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We report the discovery of optical emission from the nonradiative shocked ejecta of three young type Ia
supernova remnants (SNRs): SNR 0519-69.0, SNR 0509-67.5, and N103B. Deep integral field
spectroscopic observations reveal broad and spatially resolved [Fe XIV] 5303 A emission. The width
of the broad line reveals, for the first time, the reverse shock speeds. For two of the remnants we can
constrain the underlying supernova explosions with evolutionary models. SNR 0519-69.0 is well explained
by a standard near-Chandrasekhar mass explosion, whereas for SNR 0509-67.5 our analysis suggests an
energetic sub-Chandrasekhar mass explosion. With [S XII], [Fe IX], and [Fe XV] also detected, we can
uniquely visualize different layers of the explosion. We refer to this new analysis technique as “supernova

remnant tomography”.
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Type Ia supernovae (SNe Ia) are the thermonuclear
explosions of white dwarf (WD) stars. In spite of their
importance as distance indicators in cosmology [1,2] and
their major contribution to nucleosynthesis [3], no consen-
sus has been reached on their explosion mechanism(s) and
progenitor system(s) [4]. Even for the well-studied, nearby
SN 2011fe, a comparison of the observations and synthetic
spectral time series of the two leading explosion models has
failed to produce a clear winner: the “single degenerate”
delayed-detonation model of a ~1.4 M5 WD [5] and the
“double degenerate” merger with a ~1.1 My [6] primary
WD explain the observations nearly equally well [7].

An alternative approach to solving the SN Ia progenitor
problem is via multiwavelength observations of supernova
remnants (SNRs). Following the thermonuclear incinera-
tion of a white dwarf, the freshly synthesized heavy
elements are ejected at high velocity. The supersonic
expansion drives a forward shock into the surrounding
interstellar medium and a reverse shock back into the
remains of the supernova explosion, eventually heating the
ejecta to x-ray emitting temperatures [8]. The most impor-
tant parameters governing the evolution of SNRs are the
chemical composition, kinetic energy, and mass of the
ejecta, as well as the ambient medium density [9], all of
which are closely linked to the explosion mechanism. As
the supernova ejecta progressively ionize behind the
reverse shock, zones of higher and higher atomic ionization
are produced in succession behind this shock. Optical
forbidden line emission from low-lying atomic transitions
of these highly ionized atoms is expected. Many of these
lines were first seen in the solar corona and are hence
referred to as “coronal” lines.
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The coronal [Fe XIV] magnetic dipole transition
35?3p(*Py/, —*P3/,) produces a green emission line at
5302.8 A, with an emissivity that peaks in ionization
equilibrium
at temperatures near 2 x 10° K [10] and is produced
over the range 7.0 <log 7 < 7.5 in the shock models
presented below. Earlier detections of [Fe XIV] in SNRs
were from “radiative” cloud shocks in ISM material
(~300-500 kms~', where the postshock gas undergoes
thermal instability and the shock dynamics are strongly
affected by radiative cooling), such as those detected in
Puppis A [11,12], N49 [13], and 1E0102.2-7219 [14],
following model predictions [15]. In these cases, the
sensitivity of the detectors has been the limiting factor in
detecting optical [Fe XIV] from the much faster nonradiative
shocks (>2000 kms~!, no thermal instability) in both the
swept up interstellar gas and reverse shocked ejecta.

As we show in this Letter, the superior sensitivity of the
Multi Unit Spectroscopic Explorer (MUSE) Integral field
spectrograph on the European Southern Observatory (ESO)
Very Large Telescope (VLT) and the larger light gathering
area of its 8.2 m mirror have now enabled the detection of
faint optical coronal line emission in nonradiative shocks.
Using public MUSE data from the ESO archive, we have
discovered [Fe XIV] 5303 A emission from the reverse
shocks of the three youngest type Ia supernova remnants in
the Large Magellanic Cloud (LMC) [16]: SNR 0519-69.0,
SNR 0509-67.5, and N103B (SNR 0509-68.7). For further
details on the observations, data reduction, and processing
see the Supplemental Material [17].

To our knowledge this is the first detection of optical
emission from the nonradiatively shocked ejecta of any
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RGB images of 0519-69.0 (a), 0509-67.5 (b), and N103B (c) showing in red x rays from Chandra ACIS, in blue Ha (MUSE),

and in green [Fe XIV] (MUSE). The regions from which the spectra were extracted are indicated by the yellow dots.

type la supernova remnant. As expected, we find the peak
of the [Fe XIV] emission, which appears as a narrow band
in the interiors of the SNRs, immediately interior to the
peak of the Fe K x-ray emission detected by the Chandra
X-ray Observatory (see Fig. 1), since the reverse shock is
propagating inwards in a Lagrangian sense. The detection
of optical coronal line emission from pure nonradiative
ejecta shocks of Type Ia SNRs opens a long sought window
into the kinematic study of young Type Ia SNRs.

In the case of SNR 0519-69.0 (hereafter 0519) and SNR
0509-67.5 (hereafter 0509), the [Fe XIV] emission appears
as a nearly circular shell [see Figs. 1(a) and 1(b)]. For
N103B [Fig. 1(c)], the signal is contaminated by residuals
from superimposed bright stars and the [Fe XIV] behind the
reverse shock appears much more asymmetric. This is
likely a consequence of the strong interaction of this SNR
with high-density material on its western side [31]. The
observed morphology of three nearly concentric shells of
Balmer-line emission from the forward shock (blue) on the
outside, with x-ray emission (red) from the hot, reverse
shocked ejecta just inside the Balmer filaments, and coronal
[Fe XIV] emission (green) inside of the x-ray emitting
ejecta, is a beautiful confirmation of the extant theory of
SNR evolution. To probe the kinematics of the iron-rich
ejectain each SNR, we have extracted [Fe XIV] line profiles
(see Fig. 2) from selected regions (indicated in Fig. 1) of
the three SNRs. Fitting single Gaussians and a linear
continuum to the line profiles, we obtain velocity widths
of 2460 + 100 kms~! for 0519, 4370 + 100 kms~! for
0509, and 3290 & 100 kms~' for N103B.

The near spherical symmetry of 0519 and 0509 allows us
to model them in one dimension (whereas the strongly
asymmetric morphology of the [Fe XIV] in N103B does
not), so in the remainder of this report we focus on these
two SNRs for a quantitative analysis. While the approxi-
mate location of the reverse shock can be inferred from
x-ray observations of the shocked ejecta [32], the resolved
linewidth of the [Fe XIV] emission presented here allows
us for the first time to directly determine the reverse shock
speed—a new observational constraint. The radius of the
peak of the [Fe XIV] emission, modeled as a spherical shell,
is 2.86 +0.10 pc for 0509 and 2.36 £ 0.18 pc for 0519,

respectively. To provide estimates of the total line fluxes we
integrated the broad [Fe XIV] line over the full extent of the
emission in each SNR and fit a single Gaussian to each line
profile after subtracting a linear continuum. Corrected for
extinction and reddening by dust, we obtain estimates of
total line fluxes of 1.1 x 107 ergem=2s~! for 0519 and
0.9 x 10~'* ergem =2 s~! for 0509.

A valuable constraint on the interpretation of our
[Fe XIV] measurements is found in the time evolution
of observed light echoes—the reflections of supernova light
by interstellar dust sheets. Modeling of the light echoes [33]
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FIG. 2. [Fe XIV] 5303 line profiles for 0519-69.0 (a),

0509-67.5 (b), and N103B (c) extracted from the regions
indicated (yellow dots with black edges) in Fig. 1. The apertures
are circular with 0.8 arc sec radii, corresponding to 1.96
square arc sec areas (49 MUSE spaxels). Shown in red are
best-fitting Gaussians to the data, determined by a least-squares
minimization.
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TABLE I. SNR models, parameters, and observations.

0519: Es; = 1; Myj = 1.4; mgy = 1.5

0509: Es; = 1.5; My = 1.0; migy = 0.4

SNR Observation Model Observation Model
Age (yr) 600 + 200 [33] 750 400 + 120 [33] 310 + 35 [35] 310
vy (km s7h 2770 4+ 500 [32] 2650 [36] 2516 6500 £+ 200 [35] 6539
Ry (pc) 4.0+0.3 [32] 4.07 3.636 [35] 3.64
v, (kms™') 4057 5170
R, (pc) 2.16 2.74
Veyp (km sh 1887 4766
n,t (1019 cm=3s) 3.8+0.3 [32] 3.7 0.85-3.4 [37] 1.4-1.6 [38] 0.315
T.(K) 3.2e7 [32] 5.1e7 3.6 £ 0.6e7 [37] 4.6-5.8¢7 [38] 1.97¢7
Rrextv (pe) 2.18-2.55 2.8-2.9 2.76-2.96 2.81-2.85
Weexry (kms™h) 2460 + 94 3600 4365 + 107 5117
Frextv (ergem™2s71) 1.1x10714 0.9 x 10714

Myexry (Mun) 0.03 0.015
Mooy (M) 0.38 0.515

Explosion energies Es; (107! erg), ejecta masses M, (solar masses), ISM densities ngy (amu cm™), assumed age, modeled forward
and reverse shock velocities and radii, and for 0519 ejecta ionization age and electron temperature, compared with observational values
from literature references. Modeled and observed radii, width, [Fe XIV] 5303 flux, Fe mass associated with [Fe XIV] emission (includes

[Fe X] also for 0509), and estimate of total SNR Fe mass.

allowed for an explosion model and SNR evolution
independent determination of the SNR ages. These models
placed 0519 at 600 £ 200 yr and 0509 at 400 £ 120 yr
[33]. Further, since these two SNRs are located in the LMC,
their distances are reliably known to be 50 kpc, with an
uncertainty of only 2% [34]. This allows us to accurately
relate angular size to physical size. The forward shock
position and velocity can be inferred from the broad
Balmer-line emission [35,36]. With reliable observational
constraints on the age, forward shock position, and veloc-
ity, as well as reverse shock position and velocity, we are
now in a position to limit explosion model parameters
commensurate with the observational constraints.

Table I gives a summary of our SNR models based on [9]
for 0519 and 0509, designed to match forward and reverse
shock velocities (v, and v,) and radii (R; and R,) at the
current epoch. The ejecta mass is M, Es; is the explosion
kinetic energy in 10°' erg, and n;gy is the ambient density
in amu cm™. For 0519 we take M = 1.4 Mg, Es; = 1,
and a chemical composition 33% O, 12% Si, and 55% Fe
mass, to match the results of x-ray analysis [32]. With
nisy = 1.5 em™ taken to match the forward shock, we
also get good agreement for the ejecta ionization age
and electron temperature. Currently the reverse shock
in 0519 has passed through approximately 95% of the
ejecta (mass coordinate ~0.05), and the [Fe XIV]-emitting
plasma is near mass coordinate 0.2, expanding with
Vexp = 1887 km s~!. For further details on our SNR hydro-
dynamical evolution model and ionization structure calcu-
lations see the Supplemental Material [17].

In the case of 0509, while adopting an explosion energy
Es; = 1.5 and ngy = 0.4 cm™ allows the forward shock

radius and velocity to be matched as well as the emission
measure of shocked ISM, a similar ejecta mass and compo-
sition to 0519 do not allow the Fe to ionize as far as Fe!3*.
However, a smaller ejecta mass My =1 M, allows the
reverse shock to reach the ejecta core-envelope boundary,
where the maximum ionization age occurs, earlier in the
SNR evolution. This produces sufficient Fe'** and Fe!4*
here to generate brighter [Fe XIV] 5303 A than [Fe XI]
7892 A or [Fe X] 6376 A, neither of which are unambig-
uously detected. We note that this high explosion energy is
realistic and can be readily obtained from detonation
of a 1 M, white dwarf with a 0.85 My core consisting
of 60% carbon and 40% oxygen (by mass) surrounded
by a 0.15 M, shell of helium. Burning 0.5 M, of the core
to iron-group elements (using the binding energy of >°Ni)
and the remainder of the star to intermediate mass elements
(using the binding energy of 28Si) gives a kinetic energy
of 1.5 x 10°! erg, after accounting for the gravitational
binding energy E, = —4.6 x 10°° erg and the internal
energy E;, = 2.9 x 10° erg.

For the 1 M, ejecta model, the reverse shock in 0509
has passed through approximately 74% of the ejecta
(mass coordinate 0.26) at the present time, and the
[Fe XIV] emission originates from mass coordinates
~0.5-0.7, expanding with v, =4766 km s~!. Table I gives
a summary of parameters connected with the [Fe XIV]
emission for both remnants. There is good agreement
between predicted and observed radii, with the observa-
tions giving a wider range of values. Presumably this arises
partly from simple projection effects and partly from
deviations of the SNR geometry from spherical sym-
metry. The linewidths, however, are overpredicted by about
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10%—-20%. The theoretical prediction is directly connected
to the speed of the reverse shock and is possibly affected by
the parametrization of the ejecta density profile by a
uniform density core, or by clumping of the ejecta, which
would slow down the reverse shock.

In Table I, the de-reddened fluxes in [Fe XIV] are given
for the two remnants, with an estimate of the Fe mass in all
charge states associated with the [Fe XIV] emission,
coming from our ionization balance calculations. The final
row of Table I gives an estimate of the total Fe in each
remnant. To the Fe associated with [Fe XIV], we add the
mass of currently unshocked ejecta (0.18 x 1.4 = 0.25 M
for 0519, 0.5 x 1.0 = 0.5 M, for 0509), assumed all Fe,
and for 0519 we add estimates of the shocked Fe mass seen
in x rays [32]. For further details on the Fe mass estimate
from the observed line flux see the Supplemental
Material [17].

The characteristic velocity, distance, and time in our
models depend on (Es;/M;)'/?, (M¢;/msy)"/?, and sz/(’
E;ll/ 2 nfsll\f, respectively, so in Table I only n,t and T,
change if Es;, M, and nigy vary by the same factor. A
factor of ~4 increase in n,t is required to improve
the agreement between predicted and measured n,t
for 0509, which conflicts with established type Ia
SN theory. If we solely increase M. and the age for
0509, n.r and T, increase somewhat, but simultaneously v,
decreases and R/ increases, worsening the prediction of the
forward shock trajectory. A modest increase in M by
~0.2-0.4 M, is allowable but would require the Fe to be
embedded in He-rich ejecta to achieve the necessary degree
of ionization. Such a near Chandrasekhar-mass scenario
with unburned helium in the ejecta seems unlikely, but we
cannot firmly rule out a near Chandrasekhar-mass explo-
sion as, for example, in Ref. [37]. The larger mass makes
the reverse shock slower, brings the Fe XIV width into
better agreement with observations, and increases our
estimate for the total Fe mass because the slower reverse
shock has not propagated as far through the ejecta.
However, the most satisfactory explanation for the n,t
values is that the strong Si, S, Ar, and Ca emission seen in x
rays [38] arises from ejecta clumps, with densities locally
enhanced by a factor of ~4. This gives a predicted n,t of
order 10'° cm~s. Using an electron density of 4 cm™ to
interpret the emission measures given in [38] then yields
masses of clumped ejecta of 0.068, 0.035, 0.007, and
0.003 M, for Si, S, Ar, and Ca, respectively, implying that
a total of about 0.11 M out of a total shocked ejecta mass
of about 0.74 M is clumped by a factor of about 4.
Approximately 0.2 M, of the shocked ejecta mass is then
visible in [Fe XIV] and [Fe XV]. Therefore, we favor the
low mass-high explosion energy scenario.

A remaining question is why 0509 exhibits clumpy
ejecta while 0519 apparently does not. Aside from being
more than twice as old as 0509, 0519 is in a significantly
more advanced evolutionary state due to its higher ambient
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FIG. 3. (a) Left panel is RGB image of 0509-67.5 showing in
red [S XII], in blue [Fe IX], and in green [Fe XIV]. (b) Right
panel is image of 0509-67.5 in [Fe XV].

density. Presumably, all ejecta clumps in 0519 have been
destroyed by instabilities following reverse shock passage
[39,40], whereas this has not yet occurred in 0509. Kelvin-
Helmholtz and Richtmyer-Meshkov instabilities typically
destroy clumps on a timescale of a few clump shock
crossing times. Clumping of Fe in 0509 would remove the
need for a He-dominated composition in the 1.4 M model
for explaining the Fe ionization, but poses problems in that
clumping of SN ejecta is usually assumed to occur as a
result of the inflation of Fe-Co-Ni bubbles by radioactivity.
Fe should therefore be under-dense, though Ref. [41]
interprets Fe knots as being due to >*Fe.

In addition to the ubiquitous [Fe XIV] emission, we also
find two additional broad lines in 0509, which we identify
as coronal [S XII] 7613.1, [Fe IX] 8236.8 [Fig. 3(a)], and
[Fe XV] 7062.1 A [Fig. 3(b)]. We also detect [Fe XV]
7062.1 A in N103B. The presence of these further
coronal lines in addition to [Fe XIV] opens the door to
a new field of study: supernova remnant tomography, the
study of spatially resolved, optical coronal line emission
from nonradiative reverse shocks in type la supernova
ejecta. The energetics of SNRs means that most of the
emission from shocked ejecta is radiated at x-ray frequen-
cies, observed with relatively poor spectral and spatial
resolution due to technical limitations on the available
instrumentation. Study of the optical coronal line profiles
allows for the measurement of Doppler shifts and broad-
ening. Furthermore, since the emission arises from much
closer to the reverse shock than the x-ray emission, itis more
sensitive to shock and preshock parameters. In contrast, the
x-ray observations probe only the clumped ejecta, providing
aless accurate picture of the spatial distribution of explosion
products than the optical [Fe XIV] emission.

In the cases discussed here, the best match to the forward
and reverse shocks pushes the SNR age to one end or the
other of the uncertainty range coming from the light echoes
and constrains the ejecta masses to around 1.4 M, for 0519
and likely to significantly below the Chandrasekhar mass
for 0509 (~1.0 M). In the absence of such information,
the SNR age is much less constrained, with corresponding
greater uncertainties in ejecta mass and explosion energy.
Our dynamical models give a good match to the spectral
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properties of 0519 and 0509, with some clumping of the
ejecta required for the latter SNR.

Last, we note that the observed light echo spectra
enabled [42] to assign the supernova that gave rise to
0509 to the spectroscopic subclass of 1991T-like SNe Ia.
Taking our explosion mass constraint at face value, this
indicates that 1991T-like SNe Ia originate from detonations
of sub-Chandrasekhar mass white dwarfs.
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