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iors of planets like the Earth. In  the absence of electromotive 
forces (like those in the humble chemical battery), these 
electric currents, and the magnetic fields they generate, will 
always decay and the magnetic energy will in turn be 

What maintains the Earth's magnetic field? Why does the solar 
magnetic field follow a 22-year cycle? How can we explain the 
significant magnetic fields on planets like Jupiter and Saturn? 

Dynamo theory is starting to answer these questions 

indicate? Why does the dominant ingredient of the field, 
the dipole, oscillate with periods - 103-104 years? And 
why does the North-South polarity of the geomagnetic 
field randomly reverse at intervals - 106 years? 

Cosmic dynamos: 

We know also that, in the absence of any regenerative 
mechanism, these currents would vanish in a time of the 
order of 104 years. (The decay time, T, for currents in a 
sphere of radius, r, and resistivity, q, is T-?/rr'q, The 
Earth's metallic core has rx3500 km and q x3 m's-l, 

other than through a dynamo mechanism. 
One of the most remarkable features of dynamo theory is 

that, despite the extreme disparity of physical conditions in 
the Earth and Sun, the same basic principles are 
potentially capable of explaining the observed magnetic 

converted to heat. 
A fundamental challenge in 

physics is to explain why, 
despite this irreversible and 
unremitting dissipation of 
magnetic energy, magnetic 
fields are such a universal 
phenomenon. We need a 
mechanism that can system- 
tically convert the kinetic 

e n e r g y  of fluid motion into 
magnetic energy and thus 
compensate for the persis- 
tent erosion of currents, and 
their associated magnetic 
fields, due to the non-zero 
resistivity of the fluid. Such a 
mechanism is known as a 
dynamo. 

The problem appears most 
acute for the Earth, whose 
magnetic field is a phenom- 
enon of wonder and mystery 
for any child who has ever 
played with a magnetic 

dominant Source Of the 
''geomagnetic field" is a is conserved if the effects of resistivity are negligible 
system of electric currents in 
the deep interior of the Earth. 

1 Magnetic lines of force, "6-lines", are convected by the fluid flow, U, we know that the as if they were elastic strings embedded in the fluid. As the "strings" 
are stretched, the magnetic field becomes stronger. The magnetic flux 
through a small closed loop, C, moving with the flow is cD=ABcosO. Flux 

Satellite observations and 
magnetographs reveal that 
the Sun also has a complex 
and ever-changing magnetic 
field, and that this is strongly 
correlated with the granula- 
tion pattern of upwellings 
and downwellings on the 
solar surface. The natural 
decay time for the solar 
magnetic field is much long- 
er than for the geomagnetic 
field (the Sun has a much 
larger radius and a smaller 
resistivity). In fact this decay 
time is of the order of the age 
of the Sun (- 4 x 109 years). 
There is not, therefore, the 
same pressing need for a 
dynamo theory of the solar 
magnetic field - it could 
conceivably be a relic of a 
magnetic field trapped in the 
Sun during its formation. 
However, the main solar 
field exhibits periodic beha- 
viour with the same 22-year 
period as the sunspot cycle; it 
is diEcult to comprehend 
such short-term variability 
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2 Stretch-twist-fold cycle whereby the magnetic flux through a fixed loop, CO, in a conducting fluid may be doubled like the tension in an elastic band 

behaviour of both. It is a 
small step to extend the 
theory to those planets with 
significant magnetic fields 
(Jupiter, Saturn, Uranus and 
Neptune); and to the count- 
less stars, like the Sun, whose , magnetic fields can now be 
detected by the Zeeman 
splitting of their spectral 
lines. 

Frozen fields 
Since the time of Faraday, it 
has been illuminating to 
think of magnetic fields in 
terms of magnetic lines of 
force that behave like elastic 
strings threading their way 
through the conduct ing 
medium. This picture is 
particularly helpful in the 
electrodynamics of conduct- 
ing fluids, known as magne- 
tohydrodynamics (MHD - 
see box); one of the funda- 
mental theorems of MHD is 
that in a perfectly conducting 

1 (i.e. zero resistivity) fluid, 
particles that lie on a line of 
force at any instant continue 
to lie on a line of force for all 
subsequent times. This al- 
lows us to identify magnetic 
lines of force with material 
lines moving with the fluid: 
we say that the magnetic field 
is “frozen” in the fluid. The 
velocity field, U, of the fluid 
simply carries the magnetic field lines, B, as if they were 
elastic strings (figure 1). Figure 1 also shows a small closed 
material curve, C, bounding an area, A, through which 
there is a non-zero magnetic flux, 0 7 ABcose, where B is 
the magnitude of B and 8 is the angle between B and n, 
the vector normal to C. As C moves with the fluid, this flux 
is trapped and remains constant. If the projected area 
(Acose) decreases, then B must increase to keep the flux 
(0) constant. Therefore, for incompressible flow, stretch- 
ing the lines of force implies a proportionate increase in B 
(just as it would increase the tension in elastic strings). 

We can now see the seeds of dynamo action: if we can 
devise a flow which stretches the lines of force without 
limit, then the field intensity will grow from an arbitrarily 
weak level to a level that is not only detectable, but also 

capable of reacting back dy- 
namically (through the LoE- 
entz force) on the flow 
responsible for this, other- 
wise unlimited, growth. Here 
again, the elastic string ana- 
logy is helpful. Just as we may 
increase the tension in an 
elastic band by stretching, 
twisting and folding it, so 
the intensity of a magnetic 
field confined to a single flux 
tube can be doubled by the 
same “stretch-twist-fold” se- 
quence (figure 2 ) .  But there is 
a price to pay if the stretch- 
twist-fold sequence is re- 
peated many times (which is 
possible, in principle, with a 
magnetic field but physically 
impossible with an elastic 
band). An increasingly com- 
plex structure builds up on 
the scale of the flux tube 
cross-section and at some 
stage the resistivity of the 
fluid, no matter how small it 
may be, will lead to Joule 
dissipation (the production 
of heat from magnetic energy 
at a rate proportional to the 
resistivity times the current 
squared), 

The large magnetic field 
gradients in this example 
imply large currents and 
hence severe Joule dissipa- 
tion. The first problem of 
dynamo theory is to establish 
that the average value of the 

magnetic field can continue to grow despite the increasing 
influence of Joule dissipation. The stretch-twist-fold 
mechanism, devised originally in 1972 by the late Jacov 
Borisovich Zel’dovich of the Institute of Cosmic Research, 
Moscow, is only illustrative. However, two other, more 
realistic, ways for increasing the magnetic field intensity do 
exist - differential rotation and the %-effect. 

Alpha and omega 
Imagine a rotating sphere of fluid in which the rate of 
rotation, R, about the axis of the sphere, 02,  increases as 
the axis is approached (figure 3).  Such a state of 
“differential rotation” tends to be established when 
convection currents, driven by buoyancy forces, are also 
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The Earth and the Sun are depicted schematically in figure 
5 .  In both, the convective region is a spherical annulus, the 
liquid outer core for the Earth, and the convection zone in 
the Sun. There the similarity apparently ends, for the 
convective velocities are -mm s- in the Earth’s core, 

-km s-’ in the solar convection zone. And yet 

influenced by Coriolis forces: conservation of angular 
momentum makes the descending fluid elements rotate 
more rapidly (the “ballerina effect”). In so far as the 
magnetic field lines threading through the fluid are “frozen 
in”, they move with the fluid and are “cranked” round the 
axis Oz. This leads to a large azimuthal component of 
field, Bv. Note that this component is antisymmetric about 
the ‘‘equatoria1” plane perpendicular to Oz. 

The other mechanism is more subtle and requires us to 
go beyond the frozen-field principle. The “a-effect’’ allows 
a straight line of force, along the x-axis say, to be converted 
into a helix by a velocity field which is circularly polarised 
(in the yz plane in this case - see figure 4). The simplest 
velocity field, U, of this form has the components 0, 
uocos(kx-ot), uosin(kx-at), representing a circularly 
polarised wave propagating in the x-direction with velocity 
c = o / k .  This velocity field has the remarkable property that 
its vorticity, o curlu, is parallel to itself (it can be easily 
verified that o = -ku). It follows that the helicity of this 
flow, u.w = -ku2 = -ku& is uniform in space. Helicity, 
unlike vorticity, distinguishes “right-handedness” from 
“left-handedness” in fluid motion. It is this helicity that is 
responsible for creating the helical lines of force. 

Now a line current flowing parallel to the B-line would 
likewise have the effect of replacing the straight B-line by a 
helical B-line (the line current produces a circular 
magnetic field around the conductor and the addition of 
this field to the straight B-field produces the helical field). 
It is tempting to interpret the creation of this helix in terms 
of an induced current due to the helicity of the flow field. 
This conclusion is in fact correct, although the 
argument is simplistic; the current only the same type of an dynamo mechanism- is 
appears if the effects of non-zero 7. believed to apply to both! However, there 

- 

resistivity shift the phase of b (the are still major gaps in our under- 
magnetic perturbation to B caused standing of the dynamics of the flows 
by the flow) relative to the phase responsible for dynamo action (as 
of the velocity field, U. The opposed to the purely electro- 
resulting current, j, is parallel magnetic, or kinematic, con- 
to the initial field, j = aB; the sequences) in both the Earth 
constant a is proportional to and the Sun. Some of the 
the phase shift, and hence outstanding problems in 
to the fluid resistivity (in the field were tackled last 
figure 4 a is positive). year by about 30 interna- 

At first it seems surpris- tional geophysicists, astro- 
ing that j and B are parallel phys ic i s t s  a n d  f lu id  
because the electromotive dynamicists who partici- 
force U x B associated with pated in the six-month 
Faraday’s law of induction Dynamo Theory  Pro- 
is perpendicular to B; how- gramme at the new Isaac 
ever, when U and b are not Newton Institute for Math- 
in phase, the space-averaged ematical Sciences in Cam- 
electromotive force <U x b> bridge, UK. 
is indeed parallel to B, and The most widely accepted 
this is the “a-effect” revealed by scenario for the Earth is that 
this simple example. In 1966 originally formulated in 1963 by 
Max Steenbeck, Fritz Kmuse and Stanislav Braginsky, then at the 
Karl-Heinz Radler of the Potsdam Schmidt Institute of Physics of the 
Institut fur Astrophysik in Germany Earth in Moscow - Braginsky suggested 
showed that the same effect occurs in any that slow solidification of the liquid at the 
turbulent flow field provided the mean 3 Differential rotation: if the inner core boundary (ICB) releases a slight 
helicity, <u.o>, is non-zero. However, the rotation rate, R, of the fluid excess of lighter ingredients (sulphur for 
actual evaluation of a presents a number of increases with depth, then a example) in the alloy which makes up the 
major difficulties. magnetic field line Passing liquid outer core. The resulting buoyancy 

We can now combine these two funda- through the sphere tend generates convection currents as the light 
to be cranked around the 

mental mechanisms to see how a magnetic axis, This generates an fluid rises in blobs or plumes towards the 
field may be generated in a spherical fluid azimuthal component of core-mantle boundary (CMB), mixing with 
conductor, by what is known as the an magnetic field which can be the surrounding fluid in the process. As yet, 
(“alpha-omega”) mechanism. The  total quite large however, there is merely speculation concern- 

plane 

field can be decomposed into a poloidal (“North- 
South”) ingredient, Bp, whose lines of force lie in 
meridian planes, and a toroidal (“East-West”) ingredi- 
ent, BT, whose lines of force are circles about the rotation 
axis Oz. We have seen that differential rotation generates 
BT from Bp. Likewise, the a-effect, which converts each 
BT-line to a helix wrapped on a torus around 02, 
generates Bp from BT. Resistive diffusion allows this 
newly generated Bp to reinforce the field Bp that we 
started with. 

We thus have a regenerative cycle: J 

A differential rotation (Q) 

BP a-effect plus diffusion HBT 

This cycle is believed to be at the heart of both the 
geodynamo and the solar dynamo. It should be noted that 
without some resistivity (and its associated diffusion of 
field), this regenerative cycle cannot operate. Thus the very 
mechanism uoule dissipation) that causes the decay of 
magnetic fields is also necessary for their regeneration. 

Outstanding problems 
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mg the length-scale of 
the rising elements, the 
degree of turbulence that 
they generate, and the 
rate at which they mix 
with the heavier material 
in the liquid outer core 
(the turbulent diffusion 
rate). At one extreme, 
the convection currents 
may be laige eddies on 
the scale (approximately 
2000 km) of the depth 
of the convection zone; 
this is the view advanced 
by Braginsky, now at the 
University of California 
at Los Angeles, within 
the framework of his 
con trove r s i a1 ‘ ‘MO d e 1- 
Z” in which the mag- 
netic lines of force in the 
core are nearly aligned 
with the axis of rotation 
(the direction Oz). 

At the other extreme, 

z 
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I 

X 
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4 (a) Avelocity field with components u,=O, uy = uocos(kx-ot), U ,  = uosin(kx-ot). 
This field Is circularly polarised in the yz plane and can deform a magnetic line of 
force along the x-axis into a helix (b )  

blobs on the scale of 10-100 km may retain their integrity, 
like rising bubbles, throughout their journey from the ICB 
to the CMB. In this scenario the blobs follow a helical path 
on a paraboloid of revolution about the rotation axis. 
Detailed study of the variation of the Earth’s field with 
time, and resulting reconstruction of the field (by inverse 
theory) at the CMB, is potentially capable of distinguish- 
ing which of these pictures (if either!) is nearer to the truth. 
In the meantime, theorists are striving to develop models 

that are at least internally 
consistent, a task that is 
still at the absolute limits 
of the most powerful 
supercomputers. 

The problems are no 
less acute for the Sun, 
but they have a rather 
different character. One 
problem relates to the 
phenomenon of “mag- 
net i c buoyancy ’ ’ : the 
pressure in a fluid is the 
sum of the magnetic 
pressure (which is pro- 
portional to the square of 
t h e  m a g n e t i c  f i e ld  
strength) and the fluid 
pressure. The fluid pres- 
sure and density there- 
fore tend to be low where 
the magnetic field is 
strong. This means that 
magnetic flux tubes gen- 
erated in the solar con- 
vection zone tend to rise 

and erupt through the surface. This would be fine if the 
timescale of rise were of the order of the 22-year sunspot 
cycle period; but the simplest theory of magnetic 
buoyancy, first developed in 1955 by Eugene Parker of 
the University of Chicago, suggests a much shorter 
timescale of the order of months or less - so short that a 
dynamo process located in the convection zone appears to 
be quite at variance with observed solar activity. 

Attempts are currently being made to circumvent this 

5 (a) The geodynamo process is located in the liquid outercore of the Earth. Helical convection is driven bya  process of gravitational segregation and 
there is an associated slow growth of the solid inner core. (b )  The solar dynamo is driven by turbulence and differential rotation in the convection 
zone or, possibly, by instabilities confined to a layer at the bottom of the convection zone. Magnetic flux erupts periodically through the surface 
(photosphere) giving the well-known 22-year cycle of magnetic activity 
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location of a possible 
layer dynamo 

turbulent convection 
zone 

Earth Sun 
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Fundamentals of Physics 
4th Edition and 4th Edition Extended 
D. Halliday, University of Pittsburgh, R. Resnick, 

Rensselaer Polytechnic Institute and J .  Walker, 
Cleveland State University 

Retaining the comprehensiveness and rigour of the previous 
edition, these books have been sharpened and enlivened 
with more direct sample problems, chapter opening 
examples carried throughout the chapter, problem sets with 
more relevant physics and a completely redrawn, full- 
colour art program. These texts contain authoritative and 
accurate physics enlivened by the writing style of the new 
co-author Jearl Walker. The Extended version contains 
seven additional chapters on quantum physics, atoms, 
conduction of electricity in solids and nuclear physics. A 
Students Companion and Selected Solutions Manual are 
available to accompany these texts. 
0471 59986 7 aprx 1024pp due April 1993 (WE) aprx f19.95 $34.95 
0471 52461 1 aprx 1024pp due April 1993 (cl) aprx f51.50 $85.95 
Extended Version: 
0471 60012 1 aprx 1472pp due April 1993 (WE) aprx f22.95 $40.50 
0471 57578 X aprx 1472pp due April 1993 (cl) aprx f53.50 $88.50 

Physics, 4th Edition 
Volume 1 and Volume 2 Extended 

D. Halliday, University of Pittsburgh, R. Resnick, 
Rensselaer Polytechnic Institute and K. Krane, 

Oregon State University 
This long anticipated new edition, prepared by Kenneth 
Krane in conjunction with Halliday and Resnick, will still 
provide the complete, accurate and rigorous physics that 
physicists expect from it, while bringing it forward into the 
1990’s and beyond. Comprehensive, as well as 
conceptually and physically oriented, the physics is 
presented in an authoritative, accurate and mathematically 
rigorous manner. New advances in physics have changed 
the presentation of the work-energy theorem, the coverage 
of thermodynamics and optics, and numerical analysis. 
Computer-generated graphics are woven throughout the text 
and computer projects selectively added between chapters. 
A Study Guide and Solutions Manual are available. 
0471 55917 2 65Opp November 1992 Vol 1 (WE) f17.50 $30.95 
0471 80458 4 65Opp November 1992 Vol 1 (cl) f44.50 $62.50 
0471 55918 0 678pp November 1992 Vol2 Ext (WIE) f18.95 $33.50 
0471 54804 9 678pp November 1992 Vol2 Ext (cl) f44.50 $62.50 
0471 55919 9 1328pp November 1992 Combined W E )  f24.95 $43.95 
0471 56897 X 1328pp November 1992 Combined (cl) f69.00 $96.50 

Conceptual Astronomy 
A Journey of Ideas 

M.  Zeilik, University of New Mexico 
Providing an innovative, conceptual approach to 
astronomy, this book emphasizes scientific model making. 
Concepts are developed from the concrete to the abstract, 
resulting in a traditional earth to the universe organization. 
The approach of the book shows how a model of the 
cosmos and its parts can be built up from the standpoint of 
contemporary astronomy. 
0471 50996 5 508pp February 1993 @r) f24.95 $41.95 

b TeachedLecturers who wish to consider any title for course 
use may request an Inspection Copy. Contact the Textbook Dept 
at the address below, or telephone 0243 770372. 
b If you wish to purchase any title,’ telephone 0243 829121, 
Customer Service Dept, or dial Linkline 0800 243407 (UK only). 

JOHN WILEY & SONS LTD 
Baftins Lane, Chichester, West Sussex, PO19 lUD, UK 

difficulty: the solar rotation (with a period of about 27 
days) undoubtedly impedes the eruption process, but 
perhaps not sufficiently; alternatively, the true seat of 
dynamo action may be in a layer near the bottom of the 
convection zone where a stable density gradient may more 
effectively impede the rise of magnetic flux tubes - much 
as if they were imbedded in a layer of treacle! 

The new science ,of solar seismology (see “Deep secrets 
of the Sun” Physics World March 1991 p40), which uses 
the increasingly detailed observations of oscillations and 
waves on the solar surface to infer the density, rotation and 
magnetic field in the interior, has the potential to resolve 
this issue, but the clues obtained so far do not yet fit easily 
into any pattern consistent with the alluring an-dynamo 
mechanism. 

Turbulence ahead 
A second problem which attracted heated discussion at the 
Isaac Newton Institute, a discussion that Newton himself 
would have relished, related to the role of turbulent 
diffusion associated with random motion of fluid elements 
in the solar dynamo. Molecular diffusion is far too weak to 
catalyse the dynamo process on the required 22-year time- 
scale, making turbulent diffusion an essential ingredient. 
However, a dynamo-generated magnetic field suppresses 
the very turbulence on which it feeds; does this 
suppression effect kill the dynamo, or does it merely 
nudge it into another mode of operation (e.g. one in which 
regions of strong turbulence and strong magnetic field are 
separate but still able to interact across their common 
frontier)? 

The Earth and the Sun are the two most familiar 
examples of cosmic bodies containing self-generated 
magnetic fields. But the generality of the dynamo 
mechanism suggests that any self-gravitating rotating mass 
of conducting fluid - whether planet, star or galaxy - will 
exhibit a magnetic field generated by the an, or similar, 
mechanism. The general theory is robust, but reconcilia- 
tion of detailed theory and observation in each individual 
case is certain to present challenges of exceptional 
difficulty. 
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Further reading 
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The following books arising from the Dynamo Theory 
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published soon: 
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