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What is Dynamo ?
『流体の運動』から『磁場』を作り出す機構。

差動回転により、BrからBφを生成 ===> ω-dynamo

磁力線のストレッチ===>磁場の増幅
方位角方向に磁場をそろえる効果
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What is Dynamo ?
『流体の運動』から『磁場』を作り出す機構。

コリオリ力により、BφからBrを生成 ===> α-dynamo

磁力線のストレッチ===>磁場の増幅
動径方向に磁場をそろえる効果
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What is Dynamo ?
『流体の運動』から『磁場』を作り出す機構。

ω-dynamo, α-dynamoの複合技 ===> αω-dynamo
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Cosmic Rayの効果
普通の流体の中にCosmic Rayの塊みたいなものを想像。

流体力学と同じ考え方で、圧力の高い方から低い方へ流
体に力がはたらく ===> Cosmic Ray pressure

圧力勾配

青丸:Cosmic Ray

濃密(圧力高) 希薄(圧力低)
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Cosmic Ray = おもに相対論的な電子。電荷を持ってい
るので磁場に平行方向には素早く移動。
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B

Cosmic Rayの拡散
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e-
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What is CR drivenDynamo ?
通常の場合 (Parker Instability)。
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What is CR drivenDynamo ?
Cosmic Rayは普通の流体より素早く落ちる。磁力線が浮
力で膨らむスピードが早くなる。

磁力線のストレッチも強力===>磁場の増幅大
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①初期はCRはなし、SourceとしてSNR.

SNによる星間空間へのエネルギー放出=1051erg、その
うち10%がCosmic Rayのエネルギーとして注入
②初期は磁場なし、SNからのエネルギー放出のうち
10%を磁場のエネルギーとして注入。
③磁気拡散は全領域一様一定
④軸対称ポテンシャルはAllen&Santillan 1991, 

　初期ガス分布はFerriere 1998

⑤SNの発生確率もこのガス分布から算出、発生確率固
定、1Gyrまで注入する。
⑥simulation region:-25kpc<x, y<25kpc, -5kpc<z<5kpc

Numerical Set up
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Results:structure of ISM
L156 HANASZ, WÓLTAŃSKI, & KOWALIK Vol. 706

Figure 1. Logarithm of gas number density in units of hydrogen atom per cubic centimeter (left) and CR energy density distribution in units of electron volt per cubic
centimeter (right) at t = 4 Gyr.

The simulation presented here has been performed with
the resolution of 500 × 500 × 100 grid cells, distributed in
10 × 10 × 2 equal-size MPI blocks, in the Cartesian domain
spanning the volume 50 kpc × 50 kpc × 10 kpc in x, y, and
z directions, respectively. Initial gas distribution represents a
hydrostatic equilibrium state for gas column density given by
Ferriere (1998). The probability distribution for the occurrence
of SNRs, derived from Ferriere (1998) was fixed over simulation
time. Magnetic vector potential of a single SNR is computed,
following Jackson (1999) for a current loop of a radius com-
parable to the radius of SNR (50 pc in the present model). We
stop the dipolar magnetic field input after 1 Gyr of the disk
evolution because the corresponding procedure is computation-
ally expensive, while the contribution of the supplied dipoles
becomes negligible with respect to dynamo amplification domi-
nating at later times. The values of diffusion coefficients adopted
for the present simulation are K‖ = 3 × 1028 cm2 s−1 and
K⊥ = 3 × 1026 cm2 s−1 (see Strong et al. 2007, and references
therein, for a more extensive discussion on CR diffusion). In
the present model, we assume a uniform magnetic diffusivity
η = 3 × 1024 cm2 s−1, and neglect heating of the thermal gas
by resistive dissipation of magnetic fields. We apply outflow
boundary conditions on upper and lower domain boundaries,
and enforce gas to follow the prescribed rotation curve outside
the outer disk radius rmax = 21.5 kpc. To prevent significant
mass losses due to the CR-driven wind, we re-supply into the
disk the gas lost from the computational domain.

4. RESULTS

4.1. Structure of ISM

The gas density distribution and CR energy distribution in the
disk are displayed in vertical and horizontal slices through the
disk center, for t = 4 Gyr, in Figure 1, while the distribution of
the toroidal magnetic field component is shown for four different
epochs in Figure 2.

The gas and CR distributions achieve dynamical equilibrium
in about 100 Myr of initial SN activity. The characteristic
shape of the disk, apparent in the gas and CR distributions,
reflects the initial ring-like structure of the gaseous disk. Vertical
wind blowing with the speed exceeding 100 km s−1, apparently
above and below the central part of the disk, carries out the gas
component at the overall rate of 1 M% per year.

4.2. Amplification and Structure of Magnetic Field

Magnetic field amplification originating from the small-scale,
randomly oriented dipolar magnetic fields is apparent through
the exponential growth, by several orders of magnitude, of both
the magnetic flux and magnetic energy, as displayed in Figure 3.
The growth phase of magnetic field starts at the beginning of
the simulation, initially via a quick accumulation of magnetic
energy of the supplied magnetic dipoles. The growth of magnetic
field strength saturates at about t = 4 Gyr, reaching values
3–5 µG in the disk. During the amplification phase, magnetic
flux and total magnetic energy grow by about 6 and 10 orders
of magnitude, respectively. As is remarkable in Figure 3, the
growth in the magnetic flux magnitude is close to exponential.
The average e-folding time of magnetic flux is approximately
equal 270 Myr, corresponding to the rotation at galactocentric
radius equal approximately 10 kpc. During the initial period
ending at t = 2.3 Gyr, magnetic flux changes sign, and its
absolute value variates randomly around the exponential curve.
These variations are associated with the evolving magnetic field
structure shown in Figure 2. Magnetic field initially is entirely
random, at t = 20 Myr, since it originates from randomly
oriented magnetic dipoles. Later on, the toroidal magnetic field
component forms a spiral structure revealing reversals in the
disk plane, as is apparent at t = 700 Myr. Magnetic field
structure evolves gradually toward larger and lager scales. The
toroidal magnetic field direction becomes almost uniform inside
the disk around t = 2.5 Gyr, when the total magnetic flux stops
to reverse in Figure 3. The domination of fluctuating magnetic
field, during the transformation phase of magnetic structure, is
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Figure 1. Logarithm of gas number density in units of hydrogen atom per cubic centimeter (left) and CR energy density distribution in units of electron volt per cubic
centimeter (right) at t = 4 Gyr.

The simulation presented here has been performed with
the resolution of 500 × 500 × 100 grid cells, distributed in
10 × 10 × 2 equal-size MPI blocks, in the Cartesian domain
spanning the volume 50 kpc × 50 kpc × 10 kpc in x, y, and
z directions, respectively. Initial gas distribution represents a
hydrostatic equilibrium state for gas column density given by
Ferriere (1998). The probability distribution for the occurrence
of SNRs, derived from Ferriere (1998) was fixed over simulation
time. Magnetic vector potential of a single SNR is computed,
following Jackson (1999) for a current loop of a radius com-
parable to the radius of SNR (50 pc in the present model). We
stop the dipolar magnetic field input after 1 Gyr of the disk
evolution because the corresponding procedure is computation-
ally expensive, while the contribution of the supplied dipoles
becomes negligible with respect to dynamo amplification domi-
nating at later times. The values of diffusion coefficients adopted
for the present simulation are K‖ = 3 × 1028 cm2 s−1 and
K⊥ = 3 × 1026 cm2 s−1 (see Strong et al. 2007, and references
therein, for a more extensive discussion on CR diffusion). In
the present model, we assume a uniform magnetic diffusivity
η = 3 × 1024 cm2 s−1, and neglect heating of the thermal gas
by resistive dissipation of magnetic fields. We apply outflow
boundary conditions on upper and lower domain boundaries,
and enforce gas to follow the prescribed rotation curve outside
the outer disk radius rmax = 21.5 kpc. To prevent significant
mass losses due to the CR-driven wind, we re-supply into the
disk the gas lost from the computational domain.

4. RESULTS

4.1. Structure of ISM

The gas density distribution and CR energy distribution in the
disk are displayed in vertical and horizontal slices through the
disk center, for t = 4 Gyr, in Figure 1, while the distribution of
the toroidal magnetic field component is shown for four different
epochs in Figure 2.

The gas and CR distributions achieve dynamical equilibrium
in about 100 Myr of initial SN activity. The characteristic
shape of the disk, apparent in the gas and CR distributions,
reflects the initial ring-like structure of the gaseous disk. Vertical
wind blowing with the speed exceeding 100 km s−1, apparently
above and below the central part of the disk, carries out the gas
component at the overall rate of 1 M% per year.

4.2. Amplification and Structure of Magnetic Field

Magnetic field amplification originating from the small-scale,
randomly oriented dipolar magnetic fields is apparent through
the exponential growth, by several orders of magnitude, of both
the magnetic flux and magnetic energy, as displayed in Figure 3.
The growth phase of magnetic field starts at the beginning of
the simulation, initially via a quick accumulation of magnetic
energy of the supplied magnetic dipoles. The growth of magnetic
field strength saturates at about t = 4 Gyr, reaching values
3–5 µG in the disk. During the amplification phase, magnetic
flux and total magnetic energy grow by about 6 and 10 orders
of magnitude, respectively. As is remarkable in Figure 3, the
growth in the magnetic flux magnitude is close to exponential.
The average e-folding time of magnetic flux is approximately
equal 270 Myr, corresponding to the rotation at galactocentric
radius equal approximately 10 kpc. During the initial period
ending at t = 2.3 Gyr, magnetic flux changes sign, and its
absolute value variates randomly around the exponential curve.
These variations are associated with the evolving magnetic field
structure shown in Figure 2. Magnetic field initially is entirely
random, at t = 20 Myr, since it originates from randomly
oriented magnetic dipoles. Later on, the toroidal magnetic field
component forms a spiral structure revealing reversals in the
disk plane, as is apparent at t = 700 Myr. Magnetic field
structure evolves gradually toward larger and lager scales. The
toroidal magnetic field direction becomes almost uniform inside
the disk around t = 2.5 Gyr, when the total magnetic flux stops
to reverse in Figure 3. The domination of fluctuating magnetic
field, during the transformation phase of magnetic structure, is

color :gas number density color : Cosmic Ray energy

vertical wind speed ~ 100 kms-1, 1M◉yr-1 
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Results:structure of Bφ
No. 1, 2009 GLOBAL COSMIC-RAY-DRIVEN GALACTIC DYNAMO L157

Figure 2. Distribution of toroidal magnetic field at t = 20 Myr (top left), t = 700 Myr (top right), t = 2.5 Gyr (bottom left), and t = 4.8 Gyr (bottom right).
Unmagnetized regions of the volume are white, while positive and negative toroidal magnetic fields are marked with red and blue, respectively. Note that the color
scale in magnetic field maps is saturated to enhance weaker magnetic field structures in disk peripheries. The maximum magnetic field strengths are 5.9 × 10−4,
4.4 × 10−3, 1.5, and 29 µG at t = 0.02, 0.7, 2.5, and 4.8 Gyr, respectively.

apparent also through the excess of the total magnetic energy
above the exponential curve. The volume occupied by the well-
ordered magnetic field expands continuously till the end of the
simulation.

The magnetic field reveals a spiral structure, as shown
in the face-on views, and expansion of the unidirectionally
magnetized disk toward larger galactocentric radii is apparent
in the edge-on views. The latter effect seems to reflect the
overall outflow geometry. Observation of gas and magnetic
field fluctuations moving through the computational domain (in
animated images corresponding to vertical slices in Figure 2)
reveals a superposition of vertical thickening combined with
radial expansion in outer parts of the disk.

We note magnetic field reversals apparent at t = 700 Myr
and t = 2500 Myr, where the central part of the disk
toroidal magnetic field has opposite polarity with respect to the
remaining part of the disk. In the snapshot corresponding to t =
4800 Myr, the toroidal magnetic field is almost unidirectional
in the horizontal cut through the galactic midplane, but displays
a clear reversal in the vertical slice. The apparent magnetic
field configuration comprises two regions of opposite polarity
of toroidal magnetic field, therefore, one reversal remains until
the end of the simulation. In a more extensive set of simulations
we have done until now, the uniformity of final magnetic field
configurations and the number of reversals depend, among
other parameters, on the CR diffusion coefficients, which are

color :toroidal magnetic field 

わりと初期:磁場の反転が多い
Wednesday, October 24, 12



Results:structure of Bφ

No. 1, 2009 GLOBAL COSMIC-RAY-DRIVEN GALACTIC DYNAMO L157

Figure 2. Distribution of toroidal magnetic field at t = 20 Myr (top left), t = 700 Myr (top right), t = 2.5 Gyr (bottom left), and t = 4.8 Gyr (bottom right).
Unmagnetized regions of the volume are white, while positive and negative toroidal magnetic fields are marked with red and blue, respectively. Note that the color
scale in magnetic field maps is saturated to enhance weaker magnetic field structures in disk peripheries. The maximum magnetic field strengths are 5.9 × 10−4,
4.4 × 10−3, 1.5, and 29 µG at t = 0.02, 0.7, 2.5, and 4.8 Gyr, respectively.

apparent also through the excess of the total magnetic energy
above the exponential curve. The volume occupied by the well-
ordered magnetic field expands continuously till the end of the
simulation.

The magnetic field reveals a spiral structure, as shown
in the face-on views, and expansion of the unidirectionally
magnetized disk toward larger galactocentric radii is apparent
in the edge-on views. The latter effect seems to reflect the
overall outflow geometry. Observation of gas and magnetic
field fluctuations moving through the computational domain (in
animated images corresponding to vertical slices in Figure 2)
reveals a superposition of vertical thickening combined with
radial expansion in outer parts of the disk.

We note magnetic field reversals apparent at t = 700 Myr
and t = 2500 Myr, where the central part of the disk
toroidal magnetic field has opposite polarity with respect to the
remaining part of the disk. In the snapshot corresponding to t =
4800 Myr, the toroidal magnetic field is almost unidirectional
in the horizontal cut through the galactic midplane, but displays
a clear reversal in the vertical slice. The apparent magnetic
field configuration comprises two regions of opposite polarity
of toroidal magnetic field, therefore, one reversal remains until
the end of the simulation. In a more extensive set of simulations
we have done until now, the uniformity of final magnetic field
configurations and the number of reversals depend, among
other parameters, on the CR diffusion coefficients, which are

color :toroidal magnetic field 
中盤, 終盤:磁場の方向が一定
(+の場所はずっと+、-の場所はずっと-)
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Results:magnetic flux, energy growth

line:magnetic flux 
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Figure 3. Temporal evolution of toroidal magnetic flux and total magnetic energy in scaled units. The final saturation level corresponds to the equipartition magnetic
fields.

known only to an order of magnitude accuracy. If the parallel
CR-diffusion coefficient is reduced by an order of magnitude
with respect to the value used in the presented simulation,
magnetic field structure, observed over the period of several
Gyr, resembles that presented in Figure 2 for t = 700 Myr.

To visualize the magnetic field structure in a manner re-
sembling radio observations of external galaxies, we construct
synthetic radio maps of synchrotron radio emission, using the
IDL package by Wiatr (2006). We apply standard procedures
of integration of stokes parameters I, Q, and U for the polar-
ized synchrotron emissivity, along the line of sight (see, e.g.,
Rohlfs 1986; Longair 1994). To compute synchrotron emis-
sivity, we use magnetic field vectors and CR energy distribu-
tion. In the computations of synthetic radio maps, we assume
that the ratio of CR electron energy density to CR proton en-
ergy density is 0.01, the maximum and minimum energies of
CR protons are 109 and 1015 eV, respectively, and the power
index of CR spectrum is 2.3. We neglect the effects of syn-

chrotron cooling of CR electrons and the effects of Faraday
rotation.

In Figure 4, we show the polarized intensity of synchrotron
emission (color maps) together with polarization vectors. Elec-
tric vectors, computed on the basis of integrated Stokes parame-
ters, are rotated by 90◦ to reproduce the magnetic field direction
averaged along the line of sight, under the assumption of vanish-
ing Faraday rotation effects. The polarization vectors, indicating
the mean magnetic field direction, reveal a regular spiral struc-
ture in the face-on view, and the so-called X-shaped structure
in the edge-on view. This kind of structure is presented in radio
maps of real galaxies (Soida 2005; Krause et al. 2006; Krause
2009) and has been investigated recently in terms of CR-driven
dynamo by Otmianowska-Mazur et al. (2009). A particular sim-
ilarity can be noticed between our edge-on synthetic radio map
and the radio maps of the edge-on galaxies NGC 891 (Krause
2009) and NGC 253 (Heesen et al. 2009). In the present global
model, the X-shaped configuration is an intrinsic property of
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Figure 3. Temporal evolution of toroidal magnetic flux and total magnetic energy in scaled units. The final saturation level corresponds to the equipartition magnetic
fields.

known only to an order of magnitude accuracy. If the parallel
CR-diffusion coefficient is reduced by an order of magnitude
with respect to the value used in the presented simulation,
magnetic field structure, observed over the period of several
Gyr, resembles that presented in Figure 2 for t = 700 Myr.

To visualize the magnetic field structure in a manner re-
sembling radio observations of external galaxies, we construct
synthetic radio maps of synchrotron radio emission, using the
IDL package by Wiatr (2006). We apply standard procedures
of integration of stokes parameters I, Q, and U for the polar-
ized synchrotron emissivity, along the line of sight (see, e.g.,
Rohlfs 1986; Longair 1994). To compute synchrotron emis-
sivity, we use magnetic field vectors and CR energy distribu-
tion. In the computations of synthetic radio maps, we assume
that the ratio of CR electron energy density to CR proton en-
ergy density is 0.01, the maximum and minimum energies of
CR protons are 109 and 1015 eV, respectively, and the power
index of CR spectrum is 2.3. We neglect the effects of syn-

chrotron cooling of CR electrons and the effects of Faraday
rotation.

In Figure 4, we show the polarized intensity of synchrotron
emission (color maps) together with polarization vectors. Elec-
tric vectors, computed on the basis of integrated Stokes parame-
ters, are rotated by 90◦ to reproduce the magnetic field direction
averaged along the line of sight, under the assumption of vanish-
ing Faraday rotation effects. The polarization vectors, indicating
the mean magnetic field direction, reveal a regular spiral struc-
ture in the face-on view, and the so-called X-shaped structure
in the edge-on view. This kind of structure is presented in radio
maps of real galaxies (Soida 2005; Krause et al. 2006; Krause
2009) and has been investigated recently in terms of CR-driven
dynamo by Otmianowska-Mazur et al. (2009). A particular sim-
ilarity can be noticed between our edge-on synthetic radio map
and the radio maps of the edge-on galaxies NGC 891 (Krause
2009) and NGC 253 (Heesen et al. 2009). In the present global
model, the X-shaped configuration is an intrinsic property of

line:magnetic energy

t=0-2.3Gyr, magnetic flux changes sign
t>2.5Gyr, exponential curve
e-folding time ~ 270Myr
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Results:magnetic flux, energy growth

line:magnetic flux 
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Figure 3. Temporal evolution of toroidal magnetic flux and total magnetic energy in scaled units. The final saturation level corresponds to the equipartition magnetic
fields.

known only to an order of magnitude accuracy. If the parallel
CR-diffusion coefficient is reduced by an order of magnitude
with respect to the value used in the presented simulation,
magnetic field structure, observed over the period of several
Gyr, resembles that presented in Figure 2 for t = 700 Myr.

To visualize the magnetic field structure in a manner re-
sembling radio observations of external galaxies, we construct
synthetic radio maps of synchrotron radio emission, using the
IDL package by Wiatr (2006). We apply standard procedures
of integration of stokes parameters I, Q, and U for the polar-
ized synchrotron emissivity, along the line of sight (see, e.g.,
Rohlfs 1986; Longair 1994). To compute synchrotron emis-
sivity, we use magnetic field vectors and CR energy distribu-
tion. In the computations of synthetic radio maps, we assume
that the ratio of CR electron energy density to CR proton en-
ergy density is 0.01, the maximum and minimum energies of
CR protons are 109 and 1015 eV, respectively, and the power
index of CR spectrum is 2.3. We neglect the effects of syn-

chrotron cooling of CR electrons and the effects of Faraday
rotation.

In Figure 4, we show the polarized intensity of synchrotron
emission (color maps) together with polarization vectors. Elec-
tric vectors, computed on the basis of integrated Stokes parame-
ters, are rotated by 90◦ to reproduce the magnetic field direction
averaged along the line of sight, under the assumption of vanish-
ing Faraday rotation effects. The polarization vectors, indicating
the mean magnetic field direction, reveal a regular spiral struc-
ture in the face-on view, and the so-called X-shaped structure
in the edge-on view. This kind of structure is presented in radio
maps of real galaxies (Soida 2005; Krause et al. 2006; Krause
2009) and has been investigated recently in terms of CR-driven
dynamo by Otmianowska-Mazur et al. (2009). A particular sim-
ilarity can be noticed between our edge-on synthetic radio map
and the radio maps of the edge-on galaxies NGC 891 (Krause
2009) and NGC 253 (Heesen et al. 2009). In the present global
model, the X-shaped configuration is an intrinsic property of
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Figure 3. Temporal evolution of toroidal magnetic flux and total magnetic energy in scaled units. The final saturation level corresponds to the equipartition magnetic
fields.

known only to an order of magnitude accuracy. If the parallel
CR-diffusion coefficient is reduced by an order of magnitude
with respect to the value used in the presented simulation,
magnetic field structure, observed over the period of several
Gyr, resembles that presented in Figure 2 for t = 700 Myr.

To visualize the magnetic field structure in a manner re-
sembling radio observations of external galaxies, we construct
synthetic radio maps of synchrotron radio emission, using the
IDL package by Wiatr (2006). We apply standard procedures
of integration of stokes parameters I, Q, and U for the polar-
ized synchrotron emissivity, along the line of sight (see, e.g.,
Rohlfs 1986; Longair 1994). To compute synchrotron emis-
sivity, we use magnetic field vectors and CR energy distribu-
tion. In the computations of synthetic radio maps, we assume
that the ratio of CR electron energy density to CR proton en-
ergy density is 0.01, the maximum and minimum energies of
CR protons are 109 and 1015 eV, respectively, and the power
index of CR spectrum is 2.3. We neglect the effects of syn-

chrotron cooling of CR electrons and the effects of Faraday
rotation.

In Figure 4, we show the polarized intensity of synchrotron
emission (color maps) together with polarization vectors. Elec-
tric vectors, computed on the basis of integrated Stokes parame-
ters, are rotated by 90◦ to reproduce the magnetic field direction
averaged along the line of sight, under the assumption of vanish-
ing Faraday rotation effects. The polarization vectors, indicating
the mean magnetic field direction, reveal a regular spiral struc-
ture in the face-on view, and the so-called X-shaped structure
in the edge-on view. This kind of structure is presented in radio
maps of real galaxies (Soida 2005; Krause et al. 2006; Krause
2009) and has been investigated recently in terms of CR-driven
dynamo by Otmianowska-Mazur et al. (2009). A particular sim-
ilarity can be noticed between our edge-on synthetic radio map
and the radio maps of the edge-on galaxies NGC 891 (Krause
2009) and NGC 253 (Heesen et al. 2009). In the present global
model, the X-shaped configuration is an intrinsic property of

line:magnetic energy

t=0-2.3Gyr, magnetic flux changes sign
t>2.5Gyr, exponential curve
e-folding time ~ 270Myr

3-5μG in disk
saturation level = equipartition magnetic fields
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Figure 3. Temporal evolution of toroidal magnetic flux and total magnetic energy in scaled units. The final saturation level corresponds to the equipartition magnetic
fields.

known only to an order of magnitude accuracy. If the parallel
CR-diffusion coefficient is reduced by an order of magnitude
with respect to the value used in the presented simulation,
magnetic field structure, observed over the period of several
Gyr, resembles that presented in Figure 2 for t = 700 Myr.

To visualize the magnetic field structure in a manner re-
sembling radio observations of external galaxies, we construct
synthetic radio maps of synchrotron radio emission, using the
IDL package by Wiatr (2006). We apply standard procedures
of integration of stokes parameters I, Q, and U for the polar-
ized synchrotron emissivity, along the line of sight (see, e.g.,
Rohlfs 1986; Longair 1994). To compute synchrotron emis-
sivity, we use magnetic field vectors and CR energy distribu-
tion. In the computations of synthetic radio maps, we assume
that the ratio of CR electron energy density to CR proton en-
ergy density is 0.01, the maximum and minimum energies of
CR protons are 109 and 1015 eV, respectively, and the power
index of CR spectrum is 2.3. We neglect the effects of syn-

chrotron cooling of CR electrons and the effects of Faraday
rotation.

In Figure 4, we show the polarized intensity of synchrotron
emission (color maps) together with polarization vectors. Elec-
tric vectors, computed on the basis of integrated Stokes parame-
ters, are rotated by 90◦ to reproduce the magnetic field direction
averaged along the line of sight, under the assumption of vanish-
ing Faraday rotation effects. The polarization vectors, indicating
the mean magnetic field direction, reveal a regular spiral struc-
ture in the face-on view, and the so-called X-shaped structure
in the edge-on view. This kind of structure is presented in radio
maps of real galaxies (Soida 2005; Krause et al. 2006; Krause
2009) and has been investigated recently in terms of CR-driven
dynamo by Otmianowska-Mazur et al. (2009). A particular sim-
ilarity can be noticed between our edge-on synthetic radio map
and the radio maps of the edge-on galaxies NGC 891 (Krause
2009) and NGC 253 (Heesen et al. 2009). In the present global
model, the X-shaped configuration is an intrinsic property of
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fields.

known only to an order of magnitude accuracy. If the parallel
CR-diffusion coefficient is reduced by an order of magnitude
with respect to the value used in the presented simulation,
magnetic field structure, observed over the period of several
Gyr, resembles that presented in Figure 2 for t = 700 Myr.

To visualize the magnetic field structure in a manner re-
sembling radio observations of external galaxies, we construct
synthetic radio maps of synchrotron radio emission, using the
IDL package by Wiatr (2006). We apply standard procedures
of integration of stokes parameters I, Q, and U for the polar-
ized synchrotron emissivity, along the line of sight (see, e.g.,
Rohlfs 1986; Longair 1994). To compute synchrotron emis-
sivity, we use magnetic field vectors and CR energy distribu-
tion. In the computations of synthetic radio maps, we assume
that the ratio of CR electron energy density to CR proton en-
ergy density is 0.01, the maximum and minimum energies of
CR protons are 109 and 1015 eV, respectively, and the power
index of CR spectrum is 2.3. We neglect the effects of syn-

chrotron cooling of CR electrons and the effects of Faraday
rotation.

In Figure 4, we show the polarized intensity of synchrotron
emission (color maps) together with polarization vectors. Elec-
tric vectors, computed on the basis of integrated Stokes parame-
ters, are rotated by 90◦ to reproduce the magnetic field direction
averaged along the line of sight, under the assumption of vanish-
ing Faraday rotation effects. The polarization vectors, indicating
the mean magnetic field direction, reveal a regular spiral struc-
ture in the face-on view, and the so-called X-shaped structure
in the edge-on view. This kind of structure is presented in radio
maps of real galaxies (Soida 2005; Krause et al. 2006; Krause
2009) and has been investigated recently in terms of CR-driven
dynamo by Otmianowska-Mazur et al. (2009). A particular sim-
ilarity can be noticed between our edge-on synthetic radio map
and the radio maps of the edge-on galaxies NGC 891 (Krause
2009) and NGC 253 (Heesen et al. 2009). In the present global
model, the X-shaped configuration is an intrinsic property of

line:magnetic energy

t=0-2.3Gyr, magnetic flux changes sign
t>2.5Gyr, exponential curve
e-folding time ~ 270Myr
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Fig. 2.—Evolution of the magnetic field in the computational volume. The left panel shows the total magnetic energy normalized to the initial gas thermal
energy (dash-dot ted line) along with normalized energies of the azimuthal magnetic field (solid line), the radial magnetic field (dotted line), and the vertical
magnetic field (dashed line). The right panel shows the evolution of the azimuthal magnetic flux multiplied by !1 (solid line) and the radial magnetic flux
multiplied by 10 (dotted line), both normalized to the initial value of the azimuthal magnetic flux.

The CR energy density is displayed in units in which the
thermal gas energy density corresponds to and in whichr p 1
the sound speed is equal to 1. We note that!1c p 7 km ssi
because of our choice of outflow boundary conditions for the
CR component, the CR energy density does not drop to zero
at the lower and upper z boundaries. We note also that an almost
constant mean vertical gradient of CR energy density is main-
tained during the whole simulation.
The velocity field together with the distribution of gas density

are shown in Figures 1d–1f. The shearing pattern of the velocity
can be noticed in the horizontal slice (Fig. 1f). The vertical
slices (Figs. 1d and 1e) show the stratification of gas by the
vertical gravity, acting against the vertical gradients of thermal,
CR, and magnetic pressures.

6. AMPLIFICATION AND STRUCTURE OF THE
MEAN MAGNETIC FIELD

In Figure 2, we show the efficiency of the amplification of
the mean magnetic field that results from the continuous supply
of CRs in supernova remnants. First we note the growth of the
total magnetic energy, by 7 orders of magnitudes during the
period of 2 Gyr. Starting from Myr, the growth oft ∼ 300
magnetic energy represents a straight line on a logarithmic plot,
which means that the magnetic energy grows exponentially.
The e-folding time of magnetic energy determined for the pe-
riod Myr is 115 Myr. Around Myr,t p 400–1500 t p 1500
the growth starts to slow down as the magnetic energy ap-
proaches an equipartition with the gas energy.
The other three curves in the left panel of Figure 2 show

the growth of energy of each magnetic field component. It is
apparent that the energy of the radial magnetic field component
is almost an order of magnitude smaller than the energy of the
vertical magnetic field component, which is almost 1 order of
magnitude smaller than the energy of the azimuthal one. This
indicates that the dynamics of the system is dominated by the
buoyancy of CRs and that magnetic reconnection efficiently
cancels the excess of the random magnetic fields.
In the right panel of Figure 2, we show the time evolution

of the normalized, mean magnetic fluxes andF (t)/F (t p 0)x y

, where and are magnetic fluxes atF (t)/F (t p 0) F (t) F (t)y y x y

moment t, threading vertical planes perpendicular to x- and y-

axes, respectively, and averaging is done over all possible
planes of a given type. We find that the radial magnetic flux
starts to deviate from zero, as a result of the Coriolis forceFx

and open boundary conditions. Due to the presence of differ-
ential rotation, the azimuthal magnetic field is generated from
the radial one. The azimuthal flux grows up by a factor of 10
in the first 800 Myr of the system evolution and then drops
suddenly, reverts, and continues to grow with the opposite sign
undergoing amplification by more 3 orders of magnitudes, with
respect to the initial value.
In order to examine the structure of the mean magnetic field,

we average and across constant z-planes. The results areB Bx y

presented in Figure 3 for (the initial magnetic field) andt p 0
then for , 1000, 1500, 2000, and 2300 Myr. We findt p 500
that the mean magnetic field grows by a factor of 10 within
about 500 Myr, which gives an e-folding time close to 250 Myr.
We note that an apparent wavelike vertical structure in andAB Sx

formed from the initial, purely azimuthal, unidirectional stateAB Sy
of and . The evolvedmeanmagnetic field configurationB B p 0y x

reaches a quasi-steady pattern that is growing in magnitude with
apparent vertical reversals of both components of the mean mag-
netic field. We also note that the magnetic field at the disk mid-
plane remains relatively weak.
A striking feature of the mean magnetic field configuration is

the almost ideal coincidence of peaks of the oppositely directed
radial and azimuthal field components. This feature corresponds
to a picture of an dynamo: the azimuthal mean magnetica-Q
component is generated from the radial one and vice versa.
In order to better understand what kind of dynamo operates

in our model, we computed the y-component of the electro-
motive force , averaged over constantAE S p Av B ! v B Smf, y x zz x

z-planes and checked that with rea-!AB S/!t ! !!AE S/!xx mf, y
sonable accuracy. However, we found that the space-averaged

fluctuates rapidly in time, so that the approximation ofEmf, y
by (where is a component of the fluid helicityAE S a AB S amf, y yy y yy

tensor) implies that oscillates rapidly in time. This prop-ayy

erty points our model toward the incoherent dynamoa ! Q
described by Vishniac & Brandenburg (1997). Finally, we
checked and found that the magnetorotational instability (Bal-
bus & Hawley 1991) does not seem to play a significant role
in our dynamo model. Due to the weakness of the initial mag-

Hanasz et al 2004(local simulation)
1.3Gry<t<2.1Gyr
e-folding time ~ 250Myr
local simulationに一致。

Wednesday, October 24, 12



Results:CR diffusivity
No. 1, 2009 GLOBAL COSMIC-RAY-DRIVEN GALACTIC DYNAMO L157

Figure 2. Distribution of toroidal magnetic field at t = 20 Myr (top left), t = 700 Myr (top right), t = 2.5 Gyr (bottom left), and t = 4.8 Gyr (bottom right).
Unmagnetized regions of the volume are white, while positive and negative toroidal magnetic fields are marked with red and blue, respectively. Note that the color
scale in magnetic field maps is saturated to enhance weaker magnetic field structures in disk peripheries. The maximum magnetic field strengths are 5.9 × 10−4,
4.4 × 10−3, 1.5, and 29 µG at t = 0.02, 0.7, 2.5, and 4.8 Gyr, respectively.

apparent also through the excess of the total magnetic energy
above the exponential curve. The volume occupied by the well-
ordered magnetic field expands continuously till the end of the
simulation.

The magnetic field reveals a spiral structure, as shown
in the face-on views, and expansion of the unidirectionally
magnetized disk toward larger galactocentric radii is apparent
in the edge-on views. The latter effect seems to reflect the
overall outflow geometry. Observation of gas and magnetic
field fluctuations moving through the computational domain (in
animated images corresponding to vertical slices in Figure 2)
reveals a superposition of vertical thickening combined with
radial expansion in outer parts of the disk.

We note magnetic field reversals apparent at t = 700 Myr
and t = 2500 Myr, where the central part of the disk
toroidal magnetic field has opposite polarity with respect to the
remaining part of the disk. In the snapshot corresponding to t =
4800 Myr, the toroidal magnetic field is almost unidirectional
in the horizontal cut through the galactic midplane, but displays
a clear reversal in the vertical slice. The apparent magnetic
field configuration comprises two regions of opposite polarity
of toroidal magnetic field, therefore, one reversal remains until
the end of the simulation. In a more extensive set of simulations
we have done until now, the uniformity of final magnetic field
configurations and the number of reversals depend, among
other parameters, on the CR diffusion coefficients, which are
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Figure 2. Distribution of toroidal magnetic field at t = 20 Myr (top left), t = 700 Myr (top right), t = 2.5 Gyr (bottom left), and t = 4.8 Gyr (bottom right).
Unmagnetized regions of the volume are white, while positive and negative toroidal magnetic fields are marked with red and blue, respectively. Note that the color
scale in magnetic field maps is saturated to enhance weaker magnetic field structures in disk peripheries. The maximum magnetic field strengths are 5.9 × 10−4,
4.4 × 10−3, 1.5, and 29 µG at t = 0.02, 0.7, 2.5, and 4.8 Gyr, respectively.

apparent also through the excess of the total magnetic energy
above the exponential curve. The volume occupied by the well-
ordered magnetic field expands continuously till the end of the
simulation.

The magnetic field reveals a spiral structure, as shown
in the face-on views, and expansion of the unidirectionally
magnetized disk toward larger galactocentric radii is apparent
in the edge-on views. The latter effect seems to reflect the
overall outflow geometry. Observation of gas and magnetic
field fluctuations moving through the computational domain (in
animated images corresponding to vertical slices in Figure 2)
reveals a superposition of vertical thickening combined with
radial expansion in outer parts of the disk.

We note magnetic field reversals apparent at t = 700 Myr
and t = 2500 Myr, where the central part of the disk
toroidal magnetic field has opposite polarity with respect to the
remaining part of the disk. In the snapshot corresponding to t =
4800 Myr, the toroidal magnetic field is almost unidirectional
in the horizontal cut through the galactic midplane, but displays
a clear reversal in the vertical slice. The apparent magnetic
field configuration comprises two regions of opposite polarity
of toroidal magnetic field, therefore, one reversal remains until
the end of the simulation. In a more extensive set of simulations
we have done until now, the uniformity of final magnetic field
configurations and the number of reversals depend, among
other parameters, on the CR diffusion coefficients, which are

color :toroidal magnetic field 
CRの磁場に平行方向の拡散を小さくすると、数Gyr経
過しても左図くらい反転が残る(らしい)。
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color:polarized intensity of synchrotron emission(t=4.8Gyr)
line:electric vectors rotated by 90°(magnetic field line)

No. 1, 2009 GLOBAL COSMIC-RAY-DRIVEN GALACTIC DYNAMO L159

Figure 4. Synthetic radio maps of polarized intensity (PI) of synchrotron
emission, together with polarization vectors, are shown for the edge-on and
face-on views of the galaxy at t = 4.8 Myr. Vector directions resemble electric
vectors rotated by 90◦, and their lengths are proportional to the degree of
polarization.

the magnetic field structure, since it corresponds closely to the
X-shaped distribution of magnetic field in the disk and its neigh-
borhood, as shown in Figure 2.

5. DISCUSSION AND CONCLUSIONS

We have shown that the CR-driven dynamo experiment
conducted for a whole galactic disk, seeded by small-scale
magnetic dipoles and CRs supplied in SNRs, amplifies magnetic
fields exponentially, up to the equipartition level, and develops
large-scale magnetic fields in the disk and the surrounding
galactic halo. The amplification timescale of the large-scale
magnetic field component is close to the disk rotation period,
i.e., 270 Myr for the present simulation. The initially disordered
magnetic field contributions from randomly oriented magnetic
dipoles are efficiently ordered within the first 2 Gyr of disk
evolution. The presented experiment strongly supports the idea
that galactic dynamos may have been initiated by small-scale
magnetic fields of stellar origin.

We note, finally, that the present model requires further devel-
opment, since in the present version the underlying gravitational
potential is axisymmetric. Preliminary results obtained for sim-
ulations with spiral arms indicate the possibility that reversals
are related to the spiral structure in gravitational potential. Our
present model indicates the possibility of efficient action of CR-
driven dynamo, but is still too preliminary to be confronted

directly with observational data of a particular galaxy such as
the Milky Way. Therefore, incorporation of the effects of spiral
arms is needed for a more detailed confrontation of our model
with the observational results suggesting existence of magnetic
field reversals (see Han & Zhang 2007 and references therein)
and magnetic arms (e.g., Beck 2007).

We thank Harald Lesch for helpful discussions. The com-
putations were performed on the GALERA supercomputer in
TASK Academic Computer Centre in Gdańsk. This work was
partially supported by Polish Ministry of Science and Higher
Education through the grants 92/N-ASTROSIM/2008/0 and
3033/B/H03/2008/35.
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above imply –together with the assumption that the
synchrotron lifetimes (∝ B−2) determine the disk
thicknesses– that the CR bulk speed (or galactic
wind velocity) is proportional to B2, and hence pro-
portional to SFR0.8.

4. REGULAR MAGNETIC FIELD AND STAR
FORMATION

The polarized intensity in spiral galaxies allows
to estimate the regular magnetic field strength and
the observed degree of polarization P (as determined
by the ratio of polarized intensity and total intensity)
is a measure of the degree of uniformity of the mag-
netic field. As discussed in § 3 the low brightness
edge-on galaxy NGC 5907 has a weak total and po-
larized intensity, a high thermal fraction and a low
SFR. On the other hand, NGC 891 (see Figure 1)
has strong total and polarized intensities, a normal
thermal fraction and strong star formation. Surpris-
ingly, the degree of polarization at λ6 cm at a res-
olution of 84′′ HPBW (half power beam width) is
equal in both galaxies, P = 3.2%. When we average
the Stokes I-, U-, and Q-maps over the total galaxy
(as described in Stil et al. 2008), the global degree
of polarization in NGC 5907 is P = 2.2%, whereas
in NGC 891 it is only P = 1.6%.

Similarly, we integrated the polarization proper-
ties in 41 nearby spiral galaxies and found that (inde-
pendently of inclination effects) the degree of polar-
ization is lower (< 4%) for more luminous galaxies,
in particular those for L4.8 > 2 × 1021 WHz−1 (Stil
et al. 2008). The brightest galaxies are those with
the highest SFR. Of course, the mean-field dynamo
needs star formation and supernova remnants as the
driving force for velocities in vertical direction. From
our observations, however, we conclude that stronger
star formation seems to reduce the magnetic field
regularity.

On kpc-scales, Chyży (2008) analyzed the cor-
relation between magnetic field regularity and SFR
locally within one galaxy, NGC 4254. While he
found a strong correlation between the total field
strength and the local SFR, he found an anticor-
relation of magnetic field regularity with SFR and
could not detect any correlation between the regular
field strength and the local SFR.

In our sample of 11 observed edge-on galaxies we
found in all of them with one exception (in the inner
part of NGC 4631) mainly a disk-parallel magnetic
field together with the X-shaped poloidal field in the
halo. Our sample includes spiral galaxies of very
different Hubble type and SFR, ranging from 0.5 ≤
SFR ≤ 27. The disk-parallel magnetic field along the

Fig. 3. Radio continuum emission of the edge-on spiral
galaxy NGC 4631 at λ3.6cm (8.35 GHz) with the 100 m
Effelsberg telescope with 84′′ HPBW . The contours in
give the total intensities, the vectors the intrinsic mag-
netic field orientation. The radio map is overlayed on an
optical image of NGC 4631 taken with the Misti Moun-
tain Observatory (Copyright: MPIfR Bonn).

galactic disk is the expected edge-on projection of
the spiral-field within the disk as observed in face-on
galaxies. It is generally thought to be generated by
a mean-field αΩ− dynamo for which the most easily
excited field pattern is the axismmetric spiral (ASS)
field (e.g. Ruzmaikin et al. 1988). The dynamo
acts most effectively in regions of strong differential
rotation in the disk. NGC 4631, however, which has
a disk-parallel magnetic field along the disk only at
radii ≥ 5kpc, shows for smaller radii a vertical large-
scale field also in the midplane of the disk, as visible
in Figure 3. The inner ≈ 5 kpc (140′′) is just the
region of NGC 4631 where the rotation curve rises
nearly rigidly (Golla & Wielebinski 1994), hence the
mean-field αΩ− dynamo may not work effectively
in this inner part of NGC 4631 and hence may not
amplify a disk-parallel large-scale field.

The even ASS magnetic disk field (as discussed
in § 2.2) is –according to the mean-field dynamo
theory– accompanied with a quadrupolar poloidal
field, which is, however, a factor of about 10 weaker
than the toroidal disk field. This means that the
poloidal part of the ASS dynamo mode alone cannot
explain the observed X-shaped structures in edge-on
galaxies as the field strengths there seems to be com-
parable to the large-scale disk field strengths. Model
calculations of the mean-field αΩ-dynamo for a disk
surrounded by a spherical halo including a galactic
wind (Brandenburg et al. 1993) simulated similar
field configurations as the observed ones. Such a

©
 2

00
9:

 In
st

itu
to

 d
e 

A
st

ro
no

m
ía

, U
N

A
M

 -
 M

a
g

ne
tic

 F
ie

ld
s 

in
 th

e 
Un

iv
er

se
 II

: F
ro

m
 L

a
b

or
a

to
ry

 a
nd

 S
ta

rs
 to

 th
e 

Pr
im

or
d

ia
l U

ni
ve

rs
e

Ed
. A

. E
sq

ui
ve

l, 
J.

 F
ra

nc
o,

 G
. G

a
rc

ía
-S

eg
ur

a
, E

. M
. d

e 
G

ou
ve

ia
 D

a
l P

in
o,

 A
. L

a
za

ria
n,

 S
. L

iz
a

no
, &

 A
. R

a
g

a

26 KRAUSE

field parallel to the line of sight, and its sign gives
the direction of this magnetic field component. Both
field components, parallel and perpendicular to the
line of sight, enable us in principle to deduce a 3-
dimensional picture of the large-scale magnetic field.
Note, however, that the polarized intensity is only
sensitive to the field orientation, i.e. it does not dis-
tinguish between parallel and antiparallel field direc-
tions in the plane of the sky, whereas the RM is large
for parallel fields along the line of sight, but zero for
parallel and antiparallel fields (of equal strength).
Magnetic fields consist of regular and turbulent com-
ponents. The total magnetic field strength in a
galaxy can be estimated from the nonthermal ra-
dio emission under the assumption of equipartition
between the energies of the magnetic field and the
relativistic particles (the so-called energy equiparti-
tion) as described in Beck & Krause (2005).

2. OBSERVATIONAL RESULTS OF MAGNETIC
FIELDS

2.1. Spiral Galaxies seen face-on
The mean equipartition value for the total mag-

netic field strength for a sample of 74 spiral galaxies
observed by Niklas (1995) is on average 9 ± 3µG.
It can, however, reach locally higher values within
the spiral arms of up to 20µG. Strongly interacting
galaxies or galaxies with a high star formation rate
tend to have generally stronger total magnetic fields.
The strength of the regular magnetic fields in spiral
galaxies (observed with a spatial resolution of a few
100pc) are typically 1–5 µG, and may reach locally
values up to 10 − 15 µG as e.g. in NGC 6946 (Beck
2008) and M51 (Fletcher et al. 2008).

The turbulent magnetic field is typically
strongest along the optical spiral arms, whereas the
regular fields are strongest in between the optical spi-
ral arms, or at the inner edge of the density-wave spi-
ral arm. Sometimes, the interarmed region is filled
smoothly with regular fields, in other cases the large-
scale field form long filaments of polarized intensity
like in IC342 (Krause et al. 1989; Krause 1993) or so-
called magnetic spiral arms like in NGC 6946 (Beck
& Hoernes 1996).

The magnetic lines of the large-scale field form
generally a spiral pattern with pitch-angles from 10◦
to 40◦ which are similar to the pitch angles of the
optical spiral arms. Further, spiral magnetic fields
have even been observed in flocculent and irregular
galaxies.

2.2. Spiral Galaxies seen edge-on
Several edge-on galaxies of different Hubble type

and covering a wide range in SFR were observed with

Fig. 1. Radio continuum emission of the edge-on spi-
ral galaxy NGC 891 at λ3.6cm (8.35 GHz) with the 100
m Effelsberg telescope with a resolution of 84′′ HPBW .
The contours give the total intensities, the vectors the
intrinsic magnetic field orientation (Copyright: MPIfR
Bonn). The radio map is overlayed on an optical im-
age of NGC 891 from the Canada-France-Hawaii Tele-
scope/(c)1999 CFHT/Coelum.

high sensitivity in radio continuum and linear polar-
ization. These observations show that the magnetic
field structure is mainly parallel to the disk along
the midplane of the disk (with the only exception of
NGC 4631) as expected from observations of face-
on galaxies and their magnetic field amplification by
the action of a mean-field αΩ-dynamo (e.g. Beck
et al. 1996). Away from the disk the magnetic
field has also vertical components increasing with
distance from the disk and with radius (Krause 2004;
Soida 2005; Krause et al. 2006; Heesen et al. 2008b).
Hence, the large-scale magnetic field looks X-shaped
away from the plane. As an example, we show the
magnetic field vectors of the edge-on galaxy NGC
891 together with the radio continuum emission at
λ3.6cm (made with the Effelsberg 100 m telescope2

overlayed on an optical image of the galaxy in Fig-
ure 1.

2The Effelsberg 100 m is operated by Max-Planck-Institut
für Radioastronomie (MPIfR) in Bonn.
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28 KRAUSE

above imply –together with the assumption that the
synchrotron lifetimes (∝ B−2) determine the disk
thicknesses– that the CR bulk speed (or galactic
wind velocity) is proportional to B2, and hence pro-
portional to SFR0.8.

4. REGULAR MAGNETIC FIELD AND STAR
FORMATION

The polarized intensity in spiral galaxies allows
to estimate the regular magnetic field strength and
the observed degree of polarization P (as determined
by the ratio of polarized intensity and total intensity)
is a measure of the degree of uniformity of the mag-
netic field. As discussed in § 3 the low brightness
edge-on galaxy NGC 5907 has a weak total and po-
larized intensity, a high thermal fraction and a low
SFR. On the other hand, NGC 891 (see Figure 1)
has strong total and polarized intensities, a normal
thermal fraction and strong star formation. Surpris-
ingly, the degree of polarization at λ6 cm at a res-
olution of 84′′ HPBW (half power beam width) is
equal in both galaxies, P = 3.2%. When we average
the Stokes I-, U-, and Q-maps over the total galaxy
(as described in Stil et al. 2008), the global degree
of polarization in NGC 5907 is P = 2.2%, whereas
in NGC 891 it is only P = 1.6%.

Similarly, we integrated the polarization proper-
ties in 41 nearby spiral galaxies and found that (inde-
pendently of inclination effects) the degree of polar-
ization is lower (< 4%) for more luminous galaxies,
in particular those for L4.8 > 2 × 1021 WHz−1 (Stil
et al. 2008). The brightest galaxies are those with
the highest SFR. Of course, the mean-field dynamo
needs star formation and supernova remnants as the
driving force for velocities in vertical direction. From
our observations, however, we conclude that stronger
star formation seems to reduce the magnetic field
regularity.

On kpc-scales, Chyży (2008) analyzed the cor-
relation between magnetic field regularity and SFR
locally within one galaxy, NGC 4254. While he
found a strong correlation between the total field
strength and the local SFR, he found an anticor-
relation of magnetic field regularity with SFR and
could not detect any correlation between the regular
field strength and the local SFR.

In our sample of 11 observed edge-on galaxies we
found in all of them with one exception (in the inner
part of NGC 4631) mainly a disk-parallel magnetic
field together with the X-shaped poloidal field in the
halo. Our sample includes spiral galaxies of very
different Hubble type and SFR, ranging from 0.5 ≤
SFR ≤ 27. The disk-parallel magnetic field along the

Fig. 3. Radio continuum emission of the edge-on spiral
galaxy NGC 4631 at λ3.6cm (8.35 GHz) with the 100 m
Effelsberg telescope with 84′′ HPBW . The contours in
give the total intensities, the vectors the intrinsic mag-
netic field orientation. The radio map is overlayed on an
optical image of NGC 4631 taken with the Misti Moun-
tain Observatory (Copyright: MPIfR Bonn).

galactic disk is the expected edge-on projection of
the spiral-field within the disk as observed in face-on
galaxies. It is generally thought to be generated by
a mean-field αΩ− dynamo for which the most easily
excited field pattern is the axismmetric spiral (ASS)
field (e.g. Ruzmaikin et al. 1988). The dynamo
acts most effectively in regions of strong differential
rotation in the disk. NGC 4631, however, which has
a disk-parallel magnetic field along the disk only at
radii ≥ 5kpc, shows for smaller radii a vertical large-
scale field also in the midplane of the disk, as visible
in Figure 3. The inner ≈ 5 kpc (140′′) is just the
region of NGC 4631 where the rotation curve rises
nearly rigidly (Golla & Wielebinski 1994), hence the
mean-field αΩ− dynamo may not work effectively
in this inner part of NGC 4631 and hence may not
amplify a disk-parallel large-scale field.

The even ASS magnetic disk field (as discussed
in § 2.2) is –according to the mean-field dynamo
theory– accompanied with a quadrupolar poloidal
field, which is, however, a factor of about 10 weaker
than the toroidal disk field. This means that the
poloidal part of the ASS dynamo mode alone cannot
explain the observed X-shaped structures in edge-on
galaxies as the field strengths there seems to be com-
parable to the large-scale disk field strengths. Model
calculations of the mean-field αΩ-dynamo for a disk
surrounded by a spherical halo including a galactic
wind (Brandenburg et al. 1993) simulated similar
field configurations as the observed ones. Such a
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field parallel to the line of sight, and its sign gives
the direction of this magnetic field component. Both
field components, parallel and perpendicular to the
line of sight, enable us in principle to deduce a 3-
dimensional picture of the large-scale magnetic field.
Note, however, that the polarized intensity is only
sensitive to the field orientation, i.e. it does not dis-
tinguish between parallel and antiparallel field direc-
tions in the plane of the sky, whereas the RM is large
for parallel fields along the line of sight, but zero for
parallel and antiparallel fields (of equal strength).
Magnetic fields consist of regular and turbulent com-
ponents. The total magnetic field strength in a
galaxy can be estimated from the nonthermal ra-
dio emission under the assumption of equipartition
between the energies of the magnetic field and the
relativistic particles (the so-called energy equiparti-
tion) as described in Beck & Krause (2005).

2. OBSERVATIONAL RESULTS OF MAGNETIC
FIELDS

2.1. Spiral Galaxies seen face-on
The mean equipartition value for the total mag-

netic field strength for a sample of 74 spiral galaxies
observed by Niklas (1995) is on average 9 ± 3µG.
It can, however, reach locally higher values within
the spiral arms of up to 20µG. Strongly interacting
galaxies or galaxies with a high star formation rate
tend to have generally stronger total magnetic fields.
The strength of the regular magnetic fields in spiral
galaxies (observed with a spatial resolution of a few
100pc) are typically 1–5 µG, and may reach locally
values up to 10 − 15 µG as e.g. in NGC 6946 (Beck
2008) and M51 (Fletcher et al. 2008).

The turbulent magnetic field is typically
strongest along the optical spiral arms, whereas the
regular fields are strongest in between the optical spi-
ral arms, or at the inner edge of the density-wave spi-
ral arm. Sometimes, the interarmed region is filled
smoothly with regular fields, in other cases the large-
scale field form long filaments of polarized intensity
like in IC342 (Krause et al. 1989; Krause 1993) or so-
called magnetic spiral arms like in NGC 6946 (Beck
& Hoernes 1996).

The magnetic lines of the large-scale field form
generally a spiral pattern with pitch-angles from 10◦
to 40◦ which are similar to the pitch angles of the
optical spiral arms. Further, spiral magnetic fields
have even been observed in flocculent and irregular
galaxies.

2.2. Spiral Galaxies seen edge-on
Several edge-on galaxies of different Hubble type

and covering a wide range in SFR were observed with

Fig. 1. Radio continuum emission of the edge-on spi-
ral galaxy NGC 891 at λ3.6cm (8.35 GHz) with the 100
m Effelsberg telescope with a resolution of 84′′ HPBW .
The contours give the total intensities, the vectors the
intrinsic magnetic field orientation (Copyright: MPIfR
Bonn). The radio map is overlayed on an optical im-
age of NGC 891 from the Canada-France-Hawaii Tele-
scope/(c)1999 CFHT/Coelum.

high sensitivity in radio continuum and linear polar-
ization. These observations show that the magnetic
field structure is mainly parallel to the disk along
the midplane of the disk (with the only exception of
NGC 4631) as expected from observations of face-
on galaxies and their magnetic field amplification by
the action of a mean-field αΩ-dynamo (e.g. Beck
et al. 1996). Away from the disk the magnetic
field has also vertical components increasing with
distance from the disk and with radius (Krause 2004;
Soida 2005; Krause et al. 2006; Heesen et al. 2008b).
Hence, the large-scale magnetic field looks X-shaped
away from the plane. As an example, we show the
magnetic field vectors of the edge-on galaxy NGC
891 together with the radio continuum emission at
λ3.6cm (made with the Effelsberg 100 m telescope2

overlayed on an optical image of the galaxy in Fig-
ure 1.

2The Effelsberg 100 m is operated by Max-Planck-Institut
für Radioastronomie (MPIfR) in Bonn.
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Figure 4. Synthetic radio maps of polarized intensity (PI) of synchrotron
emission, together with polarization vectors, are shown for the edge-on and
face-on views of the galaxy at t = 4.8 Myr. Vector directions resemble electric
vectors rotated by 90◦, and their lengths are proportional to the degree of
polarization.

the magnetic field structure, since it corresponds closely to the
X-shaped distribution of magnetic field in the disk and its neigh-
borhood, as shown in Figure 2.

5. DISCUSSION AND CONCLUSIONS

We have shown that the CR-driven dynamo experiment
conducted for a whole galactic disk, seeded by small-scale
magnetic dipoles and CRs supplied in SNRs, amplifies magnetic
fields exponentially, up to the equipartition level, and develops
large-scale magnetic fields in the disk and the surrounding
galactic halo. The amplification timescale of the large-scale
magnetic field component is close to the disk rotation period,
i.e., 270 Myr for the present simulation. The initially disordered
magnetic field contributions from randomly oriented magnetic
dipoles are efficiently ordered within the first 2 Gyr of disk
evolution. The presented experiment strongly supports the idea
that galactic dynamos may have been initiated by small-scale
magnetic fields of stellar origin.

We note, finally, that the present model requires further devel-
opment, since in the present version the underlying gravitational
potential is axisymmetric. Preliminary results obtained for sim-
ulations with spiral arms indicate the possibility that reversals
are related to the spiral structure in gravitational potential. Our
present model indicates the possibility of efficient action of CR-
driven dynamo, but is still too preliminary to be confronted

directly with observational data of a particular galaxy such as
the Milky Way. Therefore, incorporation of the effects of spiral
arms is needed for a more detailed confrontation of our model
with the observational results suggesting existence of magnetic
field reversals (see Han & Zhang 2007 and references therein)
and magnetic arms (e.g., Beck 2007).

We thank Harald Lesch for helpful discussions. The com-
putations were performed on the GALERA supercomputer in
TASK Academic Computer Centre in Gdańsk. This work was
partially supported by Polish Ministry of Science and Higher
Education through the grants 92/N-ASTROSIM/2008/0 and
3033/B/H03/2008/35.
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Hanasz, M., Kowalik, K., Wóltański, D., & Pawłaszek, R. 2010c, in EAS Conf.
Ser., Role of Disk–Halo Interaction in Galaxy Evolution: Outflow vs. Infall?,
ed. M. de Avillez (Les Ulis: EDP Sciences), in press (arXiv:0901.0104)
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X-shape magnetic field
観測に一致。
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SNRsからmagnetic field & Cosmic Rayを注入するという
条件でシミュレーションを行った結果
①初期のrandom, small scale magnetic fieldからlarge scale 

magnetic fieldが生成
②磁場成長率は270Myr(r=10kpcでのrotation periodと同
程度)

Discussion & Conclusions
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③方位角方向磁場に(Milky Wayに見られるような)反転
が見られない===>spiral armが必要？

Discussion & Conclusions

J. L. Han and J. S. Zhang: Magnetic fields in molecular clouds and HII regions 611

Fig. 1. The RM distribution of 374 pulsars with |b| < 8◦, projected onto the Galactic Plane. The linear sizes of the symbols are proportional to the
square root of the RM values, with limits of 9 and 900 rad m−2. The crosses represent positive RMs (indicating the average field over path pointing
towards us), and the open circles represent negative RMs (for the average fields going away from us). The approximate locations of four spiral
arms are indicated. The large-scale structure of magnetic fields derived from pulsar RMs are indicated by thick arrows. See Han et al. (2006) for
details.

line observed, the instruments as well as the frequency of obser-
vations are also given. Observations of one object but by differ-
ent authors or different emission or absorption lines are listed in
different lines in the table. Note that different observation reso-
lutions can cause different results (see e.g. Brogan & Troland
2001a), so we also list the telescopes used for observations.
Similarly, we take the median of the many observations or the
measurement of highest quality as a representative of a cloud.
For these we mark a “*” after the field strength.

We do not include the magnetic field measurements of dif-
fuse clouds (e.g. Myers et al. 1995; Goodman & Heiles 1994) or
HI filaments (Heiles 1989), which are not gravitationally bound
and therefore are not molecular clouds. Similarly, we did not in-
clude data of Zeeman splitting of absorption lines from the cold
neutral medium by observing extragalactic radio sources (e.g.
Heiles & Troland 2004).

3. Analysis and discussion

The HII regions and molecular clouds are confined to the
Galactic plane, and are regarded as tracers of the spiral arms.
Here we extend the work by Fish et al. (2003a), in light of the
newly derived magnetic field configuration associated with spi-
ral arms in the Galactic disk from pulsar RMs (Han et al. 2006)
as well as more measurements of magnetic fields from masers
and molecular clouds.

3.1. The Galactic magnetic fields derived from pulsar RMs

The large-scale magnetic fields in the Galactic disk have been
derived from pulsar RMs (Han et al. 2006). The variation of
RMs with the dispersion measures of pulsars indicates the mag-
netic field direction (see arrows in Fig. 1). There are many re-
versals of large-scale magnetic fields. In some regions pulsar
data were rich enough to derive the magnetic field direction.
However, the fields in many other regions cannot be determined

due to scarcity of data points. Also, random fields in some re-
gions may be stronger than the regular magnetic fields, which
complicates derivation of field directions from pulsar data. Our
current knowledge of large-scale magnetic fields is shown in
Fig. 1, very different from the over-simplified field structure used
in previous studies (e.g. Davies 1974).

At high Galactic latitudes, Han et al. (1997, 1999) identi-
fied a striking antisymmetry in the RM distribution in the sky,
mainly in the inner Galaxy, which was argued as being caused
by azimuthal magnetic fields in the Galactic halo with reversed
field directions below and above the Galactic plane. However,
there is little Zeeman splitting data for the molecular clouds at
high Galactic latitudes (see Tables 1 and 2 below), so we will not
discuss these data for the halo field. Instead, we concentrate on
the large-scale field in the Galactic disk.

3.2. Overview of the data

We plot the measurements of Zeeman splitting for magnetic
fields in Fig. 2, using the median values in Tables 1 and 2. The
medians are good representatives if many spots are observed
with high resolution observations for the Zeeman splitting in
molecular clouds or star formation regions (e.g. Fish & Reid
2006; Fish et al. 2005b). If there are measurements for only two
spots, then we took their average. Given the fact that the large-
scale magnetic fields in the Galactic disk are not in one field
sense (clockwise) as assumed in many previous analyses, it is
not meaningful to count how many data points have the same
sense as the Galactic rotation and how many have the opposite
sense. Rather, we should compare data with proposed models for
the magnetic fields in the Galactic disk.

As seen in Fig. 2, the sign distribution of Zeeman splitting
data have a clear structure. In many regions there is a dom-
inant direction of line-of-sight components, which can be re-
lated to the clockwise (CW) or counterclockwise (CCW) sense
of the Galactic azimuthal magnetic fields. As discussed by

Han & Zhang 2007
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MHD equations with CR
運動方程式にCosmic Rayの効果を導入。

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

isothermal MHD equations

∂ρ

∂t
+ ∇ · (ρv) = 0

∂e

∂t
+ ∇ · (ev) = −p(∇ · v)

∂v
∂t

+ (v ·∇)v = −1
ρ
∇

(
p + pcr +

B2

8π

)
+

(B ·∇)B
4πρ

−∇Φ

∂B
∂t

= ∇× (v × B) + η∇2B

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

Cosmic Ray pressure
Cosmic Rayのエネルギー方程式は流体の方程式とは別個
に解く。

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

isothermal MHD equations

∂ρ

∂t
+ ∇ · (ρv) = 0

∂e

∂t
+ ∇ · (ev) = −p(∇ · v)

∂v
∂t

+ (v ·∇)v = −1
ρ
∇

(
p + pcr +

B2

8π

)
+

(B ·∇)B
4πρ

−∇Φ

∂B
∂t

= ∇× (v × B) + η∇2B

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

Cosmic Ray diffusion

Source term
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