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ABSTRACT

Context. Electron-capture supernovae (ECSNe) are commonly thought to result in a collapse to a neutron star. Recent work has shown
that, under certain conditions, a thermonuclear explosion is also a possible outcome. The division between the two regimes, however,
has not yet been mapped out.

Aims. In this study, we investigate the conditions under which the transition from thermonuclear explosion to collapse occurs, and
what physical mechanisms drive each outcome.

Methods. We conducted a parameter study of 56 3D hydrodynamic simulations of ECSN in ONe white dwarfs using a level set based
flame model implemented in the LEAFS code. We varied both the ignition location and the central density at ignition to determine the
conditions of the transition regime. Additionally, we explored two different laminar flame parameterizations and how they impact the
simulation outcome.

Results. From our parameter study, we find a transition density in the range of log o™ = 10.0 and 10.15 gcm™, depending on the
ignition location and utilized laminar flame speed parameterization. Importantly, we find that for sufficiently high central densities,
the burned ashes can sink into the core and trap large amounts of neutron-rich material in the bound remnant. In the transition regime
between explosion and collapse, we find that the laminar flame speed plays a critical role by suppressing the formation of instabilities
and thereby reducing the nuclear energy generation needed to overcome the collapse.

Conclusions. We find that a thermonuclear explosion is possible for a wide range of parameters, whereby a more off-center ignition
allows for higher central densities to still result in an explosion. Both the conditions at ignition and the flame physics are critical in
determining the outcome. Detailed 3D hydrodynamic simulations of the preceding stellar evolution and the ignition process of the

thermonuclear flame are necessary to accurately predict the outcome of ECSNe.
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1. Introduction

After decades of research, the explosive death of most stars has
been well explored. While the most massive stars (212 M) end
their lives in an iron core-collapse supernova (FeCCSN), col-
lapsing under their own weight and resulting in the formation of
either a neutron star (NS) or a black hole (BH), stars at the lighter
end of the mass spectrum (<8 M) will form a white dwarf
(WD) star. WDs are typically stable objects when they evolve
in an isolated environment, but when interacting with a compan-
ion star, the interaction can trigger a thermonuclear explosion
commonly known as Type Ia supernova (SN Ia; Whelan & Iben
1973; Iben & Tutukov 1984). Although there is still an active

* Corresponding author: alexander.holas@mailbox.org
** The NuGrid collaboration.

discussion surrounding the two explosion channels (i.e., the ther-
monuclear and iron core-collapse channels; see Liu et al. 2023
and Janka 2025 for recent reviews), the upper and lower end of
the stellar mass range has overall been well explored, and there
is at least a superficial consensus on how these stars end their
lives. In contrast, the fate of intermediate mass stars (8—12 M)
remains equivocal and has so far been sparsely explored. A com-
mon idea is that these stars end their lives as so-called electron-
capture supernovae (ECSNe; Miyaji & Nomoto 1987; Nomoto
1984, 1987), where, initiated by electron capture reactions, the
star loses the pressure support provided by degenerate electrons
and collapses under its own weight, resulting in an SN explosion
and leaving behind an NS. Previous research (Isern et al. 1991;
Canal et al. 1992; Jones et al. 2016, 2019a,b; Kirsebom et al.
2019; Leung et al. 2020) has shown that, contrary to the previous
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notion that ECSNe end in a collapse, a thermonuclear explo-
sion can in theory also be achieved. Although these thermonu-
clear ECSNe (tECSNe) can help explain some otherwise difficult
to produce species in the solar inventory of isotopes — tECSNe
show a strong production of **Ca, **Ti, and >>Cr as well as sev-
eral Zn-Zr isotopes (Jones et al. 2019b) — without introducing
substantial tensions elsewhere, it is not clear if tECSNe exist
in nature or if they are purely a theoretical phenomenon. While
synthetic observables of collapsing ECSNe (cECSNe) have been
matched to existing observations (e.g., Kozyreva et al. 2021),
they differ little from low-mass CCSNe, and the observational
properties of tECSNe are so far unknown. Moreover, it is not
yet clear what determines either outcome and how the transition
from collapse to thermonuclear explosion impacts observational
properties such as the ejecta composition. Answering the latter
question is the focus of the current work.

In general, ECSNe occur when the ONe core of an inter-
mediate mass star — commonly super asymptotic giant branch
(sAGB) stars (see Doherty et al. 2017 for a review) — reaches
the Chandrasekhar mass limit (Mcy,), usually through repeated
unstable He shell burning cycles (Ritossa et al. 1999; Jones et al.
2013). This mass limit can also be reached in an ONe WD that
stably accretes mass from a binary companion (Schwab et al.
2015), also known as accretion-induced collapse (AIC; see
Nomoto & Kondo 1991), or in the case of a close binary sys-
tem through stable He shell burning after the envelope of the star
has been stripped (Podsiadlowski et al. 2004; Tauris et al. 2015).
Since the precise progenitor scenario is somewhat ambiguous,
we are somewhat agnostic of the precise channel by which Mcy,
is reached.

Regardless of the mass accretion mechanism, once the ONe
core reaches a critical central density, the electron capture reac-
tion Ne — 2°F — 200 will set in'. This reaction has a
twofold effect. On the one hand, it causes the pressure sup-
port of the core to drop and therefore the core to contract,
further increasing its density and the rate at which electron
captures occur. This initiates a feedback loop that, if nothing
else can counteract it, will cause the core to collapse. On the
other hand, this electron capture chain releases energy through
y-decay of 2’0 (Martinez-Pinedo et al. 2014) and thereby can
ignite runaway thermonuclear burning of the ONe plasma in the
form of 1°0 + 10 burning (Isern et al. 1991; Canal et al. 1992;
Gutierrez et al. 1996; Schwab et al. 2015, 2017; Zha et al. 2019).
Although the resultant increase in temperature will increase the
electron capture rate on 2°Ne (as well as other isotopes found in
the burning products) and thereby accelerate the collapse, ther-
monuclear burning provides a mechanism to counteract the onset
of collapse. In this pivotal moment, the outcome of an ECSN
depends on which process can outweigh the other.

Typical cECSNe simulations (e.g., Jankaetal. 2008;
Wanajo et al. 2011; Zha et al. 2022) predict that eventually the
gravitational collapse will overcome the thermonuclear burning,
and the resulting cECSNe will lead to the formation of an NS.
Jones et al. (2016) found that turbulent burning plays an impor-
tant role in the evolution of an ECSNe and can potentially be
a critical factor in halting the gravitational collapse and subse-
quently overturning it, leading to a thermonuclear explosion.

' We note that depending on the precise stellar evolution, other elec-
tron capture reactions may occur before this point that can trigger
thermonuclear burning; for example, electron captures on >*Mg can
ignite residual C (see, e.g., Jones et al. 2013; Schwab & Rocha 2019;
Antoniadis et al. 2020; Chanlaridis et al. 2022).
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From previous studies, both outcomes have been established.
However, it is not clear where the transition from one regime
to the other occurs. Specifically, it remains uncertain how the
central density that the ONe core reaches at the onset of ther-
monuclear runaway, along with the location of ignition (or
more precisely the impact of convection prior to the ignition;
see, e.g., Gutierrez et al. 1996), influences the final outcome.
Although there exist 1D studies investigating the fundamentals
of flame propagation in this regime (e.g., Timmes & Woosley
1992; Schwab et al. 2020), as well as 2D studies of various initial
conditions (e.g., Leung et al. 2020; Zha et al. 2022), this issue
has not yet been studied in 3D hydrodynamic simulations. This
is important because the fate of the star critically depends on
the competition between energy release in the thermonuclear
burning and collapse, where the former effect is determined by
intrinsically 3D fluid dynamical instabilities that interact with
the flame.

We conduct a parameter study, investigating how the central
density at ignition and the ignition location impact the outcome
of ECSNe. With this study, we aim to establish what conditions
support a tECSN outcome and when a cECSN occurs and specif-
ically what physical mechanisms determine either outcome. We
also investigated the impact of the laminar flame speed param-
eterization utilized by our simulations on the evolution of the
modeled ECSNe. Furthermore, with our study we aim to pro-
vide a large model set that can be used in future studies to estab-
lish observational properties of tECSNe in order to determine
whether these objects exist in nature or if they remain in the
realm of theory.

Our work is organized as follows. First, we present the
numerical tools used in our parameter study as well as the
included physics in Section 2. Second, we provide an overview
over the different ECSN modes observed in our models in
Section 3. Third, Section 4 provides a detailed investigation into
the impact of the laminar flame speed as well as what role tur-
bulence plays in overcoming the collapse. Finally, Section 5
presents the results of our parameter study itself and a discussion
about under which conditions our simulations yield a tECSN or
cECSN outcome. We end with some concluding remarks and an
outlook on future work in Section 6.

2. Methods
2.1. Explosion simulations

Our ECSN simulations were performed using the LEAFS code.
This code has been used in a variety of SN Ia-like applica-
tions (see, e.g., Ropke & Hillebrandt 2005; Ropke et al. 2007,
Seitenzahl et al. 2013; Fink et al. 2014, 2018; Ohlmann et al.
2014; Marquardt et al. 2015; Lachetal. 2022a,b), and, in
particular, other ECSN studies (Jonesetal. 2016, 2019b;
Kirsebom et al. 2019). The LEAFS code has been adapted from
the PROMETHEUS code (Fryxell et al. 1989) by Reinecke et al.
(1999a) for its use in SN Ia studies. It uses a piecewise parabolic
scheme (Colella & Woodward 1984) to solve the reactive Euler
equations. The computation takes place on a 3D Cartesian grid
that is able to follow both the evolution of the flame front and
the expansion of the star by nesting a uniform Cartesian grid
inside a nonuniform Cartesian grid (Ropke et al. 2006). Flame
fronts were treated using a level-set technique (Osher & Sethian
1988) as described by Reinecke et al. (1999b). Our fiducial set
of simulations uses the laminar flame speed prescription of
Timmes & Woosley (1992, hereafter TW92); for select models,
we also compare simulations using the more recent flame speed
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parameterization of Schwab et al. (2020, hereafter S20). Both
TWO92 and S20 obtain their parameterization from a linear fit to
simulations of conductive flames under various conditions; the
latter, however, includes more modern microphysics and a larger
nuclear reaction network. In particular, the formula of S20 con-
siders a varying value of Y, for a fixed fuel composition, whereas
the formulation of TW92 assumes Y, = 0.5 and varies the fuel
composition.

A subgrid model for turbulence (Schmidt et al. 2006a,b)
was used to account for the contribution of unresolved turbu-
lent velocity fluctuation to the effective flame speed. In con-
trast to the work of Jones et al. (2016, 2019b), we did not use
a spherical Newtonian gravitational potential, but rather a fast
Fourier transform-based approach, solving the full Poisson equa-
tion for Newtonian gravity. During the initial phase of the explo-
sion, we did not expect significant deviations from a spherical
potential. However, because pure deflagrations can leave behind
bound remnants with substantial kick velocities (e.g., Lach et al.
2022a), thereby deviating from spherical symmetry, we opted for
the more flexible approach of solving the full Poisson equation.

The code uses an equation of state (EOS) that com-
prises a mixture of electrons and positrons modeled as an
arbitrarily relativistic Fermi gas, ions modeled as a per-
fect gas, and thermal radiation, following the implementation
described in Timmes & Swesty (2000)>. All of our simula-
tions include Coulomb corrections, following the formulation
of Yakovlev & Shalybkov (1989). Here we utilized a Butter-
worth filter (Butterworth 1930) to allow for a smoother transi-
tion between the corrected and non-corrected regimes to avoid
numerical issues arising from the sharp transition found in
the original implementation®. Nuclear burning inside the flame
front is included through tabulated abundances of the burning
products (see Fink et al. 2010; Ohlmann et al. 2014; Jones et al.
2016). This approximate nuclear network estimates the energy
release from nuclear reactions by following six pseudo-species:
4He, '2C, 160, 2Ne, 28Si, and °Ni. This also includes ther-
mal neutrino losses using the formulae of Itoh et al. (1996, see
Seitenzahl et al. 2015).

We followed the (de)leptonization of the NSE ashes as
described in Jonesetal. (2016, Section 2.3). Here, elec-
tron captures and in general reactions such as S-decays and
e*-captures are accounted for; their impact on Y, is cal-
culated from tabulated Y,(p,T,Y.) values. This table was
computed by Jonesetal. (2016) following Seitenzahl et al.
(2009) and Pakmoretal. (2012). The relevant rates were
taken from Langanke & Martinez-Pinedo (2000), Oda et al.
(1994), Fuller et al. (1985), and Nabi & Klapdor-Kleingrothaus
(2004), with approximations from Arcones etal. (2010) and
Sullivan et al. (2015). This formalism also accounts for the mean
energy losses from neutrinos produced in these reactions. We
note that we assumed that if ¥, < 0.25 is reached in the plasma,
the density must be high enough for neutrino interactions to sub-
stantially alter Y,. We do not account for neutrino interactions
in our work and assumed that our simulations become invalid as
Y, — 0.25. Therefore, we limited our Y, table to ¥, > 0.25.

Lastly, to increase the robustness of the numerical scheme,
we extended the original method of Colella & Woodward (1984)
by switching to a more dissipative Rusanov flux function
(Rusanov 1962; Badwaik et al. 2020) in regions where high-

2 The ECSN simulations of Jonesetal. (2016, 2019b) used the
Timmes EOS (Timmes & Arnett 1999) and Coulomb corrections as for-
mulated by Potekhin & Chabrier (2000) instead.

3 https://cococubed.com/codes/eos/helmholtz. thz

Mach flows develop, such as during the interaction of the
SN ejecta with the background pseudo-vacuum. This pseudo-
vacuum was set to a fixed density (1 x 1073 gcm™) and energy
(1.0erg) and is therefore not in hydrostatic equilibrium.

2.2. Initial conditions

Our initial ONe WD models* closely follow the initial condi-
tions of Jones et al. (2016, 2019b): We considered a homoge-
neous composition of 65% 'O and 35% 2°Ne by mass, and
parameterize the hydrostatic equilibrium configuration of the
resulting Mc, WD by its central density p!™. Furthermore, we
imposed that the initial temperature stratification is flat and the
temperature is 5 X 10° K. Due to the fully degenerate nature of
WD matter, the temperature does not significantly impact the
subsequent evolution of the system. Importantly, temperature
dependent electron capture reactions are only simulated inside
the burning region, where the temperature is determined by the
nuclear energy release; outside this region, electron capture reac-
tions are too slow to play a role on the timescales simulated
here. To account for the preceding stellar evolution, we used a
constant Y, = 0.493 for the entire WD. This value was calcu-
lated by Jones et al. (2013) using a mass-weighted average of
a 8.75 M, progenitor computed with the stellar evolution code
MESA (Paxton et al. 2011, 2013, 2015). For more details and dis-
cussion, see Jones et al. (2013, 2016).

In our parameter study, we used several central densities
ranging from 9.95 < log,,p™ < 10.4. This range represents
the uncertainty in the ignition density corresponding to the abil-
ity (or not) of convection or semi-convection to transport heat
away from the hot spot efficiently enough to delay the ignition
and allow the star to contract further before the explosion (e.g.,
Gutierrez et al. 1996). This density space is narrowed down for
each ignition geometry (see Section 2.3) in a binary search pat-
tern to narrow the density at which the collapse transitions to a
thermonuclear explosion; due to the computational cost, a uni-
form density grid would be infeasible. For a complete list of the
central densities of the initial models, see Table A.1°.

2.3. Ignition geometries

The ignition process occurs on scales not resolved by our numer-
ical grid, and therefore we had to assume an ignition geome-
try once the initial flame had grown to a size resolved by our
simulation. This gave us some freedom in choosing the initial
shape of the flame. The location of the flame can in principle
be determined by either 1D stellar evolution simulations or, if
the electron captures trigger a convective instability, 3D reac-
tive hydrodynamics simulations. At the time of writing there
exist no self-consistent 3D stellar evolution models of such
ONe core ignitions that sufficiently constrain the ignition loca-
tion. Therefore, guided by 1D stellar evolution simulations with
state-of-the-art nuclear physics input (Kirsebom et al. 2019), we
examined the dependence of the transition density on the igni-
tion location by adopting five different ignition locations: 2.5 km,
10km, 20km, 35km, 50km, and 73 km offset from the center

4 Our simulations neglect the impact of a potential stellar envelope.
Given the spatial extent of such an envelope (see Jones et al. 2013), it
will have little effect on the explosion mechanism, and therefore we
only focus on the explosion of the bare core (or a WD).

5 We note that the simulations were not run in sequence, and therefore
some parameter combinations could be skipped, hence, the asymmetric
parameter spacing.
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of the WD. In contrast to previous simulations of thermonu-
clear explosions in CO WDs (e.g., Seitenzahl et al. 2013) and the
tECSN simulations of Jones et al. (2016), we ignited in a single
location. Here, we started our parameter grid at 2.5 km instead
of 0 km, as the latter would lead to artificially symmetric explo-
sions; 2.5 km, however, means that the center of the WD is still
covered by our ignition bubble (see below), but the symmetry is
broken by introducing a preferential direction. The upper limit of
73 km was motivated by the work of Kirsebom et al. (2019) and
Zha et al. (2019) who suggest that a single hotspot can form up
to around this radius. We did not investigate multi-spot ignitions
as they are deemed unlikely (Kuhlen et al. 2006; Zingale et al.
2009; Nonaka et al. 2012). For multi-spot ignitions of tECSNe,
see Jones et al. (2016).

As an ignition spot, we chose a composite of nine individ-
ual overlapping spheres, similar to the ignition spot utilized by
Lach et al. (2022a), effectively adding a initial perturbations on
scales resolved by the grid that would naturally develop from
Rayleigh-Taylor (RT) instabilities. Here, each individual sphere
has a radius of 5km, and the entire structure has a width of
18.5km. These values were chosen such that each individual
sphere is resolved by at least a few cells, whereas the nine
spheres are provided to add some initial perturbations on the
resolved scales compared to just one single, larger sphere®. We
found no indication that this choice has a noticeable impact on
the simulation results. In particular, the outcome of our simu-
lations seems robust against the precise shape and size of the
ignition bubble.

In each simulation, this composite ignition bubble was
placed at the ignition locations listed above. The simulation grid
was tuned so that it retains a high resolution in the central region,
leading to a resolution of 700 m in the uniform part of the grid
(up to a distance of 135 km along each axis); this allowed us to
at least roughly resolve the curvature of the ignition spheres. To
ensure comparability between simulations, the same initial grid
was used throughout the parameter space; for example, for the
more central ignitions we could narrow down the central uniform
region to achieve higher central resolution, but for the most off-
center cases the ignition spot would end up outside this region.
During the first timestep, the material inside the ignition bubble
is then burned to ashes while maintaining pressure equilibrium,
initiating the explosion without introducing spurious shocks. As
a consequence, the density inside the ignition spot is artificially
reduced. However, the thereby induced buoyant motion does not
interfere with the flame front and is, in general negligible com-
pared to the buoyancy naturally developing over time.

We labeled each WD explosion model as rho<central
density>_r<ignition radius>, that is, the model with logp™ =
9.95 (g cm™3) ignited at 73 km would be named rh09.95_r73. In
simulations where we used the updated flame speed prescription
of S20, we appended the suffix _sfs; otherwise the flame speeds
of TWO2 are utilized. A complete overview of all 56 simulated
models can be found in Table A.1.

3. ECSNe modes

Before investigating the specific conditions under which the ther-
monuclear explosion can overcome the gravitational collapse,
we first provide a general overview of the different modes we
observe in our ECSN simulations. Here, we focus on a mostly
phenomenological description; we present a more in-depth dis-

© We note that compared to Lach et al. (2022a), our ignition spot has
an additional ninth sphere in the center.
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cussion in the Section 4. Figure 1 illustrates the four different
explosion and collapse outcomes. Here, all models start with the
same inital flame, but with different values of picni.

First, we have the prompt explosion, depicted in the first row
of Figure 1, showing the example of the rh09.95_r73 model. In
this case, the flame starts to rise buoyantly almost immediately,
accelerating, and the flame propagation becomes dominated by
its turbulent flame speed (see Jones et al. 2016). The gravita-
tional collapse is quickly stopped and the explosion can unbind
enough material to leave behind a stable WD remnant. Impor-
tantly, the remnant is composed of O and Ne at its core, with only
a subtle contribution from the burnt ashes in a surface layer. This
is very similar to typical pure deflagrations in CO WDs with a
single spot off-center ignition (see, e.g., Lach et al. 2022a).

Second, at a somewhat higher central density in the
rho10.11875_1r73 model (second row of Figure 1), we find the
marginal explosion mode. In this tECSN mode, the flame just
barely manages to halt the gravitational collapse. As we show
later in Section 4, small changes to, for example, the laminar
flame speeds can overturn this outcome. The distinct difference
from the previous prompt explosion mode is that here, the flame
(or more precisely the ashes) sinks into the core of the WD,
incinerating, and thereby neutronizing the material in the core.
This substantially reduces the effective Mcy (Mcnes), further
favoring the cECSN outcome. Here, pi" is still low enough so
that thermonuclear burning prevails and a tECSN is the result.
What further sets this scenario apart from the previous one (and
pure deflagrations with a single-spot off-center ignition in CO
WDs in general) is that the burning front incinerates the core,
leaving behind a bound ONeFe remnant. In this case, the core
of the remnant is to a large fraction composed of burning prod-
ucts, importantly neutron-rich Fe-group elements. This raises the
question whether the remnant will be stable or not, since these
ashes will result in a M value lower than for our initial WD
and only very little mass is ejected for some of our models (in
extreme cases less than 0.1 My,). In this work, we do not follow
the detailed evolution of the bound remnant. A more detailed
investigation of the fate of the remnant object will be left for
future work.

Third, in the rho10.146875_r73 model shown in the third row
of Figure 1, by just slightly increasing the density, we find the
marginal collapse mode. It is similar to the previous one, with the
difference that here the gravitational pull wins and the WD irre-
versibly collapses. Importantly, however, the collapse does not
manage to completely overpower the burning everywhere (see
Section 4 for a description of this mechanism), and part of the
flame rises outward and begins to incinerate the outer shell. Due
to the limitations of our code, we cannot follow the collapse, so
it remains to be seen if the simulation leads to the formation of
a neutron star and if the burning leads to any significant mass
ejection.

Last, in our highest density model tho10.4_r73, shown in
the last row of Figure 1, we find the prompt collapse mode.
Here, gravity is able to almost immediately overtake the runaway
burning. More precisely, the drop in Y, due to electron captures
happens so fast that the bubble loses too much pressure support
without being able to rebuild it efficiently through nuclear burn-
ing. The bubble is then compressed by the surrounding fluid,
which has a higher pressure, and its density increases and sinks
buoyantly into the WD core. The neutronization of hot material
(burning to an extent continues; it is just no longer dynamically
relevant) further destabilizes the WD core so fast that collapse
is inevitable. What appears to be important here is that the ashes
sink into the core much faster than in, for example, the marginal
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Fig. 1. Illustration of the different ECSN modes observed in our parameter study. Each row shows a separate simulation, with each column
representing various characteristic times. In each plot, the top half indicates Y, and the bottom half (A) (note the varying limits in the color bars).
Here, we also show contours of uniform log p (g cm™~). We note that in the last timestep of rho10.4_r73, we no longer fully trust the results of the
simulation (e.g., the reappearance of heavier elements in the ashes is likely only an artifact) and only include this timestep as a visual indication

of how the ashes get compressed into a sphere.

collapse case (see the first column of Figure 1 where different
densities at 0.1 s are illustrated), causing this crucial region to
neutronize faster. It should be noted that, in all collapsing cases,
the thermonuclear burning accelerates the collapse. This is both
due to the increase in temperature and density that increases
electron capture rates, as well as the ashes enabling electron cap-
tures on, for example, free protons, which is significantly more
efficient than electron captures on 2’Ne. Therefore, while elec-

tron captures on 2’Ne alone are sufficient for a runaway collapse,
thermonuclear burning additionally accelerates the collapse if
the ashes sink into the core.

In general, we find these four modes for all ignition loca-
tions. However, the 12.5 and r10 series do not exhibit sinking
of the ashes toward the core (at least not to the extent that they
interact with the flame front) as our ignition hot bubbles already
encompass this region due to their size; even in the 120 series,
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only a marginal amount of sinking ashes can be observed. How
the sinking ashes interact with the flame front critically depends
on the laminar flame speed. We explore this relationship in the
following Section 4.

4. Explosion versus collapse

In this section, we examine the impact of the choice of lami-
nar flame speed parameterization on the outcome of our ECSN
simulations and discuss what physical mechanisms determine
the collapse or explosion outcome. Specifically, we compare the
laminar flame speed parameterizations of TW92, given as

1.06 X(16O) 0.688 B
vlam=51.8(%) ( E ) kms~!, 1)
to that of S20, given as
Viam = 16.0003 [1 +96.8 (0.5 — ¥,)] kms™". )

We note that the laminar flame speeds of S20 are typically
slower than the ones of TW92 for the same fuel composition,
see Figure 5 of S20. However, as already stated in Section 2,
the parameterization of TW92 does not consider cases where
Y, # 0.5, whereas S20 does. As illustrated in Figure 9 of S20, the
low Y, value is the main driver of the large difference in laminar
flame speeds.
The total flame speed vr is then given by the formula

4 (vur |

b = am |1+ 3 (—*’) , 3)
3 Ulam

following Schmidt et al. (2006b), where vtzurb = 2Kys/p and K

is the subgrid-scale turbulent kinetic energy. For turbulent flame
speeds vy, much higher than the laminar flame speed, the total
flame speed asymptotically approaches

U & 2Uturb .
f~ >
V3

that is, it becomes dominated by the turbulent flame speed. In
contrast vf & Upam if Vo < Vjam-

“

4.1. Neutronization of the core

The laminar flame speeds are important during the initial burning
before the flame propagation becomes dominated by the turbu-
lent flame speed, at least in the exploding cases. Although the
initial laminar flame growth rate impacts the subsequent nuclear
energy release through a larger burning volume at the time when
the turbulent propagation becomes dominant, in this section we
focus on its impact on the question of whether or not a model col-
lapses or explodes. For 1D flames, this has already been exten-
sively studied by TW92, and we can now verify some of their
hypotheses based on our 3D simulations.

In Figure 2, we illustrate the initial stages of the
rho10.094140625_r50(_sfs) model for both laminar flame speed
prescriptions. Importantly, the model variant using the TW92
flame speeds results in a tECSN, whereas the one using the S20
flame speeds results in a cECSN. It should be mentioned that
in the rho10.094140625_r50 model, we also reach the limit of
our Y, table, and therefore the outcome is not entirely certain;
the arguments we present here are based on the phases before
we reach this point. In the upper half of Figure 2, at = 0.1,
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it becomes immediately apparent that the higher laminar flame
speed in the S20 case leads, as expected, to the burning of a
larger volume. See also the second row of Figure 3, which illus-
trates the total mass of the burned material over time. This also
leads to a greater nuclear energy release, and therefore it is some-
what counterintuitive that this case will collapse because the
increase in energy release should provide more stability against
collapse. However, the faster flame speed leads to the neutroniza-
tion of a larger mass; we remind the reader that electron captures
in the ashes are much more efficient, both due to the increase
in temperature as well as electron captures on nuclei other than
20Ne, for example, free protons. Consequently, Mcheq drops
faster, see the first row of Figure 3, and the WD begins to con-
tract earlier. As can be seen in the lower half of Figure 2, at ¢ =
0.4 s, the rho10.094140625_r50_sfs model exhibits higher radial
Mach numbers M, toward the center, i.e., the contraction is
much more advanced than in the rho10.094140625_r50 model.
This is also evident in the py,.x values shown in Figure 3, where
the density of the rho10.094140625_r50_sfs model increases
sharply after 0.4 s compared to the tho10.094140625_r50 case.
At densities examined in our studies, the free-fall time scale is
rather short, with t ~ 0.02 s, and therefore, the evolution of the
central density is extremely sensitive to changes in the effective
Mcy.

This contraction leads nuclear burning becoming less effi-
cient. What happens is that the energy release from burning to
NSE increases with density, up to a certain threshold. Beyond
this threshold, the energy release decreases again due to, for
example, photodisintegration. Further contributing to this desta-
bilizing effect is the circumstance that neutronization of the
material in the ashes substantially reduces the internal energy;
see the upper half of the first row in Figure 2, removing a stabi-
lizing contribution.

This is in large parts due to energy loss from weak neutrinos
generated from electron capture reactions, which at the present
densities escape freely without interacting with the material’.
Critically, as illustrated in Figure 4, in both the TW92 and S20
cases the energy loss through weak neutrinos (i.e., from elec-
tron capture reactions) is greater than the energy generated from
nuclear burning, with the exception of the initial phase, where
the material is not yet rapidly neutronizing over a large volume.
This means that the net energy generation is negative, contribut-
ing to the overall contraction of the WD. In this figure, it can
also be seen that the rho10.094140625_r50_sfs model exhibits
a negative gradient in nuclear energy generation, whereas in the
rho10.094140625_r50 case the release of nuclear energy sub-
stantially increases, eventually leading to a net positive energy
release. At this point, the WD starts to expand again, leading to
a slower neutronization and a decrease in energy loss through
neutrinos. In this context, we briefly mention thermal neutrinos
as well. As illustrated in Figure 4, their contribution to the over-
all energy balance is negligible; the largest contribution to the
thermal neutrino energy loss comes from plasmon-neutrinos and
photo-neutrinos. It should be noted that this balance is specific
to these initial conditions. In cases where the neutronization is
much less prevalent (e.g., the tho10.0625_r73(_sfs) models), this
balance reverses and the nuclear energy generation always out-

7 Neutrino-matter interaction starts to become relevant at p >
10" g cm™ (see, e.g., Boccioli & Roberti 2024; Suzuki 2024). Some of
our cECSN simulations nominally reach this value, and it remains to be
seen if neutrino-matter interaction plays an important role in the subse-
quent evolution. Takahashi et al. (2019), for example, argue that inter-
actions with neutrinos can significantly contribute to the flame propaga-

tion speed in this regime.
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Fig. 2. Visualization of the impact of different laminar flame speed parameterizations on the example of the rho10.093130625_r50(_sfs) model.
The left column shows the simulation with the TW92 flame speeds, the right column the one with the S20 values. The top two rows show the
simulation a ¢ = 0.1's, the bottom two at ¢ = 0.4 s. Here, we show four different quantities: the density and internal energy with respect to their
values at the ignition location (at r = 0.0 s), the mach number of the flow in the radial direction M, and the electron fraction Y,. Note the different
ranges of the M. color bars.

weighs the energy loss from weak neutrinos; in these cases a
tECSNe is the clear result anyway.

As collapse (or at least contraction) has already set in, the
energy release needs to increase to rebuild the pressure support
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Fig. 3. Various quantities related to the neutronization of the core in the
comparison between the TW92 and S20 laminar flame speed parame-
terizations. First row: Effective My, computed using the mass weighted
value of Y, over the entire WD. The horizontal dashed line indicates the
mass of the initial WD. Second row: Total mass of the ash My, i.e.,
mass inside the level set. Third row: Maximum density pp,x over time.
Last row: Maximum total flame speed vf max Of the flame anywhere on its
surface. Here we also show the values of both the turbulent and laminar
flame speed contribution. The vertical dotted lines indicate the time of
the first simulation snapshot that where Mcpcq is well below the initial
WD mass.

against gravitational collapse. Therefore, once the core has con-
tracted beyond this threshold, the burning rate needs to increase
to prevent collapse. Although the rate at which material is burned
increases in the tho10.094140625_r50_sfs model, see the slope
of M,q, in Figure 3, it is not enough to rebuild the pressure sup-
port and overcome the energy loss from neutrinos and the core
collapses.

However, looking at the values of Mchesr, Mash, and Pmax
in Figure 3, both models eventually reach a point where the
core becomes unstable and begins to contract; on the surface
the difference in laminar flame speed seems to only lead to a
relative time difference in contraction occurring. Similarly, nei-
ther model achieves net positive energy generation when con-
sidering the energy lost through, for example, weak neutrinos.
Moreover, considering the maximum total flame speed vf n,x, the
rho10.094140625_r50_sfs seems to exhibit overall faster flame
speeds for most of its evolution (which can also be seen at the
larger physical extent of the burned region in Figure 2). Conse-
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Fig. 4. Total (cumulative) energy generated from nuclear reactions over
time as well as energy lost from weak and thermal neutrinos.

quently, the question arises why the rho10.094140625_r50_sfs
model collapses, whereas the tho10.094140625_r50 model does
not. The key here is the development of turbulence and its con-
tribution to the maximum flame propagation speed, as we show
in the next section.

4.2. Development of turbulence

An important mechanism in tECSNe is, as investigated by
Jones et al. (2016), the development of turbulence and its impact
on the flame propagation. In this section, we investigate the
role of turbulence in preventing gravitational collapse. For a 1D
deflagration in ONe WDs (as well as for CO WDs), this has been
extensively studied by TW92, estimating criteria for explosion
vs. collapse. We now reexamine their results for our 3D sim-
ulations; importantly, our simulations do not assume a central
ignition.

For completeness, we briefly summarize the relations
already derived by TWO92. The material passed by the burning
front in scenarios such as ours heats up substantially, causing a
decrease in density. The resultant density gradient, in combina-
tion with the gravitational acceleration, causes the formation of
a RT instability. Here, TW92 define the period® or growth rate
as

2 Ap -

T =4rA (gf) s
p
with 4 = 2r/k being the wavelength of the instability and
Ap = pr — p1, p = (p1 + p2)/2 being the density differential
and average across the flame front. From this quantity, it can be
deduced that for any small-scale deformation to form (for a given
laminar flame speed), it needs to be larger than a certain minimal
scale Anyin, Which can be written as

&)

A -1
Amin = 47Tl)12am (g _p) . (6)
o

Here, the laminar flame speed v}y, is equivalent to the conductive
flame speed v¢ong in the nomenclature of TWO92.

8 See TW92 for a discussion on defining a period for a nonperiodic
motion such as an RT instability.
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Fig. 5. Illustration of the density inversion of the tho10.094140625_r50
model for the TW92 and S20 flame speed parametrization. Here, we
show the density trajectories of tracer particles that are located inside
the ignition bubble at r = 0.0s. The transparent lines are the individ-
ual trajectories, whereas the opaque lines are the mean density of all
trajectories.

Next, TW92 assume isobaric conditions for the NSE mate-
rial. Although we find small-scale deviations from isobaric con-
ditions, we still find it a good enough approximation for the
following arguments. The electron density inside the bubble
drops as a result of electron captures, and consequently the pres-
sure drops as dictated by the EOS. The pressure contrast with
the surrounding regions compresses the bubble, thus increasing
its gas density and pressure until pressure equilibrium is finally
restored (see, e.g., Cox et al. 2006). Because the electron-capture
reaction time scale inside the bubble is ~100 times longer than
the sound-crossing time over the size of the bubble, compression
occurs subsonically and one can accurately assume that elec-
tron captures occur under isobaric conditions. Therefore, we can
define a so-called recovery time #.oy after which the density has
recovered to the value it had before the flame passed the material.

TW92 illustrate this for various initial densities in their
Figure 8. We also find this density inversion and recovery time
in our simulations. In both timesteps shown in Figure 2 it can
clearly be seen that the density immediately behind the flame
initially drops but begins to increase to its original value after a
while, even increasing beyond this value. We note that this den-
sity increase is the reason for the sinking ashes we observe in
many of our simulations. Initially, when at a lower density, the
ashes begin to buoyantly rise (see the M values in Figure 2),
but electron captures are so fast that the density rapidly increases
before the ashes can rise to regions of sufficiently lower densi-
ties. Consequently, the ashes begin to sink to the center of the
WD (see the Mg values in Figure 2). In this context, we point
out the relevance of the laminar flame speed. In the TWO92 case,
the ashes sink with a velocity comparable to vj,,. This causes
the fluid motion to interact with the flame front, causing its per-
turbation. In contrast, the S20 v}, is much larger (as discussed
in the introductory paragraph of Section 4 this is due to the S20
parameterization considering the impact of decreasing Y,), and
therefore, the ashes do not interact with the flame front (at least
not to the same degree). This is evident in Figure 2, where the
much smoother flame front can be seen in the S20 case (in the

center). Furthermore, the RT instabilities in the ashes are much
less pronounced than in the TW92 case.

Returning to the recovery time fe.y described by
TWO92, we briefly analyze the value found for our
rh010.094140625_r50(_sfs) models. For this, we follow
the density evolution of the tracer particles that are inside the
initial ignition bubble at ¢+ = 0.0s. The result is illustrated in
Figure 5. Here, we show both the individual tracer trajectories
and the average evolution. The horizontal line indicates the
initial density at the ignition location. From this, fiecoy 1S
immediately apparent. As expected, the resultant #ecoy =~ 0.05s
is independent of the choice of v}, as it is connected to the
electron capture process; the slight differences between the two
flame speed prescriptions in Figure 5 is due to the stochasticity
of the tracer particles. It is rather reassuring that we obtain a
value quite similar to TW92, who find fecov = 0.03s. Given
the different setups (density and composition) as well as the
included physics, a small difference is expected.

From the existence of this recovery time, TW92 infer a finite
thickness of the density inversion region and from this an upper
limit on the length scale of deformations:

Amax = Vlam frecov- @)

As a consequence, once Amin > Amax, N0 deformations can form
and the flame will propagate in a stable manner. TW92 sus-
pect this crossover as the deciding factor between explosion
and collapse, that is, if Apsx > Amin the outcome is a ther-
monuclear explosion and vice versa, see their Figure 9b. While
their analysis exclusively focuses on the conductive propaga-
tion of the flame, our simulations also consider the contribu-
tion of turbulence to the propagation speed of the flame, and
therefore we have the opportunity to revisit their results in a
more complete setup. Looking at their Figure 9b, we find that
at picni =124 x 10° gcm3 of our rho10.094140625_r50 model
they predict a thermonuclear explosion by a small margin. Note
that their case A, which we compare here has a lower '°0 mass
fraction than our model, but for this qualitative argument we
deem this a close enough match. Their prediction is confirmed
by our simulation, and our rho10.094140625_r50 model results
in a thermonuclear explosion using the prescription of TW92.

In contrast, our simulations predict a collapse for the same
model when using the S20 parameterization. This is particularly
surprising because, as discussed in the previous Section 4.1, a
faster flame speed should lead to a larger nuclear energy release,
thereby providing more energy to counteract the collapse. Or,
looking at this the other way around, both models generate less
nuclear energy than is lost through neutrinos during the contrac-
tion phase, and therefore one could expect that both models col-
lapse. Additionally, the simulation using the TW92 parameteri-
zation shows the same contraction after accounting for the rela-
tive time difference in the neutronization of the core due to the
slower flame speed. Therefore, the question arises as to why one
model collapses, whereas the other does not.

The answer lies in the development of turbulence and its
impact on the flame propagation. While in the model using the
TW92 parameterization the flame propagation becomes domi-
nated by its turbulent contribution rather quickly (see Figure 3),
the faster v, of S20 suppresses the formation of instabilities.
Essentially, because Ayax ¢ Ujam but Apin o vlzam, the minimum
unstable length scale will grow faster with vy, than the maxi-
mum deformation length scale A,,x and the flame will remain
stable.

The turbulent propagation of the flame is important as it
can thereby reach much higher speeds than its laminar coun-
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Fig. 6. [llustration of the ratio between vy, and vy,,. We show the TW92 (left) and S20 (right) variants of the rho10.094140625_r50 model at the
point in time where their Mcy, ¢ drops below the initial WD mass. The gray contour indicates the levelset, whereas the white and black contours
indicate surfaces of equal log p. We note that although we show v}, /v, On the whole grid, it is only relevant at the flame surface; we only show

it everywhere else for illustration purposes.

terpart’. This is critical as this allows the flame to burn much
farther outward before the core region becomes unstable due
to its neutronization. Since the flame thereby reaches regions
of lower density, it is less susceptible to the decrease in effi-
ciency described in Section 4.1. The flame can thus effectively
rebuild the pressure support needed to prevent collapse and
lead to an explosion, as is evident in the decreasing pp,x in
Figure 3. Figure 6 illustrates this mechanism, where we show
both models at the point in time where their Mcyer drops
below the initial WD mass. Here, it can be seen that in the
rho10.094140625_r50_sfs case, although in the rising part of the
flame vy, becomes comparable to vjay, the flame is still mostly
propagating with its laminar speed. Importantly, burning occurs
at comparably high densities where it is susceptible to becom-
ing less efficient. In contrast, the rising part of the flame in the
rh010.094140625_r50 model is almost completely dominated
by vwb and burns at significantly lower densities. It should be
noted that at the respective simulation time, both models have
reached a similar central density due to the initial phase of con-
traction. However, the flame in the rtho10.094140625_r50 case
has burned much farther outward (see the scale indicators in
Figure 6), where it is able to halt the collapse.

In conclusion, the formation of turbulence does not prevent
the collapse by itself. Instead, it allows the flame to propagate
fast enough to reach regions of lower density where burning is
efficient enough to prevent the collapse. At these lower den-
sities electron captures are also slower, thereby reducing the
energy loss through neutrinos; see the reduction in energy loss
in Figure 4. Although we content ourselves with only a quali-
tative analysis here, it is nevertheless satisfying to see that the
hypothesis of TW92 appears to be confirmed by modern 3D
simulations.

° Figure 3 suggests that the tho10.094140625_r50_sfs model has a
much larger total flame speed than the rtho10.094140625_r50 model for
t < 0.7s. However, the values shown here originate from the dense
and neutron rich core region, not the rising part of the flame. In those
regions, the difference between the two models (v}, in particular) is
much smaller.
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We note that in our simulations, flame propagation starts
fully laminar as turbulence has yet to develop. However, the
flame could already be dominated by turbulence by the time
it reaches scales resolved by our numerical grid. Here, the
arguments made above apply as well and it depends on fac-
tors such as vjam, fecov, and the density profile if turbulence
is suppressed or if instabilities can form. Therefore, this is
less of a concern for our higher density models, for example,
the rho10.094140625_r50_sfs model discussed above, where
instabilities are suppressed. In contrast, models such as the
rh09.95_r73 may already be fully dominated by the turbulent
flame propagation by the time the flame reaches scales resolved
by our computational grid, and one has to distinguish between
model and reality.

5. Parameter study

We now focus on the results of our parameter study, that is,
for which p" and rig, combinations our simulations predict a
thermonuclear explosion or a collapse. Before discussing our
results, we briefly remind the reader of what we interpret as a
thermonuclear explosion versus a collapse outcome. Since our
LEAFS code cannot follow the full collapse to, for example, an
NS, rather only the onset of collapse, and our code is limited
to Y, > 0.25, we can only give an initial prediction if a simu-
lation actually collapses. These predictions will require confir-
mation in full core-collapse simulations. Therefore, we defined
a simulation to predict a cECSNe if we observe a large volume
reaching Y, = 0.25 for an extended period of time and a rapid
increase of pyax by several orders of magnitude. Jones et al.
(2016) stopped following simulations once they reach Y, = 0.25,
but for their simulations this was only a necessary condition for
a collapse; they also identified the collapse based on a rapid den-
sity increase'’. For the density extremes (low and high) in our
study, the outcome is usually clearly identifiable. However, once
we approach the transition regime, it is less clear how to interpret

10°On a more qualitative level, it is usually quite apparent when a simu-
lation will collapse by looking at a visualization, where the collapse can
be clearly seen.
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Fig. 7. Simulation history of all simulations in our parameter study. The left column shows the minimal electron fraction Y™, and the right column
shows the maximum density py,.c. Both quantities are the extrema found anywhere in the simulation. These trajectories are used to estimate if a
simulation results in an explosion or a collapse. (Continued in Figure A.1.)

our simulations, in particular, when simulations start to reach
the edges of our Y, table. As long as only a few cells reach this
limit, it will most likely not affect the outcome, and we tolerate
Y, = 0.25 in our explosion vs. collapse decision. Since we do
not observe cases where Y, = 0.25 is reached in a large volume
for an extended period of time and simultaneously see a tECSNe
outcome, we deem this acceptable. In short, we only classify
simulations as cECSN if we observe a rapid increase in density
of several orders of magnitude.

Figures 7 and A.1 illustrate the resultant Yé“i“ and ppax tra-
jectories of all our simulations, both for simulations using the
TW92 and S20 flame speed prescriptions. Here, we mark the
models that we interpret as cECSNe with “x” at the end of their
trajectories. From this, it can be seen that collapsing models
experience a sharp density increase, whereas exploding models
show, if at all, only a modest increase in pp,x before the explo-
sion unbinds substantial amounts of material. As explained in
Section 4, this increase in density comes from an initial phase
of contraction until burning can become efficient enough to out-
weigh, for example, the energy loss from neutrinos. From these
figures, it can also be seen that for some of the more marginal

cases, such as rho10.05195312_r20 or rho10.11875_r73 the WD
initially, over ~1.0s, the model contracts with pmax gradually
increasing. In these cases, Y;"" decreases to Y, = 0.25 before
contraction stops. However, this is only in a small region in
the central part of the WD, where the ashes have sunk into the
core. In the outer region, the flame is growing steadily until it
can eventually unbind enough material to sufficiently reduce the
pressure of the core; at this point pp,x decreases again.

The limitations of our Y, table can also be seen, for exam-
ple in the rho10.4_r73 model. Here Y;ni“ = 0.25 is reached
within ~0.05 s. Looking at the corresponding ppmax trajectory in
Figure A.l, one can observe a kink and the density increase
somewhat slows down. This is, of course, unphysical. The den-
sity increase caused by a reduction in Y, no longer contributes,
and therefore pn,x increases more slowly. However, in these
simulations the outcome is not affected by this effect. By the
time Y™ = 0.25 is reached, the WD core is already starting
to collapse and the burning effectively only contributes by its
neutronizing effect rather than its nuclear energy release (see
Section 4.1), and we can confidently predict that these models
will end up as a cECSN.
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Looking closer at some of the Y™ trajectories, for exam-
ple, of tho10.08359375_r50 in the second row of Figure A.1, we
can see two characteristic features. The first is the rapid drop in
Y™in for £ > 0.8 s. In the beginning Y™" drops comparably slow,
but after this point the neutronization seems to increase rapidly.
This is because for # < 0.8 s, the electron captures occur approx-
imately at a constant density. However, as the ashes sink into
the core, they destabilize the WD and it begins to contract. This
causes the electron capture rates in the core to increase (see also
the pmax trajectory). In these models, the outward burning flame
manages to trigger an explosion just in time before the WD can
collapse. The second feature is that after the explosion is able to
unbind the material and the density decreases, the ashes relep-
tonize until the NSE composition freezes out; the Y;™'" trajectory
forms a plateau after this point.

We note that, as already discussed by Jones et al. (2019b),
our Y™ evolution is notably different from previous work on
ECSNe. Specifically, comparing our work to Miyaji & Nomoto
(1987), who find a YMin ~ (.34 at the onset of collapse, whereas
we find Y;"" = 0.25. There is some ambiguity as to how the
quantities were computed in both works, but the trend is clear. As
illustrated in Jones et al. (2019b, Figure 4), the inclusion of the
electron capture rates by Nabi & Klapdor-Kleingrothaus (2004)
leads to a much more rapid drop in Y, for ¥, < 0.45 compared
to the case without these rates. Interestingly, if one assumes the
Y, evolution without the rates by Nabi & Klapdor-Kleingrothaus
(2004) several of our cECSN models would likely end up as
a tECSN instead. Comparing our Y;" and pm,y trajectories to
those found by Leung et al. (2020, Figure 3), we find good quali-
tative agreement, at least in cases where our simulations agree on
the outcome. Specifically our exploding models achieve a simi-
lar Y™I" a5 their exploding models for the same p™. This is inso-
far not surprising as both their and our simulation heavily rely
on the electron capture rates of Nabi & Klapdor-Kleingrothaus
(2004) for this regime.

In summary of our results, we illustrate the outcome for each
simulation we performed in Figure 8. The first thing that stands
out is that the an off-center ignition generally allows a higher p™,
while still resulting in a tECSN. We emphasize that the same
trend is visible for the density at the ignition location, i.e., the
transition from explosion to collapse does not seem to occur
simply at a fixed ignition density. As described in Section 4,
the sinking ashes that destabilize the core play a critical role in
accelerating the collapse. Consequently, the time it takes for the
ashes to sink (or rise to lower density regions), or in other words,
the distance of the ignition from the center, affects the outcome,
leading to the trend seen in Figure 8. Somewhat related to this is
the noticeable jump between the r10 and 20 series. To an extent,
this is over-exaggerated by the uneven resolution of our model
grid, but there is also a physical argument to be made. In the
r2.5 and r10 series, the ignition spot covers the WD center at
t = 0.0s (the width of the ignition bubble is 18.5 km), and the
flame immediately starts neutronizing the core. Importantly, the
sinking ashes do not significantly interact with the flame front.

In contrast, the r20 ignition spot initially does not cover the
center. Therefore, some time passes before the ashes start to sink
into the core (in addition to the time it takes for the density to
increase again). This gives the flame some more time to grow and
potentially result in a tECSN at slightly higher pi™. It remains to
be seen how sensitive this is to smaller (or larger) ignition bub-
bles, but an argument is to be made that for smaller ignition bub-
bles the laminar flame speed is fast enough to grow the burned
area to our nominal ignition bubble size before neutronization
can noticeably impact M ef-
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Fig. 8. Outcomes of all simulations in our parameter study dependent
on ignition location and central density at ignition. Here the dashed and
dotted lines indicate the transition from explosion to collapse for the
TWO92 and S20 flame speeds, respectively. These lines are only serve
as a guide for the eye as they only show the midpoint between the last
exploding and first collapsing simulation. We note that this figure does
not include simulations with log o™ = 10.4 for better visibility.

This picture does not change substantially for models that
use S20 flame speeds. As detailed in Section 4, the faster flame
speed also leads to an accelerated decrease in My e and a more
efficient suppression of turbulence. Therefore, a tECSN seems
to only be possible for a comparably lower p". However, a ther-
monuclear explosion is possible for all rigion, irrespective of

the flame speed parametrization, as long as p™ is low enough.
Overall, our results agree well with the outcomes predicted by
Jones et al. (2016, 2019b), even though we use a single-spot
ignition instead of a multi-spot ignition (as well as several more
technical changes, such as the change to the EOS and the grav-
ity solver, see Section 2). Moreover, our results are in line with
the trend already suggested by Leung et al. (2020) (see their
Table 2), i.e., that a more off-center ignition supports the tECSN
outcome for higher p™. However, their numerical methods, for
example the employed subgrid scale model for turbulence, differ
from those implemented in LEAFS. Additionally, their simula-
tions are limited to lower resolution in 2D and only cover one
quadrant. Therefore, it is difficult to interpret their somewhat
lower transition density for a given ignition geometry.

Our parameter study does not consider the impact of varying
initial composition and instead keeps the composition of our ini-
tial WD fixed at 65%/35% ONe. This values is strongly linked to
the evolutionary path required to reach the density regime con-
sidered here (Jones et al. 2013). For example, the presence of
residual C can cause an ignition at lower densities during elec-
tron capture on >*Mg and Mg (Antoniadis et al. 2020). This is
particularly interesting as the '>C(a,¥)'®0 reaction rate is espe-
cially uncertain (e.g., Anetal. 2015; Pepper et al. 2022), and
therefore it is not clear which conditions will actually be reached
at O ignition. However, we estimate our results to be robust
against smaller changes to this initial composition, at least rela-
tive to the difference in transition densities caused by the choice
of laminar flame speed parameterization. Changes to the O to Ne
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ratio will, on the one hand, as shown by S20, change the laminar
flame speed only by a small amount, particularly compared to
the difference caused by varying Y,. On the other hand, a change
in initial composition will impact the resulting energy release
from nuclear burning, equally affecting the ECSN outcome. In
general, it is not clear in which direction the transition den-
sity will shift with an increase in, for example, the Ne fraction.
An increase in the Ne fraction will decrease the nuclear energy
release from burning (favoring the cECSN outcome), but simul-
taneously also decrease the laminar flame speed, thereby reduc-
ing the suppression of turbulence (favoring the tECSN outcome).
This also extends to effects such as Ne depletion in the core, that
is a non-uniform initial composition, or the contamination by,
for example, residual Mg (which can also be non-uniformly dis-
tributed). The likely most relevant effect of the initial composi-
tion will be the Y, reached at ignition, given its notable impact
on the laminar flame speed (at least in the S20 formulation), with
higher Y, values favoring the tECSN outcome. A nonuniform
Y, composition will be particularly interesting as the suppres-
sion of turbulence will be highly localized due to the strong Y,
dependence of the S20 laminar flame speed. Further numerical
simulations are required to establish to what extent the transition
density depends on the initial composition.

6. Conclusions

In this work, we presented a parameter study of 3D hydrody-
namic simulations of ECSNe starting at the time of thermonu-
clear ignition. With this study, we investigated under which con-
ditions a deflagration in a high-density ONe core leads to a
cECSN or a tECSN, and what physical mechanisms are relevant
in determining the outcome. In total, we conducted 56 full 3D
hydrodynamic simulations using the LEAFS code.

Here, in Section 3, we found four distinct modes in which
ECSNe can proceed: the prompt and marginal explosion and
collapse cases. Each of these modes is interesting in its own
right, but the marginal cases are of particular interest in the
present work. Not only are these models indicative of the tran-
sition from explosion to collapse, but these marginal cases also
exhibit (in the case of an off-center ignition) a sinking of the
ashes toward the WD core; an effect not seen in deflagrations
in CO WDs or lower-density ONe WDs, where the ashes purely
rise buoyantly (see, e.g., Seitenzahl et al. 2013; Fink et al. 2014;
Lach et al. 2022a). Although the physical effect causing this
sinking — the density inversion due to rapid electron captures
(Timmes & Woosley 1992) — has long been known, only now
in full 3D simulations can we observe its impact on the out-
come of pure deflagrations. In particular, the most direct effect
of this process is that it accelerates the destabilization of the
WD by poisoning its core with neutron-rich material. More-
over, this means that much of the neutron-rich ashes become
trapped in the core. The resulting bound remnant in the case of a
thermonuclear explosion consequentially contains an extremely
metal-rich core, and it is not clear if the bound remnant will
remain stable for longer periods of time. An investigation of
the bound remnants will be the focus of future research. Fur-
thermore, it remains to be seen if, in the collapsing cases, the
asymmetries introduced by thermonuclear burning and the sink-
ing of the ashes have a significant impact on the subsequent core-
collapse. This is of particular interest for the marginal collapse
case, where additionally the rising part of the thermonuclear
flame could potentially unbind substantial amounts of material,
thereby favoring the formation of extremely low-mass NSs.

In Section 4, we also investigated the impact of various
parameterizations of the laminar flame speed and how the devel-
opment of turbulence affects the outcome of an ECSN. Here,
we found that, counterintuitively, a higher laminar flame speed
favors the collapse outcome. In general, a faster laminar flame
speed leads to higher nuclear energy release. However, the neu-
tronization of the ashes that sink into the center leads to a con-
traction of the WD, further raising its density. Additionally, dur-
ing this initial phase, nuclear burning is not able to outweigh the
energy loss from escaping weak neutrinos, contributing to the
contraction. The contraction and the subsequent increase in den-
sity cause nuclear burning to become less efficient (at least for
the density ranges found in marginal and collapsing cases). This
process occurs to some extent regardless of the choice of lam-
inar flame speed, but it may be less important in lower density
scenarios where electron captures are comparably slow. How-
ever, in the case of the slower flame speeds of TW92, insta-
bilities can form and flame propagation becomes dominated by
the substantially faster turbulent flame speed. As a consequence,
this model can reach regions with lower densities where nuclear
burning is efficient again, ultimately making it more likely to
produce a tECSN. In the case of the S20 flame speeds, turbu-
lence is suppressed and the flame remains laminar and remains
confined to high density regions. Eventually, the burning is over-
powered, and the result is a cECSN. This comparison illustrates
the importance of the conductive flame speed in these marginal
cases, as it largely determines the outcome. In the prompt explo-
sion mode (and for similar reasons the prompt collapse), the con-
ductive flame speed is not as relevant as the flame will be rapidly
dominated by its turbulent flame speed (see Jones et al. 2016)
which will then determine most of the subsequent dynamics.

The main result of our parameter study is described in
Section 5 and illustrated in Figure 8 showing that, depending
on the ignition location, a wide range of p™ supports a tECSN.
Therefore, it is important for stellar evolution models to accu-
rately determine both the location (or locations) at which the
thermonuclear burning starts and the central density that the
ONe core has reached at this point to determine whether or not
the resulting event is a tECSNe or cECSNe. Although, at the
point of writing, recent studies have suggested a range of igni-
tion conditions are possible (see, e.g., Kirsebom et al. 2019), an
accurate determination of the ignition process will require mul-
tidimensional simulations to fully capture the impact of con-
vection and other inherently multidimensional effects (see, e.g.,
Denissenkov et al. 2013; Jones et al. 2016). Moreover, as inves-
tigated by Kirsebom et al. (2019), the ignition process itself is
sensitive to specific decay rates (they find that an increased elec-
tron capture rate on 2°Ne leads to an ignition at lower central
densities, thereby favoring the tECSN outcome) during the evo-
lution leading up to the runaway. Therefore, it remains an open
question what conditions in terms of p can be reached before
the ignition from a stellar evolution perspective.

In summary, we find that tECSNe from high-density ONe
WDs are predicted from our simulations, but the outcome
strongly depends on the conditions at ignition. Factors such as
laminar flame speed, neutronization rate, nuclear energy release,
and turbulence formation play an important role in determining
the outcome, particularly in the transition region from explo-
sion to collapse. Deflagrations in high-density ONe WDs can
cause part of the ashes to sink into the WD core, a mecha-
nism not observed in low-density deflagrations, for example,
in CO WDs. This mechanism can potentially have a signifi-
cant impact on the evolution of the bound remnant object and
may alter the ejecta composition by trapping the most neutron
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rich species in the remnant object. Additionally, the asymmetric
explosion can impart a large kick velocity to the bound rem-
nant object. Therefore, it remains to be seen whether tECNSe
can potentially explain objects such as hyper-velocity LP40-365
stars (e.g., Vennes et al. 2017; Raddi et al. 2019; El-Badry et al.
2023), which have been hypothesized to be the remnants of
deflagrations in ONe WDs. More work is needed to determine
the long-term fate of these iron-rich bound remnants, as well as
the structure and composition of the ejecta and will be the focus
of future research.
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Appendix A: Additional figures and tables

This section contains supplementary figures and tables containing various properties of all simulated models. Figure A.1 shows a
continuation of Figure 7 for larger ignition radii. Table A.1 lists all the simulated models, as well as their predicted outcome, that is,
explosion or collapse.
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Fig. A.1. Continuation of Figure 7.

Table A.1. List of simulated models and their initial properties as well as the simulation outcome for both choices of laminar flame speed
parameterization.

Model log o™ Tign (km)  TW92 520
rh09.95_12.5(_sfs) 9.95 2.5 Expl.  Expl.
rh09.95_r10(_sfs) 9.95 10 Expl.  Expl.
1h09.95_1r20_sfs 9.95 20 Expl.
rh09.95_r35(_sfs) 9.95 35 Expl.  Expl.
1h09.95_r50_sfs 9.95 50 Expl.
rh09.95_173 9.95 73 Expl.

rh010.00625_12.5(_sfs) 10.00625 2.5 Expl. Coll.
rho10.00625_r10(_sfs) 10.00625 10 Expl. Coll.
rho10.00625_r35_sfs 10.00625 35 Expl.
rho10.0203125_r10(_sfs) | 10.0203125 10 Expl. Coll.
rho10.0203125_r20(_sfs) | 10.0203125 20 Expl.  Coll.
rh010.034375_r2.5(_sfs) 10.034375 2.5 Coll.  Coll.
rh010.034375_r10(_sfs) 10.034375 10 Coll. Coll.
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Table A.1. Continued.
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Model log pi™ Tign (km) TW92  S20
rho10.05195312_r20 10.05195312 20 Expl.
rho10.0625_r2.5 10.0625 2.5 Coll.
rh010.0625_r10 10.0625 10 Coll.
rh010.0625_r35(_sfs) 10.0625 35 Expl. Coll.
rh010.0625_r50(_sfs) 10.0625 50 Expl.  Expl.
rho10.0625_r73(_sfs) 10.0625 73 Expl.  Expl.
rho10.06777344_r20 10.06777344 20 Coll.
rh010.073046875_r35(_sfs) | 10.073046875 35 Expl. Coll.
rho10.08359375_r20 10.08359375 20 Coll.
rho10.08359375_r35 10.08359375 35 Coll.
rh010.08359375_r50(_sfs) 10.08359375 50 Expl.  Coll.
rh010.094140625_r50(_sfs) | 10.094140625 50 Expl.  Coll.
rho10.1046875_r35 10.1046875 35 Coll.
rho10.1046875_r50(_sfs) 10.1046875 50 Coll. Coll.
rho10.11875_r73(_sfs) 10.11875 73 Expl.  Coll.
rho10.146875_r35 10.146875 35 Coll.
rho10.146875_1r50 10.146875 50 Coll.
rho10.146875_r73(_sfs) 10.146875 73 Coll. Coll.
rho10.175_r2.5 10.175 2.5 Coll.
rho10.175_r73 10.175 73 Coll.
rho10.23125_r35 10.23125 35 Coll.
rho10.23125_r50 10.23125 50 Coll.
rhol10.4_r2.5 10.4 2.5 Coll.
rho10.4_r10 10.4 10 Coll.
rhol10.4_r73 10.4 73 Coll.
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