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ABSTRACT
Recent progress in numerical simulations of thermonuclear supernova explosions brings up
a unique opportunity in studying the progenitors of Type Ia supernovae. Coupling state-of-
the-art explosion models with detailed hydrodynamical simulations of the supernova remnant
evolution and the most up-to-date atomic data for X-ray emission calculations makes it possible
to create realistic synthetic X-ray spectra for the supernova remnant phase. Comparing such
spectra with high-quality observations of supernova remnants could allow us to constrain
the explosion mechanism and the progenitor of the supernova. The present study focuses in
particular on the oxygen emission line properties in young supernova remnants, since different
explosion scenarios predict a different amount and distribution of this element. Analysis of the
soft X-ray spectra from supernova remnants in the Large Magellanic Cloud and confrontation
with remnant models for different explosion scenarios suggest that SNR 0509−67.5 could
originate from a delayed detonation explosion and SNR 0519−69.0 from an oxygen-rich
merger.

Key words: hydrodynamics – ISM: supernova remnants – supernovae: individual:
0509−67.5 – supernovae: individual: 0519−69.0.

1 IN T RO D U C T I O N

There is general consensus that SNe Ia are exploding white dwarfs
(WDs), composed of carbon and oxygen, where the explosion is
triggered by mass transfer from a companion star (e.g. Hillebrandt
& Niemeyer 2000). Traditionally, two classes of potential binary
progenitor systems are distinguished: the single-degenerate pro-
genitor channel (SD), in which the companion of the WD is a nor-
mal star (Whelan & Iben 1973), and the double-degenerate channel
(DD) with two WDs interacting and merging (Iben & Tutukov
1984). At present it is unclear whether one of these possibilities
is exclusively realized in nature or whether both contribute to the
class of SNe Ia. In the past, it was believed that in the SD sce-
nario the exploding WD has to be close to the Chandrasekhar-mass
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limit to ignite explosive carbon burning, first as a subsonic com-
bustion wave (deflagration) with a likely transition to a detonation
after it has expanded to somewhat lower density, in order to be in
agreement with the observed light curves and spectra. The major
disadvantage of this scenario was too low a number of events pre-
dicted by binary population synthesis. The DD scenario, on the other
hand, had the disadvantage that theory predicted that the process of
merging would lead to an accretion-induced collapse rather than a
thermonuclear disruption (see Hillebrandt & Niemeyer 2000, for a
review).

More recently, supported by increasing evidence from obser-
vations, the picture has emerged that SNe Ia are a more diverse
class of objects (Li et al. 2011). The SD channel now includes
WDs that explode with a mass significantly below the Chan-
drasekhar mass, the explosion being triggered by the detonation
of a layer of helium on top, accreted from the companion, the
so-called ‘sub-Chandrasekhar double-detonation’ scenario (Livne

C© 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Leiden University Scholary Publications

https://core.ac.uk/display/388667705?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:daria.kosenko@gmail.com


1442 D. Kosenko et al.

1990; Fink, Hillebrandt & Röpke 2007; Moll & Woosley 2013). In
fact, this scenario is not limited to the SD channel. It may happen
that during the process of merging helium from the outer layers of
the companion WD is accreted on to the primary and burns explo-
sively there (Pakmor et al. 2013). In addition, the DD channel may
include binaries with a He WD as secondary companion instead
(see Hillebrandt et al. 2013, for a recent review).

For our present study it is important that the various explosion
scenarios yield element abundances and distributions which can
be rather different and can, in principle, be distinguished by ob-
servations. For instance, Chandrasekhar-mass delayed-detonation
models and the sub-Chandrasekhar ones predict generic differences
for the iron-group elements because, in the first scenario, subsonic
turbulent nuclear burning at high density goes together with con-
vective mixing (Seitenzahl et al. 2013), whereas in the second sce-
nario the density at ignition, set by the WD’s mass, determines
the final abundances and their distribution, and there is no mixing
(Shigeyama et al. 1992; Sim et al. 2010). Some DD mergers, on the
other hand, may have iron-group abundances very similar to the SD
sub-Chandrasekhar explosions if the secondary WD is left behind
unburned.

As far as lighter elements, such as oxygen, are concerned signifi-
cant differences exist between the various scenarios as well. In DD
mergers with a CO WD companion there may be a lot of unburned
oxygen in the system, by default a generic feature of models in which
the secondary is disrupted but not completely burned (Pakmor et al.
2012). In contrast, delayed-detonation Chandrasekhar-mass mod-
els have little oxygen, but at high velocity (Seitenzahl et al. 2013),
as have accreting sub-Chandrasekhar models (Fink et al. 2010). In
pure-deflagration Chandrasekhar-mass models, finally, due to mix-
ing, low-velocity oxygen could also be present (Fink et al. 2014).
It is the main goal of this paper to investigate if such differences
may leave signatures in the X-ray emission during the supernova’s
remnant phase.

In a supernova remnant (SNR) when the reverse shock propa-
gates inwards into the SN ejecta, the heated ejecta start to produce
thermal X-ray emission, whose properties are determined by the
chemical composition of the plasma (see Vink 2012, for a review).
We perform numerical hydrodynamical simulations of an SNR evo-
lution for different thermonuclear explosion scenarios. The analysis
of the synthetic soft X-ray spectra built from these hydrodynamical
models shows that the properties of the respective oxygen emission
lines systematically vary from model to model.

To assess the significance of these variations we confront the
numerical models with observations of young SNRs located in
the Large Magellanic Cloud (LMC), SNR 0509−67.5 and SNR
0519−69.0. To estimate the oxygen contribution to the emission,
we use data from the reflective grating spectrometer (RGS) on
board the XMM–Newton observatory. We consider these objects as
good case studies as the available high-resolution soft X-ray spectra
clearly show the presence of bright oxygen emission lines (Kosenko
et al. 2008; Kosenko, Helder & Vink 2010). Moreover, these objects
are fairly well studied, so estimates of their dynamical properties
(such as size, age and ISM density) are available in the literature.

The structure of the paper is as follows. We outline the explosion
models used in this study in Section 2 and describe our method
in Section 3. Results from our simulations and the corresponding
synthetic X-ray spectra are discussed in Section 4. A detailed de-
scription of two LMC remnants and an analysis of the oxygen lines
in their spectra are presented in Section 5. A comparison of our
models with the observed data is given in Section 6. Finally, we
discuss our results in Section 7 and conclude in Section 8.

2 E X P L O S I O N M O D E L S

For the present study we have picked three hydrodynamical models
which may be considered as being ‘typical’ for some of the explo-
sion scenarios introduced in Section 1, and for explaining ‘normal’
SNe Ia. The models were chosen to produce about 0.6 M� of 56Ni
in all cases such that the predicted luminosity at peak would agree
with ’normal’ SNe Ia.

The first model (‘subch’, 1.1 ×1051 erg) is from the class ’sub-
Chandrasekhar double detonations’ as described in Fink et al. (2010)
and Sim et al. (2010). In the work of Fink et al. (2010) the core det-
onation is caused by the detonation of a thin He shell of a few
10−2 M�. In contrast, in the Sim et al. (2010) work the CO core
detonation is an assumption and the effect of the He layer on light
curve and spectra is ignored, the goal being to study the general
behaviour of such models rather than detailed spectra. The partic-
ular model we use here is not described in those papers but was
chosen to match the radioactive Ni mass of the other two models
discussed below. It consists of a bare 1.1 M� CO WD with an ar-
tificially ignited central detonation. After explosion, the simulation
yields 0.615 M� of 56Ni and the mass of oxygen is 0.07 M�, with
velocities from about 14 000 to more than 25 000 km s−1. Synthetic
light curve and spectra resemble normal SNe Ia rather well.

The second model (‘deldet’; 1.4 × 1051 erg) is a ‘classical’
delayed-detonation model (Röpke et al. 2012; Seitenzahl et al.
2013). In this model, a Chandrasekhar-mass WD was set up in
hydrostatic equilibrium with a central density of 2.9 × 109 g cm−3

and an electron fraction of Ye = 0.498 864, corresponding to solar
metallicity. An initial deflagration was ignited in 100 sparks placed
randomly in a Gaussian distribution within a radius of 150 km from
the WD’s centre in order to get approximately 0.6 M� of 56Ni. Af-
ter an initial deflagration phase a detonation was triggered based on
the strength of turbulent velocity fluctuations at the flame front (for
details on the treatment of the deflagration-to-detonation transition,
see Ciaraldi-Schoolmann, Seitenzahl & Röpke 2013). The evolution
was followed to a time of 100 s after ignition, by which homolo-
gous expansion of the ejecta was reached to a good approximation.
This model fits the data of SN 2011fe in M101 reasonably well
(Röpke et al. 2012). The mass of oxygen predicted by the model is
0.101 M�, slightly above the sub-Chandrasekhar model presented
here. Typical oxygen velocities are in the range from 10 000 to
20 000 km s−1.

The third model (‘merger’, 1.6 × 1051 erg) we will use for our
comparison with X-ray data is the inspiral, merger, and explosion
of two CO WDs with 1.1 M� and 0.9 M�, respectively. Details of
the corresponding simulations are given by Pakmor et al. (2012). In
this simulation, the inspiral and merger phases were followed with a
version of the SPH code GADGET (Springel 2005) and the subsequent
thermonuclear detonation was modelled with techniques similar to
those employed in the delayed-detonation model described before.
The question of whether a detonation triggers at the interface be-
tween the two merging stars is controversial. In our simulations we
assumed a detonation to trigger when in one location the temper-
ature exceeded 2.5 × 109 K in material of ρ ≈ 2 × 106 g cm−3

(Seitenzahl et al. 2009). Again, the evolution was followed up to
100 s and the composition of the ejecta was determined in a post-
processing step. Also this model was used for a comparison with
SN 2011fe by Röpke et al. (2012). Here the oxygen mass in the
ejecta is considerably higher than in the two other models, namely
0.492 M� and the abundance distribution, in particular that of the
iron-group elements is far less symmetric. Typical oxygen velocities
range from a few 1000 to 20 000 km s−1.
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Figure 1. Spherically averaged radial abundance profiles of the most prominent elements as functions of ejecta velocity. The model’s age is 10 yr.

For all three models the element abundances and their distribution
differ (Fig. 1) which will become important when we discuss their
X-ray spectra.

3 M E T H O D

For our hydrodynamical (HD) simulations of the SNR evolution
we apply the SUPREMNA code (Blinnikov et al. 1998; Sorokina et al.
2004; Kosenko 2006). SUPREMNA uses an implicit Lagrangian formu-
lation and takes into account the most important relevant physical
processes, such as electron thermal conduction and a self-consistent
calculation of the time-dependent ionization of the shocked plasma.
The contribution of relativistic cosmic ray particles to the dynamics
is treated in a two-fluid approximation (Kosenko, Blinnikov & Vink
2011). Since SUPREMNA assumes spherically symmetric ejecta, we
use spherically averaged versions of the multi-dimensional explo-
sion models described above, keeping in mind that there could be
complications for the ‘merger’ model.

The HD package is coupled with the most up-to-date atomic data
from the SPEX spectral fitting software (Kaastra, Mewe & Nieuwen-
huijzen 1996) to obtain synthetic X-ray spectra from the modelled
SNR. The call of the SPEX routine is executed for each cell of the HD
grid. The total spectra are obtained by integrating over the entire
model.

4 N U M E R I C A L S I M U L AT I O N S

The SNR evolution was modelled for each of the three explosion
scenarios. We start the simulations at a time of ∼3 years after the
explosion (the explosion models were expanded accordingly with
the unstable nickel decayed to iron). The remnants expand through
a uniform interstellar medium (ISM) with a temperature of 104 K
and various densities n0. We set the ratio of electron to ion tempera-
ture to 0.3. Electron thermal conduction was suppressed (Sorokina
et al. 2004) and diffusive shock acceleration (DSA) processes were
neglected. However, we run one model with a moderate DSA effi-
ciency in order to estimate its impact on the final results.

To illustrate how the composition of the models influences the
emission from remnants, synthetic X-ray spectra in the range of
(0.45–0.7) keV at a remnant’s age of ∼430 yr are presented in
Fig. 2. The spectra are shown for different values of n0 (marked in
the middle column). The lines of O VII at 0.57 keV, O VIII at 0.65 keV,
and N VII and N VI at 0.5 keV (marked in the middle row) are visible
for all models and ISM densities.

The spectra in Fig. 2 reveal that in the ‘subch’ and ‘deldet’ models
most of the carbon is depleted, while the ‘merger’ is rich in the

light elements. In the ‘subch’ and ‘deldet’ models the ejecta C VI

contribution at 0.46 keV is absent, and only the S XIII complex at
0.47 keV is noticeable for n0 � 1.0 cm−3. In the ‘merger’ spectra
the sulphur contribution cannot be distinguished as it mixes with
the relatively bright carbon line seen as an emission excess at 0.45–
0.49 keV.

5 A NA LY S I S O F T H E OX Y G E N E M I S S I O N
L I N E S FO R T H E VA R I O U S E X P L O S I O N S

To estimate the line brightness, we consider the flux (FX) of a line
and its equivalent width, EW =∫

(FX − F0) dE/
∫

F0 dE, where F0

is the continuum flux at the line centroid. Furthermore, we calculate
ratios of the oxygen emission line characteristics relative to those of
nitrogen. Although the ‘merger’ model yields noticeable amount of
nitrogen (mass fraction of ∼3 × 10−5), it is still negligible compared
to the solar abundance of ∼10−3 and to the nitrogen fraction in the
LMC, which we assume is approximately a factor of 3 less than that
of the Milky Way (e.g. Welty et al. 1999; Piatti & Geisler 2013). By
relating the ejecta emission to the emission from the shocked ISM,
we partially eliminate the effects of the unknown properties of the
underlying continuum.

The EW is a measure of the total amount of the emitting particles.
It takes into account all the particles with different velocities, thus
accounting for the effects of the Doppler broadening. However, the
EW depends on the continuum level around the line, which includes
thermal and non-thermal components and depends on unknown
plasma parameters (ion and electron temperatures, density, filling
factor, etc.). In addition, our 1D hydrodynamical method cannot
predict the X-ray continuum with sufficient accuracy.

Using the ratios of the line fluxes alleviates the influence of the
continuum but does not account for the Doppler effect. However,
we expect the line velocity broadening of the shocked oxygen in the
ejecta and of the shocked nitrogen in the ISM to be correlated. A
time evolution of the dimensionless EWs of O VII/N VII (solid) and
O VIII/N VII (dashed) for our models and different ISM densities is
presented in Fig. 3.

The time when the profiles reach their maximum is determined
by the energy of the respective explosion. The amplitude of the EW
ratios depends on the amount of oxygen. In remnants younger than
100–200 yr the ISM nitrogen line is rather weak, which explains the
high values of the EW ratios at this stage. At an age of several hun-
dred years the nitrogen line becomes pronounced and the respective
EW ratios drop.

At low ISM densities and early times of � 100 yr (the left plot
of Fig. 3) the ‘deldet’ and ‘merger’ profiles both produce weak
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Figure 2. Synthetic X-ray spectra for different ambient medium densities. S XV is at 0.45 keV, C VI line is at 0.46 keV, S XIII is at 0.46–0.47 keV, N VII line is
at 0.5 keV, O VII is at 0.57 keV, and O VIII is at 0.65 keV (marked in the middle row). Blue thin lines are for the shocked ISM, thin red for the shocked ejecta,
thick black line is the total emission. The exact time of the model is in the left column, and the ISM density is indicated in the middle column.

Figure 3. Evolution of the equivalent width ratios of O VII/N VII (solid) and O VIII/N VII (dashed) for different ambient densities (n0 = 0.3, 1.0, 3.0 cm−3 from
left to right, respectively).

oxygen emission relative to nitrogen. Different oxygen abundance
is balanced by the different explosion energy, so that the normalized
oxygen emissivity is comparable. However, later (e.g. starting from
100 yr for the left plot with n0 = 0.3 cm−3) the ‘merger’ scenario
yields higher oxygen emissivity.

For the high-density models the ‘merger’ profiles clearly stand
out compared to the other two cases. The profiles for the ‘deldet’
model are lower, as this scenario has almost as much oxygen as
the ‘subch’ model while it is almost as energetic as the ‘merger’
model. High-velocity outer layers of the ejecta lead to the expansion

MNRAS 449, 1441–1448 (2015)
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Figure 4. Left column: FS radii as a function of time for different explosion models (as indicated by the legends in the middle and right columns). Middle/right
column: evolution of the oxygen to nitrogen EW and flux ratios, respectively. The evolution of the different models is mapped against the corresponding FS
radius. Squared markers correspond to the measurements of SNR 0509−67.5 and diamonds to SNR 0519−69.0. Horizontal error bars are the age uncertainty
as estimated in Kosenko, Ferrand & Decourchelle (2014). Vertical error bars are derived from the data 1σ uncertainty of nitrogen flux/EW measurements. The
different rows correspond to different ISM densities as indicated in the labels in the left column. The simulations in the second row account for DSA by cosmic
rays (acceleration parameter qCR = 0.7).

of the forward shock (FS) as fast as in the ‘merger’ model (see
the dynamics in the left column plots of Fig. 4) involving more
nitrogen from the ambient medium, which reduces the respective
normalized EW. Thus, relatively weak oxygen lines are normalized
by the relatively bright nitrogen emission. At higher densities/later
times (right panel of Fig. 3), when the reverse shock takes over the
inner layers of the ejecta, the oxygen emissivity of the ‘subch’ and
‘deldet’ models decreases more rapidly compared to the ‘merger’.
This is a consequence of the different oxygen distribution in the
inner layers of the explosion models.

A few HD evolutionary models taking into account DSA were
also created. The modified models were built for n0 = 0.3 cm−3 and
an acceleration parameter qCR ≡ PCR/Ptot = 0.7, where PCR and
Ptot are the cosmic ray and the total pressure at the FS, respectively

(developed by Kosenko et al. 2011). For demonstration purposes
this parameter was chosen higher than typical expected values of
qCR for SNRs; e.g. for Tycho SNR Kosenko et al. (2011) found
qCR � 0.5–0.7 (in the assumption of constant cosmic ray diffusion
coefficient).

6 OX Y G E N I N S U P E R N OVA R E M NA N T S
I N T H E L A R G E MAG E L L A N I C C L O U D

To determine whether the difference in the oxygen emission line
properties can in principle be detected in SNR spectra, we con-
sidered XMM–Newton observations of two young remnants in the
LMC: SNR 0509−67.5 (OBSID 0111130201) and SNR 0519−69.0
(OBSID 0113000501). We analysed their RGS (den Herder et al.
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2001) data using the standard method described in the XMM–
Newton ABC Guide (cleaned for soft protons and subtracted the
background).

The spectra in the range of (0.45–0.7) keV were fitted with a
power law and four Gaussians for the four lines of interest (C VI,
N VII, O VII, and O VIII with the XSPEC1 software package; Arnaud
1996). The flux ratios were calculated as the ratios of the respective
normalizations; the EW values are provided by the EQWIDTH utility
applied to each Gaussian component.

Due to the poor data statistics, we did not apply the Galactic fore-
ground absorptions in these fits. This simplification is acceptable
because we do not use absolute values of fluxes. The best-fitting
photon index for SNR 0509−67.5 is ∼3.8 ± 0.4 and for SNR
0519−69.0 is 0.7 ± 0.2. These measurements are in agreement
with the low column density (nH <1021 cm−2) found in Warren
& Hughes (2004) in the SNR 0509−67.5 direction. In addition,
spectral fitting of Kosenko et al. (2008) shows no evidence of the
Galactic interstellar absorption for this SNR. For SNR 0519−69.0,
however, Kosenko et al. (2010) reported nH � 2.6× 1021 cm−2.

Even though the χ2/d.o.f. values of the fits are satisfactory (0.99
for SNR 0509−67.5 and 0.98 for SNR 0519−69.0), the quality of
the data does not allow us to estimate the parameters of the lines
with adequate precision. The relative errors of the weak nitrogen
line are rather large, reaching ∼70 per cent (1σ ). Thus, the derived
fluxes and EWs should be used with caution and may serve only as
approximate indications.

In order to confront the data with the models it is essential to
know the dynamical properties and evolutionary stages of the rem-
nants with sufficient accuracy. The analysis of SNR 0509−67.5 data
reported by Kosenko et al. (2008) gives an ISM density of n0 = (0.4–
0.6) cm−3, Warren & Hughes (2004) measured n0 = 0.05 cm−3, and
an SNR parametric analysis reported in Kosenko et al. (2014) con-
strains n0 to (0.1–0.3) cm−3 (for an SN explosion of 1051 erg). Using
light echo measurements Rest et al. (2005) limited the age of SNR
0509−67.5 to 400 ± 120 yr. Measurements of Ghavamian et al.
(2007) give an age in the range 300–600 yr. Badenes et al. (2008)
suggested that the remnant originated 400 years ago and expands
through an ISM with 0.4 cm−3. They confirmed the results of Rest
et al. (2008) where it was found that the SNR originated from an
explosion similar to SN 1991T, releasing an energy of 1.4 × 1051

erg and producing almost one solar mass of 56Ni.
The XMM Newton X-ray data from SNR 0519−69.0 studied by

Kosenko et al. (2010) provide an ISM density estimate of (2.4 ±
0.2) cm−3 and ∼0.4 M� of oxygen in the shocked ejecta. Note that
the oxygen abundance derived from the spectral fitting is about
four times higher than in SNR 0509−67.5. The parametric studies
(Kosenko et al. 2014) give n0 = (0.5–1.0) cm−3 (for an explosion
energy of 1051 erg) and the light echo measurements of Rest et al.
(2005) indicate an age of 600 ± 200 yr.

Even though in Kosenko et al. (2014) the ages for SNR
0509−67.5 and SNR 0519−69.0 were constrained to 310–410 yr
and 600–700 yr, respectively, these spans are still too wide to iden-
tify the dynamical stages of these remnants. On the other hand, their
angular dimensions are measured with relatively high accuracy due
to the known distance to the LMC. Warren & Hughes (2004) re-
ported a radius of 3.6 pc for the shell of SNR 0509−67.5 and the
radius of the FS in SNR 0519−69.0 is 4.0 pc (Kosenko et al. 2010).
Thus, in Fig. 4 we show the evolution of the [O VII+O VIII]/[N VII] ra-
tios of the EWs and fluxes mapped against the corresponding radius

1 Version 12.7.1

instead of the remnant’s age (the middle and the right columns). The
HD SNR evolutionary models2 numerically computed by SUPREMNA

for ISM densities of n0 = 0.3 cm−3, n0 = 0.3 cm−3 with DSA, n0

= 1.0 cm−3, and n0 = 2.0 cm−3 are depicted in the left columns of
Fig. 4. The squares and the diamonds correspond to the measure-
ments of SNR 0509−67.5 and SNR 0519−69.0 correspondingly.

The dynamical evolution profiles (left column) and the data show
that for SNR 0509−67.5 the acceptable ISM density lies approxi-
mately in the range of (0.2–0.7) cm−3 for the ‘subch’ model and of
(0.3–1.0) cm−3 for the ‘deldet’ and ‘merger’ models. This implies
that for these ranges of the ISM density in our set up the dynamics of
SNR 0509−67.5 matches the dynamics of the corresponding mod-
els. The range for the ‘subch’ model is not explored by Fig. 4 and
can be estimated from either linear interpolation between 0.3 cm−3

− 330 yr and 1.0 cm−3 − 470 yr or adopting locally Sedov (n0∝t2)
expansion in the vicinity of 0.3 cm−3 ∝ 330 yr and 1.0 cm−3 ∝
470 yr.

On the other hand, the oxygen emission profiles (in the middle
and the right columns) exclude our ‘subch’ model for n0 � 0.5
(for simplicity no DSA assumed). In contrast, our ‘deldet’ model
matches the oxygen emissivity of SNR 0509−67.5 in the required
dynamics range of n0 = (0.3–1.0) cm−3. However, keep in mind
that CR acceleration will change these estimates towards slightly
lower values of n0.

For SNR 0519−69.0 the dynamical evolution requires n0 � (0.8–
1.5) cm−3 for the ‘subch’ model, and n0 � (1.5–2.5) cm−3 for the
‘deldet’ and ‘merger’ models. Even though the available precision
of the oxygen emission data does not exclude the ‘subch’ model for
this remnant, the measured amount of shocked oxygen of ∼0.4 M�
(Kosenko et al. 2010) renders this case implausible. According
to these plots, our ‘merger’ model matches the oxygen emissivity
of SNR 0519−69.0 for the ISM density range of (1.5–2.5) cm−3.
However, at this stage the quality of the data (and the statistical
significance of the fit) does not allow us to make a definitive pre-
diction.

7 R ESULTS AND DI SCUSSI ON

The method we describe here allows us to constrain the explo-
sion mechanism and progenitor scenario of thermonuclear SNe by
investigating emission properties of their remnants. It is based on
modelling the soft X-ray spectra produced by the shocked SN ejecta,
which can be confronted with the observations of SNRs. This tech-
nique can be applied to any remnant of a thermonuclear explosion
in order to constrain the nature of its explosion. Comparison of the
model spectra with high spectral resolution RGS spectra from two
LMC SNRs suggests that a robust identification of the progenitor
scenario may be achieved with high-quality data.

Note that for our simulations of the remnant phase we had to use
spherically averaged versions of the 3D explosion models described
in Section 2, which are generically asymmetric. This may affect the
shape and strength of the predicted line features. A proper modelling
of the synthetic spectra requires a 3D treatment of the SNR evolution
which could be addressed in future studies.

By relating the oxygen emission lines to those of nitrogen we
grade most of the uncertainties in the nature of the underlying con-
tinuum. The corresponding emission lines lie close to each other in
the spectrum and originate from adjacent regions in the shell, how-
ever separated by the contact discontinuity. Estimates of the oxygen

2 The ISM metallicity is 0.3 of solar.
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mass in the remnants of SNR 0509−67.5 and SNR 0519−69.0
reported in Kosenko et al. (2008) and Kosenko et al. (2010) are
subject to many uncertainties that stem from the poorly known con-
ditions around the SNRs. The robustness of these results should be
considered with caution (see the relevant discussions in the afore-
mentioned studies) and they require additional confirmation from
other sources and methods. The approach presented here combined
with high-quality data has the potential to reconstruct basic proper-
ties of the explosion mechanism. The evolutionary plots can serve
as a tool for a prompt classification of any SNR with the available
soft X-ray data. Observational data points can be straightforwardly
derived from the spectra. No complex and cumbersome multicom-
ponent spectral modelling is required.

Our best guess for the ISM density of ∼0.5 cm−3 for SNR
0509−67.5 agrees with almost all other measurement and with
HD models where an explosion of 1.4 × 1051 erg is adopted. Using
the presented technique we find that our delayed detonation model
(1.4 × 1051 erg, ∼0.6 M� of 56Ni) agrees better with the data than
the merger for SNR 0509−67.5. However, neither of them is a good
model for a 91T-like explosion as inferred for this remnant (Rest
et al. 2008; Badenes et al. 2008). The latter is more abundant than
‘deldet’ in 56Ni (∼1 M�), but of the same explosion energy. If that
is the case, our comparison with the ‘subch’ and the ‘deldet’ models
may be significantly affected. For these two models, the amount of
oxygen in the ejecta will be significantly lower if the 56Ni mass in-
creases to 1 M�. Therefore, it can be seen as an indication in which
direction to search for a good model for this particular remnant at
best. Once a detailed simulation of SN1991T explosion becomes
available it can be applied to SNR 0509−67.5 in this framework.

It is still unclear how the explosion mechanism affects the
morphology of SNRs expanding into a uniform medium. SNR
0509−67.5 shows a rather spherical shape (see fig. 1 in Warren
& Hughes 2004) which seems natural for single degenerate sce-
nario. For merger remnants in contrast one would expect a more
asymmetrical structure. However, a study of Schaefer & Pagnotta
(2012) showed no evidence of a surviving companion star in SNR
0509−67.5, challenging an origin from a delayed detonation in a
single-degenerate progenitor and indicating a WD merger. As this
remnant does not show an oxygen overabundance in its spectra, this
could imply an oxygen-poor merger scenario, which could occur if
the secondary star is not disrupted, leaving ejecta much more simi-
lar to a ‘subch’ model than our ‘merger’. However, in this case there
will also be a compact remnant (the secondary WD) left, although
very faint and probably undetectable.

In contrast, SNR 0519−69.0 has a tilted axisymmetric morphol-
ogy (fig. 1 in Kosenko et al. 2010) and our analysis suggests that the
most plausible progenitor for this remnant is an oxygen-rich merger.
This is in concordance with the high oxygen abundance found by
Kosenko et al. (2010) and also in agreement with conclusions of
Edwards, Pagnotta & Schaefer (2012) derived from the absence of
a companion star in the centre of the SNR. In this scenario, the
respective ISM density of ∼2.0 cm−3 reconciles the X-ray mea-
surements and the HD simulations with explosion energy of 1.6 ×
1051 erg. Nevertheless, considerably higher quality of the RGS data
is required in order to derive more reliable conclusions on these
SNRs.

We note that a SN type Ia progenitor can modify the ambi-
ent medium through mass outflow and produce a structured and
probably clumpy bubble. This should have noticeable effect on the
remnant evolution. Moreover, a wind from a pre-supernova can
modify the chemical composition of the circumstellar medium
(CSM), which in turn could affect nitrogen abundance and thus its

emissivity. Chiotellis et al. (2013) have shown how a non-uniform
CSM around a SN progenitor will affect the SNR’s evolution and
eventually also its X-ray emission. They modelled the remnant of
SN 1572 (Tycho) by means of the SUPREMNA code. They also anal-
ysed the impact on the X-ray emission from chemically enriched
AGB winds, and found that the changes in the integral thermal
emission are not noticeable. It is conceivable that in some special
cases the nitrogen abundance in the CSM could be modified by the
progenitor, thus slightly altering our criteria; however the current
accuracy of the measurements would not allow us to distinguish
such a minuscule difference.

We note that within the scope of the present paper we focus
on the variations caused by different explosion mechanisms only.
A more detailed approach would require self-consistent models of
stellar evolution and an explosion model coupled to a realistic wind
profile. The presence of dense clouds in the vicinity of a supernova
could alter the overall properties the remnant’s X-ray emission, but
in comparison to the effects caused by differences in the chemical
composition of the ejecta these effects should be small. In addition,
we note that it is commonly assumed that these LMC remnants
expand into a uniform medium.

8 C O N C L U S I O N

A method based on state-of-the-art 3D simulations of thermonu-
clear SN explosions, coupled with hydrodynamic calculations of
the SNR’s evolution, making use of the most up-to-date atomic
data, was used to study the properties of oxygen emission lines
in synthetic X-ray spectra. It was shown that confronting these
models with observations of young SNRs can help to identify
the nature of their progenitors. Our results suggest that for SNR
0519−69.0 an oxygen-rich merger is the preferred scenario whereas
SNR 0509−67.5 could be either the result of a delayed-detonation
explosion or an oxygen-poor merger. Even though, at present, the
quality of data available is insufficient to draw robust conclusions,
combining different observations and data allows narrowing down
possible scenarios.
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