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Abstract. The structure and morphology of supernova remnants (SNRs) reflect the proper-
ties of the parent supernovae (SNe) and the characteristics of the inhomogeneous environ-
ments through which the remnants expand. Linking the morphology of SNRs to anisotropies
developed in their parent SNe can be essential to obtain key information on many aspects
of the explosion processes associated with SNe. Nowadays, our capability to study the SN-
SNR connection has been largely improved thanks to multi-dimensional models describing
the long-term evolution from the SN to the SNR as well as to observational data of grow-
ing quality and quantity across the electromagnetic spectrum which allow to constrain the
models. Here we used the numerical resources obtained in the framework of the “Accordo
Quadro INAF-CINECA (2017)” together with a CINECA ISCRA Award N.HP10BARP6Y
to describe the full evolution of a SNR from the core-collapse to the full-fledged SNR at the
age of 2000 years. Our simulations were compared with observations of SNR Cassiopeia
A (Cas A) at the age of ~ 350 years. Thanks to these simulations we were able to link
the physical, chemical and morphological properties of a SNR to the physical processes
governing the complex phases of the SN explosion.
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1. Introduction

Supernova remnants (SNRs), the outcome of
supernova (SN) explosions, are diffuse ex-
tended sources with a complex morphol-
ogy and a highly non-uniform distribution of
ejecta. General consensus is that such mor-
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phology reflects, on one hand, the physical
and chemical properties of the parent SN and,
on the other hand, the properties of the pro-
genitor stars and the early interaction of the
SN blast wave with the circumstellar medium
(CSM). Thus investigating the link between
the morphological properties of a SNR and
the complex phases in the SN explosion may
help: 1) to trace back the characteristics of
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the asymmetries that may have occurred dur-
ing the SN explosion, providing a physical in-
sight into the processes governing the SN en-
gines; 2) to identify the imprint of the progen-
itor stars, thereby obtaining information on the
final stages of the stellar evolution.

However, studying the connection be-
tween SNRs and their parent SNe is an ex-
tremely challenging task which requires a
multi-physics, multi-scale, multi-dimensional
approach, due to the rich physics involved
during the SN explosion and the subsequent
expansion of the remnant, the very different
time and space scales involved in these phases
of evolution, and the inherent 3D nature of
the anisotropies developing during the whole
evolution. To overcome all these difficulties,
we adopted an approach based on the cou-
pling between core-collapse SN models and
SNR models (e.g. |Orlando et al.|2015} 2016;
Wongwathanarat et al.|2017; Ferrand et al.
2019; |Ono et al.|[2020; |Orlando et al.|[2020a;
Tutone et al.|2020; |Gabler et al.|2020).

Here we studied the ejecta dynamics of the
SNR Cas A from the core-collapse SN explo-
sion to their expansion in the SNR by link-
ing, for the first time, modeling attempts that
have been carried out independently so far, ei-
ther constrained to the early phase of the SN
up to days only (Wongwathanarat et al.|2017),
or starting the long-time remnant evolution
with artificial initial conditions (Orlando et al.
2016). The simulations covered 2000 years of
evolution, thus going beyond the age of Cas A
(= 350 years). The aim was to investigate how
the final remnant morphology reflects the char-
acteristics of the SN explosion and, in particu-
lar, the asymmetries that develop in the imme-
diate aftermath of the core-collapse

2. The model

We focused on a SN model which repro-
duces post-explosion anisotropies, one day af-
ter the SN event, which are compatible with
the structure of Cas A (Wongwathanarat et al.
2017): three pronounced nickel-rich fingers
that may correspond to the extended iron-
rich regions observed in Cas A. These simula-
tions provided the initial conditions for our 3D
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SNR simulations soon after the shock break-
out. The plasma and magnetic field evolu-
tion were modeled numerically by solving the
time-dependent MHD equations, including the
deviations from electron-proton temperature-
equilibration, and the deviations from equi-
librium of ionization of the most abundant
ions, in a 3D Cartesian coordinate system (see
Orlando et al.[2020b for the detail of the imple-
mentation). These effects are necessary to de-
scribe appropriately the evolution of the rem-
nant and to synthesize accurately the thermal
X-ray emission from model results. We also in-
cluded the effects of heating due to radioactive
decay of °Ni and *°Co.

The calculations were performed using the
PLUTO code (Mignone et al|2007) a well
tested modular Godunov-type code intended
mainly for astrophysical applications and high
Mach number flows in multiple spatial dimen-
sions. The initial density, pressure, and veloc-
ity structure of ejecta as well as the isotopic
composition of the ejecta were derived from
the adopted SN simulation (Wongwathanarat
et al.[2017). Then the 3D SNR simulations de-
scribe the interaction of the remnant with the
wind of the progenitor star. The wind was as-
sumed to be spherically symmetric with gas
density proportional to r~2 (where r is the ra-
dial distance from the progenitor). In order to
compare the simulations with Cas A, the wind
density at r = 2.5 pc was constrained by X-ray
observations of the shocked wind in this rem-
nant (Lee et al.|[2014).

We performed multi-species simulations to
follow the evolution of the isotopic composi-
tion of ejecta and the matter mixing and to
link the chemical distribution of ejecta in the
remnant to anisotropies developing in the early
phases of SN evolution. A major challenge in
modeling the explosion and subsequent evolu-
tion of the remnant was the very small scale
of the system (the initial blast wave radius is
~ 10" cm) in the immediate aftermath of the
SN explosion (= 1 day after the SN event)
in comparison with the size of the rapidly ex-
panding blast wave (a final size of =~ 8 pc at
the age of 2000 years). To capture this range
of scales we adopted a strategy similar to that
used by [Orlando et al.|(2019)).
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Fig. 1. Isosurface of the distribution of iron at the
age of Cas A for one of our simulations (see|/Orlando
et al.|2020b). The opaque isosurface correspond
to a value of Fe density which is at 5% of the
peak density; the colors give the radial velocity in
units of 1000 km s~! on the isosurface. The semi-
transparent quasi-spherical surfaces indicate the for-
ward (green) and reverse (yellow) shocks. The Earth
vantage point lies on the negative y-axis. A navi-
gable 3D graphic of this distribution is available at
https://skfb.ly/6TKRK.

3. Results

The model and the results of our analysis are
presented in detail in (Orlando et al.| (2020b);
here we summarize our main findings.

We explored the effects of energy depo-
sition from radioactive decay and the effects
of an ambient magnetic field on the evolution
of the remnant, by performing three long-term
simulations with the above effects switched ei-
ther on or off. In all the cases, our simulations
predict radii of the forward and reverse shocks
and ejecta velocities at the age of ~ 350 years
consistent with those observed in Cas A. We
found that the fundamental chemical, physical,
and geometric properties observed in Cas A
can naturally be explained in terms of the phys-
ical processes associated with the asymmetric
SN explosion and to subsequent interaction of
the initial asymmetries with the reverse shock
of the SNR.

The ejecta distribution soon after the break-
out of the shock wave at the stellar surface is
characterized by large-scale plumes of ejecta
rich in °Ni and *Ti (Wongwathanarat et al.
2017). One year later, the °Ni decayed in
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%Co and the latter in stable °Fe. The high-
entropy plumes of Fe- and Ti-rich ejecta cross
the reverse shock at the age of ~ 30 years.
This interaction triggers the development of
hydrodynamic (HD) instabilities which gradu-
ally fragment the plumes into numerous small-
scale fingers. At the age of Cas A, the shocked
portion of these plumes lead to the formation
of extended regions of shock-heated Fe simi-
lar to those observed in Cas A. The fine-scale
structure of the plumes and the HD instabili-
ties triggered by the reverse shock lead to the
formation of a filamentary pattern of shocked
ejecta with ring-like and crown-like features
(see Fig. [1) which resembles that observed
in Cas A remarkably well (e.g. [Milisavljevic
& Fesen||2013). The initial large-scale plumes
are also responsible for the spatial inversion
of the ejecta layers with Si-rich ejecta being
physically interior to Fe-rich ejecta. The inver-
sion is evident only in regions where the fast
plumes of Fe-rich ejecta interact with the re-
verse shock; elsewhere, the original chemical
stratification is roughly preserved.

The unshocked ejecta of the modeled rem-
nant show voids and cavities similar to those
observed (e.g. Milisavljevic & Fesen|2015; see
Fig. 2). They originate from the expansion of
Fe-rich plumes and their inflation due to the
decay of radioactive species. We found that
the largest cavities are physically connected
with the large-scale Si-rich rings of shocked
ejecta which encircle the Fe-rich regions. The
initial large-scale asymmetry is also respon-
sible for the metal-rich ejecta being arranged
in a “thick-disk” geometry. The disk is tilted
with respect to the plane of the sky as in-
ferred from observations of Cas A. The dis-
tributions of **Ti and °Fe are mostly con-
centrated in the northern hemisphere, pointing
opposite to the kick velocity of the neutron
star. These distributions and their abundance
ratio are both compatible with those inferred
from high-energy observations of Chandra and
NuSTAR (Grefenstette et al.|[2014,[2017).

Finally, the simulations showed that, after
2000 years of evolution, most of the metal-
rich ejecta were shocked and subject to strong
mixing by the HD instabilities. However, the
spatial distributions of iron-group elements,
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Fig. 2. Isosurfaces of the distribution of iron and ti-
tanium at the age of Cas A for one of our simulations
(see|Orlando et al.|2020b). The irregular isosurfaces
correspond to a value of Fe and Ti density at 10%
(shocked) or 2% (unshocked) of the maximum den-
sity; the colors indicate either shocked or unshocked
Fe and Ti as reported in the upper right corner.

the decay product of Ti (**Ca) and Si still
keep memory of the original SN asymme-
try. Furthermore, cavities and voids in the un-
shocked ejecta are still evident even though
more diluted than in previous epochs. We con-
cluded that the fingerprints of the SN can still
be found ~ 2000 years after the explosion.

4. Conclusions

Our study has shown that the structures ob-
served in the inter-shock region of a core-
collapse SNR are the natural consequence of
the interaction of the reverse shock with the
post-explosion large-scale asymmetries of the
SN. In particular, the main features observed
in the morphology of Cas A (Fe-rich regions,
ring- and crown-like features, inversion of
ejecta layers, etc.) develop as a consequence
of the fast growth of HD instabilities in the
reverse-shock heated plumes of ejecta devel-
oped after the SN explosion. All these features
encode the fingerprints of a neutrino-driven
SN explosion. Our simulations, therefore, pro-
vided more conclusive information whether
the paradigm of the neutrino-driven explosion
mechanism is able to explain the chemical and
morphological asymmetries observed in great
detail in Cas A, a young remnant of a stripped-
envelope (type IIb) SN.
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