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Abstrnct 

Thc origin of thc tcrrcstrial and solar magnetic fields is discussed. An original nicridional 
field can by hydrodynaniic motion get an east-west component. It is pointed out  that this 
component cannot cxeeed the order of magnitude of thc original field. If it does, the field 
becomet unstablc and an increase of the tneridional component is caused. The possibllity 
of finding an amplifying niechanisni of this type is considered. 

I. The origin of the tcrrcstrial and solar mag- 
netic fields is still one of thc most puzzling 
problems of cosmical physics. Of the many 
different hypothcses that have been proposed, 
LARMOR’S idea that the fields arc due to internal 
motions seems to be the most attractive one 
[I]. Recent work has shown that a magnetic 
field could be amplified very much by hydro- 
dynamic motions 121 [3] [4]. For example, it 
seems possible to account for the strong mag- 
netic fields of sunspot by assuming that mo- 
tions in the interior of the sun [ 2 ]  have am- 
plified the rather weak general solar field. In 
a similar way it is likely that in interstellar space 
an originally weak field has been amplified by 
hydrodynamic motions [4]. In analogy with 
these processes it seems reasonable that it 
should be possible to account even for the 
terrestrial and solar magnetic fields in terms of 
some sort of magneto-hydrodynamic process. 

2 .  In the discussion of the general magnetic 
fields a paper by COWLING has attracted much 
interest [ 5 ] .  COWLING draws the attention to 
the fact that the main problem is how new 
magnetic lines of force arc created. A certain 
line of force may be detbrmed to any con- 
figuration by hydrodynamic motion and in 
this way a given magnetic field may be am- 

plified. At the same time, however, the struc- 
ture of the field becomes more and more 
complicated. The only way to amplify a field 
without changing its general character is to 
breed new lines of force. Under the conditions 
in the interior of the earth and sun COWLING 
is inclined to consider such a breeding as im- 
possible. 

Extensive investigations have been carried 
out by ELSASSER and BULLARD [ 6 ] .  They doubt 
that COWLING’S conclusion is valid without 
restrictions and try to find a rather complicated 
system of whirls by which an amplification 
should bc possible. Their attempts have had 
no definite success so far. Upon the whole 
one has the impression that a phenomenon 
of such a general charactcr as the terrestrial 
and solar fields should be due to a mecha- 
nism more simple than those proposed by 
these authors. 

The kinematics of a field amplification 
3. In order to find how the general magnetic 

fields of the earth and the sun are generated 
and maintained, it is advisable to start by 
trying to find a cyclic process by which a 
magnetic field could be amplified. 
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Fig. I .  The magnetic field in a closcd tube of force can be aniplified by hydrodynaniic motion in the following way. 
The initial tube (,i) is drawn out to the double length (6) and by a motion of the type marked by arrows this tube 
is split up into two tubes (c). These are placed side by side thus forming a tube (d) of the sanie shape as thc initial 

tube but with the magnetic field doubled. 

It is rathcr easy to outlinc a kinematically 
possible process but to find the dynamics lead- 
ing to this process is much more difficult. Con- 
sider a closed infinitely thin tube of force in an 
incompressible and infinitely conductin 
(fig. I a). The circumference of the ines of 
force be Lo and the cross-section of the tube So. 
To simplify the discussion we suppose that So 
is constant. Then the volume of the tube of 
force is Vo = Lo - So. As the liquid has an 
infinite conductivity no motion perpendicular 
to the lines of force is possible, and as the liquid 
is incompressible the volume U must remain 
constant. If the magnetic field is H,, the flux 
is @* = SOHo. 

W e  want to find a process which ends in a 
tube of the same dimensions but with an in- 
creased magnetic field. This could be accom- 
plished in the following way. Let hydrodyna- 
mic motions lengthen the tube to zLo. As V, 
and remain constant, this means that the 
cross-section diminishes to So/z and the 
magnetic field increases to 2 Ho. By a motion of 
the type shown in fig. I b it is possible to split 

P liquid 

up this ring into two rings, each with the 
length Lo (fig. I c). These two rings are placed 
side by side, thus forming one ring with the 
length Lo and cross-section So, but with the 
magnetic field z Ho (fig. I d). This rocess 
could be repeated indefinitely thus lea B ing to 
an unlimited amplification of H. 

4. The process considered refers to lines of 
force which are closed in the liquid, but it is also 
possible to increase the magnetic field by a 
process starting by open lines of force. In order 
to show this let us suppose that in an infinitely 
conducting sphere of incompressible liquid 
there is a uniform tube of flux from one pole 
to the other (fig. z a). If the upper half of this 
is rotated in relation to the lower half the mag- 
netic lines of force will be twisted, so that the 
axial field Ho is superimposed by a tangential 
field Ht. When the twisting exceeds a certain 
limit, the tube of force tends to make a loop 
(Fig. 2 b). The mechanical analogy of this 
phenomenon is well-known: if a wire is 
twisted, a series of loops are formed. (This is 
easily demonstrated by rotating the micro- 
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phone of an ordinary table telephone and ob- 
serving the telephone cord.) 

The order of niagtiitude conditions for loop 
formation can easily be calculated. Suppose 
that a cylindrical tube of force with the length 
L and radius ~ R (< L) is twisted in one of 
its ends by an angle y. In a volume elcment at 
the axial distance I the axial field Ha is super- 
imposed by a tangential field 

Thus thc total energy of the tube of force is 
K 

with 

(3) 

If the tubc of force chaiiges its shape by making 
a loop, its length increases by at least d L  = 

2.z R. At the same time the twist changes by 
dyi = - 2 IC. As the voluiiie x RZ L remains 
unchanged the radius changes by A R = 

also remains constant, which means that the 
27c HaR magnetic field changes by AH,  = -- ~ -. 

L 
The condition that the total energy should not 
changc gives 

O W a = 0  (4) 

( 5 )  

or 
- 

‘P = (1 s - I) LIR 

When y exceeds this value the conditions for 
loop formation are favourable. By introducing 
( 5 )  into ( I )  this approximate calculation 
shows that as soon as the tangential field exceeds 
the order of magnitude of the axial field a 
loop will be formed. Unlike the conditions in 
a telephone cord this loop will separate be- 
cause the lines of force of the initial string will 
close again and so will the loop itself (fig. 2 c). 

Let hydrodynamic motion draw out part 
of this loop to the surface (fig. 2 d), where 
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Fig. 2 .  Aniplification of a magnctic field by loop forma- 
tion. A magnetic tube of force within a conducting 
sphere (a)  is twisted. This leads to thc formation of a loop 
( b )  which separates from the initial tube (c). By a hydro- 
dynamic motion the loop may be split up and brought 
sidc by \ide with the initial tube ( d )  thus restoring the 
shape of the tubc (6,) but with an amplified magnetic field. 

it will break, and move the ends to the poles, 
so that the original loop is deformed into a 
uniform tube which is parallel to the initial 
tube (fig. 2 c). At the loop formation the vol- 
ume of the initial tube has decreased by 2. ; t z  R I  
so that as the length is unchanged its ct-oss-sec- 

tion has diminished by factor __ . As the 

axial flux remains the same, the field has in- 

272 R 
L 

212 
creased by a factor I + PR. If the tubc L 
deriving from the loop is added to the initial 
tube, the result is a tube with the initial volume 
and shape but with a field which has increased 

by I + - - . An iteration of the process will 

bring us up to an: value of Ha. 

212 R 
L 

The dynamics of a field amplification 

5 .  In the preceding paragraphs it has been 
shown that an amplification of a magnetic 
field within a conducting liquid is kineniati- 
cally possible. (This means also that the breed- 
ing of iiew lines of force is no really serious 
problem.) What remains in order to explain 
the generation of the terrestrial arid solar 
magnetic fields is to find the dynamics which 
produces the postulated motions. 
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The dynaniical problem is much more 
difficult because the behaviour of a set of 
electric currents in a fluid leads to mathemati- 
cally very complicated problems, which have 
not been solved so far. By analogy with cur- 
rent-carrying wires certain conclusions could 
be drawn but they are only tentative. 
Two parallel wires attract each other if their 

currents flow into the same direction. If the 
wires make an angle they tend to move so as 
to become parallel. A single loop of arbitrary 
form tends to expand and if free it will form 
itself into a circle. If a circular current is given, 
magnetic dipoles in its iieighbourhood tend 
to move to the surface of the circle and place 
themselves in such a position as to amplify the 
magnetic field. If a multitude of current- 
carrying wires are placed near together they 
tend to move into such positions as to make the 
resulting dipole moment a maxiinurn. 

If the same laws hold for currents in a con- 
ducting liquid-but this could be established 
only after rigid calculations-currents in dif- 
ferent parts of the liquid should adjust them- 
selves so as to amplify each other. Eventually 
the result may be that the dipole moment be- 
comes a maximum. Hence if only new lines of 
force are bred, they would move into such 
positions as to amplify the already existing 
field. 

6. In s$ 3 and 4 we have only treated the 
magnetic lines of force without mentioning 
the currents producing them. In the ideal case 
of a single tube of flux the field is produced 
by currents flowing around the tube in an 
infinitely thin surface. In the case of a twisted 
flux tube there is also a current parallel to the 
tube. In the case of a uniformly twisted tube 
of force discussed in $ 4 a current with 
homogeneous density i = 7H.r Ir flows inside 
the tube, the circuit being closed by a return 
current in an infinitely thin layer at the sur- 
face of the tube. 

A set of force tubes of this ideal type will not 
interact. In reality, however, the currents 
spread in the environment, producing a mag- 
netic coupling between the different parts of 
the liquid. This gives rise to mechanical forces 
which change the state of motion of the liquid. 
Accepting the analogy with the current- 
carrying wires we should expect the net 
result to be that the currents amplify each 
other. 

Generation of magnetic fields in celestial 
bodies 

7. We shall now try to apply what has been 
stated above to the generation of the general 
magnetic fields. We consider the liquid core 
of the earth as the place where the earth‘s 
magnetic field is generated. This core has a 
radius of about half the earth’s radius. In the 
case of the sun the whole sun is gaseous so 
that the same considerations could be applied 
to the whole sun. In a liquid with the conduc- 
tivity u we have 

” I aH 
rot E = - -  - 

c at 

Combining these equations and integrating 
along a closed line we find 

where C#J means the niagnetic flux through the 
surface limited by the line, and ds the line 
element. 

The first term at the right hand side of (3) 
means the net flux transported by hydro- 

Fig. 3 .  Simple model of thc magnetic field in the interior 
of the earth (or sun) with ineridional field only. 
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Fig. 4. Amplification of terrestrial field by means o f  the 
process of fig. I .  The  neutral line A B C  (fig. 4 a) is stir- 
rounded b:i circular magnetic lines of force (cross-scc- 
tion shown above). A differential hydrodynaniic flow 
indicdted by arrows in (6) deforms the circles into el- 
lipcs. These split up for exaniplc into three almost 

circular lines (c). 

dynamic motion over the line of integration. 
If the flux @ shall not diminish this transport 

must at least compensate the second term to the 
right, which denotes the consumption of flux 
due to the finite conductivity. 

If we integrate over a circle in the equatorial 
plane of the earth, the net flux within this circle 
is directed southward. hi order to amplify the 
field we must have a transport of southward 
flux into the circle, or a transport of northward 
flux out of the circle, or both. 

Fig. 3 shows the simplest possible model of 
the field in the terrestrial core or in the sun. The 
field has meridional symmetry and is produced 
by a current which is more or less concentrated 
in a circle in the equatorial plane. Near this 
circle there is a circle called the “neutral line” 
where the magnetic field is zero. 

If our integration line coincides with tlie 
neutral line there could obviously be no trans- 
port of flux over the circle because H = 0. 
Hence in this model the magnetic field cannot 
be maintained or amplified in a stationary 
state. 

This difficulty, which has been stressed by 
COWLING Is], could be overcome by making 
the model asymmetrical and non-stationary. 
In fact, a neutral line H = o exists only because 
of the assumed symmetry. In a magnetic field 
of arbitrary form there exist singular points 
H = o and the neutral curve is not a continuous 
line but an assembly of such singular points. 

The possibility of a continuous transport of 
flux over a given circle in the equatorial plane 
is connected with the breeding of new lines 
of force. Without such a breeding the transport 
could only go on until all flux going south- 
ward through the equatorial plane has been 
brought within the circle and all northward 
flux has been brought outside it. Thus in order 
to maintain or amplify the field it is necessary 
to breed northward flux inside, or southward 
flux outside the circle, or both. 

8. In order to study the process more in details 
we start from the model of fig. 3 .  Admittedly 
it has been shown that this cannot be exactly 
correct but it is useful as a first approximation 
and the necessary deviations may be considered 
as disturbances. 

The breeding of new lines of force may go on 
in the whole volume of the terrestrial core and 
of the sun but the processes are somewhat 
different in different parts. In this paragraph we 
shall consider a process which may be active 
near tlie neutral line whereas in the next para- 
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the axis. LOO?i 

In the absence of a tangential field the lines of 
force near the neutral line are circles around 
this line (fig. 4 a). If the angular velocity of a 
tangential motion in the equatorial plane dif- 

ORIGIN OF T H E  TERRESTRIAL A N D  SOLAR MAGNETIC FIELDS 

graph we shall consider the breeding near Pole 

Neutral 
line fers outside and inside the neutral line, the Neulrc, 

line lines of force will be dragged out (Fig. 4 b). 
In this way mechanical motion is converted 
into magnetic field energy. If the line of force 
is prolonged very much it may divide into 
two or more loops. Speaking of the currents 
the dragging out corresponds to the production 
of a radial sheet of current due to the polarisa- Pole 

+ I +  + 
tion field E =- I, x H produced by the 

C 

differential motion. The splitting of the pro- 
longed loop means that the current density in 
the sheet is no longer uniform. It can be shown 
that an infinite sheet of current in a conduct- 
ing liquid is unstable and will have a tendency 
to break up into separate lines of current. 
In this way southward lines of force are created 
at a' outside the line of integration ABC and 
northward lines of force are created at c inside 
the same line. A transport of the region a' 
inwards and of the region c outwards will give 
an increase of southward flux inside the line 
of integration. How this transport is effected 
dynamically is very difficult to analyse. The 
breaking UD of the extended lines of force 

Meridional plane 

Equatorial plane 
O L  

into smaller loops corresponds to the main 

this twisted current is reshaped into a circle 

reasonable to assume that the current has a 

current along the line A B ~  being twisted. If 

the expected transport is effected. It seems 

Fig. 5 .  Amplification of terrestrial .field by the process of 
fig. 2. By twisting a tube of force loops are formed. The 

the initial current near the neutral line. 
"ioop current" of a synmietrical set of loops amplifies 

tendency to return to the circular shape. It 
should be observed that the breaking up of an 
extended line of force occurs when the tangen- 
tial field surpasses the order of magnitude of 
the nieridional field. 

9. The breeding may also occur far away 
from the neutral line by means of the rocess 
outlined in $, 4. This seems to be especia P ly im- 
portant near the axis. If the lines of force in this 
region are twisted by hydrodynamic motions, 
loops of magnetic flux will be formed. If a series 
of loops are bred symmetrically around the 
axis they will join to a toroidal field associated 
with a circular current in the equatorial plane. 
This current will expand due to its own mag- 

netic pressure and also because of the attraction 
from the initial current near the neutral line. 
It is possible that the mutual attraction may 
prevent the initial current from expanding 
which it naturally should do because of its own 
magnetic pressure. If so the two current rings 
may coalesce so that there is a certain current 
(near the neutral line) which from time to 
time is fed by new rings. It is also possible that 
the general field derives from a series of ex- 
panding current rings, moving outwards in a 
long succession. In both cases there is a north- 
ward flux just outside the expanding currents 
which when passing a given line of integration 
cffects the necessary transport of flux. 
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The Earths magnetic field 

I 0. The process which we have considered is 
of a very general type. It should occur as soon 
as the average energy due to hydrodynamic 
motion within a part of the body exceeds the 
magnetic energy. The equality of these two 
sorts of energy is characteristic for the magneto- 
hydrodynamic waves. If such a wave is started 
by a hydrodynamic motion, half of the kinetic 
energy is transformed into magnetic energy. 

Starting from a meridional field of a simple 
structure, the hydrodynamic motions may 
drag out the lines of force and effect a breeding 
of new lines of force directly, but a more 
obvious process is that the motions at first give 
the field a tangential component, which cor- 
responds to a twisting of the lines of force. 
When this exceeds the meridional component 
new lines of force are bred and in this way the 
meridional field is amplified. 

If the average field within a body is H the 
average motion which is necessary has the 
kinetic energy 

P2 - H2 
- -  - 
z 8n 

or 

\ 4ng 

where c, is the density and v the velocity. For 
the earth’s core we may put H = 20 gauss, 
0 = 10 which gives u = z cmisec. For the 
sun H = 100, 9 ~ I gives ti = 3 0  cmjsec. 

In order to maintain the general field at a 
certain strength the hydrodynamic motion 
must be supplied continuously with energy. 
ELSASSER and BULLARD suppose that the sourse 
of energy is nuclear reactions. Radioactivity 
in the earth’s core produces a heating which 
gives rise to convection. In the solar core there 
is a very large release of nuclear energy. 

Against this it may be objected that if these 
processes were the cause of the general fields 
we should expect a much larger difference in 
strength. The field at the surface of the earth’s 
core can be estimated to about 5 gauss and 
this is of the same order as the field at the solar 
surface (10-20 gauss). Hence even the dipole 
moment per unit volume is of the same order. It 
is very unlikely that two fields of about the same 
strength should be caused by the release of 

nuclear energy, which is enormously much 
larger in the sun than in the earth. Admittedly 
it may be unfair to compare the earth’s core 
with the whole sun because the magnetic field 
may be generated mainly in the solar core, but 
even so the difference in magnetic field would 
be very much smaller than the difference in 
energy production. 

I I .  As an alternative there is the possibility 
that the energy is supplied by the non-uniform 
rotation which means that the ultimate cause 
is the braking of the rotating bodies by inter- 
action with the environment. In the case of 
the earth the main braking is due to the tides, 
the action of which lengthen the day by I O - ~  
sec. per year. The tides brake the crust and if 
the braking is transmitted from the crust to 
the core by electromagnetic forces the energy 
released by the braking of the core may be 
converted into magneto-hydrodynamic energy. 
BULLARD [6] means that it is impossible that 
a differential rotation in the earth‘s core could 
be large enough to account for the magnetic 
field, because the magnetic field itself would 
force the core to rotate with about the same 
angular velocity. This conclusion depends 
upon what assumptions we make about the 
shape of the magnetic field in the core. If the 
ficld of the earth’s core has the shape of fig. 3, 
that part of it from which magnetic lines 
of force go out to the crust, must rotate with 
almost the same velocity as the crust, according 
to FERRARO’S theorem [7]. That toroidal part 
of the core, however, from which no magnetic 
lines of force go out to the crust has no direct 
clectro-magnetic contact with this and may 
very well have a different angular velocity. 

Suppose that the terrestrial dipole moment is 
n and the core has the radius R. If within the core 
there is a fairly uniform current density i in 
the tangential direction, this is of the order 

The Joule energy developed per second by 
this current is of the order 

i z n R-4 

y == i 2  R3 u-1 = ~2 R-5 0-1 

where u is the electric conductivity. This should 
be compared with the energy developed in 
transferring rotational energy from the core 
to the crust. In order to find the order of 
magnitude, let us suppose that the core rotates 
as a rigid sphere thus neglecting that a part of 
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it is niagnetically bound to rotate with the 
same velocity as the crust. The moment of 
inertia be I ,  and the angular velocity w,, 
whereas the corresponding quantities of the 
crust are I ,  and w,. When the angular momen- 
tum Il  dw, = - I2dw2 is transferred, the energy 

= (w2 - ~ 1 )  I1 dw1 

goes into heat. If the “friction” is due to 
electro-magnetic forces, this energy is at first 
converted into magnetic energy, which finally 
is dissipated into Joule heat. Supposing that 
most of the magnetic energy is used to produce 
the general magnetic field we may put 

dW 
P=X 

or 

wherc 
cot = w2 - w()1 

is thc differential angular velocity between the 

crust and the core. Putting I ,  = - e R,; 2 

(p = density) we find 
J 

We put (I = 8 * 1oZ5 gauss cm3, Q = 10 g ~ m - ~ ,  

R,  = 3.5 * 108 cm. For -2 we choose 3 I O - ~ ~  

sec-2 which is the value of the retardation of 
the crust due to the tides, thus assuming that 
a stationary state is reached so that the core 
is retarded at the same rate as the crust. Accord- 
ind to BULLARD we have (T = 3 * I O - ~ .  This 
gives 

w’ = 7 I O - ~  sec-l 

which corresponds to an excess rotational 
velocity of the core of about 0.1 %. There 
seems to be no certain information about the 
non-uniform rotation of the earth‘s core so 

d o  
dt 

this value cannot be checked at the present 
stage but does not seem unreasonable. 

Thus even the braking of the earth suffices 
to maintain the terrestrial field. It is difficult to 
judge whether the energy is supplied in this 
way or by nuclear reactions or in both ways. 

The difference between slow and tapid 
motion 

12. If a force acts perpendicular to a string 
during a time which is short compared to the 
period of oscillation of the string a wave is 
produced which travels along the string. On  
the other hand, if the force is applied smoothly 
and acts during a time much longer than the 
period, no wave is formed but the string is stat- 
ically deformed. The.same holds for a magnetic 
line of force. A rapidly changing disturbance 
produces a magneto-hydrodynamic wave but 
a static or semistatic force produces a constant 
or slowly varyln change in the shape of the 
line of forcc. It is tkely that the factors produc- 
ing the general magnetic field vary very slowly 
compared to the time of travel of magneto- 
hydrodynamic waves through the earth’s core 
or through the sun. Considering the magnetic 
lines of force as strings, in this case we have not 
actually to do with the oscillations of these 
strings but with the forces stretching the 
strings. 

In this way the production of the general 
magnetic field and the production of sunspot 
waves in the sun may go on rather independ- 
ently, the former being due to slowly varying 
forces and the latter to forces of pulse character. 
This problem can be settled only when there 
is a general theory of the internal circulation 
taking account also of electro-magnetic effects. 

Finally the relation with the magneto- 
hydrodynamic theory of sunspots should be 
discussed. In the development of t h s  theory 
it was sup osed that the magnetic field in the 

sphere R, (- 1.8 - 10l0 cm) and a dipole field 
outside R,. This model is not very remote 
from the model we have discussed here. It 
should be observed that a superimposed tan- 
gential field does not affect the theory of sun- 
spots because the velocity I/ of the magneto- 
hydrodynamic waves is pioportional to H so 
that the motion in the meridional plane de- 

interior o P the sun was homogeneous inside a 

+ 
+ 
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pends only on thc ineridional field com- 
ponent. 

A loop formation in the solar core must af- 
fcct the motion of sunspot waves. Whether 

this has any connection with the sunspot cycle 
cannot be decided at present. 

I wish to thank Mr. Herlofson and Mr. 
Lundquist for many discussions. 

R E F E R E N C E S  

I. LARMOR, J., 1919: How could a Rotating Body such as 
the Sun becomc a Magnet? Rep. q f r l i e  87th meeting 
qf die British .4ss. for the ndvnricement qf science. 

2. ALFVEN, H., 1950: Cosniical Electrodynamics. Chap- 
ters 4-j. Oxford University Press. 

3 .  LUNDQUIST, S., 1949: Experimental Demonstration of 
Magneto-hydrodynamic Waves. Nnfnre 164, p. 145. 

- 1950: Experimental Investigations of Magneto- 
hydrodynamic Waves. Physicnl Review (in the 
press). 

4. A L F V ~ N ,  H., RICHTMYER, R. D., TELLER, E., 1949: On 
the Origin of Cosmic Rays. Pliysirnl Rwirw 75, 5 ,  
p. 892. 

FERMI, E., 1949: O n  the Origin of the Cosmic Radia- 
tion. Pliysiral R r v i i w  75, 8, p. 116y. 

RICHTMYER, R. D., TELLER, E., 1949: O n  the Origin of 
Cosmic Rays. Pliysirnl Rci*icrv 75, 11, p. 17.29. 

ALPVBN, H., 1949: O n  the Solar Origin of CosmicRadia- 
tion. Pliysiral Revieiv 75, 11, p. 1732. 

- ry~o: O n  the Solar Origin of Cosmic Radiation 11. 
Pliysicnl ReikrJ (in the press). 

5 .  COWLING, T. G., 1934: The Magnetic Field of Sun- 
spots. ,Won. Not. R. Astr. Sol. 94, p. 39. 

6. ELSASSER, W. M., 1946: Induction Effects inTerrestria1 
Magnetism. Physical Review 69. p. 106. 

- 1y46: Inducticn Effects in Tcrrcstrial Magnetism 11. 
Pliysirnl Review 70, p. 202. 

- 1947: Induction Effects in Terrestrial Magnetism 
111. Pliysirnl Review 72, p. 821. 

7. UULLARD, E. C., ry4y: The Magnetic Field within the 
Earth. Proc. q f t h e  Roynl Sorirry, A 197, p- 433. 

8 .  FERRARO, V. C. A., 1937: Thc Non-uniform Rotation 
of the Sun and i ts  Magnctic Ficld. Mon. Xot. R. 
.4srr. Sor. 97, p. 458. 


