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Hemispherical dynamos generated by convection in rotating spherical shells
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At Taylor numbers of the order Gand Prandtl numbers of the order 1, dynamos generated by convection
are found for which the magnetic field is essentially confined to either the northern or the southern hemisphere
of a rotating spherical shell. The time dependence is typically chaotic, but latitudinal waves can be discerned
that cause the magnetic field to change its polarity in a cyclical fashion. A possible relationship to a solar
phenomenon is pointed out.

PACS numbdps): 47.65+a, 91.25.Cw, 96.50.Bh

The dynamo process in which magnetic fields are gener- ézﬁx(ﬁhxf)+ﬁng. (1b)
ated by motions in an electrically conducting fluid is gener-
ally believed to be the cause of large-scale magnetic fieldgy multiplying the (curlf and the curl of the Navier-Stokes

qbser\_/ed in_the universe. Stellar and plaqetary ma.gnetigquations in the rotating system lﬁywe obtain two equa-
fields in particular are generated by convection flows in th<=Tions forv andw

electrically conducting interiors of stars and planets. The

problem of convection driven dynamos in rotating spherical V2= )L+ 79 1V20 + —RL.®
shells is thus of fundamental importance for numerous appli- L( ot 70,1V v+ 7Qw 2
cations in geophysics and astrophysics. The increase in re- =—r-VX[VX(u-Vu—B-VB)], (2a)

cent years of readily available computer capacity has permit-
ted the exploration of regions of the parameter space for
spherical dynamos that were not accessible hitherto. In this
paper we wish to draw attention to the phenomenon of hemi-

sphen(r:]al fylpa”_‘os- dard 1 lati ¢ th whered; andd,, denote the partial derivatives with respect to
In the following we use a standard formulation of the ;a0 ¢ ang with respect to the angle of a spherical system

spherical dynamo problem with a minimum number ofof coordinates, 6,¢ and where the operatots, and Q are
physical parameters that include those of primary importancaeﬁned by "

for stellar and planetary applications. While it is not possible
to reach in numerical simulations the asymptotically high L,=—r2V2+4,(r2,)
values of the dimensionless parameters realized in cosmic ' r
bodies, it seems feasible to attain appropriate values of pa- _ 2 —1 g
’ . =r cosOV-—(L,+rd,)(cosfd,—r~ ~sinbd,).
rameters such as the Rayleigh number and the Taylor num- Q (L2 a ' 2

ber if the latter are based on eddy diffusivities instead OfThe heat equation for the dimensionless deviatrfrom

molecular diffusivities. . L - .
. . . . ) the static temperature distribution can be written in the form
We consider a spherical fluid shell of thicknetshat is P

rotating about a fixed axis with the constant angular velocity
). We assume that a static state exists with the temperature

. . . _ _ 2 2 . . -
distribution Ts=To—4d"r*/2 and that the gravity field is ;4 the equations fdr andg are obtained through the mul-

given byg=—ydr wherer is the position vector with re- fiplication of the equation of magnetic induction and of its
spect to the center of the sphere and its length measured curl byF

in units ofd. In addition to the lengtfd, the timed?/ v, the
temperature 8d?v/k, and the magnetic flux density
v(re)*?d are used as scales for the dimensionless descrip-
tion of the problem where denotes the kinematic viscosity 5 .o o s
of the fluid, x its thermal diffusivity, x is the magnetic per- VLg=Prldilg—1-VX{VX(uxB)}].  (2¢)
meability, ando its density. The latter is assumed to be )

constant except in the gravity term where its temperaturd "€ Rayleigh numbeR, the Taylor number*, the Prandtl
dependence given by=(de/dT)/o= const is taken into numberP, and the magnetic Prandtl numbey, are defined

V20 +L,v=P(d,+U-V)® (20)

V2L,h=P,[dL,h—r-VX(UxB)], (2d)

account. Since the velocity field as well as the magnetic by
flux densityB are solenoidal vector fields, we can use the aypd® 20d2 v v
general representation in terms of poloidal and toroidal com- R= e T P= PE Pm:X’ (©)

ponents,

o ) where\ is the magnetic diffusivity. We assume stress-free
u=VXxX(VoXr)+Vwxr, (13 boundaries with fixed temperatures,
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v=3d2v=a/(wir)=0=0at r=r;=7/(1—7)

andatr=r,=(1—7) %, (4a) .
4
where is the radius ratiop=r; /r,. Throughout this paper / .
only the casen=0.4 will be considered. For the magnetic W‘/y
field electrically insulating boundaries are used such that the /%‘,‘“ '
poloidal functionh must be matched to the functitt® that oy
describes the potential fields outside the fluid shell

g=h—h®=g,(h—h®)=0 atr=r; andr=r, (4b)

The numerical integration of Eq&) together with boundary
conditions(4) proceeds with the pseudospectral method de-
scribed in[1] that is based on an expansion of all dependent
variables in spherical harmonics for tllee dependences,
ie.,

vzlz VI'(r,t)PM(cosh)exp{ime}, (5)

and analogous expressions for the other variable®),h,
andg. P" denotes the associated Legendre functions. For the
r dependence, expansions in Chebychev polynomials are
used. For further details see alsd.

For most of the computations to be reported, in the fol-
lowing, 33 collocation points in the radial direction and
spherical harmonics up to the order 64 have been used.

Solutions of Eqgs(2) describing convection flows in the
absence of a magnetic field are usually symmetric with re-
spect to the equatorial planefis sufficiently high, i.e., the
contributions of spherical harmonics with odlet m in ex-
pression(5) vanish. Note tha® has always the same sym-
metry asv, while w has the opposite symmetry in that
spherical harmonic contributions with evéa m vanish in
the case of equatorial symmetry. Even in the case of high FIG. 1. Lines of constant radial componesyt of the magnetic
Rayleigh number®, when the time dependence of convec-field at the surface of the sphene=r, (upper plo} and lines of
tion has become aperiodic, the equatorial symmetry persisgonstant radial velocity, at the middle surface =(rj+r,)/2
if 7is high enough3,1]. (lower plob in the caser=10%, R=6.5x1C°, P=1, P,=2.

Because of this Symmetry’ solutions with a finite mag_solid (dashedlines indicate pOSitiVQnegatiVe values.
netic field bifurcating from the solution of nonmagnetic con-
vection are expected to exhibit either a quadrupolar or a diflow has lost little of its equatorial symmetry in the presence
polar symmetry, i.e., the spherical harmonic contributions inof the hemispherical magnetic field.
the expression foh vanish either for odd—m or for even The original computations of hemispherical dynamos re-

I —m. As in the case ofv the symmetry of the toroidal field ported in[4] are misleading because a longitudinal symmetry
g is always opposite to that df, i.e., for quadrupolar fields, had been employed in that only even valuesroih expres-

contributions with everh—m vanish while those with oddl  sion (5) were included in the computations in order to save
—m vanish for dipolar fields. computer time. While this reduction of the full set of expan-

Predominantly dipolar magnetic fields are found in com-sion functions did not affect in any significant way the qua-
putations based on Eg&), but also quadrupolar dynamos drupolar and dipolar dynamos which has been testdd]in
can be obtained in certain regions of the parameter spadee rather strong sensitivity of hemispherical dynamos to dis-
[4,5]. It thus was registered with surprise when dynamo com+urbances with the wave number=1 was found only more
putations for parameter values in the neighborhoodrof recently. Hence all computations reported in the present pa-
=10, R=5x10°, P=1, P,,=5 exhibited hemispherical per are based on the full set of expansion functions. Chaotic
dynamos as shown in Fig. 1. Both quadrupolar and dipolahemispherical dynamos can still be obtained when all wave
components contribute nearly equal magnetic energy in thisumbersm are taken into account. But they are usually only
case such that the contributions nearly cancel in one hemfound close to the lower limit of values @& for which dy-
sphere while they are in phase in the other hemisphere. Thizamos can be obtained in the regime between the occurrence
phenomenon occurs at finite amplitudes of the magnetic fieldf quadrupolar and dipolar dynamos. With increasithe
in a regime of aperiodic time dependence such that there isearly perfect correlation between dipolar and quadrupolar
no contradiction with the symmetry consideration applicablecomponents tends to decay and the magnetic field assumes a
at the bifurcation point. It is remarkable that the convectionmore random appearance. Like quadrupolar dynaf&ds
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FIG. 2. Time sequence of plots covering approximately half a T .
cycle of the hemispherical dynamo at the timtest,+0.021n, n FIG. 3. Energy densitieM,, M, M,, M, for quadrupolar
=0,1,2,3 (from top to bottorh in the caser=1.5x10%, R=11 (_solld lineg and_dlpolar_(dott.ed line$ components of the magnetic
x10°, P=0.5, P,,=0.8. The left plots show lines of consta field as a function of time in the caser=10", R=6.5x10°, P

at the surface =r,. The right plots show lines of constaB, (left il' Em=2_ Also shown are the kinetic energy densities

half) and field lines of8 in the meridional planéright half). The EP’ Et IVEP' Ei (indicated by dashed linesThe scales for

overbar indicates the axisymmetric component. Ep. Ei, Ep, Ey must be multiplied by the factors 0.2, 5, 10, 10,
respectively.

hemispherical dynamos usually exhibit a cyclical behavior

corresponding to a magnetic field wave propagating to R T T S

higher latitudes as shown in Fig. 2. This dynamo wave is Ep=5(IVX(Voxn)[%), E=5(|[Vwxr[), (6b)
most clearly seen in the mean azimuthal component of the

field.

where the bracketg---) indicate the average over the

Since hemispherical dynamos occur in close competition herical shello denotes the axisvmmetric componentvof
with quadrupolar dynamos on the one side and with dipola?'p < v y P

dynamos on the other side, intermittent transitions from oné@ndv=v —v denotes the azimuthally fluctuating component
type to the other can often be observed as shown in the timef v. The corresponding magnetic energhdg,M,M,,M;

plots of magnetic energies shown in Fig. 3. For the timeare defined analogously withandg replacingv andw. In
interval 2.4st=<3.4 the dipolar component of the magnetic the case of the magnetic energies we have further separated
field has nearly disappeared in this case. The energies plottédem into dipolar and quadrupolar parts.

in this figure are defined by The computations shown in Fig. 3 have been extended
until the timet=7. No further change in the character of the
dynamo did occur except for a short interval of quadrupolar
symmetry aroundt=5.4. Generally quadrupolar dynamos

-1 - . -1 . .
Ep=2(IVX(Voxn)[?), E=(Vwxr|?), (63
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are preferred at somewhat higher valuesPoénd slightly  tion of magnetic flux can also be observed. But it occurs in
lower values ofP,,. At magnetic Prandtl numbers of the longitude rather than in latitude.

order 10 or higher dipolar dynamos are preferred. It should There is little evidence for hemispherical dynamos in stars
be emphasized that in spite of their chaotic nature the thref' planets, except for one intriguing set of observations. Dur-

t f dvnam n clearly be distinauished as lon t|ng the Maunder sunspot minimum in the 17th century sun-
YPEs of dynamos can clearly be distinguished as fong as ots were observed almost exclusively in the southern

symmetry of the velocity field with respect to the equatoria'hemisphere of the sun. Even when sunspots reappeared in

plane is approximately satisfied. substantial numbers in the cycle of 1700 to 1710, more than
The basic reason for the preference of hemispherical dy95% of them occurred at southern latitudiés There is thus

namos seems to be that the Lorentz force acting on the corm strong indication that the solar dynamo has operated in a

vection columns is twice as effective for a given amount ofhemispherical fashion during that period of time.

generated magnetic flux when this flux is concentrated in one e thank Professor N.O. Weiss for drawing our attention

hemisphere instead of being distributed over both. In theo the evidence for a hemispherical solar dynamo. The HLRS
case of chaotic dipolar and quadrupolar dynamos a localizeStuttgart has generously contributed computer time.
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