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Abstract. Recently, first neutrino-driven supernova explosions have been obtained in 3D, self-
consistent, first-principle simulations, these models are still not always exploding robustly and,
in general, the explosions are not sufficiently energetic. To constrain the explosion mechanism,
and the related uncertainties, it is thus very helpful to consider observational constraints: pulsar
kicks, progenitor association and supernova remnants (SNR). Recent observations of asymme-
tries in the supernova ejecta of Cas A are very promising, to compare to long-term simulations
of the explosion. In addition 3D observations of SN87A are becoming more constraining on the
geometry of the ejected material during the explosion. In this talk I will discuss our efforts
to model the late time evolution of a 3D supernova explosion, where we include the effects of
beta decay, which inflates the structures rich in **Ni. The structures we find in the simulations
depend on the quantities plotted.
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1. Introduction

Supernovae are amongst the most energetic events in our universe. Huge efforts have
been undertaken to improve our knowledge about these phenomena by performing so-
phisticated simulations and by ever more detailed observations. Our current under-
standing of, in particular, core-collapse supernovae (CCSNe) shows us that 3D effects
are very important to model them theoretically, but also to interpret the observations.
First long-term multi-dimensional supernova simulations became possible at end of the
1980s and in the early 1990s (Arnett et al. (1989), Fryxell et al. (1991), Mueller et al.
(1991), Hachisu et al. (1990), Hachisu et al. (1992), Hachisu et al. (1994), Yamada & Sato
(1990), Herant & Benz (1991), Herant & Benz (1992), Herant & Woosley (1994), Iwamoto
et al. (1997), Nagataki et al. (1998)). Later the complexity of the simulations was in-
creased, by among other things no longer initiating the explosions with thermal bombs
(Kifonidis et al. (2000), Kifonidis et al. (2003), Hungerford et al. (2003), Hungerford et al.
(2005), Kifonidis et al. (2006), Joggerst et al. (2009), Joggerst et al. (2010), Joggerst
et al. (2010), Couch et al. (2009), Gawryszczak et al. (2010), Couch et al. (2011), Ono
et al. (2013), Ellinger et al. (2012), Ellinger et al. (2013)). In a series of papers, we
also investigated how neutrino-driven explosions evolve through the progenitor up to its
surface and how multi-dimensional effects and instabilities create asymmetries in the
ejecta (Hammer et al. (2010), Wongwathanarat et al. (2010), Wongwathanarat et al.
(2013), Wongwathanarat et al. (2015), Wongwathanarat et al. (2016)).

Other groups followed a different approach to investigate the CCSN phenomenon.
They modeled particular supernova remnants such as SN 1987A or Cas A (Li et al.
(1993), Blondin & Lundqvist (1993), Blondin et al. (2001), Tanaka & Washimi (2002),
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Podsiadlowski et al. (2007), Dewey et al. (2012), Potter et al. (2014), Orlando et al.
(2015), Orlando et al. (2016)). These studies focused on the late phases of the explo-
sion/early phases of the remnant and the interaction with the circumstellar material.
The simulations were started with spherically symmetric or artificial initial conditions
after the shock break-out.

The theoretical models were stimulated by the ever more detailed observations reveal-
ing truly 3D structures and asymmetries (Nagataki et al. (1998), Fesen (2001), Hwang
et al. (2004), Fesen et al. (2006), Milisavljevic & Fesen (2013), Grefenstette et al. (2014),
Milisavljevic & Fesen (2015), Boggs et al. (2015), Grefenstette et al. (2017)).

In the current work we continue our previous study (Wongwathanarat et al. (2015))
and simulate the evolution from a 3D supernova explosion starting at bounce up to the
early remnant stage including nuclear beta decay of *Ni consistently.

2. Numerics

For our computations we use the 3D, explicit finite-volume hydrodynamic code
PROMETHEUS (Fryxell et al. (1991), Mueller et al. (1991)). It is based on the piece-
wise parabolic reconstruction method (PPM; Colella & Woodward (1984)), employs a
Riemann solver for realistic gases (Colella & Glaz (1985)) and treats multi-fluid systems
with the consistent multi-fluid advection scheme (CMA; Plewa & Miiller (1999)). To
avoid artefacts at the polar axis of a spherical polar grid and to allow for larger time
steps due to a less restrictive CFL condition close to the polar axis, we use a 'Yin-
Yang’ grid (Kageyama & Sato (2004), Wongwathanarat et al. (2010)). The code has
already been applied to calculate the 3D propagation of the shock and the ejecta during
a neutrino-driven supernova explosion up to the shock break out (Wongwathanarat et al.
(2013), Wongwathanarat et al. (2015)) and to investigate light curves for different pro-
genitors compared to SN 1987A (Utrobin et al. (2015)) as well as to study the production
of #Ti and °°Ni in Cas A (Wongwathanarat et al. (2016)).

Here we extend the code version PROMETHEUS-HOTB by including the effects of
additional heating due to beta decay. *®Ni decays with a half-life time of 7'1]\/“2 = 6.07d

to °Co, which in turn decays to the stable 5Fe with TIC/% = 77.23d. The energy releases

in v photons and e™ per decay are Qn; = 1.72MeV and Q¢, = 3.735MeV, respectively
(Junde et al. (2011)). For the current study we assume that the total energy is deposited
locally. This overestimates the energy trapped in the medium, because depending on the
model, the ejecta become transparent to the photons released during the beta decay after
about 100 — 150d. However, until this time about 2/3 of the radioactive material will
have decayed and our approximation only mildly overestimates the energy input due to
radioactive decay. Practically, the additional energy is implemented as a source term for
the specific energy per unit mass € and the energy increase in a time interval At is given
by

Z_)(’L_ 7A111112
AEZZQ (1—e i/ ) , (2.1)
- m;

where X; and m; are the mass fraction and atomic mass of the respective element i =
{Ni,Co}. To reduce numerical costs and numerical diffusion we use a radially moving
mesh with vg,iq ~ v., which results in a quasi-Lagrangian grid, because v, >> {vg,v,}.
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model model in type mass[Mg] radius[10° km] twmap [ks] toutbreak [ks]
Wongwathanarat+2015

W15 W15-2-cw RSG 15 339 5.8 85

L15 L15-1-cw RSG 15 434 5.0 96

N20 N20-4-cw BSG 20 33.8 1.4 5.6

B15 B15-1-pw BSG 15 39.0 3.2 7.3

Table 1. Progenitor models used in this work.

3. Models

Continuing the work of Wongwathanarat et al. (2015) we consider two red (RSG) and
two blue super giants (BSG) progenitors (see Table1) and evolve them for up to two
years including the beta decay of *Ni to ®6Fe.

The evolution of the models until shock breakout in Wongwathanarat et al. (2015) can
be summarized as follows: Initial asymmetries arise due to hydrodynamical instabilities
behind the stalled shock during the first second of post bounce evolution. Once the shock
expands the initial asymmetric structures move outwards and fragment due to Rayleigh-
Taylor (RT) instabilities at the C+0O/He and He/H shell interfaces of the progenitor.
How strong the initial, big plumes fragment depends sensitively on the structure of the
progenitor. In particular, the density decrease at each interface and the flatness of the
density profiles within the following shell determine how much time the instabilities
have to grow before the reverse shock hits the inner ejecta. At this point the plumes
are decelerated and get compressed. Fragmentation and mixing occurs by the growth of
RT instabilities in the region between reverse shock and shell interfaces. It is therefore
suppressed when the reverse shock from the He/H interface decelerates the inner ejecta
before they reach the RT unstable region at the base of the H envelope. Depending on the
progenitor structure, the different models have different characteristics at shock breakout.
The two RSG (W15 and L15) are qualitatively similar: there are small scale RT-fingers
grouped into larger structures that arose from the initial asymmetries during the shock
revival phase. In the BSG N20 the initial asymmetries were decelerated and compressed
due to a faster interaction with the reverse shock, before the inner ejecta could reach
the RT unstable region at the He/H interface. Thus, the model is quite spherical even at
late times. Model B15 has different morphology than the other two groups. There are a
few very elongated fingers in the direction of the initial asymmetries. Those almost did
not interact with the reverse shock. However, the latter slowed down and compressed the
material in the central region such that the fast moving fingers are much more extended
than in the other models. For a more detailed description we refer to Wongwathanarat
et al. (2015).

4. Results

Right after the shock breakout, the Ni-rich ejecta of almost all models still have not
reached the homologous expansion. For a short time, the velocity differences of different
structures lead to a further elongation of the Ni-fingers for models W15, L15 and in
particular B15. The Ni-rich ejecta of the more spherical model N20 become slightly
asymmetric. Starting at about one day, the radioactive decay of 5Ni provides a significant
energy source that heats up the Ni-clumps. This increase of the internal energy leads to
an inflation of the corresponding structures. Small fragmented fingers start to expand
and can even merge with neighbouring fingers. Thus, they create larger structures in
the direction of the initial asymmetries from the onset of the explosion. In Figure 1, we
plot the surfaces where the mass fraction of **Ni4+°6Co+°SFe is larger than 3%. These
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Figure 1. Isosurfaces where the elements of the decay chain of *®Ni sum up to 3%. The color
coding is the radial velocity.

surfaces contain most of the final *°Fe and are thus representative for the most extended
structures of the ejecta.

At late times, the small asymmetries in model N20 after the shock breakout, are almost
completely washed out and the overall shape of the ejecta is rather close to spherical
symmetry. In the other models the reverse shock slows down most of the central material
which therefore forms an almost spherical shell (blue regions in panels for B15, L15, and
W15 in Figurel), while the fingers become more elongated and expand with modest
extra boost by the 6Ni decay heating. In the models L15 and W15 we see three main
structures consisting of a few Ni-fingers. In addition, LL15 has some smaller structures
with only one or a few smaller fingers. Model B15 has more fingers than the two RSG,
but the basic morphology elements are highly asymmetric and comparable in all three
models.

Due to the expansion of the Ni-bubbles or Ni-fingers their density decreases with re-
spect to the surrounding and matter gets accumulated at the walls of the bubbles/fingers.
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Figure 2. Crossectional slice through the young remnant for model B15, showing the mass
density color coded. The walls of the Ni-rich domains have clearly higher densities than the

interior of these structures.
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Figure 3. Surfaces enclosing 25% of '2C (left) and 2%Si (right) with the highest respective
densities for model W15.

This effect is displayed in Figure 2, where we plot a density slice of model B15 at around
150d. Clearly, there are density enhancements at the borders of the Ni-rich structures.
One also can identify a central volume which is less dense than the walls of the bubbles.
(’Nickel bubble’,Woosley (1988))

Observations are not only limited to Fe, for which we show most of the plots. To show
the differences to other elements we plot the surfaces containing each 25% of mass with
the highest densities of '>C and ?8Si in Figure 3. As expected the heavier element 28Si is
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located inside the volume where '2C is found. Other elements may be distributed slightly
differently. Similar differences arise for one element but different threshold densities.
When comparing to observations, it is thus important to make sure that the structures
seen and the ones in the models correspond to the same component of ejected material.
For example, in the right panel of Figure 3 it looks like there is only one dominant finger,
while in the left there are three.
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