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ABSTRACT

We report a spectroscopic search for hypervelocity white dwarfs (WDs) that are runaways from Type
Ia supernovae (SNe Ia) and related thermonuclear explosions. Candidates are selected from Gaia data
with high tangential velocities and blue colors. We find six new runaways, including four stars with
radial velocities (RVs) > 1000 km s−1 and total space velocities ≳ 1300 km s−1. These are most likely
the surviving donors from double-degenerate binaries in which the other WD exploded. The other two
objects have lower minimum velocities, ≳ 600 km s−1, and may have formed through a different mech-
anism, such as pure deflagration of a WD in a Type Iax supernova. The four fastest stars are hotter
and smaller than the previously known “D6 stars,” with effective temperatures ranging from ∼20,000
to ∼130,000K and radii of ∼ 0.02–0.10R⊙. Three of these have carbon-dominated atmospheres, and
one has a helium-dominated atmosphere. Two stars have RVs of −1694 and −2285 km s−1 – the
fastest systemic stellar RVs ever measured. Their inferred birth velocities, ∼ 2200–2500 km s−1, imply
that both WDs in the progenitor binary had masses > 1.0M⊙. The high observed velocities suggest
that a dominant fraction of the observed hypervelocity WD population comes from double-degenerate
binaries whose total mass significantly exceeds the Chandrasekhar limit. However, the two nearest
and faintest D6 stars have the lowest velocities and masses, suggesting that observational selection
effects favor rarer, higher-mass stars. A significant population of fainter low-mass runaways may still
await discovery. We infer a birth rate of D6 stars that is consistent with the SN Ia rate. The birth
rate is poorly constrained, however, because the luminosities and lifetimes of D6 stars are uncertain.
Subject headings: white dwarfs – binaries: close – stars: chemically peculiar

1. INTRODUCTION

Despite several decades of investigation, the dominant
progenitor channel of Type Ia supernovae (SNe Ia) re-
mains uncertain (e.g., Maoz et al. 2014; Livio & Mazzali
2018). A promising class of models involves the grav-
itational wave-driven inspiral of a double white dwarf
(WD) binary, culminating in the detonation of carbon in
one component’s core. Such a detonation can plausibly
be achieved in a wide range of double WD binaries if it
is preceded by detonation of helium near the surface of
the more massive WD (the “accretor”), which produces
a converging shock that detonates carbon in the core
(Livne 1990; Fink et al. 2010; Shen & Bildsten 2014).
Such a “double detonation” (first helium, then carbon)
could occur either after the build-up of a helium shell
on the accreting WD through stable mass transfer, or
dynamically during the coalescence of a WD binary in
which mass transfer becomes unstable (Guillochon et al.
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2010; Dan et al. 2011). An attractive feature of the
double-detonation scenario is that it does not necessarily
require the total mass of the WD binary to approach the
Chandrasekhar limit, but can potentially lead to a SN Ia
as long as the accreting WD has a CO core with mass
≳ 0.8M⊙ (e.g., Sim et al. 2010; Shen et al. 2018a). This
is attractive because super-Chandrasekhar-mass WD bi-
naries are expected to be rare, with a predicted coales-
cence rate an order of magnitude lower than that of all
WD+WD binaries (e.g., Nelemans et al. 2001; Yungelson
& Kuranov 2017).
The fate of the lower-mass WD (the “donor”) after

the accretor’s detonation is uncertain. It is possible that
it will be destroyed, either in a second double detona-
tion triggered by the first, or, if the accretor only deto-
nates late in the merger, by tides. However, most mod-
els predict that the lower-mass WD will survive in some
or all binary configurations (Pakmor et al. 2013; Papish
et al. 2015; Tanikawa et al. 2019; Pakmor et al. 2022;
Burmester et al. 2023). In this case, that WD will flee
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the scene with a velocity similar to its pre-explosion or-
bital velocity. This is predicted to be quite large – in the
range of 1000–2000 km s−1 for ∼ 1M⊙ accretors and 0.2–
0.8M⊙ donors. These velocities significantly exceed the
Milky Way’s escape velocity, and so the runaway WDs
will be launched into intergalactic space, traveling at a
rate of 1–2 kpcMyr−1. These runaway WDs are smok-
ing guns of double-degenerate detonations. Constraints
on their birth rate hold promise to determine the fraction
of SNe Ia that come from a double-degenerate channel,
and measurement of their surface abundances can poten-
tially constrain the yields of SNe Ia.
Shen et al. (2018a) termed the scenario in which un-

stable mass transfer in a WD+WD binary leads to a
helium-shell detonation followed by carbon detonation
in the more massive WD the “D6 scenario” (dynami-
cally driven, double-degenerate, double-detonation). Us-
ing astrometry from Gaia DR2, Shen et al. (2018b, here-
after S18) selected candidate D6 stars with large appar-
ent tangential velocities and well-constrained parallaxes.
Their spectroscopic follow-up observations revealed three
sources with unusual and very similar spectra, which
they named D6-1, D6-2, and D6-3. All three objects
have atmospheres devoid of hydrogen and spectra dom-
inated by metal lines. They fall in a tight clump in the
color-magnitude diagram between the main sequence and
the WD cooling track, corresponding to temperatures
of order 7000K and radii of ∼ 0.2R⊙. These objects
are much larger and puffier than normal WDs, possi-
bly because they were inflated by tidal heating during
the merger and/or energy injected from the explosion
of their companions. In the D6 scenario, the runaway
WDs are expected to be free of hydrogen (and possi-
bly also helium) because their outer layers were stripped
and transferred to the companion prior to its detonation
(e.g., Shen et al. 2013). All three objects have inferred
tangential velocities above 1000 km s−1. One of them has
a radial velocity (RV) of ∼ 1200 km s−1; puzzlingly, the
other two have RVs near 0. However, the unusual and
very similar spectra of the three objects, as well as the
high quality of their astrometric solutions, strongly sug-
gests that they are all genuine hypervelocity WDs.
The three D6 stars discovered by S18 are all relatively

bright and nearby, with G-band apparent magnitudes of
17.0, 17.4, and 18.2, distances of 0.8–2.5 kpc, and well-
constrained parallaxes. Given this and the fact that the
objects were discovered immediately after Gaia DR2, it
seemed likely that a larger population of D6 stars would
soon be discovered. However, despite deeper searches
in the intervening 5 yr (e.g., Raddi et al. 2019; Igo-
shev et al. 2023) and improved astrometry from Gaia
DR3, no additional D6 stars have been discovered. A
few other high-velocity WDs with unusual spectra have
been discovered (Raddi et al. 2019), but these have in-
ferred birth velocities of ∼ 600 km s−1 – slower than ex-
pected in the D6 scenario – and spectra that differ from
those of the three D6 stars. A proposed explanation for
these objects is that they are remnants of deflagrations
of near-Chandrasekhar-mass WDs, perhaps from single-
degenerate binaries (Foley et al. 2013; Vennes et al. 2017;
Raddi et al. 2018, 2019). In this scenario it is the accre-
tor, not the donor, that is detected as a high-velocity
star.

Here we present results from a new search for D6 stars.
Since previous work has investigated most of the candi-
dates with well-constrained parallaxes and distances, we
expand our search to include objects with large proper
motions and parallaxes consistent with zero. We rely
on spectroscopic analysis and RVs to distinguish true
D6 stars from lower-velocity interlopers. The remain-
der of this paper is organized as follows. Section 2 de-
scribes our strategy for selecting candidate hypervelocity
WDs from Gaia astrometry and summarizes our follow-
up spectroscopy. In Section 3, we discuss our spectro-
scopic analysis of the most interesting objects. Section 4
is concerned with estimating radii from broadband SEDs,
while Section 5 focuses on modeling the stars’ trajecto-
ries through the Galaxy. In Section 6, we compare the
newly discovered objects to other known hypervelocity
WDs, and Section 7 estimates their masses from their
inferred birth velocities. We discuss the implications of
our results in Section 8 and conclude in Section 9.

2. SEARCH FOR HYPERVELOCITY WDS WITH
GAIA

2.1. Candidate sample

We wish to select stars with large tangential velocities
as inferred by their proper motions and parallaxes. We
use astrometry from Gaia DR3 (Gaia Collaboration et al.
2021, 2022). Given a measured proper motion, µ, and
parallax, ϖ, the implied tangential velocity is

v⊥ = 4.74 km s−1 ×
(

µ

mas yr−1

)( ϖ

mas

)−1

. (1)

For random trajectories, we expect the tangential ve-
locity to be of comparable magnitude to the three-
dimensional (3D) velocity.1 With precise measurements
of v⊥, most hypervelocity WDs could thus be selected
with a simple cut of v⊥ > 800 km s−1: fast enough to
exclude normal stars bound to the Milky Way and slow
enough to include typical stars produced by the D6 sce-
nario unless their trajectories happen to be aligned with
our line of sight.
Astrometric errors can cause contamination of high-

velocity candidate samples with foreground lower-
velocity false-positives. For the objects of interest here,
the proper motions are always well-constrained, so par-
allax uncertainties are the limiting factor in measuring
tangential velocities. The simplest way to limit contam-
ination is to only consider sources with well-constrained
parallaxes. This was the strategy employed by S18, who
required ϖ/σϖ > 3. The three D6 stars they identified
have ϖ/σϖ = 18.2, 7.6, and 4.3 in Gaia DR3, and thus
even the 3σ lower limits on their tangential velocities ex-
ceed 800 km s−1.
We expect additional D6 stars to exist at larger dis-

tance than the objects discovered by S18. These objects
will likely both be fainter and have smaller parallaxes

1 In particular, for random trajectories the ratio x = v⊥/v3D
should be distributed as p(x) = x/

√
1− x2, with a mean of

π/4 ≈ 0.79 and a median of
√
3/2 = 0.87. The ratio |RV|/v3D

should be uniformly distributed between 0 and 1 (e.g., Nottale
& Chamaraux 2018). We do not expect trajectories to be com-
pletely random since all stars are launched from the Galaxy and
the Galaxy is rotating, but these ratios still provide a useful heuris-
tic for interpreting observed radial and tangential velocities.
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than the known D6 stars, such that their tangential ve-
locities have large uncertainties. However, they can still
be distinguished from contaminants on the basis of their
hydrogen-free spectra and high RVs.
Candidates for such objects are selected as follows.

We require that the best-fit tangential velocity, v⊥, ex-
ceeds 600 km s−1, and that a proxy for its 1σ lower limit,
v⊥,lower = 4.74µ/ (ϖ + σϖ), exceeds 400 km s−1.2 We
require an apparent magnitude G < 20 in the interest
of efficient follow-up spectroscopy. Most sources with
well-constrained parallaxes and apparently large proper
motions have already been investigated in other work
(e.g., Raddi et al. 2019; Igoshev et al. 2023); they are pri-
marily normal halo stars with underestimated parallaxes.
We therefore explicitly target sources with ϖ/σϖ < 5,
which are primarily WDs. To minimize contamination
from sources with spurious astrometry, we require ruwe
< 1.4; this filters out sources with poor astrometric
goodness-of-fit compared to typical Gaia sources with
similar magnitude and color. We also adopt a proper-
motion lower limit of µ > 50mas yr−1, which corre-
sponds to v⊥ > 710 km s−1 at a distance of 3 kpc, or
v⊥ > 1185 km s−1 at a distance of 5 kpc. The proper mo-
tion cut dramatically reduces contamination from distant
sources with parallaxes near zero.

2.1.1. Color cut

In addition to the astrometric cuts described above, we
also use a color cut, GBP−GRP < 0.5mag. This is moti-
vated by several considerations. First, the three D6 stars
discovered by S18 are sufficiently blue to pass this cut.
Evolutionary models for temporarily inflated WDs sug-
gest that after a thermonuclear transient, these objects
will first expand and cool, and then contract and heat
up (Zhang et al. 2019; Bauer et al. 2019). This suggests
that older analogs of the three known D6 stars should be
bluer than they are. We cut on measured color without
any extinction correction, because the poorly constrained
distances to stars in our sample make extinction correc-
tions nontrivial.
Most importantly, blue stars are relatively rare: among

the 1058 million stars in the Gaia archive with G <
20mag, fewer than 6 million have GBP−GRP < 0.5mag.
This means that focusing on blue stars dramatically re-
duces the number of contaminants. The price to pay for
this increased efficiency is that the search is not sensitive
to red sources, including intrinsically blue stars with sig-
nificant foreground extinction, stars that are red because
they are cool (Teff ≲ 6000K), and stars enshrouded in
dust.

2.1.2. ADQL query

2 We neglect the uncertainty in µ in calculating v⊥, lower here,
since its contribution to the uncertainty in v⊥ is always small com-
pared to the uncertainty in ϖ. v⊥,lower is not, strictly speak-
ing, the 1σ lower limit on v⊥, because the inversion of parallax is
a nonlinear transformation (e.g. Bailer-Jones 2015; Igoshev et al.
2016). In the limit of low-significance parallax measurements, the
inferred distance and tangential velocity depend unavoidably on
the adopted distance prior. Our kinematic modeling of the spectro-
scopically confirmed candidates (Section 5) uses a Bayesian analy-
sis, including exploration of the sensitivity of our constraint to the
adopted distance prior. For simplicity, we use v⊥,lower to select
initial candidates.

The selection described above is implemented in the
following ADQL query:

select * from gaiadr3.gaia_source
where phot_g_mean_mag < 20
and ruwe < 1.4
and pm > 50
and (4.74*pm/(parallax + parallax_error) > 400 or

(parallax + parallax_error) < 0)
and (4.74*pm/parallax > 600 or parallax < 0)
and bp_rp < 0.5
and parallax_over_error < 5

This query returns 25 sources, which are listed in Table 1.
Two were rejected because they have a bright neighbor
and likely have spurious colors and parallaxes (El-Badry
et al. 2021a; Rybizki et al. 2022). We consider the re-
maining 23 stars the highest-priority candidates, and we
have obtained spectroscopy of 22 of them in order to have
high completeness within the parameter space delineated
by the cuts described here.
We also observed an additional 21 candidates with

somewhat lower proper motions and/or more significant
parallaxes. These candidates are summarized in Ta-
ble 4. All of our high-confidence, hydrogen-free candi-
dates come from the query above. We expect the false-
positive rate to be higher among the sample with lower
proper motions (even at fixed v⊥), because there is a
larger pool of contaminants with underestimated paral-
laxes at large distances, and these sources necessarily
have lower proper motions.

2.2. Follow-up spectroscopy

We obtained spectra of 39 runaway WD candidates,
prioritizing the brightest targets with the highest inferred
tangential velocities. Tables 1 and 4 summarize our ob-
servations, most of which employed low-resolution spec-
trographs to check for unusual spectra and/or high RVs.
Details about the observing setup and data reduction for
each instrument are provided in Appendix A.
Several objects turned out to have unusual spectra

and/or high RVs; these are discussed in detail individ-
ually below. Not surprisingly, the false-positive rate is
lowest among the stars with the highest tangential ve-
locities; indeed, 100% of the 5 sources with the highest
v⊥, lower are D6 stars!
The most common false positives were normal DA

WDs and sdO/B stars. A few main-sequence stars are
also among the contaminants, mostly with low metallic-
ity. A significant fraction of the false positives do have
moderately large RVs, up to ∼ 450 km s−1. We suspect
that these are mostly stars on halo-like orbits (which have
high space velocities compared to most stars in the So-
lar neighborhood) with underestimated parallaxes, such
that their true tangential velocities are smaller than v⊥.
These do not necessarily have “wrong” parallaxes, but
may simply represent the noise tail of the parallax dis-
tribution.
A few of our rejected candidates have been considered

as runaway WD candidates in other work on the basis of
their Gaia astrometry. For example, Igoshev et al. (2023)
argued that the source Gaia DR3 5703888058542880896
– one of our rejected candidates – has a velocity above
700 km s−1 and is likely unbound from the Galaxy.
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Gaia DR3 Source ID Name G ϖ µ 4.74µ/ϖ 4.74µ
ϖ+σϖ

RV verdict instrument

[mag] [mas] [mas yr−1] [km s−1] [km s−1] [km s−1]

6156470924553703552 J1235-3752 19.05 −0.10± 0.24 95.2 -4685 3183 −1694± 10 hot D6 star MagE
2156908318076164224 18.25 0.42± 0.10 212.0 2374 1922 −20± 80 D6-3 S18
3335306915849417984 J0546+0836 19.06 0.07± 0.31 76.1 5289 942 1200± 20 hot D6 star LRIS/ESI
5250394728194220800 J0927-6335 19.37 0.13± 0.21 54.9 2062 764 −2285± 20 hot D6 star MagE
6164642052589392512 J1332-3541 19.42 0.66± 0.54 155.5 1112 613 1090± 50 hot D6 star MagE/LRIS
3542263595793124480 19.18 0.67± 0.46 144.3 1016 604 bright neighbor
3804182280735442560 J1109+0001 19.09 0.40± 0.31 87.6 1051 592 100± 10 LP 40-365 star LRIS
5703888058542880896 19.60 1.36± 0.32 207.9 723 586 280± 50 DA WD LRIS
5517276097516408576 19.33 0.10± 0.35 55.3 2735 582 bright neighbor
4771417432717575680 19.93 0.13± 0.32 54.2 1998 571 100± 50 DA WD SOAR
4546525523392712064 19.39 0.52± 0.32 93.6 860 534 −180± 50 DA WD DBSP
6853349473073333632 19.56 0.50± 0.46 107.7 1027 532 120± 50 DA WD SOAR/GMOS
2393804867149529856 19.78 0.13± 0.41 58.8 2167 513 −10± 50 DA WD SOAR
3507697866498687232 J1311-1846 18.26 0.60± 0.19 83.1 653 496 55± 10 LP 40-365 star DBSP/LRIS
5998866829060560768 19.49 0.73± 0.44 115.6 754 468 −65± 10 MS star MagE
5183592902806605824 19.81 0.73± 0.58 128.2 836 463
4129413800145771776 19.30 0.65± 0.35 96.2 697 452 −290± 80 DA WD LRIS
1512757030058082304 19.94 0.35± 0.33 64.3 879 450 −70± 50 DA WD LRIS
1271663056690275712 19.20 0.46± 0.22 65.0 669 450 −120± 30 DA WD SDSS
6536783647184624640 19.94 0.07± 0.53 55.9 3844 444 −20± 50 DA WD SOAR/GMOS
4096984529352659584 19.60 0.40± 0.49 83.0 983 440 60± 30 MS star LRIS
6592388973858801920 18.45 0.39± 0.19 52.3 638 425 160± 50 DA WD SOAR
6688913592127235584 19.19 0.41± 0.29 59.8 686 404 200± 50 DA WD SOAR/GMOS
4096331041464263296 19.99 −1.42± 0.82 58.6 -195 -463 −210± 30 MS star LRIS
6703717691563155968 19.24 −0.53± 0.53 52.7 -471 -79269 −10± 50 DA WD SOAR

TABLE 1
All Gaia sources returned by the ADQL query from Section 2.1.2, together with results from our follow-up spectroscopy. Sources are sorted
by 4.74µ/ (ϖ + σϖ), the 1σ lower limit on their tangential velocity. “D6 stars” are suspected runaway donors from WD+WD binaries
with velocities ≳ 1000 km s−1. “LP 40-365 stars” are suspected to be partially burned runaway accretors; they have lower velocities and
different abundance patterns (see Section 3.2.5). DA WDs and main-sequence (MS) stars are false positives.

They also classified the sources 6368583523760274176,
6640949596389193856, and 3537042874067950336 as
candidates for being unbound. Since we find these
sources to have fairly normal spectra that in all cases dis-
play hydrogen lines, we consider it more likely that they
are the high-velocity (or high-noise) tail of the normal
halo WD and sdO/B star population. It is also possible
that some high-velocity WDs that are not hydrogen-free
were accelerated by other mechanisms besides thermonu-
clear events, such as dynamical few-body interactions.

2.3. Completeness of our search

For population modeling, it is important that our
search be described by a selection function that can be
modeled. The Gaia proper motion and parallax uncer-
tainties are primarily functions of apparent magnitude
and position in the sky (e.g., Lindegren et al. 2021a;
Castro-Ginard et al. 2023). It is thus straightforward to
ask, given the intrinsic properties of a hypothetical star,
whether it would have been detected by our search. The
basic parameters that must be satisfied are as follows.

1. G < 20mag,

2. GBP −GRP < 0.5mag,

3. µ > 50mas yr−1,

4. v⊥ > 600 km s−1,

5. v⊥,lower > 400 km s−1.

We can consider a D6 star with absolute magnitude
MG,0 = 6mag, similar to the objects discovered by S18.

Such a source will have G < 20mag to a distance of
6.4 kpc. If its tangential velocity is 1000 (1500) km s−1, it
will satisfy µ > 50mas yr−1 to a distance of 4.2 (6.3) kpc.
Given the Gaia DR3 sky-averaged parallax uncertainties
as a function of apparent magnitude, the cut of v⊥,lower >
400 km s−1 translates to a distance limit of 4.7 (6.1) kpc
for a source with tangential velocity 1000 (1500) km s−1.
Given these considerations, our typical search vol-

ume for unreddened D6 stars with MG,0 = 6mag is
∼ 5 kpc. For stars with MG,0 = 8 (10)mag, it is ∼ 2.5
(∼ 1.0) kpc. Our search sensitivity is much lower in the
Galactic plane, where extinction will both redden sources
to GBP − GRP > 0.5mag and make them fainter than
G < 20mag. This can be forward-modeled using a dust
map; here we simply note that we expect the sensitiv-
ity to fall precipitously in most locations with Galactic
latitude |b| < 10◦.

3. SPECTROSCOPIC ANALYSIS

3.1. Spectral models

Our confirmed hypervelocity WDs have spectra that
are both heterogeneous and unusual. This made the pro-
cess of identifying spectral features and measuring RVs
nontrivial. Following S18, we first tried cross-correlating
them with all the spectra in the empirical MILES library
(Sánchez-Blázquez et al. 2006). This yielded no plausi-
ble matches for any of our objects of interest, because
the library contains no objects that even approximately
resemble their spectra.
We therefore calculated synthetic spectra with a va-

riety of atmospheric parameters and abundance pat-
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terns and compared them to the observed spectra. We
used ATLAS 12 (Kurucz 1970; Kurucz 1979; Kurucz
1992) to compute the atmosphere structure and SYN-
THE (Kurucz 1993) for the radiative-transfer calcu-
lations, self-consistently re-computing the atmosphere
structure for each set of abundances. These codes model
one-dimensional (1D) plane-parallel atmospheres and as-
sume local thermodynamic equilibrium (LTE). We use
the linelist maintained by R. Kurucz3 and assumed a
microturbulent velocity of 2 km s−1. Spectra were gener-
ated at resolution R = 300, 000 and applied instrumen-
tal broadening to match the observed data. We did not
attempt to model rotational broadening because the res-
olution and signal-to-noise ratio (SNR) of our spectra is
generally inadequate to constrain it.
We experimented with a broad but nonexhaustive va-

riety of bulk atmosphere compositions. We expect the
approximations made by the Kurucz codes to be subop-
timal for the objects in our sample, which have nonstan-
dard compositions and temperatures and surface gravi-
ties outside the regime where the codes are well-tested.
Given the complexities involved in the spectral model-
ing, we do not attempt a quantitative abundance analy-
sis here. Our goals are to (a) measure RVs of the newly
discovered objects, and (b) determine the elements re-
sponsible for the most obvious features in the observed
spectra. This approach allows us to estimate the effective
temperatures and bulk atmospheric compositions of the
stars, while deferring a more detailed abundance analysis
to future work.
In the D6 scenario, the hydrogen and helium layers

on the donor’s surface will most likely be transferred to
the companion before it explodes. The default expecta-
tion for these stars’ surface compositions is thus an at-
mosphere consisting mostly of carbon and oxygen, likely
with no hydrogen or helium, and possibly contaminated
with ejecta from the exploded companion. These consid-
erations motivated us to calculate a grid of atmospheres
and model spectra that are ∼ 70% carbon and ∼ 30%
oxygen by mass, consistent with the predictions of Zhang
et al. (2019). After identifying Mg and Si lines in the ob-
served spectrum of one object, we also added 0.2% by
mass of these elements to approximately match the ob-
served line strengths.
If the donor in the D6 scenario has a helium core –

or if the accretor explodes before all of the donor’s sur-
face helium is transferred to the companion – one might
expect the runaway WD to have a helium-dominated at-
mosphere. This motivated us to calculate another set of
spectra with pure helium atmospheres. We additionally
calculated models for carbon/oxygen atmospheres with a
small amount of helium added in order to estimate upper
limits on the helium abundances of the observed objects.
We cross-correlated each object in our sample with

all the synthetic spectra over an RV grid spanning
±5000 km s−1. We adopted the effective temperature of
the model that most closely matches the data in our sub-
sequent analysis.

3.2. Discussion of individual objects

3.2.1. J1235-3752:

3 http://kurucz.harvard.edu/linelists.html

The MagE spectrum of J1235-3752 is shown in Fig-
ure 1. The strongest lines are due to C II, O II, and
Mg II. Both Si II and Si III lines are detected, sug-
gesting an effective temperature in the range of 15–
25 kK. Cross-correlation yields a well-measured RV of
−1694 ± 10 km s−1. We do not attempt to correct for
gravitational redshift, here or elsewhere in the paper.
The expected gravitational redshifts for objects in our
confirmed sample are of order 10 km s−1, and corrections
would make the measured RVs more negative.
Comparison of the observed normalized spectrum with

a grid of Kurucz models yielded a best-fit effective tem-
perature near 21,000K. The surface gravity is not well
constrained spectroscopically; we adopt log g = 6.4 (cgs
units) as motivated by an assumed mass of ∼ 1M⊙ (Sec-
tion 7) and constraints on the source’s radius from the
spectral energy distribution (SED; Section 4). The fact
that the object shows no He I lines rules out a surface
helium mass fraction above ∼ 1%. The model spectrum
shown in Figure 1 contains only C, O, Mg, and Si. Not
all of the metal lines in the observed spectrum are well-
accounted for in the best-fit spectral model; other ele-
ments are almost certainly present and detectable, but
we do not attempt to model them given the relatively
low SNR of the data. In the D6 scenario, we expect a
significant quantity of iron-peak elements to be deposited
on the donor’s surface, but at the relevant temperatures,
these elements produce only weak lines in the optical un-
less they dominate the atmosphere.
The zeropoint-corrected Gaia parallax, ϖ = −0.10 ±

0.24, implies a 1σ lower limit on distance of d >
7.4 kpc, and a 2σ lower limit of d > 2.68 kpc. These
limits are respectively calculated as 1/ (ϖ + σϖ) and
1/ (ϖ + 2σϖ), and do not include any distance prior.
The proper motion is well-constrained by Gaia at µ =
95.17 ± 0.19mas yr−1. Our kinematic modeling with a
3000 km s−1 upper limit on the birth velocity (Section 5)
implies a maximum distance of ∼ 5.5 kpc. The total
extinction to infinity from the Schlegel et al. (1998, here-
after SFD) dust map is E(B − V ) ≈ 0.08mag, and the
Lallement et al. (2022) 3D dust map suggests that almost
all of this extinction is within 1 kpc of the Sun. This leads
to a reasonably well-constrained MG,0 ≈ 5.8 ± 0.5mag
and a radius of R ≈ 0.1R⊙, corresponding to a luminos-
ity of order 1L⊙.
Samples from the object’s trajectory (as modeled in

Section 5) are shown in Figure 9. It is currently above
the disk and flying away from it; the best-fit flight time
back to the disk midplane is z/vz = 1.87+0.86

−0.25 Myr.

3.2.2. J0927-6335:

The MagE spectrum of J0927-6335 is shown in Fig-
ure 2; it is dominated by C IV and O IV lines. The pres-
ence of these higher-ionization states and the weakness of
C III lines allows us to set a lower limit of Teff ≳ 70 000K.
The best-fit Kurucz model has Teff = 80, 000K, but the
agreement between data and model remains comparably
good up to temperatures of ∼ 95, 000K. Higher temper-
atures are ruled out by the lack of O V lines, particularly
O V λ4931.65.
The model spectrum shown in Figure 2 assumes an

abundance pattern identical to the one shown in Figure 1
for J1235-3752. The reasonably good agreement with the
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Fig. 1.— MagE spectrum of J1235-3752, shifted to the rest frame. Upper-left panel shows the full spectrum, smoothed to a resolution
R = 1000 (black line). Lower panels show the spectrum before smoothing, with gray shading showing 1σ uncertainties. The red line shows
a model spectrum with Teff = 21, 000K and log g = 6.4, calculated for an atmosphere that by mass is 72% C, 28% O, and 0.2% each of
Mg and Si. The strongest lines in the observed spectrum are due to these elements; in the middle panel, colored vertical lines indicate
which species is responsible for each line in the model spectrum. Cross-correlation with the model spectrum yields an RV of −1694 km s−1

(upper right). A significantly lower Teff is ruled out by the weak observed C I and O I lines (lower left). The lack of He I lines rules out a
significant helium contribution to the atmosphere (lower right).

observed spectra suggests that both objects indeed have
atmospheres dominated by carbon and oxygen. We con-
sidered atmospheres dominated by He, Ne, and Fe and
can rule these out since the predicted spectra are in much
worse agreement with the data for any Teff . Most other
elements besides C and O are not predicted to have any
strong lines in the optical at these temperatures, so an
ultraviolet (UV) spectrum is required to measure abun-
dances of trace elements. Helium is not detected, and
from the lack of a detected Pickering series, we can place
a limit of ≲ 10% on the surface helium mass fraction.
Cross-correlation of the observed and model spectra

leads to a reasonably unambiguous RV measurement of
−2285±20 km s−1. The cross-correlation function is less
sharply peaked than in J1235-3752, mainly because most
of the observed lines are broad and relatively weak, and
a single complex of C IV lines at 4600–4700 Å dominates
the total signal. We confirmed that we obtain consistent
RVs when we analyze different portions of the spectrum
independently. To our knowledge, this is the most neg-

ative bulk velocity ever measured for an astronomical
object, exceeding even the RVs measured for the S stars
orbiting the Galactic Center black hole (GRAVITY Col-
laboration et al. 2018; Do et al. 2019). If we exclude
objects at cosmological distances, stars orbiting Sag A*,
and the other objects presented in this work, J0927-6335
has the fastest RV measured for a star by more than a
factor of 2 (e.g., Brown et al. 2018; Koposov et al. 2020).
The zeropoint-corrected Gaia parallax, ϖ = 0.14 ±

0.21, implies a 1σ distance lower limit of d > 2.86 kpc,
and a 2σ lower limit of d > 1.77 kpc. The proper
motion is well-constrained by Gaia, with µ = 54.91 ±
0.25mas yr−1. The Lallement et al. (2022) 3D dust map
predicts an integrated extinction E(B − V ) ≈ 0.13mag
along this line of sight to a distance of 2.5 kpc, while the
SFD dust map predicts E(B − V ) ≈ 0.2mag to infinity.
Since the source is relatively close to the Galactic plane
(b = −9◦), there may indeed be additional foreground ex-
tinction beyond the reach of the Lallement et al. (2022)
map. We adopt E(B − V ) = 0.15mag.
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Fig. 2.— MagE spectrum of J0927-6335, shifted to the rest frame. Upper-left panel shows the full spectrum, smoothed to a resolution
R = 1000. Lower panels show the spectrum and uncertainties before smoothing. The red line shows a model spectrum with Teff = 80000K
and log g = 7.0, calculated for an atmosphere that by mass is 72% C, 28% O, and 0.2% each of Mg and Si (same abundances as Figure 1).
The inferred RV is −2285 km s−1 (upper right). The same spectrum (without smoothing) is compared to model spectra in the bottom
three panels. Most of the strongest lines are due to C III, C IV, O III, and O IV, but there are numerous other lines yet to be identified.
The weak C III lines in the observed spectrum rule out a temperature below ∼ 70, 000K (lower left); the lack of He II lines rules out a
helium mass fraction above ∼ 10% (lower right).

Our kinematic fitting (Section 5) yields a best-fit dis-
tance of ∼ 4.5 kpc, which would correspond to an ab-
solute magnitude MG,0 ≈ 5.7. Distances beyond 8 kpc
are ruled out because they would imply vejection >
3000 km s−1. Samples from the posterior are shown in
Figure 10. This object is unique among those in our sam-
ple because it is moving toward the Galactic disk. With a
Galactic latitude of b = −9.1◦, distances of 3–6 kpc corre-
spond to perpendicular distances from the disk midplane
of 0.47–0.95 kpc. The midplane distance at the time of
explosion must have been at least this large. This sug-
gests that the object was born from a kinematically hot
stellar population – most likely, the thick disk.

3.2.3. J0546+0836:

Spectra of J0546+0836 obtained with Keck/LRIS and
Keck/ESI are shown in Figure 3. Unlike any other ob-
jects in our sample, this object’s spectrum is dominated
by emission lines, though some absorption lines are also
visible. The absorption lines are weak, with a maximum

depth of ∼ 0.1 relative to the continuum.
Cross-correlation with our grids of Kurucz LTE model

spectra yielded no plausible matches. We noticed,
however, that the spectrum is visually reminiscent of
PG 1159 stars, which are very hot (pre-)WDs with little
hydrogen and large amounts of carbon in their photo-
spheres (e.g., Werner et al. 1991). In particular, we iden-
tified three doublets in emission at ∼ 4660 Å, ∼ 5810 Å,
and ∼ 7720 Å, whose wavelengths match three C IV dou-
blets commonly found in PG 1159 stars if the stellar RV
is ∼ 1200 km s−1. This prompted us to compare the spec-
trum to empirical and synthetic spectra of PG 1159 stars,
from which we also identified several C IV and O IV ab-
sorption lines.
The emission lines in PG 1159 stars are a result of

non-LTE (NLTE) effects. Since the Kurucz codes assume
LTE, we compared the spectrum to a grid of NLTE model
spectra calculated with TMAP (Werner & Dreizler 1999;
Werner et al. 2003; Rauch & Deetjen 2003) and available
through TheoSSA (Rauch et al. 2018). We used the grid
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of models with surface mass fractions of helium (33%),
carbon (50%), oxygen (15%), and nitrogen (2%). The
closest match within this grid was the model with Teff =
130, 000K and log g = 6.0, which we show in Figure 3.
Cross-correlation with the LRIS spectrum yields an RV
of 1262 km s−1. Since the LRIS wavelength solution is
not very stable, we instead measured the RV from the
C IV λλ5801.33, 5811.98 emission-line doublet in the ESI
spectrum. This yielded an RV of 1200±20 km s−1, which
we adopt in our subsequent analysis.
Although the closest-matching model spectrum has a

surface gravity of log g = 6.0, we suspect a higher surface
gravity of log g ≈ 7 on the basis of the SED-inferred ra-
dius R ≈ 0.05R⊙ (Section 4). None of the model spectra
with Teff ≲ 100, 000K have the strong C IV emission lines
found in the observed spectrum, so we adopt 100,000K
as a rough lower limit on the star’s effective temperature.
The model spectrum shown in Figure 3 assumes a 33%

helium mass fraction, but we find that the helium lines
in the model spectra are absent in the data. We conclude
that J0546+0836 is most likely helium free. Because
spectral models still fail to reproduce several lines in nor-
mal PG 1159-star spectra, we also compare portions of
the spectra to empirical spectra of other PG 1159 stars.
This yielded a few additional line identifications. For ex-
ample, the blue component of the doublet at 7717 Å is
not present in the model spectra and has long evaded
identification (e.g., Werner et al. 1991, 2014), but it is
clearly present in the spectra of many PG 1159 stars.
There are also plenty of lines in the spectrum of

J0546+0836 that are not found in most PG 1159-star
spectra and remain to be identified. Indeed, the most
conspicuous feature in the LRIS spectrum is a strong
emission doublet, with rest wavelength near 3410 Å and
equivalent width ∼ 20 Å; this feature is not present in the
model spectrum at all, and we were unable to identify a
comparable feature in the spectra of known PG 1159 or
[WC] stars. The same is true for several other emission
lines; a more detailed analysis of this spectrum is war-
ranted.
“Normal” PG 1159 stars are thought to be post-

asymptotic-giant-branch (post-AGB) stars that experi-
enced a late helium flash; such objects are frequently
found at the centers of planetary nebulae (e.g. Herwig
et al. 1999). Given its high space velocity, we think that
J0546+0836 is a thermonuclear runaway, and is not di-
rectly related to normal PG 1159 stars in an evolution-
ary sense. However, it is very hot and has an atmo-
sphere dominated by carbon – hence, the resemblance to
PG 1159 stars.
The ESI spectrum of J0546+0836 has a resolution

R ≈ 8000 – high enough that the emission lines are
reasonably well resolved. A cutout of the spectrum is
shown in the lower-middle panel of Figure 3, where we
compare the observed C IV λλ5801, 5812 doublet to that
of the PG 1159 star HE 1429-1209 observed with UVES
(Werner et al. 2004) and degraded to R = 8000. The
doublet in J0546+0836 is both stronger (with an equiva-
lent width of 7 Å, compared to ∼ 3 Å for HE 1429-1209)
and broader. If the observed broadening is due to rota-
tion, this would imply v sin i ≈ 180 km s−1, which im-

plies a rotation period Prot ≈ 20min ×
(

R
0.05R⊙

)
sin i.

This is plausibly within the expected range for a syn-
chronously rotating ∼ 0.01R⊙ WD that expanded fol-
lowing the detonation of its companion at an orbital pe-
riod of 2–3min. It is also a significantly shorter rota-
tion period than expected for a normal young WD (Her-
mes et al. 2017). That being said, we cannot exclude
the possibility that processes besides rotation dominate
the emission-line broadening, and deeper high-resolution
spectra are needed to confirm whether the absorption
lines imply a similar v sin i.
The Green et al. (2019) 3D dust map predicts an ex-

tinction E(B − V ) = 0.19 ± 0.03mag at all distances
beyond 2.5 kpc, while the Lallement et al. (2022) map
predicts E(B − V ) = 0.29mag at 2.5 kpc and the SFD
map predicts E(B−V ) = 0.27mag at infinity. We adopt
E(B − V ) = 0.25mag.
The Gaia parallax, ϖ = 0.06± 0.31, implies a 1σ dis-

tance lower limit of d > 2.64 kpc, and a 2σ lower limit of
d > 1.44 kpc. The proper motion is well-constrained by
Gaia, with µ = 76.07 ± 0.25mas yr−1. Sample trajecto-
ries of J0546+0836 are shown in Figure 11. The source is
located toward the Galactic anticenter and is moving in
a counterrotating trajectory, meaning that it was likely
slowed by Galactic rotation. It is below the disk mid-
plane and is moving away from it; the midplane crossing
would have occurred 0.61+0.05

−0.08 Myr ago.

3.2.4. J1332-3541:

The MagE and LRIS spectra of J1332-3541 are shown
in Figure 4. Unlike the other objects in our sample, the
spectrum is dominated by He II lines; i.e., it is not ob-
viously different from that of a normal DO WD. We
nevertheless consider it a strong candidate for being a
thermonuclear runaway owing to its high RV.
We compared the spectrum to a grid of pure He models

calculated with TMAP and retrieved from TheoSSA. We
use these, rather than spectra generated with the Kurucz
codes, because they account for NLTE effects and were
generated with a code designed for hot WDs. The lack of
a strong He I λ5876 line sets a lower limit on the effective
temperature of Teff ≳ 70, 000K. The observed He II lines
are stronger than predicted in any of the model spectra
(upper-left panel of Figure 4). This “He II line problem”
is in fact rather common in DO WDs, with about half of
all hydrogen-deficient WDs at Teff > 60, 000K exhibiting
it (Werner et al. 1995; Dreizler et al. 1995; Werner et al.
2014). The reason for the phenomenon is not understood;
one possibility is that the excess absorption originates in
a wind-fed magnetosphere (Reindl et al. 2019).
To assess whether the excess absorption found in

J1332-3541 is within the normal range for DO WDs, we
compared its spectrum to the SDSS spectra of several
DO WDs known to exhibit the He II line problem. One
example is shown in the middle-left panel of Figure 4,
where we compare the object to the SDSS spectrum of
Ton 519 (SDSS J102907.31+254008.3), a DO WD with
the He II line problem (Kepler et al. 2019). For this star
Bédard et al. (2020) estimated Teff = 64, 000±1300K and
log g = 7.47±0.14. However, we caution that their spec-
tral models also could not fit the strong He II lines, so the
uncertainties are likely underestimated. The spectrum
matches that of J1332-3541 fairly well. The most sig-
nificant difference between the two objects is that He II
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Fig. 3.— Rest-frame Keck/LRIS and Keck/ESI spectra of J0546+0836. Top panel shows the full LRIS spectrum, which is dominated by
a few strong emission lines and also exhibits many weak absorption lines. Middle-left panel shows cross-correlation of the spectrum with
a model for a PG 1159 star with Teff = 130, 000K and log g = 6, which suggests an RV of ∼ +1200 km s−1. That model (middle center)
lacks many of the features of the observed spectrum, but it matches several lines of C IV and O VI in both absorption and emission (e.g.,
middle right). We compare the doublets at ∼ 5800 and ∼ 7720 Å to observed spectra of two PG 1159 stars at the same resolution in the
bottom-middle and right panels. The emission lines in J0546+0836 are stronger and broader than those found in typical PG 1159 stars.
Many of the emission lines, including the strongest doublet near 3400 Å (bottom left), are unidentified.

λ4541 is stronger than He II λ4339 in Ton 519, while the
opposite is true in J1332-3541. There is no strong evi-
dence of any lines in the J1332-3541 spectrum that are
not present in Ton 519. The star has the smallest radius
and likely the highest surface gravity in our sample (Sec-
tion 4), so metals deposited on its surface may already
have diffused out of the atmosphere. UV spectroscopy
is required to asses the atmospheric composition more
robustly.
The RV difference between Ton 519 and J1332-3541

is ∼ 1050 km s−1; this includes an unknown component
that represents the RV of Ton 519 and the difference
in the stars’ gravitational redshifts. Fitting a Gaussian
profile to the He II λ4686 line, we find an RV of +1090±
50 km s−1, consistent with the best-fit value inferred from
cross-correlation with the synthetic template.
The zeropoint-corrected Gaia parallax, ϖ = 0.65 ±

0.54, implies a distance of ∼ 1.5 kpc, with a 1σ lower
limit of distance d > 0.84 kpc, and a 2σ lower limit of
d > 0.58 kpc. J1332-3541 is thus likely the nearest of our

newly discovered objects. The proper motion is well-
constrained by Gaia at µ = 155.54± 0.44mas yr−1. The
Lallement et al. (2022) dust map predicts a foreground
extinction of E(B−V ) = 0.05mag at a distance of 1 kpc,
and the SFD map predicts E(B − V ) = 0.05mag at in-
finity, so we adopt E(B − V ) = 0.05mag.
We classify J1332-3541 as a D6 star on the basis of

its high velocity. The fact that its atmosphere is domi-
nated by He rather than C could indicate that it formed
from a He-core WD. Alternatively, J1332-3541 could be
a CO WD whose He shell was not fully stripped before
its companion exploded.

3.2.5. Two LP 40-365 stars: J1311-1846 and J1109+0001

Two objects we observed, J1311-1846 and J1109+0001,
have relatively slow RVs of −55 and +100 km s−1. Their
spectra, however, are clearly different from those of WDs,
sdO/B stars, or main-sequence stars (Figure 5). The
strongest lines in both objects are due to Mg, O, Na,
and Ca. Many other metal lines are likely present, but
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Fig. 4.— Rest-frame MagE and LRIS spectra of J1332-3541. Top panel compares the smoothed MagE spectrum (R ≈ 1000) to a model
spectrum of a pure He atmosphere with Teff ≈ 70, 000K and log g = 7.5. The strongest lines in the model match the observed spectrum
at an RV of ∼ 1100 km s−1, but the observed lines are significantly stronger than those in the model spectrum. In the middle panels, we
compare the spectrum to an empirical template from SDSS of a DO WD. Like J1332-3541, this object has deeper He II lines than predicted
by models. Using this spectrum as an empirical spectrum, we infer an RV difference of ∼ +1050 km s−1. Bottom panel compares the MagE
spectrum to an LRIS spectrum (also with R ≈ 1000), which has higher SNR at blue wavelengths. All of the features that appear in both
spectra are due to He II.

most are blended at R ≈ 1000. Mg II lines are stronger
than Mg I in J1109+0001; the opposite is true in J1311-
1846, suggesting J1109+0001 is the hotter of the two
stars. Their dereddened colors, GBP − GRP = 0.23mag
and GBP − GRP = −0.09mag, suggest temperatures
of order 7000K and 10,000K. H and He are not de-
tected in either star. The nondetection of He I λ5876
in J1109+0001 rules out a surface helium mass fraction
of ≳ 10%. The lower temperature of J1311-1846 prevents
a spectroscopic limit on its He abundance.
Modeling their 3D kinematics (Section 5), we find 1σ

lower limits on their birth velocities of 610 km s−1 and
661 km s−1. These lower limits are slower than those we
infer for the four objects discussed above.
On the basis of their velocities, spectra, and positions

in the color-magnitude diagram (CMD), we classify these
objects as LP 40-365 stars. The LP 40-365 stars are a
small group of high-velocity stars (with only four mem-
bers until now) proposed to be the partially burned ac-
cretors left behind by underluminous thermonuclear su-
pernovae with nondegenerate donors (Vennes et al. 2017;

Raddi et al. 2019). In this case, their high velocities
(typically ∼ 600 km s−1; see Section 5) may be the re-
sult of pre-explosion orbital velocities and/or kicks due
to asymmetric explosions. The spectrum of J1109+0001
is very similar to that of the star J1825-3757, while the
spectrum of J1311-1846 is very similar to the prototype
LP 40-365, as well as to J1603-6613 and J0905+2510 (see
Raddi et al. 2019).
Raddi et al. (2019) have proposed that LP 40-365 stars

have Ne-dominated atmospheres. This hypothesis is dif-
ficult for us to test because Ne lines are predicted to be
weak even if it is the dominant component of the atmo-
sphere. In any case, the similar spectra, CMD positions,
and velocities of J1311-1846 and J1109+0001 to other
LP 40-365 stars suggest that they belong to the group.
It is important to note that the boundary between D6

stars and LP 40-365 stars is observationally somewhat
murky. Classification to date has focused primarily on
optical spectra, which suggest very similar abundance
patterns among LP 40-365 stars. No abundance anal-
ysis has been published for D6 stars, but their spectra



11

0

1

2

f λ
[e

rg
s−

1
cm

−
2

Å
−

1
]

1e 16

J1311− 1846

4000 5000 6000 7000 8000 9000 10000
wavelength [Å]

0

1

2

f λ
[e

rg
s−

1
cm

−
2

Å
−

1
]

1e 16

J1109 + 0001

MgI/II

O I
Na I

Ca II

Fig. 5.— LRIS spectra of the two newly discovered LP 40-365 stars, shifted to the rest frame. Strong lines of Mg, O, Na, and Ca
are labeled. Many other metal lines are also detected, but they are mostly blended at this resolution. No H or He lines are detected.
While these objects have some features in common with D6 stars, their somewhat lower velocities and different abundance patterns suggest
formation through a different mechanism, likely involving underluminous thermonuclear supernovae (Raddi et al. 2019).

are more similar to one another than to the LP 40-365
stars. The abundance patterns of LP 40-365 stars, par-
ticularly the detection of Mn, have been interpreted as in-
dicative of Chandrasekhar-mass explosions. Raddi et al.
(2018, 2019) proposed that these objects are the par-
tially burned runaway accretors from single-degenerate
binaries, while the D6 stars are the runaway donors from
double-degenerate binaries. While this interpretation is
still somewhat uncertain, it is supported by the clearest
difference between the two groups: LP 40-365 stars have
significantly lower velocities.
J1109+0001 was previously observed by the 2dF QSO

redshift survey (Croom et al. 2004), in which it was
classified as a DB WD. It was also observed as a color-
selected AM CVn candidate by Carter et al. (2013), who
did not offer a classification. The misclassification as a
DB WD is most likely a result of confusion of He I λ4471,
which is strong in DB WDs, with the strong Mg II λ4481
line found in this object.

4. SPECTRAL ENERGY DISTRIBUTIONS

To constrain the radii of the objects in our sample, we
constructed their broadband SEDs by combining pho-
tometry from several surveys, including Pan-STARRS1
(Chambers et al. 2016), SkyMapper (Keller et al. 2007),
GALEX (Martin et al. 2005), and DECaPS2 (Saydjari
et al. 2023).
Figure 6 compares the SEDs of the six objects dis-

cussed in Section 3.2 to models. The model temperatures
and compositions are set to the values we inferred from
analysis of the spectra; they are not fit to the observed
SEDs. Extinction is set to the values taken from the 3D
dust maps. For the LP 40-365 stars, we assume abun-

dances similar to those inferred by Raddi et al. (2019)
and take the extinction from the Green et al. (2019)
map. In each panel, we assume a “round number” dis-
tance consistent with the results of our kinematic model-
ing (Section 5) and then scale the assumed radius of the
SED model to match the observed flux in the optical. To
obtain constraints on the stars’ radii that account for dis-
tance uncertainty, we take Monte Carlo draws from the
distance posteriors inferred in Section 5 and re-estimate
the radius for each draw. The resulting constraints on
the stars’ radii are reported in Table 2. We also list the
predicted surface gravities corresponding to these radii,
assuming a mass of 1M⊙. This mass estimate is moti-
vated by the velocities of the D6 stars (Section 7); the
masses of the LP 40-365 stars are more uncertain.
These estimates neglect uncertainties in the source’s

temperatures, which are difficult to reliably quantify.
However, we expect that distance uncertainties are the
dominant source of uncertainty in radii. For all the D6

stars, the optical photometry is in the Rayleigh–Jeans
tail of the SED, where fλ ∝ TeffR

2d−2λ−4. This means
that given a measured flux density fλ at wavelength λ,
the inferred radius scales as R ∝ d/

√
Teff . The fractional

radius uncertainty thus scales with distance as σR

R ∝ σd

d

and with Teff as σR

R ∝ 1
2

σTeff

Teff
. We find typical fractional

distance errors of > 30% for the D6 stars (Table 3), so
uncertainties in Teff would become a dominant source of
uncertainty in R only if the objects had fractional tem-
perature uncertainties at the 50% level.
Only J1235-3752, J1332-3541, and J1109+0001 are in

the GALEX footprint; the other sources do not have pub-
lished UV photometry. The overall shapes of the model
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Name α δ Classification Elements detected Teff R E(B − V ) log
[
g/

(
cm s−2

)]
J2016.0 J2016.0 [K] [R⊙] [mag] assuming M = 1M⊙

J1235-3752 12:35:31.8 -37:52:35.53 D6 star C, O, Mg, Si 21,000 0.104+0.026
−0.030 0.08 6.41+0.30

−0.19

J0927-6335 09:27:42.68 -63:35:40.33 D6 star C, O 80,000 0.052+0.025
−0.020 0.15 7.01+0.41

−0.34

J0546+0836 05:46:17.6 08:36:6.65 D6 star C, O 130,000 0.051+0.029
−0.021 0.25 7.02+0.47

−0.39

J1332-3541 13:32:57.98 -35:41:10.68 D6 star He 70,000 0.017+0.013
−0.007 0.05 7.98+0.47

−0.48

J1311-1846 13:11:57.18 -18:46:11.78 LP 40-365 star Mg, O, Na, Ca 7000 0.234+0.137
−0.064 0.09 5.70+0.28

−0.40

J1109+0001 11:09:7.95 00:01:34.31 LP 40-365 star Mg, O, Na, Ca 10,000 0.133+0.106
−0.057 0.04 6.19+0.48

−0.51

TABLE 2
Constraints from our analysis of the spectra and broadband SEDs. Uncertainties are 1σ (middle 68%).
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Fig. 6.— Spectral energy distributions of candidate D6 stars (top-two rows) and LP 40-365 stars (bottom row). Black points show
observed broadband flux densities, while lines show models. The temperatures and compositions of the models are set to the values
estimated from spectra (Figures 1–5 and summarized in Table 2), not fits to the SEDs. Radii are set to match the observed flux in the
optical, for the distance and extinction listed in each panel. The thus-inferred radii (accounting for distance uncertainties; see Section 5)
are listed in Table 2. For J1235-3752, the fiducial model overpredicts the UV flux. This may be a result of line blanketing in the UV by
elements not included in the model.

SEDs are in reasonable agreement with the data for all
sources except J1235-3752, for which the observed far-
UV flux is a factor of 5 lower than predicted by the fidu-
cial SED model scaled to match the flux in the optical.
The simplest explanation would be an over-estimated ef-
fective temperature. However, matching the observed
SED shape with the same composition would require a
much lower temperature of Teff ≈ 13, 000K, and we are
unable to satisfactorily reproduce the optical spectrum

(Figure 1) with such a low Teff for any plausible log g.
In particular, the lack of C I and O I lines, and the rel-
ative strength of Si II and Si III lines, strongly suggest
Teff ≳ 20, 000K.
An alternative explanation for the fainter-than-

predicted UV flux in J1235-3752 is that there is addi-
tional opacity in the UV due to elements not included in
the spectral model. Recall that the model only includes
C, O, Mg, and Si, as these are the elements responsi-
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Name Gaia DR3 Source ID G GBP −GRP RV d vtot vejection z tdisk = z/vz
[mag] [mag] [km s−1] [kpc] [ km s−1] [ km s−1] [kpc] [Myr]

Suspected D6 stars

D6-1 5805243926609660032 17.4 0.48 1200± 40 1.91+0.29
−0.22 2045+251

−187 2254+248
−185 −0.57+0.07

−0.09 0.63+0.04
−0.04

D6-2 1798008584396457088 17.0 0.41 80± 10 0.84+0.05
−0.04 1151+59

−51 1051+62
−54 −0.27+0.01

−0.02 −0.72+0.01
−0.01

D6-3 2156908318076164224 18.2 0.43 −20± 80 2.26+0.34
−0.35 2248+340

−353 2393+377
−391 0.93+0.14

−0.14 2.24+0.20
−0.17

J1235 6156470924553703552 19.0 -0.28 −1694± 10 4.07+1.01
−1.19 2670+339

−350 2471+351
−345 1.73+0.42

−0.50 1.87+0.86
−0.25

J0927 5250394728194220800 19.4 -0.32 −2285± 20 4.53+2.17
−1.71 2753+271

−148 2519+271
−147 −0.70+0.27

−0.35 −1.32+0.42
−0.42

J0546 3335306915849417984 19.1 -0.25 1200± 20 4.02+2.25
−1.67 1699+670

−390 1864+682
−416 −0.69+0.29

−0.40 0.61+0.05
−0.08

J1332 6164642052589392512 19.4 -0.55 1090± 50 1.63+1.19
−0.68 1464+740

−331 1619+707
−320 0.74+0.53

−0.30 0.64+0.13
−0.14

Suspected LP 40-365 stars

LP 40-365 1711956376295435520 15.6 0.23 498± 5 0.61+0.01
−0.01 837+5

−5 607+5
−5 0.43+0.01

−0.01 4.87+0.39
−0.33

J1603 5822236741381879040 17.8 0.16 −480± 5 2.07+0.49
−0.32 833+62

−38 606+73
−42 −0.35+0.06

−0.09 1.58+0.12
−0.10

J0905 688380457508503040 19.6 0.24 300± 50 4.49+7.59
−2.76 519+1122

−271 737+1123
−341 2.90+4.86

−1.77 −13.58+32.35
−15.41

J1825 6727110900983876096 13.3 -0.02 −47± 5 0.95+0.03
−0.03 429+18

−17 662+18
−17 −0.17+0.01

−0.01 1.60+0.02
−0.02

J1311 3507697866498687232 18.3 0.35 55± 10 1.88+1.09
−0.51 952+430

−201 827+461
−217 1.32+0.76

−0.35 3.88+0.20
−0.20

J1109 3804182280735442560 19.1 -0.09 100± 10 2.90+2.31
−1.24 1378+957

−510 1171+993
−510 2.35+1.86

−0.99 3.92+0.26
−0.38

Suspected runaway helium star donors

US 708 815106177700219392 18.9 -0.44 917± 7 8.38+1.00
−1.01 994+10

−10 833+17
−16 6.17+0.74

−0.74 11.39+1.82
−1.70

Other/unknown

J1240 1682129610835350400 18.4 -0.29 −177± 10 0.42+0.02
−0.02 239+20

−18 446+21
−18 0.35+0.02

−0.02 −
J1637 1327920737357113088 20.3 -0.13 300± 50 3.28+3.18

−1.74 1202+962
−463 1030+1205

−467 2.20+2.12
−1.16 4.26+1.03

−1.33

TABLE 3
Known high-velocity objects suspected to be runaways from thermonuclear supernovae. Uncertainties are 1σ (middle 68%). Objects in
bold are new discoveries. We also list previously known D6 stars (S18) and LP 40-365 stars (Raddi et al. 2019), as well as the one known
high-velocity helium star US 708 (Geier et al. 2015), the oxygen-atmosphere WD J1240 (Gänsicke et al. 2020), and the object J1637 (Raddi
et al. 2019), which may be a D6 star or in the same class as J1240.

ble for the strongest lines in the optical. However, there
are many lines in the UV due to elements that have no
strong lines in the optical. To illustrate this, we show
in Figure 6 a model spectrum with the same Teff as the
fiducial model but a 3% Fe mass fraction. This model is
almost identical to the fiducial model in the optical but
has a significantly shallower slope in the UV. Obtaining
UV spectra of objects in our sample would allow us to
measure abundances of many other elements, testing this
hypothesis.

5. KINEMATIC MODELING

We infer the 3D trajectory of each star based on
its measured parallax, proper motion, and RV. For
each target, we draw samples from the posterior of
(MG,0, µ

∗
α, µδ,RV), where MG,0 is the absolute magni-

tude in the Gaia bandpass, µ∗
α and µδ are the proper

motions in the RA and Dec directions, and RV is
the radial velocity. From the absolute magnitude, we
predict the parallax in milliarcseconds (mas) as ϖ =
10(MG,0−G+10+AG)/5, where G is the apparent magni-
tude and AG = 2.67E(B − V ). The likelihood func-
tion then compares the vector of predicted observables,
θpred = (ϖ,µ∗

α, µδ,RV), to the corresponding vector of
observed quantities, θobs:

lnL = −1

2
(θpred − θobs)

⊺
Σ−1

obs (θpred − θobs) . (2)

Here Σobs is the observational covariance matrix, which
we construct from the correlation coefficients reported in
Gaia DR3 between ϖ, µ∗

α, and µδ, with no covariance
between RV and the astrometric parameters. We correct
the parallax for the position- and color-dependent zero-
point inferred by Lindegren et al. (2021b). These correc-

tions have only minor effects on our results because they
are small compared to the parallax uncertainties.
We transform the posterior samples to calculate other

quantities of interest, including the flight time back to
the disk, tdisk = z/vz, and the location where each tra-
jectory intersects the midplane. Given the high velocities
and short flight times of the objects in our sample, we
neglect the gravitational potential of the Milky Way in
these calculations; i.e., we assume the stars fly in straight
lines with constant velocity. If tdisk is positive (so the
disk crossing is in the past), we calculate the instanta-
neous velocity vector of a circular orbit in the Galactic
disk at the location where the trajectory intersects it.
We call this quantity v⃗rot,birth. For simplicity, we model
the Galactic rotation curve as flat, with a circular veloc-
ity of 240 km s−1. Finally, we calculate the star’s birth
“ejection” velocity,

vejection = |v⃗ − v⃗rot,birth| . (3)

This represents the change in the star’s velocity at the
time of the explosion; i.e., it is an attempt to subtract
off the pre-explosion velocity due to Galactic rotation.
If tdisk is negative, meaning that the disk-crossing will
happen in the future, we take v⃗rot,birth to be the veloc-
ity of a circular, corotating orbit at the source’s current
position.
We adopt a prior that the total ejection velocity cannot

exceed 3000 km s−1,

vejection < 3000 km s−1. (4)

An upper limit of 3000 km s−1 on the ejection velocity is
fairly conservative. As we discuss in Section 7, the ex-
pected vejection depends on the masses of both stars, with
higher-mass donors and accretors yielding larger vejection.
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The 3000 km s−1 limit corresponds roughly to two 1.3M⊙
WDs, with weak dependence on their temperature and
core composition. Given that (a) only WDs with CO
cores are expected to give rise to a D6 scenario, and (b)
forming a 1.3M⊙ CO WD would require accretion of at
least ∼ 0.25M⊙ from a companion – which would it-
self need to become a near-Chandrasekhar-limit WD – it
is difficult to imagine any scenario in which orbital ve-
locity of a close binary produces an ejection faster than
3000 km s−1.
We assume flat priors on MG,0, RV, and the astromet-

ric parameters. For each call to the likelihood function,
we calculate the predicted phase space vector and corre-
sponding v⃗rot,birth and vejection using standard coordinate
transformations as implemented in astropy (Astropy
Collaboration et al. 2022). We sample from the poste-
rior using emcee (Foreman-Mackey et al. 2013), drawing
1000 samples each with 64 walkers after a burn-in period
of 1000 steps.

5.1. Distance prior

For all of the objects in our sample, the RVs and proper
motions are reasonably well-constrained, but the parallax
is not. This means that the adopted distance prior – be
it explicit or implicit – is important. We experimented
with three different distance priors as follows.

1. A flat prior on MG,0, which is equivalent to a dis-
tance prior p(d) ∝ 1/d.

2. A flat prior on distance.

3. An exponentially decreasing space density prior,
p (d) ∝ d2e−d/L (e.g., Bailer-Jones 2015). We
use L = 1.35 kpc, a value which Astraatmadja &
Bailer-Jones (2016) found to reasonably approxi-
mate the distance distribution of detected sources
in a mock Gaia catalog. This results in a prior that
peaks at d = 2.7 kpc and falls off exponentially at
large distances.

In Figure 7, we compare the results of our kinematic
modeling for one object, J0546+0836, with these three
priors. The maximum and minimum distance and veloc-
ity are similar for all three priors, as these are set respec-
tively by the requirement that vejection < 3000 km s−1

and by the measured parallax and RV. The shape of the
distance and velocity posteriors do depend non-negligibly
on the prior; this is unavoidable when the fractional par-
allax error is large.
No prior is truly uninformative. While a flat distance

prior may seem neutral, Figure 7 shows that it implied
an absolute-magnitude prior that rises steeply toward
bright MG,0. A flat prior in absolute magnitude, on the
other hand, implies a distance prior p(d) ∝ 1/d. The
exponentially decreasing space density prior implies a
steeper falloff at large distances, and typical distance of
2L = 2.7 kpc.
We do expect the distance distribution of detected

objects to eventually fall off at large distances because
more-distant objects are fainter. However, where it falls
off depends significantly on the intrinsic absolute magni-
tude distribution, which is quite uncertain. This means
that the distances and total velocities of objects in our

sample will necessarily be uncertain until the parallaxes
are measured more precisely. On the other hand, the
minimum distance and velocity are fairly robust.
We adopt the flat prior on MG,0 as fiducial. We re-

port constraints resulting from the other two priors in
Appendix B.

5.2. Results

Figure 8 shows constraints on the posteriors of some
parameters of interest for the four new D6 star candi-
dates. All parameters are strongly correlated with one
another, reflecting the fact that most of the uncertainty
ultimately stems from the uncertain distances.
Figures 9–12 illustrate possible trajectories for each ob-

ject generated from these posteriors. Each line shows a
single sample from the posterior, and blue and red lines
extrapolate the trajectory ±3Myr into the past and fu-
ture. The star’s current position is thus somewhere along
the locus where red and blue lines meet. Circles along
each trajectory show the point at which it intersects
the midplane (i.e., z = 0). It is clear from these tra-
jectories that J1235-3752 and J0927-6335 were boosted
by Galactic rotation, while J0546+0836 and J1332-3541
were slowed by it. Similarly, the trajectories demonstrate
that J1235-3752, J0546+0836, and J1332-3541 are mov-
ing away from the disk, as expected for an object recently
launched from near the midplane, while J0927-6335 is
moving toward it. As expected, none of these objects
have trajectories plausibly passing through the Galactic
Center.
Searching backward along these trajectories, it may be

possible to identify a surviving supernova remnant. Be-
cause their distances are uncertain, the past trajectories
of each star except J0927-6335 cover a significant fraction
of the sky, and all three of the objects whose past trajec-
tories cross the Galactic plane plausibly encounter mul-
tiple remnants. Establishing a high-confidence associa-
tion would require a careful analysis of chance-alignment
probabilities, which we defer to future work.

6. CENSUS OF THE HYPERVELOCITY WD
POPULATION

To understand how the newly discovered objects fit
in with the rest of the suspected thermonuclear super-
nova runaway population, we compile a list of candidates
from the literature in Table 3. To our knowledge, it con-
tains all objects that have been credibly proposed to be
runaways from thermonuclear events. We use the kine-
matic modeling described in Section 5 for all objects. For
US 708, we adopt a distance prior of d [kpc] ∼ N (8.5, 1.0)
following Geier et al. (2015).
The two largest classes discovered so far are the D6 and

LP 40-365 stars. We plot our constraints on the CMD
positions, distances, and birth kick velocities of these ob-
jects in Figure 13. Although most of our newly discov-
ered objects have parallaxes consistent with 0 and large
uncertainties, their absolute magnitudes are reasonably
well-constrained because their parallaxes rule out close
distances, while large distances would imply ejection ve-
locities above 3000 km s−1.
Almost all of the objects shown in Figure 13 have simi-

lar absolute magnitudes in the optical, MG,0 ≈ 5–7. The
only exceptions are the LP 40-365 star J1825-3757, which
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Fig. 7.— Sensitivity of our results to the adopted distance prior. vtot is the total 3D velocity in a Galactocentric frame. vejection is the
inferred velocity with which the star was launched, assuming it had a circular orbit in the Galactic disk before the supernova. z/vz is the
flight time back to the disk midplane assuming a straight-line trajectory. For a single object, J0546+0836, we repeat the kinematic modeling
with a flat prior in distance (cyan), a flat prior in absolute magnitude (red), and an exponentially decreasing space density distance prior
(black). The priors result in different distance posteriors, which translate to different posteriors on the absolute magnitude, total velocity,
and ejection velocity. The minimum total and ejection velocities are insensitive to the prior, because these are set mainly by the RV. The
maximum velocities and distance are in all cases set by the prior that vejection < 3000 km s−1.

with MG,0 ≈ 3mag is larger and brighter in the optical
than any of the other objects, and J1332-3541, which is
smaller and somewhat fainter. We note that the bolo-
metric luminosities of these objects span a wider range
than their optical magnitudes, ranging from ∼ 0.1L⊙ for
the coolest D6 star, to ≳ 102 L⊙ for the hottest.
Curiously, the three original D6 stars discovered by S18

and the new hot D6 stars presented here fall in two dis-

tinct clumps in the CMD, on either side of the LP 40-365
stars. If the two sets of objects fall at different places
along an evolutionary track, this would seem to imply
that D6 stars first spend a significant period of time in
the cool/bloated clump and then rapidly contract and
heat up at near constant (optical, not bolometric) lu-
minosity. While it is tempting to draw an evolutionary
arrow from cool D6 stars to LP 40-365 stars to hot D6
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Fig. 8.— Constraints on the distance and kinematics of the four candidate D6 stars (see Section 5). In all cases, the dominant source
of uncertainty is the unknown distance. For J0927, this quantity is negative, because the star is moving toward the disk (Figure 10). The
minimum ejection velocity is > 1000 km s−1 for all objects, and > 2000 km s−1 for J0927 and J1235, the two objects with the fastest RVs.

stars, the different inferred ejection velocities of the two
populations (right panel) makes this unlikely.
The hot D6 stars have overlapping temperatures and

optical colors with core helium burning sdB stars; they
fall below them in the CMD due to the D6 stars’ smaller
radii. Because their high velocities require the D6 stars
to have been ≳ 104 times denser than typical sdB stars
at the time of their ejection, it is unlikely that they
were ejected while still burning helium (e.g. Neunteufel
et al. 2022). A lack of photospheric hydrogen and he-
lium also makes these objects spectroscopically distin-

guishable from sdB stars.
The right panel of Figure 13 shows joint constraints on

the ejection velocities and distances of the D6 and LP 40-
365 stars. For the four previously known LP 40-365 stars,
we find ejection velocities consistent with 600 km s−1,
which would allow a fairly clean separation between D6

and LP 40-365 stars on the basis of their velocities. The
lower limits on vejection inferred for the new LP 40-365
stars continue this trend, though the uncertainties are
significant.
D6-2, the nearest object classified as a D6 star, has
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Fig. 9.— Constraints on the trajectory of J1235-3752. Past and future motion for ±3Myr are shown in blue and red; the source’s current
position is along the locus where blue and red lines meet. Points along each sampled trajectory in the top two panels show the predicted
crossing of the disk midplane. This object is currently ∼ 1.5–2 kpc above the disk and its trajectory intersects the midplane ∼ 2Myr ago.
Its trajectory at the time was aligned with Galactic rotation, so the object most likely received a ∼ 200 km s−1 boost to its total velocity
from Galactic rotation. We assume straight-line trajectories here and elsewhere in the paper; the apparent curvature in the upper-right
panel reflects the fact that trajectories with closer distances imply lower total velocities.

an inferred vejection that is slower than any of the other
objects with that classification, and consistent with the
values we infer for the two new LP 40-365 stars. No de-
tailed spectroscopic analysis has been published for that
star. However, we compared its optical spectrum from
Chandra et al. (2022) to that of J1311-1846, which has
a similar effective temperature, and we find significant
differences: J1311-1846 has much stronger Mg I and Na
lines, while D6-2 has stronger C and Si lines. These dif-
ferences support classifying D6-2 as a D6 star.
Among the objects classified as D6 stars, the three cool,

bloated objects discovered by S18 are almost certainly
closer to Earth on average than the hotter objects dis-
covered in this work. The simplest interpretation is that
the hotter objects are rarer, at least in a magnitude-
limited sample. However, J1332 has a distance posterior
that overlaps significantly with D6-1 and D6-3; it is most
likely the second-closest of the D6 stars.
Table 3 also lists tdisk = z/vz for each object, which

represents a flight time to the disk midplane assuming a
straight-line trajectory4. Negative values of tdisk imply

4 We do not list a flight time for J1240, because this object

that the object is moving toward the disk midplane and
have little physical interpretability; positive values can
be viewed as a rough estimate of time since explosion.
tdisk is often reasonably well-constrained even when z
and vz are independently poorly constrained, because
the uncertain distance factors cancel out.
There is no obvious systematic difference between these

“kinematic ages” of the hot and cool D6 stars. The
LP 40-365 stars on average have somewhat older kine-
matic ages than the D6 stars. This probably simply re-
flects the fact that the D6 stars are faster, with a typical
velocity of 2 kpcMyr−1, and will exit the volume within
which we can detect them within 2–3Myr.
Besides the D6 and LP 40-365 stars, we also list in Ta-

ble 3 a few additional high-velocity stars with unusual
spectra that are likely surviving remnants of thermonu-
clear supernova. One of them, US 708, is a core helium
burning star with a ∼ 12Myr flight time to the disk.
This object is very likely the runaway donor from a WD
+ helium star binary in which the WD exploded (e.g.,

most likely has had multiple passages through the disk since it was
launched.



18

15 10 5 0
x [kpc]

10.0

7.5

5.0

2.5

0.0

2.5

5.0

7.5

10.0
y

[k
p
c]

future

past

midplane crossing

Sun

Galactic center

15 10 5 0
x [kpc]

10.0

7.5

5.0

2.5

0.0

2.5

5.0

7.5

10.0

z
[k

p
c]

3 2 1 0 1 2 3
time [Myr]

0

2

4

6

d
is

ta
n
ce

[k
p
c]

l-75°-60°
-45°

-30°
-15°
0°
15°

30°
45°

60° 75°

b
[d

eg
]

Fig. 10.— Similar to Figure 9, but for J0927-6335. This object is unambiguously below the disk today, but it is traveling upward toward
the disk. The star’s current distance from the midplane is z ≈ −0.7 ± 0.3 kpc, implying that it was born at least that far from the disk.
This suggest the star was born from a kinematically hot population. Like J1235-3752, it received a ∼ 200 km s−1 boost from Galactic
rotation. Its past trajectory in the sky (blue points in bottom right panel) is quite well-constrained.

Geier et al. 2015; Neunteufel et al. 2022). Despite on-
going searches, no other systems in this class have been
discovered (Heber 2023). Our follow-up observations in-
cluded several likely core helium burning stars with high
apparent tangential velocities, but none turned out have
high RVs (Appendix A), suggesting that the sample is
dominated by objects with underestimated parallaxes.
Sources like US 708 are more luminous in the optical
and probably longer lived than the hot D6 stars we have
identified. Although they are slower than D6 stars, our
search would have been sensitive to them within ∼ 4–
5 kpc if their typical velocities are ∼ 1000 km s−1. The
fact that only one such system has been discovered (and
none within our search volume) thus suggests that they
are somewhat rarer than D6 stars.
There are also two objects whose origin is unclear. One

of them, SDSS J1240 (Gänsicke et al. 2020), is a WD rel-
atively far down the cooling track (MG = 10.3mag) with
an oxygen-dominated atmosphere. Gänsicke et al. (2020)
propose that this object is the remnant of a partially
burned lower-mass (∼ 0.8M⊙) CO WD that underwent
a thermonuclear event. This is the closest object in the
sample by a significant margin (d ≈ 0.43 kpc), but it is
one of the few that is bound to the Milky Way and is

likely significantly older than the D6 stars, so it is non-
trivial to infer the relative birth rates of such objects and
D6 stars. We note that it is unlikely we will find a D6

star so far down the cooling track – at least, if it was born
in the Milky Way – because D6 stars will have escaped
the Galaxy by the time they fully cool and contract.
Finally, we comment on the object J1637 identified by

Raddi et al. (2019). They classified it as a possible LP 40-
365 star, or as an analog to SDSS J1240. We note that
its spectrum is quite different from that of J1109+0001
– the LP 40-365 star we found with the most similar
color – and from that of SDSS J1240. It appears to
have more Si and less Mg than either of these objects,
perhaps suggesting it is a D6 star. Its distance is poorly
constrained, so its total velocity is uncertain.

7. MASSES OF THE D6 PROGENITORS

Figure 14 compares our constraints on the measured
ejection velocities of the four new D6 candidates to theo-
retical predictions. The post-SN velocity of the runaway
donor is expected to be close to its orbital velocity at the
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Fig. 11.— Similar to Figure 9, but for J0546+0836. This object is toward the Galactic anticenter and is moving away from the disk; its
trajectory intersects the midplane 0.6Myr ago. It is moving in the opposite direction of the local Galactic rotation where its trajectory
intersects the disk and was thus slowed ∼ 200 km s−1 by Galactic rotation.

time of the explosion,

vorb =

√
GMacc

(1 + q) a
, (5)

where Macc is the mass of the more massive WD, q =
Mdonor/Macc is the mass ratio, and a is the orbital sepa-
ration. The orbital separation is set by the fact that the
donor fills its Roche lobe,

a =
Rdonor

0.49

[
0.6 + q−2/3 ln

(
1 + q1/3

)]
, (6)

where we use the Roche-lobe radius approximation from
Eggleton (1983). Finally, the radius of the donor is set
by a mass-radius relation, which we take from the models
of Bédard et al. (2020).
In the D6 scenario, the accreting WD is expected to

have a CO core. For WDs formed by single-star evolu-
tion, this would imply Macc ≲ 1.05M⊙ (e.g., Siess 2007),
as higher-mass WDs are expected to have ONe cores that
are difficult to detonate owing to the long oxygen-burning
lengthscales. We adopt a minimum accretor mass of
0.85M⊙ because double detonation is less likely to oc-
cur in lower-mass WDs, whose cores have lower densities
(e.g., Shen & Bildsten 2014).

Figure 14 shows the range of donor and accretor masses
that could produce a given ejection velocity vejection with
grey shading. These calculations are similar to those
presented by Bauer et al. (2021).5 The grey shading is
the same in each panel. In blue, we show the constraints
on vejection for the four individual objects, with a different
object shown in each panel, and dark and light shading
showing 1σ and 2σ constraints.
For J0927-6335, the inferred ejection velocity is too

high to plausibly be explained in the D6 scenario, even
with two 1.05M⊙ WDs. If we adopt the 2σ lower
limit on vejection of 2315 km s−1, this is still comfort-
ably above the maximum velocity that can be achieved
with two 1.05M⊙ WDs, which in our calculations is
∼ 2235 km s−1. For J1235-3752, the observationally in-
ferred ejection velocity can plausibly be explained, but
only if both WDs had masses near 1.05M⊙, meaning
that the total mass of the binary was ≳ 2.0M⊙.
It is in principle possible that the binary progenitors

of these systems had a higher velocity before the explo-
sion than assumed in our modeling, in which case our

5 We adopt a maximum accretor mass of 1.05M⊙ here, while
they adopted a maximum mass of 1.15M⊙. We consider higher-
mass accretors below.
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Fig. 12.— Similar to Figure 9, but for J1332-3541, the only new D6 star with a helium-dominated atmosphere. This object is ∼ 0.7 kpc

above the disk, with a flight time back to the midplane of 0.64+0.13
−0.14 Myr. Its flight was slowed ∼ 100 km s−1 by Galactic rotation.
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Fig. 13.— Comparison of our newly discovered D6 stars (cyan) and LP 40-365 stars (yellow) to previously known D6 stars (red), LP 40-365
stars (green), and the runaway sdB star US 708 (magenta). While the newly discovered LP 40-365 stars inhabit a region of the CMD similar
to previously known LP 40-365 stars, the new D6 stars are all significantly bluer than the previously known D6 stars, implying that they
are hotter and more compact. They are also smaller than core helium burning sdB stars like US 708. Right panel shows our constraints on
the distance and ejection velocity of each object. The D6 stars all have minimum ejection velocities above 1000 km s−1, while the LP 40-365
stars are all consistent with vejection ≈ 600 km s−1. US 708, the only runaway sdB star, has an inferred vejection ≈ 850 km s−1, between the
two populations.
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constraints on vejection could be overestimated. However,
this seems unlikely, since our modeling already assumes
a boost of ∼ 200 km s−1 due to Galactic rotation. While
the donor WD can receive an additional kick from SN
ejecta interaction to boost its total velocity (Bauer et al.
2019), the overall magnitude of this kick is likely neg-
ligible compared to the orbital velocity, particularly for
the highest-mass systems needed to produce velocities
greater than 2000 km s−1. The kick velocity can be esti-
mated as the momentum imparted by SN ejecta accord-
ing to

vkick = η
πR2

don

4πa2
pej

Mdon
, (7)

where pej represents the total momentum carried by SN
ejecta, πR2

don/4πa
2 is the fraction of the solid angle in-

tersecting the donor for ejecta interaction, and η ≈ 1/3–
1/2 is a momentum transfer efficiency factor (Hirai et al.
2018). While simulations suggest that η ≈ 1/3 may be a
typical value for nondegenerate donor stars (Hirai et al.
2018; Bauer et al. 2019), the relatively higher internal
pressure of a WD donor makes it likely that it will be
somewhat more efficient in capturing momentum from
the ejecta, which would lead to an efficiency closer to
η ≈ 1/2. Figure 15 shows the resulting kick velocities as-
suming η = 1/2 and pej = Macc×10,000 km s−1, with the
WD mass-radius relation taken from Bauer et al. (2021)
and the orbital velocities obeying Equations (5) and (6).
The kick velocity should be nearly perpendicular to the
orbital velocity of the donor, so the final ejection velocity
vejection ≈

√
v2orb + v2kick is very similar to vorb for all but

the lowest-mass (and slowest) donor WDs. The velocity
boost due to SN kicks is negligible in the regime of high
velocities (v ≳ 1500 km s−1). The high observed veloci-
ties of J1235-3752 and particularly J0927-6335 are thus
difficult to explain with canonical-mass CO WD accre-
tors with M < 1.05M⊙, even with possible boosts from
supernova ejecta taken into account.
As an alternate explanation, we consider the possibil-

ity that the accretors had masses above 1.05M⊙. This
would not be expected for CO WDs formed in isolation,
but it can occur as a result of stable mass transfer from
a He-star companion, which can lead to steady He burn-
ing on the surface of the CO WD (e.g., Yoon & Langer
2003; Piersanti et al. 2014; Brooks et al. 2016). Some
population-synthesis models predict that this scenario is
fairly common, occurring in ∼ 40% of double-degenerate
SN Ia progenitors (Ruiter et al. 2013), though these pre-
dictions depend sensitively on several uncertain processes
in binary evolution.
Figure 16 compares our constraints on the observed

ejection velocities to predictions in the D6 scenario for
a maximum accretor mass of 1.20M⊙. A higher-mass
accretor leads to moderately higher predicted vejection at
fixed Mdonor, such that the observed velocities of the two
fastest stars can plausibly be reproduced. This still re-
quires the donor to have been quite massive, however,
with Mdonor ≳ 1M⊙ for the two fastest stars.

8. DISCUSSION

8.1. Where are the lower-mass runaway donors?

Our kinematic modeling implies ejection velocities for
two of the four new D6 stars that can only be explained

by two high-mass WDs, with total binary masses of
≳ 2.0M⊙. Similarly, Bauer et al. (2021) found that two
of the three original D6 stars from S18 must have had
total binary masses of ≳ 1.6M⊙. There is one D6 star
whose velocity conclusively requires a low-mass donor:
D6-2, whose inferred vejection ∼ 1040 km s−1 implies a
donor mass of 0.15–0.5M⊙, depending on its temper-
ature at the time of merger (Bauer et al. 2021). We
suspect that J1332-3541 is likely also low-mass, since it
is the only object with a helium-dominated atmosphere,
but its velocity is consistent with a wide range of donor
masses.
Binaries containing two massive WDs are probably in-

trinsically rare compared to those containing a lower-
mass WD, both because high-mass WDs are disfavored
by the initial-mass function (IMF) and because mass loss
due to a companion tends to reduce the mass of the WD
produced by a star of a given initial mass. Observa-
tionally, the intrinsic mass distribution of binary WDs is
quite uncertain. Among ∼ 200 known double-degenerate
close binaries in the Milky Way (e.g., Brown et al. 2020;
Burdge et al. 2020; El-Badry et al. 2021b; Kosakowski
et al. 2023), none are known to have a total mass exceed-
ing the Chandrasekhar limit. However, observational bi-
ases strongly favor low-mass WDs, and only small num-
bers of massive WDs have been subject to high-resolution
RV monitoring (e.g., Napiwotzki et al. 2001, 2020). At-
tempts to infer the WD+WD binary merger rate from
RV surveys (e.g., Badenes & Maoz 2012; Maoz & Hal-
lakoun 2017; Maoz et al. 2018) have concluded that the
merger rate of binaries with total mass ≳ 1.4M⊙ is about
an order of magnitude lower than the merger rate of all
WD+WD binaries.
Population-synthesis simulations also generally predict

that the merger rate of WD+WD binaries containing
at least one low-mass WD exceeds the merger rate of
massive WD+WD binaries (e.g., Yungelson & Kuranov
2017). Here we are interested in particular in the rel-
ative merger rates of (a) binaries containing a massive
CO WD with mass ≳ 0.85M⊙ and a low-mass WD, and
(b) binaries containing two massive WDs. This is not
a quantity many population-synthesis simulations have
specifically predicted, but Toonen et al. (2012, their Fig-
ure 9) show that even among double CO WD binaries
with M1 > 0.85M⊙, the predicted merger rate of sys-
tems with M2 < 0.6M⊙ exceeds that of systems where
M2 > 0.8M⊙. The quantitative predictions depend sig-
nificantly on the adopted common envelope model, which
is uncertain (e.g., Nelemans et al. 2001; van der Sluys
et al. 2006; Toonen et al. 2012).
If the coalescence of binaries containing a lower-mass

WD also led to a double detonation and the formation
of a hypervelocity WD, we would expect to detect D6

stars with ejection velocities of 1000 − 1500 km s−1 in
larger numbers than those with vejection > 2000 km s−1.
Our search included all sources with tangential velocities
above 600 km s−1, and thus should have been similarly
sensitive to fast and “slow” D6 stars, if their luminosities
and lifetimes are similar.
These considerations suggest that either (a) WD+WD

mergers with low-mass donors do not produce surviv-
ing hypervelocity WDs (either there is no double det-
onation, or the donor is destroyed), or (b) the hy-
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Fig. 14.— Implied pre-explosion masses of the runaway WDs in the four new D6 star candidates, as inferred from their velocities.
Grey shaded region shows the predicted velocity at birth (abscissa) for a range of donor masses (ordinate). At fixed Mdonor, the grey
shaded region encloses the most plausible range of accretor masses in the D6 scenario, ranging from 0.85M⊙ (left boundary; subject to the
constraint that the accretor is at least as massive as the donor) to 1.05M⊙ (right boundary; the maximum expected mass for a CO WD).
Blue shaded regions show the 1σ and 2σ constraints on vejection for each system. The inferred minimum ejection velocities of J0927-6335

and J1235-3752 are uncomfortably high for the D6 scenario: J0927-6335 is too fast to be explained for any donor mass with Macc ≤ 1.05M⊙
(i.e., it likely requires at least one WD more massive than 1.05M⊙); J1235-3752 can only be explained if both WDs had masses above
1.0M⊙. The other two objects are compatible with a wide range of donor masses.

pervelocity WDs produced by lower-mass donors are
fainter and/or shorter-lived than those produced by
more-massive donors. There is some support for option
(b) in the population of D6 stars discovered thus far: the
two nearest D6 stars, D6-2 and J1332-3541, are also the
slowest (Figure 13). D6-2 is likely the youngest among
the known D6 stars: it is associated with a supernova
remnant, to which it has a flight time of ∼ 105 yr, while
most of the other D6 stars have kinematic ages of order
106 yr. D6-2 and J1332-3541 are less luminous than any
of the other D6 stars. These considerations suggest that
there are likely more objects like D6-2 and J1332-3541
with larger distances and/or older ages, that have not
been detected yet because they are faint. Quantitative
models for the thermal evolution of D6 stars are required
to test whether a scenario where the low-mass stars are
fainter and have shorter lifetimes is tenable.

8.2. How does the birth rate of D6 stars compare to
the SN Ia rate?

To test whether the observed population of D6 stars
is consistent with a scenario where most SNe Ia produce
one, we performed simple Monte Carlo simulations and
applied an approximate selection function for our search.
We approximate the stellar content of the Milky Way as a
disk with exponential radial scale length of 2600 pc and
exponential scale height of 300 pc (Bland-Hawthorn &

Gerhard 2016). SNe Ia are assumed to be distributed
evenly throughout the disk in a mass-weighted sense,
with one D6 star launched every 300 yr on average, trav-
eling in a straight line with no deceleration.
We considered two populations of D6 stars. For the

first, representing low-mass (M ≲ 0.4M⊙) stars, we as-
sume a uniform ejection velocity distribution between
1000 and 1500 km s−1 and an absolute magnitude of
MG,0 = 7. We “turn off” these stars after 105 yr, assum-
ing they will become too faint to detect. This lifetime
is motivated by the 105 yr flight time of D6-2 to its as-
sociated remnant (S18), but the estimate is admittedly
uncertain. For the second, we assume a uniform ejec-
tion velocity distribution between 2000 and 2500 km s−1

and absolute magnitude of MG,0 = 6, with a lifetime
of 106 yr. These properties are motivated by the veloc-
ities, absolute magnitudes, and flight times to the disk
midplane of the faster D6 stars.
For stars with Galactic latitudes |b| < 10◦, we as-

sume extinction AV = 1mag kpc−1, with AG = 0.85AV .
No extinction is assumed for stars with |b| > 10◦. We
consider a simulated D6 star “detected” if it satisfies
G < 20mag, µ > 50mas yr−1, and v⊥ > 600 km s−1.
The results of this experiment are shown in Figure 17.
We find that the discovery of two stars like D6-2 and
J1332-3541 is consistent with a production rate that is
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∼ 100% of the Milky Way’s SN Ia rate, subject to small-
number statistics. The population representing the five
other D6 stars is consistent with a production rate of
∼ 3− 5% of the SN Ia rate. These are very rough num-
bers owing to the many uncertainties both in the de-
tection efficiency and in the approximations used in the
theoretical calculation, but they are at least consistent
with the possibility that a large fraction, and perhaps
all, SNe Ia are produced via the D6 scenario, with most
occurring in binaries with low-mass donors and a small
fraction with high-mass donors.
Igoshev et al. (2023) recently carried out a search for

hypervelocity WDs among Gaia sources with ϖ/σϖ > 4.
Finding no new sources with peculiar spectra and high
velocities, they concluded that the birth rate of D6 stars
is “at least two orders of magnitudes less than the in-
ferred SN Ia rate,” in conflict with our estimates above.
However, their work did not include simulations to esti-
mate which D6 stars could actually be detected. The de-
tection efficiency and birth rate implied by the observed
population depends critically on the luminosity and life-
time of all D6 stars (not just those that are detected),
which is still very poorly constrained. Robust evolution-
ary models are needed to overcome these uncertainties.

8.3. What is the evolutionary link between hot and cool
D6 stars?

The three D6 stars disovered by S18 fall in a tight
clump in the CMD, suggesting temperatures of 6000–

7000K and radii of 0.2–0.4R⊙. Our newly discovered
objects fall in a bluer clump in the Gaia CMD, with
temperatures ranging from ∼ 20, 000 to > 100, 000K. It
is natural to identify the two populations of D6 stars with
different stages on an evolutionary track.
In their evolutionary models for SN Iax postgenitors,

Zhang et al. (2019) predict that after energy is injected
into the envelope of a WD, it will first puff up and cool
before contracting and heating up, eventually moving
back down a cooling track. In this scenario, the new
hot D6 stars could simply be older than the cooler and
puffier objects. These models can reproduce some as-
pects of both the hot and cool D6 stars. Their mod-
els with M = 0.15M⊙ remain cool and puffy for a few
Myr before contracting and have temperatures and lu-
minosities comparable to the cool D6 stars discovered by
S18. Their models with M = 0.3M⊙ have temperatures,
radii, and evolutionary lifetimes more similar to the hot-
ter observed objects, reaching a maximum temperature
of Teff ≈ 105 K at an age of a few ×105 yr before evolving
down the cooling track.
The main challenge to applying these models to the ob-

served D6 stars lies in the high observed velocities, which
imply masses of order 1M⊙ for several objects. The high-
mass models constructed by Zhang et al. (2019) evolve
much more quickly than the low-mass models; those with
M = 1.0M⊙ heat up within at most a few thousand
years and reach the WD cooling track within < 105 yr,
spending negligible time in the cool and puffy state. This
behavior is in contrast with the trend suggested by the
observed population, within which the lowest-mass ob-
ject is most likely the youngest. In addition, the fact
that two of the cool D6 stars (D6-1 and D6-3) have high
inferred masses (Bauer et al. 2021) and are likely closer
than most of the hotter stars suggests that D6 stars spend
more time in the cool and puffy phase than predicted by
the high-mass models.
The flight times we infer for the new D6 stars are of

order 1Myr, suggesting that the typical lifetime of the
hot phase is at least this long. In particular, J1235-3752
has an inferred flight time of 1.9+0.9

−0.3 Myr to the disk and

is almost certainly more than 1 kpc above the midplane.6

J1235-3752 is the coolest and puffiest of the new D6 stars.
This suggests that the star is less evolved than the other
hot D6 stars (i.e., it is likely still contracting and heating
up) and thus that evolutionary timescales vary within
the hot population. Our kinematic modeling yields com-
parable flight times to the disk midplane for hot and cool
D6 stars; that is, there is no clear trend between temper-
ature and inferred flight time.
It is of course also possible that the hot and cool

D6 stars represent different evolutionary outcomes, with
some runaway WDs remaining cool and puffy for long
periods, and others quickly becoming hot and compact.
However, both the known hot and cool D6 stars include
objects traveling fast enough that they must have formed
as massive runaway donors from double-degenerate bina-
ries, so it is not clear what the additional variables could

6 Of course, we do not really know the scale height of the pro-
genitors before explosion, but unless the D6 scenario is exclusively
a low-metallicity phenomenon, there is little reason to expect these
stars to be born more than a few 100 pc from the midplane (see
Section 8.4).
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be.

8.4. Are D6 stars preferentially born from the thick
disk?

Of the seven D6 stars listed in Table 3, two have neg-
ative tdisk, meaning that they are traveling toward the
disk. One of these is D6-2, which is associated with
a supernova remnant about 300 pc from the midplane.
The other is J0927-6335, with a current elevation of z =
−0.70+0.27

−0.35 kpc and vertical velocity vz = 519+69
−56 km s−1.

If this object was born 1Myr ago (a typical kinematic age
for the other D6 stars), it would have been launched from
z ≈ −1.25 kpc. Even if it was born very recently, the 1σ
lower limit on its birth height is z = −0.43 kpc. This is
somewhat farther from the midplane than expected for
typical double-degenerate mergers, 50% (75%) of which
are expected to occur within 1Gyr (3Gyr) of an episode
of star formation (e.g., Ruiter et al. 2009). In the so-
lar neighborhood, the scale heights of stars younger than
1Gyr and younger than 3Gyr are respectively hz = 100
and hz ≈ 220 pc (Sollima 2019). We conclude that it
is somewhat unexpected for one of the two D6 stars for
which a birth height can be inferred to have been born
so far from the disk. This could potentially hint at a
progenitor channel that favors the thick disk (e.g., low
metallicity), but the number of D6 stars known so far is
still too small to rule out a statistical fluke.

9. SUMMARY AND CONCLUSIONS

We have carried out a search for hypervelocity WDs
that are runaways from thermonuclear explosions. Our
search extends previous efforts (e.g., S18; Scholz 2018;
Bromley et al. 2018; Bromley et al. 2018; Ruffini & Casey
2019; Raddi et al. 2019; Igoshev et al. 2023; Heber 2023)
by searching to larger distances, where precise parallaxes
are not available. We distinguish genuine thermonuclear
runaways from false positives via their unusual spectra
and high RVs, ultimately identifying six high-confidence
candidates with hydrogen-free spectra (Figures 1-5). The
success of our search demonstrates that runaway WDs
can still be efficiently identified even at large distances
by selecting sources with high proper motions and blue
colors.
In contrast to most of the previously identified hyper-

velocity WDs, several of our new discoveries are hot and
compact, including three objects with effective temper-
atures above 60,000K and one with effective tempera-
ture above 100,000K. Four objects have RVs faster than
1000 km s−1. The properties of these objects (i.e., tem-
peratures, luminosities, and surface abundances) are dif-
ferent from those of any previously discovered hyper-
velocity WDs, but bear some resemblance to the pre-
dictions of previously calculated evolutionary models
(Zhang et al. 2019; Bauer et al. 2019). On the basis
of their high velocities, we classify them as D6 stars:
runaway donors from double-WD binaries whose com-
panions exploded (Shen et al. 2018a). Although the new
objects are hotter and smaller than the previously identi-
fied candidates (S18), we know of no other viable model
to explain the WDs’ high velocities and hydrogen-free
spectra. This suggests that the hot and compact hyper-
velocity stars most likely represent a later evolutionary
state of the cool and puffy D6 stars. An alternative pos-

sibility is that the hot objects are not produced via the
D6 scenario at all, but rather through some other kind
of thermonuclear event, such as a Type Iax SN or an
electron-capture SN. The predicted velocities for this sce-
nario are more uncertain, but are generally lower than in
the D6 scenario (Jordan et al. 2012; Kromer et al. 2013;
Jones et al. 2019).
Assuming D6 stars are launched from the Galactic disk,

we constrained their past trajectories, birth velocities,
and past and future trajectories (Figures 9-12), finding
typical kinematic ages of ∼ 1Myr. The past trajecto-
ries are at present too uncertain to trace these objects
to an SN remnant, and any remnants would most likely
have dissipated by now anyway. In the future, all of
the D6 stars will leave the Milky Way, streaming out-
ward isotropically and traveling ∼ 20Mpc in a Hubble
time. If a significant fraction of SNe Ia produce a D6

star, the Galaxy has likely launched more than 107 of
them into intergalactic space. An interesting corollary
is that there should be large numbers of faint, nearby
D6 stars launched from galaxies all throughout the local
volume passing through the Solar neighborhood.
Two of the objects we have discovered – J1235-3752

and J0927-6335 – currently have faster RVs than any
known stars.7 Although their distances are not well-
constrained – making it difficult to infer tangential ve-
locities – their RVs alone place stringent lower limits on
the velocities. These in turn yield lower limits on the
masses of their progenitor WDs (Figures 14 and 16). Sur-
prisingly, these limits are quite high, requiring that both
WDs in the progenitor binary had masses≳ 1M⊙. These
results suggest that either most surviving SN runaways
come from (highly) super-Chandrasekhar-mass binaries
or runaways from lower-mass binaries are fainter and/or
shorter-lived. Intriguingly, the two nearest D6 stars are
also the faintest and likely have the lowest mass, support-
ing the possibility that there may be significant numbers
of fainter, relatively nearby (d ≲ 2 kpc) D6 stars from
lower-mass donors yet to be discovered. Such objects
may be efficiently discovered by the Rubin Observatory
(LSST Science Collaboration et al. 2009; Ivezić et al.
2019).
There is now a sizable population of hypervelocity stars

associated with thermonuclear SNe. Table 3 lists the
properties of the 16 such objects characterized to date,
including 7 that are likely D6 stars and 9 in related
classes. Modeling this population will ultimately make

7 There are several possible contenders for the title “fastest stel-
lar RV”. The classical hypervelocity stars thought to be ejected
from the Galactic Center (Brown et al. 2014; Koposov et al. 2020)
all have |RV| < 1050 km s−1. The star S0-2 in the Galactic Cen-
ter has been observed with a total velocity of +4000 km s−1 near
periastron (GRAVITY Collaboration et al. 2018; Do et al. 2019);
faster than any of the objects studied in this work. However, the
star’s |RV| only exceeds that of J0927-6335 for ∼ 1 year every 16
years, and it will next do so in 2034. Its most negative velocity,
−1800 km s−1, is slower than J0927-6335. The RVs of other S-stars
that have been measured so far are all |RV| < 1400 km s−1 (Chu
et al. 2023). The hypervelocity globular cluster HVGC-1 has an
RV of −1026 km s−1, and an inferred RV of ∼ 2100− 2300 km s−1

with respect to M87, from which it may have been launched (Cald-
well et al. 2014). However, this object is a globular cluster, not a
star, and its provenance in M87 is not unambiguous. There are
several detected resolved star candidates with presumably large
redshifts in lensed galaxies (e.g. Welch et al. 2022), but these do
not represent physical velocities.
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it possible to infer the formation rate of thermonuclear
runaways and ultimately, the fraction of SNe Ia formed
through the double-degenerate channel. Our estimate of
the birth rate of D6 stars is consistent with a scenario in
which most SNe Ia produce a hypervelocity runaway WD
but the observed population is dominated by the most
massive and brightest runaways (Figure 17). Models for
the thermal evolution of D6 stars are needed for more
robust estimates of their birth rate.
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Gianninas A., Agüeros M. A., Barrientos M., 2023, arXiv
e-prints, p. arXiv:2305.03079

Kromer M., et al., 2013, MNRAS, 429, 2287
Kurucz R. L., 1970, SAO Special Report, 309
Kurucz R. L., 1979, The Astrophysical Journal Supplement

Series, 40, 1

http://dx.doi.org/10.3847/0004-637X/832/2/137
https://ui.adsabs.harvard.edu/abs/2016ApJ...832..137A
http://dx.doi.org/10.3847/1538-4357/ac7c74
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A
http://dx.doi.org/10.1088/2041-8205/749/1/L11
https://ui.adsabs.harvard.edu/abs/2012ApJ...749L..11B
http://dx.doi.org/10.1086/683116
https://ui.adsabs.harvard.edu/abs/2015PASP..127..994B
http://dx.doi.org/10.3847/1538-4357/ab4ea4
https://ui.adsabs.harvard.edu/abs/2019ApJ...887...68B
http://dx.doi.org/10.3847/2041-8213/ac432d
https://ui.adsabs.harvard.edu/abs/2021ApJ...923L..34B
http://dx.doi.org/10.3847/1538-4357/abafbe
https://ui.adsabs.harvard.edu/abs/2020ApJ...901...93B
http://dx.doi.org/10.1146/annurev-astro-081915-023441
http://adsabs.harvard.edu/abs/2016ARA%26A..54..529B
http://dx.doi.org/10.3847/1538-4357/aae83e
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...25B
http://dx.doi.org/10.3847/0004-637X/821/1/28
https://ui.adsabs.harvard.edu/abs/2016ApJ...821...28B
http://dx.doi.org/10.1088/0004-637X/787/1/89
https://ui.adsabs.harvard.edu/abs/2014ApJ...787...89B
http://dx.doi.org/10.3847/1538-4357/aadb8e
https://ui.adsabs.harvard.edu/abs/2018ApJ...866...39B
http://dx.doi.org/10.3847/1538-4357/ab63cd
https://ui.adsabs.harvard.edu/abs/2020ApJ...889...49B
http://dx.doi.org/10.3847/1538-4357/abc261
https://ui.adsabs.harvard.edu/abs/2020ApJ...905...32B
http://dx.doi.org/10.1093/mnras/stad1394
http://dx.doi.org/10.1088/2041-8205/787/1/L11
https://ui.adsabs.harvard.edu/abs/2014ApJ...787L..11C
http://dx.doi.org/10.1093/mnras/sts485
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.2143C
http://dx.doi.org/10.48550/arXiv.2303.17738
https://ui.adsabs.harvard.edu/abs/2023arXiv230317738C
http://dx.doi.org/10.48550/arXiv.1612.05560
https://ui.adsabs.harvard.edu/abs/2016arXiv161205560C
http://dx.doi.org/10.1093/mnras/stac883
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.6122C
http://dx.doi.org/10.3847/1538-4357/acc93e
https://ui.adsabs.harvard.edu/abs/2023ApJ...948...94C
http://dx.doi.org/10.1117/12.550069
http://dx.doi.org/10.1111/j.1365-2966.2004.07619.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.349.1397C
http://dx.doi.org/10.1088/0004-637X/737/2/89
https://ui.adsabs.harvard.edu/abs/2011ApJ...737...89D
http://dx.doi.org/10.1126/science.aav8137
https://ui.adsabs.harvard.edu/abs/2019Sci...365..664D
http://dx.doi.org/10.1007/3-540-59157-5_199
http://dx.doi.org/10.1086/160960
https://ui.adsabs.harvard.edu/abs/1983ApJ...268..368E
http://dx.doi.org/10.1093/mnras/stab323
https://ui.adsabs.harvard.edu/abs/2021MNRAS.506.2269E
http://dx.doi.org/10.1093/mnras/stab2583
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508.4106E
http://dx.doi.org/10.1086/131052
https://ui.adsabs.harvard.edu/abs/1982PASP...94..715F
http://dx.doi.org/10.1051/0004-6361/200913892
https://ui.adsabs.harvard.edu/abs/2010A&A...514A..53F
http://dx.doi.org/10.1088/0004-637X/767/1/57
https://ui.adsabs.harvard.edu/abs/2013ApJ...767...57F
http://dx.doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/2013PASP..125..306F
http://dx.doi.org/10.1051/0004-6361/201833718
https://ui.adsabs.harvard.edu/abs/2018A&A...615L..15G
http://dx.doi.org/10.1051/0004-6361/202039657
https://ui.adsabs.harvard.edu/abs/2021A&A...649A...1G
http://dx.doi.org/10.48550/arXiv.2208.00211
https://ui.adsabs.harvard.edu/abs/2022arXiv220800211G
https://ui.adsabs.harvard.edu/abs/2022arXiv220800211G
http://dx.doi.org/10.1093/mnras/staa1761
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.4079G
http://dx.doi.org/10.1126/science.1259063
https://ui.adsabs.harvard.edu/abs/2015Sci...347.1126G
http://dx.doi.org/10.3847/1538-4357/ab5362
https://ui.adsabs.harvard.edu/abs/2019ApJ...887...93G
http://dx.doi.org/10.1088/2041-8205/709/1/L64
https://ui.adsabs.harvard.edu/abs/2010ApJ...709L..64G
http://dx.doi.org/10.48550/arXiv.2304.02969
https://ui.adsabs.harvard.edu/abs/2023arXiv230402969H
http://dx.doi.org/10.3847/1538-4365/aa8bb5
https://ui.adsabs.harvard.edu/abs/2017ApJS..232...23H
http://dx.doi.org/10.48550/arXiv.astro-ph/9908108
https://ui.adsabs.harvard.edu/abs/1999A&A...349L...5H
http://dx.doi.org/10.3847/1538-4357/aad6a0
https://ui.adsabs.harvard.edu/abs/2018ApJ...864..119H
http://dx.doi.org/10.1086/383624
https://ui.adsabs.harvard.edu/abs/2004PASP..116..425H
http://dx.doi.org/10.1051/0004-6361/201527471
https://ui.adsabs.harvard.edu/abs/2016A&A...591A.123I
http://dx.doi.org/10.1093/mnras/stac3488
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.6223I
http://dx.doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I
http://dx.doi.org/10.1051/0004-6361/201834381
https://ui.adsabs.harvard.edu/abs/2019A&A...622A..74J
http://dx.doi.org/10.1088/2041-8205/761/2/L23
https://ui.adsabs.harvard.edu/abs/2012ApJ...761L..23J
http://dx.doi.org/10.1071/AS07001
https://ui.adsabs.harvard.edu/abs/2007PASA...24....1K
http://dx.doi.org/10.1093/mnras/stz960
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.2169K
http://dx.doi.org/10.1093/mnras/stz3081
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.2465K
https://ui.adsabs.harvard.edu/abs/2023arXiv230503079K
http://dx.doi.org/10.1093/mnras/sts498
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.2287K
https://ui.adsabs.harvard.edu/abs/1970SAOSR.309.....K
http://dx.doi.org/10.1086/190589
http://dx.doi.org/10.1086/190589


27

Kurucz R. L., 1992, in Barbuy B., Renzini A., eds, Vol. 149,
The Stellar Populations of Galaxies. p. 225

Kurucz R. L., 1993, SYNTHE spectrum synthesis programs and
line data

LSST Science Collaboration et al., 2009, arXiv e-prints, p.
arXiv:0912.0201

Lallement R., Vergely J. L., Babusiaux C., Cox N. L. J., 2022,
A&A, 661, A147

Lindegren L., et al., 2021a, A&A, 649, A2
Lindegren L., et al., 2021b, A&A, 649, A4
Livio M., Mazzali P., 2018, Phys. Rep., 736, 1
Livne E., 1990, ApJ, 354, L53
Mandigo-Stoba M. S., Fremling C., Kasliwal M., 2022, The

Journal of Open Source Software, 7, 3612
Maoz D., Hallakoun N., 2017, MNRAS, 467, 1414
Maoz D., Mannucci F., Nelemans G., 2014, ARA&A, 52, 107
Maoz D., Hallakoun N., Badenes C., 2018, MNRAS, 476, 2584
Marshall J. L., et al., 2008, in McLean I. S., Casali M. M., eds,

Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series Vol. 7014, Ground-based and Airborne
Instrumentation for Astronomy II. p. 701454
(arXiv:0807.3774), doi:10.1117/12.789972

Martin D. C., et al., 2005, ApJ, 619, L1
Miller J. S., Stone R. P. S., 1994, in Lick Observatory Technical

Reports No. 66.
Nagarajan P., El-Badry K., Rodriguez A. C., van Roestel J.,

Roulston B., 2023, arXiv e-prints, p. arXiv:2304.07324
Napiwotzki R., et al., 2001, Astronomische Nachrichten, 322, 411
Napiwotzki R., et al., 2020, A&A, 638, A131
Nelemans G., Yungelson L. R., Portegies Zwart S. F., Verbunt F.,

2001, A&A, 365, 491
Neunteufel P., Preece H., Kruckow M., Geier S., Hamers A. S.,

Justham S., Podsiadlowski P., 2022, A&A, 663, A91
Nottale L., Chamaraux P., 2018, A&A, 614, A45
Oke J. B., Gunn J. E., 1982, PASP, 94, 586
Oke J. B., et al., 1995, PASP, 107, 375
Pakmor R., Kromer M., Taubenberger S., Springel V., 2013, ApJ,

770, L8
Pakmor R., et al., 2022, MNRAS, 517, 5260
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APPENDIX

FOLLOW-UP SPECTROSCOPY

Additional candidates observed

In addition to the objects in Table 3, we obtained follow-up spectra of 21 candidates listed in Table 4. Compared to
the candidates in Table 1, these objects have either lower proper motions (µ = 30−50mas yr−1 instead of µ > 50mas−1)
or ϖ/σϖ > 5. None of these objects turned out to be good candidates: they all have |RV| < 500 km s−1 and almost
all show hydrogen lines in their spectra.

Summary of observations and data reduction

MagE

We observed 9 candidates using the Magellan Echellette spectrograph (MagE; Marshall et al. 2008) on the 6.5m
Magellan Baade telescope at Las Campanas Observatory. All observations were carried out with the 0.7′′-wide slit,
yielding a spectral resolution R ≈ 5500 and wavelength coverage of 3500–11,000 Å.
We reduced the spectra using PypeIt (Prochaska et al. 2020), which performs bias and flat-field correction, cosmic-ray

removal, wavelength calibration, sky subtraction, extraction of 1D spectra, merging of spectral orders, and heliocentric
RV corrections. We verified the stability of the wavelength solution at the ∼ 5 km s−1 level using observations of RV
standards and telluric absorption lines.
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Gaia DR3 Source ID G GBP −GRP ϖ µ 4.74µ/ϖ 4.74µ
ϖ+σϖ

RV verdict instrument

[mag] [mag] [mas] [mas yr−1] [km s−1] [km s−1] [km s−1]

6753874560165966848 16.15 -0.32 0.24± 0.06 31.6 633 509 70± 30 sdO/B SOAR
6762185287532572928 16.35 -0.09 0.28± 0.07 36.0 612 492 −8± 10 sdO/B MagE
4187869370201203840 16.56 -0.17 0.16± 0.07 36.1 1047 745 −246± 10 sdO/B MagE
1293316877344107776 16.61 -0.54 0.24± 0.06 31.3 624 501 −174± 20 sdO/B DBSP
6368583523760274176 16.87 -0.37 0.31± 0.07 36.6 564 465 −80± 30 sdO/B SOAR
6110450457358521856 17.15 -0.41 0.36± 0.09 33.2 442 356 220± 30 sdO/B SOAR
6080702345638173056 17.19 -0.23 0.29± 0.08 36.5 589 462 34± 10 sdO/B MagE
4185588433336966272 17.43 -0.07 0.34± 0.11 33.1 464 348 −140± 30 sdO/B SOAR
3537042874067950336 17.49 -0.38 1.33± 0.10 123.8 439 408 360± 30 DA WD SOAR
6247253167253957632 17.57 -0.15 0.35± 0.11 41.3 558 429 88± 10 sdO/B MagE
6866912945436640384 17.67 -0.22 0.29± 0.10 34.2 552 415 10± 30 sdO/B SOAR
6640949596389193856 17.88 0.29 1.74± 0.16 193.2 525 482 270± 50 DA WD SOAR
5921767076544699648 18.44 0.22 0.53± 0.18 52.8 468 349 446± 20 DA WD MagE
269073928658921984 18.46 -0.12 0.67± 0.17 83.7 593 472 −190± 50 DA WD Kast
4304107918421908352 18.60 -0.28 0.36± 0.18 45.9 611 408 −170± 30 sdO/B LRIS
4180185566327070208 19.20 0.74 −0.10± 0.46 37.7 -1880 488 −20± 30 MS star SOAR
2432538119174778368 19.35 0.02 0.13± 0.32 32.1 1162 334 −100± 50 DA WD SOAR
6314180989790944128 19.42 -0.23 0.45± 0.35 60.8 637 360 −120± 50 DA WD SOAR
3751658090584489344 19.44 0.90 −0.01± 0.53 33.1 -18776 301 330± 30 MS star SOAR
643759866174825088 19.48 0.86 1.64± 0.42 141.5 409 325 −36± 50 DA WD Kast
4043027714240237440 19.49 0.64 0.48± 0.39 55.9 554 305 200± 30 MS star SOAR

TABLE 4
Additional candidates we observed. Compared to those in Table 1, these have lower proper motions and/or higher-significance parallaxes.
None turned out to be strong thermonuclear runaway candidates.

Target Instrument Resolution MJD Exposure time (s)

J1235-3752 MagE 5500 59983.26 1800
J1332-3541 MagE 5500 59983.28 1800
J1332-3541 LRIS 1000 60054.52 900
J0927-6335 MagE 5500 59933.34 900
J0927-6335 MagE 5500 59974.21 1800
J0546+0836 LRIS 1500 59959.35 10× 600
J0546+0836 ESI 8000 59990.36 3× 1200
J1311-1846 LRIS 1000 60028.51 600
J1109+0001 LRIS 1500 59906.59 1200

TABLE 5
Observing log for the six targets confirmed to be hydrogen-free.

LRIS

We observed 9 candidates using the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on the 10m
Keck-I telescope on Maunakea. Some of the observations used the 600/7500 grating on the red side and the 600/4000
grism on the blue side, resulting in a full width at half-maximum intensity (FWHM) of 4.7 Å on the red side and 4.0 Å
on the blue side, or a typical resolution R ≈ 1500. Other observations used the 400/8500 grating on the red side and
the 400/3400 grism on the blue side, resulting in FWHM ≈ 6.9 Å on the red side and 6.5 Å on the blue side, or a
typical resolution R ≈ 1000. LRIS is equipped with an atmospheric dispersion corrector.
We reduced the data using the LRIS automated reduction pipeline (LPIPE; Perley 2019), which performs bias

and flat-field corrections, cosmic-ray removal, wavelength calibration and flexure corrections using night-sky lines,
extraction of 1D spectra, telluric corrections, and flux calibration using a standard star. We adopted a minimum RV
uncertainty of 10 km s−1.
We observed one source, J0546+0836, for a total of 6000 s because it is faint and has very weak absorption lines.

We obtained 10 exposures, each with an exposure time of 600 s, and coadded them to improve the SNR.

GMOS

We observed three candidates using the Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) on the 8.1m
Gemini-South telescope at Cerro Pachón (program GS-2023A-FT-107). We used the B1200 G5321 grating with a
0.75′′-wide slit and central wavelength of 4500 Å, leading to wavelength coverage from 3700 to 5300 Å and resolution
R ≈ 3000. We obtained a spectrum of a CuAr comparison lamp for wavelength calibration on-sky immediately after
each 900 s science exposure. The data were reduced using PypeIt.

ESI

We observed J0546+0836 with the Echellette Spectrograph and Imager (ESI; Sheinis et al. 2002) on the 10m Keck-II
telescope on Maunakea. We used the 0.5′′-wide slit, yielding a resolution R ≈ 8000, with a useful wavelength coverage
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of 3900–10,000 Å. We reduced the data using the MAuna Kea Echelle Extraction (MAKEE) pipeline, which performs
bias subtraction, flat fielding, wavelength calibration, and sky subtraction. The pipeline also carries out a linear shift
to the wavelength solution using night-sky emission lines, which we have verified to yield RVs stable to ∼ 3 km s−1.

SOAR

We observed 19 candidates with the Goodman Spectrograph (Clemens et al. 2004) on the SOAR telescope. All
SOAR observations used a 1.2′′ slit and a 400 linemm−1 grating, giving an approximate wavelength coverage of 4000–
7850 Å with a FWHM resolution of ∼ 6.6 Å. For each candidate we obtained a single exposure of length 1200–1800 s,
using longer exposures for fainter targets. All spectra were reduced and optimally extracted in the standard manner.
The wavelength calibration was performed with comparison-lamp spectra obtained immediately after each science
exposure, and a first-order flux calibration was applied to each spectrum.

DBSP

We observed four candidates with the Double Spectrograph (DBSP; Oke & Gunn 1982) on the 5m Hale telescope
at Palomar Observatory. The 600/4000 grating was used on the blue side and the 316/7500 grating on the red side,
together with the D55 dichroic. We employed the 1.0′′ or 1.5′′ slit, depending on the seeing, yielding an average
resolution R ≈ 1500 and wavelength coverage of 3000–10,700 Å.
We reduced the spectra using PypeIt (Prochaska et al. 2020) with the DBSP DRP wrapper (Mandigo-Stoba et al.

2022). This performs bias and flat-field corrections, cosmic-ray removal, wavelength calibration, extraction of 1D
spectra, telluric corrections, and flux calibration using a standard star. We corrected for flexure using telluric absorption
lines, as described by Nagarajan et al. (2023).

Kast

We observed two candidates with the Kast double spectrograph (Miller & Stone 1994) mounted on the Shane
3m telescope at Lick Observatory. These observations used the 2′′-wide slit, 600/4310 grism, and 300/7500 grating.
This instrument configuration has a combined wavelength range of 3500—10,500 Å, and a spectral resolving power
of R ≈ 800. To minimize slit losses caused by atmospheric dispersion (Filippenko 1982), the slit was oriented at or
near the parallactic angle. The data were reduced following standard techniques for CCD processing and spectrum
extraction (Silverman et al. 2012) utilizing IRAF (Tody 1986) routines and custom Python and IDL codes.8 Low-order
polynomial fits to comparison-lamp spectra were used to calibrate the wavelength scale, and small adjustments derived
from night-sky lines in the target frames were applied. The spectra were flux calibrated and telluric corrected using
spectra of appropriate spectrophotometric standard stars observed on the same night, at similar airmasses, and with
an identical instrument configuration.

CONSTRAINTS WITH DIFFERENT PRIORS

We list results of kinematic modeling with alternative distance priors in Tables 6 and 7.

This paper was built using the Open Journal of Astrophysics LATEX template. The OJA is a journal which provides
fast and easy peer review for new papers in the astro-ph section of the arXiv, making the reviewing process simpler
for authors and referees alike. Learn more at http://astro.theoj.org.

8 https://github.com/ishivvers/TheKastShiv

http://astro.theoj.org
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Name Gaia DR3 Source ID G GBP −GRP RV d vtot vejection z tdisk = z/vz
[mag] [mag] [km s−1] [kpc] [ km s−1] [ km s−1] [kpc] [Myr]

Suspected D6 stars

D6-1 5805243926609660032 17.4 0.48 1200± 40 1.97+0.30
−0.24 2094+266

−205 2303+263
−202 −0.59+0.07

−0.09 0.64+0.04
−0.04

D6-2 1798008584396457088 17.0 0.41 80± 10 0.85+0.05
−0.04 1156+59

−52 1057+62
−55 −0.27+0.02

−0.02 −0.72+0.01
−0.01

D6-3 2156908318076164224 18.2 0.43 −20± 80 2.34+0.31
−0.35 2326+309

−349 2480+342
−387 0.96+0.12

−0.14 2.24+0.19
−0.16

J1235 6156470924553703552 19.0 -0.28 −1694± 10 4.14+0.94
−1.09 2693+316

−326 2495+327
−326 1.76+0.39

−0.46 1.85+0.68
−0.23

J0927 5250394728194220800 19.4 -0.32 −2285± 20 4.35+1.89
−1.41 2736+225

−121 2501+225
−120 −0.67+0.22

−0.30 −1.29+0.35
−0.38

J0546 3335306915849417984 19.1 -0.25 1200± 20 4.17+1.89
−1.47 1740+563

−362 1906+571
−382 −0.71+0.26

−0.33 0.61+0.04
−0.06

J1332 6164642052589392512 19.4 -0.55 1090± 50 2.40+0.94
−0.93 1932+624

−553 2065+597
−529 1.09+0.42

−0.41 0.74+0.07
−0.12

Suspected LP 40-365 stars

LP 40-365 1711956376295435520 15.6 0.23 498± 5 0.61+0.01
−0.01 837+5

−5 607+5
−5 0.43+0.01

−0.01 4.88+0.38
−0.33

J1603 5822236741381879040 17.8 0.16 −480± 5 2.17+0.53
−0.35 846+70

−42 621+82
−48 −0.37+0.06

−0.10 1.55+0.11
−0.10

J0905 688380457508503040 19.6 0.24 300± 50 3.76+2.49
−1.61 424+343

−162 641+347
−201 2.43+1.59

−1.03 −18.30+54.31
−33.81

J1825 6727110900983876096 13.3 -0.02 −47± 5 0.95+0.03
−0.02 429+18

−17 662+18
−17 −0.17+0.00

−0.01 1.60+0.02
−0.02

J1311 3507697866498687232 18.3 0.35 55± 10 2.30+1.34
−0.71 1120+527

−278 1007+562
−300 1.61+0.93

−0.49 3.97+0.17
−0.19

J1109 3804182280735442560 19.1 -0.09 100± 10 3.34+1.83
−1.27 1561+760

−525 1359+790
−534 2.70+1.47

−1.02 3.99+0.19
−0.29

Suspected runaway helium star donors

US 708 815106177700219392 18.9 -0.44 917± 7 8.54+0.99
−0.99 996+10

−10 830+17
−15 6.29+0.73

−0.73 11.67+1.82
−1.69

Other/unknown

J1240 1682129610835350400 18.4 -0.29 −177± 10 0.43+0.02
−0.02 241+21

−19 449+22
−19 0.35+0.02

−0.02 −
J1637 1327920737357113088 20.3 -0.13 300± 50 3.65+2.29

−1.54 1314+692
−433 1134+921

−420 2.45+1.52
−1.03 4.43+0.77

−0.97

TABLE 6
Same as Table 3, but inferred with an exponentially decreasing space density distance prior with L = 1.35 kpc.

Name Gaia DR3 Source ID G GBP −GRP RV d vtot vejection z tdisk = z/vz
[mag] [mag] [km s−1] [kpc] [ km s−1] [ km s−1] [kpc] [Myr]

Suspected D6 stars

D6-1 5805243926609660032 17.4 0.48 1200± 40 1.94+0.30
−0.23 2064+267

−199 2273+263
−196 −0.58+0.07

−0.09 0.64+0.04
−0.04

D6-2 1798008584396457088 17.0 0.41 80± 10 0.84+0.05
−0.04 1151+59

−52 1052+62
−55 −0.27+0.02

−0.02 −0.72+0.01
−0.01

D6-3 2156908318076164224 18.2 0.43 −20± 80 2.31+0.32
−0.36 2297+324

−359 2448+357
−396 0.95+0.13

−0.14 2.24+0.19
−0.16

J1235 6156470924553703552 19.0 -0.28 −1694± 10 4.42+0.81
−1.17 2781+278

−360 2586+288
−366 1.87+0.34

−0.49 1.77+0.57
−0.17

J0927 5250394728194220800 19.4 -0.32 −2285± 20 5.40+1.82
−1.99 2851+251

−201 2617+250
−200 −0.84+0.32

−0.29 −1.50+0.44
−0.33

J0546 3335306915849417984 19.1 -0.25 1200± 20 5.11+1.76
−2.02 2012+551

−546 2184+556
−565 −0.88+0.36

−0.31 0.64+0.03
−0.07

J1332 6164642052589392512 19.4 -0.55 1090± 50 2.21+1.08
−0.97 1808+709

−545 1947+678
−521 1.00+0.48

−0.43 0.72+0.09
−0.15

Suspected LP 40-365 stars

LP 40-365 1711956376295435520 15.6 0.23 498± 5 0.61+0.01
−0.01 837+5

−5 607+5
−5 0.43+0.01

−0.01 4.87+0.39
−0.33

J1603 5822236741381879040 17.8 0.16 −480± 5 2.17+0.56
−0.36 845+73

−43 620+86
−49 −0.37+0.06

−0.10 1.55+0.12
−0.10

J0905 688380457508503040 19.6 0.24 300± 50 8.03+4.71
−4.64 1031+712

−652 1252+709
−658 5.17+3.02

−2.97 −15.45+3.54
−10.85

J1825 6727110900983876096 13.3 -0.02 −47± 5 0.95+0.03
−0.03 429+18

−17 662+18
−17 −0.17+0.01

−0.01 1.60+0.02
−0.02

J1311 3507697866498687232 18.3 0.35 55± 10 2.24+1.75
−0.73 1095+688

−285 981+732
−307 1.57+1.21

−0.50 3.96+0.19
−0.21

J1109 3804182280735442560 19.1 -0.09 100± 10 3.96+2.08
−1.80 1820+863

−745 1627+897
−763 3.20+1.67

−1.45 4.07+0.16
−0.33

Suspected runaway helium star donors

US 708 815106177700219392 18.9 -0.44 917± 7 8.54+0.98
−1.00 996+10

−10 831+17
−15 6.29+0.72

−0.73 11.68+1.80
−1.71

Other/unknown

J1240 1682129610835350400 18.4 -0.29 −177± 10 0.43+0.02
−0.02 241+21

−19 448+22
−19 0.35+0.02

−0.02 −
J1637 1327920737357113088 20.3 -0.13 300± 50 4.93+2.70

−2.57 1695+837
−748 1567+1055

−785 3.30+1.80
−1.71 4.90+0.61

−1.24

TABLE 7
Same as Table 3, but inferred with a flat distance prior.
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