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Computer Has Solved A Historical Puzzle:
Generation of Earth’s Dipole Field
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Computer simulation of a magnetohydrodynamic dynamo is performed.
It is found that strong dipole field is self-consistently and preferentially ex-
cited by thermal convection of an electrically conducting fluid in a rapidly
rotating spherical shell. Thus, the long standing puzzie of the origin of the
earth’s dipole field is finally resolved. It is also found that radial components
of the generated magnetic field are accumulated, with equal intensity and
polarity, in all cyclonic convection columns near the outer spherical bound-
ary. This is the reason that the dipole moment becomes dominant over other
moments. Therefore, we can conclude that the preferential excitation of the

dipole field is a natural consequence of well-organized convection columns.
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In 1600, dipole dominance in the earth’s magnetic field was pointed out
by Gilbert'. Two hundred years later, in 1839, Gauss attempted to make a
diagnosis of the global distribution of the geomagnetic field by placing the
magnetometer in many places to confirm its dipole dominance®. Toward the
middle of twentieth century, a real scientific challenge started revealing how
the geomagnetic field is generated in the interior of a planet like the earth,
namely, the dynamo mechanism®~®. Many analytical attempts have been
made to elucidate the mechanism, but no quantitative result is obtained.
The invention of supercomputer has shed a light on revealing it. In fact, in
these ten years several attempts®'? to demonstrate generation of magnetic
fields by computer simulations have been done with partial success in gener-
ating the magnetic field. But they are all far from complete. Very recently,
Kageyama and Sato!® have succeeded in generating the magnetic field whose
energy becomes much larger than the convection (Benard cell) energy. The
work, however, has not been able to demonstrate the preferential excitation
of the dipole component. We have made elaborate efforts to resolve the
problem, and at last discovered that the dipole field is self-consistently and
preferentially excited from the convection columns generated by the convec-
tion instability originating from a heat source in the central core of the earth’s
interior such as radioactivity. Thus, the long standing puzzle of generating
the earth’s dipole field, which is believed to have almost the same age as the
earth, is finally resolved.

Our simulation model is a rotating sphere with a constant angular ve-




locity (see Fig.1a). The sphere consists of an inner spherical core that has
a heat source to keep its surface (r = ;) at a high temperature (73), an
outer heat absorbing spherical boundary surface (r = r,) which is kept
at a low temperature (73), and an intermediate conductive fluid medium
sandwiched by the two spherical boundaries (r = r; and r,) with differ-
ent temperatures (T, and T). The conductive medium is represented by
a set of compressible, resistive magnetohydrodynamic equations with grav-
ity force. The medium is implemented on a spherical coordinate (r,?, )
grid point system. We impose a symmetry condition at the equatorial plane
(9 = 90°), namely, vs = B, = B, = 0 and vanishing of the latitudinal
derivative of the other components, so that we can solve only one (northern)
hemisphere. The grid numbers (N, Ny, N,,) are taken to be (50, 20,64) and
(80,40, 128) to confirm that both simulations yield the same results, namely,
that the numerical resolution is sound. The boundary condition is such that
v==~FE = %—} = %I'i;ﬁ = 0at r=r and r,. The parameters used in this
simulation are as follows: r, = 0.3, r, = 1.0, R =1 x 10*, Rm = 3.33 x 10%,
T = 588 x 10°, Pr =1, Pr,, = 943, where R, Rm, T, Pr, Pr, are Raleigh
number, Magnetic Reynolds number, Taylor number, Prandt! number, Mag-
netic Prandtl number, respectively. Some of these parameters may not well
fit those of the real earth’s environment partly because of the lack of sufficient
observational data and partly because of the limit of the present-day super-

computer. But we believe that the present model does include the essential

physics of the geodynamo.



A thermal convection instability, with no magnetic field, grows when a
weak random noise is superimposed upon the initial temperature profile.
Well-organized anti-cyclonic and cyclonic columnar cells, or, anti-cyclonic
and cyclonic convection columns, whose axes are beautifully aligned along
the rotation axis, are formed in an alternating fashion so as to encircle the
rotation axis**'® (see Fig.1b).

Temporal developments of the total convection (kinetic) energy and the
total magnetic energy are shown in Fig. 2a. The convection energy saturates
at a relatively early time, i.e., # = 150 in the time unit of r,/c, {c,: sound
speed).

After the convection columns have reached to a steady state (t = 256), we
superimpose a seed of random magnetic field components upon it. Initially
the magnetic field experiences damping so as to self-adjust itself to a linear
eigenfunction (¢ < 1500). Then it starts growing exponentially with a linear
growth rate. During this linear growth phase of magnetic energy, 1500 < t <
4500, the kinetic energy suffers no apparent influence. More surprisingly, the
magnetic energy grows beyond the kinetic energy and saturates at an energy
level substantially larger than the kinetic energy.

Since the radial component of the magnetic field B, appearing on the
outer boundary (r = r,) yields the potential field component above the
surface, we expand B,(r,) by means of spherical harmonics Y™ Fig. 2b
shows temporal developments of dominant three moments. One can discover

a very important and attractive fact that the dipole moment (f = 1,m = 0)




is the most dominant mode among others.

Mo;e directly and intuitively, we illustrate in Fig. 3 color pictures of how
the dipole field is spontaneously and preferentially generated. Azimuthally-
averaged poloidal magnetic component is shown by thick solid lines (yellow)
and toroidal component is shown by color contours: Red (blue) denotes
eastward {westward) toroidal field.

Careful examination indicates that radial components of the magnetic
field are accumulated, with equal intensity and polarity, in all cyclonic columns
near the outer boundary (r,). From this fact we can conclude that the pref-
erential excitation of the dipcle field is a natural consequence arising from
well organized cyclonic and anti-cyclonic convection columns'®'® (Fig.1b).
Incidentally, Gubbins and Bloxham'® have deduced from the earth’s surface
data that geomagnetic fluxes at the core-mantle boundary are localized in
discrete regions. They also have deduced that the positions of the concen-
trated flux are consistent with convection columns pazallel to the rotation
axis and tangential to the inner core. These features are in good agreement
with our findings.

Computer has thus finally revealed a historical puzzle of mankind, namely,
the origin of the earth’s dipole field after 160 years passage since Gauss’s
finding of the dipole dominance in the earth’s magnetic field and sixty years

theoretical struggles by many researchers since Cowling.
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Figure Captions

Fig.1a) Simulation model for studying the geodynamo. 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 indicated in these planes illustrate how the system
is implemented on a grid point system. In the actual simulation the
system consists of (50, 20,64) or (80,40, 128). The number of the 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; hot (red) and cold (violet). The system is

rotating with a constant angular velocity as shown by arrows.

b) Columnar convection cells {convection columns) obtained by simula-
tion with no magnetic field. An important, attractive finding is that
the constant axial vorticity contours exhibit a well-organized structure,
which forms columnar shapes aligned along the rotation axis. The cy-
clonic columns (green) and anti-cyclonic columns (yellow) appear in an

alternate way to encircle the rotation axis.

Fig.2a) Temporal developments of the kinetic (convection) energy and mag-
netic energy. When the convection pattern has reached to a steady state
(t = 150), a tiny seed of random magnetic perturbation is imposed.

After the initial adjustment (damping of the magnetic energy), the



magnetic perturbation starts growing with a linear exponential growth
rate {f ~ 1000). At about ¢ ~ 5100, the magnetic energy grows beyond
the level of the kinetic energy and saturates at a level two times larger

than the kinetic energy.

b) Temporal developments of the most dominant three moments of gen-
erated magnetic field. Radial component of the magnetic field is ex-
panded by means of spherical harmonics ¥;®. From this result one can
find that the dipole moment (¢ = 1, m = 0) is preferentially excited and
remains the most dominant component even at a saturated stage. The
present simulation is the first demonstration of preferential excitation
of the dipole field in a rotating sphere with a heat source at the core

part.

Fig.3 A direct demonstration providing the generation of a dipole-like mag-
netic field in a rotating sphere with a heat source in its interior. The
three panels show three time sequential color plots of the azimuthally-
averaged meridional (poloidal) component of the generated magnetic
field in a meridian plane (yellow). The number of lines represents the
intensity of the field. The bright disc-like region represents the simula-
tion 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 eastward toroidal field and the
bluish is that of the westward one. One can confirm from these color

plots that the dipole-dominant field originates from the pair of the



eastward (northern hemisphere) and westward (southern hemisphere)

components of the toroidal field.
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