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Abstract

The mechanism of generation of magnetic field by thermal convection is
investigated by analyzing the numerical solution to the Boussinesq magneto-
hydrodynamic equations in a rotating spherical shell. The magnetic flux lines
are intensified by concentrate-and-stretch around sinks in the outer boundary
layer, on the equatorial plane and in the inner boundary layer, and the strong
magnetic field is generated downstream of them. The magnetic fux lines are
being streiched there irrespective as to whether fluid elements accelerate or
decelerate.
keywords: MHD dynamo, thermal convection, rotating spherical shell,

concentrate-and-stretch.

I. INTRODUCTION

The mechanism of geodynamo is one of the unsolved fundamental problems in geophysics.
It is generally believed that the magnetic field is generated by the motion of an electrically
conducting fluid in the outer core. As described conceptually by Parker,' the toroidal mag-
netic field is converted from the poloidal by shearing motior of the non-uniform east-west
fluid flows. The latter, on the other hand, is converted back from the former by twisting

motion of the upwelling or the downwelling helical fluid flows. This kinematic argument is



interesting but seems too simple to explain the observed structure of geomagnetic field and
its temporal evolution even in a qualitative way.

Historically, the dynamo mechanism has been studied by solving the magneto-
hydrodynamic {(MHD) equations either kinematically or self-consistently {see Ref. 2 for a
review). Roberts® discovered in his spherical kinematic dynamo models the condition of ap-
pearance of either an oscillatory or a steady magnetic field of either dipolar or quadrupolar
structure, which depends on the type of the velocity field.

Accurate direct numerical simulations of the MHD equations in a rotating spherical shell
have become possible only recently thanks to a rapid development of computer sciences.
Kageyama and his co-workers* solved the compressible MHD equations by means of a finite
difference scheme by imposing a symmetry with respect to the equatorial plane of the velocity
and the magnetic fields, and observed an unsteady strong magnetic field of which the energv
is one order of magnitude greater than the kinetic. In a different run®® without imposing
the above symmetry, they realized a steady dipole dynamo in which the magnetic energy
was about twice as large as the kinetic, and interpreted the growth of the dipole magnetic
field in terms of the so-called aw dynamo mechanism. Glatzmaier and Roberts” solved a
set of modified Boussinesq MHD equations derived in the limit of large Taylor and Rayleigh
numbers. They realized a strong magnetic field whose energy was three orders of magnitude
greater than the kinetic, and observed a reversal of magnetic field. Kida et al.® solved the
Boussinesq MHD equations by means of the spectral method to observe periodic reversals
of magnetic field, in which the magnetic energy was 30% of the kinetic.

In this paper we examine the generation mechanism of magnetic field driven by a thermal
convection in a rotating spherical shell. The knowledge of the spatial structure of velocity
field is prerequisite for the understanding of the mechanism. In a previous paper® we an-
alyzed the detailed structure of thermal convection without magnetic field. Five pairs of
cyclonic (i.e. rotating in the same sense as the spherical shell) and anti-cyclonic vortex
columns drift westward steadily with constant angular velocity. We perform here an MHD

simulation by adding a small random perturbation of magnetic field on this steady thermal
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convection state. A special attention is paid to the spatal correlation between the magnetic
and the velocity fields for the purpose of understanding of generation mechanism of mag-
netic feld. The basic equations and the numerical method are briefly explained in §2. The
numerical results ave presented in §3, in which the spatio-temporal structure (§3.1) and the
generation mechanism (§3.2) of magnetic field are discussed. Section 4 is devoted to our

concluding remarks.

II. FORMULATIONS

We consider the interplay between the motion of an electrically conducting fluid and the
temporal evolution of the magnetic field by solving numerically the MHD equations (see
(1)-(5) below). A fluid of density p is confired in a spherical shell which is rotating with
constant angular velocity £2 (see figure 1). The inner and the outer boundaries of the shell
are spheres of radii r; and ro(= 7 + d), respectively. The temperature on cach boundary is
kept uniform over the sphere and constant at all the time. It 1s hotter on the inner sphere
than on the outer by AT, which drives a thermal convection. The gravity force g = —pyx
is assumed to work on fiuid elements per umit volume, where v is a constant and @ 15 a
position vector relative to the center of the system. It is also assumed, for simplicity, that
there is vacuum outside the shell and that the magnetic permeability of the fluid is equal w
that of vacuum.

Under the Boussinesq and the MHD approximations the equations of fluid motion and

the magnetic field are written, in a frame rotating with the shell. as

-?9—1: =-VP+PRTz+ux(Vxu)—bx(Vxb)+ PrTa%u x z + P,V u. (1)
ob

5= V x (u x b) + R, Vb, (2)

%—f = -V (uT)+ VT, (3)



V.u=0, _ (4)

V.-b=0. (5)

Here, u is the velocity, P = p/p+ 3|ul* + 3v|®|* — 5|02 x )? is a modified pressure (p is the
true pressure), T is the temperature, b is the magnetic flux density and 2 = £2/|42| is the unit
vector along the rotation axis. All the variables have been normalized in terms of thickness d
of the shell, thermal diffusion time d*/x (x is the thermal diffusivity), temperature difference
AT between the two boundaries and the magnetic flux density fc(,up)% /d. There appear four

dimensionless parameters,

i [2192]d?\* A
Pr:E‘: RQ=M? Ta:(l | ): Ro:_a (6)

K Ky I K

which we call the Prandtl number, the Rayleighhumber, the Taylor number and the Roberts
number, respectively, where « is the thermal expansion coefficient, v is the kinematic vis-
cosity of fluid and A is the electrical resistivity. The magnetic Prandtl number P, = v/} is
expressed as P, = P, /R,.!

The no-slip boundary condition 1s imposed for the velocity field. The magnetic field inside
and outside the shell is connected smoothly on the boundaries. Equations (1)~(5) with these
boundary conditions are solved numerically by the pseudo-spectral method described in Ref.
8. The simulation is performed in two steps. First, a steady thermal convection state is

realized in a run without magnetic field with parameters,
R, =3200, T,=8000, P.=1, r/ry=0.5, (7)

in which five pairs of cyclonic and anti-cyclonic vortex columns drift westward steadily with
' angular velocity 0y =~ 1.2.° Thin boundary layers, what is called the Ekman layers, are
developed on both the inner and the outer spheres. An MHD simulation is then carried out

by adding a small random seed of magnetic. field to the above steady thermal convection

tPrandtl number Py, in Ref. 8 should be read as Roberts number R,.
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state. Several runs with different values of R, are performed. It turns out that the magnetic
field is generated for R, < 0.122. In the following we will report a near-critical case with

R, = 0.12.

II1. RESULTS
A. Temporal Evolution and Spatial Structure of Magnetic Field

The growth of the magnetic field is most conveniently monitored by the total magnetic

energy

Ew(ty = [ 1o, t)de. (8)

where the integration is taken over the whole space. The temporal evolution of & is shown

in figure 2 together with the kinetic energy
Ex(t) = [ brula,1)fde. ©)

It is seen that the magnetic energy increases at first exponentially in time and saturates
around ¢ = 300 to about 11.206 accompanied with an oscillation of very small amplitude
(7 107%) and a period of about 16 (see figures 2 (b) and 4 {c-1)). The kinetic energy, on the
other hand, remains almost constant over the whole period. The total magnetic energy is
about 2% of the kinetic in this quasi-steady state. The magnetic energies inside the inner
boundary and outside the outer are only about 0.5% and 5% of the total, respectively.

The symmetry of the system with respect to the equatorial plane allows two purely
symmetric states. The magnetic field can be either symmetric or anti-symmetric, while
the velocity and the temperature fields are restricted to be symmetric. In the present
simulation a purely anti-symmetric magnetic field happens to be realized even starting with
an asymmetric random initial condition.

One of the most interesting physical quantities which characterize the dynamo action in

a rotating system is a magnetic dipole moment
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m(t)zfvgm x j(z, t)de, (10)

where § = V x b is the electric current density.! The temporal evolution of the axial
component m, of the magnetic dipole moment is shown in figure 3. The cross component
is negligible at all the time (< 107°). It stays nearly zero during the early period of the
exponential growth of the magnetic energy (¢ < 150, see figure 2). Then, it starts to oscillate
with increasing amplitude. The period of oscillation is about 32 (= 16x2) in the quasi-steady
state, which synchronizes with the oscillation of the total magnetic energy.

As stated in §2, the vortex columns drift westward steadily with angular velocity 2y, so
that the flow field is steady in a frame rotating with this angular velocity. Notice that the
outer and the inner boundaries move eastward in this steady-flow frame.

The temporal evolution of the spatial structure of magnetic field in the st_eady—ﬂow frame
is shown in figures 4, where the magnitude of magnetic flux density is depicted by blue iso-
surface at the level of |b] = 2 (|b|max = 3.4), which are viewed (a) from the north pole and
(b) from an oblique angle. They cover two periods of oscillation of £y (or one period of
oscillation of m,). See figure 4 (c¢) for the temporal evolution of £,y and m, in this period.
Dark (or light) blue in figures 4 (a) and (b) implies that the z-component b, of the magnetic
flux density is positive (or negative). Transparent iso-surfaces of vorticity magnitude are
drawn at jw| = 52 in region 1.15r; < r < 0.91ry. The boundary layers on the outer and the
inner spheres, in which the vorticity is very large, are removed for better representation.

There are several interesting features observed in these figures. First, the magnetic
field is not five-fold symmetric around the rotation axis though the velocity field is. This
asymmetric mode is shown by a linear stability analysis (or equivalently by a kinematic

dynamo approach) to be more unstable than the symmetric one.’ Second, the regions of

fIn our previous paper,® we defined a dipole moment vector P in terms of the first order coeffi-
cients in the spherical harmonic expansion of the magnetic flux density outside the outer spherical

boundary, which is related with m as m = —2V/67r3 P.



strong magnetic field change in time in & peculiar way. In the first half of the period ({1}-{v}}
the dark blue regions in the left are diminishing. while new regions of the same color are
born in the right. During this process the light blue regions in the middle hardly change.
In the second half ((v)-(ix)} the process is exactly the same as that in the first. but the
direction of magnetic field is reversed. Incidentally. the structure of magnetic field in (ix) is
identical to that in (1), but the location is shifted eastward by angle of 7. Third, the intense
magnetic field is confined in three distinct domains. that is, around the tops of cyclones and
their western neighbor anti-cyclones, inside the anti-cyclones, and between cyclones and
their western neighbor anti-cvclones.

In order to extract the domains where the intense magnetic field is generated, we plot, in
figure 5, the envelope surface of the magnitude of magnetic flux density, that is, the supreme
at each point of |b] over time interval 385 < ¢ < 433 (three periods of oscillation of £17) at
the level of |b| = 2. They are viewed (a) from the north pole, (b) from an oblique angle
and (c) from the equatorial plane. It is clear that the intense magnetic field is confined only
in the three kinds of domains mentioned above. In the next subsection we scrutinize the

intensification mechanism of magnetic field in these domains.

B. Mechanism of Magnetic Field Intensification

Since the intensification mechanism of magnetic field seems to be common at all the time,
we examine it by analyzing the field at ¢ = 385 (figures 4 (a-i) and (b-i)). As representative
points of the three kinds of domains of intense magretic field identified in the preceding
section, we take local maxima of |b]. Their positions in the respective domains, which are
denoted by P1, P2 and P3, are plotted in figure 6. They are located in the vicinity of the
outer sphere, the equatorial plane and the inner sphere, respectively. The local maxima at
P1, P2 and P3 are 2.8, 2.8 and 2.5. respectively.

For a later convenience in the discussion of magnetic field intensification we write here the

evolution equation of magnetic energy density, which is obtained by multiplying induction



equation (2) by b,

O 4bl = b5 b (u- V)bl + Rb- (V7). (1

where g is the rate of strain tensor

oui ou\
s={sy}, sy= (B:j + azj) , (1,7 =1,23). (12)

The first term on the right-hand side of eq. (11) represents the magnetic field intensification
(or weakening) through stretching (or shrinking) of magnetic flux lines by fluid motion.
The second and the third terms represent the advection of magnetic energy density and the
diffusion/dissipation by resistivity, respectively. These terms normalized by 3|b|? as

S:b-glb A:—('MJ-V)-%|I.‘)|2 D_Rob-(vzb)

TJeF mr T T I

(13)

which represent the contribution to the growth rate of the intensity of magnetic field, are
called here the stretching, the advection, and the diffusion/dissipation terms, respectively.
Note that this normalization is essential for the correct estimation of the contribution of
the velocity field to the growth rate of the magnetic field. Otherwise, it is masked by the
intensity of the magnetic field. In the following we discuss the intensification mechanism of

magnetic field in the above three domains one by one.

1. Around Tops of Cyclones and their western neighbor Anti-cyclones

The magnetic flux lines around P1 which is located near a top of an anti-cyclone are
shown in figure 7 (a). They pass a circle of radius 0.15 centered at P1 on a plane perpen-
dicular to b. They are drawn only inside the shell. It is seen that the magnetic flux lines
run in parallel with the regions of high |b| and that they tend to be along the outer sphere
in the boundary layer.

In order to see the flow structure which generates the magnetic field, we plot, in figure 7
(b}, streamlines (in a frame moving with the vortex columns) projected on a sphere of radius

0.97r, (at the fifth grid from the outer sphere in the calculation mesh) which is located near
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the edge of the outer boundary layer. Here. the color represents the acceleration of fluid
clements: red denotes positive and white negative The radial component u, of the velocity
is represented by contour lines as well as by color map. where dark blue implies positive
and light blue negative. There are a single source around the north pole and five near the
equator, whereas five sinks at the middle latitude. Those streamlines that flow out of the
north pole split into five. Each of them spirals anti-clockwise into one of the five sinks.
The streamlines which flow out of one of the sources near the equator split into two. They
spiral anti-clockwise into either a western or an eastern neighbor sink. The fluid elements
accelerate and decelerate around the sources and the sinks, respectively. The mean radial
component of velocity is one order of magnitude smaller than that of the surface component
on this sphere. The position of a sink does not necessarily coincide with a local minimum
of u, because the flow is not perpendicular to the sphere. A comparison of figure 7 (a) and
(b) reveals that the intense magnetic flux region is rooted at the sink.

The three-dimensional structure of fluid motion is shown in figure 7 {¢) with streamlines
which are drawn from a circle of radius 0.2 centered at P1 on a plane perpendicular to
the velocity vector. The meaning of the color is the same as that in figure 7 (b) . The
streamlines which run in the outer boundary layer spiral anti-clockwise into the sink. The
fluid elements decelerate near the sink in the outer boundary layer, but accelerate behind it
inside the shell.

The spatial correlation between the velocity and the magnetic fields is clearly seen in
figure 7 (d), in which the magnetic flux lines in figure 7 (a) and the streamlines in figure
7 (c) are superposed. Note, however, that the color of streamlines now represents the sign
of stretching term S; red denotes positive and white negative. It is seen that the magnetic
field is being intensified by concentrate-and-stretch of magnetic flux lines around the sink
and that the intense magnetic field is generated downstream of it.

In order to examine the mechanism of intensification of magnetic field quantitatively,
we show, in figure 8 (a), the variations of the stretching (S), advection (A) and diffu-

sion /dissipation (D) terms along a streamline which passes P1. This is drawn in figure 7
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(e), where the color of streamlines represents the sign of S, and P1U and P1D denote null
points of 5. The stretching term is positive between P1U and P1D. It is seen in figure 8 (a)
that the stretching term dominates the other two near-upstream of P1, which implies that
the magnetic field around P1 is being intensified by the stretching of magnetic flux lines.
‘The stretching of magnetic flux lines is closely related to the acceleration a of fluid motion
and the angle ¥ between the velocity and the magnetic flux vectors. Their variations along
the streamline shown in figure 7 (e) are drawn together with || in figure 8 (b). Because the
velocity field is solenoidal, the fluid elements are likely to be stretched along {or across) a
streamline in the places where they accelerate (or decelerate). The fluid elements accelerate
and the angle is smaller near-upstream of P1, whereas they decelerate and the angle is larger
far-upstream. This may explain that the magnetic flux lines are stretched over the whole
upstream of P1 irrespective ag to whether fluid elements accelerate or decelerate. Those
magnetic flux lines that pass the streamline between P1U and P1D are plotted in figure 7
(f). We see that the magnetic flux lines which are almost perpendicular to the streamline

around P1U tend to align with it near P1.

2. Inside Anti-eyclones

The mechanism of intensification of magnetic field around P2 is similar to that around
P1 discussed in the preceding subsection. In figures 9 and 10 we draw the same quantities
as in figures 7 and 8 except for figure 9 (b) in which the contour lines and the color map are
shown for Ju,/0z.

The magnetic flux lines around P2 are aligned in the north-south direction in an anti-
cyclone {figure 9 (a)). These magnetic flux lines are situated around a spiral sink of the
thermal convection in the equatorial plane. The streamlines around an anti-cyclone spiral
clockwise into the center of it and expand in the north-south direction (du,/dz > 0) {figure 9
(b)). The flow around P2 makes a spiral upwelling motion in the anti-cyclone (figure 9 (c)).

As shown in figure 9 (d), the magnetic field is being intensified by concentrate-and-stretch of
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magnetic flux lines around the sink and that the intense magnetic field 1s generated behind
it.

It is seen in figure 10 (a) that the stretching term dominates the other two near-upstreann
of P2 along a streamline which passes P2 (figure 9 (e)). This means that the magnetic field
around P2 is being intensified by the stretching of magnetic flux lines. As a matier of
fact. the magnetic flux lines which pass the streamline between P2U and P2D (figure 9
(f)) are stretched over the whole upstream of P2. They are stretched across the streamline

far-upstream of P2, while along it near-upstream and downstream (figure 10 (b)).

3. Between Cyclones and thewr western neighbor Anti-cyclones

The mechanism of intensification of magnetic field around P3 is also similar to thar
around P1 and P2. We draw again, in figures 11 and 12. the same quantities as in figures 7
and 8.

As seen in the streamlines projected on a sphere of radius 1.067; which is located near
the edge of the inner boundary layer (figure 11 (b)). there is a sink around the north pole
and five pairs of sources and sinks near the equator. Those streamlines that flow out of one
of the sources split into three. They run toward either a western, an eastern or the north
polar sink. The fluid elements accelerate and decelerate around the sources and the sinks,
respectively. The mean radial component of velocity is one order of magnitude smaller than
that of the surface component on this sphere. The sinks near the equator are extended on
lines in the inner boundary layer, which contrasts the point-like sinks in the outer boundary
layer. The magnetic flux lines and the streamlines which start from two lines parallel to the
line-sink on the both sides on this sphere are shown ir figure 11 (a) and (c), respectively.
They are concentrated in a sheet between a cvclone and its western neighbor anti-cyclore.
We observe again, in figure 11 {d), that the magnetic field is concentrated toward the sink
and intensified by stretching of magnetic flux lines and that the intense magnetic field is

generated downstream of it.
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As seen in figure 12, the behavior of the three terms in the magnetic energy density
equation, the acceleration of fluid elements and the angle between the velocity and the
magnetic field vectors are qualitatively same as those around P1 and P2. Incidentally, it
may be attributed to the weak intensity of the sink at the north pole that the magnetic field

there is not so strong.

IV. CONCLUDING REMARKS

By solving numerically the Boussinesq MHD equations in a rotating spherical shell, we
have realized an anti-symmetric oscillatory dynamo in a symmetric quasi-steady convection.
Since the Roberts number is just below the critical, the intensity of the generated magnetic
energy is weak (about 2% of the kinetic energy) and does hardly disturb the velocity field.
This makes it much easier to analyze the mechanism of the intensification of magnetic feld.

The magnetic flux lines are convected and concentrated, while being stretched, toward
sinks in the outer boundary layer, on the equatorial plane and ir the inner boundary layer,
and the intense magnetic field is generated downstream of them. Tt is interesting to note
that the magnetic flux lines are stretched around the sink irrespective as to whether fluid
elements accelerate or decelerate. This happens because of the change of the angle between
the magnetic flux lines and the streamlines.

It may be also interesting to compare three kinds of stretching processes, i.e. the stretch-
ings of the magnetic flux lines, the vorticity lines and the fluid elements. The temporal

evolution of the total magnetic energy in the spherical shell is described by

d

7 hllélblzdiv:fh”b-ﬁ'bd:chRo/ b- (V) d, (14)

hell

which is obtained by integrating eq. (11). Note that the advection term has been integrated
out. In the quasi-steady state (¢ > 350) the magnetic-flux-line stretching term gives a
positive contribution which is balanced with the diffusion/dissipation one. As for vorticity,

a curl of eq. (1) yields the vorticity equation
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%‘; =PRVT Xr+Vx{uxw)—Vx{bxj)+ P,,Ta%:“z Vu + P,Vw. (15)

The second term on the right-hand side of this equation represents the vortex stretching
and tilting (cf. the first term in eq. (2)). Multiplving eq. {13) by w. and integrating over the

spherical shell, we obtain the enstrophy equation

—d—/ %|w12d$:PTRa] w-(VTxr)da:+/ w-s wde
dt Jsheit shell shell
—/ b‘(Vj)-wd:n—}-/ § (Vb - wdz
shell shell
+PT? / tswdztP | w (V) de. (16)
shell shell

The second term on the right-hand side of this equation represents the contribution
due to vorticity stretching. In the present case, the mean stretching rate of magnetic
flux lines ([ b-8-bde/ [ 1b°de = 7.3) is muck larger than that of vorticity lines
(Jaenw - 8- wdz/ [ lw*de = 1.3). That is, the magnetic flux lines are being stretched
more than the vorticity lines. On the other hand, the mean stretching rate of luid elements,
Forey @ - 8- wdz/ 4. 1ul?de, vanishes exactly because the velocity field is solenoidal and
boundary condition is no-slip.

The structure of magnetic field obtained here has some similarities to the observation of
the real geomagnetic field.!! The pattern of magnetic field at the core-mantle boundary is
anti-symmetric with respect to the equatorial plane. There is strong magnetic flux in the
middle latitude at two of three locations distributed symmetrically around the rotation axis.
They drift westward relative to the Earth. These characteristic features of the geomagnetic
field are quite similar to those observed in the present simulation though the strong magnetic
field is concentrated at two of five symmetric locations instead of three.

A similarity to the sunspots'? is also to be noted. A sunspot is a sheaf of magnetic flux
lines standing in the photosphere, filling the umbra and peumbra, and fanning out above.
The magnetic field is strongest and almost radial at the center of the umbra. Tt gradually
weakens with distance from the center. A sunspot is cooler than the surroundings. These

features are consistent qualitatively with the present numerical magnetic field.
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The structure of intense magnetic field observed in the present simulation rather robust.
In fact we have seen that it survives at such a low Roberts number as £, — 0.1 in which the
magnetic energy is about 30% of the kinetic and the velocity field changes sigrificantly in
time.® As a matter of course, the coupling between the velocity and the magnetic fields gets
stronger and their spatio-temporal structures may deviate from the present basic structure
at further low Roberts numbers. In our preliminary simulation at R, = 0.07, in which
irregular reversals of magnetic dipole moment are taking place, the intense magnetic field
changes in a quite complicated way but still retains a trace of the basic structure. These

resutts will be reported in a separate paper.
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FIG. 1.

FIG. 2.

FIG. 3.

FIG. 4.

FI1G. 5.

FIG. 6.

FIG. 7.

FIGURE CAPTIONS

Configuration of the system.

(a) Temporal evolution of kinetic energy £x and total magnetic energy £u. The total

magnetic energy in the quasi-steady state is enlarged in (b).
Temporal evolution of axial component m, of magnetic dipole moment.

Iso-surface of magnitude of magnetic flux density [b] = 2 (|b|max = 3.4) over two
periods of oscillation of £y (one period of oscillation of m,). They are viewed (a)
from the north pole and (b) from an obliqué angle. Dark (or light) blue implies that
the z-component b, of the magnetic flux density is positive (or negative). Transparent
iso-surfaces of vorticity magnitude |w| = 52 are drawn in region 1.15r; < 7 < 0.91r,.
(i) ¢ = 385, (ii) 389, (iii) 393, (iv) 307, (v) 401, (vi) 405, (vii) 409, (viii) 413, (ix) 417.
(¢) Time-evolution of (i) the total magnetic energy and (ii) the axial component of

magnetic dipole moment.

Envelope surface of magnitude of magnetic flux density. The supreme at each point
of |b| over time interval 385 < ¢ < 433 (three periods of oscillation of _EM) is drawn
at the level of |b| = 2. They are viewed {a) from the north pole, -(b) from an oblique

angle and (c) from the equatorial plane.

Points P1, P2 and P3 of local maximum of magnitude of magnetic flux density in the

three kinds of domains of strong magnetic field at ¢ = 385.

{a) Magnetic flux lines which pass a circle of radius 0.15 centered at P1 on a plane
perpendicular to b. (b) Streamlines projected on a sphere of radius 0.97r,. The radial
component u, of velocity is represented by contour lines at the levels of 0, £0.18, £0.36
and by color map, where dark blue denotes positive and light blue negative. (c)
Streamlines which pass a circle of radius 0.2 centered at P1 on a plane perpendicular

to the velocity vector. (d) Superposition of the magnetic flux lines in (a) and the
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FIG. 8.

FIG. 9.

FIG. 10.

FIG. 11.

FIG. 12.

streamlines in (¢). (e) A streamline which passes P1, on which P1U and P1D denote
the null points of S. (f) Magnetic flux lines which pass the streamline between P1U
and P1D. Color in (b), (c) and (f) represents the sign of acceleration a, whereas the

sign of stretching term S in (d) and (e); red denotes positive and white negative.

Variations along the streamline shown in figure 7 () of (a) the stretching (5), the
advection (A) and the diffusion/dissipation (D) terms and (b) the acceleration a of
fluid motion, the angle ¥y between the velocity and the magnetic flux vectors and the

magnitude of magnetic flux density |b|.

Same as figure 7 around point P2 except for (b), in which streamlines are drawn on
the equatorial plane. The rate of strain du,/dz in the axial direction is represented
by contour lines at the levels of 0, £6, =12 and by color map, where dark blue denotes

positive and light blue negative.
Same as figure 8 for a streamline shown in figure 9 {e).

Same as figure 7 around point P3 except for (b), in which streamlines are drawn on
a sphere of radius 1.06r;. The radial component u, of the velocity is represented by

contour lines at the levels of 0, 40.5, &1 and by color map.

Same as figure 8 for a streamline shown in figure 10 {e).
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