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Abstract

We perform three-dimensional hydrodynamic simulations of aspherical core-collapse supernovae, focusing on the
matter mixing in SN 1987A. The impacts of four progenitor (pre-supernova) models and parameterized aspherical
explosions are investigated. The four pre-supernova models include a blue supergiant (BSG) model based on a
slow-merger scenario developed recently for the progenitor of SN 1987A (Urushibata et al. 2018). The others are a
BSG model based on a single-star evolution and two red supergiant (RSG) models. Among the investigated
explosion (simulation) models, a model with the binary merger progenitor model and an asymmetric blpolar-hke
explosion, which invokes a jetlike explosion, best reproduces constraints on the mass of high-velocity “°Ni, as
inferred from the observed [Fe II] line profiles. The advantage of the binary merger progenitor model for the matter
mixing is the flat and less extended p r° profile of the C+O core and the helium layer, which may be characterized
by the small helium core mass. From the best explosion model, the direction of the bipolar explosion axis (the
strongest explosion direction) and the neutron star (NS) kick velocity and direction are predicted. Other related
implications and future prospects are also given.
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1. Introduction

Since the discovery of supernova 1987A (SN 1987A) in the
Large Magellanic Cloud on 1987 February 23, more than 30 yr
have passed, and it has been in the young supernova remnant
phase. So far, there have been many observations of SN 1987A
at a wide range of wavelengths (for a review of the
observational features of SN 1987A, see, e.g., Arnett et al.
1989b; McCray 1993; McCray & Fransson 2016). Thus, SN
1987A provides a unique opportunity to investigate the
evolution from a supernova to a supernova remnant thanks to
its age (~30 yr) and proximity (~50 kpc). In order to extract
information from the observations of the supernova remnant,
theoretical modeling of the evolution from the explosion to
its supernova remnant is indispensable. In this paper, we
theoretically investigate an early evolution of SN 1987A (up to
a few days), focusing on the matter mixing and related
observables; we have linked the evolution to phases of the
supernova remnant (Orlando et al. 2019b).

Large-scale matter mixing has been indicated from observa-
tions of SN 1987A as follows. Early detections of hard X-ray
emission (Dotani et al. 1987; Sunyaev et al. 1987) and direct
~-ray lines from the decay of *°Co (Matz et al. 1988; Varani
et al. 1990) revealed the existence of radioactive *°Ni in high-
velocity outer layers in the expanding ejecta consisting of
helium and hydrogen. It is noted that °Co was the decay
product of *°Ni (in the sequence of **Ni — °Co — *°Fe) that
had been synthesized by the explosive nucleosynthesis during

the explosion (the half-lives of the sequence, *°Ni — °Co —
Fe, are 6.1 and 77 days, respectively; Nadyozhin 1994). The
fine structure developed in the H,, line (the so-called Bochum
event; Hanuschik et al. 1988) has also implied the existence
of clumps of high-velocity (~4700 km s °Ni with a
few 1077 M, (Utrobin et al. 1995). Observed emission lines
of [FeIl] (18 and 26 pm) from SN 1987A at ~400 days after
the explosion (Haas et al. 1990) have shown that the tails of the
distribution of Doppler velocities reach ~4000 km s, and the
centroids of the lines are redshifted (for 18 and 26 pum, the
centroids are at 450 + 200 and 680 =+ 200kmsfl, respec-
tively). It has been interpreted that between 4% and 17% of the
iron had a high velocity of >3000kms ™' (Haas et al. 1990).
Later observations of [NiII] lines from SN 1987A at ~640 days
also indicated a similar high velocity of iron (~3000kms™';
Colgan et al. 1994). The spectral modeling of the late phase
(200-2000 days) of SN 1987A has revealed inward mixing of
hydrogen down to velocities of <700kms™' (Kozma &
Fransson 1998). Theoretical studies based on one-dimensional
(1D) hydrodynamical simulations with radiative transfer have
shown that the early appearance of hard X-ray emission and
~-ray lines and optical light curves cannot be explained without
some degree of mixing of *°Ni into fast-moving outer layers
(Pinto & Woosley 1988; Woosley 1988; Shigeyama &
Nomoto 1990). To re 6produce the observed optical light curves
artificial mixing of *°Ni up to velocities of 3000-4000 km s~

is necessary (Shigeyama & Nomoto 1990; Blinnikov et al.
2000). In addition to “°Ni, Shigeyama & Nomoto (1990) and
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Blinnikov et al. (2000) also insisted on inward mixing of
hydrogen down to velocities of 800 and 1300kms ',
respectively, although the values are higher than those deduced
from the spectral modeling (Kozma & Fransson 1998).

What is the mechanism of the mixing? Rayleigh—-Taylor
(RT) instability has been considered to be one of the possible
mechanisms of the matter mixing in core-collapse supernovae.
The RT unstable condition is described as VP - Vp <0
(Chevalier 1976), where P is the pressure and p is the density.
1D hydrodynamical simulations with a progenitor model for
SN 1987A have shown that the unstable condition could be
realized during the shock propagation around the interface
between the C+O core and the helium layer (C+O/He) and the
one between the helium and hydrogen layers (He/H; Ebisuzaki
et al. 1989; Benz & Thielemann 1990).

Motivated by the observational evidence of the matter mixing in
SN 1987A, multidimensional hydrodynamical simulations of the
propagation of the supernova shock wave have been performed,
focusing on the development of RT instabilities (Arett et al.
1989a; Hachisu et al. 1990, 1992; Fryxell et al. 1991; Herant &
Benz 1991, 1992; Mueller et al. 1991). All of the studies have
assumed spherical symmetry in the explosions, and among the
investigated models, the obtained maximum velocity of °Ni
is only ~2000km st (Herant & Benz 1991, 1992). Hence,
aspherical explosions that had not been considered in those studies
above might be necessary to explain the observations.

Recent observations of emission lines of [SiI] + [FeII] and
HeT (1.644 and 2.058 pm, respectively) by the Hubble Space
Telescope (HST) and Very Large Telescope (Kjer et al. 2010;
Larsson et al. 2013, 2016) have revealed that the three-
dimensional (3D) morphology of the inner ejecta of SN 1987A
is globally elliptical /elongated (the ratio of the major to minor
axes of the inner ejecta is 1.8 £ 0.17; Kjer et al. 2010). It is
known that in the nebula around SN 1987A, there is a triple
ring structure consisting of an inner equatorial ring (ER) and
two outer rings (ORs), and the configurations with respect to
the Earth have been deduced (e.g., Sugerman et al. 2005a;
Tziamtzis et al. 2011). The optical spectroscopy of the light
echoes of SN 1987A has also indicated asymmetries in the line
profiles of H, and Fe 11, which is consistent with the elongated
ejecta and two-sided distribution of SN (Sinnott et al. 2013).
New spots and diffuse emission outside the ER found by more
recent HST observations may provide additional insights into
the evolution of the ER and ejecta (Larsson et al. 2019). Recent
observations of spatially resolved 3D distributions of the
rotational transition lines of CO and SiO molecules by the
Atacama Large Millimeter/submillimeter Array (ALMA) have
indicated that the distributions are clumpy and not spherical at
all (Abellan et al. 2017). Further observations by ALMA have
revealed that dust emission from the inner ejecta is also clumpy
and asymmetric (Cigan et al. 2019).

Direct emission lines from the decay of long-lived radioisotope
“Ti (the half-life of the decay sequence, ““Ti — **Sc — *Ca, is
58.9 + 0.3 yr; Ahmad et al. 2006), which was the product of the
explosive nucleosynthesis, have been observed in SN 1987A
(Grebenev et al. 2012; Boggs et al. 2015). The initial mass of **Ti
was estimated as (3.1 +0.8) x 10°*M., in Grebenev et al.
(2012). Recent observations by NuSTAR (Boggs et al. 2015) have
also revealed that ““Ti ~-ray lines have been redshifted with a
velocity of 700 £ 400 km s~ which invokes a large-scale
asymmetry in the explosion of SN 1987A, and the initial mass of
“Ti was estimated as (1.5 + 0.3) x 10~* M., (Boggs et al. 2015).
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Despite searching for more than 30 yr, the compact object of
SN 1987A has not been detected yet. From the fact that there
has been no detection from millimeter, near-infrared, optical,
ultraviolet, and X-ray observations, several constraints on the
compact object have been argued, and it has been inferred that
the compact object is a thermally emitting neutron star (NS)
obscured by dust (Orlando et al. 2015; Alp et al. 2018),
although the possibility that the compact object is an NS with
nonthermal emission was also argued (Esposito et al. 2018).
Meanwhile, X-ray observations of nearby core-collapse super-
nova remnants, e.g., Cassiopeia A (Cas A), have revealed that
the direction of an NS’s motion relative to the explosion center
is the opposite of the gaseous intermediate elements in the
supernova ejecta, and it has been inferred that the NS kicks
stem from asymmetric explosive mass ejections (Katsuda et al.
2018). Theoretically, NS kicks are expected by neutrino-driven
core-collapse supernova explosions thanks to their aspherical
nature (Wongwathanarat et al. 2010, 2013). Recent ALMA
observations of dust emission from the ejecta of SN 1987A
have insisted that a dust peak found to the northeast of the
center of the remnant could be an indirect detection of the
compact object (Cigan et al. 2019).

The mechanisms of core-collapse supernova explosions have
not been elucidated yet. Theoretically, it has been considered
that a canonical core-collapse supernova could be triggered by
the delayed neutrino heating aided by convection (Herant et al.
1994) and/or standing accretion shock instability (SASL
Blondin et al. 2003), where multidimensional effects are
essential (for a review of the mechanism of core-collapse
supernovae, see Janka 2012; Janka et al. 2012; Kotake et al.
2012a, 2012b; Burrows 2013; Miiller 2016). Hitherto, based on
the delayed neutrino heating mechanism, many two-dimen-
sional (2D) and 3D hydrodynamical simulations with an
approximate neutrino transport have been performed for a few
decades (Burrows et al. 1995a; Kifonidis et al. 2003, 2006;
Scheck et al. 2006, 2008; Marek & Janka 2009; Nordhaus et al.
2010b; Suwa et al. 2010; Kuroda et al. 2012; Miiller et al.
2012a, 2012b, 2012c, 2017; Takiwaki et al. 2012, 2014;
Bruenn et al. 2013, 2016; Couch & Ott 2013; Dolence et al.
2013; Hanke et al. 2013; Ott et al. 2013; Wongwathanarat et al.
2013; Couch & O’Connor 2014; Nakamura et al. 2014; Couch
& Ott 2015; Pan et al. 2016; Radice et al. 2016, 2017;
Nagakura et al. 2017; Burrows et al. 2019; Vartanyan et al.
2019). Since the involved physical effects, e.g., neutrino
transport, general relativity, and nuclear equation of state
(EOS), are rather complicated and multidimensional, ab initio
hydrodynamical simulations of core-collapse supernovae are
rather demanding in the viewpoint of numerical costs; the
adopted physical effects and their approximations, in particular
for the neutrino transport, have been rather varied among
simulations, and a consensus has not yet been reached.
Actually, comparisons of the results between 2D and 3D
simulations have been made, and the explodabilities in 3D
relative to those in 2D are controversial (Nordhaus et al. 2010b;
Dolence et al. 2013; Hanke et al. 2013; Takiwaki et al. 2014). It
is noted that a strong sloshing mode (/ = 1) of SASI seen in 2D,
which makes an asymmetric dipolar morphology of the shock,
tends to be less evident in 3D at later phases of the shock
revival (Nordhaus et al. 2010b; Hanke et al. 2013).

On the other hand, magnetohydrodynamical (MHD) simula-
tions of core-collapse supernovae have demonstrated jetlike
magnetorotationally driven explosions (Kotake et al. 2004;
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Sawai et al. 2005; Burrows et al. 2007; Takiwaki et al. 2009;
Sawai et al. 2013; Mosta et al. 2014; Sawai & Yamada 2016).
For a successful launch of a jet, generally, both strong magnetic
field and rapid rotation before the core collapse are necessary;
however, it has not yet been unveiled from which evolutionary
paths both conditions are fulfilled (for an example of stellar
evolution calculations of a single massive star with magnetic
field, see, e.g., Heger et al. 2005). The magnetorotational
instability (Balbus & Hawley 1998) could play a significant
role in the amplification of the magnetic field during the core
collapse and shock revival, but high-resolution simulations are
necessary to capture the fastest-growing mode. and it is difficult
to assess its role by global hydrodynamical simulations. See,
e.g., Sawai & Yamada (2016) for an attempt to investigate the
impact of the magnetorotational instability on core-collapse
supernovae. The possibility of jittering jets explosion mech-
anism was also argued for SN 1987A (Bear & Soker 2018).

In the context of matter mixing in core-collapse supernovae,
the possible effects of aspherical core-collapse supernova
explosions have been investigated based on multidimensional
hydrodynamic simulations. The effects of mildly jetlike
explosions on matter mixing have been studied based on 2D
hydrodynamical simulations with a progenitor model for SN
1987A (Yamada & Sato 1991; Nagataki et al. 1998b;
Nagataki 2000). Nagataki et al. (1998b) and Nagataki (2000)
obtained high-velocity *°Ni corresponding to the tails (up to
~3000km s ') of [Fe1] lines with a large amplitude (30%) of
perturbations in velocities at the phase when the shock wave
reaches the He/H interface. In the context of jetlike explosions,
Nagataki et al. (1997, 1998a) suggested that a jetlike explosion
enhances the amount of **Ti synthesized by the explosive
nucleosynthesis thanks to a strong alpha-rich freeze-out.
Hungerford et al. (2003, 2005) investigated the effects of jetlike
and single-lobe explosions on the ~-ray lines using a 3D
smoothed particle hydrodynamical (SPH) code. Kifonidis et al.
(2000, 2003, 2006) investigated matter mixing with more
realistic explosion models based on 2D high-resolution hydro-
dynamical simulations (with adaptive mesh refinement (AMR))
of neutrino-driven core-collapse supernovae aided by convection
and/or SASL. The authors found that a globally aspherical
explosion dominated by low-order unstable modes (I = 1, 2)
with an explosion energy of 2 x 10°! erg produces high-velocity
%Ni clumps (~3300kms™"; Kifonidis et al. 2006). Joggerst
et al. (2009, 2010a, 2010b) studied the development of RT
instabilities in spherical core-collapse supernovae of solar-
metallicity, metal-poor, and zero-metallicity massive stars based
on 2D and 3D hydrodynamical simulations. If a star ends its life
as a compact BSG, the mixing by RT instability is significantly
reduced, and fallback is enhanced compared with those of RSGs.
Thus, the structure of the progenitor star could be essential for
matter mixing. Ellinger et al. (2012) studied RT mixing in a
series of aspherical core-collapse supernova explosions using a
3D SPH code, and the sizes of the arising clumps were studied
based on Fourier transformations.

The effects of the dimensionality of hydrodynamical
simulations on the matter mixing in core-collapse supernovae
have been controversial. The growth of RT instabilities in 3D
simulations of a spherical supernova explosion is faster than
that in corresponding 2D simulations, but the widths of the
mixed regions at the time of the saturation are similar in 2D and
3D in the end (Joggerst et al. 2010b). On the other hand,
Hammer et al. (2010) demonstrated an effective mixing in 3D
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due to the faster growth of RT fingers and less deceleration of
metal-rich clumps compared with that in the corresponding 2D
simulation. Generally, the resolutions of 2D hydrodynamical
simulations can be higher than those of 3D ones; however,
axisymmetric 2D Eulerian hydrodynamical simulations could
introduce numerical artifacts around the polar axis (Gawryszczak
et al. 2010). In keeping with the different behaviors between 2D
and 3D and the defect of possible numerical artifacts in
axisymmetric 2D simulations, 3D high-resolution simulations
are necessary for a study of matter mixing.

In our previous papers (Ono et al. 2013; Mao et al. 2015,
hereafter Paper I and Paper II, respectively), we have system-
atically investigated the matter mixing in SN 1987A based on
2D hydrodynamical simulations with an AMR code with an
ad hoc way of the initiation of explosions. In Paper I, we
parametrically explored the impact of mildly aspherical
explosions with a clumpy structure on the distribution of the
radial velocities of “°Ni and the line-of-sight velocity
distribution of 56Ni, which corresponds to the observed
velocity profiles of [Fe II] lines. It was found that the maximum
velocity of *°Ni is at most ~3000kms ', In Paper II, the
possible effects of large perturbations in the density of the
progenitor star were explored, and at most, ~4000kms ' of
“°Ni can be obtained by asymmetric bipolar explosions with
radially coherent perturbations (amplitude of 50%) in the
density of the progenitor star. The obtained line-of-sight
velocity distribution of 56Ni, however, seems to be different
from those of the observed [FeII] line profiles.

Wongwathanarat et al. (2015) investigated the dependence
of matter mixing on progenitor models based on 3D
hydrodynamical simulations of neutrino-driven core-collapse
supernovae from the shock revival to the shock breakout. It was
found that the extent of mixing depends sensitively on the
density structure of the progenitor model, i.e., the sizes of the C
+O core and helium layer and the density gradient at the He/H
interface. In red supergiant (RSG) models, high-velocity *°Ni
of 4000-5000km s ' is obtained. In a 15 M, blue supergiant
(BSG) model, relatively high-velocity *°Ni (~3500kms™") is
obtained. On the other hand, in a 20 M. BSG model, the
maximum *°Ni velocity is only ~2200kms ™' because of the
strong deceleration of inner ejecta by the reverse shock and
insufficient time for the growth of RT instabilities at the He/H
interface. Utrobin et al. (2015) modeled optical light curves
based on part of the 3D hydrodynamical models above. Among
the investigated models, only one BSG model reproduces the
dome-like shape of the light-curve maximum of SN 1987A. As
the authors mentioned, the mass of the helium core of the
progenitor model is, however, only ~4 M, which is less than
the value for the progenitor star of SN 1987A (6 £ 1 M;
Arnett et al. 1989b; see below for details).

The properties of the progenitor star of SN 1987A have been
obtained from observations (for a review, see Arnett et al.
1989b). The progenitor was identified as a compact B3 Ia BSG,
Sanduleak —69° 202 (hereafter Sk —69° 202; Walborn et al.
1987; West et al. 1987). The estimated intrinsic bolometric
magnitude is translated into a luminosity of (3-6) x 10*® erg
s~'. The effective temperature is ~16,000 K (Humphreys &
McElroy 1984), with a probable range of 15,000-18,000 K
(Arnett et al. 1989b). From models of massive stars, the helium
core mass of Sk —69° 202 could be in the range of 6 + 1 M,
(e.g., Woosley 1988). Another notable feature related to the
progenitor of SN 1987A is the triple ring structure discovered
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around Sk —69° 202 after the supernova event (Wampler et al.
1990; Burrows et al. 1995b), which invokes an axisymmetric
but nonspherical mass ejection during the stellar evolution. The
expansion velocities of the rings, the inner ER and two ORs,
have been deduced as ~10 and ~26kms™', respectively
(Crotts & Heathcote 1991, 2000), which is consistent with the
wind velocities of RSGs; it has been interpreted that the three
rings were ejected at least ~20,000 yr ago, i.e., Sk —69° 202
could have been an RSG about 20,000yr ago (Crotts &
Heathcote 1991; Burrows et al. 1995b). Additionally, anom-
alous abundances of helium and CNO-processed elements in
the circumstellar material including the rings have been
reported from observations of emission lines, i.e., He/H
(number ratio) = 0.25 & 0.05 (Lundqvist & Fransson 1996),
He/H = 0.17 £ 0.06 (Mattila et al. 2010), He/H = 0.14 + 0.06
(France et al. 2011), N/C = 7.8 + 4 (Fransson et al. 1989),
N/C = 5.0 £ 2.0 (Lundqvist & Fransson 1996), N/O = 1.6 +
0.8 (Fransson et al. 1989), N/O = 1.1 £ 0.4 (Lundqvist &
Fransson 1996), and N/O = 1.5 + 0.7 (Mattila et al. 2010).
These abundance ratios indicate an enhancement of material that
underwent hydrogen burning through the CNO cycle in the
nebula. The problem, however, is how the products of the
hydrogen burning had been mixed into the hydrogen envelope
and the nebula in the end.

Hitherto, there have been many attempts to construct single-
star evolution models that satisfy at least a part of the
requirements for Sk —69° 202 mentioned above. A major issue
in single-star models, however, is that extreme fine tuning of
parameters related to specific assumptions, e.g., reduced
metallicity (Arnett et al. 1989b), enhancements of the mass
loss and helium abundance in the hydrogen envelope (Saio
et al. 1988a), restricted convection (Woosley et al. 1988), and
rotationally induced mixing (Weiss et al. 1988), is necessary in
order for the progenitor to end as a BSG and/or obtain the
abundance anomalies. Another unignorable issue in single-star
scenarios is how the triple ring nebula could be formed in this
context. If a progenitor star is rapidly rotating, the envelope
could obtain considerable angular momentum by a spin-up
mechanism (Heger & Langer 1998). Chita et al. (2008)
performed 2D hydrodynamical simulations of the evolution
of the wind nebula of a 12 M, star with a blue loop (red—blue—
red evolution) in the Hertzsprung—Russell (H-R) diagram, and
the formation of a triple ring structure was demonstrated during
the blue phase thanks to the spin-up mechanism (Heger &
Langer 1998). The star, however, ends its life as an RSG. To
date, there has been no single-star model that satisfies all of
the observational features of Sk —69° 202 (for reviews on
the progenitor of SN 1987A, see Arnett et al. 1989b;
Podsiadlowski 1992; Smartt 2009).

On the other hand, evolution models for Sk —69° 202 based
on binary mergers through a common-envelope interaction
have been proposed (Podsiadlowski et al. 1990, 1992; see
Hillebrandt & Meyer 1989, for a related common-envelope
model) as alternative (and probably more natural) explanations
of the red-to-blue evolution, the abundance anomalies in the
nebula, and the formation of the triple ring nebula (for the
overall binary merger scenario, see Section 2.2). Along this
scenario, Ivanova et al. (2002) demonstrated the penetration of
the material from the secondary into the core of the primary
based on 2D hydrodynamical simulations. Later, Morris &
Podsiadlowski (2007, 2009) successfully reproduced the
formation of a triple ring structure very similar to the observed
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one based on 3D SPH simulations. Recently, progenitor models
for SN 1987A based on the binary merger scenario have been
developed by two independent groups (Menon & Heger 2017;
Urushibata et al. 2018). They successfully found appropriate
models that satisfy all of the observational features of Sk —69°
202 mentioned above. Compared with Menon & Heger (2017),
Urushibata et al. (2018) included the effects of the spin-up of
the envelope due to the angular momentum transfer from the
orbit. Additionally, recent light-curve modeling for SN 1987A
(Menon et al. 2019) based on the binary merger models
(Menon & Heger 2017) has shown that the models better fit to
the observed optical light curves than single-star models.
Recently, direct y-rays from the decay of *°Ni and the scattered
X-rays have been theoretically investigated based on 3D
hydrodynamical models of neutrino-driven core-collapse super-
novae with some binary merger progenitor models (Alp et al.
2019).

In the context of matter mixing in SN 1987A, the studies that
have obtained high-velocity *°Ni (=>3000 km s~ ') have inves-
tigated only single progenitor star models. Kifonidis et al.
(2006), Hammer et al. (2010), and Wongwathanarat et al.
(2015) used 15 M. BSG model B15 (Woosley et al. 1988;
denoted as W15 in Sukhbold et al. 2016) to obtain the high-
velocity “°Ni, but the luminosity of the pre-supernova model is
outside the observational constraints. Whereas, with a BSG
model (Nomoto & Hashimoto 1988; Shigeyama & Nomoto
1990) corresponding to the main-sequence mass of 20 M
(denoted as N20 in Wongwathanarat et al. 2015), only a lower
velocity of S6Ni (<3000 km s_l) has been achieved (e.g.,
PaperI; Wongwathanarat et al. 2015), although the model
satisfies the final position in the H-R diagram.’ Hitherto, there
has been no consistent hydrodynamical model that explains the
observed high-velocity >°Ni with a single progenitor star model
that fulfills all of the observational requirements for Sk —69°
202. Recently, Utrobin et al. (2019) revisited the modeling of
light curves for a larger variety of BSG models than that in
Utrobin et al. (2015); it was confirmed that there is no single-
star model that matches all observational features. Therefore, it
is worth revisiting the matter mixing in SN 1987A with a
binary merger model.

Motivated by recent observations of the supernova remnant
of SN 1987A, 3D hydrodynamical/ MHD simulations of the
interaction of the expanding ejecta with the ER have been
performed, focusing on the X-ray and/or radio emission (Potter
et al. 2014; Orlando et al. 2015, 2019a). Recently, Miceli et al.
(2019) compared the 3D hydrodynamical model (Orlando et al.
2015) with observed X-ray spectra of the remnant of SN
1987A. Although the morphology of the inner ejecta of SN
1987A is obviously nonspherical (e.g., Larsson et al. 2016), in
those studies, spherical symmetry has been assumed in the
explosions, and no realistic stellar evolution model has been
used. In order to maximize the information that can be
extracted by comparing theories with observations of the
remnant, 3D hydrodynamical models of aspherical explosions
with a realistic stellar evolution model are imperative.

The purpose of this paper is to investigate the impact of
progenitor models and parameterized aspherical explosions on
the matter mixing in SN 1987A and related observational
outcomes, in particular the line-of-sight velocity distribution of
*°Ni corresponding to the [Fell] line profiles, which may

7 For the positions of the two BSG models in the H-R diagram, see the points
denoted as W15 and N20 in Figure 2 in Sukhbold et al. (2016).
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provide nontrivial information on the morphology of the inner
ejecta and the configuration relative to the triple ring nebula. In
order to accomplish this, we perform 3D hydrodynamical
simulations of core-collapse supernova explosions with four
pre-supernova models; two are BSG models, and the other two
are RSG models. It is noted that a recent binary merger BSG
model (Urushibata et al. 2018) is adopted for the study of the
matter mixing for the first time. First, we perform many lower-
resolution simulations to explore a wide range of parameters
related to the asphericities of the explosion and the progenitor
dependence. In Paper II, the impact of large-density perturba-
tions in the progenitor star was investigated; however, in order
to focus on the purpose above, such effects are not considered
in this paper. As a result, we find the best parameter set related
to aspherical explosions, and with the parameter set, high-
velocity *°Ni of ~4000kms~' is obtained with the binary
merger model. Then, regarding the best parameter set as a
fiducial one, we discuss the parameter and progenitor model
dependences. Next, fixing the parameter set as the fiducial one,
we perform two high-resolution simulations for the two BSG
progenitor models, and the differences between the two models
are presented. We have used the results of part of the models in
this paper as the initial conditions for 3D MHD simulations of
the later evolution of SN 1987A (Orlando et al. 2019b), which
is a natural extension of our previous studies on spherical
explosions for SN 1987A (Orlando et al. 2015, 2019a; Miceli
et al. 2019).

This paper is organized as follows. Section 2 is dedicated to
the description of the method of computation and the initial
conditions. In Section 3, the models and related parameters are
delineated. In Section 4, the results of 1D and 3D simulations
are presented. Section 5 is devoted to a discussion on related
topics. Finally, the study in this paper is summarized in
Section 6.

2. Method and Initial Conditions

In this section, the numerical method for hydrodynamical
simulations and the initial conditions, including the pre-
supernova models, are described in detail.

2.1. Numerical Method

In this paper, 3D hydrodynamic simulations of core-collapse
supernova explosions are performed. The method is based on
our previous papers, Papers I and I, on the matter mixing with
2D hydrodynamic simulations. Here we briefly summarize the
method and stress points that are different from the previous
ones. The numerical code is FLASH (Fryxell et al. 2000), as in
our previous papers (PapersI and II). In this paper, the 3D
Cartesian coordinates (x, y, z) are adopted, whereas in Papers I
and II, the 2D spherical coordinates (r, ) were adopted.

In the simulation, we do not follow the process from the core
collapse to a successful shock revival, but the shock-wave
propagation from around the interface between the Fe core and
the Si layer (~1000 km) to a radius (21014cm) larger than
the stellar one (~10">-10"3 cm) is followed. In order to follow
such a large difference of the spatial scales, the computational
domain is gradually expanded as the shock wave propagates
outward. The computational domain is initially set to be
—5000 km<x, y, z<5000 km, ie., Xmin, Ymins Zmin =
—5000 km and Xjyax Ymaxs Zmax = 5000 km. First, the physical
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quantities of a pre-supernova model (see Section 2.2) are mapped
to the computational domain so that the center of the star is at the
origin of the coordinates. When the shock wave approaches the
computational boundaries, the simulation is stopped once, and the
domain is expanded by a factor of 1.2 for each dimension (X,
Vmins Zmins Xmaxs Ymaxs aNd Zmax are all multiplied by a factor of 1.2)
as in Papers I and II (in Papers I and II, computational domains are
expanded only in the radial direction; i.e., r,, is multiplied by a
factor of 1.2). Then the physical quantities are remapped to the
new (expanded) computational domain. During the remapping
process, in the cells not covered in the previous simulation, the
quantities of either the pre-supernova model (see Section 2.2) or
the profile of the ambient matter are mapped, depending on the
radius. If the cells correspond to the ambient matter, the profile of
a spherical steady stellar wind is mapped, where the density
profile follows p (r) oc r % and the mass-loss rate and wind
velocity adopted are Myjng = 1077 M. yrfl, Vaind = 500kms ™!,
respectively, as in Morris & Podsiadlowski (2007). After the
remapping process, the simulation is restarted again; to cover the
large spatial scales, about 75 remappings are necessary.

Explosions are initiated by artificially injecting thermal and
kinetic energies around the interface between the Fe core and
the Si layer of the mapped pre-supernova profile. The total
injected energy, Ei,, is an initial parameter of the models. The
ratio of the injected thermal energy to the kinetic energy is set
to be unity. The range of the values of Ej, is (1.5-3.0) x
10°! erg (see Section 3.1 for the range). It is noted that Ej, is
not the explosion energy, E.y,, which should be obtained as a
result of the simulation (see Equation (6) for the definition of
E., and Table 3 for the obtained values of the explosion
energy). In this paper, we consider aspherical explosions,
which are obtained by distributing initial radial velocities in
nonspherical ways. As such nonspherical explosions, bipolar-
like explosions along the z-axis (polar axis) with asymmetries
across the x—y plane (equatorial plane) are considered, where
fluctuations in the initial radial velocities for making clumpy
structures are also taken into account. For the details of the
description of the distributions of initial radial velocities, see
Appendices A and B.

The inner regions centered at the origin that correspond to a
compact object (could be a proto—neutron star) are excluded
from the cells to be solved. The size of the inner regions
corresponding to the compact object is kept as larger than either
0.005 times x,4 or three times Ax (Ax is the size of the inner
cells), whichever is larger, along each dimension. The excluded
cells are treated as a boundary condition (BC); i.e., the physical
quantities on the cells are replaced to meet the BC to adjacent
cells at every time step. During an early phase of the simulation
“reflection,” a BC is adopted for the excluded cells, and later it
is switched to a “diode” BC, as in Papers I and II. The timing
of the switching is arbitrary, but it should not affect the major
results (see Paperl for details). The mass initially in the
excluded cells is regarded as a point mass at the origin, and
masses flowing into the excluded cells are added to the point
mass at every time step. In the simulation, the point-mass
gravity and spherically symmetric self-gravity are taken into
account. The former is the gravity due to the time-dependent
point mass, and the latter is obtained from the spherically
averaged density profiles.

In order to reduce the computational costs, the resolution of
the computational grids is adaptively refined (the method is
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called AMR) with the PARAMESH (MacNeice et al. 2000)
package implemented in the FLASH code. For lower-
resolution simulations in this paper, the maximum and
minimum refinement levels are initially set to be 7 and 5,
respectively. For high-resolution simulations, the initial max-
imum and minimum refinement levels are 8 and 5, respectively.
If the maximum refinement level is #, at most 2~ blocks can
be created for each dimension. Here the number of grid points
in one block for each dimension is eight. Then, the effective
resolution of the lower- (higher-) resolution simulations is
[26 x 87 = 5123 (27 x 8] = 1024%). Since a simulation with
the maximum refinement level for all computational regions is
rather demanding from the point of view of the numerical cost,
in order to reduce the cost, we manually control the regions
where the maximum refinement is allowed. The regions around
the forward shock (FS) should be solved at the highest
resolution because the regions are numerically severe and must
be solved by a shock-capturing scheme and dominate the
overall dynamics due to their high fluid velocities. Addition-
ally, of interest are regions where instabilities develop, and
actually, in the regions around the FS, RT instabilities first start
to grow. Then, for both lower- and high-resolution simulations,
regions only around the FS are allowed to be at the maximum
refinement (as mentioned later, starting immediately before the
shock breakout, the maximum refinement level is increased,
and the regions allowed to be at the maximum refinement are
changed), i.e., the effective resolutions of other regions for
lower- and high-resolution simulations are 256> and 5123,
respectively. The FS surface (FS radius, rgg) is approximately
traced at every time step by searching for the cell that has the
maximum radial velocity along each radial direction. The
regions of rgg — 0.05xmax < 7 < 755 + 0.075 Xy, are allowed
to be at the maximum refinement. After the shock breakout, the
FS is accelerating rapidly due to the steep pressure gradients,
whereas the inner ejecta (originally inside the He core) is left
far behind the FS. Then, the complex structures of the inner
ejecta introduced at earlier phases are numerically lost after the
shock breakout without a special treatment for the refinement.
Therefore, starting just before the shock breakout, the
maximum refinement levels in the inner regions are increased.
In the inner regions of approximately r < Xma/8, the
maximum refinement levels are set to be 8 (effective res.:
1024%) and 9 (effective res.: 2048%) for lower- and high-
resolution simulations, respectively. In the regions of approxi-
mately Xpax/8 < 7 < Xmax/4 or around the FS, the max1mum
refinement levels are set to be 7 (effective res.: 5123 ) and 8
(effective res.: 1024%) for lower- and high-resolution simula-
tions, respectively. The resolutions of other regions are the
same as before the shock breakout.

Since the density and pressure of the ambient matter are
rather small compared with those in the expanding ejecta, the
shape of the FS is affected by the grid structure of the Cartesian
coordinates after the shock breakout; i.e., the shape of the FS
tends to be like a square. In order to reduce such numerical
artifacts on the shape of the FS, starting just before the shock
breakout, the system is rotated by an arbitrary angle about each
axis during the remapping process; after that, all of the physical
quantities are remapped. The angles are randomly determined
within the range from —/2 to 7/2 for each axis. Due to the
randomness of the selection of the arbitrary rotation angles, the
effects of the grid structure of the Cartesian coordinate are
washed out after several remappings. Actually, we confirmed
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that the shape of the FS becomes more roundish (natural) than
that without such rotations. Since the rotations affect only the
outermost ejecta (mostly composed of hydrogen) after the
shock breakout, the main results of this paper (the spatial
distribution of metals and their velocities), except for the shape
of the FS, should not change with or without the rotations.

As in Paper I, perturbations of pre-supernova origin are
taken into account in the simulation. When the shock wave
reaches around the composition interfaces of C+0O/He and
He/H, perturbations of the amplitude of 5% are introduced in
the radial velocities. The perturbations are functions of the
angular position (0, ¢). We take [ + 1 sampling points for
random numbers along the @ direction at 8 = 0, w/1,2/(l — 1),
..., m and m + 1 sampling points along the ¢ direction at
0=0,7/m,2/(m — 1), ..., 27w, where | and m are integers, and
I =128 and m = 256 are adopted. Then, at each sampling
point, one random number is assigned. A factor for the
perturbations to the radial velocities at an angular position
(0, ¢) is obtained by 1 + erand(f, ¢), where € is the parameter
for the amplitude of the perturbations and set to be 5%, and
rand(d, ¢) is a function of the angular position (6, ¢) obtained
by the interpolation of the assigned random numbers of the
adjacent sampling points around the effective angular position
0, ¢) = (0, ¢sinh).® In this paper, we do not discuss the
impact of the perturbations of pre-supernova origins (for the
impact, see Paper I).

As in Papers I and II, the explosive nucleosynthesis is taken
into account with a small approximate nuclear reaction network
(Weaver et al. 1978) coupled with the FLASH code. Elements
n, p, 'H, *He, *He, °C, "N, 190, Ne, *Mg, i, °>S,
36Ar 40Ca 44T1 48Cr 52Fe 54Fe and 56N1 are 1ncluded The
feedback from the nuclear energy generation is also taken into
account. The advection of elements is followed by solving an
advection equation for the mass fraction of each element (see
Paper1 for details).

At early phases of the simulation, the Helmholtz EOS
(Timmes & Swesty 2000), which includes contributions from
the radiation, completely ionized ions, and degenerate/
relativistic electrons and pos1trons is used The EOS can
cover the physical regions of 10~ '°gem ™ < p < 10" gem ™
and 10 K< T< 10" K. For a later phase, when
p < 107 % gem 2, another EOS that consists of ideal gas of
fully ionized ions, electrons, and radiation is used. For a
transition region of 10 %gem ™ < p < 107" gcm ?, the
Helmholtz EOS and the EOS mentioned just above are
smoothly blended. As for the latter EOS, the contribution to
the pressure from the radiation is suppressed depending on the
density and temperature in an optically thin regime (see
PaperI). As in Papers I and II, energy deposition rates from
the decay of *°Ni and >°Co are also implemented (see Paper I
for details).

2.2. Initial Conditions: Pre-supernova Models

In this subsection, the pre-supernova models used as the
initial conditions of the hydrodynamical simulations are
described. Here, before the description, some properties of Sk
—69° 202 that are closely related to the study in this paper (the
matter mixing) are briefly summarized as follows. The

8 Without the factor of sinf in ¢ = ¢sind, the wavelengths of the

perturbations around the polar axis become too small compared with those
around the equatorial plane.
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Table 1
Properties of Pre-supernova Models
Model M Mcioc" MHE,Cb Mp© R R q = Mye /M Typed Evolution®
M) M) Mc) M) (cm) Re)

b18.3 18.3 2.87 3.98 14.3 2.12 (12)f 30.7 0.22 BSG Binary
nl6.3 16.3 3.76 5.99 10.3 3.39 (12) 48.7 0.37 BSG Single
s18.0% 14.9 4.19 5.49 9.45 6.76 (13) 972 0.37 RSG Single
$19.8% 159 4.89 6.24 9.61 7.36 (13) 1058 0.39 RSG Single
Notes.

4 Mass of the C+O core.

® Mass of the helium core.

€ Mass of the hydrogen-rich envelope.

d Type of the pre-supernova model, i.e., “RSG” or “BSG.”

¢ Evolution scenario, i.e., “binary” (“single”) denotes a binary merger (single star) evolution.

[ Number in parentheses denotes the power of 10.
€ The number in the name denotes the zero-age main-sequence mass.

luminosity and effective temperature of Sk —69° 202 are
(3-6) x 10®erg s™' and 15,000-18,000 K, respectively
(Arnett et al. 1989b). Since, at the time of explosion, energy
generation from hydrogen shell burning is generally negligible,
the helium core mass is closely related to the luminosity; from
the evolution models, it is in the range of 6 £+ 1 M, for the case
of the single-star evolution (Woosley 1988). With the ranges of
the luminosity and effective temperature, the radius is
estimated as (2-4) x 10" cm (Amett et al. 1989b).

In this paper, four pre-supernova models (denoted as n16.3,
b18.3, s18.0, and s19.8) are adopted. Important properties of
the models are summarized in Table 1, where M is the stellar
mass, Mc. o, is the C+O core mass, My, is the helium core
mass, M.,, is the hydrogen envelope mass, R is the stellar
radius (listed in units of cm and R, in the sixth and seventh
columns, respectively), and g = My /M is the ratio of the
helium core mass to the stellar mass. Here the values are all the
ones at the time of the explosion. The ninth and 10th columns,
“Type” and “Evolution,” denote the types of the models, i.e.,
“BSG” or “RSG,” and the evolution scenario, i.e., “single” star
evolution or “binary” merger evolution. Models nl16.3 and
b18.3 are BSGs, whereas the other two, s18.0 and s19.8, are
RSGs. As mentioned in Section 1, the progenitor of SN 1987A,
Sk —69° 202, was a compact BSG at the time of the explosion,
and the two RSG models are not appropriate for Sk —69° 202
from the point of view of the effective temperature (stellar
radius; see the sixth column in Table 1). The two models,
however, are included to see the dependence on the progenitor
models because the two RSG models have distinct properties
compared with those of the BSG models.

Model b18.3 is a newly developed (Urushibata et al. 2018)
compact BSG model based on the binary merger scenario
(Podsiadlowski et al. 1990, 1992; Morris & Podsiadlowski
2007). The overall binary merger scenario is as follows. A
binary system with a large mass ratio consisting of a primary
RSG (~15 M) and a secondary main-sequence star (~5 M)
forms a common envelope through dynamical mass transfer
from the primary to the secondary (here the masses of the two
merging stars are taken from Morris & Podsiadlowski 2007).’
The spiral-in of the core of the primary and secondary due to

o In Podsiadlowski et al. (1990, 1992), the masses of the primary and

secondary stars are 16 and 3 M., respectively. In recent binary merger models
for the progenitor of SN 1987A (Menon & Heger 2017; Urushibata et al.
2018), the masses of two stars are in the range 14—17 and 4-9 M., respectively.

the friction with the common envelope causes spin-up of the
envelope and partial (aspherical) mass ejection from the
envelope. Then, the secondary starts to transfer its mass to
the core of the primary after the Roche lobe radius of the
secondary becomes relatively smaller than its own stellar
radius. During the mass transfer, part of the material from the
secondary (composed of hydrogen-rich material) penetrates
into the helium core of the primary, which triggers additional
hydrogen burning and mixing of helium and CNO-processed
material into the envelope. Eventually, the secondary is
completely dissolved into the envelope of the primary to form
a single rapidly rotating BSG. The properties of model
b18.3 are listed in Table 1 in Urushibata et al. (2018; the
model is labeled as “a” with a footnote); it is the outcome of the
merger of two massive stars of 14 and 9.0 M. This model
satisfies all of the observational constrains of Sk —69° 202, i.e.,
the final position in the H-R diagram (the observed luminosity
and effective temperature), the red-to-blue transition about
20,000 yr ago, the required surface abundances of helium and
CNO-processed elements, and an ability to form a triple ring
structure in the nebula. Hitherto, this model has not been
investigated in the study of matter mixing.

Model n16.3 was obtained by combining an evolved 6 M,
He core corresponding to the zero-age main-sequence mass of
20 M., (Nomoto & Hashimoto 1988) with a 10.3 M., hydrogen
envelope. The hydrogen envelope was taken from an
independent stellar evolution calculation (Saio et al. 1988b)
in which an enhanced mass-loss rate and artificial mixing of
helium-rich material into the hydrogen envelope were imple-
mented to make a compact BSG that satisfies the observed
luminosity and the effective temperature (Shigeyama &
Nomoto 1990). Model nl16.3 has also been used in our
previous studies on matter mixing (Papers I and II). It is noted
that model n16.3 has been denoted as N20 in several studies
(e.g., Wongwathanarat et al. 2015; Utrobin et al. 2019). In
previous studies on matter mixing, this progenitor model has
had difficulties reproducing the high-velocity *°Ni of
>3000kms~" (e.g., Paper I, Wongwathanarat et al. 2015).

A distinct difference of the properties between the two BSG
models, b18.3 and n16.3, is the ratios of core mass to envelope
mass (see Table 1). As one can see, both the helium (~4 M)
and C+O (~3 M) core masses of b18.3 are smaller than those
of n16.3 (~6 and 4 M., respectively). On the contrary, the
mass of the hydrogen envelope of b18.3 (~14 M) is larger
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Figure 1. The p I profiles of the four progenitor models b18.3 (top left), n16.3 (top right), s18.0 (bottom left), and s19.8 (bottom right), where p is the density and r is the
radius. The solid vertical lines indicate the composition interfaces. The dashed lines denote the transitions between convective and radiative regions in the C+O layer.

than that of n16.3 (~10 M,). In other words, the ratio of the
helium core mass to the stellar mass of b18.3 (¢ = 0.22) is
smaller than that of n16.3 (¢ = 0.37). The radius of b18.3 is
also smaller than that of n16.3 by a factor of about 0.6.

Pre-supernova models s18.0 and s19.8 are taken from the
supplementary data'® in Sukhbold et al. (2016). The number
in each name does not denote the final stellar mass but rather
the corresponding zero-age main-sequence mass, as in the
paper. The two models are favored for SN 1987A in the point
of view of the helium core mass (~6 M), but the radius (on
the order of 10" cm) is very different from the observational
constraints (~3 x 10'? cm) by a factor of more than 10. The
two models are essentially the same as the corresponding
models calculated in Woosley et al. (2002). Between the two
RSG models, there are slight (but nonnegligible) differences
in the properties. The ratios of the helium core mass to the
stellar mass (¢ ~ 0.4) have similar values as model n16.3,
but the stellar radii are rather different from those of the BSG
models.

In Figure 1, p r* profiles of the four models are shown,
where p is the density and r is the radius. The top left, top
right, bottom left, and bottom right panels are the profiles of
b18.3,n16.3, s18.0, and s19.8, respectively. The solid vertical
lines indicate the composition interfaces. The dashed vertical
lines denote the transition between convective and radiative
regions in the C+O layer. The gradient of p r° provides useful
information on where and when the supernova shock wave is

10 The supplementary data are taken from Sukhbold et al. (2016).

accelerated or decelerated. In the self-similar solution of a
point explosion in a power-law density profile of p(r) oc r=
(Sedov 1959), the velocity of the blast wave can be expressed
as vy, (1) o 1@=3/6G-w)_ From the relation, one finds that if the
power of the density profile —w is —3, the velocity of the blast
wave is constant. Equivalently, if the gradient of pr° is
positive (corresponding to the case of w < 3), the velocity of
the blast wave decreases (the blast wave is decelerated) at the
position, and vice versa. In this way, the density structure
affects how the supernova shock wave propagates in the pre-
supernova star. Since the radial velocity of the supernova
ejecta is very roughly proportional to the radius, basically, it is
difficult for the inner ejecta to catch up with the higher-
velocity outer ejecta. But, depending on the complicated
density structure, as seen in Figure 1, the propagation of the
blast wave and the expansion of the inner ejecta could
drastically change among the progenitor models. Addition-
ally, the condition of the RT instability is VP - Vp < 0
(Chevalier 1976), and the structure of the density gradient is
also important for the growth of the RT instability. For the
comparison among the models, the p 7> profiles are shown on
a single plot (Figure 2). As one can see, among the models,
there are large differences in the structures of the C+O layer,
helium layer, and hydrogen envelope. The binary merger
model, b18.3, has the flattest p ~° gradient in the C4+O layer.
The structures of the RSG models in the helium layer and
hydrogen envelope are similar between the two RSG models.
In the RSG models, the blast wave overall accelerates inside
the helium layer, but the situation is opposite in the hydrogen
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Figure 2. Same as Figure 1, but the four p 1 profiles are plotted on the same
figure.

envelope. On the other hand, the pr° gradient of the BSG
models in the helium layer is overall positive, except for a thin
region at the outer layer, and the structures in the hydrogen
envelope are rather different from those of the RSG models
because of the large differences in the radius.

3. Simulation Models

In this paper, we perform 1D and 3D hydrodynamical
simulations. Here, the hydrodynamical models and related
model parameters are described in detail.

3.1. Models of 1D Simulations

In order to assess the dependence of the matter mixing on the
progenitor models, we first perform 1D hydrodynamical simula-
tions. As in previous papers (e.g., Ebisuzaki et al. 1989; Benz &
Thielemann 1990; Mueller et al. 1991), including Paper I, from
spherical 1D hydrodynamical simulations of the blast-wave
propagation in an expanding star, stability analyses of instabilities
for the progenitor models can be done. In order to evaluate the
time-integrated growths of instabilities (growth factors), several
1D simulations are performed for each progenitor model changing
the initial injection energy, E;,. For the simulations, the same
numerical code, FLASH, is used, and the basic method is the
same as described in Section 2.1. But the adopted coordinate
system is the spherical coordinate here, and the resolution of
the simulations and treatments of inner regions corresponding to
the compact object are different because of the differences
between the two coordinate systems. For the treatments in the
spherical coordinate, see Paper I. For 1D simulations, the model
parameter on explosions is only E;,. From the observations of the
optical light curves and theoretical modeling of the light curves
(e.g., Woosley 1988; Shigeyama & Nomoto 1990), the explosion
energy of SN 1987A has been deduced. For example, the range of
the explosion energy, E.,, Wwas estimated as Eexp/Menv =
(1.1 £ 0.3) x 10erg M." in Shigeyama & Nomoto (1990).
The explosion energy depends on the hydrogen envelope mass in
this case. By substituting the value of the envelope mass of the
binary merger model b18.3 (M,,, = 14.3 M.,) into the equation,
Eexp/Meny = (1.1 £ 0.3) x 10 erg M_', one can obtain the
explosion energy as E., = (1.1-2.0) x 10°" erg. The deduced
values of the explosion energy have not converged among the
studies, but overall, the values are within the range of
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Eep = (0.8-2.0) x 10°! erg.11 From the results in Papers I
and II, it has been empirically found that the final explosion
energy is roughly approximated as Ee,, ~ (Ej, — 0.5 x 10 "erg).
Then, as the values of the parameter, E;,, the four values, (1.5, 2.0,
2.5, and 3.0) x 10°" erg, are adopted in this paper. The last value
is outside the range above, but we include it as an extreme case.

Here we briefly review the method of the stability analysis.
For the analysis, two kind of instabilities are considered. One is
the RT instability for an incompressible fluid, and the other is
an instability for a compressible fluid (convection). The
condition of the RT instability (Chevalier 1976) is expressed as

R
— <0, 1
7 ey

where R = 0lnp/0r and P = 91In P/0r are the reciprocals of
the density and pressure scale heights, respectively. Here p is
the density, r is the radius, and P is the pressure. The criterion
of the convective instability for a compressible fluid
(Schwarzschild criterion; e.g., Bandiera 1984) is

R

1
P

where « is the adiabatic index. The growth rate of the RT
instability is written as

o= |-LPr. 3)
P

The growth rate of the convective instability is

0= 2JP? — PR, 0)

gl

where ¢ is the sound speed. From the growth rate, the time-
integrated growth (growth factor) for each instability is
calculated as

¢

z = exp (]{; Re[o] dt ), ®))

where (y is the initial amplitude of a perturbation, ( is the
amplitude of the perturbation at time #, and 0 = o; (0 = o) for
an incompressible (a compressible) fluid. Based on the results
of the 1D simulations described in Section 3.1, the growth
factors are deduced at each mass coordinate at time ¢. The
growth factors are based on a local linear analysis of
instabilities. Then, once the instabilities enter a nonlinear
regime, the growth rates are no longer followed by
Equations (3) and (4) in a realistic multidimensional situation.
Actually, the growth rate of the RT instability is proportional to
the square root of the wavenumber of the perturbation (e.g.,
Ebisuzaki et al. 1989), and after the nonlinear regime, merging
of fingers (inverse cascading) may occur to form larger-scale
structures (Hachisu et al. 1992). Therefore, the values of the
growth factors should not be taken quantitatively but only
qualitatively. Nevertheless, the growth rates can be useful to
grasp where instabilities are easy to grow and the dependence
on the progenitor models.

t

1 The range of the explosion energy was summarized in Table 1 in Handy
et al. (2014).
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Table 2
Models of 3D Simulations and Parameters

Model B = Vpot/Veq" a = v/ Vdown’ Type of asphel.® Ei (107" erg)? €
b18.3-mol3 2 2.0 Cos 2.5 30%
b18.3-beta2 2 1.5 Elliptical 2.5 30%
b18.3-betad 4 1.5 Elliptical 2.5 30%
b18.3-beta8 8 1.5 Elliptical 2.5 30%
b18.3-fid 16 1.5 Elliptical 2.5 30%
nl6.3-mol3 2 2.0 Elliptical 2.5 30%
nl6.3-beta2 3 1.5 Elliptical 2.5 30%
nl6.3-betad 4 1.5 Elliptical 2.5 30%
nl6.3-beta8 8 1.5 Elliptical 2.5 30%
nl6.3-fid 16 1.5 Elliptical 2.5 30%
$18.0-mo13 2 2.0 Cos 2.5 30%
$18.0-beta2 2 1.5 Elliptical 2.5 30%
$18.0-betad 4 1.5 Elliptical 2.5 30%
s18.0-beta8 8 1.5 Elliptical 2.5 30%
s18.0-fid 16 1.5 Elliptical 2.5 30%
$19.8-mo13 2 2.0 Cos 2.5 30%
$19.8-beta2 2 1.5 Elliptical 2.5 30%
$19.8-betad 4 1.5 Elliptical 2.5 30%
$19.8-beta8 8 1.5 Elliptical 2.5 30%
$19.8-fid 16 1.5 Elliptical 2.5 30%
b18.3-alphal 16 1.0 Elliptical 2.5 30%
b18.3-alpha2 16 2.0 Elliptical 2.5 30%
b18.3-cos 16 1.5 Cos 2.5 30%
b18.3-exp 16 1.5 Exponential 2.5 30%
b18.3-pwr 16 1.5 Power 2.5 30%
b18.3-clp0 16 1.5 Elliptical 2.5 0%
b18.3-einl.5 16 1.5 Elliptical 1.5 30%
b18.3-ein2.0 16 1.5 Elliptical 2.0 30%
b18.3-ein3.0 16 1.5 Elliptical 3.0 30%
b18.3-high 16 1.5 Elliptical 2.5 30%
n16.3-high 16 1.5 Elliptical 2.5 30%
Notes.

 Ratio of the initial radial velocities along the polar to the equatorial (x—y plane) directions.
® Ratio of the initial radial velocities along the positive to the negative z-directions.
¢ Type of the distribution of the initial radial velocities described in Appendix A, i.e., “cos
the functions, f(0), in Equations (8)—(11), respectively.

Energy initially injected to initiate the explosion.
¢ Amplitude of the fluctuations in the initial radial velocities.

”
B

exponential,” “power,” or “elliptical,” which correspond to the shapes of

3.2. Models of 3D Simulations indicates the amplitude of the fluctuations in the initial radial
velocities. The angular dependence of the fluctuations is
described in Appendix B.

The nomenclature of the models is as follows. For example,
in the case of “b18.3-mol3,” the part before the hyphen,
“b18.3,” denotes the adopted pre-supernova model, and the
latter part, “mol13,” indicates the properties of the adopted
parameter set related to the initial asphericity of the explosion
and the injected energy. The models with “mo13” adopt the
parameter set corresponding to the ones in the best model,

As noted in Section 1, we first perform 3D lower-resolution
simulations to explore a wide range of parameters related to
aspherical explosions and the progenitor models. Among the
models with the best parameter set of the explosion asphericity,
two 3D high-resolution simulations are performed for the two
BSG models, i.e., b18.3 and n16.3. For the parameters related
to the aspherical explosions, see Appendices A and B.
The models of the 3D simulations and the adopted values

of the related parameters are summarized in Table 2, where AM2, in Paper 1. The models with “fid” adopt the fiducial (the
B = Vpol /Veq is the ratio of the initial radial velocities along the best) parameter set in this paper. The models with “beta2,”
polar to the equatorial (x—y plane) directions, and “beta4,” and “beta8” have the values of the parameter
o = Vup /Vdown is the ratio of the initial radial velocities along /8 = Vpol /Veq as 2’ 4’ and 8’ respective])ﬁ In those models’ ()nly
the positive to the negative z-directions. The fourth column the values of 3 are different from the parameter set adopted in
denotes the type of distribution of the initial radial velocities the models with “fid.” In a similar way, the models with
described in Appendix A, i.e., “cos,” “exponential,” “power,” “alphal” and “alpha2” have the values of the parameter
or “elliptical,” which correspond to the shapes of the functions, a = vy /Vaown Set to be 1.0 and 2.0, respectively. The models
f(), in Equations (8)—(11), respectively. The sixth column, €, with “cos,” “exp,” and “pwr” adopt the types of the initial

10
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asphericity of the explosion as ‘“cos,” ‘“exponential,” and
“power,” respectively. In the model with “clp0,” the value of
the parameter € is 0%. The models with “einl.5,” “ein2.0,” and
“ein3.0” have the values of the parameter E;, as (1.5, 2.0, and
3.0) x 10°" erg, respectively. Finally, the models with “high”
have the same parameter sets as in the corresponding models
with “fid,” but the simulations are performed with the highest
resolution in this paper.
In Paper I, we explored mildly aspherical explosions with
the sprogemtor model of n16.3. The obtained maxrmum velocity
°Ni, however, is at most only ~3000kms ™', and the tails
(~4000 kms™ ") of the observed [Fe1I] line proﬁles were not
explained in Paper I. It is noted that the corresponding model to
the best model in Paper I, AM2, is model n16.3-mo13 in this
paper (see Table 2). Then, in this paper, we explore a wider
range for the asphericity of the explosions. For example, as can
be seen in Figure 26 in Appendix A, in the best model in
Paper I, the angle dependence of the initial radial velocities is
similar to the distribution for G = 2, shown in the top left
panel. In this paper, explosions in which higher initial radial
velocities are more concentrated around the polar axis (see the
distribution for 5 = 16 in the bottom right panel) are also
considered. As for the types of the initial asphericity of the
explosion, the “elliptical” form is adopted as a fiducial form
because we found that models with the “elliptical” form overall
better reproduce the observational requirements for SN 1987A
discussed in Section 4.2. The impacts of the types can be
investigated by comparing the results among the models b18.3-
fid, b18.3-cos, b18.3-exp, and b18.3-pwr, among which only
the types of the initial asphericity of the explosion are different
(see Section 4.2). Moreover, in order to investigate the impact
of the progenitor model dependence, the four progenitor
models (the two BSG models and the other two RSG models)
are included.

4. Results

In this section, the results of the 1D simulations (Section 4.1),
3D simulations with lower resolution (Section 4.2), and 3D high-
resolution simulations (Section 4.3) are presented in sequence.

4.1. Results of 1D Simulations

In this subsection, the results of stability analyses of the four
pre-supernova models are shown. The growth factors at the
time when the shock wave reaches the radius of about
5 x 10 cm (after the shock breakout for all cases) are shown
in Figure 3. From top to bottom, progenitor models b18.3,
nl6.3, s18.0, and s19.8 are shown. From left to right, the
cases of the injected energies Ej, = (1.5, 2.0, 2.5, and 3.0) x
10° erg are depicted. Red solid lines are the growth factors
for a compressible fluid, and black dashed lines are those for an
incompressible fluid. Thin vertical lines are the composition
interfaces. As one can see, growth factors are salient around the
composition interfaces of He/H and/or C+0O/He, as shown in
previous studies (e.g., Ebisuzaki et al. 1989; Benz &
Thielemann 1990; Mueller et al. 1991). Since the condition
for the RT instability for an incompressible fluid is always
more stringent than that for the convective instability
(Schwarzschild criterion) for a compressible fluid, the devel-
opment of the growth factors for the convective instability
dominates the one for the RT instability. The top two rows are
for BSG models, and the bottom two rows are for RSG models.
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In BSG models, growth factors are high around both the C+0/
He and He/H interfaces. On the other hand, in RSG models,
growth factors are outstanding only around the He/H
mterfaces which is attributed to the fact that the gradients of
the p r° value are overall negative in the helium layer of the two
RSG models, in contrast to the case of the BSG models (see
Figure 1). Focusing on the binary merger model (b18.3), the
growth factors seem to be proportional to the injected energies
E;, in particular at the He/H composition interface. The
growth factors depend on several factors, e.g., where and when
the conditions, Equations (1) and (2), are realized; the
steepness of the density and pressure gradients; and the time
for instabilities to grow. Then, the situation could change
depending on the progenitor models and explosion energies.
For the cases of the binary merger model (b18.3), a more
energetic explosion probably makes the pressure gradients
steeper than those for less energetic models. As for the other
BSG model (n16.3), the growth factors are not sensitive to the
explosion energies. For the case of model s18.0 (RSG), in the
less energetic model (left panel), the growth factors are most
prominent around the He/H composition interface.

4.2. Results of 3D Simulations: Lower-resolution Cases

In this section, the results of the 3D simulations with lower
resolution are presented The results are summarized in
Table 3, where E.y, is the explosmn energy (see Equatlon 6)
for the definition); M.; (56N1) is the e]ected total mass of *°Ni;
M, ( T1) is the e gected total mass of * T1 M30 ( N1) My
(°°Ni), and M, (°°Ni) are the masses of “°Ni for which the
radial velocity is >3000, >4000, and >4700 km s_l, respec-
tively; the value in the eighth column, M3.0/Mej (56Ni), is the
ratio of the values of the fifth to third columns; and vyng is the
NS kick velocity (see Section 5.3 and Equation (7)). The 10th
column, “No.,” denotes the sequential serial number (model
number) for Figure 11. The values in Table 3 are obtained at
the end of the simulation when the blast wave reaches
~2 x 10" cm (after the shock breakout for all models).
Explosion energies are defined by the expression

exp—fff( pv? +pE—|—p(IJ)dxdydz,

where V is the computational domain, v is the velocity, E is the
internal energy, and & is the gravitational potential.

As noted in Section 3.1, the explosion energy of SN 1987A has
been estimated from the observations in the range of (1-2) x

10°" erg. The injected energy Ej, is 2.5 x 10°" erg, except for

models b18.3-einl.5, b18.3-ein2.0, and bl18.3-ein3.0, in which
E,, = (1.5,2.0,and 3.0) x 10°! erg, respectively From the second
column of Table 3, obtained explosion energies, Eexp, from the
lower-resolution 51mulat10ns are roughly <2 x 10°" erg for the
models with E;, = 2.5 x 10°! erg, and those values are within the
accepted range, ie., (1-2) x 10 erg, mentioned above. For
models b18.3-einl.5, b18.3-ein2.0, and b18.3-ein3.0, the obtained
Eeyp is Toughly (1, 1.5, and 2.5) x 10°" erg, respectively. As one
can see the E., values are well approximated as Ej, — 0.5
x 10! erg. The E,, value for model b18.3-ein3.0 is outside the
accepted range. Then, model b18.3-ein3.0 is an extreme case.

From the theoretical modeling of the observed optical light
curves (e.g., Woosley 1988; Shigeyama & Nomoto 1990), the
mass of ejected N1 has been deduced as 0.07 M. Obtained
ejected masses of *°Ni from the simulations depend on the

(6)



THE ASTROPHYSICAL JOURNAL, 888:111 (40pp), 2020 January 10 Ono et al.
1l b18.3] b18.3[ b18.3[ b18.3]
comp. ——
12 | L L = incomp. ————
10 + 5 5 5 1
8 [ || Si [ || Si [ | si )
H FFel C+QY He H HFFe C+QY He H .
I fl I i
[ 1 ) - i f i
L e L e |
r VS ,I (lV/V/ — + ‘«!r/\\ I, JAVIV S S ———
n16.3 n16.3 n16.3]
H H o A
N L ]
ool s18.0f s18.0f i
(@] 22| [ L L
(@)
O 20 b s s
18 | F F b
16 I F F F
14 ! r I r r
181 e : e .’ - ;
8 [ si c+o He :' H Pls|i c+o He ,,' H M L
6 | F I r r
4 [ 1 . I . .
2¢ l 1 L JI \\L_ A) »// \ll/\\ 3 1 A II \\4, a \,// l\ll\\ 3 3
24 s19.8 s19.8 F
22 F F F
20+ b b F
18 F F b
16 b b F
14 | | Fe I || Fe I || Fe r
](2) s b s b si b
8 Cc+0 nd C+0 nd C+0 nd
2 [ [ [ [
2 3 4 2 3 4 2 3 4
M, [M,]

Figure 3. Growth factors, (/(, as a function of the mass coordinate, M,, for the progenitor models b18.3 (first row), n16.3 (second row), s18.0 (third row), and s19.8
(fourth row) at the time when the shock wave reaches the radius of about 5 x 10"* cm. From left to right, the cases of the injected energies E;, = (1.5, 2.0, 2.5, and
3.0) x 10°! erg are shown, respectively. The red solid lines are the growth factors for compressible fluid, and the black dashed lines are those for incompressible fluid.

Thin vertical lines are the composition interfaces. See the text for details.

degrees of the asymmetry of bipolar-like explosion
(B = Vpot/Veq), asymmetries against the equatorial plane
(@ =y /Vaown), and progenitor models. For example, looking
at the values for models b18.3-beta2, b18.3-betad, b18.3-beta8,
and b18.3-fid (6 = 2, 4, 8, and 16, respectively), the larger the
§ value, the smaller the ejected mass of °Ni. Comparing
models bl8.3-alphal, b18.3-fid, and bl18.3-alpha2 (o = 1.0,
1.5, and 2.0, respectively), the larger the o value, the smaller
the ejected mass of *°Ni. In the order s19.8-fid, b18.3-fid,
nl6.3-fid, and s18.0-fid, the mass of ejected ONi is increasing.
The dependence of the mass of ejected *°Ni on the pre-
supernova models may reflect the structure (density and
temperature) of the innermost regions around the composition
interface of Fe/Si (see Fiﬁgure 1). Overall, the obtained values
of the mass of ejected 5®Ni are (0.8-1) x 1071M@, but for
some models, e.g., s18.0-mol3 and s18.0-beta2, the ejected
mass of “°Ni (~0.13 M) is a bit large.

As mentioned in Section 1, the mass of “*Tj has been estimated
as (3.1 £0.8) x 1074M@ (Grebenev et al. 2012) or (1.5 &
0.3) x 10_4M@ (Boggs et al. 2015) from the observations of

12

direct ~-ray lines from the decay of **Ti. Overall, the obtained
mass of ejected **Ti is within the orders of 10~*~107° M. In
general, the amount of **Ti synthesized by spherical core-collapse
supernovae or neutrino-driven supernova explosions are of the
order of 107> M, (Rauscher et al. 2002; Fujimoto et al. 2011),
and the large values (~10~* M) deduced from the observations
are in some sense a mystery. A jetlike (globally aspherical)
explosion could be essential for a strong aigha—rich freeze-out to
be realized to obtain a high mass ratio of “*Ti to *°Ni (Nagataki
et al. 1997, 1998a).

It is noted that the calculations of the explosive nucleosynth-
esis in this paper are performed with only the small nuclear
reaction network (19 nuclei are included). Then, the amount of
*Ti (roughly 2 orders of magnitude less than that of “°Ni) is
inaccurate compared with the value of *°Ni. Additionally, the
innermost regions around the composition interface of Fe/Si
where the explosive nucleosynthesis occurs are slightly neutron-
rich. Then, the synthesis of neutron-rich isotopes, >’Ni and **Ni,
is also expected. As demonstrated in the Appendix in Paper II,
the calculated masses of *°Ni and **Ti could be overestimated by
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Table 3
Results of 3D Simulation Models
Model Eexp M.; CONi)° M, (**Ti) Ms o CONi) Mo COND® My, COND)f Ms0/Me; CONi)E ins' No.!
(erg) M) (M) M) M) (M) QD) (kms™")

b18.3-mol3 1.95 (51y 9.83 (—2)% 7.79 (—4)* 9.02 (—4) 1.02 (-5) 1.69 (—=7) 9.17 (—=3)* 5.05 (2) 1
b18.3-beta2 1.95 (51) 1.06 (—1) 7.76 (—4) 1.51 (—4) 9.75 (=7) 8.86 (—9) 1.43 (-3) 335 (2) 2
b18.3-betad 1.95 (51) 8.93 (—2) 6.81 (—4) 426 (—3) 1.95 (—4) 8.27 (—6) 477 (=2) 2.98 (2) 3
b18.3-beta8 1.97 (51) 8.39 (—2) 7.12 (—4) 8.12 (=3) 1.43 (=3) 3.59 (—4) 9.68 (—2) 2.83 (2) 4
b18.3-fid 1.99 (51) 8.10 (=2) 7.39 (—4) 1.12 (-2) 1.89 (=3) 2.81 (—4) 1.38 (-1) 275 (2) 5
n16.3-mol3 1.88 (51) 1.13 (=1) 8.11 (—4) 9.08 (—5) 3.33 (=7) 5.00 (—9) 8.05 (—4) 5.56 (2) 6
n16.3-beta2 1.90 (51) 1.20 (—1) 8.23 (—4) 9.53 (—6) 3.69 (—9) 4.63 (—12) 7.94 (—5) 374 (2) 7
n16.3-betad 1.89 (51) 1.01 (-1) 6.04 (—4) 1.35 (=3) 5.55 (—6) 432 (—8) 1.33 (=2) 343 (2) 8
n16.3-beta8 1.90 (51) 9.53 (—2) 6.58 (—4) 4.87 (—3) 8.07 (—4) 9.03 (—5) 5.11 (=2) 334 (2) 9
n16.3-fid 1.91 (51) 9.04 (-2) 7.17 (—4) 1.27 (=3) 6.08 (—5) 1.78 (—6) 1.40 (=2) 3.20 (2) 10
$18.0-mol3 1.85 (51) 1.36 (1) 1.15 (=3) 6.74 (—4) 7.12 (=5) 2.24 (=5) 4.95 (=3) 5.67 (2) 11
$18.0-beta2 1.87 (51) 1.33 (—1) 1.03 (=3) 2.60 (—4) 1.30 (—5) 1.62 (—6) 1.95 (-3) 3.99 (2) 12
$18.0-betad 1.85 (51) 1.27 (-1 1.11 (=3) 9.19 (—4) 2.01 (—4) 6.76 (—5) 7.21 (=3) 3.28 (2) 13
$18.0-beta8 1.86 (51) 1.09 (1) 1.04 (=3) 1.61 (=3) 4.89 (—4) 1.98 (—4) 1.47 (=2) 2.86 (2) 14
$18.0-fid 1.87 (51) 9.63 (—2) 1.22 (-3) 4.13 (=3) 1.74 (=3) 8.65 (—4) 429 (-2) 2.67 (2) 15
$19.8-mol13 1.87 (51) 8.18 (=2) 8.36 (—4) 3.32 (—4) 1.78 (=5) 4.96 (—6) 4.06 (—3) 5.81 (2) 16
$19.8-beta2 1.89 (51) 8.96 (—2) 8.47 (—4) 1.10 (—4) 4.18 (—6) 3.20 (=7) 1.23 (=3) 3.89 (2) 17
$19.8-betad 1.88 (51) 8.83 (=2) 7.61 (—4) 429 (=3) 1.36 (=3) 4.90 (—4) 4.86 (—2) 351 (2) 18
$19.8-beta8 1.88 (51) 8.36 (—2) 8.25 (—4) 6.95 (—3) 273 (=3) 1.13 (=3) 8.31 (=2) 331 (2) 19
$19.8-fid 1.89 (51) 7.80 (—2) 8.93 (—4) 6.93 (—3) 240 (-3) 8.87 (—4) 8.88 (—2) 2.99 (2) 20
b18.3-alphal 1.98 (51) 8.09 (—2) 6.61 (—4) 3.17 (=3) 279 (—4) 4.03 (—5) 3.92 (-2) 2.13 (0) 21
b18.3-alpha2 1.99 (51) 745 (=2) 7.70 (—4) 1.47 (-2) 4.55 (—=3) 1.22 (-3) 1.98 (—1) 423 (2) 22
b18.3-cos 2.00 (51) 8.53 (—2) 8.61 (—4) 2.59 (=3) 6.00 (—5) 8.30 (=7) 3.03 (=2) 2.59 (2) 23
b18.3-exp 2.00 (51) 7.57 (=2) 771 (—=4) 4.94 (=3) 3.32 (—4) 7.53 (—6) 6.53 (—=2) 2.62 (2) 24
b18.3-pwr 2.00 (51) 7.91 (-2) 7.75 (—4) 424 (-3) 2.85 (—4) 8.08 (—6) 5.35 (—=2) 2.62 (2) 25
b18.3-clp0 1.99 (51) 8.07 (—2) 7.39 (—4) 1.32 (-2) 1.89 (—3) 436 (—4) 1.64 (—1) 278 (2) 26
b18.3-einl.5 9.87 (50) 4.15 (-2) 3.53 (—4) 3.83 (=5) 2.51 (—8) 3.53 (—=11) 9.25 (—4) 1.59 (2) 27
b18.3-ein2.0 1.49 (51) 6.45 (—2) 5.89 (—4) 2.82 (—3) 1.85 (—4) 1.94 (-5) 438 (—-2) 242 (2) 28
b18.3-in3.0 249 (51) 9.40 (-2) 8.63 (—4) 1.61 (-2) 6.99 (—3) 240 (=3) 171 (=1) 3.05 (2) 29
b18.3-high 2.01 (51) 8.64 (—2) 5.73 (—4) 9.06 (—3) 111 (=3) 5.63 (=5) 1.05 (-1) 2.85 (2) 30
n16.3-high 1.93 (51) 9.67 (-2) 5.38 (—4) 3.59 (=3) 2.50 (—4) 5.66 (—=7) 371 (=2) 3.03 (2) 31
Notes.

4 Explosion energy estimated by Equation (6) at the end of the simulation.

Mass of total ejected >°Ni that has a positive radial velocity at the end of the simulation.
€ Mass of total ejected *“*Ti that has a positive radial velocity at the end of the simulation.
9 Mass of *Ni that has a velocity higher than 3000 km s~ at the end of the simulation.
€ Mass of °Ni that has a velocity higher than 4000 km s at the end of the simulation.

f Mass of Ni that has a velocity higher than 4700 km s at the end of the simulation.

€ Ratio of the values in the fifth to the third columns.
" Here vns 18 the NS kick velocity estimated by Equation (7).

f Sequential serial number (model number) for Figure 11. The values of the fifth—eighth columns are plotted in Figure 11.

I Number in parentheses denotes the power of 10.

X The values in the third and fourth columns (eighth column) could be overestimated (underestimated). See Section 4.2 for details.

factors of ~1.5 and 3, respectively, compared with those
calculated by a larger nuclear reaction network (464 nuclei are
included). Then, for example, the mass of ejected *°Ni and **Ti
for the model b18.3-fid, 8.1 x 10 2and 7.4 x 10~* M., could
be translated as 5.4 x 1072 and 2.5 x 10~* M., respectively,
although the factors should depend on the inner structure of the
progenitor models and the explosion asymmetries. Then, the
obtained values of the masses of the ejected *°Ni and **Ti are
roughly consistent with the values suggested bgl the observa-
tions. The values of the masses of high-velocity *°Ni listed in the
fifth—seventh columns in Table 3 could also be overestimated,
but the high-velocity “°Ni is considered to be synthesized in
outer, less neutron-rich regions. Then, the correction for the
values in the fifth—seventh columns should be much smaller than
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that for the values in the third column. The values in the eighth
column could be underestimated depending on the overestima-
tion of the values in the third column. The correction factors
themselves, however, are rather uncertain; hereafter, we proceed
with discussion based on the values listed (directly calculated by
the numerical code in this paper).

Hereafter, the effects of asymmetries of explosions on the
matter mixing are explored. The parameters related to the
asymmetry of an explosion are (3, a, and the type of asphericity
of the explosion, ie., “cos,” “power,” “exponential,” or
“elliptical” (see Equations (8)—(11), respectively, and Table 2).
As seen in Figure 26 (in Appendix A), the larger the 3 value, the
higher the concentration of initial radial velocities along the
polar (z-axis), if the type of asphericity is fixed. It is noted that
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Figure 4. Density color maps (2D slices of the x—z plane) in a logarithmic scale at an early phase of the explosion (~1 s). The values in the color bars are in units
of g cm ™. The top left, top right, bottom left, and bottom right panels are for models b18.3-beta2, b18.3-betad, b18.3-beta8, and b18.3-fid, respectively.

type “cos” was adopted in Papers I and II. As can be seen, the
differences of the initial radial velocity distribution among
8 =12,4,8, and 16 are not so large around the polar axis, if the
type is fixed to be “cos.” In the order of “cos,” “power,”
“exponential,” and ‘“elliptical,” the concentration of radial
velocities becomes higher. In this paper, type “elliptical” is
adopted as the fiducial one (see Section 3.2). The dependence of
the density distribution at an early phase (~1s) on each
parameter related to the asphericity is discussed below. Figure 4
shows the dependence on the parameter 3 (other parameters are
fixed). The shape of the blast wave (the interface between red
and green) slightly depends on the parameter 8. As expected, the
larger the (3 value, the more elliptical the shape, but the elliptical
shape is not so evident soon after the explosion compared with
one of the initial radial velocity distributions seen in Figure 26
(in Appendix A). Inside the blast wave, the density distribution
is more sensitive to § than that for the outer part. High-density
regions (red) for models with larger 3 are more concentrated
around the equatorial plane (z =0). As can be seen, instabilities
are developed in regions inside the blast wave (high-entropy
bubbles; blue regions). The growth of instabilities at such an
early phase may be due to Kelvin—-Helmbholtz (shear velocity is
necessary for its growth) and/or RT instability. The larger the 3
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value, the stronger the growth of instabilities (see, in particular,
the bottom two panels). In Figure 5, the dependence on the
parameter « is presented. In the case of a = 1.0 (left panel), the
shape of the blast wave is almost symmetric against the
equatorial plane (as expected). On the other hand, in the case of
a = 2.0 (right), the shape and extension are very different
between the upper and lower regions. Compared with the case of
a = 1.0, in the case of av = 2.0, there are the following features:
the development of hydrodynamic instabilities and high-entropy
bubbles is prominent in the upper regions, the blast wave reaches
the radius of 3 x 10” cm earlier than in the case of o = 1.0 (see
the time for each model), and there are high-density regions (red)
in equatorial regions. Focusing on the regions disturbed by
instabilities in the upper regions, the regions in the case of
«a = 2.0 are a bit larger than those in the case of a = 1.0,
whereas lower-density regions (darker blue) are recognized in
the case of a = 1.0. The features in the case of a = 1.5 (bottom
left panel in Figure 4) are roughly in between the two cases
above (o = 1.0 and 2.0). Figure 6 shows the dependence on the
type of aspherical explosion. As can be seen, the shape of the
blast wave is not so different among the four types, but the shape
of type “elliptical” (bottom right) is slightly more elliptical. In
the order b18.3-cos, b18.3-pwr, b18.3-exp, and b18.3-fid, the
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regions of high-entropy bubbles inside the blast wave are more
pronounced and disturbed due to instabilities. In Figure 7, the
dependence of the early morphology of the explosion on the
progenitor models is depicted. The shape of the blast wave is
different between the two BSG models (b18.3 and n16.3; top
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panels) and the other RSG models (s18.0 and s19.8; bottom
panels). At the time presented here, the blast wave is inside the C
+0 layer (r < 3 x 10° cm). As seen in Figure 1, the density
structures are different among the progenitor models. The
density structures are relatively similar between the two RSG
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models, while the sizes (in both mass and radius; see Figures 1-3,
respectively) of the C+O cores and density gradients are different
between the two BSG models. The size of the C+O core of
model b18.3 (binary merger model) is smaller than that of n16.3
(single-star model). The p° gradient in the C4+O core of model
b18.3 is flatter than that of model n16.3. It is difficult to find a
clear correlation between the morphology of the explosion at the
early phase and the density structure inside the C+4O core.
Nevertheless, the bipolar structure for the two RSG models is
more prominent (the width of the bipolar structure is narrower)
than that for the two BSG models. Between the BSG models, the
shape of the bipolar structure of model n16.3 is wider than that of
b18.3 because of the steeper pr° gradient and the larger size of
the C+O core, which causes rapid deceleration of the shock
wave. Among the four pre-supernova models, model n16.3 has a
distinct pr* profile inside the silicon layer compared with those
of the others; i.e., the profile of the silicon layer of n16.3 is rather
flat compared with those of the others (the gradients of pr° for
the others are overall negative), which causes the deceleration of
the earliest phase. Then, the structures of the silicon layer could
affect the morphologies of the early phases.

Hereafter, spatial distributions of representative elements are
presented. Figure 8 shows the distributions of *°Ni at an early
phase (~1s). The dependence on the progenitor model is
presented. The shapes of the outer edge of the distribution of
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*Ni are not so different among the progenitor models,
although the widths of the bipolar structure are slightly
different, reflecting the density distribution as seen in
Figure 7. The inner distributions of *°Ni are rather different
among the models. Hole structures (cavities) of 6N inside the
outer edge are found in models b18.3 and s19.8. It is noted that
the small spherical holes (r < 10%cm) at the origin are the
regions corresponding to the compact object. The products of
the explosive nucleosynthesis sensitively depend on the peak
temperature and density during the burning process (see, e.g.,
Jerkstrand et al. 2015). In a high-entropy regime, the synthesis
of 3°Ni is limited due to the so-called alpha-rich freeze-out. The
cavities inside the outer edges could correspond to the regions
of stron% alpha-rich freeze-out. Figure 9 shows the distribu-
tions of “®Ni just before the shock breakout. Depending on the
structures of the progenitor models, the distributions are rather
different. In the two RSG models s18.0 and s19.8, a bicone-like
structure is clearly seen. On top of the bicone-like structures,
small-scale fingers due to RT instabilities are prominent.
Between the two BSG models, bl18.3 and nl6.3, the
distribution of °Ni in model b18.3 is more shrunken and
wobbling than that in model n16.3. Comparing the distributions
of *°Ni in Figures 8 and 9, the initial bipolar-like distributions
are roughly kept even just before the shock breakout, but the
shapes are rather modified during the shock propagation.
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Figure 10 shows the 3D distribution of elements 56Ni, 28Si, 16O,

and “He just before the shock breakout. The dependence on the
progenitor model is shown. The distributions of *°Ni are
different from each other (as also seen in Figure 9), and other
elements, 25Si, '°0, and *He, are also different from each other.
The distributions in the two RSG models (s18.0-fid and s19.8-
fid) are similar to each other, but the distributions in the two
BSG models (b18.3-fid and nl16.3-fid) are rather different.
Overall, the distributions of two heavier elements, i.e., >°Ni and
28Si, are similar to each other compared with the other two
elements, 10 and “He. In models nl6.3, s18.0, and s19.8,
bicone-like structures of *°Ni and 22Si are seen. The bicone-like
structures in model nl16.3 are more asymmetric against the
equatorial plane (x—y plane). A distinct feature of model b18.3-
fid is that the distributions of '°O and “He are more
concentrated around the equatorial plane (the fingers are
extended from more central regions) than those in the other
models. On the other hand, the distributions of 160 and “He in
models n16.3, s18.0, and s19.8 are more roundly extended
around the elements “°Ni and 23Si. The reason for the different
distributions of '®0 and “He among the progenitor models is
discussed in Section 4.3.
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As introduced in Section 1, the observations of SN 1987A
suggest the existence of high-velocity *°Ni in the helium and
hydrogen layers, which has led to the invocation of matter
mixing to convey the innermost material into the outer layers.
From the observations of [Fell] lines (Haas et al. 1990), the
tails of the lines reach ~4000 km sfl, and at least 4% of the
iron had a velocity of >3000kms™'; from the fine structure
developed in the H,, line (the Bochum event; Hanuschik et al.
1988), the existence of a high-velocity (4700 £ 500 km sfl)
*Ni clump of ~107> M, has been suggested (Utrobin et al.
1995). Such observational constraints can be a test for the
models in this paper. Then, we consider three conditions to test
the models, as follows: (i) the ratio of the mass of 56Nji that has
a velocity >3000 km s~ to the total *°Ni mass is greater than
4%; (ii) the mass of 0Nj that has a velocity >4000 km s !is
greater than 107> M,; and (iii) the mass of *°Ni that has a
velocity >4700kms ' is greater than 10> M.. The first
condition is based on Haas et al. (1990). For the second
condition, there has been no clear constraint on the mass, but
we take ~107> M, as a minimum requirement based on the
fact that the tails of the [Fe 1I] line reach 4000 km s ! and the
suggestion from Utrobin et al. (1995). The third condition is
directly based on Utrobin et al. (1995) and more stringent than
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the second one. The derivation of the values in Utrobin et al.
(1995) was, however, based on a simple modeling of the H,,
line, and the errors in the velocity are bit large. Then, we regard
the third condition as an optional one. From the calculated
models, the masses of the representative elements, in particular
°Ni, and their radial velocities are discussed by comparing
with the conditions above. In Table 3, the masses of 0Ni that
have radial velocities greater than specific values are listed in
the fifth, sixth, and seventh columns, i.e., M5 g (56Ni), My
(®Ni), and M,; (°°Ni), respectively. The second and third
conditions can be tested by seeing the sixth and seventh
columns. The first condition can be tested from the eighth
column, M3 /M (°Ni). In Figure 11, the values of the fifth—
eighth columns for all models listed in Table 3 are plotted (see
Figure 11 for the discussion in this section and Section 4.3,
when necessary). The models of lower-resolution simulations
that satisfy both the first and second conditions are b18.3-beta8§,
b18.3-fid, s18.0-fid, s19.8-beta4, s19.8-beta8, s19.8-fid, b18.3-
alpha2, b18.3-clp0, and b18.3-ein3.0. It is worth noting that
there is no model with the n16.3 progenitor that satisfies the
two conditions simultaneously. The models that include
“mo13” have the same values for the parameters § and « as
in Paper I, but among the models, there is no model that
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satisfies the two conditions. Only three models, i.e., $19.8-
beta8, b18.3-alpha2, and b18.3-ein3.0, satisfy not only the two
conditions but also the third one. The dependence of the radial
velocity of 5®Ni on the parameter 3 = vyl /Veq can be checked
by comparing models, e.g., b18.3-beta2, b18.3-beta4, b18.3-
beta8, and b18.3-fid. The larger the 3 value, the larger the
values M, o (°°Ni) and M; o/ M, (°*Ni). It is noted that the
larger the (3 value, the stronger the concentration of initial radial
velocities around the polar axis (see Figure 26 in Appendix A).
The dependence on the type of asphericity can be seen by
comparing models b18.3-fid, b18.3-cos, b18.3-pwr, and b18.3-
exp. In the order of b18.3-cos, b18.3-pwr, b18.3-exp, and
b18.3-fid, the values My, (°°Ni) and M5 o /M, (*°Ni) increase.
As seen in Figure 26, in type “elliptical,” the concentration of
initial radial velocities around the polar axis is most prominent
if the (8 values are fixed. Compared with b18.3-fid, model
b18.3-alpha2 has larger M, (*Ni) and M /M (°°Ni) values,
which reflects a stronger explosion in a certain direction in
model b18.3-alpha2 with o = vyp/Vaown = 2.0. The My,
(*°Ni) and Ms,/M,; (°Ni) values in models b18.3-fid and
b18.3-clp0 are not so different from each other; however, the
values in model b18.3-clpO (no fluctuation in the initial radial
velocities; see Appendix B) are slightly larger than those in
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Figure 10. Isosurfaces of the mass fractions of elements, SONi (red), 28Si (green), 150 (blue), and “He (light blue), just before the shock breakout in a 3D view.
Isosurfaces of 10% (lighter color) and 70% (darker color) of the maximum value for each element are shown. To see the inner structure, the regions of x >0 andy > 0
are clipped. The top left, top right, bottom left, and bottom right panels are for models b18.3-fid, n16.3-fid, s18.0-fid, and s19.8-fid, respectively. Interactive 3D models
on Sketchfab corresponding to the top left (https://skfb.ly/60ZDr), top right (https://skfb.ly/60ZD8), bottom left (https://skfb.ly/60ZDt), and bottom right

(https://skfb.ly/60ZD9) panels are available.

model b18.3-fid. Then, the existence of the initial clumpiness
(the fluctuations in the initial radial velocities) has a negative
role, at least for the b18.3 model. The role of initial clumpiness
could, however, change depending on the structure of the
progenitor model. Actually, in Paper I, the existence of an
initial clumpiness has a positive role in obtaining high-velocity
6Ni with the n16.3 model (see the results for models AM2 and
AM3 in PaperI). As a summary, if we exclude models with
RSG progenitor models and/or the highest E;, value
(3.0 x 10 ! erg), models b18.3-beta8, b18.3-fid, b18.3-alpha?2,
and b18.3-clp0 could be promising for SN 1987A at this time.
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Here the mass distributions of representative elements,
including *°Ni, are discussed. Figure 12 shows the distribution
of elements as a function of radial velocity at the end of the
simulation (see the figure caption for the definitions of several
variables). The dependence on the parameter J is shown. As can
be seen, helium and hydrogen in the outer layers have very high
velocities of >6000km s~ ', and the distribution of elements lH,
“He, 12C, %0, and Si in velocities >5000kms ' hardly
depends on the (§ value. On the other hand, the distributions in
velocities of <5000km s~ are different among the four models.
The most distinct feature is that the larger the § value, the more
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extended (>4000km s ') the hi%h—velocity tails of *°Ni and **Ti.
The amounts of 12C, 160, and 2°Si around 4000 km s~ are also
more enhanced than those for models with higher § values. It is
notable that inward mixing of hydrogen down to the velocity of
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~1000km s~ is recognized, as seen in Figure 12. The minimum
velocities of hydrogen are comparable with the values (e.g.,
800 km s '; Shigeyama & Nomoto 1990) suggested by modeling
of the light curves of SN 1987A (Shigeyama & Nomoto 1990;
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Blinnikov et al. 2000), and the values are marginally consistent
with the value (5700kms_1) deduced from the spectral
modeling (Kozma & Fransson 1998). As mentioned above,
among the models displayed in Figure 12, only models b18.3-
beta8 (bottom left) and b18.3-fid (bottom right) have the amount
of high-velocity *°Ni required from the observations. In
Figure 13, the dependence on the parameter « is presented. As
for 'H and “He, the distributions are similar between the two
cases (o = 1.0 and 2.0). On the other hand, the distributions for
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other elements, IZC, 160, ngi, 44Ti, and 56Ni, are rather different
between the two cases, in particular for velocities of
>2000 kms . Compared with the case of o = 1.0, in the case
of a = 2.0, the amount of elements 12C, 160, and 28Si around
velocities of about 2000 kms ™' is slightly reduced, whereas the
amount around 4000 km s~ is enhanced. Such features are more
prominent for elements **Ti and °Ni. In the case of o = 2.0, a
bump around velocities of 2500-3000km s~ is recognized for
“4Ti and “°Ni, and the second peak appears at about 3500 kms ™.
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Figure 15. Schematic picture for an assumed direction of the bipolar-like
explosion axis to observers on Earth and the triple ring structure (for the
configuration of the triple ring structure to observers, see, e.g., Sugerman
et al. 2005a, 2005b; Tziamtzis et al. 2011). In order to see the impact of the
direction of the explosion axis on the line-of-sight velocity of °Ni, the
simulation box (initially, the explosion axis is directed to the z-axis) is rotated
for the estimation. First, the z-axis in the simulation box is set to be directed to
the observers on Earth. Then, the simulation box is rotated around the original
x-axis by an angle of 6 (the z-axis is rotated to be the z’-axis). Finally, the box is
rotated around the original y-axis by an angle of y (the z’-axis is rotated to be
the z’-axis).

In the case of o = 2.0, the high-velocity tail for elements **Ti
and *°Ni is extended to velocities greater than 4000kms ™. In
the middle case (o« = 1.5) between the two cases (see the bottom
right panel in Figure 12), the peak for elements '*C, '°0, and **Si
around 2000kms~' is more prominent than for the case of
a = 2.0, whereas the second peak, for elements “Tj and *°Ni, is
shifted to a bit lower-velocity regions and is broader than for the
case of a =2.0. Figure 14 shows the dependence on the
progenitor model. As seen in the figure, there are significant
differences between the two BSG models (top panels) and the
two RSG models (bottom panels). In the two RSG models, the
maximum velocities of the elements are apparently limited to
around ~5000 km s_l, which is in contrast to the BSG models.
This feature in the RSG models is attributed to the structures of
the extended (=6 x 10'*cm) hydrogen envelopes. The blast
wave is continuously decelerated during the propagation in the
extended hydrogen envelope in the RSG models. Another feature
is that even the innermost elements, SNi and 44Ti, finally reach the
highest-velocity regions (~5000kms"), although the amounts
are not so significant, in particular, in model s18.0-fid. Among the
two BSG models, there is a clear difference in the extension of the
high-velocity tails of *°Ni and **Ti. In model b18.3-fid (top left), a
bump is present around < 2000-2500 km s~!, and the tail is more
extended than that in model n16.3-fid.

So far, only radial velocities of elements are discussed, but
the observed [FeII] lines (Haas et al. 1990) involved with the
line-of-sight velocity of iron (the decay product of “°Ni) should
also be explained from the models. Based on the simulation
results, by changing the direction of the axis of the bipolar-like
explosion (z-axis in the simulation box) to observers on Earth,
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distributions of the *°Ni mass in the line-of-sight velocity are
estimated. Figure 15 shows a schematic picture for an assumed
direction of the axis of the bipolar-like explosion to observers
on Earth and the triple ring structure. Two rotation angles, 6
and Y, are defined as in Figure 15. For the configuration of the
triple ring structure, see Sugerman et al. (2005a, 2005b) and
Tziamtzis et al. (2011). The inclination angle of the ER is ~43°
(Tziamtzis et al. 2011). Figure 16 shows normalized masses of
%°Ni as a function of the line-of-sight velocity (solid lines). The
dependence of the distribution on the angle 6, defined in
Figure 15, is presented compared with the observed [Fe I] lines
(points with error bars), 18 and 26 um (Haas et al. 1990). Here
the rotation angle y is fixed to be 0°. For the rotation angle 0,
considering the fact that the bulk of the [Fe 1] line is redshifted
(Haas et al. 1990) and the 3D distribution of the inner ejecta
seems to be slightly tilted to the ER plane from the
observations of [SiI] + [FeII] lines, 6 is changed in the range
between 90° and 135°. The dependence on the progenitor
models is also presented. For all models shown in the figure,
the smaller the rotation angle 6, the more concentrated around
the velocity center the distributions. Compared with model
b18.3, model n16.3 apparently lacks a high-velocity component
(>2000kms™"). In model b18.3, the tail (<4000kms™ ') and
peak (~1000kms™") at the redshifted side are best reproduced
for the rotation angle 6 of >130° among the four models,
although the distribution of the blueshifted side is insufficient. In
models b18.3-fid, s18.0-fid, and s19.8-fid, in particular the latter
two RSG models, double-peak structures are seen for the
rotation angle 6 of >120°. The clear double-peak structures in
the RSG models reflect the bicone-like distribution of 56Ni, as
seen in the bottom panels in Figure 9. It is noted that in the
points of the [FeII] line of 26 um, a valley around the velocity
center (the bottom of the valley is only one point) is recognized,
but clear double peaks as seen in the RSG models are
inconsistent with the overall distributions from the observations.
Figure 17 shows the dependence on the rotation angle x (the
model is fixed as b18.3-fid). The case of y = 0° is shown in the
top left panel in Figure 16. As can be seen, among the models of
the cases of y =0° 10° and 20°, there are no distinct
differences in the overall distributions, but the tail at the
redshifted side is slightly better explained in the case of y = 10°
than the other two cases. In the cases of ¥ = 30° and 45°, the
tails (=1500 km s~ are apparently reduced compared with the
cases of smaller y. Figure 18 shows the dependence on the
parameter o = vy /Viown- The values of « in models b18.3-
alphal and b18.3-alpha2 are 1.0 and 2.0, respectively. The case
of o = 1.5 is shown in the top left panel of Figure 17. For the
case of o = 1.0, in which there is no global asymmetry in
the explosion against the equatorial plane, the distributions are
symmetric against the velocity center, as expected, and
symmetric double peaks are seen for the rotation angle 6 of
>120°. For the case of o = 2.0, compared with the case of
a = 1.5, the tail at the redshifted side is slightly enhanced, and
the peak at the blueshifted side is reduced for the rotation angle 6
of >120°. In models b18.3-fid and bl18.3-alpha2, the sharp
cutoffs at the blueshifted side are seen at velocities around 2000
and 1500kms~!, respectively. Then, the observed tails at the
blueshifted side are more difficult to reproduce in model b18.3-
alpha2 than in model b18.3-fid.

Based on the results of lower-resolution simulations and
arguments on the constraints from the observations of SN
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Figure 16. Normalized masses of “°Ni as a function of the line-of-sight velocity at the end of the simulation. The top left, top right, bottom left, and bottom right
panels are for models b18.3-fid (80,621 s), n16.3-fid (85,714 s), s18.0-fid (279,037 s), and s19.8-fid (283,161 s), respectively. The points with error bars (10) are the
normalized observed fluxes of the [Fe II] lines, 18 and 26 ym (Haas et al. 1990), where continuum levels are subtracted. Normalizations are carried out in order for the
peak value to be unity. Each solid line is the result with an angle, 0, defined in Figure 15. Here the rotation angle x is fixed to be 0°.

1987A on the mass of high-velocity *°Ni and the mass
distributions of the line-of-sight velocity of *°Ni, favored
values of parameters related to the asymmetric explosions and
progenitor models are presented by comparing representative
models. As mentioned in Section 1, the progenitor of SN
1987A, Sk —69° 202, was a compact BSG at the time of the
explosion. Then, models with one of the BSG pre-supernova
models b18.3 and n16.3 are agpropriate From the constraints
on the mass of high-velocity ° N1 ie., (1) the ratio of the mass
of **Ni that has >3000km s~ to the total °Ni mass is greater
than 4% and (ii) the mass of “°Ni that has >4000kms ' is

greater than 10> M., the models with large § = Vpol /veq
values (8 or 16), b18.3-beta8, b18.3-fid, b18.3-alpha2, and
b18.3-clp0, are selected as candidates for SN 1987A. As
mentioned before, there is no explosion model with BSG
model nl6.3 (single-star evolution) that satisfies the two
conditions on the mass of high-velocity “°Ni simultaneously.
Among models bl8. 3 beta8 b18.3-fid, and b18.3-clp0, the
mass of high-velocity *°Ni in model b18.3-beta8 is a bit smaller
than that in the other two models (see Table 3). The difference
in the initial setup between models b18.3-fid and b18.3-clp0 is
the existence of the fluctuations in the initial radial velocities. It
is a bit arbitrary but motivated by the recent observations of CO
and SiO molecules and dust in the inner ejecta of SN 1987A
(Abellan et al. 2017; Cigan et al. 2019), which have indicated
that the inner ejecta is clumpy (the first observational evidence
of clumpiness of the ejecta of SN 1987A was found from
narrow features in emission lines, e.g., [OI]; Stathakis et al.
1991); we thus prefer the model with the initial fluctuations,
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i.e., b18.3-fid. Finally, model b18.3-alpha2 is also a candidate,
as well as model b18.3-fid. As discussed before, considering
the deficiency in the tail at the blueshifted side in the mass
distribution of *°Ni as a function of the line-of-sight velocity,
we select the model with a moderate value for the parameter
= Vyp/Vigown = 1.5, i.e., b18.3-fid, as a fiducial model in the
models of lower-resolution simulations.

4.3. Results of 3D Simulations: High-resolution Cases

Based on the arguments on the exploration of lower-resolution
simulations in Section 4.2, two high-resolution simulations with
the two BSG progenitor models b18.3 and n16.3 are performed,
where the high-resolution models are denoted as b18.3-high and
n16.3-high, and the corresponding lower-resolution models are
b18.3-fid and nl6.3-fid, respectively. The parameters for the
aspherical explosion are fixed to be same as model b18.3-fid
(see Table 2 for the values of the parameters). First, the results
listed in Table 3 are discussed by comparing with those of the
corresponding lower-resolution models. Obtained explosion
energies, Ee,p,, of higher- (lower-) resolution models b18.3-high
(b18.3-fid) and nl6.3-high (nl16.3-fid) are 201 x 10°" erg
(1.99 x 10°" erg) and 1.93 x 10 erg (1.91 x 10°' erg), respec-
tively. The values of the high-resolution models are slightly higher
compared with those of the lower-resolution models, but the
values are consistent enough with those of the lower-resolution
models. The ejected masses of °Ni in models bl8.3- h1gh
(b18.3-fid) and nl6.3-high (n16.3- ﬁd) are 8.64 X 10 M,
(8.10 x 10°M.) and 9.67 x 1072M,, (9.04 x 1072 M),
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Figure 18. Same as Figure 16 but for models b18.3-alphal (left;

respectively. The ejected masses of ““Ti in models b18.3-high
(b18.3-fid) and nl6.3-high (n16.3-fid) are 573 x 10°* M,
(739 x 107*M.) and 538 x 10°*M, (7.17 x 10* M),
respectively. Therefore, the masses of “°Ni in the lower-resolution
models are underestimated by ~5% compared with those of the
high-resolution models. On the other hand, the masses of **Ti in
the lower-resolution models are overestimated by 20%-30%
compared with those of the high-resolution models. As mentioned
in Section 4.2, the nuclear reaction network in the simulations in
this paper includes only 19 nuclei, and the mass fractions of *°Ni
and *Ti could be overestimated by factors of ~1.5 and 3,
respectively, compared with those calculated with a larger nuclear
reaction network. If we correct for the overestimation, the masses

Same as Figure 16 but for model b18.3-fid (80,621 s) with a parameter x of 10°
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of *®Ni in models b18.3-high and n16.3-high could be <0.06 M.,
which is roughly consistent with the value suggested by the
observations, 0.07 M, (e.g., Shigeyama & Nomoto 1990). The
masses of “*Ti in models b18.3-high and n16.3-high could be
<2 x 10~* M., which is also consistent with the values deduced
from the observations, (3.1 £ 0.8) x 107* and (1.5 + 0.3) x
10~ M_, (Grebenev et al. 2012; Boggs et al. 2015, respectively).

The values related to the observational constraints on the
mass of high-velocity *°Ni (see Table 3 and Figure 11), i.e.,
My, (°Ni) and M o/M,; (°Ni), in model b18.3-high (b18.3-
fid) are 1.11 x 10> M, (1.89 x 107> M.) and 1.05 x 10!
(1.38 x 107", respectively. The values of M, (*°Ni) and
Mso/Mg; (°Ni) in model nl6.3-high (n16.3-fid) are
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Figure 19. Density color maps (2D slices in the x—z plane) in a logarithmic scale. The unit of the values in the color bars is g cm ™. Left (right) panels are for model
b18.3-high (n16.3-high). The top, middle, and bottom panels map the times when the blast wave is inside the C+O, helium, and hydrogen layers, respectively. An

animation (density color maps over time) for this figure and Figure 20 is available. In the animation embedded in this figure, snapshots only for model b18.3-high (left
panels) are shown. The video starts at 1 = 0 s and ends at = 68,357.48 s. The real-time duration of the video is 16s.

(An animation of this figure is available.)

2.50 x 107* M, (6.08 x 10> M) and 3.71 x 10~% (1.40 x On the other hand, the values in model n16.3-fid tend to be
1072), respectively. Then, the values in model b18.3-fid tend to underestimated compared with those of model n16.3-high. The
be overestimated compared with those of model b18.3-high. opposite responses to the increase in resolution of the
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Figure 20. Density color maps (2D slices in the x—z plane) in a logarithmic scale. The unit of the values in the color bars is g cm ™. Left (right) panels are for model
b18.3-high (n16.3-high). The top, middle, and bottom panels map the times just before the shock breakout, just after the shock breakout, and the end of the simulation,
respectively. An animation (density color maps over time) for this figure and Figure 20 is available. In the animation embedded in this figure, snapshots only for model
n16.3-high (right panels) are shown. The video starts at t = 0 s and ends at t = 80,109.72 s. The real-time duration of the video is 16 s.

(An animation of this figure is available.)

simulations between the two progenitor models may be and helium cores with steep gradients in the pr° profile,
attributed to the difference of the significance of RT RT instability may play a more significant role in order
instabilities. Since progenitor model n16.3 has larger C4+O to convey the innermost “°Ni into outer high-velocity layers
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than that in model b18.3. In model n16.3-high, by capturing
smaller-scale perturbations, the growth of RT instabilities could
be faster than in model n16.3-fid. Hence, the mass of high-
velocity *°Ni in model n16.3-high could be largely due to the
efficient growth of the instabilities compared with that in model
n16.3-fid. While the role of RT instabilities is less important in
model b18.3, the situation could be opposite to model n16.3.
Although the obtained masses of the high-velocity *°Ni are
slightly different from those of lower-resolution models, it is
not changed between the high- and lower-resolution models
whether the model satisfies the observational constraints or not.
Model b18.3-high satisfies the two conditions, i.e., (i) the ratio
of the mass of *°Ni that has >3000kms ™! to the total SONi
mass is greater than 4% and (ii) the mass of Ni that has
>4000km s~ is greater than 107> M.. On the other hand,
n16.3-high fails to satisfy the two conditions.

Figures 19 and 20 show the time evolution of the density
distributions for models b18.3-high (left) and n16.3-high
(right). The distributions at the early phase (~1 s; top panels of
Figure 19) can be compared with the corresponding density
distributions of lower-resolution simulations in the top panels
of Figure 7. At that time, the blast wave (r ~ 3 X 10° cm) is
inside the C+O layer. The shape of the blast wave is almost the
same as in the corresponding lower-resolution simulation. As
seen in Figures 7 and 19, in the high-resolution models,
smaller-scale structures due to instabilities are more pro-
nounced than those in the lower-resolution models. As is the
case with the lower-resolution simulations, the bipolar structure
in model n16.3-high is wider than that of b18.3-high due to
stronger deceleration inside the C4+O layer with a steeper
gradient in the pr° profile of the progenitor model (see
Figures 1 and 2) than in the case of b18.3-high. Inside the
bipolar structure, fingers due to RT and/or Kelvin—Helmholtz
instabilities develop along the bipolar axis. After the blast wave
goes through the C+O/He interface, fingers of RT instability
start to grow on top of the reverse shock developed by the
deceleration during the shock propagation inside the helium
layer (see middle panels in Figure 19). The radii of the
composition interface of the C+O/He of grogenitor models
b18.3 and n16.3 are 3.5 x 10” and 6.1 x 10’ cm, respectively.
Part of the tips (terminal ends) of the fingers developed at an
early phase (fingers seen in the top panels) seems to touch the
reverse shock. After the blast wave passes the He/H interface,
another reverse shock develops outside the previous one caused
by the strong deceleration during the shock propagation inside
the hydrogen layer (see bottom panels in Figure 19). On top of
the newly developed (outer) reverse shock, fingers of RT
instability start to grow. Then, a nested double shell structure
with fingers develops. The radii of the He/H composition
interface in models bl8.3 and nl6.3are 2.9 x 10" and
5.2 x 10" cm, respectively. It is noted that RT fingers start
to grow from the inner shell not only along the polar direction
but also near the equatorial plane, where denser material
(yellow) exists than in polar regions inside the inner shell.
Before the shock breakout, the inner shell (inner reverse shock)
with RT fingers is swept up by the outer inward shell (reverse
shock) during the propagation of the blast wave into the
hydrogen envelope. Just before the shock breakout, the outer
reverse shock has swept up almost all inner ejecta in model
b18.3-high (see the top left panel in Figure 20). On the other
hand, in model n16.3-high, the last formed reverse shock is still
propagating inward, even after the shock breakout (see the top
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and middle right panels in Figure 20). In the top right panel
(just before the shock breakout), the reverse shock is around r
~1 x 10" cm. After the shock breakout (middle panels in
Figure 20), the blast wave is accelerating due to the steep
pressure gradient around the original stellar surface, leaving the
inner ejecta far behind. Here the radii of the stellar surface in
models b18.3 and n16.3 are 2.1 x 10'? and 3.4 x 102 cm,
respectively. Depending on the density and pressure gradients
around the stellar surface, the shock breakout in model b18.3-
high takes place in a more aspherical way than in model n16.3-
high (middle panels in Figure 20). The times of the shock
breakout in models b18.3-high and n16.3-high are ~3000 and
~5000 s, respectively, which should reflect the acceleration/
deceleration during the shock propagation, depending on the
density structure of the progenitor model, but in the end, it is
roughly proportional to the stellar radius. Finally, at the end of
the simulation (bottom panels in Figure 20), the inner ejecta
consisting of the material originally inside the helium core is
far behind the blast wave. The shape of the blast wave in model
b18.3-high is more aspherical than that in model n16.3-hi6gh.
Figures 21 and 22 show the time evolution of the *°Ni
distribution for models b18.3-high (left) and n16.3-high (right),
which correspond to the time evolutions of the density
distribution in Figures 19 and 20, respectively. The early
(~1s) distributions of *°Ni in the high-resolution models can
be compared with the corresponding lower-resolution models,
b18.3-fid and nl16.3-fid (top panels in Figure 8). Although
smaller-scale structures are seen in models b18.3-high and
nl16.3-high than in the lower-resolution models, the overall
distributions of *°Ni are the same as in the lower-resolution
models. At the early phase, *°Ni exists inside the fingers on the
tips of the bipolar structure (top panels in Figure 21). During
the propagation of the blast wave into the helium layer (middle
panels of Figure 21), part of the “°Ni falls back into the
compact object along the equatorial plane, and the equatorial
regions of the bipolar distribution are shrunken. At this phase,
the tips of the bipolar distribution of *°Ni reach the shell
(reverse shock) with RT fingers seen in the corresponding
density distribution (middle panels in Figure 19). After the
blast wave passes the He/H interface, as mentioned before, the
nested double shell structure forms (bottom panels in
Figure 19). An interesting difference between the two
progenitor models is whether the tips of the *’Ni distribution
reach the outer shell (the newly formed reverse shock during
the shock propagation into the hydrogen layer) or not. In model
b18.3-high, the tips of *°Ni penetrate the inner shell and touch
the outer shell (see bottom left panels in Figures 19 and 21). On
the other hand, in model n16.3-high, 0Nji remains confined to
inside the inner shell (bottom right panels in Figures 19 and
21). As seen in the top two rows in Figure 3 in Section 4.1, for
both progenitor models, instabilities grow around the composi-
tion interfaces of the C+O/He and He/H. Then, the inner and
outer shells (bottom panels in Figure 19) can be approximately
regarded as the C+O/He and He/H composition interfaces,
respectively. Hence, the bulk of the “°Ni in model n16.3-high is
confined to the C+O layer, whereas part of the *°Ni in model
b18.3-high penetrates the helium layer to reach the hydrogen
layer. After the inward outer shell sweeps up the inner shell, in
model n16.3-high, part of the *°Ni penetrates into the outer
high-velocity layers consisting of helium and hydrogen, but the
bulk of the *°Ni remains confined to the helium core (top right
panels in Figures 20 and 22). In model b18.3-high, part of the
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Figure 21. Same as Figure 20 but for color maps of the mass fraction of *°Ni.
%°Ni reaches the tips of the extended RT fingers (top left panels Figure 23 shows the distributions of elements *°Ni, **Si,
in Figures 20 and 22). After the shock breakout (middle and 160, and “He just before the shock breakout for models b18.3-

bottom panels in Figure 22), the inner ejecta, including *°Ni, is high (left) and nl16.3-high (right). Compared with the
left far behind the blast wave. distributions in the corresponding lower-resolution models
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Figure 22. Same as Figure 20 but for color maps of the mass fraction of *°Ni.

(top panels in Figure 10), the global morphologies of the
distributions are consistent with the lower-resolution models,
although smaller-scale structures are resolved. In model b18.3-
high, the fingers are extended from the central region, which
reflects the fact that the reverse shock developed during the
shock propagation into the hydrogen envelope has already
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swept up the inner ejecta before the shock breakout. In model
n16.3-high, the reverse shock is still propagating into the inner
ejecta, even after the shock breakout and the fingers consisting
of '°0 and *He are extended from the reverse shock surface.
Then, a diluted space inside the shell with the 150 and “He
fingers is visible in model nl16.3-high (right panel). As
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Figure 23. Same as Figure 10 but for models b18.3-high (left) and n16.3-high (right). An animation (distributions from different viewing angles and ones with and
without clipping) for this figure is available. The real-time duration of the video is 12 s. Interactive 3D models on Sketchfab corresponding to left (https://skfb.ly/

60ZDu) and right (https://skfb.ly/60ZDv) panels are also available.
(An animation of this figure is available.)
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Figure 24. Same as Figure 14 but for models b18.3-high (left; 68,357 s) and n16.3-high (right; 80,110 s).

mentioned above, in model n16.3-high, a small fraction of SONji
penetrates into the extended fingers along the polar direction,
but the bulk of the *°Ni is confined to the helium core. In model
b18.3-high, the penetration of *°Ni into the tips of the extended
fingers is observed.

Figure 24 shows the distributions of the radial velocity of
*Ni for models b18.3-high (left) and n16.3-high (right). The
distributions can be compared with the lower-resolution models
b18.3-fid and n16.3-fid (top panels in Figure 14). Compared
with the lower-resolution model b18.3-fid, the high-velocity
*°Ni is slightly reduced in model b18.3-high. A bump seen at
around ~2000-2500kms~' in b18.3-fid (Figure 14) is
flattened in model bl18.3-high, and instead, lower-velocity
%Ni (~2000km s~ ") is slightly enhanced. On the other hand,
compared with the lower-resolution model n16.3-fid, in model
n16.3-high, °Ni of a velocity around 2500 and 3500 km s~ is
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slightly enhanced. As mentioned in Section 4.2, opposite
responses to the increase in resolution of the simulations are
seen, which may be attributed to the difference of the
significance of the RT instability between the two progenitor
models. Although there are slight differences between the
lower- and high-resolution models, the superiority of model
b18.3 in terms of the amount of high-velocity *°Ni is not
changed between the lower- and high-resolution models. The
mass of the high-velocity *°Ni (>3000 km s ') in model b18.3-
high is larger than that of model n16.3-high by a factor of ~3
(see also Table 3).

Figure 25 shows the distributions of the line-of-sight velocity
of *°Ni for models b18.3-high (left) and n16.3-high (right).
Here, based on the discussion on the rotation angle x in
Section 4.2, the value of  is set to be 10°. The distribution in
b18.3-high can be directly compared with the corresponding


https://skfb.ly/6OZDu
https://skfb.ly/6OZDu
https://skfb.ly/6OZDv

THE ASTROPHYSICAL JOURNAL, 888:111 (40pp), 2020 January 10

1.2

90°
95°
100°
105°
110°
115°
120°
125°
130°
135°
[Fe 1l] 18 um —e—
[Fe 1] 26 um e

b18.3-high
1+

0.8

0.6

0.4

Normalized value

0.2

0

-0.2

-4000

-2000 0 2000
Velocity [ km s ]

4000

Normalized value

Ono et al.

90°
95°
100°
105°
110°
115°
120°
125°
130°
135°
[Fe 1I] 18 um —e—
[Fe 1] 26 um e

-4000

-2000 0
Velocity [km s ]

2000 4000

Figure 25. Same as Figure 16 but for models b18.3-high (left; 68,357 s) and n16.3-high (right; 80,110 s) and the parameter xy = 10°.

model b18.3-fid with the same value for y (top left panel in
Figure 17). Compared with the distribution in model b18.3-fid,
the one of the double peaks for the § >120° at the blueshifted
side around —700 km s~ ! is reduced, and the value of the peak
approaches the values of nearby observed points. The tail
around —2000 km s~ ' is slightly enhanced, and the tail around
2000 kms ™' is slightly reduced. The distribution in model
n16.3-high can be compared with that in model n16.3-fid with
x = 0° (top right panel in Figure 16). Although the value of x
in Figure 25 (x = 10°) is different from the one in Figure 16
(x = 0°), the distribution in n16.3-fid with y = 10° is very
similar to the case of Y = 0°. Compared with the distribution in
model nl6.3-fid with xy = 0°, the tails around —1000 and
1500kms~' are slightly enhanced. As a summary, the
distribution in model b18.3-high better reproduces the high-
velocity tails of the observed fluxes of [Fe II] lines, in particular
the tail at the redshifted side, than that in model n16.3-high. As
for the rotation angle 6, the value of 6 = 130°-135° is
preferred to fit the observed points. Motivated by the observed
3D distributions of the inner ejecta of SN 1987A (see, e.g.,
Figure 11 in Larsson et al. 2016; the ejecta of the redshifted
side seems to be closer to us than the ER plane), a smaller 6
value may be preferred. For the value of y, y = 0°-20° is a
possible range, as discussed in Section 4.2 but in the case of
x = 10°, the distribution better explains the observed fluxes.
Therefore, we propose the parameter set of (6, x) = (130°, 10°)
as fiducial values for the rotation angles.

5. Discussion

In this section, based on the results presented in Section 4,
several related topics are discussed in more detail.

5.1. Key Properties of the Progenitor Models and Their Impact
on Matter Mixing

As presented in Section 4 (see, e.g., Table 3), the matter
mixing, in particular how the innermost *°Ni can be conveyed
into outer high-velocity layers consisting of helium and
hydrogen, depends on the pre-supernova model. As discussed
in Sections 4.2 and 4.3, among the investigated models in this
paper, there is no explosion model with the BSG model n16.3
that satisfies the two observational constraints on the mass of
high-velocity *°Ni simultaneously. On the other hand, with
BSG model b18.3 (binary merger model; Urushibata et al.
2018) and two other RSG models, s18.0 and s19.8 (Woosley
et al. 2002; Sukhbold et al. 2016), we found several explosion
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models that satisfy the constraints. Thus, the important
questions are which properties of the pre-supernova models
are essential to the matter mixing and why the properties have
an advantage in the matter mixing. As presented by
Wongwathanarat et al. (2015), once the blast wave enters the
dense helium layer, the reverse shock developed due to the
strong deceleration prohibits the inner ejecta from penetrating
the helium layer to reach the composition interface of He/H
where RT instability becomes active. If the inner ejecta
consisting of °Ni can successfully penetrate the helium layer
before the development of the reverse shock, SNi can be
conveyed into the high-velocity hydrogen layer with the help of
the RT instability. Actually, high-velocity *°Ni (~3500 kms™")
is obtained with BSG model B15 (Utrobin et al. 2015, 2019;
Wongwathanarat et al. 2015). As presented in Section 4.3, in
model b18.3-high in this paper, such successful penetration of
0N is also demonstrated. On the other hand, in model n16.3-
high, *°Ni fails to penetrate the helium layer before the
development of the reverse shock. In Wongwathanarat et al.
(2015), the same pre-supernova model N20 (nl6.3 in this
paper) with a more realistic explosion model based on the
neutrino heating also fails to reproduce the high-velocity *°Ni.
A distinct property difference between the successful BSG
models b18.3 and B15 and the unsuccessful model n16.3 (N20)
is the helium core mass, My, .. The masses of the helium core
of models b18.3 and nl6.3 are ~4 and ~6 M., respectively
(see Table 2). The helium core mass of model B15 is 4.05 M,
which is very similar to the value of model b18.3. In terms of
the ratio of the helium core mass to the stellar mass,
q = My /M, such a difference between the successful and
unsuccessful models is also recognized. The g values of models
b18.3 and B15 are 0.22 and 0.27, respectively, whereas the ¢
value of model n16.3 (N20) is 0.37. The small masses of the
helium core of models b18.3 and B15 may enable the inner
ejecta to more easily penetrate the helium core before the
development of the reverse shock than the case of model n16.3.
On the other hand, as we observed in model n16.3, the matter
mixing in other BSG models with a larger helium core mass of
25 M. (Utrobin et al. 2015, 2019; Wongwathanarat et al.
2015) has revealed that the maximum velocities of °Ni are
insufficient to explain the observations of SN 1987A. It is
worth noting that in several explosion models with the two
RSG models, high-velocity “°Ni is also obtained, despite the
large helium core masses (g values). In the case of the two RSG
models, the gradient of the p° profile in the helium layer is
overall negative, in contrast to that of model b18.3 (see
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Figures 1 and 2), and the hydrogen envelope is very extended
(r ~10" cm) compared with those of b18.3 and BI5 (r ~
10'? cm). Then, during the propagation of the blast wave in the
helium layer, the development of a distinct reverse shock is
restricted, and the inner ejecta can reach around the He/H
interface without the deceleration by the reverse shock.
Additionally, thanks to the extended hydrogen envelope, there
is enough time for RT instabilities to grow, as seen in the
bottom two rows in Figure 3 (see the highly developed peaks
around the composition interfaces of He/H), which enables the
inner ejecta to be mixed up into the high-velocity hydrogen
layer. In this way, despite the large helium core mass, high-
velocity *°Ni is obtained in the RSG models.

The BSG model B15 (Woosley et al. 1988) is one of the
successful models for the high-velocity 56Ni; however, the
helium core mass, ~4 M, is less than the suggested value
(6 £ 1 M; Arnett et al. 1989b) from the observed luminosity
of Sk —69° 202. The helium core mass of model n16.3 (N20),
~6 M., is appropriate in terms of the luminosity of Sk —69°
202, but the model is made by artificially combining an
evolved helium core with a hydrogen envelope obtained from
an independent stellar evolution calculation. Additionally, as
we have seen above, the matter mixing in model n16.3 fails to
obtain the high-velocity *°Ni. As mentioned in Sections 1 and
2.2, for both BSG models based on the single-star evolution
scenario, several assumptions—reduced metallicity, restricted
convection, enhanced mass loss, and enhancement of the
helium abundance in the hydrogen envelope (the first two are
for model B15, and the latter two are for the envelope of model
nl6.3)—have been implemented to obtain the red-to-blue
evolution for Sk —69° 202. Thus, the BSG progenitor models
based on the single-star evolution have both pros and cons. On
the other hand, binary merger model b18.3 (Urushibata et al.
2018), which satisfies all observational constraints, including
the luminosity of Sk —69° 202, has a smaller helium core mass
(g value) than those of models based on the single-star
evolution that satisfy the luminosity of Sk —69° 202, which
may reflect the nature of merging processes, the penetration of
the secondary into the envelope of the primary, and the dredge-
up of the primary’s core material into the envelope. Actually,
the other recent binary merger models (Menon & Heger 2017)
that satisfy the observational constraints all have a small helium
core mass of ~3-4 M, (g ~ 0.1-0.2; see Table 4 in Menon &
Heger 2017). As a summary, from both aspects of the matter
mixing and the observational constraints on Sk —69° 202, the
binary merger scenario is preferred for SN 1987A.

5.2. Morphology of the Supernova Ejecta and the Explosion
Mechanism of SN 1987A

As mentioned in Section 1, the 3D morphology of the inner
ejecta of SN 1987A is globally elliptical /elongated (Kjer et al.
2010; Larsson et al. 2013, 2016). The distributions of the
observed [Fe I1] lines in the Doppler velocity are biased toward
the redshifted side. Motivated by the observations, in this
paper, bipolar-like explosions with asymmetry against the
equatorial plane are explored. Theoretically, the shock revival
of a canonical core-collapse supernova explosion could be
triggered by neutrino heating aided by SASI and/or convec-
tion, and such asymmetric bipolar explosions could be realized
if a low unstable mode (I = 1) of SASI is dominating, as seen
in 2D hydrodynamical simulations (e.g., Scheck et al. 2006;
Suwa et al. 2010; Pan et al. 2016). Since multidimensional
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ab initio hydrodynamical simulations of core-collapse super-
novae are practically impossible, and the adopted physical
effects and approximations, in particular for the neutrino
transport, have been rather varied among the models, a
consensus on the explosion mechanism has not been reached.
Several 3D simulations of core-collapse supernovae have
revealed that the strong sloshing motion introduced by the low
unstable mode of SASI is not evident, at least at later phases of
the shock revival (e.g., Nordhaus et al. 2010b; Dolence et al.
2013; Hanke et al. 2013). Not all but some recent 3D
hydrodynamical models have shown an asymmetric dipolar-
like morphology (asymmetric two-lobe structure) depending on
the progenitor models (Miiller et al. 2017; Burrows et al. 2019;
Vartanyan et al. 2019; see, e.g., Figure 1 in Vartanyan et al.
2019). In this paper, in the fiducial model (b18.3-high), the
parameter set of (o = Vup/Viowns 8 = Vpol [Veq) = (1.5, 16) is
adopted. As seen in Figure 26 (bottom right panel and the case
of B =16) in Appendix A, the distribution of initial radial
velocities is rather concentrated in the polar direction, which
invokes a bipolar but more narrowly collimated (jetlike)
explosion than those seen in the models mentioned above
(Miiller et al. 2017; Burrows et al. 2019; Vartanyan et al.
2019). Such jetlike explosions could be realized by magnetor-
otationally induced core-collapse supernova explosions (e.g.,
Takiwaki et al. 2009; Sawai et al. 2013; Mosta et al. 2014). In
MHD simulations, both a strong magnetic field and rapid
rotation before the core collapse are generally necessary for a
successful magnetorotationally induced explosion; however, it
has not been revealed yet from which evolutionary paths both
conditions are realized simultaneously in the progenitor star
just before the core collapse (see, e.g., Heger et al. 2005). To
assess whether such magnetorotationally induced explosions
can be realized or not, the understanding of the role of the
magnetorotational instability (Balbus & Hawley 1998) is
important. Additionally, depending on the circumstances, the
combination of magnetorotational and neutrino heating effects
could also trigger a jetlike explosion (Sawai & Yamada 2016).

It is worth noting that even if the explosion is initially
narrowly collimated, the morphology is soon modified to be
wider at an early phase (~1s), as seen in Figure 19 (top left
panel), depending on the structure of the C+O core of the
progenitor star, and the morphology is continuously changed
due to the deceleration/acceleration of the blast wave and the
growth of instabilities (see Figures 19 and 20). This situation
could be much different from that for Type Ia supernovae,
where the vestige of the explosion morphology can be survived
at even an early phase of the supernova remnant (~100 yr;
Ferrand et al. 2019). As seen in Figures 21 and 22, the
distribution of “°Ni is time-dependent during the shock
propagation in the progenitor star, but the bipolar structure
globally survives even after the shock breakout. In the models,
e.g., bl8.3-high and nl16.3-high, the axisymmetric bipolar
structures are identified for each element, and heavier elements
are more concentrated along the bipolar axis, as seen in
Figure 23. Therefore, if such clear axisymmetric structures are
identified from the future observations in the spatial distribu-
tions of emission lines of elements, in particular ones from iron
or direct ~-ray lines from the decay of **Ti, it would be a clue
to deduce the explosion mechanism. Recent observations of 3D
distributions of CO and SiO molecules in the inner ejecta of SN
1987A (Abelldn et al. 2017) are an eligible target for the test.
Actually, we have compared the results (approximate CO and
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SiO distributions) of 3D MHD simulations of further evolution
of models b18.3-high and n16.3-high with the observed CO
and SiO distributions (Orlando et al. 2019b). Additionally, in
order to estimate the CO and SiO distributions more accurately,
we plan to calculate (Ono et al. 2019, in preparation) the
molecule formation in the ejecta with a molecule formation
network using a post-processing method based on the 3D MHD
simulation results above.

5.3. NS Kick Velocity

The compact object of SN 1987A has not been detected yet,
but it could be a thermally emitting NS obscured by dust
(Orlando et al. 2015; Alp et al. 2018). If the explosion of SN
1987A was an asymmetric one, as demonstrated in the models,
e.g., b18.3-high, the compact object (probably an NS) could
have been kicked in the opposite direction to the motion of the
bulk of the supernova ejecta. Actually, NS kicks are expected
from 2D and 3D hydrodynamical simulations of neutrino-
driven explosions aided by SASI and/or convection thanks to
their aspherical nature (Scheck et al. 2004, 2006; Nordhaus
et al. 2010a, 2012; Wongwathanarat et al. 2010, 2013). In the
context of the neutrino-driven explosion, first, an NS is kicked
in the opposite direction to the strongest explosion, and later,
the motion is mediated by the interaction between the
gravitationally combined, denser, slowly moving clumps left
behind the shock and the compact object (gravitational tugboat
mechanism; Wongwathanarat et al. 2013). An asymmetric
neutrino emission has been proposed as another mechanism of
NS kicks (Woosley 1987; Bisnovatyi-Kogan 1993; Socrates
et al. 2005). From the X-ray observations of six core-collapse
supernova remnants, Cas A, G292.0+1.8, Puppis A, Kes 73,
RCW 103, and N49, it has been revealed that the direction of
the NS kick relative to the explosion center is opposite to the
center of mass of gaseous intermediate elements in the ejecta
(Katsuda et al. 2018), which supports a hydrodynamical origin
of NS kicks such as the gravitational tugboat mechanism.
Recent analysis of the observations of Cas A has indicated that
heavier elements are more oppositely distributed than lighter
ones (Holland-Ashford et al. 2019). From the observed proper
motions of young pulsars, the 3D NS kick velocities of young
pulsars have been typically deduced as 300-500kms™
(Arzoumanian et al. 2002; Brisken et al. 2003; Hobbs et al.
2005; Faucher-Giguere & Kaspi 2006), but some pulsars have
a velocity over 1000kms~' (e.g., Chatterjee et al. 2005).
Motivated by the situation above, we estimate the NS kick
velocity by assuming simply momentum conservation (the
initial total momentum is zero), as in Wongwathanarat et al.
(2013). The NS kick velocity, vys, is estimated as follows:

s = Bus Mys= = [ pvdrdyds/Mys (D)
where Fy is the total momentum inside the computational
domain, V, except for the innermost regions corresponding to
the compact object (NS); Mys is the mass inside the regions of
the NS; and v is the fluid velocity. In the ninth column of
Table 3, the absolute values of the estimated NS kick velocity
at the end of the simulation, vy, are listed. The values of vyg
dominantly depend on the parameter a = v, /Vdown. The
values of vng for the models with o = 2.0, b18.3-mo13,
nl16.3-mo13, s18.3-mol3, s19.8-mo13, and b18.3-alpha2, are
~420-580kms~!. The value of vys for the model with
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a = 1.0, b18.3-alphal, is O(1) km s~ L. The values of vys for
the models with o = 1.5are ~250-400kms ', except for
model b18.3-einl.5, for which E;, = 1.5 x 10" erg and vyns
~150km s~!. Therefore, overall, the larger the « value, the
larger the NS kick velocity. The NS kick velocities also depend
on the parameter 3 = Vpo1 /Veq. For example, as seen in models
s18.0-beta2, s18.0-betad, s18.0-beta8, and s18.0-fid, the larger
the 3 value, the smaller the value of vys, which reflects the fact
that if the total kinetic energy is fixed (here uniform density is
considered), the wider the bipolar explosion, the larger the net
momentum.'? Overall, the obtained values of vyg are roughly
within the range of the observed NS kick velocities. The vector
values of the NS kick velocities for models b18.3-high and
nl16.3-high are vng = (vy, vy, v)) = (=7.23, 1.28, — 2.85 x
10%) and (0.103, —0.504, —3.03 x 10*)kms ', respectively.
Then, the values of v, and v, are O(1) km s~!, and the NS kick
velocities are directed almost opposite to the z-axis (the
strongest explosion direction). The absolute values for models
b18.3-high and nl6.3-high are 2.85 x 10> and 3.03 x
10°kms™ !, respectively, which are consistent with the
observed values. As seen in Figure 11 in Katsuda et al.
(2018), the relative positions of the compact objects are not
perfectly opposed to the positions of the center of mass of the
ejecta. Even if the overall features of the observed NS kick
velocities can be explained by the hydrodynamical effects
demonstrated in this paper, such deviations have not been well
explained yet. Rotation, which is not included in this paper,
may play an important role. As mentioned in Section 4.3, from
the comparison of the line-of-sight velocities of *°Ni with the
observed [Fell] line profiles, the parameter set of (6, x) =
(130°, 10°) (see Figure 15), which determines the direction of
the bipolar explosion axis (the strongest explosion direction) to
observers on Earth, is preferred for the fiducial (best) model,
b18.3-high. As seen in Figure 15, if the explosion of the
redshifted side (the strongest explosion side) is directed to the
south side (negative x direction) to us, as in the case of (0,
x) = (130°, 10°), the NS kick velocity is directed to the north
side. Then, if the best model, b18.3-high with (0, x) =
(130°, 10°), is correct, we predict that the compact object of SN
1987A will be found in the northern part of the inner ejecta.
Recent observations of dust emission from the inner ejecta of
SN 1987A by ALMA have suggested that a dust peak found to
the northeast of the center of the remnant could be an indirect
detection of the compact object (Cigan et al. 2019), which is
very roughly consistent with our prediction.

5.4. Issues in Stellar Evolution Models and Impacts of Possible
Large-density Perturbations in the Progenitor Star

As presented in Section 4.3, even in the fiducial (best)
model, b18.3-high, observed fluxes of [Fe II] lines (points with
normalized values of 20.1) around the high-velocity tails (the
absolute Doppler velocity higher than 3000 km s~ ') cannot be
reproduced well (see the left panel in Figure 25). Another

12 Consider a 1 cm® cube with a kinetic energy of %p v2. If the kinetic energy
is divided into two 1 cm® cubes, the total kinetic energy is %p v =

1 v 2 1 v 2 PP .
Ep(ﬁ) + 3P (ﬁ) , whereas the net momentum before dividing is p v, but

the momentum after dividing is V2 p v > p v.
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possible ingredient that is not included in this paper is large
perturbations in density of the pre-supernova models, which
were previously investigated in Paper II. Here we discuss the
current status of the stellar evolution models and the impact of
such large-density perturbations.

Pre-supernova models obtained from stellar evolution
calculations are basically spherically symmetric, where 1D
(spherical) hydrostatic equations with a mixing-length theory
(MLT; Bohm-Vitense 1958) for convection are solved (see,
e.g., Kippenhahn & Weigert 1990). Since convection is
inherently involved in the turbulent motion of elements in
3D, the MLT itself has had long-standing issues. In the MLT,
the length scale of the mixing of an element (eddy) into the
surroundings (mixing length: ) is “assumed” as [ = o Hp,
where « is a free parameter and Hp is the local pressure scale
height. Related uncertainties on the treatments of so-called
semiconvection and overshooting have also been problematic.
Semiconvection is a slow mixing process in the dynamically
stable region due to the existence of a nonzero gradient of the
mean molecular weight but vibrationally unstable (the so-called
Ledoux criterion is fulfilled, but the Schwarzschild criterion is
not). The treatments of semiconvection and the observational
constraints have been investigated for a few decades (e.g.,
Langer et al. 1985; Spruit 1992; Silva Aguirre et al. 2011;
Li 2012; Spruit 2013; Zaussinger & Spruit 2013). Over-
shooting is the penetration of elements over a convective zone
into a dynamically stable region, which may be the most
uncertain process in the context of the MLT, and it has been
intensively studied in several aspects (e.g., Rogers et al. 2006;
Claret 2007; Deng & Xiong 2008; Montalbdn et al. 2013;
Zhang 2013; Viallet et al. 2015). For both the semiconvection
and overshooting, nonlocality is essential, and self-consistent
nonlocal convection theories beyond the local MLT have been
proposed (Xiong 1977; Grossman et al. 1993; Xiong et al.
1997; Canuto & Dubovikov 1998; Deng et al. 2006; Li &
Yang 2007; Zhang 2016), which has partly been motivated by
the implications of the multidimensional hydrodynamical
simulations mentioned below. In general, the timescale of the
stellar evolution is determined by the nuclear burning, which is
much longer than the dynamical timescale of the turbulent
motion of fluids in a convective layer and the crossing time of
sound waves. Then, it is impossible to cover the whole
evolution of a star by multidimensional hydrodynamical
simulations (for compressible fluids) in which the time step is
limited by the maximum fluid velocity or the maximum sound
speed inside the computational domain from the Courant—
Friedrichs—Lewy condition. Nevertheless, there have been
attempts at such multidimensional hydrodynamical simulations
of the evolution of massive stars that cover one or a few
burning shells (for up to a few convection turnover times in the
case of 3D simulations; Bazan & Arett 1994; Bazin &
Arnett 1998; Meakin & Arnett 2006, 2007a, 2007b; Arnett
et al. 2009; Arnett & Meakin 2011a; Viallet et al. 2013; Couch
et al. 2015; Chatzopoulos et al. 2016; Miiller et al. 2016;
Cristini et al. 2017; Mocak et al. 2018; Yoshida et al. 2019). As
seen in, e.g., Figures 3 and 4 in Miiller et al. (2016), the
distributions of *°Si and radial velocities fluctuate a lot with
large-scale anisotropies. From the investigations above, for
example, Meakin & Armnett (2007b) argued for turbulent
convection, where a turbulent layer adjacent to a stably
stratified layer diffuses into the stable layer over time (turbulent
entrainment), which is generally ignored in the stellar evolution
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models based on local MLTs (the authors also suggested that
overshooting is best described as an elastic response by the
convective boundary). Arnett & Meakin (2011b) pointed out
the “r-mechanism” as a new source of luminosity fluctuations
associated with turbulent convective cells based on 3D
hydrodynamical simulations of shell oxygen burning, which
exhibits recurrent fluctuations in turbulent kinetic energy.
Recently, a new method to replace the MLT in 1D stellar
evolutionary computations based on 3D hydrodynamic simula-
tions (“321D” approach) has been presented (Arnett et al.
2015). Keeping in mind the impact of the density fluctuations
in the progenitors on the matter mixing, it is interesting to see
how a large amplitude of fluctuations could be introduced.
Overall, among the multidimensional hydrodynamical simula-
tions, density fluctuations up to ~10% could be introduced
around the edges of the convective zone of the oxygen-burning
shell in ~20 M., stars (Bazian & Arnett 1998; Meakin &
Arnett 2006, 2007a) and in the envelope of a 5 M, red giant
(Viallet et al. 2013). For lower-mass stars, high-resolution 3D
global hydrodynamical simulations of the solar convection
(Hotta et al. 2014, 2015) and He shell flash in a post-AGB star
(Herwig et al. 2014) have been performed, but the amplitudes
of the density fluctuations introduced seem to be small. Smith
& Arnett (2014) discussed the discordance between the
predictions from stellar evolution models and the last stages
of massive stars, some of which (progenitors of SNe IIn)
exhibit eruptive mass ejection a decade before the core
collapse. The authors suggested that the major reason for the
discordance may lie in the treatments of turbulent convection;
i.e., stellar evolution models with MLTs generally ignore (i)
finite amplitude fluctuations in velocity and temperature and
(ii) their nonlinear interaction with nuclear burning. Such mass
ejection invokes more violent eruptions from luminous blue
variables (LBVs) such as 1 Carinae. Actually, the candidate of
an LBV, HD 168625, is a nearby twin of Sk —69° 202, which
has a similar triple ring structure. From the similarity with HD
168625, Smith (2007) proposed a scenario that Sk —69° 202
was an LBV evolved as a single star, although the single-star
evolution scenario contradicts the binary merger model b18.3,
proposed as the pre-supernova model for the fiducial model
(b18.3-high) in this paper. It was theoretically demonstrated
that some binary mergers are capable of producing LBVs
(Justham et al. 2014). Actually, it has been proposed that n
Carinae and an LVB candidate, R4, currently in a binary
system, were derived from a binary merger of two stars
originally in a triple star system (for the former and the latter,
see Pasquali et al. 2000 and Portegies Zwart & van den
Heuvel 2016, respectively). Whatever the evolution scenario is,
violent dynamical eruptions from the envelope of an LBV or
mass ejection from a rapidly rotating BSG would cause large-
scale fluctuations in the envelope. Herschel observations of the
closest RSG, Betelgeuse, have revealed that the observed
clumpy structure in the inner part of the circumstellar medium
could stem from giant convection cells of the outer atmosphere
(Decin et al. 2012). The observed close molecular layer and the
intensity map computed based on 3D radiative hydrodynamic
simulations of RSGs have also invoked large-scale fluctuations
in the envelope of Betelgeuse (Chiavassa et al. 2010;
Montarges et al. 2014; see Figure 10 in Montarges et al.
2014). Hitherto, despite intensive attempts at the multidimen-
sional hydrodynamical simulations mentioned above, the
theoretical understanding of the stellar envelopes of massive
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stars, in particular at the last stage before the core collapse, is
far from conclusive, and it has not been unveiled how large
fluctuations can be introduced in the envelopes of pre-
supernova stars. In addition, recent 3D hydrodynamical
simulations of core-collapse supernova explosions have
revealed that pre-collapse asphericities around Si/O layers
due to turbulence could alter the post-bounce evolution and
enhance the explodability of core-collapse supernovae in the
context of the neutrino-driven mechanism (Couch &
Ott 2013, 2015; Miiller et al. 2017).

Motivated by the theoretical and observational situations
mentioned above, in Paper II, we investigated the influence of
large-density perturbations of the amplitude of up to 50% in the
density of the pre-supernova model (same as model n16.3 in
this paper) based on 2D hydrodynamical simulations focusing
on the matter mixing. Among the investigated models, if there
are nonradial perturbations (50%) with radially coherent
structures (see the top left panel in Figure 2 in PaperIl),
high-velocity clumps of *°Ni (<4000 km s~") can be obtained
at the tails of the highest Doppler velocity (see, e.g., Figure 15
in PaperIl), even if the explosion is only mildly aspherical
(approximately the same as seen in the top left panel in
Figure 26 (the case of 3 = 4) in this paper). The high-velocity
clumps of *°Ni obtained correspond to the tips of the giant RT
fingers. Therefore, by introducing such large-density perturba-
tions in model b18.3-high, a better fit to the observed [Fe II]
line profiles may be obtained, although such an investigation is
beyond the scope of this paper.

6. Summary

In this paper, we perform 3D hydrodynamic simulations of
nonspherical core-collapse supernovae, focusing on the matter
mixing in SN 1987A. The impact of the four pre-supernova
models and parameterized aspherical explosions on the matter
mixing are investigated. For the aspherical explosions, we
explore asymmetric bipolar explosions characterized by the
parameters & = Vyp/Vaown and B = Vpol/Veq- As one of the
progenitor models, the BSG pre-supernova model for Sk —69°
202, based on the slow-merger scenario (b18.3), is adopted, in
addition to existing single-star models, one BSG model (n16.3),
and the other two RSG models (s18.0 and s19.8). From the
simulations results, the radial velocity distribution of elements,
in particular *°Ni, and the distribution of the line-of-sight
velocity of *°Ni are mainly discussed by comparing with the
constraints on the mass of high-velocity “°Ni and observed
[Fen] line profiles for SN 1987A. First, we perform 1D
simulations in order to see the pre-supernova model dependence
of the matter mixing, where the growth factors of instabilities
are presented (Section 4.1). Next, we explore the dependence
on the parameters of the aspherical explosion and the pre-
supernova models based on many lower-resolution simulations
(Section 4.2). Then, with the fiducial (best) parameter set for the
explosion, two high-resolution simulations, one with the binary
merger progenitor model b18.3 and the other with the single-star
progenitor model n16.3, are performed (Section 4.3). Finally,
some implications of the results—the key properties of the pre-
supernova models for the matter mixing (Section 5.1), explosion
asymmetries and possible explosion mechanisms for SN 1987A
(Section 5.2), NS kick velocities (Section 5.3), and the impacts
of possible large-density perturbations in the pre-supernova
models—are presented (Section 5.4). Here the findings and main
points in this paper are summarized.
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1. From the analysis of growth factors of instabilities based

on 1D simulations, instabilities grow around both the C
+0/He and He/H interfaces for the two BSG progenitor
models (b18.3 and n16.3). On the other hand, instabilities
are developed only around the He/H interfaces for the
two RSG progenitor models (s18.0 and s19.8), which is
attributed to the fact that the gradients of the p° profile
in the helium layer are overall negative for the RSG
models, in contrast to the case of the BSG models.

. Initial asphericities of explosions affect the early (~1 s)

morphologies of the inner ejecta. As expected, the larger
the (3 value, the narrower the bipolar structure. However,
compared with the initial radial velocity distributions, the
morphologies of the bipolar structure at around ~1s
become wider and less distinct due to the deceleration
during the shock propagation inside the C+O core.

. The early morphologies of the expanding ejecta depend

on the structures in the pre-supernova models. At an early
phase (~1s), depending on the gradients of the pr
profiles of the C+O and/or the silicon layers, pre-
supernova models with steeper p > gradients result in a
wider bipolar structure in the early morphology of the
explosion due to stronger decelerations than those for
progenitor models with flatter or negative gradients. The
BSG progenitor model based on the single-star evolution
(n16.3) results in the widest bipolar structure in the ejecta.

. Later morphologies of the expanding ejecta and the

distributions of elements also depend on the structures of
the helium and hydrogen layers of the pre-supernova
models. The distributions of lower-mass elements, e.g.,
150 and 4He, depend on whether the reverse shock
developed during the shock propagation in the hydrogen
layer sweeps up the inner ejecta or not. In the BSG model
based on the binary merger evolution (b18.3), the reverse
shock last developed sweeps up the inner ejecta
completely by the time of the shock breakout. Conse-
quently, the distributions of '°0O and “He are more
concentrated around the equatorial plane.

. Among the investigated explosion models, the models

with the pre-supernova model nl16.3 fail to simulta-
neously fulfill the two observational constraints on the
mass of the high-velocity Ni, ie., @) M3A0/Mej
(°Ni) > 4% and (i) M,o, C°Ni)>10°M, (see
Table 3 and Figure 11). On the other hand, some
explosion models with the other pre-supernova models
succeed in fulfilling the observational constraints for the
case of larger 3 values (8 or 16).

. If the explosion models with RSG models and extreme

explosion energies are excluded from the point of view of
the observational constraints on the progenitor of SN
1987A, Sk —69° 202, and its explosion, the best model in
this paper is model b18.3-high, in which the binary
merger progenitor model b18.3 (Urushibata et al. 2018)
and the parameter set of («, ) = (1.5, 16) are adopted. In
the best model, the obtained explosion energy, E.x,, iS

Xp>
~2 % 10°! erg.

. The obtained values related to the observational con-

straints on the mass of the high-velocity “°Ni, M; /M,
(**Ni) and M4, (*°Ni), for the best explosion model,
b18.3-high, are 10.5% and 1.1 x 107> M, respectively.
The values for the counterpart model n16.3-high, in
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10.

11.

12.

13.

which the single-star pro§enitor model n16.3 is adopted,
are 3.7% and 2.5 x 107" M., respectively.

. The distribution of the line-of-sight velocity of °Ni for

model b18.3-high best reproduces the high-velocity tails
of the observed [FelIl] line profiles, in particular at the
redshifted side with angles of (6, x) = (130°, 10°; see
Figure 15 for the definition of the angles and Figure 25
for the distribution). The distribution for the counterpart
model nl6.3 apparently lacks the tail at the red-
shifted side.

. The key to obtaining such high-velocity *°Ni is the

penetration of >°Ni through the helium layer to reach the
hydrogen envelope before the development of the strong
reverse shock during the shock propagation in the
helium layer, which is consistent with the findings in
Wongwathanarat et al. (2015).

To realize the penetration of °Ni through the helium
layer, the structures of the C+O and the helium layers are
important. At least among the existing BSG progenitor
models, including models b18.3 and n16.3, the helium
core mass My, or the mass ratio of the helium core to
the stellar mass g = My, /M appears to be a useful
indicator for the successful penetration of 56Ni, as
seen in previous studies (Utrobin et al. 2015, 2019;
Wongwathanarat et al. 2015). The value of My, of the
pre-supernova model for the best explosion model b18.3-
high is about ~4 M., (¢ ~ 0.2). On the other hand, the
value for the other BSG model, nl6.3, is ~6 M,
(g ~ 0.37).

It seems difficult to find such a small My, . value among
the existing BSG progenitor models based on the single-
star evolution that satisfy both the observed luminosity
and the effective temperature (the final position in the
H-R diagram) of Sk —69° 202. On the other hand, the
existing BSG models based on the binary merger scenario
that satisfy these values naturally have small My, . values
of <4 M., (¢ < 0.2; Menon & Heger 2017; Urushibata
et al. 2018), which may reflect the nature of merging
processes, the penetration of the secondary to the
envelope of the primary, and the dredge-up of the
primary’s core material into the envelope.

From the adopted parameter set of the best explosion
model, b18.3-high, the explosion of SN 1987A is likely
to be an asymmetric bipolar (jetlike) explosion, which
may be induced by magnetorotational effects (e.g.,
Takiwaki et al. 2009; Sawai et al. 2013; Mosta et al.
2014) or the combination of the neutrino heating and the
magnetorotational effects (Sawai & Yamada 2016). In
order to deduce the explosion mechanism in a more
robust way, observations of spatially resolved line
emissions from iron or direct v-ray lines from the decay
of “Ti are desirable. Recent observations of the 3D
distribution of CO and SiO molecules (Abellan et al.
2017) will shed light on the explosion mechanism.
From the asymmetric bipolar explosions presented in this
paper, NS kicks are expected, as in Wongwathanarat et al.
(2013). The absolute value of the estimated NS kick
velocity, vns, for the best model, b18.3, is ~300 km s !
The values for the other models are roughly in the range
of 250580 km s~ (except for models b18.3-alphal and
b18.3-einl.5), which is consistent with the NS kick
velocities deduced from the proper motions of young
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pulsars (e.g., Hobbs et al. 2005; Faucher-Giguere &
Kaspi 2006). It is found that the direction of the NS kick
is almost opposite to the bipolar (strongest) explosion axis.
From the angles suggested by the best model, b18.3-high,
(@, x) = (130°, 10°), we predict that the compact object of
SN 1987A will be detected in the north part of the inner
ejecta, as opposed to the direction of the redshifted side of
the explosion, which corresponds to the stronger explosion
direction and is directed to the south side (see Figure 15).
As investigated in Paper II, possible large-density
fluctuations with amplitudes up to 50% in the pre-
supernova model could aid the inner ejecta in penetrating
through the helium layer due to strong RT instabilities.
Hitherto, whether such a large amplitude of fluctuations
can be introduced in the density of pre-supernova models
or not has not been unveiled because of the lack of
appropriate theoretical modeling of multidimensional
effects such as turbulent convection, in particular for
the envelope at the last stage before the core collapse. It is
worth investigating such effects (partly) motivated by the
recent explorations of the impact of pre-collapse
asphericities on the core-collapse supernova explosions
(e.g., Couch & Ott 2015; Miiller et al. 2017).

14.

We have made use of the results of models b18.3-high and
n16.3-high as initial conditions of MHD simulations of further
evolution (up to ~50 yr for SN 1987A; Orlando et al. 2019b),
which is a natural extension of our previous investigations with
spherically symmetric explosions (Orlando et al. 2015, 2019a;
Miceli et al. 2019). In the paper, we have discussed not only the
X-ray emission (the light curve and the images) but also
the distributions of CO and SiO molecules motivated by the
recently observed 3D distributions of the molecules (Abelldn
et al. 2017). Additionally, we plan to investigate the molecule
and/or dust formations in detail based on the 3D models in this
paper in the near future (M. Ono et al. 2020, in preparation).
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Appendix A
Explosion Asymmetries: Initial Radial Velocity
Distributions

In the simulation, thermal and kinetic energies are artificially
injected around the interface between the iron core and the
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Figure 26. Angle dependences of the initial radial velocities, g(6). The curved surfaces of r = g(6) are plotted in the x—z plane of the Cartesian coordinate. The top left,
top right, bottom left, and bottom right panels show the four cases of Equations (8)—(11), respectively. Different solid lines represent different cases of 3 = vyo1 /Veq-

The case of & = Wyp /Vaown = 1.5 is shown.

silicon layer of the pre-supernova models. In order to initiate an
asymmetric (nonspherical) explosion, initial radial velocities
are distributed with arbitrary functions of 6 in the spherical
coordinates (r, 8, ¢). In this paper, we assume the form of the
initial radial velocities as v, o r f(6). Since observations of SN
1987A have shown that the inner ejecta is globally elliptical
(Kjer et al. 2010; Larsson et al. 2013, 2016), bipolar-like
explosions may be justified. Then, the following four cases for
the shape of f(6) (0 < 6 < 7) are considered. In the four cases,
the concentration of higher initial radial velocities around the
polar axis is controlled by a parameter, 3 = Vpo1/Veq, Where vy
is the initial radial velocity on the polar axis (0 = 0) and veq is
one on the equatorial plane (§ = 7/2) at the same radius, r.
Case 1: a function with cosine (“cos” in Table 2) as

F0) = 1 + cos(20) ’

8
1+¢ ®

where £ is a parameter related to (G with the relation
B=0+4 &/ — &. This form of asymmetry was adopted
in Nagataki et al. (1998b) and Paper L.
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Case 2: an exponential form (“exponential” in Table 2) as

0) = exp(—9/d), d=——r,
f(O) =exp(=1/d) Y
_jo @ <n/2)
V= {77 -0 (@ >7/2). ©)
Case 3: a power-law-like form (“power” in Table 2) as
2 Y
f(9):(2—;19), ~v = log, 6
0 @ <7/2)
9= 10
{7‘(—0 O > w/2). (10)
Case 4: an elliptical form (“elliptical” in Table 2) as
f(0) = (B 'cos?0 + Bsin?) /2. (11)

We also introduce an asymmetry in the initial radial
velocities across the equatorial plane (x—y). Such an asymmetry
could be introduced if an explosion is driven by neutrino
heating aided by the SASI of a low-order unstable mode (I = 1;
e.g., Scheck et al. 2006; Suwa et al. 2010; Hanke et al. 2013;
Pan et al. 2016) and could trigger an NS kick inferred from the
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observations of young supernova remnants (Katsuda et al.
2018). The initial radial velocities in the upper hemisphere are
manually enhanced by multiplying the factor of & = Vyp/Vaowns
and the velocities around the equatorial plane are smoothed so
as not to introduce a jump across the plane. We denote the
angle dependences after a normalization as g(f), where the
function is normalized in order for the maximum value to be
unity. The angle dependences, g(f), are shown in Figure 26.
The cases of § = 2, 4, 8, and 16 with o = 1.5 are displayed in
the x—z plane of the Cartesian coordinate system. As one can
see, for example, the distribution of the elliptical case with
(8 = 16 (bottom right panel) invokes a rather jetlike explosion.
Then, at this moment, we do not assume a specific explosion
mechanism for this initial radial velocity distribution.

Appendix B
Method for Introducing the Initial Clumpy Structures

In our previous study on the matter mixing based on 2D
hydrodynamic simulations (PaperI) motivated by neutrino-
driven explosions aided by SASI and/or convection, which
have clumpy or bubble-like structures inside the supernova
shock wave, fluctuations were introduced in the initial radial
velocities by multiplying the following factor function of 6:

4
1+ 5 =5
n=1

2n71

sin(m n 6), 12)
where € is the amplitude of the fluctuations and m is an integer
parameter. In the best model for SN 1987A in Paper I (AM2),
m = 15 was adopted. In this paper, the simulations are 3D.
Thus, we introduce such fluctuations with another function of
(0, ¢). We utilize real spherical harmonics for the function:

Y/m (0’ (;b)

gz [P [m])!

dr (1 + |m))!

P"l(cos O)sin(|m|¢) (m < 0)

= 241 P"(cos 0)
47

(m=0)

s [ TA=m)
(=D)mJ2 S 4(l+m)!P, (cos O)cos(mp)  (m > 0).

13)

With the function above, the following factor is multiplied to
the initial radial velocities introduced in Appendix A:

(14)

n=1lm=-I n

4 1 m
1+ 6|:NZ Z M] (I =n - hase),

where € is the amplitude of the fluctuations. In order to
introduce fluctuations of similar sizes and amplitudes as in the
best model (AM2) in Paper I, e = 15 and € = 30% are
adopted. It is noted that nonradial fluctuations with an
amplitude of ~30% could be introduced as seen in a 2D
hydrodynamical simulation of a neutrino-driven core-collapse
supernova explosion (see Figure 11 in Gawryszczak et al.
2010). Here N is a normalization factor for the maximum value
inside the square bracket in Equation (14) to be unity. The
function, A;" (0, ¢), is basically the function in Equation (13),
but depending on the numbers of / and m, some values are
arbitrarily set to be zero (some m modes are arbitrarily
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selected), as follows:
Yl (0’ ¢) (m - 1» _3’ 57 _7 »~~) (l Odd)
(else)
Alm (0’ ¢) =
Y/"@, ) (imn=0,2,-4,6,.)
(I: even).
0 (else)
(15)

There is no physical basis for the selection of m modes, but it is
noted that if we set A" (0, ¢) to be ¥;" (6, ¢), the distribution of
the fluctuations seems to be unrealistic (nearly axisymmetric
stripes are recognized). In this paper, we do not intend to
discuss the effects of the specific form of the fluctuations, but
just the effects of the existence of such initial fluctuations is
briefly argued by comparing one of the models with the
fluctuations (b18.3-fid) and one without them (b18.3-clp0).
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