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I .  I ) i s c o v e r y  o f  t h e  C a u s e  o f  N l a g n e t i s m  a n d

o f  a  R e m a r k a b l e  C o n n e c t i o n  b e t r v e e n  M a g n e t i s m

a n d  U n i v e r s a l  G r a v i t a t i o n .

( i)  Introductory remarks and definit ions.

In this seventh paper we demonstrate the cause of

magnet ism,  and ou t l ine  cer ta in  remarkab le  d iscover ies  in  con-

nection therewith, more especial ly a new physical las' notv

f inal ly establ ished betrvecn the magnetism of the enrth and

terrestr ial gravitat ion. Sorne of these discoveries have lrecn

known to  me s ince  rg r4 ,  and are  recogn ized in  the  th i r r l

paper  (AN 5o79) ,  and in  vo lume I  o f  the  ! ) lec t rodynamic

Wave-Theory  o f  Phys ica l  Forces ,  r9 r7 ,  bu t  the  proo ls  norv

ava i lab le  a re  made so  tnuch more  comple te ,  tha t  i t  i s  ed-

visable to re-examine the rvhole sr.rbject sourerr 'hat bricf ly '

The analyt ical expressions for the accelcrat ing fort:es

tnder Netaloa's law of gravitat ion, and under t i-re neu' larv

for the total intensity of the earth's magnctic forr:cs, are

similar in fornr, except for the trvo poles in the case of the

rnagnet ic  ac t ion ,  each o f  wh ich  is  a  cent re  o f  a t t rac t ion ,

exert ing i ts appropriate stress upon the aether in the s'alc-

f ie ld  o f  the  g lobe:

g  -  mm' f rz ;  fo r  the  snn G :  l2 l i ,  as t ron .  t rn i ts ;  ( t )

1 -  1 t1 t ' f s2*1 tp ' fs '2 .  ( " )

Here the gravitat ional masses are n and rz' ,  at the

distance r, the radius of the earth, and the accelerat ion .g;
p, is the pole strength of the earth's magnetistn, and 1a' that

of a standard stcel bar nragnet oI rveight 1/,  ki lograr-r-r,  as

used by Gazzss (Al lgemeine ' I 'heorie des I irdmaenetisnrrts,

p .  46) ,  -1  :  the  to ta l  in tens i ty  o f  the  ear th 's  magnet isn t ,

s  :  the  lcng th  o f  the  c t t rved  l inc  o f  maqnct ic  fo rce ,  o l r ta incc l

by integlat ing along the cttrvcd path d.r betu'cen the 1>lace

of  observa t ion  a  anc l  the  po le  1 , ,  :  
Jar ,  in  the  so l id  g lobe

I
of  the  ear th ,  s '  :  

)ds ' ,  
be ing  the  cor respond ing  curved l ine

of magnetic force to the other Pole,
It  is recognized that a magnetic bar rtpon the earth

is under a dual systern of forces - the gravitat ional and

the  magnet ic .  Gauss  shorved (p .  +O)  tha t  the  po le  s t rength

o f  t h e  e a r t h  p , : 8 4 6 4 ' r o 1 s 1 o ' ;  a n d  h e  c a l c u l a t e d  t h a t  o n

the average, under uniforrn distr ibution oI these standard

steel bar magnets, rvi th paral lel axes, each crtbic metre of

the matter of the elobc rvould have rvithin i t  an atnortnt of

magnet ism equ iva len t  to  7 .83r  o f  these bars .
The average cubic metre of the earth's ntatter, ' rvi th

dens i ty  5 .5 ,  rve ighs  55oo k i lograms;  and thus  the  ra t io  o f

the  magnet ic  mat te r  o f  the  g lobe to  the  who le  o f  i t  i s :

r l : 3 . g r 5 5 / 5 5 o o  : 1 1 1 4 o 4 . 6 7 4 .  ( : )
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New Theory of the Aether. By T. /. /. See.
(Seventh  I 'aper . )  (Wi th  7  P la tes  anc l  z  Por ra i ts . )
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A more  exac t  va lue  o f  th is .  cons tan t  p robab ly  i s

t 7 :  r f  t 4 o 8 . r z (+) '

( )F

l l  r r r + r - i i \ ' '

yet from the consiclerat ions indicated in deriving equation (4q),
i t  i s  poss ib )e  tha t  the  va lue  may be  as  smal l  .as  ?  :  r  f  r  4 r  4 .2  t  3 ,
w i th  the  resu l ts  shorvn  in  equat ion  ( I  r5 )  be low.

From the  above equat ions  ( I )  and (z )  rve  ob ta in  by
d i v i s i o n : t l { :1 t1t , ' fmn' . ( r2fs2-+-r2f . {2) .  (S)

I t  i s  shown in  the  f i rs t  paper ,  AN-5o44,  p .  54 ,  tha t
runder tr i-dimensional expansion in free space, the rvave
ampl i tude A:  l t l r ,  and  tha t  tbe  energy  o f  the  waves ,  f rom
rvhich the forces arise, becomes -f :  e2: /r2lr2, exactly as
in  the  equat ions  ( r )  and (z )  above.  The po ten t ia l  i s  a  s ta te
of stress of the aether clne to the integration for the waves

of the several atoms at their respective distances r,  s or s'
as  the  case may be .

Thus for gravitat ion rve have:

7, : ! ,lr. dnr _

: J,f,f"t(. 
-.' ')'*b,-slz-+(z- z'\21-'t' dr d1, 12. (o)

And fo r  n ragnet isur ,  hav ing  regarc l  to  the  two po les ,  we have
l i k e r v i s e :  ( t : ( ,  P  

". J  I  l s ' o l t  - F J  r / r  ' o l t  :

n n t ,  P P t , ,: ; t - , \ - ) - r l ' ' d .ud7dz -+J  J )o l ' : - dxdydz .  ( z )

This magnetic potential is subject to the Gaussian

equat ion  o f  cond i t ion  fo r  the  who le  ear th  as  a  magnet :

.fd,,, : o (s)
because, on the trvo-f luid theory, there must be in the entire
rnass exactly irs nruch posit ive as negative magnetism, so that

the integral is zcro. ' l 'he wave'theory leads to an identical result,

Accordingly the magnetic forces acting on another

magnet of pole strengths y, ' ,  pt '  become in the integral form:

f :/+f, - pt,y,'f s2-+1t,1t'f s'2 (S)

as  in  equat ion  (z )  above.
For in the rvave-theory not only gravitat ion, but also

rragnetism is due to the energies of the atomic waves, which

yield appropriate forces proport ional to the squares of the

ampli tudes of the vibrat ions. Norv, as fottnd above, the atoms

rvith rnagnetic propert ies, due to the concerted .way in which

they  osc i l la te  in  para l l c l  p lanes ,  a re  to  the  who le  o f  the  a toms

of  the  ear th  as  r :  r  4o8. rz .  And there fore  the  cor respond ing

forces 1 and .g, restt l t ing from the integrals for the magnetic

and gravitat ional tnasses respectively, must both invoive the

squares  o f  the  ampl i tudes ,  s ince ,  as  shown in  AN 5o44,  th is

occurs for the gravitat ional force,

g -  A ' : A 2 l r 2 :  - d l / l d r .  ( t o )

.N'Ioreover, since the complete differentiation of the
rnagnet ic  potent ia l ,  by (Z) ,  leads to:

r3
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d-rJ/ds : !  , ls2 . ap-* t r l#. dp :

: ! S S tu n tus. 0s l0 x - dt -r0 e f0 s. a 1fay, ay-+
r ,  *0st las 'os l7z 'dz) ,  ( " )

* I I ltaatas' .0s'f 0r.dr-rla l0r .,0r 101,' 9y+-+-09f0s'  .?s' l0z.dz)

we have for the integral of the forces between two rnagnets
referred to their poles:

f :1f -r-f' : 1t' S t l t' 
. d 1u-r p,,' ! r f s' 2 . d p, : p p' f st -r pt p,' f s' 2.. ( t z)
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differential,

The rat io 4J, thus necessari ly involves the srluare of 17, rvhich
is  common to  the  two fo rces  depend ing  on  rvave-ac t ion : r )

r 1 2 :  ( r f  r 4 o 8 . r z ) 2 . ( '  : )
Accord ing ly  equat ion  (5 )  y ie lds  the  harn ion ic  la rv  con-

nec t ing  the  rnagnet ism o f  the  g lobe rv i th  te r res t r ia l  g rav i ta t ion :
r l  o  |  , l  I  . ) /  , . ) \  |  ^  ^  |  , l  t  t l  ' r \  |  \I l {  :  4 '  \ r ' l s ' - t r - l r  

- /  :  I / I 9 d 2 b o 2 '  \ t  
- l s - - 1 - r - t r  - l  

\ I - 1 /
l 'his remarkable law holds true throughout the te rrestr ial

spheroid, so far as the rhagnetism is regular. I t  ful f i l ls,  for
example, exact cr i ter ia at the poles, the e<1uator, and in inter-
mediate lat i tudes. And theretore, with an appropriate value
for q, a similar larv wil l  hold true for the sun, Jupiter or
any other planet exhibit ing cosmical rnagnetisrn adrnit t ing of
measurement of the intensity. \ \re shorv l iereafter that in the
c a s e  o f  t h e  s u n  t l :  r l t ; 1 .

I t  appears  in  th is  pa l )e r  t l )a t  the  r r ragnc t ic  fo rces  a l rv l l ' s
ac t  in  curved l ines ,  ins tead o f  in  the  s t r l ig l ) t  l i nes  assunrec l
by Gauss and al l  previous investigators. Such a l-unclanrental
change in mathematico-physical theory re'cprires us to investigate
care fu l l y  the  phys ica l  cause o f  rnagnet ism.  ' I ' h is  c lusc  is  norv
definitely assigned to wave-action, by an argunrcnt which
appears to be so convincing as to be incontestable.

( i i )  Definit ion o[ magnetic l ines of fcirce and of the
l ine integral.

As we have to deal very frequently rvi th the l ines of
magnetic force, we rernark that the dif ferential equation of
such a l ine, at any point (r,  y, z), is

Xdr /ds :  Yd t l ds :  Zdz lds \ ' ) , r

where X, Y, Z are the cornponents of the vector -1?, or total
directed force, paral lel to the axes, and d-r, d1i da lre the
projections on the axes of the spacial element ot ' the curve ds.
Thus the l ine-integral betrveen the points o i tnd ! beconres:

?
P r - , ,  r a  1 , ,  t 1: 
J (.Yd.r/d s+- Ydltf ds-+-z dzf ds) ds

( r  6 )

: '1xar7ar*  Ydl , lds-+Z dzlds)  .
l e t  the  express ion  under  the  in tegra l  be  an  exac t
r rs  in  (16) ,  then the  va lue  o f  Z  i s  the  sarue  fo r

result, as follorvs:
r .  The  po le  s t r eng th  o f  t he  ea r t h ,  p :  S+6+  l o r "p ' ,  r v l t c re  ; r ' i s  t he  po l c

generat ing the rnagnet isrn p is  l / t4ol3 of  t l te earth 's nrass.
z.  ' fhe gravi tat ional  rnass of  the uni t  bar rnagnet , r i  :  r l lE+6+.ro '*)  of

mav be taken as uni tv in the div isor.

3 . ' I ' h e n t h e g r a v i t a t i o n a l r n a s s o f t h e e a r t h ,  1 2 : ( I 4 o 8 ) ( 8 4 6 . 1 . r o ' n ) , t h e r n a g n e t i c u n i t o f m a s s a g a i n

4 .  Acco rd i ng l y ,  r ep lac i ng  t he  nun rbe rs  i n  un i t s  o f  r nagne t i s r "  ( t " p ' )  r v i t h  o the rs  r ep resen t i ng
magnet ism, in order to gdt  the rat io p1t ' lu i ,  rve have:

pp ' fn ru ' :  [ (8+6+ ' ro1 ' )p 'p ' ] / [ ( r+o8) (8+6+. ro ls ) .p 'p ' / (8464. ro 'E) ] :  ( r / rao8) / rao8,  o r  17?:  r / ( r4o8) : .
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any two forms of the path betrveen o and p, provided one
forrn of the path rnay be changed into the other by con-
t inuous motion rvithout passing out of this region. Accordingly,
the dif ference of magnetic potential is given by the integral
r long the path ds:

?
L :  ldr ,U ds :  !Jo-  Vp.J I

( ' z )

As two forms of a.curve through two temrinal points
can be  changed in to  each o ther  under  cont inuous  mot ion
<:h ie l l y  by  ro ta t ion  depend ing  on  symure t ry ,  i t  fo l lows tha t
the  l ine  o f  magnet ic  fo rce  admi ts  o f  tbe  in tegra l  in  ( r7 )
rvhen the force system is syrnmetrical about an axis.

In  the  barmon ic  la rv  and new theory  here  ou t l ined
therc fo re  we a l rvays  have in  v ie rv  a  n )agnet  possess ing
s) ' r l )n re t ry .  Hence the  cosrn ica l  g lobe here  cons idered is  no t
our  ac tua l  ear th ,  w i th  i t s  i r regu la r  d is t r ibu t ion  o f  magnet ism,
a n d  u n s y r n r n e t r i c a l  a x i s ,  b u t  a  h o m o g e n e o u s  u n i f o r m l y
r n a g n e t i z e d  s p h e r e .  ' I ' h i s  r e s t r i c t i o n  i n  o u r  p r e r p i s e s ,
horvever, is only for reasons of simplici ty in establ ishing the
rigorous val idity of the harrnonic larv above forrnulated.

In deal ing with such a compound heterogeneous mass
as our actuai earth, i t  is necessary to have recourse to an
expansion in spherical harmonics, arranged to converqe for
in te rna l  y ro in ts ,  as  employed by  Garzss ,  rE t8 .  Yet  eve l )  here
the  ncrv  harmon ic  la rv  rv i l l  g ive  a  surpr is ing  a l rp rox in ra t ion
to  the  nrcan la iv  o f  the  in tens i ty  o i  te r res t r ia l  magnet isnr
ibr.rnri  in our globe as a rvhole.

It  rvas hrst recognized by l lutt l toldt tn r 8o4, frorn
lncr rsure  ments  o f  in tens i ty  made dur ine  h is  Ar r re r ican  voyage
( r  79 t i - r8o4) ,  tha t  the  to ta l  in tens i ty  i s  r .ooo a t  the  rnagnet ic
c(luator, and increases sourervhat steadi ly torvards the rnagnetic

lrcr les, wlrere Gouss afterwards nrade t)re average intensity to
be r .9  7  7 .  The increase o f  in tens i ty  rv i th  h igher  la t i tudes

l)reser)ts many irregulari t ies, and this nrakes i t  necessary to
rcsort to spherical ]ramronics to give the larv of intensity
over  the  g lobe.

' \ \

t .  I i .eso lu t ion  o f  the  fo rces
to  t l re  two po les .

s t rc r lg th  o f  Cr r rz r r '  un i t

t h e  u l r t t e r  p r o d u c i n g

( i i i )  Xlethod for constructing
the l ines of magnetic force.

I lefore preceeding with the
theory  o f  magnet ism,  rve  sha l l
shorv holv to drarv the l ines o[
force, as by the system of rulers
devised by I)r. Rogtt near the
n idd le  o f  the  r  g t r '  cen tury .  Le t
rec t i l i near  rad i i  vec tores  be  drawn
lionr any point on the l ine of force
to the two magnetic poles r1land
S, as shorvn in the l igure r.

bar  rnagnet .  
' fhe  

quant i t y  o f  u ra t te r

the  rnnguet is ru  o f  t l r c  car th ,  wh ich

bc ing  tha t  o f  the  Gr rzsr ian  un i t  bar .
t l l e  r n a t t e r  r v h i c h  p r o d u c e s  t h e

t )  Rernember ing  the  dua l  sys tc rn  o f  fo rces  lc t ing  on  a  bar  rnagnc t  a t  the  ear th 's  sur face ,  rve  have anothcr  rvay  o f  reach ing  the  sanre
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Here the two points o r,nd o'are taken to be indefinitely
near  each o ther ,  and thus  ap ' i s  tansent ia l  to  the  curve ,  in  the
direct ion of the magnetic force.

Then obviously the sines of the angles ;,  and d are
inversely as the forces erranating from the corresponcl ine poles,
and thercfore direct ly as the squares of the corresponcl ing
l : ^ + ^ - ^ ^ ^  . L . . ^ .u r J t d r f  L c 5 '  L r r t r 5 '  

s i n y f  1 2  :  s i n  d / l ' ' j  .

But by geonretry,

s i nT  -  r du f  ds  s i nd  -  r ' dB f  ds

and therefore by subst i tu t ing in  ( r8)  rve get :

d a f r : a f l r ' .

I t  is obvious from the f igure r that

7 5 i n 6 x  :  r ' s l n B

and on  mul t ip ly ing  equat ion  (zo)  by  (z r )

s in r r  da  :  s ind  d ,8

which admits of integration in the sirnple

c o s . t  :  c o s B _ r C .

( ' s )

( '  s )

I  "  ̂ \

( r  t )

t h e  p r o d u c t  f i c l d s

fo rm:

( , " \

To cons t ruc t  the  l ines  o f  fo rce  by  the  mechan ica l
means devised by I)r.  Rogct, let two rulers of equal lcngth
revolve around their ends f ixed in z1l and S as ccntres,
wh i le  the  moveab le  ver t i ca l  boundary ,  taken to  bc  thc  s ide
of a r ight tr iangle A/lC, with base on i6 prolonged, sl ides
a long.

- -\t'

Fig .  z .  Dr .  . / iagr l ' s  mechan ica l  method fo r  cons t ruc t i r rg
the  rnagnet ic  I ines  o f  fo rce .

The in te rsec t ion  o f  the  ru le rs  res t ing  aga ins t  the  s l id ing
t r iang le  ABC wi l l  fu l f i l l  the  cond i t ions  spec i6ed in  cquat ion
(zz). nor zr-I} is the cosine of a to thc radius e',  and s,/J
in  l i ke  manner  i s  the  cos ine  o f  B  to  the  rad ius  r ' ,  and
N S :  C .

Hence the point of a penci l ,  held at this intersection
a, wi l l  at once describe a l ine of the n-ragnetlc force, oo'.
ln the present paper the l ines of force for the earth's f ield
have not been drarvn by such mechanical magnetic l ine
apparatus, yet the accuracy is suff icient for al l  purposes here
in view, which is chief ly the exposit ion of val id physical
theorv.

r  l \

I
\ l

{,
, - l

I
I
I
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nature of the magnetic l ines of force
of an experimentum cmcis, ' rvhich

represent the axial rotat ions of the

/ .  \( iu )  
' l ' he  

phys ica l
inves t iga ted  by  means
shows that t l -rese l ines
wave-e lements .

r .  I t  i s  norv  shown tha t  the  s t ress  in  the  ae ther  a long
the l ine of force directed to the pole is due to ,w'aves f lat
in the plane of the equator of the rnagnet, paral lel  to rvhich
the  e lements  o f  ae ther  o r  ae therons  ro ta te ,  abont  the  l ines
of force, and thereby generate the tension along these l ines
which lTarada.t' recognized as causing the lines to tend to
shorten themselves. ' I 'orvards the ends of the magnet there
is a gradual change in direct ion of the stress, due to the
absence of rvave-emitt ing atoms, al l  vibrat ing in concert;  and
therefore the rvave movement tnrns around and the l ines
reenter the masnetic poles, as i l lustrated in the fol lowing
l igure 3 front Aku'/on's Principia, r687, l ib. I I ,  section VIII ,
prop. XLI, theorem XXXII, where the curvature of the waves
to a new radius is exhibited after the movement from the
centre A passes through the ori f ice r9C.

z .  Norv  in  n ragnet ism each a tom emi ts  i t s  own waves,
and as the rnotion spreads rvith increased faci l i ty along the
ax is  o [  the  rnagnet ,  o rv ing  to  the  inc reased s t ress  due to
rvaves  c rowd ing  in  tha t  d i rec t ion ,  the  l ines  o f  fo rce  are
near ly  s t ra igh t  a t  the  cent re  o f  the  nragnet ,  and curve  most
rap id ly  a round a f te r  pass ing  the  po les .

Th is  s imp le  v ie rv  o f  the  dynarn ics  o f  the  magnet ic
I ines  o f  fo rce  scarce ly  seems to  requ i re  fu r ther  exp lanat ion ,
as  I  have t rea ted  i t  b r ie f l y  in  AN 5o4E,  y '> .  r6z ,  in  connect ion
with Dolbtat- 's experiment, based on an observable mechanical
model shorvn in practice to give the ct lrvature and dynarnical
propert ies of the l ines of force. Nevertheless the accompa-
nying f igure wil l  enable us to see more clearly why the l ines
have near the ends of the magnet the increased curvature
actual ly observed. The extension of the Ncutonian f igure
is authorized by this example in vector composit ion.

3. Accordingly rve shal l  i l lustrate the f latness of the
l ines of force near the centre of the bar magnet, compared
to the rapid crlrvature torvards either end, by another 6gure
dedr rced f rom tha t  g iven  by  Ncu lor t  in  the  Pr inc ip ia ,  r687,
as  fo l lo rvs :

a) Inrngine adjacent addit ional centres of disturbance,
A ' ,  A " ,  A " ' . , , ,  a r l d  4 1 ,  A z ,  A s . . ' ,  a l l  i n  v e r t i c a l  l i n e  w i t h
the centre ,,1. And make addit ional ori f ices above and below
liC, us B'C',  R" C", Jj t ' t  C"t " '  ,  RtCt, RzC2, -IhCy. .  .  ,  through
rvhich the rvave disturbances may pass.

b) ' fhen the waves in the same phase rvi l l  everyrvhere
mutual ly support each other: the disturbing centres being in
the same paral lel l ine, the rvave fronts rvi l l  become straightened
by the mutual supltort of the separate independent distur-
bances .

c) Norv inrasine the ori f ices brought closer and closer
together, yet maintained as dist inct ccntres of disturbances:
\\ 'e see that beyond the l ine 3C, prolonged in both direct ions,
the rvave fronts rvi l l  become quite straight in the centre, but
rvi l l  curve around rapidly only near the end of the extreme
orif ice B' 'C',  R,,C,, above and belorv respectively. This is
exactly rvhat occurs in magnetism: the l ines of force curve
around conspicuously as rve approach the ends of the magnet

r 3 '
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0) : f le poles, in fact, are the centres

of the reacting stress in the medium rvhen

agitated by al l  the atoms vibrat ing in concert,

and emitt ing waves of the kind here de-

scribed. 
' fhe l ines of force being axes of

rotat ions for the aetherons, as the waves

move along, there is a tendency in these

fines to shorten thenrselves, as in J)olhnt 's

exper iment ;  the  resu l t  i s  tens ion  a long the

l ines, and as they are of ninimunr length,

they tend to keep straight near the centre

of the magnet, and to curve sensibly only

near the ends of the bar, just as in the

water-wave experiment above described

f rom Ncwton 's  d iagram o f  r687.

4. The experirnents here described

are accurate and can be veri f ied by actual

tr ial  for water waves, which are sinrple and

easi ly understood. 
' I-hey 

disclose to us the

true nature of magnetism, for the fol lorving

reasons:

a) The results conform to Dolbear's

experinent, where the dynamical inf luences

at work are easi ly understood, and admit

of but one interpretat ion.

b)  They  are  ver i l ied  in  the  ac tua l
movement of water, the lvaves of which also

have tension along their axes and tend to

straighten themselves to a minimum axis s
principle of Least t \ct ion.
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5. By actual experiment, 1845, Furaday found that
the plane of a beam of polarized l ight rvas rotated rvhen
passed along the l ine of force, through heavy glass, carbon
disulphide and sinri lar substances, and the r)rore rotated the
longer the path s. 

' I 'his fact shorvs clearly that aether rvaves
of the type here described underl ie magnetism. ' I 'hey are
proved to exist by the practical experiments rvith water waves,
by Dolbear's experiment, on tangible models, and by ,Faradoy's
celebrated experiment on the rotat i<.rn of the plane of polarization
by  magnet ism

6. There is one other experinrent rvhich equally supporrs
the above conclusion, nanrely the revolut ion of a f lexible
hoop set loosely on an axis, in the apparatus commonly used
to show the effects of centr i fugal force. When the hoop is
spun rapidly about i ts axis, i t  becorles of oval shape, bulged
out at the equator and drawn in at the poles of rotat ion,
l ike the f igures of the planets which i t  is used to i l lustrate.

Now imagine a series of such hoops rnounted side by
side, and t ied together mutual ly along the axis. ' fhen, 

when
the rotat ion develops, the whole l ine of connected hoops
wil l  shorten i tsel l ,  under the centr i fugal force, jusr as in
Faraday's l ines of force. I t  is impossible to iniagine a more
convincing proof than that here suggested.

l ; i g .3 .  N tu to t i  s  d iagrar r r  o f  l l re  spre  a< l  o f  u 'aves  to  a  new rad ius ,  a i ie ' r  pass ing  th rough an  or i l i ce  B( ' ;
rv i th  ,J r i -1 , ' s  i l l us t ra t ion  o f  the  na ture  o f  the  rvave - rno t ion ,  be lo rv  (c f  f  ides  and Waves,  r845) .

: :  I  CIJ On t l le

[t;/!, ] L un J ttiii,!'/'rrr rst{tr,i i01 ' I rr ,

hnu[]tuf, .i I rlu InLil4tul$il'!!t[Lt  , t
!D

l l l us t ra t ion  o f  the  s imu l taneous cornpound ing  o f  wave rno t ions
f ro rn  c lose ly  ad jacent  o r i f i ces ,  by  ex tens ion  o l  Neuto t is  theory .
As  the  ro ta t ions  about  the  axes  are  para l le l ,  the  tens ion  in  each
wavc d is tu rbrnce tends  to  shor tL 'n  t l ie  a rc  o f  the  who le  l vave
{ i la rnent ,  and rnake the  rvave f ron t  a  rn in i rnunr .  We thus  ge t
rnagnet ic  l ines  o f  fo rce  near ly  s t ra igh t  in  the  equator ia l  reg ions  o f
the  lnagnc t ,  rv i th  rap id  curva ture  to rvards  the  po les .  

' I ' h is  
d iagram,

in  connect ion  lv i th  F ig ,  ?  above,  cornp le te ly  exp la ins  the  observec l
phenomena in  rnagnet ism,  and assures  us  tha t  the  rvave theory
assigns the true cause of nragnetism. Drawn lry 

'f, 
F. Grcathcad.
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2 .  N e w  G e n e r a l  F o r m u l a e  f o r  t h e  I n t e n s i t y  o f

t h e  P o n d e r o r n o t i v e  F o r c e  i n  e v e r y  P a r t  o f  t h c  N { a g -

n e t i c  F i e l d :  t h e  N e w  T h e o r y  r i g o r o r r s l y  v e r i f i e d  b y

t h e  L a w  o f  B i o t  f o r  a  S h o r t  I \ { a g n e t  d e e p  i r r  t h e

I n t e r i o r  o f  t h e  G l o b e  a s  t h e  S i m  p l e s t  B a s i s  o f  t h e

n a r t h ' s  M a g n e t i s m ,  r 8 r 6 .

( i)  Larv of the aether stress along the l ine of nrrgnetic
'force from pole to pole.

When we have a new theory of any phenomenon in
nature nothing is rnore satisfactory than i ts expression in the
form of a geometrical law which enables us to confrrm the
mathematical r igor of the theory lor every part of space.
Thus rve need the means for exploring the entire rnxgnctic

f ield, from pole to pole, to see i f  ottr hart lonic larv is

everywhere r igorously fulhl led.

If  this larv is found to be exact throughout the rvhole
freld of the magnet, this property of mathematical accuracy
.alone wil l  consti tute an overrvhelming argument for the val idity
of the new ,theory. lndeed, unless a contradict ion catr be
establ ished, we may safely conclttde that the larv as formulated
is a true larv of natt lre.

r.  We begin rvith the magnetic equator, since in this
, reg ion  the  t rvo  er lua l  po les  are  equa l ly  remote ;  and as  s  and s '
.are equal, the two terms for the aether stress are equal,
and the  oppos i te ly  d i rcc ted  fo rces  per fec t l y  ba lanced,  thns :

I-/-rf '  :  7o' ! ,  f  , ' .  dy,-+ 1t ' I  t  f  s '2'  d1t :  1t 1t '  f  s2-+ y.1t '  f  s '2 lz 3)

where  1a  and 1a  are  the  s t rengtbs  o f  the  po lcs  o f  thc  g ren ter
magnet (the earth for instance), p, '  and 1a' thc strcngths of
the  po les  o f  the  smal le r  magnet ,  o r  need le ,  rvh ich  rve  may
regard as srrspended by a vert ical thread attachcd to i ts
.centre of gravity, rvhi le the ncedle i tself  assun.res the hori-
zontal posit ion.

This fact rvas f irst careful ly observed by I{unboldt
when he crossed the earth's magnetic equator in northern
Peru  7"  r '  sor r th  la t i tude ,  3 r3o4r '  eas t  long i tude,  L re t rveen
the si lver rr-r ining to\\ 'n of N{icuipampa and Caxamarca, rvhere
the elevation is about r 2 ooo feet (Cosrnos, r 'ol .  r  ,  I lohn
t rens la t ion ,  p .  r  7  Z) .  1 'he  t rue  la ' rvs  o [  the  ear th 's  n rasnc t ism
are so iu)portant that rve shal l  be just i f ied in derivine ceneral
fo rmulae  and compar ing  them rv i th  the  rcs t l l t s  o f  obscn 'a t ions
in  bo th  te r res t r ia l  hemisphercs .  What  i s  t rue  o f  the  c r r r th 's
rnagnet isnr  i s  even more  r igorous ly  t rue  o f  a  synrn tc t r i ca l
magnetic bar, because a good art i f ic ial magnet is much t 'nore
regu lar  and exac t  in  i t s  laws o f  a t t rac t ion  than thc  ear th ,
wh ich  is  rnade up  o f  many lesser  magnets  very  i r rcgu la r ly
.arranged into one large globular magnet.

2. As rve go towards either pole the force pul l ing

towards the other pole weakens, leaving unbalanced the trvo

terms/ and / ' ,  rvhich are oppositely directed, thereby yielding

the aether tension d yet becoming more and more ttr .reqttal
' towards the poles.

a) I f  we go towards the north pole, f  
-  

1t1t ' f  s2 in'
.creases, because s steadi ly decreases: on the other hand,,/ '
.decreases, because J' quite as steadi ly increases. l lence in
rthe northern hemisrrhere the dif ference of stress rvi l l  be:

, ( \ a

where P is the ponderomotive force pul l ing tbe small  magnet
(rvith poles 1a' and 4, ')  boaity torvards the north pole of the
large magnet, rvi th poles 1a and 1a, which may be the earth.

b )  I f  rve  go  towards  the  south .po le ,  the  fo rce , /pu l l ing
torvards the north pole weakens, leaving the pul l  torvards
the south pole correspondingly predominant. Hence as

f 
- 

1t1t ' f  s2 decreases, whiie / ' -  l r 'p ' ls '2 increases, we have
the corresponding inequali ty of strqps:

12, : pt,p,, f s,2 - p,1t, f sz . ( ' s )
This is therefore the ponderomotive force pul l ing the

small  magnet towards the south pole of the large magnet,
which nray be the earth. In vierv of these equations, the
reader.may now advantageously refer again to f igure 4 above,
which gives a connected representation o[ al l  the wave
phenomena in the f ield about a magnet, together with the
forces thereby generated. I t  is well  also to refer to the
photograph of magnetic act ion reproduced in plate z, f ig. r ,
which places the nerv theory beyond controversy, because the
effects of the ponderomotive forces are rendered direct ly
visible to the eye of the reader. This is the f irst photograph
of the kind ever taken for i l lustrat ing the mutual act ions of
two magnets, the srnal ler magnets being shown in four leading
pos i t ions .

3 .  In  v iew o [ the  above cons idera t ions ,  our  harmon ic  law

Ile :  q2 12 (r f  s2 -+ r f  s,2) (16)

may be rvri t ten for the earth's ma.qnetic and gravitat ional
a c t i o n s  i n  t h e  f o r r n :

I l ,c: 111t, ' f  nnl.(r2f s2-+r2f s'2) :  ,1" r2 (rf  s2-+rf s '2) .  (r l)

Here, in the r ight member of the equation, we have
mere ly  rep laced /  by  the  above magnet ic  express ion  ( r3 ) ,
and for g substi tuted the famil iar gravitat ional formula,
g :  q22/ f  7 '2 .  ln  fac t  equat ion  (27)  n ray  be  sa id  to  have the
f o l l o w i n g  m e a n i n g :

The action of the large magnet, such as the uni lormly
magnetized sphere of the earth, upon the snral l  magnet at
the distance of the trvo poles, from which i ts stresses are
exertcd, is to the gravitat ive action of the earth towards i ts
centre, as

pp'(rf  s2-+ rf  s '2): (nnn'f  r ' )  :  , l t  (r2f s2-rr2f s'2 :  t .)  (rS)
' I-hus at unit  distance, / :  r ,  the magnetic force is to the
grav i ta t iona l  fo rce  as  r  to  196oooo,  t f  11  :  t l r4oo.

In deal ing rvith the actual earth elsewhere, we f ind
from the total intensit ies at the poles calculated, by Gauss
that the theoretical rat io is sl ightly dif ferent, namely: r to
r  g8z  8oz .  We need no t  here  inqu i re  in to  the  theore t ica l
sources o[ this tr i f l ing dif ference, as that would raise too
many dif f icult  analyt ical questions relat ive lo Gau.ss' theory.
The dif ference i tself ,  moreover, is very tr i f l ing,

4 .  Accord ing ly ,  i f  I  denote  the  to ta l  fo rce ,  o r  ae ther
stress along the l ine of force, so that 7: p,1t '$f s2-+tf s '2),
' rve have for any place on the globe:

I l g :  q212 ( t f  s2 -+ r f  s ' 2 )  ( r s )

l1r,1.o'(rf s2-+ tl l ')1) lfnnn'f r2l - r12 (rzf s2+-r' l t ' ') . (:o)
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5.  Th is  means tha t  the  ear th 's  n iagnet ic  par t  ac t ing
at the distance to the trvo foci,  s and r ' ;  is to the gravity of
the whole mass //r ,  act ing at the distance to the centre ,-,  as

q2 (r2f s2-+12fs'e) :  r  :  r /r  g6oooo .Q'tf  s2-+-r2f s'2)
i f  1 1  :  t f  r 4 o o .

a)  As  shown above in  (23)  the  s t ress  in  the  ae ther
along the l ine of force is pert 'ect ly balanccd only at the
equator, because there . p,p,'f s2 - pt,lt'f s'2 . 'l'he unbalanced
tension along the l ine of force at any yroint rvhatever is
equ iva len t  to  the  e f fec t  o f  each po le  pu l l ing  unequn l ly  on
i ts  o rvn  end o f  the  need le .  The o ld  doc t r ine  o f  repu ls ion
need not be considered at al l .

b) North or south of the equator therefore the stress
is  unba lanced,  because we have:

py, ' f  s2- 1t1o' ls '2 :  f  :  ponderomotive force in the northern
henrisphere

pln' ls '2 - 
lol t ' f  s2 : F':  ponderomotive force in the southern

nemlspnere  .

Th is  unba lanc ing  o f  the  s t resses  in  e i t l re r  henr isphere
is easi ly confirmed by observation, A snial l  nrasnet suspended
by a thread easi ly is seen to be srvung bodily ancl end-on
towards the nearest pole. l f  the proper pole of the sus-
pended magnet  be  no t  p resented  to  tha t  o f  the  la rger  lnagnet ,
the snral ler lnagnet rvi l l  quickly re\/erse i tself ,  and then srving
over, del iect ing the t lrread about i ts centre visibiy from the
ver t i ca l  d i rec t ion  o f  g rav i ta t ion ,  as  shown in  p la te  z ,  |g .  t .

6 .  l t  i s  the  inc reased power  o f  the  te ru t  due to  t i re
nearer pole, and decreased porver of t i re tcrnt clue to the
oppos i te  po le  wh ich  th rorvs  the  ae ther  s t ress  a long the  l ine
o f  fo rce  ou t  o f  ba lance;  and th is  lack  o f  ba l lnce  g ives
therefore tbe dif ference, or visible ponderornotivc forces:

p : p,p,, f  s2 - plo, ls '? ,  in the northern hemisphere / \
-F ' -  1 tp ' fs '2 - t tp ' l s2 ,  in  the  southern  henr isphere ,  \3 I /

A t  the  po les  i t  i s  obv ious  tha t  rve  sha l l  have:

North Pole, 1; : pp,'f sz , because pp,'f s'2 : 6 / \
Sotrth Pole, F' :  ppt ' f  s '2, because pp'f  s2 : 6 .  \32)

The results here develol)ed contxin the rvlrole theory
o f  the  mutua l  ac t ions  o [  two magnets  upon each o ther .  Rut
as  such a  theory  does  no t  ex is t  today  in  any  Look  in  the
world, we have felt  authorized to explain the nerv theory
in suff icient detai l  to assure the reader of i ts entire r igor.
The fol lowing development by Biot, rvho reached sinri lar
results from another point of view, rvi l l  also prove of interest
to the student of this subject.

The prob lem o f  magnet ism has  been so  unsat is fac to r i l y
treated heretofore that i t  is highly advisable to examine i t
from several aspects. Thus Biot 's fornrnla gives identical
results at the two poles, yet no physical cause is assignable
from his reasoning why such a result should fol low, rvhi lst
on the wave-theory of magnetisrn we have a \/ery tangible
physical cause always before our minds, and generating the
ponderomotive force exactly as observed in nature.

( i i )  Outl ine of the simple theory of terrestr iai magnetism
proposed by Biot in 1816.

I n  h i s  T r a i t d  d e  P h y s i q u e ,  r 8 1 6 ,  t o m e  I I I ,  p . . r 3 g ,  t b e
celebrated J. B. Biot developed an hypothesis which gives
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a simple view o[ the earth's n.ragnetism. I t  had been some-
rvhat outl ined by Tobias Maltcr of Gcitt ingen about the middle
o f  the  l8 ih  century ,  bu tB io t  gave i t  a  fo rm o fnruch grea ter
mathen.rat icai elegance and r igor. He imagines a single magne!
rvhose axis passes through the centre of the earth, in a di,-
rect ion perpendicular to the magnetic equator, but of srnal l
length compared to the earth's radins.

5.  l l l us t ra t ion  o f  J i io l ' s  theory  o f  a  shor t  magnet  near
t i i e  e a r t h ' s  c e n t r e .

l rr  orcler to give a dist inct analysis of Biot 's theory
rve t lcr ive hrst the exJ;ressions for t i re force exerted by a
Lrar  l r rg le t  upon a  un i t  po le ,  as  o rd inar i l y  g iven .  I -e t  the
l ine  z rs  denote  the  d is tance z /  be tn 'een the  t rvo  po les  o f  a
nragnet ,  each o f  po le  s t rength  1a ,  ac t ing  upon a  un i t  po le
ttt  tn of strength p'.  I f  f l , '  be austral (south seeking), the
fcrrces exerted by the poles ,/  and s wil l  become:

_f : -loto,lr, 
f, 

- -+-1Lp,,f r,2 . (::)
' I 'hese forces nray be resolved into two, namely P in,

t lre direct iort uo, and Q in the dire<:t ion zs, -- the former
sourerv l ra t  s rna l l ,  the  la t te r  much la rger :

"P:  pp. '  o( t f  /3-  r f  r t ' )

Q  
-  p to '  t ( t f  / r+ -  r f  r : t ) .

( rq )

Let np be the direct ion of the resultant ? of the trvo
fbrces; then as the sides of the tr iangle no! are proport ional
to  the  fb rcbs  in  the i r  d i rec t ions  we have:

n t o ; o 1  :  p ;  Q :  a ( r t - r ' u ) : l l ( r 3 t - r ' 3 ) )  ( : S )

o .p :  l ( r3 -+- /3 ) f ( r3 - r '3 ) .  (so)

I3r.rt  by tr igonometry we have

7 2  :  s 2 1 ! ) - t - z a l c o s ( D  r ' 2  :  4 2 9 7 2 - z a l c o s ( D  .  ( S Z )

Noiv /  is taken to be snral l  conrpared to a, and under
these condit ions rve nray expand these exltressions in series,
neglecting terms o[ l f  a higher than the f irst.

7-r :  o*t l t  -  3 ( l l  a) costDl

r ' -3  :  a -s  [ r  - i -3  Q la)  cosrD)  .  
( :8 )

\Vherefore, by addit ion and subtraction respectively,.
w e  g e t :
y' .-r_+-t.- ir  :  2s-8, t"-s_r-s :  24-r, 3 ( l la) cos@ , (SS),

t,(c ttt rL
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.  Subs t i tu t ing  these express ions . in  ( :+ )  above,  rve  f ind ,
on putt ing for zp' l  the magnetic moment n : zl f , :

l : y 7 1 1 , t 3 c o s o t f a g ,  Q - n 1 t , f a 3  /  \
? :  e . 3  c o s  @  .  \ 4 o l

"1'he magnitude of the resultant force r? is given by the equation
for the composit ion of the vectors P and Q:

R z :  P 2 4 - Q 2 - z P Q c o s r D
:  Q 2 [ ( 3  c o s  { D ) 2 - + t - 2 . 3  c o s @ c o s r / r ]  \ 4 r l

\r 'nence
R -  n y " f a n ' ( t - r - S c o s z @ ) ' / ' .  \ , r z l

I f  therefore the point r,rr is on the prolongation of thc
ax is  o f  the  magnet ,  s 'e  have ' .  Q)  :  oo ,  and:

1 l  -  2 n 1 t ' f  a 3 .  ( + : )

3u t  i f  the  po in t  z r  i s  in  the  equator ,  @:  goo,  and rve  have:

R  -  n 1 t ' f  a 3 .  ( + + )

The simple equations (a3) and (44) represent l l iot 's
celebrated result,  that i f  the earth's magnetism be due to a
short magnet in the centre of the globe, the total nagnetic
force at the poles ousht to be exactly trvicc as great as at
the equator.

According to the scale of intensity forr lrerly emplovccl
Eumboldt found that at the magnetic equator, -  bctrvccn
t r I i cu ipampa and Caxamarca,  Peru ,  a t  an  e leva t ion  o f  near ly
r  2  ooo fee t  in  thc  , , \n< lcs ,  -  the  in tens i ty  rvas  r .ooo;  and
at  the  po les  Gazzss  < :a lcu la ted  the  average in tens i ty  to  bc
r .97  7 .  Th is  conf i rms lJ io t ' s  la rv  qu i te  accura te ly ;  fo r  ha l f
of the mean polar intensity, found by Gazss' profbund theory,
is o.9885, in perfect accord rvith the rrean oI rr.rany deter-
mina t ions  a long the  r lagnet ic  equator ,  as -shorvn  by  thc
fo l lo rv ing  tab le :

S i x t e e n  r v i d e l y  s e p a r a t e d  d e t e r m i n a t i o n s  o f  t h e
t o t a l  i n t e n s i t y  n e a r  t h e  m a g n e t i c  e q u a t o r .

Narne o f  P lace

Cape o f  Good Hopc
l \ laur i t ius
X{adras -f

Otahe i te
Galapagos Is lands
I\ lagnetic equator near Caxarnarca -

Quito
I ) la teau o I  Ant isana
I lon tev ideo
Rio  de  Jane i ro
B a h i a
l l inimum of faint zone east of Brazi l  -

Pernanrbuco
Porto Pra-va
Ascension
St. Helena

. / -  To ta l
r,r st

Long i t r rdc  
[ r ' l gnc I lc

. -  l n t c n s l t y
'  

r 8 o z 6 '  t . o t 4

5 7  3 r  r . ' r 4 4
8 o  r 7  r . o 3 r

2 r o  3 0  r . o g 4
2 7 o  2 3  r . o ( r g
z 8 r  t z  r , b o o
z 8 r  r 5  r . o ( t 7
z 8 r  z o  r . o 6 8

3 o 3  4 7  r . o 6 o

3 r 6  5 r  o . 8 7 8

3 2 r  3 0  o . 8 7  r

3 z  z  3 6  o . 7  o 6

3 2 5  9  o . 9 r 4

3 3 6  3 o  r . r 5 6

3 4 5  3 6  o . 8 7 3

3 5 4  r 7  o . 8 3 6

Lat i tude

T

3 4 " r r
2 0 9

1 3  4
r 7  2 9

o 5 0

7 2

v  z )

3 4  5 3
. "  J 5
t 2  5 9
r 9  5 9
8 4

1 4  5 4
7 5 6

r J  ) )

Mean va lue  o f  to ta l  in tens i ty  fo  -  o .9863
Half of Gauss' mean value at the poles l f  

, f" :  o.g885

Difference : -+-*,
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3 .  D e t a i l l e d  A n a l y s i s  o f  t h e  L a r v  c o n n e c t i n g
t h e  M e a n ' I ' o t a l  I n t e n s i t y  o f  t h e  i l I a g n e t i s m  o I  t h e
c a r t h  r v i t h ' f e r r e s t r i a l  G r a v i t a t i o n .

( i )  Ana l l ' s i s  and app l ica t ion  o f  the  harmon ic  la rv ,
I IS: q2 (r2f s2-+12f s'2).

Let 1 denote the mean total intensity of magnetism
at any point of the earth's surface; and let .g denote the
accelerat ion of terrestr ial gravity, orcl inari ly taken as gBr cm
C.  G.  S .  I t  i s  usua l  to  des ignate  the  va lue  o f  the  hor izon ta l
cornponent of thc earth's magnetisln by 1, and to express
th is  fo rce  in  ro -5  o f  a  C.  G.  S . -un i t .  

' l ' hus  
a t  Che l tenham,

l \1d . ,  the  I lasnc t ic  Observa tory  o f  the  U.  S .  Coast  Survey  in
roo6 fo r rnd  thc  va lue  o f  7  to  be  zo  (Nerv  In te rna t iona l  l in ryc l . ,
Ncrv  York ,  rg r6 ,  r 'o l .  zz ,  a r t i c le ' l ' e r res t r ia l  t r , Iagnet ism,  p .  r2 r :
or L. ,4. I loutr ' ,  Linited States Magnetic 1'ables and I\ ,{agnetic
Chnr ts  fo r  I  c1o5,  \ \ ' ash ing ton ,  r  go8) .

y :  o . o o o 2 0  c .  G .  s .

As  the  magnet ic  dec l ina t ion  fo r  19o6 rvas  7o"  z7 ' ,

I :  /  5 9 6 / :  o . o o o z o ' 2 . g 8 8 3 8 :  o . o o o 5 9 7 6 Z 6
:  o .o006,  near ly .

we find

(+ s)
But since the decl ination changes slowly, and also the

value of 7 varies progressively from year to year, we need
not  d rve l l  on  the  h igher  dec ima l  p laces ;  fo r  a l thoush accura te
vn lues  fo r  the  Observa tory  a re  ava i lab le ,  ye t  o ther  p laces  in
the  same con- rmun i ty  s 'ou ld  have s l igh t ly  d i f f c ren t  va lues .
' I ' hus  s 'e  use  the  round number  6  .  r  o - t  as  represent ing  the
mean va lue  o f  I  a t  Che l tenham for  the  I 'ear  r9o6.

Accord ing ly  we have by  obscrva t ion :

r l g  :  6 / 9 8 I o o o o  :  t  I  1 6 r 5 o o o  . (qo)
I t  is to be oltserved that at the erluator the harmonic

Ia rv  g ives  the  ra t io  f  4 t  
-  r  f  rg8z8oz ,  and a t  the  mean

po les  Iq2  :  t lggr4or ,  exac t ly  doub le  the  equator ia l  va lue ,
as  nnder  R io t ' s  la l .  And s imi la r  con l i rmat ions  o [ the  harmon ic
larv rvi l l  be found at r.arious stat ions in nriddle lat i tude, so
far ,as  the  ear th 's  magnet ism is  regu la r ,  in  undergo ing  s teady
increase to'r 'ards the poles.

In the applications of the harmonic law

rls : r12 (r2f s2-r12f s'2)
i t  is to be noticed that at the magnetic pole in Boothia Fel ix
the l ine of magnetic force J'  running to the pole in the
r \n ta rc t i c  becomes in f in i te ,  so  tha t  the  second te rm in  the
above equation vanishes, and we must therefore use only the
f i rs t  te rm in  our  c r lcu la t ions .

In l ike lnanner, rvhen we apply the formula to the pole
in the Antarct ic, s becomes inf inite, and the f irst term vanishes,
so that only the second term remains for use in calculat ions.

At the rnagnetic equator on the other hand, the two
terms become of exactly equal value, and the curved l ines
to  the  po les  a t ta in  max imum va lues  s  -  y ' z  :  r .4 r4z ,
s '  :  y /2 :  r .4  r42 ,  so  tha t  the  s t tm r2 f  sz - r rz f  s '2  :  r .ooo.
,, I lso, by observation, each of the equatorial terms is approxi-

? ?
nrately 1/2, as rve f ind by actual integration s:Jdr, , ' :Jdr ' .

Torvards the poles, on the other hand, the divisor s or s'
of the chief term becomes small ,  augmenting the intensity
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at the poles according to the data of observation and Gauss'
theory. The harmonic larv therefore is extremely sirnple, and
the force changes steadi ly, yielding the required increase
of intensity towards the poles, and only half  of this nrean
intensity at the equator.,

Now it  was shown by Gauss (Al lgemeine'fheorie des
Erdmagnet ismus,  r838,  p .  46) ,  as .more  fu l l y  exp la ined be low,
that on the average there are in each cubic metre of the
darth's matter the equivalent of ,7.83 r bar rnagnets each
weigh ing  one German pound,  a l l  o f  thenr  rve igh ing  3 .9 r55  kg .
And as  the  dens i ty  o f the  ear th  i s  taken to  be  5 .5 , theaverage
cub ic  met re  o f  the  ear th 's  mat te r  w i l l  rve igh  55oo kg ,  D iv id ing

3.9155 by  55oo;  we f ind  f rom Gauss '  f igures  tha t :
, t l :  3 . g r 5 5 / 5 5 o o  

-  1 ; 1 4 o 4 . 6 7 4 t h ( + r )
part of the earth is nragnetic, l ike the perfect ly saturatcd
s tee l  bars  used in  the  Observa tory  a t  Got t ingen,  r833-38.

These f igures  imp ly  tha t  the  d is t r ibu t ion  o f  the  bar
magnets within the earth is uniform, whereas a n)ore nzrtural
hypothesis rvould be to take the density of the bars to be
proport ional to the density of the matter in the di l ierent
spher ica l  she l l s  o f  rvh ich  the  ear th  i s  made up .

On ca lcu la t ing  t l re  we igb t  o f  the  average cu l l i c  n re t re
o f  the  ear th 's  n ra t te r ,  on  th is  hypothes is ,  we f ind  i t  corues
o u t  5 5 2 4 . r 3  k B ,  i n s t e a d  o f  5 5 o o  k g ,  a s  p r e . r , i o u s l y  a s s u n r e d
on the  theory  o f  homogene i ty .  ' I ' he  ra t io  o f  inc rease is
r . o o 4 3 8 7  t o  r .  S i n c e  t h e  e x t e r n a l  a c t i o n  o f  t h e  e a r t i r ' s
magnet is rn  rvas  fo r , rnd  to  cor respond to  7 .E3 r  s tandarc l  b r rs ,
in  the  observa t ions  used by  Gauss ,  and th is  observec l  c ia tuur
cannot  be  inc reased l - ry  any  a l te ra t ion  o f  our  hypot l les is ,  r l ' e
can adjust the dif t-erence only by taking sonrervhat ferver bars
i n  e a c h  c u b i c  n r e t r e ,  7 . 8 3  r  f  t . o o 4 3 8 7  :  7  . 7  9 6 8 ,  i n  p l a c e
of  7 .83  r  .  ' I ' he  resu l t  i s  :

.  1 l : g . 8 9 8 + / 5 5 o o :  r f r 4 r o . 8 3 7 .  ( . l g )

G iv ing  th is  va lue  a  rve igh t  o f  3 ,  and the  above va lue  a  rve igh t
e f  z ,  we ge t  as  our  rnean resu l t :
' .  q : t l r 4 o 8 . 3 7 z .  ( + s )

T h e  r e s u l t  i s  t h u s  v c r y  n e a r  t h e  v a l u e  I :  r :  r 4 o 8 . r z
previously indicated, equation (a), and thus rve adhere to
tha t  va lue  as  the  nros t  p robab le .

,  .  I t  shou ld  be  exp la ined tha t  the  curved l ine  o f  rnagnet ic
fo rce , .a long rvh ich  magnet ic  s t ress  towards  e i ther  po le  ac ts ,
is to be integrated betrveen the place of observation and t ire
po le  p roper ly  loca tcd  in  the  ear th .  l le re  rve  conre  to  a  nerv
property of uragnetisni as dist inguished from gravitat ion. l ior
g rav i ty  ac ts  in  s t ra igh t  l ines ,  rvh i le  rnagnet isnr  ac ts  in  curved
l ines ,  a long the  l ines  o f  n ragnet ic  fo rce  d i rec ted  to  e i ther
po le .  I t  i s  d i rec ted  a long the  tangents  o f  thesc  curves  to -
wards the nearer pole, and always is posit ive, as I hi ivc lbr.rnd
by careful experinrents with soft i ron, and also rvith Ircely
suspended snral l .  magnetic needles.

The qmall  suspended nragnetic needles are n)rgnets,
f ree  to  tu rn . the  appropr ia te  end to  the  nearer  po le ;  and
ivhen.so  suspended by  a  th read they  behave exacr ly  as  so f t
i lon in rvhich magnetism is induced by the rvavcs in the
field of the larger magnet. I t  is easy to f ind by tr ial  of
this simple experiment, that just as soft i ron hl ings rvhen
laid upon a glass plate and jarred, wi l l  arrange themselves
along the nragnetic l ine of force, so also freely suspended

Sondernummer 2 0 8

needles wil l  shorv exactly the same tendency. The ponde-
romotive force or unbalanced stress in the aether is along
the curved paths to the nearest pole.

Hence in considering the earth's magnetism we have
to  take  the  in tegra ls :

r -f (dr,/d')?-f (ar/a";r1v' 6,

( s o )

r +.(dj,/dr),-r. (a'/a";11v' 6'

as exp la inec l  above.
In general the curves of the magnetic l ines of force

in  the  ear th 's  6e ld  a re  curves  o f  doub le  curva ture ;  so  tha t
the  r igorous  in tegra t ion  o f  (5o)  i s  d i fncu l t ,  because we do  no t
knorv the erluations of the curves by rvhich rve might compute
d-1,/cl :u and d:/dr. ' fhus rve have to consider the curvature

r P '
a long an1,  pa t l i  rvha tever  in  f ind ing  , :  J 'a r ,  , ' -  J 'd r ' .

In i ts nrost general forrn the erluation for the curvature
a)ong : rny  l ia th  in  space has  the  fo rm

t lQ :  [ (a 'r /ar!) t -*(a7/a")r+-(d2zfdsz1z1'r '  (s,)
rvherc  9  i s  the  var iab le  rad ius  o f  curva ture .

l lu t  in  our  p resent  p rac t ica l  ca l r :u la t ions ,  i t  su f f i ces  to
take  the  curvec l  l ine  s  as  ly ing  in  t l re  p lane th rough the
urasr rc t i c  y ro les  o f  the  ear th ,  rv l i i c l r  a re  foLrnd  to  be  a t  depths
o I ' o . 7 6 6 r  f o r  t h e  n o r t h  p o l e ,  a n d  o f  o . 6 6 6 r  f o r  t h e  s o u t h
po le .  \ \ ' i th  these s l igh t  res t r i c t ions  rve  have ca lcu la ted  the
Iength  o f  s  and s '  fo r  Che l tenhanr ,  t r la ry land,  nanre ly ,
s  :  o . g  r 3 t ' ,  s ' :  3 . 3 6  t  r ,  \ r f  s 2 - + t f  s ' 2 ) :  r . z r 1 4 ,  w h e n c e
we f ind the theoretical rat io to be:

I l g  :  r . z t t 4 f  r g S z S o z  :  r / r 6 3 6 8 r o  . (s , ) '
' I ' a b l e  o f  o b s e r v e d  v a l u e s  o f  t h e  t o t a l  i n t e n s i t y  a t
v a r i o r t s  p l a c e s  a n d  o I  t h e  l t r o d u c t  I t 1 2 :  r :  r 9 6 o o o o ,

r v h i c h  i n c r e a s e s  t o w a r d s  t h e  p o l e s :

l ' l ace

Spi tzbergen
Capc o f  Good Hope
FI a rnnrerfest
X  I a u r i t i u s
I i ing  ( i corge 's  Sound
I lobar town
Sydney
South  nragn.  po le
New Zca land
Ota l re i te
San I irancisco
Nor th  n ragn.  po le
Che l tenham I \ {d .
Con<:eption
Va l l ra ra iso
Fa lk l lnd  Is l .
r \  Ion te  v ic leo
lt io de Janeiro
St .  F le lena

*) In this table r7
to recon)pute i t .

,  D i r s t  I  1 r r 2 :
r ' a t r t u d e  

l , o n g i t r r t l e '  r , t 9 6 o o o o . '
- + - Z g " 5 o '  t r " 4 o '  r . 5 6 2  r  :  r z 5 4 8 o z
-  3 4  r  r  r B  z 6  r . o r 4  r  :  r g j o g 4 o
- F 7 0  4 0  2 3  4 6  r . 5 o 6  r :  1 3 o 6 5 7 5
- 2 0  g  5 7  3 r  r . 1 4 4  r :  r 7 r r . . 3 o o
- 3 5  z  r r T  5 6  r . j 0 9  r : t t 4 6 8 7 2
- 4 2  

5 3  r 4 7  2 4  r . t i r 7  r : r o 7 8 7 o o
- 3 3  5 r  r 5 r  r 7  r . 6 i i 5  r :  r  r 6 3 z o 5
- 7 2  3 5  r 5 2  3 0  2 . 2 5 3  r :  8 6 9 9 5 r
- 3 5  r 6  t 7 q  o  r . 5 9 r  r : r 2 3 r 9 3 o
-  r 7  z g  2  r o  i o  r . o g 4  r  :  r 7 9 r 6 o o
' 1 -  

3 7  4 9  2 3 7  3 5  r . 5 g  r  r  :  r  2 3  r g 3 o
- f  ? 3  3 5  2 6 4  z r  r . 7 o r  r :  t r 5 z z 6 4
- 1 -  3 8  + +  2 8 3  r o  r . ? 3 8  t  i  r r 2 7  4 o o
- 3 6  4 2  2 8 6  5 o  r . z r 8  r :  1 6 o 9 r 9 5
-  3 3  z  2 8 8  t g  t . t 7  6  t  :  t 6 6 6 6 6 6
-  

S r  3 2  3 0 r  5 3  r . 3 6 7  r  :  r 4 r 3 8 o o
- 3 4  5 3  3 o 3  4 7  r . o 6 o  r :  1 8 4 7 3 r 3
- 2 2  

S S  3 r 6  5 r  o . 8 7 E  r i 2 2 3 2 3 3 o
-  r  5  5 5  3 5 4  1 7  o . 8 3 6  r  :  2 3 3 9  r o s
is taken as r:  I4oo, but i t  is not worth wh' i le

1 ?
rt o-

s -  l d s -  l l
J  . J '
o o

1' I '
P  O .

c ,  -  1 , i . ,  _  |  |
"  

-  
J  " '  

- J r
o o
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The close agreement of this rat io rvi th the observed
value given in (a6) above is so remarkable that the appli-
cation of the nerv formula requires no cornrnent. I t  iS evidcnt
that the new forrnulnc

I IS  -  ( r / rao8.  tz )2 [ ( r2 f  s2) -+? ' l t ' ' ) ]

t l
s : . f d s  r ' : . 1  d s '

wil l  hold for any part of the globe. l ior rvhat rvi l l  apply
at the equator, at the pole, and at a typical stat ion in micldle
lat i tude wil l  apply general ly to any part of the earth's snr-
face. But i t  is evident that rve must expect the test to be
fu l f i l l ed  on ly  fo r  the  mean va lue  o f  1 ,  s ince  thc  ca lcu la ted
action from the distant pole can take no account of local
rnagnetic attract ions, l 'hich often are e[ sensible nragnitude.

/ " \
( i i )  The magnet ic  l ines  o f  fo rce  are  pa ths  o f  leas t

action for the aether stress.

The unexpected result above brought out, that the stress
in the aether which gives r ise to the magnetic forces, is
exerted along the curved l ine of magnetic force and thus
is tangential to the l ine of force at every point, requires
someth ing  more  than pass ing  no t ice .  Such a  resu l t  has
hard ly  been cons idered in  the  sc ience o f  dynamics  as  hanc led
down by the great classic authorit ies, - such rs A:ru, lott ,
Eulcr, Lagrangc, Laflacc, Gauss, Jacobi, IIanilfott. Yct we
must remember that these classic authorit ies rvcre occupiccl
ch ie f l y  w i th  g rav i ta t iona l  fo rces ,  rvh ich  ac t  in  r igh t  l incs ;
and i f  they  dea l t  w i th  o ther  fo rces  occas iona l l y ,  i t  rvas  a l -
rvays assumed that the stress from which the forces arise
ac t  in . r igh t  l ines ,  l i ke  g rav i ta t ion .  When rve  conre  to  rnag-
netism, however, the case is dif ferent: we have a 'dual i ty

of powers',  and stresses acting in curved l ines.
I t  i s  admi t ted  by  the  most  eminent  matbenat ic ians ,

tha t  in  the  opera t ions  o f  na ture  the  changes take  p lace
according to the principle of l-east Action. r\ l ready Jirnat
had establ ished by r igorous test the fact of act ion in l ,east
Time for such forces as l ieht:

. 6 :  f  t f u . d s .

later t ime this geometric condition rvas generalized for
other forces of nature also.

In  app ly ing  the  above fo rmula  (+S)  to  the  magnet ism
of t lre earth, rve notice that as magnetism is a stress, and
directed along the l ine of force, rve must assume this curved
path to be the path of least act ion for the operation of the
s t ress  in  the  ae ther  ca l led  magnet ism.  ' I ' he  

d is tance s  there-
fore is a curved path

t 1
, : Ja, : J[, 

-f (d.r/df,)2-+. (dr/ar;'1v' ,i-
o o

n' n'
- ,  -  P t ^ , -  ? r -  ,  I : . . t s . . \ J  ,  / : - / : . . \,  -  

J . .  
-  

J Ir  -+- (r i_1'/dr)=-f (dz/d*;2] ' / ' i r

rvhere the t irr i i t ,  ,re lr ," ptu.. of observation and the nearer
po le  loca ted  a t  the  proper  depth  in  the  g lobe o f  the  ear th .

Let us examine into these l ines of force, in the hope
of f inding special cases of straight l ines, as at the two s,ur-
face magnetic poles of the globe, where the direct ion of the

Bd,. zr7.

In
the
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total intensity of the magnetic force is vert ical,  and there
should be no curvature of this special path either above or
below the earth's surface, except for local inequali t ies of
magnetism, rvhich in this general theory of the mean total
intensity of the total force is left  out of account.

According to Gauss, (p. +6), the total intensity oI the
magnet ism a t  the  nor th  po le  i s :

f  -  t , 7 o r  ,

At the south pole l ikervise Ganss f inds:

I '  -  2 . 2 5 3  ,

Restr ict ins ourselves to the consideration of the mean
total force of the magnetic intensity, and disregarding Iocal
in f luences  a l together ,  i t  i s  ev ident  tha t  in  the  reg ion  o f  the
poles, the curvcd l ine of magnetic force s becomes straight,
rvhi le s'  :  @, and therefore rve can rvri te the harmonic
Ia rv  in  the  fo rm;

r l s :  t f  t s 8 z 8 o z . ( r f s ) 2  ( s s )
rvhere z is the earth's radius, at rvhich .g is determined, arrd

I
, : . f . l r ,  also is expressed in rrnits of the earth's rari ius.

o

Using  the  va lues  found by  Gauss ,  in  (S : )  and (5a)
above, we f ind for the depths o[ the trvo poles as more ful ly
d iscussed hereaf tc r :

N o r t h  p o l e ,  s  -  0 . 7 6 6  r
South  po le ,  s '  -  o .666 r  .

The results here brought out are quite remarkable. As
s at the poles is a straight l ine, rve f ind that the pole is
located much ncarer the surface in the southern than in the
northern hernisphere. Hence the mean total intensity at the
south  po le  i s  a  max imum,  z .  z  5  3 ,  rvh i le  in  the  nor thern
hcmisphere the pole is much deeper down and the total force
correspondingly rveaker, . [-  r .7 o r.  ' fhis very sirnple deduction
throrvs  l igh t  upon the  asymmet ry  o f  the  ear th 's  magnet ic
system, long recognized, bnt heretofore not understood.

l {ence we n) r ry  be  sure  tha t  the  harmon ic  law w i l l  ho ld
for the entire arc, frorn the magnetic equator to the magnetic
po les .  I t  i s  cer ta in  tha t  the  nragnet ic  fo rce  or  s t ress  f rom
ei ther  po le  no t  on ly  var ies  inverse ly  as  the  square  o f  the
distance s, along the curved l ine of force, but also renders
the pole a true centre of attract ion, as so long held in the
theory of magnetisrn. 

' fhis is what Airy cal ls the >duali ty

of prorvers <, ( ' f  reatise on l ' Iagnetism, r 8 7 o, p. r o).

l ' h is  conf i rmat ion  o f  the  law o f  inverse  squares ,  thus
verif ies the rvave-theory of physical forces. I t  rvas noticed
by l ,-ararlay that l ines of force tend to shorten themselves,
(I ixperin.rcntal ILesearches in Electr ici ty, no. 3269), which led
hirn to the theory of tension along the l ines of force. We
have explained this mechanical tendency by rvaves rvith
rotat ions about the l ines of force. Hence these l ines of force
are nrinimum paths for the rvhir l ing f i laments, with tension
along then directed to the poles

\ 5 J /

( s  + )

( i i i )  Determinat ion  o f  the  depth  o f  the

t. Gauss shows that for the two poles

of the total magnetic force is:

f  :  , . 9 7 7  ,

( se )

magnetic poles.

the mean value

r 4

(sz )
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2. To get the depth of the mean
fore to solve the equation:

pole rve have there-

r  f n  :  r . g 7  7  f  r g S z S o z  :  t f  t o o " g 3 5  . ( s  s )
This is the rat io of magnetic force at the pole to gravity.

3. And rve then introduce the factor r/s2, rvi th the
condit ion that when the whole force is exerted from the
pole at a certain depth .r<r, we have the observed rat io
indicated in the second number:

r l r g S z S o z ' ( r f s ) z  -  t f t o o z g 3 5  ( S s )

which gives:

s  :  r  ( r o o z g 3 5 / r  9 8 z 8 o z ) ' l ' :  o . z  r t z S  r .  ( 0 " )

4. Accordingly, we f ind by a very siniple process
t h a t  t h e  p o l e  p l a c e d  a t  a  d e p t h  o f  o . 7 r r z 8 r ' ,  u ' i l l  g e n e r a t e
the increase of force noticed at the pole above the part
t f  r98z8oz ,  wh ich  wou ld  cor respond to  thc  d is tance un i ty ,
in this case the radius of the earth.

5 .  S ince  the  in tens i ty  o f  the  to ta l  magnet ic  fo rce  is
observed to increase fronr t l ' re e(luator to the pole, according
to the general larv of terrestr iai rnagnetisnt discovered by
I{anboldt rTgg-rEo4, and f irst announced by hinr to the
P a r i s  A c a d e r n y ,  A n  X l l l ,  z 6 t r '  l ' r i m a i r e  ( J a n .  r 6 ,  r 8 o 5 ) ,  i n
a  jo in t  paper  w i th  N l .  l i i o t  (Cosmos,  vo l .  I ,  pp .  r79- r8 r ,
-Bohn 

' franslat ion), 
we natural ly attr ibute this increase of the

magnet ic  fo rce  to  the  snra l le r  d is tance a t  rvh ich  the  s t ress
is  exer ted ,  by  the  nearer  J to le ,  tha t  to  the  o t i re r  po le  de-
creasing correspondingl l ' .

6 .  I t  must  be  ren iembered tha t  in  n ragnet isur  the  po le
is  a  rea l  cen t re  o f  a t t rac t ion ,  cor respond ing  to  the  cent re  o f
g rav i ty  o f  a  heaven ly  body ,  lb r  pure ly  g rav i ta t iona l  fo rccs ;
and conseqnently our reference of magnetic forces nust be
to the poles by rvhich they are exerted. , , , lzr7 just ly says
tha t  magnet ism is  charac ter ized  by  a  >Dua l i t y  o f  Porvers<
(Treat ise  on  N lagnet ism,  r87o,  p .  ro ) ;  hence 'u 'e  rnus t  no t
on that account fai l  to refer the forces to their appropriate
cent res .  And rvhen we do  th is  a l l  the  ch ie ( '  phenontena o f
terrestr ial rnagnetism lnay be explained by the larvs of
attract iorr lbr forces varying inversely as t l te srluare of the
distance, which is another nrost irrpressive proof of the con-
nection of gravity rvi th magnetism, and of magnctisnr rvi th
gravitat ion - both of these forces being due to rvave-action,
fol lowing the sanre laws, yet exerted along recti l inear and
curvi l inear paths respectively.

7. Having found the average depth of the rnean rnas-
ne t ic  po les ,  i t  w i l l  now be in  o rder  to  de termine the  depth
of the actual north and south magnetic poles in the sol id
globe of the earth, At the northern magnetic pole Gauss'
theory gives the total intensity as

wherefore rve f ind 
I :  r '7or

t f n :  r . 7 o r / r 9 8 z 8 o z  -  t f r r 6 5 6 6 8  .  ( 0 r )
A n d  r :  / ( r  t 6 5 6 6 8 f  r 9 8 z 8 o z ) ' / '  :  o . 7 6 6 7 4 r .  ( o r )

8. For the actual south pole, we have l ikewise

I '  -  2 . 2 5 3
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r f /  :  r f 88oo7z (os)
w n e n c e  r /  :  ( 8 8 o o 7  z f  r g S z S o z ) ' l '  -  o . 6 6 6 z z  r  .  ( O + )

9. The southern magnetic pole is quite appreciably
nearer the surface than the .northern. In fact the dif t 'erence
in the depth of the two poles amounts to almost exactly
one-tenth of the terrestr ial radius, or

f ? '
l o J -  l o s  :  J - J  :  o . t o o 5 2 r  "

o o

(os )
' l 'h is is a very remarkable feature of the magnetism

of the globe, and so far as I can f ind or,rt  i t  has scarcely
been cons idcred  by  prev io r - rs  inves t iga tors .  Yet  such a  lop-
s ided pos i t ion  o f  the  t rvo  magnet ic  po les ,  -  the  southern
be in .g  one- ten th  o f  a  te r res t r ia l  rad ius  nearer  the  Antarc t i c
Cont inent ,  -  must  have sonre  rneen ing  in  the  phys ica l  con-
s t i tu t ion  o f  our  p lanet .

ro .  I 'e rhaps  the  phenontenon o f th is  no tab le  n tagnet ic
asyrnrne t ry  here  brought  to  l igh t  i s  too  nove l  to  jus t i l y  as
yet any satislactory discussion. I lut rve think i t  worth \yhi le
to  po in t  ou t  tha t  the  magnet ic  asy tnn)er ry  cor responds c lose ly
to  the  land and water  hern ispheres ,  the  or ig in  o f  wh ich  I
h a v e  t r e a t e d  i n  A N 4 8 4 - 4 . 1  5 ,  r 9 r 6 .

I f  th is  co inc idence in  pos i t ion  is  acc identa l  i t  i s  qu i te
renrarkab le .  ( , )n  the  o ther  h i rnd ,  i f  thc . re  l . ,e  a  rea l  phys ica l
connect io r r  o f  the  po le  neares t  the  ear th 's  sur face  w i th  the
great  l ) r i r ) ) '  occau rvh ich  over l ies  ha l f  the  rvor ld ,  rve  n t igh t
exp la in  i t  i r y  t i re  g re : r te r  conduct i l ' i t y  o f  sa l t  rva ter  fo r  the
e lec t r i ca l  lave- lLc t ion ,  on  rvh ich  the  nraguet isnr  o f the  ear th
so  essent i i r l l y  d t 'pends .  \ \ rhe ther  such a  se<:u le r  asy I r ln )e t ry
o f  the  uragnet ic  sys tem o f  the  ear th  cou ld  deve lop  rv i th  the
lapse o f '  the  b i l l i ons  o f  years  invo lved in  the  growrh  o f  the
earth is u r luestion which must be left  to the future researches
of  na tura l  ph i losophers .

- , \ t  any  ra te  I  deem i t  des i rab le  to  d i rec t  a t ten t ion
to  the  on ly  known sur lace  causc  o f  such asyrnure t ry ,  and
the  s ingu la r  co inc idence in  the  pos i t ions  o f  the  two sys tems
*  the  nragnet ic  sys tern  be ing  bod i ly  d isp laced o .o5  r :  zoo
nr i les  to ivards  the  ocean hent isphere .  \ \ ' h r tever  conc lus ions
may i - re  deve loped,  these two renrarkab le  asynrnre t r ies ,  -

one re la t ins  to  the  ocean and the  o ther  to  the  l ragnet ic
systelD, -- are the greatest outstanding physical features of
the  g lobe.  aud the i r  essent ia l  co inc idence there fore  is  the
more  ex t r : ro rd inary .  I t  cer ta in ly  must  a l ) l )ear  to  ph i losophers
very surprising that srrch vast outstanding features have re-
ceived l i t t le or no study in the researches heretofore made
on the  or ig in  o f  the  g lobe,  and t i re  d is t r ibu t ion  o f  the  mag-
nc t is r r r  in  r l rc  t rvo  hemispheres .  r )

I t  only renrains to add that as the dif ference of the
depths of the uragnetic poles fronr the surlace of the earth
is  o . ro  o f  the  rad ius  or  637.8  knrs ,  about  4oo nr i les ,  the
nor th  J )o le  i s  d isp laced downward  3r8  kurs ,  o r  zoo  rn i les ,
rvhi le the south pole is displaced uprvard, towards the Ant-
arct ic, by an equal amount. The absolute antount of this
displacement thus is very large.

t) trIr. Z. F. Weslcy, of Il/heldon tnd. Il/cs/c,t,, London, rvas able to l)lace in rny hands a full set of the great series of mernoirs on
terrestrial megnetisnr by General Sir ,/',dptrd .ldtine . 'lhey had been presentetl to Sir foln flcrst,tttt, as they successively appeared
in the Philosophical Transactions, and finally purchased by }tr. lllts/ey, viih the Hcrscltl library. \Vithout this valuable l{crschcl
col lect ion my labors would have encountered i l rcreased di f6cul ty,
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4 .  T h e  H a r n r o n i c  L a w  a f f o r d s  a n  E x p e r i m e n -
t u m  C r u c i s  a s  t o  t h e  N a t u r e  o f  N l a g n e t i s m .

( i )  fne  ac ther  s t ress  ar is ing  nnder  the  harmon ic  la rv
gives forces directed torvards the nearer pole.

I f  rve  exanr ine  the  .second rnember  o f  the  equat ion  fo r
the  harmon ic  la rv  connect ing  the  to ta l  in tens i ty  o f  the  ear th 's
nragnet ism $ ' i th  te r res t r ia l  g rav i ta t ion ,  namel l ' :

' l  o l  e l ,  o / , r \
I l . {  :  , t l -  

\ 1 ' ' l s - - f  , ' - l s  - ) (o o)
rve perceive that at the magnetic equator the two terms are
exac t ly  equa l ,  wh i le  as  \ve  approach e i ther  po le ,  the  tc rm
becomes largest for the pole rvhich is nearest, rvhi le the other
term vanishes. ' fhis 

ecluation therefore l 'el)rescnts a stress
in  the  ae ther  in  thc  fo rm o f  an  unba lanced tens io l t .

A t  the  nragnet ic  eqL la to r  the  t rvo  oppos i te ly  d i rec ted
s t resses  exac t ly  ba lance.  Accor l ing ly  a t  th is  p lace  there  is
no  fo rce ,  because the  ba lanced tens ion  ac ts  in  the  tangent ,
and therc fo re  i s  p rec ise ly  para l le l  to  the  ax is  o f  the  magnet .
L ikerv ise  a t  any  o ther  po in t  o f  the  magnet ic  l ine  o f  fo rce
the  tens ion  is  in  the  d i rec t ion  o f  the  tansent ,  ye t  on  e i ther
s ide  o f  the  rnagnet ic  equator  the  te rm cor respond ing  to  the
remoter  po le  decreases ,  rvh i l c  tha t  d i rec tcd  to  the  ncarer
p o l e  i n c r e a s e s .  A n d  a s  t l r e  s t r e s s  t h c r e f o r e  i s  l t o  l o n g c r
exac t ly  ba lanced,  tha t  d i rec ted  to  the  ncarer  po le  bccanrcs
predonr inant .  I t  i s  th is  ou ts tand ing  unba lanccc l  s t ress  * 'h ich
appears  as  a  fo rce  d i rec tcd  to  the  nenrc r  po lc ,  a lonq t l rc
c u r v e d  l i n e  J  o r  s ' a s  t h e  c a s e  n r a y  b e .

l 'h is  i s  the  nros t  rc rnarkab ie  ph ls ica l  charac ter is t i c  o f
magnet ism,  and herc to fo re  i t  has  no t  bccn  r re l l  unc lc rs toor l ,
' Ihe  theory  o f  the  ac t ion  o f  a  magnet  upon a  un i t  po lc  i s
essent ia l l y  de fec t ive  and n t is lead ing .  For  i f  one  po le ,  say
austral,  is presentcd, i t  tends to move one \\ 'ay along the
l ine  o f  magnet ic  fo rce ;  rvh i le  i f  the  oppos i te  po le ,  say  thc

.  borea l ,  i s  p resentcd ,  i t  tends  to  move the  o ther  rvay  a long
the  magnet ic  l ines  o f  fo rce .

Norv  in  na ture  the  re  i s  no  such th ing  as  the  separa t io r r
/  o f  t h e  t r v o  p o l e s .  A s  p o i n t e d  o u t  i n  A N . 5 o 7 9 ,  p .  2 4 7 ,  o n e
\  po le  cannot  ex is t  and ac t  separa te ly ,  any  morc  than one

s ide  o f  the  human body .  F lou 'ever  shor t  bc  the  p ieces  in to
wh ich  a  magnet  i s  b roken,  the  t rvo  po les  s t i l l  pc rs is t ,  even
to  dus t - l i ke  o r  mo lecu la r  r i in rens ions .  Hence the  conc lus ion
tha t  magnet ism is  a  p ropcr t f  inhercn t  in  the  nro lccu lcs  o r  a to rns .

About  the  ycar  r8zo  the  ce lebra ted  French p l rys ic is t
Anl lrc reached the conclusion from the action of galvanic
cur ren ts  in  p roduc ine  ar t i f i c ia l  magnets  tha t  magnet is rn  con-

,s is ted  essent ia l l y  in  the  c i rcu la t ion  o f  e lementary  e iec t r i c
currents al;out the atonts. A very similar vierv rvas taken
by Gauss  (A l lgemeine  ' I ' heor ie  

des  Erdmagnet ismus,  rS  j3 ,
p .  49 i  Gauss  lVerke  g . r6S)  rvho reasons  as  fo l lo rvs :

r In  unserer  ' l ' heor ie  i s t  angenommen,  da f !  in  jedem
mef\baren magnetisierten l 'ei le des l)rdkcirpers senau eben
so viel posit i i 'es wie negatives Fluidum enthalten sei.  H:i t ten
die magnetischen Fl i issigkeiten gar keine Reali t i t ,  sondern
wfrren sie nur ein f ingiertes Substi tut f i i r  galvanische Strr jrne
in  den k le ins ten  Te i len  der  Erde,  so  is t  jene  Gle ichhe i t
schon von selbst an die Befugnis zu dieser Substi tut ion gc-
kni ipft ;  legt man hingegen den magnetischen Fl i issigkeiten
wirkl iche Reali tet bei,  so kcinnte man ohne Ungereimtheit
die vol lkommene Gleichbeit der Quanti t i i ten beider Flt issig-
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keiten in Zrveifel ziehen. In Beziehung auf einzelne mag-
netische Korper (nati i r l iche oder kt inst l iche Magnete) t iene
s ich  d ie  Frage,  ob  in  ihnen e in  merk l i cher  Uberschu8 der
einen oder der andern Flt issigkeit enthalten sei,  oder nicht,
leicht durch sehr scharfe Versuche entscheiden, da im erstern
I ial le ein mit einem solchen Kcirper belasteter Lotfaden eine
Abu'eichung von der vert ikalen Lage zeigen mri0te (und zwar
in der l{ ichtung des magnetischen IMeridians). Wenn der-
gleichen Versuche, mit vielen ki inst l ichen Magneten in einem
von I i i sen  h in l : tng l i ch  en t fe rn ten  Loka le  angeste l l t ,  n iemals
die eeringste r\brveichung zer'gen sol l ten (wie rvohl zu ver-
muten s teh t ) ,  so  rv i i rde  a l le rd inss  jene Gle ich l re i t  auch f i i r
d ie  qanze l , , r< ic  mi t  s rdBter  \Vahrsche in l i chke i t  anzunehmen
se in ,  imnrer  aber  c ioch  d ie  t r log l i chke i t  e in iger  Ung le ichhe i t
noch n ich t  ganz  aus .gesch lossen.  <

In  the  I i lec t r .  \ \ ' ave- ' I ' heory  o f  Phys .  Forc . ,  r 'o l .  I ,  rg r7 ,
p .  z o ,  a n d  A N 5 o 7 9 ,  p p , 2 6 t - 2 6 2 ,  i t  i s  c l e a r l y  s h o r v n  t h a t
ztnl lre's theory of galvanic crlrrents about the atonts, - to
rvlr ich Grazzss strongly incl ines in the above passage, - is
identical rvi th the wave-theory. Thus the trvo theories a,re
one ancl the same. ' l 'he 

existence of electr ic currents about
the atonts inrpl ies rvaves emitted by the atoms which are
{ la t  in  thc  p lanes  o f  the i r  equators .  I t  i s  rvaves  propagated
f ronr  thc  rv i re  bear ing  a  ga lvan ic  cur rcn t  tha t  ca l l s  fo r th
thc  nraqnet ic  p ropcr ty  in  i ron ,  s tee l ,  n icke l  o r  o thcr  sub-
s tances  su l> jcc tcd  to  such ac t ion .

' l ' hus  l r t '  thc  r l c r rons t ra tcc l  iden t i t l  o f  e f fcc ts  the  wave-
theory lras thc sanction of , ' lnl i r t  anrl  Garss, though i t  n.as
not  de l ' c loper l  in  t l re i r  t in re ,  nor  s ta tec l  in  the  rvay  rvh ich
has  c levc)opcd s ince  the  memorab le  t r iumph o I  the  undu la-
tory thcory undcr thc analysis of Forr i tr  and ?ois-sott.

( i i )  A t  c i thc r  po le  o f  the  ear th ,  the  magnet  s tands
ver t i ca l ,  bccause the  tens ion  to  the  o ther  po le  a long the
l i n c . r  o r  s ' r ' a n i s h e s .

I l y  an  exarn ina t ion  o f  the  above equat ion  (66)  rve  per -
ce ive  tha t  near  the  nor th  po le  o f  the  ear th ,  the  l ine  o f  fo rce
s '  r t tnn ins  away to  the  o ther  po le  i s  o f  in f in i te  lenqth ,  and
the  te rm depc 'nd ing  on  r2 fs '2  there fore  van ishes .  A  cor re -
sponc i ine  resu l t  happens a t  the  south  po le  o f  our  g lobe,
rvhcrc thc tcrn-r clepending on r-: /s: disrrppears, orving to the
in f in i tc  d is tancc  to  thc  nor th  po le  a lon .g  the  curvec l  l ine  s .

In  fac t  th is  p roper ty  o f  n ragnets ,  by  wh ich  the  l ines
of  thc  ear th 's  tnagnet ic  fo rce  a t  the  po les  become very  s t ra igh t
- corresponding to zr very f lat f ield - offers very serious
prac t ica l  d i f ' f i cu l ty  to  po la r  exp lo rers .  As  fa r  back  as  Feb.  r  7 ,
r 84 r,  dif f iculty rvas experienced by Sir Janes Ross, vhen
he atteurpted to judge from the obsen'ed dip of 88o4o, horv
far arvay the southern magnetic pole rvould be. His obser-
vations shorved that the direct ion of the dip from the vert ical
rvas  on ly  8o ' ,  o rd inar i l y  cor respond ing  to  8o  mi les ,  ye t  he
estirnated the distance to the pole as about r6o nautical
mi les  -  rnu l t ip ly ing  the  normal  change o f  d ip  by  t rvo .

\Yhen Shacfrltlon's party - Dr.llfacftay, Professor Dauid,
Sir Dou,glas Maruson - approached the south magnetic pole
in rgog, they found that the dip changed very slorvly, -

evidently orving to the f latness of the magnetic f ield - and
they rvere nearly at the end of their vi tal resources before
they came near the region of the pole. On the evening of
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Jan.  r5 ,  rgog,  the  d ip  u 'as  observed to  be  8go48, ,  and S i r
Dou,glos .lfaason, at that tinre somervhat inexperienced, esti.
mated  tha t  the  po le  was d is tan t  on ly  r  2  o r  13  mi ies .  On
Jan. r 6, they reached the estimated spot, by forced marches,
yet the point of vert ici ty probably was st i l l  quite a distance
away, for reasons which now seem fair ly obvious.

For in r 9 r z, Sir Douglas Matt,sltt again sought to
reach the pole from Comrnonl 'eaith Ba1', on t ire other side
(Home o f  the  B l i zzard ,  z  vo ls . ,  L ipp inco t t ,  I ' h i l . ,  rg r4) ,  and
found by measurement that when he was at dip 89.4315,
only 1615 from the vert ical,  the rate ofchange rvas so slow
that he had to travel three or four nautical miles to effect
a change of a single minute in the dip. Thus in this last effort
he did not reach the south magnetic pole, but got only within an
estimated distance of some 5o or 6o miles o[ i t .  probably i t
was near Garss' calculated place, trvo or three t imes this distance.

It is a curious fact that Gauss' calculated position of
the pole l ies alnrost half  way betweert the posit ions attained
b - v  , 4 f a u ' s o n  i n  r g o o ,  a n d  r g r : ,  a s  s h o l ' n  o n  t h e  n r a p  g i v e n
irr platc :1, 1-ront Slacl l t /ot is report on the Geoiogy of the
Antarc t i c .  Hencc  in  v ies .  o f  . t l fau ,so t t ' s  exper ience o f  tg tz ,
l v h e n  t h e  n t a g n e t i c  t l e l d  l a s  f o u n d  t o  l r e  s o  v e 1 . i l a t  t h a t
he  had to  go  th ree  or  lbur  naut i r :a l  rn i l cs  to  e f lec t  a  chanse
in  the  d ip  o f  on l r  a  s ing le  rn inure ,  I  be l ie r .e  the  southe in
n t r g n c t i r ' p o l r  h a s  l t o t  l e t  l t e e n  a t t r r i n e r l  l _ x ' a r t r . e r y t l o r e r .

I t  r l r r l : ' , i  i l l ) l r ( , l t r  t o  i t c  r . e r r . n c e r  l i t c  l r o r i t i o n  e s s i g n r d
Lr -  ( ' ' uz iz . r . r "  l i ro lour r r i  theor r - ,  nantc l r . :  ;  2  . l  5 '  soL t t l t  la t i tu r le ,
r  5 : ' ' i o '  c rLs t  l c .n r ! i tL r r l r : .  ' l ' hc  

, \ ' t r r t ; i . / , /1 r l  ] ) : l r t \ .  i r r  r  9og to t
rv i th i r r  a l ro r r t  Eo  nr i les  o {  r } r i s  s i t c ,  and , l l tu t ,so t t  in  r  g  r  :
r r 'as  rv i th in  about  r  3o  In i les  o f  i t ;  i ' e t  the  u l t t ra \ ,e rsed sout i t
nragnetic l)olar area of el l ipt icnl fornt, n. i t l r  ccntre near Gazzss'
pos i t ion ,  \ \ ' as  s t i l l  a t  leas t  r  6o  n t i l cs  long and about  r  oo
r n i l c s  u  i r l c .  

' l ' h e  
r : e  n t r e  o f  t h i s  c l l i l r t i c a l  a r c a  h a s  n c l c r

lc t  l ) cen  e- rp lo rcd ,  and thus  Gauss 'ca lcu la ted  pos i t ion  s t i l l
i s  in  :L  vc r i t l l , l c  ' l -e r ra  

Incosn i ta .
I icturrt ing no\\ '  to the aboye formula for the hal1o,ic

lan ' ,  l ' e  sce  tha t  the  l ines  o f  macnet ic  fo rce  a t  the  po les
l ;econre  exces-s ivc l \ .  s t ra igh t  and para l le l .  And hence,  jus t
as t\ \ 'o paral iel l ines nreet only at inl ini ty, so also the re-
turnins branch of a very straight closed l ine can reach the
othcr  po le  on l l  l ; r ' t ra le rs i r . r i r  an  in f in i te  d is tance in  i t s  c i rcu i t .

Accorc i ing ly ,  i t  i s  t rue . tha t  a t  the  po les  o f  a  magnet
the conjugate tern) in the harmonic law becomes r igorously
zero. The rnagnetic attract ion on the vert ical needle there-
fo re  i s  rvho l l v  dou 'n r ra rd ,  and the  cur led  I ine  s  o r  s ,  to  the
po le  beconres  r i sorous ly  a  r igh t  l ine ,  as  assumed in  the
foregoing theory, for calculat ing the depths of the poles belorv
the earth's surface. This mathenratical method for locating
the depth of the poles in the earth is therefore entirely
r igorous; and the only uncertainty which can arise is from
some physical rnodif icat ion of magnetic wave action, such
as the absorption studied by - l faiorana at ' l 'ur in, 

rgrg, in
h is  researches  on  the  absorp t ion  o f  g rav i ta t ion  (c f i  l rh i l .  N lag . ,
J \ ' lay ,  rgzo) .

( i i i )  Photographic i l lustrat ion of the direct ions of the
forces exerted in magnetism,

In vierv of f l re considerable confusion of
t h e  s u l r j c c t  n o l ' p r c r . r l e h t  i t  i s  v c r y  i m p o r t a n t
conv inc inq  denrons t ra t ion  o f  the  tme nature  o f

thought on
to have a

magnet lsn l .
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Thus i t  appears rvel l  to i l lustrate an eas), expcrinrent by a
photograph adnr i t t ing  o f  accura te  reproduc t lon .

.  r .  \ \ ' e  suspend by  th reads  four  smai l  u r rgnet ic  need les ,
and so space thent about the large rtra{net as shown in
f ig .  r ,  p la te  z .  I t  w i l l  be  seen f rom the  photograph tha t  in  a l i
cases  tbe  magnet  exer ts  a  very  sens ib le  pu l l  on  the  smal l
need les .  They  are  there fore  bod i )1 'd rarvn  a lvav  f rom the
le r t i ca l  as  sho l 'n  in  the  Iho togr : r1 , i r  herc  rcproduced.

z. ' I 'he 
stateutent so often ntacje that a l l tagnet exerts

only a direct ive action on a ntagnetic needle, therefore, is
no t  genera l l y  t rue .  ln  the  case o f  the  ear th ,  rv i th  the  po les
a lmost  in f in i te ly  d is tan t ,  the  ac t ion  is  indeed main ly  d i recr ive ;
ye t  there  is  a lu 'ays  a  s l igh t  bod i i y  pu l l  on  the  need le ,  nor th -
ward in our hemisphere, and southward in the southern
hemisphere .

3. \ \ t i th the photograph of the effect of the forces
ac t ing  on  the  four  necd les ,  hereu ' i th  reproduced in  f ig .  r ,  p la te  : ,
our  theor .v  o f  the  na ture  o f  magnet ism is  comple tc ly .  denron-
s t ra ted .  ' l ' he  

a rgun ien t  unc ie r ly inq  t l re  harnron ic  l : rs , i s  seen
to  be  a  fac t .  I t  i s  in tposs i l l l e  to  c la in t  tha t  a  s i rn i la r  theor r .
ever  be fore  was proposed l r r  an l  o ther  invesr i i : : r to r .  And
as the  \ \ 'ave- thcor t 'norv  i s  dehn i tc l r .  l t rovcr l  fo r  t l re  l r rs t  t jn te
it  n'ouid apl)ear that / l r / t t t io// i  \ \ 'as not far s.rong u l tcn i :c
sa id  tha t  our  fa i lu re  to  d jscover  the  cause o f  n taqnc t isnr  i r .as
t l re  d isgrace o f  thc  l  g l l '  ccn tur r . .

.+ .  l t  s tcnr ,s  i i ke lv  tha t  thc  cuusc  ne i .c r  t .o r r l r l  l r : r r  t ,
b r c n  d i - s c o l c r c d  l ; r -  r c l s o n i n g  l l t s c c l  o n  t h c  t h c o r r -  o l  l : ,
e . t i o : r  o n  .  L r r i i  r . r t l r  p o J c '  -  l t  h . 1 l '  ' r l r g . e  t  l  *  h c r  n o  s r ) (  l l
t h i n g  e  x i : t s  j n  n : L t u r e  I  -  e n t l  l r t , n t  e  I  h r v c  c x e n t i n e  c l  t h e
prob lenr  f ro rn  the  eround u1r .  In  the  unpLr l r ) i shrc l  I ) re l j r r r  i -
n a r y  l ' a p c r  r v h i c h  I  s e n t  t o  t h c  l t o y a )  S o c i c t l  i n  r g 1 4 ,  i t
u 'as  shorvn  conc lus ive l i ' tha t  a  necd le  sLrspenc led  bv  a  th rcac i
i s  l rod i l l '  a t t rxc tc (1  to  e  u ' i re  l re l r r inq  e  s tcadv  ga lvan ic  cL l r rcn t .
the  ponderomot iv t '  1or - i  L .  l , c inq

/  = :  
! l , z i , t t . t . _  t , t , )  ( f , ;

a s  s l ) o \ \ ' n  i n  s c c t i o n  t :  ( i i )  I ' e l o l . .

The t ree t ises  on  phys ics ,  inc leed,  g i rc  no  c lear  s ta te -
ment  as  to  rvhat  ha l ty tens  in  th is  case.  '_ l 'he l ,s in rp l l  

evar le
the dif f iculty clevcrly ' ,  and sometintes laguell ' .  I^,ten , l fa.ru,r l l
dec la red  in  h is  address  on  Ac t ion  a t  a  I ) i s tance (Sc ien t .  Pap. ,
vo l .  2 ,  p .  3 r7) ,  tha t  ) ) the  most  obv ious  < jeduc t ion  f ro rn  t i r i s
new fact (Otrsttd's experiment) .rvas that the action of the
current on the magnet $'as not a push-and-pul l  Ibrce, but
a rotatory force, and accordinglv nrany minds were set a
specu la t ing  on  . r 'o r t i ces  anc l  s t re ln rs  o f  ae ther  wh i r l ine  round
the  cur ren t .<

5. Just before nraking this amazing announcentent,
showing that he had never tr ied the experiment u,hich I
carr ied out in r gr4, Ma.rucl/  in this address said:

>We have now arr ived at the great discovery by Ocrstrd
of the connection between electr ici ty and magnetisn. Ocrslct l
found that an electr ic current acts on a magnetic pole, but
that i t  neitber attracts nor repels i t ,  but causes i t  to revolve
round the current. He expresses this by sal, ing that ' the

electr ic confl ict acts in a revolving manner' . . ,
6. Evidently the great Maxtt, t l l  bel ieved that the

magnet  i s  no t  bod i l i '  a t t rac ted  to  a  I ' i r c  bear ing  a  cur rcn t .
An error authorized by so entinent an authoritv as ,tL:[aru,t/ /



naturai ly would be constantly copied by the less cautious

iniest igators. And thus to this day there is no clear state-

ment in any standard work issued prior to the Electr.  Wave-
' fheory  o f  Phys .  Forc . ,  vo l .  r ,  r9 r7 ,  in  wh ich  I  exp la ined tha t

the needle is bodi ly attracted to the wire, by wave-action,
just as i t  is also bodily attracted to the pole of another
magnet, by stresses along the lines of force, as above deduced
from the harmonic law,

r ls:  r12(r2f s2-+r2fr")  :  r f  tg8zSoz'(r2f s2-rr2f t t )  (os)
rvhich is fundamental in the theory of cosmical magnetism.

7 .  The nragnet ic  vec tor  component  7 :  r  :  r4o8 depends
on the  ear th 's  cons t i tu t ion ,  as  does  a lso  g :  g8r  cm.
But i f  we pass to any other planet as Venus, Nlars, Jupiter
or  the  sun,  i t  i s  ev ider l t  tha t  rvh i l s t  the  numer ica l  va lue  o f
/ and of -- rvi l l  be changed, as rvel l  hs the vector conrponent
.r7, yet another fornrula of the same type rvi l l  hold. Thus
for the various planets we could rvri te the fol lowing series
of ecluations:

|  |  r  t  4 l  a  -  r /  , r \
/ t  . . ' l  :  l ,  r  

-  
i /  t  

- / J r  -  t -  11 -  I  s1 ' -  )
1',1{, : r1.2) (r22f s22-rrr' lst ' ')

/,f ,;'" : 11,!,(r,2 f s,2 -r r,' l t,'') .

( iv) Calculat ion of the magnetic vector component for
thc  sun shorvs  tha t  l  :  r57 th  par t  o f the  so la r  n ress  is  n regnet ic .

r .  ' l ' he  f  o r rnu la  rvh ich  connects  te r res t r ia l  n ragnet is r t r
$ ' i th  e rav i ta t ion  upon the  ear th  i s  there fore  o f  genere l  va l i -
d i ty .  (  l rav i ta t iona l  e r : t ion  l io rn  the  cent re  o t '  a  spher ica l
p lanet ,  -  the  in tcgra l  ac t ion  o f  a l l  the  par t i c les  under  hap-
hazard  ar rangenten t ,  rvhe ther  the  mass  be  hontogeneous or
nrade np  o f  concent r i c  she l l s  o f  un i fo rm dens i ty  -  rvou ld
have a  mean va lue  a t  the  sur face .  And the  vec tor  conrpo-
ncnt  r |  rep . rescnt ine  the  t iec t iona l  par t  o I  the  p l r rnc t  s
mass rvh ich  is  magnet ic ,  -  rvhen $ .e  take  i t s  s , lu r re  fo r
the composit ion, according to the larv for directed magnitudes.
rvou ld  leed to  eqL la t ions  o f  the  fo rm s i len  above.

z .  ' l ' he  fo rce  .9 -  i s  conpounded fo r  the  s ing le  d is tance
. / ,  upon s ,h ich  grav i ty  c lepends,  rvh i le  the  magnet ic  fo rce  I
depends on  the  > l )ua l i t y  o f  Powers<, .  as  A i r !  ca l l s  them,
and therefore has to be calculated from both foci of the
ruraqnet ic  p l rne t .  ' i ' h is  

cxp la ins  the  theory  in  a  s imp le  rvav ;
vct in practice lve can not f ind 7 by observation, e"xcept
perhaps  in  the  case o f  the  sun,  the  magnet ism o f  wh ich  is
very porverful,  about 8o t imes that of the earth's magnetism,
accord ing  to  the  observers  a t  the  I I t .  \V i l son  So lar  Observa tory .

3. ln general i f  rve had any standard of force, as at
the surface of a spherical shel l  concentr ic with the centre
of an ordinary magnet, l ike the surfaces of the above spheres
for the magnetic planets and sun, we could write similar
equations for the forces of magnets under experiment in our
laboratories. Thus the assigned cause of magnetism is general,
and the harmonic larv of universal val idi tv,

4 .  The harmon ic  law

rl,s : t12 (r2f s2-rrzf s'2)
may be put in a somervhat dif ferent form:

g 12  12  :  I lG ls2- r r l ( ' )  .
But since

" l  
'  \ ' ll u  I  r ' .  4 -  r -  :  ^ , r  I  r g i t 2 5 0 2

(os)

(z o)

( z ' )

we perceive that the gravitat ional force attract ing to the
cent re  o f  the  ear th ,  i s  a t  tha t  d is tance rg8zSoz t in res  rnore
pbrverful than the total magnetic'  intensity d acting at such
distance that (r! fs!-rrr/5'2) :  r ,  rvhicfuis near the nragnetic
equator.

These considerations show how tangible is the connec-
t ion now establ ished between magnetism representing a lract ion
of the rnass 7 attract ing to two centres, and gravitat ion di-
rected to a single centre. Gravitat ion is the mean action
incident to the haphazard arrangement of the planes of the
atorns in a non-magnetic body; while in a magnetic body
the planes of the atoms take on paral lel ism, and the attrac-
t ion a >Duali ty of Powersq, as i f  the forces come from the
two poles.

5. Norv as for applying these forrnulae to the sun,
we notice that the trI t .  \Vi lson observers found the sun's
polari ty similar to that of the earth's, yet the intensity of
magnet iza t ion  about  8o  t imes grea ter .  Hence i f  7s  denote
the  par t  o I  the  sun 's  u tass  rvh ich  is  n ragnet ic ,  rve  ] ra r .e  b1 '
observa t ion  the  fo l lo rv ine  e , tua t ion :

, s J :  S o t l r ! h " )
r r ,here  1 . :  r l l r+oS,  as  deduced f rom the  researches  o f  Gauss ,
and used throughout our theory of the earth's magnetism.

6 .  I t  rvou ld  thLrs . rppear  the t  g lo l rc  fo r  g lobe the  par t  o f
t h e  s u n ' s  u t a s s  r v h i c h  i s  n r a g n c t i c  i s  r , i  r . 1 o S .  I  8 o  :  r f  t 5 7 . 4 ,
o f  the  ivho le  o f  tha t  immense mass o f  l le rn ing  l l r l i d .

' l ' he  
to ta i  in tcns i tv  o i  so i l r  n l l sncr isu t  be ing  as  the

scluare of this fract ion,. rve have

? t "  :  ( t f  r 5 7 . a z ) ' )  -  r . ' z q ; S  r  t 7 : j i
And our  equat ion  fo r  the  harnron i r :  I r ru '  : rs  u l rp l ied  to  the
s t tn  l reconres :

r l . s :  r 1 t ( r ) f  s 2 - + / l t ' t ) :  , t l . + 7 s r ' ( r ' s ' - +  r , s " )  .  ( z + )

Since the force of gravity at the solar surface is
z 7 3 o t . 6  c m  ( A N  3 g g z ,  p . r 3 4 ) ,  r v e  f i n d  t h a t  a t  t h e  p a r t  o f
the strn rvhere (r2/sr -t-  , '2 f  st)) -  r ,  rvhich is near the solar
e( lua tor ,  the  va lue  o f  . /  * 'ou ld  be  :

[ -  t . r o r Z c m . (z s)
.  I t  thus  xppexrs  th l t  a t  the  s r rn 's  c (n lx to r  thc  l te lanr :ed

s t ress ,  rc l ) rcsente( l  l ) v  r r : rg r re t i c  lb rces ,  i f  unba lanccd,  cou ld
produce an  accc le ra t ion  o f  ovcr  one cent i lne t re  per  second,
and a t  the  so la r  po les  over  two cent in re t res .  ' l h is  

fo rce  is
no t  la rge  abso lu te ly ,  ye t  on  rnx t te r  sus l )cnded by  repu ls ive
forces  i t  opera tes  po* 'e r fu l l y  in  gcn tn i r ing  the  l ines  o f  the
corona l  s t reamers  l i s ib le  dur ing  to t : r i  :o la r  ec l ipses ;  and in
cycles of the sun spot period produces stupendous electr ic
luminosity effects somervhat analogous to a solar Aurora
Boreal is and Aurora Austral is, which become sensible in
droughts and heat rvaves felt  upon our globe.

We pause here to recall Gauss' result, for the earth,
and our extension of i t  to the sun, in terms of other units.
In  the  A l lgemeine  Theor ie  des  Erdmagnet ismus,  r838,  p .  46
(Gauss Werke 5. 165), Gazzss shows that the total number
of magnets, each weighing one Gernran pound, which i t
rvould be necessary to distr ibute thror,rghout the globe to
account for the observed magnetism of the earth is

r V :  8 4 6 4 .  r o 1 s .

ls||-
I{{
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' I 'he values which I  use
those employed by Gauss eighty
constants the value of .rV comes

N :  8 4 S q . q 5 7 . r o 1 8
: 8 4 5 4 4 5 Z o o o o o o o o o o o o o o o .  ( Z e )

To exp la in  the  s ign i f i cance o f  th is  iu rmense number
of ma-snets for the entire earth, Garzss remarks that in order
to oirtain a substi tute for the action of the giobe in outer
space, rve should have to assume, under unifornr cl istr ibution
wi th  para l le l  magnet ic  axes ,  near ly  e igh t  such magnets  to
each cub ic  met re  o f  the  ear th 's  n rass  ( rnore  exac t ly  l .8S t  ) .

S u c h  a  r e s u l t ,  8 . 4 5 4 4 5 7 ' r o ! 1  o n e . p o u n d  m a g n e t s ,
everywhere rvith paral lel ntagnetic axes, is irnpressive enough
an i l )us t ra t ion  o f  the  mrgnet is rn  o f  our  g lobe;  ye t  fo r  the
sun the  nunrber  o f  such one pound magnets  wou ld  be  cnor -
mous iy  g rea ter .  In  fac t  the  magnet ic  par t  o f  t l re  sun is
I  I  I  S1  o I  the  rvho le ,  and s ince  the  sun is  .T3oooo n tore
mass ive  than the  ear th ,  th is  i s  equ iva len t  to  2 roz  t in res  the
total rnass of our globe.

Accord ing ly  fo r  the  sun we shou ld  i rave  the  h ieher
nunrber :

N  :  8 . + 5 4 + 5 7 .  r o ' t  -  2 r o z  :  r 7 . , 1 7  L z 7 .  t o 2 l
:  r T T T r 2 T o o o o o o o o o o o o o o o o o o o .  l l l )

1 'o  con i 'ey  a  c lear  id ra  o f  th is  c f l ' ec t  \ \ , c  n )u) , iu ru t l inc
our  ear th  to  have the  proper ty  o f  per fec t  n ragnc [ is rn .  ' l ' hen

i f  a l l  i t s  r )a r t i c les  rvere  reduced to  n ragnet ic  bars  rv i rh  para) le l
axes ,  i t  rvou ld  re t lu i re  : lo :  such per fec t  rnug l )e t i c  g lobes ,
l i ke  t l  

'  
nypothe t ica l  s r . rbsr i tu te  fo r  the  ear th ,  rvhen un i fo rnr iy ,

d is t r ibu ted  th roughout  the  sun 's  n )ass ,  to  g ive  the  rn : rgnet ic
f ie ld  rvh ich  ac tua l l y  sur rounds our  sun and ac ts  on  the  p lanets
as they rer/olve in their orbits.

Since the solar magnetic f ield is rendered variable by
the outbursts of sunspots, with their increased emission of
magnet ic 'waves ,  tve  need no t  be  surpr ised  a t  the  ear t l r
currents (real ly ed<Jy currents) ' l \ lagnetic 'Stoni lr '  

and Aurorae
observed upon our  g lobe.

are sligbtly different frorn
four years ago. With my

ou t :

5 .  I n v e s t i g a t i o n  o f
t h e  X l a g n e t i c  P o l e s  i n  r h e

(i) Sir Janes Clu.l lloss
magnet io  po le ,  r  84  r .

t h e  S u p p o s e d  [ I o t i o n  o f
E a r t h .

'  a t tempts  to  reach the  south

In  o rder  to  ob ta in  a  c lear  v iew o f  the  supposed nro t ion
of  the  nragnet ic  po les  in  the  so l id  g lobe o f  the  ear th ,  we
must f irst revierv the locations assigned to the poles by
leading explorers at dif ferent epochs. \Ve shal l  then be able
to judge i f  there is evidence of a progressive motion of the
poles, and, i f  so, to f ix i ts character as accurately as possible.

On June r ,  r83r ,  the  nor th  rnagnet ic  po le  i vas  loca ted
by  S i r  Jan ts  l (oss  in  7o"5 /  Nor th  La t i tude,  263"  r4 l  Eas t
Long i tude,  rvhere  the  d ip . rvas  observed to  be  g9"59, .  Th is
observation no doubt was as accurate as could be expectecl,
but since the north nragnetic pole does not seern to have
been located by actual observation at any later yreriod, rve
have no obsen'at ional data to enable us to judge of i ts
s u p p o s e d  n r o t i o n  s i n c e  r 8 3 r .

We shall  therefore hrst exanrine the problem of the
supposed motion of the south magnetic pole, \yhere approxi-
mate data are furnished by Sir Jancs Ross' observations of

Sondernummer 2 2 0

r84r, and by Sir Douglas ,Afawson's observations of rgog,
and rg rz .  The south  magnet ic  po le  i s  the  more  ins t ruc t i ve
also because of the way Gauss' calculated posit ion f i ts in
rvith the recently observed places.

Orr Febmary r 7, r 84 r,  Sir Jancs Ross discovered
Cape ( iauss ,  near  7  60  r  z '  South  La t i tude,  r  64o East  Long i tude.
Here the vert ical walls of ice stoppecl the rvestrvard cruise
of  the  l l rebus  and ' l ' e r ro r ;  bu t  f rom n)ersures  taken on  the
ice  he  observed the  d ip  to  be  88o4o, ,  o r  Eo,  t rom rnagnet ic
ver t i c i t y ,  >so  tha t  the  po le  was on ly  r6o  r -n i les  d is tan t< .

' I ' he  
p lace  o f  Ross '  sh ip  i s  ind ica ted  'on  

the  accon) -
panv ing  nrap(p la te  3 ) ;  and as  he  lbund the  var ia t ion  there  to  be
rog"  z4 '  eas t ,  I  ha le  accura te ly  char ted  h is  ca lcu la ted  pos i t ion
o f  the  sor , r th  n ragnet ic  po le ,  a t  th is  neares t  approach to  i t .' l ' he  

p laces  conrn ton ly  ass igned to  - l lass '  es t i rua te  o f  the  p lace
of  the  po le ,  l re t lL ren t ly  a re  so  inexac t  tha t  i t  i s  nece isary
t o  e x e r c i s e  c a u t i o n ,  t o  a v o i d  b e i n g  m i s l e c l . ' l ' h u s  i n  t h e
ar t i c le  Po la r  l {eg ions ,  Encyc l .  13r i t . ,  g , } ,  ed . ,  r  g l i  5 ,  vo l .  r  9 ,  p .  33o,
i t  i s  s ta ted  tha t  ) the  south  rnagnet ic  po le  rvas  ca lcu la ted  to .
be  i r r  76o S.  and r4 .5"  zo '  l i . ,  o r  a t rbu t  5oo nr i les  southwest
f ro r r r  the  sh iy r ' s  pos i t ion  < .  ' I ' here  

is  no  good au thor i ty  fo r
t l l i s  s tu te l l )en t ,  and i t  cannot  be  cor rec t .  1 'he  p lace  la id
< lo r r 'n  on  t l re  acconrpany ing  nrap  is  l ro rn  1 iass , 'obser r .a t ions ,
anc l  hc  express ly  dec la res  tha t  ) t l re  po le  u ,as  on ly  r6o  nr i les
d istant (( .

l i ass  be l iev t , r l  the  po le  to  be  in  the  snorv  capped
nrounta ins ,  s l ig i r t l y '  to  the  nor t l l  o f  \ \ ' es t  l io rn  h is  pos i t ion , .
a n d  a s  t h e  s u r r r u r i t s  w e r e  o v e r  r o o o o  f e e t  h i g h ,  h e  c o u l d
beho l r l  f io ru  the  sea rhe  range o f  n rounta ins  in  wh ich  the
po le  i s  y r lacec l ,  anc l  ye t  he  cou lc l  no t  reach i t ,  ow ing  to  the
indef in i te ly  ex tendec l  ver t i ca l  rva l l s  o f  i ce .

In  h is  account  he  adds :  ) ' I ' he  range o f  mounta ins  in ,
the  ex t re rnc  rves t ,  rvh ich ,  i f  they  be  o I  an  equa l  e leva t ion
rvith Xlount I . l rebus, were not less than f i f ty leagues distant
( r5o  naut ica l  m i les ) ,  and there fore  undoubted ly  the  sea io f
the  southern  masnet ic  po le ,  *as  d is t ingu ished by  the  nanre
of His l ioyal Fl ighness, Prince Al l tr t .<<

It is s,orthy of notice that -1iass seenis to have been.
arvare  o f  t l re  l la tness  o f  the  ear t t r ' s  l ie ld ,  near  the  magnet ic
I)ole; for rvhen the dip is only 8o, frorn r.ert ici ty, hJ esti-
n ra tes  the  po le  to  be  d is tan t  r6o  mi les  -  so  tha t  tw ice  as .
many nri lcs rvoulcl have to be traversed to l)roduce the re-
< lu i red  change o f  d ip .  Th is  sanre  prob lem ar ises  w i th  S i r
I)ou.glas tl.fousort, r 9 r 2, as shown belol,, but it was not
given ntncir attention in the dash for the nragnetic pole-
r n a d e  J a n .  r 6 ,  r g o g .

(ii) Sir l)ouglas Mauson's search for the south mag-
net ic  po le ,  r  9og.

r. Ln Slac/t lclorz,s Heart of the Antarct ic (z vols., .
L ipp inco t t ,  I ' h i la . ,  r909)  a  de ta i led  account  i s  g iven  o f  the
search for the south magnetic pole. 'lhe 

Shac/tlelon party
seems to have bel ieved that the pole rvas in rapid movement.,' I 'hus 

on p. 38j,  thev say:
> In  the  in te rva l  be t rveen r84r ,  when these observa t ions

were  made,  and rgoz ,  when the  D iscovery  l i xped i t ion  aga in
located the south nragnetic pole, i t  had moved about lwq,
hundred geographical miles to the easrward.<<
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z .  Th is  s ta tement  as  to  the  mot ion  o f  the  po le  s ince  r84r
must be received rvith great reserve for the fol lorving rcasons:

a)  On p .  r  7  7  i t  i s  s ta ted  in  the  rccord  fo r  Jnn .  r  z ,
rgog,  tha t  on  care fu l l y  ana lys ing  the  resu l ts  o f  the  advance
.copy o f th e I)i scovery Ii x ped ition 1,1 a gn eti c lr.ep ort,\lr. tlfa n s o tt
dec ided tha t  ) the  magnet ic  po le ,  ins tead o f  rnov inq  cas ter -
ly, as i t  had donc in the interval betrveen.Salrzr 's ol;s,er-
ra t ions  in  r84r ,  and the  t ime o f  the  l ) i scovery  l i xped i t ion
) .n  tgoz ,  rvas  l i ke ly  non '  to  be  t rave l ing  somervhat  to  the
nor thwest ( ( .  ' l ' h is  rvas  o f  course  on  the  suppos i t ion  tha t  the
po le  moves qu i te  rap id ly .  Such reason ing ,  ho .wever ,  was  no t
jus t i f ied ,  because the  po le  had never  ye t  been accura te ly  loca ted .

b) On -Jan. rS, ,4faxtsort got a good lat i tucle obser-
va t ion ,  72"  4z ' ,  and t rven ty  minu tes  be fore  noon found by
the  d ip  c i rc le  tha t  the  d ip  was 89o45 ' ,  so  tha t  they  had a t
length  approached very  near  to  the  south  magnct ic  po le .
That  even ing  the  d ip  rvas  aga in  found to  be  89"48 ' ,  the
day 's  march  hav ing .  been r4  mi les .  Hav ing  ca lcu la tec l  tha t
the pole was not over 13 miles away, they rested t i l l  early
next morning. Thus they made an early start for the spot
f i x e d  u p o n  f o r  t h e  p o l e ,  7 2 " 2 5 ' S o u t h  L a t i t u d e ,  r ! 5 " r 6 ' I . ) a s t
Long i t r rde ,  and reached i t  by  g rea t  e f fo r t  a t  3h3o*  l ) .  n r . ,  -

guiding their course Lrv vert ical marks erected evcr.v trvo
mi les  o r  so ,  as  thev  t rave led ,  the  contpass  now be ing  use lcss ,
on  account  o f  the  grea t  p rox imi ty  to  the  po lc .

3 .  Orv ing  to  the  ex t ren te  u 'ear iness  o f  the  par t t '  and
the i r  shor tage o f  food they  took  no  fu r ther  obser ra t io r . rs ,
mere ly  ra is ing  the  i l r i t i sh  F lag ,  and tak ing  posscss ion  o I  t ] re
p la teau about  the  po le ,  and re t rac ing  the i r  s teps  u ' i th  a l l
has te  to  the  l i t t le  depot  u 'here  the  d ip  was 89"48 ' ,  rvh ich
they  reached a t  roh  p .  m.  (p .  r8z) .  On Jan.  rq ,  ,4 , fau tson esr i -
mated (p .  r8o)  tha t  > in  o rder  to  accura te ly  loca te  the  rncan
pos i t ion  (o f  the  po le )  poss ib ly  a  n ron th  o f  conr inuous  obscr -
va t ion  wou ld  be  needed,  bu t  tha t  the  pos i t ion  he  ind ica ted
was now as  c lose  as  he  cou ld  loca te  i t .<

The dash to  the  po le  p lace  f rxed  upon by  thc  apparent
rap id  change in  the  d ip  rvas  thus  a l l  th l t  rvas  a t ten tp tcc l .
Apparent ly  they  d id  no t  even count  the  number  o f  osc i l la -
t ions  o f  the  need le  in  ro  minn tes ,  rvh ich  s 'ou lc l  havc  g ivcn
a l reasure  o f the  to ta l  in tens i ty  a t  tbe  poJe,  and becn \ 'a luab le
scienti f ic data. The journey had, horvever, proved to bc nruch
longer than had l teen expected, rvhich again emphasizes the
flatness of the magnetic f ield near the pole.

In  r84r  ?as . r  had taken the  d is tance to  be  ts 'o  n r i les
to  a  s ing le  minu te  o f  change in  the  d ip .  I l y  ac tua l  journey
the Shaclktolt  p^rty found the distance there and back at
leas t  5oo mi les .  I f  we take  the  s ing le  d is tance a t  z4o  mi les
on a great 'circle, the change of 8o' in the dip from / lors'
p lace  in  r  84  r ,  rvou ld  imp ly  an  average mul t ip l i ca t ion  by
three miles for each nrinute of the change in dip. 

' fhe

distance, 'horvever, frorn -I?ass' place at the sea to the actual
pole probably was about 3zo miles, rvlr ich rvould make the
average nru l t ip l ie r  o f  the  change o f  d ip  foLr r  ins tead o f  th ree .

( i i i )  ' fhe 
expedit ion to the south masnetic pole, by

.lVausort, Bage and, I4/ebb, fron Commonwealth Bay, lgrz.

In  the  Home o f  the  B l i zzard  (L ipp inco t t ,  Ph i la . ,  rg r4 ,
z vols.) rve f ind a detai led account of the approach to the
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sonth magnetic pole from the other side, the base being in
Cornrnonrvealth l lay. The fol lorving is a brief summary of
the chief ntcasurements of dip, and other phenomena noted.

On Nov. r o, r 9 r z, the party started for the south
mzignetic pole, the journey being mainly to the south, and
s l igh t ly  to  the  eas t .  On Nov.  zo ,  the  d ip  was 87"  27 , ,  re -
c ru i r ing  a  change o f  r53 ' to  reach the  po le ;  bu t  by  Nov.  27 ,
the  d ip  had changed to  88o54 ' ,  ye t  as  the  change was some-
rvhat  sudden i t  rvas  thought  to  be  r too  la rge( ,  (p .  r8Z) ,  -
perhaps  the  read ing  shou ld  have,been 88"24, ,  The d ip  con-
t inued to  decrease s lo rv ly ,  and on  Dec.3 ,  i t  was  s teady  a t
88"3o ' -  a  resu l t  shorv ing  tha t  the  nbove va lue  fo r  No. r , .  z7
lVaS an error.

As the party sped on they seemed to f ind the dip
near ly  s ta t ionary  fo r  a  t ime,  8go r  r ' ,  -  what  i t  had 'been
s ince  leav ing  the  s ta t ion  a t  r5o  mi les .  S ix ty  f i r ,e  mi les  more
appcared to  y ie ld  l i t t le  change in  the  d ip .  On Dec.  r  Z  they
passed 7o"  south  la t i tude  -  mak ing  about  14  mi les  a  day ,
and the  d ip  rvas  found to  be  89o25, .  On Dec.  rg ,  the  d ip
was 89"35 ' ,  and a t  256 mi les  the  a l t i tude  o f  the  p la teau
rvas  56oo fee t ,  rvh i le  on  Dec.  z  r ,  the i r  s ledqe-meter  showed
3 o  r  n r i l e s .

On paee z96 Ra.gc describes the dif frcult ies of making
accr l ra te  o l rsc rva t ions  :

>> t r lagnc t ic  n 'o rk  under  these cond i t ions  is  an  ex t remely
runcomfor ta l r le  opera t ion .  Even a  l igh t  rv ind  rv i l l  eddy  round
thc  break- r r ' ind ,  : rnd  i t  i s  rv ind  rvh ich  makes Iow temoera-
t r t rcs  fo rnr idab lc .  Near l l '  a l l  the  rvork  has  to  be  done w i th
l ta re  J insers  o r  th in  ins t rument -g loves ,  and the  t ime taken
is far ercater than i tr  telnperate cl inrates, orving to the f ingers
constantly 'going' 

and becanse of tbe necessity of continual ly
freeing the instruntent from the condensed moisture of the
breath. Considering that the temperature was - r zo F. rvhen
he had f in ished h is  four  hours '  rvork ,  i t  may be  imag ined
that Lhhb rvas ready for his hot tea. ' l 'he 

dip proved to
be 89o4315,  tha t  i s :  s ix teen and ha l f  m inu tes  f rom the  ver -
t i ca l .  I ' he  a l t i tude  rvas  jus t  over  f i ve  thousand n ine  hundred
fec t ,  in  la t i tude  7o"  z6 !S south  and lo r rg i tude r48" ro .  eas t .<'I 'he part l '  was now rvithin r 7 5 miles of where Dauid,
tTfaursotr and Mochal had stopped in rgog. They had to
turn back after gett ing within r 615 of the go" dip at the
pole. -I iagz's diary says:

>\\/e have norv been exactl .y six weeks on the tramp
and sontehorv feel rather sad at turning back, even though
i t  has  no t  been qu i te  a  sunday schoo l  p icn ic  a l l  a long.  I t
i s  a  g rea t  d isappo in tment  no t  to  see a  c l ip  o f  goo,  bu t  the
time is too short I ' i th this 'cl imate'.  

I t  u'as higher than rve
expecteci to get, after the unsatisfactory dips obtained near
the trvo-hundred-mile depot. ' Ihe 

rate of increase since that
spot has been fair ly uniform and inci icates that goo might
be reached in another f i f ty to sixty nri les,. i f  the same rate
l,reld, and that rneans at least another 1veek. I t 's no good
th ink ing  a l ro r r t  i t ,  fo r  'o rders  

a re  o rc le rs ' .  \Ve  ' l l  havJ  our
s'ork cut out to get back as i t  is. ' l ' rventy-f ive 

days t i i l  rve
are overdue. Certainly rve have trventy-three days'food, eight
days' rvi th us, ten days' at trvo hundred miles, and f ive days'
at sixty-seven nri les; so with luck lve should not go hungry,
bnt l l /cbb wants to get f ive more ful l  sets of dips i f  possible
on the rvay back, and this means two and a half days.<
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This southward journey of Ma.uson's party frorn Com-
monwealth Bay is ful l  of instruct ion, l ike that of the Shachle-
ton party from Ross Sea in rgog. In both explorat ions the
observers found the pole with go' dip was much further
away than they had at f i rst expected. ' Ihis 

rvas due to the
extreme f latness of the magnetic f ield near the pole.

( i v )  T rue  p lace  o f  the  south  magnet ic  po le  p robab ly
is  w i th in  3o  in i les  o f  the  pos i t ion  ca lcu la red  by  Gazzss ,  r838.

After some study of the effect of the increasing f lat-
ness of the magnetic f ield, as we near the pole, I  have
ventured to construct a table of distances from t l-re pole,
with changing rate of increase for a given increment of dip
(Za : 3') torvards the magneric pole.

Th is  tab le  may no t  be  comple te ,  bu t  i t  i s  very  in -
struct ive, as affbrding a simple nteans of harmoniz-ing the
confl ict ing estimates of the ol>sen'ers rvho have tr ied to locate
the pole from opposite sides. I t  seents to shorv that the true
po le  i s  very  near  the  po in t  loca ted  by  Gt tuss  in  r838,  and
a lmost  cer ta in ly  no t  over  3o  mi les  away.

N , , _ h . ,  ^ f  l ) i f f e r c n c e s  a r i  :  r n u l t i p l i e r  n i ( A l i  A 0 ; 1 , ) :

; , ; " ; ; j , ,  o f  r l ip  f ro rn  fo r  r '  o f  d ip  to  g ive  rad ia l  rv i t l th  o f
_ - , , - ^ , -  . i  .  t h e  t ) o l e  e q u i v a l e n t  d i s t a n c e  c i r c l e s  i n  n a u t .m a g n e  t l c  P o l e  /  

1 u ;  -  i u i 1 ,  i n  n a u t .  m i l e s .  m i l e s .

.  r  1 6 ! 5 -  r z '  4  r 8
2  1 2  -  g  5  r 5
3  g  -  6  6  r 8
4  6  -  3  7  z t
5  3  -  o  8  , +

Estinrated total distance of

n1(z /d1- , /6 ;+ , )  :  96  mi les

tason's party in
r  o 6  m i l e  s

7  o  n i l e s .

. , !
I' t

4

, r
t 4

s' ?

a1
..;
:3,*
F

\-r
-1-J

Ma
r g r z  f r o r n  p o l e  . :
Estinrated distance of Sfiac/t lelon's party of rgog
l i o m  p o l e  .  . :

ln fact i t  is about 7o nri les northwest of the furtherest
point reached by S/nc/t letois 1lnrty in r 9og, and about
ro5  mi les  southeas t  o f  rvhere  , lL fau tso t is  par ty  l ia l ted  in  rg rz .
' I 'he star on the nrap shows rvhere rve locate the south nragnetic
pole, after a careful study of al l  the evidence furnished by
tlre parties of S/tuclletou and ]fawsot.

' I 'his 
very accurate confirrnation of t l re posit ion of the

soutlr rrragnetic pole indicated by Gauss in r83ti ,  is rvel l
ca lcu la ted  to  inpress  us  rv i th  the  r igor  o f  the  ne thod o f
ca lcu la t ion  used by  tha t  g rea t  mathemat ic ian .  Observa t ion
has not yet bcen able to improve on the resr.r l ts of the
mathenra t ic r i l  ca lcu la t ions  made be lo re  any  exp lo re  r  had v is i ted
the  Antarc t i c  Cont inent l

Gazss' method rests on z4 constants, anrl  thus recluires
n)easures of the three independent magnetic elements oi . l ip,
decl ination and total intensity, at eight places of observation.
The method does not require observations in the southern
hemisphere, yet the more syrnmetrical ly the stat ions are
distr ibuted about the earth the better. Above al l ,  great accuracy
is required in the rnagnetic measurements, and as Garzss rvas
a great master in this l ine of research, very l i t t ie intprovenrenr
has ever been rnade on his original constants of 1838,
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(") Is there any evidence of the motion of the earrh,s
magnetic poles ?

' fh is  i s  a  ques t ion  wh ich  has .  been long debated ,  i ,e t
fronr the above analysis of the evidence i t  rvouid seenr as
if  rnotion is not definitely proved. Before making the abor.e
careful analysis of the records I had incl ined to the impression
of  a  counter -c lockrv ise  ro ta t ion  o f  the  south  nragnet ic  po le ,
abotrt the Goussian posit ion (t l [)  of the Xlaximurn I\ , lagnetic
Xlornent lbr the earth. But in this early survey of the data I
had re l ied  upon the  po le  be ing  no t  over  r6o  rn i les  f rom the
p o s i t i o n  o f  / l o s s ' s h i p  E r e b u s ,  F e b .  r T ,  r 8 4 r .  W e  h a v e  s e e n
above tha t  r?ass  he ld  the  po le  to  be  d is tan t  on ly  r6o  nr i les ,
ye t  in  so  do ing  he  took  the  mul t ip l ie r  fo r  conver t ing  changes
of  d ip  in to  naut ica l  m i les  to  be  on ly  z ,  whereas  the  above
table based upon ,4,fausoz's observational experience shou.ed
that the average mult ipl ier for l loss' distance should have
been a t  leas t  3 ,  perhaps  4 .

Wefindin the records of ShacLlt lot is party, r gog,abundant
evidence of a current view that the r lagriet ic pole is near t .he
coas t ,  and even mov ing  eas tward l  As  they  t rave l  in land they
are surprised at the slowness of the change of dip, anci
conc : lude tha t  i t  has  sudden ly  moved rves twarC.  As  a  mat te r
of fact they had not suff iciently al lorved for the f latness of
the held very near the pole. And these errors of reckoning
were  no t  on ly  cur ren t  among the  ex1> lorers ,  bu t  a re  a lso
reyrea ted  in  the  ar t i c le ' I ' e r res t r ia l  N lagnet ism,  Encyc l .  Br i t . ,
r  r th ed., by such a scienti f ic authority as l)r.  Charlts Cltrte,
d i rec to r  o f  the  Kew Observa tory .

- l)r .  Clrec points out that Sabiue's Chart (r84r) gave
lo r  the  south  magnet ic  po le  7  3"  30 ,  South  La t i tude,  r47 ;3on
l)ast l ,ongitude. He says Prof-essor / .  C. Adaus in his re-
scrLrc i res  rea<:hed the  coord ina tes  73"4o,  S . ,  and,  t47o 7 ,  E .
Clrtc then gives the fol lowing table as a summary of the
c h i e l  d a t a .

( . \ . )  Southern  Cross  Exped i t ion ,  7zo  4o ,  S . ,  r5zo30,  E .
(B)  ' l ' he  Voyage o f  the  >Discovery<<,

r 9 o 2 - 1  7 z  5 r  S . ,  t 5 6  z 5  E .
(C)  S /nc / t le tozz 'sDxped i t ion ,  r9o8-9  7"  z5  5 . ,  t !5  ,6  f -

In corrclrrsion Dr. C/trec thinks >>there is at least moderate
probab i l i t y  tha t  a  cons iderab le  rnovement  towards  the  nor th -
eas t  has  taken p lace  dur ing  the  las t  seventy  years . (

Unfortunately for Dr. Chree's argument rve see frorn
the forc'going investigation that there is not the sl ightest
ev idence o f  any  such mot ion .  I f  any  rno t ion  a t  a l l  i s  shorvn ,
i t  is to the rvestward . I 'or Gauss' theoretical deternrination
of  the  pos i t ion  o f  the  po le  i s  our  on ly  t rus twor thy  gu ide .
I t  i s  va l id  fo r  the  epoch r83o,  and the  observa t iona l  work
o f  r g o g  a n c l  r g r z ' s h o w  t h e  p o l e  s t i l l  s o  v e r y , n e a r  G a u s s , '
o r ig ina l  pos i t ion  tha t  rve  cannot  be  sure  tha t  any  mot ion
at al l  has occurred in the intervening 8o years. ' l 'he 

star (*)
on the nrap is the most probable place indicated by the
ava i lab le  observa t ions ,  ye t  be ing  on ly  about  3 ,  f rom the  po le
o l  Gauss  or  z5  mi les ,  we can no t  sa fe ly  conc lude tha t  any
nro t ion  a t  a l l  has  occur red .  Under  the  most  lavorab le  con-
d i t ions  6azss '  ca lcu la ted  p lace  may be  uncer ta in  by  z , ;  and
at  leas t  r 'o f  nncer ta in ty  a lways  ex is ts  in  the  observa t ions  o f
r 9og and r 9 r z, because of the dif f iculty in sett ing and reading
the dip circle accurately while travel ing in so severe a cl inrate;

a a l
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I f  the southern magnetic pole gives l i t t le or no evidence
of  mot ion  in  8o  years ,  i t  wou ld  be  na t i ra l  to  ho ld  tha t  the
north magnetic pole is correspondingly f ixed. Unfortunately
the  observa t iona l  ev idence is  even more  incomple te  than tha t
for the south pole. \ \ Ihen only 1o years of age Sir Jatnts Ross
was, in the icefielcls rvi th his uncle Sir John Ross, and as
they  cou ld  on ly  move some e igh t  mi les  in  t rvo  years ,  ye t
tbey  were  near  the  nor th  magnet ic .po le ,  the  1 'our rs  rnan in
sheer desperation f inal ly got ashore and having found the
d i p  t o  b e  8 9 o 5 9 ' l o c a t e d  t h e  p o l e  J u n e  r ,  r 8 1 r ,  a t

.  7o"  5 '  t7 "  N, .  263"  tz , '  r1n  ! ' , ,
'  So  fa r  as  I  can  learn  no  o ther  exp lo rer  ever  rvas  ab le

to  reach the  nor th  magnet ic  po le .  The Nor rveg ian  exped i t ion
of rgo5-o7, under Jioald Anu,ndsen, was to search for this
spot ,  bu t  a l thoueh he  t raversed the  Nor th rves t  Passage and
came to San Francisco, with his vessel, and I conversecl rvi th
h im a t  I \ la re  Is land,  I  never  heard  o f  h is  be ing  nexr  the
nor th  magnet ic  po le .  Probab ly  the  ice  b locked the  rvay  in
the  channe ls  to  the  south ,  as  i t  d id  rv i th  the  /?a . rses  in  r81r ,
and Anundsez had to steer a more northerly course. Accor-
d ing ly  i t  appears  tha t  S i r  Jau ts  .Ross  a lone a t ta ined the  nor th
magnet ic  po le  o r  go t  rv i th in  ro  mi les  o f  i t .  Thc  on ly  o ther
indications of value are drarvn front Gaxss' theory; but cr,cn
here  a  cont rad ic t ion  ar ises ,  p robab ly  f ronr  a  sys temat ic  b ias
a t  some unknown source .

For  Gauss  h imse l f  ca lcu la ted  the  nor th  mlgnet ic  po le
to  be  a t  73"  35 '  N ,  264"  z  r '  E .  Long i tude,  wh ich  * ,as  3?5
from .t?ass' observed lat i tude. This considerable dif fcrence
proved pur r i ing  lo ,  Gauss ,  who says ,  (p .++) t

rNach r?ass's Beobachtung f: i l l t  der ncirdl iche magne-
t i sche Po l  t lm 3o3o '  s t id l i cher  a ls  nach unserer  Rechnung,
und letztere gibt,  rvie aus unsrer Vergleichungstafel ersichtl ich
is t ,  e ine  um ro  rz '  feh le rha f te  R ich tung der  magnet ischen
Kra f t  an  jenem P la tze .  Be im s i id l i chen r ragnet ischen po le

wird man eine bederrtend grciBere Verschiebung zu erwarten
haben.  Da in  Hobar t to rvn ,  a ls  dem demse lben am n : ichs tcn
l iegenden Beobachtungsor te ,  d ie  berechnete  Ink l ina t ion ,  ohne
Ri icks ich t  au f  das  Ze ichen,  von der  Rechnung um to  38 ,  z r t
klein angegeben wird, insofern man sich auf die I leobachtungcn
ver lassen kann,  so  rv i rd  der  w i rk l i che  s t id l i che  magnet ische
Po l  wahrsche in l i ch  bedeutend nc i rd l i cher  l iegen a ls  ihn  unsere
Rechnung angibt, und mdchte derselbe etrva in der Gegend
von 66o Bre i te  und 146o L i inge zu  suchen se in .<

Accordingly i t  appears that in view of the observed
difference at the north magnetic pole, Gauss rvas in doubt
o f  the  accuracy  o f  the  ca lcu la ted  p lace  o f  the  south  rn rgnet ic
pole; yet .observations over Zo years later veri f ied the tme
place of the south pole to be very near that assigned by
the  grea t  mathemat ic ian .

As Dr. Chru has recently discussed the problem of the
motion of the north magnetic pole from another .point of
view, we shal l  quote bis summary in the Encycl. 'Bri t . ,  art icle
Ter res t r ia l  t r (agnet is rn , ,  r  t th  ed . ,  lg  r , r ,  page 382: .

B d .  z r 7 . r 5
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>Table XLV, Axis and N{onrent of
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First Order Gtiussiai
Coef f i c ien ts .
Epoch Authority

r65o J{. hitschc
1836 ) \

t84S .y .C.  Adatns
r  8 8 o
r 8 3 5 l\truno_l'er, Ptftrson, Baue r
r885 t\icutttol'cr, Schnidt

N. Lat .  w.  Long. 
I l l lRr  in. .  '  - -  " h  cgs .  un i t s .

82" 5o'  42o SS'  o.326o".
j 8  2 7  6 :  S 5  o . 3 z 6 o : .

7 8  + +  6 4  z o  o . 3 z 8 z .

7 8  z 4  6 8  c  o . s z i | '
7 8  3  6 7  . j  o . 3  z 3 o  '

7 8  3 +  6 8  3  r  o . 3 z 3 o l
>49. ' fhe f irst order Gaus;sian constants have a simplq

phys ica l  mcnn ing .  ' l ' he  te rms conta in ing  them represent  the
potential arising fror-n the uniform magnetization of a sphere
para l le l  to  a  f i xed  ax is ,  the  moment  M o f  the  spber ica l
magnet  be ing  g iven by  .

M -  Rn [ (g to ) ' - r ( .s t t )2 -+(z r , t ) lY '  i  : ,
where r? is the earth's radius. The posit ion of the north end
of  the  ax is  o f  th is  un i fo rm magnet iza t ion  and the  va lues  o f
Mf R3 derived from the more important determinations of the
Gaussian constants are given in Table XLV. The data for
r65o are  o f  sonrewhat  doubt fu l  va lue .  I f  they .  were  as  re l iab le
as the others, one would feel greater confidence in the real i ty
of the apparent movement of the north. end of the axis frorn,
east to west. The table also suggests a sl ight diminution irr
M since 1845, but i t  is open ro doubt whether the apparent
change exceeds the probable error in.the calculated values.c

Accordingly, i t  thus appears that Dr. Chrec is gery
doubtful of the supposed motion of the north magnetic pol6'
to the westrvard.

Yet reasoning on the basis of the observed secular
motion of the magnetic meridians, Airy remarks in his
Treat ise  on  I \ lagnet ism,  r  8  7  o ,  p .  5 . i  :  . . .  , .  r .  I

>' I 'he system of magnetic meridians has undergone
considerable changes in the t imes of modern accurate science.' I 'he 

sorrthern point of Afr ica received from the Portuguesg
voyagers in the f i f teenth century the name of L'Agulhas (the
need le) ,  because the  d i rec t ion  o i  the  compass-need le ;  o r . the
loca l  magnet ic  n rer id ian ,  co inc ided there  w i th  the  geogra-
ph ica l  mer id ian :  i t  now makes rv i th  i t  an  ang le  o f  about
3o". In the sixteenth century, the compass-need' ie in 6ri tain'
pointed east of norrh: i t  now points from zo" to 3o. ( in
cl i f ferent parts of the Brit ish isles) west of north. At the
present t ime, a chanse of the opposite character is going
on:  in  rSrg  the  wester ly  dec l ina t ion  a t  Greenwich  was about
24"  z3 ' ,  wh ich  was probab ly  i t s  max imum;  in  the  las t  th i r ty
years  i t  has  d in r in ished f rom z3?5 to  zo" ,  near ly .  I t  i s  be- '
l ieved that the rnagnetic poles are rotat ing around the geo-
graphical poles from east to west.(

Great and inrpressive as are the surface changes heie
pointed out by Ait1,, ' i1 can scarcely be held that any regular
cycl ical n.rot ion of the magnetic poles are in progress. Tbis,
could not be so and leave either pole f ixed in i ts place, as.
rve have shorvn is trrre of the south rnagnetic pole. Nor, on
the other hand, can \\ 'e adopt the hypothesis of motion and.
assign to the south magnetic pole a cycle of osci l lat ioo
enab l ing  i t  to  p resent  the  same pos i t ion  in ,  r 'g ro  as  r83o.
We are thus forced to admit the most extensive secular
motions of the magnetic meridians, yet compelled at the same
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t ime to deny any sensible motion of the nragnetic poles in
the sol id globe of the earth.

The only way rve could account for such a motion
bf the magnetic meridians withottt  rnotion of the poles rvouid
be to assign the mericl ional shif ts to suprerf icial effects, per-
haps due to Eddy-Currents in the globc, l ike those distur-
bances  wh ich  man i fes t  themse lves  ch ie f l y  in  l la r th  Cur ren ts
and Aurorae ,  and depend on  the  ac t ion  o f  the  sun and
moon as  exp la ined hereaf te r .  Perhaps  thc  pc- r iod ic i ty  o f  t l re
secular changes and their di l lerences in local surface areas
of  the  g lobe,  cou ld  be  exp la ined by  the  r ) )u tua l  in te rac t ions
of  the  var ions  segments  o f  the  ear t l r  under  t l re  incessant
magnet ic  d is tu rbances  o f  the  heaven ly  l iod ies ,  espcc ia l l y  the
sun and moon.

Under  the  in f luence o f  cosrn ica l l y  i r rduced eddy  cur ren ts ,
depend ing  on  the  snn and rnoon,  and the  sunspot  cyc le  w i th
its suddenly varying magnetic f ield, there cort ld arisc not
on ly  the  uncompensated  e lec t r i c  d is tu rbances ,  and the i r
varying dissipation, with arrroral displays in the atn)osphere
of the higher lat i tudes, but also, from the rvay these distur-
bances are ref lected and conrpensated rvithin a globe so
heterogeneous as our earth, a n)ass ol ' l rogrcssive secular
osci l lat ions in the magnetic f ield near the surface. 

' l 'his 
is

the  most  p robab le  exp lanat ion  o f  the  se t :u la r  changes in  the
earth's rnagnetisnr: for we nrust not regard our globe as one
homogeneous mass, but a series of nrasses acting on each
other  mutua l l y ,  and a l l  under  chang ing  ac t ion  depend ing
on the sun, lnoon and sunspot cycles.

6 . ' I ' h e o r y  o f  t h e  E a r t h ' s  t r l a g n e t i c  N { o n r e n t ,
w i t h  G a u s s ' E x p l a n a t i o n  o f  h i s  \ 1  e t h o d  o f  C a l c u l a t i o n .

" ( i)  The constant part o[ the earth's niagnetism dcpends
on internal causes, and i ts potential nray be developed in
l" convergent series of spherical harmonics.

It  has long been recognized that the earth's ntagnetism
may be separated into two parts:
-  

r .  A  cons tan t  par t ,  depend ing  on  in te rna l  causes ,
namely plane magnetic waves emitted from the atoms so
l ined up as to have their equatorial planes paral lel to a
common plane.

2. A periodic part,  depending on f luctuating nragnetic
disturbances due to the sun, moon, and sunspot changes.

Let E denote the horizontal component of the nragnetic
force at any point of the earth's f ield; then the force usually
is resolved into the components:

Towards  the  nor th ,  1 -  f {g6s [ :  - r l r .09 l1u

Towards the west, Y: ZIsin d : -  t  lV sinu) -0910), (Z S)
Ver t i ca l l y  downward ,  Z :  t t tgd  :03 l f1 r

where  d :1hg magnet ic  dec l ina t ion ;  d :  ang le  o f  the  d ip ;
and l2 :  116 potential due to the earth's l leld at a point
of polar distance u and longitude i ,  distant r from the
centre o[ the globe.
, I f  a, f ,  f  be the components of the nragnetic force

at any point (r,  y, z), we shal l  have

s 2 :  - t r l q . d p
Q: l r i 'z r rs lcosucoszq- f  s inasinze cos(1 - ls) l  * r  (Zs)

*ro2lth

228

. .  P ,12 : - lQt dr-r-p dy-ry dz) :

: , , . "
:  . l (a-(r /4. ' .  dt-+-0l t f01,.dy+09l1s.dz) (so)

;
in rvlriclr -(.) tulf:.l,ls Laplarr's equation for every point of
f ree  suace:- 

A' 'J910i-+?29f01'2+P!)f022 : o

or  in  po la r  coord ina tes  ( r ,  u ,  7 ) :

r f  12 . ?(vt '0 !)  l?r) l0r+- t  f  (r '2 sinu). O(sin zz. ?Sl l?u) l0u-+
- t -  t f  ( r z  s i n ? z ) . 0 2 ! ) f 0 7 2  :  o  .  ( s  t )

' l 'herefore the yrotential of the earth's f ield may be
expandcd in convergent series of the form:

32 : (S,/rr-+- S.2f r ' r-+-5.;f  r t-r.  .  .)+.50/-F.Sr' / .-+-
' .  - F 5 " r ' l - + S " r 3 - l ' "  ( 8 ' )

in *,hich S,, ^Sr,  ̂ 9, '  '  .  ,5r ' ,  Sr ' ,  .Sr ' ,  ̂ \ , , ' .  .  i  ore surface har-
uror r i cs  o l  the  degrce  ind ica ted  by  the  subscr ip ts .

Since the surface harmonic S'" can be expanded in
the  fo r ru

S, :)"; i  (cosu) (Au,,,costt 7-r I ] , , , , , ,sintn 7) (Ss)

we have
i l -@ , t , - i l

-(i : >] ){ r,li (cos,) (A,,, ^ <:osttt I-r }},,.,,sin nt ).)
| t : O  r l : O

-+- r,, I''ri' (cos u) (A r,,,,, cos n ]u -t- .B,r,rnsi n zi I ) ) ( S a )
The la t te r  ser ies ,  depend ing  on  per iod ic  p lanetary  in -

f luences orrtside of the earth, usually is separated front the
other, because i t  is very small ,  and in fact was not included
in Gauss' theory for the non"periodic part '  of the earth's
magnetisnr. f 'hus we have for the principal development of
the  magnet ic  po ten t ia l  :

9  :  S r l r 2 - t - S r f  r r t - S o f  r a - + - .  . .
I t : @  r r a : 4

:  \ l  t  l / ' ; | (c 'osz)  .  I
. /  t  , /  ,  |  , , ; r " ' ( ' l r t , r , c o s u ) . 1 - l J , , , , , , s i n i l t  f ) i  ( g S )

- t r - '
i l :  I  t t : o

I f  we ignore al l  the hormonics beyond the f irst,  we obtain:

9  :  r  I  r2 ,  \A , , "  P t (cosru) -+ 'Pr  1  (cosr r )x
x(.1,,, cosl -r ,B,,, sin i) )

-  r  f r2 '  {o.3 t  5Z coszr-+-  s inrzX
x (o .oz48  cos l . - o .o6o3  s in l ) )  .

Sondernummer

(so)

(az )
' fhis last expression is a biaxial hannonic of order unity,
(.f. 7. .tf. Jcans, Mathematical 'l'heory 

of Electricity and
N l a g n e t i s r n , 3 ' d  e d . ,  r g r 5 ,  p . 4 o 3 ) ,  a n d  i s  e a s i l y  s h o w n  t o  b e
equa l  to  o .3224 cos1,  where  1  i s  the  angu lar  d is tance o f  the
point (2, l ,)  l ronr the pole of a uni lorrnly nragnetized sphere
rvith axis through

L a t .  7 8 o  2 o ' N . ,  a n d  L o n g .  6 7 o  1 7 ' W .  , ^ ^ \
11 : 11o 4st 

' ,  
1 -1. ,g"" or, 

(88)

as discussed by Chrcc, near the end of section 5 above.

Accordingly the potential is

9  -  o . 3 2 z 4 c o s y . f r 2 (es)
which is the potential of a uniformly magnetized sphere having
as direction of magnetization the radius through the point
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defined in equation (Sa). I t  is sometimes defined as equivalent
to the potential of a single masnetic part icle of appropriate
magnetic mass at the centre of the earth, yet with the axis
of the magnetic part icle point ing in this same direct ion.

( i i )  The ca lcu la t ion  o f  the  magnet ic  moment  o f  a
magnet  exp la ined more  in  de ta i l .

In  a l l  thc  o lder  theor ies  i t  l vas  recogn ized tha t  in  a
magnet we have to inragine as much negative as posit ive
nragnetism, so that, as Gauss expressed l t  . fap 

: o, when
the integral is extended throughout the .rvhole body. We
sha l l  now examine the  bas is  o f  th is  reason ing .

Le t  p  be  a  s rna l l  quant i t y  o f  magnet isnr ,  , f  the  resn l tan t
magnet ic  fo rce  a t  the  po in t  ( * , ) ' , t ) ,  then  the  magnet ic  fo rce
exerted on a qunnti ty 1t,  o{ magnetism concentraterl  there is

t l . f  .  No$, for a u'hole masnet JOln: o, and in orclcr to
fulf i l l  this condit ion for the opposite magnetisms u,e have:

J 1 o :  - ) p '  . ( q  o )

Lct N be the . centre of nrass of the posit ivc, S thc
cent re  o f  mass  o f  the  negat ive  r lagnc t is rn  c l ra rar : tc r i s t i c  o f
the  two po les  o f  the  nraqnc t ;  thcn  obv ious ly  t i t c  coor t l ina tcs
of r1l and .S arc:

i :  ) t r l ) l t , ,  j ' :  ) g f  \ y t , ,  . J :  ) 7 , : / ) l a ;  ,  \
| ' -  ; p ' a ' f  ) 1 , ' ,  j ,  -  ) p t 1 r f  ) 1 t ' ,  Z '  :  ) 1 r ' s ' f  ) 1 t , .  1 9 I J

Now if  /  bc the distance betrveen l , '  ancl .5' ,  s 'hose
coord ina tes  are  g ivcn  in  (g l ) ,  rve  have:

Z  :  [ ( I  - r ' ) ' - + ( i -  t , ' ) 2 - + ( ;  - : ' ) t | t t . ( q ,  )
Then,  there  is  a  cer ta in  cons tan t  in  the  thcor l '  o f  a  magnet ,
known as  the  rnagnet ic  moment ,  rv l r i ch  rvc  sha l l ' ca l l  -A- :

I{: /)F, - --l)p,'. ( q :  )
' f he  rnagnet ic  montent  there fore  is  cqua l  to ' t l re  p roduc t

o f  the  length  be t rveen the  two po les  l - l y  the  an tount  o f
magnet ism a t  e i thc r  po le .  I f  the  rnagnc t  bc  p l : rcc< l  in  a
un i fo rnr  f ie lc l ,  and the  ax is  o f  the  l ine  .ArS rnakes  thc  nns lc  1
wi th  the  s t rength  r {  a  d i rec ted  magn i tudc  dc l in ing  thc  l i c lc i ,
the  who le  coup le  l recornes :

. f  . E p l f  , l - ) 1 t , ' 1 f  , t ) s i n y  
-  

/ ) p / s i n y .  ( S + )

I t  lo l lows f rom the  de f in i t ion  i "  (q : l )  tha t  the  masnct ic
moment  i s  a  pos i t i ve  magn i tudc  K: /21 t , ,  and s ince  / : -A /S,
the pole is the centre o[ mass of the r lngnetic forces, just
as  the  cent re  o f  osc i l la t ion  g ives  the  cent re  o f  e rav i ty  fo r
the gravitat ive forces at work in the nrotion of a comlround
pendr r l r rm,  o f  leng th  / .

Now le t  L  Z ,  (  be  the  d i rec t ion  cos ines  o f  the  nrag-
net ic  ax is  o f  any  c lcnren t  dz  -  d r  d ) , r l z  o l  a  magnet ,  and
/  such a  r luant i t y  tha t  /dz  i s  the  magnet ic  moment  o f  the
e lenrent :  then f  i s  the  in tens i ty  o f  magnet iza t ion ,  a t  the
po in t  ( r , ,1 ,  z ) ,  where  the  e lement  du  -  dx  d7  d :  i s  taken,
and we have

7 E : z t  7 q : . j g  7 e : c \ 9 5 , l
/  being a vector or directed magnitude, taneential to the
l ine  o f  magnet iza t ion ,  and A,  B ,  C the  idea l  equ iva len t
magnets with axes paral lel to the coordinate axes.

If  ?, q, r '  be the direct ion cosines o[ the axis of the
whole magnet, we have

Sondernummer a3a

p : ()prl>gt,-)y, 'r ' f  2p, ').rf  t :  >Up.fu-*,) l t) lQ> p\
:  )d , (F lK:  > J tdul r {  -  >Adul I { .  (qo)

Upon integration for the volume iy :  la dy dz, .  we may
there fore  wr i te :

tt : r l! .f S.f u dr d1 d,z -,lq.,f 
t ! n a* a1, a,

-  r f r . [ ! !ca"aya, .  (sz)
' Ihe 

condit ion that ,(  should be a maxirnurn for a
body  l i ke  the  car th  ev ident ly  i s  tha t  A  :  ( t12- rR2- rC2) t t '
shou ld  be  a  n rax imum.  Hence we ro ta te  the  axes  to  such
n pos i t ion  tha t  r l . (  :  o ,  o r

d,( : dl | !V'vpzp6z)'h dr djt d,z : o

as expla incd in  the fo l lowing calculat ion.

(ss)

( i i i )  f ,-arrss'calculat ion of the magnetic rnoment of the earth.
In  the  3r ' t  scc t ion  o f  h is  A l lgemeine  ' I ' heor ie  

Gauss
procceds  to  ca l r : r r l r t c  the  magnet ic  morncnt  o f  the  ear th ' .
F Ic  f i rs t  rcnrarks  tha t  i t  wou ld  be  a  misconcept ion  to  a t t r i -
l ru tc  any  s ign i f i r :anr :c  to  the  mere  sur face  loca t ion  o f  the
po lcs ,  o r  thc  < :horc l  jo in ing  thcm,  i f  one  werc  to  ca l l  th is
l i n c  t h c  n r a q n c t i c  a r i s  o f  t h e  e a r t h .

>' l 'hc onc \\ 'a) '( ,  says Gorss, , in which we can give
thc  conccpt ion  o f  the  magnet ic  ax is  o f  a  body  a  genera l
ve l id i ty  i s  tha t  sc t  fo r th  in  a r t i c le  5  o f  thc  > In tcns i tas  V is
1 \ lagnet icae<, 'ac<;ord ing  to  rvh ich  we unders tand a  s t ra igh t
l ine ,  in  respc( : t  to  rv l r i< ;h  the  monrcn t  o f  the  f ree  magnct ism
conta incr l  in  thc  boc ly  i s  a  n rax i rnurn .  ' l ' o  dc tc rminc  the
pos i t ion  o f  the  magnct ic  ax is  o f  thc  car th  in  th is  sense and
at  thc  sanrc  t in rc  the  n tonrcn t  o f  the  ear th 's '  magnet ism in
respec t  to  t l re  sarne ,  as  a l ready  rcm: r rked above in  a r t .  r  7 ,
we rerluire only a knou' lcdge of the tcrms of the f irst order.
Accord ing  to  our  e lc rncn ts  in  a r t .  z f i ,  we have:

1 "  :  I  g 2 5 . 7 3 2  c o s z J - 8 g . o z 4  s i n r z  c o s l - l
-  r 7 8 . 7 4 4  s i n z s i n l (ss)

i n  r v h i c h  - - 9 2 5 . 7 8 2  R 3 ,  - 8 g . o z 4 R , t ,  * 1 7 8 . 7 4 4  R 3
arc the lnolncrl ts of the earth's magnetism in respect to the
car th 's  ax is ,  and the  two ear th - rad i i  fo r  the  long i tude o"  and
go" .  ) i y  the  ear th 's  ax is  we are  to  unders tand the  d i rec t ion
to the north pole, and the negative sisn of the corresponding
nroment indicatcs that the magnetic axis makes an obtuse
anq le  w i th  i t ,  tha t  the  magnet ic  nor th  po le  i s  tu rned to  the
south. ' fhe 

direct ion of the magnetic axis result ing from
th is  i s  para l le l  to  the  d iameter  o f  the  ear th  a t  77o5o,  nor th
la t i tude,  z96"  zg '  long i tude (eas t ) ,  7  i "  5o ,  sou th  la t i tude ,
t  t6o  z9 ' long i tude (eas t ) ,  and the  magnet ic  moment  in  respec t
to  thc  same -  g47.o8  r? : t .<

)ln respcct to this last result,  we &re to remember,
that our elernents are based upon a unit of intensity which
is a thousandth part of that commonly used. In order to
make the reduction to the absolute unit  establ ished in the
Intensitas Vis Magneticae, we remark that in the latter the
hor izon ta l  in tens i ty  o f  Gdt t ingen,  r834,  Ju ly  rg ,  was  found
:  r .77  48 ,  f rom wh ich  w i th  the  inc l ina t ion  68"  r ,  the  to ta l
in tens i ty  :  4 ,7414 fo l lows,  whereas  by  the  above un i t  th is
was taken to be : r3SZ. The reduction factor is therefore
: o.ooi494r, and consequently the magnetic nroment of
the earth in absolute units

-  
3 . 3 o 9 2  R r  . <

r 5 '
(  r o o )
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'  
:  ) In this absolute unit  for the terrestr ial magnetic force

the mil l inretre is taken as the unit of length, and therefore
r? must also be expressed in mil l inretres, whereby - since
the-el l ipt ici ty of the earth is entirely neglected - i t  is suff icient
to consider r? as the radius of a circle whose circumference
amounts  to  4oooo mi l l ion  mi l l imet res ,  Accord ing  to  th is ,  the
above magnetic monrent is expressed by a number .whose

logar i thm :  29 .g3r36 or  by  8538oo quadr i l l i ons .  Accord ing
!o the same absolute unit  the magnetic rnontent of one of
the sensit ive rnagnetic bars experimented upon in r 83 z
( In tens i tas ,  Ar t .  z r )  i s  i  rooSZTooo;  and the  rnagnet ic
moment  o f  the  ear th  i s  there fore  8464 t r i l l i on  t imes la rger .<

>'I 'herefoie 8464 tr i l l ion such magnetic bars, rvi th paral lel
axes, tvould be required to replace the magnetic act ion. of
the  ear th  in  ou ter  space;  wh ich  in  a  un i fo rm d is t r ibu t ion
throughout  the  who le  bod i l y  space o f  the  ear th  rvou ld  amount  to
near ly  e igh t  bars  (more  exac t ly  Z .8S r )  to  each cub ic  met re .<<

(iu) The fract ional part of the earth rvhich is nragnetic
f o u n d , t o  b .  ?  =  t f  1 4 o 4 . 6 7  4 .

, ,  The.above ana lys is  d isc loses  hov  Gauss  reached h is
celebrated result,  that 7.83 r paral lel  saturated steel bar magnets,
each we igh ing  one Ger rnan pound,  a l l  o f  thenr  3 .9  r  5  5  k i lograms,
would be required in each cubic metre of the earth,s nrass to
give external ly the magnetic f ield actual ly observed at the
surface of our globe.

. After ariving at this str iking practical result Gazzss
cont inues :

>When so  s ta ted ,  th is  resu l t  s t i l i  re ta ins  i t s  rnean ius
even i f  rve  do  no t  cons ider  the  ear th  a  rea l  magnet ,  bu t  rvou lJ
arcribe terrestr ial rnagnetism merely to purely galvanic streau)s,
in the earth. I f ,  horvever, we consider the earth a real magnet,
we are compelled to ascribe to each part of the same, tvhich
is  one e igh th  cub ic  met re  in  s ize ,  on  the  average a t  leas t  1 ) ,

a mpgnetization quite as powerful as that bar contains, -
d rbsult indeed which wil l  be unexpected by the physicist.<

In section:17 Gauss gives the fol lowing explanation of
the analysis by which the above value of Z is calculated:
'  rWe choose r  fo r ' the  d is tance to  the  cent re  o f  the

earth, and 'z 
for the angle which z makes with the northern

part of the earth's axis, while L denotes the anele of the
plane through r and the earth's axis and a f ixed meridian,
reckoned posit ive ro the east. Let V be a function developed
ih a series proceeding according to powers of r,  which we
give the fol lowing form:
'  
V : 17z1to1r-r RsP' fr2-+ RaP" lr3-+ R5P,,,  f  r4-+etc. (ror)

The coeff icients P0, P',  P", etc.,  are here functions of zz
qnd tr;  in order to discern how they depend on the internal
distr ibution of the magnetic f luid in the interior of the earth,
let dg, be,an element of this magnetic f luid, g i ts distance
from O,. and for .d,u, let /s, us, ),s, denote the same which
r., u, 1r, are for O. We have therefore expanded

'  -  r / -  o
I r l o ' d u' .  . , ,  ' \

all' dp,. 
'Furthermore

( r o z )
through

,  8 : \r2 
- z rrs [cos z cos zrq -+- sin zz si n zzs cos (,1, -,10 ) ] *
* roz l ' t t  ( rog)

1) ,Insofar as we are
parallelism fails, lhq

! ;

not obl iged to
sFongqr, must

assurne,  ih  a l l  magnct ic  par ts
be the average magnetizatron
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and i f  we develop r/g in a series:

r lQ: r f  r ' ( r0-+ T'rsf  r-+- 7" ro2f r2-rerc.\ ( t o + )

w e  r r a v e  

R 2 p o -  - ( T 0 , r , , .r " :  _ ) t " d f l ,

Rr? '  -  - ! r ' rod [ r ,  R , ] "  -  - !T , , ro2d1t .  ( tos )

>Since fo :  y ,  i t  w i l l  fo l low by  means o f  the  funda-
mental assumption, that the mass of the posit ive and. negative
fluid in each measurable part of i ts conductor, and therefore
in the rvhole earth; is equally large, or that

o

J d P :  o '
P o  -  s ;

or the f irst term of our series for Z fal ls away.
further, that -P' has the form

,l lrPt - u cosu* p sinzz cos,l ,- t7 sinz sini

.  & : -J ro cosuo dp

B :  -  
l ros inzs  cos , l . s  d I ,  

( ro7)

f  :  -  
) ro  s inzzo  s in i .u  dpr , .

>' I 'hus, according to the explanation in Art.  5 of 
: the

. In tens i tas  V is  Magnet icae ,  -a ,  -p ,  - f  Me the  moments
of the terrestr ial magnetism in respect to three rectangular
axes ,  o f  wh ich  the  l i r s t  i s  the  ear th 's  ax is ,  the  second and
th i rd  a re  the  equator ia l  rad i i  fo r  the  long i tude o"  and 9oo,<

,>'fhe general formulae for al l  coeff icients of the series
for r/g we may assurne as known; for our purpose i t  is merely
necessary to remark that in respect to zz and i  the coeff icients
are rat ional integral functions of cosu, sinzzcos.?,, sinzsinl,
and T" of the second order, 7,, ,  of the third orderl etc.' l 'he 

sanre holds therefore also for the coeff icients p,,,  p,, , ,  etc.' I 'he 
series for rfg and for Z converge, so long as r is not

srnal ler than r?, 'or rather, not smaller than the radius of a
sphere which encloses the whole of the magnetic parts of
the earth. <<

We have already remarked that in his treatment of
rrragnetism, Gauss takes the action to be in r ight. l ines, whereas
in nature the l ines of nragnetic force are curved. ' l 'he 

corrections
for this defect wi l l  be considered hereafter.

' I 'he above is the process of reasoning by which Gazss
der ives  7 .83r  para l le l  b i i  magnets  ea .h  wJ igh ing  a  German
pound,  a l l  o f  them 3 .9155 kg  fo r  each cub ic  met re  o [  the
g lobe o f  t l i e  average we igh t :  55oo kg ,  and hence the  mass
component with the propert ies of 'a vector which I was led to
deduce becomes

I :  3 . g ! 5 5 / 5 5 o o  :  t 1 r 4 0 4 . 6 7 4 .  ( r o S )
Hence taking account of.  Lal l&ra's law of density, we get
the value f inal ly adopted, narnely:

q  :  r l r 4 o 8 , r z , .
(v) Calculat iori  of, the fract ional part of the earth which

is magnetic, on the sinrple hypothesis that on the average
the. 'magnetism in the dif fer 'ent spherical shel ls is proport ional
to the density of the matter in, tbese, shel ls.

:  Profound as is the.anqlysis:underlying Gauss, theory
of the earth's magnetism) there renrains in the theoryrone

earth,  paral le l  magnet ic axes. throughout.  Thc more such
parts, in order to bring forth the total magnetic moment.n

( r o 6 )

We see

of  the
of  the



unnecessary element of weakness; ,which can be removed;
and as the correction conforms to Gauss' nrathematical cr i-
teria, yet brings the analysis of the theory down to a better
physical basis, i t  is worthy of careful attention.

In section 3z of the Al lgerneine Theorie Gauss says
that the manner of tbe actual distr ibntion of the magnetic
f luid in the earth remains necessari ly indeterminate; and
then proceeds to point out that instead of any arbitrary
distr ibution of the maqnetic f luid rvithin, we may always
substi tute a superf icial distr ibution of magnetism which wil l
give exactly the same effect in external space. This results
from Poisson's theorem on the volume and surface distr ibution
of magnetism (Memoires de I ' Inst i tut tome 5, r8zz). \ \ /here-
fore Gauss concludes that a given action in external space
may result from an indefinite number of dif ferent distr ibutions
of the magnetic f luid within.

From a purely rnathernatical point of vieu',  this theorem
is val id, yet from a physical point o[ r ' ierv i t  fai ls entirely,
because we know that in magnetism, as in gravitat ion, the
forces acting around attract ing bodies, depend on the matter
witbin them, not upon their surfaces, or any nrere ntathe rnatical
abstraction.
, Thus the one fatal rveakness of the Theory of Rela-

t i v i t y  a rose  f rom the  absurd  c la im tha t  rGrav i ty  i s  no t  a
fo rce ,  bu t  a  p roper ty  o f  space< (dc  S i t t r , l \ lN  76 ,  rg t6 ,  p .7oz) . ,
Such a view is wbolly untenable, because the force of 6Jra-
v i ty  i s  p ropor t iona l  to  the  mass ,  and ac ts  in  r igh t  l ines  to -
wards i t :  therefore gravity is a force depending on tnatter,
and direct ly proport ional to the amount of i t  gathered into
the centra' l  attract ing body, and in no sense is a property
of space. Physical ly such claims are absurdl

In the same way, we know veiy well  that magnetism
depends on the atonrs ,,within the rnagnet, which havc mag-
netic propert ies. For example, leaving out o[ account a sl ight
change due to mere form of the bar, i f  we double the number
of such atoms, by taking a magnet of double the mass, rve
prac t ica l l y  doub le  the  in tens i ty  o f  the .magnet ic  fo rcc  in  the
field about i t .  ' Ihus 

magnetism depends upon marter: i t  is
a physical lorce!

From these considerations we see that rvhi lst the mathe-
matical possibi l i ty exists o[ a given action in external space
result ing from many dif ferent mathematical distr ibutions of
the magnetism within, there is no such physical possibi l i ty.
And as magnetism' is a physieal phenomenon, 1ve are re-
str icted in our choices of magnetic distr ibution to those rvhich
are consistent with the possible distr ibution of the matter.
This leads to the physical theory that the magnetisrn of the
earth depends on. the density of the concentr ic spherical
she l l s  o f  wh ich  the  g lobe is  made up .

Accordingly, in tbe preceding section we have deve-
loped a cri terion for reducing Garzss' inf ini te nnmber of pos-
sible solut ions for the distr ibution of the magnetism within
the earth to &, unique solut ion, with the density of the mag-
netic f luid everywhere proport ional to the density of the
matter within the earth. As Gauss took the distr ibution of
the magneti im to be uniform in the evaluation above given,
7.83r one-pound bar. magnets to each cubic metre of rratter,
whatever be i ts density, i t  seems advisable to consider the
effect of the increase'of density towards the centre, and

relative deciease of density near the surface, acbording to
Lallacc's law.

'I'he 
magnetic moment found by Gauss can be adapted

to this condit ion by the fol lowing process of calculat ion.
The integral for the mass in any spherical layer of the globe
of  rad ius  g  i s  (c f .  AN399z,  p .  rz7) :

b b
n a

) dn : 4o ) Q, dg o6.sin(q x).f q * , : Ql,

era t1-," tot"t - i* zr 
dq:76' '  ( t"s)

g

M : (qrc rs o6ld!*sin (4 r) dr

:  (4n  ru  6o lq : ) ' {s in (ar )  -g rcos(q  x ) \  ( r ro )
where * is the fract ion of the earth's radius, , :  Qlr.

In our present problem it  suff ices to use a numerical rat io
1 : l

r  u  , r r \ ]  |N : lr  I  @1 r3)l  
)oi 

(r i !  -  rsi-,)

Sondernummei 2 3 4

( r  r  r )

L

I O

I
d
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o
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where the volumes or tnl lor ' ,er l .  nlr,-  (r ir-rst-,)  
".e ""r i ly 'calculated, and the density a; is already determined (c. f . ,

A N  3 9 9 2 ) .
For i t  is not known that Laflacc's law is r igorously

t rne ,  a r rd  owing  to  the  improvements  wh ich  may u l t imate ly
be possible in the elements of Gauss' theory; attempts at
extreme ref inement are not just i f iable. Accordingly we use
the  fo l lo rv ins  tab le :

oi r,/r(o,-ro;_.) r'i '-rti_, rfr(ar-+oi_).(rit-rtr_r)

2 . S S  3 . r  5  2 7  |  8 5 3 . 6 6
3 . 7  S  4 . 3 7  2 r 7  9 4 8 . 2 9
4 . 9 9  5 . 6 0  1 6 9  9 4 6 . 4 0
6 . 2  r  6 . 8 o  r  2 7  8 6 . j . 6 o
7 . 3 8  7 . 9 2  9 r  7 2 0 . 7 2
8 . q 6  8 . S :  6  r  5 4 4 . 7  3
9 . 4 o  9 . 7  6  3 7  3 6  r . t  z

r o . r 2  r o . 4 3  r g  r 9 8 . r 7
r o . 7 4  r o . 9 o  7  7 6 . 3 0
r r . o 7  r r . r 4  r  r r . r 4
r r , 2 r 1  i +

Z J :  5 5 2 4 ' 1 3
t : o

As the  mean dens i ty  o f  the  ear th  i s  d r :  5 .5 ,  r ' :  ro , "
we have o1 /3  :55oo;  and the  numer ica l  reduc t ion  fac to r  i s i

N :  S 5 z 4 . r 3 f g 5 o o :  r . o o 4 3 8 7  . ( t  t r )
Div id ing  the  va lue  7 .83r  by  th is  number  we f ind  tha t '

the average number of one-pound magnets required to produca,
the  observed magnet ism o f the  ear th ,  i f they  were  everywhere . .
so distr ibuted as to be proport ional to the density of the
matter ' .  is'  

2 . 8  3 r f  r . o o 4 3 8 7  :  7 . 7 9 6 8 .  . ,  ,  . ( r t f  ) ,
The fract ional part o[ the earth's ,mass :rvhich would,

be magnetic, under the hypothesis that the.density of the
magnets js everywhere proport ional to the density of. the.,
matter, thus proves to be, as in equation (48):

t 1  :  t f  r 4 r o ' 8 1 1  .  :  
. - -  

- : : :  ( t t + )

Hence for the reasons assigned in; f lgdyi.* (+9) we,t
use  ?  :  r f  t4o8 . rz ,  . ,  ; ! . , . i  . :  i : . i , , : . r
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As the connection between magnetism and gravitat ion

was discovered from an extension of the researches of Gazzss,

we have, for the sake of uniformity, adhered closely to his

constants. Yet i t  may be that at some future t irne values

stightly dif ferent fronr those rtow in use may. come to be

p r e f e r r e d .  F o r  e x a m p l e ,  i (  q : r f  r 4 r 4 . z r 3 :  r l V z o o o o o o ,

wh ich  invo lves  on ly  a  s l igh t  change,  then we shou ld  have:

I lg :  r f  zoooooo,  a t  the  magnet ic  equator ,

4 c :  r / r o o o o o o ,  a t  t h e  p o l e s '
( "  s )

,These round numbers are accurate enough for al l
practical purposes, and are easi ly reurenrbered. 

' I 'hey conform

rigorously to Biot 's law of r8r6, rvhich represents the larger

phenonrena of the earth's uragnetistn disclosed by I ' /unboldt 's

law o f  r8o4.  The harnron ic  law,  i t  shou ld  be  no ted ,  g ives

a physical basis for the laws of l{unboldt and ,rr l ,  which

heretofore has been wanting, and thus wil l  prove extremely
useful to investigators.

7 .  O u t l i n e s  o f  G a u s s ' G e n e r a l ' I ' h e o r y  o f  t h e

E a r t h ' s  M a g n e t i  s m ,
We have seen, that Gauss takes r to denote the distance

of any element of magnetism dpr, from the centre of the eart lr ,

whi le z denotes the angle between z and the earth's north

polar axis, and I the angle, (reckoned posit ive to the east),

be tween the  p lane conta in ing  r  and the  ear th 's  ax is  and a

fired meridian. 
' l 'hus Iet rs, i ln, 2s be coordinates of the

element dp in the globe, r,  rz, I  those of a point considered

as  ly ing  anywhere  in  space:  then the  rad ius  vec tor  connect ing .

them is defined by the relat ion

Q2 
- r2 - zrrslcosucoszs-r- sinzsinzscos(l - le)] +-rs2' (  r  I  6)

And for the potential we have the integral :

9 : - 
[ {r' 

- 2 /t's [cos z cos rz6 -+- sin ru sin rz6 cos (l - lr)] -r
- + r 6 2 1 - t l ' 6 U  ( " 2 )

for the elements of magnetism dp throughout the globe' 
' I 'his

expression for J2 may be expanded into a converging series

o f  so l id  spher ica l  harmon ics ,  invo lv ing  s ines  and cos ines  o f  z

and 1, and the rat io between the radius of the earth (rt)

and that of the external point (r).
We shall now enter at some length into Gauss' All'

gemeine  
' l ' heor ie  

des  Erdmagnet ismus,  r838,  becat tse  w i thout

this outl ine of Gauss' work, i t  wi l l  be dif fcult  to interpret

his results or to recognize their bearing upon the present

problem of the law connecting Inagnetism with gravitat ion'

In the measurement of magnetic flnid Gauss takes as

unit the quanti ty of boreal f luid, which, act ing on a sini lar

quanti ty of the same kind of f luid, at assumed unit distance,

€xerts a moving force equal to unity. I f  p, be the mass o[

f luid, at the distance p, the r.nagnetic force exerted is taken to be:

f : tplQ' ( r r 8 )

repulsive or attract ive, in the direct ion of the l ine e, accor-

ding as p is posit ive or negative'
Putt ing dp for the mass of the magnetic f luid in any

differential element dr, d1', dz, we, have:

.  o  ,  e p b  ,t2 :  -J ' ' /e.dp :  -J-J-J ' ' /e.  odxdy dz ("s)

and the components of the earth's total magnetic force 1,

making the angle d with any plane become:

Sondernummer

we have
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q : Dnl?y g:0!) l0z4 :0t2f0x
f : lEr+-rl, -F(2]'/ l

dl2 : 0 tl l0r. dr-r?lt l7y' $'-r0 I l0z' dz
:  gd r -+ - r1  dy -+ ldz :  - / cosdds ,  ( r zo )

Accordingly, the basis o[ the general theory is the equations:

x -  - r ln '?st l1u
Y -  -  r / ( , ? s i n z ) ' A P P .  ( r z r )
z :  _a9faR .

' I 'hen i t  fol lorvs that the magnetic potential JJ may be expanded:

9 : R (Po' R f r-r PL' R2 f rz +- Pr'  Ri\  f  r : t  -r

+ - P . t .  R a f r a - r '  . ' )  .  ( r z z )
' fhe functions l ts, P1, Pz etc. are spherical surface harmonics,

of degree indicated by the subscripts, depending on the angles

u and 7, which wil l  be more ful ly explained below.

If  therefore we extend the integration through al l  cle'
nrents of the nragnetic f luid, we shal l  have:

1 . ,p :  - ) r l e . d p

:  -  
[ l r ' -  2 /  l s  [cos ,  cosre- ts in rz  s in ,0  cos( l  - l ,o ) - r

where  
-+- ru2 l l - 'h .6n  ( t rs )

Q2 : rz - zr ro cos(r, ru) -tro2

c o s ( r , 1 6 )  :  c o s / / c o s z s - 1 - s i n r z s i n r z 0  c o s ( f  - l o )  ( t ' + )

and thus
r 1l 211

- ( .1  -  p  
f  f  ( ' { t '  -  2 t '  r11 [coszz  cosr r r - fs inzz  s in '0  cos  (1 - lo ) -+

i  X  I  * r o " ) \ - ' l ' ' o r l r ' r s i n u d u ' r s i n u d 7 .  ( t r s )

As the developnrent of this function depends on rfg,

we may  pu t :
,  I  Q : ,  l  r '  (  z 'o  -+-  r r '  ro  f  r  - r  T2 '  r , r2 f  12 -+-  I \ '  r0 !  f  r r  -+- ' ' '  )  (  I  z  6)

Wherefore,  s ince -Q :  -St lg 'dp, ,  we have f rom equat ions

I  zz ) ,  ( r  z  3 ) ,  (  r  z6 )

Po.Rt f  r+-  P1 .  R ' r f  12- t  P2.Ralr ! - r .  .  '  :
- {,  lr .  !  rnap*' lr ' '  I  rrr(rdp-+- r l f  '  

I  z;ru2dp'-r" ' l  $ z7)

Equat ing l ike powers of  r  in  th is  ident i fy ,  we have:

P o I l 2 -  - S , o o u  r ' ; 1 R i :  - [ z l r o i a y ,

? l l i r :  - 5 7 - r n a p  P a R s :  - [ T n r , , t d p  ( r z s )

I '2 l lr : - 
J l; ro'dp etc.

l\y Gauss' fundarnental assumption the mass of positive
and negative magnetic f luid in every part of the earth is
of equal rnagnitude, and thus also in the whole globe; so that

J ' o u : " '
' I-herefore, since the function To : r,

P s :  - t l n ' ' l r o d P l , l e a d s  t o  t h e  r e s u l t

n - o .

( t r s )

the equation

( . so )
And the series becomes

P1.  I ls f  r t - r  f '2 .  Rr f  r3-+ P".Rsf  ra - r  ?0.  Rt f  r5-* .  .  r  :
- - { , ll ' 

: T1 rg dp-r ' lru' I 12 ro2 d1.t,-+
-+- rll. ! ru rru dp+- ' . ' )

P rRs :  -57 - rnap  P2Ra:  - [ r r r szdp

PuRu:  - tTo rssdp  PnR ' ; :  - ! r n rsadp

( ' r ' )

( ' s r )
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The first equation yields:

P1 R3 : - 
[ ,, t6 dp, : a cosu* B sinrz cos/,-r

-c 7 sin zz sin i
r v h e r e  & : _ S r o c o s z n d l a

P : - 
fnsinzzo costro d1a

Y :  -  
[ ros inzzo s in2e d1a .

The coeff icients * N, - F, -/  arc explained by Gauss, in
$  r  5  o i  h is  invcs t iga t ion  In tens i tas  V is  I t4agnet icae ,  as  n rornenrs
of the earth's rnagnetism, in respect to the three rectangular
coord ina te  axes ;  the  f i rs t  be ing  in  respec t  to  the  ear th 's  ax is ,
and the trvo latter in respect to equatorial radi i  for longi-
tudes 16 : qo, Jr :  goo,

Already, in section zz, p, 26, Gauss has considered the
probable distribution of the magnetism of the globe in respect
to the radius, remarking that the series would converge rapidly
if it is concentrated towards the centre, but less rapidly if
more diffuse and irregular in its distribution. He then adds,
as shown above, that the coefficient P1 has three coefficients;
P2, f ive; Ps, seven; Pn, nine - making 24 constants for the
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In the expansion of t f  q, we need only remark that
as respects u and 1, the coefficients are rational integral
f t rnc t ions  o f  cosu,  s inzcos l ,  s inzzs in l ;  in  the  case o f  22 ,
they are of the second order; in the case of Zg of the
third order, etc. The same rule holds for P2, h, etc.

' fhe 
series for rfq, and J2 converge so long as r is

not smaller than r?, or the observed point is external to
the surface o[ the earth, in which the magnetic f luid acts
to  deve lop  magnet ism.

l 'he function of the magnetic potential _Q for the
point O satisf ies Laflacc's equation:

Az 9 fAr2 -+A2 I 101'2 -+0, I l0 22 : 6 ( ' s q )
which may also be transformed into the spherical coordinates:

Sondernummer

( t r : )

r '02(r t ! )1012-+02!)f0u2-rcryu.09f1u-+ rf  s in2u.0enpyz - o .
The former expressions for the components of the magnetic force now become
nor th , X - -  r l r .3g21Au: -R3f r : t  l0 l ' r l7u-+I?lr-0pzlDu-+R2lr2.0I ' , ,pu-r.  . . \
rves t ,  f  :  - t f ( rs in r ) .APlAI :  -Rs lVrs inu) . \01 , r f07-+Rl r .3 " r l61"apt f7z .0e , l0 ) "+ . . .1
downward ,  2 :  -DSl f0 ,  -  17 : t f  r t , {zPr -+3 I t  ? r f  r - raR2 I , / , l r t+ .  .  . \  .
For points at the surlace of the earth ,  r '  :  I l ,  and these expressions may be writ ten

X - -  l?n, lDn-+0t r f1u-+0p,f1u-+. .  .  \
f  :  -  t  fs inr.  lDt, l07-r0P,l0)"-r0n, l07-r .  .  .  I
Z - -  z P 1 - + - 3 / , " - r 4 p r - + . . .  ( r + r )

After deriving these expressions Gauss remarks that i f  we combine with these equations the well  known theorem that
every ft tnct ion of 2 and rz which has a definite f ini te value for al l  values of i  from oo to 36o", and for z from oo to
r8o" ,  can  be  deve loped in  a  ser ies  o f  the  fo rm f ,o* f1+pz_rp : r_ f  . . .  e tc ;
of which the general term Pn satisf ies Laflau's dif ferential equation, that such a development is possible in only one
definite way. Procecding in this way Gauss is led to four theorems of which the fol lowing is the most remarkable:

r.  ' l 'he 
knorvledge of the value of -rJ in al l  points of the earth's surlace suff ices for deriving the general expression

of -(2 for the whole inf ini te space external to the earth's surface, and thereby the determination of the forces X, y, Z,
not only on the earth's surface, but also for the rvhole inf ini te space outside of i t .  ' fo 

this end i t  suff ices to develop g/r?
in a series, as shown hereafter. r  i

The coeff icient P, satisf ies the part ial  d. i f ferential equation

( ' + ' )

( ' + : )

i t  fol lows that lrr  has the form of an aggregate of 2i l-rr parts, as fol lows:

Pn: {n,o P,,,6-F(,g,,1 cosT-thn,r sinl) 1",r-r(.{r,2 coS z)u-rhn,, sini l ,)  p^,2-r .  .  ,  -+-(.gr,n cosr).-t- l tn,nsinn),) pn,* (r++)
where .gn,o, {n,1, / tn,1, ,{n,2, h,, ,2, etc.,  are definite numerical coeff icients, of rvhich the table calculated by Gauss is given below.

Fronr this general formula i t  fol lows that f i  has 3 indeterminate coeff icients, .P, has Si Ps, 7 ;  Pt, 9; the ful l
expressions being:

Pr :  . { r ,o - r - ( .g r , r  cosT-+hr , ,  s in i " )  P1 ,1

Pz:  {z ,o  Pr ,o - r i .& , r  cos l - i - / t2Js in i , )  Pr ,1+( .g r , ,  cosz) ,+ -h2 , rs inz I )  p2 , "

Ps  : . rs ,o  Pr lo+( .c r , ,  cos l - r /3 , ,  s in l )  Pr , r - r ( , ( ' r -1 , r  cos  z ) " -+ho, ,2s inz l )  ?s ,2+( . * r ,s  cos3 i - r l s ,8  s in  31 , )  ps ,s  ( r+S)
Pc:  { r ,o  P t ,o+( ,g , rcos7-+- l t l , rs in l )  ?n ,1-+( , (a ,2  coS z ) , -+h . r , rs in i l . )  ?n , r - f  ( . fa ,g  cos3 l . - r la ,s  s in3 l )  pE,s#

+ (n,n cos 4)u+- ha,a sin ai,)  pa,a .

( t : s )

(  t : 6 )
( ' r z )
, ' r : l
( ' r s )
( r + o )

n (n-r r) ?n+42?,fAil2-rctguAn,fAil+ t f sin2u.02f'nl0l, : o .
If we designate by P,t,n the foltowing firnction of u only:

pn, , , , :  {cos, , -n, r ,  -U:" i ! -z ,J .oru- , -  , , , t - ( "  
-  n)(n--v ' - - 'W-" t - !k-  

"L-J.o.n-rn-4rr -etc . l  s in , , ,'  
t  z \ z n -  r )  z - 4 ( z n -  r ) ( z n -  )  

-  " ' " ' J  " " '

f i rst four terms of the series, As each complete observation of
X, Y, Z gives three constants, he adds that exact observations
at eight places would be theoreticalty suff icient to determine al l
the coeff icients for the general theory of the earth's magnetism.
But in practice a larger number of observations are necessary;
and he reduces his equations to the fol lowing form for points
on paral lel circles of lat i tude:
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f, - rt-+-k' cosL-rI{t sini-+-E" cos 2)u-lK" sin zl,-+
' 1-k't '  cos31,-rI{" 'sin3l,-tetc.

f : lq J' cosJ,'r L' sinT-r l't cos z7-l L" sin zl, r-
: : -t l"' cos 3l* L"' sin 31u-retc.
/ : 177 -f 727' cos ). -+ M' sin 7 -* n' cos z J. -+ M " sin z ].

' -t nt"' cos 37-r M"'sin 31, -r etc.

( ' + 6 )

.  Here i t  is assumed that the eight points, separated by
convenient arcs, l ie upon a great circle; and Gauss notes that

there will be as many values of E, l, ttt, /t', etc., as there are
paral lel circles adapted to this treatment. On each circle,

according to theory I :  o, and from the values of /  found
by calculat ion we have a measure of the inadmissibi l i ty of
the numbers adopted in the theory of any paral lel.

Tbe above expressions give for the coeff icients the fol-

lowing equations:

i  :  -  { r ,0 .  dP1,s f  du  - ,g2 ,x .  dPr ,o f  du-+
.  - f , s , o . d , P s , s f d u - e t c . .  ( t + s )

'  

:  i  t t  :  zgL,o Pt,o+ 3gz,o Pz,o+ 4&,oPs,oi-etc.

the number being twice as great as that of the number of
parallel circles. On substituting in dP1,e/d,u, dPr,sf du, etc.,
and in Pr,o, Pz,o, etc,,  the numerical values of zz, the coef-

f icients &t,0, gz,o, gs,p, €tc.,  rrray be determined by the method

of least squares.

In the same way we have for the determination of
the coeff icientt gt,r,  fz,r,  8s,r,  etc.:

-  r t '  :  g , r .  d \ , t l  d u  * t z , r .  d P 2  s l  d u  + -
*6's, r . dPs, 1 f du -+- etc.

L'  :  gr , r 'P1,1f  s inu-+Kzt 'Pt , t f  s inu-r ( ' s o )
'  , .  

.  
-rgoJ; Ps,1f sin zz-+etc.

.  ,  .  t t t '  :  291,1 Pt,t+ 3{t,r  Pz,t{- 4f,n,t  Ps, r -+- etc.

the number of which is three t imes that o[ the paral lel circles.
And l ikewise for the coeff icients l tr ,r ,  hr,z, h1,s, Etc.:

.  .  - I { ' :  h r , L ' d P t s f  d u - r h 2 , 1 ' d P 2 , 1 f  d ' u ' + '
-+- hs,L. dPs,rf d,u+- etc.

- l ' , -  f u , 1 ' P 1 ; f s i n u * h z , t ' P 2 , 1 f s i n u - +  ( t S t )
-F hst. Ps,1f sinu-+-etc.

ll,[ | : z /4, 1 Pr,, -r 3hz, t Pt, t -+ 4/4, 1 ?s, 1 -{- etc.

In l ike n' lanner we have for the determination ol !{2,2,

8s,2, 8t,2, and /t2,2, h.n,r,  / t t ,z, the fol lowing equations:

-  A"  :  {2 ,2 .  dP2,2  f  du  +-  g ,2 .  dP3,2  f  .du-+-
+gt ,z .dPa,2 f  du-+etc .

Lt '  :  28r,2'P2,2f sinu-+- zgs,2'Ps,2f sinzt*
t,  gn,z. Pa,2 f sin u -r etc.

r t t "  :  3g2 ,2  Pz ,z l -  4 , ! { t , z  Ps ,z+  S{ t ,z  P t ,z+ . t . .  / ,  . ^ \_ K,, : hz,z.dp,z,zf d"#,r;,: . i i : ; : : f i , : :"r..  \ ,). i

'  -1 "  :  h2 ,2 'P2,2 f  s inu*hs ,z 'P3,2 f  s inu t -
-r ha,; '  Pn,2 |  sin zz-f etc.

M"  :  3h ,z  Pz ,z+-  4hu, ,  Pz ,z+  5h0, , ,  Pn , r - re tc .

And so on, to higher orders of terms, as far as required.

Selecting: the best data avai iable in his t ime Gauss
fouud for the z4 largest coeff icients of g and / the fol lo-
w ing  tabu la r  va lues :

( ' + r )

( ' + 8 )

Sondernummer 2+O

. ( r ,o  :  - lgz5 ]8z  $2 ,2 . :  -F  0 .493

S 2 , o :  
-  2 2 . 0 5 9  . { s , . . 1  :  - 7 3 . 1 9 3

. {s ,o  :  -  18 .868 { t ,2  :  -41 .7gr

. { r , o :  - l o 8 . 8 5 5  h z , z  T  
- 3 9 . o r o

. { ' t , 1  :  - +  8 g . o z 4  h s , z :  - 2 2 . 7 6 6

.g : , r  :  -  r44 .gr3  hq , |  :  -+ -42 .57  3
, $ , r . :  - l r z z . 9 3 6  g ' g , g  :  - f  1 . 3 9 6

.ft ,r  :  --  l  5 2.589 {4,o : - f  rg.7 7 4
l t r , r :  - 1 7 8 . 7 4 4  / t ' t , s :  - r 8 . 7 5 o

/ t z ; . : -  6 . o 3 o  / t t , s :  - o . r 7 8

h s t  :  - r  4 7 . 7 9 1  . { r , r  :  - r  4 . 1 2 7
l t t , t  :  - + -  6 4 . t i z  h t A :  - ] -  3 . 1 7 5  ( t S : )

6 raruss  cons iders  these coefFc ien ts  as  the  E lements
o f  t h e  t h b o r y  o f  t h e  e a r t h ' s  m a g n e t i s n r ;  a n d  t h e n c e
collects his results into the fol lowing formula, putt ing for
brevity e in place of cosu, and / in place o[ sinzz:

9  f  R  :  -  r . g  7  7  ) -  9  3 T  . r  o  3 c  + -  7  t . z  4  5 c 2  -  r  8 . 8 6 8 e 3 -  r  o 8 . 8  5  5 a {
- r ( 6 c . + l l  -  2 9 . 5  r 8 r - r  r  z z . g 3 6 e 2 - +  r  5 z . 5 8 9 e B ) , / c o s l
r -  (  -  r  88 .3o3 -  3  3 .5oZe- f  47  .7  g  4e2 t -  6  4 . t  t  zcs) f  s in  L
-+  (1 .o35 -  7  3 . r  g  3c  -  45 .7  g  r  e2)  fz  cos  z I
- r  ( -  4  5 . o g z  -  z  2 . 7  6 6 e  -  4 2 . 5 7  3 e 2 )  - f 2  s i n  z l
-*(r.396 -t- r9.7 7 ae)f r cos !.
- r -  ( -  r8.7 5o -  o. r78c) f  3 s in 37
- *4 . t z7 f t  cos4 i , -+1 .  r7  5 /a  s i no7 .  . ( ' s + )

For the magnetic poles of the globe Gauss frnds:

r .  N o r t h  p o l e :  N o r t h  l a t i t u d e  ? 3 o  3 5 '
l i ,as t  long i tude 264 z  r  f rom Greenrv ich
' I -o ta l  in tens i \  f  :  r .7or ,  in  o rd inarT  un i ts
t ) f R :  + - 8 9 5 . 8 6 . ( ' s s )

( ' s 6 )
Gauss rernarks that Sir Janes z?ass found the north

magnetic pole 3" 3o' further south than is given by this
ca lcu la t ion ;  and tha t  a t  the  south  po le  the  dev ia t ion  be tween
theory and observation may be yet more considerable, owing
to certain defects in the observations at Hobarttown. He
th inks  the  south  magnet ic  po le  p robab ly  l ies  apprec iab ly
further north than is given by the above calculat ion, and
assigns soutb lat i tude 66o and east longitude r46o as i ts
probab lc  Ioca t ion .

It  wi l l  be seen from the dif ferences shown in the
fol lowing table that Gauss' elements are conrparatively verl '
exact. In order to give to the mind a connected view of
them, Gauss induced Dr. GoldschntuTl to represent his results
graphical ly. ' l 'he excel lence of the agreenrent is also shown
by comparing these calculated charts with the recently ob-
served charts,

Orving to' the great importance of a correct understanding
of  the  h igh  accuracy  o f  Gauss ' thdory ,  in  the  present  inves t i -
gation for connecting the rnagnetism of the earth rvith terrestr ial
gravitat ion, we reproduce a sl ightly modil ied form of Gauss'
table for comparing his theory rvith observations througlrout
the globe. ' l 'he table as here given has been condensed as
much as possible, yet i t  is so impressive that i t  cannot fai l
to interest the modern reader.

z .  South  po le :  South  la t i tude  72"  35 '
Eas t  long i tude r5z  3o
Tota l  in tens i ty  f '  :  2 .253
g f  I l  :  -  r 0 3 o . z 4  .


