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Abstract

Type la supernovae (SNe) are believed to be caused by the thermonuclear explosion of a white dwarf (WD), but
the nature of the progenitor system(s) is still unclear. Recent theoretical and observational developments have led
to renewed interest in double-degenerate models, in particular the “helium-ignited violent merger” or “dynamically
driven double-degenerate double-detonation” (D®). In this paper we take the output of an existing D® SN model
and carry it into the supernova remnant (SNR) phase up to 4000 yr after the explosion, past the time when all the
ejecta have been shocked. Assuming a uniform ambient medium, we reveal specific signatures of the explosion
mechanism and spatial variations intrinsic to the ejecta. The first detonation produces an ejecta tail visible at early
times, while the second detonation leaves a central density peak in the ejecta that is visible at late times. The SNR
shell is off-center at all times, because of an initial velocity shift due to binary motion. The companion WD
produces a large conical shadow in the ejecta, visible in projection as a dark patch surrounded by a bright ring. This
is a clear and long-lasting feature that is localized, and its impact on the observed morphology is dependent on the
viewing angle of the SNR. These results offer a new way to diagnose the explosion mechanism and progenitor

system using observations of a Type Ia SNR.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Supernova remnants (1667); Hydrodynamical

simulations (767)

Supporting material: animations, interactive figure

1. Introduction

Supernovae (SNe) mark the end of the life of stars, and are
one key step in the life cycle of elements in the Galaxy. Type Ia
SNe have attracted a lot of attention, for enabling the discovery
of cosmic acceleration (see Garnavich 2017, for a review). SNe
Ia are thought to be the thermonuclear explosion of a white
dwarf (WD), although they come in many types (Jha et al.
2019) and their progenitor system(s) are still unclear
(Ruiter 2020). Many scenarios have been proposed for the
explosion (Hillebrandt et al. 2013), a basic idea being that the
WD is part of a binary system so that it can increase its mass
via accretion or merger.

There is no consensus on the nature of companion stars of
exploding WDs. The companion star may be a nondegenerate
star—the single degenerate scenario (Whelan & Iben 1973;
Nomoto 1982), another WD—the double-degenerate scenario
(Iben & Tutukov 1984; Webbink 1984), or the core of an
asymptotic giant star—the core degenerate scenario (Kashi &
Soker 2011). Recent observations have put some constraints on
the single degenerate scenario. No red-giant star has been
found in the pre-explosion images of SN 2011fe and 2014J (Li
et al. 2011; Kelly et al. 2014, respectively), which are the
nearest type la SNe observed in the past decade. No surviving

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
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stellar companions were convincingly detected in the remnants
of nearby Ia SNe (see Ruiz-Lapuente 2019, for a review). On
the other hand, some type la SNe may indicate the presence of
nondegenerate companion stars, such as PTF11kx (Dilday et al.
2012), iPTF14atg (Cao et al. 2015), and SN 2012cg (Marion
et al. 2016). These observational results suggest that type Ia
SNe may have multiple origins (Hillebrandt et al. 2013).

The double-degenerate scenario is one of the promising
scenarios for type Ia SNe. In this scenario, the exploding WD
may be a near-Chandrasekhar-mass explosion with high central
density, or a sub-Chandrasekhar-mass explosion with low
central density. Near-Chandrasekhar-mass explosion has been
thought to be difficult theoretically, because such a WD
converts its composition from carbon—-oxygen to oxygen—
neon—magnesium (Saio & Nomoto 1985; Schwab et al. 2012;
Ji et al. 2013), and collapses to a neutron star rather than
exploding as a type Ia SN (Nomoto & Kondo 1991). Various
sub-Chandrasekhar-mass explosion models have been sug-
gested. Although the violent merger model can successfully
produce type Ia SNe (Pakmor et al. 2011, 2012; Tanikawa et al.
2015), the total mass of two WDs should be larger than the
Chandrasekhar mass (Sato et al. 2015, 2016), which means that
the event rate is smaller than the type Ia SN rate (Maoz et al.
2014). Another model, called the “helium-ignited violent
merger” or “dynamically driven double-degenerate double-
detonation” (hereafter, D6) allows the total mass of the two
WDs to be less than the Chandrasekhar mass (Guillochon et al.
2010; Pakmor et al. 2013). The D° scenario is supported by the
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recent discovery of a hypervelocity WD by Shen et al. (2018b),
which is expected to be left as a by-product of the explosion.
Thus, the D® model has become a promising model for type
Ia SNe.

This has motivated many researchers to examine the double
detonation of a sub-Chandrasekhar-mass WD with respect to its
explodability, nucleosynthesis, and observability (e.g., Shen
et al. 2018a, 2021; Gronow et al. 2020, 2021; Polin et al.
2019, 2021; Pakmor et al. 2021). These studies have mainly
focused on the exploding WD, not the surviving WD. Papish
et al. (2015) and Tanikawa et al. (2018, 2019) have shown that
D® SN ejecta exhibit nonspherical features because of the
presence of the surviving WD. If such nonspherical features
can survive until the remnant phase, it would be inconsistent
with spherically symmetric objects. On the other hand, SN
ejecta may become spherical through interaction with the
interstellar medium (ISM). In addition, the chemical composi-
tions of D° ejecta would be different from those of SN Ia ejecta
with a nondegenerate companion star. In the D® scenario, ejecta
can contain a significant amount of carbon and oxygen,
stripped from the companion WD (Tanikawa et al. 2018,
2019). If the companion star is nondegenerate, the ejecta may
contain hydrogen stripped from a main-sequence or red-giant
star, or helium in the case the companion is a helium star
(Marietta et al. 2000; Pan et al. 2012; Liu et al. 2013; Boehner
et al. 2017). It is unknown whether this difference is observable
or not after SN ejecta interact with the ISM.

The supernova remnant (SNR) is the phase following the
SN, made from the interaction of the ejecta with the
circumstellar and/or interstellar matter (Reynolds 2017). In a
young, ejecta-dominated SNR, the shell of shocked matter is
bounded by two shocks: the forward shock (FS) developing
ahead of the supersonic ejecta, and the reverse shock (RS)
forming inside the ejecta as they are decelerated. The shocked
matter (shocked ejecta and shocked ISM) is heated to X-ray-
emitting temperatures, for thousands of years (Vink 2017). The
interface between the ejecta and the ISM, a contact disconti-
nuity (CD), is unstable and subject to the Rayleigh-Taylor
instability (RTI). This shapes the SNR independently of its
initial conditions (the explosion) and boundary conditions
(the ISM).

In this work we are specifically investigating the impact of
the initial explosion on the SNR morphology. A D° SN is rather
symmetric, except for the marked imprint from the companion
WD. In the study of thermonuclear explosions in binary
systems, there has been a number of works that considered the
interaction of the ejecta with the companion star, in terms of the
impact on the SN emission, or the fate of the companion (e.g.,
Marietta et al. 2000; Pakmor et al. 2008; Kasen 2010; Liu et al.
2013; Maeda et al. 2014; Boehner et al. 2017; Dessart et al.
2020; Zeng et al. 2020; Liu & Zeng 2021). There have also
been several searches for surviving companions in SNRs (Ruiz-
Lapuente 2019), but looking for normal stars—an exception
being Kerzendorf et al. (2018), who looked for a WD too,
motivated by the theoretical study of Shen & Schwab (2017).
A feature of the D® scenario is that the surviving companion
is itself a WD.” In contrast only afew works have looked
into the signature of a companion on the SNR—and all
assuming normal stars for the companion (Lu et al. 2011;

T A companion WD could also exist in a single degenerate scenario with the

spin-up/spin-down mechanism (Di Stefano et al. 2011; Justham 2011; Hachisu
et al. 2012; Benvenuto et al. 2015).
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Table 1
Model Parameters

primary’s mass

secondary’s mass

orbital separation

primary’s orbital velocity

secondary’s orbital velocity

angular size of secondary seen from
primary

M, = 1.0 M., (95% CO + 5% He)
M, = 0.6 M., (100% CO)
dy, = 1.6 x 10* km
vy = 1100 km s~
vy = 1800 km s’
20, = 44°, Q, = 0.46 sr

ejecta mass
total kinetic energy
ISM density

Mg =0.97 M,
Esy = 1.11 x 109! erg
pism = 0.1 rn},,.crn73

Vigh et al. 2011; Garcia-Senz et al. 2012; Gray et al. 2016). In
this paper we investigate for the first time the imprints on the
SNR with a WD companion and follow the evolution up to
when all the ejecta have been shocked.

Our approach is to run numerical simulations from the 3D
SN to the 3D SNR. We already applied it to the canonical
model for a Type Ia SN: the explosion of a Chandrasekhar-
mass WD (Ferrand et al. 2019, hereafter PaperI), examining
the impact of the ignition and of the propagation of the flame
(Ferrand et al. 2021, hereafter Paper II). In Paper I we showed
that, assuming a uniform ambient medium, the impact of the
SN on the SNR may still be visible after hundreds of years.
Furthermore, in PaperIl we showed that the details of the
explosion mechanism matter: the more asymmetric ignition
setups produce more asymmetric remnants, and in a way that is
different for deflagrations versus detonations. In this paper we
are investigating a different kind of Type Ia model: the double
detonation of a WD in a double-degenerate system.

The paper is organized as follows. In Section 2 we
summarize the methods for carrying out the numerical
simulations and analyzing their results. In Section 3 we present
the results on the SNR morphology, using a selection of
representative maps. In Section 4 we discuss implications for
observations of young, nearby SNRs. In Section 5 we conclude
and outline our perspectives with the D® model.

2. Method

Our simulation is done in two steps, the SN explosion per se,
already published, and the subsequent SNR evolution,
presented in this paper.

The supernova—Our D° SN model is described in detail in
Tanikawa et al. (2018). The main model parameters are
summarized in Table 1. The simulation was made with a
smoothed-particle hydrodynamics (SPH) code, using a Helm-
holtz equation of state (Timmes & Swesty 2000), and coupled
with the nuclear reaction network Approx13 (Timmes et al.
2000). As for the initial conditions, we considered a binary
system with WDs of mass 1.0M, for the primary and 0.6M,
for the secondary. According to Shen et al. (2018a; see their
Figure 5) a1.0M. WD produces about the mass of *°Ni
required to power a typical SN Ia, while lower masses would
produce underluminous events and higher masses would
produce overluminous events. As for the mass of the
secondary, the way it impacts the explodability of the primary
is not settled, but it should not affect the result of the explosion
of the primary. The primary is made of 95% CO in its core and
5% He in its shell, while the secondary is pure CO with equal C
and O, in mass (there is the possibility that the secondary also
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Figure 1. Slice of the ejecta of the D® explosion, annotated with its specific features. This figure was made from the output data at 50 s of the SN simulation published
in Tanikawa et al. (2018), which are the input data of the SNR simulation presented in this paper. The quantity plotted is the mass density of the ejecta of the exploded
primary WD. The slice is taken in the x—y plane, through the origin of the z-axis. The tail visible at the bottom (blue outline) is where the first detonation folded over on
itself, on the surface of the primary WD, opposite to the ignition point. The second detonation, which destroyed the primary WD, happened near its center (red arrow).
The shadow that was cast in the ejecta of the primary WD by the presence of the secondary WD is visible on the bottom left side (green outline). It has a conical shape,
of half-opening angle 6. The inner part of it, along the cone axis, is contaminated with material stripped from the secondary WD. (At the scale of this plot, the two
WDs can barely be distinguished, their separation is of the order of the thickness of the solid lines.) A Sketchfab-based interactive version of the D® SN at 50 s is
available in the online Journal. This version shows a set of isocontours of the mass density, rendered as semitransparent surfaces: four contours in the inner ejecta, at
levels ranging from 8% to 1% of the maximum value from red to yellow, and two contours in the outer layers, at levels 10~ and 10~ in white. This view highlights

the conical shadow cast by the companion WD, and also shows the tail.

has an He layer). Although the exact composition of the
primary WD does affect the yields somewhat, it does not alter
the total kinetic energy of the ejecta (Sim et al. 2010), which
controls the dynamics of the remnant phase. The two WDs
orbit each other with a semimajor axis of 1.6 x 10* km. The
first detonation is ignited by adding a hot spot on the surface of
the primary. The hot spot is located in the orbital plane of the
binary system, and in the propagating direction of the primary
WD.® The first detonation develops over the He layer, and folds
over on itself in #=1.25s, making a splash at the opposite
point. The shock is then channeled into the WD, and it
converges at the center at r=1.625s, triggering the second
detonation, the thermonuclear explosion that disrupts the
primary WD. The explosion generates a kinetic energy of
~10°" erg and synthesizes a mass of >°Ni of 0.54 M,

The interaction of the primary WD’s ejecta with the
secondary WD produces distinctive features in otherwise
spherically symmetric ejecta, as seen in Figure 5 in Tanikawa
et al. (2018) and our annotated Figure 1. The main feature is a
wide shadow in the ejecta (solid angle €2 = 1.8 sr, of conical
shape with half-opening angle 6=44°5), aregion of lower
density and more irregular material, which was cast by the
companion. A second feature is a narrow stream (2 = 0.21 sr,
6 = 14°8) of material that was stripped from the companion; in

8 Guillochon et al. (2010) obtained that the first detonation starts at the end
point of the accretion stream, but Pakmor et al. (2013) obtained that it starts far
from this end point, which suggests that it could start at any point on the orbital
plane.

particular, low-velocity carbon and oxygen moving at ~3000
km s '. Such low-velocity oxygen can be seen in the nebular
phase of SN 2010lp (Kromer et al. 2013; Taubenberger et al.
2013) and iPTF14atg (Kromer et al. 2016), two SN 2002es-like
subluminous type Ia SNe. Also visible in Figure 1 in the outer,
less dense region, is an extended tail, along the line where the
first detonation folded over on itself on the surface of the
primary WD. Another feature of the D® explosion is that the
ejecta have a velocity shift of ~1000 km s~'. In our simulation
the secondary WD survives the explosion of the primary (it
may or may not explode; see Tanikawa et al. 2019). It has a
velocity of ~1700 km s~ ', that is, traveling 1 pc every 575 yr,
in a direction perpendicular to the axis of the conical shadow,
and it has a peculiar composition from ejecta contamination.
An interactive 3D model of the ejecta is available online,” made
from isocontours of the mass density, which shows the conical
shadow, as well as the tail.

The supernova remnant—Results of the SN simulation at 50 s
were mapped to a Cartesian grid of physical size 6 x 10'" cm
with spatial resolution 256° , and loaded into our custom version
of the Eulerian hydrodynamics code Ramses (Teyssier 2002) to
conduct the SNR simulations. The ability of the code to follow
SNR dynamics was demonstrated in our earlier works focused
on particle acceleration (Ferrand et al. 2010, 2012, 2014). For
D(’, the companion itself is not included in the SNR simulation
(its size is <2 x 10” cm, about the size of a single grid cell); only
its impact on the ejecta is considered (the direct interaction

® On Sketchfab at skfb.ly/6VXwU.
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between the companion WD and the ejecta is finished by that
time). The method is the same as in Papers I and II. Considering
the initial quasi self-similarity, we first scale up the hydro
profiles from 50s to 1day, and start the SNR simulation at
1 day. We follow the evolution up to 4000 yr after the explosion,
which is after the RS has shocked all of the ejecta and reached
the SNR center. This is a more advanced age than in previous
papers, because we observed longer-lasting features with D°.
The SNR remains in an adiabatic phase of evolution, with our
parameters the radiative snowplow phase would start at about
50,000 yr (Cioffi et al. 1988). The SNR simulation is performed
in a comoving grid: factoring out the global expansion of the
SNR over that period of time allows us to focus numerical
resolution on the dynamics of the shocked ejecta.'® For
reference the box size is 4.5 x 107 pc at 1day, 5.6pc at
100 yr, 40 pc at 4000 yr. In order to separate the effects of the
explosion and of any structure in the ambient medium, we
assume a homogeneous ISM of number density 0.1 cm > to
have dynamics roughly similar to Tycho’s SNR. The overall
hydrodynamic evolution of the SNR is controlled by three
characteristic scales for the radius, velocity, and time
(Dwarkadas & Chevalier 1998; Warren & Blondin 2013):

3My )7’

Feh = ( el ) ~ 4.54 pc, (1)

47TPISM

2E 1/2
uch:( SN) ~ 10700 km s~ !, )

¢

fn =~ ~ 412 yr, (3)

Uch

where M, is the mass of the ejecta, Egy is the (kinetic)
explosion energy, and pigy is the mass density of the ISM.

The analysis of the SNR morphology is performed as
explained in the previous papers. At each step we track three
surfaces of particular interest: RS, CD, FS. At run time we
extract in 3D the surface of each wave front and record its
radius from the explosion center. Treating the latter as a
function on a sphere, we expand its relative variations in
spherical harmonics and compute the angular power spectrum.
The simulation was also done with smooth initial conditions
(labeled 1Di, versus 3Di for the full initial conditions), made by
averaging the mass density over all angles, in order to assess
what happens from the SNR phase only.

3. Results

Our simulation shows the expected dynamical evolution for a
young SNR: the formation of a shell of dense and hot matter
bounded by the RS and the FS. This is the region where thermal
emission is produced in the X-ray band, which can be observed
with space-borne telescopes. In Figure 2 we show a 3D view of
the SNR shell, at an age of 500 yr for illustration. In this plot only
the shocked matter is shown, the ejecta shocked by the RS (green
hues), and the ISM shocked by the FS (purple hue). We use both
isocontours and a volume rendering of the mass density. Part of
the shell has been removed to show its interior. The typical field

10 Numerical resolution affects our ability to capture the RTI: the instability
always grows from the smallest scales available, up to larger scales over time.
A resolution study was performed for the N100 model, and the overall trends
on maps and angular spectra were found to be robust—see the discussion in
Section 4.1 in Paper I.

Ferrand et al.

of Rayleigh-Taylor fingers is visible all around. The shell is
globally symmetric except for a flat edge of the RS (at the bottom
of the plot), with reduced RTI between the shocks. As we will see
more clearly in the subsequent figures, this is the imprint from the
shadow cast by the companion WD in the ejecta of the exploded
WD. We also note a region with more marked fingers (toward the
bottom right corner of the plot); this corresponds to the tail where
the first detonation folded over on itself. Another 3D model of the
SNR is available online,'' made from isocontours of the ejecta
tracer, which shows the morphology of the RT fingers in the
shell of shocked matter, and is interactive.

In the following, in order to explain the morphological
evolution we use three different kinds of plots: (i) 2D slices of the
mass density, of all the matter, to reveal the inner structure of the
SNR (Figure 3); (ii) 2D projections along a line of sight of the
density squared, which serves as a proxy of the thermal X-ray
emission (Figure 4); and (iii) spherical maps and angular spectra,
which show the surface of the wave fronts and quantify their
angular content (Figures 5, 6, 7). To make it easier to identify the
features from the explosion, we generated color-coded masks that
show the shadow cone from the WD companion (green), and the
tail where the first detonation converges at the surface of the
exploding WD (blue), versus the regular ejecta (red). For each of
the three series of figures listed above, the masks are generated in
the same way as the maps: a slice (not time-dependent, as it is
purely geometrical), a sum in projection weighted by the quantity
of interest (slightly time-dependent, as the quantity may be
evolving), the intersection with the wave fronts (slowly time-
dependent, as the waves are moving). For the slice and projection
maps, on each figure we show the results along three directions
(the three principal axes x, y, z of our simulation box), so as to
grasp the entire morphology of the SNR. By design the spherical
maps show the entire surface of the SNR at once.

Slices—Slices of the mass density are shown in Figure 3 at
select times, and a movie from 1 yr to 4000 yr by steps of 1 yr
is available online. The projected position of the companion
WD, assuming ballistic motion, is indicated by a white cross; it
is still inside the SNR by the end of the simulation. Over time,
the characteristic shell structure develops, bounded by the RS
and FS. The RTI grows on top of the irregular ejecta boundary.
While the instability is in the linear phase, the fingers grow
exponentially in time, the resolution of our simulation does not
allow us to probe this phase in detail. According to Schulreich
& Breitschwerdt (2022), the instability saturates and enters the
nonlinear phase by the time the extent of the perturbations has
reached half their wavelength, which in our simulation happens
within the first few years of the SNR evolution. For hundreds
of years after, we see that the evolution of the RTI fingers is
essentially self-similar. After about a thousand years, we see
that the fingers start merging with one another.

Looking at features from the explosion, we note the persistence
of a dense region in the center of the remnant. The shell is off-
center, as a result of the initial velocity shift—so the geometric
center of the remnant is not the explosion point. There are two
other prominent features that stem from the explosion. First, the
tail from the first detonation is visible past the average shock
surface. At early times (around a hundred years after the
explosion) it looks like a protrusion, being ahead of the average
FS surface, but actually it is present from the beginning and is
being overtaken by the bulk of the expanding ejecta. This feature

' On Sketchfab at skfb.ly/0qoGX
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Figure 2. 3D view of the D® SNR at 500 yr. The solid contours are isocontours of the mass density. Green colors in the inner layers correspond to shocked ejecta,
while purple colors in the outer layers correspond to shocked ambient matter. In both panels the contours are clipped to one half of the SNR to see its interior. In the
bottom panel, a volume rendering of the mass density of the shocked ejecta is included, over the entire surface of the SNR. A Sketchfab-based interactive version of
the D® SNR at 500 yr is available in the online Journal. This version shows isocontours of the ejecta tracer, in the shell of shocked matter. Layers of shocked ejecta are
displayed in cool colors, from green at the RS to blue at the CD. Layers of shocked ISM are displayed in warm colors, from purple at the FS to red at the CD. The
shocks, RS and FS, are rendered as semitransparent surfaces. This view highlights the morphology of the RTI fingers.

is mostly erased after a few hundred years. Second, the conical
shadow from the companion WD is visible as a deformed RS. In
this underdense region the RS is traveling faster, the net result
after a few hundred years is that the shock front looks segmented,
with a straight edge across the shadow. Also we note that the
edges of the cone have enhanced RT fingers growth.

The RS moves inward inside the ejecta,'” reaching the center
at about r=2690yr. This time is expected to scale as

12 For a distant observer, the motion of the RS is first outward and later
inward, as the RS velocity overtakes the SNR expansion velocity. Regardless,
the RS is continuously sweeping up additional mass and thus moving to lower
mass coordinates.
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Figure 3. Slices of mass density at several times: 1 yr, 100 yr, 500 yr, 1000 yr, 2000 yr, 4000 yr after the explosion, along three different axes (principal axes x, y, z, of the
simulation box). The box size is 0.14 pc at 1 yr, 5.6 pc at 100 yr, 15 pc at 500 yr, 22 pc at 1000 yr, 30 pc at 2000 yr, 36 pc at 3000 yr, 40 pc at 4000 yr. Note that the color
scale is shared by the three slices, but adjusted independently at each time. The yellow cross marks the center of the exploded WD, the white moving cross marks the
position of the surviving WD assuming it keeps its initial velocity (the WD is not resolved). An animated version of this figure is available online, showing the evolution
from 1 yr to 4000 yr by steps of 1 yr (the duration is 1 minute 20 s). The first plot is a color-coded mask to aid in identifying the origin of the features: red = regular ejecta,
green cone = shadow from the companion, blue cylinder = tail from the first detonation. These masks are only shown at # = 1 yr as they are not evolving over time.

(An animation of this figure is available.)

Equation (3), that is, Eqy’ ZMS/ 6 pI_SIN/I3' In particular a lower/

higher ambient density would mean a slower/faster evolution.
After the RS has converged at the center, there is evidence of a
rebound. This feature, which is robust in 3D (Petruk et al.
2021), will be studied in more detail in future work. The

peculiar shape of the RS described above is visible all the way
from its birth to its disappearance.

Projections—Projections of the density squared of the
shocked ejecta, a proxy for their broadband thermal X-ray
emission, are shown in Figure 4 at select times, and a movie
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Figure 3. (Continued.)

from 1 yr to 4000 yr by steps of 1 yr is available online. Most of
the small-scale structures visible on these maps come from the
RTI Over time the distance between the CD and the FS is
increasing, and so in a comoving frame the ejecta appear to be
shrinking in size. Only the shocked ejecta are shown, and so
the central density peak is visible only when the RS reaches the
center of the SNR. In projection, the tail from the first

detonation is more difficult to see. The shadow from the
companion is well visible; it appears as a dark disk surrounded
by a brighter ring. The dark disk corresponds to an underdense
region, while the bright ring corresponds to enhanced RTL
These features are actually getting more marked over time.
They are visible until the rebound of the RS. As the shadow is a
localized feature, the SNR morphology is different depending
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Figure 4. Projection of the mass density squared of the shocked ejecta at several times: 1 yr, 100 yr, 500 yr, 1000 yr, 2000 yr, 4000 yr after the explosion, along three
different axes (principal axes x, y, z, of the simulation box). The box size at each time is the same as in the previous figure. Note that the color scale is shared by the
three slices but is adjusted independently at each time. An animated version of this figure is available online, showing the evolution from 1 yr to 4000 yr by steps of
1 yr (the duration is 1 minute 20 s). The first plot is a color-coded mask to aid in identifying the origin of the features: red = regular ejecta, green cone = shadow from
the companion, blue cylinder = tail from the first detonation. These masks are only shown at # = 1 yr as they are mildly evolving over time.

(An animation of this figure is available.)

on the direction of observation. Along the x-axis one is looking
almost along the conical axis and so one sees the entire darker
disk, along the y-axis one is looking at some angle and sees a
bright ellipse, and along the z-axis one is looking sideways and
sees a bright bar on the edge.

Initially the shocked ejecta dominate the overall shocked
mass and thus the thermal X-ray emission, but eventually the

shocked ISM dominates in mass.'”> When adding the
contribution for the shocked ISM using the same proxy of

13 For reference, the time at which the swept-up ISM mass is equal to the
ejected mass, called the Sedov—Taylor time, is fst = 465 yr for our assumed
parameters. The SNR dynamics will follow the Sedov-Taylor solution for
t > tst.
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Figure 4. (Continued.)

density squared summed along the line of sight, the D°
signature features are still visible at 500 yr, but become hidden
at about 1000 yr. So one needs to separate the emission of the
shocked ejecta and of the shocked ISM, which is possible using
spatially resolved X-ray spectroscopy, as they have different
compositions and thermodynamic states. In a subsequent
paper focused on the thermal X-ray emission, we will
present the separate contributions of the different media and
of the different elements they contain. Furthermore, when
particle acceleration happens, the induced nonthermal (syn-
chrotron) emission traces the outline of the FS at X-ray
wavelengths.

Wave fronts—The SNR shell is bounded by two shocks, the
RS and the FS, while the ejecta and the ISM are separated by
one interface, the CD. Spherical maps and angular spectra of
the location of CD, RS, FS are shown in Figures 5, 6, 7,
respectively, at select times, and movies from 1 yr to 4000 yr
by steps of 1yr are available online.'* The spherical maps
allow us to see at a glance the entire surface considered. The

14 Note that the RS is not picked up by the shock tracking system during its
final collapse to the center and after its rebound, even though it is visible in the
slices and projections. Angular spectra are no longer reliable when this
happens.
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Figure 5. Morphology of the contact discontinuity. Maps on the left are spherical projections of the radial variations of the location of the wave. We use the Mollweide
projection; for all times it is centered on the dipole component at the initial time. Spectra on the right result from an expansion in spherical harmonics of these
variations. At angular wavenumber ¢, the typical angular scale probed is /¢, and the power C, plotted is normalized in such a way that each grayed bin is the
contribution of wavenumber ¢ to the total variance of the radial fluctuations. Three times are shown: 1 yr, 100 yr, 500 yr. The maps and spectra evolve slowly after
that. An animated version of this figure is available online, showing the evolution from 1 yr to 4000 yr by steps of 1 yr (the duration is 1 minute 20 s). The first plot is a
color-coded mask to aid in identifying the origin of the features: red = regular ejecta, green cone = shadow from the companion, blue cylinder = tail from the first

detonation. These masks are shown at r =1 yr.
(An animation of this figure is available.)
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Figure 6. Morphology of the reverse shock. Same as Figure 5, for the radial variations of the RS location. Three times are shown: 1 yr, 100 yr, 500 yr. An animated
version of this figure is available online, showing the evolution from 1 yr to 4000 yr by steps of 1 yr (the duration is 1 minute 20 s).

(An animation of this figure is available.)

angular spectra, as a function of the angular wavenumber ¢, in time, except for a permanent dipole (/= 1, meaning two-
allow us to quantify which angular scales contribute to the sided), which comes from the velocity shift from the binary
overall morphology of the SNR. For each wave front we motion. For the CD, we see that the RTI is growing from the
observe SN modes at large scales (small £) that decay quickly smallest scales (largest £) to larger scales (smaller ¢), as
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Figure 7. Morphology of the forward shock. Same as Figure 5, for the radial variations of the FS location. Three times are shown: 1 yr, 100 yr, 500 yr. An animated
version of this figure is available online, showing the evolution from 1 yr to 4000 yr by steps of 1 yr (the duration is 1 minute 20 s).

(An animation of this figure is available.)

expected. In the first part of the simulation, the RTI spectral driven by mergers. Maps for the RS and the FS are simpler than
distribution is fairly symmetric, with a central peak slowly the ones for the CD, although they bear some imprint of the
shifting to lower £. After about 1000 yr, the distribution gets RTI as well: the feet of the fingers for the RS, the tips of the
increasingly skewed toward lower?, as finger growth is now fingers for the FS. The tail from the first detonation is visible at
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Figure 8. Fractional rms (square root of the angular power) as a function of time, for the three wave fronts: FS in red, CD in green, RS in blue. Time is indicated in
years and in the characteristic timescale as defined by Equation (3). Two cases are compared: spherically symmetric ejecta (1Di, dashed curves) vs. asymmetric ejecta
(3Di, solid lines). The top panel shows the evolution of the total power, for each interface, until the final simulation time of 4000 yr. The curves for the RS are stopped
when the tracking of its surface, and therefore the calculated angular power becomes unreliable. The time when the RS reaches the center is indicated by the vertical
blue line. The bottom panel shows the power separately at large scales, excluding the dipole (1 < £ < 10, thick lines) and at small scales (£ > 10, thin lines), only for
the CD, and up to 500 yr after the explosion. The vertical dotted line indicates the time at which the two curves intersect for the 3Di simulation.

the beginning. Then the ring from the companion shadow
appears, seen on the spectra in the low-£ modes.

As a final step, we aim to quantify which of the initial
conditions (progenitor system and explosion mechanism) and
of the ejecta—ISM interaction (growth of the RTI) shape the
SNR at a given age. The summed angular power in the wave
front deformations is shown in Figure 8 as a function of time.
The top panel shows the evolution until the simulation end time
4000 yr, for each of CD, RS, FS, for both 1Di and 3Di cases.
The 1Di case uses smooth initial conditions. For the FS and RS
nothing is expected to happen and so this is merely a test of the
numerical precision; for the CD this case shows the effect of

13

purely the RTIL The 3Di case uses the actual initial profiles, and
shows the imprint of the explosion. On the angular spectra, we
see that the SN modes (at large scales) and the SNR modes (at
small scales) can be separated for the first few hundred years
around /= 10;the power in these two separate ¢bands is
plotted in the bottom panel, for the CD only, up to 500 yr. At
small scales (excluding the permanent dipole, thin lines) the
evolution is similar in the 1Di and 3Di cases, which comforts
us in the fact that it corresponds to RTI growth. At large scales
(thick lines), in 1Di nothing happens as expected, while
in 3Di a decay is visible, strong initially but not reaching zero
level. Looking at the 3Di case (solid lines), the low-£and
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high-£ curves for the CD intersect at 85 yr. It means that, after
that time, most of the angular power in the ejecta morphology
is coming from the SNR RTI, which is in its nonlinear phase of
self-similar growth. However signatures of the explosion are
still visible on the maps at much later ages, because they are
localized in space, stable in time features. This is in contrast
with our previous studies in Papers I and II with the N series of
models, for which signatures were seen as statistical deviations
across the entire SNR surface.

4. Discussion

We have presented for the first time the evolution and
morphology of a D® SNR, up to 4000 yr after the explosion,
which with our chosen ISM density is after all the ejecta have
been shocked. In this section we discuss implications for the
interpretation of observations of SNRs.

4.1. Other Effects

First we comment on aspects of our modeling that may be
simplifications of the physical problem.

Effect of a different environment—We have deliberately
used a very simple homogeneous ambient medium, in order to
study the impact of the initial conditions. Certainly the ISM
could be more complicated, especially after a few thousand
years of evolution when the blast wave has covered tens of
parsec, and that would impact the SNR as well. What we are
demonstrating in this work, is that an inhomogeneous ISM is
not required in order to produce a complex SNR morphology.
The morphology we have been exploring is what is obtained,
even in a uniform ISM, from the D" explosion physics. Type Ia
SNRs are known to have more regular shapes overall than core-
collapse SNRs (Lopez et al. 2011), but they do not necessarily
have symmetric ejecta.

Effect of radioactive decay of *°Ni—We investigated the
effect of heating from radioactive decay with a simplified
approach, as in PapersI andIL.'> We observed that heating
tends to smooth the features, especially the central density
peak, which thus may not be a robust feature. On projected
maps, the main features we discussed in the previous section
(tails from the first detonation, shadow from the companion)
are still visible, just somewhat washed out. We recall that our
simplified treatment, with local deposition of the available
energy, provides the maximum possible impact of nickel decay.
We note that centrally bright SNRs are observed: the so-called
mixed-morphology SNRs (or thermal composites) that display
radio shells with centrally peaked thermal X-rays, but these
tend to be older objects and associated with massive star
explosions (see the discussion in PaperlIl). It would be
interesting to confirm whether some objects from this class
originate from thermonuclear explosions.

4.2. Comparison with Previous Works

As mentioned in the introduction, only a few previous works
have looked into the signature of a companion star on the SNR,
some driven by observations (Lu et al. 2011; Vigh et al. 2011),
others more theoretical in nature (Garcia-Senz et al. 2012; Gray
et al. 2016). We now compare our results to their findings.

15" Another radioactive element of interest to SN Ia is **Ti. However its yield is
expected to be much smaller than that of *°Ni, and it is not reliably calculated
in our SN simulation.
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Garcia-Senz et al. (2012) ask whether there is “a hidden
hole” in Type Ia SNRs. They perform 2D axisymmetric
SPH simulations, which are also done in two steps, the SN then
the SNR. Using an existing spherical model for the ejecta, they
first compute the interaction of the ejecta with the companion,
then remove the companion, scale up the ejecta, add a uniform
ambient medium, and follow the SNR evolution from 28 yr to
1000 yr. They assume the companion to be a main-sequence
solar-like star, and that it makes a “hole” in the ejecta up to a
half-opening angle 6 = 20°, which is half the size of the ejecta
shadow in our D® model.'® They note that the hole can actually
affect the SNR on larger angular scales. Their main finding is
that the hole can remain open several hundred of years, which
is consistent with our own findings. They report that RTI is
enhanced at the edges of the hole, which we also observe in our
simulations. They state that the hole is visible only along some
directions, which we (and Gray et al. 2016 discussed next)
disagree with, as in X-rays the entire SNR is observed in
projection. In a follow-up paper (Garcia-Senz et al. 2019) the
study was complemented with 3D simulations plus a laser
laboratory experiment.

Gray et al. (2016) investigate the “shadows” of Type la SNe
companions. They perform 3D SPH simulations, also done in
two steps, with the SNR evolution calculated from 100 yr
(which is quite late for assuming free expansion) to 1000 yr
(although results are shown only up to 300 yr). They assume
the companion to be a subgiant star and find that it makes a
shadow with half-opening angle of §=40°, similar to the
ejecta shadow in our D® model. They also find that the shadow
is visible for hundreds of years. They compute a proxy for the
thermal X-ray emission, and their maps in Figure 10 are to our
knowledge the closest to our present work. As in our maps, the
shadow is present at all viewing angles, with a different
morphology depending on the direction of observation with
respect to the shadow conical axis. Looking along the axis, a
darker disk is observed on the surface of the remnant, and
looking across the axis, a straight bright bar is observed at the
edge of the remnant; in between an ellipse is observed, similar
to what we obtained for D° (with a different kind of
companion).

Lu et al. (2011) interpret some features seen in the X-ray
images of Tycho’s SNR as signatures of an (unseen)
companion: a prominent arc would be a bow shock, and a
darker region along the edge would be a shadow. The half-
opening angle of the feature is about 6=~ 10°, which is
significantly smaller than the shadow of the aforementioned
models and of our D® model, although comparable with the size
of the stream of stripped material. The paper offers no detailed
modeling of the ejecta—companion interaction. The companion
is assumed to be a normal star. Having presented evidence for
the existence of a companion, the authors claim that this is
evidence for the single degenerate scenario, which we now
know is not correct: a double-degenerate explosion like D® can
leave a surviving companion that can leave its imprint on
the SNR.

It is worth noting that despite using different companion
stars, in the numerical models discussed above, the angular size
of the companion as seen from the explosion center is similar:
in Garcia-Senz et al. (2012), for a Sun-like companion,
60 =19%5; in Gray et al. (2016), for more massive stars, 6

16 As there is actually matter everywhere, just less dense and more turbulent
around the companion, we prefer to use the term “shadow” rather than “hole”.
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ranges in 24°-30°; and in our work, for a WD, 6 =22°. The
rough uniformity of angular size is a direct consequence of
assuming mass transfer from the companion onto the primary.
Assuming that the companion fills its Roche lobe at its orbital
distance, its angular size is known to be a function of only the
mass ratio g of the binary (Kopal 1959); g = 0.6 in our model.
Using Eggleton (1983) formula, the angle 6 = 10° inferred by
Lu et al. (2011) would require g to be about 0.06, which seems
unreasonably small. We also note that, being nonthermal, the
X-ray arc in Tycho is more likely related to particle
acceleration at the shock front.

Vigh et al. (2011) observe that Tycho’s SNR has a two-
sided, east/west morphology, like two hemispheres of slightly
different radius. One of the possible causes they identify is
mass loading from a companion star (other possibilities include
an asymmetric wind of the progenitor). To assess this scenario,
they perform hydro simulations, 2D axisymmetric and 3D, with
varying opening angle and mass excess. They find that the
morphology of Tycho can be reproduced with an opening angle
of 90° (that is, an entire hemisphere) and a mass excess
between 0.3 and 0.6 M. They produce mock X-ray maps (their
Figure 9 and 11) that are not as realistic looking as ours or the
ones of Gray et al. (2016). In a follow-up study (Moranchel-
Basurto et al. 2020), they perform 3D MHD simulations and
compute the synthetic synchrotron emission in radio. Whether
or not it is appropriate to explain Tycho’s SNR, this model is
unlike a D° SNR.

4.3. Possible Target SNRs

Having described a D¢ SNR, it is natural to ask whether such
a SNR has been observed or not. The sample of possible targets
is quite limited. With current instruments, morphological
studies are possible for SNRs located in our galactic
neighborhood: the Milky Way and the Large and Small
Magellanic Clouds (LMC and SMC). Plus we should look for
SNRs that are dynamically young enough that their morph-
ology be determined by the explosion rather than by the
circumstellar medium. In the models investigated in Papers I
and II, the imprint of the explosion was found to typically last
for a few hundred years, though for D? it can last longer. There
are only a handful of nearby SNRs known to be the remnants of
Type Ia SNe and less than about a thousand years of age: G1.9
+0.3 (about 150 yr, Borkowski et al. 2013); SNR 0509-67.5
(about 400 yr, Warren & Hughes 2004; Rest et al. 2005);
Kepler’s SNR = SN 1604 = G4.5+6.8 (417 yr, Reynolds et al.
2007; Burkey et al. 2013), with a mysterious asymmetric
morphology that must be giving us insights into the progenitor
system (e.g., Kasuga et al. 2021); the aforementioned Tycho’s
SNR = SN 1572 = G120.14+1.4 (449 yr, Warren et al. 2005;
Yamaguchi et al. 2017); SNR 0519-69.0 (about 450-600 yr,
Kosenko et al. 2010; Rest et al. 2005); SN 1006 = G327.6
+14.6 (1015 yr, Uchida et al. 2013; Winkler et al. 2014); and
N103B = SNR 0509-68.7 (less than 850yr, Williams et al.
2018). We note that two of these SNRs, as observed in X-rays
with Chandra, bear some similarity with our D® SNR: SNR
0519-69.0 looks mostly spherically symmetric except for a
flatter section (similar to our model observed along the z-axis),
N103B =SNR 0509-68.7 exhibits a darker circular region
(similar to our model observed along the x-axis). Here we have
to acknowledge the current limitations of both the simulations
and the observations. Our simulations assume a clean
environment; our maps are therefore an ideal case scenario.
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In the LMC and SMC, some SNRs have interesting features but
are poorly resolved. We hope our work can help guide further
careful analysis of nearby SNRs. We will dedicate a subsequent
paper to spectroscopy diagnostics.

Finally, we note that one of the three hypervelocity WDs
found by Shen et al. (2018b) points back to a recently found
SNR candidate G70.0-21.5; however this scenario implies an
explosion about 100,000 yr ago. This SNR is due for a more
thorough X-ray study of the ejecta, but identifying the
morphological features presented in this work will probably
not be possible for such an old object.

5. Conclusion

In this paper, for the first time we have followed a “helium-
ignited violent merger” or “dynamically driven double-
degenerate double-detonation” (D6) SN model into the SNR
phase, up to 4000 yr after the explosion. We have analyzed the
structure of the SNR using a variety of representations: 2D
slices, 2D projections, 3D contours, and their angular
variations. We have found that a D® progenitor system and
explosion leave clear signatures on the SNR:

1. the first detonation produces an ejecta tail, which at early
times looks like a protrusion from the shell;

2. the second detonation leaves a central density peak,
which is revealed in X-rays when the RS reaches the
center;

3. because of the initial velocity shift, the SNR shell is off-
center at all times, which shows as a strong dipole
component in the angular spectra;

4. the companion star generates a conical shadow in the
ejecta, which is visible in projection as a dark patch
surrounded by a bright ring.

Basically we found that the specific 3D structure of the
explosion is preserved in the SNR phase. The features from the
first detonation and from the companion are localized, and so
the way they look depends on the direction of observation,
producing various SNR morphologies. However, as we see all
the shocked material in projection in X-rays, they should be
visible to some degree along any orientation. The features from
the shadow are long-lasting; they could in principle be detected
in the shocked ejecta up to the time when the RS rebounds at
the center of the SNR, which happens just short of 2700 yr after
the explosion for an assumed density of 0.1 cm>. The conical
shadow is visible on the SNR shell as a brighter ring
encompassing a darker disk. The ring is a region of overgrowth
of the RTI, while the disk is a region of undergrowth of it. This
rather unusual SNR morphology is obtained even in a uniform
ambient medium. So we point out that observing an irregular
TypeIa SNR does not necessarily implies an inhomogeneous
medium.

We emphasize that we have only one realization of the D®
model. The size of the shadow may depend on the strength of
the initial interaction between the ejecta and the companion,
which may depend on the masses and explosion energy. The
relative orientation between the tail from the first detonation
and the conical shadow from the companion may also vary. For
instance, the tail may happen to be aligned with the shadow,
which may affect its evolution. Our work, which shows that the
initial configuration matters in latter phases, should entice
modelers to do more exhaustive studies of the D°® scenario.
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In a follow-up paper, we will conduct a more advanced study
of the thermodynamical state of the plasma and its thermal
emission, in order to allow for more precise comparisons of our
simulation results with spatially and spectrally resolved X-ray
observations. Our additional perspectives with D® modeling
include, for the early phase, to study the nebular emission by
means of radiative transfer calculations, and for the later phase,
to study the visibility of the RS at and after its rebound. The
later point warrants further study regarding its observability in
SNRs, not just for D®. Finally we would like to encourage
searches for WDs in SNRs; D° is an example of a thermo-
nuclear explosion with a surviving companion that is not a
normal star.
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