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Abstract

We use a simple dynamical scheme to simulate the ejecta of type Ia supernova (SN Ia) scenarios with two
exploding white dwarfs (WDs) and find that the velocity distribution of the ejecta has difficulties accounting for
bimodal emission line profiles with a large separation between the two emission peaks. The essence of the
dynamical code is in including the fact that the ejecta does not leave the system instantaneously. We find that the
final separation velocity between the centers of masses of the two WDs’ ejecta is 280% of the pre-explosion
WDs’ orbital velocity, i.e., we find separation velocities of 4200-5400 km s~! for two WDs of masses
M, = M, = 0.94 M. The lower separation velocities we find challenge scenarios with two exploding WDs to
explain bimodal emission line profiles with observed velocity separations of up to ~7000 kms~'. Only the mass
in the ejecta of one WD with an explosion velocity lower than the separation velocity contributes to one peak of
the bimodal profile; this is the inner ejecta. We find the inner ejecta to be only <15% of the ejecta mass in
energetic explosions. Less energetic explosions yield higher inner mass but lower separation velocities. We
encourage searching for alternative explanations of bimodal line profiles.

Key words: (stars:) white dwarfs — (stars:) supernovae: general — (stars:) binaries (including multiple): close

Department of Physics, Technion—TIsrael Institute of Technology, Haifa, 3200003, Israel; jessicab@campus.technion.ac.il, soker @physics.technion.ac.il

1. Introduction

There is neither a consensus on the leading scenarios for
type la supernovae (SNe Ia), nor is there a consensus on how
to classify the different scenarios. These disagreements are
evident in hundreds of papers in recent years and in more than
a dozen of reviews in the last decade (Maoz et al. 2014; Maeda
& Terada 2016; Hoeflich 2017; Livio & Mazzali 2018;
Soker 2018, 2019, 2024a; Wang 2018; Jha et al. 2019; Ruiz-
Lapuente 2019; Ruiter 2020; Aleo et al. 2023; Liu et al. 2023;
Vinké et al. 2023; Ruiter & Seitenzahl 2025). All SN Ia
scenarios have drawbacks, some very severe regarding normal
SNe Ia; still, these scenarios might account for some peculiar
SNe Ia. Some observations challenge most (e.g., Pearson et al.
2024), or even all (e.g., Wang et al. 2024) scenarios, such as
the relation between the y-ray escape time and the mass of
56Ni (e.g., Schinasi-Lemberg & Kushnir 2025; Sharon &
Kushnir 2024; Sharon et al. 2024). For these reasons,
researchers on SN Ia scenarios should be humble and
remember the other scenarios besides those they are in love
with. Also, studies should not freeze out in the previous
millennium by citing only the single degenerate (SD) and
double degenerate (DD) scenarios, but rather consider all SN
Ia scenarios, including new channels of these scenarios, e.g.,
the common-envelope wind model (Meng & Podsia-
dlowski 2017; Cui et al. 2022), the carbon—oxygen—neon
white dwarf (WD) with a main sequence companion channel

of the SD scenario (e.g., Guo et al. 2025), and new mass
transfer prescriptions (e.g., Li et al. 2023). In Table 1, we
present one recent classification from Soker (2024a), where
references and more details can be found (see also Braudo &
Soker 2024). Since the table has been presented before, we
include it in this section. It is important to present the table to
emphasize that all scenarios must be considered; none should
be ignored.

In the double detonation (DDet) scenario, igniting an outer
helium layer of the mass-accreting WD excites a shock wave
that propagates into the CO WD and detonates it. Table 1, for
example, presents the view that the DDet scenario mainly ends
with peculiar SNe Ia. For example, some runaway WDs might
result from type Iax SNe (a peculiar SN Ia class) rather than
the DDet scenario (e.g., Igoshev et al. 2023). The DDet has
been the subject of many studies in recent years (e.g., just from
2024, Callan et al. 2025; Moran-Fraile et al. 2024; Padilla
Gonzalez et al. 2024; Pollin et al. 2024; Rajavel et al. 2025;
Shen et al. 2024; Zingale et al. 2024), but so are the other SN
Ia scenarios (e.g., Bora et al. 2024; Bregman et al. 2024;
DerKacy et al. 2024; Ito et al. 2024; Ko et al. 2024; Kobashi
et al. 2024; Lim et al. 2024; Palicio et al. 2024; Phillips et al.
2024; Soker 2024b; Uchida et al. 2024; O’Hora et al. 2024).

The present study deals with scenarios where both WDs
explode, e.g., the violent merger channel of the DD scenario
and the triple-detonation channel of the DDet scenario, where,
in addition to the explosion of the mass-accreting WD, the
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Table 1
An SN Ia Scenario Classification
Group Nexp = 1: Lonely WD Nexp = 2
Outcome Mostly normal SNe Ia Mostly peculiar SNe Ia
SN Ia Scenario Core Double Double Degenerate  Double Detonation Triple and quad- Single Degenerate ~ WD-WD collision
Degenerate Degenerate - violent merger ruple detonation
- MED
Name CD DD-MED DD DDet DDet+ SD-MED or SD WWC
MED time MED MED 0 0 0 MED or 0 0
[Nour» M, Ej]? [0, Mcy, S] [0, Mcy, S] [0, sub-Mcp, N] (1, sub-Mcp, N] [0, sub-Mcp, N] [1, Mcp, SorN] [0, sub-Mcp, N]

Note. An SN Ia scenario classification scheme from Soker (2024a). In this study, we consider the violent merger channel of the DD scenario and the DDet+
scenario, where both WDs explode, resulting in channels with zero median delay (MED) time. We keep the DD abbreviation for the DD-violent merger channel as is
common in many studies. Abbreviation. MED time: Merger to explosion delay time (includes mass transfer to explosion delay time). Nexp is the number of stars in
the system at the time of the explosion. N,, = 1 if a companion survives the explosion while N, = 0 if no companion survives the explosion; in some peculiar SNe
Ia, the exploding WD is not destroyed, and it also leaves a remnant, i.e., Ny, = 2. My, for near-Chandrasekhar-mass explosion; sub-Mcy, for sub-Chandrasekhar
mass explosion. The ejecta morphology Ej: S indicates scenarios that can lead to a spherical supernova remnant (SNR), while N indicates scenarios that cannot form

a spherical SNR.

mass-donor WD also explodes and leaves no remnant. This is
the triple-detonation channel where the mass-donor WD that
explodes is a helium WD (e.g., Papish et al. 2015; Boos et al.
2024), and its quadruple-detonation sub-channel where the
mass-donor is a HeCO hybrid WD that explodes (e.g.,
Tanikawa et al. 2019; Pakmor et al. 2022); we mark by
DDet+ the triple-detonation and quadruple-detonation, which
leave no surviving stellar remnant. Pakmor et al. (2021)
simulate a case where the helium detonation on the mass-
accretor WD fails to ignite this WD, but ignites the mass-donor
WD; the latter leaves a surviving WD and is not relevant to the
present study; we also do not deal with a merger that leads to
no explosion (e.g., Yang et al. 2022).

In calculating the runaway velocity of the surviving WD in
the DDet scenario, one must consider that the explosion does
not occur instantaneously; rather, it takes several seconds for
the inner ejecta layers, those that are slower, to pass the orbit
of the surviving WD. During that time, the slower ejecta
decelerates the surviving WD. In Braudo & Soker (2024),
simple calculations show that the deceleration phase lasts for
~10-20s, and can slow down the surviving WD by ~10%.
Hydrodynamical simulations of the DDet that include all
effects, like of Glanz et al. (2024), give the correct runaway
velocity. Glanz et al. (2024) consider the outcome of their
DDet simulation, where the explosion occurs after the mass-
donor is partially stripped, to be a peculiar faint SN Ia. Note
that the inner ejecta is rich in iron group elements because it
comprises the inner parts of the exploding WDs.

Here, we consider the effect of the slower ejecta on the final
relative velocity of the centers of mass of the two exploding
WDs. We describe our calculations in Section 2, and the

results in Section 3. We summarize this short study in
Section 4.

2. The Numerical Procedure

We use a MATLAB code that we wrote (see Braudo &
Soker 2024) that simulates the post-explosion evolution con-
sidering only gravitational forces, i.e., neglecting thermal and
radiation pressures. Each simulation begins with the simultaneous
explosion of both WDs, which have an initial mass of
M, = M, = Mwp = 094M, and radii of Ry = R, =
0.0091R., (WD radius according to Bédard et al. 2020). We also
consider three explosion energies, with total (both WDs
combined) energies of Eey, = 103! erg, 1.5 x 105! erg and
2 x 10°! erg.

Since we do not have thermal or radiation pressure, we take
each WD ejecta to be at its terminal expansion velocity and
homologous (velocity proportional to the distance from the
center of explosion). We take the explosion ejecta of each WD
to be composed of 65 numerical expanding shells as in the
model of Gronow et al. (2021). We calculate the mass in each
numerical shell of the SN ejecta by scaling to our WD mass the
density profile from Gronow et al. (2021) and the Heidelberg
Supernova Model Archive (HESMA,] e.g., Kromer et al. 2017).
The distance between the WDs at explosion is daex =
(Ry 4+ R»)/2, as the model of Tucker (2024) that we examine
in this study. Namely, the two WDs are in the process of
merging at explosion.

In reality, when the ejecta of one WD reaches the center of
mass of the ejecta of the second WD, the ejecta has not yet

" hitps://hesma.h-its.org


https://hesma.h-its.org

Research in Astronomy and Astrophysics, 25:065012 (6pp), 2025 June

reached its terminal velocity because, at early stages, the ejecta
remains hot, and not all of its thermal energy has been
converted into kinetic energy. To account for this with our
numerical scheme that has no thermal pressure, we also
examine cases with the same ejecta model but assume that the
velocity of each of the 65 numerical mass shells at our
numerical explosion time, Vg expiosion, 18 @ fraction

ﬁ = Vs,explosion/vs,terminal 5 (1)

of its terminal velocity Vsiermina- W€ simulate cases with
G = 0.85, 0.9, 0.95, 1. Overall, we simulated 12 cases, with
three explosion energies and four expansion velocity frac-
tions (.

The orbital velocity of each of the exploding WDs around
the center of mass of the binary system just before the
explosion is

GM
Vorb,s = \/ Wb . 2)

20ex

The numerical code calculates the velocity of the numerical
mass shells of the ejecta of each WD over time as follows. It
takes each numerical shell to maintain a spherical structure. It
calculates the orbital motion of the numerical shell of one WD
ejecta under the gravity of the ejecta shells of the other WD
that have not yet crossed it. Namely, as expanding ejecta shell
number i = 1, 2, ..., 65, S;;, of WDI engulfs the center of
mass of the ejecta of WD2, this shell does not influence
anymore the velocity of the ejecta of WD2. Only the numerical
ejecta shells of WD1 that have not yet crossed the center of
mass of the ejecta of WD2 affect its motion gravitationally.

We take the time step to be Ar = 0.001s for 0s < ¢ < 2s,
At =0.01s for 2s <t < 4sand Ar = 1s for t > 4s. We
tested Ar = 0.001s values for the entire simulation and
observed only a 0.5% change in the final velocity of the ejecta.
We also tested Ar = 0.01 s values for the entire simulation and
observed only a 0.3189% change in the final velocity of
the WD.

3. Results

We emphasize that we examine the bimodal emission profile
that results from the orbital motion of the two pre-explosion
WDs, as Tucker (2024) claims. We do not refer to an
asymmetrical explosion in the violent merger that results from
the asymmetrical explosion itself rather than the orbital
velocity (e.g., Pakmor et al. 2012).

As discussed in Braudo & Soker (2024), the basic
dynamical process is that the ejecta requires time to engulf
the other WD or its ejecta if it explodes. Namely, the orbital
velocity cannot be neglected relative to the ejecta velocity, and
the ejecta does not expand instantaneously. This implies that
the center of mass of each ejecta shell does not maintain its
pre-explosion velocity, which is the pre-explosion WD orbital
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Figure 1. The inner ejecta mass of one WD as a function of time. The inner
ejecta is the mass of the shells that did not engulf (cross) the center of mass of
the inner ejecta of the other WD. The blue (lower) line shows the inner ejecta
of the most energetic case with total (the two WDs) explosion energy of
Eexp = 2 x 10" erg, and 8 = 1 (Equation (1)), and the red (upper) line shows
the inner mass of the least energetic case in which E., = 103'erg
and § = 0.85.

velocity because the ejecta of the other WD exerts a
gravitational field on it.

We define the inner ejecta as the ejecta mass that did not
engulf (did not cross) the center of mass of the inner ejecta of
the other WD. The inner ejecta with an expansion velocity
lower than the relative velocity of the two centers of masses of
the two ejecta, vgep, Will never engulf the center of mass of the
other ejecta. At late time, therefore, each shell i of the inner
ejecta has an expansion velocity relative to its center of mass
that is vi,; < Vsep- We define the velocity of the inner ejecta
center of mass relative to the center of mass of the WD binary
system as Vgra, 1.€., its run-away velocity; because we have
equal-mass WDs, 2vga = Vg, We also define the ratio of the
run-away velocity of the WD ejecta to the WD velocity around
the center of mass at the explosion,

f, == 3

8 .
Vorb,s

In Figure 1, we plot the inner mass (of one WD) as a
function of time for two cases as indicated. It takes the ejecta
about two seconds to reach its terminal mass. This is shorter
than the orbital period just before the explosion, P, = 6.32s,
but not negligible, again, implying that the ejecta is not lost
instantaneously. We list the terminal inner mass for the 12
simulated cases in the fourth column of Table 2.

Because the ejecta that escapes (the mass that is not the
inner ejecta) is not lost instantaneously, and there is always an
inner mass that exerts gravity on the other WD ejecta, the
center of mass terminal velocity of the inner ejecta relative to
the center of mass of the binary system is lower than the pre-
explosion orbital velocity of the WD, and in a different
direction. In our non-hydrodynamical simulations, we take the
ejecta mass that exerts gravity on the other ejecta to be only the
mass that did not engulf (did not cross) the center of mass of
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Table 2
Terminal Velocity and Inner Mass

Eexp B o Min ej t Me ¢

(10'erg) (me) (mo)
1 0.85 0.697 0.220 0.011
1 0.9 0.729 0.195 0.008
1 0.95 0.755 0.195 0.006
1 1 0.763 0.172 0.006
1.5 0.85 0.784 0.149 0.012
1.5 0.9 0.793 0.149 0.012
1.5 0.95 0.816 0.128 0.008
1.5 1 0.822 0.128 0.008
2 0.85 0.820 0.128 0.017
2 0.9 0.839 0.109 0.012
2 0.95 0.846 0.109 0.012
2 1 0.864 0.091 0.008

Note. Ecy, is the combined total explosion energy of both WDs. 3 is the
fraction of the terminal expansion velocity of each expanding numerical mass
shell. E.,, and (3 are the parameters of each simulation. f, is the ratio of the
final velocity of the center of mass of the inner ejecta to the orbital velocity of
the WD at the explosion vwp = 3148 km s—L Minej, 18 the terminal inner
ejecta mass of each WD, meaning it is the mass of the numerical shells that did
not engulf the center of the other inner ejecta. m. is the mass of the inner
ejecta of one WD that collides with the other inner ejecta. The total colliding
mass is twice this mass for two WDs. Our non-hydrodynamical simulation
does not follow the collision.

the other ejecta, i.e., the inner ejecta (Section 2). In Figure 2,
we show the trajectory of the centers of masses of the inner
ejecta of the two WDs for the cases with Eey, = 2 % 10%! erg
and B = 1 (solid lines) which yield the maximum terminal
velocity (Table 2), and Ee, = 1 x 105'erg and 8 = 0.85
(dashed lines) which yield the slowest terminal velocity in the
cases we simulate. Because the two WDs are of equal mass,
the two trajectories in each case are opposite. At explosion
(t=0), one WD moves in the +y and the other in the —y
direction. After the explosion, the center of mass trajectory
bends tens of degrees (different values for the 12 cases). This
figure further emphasizes that the orbital velocity of the WD at
explosion is not the terminal velocity of the center of mass of
the ejecta.

This study examines the claim that the bimodal emission
profile of an SN Ia results from the explosion of two WDs.
Tucker (2024) considers the emission of the two peaks to
result from two WD ejecta with expansion velocity relative to
its center of mass that is smaller than the velocity between the
two WD ejecta vy, We, therefore, examine the velocity of the
center of mass of the inner ejecta (the ejecta that did not cross
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Figure 2. The trajectories of the two centers of mass of the two ejecta masses
from the two exploding WDs, from explosion to t = 10s for two cases. The
black dots are the locations of the two WDs at explosion (f = 0). Solid lines
show the trajectory of the most energetic case in which Eey, = 2 x 103! erg
and 3 = 1, and dashed lines show the trajectory of the least energetic case in
which E.p = 10%"erg and 8 = 0.85. Each color stands for one WD. The
WDs’ ejecta is rotating around each other right after the explosion. At
explosion, the left WD moves in the +y direction, and the right WD moves in
the —y direction.

the center of mass of the other inner ejecta). In Figure 3, we
present the velocity of the center of mass of the inner ejecta of
one WD relative to the center of mass of the binary system (the
other WD ejecta is symmetrical, i.e., the same speed in the
opposite direction).

Figure 3 and the third column of Table 2 show that the
terminal velocity of the center of mass of the inner ejecta is
much lower than the orbital velocity of the two WDs at the
explosion, f, =0.697-0.864, for the cases we simulate. The
cases that give faster velocities, those in the lower rows of
Table 2, leave very low mass in the inner ejecta. Only the inner
ejecta emission contributes to an emission peak separated from
the other WD ejecta’s emission peak.

4. Discussion and Summary

We performed a simple dynamical, i.e., non-hydrodynami-
cal, calculation of the ejecta of two equal-mass WDs,
M, = M, = 0.94M,, that explode in the violent merger
channel of the DD scenario of SNe Ia. We found that the mass
of the ejecta of a WD that stays separated from the other
ejecta, i.e., the inner ejecta, is a small fraction of the WD mass;
Figure 1 for evolution with time, and the fourth column of
Table 2 for the terminal inner ejecta mass. Because the ejecta
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Figure 3. The velocity of the center of mass of the inner ejecta of one WD relative to the center of mass of the binary system as a function of time. Each panel shows
a case with a different explosion energy according to the insets. In all cases, the masses of the two WDs are M1 = M, = 0.94 M. The colored lines are for different

values of 3 (Equation (1)).

does not leave the explosion site instantaneously, the two
ejecta masses of the two WDs do not maintain their orbital
velocity at the explosion. The velocity of the center of mass of
the ejecta relative to the explosion site changes direction after
the explosion (Figure 2) and substantially decreases (Figure 3
and the third column of Table 2).

Tucker (2024) argues that the separate ejecta masses of the
two exploded WDs in the violent merger channel explain some
of SNe Ias’ bimodal nebular emission profiles. The bimodal
profile is one where a spectral line comprises two peaks at
different wavelengths. Tucker (2024) attributes the two peaks
to two separate parcels of ejecta resulting from two
exploded WDs.

An SN Ia is classified as bimodal if the two velocity
components are separated by more than their combined width.
This implies that only the inner ejecta contributes to the
bimodal line profile. Vallely et al. (2020) convolved an ejecta
velocity profile with a template of an SN Ia spectrum to obtain
bimodal emission lines (following Dong et al. 2015). The
velocity distribution (the Kernel) often requires the two ejecta
masses to be completely separated in the velocity profile. We
do not find such velocity profiles as, in our cases, the ejecta of
the two WDs collide with each other.

Tucker (2024) calculates that for a velocity separation between
the two velocity components of v, 2 6000 km s~ ! the combined
mass of the exploding WDs is >1.8M,. This was our motivation
to take M, = M, = 0.94M,. However, we find that for reasonable
explosion energies, the final separation velocity is much lower than
that of the two WDs at the explosion. The fastest case (the lowest
row in Table 2) gives Vsp = 2VRaA = 2fiVorns = 5440 kms .
However, this case requires a total explosion energy of

Eexp = 2 x 10! erg, which is on the high side of SNe Ia, and,
more importantly, only a small fraction of the initial mass, <15%,
stays in the inner ejecta that contributes to the bimodal profile. The
rest of the ejecta mass of both WDs expands at higher velocities
than v, and forms a broad emission line, i.e., wider than the
separation between the two ejecta. Less energetic explosions yield
more inner ejecta mass, but they have much lower v, = 2f,Vor,s
and are far from the observed vy, 2 6000 km s~ in some bimodal
SNe Ia (Figure 4 in Tucker 2024).

We find another potential problem with the violent merger
explanation of bimodal SNe Ia. If the emission profile is due to
two ejecta clumps, then the total width of the two lines (the
redshifted and blueshifted ejecta clumps) should be broader
than that of an SN Ia with no bimodal profile. This is not the
situation in all cases, e.g., compare the bimodal SN Ia with the
non-bimodal SN Ia that Tucker (2024) presents in Figure 1 of
his paper. This requires further studies and an enlarged sample
of SNe Ia.

Tucker (2024) also mentions the WWC scenario (see
Table 1) as a possible explanation for bimodal SNe Ia, as
earlier studies suggested, e.g., Dong et al. (2015). However,
the WWC scenario is extremely rare (e.g., Section 2 in the first
astro-ph version of Soker et al. 2014; Toonen et al. 2018;
E. Michaely 2021), and we consider it unlikely to explain
bimodal SNe Ia.

We suggest two solutions to the difficulty we identified. The
first is that the iron group elements in the scenarios where two
WDs explode are concentrated at lower velocities than some
simulations indicate. This would give the required velocity
profiles with separate Fe/Co/Ni ejecta masses. However, this
will not solve the difficulty of achieving the highest separation
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velocities of vy, >~ 6000-7000 km s~!. The second possibility
is a Chandrasekhar mass WD explosion that ejects an “iron
bullet.” The Tycho supernova remnant has such an iron clump
(e.g., Yamaguchi et al. 2017). Tsebrenko & Soker (2015)
suggest that the iron clump is the remnant of an “iron bullet”
ejected at a somewhat higher velocity than the ejecta. It is
unclear what forms this iron bullet, but it is observed, and its
velocity separates it from the inner iron group ejecta.

We note that some effects we did not include in the simple toy
model will likely strengthen our claims. Some simulations (e.g.,
Pakmor et al. 2022; Boos et al. 2024) show that the ejecta from
the WD that explodes first wraps around the other WD; the
second WD explodes with material around it, making the
explosion very complicated (e.g., Perets et al. 2019; Zenati et al.
2023). The flow of the first WD material around the other will
smear the formation of two different ejecta, weakening the
bimodal emission. Other effects might also play a role, like
magnetic fields of the mass accreting WD (e.g., Cui & Li 2022).

The main result of this study’s calculations is that the ejecta of
SNe Ia of the violent merger channel, or more generally of
channels where two WDs explode, cannot be considered to leave
the system instantaneously. Namely, the pre-explosion orbital
velocity cannot be neglected as it is not much lower than the
ejecta velocity, particularly of the inner layer of the exploding
WDs. The final separation velocity of the two ejecta masses of
the two WDs is much slower than the WDs’ orbital velocity at
the explosion. From our main calculations’ result, we challenge
the claim of Tucker (2024) that the violent merger channel of the
DD scenario best explains bimodal SNe Ia. We encourage
searching for alternative explanations, such as an iron bullet.
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