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A B S T R A C T 

The progenitor systems and explosion mechanism of Type Ia supernovae are still unknown. Currently fa v oured progenitors 
include double-degenerate systems consisting of two carbon-oxygen white dwarfs with thin helium shells. In the double- 
detonation scenario, violent accretion leads to a helium detonation on the more massive primary white dwarf that turns into a 
carbon detonation in its core and explodes it. We investigate the fate of the secondary white dwarf, focusing on changes of the 
ejecta and observables of the explosion if the secondary explodes as well rather than survives. We simulate a binary system of 
a 1 . 05 M � and a 0 . 7 M � carbon-oxygen white dwarf with 0 . 03 M � helium shells each. We follow the system self-consistently 

from inspiral to ignition, through the explosion, to synthetic observables. We confirm that the primary white dwarf explodes 
self-consistently. The helium detonation around the secondary white dwarf, ho we ver, fails to ignite a carbon detonation. We 
restart the simulation igniting the carbon detonation in the secondary white dwarf by hand and compare the ejecta and observables 
of both explosions. We find that the outer ejecta at v > 15 000 km s −1 are indistinguishable. Light curves and spectra are very 

similar until ∼ 40 d after explosion and the ejecta are much more spherical than violent merger models. The inner ejecta differ 
significantly slo wing do wn the decline rate of the bolometric light curve after maximum of the model with a secondary explosion 

by ∼20 per cent. We expect future synthetic 3D nebular spectra to confirm or rule out either model. 

Key words: hydrodynamics – radiative transfer – transients: supernovae – supernovae: general. 
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 I N T RO D U C T I O N  

he progenitor systems and the explosion mechanism of normal Type
a supernovae are still unknown (Maoz, Mannucci & Nelemans 2014 ;
ivio & Mazzali 2018 ; Ruiter 2020 ). There is general agreement
nly that they are thermonuclear explosions of carbon-oxygen white
warfs with masses � 0 . 8 M � in close binary systems. Somehow the
nteraction with the companion star directly (via accretion induced
ynamical effects) or indirectly (by growing the white dwarf to the
handrasekhar mass) likely triggers the thermonuclear explosion.
he nature of the companion star, a white dwarf or an ordinary non-
egenerate star, and the physical mechanism that causes the explosion
emain open questions. 
 E-mail: rpakmor@mpa-garching.mpg.de 

l  

e  

f  

≈

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi

em
ber 2022
Binary systems of two white dwarfs (so-called double-degenerate
ystems) are good candidates for the progenitor systems of normal
ype Ia supernovae (Branch, Fisher & Nugent 1993 ). Their rates
re consistent with the observed rate of normal Type Ia supernovae
Ruiter, Belczynski & Fryer 2009 ) within the uncertainties. A binary
ystem of two white dwarfs is also easily able to explain the lack of
n y pre-e xplosion detection of the progenitor system (Li et al. 2011 ;
elly et al. 2014 ), the lack of hydrogen in any early or late spectra
f normal Type Ia supernovae (Lundqvist et al. 2015 ; Maguire et al.
016 ; Tucker et al. 2020 ), the clear lack of signatures from interaction
f the explosion with circumstellar material for many normal Type
a supernovae (Margutti et al. 2014 ; Ferretti et al. 2017 ), as well
s the lack of any surviving companion brighter than about solar
uminosity (see e.g. Schaefer & Pagnotta 2012 ; Gonz ́alez Hern ́andez
t al. 2012 ). Kerzendorf et al. ( 2018 ) has ruled out a blue survivor
or the nearby remnant of SN 1006 with little extinction down to

0 . 01 L �. 
© The Author(s) 2022. 
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Idealized models in which an isolated sub-Chandrasekhar-mass 
arbon-oxygen white dwarf is artificially ignited at its centre 
enerally agree well with observations with only few systematic 
ifferences (Sim et al. 2010 ; Woosley & Kasen 2011 ; Blondin
t al. 2017 ; Shen et al. 2018a , 2021a ). They are arguably a rea-
onable simplification of double-degenerate scenarios in which only 
he primary (more massive) white dwarf explodes (Pakmor et al. 
013 ). One systematic difference is that these sub-Chandrasekhar- 
ass models decline faster after maximum brightness than ob- 

erv ed light curv es. While the faster decline in the B band de-
ends on the radiative-transfer treatment (Sim et al. 2010 ; Shen 
t al. 2021b ), the faster decline of the bolometric light curves
eems to be a more fundamental problem (Kushnir, Wygoda & 

haron 2020 ). This possibly means that the ejecta mass of the
oy models is too low to explain more slowly declining events 
Stritzinger et al. 2006 ; Scalzo, Ruiter & Sim 2014 ; Scalzo et al.
019 ). 
Double-degenerate systems are also very attractive progenitor can- 

idates because they seem to reproduce the brightness distribution of 
ormal Type Ia supernovae under the assumption that the brightness 
f the explosion is set only by the mass of the primary white dwarf
Ruiter et al. 2013 ; Sato et al. 2016 ). They also reproduce some
f the correlations between the observed silicon line velocity and 
he brightness of the explosion (Shen et al. 2021a ). Similarly they
otentially explain some of the observed correlations between the 
rightness of observed Type Ia supernovae and properties of their 
ost galaxies via the age of the progenitor system (Kelly et al. 2010 ;
hildress et al. 2013 ). 
Ho we v er, modelling double-de generate systems becomes much 
ore complicated when we go beyond idealized models and include 

he ignition. In the violent mergers scenario (Pakmor et al. 2010 )
hen the secondary white dwarf is about to be destroyed the 

nteraction of the debris of the secondary white dwarf with the 
rimary white dwarf directly ignites a carbon detonation on the 
urface of the primary white dwarf. The following explosion is more 
symmetric than normal Type Ia superno vae (P akmor et al. 2012b ;
ulla et al. 2016 ). 
Currently it seems more plausible that the explosion ignites via 

he double-detonation mechanism (Livne 1990 ; Fink et al. 2010 ). 
n its modern version, unstable dynamical accretion of helium from 

he secondary white dwarf just prior to the merger of the binary
eats up the helium shell on the primary white dwarf. Eventually, 
ynamical instabilities from the interaction between the accretion 
tream and the helium shell of the primary white dwarf lead to
 thermonuclear runaway and a helium detonation ignites on the 
urface of the primary white dwarf. This helium detonation burns 
he shell around the primary white dwarf and sends a shockwave 
nto its core. The shockwave then converges in a single point in
he carbon-oxygen core of the primary white dwarf where it ignites 
 carbon detonation that explodes the whole primary white dwarf 
Guillochon et al. 2010 ; Pakmor et al. 2013 ; Boos et al. 2021 ; Shen
t al. 2021b ). Ho we ver, there are also recent simulations in which the
elium detonation does not ignite a carbon detonation in the primary 
hite dwarf (Roy et al. 2022 ). 
In contrast to the violent merger scenario (Pakmor et al. 2012b ),

n the double-detonation scenario the secondary white dwarf is 
enerally assumed to survive, because it is still completely intact 
hen the primary white dwarf explodes (Pakmor et al. 2013 ). This

s potentially in conflict with the limited number of candidates for
urviving secondary white dwarfs in our neighbourhood (Shen et al. 
018b ) and the lack of any known fast-moving white dwarfs in nearby 
ype Ia supernova remnants (Shields et al. 2022 ). 
Here we revisit this scenario, i.e. the helium-ignited explosion of 
 double-degenerate system with a focus on the fate of the secondary
hite dwarf. In particular we investigate the possibility that the 

econdary white dwarf may explode via the same double-detonation 
echanism as the primary white dwarf (Pakmor et al. 2021 ). A

imilar explosion of the secondary white dwarf has previously been 
ound for massive helium white dwarf companions (Papish et al. 
015 ). We employ 3D hydrodynamical simulations with a fully 
oupled nuclear reaction network to simulate the binary system. We 
ompare a new scenario in which both white dwarfs explode via the
ouble-detonation scenario with the scenario where only the primary 
hite dwarf explodes and the secondary white dwarf survives. We 

nalyse and interpret the differences in the ejecta of the explosions
nd their synthetic observables. 

We describe the simulation codes we use and our setup in Section 2 .
e show the evolution of the binary system from inspiral to ignition

nd the subsequent explosion, and follow the ejecta of the explosion
ntil they are in homologous expansion in Section 3 . We compare
he properties of the ejecta of both scenarios in Section 4 and their
ynthetic observables in Section 5 . We discuss our results in a broader
ontext and their implications as well as the next steps in Section 6 . 

 M E T H O D S  

ur simulation pipeline consists of four parts: we first generate 1D
rofiles of the two white dwarfs in hydrostatic equilibrium. We then
se these 1D profiles to generate 3D white dwarfs in AREPO (Springel
010 ; Pakmor et al. 2016 ; Weinberger, Springel & Pakmor 2020 )
here we simulate the inspiral and the explosion of the binary system
ntil the ejecta are in homologous expansion. We then postprocess 
rajectories of Lagrangian tracer particles that we record during the 
xplosion with a 384 isotope nuclear reaction network to obtain 
etailed isotopic abundances of the ejecta (Seitenzahl et al. 2010 ;
akmor et al. 2012a ; Seitenzahl & Townsley 2017 ). Finally we use

he Monte Carlo radiative-transfer code ARTIS (Sim 2007 ; Kromer &
im 2009 ) to compute light curves and spectra of the explosion. 
We generate 1D profiles of two carbon-oxygen white dwarfs 

n hydrostatic equilibrium with a constant temperature T = 5 ×
0 5 K, masses of 1 . 05 M � and 0 . 7 M �, and central densities of
 . 8 × 10 7 g cm 

−3 and 6 . 3 × 10 6 g cm 

−3 , respectively. We set the
omposition to pure helium in the outermost 0 . 03 M � and assume
 sharp boundary between the helium shell and the carbon-oxygen 
ore. We set the mass fractions of carbon and oxygen in the core to
.5. 
The composition of both white dwarfs is simplified compared 

o realistic binary systems of two carbon-oxygen white dwarfs in 
hich the compositions of both white dwarfs will depend on their

ormation history including potentially several periods of earlier 
inary interactions (Ruiter et al. 2013 ). The helium shell masses
n our model are likely optimistically large for most double-white- 
warf systems and the consequences of smaller helium shell masses 
eed to be explored in future work. 

Note that such massive helium shells may be possible for some
ystems. Canonical stellar -ev olution simulations predict the majority 
f the helium present on a post-asymptotic giant branch white dwarf
rogenitor to be ejected. As recently shown (e.g. Zenati, Toonen &
erets 2019 ), low-mass ( M < 1 M �) hydrogen-depleted stars, such
s sdB/O stars, naturally evolve into carbon-oxygen white dwarfs 
ith quite massive ( M > 0 . 05 M �) helium envelopes. A system

omposed of two such objects would naturally account for the 
resence of the massive helium shells in our simulated system. A
ystem composed of an sdB star and a white dwarf companion will,
MNRAS 517, 5260–5271 (2022) 
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iven the correct orbital separation when it forms, undergo stable
ass transfer, and thus generate a sufficiently large helium shell

n the accreting white dwarf to be compatible with our scenario
Neunteufel, Yoon & Langer 2016 ; Bauer & Kupfer 2021 ; Pelisoli
t al. 2021 ). The sdB star will then naturally evolve into a second
arbon-oxygen white dwarf with a substantial helium shell (Zenati
t al. 2019 ), as predicted for the observed system HD 265435 (Pelisoli
t al. 2021 ). 

To simulate the full dynamical evolution of the binary system
n 3D, we use the moving-mesh hydrodynamics code AREPO . In
REPO we follow the dynamical evolution of the binary system from

nspiral to explosion. AREPO discretizes space on a moving Voronoi
esh that is constructed from a set of mesh-generating points. These

oints each generate a cell and mo v e with the local gas velocity
nd an additional small velocity correction to keep the mesh regular.
his results in an almost Lagrangian evolution of the mesh. The fluid
uantities on the mesh are evolved with a second-order finite-volume
cheme (Pakmor et al. 2016 ). Fluxes over interfaces are calculated
sing the HLLC Riemann solver in the moving frame of the interface
Pakmor, Bauer & Springel 2011 ). We employ explicit refinement
nd de-refinement when the mass of a cell is larger than twice or
maller than half of the target mass resolution (set to 10 −7 M � for all
imulations in this paper). Additional refinement is triggered when
he volume of a cell is more than 10 times larger than its smallest
irect neighbour to a v oid large resolution gradients in the mesh at
teep density gradients. Moreo v er we enforce a maximum volume
or cells of 10 30 cm 

3 to prevent de-refinement of the background
esh. 
We use the HELMHOLTZ equation of state (Timmes & Swesty 2000 )

o model the partially degenerate electron-positron gas, ions with
oulomb corrections, and radiation. Moreo v er, we fully couple a
5-isotope nuclear reaction network to the simulation (Pakmor et al.
012a , 2021 ) with the JINA reaction rates (Cyburt et al. 2010 ). The
uclear reaction network is active for all cells with T > 10 6 K. We
o not use a burning limiter in the simulations shown in this paper,
imilar to Townsley et al. ( 2019 ). Since a burning limiter leads to
tronger nuclear burning, disabling it can be seen as a conserv ati ve
pproach to ignition. AREPO solves self-gravity with a one-sided
ctree solver. We soften the gravitational force to a v oid spurious
wo-body interactions with a softening length of 2.8 times the radius
f a cell, but force the softening to be at least 10 km . 
Our initial setup in AREPO closely follows Pakmor et al. ( 2013 )

nd Pakmor et al. ( 2021 ). We first use the 1D profiles and HEALPix
essellations of the unit sphere to generate 3D meshes of both white
warfs (Pakmor et al. 2012a ; Ohlmann et al. 2017 ) with roughly
ubical cells with a mass close to 10 −7 M �. We then relax both white
warfs individually for 10 s corresponding to five and two dynamical
imescales of the 1 . 05 M � white dwarf and the 0 . 7 M � white dwarf,
espectively, to make sure they are stable and to eliminate spurious
oise that we introduced when we generated the initial mesh of the
D representation of the white dwarfs (Pakmor et al. 2012a ; Ohlmann
t al. 2017 ). 

After relaxation, we add both white dwarfs together in a single
imulation and put them on a circular co-rotating orbit with an initial
rbital period of T = 60 s and a separation of a = 2 . 8 × 10 9 cm .
his separation is large enough that the white dwarfs are essentially
ndisturbed when they suddenly see the gravitational potential of the
ther white dwarf. The simulation box has a side length of 10 12 cm .
e fill the background mesh with a density of 10 −5 g cm 

−3 to a v oid
umerical problems with a vacuum but still only add a negligible
mount of mass. We keep the mass resolution of the isolated white
warfs of 10 −7 M �. 
NRAS 517, 5260–5271 (2022) 
For the first t = 50 s, we apply an azimuthal acceleration that
imics the loss of angular momentum via gravitational wave

mission to shrink the binary system slowly. To make the simulation
easible we scale it such that the separation decreases at a constant
ate d a 

d t = 10 2 km s −1 (Pakmor et al. 2021 ). When we stop this force
t t = 50 s, the binary orbit has shrunk to a = 2 . 2 × 10 9 cm and
he total angular momentum is now conserved for the rest of the
imulation. 

For nucleosynthesis postprocessing we include 10 6 Lagrangian
racer particles in the AREPO simulation. Their initial positions are
ampled from the initial mass distribution in the binary system. We
ecord trajectories of position, density, and temperature of those
racer particles with a cadence of 10 −3 s. We then postprocess the
rajectories with a much larger 384 isotope reaction network. The
nitial composition for the postprocessing includes the full isotopic
olar composition for Z � = 0.0134 (Asplund et al. 2009 ) where
e assume that all carbon, oxygen, and nitrogen atoms of the solar

omposition have been converted to 22 Ne during CNO-cycle burning
nd subsequent helium burning. Including the full solar composition
lso in unburned material is rele v ant for the blue part of synthetic
pectra (F ole y et al. 2012 ). To normalize the abundances we reduce
he mass fractions of helium and oxygen by the total solar metallicity
dded. 

We then map the density of the ejecta at the end of the AREPO

imulation and the final postprocessed composition of the tracer
articles to 1D spherically symmetric profiles with 100 radial shells.
e use these 1D profiles as input to the Monte Carlo radiative transfer

ode ARTIS (Sim 2007 ; Kromer & Sim 2009 ) and compute synthetic
ight curves and spectra until 70 d after the explosion. We use 10 7 

onte Carlo packets. 

 I NSPI RAL  A N D  EXPLOSI ON  

e show the binary system at different times in Fig. 1 : at the time
hen we stop the inspiral, when the helium detonation ignites on

he surface of the primary white dwarf, when the carbon detonation
gnites in the core of the primary white dwarf, and when the shock
onverges in the core of the secondary white dwarf. 

The primary white dwarf undergoes the classic double-detonation
echanism. The helium detonation ignites at t = 148 . 8 s. At this

ime the binary system has lost 10 −4 M � of 4 He. Roche lobe o v erflow
as transferred 10 −2 M � of 4 He from the secondary white dwarf to
he primary white dwarf. The helium detonation ignites close to the
oint where the accretion stream hits the surface of the primary white
warf (see second column of Fig. 1 ). 
The helium detonation then wraps around the primary white dwarf

urning its helium shell and sending a shockwave into its core. This
hockwav e conv erges in a single point in the core of the primary
hite dwarf and ignites a carbon detonation there at t = 150 . 1 s (see

hird column of Fig. 1 ) 25 km from its centre. The carbon detonation
ompletely burns and destroys the primary white dwarf. 

The double-detonation mechanism initially repeats on the sec-
ndary white dwarf: The shockwave of the explosion of the primary
hite dwarf hits the secondary white dwarf. It ignites the helium shell
f the secondary white dwarf at around t = 151 s and additionally
ends a shockwave into its core directly. This shockwave, supported
y the helium detonation burning the remaining helium around the
econdary white dwarf converges in the core of the secondary white
warf at t = 153 . 7 s (see fourth column of Fig. 1 ). 
In contrast to the shock in the primary white dwarf, the converging

hockwave in the secondary white dw arf f ails to ignite a carbon
etonation in its core in our simulation. Instead the secondary white
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Figure 1. Time evolution of the binary system. The columns show the binary when the artificial inspiral phase ends ( t = 50 s, first column), when the helium 

detonation on the primary WD ignites ( t = 148 . 8 s, second column), when the carbon detonation in the primary WD ignites ( t = 150 . 1 s, third column), and 
when the shock converges in the core of the secondary WD ( t = 153 . 7 s, fourth column). The first ro w sho ws a slice of density through the full system. The 
other ro ws sho w slices of density, temperature, and kinetic energy density in a zoomed-in region of interest at each time. For the first column the zoom region is 
centred on the impact point of the accretion stream on to the primary WD. For the second and third columns it is centred on the ignition points of helium and 
carbon detonation in the primary WD, respectively . Finally , the zoom-in of the fourth column is centred on the convergence point of the shock in the secondary 
WD. 
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warf in our simulation survives until the end of the simulation 100 s
ater. We call this model that destroys only the primary white dwarf
OneExpl’. 

The physical conditions at the point where the shock con- 
erges are a density of ρ = 5 . 4 × 10 6 g cm 

−3 and a temperature
f T = 1 . 1 × 10 9 K. These conditions are possibly sufficient to
gnite a carbon detonation (Seitenzahl et al. 2009 ). Ho we ver,
he lower density compared to the convergence point in the pri-

ary white dwarf at ρ = 2 × 10 7 g cm 

−3 , where a carbon deto-
ation ignites successfully, requires significantly higher numeri- 
al resolution than achieved in our simulation (Seitenzahl et al. 
009 ). 
We therefore argue that a detonation initiation in the secondary 

s physically plausible and restart our simulation at t = 153 . 7 s, this
ime igniting a carbon detonation by hand at the convergence point
f the shockwave. We increase the temperature to T new = 5 × 10 9 K
n a sphere of radius r = 10 2 km around the convergence point. This
njects 4 . 9 × 10 46 erg into 113 cells with a total mass of 10 −5 M �.
n this simulation, the second carbon detonation burns the secondary 
hite dwarf completely and destroys it as well. We again continue
MNRAS 517, 5260–5271 (2022) 
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M

Table 1. Energy release, mass, and mass change of all elements up to Zn and selected isotopes for the total ejecta of both simulations and 
split into the helium and carbon detonations of the primary and secondary white dwarf. The first three detonations are the same for both 
explosion models, the secondary carbon detonation only occurs in the model that we restart from the time when the shockwave converges in 
the core of the secondary white dwarf. The energy release and abundances are computed from the postprocessed tracer particles at the end of 
the simulation. 

Unit OneExpl TwoExpl Prim. He det Prim. CO det Sec. He det Sec. CO det 

� E nuc erg 1 .4 × 10 51 1 .9 × 10 51 8 .3 × 10 49 1 .4 × 10 51 6 .7 × 10 49 5 .6 × 10 50 

M ej M � 1 .09 1 .75 7 .8 × 10 −2 0 .99 1 .5 × 10 −2 0 .56 
t start s 148 .8 150 .1 151 .0 153 .7 

He M � − 1 .4 × 10 −2 − 1 .7 × 10 −2 − 1 .4 × 10 −2 9 .4 × 10 −4 − 2 .2 × 10 −3 − 1 .8 × 10 −3 

C M � − 5 .1 × 10 −1 − 7 .8 × 10 −1 − 1 .7 × 10 −2 − 4 .9 × 10 −1 − 8 .0 × 10 −4 − 2 .7 × 10 −1 

O M � − 4 .1 × 10 −1 − 5 .0 × 10 −1 − 5 .0 × 10 −3 − 4 .0 × 10 −1 − 1 .3 × 10 −3 − 9 .0 × 10 −2 

Ne M � − 6 .3 × 10 −3 − 2 .4 × 10 −3 5 .6 × 10 −3 − 1 .1 × 10 −2 3 .4 × 10 −4 3 .1 × 10 −3 

Na M � 2 .5 × 10 −5 1 .5 × 10 −4 4 .2 × 10 −5 − 1 .4 × 10 −6 4 .6 × 10 −6 1 .0 × 10 −4 

Mg M � 1 .2 × 10 −2 3 .4 × 10 −2 5 .8 × 10 −3 5 .9 × 10 −3 6 .0 × 10 −4 2 .2 × 10 −2 

Al M � 4 .3 × 10 −4 1 .4 × 10 −3 2 .8 × 10 −4 1 .6 × 10 −4 2 .7 × 10 −5 9 .1 × 10 −4 

Si M � 2 .3 × 10 −1 4 .4 × 10 −1 8 .8 × 10 −3 2 .2 × 10 −1 1 .1 × 10 −3 2 .0 × 10 −1 

P M � 4 .7 × 10 −4 1 .3 × 10 −3 1 .8 × 10 −4 2 .8 × 10 −4 3 .1 × 10 −5 7 .6 × 10 −4 

S M � 1 .4 × 10 −1 2 .3 × 10 −1 3 .8 × 10 −3 1 .3 × 10 −1 1 .0 × 10 −3 9 .7 × 10 −2 

Cl M � 2 .6 × 10 −4 4 .2 × 10 −4 1 .4 × 10 −4 7 .0 × 10 −5 5 .3 × 10 −5 1 .6 × 10 −4 

Ar M � 2 .5 × 10 −2 3 .9 × 10 −2 1 .3 × 10 −3 2 .4 × 10 −2 5 .0 × 10 −4 1 .4 × 10 −2 

K M � 4 .7 × 10 −4 5 .5 × 10 −4 3 .2 × 10 −4 5 .6 × 10 −5 1 .1 × 10 −4 6 .6 × 10 −5 

Ca M � 2 .4 × 10 −2 3 .2 × 10 −2 3 .7 × 10 −3 2 .0 × 10 −2 3 .7 × 10 −4 7 .8 × 10 −3 

Sc M � 1 .0 × 10 −4 1 .1 × 10 −4 8 .6 × 10 −5 1 .2 × 10 −6 1 .8 × 10 −5 7 .6 × 10 −7 

Ti M � 1 .6 × 10 −3 1 .6 × 10 −3 1 .5 × 10 −3 3 .4 × 10 −5 3 .4 × 10 −5 2 .9 × 10 −5 

V M � 1 .6 × 10 −4 1 .6 × 10 −4 1 .6 × 10 −4 1 .5 × 10 −6 3 .3 × 10 −6 1 .9 × 10 −6 

Cr M � 2 .3 × 10 −3 2 .5 × 10 −3 1 .8 × 10 −3 5 .2 × 10 −4 7 .3 × 10 −6 1 .5 × 10 −4 

Mn M � 2 .8 × 10 −4 3 .1 × 10 −4 2 .1 × 10 −4 8 .2 × 10 −5 5 .2 × 10 −7 1 .5 × 10 −5 

Fe M � 2 .3 × 10 −2 3 .0 × 10 −2 1 .1 × 10 −3 2 .2 × 10 −2 − 2 .7 × 10 −6 6 .5 × 10 −3 

Co M � 3 .0 × 10 −3 3 .4 × 10 −3 1 .6 × 10 −4 2 .9 × 10 −3 5 .7 × 10 −6 3 .4 × 10 −4 

Ni M � 4 .7 × 10 −1 4 .7 × 10 −1 7 .1 × 10 −4 4 .7 × 10 −1 8 .6 × 10 −6 4 .5 × 10 −3 

Cu M � 6 .0 × 10 −4 1 .1 × 10 −3 1 .7 × 10 −5 1 .0 × 10 −3 1 .5 × 10 −6 1 .8 × 10 −5 

Zn M � 6 .8 × 10 −3 6 .4 × 10 −3 3 .8 × 10 −5 6 .3 × 10 −3 1 .4 × 10 −6 1 .0 × 10 −4 

44 Ti M � 1 .5 × 10 −3 1 .6 × 10 −3 1 .5 × 10 −3 3 .1 × 10 −5 3 .0 × 10 −5 2 .2 × 10 −5 

48 Cr M � 2 .0 × 10 −3 2 .1 × 10 −3 1 .7 × 10 −3 3 .6 × 10 −4 6 .6 × 10 −6 5 .5 × 10 −5 

52 Fe M � 8 .2 × 10 −3 8 .6 × 10 −3 1 .0 × 10 −3 7 .2 × 10 −3 5 .2 × 10 −6 2 .9 × 10 −4 

55 Co M � 3 .0 × 10 −3 3 .3 × 10 −3 1 .4 × 10 −4 2 .9 × 10 −3 4 .8 × 10 −7 3 .2 × 10 −4 

56 Ni M � 4 .5 × 10 −1 4 .6 × 10 −1 5 .5 × 10 −4 4 .5 × 10 −1 4 .5 × 10 −6 3 .7 × 10 −3 

57 Ni M � 8 .2 × 10 −3 8 .3 × 10 −3 7 .6 × 10 −5 8 .1 × 10 −3 5 .5 × 10 −7 1 .3 × 10 −4 

58 Ni M � 8 .8 × 10 −3 9 .2 × 10 −3 4 .6 × 10 −5 8 .7 × 10 −3 − 6 .9 × 10 −7 4 .5 × 10 −4 
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he simulation for 80 s to make sure the ejecta are in homologous
xpansion at the end of the simulation. We call this model that
estroys both white dwarfs ‘TwoExpl’. 
To understand the energetics and the timing of the detonations, we

uantify the time for which a detonation is active as the difference
etween the time when it has released 1 per cent of its total nuclear
nergy and the time when it has released 99 per cent of it. A detailed
able of the energy release and changes to the nuclear composition
y the four detonations is shown in Table 1 . 
For this analysis, we associate all tracer particles that change their

otal nuclear binding energy by at least 10 per cent with the different
etonations in the simulation. We associate all tracer particles that
urn before the carbon detonation in the primary white dwarf ignites
s part of the helium detonation on the primary white dwarf. From
he remaining tracer particles we associate those that burn before
he secondary carbon detonation ignites and that have a helium mass
raction less than 0.1 in their initial composition with the carbon
etonation of the primary white dwarf. We associate similar tracer
articles with helium with the helium detonation of the secondary
hite dwarf. Finally, we associate all tracer particles that burn but

re not associated with all the other three detonations with the carbon
NRAS 517, 5260–5271 (2022) 
etonation in the secondary white dwarf. Note that that this category
emains empty in the OneExpl simulation. 

The helium detonation on the surface of the primary white dwarf
eleases 8 . 3 × 10 49 erg and burns for 0 . 9 s. The carbon detonation in
he core of the primary white dwarf ignites 1 . 3 s after the ignition of
he helium detonation. This time lag is typical for medium-strength
elium detonations in the double-detonation mechanism (Fink et al.
010 ). 
The carbon detonation in the primary white dwarf burns for 0 . 4 s

nd releases 1 . 4 × 10 51 erg . Its explosion ashes then have some time
o expand before the double-detonation mechanism starts for the
econdary white dwarf. The helium burning around the secondary
hite dwarf releases another 6 . 7 × 10 49 erg . 
The shockwav e conv erges in the core of the secondary white dwarf

 . 3 s after the primary white dwarf finished burning and started to
xpand. At this point almost all of the ejecta of the primary white
warf have already passed beyond the secondary white dwarf, which
s now essentially at the centre of the ejecta of the primary white
warf. For our restarted simulation, in which we ignite the carbon
etonation in the secondary white dwarf by hand, the secondary
hite dwarf burns completely in 0 . 7 s. It releases 5 . 6 × 10 50 erg . The
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Figure 2. Density (left colum) and mean atomic weight (right column) in a slice in the x –y plane. The top row shows the ejecta of the primary white dwarf 
150 s after the ignition of the carbon detonation in the primary white dwarf if the secondary white dwarf does not explode. The bottom row shows the total 
ejecta 133 s after the ignition of the carbon detonation in the primary white dwarf if the secondary white dwarf also detonates. At these times both ejecta are 
fully in homologous e xpansion. The e xplosion of the secondary white dwarf drastically changes the inner ejecta, b ut lea ves the outer ejecta of the explosion of 
the primary white dwarf unchanged. 
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xpansion of the ejecta of the secondary white dwarf starts 4 . 0 s after
he expansion of the ejecta of the primary white dwarf. 

The ejecta of the secondary white dwarf expand into the centre 
f the no w lo w-density ejecta of the primary white dwarf. This
onfiguration is very different from violent merger models (Pakmor 
t al. 2012b ), where primary and secondary white dwarf explode 
oughly at the same time. For those models, there is only a difference
f �t < 0 . 5 s between the explosion of the primary white dwarf and
he explosion of the partially disrupted secondary white dwarf, which 
w  
s set by the traveltime of the carbon detonation from the primary to
he secondary white dwarf. 

 E J E C TA  STRUCTURE  A N D  COMPOSI T IO N  

e show slices of the ejecta of both explosion models in homologous
xpansion in the orbital plane of the initial binary system in Fig. 2 .
he top row shows the ejecta of the simulation in which the secondary 
hite dwarf survives, which we will call ‘OneExpl’. The bottom row
MNRAS 517, 5260–5271 (2022) 
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Figure 3. Logarithm of the elemental composition relative to iron of 
the ejecta of both models 10 6 yr after the explosion relative to the solar 
composition (Asplund et al. 2009 ), i.e. taking into account radioactive decay 
of unstable isotopes in the ejecta. The TwoExpl model has slightly supersolar 
yields for intermediate mass elements and solar yields for manganese. 
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hows the ejecta of the simulation in which we ignited the carbon
etonation in the secondary white dwarf by hand and where the
econdary explodes as well, which we name ‘TwoExpl’. The left
olumn shows the density of the ejecta, the right column their mean
tomic weight. 

.1 Global structure of the ejecta 

e immediately notice that the outer ejecta of both explosions are
 ery similar. F ocusing on the TwoExpl simulation we see that the
jecta of the secondary white dwarf expand into the ejecta of the
rimary white dwarf and compress their inner parts. They stall
round 10 000 km s −1 depending on the orientation angle relative
o the position of primary and secondary white dwarf at the time of
xplosion and compress the ejecta of the primary white dwarf up to
elocities of about 15 000 km s −1 . 

The obvious global feature of the ejecta is the low density cone in
he ejecta of the primary white dwarf in the OneExpl model where
he secondary white dwarf blocks them. In the TwoExpl model this
one is filled by the ejecta of the secondary white dwarf. As a result
he density distribution of the TwoExpl model is more symmetric
han the density distribution of the OneExpl model. Ho we ver, the
woExpl model has a very different composition in the direction of

he now-filled cone. This cone is most pronounced in the plane of
otation of the binary system shown in Fig. 2 , but will likely only
ffect a small fraction of the viewing angles to the explosion. 

Apart from the cone the outer ejecta are close to spherical
ymmetry, similar to idealized models of explosions of isolated sub-
handrasekhar-mass white dwarfs. The symmetry of the density
istribution of the outer ejecta directly translates to the continuum
olarization of the explosion, so we expect only a weak signal. Line
olarization that is sensitive to asymmetries in the composition could
e significantly stronger because the mean atomic weight distribution
s slightly offset at large velocities and more asymmetric in the inner
arts of both simulations. 

.2 Ejecta composition 

e collect the detailed yields of all elements up to Zn and selected
sotopes in Table 1 . The energy release from the helium detonations
s about 5 per cent of the energy release of the carbon detonations.
hus the latter completely dominate the energetics of the explosion.
An important difference between the two models is the total

jecta mass. The ejecta of the OneExpl model contain 1 . 09 M � –
he initial mass of the primary white dwarf and a little material
rom the secondary white dwarf that was accreted on to the primary
efore the explosion, or material that was stripped from the secondary
hite dwarf by the ejecta of the primary white dwarf. In contrast,

he TwoExpl model does not leave any bound remnant behind and
he ejecta contain the full 1 . 75 M � of the initial binary system,
ignificantly more than the mass of a Chandrasekhar-mass carbon-
xygen white dwarf of 1 . 38 M �. 
The helium ashes on the primary white dwarf are dominated

y intermediate-mass elements, i.e. silicon, sulfur, and calcium.
hey also contain small amounts of titanium (1 . 5 × 10 −3 M �) and
hromium (1 . 8 × 10 −3 M �) that are irrele v ant for the energetics but
mportant for the synthetic observables (see also Section 5 ). 

Essentially all radioactive 56 Ni is produced from the burning of
he carbon-oxygen core of the primary white dwarf. Its burning
roducts are consistent with classic idealized sub-Chandrasekhar-
ass detonation models (Sim et al. 2010 ; Shen et al. 2018a ) and are

ominated by 56 Ni and intermediate-mass elements. 
NRAS 517, 5260–5271 (2022) 
The helium shell of the secondary white dwarf is burned in both
imulations, independently of the final fate of the secondary white
warf. It burns a total of 1 . 5 × 10 −2 M � of helium mixed with some
arbon and oxygen into intermediate-mass elements. It does not
roduce any titanium or chromium. 
Even in the TwoExpl simulation, in which the carbon-oxygen core

f the secondary white dwarf is fully burned, this burning does not
roduce any rele v ant amount of iron-group elements due to the low
entral density of the secondary white dwarf. Instead the ashes of
he secondary white dwarf consist of intermediate-mass elements
ominated by silicon, sulfur, argon, and calcium. 
We show the element-wise integrated yields relative to iron of

oth explosion models relative to the solar composition in Fig. 3 .
ere we assume all isotopes with a halflife shorter than 10 6 yr
ave fully decayed. The OneExpl model has about solar yields of
ilicon, sulfur, argon, and calcium. Those yields are slightly super-
olar for the TwoExpl model because the carbon detonation of the
econdary white dwarf produces some amount of those elements, but
o additional iron. The TwoExpl model produces about 10 per cent
ore manganese than the OneExpl model, pushing its manganese

ield just abo v e solar, but still below yields predicted for most
handrasekhar-mass explosions (Seitenzahl et al. 2013b ). Note,
o we ver, that the yields of one explosion simulation can not easily
e extrapolated to the integrated yields expected if all normal Type
a supernovae originate from this scenario because the yields change
oo much with the brightness of the explosion (Sim et al. 2010 ;
eitenzahl et al. 2013a ; Gronow et al. 2021 ). 
Note that our explosions produce about a factor of 10 more 44 Ti

han found in Tycho’s remnant (Troja et al. 2014 ). In both of our
odels almost all 44 Ti is produced in the helium detonation of

he primary white dwarf. This discrepancy can thus be alleviated
hrough thinner helium shells (Boos et al. 2021 ). Ho we ver, we will
eed parameter studies of the full system that vary the mass of the
elium shell on the primary white dwarf to figure out whether double-

art/stac3107_f3.eps
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Figure 4. Radial profiles of the mass density and mass fraction of various elements of the unbound ejecta 100 s after the explosion when the ejecta are fully in 
homologous expansion. Solid lines show the profiles of the model in which both white dwarfs explode, dashed lines show the model in which the secondary 
white dwarf survives. For v � 15 000 km s −1 the ejecta of both models have identical density and composition. 
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Figure 5. Gamma-ray escape time t 0 versus the mass of 56 Ni in the ejecta 
for both explosion models and a set of SNe Ia with well-observed bolometric 
light curves (Sharon & Kushnir 2020 ). The TwoExpl model has a significantly 
longer gamma-ray escape time than the OneExpl model. 

t
l  

d
e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5260/6779709 by G
SI / G

esellschaft für Schw
erionenforschung in der H

elm
holtz-G

em
einschaft user on 08 D

ecem
ber 2022
etonation models can match this limit and still explode. A direct 
etection of other radioactive isotopes from supernova remnants 
ould also add important constraints (Panther et al. 2021 ). 

.3 Ejecta profiles 

e show 1D spherically averaged symmetric radial profiles of the 
jecta of both models for density and mass fractions of the most
mportant elements in Fig. 4 . We see that the outer parts of both
xplosions are near identical in density and composition for v �
5 000 km s −1 . As we showed in the slice plots before, the inner
arts, in contrast, are very different. Thus we expect both explosions 
o look very similar until some time after maximum brightness when 
he ef fecti ve photosphere recedes into the parts of the ejecta that are
ifferent. Moreo v er, we e xpect nebular spectra of the two explosions
hat directly probe the inner parts of the ejecta to look very different.
o we ver, o wing to the complicated structure of the inner ejecta

hown in Fig. 2 any faithful synthetic nebular spectra will need to be
omputed in 3D to take this structure fully into account. We plan to
resent synthetic 3D nebular spectra of our models in the near future.

.4 Gamma-ray escape time 

fter maximum brightness, but before the ejecta become fully opti- 
ally thin to gamma rays in the nebular phase, we expect differences
n the bolometric light curves because the typical density of the 
6 Ni-rich material is much higher in the TwoExpl model than in the
neExpl model (see also Fig. 2 ). Fig. 5 shows the gamma-ray escape
ime t 0 which approximates the long-term evolution of the bolometric 
ight curve. Here we compute t 0 from the spherically averaged radial
ensity and 56 Ni abundance profiles assuming a single scattering 
vent for each γ photon before it escapes (Wygoda, Elbaz & Katz
MNRAS 517, 5260–5271 (2022) 
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M

Figure 6. Bolometric (top left-hand panel) and filtered light curves in the UBVRI bands for the full model with surviving secondary WD (dashed red line) and 
the model with both white dwarfs exploding (solid red line). The cyan lines show the same models where we remo v ed the ashes of the helium shells of both 
white dwarfs. The grey crosses show data of SN 2004eo (Pastorello et al. 2007 ). The bolometric light curve of SN 2004eo includes all data from U to K band. 
The light curves of the OneExpl and TwoExpl models are similar until about 40 d after the explosion. 
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019 ). We also show fits to t 0 from bolometric light curves of a set of
ell observed normal Type Ia supernovae (Sharon & Kushnir 2020 ).
e can clearly see a difference between both explosion models.

he OneExpl model ( t 0 = 33 . 5 d, M 56 Ni = 0 . 456 M �) is very similar
o isolated double-detonation simulations that tend to have gamma-
ay escape times smaller then observ ed (K ushnir et al. 2020 ). The
woExpl model in which the 56 Ni-rich material is compressed by the
jecta of the secondary white dwarf has a significantly longer gamma-
ay escape time ( t 0 = 38 . 7 d, M 56 Ni = 0 . 463 M �). It is consistent
ith the largest values found for observed supernovae with the same

6 Ni mass. It seems plausible that values between the two extremes
ould stem from different viewing angles. We aim to test this in the
uture with full 3D synthetic light curves. Therefore modelling the
ull double-degenerate binary system rather than models of isolated
hite dwarfs might be essential to assess the validity of this scenario.

.5 Velocity shifts 

 last important property of the ejecta is their global velocity
hift relative to the rest frame of the binary system. This directly
eads to velocity shifts that can be observed in the nebular phase
nd have so far mostly been associated with an off-centre ignition
n Chandrasekhar-mass scenarios (see e.g. Maeda et al. 2010 ). In
he pure detonation models discussed here, ho we v er, the v elocity
hifts introduced from an off-centre ignition are likely subdominant
ompared to the global velocity shifts that originate from the orbital
elocity of the exploding white dwarf in the close binary system.
n the OneExpl model, where the secondary white dwarf survives,
he unbound ejecta mo v e with a velocity of 1100 km s −1 [with a
NRAS 517, 5260–5271 (2022) 
 elocity v ector v = ( −970 , 520 , 0) km s −1 ]. The centre of mass of
he 56 Ni mo v es ev en faster, with a v elocity of 1610 km s −1 , in a
imilar but not identical direction [ v = ( −1600 , 170 , 25) km s −1 ],
n contrast to off-centre ignition models in which the centre-of-mass
elocity of 56 Ni is compensated by the centre-of-mass velocity of
ntermediate-mass elements. The surviving secondary white dwarf

o v es into the opposite direction of the original ejecta with a velocity
f 1790 km s −1 and a velocity vector v = (1580 , −850 , 0) km s −1 . 
Obviously, the situation changes in the TwoExpl model where the

econdary white dwarf is disrupted as well and no bound remnant
emains. The total centre-of-mass velocity of the ejecta is now only
 km s −1 . Its deviation from zero is a result of small accumulated
naccuracies in our gravity solver. Since the ejecta of the secondary
hite dwarf interact strongly with the 56 Ni-rich material in the centre
f the ejecta of the primary white dwarf, the centre-of-mass velocity
f the 56 Ni increases to 2390 km s −1 with a v elocity v ector v =
 −2300 , −670 , 30) km s −1 , at the very end of the distribution of
 xpected orbital v elocities in binary systems of two carbon-oxygen
hite dwarfs (Shen et al. 2018b ). Therefore, looking for velocity

hifts that large in nebular spectra of normal Type Ia supernovae may
e another way to test this scenario. 

 SYNTHETI C  L I G H T  C U RV E S  A N D  SPECTRA  

 proper comparison between models and observations requires
orward modelling of the explosion models to synthetic observables
nd comparing those directly to observations. To this end, we show
ynthetic bolometric and filtered light curves for four different
xplosion models in Fig. 6 . Here we limit ourselves to 1D spherically
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Figure 7. Spectra at t = 20 d after the explosion. The red lines show the spectra for the full model with surviving secondary white dwarf (dashed line) and the 
model with both white dwarfs exploding (solid line). The cyan lines show the same models where we remo v ed the ashes of the helium shells of both white 
dwarfs. The maximum-light spectra of the OneExpl and TwoExpl models are very similar but for a weak colour trend. 
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ymmetric radiation-transfer calculations to understand qualitative 
ifferences between our models and leave detailed 3D line-of-sight 
ependent synthetic observables to dedicated future studies. 
We show the OneExpl and TwoExpl models described abo v e. We

lso add two artificial models: the OneExpl and TwoExpl models 
rom which the ashes of the helium shells have been removed 
rom the ejecta by removing the tracer particles that have helium 

n their initial composition. We call these models OneExplNoHe and 
 woExplNoHe. W e also include observations of the well observed 
ormal Type Ia supernova SN 2004eo (Pastorello et al. 2007 ) which
as a brightness similar to our models. Note that the small bumps in
he synthetic light curves are Monte Carlo noise that we ignore in
he discussion. 

We focus on the differences between the two versions of OneExpl 
nd TwoExpl runs, i.e. we are interested in predictions about how 

uch of a difference the fate of the secondary white dwarf makes
or observables. We find that the light curves of both pairs of models
re very similar until ∼ 40 d after the explosion. This is consistent
ith our expectation from the radial profiles discussed before. Only 
nce the ef fecti ve photosphere recedes below v � 15 000 km s −1 ,
here the inner ejecta start to differ, can we see differences in

he light curves. At later times, the TwoExpl and TwoExplNoHe 
odels decline more slowly in the bolometric light curve than their 

ounterparts, consistent with our estimate of t 0 in Section 4 . 
The filtered light curves of the NoHe models are consistent 

ith those of idealized models of centrally ignited isolated sub- 
handrasekhar-mass explosions (Sim et al. 2010 ; Shen et al. 2018a ).

n our radiative-transfer calculations the models that include the 
elium shell are too red compared to observations owing to line 
lanketing by titanium and chromium produced in the burning of 
he helium shell of the primary white dwarf (Kromer et al. 2010 ).
mportantly, ho we ver, the reddening of the light curves by the helium- 
s
hell ashes does not hide any differences between the light curves
hat arise from the core detonation in the secondary white dwarf.

oreo v er, a lower mass helium shell on the primary white dwarf and
 more accurate full NLTE treatment of the helium shell may reduce
he reddening. We conclude that the differences between OneExpl 
nd TwoExpl models with and without the helium shell are small.
he re-brightening of the TwoExpl models in the B and V bands after
0 d is likely a consequence of the approximate NLTE treatment
f ionization in ARTIS at such late times after explosion. In the
imulations, the Fe-group material recombines from doubly-ionized 
o singly-ionized, causing an increase in opacity leading to the re-
rightening. Ho we ver, we would expect that non-thermal effects 
ould inhibit this recombination, and therefore the re-brightening 
ay not be physical. Nevertheless we show all light curves until 70 d

fter the explosion to emphasize the difference in the bolometric light
urves that are unaffected by the NLTE assumptions. 

We show spectra 20 d after the explosion close to maximum
rightness for the same four models in Fig. 7 . We confirm that
ot only the filtered light curves but also the actual spectra for the
neExpl and TwoExpl models are very similar at this time. This

tatement again holds independently of the blanketing caused by the 
elium-shell ashes. So, importantly, the helium-shell ashes do not 
ask any otherwise observable differences. There is a slight tendency 

n both the filtered light curves and the spectra that the TwoExpl
odel is slightly redder than the OneExpl model, but this difference

s small compared to typical differences between explosion models 
nd between the models with and without helium-shell ashes. 

 DI SCUSSI ON  

ur explosion simulations have shown that the explosion of the 
econdary white dwarf can be completely hidden until long after 
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aximum brightness, with no significant differences in observables
ntil ∼ 40 d after the explosion. 
In contrast to violent mergers that also completely destroy the

inary system but lead to a very asymmetric explosion inconsistent
ith typical normal Type Ia superno vae (P akmor et al. 2012b ;
ulla et al. 2016 ), the explosion of the secondary white dwarf in

he scenario discussed here does not lead to large asymmetries.
nstead, the large-scale asymmetry of the ejecta is comparable
o double-detonation explosions of single sub-Chandrasekhar-mass
hite dwarfs. This is mostly a result of the different timings of the

arbon detonations: in the violent merger the merged object explodes
ll at once while in our new scenario the ejecta of the primary white
warf expand for several seconds before the secondary white dwarf
xplodes. 

Our scenario may provide an explanation for the apparent absence
f a large number of surviving companions that would be seen as fast
oving white dwarfs in the Milky Way (Shen et al. 2018b ). These are

therwise predicted to exist if the double-degenerate channel with
 surviving secondary white dwarf is the main channel for normal
ype Ia supernovae. In principle, those surviving white dwarfs could
e too faint to be observable (Shen et al. 2018b ). Ho we v er, the y
hould still be visible directly in supernova remnants (Kerzendorf
t al. 2018 ; Shields et al. 2022 ). 

Importantly, the scenario in which the secondary explodes as well
etains all desired population properties found for violent mergers.
his includes the expected luminosity distribution (Ruiter et al.
013 ) and the ability to explain observed correlations between the
uminosity of normal Type Ia supernovae and their host galaxies
Kelly et al. 2010 ; Childress et al. 2013 ). 

In contrast to the model that only explodes the primary white
warf, the model in which both white dwarfs explode has the potential
o solve several discrepancies of late-time bolometric light curves.
t shows a much more complicated 3D structure of the inner ejecta
ith notably almost no iron-group elements at velocities smaller

han 5000 km s −1 . We generally expect this as long as the mass of the
econdary white dwarf is too low to produce iron-group elements
hen it explodes, i.e. roughly for secondary white dwarfs with
 < 0 . 85 M �. In this way the TwoExpl model may e xplain observ ed

ebular spectra of normal Type Ia supernovae, potentially even
ncluding the small number of objects that show bimodal structures
n nebular emission lines (Dong et al. 2015 ; Vallely et al. 2020 ). 

The asymmetry of the distribution of 56 Ni and its large bulk
elocity may help to explain large observed asymmetries (Dong
t al. 2018 ) and velocity offsets of emission lines in the nebular
hase of Type Ia superno vae. In particular, v elocity shifts larger
han 2000 km s −1 (Maeda et al. 2010 ) seem to be hard to explain
ith the orbital velocities of the binary system (Shen et al. 2018b )
r off-centre ignition in the white dwarf (Chamulak et al. 2012 ) in
ub-Chandrasekhar-mass e xplosions. Moreo v er, the e xplosion of the
econdary in the TwoExpl model only changes the centre-of-mass
elocity of the iron-group elements, but not that of the intermediate-
ass elements of the ashes of the primary white dwarf. Thus it

an increase the difference between the two. Finally, future 3D
ynthetic nebular spectra of the OneExpl and TwoExpl models and
heir differences will likely be able to either confirm or falsify our
ew model in which both white dwarfs explode. 
Another route to distinguish the OneExpl and TwoExpl model may

e to look at even later times and study nearby Type Ia supernova
emnants. Again it seems necessary to compare them using full 3D
odels, that start to become feasible today (Ferrand et al. 2022 ). In
NRAS 517, 5260–5271 (2022) 
articular it will be interesting to see if the different geometry of the
entral ejecta and different signature of the secondary white dwarf
an be distinguished in synthetic observables. 

The biggest uncertainty in our simulation very likely is the ignition
f the carbon detonation in the secondary white dwarf. The strength
f the detonation shock of the explosion of the primary white dwarf
eems to help. Therefore we expect it to facilitate the detonation for
ore massive primary white dwarfs, because their explosions are
ore energetic and have a larger momentum. If the secondary white

warf ignites only for a fraction of the exploding double-degenerate
ystems, we expect it will explode more often for more massive
rimary white dwarfs. Ho we ver, other parameters like the mass of
he secondary white dwarf and the mass of the helium shell on the
econdary white dwarf can also influence the outcome and drastically
ncrease the complexity of this scenario. 

These parameters may determine whether or not the secondary
hite dwarf explodes at all. Ho we ver, it is also possible that they
nly change the timing between the explosion of the primary white
warf and that of the secondary white dwarf. For a smaller time lag
etween both explosions, we may expect the ejecta of the primary
hite dwarf to be more strongly affected, and the observables to show
ifferences to the case with no explosion of the secondary earlier. 
The second big uncertainty is the mass of the helium shell of the

rimary white dwarf at the time it starts e xplosiv e burning. This will
epend on the formation history of the primary white dwarf as well
s the amount of helium transferred from the secondary white dwarf
o the primary white dwarf prior to the dynamical phase of the binary
ystem that we can actually model. Even though the helium-shell
asses used in this study seem to be possible in observed systems

Pelisoli et al. 2021 ), they are both highly uncertain and hard to
odel. So the obvious next step should be to do a parameter study

hat varies the helium-shell masses of both white dwarfs broadly for
 given combination of white dwarf masses, i.e. we end up with four
ssentially independent parameters to co v er. 

Finally, we emphasize that it is crucial to simulate the full binary
ystem and to take the secondary white dwarf fully into account to
aithfully assess the validity of double-degenerate progenitor systems
or Type Ia supernovae. 
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