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Introduction 
Spiral Arms



Spiral Arms

grand-design

Elmegreen+ 2011, µ=3.6, SPITZER survey

multiple

flocculent barred



Fretcher+, 2011
(M51, λ=6cm)

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

Grand-design Spiral Galaxies



Structure of the magnetic fields are different in the disc and halo.
Fretcher+, 2011

Grand-design Spiral Galaxies



Motivation



Motivation

Effects of a spiral potential on  1. gaseous structure
2. magnetic field structure 
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Model: Basic Equations
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update:Oct. 21, 2012, presented by Sho Nakamura

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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egas =
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γgas − 1
, γgas = 5/3, e =

1
2
ρu2 + egas +

1
8π

B2, u = v − ΩspReϕ

∂ecr

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

pcr = (γcr − 1)ecr, γcr = 14/9

Kij = K⊥δij + (K∥ − K⊥)
BiBj
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Λ(Tgas) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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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,  Baba+ 2011
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non-axisymmetric potential
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, γgas = 5/3, e =

1
2
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1
8π

B2

∂ecr

∂t
+ ∇(ecrv) = ∇(K̂∇ecr) − pcr(∇ · v) + QSN
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
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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)
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Model: Initial Condition
Initial gas distribution

equations
update:Oct. 21, 2012, presented by Sho Nakamura
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Φsp(R,ϕ, z; t) = Φdisc(R, z)ϵsp
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)
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(
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)
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Rdisc = 4kpc, zdisc = 0.3kpc, Tdisc = 104K, Thalo = 106K (8)
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+ ∇ ·

[{
e +

(
pgas +

1
8π

B2

)}
u − 1
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]
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1
2
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1
8π
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∂ecr

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

pcr = (γcr − 1)ecr, γcr = 14/9

Kij = K⊥δij + (K∥ − K⊥)
BiBj
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0 (Tgas < 2 × 104)
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(1)
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× cos
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{
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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

basic MHD equations
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+ ∇ · (ρu) = 0

∂

∂t
(ρu) + ∇ ·
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ρuu +

(
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1
8π

B2
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I − 1

4π
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= −ρ∇Φ + ρΩ2

spR − 2ρΩsp × u

∂e

∂t
+ ∇ ·

[{
e +

(
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1
8π
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)}
u − 1
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(B · u)B

]
= u · (−ρ∇Φ + ρΩ2
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, γgas = 5/3, e =

1
2
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1
8π
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∂ecr

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

pcr = (γcr − 1)ecr, γcr = 14/9

Kij = K⊥δij + (K∥ − K⊥)
BiBj

B2

Λ(Tgas) =

⎧
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10−31T 2
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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)

Rdisc = 4kpc, zdisc = 0.3kpc, Tdisc = 104K, Thalo = 106K (9)

1

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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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. 0.2kpc<R<21.9kpc, 0<φ<2π, 0<z<2.4kpc
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MRI-Parker dynamo

Nishikori+, 2006
Machida+, 2013
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Conclusion



1. Due to the “MRI-Parker dynamo” process, toroidal component 
of magnetic field change reversal in disc region.

2. We have shown that spiral arms rapidly amplify magnetic fields.

Conclusion
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