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I 

In this paper 1 the problem of the analysis of MAXWELL'S theories of electricity 
and magnetism will be approached by  a discussion of the way in which he de- 
veloped FARADAY'S ideas. MAXWELL'S statement in the Treatise on Electricity and 
Magnetism (t 873) that  "I. . .  translated what I considered to be Faraday 's  ideas into 
a mathematical  fo rm"  2 was his own indication of the origin of the concepts which 
he employed, and the starting-point for the elucidation of the historical develop- 
ment  of MAX'vVELL'S thought must be the interpretation of this remark of MAX- 
WELL'S. The concepts which lie at the foundation of his electrical thought were 
derived from FARADAY, and his use of these concepts determined the structure 
of his theories of electricity. This paper is an a t tempt  to follow the process by  
which MAXWELL adopted concepts from FARADAY, and the manner in which these 
concepts were subsequently transformed by  MAXWELL. 

A fundamental  conceptual dichotomy in MAXWELL'S thought will be delineated 
to distinguish two very different physical models which he adopted for the 
representation of nature. Both these modes of representation were formulated 
on the basis of concepts first introduced by  FARADAY. In "On Faraday 's  Lines 
of Force"  (1856) MAXWELL employed the theory of the primacy of lines of force 
which was characteristic of FARADAY'S later thought. Like FARADAY in his later 
period, MAXWELL emphasized that  the lines of force represented a real physical 
state and were not to be understood as fictitious entities, though he did not 
discuss the nature of the physical state to which the lines of force corresponded. 
I t  was in the a t tempt  to specify the nature of this physical state in "On Physical 
Lines of Force"  (186t/62) that  MAXWELL came to adopt quite a different physical 
model, one in which the particles of mat ter  and ether were conceived to be in a 
state of polarization, opposite parts being in opposite electrical states. FARADAY 
had used this theory in his earlier period, but had abandoned it in favour of the 
notion of the primacy of lines of force. The theory of particulate polarization was 
retained in " A  Dynamical Theory of the Electromagnetic Field" (t865) and the 
Treatise on Electricity and Magnetism (t873). This theory was not without its 
a t tendant  difficulties, and it was to avoid these that  MAXWELL reintroduced the 

1 I wish to express my gratitude to Mr J. ]E. McGuIRE, of the University of Leeds, 
for his advice during the preparation of this paper. 

JAMES CLERK M A X W E L L ,  A Treatise on Electricity and Magnetism (2 vols., Oxford, 
t873), x. All references are to the first edition. This work will be referred to as the 
Treatise (followed by an article number). 1VIAXWELL'S posthumously published Ele- 
mentary Treatise on Electricity, (ed.) W. GARNETT (Oxford, t881), will be referred to 
as Elementary Treatise. MAXWELL'S collected papers, The Scientific Papers o~ James 
Clerk Maxwell, (ed.) W. D. NIVEN (2 vols., Cambridge, 1890), will be referred to as 
Papers. 

13 Arch. Hist. Exact Sci., Vol. 6 



172 P.M. HEIMANN : 

notion of the primacy of lines of force in the " N o t e  on the Electromagnetic Theory 
of Light"  (t868) and the Elementary Treatise on Electricity (1881). Here however 
MAXWELL transformed the theory of the primacy of the lines of force by incor- 
porating features first used in the theory of particulate polarization. Thus, the 
categories of particulate polarization and the primacy of lines of force do not 
conform to a distinction between earlier and later ideas in MAXWELL'S thought. 
Each of MAXWELL'S attempts to formulate a theory of electricity and magnetism 
represents a different approach to the problem of the representation of nature, 
and the distinctions between these theories and the nature of the transitions 
between them will be the concern of this paper. 

The two different sets of theories which can be distinguished in MAXWELL'S 
electrical thought were indicated by G. T. WALKER in his Adams Prize essay 
Aberrations and Some Other Problems Connected with the Electromagnetic Field 
(i900). WALKER classified electromagnetic theories as " tubu la r"  or "molecular",  
the former class of theories being based on lines of force and the latter on particulate 
polarization. He traced the tubular view to MAXWELL'S t 868 " N o t e  on the Electro- 
magnetic Theory of Light"  and the molecular view to the Treatise on Electricity 
and Magnet i sm ~. A feature of MAXWELL'S ideas which emerges from WALKER'S 
analysis is that  there was no ontological separation of matter  and the ether in 
MAXWELL'S thought. WALKER emphasized that  ether and matter could be con- 
sidered together as both tubular or molecular, and this is how they were conceived 
by MAXWELL 4. The consideration of the electromagnetic field as a system inde- 
pendent of matter  is not to be found in MAXWELL'S theories but in LORENTZ'S 
theory of the field 5. WALKER himself preferred the view in which the ether was 
considered as tubular and matter as molecular, which lead to LORE~TZ'S 
theory 6, rather than supposing both ether and matter as tubular or both ether 
and matter as molecular, which correspond to MAXWELL'S view. HERTZ followed 
MAXWELL in this, opposing the view in which " the  electromagnetic conditions 
of the ether and of the tangible matter at every point in space [were consideredl 
as being in a certain sense independent of each other"7. 

" G. T. WALKER, Aberrations and Some other Problems Connected with the Electro- 
magnetic Field (Cambridge, 1900), lf. WALKER represented the two conceptions as 
considering the medium either "as consisting of particles with polar properties" 
or as being "regarded as continuous and completely filling space", ibid., vi. 

4 WALKER, ibid., 12ft. See E. T. WHITTAKER, d History o] the Theories o/Aether 
and Electricity (2 vols., London, t 95 t - - I  953), 1, 259, where it is noted that MAXWELL'S 
custom was " to  treat matter as if it were merely a modification of the aether". 

5 H. A. LORENTZ, "La Th6orie 61ectromagnetique de Maxwell et son application 
aux corps Inouvants", Archives nderlandaises des sciences exactes et naturelles t892, 
25, 363--552. Reprinted in H.A. LORENTZ, Collected Papers (p vols., The Hague, 
1934--t 939), 2, 164--343. LOREXTZ separated the ether from matter, and then sought 
to explain the relations between ether and matter by supposing matter as composed 
of charged particles, Collected Papers, 2, 228. The concept of a stationary ether and 
matter as composed of charged particles enabled LORENTZ tO formulate a theory in 
which the independence and mutual interactions of matter and ether were clearly 
established. LORE~TZ'S ideas have been discussed in two articles by TETu HIROSIGE: 
"Lorentz 's  Theory of Electrons and the Development of the Concept of the Electro- 
magnetic Field", Jap. Stud. Hist. Sat., t962, 1, 101--1t0; "Electrodynamics before 
the Theory of Relativity, t890--t905", ibid., 1966, 5, 1--49. 

6 See WALKER, 0t9. cir. (note 3), 20. 
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The  approach  which character izes  all FARADAY'S though t  was the  denia l  of 
ac t ion  at  a dis tance,  and  bo th  MAXWELL s and FARADAY 9 quo ted  NEWTON'S th i rd  
le t te r  to  BENTLEY - -  t h a t  i t  was inconceivable  t ha t  m a t t e r  could in t e rac t  wi thou t  
m u t u a l  contact ,  and  t h a t  i t  was absurd  to suppose g r a v i t y  an essential  p r o p e r t y  
of m a t t e r  1° - -  wi th  g rea t  approval .  MAXWELL po in ted  out  t h a t  i t  was COTES who 
had  expressed this  a b s u r d i t y  11, descr ibing h im as "one  of the  ear l ies t  heret ics  
b red  in the  bosom of N e w t o n i a n i s m "  13, and  argued t ha t  i t  w a s "  more phi losophical  
to a d m i t  the  exis tence of a m e d i u m  which we cannot  a t  present  conceive, t h a n  to 
asser t  t ha t  a body  can act  a t  a place where i t  is not  ''1~. He  re jec ted  the  tene t  of 
ac t ion  a t  a dis tance,  which he called the  "dogma  of Cotes" ,  t h a t  no exp lana t ion  
could be more intel l igible  t han  the  fact  t h a t  "ac t ion  at  a d is tance  is one of the  
p r i m a r y  proper t ies  of ma t t e r " l~ ,  for MAXWELL wished to cons t ruc t  a r ep resen ta t ion  
of the  manne r  in which the  ac t ion took  place. He argued t h a t  a n y  phys ica l  t heo ry  
mus t  e m b o d y  wha t  he t e r m e d  a "cons i s ten t  r e p r e s e n t a t i o n "  of the  phenomena ,  
and  this  t e rm  expressed his idea  of the  na tu re  of phys ica l  theory .  MAXWELL 
der ived  this  t e rm from a l e t t e r  of GAUSS to WEBER which he t r ans l a t ed  in the  
Treatise, s t a t ing  t h a t  GAuss had  " a  subjec t ive  convic t ion  t ha t  i t  would  be nec- 
essary  in the  first  place to form a consis tent  r ep resen ta t ion  [construirbare Vor- 
stellungl of the  manner  in which the  p ropaga t ion  [of electr ic ac t ion  I t akes  p l a c e "  15. 

7 H. HERTZ, "Ueber  die Grundgleichungen der t~lectrodynamik fiir bewegte K6rper ", 
Ann. Phys., 1890, 41, 370; Electric Waves, (trans.) D. E. JoNEs (London, t893), 242. See 
WHITTAKER, 0t9. cir. (note 4), 1, 329. See HERTZ, ot9. cir., 242, 268, for a different view. 

s j .  C. MAXWELL, "Act ion  at  a Distance" [a873], Papers, 2, 3t6; " A t t r a c t i o n "  
[1875], ibid., 487. 

9 MICHAEL FARADAY, Experimental Researches in Electricity (3 vols., London, 1839-- 
t855), 3, 532n, 571. 

10 I. B. COHEN (ed.), Isaac Newton's Papers and Letters on Natural Philosophy 
(Cambridge, 1958), 302f. MAXWELL (Papers, 2, 316) argued tha t  NEWTON himself 
wished to explain gravi ty  by  means of the impulse of an aetherial medium, quoting 
COLIN MACLAURIN, An Account o/ Sir Isaac Newton's Philosophical Discoveries (2 ed., 
London, 1750) to the effect tha t  " th is  was his opinion early; and if he did not  publish 
i t  sooner, it  proceeded from hence only, tha t  he found he was not  able, from experiment 
and observations, to give a satisfactory account of this medium, and the manner of 
its operation, in producing the chief phaenomena of na ture" ,  op. cir., 116f. MAXWELL 
was clearly searching for a NEWTONIAN pedigree for his denial of action at  a distance. 

11 Sir Isaac Newton's Mathematical Principles o/Natural Philosophy, (trans.) MOT~E- 
CAJORI (Berkeley, 1934), xxvi. 

12 See L. CAMPBELL & W. GARNETT, The Li/e o[ .[ames Clerk Maxwell (London, 
1882), 437. 

13 MAXWELL, Papers, 2, 312. 
14 MAXWELL, Treatise, § 865. 
1~ Treatise, § 861. GAUSS' let ter  was published in Carl Friedrich Gauss Werke 

02vo l s . ,  G6ttingen, 1863--1933), 5 (t867), 629. Tile expression was also employed 
by  J . J .  THOMSON, Notes on Recent Researches in Electricity and Magnetism (Oxford, 
1893), I as "concrete representat ion",  and by  JosePH LARMOR, Aether and Matter 
(Cambridge, t 900), 319 as "working representat ion".  See JOSEPH TURNER, "Maxwell  
on the Logic of Dynamical  Explana t ion" ,  Philosophy o/ Science, t956, 23, 36--47 
for a discussion on consistent representation, in which it is argued tha t  a "physical 
hypothesis satisfies tile condition of consistent representation if the hypothesis is proved 
consistent with the fundamental  principles of dynamics which include, for example, 
Newton's  laws of motion and the principle of the conservation of mechanical energy ", 
op. cir., 37. This sense of "consis tency"  was certainly impor tant  for MAXWELL, but  
he used the term "consis tent  representat ion" in a more restricted sense. 

13" 
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MAXWELL argued  t h a t  the  p r o p a g a t i o n  of electr ic ac t ion  in t ime  led " t o  the  
concept ion  of a m e d i u m  in which the  p r o p a g a t i o n  takes  place,  and  if we a d m i t  
th is  m e d i u m  as an hypothes is ,  I t h i n k  i t  ought  to occupy  a p rominen t  p lace  in  
our  inves t iga t ions ,  and  t h a t  we ought  to e l ldeavour  to cons t ruc t  a menta l  re- 
p re sen ta t ion  of all the  detai ls  of i t s  ac t ion  ''16. 

Thus,  MAXWELL m e a n t  t h a t  a n y  t heo ry  mus t  p rov ide  a phys ica l  exp lana t ion  
of the  phenomena ,  and  such was the  impor t an c e  of th is  pr inciple  in his t hough t  
t h a t  his ach ievement  in fo rmula t ing  his theories  of e lec t r ic i ty  can  be descr ibed 
as an  a t t e m p t  to  p rov ide  different  modes  of consis tent  representa t ion .  Successive 
theor ies  were p roposed  to  avo id  difficult ies or inadequac ies  in the  theories  he h a d  
a l r eady  formula ted ,  for he d id  no t  succeed to  his own sat isfact ion.  However ,  he 
emphas ized  t h a t  a pu re ly  phys ica l  descr ip t ion  led  to  a "  rashness  in assumpt ion" l~ ,  
b u t  t hough  he va lued  a m a t h e m a t i c a l  analysis  as in his use of the  LAGRANGEAN 
formal i sm of dynamics  in the  Treatise, he m a d e  i t  clear t h a t  a n y  symbol ic  re- 
p re sen ta t ion  m u s t  p rovide  a phys ica l  i n t e r p r e t a t i o n  of na tu re  ~s. Thus,  in the  
Treatise he s t a t e d  t h a t  while LAGRANGE'S m e t h o d  was " f ree  f rom the  in t rus ion  
of dynamica l  i d e a s "  his own purpose  was to  "cul t ivate  our dynamica l  ideas  ''~9, 
and  he sought  to  "retranslate the  pr inc ipa l  equa t ions  of the  m e t h o d  into  language  
which m a y  be intel l igible  wi thou t  the  use of s y m b o l s "  s0. Nevertheless ,  th is  was 
not  sufficient,  for i t  " k e p t  out  of view the  mechan i sm b y  which the  pa r t s  of the  
sys t em are  connec t ed"  ~ and  his a im was a t h e o r y  in which " t h e  whole in ter -  
med ia t e  mechan i sm and  deta i l s  of the  mot ion ,  are t a k e n  as the  objec ts  of s t u d y "  2~. 
This  concern wi th  p rov id ing  a phys ica l  exp lana t ion  - -  a "consis tent  represen ta -  

16 MAXWELL, Treatise, § 866. 
17 MAXWELL, "On Faraday ' s  Lines of Force" ,  Papers, l ,  t 55f. 
is The importance of the relation between mathemat ica l  and physical  representa- 

tion can be seen in his discussion of the problem of cont inui ty in the Treatise. The 
equations of the Treatise involved quantit ies which were continuous functions of their  
variables, and MAXWELL discussed the question of the relation between a par t iculate  
physical  model and equations of continuous action in a section of the Treatise on 
"Phys ica l  Continuity and Discont inui ty"  (§ 7). He made i t  clear tha t  his notion of 
continuity ill the Treatise was one in which " A  quant i ty  is said to vary  continuously 
if, when i t  passes from one value to another, i t  assumes all the intermediate values" ,  
and he i l lustrated this by  referring to " t he  continuous existence of a particle of 
mat te r  in t ime and space".  In  a manuscr ipt  "On Physical Continuity and Discontin- 
u i t y "  (University Library,  Cambridge, Add. MSS. 7655), which relates to this section 
of the Treatise, he described this kind of continuity in which the pa th  of a particle 
described a continuous line in space, its coordinates being continuous functions of the 
time, as "physical cont inui ty" .  He contrasted this with "mathematical cont inui ty" ,  
which "refers rather  to the form of the function than  to its par t icular  values" .  He 
i l lustrated the difference by  referring to the equation of continuity,  the example 
taken in the Treatise, stat ing tha t  "The ' cont inui ty '  which is defined by  the ' Equat ion 
of cont inui ty '  is the continuous existence of the moving particle of a medium, not  
the continuity of the form of the functions expressing their  ve loci ty" .  Thus the 
continui ty expressed by  the equations represented the continuous existence of a 
particle in space and time, physical  continuity. I am grateful to Mr A. E. B. OWEN 
of the Universi ty Library,  Cambridge, for his help with MAXWELL 1V~SS. 

19 MAXWELL, Treatise, § 554. 
2o Treatise, § 567. 
21 Ibid. 
22 Treatise, § 574. 
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t i on"  - -  of na tu re  can be seen throughout  his work, even though he did not  succeed 
in  this in "Faraday 's  Lines of Force" .  I n  connection with this paper  he said tha t  
he had  been "planning and  par t ly  executing a system of proposit ions about  lines 
of force &c which m a y  be a/terwards applied to Electricity,  Heat,  or Magnetism or 
Galvanism, bu t  which is in  itself a collection of purely geometrical t ru ths  embodied 
in geometrical conceptions of lines, surfaces &c" 33 for he wished to present  " t h e  
mathemat ica l  ideas to the mind  in  an embodied form, as systems of lines or sur- 
faces, and not  as mere symbols"  34, bu t  this was not  a physical explanat ion,  even 
though the lines of force had physical existence. In  addi t ion he valued the use of 
analogies which would direct the mind  " t o  lay hold of tha t  ma themat ica l  form 
which is common to the corresponding ideas i n . . .  two sciences" ~.5, again indica t ing  
the impor tance  of mathemat ica l  representat ion.  However, MAXWELL was con- 
cerned to stress tha t  no physical explanat ion  could be in perfect correspondence 
with reality,  for there was a dis t inct ion between any  "consis tent  represen ta t ion"  
and  the s t ructure  of na tu re  itself 3.. 

33 MAXWELL tO WILLIAM THOMSON (Lord KELVIN), t 3 September 1855, published 
in J. LARMOR (ed.), The Origins o] Clerk Maxwell's Electrical Ideas, as Described in 
Familiar Letters to William Thomson (Cambridge, t 937), 17. This was first published 
in Proc. Camb. Phil. Soc., 1936, 32, 695--750. 

24 MAXWELL, "Faraday's Lines", Papers, 1, t 87. 
35 MAXWELL, "Address to the Mathematical and Physical Sections of the British 

Association" [1876], Papers, 2, 2t9. See below and note 84 for a discussion of MAX- 
WELL'S treatment  of the limitations of the use of analogies. In  an interesting essay 
on "Analogies in Nature"  written in t 856 for the "Apostles" at Cambridge, MAXWELL 
developed his ideas on analogy by arguing that  "although pairs of things may differ 
widely from each other, the relation in the one pair may be the same as that  in the 
other. Now, as in a scientific point of view the relation is the most important  thing 
to know, a knowledge of the one thing leads us a long way towards a knowledge of 
the other", CAMPBELL • GARNETT, Li]e o] James Clerk Maxwell (London, 1882), 243. 
G. E. DAVIE has suggested, in The Democratic Intellect: Scotland and her Universities 
in the Nineteenth Century (2rid ed., Edinburgh, 1964), 192ff, that  these remarks, and 
his whole approach to the problem of analogy in science, show evident traces of the 
Scottish philosophical abstractionist approach of MACLAURIN, HUME and REID, which 
caine to him by way of his teacher of philosophy at Edinburgh, WILLIAM HAMILTON. 
DAVIE also argues that  MAXWELL'S concern that  a theory should embody a union 
of mathematical and physical ideas can be traced to the influence of J. D. FORBES, 
his teacher of natural  philosophy at Edinburgh, as expressed in a review of the third 
edition of WILLIAM WHEWELL'S History o/the Inductive Sciences (3 vols., London, 1858) 
in Fraser's Magazine, 1858, 57, 283--294. See also JosEPH TURNER, "Maxwell on the 
Method of Physical Analogy", Brit. J. Phil. Sci., t955, 6, 226--238 for a discussion 
of MAXWELL'S views on analogy. 

~e Thus, in his "Address to the Mathematical and Physical Sections of the British 
Association" in 1870 he stated that  "molecules have laws of their own, some of which 
we select as most intelligible to us and most amenable to our calculation. We form 
a theory from these partial data, and we ascribe any deviation of the actual phenomena 
from this theory to disturbing causes. At the same time we confess that  what we call 
disturbing causes are simply those parts of the true circumstances which we do not 
know or have neglected, and we endeavour in future to take account of them. We 
thus acknowledge that  the so-called disturbance is a mere figment of the mind, not 
a fact of nature, and that  in natural  action there is no disturbance", Papers, 2, 228f. 
Compare the remarks made by I-IEINRICI~ HERTZ, Principles o] Mechanics, (trans.) 
D. E. JoNEs & J. T. WALLEY (London, 1899), lf. 
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II 

The nature  of FARADAY'S ideas relevant to MAXWELL'S work must  now be 
discussed 27. As a result of his discovery of electromagnetic induction in t831 
FARADAY was led to explain the induct ion of an electric current between two coils 
of wire wound  round an iron ring in terms of the creation of a "  peculiar condi t ion"  28 
in the ring. He called this "electr ical  condit ion of m a t t e r "  the "electrotonic 
s t a t e "  29, regarding it as a state of tension in the particles of the ring, the creation 
and dissolution of the electrotonic state causing the induct ion of the current  a°. 
He referred to electrical action as involving a "pecu l iar  state of tension or polar- 
i t y "  m, and here defined polar i ty  quite unambiguously  as a state in which " a  
molecule acquires opposite powers on different pa r t s "  32. Thus, his physical  view of 
the electrotonic state was connected to tha t  of molecules being polarized as the 
result of an electric force, and by  polar i ty  he here meant  opposite electrical states 
on different parts. Short ly  after its formulat ion FARADAY replaced this concept 
of the electrotonic state by  a theory  of lines of force 3a, as a result of his belief t ha t  
there was a "s ingu lar  independence of the magnet ism and the bar  in which it 
resides" ~4. He now conceived magnet i sm in terms of magnet ic  curves or lines ~5, 
and already at this early stage in the development  of his thought  there was the 
suggestion tha t  lines of force were entities existing independent ly  of the particles 
of mat ter .  These two modes of representation, t ha t  of lines of force and tha t  of the 
electrotonic state, were to dominate  FARADAY'S thought ,  and were conceived as 
alternatives. As he later said, the "electrotonic state . . .  would coincide and become 
identified with tha t  which would then  const i tute the physical  lines of magnet ic  
force"  ~6. The idea of the tension of the particles of mat te r  was not  renounced for 
long, and in his early thought  the lines of force tended to be conceived as imagi- 
na ry  entities denoting the disposition of the individual particles, as the result 
of an electric force being t ransmi t ted  from particle to particle ~7. This can be seen 
from his impor tan t  papers on electrostatic induct ion of t837 and t838, where he 

2~ For a more complete account of FARADAY'S electrical ideas with full documenta- 
tion see my  paper "Faraday ' s  Theories of Matter and Electricity", forthcoming in 
Brit. J .  Hist. Sci. I do not accept the view of L. PEARCE WILLIAMS, Michael Faraday 
(London, 1965), that  FARADAY'S views were determined by an adherence to Bosco- 
VlCH'S Theoria .Philosophiae Naturalis (Vienna, t758). For a critical discussion of 
WILLIAMS' interpretation, see J. BROOKES SPENCER, "Boscovich's Theory and its 
Relation to Faraday's  Researches: An Analytical Approach",  Arch. Hist. Ex .  Sci., 
t967, 4, 184--202. 

2s MICHAEL FARADAY, Experimental Researches in Electricity (3 vols., London, 
1839-1855), 1, paragraph 61. I will refer to this work in future as Electricity, followed 
by a volume number, alld, where appropriate, Faraday's  paragraph number, as ill 
the following example: Electricity, 1, par. 61. Otherwise page numbers will be given, 
for example: Electricity, 2, 284. 

29 Electricity, 1, par. 60. 
ao Electricity, 1, par. 7t, 73. 
at Electricity, 1, par. 949. 
as Electricity, 1, par. 1304. 
~3 Electricity, 1, par. 218--219. 
~ Electricity, 1, par. 220. 
~5 Electricity, 1, par. 231, 238. 
~6 Electricity, 3, par. 3269. 
87 Electricity, 1, par. 1304. 
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emphasized the role of the particles of the ambient medium, the dielectric. He 
spoke of induction "being an action of the contiguous particles of the dielectric 
which [are] ... thrown into a state of polarity and tension" 3s, the inductive action 
taking place in curved lines. He went on to say that "I use the term line o/in- 
ductive/orce merely as a temporary conventional mode of expressing the direction 
of the power" sg, and it is clear that at this stage the idea of the polarity of the 
particles of matter described an existential condition of matter, whereas lines of 
force were imaginary and merely expressed the direction in which the condition 
was manifested, a line of contiguous particles under tension. 

In FARADAY'S account of electrostatic induction, action at a distance was 
denied, the phenomena being produced b y "  the action of the contiguous particles" 4o 
of matter. The particles were polarized, and again he was quite clear as to what 
he meant by this, stating that " i n d u c t i o n  appears to consist in a certain polarized 
state of the particles, into which they are thrown by the electrified body sus- 
raining the action, the particles assuming positive and negative points or parts"  41, 
and he spoke of this state as a " f o r c e d "  state 42. Thus, electrostatic action occurred 
by means of the polarization of the particles of the dielectric medium, and he 
again returned to the idea of the electrotonic state to describe the action of the 
particles. 

There was one point, though, which caused FARADAY great difficulty; this was 
his explanation of the mode of transmission of the tension from one polarized 
particle to another. He argued that by contiguous particles he did not mean 
particles which touched one another but merely neighbouring particles. As he put 
it, he meant "those which are next to each other, not that  there is no space 
between them" 43. He considered that if there was a vacuum between contiguous 
particles there was no reason why the particles should not act across a distance of 
"half an inch" 44. However, as ROBERT HARE argued, in an intervention which 
was crucial to FARADAY'S development, FARADAY'S whole theory involved a 
denial of action at what Faraday called "sens ib le  distances", and HARE asked 
FARADAY "what  is a sensible distance, if half an inch is not ? "4~. In his reply 
FARADAY stated that he had considered "ord inary  induction" to be " a n  action 
of contiguous particles..,  at insensible distances", and went on to argue by analogy 
that though induction across a vacuum was not an ordinary instance " y e t  I do 
not perceive that  it cannot come under the same principles of action" 46. 

There was a fundamental difficulty in FARADAY'S conception of contiguous 
action; for if action at a distance was denied it would not help to suppose that  
the distance between contiguous particles was insensible, for short-range forces--  
whose mode of action was undefined - -  would still have to be supposed as acting 

as Electricity, 1, par. 1224. 
a9 Electricity, 1, par. 1231. 
4o Electricity, 1, par. 1224, and also par. t295. 
41 Electricity, 1, par. 1298. 
42 Electricity, 1, par. 1298, 1671. 
4a Electricity, 1, par. t665n; see also par. 1615, tt64n. 
44 Electricity, 1, par. t6t6. 
45 R. HARE, "A Letter to Prof. Faraday, on certain Theoretical Opinions", Phil.  

Mag., 1840, 27, 45; Electricity, 2, 252. 
46 Electricity, 2, 267. 
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across the insensible distances. In  his reply to HARE, FARADAY implicitly admit ted 
tha t  his theory implied this, for he argued that  the same principles of action applied 
to induction across a vacuum as to induction across insensible distances. Thus, 
FARADAY had at once denied action at a distance and yet admit ted the possibility 
of forces acting - -  under the same, but  unspecified, principles of action - -  across 
sensible and insensible distances. 

I t  is likely that  it was the recognition of this basic difficulty in his theory of 
electric action that  led FARADAY to alter completely his physical view of nature. 
His representation of electrostatic induction by  means of action between contig- 
uous particles across insensible distances was conceived in terms of a particulate 
theory of matter ,  but  in his next discussion of the problem, in the "Specu la t ion  
touching Electric Conduction and the Nature of Mat te r"  of t844, he adopted 
quite a different point of view. He began by  pointing out that  according to the 
atomic theory, as usually conceived, material  atoms would not be in contact with 
one another. He now denied the possibility of forces acting across insensible 
distances, ascribing a role to the intermediate spaces between the atoms to 
account for the communication of electric action. Thus, the space between atoms 
was " t a k e n  as the only continuous p a r t "  4~, but  this led to tile absurdity that  
"space m a y  be proved to be a non-conductor in non-conducting bodies, and a 
conductor in conducting bodies"48 if the interatomic void played a role in the 
communication of forces. FARADAY concluded tha t  the solution was to suppose 
mat te r  as filling all space, and he argued tha t  it was the system of powers and 
forces round the atomic centres of mat te r  which endowed the atoms with their 
properties, stating that  all knowledge of the atoms was limited to ideas of powers. 
He asserted tha t  " t he  substance consists of the powers ''49, and supposed the 
"mu tua l  penetrabili ty of m a t t e r "  50, suggesting that  " m a t t e r  will be continuous 
th roughout"  51 all space. This overcame HARE'S problem, for by  their forces the 
atoms would penetrate to " t h e  very centres" 53 of force, and electric action could 
be explained without supposing particles acting across insensible distances. 

Thus, FARADAY had abandoned the particulate theory of mat te r  in favour of 
conceiving mat ter  as forces diffused through space, and already in the " T h o u g h t s  
on Ray-vibrat ions"  (1846) he had begun to think that  the replacement of the 
theory of action propagated by  the polarization of the particles of mat te r  by  a 
theory of the interaction of forces indicated that  electric action could be explained 
b y  means of lines of force 5a. In the years following the " S p e c u l a t i o n "  FARADAY'S 
discoveries led him to develop the theory of the primacy of lines of force, which 
he conceived as entities independent of the particles of matter .  This Call be seen 

47 Electricity, 2, 286. 
4s Eleclricity, 2, 287. 
49 Electricity, 2, 290. Ideas of this kind on "powers" and "forces" can be found, 

for example, in JosEPH PRIESTLEY, Disquisitions Relating to Matter and Spirit (2nd ed., 
2 vols., Birmingham, 1782), 1, 22, 27, 36; and THOMAS ]~XLEY, Principles o/ Natural 
Philosophy (London, 1829), 470, 474. 

5o Electricity, 2, 292. A similar statement can be found in PRIESTLEY'S Disquisitions 
(2rid ed., 1782), 1, 26. 

51 Electricity, 2, 291. 
52 Electricity, 2, 292. 
aa Electricity, 3, 447. 
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in his explanation of the action of magnets on crystals, the magnecrystallic force, 
where he argued that  the crystal was aligned along the lines of magnetic force 54, 
and he questioned the existence of a state of polarity in the crystal. This trend 
of thought was continued in his work on diamagnetism, where he a t tempted  to 
detect the polarity of diamagnetics, without success 55. This led to a new emphasis 
in his ideas, for in 1838 the lines of force had been used to distinguish the direction 
of a chain of molecules under tension, the particles being supposed to be polarized. 
However, his failure to detect the polarity of diamagnetics led him to argue that  
the molecules of diamagnetics were not polarized, but  that  the diamagnetics 
merely interacted with the lines of force 56. FARADAY'S new view of the funda- 
mental  importance of lines of force as entities distinct from the particles of mat ter  
Call be seen in his explanation of paramagnetism and diamagnetism in terms of 
the relative magnetic conductibility of the bodies and the surrounding medium, 
that  is, in terms of the propensity of lines of force to pass through the bodies 5~. 

Thus, he no longer supposed the polarization of molecules, and in a paper of 
1852 " O n  the Physical Character of the Lines of Force"  5s he argued that  the lines 
of force had a real physical existence, though their nature remained unclear. In 
replacing the polarization of the particles of mat ter  by  the pr imacy of lines of 
force FARADAY was supposing that  polarity did not exist as a state of matter .  
However, he continued to use the term polarity, speaking of " the  polarity of each 
line of force" 59, but he used the term to represent the direction of the lines of 
force not the polarization of particles. As he said, " m y  view of polarity is founded 
upon the character in direction of the force itself ''~°. Again, he pointed out that  
electrostatic lines of force would terminate on charges, opposite charges being at 
opposite ends of each line, but  this was not associated with the polarization of 
molecules of matter .  He emphasized that  " n o  condition of quali ty  or polari ty  has 
as yet been discovered ''61 in the lines of electrostatic force. Thus, even though 
electrostatic lines of force had charged ends, there was no polarization within the 
lines. This was quite at variance with his abandoned theory of molecular polari- 
zation, where ontologically the lines of force represented lines of polarized particles, 
whereas he now regarded the lines of force as representing a physical state. 

The lines of force were in the medium, for a magnet " c o u l d  not exist without 
a surrounding medium or space ''*~, but  the nature of this medium remained 
unclear. Though he did speculate that  lines of force were t ransmit ted by  an action 

54 Electricity, 3, par. 2479. 
55 Electricity, 3, par. 2640--2701. 
56 FARADAY rejected WBBER'S theory of diamagnetism, which supposed that mole- 

cules of paramagnetic and diamagnetic substances could exhibit opposite polarites 
under the same conditions of excitation (Wilhelm Webers Werke (6vols., Berlin, 
t892--1894), 3, 255--268; Scientific Memoirs, 1852, 5, 477--488). See below for a 
discussion of WEBER'S theory. 

57 Electricity, 3, par. 280~-2835. 
5s Electricity, 3, par. 3243--3299. 
s9 Electricity, 3, par. 3361. 
60 Electricity, 3, par. 3307. 
81 Electricity, 3, par. 3249. 
82 Electricity, 3, par. 336t. See also par. 3277: " I  conceive that when a magnet 

is in free space, there is such a medium (magnetically speaking) around it".  
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which was " a  funct ion of the  a e t h e r "  8a he was scept ical  as to  the  exis tence of the  
ether.  F o r  example ,  he r e m a r k e d  in the  " T h o u g h t s  on R a y - v i b r a t i o n s "  t h a t  " t h e  
view which I a m  so bold  as to pu t  for th  considers,  therefore,  r ad ia t ion  as a high 
species of v ib r a t i on  in the  lines of force . . .  I t  endeavours  to dismiss the  a e t h e r "  64, 
b u t  the  p rob lem of wha t  t r a n s m i t t e d  the  lines of force remained.  He  endeavoured  
to  ex t end  the  concept  to account  for g rav i t a t ion ,  a rguing  t h a t  the  lines of g rav i t a -  
t ional  force gave  rise to  "a  cons tan t  necessary  condi t ion  to ac t ion  in space, when 
as respects  the  sun the  ea r th  is not in place,  and  of a cer ta in  g r av i t a t i ng  ac t ion  as 
the  resul t  of t h a t  previous  condi t ion  when the  ea r th  is in p l ace" .  The  lines of 
g r av i t a t i ona l  force sp read  out  th rough  space and  " t h e  power  is a lways  exis t ing 
a round  the  sun and  th rough  inf ini te  space, whe ther  secondary  bodies  be there  to  
be ac ted  upon  b y  g r av i t a t i on  or not ;  and  not  only  a round  the  sun, b u t  a round  
every  par t ic le  of m a t t e r  which has ex i s t ence"  65. FARADAY'S final t heo ry  was, then,  
a t h e o r y  in which lines of force in t e rac t ed  wi th  one ano the r  in space;  a t heo ry  of 
the  p r i m a c y  of lines of force. 

I I I  

I n  his f irst  a t t e m p t  to  fo rmula te  a theo ry  of e lec t r ic i ty  and  magne t i sm 
MAXWELL wen t  s t r a igh t  to  FARADAY'S t h e o r y  of lines of force. MAXWELL began  
work ing  on this  in 1854 and  the  tenor  of his t hough t  cart be seen f rom a le t te r  to  
WILLIAM THOMSON in which he spoke of FARADAY'S use of magne t i c  lines of force, 
suggest ing t h a t  "some th ing  might  be done b y  consider ing ' magne t i c  po la r i za t ion '  
as a p r o p e r t y  of a ' m a g n e t i c  f ie ld '  or space,  and  developing  the  geometr ica l  ideas  
according to  th is  view ' ' ~ .  The  app roach  MAXWELL was following, then,  was to  
consider  the  po la r iza t ion  in t e rms  of the  lines of force, and  in the  same le t t e r  he 
s t a t ed  t h a t  " I  use the  word  ' p o l a r i z a t i o n '  to  express  the  fact  t h a t  a t  a po in t  
of space the  sou th  pole of a smal l  m a g n e t  is a t t r a c t e d  in a cer ta in  d i rec t ion  
wi th  a cer ta in  force ''G~. In  ano the r  l e t t e r  he wrote  t h a t  he had  a p p r o p r i a t e d  
"Faraday ' s  t heo ry  of po l a r i t y  which ascr ibes  t h a t  p r o p e r t y  to eve ry  por t ion  of 
the  whole sphere of ac t ion  of the  magne t i c  or electr ic  bod ie s "  6s. Thus,  the  t heo ry  
of "po lar i t y"  t h a t  MAXWELL was adop t ing  was the  t heo ry  as used b y  FARADAY 

63 Electricity, 3, 3075. 
64 Electricity, 3, 451. 
6s Electricity, 3, 574. One of FARADAY'S criteria for the physical  real i ty  of the 

lines of force was tha t  they should exhibit  a l imitat ion of action in space, and he 
applied this to the analysis of gravi tat ional  action. He argued tha t  if the sun were 
considered as existing in space exerting no force of gravi tat ion and then another 
similar sphere in space were to be brought towards it, this was to assume a creation 
of power, and " the i r  dissociation ... would be equivalent to the annihilation of force" 
(Electricity, 3, 572). I t  was to avoid this difficulty, which he was to bring up again 
in his 1857 paper  "On tile Conservation of Force" ,  Experimental Researches in 
Chemistry and Physics (London, t859), 443--460, t ha t  led him to advance the idea 
tha t  lines of gravi tat ional  force always existed diffused in space. 

68 MAXWELL to WILLIAM THOMSON, 13 November 1854, published in J. LARMOR 
(ed.), The Origins o[ Clerk Maxwell's Electric Ideas (Cambridge, 1937), 8. See note 23. 
The term "magnet ic  f ield" was first used by  FARADAY in 1845, Electricity 3, par. 2252 
and later  by  WILLIAM THOMSON, "On  the Theory of Magnetic Induct ion" ,  Phil. Mag., 
1851, 1, 179 (Reprint of Papers on Electrostatics and Magnetism (London, 1872), 467). 

67 LARMOR, Origins o/ Clerk Maxwell's Electric Ideas, 8. 
~s MAXWELL tO WILLI&M THOMSON, 13 September t855, ibid., 17. 
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in his l a te r  period,  to represent  the  di rect ion of the  force, and  his use of the  t e rms  
po l a r i t y  and  polar iza t ion  d id  not  signify a s ta te  of the  molecules of ma t t e r .  In  
"Faraday 's  Lines of F o r c e "  (t 856)69 he s t a t ed  t h a t  " w e  might  f ind a line passing 
th rough  any  po in t  of space,  such t ha t  i t  represents  the  di rect ion of the  force 
ac t i ng"  70, al ld he went  on to  say  t ha t  a line d rawn so as to coincide wi th  the  direc- 
t ion of this  force was called a line of force, and  " w e  might  in the  same w a y  draw 
other  lines of force, t i l l  we had  filled all space wi th  curves ind ica t ing  b y  thei r  
d i rec t ion  t h a t  of the  force a t  any  assigned p o i n t "  71. The  lines of force filled space, 
and  in an ear ly  d ra f t  of the  paper  he no ted  t ha t  "Faraday  t r ea t s  the  d i s t r ibu t ion  
of forces in space as the  p r i m a r y  phenomenon,  and  does not  insist  on any  theory  
as to the  na tu re  of the  centres  of force round  which these forces are genera l ly  b u t  
not  a lways  g rouped  ''72. The lines of force themselves  were the  fundamen ta l  
enti t ies ,  hav ing  phys ica l  exis tence - -  though  the i r  phys ica l  na tu re  r emained  
undef ined - -  and  the  par t ic les  of ma t t e r ,  the  "centres of force" ,  were not  con- 
sidered,  and  he s t a t ed  t h a t  "we  should thus  ob ta in  a geometr ica l  model  of the  
phys ica l  phenomena  ''78. B y  this  he m e a n t  t ha t  while the  direct ion of the  forces 
were represen ted  no t heo ry  as to the  phys ica l  na tu re  of the  lines of force had  
been proposed;  such a theory ,  so i m p o r t a n t  for a consis tent  r ep resen ta t ion  of the  
phenomena ,  r emained  a t a sk  for the  future.  However ,  though  he was unwil l ing to  
specula te  on the  phys ica l  na tu re  of the  lines of force he d id  not  r egard  t h e m  as 
f ic t i t ious enti t ies,  b u t  as hav ing  phys ica l  existence in space. 

Despi te  MAXWELL'S adop t ion  of FARADAY'S theo ry  of lines of force as the  
p r i m a r y  ent i t ies  he d id  not  accept  FARADAY'S idea  of m a t t e r  filling all space b y  
i ts  forces. Referr ing  to FARADAY'S 1844 "Specula t ion" ,  he la te r  wrote  t h a t  to 
avo id  ac t ion at  a d is tance  FARADAY "even  speaks  of the  lines of force belonging 
to a b o d y  as in some sense pa r t  of i tself  ''Ta, bu t  he went  on to argue t h a t  this  
not ion  was " n o t  a d o m i n a n t  idea  wi th  F a r a d a y " ,  and  he represen ted  FARADAY'S 
theo ry  of lines of force as s t a t ing  t h a t  the  field was full of lines of force whose 
a r r angemen t  depended  on the  bodies  in the  field 75. Fo r  MAXWELL the  lines of 

69 MAXWELL, "'On Faraday ' s  Lines of Force" ,  Trans. Camb. Phil. Soc., 1856, 
10, 27--83; Papers, 1, 155--229. 

7o Papers, 1, t 58. 
71 Ibid. 
73 ,, On Faraday ' s  Lines of Force" ,  University Library  Cambridge, Add. MS S. 7655, 

an early draft  of the published paper. 
78 Papers, 1, 158. 
74 Treatise, § 529. 
7~ I t  is impor tant  to emphasize tha t  FARADAY'S concept of mat ter  filling space 

continuously by  its forces did not involve the identi/ication of mat ter  - -  or force - -  
with space. He pointed out (in 1850) tha t  in arguing tha t  "the lines of magnetic force 
can traverse space" he did not  wish " t o  confound space with ma t t e r " ,  for "mere  
space cannot act as mat ter  acts" ,  Electricity, 3, par. 2787, and he emphasized tha t  
"space therefore comports itself independently of ma t t e r " ,  ibid., par. 2789. ~/~AXWELL 
too was concerned to emphasize this. In Matter and Motion (London, 1877), 12, he 
wrote tha t  "Absolute  space is conceived as remaining always similar to itself and 
immovable" ,  and though " there  is nothing to distinguish one par t  of space from 
another except its relation to the place of material  bodies",  nevertheless, as he re- 
marked in a draft,  he wished " t o  render dist inct  the idea of space as independent  
of m a t t e r "  for the geometrical properties of space were independent of mat ter  (draft 
"On  Absolute Space",  U.L.C. Add. MSS. 7655). Given this commitment,  his comments 
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force  were  effects  of m a t t e r ,  whi le  for FARADAY in  t h e  "Specu la t ion"  t h e r e  was  

no  d i s t i n c t i o n  b e t w e e n  " m a t t e r "  a n d  his n o t i o n  of i ts  " f o r c e s "  d i f fused  t h r o u g h  

space .  Thus ,  MAXWELL d id  n o t  a c c e p t  t h e  c o n c e p t  of m a t e r i a l i t y  as " f o r c e  ''76. I n  

a m a n u s c r i p t  he  w r o t e  t h a t  "some  h a v e  t h o u g h t  i t  m o r e  ph i lo soph ica l  to  speak  
of . . .  [atoms~ as cen t res  of force  w i t h o u t  a t t r i b u t i n g  to  t h e m  a n y  f in i t e  ex tens ion .  

Th i s  w o u l d  be  q u i t e  l e g i t i m a t e ,  p r o v i d e d  e a c h  cen t r e  of force  is a d m i t t e d  to  
h a v e  mass  "77. 

T h e  k e y  p r o b l e m  in  th i s  m o d e  of r e p r e s e n t a t i o n  was  in e m p l o y i n g  l ines  of 

force q u a n t i t a t i v e l y ,  to  express  t h e  forces.  MAXWELL a c h i e v e d  th i s  b y  cons ide r ing  

t h e  l ines  of force  as f o r m i n g  t u b e s  c a r r y i n g  all  iner t ia less ,  i ncompres s ib l e  f lu id  

on R iemann ' s  "Ueber die Hypothesen ,  welche der  Geometr ie  zu Grunde liegen ", first 
publ ished ill 1868 - -  see Gesammelte Mathematische Werke (2 ed., Leipzig, 1892), 
272--287,  and t rans la ted  by  W. K. CLIFFORD, in Nature, t873, 8, 14--17,  36f. - -  in 
a le t te r  of 1t N o v e m b e r  t874 to P. G. TAIT, are ex t remely  interest ing.  MAXWELL 
wrote  t h a t  t i le a im of the  " R i e m a n n s c h e  I d e e "  of curved  space was "'to make  i ts  
cu rva tu re  uniform everywhere,  t h a t  is over  the  whole of space whether  t h a t  space is 
more or  less t han  oo. The  direction of the  curva tu re  is no t  related to one of the  x y z  
more t h a n  another ,  or to - - x - - y - - z  so t h a t  as far as I unders tand  we are once more 
in a pathless sea, starless, mindless and poleless to tus  teres a tque  r o t u n d u s "  (U.L.C. 
Add. MSS. 7655). MAXWELL here picked ou t  the  problem of the  defini t ion of co- 
ordinates  in RIEMANN'S paper,  and his c o m m i t m e n t  to absolute  space was such t h a t  
he did no t  f ind in RIEMANN'S remark  t h a t  " w e  mus t  seek the  ground of .. .  Etllej 
met r ic  relat ions [of space I outs ide it, in b inding forces which act  upon i t " ,  Nature, 
1873, 8, 37, the  geometr ic  basis for a theory  of lines of force. Thus, for MAXWELL, 
the  lines of force were in space, and were no t  space itself. His  La t in  quo ta t ion  is f rom 
HORACE, Satires, Bk. I I ,  7, line 86. 

76 MAXWELL'S not ion  of " f o r c e "  was qui te  different  to FARADAY'S ideas on the  
" f o r c e s "  of mat te r .  In  a le t te r  of 9 N o v e m b e r  t857 MAXWELL c o m m e n t e d  on FARA- 
DAY'S paper  "On the  Conservat ion of F o r c e "  (see note  65), r emark ing  t h a t  " F o r c e  
is the  t endency  of a body  to pass f rom one place to a n o t h e r " .  This  le t te r  is a t  the  
Ins t i tu t ion  of Elec t r ica l  Engineers ,  London  (I am  grateful  to Mr J . E .  WRIGI-IT, 
Librar ian,  for his help), and was pr in ted  in the  second edit ion of CAMPBELL • GAR- 
NETT'S Li/e o/ Maxwell (London, 1884), 202ft. FARADAY replied, poin t ing  ou t  t h a t  
by  the  word " f o r c e "  he m e a n t  " t h e  source or sources of all possible actions of the  
part icles or  mater ia ls  of the  universe;  these being often called the  powers of na tu re  
when spoken of in respect  of the  different  manners  in which their  effects are known ", 
FARADAY tO MAXWELL t3 N o v e m b e r  1857, U.L.C. Add. MSS. 7655. This le t ter  was 
pr in ted  in bo th  the  first  and second edit ions of CAMPBELL & GARNETT'S Life of Maxwell 
(1st ed., 288ff.;  2nd ed., 205f.). FARADAY'S use of the  words " f o r c e "  and " p o w e r "  
was in line wi th  a long t radi t ion,  exemplif ied by  PRIESTLEY and EXLEY (see note  49 
and m y  paper  ci ted in note  27). I n  a note  (t858) appended  to his "Conse rva t ion  of 
F o r c e "  paper  FARADAY defined the  no t ion  of force as the  t endency  of a body  to 
pass f rom one place to another  as " m e c h a n i c a l  fo rce" ,  his own mean ing  of force 
being " t h e  cause of a physical  act ion ", Experimental Researches in Chemistry and 
Physics (London, 1859), 460. FARADAY'S remarks  in this  note  clearly reflect  MAXWELL'S 
point.  

77 MAXWELL, a draf t  " O n  the  Dynamica l  Exp lana t i on  of Elec t r ic  P h e n o m e n a " ,  
U.L.C. Add. MSS.  7655. This  was f rom an ear ly  draf t  of " A  Dynamica l  Theory  of 
the  E lec t romagne t ic  F i e l d "  (1865). The  reference here was to views such as those 
of Boscov lcH.  Elsewhere  MAXWELL noted  t h a t  B o s c o v l c H  " d i d  no t  forget, however ,  
to endow his ma thema t i ca l  points  wi th  ine r t i a " ,  " A c t i o n  a t  a Di s t ance" ,  Papers, 
2, 317. WILLIAM WHEWELL remarked  t h a t  " a  collection of mere  centers  of force can 
have  no ine r t i a " ,  Philosophy of the Inductive Sciences (2rid ed., 2 vols., London,  t 847), 
1, 433n, using this as an a rgumen t  against  B o s c o v I c m  
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which was, as he p u t  it ,  " m e r e l y  a collection of i m a g i n a r y  proper t ies  . . .  in a 
w a y  . . .  more  appl icab le  to  phys ica l  p roblems  t han  t h a t  in which a lgebraic  symbols  
alone are u s e d "  78. The  not ion  of the  lines of force forming a t ubu l a r  surface in fact  
was de r ived  f rom FARADAY 79, and  this  enabled  MAXWELL to o b t a i n  wha t  he called 
a "geome t r i c a l  m o d e l "  which def ined t i le mot ion  of the  fluid b y  d iv id ing  the  
space i t  occupied into  tubes.  The  tubes  were mere  surfaces d i rec t ing  the  mot ion  
of the  f luid which fi l led all space, and  the  forces were represen ted  b y  the  mot ion  
of the  fluid. This  was not  a phys ica l  r epresen ta t ion  of the  lines of force, and  the  
fluid was " n o t  even a hypo the t i c a l  f l u id"  bu t  mere ly  a collection of imag ina ry  
proper t ies  for the  expression of m a t h e m a t i c a l  theorems s°. In  this  pape r  MAXWELL 
was l imi t ing  his t heo ry  " t o  avoid  the  dangers  arising from a p r e m a t u r e  t heo ry  
professing to  expla in  the  cause of the  p h e n o m e n a " ,  bu t  his u l t ima te  a im was 
a t heo ry  in which "physical  facts  will be phys ica l ly  e xp l a ine d"  Sl. Thus,  this  mode  
of representa t ion ,  the  p r i m a c y  of lines of force, d id  no t  p rovide  a phys ica l  t heo ry  
of the  na tu re  of the  lines of force. 

Tile geometr ica l  model  was conceived wi th  reference to TI~OMSON'S represen ta -  
t ion  of the  ana logy  be tween  hea t  flow and  e lec t ros ta t ic  ac t ion  82, for though,  as 
MAXWELL remarked ,  " t h e  two subjec ts  will assume ve ry  different  a s p e c t s "  if 
the i r  resemblance  was pushed  too far, " t h e  m a t h e m a t i c a l  resemblance  of the i r  
laws will remain ,  and  m a y  sti l l  be made  useful in exci t ing  app rop r i a t e  ma the -  
ma t i ca l  ideas  ''s3. As he r e m a r k e d  in a d ra f t  of the  paper ,  he had  assumed a 
pu re ly  i m a g i n a r y  fluid because  "whi le  t i le  m a t h e m a t i c a l  laws of the  conduct ion  
of hea t  der ived  from the  idea  of hea t  as a subs tance  are a d m i t t e d  to  be true,  the  
t heo ry  of hea t  has been so modif ied  t h a t  we can no longer a p p l y  to  i t  t i le  idea  of 
subs tance  T M  , an  i l lus t ra t ion  of the  impor t ance  MAXWELL a t t a c h e d  to the  clear 
d i s t inc t ion  be tween  m a t h e m a t i c a l  and  phys ica l  ideas  sS. 

78 MAXWELL, Papers, 1, 160. 
79 FARADAY wrote tha t  the "power about  a magnet, which .. .  [was] worked in 

its direction by the lines of magnetic force, may  be considered as disposed in sphon- 
dyloids, determined by  the lines, or rather  shells of force", Electricity, 3, par. 327t. 
Thus, a magnet  was surrounded by  a "sphondyloid of power",  ibid., par. 3276. 
MAXWELL referred to FARADAY'S use of the word sphondyloid as defining a " tubu la r  
surface formed by  a system of such lines [of force] ", Papers, 1, 192. 

so Papers, 1, 160. 
sl Papers, 1, 159. 
82 WILLIAM THOMSON, "On the Uniform Motion of Heat  in Homogeneous Solid 

Bodies, and its Connection with the Mathematical  Theory of Electr ic i ty" ,  Cambridge 
Mathematical Journal, t842, 3, 7t--84.  Reprinted in Phil. Mag. 1854, 7, 502--515, 
and in W. THOMSON'S Reprint o/ Papers on Electrostatics and Magnetism (London, 
1872), 1--14. In  a let ter  of t 3 September 1855 MAXWELL informed THOMSON tha t  he 
had used THOMSON'S "allegorical representation of the case of electrified bodies by  
means of conductors of hea t" ,  Origins o/ Clerk Maxwell's Electric Ideas, t 7. 

sa Papers, 1, 157. 
8, "On Faraday ' s  Lines of Force" ,  U i . C .  Add. MSS. 7655, an early draf t  (see 

note 72). In  the Treatise he emphasized tha t  "while  we derive great  advantage from 
the recognition of the many analogies between the electric current and a current of 
material  fluid, we must  carefully avoid making any assumption not warranted by  
experimental  evidence" (§ 574), for while a fluid was a substance heat  was not a 
substance, and so "we must  be careful not  to let the one or the other analogy suggest 
to us tha t  electricity is either a substance like water, or a s tate of agitat ion like 
hea t "  (§ 72). Thus despite the analogy between the conduction of heat  and the con- 
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In  this  p a p e r  there  was no suggest ion of molecu la r i ty  or pa r t i cu la t e  action.  
This  can be seen from his t r e a t m e n t  of e lec t ros ta t ics  where posi t ive  and  nega t ive  
e lec t r ic i ty  was sa id  to  be on t i le surface of the  dielectric,  where the  lines of force 
en te red  and  emerged s6. In  the  Elementary Treatise, where his r ep resen ta t ion  was 
also based  on the  p r i m a c y  of lines of force, he re jec ted  this  t heo ry  of e lectrostat ics ,  
b u t  in " F a r a d a y ' s  L i n e s "  he followed the  r ep resen ta t ion  of e lec t ros ta t ics  of 
FARADAY'S la te r  period,  where,  t hough  the  ends of the  lines of force t e r m i n a t e d  
on charges,  there  was no condi t ion  ot po la r iza t ion  wi th in  the  tubes  of force. This  
t h e o r y  was qui te  a t  var iance  wi th  FARADAY'S earl ier  t heo ry  of molecular  polar i -  
zat ion,  where  each lille of force represen ted  a line of po lar ized  part ic les .  MAXWELL'S 
v iewpoin t  in "Faraday's L i n e s "  was one of the  p r i m a c y  of lines of force. 

A n  i m p o r t a n t  pa r t  of the  pape r  was his discussion of p a r a m a g n e t i s m  and  
d iamagne t i sm.  This  is pa r t i cu l a r ly  in te res t ing  because  of the  i m p o r t a n t  role the  
s t u d y  of d i amagne t i sm  had  in lead ing  FARADAY to asser t  the  p r i m a c y  of lines of 
force. MAXWELL discussed bo th  FARADAY'S and  WEBER'S theories  of d i amagne t -  
ism. WEBER h a d  a rgued  t h a t  there  was a difference be tween the  molecules of 
p a r a m a g n e t i c  and  d iamagne t i c  substances ,  and  his t heo ry  was based  on AMP~RE'S 
t h e o r y  t h a t  a m a g n e t  consis ted of molecules  wi th in  which electr ic cur rents  
c i rcu la ted  sT. WEBER suggested  t h a t  the  molecules  of d iamagne t i c  subs tances  
d id  no t  have  a n y  electr ic  cur rents  c i rcula t ing wi th in  t h e m  b u t  t h a t  such currents  
were induced b y  a magne t .  He  assumed  t h a t  "in the  single molecules,  or a round  
them,  closed pa ths  exis t  in which the  . . .  [electrical~ fluids can move  wi thou t  
res is tance ' 'ss. Accord ing  to WEBER, then,  cur rents  c i rcu la ted  wi th in  the  molecules 

duction of electricity, in which "flow of electricity corresponds to flow of h e a t "  
(§ 243) there were l imitat ions to the analogy, because the term " f low"  could not  
be applied in tile same way to electricity as to the case of the transmission of heat. 
Thus, the "difference between the phenomena consists in the fact tha t  bodies are 
capable of absorbing and emitt ing heat, whereas they have no corresponding proper ty  
with respect to electr ici ty" (§ 244). As he later pu t  it, "a set of electrified bodies 
placed in a perfectly insulating medium might remain electrified for ever",  Elementary 
Treatise, 53. For  another example of the analogy see Treatise, § 331. 

s5 THOMSON had discussed the mathematical  t rea tment  of lines of force ill a paper 
"On the Mathematical  Theory of Electr ici ty ill Equi l ibr ium",  Cambridge and Dublin 
Mathematical Journal, 1846, 1, 75--95, which was reprinted in Phil. Mag., 1854, 8, 
42--62, and in Reprint o/ Papers in Electrostatics and Magnetism (London, t872), 
15--37. The physical  conception of lines in force in this paper - -  which was wri t ten 
in 1845 - -  was tha t  of FARADAY'S earlier period, for only after 1845 did FARADAY 
assert tile pr imacy of lines of force, and abandon the theory of molecular polarization. 
Thus, THOMSON spoke of the propagation of electric action " b y  means of molecular 
action among the contiguous par t ic les"  of the dielectric, Reprint o] Papers on Electro- 
statics and Magnetism, 26, and of the polar i ty  of "every  por t ion"  of the dielectric ibid., 
32, though he argued tha t  a "phys ica l  hypothesis"  of the action should be avoided, 
ibid., 29. THOMSON discussed the analogy between heat  and electricity, ibid., 28f, and 
went on to discuss FARADAY'S notion of "curved lines of inductive act ion",  ibid., 30. 

s6 MAXWELL, Papers, 1, 177. 
sT See A. M. AMPERE, Mdmoires sur l'dlectrodynamique (2 vols., Paris, t 885--1887), 

1, 140, 214, 404. 
88 WILHELM WEBER, "On the Connexion of Diamagnetism with Magnetism and 

Electr ic i ty" ,  Scienti/ic Memoirs, Natural Philosophy, (ed.) J. TYNDALL & W. FRANCIS 
(London, t853), t66. Fi rs t  published as " l Jbe r  den Zusamrnenhang tier Lehre yon 
Diamagnetismus mi t  der Lehre yon dem Magnetismus",  Ann. Phys., t852, 87, 
145--189; in Wilhelm Webers Werke (6vols.,  Berlin, t892--1894), 3, 555--590. 
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of paramagnet ic  bodies bu t  not  wi thin  the molecules of diamagnet ic  bodies, and  

he argued tha t  paramagnet ic  and  diamagnet ic  bodies exhibited opposite polarities 
under  the same condit ions of induct ion,  as the currents  in the paramagnet ic  mole- 
cules circulated in  the opposite direction to the induced currents  in diamagnet ic  
molecules s9. Thus,  polar i ty  as a state of the molecules of ma t t e r  was an essential 
feature of WEBER'S theory, and  for this reason the theory had been rejected by  
FARADAY. 

Now, in t855 - -  the year in  which MAXWELL wrote the paper  " O n  Faraday ' s  
Lines of Force"  - -  the quest ion of the polar i ty  of diamagnet ics  had been the 
subject  of TYNDALL'S Baker ian lecture published tha t  year 9°, in  which TYNDALL, 
while regarding WEBER'S theory as so "art i f icial  ...  t ha t  the general convict ion 
of its t ru th  cannot  be very strong ''91, had nevertheless concluded tha t  "the 
diamagnetic/orce is a polar force, the polarity o/ diamagnetic bodies being opposed 
to that o/paramagnetic ones under the same conditions o/excitement"9~. As TYNDALL 
made quite clear 93 his conclusion was in  contradict ion to the theory  FARADAY was 

so See WILHELM WEBER, " l ]ber  die Erregung und Wirkung des Diamagnetismus 
nach den Gesetzen inducirter Str6me, Ann. Phys., 1848, 73, 241--256 (Werke, 3, 
255--268); "On the Excitation and Action of Diamagnetism according to the Laws 
of Induced Currents", Scienti]ic Memoirs, (ed.) R. TAYLOR (London, t 852), 5, 477--488. 
WEBER argued that  whereas the effects of diamagnetism could be explained either 
by ANP±RE'S molecular currents or by magnetic fluids, the causes of diamagnetism 
could only be explained by supposing the currents were induced on diamagnetizing 
the body. Because the induction effects of paramagnetics and diamagnetics were 
opposite, the currents in diamagnetics were the reverse of those in paramagnetics. 
Thus, the molecular currents - -  or magnetic fluids - -  could not have existed previously 
in the diamagnetic bodies, for under the same conditions of induction a magnet could 
not align existing currents or fluids in paramagnetics one way and those in diamag- 
netics the other. The currents already existed in the molecules of paramagnetics but  
were induced in the molecules of diamagnetics, ibid., 486, and the difference between 
paramagnetics and diamagnetics arose because a magnetic force " tends to give such 
a direction to an existing current that  its course is exactly opposed to that  of a current 
induced b y "  the magnetic force, ibid., 488. 

9o JOHN TYNDALL, "On the Nature of the Force by which bodies are repelled 
from the poles of a magnet",  _Phil. Trans., 1855, 145, 1--51. Reprinted ill TYNDALL, 
Researches on Diamagnetism and 3¢agnecrystallic Action, including the question o[ 
Diamagnetic Polarity (London, t870), 89--153. 

91 TYNDALL, Researches on Diamagnetism, 138. 
~2 Ibid., 135. In  a later paper "Fur ther  Researches on the Polarity of the Dia- 

magnetic Force", Phil. Trans., 1856, 146, 237--259, he stated that  "diamagnetic 
polarity ... [may be considered? among the most firmly established truths of science", 
Researches on Diamagnetism, 179. He went on to discuss magnecrystallic action in a 
paper "On the Relation of Diamagnetic Polarity to Magne-crystallic Action", Phil. 
Mag., 1856, 11, 125--137, arguing that  by assuming diamagnetic polarity magne- 
crystallic action could be explained, and so " the  whole domain of magnecrystallic 
action is thus transferred from a region of mechanical enigmas to one in which our 
knowledge is as clear and sure as it is regarding the most elementary phenomena of 
magnetic action ", Researches on Diamagnetism, 198. 

93 TYNDALL pointed out that  his conclusions indicated that  FARADAY'S first theory 
of diamagnetism - -  based on polarity - -  was the true one, Researches on Diamagnetism, 
137. FARADAY had at first concluded that  " an  explanation of the movements of the 
diamagnetic bodies, and all the dynamic phenomena consequent upon the actions of 
magnets upon them, might be offered in the supposition that  magnetic induction 
caused in them a contrary state to that  which it produced in magnetic mat ter" ,  
Electricity, 3, par. 2429. 
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p ropos ing  a t  t h a t  t ime.  I n  fact ,  FARADAY h a d  sub jec ted  the  whole quest ion to 
a renewed discussion in h i s "  Some Po in t s  of Magnet ic  P h i l o s o p h y "  which a p p e a r e d  
in  the  Philosophical Magazine in 1855 "4, and  the  p rob lems  of po l a r i t y  and  
FARADAY'S t h e o r y  of magne t i sm  as the  p ropens i t y  of a b o d y  to conduct  lines of 
force re la t ive  to  the  su r rounding  m e d i u m  were discussed in a series of le t te rs  
be tween  TYNDALL, FARADAY, THOMSON, and  WEBER, which were publ i shed  in the  
Philosophical Magazine °5. 

MAXWELL'S in teres t  in th is  p rob lem can be seen f rom le t te rs  to  THOMSO/q of 
th is  per iod  °6, and  in his pape r  he expressed  a clear  preference for FARADAY'S 
t h e o r y  though  wi thou t  commi t t i ng  himself  def in i te ly  to it, no t ing  t h a t  "as the  
t heo ry  of lines of force admi t s  of the  mos t  precise, and  a t  the  same t ime  leas t  
theore t ic  s t a t e m e n t  we shal l  al low it  to  s t a n d  for the  present"9~. Since he based  
his t h e o r y  on l ines of force, i t  was " less  t h e o r e t i c "  to  m a i n t a i n  this  app roach  
r a the r  t h a n  to  in t roduce  new concepts .  Thus,  his r ep resen ta t ion  of magne t i sm is 
qui te  in accordance  wi th  the  conceptua l  p ic ture  he a dop t e d  in this  paper ,  the  
p r i m a c y  of lines of force, and  his fai lure to  commi t  himself  f i rmly  on the  quest ion 
of magne t i sm  was on ly  due, as he emphas ized ,  to his belief t h a t  insuff icient  
exper imen t s  had  been pe r fo rmed  to render  any  theory  more  t han  hypo the t i ca l .  

The  second pa r t  of " F a r a d a y ' s  L ines "  was given over  to  a t r e a t m e n t  of 
FARADAY'S concept  of the  e lect rotonic  s ta te .  This  concept  was used b y  FARADAY 
to represent  a condi t ion  of e lectr ical  tens ion  of ma t t e r ,  and  was associa ted  wi th  
his ear l ier  phys ica l  v iewpoin t  of pa r t i cu l a t e  polar iza t ion.  However ,  FARADAY 
regarded  the  e lect rotonic  s t a t e  as an  a l t e rna t ive  to  lines of force, and  MAXWELL 
referred to th is  bo th  in "Faraday's  Lines"  08 and  in the  Treatise, where he r e m a r k e d  
t h a t  FARADAY found  he could dispense wi th  the  e lec t ro tonic  s t a t e  b y  a m e t h o d  

~ FARADAY, "On some Points of Magnetic Philosophy",  Phil. MAR., 1855, 9, 
81--1 t3 (Electricity, 3, par. 3300--3362). 

95 TYNDALL, "On the Existence of a Magnetic Medium in Space",  Phil. MAR., 
1855, 9, 205--209; FARADAY, "Magnetic  Remarks" ,  ibid., 253--255; THOMSON, 
"Observat ions  on the 'Magnetic Medium'  and on the Effects of Compression", ibid., 
290--293; WEBER, "On  the Theory of Diamagnet ism",  ibid., 1855, 10, 407--4t0.  
These letters were reprinted in TYNDALL, Researches on Diamagnetism, 213--229. 
TYNDALL and FARADAY re-stated their  representations of diamagnetism, and THOMSON 
supported FARADAY. WEBER defended his theory of diamagnetic polar i ty  against  
TYNDALL'S remark as to its art if iciali ty by  claiming tha t  his theory was not  an 
"a rb i t r a ry  assumption" ,  but  w a s "  a necessary conclusion from the theory of Ampere" ,  
ibid., 227. 

96 In a let ter  to THOMSON of t 7 December t 856 MAXWELL remarked t h a t "  Tyndal l ' s  
paper  on Diamagnetism is sa t isfactory" ,  Origins o/Clerk Maxwell's Electric Ideas, 30, 
presumably referring to TYNDALL'S papers of t ha t  year  (see note 92). In  a let ter  of 
22 February  1856 he asked "Do  you th ink my paper  on Fa raday ' s  lines too long for 
the Phil. Mag. ? I would like to pu t  i t  in because F a ra da y  reads i t  and so does Tyndal l " ,  
ibid., 25, and he may  well have wanted TYNDALL to see his t rea tment  of diamagnetism. 
In  a let ter  of the same date  to G. G. STOKES he asked the same question as to the 
sui tabi l i ty  of his paper  for the  Phil. Mag., and again said tha t  " I  want  to get Tyndal l  
and Fa raday  to read i t " ,  J. LARMOR (ed.), Memoir and Scienti/ic Correspondence o/ 
the Late Sir George Gabriel Stokes, Bart. (2 vols., Cambridge, 1907), 2, 4. 

92 M A X W E L L ,  Papers, 1, 180. 
99 MAXWELL, Papers, 1, t 88, referring to FARADAY, Electricity, 3, par. 3269. 
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"which, in FARADAY'S hands, was far more powerful"99: "by means of con- 
siderations founded on the lines of magnetic force ''1°°. Thus, MAXWELL coi1- 
sidered the electrotonic state as an alternative to lines of force; as he put it in 
"Faraday's Lines", the electrotonic state was "measured by the number of these 
lines ''1°1. However, he regarded the electrotonic state as expressing a "physical 
truth" about a "state of bodies ''~°~, but pointed out that he used the electrotonic 
state because "it reduces to one principle not only the attraction of currents . . .  
but also the attractior~ of electrified bodies without any new assumption" ~o~. The 
electrotonic state enabled the consideration of the number of lines of force passing 
through a point to be avoided in favour of determining the electrical condition at 
the point by means of functions at the point. The electrotonic state provided 
"the means of avoiding the consideration of the quantity of the magnetic induction 
Ethat is, the number of lines of force] which passes through the circuit. Instead of 
this artificial method we have the natural one of considering the current with 
reference to quantities existing in the same space with the current itself ''~°~. 
Nevertheless, though he made it clear that the electrotonic state expressed a 
physical truth, he emphasized that his representation of the electrotonic state 
"illvolves no physical theory, it is only a kind of artificial notation ''~°5. From 
these remarks it seems that in "Faraday's Lines" MAXWELL employed the electro- 
tonic state merely as a means of providing a mathematical  representation of the 
lines of force, and that he did not replace the lines of force by the electrotonic state. 
Thus, the lines of force were the fundamental physical entities, and by-passing 
them in this way by the electrotonic state did not imply the abandonment of his 
viewpoint of the primacy of lines of force. 

99 MAXWELL, Treatise, § 541. 

100 MAXWELL, Treatise, § 540. 

lol Papers, 1, 187. T he  w ay  in w h i c h  the  e lec trotonic  s ta te  w a s  equ iva len t  to 
representat ion  b y  the  l ines of  force can be seen from a s t a t e m e n t  later in the  paper  
where  he argued t h a t  the  "electro-tonic  in tens i ty  . . .  measures  . . .  the  n u m b e r  of l ines 
of magne t i c  force",  ibid., 206. 

lo2 Ibid., 187. 

103 MAXWELL tO THOMSON, t 3 S e p t e m b e r  1855, Origins o] Clerk Maxwell's Electric 
Ideas, ~8. I n  " F a r a d a y ' s  L ines"  MAXWELL s ta ted  tha t  " t h e  recogni t ion  of  cer- 
ta in  m a t h e m a t i c a l  funct ions  as express ing  the  ' e lec tro- tonic  s ta te '  of F a r a d a y . . .  
is, as far as I am aware,  original;  bu t  the  d i s t inct  concept ion  of the  poss ib i l i ty  of the  
m a t h e m a t i c a l  express ions  arose in m y  mind  from the  perusal  of Prof. W.  T h o m s o n ' s  
papers" ,  Papers, 1, 209, and one of the papers  m e n t i o n e d  w a s  THOMSON'S " M a t h e -  
ma t i c a l  T h e o r y  of M a g n e t i s m " ,  Phil. Trans., t 85t ,  141, 243 - -285  (Reprint o/ Papers 
on Electrostatics and Magnetism, 3 4 1 - - 4 0 4 ) ,  and in part icular  MAXWELL ment ioned  
Art ic les  78 ft., where  THOMSON in troduced  quant i t i e s  F,  G, H wh ich  " a r e  three  func-  
t ions  to  a ce r t a in  e x t e n t  a r b i t r a r y " ,  Reprint o[ Papers, 402. He  def ined  F,  G, H in 
terms of  "~ ,  /3, ~ . . . .  the  c o m p o n e n t s  of  the  in tens i ty  of m a g n e t i z a t i o n " ,  ibid., 384, 

dH dG dF dH dG dF 
writ ing  ~ =  dy -- d z"  f l~  dz dx ' ~--  dx d y '  ibid., 402. MAXWELL WaSto 

use this  m e t h o d  in his  later work:  see Papers, 1, 476, 556; and Treatise, § 59t (see 
no te  122). 

10~t MAXWELL, Papers, 1, 203. 

lo~ Ibid., 205. 

t4 Arch. Hist. Exact SoL, Vol. 6 
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IV 

The programme of MAXWELL'S second paper  on electromagnetism, "On  
Physical  Lines of Force"  (1861/62)1% was foreshadowed in "Faraday's  Lines"  
when he declared his i n t en t ion  of achieving a "mechanical concept ion"  107 of the 
electrotonic state. The physical na tu re  of the lines of force remained undef ined 
in  "Faraday's  Lines" ,  b u t  his a t t empt  to develop a physical explana t ion  of the 
na tu re  of lines of force in  "Physical Lines"  was to lead h im to a radical  a l terat ion 
in  his conceptual  viewpoint.  I n  t857 he told FARADAY tha t  the extension of 
FARADAY'S theory involved "questions relat ing to the connexion between nlag- 
neto-electr ici ty and  cer ta in  mechanical  effects which seem to me to be opening 
up quite  a new road to the es tabl ishment  of principles in  electricity and  a possible 
conf i rmat ion of the physical na tu re  of magnet ic  lines of force. Professor W. Thom-  
son seems to have some new lights on this subject  ' ' l°s. He was referring to a 
recent ly  publ ished paper  of THOMSON'S in  which FARADAY'S discovery of the 
ro ta t ion  of the plane of polarizat ion of polarized light b y  magnets  1°9 was explained 
by  a theory of magne t i sm as the ro ta t ion  of molecular vortices in  a fluid ether 1.°. 

10~ MAXWELL, "On Physical Lines of Force", Phil. Mag., 1861, 21, 161--t75, 
28 i - -29 t ,  338--348; ibid., 1862, 23, 12--24, 85--95 (Papers, 1, 451--513). 

107 MAXWELL WrOte that  "by  a careful study of the laws of elastic solids and of 
the motions of viscous fluids, I hope to discover a method of forming a mechanical 
conception of this electro-tonic state adapted to general reasoning", Papers, 1, 188, 
referring to THOMSON'S paper "On  a Mechanical Representation of Electric, Magnetic, 
and Galvanic Forces", Cambridge and Dublin Math. Journal, t 847, 2, 61--64 ; Mathe- 
matical and Physical Papers (6vols., Cambridge, t882--1912), 1, 76--80. The fact 
that  THOMSON had attempted to represent electric and magnetic forces by means of 
a mechanical medium clearly had an effect on MAXWELL, in his a t tempt  to represent 
the nature of the lines of force, as he indicated in "Physical Lines"(Papers, 1, 453). 
When THo~aso?,- was working on this paper he wrote a remarkable letter to FARADAY, 
which could well have served to set out MAXWELL'S own programme in "Physical 
Lines". THo~asoN wrote tha t  " I  enclose the paper which I mentioned to you as giving 
an analogy for electric and magnetic forces, by means of the strain propagated through 
an elastic solid. ~vVhat I have written is merely a sketch of the mathematical analogy. 
I did not venture event to hint  at the possibility of making it the foundation of a 
physical theory of the propagation of electric and magnetic forces, which, if established 
at all, would express as a necessary result, the connection between electrical and 
magnetic forces, and would show how the purely statical phenomenon even of mag- 
netism may originate either from electricity in motion, or from an inert mass such 
as a magnet. If such a theory could be discovered, it would also, when taken in con- 
nection with the undulatory theory of light, in all probability explain the effect of 
magnetism on polarized light", THOMSON tO FARADAY 1t J u n e  t847, letter at the 
Inst i tut ion of Electrical Engineers, London. In  S. THOMPSON, The Li/e o/ William 
Thomson (2 vols., London, t9t0), 1, 203f. 

10s MAXWELL to Faraday, 9 November 1857, letter at the Inst i tut ion of Electrical 
Engineers (see note 76). 

109 FARADAY, Electricity, 3, par. 2146---2t87, 2221--2229. 
110 W. TI~OMSON. "Dynamical Illustrations of the Magnetic and Helicoidal Rotary 

Effects of Transparent  Bodies on Polarized Light",  Phil. Mag., 1857, 13, t 98--204. 
MAXWELL wrote to inform THOMSON about "Physical Lines" on 10 December 1861, 
stating that  "'I have been trying to develop the dynamical theory of magnetism as 
an affection of the whole magnetic field according to the views stated by you",  
referring to this paper in the Phil. Mag., Origins o/Clerk Maxwell' s Electric Ideas, 34. 
I t  was this paper of TI~oMso~'s rather than the t 847 paper on the strain of an elastic 
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The requirement of formulating a physical theory of the nature of the lines of force 
led MAXWELL to a re-assessment of the place of lines of force in his theory, for in 
"Physical Lines" he supposed that in a magnetic field the medium was in rotation 
about the lines of magnetic force, the rotation being performed by molecular 
vortices having their axes parallel to the lines of force. The magnitude of the mag- 
netic force at each point was equal to the velocity of the outermost portion of the 
vortices, and its direction to that of the axis of the vortex m. Thus, in "Physical 
Lines" MAXWELL did not refrain from speculating as to the nature of the lines 
of force; but by the introduction of the vortical mechanism to explain their nature, 
the lines of force had lost their primacy. Though MAXWELL spoke of t h e "  polarity" 
of the lines of force n2 there was no explicit suggestion that he meant more by 
this than he had meant in "Faraday's Lines" in using the same term: that is, 
to express the direction of the lines of force. However, by introducing the vortices 
to provide a physical representation of the lines of force he had not only departed 
from the geometrical model and the primacy of lines of force of "Faraday's Lines", 
but he had also begun to move away from the concept of polarity of that paper. 
He stated that the vortices possessed polarity, and the "polarity" of the lines of 
force was represented by means of the polarity of the vortices which constituted 
them. Since each of these possessed polarity, each element of the line had acquired 
a separate polarity. There was no suggestion of this in "Faraday's Lines", where 
there was no condition of polarity within the lines of force. Thus, he had taken a 
step towards the abandonment of the concept of polarity of "Faraday's Lines", 
for polarity now implicitly expressed a state of the lines of force, not merely their 
direction. However, in this first part of the paper, published in the March t 861 
issue of the Philosophical Magazine uS, MAXWELL adhered to FARADAY'S theory 
of paramagnetism and diamagnetism ~4. Lines of force were therefore no longer 
the fundamental entities, but in seeking to explain the physical nature of the lines 
of force by the hypothesis of molecular vortices MAXWELL had done more than 

solid (see note 107) which was to provide MAXWELL with a crucial physical model, 
though he did refer to the t 847 paper in "Physical Lines" (Papers, 1, 453). THOMSON 
argued that "the magnetic influence on light discovered by Faraday depends on 
the direction of motion of moving particles", Phil. Mag., 1857, 13, t99, and he con- 
cluded that magnetism possessed a rotatory character, referring to "Mr. Rankine's 
hypothesis of 'molecular vortices'", ibid. I:~ANKINE had suggested a vortical atomic 
model to explain heat effects, the planar vortices possessing circular motion: W. J. M. 
~.ANK1NE, "Ol l  the Centrifugal Theory of Elasticity and Applied to Gases and Va- 
pours", Phil. Mag., 1851, 2, 509--542, and "On the Mechanical Action of Heat, 
especially in Gases and Vapours", Transactions o] the Royal Society o] Edinburgh, 
1853, 20, 147--t90. 

111 MAXWELL, Papers, 1, 467f. 
11~ Ibid., 454f. MAXWELL spoke of the lines of force as being "dipolar". In the 

Treatise he distinguished "dipolarity" from "unipolarity", the latter being the 
polarity associated with the polarization of particles (# 381 and footnote). Thus, he 
did not associate "the dipolar character of the line of force", Papers, 1, 455, with 
molecular polarization. I will argue that MAXWELL'S thought was to undergo a trans- 
formation during the composition of "Physical Lines", and this can be seen from 
the fact that in the first part of this paper he stated that "every vortex is essentially 
dipolar", ibid., not, at this stage, explicitly moving towards a concept of polarization 
in accord with FARADAY'S early view (see below). 

113 MAXWELL, Phil. Mag., t861, 21, 161--175 (Papers, 1, 45t--466). 
m Papers, 1, 461. 

t4" 



t 90 P . M .  HEIMANN : 

a b a n d o n  the  p r i m a c y  of lines of force; he h a d  begun  to move a w a y  from the  
concept  of po l a r i t y  associa ted  wi th  the  lines of force model ,  and  this  was to  lead  
h im to a new conceptua l  v iewpoint .  

I n  the  second pa r t  of the  paper ,  which was publ i shed  in the  Apr i l  and  May 
number s  of the  P h i l o s o p h i c a l  M a g a z i n e  115, he a t t e m p t e d  to expla in  the  t rans-  
mission of ro t a t i on  in the  same di rec t ion  f rom vo r t ex  to vor tex ,  and  the  occurrence 
of electr ic  currents .  H e  sugges ted  t h a t  cont iguous  vor t ices  were s epa ra t ed  b y  a 
l ayer  of spher ica l  par t ic les  each revolv ing  on i ts  own axis in the  oppos i te  d i rec t ion  
to the  ne ighbour ing  vort ices  us. This  was the  hypo thes i s  of " i d l e  wheels" ,  and  if 
ad j acen t  vor t ices  were no t  revolv ing  a t  the  same ra te  the  idle wheel  par t ic les  
would  acquire  a t r a n s l a t o r y  mot ion ;  the  flow of these par t ic les  cons t i tu t ed  the  
electr ic current ,  and  the  t angen t i a l  pressures  resul t ing cor responded  to the  
e lec t romot ive  force. As MAXWELL m a d e  clear th is  mode l  was " p r o v i s i o n a l  ' '~7 

a n d  " m a y  appea r  somewha t  awkward .  I do no t  b r ing  i t  fo rward  as a mode  of 
connexion exis t ing in na ture ,  or even as t h a t  which I would  assent  to  as an elec- 
t r ica l  hypo thes i s  ' '~s ,  b u t  he sugges ted  i t  mere ly  for heur is t ic  purposes.  On the  
o ther  hand ,  he considered t h a t  the  t heo ry  of molecular  vor t ices  in the  first  pa r t  
of the  pape r  was p r o b a b l y  t rue  11s. 

The  w a y  in which  the  a b a n d o n m e n t  of the  p r i m a c y  of lines of force and  the  
r ep lacemen t  of this  mode l  b y  a mechan ica l  r ep resen ta t ion  of the  lines b y  the  molec- 
u lar  vor t ices  affected MAXWELL'S conceptua l  f r amework  can be seen in his 
t r e a t m e n t  of the  e lect rotonic  s t a t e  in th is  pa r t  of the  paper ,  for here he def ined 
the  e lect rotonic  s t a t e  in t e rms  of the  mot ion  of the  vort ices.  H a v i n g  exp la ined  the  
e lec t romot ive  force in t e rms  of the  forces exer ted  b y  the  vor t ices  on the  par t ic les  
be tween  t h e m  ~° he def ined the  e lec t romot ive  force as the  t ime  ra te  of change of 
the  e lec t ro tonic  s t a t e m ;  the  magne t i c  force was also expressed in t e rms  of the  

115 Phi l .  Mag. ,  186t, 21, 28t--291,  338--348 (Papers,  1, 467--488). 
118 Papers ,  1, 468. 
117 Ibid.  
11s Ibid. ,  486. 
110 MAXWELL stated tha t  he wished to separate " b y  way of provisional answer" 

his explanation of the method of rotat ion of the vortices, from " the  mechanical de- 
duct ions"  which resolved the question of condition of the medium by  supposing a 
state of stress in the medium " a n d  the hypothesis of vortices which gave a probable 
answer"  to the question of the cause of this stress, ibid., 468. 

~o Ibid. ,  475. The velocity of the  vortices was given by  e, /~, 7 (the magnetic 
dQ d R  #dot 

force), and the electromotive force P,  Q, R was defined by  equations d z d y d t ' 

d R  d P  l~d~ and d P  d o / ,d7 where/~ was the magnetic inductive capa- 
d x  dz  --  dt  ' d y  d x  dt  ' 

city, to be defined in the Treatise by B = #  H (§ 6t4), where B was the magnetic induction 
and H the magnetic force (in component notat ion:  c~, /~, 7). In  vector notation, 
MAXWELL was writing the relation h = c u r l E ,  tha t  is, " F a r a d a y ' s  Law" ,  which 
relates the t ime rate  of change of magnetic induction (B) to the electromotive force (g). 

121 Tile electromotive force P,  Q, R was defined in terms of quantit ies F,  G, H:  
d F  dG d H  

P = ~ - ,  Q = ~ - ,  R = ~ - .  MAXWELL def ined"  the quantities, F,  G, H as the resolved 

parts  of tha t  which Fa raday  has conjectured to exist, and has called the eleclrolonic 
s tale",  ibid., 476. MAXWELL clearly derived these symbols from THOMSON'S 1851 paper, 
and he was to use them (see note 122) in a similar way to THOMSON (see note 103). 
In  vector notation, MAXWELL WaS writing g = / i ,  where A is the vector potent ia l  
(electrotonic state). 
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electrotonic state lz2. The electrotonic state had quite a different role in "Physi- 
cal Lines" than in "Faraday's Lines" where the lines of force were the funda- 
mental entities. In "Physical Lines" MAXWELL regarded the molecular vortices 
as the real entities, and these determined the nature of the lines of force. In 
expressing the relations for the magnetic and electromotive forces in terms of the 
electrotonic state MAXWELL related the electrotonic state to the molecular vor- 
tices, for the magnetic and electromotive forces were themselves defined with 
respect to the molecular vortices. 

The radical nature of this change in conceptual viewpoint can be seen from 
the third part of the paper, concerned with electrostatics, which was published in 
January 1862123. From his correspondence it is clear that  this paper was not 
complete until the autumn of t 86t 124, about six months after Part  II  appeared 
in print. In his theory of electrostatics he proposed a different model of the ether. 
Instead of a hydrodynamic model he used a model of an elastic solid in which the 
ethereal substance formed spherical cells endowed with the property of elasticity, 
the cells being separated by electric particles which by their action on the elastic 
substance of the cells would distort the cells. Thus, the effect of an electromotive 
force was to distort the cells by a change in position of the electric particles, and 
call into play an elastic force. As he put it: 

"According to our hypothesis, the magnetic medium is divided into cells, 
separated by partitions formed of a stratum of particles which play the part 
of electricity. When the electric particles are urged in any direction, they will, 
by their tangential action on the elastic substance of the cells, distort each 
cell, and call into play an equal and opposite force arising from the elasticity 
of the cells. When this force is removed the cells will recover their form, and 
the electricity will return to its former position ''125 

MAXWELL pictured the distortion of the cell as a displacement of electricity 
within each molecule in a given direction, the effect over the whole dielectric 
being to produce"  a general displacement of the electricity in a given direction"l~. 
This then was the origin of the central concept of displacement, and it had a 
crucial significance on his mode of representation, for as he did not fM1 to em- 
phasize, "electromotive force acting on a dielectric produces a state of polarization 
of its parts similar in distribution to the polarity of the particles of iron under the 
influence of a magnet, and, like the magnetic polarization, capable of being 

dG d H  
1~ MAXWELL defined the  magnet ic  force a, fl, y by  equat ions  dz dy  - - #  o:, 

dH  dF dF dG 
dx dz =#fl"  and dy dx  ~-#~'  ibid. In  vec tor  notat ion,  B = c u r l A ,  where 

B = # I t  (see note  t20). 
123 MAXWELL, Phil. Mag., t862, 23, 12--24 (Papers, 1, 489--502).  
124 MAXWELL wrote to Faraday on t9 October 186t (letter at the Institution of 

Electrical Engineers), CAMPBELL & OARNETT, (Li/e o/ Maxwell (2nd ed., 1884), 
243--245,  and to THOMSON on 1 0 December  1861, Origins o/ Clerk Maxwell ' s  Electric 
Ideas, 34f., informing them t h a t  he had worked out  this par t  of the  paper  in the  
country,  t h a t  is, dur ing the  summer,  which he spent  at  Glenlair. 

125 MAXWELL, Papers, 1, 49;2. Disp lacement  was conceived in te rms  of the  change 
of posi t ion of the  electric particles. 

126 Ibid., 491. 
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descr ibed  as a s t a t e  ill which eve ry  par t ic le  has  i ts  poles in opposi te  conditions"l~7. 
Thus,  d i sp lacement  was in t roduced  as a model  for dielectr ic  po lar iza t ion  l"s, and  
MAXWELL had  now m o v e d  qui te  exp l ic i t ly  to  a view in which polar iza t ion  was 
descr ibed  as a s ta te  in which oppos i te  pa r t s  of a par t ic le  were in opposi te  con- 
di t ions.  Therefore  in P a r t  I I I  of the  p a p e r  he m o v e d  even fur ther  away  from 
FARADAY'S t h e o r y  of the  p r i m a c y  of lines of force; no t  only  d id  he represent  lines 
of force b y  means  of molecular  vort ices,  b u t  now he ful ly  accepted  a t heo ry  of 
molecular  polar iza t ion ,  a t h e o r y  qui te  con t r ad i c to ry  to the  v iewpoin t  o f "  F a r a d a y ' s  
L ines" .  H a v i n g  begun  "Physical Lines"  wi th  an a t t e m p t  to enr ich the  model  of 
"Faraday's  Lines"  b y  expla in ing  the  phys ica l  na tu re  of the  lines of force, wi th  
th is  comple te  change in his t h e o r y  of the  na tu re  of dielectr ic  po la r iza t ion  he h a d  
comple t e ly  a b a n d o n e d  the  v iewpoin t  of the  earl ier  paper .  In  a t t e m p t i n g  to achieve 
a consis tent  r ep resen ta t ion  b y  a mechanica l  mode l  he had  r e tu rned  to  ~'ARADAY'S 
a b a n d o n e d  posi t ion.  His  bas ic  f ramework  was now par t i cu la te ,  and  the  funda-  
men ta l  concepts  in "Physical Lines"  were the  molecular  vor t ices  and  displace-  
ment ,  conceived as a po la r iza t ion  of the  molecules of the  dielectric.  Po la r iza t ion  
was def ined qui te  unambiguous ly ,  here again  re la t ing  to FARADAY'S earl ier  
thought .  

I t  was in th is  pa r t  of the  pape r  t h a t  MAXWELL achieved his first  der iva t ion  
of t he  t h e o r y  of l ight ,  a de r iva t ion  in which his mechanica l  model  of the  e ther  
and  his re la t ion  be tween  e lec t romot ive  force and  d i sp lacement  p l ayed  a v i t a l  
role 1~9. He  assumed  the  e ther  was an  elast ic  solid, and  ca lcu la ted  the  ve loc i ty  
of p ropaga t i on  of t ransverse  d i s tu rbances  th rough  it,  f inding t h a t  the  va lue  
agreed wi th  the  va lue  for the  ve loc i ty  of l ight .  He  wrote  t h a t  he could "scarcely 
avo id  the  inference t h a t  light consists in the transverse undulations o/ the same 
medium which is the cause o] electric and magnetic phenomena" 13o. 

12~ Ibid. In vector notation, MAXWELL gave the relation between the electromotive 
force E and the displacement D, as E=--49zE2D where E is a constant  varying 
with the nature of the dielectric. 

l~s This has been noted by  PIERRE DUHEM, Les thdories dlectriques de J. Clerk 
Maxwell (Paris, 1902), 110--1 t 3, and by  JOA~ BRO~BERG, "Maxwell ' s  Displacement 
Current and His Theory of Light" ,  Arch. Hist. Ex. Sci., 1968, 4, 220. 

139 In his derivation of a wave-equation the key role was the double interpretat ion 
of the equat ion/~ = --4 =E~D as an equation of elasticity and as an electrical equation. 
Thus, E is an electromotive force in the direction of the displacement, and an elastic 
restoring force opposite to it. This dual  meaning was related to his physical  model, 
and when he abandoned the mechanical ether model in "Dynamica l  Theory"  the 
elastic restoring force did not  appear  and the negative sign in the equation - -  which 
he had been able to retain by  an error in one of his proofs - -  disappeared. See JoA~ 
BROMBERG, 0p. Cir. (note 128), 218--234. 

1~0 MAXWELL, Papers, 1, 500. MAXWELL formulated his theory of light without  
being aware of a paper  b y  W. WEBER &IR. KOHLRAUSCH, "Elect rodynamische Maas- 
bestimmungen, insbesondere Zuriickftihrung der Stromintensit~itsmessungen auI me- 
ehanisches Maass" (1857), Wilhelm Webers Werke, 3, 609--676, in which the ratio 
between the electrostatic and electrodynamic units of charge was determined. This 
ratio has the dimensions of a velocity, the velocity of propagat ion of electric action. 
WEBER'S constant  referred to electrodynamic rather  than  electromagnetic units, 
and so his rat io came out as V2 × the velocity of light, That  MAXWELL was unaware 
of this paper  is clear from a let ter  to FARADAY of 19 October 1861 in which he s tated 
tha t  "I  have determined the velocity of propagat ion of transverse vibrat ions ... 
The coincidence [between velocities~ is not  merely numerical. I worked out  the 
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MAXWELL gave FARADAY an account  of his concept  of molecular  polar iza t ion  
and  the  d i s to r t ion  of the  cells of the  m e d i u m  in a le t te r  in October  t 861, wr i t t en  
before the  pape r  was publ ished,  and  informed h im t h a t  " I  t h ink  I have  been able 
to  get  hold  of some of your  ideas,  such as the  e lectrotonic  s ta te ,  ac t ion of cont iguous 
par ts ,  etc. ,  and  m y  chief objec t  in wr i t ing  to you  is to ascer ta in  if I have  got  the  
same ideas  which led you to see your  w a y  into  things,  or whe the r  I have  no r ight  
to call  m y  not ions  b y  your  n a m e s "  131 This l e t te r  seems to indica te  t h a t  MAXWELL 
wished to tes t  FARADAY'S reac t ion  to his r e tu rn  to  FARADAY'S a b a n d o n e d  con- 
cep tua l  viewpoint .  In  the  l e t t e r  there  was no ment ion  of lines of force; the  electro- 
tonic  s ta te  and  the  ac t ion  of cont iguous pa r t s  were l i s ted  as being concepts  which 
MAXWELL had  employed  and  der ived  f rom FARADAY. FARADAY'S reac t ion  remains  
unknown.  

I n  the  same le t t e r  he to ld  FARADAY t h a t  he h a d  not  f o u n d "  any  de t e rmina t i on  
of the  ro t a t ion  of the  plane of po lar iza t ion  b y  magne t i sm in which the  absolu te  
i n t ens i ty  of magne t i sm  a t  the  place of the  t r a n s p a r e n t  b o d y  was given. I hope to  
f ind such a s t a t e m e n t  b y  searching in l ibraries,  b u t  perhaps  you m a y  be able to 
p u t  me on the  r ight  t r a c k " .  FARADAY pencil led the  name " V e r d e t "  to  this,  for 
VERDET had  shown t h a t  the  ro ta t ion  was p ropor t iona l  to the  magne t i c  force lz2, 
and  this  p rob lem was considered in de ta i l  b y  MAXWELL in the  four th  pa r t  of his 
paper ,  publ i shed  in the  F e b r u a r y  t862 issue of the  Philosophical Magazine 133. 
A full account  of all  th is  - -  much  as i t  appea red  in the  publ i shed  pape r  - -  was 
given b y  MAXWELL ill a l e t t e r  to THOMSON in December  t 861134, and  bo th  in th is  
l e t t e r  and  in the  publ i shed  pape r  an even more  i m p o r t a n t  resul t  of VERDET'S was 
discussed,  his d iscovery  t h a t  pa ramagne t i c  and  d iamagne t i c  subs tances  r o t a t e d  
the  p lane  of po la r iza t ion  of polar ized l ight  in opposi te  direct ions x35. MAXWELL 

formulae in the country before seeing Weber 's  number ... and I think we have now 
strong reason to believe, whether my theory is a fact or not, tha t  the lurniniferous 
and electromagnetic medium are one" (see note 124). This statement,  and the way 
in which his wave-equation was derived from the model, clearly show the unexpected- 
ness of the result. See also a let ter  to Thomson of t 0 December 1861 where he repeated 
this s ta tement :  "I made out  the equations in the country before I had any suspicion 
of the nearness between the two values of the velocity of propagat ion of magnetic 
effects and tha t  of l ight"  (see note t 24). For  a discussion of WEBE~'S ideas on this 
question see K. H. WIEDERKEHR, Wilhelm Eduard Weber: Er/orscher der Wellenbewe- 
gung und der Elektrizitiit (Stuttgart ,  1967), 140f. Tile first indication of the numerical 
equivalence of the velocities of propagation of light and electricity was by  G. I<IRCH- 
HOFF in 1857, in a paper  t ranslated as "On the Motion of Electr ici ty in Wires" ,  
Phil. Mag., 1857, 13, 393--412. See KIRCHHOFF, Gesammelte Abhandlungen (Leipzig, 
1882), 131-- t  54. MAXWELL seems to have been unaware of this paper, in which litt le 
significance was a t tached to the numerical equivalence. WEBER tOO did not consider 
KIRCHHOFF'S result as significant (Werke, 4, 157). 

131 MAXWELL tO FARADAY, t9 October t861. (See note 124). 
132 t~MILE VERDET, "Recherches sur les propr i r t rs  optiques d4velopp4es dans les 

corps t ransparents  par  Faction du magn4tisme",  Annales de Chimie et de Physique, 
1854, 41, 37o--412; ibid., 1855, 43, 37--44. 

183 MAXWELL, Phil. Mag., 1862, 23, 85--95. (Papers, 1, 502--513). 
184 MAXWELL tO THOMSON, 10 December 1861 (see note t24). 
1,5 VERDET, "Note  sur les propri4t4s optiques des corps t ransparents  soumis 

Faction du magn4tisme",  Comptes Rendus, 1856, 43, 529--532; "Note  sur les propri4trs 
optiques des corps magn4tiques",  ibid., 1857, 44, 1209---1213. 
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argued that "we must admit the diamagnetic state to be the opposite of the para- 
magnetic",  for the vortices "revolve in the opposite direction". He concluded 
that " th i s  result agrees so far with that  part of the theory of M. Weber which 
refers to the paramagnetic and diamagnetic conditions", but he noted that this 
result did not "require us to admit either M. Weber's theory of the mutual action 
of electric particles in motion, or our theory of cells and cell-walls" 136. Nevertheless, 
despite his caution o v e r  WEBER'S  theory of molecular electric currents he had 
clearly abandoned FARADAY'S theory of magnetism, and he remarked that the 
"behaviour ~of iron~ may be explained on our hypothesis of molecular vortices, 
by supposing that the particles of the iron itself are set in rotation by the tangential 
action of the vortices" 137. 

The results of this part of the paper were to confirm him in his belief that  the 
hypothesis of molecular vortices was true, for magnetic phenomena were explained 
in terms of the rotation of the vortices, and he concluded that "o ther  phenomena 
in nature seem to lead to the conclusion that all substances are made up of a 
number of parts, finite in size, the particles composing these parts being them- 
selves capable of internal motion ''13s. In the second part of the paper he had 
speculated that  " t h e  size of the vortices is indeterminate, but is probably very 
small as compared with that  of a complete molecule of ordinary matter ''139, but 
he did not follow this up by proposing a theory of the constitution of molecules. 
The rotation of the plane of polarization of light by  magnets might require an 
hypothesis of molecular vortices, but the nature of the vortices remained unknown. 
As he said in his lecture on "Molecules" in t 873, science was not "debarred from 
studying the internal mechanism of a molecule ''1.°, but it was clear - -  as he 
noted in the Treatise - -  that  a satisfactory theory of the magnetic action on light 
required knowledge of "some th ing  more definite about the properties which must 
be attributed to a molecule"re. 

In Part  I of the paper he had adopted FARADAY'S theory of magnetism while 
in Part  IV he had abandoned FARADAY'S theory and agreed with WEBER that  
paramagnetic and diamagnetic phenomena were due to opposite states, though 
he did not adopt WEBER'S theory of molecular currents. This inconsistency was 
due to the time-span in which the paper was written, in which he moved further 
away from the position of "Faraday ' s  Lines" towards FARADAY'S abandoned 

136 MAXWELL, Papers, 1, 507. 
13~ Ibid. 
13s Ibid., 508. 
189 Ibid., 485. 
140 Ibid., 2, 376. 
141 MAXWELL, Treatise, § 830. MAXWELL did speculate further at this time on 

the problem of the size of atoms and vortices. Thus in the letter to FARADAY of 1 9 
October 1861 (see note 124) he argued that the rotation of the plane of polarization 
was "proportional to the diameter of the vortices", and he made a similar suggestion 
in the published paper, Papers, 1, 506f., though as he admitted to THOMSON in the 
letter of 10 December 1861 (see note t24), this was "not yet capable of proof". In 
another letter to Thomson, of 17 December t861, he stated that " I  shall be glad to 
know the max ra breadth of atoms", and he referred to experiments to determine 
"the maximum breadth of a vortex of magnetism ", Origins of Clerk Maxwell's Electric 
Ideas, 39. He had made a similar remark about such experiments in the letter to 
FARADAY mentioned above. 
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viewpoint of molecular polarization. WEBER'S theory of magnetism, which in- 
volved molecular polarization, was in accordance with the theory of polarization 
in Part I I I  of MAXWELL'S paper, in which the molecules of the dielectric were 
said to be polarized. MAXWELL emphasized the implications of VERDET'S results 
for FARADAY'S theory of magnetism in a letter to P. G. TAIT in 1867, where he 
wrote that :  

" I  do not understand how Verdet's discovery that the paramagnetic bodies 
produce rotation of the plane of polarization in the opposite direction to 
diamagnetic bodies con[irms Faraday's doctrine that a diamagnetic body is 
only less paramagnetic than the field. I t  is a pretty doctrine but I do not 
think that  Faraday thought it certain and Verdet's phenomena appear to 
me to be the strongest thing against it. I am myself sorry to part with i t "  142. 

V 

As his ideas reported in the successive parts of "Physical Lines" developed, 
MAXWELL'S view on the ontological status of the ether also changed 143. In Part I 
of "Physical Lines" there was no indication that MAXWELL necessarily believed 
in the reality of the ether 144, but in Part I I I  - -  as a result of the derivation of the 
theory of light - -  he argued that the inference that the optical and electromagnetic 
ethers were identical could scarcely be avoided, and he began to regard the ether 
as a real entity. Its new position in his thought was retained in " A  Dynamical 
Theory of the Electromagnetic Field" (1865)145, where he argued that the rotation 
of the plane of polarization of polarized light, the phenomena of optics, and the 
polarization of dielectrics all led him to the conclusion that there was "an 
aethereal medium pervading all bodies, and modified only in degree by their 
presence", and that this "complicated mechanism" was "subject to the general 
laws of Dynamics" 1~. The ether pervaded all bodies and was not conceived as an 
entity ontologically separate from matter. 

This paper, " A  Dynamical Theory of the Electromagnetic Field", offered a 
new approach, for MAXWELL derived his basic equations of electromagnetism 
from general equations of mechanical systems without employing any physical 
model; but there is an essential continuity between it and "Physical Lines". The 
theory was a theory of the electromagnetic field because " i t  has to do with the 
space in the neighbourhood of the electric or magnetic bodies", and it was a 
dynamical theory 14~ "because it assumes that  in that  space there is matter in 

142 MAXWELL to P. G. TAIT, 23 December 1867, U.L.C. Add. MSS. 7655. 
14s See JOAN BROMBERG, op. cir. (note 128), 227f. 
144 Thus, he stated his object was "to clear the way for speculation" about a 

physical state in the medium by "pointing out the mechanical consequence of such 
hypotheses ", in the hope that he would be "of some use to those who consider the 
phenomena as due to the action of a medium", Papers, 1, 452, rather than intro- 
ducing a theory which he wished to be understood as a representation of reality. 

145 " A  Dynamical Theory of the Electromagnetic Field", Phil. Trans., 1865, 155, 
459--512; Papers, 1, 526--597. 

14s Ibid., 532f. 
147 Throughout this paper the term "dynamical" will be used as MAXWELL used 

it in his work on electricity. For MAXWELL dynamics was the science in which "special 
attention is paid to force as the cause of motion", MAXWELL, Matter and Motion 
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motion, by  which the observed electromagnetic phenomena are produced ''14s. 
Despite his clearly expressed belief that  there was a complicated motion in the 
medium, in "Dynamical  Theory"  he avoided any consideration of the nature 
of this motion. He made it quite clear that  in his use of mechanical terms such as 
electric elasticity his purpose was merely heuristic149; nevertheless the principle 
of mechanism extended throughout the paper, for, as he said, " in  speaking of the 
Energy of the field, however, I wish to be understood literally. All energy is the 
same as mechanical energy 'uS°. The energy manifested itself as magnetic and 
electric polarization, and, as in "Phys i ca l  Lines", the concept of molecular polari- 
zation was fundamental, the action of an electromotive force on a dielectric 
producing" a state of polarization of its parts similar in distribution to the polarity 
of a mass of iron under the influence of a magnet ... a state in which every particle 
has its opposite poles in opposite conditions"lsL Thus, once again he proposed a 
particulate theory of electric action, and though he abandoned the mechanical 
model of "Phys ica l  Lines" he did not fail to note that  "magne t i c  polarization and 
electric polarization ... Ewerel, according to a very probable hypothesis ... the 
motion and the strain of one and the same medium"152. That the elimination of 
the mode of the mechanism did not lead to the denial of the principle of mecha- 
nism can also be seen from his treatment of the electrotonic state, which played 
a vital role in the paper, and was defined in terms of mechanical principles. 
MAXWELL pointed out that  just as every change of momentum involved the 
action of a mechanical force, every change of the electrotonic state involved the 
action of an electromotive force, and he now called the electrotonic state the 
"e lec t romagne t ic  momentum" 158. He conceived the relation between the electro- 
tonic state and the electromotive force as if it were a mechanical relation. Once 
again, as in "Phys ica l  Lines", he attempted to achieve a representation by means 
of a mechanical interpretation - -  though in this case the interpretation was not 
linked to a mechanical model - -  and, as in "Physical  Lines", his conceptual 
picture corresponded to FARADAY'S abandoned approach of the polarization of the 
particles of matter rather than the primacy of lines of force. 

The difference between these two modes of representation can be seen from 
his brief discussion of the problem of gravitation i n " D y n a m i c a l  Theory".  In 
t857 he had reassured FARADAY that :  

" I  for my part cannot realise your dissatisfaction with the law of gravitation 
provided you conceive it according to your principles ... Efor] lines of force 

(London, 1877), 26, the nature of the forces being defined by NEWTON'S laws. Thus, 
"when a physical phenomenon can be completely described as a change in the con- 
figuration and motion of a material system, the dynamical explanation of that phenom- 
enon is said to be complete", Papers, 2, 418, and "the equations of dynamics com- 
pletely express the laws" of such an explanation, ibid., 374. Thus, "dynamical" 
meant considering matter in terms of the laws of motion and impact. 

14s Papers, 1, 527. 
149 Ibid., 563f. 
15o Ibid., 564. 
1~1 Ibid., 53t. 
l~z Ibid., 564. 
1~3 Ibid., 542. 
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can 'weave  a web across the  s k y '  and  lead  the s tars  in the i r  courses w i thou t  
any  necessar i ly  immed ia t e  connexion wi th  the  objec ts  of the i r  a t t r ac t ion .  The  
lines of Force  from the  Sun spread  out  from h im and  when t hey  come near  a 
p lane t  curve out ]rom it so t ha t  every  p lane t  d iver t s  a number  depend ing  on 
i ts  mass  from the i r  course and  subs t i tu tes  a sys tem of i ts  own so as to become 
someth ing  like a comet,  i I lines o1 lorce were visible ''154. 

Thus, MAXWELL was arguing t h a t  the  theo ry  of the  p r i m a c y  of lines of force - -  
which was the  mode of represen ta t ion  adop ted  b y  MAXWELL, in " F a r a d a y ' s  
L ines" ,  when he wrote  this l e t te r  - -  could be ex tended  to g rav i ta t ion .  However ,  
MAXWELL'S changing view of the  place of lines of force for the  represen ta t ion  of 
e lec t romagnet ic  phenomena  necess i ta ted  a reassessment  of this  exp lana t ion  of 
g rav i ty .  In  " D y n a m i c a l  T h e o r y "  he po in ted  out  t h a t  the  d is t inguishing fea ture  
of g rav i ta t ion ,  t h a t  i t  was a lways  an a t t r ac t i ve  force, had  the  consequence t h a t  
the  energy of any  g rav i t a t iona l  f ield of a ma te r i a l  cons t i tu t ion  was less wherever  
there  was a r esu l t an t  g rav i t a t i ona l  force; hence, those  pa r t s  of space in which there  
was no resu l t an t  force would  possess an  enormous  energy.  He  a d m i t t e d  t h a t "  I am 
unable  to u n d e r s t a n d  in wha t  w a y  a med ium can possess such proper t ies  'u55. 
Once again MAXWELL was a t t e m p t i n g  to  ex tend  his t heo ry  to expla in  g rav i ty ,  
bu t  he was obl iged to  announce t h a t  he would refraii1 f rom fur ther  specula t ion  
for he was unable  to  represent  the  phys ica l  na tu re  of lines of g rav i t a t iona l  force 1~. 

The  na tu r e  of his i n t e rp re t a t i on  in "Dynamical T h e o r y " ,  and  his reasons for 
abandon ing  the  mechan i sm of "Physical Lines" ,  can be more  read i ly  seen f rom 
the  Treatise on Electricity and Magnetism (1873), where the  approach  of " D y n a m -  
ical  T h e o r y "  was preserved  and appl ied  to a wider  range of problems.  In  the  
Treatise he observed  t h a t  " the  prob lem of de te rmin ing  the  mechan i sm requi red  
to  es tabl ish  a given species of connexion be tween  the  mot ions  of the  pa r t s  of a 
sys t em a lways  admi t s  of an inf ini te  number  of solut ions ''~57, and  this  h a d  far-  
reaching impl ica t ions  for the  theo ry  of "Physical Lines" .  In "Physical Lines"  
the  de r iva t ion  of the  wave  equa t ion  was achieved as a consequence of the  model  
of the  e ther  he employed .  If  there  were an inf ini te  number  of such models,  a 
de r iva t ion  of the  wave  equa t ion  based  so f i rmly  on one such mode l  was somewhat  
quest ionable .  I n  fact ,  as ea r ly  as December  t861, shor t ly  before his de r iva t ion  of 

154 MAXWELL t o  FARADAY, 9 November t857 (see note 76). MAXWELL w a s  here 
taking up FARADAY'S point, Electricity, 3, 574, tha t  lines of gravi tat ional  force always 
existed diffused in space, and MAXWELL was reassuring FARADAY over the difficulties 
he had raised in "On the Conservation of Force"  (see note 65). 

155 MAXWELL, Papers, 1, 571. 
l~S MAXWELL returned to this question in his article on "At t r ac t ion" ,  arguing 

tha t  for a system of two bodies we can "express the fact tha t  there is a t t ract ion ... 
by  saying tha t  the energy of the system ... increases when their distance increases. 
The question, therefore, Why  do the two bodies a t t rac t  each other ? may  be expressed 
in a different form. Wily does the energy of the system increase when the distance 
increases ? ", ibid., 2, 486. This may  be compared with FARADAY'S argument - -  about  
the creation and annihilation of "force" - -  in "On the Conservation of Force"  (see 
note 65). He continued by  discussing his theory of stress in a medium as applied to 
gravity, concluding tha t  "we have not ... been able to imagine any physical  cause 
for such a state of stress",  ibid., 489. He concluded by  emphasizing tha t  any ex- 
planat ion of gravi ty would have to be subject to energy conservation. 

1~7 MAXWELL, Treatise, § 831. 
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the wave equation was published, he wrote to a friend that he was " t ry ing to 
form an exact mathematical expression for all that  is known about electromag- 
netism without the aid of hypothesis ''158. By October t864 he had succeeded in 
this, for he informed STOKES of his success, for his calculation of the velocity of 
transmission of magnetic disturbances was no longer dependent on "any  hypo- 
thesis about the structure of the medium or any mechanical explanation of 
electricity and magnetism" 159. Thus, his derivation was now from a purely electro- 
magnetic theory, the fundamental assumption being that the energy was supposed 
to reside in the electromagnetic field, "in  the space surrounding the electrified 
and magnetic bodies, as well as in those bodies themselves"ls°. Nevertheless, all 
energy was mechanical energy. 

In  "Dynamical  Theory"  and in the Treatise he developed the theory on the 
basis of mechanical principles, and in the Treatise he did this quite explicitly from 
the LAGRANGEAN formalism of dynamics, in which the connexions of the motions 
of the medium with the variables were eliminated from the equations, so that  the 
equations were "independent of the particular form of these connexions ''1~1. 
Even if an infinite number of mechanical models could be constructed the 
LAGRANGEAN formalism of dynamics was independent of any particular model. 
Nevertheless he emphasized that  the formalism was to be interpreted in dynam- 
ical terms, for "we  must keep constantly in mind the ideas appropriate to the 
fundamental science of dynamics ''1s2. In a draft of "Dynamical  Theory"  he 
wrote that  "when any physical phenomenon can be completely described as a 
change in configuration or the motion of a material system, the dynamical 
explanation is said to be complete. We cannot conceive any further explanation 
to be either necessary, desirable, or possible ''163. The passage concluded with the 
words: "hence the process by which physical science is 'unified'  must . . . "  but 
here he broke off. The implication was clear, that  a dynamical explanation was 
a final, complete explanation, and this idea dommated "Dynamical  Theory" and 
the Treatise. Though MAXWELL did not develop his theory ill terms of a mechanical 
model this dynamical explanation was conceived as a physical explanation of the 

158 CAMPBELL & GARNETT, Li/e o/Maxwell (lst ed., London, 1882), 330. 
159 j. LARMOR (ed.), Memoir and Scienti/ie Correspondence o/ the late Sir George 

Gabriel Stokes, Bart. (2 vols., Cambridge, t907), 2, 26. 
xs0 MAXWELL, Papers, 1, 564. 
lSl MAXWELL, Treatise, § 554. HENRI POINCAR]~ argued that "Maxwell does not 

give a mechanical explanation of electricity and magnetism ... ~but] limits himself 
to demonstrating that such an explanation is possible", Electricitd et optique (2 vols., 
Paris, 1890/91), 1, vii, and considered this "Maxwell's fundamental idea", ibid., xiv. 
POINCAR]~ found MAXWELL'S use of the LAGRANGEAN formalism of dynamics the key 
to the Treatise, regarding MAXWELL'S programme as being to demonstrate the pos- 
sibility of mechanical explanation by constructing an interpretation of the phenomena 
ill terms of LAGRANGE'S equations, and then to compare the equations with the ex- 
perimental relations, the aim being to demonstrate the principle of mechanical ex- 
planation, ibid., xff. This was not MAXWELL'S programme however, for he found the 
dynamical explanation of the Treatise unsatisfactory, for it did not satisfy his own 
criterion of "consistent representation" (see below). 

lS2 MAXWELL, Treatise, § 567. 
16a Draft, "'On the Dynamical Explanation of Electric Phenomena" (see note 77). 

This may be compared with his remarks in his lecture "On the Dynamical Evidence 
of the Molecular Constitution of Bodies" El 875], Papers, 2, 418 (see note 147). 
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phenomena ,  as he made  per fec t ly  clear in advanc ing  his no t ion  of "consistent 
r e p r e s e n t a t i o n "  in the  Treatise. 

As MAXWELL'S successors recognized,  the  Treatise l acks  u n i t y  16~, b u t  the  
essential  conceptua l  ideas  of the  Treatise were founded  on the  pa r t i cu la t e  view- 
point .  Among  key  features  of the  Treatise are MAXWELL'S represen ta t ion  of the  
energy of the  field and  the  stress in the  med ium;  as he made  clear, he on ly  demon-  
s t r a t e d  the  poss ib i l i ty  of represent ing  a s ta te  of stress in a m e d i u m  and  asser ted  
no th ing  abou t  " the  mode  in which this  s ta te  of stress is o r ig ina ted  and  main-  
t a i ned  in the  m e d i u m  ''1s5. The  rep resen ta t ion  of the  energy of the  field was of 
f undamen ta l  impor t ance  in the  Treatise, and  MAXWELL expressed the  k inet ic  or 
e lec t romagnet ic  energy of the  field in t e rms  of the  e lect rotonic  s ta te  and  the  
electr ic current ,  or a l t e rna t ive ly ,  in t e rms  of the  magne t i c  force and  the  magne t i c  
inductionS°°; the  e lec t ros ta t ic  or po ten t i a l  energy was expressed in t e rms  of the  
electr ic force a n d  the  d i sp lacement  cur rent  1~. Now, b y  the i r  ve ry  na ture ,  these 
quant i t i es  were closely b o u n d  up  wi th  the  t h e o r y  of po lar iza t ion  of the  m e d i u m  
which he m a i n t a i n e d  in the  Treatise, and  some a t t en t ion  m u s t  be pa id  to  his 
t r e a t m e n t  of polar iza t ion ,  which he regarded  as represent ing  the  stress in the  
m e d i u m  lss, and  of the  e lectrotonic  s ta te .  

As in "Physical Lines"  he def ined polar iza t ion  in  t e rms  of equal  and  opposi te  
charges at  oppos i te  ends of a par t ic le  ~69, as a " fo r c e d  s t a t e "  of the  med ium 1~°, 

164 Thus, HERTZ wrote tha t  "Many  a man has thrown himself with zeal into the 
s tudy of Maxwell 's work, and, even when he has not stumbled upon unwonted mathe-  
matical  difficulties, has nevertheless been compelled to abandon the hope of forming 
for himself all al together consistent conception of Maxwell 's ideas",  Electric Waves 
(London, 1893), 20. HERTZ was referring to the Treatise as was LORENTZ when he 
wrote tha t  " i t  is not  always easy to comprehend Maxwell 's ideas. One feels a lack 
of uni ty  in his book due to the fact tha t  i t  records faithfully his gradual transit ion 
from old to new ideas",  "Clerk Maxwell 's Electromagnetic Theory"  (Rede Lecture 
1923), Collected Papers, 8, 356. 

165 MAXWELL, Treatise, § 645. 
166 MAXWELL used the concept of magnetic induction in " F a r a d a y ' s  Lines", Papers, 

1, t 92, which he used as a means of representing the lines of force, by  dividing electric 
and magnetic magnitudes into "quan t i t i e s"  and " intensi t ies" ,  ibid., 192, magnetic 
induction being of the former and magnetic force of the la t ter  kind. In  his lecture 
" O n  the Mathematical  Classification of Physical  Quantit ies" E1871] he changed the 
names of these two classes to "fluxes" and "forces", ibid., 2, 261, electric displacement 
and magnetic induction being fluxes, electric and magnetic force being forces, ibid., 
262. See also Treatise, § t 2 (in the second edition MAXWELL used the terms electric 
and magnetic " intensi t ies" ,  and his two classes became " f luxes"  and "intensi t ies") .  

167 Thus, MAXWELL defined the electrostatic or potential  energy of the field as 

w =  ~ f f f (P] +Qg + Rh) dx dy dz, where P, Q, R and f, g, h are components of the 
electric force and electric displacement, respectively, and the electromagnetic or 

kinetic energy as T ~ :--~ f f f ( a ~ +b ~ +c ,) dx dy dx, where a, b, e and ~, fl, y are the 
components of the magnetic induction and magnetic force, respectively. See Treatise, 
§ 638. See also "Dynamica l  Theory" ,  Papers, 1, 563. 

168 MAXWELL said of his explanation of electrostatic stress tha t  i t  was "precisely 
that  to which Fa raday  was led",  quoting Electricity, 1, par. t297 and 1298, tha t  
"' Induction appears to consist in a certain polarized state of the par t ic les" ,  Treatise, § 109. 

169 Treatise, § 1t t .  See also "Dynamica l  Theory" ,  Papers, 1, 531, 554, and " P h y -  
sical Lines",  ibid., 491. 

1~0 Treatise, § 60. 
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and he made it clear that  he attributed this manner of representing the stress in 
the medium to FARADAY, quoting FARADAY'S description of polarization as a 
forced state of the particles of the medium and relating his concepts to FARADAY'S 
earlier approach. As before, dielectric polarization was represented by the electric 
displacement, the variations of which constituted electric currents m. In the 
Treatise MAXWELL emphasized once again that in his theory the particles of a 
magnet were polarized, and he now developed a theory of magnetic polarization 
in a manner analogous to his theory of dielectric polarization; once again polari- 
zation was defined quite unambiguously by a particulate theory 172, though he 
did not suggest a mechanical model for polarization 173. 

In his treatment of the electrotonic state he did not return to the viewpoint 
of "Faraday ' s  Lines", but referred to the electrotonic state as " t h e  fundamental 
quanti ty in the theory of electromagnetism ''~Ta - -  which, he noted, FARADAY 
found he could dispense with by means of lines of force - -  and he went on to make 
the significant observation that, despite the value of the electrotonic state, 
FARADAY had used another method, which " i n  Faraday's  hands was far more 
powerful ... [the method ofl lines of force ''175. However, though he made it clear 
that  the electrotonic state at a point was equivalent to the number of lines of 
force passing through the point, he did not replace the electrotonic state by the 
lines of force. In contrast to his treatment in "Faraday ' s  Lines", where the lines 
of force remained the fundamental entities, in the Treatise he argued that instead 
of referring to the number of lines of force as representing the electrotonic state 
" w e  may speak of the magnetic induction ''~76. In the Treatise the magnetic in- 
duction and the electrotonic state were fundamental quantities, and the signifi- 
cance of this remark is that  in the Treatise the magnetic induction defined the 
lines of force, whereas in "Faraday ' s  Lines" he used this concept merely to 
represent the lines of force ~77. 

Now, the displacement, the magnetic induction, and the electric and magnetic 
forces were all defined as vector quantities 178. The electrotonic state was also 
defined as a vector quantity, and the electrotonic state was renamed the vector 

171 Treatise, § 60. See also "Dynamical Theory", Papers, 1, 531, 554. 
172 Treatise, § 381 
17~ Thus, displacement is no longer linked to the change of position of rolling 

particles as in "Physical  Lines ". In "Dynamical Theory" and the Treatise he defined 
displacement by the motion of electricity (Papers, 1, 554; Treatise, § 60), as in "Phy- 
sical Lines" (Papers, 1, 491). The rolling particle model is not used in "Dynamical 
Theory" or in the Treatise, and MAXWELL defined displacement in terms of the 
quantity of charge crossing a specified area. I am grateful to Dr. JoAN BROMBERG 
for a discussion of this point. The relation of displacement to change ill MAXWELL'S 
thought is an extremely complex question (see JOAN BROMBERG, "Maxwell's Electro- 
statics", American Journal of Physics, t968, 36, 142--151 for a discussion of some 
of the problems), but MAXWELL clearly associated displacement with particulate 
polarization ill "Physical  Lines", "Dynamical  Theory" and the Treatise (see note 169). 

174 Treatise, § 540. 
175 Treatise, § 54t. 
17s Ibid. See also § 406 for a definition of the electrotonic state in terms of magnetic 

induction. In vector notation, B=cur l  A, where B is the magnetic induction, and A 
the vector potential (electrotonic state). 

177 See above, and also note 166. 
17s Treatise, § 1 l,  t 2. 
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potential  in the Treatise, the term deriving from the formal properties of the 
quan t i ty  179. The replacement of lines of force by  the vector  quantit ies of magnetic  
induct ion and vector potential  had an impor tan t  consequence, for MAXWELL 
employed vectorial representat ion (he used quaternions 18°) because he found 
vectorial representat ion conducive to his geometrical approach.  He regarded it as 
" a  method  of th ink ing"  because " i t  calls upon  us at  every step to form a mental  
image of the geometrical features represented by  the symbols"  is1. I t  was valuable 
as a method  of representing directed quantit ies in space ra ther  than  as a method  
of calculation ~s2, bu t  it was the kind of geometrical representat ion this entailed 
tha t  was so important .  In  the Treatise he s ta ted tha t  if a quan t i ty  was a vector  
quan t i ty  " t h e n  any  body  or particle to which this directed quan t i ty  or vector  
belongs m a y  be said to be Polarized, because it has opposite properties in the two 
opposite directions or poles of the directed quan t i ty  ''~ss. Now, in " F a r a d a y ' s  
Lines"  the geometrical proper ty  of the lines of force only represented the direction 
of the forces in space, and his concept of polar i ty  in tha t  paper  was limited to the 
expression of a directional proper ty  and excluded any  notion of "oppos i te  prop- 
erties in the two opposite directions".  Thus, by  using vectors in the Treatise and 
by  replacing the lines of force by  the vectorial quantit ies of vector  potential  
(electrotonic state) and magnet ic  induction, MAXWELL expressed geometrical 
properties of a different kind for these quantities. They  did not  merely represent 
direction, for their different "poles" represented states which had opposite polar- 
ity. MAXWELL was so commit ted  to part iculate polarization in the Treatise tha t  
he took the directed properties of vectors as a means of representing part iculate 
polarization, in which opposite parts  of the particles were in opposite states. 

179 Treatise, § 406. See ALFRED M. ]3ORK, "Maxwell and the Vector Potential",  
Isis, t967, 58, 218f. 

is0 MAXWELL used HAMILTON'S operator V (W. H. HAMILTON, "'On Quaternions", 
Phil. Mag ,  1847, 31, 279--293) in "Dynamical  Theory",  Papers, 1, 578, for brevity 
in deriving the wave-equation. He first referred to quaternions in a letter to TAIT 
of 7 March t865, asking "Does any one write quaternions but Sir W. Hamilton & 
you ?" referring to TAIT'S Elementary Treatise on Quaternions (Oxford, 1867). TAIT 
encouraged MAX'vVELL to study quaternions, stating that  "If  you read the last 20 
or 30 pages of my book I think you will see that  4 Ilions are worth getting up, for 
there it is shown that  they go into that<2 business like greased lightning" (13 De- 
cember t 867), for "it was for V alone that  I took to Q [naternions~ originally" (5 April 
187t). These letters and others, show that  MAXWELL'S real interest in quaternions 
began in t870 when he was writing the Treatise (letters at U.L.C., Add. MSS. 7655). 
The name, and mode of writing, of HAMILTON'S operator was unsettled at this time. 
See MICHAEL J. CROWE, A History o[ Vector Analysis (London, 1967), 32, 146. 

lsl [JAMES CLERK MAXWELL], "Quaternions" [review of P. KELLAND & P. G. TAIT, 
Introduction to Quaternions (London, 1873)1, Nature, 1873, 9, 137. 

lS~ MAXWELL stated that  "The  invention of the calculus of Quaternions is a step 
towards the knowledge of quantities related to space which can only be compared 
for its importance, with the invention of triple coordinates by Descartes", Papers, 2, 
259, though "The  ideas of this calculus, as distinguished from its operations and 
symbols, are fitted to be of the greatest use in all parts of science", "'On the Mathe- 
matical Classification of Physical Quantities", Papers, 2, 259 (see also Treatise, § l 0). 
For a discussion of MAXWELL'S ambiguous attitude to quaternions see CROWE, op. cir. 
(note 180), 127--t39. 

ts, Treatise, § 381. In discussing polarization here he distinguished between unipolar 
and dipolar quantities (see note 1 t2). 
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The quanti t ies of displacement,  electrotonic state, magnetic  induction, and 
the electric and magnet ic  forces, were fundamenta l  quanti t ies in the Treatise, 
not  only for the expression of the energy of the field bu t  also in the general 
equations of the electromagnetic field ls~. All these quanti t ies were vector quanti t ies 
and therefore they  all expressed states of "polarizat ion",  having opposite prop- 
erties in opposite directions, and so this concept of polarization was fundamenta l  
to the mode of representat ion of the Treatise. Thus, his mode of mathemat ica l  
representat ion in the Treatise - -  by  vectors - -  was in consonance with his ad- 
herence to the theory  of molecular polarization. 

I n  his explanat ion of the action of magnet ism on light in the Treatise MAXWELL 
retained the interpretat ion of "Phys i ca l  Lines" ,  and he again argued tha t  some 
ro ta to ry  mot ion occurred in the medium and tha t  the rota t ion could not  be of a 
port ion of the medium of sensible dimensions bu t  was of " v e r y  small portions 
of the medium ''1s5. The mot ion of the medium produced a disturbance of the 
vortices, which affected the mode of propagat ion of the ray. While he conceded 
tha t  the hypothesis  of molecular vortices was unproved 1as he made  it clear tha t  
he regarded it as true, whereas the theory  of electricity as the mot ion  of idle 
wheel particles was merely an illustration of a possible mechanism ls2. As in 
"Phys ical  Lines"  he noted the significance of VERDET'S experiments on the op- 
posite rota t ion of polarized light by  paramagnet ic  and diamagnetic substances, 
which indicated tha t  the two classes of bodies were really opposite lss, and he went  
on to develop a theory  of magnet i sm ~sg. He  now accepted WEBER'S theory  of 
magnet i sm (derived from AMPERE) tha t  electric currents in paramagnet ics  
circulated in the opposite direction to the induced currents in diamagnet ic  
bodies19°; in "Phys ica l  Lines"  he had  accepted WEBEI~'S theory  tha t  para- 
magnetics and diamagnetics were in opposite conditions, bu t  did not  adopt  his 
hypothesis  of molecular currents. Weber ' s  theory  involved states of opposite 

ls~ Treatise, § 591--619: 
ls5 Treatise, § 822. Thus, MAXWELL continued to use the magnetic vortices to 

explain the magnetic action on light. This phenomenon was not discussed ill "Dynami-  
cal Theory",  so the vortices were not employed in tha t  paper. Already in "Physical 
Lines" he had made it clear t h a t  he believed the idea of vortices to be probably true 
(see note 119). 

ls~ He stated that  the "theory proposed [of the magnetic rotation of light] ... is 
evidently of a provisional kind, resting as it does on unproved hypotheses relating 
to the nature of molecular vortices", Treatise, § 830. 

ls~ He emphasized that  " I  think we have good evidence for the opinion that  some 
phenomenon of rotation is going on in the magnetic field, that  this rotation is per- 
formed by a great number of very small portions of matter ... by  means of some kind 
of mechanism connecting them",  but  that  the "a t t empt  which I then made [in 
'Physical  Lines'] to imagine a working model of this mechanism must be taken for 
no more than it really is, a demonstration that  mechanism may be imagined capable 
of producing a connexion mechanically equivalent to the actual connexion of the 
parts of the electromagnetic field", Treatise, § 831. 

l s s  Treatise, § 809. 
189 He emphasized that  he adopted AMP~RE'S theory (see note 87) tha t  considered 

"a  magnet, not as a continuous substance ... but  as a multitude of molecules, within 
each of which circulates a system of electric currents",  Treatise, § 834. 

190 Treatise, § 838, 843. 
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po la r i ty ,  and  there  was a comple te  acceptance  of the  concep t  of po l a r i t y  as in- 
volv ing  opposi te  s ta tes  of the  molecules of a subs tance  in  the  Treatise. 

Both  d i sp lacement  and  the  vec tor  po ten t i a l  (electrotonic s tate)  were funda-  
men ta l  to  the  general  equat ions  of the  field and in his fo rmula t ion  of the  electro-  
magne t ic  t h e o r y  of l ight .  Bo th  i n "  D y n a m i c a l  T h e o r y "  and  the  Treatise MAXWELL 
was faced wi th  the  p rob lem of ob ta in ing  a condi t ion  of t r ansve r sa l i t y  for the  wave  
p ropaga t ion .  His  a rgumen t s  here involved  the  vec to r  po ten t ia l ,  for he was con- 
cerned to  show t h a t  t he  componen t s  of the  vec tor  po ten t i a l  were p r o p a g a t e d  as 
t ransverse  waves.  I n  vec to r  no ta t ion ,  he was a t t e m p t i n g  to argue t h a t  d iv  A----0 
(where A is the  vec to r  potent ia l ) ,  for this  was the  condi t ion  for t r ansversa l i ty .  
Now the  a rgumen t s  he used to  jus t i fy  this  i a  the  publ i shed  t ex t  of "Dynamica l  
T h e o r y " ,  the  manusc r ip t  of the  paper ,  and  the  Treatise were al l  different ,  which 
indica tes  t h a t  MAXWELL found some dif f icul ty  wi th  this  p rob lem TM. In " D y n a m -  
ical  T h e o r y " ,  a f te r  giving his jus t i f icat ion,  he went  on to s ta te  t h a t  the  equat ions  
of the  e lec t romagnet ic  field showed t h a t  " t r a n s v e r s a l  v ib ra t ions  only  call  be 
p r o p a g a t e d "  192, b u t  he went  on to  refer to the  p rob lem of longi tud ina l  v ib ra t ions  
in the  opt ica l  ether.  This  p rob lem h a d  been discussed b y  STOKES in a Br i t i sh  
Associa t ion  " R e p o r t "  in 1862 ~93 and  STOKES had  m a d e  i t  clear  t h a t  a n y  t heo ry  of 
the  opt ica l  e ther  would  have  to be able  to expla in  w h y  only  t ransversa l  v ib ra t ions  
were p r o p a g a t e d  TM. MAXWELL r e m a r k e d  t h a t  bo th  opt ica l  a n d  e lect r ica l  sciences 

dF dG dH 
191 MAXWELL wrote J =  ~ - x +  ~y-y+ ~ - z  where F,  G, H are the components of 

the vector potent ial  (A). Thus, in vector notation, J = d i v A  (See Papers, 1, 578; 
Treatise, § 783). The condition for t ransversal i ty was J = 0 .  In  the manuscript  of 
"Dynamica l  Theory" he justified this by  arguing tha t  "Here  J is either zero or i t  
continually increases or diminishes with the time, if e [the quant i ty  of free electricity] 
remains constant,  which no physical quant i ty  can do. Hence J is zero, and the only 
disturbance is . . .  wholly t ransversal" ,  MS, " A  Dynamical  Theory of the Electro- 
magnetic F ie ld" ,  Royal  Society, Phil. Trans. 72, 7 (I am grateful to the Library  
staff of the Royal  Society for their help). In  the printed tex t  of the paper  he s tated 
tha t  "Since  the medium is a perfect insulator, e, the free electricity, is immovable, 

dJ and therefore ~ -  is a function of x, y, z, and the value of J is either constant  or zero, 

or uniformly increasing or diminishing with the t ime [t]; so tha t  no disturbance 
depending on J can be propagated as a wave" ,  Papers, 1, 582. In  the Treatise he 
stated tha t  if the medium was a non-conductor " V2~o [~0 is the electric potential],  
which is proport ional  to the volume density of free electricity, is independent of t. 
Hence J must  be a linear function of t, or a constant, or zero, and we may  therefore 
leave J and ~ out of account in considering periodic dis turbances" (§ 783). In  modern 
terminology, he was a t tempt ing to impose a "gauge" condition on the vector potential,  
so d i v A = 0 .  See also a note by  P. F. CRANEFIELD, Annals o[ Science, t954, 10, 36t. 

193 MAXWELL, Papers, 1, 582. 
193 G. G. STOKES, "Repor t  on Double Refract ion",  Report o/ the Thirty-Second 

Meeting o/ the British Association /or the Advancement o/ Science; held at Cambridge 
in October 1862 (London, 1863), 253--282. 

19~ Thus, in discussing A . L .  CAucmc's paper  "M@moire sur la th6orie de la 
lumi~re", Mdm. de l'Acad., 1830, 10, 293--3t6,  STOKES stated " T h a t  theory should 
point  to the necessary existence of such a wave consisting of s tr ict ly normal [i.e. 
longitudinal] vibrations, and ye t  to which no known phenomenon can be referred, 
is bad enough; but  in the present theory the vibrations are not  even strictly normal, 
except for waves in a direction perpendicular to any one of the principal axes",  
Stokes, op. cit. (note t 93), 256. Against GEORGE GREEN'S argument, in "On  the Laws 

t 5 Arch. Hist. Exact Sci., Vol. 6 
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were a t  a loss " w h e n  called on to  aff i rm or deny  the  exis tence of no rma l  [i.e. 
longi tudinal ]  v ib ra t ions  'u95, h in t ing  t h a t  he d id  no t  f ind his jus t i f ica t ion  of t rans-  
ve r sa l i t y  en t i re ly  convincing.  

V I  

I t  m a y  have  been  th is  p roblem,  in par t ,  t h a t  led MAXWELL to a ba ndon  the  
app roach  of "Dynamical  T h e o r y "  - -  b u t  which he was to r e tu rn  to in the  Treatise 
- -  and  a t t e m p t  qui te  a different  mode  of r ep resen ta t ion  in his nex t  pape r  before 
the  Treatise, the  " N o t e  on the  E lec t romagne t i c  Theory  of L i g h t "  (t868) 19~. In  
th is  pape r  he a b a n d o n e d  the  e lec t ro tonic  s t a t e  a l together ,  aI!d deve loped  the  
e lec t romagnet ic  t heo ry  of l ight  on the  basis  of the  p r i m a c y  of the  lines of force. 
Thus,  he avo ided  the  d i f f icul ty  of jus t i fy ing  the  t r ansve r sa l i t y  of the  p r o p a g a t e d  
wave  b y  the  d iv  A = 0  condi t ion  b y  the  e l iminat ion  of the  e lect rotonic  s t a t e  
(vector  potent ia l )  19~, and  he r e tu rned  to  the  approach  of "Faraday's Lines" .  

of Reflexion and Refraction of L igh t" ,  Trans. Camb. Phil. Sot., 1838, 7, 1--24, 
1 1 3 - - t  20 (Mathematical Papers o/the Late George Green, (ed.) N. M. FERRERS (London, 
t87t) ,  245--269, 283--290) tha t  longitudinal waves would be suppressed, S~OI~ES 
argued tha t  in fact "The only way ... of getting over this difficulty, is by  making the 
perfectly gratuitous assumption tha t  the medium, though perfectly t ransparent  for 
the more nearly transversal  vibrations, is intensely opaque for those more nearly 
normal" ,  op. cir., 258. STOKES concluded tha t  though GREEN'S paper " O n  the Prop- 
agation of Light  in Crystallized Media",  Trans. Camb. Phil. Sot., t839, 7, 121-- t40 
(Mathematical Papers, 293--3t  1) obtained a condition of t ransversal i ty  on the single 
supposition of the incompressibil i ty of the optical ether, GREEN'S theory was not  
completely successful for GREEN was obliged either to assume conditions about  the 
mode of vibrat ion of the medium which were contrary  to experience, or to assume 
tha t  the medium was subject  to conditions of initial  stress, which was a "forced 
rela t ion",  op. cir., 265. STOKES advanced similar objections against MACCULLAGH'S 
theory, "An  Essay Towards a Dynamical  Theory of Crystalline Reflection and Re- 
f ract ion"  [1839], Trans. Roy. Irish Acad., 1848, 21, t 7 - -50  (The Collected Works of 
James MacCullagh, (ed.) J . H .  JELLETT & S. HAUGHTON (Dublin, 1880), t45--184),  
which he regarded as not  being dynamical ly  sound, op. cir., 266f. Thus, STOKES found 
tha t  no theory of the optical ether had successfully explained the absence of longitu- 
dinal vibrations. 

195 MAXWELL, Papers, 1, 582. MAXWELL'S concern with the problems of the optical 
ether a t  this t ime Call be seen from his let ter  to STOKES of t 5 October 1864 (see note t 59) 
where he remarked tha t  " I  am trying to understand the conditions a t  a surface for 
reflexion and refract ion".  See L. ROSENFELD, "The Velocity of Light  and the Evolu- 
tion of Electrodynamics",  Nuovo Cimento, 1956, 4 (supp. 5), 1661. 

196 MAXWELL, "On a Method of Making a Direct Comparison of Electrostat ic 
with Electromagnetic Forces; with a Note on the Electromagnetic Theory of Light ", 
Phil. Trans., a868, 158, 643--657 (Papers, 2, t25--143).  

1,7 I t  is interesting tha t  OLIVER HEAVISIDE, who eliminated the vector potential  
in his formulation of electrodynamics, associated this elimination with the trans- 
versal i ty problem. Thus, he remarked tha t  "no t  even Maxwell himself quite under- 
stood how [the vector potential]  . . .  operated in his 'general  equations of propaga- 
t i on ' " ,  Electromagnetic Theory (3 vols., London, 1893--t912), 1, 6% and he referred 
to J [ = d i v  A] as a "parasite" of the  vector potent ial  (ibid.). HEAVlSIDE argued tha t  
the vector potent ial  should be eliminated, for i t  was the electric and magnetic forces, 
E and /-/ which "ac tua l ly  represent the  state of the medium anywhere ... i t  is /~ 
and H tha t  are p ropaga ted" ,  Electrical Papers (2vols., London, 1892), 2, 483, for 
"when the electric force itself is made the subject  of investigation, the question of diver- 
gence of the vector-potential  does not  present itself a t  a l l" ,  ibid., 363. Thus, HEAVlSIDE 
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He  deve loped  the  t heo ry  f rom four theorems:  the  first  two re la ted  e lec t romot ive  
force and  magne t i c  force in t e rms  of the  lines of force, arid the  second two expressed 
re la t ions  be tween  e lec t romot ive  force and  displacement ,  and  d i sp lacement  and  
electr ic cur renO 9s. Thus,  he r e t a ined  the  concept  of d isplacement ,  which he 
def ined once again  as dielectr ic  polar izat ion,  b u t  this  concept  had  been in t roduced  
in "Physical L i n e s "  (and re t a ined  in " D y n a m i c a l  T h e o r y " )  as a means  of re- 
present ing  the  po la r iza t ion  of the  par t ic les  of the  dielectric.  However ,  there  was 
no men t ion  of molecular  or  pa r t i cu la t e  po la r iza t ion  in the  1868 " N o t e " ,  and  the  
w a y  in which he ha rmon ized  the  concept  of d i sp lacement  wi th  his lines of force 
model  can be seen f rom a l e t t e r  which he wrote  to THOMSON in the  following yea r  
(1869) 199 . I n  the  pub l i shed  pape r  he represented  the  ac t ion  of an e lec t romot ive  
force on a dielectr ic  as leading  to a d i sp lacement  of e lect r ic i ty  be tween  the  surfaces 
of the  dielectric,  and  in the  l e t t e r  he represen ted  equ ipo ten t i a l  surfaces of the  
dielectr ic  as enclosing "cells" of the  dielectric,  the  cells being bounde d  b y  lines 
of force so as to  form tubes  of force 2°°. A d i sp lacement  of e lec t r ic i ty  took  place 
wi th in  each cell enclosed b y  a tube  of force, so the  concept  of d i sp lacement  was 
connec ted  to  the  lines of force. 

A s imi lar  app roach  can be seen in his unf inished Elementary Treatise on 
Electricity wr i t t en  shor t ly  a f te r  the  pub l ica t ion  of the  Treatise on Electricity and 
Magnetism in t873, and  publ i shed  pos thumous ly  in 188t.  In  the  "Preface" to  the  
Elementary Treatise he wrote  t h a t  in the  Treatise he h a d  employed  me thods  which 
were necessary  to  the  s t u d y  of the  m a t h e m a t i c a l  t heo ry  of e lec t r ic i ty  b u t  t h a t  
" I  have  since become more  convinced of me thods  akin  to those of F a r a d a y ,  and  
have  therefore  adop t ed  t h e m  from the  f i r s t "  ~01. I n  fact,  i t  is r ep resen ta t ion  b y  
lines and  tubes  of force which character izes  the  Elementary Treatise," i t  has a l r eady  
been no ted  t h a t  in the  Treatise he s t a t ed  t h a t  FARADAY'S pa r t i cu l a r  me thods  in- 

was here - -  and in his remark on the vector potential  in the equations of propagation - -  
referring to the problem of the ] = 0  condition. HEAVlSlOE considered tha t  the fact 
there were no longitudinal waves in MAXWELL'S theory was a t r iumph of the theory. 
He s ta ted tha t  there were "no  ' longi tudinal '  waves in Maxwell 's theory analogous 
to sound waves. Maxwell took good care tha t  there should not  be any ... the phenomena 
of light indicated the absence of longitudinal waves; to get rid of them was a difficulty 
ill elastic solid theories . . .  Now Maxwell 's theory went of itself in the direction re- 
quired",  Electromagnetic Theory, 2, 493. Thus, by  eliminating A and its "parasite" ], 
HEAVlSIDE also eliminated the unwanted longitudinal waves. 

198 MAXWELL, Papers, 2, 138f. MAXWELL'S first two theorems were as follows: 
"Theorem A. If  a closed curve be drawn embracing an electric current, then the 
integral of the magnetic intensi ty taken round the closed curve is equal to the current 
multiplied by  4 z  .. .  Theorem B. If a conducting surface embraces a number of lines 
of magnetic force, and if, from any cause whatever, the number of these lines is 
diminished, an electromotive force will act round the circuit, the total  amount  of 
which will be equal to the decrement in the number of lines of magnetic force in 
unit  of t ime" ,  ibid., 138. Thus, Theorem B was stated explicit ly ill terms of lines of 
force, and tha t  this also applied to Theorem A can be seen from the fact tha t  he 
went on to state tha t  the "number of lines of magnetic force may  be otherwise defined" 
in terms "of the integral of the magnetic in tensi ty" ,  ibid., thus defining Theorem A 
in terms of lines of force. 

199 MAXWELL to THOMSON, 5 June 1869, Origins o/Clerk Maxwell's Electric Ideas, 45. 
209 The notions of " tubes  of force" and "ce l l s"  had been used by  MAXWELL in 

" F a r a d a y ' s  Lines",  Papers, 1, 160, 165, and derived from FARADAY (see note 79). 
991 MAXWELL, Elementary Treatise, viii. 
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volved representatiolx by  lines of force. As before, a tube of force was defined as a 
system of lines of force forming a tubular  surface 2°2, and he wrote tha t  he had 
constructed a "geometrical model of the field of electric force" by  means of the 
tubes of force ~°3. Thus, as in " F a r a d a y ' s  Lines",  the aim was to represent the 
field b y  a geometrical model of lines and tubes of force. As in the t869 letter to 
THOMSON, he stated tha t  the tubes of force were cut into "uni t  cells" 304 by  equi- 
potential  surfaces, and again he represented the effect of electromotive force as 
causing a displacement of electricity within the cells 2°5, and he made it clear tha t  
"a  tube of induction is defined with respect to ...  electric displacement" ~0~. Thus, 
he clearly connected displacement to the idea of tubes of force. The notion of unit 
cells, like tubes of force, was first used by  MAXWELL ill "Faraday's Lines" where 
he related these ideas to his t rea tment  of the imaginary fluid. In  the Elementary 
Treatise MAXWELL represented the energy of the field as being stored ill the unit 
cells2°L so again his representation was in accordance with the lines of force model. 

The interpretation of displacement as taking place within the tubes of force in 
the Elementary Treatise and the t 869 letter to THOMSON was quite different from 
the way in which displacement was represented in "Physical Lines",  "Dynamical 
Theory" ,  and the Treatise, where displacement was connected to the concept of 
particulate polarization. In  "Faraday's Lines" the concept of displacement was 
not introduced, but  in tha t  paper  MAXWELL made it clear tha t  there was no 
condition of polari ty within the tubes of force, and there was no suggestion of the 
polarizatio~ of molecules. Thus, the approach in the Elementary Treatise re- 
presents something of a synthesis between the lines of force model as employed in 
"Faraday's Lines" and the viewpoint founded on the polarization of particles as 
employed in "Physical  Lines",  "Dynamical Theory" ,  and the Treatise. The 
necessity of incorporating displacement into the model of lines of force, because 
this concept was required for his derivation of the wave equation, led MAXWELL 
to modify his lines of force approach; there was now a condition of polari ty 
within each tube of force due to the displacement. However, here MAXWELL did 
not admit  molecular polarization, and the lines of force approach was preserved 
by  representing polarization as occurring within each tube of force. The sections 
on electrostatics in the Elementary Treatise may  be compared with the corre- 
sponding sections in the Treatise," while he discussed lines and tubes of force in the 
latter work there was no connection of these concepts with displacement, and the 
model he adopted was one of molecular polarization 2°s. There was no mention of 
the electrotonic state in the Elementary Treatise, but  the work was incomplete, 
and the electrotonic state does not appear in the corresponding sections of the 
Treatise. Nevertheless, it is possible tha t  he would have retained the approach of 
the i868 " N o t e "  and avoided the concept altogether. The approach in the 

2o3 Ibid., 46. 
303 Ibid., 50. 
204 Ibid., 47. 
~o~ Ibid., 49. 
~o6 Ibid., 57. 
3o~ Ibid., 47f. 
203 On lines of force see Treatise, § 4-7, 82; on displacement and molecular polariza- 

tion see § 60, t l i .  
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Elementary Treatise was, therefore,  a geometr ical ,  non-mechanica l  mode  of 
representa t ion ,  and  was p resen ted  as an a l t e rna t ive  to  the  dynamica l  exp lana t ion  

of the  Treatise. 

v i i  

This  d i cho tomy  be tween  lines of force and  molecular  po lar iza t ion  can also 
be seen in the  work  of MAXWELL'S Successors who a t t e m p t e d  to achieve formu-  
la t ions  of "Maxwell 's  t h e o r y " .  I t  is in te res t ing  t h a t  two of •AXWELL'S followers, 
J .  H. PO¥•TING and  J.  J .  THOMSON, adop t ed  the  lines of force approach.  Bo th  
re la ted  the i r  work  to FARADAY z°9 and  POYNTING, ill adop t ing  the  idea  of tubes  of 
force and  uni t  cells, also re la ted  his ideas  to  the  Elementary Treatise and  re- 
p resen ted  the  energy of the  field as being s tored  wi th in  the  uni t  cells ~1°. They  
bo th  expressed the  fundamen ta l  re la t ions  of e lec t romagnet i sm ill a manne r  
analogous  to  the  first  two theorems  of MAXWELL'S 1868 " N o t e " ,  and  this  was 
pa r t i cu l a r ly  expl ic i t  in POYNTING'S t h e o r y  m.  T h e y  bo th  avo ided  displacement ,  
which J.  J .  TI~OMSON replaced  b y  a q u a n t i t y  which he def ined in t e rms  of the  
number  of tubes  of force passing th rough  a plane surface 312. POYNTIN~'S t r e a t m e n t  
of the  e lect rotonic  s ta te  resembled  MAXWELL'S in " F a r a d a y ' s  L ines" ,  for he 
def ined i t  in t e rms  of t i le tubes  of force 313. The  concept  was not  used a t  all  b y  
THOMSON. Despi te  minor  differences of exposi t ion  POYNTING and  THOMSON bo th  
adop t ed  the  v iewpoin t  of the  p r i m a c y  of lines of force. POYNTING m a d e  i t  clear 
t h a t  he took  the  tubes  as f u n d a m e n t a l  enti t ies ,  the i r  u l t ima te  na tu re  being 
unknown 31~, and  THOMSON also r e m a r k e d  t h a t  " w e  have  no t  a t t e m p t e d  any  
t heo ry  of the  cons t i tu t ion  of these t u b e s "  315, and  emphas ized  t h a t  m FARADAY'S 

20, j .  H. POYNTING, "On the Connection between Electric Current and the Electric 
and Magnetic Inductions in the Surrounding Fie ld" ,  Phil. Trans., 1885, 176, 277n; 
Collected Scientific Papers (Cambridge, t920), 194n. J . J .  T~OMSON, Notes on Recent 
Researches in Electriei@ and Magnetism (Oxford, t 893), 2. 

~10 POYNTING, Collected Seienti]ic Papers, 196. This was POYNTING'S first general 
principle. 

2n POYNTING (loc. cir.) stated two further general principles, which in fact were The- 
orems A and B of MAXWELL'S 1868 " N o t e "  (Papers, 2, 138, see note 198 above), and he 
then proceeded to state his modifications of them. This modification was carried out  in 
terms of the concept of tubes of force, and POYNTING related the magnetic force to 
the " tubes  of electric induct ion"  and the electric force to the " tubes  of magnetic 
induct ion",  POYNTING, @. cir. (note 2t0), 197f. In  doing this he was to express the 
analogy between Theorems A and t3 of MAXWELL'S 1868 " N o t e "  which was only 
implicit  in MAXWELI,'S formulation. J. J. THOMSON obtained equations for the magnetic 
force in terms of the number and velocities of the tubes of force, Recent Researches, 
8, and equations for the electric force in terms of the motions of the tubes of force, 
ibid., 10. 

21~ j .  j .  TI~OMSON, Recent Researches, 6. 
~1~ POYNTING defined magnetic induction (B) in terms of the tubes of force passing 

through a surface, and he was able to show tha t  the equation B = c u r l  A (POYNTING 
did not  use vector notation) would follow if the components of the vector potential  (A) 
/~', G, H were defined in terms of the tubes of force. Thus, he s tated tha t  " W e  should 
obtain Maxwell 's equation of we defined F, G, H to be the number of tubes which 
would cut the axes per unit  length" ,  Collected Scienti/ic Papers, 213. 

21~ POYNTING, "An  Examinat ion of Prof. Lodge's Electromagnetic Hypothes is"  
[Modern Views o] Electricity (London, t889)], Electrician, t893, 31, 636; Collected 
Scientific Papers, 268. 

~15 j .  j .  THOMSON, Recent Researches, 52. 
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theory the tubes were the fundamental entities and had " a n  existence apart from 
the molecules of the dielectric, though these were polarized by the tubes when 
they passed through the dielectric" 216. They both made it clear that  their theories 
were non-mechanical representations of electromagnetism, and THOMSON wrote 
that the theory of tubes of force was"  geometrical rather than dynamical" 217. Thus, 
they both adopted a mode of representation based on the primacy of lines of force. 

This point of view was emphatically opposed by HERTZ, who stated that the 
theory of the primacy of lines of force - -  of FARADAY, POYNTING, and J. J. 
THO~ISON - -  implied that  ontologically the lines of force were fundamental en- 
tities, rather than conventional symbols for a state of matter. Thus, he argued 
that  " the  conception employed by FARADAY, of a motion of the lines of force 
relatively to the surrounding medium, is illdeed a highly remarkable one, and 
may be capable of being worked out; but it is entirely different from tile view 
here followed, according to which the lines of force simply represent a symbol for 
special conditions of mat te r"  ,is. This, then, was his approach, and he noted that 
a "similar theory [to Poynting's] has also been developed recently by J . J .  
Thomson ... In so far as this theory and Poynting's lead to Maxwell's equations, 
I would regard them as special forms of 'Maxwell's theory' ,  although their con- 
ceptions are undoubtedly not Maxwell's" 319. In dissociating the lines of force 
approach from MAXWELL'S own view HERTZ dearly regarded MAXWELL'S ideas 
as those embodied ill the Treatise, for he emphasized ~3° that he had adopted 
" M a x w e l l ' s  standpoint",  which was that in which"  we must conceive each particle 
of the dielectric as being charged with negative electricity on ... [one] side, and 
with positive electricity on the ... [other] side" 321. HERTZ appears not to have 
known of the t868 " N o t e "  332, and he developed his own formulation of the 
fundamental relations of electromagnetism in a manner based on the electric and 
magnetic forces alone 233. 

HEAVISIDE was also opposed to the use of lines of force, and his formulation 
of MAXWELL'S theory was based on the symmetry between the proportionalities 

21e Ibid., 2. 
21~ Ibid., 52. See also POY~TING, ot). cir., 267. 
21s HEINRICH HXRTZ, Electric Waves, trans. D. E. JoN~s (London, 1893), 255 (this 

is in the paper cited in note 7). 
219 Ibid., 277, n. 35. HERTZ was here referring to J .J .  THOMSON'S paper " O n  the 

Illustration of the Properties of the Electric Field by Means of Tubes of Electrostatic 
Induction", Phil.  Mag.,  1891, 31, 149--t71, in which the concept of tubes of force 
was employed. 

229 HERTZ, Electric Waves, 27. 
2~1 Ibid., 26. 
2~ However, HERTZ argued that the vector potential did not define a physical 

quantity and it was therefore superfluous and should be eliminated, "/dber die Grund- 
gleichungen der Electrodynamik fiir ruhende KSrper", Ann .  Phys . ,  1890, 40, 578; 
Electric Waves, 196. 

~2a Though Ha~RTZ eliminated displacement he argued that "' The expression 'elec- 
tric force' in these papers is only another name for a state of polarization of space", 
Electric Waves, 27n. HERTZ'S reasons for eliminating displacement Call be seen from 
the Introduction to Electric Waves. HERTZ argued that MAXWELL'S ideas were those 
of "the pure conception of action through a medium", for " w e  now rather regard 
the polarizations [of the particles] as the only things which are really present", 
ot). cit., 25. Thus, HXRTZ meant that charge was a manifestation of the polarization 
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be tween  d i sp lacement  and  electr ic force, and  magne t i c  induc t ion  and  magne t i c  
force 224. This  ana logy  be tween  e lec t r ic i ty  and  magne t i sm  was impl ied  b y  MAXWELL 
in his pape r  " O n  the  Mathemat i ca l  Classif ication of Phys ica l  Q u a n t i t i e s "  225 and  
re la tes  to his d i s t inc t ion  be tween  fluxes and  forces in the  Treatise 2~6, where  
he d id  ind ica t e  the  ana logy  be tween  e lec t r ic i ty  and  magnet i sm.  Fo r  HEAVI- 
SIDE, the  f luxes - -  d i sp lacement  and  magne t ic  inductior~ - -  were fundamen ta l  
quant i t ies ,  and  he s t a t ed  t ha t  " I  must ,  however,  wonder  a t  the  pers is tence wi th  
which the  p rac t i t i ans  have  s tuck  to ' the  l ines '  as t h e y  call the  f lux in ques t ion"  227 
Thus,  HEAVISIDE d id  not  i n t e rp re t  magne t i c  induct ion  in t e rms  of lines of force, 
and  he made  i t  clear t h a t  in his formula t ion  the  forces and fluxes were " t h e  objec ts  
of immed ia t e  a t t e n t i o n "  ~2s. Thus,  HEAVlSIDE'S t heo ry  was based  on the  concepts  
of the  Treatise, and  though  there  were differences be tween  his ideas and  HERTZ'S 
the i r  formula t ions  of e lec t romagnet i sm have  much  in common ~9, for in bo th  
the i r  theories the  equat ions  of the  field were expressed as re la t ions  be tween the  
electr ic  and  magne t ic  forces 23°. Thus,  HEAVISIDE and  HERTZ developed  the i r  
theories f rom the  categories  of the  Treatise, despi te  the i r  differences from the  
mode  of r ep resen ta t ion  in t h a t  work  2~1. 

of the ether; this was s tated by  MAXWELL in the Treatise (§ 111). Now, HERTZ also 
argued tha t  MAXWt'~LL'S equations could be derived from the limiting case of HELM- 
HOLTZ'S theory (" ~ b e r  die Bewegungsgleichungen der Elektricit~it fiir ruhende leitende 
KSrper"  [t870], Wissenscha]tliche Abhandlungen, 1, 543--628) in which the polariza- 
tion was explained by  distance forces, for in the limiting case of HELMHOLTZ'S theory 
all the energy was in the medium and " the  distance-forces must  become infinitely 
small" ,  Electric Waves, 24. This corresponded to the case where "electr ic i ty  must  
therefore behave .. .  like an incompressible f luid",  ibid., as s tated by  MAXWELL in 
the Treatise (§ 61). Thus, HERTZ'S elimination of D can be seen as the result of the 
problem of the definition of displacement in terms of charge, for he argued tha t  the 
notion tha t  charge was a manifestation of polarization could not  be equated with the 
idea tha t  electricity behaved like an incompressible fluid, op. cit., 25. By eliminating 
displacement as a concept independent of the electric force, the problem was avoid- 
ed. In  vector notat ion (which was not  used by  HERTZ, HERTZ'S equations were 
operator equations between curl • and E and curl E and ti, ibid., 20t (paper cited 
in note 222). 

224 HEAVISlDE, Electromagnetic Theory, 1, 20f. 
225 MAXWELL, Papers, 2, 262. 
22~ MAXWELL, Treatise, § t 2 (see note t 66). 
2~7 HEAVlSlDE, 0t9. cir. (note 224), 30. 
22s Ibid., iv. 
2~ For  example, both  HEAVlSIDE and HERTZ eliminated the vector potential  (see 

notes 197 and 222). HERTZ'S theory differed from HEAVISIDE in tha t  HERTZ eliminated 
displacement as an independent quant i ty  (see note 223). 

2,0 Thus, in HEAVISIDE'S paper  "The  General Solution of Maxwell 's Electro- 
magnetic Equations in a Homogeneous Isotropic Medium, especially in regard to the 
Derivation of special solutions, and the Formulae for Plane Waves",  Phil. Mag., 1889, 
27, 29--50;  Electrical Papers, 2, 468--48L the equations of the field were expressed 
as operator equations between c u r l / / a n d  E and curl E and It, Electrical Papers, 2, 
468. C]. HERTZ'S formulation (see note 223). HEAVIStDE employed vector notation. 
HEAVlSlDE emphasized tha t  in his formulation " the  electric and magnetic sides of 
electromagnetism are symmetrical ly exhibited and connected",  Electromagnetic Theo- 
ry, 1, iiif. 

~3~ For  example, HEAVISIDE'S two circuital laws (ibid., 34f.), which gave the field 
equations, correspond to the first two theorems of MAXWELL'S J 868 " N o te " ,  though 
for HEAVISIDE these laws were not  founded on a lines of force view. 
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VIII  

Further  consideration must  now be given to an aspect of MAXWELL'S thought 
in the Treatise which has already been noted but  which raises a number  of problems. 
This is the question of MAXWELL'S conception of dynamical explanation, for 
MAXWELL argued tha t  the dynamical theory of the Treatise was not a complete 
explanation of the phenomena of electromagnetism 282. MAXWELL'S discussion of 
this problem is particularly important  in tha t  the difficulties he discussed may  
well have contributed to his abandonment  of the dynamical explanation of the 
Treatise - -  and of "Dynamical Theory"  - -  and his return to the lines of force 
view in the Elementary Treatise. In  the Treatise MAXWELL emphasized tha t  
according to the theory employed in the Treatise electrical action was " a  phenom- 
enon due to an unknown cause",  but  tha t  in a complete theory of electromag- 
netism a current would be represented as " the  result of known motions of known 
portions of matter ,  in which ... the whole intermediate mechanism and details 
of the motion, are taken as the objects of s tudy ''2a8. In  saying this MAXWELL 
pointed out tha t  "a  knowledge of these things would amount to at  least the be- 
ginnings of a complete dynamical theory of electricity" ~a4. Though he realized 
tha t  any  number  of mechanical models could be constructed so as to represent the 
phenomena, his desire to achieve a complete explanation of the phenomena led 
him to consider the possibihty of mechanical construction. 

However, there is evidence tha t  MAXWELL envisaged certain problems in this 
mode of representation, in addition to the difficulty tha t  an infinite number  of 
possible mechanical models could be constructed. This evidence consists in a 
number  of passages ill the first edition of the Treatise which MAXWELL deleted in 
preparing the second edition for the press, taken in conjunction with certain 
manuscripts and passages from other published work. In  the first edition of the 
Treatise he argued tha t  rather  than  assume action at a distance, the action could 
be accounted for by  means of the intermediate connexions in the medium, which 
led to a theory of what  he called " internal  forces". The internal forces were 
assumed to act between the particles across distances which though insensible 
were finite. He went on to make the crucial point tha t  " t he  observed action at 
a considerable distance is therefore explained by  means of a great number  of 
forces acting between bodies at  very small distances, for which we are as little 
able to account as for the action at any  distance however great ''235. Thus, 
MAXWELL recognized tha t  to replace forces acting between macro-bodies across 
sensible distances by  internal forces acting between micro-particles was to replace 
one unknown by  another. He admit ted this and went on to say tha t  " b y  estab- 
lishing the necessity of assuming these internal forces ... we have advanced a 
step ...  which will not be lost, though we should fail in accounting for these 

332 This has been noted by JosEPH TURNER, "Maxwell on the Logic of Dynamical 
Explanation", Philosophy o/ Science, 1956, 23, 36--47. However, MAXWELL'S dis- 
cussion of this question went beyond the idea that a dynamical explanation must be 
provided. See below. 

283 MAXW:~LL, Treatise, § 574. 
~3~ Ibid. 
2a5 Treatise, § t05, 
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internal forces" 23G. MAXWELL did not adopt FARADAY'S solution of, as he put  it, 
"represen t ing  lines of force belonging to a body as in some sense part  of itself" ~37, 
in other words speaking of mat te r  extending continuously throughout space by  
means of its forces, but  he retained the particulate approach of the Treatise, and 
postulated the existence of internal forces - -  which were themselves unexplained 
- -  between micro-particles. 

In  passages which remained in the second edition, MAXWELL went on to say 
that  he had supposed the medium in a state of stress but  tha t  he had not explained 
the nature of this stress 23s. However, he stated that  he believed the "nex t  s tep"  
to be important ,  " t o  account by  mechanical considerations for these stresses ill the 
dielectric" and he added tha t  " I  therefore leave the theory at  this point"239. 
Taken together with the earlier passages as they appeared in the first edition, 
this next step was the explanation of the internal forces. The implication, in the 
Treatise, was tha t  the internal forces could be defined by  the equations of dynam- 
ics, for MAXWELL did discuss the possibility of achieving a complete dynamical 
theory in the Treatise, and he said that  such a theory was all ult imate explanation 
of the phenomena 24°. Thus, the implication was that  the next step consisted in 
obtaining some kind of mechanical model, despite his explicit realization tha t  an 
infinite number  of such models could be constructed and tha t  there was still a 
problem in explaining the nature of the internal forces acting between micro- 
particles across insensible distances. However, MAXWELL argued tha t  whatever 
the nature of these forces the LAGRANGEAN formalism of dynamics enabled the 
nature of the internal forces to be ignored, for he stated tha t  he had assumed the 
medium to be a moving system " t h e  motion being communicated from one part  
of the system to another by  forces, the nature and laws of which we do not yet  
even a t tempt  to define, because we can eliminate these forces from the equations 
of motion by  the method given by  Lagrange for any connected sys tem"  z41. In 
other words the problem of the nature of the internal forces could be avoided, for 
the LAGRANGEAN formalism of dynamics enabled their "na ture  and laws" to be 
ignored 24~. 

Nevertheless, even though the problem could be avoided MAXWELL did not 
abandon all discussion of the difficulty. In  a manuscript  on the "Dimens ions  of 
Physical Quanti t ies" - -  probably dating from the early t870's - -  MAXWELL 
distinguished between macro- and micro-phenomena, for he wrote tha t  "when 

23e Treatise, § t07. 
237 Treatise, § 529. 
238 Treatise, § t t O. 
239 Treatise, § t t t .  
2~0 See above. See his remark that "we cannot conceive any further explanation 

Ethan a dynamical explanation] to be either necessary, desirable, or possible" (note 1 63). 
341 Treatise, § 552. 
2~2 Thus, the problem could be avoided by employing the LAGRANGEAN formalism 

of dynamics. HERTZ was to make a similar point in arguing that the problems of the 
nature of charge, displacement, and electricity could be avoided. Thus, he stated that 
"we  have accumulated round the term ... 'electricity' more relations than can be 
completely reconciled amongst themselves ", and though "these painful contradictions 
are removed" when displacement is eliminated "the question as to the nature of 
[electricity] ... will not have been answered; but our minds, no longer vexed, will 
cease £o ask illegitimate questions", Principles o] Mechanics (London, 1899), 7f. 
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we come to deal with very  small  quant i t ies  of ma t t e r  its properties begin to be 
different from those observed in large masses . . .  the forces which we call molecular  
begin to show themselves act ing in a different m a n n e r  from those forces which are 
alone sensible in their  action on great masses. There is therefore a real dis t inct ion 
between very  small  and  very  large bodies in  n a t u r e "  243. There was a difference 
between the ind iv idua l  molecule and  the forces with which it  was associated, and  
a sensible mass of molecules and  the forces - -  the observed forces - -  which were 
associated with them. Though he believed tha t  energy conservat ion applied bo th  
to micro- and  to macro-bodies TM, the na tu re  of the molecular  forces remained an 
unexp la ined  problem for h im;  hence his remark  tha t  a sat isfactory theory of the 
magnet ic  act ion on light required knowledge of "some th ing  more definite about  
the properties which mus t  be a t t r i bu t ed  to a molecule""4~. In  this manuscr ip t  
MAXWELL was quest ioning the assumpt ion  tha t  the equat ions  of dynamics  could 
be employed to describe the mot ions  of insensible particles, for the explicit 
inference was tha t  molecular  forces were of a to ta l ly  different k ind  from the 
forces between sensible bodies. He made  a similar  remark  in his essay on "Science  
and  Free Wi l l "  in 187% where he s ta ted  tha t  "a  cons t i tuent  molecule of a body  
has properties very  different from those of the body  to which it  be longs"  246. This 
d is t inct ion 24~ between sensible and  insensible bodies can also be seen in his article 
on " A t o m " ,  da t ing  from about  1875, where he referred to the no t ion  t ha t  two 
atoms could no t  coincide as "an  unwar ran tab le  concession to the vulgar  opinion 
tha t  two bodies cannot  co-exist in the same place. This opinion is deduced from 
our experience of the behaviour  of bodies of sensible size, bu t  we have no ex- 
per imenta l  evidence tha t  two atoms m a y  not  sometimes coincide ''24s. These 

243 MAXWELL, MS on "Dimensions of Physical Quantit ies" (U.C.L. Add. MSS. 
7655). 

244 This call be seen from his argument against LE SAGE'S hypothesis of "ul tra-  
mundane corpuscles" to explain gravitation, that  it involved a "constant expenditure 
of work", Papers, 2, 490. Thus, even "u l t ramundane  corpuscles" were subject to 
energy conservation, for according to LE SAGE'S theory " the  habitable universe, 
which we are accustomed to regard as the scene of a magnificent illustration of the 
conservation of energy as the fundamental  principle of all nature, is in reality main- 
tained in working order only by an enormous expenditure of external power", ibid., 477. 

245 Treatise, § 830. 
246 CAMPBELL • GARNETT, Life o/Maxwel l  (lst ed., 1882), 439. 
24~ His remarks on this problem clearly derived from his concern with this problem 

in his work on the kinetic theory of gases. See my paper "Molecular Forces, Statistical 
Representation, and Maxwell's Demon",  forthcoming in Studies in History and Philo- 
sophy o/ Science. However, these remarks also relate to his remarks on " internal  
forces" in the Treatise, so in his work on both electricity and gas theory he was 
concerned with the problem of molecular forces. 

24s MAXWELL, Papers, 2, 448. MAXWELL was here denying NEWTON'S third Rule 
of Philosophizing, the "foundation of all philosophy", according to which the con- 
clusion that  " impenetrabil i ty ... was a universal property of all bodies whatsoever" 
was held to depend on the "analogy of Nature",  Sir Isaac Newton's Mathematical 
Principles o/ Natural Philosophy, (trans.) MOTTE-CAJORI (Berkeley, 1934), 398f. The 
third Rule had been discussed by WILLIAM WHEWELL, who found it to be "a  mode 
of reasoning far from conclusive", Philosophy of the Inductive Sciences (2nd ed., 2 vols., 
London, 1847), 2, 289. WttEWELL remarked that  according to NEWTON "the  properties 
of bodies depend on the attractions and repulsions of the particles. Therefore, among 
other properties of bodies, their hardness depends on such forces. But  if the hardness 
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remarks ,  which da te  from the  same per iod as the  first  edi t ion of the  Treatise, 
clear ly  have  re la t ion  to his s t a t emen t s  on in te rna l  forces in t h a t  edi t ion.  Thus,  
the  in te rna l  forces be tween  micro-par t ic les  were of a different  na tu r e  to the  forces 
be tween sensible bodies.  The  considera t ion of these problems  in the  Treatise m a y  
well have  con t r ibu ted  to MAXWELL'S decision to depa r t  f rom the  dynamica l  
t heo ry  of the  Treatise and  to re tu rn  to the  lines of force approach  in the  Elementary 
Treatise, even though  considera t ion  of the  " n a t u r e  and  l a w s "  of the  in te rna l  
forces could be avoided  in using the  LA~RANGEA~ formula t ion  of dynamics .  

I X  

MAXWELL'S s t a t emen t  in the  Treatise t h a t  he had  p rov ided  a m a t h e m a t i c a l  
expression for FARADAY'S phys ica l  ideas was an over -modes t  account  of his 
achievement .  He  had  cer ta in ly  done this, b u t  he had  succeeded in accompl ishing 
a g rea t  deal  more.  Though  his theories were s t ruc tu red  b y  an adherence  to phys ica l  
concepts  first  in t roduced  b y  FARADAY, these concepts  were t r ans fo rmed  b y  
MAXWELL; for in s t r iv ing to represent  FARADAY'S not ions  m a t h e m a t i c a l l y  MAX- 
WELL was led to develop theories of far  grea ter  phys ica l  sub t l e ty  and  power  t han  
a n y  t h a t  FARADAY had  proposed.  The  ve ry  complex i ty  of his phys ica l  ideas  led 
his successors to  del ineate  crucial  ambigui t ies  in his work,  and  - -  though  there  
were o ther  centra l  p roblems  in his though t  - -  i t  seems clear t h a t  the  efforts of his 
successors to  achieve formula t ions  of "Maxwell ' s  t h e o r y "  involved  a t t e m p t s  to 
develop a clear unde r s t and ing  of the  d i cho tomy  in MAXWELL'S though t  be tween  
lines of force and  pa r t i cu la te  polar izat ion.  In  this  pape r  i t  has been argued t ha t  
this  conceptua l  d i cho tomy  - -  which had  i ts  roots  in concepts  employed  b y  
FARADAY - -  underl ies  the  deve lopment  of MAXWELL'S thought .  

The research reported here was done ill the Depar tment  of Philosophy, University 
of Leeds. 

o/the bodies depends upon the forces, the repulsion, for instance of the particles, upon 
what  does the hardness of the particles depend ? Wha t  progress do we make in ex- 
plaining the properties of bodies, when we assume the same properties in our explana- 
t ion ? and to what  purpose do we assume tha t  the particles are hard ? ", ibid., 1, 432. 
A very different view was taken by  JAMES CHALLIS in a long series of papers during 
the t850s and 1860s in which CHALLIS was concerned with the problem of molecular 
forces. For  example, see CHALLIS, " A  Theory of Molecular Forces" ,  Phil. Mag., 1860, 
19, 88--102. He gave a clear s ta tement  of his adherence to the third Rule in his 
paper  "On  Newton's  ' Foundat ion of all Phi losophy'  ", ibid., 1863, 26, 280--292, 
where he s tated tha t  " the  experience of the senses relative to masses is necessary and 
sufficient for revealing to us the universal properties of the ul t imate constituents of 
the masses",  op. cir., 282. CHALLIS told MAXWELL tha t  his theories were "s t r ic t ly  
within the rules of the Newtonian principles of Phi losophy",  CHALLIS to MAXWELL, 
10 June 1861 (U.L.C. Add. MSS. 7655). NEWTON'S arguments on the third Rule are 
discussed in a number of papers by  J. E. McGIJIRE. See "The  Origin of Newton's  
Doctrine of Essential Qualit ies",  Centaurus, t968, 12, 233--260; "Atoms  and the 
' ana logy of Na tu re ' :  Newton's third Rule of Philosophizing", Studies in History 
and Philosophy o/ Science, 1970, 1, I ff. 
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