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Abstract
Computer ssimulation results of a compressible convective magnetohydrodynamic (MHD) dy-
namo in a rotating spherical shell are presented. In the non-linear phase, the magnetic and
kinetic energies oscillate between two fluctuating levels. The reversal of either magnetic dipole
or octapole is observed at each transition between different energy levels.

1. Introduction

The magnetic field generation by convective MHD dynamo is a fascinating research topic
finding many applications in planetary and solar physics. For example, it is well known that
the Sun and the Earth have magnetic fields dominantly dipolar and these fields may reverse
polarity. The three-dimensional, non-linear, and self-consistent nature of the dynamo problem
make computer simulation a very important tool in MHD dynamo research. Recently, much
computer simulation effort has been done in this research with important contributions (see [1]
and references therein). The generation of magnetic dipolefield in arotating spherical shell was
successfully demonstrated in our previous work [1]. The physical mechanism was interpreted
as acombination of « and w-dynamos in the mid-portion of the spherical shell. In thiswork we
present the results of a very long simulation run of our ssmulation code. The two main points
we would like to highlight here are (a) the observation of different regimesin the non-linear
phase and (b) the dipole and octapole magnetic field reversal s observed in the transition between
different regimes.

2. The moddl

The smulation model is simple but contains the essential el ements required to understand the
fundamental physical processes in MHD dynamo. We study a system consisting of an inner
spherical core, that has a heat source to keep its surface (r = r;) at a high temperature; an outer
spherical surface (r = r,) that iskept at alow temperature; and an intermediate conducting fluid
between these two spherical boundaries. The fluid motions are driven by thermal convection.
The system rotates eastwards at a constant angular velocity €2. We use a reference system
rotating at the same angular velocity. The conducting fluid is studied by the MHD equations
(including gravity and Coriolisforce terms) as follows:
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where p isthe mass density, p is the pressure, v isthe velocity, and B is the magnetic field. A,
j, and E are the vector potential, current density, and electric field respectively. The ratio of
specific heat at constant pressureto that at constant volume~y (= 5/3), theviscosity ., thethermal
conductivity K, and the electrical resistivity n are assumed to be constant. ¢ isthe gravitational
acceleration, 7 isthe radial unit vector, and g, is a constant.

Theintegration of the MHD equationsin spherical coordinates (r,0,¢) isbased on thefinite
differencemethod. Simulationsare performedinthefull spherical shell region(r; <r < r,,0 <
0 <m0 < ¢ < 2m). Thegrid numbers (N,, Ny, N,) are chosen to be equal to (50,38,64) to
achieve sufficient accuracy at reasonable CPU time. The details about the numerical techniques
can befoundin [2].

The boundary conditions at r; and r, are v= 0 and that the magnetic field has only aradial
component. This guarantees that Poynting vector, £ x B, has no radial component on the
boundaries. This ensures that any magnetic field must be a consequence of the dynamo action
in the bulk of the spherical shell. The temperature on theinner boundary is 3.5 timeslarger than
the temperature on the outer boundary. The inner and outer boundary temperatures are kept
constant throughout the ssimulation.

The parametersfor thissimulationarer; =0.3, K =4.243 x 1073, 9o =1.0,Q2=7.0,7=2.8
x 10~*. The Taylor number is defined by 7' = [2Qp(r, — r;)*/u)? and the Rayleigh number
by Ra= gop(Bcy — go) (ro — m:)*/(K 1), where 3 isthe temperature gradient coefficient (the
initial temperature profileisgiven by 3/r + const.) and ¢, = v/(y—1). Inthiscase, T"and Ra
are5.88 x 10° and 3.36 x 10* respectively.

Lengths and temperatures are normalized to the radius r, and the temperature on the outer
boundary respectively. The normalization timeis the sound crossing time (=r,/v;) where v is
the sound speed. In this smulation, the thermal diffusion time and resistive diffusion time are
respectively equal to 116 and 1750. The simulation goes until the time equals to 27,000, which
is 15.4 times the resistive diffusion time. This simulation required approximately 300 hours of
CPU timein the NEC/SX-4 supercompute.

3. Thesimulation results

The ssimulation starts from an unstable hydrostatic and thermal equilibrium state with no mag-
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netic field. A temperature perturbation is introduced which causes the convection motion to
begin. After a short time (around ¢ = 150), the system reaches the saturation energy level. At
time equals to 572 a small and random magnetic field seed is introduced. Figure 1 shows the
kinetic and the magnetic energies (logarithmic scale) integrated over the sphericall shell versus
time (normalized units). Before introducing the initial magnetic field seed and during the linear
regime (from time equals to 572 until 1656), there are no fluctuationsin the kinetic energy: the
convection motion pattern is verified to be well-organized in five pairs of alternating cyclonic
and anticyclonic convection columns whose axes are paralléel to and encircle the rotation axis.
The fluid in the cyclonic (anticyclonic) column rotates in the same (opposite) direction as the
rotation of the spherical shell.

In the non-linear phase, when the magnetic energy becomes large, time fluctuations are
observed and the average magnetic energy alternates between two fluctuating energy levels. The
lower level is approximately equal to the kinetic energy, and the upper level is about five times
larger. We will refer to the four different regimes in the non-linear phase as NR1, NR2, NR3,
and NR4. The convection motion and the magnetic field structure are highly time dependent.
Reorganization of the convection columns occurs severa times during the simulation. The
number of convection column pairstendsto be larger in NR2 and NR4 than in NR1 and NR3.

energy ({log scale)
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Fig. 1. It shows the magnetic and kinetic energies versus time.

The radial magnetic field on the outer boundary is expanded in spherical harmonics
Y™(0,6), Bi(r,) = S XL _ ,aY™. In Fig. 2(a), we show the dipole contribution to
the total magnetic field as afunction of time, which is calculated as |af|?/(X,_; X [a™?).
The dipole component remains as the main component during the simulation time. In Fig. 2(b),
the magnitude of the dipole and the octapole moments, |a!| and |a$| respectively, versustime are
presented. We can notice that the reversal of the magnetic dipole field occurs in the transition
from NR1 to NR2. The octapole component reverses in the last two transitions, from NR2 to
NR3 and from NR3 to NR4. Inthe last two transitions the dipole polarity remains the same.

From 3-D analysis, we can roughly distinguish three stages to the dipole reversal process.
Intheinitial stage, the magnetic energy is about fivetimes larger than the kinetic energy, and the
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convection pattern consists of six straight cyclonic and anticyclonic vortex column pairsaligned
to therotation axis. 1n the intermediate stage, the magnetic energy decreases and the magnetic
field is observed to change direction in some regions, accompanied by reorganization of the
vortex columns. In the fina stage, the field is completely reversed, the number of convection
columnsisincreased and the magnetic energy is lower than in the second stage.
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Fig. 2:(a) The dipole contribution to the total magnetic field and (b) the dipole and octapole
moments versus time.

4. Summary

We presented the simul ation results of aMHD dynamo driven by thermal convection in arotating
spherical shell. Theresults showed that astrong magnetic field was generated, preferentially the
dipole. The non-linear phase was characterized by presenting different magnetic energy levels.
To our knowledge, thisis anew result for this kind of smulation. The transition between NR1
and NR2 was verified to be accompanied by the dipole field reversal. The other two transitions
were not observed to be related to the dipole reversal, but rather to the increase or reduction in
the dipole moment, aswell as to the reversal of the second main symmetric mode, the octapole.
These fundamental features of our smulation are to some extent in qualitative agreement with
the geomagnetic data on dipole field amplitude record [ 3].

The reversal process does not occur at once but occursin steps. Some of the concentration
regionsreversedirectionfirst and then the other onesuntil theprocessiscompleted. Thephysical
mechanism of the dipolereversal is still under investigation.
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