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Modelling and simulations of
supernova remnants
with a focus on morphological studies
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Multi-wavelength emission
1. SNRs as particle accelerators
Hydro-kinetic coupling for diffusive shock acceleration (DSA)
Non-equilibrium ionization and thermal emission from the plasma
Magnetic field amplification and non-thermal emission from the particles
2. SNRs as probes of the explosion
From the supernova to the remnant: Cas A, Tycho
Example: the N100 supernova model
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Supernova remnants

0.1

SNRs as a key link between stars and the ISM

Tycho’s SNR
age: ∼440 yr
distance: 1.5–5 kpc
size: 8’ ∼3–12 pc

enrichment in heavy elements
average stars: up to C-O
massive stars: up to Fe
supernovae: above Fe

hot, turbulent
metal-rich plasma

injection of energy
heating of the gas
hydrodynamic turbulence
magnetic field amplification
multiwavelength
composite
image:
- X-rays
(Chandra)
- Optical
(Calar Alto)
- infrared
(Spitzer)
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up to the knee (< 1015 eV)

Classification of SNRs
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from radio + X-ray observations

SNR 0509-67.5

shell

G21.5-0.9

W49B

composites
“mixed morphology”
= thermal composite:
centrally peaked

plerionic
composite (= nonthermal composite):
PWN inside shell

(can be both)

Crab Nebula

filled-centre
isolated/shell-less
pulsar wind nebula
= PWN (= plerion)
or
bow shock nebula

The evolution of a supernova remnant
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radius R

non-radiative radiative

momentum-driven
values given for
1.4 solar masses
of ejecta
with kinetic energy
of 1051 erg,
expanding in a
medium of density
0.1 cm-3

pressure-driven

46 pc

Sedov-Taylor
7 pc

ejecta-dominated
600 yr

G1.9+0.3
140 yr

Tycho
440 yr

30 000 yr

RCW 86
2,000–10,000 yr

time t

Simeis 147
∼40,000 yr

Monoceros Loop
∼300,000 yr

0.4

The structure of a young shell SNR

Tycho’s SNR
as seen by Chandra
at age 433 yr

0.95 – 1.26 keV
1.63 – 2.26 keV
4.10 – 6.10 keV

Warren et al
2005

SNR broad-band emission
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Fig. 4. HESS γ-ray image of SN 1006. The linear colour scale is in units
of excess counts per π × (0.05◦ )2 . Points within (0.05◦ )2 are correlated.
The white cross indicates the geometrical centre of the SNR obtained
from XMM data as explained in the text and the dashed circles correspond to R ± dR as derived from the fit. The white star shows the
centre of the circle encompassing the whole X-ray emission as derived
by Rothenflug et al. (2004) and the white triangle the centre derived by
Cassam-Chenaï et al. (2008) from Hα data. The white contours correspond to a constant X-ray intensity as derived from the XMM-Newton
flux map and smoothed to the HESS point spread function, enclosing
respectively 80%, 60%, 40% and 20% of the X-ray emission. The inset
shows the HESS PSF using an integration radius of 0.05◦ .
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Fig. 5. Radial profile around the centre of the SNR obtained from HESS
data and XMM-Newton data in the 2–4.5 keV energy band smoothed to
HESS PSF.

centred on − 143.6◦ ± 6.1◦ (SW region) and 29.3◦ ± 4.0◦ (NE
region) and with similar widths of 33.8◦ ± 7.0◦ and 27.9◦ ± 4.0◦ .

reviews (high energies perspective): Reynolds 2008, Vink 2012
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SNRs as particle accelerators

1.1

Efficient particle acceleration

SNRs are widely believed to be the main producers of
CRs in the Galaxy
• Available energy budget — but can we reach the knee?
• Known acceleration mechanism — but what spectrum?
• Observed energetic electrons — and protons?
If CRs are efficiently accelerated by the blast wave,
it must impact its dynamics
- fluid becomes more compressible
- energy leaks from the system
→ non-linearly coupled system

CRs are a key ingredient of SNRs

1.2

Diffusive shock acceleration: the coupled system
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particle distribution:
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reviews on DSA : Drury 1983, Jones and Ellison 1991, Malkov and Drury 2001
on numerical techniques for DSA: Marcowith et al (in prep)

1.3

Numerical simulations: hydro + kinetic
Teyssier 2002,
Fraschetti et al 2010

Chevalier 1982, 1983

SNR initialization:
self-similar profiles
from Chevalier

slice of log(density)

SNR evolution:
3D hydro code

ramses

parameters: Tycho (SN Ia)

tSN = 440 years
ESN = 1051 erg
n = 7 , Mej = 1.4 M
s = 0 , nH,ISM = 0.1 cm

shock
diagnostics
3

back-reaction:
varying gamma

Ellison et al
2007

particle acceleration:
non-linear model
of Blasi

Anne
Decourchelle
Head of
Astrophysics Dpt.
at CEA Saclay / Irfu

Blasi et al
2002, 2004, 2005
+ Caprioli 2008, 2009
Using a comoving grid to
factor out the expansion

Ferrand et al 2010
(A&A 509 L10)
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Computing the emission from the SNR

test-particle case

Thermal emission
from the shocked plasma

Samar Safi-Harb
Prof. at the
University of
Manitoba
Canadian
Research Chair

Non-thermal emission
from the accelerated particles

Ferrand, Decourchelle, Safi-Harb 2014

modified shock
with magnetic field amplification

Ferrand, Decourchelle, Safi-Harb 2012

Hydro- and thermodynamics of the plasma

1.5

Thermal emission in each cell depends on:

• plasma density n2
• electron temperature Te
progressive equilibration
with protons temperature
via Coulomb interactions

n

Tp

• ionization states fi (Z)

Tp

computation of non-equilibrium ionization
- solving the coupled time-dependent
system of equations
Patnaude et al 2009, 2010

- using the exponentiation method
in post-processing
I

=

Z

t

n(t0 ).dt0

⌧I
slices at t = 500 yr from a
10243 simulation with particle
back-reaction

tS

Smith & Hughes 2010

all these parameters depend on the history
of the material after it was shocked.

Ferrand, Decourchelle, Safi-Harb 2012

Thermal emission
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emissivity [erg/s/cm3/eV]

Ferrand,
Decourchelle,
Safi-Harb 2012

using an
emission code
adapted from
Mewe, with
rates from
Arnaud

1024^3 cells
t = 500 yr

energy [eV]

test particle vs. back-reaction

test particle vs. back-reaction

test particle vs. back-reaction

1.7

Magnetic field and radiative losses

Non-thermal emission in each cell depends on:

• pion decay: plasma density n(x, t)
n

• synchrotron: magnetic field B(x, t)
(amplified at the shock, then frozen in the flow)

• Compton: ambient photon fields (CMB)
B

Note: the acceleration model gives the CR spectra
just behind the shock fp (p, x, t) , fe (p, x, t)
they must be transported to account for losses:

•

adiabatic decompression

• radiative losses

/

Z

t

B2

=
1
3

⇥(x, t)
⇥(xS , tS )

slices at t = 500 yr from a
10243 simulation without
particle back-reaction
and MF amplification

dt

tS

Ferrand, Decourchelle, Safi-Harb 2014
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Non-thermal emission
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Ferrand,
Decourchelle,
Safi-Harb 2014

emissivity [erg/s]

synchrotron
(e)

pion decay (p)

Inverse Compton
(e)
energy [eV]

efficient MF
amplification
➞ high B

no net MF
amplification
➞ low B

using the
emission
code from
P. Edmon

1024^3 cells
t = 500 yr

1.9

Thermal + non-thermal emission

modified shock
with magnetic field amplification

test-particle case

simulations

observations
Energetic protons,
accelerated at the
shock front, don’t
radiate as efficiently
as electrons, however:
1/ they impact the
dynamics of the shock
wave, and therefore
the thermal
emission from the
shell (optical, X-rays)
2/ they impact the
evolution of the
magnetic field,
and therefore the
non-thermal
emission from the
electrons (radio – Xrays – γ-rays)

SNRs as probes of the explosion

2.1

From the supernova to the supernova remnant
2 main types:
Type Ia : thermonuclear explosion of white dwarf
still many competing models
Type II, Ibc: core-collapse of massive star
need to revive the shock: probably neutrinos
Supernova simulations in 3D explode. Sometimes.
Successful explosions have a complex structure:
does it impact the morphology of the remnant?
What can the observed (morphology of the) SNR
tell us about the explosion?

It is time to bridge SN studies and SNR studies

2.2

Cas A (from the SN) to the SNR
Fe
Si/S

asymmetries
in the 3D SN
ejecta
imposed by
hand ➔ can
reproduce
the overall
morphology
of the SNR
after
hundreds of
years

Orlando et al
2016

on Chandra X-ray image

on HSR optical image

Conclusions: the bulk of asymmetries observed are intrinsic to the explosion

2.3

CC SNe: asymmetric explosions
A. Wongwathanarat et al.: 3D CCSN simulations

a grid of
parametrized
core-collapse
neutrino-driven
explosions from
different stellar
evolution
models
from shock
revival to shock
breakout

Wongwathanarat
et al 2015

mass fraction of 56Ni,
color-coded by velocity
Fig. 7. Snapshots displaying isosurfaces where the mass fraction of 56 Ni plus n-rich tracer X equals 3% for model W15-2-cw (top row), L15-1-cw

time

2.4

Cas A from the SN (to the SNR)
maps of
column density
Fe (56Ni)
44Ti

Wongwathanarat
et al 2017
showing everything

after removing inner half of Fe

?

Gabler et al 2016

The Astrophysical Journal, 842:13 (20pp), 2017 June 10

one of the CC
simulation models
happens to mimic
the morphology of
Cas A SNR

Wongwathanara

neutrino-processed and shock-heated in the region of expl
nucleosynthesis.
From the set of 3D simulations by Wongwathanarat
(2013), model W15-2, which we consider in the present p
develops a fairly large explosion asymmetry, and the
receives a kick of 575 km s−1 until ∼3 s after the onset o
SN blast (with acceleration continuing on a low level fo
even longer time). Information on hemispheric differenc
the yields of nuclei included in the α-network can be fou
Table 3 of Wongwathanarat et al. (2013), and visualizatio
the 3D distribution of the ejected nickel (compared to
models) can be found in Figures 14 and 15 of that paper.
for a case with rather high NS kick like model W
radionuclei as nucleosynthesis products in the innermos
ejecta, where the explosion asymmetry is most extreme, ar
just expelled in one hemisphere, but some of this materia
be ejected also on the side of the kicked NS. The
geometry, however, strongly varies from case to case,
lower NS kicks go hand in hand with more isotropic ejecti
radioactive material (compare the cases displayed in Figu
and 15 of Wongwathanarat et al. 2013).

X-ray
observations
Fe
44Ti
Si

Grefenstette et al
2014

2.5

From the 3D thermonuclear SN to the 3D SNR
3D simulations of a TN
supernova remnant

3D simulations of thermonuclear supernovae

?
Röpke 2007, Seitenzahl et al 2013
Friedrich (Fritz) Röpke
Prof. at Ruprecht-KarlsUniversität Heidelberg,
Head of stellar group at
Heidelberg Institute for
Theoretical Studies

Shigehiro
(Hiro) Nagataki
Chief Scientist,
Astrophysical
Big Bang
Laboratory
shocked ejecta at 500 yr

Ivo Seitenzahl
Research Fellow at
School of Science,
University of New South
Wales (UNSW), Australia

Don Warren
Masaomi Ono
Research
Scientists

Ferrand et al 2010,
2012, 2014, 2016

Hydro evolution of the SNR

2.6

slices of log(density)
from 1 yr to 500 yr
on a 256^3 Cartesian grid
(simulation made in co-expanding grid, box size increases by factor ~150)

see movies in online article

Chevalier
1D initial profile
(power-law)

N100 angle-averaged
effectively 1D initial
profile (~exponential)

what SNR people used to do

N100
full 3D initial profile

what SN people are telling us
Ferrand et al 2019
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slices of
log(den
sity)

Hydro evolution of the SNR
t = 1 yr

t = 100 yr

t = 500 yr

N100 3Di
SN
phase +
SNR
phase

N100 1Di
SNR
phase
only

Morphological signatures of the (thermonuclear) explosion can be seen clearly in
the first hundred years, and may still be detected after a few hundred years.

2.8

Mapping the wavefronts (RS, CD, FS)

N100 3Di at t = 500 yr
c
ho

k

s
d
r
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for

contact
discontinuity

rev
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sho
ck

maps stored using HEALPix
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Spherical harmonics expansion of the wavefronts
contact discontinuity (CD) from 1 yr to 500 yr

3Di

see movies in online article
1Di

Ferrand et al 2019
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Rayleigh-Taylor from the SN and SNR phases
contact discontinuity (CD) at 500 yr

3Di
SN modes

SNR RTI

1Di
SNR RTI

Ferrand et al 2019

First conclusions and application to Tycho

2.11

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.
3Di

Ferrand et al 2019

1Di

Tycho looks more like this

projection along l.o.s. of the density squared = proxy for the thermal emission
➔ next will compute the synthetic thermal (and non-thermal) emission

2.12

Perspectives for type Ia SNe

Future simulations will enable us to make comparisons between
different SN explosion models:
• between different ignition setups for the DDT model, that produce
different initial asymmetries and yields
• between different SN explosion models: pure deflagration, pure
detonation, other detonations, other channels…
(Role of the companion star?)

The Astrophysical Journal, 868:90 (12pp), 2018 December 1

Chandrasekhar-mass
white dwarf

example of double-detonation
double-degenerate explosion
Tanikawa et al 2018

grid of DDT explosions: varying ignition patterns

Seitenzahl
et al 2013
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X-ray image analysis with genus statistics
“genus number” = no. of “clumps” - no. of “holes”
for a black & white image, so for a given intensity threshold
(Euler-Poincaré characteristic
theSupernova
excursion
set)
Genus Statistic of on
Tycho’s
Remnant

10

11

Sato et al.

where G(Ii ) is the genus number at the intensity threshSmoothing σ ~ 2.5”
Smooth model
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. Additionally the chi-square distribution requires large n
values (>200) for the best fit which is securely in the
Tycho’s SNR (IME)
regime where the chi-square random field approaches a
Tycho’s SNR (Fe)
Gaussian random field. Thus we conclude that the disClumpy
Smooth
tribution of clumps
in the smooth model isTycho’s
closeSNR
to a
random Gaussian distribution. The genus numbers for
Smoothing σ ~ 2.5”
Clumpy model
the smooth model have much larger absolute values than
those of the genus curve for Tycho’s SNR at any smoothing (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 considerably less for the chi-square distribution, implying a
better description of the genus curve. This is similar to
Tycho’s SNR (IME)
what we found for the observation of Tycho’s SNR (see
Tycho’s SNR (Fe)
5
–3
–2
–1
0
1
2 the coherence
3
4
ν=u/σ
section
3.4). Additionally
angles
from the
clumpy model are a better match to the data for all
Figure 9. Top: the sqrt scale images of the smooth ejecta model (left), the clumpy ejecta model (middle) and Tycho’s SNR.
smoothing scales. And the genus curve for the clumpy
Only the image of Tycho’s SNR is smoothed by the smoothing = 1.5 pixels. Bottom: the images of the central region of the
smooth ejecta model (left), the clumpy
ejecta model
(middle)to
andthat
Tycho’s
the smoothing
= 5 pixels.
and
model
is similar
ofSNR
thewith
observed
remnant,
in The blueFigure
10. Comparison of the genus curves (in red) for the
red contours show ⌫ = 1.5 and +1.5, respectively.
particular at a smoothing of = 5 pixels (Figure 10).
smooth (top) and clumped initial ejecta (bottom) models
Table 3. Summary of the best-fit parameters
of
the
genus
randomly.
Both
models
assume
the
an
exponential
The genus statistic therefore strongly supports an initial
forra-an image smoothing of = 6 pixels (= 200· 4). The blue
curves.
dial density profile of Dwarkadas & Chevalier (1998)
lines show the genus curves for Tycho’s SNR with an
clumped ejecta distribution
as the
origin
of the 51Sato
clumps et al(green)
Williams
etparameters
al 2017,
and explosion
of 10 erg with
1.4 M 2019
of
Gaussian pdfin chi-square
pdf
image smoothing = 5 pixels (= 200· 46) for the energy band
Tycho’s supernova
remnant.

can distinguish smooth vs. clumpy ejecta profiles
→ can quantify (the obvious) that Tycho is not smooth
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A new way of investigating SNR kinematics

“The Hot and Energetic Universe” Athena+ supporting paper
Decourchelle, Costantini, et al 2013

Let’s explore the SNR in real 3D
RIKEN Wakō Open Day

RIKEN
Open Day
2018-04-21
Ferrand
& Warren
2018
(CAPjournal)

