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ABSTRACT

Recent observations have found a growing number of hypervelocity stars with speeds of ≈1500−2500 km s−1 that could have only
been produced through thermonuclear supernovae in white dwarf binaries. Most of the observed hypervelocity runaways in this class
display a surprising inflated structure: their current radii are roughly an order of magnitude greater than they would have been as white
dwarfs filling their Roche lobe. While many simulations exist studying the dynamical phase leading to supernova detonation in these
systems, no detailed calculations of the long-term structure of the runaways have yet been performed. We used an existing Arepo
hydrodynamical simulation of a supernova in a white dwarf binary as a starting point for the evolution of these stars with the one-
dimensional stellar evolution code MESA. We show that the supernova shock is not energetic enough to inflate the white dwarf over
timescales longer than a few thousand years, significantly shorter than the 105−6 year lifetimes inferred for observed hypervelocity
runaways. Although they experience a shock from a supernova less than ≈0.02 R� away, our models do not experience significant
interior heating, and all contract back to radii of around 0.01 R� within about 104 years. Explaining the observed inflated states requires
either an additional source of significant heating or some other physics that is not yet accounted for in the subsequent evolution.
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1. Introduction

Thermonuclear supernovae in white dwarf binaries can produce
a hypervelocity runaway companion, and we are now discover-
ing some of the fastest stars in our Galaxy that appear to have
originated from this scenario (Shen et al. 2018a; El-Badry et al.
2023). While the growing number of observed candidates from
such a scenario seems to confirm the importance of double white
dwarfs as thermonuclear supernova progenitors, the stellar struc-
ture of these runaways is still poorly understood. This leaves an
incomplete picture of the connection between these runaways in
our Galaxy and the population of Type Ia supernovae observed
in our Universe. In the dynamically driven double degenerate
double detonation (D6) scenario, a white dwarf transfers mass
to a more massive white dwarf through dynamically unstable
Roche-lobe overflow (Guillochon et al. 2010; Dan et al. 2011,
2012; Pakmor et al. 2013; Shen et al. 2018b). This unstable mass
transfer, mainly comprised of heavily compressed 4He, leads
to a thermonuclear runaway through dynamical instabilities in
the interaction between the accretion stream and the shell of
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the accretor. This can trigger a detonation. The shell detonation
leads to a shock that traverses inside the white dwarf and con-
verges in the carbon-oxygen core. At this stage, it is possible
to ignite carbon and detonate the white dwarf (Fink et al. 2007;
Kromer et al. 2010; Pakmor et al. 2013, 2022; Moll & Woosley
2013; Boos et al. 2021). Once this happens the accreting white
dwarf effectively disappears and the donor star is ejected at its

pre-supernova orbital speed and becomes a runaway star. Due
to the compact nature of the stars, the secondary is very close
to the primary before filling its Roche lobe. Therefore, the run-
aways can reach velocities of the order of 1000−2500 km s−1.
For runaways observed with velocities above ≈1500 km s−1 that
do not come from the Galactic centre (which could indicate a
Hills 1988 mechanism origin), the D6 supernova scenario is the
only way to explain their extreme velocities without relying on
objects like intermediate-mass black holes.

All the observed D6 runaway candidates are peculiar. They
have galactocentric velocities greater than 1000 km s−1; the fastest
ones have velocities of ≈2500 km s−1. As they are unbound
to the Galaxy and still observable, they cannot be more than
10−100 Myr removed from the supernova event. Moreover, their
observed flight times to the Galactic disk – and in at least one case
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to SN remnants – suggest lifetimes of at most a few megayears.
Due to the mass-radius relation of white dwarfs, these veloci-
ties directly imply that the donor white dwarfs must have been
massive (>1 M�) for the fastest runaways and (>0.5 M�) for the
slightly slower ones (Bauer et al. 2021). While the difference in
composition of sub-Chandrasekhar mass white dwarfs can affect
the mass-radius relation by a few per cent and lead to slightly
different orbital velocities, these differences will be smaller than
the uncertainties in observed orbital velocities due to uncertain
distances. We also note the caveat that the preceding mass esti-
mates assume a Roche-filling donor at the time of explosion. It
may also be possible that the accretor detonates later when the
donor is significantly beyond its Roche limit, so that the plung-
ing donor star might reach higher velocities than when it fills
its Roche lobe. In this case the mass of the runaway could be
lower, down to 0.4 M� (Dan et al. 2012). In any case, almost all
of the observed white dwarfs are puffed up, most with radii of
the order of 0.1 R� instead of <0.01 R� as expected from their
velocities. One possible explanation that has been suggested for
this behaviour is post-shock induced heating due to the super-
nova, and by supernova ejecta material deposited on the surface.
To date, some stellar evolution models have addressed the impact
of supernova shocks on ejected subdwarfs in single-degenerate
supernovae (Bauer et al. 2019), double-degenerate supernovae
with a helium white dwarf donor (Wong et al. 2024), and Type Iax
remnant stars (Zhang et al. 2019) to explain the observations of
the runaways (Hirsch et al. 2005; Geier et al. 2015; Vennes et al.
2017; Raddi et al. 2018, 2019).

While these efforts have provided insights into the evolution
of subdwarfs and partially burned white dwarfs, a detailed investi-
gation into the evolution of the faster D6 runaways is still missing.
As we show in this work, and as estimated analytically in Bauer
et al. (2019), it is much more difficult for the supernova shock
to strongly perturb the thermal state of a D6 WD donor than in
the previously studied cases of subdwarf donors or Iax remnants.
For this paper we improved upon previous work by carrying out
the first full-scale stellar evolution calculation of such surviv-
ing white dwarfs. We utilised the result of an existing Arepo
three-dimensional hydrodynamical simulation of binary white
dwarfs that undergo a supernova explosion and end with a hyper-
velocity runaway donor remnant (Springel 2010; Pakmor et al.
2016, 2022; Weinberger et al. 2020). This simulation, taken from
Pakmor et al. (2022), followed the evolution until shortly after
double detonation of the primary white dwarf. In total, the run-
away was evolved for 150 s after explosion when the ejecta are in
homologous expansion and the surviving secondary white dwarf
has settled into hydro-static equilibrium. We used this surviving
donor as input into the one-dimensional open-source stellar evo-
lution software Modules for Experiments in Stellar Astrophysics
(MESA, Paxton et al. 2011, 2013, 2015, 2018, 2019; Jermyn et al.
2023).

The Arepo simulation provides profiles of the composition

and thermal state of pre- and post-supernova configurations for
the donor, which becomes a hypervelocity runaway. We used
the entropy profiles to calculate the heating associated with the

supernova shock. We used the result to create an approximate
model of the heating for different masses of white dwarfs (0.5 to
1.1 M�) to explore how the subsequent evolution may depend on
runaway mass. We then modelled the subsequent stellar evolu-
tion through the following 100 Myr, after which time these stars
would be in the outer halo of the Galaxy and not observable.
The mapping of only one available Arepo simulation is not
exact when extrapolated to white dwarf binaries of other masses.
The heating of a donor white dwarf likely has some dependence

on mass since a more massive white dwarf will be closer to the
supernova, but at the same time is more difficult to perturb due to
its higher pressure and internal energy profile. As a first explo-
ration based on the one available Arepo model, our work scales
the heating from the 0.7 M� simulation to higher masses, repre-
senting a maximally aggressive heating to place an upper limit
on how long the white dwarfs can stay puffed up. In Section 2
we discuss the Arepo simulations and develop an approximate
approach to generalise the heating we see in the one Arepo
model to white dwarf donors of different masses. In Section 3
we present the evolution of all our models. Finally, in Section 4
we compare these models to recent observation of D6 runaways.
We summarise our results in Section 5.

2. Simulations and relaxation

Our goal in this work is to model the long-term stellar evolu-
tion of the runaway donor in order to compare it with observed
hypervelocity runaways. These runaways travel at speeds of
the order of 1−2 kpc/Myr, so we expect that they would leave
the Galaxy and become unobservable within about 10 Myr. We
therefore want to compare evolutionary tracks with ages reach-
ing a few megayear after explosion for typical observable run-
aways, though some could be younger. After the initial interac-
tion with the SN ejecta and dynamical evolution over timescales
of a few hundred seconds modelled in Arepo, the donor star
should quickly settle (Shen et al. 2012; Schwab et al. 2012) into
an approximately spherical and hydrostatic structure appropriate
for modelling with a 1D stellar evolution code such as MESA for
longer timescales. We neglect rotation in this work because even
a tidally locked donor star will be significantly below critical
rotation, and the energy in rotational shear in the Arepo model
is negligible compared to other energy scales. In this section, we
describe the initial dynamical evolution modelled in Arepo up
to a point suitable to handing off to MESA for longer term evo-
lution, along with the procedure for mapping from the 3D Arepo
model into the eventual 1D hydrostatic structure for MESA.

2.1. Three-dimensional hydrodynamical explosion model

We start from an existing explosion simulation in Arepo of a
double white dwarf system (Pakmor et al. 2022). This simula-
tion starts with the late stages of inspiral of a binary system of
two carbon-oxygen white dwarfs with masses of 1.05 M� and
0.7 M�, respectively. The donor model starts with a 50/50 C/O
core composition and a pure He envelope in the outer 0.03 M�.
This helium mass is significantly higher than the mass required
to support a double detonation (Shen et al. 2024), and almost an
order of magnitude more than the helium shell masses of realistic
WD models (e.g. Lawlor & MacDonald 2006). This is motivated
by the need to have enough He mass transfer such that the accre-
tor is sure to double-detonate. Accretion of helium-rich material
from the less massive donor to the more massive accretor dynam-
ically ignites a helium detonation in the helium shell of the accre-
tor. The helium detonation propagates around the accretor and
via compression ignites a detonation in the carbon-oxygen core
of the accretor, similar to the classic double detonation scenario
for Type Ia supernovae.

The accretor explodes as a Type Ia supernova. It disappears
on a timescale of a few seconds, and hits the donor white dwarf
with a strong shockwave on the way, that travels with a veloc-
ity of∼10 000 km s−1. During this process, the donor white dwarf
also burns its helium shell and loses its outer layers. If it survives
the impact and does not also explode itself (Tanikawa et al. 2019;
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