
Astronomical Institute,  Graduate School of Science,  Tohoku University 
http://www.astr.tohoku.ac.jp/

Testing Galactic magnetic field structure model predicted by 
magnetohydrodynamical numerical simulation using distribution 

of polarization angle of Galactic synchrotoron emission.

Author  &  Co-Authors
T. Morishima1, M. Hattori1, M. Machida2, R. Matsumoto3, and S. Nakamura1

1 Astronomical Institute, Graduate School of Science, Tohoku University, Sendai, 980–8578, Japan 
2 Department of Physics, Faculty of Sciences, Kyushu University, 6-10-1 Hakozaki, Higashi-ku, Fukuoka, 812-8581, Japan
3 Department of Physics, Faculty of Science, Chiba University, 1-33, Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

ー ＝
Observation

Foreground Data pure CMB Map
( synchrotoron, free-free, dust, ... ) ( B-mode Polarization )

( Polarization )

( http://lambda.gsfc.nasa.gov/ )
( conceptual images )

Our group final aim is ....
to extract pure B-mode polarization component !

？
We have reemphasized that distribution of polarization angle of Galactic 
synchrotron emission extracted from the WMAP K-band polarization data is valuable 
tool to study global topology of Galactic magnetic field. Methods to analyze the 
distribution of the polarization angle by taking into account a periodicity in 180 
degree, are proposed. The global Galactic magnetic field models proposed by global 
three dimensional magnetohydrodynamical numerical simulations of Galactic gaseous 
disks are tested by applying these methods. We have shown that currently existing 
numerical models are incompatible with the observation because pitch angle of 
spiral pattern found in the magnetic field structures in the numerical results was 
too small. We have also tested bi-symmetric spiral model as one of bench mark 
models which take into account concentration of magnetic field in the spiral arms. 
The model is incompatible with the observation as far as pitch angle of the model 
is same as that of the spiral arms. Among the currently examined models, pitch 
angle in any spiral magnetic field model must be as large as two times larger than 
that of the spiral arms to be compatible with the observed distribution of the 
polarization angle.

Abstract

Result

Method

T. Morishima

On seeking job positions

Tohoku Univ. (posdoc)

All Sky Map (microwave)

   

A highly precise foreground subtraction is required !

 All sky dust map with highly precise resolution.
　   New dust map production by AKARI data. 　 On processing, now !
 All sky synchrotoron map with highly precise resolution.
   　≒ Construction of realistic Galactic magnetic field structures model.
 High advanced computing with MHD simulation (+statistical method) 
 etc

Our means to an end are  ...

a fundamental parameter to represent Galactic global structure  
the polarization angle is

– 4 –

synchrotron emission is canceled out when the correlation is calculated, the proportional constant
is omitted in the definition of Xi. The relativistic electron density distribution is modeled by

ne = n0 exp(−R/hR) sech2(z/hd), (2)

where R and z are radial and vertical component of cylindrical polar coordinates centered on the
Galactic center, hR =5kpc and hd =1kpc. This model is the same model adopted by Page et al.
(2007).

The correlation between the model predicted polarization angle distribution of the synchrotron
emission and the observed one is calculated by following two ways. In the first one, the correlation
is defined by following Page et al. (2007). The distribution of the polarization angle of the WMAP
7years K-band polarization observations (Jarosik et al. 2011) is adopted as the observational data
in this paper. As described in Page et al. (2007), the distribution of the polarization angle is
obtained from the observed distribution of the Stokes Q and U as

tan 2γdata(n̂(i)) =
U(n̂(i))
Q(n̂(i))

. (3)

The direction of the Galactic magnetic field averaged over the line of sight is defined by γM =
γdata + 90◦ since the synchrotron emission is linearly polarized perpendicular to the magnetic field
direction. Fig. 2a shows the distribution of the direction of the Galactic magnetic field lines obtained
by the WMAP 7years K-band polarization data (Jarosik et al. 2011). Since the polarization angle
has a period of 180◦, there is no physical difference of the polarization directions between the
polarization angle of 0◦ and 180◦. To take into account this characteristics, we show cos 2γM in
Fig. 2a instead of γM . There is a significant shift of the global pattern of the observed distribution
toward decreasing Galactic longitude direction. The distribution shows reflection symmetry against
the Galactic equatorial plane. The model prediction of the Stokes Q and U toward the line-of-sight
direction of n̂(i) are calculated by

Qmodel(n̂(i)) =
∫

dx ne(x, n̂(i))
[
Bs(x, n̂(i))2 − Bt(x, n̂(i))2

]
, (4)

Umodel(n̂(i)) =
∫

dx ne(x, n̂(i)) 2Bs(x, n̂(i)) Bt(x, n̂(i)), (5)

where Bt and Bs are orthogonal components of the field perpendicular to the line-of-sight, with
Bt the component parallel to the Galactic plane. The distribution of the model prediction of the
polarization angle is calculated by the following equation,

tan 2γmodel(n̂(i)) =
Umodel(n̂(i))
Qmodel(n̂(i))

. (6)

Define the polarization vector by

P = (Q,U). (7)

definition:

Galactic magnetic field model:

– 2 –

を仮定すると偏光角度分布は

γmodel =
1
2

tan−1

[
Umodel(n̂(i))
Qmodel(n̂(i))

]

=
1
2

tan−1

[ ∫
dx ne(x, n̂(i)) 2Bs(x, n̂(i))Bt(x, n̂(i))∫

dx ne(x, n̂(i)) [Bs(x, n̂(i))2 − Bt(x, n̂(i))2]

]
, (3)

と与えられる。ここで、Ψ(R) = Ψ0 + Ψ1 ln(R/8kpc), χ(z) = χ0 tanh (z/1kpc), Ψ0, Ψ1,χ0 は定数
パラメタ, R̂, φ̂, ẑ はそれぞれ銀河中心から見た円筒座標系における単位ベクトル, x は太陽からの距
離、天球面上のピクセル i に対する視線方向ベクトル n̂(i), Bt と Bs は視線方向に垂直な平面上で
互いに垂直な磁場ベクトルで、Bs は 銀河面と垂直になる成分である。銀河内の局所構造を考慮すれ
ば、銀河磁場構造は複雑なため方程式で記述する事は極めて困難であるが、大局的に見れば eq. (1)
で記される logarithmic spiral arm (LSA) モデルという極めてシンプルで一般的な銀河磁場モデル
で表現できると言うのが Page et al. (2007)の主張である。この仮定に基づいて偏光角度分布図をプ
ロットしたのが Fig. 1b である。定数パラメタΨ0 =55◦, Ψ1 =0.9◦,χ0 =25◦ でフィットする時、観測
データとモデルの相関係数が r = 0.76 となり、WMAP K-バンド偏光角度の全天分布図と良く合致
することを示してみせた (Page et al. 2007)。特に注目すべき点は、eq. (3) で与えられる偏光角度は
磁場の振幅 B0 や 相対論的電子分布の振幅 n0 にはよらず、銀河磁場モデル eq. (1) と相対論的電子
分布 eq. (2) の関数形のプロファイルにのみ依存するトポロジカルな物理量である点である。しかし、
彼らが用いた銀河磁場モデルは銀河の渦巻パターンを再現するよう人為的に導入されたいわば経験則
のーつであり、物理学的根拠には乏しい。特に、電磁気学の基本法則 div B=0 を満たさない点は致
命的な問題点である。

そこで、我々は電磁気学の基本法則 ∇·B=0 を破らない銀河磁場モデルを構築できないかどう
か考察して来た (Morishima et al. 2011; Morishima & Hattori 2011)。まず、MHD 数値シミュレー
ション手法で求めた現実的な銀河磁場モデルで置き換えて偏光角度の全天分布図を再現してみると、
厳密に物理法則に基づいて構築された銀河磁場モデルであるものの、LSA モデルのようなコヒーレ
ントな渦巻パターンでは無いため、WMAP偏光角度全天分布図の特徴の１つである位相パターンの
全体的な右方向へのシフトは再現されず、LSAモデルを凌ぐモデル構築は容易でない事を際立たせる
結果となった (Morishima et al. 2011)。また、divB=0 を満たす解析解を用いて銀河磁場モデルと
してのフィッティングを試みると、モデルとデータをある程度一致させることは出来るものの、LSA
モデルほどの良い一致をさせるには、多くのパラメタを導入して更なる細かなチューニングを施す必
要がある (Morishima & Hattori 2011)。

彼らが用いた銀河磁場の LSAモデルは物理学的根拠に基づいたものではなく、しかも電磁気学
の基本法則 divB=0 を満たさない致命的欠陥もある。それにも関わらず、大局的な銀河磁場構造は
概ね LSAモデルで記述できる事を積極的に受け入れた場合、div B #=0 となる磁気単極子の存在を受
け入れる事に等しい。本論文では実際にどの程度の磁気単極子の存在が示唆されるのか評価した。

independent of model parameters B0, n0 

definition:

B (R,φ,z) =  B0  [ for example,  some function of (R,φ,z) ... ] ne (R,φ,z) =  n0  exp(-R/hR)  sech2(z/hd)

Model
Galactic magnetic field model   +  Synchrotoron distribution model

All sky map of polarization angle

cos (2 γmodel )

Synchrotoron distribution model:

calculate

calculate

calculate

calculate

torus fills almost the whole simulation region. The plasma ! in
the corona is 1 < ! < 10 in 1 kpc < z < 10 kpc.

Magnetic fields emerge from the disk to the corona due to the
growth of the Parker instability (Parker 1966). Nonlinear growth
of the Parker instability in disks was studied by Matsumoto
et al. (1988) by two-dimensional MHD simulations taking into

account the vertical variation of the gravitational field. The
effects of the differential rotation andMRI on the Parker instability
were studied by Foglizzo & Tagger (1994, 1995). Miller & Stone
(2000) carried out local 3DMHD simulations of gravitationally
stratified differentially rotating disks and showed that a strongly
magnetized corona is created due to the buoyant rise of magnetic

Fig. 3.—Time evolution of density distribution log ("/"b) (color scale) and magnetic field lines (gray curves) in model I. The box size of the left and right panels are
30 kpc ; 30 kpc ; 30 kpc and 30 kpc ; 30 kpc, respectively. The right panels show the equatorial density and magnetic field lines projected onto the equatorial plane.
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(= Logarithmic Spiral Arm model )
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Ψ0 is usually called as “pitch angle” 

All sky map of polarization angle
cos (2 γmodel )

All sky map of polarization angle
cos (2 γmodel )

scatter plot of polarization angleγdata  -  γmodel 

B (R,φ,z) =   (following numerical data by MHD simulation)

ne (R,φ,z) =   n0  exp(-R/hR)  sech2(z/hd)
Galactic magnetic field model:

Synchrotoron distribution model:

B (R,φ,z) =  B0  [sinΨ(R) cosχ(z) eR + cosΨ(R) cosχ(z) eφ + sinχ(z) ez]

ne (R,φ,z) =   n0  exp(-R/hR)  sech2(z/hd)
Galactic magnetic field model:

Synchrotoron distribution model:

L. Page, et al (2007)

pattern shift
loosely wound

tightly wound

which appeared in loosely wound

Nishikori, Machida, Matsumoto (2006)

r max～  0.86　 
χ2 / N  ～  3.5x10

No pattern shift

No pattern shift

Stokes parameters

UQ

I (Temperature)

P

-1.0 1.0

cos[2( γdata +90°)]

γdata +90° = 0.5 tan-1(-U/Q) +90°

γdata +90° = 0.5 tan-1(-U/Q) +90°

Page, et al (2007)

in others :

in our present:

= 0～180

= 0～180

= -1 ～ 1
WMAP K-band (23GHz)

(polarization angle)

Polarization angle map

these look like difference but same mean.

Observation
Polarization angle Map by synchrotoron emission

WMAP K-band 23GHz (Reduced MCMC Foreground Map)

B. Gold, et al (2010)
http://lambda.gsfc.nasa.gov/product/map/dr4/mcmc_maps_info.cfm

All sky map of polarization angle

cos (2 γdata)
γdata =    tan-1(         ) +90°1

2

-Udata

Qdata

calculate

Fig. 3.— Time variation of the correlations between the simulation results and the observational
data. The results are shown from initial time step till the time step reaches 4Gyr in every 0.019Gyr.
Solid squares (blue) and open squares (green) show the correlations between the distribution of the
polarization angle of the synchrotron emission predicted by the NMM models and the distribution
of the observed polarization angle obtained by the WMAP 7 years polarization data defined by r(1)

pol

and r(2)
pol, respectively. Crosses (red) show the correlation between the distribution of the intensity

distribution of the synchrotron emission predicted by the NMM models and the Haslam 408MHz
map.
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where  Ψ(R) = Ψ0 + Ψ1 log(R/8kpc) ,   χ(z) = χ0 tan(z/1kpc)

masking

X =
WMAP polarization analysis mask (P06)
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ne (R,φ,z) =   n0  exp(-R/hR)  sech2(z/hd)

All sky map of polarization angle
cos (2 γmodel )

-1.0 1.0

No pattern shift

etc

BR (R,φ,z) =  D1 (R,φ,z) ・ D2 (R,φ,z) sin(p) 
Bφ (R,φ,z) = -D1 (R,φ,z) ・ D2 (R,φ,z) cos(p) 
Bz (R,φ,z) =   0 

D2 (R,φ,z)   = - cos[ φ + 1/tan(p) log(R/Rb) + φ0]

where  D1 (R,φ,z)  ={B0  exp [ - (R - R0)/Rc  - |z|/zc ]                  (3 kpc < R )
Bc                                                                (0 kpc < R < 3kpc)

(p, Rb) ={ (10°, 9 kpc)                (6 kpc < R )

(15°, 6 kpc)                (0 kpc < R < 6kpc)

Rc=6 kpc, R⊙=8.5 kpc, zc=1 kpc, Bc=B0=2 µG

pitch angle

(= Bi-Symmetric Spiral model )

scatter plot of polarization angleγdata  -  γmodel 

r max～  0.79　 
χ2 / N  ～  4.4x10

r ～  0.77　 
χ2 / N  ～  4.9x10

r ～  0.79　 
χ2 / N  ～  4.4x10

scatter plot of polarization angleγdata  -  γmodel 
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Fig. 4.— The variation of the correlations as a function of φ for the results at time step of 3.8Gyr.
Symbols are the same as those used in Fig. 3. The results are shown in every 10◦ from 0◦ to 360◦.

correlations between the simulation and observation
( azimuth variation of correlation )

intensity

polarization angle

T. Morishima, M.Hattori, et al,  2012 (preparing to APJ)

scatter plot with error-bar
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Notes: WMAP データ解析に関する作業メモ 森嶋 隆裕

6.2 WMAP Team における定義？
偏光角は 2元のテンソル量。上記の一般的な相関係数の定義はスカラー量の場合。したがって、以下のように定
義する。

×: (間違い？) 偏光角の相関係数の定義 (相関係数 Type-1:)! "
ri = cos

(
2[γmodel − γdata]

)
(114)

r =

√∑N
i=1 (ri)

2

N
=

√
r1

2 + r2
2 + r3

2 + ... + rN
2

N
(115)

# $
(注意点)

• WMAP Team (L.Page) による定義。

• 一般的な相関係数の定義とは異なる。

• ri の RMS を用いているが、ri は −1 < ri < 1 の値域を取るので、RMS の採用は不適当？

◦: (こちらを採用) 偏光角の相関係数の定義 (相関係数 Type-2:)! "
ri = cos

(
2[γmodel − γdata]

)
(116)

r =
∑N

i=1 (ri)
2

N
=

r1
2 + r2

2 + r3
2 + ... + rN

2

N
(117)# $

(注意点)

• 一般的な相関係数の定義とは異なる。

• WMAP Team (L.Page) の定義とは異なる。

◦: (こちらも可能) 偏光角の相関係数の定義 (相関係数 Type-3:)! "
Xi = cos

(
2γmodel

)
(118)

Yi = cos
(
2γdata

)
(119)

r =

N∑

i=1

(Xi − X̄) (Yi − Ȳ )

√√√√
N∑

i=1

(Xi − X̄)2

√√√√
N∑

i=1

(Yi − Ȳ )2

(120)

# $
(注意点)

• 偏光角度を 1次元のスカラー量にする事で、一般的な相関係数の定義を踏襲できる。

• WMAP Team (L.Page) の定義とは異なる。
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Compare
r= 　 

correlation is

It can be considered Benchmark value to measure agreement with them.

？
correlation is defined by

where  Xi = γmodel,  Yi = γdata

modify

re-definition  of polarization angle 

A

B
A’

B’
γ

data
 = γ

data
+180°        (if  0 < γ

data
< 90 °  and  90  < γ

model 
< 180 °  and   γ

model
- γ

data 
> 90 °)

re-definition  of polarization angle 

γ
data
 = γ

data
-180°        (if  0< γ

model 
< 90 °  and  90  < γ

data 
< 180 °  and   γ

data
-γ

model 
>  90 °)

the periodicity is 180 degree.
the region A, A’ is near that of B, B’, respectively

Galactic magnetic field model:

Synchrotoron distribution model:

(= Numerical data obtained by 3D MHD simulation)

http://lambda.gsfc.nasa.gov/product/map/dr4/mcmc_maps_info.cfm
WMAP K-band 23GHz (Reduced MCMC Foreground Map)

variance map of Q 
(by wmap_mcmc_k_synch_stk_q_7yr_v4p1.fits)

Error-bar is estimated  
by Monte Calro simulation

Npix=3072 (Nside=16)

γdata  =  γmodel  + b

χ2 / N  
calculate

γdata  =  γmodel 

http://lambda.gsfc.nasa.gov
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http://lambda.gsfc.nasa.gov/product/map/dr4/mcmc_maps_info.cfm
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