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Outline of the talk

Introduction

Scenarios for thermonuclear explosions

Typing supernova remnants (SNRs)


From the 3D SN to the 3D SNR: 

(single degenerate, Chandrasekhar mass)

- a “classic” model: N100

- a grid of models: N100 vs N5, detonation vs deflagration

(double degenerate, sub Chandrasekhar mass)

- a challenger model: D6

- the fate of a secondary WD: OneExp/TwoExp


Perspectives



Scenarios for a thermonuclear explosion

recent reviews: Liu, Röpke, Han 2023, Ruiter & Seitenzahl 2025
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(Too) many theoretical ways. Which ones are realized?

Progenitor system? 

● single degenerate scenario 
1WD + 1 normal star 
stable mass transfer 

● double degenerate scenario 
2WDs, dynamically unstable 
stable mass transfer 

● more scenarios, e.g. WD 
merges with companion

Kashi &  Soker 2011

Explosion mechanism? 

● close to Chandrasekhar mass WD 
- pure deflagration  
- prompt detonation  
- delayed detonation  
and more 

● sub-Chandrasekhar mass WD 
- double detonation: He shell then C core 
- C-ignited merger

Nomoto et al 1984

Nomoto et al 1982

Khokhlov 1991

Pakmor et al 2012 Pakmor et al 2013



Typing and sub-typing the supernova remnant

➡ Ideally: observe the SN itself – or light echos!  

➡ Kind of environment: CC SNe correlate with massive star regions 

➡ Imprint of the progenitor systems on the ambient medium 
➡ Presence of a remaining compact object: NS, unusual WD 
➡ (Failed) searches for surviving companions  

➡ From X-ray spectroscopy:  
metal abundances in the ejecta,  
position of the centroid of the Fe Kα line,  
line intensity ratios of IGE to IME 
characteristic nucleosynthesis effects 

➡ Detection of coronal lines of shocked ejecta 

➡ Morphological studies: degree of asymmetry
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Krause et al 2008, Rest et al 2008

e.g. Badenes 2009, Jennings et al 2009, Maggi et al 2016

e.g. Reynolds et al 2007
Yamaguchi et al 2014

Lopez et al 2009

review: Ruiz- Lapuente 2019

Katsuda et al 2015
Yamaguchi et al 2015, Ohshiro et al 2021

Seitenzahl et al. 2019

Williams et al 2017, Yamaguchi et al 2017, Sato et al 2020

review: Lopez & Fesen 2018



What can the SNR tell us about the explosion?

Röpke 2007, Seitenzahl et al 2013

?

From the 3D supernova to the 3D remnant3

Wongwathanarat et al 2015, 2017

A. Wongwathanarat et al.: 3D CCSN simulations

Fig. 7. Snapshots displaying isosurfaces where the mass fraction of 56Ni plus n-rich tracer X equals 3% for model W15-2-cw (top row), L15-1-cw
(second row), N20-4-cw (third row), and B15-1-pw (bottom row). The isosurfaces, which roughly coincide with the outermost edge of the neutrino-
heated ejecta, are shown at four different epochs starting from shortly before the SN shock crosses the C+O/He composition interface in the
progenitor star until the shock breakout time. The colors give the radial velocity (in units of km s−1) on the isosurface, with the color coding
defined at the bottom of each panel. In the top left corner of each panel we give the post-bounce time of the snapshot and in the bottom left corner
a yardstick indicating the length scale. The negative y-axis is pointing toward the reader. One notices distinct differences in the final morphology
of the nickel-rich ejecta of all models, which arise from their specific progenitor structures.
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age: ≈430 yr 
distance: 1.5-5 kpc 

size: 8’ ≈3-12 pc

Tycho’s SNR 
SN 1572 

thermonuclear

age: ≈330 yr 
distance: 3.3-3.7 kpc 

size: 5’ ≈5 pc

Cas A SNR 
(missed SN) 

core-collapse



Hydro evolution of the SNR

t = 1 yr t = 500 yrt = 100 yrslices of  
log(density)

N100 1Di

N100 3Di

4

Gilles Ferrand
movies in the online article
https://iopscience.iop.org/article/10.3847/1538-4357/ab1a3d



Separating the SN and SNR modes

SN modes SNR RTI

SNR RTI

1Di

3Di

contact discontinuity (CD) at 500 yr

5

Ferrand et al 2019



The SNR morphology in projection

Interestingly, using a realistic 3D SN model leads to larger 
scale and more irregular structures, which were not seen in 
SNR simulations made from (semi-)analytical SN models, and 
which better match X-ray observations of Tycho’s SNR.

1Di 3Di

Tycho looks more like this

projection along l.o.s. of the density squared = proxy for the thermal emission

6

Ferrand et al 2019



Simulating a thermonuclear SN
Initial configuration of the flame? grid of ignition patterns

Seitenzahl et al 2013 
Fink et al 2014

Chandrasekhar-mass 
white dwarf

Propagation of the flame? deflagration and/or detonation

deflagration 
to detonation 
transition 
(DDT)

7

M = 1.4 M☉



Ferrand et al 2021 

SNR morphology: N100 vs. N5 / DDT vs. def8

N100ddt N5ddt N100def N5def

x

y

z

slices of log(density) t = 1 yr to 500 yr

Gilles Ferrand
movies in the online article
https://iopscience.iop.org/article/10.3847/1538-4357/abc951



Signatures of the different N explosion models9

N100ddt N5ddt N100def N5def

x

y

z

N100 models produce different remnants than N5 models 
N5 models have a strong dipole component, and produce asymmetric remnants.  
N5ddt: asymmetric shell, N5def: regular but off-set shell

ddt models produce different remnants than def models 
Pure deflagration models show the imprint of their specific mechanisms: 
bound remnant at the centre, large-scale plumes at the ejecta’s edge

Ferrand et al 2021 



SNR emissivity: N100 vs. N5 / DDT vs. def

projection of (shocked) density squared at t = 500 yr

N100def N5defN5ddtN100ddt

x

y

z
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Gilles Ferrand
movies in the online article
https://iopscience.iop.org/article/10.3847/1538-4357/abc951



A different kind of model: D6

Tanikawa et al 2018

visible shadow from the 
surviving companion

“helium-ignited violent merger”
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Guillochon et al. 2010; Pakmor et al. 2013 
Shen et al 2018“dynamically-driven double degenerate double detonation” (D6)

M1 = 1.0 M☉, M2 = 0.6 M☉ 



D6 SNR morphology from 1 yr to 2500 yr

slices of log(density)

sum of density squared (shocked ejecta)

12

Gilles Ferrand
movies in the online article
https://iopscience.iop.org/article/10.3847/1538-4357/ac5c58



shadow from the companion: dark hole and bright ring

Ferrand et al 2022 

Signatures of a D6 SNR13

• The first detonation produces a tail, which at early 
times looks like a protrusion from the shell 

• The second detonation leaves a central density 
peak, which will be revealed in X-rays when the RS 
reaches the center 

• Because of the initial velocity shift, the SNR shell is 
off-center at all times 

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

central peak

100 yr

500 yrtail from the first detonation

1000 yr

2000 yr
shadow from the companion

1000 yr

2000 yr



Previous studies of the companion-SNR interaction

Lu et al 2011
an “arc” and “shadow” in the X-ray 
image of the SNR

Vigh et al 2011, Moranchel-Basurto et al 2020

the SNR is two-sided because of 
mass loading

García-Senz et al 2012, 2019

Gray et al 2016

interpretations of observations of Tycho SNR

numerical simulations
“Is there a hidden hole in Type Ia SNRs?” “Shadows of Our Former Companions”

14



Computing the emission from the SNR
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• electronic temperature Te 
to be derived from Tp 

• ionization fractions 
need to compute non-
equilibrium ionization state

non-thermal emission  
from the accelerated 
particles

thermal emission  
from the shocked 
plasma

• target density 

• magnetic field 
includes amplification at 
the shock 

• ambient photon fields

e.g. Ferrand et al 2012, 2014 
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Thermal X-ray emission
N100 and D6 at 500 yr, 3 viewing directions

16

x y z

Being used to generate mock observations for existing and planned instruments

O-K  
Si-K 
Fe-K



The fate of the secondary WD17

Pakmor et al. 2022 

OneExp

TwoExp

in a double degenerate 
system (with double 

detonation), the 
secondary WD may or 

may not explode

nested explosions: 
secondary within primary

shadow from the 
secondary

M1 = 1.05 M☉, M2 = 0.7 M☉ 



OneExp/TwoExp SNR morphology (1/2)18

Ferrand et al. 2025 in prep 

Gilles Ferrand
movies will be available in the online article



OneExp/TwoExp SNR morphology (2/2)19

Ferrand et al. 2025 in prep 

Gilles Ferrand
movies will be available in the online article



OneExp/TwoExp X-ray emission

Ferrand et al. 2025 in prep 

20



Tools for morphological analysis of images 

Lopez et al 2009

Picquenot et al 2019

Lopez et al 2009, 2011, Holland-Ashford et al 2019

• 2D Fourier transform: 
exp(i(ux+vy)) 

• correlation-length analysis

• power-ratio method = 2D multipole 
expansion: rn exp(inθ) 
(related to solid harmonics)

• wavelets: localized 
in space and 
frequency 

 

• morphological 
component 
analysis (MCA) 
dictionary of wavelet-
like components• cylindrical Fourier-Bessel: 

Jm(k_nm r)×exp(imθ) 
(analogue to spherical harmonics)

Harmonic analysis: expand the brightness variations on some nice basis of functions

Lopez et al 2009, 2011

Sato et al 2019

Topological approach: compute Minkowski functionals on set of thresholded images

• genus statistics (Euler characteristic):  
counting number of clumps vs. holes

Genus Statistic of Tycho’s Supernova Remnant 11

where G(Ii) is the genus number at the intensity thresh-
old Ii. We define the best-fit as the model with the
minimum genus distance.
The fits to the genus curve of the smooth model for

both the Gaussian and chi-square distributions yield
very similar coherence angles and dgenus values. Ad-
ditionally the chi-square distribution requires large n
values (>200) for the best fit which is securely in the
regime where the chi-square random field approaches a
Gaussian random field. Thus we conclude that the dis-
tribution of clumps in the smooth model is close to a
random Gaussian distribution. The genus numbers for
the smooth model have much larger absolute values than
those of the genus curve for Tycho’s SNR at any smooth-
ing � (for one specific smoothing level see Fig. 10).
The clumpy model also shows similar values for the

coherence angles between the Gaussian and chi-square
distributions, but in this case the genus distance is con-
siderably less for the chi-square distribution, implying a
better description of the genus curve. This is similar to
what we found for the observation of Tycho’s SNR (see
section 3.4). Additionally the coherence angles from the
clumpy model are a better match to the data for all
smoothing scales. And the genus curve for the clumpy
model is similar to that of the observed remnant, in
particular at a smoothing of � = 5 pixels (Figure 10).
The genus statistic therefore strongly supports an initial
clumped ejecta distribution as the origin of the clumps
in Tycho’s supernova remnant.
Warren & Blondin (2013) argued that the presence of

ejecta knots ahead of the forward shock in Tycho’s SNR
and SN 1006 can be generated by smooth ejecta without
any initial clumpiness using their three-dimensional hy-
drodynamics simulations. In order to approximate the
e↵ect of e�cient particle acceleration, they allowed for
the adiabatic index � to be a model parameter. The sim-
ulations were able to produce clumps breaking through
the mean shock radius as observed but only if the shock
compression was quite high (a compression ratio of 11).
Also, they found that ignoring the emission from ma-
terial below a certain ionization age tended to change
the observed morphology. In fact, the diversity in imag-
ing introduced by changing the adiabatic index and the
ionization age cut-o↵s are not considered in the smooth
model we used. Those e↵ects might change the genus
curve for the smooth ejecta model. Additionally, we ex-
pect di↵erences in the genus curves for each model from
di↵erent random realizations of the initial conditions.
Viewing along di↵erent lines-of-sight would also produce
di↵erent genus curves. Investigation of such studies will
be the focus of future work.

Smooth model

Tycho’s SNR (IME)

Smoothing σ  ~  2.5”

Smoothing σ  ~  2.5”

Tycho’s SNR (Fe)

Clumpy model

Tycho’s SNR (IME)

Tycho’s SNR (Fe)

Figure 10. Comparison of the genus curves (in red) for the
smooth (top) and clumped initial ejecta (bottom) models
for an image smoothing of � = 6 pixels (= 200· 4). The blue
(green) lines show the genus curves for Tycho’s SNR with an
image smoothing � = 5 pixels (= 200· 46) for the energy band
dominated by IME (Fe) emission.

The existence of a high velocity feature (HVF) iden-
tified as the Ca II triplet at a velocity of 20,000–24,000
km s�1 in the light-echo spectrum of SN 1572 (Krause et
al. 2008) o↵ers support for initial clumping in the ejecta.
Similar HVFs have been found in many SNe (e.g., Maz-
zali et al. 2005), as a result of asphericity in the explosion
due to, for example, accretion from a companion or an
intrinsic e↵ect of the explosion itself (e.g., Wang et al.
2003; Kasen et al. 2003; Tanaka et al. 2006). Kasen et al.
(2003) analyzed both spectroscopy and spectropolarime-
try of SN 2001el and showed that both an aspherical
photosphere and a single high-velocity blob can repro-
duce the observations. Also three-dimensional models
suggest that large blobs (opening angle: ⇠80�) or a thick
torus (opening angle: ⇠60�) can naturally explain the
observed diversity in strength of HVFs (Tanaka et al.
2006) although these structures would be much larger
in physical size than the X-ray clumps in Tycho’s SNR.
At a minimum, the existence of a HVF implies some
kind of clumpiness in the ejecta of SN 1572.
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Figure 1. Left: P2/P0 vs. P3/P0 for sources classified as CC SNRs (blue) and the Type Ia SNRs (red). SNR 0548−70.4 is plotted in purple due to its anomalous ejecta
properties (see Section 3). Right: Si xiii images of seven sources, plotted in the location of their power-ratio values. Cyan “X”s mark their full-band centroids, and purple
dots are placed at their locations on the power-ratio plot. The images of RCW 103 and G292.0+1.8 have their pulsars removed using the method outlined in Section 2.

Ignoring the factor of 2G, this equation reduces to

P0 = [a0 ln (R)]2 ,

Pm = 1
2m2R2m

(
a2

m + b2
m

)
. (3)

The moments am and bm (and consequently, the powers Pm)
are sensitive to the morphology of the X-ray surface brightness
distribution, and higher-order terms measure asymmetries at
successively smaller scales relative to the position of the aperture
center (the origin). To normalize with respect to flux, we
divide the powers by P0 to form the power ratios, Pm/P0.
P1 approaches zero when the origin is placed at the surface-
brightness centroid of an image, so we have set the aperture
center in all analyses to the full-band (0.5–8.0 keV) centroid
of each remnant. In this case, morphological information is
given by the higher-order terms. P2/P0 is the quadrupole ratio;
examples of sources that give highP2/P0 are those with elliptical
morphologies and those with off-center centroids because one
side is substantially brighter than the other. P3/P0 is the
octupole ratio; examples of sources that give high P3/P0 are
those with deviations from mirror symmetry relative to their
centroid.

A Monte Carlo approach described in Lopez et al. (2009) is
used to estimate the uncertainty in the power ratios. Specifically,
the exposure-corrected images (normalized to have units of
counts) are adaptively binned using the program AdaptiveBin
(Sanders & Fabian 2001) such that all zero pixels are removed
to smooth out noise. Then, noise is added back in by taking
each pixel intensity as the mean of a Poisson distribution and
selecting randomly a new intensity from that distribution. This
process was repeated 100 times for each Si xiii image, creating
100 mock images per source. The 1σ confidence limits represent
the 16 highest and lowest power ratios obtained from the 100
mock images of each source.

3. DISCUSSION

The calculated power ratios P2/P0 and P3/P0 for the Si xiii
images of our sources are plotted in Figure 1 (left), with example
Si xiii images of seven sources shown in Figure 1 (right). The
SNRs with elongated or barrel-like features (like W49B, Cas A,
and G292.0+1.8) have the largest P2/P0 values, and sources that
are more compact and circular (e.g., 0519−69.0 and DEM L71)
have the lowest P2/P0. Some sources that appear spherical by
eye (like 0509−67.5 or 0548−70.4) have large P2/P0 because
they are brighter on one side and their full-band centroids have
off-center positions. SNRs with obvious mirror asymmetries
(such as N132D and N103B) produce large P3/P0, while sources
with line emission distributed evenly around their full-band
centroids (e.g., DEM L71 and 0509−67.5) have small P3/P0.

Overall, we find that the power ratios of the Type Ia SNRs are
significantly different than those of the CC SNRs. The CC SNe
have roughly an order of magnitude larger quadrupole power
ratio: the mean P2/P0 of the Type Ia SNe is (7.7 ± 0.7) × 10−7

with a standard deviation of 6.9 × 10−7 (excluding SNR
0548−70.4, see discussion below) and of the CC SNe is
(80.3 ± 2.6) × 10−7 with a standard deviation of 56.1 × 10−7.
This result implies that the CC SNR line emission is compar-
atively much more elliptical or have more off-center centroids
than Type Ia SNRs. We find that the mean P3/P0 are also differ-
ent: the mean of the Type Ia SNe is (1.7±0.1)×10−7 (excluding
SNR 0548−70.4) with a standard deviation of 2.1 × 10−7 and
of the CC SNe is (3.5 ± 0.3) × 10−7 with a standard deviation
of 1.8 × 10−7. This result indicates that the X-ray line emission
in CC SNe is more mirror asymmetric than Type Ia SNe. Addi-
tionally, we find that the Type Ia SNRs with greater ellipticity
or off-center centroids (larger P2/P0) tend to have larger mirror
symmetry (smaller P3/P0), and those with less mirror symme-
try are significantly more circular or balanced surface bright-
ness (smaller P2/P0). Overall, the Type Ia and CC SNe seem
to naturally form two distinct populations in the P2/P0–P3/P0
plane.



Summary and perspectives

• Making the link between the 3D modeling of SNe 
and the 3D modeling of SNRs. 
Here investigating thermonuclear explosions (Type Ia), 
for the core-collapse case see Orlando, Ono, Gabler, et al

22

Interactive 3D models are available online https://skfb.ly/oTCrY (I also do Virtual Reality!)

some imprints of the SN in the SNR phase: 
N100: angular power at larger scales than RTI 
N5: large asymmetries (dipole, offset) 
def: remains in the centre, filaments at the edges  
DD: shadow from a companion (angle-dependent) 
nested explosions with peculiar ejecta structure

• The combination of 3D simulations and spatially resolved 
spectroscopic observations of young SNRs in X-rays will 
enable us to better constrain explosion mechanism(s).  
Ideally we want to get more observational 
information on the 3D structure of the SNR. 

https://skfb.ly/oTCrY

