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•  Core-collapse supernova 
–  Final fate of massive stars Ž>~10Mož 
–  Unclear mechanism of explosion 
–  Neutrino heating mechanism 
–  Convection, SASI 
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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!  Step 1:Ď�ĀŵÁĀŊăPĪĴê{�ĺÈÍ¯mèŊß~ 
KN+’15 PASJ, 67 (6) 107 
 
 
ŁĭĻáÄĉ@Ŋ�jĺýŕŌ7ïĹăP. 
]_ğèú@ŸM = 10.8-75 MoŹěûVúŸZ = 0-1 ZoŹĺÞ�Ŋ�¨. 

 → áĎŽžſŭŠű 
ę︎ÁĀż��ĚĚĚĚĚĚĚĚ→ R�, SASIĤ­§. 
ę︎ŤŮŶšŰŦîòŊßĦĚ→ ŧůŬŶŜĸĪĺ self-consistent áÄ. 
ę︎�-lŃ5�ĹßĦĚĚ → Ni4púĺÛ¿ŃŇ. 

!  Step 2: “
×¯ĸ”ŭŠűŊ÷ŋĵÿ�ĀáÄ 
KN+	
16 MNRAS, 461 (3) 3296 
 
 
5īśŞšŌŞũŸEoSĻrdŹĵ_Å;ŵÿ�ĀáÄ. 

 → �Ì¯ĸ ­ŏťűŒŶĻƁĚŤŞŔű4púĻƁ 
 → ŪřšũŲśřĵHÜ��-lťŞšųŶœáÄ.�

�

R<5,000km, t<1.5s�

R<100,000km, t<10s�
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Fig. 1. Mass distribution of some selected models at a pre-collapse stage (top panel) and at the time of
core bounce (bottom).

ξM ≡ M/M⊙

R(M)/1000km
. (1)

The previous studies used M = 2.5 M⊙ (O’Connor & Ott 2011; Ugliano et al. 2012) or 1.75 M⊙

(O’Connor & Ott 2013) and estimated ξM at the time of core bounce. On the other hand, the

outer radius of our computational domain (5000 km) is too small to contain 2.5 M⊙ for all

models and even 1.75 M⊙ for some less massive models (see Figure 1). In this paper, we estimate

ξM at M = 2.0 and 2.5 M⊙ (ξM = ξ2.0, ξ2.5) directly from the progenitor models. It should be

noted that our definition of ξ2.5 gives almost the same value as the compactness estimated at

bounce, because the radius R enclosing 2.5 M⊙ is far from the center and the radial velocity

vR there is very small (e.g., for s15.0 model, R = 1.7×109 cm and vR =−6.8×106 cm s−1). By

comparing the top to bottom panel of Figure 1, the position of the outer envelope (>∼ 108 km)

changes very slightly. This is because of the long dynamical time scale there compared to the

short time period before bounce (∼ 200 ms). Actually ξ2.5 of s15.0 model in our definition is

0.149, which is very close to the value (0.150) estimated by O’Connor & Ott (2011) at bounce.
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ξM ≡ M/M⊙

R(M)/1000km
. (1)

The previous studies used M = 2.5 M⊙ (O’Connor & Ott 2011; Ugliano et al. 2012) or 1.75 M⊙

(O’Connor & Ott 2013) and estimated ξM at the time of core bounce. On the other hand, the

outer radius of our computational domain (5000 km) is too small to contain 2.5 M⊙ for all

models and even 1.75 M⊙ for some less massive models (see Figure 1). In this paper, we estimate

ξM at M = 2.0 and 2.5 M⊙ (ξM = ξ2.0, ξ2.5) directly from the progenitor models. It should be

noted that our definition of ξ2.5 gives almost the same value as the compactness estimated at

bounce, because the radius R enclosing 2.5 M⊙ is far from the center and the radial velocity

vR there is very small (e.g., for s15.0 model, R = 1.7×109 cm and vR =−6.8×106 cm s−1). By

comparing the top to bottom panel of Figure 1, the position of the outer envelope (>∼ 108 km)

changes very slightly. This is because of the long dynamical time scale there compared to the

short time period before bounce (∼ 200 ms). Actually ξ2.5 of s15.0 model in our definition is

0.149, which is very close to the value (0.150) estimated by O’Connor & Ott (2011) at bounce.
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!  Step 1:Ď�ĀŵÁĀŊăPĪĴê{�ĺÈÍ¯mèŊß~ 
KN+’15 PASJ, 67 (6) 107 
 
 
 ­ĺ¢i¯ĸúĻŕŴŧœšťřĎξ ĺāyĶ 
ĪĴ×ĬĨĶĤ0Ñ. 

 → ĪģĪ ­ŏťűŒŶń�É4p-l 
ĚĚĚĚĚĻŁİ.�ĪĴğĸğ. 

!  Step 2: “
×¯ĸ”ŭŠűŊ÷ŋĵÿ�ĀáÄ 
KN+	
16 MNRAS, 461 (3) 3296 
 
 
Step 1ĵ ­ĹìīįŭŠűĺ�ģņT/�/HĎξ ŭŠűŊ÷q 

 → M = 11.2, 17.0, 27.0 Mo ĺJĄûVúŭŠű. 
 
5īśŞšŌŞũŸEoSĻrdŹĵ_Å;ŵÿ�ĀáÄ. 

 → �Ì¯ĸ ­ŏťűŒŶĻƁĚŤŞŔű4púĻƁ 
 → ŪřšũŲśřĵHÜ��-lťŞšųŶœáÄ.�
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PNSèú�

"  �ĴĺŭŠűĤ ­Ĺìīį. 
t = 7-8 ¼ĵÖw�ĤGC«@10	
kmĹ. 
ŸHeWĺ`ĹRlŹ 

"  s11.2ŭŠű 
 ­ŏťűŒŶěPNSèúĿŀ.� 
Eexp = 0.19 foe, Mpns = 1.36 Mo 

"  s17.0ŭŠű 
 ~ž¼gĵŁİEexp, Mpnspÿ. 
 Eexp = 1.23 foe, Mpns = 1.85 Mo 

"  s27.0ŭŠű 
s17.0ŭŠűĶ5�Ĺpÿ. 
5.29¼gĹ1D GRáÄĵ�àĩŉňă«
èúŸMpns = 2.13 MoŹĹ õ. 
(O’Connor & Ott ’11; KN+’15)�
→Ĩĺ�pÿƁØñƁ 

Long-term CCSN simulation 
(KN et al., in prep.)�
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"  s17.0ĎĶ s27.0 ĵĻ�įğdownflowĤ�jĺPNSŊ/ĥÎħň. 
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Figure 1. Three-dimensional plots of entropy per baryon (top panel), τres/τheat
(bottom left panel), which is the ratio of the residency to the neutrino-heating
timescale (see the text for details), and the net neutrino-heating rate (bottom
right panel, in units of erg cm−3 s−1) for three snapshots (top and bottom left:
t = 230 ms, and bottom right: t = 150 ms measured after the bounce (t ≡ 0) of
our model 3D-H-1). The contours on the cross sections in the x = 0 (back right),
y = 0 (back bottom), and z = 0 (back left) planes are projected on the sidewalls
of the graphs. For each snapshot, the length of the white line is indicated in the
bottom right text.
(A color version of this figure is available in the online journal.)

shock expansion in this study. It should be mentioned that, by
comparing our νx luminosity estimated by the leakage scheme
with that obtained by the work of Buras et al. (2006) with
detailed neutrino transport, the peak luminosity is more than
20% smaller in our case. Such underestimation of cooling
by heavy-lepton neutrinos should lead to artificially larger
maximum shock extent (Rmax ∼ 260 km, blue line in the right
panel of Figure 2) compared to Rmax ∼ 170 km in Buras et al.
(2006). We have to emphasize that the use of the leakage scheme,
together with the omission of inelastic neutrino scattering on
electrons and general relativity (GR) effects in the present
scheme, is likely to facilitate artificially easier explosions.
Regarding our 2D models, the relatively earlier shock revival
(∼100 ms postbounce) coincides with the decline of the mass
accretion rate onto the central PNS. This could be the reason
that the timescale is similar to that in Müller et al. (2012) who
reported 2D (GR) models for the same progenitor model with
detailed neutrino transport.

As seen from Figure 3, the angle-averaged neutrino lu-
minosity (⟨Lν⟩) and the mean neutrino energy (⟨ϵν⟩ =∫

E3F sdE/
∫

E2F sdE, where E is neutrino energy) are barely
affected by the imposed initial perturbations (presumably at a
few-percent levels in amplitude). This again supports our finding
that the explosion stochasticity is very influential in determining
the blast morphology but not the working of the neutrino-heating
mechanism.

From the bottom panel of Figure 3, it can be seen that
the overall trend in the neutrino luminosities and the mean
energies is similar between our 3D and 2D models. The neutrino
luminosities in the 2D model (green lines) show a short-time
variability (with periods of milliseconds to !10 ms) after around
100 ms postbounce. Such fast variations in the postbounce
luminosity evolution have been already found in previous 2D
studies (e.g., Ott et al. 2008; Marek et al. 2009). This is caused
by the modulation of the mass accretion rate due to convective
plumes and downflows hitting onto the PNS surface (see also
Lund et al. 2012 and Tamborra et al. 2013 about the detectability
of these neutrino signals). It is interesting to note that such a
fast variability is less pronounced in our 3D model (red lines
in the bottom panel). This is qualitatively consistent with Lund
et al. (2012) who analyzed the neutrino signals from 2D and 3D
models, in which an approximate neutrino transport was solved
(Wongwathanarat et al. 2010) as in Scheck et al. (2006).

Figure 4 shows the evolution of the average PNS radius
for the 1D (blue line), 2D (green line), and 3D models (red
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Figure 2. Same as the top panel in Figure 1, but for models 3D-H-2 (left panel) and 3D-H-2 (middle panel), which produce stronger explosions closer toward the
north (left panel) and south poles (middle panel), respectively. The right panel shows the evolution of average shock radii for the high-resolution 2D (green lines) and
3D (red lines) models explored in this study (e.g., Table 1).
(A color version of this figure is available in the online journal.)
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in Section 2. We discuss our results in Section 3, followed by
a summary in Section 4

2 NUMERICAL SETUP AND PROGENITOR

MODEL

Initial conditions are taken from the 11.2 and 27.0 M⊙ pre-
supernova progenitors of Woosley et al. (2002). The mod-
els, which have been used in Takiwaki et al. (2012, 2014);
Hanke et al. (2013); Müller (2015), are useful to clearly ex-
plore the impacts of rotation The initially constant angular
frequency of Ω0 = 1 or 2 rad/s is imposed inside the iron core
with a cut-off (∝ r−2) outside. Although these angular fre-
quencies are close to the high-end of those from most recent
stellar evolution models (e.g., Heger et al. (2000, 2005), see
also discussions in Ott et al. (2006)), we assume such rapid
rotation to clearly see the impacts of rotation in this study.
The model name is labeled as ”s11.2-R1.0-3D”, which repre-
sents the 11.2 M⊙ model with Ω0 = 1 rad/s that is computed
in 3D simulation.

Our numerical method is based on that in
Takiwaki et al. (2014) except several points. We use
the equation of state (EOS) by Lattimer & Douglas Swesty
(1991) (incompressibility K = 220 MeV). Our code
employs a high-resolution shock capturing scheme with
an approximate Riemann solver of Einfeldt (1988) (see
Nakamura et al. (2015) for more details). For the calculation
presented here, self-gravity is computed by a Newtonian
monopole approximation1. Our fiducial 3D models are
computed on a spherical polar grid with a resolution of
nr ×nθ ×nφ = 384× 64× 128, in which non-equally spatial
radial zones covers from the center to an outer boundary
of 5000 km.2 Our spatial grid has a finest mesh spacing
drmin = 0.5 km at the center and dr/r is better than 2% at
r ≥ 100 km. For a numerical resolution test, we compute
high-resolution runs with nr × nθ × nφ = 384× 128× 256.

In total, we have computed nine 3D models, which con-
sists of six models with the fiducial resolution (i.e., the
two progenitors with Ω0 = 0, 1, 2 rad/s) and three high-
resolution runs for the 11.2 M⊙ model. By using the fastest
K computer in Japan, it typically took 2 months (equiva-
lently ∼ 15 Pflops-day computational resources) for each of
the high-resolution runs.

3 RESULTS

Figure 1 summarizes the blast morphology for the 11.2M⊙

(left panels) and 27.0M⊙ star (right panels), which are help-
ful to compare the hydrodynamics features between the non-
rotating (top) and rapidly rotating (bottom) models, respec-
tively.

In the non-rotating models, s11.2-R0.0-3D (top left)

1 Our 3D rotating models with an improved multipole approx-
imation of gravity (e.g., Couch et al. (2013)) explode more en-
ergetically than those only with the monopole contribution (see,
more details in Takiwaki et al. in preparation).
2 This choice of the outer boundary position was shown to be in-
significant especially in the simulation timescale (! 300 ms post-
bounce) in this work (see section 2.3 in Nakamura et al. (2015)).

Figure 1. 3D iso-entropy surfaces showing the blast morphology
for the non-rotating (top panels) and rapidly rotating (bottom
panels) models of the 11.2 (left) and 27.0M⊙ star (right), respec-
tively. For each panel, the time is given at the top right corner,
which is measured relative to core bounce (t ≡ 0). The rotational
axis is shown in the left bottom panel (z-axis) and the viewing
angle of each plot is all the same.

shows typical features of neutrino-driven convection in the
postshock regions. The rising plumes grow stronger and
larger in angular size from the initial small mushroom-like
Rayleigh-Taylor fingers.

In models with rapid rotation, a clear oblate explosion
is obtained for model s27.0-R2.0-3D (bottom right), in which
the revived shock expands more strongly in the equatorial
plane. This feature is only weakly visible for model s11.2-
R2.0-3D (bottom left) due to the early shock revival (see also,
top panel of Figure 2). Later we present detailed analysis of
the origin of the oblate explosion and point out a new aspect
of rapid rotation for assisting explosions.

Before going into detail, let us shortly summarize the
evolution of the shock and (diagnostic) explosion energy of
all the computed models in Figure 2. The top panels are for
the 11.2 M⊙ series with different Ω0 and different numerical
resolution (with the high resolution being ended with H).
The average shock radii of the standard resolution models
(solid line) and high resolution models (dashed line) do not
deviate from each other. It is important to present that our
results do not strongly depend on the grid size3.

The bottom panel of Figure 2 shows that all the vari-
ations of the non-rotating 27M⊙ progenitor star do not
trend toward an explosion very clearly during the simula-
tion, whereas the rapidly rotating model does so (red solid
line) with the diagnostic energy much bigger than those

3 Apparently our resolution is not sufficient for reproducing re-
alistic viscosity (Couch & Ott 2015)). The convergence may be
partly due to the diffusive feature of the HLLE scheme employed
in this work (e.g., Radice et al. (2015)).
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Figure 1. Three-dimensional plots of entropy per baryon (top panel), τres/τheat
(bottom left panel), which is the ratio of the residency to the neutrino-heating
timescale (see the text for details), and the net neutrino-heating rate (bottom
right panel, in units of erg cm−3 s−1) for three snapshots (top and bottom left:
t = 230 ms, and bottom right: t = 150 ms measured after the bounce (t ≡ 0) of
our model 3D-H-1). The contours on the cross sections in the x = 0 (back right),
y = 0 (back bottom), and z = 0 (back left) planes are projected on the sidewalls
of the graphs. For each snapshot, the length of the white line is indicated in the
bottom right text.
(A color version of this figure is available in the online journal.)

shock expansion in this study. It should be mentioned that, by
comparing our νx luminosity estimated by the leakage scheme
with that obtained by the work of Buras et al. (2006) with
detailed neutrino transport, the peak luminosity is more than
20% smaller in our case. Such underestimation of cooling
by heavy-lepton neutrinos should lead to artificially larger
maximum shock extent (Rmax ∼ 260 km, blue line in the right
panel of Figure 2) compared to Rmax ∼ 170 km in Buras et al.
(2006). We have to emphasize that the use of the leakage scheme,
together with the omission of inelastic neutrino scattering on
electrons and general relativity (GR) effects in the present
scheme, is likely to facilitate artificially easier explosions.
Regarding our 2D models, the relatively earlier shock revival
(∼100 ms postbounce) coincides with the decline of the mass
accretion rate onto the central PNS. This could be the reason
that the timescale is similar to that in Müller et al. (2012) who
reported 2D (GR) models for the same progenitor model with
detailed neutrino transport.

As seen from Figure 3, the angle-averaged neutrino lu-
minosity (⟨Lν⟩) and the mean neutrino energy (⟨ϵν⟩ =∫

E3F sdE/
∫

E2F sdE, where E is neutrino energy) are barely
affected by the imposed initial perturbations (presumably at a
few-percent levels in amplitude). This again supports our finding
that the explosion stochasticity is very influential in determining
the blast morphology but not the working of the neutrino-heating
mechanism.

From the bottom panel of Figure 3, it can be seen that
the overall trend in the neutrino luminosities and the mean
energies is similar between our 3D and 2D models. The neutrino
luminosities in the 2D model (green lines) show a short-time
variability (with periods of milliseconds to !10 ms) after around
100 ms postbounce. Such fast variations in the postbounce
luminosity evolution have been already found in previous 2D
studies (e.g., Ott et al. 2008; Marek et al. 2009). This is caused
by the modulation of the mass accretion rate due to convective
plumes and downflows hitting onto the PNS surface (see also
Lund et al. 2012 and Tamborra et al. 2013 about the detectability
of these neutrino signals). It is interesting to note that such a
fast variability is less pronounced in our 3D model (red lines
in the bottom panel). This is qualitatively consistent with Lund
et al. (2012) who analyzed the neutrino signals from 2D and 3D
models, in which an approximate neutrino transport was solved
(Wongwathanarat et al. 2010) as in Scheck et al. (2006).

Figure 4 shows the evolution of the average PNS radius
for the 1D (blue line), 2D (green line), and 3D models (red
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Figure 2. Same as the top panel in Figure 1, but for models 3D-H-2 (left panel) and 3D-H-2 (middle panel), which produce stronger explosions closer toward the
north (left panel) and south poles (middle panel), respectively. The right panel shows the evolution of average shock radii for the high-resolution 2D (green lines) and
3D (red lines) models explored in this study (e.g., Table 1).
(A color version of this figure is available in the online journal.)
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