
連星進化モデルに基づく
SN 1987Aの多次元数値シミュレーション
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ü neutrino detection!



Sturm+’10

Bersten & Hamuy’09

SN 1987A - an anomalous supernova

ü red blue supergiant progenitor
Sk - 69˚202

→

ü chemical anomalies:
He & N-rich (CNO process)
Ba-rich (s-process)

ü triple-ring nebula
→ signature of rotation?



Early Models of SN 1987A Progenitor

ü Single star models :

• extreme-mass-loss models (Maeder’87; Wood & Faulkner’88)

• helium-enrichment models (Saio+’88)

• low-metallicity models (Arnett’87; Hillebrandt+’87; Truran & Weiss’87)

• rapid-rotation models (Weiss+’88; Ramadurai & Wiita’89; Langer’91)

• restricted-convection models (Woosley+’88; Langer+’89; Weiss’89)

(see sec. 3 & 4 in Podsiadlowski ’92 for a review)

ü Binary models :

• accretion models (Maeder’87; Wood & Faulkner’88)

• companion models (Fabian+’87; Joss+’88)

• merger models (Barkat & Wheeler’89; Podsiadlowski & Joss’89; De Loor & 

Vanbeveren’92)



Slow Merger Scenario - the triple-ring nebula
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Ivanova+’02; Morris and Podsiadlowski ’07



Slow Merger Scenario - new progenitor models
Urushibata+’17; Menon & Heger’17

rx
Center

CO core He layer H-rich envelope

Secondary Star

Spiral-in

injection of angular momentum
→ partially stripped
→ BSG

Stream

fresh (H-rich) fuel
→ CNO cycle
→ He & N production



Slow Merger Scenario - new progenitor models
Urushibata+’17; Menon & Heger’17

Urushibata+’17 Menon & Heger’17
Red to blue evolution Yes Yes

Time to collapse Yes No

Origin of the rings Yes No

Anomalies of CNO-process 

elements

Yes Yes

Anomalies of s-process 

elements

� �

We use the best-fit model (14 + 9 Msun → 18.3 Msun) from Urushibata+’17
for our core-collapse simulation.
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Progenitor Model
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ü Density and “compactness” profiles 

of our SN 1987A progenitor model (m14)

compared with 12, 15, and 20 Msun progenitors 

from Woosley, Heger, & Weaver’02.

RSG

↓



Numerical Scheme for Core-Collapse Simulation

ü 3DnSNe code (Takiwaki+’12,’14,’18) with some updates:

• Isotropic Diffusion Source Approximation (IDSA; Liebendoerfer+’09) 
scheme for multi-energy 3-flavor (νe, νe, νx) neutrino transport 

• state-of-the-art neutrino 
opacities (Kotake+’18)

• EoS: LS220 + Boltzmann gas

• 13-α (He-Ni) nuclear network
→ nucleosynthesis

+ energy feedback



Results of 2D Simulations

ü Slightly different results 
between models with different input of 
microphysics
(e.x., strangeness contribution).

ü Successful shock revival at ~0.25 s.
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ü Eexp ~ 0.36-0.5 foe, MNi ~ 0.035-0.05 Msun

(obs: Eexp ~ 1.2 foe, MNi ~ 0.07 Msun).



2D/3D CCSN simulations - previous works

Nordhous+’10

1D < 2D < 3D

Hanke+’12

1D < 2D ~ 3D

Couch’13

1D < 3D < 2D

Critical curve:
neutrino luminosity (Lν) necessary to make explosions
as a function of mass accretion rate (M).

.



2D/3D CCSN simulations - previous works

11.2 Msun (Mueller’15)9.6 Msun (Melson+’15a) 20 Msun (Melson+’15b)

The Astrophysical Journal, 786:83 (8pp), 2014 May 10 Takiwaki, Kotake, & Suwa

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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11.2 Msun (Takiwaki+’14)



Comparison between 2D and 3D Simulations

2D 3D



Comparison between 2D and 3D Simulations
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ü 2D model: shock revival aided by strong 
SASI (sloshing) motion.

ü 3D model: nearly spherical shock structure.
Unfortunately, the explosion is very weak 
(Eexp ~ 0.12 foe and MNi < 0.01 Msun at 
0.5 s after bounce).



What makes the weak explosion in 3D?

 0

 5

 10

 15

 20

 25

 30

0.0 0.1 0.2 0.3 0.4 0.5 0.6

ne
ut

rin
o 

lu
m

in
os

iti
es

 [1
052

er
g/

s]

time after bounce [s]

2D
3D

 10

 15

 20

0.0 0.1 0.2 0.3 0.4 0.5 0.6

av
. n

eu
tri

no
 e

ne
rg

ie
s 

[M
eV

]

time after bounce [s]

2D
3D

ü Neutrino luminosity and average energy?

*Δt = 10 ms for
3D analysis.

ü Spatial resolution?
n(θ) = 128 in 2D, n(θ)*n(φ) = 64*128 in 3D



Rotation?



Rotation?

ü Our progenitor model is rotating very slowly (Ω0~0.02 rad/s in the Fe core).

ü 2D simulations for s20.0 progenitor with a variety of core rotation present 
more energetic explosions for more rapidly rotating models.
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Summary

ü SN 1987A:
• a peculiar core-collapse supernova
• red to blue evolution, chemical anomalies, and the triple-ring nebula
• Eexp ~ 1.2 foe, MNi ~ 0.07 Msun

ü A progenitor model from Urushibata+’17:
• based on slow-merger scenario
• well reproduces observational features

ü Self-consistent 2D & 3D simulation:
• 3DnSNe code with state-of-the-art inputs
• both 2D & 3D models successfully revive shocks
• Eexp ~ 0.36-0.5 foe, MNi ~ 0.035-0.05 Msun in 2D (relatively strong)
• Eexp ~ 0.12 foe and MNi < 0.01 Msun (weak)

ü What is missed?
• rotation? spatial resolution?


