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Introduction



Fletcher+, 2011
(M51, λ=6cm)

Spiral galaxies have magnetic fields along the spiral arms 
@ galactic plane.

Grand-design Spiral Galaxies

flow

Roberts, 1969
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isothermal, initial B ~ a few µG

Previous Work

Gomez & Cox, 2002
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Effects of a spiral potential on  1. gaseous structure
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Model: Basic Equations
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basic MHD equations

∂ρ

∂t
+ ∇ · (ρu) = 0

∂

∂t
(ρu) + ∇ ·

{
ρuu +

(
pgas +

1
8π

B2

)
I − 1

4π
BB

}
= −ρ∇Φ + ρΩ2

spR − 2ρΩsp × u

∂e

∂t
+ ∇ ·

[{
e +

(
pgas +

1
8π

B2

)}
u − 1

4π
(B · u)B

]
= u · (−ρ∇Φ + ρΩ2

spR) − ρ2Λ(Tgas)

∂B
∂t

−∇ · (uB − Bu) = 0

p = (γ − 1)e, γ = 5/3

∂ecr

∂t
+ ∇(ecrv) = ∇(K̂∇ecr) − pcr(∇ · v) + QSN

pcr = (γcr − 1)ecr, γcr = 14/9

Kij = K⊥δij + (K∥ − K⊥)
BiBj

B2

1
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1
2
ρu2 + egas +

1
8π

B2, u = v − ΩspReϕ
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∂t
+ ∇(ecrv) = ∇(K̂∇ecr) − pcr(∇ · v) + QSN

pcr = (γcr − 1)ecr, γcr = 14/9
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0 (Tgas < 2 × 104)
10−21.85 (2 × 104 < Tgas < 4 × 104)
10−31T 2

gas (4 × 104 < Tgas < 7.9 × 104)
10−21.2 (7.9 × 104 < Tgas < 2.5 × 105)
10−10.4T−2

gas (2.5 × 105 < Tgas < 5.6 × 105)
0 (5.6 × 105 < Tgas)

(1)

Φ(R, ϕ, z; t) = Φbulge(R, z) + Φdisc(R, z) + Φhalo(R, z) + Φsp(R, ϕ, z; t) (2)

Φsp(R,ϕ, z; t) = Φdisc(R, z)ϵsp
(R/Ra)2

{1 + (R/Ra)2}3/2

za√
z2 + z2

a

(3)

× cos
[
m

{
ϕ − Ωspt + cot isp ln

(
R

Rphase

)}]
(4)

ϵsp = 0.025, Ra = 7kpc, za = 0.3kpc, m = 2, Ωsp = 15kms−1kpc−1, isp = 15◦, Rphase = 0.1kpc (5)

ρ = ρdisc + ρhalo, ρdisc = ρdisc,0 exp
(
− R

Rdisc

)
sech2

(
z

zdisc

)
(6)

ρhalo = ρhalo,0 exp
(
−Φaxi(R, z) − Φaxi(0, 0)

Cs2
halo

)
(7)

BR = Bz = 0, Bϕ = Bϕ,0 exp
(
− R

Rdisc

)
sech2

(
z

zdisc

)
(8)
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Radiative Loss Function
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Spiral Potential

Wada+ 2004,  Waba+ 2011
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Model: Initial Condition
Initial gas distribution
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Rotation curve

β = 104 @ R = 4kpc =⇒ Bϕ,0 ∼ 45nG (9)

Rdisc = 4kpc, zdisc = 0.3kpc, Tdisc = 104K, Thalo = 106K (10)
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Initial magnetic field distribution

equations
update:Oct. 21, 2012, presented by Sho Nakamura
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(3)

× cos
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{
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Model: Initial Condition

β = 104 @ R = 0kpc =⇒ Bϕ,0 ∼ 0.1µG (9)

Rdisc = 4kpc, zdisc = 0.3kpc, Tdisc = 104K, Thalo = 106K (10)

B1/B0 = A −→ B2/B1 = A =⇒ B2 = A2B0

−→ B3/B2 = A =⇒ B3 = A3B0

· · · B(t) = A
t

torb/2 B0 (11)

torb =
2π

Ωorb
=

2πR

V0 − ΩspR
(12)

A = M2 ≃ ϵspV 2
0

Cs2
∼ 10 (13)

tMRI

tsp
= 4

(
1 − ΩspR

V0

)
ln M2 ∼ 5 (14)

R = 5kpc, (15)

Ωsp = 15kms−1kpc−1, (16)

ϵsp = 0.025, (17)

Cs(T = 104K) ∼ 10kms−1 (18)
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Model: Initial Condition

weak toroidal B-fields
β~1e+4

axisymmetric hydrostatic halo
T = 1e+6 K

thin disc
T = 1e+4 K



Methods
1. flux: HLLD (Miyoshi&Kusano 2005)
II. time & space: 2nd order accuracy
III. divergence constraint: 

Hyperbolic Divergence Cleaning (Dedner+ 2002)
IV. cylindrical coordinate, (NR, Nφ, Nz)=(250, 64, 200)
V.  Simulation region & Boundary conditions (↓)

z=0kpc

z=2.4kpc

R=21.9kpc

√(R2+z2)<0.8kpc
absorbing

mirror

absorbing

absorbing



Results



Results
Log(density) Log(temperature)

-23
-24
-25 3

4
5
6



Log(density) Log(temperature)

-23
-24
-25 3

4
5
6

Results(t=800Myr)



Results
Log(B2/8π)

-10

-16 -5

0

5
-12
-14

Bφ(µG)



Results(t=800Myr)
Log(B2/8π)

-10

-16 -5

0

5
-12
-14

?

Bφ(µG)



MRI-Parker dynamo

Nishikori+, 2006
Machida+, 2013
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plasma β @ z=0
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Results(t=800Myr)

... tMRI
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)(
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)(
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200kms−1

)−1
∣∣∣∣∣ lnM2 (13)

典型的な値を代入すると

tMRI

tsp
≃ ln(20) ≃ 3 (14)

tMRI/tsp > 1、すなわち銀河衝撃波による磁場増幅が優先的に起こる領域を考えると

R <
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1 − 1

4
(

m
2

)
ln M2

)
V0

Ωsp︸︷︷︸
=RCR

or R >

(
1 +

1
4
(

m
2

)
ln M2

)
V0

Ωsp
(15)

よって co-rotation radius 近辺以外の領域で shock amplification dominant となる。逆に考えると、この領域では MRI
dominantとなり、乱流が卓越することになる。

MRI criteria with flat rotation

ディスクのスケールハイトをH とすると、MRIが成長する条件は (擾乱が z方向に伝播するタイムスケール)¿(MRI成長タ
イムスケール)より
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R =⇒ β > 4H−1M−1R ≃ 7
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)
(16)

よって銀河円盤のような flat rotationをしているガス円盤では、β ∼ 7までMRIによる磁場増幅が行われる。

Galactic shocks criteria

v2 > C2
s + v2

A =⇒ M2 > 1 +
2
β

=⇒ β >
2

M2 − 1
(17)

Galactic Shockでの典型的な値M2 ∼ 10を代入すると β > 0.2となる。このとき、銀河衝撃波が起こり、そこで磁場増幅
が起こる。しかし、β < 0.2になると銀河衝撃波が起こらなくなり、そこで銀河衝撃波による磁場の成長は止まる。

Superimposing 104K thin disc & 106K halo compo-
nents
104K disc成分だけでは disc上空で密度が極端に薄くなるため、計算が困難となる。
疑問 : では Hanasz(Poland, Nicolaus Copernicus Univ.) groupはどのように計算を行っているのだろうか)

Compiling @ fukkou PC cluster
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=> ~0.2

e-folding time ~ 100Myr



Conclusion



1. We have shown that spiral arms rapidly amplify magnetic fields
 and escape magnetic fluxes from disc to halo.

Conclusion
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