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B and H, the intensity vectors of magnetism: A new approach to resolving
a century-old controversy

John J. Roche®
Linacre College, Oxford OX1 3JA, United Kingdom

(Received 7 June 1999; accepted 15 September)1999

The B andH controversy, which has persisted for more than a century, is at bottom a debate over
the structure of the macroscopic magnetic field, both in a vacuum and in a magnetized body. It is
also a controversy over units and notation. It is paralleled by the probldnaodE in dielectrics.

Its origins are traced to a dual magnetic field concept of William Thomson, to an altogether different
dual field concept of Faraday, and to Maxwell’'s attempt to bind the concepts of Thomson and
Faraday together. The author argues that severe ambiguities were inadvertently introduced to this
subject during its foundational period and subsequently, and that many of these still remain
embedded in the present-day interpretation of the subject. The article attempts to clear up a long
history of misunderstanding by dealing with each difficulty in the same sequence in which it was
introduced to electromagnetism. @00 American Association of Physics Teachers.

[. INTRODUCTION the “intensity of magnetism”(the magnetizationof each
) . o element of the source bodyAlthough he began his analysis

Such is the subtlety of electromagnetism that it is hardlypy assuming magnetic molecules, Poisson was responsible
surprising that despite three centuries of intense research cgy introducing the strategy—still followed today—for ef-
tain concepts remain unclear. The problem of interpretatiofecting a coherent transition from a discrete molecular me-
of B andH is, perhaps, the most complex of all and hasgiym to an idealized continuufHe also introduced the sca-
attracted a considerable literature. The caption BhgSICS |3y function to magnetism, originally invented by Laplace for
World article relating to this sijbje_ct in 1994 described it as ayrayity, which George Green of Nottingha(t793—1841
“‘magnetic Tower of Babel.”™ It is a frustrating problem \yas to call the “potential.’® His study of the magnetization
because, although the physics involved is quite well underpt gljipsoidal bodies is of particuiar importance for the
stood, an agreed interpretation has never been found. It Ofresent study. He showed that a homogeneous ellif@wid
fers a marvelous challenge, nevertheless, constantly disc'°§ruding, of course, a spherelaced in a region of uniform
ing new levels of difficulty. A resolution of this problem is magnetic intensity—such as that provided by the earth—
important for pedagogy, for the coherence and clarity ofhecomes uniformly magnetized. He showed how the mag-
macroscopic electromagnetic theory, and for those who havgetic intensity of such an ellipsoid may be precisely calcu-
to wrestle with a wide variety of competing systems of unitS|aeq at an external point. Poisson’s investigations also led to
and notation. | believe that in this, as in so many other conghe recognition that the magnetic intensity in a small ellip-
tinuing problems of interpretation in classical electromagnexgigal hollow in a magnetized body is uniform in magnitude
tism, a new approach is called for. That which | havegng directior.
adopted involves establishing when and how each ambiguity gpe of Poisson’s greatest triumphs was his rigorous math-
first arose. Unraveling the problem in this manner makes ikmatical explanation why, even though every elementary
much easier to resolve. | have attempted to be faithful to th‘foart of one bar magnet exerts a force and a torque on every

notation used by each author. part of a neighboring magnet, the force seems to be an inter-

action between the poles only. To explain this he did not
II. MAGNETIC INTENSITY THEORY FROM require Coulomb’s implausible hypothesis that the end faces
POISSON TO KELVIN: DIFFICULT BEGINNINGS of polar magnetic molecules are contiguous and mutually

cancelind® By a suitable transformation of his volume inte-

The concept of a “magnetic intensity” may have first ap- gral over the dipole medium, Poisson arrived at an integral
peared in a publication of 1769 by the Swiss investigatomwhich could be interpreted to mean that the force between
Jacques Mallet-Favrel 740—178072 It was at first measured two magnets was partly due to an interaction between a layer
comparatively by relating frequencies of vibration of a givenof “free” magnetic monopole fluid on the ends of each mag-
magnet at different stations or timé¥he magnetic intensity net and partly due to an interaction between “free” mono-
was thought of as the magnetic for@a torque exerted on  pole fluids distributed throughout the body of each magnet.
each individual element of the body rather than as the totaln a homogeneous body the latter vanished. The density of
force on the body. Until the middle of the 19th century thethe surface distribution was equal to the normal component
magnetic intensity was not understood as a property of angf the intensity of magnetization and the density of the vol-
magnetic “field” but as a force somehow applied directly by ume distribution was proportional to the negative divergence
the distant source to the local test body. of the magnetizatiod.William Thomson in 1849, following

Simeon Denis Poissal781—1840 in a series of seminal Gauss® took pains to emphasize that Poisson’s boundary
publications in 1826 and 1827, laid the foundations for thedistribution of “free” magnetism is “imaginary magnetic
mathematical study of magnetized bodies. Basing his mattmatter.” Forces between imaginary magnetic matter on the
ematical and conceptual techniques on Laplace’s study gfoles of the magnets, though “convenient,” are “very arti-
gravity, he showed how the “intensity of magnetic action” ficial” and are “not the same as the real mutual action be-
(today, the “magnetic field strength’of a magnetized body tween the different parts of the magnets themselvEsOt-
could be calculated at an external point from a knowledge ofaviani Mossotti (1791-1863 who applied Poisson’s
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analysis and transformation to dielectrics in 1850, stated thdent to “the actual resultant force which would exist within
he was not suggesting that the “electrical stratum...existed ithe hollow space that would be left if the portion considered
fact on the surface of the dielectric body? The physical were removed and the magnetism of the remainder con-
reality or otherwise of properties which emerge as a result oftrained to remain unaltered?® The magnetic intensity in
mathematical transformations remains a debated issue todae cavity was further specified in terms of the force on a

Poisson had no difficulty in defining the magnetic inten-“very small bar magnet...placed in a definite position in this
sity at a point external to a magnetized body, but had muclspace.”?! The macroscopic magnetic intensity inside a mag-
more difficulty specifying the magnetic intensity at a math- netized body primarily meant, therefore, for Thomson as it
ematical pointM inside a magnetized body—and here wehad for Green, the intensity experienced by an element of the
arrive at the beginning of another aspect of the modern probmedium. It is important to recognize that Thomson’s famous
lem of B andH. In his most refined attack on the problem, cavity definitions were notional devices introduced to give a
Poisson distinguished between the magnetic intensity prosharper definition to the concept of the magnetic intensity
duced atM (@) by the magnetic molecule in which it was experienced by macroscopic elements of the medium itself.
located,(b) by the magnetic matter in an infinitesimal but He brings this out even more clearly in an article on mag-
macroscopic element of the body arould and (c) by the  netic permeability published in 1873.
rest of the magnetized body. He found that the contribution This did not solve Thomson’s problem, however, because
from a shell of(b), however small its volume, was just as he recognized that the form of the portion chosen, however
important as the contribution from a shell of similar shapesmall, would influence the intensity that it experienced and
centered onM, however large it was and however remote consequently he believed that the magnetic intensity defined
from M. He also found that it was dependent on the shape dih this manner “has no determinate valué*He also writes
the shell but not on its “absolute dimension.” All of this that “The resultant force at a point situated in space occu-
arises because the magnetic intensity of dipoles obeys a comied by magnetized matter is an expression the signification
plex inverse cube law. Being unable to specify eitt@ror  of which is somewhat arbitrary.? Despite these reserva-
(b) in the general case Poisson abandoned the attempt tmns, his studies eventually led him to two definitions of the
specify the magnetic intensity at points inside magnetizeanagnetic intensity inside magnetized bodies that will now be
bodies, asserting that only external points mafter. examined carefully.

Green in 1828 also struggled with the same problem and We have seen that, by notionally replacing the real dipole
made an important advance. Instead of attempting to detemedium by an appropriate layer of imaginary monopole
mine the magnetic intensity acting on a mathematical pointmagnetic matter on the poléand in the interior for hetero-
he concentrated instead on calculating the magnetic intensityeneous bodigsPoisson obtained the correct calculated re-
experienced by an infinitesiméut macroscopicelement of  sult for the magnetic intensity at external poiftsthomson
the magnetized bod¥. Green argued that, in general, the now looked at the effect of this substitution on the internal
magnetic intensity in the interior of such an elemdoe to  field of the magnet. He found that there was no ambiguity
the rest of the mediurwaries in magnitude and direction about the magnetic intensity inside the surrogate body: It was
from point to point of the element, but that a spherical ele-simply that due to the boundary monopole layers and the
ment experiences a uniform applied intensityis not clear  internal monopole distributioff The magnetic intensity ex-
that he was aware that all ellipsoidal elements experiencperienced by an element of the surrogate medium was now
uniform intensity) Green then showed how the magnetic in-independent of the shape of that element since the medium
tensity applied by the medium to this spherical element couldvas no longer magnetized. The latter intensity was also
be calculated in principl& By defining the magnetic inten- equal to the negative gradient of Poisson’s scalar potential
sity within a magnetized body in terms of the intensity ex-function and was well-defined mathematicaifyThomson’s
perienced by a spherical test element of the medium itselftheoretical investigations also led him to the discovery that
Green eliminated those of Poisson’s difficulties which arosehe intensity inside this fictional medium was the same in
from mixing the macroscopic and microscopic in a singlemagnitude and direction as that which would be measured in
theory, and also from attempting to specify the internal magthe real medium in a “split"—which he soon called a
netic intensity at a mathematical point. Although Green’s“crevasse”—along the lines of magnetizatiéhin 1871 he
spherical element definition was not widely accepted, his aptermed this the “polar” definition of the magnetic intensity
proach had a considerable influence on William Thomson. inside the magnetized body.

In 1832 Karl Friedrich Gaus$l777-185% defined unit Thomson’s second magnetic intensity definition arose
magnetic pole absolutely as that which exerts a unit force ofrom a new integral transformation that he discovered in
an equal pole at unit distance. Gauss’s force was also med849. He developed Ampe's discovery that a closed cur-
sured in absolute unif€. Gauss employed magnetic fluids rent loop is equivalent to a magnetic shell bounded by the
more as a calculating device than as a physical hypothesigop2° While mathematically analyzing magnetized bodies,
referring to them as “fictive,” and his metrology actually which could be partitioned into magnetic shells perpendicu-
measured magnetic moments as well as magnetitar to the magnetization“lamellar” magnets, Thomson
intensities'’ Before Gauss, in the work of mathematical ana-found that the magnetic intensity at external points was the
lysts such as Poisson and Green, for example, magnetic uniseme as that produced by imaginary surface currents numeri-
were not clearly defined and the algebra was quite absftact.cally equal to the component of the magnetization parallel to

William Thomson (1824—-1907—later Lord Kelvin— the surfacgtogether with an interior current intensity equal
during the period 1845 to 1872 struggled to define the magto the curl of the magnetization, for heterogeneous badtes
netic intensity inside magnetized bodi€sde was commit- When the real medium was systematically replaced by this
ted to a fully macroscopic approach to magnetism. In 185&econd surrogate medium a unique but different value of the
he defined the magnetic intensity acting “upon any smallmagnetic intensity results at each internal point—again be-
portion of an inductively magnetized substance” as equivacause the medium is no longer magnetized. Thomson termed
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this new definition the “electromagnetic definitior®® It closed tubes circulating through and around the body of a
was well-defined mathematically in terms of the imaginarymagnet®® In his most persuasive experiment Faraday noted
currents. He also found that his “electromagnetic” intensity that a magnetic needle vibrates more rapidly in watdrich
was the same as that existing in the real medium “in anis diamagnetig than in air, when it is placed between the
infinitely small crevasseperpendicular to the lines of poles of an electromagnet. However, the lines of force are
magnetization.”®® It was also, of course, the intensity expe- then more spread out in water than in air, or—equivalently—
rienced by the lamellar element of the medium that actuallythe charge that would circulate through a wire moving trans-
filled the crevasse. The “polar definition” he found useful versely across the field is then less than in air. Exactly the
for magnets partitioned into fine tubes or “solenoidétom  reverse occurred when the fluid became paramagfiefiar-
the Greek for tubeparallel to the magnetization, the “elec- aday found many other reasons for supposing that a magnetic
tromagnetic definition” for lamellar partitioning, and for needle and a moving wire measured different physical prop-
electromagnet¥! erties of the field®

Thomson made many further contributions to the theory of Thomson could have suggested to Faraday in the 1850s
magnetization. He advanced considerably Poisson’s theorthat the vibrating needle creates a longitudinal cavity which
of the magnetization of ellipsoidal cavities and boden experiences a stronger magnetic intensity in a diamagnetic
1871 Thomson worked out in detail the analytical propertiesmedium than that experienced in the transverse cavity cre-
of his two magnetic intensities. In his units he found that theated by the moving wire. However, there is no evidence of
“electromagnetic” intensity was larger than the “polar” in- any communication between Thomson and Faraday on this
tensity, by the added amountz% (magnetization®® The  matter. Also, it would take more than 50 years before Hen-
“polar” intensity, “electromagnetic” intensity, and magne- drik Lorentz(1853—-1928 proved that the induction of a cur-
tization were all in the same direction in isotropic bodiés. rent in a wire cutting across a field is caused by exactly the
Thomson found that the divergence of “polar” intensity was same property of the magnetic field—the Lorentz force—as
equal to the negative divergence of the magnetization anthat which causes the torque on a vibrating magnetic
that the divergence of the “electromagnetic” intensity wasneedle*® It was perfectly reasonable for Faraday in his day,
always zero, as was the curl of the “polar” intensity in the therefore, to suppose that needle and moving wire measured
absence of macroscopic currefftshe curl of the “electro-  different properties of the field. Faraday seems to suggest
magnetic intensity” was equal to#X (curl of magnetiza- that the needle measures what he terms the “tension” or
tion). It also followed from his investigations that the normal “intensity” while the transverse wire measures what he
component of the “electromagnetic” intensity and the tan-terms the “power” or “quantity” of the field>®® The 19th
gential component of the “polar” intensity were continuous century had given the medieval distinction between “inten-
across the boundary of a magnetized bdtfhomson al- sity” and “quantity” new meanings® “Intensity” and
ways expresses these relationships using Cartesian comptguantity” were now used to distinguish between electric
nents since he does not use vectors. He represents his eléension and electric charge, between pressure gradient and
tromagnetic intensity by, Y, Z or by F, G, H and the polar  fluid flow,%? and also between voltager tension and elec-
intensity by Gothic versions of the same letters. The intensityric current>® It seems quite possible that Faraday had the
of magnetization, or magnetic moment per unit volume, islatter analogy in mind, given his use of the term “tension”
represented by, 3, .4° for the magnetic intensity and his statement that the relation-

For Thomson the two magnetic intensities were qualitaship between magnetic intensity and quantity is controlled by
tively the same, they were measured by similar procedures ithe “conducting power” of the magnetic mediuth.This
identical units and dimensions, and they reduced to a singlsuggests that Faraday may have thought of the magnetic “in-
intensity in a vacuun® Thomson’s study of what is now tensity” as somehow the cause of the magnetic “quantity”
termedB andH established a tradition of interpretation that but, as always, he is hesitant about making assertions of this
is still highly respected. Although he found each of his defi-sort>®
nitions useful, he never withdrew his earlier statement that
the intensity definitions inside a magnetized body werdV. MAXWELL MERGES THE THEORIES OF
“somewhat arbitrary.”*> Some authors this century have THOMSON AND FARADAY

agreed with Thomson that the definition of the field intensi- .
ties inside a material medium is a matter of convenfion, James Clerk Maxwell(1831-1879, during 1855-56,

This issue will be examined carefully below. readily accepted Faraday's theory of wo magnetic field
properties® He modified and quantified Faraday’s magnetic

IIl. FARADAY'’S MAGNETIC “INTENSITY” AND “.quantity” or “pO.WGTH and.it became a new property de-'
“QUANTITY” fmed at every point of the field that he_term_ed the “magnetic
induction.” Maxwell, in accordance with his hydrodynamic
We now turn to Michael FaradayL791-1867 for a quite  model, cautiously hypothesized the magnetic field as a flow-
independent and entirely different conception of dual maging process of some sort in a resisting medifihe “mag-
netic intensities. The discovery and investigation of electronetic intensity” was a kind of pressure gradiéfthe me-
magnetic induction by Faraday had convinced him by 185Xium offered a resistandeven the vacuum contains ethet
that a wire moving “transversely across the lines of force” and the “magnetic induction” was the flow per unit area that
measured a property of the field that was “very different” results®® The “magnetic induction” he represented by the
both quantitatively and qualitatively from that measured by aCartesian symbola, b, c and later by the vector symbBl.**
vibrating needle in the same fieliHe came to regard the The magnetic intensity he represented by the Cartesian sym-
moving wire as the proper measure of the magnetic field antlols a, B, y, and later by the vector symbbl.?? It is difficult
the magnetic needle an imperfect meagurehis view was  to find a clear justification and explanation of the distinction
supported by his discovery that magnetic lines of force, abetweenB andH in Maxwell's writings, beyond Faraday’s
measured by a transversely moving wire, formed continuousxperiments and considerations and Maxwell's own analo-
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gies with electric currents, hydrodynamics, or mechafics. dimensions than those of his electromagnetic intenBity
Here we have the origin of that present-day tradition of in-There are further difficulties. If the qualitative difference be-
terpretation that regards as the cause @ and interpret8  tweenB andH in a vacuum is maintained, there should now
as a flux density. It is also the origin of the magnetomotivebe four intensity vectors in a magnetized medium since there
force analogy and the theory of the magnetic ciréiit. will be two qualitatively different field strengths in each of
In his greatTreatise on Electricity and Magnetisrfirst ~ Thomson’s cavities or test elements. Of course, Maxwell's
published in 1873, Maxwell is uncertain about the distinctionambivalence protects him from this implication.
betweenB andH. Many parts of his text do sharply empha- Instead of Thomson's “crevasses,” Maxwell’s cavities
size a qualitative distinction. He writes that “[both] mag-  are a narrow cylindeflater to be called a needfe and a thin
netic force and magnetic induction...are supposed to be olisc, respectivelfﬁ,3 Unlike Thomson, however, Maxwell
served in a space from which the magnetic matter has beafbes not state that the fields in the cavities are to be thought
removed.”®® He also writes that “magnetic force...produces of as the fields experienced by the cylindrical and disc ele-
magnetic induction” and “the magnetic induction” is a di- ments, respectively, of the medium which actually fill these
rected quantity of the nature of a flux and it satisfies the samgavities. This has led to considerable further difficulties in
conditions of continuity as electric currents and other fluxesjefining the field intensities inside magnetized bodies. Gen-
do... ° Also, Maxwell's measuring definitions of magnetic erally, of course, there are no cavities and they can seem an
induction and magnetic intensity are quite different fromunnatural way of defining the field inside a magnetized
each other and are strongly influenced by FaraBdg.mea-  medium’® Also, the approach which had been developed by
sured by the electromotive force induced per unit length in aGreen and Thomson—to specify macroscopic fields inside
wire that cuts the lines of force perpendiculatiyAccording  magnetized bodies in terms of the macroscopic elements of
to Maxwell, “when the magnetic field is explored by a mov- the medium which actually experience these fields—seems
ing wire...it is the magnetic induction and not the magneticto have slipped away, although remnants of it can be found
[intensity] which is measured.®® He also makes the mag- in polarization theor)é/_o
netic induction responsible for the force acting on a current- Gijven Maxwell’'s own ambivalence over the matter and
bearing conductor placed in the magnetic figlddowever,  the rather unfinished character of his theory, it is not surpris-
in Maxwell's day both of these procedures were recognizedng that the theory thas andH (andD andE) were different
measures of the older magnetic intendityas was the force in a vacuum became very controversial. In 1890 Heinrich
on a magnetic polé? Maxwell seems to have found it nec- Hertz (1857—1894 wrote that “For the determination of the
essary to redefinél so that it would no longer be responsible gectrical as well as the magnetic stdte the ethe} the
for any effect other than the production & This is a gpecification of a single directed magnitude is sufficient to
gradual development in Maxwell’s thought which appears tqjetermine completely the change of state under
be complete by the end of higeatise It is the origin of the  consideration.’® Many physicists followed Hertz in this.
modern “source” definition ofH in terms of the current Richard Becker(1887—1955 wrote in 1932 that “the dis-
configuration.thallt produces it, rather than in terms of anyjnction in principle betwee® andE [and betweeiB andH]
magnetic actiori: Since Maxwell make§ xH=4xC (the _in empty space...has been absolutely abandoned in modern
current intensity, in all systems of unitsH now received hysics.”®? The distinction had not been abandoned, how-
units and dimensions which generally differed from those OTJ;ver. In that same year, in the course of an informal meeting
B, although not in the case of the electromagnetic system a¢ British and Continental physicists in Paris in July, Sir

measuremertt . Richard Glazebrook
There are other parts of th€reatise however, where
referred to the fact that he was one of the last

Maxwell is very uncomfortable about claiming tratandH L ;
are qualitatively different. It is clear that he was strongly surviving pupils of Maxwell and he felt con-
influenced in this by Thomson’s study of magnetized bodies vinced from recollections of !\/I_axwell S teaching
published in 1872° Since the latter appeared so shortly be- that[Maxwell] was of the opinion thaB andH
fore the publication of tha@reatise it is possible that Max- were quantities of a different kind. When a vote
well did not have time to digest it properly. Maxwell identi- was taken nine were in favor of treatijandH
fied H with Thomson'’s polar intensity arlwith Thomson’s as quantities of a different nature, whilst three
electromagnetic intensity and applied Thomson's cavity defi- ~ Were in favor of regarding andH as quantities
nitions toH and B.”* This led him to state that “The mag- of the same nature.
netic force and the magnetic induction are identical outside Four years later, in 1936, a subcommittee of the Interna-
the magnet,” which seems to contradict the above-quotedional Electrotechnical CommissiolEC) proposed the
statement$® He also writes that, at a molecular level, “...the names “gauss” and “oersted,” respectively, for the cgs
magnetic force and the magnetic induction are everywherelectromagnetic units d andH, respectively, even though
identical,” but that he will retain the factgn linking Band B andH in a vacuum have the same numerical values and
H even in that case “In order...to be able to make use of thelimensions in that systefd. The enduring belief thaB and
electrostatic or of the electromagnetic system at pleasife.” H in a vacuum, irrespective of the symbols and units used,
The Treatise therefore, contains two very different inter- are different in kind was again illustrated when a vote on the
pretations ofH and B, namely Thomson'’s theory and Max- Paris motion was taken in London at a British Institute of
well’s cause—effect theory. In Thomson'’s theory, of coursePhysics meeting on Faraday in 1991, with a similar outcome.
both H and B are qualitatively the same and are jointly There is no suggestion that this is how physics decides on the
caused by the external field and by the rest of the magnetizedterpretation of its concepts, but it does provide a snapshot
medium: Thomson'sH is not the cause of ThomsonB. of the progress of a debate at a particular moment for a
Another ambiguity arose because Maxwell gave Thomson'particular body of physicists.
polar intensityH a different measuring definition, units, and  As is so often the case with Maxwell, theories that seem
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quite ambiguous nevertheless turn out to be extraordinarily Not the magnetic force H but the induction B is the primary
fruitful. His merging of Faraday and Thomson here led tomagnitudg Becker’s italic3. The vectoH=B—4l... must
Maxwell's macroscopic equations inside a magnetized anée regarded as purely artificial®*
dielectric mediunf® Maxwell’s theory thatH is defined Quite sophisticated averaging strategies were used by Lor-
“with reference to a line” ancB “with reference to an area” _entz and others who have followed his approach to prove
turns out to have particular relevance for a magnetighat curlM is a real current density; nevertheless each strat-
medium>™ Also, Maxwell's choice of different units foB  egy at some point introduces a mathematical transformation
andH, even if they are taken to represent the same physicgtom which curlM emerges and is then treated as féas
quantity in a vacuum, can be partly justified on the groundsye have seen with the Poisson transformation, which appears
of notational convenience. This can be seen in Box 1. to result in magnetic monopoles at the end-faces of magnets,
the results of such transformations must be interpreted with
caution. Indeed, the great majority of recent writers insists
BOX 1. NOTATION IN MAXWELL'S EQUATIONS that these currents are fictional. Also, | have never come
across a defense of the claim that electron spin moments of
neighboring atoms cancel, or even that orbital spin moments
cancel. The basic understanding appears to be that the re-
VXH=j+dDldt, (1) placement medium is macroscopically equivalent to the real
VX E— — gB/ot. 2) medium in its magnetic effects.If this is correct, then, as
Thomson discovered, the only field in the surrogate
If both H and B are measured, say, in tesla and both medium—which is unmagnetized and a kind of

The standard form of Maxwell’s vorticity equations jn
S, with H measured in A/m an& in T, is as follows:

E andD in N/coulomb, the equations become superconductor—is, indeeB, andH is an artifact and not a

VX H= pugj + 1/c?aD/ o, (3) physical field intensity. This claim will be carefully exam-
ined below.

V X E= — B/ dt. (4) In Maxwell's Treatise of 1873 there is little symmetry

between the treatment of dielectrics and magnetized bodies.
Symmetrical treatment appears to have been begun by Lor-

Clearly, the magnetic vorticity equation now loses its no- entz in his doctoral the_sis of .1875 in expl_icit analogy with
tational simplicity. This suggests that, in certain applica- Mossotti’'s theory of dielectrics and William Thomson’s

tions, the use of inconsistent units here may be conve- heory of magnetization. Maxwell& became the field in-
nient. tensity in a needle cavity and the only physical field intensity

in a dielectric®® Lorentz also postulates thBtis the volume
average of the microfields in the dielect?icHe attempts to
justify all of this in various publications.

Lorentz applied Poisson’s transformation to a dielectric,
thereby replacing the real medium by an imaginary mono-
pole charge distribution of density,, on the boundary, to-
gether with a volume distribution of charge equal to
. ) —div P.%® What the Poisson transformation seems to do here

Many physicists throughout the twentieth century at-js 14 replace the real atomic and molecular dipoles by a con-
tempted to resolve the interpretative dlffICU|t,Ies wBrand  in,um of infinitesimal volume elements with charges on the
H. Some have adhered closely to Thomson's interpretation, g taces of these elements, faces that are in contact with
others to Maxwell's, and yet others have introduced néwp,qe of neighboring elements. This, of course, causes se-

interpretations. Thg most important new interpre_tation of thqquential canceling or partial canceling of charges, leaving a
problem was that introduced by Lorentz and his foIIowers.Charge distributiorP, on the dielectric boundary and an in-

While accepting in principle Maxwell’s theory of dual inten- N S . .
sity vectors, Lorentz, like Hertz before him, in practice em-ternal volume distribution of chargesdiv P if the dielectric

ployed only one vector in free spateFrom 1902 Lorentz IS mhomogeneogs. The “’fsu'taf?t medium is not polarized
further argued that there is also only one physically signifi-and it has a unique field intensify caused partly by the
cant field vector in a magnetized medium. He postulated tha@PPlied field, partly by the surface distributid®,, and

B is the volume average of the microfields and the onlyPartly by the volume density-div P.. _
authentic field intensity in the mediund became a math- ~ Lorentz passed beyond the Poisson transformation to a
ematical artifact defined biA=B—47M, whereM is the = More sophlstlcated statlst_lcal strategy and appears to have
intensity of magnetizatiof In a publication of 1909, how- Progressively grown to believe thatdiv P was a real charge
ever, he muddied the waters a little by postulating thatas distribution. He justifies the latter by a partitioning of the
the average of the microfield®.Lorentz also replaces the dmlectn; medium that involves cutting electrllc d|p9les no-
real medium by a surrogate medium that contains a macrdionally in two and a subsequent transformation-tdiv P.
scopic current densityotM (curlM)®° and a macroscopic Today, the “Lorentz cut” would mean that electrons and
surface current of densityxM. Richard Becker explains nucleons are notionally cut in two. In the Lorentz tradition
this in more detail in 1932: atomic currents “certainly neu- the displacement vectdd=(E+4mP) seems to be gener-
tralise each other in the interigof homogeneous bodigs ~ally thought of as a mathematical artif&ét.

but there will be left over on the curved surfdce the mag- Various authors from Mossotti onwards have indicated or
nef] a finite, superficially distributed current encircling the emphasized the fictional character of the surface and volume
cylinder.” This current is “actually” present and, together charge densitieB,, and—div P. Mason and Weaver wrote in
with external currents, is responsible fBr He concludes, 1929 that

H and B (and D and E), of course, remain quantitg
tively different in the new unitg§except in a vacuuim

V. INTERPRETING B AND H, D AND E AFTER
MAXWELL
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...it is not correct to say that a non-uniformly in a vacuum ever different? If a currert® A turns per mis

polarized body has a volume density of charge passed through a solenoid in an appropriate sense, with its
given at any point by-div P and a surface den- axis pointing in the direction of, a magnetic field will be

sity of charge given by, ; but it is true to say produced along that axis of the solenoid with the vatldf

that any polarized body can be viewed as a non- the various properties of this field are measured, such as
polarized body having a volume density of direction, ability to exert a torque or a force or to induce
charge—divP and a surface density of charge motional emf, they will be found to be exactly the same as
P,.% those of the magnetic field that is reconstructed from the

Others, however, seem to have treated these charges rresponding value dB. This is true in all circumstances.

real. Abraham and Becker, for example, wrote in 1932 that is_suggests_that the i”fofmaﬂo"‘ content about the field
“the surface of a polarized body...carries a Surfaceprowded byH in a vacuum is always exactly the same as

| : ; that provided byB and that they are simply different mea-
charge...”®® and Richard Feynmaf1918—88 wrote in 1969 . .
“We emphasize that this is a perfectly real charge densitysures of exactly the same field propeyH measures it by

we call it the ‘polarization charge’ only to remind ourselves its cause,B by its effect. It is also surely s_lgnlflcanp th"’.‘t
how it got there.® This is quite difficult to understand almost 150 years after Faraday no such pair of distinguish-

since it is well known that the displacement of the positiveable vacuum field intensities_ has be_'en revealed e_xperir_‘nen-
nucleus within its electron cloud under polarization is of thet@!ly: nor is there any theoretical basis for such a distinction.
order of 108 of the diameter of that clout?* Sequential Suppose, for the sake of argument, we now accept that

. here is only one magnetic field in a v m. In order t
charge cancellation clearly cannot occur. Furthermore, th&- ere is only one magneic field in a vacuu order 1o

real medium has a mean charge density evervwhere cgssolve the residual ambiguities caused by the two distinct
zero—even in a heterogeneous ?nedium—yif the %olecule@easuring definitions which now exist for this field, it seems

are electrically neutral and if there are no free charges. HOm’gﬁgr?r?éﬁt%?:stutrheBar:eaeLleﬁrigrshOgé(lfzf i;aléz?tg‘:‘] iﬁ?ggr?]rd
ever, as in the corresponding magnetic case, the great maj tances. A similar arqument sh)(/)_s thameasures the elec-
ity of recent authors assert that these charges are fictionﬂ ‘ imi gu W u

The substantial claim again appears to be that the electri ic field in a vacuum by its causghe charge per unit area

. : L . - itor plates required to reproduce the fiatlt E by
field of the substitute medium is macroscopically equwalenton capaci . .

to that of the real medium. This, together with various othertS effect(the force exerted by the f|eld on unit Cha}gb?t
issues, will now be closely examined. us further assume for the rest of this article that there is only

one electric field in a vacuum and that tBemeasure is the
standard with théD-measure auxiliary. From this point on-
VI. RECONSIDERING B AND H, AND D AND E wards, therefore, botH andB will be measured in Ttesla

Three major traditions of interpretation & andH have andD andEin N/C (newton per coulomb o
now been identified, that of William Thomson which giués Even if we assume that there is only one magnetic field
and B equal status as field intensities acting on differentSréngth in a vacuum, and only one unit and measuring defi-
“free-body” elements of the medium, that of Faraday andnition for field strength, several problems of interpretation
Maxwell which makesH the cause oB (and, for some au- afise in a magnetized medium: What is the appropriate speci-
thors, independent of the medid#, and that of Lorentz fication of the macroscopic field strength in such a medium?;
which interpretsB as the average of the microfields arcn ~ What is the average strength of the microfields?; is the
artifact. Is it possible to resolve these interpretative difficul-PréSent notation the most convenient or is it misleading?
ties? Chiefly within the tradition of interpretation derived from

Were Faraday and Maxwell correct in assuming that twgVlaxwell—in whichH is believed to be the cause B—the
intensity vectors are required to specify the magnetic field irfelationship curH= wj in a steady medium appears to have
a vacuum? It has been well known since Hertz that only on@érsuaded many authors thdtis “independent, therefore,
magnetic field vector is required in practice to specify theof the medium.”*% However, this only proves that cuHl is
vacuum field, and that a second vector seems redundant. THrdependent of the medium, nét itself. This was clearly
is increasingly chosen to bi. It might be objected, how- pointed out by N. Capaldi and W. James in 196BAs
ever, that the difference in units and dimensions betwgen William Thomson and many other authors have recognized,
andH (tesla and ampere/meter, respectively, in @oves bothH andB, however they are interpreted, are, in general,
that they are physically different quantities. But does thiscaused partly by external fields, partly by the magnetization
difference in units necessarily mean that a different physicadf the medium, and partly by any macroscopic currents
property is being measured? It is well known, for example within the medium.
that the units of positive electrical charge in cgs electromag- The Lorentz tradition of interpretation this century has
netic units and cgs electrostatic units are different in magnibeen characterized by the belief that there is only one physi-
tude and dimensions but we do not suppose that this meagl field strength in a magnetized medium; the other is a
there are two kinds of positive charyf&.For physical quan- mathematical artifac®’ This is, of course, incompatible
tities to be distinct, surely they should have different physi-with both the Thomson and Maxwell traditions that treat
cal properties? Is the physical information about the magboth B and H as true physical properties of the medium.
netic field that is provided byH ever different from that Which, if any, of these interpretations is correct? Thomson
provided byB in a vacuum? Suppose the valuestbindB  recognized thaH is the intensity experienced by each fila-
are given in magnitude and direction, for a given magnetianent, if the medium is partitioned into solenoids parallel to
field, 3 A/m for example, and 3.7ZT (approximately, re-  the magnetization, and thBtis the intensity experienced by
spectively. Measurement provides us with information thatach lamella in the corresponding lamellar partitioning.
allows us to reconstruct or recognize a given physical stateThomson also introduced definitions of boBrand H in
Are the physical states that we can reconstruct febendB  terms of macroscopic “free-body” elements of the medium.
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The investigations of Poisson and Thomson have shown thand H the minimum field in the medium. Ultimately, of
such elements will experience uniform fields from the rest ofcourse B andH differ because of the difference between the
the medium only if they are ellipsoidal in shape. Strictly axial and equatorial fields of a magnetic dipole.
speaking, therefore, the needle and disc elements introducedFor a coil wound evenly around a toroidal ring, or around
in the Thomson tradition should be limiting ellipsoids if the a long narrow specimert is effectively the applied field
internal macroscopic fields are to be well specified. intensityH,, and is entirely caused by macroscopic currents.
If we measure the field strength acting on a disc elemenB is then made up oH, together with a contribution from
(or in the corresponding cavitthat is perpendicular to the the medium. A plot of the magnetizatidnagainstH, will

magnetization to determir, we have not adequately speci- then most effectively display the magnetization characteristic
fied the magnetic field in the medium. The same valuB isf  of the material.

compatible with a wide range of values of the field experi-

enced by a needle element of the medium, or by elements of

other shapes. Indeed, each elementary ellipsoid with a diffeivll. ARE THERE “BOUND” CHARGES AND

ent shape experiences a different uniform field intensity. WeCURRENTS?

need the measurements of the field strength experienced by

any two such known elements to fully specify, or to recon- IS the magnetized medium equivalent in all significant re-
struct, the state of the magnetic field in a magnetizecsPects to an unmagnetized medium with appropriate perma-
medium?® Other branches of physics, of course, such agient macroscopic currents on its boundary and in its interior?
stress theory, analyze the macroscopic behavior of a mediufthe external field produced by such a medium is indeed
in terms of such “free-body” elements of the medidfif. equivalent to that of the real medium, but what of the inter-
The uniform macroscopic magnetic field experienced by elal fields? In the substitute medium the magnetic field expe-
ements of a magnetized medium at any point is not, therenence_d by a disc element of the med|.um is the same as that
fore, single valued. It has a range of values within the limit-€Xperienced by a needle element, or indeed by any element.
ing valuesB andH. This suggests that the macroscopic field The field in all cavities is the same aitlbecomes a math-

in a magnetized body is duplex in structure and is not g£matical artifact. The surrogate field, therefore, does not
simple vector field, contrary to the Lorentz assumption. Ithave the duplex structure of the field in the real medium.
reduces to a simple vector field in cavities, at boundaries”9ain, even when a uniform magnetizing field is applied to a
and on foreign bodies in the medium. The definition of thehomogeneous and isotropic medium, stresses—which do not
macroscopic field remains conventional in that any two dis€Xist in the real medium—uwill appear in the substitute me-
tinct ellipsoidal elements would suffice to specify it. How- dium caused by forces on the fictional currettsThe
ever, B and H appear to be the principal field intensities in Thomson substitution does not seem to create a valid equiva-
the medium and the most appropriate, therefore, to choose &1t therefore, of the macroscopic field structure in the real
measures of the macroscopic medium field. Since they arf@edium, although it is very useful in certain circumstances.
the extreme field intensities in the medium, there is som%elf a similar analysis is applied to dielectrids,is found to

- : o o the field intensity experienced by a filament or needle
light anal here wi n he principal ifi X o
ﬁe%ttcgpgc?'fcilgs (;teherr;h(:)’a;n:n?u, the principal specific element of the medium parallel to the polarization, and also

The interpretation oH as an artifact has meant that, in the field in the corresponding caviti. is the intensity expe-

Lorentz electromagnetism, its considerable physical impor-”enced by a corresponding disc element or lamella and the

tance has often been overlooked. For example, solutions tic/d I @ disc cavity. When a Poisson transformation is car-
the wave equation naturally contaf rather thanB™? be- ried out on the dielectridz becomes the only field intensity

causeH—like E—is defined along a wave front. For a simi- experienced by any element of the medium or in any cavity,

. . N andD an artifact. Fictional stresses would also appear in the
lar reasonH is the vector that appears in Poynting’s energyg, it ite mediurh® The Poisson transformation, therefore,
and momentum flux theory. Agairj appears with equal

status withB in the field eneray expression and. of course infundamentally alters the electrical properties of the medium.
, i nd12 gy exp ’ = 7 A comparison of the dielectric with the corresponding mag-
Maxwell's equations!? The component ofH along its

. A . . . netic case shows that, in certain respeltsndB are analo-
length is the field intensity experienced along its length by agous toE andD and in other respects @ andE. This arises

”‘?e‘?”e element or filament of any orientation in the m.ed'umbecause of the different properties of electric and magnetic
Similarly, the component dB perpendicular to its area is the fields and of electric and magnetic dipoles

a_X|aI component of the magnetic intensity experlencgd by a How should the relations dM=—uodivM, divE

disc element or lamella of any orientation in the medium. In_ —1e-divP IB— IM d D=1/ Ip

this interpretation botl andB are necessary for a complete l; ; tEO 'Vt ’d C‘?rth = Mo CUTTM, ‘%n (c:iur — eotpur |

description of the field in the medium; they are qualitatively*€ !N€rpreted ir there are no -bound™ magnetic poles,
charges, or currents, as the above critique suggests? Surely

identical and appear to be equally significant. ; ' o
The reasons for the difference betwedrand B become ~ €xactly as diH=—puodivM is interpreted. There are no

clearer if a notional sphere is drawn around both the need|B'@gnetic monopoles in magnets. This means that itis a false
element and the disc element, respectively, assuming tHgalogy to interpret-divM as a density of magnetic poles.
length of the former is equal to the diameter of the latter andl his suggests that di=— o div M is an abstract relation-
that they have a common center. The contribution of theShip between functions ¢i andM. | believe much the same
medium external to the sphere will be common to detand holds we_II for the other above-mgntloned reIat|onsh|ps. Take
B and any difference will be due to the neighboring sphericathe special case of dig= —1/ey divP. In a random dielec-
medium. The element experienciltyreceives the depolar- tric only, —P, in the expressionfE-dS=[D-dS— 1/ey[P

izing field of the sphere while that experienciBgreceives - dS, when applied to an internal portion of the medium, can
the stronger end-on field of the sphere. This explains why, ifindeed be interpreted as a negative surface charge density,
a ferromagnetic or paramagnetic mediuris the maximum  but only if electrons and protons are notionally divided in
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two by dS. To deduce from this that-divP is a charge foundation of classical electromagnetism and have far
density seems a further step away from physical reality begreater authority than any set of equations from which they
cause it means replacing the purely notional surface densitynay be derived.

by a notional volume density of chargds.Particularly in Again, the Lorentz approach always transforms the real
introductory teaching, when focusing on what is going onatomic charge and current distributions into expressions con-
physically, might it not be best to leave the magnetized andaining imaginary charge and current densitiedivP and
also the polarized medium alone—just as they are—explainurl M, respectively>* As we have seen, the physical inter-
their action directly, and not transform them into somethingpretation of such transformations is controversial. Finally,
which, though mathematically convenient, is controversial inLorentz theory here assumes that neitHemor D represents

interpretation and, perhaps, unphysical? field averages, but there is an alternative tradition which
maintains that they do.
VIIl. FIELD AVERAGES The second approach to field averages appears to be rather

A self-consistent and fully interpreted macroscopic theor;/“ore satisfactory in that it provides measuring specifications,

is quite possible without a consideration of microscopic av-at least in principle, for both microfield and macrofield, it

erages but it is illuminating to relate the macroscopic to theseCUrely links the macroscopic to the microscopic, it distin-
microscopic. Also, although it is not part of macroscopic.guIShes between line, surface, and volume averages, and it

theory, the passage of subatomic particles through a magné\_troduces few controversial assumptions. It is less well-

tized or polarized medium clearly requires a consideration oficV€loped mathematically, however, in the literature. | have
field averages. A rigorous study needs a quantum mechanicQfen Unable to discover who first introduced it, but it is
treatment but it has been customary to adopt a preliminar resgnt’m a rudmentary form n tt]"%lglz. edition of Sydney
approach that treats atoms as though they contain classic Farlmg sElectricity and Magnetism® and it may be much
charge and current distributions and argues that quantun‘?]der: . . .

theory leads to essentially the same restiftsThere now Using a needle cavity and the relation ddr-0 (in the
appear to be two approaches to averaging the microfields iﬁbsence of real currents in the m_ed)um can be shc_)wr]
magnetized and polarized bodies, one deriving directly fronflassically that the mtegrgl of th? microscopic magnetic field
Lorentz, which today is the most popular in advanced textStrength/fy-dl along an |r21§erst|t|al line is equal to the inte-
books, and the other apparently based mainly on Williamgral /H -dl along that liné** It follows thatH is equal to the
Thomson's theory of magnetization. In general, it seems tdnterstitial line averageh, along the direction of magnetiza-

me that the theory of field averages is rather recondite. | wiltion. CurlH is independent of the medium, therefore, pre-

confine my discussion to isotropic media. cisely because it does not link any microscopic current

| find certain developments of Lorentz averaging theory!00ps'** Straight interstitial paths will presumably occur in

quite perplexing. It seems to postulate tBais equal to the _ordered media, an_d an e_quiva_lent path can be_contrived even
volume average of the magnetic microfields and attempts t# @ random mediumh is defined for all media, whether
prove this postulate by a mathematical averaging protéss. ordered or disordered, but it is a restricted average in that it
However, sinceB within the medium does not appear to be does not pass through atoms. Presumably, the component of
provided with a macroscopic definition in some of these aph along its path will be the average of the microfields along
proaches, it is difficult to see how the result can be establts path experienced by a subatomic particle or ion migrating
lished. How can one know that the volume average of thdnterstitially through the medium parallel to the magnetiza-
microfields is equal to the established macroscopic quantit§ion. This will not cause a deflection but it will have some

B, if B is not defined macroscopically? This puzzlement mayb€aring on magnetic spin orientation. _ _ _

of course, represent my failure to understand some subtle It is easy to demonstrate classically, using a disc cavity,

point of the argument. divB=0, and an imaginary infinitesimal box located partly
It is also common in this approach to assume that Maxin the medium and partly in the cavity, that
well’'s magnetic vorticity equation in the form
Vxf, = poj + LIc2of o/t (5) f fm- dS= f B-dS, ®

(wheref,, andf, are the microscopic magnetic and electric wheref,, is the microscopic field intensity at any point of the
field intensities, respectivelyapplies at an atomic level and chosen surface. It follows from this that the componenB of
can be averagelt® However, W. G. V. Rosser argues very perpendicular to any surface is equal to the mean component
persuasively that b of the microfields, perpendicular to that surface, whether it
P intersects molecules or not. It also follows from this alone
VX = 1/c%de /ot ® thatB is equal to the volume average. It does not follow from
is the correct form at that level and that théerm appears this argument, however, thBtis equal to the line average of
only in the macroscopic version of the equatidhOther  the microfields, and in general it is ndt.andh, as defined
authors use this equation in the form above, are general averages in that they apply to all media,
_ _ 2 whether ordered or disorderel.is clearly more restricted
VX fm= 0% nlnVn (X = X) 107t/ 01, ™ than b but it may on occasion have more physical signifi-
where 8(x,—x) is Dirac’s delta functiort?® | feel that the  cance, microscopically, since it is difficult to see how a sur-
presence of the delta function here transforms the expressidace average might act microscopically. It also seems that
into an analytical device rather than a physical law, with thebothh andb are necessary to specify a medium with a given
logical possibility that it may have been introduced simply tomacroscopic magnetic structure.
return the desired macroscopic outcome. It is also important An average which seems more useful than either the
to point out here that Maxwell’'s macroscopic equations, bothabove-definech or b is the line average of the microfields
for a vacuum and for material bodies, remain to this day thgerpendicular to the magnetization, since this will determine
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the magnetic deflection of a charged subatomic particle movAnother possibility is to retai® andH but to give them the
ing rapidly through the medium. | have not found a rigoroussame units. However, this would not allow a smooth nota-
argument to prove that this is equallipand there are good tional transition to a vacuum where there would be only one
reasons for supposing that it will not bein general, for an  vector,B or H?
ordered medium. However, if the medium is random, there The most radical approach would be to eliminate the sym-
seem good informal reasons to suppose it will be equél to bol H, employ only one unit of field strength, and use the
over a finite path, since the series of microscopic paths desymbolB only, with suffixes to distinguish the principal field
scribed effectively covers all field possibilities. This appearsstrengths in a magnetized body. In the latter approach an
to have been confirmed experimentaffy. appropriate notation might k& ,[B] andB{H] for the field
What is the line average of the magnetic field parallel tostrengths experienced by appropriate lamellar and solenoidal
the magnetization when the path does not avoid atoms? In alements of the medium, respective]y, thereby exp||c|t|y ac-
ordered medium such an average of the microfields can havgowledging William Thomson’s contribution in the nota-
a wide range of values. Only in a random medium does afgjgn.
arbitrary straight path thread the right proportion é)f atomic | pelieve with Purceli?® that B—like B, and B«—should
current loops for the line average to be equaBt™ Line e termed the magnetic field strength o intensity and not the
integrals are highly abstract concepts, but a quantum analysigy density.B, of course, can be reinterpreted as a flux den-
suggests thab or B will be the intensity experienced by a gty if the magnetic flux is measured by multiplyigby the
subatomic particle along such a path only in a random Megansyerse section of a flux tube. HowevBrjs primarily
dium at high speeds, when atomic_current linkages or eNyaasyred and defined at a poiit terms of the force on a
counters are in the correct pr'oporub’ﬁ. .__moving chargg or along a ling(in terms of the torque on a
_The corresponding analysis for uncharged but polarized,qnetic needle, in terms of the force on a current element,
dielectrics shows thd is equal toe, the general line average iy terms of motional electromotive voltagend it is only
along the line of polarization, and is therefore also equal 0 &g 5 regyt of the latter that it can be measured in terms of an
volume average of the electric microfields. This suggests thaj o5 g “therefore(together with the flux of the electric and
a charged subatomic particle moving along the line of polarq, . itational fields, does not seem primarily to belong to the
ization .WI|| experiencee. In other dlre_ctlons_ the component category of a true flux or property normal to an area such as
of the field along the path of the particle will be equal to theheat flux or fluid flow or pressure and | do not believe that its
component of along that path. basic description should be as a flux density. Similarly, | also

D can be shown to be equal to the averagef the mi- : e
crofields across a smooth—or equivalent—interstitialbel'eve thatk, E,, and B, should be termed electric field
strengths or intensities.

surface'?® This explains most simply, perhaps, why div o .
(and divD) is zero in the absence of real charges: The closed Somet Og theb ncl)n;enclatgnla a(?d ncl):a}t|on in this S'I“:blegt
surface used to calculate the flux of the electric microfields®©€Ms 0 b€ ODSOIELE or misieading. 1t IS now generally ad-

across such a surface will contain no unbalanced chargeitted, for example, thag, is the magnetic interaction con-
since it respects the integrity of atoms, which means that thatant(analogous t@ of gravitation theory, and that the term
total flux—and divd—uwill be zero. “permeability of free space” is a redundant term deriving
What is the macroscopic significance of these averages? f|"t0_m 19th gentury ethgr theory. Also, the “relat|ye perme-
is clear thaB andH are numerically and directionally equal ability” . is a material property and not an interaction
to different sorts of microscopic field averagbesandh, re-  property and is, therefore, physically very different fram.
spectively. However, this does not seem to be an appropriatéeurthermore,u, is an absolute measure and not a relative
way of definingB and H. It seems to me that a coherent measure since its value allows us to reproduce or recognize a
macroscopic theory should be provided with macroscopienaterial with the same property without the necessity of re-
specifications for its field intensities and, historically, suchferring it to another material. It might seem appropriate,
specifications were indeed provided by Maxwell. If we ac-therefore, to drop the “nought” inu, and also to choose a
cept the above-discussed Thomson specification of the magitferent symbol and name fo,. For the latter,x,, and
roscopic field, as Maxwell did, then the principal field inten- «magnetization constant” of the medium, which are already
sities B and H experienced by free-body elements of thej, yse, seem suitablé® Very similar considerations apply to
medium are uniform on a microscopic scale and are not avgjelectrics, except that, through an historical accident, the

erages. electric interaction constamt, seems to be upside down: An
increase in the force of electric interaction everywhere, for
IX. NOMENCLATURE AND NOTATION example, would reduce,. Although Coulomb forces be-

What of nomenclature and notation? Tampering with theséween moving charges are many orders of magnitude greater
is a daunting prospect given the vast literature that employghan magnetic forces, the present convention might suggest
the present usage. Change—even for the remainder of thte the unwary that they are much weaker. | will, therefore,
article—may be a necessity, however, to clear up stubborreplace 1¢, everywhere bye. This means that the electrical,
ambiguities: A good terminology and notation greatly assistsnagnetic, and gravitational constants all now appear in the
in the clarity of interpretation. It appears to me that there araaumerator of their respective force equations.
at least three possibilities if the above analysis is valid. One Some basic electromagnetic equations using this sug-
is to retain existing notation, includinB and H with their ~ gested notation follow in Box 2. Changes in notation, of
different units, but to read a different interpretation into it. course, are very expensive, they make earlier texts almost
The disadvantage of this is that the notation and unitsinreadable, and they are matters for much debate and very
strongly suggest that there are two distinct field intensities ircareful consideration by international bodies such as the
a vacuum and thaB andH are qualitatively different—and Symbols, Units and Nomenclature Commiss{8tN) of the
not simply quantitatively different—in a magnetic medium. International Union of Pure and Applied Physi¢gPAP).
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BOX 2. SUGGESTIONS FOR CHANGES IN
NOMENCLATURE AND NOTATION

I will use vector notation only when it is necessary.
Magnetization and polarization relations

For a simplé® isotropic medium,

M= xmBs/ 1, (9)
P= x.Es/e, (10)
B|=kmBs=Bgst+ uM, (11)
E /= kEs=Egst+eP. (12)

B, andBg are the lamellar and solenoidal magnetic fig
intensities in the medium, respectively, aadandEg the
corresponding electric field intensities. Lamellar me
sheet-like and solenoidal pipe-like and refers to the ap
priately oriented elements of the medium experienc
these fields. In a vacuung,=E;=E andB,=B,=B. B
is measured by the force on a unit current element pl3
perpendicular to the magnetic field by the force on unit
charge.x,, the magnetization constant, controls the re
tionship between the principal magnetic intensities in
medium. k., has an analogous role for dielectrica.
=47x10 " [MLT 272 kg, m, s, Al is the magnetid
interaction constant anéd=4mwc?>x10 ’ [ML3T 42
kg, m, s, Al the electric interaction constant, sinetu
=c2.

M is the intensity of magnetizatio®, that of polariza-
tion. M (for a permanent magnets measured by the

experienced by the magnet with its magnetic axis pery
dicular to a magnetic field? can be measured in terms
the reduction in voltage caused by a slab of dielec
material placed between capacitor plates.and ., the
isotropic magnetic and electric susceptibilities, resp
tively, are specified by applying a uniform field to a lo

relationshipsM = y,.Bs/x and P= x.E./e clearly also
apply to a needle element deep within the medium its
if it is isotropic and linear and correctly oriented. All
this can be easily generalized for anisotropic media.

Maxwell’'s vorticity equations

V X Bg= uj+ 1/c?0E, / t, (13)
VxE—— D 14
=T o (14)

These may be interpreted as equations linking mathen
cal functions of position and time, as correlations betw
field properties experienced by a disc element of the
dium (which cross the disc or encircle its periphgmyr as
relationships involving different field averages.

torque per unit magnetic field intensity per unit volume

thin cylinder, since self-depolarization is then least. T
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X. CONCLUSIONS

| do not believe there is such a thing as a final or perfect

C-

een
me-

ticular moment in time | do believe that a good explanation
is possible, one that draws optimally on all of the evidence
and analysis then available. Three competing explanations
for the same set of magnetic phenomena do not now consti-
tute a good explanation, if they ever did. Indeed, until | sys-
tematically studied the origins of this problem, these three
interpretations were merged in a very confused manner in
my mind. When the various traditions of interpretationBof
andH are compared, it does seem to me that the Thomson
tradition, with the refinements suggested above, is the most
satisfactory. If the hypothesis—deriving from Faraday and
Maxwell—that there are two magnetic fields in a vacuum is
reverently laid to rest; if we ask for a measuring specifica-
tion, at least in principle, for the macroscopic magnetic field
in a material mediuntias Maxwell doek then | believe that
the pair of Thomson free-body definitions is almost unavoid-
able, as is the recognition that the macroscopic field at a

aNsS point in a medium is many-valued witB andH as its prin-

- cipal values. The Thomson theory as | have presented it may,
of course, contain hidden errors or inconsistencies that | have
failed to notice and it must be examined carefully before it is

cedaccepted. Nevertheless, | do hope that it has become clear

that much useful interpretative work needs to be done in
electromagnetism and that the close study of early sources,
together with the forensic examination of concepts, can be
helpful in this endeavour. | believe that clearing up interpre-
tative difficulties in physics—and there are very many—
makes it easier for students to understand and enjoy physics,
and it may also remove obstacles to further research.

When the Thomson approach is accompanied by a better
modern understanding of concepts such as the electrical and
magnetic interaction constants it gives rise to a raft of units,
definitions, and notation for quantities associated with polar-
ization and magnetization which appears to be straightfor-

“ward, elegant, and coherent. | have not presented these fully
here nor have | given a detailed treatment of dielectrics, be-
cause this article is already sufficiently long. There are many
other related issues that have not even been touched upon.
For example, can Coulomb’s law and the corresponding laws
for current elementfand magnejsbe generalized in the
presence of a dielectric or magnetic medium, respectively? |
feel, nevertheless, that the above investigation clears the
ground a little for a fresh approach to these questions. None
of the problems that | have discussed is particularly difficult
to deal with, and many of the solutions already exist in the
literature. However, there appear to have been far too many
competing interpretations and conflicting conventions for a
consensus to emerge.
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The worst is yet to come. Since sometimes

is understandable.’
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MIRACLES

Bruno Latour,Science in Action—How to Follow Scientists and Engineers Through SdgEfatyard University Press,

it happens that these abstract theories, independent

of any object, nevertheless have some bearing on what happens down below in empirical
science—it has to be miracled Miracle indeed to see a clover-leaf intersection fittiigcisely
with the freeways whose flow it redistributes! It is amusing to see rationalists admire a mira
that quality while they deride pilgrims, dervishes or creationists. They are so enthralled b
mystery that they are fond of saying, ‘The least understandable thing in the world is that the
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