Probing Progenitors of Type Ia Supernovae with Morphology of Their Remnants
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In the single-degenerate (SD) supernova scenario, a carbon-oxygen white
dwarf stably accretes matter from a binary companion until it reaches the
critical mass (Chandrasekhar limit) of about 1.4 solar masses. This condition
ignites carbon in the core, allowing for a thermonuclear deflagration to
propagate through the star and eventually cause a supernova. We explore the
resulting interaction between the supernova ejecta and the non-degenerate
companion and discuss the observable evidence indicative of this particular
supernova scenario.

Model
Model
For our SD supernova simulations, we use Proteus, a multi-dimensional
hydrodynamic block-structured AMR code based on the FLASH code [1]
architecture. To solve the Euler equations, we use the split piece-wise
parabolic method [2] with a Helmholtz stellar equation of state [3]. Self-gravity
is calculated using a multipole Poisson solver. A set of passively advected
mass scalars are utilized in order to track the evolution of different nuclear
species as well as to differentiate between the supernova ejecta and the
stripped companion material over the course of the simulation.
We perform two-dimensional, cylindrical, axisymmetric simulations with 200
mesh points per companion radius and varying domain sizes. We use
reflective boundary conditions on the axis of symmetry and outflow boundary
conditions elsewhere.
In our study, we consider various binary systems due to the fact that it is not
known what type of binaries produce Type Ia supernovae. One supernova
model and six binary configurations with suitable companions are considered
in our study. The SN Ia W7 [4] model is used to represent a Chandrasekhar
explosion of a carbon-oxygen white dwarf, and we consider six companion
types: three main-sequence-like (MS) stars of different masses, one subgiant
(SG) star, and two red giant (RG) stars of different masses [5]. In representing
these different companions, we note that the degenerate core of the red giant
stars are represented as point masses with the remainder of the envelope
surrounding this point mass, whereas the other companions are represented
without a point mass.

Fig. 3: Temperature distribution in four model binaries at a time when the supernova shock has
passed through half of the companion (Top left: A small main-sequence companion MS38. Top
right: The largest main-sequence companion MS54. Bottom left: The subgiant companion SG.
Bottom right: The largest red giant companion SY428).
Fig. 1: Density distribution of the same four systems at the final simulated time (the final
simulation times vary across each model). Note that the color scale changes in each panel in
order to highlight important features of each supernova remnant, most importantly the
existence of a low density region (or hole) resulting from the supernova ejecta interaction with
the companion. The dotted contour line designates a 50/50 mix of companion material and
supernova ejecta.
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In addition to simulating the interaction between W7 ejecta with the
companion star, we use a number of analysis tools to interpret the results. We
first require a method for determining the amount of mass stripped from the
companion. This is important from an observational point of view and allows
for model validation. At the final simulated time, the surface of the companion
star has not yet stabilized, so we designate the contour around the companion
star center (identified as the point with the highest density) where the total
energy of the surrounding material sum to zero to be the future surface, since
the material inside of the gravitational potential will remain bounded to the
companion, and the material outside will not. We then determine the final
mass of the companion integrating the mass within this.
Another quantity of interest allowing for testing against observations for our
models is the angular distribution of column density values of the final
simulated state. These column density calculations integrate the supernova
ejecta along rays originating from the center of the companion star. The
purpose of this analysis is to determine whether structural anomalies lie
within the supernova remnant as a result of the supernova-companion
interaction.

Fig. 2: Column density distribution in the SN-binary interaction models. Note the individual
curves are normalized to the column density corresponding to the line of sight across the ejecta
toward the companion star. (The region unaffected by the interaction process, which allows for
direct comparison between the models.) Here 0 degrees corresponds to a column density along
the positive z-axis in Fig. 2 and 90 degrees corresponds to a column density along the positive
r-axis.

MS38
MS54
MS63
SG
SY319
SY428

Initial Mass (M☉)

Final Mass (M☉)

Stripped Mass (%)

1.147

0.895

22

1.243

0.927

25

1.128

0.890

21

1.534

1.019

34

0.606

0.321

47

0.753

0.424

44

Table 1: Initial masses and final stripped masses for each companion. As expected, more
evolved companions with more expanded (and thus weakly bound) envelopes experience more
severe mass loss.

Discussion
Discussion
In this study, our goal is to obtain model observables for the diverse types of
binary systems that may produce Type Ia supernovae and in this way allow
for testing one of the supernova formation channels. In Figure 1, the density
distribution shows a bow-like structural feature bordering a low-density
conical hole found in each model at their respective final times. The column
density calculations in Figure 2 show this absence of material more clearly
at the lower angles, and we find that regardless of the mass of the
companion (for the models considered), the variation in the angular size of
the hole is minimal.
We are also interested in determining the properties of the remaining
companion star long after the supernova event. Table 1 shows the
percentage of mass stripped from each of the companions at the end of the
simulations. The evolved companions (the SG and SY models) have
expanded, weakly bound envelopes, which results in more severe mass loss.
This result could aid observers in determining whether stars in the vicinity of
the center of a supernova remnant may be possible companion candidates,
since our column density calculations show that the angular size of the hole
is independent of the mass of the companion.
In a future study, additional evidence will be obtained by calculating x-ray
emissions produced during the SN-companion interaction. During this
interaction, the shocked heating of the companion envelope produces high
temperatures (Figure 3), which results in x-ray emission. The high
temperature material builds up in the bow-like structure surrounding the lowdensity hole. Consequently, the generated x-rays can easily escape through
this low-density, conical hole rather than being absorbed by the supernova
ejecta.
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