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Abstract
It is customary to assume that the law of conservation of the angular momentum is violated for an asymmetric
energy-momentum tensors. This is the reason for criticizing the Minkowski tensor and other asymmetric
energy-momentum tensors. In this paper, it is shown that the laws of conservation of energy and momentum
following from an asymmetric tensor in the form of its total divergence are equivalent to the divergence of its
symmetric part. It is shown that the total divergence of the antisymmetric part of the asymmetric tensor is
identically zero. From this, it follows that for the asymmetric energy-momentum tensor the law of
conservation of the angular momentum is also fulfilled. It is shown that the linear invariant of the Minkowski
tensor for a vacuum does not correspond to the quadratic invariant of the electromagnetic field. This indicates
that the linear invariant of the Minkowski tensor and the three-dimensional stress tensor are not correct.
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1. Introduction
The tensors of energy-momentum (EMT) play a fundamental role in the description of nature.
Of them, follow the equations of laws of conservation of energy and momentum. The problem of
choosing the EMT and the shape of the electromagnetic momentum of the interaction of the
electromagnetic field with the medium has a long history and is the subject of numerous research and
discussions. In recent years on this issue published papers [1-51]. In these articles discusses the forms
EMT, the electromagnetic momentums in the medium, the power of Abraham and other
electromagnetic forces. In discussions on this issue, typically consider Minkowski and Abraham
EMT. The main argument against Minkowski EMT is its asymmetry. The asymmetrical EMT is
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credited with the violation of the law of conservation of angular momentum. This negative feature
makes researchers, starting with Abraham, to build different variants of the symmetric EMT [52-57].
Electromagnetic momentum is a part of EMT, so his form is also the subject of debate. In these
discussions competing forms of Minkowski momentums and the Abraham. The density of the

electromagnetic momentum of Minkowski has the form g“ =DxB. The density of the

electromagnetic momentum of Abraham has the form g*=S/c?=ExH/c*. Here E and D -

respectively, the electric field strength and electric induction; H and B are, respectively, the magnetic
field intensity and magnetic induction. There are a number of experimental work for determining
which of these form conform better to the reality. In paper [1] reviewed the experiments work on this
problem and made their analysis, from which it follows that hitherto not obtained reliable
experimental evidence of the correctness of any one of these forms of electromagnetic momentum.
Thus, until recently, this fundamental question of electrodynamics remained open. In paper [4] from
the tensors of the electromagnetic field and electromagnetic induction mathematically strictly
obtained the EMT of the interaction of electromagnetic field with the dielectric medium, from which
it follows the equations of conservation and the wave equations for energy and momentum. In paper
[5] obtained the EMT of the interaction of electromagnetic field with a conducting environment
(charges and currents). These EMT are asymmetric, leading to criticism from supporters of the use of
symmetric tensors. Indeed, from a symmetric tensor of mechanical energy-momentum follows be

covariant equation of conservation of mechanical momentum and angular momentum

op" +0,0% =F~, , where " - a three-dimensional tensor of flux density of mechanical momentum,

or stress tensor; F., - is the electric force, which are third-party forces. The covariant equation of
conservation of electromagnetic momentum pF in a continuous medium has the form [58, 59]

atpE +amo-rlfln = FM

ext?

where a-, - a three-dimensional tensor of flux density of electromagnetic

momentum or stress tensor; F.i - the mechanical forces that are third-party forces. In this case,
mechanical forces are a reaction of the environment on electromagnetic forces. We can write make a

complete covariant equation of balance of mechanical and electromagnetic forces FY =FF or

ext ext

atpE +am0rl1z1n = 6tpM —}_amo-'M

imn *

More generally this equation can be written in the form of a four-

dimensional divergence of the tensor of energy-momentum for each of the indices [6]: 8“7 % = o“T

uv uv

and "7 =6'T™ | where 7F

v uv 7%

v : . ,
and 7,7, respectively, electromagnetic and mechanical the energy-

v !

momentums tensors. If T#EV is a symmetric tensor, then there are no questions, since this equation is

the equality of divergences of symmetric tensors. However, if it Tj is asymmetric tensor, this

question requires special consideration. The purpose of this article is to examine the issue of

conservation of electromagnetic energy, momentum and angular momentum for asymmetric EMTSs.
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2. The asymmetric tensors of electromagnetic energy-momentum

The canonical EMT written in the General form:

yl’ A C
ic-g

where W — energy density;

. :[W ils} (wLv=0,1,23; i, k=L, 2, 3) (1)

S — Energy flux density (Poynting vector);

g — Momentum density;

tik — tensor of the momentum flux density (the stress tensor)
The second rank tensor has a divergence for each of the indexes:

T =0T m 8T =0'T,,

(2)
For a symmetric mechanical energy-momentum tensor, the divergences for each of the indices are
equal. Therefore, the right-hand sides of these equations are equal. Divergences for each index exist

simultaneously, so they can be written as a sum of divergences by taking the sum of equations (2):

E |, AvrE M
(0“T,, +0'T,,)12=0"T 3
E

H E .
1 and symmetric 7., tensors:

Asymmetric tensor T/,EV can be decomposed into an antisymmetric 7;

I 1.
1 1 1 0 i—S—ic-g 1 2W i—=S+ic-g
TE :7_7'5 +7.TE == C + . c
uv 2 [uv] 2 (uv) 2 1 i 2 1 i
W|ES+|c-g b — b |ES+|c-g Ly +1

(4)

It is obvious that the divergences of the antisymmetric tensor 7'[5,/] is equal in absolute value and have

different signs. Therefore, the sum of its divergences equal to zero. Then the left-hand side of

equation (3) will contain only two equal divergences with respect to different indices of the

symmetric EMT 7"

() » and equation (3) can be written in the form:

0Ty = 0T, (5)
W (i18+ic-g)/2
where, taking into account the coefficient %2 TE, = c . Now on the right

(i%S+ic-g)/2 (t, +1;)12

and left sides of this equation there are symmetric EMT, therefore, in this equation the angular
momentum is conserved. Then the existing view that an asymmetric EMT violates the law of
conservation of angular momentum is incorrect. The reason for the erroneous view is that usually
divergence is research only for one of the indices of the energy-momentum tensor. Then in the
equation of conservation of the electromagnetic momentum, the Abraham vortex force appears

F,=0,0" —0,0" =Vx(ExD+BxH) [60]. Then the vortex force of the Abraham leads to the

appearance of an uncompensated angular momentum (the effect of Feigele) and to the violation of the
angular momentum conservation law. This error leads to the fact that some authors [61 - 67] and

others are considering the possibility of extracting this angular momentum from a vacuum. The
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Abraham force follows from an antisymmetric EMT in the form of its divergence by any of the

indices. In full divergence of the asymmetric and antisymmetric EMT, the Abraham force enters

with different signs and vanishes. Thus, the complete divergence of the antisymmetric tensor 7'[;]

proves that the Abraham force is identically equal to zero and does not really exist in nature.
Consequently, there is no uncompensated moment of momentum in nature, and it is impossible to
extract it from the vacuum.

All complete conservation laws for energy and momentum follow from the symmetric part

T(Ev) of the asymmetric tensor va. Therefore, to each asymmetric EMT there corresponds a

symmetric EMT associated with it, which can be used for practical calculations.

To asymmetric tensor of Minkowski corresponds (subject to the coefficient '2) the symmetric
EMT:

W =(E-D+H-B)/2 S=(c*-(DxB)+ExH)/2

g=(DxB+ExH/c?)/2 t, =(ED +ED,+BH, +BH,)/2-5,(E-D+B-H)/2

To asymmetric EMT obtained in the work [4], corresponds (subject to the coefficient %) the
symmetric EMT:

W=E-D S=(c* (DxB)+ExH)/2

g=(DxB+ExH/c*)/2 ¢t =(ED, +ED,+BH, +BH,)/2-3-5,(B-H) (6)
This EMT has the remarkable feature that distinguishes it from other known EMT. Its linear invariant
(the sum of diagonal components) is the expression | =E-D-B-H. For vacuum, this invariant is the
canonical quadratic invariant of the electromagnetic field | =E®-B?, which is the density of
Lagrangian function of electromagnetic field [68]. This EMT differs from Minkowski's tensor only
by diagonal components, but this difference is of principal importance, since it is associated with
electromagnetic forces in the medium. From this invariant it follows that the electromagnetic forces
in the medium can change sign depending on the ratio of the electric and magnetic characteristics of
the medium, associated with the D and H.

Linear invariant of Minkowski tensor has the form I™ =E-D+B-H. Linear Invariant of
tensor Minkowski for the electromagnetic field in vacuum has the form I = E®+B?. This invariant
is quadratic for the electromagnetic field. For an electromagnetic field in a vacuum, there are only
two quadratic invariants: 1,=E®-B* u 1,=E-B. From this, it follows that the Minkowski's
invariant is invalid. It follows from this that the three-dimensional Minkowski stress tensor
describing the electromagnetic forces is also incorrect.

In paper [5] obtained asymmetric tensor for a conducting medium 7.7 = A,®J, , where A -

v
the electromagnetic potential, J, - four-dimensional current density. Its components have the form:
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W = p-¢ - the density of total electromagnetic energy, where p - is the charge density, ¢ - is
the scalar potential of the electromagnetic field;

g=p-A -the density of electromagnetic momentum, where A - is the vector potential of the
electromagnetic field;

S =¢-J -the flux density of electromagnetic energy, where J - is the current density;

t, =—-A, ®J, -the three-dimensional tensor of flux density of electromagnetic momentum or

stress tensor.
This asymmetric tensor also can be decomposed into antisymmetric and symmetric EMT (4).

Of the antisymmetric EMT follows an equation of force of Abraham for a conducting medium in the
form of its divergence, on any of the indexes F,=0,(p-A) —C—lzat (p-J)=Vx(AxJ). In the

complete divergences of asymmetric and antisymmetric tensors, the Abraham force enters with
different signs and is equal to zero. To asymmetric tensor for a conducting medium corresponds
(subject to the coefficient '4) the symmetric EMT:

W=p-p S=(p-J+c*-p-A)/2
g=(p-J)/c*+p-A)/2 L=(A®J, +A, ®J,)I2 (7
Linear symmetric invariant of this tensor has the form:
l=p-p—A-J
This invariant is known in electrodynamics [69] as the density of the Lagrangian of the interaction of

electromagnetic field with electrical charges.

3. Forms of an electromagnetic momentums for asymmetric tensors

The density of electromagnetic momentum in the dielectric medium in the of Minkowski form

has the form g™ =DxB. The density of electromagnetic momentum in the of Abraham form has

the form g*=S/c®*=ExH/c?. Consider the differences of these two forms of electromagnetic

momentums. Sommerfeld A. [70] divided the electromagnetic quantities connected with the force
and associated with the medium. To the quantities connected with the force, he related the electric
field strength E and the induction of the magnetic field B. To the quantities connected with the
medium, he referred to the electric induction D and the intensity of the magnetic field H. The
connections between E and D, B and H are determined by the material equations. For weak

electromagnetic fields in isotropic non-ferromagnetic dielectric medium without dispersion is usually
take the material equations in the form D=¢-g,-E u H=B/u-,, where g and po are,
respectively, the relative dielectric permittivity and magnetic permeability of the medium. Electric

induction D and the magnetic field strength H, respectively, depend on electric and magnetic
5



characteristics of the medium. Then the density of electromagnetic momentum of Minkowski
g™ =DxB, which includes electric induction D, describes the portion of the electromagnetic
momentum associated with the electrical characteristics of the medium. The density of
electromagnetic momentum Abraham g” =E xH/c?, which includes the magnetic field strength H
describes the part of the electromagnetic momentum associated with the magnetic characteristics of
the medium. From this it follows that each of these forms describes only part of the full
electromagnetic momentum. Out the asymmetric tensor (6) in the form of the divergences for each of
its indices, follow equations of conservation for both forms of momentum density. The full form of
the density of electromagnetic momentum in the dielectric medium has the form:
g5 =(g" +9*)/2=(DxB+ExH/c?)/2.

Of asimmetryc tensor for conducting medium also follow the two forms of the density of
electromagnetic momentum: 1) g% = p-A u 2) gF = ¢-J/c?. The first electromagnetic momentum
shape associated with the charges density, and the second shape associated with the speed of their
movement. From the decomposition of an asymmetric EMT into a symmetric and antisymmetric
EMT, the total shape of the electromagnetic pulse density for a conducting medium follows in the
form:

9 =(p-J/c*+p-A)/2
This density form of the electromagnetic momentum may find application in the theoretical research

of the dynamics of the plasma.

4. Full equations of conservation of electromagnetic energy and momentum for an
asymmetric tensors

The equations of conservation of electromagnetic energy and momentum are the full four-
dimensional divergences of the asymmetric tensor TyEV: (@“TE +0"TE)I2=0*TM or its symmetric

uv v v

part 0“7, =o“T,, . The three-dimensional equations of conservation of density of energy and
momentum for dielectric media with losses are of the form:

%@(E-D)+C-V-(D><B+(E><H)/cz)/2:6tm+V-p (8)
(Cizat(ExH)+at(DxB)—ai(Eka +BH, -35,(B-H))+8,(E,D, +BH, -35,(B-H)))/2=06,p+V(p-V)

ore 8,(@" +9")/2-(3,(E;D, +B/H, =35, (B-H))+0, (E;D, +BH, —35, (B-H)))/2=0,p+V(p-V) (9)

where m - is the mass density of charges; p - is the density of mechanical momentum, V - is the

velocity of the charges.



If the dielectric medium is described by the canonical constitutive equations with a scalars ¢

and p, the off-diagonal components of the stress tensor £, equal to zero. Then the electromagnetic

forces acting on the medium, are determined only by diagonal components of tensor £, and equations

(8) and (9) can be written as:

g8,

OE?+C-V-(c-,ExB+(ExB)/ - sty -c?)/2=0,m+V-p (10)

0,(0"+9")/2-V(e-g,-E*-2-B*/ - 14,)12=0,p+V(p-V) (11)
The full three-dimensional equations of conservation of energy and momentum for a

conducting medium (the density of charges and currents) have the following form:

0p- )+ (V- (0 A+ V- (p- )12 =0m+V-p (12)

(Cizat(coJ)Jr@t(p-A)Jr@i(Ai ®J)+0 (A ®J,))/2=0p+V(p-V) (13)

Equations (10) and (12) are the complete equations of conservation of energy and equation (9), (11)
and (13) are the equations of balance of density of electromagnetic and mechanical forces. Equations
(12) and (13) can be used in plasma physics to model the motion of charged particles in an

electromagnetic field.

5. Conclusion

The widespread opinion that the asymmetric of energy-momentum tensor violates the law of
conservation of momentum is incorrect. The full divergence of a tensor of the second rank is equal to
the sum of the divergences for each of its indexes. Full asymmetrical divergence of a EMT is the
divergence of its symmetric part, i.e. a symmetric EMT. The full divergence of the antisymmetric
part is identically equal to zero. The angular momentum for the asymmetric tensor is preserved, since
the momentum conservation equations follows from of its symmetric part.

Derived all forms of electromagnetic momentum for dielectric and conducting medium and
the complete equations of conservation of energy and momentum. It is shown that the linear invariant
of the tensor of Minkowski does not match the quadratic invariant of the electromagnetic field. This
indicates the incorrectness of the linear invariant of the of the Minkowski tensor and three-

dimensional stress tensor.
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(0) COXpaHCHMU MOMCHTA MMIIYJIbCA B JJICKTPOAHUHAMHUKE NJIA HCCUMMETPUYHOI'O

TeH30pa IHePruu-uMIyJIbca

Opuii A. Cnupuues

Tocyoapcmeennas xopnopayusi no amomuou suepeuu "Pocamom”. Hayuno-uccredosamenbexuil u
KOHCMPYKMOPCKULL UHCIUMYM paouo3ieKmpoHHOU MeXHUKU — unuan ghedepaibHo20 e0cy0apcmeeHH020
VHUMAapHo20 npeonpusimust pedepanbHoco Hay4HO-nPoU3800CcmeeHno20 yenmpa «lIpouzgoocmeentoe
obvedunenue « Cmapmy umenu M.B. [Ipoyenrxoy
E-mail: yurii.spirichev@mail.ru

AHHOTaNuA

[IpunsATO CuMTaTh, YTO [Js1 HECUMMETPUYHOIO TEH30pa SHEPrUU-UMITYJIbCA HAPYLIAETCS 3aKOH
COXpAaHEHUsT MOMEHTa HUMIyJbCa. OJTO SBISECTCA NPUUYMHOM KPUTHUKH TEeH30pa MUHKOBCKOTO U APYTHUX
HCCI/IMMeTpl/I‘IHBIX TCH30pOB BHQPFHH-I/IMHYJ'Ibca. HOKaSaHO, YTO 3aKOHBI COXpaHeHI/ISI BHCprI/II/I )51 I/IMHy.]'Ibca,
BBITCKAKOIIINUEC U3 HGCI/IMMeTpI/I‘IHOl"O TeH30pa B BUIEC €Iro HOJIHOU ,Z[I/IBepFeHHI/IPI, OKBHUBAJICHTHELI ,Z[I/IBepFeHI_II/II/I
€ro CHMMeTpI/I‘IHOﬁ qacTHd, a IIOJIHas [[I/IBCpFCHHI/ISI aHTHCHMMCTpH‘IHOﬁ qacTtu HCCI/IMMCTpI/I‘IHOFO TCH30pa
TOXIACCTBCHHO paBHA HYJIIO. W3 sToro CICOYCT, UTO AJId HCCUMMCTPUYHOI'O TCH30pa SHCPIrurn-uMITyJIbCa 3aKOH
COXpaHCHI/Iﬂ MOMCHTA I/IMHyJ'H)CEl TAKXEC BBIITOJIHACTCA. CHC}IOBEITCHLHO, Ka)K,I[OMy HCCI/IMMeTpI/I‘-IHOMy TCHSOpy
3HepFI/II/I'I/IMHyJ'II>C3 COOTBGTCTByeT CBOf/i CI/IMMCTpI/I‘IHBIﬁ TeH30p, u3 KOTOpOFO BBITCKAKOT 3aKOHBI COXpaHCHI/Iﬂ.
ITony4yeHsl CHMMETPUYHBIE TEH30PbI, COOTBETCTBYIOLINE HECUMMETPUYHOMY TEH30pY MUHKOBCKOIO U IPYrUM
NU3BCCTHBIM HCCI/IMMCTpI/I‘IHBIM TCH30paM 3HCpFI/II/I'I/IMHyJIbca. HOJ’Iy‘ICHBI IIOJITHBIC (i)OpMI)I SHCKTpOMaFHHTHOFO
I/IMHyJ'H)Cﬁ U ITIOJIHBIC ypaBHeHI/ISI COXpaHeHI/IH JJIA HeCI/IMMeTpI/IT-IHbIX TeH30pOB 3HepI‘I/II/I'I/IMHyJ'II)CEl. HOKa3aHO,
qToO HHHeﬁHBIﬁ I/IHBapI/IaHT TeH30pa MI/IHKOBCKOFO JJIA BaKyyMa HC COOTBeTCTByeT KBaIlpaTI/I‘IHOMy
I/IHBapI/IaHTy BHCKTpOMaI‘HI/ITHOI‘O T10JI41. 3TO yKa3BIBaeT Ha HeraBI/IHBHOCTL HHHeﬁHOFO I/IHBapI/IaHTa TeH30pa

MUHKOBCKOI'0O 1 TPEXMEPHOI'O TCH30pa HaprI)KeHHfI.

KimoueBble ciioBa: TCH30P SHEPIrun-uMIlyJibCca, SHGKT'pOMaFHPITHLIfI HUMITYJIbC, MOMCHT UMITYJIbCA.

Conepxanue

1. BBenenue

2. HecumMeTpHYHbIE TEH30PHI )JIeKTPOMATHUTHOM YHEPTrHH-UMITYJIbCa

3. ®OpMBbI YJIEKTPOMATHUTHOI0 HMIYJIbCA JISI HECUMMETPUYHOI0 TEH30Pa

4. YpaBHeHUsI COXpPAHEHHS 3J1eKTPOMATHUTHOI IHEPIrUu U HMILYJIbCa JJIs1
HECUMMETPHUYHOIr0 TeH30pa

5. 3aka10uenue

Jlureparypa

1. BBegenue
Tenszopsl saeprun-umiynbca (TOW) urpart pyHIaMeHTATBHYIO POIb B OMUCAHUU TIPUPOJIBI,

TaK KaK U3 HUX CIIEJYIOT ypaBHEHUS 3aKOHOB COXPAHEHHUS dHEPruu U umiryinca. [Ipobiema BriOopa
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TOU u ¢dopmbl 3IEKTPOMAarHUTHOTO HMITYJIbCAa B3aUMOJCHCTBHUS SJEKTPOMArHUTHOTO TIOJIS CO
Cpeloil uMMeeT IONTYI0 HCTOPHIO U SBJISETCS MPEIMETOM MHOTOUYMCICHHBIX HCCIEAOBAHUN U
nuckyccuit. B mocneaHue roapl mo 3toi mpobiieme omyOnukoBaHbl pabotel [1-51] u ap. B atmx
cTathsix paccmarpuBatorcs Gopmel TOU, HopMBl AJIEKTPOMArHUTHOTO HMMITYJIbCA B Cpeje, Cuia
AOparama ¥ JApyrue O3JIEKTPOMAarHUTHBIE CWIbl. B IUCKyCcCHSIX IO 3TOMY BOIIPOCY OOBIYHO
paccmarpuBatror TOW MunHKoBckoro W  AOparama. [naBHeIM aprymeHToM mnpotuB TOU
MUHKOBCKOIO  SBJISIETCS €ro HeCUMMETpU4HOCTh. Hecummerpuunomy TOW npunuceiBaroT
HapyllIeHHWE 3aKOHA COXpPaHEHUs MOMEHTa MMITyjbca. Takoe OTpUIATEIbHOE CBOWCTBO 3acCTaBIISIET
uccienoBarencii, HaumHas ¢ AOparama, 3aHUMATBhCS TIOCTPOSCHHUEM PA3JIMYHBIX BApUAHTOB
cumMerpuuHbiXx TOU [52 - 57]. DaeKTpOMarHUTHBIA MMITYJILC SBISCTCS COCTaBHOM yacTthio TOU,
no3ToMy QopmMa HMIyJbca TaKKe SBISETCS MPEeIMeTOM JAHMCKycCHil. B 3TuxX amckyccusx

KOHKYpUPYIOT (OpMBI HMITyJIbca MHHKOBCKOTO W AOparama. [IIOTHOCTH 3JIEKTPOMArHUTHOTO

umnynbca B (popme MunkoBckoro umeer Bujg g" =DxB. ILIOTHOCTH 3JIE€KTPOMArHUTHOTO

uMIynsca B opme A6parama mmeer Buy g° =S/c? =ExH/c?. 3neck E u D — cOOTBETCTBEHHO,

HANPSDKEHHOCTh 3JICKTPUYECKOTO TMOJS M 3JekTpuueckas uHaykinus; H u B — coorBercTBeHHO,
HANpSHKEHHOCTh MarHUTHOTO TOJIS ¥ MAarHUTHAs WHIYKIHA. BBINOTHEH psia dKCIepUMEHTAIbHBIX
paboT Mo OMpeeNICHHIO TOr0, Kakas U3 3TUX (opM Jiydllle COOTBETCTBYET peanbHOCTH. B 0630pe [1]
pPaccMOTpPEHBI SKCIIEPUMEHTANIbHBIE PA0OTHI MO 3TOH MpoliieMe U CellaH MX aHalu3, U3 KOTOPOro
clieflyeT, 4YTO JO HAcTOSIIEro BPEMEHH HE IMOJYyYeHO JOCTOBEPHBIX AKCIEPUMEHTAIbHBIX
JIOKa3aTeIbCTB TPABMIIBHOCTH KAaKOW-JIMOO OJHOW M3 ATHX (POPM 3JIEKTPOMArHUTHOTO HMMITYJIBCA.
Takum 00pa3oMm, 10 HEJAaBHETO BpPEMEHH JTOT (YHIAMEHTAIBHBIH BOIPOC AJIEKTPOIUHAMUKA
OCTaBaJICsl OTKPBITHIM. B pabote [4] U3 TEH30pOB 3JIEKTPOMArHUTHOTO IMOJSI M 3JIEKTPOMATrHUTHOI
UHAYKIMM MaTeMaTH4ecku cTporo mnoigydyeH TOW B3aMMOAEHCTBUS 3JIEKTPOMArHUTHOTO TMOJS C
TVDJICKTPUIECKON Cpeioid, U3 KOTOPOTO MOJMYyYSHBI YpaBHEHHSI COXPAHEHUS M BOJHOBBIC YPaBHEHHS
JUISL DHEPTUU U UMITYJIbCca B IUPJIEKTpUYEcKoil cpene. B pabore [5] momyuen TOU B3aumopeicTBus
AJIEKTPOMArHUTHOTO TMOJI C TPOBOASIICH cpenoi (3apsaamMM W TOKaMH), KOTOpBIH paHee B
ANIEKTPOAMHAMHUKE OTCYTCTBOBaN. OTU TOU ABIAAIOTCS HECUMMETPUUHBIMH, YTO MIPUBOAMUT K KPUTUKE
CO CTOPOHBI CTOPOHHHUKOB TIPUMEHEHHS CHUMMETPHYHBIX TEH30poB. JleiicTBUTENBEHO, U3

CUMMECTPUYHOT'O TCH30pa MEXaHUIeCKOM OHCPIrUH-UMITyJIbCa CICAYCT KOBAPHUAHTHOC YPAaBHCHUC

COXpaHEHHs MEXaHHYECKOTO HMIyJbca M MOMeHTa ummyisca Op" +0,0n =F5, rme o -

TpCXMCpHHﬁ TCH30p IMOTOKA IMJIIOTHOCTU MCXAHUYCCKOI'0O MMITYJIbCA HUJIN TCH30p HaHpH)KeHHfI; Feit -

SJICKTPUYCCKUC CHUJIbI, KOTOPBIC 34CCh ABJISIIOTCA CTOPOHHHUMU CHUJIAMU. KOBapI/IaHTHOC YpaBHCHHC

COXPAHEHHSI DIEKTPOMATHHTHOTO WMITyIbca P°- B CIUIOMHOA cpege umeeT BHA [58,59]

M

E o
op° +0,0., =F, rne O, - TpeXMepHEIil TEH30p MOTOKA MIIOTHOCTH JIEKTPOMArHUTHOTO MMITYJIbCA
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9] M
WM TCH30P HAIIPSAXKCHHUMH, Fext - MEXaHHUYCCKHUC CHIIbI, KOTOPBIC 3ACCHh ABJIAKOTCA CTOPOHHHMU

cunamu. B paccMaTpuBa€MOM ClIyda€ MEXaHUYCCKUC CUJIBI ABJIAIOTCA OTBETHOH peaKHHeﬁ CpCabl Ha

OJICKTPOMAardiuTHBIC  CHJIBI. MOXHO COCTaBUTh IIOJIHOE KOBAapHMAaHTHOC YPAaBHCHUC OanaHca

M

MEXAHUYECKUX M OIIEKTPOMArHUTHBIX cun Fh =F> wm 9p°+0,0. =0,p" +0,0n . B Goxee

o0uieM BHJI€ ATO ypaBHEHHUE MOYKHO 3alMcaTh B BUJE YETHIPEXMEPHBIX AUBEPreHIMIl TEH30pOB

riae T”EV niM

SHEPTUH-UMITYJIhCa MO KakKAOMY M3 MHuekcoB [6]: 0“7, =o“T,) u o'T, =o'T,) s

v uv ®
COOTBETCTBECHHO, TCH3O0PHI BHGKTpOMaFHHTHOﬁ A MEXaHHYeCKOM OHCPIruu-uMIIyJIbCa. Ecmm T,uEv
ABJIACTCA CUMMCTPUYHBIM TCH30POM, TO BOIIPOCOB HC BO3HUKACT, TAK KaK 3TO YPABHCHUC ABJIACTCA
PaBCHCTBOM JUBCPI eHLII/Iﬁ CUMMCTPUYHBIX TCH30POB. Ho ecmu T#EV SABJIACTC HCCUMMCTPHUYHBIM

TEH30POM, TO 3TOT BOMPOC TpeOyeT ocoboro paccMorpenus. Llenbro HacTOsIIEH CTaThbH SBISCTCS
paccMOTpPEHHE BOMPOCa COXPAHEHHSI 3JICKTPOMArHUTHOW SHEPTHH, UMITYJIbCA U MOMEHTA UMITYJIbCa

I1s1 HecumMeTpuuHoro TOU.

2. HeCI/IMMeTpH‘{HI)Ie TEH30PbI JHEPIrUU-UMITYJIBCA B 3JICKTPOANHAMUKE

Kanonnueckuii TOU 3anuinem B 001IEM BUIE:

.1
WS (v=0,1,2 3; i,k=L, 2, 3) 1)
icg b

rie W — IJIOTHOCTH 3HEPruu;
S — mmotHOCTH MOTOKA SHEepruu (BekTop [loitHTHHTA);
0 — IUNIOTHOCTb UMITYJIbCA;
tik — TEH30p IJIOTHOCTH MTOTOKA UMITYJIbCa (TEH30p HANPSKECHUH).
TeH30p BTOpOro paHra UMeeT AUBEPIeHIINU 10 KaKIOMY U3 UHAECKCOB!
T =0Ty m 0TS =0'T,, @)
[IpaBble yacTH ATHX YpaBHEHHI paBHBI, MOCKOJBKY Y CHMMETPHUYHOIO TEH30pa MEXaHMUYeCKOM
DHEPrUU-UMITYJIbCA TUBEPTEHLUHU M0 KaXJAO0MYy U3 MHICKCOB PaBHbI. JIMBEPreHIMM MO KaXKIOMY U3
WHJEKCOB CYILECTBYIOT OJHOBPEMEHHO, IIOITOMY MX MOJKHO 3aIlMCaTh B BUJIE CYMMBI JUBEPTEHIINH,
CJIOKHB ypaBHEHUS (2):
(0T, +0'T,)12=0"T,; 3)

E

~ E ~
Hecummerpuunpiii TOM 7, MOXKHO pasloMTh Ha aHTUCHUMMETPUYHBIA [,

] n CI/IMMeTpI/I‘-IHLII\/'I

=, TOU:

(uv

1 1 1 0 iES—ic-g 2w iES+ic'g
TE==TE +2.TE ==. c c
MV 2 [uv] 2 (uv) 2

(4)

N |-

—i18+ic~g b =ty i18+ic-g by + 1
C c
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E .
OueBHIHO, YTO JTMBEPreHINN aHTHCUMMeTpuuHoro TOM 7, , paBHEI MO aGCONIOTHON BETMYMHE U

MMEIOT pas3Hble 3Haku. [lo3ToMy cymma ero auMBEpreHIuid paBHa HYI0. Torga B JIEBYKO 4YacTh

ypaBHeHus (3) BOHIYT TOJBKO JIBE PaBHbIC TUBEPTEHIIMHU O PA3IMYHBIM HHACKCAM CUMMETPUYHOTO

TOn T(Ev) U ypaBHEHHE (3) MOKHO 3aIlucaTh B BUJIE:

E 17 M
a/JT(W) =0" T

(®)

w (1stic-g)/2
rae, ¢ yaeroM kodddurmenra 1/2 TE, = c

(i1s+icg)/2 (4 +4,)/2
C

Tenepp B IpaBoil U JI€BON YacTAX 3TOr0 ypaBHEHUs CTOAT cummeTpuuHsle TOU, cienoBarensHO, B
HEM COXpaHSeTcd MOMEHT MMITyjbca. TakuM 00pa3oM, CyIIECTBYIOLIEE MHEHHE O TOM, YTO JUIs
HecuMMeTpuyHoro TOM He coxpaHseTcss MOMEHT HMMIyjbca sIBISETCs OmMOOYHbIM. IIpuunHoi
3TOr0 OMHMOOYHOTO MHEHHS SBIISETCS TO, YTO OOBIYHO pPAacCMaTPUBAIOT JWBEPTEHIMIO TOJIBKO MO
OJIHOMY M3 HMHJIEKCOB, IIPYU 3TOM B YPaBHEHHH COXPAHECHMS MMITYJIbCA JUIS AUICKTPUYECKON Cpeabl

nosiBIsAeTcs BHXpeBas cumia AOparama F, =0,g™ -0,0" =Vx(ExD+BxH) [60], xoropas

HapylIaeT 3aKOH COXpPaHCHHS MOMEHTa HMMyibca. [IpM 3TOM B ypaBHEHHSIX B3aMMOJICHCTBUS
AJIEKTPOMArHUTHOTO TOJSI CO CPEIOi MOSBISICTCS HE CKOMIICHCHMPOBAHHBIA MOMEHT HMMITYJIbCa
(3bdexr Deiirens). Ita ommbOKka MPUBOJAUT K TOMY, YTO HEKOTOpbie aBTOphl [61 - 67] u mp.

paccMaTpUBarOT BO3MOXKHOCTh M3BJIEYEHUsI 3TOIO MOMEHTa MMITyJbca U3 Bakyyma. Cuna AOparama

E

crenyeT u3 aHtucummerpuunoro TOU 7,

V] B BUJC €T0 JUBCPICHIHUHU I10 J'IIO6OMy U3 UHASKCOB. B

MOJIHbIE JTMBEPTEHLIMHM HECUMMETPUYHOIO U aHTUcuMMmeTpuyHoro TOW cuma AbGparama BXOAMT C

pa3HBIMHM 3HaKaMU M TPU CIOXKEHUH TUBEPTeHIMN Mo 000MM HHAEKCAM OHa COKparaercs. Takum

E

o0pasom, MoJHas AWBEPreHuus antucummerpudnoro TOU 7,

] JIOKa3bIBaET, YTO cuia Abparama

TOKJIECTBEHHO paBHAa HYJI M peaJbHO B IpuUpoje He cymecTtByeT. (ClenoBaTenpHO, HE
CKOMIICHCUPOBAaHHOI'0O MOMEHTa MMIIyJbCa B IPUPOAEC TAKXKE HE CYIIECTBYET, U HU3BJIEYb €r0 W3
BAaKyyMa HEBO3MOKHO.

BCG IIOJITHBIC 3aKOHBI COXpaHeHI/Iﬂ JJISL 3H€pFI/II/I Hu I/IMHYJ'II:C& CJ'IGILYIOT nu3 CHMMCTpH‘IHOfI
TE TE. C TOU
qacTu (uv) HeCI/IMMeTpI/I‘—IHOFO TeH3opa uv JICOIO0BATCIIBHO, Ka)KJIOMy HGCI/IMMeTpI/I‘—IHOMy

COOTBETCTBYET CBA3AaHHBIN C HUM cUMMETpUYHbIA TOWM, KOTOpBIMI MOXHO HMCHOJIB30BaTh IS
MIPAKTUYECKUX BBIYUCIICHUM.
Hecummerpuunomy TOW MHHKOBCKOTO COOTBETCTBYET (C ydeToM Kod(pdHIMEeHTa 72)

cuMMeTpuuHblii TOU:
W =(E-D+H-B)/2 S=(c*-(DxB)+ExH)/2
g=(DxB+ExH/c?)/2 t, =(ED,+ED,+BH,+BH,)/2-5,(E-D+B-H)/2
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Hecummerpuunomy TOW, monydennomy B pabore [4], cooTBeTcTByeT (C ydYeToM

koaduimenTa 2) cummerpuuHblii TOU:

W=E.-D S=(c*-(DxB)+ExH)/2

g=(DxB+ExH/c?)/2 t, =(E,D,+ED,+BH, +BH,)/2-3-5,(B-H) (6)
Oror TOU nmeer 3aMevaTeNIbHYI0O 0COOEHHOCTh, OTJIMYAIOIIYIO €r0 OT Apyrux u3BecTHhIX TOU. Ero

JIMHEHHBIM HHBApHUAHTOM (CYMMOﬁ JAuaroHaJbHbIX KOMHOHGHTOB) ABJICTCA  BBIPAXKCHHUC

|=E-D-B-H. J[lng BakyyMa OJTOT HHBApHaHT SBJIAETCA KAHOHUYECKUM KBaJpaTU4YHBIM

MHBAPUAHTOM 3JIEKTpOMAarauTHoro nons | = E? — B®, mpencrapnsiommm co60if IIOTHOCTh (GYHKIUI
Jlarpamxa snexrpomarautHoro moss [68]. Dtor TOU ornmyaercs ot TOW MHHKOBCKOTO TOJIBKO
JUAarOHAJIbHBIMA KOMIIOHEHTAMM, HO 3TO pPAa3jM4YMe SBJISETCS NPUHUUIIUAIBHBIM, TaK KaK OHO
CBA3aHO C OJJIGKTPOMAarHUTHBIMM cujaMud B cpene. W3 3Toro uHBapuaHta CcIleayeT, uTo
AJIEKTPOMAarHUTHBIE CUJIBI B CPEJle€ MOTYT MEHSTh 3HAK B 3aBUCUMOCTHU OT COOTHOUIEHMSI BEJIMYUHBI

AEKTPUUECKUX U MATHUTHBIX XapaKTEPUCTUK Cpejibl, CBsi3aHHbIX ¢ D u H.
o . M
JluneitnpiM uHBapuanToM TOUW MunkoBckoro sBisercs Boipakenuwe: | =E-D+B-H.
Wupapuant TOU MUHKOBCKOTO Uil dJIeKTpoMarHuTHoro mons B Bakyyme |M =E?+B° He

COBIIAAACT ¢ KAHOHUYCCKHM KBaJAPAaTHYHLBIM HHBAPHUAHTOM OJJICKTPOMAIHUTHOI'O ITIOJIA | = E2 - B2 .

CnenoBatenbHo, uHBapuaHT TOW MUHKOBCKOTO SIBIS€TCS HENPAaBWIBHBIM, TaK Kak s
JIEKTPOMATHHTHOIO IOJISl CYIIECTBYET TOINBKO JBA KBAaAPaTHUHBIX uHBapuanta. |, =E°-B’ u
|,=E-B. U3 sroro crnexyer, 4To HENpaBWIBHBIM SIBIAETCS W TPEXMEPHBIH TEH30p HANPSHKCHUH
MUHKOBCKOTO, OMUCKHIBAIONIUN AJIEKTPOMATrHUTHBIE CHUJIIBI.

B pa6ore [5] monyuen mecummerpuunbiii TOU mi1st poBoOASIICH Cpe/Ibl T#EV =A,®J,, rne
A, - DIIEKTPOMATHUTHBIA MOTEHUMAN, J, - YETHIPEXMEpHas IIOTHOCTh TOKA. Ero KoMmoHeHTsI
UMEIOT BUI:

W = p-@ - IIIOTHOCTH TIOJIHOM 3JIEKTPOMArHUTHOW SHEPTUH, TJE P - INIOTHOCTh 3apsiioB, ¢ -
CKJIIPHBIN MOTEHIINAIT AJIEKTPOMATrHUTHOTO TIOJIS;

g=p-A - IIOTHOCTh DJJEKTPOMATHUTHOTO HMITyNbCa, TAe A - BEKTOPHBIA MOTEHIHAI
AIIEKTPOMATrHUTHOTO TIOJIS;

S=¢-J - MJIOTHOCTH MOTOKA 3JIEKTPOMArHUTHOMN 3HEPTUH, Tie J - INIOTHOCTh TOKA;

t, =—A, ®J, - TpexMepHBIi TEH30p IIOTHOCTH MOTOKA 3JIEKTPOMATHUTHOTO MMITYJIbCaA WK

TEH30p HaIPsSIKEHUM.

Otor HecumMmeTpuuHbld TOW Takke MOXKHO pas3IoKUTh HA AHTHUCHMMETPUYHBIN H
cumMmetpruHbiii TOU (4). U3 antucummerpuyaroro TOU, B Buje ero AMBEPreHIUMH 1O OJHOMY U3
UHJIEKCOB, CJIeyeT ypaBHEeHUeE cuiibl AOparama Juis mpoBOJSIIEH Cpebl:
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1
Fu=0,(p-A)= 50,(p-3) = Vx (Ax)

3mecs Takke cwia AOparamMa BXOIUT B IOJHBIE JIMBEPICHIMH HECHUMMETPHUYHOTO U
aHtucuMMmerpuyHoro TOW ¢ pa3HbIMEM 3HAaKaMud M IpPU CIOXKEHUU JMBEPreHUUN IO pa3HbIM
MHJEKCaM OHa COKpalaeTcs, T.€. U 3/1eCh cuiia AOparama TOKJIECTBEHHO paBHA HYIIO M pealbHO B
IIPUPOJIE HE CYILIECTBYET.

OtoMy HecumMmerpuuHoMmy TOW nans mpoBojsiiie cpeabl COOTBETCTBYET CHMMETPUYHBIM

TOMU:
W=p-¢ S=(p-J+c*-p-A)/2
g=p-)/c*+p-A)/2 f=(A®J, +A, ®J,)/2 )
JluneiHbIi MHBapUaHT 3TOro cummerpudyHoro TOW umeer Bua:
l=p-p—A-J
DTOT HMHBapUaHT M3BECTEH B JyekTpoiauHamuke [69], kak motHOCTh GyHKUMHU Jlarpamka

B3aUMOICUCTBUS QJICKTPOMArHuTHOI'O IIOJIA C DJICKTPUUYCCKUMU 3apaaMU.

3. (I)OprI IJIEKTPOMAIrHUTHOI0 UMITYJIbCA NJII HCCUMMETPUYIHOI'0 TEH30pa

[110THOCTh  JIEKTPOMATHUTHOTO WMITYJIbCa JUISl JAMDJCKTPUYECKOH cpenbl B ¢opme

MunkoBckoro umeer Bua g =DxB. IIIOTHOCTH 3IEKTPOMATHUTHOIO HMIYJbca B (opMme

Abparama mmeer Bung g"=S/c®=ExH/c®’. PaccMoTpEM pasimuuus 3THX JBYX  (OpM
3JIEKTPOMArHUTHOTO UMITysbca. 3omMepdensa A. [70] paszaenun 31eKTpOMarHuTHbIE BEIMYMHBI Ha
CWJIOBBIC M KOJHYECTBEHHBIC. K CHIIOBBIM BEJIMYMHAM OH OTHEC HANPSHKEHHOCTH AJIEKTPUICCKOTO
nons E w wnaykuwro wmarHutHoro monss B. K konumdecTBeHHBIM BeNMWYMHAM OH OTHEC
AIIEKTpUYECKy0 MHAYKIHMIO D u HanpsxeHHOCTh MarHUTHOTO Tonst H . Cesizp mexxny E u D, Bu
H ompenensiercss maTepuadbHBIMA yYpaBHEHHUSMH. [l C€i1aboro 3JIEKTPOMAarHUTHOTO TIIOJSI B
M30TPOMHON He()EepPOMArHUTHON JUAIIEKTPUUYECKON cpene 0e3 aucrnepcun OOBIYHO MPUHUMAIOT
MaTepuaibHble ypaBHeHus B Bune D=g-g,-E u H=B/u-u,, tne € u u, coorBercrBeHHoO,
OTHOCUTEIIbHBIE TUAJIEKTPUYECKasi 1 MarHUTHAsI MPOHUIIAEMOCTH CPENbl. DIEKTpUUYECKass WHAYKIIHS
D m HanpspKeHHOCTh MArHUTHOTO MOJISE H COOTBETCTBEHHO, 3aBHCST OT SJCKTPHUSCKUX M MATHUTHBIX
XapakTepHCTHK cpeibl. Toraa miIoTHOCTh HMEKTPOMArHUTHOTO UMITyabca Munkosckoro g™ =DxB,
B KOTOPYIO BXOJUT dJIEKTpUUeckas MHAYKIMs D, onmuchiBaeT 4acTh JIEKTPOMAarHUTHOTO UMITYJIbCa,
CBS3aHHYIO C DIEKTPUYECKHUMH XapaKTepUCTUKaMH cpedbl. [IIOTHOCTh 3IEeKTPOMAarHUTHOTO
ummynbca AGparama §” =ExH/c?, B KOTOpPYI0 BXOAHT HANPSKEHHOCTh MArHUTHOTO monst H,

OMMUCBIBACT YaCThb JJICKTPOMArHWUTHOI'O HMMITYJIbCA, CBA3AHHYIO C MArHUTHBIMHU XapaKTCPHCTHKaAMH

CpCabl. W3 »storo CJICAYCT, 4YTO KaxJasd U3 ITUX (I)OpM OIIMCBIBACT TOJIBKO YaCTb IIOJJHOI'O
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9JIEKTPOMArHUTHOTO uMIyiibca. M3 Hecummerpuunoro TOU (6) B Buae quUBEpPreHIuii M0 KaKIOMY U3
€ro HHJEKCOB CJIEAYIOT YpaBHEHUS COXpaHeHus aisi obeux (opm IUIOTHOCTHM uMIynbca. U3
paszioxeHuss HecumMmeTpuyHoro TOW Ha cuMMeTpuuHbli M aHTucuMMeTpuuHbli TOU ciemyet

nosHast popMa IUIOTHOCTH JIEKTPOMArHUTHOTO MMITYJIbCA IS AUDIICKTPUIECKOM Cpe/ibl B BULE:
g5 =" +9*)/2=(DxB+ExH/c?)/2.
N3 mecummerpuuHoro TOW mist mpoBopsiielt cpeasl TﬂEV =A,®J, Takke CleaylOT JBe

(OpMBI IIIOTHOCTH dMEeKTpoMarHuTHOTO UMIyisea: 1) g° = p-A u2) g% = ¢-J/c?. Ilepas dpopma

UMITyJIbCA CBSA3aHA C IUIOTHOCTBIO 3apsAJOB, a BTOpas (popma UMITyJIbCa CBSI3aHA CO CKOPOCTBIO HX
JnBrkeHus. 13 pasnoxenus HecummerpuuHoro TOW Ha cuMMeTpUUHBIN U aHTHCUMMeETpUuHbIi TOU

cleayeT nosHas popMa IIOTHOCTH 3JIEKTPOMArHUTHOTO MMITYJIbCA JUIs IIPOBOIALIEN CPEBI B BHE:
9" =(p-JIc’+p-A)/2
Ora ¢opMa IUIOTHOCTH JJIEKTPOMAarHUTHOTO MMITYJIbCa MOXET HAWTH TNpHUMEHEHHe NpHu

TCOPCTUUCCKOM UCCIICAOBAHUN JUHAMUKH I1JIa3MBI.

4 YpaBHeHHUSs] COXPAHEHUSI YJIEKTPOMATHUTHOM IHEPIUU U MMITYJIbCA I
HECHMMETPHYHOI0 TEH30pa

VpaBHEHHsI COXPAHEHUsI SJIEKTPOMAHUTHOM SHEPTUHM M UMITYIIBCA CIAEAYIOT B BHJIE MOJIHBIX
YEeTBIPEXMEPHBIX JAMBepreHumii Hecummerpuanoro TOU 75 (9“TE +0'T.5)/2=0“TM wm ero

4 uTE _ AuTM
CI/IMMeTquHOI/I qacTu 6 7-(/“/) = 6 7;”/ . 3aHI/IHIeM TpCXMepHBIe ypaBHeHI/IH COXpaHeHI/Iﬂ IIJIOTHOCTHU

SHEPTHUU U UMITYyJIbCa JJId HHBHGKTqueCKOﬁ Cpe€abl C IOTCPSIMU:

Eat(E-D)+C-V'(D><B+(E><H)/CZ)/2:8tm+V-p (8)
C

(izat(Ex H)+at(D>< B)—ai(EiDk +BH, —35ik(B- H))+ak(EiDk +BH, —35ik(B-H)))/2=atp+V(p-V)
C
Wi 9,(9" +9™)/2-(0;(E;Dy +B,H, —35; (B-H))+8, (E;D, +B;H, —35;, (B-H)))/2=8,p+V(p-V) 9)

I71e M — IUIOTHOCTh MAaccChl 3apsifioB; P — IUIOTHOCTh MEXaHMYECKOTo MMITysbca; V — CKOPOCTh
3aps0B.
Ecnu nusnexTprudeckas cpeia ONMUChIBAETCS KAHOHWYECKMMU MaTepHaIbHBIMU YPaBHEHUSAMU

CO CKAJIIPHBIMHU € U |, TO HCAUAIOHAJIbHBIC KOMIIOHCHTBI TCH30pa HaHp}I)KCHI/Iﬁ tik PaBHbI HYJIIO, a

SJICKTPOMArduTHBIC CHIJIBI, )IeﬁCTBYIOHlﬂe Ha cpeay, onpcaciadrOTCd TOJBKO €ro auaroHajlbHbIMU

kommoneHTamu. Toraa ypaBaenus (8) u (9) MOXHO 3amucarh B BUJIC:

£ % 5 E? +¢-V (g 8,ExB+(ExB)/ u-py-C?)/2=0,m+V-p (10)
C
09" +9")/2-V(s &, E2—2-B>/ u- 14,)12=38,p+V(p-V) (11)

17



3anuieM TpexMepHbIe YpaBHEHHs COXpaHEHUS! JHEPTUH U UMITYJIbCa JJIs IPOBOJISIIEH CpeIbl

(st MIIOTHOCTH 3apsI0B U TOKOB):

00 P)+ (V- (0 A+ 5V (-3 12=0m+ (12)

(G0 D40, (0 A)+0,(A, ©3,)+0,(A, ©3,)/2=0p+V(p-V) (13)

Vpasuenust (10) u (12) sSBIAIOTCSA MOJHBIMH YPaBHEHUSMH COXpaHCHHUsS dHEpPruu, a ypaBHeHus (9),
(11) u (13) sBnsArOTCA ypaBHEHHUSAMHU OajaHCa IIOTHOCTH JCKTPOMArHUTHBIX M MEXaHHYECKUX CHIL
VYpauenus (12) u (13) MoryT HaliTH IpUMeHEHHE B (PU3UKE TIA3MBI JIJII MOJEITUPOBAHUS JBUKCHUS

3apPsKCHHBIX YaCTHI B 3JICKTPOMArHMTHOM IT0JIC.

5 3ak0uenue

CyuiecTByroniee MHEHHE O HApYLIEHHUsS 3aKOHAa COXPAHEHHUS MOMEHTAa HMITYJbCa IIPH
OINMCAHUU B3aUMOJICUCTBUS JIEKTPOMArHUTHOTO TOJIS CO Cpeoi HecuMMeTpuuHbiM TOU siBnseTcs
omnOoyHbIM. [ToJTHAS TUBEPTEHITNS TEH30pa BTOPOTO paHTa paBHA CyMME TMBEPTCHIIUN M0 KAXKIOMY
U3 ero uHAekcoB. B monHylo auBepreHuuio HecumMmerpuuHoro TOW BXOOUT TONBKO €ro
CHUMMETpUYHas 4acTbh, T.€. cCUMMeTpUuHbld TOU, a mosHas JUBEPreHIMsl €ro aHTUCUMMETPUYHOMN
YacTH TOKJIECTBEHHO paBHA HYNIO. [Ipy 3TOM MOMEHT UMITyJIbCa COXPAHSAETCS, TAK KAK ypaBHEHUE
COXpaHEHHsI HMITyJbca ciueayer u3 cummerpuunoro TOU. Ilomydensr monHble  (OPMBI
ANEKTPOMATHUTHBIX UMIYJbCOB JJISI TUJICKTPUUECKON M MPOBOASIIEH CPEAbl U MOJIHBIC YPABHEHUS
COXpaHEHHUs SHepruu u umnyieca. Ilokazano, uro nuHelHbl MHBapuaHT TOUW MuHKOBCKOrO 111
BaKyyMa HE COBIIJIa€T C KBaJAPATUYHBIM UHBAPUAHTOM JIEKTPOMArHUTHOTO MOJIA. JTO YKa3bIBAa€T Ha

HETMPaBUIBLHOCTH JIMHEHHOro nHBapranTa TOW MUHKOBCKOTO U TPEXMEPHOTO TEH30pa HANPSHKCHU.
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