 2014b,a; Werner et al. 2022a,b).

Besides their role as key objects in the reconstruction of
the various evolutionary histories of intermediate mass stars,
very hot pre-WDs also serve as powerful tools to address a
multitude of (astro-)physical questions. They are considered the
most reliable and internally consistent flux calibrators (Bohlin
et al. 2020) and they serve as laboratories to derive atomic
data for highly ionized species of trans-iron elements (e.g.,
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Rauch et al. 2007, 2015b,a). In addition, newly formed WDs
enable the study of the age structure and star formation history
of the Galactic halo (Kalirai 2012; Kilic et al. 2019; Fantin et al.
2021), investigations of the properties of weakly interacting
particles via the shape of the WD luminosity function (Isern
et al. 2008, 2022; Miller Bertolami 2014; Miller Bertolami
et al. 2014), and they potentially allow us to directly observe
variations in fundamental constants at locations of high
gravitational potential (Berengut et al. 2013; Bainbridge et al.
2017; Hu et al. 2021).

The metamorphosis of an AGB or RGB star into a WD is still
far from understood. Besides different evolutionary channels, we
still do not know whether really every star will go through a plan-
etary nebula (PN) phase, whether PNe are mainly the outcome of
a binary phenomenon (Moe & De Marco 2006, 2012; De Marco
2009; Jones 2019; Boffin & Jones 2019), whether the occurrence
of PNe is restricted to post-AGB stars only, or whether PNe
could also be observed around post-RGB stars (Hall et al. 2013;
Hillwig et al. 2017; Jones et al. 2020, 2022).

The transformation of some (≈2/3) of the He-rich WDs into
H-rich WDs at Teff ≈70–30 kK is reasonably well understood
(Bédard et al. 2020, 2023). However, it is not yet clear why for
Teff > 100 kK, there are ≈5× as many H-deficient WDs than
H-rich WDs (Fleming et al. 1986; Krzesiński et al. 2009; Werner
et al. 2019), while the opposite seems to be the case for pre-WDs
(Weidmann et al. 2020) and cooler WDs (Bédard et al. 2020).
The occurrence and evolution of metal abundances in hot WDs
is also not yet understood. While Bédard et al. (2022) could aptly
reproduce the evolution of the carbon abundances of PG1159
stars into DOZ WDs, their models could not account for the
coolest (≈45–50 kK) DOZ stars. Abundances for elements heav-
ier than C are typically derived from ultraviolet (UV) spectra.
Some of the hottest WDs still seem to display their original
abundance pattern, which is attributed to the presence of a
weak residual stellar wind (e.g., Werner et al. 2018b, 2020). For
slightly more evolved WDs, diffusion seems to become appar-
ent (e.g., Löbling et al. 2020; Werner et al. 2018a), meaning
light metals (e.g., C, N, and O) have subsolar abundances, while
(trans-)iron group elements appear to be enhanced, similar to
what is seen in intermediate He-rich hot subdwarfs (e.g. Latour
et al. 2018; Dorsch et al. 2019) or (magnetic) chemically pecu-
liar stars (Michaud 1970). It has also been argued that heavy
elements are accreted from external sources rather than being
intrinsic to the star (Barstow et al. 2014; Schreiber et al. 2019).
Perhaps the strangest phenomenon associated with hot WDs is
the sudden appearance of as-yet unidentified absorption lines
in the optical spectra of these stars. These absorption lines
were tentatively identified as Rydberg lines of ultra-high excited
(UHE) metals in ionization stages V - X, indicating line for-
mation in a dense environment with temperatures near 106 K
(Werner et al. 1995). Based on the discovery of photomet-
ric and spectroscopic variable UHE WDs, Reindl et al. (2019)
suggested that the UHE lines could be created in a wind-fed
and shock-heated magnetosphere. Furthermore, UHE WDs were
established a new class of variable stars (Reindl et al. 2021). Due
to the lack of increasing photometric amplitudes towards longer
wavelengths, as well as the non-detection of spectral features
of a hypothetical secondary, Reindl et al. (2021) suggested that
spots on the surfaces of these stars and/or geometrical effects of
circumstellar material might be responsible.

Interestingly, in recent years there have been increasing indi-
cations that also ordinary (non-UHE) hot WDs could be infested
with spots. Hermes et al. (2017) reported about a few hot (Teff

> 30 kK) magnetic WDs found to be variable in the K2 mission.

Their light curves are either asymmetrical or, as in the case of
the 60 kK hot DAH WD, there are two uneven maxima observed.
Furthermore, Werner et al. (2019) found that the extremely hot
(105 kK) DA WD PG 0948+534 is photometrically variable with
a period of 3.45 days and an asymmetrical light curve shape,
which could be explained by spots. Studying the TESS light
curves of central stars of PNe, Aller et al. (2020) reported that
the light curve of the DO WD PG 1034+001 shows two uneven
maxima, which could also be explained with spots.

A major obstacle to making progress with the above-
mentioned problems is the small number of known hot
(pre-)WDs. In particular bright objects that allow for in-depth
investigations, such as detailed metal abundance measurements,
search for magnetic fields, or pulsations, are very rare. Thanks to
the Gaia space mission (Gaia Collaboration 2016, 2021, 2023)
and catalogs compiled for hot subdwarfs (i.e., hot pre-WDs) by
Geier et al. (2019); Culpan et al. (2022) and catalogs compiled
for WDs by Gentile Fusillo et al. (2019, 2021), it has now become
possible to search for such objects in a targeted manner.

Motivated to increase especially the number of bright
(pre-)WDs on record, we carried out spectroscopic surveys using
various telescopes, which are described in Sect. 2. In Sect. 3,
we describe the spectral classifications of our targets as well
as their positions in the Gaia color-magnitude-diagram (CMD).
The spectral analysis and the spectral energy distribution (SED)
fitting of our stars is explained in Sects. 4 and 5, respectively.
In Sect. 6 we derive the gravity, Kiel, and HRD masses of our
stars. In Sect. 7, we investigate archival light curves and search
for period signals. Notes on individual objects are provided in
Sect. 8. Finally, we provide a summary and a discussion in
Sect. 9.

2. Observations

We obtained the spectra of hot (pre-)WD candidates reported by
Geier et al. (2019); Culpan et al. (2022); Gentile Fusillo et al.
(2019, 2021) using various observing programs and telescopes,
as listed below. In total, we took spectra of 71 individual stars,
of which 68 are new discoveries. About two third of the stars
have Gaia G-band magnitudes between 15 and 16 mag, twelve
have 14 < G/mag < 15, six have 13.4 < G/mag < 14, and eight
are fainter than G = 16 mag. An overview of all the relevant
observations is given in Table A.1.

2.1. Isaac Newton Telescope

We carried out a survey targeting bright and blue WD candidates
from the Gaia DR2 and eDR3 (ProgID: ING.NL.21A.003, PI:
Istrate) at the 2.54 m Isaac Newton Telescope (INT) in 2021 on
February 15, 16, 17, and June 10–13, 2021. We used the long-
slit Intermediate Dispersion Spectrograph (IDS) with the grating
R400V which provides a resolution of R = 1450. This survey
obtained spectra of 44 (pre-) WDs.

In addition, spectra of another ten WDs were taken in
December 2019 in course of a survey targeting hot sublu-
minous stars within 500 pc (ProgID: ING.NL.19B.005; PI:
Istrate/Justham). This survey also employed the INT using the
same instrument setup as mentioned above. Using the Image
Reduction and Analysis Facility (IRAF) bias and flat field cor-
rections were applied to the data. The wavelength calibration was
performed with Cu–Ne–Ar calibration lamp spectra. In addi-
tion we performed flux calibrations of the instrument response
function taking atmospheric extinction into account.
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2.2. Southern Astrophysical Research telescope

One spectrum was taken with the Goodman High-Throughput
Spectrograph (GHTS, Clemens et al. 2004) with a SYZY
400 grating (R = 1000) at the Southern Astrophysical Research
(SOAR) 4.1-m telescope on Cerro Pachón. We reduced the spec-
troscopic data using the instrument pipeline1 including overscan,
trim, slit trim, bias, and flat corrections. We employed a method
developed by Pych (2004), included in the pipeline, to identify
and remove cosmic rays. After that we carried out the wavelength
calibration using the He–Ar–Ne comparison lamp exposure that
was taken at the same telescope position as our target. A sixth
order Legendre function is used to calibrate the pixel-wavelength
correspondence using an atlas of known He–Ar–Ne lines.

2.3. Large Binocular Telescope

We carried out another survey dedicated to the discovery of
more UHE WDs as a bad weather filler program (ProgIDs:
RDS-2021B-010, RDS-2022A-007, PI: Reindl) at the twin 8.4 m
Large Binocular Telescope (LBT) using the Multi-Object Dou-
ble Spectrographs (MODS, Pogge et al. 2010). Our targets were
required to have BP−RP < −0.3 mag, and absolute Gaia magni-
tude between 6 mag< MG < 9 mag, meaning that they should lie
approximately in the color magnitude diagram (CMD) region of
known UHE WDs as reported by Reindl et al. (2021). Further-
more, most of our LBT targets are short periodic photometric
variables, which we previously found in the Zwicky Transient
Facility (ZTF) survey DR5. In total, the spectra of ten WDs were
obtained.

MODS provides two-channel grating spectroscopy by using
a dichroic that splits the light at ≈5650 Å into separately opti-
mized red and blue channels. The spectra cover the wavelength
region 3330–5800 Å and 5500–10 000 Å with a resolving power
of R ≈ 1850 and 2300, respectively. We reduced the spectra
using the modsccdred2 PYTHON package (Pogge 2019) for
basic 2d CCD reductions, and the modsidl3 pipeline (Croxall &
Pogge 2019) to extract 1d spectra and apply wavelength and flux
calibrations.

2.4. Very Large Telescope

Twelve further hot (pre-)WD candidates were observed within
the Hot Faint Underluminous Sky Survey (HOTFUSS, ProgIDs:
0106.D-0259(A), 0110.D-4098(A); PI: Geier), which was carried
out as bad weather filler program with the X-shooter instru-
ment at ESO’s Very Large Telescope (VLT). In addition, one
hot pre-WD was observed with VLT/X-shooter in course of
a program targeting hyper-runaway, intermediate-mass stripped
helium stars (ProgID: 0109.D-0235(A); PI: Pritzkuleit). The
spectra cover the wavelength range 3000–10 000 Å and have a
resolving power of R ≈ 10 000. We downloaded the extracted,
wavelength- and flux-calibrated 1D spectra from the ESO sci-
ence archive.

3. Spectral classifications

Ultimately, 80% of our targets turned out to be H-rich, of which
we classified 37 as DA; 1 as DAe; 1 as DAe; 1 as DA UHE; 1 as
DA UHE; 11 as DAO; 1 as DAO UHE; 1 as an O(H) star; and 2

1 https://github.com/soar-telescope/goodman_pipeline
2 https://github.com/rwpogge/modsCCDRed
3 https://github.com/rwpogge/modsIDL

Fig. 1. Locations of our targets in the Gaia CMD. Hot subdwarf and WD
candidates from Culpan et al. (2022) and Gentile Fusillo et al. (2021),
respectively, that have parallaxes better than 10% are shown in gray. The
dashed lines indicate the absolute Gaia magnitude region in which the
UHE phenomenon occurs as uncovered by Reindl et al. (2021). The thin
solid lines correspond to Montreal WD cooling tracks for WD masses
of 0.2 (top right), 0.6 (middle), and 1.3 M� (bottom left) .

as sdO stars. The remaining 20% are H-deficient WDs, of which
we classified 6 as DO; 2 as DO UHE; 1 as DOA; 4 as DOZ; and
1 as DOZ UHE. We list the spectral classification of each star in
Table A.1.

In Fig. 1, we show the locations of our targets in the Gaia
CMD. Stars that do not show any He are indicated in blue, while
hybrid stars showing both H and He are shown in light (if H is the
dominant element in the atmosphere) or dark (if He is the domi-
nant element in the atmosphere) purple, stars that only show He
in red, and He-rich objects that also show metals in dark red.
Also shown in this figure are theoretical cooling sequences for
H-rich CO-core WDs with masses of 0.2, 0.6, and 1.3 M� of the
Montreal WD Group4 (Bédard et al. 2020). It can be seen that
one sdO and one DAO are located within the hot subdwarf cloud,
and the O(H) star as well as another DAO lie in the sparsely pop-
ulated region between the hot subdwarf cloud and the top of the
WD banana. Most of our targets have MG < 6 and lie on the
top of the WD banana, or slightly redward of it. The latter is
most likely due to interstellar reddening, since the stars in our
sample have distances that are approximately between 100 and
2200 pc (Bailer-Jones et al. 2021). It is also worth mentioning
that several of our newly discovered UHE WDs (star symbols)
and possible UHE WDs (crosses) lie within the absolute Gaia
magnitude region in which the UHE phenomenon occurs (indi-
cated by the black, dashed lines) as uncovered by Reindl et al.
(2021). In addition, we find that several of the DOZ and DAO
WDs have MG below the upper MG limit reported by Reindl
et al. (2021) for the UHE WDs. The only exception to this rule is
the DAO WD WDJ210110.17−052751.14. However, this objects

4 https://www.astro.umontreal.ca/~bergeron/
CoolingModels/
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appears to be a former DO WD that is currently transforming
into a pure DA WD (see Sect. 9).

4. Spectral analysis

4.1. Model grids

We computed plane-parallel, non-local thermodynamic equi-
librium (NLTE) model atmospheres in radiative and hydro-
static equilibrium using the Tübingen NLTE Model-Atmosphere
Package (TMAP5) along with atomic data that were obtained
from the Tübingen Model Atom Database (TMAD6, Rauch &
Deetjen 2003; Werner et al. 2003, 2012). To calculate synthetic
line profiles, we used Stark line-broadening tables provided by
Tremblay & Bergeron (2009) for H I, Barnard et al. (1969)
for He I λλ 4026, 4388, 4471, 4921 Å, Barnard et al. (1974) for
He I λ 4471 Å and Griem (1974) for all other He I lines, and for
He II.

The pure H model grid covers Teff = 20 − 200 kK (1 kK
steps for Teff < 40 kK, 5 kK steps for Teff < 100 kK, and 10 kK
steps for Teff > 100 kK) and log g= 6.0 − 9.0 (in steps of
0.5 dex).

Our pure He model grid spans from Teff = 40 − 200 kK (in
steps of 5 kK for Teff < 100 kK, 10 kK for Teff > 100 kK) and cov-
ers surface gravities from log g= 6.0 − 9.0 (in steps of 0.5 dex).
Models above the Eddington limit (i.e. Teff = 190, 200 kK for
log g= 6.0) were not calculated.

For the DOZ WDs, we chose two different model sets,
depending on the carbon abundance. For stars with low C/He
ratios (≤ 0.03 by number) we computed models composed of
helium and carbon. They were described in detail by Werner
et al. (2014). For the two DOZs with high carbon abundances
(i.e., the PG 1159 stars), we used models composed of He, C,
and O, plus H in order to enable an estimate of an upper hydro-
gen abundance limit. Nitrogen was included and treated as a
trace element, meaning that NLTE line formation iterations for
N were performed by keeping fixed the atmospheric structure.
This model type was introduced by Werner & Rauch (2014).

For DAO WDs we computed a grid which considers opaci-
ties from both H and He. It covers the same parameter space and
step sizes as the pure He model grid and was calculated for six
different He abundances (log (He/H) = 0, –1, –2, –3, –4, –5, log-
arithmic number ratios). Models above the Eddington limit (i.e.
Teff = 190, 200 kK for log g= 6.0 and log (He/H) = 0, –1, –2, –3,
–4, –5, and Teff = 180 kK for log g= 6.0 and log (He/H) = –2, –3,
–4, –5) were not calculated. For models with Teff < 100 kK, we
considered 15, 103, and 20 levels in NLTE for H I He I, and He II,
respectively. For models with Teff ≥ 100 kK we considered 15, 5,
and 32 levels in NLTE for H I He I, and He II, respectively. For
stars that turned out to be O(H) or sdO stars, we employed the
model grid computed by Reindl et al. (2016).

4.2. Spectral fitting

If more than one spectrum of a star – taken with the same
instrument and with a similar signal-to-noise ratio (S/N) – was
available, we performed a fit to the co-added the spectrum. If the
S/N of one spectrum was significantly worse, we only performed
a fit to the higher S/N spectrum. Five of our INT targets and
the one SOAR target were later re-observed with X-shooter or

5 http://astro.uni-tuebingen.de/~TMAP
6 http://astro.uni-tuebingen.de/~TMAD

LBT/MODS. For those, we adopted the atmospheric parameters
derived in the analysis of the X-shooter spectra.

To derive the effective temperatures and surface gravities
for the DA WDs we fit the Balmer lines in an automated pro-
cedure by means of χ2 minimization using the FITSB2 routine
(Napiwotzki 1999) and calculated the statistical 1σ errors. Each
fit was then inspected visually to ensure the quality of the analy-
sis. In some cases, for instance, when a certain Balmer line was
affected by a cosmic, we excluded this line from the fit. In Fig. 2,
we show some examples of these fits and in Table A.2 we sum-
marize the derived effective temperatures and surface gravities
for the DA WDs.

For determining Teff , log g, and the He abundances of the
DAO WDs, O(H) and sdO stars, we performed global χ2 spectral
fits to consider several absorption lines of H and He. Poor-quality
regions of the spectra and interstellar lines have been excluded
from the fit. The Balmer line problem is more or less evident
in each of these stars as can be seen in Fig. 3, where we show
our best fits to He II 4686 Å H β, and Hα in the X-shooter
spectra of some of our DAO WDs, O(H), and sdO stars. The
Balmer line problem describes the failure to achieve a consistent
fit to all Balmer (and He II) lines simultaneously, meaning that
for a particular object different Teff follow from fits to different
Balmer line series members. As already mentioned by Bédard
et al. (2020), the Balmer line problem can easily hide in low
S/N spectra, and for most of our sdO, O(H), and DAO stars, we
have higher S/N X-shooter spectra available. This explains also
we find the Balmer line problem more frequent on those stars,
compared to the majority of DA WDs, for which we have only
INT/IDS spectra. Thanks to the high resolution of X-shooter,
the NLTE line core emissions, whose strength is very sensitive
to Teff , are clearly resolved in the spectra of our sdO, O(H), and
DAO stars. We provide an overview of the derived atmospheric
parameters of the DAO WDs, O(H) and sdO stars in Table A.3.

The same global χ2 spectral fitting approach as mentioned
before has been used to derive the effective temperatures and
surface gravities for the DO WDs. In the case of DOZ WDs
with low C abundances, we also excluded C IV lines from the
fitting. With these parameters, we subsequently computed mod-
els including He and C by varying the C abundance to obtain a
good by-eye fit to the observed C IV lines in the DOZ stars. We
show the fits to a selection of our DO and DOZ WDs in Fig. 4. A
summary of the derived effective temperatures, surface gravities,
and C abundances is given in Table A.4.

For DOZ WDs with higher C abundances (PG1159 stars),
UHE WDs, as well as one of the sdO that shows a particularly
strong version of the Balmer line problem, we performed the Teff ,
log g, and abundance determination by-eye. For a more in-depth
descripton of the fits to each object, we refer to Sect. 8.

5. SED fitting

We performed fits to the SEDs in order to determine the
radius, R, and luminosity, L, of each star assuming our pre-
viously derived effective temperatures, surface gravities, and
He-abundances7. In addition, we relied on Gaia eDR3 (Gaia
Collaboration 2021, 2023) parallaxes, which were corrected
for the zeropoint bias using the Python code provided by
Lindegren et al. (2021)8, as well as photometry from various

7 We note that for DOZ WDs we neglected the opacity of C, as thus
far, we have only implemented grids containing H and/or He for WDs
in the SED fitting program.
8 https://gitlab.com/icc-ub/public/gaiadr3_zeropoint
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Fig. 2. Fits to the Balmer lines (H ζ to Hα, from top to bottom) of some of our DA WDs, overplotted with the best fit TMAP models (red). The
names of the stars, the derived effective temperatures and surface gravities as well as the spectrograph used for the observations are indicated.

catalogs and archives. The χ2 SED fitting routine is described
in Heber et al. (2018) and Irrgang et al. (2021). It allows us
to derive the angular diameter (defined as Θ = 2R$) of each
source by performing a fit of the model spectrum to the observed
SED. The fits account for the effect of interstellar reddening by
using the reddening law of Fitzpatrick et al. (2019). We kept the
atmospheric parameters fixed, and let the angular diameter, Θ,
and the color excess, E(44 − 55)9 vary freely. Two exemplary
SED fits are shown in Fig. 5. The radius was then calculated
from the angular diameter, via R = Θ/(2$), and the luminos-
ity from the radius and the Teff from our spectral fitting via

9 Fitzpatrick et al. (2019) employ E(44 − 55), which is the monochro-
matic equivalent of usual E(B − V), using the wavelengths 4400 Å and
5500 Å, respectively. For high effective temperatures such as for the
stars in our sample E(44 − 55) is identical to E(B − V).

L/L� = (R/R�)2(Teff/Teff,�)4. The derived radii and luminosi-
ties10 are listed in Tables A.2–A.4.

6. Masses

For each star in our sample for which we carried out a formal
spectroscopic fit, we determined its mass using three different
methods. For one, we derived the Kiel mass, MKiel, from the
Kiel diagram (Fig. 6, left) and HRD mass, MHRD, from the
HRD (Fig. 6, right). For this we employed theoretical evolution-
ary sequences and the griddata function in PYTHON with the
rescale option, that rescales the data points of the grid to unit
cube before the interpolation is performed. The uncertainties on

10 The numbers given are the median and the highest density interval
with probability 0.6827 (see Bailer-Jones et al. 2021, for details on this
measure of uncertainty).
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Fig. 3. Fits to He II 4686 Å, H β, and Hα observed in the X-shooter spectra of a selection of our O(H), sdO, and DAO WD stars. Over plotted in red
are the best fit TMAP models. The spectral classifications, names of the stars, the derived effective temperatures, surface gravities, and logarithmic
He/H ratios (by number) are indicated. The Balmer line problem is more or less evident in each star.

the Kiel and HRD masses were estimated using a Monte Carlo
method. For H-rich objects, we employed evolutionary tracks
from Renedo et al. (2010) for CO-core WDs with Z = 0.01 and
for He-core WDs we used tracks from Hall et al. (2013). For He-
rich objects we relied on tracks from Althaus et al. (2009) for
CO-core WDs and one track from Camisassa et al. (2019) for a
He-rich ONe-core WD.

Finally, we also calculated the gravity mass via Mgrav =

gR2/G from the radius and the surface gravity as determined
from the SED fitting and spectral analysis. We list the derived
masses in Tables A.2–A.4.

7. Light curves

One goal of our observing campaign was to increase the number
of UHE WDs. The discovery that the majority (≈75%) of these
peculiar WDs are photometrically variable (Reindl et al. 2021)
provides an important observational constraint that can be used
to detect more of these objects.

Before our observing campaigns and (again) after our spec-
troscopic analysis, we inspected light curves from the Zwicky
Transient Facility (ZTF, Bellm et al. 2019; Masci et al. 2019) sur-
vey which provides photometry in the g and r bands, and (with
less frequency) in the i band. In addition, we searched for peri-
odic signals in the 2 min cadence and 20 s cadence light curves
obtained with the Transiting Exoplanet Survey Satellite (TESS).
We downloaded the TESS target pixel files (TPF) of each object
from MAST as FITS format. The FITS files were already pro-
cessed based on the Pre-Search Data Conditioning Pipeline

(Jenkins et al. 2016) from which we extracted the barycentric
corrected dynamical Julian days (“BJD − 2457000”, a time sys-
tem that is corrected by leap seconds; see Eastman et al. 2010)
and the pre-search Data Conditioning Simple Aperture Photom-
etry flux (“PDCSAP FLUX”) for which long-term trends have
been removed using the co-trending basis vectors. We used the
PDC light curves and converted the fluxes to fractional variations
from the mean (i.e., differential intensity).

For the analyses of the light curves, we used the
VARTOOLS program (Hartman & Bakos 2016) to perform a
generalized Lomb-Scargle (LS) search (Zechmeister & Kürster
2009; Press et al. 1992) for periodic sinusoidal signals. We con-
sider objects variable that show a periodic signal with a false
alarm probability (FAP) of log(FAP) ≤ −4. In cases where we
found more than one significant period, we whitened the light
curve by removing the strongest periodic signal (including its
harmonics and subharmonics) from the light curve. The peri-
odogram was then recomputed to check whether or not the
FAP of the next strongest signal still remains above our vari-
ability threshold (log(FAP) ≤ −4). This whitening procedure
was repeated until no more significant periodic signals could
be found. By fitting a harmonic series (black lines in Fig. 7) to
each light curve, we determined the peak-to-peak amplitude of
the light curve, which we define as the difference between the
maximum and minimum of the fit.

Due to the poor spatial resolution (one detector pixel corre-
sponds to 21 arcsec on the sky), TESS photometry suffers from
crowding issues. Since our targets are typically faint consider-
ing the TESS detection limit, a detected periodic signal of a
given target may actually originate from a neighboring object.
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Fig. 4. Spectra of some of the DOZ and DO WDs (gray) overplotted with the best fit TMAP models (red). The positions of photospheric lines
are marked. Effective temperatures, surface gravities, and chemical compositions (in number ratios), as determined in this work as well as the
spectrograph used for the observation are also indicated.

Fig. 5. Exemplary SED fits to the post-RGB candidate DAO central star of PN WDJ120728.43+540129.16 (left) and the
DO WDJ211532.62−615849.50 (right). Top panels: Filter-averaged fluxes converted from observed magnitudes are shown in different colors.
The respective full width at tenth maximum are shown as dashed horizontal lines. The best-fitting model, degraded to a spectral resolution of
6 Å is plotted in gray. To reduce the steep SED slope, the flux is multiplied by the wavelength cubed. Bottom panel: Difference between syn-
thetic and observed magnitudes. The following color code is employed for the various photometric systems: GALEX (violet, Bianchi et al. 2017),
Pan-STARRS1 (dark red, Chambers et al. 2016), Johnson (blue, Henden et al. 2015), Gaia (cyan, Gaia Collaboration 2021), SDSS (golden, Alam
et al. 2015), Skymapper (golden, Wolf et al. 2018), Dark Energy Survey (yellow, Abbott et al. 2018), and WISE (magenta, Schlafly et al. 2019).
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Fig. 6. Locations of our targets in the Kiel diagram (left) and HRD (right). The black dashed and solid lines are stellar evolutionary tracks for He-,
CO-core WD, respectively (Renedo et al. 2010; Hall et al. 2013), corresponding to masses of 0.306, 0.378, 0.452, 0.524, 0.570, 0.632, 0.767, and
0.934 M�. The gray solid lines are VLTP post-AGB evolutionary tracks form Althaus et al. (2009) for masses of 0.514, 0.565, 0.609, 0.741, and
0.869 M�. The gray, thick, dashed line is a 1.10 M� H-deficient ONe-Core WD track from Camisassa et al. (2019). The purple solid line indicates
where the He abundances should have decreased down to log(He/H) = −3 according to predictions of Unglaub & Bues (2000).

Therefore we carefully checked for blends with close-by stars
using the tpfplotter code (Aller et al. 2020) and by checking the
crowdsap parameter, which gives the fraction of the flux in the
photometric aperture that comes from our target. In case a star
showed variability in the TESS data, but was found to be in a
crowed region and no ZTF data was available, we checked the lit-
erature for close-by variable stars. Finally, we also employed the
open-source Python package TESS-localize11 (Higgins & Bell
2023) which allows us to check the probability of a Gaia source
being the source of variability given TESS pixel data and a set
of observed frequencies of variability. We discuss such cases in
more detail in Sect. 8.

In Table 1, we summarize the 15 newly discovered photo-
metrically variable stars in our sample, list their spectral type,
and the band used for the period search, as well as the ampli-
tude of the light curve variation in each band. We do not list the
amplitudes of the TESS light curves as they cannot be considered
trustworthy for our faint stars and the large pixel size implies
that an accurate background subtraction is very complicated,
particularly in crowded fields.

8. Notes on individual objects

8.1. DA WDs

WDJ060020.89−101404.50 The TESS light curve of this
63.2 kK hot DA WD indicates a period of 22.97 h. The star is
located in a crowded field (crowdsap= 0.25), and no ZTF or
other archival data are available. However, the Python package
TESS-localize predicts a likelihood of 1.0 that the WD is indeed
the source of observed variability. The shape of the light-curve
is asymmetric, with an extended maximum.

11 https://github.com/Higgins00/TESS-Localize

WDJ061906.92−082807.15 This is the second hottest
DA WD in our sample, we derive Teff = 102 ± 2 kK and
log g= 7.47 ± 0.05. Fitting Hε − β from low resolution spectra
with pure H NLTE models, Vennes (1999) derived a signifi-
cantly lower Teff = 76.3 ± 0.2 kK and higher log g= 8.05 ± 0.15.
Since this star only displays a very mild Balmer line problem,
the exclusion of Hα from the fit is unlikely the origin of this dis-
crepancy. When we exclude Hα from the fit, we find an slightly
higher Teff = 103 kK and that the surface gravity decreases by
0.09 dex. We also note that results from fitting the IDS spec-
trum (Teff = 92 ± 9 kK and log g= 7.41 ± 0.18) agree within the
error limits with our results from the analysis of the X-shooter
spectrum. Thus, also the higher resolving power of X-shooter
(that is capable of resolving the NLTE emission cores) cannot
explain the much lower Teff derived by Vennes (1999). One might
speculate, that the outdated line broadening tables used in the
analysis of Vennes (1999) could be responsible for the mismatch
in Teff .

WDJ062145.32+065239.25 This is the hottest DA WD in
our sample and we find Teff = 108 ± 2 kK and log g= 7.63 ± 0.05.
Just like WDJ061906.92-082807.15 its Teff is in excess of 100 kK
and the star displays only a very mild version of the Balmer
line problem, and which only slightly becomes noticeable with
the higher resolution and S/N of the X-shooter spectrum. In the
fit to the low-resolution IDS spectrum, we derived a slightly
lower temperature (Teff = 91 ± 6 kK), but the surface gravity
(log g= 7.47 ± 0.18) agrees within the error limits with the fits
from the X-shooter spectrum. We note that the TESS light curve
of this star displays photometric variability at 1.91 h. The ZTF
light curves of this star contain only 66 and 47 data points in
the g and r band, respectively and no periodic signal can be
found. We obtained 3 h of optical high speed photometry using
the 0.6 m telescope at Mt. Cuba Astronomical Observatory. The
optical data were reduced as outlined in Provencal et al. (2012).

A29, page 8 of 23

https://github.com/Higgins00/TESS-Localize


Reindl, N., et al.: A&A proofs, manuscript no. aa46865-23

Fig. 7. ZTF and phase-averaged TESS light curves of the photometrically variable stars in our sample. In the first and second column the light
curves of (possible) UHE WDs are shown, and in the last two columns the light curves of non-UHE WDs. For each star, the light curves are shown
one below the other, and the beginning of a set of light curves for a particular star is marked by the title, which contains the name of the variable
star.

From this photometry, we concluded that the variability does not
originate from the WD but instead comes from a nearby δ Scuti
star. In addition, the TESS-localize tool also rules out that the
WD is the source of the variability.

WDJ080029.42−015039.82 The TESS light curve of this
76.2 kK hot DA indicates a period of 4.92 h and the crowdsap
value is 0.53, indicating that at least half of the flux comes from
the WD. Yet, Heinze et al. (2018) report a nearby (1 arcmin
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Table 1. Names, spectral types, bands of the light curves, periods,
and peak-to-peak amplitudes of the light curve variation for the newly
discovered photometrically variable stars in our sample.

Name Spectral Band P Amplitude
(short) type (days) (mag)

J0143+5841 DO g 0.298152 0.086
r 0.298152 0.088
i 0.297917 0.087

J0334+1646 DOZ g 0.377464 0.038
r 0.377476 0.036

J0600−1014 DA TESS 0.957692
J0645+5659 DAe: g 1.693849 0.052

r 1.693875 0.048
J0702+0514 DOZ UHE g 0.597626 0.083

r 0.597602
i 0.597348 0.083

TESS 0.598129
J0706+6133 DA UHE g 0.373759 0.035

r 0.373758 0.038
TESS 0.373758

J0751+1059 DAe g 0.276724 0.055
r 0.276729 0.127

TESS 0.276728
J0805+4109 DA g 0.526120 0.041

r 0.526115 0.024
TESS 0.526873

J0935+6852 DO UHE g 1.344009 0.028
r 1.343939 0.032

TESS 1.344018
J1256+7753 DA UHE: g 0.145490 0.037

r 0.145489 0.032
i 0.145491 0.043

TESS 0.145489
J2101−0527 DAO TESS 0.537862
J2101+1356 DAO UHE g 1.221712 0.026

r 1.221783 0.024
TESS 1.218041

J2115−6158 DO UHE: TESS 0.620826
J2202+2750 DA g 0.815598 0.031

r 0.815570 0.028
J2221+5011 DA g 2.272771 0.018

r 2.272896 0.019

away) star, ATO J120.1220-01.8600, which they classify as con-
tact or near-contact eclipsing binary with a period that is exactly
twice the period we found. Thus, we conclude that the variability
comes from the nearby star – and not the WD.

WDJ080558.34+410931.84 We derived Teff = 50.6 ±
0.2 kK and log g= 8.11 ± 0.02 for this DA WD and find that
it shows the Balmer line problem. Fitting H ζ − β Gianninas
et al. (2011) derived a slightly higher temperature and lower
gravity (Teff = 53.2 ± 1 kK and log g= 7.68 ± 0.06). This is likely
because they did not have Hα available in the fit. When we
exclude Hα from our fit, we also end up with a slightly higher
Teff and lower log g.

This star is photmetrically variable with a period of 0.53 day.
The ZTF g- and r-band, as well as the TESS light curves,
show two uneven minima. Interestingly, the ZTF g band light
curve shows two uneven maxima, while the maxima in the ZTF

r and TESS band seem similar. We note that the light curves
resemble that of the cool (12 kK) and apparently non-magnetic
(B < 70 kG) WD SDSS J152934.98+292801.9. Kilic et al. (2015)
concluded for the latter that it must have a dark spot. In addition,
the TESS light curve of the potential young post-merger hot sub-
dwarf, TIC 220490049, displays a similar shape and Vos et al.
(2021) concluded, that the variability is explained by a spot on
the surface of the star.

WDJ142557.80−034139.92 and WDJ165053.99+
774844.88 are the coolest stars in our sample and both
appear to be low-mass – and potentially He-core – WDs based
on the derived gravity, HRD, and Kiel masses. We spec-
ulate that these stars are the outcome of binary evolution.
WDJ142557.80−034139.92 is variable in TESS, however, there
is a 7 mag brighter star, Gaia DR3 3642987175954122880,
nearby (1 arcmin) and the crowdsap parameter is only 0.05. We
also note that TESS-localize predicts that the variability comes
from Gaia DR3 3642987175954122880 and not the WD. The
periodograms of the TESS light curve of WDJ165053.99+
774844.88 show several significant peaks at P> 1 day. However,
TESS-localize suggest that these originate from neighbouring
stars. This is also in line with the ZTF data, in which we cannot
find a significant variability.

WDJ160152.16+380455.24 Pérez-Fernández et al. (2016)
reported that it is a sdB candidate that shows an IR excess based
on a poor quality 2MASS H-band magnitude. We neither con-
firm the sdB nature of the star nor the IR excess. The 2MASS
H- and K-band magnitudes are merely upper limits and we do
not see an excess in the WISE W1 or W2 magnitudes. We find
Teff = 83 ± 7 kK and log g= 7.51 ± 0.27, which clearly confirms
the WD nature of this star.

WDJ182849.94+343649.94 We derived Teff = 57.8 kK and
log g= 7.38 for this DA WD. The periodograms of the TESS
light curves shows a multitude of significant peaks at P >
0.6 day. The crowdsap value is only 0.062 and TESS-localize
suggests that one of these periods at 2.96 days originates from
the WD with a probability of 99.8%. However, we cannot con-
firm this period based on the ZTF light curves which have 961,
1190, and 82 data points in the g, r, and i bands, respectively.
Thus, we classify this star as possibly variable only.

WDJ220247.69+275010.67 Fitting the MODS spectra
of this pure DA WD, we derived Teff = 58.9 ± 0.5 kK and
log g= 8.25 ± 0.17. The star shows the Balmer line problem and
the gravity, HRD, and Kiel masses disagree with each other (see
Table A.2). Furthermore, we found this star to be periodically
variable in the ZTF g- and r-band with a period of 0.82 day. The
light curves look approximately sinusoidal, however, the ZTF
r-band light curve possibly shows an extended minimum (see
Fig. 7). There is no significant difference in the amplitudes in
both bands and there are no hints of a possible companion in the
spectrum.

WDJ222147.70+501150.75 This DA WD is the second
faintest (G = 17.01 mag) star in our sample. A fit to the MODS
spectra suggests Teff = 57.5 ± 0.5 kK and log g= 7.95 ± 0.04. The
Balmer line problem is apparent in this WD, but within the error
limits the gravity, HRD, and Kiel masses agree with each other.
The ZTF g- and r-band light curves of this DA WD indicate a
period of 2.3 days. The amplitudes in both bands are the same
and we do not see any hints of emission lines arising from the
irradiated side of a hypothetical secondary.
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Fig. 8. LBT/MODS1 (blue) and MODS2 (gray) spectra of the DAe: WD
WDJ064527.28+565916.90 taken simultaneously and overplotted with
the best fit TMAP model (red). The origin of the emission line located
on the blue wing of H β remains unclear. No emission lines are visible
at the other Balmer line members.

8.2. DAe WDs

WDJ064527.28+565916.90 We classify this star as DAe:
WD. Fitting the MODS spectra with pure H TMAP models, we
found Teff = 99.7 ± 3.7 kK and log g= 6.72 ± 0.03. Moreover, we
uncovered a strong Balmer line Problem, which could be related
to a cool companion which adds significant flux to the spectrum.
The star shows no emission in Hα, however, both MODS spectra
show a clear emission line located on the blue wing of Hβ (see
Fig. 8). The relative RV shift of this emission line and the Hβ
absorption line from the WD is estimated to be 450 km s−1.

The ZTF g- and r-band light curves indicate a photometric
variability of 1.69 days and the light curve looks sinusoidal, with
no significant difference in the amplitudes in both bands. The
star also has TESS 2 min and 20 s cadence light curves, pre-
dicting a period of 2.54 h. However, we believe that this signal
comes from Gaia DR3 1001088333316304512, which is located
only 7 arcsec away. This star is reported to be a pulsating vari-
able in the Gaia DR3 Part 4 Variability catalog with the same
period found by us in the TESS data. This is also supported by
TESS-localize.

Assuming the emission line stems from an irradiated
companion and the 1.69 days periodicity found in the ZTF
lightcurves reflects the orbital period, then the relative RV shift
would be unrealistically high. It is also unlikely that the emis-
sion line is caused by a cosmic, since it is visible in both
(simultaneously taken) MODS spectra. Furthermore, we note
that immediately after the spectra of WDJ064527.28+565916.90
were taken, another four WDs in our sample have been observed
within the same night (Table A.1). None those spectra show this
emission line blue-ward of Hβ, which rules out a data reduction
artefact or a sky line.

WDJ075145.59+105931.36 is a DAe WD. The whole
Balmer line series as well as He I λ 5876 Å is seen in emission
(see Fig. 9). The relative RV shift of the WD absorption lines and
the emission lines is estimated to be 200 km s−1. Based on ZTF
light curves we find a period of 6.64 h. The amplitude in the ZTF
g-band is found to be 0.05 mag, much less than in the ZTF r-band
(0.13 mag), indicating a reflection effect. Since the companion
is expected to add significant flux in the optical spectrum, we
refrain from a formal fit.

8.3. Central stars of (possible) PN

WDJ120728.43+540129.16 is the DAO type central star
of the planetary nebula PN G136.7+61.9. It was first listed as can-
didate PN by Yuan & Liu (2013), and its true PN nature has been
confirmed in 2021 by deep amateur imagery (Le Dû et al. 2022).
In Fig. 10, we show a R, G, B, [O III], and Hα composite image
of the PN as obtained by the amateur astronomer Boris Chausov
using a Starlight XPress Trius-SX694 CCD camera mounted on
a Celestron Schmidt-Cassegrain telescope. The total integration
time of the image is 32.5 h. Assuming a distance of 1173 pc from
Bailer-Jones et al. (2021) as well as an expansion velocity of
20 km s−1, we find a radius of 1.2 pc and an age of 58 kyrs.

Based on the INT/IDS spectrum, we derived, for the
first time, the atmospheric parameters of the CS and find
Teff = 84.9 ± 11.2 kK and log g= 6.54 ± 0.23. From the SED fit,
(see Fig. 5, left) we derived a radius of 0.0450 R�, and a lumi-
nosity of 90+70

−50 L�. The gravity (0.26+0.20
−0.12 M�), HRD (0.49 ±

0.09 M�), and Kiel (0.44 ± 0.07 M�) masses all suggests that
this star could be a candidate for post-RGB CSPNe. Adopting
the uncertainty on Teff , we find that the 0.452 M� track from
Hall et al. (2013) suggests a post-RGB age of 59–63 kyr while
the 0.532 M� post-AGB track for Z = 0.01 of Miller Bertolami
(2016) predicts an post-AGB age of 78–431 kyr. Since PNe are
visible for typically only a few 10 kyr, this implies that it should
actually be more likely to detect a PN around a high-mass post-
RGB star, than a low-mass post-AGB star. Unfortunately, we did
not detect any significant light curve variations in the TESS or
ZTF light curves that could indicate a close companion.

WDJ182440.85−031959.52 This DA WD is the CS of the
very faint and large (the diameter is 1900 arcsec, Frew et al. 2016)
planetary nebula PNG 026.9+04.4. Using the distance of 195 pc
from Bailer-Jones et al. (2021) and assuming an expansion veloc-
ity of 20 km s−1, a radius of 0.9 pc and a kinematic age of 44 kyrs
can be estimated. Fitting the IDS spectrum with pure H mod-
els, we derived Teff = 68.9 ± 0.6 kK and log g= 7.63 ± 0.03 and
by fitting the SED of the star, we found a radius of 0.0168 R�,
and a luminosity of 5.74 L�. The HRD (0.63±0.05 M�) and Kiel
(0.58 ± 0.04 M�) masses agree with each other, but the gravity
mass (0.44± 0.04 M�) is significantly lower than the former two.
We also note that the post-AGB age in the Kiel diagram and
HRD (≈300–400 kyrs) predicted by the Miller Bertolami (2016)
tracks is one order of magnitude higher than what is expected
from the kinematic age.

WDJ191231.47−033131.86 could be the central star of
the possible PN FP J1912−0331. We derived Teff = 53.3 ± 1.3 kK
and log g= 7.63 ± 0.10. The gravity (0.57+0.14

−0.12 M�), HRD (0.54±
0.04 M�), and Kiel (0.55 ± 0.05 M�) masses agree with each
other. From the Miller Bertolami (2016) tracks, we estimate
a post-AGB age of 1.2–1.5 Myr, which makes it seem very
unlikely that a PNe should still be visible around such a relatively
cool WD.

8.4. DAO and DOA WDs

WDJ070322.15−340331.94 and WDJ080950.28−
364740.45 are the hottest DAO WDs in our sample and
can be considered as twins not only due to their very similar
atmospheric parameters, also the Gaia magnitudes and par-
allaxes are almost the same. For WDJ070322.15−340331.94
we find Teff = 105.8 kK, log g= 6.77, and log(He/H) = −1.14
(by number), and for WDJ080950.28−364740.45 we derived
Teff = 103.6 kK, log g= 6.68, and log(He/H) = −1.18. Their Kiel
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Fig. 9. LBT/MODS spectrum of the newly discovered DAe WD WDJ075145.59+105931.36. The whole Balmer series as well as He I 5876 Å is seen
in emission. A pure H TMAP model (red) is overplotted with Teff =100 kK and log g=8.00 (note: this is not a formal fit but shown for illustration
only).

Fig. 10. Composite R, G, B, [O III], and Hα image of the
PN G136.7+61.9. The blue star at the center of the PN is the DAO
WDJ120728.43+540129.16. The size of the image is 2879× 2302 arsec.
Image credit: Boris Chausov.

(0.53 and 0.52 M�, respectively) and HRD (0.58 and 0.56 M�)
masses agree within the error limits, suggesting that they are
both post-AGB stars.

WDJ080326.15−034746.11 From the X-shooter spec-
trum, we derived Teff = 86.9 ± 4.6 kK, log g= 6.86 ± 0.12,
and log(He/H) = −1.63. From the INT spectrum, we
derived a somewhat lower Teff of 69 ± 4.2 kK and higher
log g= 7.19 ± 0.19. Like several of our DAO WDs also this
star shows the Balmer line problem (see Fig. 3). The HRD
(0.56 ± 0.06 M�) and Kiel (0.50 ± 0.04 M�) masses agree with
each other and suggest that the star is a low-mass post-AGB
or post-EHB star. However, the gravity mass (0.19+0.07

−0.05 M�) is
conspicuously lower than the former two. The TESS light curve
of this DAO WD indicates a period of 5.6 h and the crowdsap
value is 0.17. Just as in the case of WDJ080029.42−015039.82,
Heinze et al. (2018) reported a nearby (0.8 arcmin) contact or
near-contact eclipsing binary system with a period that is exactly

Fig. 11. INT/IDS spectra (gray) of the DOA WD
WDJ154843.31+472936.11 (top, overplotted with a pure He
model with Teff =40 kK and log g=7.5) and the DAO WD
WDJ210110.17−052751.14 (bottom, overplotted with a H+He model
with Teff =48.9 kK, log g=8.14, and log (He/H) = −0.58.

twice the period we found. Finally, also TESS-localize confirms
that the variability does not come from the WD.

WDJ154843.31+472936.11 Comparing a pure He model
with Teff = 40 kK and log g= 7.5, we found that the He I lines
as well as He II λ 4686 Å line are well reproduced. However, the
observed Balmer lines are stronger than predicted by our model,
suggesting that there is some H in the atmosphere of this star (see
Fig. 11). Thus, we classify it as DOA WD. Since the star lies at
the edge of our grid and most likely has a stratified atmosphere
as its Teff is below 45 kK (Bédard et al. 2020), we refrained from
carrying out a formal fit.
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This star was also observed several time with TESS. The TESS
light curve indicates a period of 0.19 day and the crowdsap value
is 0.52. However, we cannot confirm this periodicity from ZTF
g-, r-, and i-band photometry. The observed period is typical for
δScuti stars, and also TESS-localize confirms that the variability
does not come from the WD.

WDJ210110.17−052751.14 This DAO WD shows besides
strong Balmer lines also prominent lines of He II and He I, indi-
cating it is one of the rare cooler hybrid WDs. We derived
Teff = 48.9 kK, log g= 8.14, and log (He/H) = −0.58. As can
be seen in Fig. 11, most lines are well reproduced with our
model, however, He II λ 4686 Å is too strong compared to the
observation. This is a tell-tale sign that this object is likely
to have a stratified atmosphere (Manseau et al. 2016; Bédard
et al. 2020). On the other hand, we do not see a problem
with He I λ 4471 Å, which is broader and shallower in strati-
fied models. The analysis should, therefore, be repeated using
stratified models as well, in order to test if a better fit can be
achieved in this way. Accordingly, we note that these parameters
should be treated with caution, because neglecting a stratified
atmosphere can lead to large systematic errors. For example,
for the hybrid WD SDSS J003343.05+142251.4 Bédard et al.
(2020) found Teff = 49.2 kK and log g= 8.26 with homogeneous
model atmospheres. When assuming a stratified atmosphere, the
derived values dropped down significantly to Teff = 40.6 kK and
log g= 7.77.

The 2 min and 20 s cadence TESS light curves of
WDJ210110.17−052751.14 indicate a photometric variability
with a period of 12.91 h. The crowdsap value is only 0.38. Yet,
based on ATLAS c- and o-band light curves, Heinze et al. (2018)
report exactly twice the period that we found in the TESS data,
and TESS-localize predicts a likelihood of 1.0 that the variability
originates from the WD. Interestingly, when folding the TESS
light curve to twice the period found in the LS search (1.08 days,
i.e., the period reported by Heinze et al. 2018), we found that
the depth of the minima differ slightly. In the 2 min and 20 s
cadence TESS light curve the difference in the depth of the min-
ima is 0.2% and 0.5%, respectively. Since the star is already very
compact (0.0128 R�), relatively massive (HRD, Kiel, and grav-
ity masses all suggest M > 0.72 M�), and with a relatively long
period, it seems unlikely that the difference in the depth of the
minima could by caused by ellipsoidal modulation.

WDJ210824.97+275049.80 We derived for this DAO WD
Teff = 80.1 kK, log g= 7.00, and log(He/H) = −2.01. The HRD
(0.42 ± 0.07 M�) and Kiel (0.50 ± 0.06 M�) masses agree and
make it seem likely that it is a post-EHB star. The gravity mass
of this star is again very low (0.25+0.22

−0.12 M�), but agrees within
the error limits with the Kiel and HRD masses.

8.5. O(H) and sdO stars

GD 1323 We derived Teff = 112.7 kK, log g= 5.89, and
log(He/H) = −1.00. The Kiel and HRD masses agree and
suggest that GD 1323 is a low-mass post-AGB star (Fig. 6), there-
fore, we considered it as a rare naked (i.e., no PN visible) O(H)
star. However, the gravity mass of this star seems again too low.
Using the Miller Bertolami (2016) tracks, we estimated a post-
AGB age of 27 kyr and 61 kyr from the Kiel diagram and the
HRD, respectively. This could be enough time for a former PN
to fade into the interstellar medium.

WDJ132259.60-383813.13 and WDJ223522.88-
494350.80 The Kiel and HRD masses of both stars are

smaller than 0.50 M�, suggesting that they are either post-RGB
or post-EHB stars. We classify these two stars as sdO stars
based on their position in the Kiel diagram. When looking into
the HRD, however, it could be the case that both stars have
recently entered the WD cooling stage and consequently could
already be WDs. WDJ132259.60-383813.13 shows a particularly
strong version of the BP. Automated fitting attempts showed
that the parameters lie at the edge of our DAO grid in terms of
log g, and out of the Reindl et al. (2016) grid in terms of He
abundances. We estimate Teff = 80 ± 10 K, log g= 6.00 ± 0.50,
and XHe = −2.00 ± 0.50. Based on the sub-solar He abun-
dance one could speculate, that gravitational settling of He
has already started. For WDJ223522.88-494350.80 we find
Teff = 75.0 ± 2.2 kK, log g= 6.06 ± 0.04, and that the He abun-
dance is slightly enhanced with respect to the solar value.
Also, this star shows the Balmer line problem and the observed
He II λ 4686 Å shows a central emission, which is not reproduced
by our best-fit model (Fig. 3).

8.6. (Possible) UHE WDs

WDJ070204.29+051420.56 is the second brightest UHE
WD known thus far. Based on the IDS spectrum of this star,
we estimate Teff = 100 kK, log g= 7.50, and C/He = 0.3 (number
ratio). It is worth noticing that it is the first UHE WD that clearly
shows lines of O IV λ 4632 Å and O V λ 5114 Å and we estimated
O/He = 0.1 (number ratio). The TESS and ZTF light curves
indicate a period of 0.60 day and the amplitudes in ZTF g-, r-,
and i-band light curves do not differ significantly. The shapes of
the light curves are typical for what is observed for about one
third of the UHE WDs, namely an extended minimum with a
possibly second maximum (Reindl et al. 2021).

WDJ070647.52+613350.31 is a rare DA-type UHE WD
and one of the highlight discoveries of this survey. With G =
13.49 mag it is about two orders of magnitude brighter than
all the other known UHE WDs. The star displays a strong
Balmer line problem. H γ, H β and Hα are best reproduced
with Teff = 40 kK and log g= 7.00, while the higher order Balmer
line series members suggest Teff = 110 kK and log g= 7.00. Light
curves obtained by ZTF and TESS reveal a photometric period
of 8.97 h, an amplitude of 0.04 mag, and – again – an extended
minimum. Interestingly, the ascents and descents to and from the
photometric maximum are clearly asymmetrical.

WDJ093559.83+685201.55 We discovered this DO
UHE WD at the LBT. The UHE lines are particularly strong
in this object and we did not detect any lines of He I nor the
C IV λλ 5803, 5814 Å doublet. Bas on this, we estimated a lower
limit on Teff of 90 kK, log g= 7.00, and an upper limit on the C
abundance of C/He < 0.002 (by number). The star was observed
within ZTF and TESS, and the data from both surveys suggest a
period of 1.34 days. The shapes of the light curves resemble that
of the DO UHE WD HS 0158+2335. The light curves of this lat-
ter object show two maxima, with the first one being at phase 0.0,
and the second at approximately phase 0.6, and the minimum is
located around phase 0.3 (Reindl et al. 2021).

WDJ125627.43+775301.37 We classified this star as DA
UHE: based on the IDS spectrum, which shows possibly a UHE
line near 5274 Å. Fitting the spectrum with H models, we found
Teff = 68.1 kK and log g= 7.71 and that object shows the Balmer
line problem. Based on TESS and ZTF g-, r-, and i-data, we
found the star is variable with a period of 3.49 h. The shape of
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the light curves appears to vary from band to band. In the g band
the light curve looks asymmetrical, while in the i band it looks
more symmetrical with an extended minimum.

WDJ210132.69+135622.59 Based on the MODS
spectrum, we classified this star as DAO UHE. Just as
WDJ070647.52+613350.31, it displays a strong Balmer line
problem. The UHE features are particularly weak in this star (as
in the case of, e.g., DAO UHE WD HS 2115+1148 or DO UHE
WD HS 0158+2335) and, thus, could have easily been missed
in a lower S/N spectrum (LBT/MODS provided us with a S/N
of 182). The star is variable in ZTF and TESS with a period of
1.22 days. The ZTF g- and r-band light curve exhibit extended
minima.

WDJ211532.62−615849.50 was first observed with
SOAR and later with X-shooter. The star shows the He II line
problem and possibly a UHE line near 5274 Å, thus, we clas-
sified it a DO UHE: WD. The 2 min and 20 s TESS cadence
light curves indicate two significant periods at 7.45 h and at
2 × 7.45 = 14.90 h The crowdsap value is with 0.70 relatively
high and TESS-localize predicts a likelihood of 1.0 that the WD
is indeed the source of observed variability. When folding the
light curves to the 7.45 h period, the shapes look approximately
sinusoidal, with a possible extended minimum. Yet, when fold-
ing the light curves to the 14.90 h period, the light curve is clearly
asymmetric with two uneven maxima and minima. Thus, we con-
clude that the 14.90 h period is likely the rotational period of
the star.

8.7. DO(Z) WDs

WDJ014343.14+584151.39 and WDJ191750.16−
201409.55 are the hottest DO WDs in our sample with
effective temperatures in excess of 110 kK. We were not able to
detect lines of C or any other metal in either of them. According
to calculations of Unglaub & Bues (2000), who studied the
chemical evolution of hot WDs in the presence of diffusion and
mass loss, both stars should still display at least half of their
original C abundances (meaning the C abundance with which
they entered the WD cooling sequence and before it got affected
by gravitational settling). Based on this, we can speculate that
the H-deficiency in these two DO WDs was not cause by a
(very) late thermal pulse, during which large amounts of C are
brought to the surface. Instead, these two DO WDs might be
the outcome of a double He-WD merger, which predicts only
about 1% of atmospheric carbon (by mass). Therefore, they
could be the slightly more massive analogs to the DO WDs
PG 1034+001 and PG 0038+199 (Zhang et al. 2012; Reindl et al.
2014b; Werner et al. 2017).

We note, however, that the gravity mass of
WDJ191750.16−201409.55 is unrealistically high (3.40+1.00

−0.80M�),
pointing towards larger systematic uncertainties on
the derived parameters. The S/N of the spectrum of
WDJ191750.16−201409.55 is only 35, thus it is difficult to
judge if the star belongs to the DOs showing the He II line
problem, which could be responsible for the unrealistically high
gravity mass.

WDJ060244.99−135103.57 The analysis of the INT spec-
trum of this pulsating PG1159 (GW Vir) star was presented in
Uzundag et al. (2021). The authors derived Teff = 120 ± 10 kK,
log g= 7.5 ± 0.5, He = 0.75+0.12

−0.08, and C = 0.25+0.08
−0.12 (number

fractions). After analyzing the newly obtained X-shooter spec-
trum of this star, we confirmed log g= 7.5 ± 0.5, but with a

lower Teff = 100 ± 10 kK. Thanks to higher resolution of the
X-shooter spectrum, we were able to provide better constraints
on the He and C abundances (He = 0.72±0.25, C = 0.21±0.08),
tderive an upper limit on the H and N abundances (H < 0.25,
N < 0.0005), and (for the first time) to derive an O abundance
(O = 0.07 ± 0.04) of this star (all values are number fractions).

WDJ033449.19+164629.92 Based on the MODS spec-
trum of this DOZ WD, we derived Teff = 98.3 kK, log g= 7.87,
and C/He = 0.02 (by number). The star displays a mild He II

line problem (the observed He II λ 6560 Å line is too broad and
deep compared to our best fit model, see Fig. 4), but we find that
the Kiel, HRD, and gravity masses agree. The ZTF and TESS
light curves indicate a period of 9.06 h. The shapes of the ZTF
light curves are clearly asymmetrical and there is no significant
difference in the amplitudes in both bands.

WDJ043619.17−065412.61, WDJ075134.71−015807.00,
and WDJ182432.46+293115.88 Based on INT/IDS spectra,
we found effective temperatures below 60 kK for these three
DO WDs. It is worth noting that their gravity masses do not
agree with the Kiel and HRD masses. In addition, the HRD and
Kiel masses of these stars are inconsistent with each other. We
speculate that it could be possible that these stars already have
stratified atmospheres.

9. Summary and discussion

We carried out a spectroscopic survey targeting 71 bright
(G = 13.5–17.2 mag) and hot (pre-)WD candidates from the
Gaia DR2 and eDR3 catalogs of hot subdwarfs (Geier et al.
2019; Culpan et al. 2022) and WDs (Gentile Fusillo et al.
2019, 2021). Our main motivation was to increase the num-
ber of bright and rare object types (e.g., short-lived pre-WDs
in the post-AGB region, UHE WDs, extremely hot, i.e., Teff

> 60 kK, WDs, DOZ WDs or photometrically variable WDs)
that are suitable for detailed follow-up investigation for instance
using high-resolution (UV) spectroscopy, spectropolarimetry, or
time-resolved photometry.

Out of the 71 stars in our sample, 68 are new discoveries,
while for the remaining 3 objects, we obtained spectra with
a higher wavelength coverage and/or higher resolution. This
allowed us to almost double the number of the hottest (Teff >
60 kK) WDs that are brighter than G = 16 mag12.

Using the Gaia eDR3 WD catalog from Gentile Fusillo
et al. (2021), we found that 66% of all WD candidates that
are brighter than 16 mag and that have 6 < MG/mag < 9 and
bp_rp< −0.4 mag have been spectroscopically confirmed and
analyzed (either because they have been analyzed in this work
or because they are listed with atmospheric parameters in the
Montreal White Dwarf Database). In the northern hemisphere
(DEC> 0) this percentage is higher (82%) than in the southern
hemisphere (48%). Thus, a future survey targeting southern hot
WD candidates promises further interesting discoveries. More-
over, we note that additional hot WDs may be hidden at locations
of higher reddening or because an unresolved cool companion
adds additional flux to the optical or because a cooler companion
dominates the optical flux completely.

Using NLTE models we derived the atmospheric parameters
of our stars, and by fitting their spectral energy distribution, we
derived their radii, luminosities, and gravity masses. In addition,

12 The Montreal WD database lists 63 WDs with Teff > 60 kK and
log g < 6.5 that are brighter than G = 16 mag.
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Fig. 12. Spectra of the newly discovered UHE WDs. The positions of photospheric lines (H I, He I, He II, and C IV), α and β transitions between
Rydberg states (n − n′) of the ionization stages V−X, and approximate line positions of the UHE features (blue) are marked. Over plotted in red
are TMAP models and the effective temperatures, surface gravities, and chemical compositions (in number ratios) as determined in this work. The
spectrograph used for the observation is indicated in gray.

we derived their masses in the Kiel and Hertzsprung–Russell
diagram. Furthermore, we have searched for periodic signals in
the ZTF and TESS light curves of our stars.

9.1. UHE WDs

Our surveys resulted in the discovery of four, possibly six new
UHE WDs (Fig. 12). Previously, only 16 UHE WDs were known
(Reindl et al. 2021), thus, we increased the number of known
UHE WDs by 20%. We stress that we also discovered the two
brightest UHE WDs known and increased the number of H-rich
UHE WDs by 67%. With five of the now known twenty UHE
WDs being H-rich, we derived the fraction of H-rich UHE WDs
as 25.0+7

−12%. As mentioned earlier, the empirically derived upper
MG limit for UHE WDs seems to coincide with that of DOZ and
DAO WDs. Assuming that weak stellar winds keep up C and He
in the atmospheres of DOZ and DAO WDs, then it also stands to
reason that the UHE phenomenon winds up once the stellar wind
has abated. Stellar winds could fade earlier for H-rich objects
(Unglaub & Bues 2000), by that the relatively low percentage of
H-rich UHE WDs could be understood. Yet, we are still a long
way from understanding what could trigger the beginning of the
UHE phenomenon.

9.2. Pure H WDs

Slightly more than a half of the stars in our sample are pure DA
WDs and they are found to have effective temperatures ranging
from 29 kK to 108 kK. The two coolest DAs in our sample both

appear to be low-mass and could be either He-core WDs or post-
EHB stars. As a result, they are likely to be the outcome of binary
evolution, although we did not find evidence for photometric
variability in these two stars. Four of the pure DA WDs were
found to be variable, with none of them displaying a hint for
a close companion based on the current data. Furthermore, we
found one DAe and one DAe: WD, which are both photometri-
cally variable. The latter only shows an emission line located on
the blue wind of H β, and the origin of this line remains unclear.
The DAe WD is certainly a close binary system composed of a
low-mass companion that is strongly irradiated by the hot DA
WD.

9.3. H- and He-rich (pre-)WDs

Our sample includes 16 objects that show both H and He in their
spectra. One of them is a rare, naked O(H) star, GD 1323, that
is located in the post-AGB region but does not show evidence
for a PN. Only 11 of these naked O(H) stars are known (Heber
& Kudritzki 1986; Heber & Hunger 1987; Chayer et al. 2015;
Bauer & Husfeld 1995; Fontaine et al. 2008; Reindl et al. 2016;
Moehler et al. 2019; Jeffery et al. 2023). In the case of GD 1323,
we concluded that its post-AGB age is probably long enough for
a former PN to fade into the interstellar medium. The Kiel and
HRD masses of the two sdO stars in our sample are smaller than
0.50 M�, suggesting that they are either post-RGB or post-EHB
stars.

As can be assumed based on Fig. 6, the mean Kiel mass
of our DAO WDs (〈MKiel〉 = 0.52 M�, σ = 0.01 M�) is lower
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than the mean Kiel mass of the DA WDs (〈MKiel〉 = 0.60 M�,
σ = 0.01 M�). This difference is lower but still noticeable in the
HRD where we find 〈MHRD〉 = 0.62 M�(σ = 0.01 M�) for the
DA WDs and 〈MHRD〉 = 0.57 M�(σ = 0.01 M�) for the DAO
WDs. It is possible to speculate that this may be related to the
striking paucity of H-rich WDs relative to their H-deficient coun-
terparts at the very hot end of the WD cooling sequence (Werner
et al. 2019). This is because more massive DAO WDs should
have Teff in excess of 100 kK.

Several of our DAO WDs are found to have sur-
face gravities of above 7.10 dex, Kiel masses below ≤

0.55 M�, and HRD masses ≤ 0.59 M�. The only exception
is WDJ210110.17−052751.14 were all three mass determination
methods suggest M ≥ 0.72 M�. It is also the only DAO WD that
lies within the error limits past the thick purple line in Fig. 6,
which indicates where the He abundances should have decreased
down to log(He/H) = −3 according to predictions of Unglaub &
Bues (2000). The star, however, shows the highest He abundance
of all DAO WDs in our sample, and – as mentioned earlier – it
shows signs of a stratified atmosphere. Thus, we suggest it is a
former DO WD that is currently transforming into a DA WD.

Another possible candidate of a transforming WD is the
DOA WDJ154843.31+472936.11. It has a Teff around 40 kK and
lies at the edge of our grid which is why we did not perform a
formal fit. Yet comparing a pure He model to the observed spec-
trum, we conclude it shows evidence of H and we encourage a fit
with stratified model atmospheres.

9.4. Central stars of (possible) PNe

Three of the our targets are central stars of (possible) PNe. One
of them, WDJ120728.43+540129.16, is a DAO WD, which we
consider to be candidate for post-RGB CSPNe. Comparing the
predicted post-RGB and post-AGB times of this star with cal-
culations from Hall et al. (2013) and Miller Bertolami (2016),
respectively, we found that it actually should be more likely to
discover a PN around a post-RGB star than a low-mass post-AGB
star. However, we could not reveal any photometric variability
(neither in the TESS nor the ZTF light curves) that could hint
towards a close companion, which would support the post-RGB
nature of this object.

Furthermore, our study revealed the nature of the nucleus
of the confirmed PN PNG 026.9+04.4. We found the central
star, WDJ182440.85−031959.52, is a pure DA WD and that the
post-AGB age (≈300–400 kyr) predicted by the Miller Bertolami
(2016) tracks is one order of magnitude higher than what is
expected from the kinematic age.

Finally, our sample also included the pure DA WD
WDJ191231.47−033131.86, which could be the central star of the
possible PN FP J1912−0331. Based on the derived atmospheric
parameters, we estimated a cooling age around 1.2–1.5 Myr,
which makes it seem very unlikely that a PNe could still
be visible.

9.5. He-rich WDs

A fifth of our targets turned out to be H-deficient WDs, of
which 13% (and possibly even 19%) show UHE lines. The two
hottest (Teff > 110 kK) DO WDs (WDJ014343.14+584151.39 and
WDJ191750.16−201409.55), do not show signs of C, and we
suggest that they could be the outcome of a double He-WD
merger (Zhang & Jeffery 2012b) and, thus, they could be the
slightly more massive analogs to the DO WDs PG 1034+001
and PG 0038+199. Five of the H-deficient WDs in our sample

are DOZ WDs, with one of them, WDJ060244.99−135103.57,
shown to be a previously known pulsating PG1159 (GW Vir)
star (Uzundag et al. 2021). Thanks to the higher resolution of
the X-shooter spectrum presented here, we were able to pro-
vide better constrains on its Teff (= 100 000 ± 10 000 K), to
derive its O abundances (O = 0.17 ± 0.10) and upper limits
on the H and N abundances (H < 0.05, N < 0.001). Besides,
WDJ060244.99−135103.57, which is known to be variable due to
non-radial g-mode pulsations, our work has revealed four newly
discovered variable H-deficient WDs, with two of them showing
UHE lines.

The mean Kiel mass of our H-deficient WDs (〈MKiel〉 =
0.65 M�, σ = 0.01 M�) is slightly higher than the mean Kiel
mass of the DA WDs, however, the mean HRD mass of DA
and DO WDs (〈MHRD〉 = 0.63 M�, σ = 0.01 M�) are in agree-
ment. Our mean Kiel mass for DO WDs also agrees with what
was previously reported for DO WDs from the SDSS (Bédard
et al. 2020).

9.6. Mass determinations

It is important to note that our three mass determinations are
not independent from each other. All three methods rely on the
results of the spectroscopic analysis. The HRD and Kiel masses
additionally depend on stellar evolutionary computations (e.g.,
core composition and thickness of the H- or He-envelope). In
addition, the HRD and gravity masses are both dependent on the
Gaia parallax and the zero point bias.

We find that Kiel and HRD masses agree for 81% of the
stars, while the gravity mass agrees with the former two only
in half of the cases. This is not unexpected, as the atmospheric
parameters of hot (pre-)WDs are known to be prone to system-
atic effects. To some degree it might be related to the neglect
of metal opacities, which can have a large impact on the theo-
retical Balmer and He II lines and, consequently, on the derived
atmospheric parameters – and, thus, the masses. For example,
systematic errors on Teff of 10–30 kK are not unusual for hot
(pre-)WDs (e.g., Rauch et al. 2007; Gianninas et al. 2010; Reindl
et al. 2014b; Werner et al. 2018b,a, 2019). However, it should
be noted that even if models including metal opacities are used,
the discrepancy in the derived masses may persist (Preval et al.
2019; Herrero et al. 2020; Werner et al. 2022a). In addition the
assumption of a homogeneous model atmosphere for a star that
actually has a stratified atmosphere can lead to large systematic
errors (e.g., Bédard et al. 2020).

We note that the mismatch in the three mass determination
methods is not more common in H-rich objects than in He-rich
objects or vice versa. Furthermore, (and quite interestingly) the
mismatch is also not more frequent in photometrically variable
objects. However, it is striking that the H+He-rich objects in our
sample, namely, sdO, O(H), and DAOs, often have a very low
gravity mass (≈0.2 M�). In addition, we find that for all DO WDs
with Teff < 60 kK the three mass determinations are inconsistent
with each other and that their gravity masses are unusually high.
We also find that Kiel, HRD, and gravity masses disagree for
several stars with Teff in excess of 100 kK. Finally, the discrep-
ancy in the three masses is more common in high S/N spectra,
meaning that we found the three masses disagree if the S/N is
higher than 50 in 75% of cases.

A quantitative investigation of this problem is well beyond
the scope of this paper, however, we would like to briefly discuss
possible causes using the example of WDJ080326.15−034746.11.
For this star, we found a HRD mass of 0.56 ± 0.06 M�, a Kiel
mass of (0.50 ± 0.04 M�), and unrealistically low gravity mass
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of 0.19+0.07
−0.05 ± 0.04 M�. Decreasing Teff by 30 kK would increase

the gravity mass only by +0.10 M�. We note that such a low Teff

for this star is unrealistic, since the X-shooter spectrum clearly
revealed the NLTE line emission cores in Hα and He II λ 4686 Å
(see Fig. 3), which would not be expected at Teff = 57 kK. When
we assume that the surface gravity has been underestimated by
0.45 dex, then we obtain a gravity mass of 0.54+0.19

−0.14 M�. Since
the surface gravity has barley an impact on the derived radius
obtained from the SED fit, also the derived luminosity and,
hence, the HRD mass stays essentially the same. On the other
hand, with a 0.45 dex higher surface gravity the Kiel mass of the
star would increase to 0.56 M�, namely, that it is identical with
the HRD mass. However, whether the neglect of metal opacities
alone can be responsible for such a significantly higher surface
gravity is debatable, for example Gianninas et al. (2010) only
obtain a slightly higher values of log g of ≈0.1 dex when mod-
els containing CNO are used. In principle, neglecting radiation
driven winds can also lead to an underestimation of the surface
gravity and, hence, gravity mass. However, given the small mass-
loss rates expected in hot WDs, a significant impact on log g
cannot be expected (Sander et al. 2015). Finally, the neglect of
metal opacities in our SED fits could also lead to an underesti-
mation of the mass. In models that include metal opacities flux
is redistributed from the UV towards longer wavelengths and
can lead to an underestimation of the optical (which is our main
photometry source for the SED fits) flux from a few to up to
30% (Reindl et al. 2018, 2021). The derived radius relates to the
model flux, Fmodel, via R ∝

√
Fmodel. If we assume that our mod-

els underestimate the optical flux by 10%, then the radius would
be underestimated by 5%. In case of WDJ080326.15−034746.11,
this would then increase the gravity mass to 0.27 M�, while
increasing the luminosity to 41 L�, and decreasing the HRD mass
to 0.55 M�.

Besides systematic uncertainties on the atmospheric param-
eters, which are caused (but not limited to) the neglect of metal
opacities, parallax measurements from the Gaia mission could
also be responsible. In particular, the determination of the paral-
lax bias is non-trivial since it depends at least on the magnitude,
colour, and Ecliptic latitude of the source (Lindegren et al. 2021).
We note that some of our targets had either pseudo-colours or
effective wavenumbers, νeff , that were outside the parallax cor-
rection recipe provided by Lindegren et al. (2021). However,
for those targets we do not find that the mismatch of the mass
determination methods is more common.

We do, however, find there is a slightly higher probability
that the derived masses do not agree for lower Ecliptic latitudes.
For instance, for 70+11

− 8% of the stars the gravity, HRD, and Kiel
mass do not agree if the Ecliptic latitude is lower than zero, while
for Ecliptic latitudes larger than zero, the mismatch of the three
masses is only 43+7

−8%.
Generally, the larger the parallax of a star, the less likely it

becomes that the zero point determination is the main source
of discrepancy of the derived masses. To test the impact of
the zero point bias on the derived masses we take again
WDJ080326.15−034746.11 as an example which has a relatively
low parallax (1.45 ± 0.05 mas) compared to the rest of our sam-
ple. If we assume that the parallax bias has been underestimated
by 0.1 mas, then we obtain a 10% larger radius. This, in turn,
leads to a higher gravity mass of 0.23 M�, a higher luminosity of
45 L�, and a lower HRD mass of 0.55 R�.

In conclusion, likely a combination of systematic errors on
the derived atmospheric parameters that are caused by (but not
limited to) the neglect of possibly stratified atmospheres and

metal opacities in our spectroscoic and SED fits, as well as
the uncertainties of the parallax zero point determination are
responsible for the discrepancy of the Kiel, HRD, and gravity
masses in some of our stars. Therefore, we would like to appeal
to the reader that the parameters of the stars derived in this paper
should be treated with caution. They can serve as an first estimate
of the atmospheric and stellar parameters, but especially for hot
(Teff > 50 kK) H-rich WDs and stars showing the He II prob-
lem, it is only with UV spectroscopy that the metal abundances
and reliable Teff can be determined, and, thereby, the trustworthy
masses.

9.7. Photometric variability

For 62 out of the 71 stars in our sample, there were either TESS
and/or ZTF light curves available. Of these 16 (26%) were found
to be photometrically variable13. One of these objects has been
previously reported to be a GW Vir star (Uzundag et al. 2021),
but for the remaining 15 we discovered their variability for the
first time. Six of the variable stars are (possible) UHE WDs and
only one is a clear irradiation effect system consisting of a hot
DA WD and an irradiated low-mass companion.

Strikingly, the majority (nine out of 15) of the variable stars
exhibit non-sinusoidal light-curve shapes, with seven showing
asymmetrical light curves, and two showing flat and extended
minima. This includes all, but is not restricted to (possible) UHE
WDs. Such light-curve shapes can unlikely be explained in terms
of close binary systems. Instead we propose, that a significant
fraction of all stars develop spots at a certain point when entering
the WD cooling phase.

Also worth emphasizing is the photometric variability in the
DAO WDJ210110.17−052751.14, which is likely currently trans-
forming into a pure DA WD. The light curve looks sinusoidal,
but depth of the minima in the TESS light curves of this already
very compact and relatively massive star differ slightly, which
could be related to two somewhat different sized spots on the
surface of the WD.

In three of the stars displaying asymmetrical light curves, we
find that the shape (but not the amplitude) of the light curves
seems to change from band to band. Such changes are typical for
spots and can be explained with different elements which cause
their maximum in the light curve at different phases (Krtička
et al. 2020). Furthermore, in the case of metal-enriched spots,
the band-to-band amplitude variation is expected typically small.
Reindl et al. (2021) predict band-to-band amplitude variations
< 0.04 mag from the g to z band for C, O, and iron-group ele-
ments. Only in the (near-) UV the difference in the amplitudes
can become noticeable. The typical uncertainty of the ZTF light
curves is 0.01–0.02 mag, thus, the non-detection of amplitude
variations from band to band could still be in line with spots on
the surfaces of these stars.

We also note that non-sinusoidal light curves also look very
similar to what is observed in magnetic chemically peculiar
α2 Canum Venaticorum variables (ACVs, Hümmerich et al.
2016; Jagelka et al. 2019). Like hot WDs, ACVs possess calm
radiative atmospheres and their peculiar abundance patterns are
thought to be produced by selective processes, such as radiative
levitation and gravitational settling (Richer et al. 2000). Thus,
we can speculate that the underlying mechanism of the pho-
tometric variability is the same, namely, a magnetic field that
13 We note that our sample is slightly biased towards variable stars,
since our LBT sample (ten stars) contained mainly targets (eight stars)
that were known to be variable before the spectroscopic follow-up.
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interacts with photospheric atoms diffusing under the compet-
itive effects of gravity and radiative levitation (Alecian & Stift
2017). In fact, based on the discovery of spots on extreme hori-
zontal branch (EHB) stars in Galactic globular clusters, Momany
et al. (2020) proposed that similar magnetic field induced vari-
ability phenomena should take place in all radiative-enveloped
hot-stars.

While we did not detect any Zeeman splitting in the spec-
tra of our variable stars, below the detection threshold, field
strengths could still be sufficient to enable the production of
spots. We highly encourage spectropolarimetric and/or higher
resolution follow-up of our variable stars in order to place
constraints on the magnetic field strengths.

Yet, the presence of a magnetic field and a radiative atmo-
sphere alone does not seem to be sufficient for the spot produc-
tion on a hot star. For example, four magnetic (B ≈ 350 kG) hot
subdwarfs were recently discovered, and none of them display
photometric variability (Dorsch et al. 2022; Pelisoli et al. 2022).
Therefore, at least a third parameter likely determines whether or
not a (pre-)WD develops spots. We speculate whether this could
be related to the onset of diffusion.
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Appendix A: Tables

Table A.1. Overview of the observations. Name, J2000 coordinates of our targets given along with what telescopes and instruments
they have been observed. The MJD at the start of the observation, exposure times and the S/N as measured between 5100 − 5300 Å
of the observations are listed as well.

Name Type Ra Dec Telescope/ MJD-OBS Texp S/N
[deg] [deg] Instrument [s]

WDJ014343.14+584151.39 DO V* 25.92974 58.69761 LBT/MODS 59526.31541 900 127
WDJ020351.33−063906.46 DA 30.96387 −6.65179 LBT/MODS 59528.31042 1184 272
WDJ020351.33−063906.46 DA 30.96402 −6.65179 INT/IDS(R400V) 58827.91127 1800 36
WDJ023722.53+583405.41 DA 39.34390 58.56817 INT/IDS(R400V) 59260.91354 1800 51
WDJ031437.37+313641.91 DA 48.65573 31.61164 INT/IDS(R400V) 59260.94453 900 89
WDJ033449.19+164629.92 DOZ V* 53.70498 16.77498 LBT/MODS 59528.33045 900 125
WDJ043619.17−065412.61 DO 69.07988 −6.9035 INT/IDS(R400V) 59262.91673 1800 39
WDJ051351.78−225919.24 DA 78.46576 −22.9887 INT/IDS(R400V) 59261.88301 1800 57
WDJ051949.17−044300.03 DO 79.95486 −4.71667 INT/IDS(R400V) 58825.99324 1800 22
WDJ053810.41−103644.81 DA 84.54339 −10.6124 INT/IDS(R400V) 59261.96735 1800 59
WDJ060020.89−101404.50 DA V* 90.08705 −10.2346 INT/IDS(R400V) 59262.98942 1800 45
WDJ060244.99−135103.57 DOZ V* 90.68749 −13.85096 VLT/X-Shooter 59470.33534 1800 32
WDJ060244.99−135103.57 DOZ V* 90.68749 −13.85096 INT/IDS(R400V) 59260.97692 1800 45
WDJ060244.99−135103.57 DOZ V* 90.68749 −13.85096 INT/IDS(R400V) 59261.91840 1800 44
WDJ061906.92−082807.15 DA 94.77885 −8.46865 VLT/X-Shooter 59314.02969 1800 60
WDJ061906.92−082807.15 DA 94.77889 −8.46865 INT/IDS(R400V) 58828.11719 1800 17
WDJ062145.32+065239.25 DA 95.43885 6.87757 VLT/X-Shooter 59314.00268 1800 54
WDJ062145.32+065239.25 DA 95.43883 6.87757 INT/IDS(R400V) 58828.0017 1800 19
WDJ064527.28+565916.90 DAe: V* 101.36365 56.98803 LBT/MODS 59528.28488 900 134
WDJ070204.29+051420.56 DOZ UHE V* 105.51790 5.23905 INT/IDS(R400V) 59261.02997 1800 67
WDJ070322.15−340331.94 DAO 105.84231 -34.05881 VLT/X-Shooter 60011.02962 1200 60
WDJ070647.52+613350.31 DA UHE V* 106.69800 61.56398 INT/IDS(R400V) 59261.10608 900 109
WDJ070647.52+613350.31 DA UHE V* 106.69800 61.56398 INT/IDS(R400V) 59261.08357 900 75
WDJ070647.52+613350.31 DA UHE V* 106.69800 61.56398 INT/IDS(R400V) 59261.09485 900 93
WDJ070647.52+613350.31 DA UHE V* 106.69800 61.56398 INT/IDS(R400V) 59262.94971 1100 102
WDJ073607.90+144451.07 DOZ 114.03290 14.74752 INT/IDS(R400V) 59261.12629 900 65
WDJ073957.35+091439.23 DA 114.98895 9.24423 INT/IDS(R400V) 58825.14766 1200 22
WDJ073957.35+091439.23 DA 114.98900 9.24423 INT/IDS(R400V) 59262.05103 1800 28
WDJ075134.71−015807.00 DO 117.89460 −1.96861 INT/IDS(R400V) 59261.99625 1800 40
WDJ075145.59+105931.36 DAe V* 117.93997 10.99204 LBT/MODS 59551.16308 900 94
WDJ080029.42−015039.82 DA 120.12258 −1.8444 INT/IDS(R400V) 58828.25166 1800 35
WDJ080326.15−034746.11 DAO 120.85896 −3.79614 VLT/X-Shooter 59281.16694 1800 60
WDJ080326.15−034746.11 DAO 120.85896 −3.79614 INT/IDS(R400V) 58828.22633 1800 32
WDJ080558.34+410931.84 DA V* 121.49307 41.15885 LBT/MODS 59528.36973 900 241
WDJ080950.28−364740.45 DAO 122.45944 -36.79449 VLT/X-Shooter 60014.14361 1200 50
WDJ085137.48+185119.67 DA 132.90615 18.85546 INT/IDS(R400V) 58825.2317 1800 36
WDJ093559.83+685201.55 DO UHE V* 143.99930 68.86710 LBT/MODS 59526.33673 900 118
WDJ120728.43+540129.16 DAO 181.86850 54.02477 INT/IDS(R400V) 59261.20041 1800 37
WDJ123952.73+720546.58 DA 189.96951 72.09627 INT/IDS(R400V) 59376.92141 900 36
WDJ125627.43+775301.37 DA UHE: V* 194.11430 77.88372 INT/IDS(R400V) 59261.24365 840 30
WDJ125627.43+775301.37 DA UHE: V* 194.11430 77.88372 INT/IDS(R400V) 59261.25424 840 48
WDJ132259.60−383813.13 sdO 200.74833 −38.63694 VLT/X-Shooter 59314.22414 1800 77
WDJ132307.79−480542.75 DAO 200.78246 −48.09521 VLT/X-Shooter 59987.32415 1200 86
WDJ134843.58+741545.75 DA 207.18159 74.26271 INT/IDS(R400V) 58837.25518 1800 43
WDJ134843.58+741545.75 DA 207.18154 74.26264 INT/IDS(R400V) 59376.89045 1800 39
WDJ135724.86+753723.60 DA 209.35335 75.62321 INT/IDS(R400V) 59375.99466 1800 35
WDJ135724.86+753723.60 DA 209.35359 75.62322 INT/IDS(R400V) 58836.23492 1800 49
WDJ142557.80−034139.92 DA 216.49080 −3.69442 INT/IDS(R400V) 59262.18566 1800 34
WDJ154843.31+472936.11 DOA 237.18036 47.49333 INT/IDS(R400V) 59377.90543 1200 30
WDJ160152.16+380455.24 DA 240.46730 38.08201 INT/IDS(R400V) 59262.15119 1800 32
WDJ165053.99+774844.88 DA 252.72426 77.81275 INT/IDS(R400V) 59375.94995 120 35
WDJ175145.75+382015.60 DA 267.94060 38.33767 INT/IDS(R400V) 59262.22048 1800 18
WDJ175629.64−072248.89 DA 269.12351 −7.38025 INT/IDS(R400V) 59377.03563 1800 43
WDJ181104.68+193658.10 DAO 272.76950 19.61614 INT/IDS(R400V) 59262.24628 1800 24
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Table A.1. continued

Name Type Ra Dec Telescope/ MJD-OBS Texp S/N
[deg] [deg] Instrument [s]

WDJ181104.68+193658.10 DAO 272.76950 19.61614 INT/IDS(R400V) 59262.26786 1800 32
WDJ182432.46+293115.88 DO 276.13524 29.52108 INT/IDS(R400V) 59376.0252 1800 48
WDJ182440.85−031959.52 DA 276.17028 −3.33329 INT/IDS(R400V) 59378.01071 900 36
WDJ182849.94+343649.94 DA 277.20809 34.61387 INT/IDS(R400V) 59377.92625 1800 36
WDJ182849.94+343649.94 DA 277.20809 34.61387 INT/IDS(R400V) 59377.92625 1800 31
WDJ183429.29+181101.71 DA 278.62208 18.18376 INT/IDS(R400V) 59376.11081 900 30
WDJ183429.29+181101.71 DA 278.62208 18.18376 INT/IDS(R400V) 59376.11081 900 27
WDJ184101.20+612032.16 DA 280.25499 61.34227 INT/IDS(R400V) 59376.97473 1800 37
WDJ190416.13−170153.08 DAO 286.06718 −17.03141 INT/IDS(R400V) 59379.07986 1500 27
WDJ190717.50+364000.37 DAO 286.82291 36.66677 INT/IDS(R400V) 59376.15473 900 33
WDJ191231.47−033131.86 DA 288.13102 −3.52566 INT/IDS(R400V) 59379.01501 900 43
WDJ191750.16−201409.55 DO 289.45901 −20.23599 INT/IDS(R400V) 59377.14625 1800 35
WDJ192705.33+112452.84 DA 291.77224 11.41463 INT/IDS(R400V) 59377.07346 900 66
WDJ194344.19+521732.66 DOZ 295.93412 52.29241 INT/IDS(R400V) 59377.0019 500 65
WDJ194511.31−445954.57 DAO 296.29703 −44.9985 VLT/X-Shooter 59427.16143 900 97
WDJ202547.32+355411.38 DA 306.44716 35.90316 INT/IDS(R400V) 59378.05155 900 34
WDJ210110.17−052751.14 DAO V* 315.29212 −5.46432 INT/IDS(R400V) 59377.22622 900 24
WDJ210110.17−052751.14 DAO V* 315.29212 −5.46432 INT/IDS(R400V) 59378.18389 900 28
WDJ210132.69+135622.59 DAO UHE V* 315.38619 13.93961 LBT/MODS 59528.34973 900 182
WDJ210824.97+275049.80 DAO 317.10403 27.84717 INT/IDS(R400V) 59378.15987 1500 30
WDJ211532.62−615849.50 DO UHE: V* 318.88590 −61.98035 VLT/X-Shooter 59469.26343 1800 65
WDJ211532.62−615849.50 DO UHE: V* 318.88590 −61.98035 SOAR/GHTS 59372.30922 800 40
WDJ212355.09+342017.32 DA 320.97954 34.33815 INT/IDS(R400V) 59378.06714 1200 30
WDJ214212.56+322052.17 DA 325.55249 32.34777 INT/IDS(R400V) 59379.2067 1500 32
WDJ214327.96+414318.99 DA 325.86627 41.72174 INT/IDS(R400V) 59379.05566 1500 26
WDJ215101.38−151839.71 DA 327.75574 −15.31103 INT/IDS(R400V) 59379.17214 1800 29
WDJ220247.69+275010.67 DA V* 330.69871 27.83630 LBT/MODS 59555.14628 900 74
WDJ220817.34+390711.18 DA 332.07226 39.11977 INT/IDS(R400V) 59378.11333 1500 22
WDJ222147.70+501150.75 DA V* 335.44874 50.19743 LBT/MODS 59526.07477 900 100
WDJ223522.88−494350.80 sdO 338.84547 −49.73088 VLT/X-Shooter 59409.3123 1800 63
WDJ224305.77+584336.70 DA 340.77417 58.72693 INT/IDS(R400V) 59377.17848 1500 43
WDJ225808.72+685751.45 DA 344.53632 68.96429 INT/IDS(R400V) 58834.90353 1800 40
WDJ231757.59+555026.25 DA 349.49002 55.84066 INT/IDS(R400V) 59378.13711 1500 27
GD1323 DAO 356.52117 −7.6516 VLT/X-Shooter 59765.37629 1800 78
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Table A.2. Effective temperatures, surface gravities, radii, luminosities, gravity, HRD, and Kiel masses of the DA WDs.

Name Teff log g R L Mgrav MHRD MKiel
(short) [K] [cm / s2] [R�/100] [L�] [M�] [M�] [M�]

J0203−0639 60507±300 8.12±0.02 1.70±0.03 3.5+0.13
−0.12 1.40+0.09

−0.08 0.60±0.05 0.75±0.02
J0237+5834 70753±1820 8.04±0.1 1.55±0.04 5.4+0.7

−0.6 0.96+0.26
−0.20 0.67±0.06 0.73±0.05

J0314+3136 72664±1158 7.72±0.07 1.66±0.02 6.9±0.5 0.53+0.10
−0.08 0.64±0.04 0.62±0.04

J0513−2259 70702±1426 7.8±0.08 1.39±0.02 4.3±0.4 0.44+0.10
−0.08 0.72±0.04 0.64±0.04

J0538−1036 68255±1292 7.59±0.08 1.82±0.02 6.5+0.6
−0.5 0.47+0.10

−0.08 0.60±0.05 0.57±0.05
J0600−1014 63198±2099 7.51±0.11 1.50+0.03

−0.02 3.2±0.5 0.26+0.08
−0.06 0.67±0.05 0.54±0.04

J0619−0828 101921±1991 7.47±0.05 1.08±0.02 11.3+1.1
−1 0.13+0.02

−0.02 0.89±0.02 0.61±0.04
J0621+0652 108314±2186 7.63±0.05 1.75±0.05 38±4 0.48+0.07

−0.06 0.70±0.04 0.65±0.05
J0645+5659 99762±3672 6.72±0.03 1.89+0.11

−0.10 32+7
−6 0.07+0.01

−0.01 0.66±0.06 0.51±0.06
J0739+0914 81585±4449 7.17±0.11 1.89±0.07 14.2+3.6

−3 0.19+0.06
−0.05 0.62±0.06 0.52±0.05

J0800−0150 76169±5053 7.29±0.13 2.20+0.09
−0.08 15+5

−4 0.35+0.13
−0.10 0.57±0.07 0.53±0.04

J0805+4109 50590±227 8.11±0.2 1.76±0.02 1.82±0.11 1.90±0.40 0.56±0.05 0.73±0.08
J0851+1851 70491±2125 7.87±0.12 1.57+0.05

−0.04 5.5+0.8
−0.7 0.67+0.23

−0.17 0.66±0.06 0.66±0.06
J1239+7205 71049±2312 7.29±0.15 2.43+0.12

−0.11 13.6+2.4
−2.1 0.42+0.19

−0.13 0.54±0.07 0.52±0.06
J1256+7753 68086±1723 7.71±0.1 1.88+0.03

−0.03 6.8+0.8
−0.7 0.66+0.18

−0.14 0.59±0.06 0.61±0.05
J1348+7415 65092±2008 7.79±0.11 1.64+0.05

−0.04 4.3+0.7
−0.6 0.60+0.18

−0.14 0.63±0.05 0.62±0.05
J1357+7537 51512±1065 7.86±0.09 1.32+0.02

−0.02 1.11+0.1
−0.1 0.46±0.10 0.70±0.04 0.62±0.05

J1425−0341 31795±268 7.39±0.07 2.14±0.04 0.422+0.02
−0.019 0.41+0.07

−0.06 0.47±0.03 0.46±0.03
J1601+3804 83236±7307 7.51±0.27 2.22+0.10

−0.09 21+9
−7 0.58+0.51

−0.27 0.59±0.08 0.59±0.07
J1650+7748 29104±310 7.55±0.08 2.13+0.03

−0.03 0.295+0.016
−0.015 0.59+0.13

−0.11 0.46±0.04 0.48±0.04
J1751+3820 69474±3314 6.71±0.16 2.88±0.08 17±4 0.15+0.07

−0.05 0.51±0.06 0.43±0.06
J1756−0722 62941±1459 8.04±0.09 1.35±0.02 2.59+0.26

−0.24 0.74+0.17
−0.14 0.71±0.04 0.72±0.04

J1824−0319 68937±630 7.63±0.03 1.68±0.02 5.74+0.26
−0.25 0.44±0.04 0.63±0.05 0.58±0.04

J1828+3436 39478±927 7.81±0.08 1.50±0.02 0.49±0.05 0.53+0.11
−0.10 0.60±0.05 0.58±0.04

J1834+1811 57790±1685 7.38±0.11 2.13±0.04 4.6±0.6 0.40+0.12
−0.09 0.52±0.05 0.51±0.06

J1841+6120 47322±897 8.02±0.1 1.36±0.02 0.84±0.07 0.71+0.18
−0.15 0.67±0.04 0.68±0.05

J1912−0331 53271±1316 7.63±0.1 1.92+0.02
−0.02 2.66+0.29

−0.27 0.57+0.14
−0.12 0.54±0.04 0.55±0.05

J1927+1124 77190±3559 7.54±0.11 1.69±0.05 9.2+2
−1.7 0.36+0.11

−0.09 0.65±0.06 0.58±0.05
J2025+3554 35343±511 7.88±0.09 1.66+0.02

−0.02 0.389+0.026
−0.024 0.77+0.18

−0.15 0.54±0.05 0.60±0.05
J2123+3420 57145±1858 7.79±0.13 1.75±0.04 2.9+0.5

−0.4 0.69+0.25
−0.18 0.59±0.05 0.61±0.05

J2142+3220 61309±2128 7.3±0.12 1.56+0.03
−0.03 3.1±0.5 0.18+0.06

−0.05 0.64±0.05 0.50±0.04
J2143+4143 83390±7284 7.24±0.25 1.84+0.08

−0.07 15+7
−5 0.22+0.17

−0.10 0.63±0.09 0.54±0.06
J2151−1518 61511±2087 7.7±0.12 1.46±0.04 2.8+0.5

−0.4 0.39+0.13
−0.10 0.67±0.06 0.59±0.05

J2202+2750 58915±1135 8.25±0.17 1.78±0.07 3.5±0.4 2.10+1.10
−0.70 0.58±0.05 0.82±0.06

J2208+3907 71826±2783 7.53±0.22 2.17±0.05 11.3+2
−1.8 0.58+0.39

−0.24 0.56±0.05 0.57±0.06
J2221+5011 57480±552 7.95±0.04 1.52±0.05 2.27+0.17

−0.16 0.75+0.09
−0.08 0.64±0.04 0.67±0.03

J2243+5843 49918±850 7.76±0.07 1.59+0.02
−0.02 1.41±0.11 0.52+0.10

−0.09 0.60±0.05 0.58±0.05
J2258+6857 32424±290 8.08±0.06 1.17±0.01 0.137±0.006 0.60+0.10

−0.08 0.73±0.04 0.69±0.03
J2317+5550 72758±3383 7.49±0.21 1.76±0.04 7.8+1.7

−1.4 0.35+0.22
−0.14 0.62±0.05 0.56±0.07
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Table A.3. Effective temperatures, surface gravities, logarithmic He/H abundances ratios (by number), radii, luminosities, gravity, HRD, and Kiel
masses of the DAO WDs, sdO, and O(H) stars.

Name Teff log g log (He/H) R L Mgrav MHRD MKiel
(short) [K] [cm / s2] [R�/100] [L�] [M�] [M�] [M�]

GD 1323 112744±934 5.89±0.01 -1.00±0.01 8.80+0.01
−0.0100 1120+360

−250 0.22±0.07 0.52±0.05 0.55±0.02
J0703−3403 105839±734 6.77±0.02 -1.14±0.02 3.02±0.11 103+9

−8 0.20±0.02 0.58±0.06 0.53±0.05
J0803−0347 86893±4625 6.86±0.12 -1.63±0.05 2.69+0.13

−0.12 37+10
− 8 0.19+0.07

−0.05 0.56±0.06 0.50±0.05
J0809−3647 103607±754 6.68±0.02 -1.18±0.02 3.22+0.12

−0.11 108+9
−8 0.18±0.02 0.57±0.06 0.52±0.06

J1207+5401 84918±11184 6.54±0.23 -0.99±0.08 4.50+0.50
−0.40 90+70

−50 0.26+0.20
−0.12 0.49±0.09 0.44±0.07

J1322−3838 80000±10000 6.00±0.50 -2.00±0.50 6.90+0.60
−0.50 170+120

− 80 0.17+0.38
−0.12 0.42±0.07 0.42±0.07

J1323−4805 97563±808 6.87±0.02 -1.36±0.02 2.78+0.11
−0.10 63+6

−5 0.21±0.02 0.58±0.06 0.52±0.06
J1811+1936 83354±7075 6.71±0.17 -2.33±0.26 2.13+0.13

−0.12 20+9
−7 0.09+0.04

−0.03 0.59±0.09 0.46±0.05
J1904−1701 81784±8778 6.76±0.26 -2.07±0.24 2.17+0.14

−0.12 19+11
−8 0.10+0.09

−0.05 0.59±0.08 0.46±0.06
J1907+3640 80924±10831 7.06±0.28 -1.18±0.11 2.46+0.19

−0.15 23+17
−11 0.25+0.24

−0.13 0.56±0.11 0.51±0.06
J1945−4459 87559±1978 7.10±0.06 -1.81±0.07 2.37±0.05 29.8+3

−2.8 0.26±0.04 0.58±0.04 0.53±0.03
J2101−0527 48904±265 8.14±0.06 -0.58±0.04 1.28±0.01 0.838+0.023

−0.022 0.82+0.13
−0.11 0.72±0.03 0.75±0.03

J2108+2750 80116±9176 7.00±0.26 -2.01±0.16 2.62+0.18
−0.15 26+15

−11 0.25+0.22
−0.12 0.42±0.07 0.50±0.06

J2235−4943 75000±2161 6.06±0.04 -0.75±0.02 7.10+0.80
−0.70 143+39

−29 0.21+0.06
−0.04 0.41±0.04 0.40±0.03

Table A.4. Effective temperatures, surface gravities, logarithmic C/He abundance ratios (by number), radii, luminosities, gravity, HRD, and Kiel
masses of the H-deficient WDs.

Name Teff log g log (C/He) R L Mgrav MHRD MKiel
(short) [K] [cm / s2] [R�/100] [L�] [M�] [M�] [M�]

J0143+5841 116903± 631 7.87±0.04 1.08±0.04 19.6+1.4
−1.3 0.31±0.04 0.88±0.02 0.69±0.03

J0334+1646 98383± 1085 7.87±0.03 −1.70 ± 0.30 1.64+0.10
−0.09 22.8+3.1

−2.6 0.73+0.11
−0.09 0.65±0.08 0.67±0.05

J0436−0654 54451± 77 8.31±0.03 1.50±0.01 1.79±0.04 1.68+0.13
−0.12 0.59±0.10 0.82±0.06

J0519−0443 72686± 3993 7.63±0.12 1.59±0.04 6.3+1.6
−1.4 0.39+0.13

−0.10 0.61±0.10 0.55±0.08
J0602−1351 100000±10000 7.50±0.50 −0.50 ± 0.20 1.99±0.11 36+18

−13 0.46+0.47
−0.23 0.58±0.12 0.56±0.13

J0736+1444 81319± 1599 7.92±0.03 −1.50 ± 0.30 1.48+0.02
−0.02 8.7+0.8

−0.7 0.67+0.06
−0.05 0.66±0.07 0.66±0.05

J0751−0158 57013± 395 7.90±0.05 2.97+0.12
−0.11 8.4±0.7 2.60+5.60

−1.80 < 0.51 0.61±0.09
J1824+2931 54730± 66 8.27±0.03 1.34+0.02

−0.02 1.44+0.05
−0.04 1.21+0.10

−0.09 0.66±0.02 0.80±0.02
J1917−2014 112649± 2839 8.00±0.10 3.05+0.18

−0.16 135+22
−19 3.40+1.00

−0.80 0.53±0.04 0.74±0.05
J1943+5217 70601± 679 7.56±0.03 −2.20 ± 0.30 1.50±0.01 5.01±0.21 0.30+0.02

−0.02 0.63±0.08 0.53±0.09
J2115−6158 70279± 914 7.56±0.03 1.56+0.03

−0.03 5.3±0.4 0.32+0.03
−0.02 0.61±0.08 0.52±0.10
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