On the Antisymmetric Tensor and Sources of the Electromagnetic Field
Yurii A. Spirichev
The State Atomic Energy Corporation ROSATOM, "Research and Design Institute of Radio-Electronic Engineering" -
branch of Federal Scientific-Production Center "Production Association "Start" named after Michael V.Protsenko",
Zarechny, Penza region, Russia
E-mail: yurii.spirichev@mail.ru
(Dated: August 28, 2017)

Abstract

The canonical antisymmetric electromagnetic field tensor has four-dimensional divergences for each of the
indices, so the introduction of a field source into its divergence equation for only one of the indices is incorrect.
The total divergence of the antisymmetric tensor is identically zero and does not have a field source. The
article is devoted to the mathematically correct introduction of the electromagnetic field source into the field
equations. The field equations follow from a symmetric tensor having a full four-dimensional divergence not
equal to zero. This divergence is equal to the four-dimensional source of the electromagnetic field. From the
new system of equations of the electromagnetic field follow the canonical wave equations for the electric field
strength, magnetic induction, electromagnetic potential (Maxwell's equations in the Lorentz gauge), and also
follow the wave equation for the divergence of the electromagnetic potential describing longitudinal waves
that do not have a magnetic component. A new system of electromagnetic field equations solves the problem
of Newton's third law in electrodynamics.
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1. Introduction

The theoretical basis of the classical theory of the electromagnetic field (EMF) is the equations
formulated by Maxwell in his fundamental work "A Treatise on Electricity and Magnetism™ based on
experimental results accumulated by the middle of the 19th century. These equations played a key

role in the development of theoretical physics and had a strong influence on the creation of a special
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theory of relativity and other theories. Already at the beginning of the twentieth century, classical
electrodynamics was considered a completed science, and the theory of EMF was further developed
in the form of quantum electrodynamics. Despite this, in the classical theory of EMF there are several
obscure places and controversial issues. In this regard, there are theoretical and experimental works
on these controversial issues and some authors question certain provisions of the classical theory of
EMF. For example, for about a hundred years there is the Abraham-Minkowski problem, which
consists in the absence of a common opinion about the correct energy-momentum tensor of the
interaction of EMF with matter and the existence of the Abraham electromagnetic force [1-13]. This
leads to the creation of new EMF tensors [14-20]. Another controversial issue is the transfer of
angular momentum by a plane electromagnetic wave [21-31]. The problem is that the canonical EMF
wave equations do not describe the transfer by a plane electromagnetic wave of the angular
momentum. Until recently, electrodynamics lacked wave equations for the energy and momentum of
EMF. These equations are obtained from the new energy-momentum tensor in paper [20].
Controversial issue is the existence of longitudinal electromagnetic waves in vacuum [32-40]. In the
classical theory of EMF, Newton's third law is not observed in the interaction of moving electric
charges. This led to the appearance of a hypothesis about the existence of a "scalar (potential)
magnetic field" [41], the introduction of which into electrodynamics makes it possible to preserve the
fulfillment of Newton's third law. The reality of the “scalar magnetic field" is confirmed by different
authors in experiments on the longitudinal interaction of direct currents [37, 41]. The most obvious
incompleteness of classical electrodynamics is manifested in plasma theory. Up to now, there is no
understanding what kind electromagnetic forces hold charged particles in ball lightning, and the
problem of long-term plasma confinement in existing technical installations, despite half a century of
intensive work, is far from being solved. There is no understanding of the cause of the existence of
hot spots in Z-pinches and a number of other plasma phenomena. The above problems require well-
founded attention to the basics of the classical theory of EMF and to the Maxwell equations
themselves.

Maxwell's equations are obtained from an antisymmetric tensor of the second rank in the form
of its four-dimensional divergence along one of the indices. To this divergence, equate the source of
the field. However, the canonical antisymmetric tensor EMF has four-dimensional divergences for
each of the indices, so the introduction of a field source into its divergence equation for only one of
the indices is incorrect. The total four-dimensional divergence of the antisymmetric tensor, equal to
the sum of divergences for each index, is identically zero and does not have a field source.

The article is devoted to the analysis of Maxwell's equations and to the mathematically correct

introduction of the four-dimensional field source into the EMF equations.



EMF and electric charges are considered in a vacuum. The geometry of space-time is taken

in the form of pseudo-Euclidean Minkowski space (ct, ix, 1y, iz). The four-dimensional

electromagnetic potential is defined as A, (¢/c,iA), where ¢ and A are the scalar and vector potentials
of the EMF. The four-dimensional current density is defined as J,(p-c,iJ), where p and J are the

electric charge density and the current density.

2. The antisymmetric electromagnetic field tensor and the Maxwell equations
In the basic courses of theoretical physics, the electromagnetic field (EMF) is described by

the canonical antisymmetric tensor of the second rank:

F[w] = a#AV - avAu 1)
This antisymmetric EMF tensor is a four-dimensional (covariant) rotor [42]. The components of the

antisymmetric tensor F[ﬂ y

are the derivatives of the scalar ¢ and vector A potentials EMF, which are
defined in this tensor as components of the electric field strength E and the magnetic field
induction B:

E=-Vp-0,A B=VxA=(0,A —0,A)+(0,A —0,A,), +(O;A, —0,A),
Maxwell's equations are obtained from the antisymmetric tensor (1) in the form of its four-
dimensional divergence for one of the indices. To this divergence is equated the source of EMF [43]

[43] o,F,, =3, (here and below, the covariant and contravariant indices do not differ). We write

ul =

these equations in vector form:

V-E=pl¢g, or -0,V-A-Ap=pl¢g, (2)
1 1 1
VxB—C—Zath,uo-J or C—zﬁttA+C—28tV(p+V><VxA=,u0-J (3)

In these equations, the sources of the p and J fields were introduced manually, based on general
considerations and experimental results.
From the antisymmetric tensor EMF (1), in the form of the well-known tensor identity

0,F,, +0,F, +0,F, =0,twomore Maxwell equations follow:

V.B=0 or V-(VxA)=0 4)
VxE+0,B=0 or -Vx0,A+0,VxA=0 (5)
When writing in the potentials of an EMF, these equations are obvious vector identities. Such a

record of them shows that they have a conditional physical meaning, which can be formulated only

when writing them in terms of E and B.



Let us consider the question of introducing the sources of the field p and J into Egs. (2) and
(3). The left-hand sides of these equations represent the four-dimensional divergence of the tensor

(1) 0,F,,; with respect to the index p. The second-rank tensor has divergences for each of the two

vl

indices: 0,F,, and 0,F,,;- Obviously, the divergence of the antisymmetric tensor (1) with respect to

the second index v has the opposite sign 0,7, =0,

= .1+ and the total divergence of the tensor (1),

as a four-dimensional rotor, is identically equal to zero o A, +0,f,,; =0. The introduction of the

[uv]

J, of the second-rank tensor with respect

source of the field J, into the divergence equation 4,7, =
to only one of its indices is an illegal action that does not have a physical meaning. In accordance
with the Gauss theorem, the field rotor has no sources in principle. The left-hand side of the equation

d,,F,.y =0,J, describing the motion (change) of the EMF is identically equal to zero, and the right-

ul =
hand side describes the motion of electric charges that excites the wave EMF. Thus, the equation

0,.F

wFiy =0,3, 1s contradictory, its left-hand side must describe the wave motion of the EMF excited
by the right-hand side and should not be identically equal to zero. Conversely, if the left side of this
equation is identically zero, then its right-hand side must be identically equal to zero. However, Eqgs.
(2) and (3) are the result of generalization of the experimental data. However, Egs. (2) and (3) are the
result of generalization of the experimental data. It is natural to assume that the description of EMF
with sources using the antisymmetric tensor (1) is unsatisfactory. The question of an alternative,

satisfactory description of EMF with field sources will be considered in the next section.

3. The asymmetric and symmetric tensors of the electromagnetic field

The definition of the canonical antisymmetric tensor (1) £,,=0,A, -0,A, includes an
asymmetric tensor of the second rank, which is a four-dimensional derivative of the electromagnetic

potential 0, A, . Denote itas F,,=0,A,. Letus write this tensor in the matrix form:

1.1 1, 1,
Sop  OA Ti0A CiOA
Lice oA oA oA
C
uv uov 1

—o0 A 0A OA

Lioe oA a,A a,A
C

z" %X "y 2" (6)
This asymmetric tensor can be decomposed into symmetric and antisymmetric tensors

F, =F

[uv]

12+F,, /2. Itisclear from the expansion that, in addition to the antisymmetric EMF tensor

F

1., ONe can reasonably include the symmetric EMF tensor £ ,,,, in the EMF description. In contrast
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to the antisymmetric tensor £, ;, symmetric £, , and asymmetric ~,, EMF tensors have complete

four-dimensional divergences that are not equal to zero. In article [44] it is shown that the total
divergence of an asymmetric tensor of the second rank is equal to the divergence of a symmetric

tensor with respect to one of the indices. We write the symmetric EMF tensor £ ,, in the matrix

form:
1 1. 1. 1.
2?81(0 El'(@Ax—ax(ﬂ) EI'(atAy_ay(p) EI'(OtAz_azw) (7)
1.
Fo_ El’(atAx—am) 20, A, (0,A)+0,A,)  (0,A, +0,A,)
(w) 71 1.
EI~(@IAy—ay(p) (axAy+@yAX) ZayAy (ayAZ +52Ay)
1.
EI'(alAz_azw) (axAz+azAx) (ayAz+asz) 261AZ

This symmetric tensor can be written in the form £, =0, A, +0,A .

4. Equations of the electromagnetic field with field sources
Since the total four-dimensional divergence of the symmetric EMF tensor is not zero, we

introduce into its equation the source of the EMF 4 A, =J,. This equation is equivalent to the

equation (0,F,,+0,F,)/2=3, or 6,0,A,+3,A,)=J,. Let us write down this four-dimensional

vi v

divergence of the symmetric tensor £, in three-dimensional form:

1
20—28tt¢+6tV-A—A(p=p/£0 (8)
1 1 9
C—zanA—C—zatV¢7—V(V'A)—AA=#o'J )

Eq. (8) replaces Eq. (2) describing the Gaussian law for an electric field, and Eq. (9) replaces the

Ampere-Maxwell total current Eq. (3). Eq. (9) can be written in the form:
CizanA—Cizatv(/;—z.V(v-A)+vaXA=y0-J (10)

In this form the fourth term is a magnetic field rotor. For the static case, Egs. (8) and (10) can be
written in the form:

—Ap=ple, (11)

—2-V(V-A) +VxVxA= -] (12)

Eqg. (11) for the static case coincides with the Maxwell Eg. (2) and also describes the Gaussian law

for a constant potential electric field. Eq. (12) differs from the Maxwell equation for the stationary

case by the presence of the first term with the divergence of the vector potential. This term represents

the gradient of the hypothetical "scalar (potential) magnetic field" introduced by Nikolaev [41] into
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the Ampere-Maxwell Eqg. (3) so that to explain the longitudinal interaction between steady-state
currents and to ensure compliance with Newton's third law in electrodynamics. Eq. (12) coincides
with the equation given in [37, 41], to within a constant coefficient of the first term. In these papers,
Eqg. (12) was constructed empirically on the basis of experimental results by supplementing the
Ampere-Maxwell equation. Here, Eq. (12) is obtained mathematically strictly, as a consequence of

the divergence of the symmetric EMF tensor £ ,,. Thus, equation (9) eliminates the problem of

violating Newton's third law in electrodynamics.
Eq. (9) can be written in the form:

CizﬁnA—CizétV(p—ZAA—VxVxA:yo-J (13)

This equation contains the components of the electric field and magnetic induction and is the wave
equation for the EMF, i.e. it describes electromagnetic radiation.

We take the rotor from both sides of Eq. (9) and we get the canonical wave equation for the
magnetic induction B:

Cizan(VxA)—A(VxA)zyo-VxJ or C%GnB—AB:,uO-VxJ

Egs. (8) and (9) can be written in the form:

Cizanqa—A(p+6l(Ci28[(p+V~A):plgo and CizﬁnA—AA—V(Cizatgo+V-A):yo~J

Applying the Lorentz gauge 6,¢/c*+V-A=0 to them, we obtain Maxwell's canonical equations in
the Lorentz gauge [43]:

1 1
C_zattw_Aq’:p/go and C_zattA_AAzﬂo'J

We take the divergence from both sides of Eq. (8) and the time derivative of Eq. (9). After
summarize these equations and simple transformations, we obtain the canonical wave equation for
the electric field strength E:

1

0,5 0 A-AA) +V(Ci26ttgo—Ago) S Vpley+ 0 OF AE -~ aE=Vpley+ -0, (14)
C

We take the divergence of both sides of Eq. (9) and obtain the wave equation:

lattV-A—iz6tAgo—2-A(V-A):,uOV-J (15)
c

CZ
This equation describes the longitudinal waves of the divergence of the vector potential or the

longitudinal waves of the hypothetical "longitudinal (scalar) magnetic field" of Nikolaev [41]. A

feature of these waves is the absence in it of the component of magnetic induction B. Therefore, these



waves can be called longitudinal electric waves. Taking the time derivative of Eq. (8) and applying
the continuity equation for the current density, from Eq. (15) we obtain the equation:

%Q (C—lzétt(p—A(p) +V- (CizanA—AA) =0,p+V-J or (izan -A),A,=0,J, (16)
c

This equation is the equation of longitudinal (scalar) waves of the divergence of the electromagnetic
potential, the source of which is the divergence of the four-dimensional current density. The left-
hand side of Eq. (16) can be equal to zero for the non-zero electromagnetic potential A, . Then Eq.

(16) can be written in the form of two equations:

1 1
(CTatt—A)avszozavJv or (?att—A)avAV:o and 9,J,=0

From this equation, it follows that the wave equation for the divergence of the electromagnetic

potential (izan_A)avAV:o is just as fundamental as the equation of conservation of current
C

density ¢,J, =0.

Thus, Egs. (8) and (9) are a system of EMF equations, which replaces Maxwell's equations
(2) and (3). The Maxwell Egs. (4) and (5) do not require replacement, since they are mathematical
identities. Eq. (9) is an electromagnetic analog of the equation of motion of an isotropic elastic
medium, known as the dynamic Navier-Stokes equation (or Lame equation) [45]. This equation
shows the generality of the laws of motion of all kinds of matter. This analogy allows us to consider
the field of a four-dimensional electromagnetic potential as a physical medium in which waves of the

electromagnetic field propagate. These waves are waves of dynamic deformation of this medium.
Consequently, the electromagnetic potential field A, can be hypothetically identified as a "physical

vacuum" or "ether."

5. Conclusion

The canonical antisymmetric electromagnetic field tensor has four-dimensional divergences
for each of the indices, so the introduction of the source of the field into its divergence only for one
of the indices is incorrect. The total divergence of the antisymmetric tensor is identically zero and
does not have a source of EMF. In connection with this, in electrodynamics there is a problem of
introducing a source of EMF into the EMF equations.

This problem is solved by that EMF sources are introduced into the divergence equations of
an asymmetric or symmetric EMF tensor, for which the total divergence is not zero. These tensors
are related to the canonical antisymmetric EMF tensor. EMF with sources are mathematically

correctly described by a new system of equations that follows from the symmetric EMF tensor
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F

(uv)

=0,A, +0,A,. This eliminates the nonsense of introducing field sources into the divergence of

the rotor in electrodynamics. From this system of EMF equations follow the canonical wave equations

for the electric field and magnetic induction, wave equations for the scalar and vector potentials of

the electromagnetic field (the Maxwell equations in the Lorentz gauge). From the new EMF

equations follows a new wave equation describing the longitudinal (scalar) waves of the divergence

of the electromagnetic potential that do not have a magnetic component
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00 AHTUCUMMETPUYIHOM TCH30pPE€ N UCTOYHUKAX IJTCEKTPOMATrHHTHOTO ITOJIA

IOpuii A. Cniupuues

Hayuno-uccredosamenvckuti u KOHCMPYKMOPCKULL UHCHUMYI pAOUOINEKIMPOHHOU MEXHUKU — hunuan
Ghedepanbrhoeo 20cy0apcmeeHH020 YHUMAPHO20 NPeOnpusimus (edepaibHo20 HAYYHO-NPOU3800CMEEHHO20
yeumpa «llpoussoocmeennoe oovedunenue « Cmapmy umenu M.B. [Ipoyenko»

E-mail: yurii.spirichev@mail.ru

AHHOTAHUA

Kanonnueckuit aHTHCUMMETPUYHEIN TEH30p 3JIEKTPOMATHUTHOTO MOJISI UMEET Y€THIPEXMEPHBIC TUBEPTEHITAN
M0 KaXkJAOMY W3 MHJIEKCOB, I0O3TOMY BBEJCHHE MCTOYHHUKA IOJS B €T0 TUBEPICHIIMIO TOJIBKO MO OJHOMY U3
WHJIEKCOB SIBIISIETCS. HEKOPPEKTHHIM. [loiHas MUBEpPreHIus aHTHCHUMMETPUYIHOTO TEH30pa TOXKIECTBECHHO
paBHa HyNIO U HE UMeeT UCTOYHUKa moist. CTaThsl MOCBSIIEHA MAaTEMaTHUYECKH KOPPEKTHOMY BBEICHUIO
HMCTOYHHKA DJIEKTPOMATHUTHOTO TIOJISI B YPAaBHEHWSI IMOJS. YPAaBHEHHS IOJS CIEAYIOT M3 CHMMETPUYHOTO
TEH30pa, UMEIOIIETO TOJIHYI0 YETHIPEXMEPHYIO AUBEPTEHIINIO HE PaBHYIO HYJ0. JTa ITUBEPIeHINS paBHA
YETHIPEXMEPHOMY UCTOUHHUKY JIEKTPOMArHUTHOTO 1oJis. 113 HOBOM cHCTEMBI ypaBHEHUM 3JIEKTPOMArHUTHOT'O
TIOJIS CJIEYIOT KAHOHMYECKHE BOJTHOBBIE YPABHEHHS [T HAIPSHKEHHOCTH 3JIEKTPUYIECKOTO OIS, MATHUTHOMN
WHAYKIWH, DJIEKTPOMAarHUTHOTO TOTeHIMana (ypaBHeHuss MakcBema B kanuOpoBke JlopeHia), a Takke
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BOJIHOBOC YpPABHCHUC [JIsI AUBCPICHUOUU JBJICKTPOMArHUTHOI'O IMOTCHIIMAJIA, ONHCBLIBAIOMICC MPOAOJbHBIC
BOJIHBI, HC HMCIOIINC MarHUTHOM KOMIIOHEHTBHI.

KiaioueBble cioBa: QHCKTPOMaFHI/ITHOC 10J1e, HeCHMMCTpPI‘-IHLIfI TCH30D, CI/IMMCTpI/I‘lHI)II\/'I TCH30pP,
aHTHCHMMeTpH‘IHLIfI TCH30pP, YPAaBHCHUA MaKCBeJ’IJ’Ia, MPOAOJJBbHBIC BOJHBI 3JICKTPOMAIHUTHOT'O IOTCHIIMAIA.

Conep:xkanue

BBenenue

AHTHCHMMETPUYHBIA TEH30P 3JIeKTPOMATHUTHOIO O0JIA U YpaBHeHus1 MakcBeJia
HecumMMeTpU4YHBINH M CHMMETPHYHBIN TEH30PHI JIEKTPOMATHUTHOIO MOJIsI
YpaBHeHus1 3JIEKTPOMATHUTHOIO MOJISl ¢ UCTOYHHUKAMU MOJIS

. 3akjro4yeHune

Jlureparypa

U wN e

1. BBenenue

TeopeTnueckoil OCHOBOH KJIaCCUUECKON TeOpuu 31eKTpoMaruuTHoro nosis (OMII) asistorces
ypaBHEHUs, cPOpMyIUpoBaHHbIE MakcBemioM B cBoeM (yHJIaMeHTalbHOM Tpyae «TpakraT 00
AJIIEKTPUYECTBE U MarHETU3ME» Ha OCHOBE HAKOIUIEHHBIX K cepefuHe XX Beka HKCIIepuMEHTaIbHbIX
pEe3ynbTAaTOB. DTH YPABHEHUS ChITPAIM KJIFOYEBYIO POJIb B PA3BUTHH IPEJACTABICHUN TEOPETUUECKON
(U3MKY U OKa3aJli CUJIbHOE BJIMSIHUE Ha CO3/JaHKE CIELIMAIbHOM TEOPHUH OTHOCUTEIBHOCTH U IPYTHX
Teopuil. Yke B Haqasle XX BeKa KJIaCCUYeCKas MIEKTPOIMHAMMKA CUMTAIIACH 3aBEPIICHHON HAYKOM,
U CBO€ JaibHelniee paszpurue Teopus OMII monmyuuna B BuAE KBAHTOBOM 3JIEKTPOJMHAMUKH.
Hecmotpss Ha 310, B Kiaccuyeckol teopun OMII cyliecTBYIOT OTIENbHBIE HESICHBIE MECTa M
CIIOpHBIE BOMPOCH. B CBA3M € 3TUM, CYHIECTBYIOT TEOPETHUECKHUE U IKCIIEPUMEHTaIbHbIE PaOOTHI,
MOCBSIIIIEHHBIE 3TUM CIIOPHBIM BOMNpPOCAM, & HEKOTOPbIE aBTOPHI CTABAT MO/ COMHEHHE OTJIECIbHbIE
MoJIOXKEHUs1 Kiaccuuecko teopun OMIIL. Hampumep, okoiio cTa JieT CymiecTByeT mpobiema
AbparamMma-MUHKOBCKOT0, KOTOpasi 3aKJIIOYaeTcs B OTCYTCTBUM €AMHOTO MHEHHUS O INMPaBHJIbLHOM
TEH30pE DHEPrUU-UMIlyJbca B3auMopencteus OMII ¢ BemecTBoM M CyHIECTBOBAHHMH
JIEKTPOMArHUTHOM critbl AOparama [1-13]. DTo npuBOIUT K CO3AaHUIO HOBBIX TeH30poB DMIT [14-
20]. Jlpyrum CHOpHBIM BOMPOCOM  SIBJSIETCS MEPEHOC MOMEHTa HMITyJbca IUIOCKOMN
ANIEKTPOMArHuTHOM BostHOU [21-31]. [IpoOnema 3akiarouaercsi B TOM, YTO KaHOHHYECKHE BOJHOBBIC
ypaBHeHHs OMII He onKChIBAIOT IEPEHOC MIOCKOM AIEKTPOMArHUTHONW BOJIHOM MOMEHTA UMITYJIbCA.
Jlo HeraBHETO BpEMEHM B AJIEKTPOJAMHAMUKE OTCYTCTBOBAJIU BOJHOBBIE YPaBHEHUS ISl SHEPTUU U
nmnyneca OMIIL. Takue ypaBHEHUs, CIEAYIOIIME W3 HOBOTO TEH30pa SHEPrUM-UMITYJIbCA U
OINMCHIBAIOLIUE NIEPEHOC MOMEHTA MMITYJbCA IEKTPOMArHUTHOW BOJIHOW, ITOJIyYE€HBI aBTOPOM B
pabore [20]. JIMCKYCCHOHHBIM  BOIPOCOM  SIBIISICTCS  CYIIECTBOBAaHHUE  MPOJOJIbHBIX

9JIEKTPOMArHUTHBIX BOJH B Bakyyme [32-40]. B kmaccuyeckoii teopur DMII He cobmomaetces
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TpeTuil 3aKkoH HproTOHA Npy B3aMMOJEHCTBUM ABUKYIUXCSI DJEKTPUUECKUX 3apsiioB. DTO NMPUBEIO
K MOSIBJICHUIO THITOTE3bI O CYIIECTBOBAHUHN «CKAISIPHOTO (MIOTEHIMAIBHOT0) MArHUTHOTO TOJIsh» [41],
BBEJICHUE KOTOPOrO B 3JIEKTPOJMHAMHUKY I103BOJISIET COXPAHHUTH BBINOJHEHHE TPETHETO 3aKOHA
HerotoHa. PeabHOCTB «CKaJIsIpHOrO MarHMTHOTO IOJIS» IOATBEPKAAECTCA Pa3HbIMM aBTOpPaMH B
IKCIIEPUMEHTAX MO MPOJOJIBHOMY B3aMMOJICHCTBHIO MOCTOSIHHBIX TOKOB [37, 41]. Haubonee siBHO
HEIOJIHOTA KJIACCUYECKOW AJIEKTPOJAMHAMUKH TPOSIBISETCS B TEOpUU IUIasMbl. Jlo HacToslero
BPEMEHM OTCYTCTBYET IIOHMMAaHHUE TOr0, KAKHUE 3JIEKTPOMATrHUTHBIE CUJIBI YIEPKUBAIOT 3apsKCHHBIC
YacTULbl B IIAPOBOH MOJHMH, a IpoOjeMa AJUTEIbHOIO YAEp)KaHUS IUIa3Mbl B CYIIECTBYIOLIMX
TEXHUYECKUX YCTAaHOBKAX, HECMOTPS Ha MOJIYBEKOBYIO MHTEHCHBHYIO PalOOTy, JlajieKa OT PELICHHUS.
OTCyTCTBYET NMOHMMaHHE MPHUYMHBI CYILIECTBOBAHUS TOPSIUMX TOYEK B Z-NIMHYAX U psAfa JIpYyrux
IUIa3MEHHBIX siBiIeHUH. [lepeunciennbie npodaemsl TpeOyrOT 000CHOBAHHOTO BHUMAHUS K OCHOBaM
kiaccuueckoi teopun OMII u k camuM ypaBHeHussM Makcseuia.

VYpaBHeHuss MakcBesuia Mojiy4aroT U3 aHTUCUMMETPUYHOIO TEH30pa BTOPOI'O PaHra B BHUJIE
€ro YeThIPEXMEPHOM TUBEPreHIUH 10 OJTHOMY U3 MHJEKCOB, K KOTOPOW MPUPABHUBAIOT UCTOYHUK
10JI1 B BUJE UYETBIPEXMEPHOM IUIOTHOCTH TOKa. HO KaHOHMYECKMI aHTMCUMMETPUYHBIN TEH30D
3JIEKTPOMAarHUTHOTO IOJISI UMEET YETBIPEXMEPHBIE JUBEPIEHIIMH 110 KaXKA0MY U3 HHIEKCOB, I03TOMY
BBEJICHUE HMCTOYHHUKA IOJS B YpaBHEHHUE JUISl €ro JMBEPreHLIMH TOJBKO MO OJHOMY M3 MHJIEKCOB
ABJII€TCS HEKOPPEKTHBIM. [loHas yeTbpexmMepHas IMBEepreH1nsl aHTHCUMMETPUYHOTO TEH30pa, Kak
JTUBEPreHIUsl POTOPa, TOXKIECTBEHHO paBHA HYJIIO M HE MOKET UMETh UCTOYHHKA TIOJIS.

Cratbs nocBsleHa aHAIN3Y U MATEMaTUYECKH KOPPEKTHOMY BBEACHMIO YETBIPEXMEPHOIO
VCTOYHHUKA IEKTPOMArHUTHOTO 10JIsA B ypaBHeHus: OMIL

OMII u snexkTpuyeckue 3apsiibl pacCMaTpUBAIOTCA B BakyyMme. ['eomMeTpusi nmpocTpaHCTBa-

BPEMCHM TPUHHUMACTCS B BHJE ICEBJOCBKIUIOBA MPOCTpaHCTBa MuHKOBCKOro (Ct, ix, 1y, iz).
UYerblpexMepHBIN 3JE€KTPOMAarHUTHBIN TMOTEHIMAN omnpenensercs kak A (¢/c,iA), tae ¢ u A
CKaJIApHBIN U BeKTOpHbIM nmoreHmansl OMIL. YeTbipexMepHas MIOTHOCTh TOKA OMpeAesIeTcsl Kak

J,(p-c,id), rae p u J WIOTHOCTH NEKTPUUECKUX 3aPSIOB U UIOTHOCTH TOKA.

2. AHTHCMMMETPHUYHBINA TEH30P YJIEKTPOMATHUTHOIO MOJIsA U YpaBHeHuss MakcBesiia
B 6a30BbIX Kypcax TeopeTuueckoil pusmku snekrpomMarautHoe nojie (OMII) onucsiBaeTcs

KaHOHUYCCKUM aHTUCUMMCTPUYHBIM TCH30POM BTOPOI'O paHra:

F.p=0,A, -0,A, (1)

(v
DTOT aHTUCUMMETPUYHBIN TeH30p DMII sBIsieTCS YeThIpeXMEpHBIM (KOBapHaHTHBIM) poTopoM [42].

ABJISIFOTCA HNPOU3BOJHBIC CKAJAPHOIO ¢ H
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BeKTOpHOro A mnoreHuuanoB OMII, koTopble ONpeneneHbl B 3TOM TEH30pPE KaK KOMIIOHEHTBI

HaAIPsDKEHHOCTH JIEKTpUdecKkoro noist E u nuaykium marautHoro noas B:
E=-Vp-0,A B=VxA= (ayAz _asz)x + (azAx _axAz)y + (axAy _ayAx)z
VYpaBHeHus MakcBesuia mojy4aroT U3 aHTUCUMMETPUYHOTO TeH3o0pa (1) B BHJIE €ro 4eThIpeXMEpHOi

JMBEPTEHIMM TI0 OJTHOMY M3 MHJEKCOB, K KOTOPOH NPUPaBHUBAIOT MCTOYHUK Ttons [43] 6,7, =13,

(SIICCB " JaJIe€ KOBApUAHTHBIC U KOHTPaBapUaHTHBIC NMHACKChBI MOXXHO HE pa3anaTL). 3anumeM 3TH

ypaBHEHHUS B BEKTOpPHOU dopMe:

V-E=pl¢g, wim  —0,V-A-Ap=pleg, 2)
1 1 1
VxB—C—Zath,uo-J W C—28HA+C—28tV¢)+VxVxA=,u0-J (3)

B 3Tu ypaBHEHUS UCTOYHUKHM 1OJIA p M J BBEJACHBI BPYUHYIO, UCXOJd U3 OOIIMX COOOpa’keHHH U
HKCIEPUMEHTAJIbHBIX pe3ylnbTaToB. Takoe BBeaeHUE B ypaBHEHHS (2) U (3) MCTOYHMKOB MO
TEOPETUIECKOT0 00OCHOBAHUS HE UMEET.

U3 antcummerpudnoro Tenzopa OMII (1), B BUAe W3BECTHOTO TEH30PHOIO TOXKAECTBA

0,F,, +0,F, +0,F, =0, crenyior eue 1Ba ypaBHeHuss Makcsera:

V-B=0 wm V- (VxA)=0 4)
VxE+0,B=0 wim  —Vx0,A+0,VxA=0 (5)

IIpn 3amucu B MOTEHIMANAX DJIEKTPOMArHUTHOIO IIOJIS OTU YPABHEHUsS SBISAIOTCS OYEBUIAHBIMU
BEKTOPHBIMHU TOX/IECTBaMU. Takasi MX 3alUCh MOKa3bIBAET, YTO OHU UMEIOT YCIOBHBIN (U3NUECKUI
CMBICJI, KOTOPBII MOXKHO c(hOpMYJIMPOBATh TOJIBKO MpH 3anucu ux B TepmuHax E u B.

PaccmoTpuM Bompoc 0 BBE€IGHUH UCTOYHHMKOB 110JIs B ypaBHeHUs (2) u (3). JIeBbie uacTu 3THX

YPaBHEHHUH TIPEACTABIIOT COOO0M YeTHIPEXMEPHYIO AuBepreHuuio Tensopa (1) 0,F,,; 10 HHACKCY W.

uvl

Tensop Broporo paHra UMeeT AMBEPreHIMH O KaKIOMY M3 JBYX WHAEKcoB: 0,f,, ® 0,F,,.

O“ICBI/I,Z[HO, 9TO AUBCPICHOUSA AHTUCUMMCTPHYHOI'O TCH30pa (1) o BTOpPOMY HHICKCY V HMECT
_8#/:[

NPOTUBOIOJIOXKHBI  3HAaK 0, f; a monHas nuBepreHius TeH3opa (1), kak

wl = uv]?

YETHIPEXMEPHOTO POTOPA, TOKIECTBEHHO paBHa Hymo 0, ,,+0,F,,, =0. Beenenue B ypaBHeHne

uvl

Makcaenia 8VF[ JV HCTOYHHUKA I10JIA JV , KaK TUBCPTCHIIMHU TCH30Pa BTOPOI'0 paHra TOJbKO 110

ul =
OIHOMY M3 €TI0 HHIACKCOB SBJISACTCA HCIIPABOMCPHBIM ,HCIZCTBHCM, HC HUMCHOIIIUM (I)I/I:;I/ILIQCKOFO
cMmbIcia. B cooTBeTcTBIY ¢ TeopeMoii ['aycca u m3BeCTHBIMU BEKTOPHBIMHU TOXKISCTBAMH, POTOP TOJIS
MPUHIMITAATIHFHO HE MOXET UMETh MCTOYHUKOB. JIJI MOTydYeHHS] ypaBHEHUS HENPEPBIBHOCTH JUIS

IUIOTHOCTH TOKa OepyT YETHIPEXMEPHYIO IMBEPreHIMI0O OT O0euMX YacTei 3TOro ypaBHEHUS
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Makcemia. JleBast 4acth MNONY4E€HHOTO ypaBHeHHs 0,,F,,=0,J,, ONUCHIBAIOWIAs JBHXCHHE

uv]
(M3MEHEeHHe) 3JIEKTPOMAarHUTHOTO TOJIsl, TOKJECTBEHHO paBHA HYJIO, a IIpaBas yacThb OIMCBIBAET
JIBIDKEHUE IEKTPUUECKUX 3apsi/I0B, BO30OYKIAIOIIUX JIEKTPOMArHuTHoe noje. Takum o0pa3oM, 3To
yYpaBHEHHE IPOTUBOPEUMBO, €ro JeBas 4YacTb JIOJDKHA ONMCHIBaTh BOJHOBOE JBUKEHHE
AIIEKTPOMArHUTHOTO TOJIsI, BO30YK1aeMoe MPaBoOii YacThIO U HE JOJDKHA ObITh TOXXIECTBEHHO paBHON
Hyit0. Y o6paTHO, eciu jeBast 4acTh 3TOI'0 YpaBHEHUs TOXKJECTBEHHO PaBHA HYIIO, TO U €ro IpaBas
YacTh TAK)KE JOJDKHA OBITh TOXKJIECTBEHHO PaBHOM Hyl0. B 3TOM 3akitouaeTcs HOHCEHC B
ypaBHEHMsIX MakcBesia ¢ ucTouHuKaMu nosid. OjtHako ypaBHeHuUs (2) u (3) ABISIIOTCS Pe3yIbTaTOM
0000IIeHNsT SKCIIEPUMEHTAIBHBIX JaHHBIX. ECTECTBEHHBIM SIBJIAETCS MPEANOJIOKEHHE O TOM, YTO
onucanne OMII ¢ UCTOYHMKAMU C MOMOIIBI0 AHTUCUMMETpU4YHOro TteH3opa (1) sBmsercs
HEYJOBJIETBOPUTEIIbHBIM. AJIbTEPHATUBHOE M MAaTEMAaTUYECKH YAOBJIETBOPUTEIBHOE OINUCAHUE

OMII ¢ ucTOUYHUKAMH IT0JIS pPaccMOTpHUM B CIICAYIOLIEM Pa3CiIc.

3. HGCI/IMMeTpI/I'{HLIﬁ H CI/IMMeTpI/I‘leIﬁ TEH30PbI JJIEKTPOMATHUTHOI'O IMOJIsA

B onpenenenre KaHOHUIECKOr0 aHTHCUMMETpUYHOTO Ten3opa (1) A, =0,A, —0,A BXOIHUT

#v]
HECUMMETPUYHBIN TEH30p BTOPOTO PaHra, MPEACTABISIONINI cOO0H YeThIPEXMEPHYIO MPOU3BOIHYIO

JIEKTPOMATHUTHOTO ToTeHnmana 0 ,A, . ObosHaunm ero kak £, =0,A, . 3anuiiem 5TOT TEH30p B

MaTpuiIHOM BHU/JEC!:

1.1 1, 1,
Sop  OA Ti0A CiOA
Lice oA oA oA
C
uv = O\, 1.

—oe A 0A OA

Lioe oA a,A a,A
C

"% Yy 2" (6)
OTOT HECUMMETPHYHBII TEH30p MOXKHO Ppa3JIOKUTh HAa CUMMETPUYHBIH M aHTUCUMMETPUYHBIN

/2+F(

TEH30pel £, =F /2. W3 »3TOro pasnoxxkeHWs BHJIHO, 4yTo B omnucanue OMII kpome

[uv] Hv)

MOYKHO OOOCHOBAaHHO BKJIFOUMTH CHMMETPUYHBIA F

aHTHCUMMeTpHYHOTO TeH3opa DMIT F ()

[uv]

CUMMETpPUYHBIN F,

(uvy M

Tenszop OMIL. B oTiM4Me OT aHTMCMMMETPHYHOIO TeH30pa Fy,,

HECUMMETPUYHBIA £ TeH30psl DOMII uMeroT moHBIE YeThIpeXMEpPHBIC TUBEPTEHIINH HE paBHBIC

uv
Hymo. B pabote [44] moka3aHo, 4TO NIOJTHAS AUBEPTEHIIHSI HECHMMETPHYHOTO TEH30pa BTOPOTO PaHTa
paBHa TUBEPreHIMH CUMMETPUYHOTO TEH30pa M0 OJHOMY M3 MHAEKCOB. 3alUIIEM CUMMETPUYHBIN

TeH3op OMII F,

(uv) B MAaTpUYHOM BUIE:
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1 1. 1. 1.
2500 @A -00) @A =00) TiHOA-0,0)

1 (7
EI~(81AX—8X(/J) 20,A, (0,A, +0,A) (0,A, +0,A)
F, =
(uv) 1.
S@A=0,0)  (0A+0,A) 20 A, ©,A +0,A)
%i'(atAz_az¢)) (6xAz+6zAx) (ayAz+asz) 261AZ

OTOT CUMMETPUYHBIA TEH30P MOKHO 3allMCaTh B BUJIE F( )

=0,A, +0,A,.
4. YpaBHeHHsl 3JIeKTPOMArHUTHOIO MOJISAA C MCTOYHUKAMH I10JIS1

HOCKO.HBKy MMOJIHAA YCThIPEXMCpPHAd JUBCPIrCHUINA CUMMCTPUIHOI'O TCH30pa HE paBHA HYIJIIO,

BBeneM B Hee wucrounuk OMII 9,F,,=J,. OTO ypaBHEHHE OKBMBAJICHTHO YPAaBHEHHIO

©,F,,+0,F,)12=3, wm 0,0,A, +0,A,)=],. 3anulieM 3Ty YETBIPEXMEPHYIO [IUBEPICHIHUIO

CUMMCTPHUYHOI'O TCH30pa F,

(V) B TPCXMCPHOM BHUIC!:

2Ci28tt¢+6tV-A—A(p=p/go (8)
1 1
C—zanA—C—zatvgo—V(v-A)—AAzyo-J 9)

VpaBuenue (8) 3ameHsieT ypaBHeHue (2), onuchiBaroliee 3akoH ['aycca ist 3JIeKTpUIecKoro moss, a
ypaBHeHuUe (9) 3aMeHsieT ypaBHEHHE MOJIHOro Toka AMnepa-Maxkceiia (3). YpaBHenue (9) MoxkHO
3anucarhb B BUJE:

ianA—Cizatv(p—z-V(V.A)WXVXA=y0.J (10)

CZ

B »sToit (opme 3ammcu yeTBEpTHIM WIEH MPEACTaBIseT COO0OM pPOTOp MarHUTHOTO mojst. [is
CTaTUYECKOTO ciryyasi ypaBHeHUs (8) u (10) MOXKHO 3amucath B BUJE:

-Ap=pleg, (12)

—2-V(V-A)+VxVxA=p,-J (12)

VYpasaenue (11) ans craruyeckoro ciaydas COBIAJaeT ¢ ypaBHeHHeM MakcBemna (2) U Takxke

OMMCHIBAeT 3aKoH ['aycca IUisi MOCTOSHHOTO MOTEHIMAIBLHOTO AJIEKTPUYECKOTO MOJiA. YpaBHEHHUE

(12) ornuuaercst ot ypaBHeHuss MakcBemia (3) Ui CTAalMOHAPHOTO Cily4yash HaJIMYUEM IEepBOTO

YjieHa C JUBEPreHIMel BEKTOPHOTO MOTEHLHala. DTOT WIEH MpeACTaBiseT co00il TrpaaueHT

TUIOTETUYECKOIO «CKAJISPHOIo (MOTEHIIMAIBFHOT0) MarHUTHOTO MOJIs», BBeAeHHOTo HukoiaeBbiM

[41] B ypaBHeHHe Amniepa-MakcBesia (3) it 0ObSCHEHUS POIOTIBHOTO B3aMMOJICHCTBUS MEXKTY

CTAllMOHAPHBIMH TOKaMHU M COONIONEHUS TpPeThero 3akoHa HBIOTOHa B 3NEKTPOJUHAMUKE.

VYpaHenne (12) ¢ TOYHOCTBIO JO TMOCTOSHHOTO Kod((HIMEHTa MEepBOTO YJIEHAa COBMATACT C

ypaBHEHUEM, MpHUBEACHHBIM B paborax [37, 41]. B stux pabortax ypaBHeHue (12) moctpoeHo
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SMIUPUYECKH HA OCHOBE OIBITHBIX PE3YyJIbTaTOB IIyTEM JONOJHEHUS YpaBHEHHUS Amrmepa-
Makcsemia. 3aeck ypaBHeHue (12) nmonyyeHo MaTeMaTHYECKU CTPOTro, KaK CIEACTBUE JUBEPTCHIIUI

cummerpuaHoro Tewsopa OMIL F . Takum obpasom ypasHeHue (9) ycrpadser npobiemy

HapYyIICHUS TPEThero 3aKkoHa HpI0TOHA B 3JIEKTpOIMHAMUKE.
VYpasnaenue (9) MOXHO 3anucaTh B BUJIE:

CizanA—CizatV(p—Z-AA—VxVanuo-J (13)

OTO0 ypaBHEHHE COIEPKUT KOMIIOHEHTHI 3JIEKTPHUECKOTO MOJIl U MArHUTHOM MHIYKLIUU U SIBJISIETCS
BOJIHOBBIM YPaBHEHUEM JJIS1 3JIEKTPOMArHUTHOT'O TOJIsl U COBMECTHO C ypaBHEHUEM (§), OMHMChIBAET
3JIEKTPOMArHUTHOE U3ITyYCHHUE.

Bo3sbmem porop oT obeux uvactedl ypaBHeHHS (9) M MOJyYUM KaHOHMYECKOE BOJHOBOE

ypaBHEHHUE JJI1 MArHUTHON MHAYKIUU B:

Cizan(VxA)—A(VxA):,uo-VxJ Wi CizanB—AB:,uo-VxJ

VYpauenus (8) u (9) MOKHO 3anucaTh B BHJIC:

1 1 1 1
C—zan(p—A(o+6t(C—26t(p+V-A)=p/go " C—ZattA—AA—V(C—28t¢+V-A)=,uO~J

[IpuMeHUB K HUM KamuOpoBky Jlopenua O,¢/c?+V-A=0, HOdy4uM KaHOHMYECKHE ypaBHEHHsS

Makcgenna B kanubposke Jlopenua [43]:

1 1
CTatt¢_A(p:p/50 ?GHA—AAzyoJ

Bo3bmeM nuBepreHnuio ot odeux ydacteil ypaBHeHUs (8) M MPOU3BOIHYIO IO BPEMEHHU OT
ypaBHeHus (9). Ilocne crnokeHuss 3THX YpaBHEHUM M MpPOCTHIX MpeoOpa3oBaHUN MOITYYUM

KaHOHHNYCCKOC BOJIHOBOC YPABHCHUC IJIA HAITPAKCHHOCTH SJICKTPUUCCKOT'O ITOJIA:

1

1
0, (C—2 O,A—AA) + V(C—2 0w —Ap)=Vple, + u,-0,J nnn AE —izanE =Vple,+ -0, (14)
c

BossMmeM quBeprenimuio odenx yacteil ypaBHeHUs (9) U MOJTyYUM BOJTHOBOE YpaBHEHHUE:

1 1
910 YpaBHCHHUE OIIMCBIBACT MPOJOJBHBIC BOJIHBI JUBCPICHOWHW BCKTOPHOI'O IMOTCHOHUAIA HIIN
MMPOAOJBHBIC BOJHBI THIIOTETUYCCKOT'O «IIPOJAOJIBHOTO (CKaHHpHOTO) Mar"HuTHoOro mnoJist» HukonaeBa
[41] OCO6CHHOCTBIO 9TUX BOJIH ABJIACTCA OTCYTCTBUC B HeW KOMITOHEHTHI MarHUTHOU WHAYKOHUU B

HOBTOMY OTH BOJIHBI MOXHO Ha3BaTh MPOAOJIbHBIMU SJICKTPHYCCKUMHA BOJTHAMHA. Bzsas IMPOU3BOAHYIO

16



10 BPpEMEHM ypaBHEHHUS (8) M NPUMEHMB YpaBHEHUE HEIPEPHIBHOCTU JUIsl IJIOTHOCTH TOKA, W3

ypaBHeHus (15) nonyuum ypaBHeHue:
%at(cizan(p—Aw)—f-V‘(C%anA—AA) :atp+v“] nin (izatt _A)avAv :av‘]v (16)
c

OTO ypaBHEHHE INpEACTaBiIsIeT cOOOW ypaBHEHHE NMPOJOJbHBIX (CKAISPHBIX) BOJH JUBEPreHLIUU
AJIEKTPOMAarHUTHOTO MOTEHIMala, UICTOYHUKOM KOTOPBIX SIBISETCS AUBEPrEHIMS YETHIPEXMEPHOMN
IUIOTHOCTHU TOKa. JleBast BosiHOBas yacTh ypaBHeHUs (16) MokeT ObITh paBHA HYJIIO IIPU HE PABHOM
HYJIIO 3JIEKTPOMAarHUTHOM noteHuuane A, . Torna ypasHenue (16) MOXXHO 3amucaTbh B BUJE JIBYX

ypaBHEHUH:

1 1
(CTatt _A)avAv =0= 6v‘]v WA (CTatt _A)avAv =0 a av‘]v =0

N3 storo YpaBHCHHA CIICAYET, YTO BOJIHOBOC YpPABHCHHUC IJII JUBCPICHIHUU 3JICKTPOMArHUTHOTO

IHOoTCHOHAaIa (izatt —A)@VAV =0 TaK Xe€ q)YHI[aMeHTaHBHO, KaK U ypaBHCHHUC COXPAHCHUS IIJIOTHOCTHU
C

TOKa 0,J, =0.

Takum oOpazom, ypaBHeHus (8) u (9) mpencraBistoT coboil cucremy ypaBHeHuit OMII,
3aMeHsAIy0 ypaBHeHus MakcBemna (2) u (3). YpaBuenus MaxkcBemia (4) u (5) 3ameHbl He
TpeOyIOT, TaK KaK OHHU SIBJISSFOTCSI MaTEMAaTHUYECKHMH TOXjaecTBaMu. YpaBHeHue (9) smisercs
AJIEKTPOMArHUTHBIM aHAJIOTOM YPAaBHEHHS JIBHKECHUS U30TPOITHON YIIPYTOM CPeJIbl, M3BECTHOTO KaK
nuHamuueckoe ypaBHenue Hasbe-Ctokca (mmn ypaBHenue Jlame) [45]. D10 ypaBHEHHE MTOKA3bIBACT

O6H_IHOCTB 3aKOHOB JBHKCHHS BCCX BUIOB MATCPUH. Takass aHajgoOrus IO3BOJISET paccMaTpuBaThb
MOJIC YCTBIPEXMEPHOTI'0 3JICKTPOMArHUTHOI'O IMOTCHIHAJIa AV KakK q)HBPI‘IeCKYIO cpeay, B KOTOpOfI
pacnpoCTpaHArOTCAd BOJIHBI 3JICKTPOMAIHUTHOI'O II0JISI, BBI3BAHHBIC JUHAMHUYECKOH L[e(I)opMauHeﬁ

3TOM CpCabl. CJ'ICI[OB&TCJ'IBHO, CaMO IIOJIC DJJICKTPOMArHuTHOI'O IIOTCHIIMAJIa A MOXHO

\4

TUIOTETUYECKU UACHTU(PHUIMPOBATH KaK «(PU3NUECKUI BaKyyM» WU «3UpP».

5. 3akioueHue

KaHoHuYeckuii  aHTUCUMMETPHUYHBIA  TEH30p  JJEKTPOMAarHUTHOTO  TOJS  MMEET
YETBIPEXMEPHBIE IUBEPIEHLIMH 10 KaKI0MY U3 UHJIEKCOB, IO3TOMY BBEJI€HNUE UCTOYHHUKA I10JIS B €r0
JUBEPreHIUI0 TOJBKO MO OJHOMY M3 HMHJEKCOB SIBIISIETCA HEKOPPEKTHBIM. [loyHas nuBepreHnus
AHTUCHMMETPUYHOTO TEH30pa TOKIECTBEHHO paBHA HYJIIO U He nMeeT ucrounnka OMII. B cBs3u ¢
3THUM, B JIEKTPOJIMHAMUKE CYIIeCTBYeT pobiema BBefeHus ucrounuka OMII B ypasuenust DMII.

Ora mnpobinema pemaercs TeM, uTo HUcCTouHMKH OMII BBOAsTCS B JIUBEpreHLUH
HECUMMETPUYHOTO WM CUMMETPUYHOr0 TeH30poB OMII, nosHele qUBEpPreHuN KOTOPhIX HE PaBHbI

17



HYJII0. DTU TEH30PbI CBSA3aHbl C KAHOHMYECKUM aHTUCUMMETPUUYHBIM TeH3opoM DOMII. YpaBueHus
OMII ¢ ucroyHMKamMM MaTeMaTH4E€CKH KOPPEKTHO OIKCHIBAIOTCS HOBOM CHCTEMOM YpaBHEHUH,
BBITEKAIONIEH M3 cuMMeTpudyHoro tenzopa OMII. U3 stoit cucremsl ypaBHenuit OMII cienyror
KAHOHMYECKHE BOJIHOBBIE YPABHEHUS JUISl HAINPSKEHHOCTH 3JIEKTPUYECKOIO IMOJISI U MarHUTHOU
MHAYKIIMH, BOJIHOBBIE YPABHEHUS JJIsl CKAJISIPHOIO U BEKTOPHOI'O MOTEHIIUAJIOB 3JIEKTPOMAarHUTHOI'O
nonst (ypaBHeHHs MakcBemia B kamubOpoke Jlopenma). Ilpu 3ToM, W3 3IEKTPOIUHAMHKHU
YCTPAHSIIOTCA Ka3yChl BBEJEHUSI HICTOYHUKOB IOJIA B IUBEPreHUNI0 potopa. Kpome TOro, U3 HOBBIX
YpaBHEHUU MOJsI CleyeT HOBOE BOJIHOBOE YpaBHEHHUE, ONMHCHIBAIOUIEEe MPOAOIbHBIE (CKaISIpPHBIC)

BOJIHBI AUBCPIrCHIUHA IJICKTPOMArHUTHOI'O MMOTCHIIMAJIa, HC UMCIOIIHC MarHUTHOM KOMITOHCHTBI.
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