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Generation mechanism of a dipole field by a magnetohydrodynamic dynamo
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Computer simulation of a magnetohydrodynamic dynamo in a rotating spherical shell is performed. A strong
magnetic field is generated by thermal convection motion of an electrically conducting fluid. The generated
magnetic field has a well-organized structure. The field is expanded by the spherical harii{bnithe
leading moment is the dipole/{=1,m=0) which is 1.3 times larger than the second moment, octapole
(/=3,m=0). These two moments occupy more than half of the total power of the magnetic field. Structure
and the generation mechanism of the magnetic field are examined in detail. It is found that the well-known
a-o dynamo scenario gives a good explanation of the whole dynamo ¢98656-282197)06503-X

PACS numbgs): 52.30—q, 52.65.Kj, 95.30.Qd, 97.10.Ld

I. INTRODUCTION (risr=ry,0sd=mw,0<¢p<2w). The grid numbers
(N;,Ny,N,) are chosen to be (50,38,64). The boundary
In this paper, we investigate the magnetohydrodynamigonditions atr=r; and r, are such thatv=0 and

(MHD) dynamo by thermal convection motion of plasma in E,=dEg4/dr=9E,/dr=0. This means that the magnetic
the geometry of a rotating spherical shell, such as a stellafeld has only radial components on the boundar@s#0,
convection zone. The self-consistent computer simulation ogﬁz B,=0) [17,1]. This boundary condition is proper for a
the MHD dynamo has been performed by many authorggiar dynamo problem since it is observed that the magnetic
[1-13]. Our model would be appropriate for solar-type starsie|q af the photosphere is always perpendicular to the sur-
but our present Interest Is in the und.erstandmg qf gener%\ce [1]. This boundary condition guarantees the poynting
MHD dynamo physics, rather than a direct comparison W'thﬂ x EX B through the boundary to be zero, since the vector

a special star. Many dynamo studies focus on the so-calle X B has no radial component. Therefore, we can definitel
a effect[14—14. This is reasonable since an essential pro—sa that a strona ma npetic fiéld in the s herical shell by
cess of the field generation is extracted in theeffect. It y 9 9 P ob-

should be stressed, however, that the studies otitleéfect tained at the end of this si.mqlation s a Tesu." of an MHD
are physically inconsistent unless it is proven that the condYamo process, notan artificial or numerical inflow of mag-
vection motion driven by thermal energy naturally has a flon"€tiC €nergy through the boundaries.

pattern which produces the effect. In this paper, time de- The parameters used in this S|mula£|on are as follows:
velopments of thermal convection motion as well as thei=0-3,1o=1.0,R=1X10", #=2.7x10"*, T=5.88x1C,
magnetic field are self-consistently calculated. The solvedr=1, Pr,=10.6, whereR, #», T, Pr, Pr, are a Rayleigh
equations are the full set of the MHD equations. There is ndumber, nondimensional resistivity normalized jaycsr,
explicit a-effect term in the induction equation. We have (Cs is sound spegda Taylor number, a Prandtl number, and
reported in previous papers that a strong magnetic fieldd magnetic Prandtl number, respectively. These parameters
whose energy becomes greater than convection energy, &e defined as follows:R=(g/T,)(B8c,—g)(ro—r;)*/

generated17], and a dominant dipole magnetic field is spon-[(«/po) (¥/po) 1, T=[2Q(r,—r)?v]? Pr=v/k,
taneously generatdd8]. In this paper, we present a physical Pr,=v/7, whereT, andp, are temperature and mass den-
mechanism of how the dipole field is generated. sity at the outer sphere;g=gravity acceleration,

B=temperature gradient coefficierithe initial temperature
profile is given byg/r +const.) c,=specific heat with con-
stant pressurex=thermal conductivity,v=viscosity, and
We set up a simulation model as simple as possible sinc€ =rotation angular velocity of the spherical shell. Although
our present purpose is to understand the fundamental procefse purpose of this paper is not to simulate the sun or other
of the MHD dynamo. Suggested by a stellar convectionspecific star, it would be helpful to show various values
zone, we consider a spherical shell geomésse Fig. 1a)]. adopted in this simulation in dimensional form. If we take
The system consists of an inner spherical core that has a hethie outer radius,, mass densityp(r,), and temperature
source to keep its surface £€r;) at high temperature, an T(r,) as the solar values[20] [r,=6.7x10°(m),
outer heat absorbing spherical boundary surfacer() that  p(r,)=8%x10"° kgm 3, and T(r,)=6.6x10° K], other
is kept at low temperature, and an intermediate conductiveimensional values can be calculated as, for example, heat
fluid medium sandwiched by the two spherical boundariedlux=1.1x10° J/s nf, gravity acceleration4.1 m/€, vis-
(r=r; andr,). The conductive medium is represented by thecosity =~ »=1.1x10° kg/ms, thermal conductivity
MHD equations with gravity force. The calculation is imple- k=1.4xX 10" W/mK, resistivityp=1.7x10°Qm. Some of
mented on a spherical coordinate §,¢) grid point system these values are quite different from those of the sun. Espe-
with a finite difference methofil7,19. cially, the last three dissipation coefficients are apparently
Simulations are performed in a full spherical shell regiontoo high for a high temperature plasma. This means that we

Il. MODEL AND METHOD
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simulate an MHD dynamo in a system of strong dissipationtween 0 and 0.001. The amplitude of the initial magnetic

limit. energy induced from this vector potential is only
Time development of the difference MHD equations are1.61x 10" 2 of the convection kinetic energy. Although the

calculated by the fourth-order Runge-Kutta methi@]. initial magnetic field has a complicated structure, we get a

Time is normalized by sound crossing tirver,/cs). Inthis  simple magnetic field structure at the end.

normalization, the thermal diffusion timﬂh, viscous diffu- After a short while, the magnetic energy starts growing

sion time 7,;s and resistive diffusion timer.s are given,  exponentially. The magnetic energy grows beyond the ki-
respectively, byry,= 7,is=240 andres=3700. The simula-  netic energy at about=4000 and saturates at an energy
tion is made untik=5500, that is about 23y, (7,is) Or 1.5 |evel about two times larger than the kinetic energy in the
Tres- The sphere rotates about 6130 times in this period. ThBresent case. Both energies have no appreciable temporal
turnover time of the convection motion is roughly ten times, 5 iations in the final state. The convection motion in the
of the rotation period of the sphere. final state is nonturbulent and keeps its well-organized struc-
ture. One of the interesting findings of this simulation is that
. RESULTS in spite of the existence of such a strong magnetic field, the
columnar structure of the convection motion is not de-
stroyed. This can be explained by the fact that the generated
The initial condition is given by a hydrostatic and thermal magnetic field is nearly force freeJXB~0) in the most
equilibrium state with no magnetic field. A thermal convec- part.
tion instability, with no magnetic field, grows when a weak
random noise is superimposed upon the initial temperature C. Structure of magnetic field
profile. Thermal convection in rotating spherical shells has
been investigated by theof22,23 and numerical simula-

A. Structure of convection motion

In order to understand the generation mechanism of the
magnetic field, we examine in detail the magnetic field struc-

tion [24-27,19,28 In our calculation, the convection . - . X
__ture in the shell at=3400 when the magnetic energy is

reaches a saturated statd atl50. The saturated convection . ; ; LS ;
exponentially growing. It is found that dividing the magnetic

motion is nonturbulent and has almost no temporal fluctuaﬁeld into toroidal and poloidal parts helps understanding the
tion. The convection pattern slowly drifts westward. Well- P P P 9

field structure. The blue lines in Fig. 2 show the toroidal field

organized anticyclonic and cyclonic columnar cells, or, anti-. X . ;
gan: yclon ye lines. Figures @) to 2(d) show four different views. There
cyclonic and cyclonic convection columns, whose axes are

parallel to the rotation axiéz axis), are formed in pairgside are 12 field lines in Fig. 2six in each hemispheravhich are

) : ; : all traced for a length of 17.14n the unit ofr,) though the
by S'd‘? and encwclg the m‘a“o’? axfsee Fig. 1b)]. The field lines can be traced much more. The gray transparent
formation of the straight convection columns are due to th

Taylor-Proudman theorefi9]. It is known that there is an- Darlike objects are isosurfaces of positizecomponent of

other constraint of an MHD fluid in a rotating system which vorticity w, which stands for cyclonic convection columns.

vias found by Tayo(30] However, Tyl consirantfs TS5 1000 o magnets fes 1 each b
not satisfied in our simulation since the necessary conditiont” . P y y

for this constraintnegligibly small viscosity and very slow :2:;5 ;?; i?]q::]aet();éL\Jl\tlﬁzmle;]rgn;?sthheepeorfr?rir:]tre]?g![?r?hef;eati?g
flow) is not satisfied in our case. P ' 9

The fluid in a cyclonic(anticyclonio column rotates in of the toroidal field is that the shape of the lines viewed from

LAY ; . north[Fig. 2@)] is like a flower with six petals. It will be
tsr;leeIfa%e(eofglEi;tr?sdfllrs\;::?lneg;tit(?ﬂie)srﬁit\?;Ohneﬁéi':;evézh?:cal shown that this characteristic shape of the lines is a key to

the northern(southeri hemisphere due to the axial, @, understand the generation mechanism of the magnetic field.

flow component in each column which is directed towardin J‘Zesgﬁ;?cgr ghrgl(lj “Af;le'?hlen Iﬁ]lg.s?’arsg?rvzvacpe?jloflr%?wl‘lf![ﬁg gzteesr
(away from) the equator in the cycloninticyclonig col- bound P o Th ' tarti ints of the i h
umns. This axial flow induces horizontally converging, or oundary (=ro). € starting points ot the ines are chosen
sucking, flow near the outer boundary at batiorthern and so that the magnetic field streng{B| at the points are

5 :
southern ends of the cyclonic columns. This horizontal con- greatgr the}n 50/,? Oft :natﬁmtjm '\(/jaIH]?'réaf on'thez o;ﬁer
verging flow plays an important role in the dipole field gen- oundary. In contrast to the toroidal field lingsig. 2), the

eration which will be explained later on. Effects of com- poloidal field Iines(Fig._ 3 cannot b_e traced f_ar, since they
pressibility on the convection dynamics are weak in thisSo0Nn reach the spherical boundaries. The lines are colored

calculation since the maximum speed of the convection ve(—jue to .the position O.f each line’s end point. The end point of
locity is about 10% of the sound velocity. a red line is on the inner boundary. In other words, the red

lines connect two points, one of which is on the outer bound-
ary and the other on the inner boundary. On the other hand,
the end point of a green line is on the outer boundary: Green
After the convection motion has reached the saturatetines connect two points which are both on the outer bound-
state(at t=256), we superimpose a weak seed of a randonary. A distinct feature of Fig. 3 is that all the field lines near
magnetic field. The seed field is given by the curl of thethe outer boundary are converged in the six cyclonic col-
following vector potential having only the radial component; umns. The convergence mechanism will be explained later
A;=sin (r—r)@l/(ro—r;) ] XF(9,¢), where the functiorr isa  on.
random field with small amplitude: The value Bfon each A spontaneously generated magnetic field on the outer
grid point is determined by a random number generator beboundary B,(r=r,) is expanded by spherical harmonics

B. Magnetic field generation
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FIG. 1. (Color) Simulation model and convec-
tion cells.(a) The interior of the model is exposed
by cutting a piece of the sphere. The green part
represents the equatorial plane and the yellow
does two meridional planes. The meshes indi-
cated in these planes illustrate how the system is
implemented on a grid point system. The number
of grids shown here does not represent the actual
one but is reduced for brevity. An electrically
conducting fluid is sandwiched by two concentric
spheres with different temperatures; liad and
cold (violet). The system is rotating with a con-
stant angular velocity as shown by arrowb)
Well-organized columnar convection cellson-
vection columnsobtained by the simulation with
no magnetic field. These are visualized by isosur-
faces of axial component of vorticity,. The
cyclonic columns(green and anticyclonic col-
umns(yellow) appear in an alternate way to en-
circle the rotation axis.

(b)

Y9, 9); Br(ro)zzlezﬁ;:_/aﬁ/?yy, On comparing pow- Here the dipole symmetry means thats, ()

ers of each mode, we find that the most strongly excited= —B(7—¥), while the quadrupole symmetry means that
mode is the dipole moment(=1m=0). In the final state B (9)=B,(7— ).

(t=5500),|a3|?=3.4x 10" *. The second moment is the oc-  In Fig. 4(@), azimuthally averaged poloidal magnetic com-
tapole:|a3|?=2.0x 10~*. The third one is a nonaxisymmet- ponents are shown by thick solid linggellow) and intensi-
ric moment ¢=7m==6), |a§|2+|a7‘6|2=1.4>< 10-4. ties of toroidal components are color plotted: Rbtlie) de-
[The azimuthal mode numbém|=6 comes from six pairs notes westwardeastward toroidal field. Illustrated in Fig.
of convection columns; see Fig.(d.] The quadrupole 4(b) is a three-dimensional structure of magnetic field lines
(/=2m=0) is very weak: |ag|2=6.8>< 1076, All these of the potential field at a final state={ 5500). Each line is
numbers stay at the same levels after the dynamo saturatioglored in order to show the direction of the magnetic field
More generally, the moments with the quadrupole symmetryblue — green— red. It is obviously seen in Figs.(4) and
(/+m=even remain at a very low amplitude compared 4(b) that the magnetic field with the dipole symmetry is
with the moments with the dipole symmetry’ ¢ m=o0dd.  strongly excited.
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FIG. 2. (Color) Toroidal magnetic field structure. Toroidal field lin¢slue) are traced at=3400 when the magnetic energy is
exponentially growing. The four pane(a) to (d) are views from four different angle&) is from the north andd) is from the equator. The
semitransparent gray barlike objects are cyclonic convection columns visualized by isosurfaces of grticity

D. Generation mechanism of dipole field takes place in the southern hemisphere, too. The generated

Let us now go on to the generation mechanism of thdield Iine_configuration in the n_orth_ern a_nd southern_hemi—
dipole field. We pay attention to a pair of cyclonic and anti- SPheres is deformed as shown in Figo)5since the toroidal
cyclonic columns in the northern hemisphésee Fig. k).  component is antisymmetric about the equéasare the color
Suppose that there is a westward toroidal magnetic field liné" Fig. 4@]. Then, the field lines in both hemispheres recon-
encircling convection columns in the northern hemisphere afiect with each other on the equatorial plane at points
the middle latitudgline 1 in Fig. 5a)]. Because of the ro- a,a’,a”,... inFig. 5b). Field line reconnection leads to the
tating motion of each column, the field line is swallowed upformation of six poloidal field lines as shown in Fig(ch
in the valley of anticyclonic and cyclonic columisyclonic  since there are six pairs of cyclonic and anticyclonic convec-
in the west, anticyclonic in the easthamely, toward the tion columns.
inner spherdline 2). This stretches the field line against the  Figure 6 shows that the above process is certainly taking
field tension force ¢ v-JXB>0; positive dynamp Simul-  place in our simulation. A magnetic field line &t 3400(the
taneously, the axial flow, oz-component flow in the col- same data as Figs. 2 angli8 shown in Fig. 6. The field line
umns pulls up the sheared line and generatesr poloidal, is colored depending on the value of the dynamo term
component of the magnetic fieltine 3). The same process —v-(JXB) at each point on the line. The line becomes red
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(b)

FIG. 3. (Colon Poloidal magnetic field structure. Poloidal field lingsd and greenare traced at=3400 when the magnetic energy is
exponentially growing. The four panea) to (d) are views from four different angle&) is from the north andd) is from the equator. The
semitransparent gray barlike objects are cyclonic convection columns visualized by isosurfaces of wgrtiéitiythe field lines are traced
from the outer spherical boundary. The lines are colored depending on the end point of each line: The red lines end at the inner boundary
and the green lines end at the outer boundary.

where the term is large positive. In other words, a strongergy is generated at those points. Glatzmaier and Roberts
dynamo action is taking place in regions where the field ling 12,13 have also shown that a dipole field is generated by
is red. The white arrows on the line stand for the strength anthe MHD convection in a rotating spherical shell. The dy-
direction of the flow velocity at the points. Semitransparentnamo mechanism of their simulation is quite different from
barlike objects are convection columns visualized by isosureurs because of a very different parameter range.

faces ofw,= +0.6. The blue =0.6) one denotes a cy- It should be noted here that the above process of the po-
clonic convection column and the pinkwE& —0.6) one de- loidal field generation can be understood asxagffect. The
notes an anticyclonic column. We can intuitively understanchegative(positive helicity in the northern(southeri hemi-
from Fig. 6 how the poloidal component is generated by thesphere generates parall@htiparalle] current to the toroidal
deformation of the field line. And the arrows indicate that themagnetic field(But note that thisy effect is self-consistently
inward flows between the columns are in the opposite direcinduced by nonturbulent MHD convection.

tion of the field line’s tension force. Therefore;v-JXB We also point out a similarity between the above ex-
becomes positive there, which means that the magnetic eplained dipole field generation process and a field-reversed
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FIG. 4. (Color Dipole field generation(a) The three panels show three time sequential color plots of the azimuthally averaged
meridional(poloida) component of the generated magnetic field in a meridian plggltow). The number of lines represents the intensity
of the field. The bright disclike region represents the simulation region where the innermost part is the hot temperature boundary and the
outermost is the low temperature boundary. The reddish part is the color contour of the averaged westward toroidal field and the bluish is
that of the eastward one. One can confirm from these color plots that the dipole-dominant field originates from the pair of the westward
(northern hemispheyeand eastwardsouthern hemisphereomponents of the toroidal fieldb) Three-dimensional view of magnetic field
lines of the potential field emerged through the outer spherical boundary from the convection columns at the firta+ S&18)( Each
magnetic field line is colored in order to show the direction of the magnetic (file — green— red). One can clearly see that the dipole
field is preferentially generated.
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configuration (FRC) formation process in plasma experi-

@ cyclone anticyclone ments. It is known from both laboratof$1,32 and numeri-
N cal [33] experiments that when two spheromaks collide head
N O on, they are merged together and an isolated plasma with
3 singly connected flux surfaces is formed. The resultant field
2 (\ configuration is an FRC when the two spheromaks have op-
NN, posite signs of the magnetic helicity. Antiparallel toroidal
1 1 NN i X .
2 7 /\X/ fields in each spheromak canceled each other after the merg-
Xg/} ‘ U\\ ing and a purely poloidal field is left. The poloidal field
3 I~ generation observed in this dynamo simulation is similar to

\___/ N this FRC formation by merging of two spheromaks. The two
\—/ spheromaks correspond to two toroidal fluxes in the northern
equator and the southern hemispher@ege Fig. 2

eSS Distribution of the radial magnetic field in the final state
@ q (t=5500) at the outer boundaBy,(r=r,) viewed from the

north is shown in Fig. 7. The view from the south is the same

H due to the symmetry. The central circle denotes the inner

[ /.{ boundary. The six solid thick lines show the loci of cyclonic

>

N

columns on a spherical planerat 0.9, specifically, the iso-
lines of positivez vorticity w, (at the level of 50% of its
maximum valug¢ There are six spots of stromgj flux region
(thin contour$ whose locations coincide with those of the
cyclonic columns. This figure indicates that the magnetic
fluxes are accumulated, with equal intensity and polarity, in
all the cyclonic columns near the outer boundary. This flux
concentration effect is caused by the horizontal converging
flow in the cyclonic columns near the outer boundary. The
converging flow collects the radial magnetic flux in the cy-
clonic columns. The flux concentration within the columns is
also observed near the equatorial plane and is described in
detail in our previous papéd7]. It should be noted that the
magnetic flux concentration is observed in the geomagnetic
field [34].

=
&

=\

(\

(c)

E. Toroidal field generation process

We have presented a generation mechanism of the poloi-
dal field in Fig. 5. Understanding of the dynamo mechanism
is completed when we present how the toroidal field is con-
verted from the poloidal field. The conversion mechanism is

FIG. 5. Dynamo mechanisnfa) Schematic diagram of the di- not §urpr|S|r!g: It 'S.a Well-knowrau effect. Flgurg 8 shows
pole field generation mechanism. A pair of cyclonic colufmes} prqflles pf differential ro.tatlon and the Comecnpn columns.
and anticyclonic columeas} and magnetic field lines in the north- 1 Nin solid and dashed lines are contoursgf(azimuthally
em hemisphere are shown. The magnetic field line 1 encircle th@veragedv,). The solid (dashedl lines denote eastward
convection columns. The lines are swallowed up toward the innefwestward mean flow. The thick solid line shows the con-
sphere at the boundary region between cyclonic and anticyclonitour line of w,=0.6 in a meridian cross section which stands
columns because of the rotating motion of the colurfttesioted by ~ for the location of a cyclonic column in this meridian plane.
white horizontal big arrows[On the other hand, the field lines are Since the poloidal field is generated in the convection col-
pushed out at the anticyclonigvesy-cyclonic (easj boundary] umns, we should focus on the region inside of the thick line
Axial, or z-, component flows in the columnglenoted by vertical in Fig. 8. We can see that there is a westward mean flow in
white big arrow$ shear the field line so as to generate the souththe equatorial plane at the position of the convection col-
ward component of the magnetic fieftines 2 and 3 The field  umns. The poloidal field lines threading through the equato-
lines are strongly stretched, so that the dyname, JXB takes  rial plane from north to south are deformed or drawn by this
place at this place(b) The poloidal field generation process from westward mean flow in the equatorial plane. Therefore, tor-
the toroidal field explained ia) takes place in the southern hemi- iga] (east-wegtcomponent of the magnetic field is born by
sphere, too. Since the toroidal field in the southern hemisphere igis differential rotation: westward in the northern hemi-
eastwardsee Fig. 4a)], the generated poloidal lines in both hemi- sphere and eastward in the southern hemisphere.

spheres reconnect with each other on the equatorial plane at point The above process of the toroidal field generation by the
a a’, a, et. (c) Six pplo'dal f'elq “nes.are gener.ated since therediﬁ‘erential rotation is called the effect[15]. An interesting
are six pairs of cyclonic and anticyclonic convection colurfsee

Fig. 1(b)] point in this simulation is that the kinetic energy of the dif-
g ' ferential rotation is only 6% of the total kinetic energy.
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FIG. 6. (Color) A magnetic field line traced dt=3400. The line is red where the dynamo terfw- JX B is large positive. The white
arrows denote flow velocity vectors at each point on the line. Bhiek) semitransparent barlike objects are cyclotenticyclonig
convection columns.

Therefore, it should be confirmed that the toroidal field isjongitudinal veIocityv_(P, is removed fromv® v*=v°
certainly generated by such a relatively weak differential ro- —~ . - s
tation. zogr that purpgse, we have shgwn that the magnetic Ve F“’".‘ this d¢f|n|t|op , the yelocny field™ has gxaptly
field decays if the differential rotation component is removednf f"ﬁere”t'?' F°ta"°”- Smce(;P Is weak, the_ velo.C|ty field
from the velocity field. We can take the kinematic dynamoV. IS Very similar to that ofv®. There are six pairs of cy-
approach in this proof since we are interested only in thelonic apd anticyclonic cpnvectlon columns in th_ls case,'tc_>o.
magnetic field amplification process, not in the feedback prol e helical flow pattern in each column, which is the origin
cess. In a kinematic dynamo study, time development of thef the « effect, is the same as that of. A random weak
magnetic field is investigated under a fixed velocity fieldmagnetic field is seeded into this velocity fieftl. Then, it is
v*. Here, the velocitw* is determined as follows: First, we found that the seed field decays under the fixed velocity
take the velocity fieldv® from the self-consistent dynamic V*. So, there is no dynamo in the absence the differential
simulation explained so far in this paper. The defaare rotation. For a comparison, the velocity field is replaced
taken att =256 when the convection has already reached thavith the original velocityv®. In this case, the seed magnetic
saturated state. Then, the axisymmetric component of thield is amplified. The growing magnetic field has the same
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FIG. 7. Distribution ofB,. Contour lines of radial magnetic
field B, at the outer spherical boundary viewed from the north. The
central circle denotes the position of the inner spherical boundary.
The six thick lines tangent to the inner boundary show the locations
of the cyclonic convection columns. One can see that there are six
spots of strondB, flux (thin contour lines The locations of these
spots exactly coincide with those of the cyclonic columns. This flux
concentration effect in the cyclonic columns is explained by the
converging horizontal flow near the outer boundary in the cyclonic
columns. The axial flow in each column, which is downwéung-
ward) in the cyclonic(anticyclonig columns in this figure, entails
horizontal converging flow in the cyclonic columns. The magnetic
flux near the outer boundary concentrates by this converging flow in
the cyclonic columns.

structure as that of the self-consistent dynamic simulation in FIG. 8. Differential rotation and the profile of a convection col-
its early linear phase before the saturati@igs. 2 and B umn in a meridian plane. Solid and dashed thin lines are contours of

This is a matter of course since, in the early phase, the growpZimuthally averaged velocity of east-west componen) ( The
ing magnetic is so weak that thEx B force is negligibly dashed lines stand for negative component, i.e., westward mean

small and, therefore, the time development of the magnetigow.' .The thick solid line 'S a profile .Of a convection column in a

field is essentially kinematic. The above numerical experi_merldlan plane cross section. There is a westward mean flow in the
: . . . equatorial plane at the position of convection columns.

ments clearly demonstrate that the differential rotation is an

indispensable factor for the whole dynamo cycle.

cyclonic columns. Toroidal field is generated from the poloi-
dal field by the westward mean flow in the equator. We can
conclude from this simulation that the dipole field generation
In summary, we have shown that a dipole magnetic fieldS & natural consequence arising from the columnar convec-
is spontaneously generated by an MHD thermal convectiofion structure in the rotating spherical geometry.
in a rotating spherical shell. Structure and the generation
mechanism of the magnetic field is examined in detail. The
poloidal field is generated when toroidal field lines are
stretched and deformed by inward flows between cyclonic The authors would like to thank the Complexity Simula-
and anticyclonic convection columns. This process can b&on Group of Theory and Computer Simulation Center, Na-
understood as awa effect. The generated poloidal field is tional Institute for Fusion Science for helpful discussions.
concentrated in cyclonic convection columns near the outefhis work is supported by the Ministry of Education, Sci-
boundary because of the horizontal convergent flow in thence and Culture in Japan.

IV. SUMMARY
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