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Introduction
Three-Dimensional Magnetohydrodynamical Simulations Of 
A Core-Collapse Supernova
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Model
Ideal MHD Equation

Self Gravity

EOS
Simplified
Takahara & Sato. 1984
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Method
Nested Grid Method

8 concentric grids × 64^3 cells
Largest grid : 3300 km on a side
Finest resolution : 410 m

Roe-type Scheme
A shock capturing scheme

L=8

26 kmL=1

3300 km

L=2 L=3



Inicial Condition
15 Mo star

Woosley et al. 2002
ρ0 = 6.8×109 g cm-3

B Field
Uniform
Dipole-like outside
B0 = 2. × 1012 G

Rotation
Differential rotation law

Ωc = 1.2 s-1

Inclination angle
θΩ = 60° x

yz

1700 km(L=2)

ρ > 4.×109 g cm-3

Ω0(r) =
Ωca2

r2 + a2

Code: No symmetry assumed
Initial : Point symmetry
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Twisted B Field 106 km(L=6)

x y
z

×1015 G

Uniform Split monopole
Magnetic
multi-layer

twist periodcollapse period



Bipolar Jets

The high velocity jets emerge from r ~ 60 km

423 km(4th)

vr(×104 km s-1)x y
z

Jets(2.×104 km s-1) & downflow(1.×104 km s-1)



Bipolar Jets

The direction is along the initial rotation axis.

846 km(3rd)

vr(×104 km s-1)x y
z

Jets(2.×104 km s-1) & downflow(1.×104 km s-1)



Evolution of B Energy

60 km

Jets

NS 20 km

Em =
∫

εm(r)d(ln r), εm(r) = 4πr3 B2

8π
εm(r)/1049 [erg]

3.×1050 erg



Evolution of Krad Energy

60 km

Jets

206 ms

25,000 km s-1

189 ms
NS 20 km

log εvr(r)Evr =
∫

εvr(r)d(ln r), εvr(r) = 4πr3 ρv2
r
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Jet lag & Alfven transit time
The lag between the bounce and jet ejection is related to the 
Alfven transit time.

the foot-point of the jets, rj ~ 60 km
If the B field is twisted in a deep interior of the PNS,

the lag → longer,
B energy → larger,
jets → stronger

τA ≡
∫ rj 1

vA
dr

=
∫ rj

√
4πρ

Br
dr

∼ 7.7 ms
PNS : 1014 g cm-3, 20 km

Jet : 60 km

(√
4πρ

Br
∝ 1

r

)

Br : 1016 G



Dependence on Rotation
When Ω0 is faster, B field is more tightly twisted.
When Ω0 is faster, vr rises earlier and stays at a high level.

faster Ω

slower Ω

1.2 s-1

0.6 s-1

106 km(L=6)



Dependence on B Field
When B0 is smaller, B field is more tightly twisted.
When B0 is larger, vr rises earlier and stays at a high level.

smaller B

highter B
2e12 G

1e12 G

106 km(L=6)



Dependence on inclination
When θΩ is larger, magnetic multi-layers is taller.
When θΩ is larger, vr rises earlier.

60°

30°

larger θΩ

smaller θΩ

106 km(L=6)



Technical Issues
Source term of gravity

Cell center : spurious heating
Cell surface

Carbuncle Instability
 additional viscosity :
only in the regions where the 
characteristics of either fast or 
slow wave converges 
(Hanawa et al. 2008)

(Hanawa et al. 2008)

ρvigi →
1
2

(
fi−1/2 + fi+1/2

)
gi



Motivation
Jets structure
Magnetic multi-layer
MRI : observed with a spatial resolution of ~120 m 
(Etienne 2007).

Sfumato (T. Matsumoto 2007)
AMR code for star formation
Roe type MHD scheme
Self gravity
Divergence cleaning

Dedner et al. 2002
Performance

Cray XT4 : 64 PE
With a resolution of 100 m, 75 hours / 40 ms after core 

2 ms-1,1015 G, 1014 g cm-3

Next step dissipated propagating outward
for coarser grid



Conclusions
The new feature in 3D is B multi-layers. It is formed when the 
magnetic field is split monopole like and inclined with repect 
to the rotation axis.

B multi-layer more tightly when B0 ↓ or Ω0 ↑.

MHD bipolar jets
Jets are ejected along the rotation axis.
B energy is stored on the sphere of r = 20 km and jets are 
launched from r = 60 km.
Jets emerge earlier when B0 ↑, Ω0 ↑, or θΩ ↑.

Coming soon, the 3D MHD simulation for CCSN with AMR.


