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ABSTRACT

We perform nonlocal thermodynamic equilibrium (NLTE) model atmosphere analyses of the three hottest hypervelocity stars (space
velocities between ~1500-2800 kms~') known to date, which were recently discovered spectroscopically and identified as runaways
from Type la supernovae. The hottest of the three (J0546+0836, effective temperature T = 95000 + 15 000 K, surface gravity logg =
5.5 £0.5) has an oxygen-dominated atmosphere with a significant amount of carbon (C = 0.10 + 0.05, O = 0.90 + 0.05, mass fractions).
Its mixed absorption+emission line spectrum exhibits photospheric absorption lines from OV and O VI as well as O1I and O 1V
emission lines that are formed in a radiation-driven wind with a mass-loss rate of the order of M= 10" M, yr~'. Spectroscopically,
J0546+0836 is a [WC]-PG1159 transition-type pre-white dwarf. The second object (J0927-6335) is a PG1159-type white dwarf with a
pure absorption-line spectrum dominated by C 11I/C 1v and O 11I/O 1V. We find T = 60 000 + 5000 K, logg = 7.0 £ 0.5, and a carbon-
and oxygen-dominated atmosphere with C = 0.47 £ 0.25, O = 0.48 + 0.25, and possibly a minute amount of helium (He = 0.05 + 0.05).
Comparison with post-AGB evolutionary tracks suggests a mass of M ~ 0.5 M, for both objects, if such tracks can safely be applied
to these stars. We find the third object (J1332—-3541) to be a relatively massive (M = 0.89 M) hydrogen-rich (DAO) white dwarf with
Ter = 65657 = 2390 K, log g = 8.38 + 0.08, and abundances H = 0.65 + 0.04 and He = 0.35 + 0.04. We discuss our results in the context

of the “dynamically driven double-degenerate double-detonation” (D®) scenario proposed for the origin of these stars.
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1. Introduction

The gravitational-wave-driven inspiral of two white dwarfs
(WDs) in a close binary has long attracted interest as a progenitor
channel for Type Ia supernovae (e.g., Webbink 1984; Livne 1990;
Guillochon et al. 2010). In several subclasses of such “double-
degenerate” models, only one of the two WDs explodes (e.g.,
Papish et al. 2015; Pakmor et al. 2022; Burmester et al. 2023).
The other WD, suddenly free from the gravity of its compan-
ion, escapes at roughly its orbital velocity, which can range from
1000 to 2500kms~! (e.g., Bauer et al. 2021). This surviving
WD is predicted to have unusual surface abundances, because
the hydrogen and/or helium in its outer layers is stripped off by
the companion both prior to and during the explosion, and also
because ejecta from the companion may be deposited on its sur-
face during the supernova and remain bound. Such a surviving
WD could be identified as a “living remnant” of the supernova
long after the bubble formed during the explosion has dissipated
back into the interstellar medium.

Several hypervelocity WDs with unusual abundances have
been discovered in recent years. Using data from Gaia Data
Release 2 (DR2), Shen et al. (2018a) identified three objects
with space velocities of higher than ~1000kms~!, radii of
0.1-0.3 Ry, and effective temperatures of T ~ 7000 K, placing
them between WDs and main sequence stars in the HR dia-
gram. No detailed abundance analysis has been performed on
these objects, but their atmospheres appear to be free of hydro-
gen and rich in metals (e.g., Chandra et al. 2022). More recently,

El-Badry et al. (2023, hereafter E23) reported the discovery of
four hypervelocity WDs that appear to be hotter and smaller than
the objects discovered by Shen et al. (2018a), but have simi-
larly high — and, in some cases, even higher — space velocities.
Both these hot objects and their cooler, puffier cousins have been
referred to as “D®” stars, after the “dynamically driven, double-
degenerate, double-detonation” model for their formation (Shen
et al. 2018b). While other classes of models for thermonuclear
explosions producing high-velocity WDs have been explored
(Raddi et al. 2019; Jones et al. 2019; Ginsicke et al. 2020), the D®
scenario is currently the only model predicting velocities above
1000kms~".

A detailed spectral analysis of candidate D® stars has not
been carried out anywhere in the literature. E23 compared the
optical spectra of their candidates to LTE model spectra cal-
culated with the general-purpose opacity sampling and spectral
synthesis codes ATLAS12 and SYNTHE (Kurucz 1970, 1979,
1992), but the authors cautioned that these codes were not
designed for hot, high-gravity stars, their grid of models was
not exhaustive, and the strengths of many lines included in their
models were uncertain. While the model spectra they produced
matched the observed spectra well enough for the measurement
of radial velocities, many lines were left unidentified. It is there-
fore highly desirable to analyze the spectra of these unusual
objects in detail with a code tailored to hot WDs. That is the
goal of this work.

The remainder of this paper is organized as follows. In
Sect. 2, we introduce our model atmospheres and the analysis
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strategy. In Sects. 3-5, for each of our three program stars, we
describe the spectral line identification and the spectral fitting
with our models in detail, and present the resulting determi-
nations of effective temperature (7f), surface gravity (g), and
chemical composition. In Sect. 6, we derive the stellar parame-
ters mass (M), radius (R), and luminosity (L) using theoretical
stellar evolutionary tracks, and determine their spectroscopic
distances by fitting spectral energy distributions (SEDs). We
summarize and discuss our results in Sect. 7.

2. Model atmospheres

We used the Tiibingen Model-Atmosphere Package (TMAP) to
compute nonlocal thermodynamic equilibrium (NLTE), plane-
parallel, line-blanketed atmosphere models in radiative and
hydrostatic equilibrium (Werner et al. 2003). For the two carbon-
and oxygen-dominated stars (J0546+0836 and J0927-6335), we
computed models of the type introduced in detail by Werner &
Rauch (2014), which were tailored to investigating the optical
spectra of relatively cool PG1159 stars (Teg ~ 90 000K, logg =
7.5); that is, hydrogen-deficient WDs resulting from a late He-
shell flash (Werner & Herwig 2006). Such models were also
successfully used to analyze recently discovered hot subdwarfs
(Ter = 55000K, logg = 5.5) that are covered by helium-burning
ash resulting from a binary—white dwarf merger (Werner et al.
2022). The chemical constituents of the models are helium, car-
bon, and oxygen. We found the model calculations to be rather
cumbersome because of numerical instabilities. It was only pos-
sible to achieve convergence with careful treatment and it was
therefore impossible to compute model grids to determine the
atmospheric parameters. We computed a series of models in
order to find a good fit to the observed line spectra.

For the third examined object (J1332-3541), we used grids
of WD model atmospheres composed of hydrogen and helium,
computed with the TMAP code by Reindl et al. (2023). In order
to determine T.¢, logg, and the H/He abundance ratio, we per-
formed a global y? spectral fit considering several absorption
lines of hydrogen and helium. A fourth object discovered by
E23, J1235-3752, is not analyzed here because its lower temper-
ature (Teg =~ 21 000 K according to E23) makes it unsuitable for
analysis with TMAP.

3. J0546+0836

We analyzed the rectified spectrum of J0546+0836 presented by
E23 in the top panel of their Fig. 3. The spectrum was obtained
on MJD 59959.35 with the Low Resolution Imaging Spectrom-
eter (LRIS) on the 10 m Keck-I telescope on Maunakea, Hawaii.
The spectral resolution is R = 1500. Our model spectra were
folded accordingly with a Gaussian. Figure 1 shows the LRIS
spectrum, shifted to rest wavelength assuming a radial velocity
of 1350 kms~!. E23 identified only a few of the spectral lines
and concluded that the star is free of helium and dominated by
carbon and oxygen. We have identified almost all of the features
and find that the line spectrum is dominated by oxygen. Some
carbon features are also present.

First, we note that the spectrum contains numerous emission
lines. E23 noted that several of these lines resemble those of PG
1159 stars, where they originate in the photosphere due to NLTE
effects. However, as discussed below, our analysis suggests that
the emission lines originate in a stellar wind, as in [WC] stars.

The oxygen line spectrum is a mixture of low-ionization
emission lines (O 11T and O 1V) that are formed in the wind and
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high-ionization absorption lines (O v and O VI) that are formed
in the photosphere. We identified wind emission lines mainly
from O1v, in particular the strongest emission at 3410 A. We
also see emission lines from O 111, namely at 3962 and 5592 A,
which are relatively weak compared to the bulk of the O1v
lines. Photospheric absorption lines mainly stem from O v (e.g.,
at 5114 A). E23 already identified the O VI 35 — 3p doublet at
3811/34 in absorption. These are the only O VI lines present
because, as we show below, the temperature of the star is too
low to exhibit other (highly excited) lines from this ion. E23
attributed the broad absorption feature at 3500A to O VI, but
our findings suggest it is one of several Rydberg lines from O v
(see below).

The oxygen line spectrum of J0546+0836 allows a coarse
assessment of the effective temperature, and the result served
as a starting point for our spectral fitting. We compared the
mixed absorption+emission line spectrum of J0546+0836 to
other hydrogen-deficient hot stars that are either dominated by
emission lines or absorption lines. The relative strengths of the
emission lines from O 111 and O IV are reminiscent of Wolf-Rayet
central stars of planetary nebulae of intermediate spectral type.
These low-mass stars belong to the [WC] sequence. Most [WC]
stars have been classified as [WC]-early or [WC]-late, with only
a few intermediate types (e.g., Tylenda et al. 1993). One of them
for instance is LMC-SMP 61, which was assigned the spectral
type [WC 5-6] and was analyzed in detail by Stasiiiska et al.
(2004). Like J0546+0836, it shows predominantly emission lines
from O 111 and O 1V. Emissions from the higher ionization stages
OV and O VI are rather weak. In J0546+0836, such higher ion-
ization lines are also present (albeit in absorption), meaning that
the oxygen ionization balance in both stars is similar. The stellar
temperature measured for LMC-SMP 61 is T, = 87 500 K!. Hot
hydrogen-deficient stars exhibiting predominantly absorption
line spectra are the PG1159 stars, which are very hot (pre-) WDs
and are thought to be the progeny of [WC] stars. Similar rela-
tive strengths of the absorptions of the O VI doublet at 3811/34 A
and the OV singlet at 5114 A in J0546+0836 are observed
in PG1159 stars in the temperature range ~100 000-120 000 K
(PG 2131+066 and BMP J0739-1418; Werner & Rauch 2014;
Weidmann et al. 2023). The OV line and the O VI doublet dis-
appear at higher and lower temperatures, respectively. Therefore,
we can conclude that the effective temperature of J0546+0836 is
near 100 000 K.

The facts that J0546+0836 exhibits a mixed absorp-
tion+emission line spectrum and that the strengths of its emis-
sion lines are much weaker than in [WC] stars must be the
consequence of a weak wind with a mass-loss rate consider-
ably lower than that of [WC] stars (that of LMC-SMP 6l is
M = 107%'2 My yr!). There are a two objects regarded as
[WC]-PG1159 transition types exhibiting similar mixed absorp-
tion+emission spectra to J0546+0836, but these have higher
effective temperatures (the central stars of the planetary nebulae
Abell 30 and Abell 78, T = 115000 K; Toala et al. 2015; Todt
et al. 2015). The presence of O VI emission lines and lack of O 1V
emission lines in their spectra, in contrast to J0546+0836, again
points at a lower temperature of the latter, of around 100 000 K.
Their mass-loss rates are 10778 My, yr~! and that value should be
representative of J0546+0836 as well. Ultraviolet spectroscopy
will be necessary to characterize the wind of J0546+0836. We

I The quantity T, for stars with a massive wind is defined at a par-
ticular Rosseland optical depth (here: g = 20) and is related, but not
identical, to the effective temperature in stellar photospheres.
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Fig. 1. Keck/LRIS spectrum of J0546+0836 shifted to rest wavelength and compared to our final model (red graph) with Tz = 95000K,
logg =5.5,0=0.90, and C = 0.10 (mass fractions). The spectrum is dominated by oxygen lines from O IV in emission (formed in a stellar wind and

therefore not reproduced by our static model) and O V in absorption, plus
O1r (3962 and 5592 A). We note, in particular, the (highly excited) Rydl
zontal black bars with respective principal quantum numbers. Small O v

the O VI absorption doublet at 3411/34 A and two wind-emission lines of
berg lines from O v (which are not modeled) indicated by the thick hori-
labels with question marks indicate probable O V lines in the observation

that are nevertheless not included in the model atom. See the main text for the meaning of the colors of the O V line labels. The only other species
identified is carbon; e.g., the C1v multiplet at 3690 A. The C 1V emissions (e.g., the doublet at 5801/12 A) are also formed in the wind.

expect prominent P Cygni line profiles from C1v 1550 A and
OV 1371 A for example.

The only other chemical element that can be identified in the
spectrum is carbon, namely by C 1V lines. E23 already identified
two sets of emission lines from C1V: the strong 3s — 3p dou-
blet at 5801/12 A, and a weaker line at 7724 A. The strong and
broad emission profile of 5801/12 A is also seen in [WC] stars
and the line is formed in the stellar wind. Other C1V lines that

are usually observed in absorption in PG1159 stars of similar
temperature are also affected by the wind because they appear
either in emission (at 4647/4658 A) or are filled in by emission
such that they are not detectable (e.g., at 4441 A). The only clear
photospheric C 1v absorption feature is at 3690 A. However, this
latter also could be affected by the wind. The absorption blue-
ward of the line core could indicate a P Cygni-like profile for
this line. The blueward extension of about 25 A would indicate
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a wind velocity of about 2000 km s~!, which is similar to the
value measured for the [WC] star LMC-SMP 61 (1400 kms™!,
Stasinska et al. 2004).

We also observe a strong absorption feature from the inter-
stellar NaD doublet that, because of the radial velocity correction
of the spectrum, appears blueshifted by about 26 to 5870 A
Interstellar Ca11 H and K lines are also observed and labeled. In
the following subsections, we describe the oxygen line identifica-
tions in detail, ion by ion, and we refer to them when performing
our model atmosphere fitting.

3.1. Oltand OV lines

Two emission lines located at 3962 and 5592 A are isolated O 111
transitions. They are singlets between sublevels with principal
quantum number n = 3 and are both marked with large line
intensities in the NIST? atomic database. The majority of the
observed emission lines stem from O1V. They are transitions
within the doublet and quartet systems. Quartet lines involve
n = 3 sublevels with a single excited electron that has excitation
energies in the narrow range of E = 439 000-504000cm™". In
the spectrum of J0546+0836, these quartet lines are responsible
for the strongest oxygen emission features located at 3381-3426,
3726-3774, and 4772-4801 A. From the doublet system, we see
two relevant transitions between n = 3 sublevels with a single
excited electron, namely one at 3404-3414 A, which is con-
tributing to the strongest oxygen emission line and the other
at 3348-3349 IOX, which is causing an observed emission line.
All other detected doublet lines involve doubly or singly excited
levels with n > 3. Respective level energies are higher and are
within the range of E = 511 000-597 000 cm~'. Transitions with
n =5 — 6 might be responsible for weak absorption lines,
namely at 3627/29 A (5p — 6d) and 4344 A (5f — 6g), but may
also be driving weak emissions, namely at 4389 A (54 — 6f) and
4570 A (51 - 6d).

3.2. Ovand OVilines

The ground state of OV has the electron configuration 1s?2s?;

thus, we have a singlet and a triplet system. Excited levels involve

either one or two excited electrons, namely 2snl or 2pnl. The
lines from O V in the observed wavelength region fall into three
main groups.

i. The first group comprises transitions between sublevels with
n = 3, which are designated by black labels in Fig.1. In
comparison to the levels of the second group of lines, they
have relatively low excitation energies within E = 546 000—
720000 cm™!.

ii. The second group consists of lines involving highly excited
levels with n > 5 and An > 0 (E > 838000 cm™!), indi-
cated by blue labels in Fig. 1. Some of them are probably
affected by linear Stark broadening because levels with dif-
ferent angular quantum number with the same n have similar
excitation energies, which are close to the hydrogen-like
case. We even identified Rydberg lines between very highly
excited states (n =6, 7,8 - n’ =7, 9, 10, 11, 12). Their
positions are indicated by the horizontal black bars in Fig. 1.
These are clearly broad features affected by linear Stark
broadening. To our knowledge, this is the first identifica-
tion of O v Rydberg lines in any astrophysical spectrum. The

2 https://www.nist.gov/pml/atomic-spectra-database
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lines of these two groups are transitions between levels with

either singly or doubly excited valence electrons.

iii. The third group of lines, indicated by red labels in Fig. 1, are
transitions from a singly excited to a doubly excited level or
vice versa, involving excitation energies £ > 808 000 cm™'.

Our analysis predominantly relies on the lines of group (i).

Because we do not know how to treat the (possibly important)

linear Stark broadening of profiles of lines from group (ii), care

must be taken when we compare them to observations. Lines
from group (iii) are found to be much too strong in the mod-
els compared to the observation (e.g., at 6276 A) or are even
in emission (at 5615 A), which is also not observed; the reason
for this is unknown. One possibility is that the calculation of
electron collisional rates between singly and doubly excited lev-
els is poorly approximated by the formula from van Regemorter

(1962), which we use in our model atom. A few other absorption

features in the observed spectrum probably stem from lines that

are not included in our model atom. These are indicated by labels
with a question mark (“Ov?”).

The 3s — 3p doublet of O VI located at 3811/34 A is seen
in absorption. The excitation energy of the lower level is about
E = 640000 cm™!. All other O VI lines in the optical wavelength
region, which are seen for example in very hot (7 > 100 000 K)
PG11509 stars, are from levels with high principal quantum num-
ber (n > 6) and excitation energies above 1000000 cm™'. We
do not identify any of these lines. This suggests a temperature
for J0546+0836 that is slightly below 100 000 K, such that these
energy states are rarely populated.

3.3. Spectral fitting

As mentioned, the O IV emission lines are formed in the stellar
wind, whereas our static model atmosphere predicts absorption
lines; see, for example, the strongest emission complex around
3400 A. Our analysis relies on the ionization balance between
OV and O VI lines, which are all forming in the photosphere. As
mentioned above, we compared the relative strength of the O VI
doublet and the O Vv line at 5114 IOA, which depends on both the
effective temperature and the surface gravity. To fit the observa-
tion, we fix log g at a particular value and then vary T.g. In the
relevant parameter range, increasing T4 increases the strength
of the O VI doublet but decreases the strength of the O v line.
A similar effect is observed when decreasing logg at a fixed
Tetr. At Teg below 80000 and above 110000K, OvI and OV
are too weak at any logg. We finally adopt T,z = 95000 =+
15000K and logg = 5.5 £ 0.5. A look at other O V lines reveals
that some of them are well reproduced by the model (e.g., in
the regions 4120—4220 and 5570-5610 A), while others are too
strong in the model (e.g., at 4400 and around 4550 A) because
of possible uncertainties in the model atom as discussed above.
Our values for temperature and gravity are significantly differ-
ent from the estimate by E23 (T = 130000 K, log g = 6.0). The
high-temperature estimate was motivated by findings from static
TMAP models of PG1159 stars, which show the C1v 5801/12
doublet in emission only at such high temperatures. Indeed, our
final model shown in Fig. 1 does not show this line at all. Coming
from low temperatures, at around 100 000 K, the line turns from
absorption into emission (Werner 1992). Like the O 1V lines, the
strong and broad C1v 5801/12 A feature is formed in the stellar
wind and is therefore not matched by our static model.

We estimate the carbon abundance (by mass) to be C =
0.10 £ 0.05. At this value, the C1V absorption lines at 3690 A
fits well. Other C1V lines that are not detectable in observation
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Fig. 2. MagE spectrum of J0927-6335 shifted to rest wavelength and compared to our final model (red graph) with 7.y = 60000 K, logg = 7.0,
C=0.47,0 =0.48, and He = 0.05 (mass fractions). The observed spectrum is dominated by C 111/C 1v and O 111/O 1V lines. The absorption trough
at 46204710 A is similar to that seen in PG1159 stars, but there is no contribution of He I1 in the case of J0927-6335. Line labels including “no
model” means that the respective lines are not computed in the synthetic spectrum. In particular, the broad absorption feature at 6560 A is caused
by C1v n = 8—12 transitions that are not included in our NLTE model atom.

Campanas Observatory in Chile. The spectral resolution is R =~

(at 4441 and 5471 A) indicate that this value cannot be larger. An
upper limit for the helium abundance was found by models with
different He abundances. We adopt He < 0.05. A model with 5%
helium exhibits significant He 11 absorption lines at 4686, 5412,
and 6560 A, in contrast to the observation.

4. J0927-6335

We analyzed the spectrum of J0927-6335 obtained by E23
on MJD 5997421 with the Magellan Echellette (MagE)
spectrograph on the 6.5m Magellan Baade telescope at Las

5500. To compare with models, we rectified the spectrum. How-
ever, this procedure was rather difficult towards the blue, at
wavelengths below about 4000 10%, because of relatively low S/N.
Therefore, the definition of the continuum is rather subjec-
tive and needs to be considered during the model fitting. We
smoothed the spectrum with a Gaussian of 2 A in width. The
model spectra were folded accordingly with a Gaussian that
accounts for smoothing and instrumental broadening.

The spectrum of J0927-6335 is shown in Fig.2. E23 pro-
posed that it is dominated by C1v and O1V lines and these
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authors set a lower limit to T of 70 000 K because of the weak-
ness of several CIII lines and an upper limit to 95 000 K because
of the absence of O V lines (assuming logg =7.0,C=0.72,0 =
0.28). However, we find that the C 111 lines with the most securely
known oscillator strengths are strong, and the relative strengths
of the lines of the two carbon ions suggest a temperature of below
70000 K. Let us first describe our line identifications in detail.

4.1. Curand C v lines

A number of CI1II lines are detectable. Some of them are quite
strong, for example the multiplet at 4070 A. For many lines,
oscillator strengths are unknown and line profiles cannot be
calculated. We have indicated those of them that are proba-
bly visible in the observation in Fig.2 with the label “C 111, no
model”. It might be possible that a number of unidentified lines
in the spectrum stem from C I11. As mentioned by E23, there are
no strong lines of most metals besides C and O; but the limited
S/N of the spectrum makes it difficult to judge whether other
absorption features are real.

The most prominent feature in the spectrum of J0927-6335
is the absorption trough at 46004750 A, which is a defining
characteristic of the PG1159 spectral class. However, there is a
difference in that the red half of the trough, centered at 4685 A,
is predominantly caused by He 11 4686 A (transition between lev-
els with n = 3—4) in PG1159 stars, but in J0927-6335 it is
entirely stemming from C1vV n = 6—8 transitions. This coinci-
dence occurs because He 11 and C 1V are hydrogen-like ions and
any n — n’ transition of He II corresponds to a 2n — 2n’ transi-
tion of C1v. Other broad C IV absorption features are at 3690 A
(n = 6-9 transitions) and 5470 A (n = 7-10 transitions). Three
other such prominent features are detectable, but these are not
included in our NLTE model atom because of the lack of atomic
data (labeled in Fig. 2 with “C1v, no model”). Two of these fea-
tures are located at 4230 A (n = 7-12) and 5865 A (n = 8-13),
and the third is causing the broad absorption line at 6560 A
(n = 8—12), which does not stem from HeIl (n = 4—6) or Ha
(n =2-3).

4.2. Olitand OV lines

Our models with temperatures of around 7T = 60 000 K predict
lines from O 11l and O 1V, but these are relatively weak and hard
to identify in view of the relatively poor S/N of the observed
spectrum; see, for example, the O 11T lines at 3962, 5268, 5508,
and 5592 A in Fig. 2, or the O1V line at 4344 A. The strongest
oxygen lines predicted by our models are in the range 3700—
3800 A. As mentioned, the practical problem here is that the S/N
of the observed spectrum is so poor that it is very difficult to
recognize the continuum during the normalization procedure. It
could well be that the deep absorption feature of approximately
20 A in width at 3760 A is caused by three strong and blended
O 111 lines.

4.3. Spectral fitting

We started our analysis by calculating a model with the param-
eters estimated by E23: T,z = 80000K, logg = 7, C = 0.72,
O = 0.28. We found the temperature to be significantly lower,
namely of around 60 000 K, because otherwise most of the C 111
lines are too weak in the model. E23 disfavored a temperature
of below 70000 K because their spectral models would predict
excessively strong C I1I lines in the spectral region 5050-5300 A
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In particular, a C 111 line at 5130 A is too strong in their 65 000 K
model. However, this line must be regarded as uncertain, because
there are no oscillator strengths listed in the NIST and Kentucky?
databases. This is probably because this C 111 line is a blend of
S5g — 7h transitions in both the singlet and triplet systems, and
is therefore difficult to measure in the laboratory. Consequently,
this line feature is not included in our models. We emphasize
that the strongest C I1I lines are located at shortest wavelengths —
for example, at 3886 and 4070 A- and require, as mentioned,
a lower temperature, that is, near 60 000 K. Reducing the tem-
perature to this value also causes an increase in the strength
of the C1v lines, albeit less drastic. It is therefore possible to
decrease the C/O ratio in order to increase the strengths of the
oxygen lines in the 3700-3800 A region discussed above such
that we get a better overall fit. We finally adopted the follow-
ing parameters: T = 60000 + 5000K, logg = 7.0 £ 0.5, and
equal amounts of C and O by mass. The error limits for the sur-
face gravity were estimated from models with logg = 6.5 and
7.5. The wings of the strongest C1V lines in the 4600-4750 A
region and at 5471 A are too narrow and too wide compared to
the observation, respectively.

An upper limit for the helium abundance of He < 0.1 was
determined by E23. Traces of helium can perhaps be identified
by the appearance of the He I 5412 A line. At He = 0.05, we
note a weak absorption feature in the model that seems to match
the observation. He I1 6560 A is stronger in the model, but the
strong C1V line dominates in the observation. The He 11 4859 A
absorption line is weaker in the model. The contribution from
He 11 4686 A to the absorption trough is negligible and C 1v dom-
inates. We regard the detection of helium as uncertain and better
observations are necessary in order to confirm the detection. We
finally adopt the composition He = 0.05 + 0.05, C = 0.47 + 0.25,
and O =0.48 +0.25.

5. J1332-3541

E23 obtained a spectrum for J1332-3541 on MJD 60054.52
with LRIS on the 10 m Keck-I telescope on Maunakea, Hawaii.
The spectral resolution is R ~ 1000. These latter authors clas-
sified the star as a DO WD and estimated T ~ 70000 K and
logg ~7.5.

As afirst attempt, we used the pure-He model grid computed
by Reindl et al. (2023) and performed a y? fit to the LRIS spec-
trum. We found T = 79996 + 4215K and logg=7.93 + 0.09.
However, the fit did not reproduce the observation well (black
graph in Fig. 3). In particular, several of the He IT lines were too
weak in the best-fit model compared to the observation.

We remind the reader that the He 11 Pickering series has lines
almost exactly coincident with the HT Balmer series. This makes
it difficult to determine whether or not a hot star with strong He 11
lines also contains H by visual inspection alone. E23 attributed
all the lines in the spectrum of J1332—-3541 to He I, but here
we consider the alternative possibility that hydrogen is present
in the atmosphere of this star. To investigate this possibility, we
repeated the fit with a grid by Reindl et al. (2023) that con-
siders opacities from H and He. We derived T = 65657 +
2390K, logg=8.38 +£0.08, H = 0.65 + 0.04, and He = 0.35
(mass fractions). With these parameters, most of the spectrum
of J1332-3541 is well reproduced, and in particular, the regions
containing the Balmer lines are significantly better fit than in
the pure-He model. However, He 11 4686, 5412, and 6560 A are

3 https://linelist.pa.uky.edu/atomic/
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Fig. 3. Keck/LRIS spectrum of the hydrogen-dominated DAO WD J1332-3541 shifted to rest wavelength and compared to our best-fit model (red
graph) with T = 65657K, logg = 8.38, H = 0.65, and He = 0.35 (mass fractions). The black graph shows the best-fit pure-helium DO model,

which has T = 79996 K and log g = 7.93.

slightly broader in the observation than in the model (red line
in Fig. 3). A higher-S/N spectrum could help us to investigate
the possible presence of a mild version of the He 11 line problem
(Werner et al. 1995). If indeed present, the derived atmospheric
parameters could suffer from systematic uncertainties. We note
that the origin of the He1I line problem remains elusive, and
therefore it is not possible to obtain a robust estimate of the
systematic errors.

The models of Reindl et al. (2023) assume a homogeneous
distribution of H and He in the atmosphere. However, some DAO
WDs are known to have a chemically stratified atmosphere, with
a very thin H-rich layer on top of the He-rich envelope. These
objects are thought to be DOs transforming into DAs as resid-
ual H mixed into the envelope gradually floats up to the surface
(Manseau et al. 2016; Bédard et al. 2020, 2023). To test the possi-
bility that J1332—3541 has a stratified atmosphere, we attempted
a spectral fit using the stratified model grid of Bédard et al.
(2020). We obtained a poorer fit (not shown here), indicating
that J1332-3541 likely has a homogeneous atmosphere.

6. Masses, radii, luminosities, and spectroscopic
distances

Luminosities, radii, and masses are determined via interpola-
tion from evolutionary tracks. For the DAO WD, we employed

evolutionary tracks for CO-core WDs from Renedo et al. (2010);
for J0546+0836, we employed the tracks from Miller Bertolami
& Althaus (2006); and for J0927-6335, we used theoretical
cooling sequences for He-rich atmosphere CO-core WDs of the
Montreal White Dwarf Group* (Bédard et al. 2020). The results
are valid provided that such tracks can safely be applied to these
stars.

Figure 4 shows the location of our program stars in the Kiel
(g — Tegr) diagram together with other H-deficient objects, includ-
ing the PG1159 stars’, the helium-dominated O(He) stars (e.g.,
Reindl et al. 2014; Jeffery et al. 2023), and DO WDs (e.g.,
Dreizler & Werner 1996; Jeffery et al. 2023). Also shown are the
locations of the two [WC]-PG1159 transition objects Abell 30
and Abell 78 as well as the [WC] star LMC-SMP 61 introduced
in Sect. 3.

Subsequently, we collected available photometry from var-
ious catalogs in order to estimate the spectrophotometric dis-
tances of our stars via fits of our best-fitting models to their
observed SED. To this end, we relied on the results from our
spectral analysis and assumed the radius to be fixed within

4 https://www.astro.umontreal.ca/~bergeron/
CoolingModels/

3 According to an unpublished list based on Werner & Herwig (2006)
and maintained by one of the authors (KW).
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Fig. 4. Positions of the two C-O dominated stars J0546+0836 and J0927-6335 as well as the DAO WD J1332-3541 in the Kiel diagram, together
with other hydrogen-deficient stars: PG1159 stars, O(He) stars, and DO WDs. A30 and A78 are [WC]-PG1159 transition objects. H1504+65 and
RXJ0439 are PG1159 stars that are He-deficient. LMC-SMP 61 is the [WC] central star discussed in the text. We show three sets of evolutionary
tracks that could be representative of our program stars, labelled with the stellar mass in solar units: VLTP post-AGB stars (blue, Miller Bertolami
& Althaus 2006) and WD coolings tracks of Bédard et al. (2020, green) and Renedo et al. (2010, red). The black line indicates the PG1159 wind
limit according to Unglaub & Bues (2000), meaning that the mass-loss rate of the radiation driven wind at this position of the evolutionary tracks
becomes so weak that gravitational settling of heavy elements is able to remove them from the atmosphere. Thus, no PG1159 stars should be found
at significantly cooler temperatures. The dashed line is the wind limit assuming a ten-times-lower mass-loss rate.

the determined uncertainties, while the distance and interstellar
extinction were considered as free parameters.

For J1332-3541, we employed the y? SED fitting routine
described in Heber et al. (2018) and Irrgang et al. (2021) to
find the global best fit using the model grid of Reindl et al.
(2023). The SED fit is shown in the bottom panel of Fig. 5, and
we derive E(B — V) = 0.038 mag and a spectroscopic distance
of 1.09f8:{% kpc. For J0546+0836 and J0927-6335, we used the
best-fitting models computed in this work and performed the fit
by eye. For J0546+0836, we find that the SED is best reproduced
with E(B — V) = 0.29 mag (as suggested by the Lallement et al.
(2022) map) and obtain a spectroscopic distance of 15f§ kpc.
The SED fit of this star is shown in the top panel of Fig.5.
With E(B - V) = 0.15 mag, which was also adopted by El-Badry
et al. (2023), we find that the SED of J0927-6335 is well repro-
duced at a spectroscopic distance of 2.5 + 0.9 kpc (middle panel
of Fig.5).

Within the error limits, our spectroscopic distances are sim-
ilar to the Gaia distances derived by E23 assuming a flat prior
on the absolute magnitude Mg in the Gaia bandpass (Table 1),
except for J0546+0836. Our value of 15 kpc for this latter source
is about four times larger than the Gaia distance. The large dis-
tance reflects the low surface gravity, hence the high luminosity
determined by our spectral analysis. Given the proper motion of
J0546+0836 of u = 76.1 mas yr~!, a distance of 15 kpc would
correspond to a rather large tangential velocity of 5400 kms™!.
Such a large velocity would be difficult to explain even in the
D® scenario, suggesting that our logg may be underestimated
somewhat, or that the star was produced through some other
mechanism.
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7. Summary and discussion

We performed detailed line identifications and NLTE spectral
analyses of the three hottest hypervelocity stars discovered spec-
troscopically and characterized preliminarily by E23. Below we
summarize our main findings (see also Table 1) and compare
them with this latter work. We then comment further on the
individual objects.

(i) We confirm that J0546+0836 and J0927-6335 have
carbon- and oxygen-dominated atmospheres. J0927—-6335 might
also have minute amounts of helium. Both stars are signifi-
cantly cooler than estimated by E23, namely we find 95 000 and
60000 K, respectively, instead of 130000 and 80 000 K as found
by E23. Temperature and gravity (logg = 5.5 and 7.0, respec-
tively) place the stars in a similar location in the Kiel diagram
to low-mass (=0.5 M) evolutionary tracks of hydrogen-deficient
post-AGB objects that suffered a late helium-shell flash (Fig. 4).

(i1)) We confirm that J1332-3541 is a hot WD, but we
find that it is not a helium-rich DO star as originally thought,
but a hydrogen-rich DAO star with slightly supersolar helium
abundance. We infer a relatively high mass of 0.89 M.

J0546+0836. Spectroscopically, this is a [WC]-PG1159
transition-type object, meaning that it exhibits both emission
lines forming in a wind and absorption lines forming in the pho-
tosphere. Two other stars with this property are known, namely
the central stars of the planetary nebulae Abell 30 and Abell 78.
These stars are slightly hotter versions of J0546+0836 (Fig.4)
and we argue that J0546+0836 should have a similar mass-loss
rate (about M = 1078 M yr'!).



Werner, K., et al.: A&A, 682, A42 (2024)

A

10 » 5

3 ym

LS | ‘RP;{F'J
Tl i

MA

10—15 m
<
= GB\;
%) -16
310 WWW G
< M.,
< WM”'T Grp
10-17 WW‘M
N
"
Nk'\
103 104
MA
_ \‘hh“ .
10724
N
[ SNy
- 10715 b "
= ™~
£ Y
£ 9
107 RN
] = I
& °l Gep
i
10-17 \Z
[N
S
o
10-18 -
103 104
MA

Fig. 5. SED fits to J0546+0836 (top panel), J0927—6335 (middle), and
J1332-3541 (bottom).

However, the main difference between J0546+0836 and the
PG1159 class is the helium abundance. With two notable excep-
tions, PG1159 stars have large amounts of helium (at least about
30%). The prototype PG1159-035 for instance has He = 0.33,
C =048, O = 0.17, and Ne = 0.02 (Werner et al. 2004).
J0546+0836 on the other hand is devoid of helium and is com-
posed of C = 0.1 and O = 0.9. Among the currently known 68
PG1159 stars, there are two members that were also found to lack
helium: H1504+65 (C = 0.46, O = 0.46, Ne = 0.06, Mg = 0.02)
and RXJ0439.8—-6809 (C = 0.50, O = 0.49, Ne = 0.01) (Werner
& Rauch 2015). In this latter work, we discuss the possible ori-
gins of this composition (extraordinary strong mass loss after
a He-shell flash or binary CO-WD merger). In particular, for
RXJ0439.8—6809, we considered a supernova runaway because
the star has a high radial velocity (+220kms~') and is located
in the Galactic halo at a distance of 9.2 kpc towards the Large
Magellanic Cloud. Unfortunately, the star is too faint (V = 21.74)
for Gaia proper-motion measurements.

H1504+65 and RXJ0439.8—6809 are the hottest WDs
known and they are at the hot end of the WD cooling

sequence (Fig. 4). However, J0546+0836 is located at post-AGB
tracks before their high-temperature knee. This means that
J0546+0836 — if these tracks are indeed representative of this
object — is performing He-shell burning. This is difficult to
reconcile with its helium deficiency on the surface unless one
assumes that it has a helium layer below the C-O envelope
that was accreted by a helium-rich WD at the explosion of the
companion.

Zhang et al. (2019) computed long-term evolutionary models
with Modules for Experiments in Stellar Astrophysics (MESA)
for SN Iax postgenitors (the accretors) and noted that these mod-
els and those of runaway companions (the donors) may look
very much alike. Particularly interesting in our context are their
“abnormal cases”, where the envelope entropy is high and as a
consequence the simulations fail to reach the cooling track for
numerical reasons. One such model expands to AGB-star dimen-
sions with super-Eddington luminosity (with T ~ 3500 K and
L = 10* Ly). The authors noted that wind mass loss should be
included in future simulations of these phases. The wind will
probably also suppress the radiative levitation of iron and nickel,
an effect shown by their models in the hot luminous phases. We
note again that J0546+0836 indeed exhibits a radiation-driven
wind. It may be reasonable to assume that respective evolution-
ary tracks of stars descending from the AGB region should be
similar to the post-AGB tracks shown in our Fig. 4.

Zhang et al. (2019) emphasize the role of gravitational set-
tling in the appearance of the SN Iax postgenitors. Figure4
shows two wind limits that denote the line in the Kiel dia-
gram where PG1159 stars turn into helium-rich DO WDs. When
approaching this limit, the radiation-driven wind becomes so
weak that it is no longer able to counteract gravitational settling
of carbon and oxygen. J0546+0836 is very luminous and this
effect is therefore unimportant, which means that the abundances
during the postgenitor evolution are unchanged. However, this is
not the case for the other two stars that we analyzed.

J0927-6335. Spectroscopically this is a PG1159 star. How-
ever, like J0546+0836, it has a lower helium abundance (He <
0.05 or even zero) than the other stars of this class (with the
exception of the two He-deficient objects discussed above). It is
also cooler than any PG1159 star and close to the wind limit in
the Kiel diagram (Fig. 4). The possible minute amount of helium
could signal that the star is about to transform into a DO WD
with helium diffusing to the surface. It is therefore possible that
the abundances of the original postgenitor have changed and that
even heavier elements than carbon and oxygen are depleted by
gravitational settling.

J1332-3541. Surprisingly, this star is not a hot helium-rich
DO WD, as originally proposed, but a hydrogen-dominated DAO
WD with a roughly solar helium abundance. We find that the
atmosphere is chemically homogeneous, which would be a sign
that this is not a former DO WD that is transforming into a
DA. However, it is still possible that J1332—-3541 is a DO-to-
DA transition object. Bédard et al. (2023) performed detailed
simulations of the H float-up process and showed that this phe-
nomenon is governed by an interplay between atomic diffusion
(which tends to push H upward) and the radiative wind (which
tends to homogenize the outer layers). These latter authors also
showed that the time required to achieve the DO-to-DA trans-
formation depends mainly on the amount of residual H. If the
initial H abundance is relatively low (e.g., the log H = —4.5
case shown in their Fig.3), it takes more time for the star to
develop a H-rich surface. During this time, the WD cools and
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Table 1. Atmospheric properties and other parameters of our program stars.

Parameter J0546+0836 J0927-6335 J1332-3541
Spectral type [WC]-PG1159 PG1159 DAO
Ter (K) 95000 = 15000 60000 + 5000 65657 + 2390
logg (cms™2) 55+0.5 7.0+0.5 8.38 £ 0.08
H - - 0.65 + 0.04
He <0.05 0.05 £ 0.05 0.35 £ 0.04
C 0.10 £ 0.05 0.47 +£0.25 -
o 0.90 + 0.05 0.48 +0.25 -
R (Ry) 0.21j8:(1)? 0.030’:8;8%% 0.010 + 0.001
M (M) 0.52f8:(3)}1 0.32’:8:12 0.89 +0.03
L (L) 3218763 21,1193 17108
E(B - V) (mag) (SED fit) 0.29 0.15 0.032
d (kpc) (SED fit) 15f§ 25+09 1.09’:8:{%
d (kpe) (Gaia) 4.0f%§ 4.5f%:$ 1.632%3

Notes. Element abundances given in mass fractions. Stellar radius, mass, and luminosity for J0546+0836 derived from post-AGB tracks of Miller
Bertolami & Althaus (2006), for J0927—-6335 from cooling tracks of Bédard et al. (2020), and for J1332—3541 from cooling tracks of Renedo et al.

(2010), as displayed in Fig. 4. The Gaia distances were determined by E23 assuming a flat prior on Mg .

its wind consequently fades, thereby allowing diffusion to pro-
duce a stratified atmosphere. However, if the initial H abundance
is higher (e.g., the log H = —3.0 case shown in their Fig. 2),
the DO-to-DA transition takes place earlier, when the wind is
still powerful enough to homogenize the outer envelope. This
scenario indeed produces a DAO WD with a homogeneous
atmosphere, as observed for J1332—-3541.

The presence of hydrogen is puzzling and difficult to recon-
cile with the D% scenario. It is possible that the relatively massive
WD collected hydrogen during its fast cruise through the inter-
stellar medium. Only small amounts of hydrogen are needed for
a thin, optically thick mantle. Any accreted metals rapidly sink
into the interior.

Our study confirms the D® scenario is a plausible hypoth-
esis for the existence of the carbon- and oxygen-dominated
stars J0546+0836 and J0927-6335. Ultraviolet spectroscopy is
needed to search for other metals. For the third object, the
hydrogen-dominated DAO WD J1332-3541, the D° scenario has
difficulty in explaining the atmospheric composition.
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