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Ypasuenusg MakcBesia B HTerpaIbHOi popMe MpeICTaBIeHbl KaK MaTe-
MaTUYeCKIe BbIparKeHnsi (pyHaMeHTaIbHbIX SMITMPUIECKUX 3aKOHOB 3J1€K-
TpOMarHeTu3Ma ¢ yuyeToM Iurnore3bl MakcBesia 0 TOKax CMeIeHus.

lanbl onrpejiesieHnst JIMHEHHBIX JuddepeHInabHbIX OIEPATOPOB, UCIIOb-
3yeMbIX B 3JeKTpojnHamuke MakcBesa, W JOKAa3aHbl CBI3aHHbIE C HIMHU
TeopeMbl. PaccMOTpEHBI CBOMCTBA MOTEHITUAIBLHBIX 1 BUXPEBBIX BEKTOPHDBIX
I10JI€i1.

Paccmorpen mepexoj OT ypaBHEHUI JIEKTPOJMHAMUKN B WHTErPaJIbHOM
dopmMe K ypaBHeHUAM B i depenimaibioil popme. JlokazaHa 3KBUBAJIEHT-
HOCTB 3TUX (POPM IPEJICTABICHUs YPABHEHUI 9JICKTPOMArHETU3MA..

Paccmorpeno pemenne ypasnennit MakcBesia B OTCYTCTBUU 3apsiJIOB 1
TOKOB IPOBOinMOCTH. [losryden BostHOBOI Bu I pemieHns. PaccmoTpeHnbl ¢Boii-
CTBa JIEKTPOMATHUTHBIX BOJH B BaKyyMe W W30TPOITHOI cpe/ie.

B sjieKTpoMarHuTHOM I10JI€ TIOJIyUEHbI BhIPpaXKeHUsl JIjId 00 bEMHOI I1JI0T-
HOCTHU 9HEPrHUH, IJIOTHOCTH MOTOKa dHeprun (Bektop loitaTHHra), 00HeMHOI
IJIOTHOCTH UMITyJIbca. PaccMoTpena ¢Ba3b 00 HEMHBIX IIOTHOCTEH SHEPTUN T
UMITYJTbCA.

[Ipennasnadeno i CTYJIEHTOB OYHON (POPMBI OOYUeHUS BCeX HaIpaBJie-
HUI [TOATOTOBKH Ha pusndeckoM dakysbrere (ypoBeHb HakajiaBpuaTa, Jic-
[UILTAHBL B yaeOHOM TiaHe: "ekTpudaectBo 1 MarHerusm", "Onruka'").
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1. YpaBuenusa MakcBesjia B mHTerpaJibHOIT bopme

WuTerpasbnas gopma ypaBHennit MakcBesia MoKeT paccMaTpuBaThCsd
KaK MaTemMaTndeckasi (popMainzannd pyHIaMeHTaJIbHbIX SMINPUICCKUX 3a-
KOHOB 3JIEKTPOMarHeTn3Ma, JOTOJHEHHBIX Trunore3oii Makcsemra o Tokax
CMeIIeHNs.

1.1 3akon Kysona

WuTerpasibhoit hopmoii ipejicrapiieHns 3aKoHa KysioHa gBisieTcst Teopema
[aycca mj1st 9/1eKTPUYIEcKOro MoJIst

j{Ddsz/pdv, (1.1)
S 1%

YTBEPKJIA0Iasi, 9TO MOTOK BEKTOpPa 3JIEKTpUUueckoro cMmenienns D depes
JIIOOYIO 3aMKHYTYIO TIOBEPXHOCTH S PABEH CYMMApPHOMY 3JICKTPUUIECKOMY 3a-
psity B 00beMe V| orpaHH9IeHHOM 9TOI MOBEPXHOCTHIO () — 00beMHasT MLI0T-
HOCTB 3apsijia). 3J1eCh U BCIOJLY Jlajiee Uctojib3yercs cucrema epununi CIUL.

Anajiornunasi TeopemMa Jijisi MArHITHOTO 110JIsT MaTEMATHIeCKU BbIPayKaeT-
csl PABEHCTBOM

7{Bds =0, (1.2)

S
rie B — BekTOp MarunTHO# WHIyKIIMHA. Y paBHEHNE COOTBETCTBYET SKCIIEPH-
MEHTaJIbHOMY (PaKTy OTCYTCTBHSI B IIPUPOJIe MArHUTHBIX 3aPAI0B.

1.2 3aKOH 3JJeKTPOMArHUTHON WHAYKIAN

B cooTBeTcTBUE ¢ 3aKOHOM 9JIEKTPOMArHUTHON nHIyKInn Papajes B 3aM-
KHYTOM TTPOBOJIAIIEM KOHTYpe L, MPOHU3BIBAEMOM MArHUTHBIM ITTOJIEM C WH-
nyknueir B npu nsMeHeHnu 1moroka MarHuTHOW mHayknun ® depes JoOyro
MIOBEPXHOCTH S, ONMUPAIONIYIocst Ha KOHTYp L, BozaukaeT D/C nnaykiun £;,
HPOIOPIINOHAIbHAST CKOPOCTH N3MEHEHUsI MarHUTHOrO moToka P:

dd

MaruuTHbiii TTOTOK

® = /B ds, (1.3)

€ro IIpou3BoJHasd 110 BpeMeHHU

d 0B
S



JInneitnocTs oneparnuit nHTErpupoBaHus U JuddepPeHITTPOBAHIS TO3BOJI-
€T IIOMEHATb MeCTaMH UX II0CJIeI0BATE/JIbHOCTL, HO IIPU 3TOM IIPU BHECEHUN
orteparyt i epeHImpoBanns 0 BpeMeHNn 110/ 3HaK WHTerpaJia ormepaTop
IIOJTHOM TTPOU3BOIHOI TI0 BpeMeHn ¢ ImpeodpasyeTcs B olepaTop YacTHON Mpo-
I3BOJIHOM, TIOCKOJIbKY MarHUTHBINA 1M0TOK (1.3) mocjie MHTerpupoBaHus 110
IPOCTPAHCTBEHHBIM KOOp/IMHATAM siBJIsseTcs (PYHKIME OJIHOI TepeMeHHOoil
t, a MaruuTHag uUHAyKINUsA B 1o 3HakoM mHTerpaJja — QYHKIUS YeThIpex
nepementbix B = B(x,y, 2, t).

ToxktecrBeHHOCTH paBencTBa (1.4) HHOTIA BBI3BIBACT COMHEHUS, TOCKOTh-
Ky MArHUTHBIN TOTOK ® MOYKeT U3MEHATHCS He TOJILKO 3a CUET sIBHOI 3aBUCH-
MOCTU MarHUTHON MH/IYKIIMUA OT BPEMEHU, HO U 3a CYET U3MEHCHUA KOHTYpa
L n onmparomeiica Ha Hero rmiomaaku S. OJHAKO 3T COMHEHUsI HE MMEIOT
OCHOBAHMUII.

B syiekTpoimHaMIKe TPOCTPaHCTBEHHBIE KOOPAUHATHI X, 4, 2 U BpeMs t sIB-
JISTIOTS HE3a6UCUMBIMU Nnepemertbimu. [loaToMy n3Menenne mnocienoBaTeb-
HOCTH onepanuii auddepeHnmpoBanns M0 BpeMeHN U UHTEIPUPOBAHUSA 10
koopauaaTaM B (1.4) (BBIYUCICHUSA OTOKA) OCYIIECTBIACTCA B (hUKCUPOBAH-
Holli Momenm epemeny. ToUuHO Takae Ke Orepars MOXKET OBITb MPOM3Be-
JleHa B JII0OOM Jpyroil MOMEHT BpeMeHHU, Korjla KOHTYp L u onmparomnieiics
Ha Hero IJIOMAJKN S MOTYyT H3MEHUThCs. TakuMm obpasom, Toxkiectso (1.4)
YVUUTBIBAET KaK BO3MOXKHOCTD siBHOII 3aBucnmoctn B(t), Tak 1 BO3MOXKHOCTD
m3Menenns Koutypa B (1.3).

Hammaue 9/1C naayKnnm B 3aMKHYTOM HTPOBOJISAIIEM KOHTYpe L o3HadaeT
HaJIMIMe UPKYIAIIH 3JIEKTPUIECKOTO TI0JIs 110 9TOMY KOHTYPY, KoTopas 0y-
JIeT IMETh MECTO KaK B IMPUCYTCTBUU ITPOBOJIAIIETO KOHTYpa, TaK 1 6e3 Hero,

I09TOMY
g = fEdl. (1.5)
L
C yuerom (1.4) u (1.5) 3aK0H 9JICKTPOMATHUTHON WHYKIIUN TPHHIMACT
B OB
Edl=—- | —dS. 1.6
[ 5 (10
L S

3a ToJIOKUTEIbHOE HaIlpaBJICHUEe BEeKTOpa dS NpUHUMAETCS HallpaB/eHue,
HaXO/IsIITIeecs: B IIPABOBUHTOBOI OpPHEHTAIINN 110 OTHOIIEHUIO K HaIlPABJICHIIO
obxota KoHTypa, L.

1.3 Teopema o muUpKyadgnum MarHuTHOTO moJjisi. TOK cMmelrneHus

Teopema 0 MUPKyAAIUN MarHUTHOTO TOJIS B MEPBOHAYAJIBHOM BapUaHTe
yTBEPXKIaIa, UTO MUPKYIAIUS BeKTOopa MaruuTHoil Hampsxxkennoctn H 1o
JIIOOOMY 3aMKHYTOMY KOHTYpPY L paBHa cyMMapHOMY TOKY, ITPOHU3LIBAIOITIE-

My 3TOT KOHTYD:
%Hdl:/j ds, (1.7)
L S



rjie j — mioTHoCTh ToKa. CBsi3b HAIpaB/IeHusi 00X0/a KOHTYpa L U MOJI0XKNU-
TEeJILHOTO Halpas/eHust dS Takas ke, kak B (1.6).

Ypasuenne (1.7) npencrapisier coboit COBPEMEHHYIO HHTEPIPETAIIIO 38~
KOHA TI0JIHOTO TOKA, YCTAHOBJIEHHOIO AMIIEPOM Ha OCHOBaHUE 00O0OIIEHUST
9KCIIEPUMEHTAJIbHBIX JIAHHBIX. e B J1€BOil 9acTu ypaBHEHUsI BBITUCIISIET-
CsT IMPKYJISITNS. BEKTOpa MarHuTHOi Hanpsikennoctn H, To B mpaByto dactb
JIAIOT BKJIAJI TOJILKO MAaKPOCKOIMYECKUEe TOKU MTPOBOMocTH (6e3 yuera Mo-
JIEKYJISIPHBIX MUKDOTOKOB B CpeJie).

MaxkcBeJsut, He nMest Ha TOT MOMEHT 9KCIIePUMEHTATBHBIX OCHOBaHMT, 0000-
s TeopeMy B Bujie (1.7), BBes HApsiLy ¢ MAKPOTOKAMU [POBOJUMOCTH j
TaK Ha3bIBaEMble MOKU CMEUWEHUA. DTO 000DIIEHIe OCHOBBIBAIOCH Ha psijie
IPOTUBOPEYNil, CBSI3aHHBIX ¢ IpuMeHeHueM (1.7) K mepeMeHHBIM TOKaM.

PacemoTpum 0/1HO U3 TaKNX TPOTHBOPEYNii HA TPIMEPE TOKA 3aPsIIKI KOH-
nencaropa (eM. puc. 1).

[Iycts miockuit KoHjeHcaToOp (ILIOMATH

wiacTuH S, MUPHHA 3a30pa d) 3apsizKaeTrcs S _82
(cmna Toka 3apsaku ). [lnomaaky Sy, orpa- ;K 7
HUYCHHYIO KOHTYPOM L, IPOHU3LIBACT TOK 3a- - D| F——
psikn I(t), aro B coorBerctsuu ¢ (1.7) osna- L [ g
yaer

j{ Hdl=1, AN

d
L Puc. 1

TO €CTh IUPKYJIAIHIS U, CJACTOBATCIHHO, Mar-
HUTHAs HAIPSI?KEHHOCTb B TOUKAX KOHTYPa OTJINYIHBI 0T HYJIs1. OHAKO ypaB-
werue (1.7) MOJIZKHO BBIIOJHATHCS 044 410007 TIOMAJIKY, OIMUPAIOIIecs Ha
KOHTYp L.

Hedopmupyem miomaaKy cieayoomuMm oopasoMm. CMecTuM ee B HalpaBJie-
HUU TOKA U JIONOJTHUM OOKOBOI MOBEPXHOCTHIO 00PA30BABIIErOCs IapaJiie-
Jleruie ia, 9Toonl jgedopMupoBaHHas ILIONMIAIKA OIMpaJiach Ha TOT »Ke KOH-
Typ. [loKa cMmereHHast IO IKA [TepEceKaeT ITPOBOJIHUK, TTPOHI3bIBAIOIIIIIT
ee TOK ocTaeTcs paBHBIM I, TO ecTb nmupky/isinusg H mo xonrtypy L He us-
MeHsteTcsd. Ho Kak TOJIBKO TOpIeBasd JacThb JepOPMUPOBAHHOM ILIOIIAIKH
OKasKeTes B IpeJieiax 3a30pa KoHleHcaTopa (mosiozkenne Sy Ha puc. 1), mpo-
HU3BIBAIOIINI €€ TOK IIPOBOJINMOCTI CTAHET PaBEH HYJIIO, 9TO B COOTBETCTBUU

%Hdl = 0.
L

HOCKOJH)Ky BKJIaAbl B HUPKVYJ/JIAINHNIO Ha BCEX YyYdaCTKaX KOHTYpPa L umeror

¢ (1.7) oznauaer

OJIMHAKOBBIH 3HAK, 9TO BO3MOXKHO TosibKO 1mpu H = 0 Ha BceM KOHTYype.



Takum obpasom, Teopema o upkyssinn B Buje (1.7) B paceMoTpeHHOM
cilydae 1aeT HeOJHO3HAYHDBIN Pe3y/IbTAT OIPEC/ICHNAsI MArHIUTHON HAIIPSIAKEeH-
HOCTHU Ha KOHTYPe L B 3aBUCUMOCTU OT BLIOOpA IOBEPXHOCTH, OIUPAIOIIeiicst
Ha KOHTYD.

YerpanuTh 3Ty HEOAHO3HAYHOCTL MOXKHO, HPEIIOJIOKUB, UTO B 3a30pe
KOHJICHCATOPA IIPOTEKACT MOK CMEU,eHULA, KOTOPBIH B KaxKIblii MOMEHT Bpe-
MEHI PaBeH TOKY 3apsLJIKN.

Mouyib BekTopa D 1 971eKTpUYIecKoro moJjist B IJIOCKOM KOHJICHCATOPE
paBen D = ¢/.S, ero nponsBo/iHasi 10 BPEMEHH

dD 1dg I 13

dt  Sdt S (1.8)
(¢ — 3apsin Ha KOHjEHCATOpe, S — IJIONA/b IJIACTHH) UMEeT PasMepHOCTh
IJIOTHOCTH TOKA. EC/I1 IpeIiooKuTh, 4T0 BHYTPU KOHJIEHCATOPA IIPOTEKAET
TOK CMEIICHUSI U €ro IJIOTHOCTD

_— dD (19)
Jem = dt .
TO CyMMaprIﬁ TOK CMEIICHUA B IIJIOCKOM KOHJAEHCaTOpPE
. dD
ICM :]CMS: ES:I7

TO €CTh CyMMapHbIe TOKH, IPOHU3bIBAIOIINE ILJIOMAJKN S1 n Sy Ha puc. 1,
pPaBHBI, YTO CHIMAET HEOTHO3HAYHOCTD olpeiesienns mupkyaannn H mo kon-
Typy L n 3Hadenuit camoil MaruuTHON HAIPSKEHHOCTU B TOYKaX KOHTYPA.
st KonjiencaTopa mpon3BoJIbHON (hopMbl TIoJ1e BekTopa D Oyj1eT neonno-
POJIHBIM (B OTJIYHE OT TJIOCKOIO KOHJIEHCATOPA), MO3TOMY B 0DOIIEM CJIydae
OJIHYIO TPOU3BOHYIO 110 BpeMenn B (1.8) u (1.9) HY>KHO 3aMEHUTDH Ha IacT-
HYIO0 TTPOM3BOJIHYIO. Torjga orpejeenne MIOTHOCTH TOKa CMENIeHNs B BEK-
TOpHOIT hopMe TPUMET BUT
oD
ot

MaxkcBest mpeArnoIoKII, YTO TOK CMeIeHns, MIOTHOCTh KOTOPOT'O OTIpe-
nesstercst papercTBoM (1.10), siBiisteTcst hyHIAMEHTATBHON XapaKTepUCTHKO
9JIEKTPOMATHUTHOTO T10JIsI U CYHIECTBYET BCIOJLY, TJie JIEKTPUUECKOe T0JIe 5B~
HO 3aBHUCHUT OT BpeMeHH. B j1ajibHeiieM 3T0 npe/InosioKeHne Moy Ynio mps-
MO€ IKCIIepUMEHTAJIbHOE TTOJATBEPZKICHUE.

Toxku cmerterns B OT/INYME OT TOKOB ITPOBOJINMOCTH HE CBA3AHBI C TIepeMe-
MEeHueM 3JIEKTPUIECKNX 3apsiIoB, HO JAIOT BKJIAJ] B BO30YXKJeHNE MaruuT-
HOTO TI0JIs1, SKBUBAJIEHTHBIN BKJIay TOKOB IPOBOJANMOCTH. Teopema o mup-
Kysistiinu (1.7) ¢ y9eToM TOKOB CMEIeHHsI TPUHIMAET 000OIIEHHBIN BI/T

. 0D
L

S

(1.10)

Jou =



[lanHoe ypaBHEHHE HA3BIBAIOT OOOOINEHHBIM 3aKOHOM IOJIHOTO TOKA WJIH
000011IeHHO#T Teopemoii 0 nupkyJsinun Amnepa—Makcseiia.

Ypasrenus (1.1), (1.2), (1.6), (1.11) npeacrasisior coboii cucremy ypas-
Hennii Makcpesia B nHTErpaJjbHoil (hopme:

fEdl:— %—Bds j{DdS:/pdV,
L S S %4
jéﬂdlz/( aD)ds deszo.

ot
L S S

Jlannag cucreMa JIOJIZKHA ObITH JOMOJIHEHA MaTepPUaJbHBIMI YPABHEHUSMU

D= €€0E, B = /L/L()H, j = O'E, (113)

(1.12)

BBIDAKAIOIINMI CBsI3b BEKTOPHBIX byHKIW, Bxoasnwx B (1.12), B maTepn-
aJIbHOM cpeJie. 37eCh g U [y — JIEKTPUIECKasd W MAarHUTHas MMOCTOsTHHDIE,
€ U |4 — JUIJIEKTpUYecKas U MarHUTHas! [IPOHUIIAEMOCTU CPEJIbl, 0 — YJIe/ib-
Has NPOBOAUMOCTb.

[Tpoussosnyio —0B/0t B 3aK0HE 3JIEKTPOMAIHUTHON WH/YKIIHE MOYKHO
MHTEPIPETUPOBATH KaK IJIOTHOCTD MaA2HUMH020 MOKa cMeulenuA. B oTmnane
OT 3JICKTPUYCCKNX TOKOB, MArHUTHBIX TOKOB IIPOBOJIMMOCTHU HE CYIIICCTBYET,
TaK KaK He CYIIeCTBYeT MarHUTHbBIX 3aps/IOB.

2. Inddepenmaibabie oepaTopbl

s mepexona K qudpepennuaabaoit popme ypasuennit Makcsesuia Hy k-
HO PACCMOTPETH ONpeJe/IeHs CTaHIapPTHLIX ONepaTopoB auddepeHmpoBa-
HUSI 110 KOOpJIMHATAM U CBS3aHHBIE ¢ ¢ HUMU HHTErPAJIbHbIE TEOPEMbI.

2.1 I'paguent m oneparop Jlamaca

['pajmentom dbyukiun Koopauuar f(x,y, z)

of ., of. 9of

radf(z,y,z) =V f(z,y,z) = =—i+—j+=—Kk 2.1

gradf(z,y,2) = Vf(z,y,2) = 5 R R (2.1)
Boruncienue rpajmenta ckajsipaoii hyakumu f(x,y, 2) MOXKHO IpejcTa-

BUTH KAK Pe3y/bTaT HPUMEHEHUsT K Hefl BeKTOpHOro auddepeHnuaibHoro

oreparopa V (nab.a)

Ha3bIBa€TCA BEKTOPD

0 0 0
V—%1+a—y +&k (22)

Omnepatop HabJsa, TPUMEHEHHBI K CKaJIApHON (DYHKIMKM f, cTaBUT B COOT-
BeTCTBIE 9TOf (byHKIMN BekTopHYyo dyHknuio V f (BekTopHOE moJe).

7



CxaJisipHOe ITPpOU3BeJICHIE ollepaTopa HadJia Ha caMoro cedst
0? 0? 0?

+ +
ox?  Oy? 022
Has3bIBaeTcs orepaTopoM Jlariaca. Oneparop Jlamiaca, npruMeHEHHBI K CKa-
JIipHOIT (pyHKIMK f, CTABUT €ii B COOTBETCTBUE CKAJIAPHYIO (DYHKIINIO

_Of P
C0x? 0 Oy 022
neiicTBre onepaTopa Jlamaca Ha BekTopHoe 1ojte F npeobpasyet ero B apy-
roe BEKTOPHOE IOJIE

A=V -V=V?=

(2.3)

Af(x,y,2) = ¢(r,y, 2) (2.4)

O’F N O’F N O*F
ox? Oy 022

AF(x,y,2) = Az, y,2) = (2.5)

2.2 /IuBepreHIIn4

Huseprentmeii BekTopHoit hyuKiwmm Az, y, 2) (BEKTOPHOTO T0JIsT) B TOUKE
¢ KOOpJAMHATAMY I, Y, 2 HA3BIBACTCA IIPEJE/ OTHOIICHUs TOTOKA 3TOi (yHK-
nun (1oJIst) depe3 3aMKHYTYIO MOBEPXHOCTDb, OXBATHIBAOIILYIO TOUKY, K 00be-
MY BHYTPHU IOBEPXHOCTH IIPU CTPEMJICHUN 00beMa K HYJIIO:

div A = lim M : (2.6)
V=0 V
3aech § AdS — noTox nosist A depes Jo0y10 3aMKHYTYIO HOBEPXHOCTD, OXBa-
TBIBAIOILYIO TOUKY T, Y, 2, V — 00beM BHYTPH 9TOI TOBEPXHOCTH.

[Tosryanm BeIpaxKeHnune Jjist JUBEPreHINN B IPSIMOYTOJILHON CICTEMe KOOp-
JIMHAT, TO ecTh BbipasuM div A(z,y, z) depe3 mpou3BOIHBIE 110 JTEKAPTOBBIM
KOOP/IMHATAM.

[TocTpoum BOKPYr TOUKM X, 1,z HPSMOYTOJIb- y
HBIIl HapaJiiesienuie]; co cropoHamu dx, dy, dz, A
HapaJsiie lbHbIMA  COOTBETCTBYIOIIUM OCAM TakK, dr /
9T00BI TOUYKA OKa3aJiach B IEHTPE TapaJiieierni-
neja. OobeM napasutenenunena dV = drdydz. Y --<nl—----/—n2—

Boraucinm Briaj d®, B moTok 1mossg A depes

IIOBEPXHOCTDL IIapaJlJIieJICIInIIeIa OT FpaHeﬁ, ep-

HMeHINKYIIpHbIX ocu x. [L1omaan rpaneit paBHbI

dydz, BHeNIHNEe HOPMAJIM K HUM: Nj HallpaBJeHa Pu: 9 )
IPOTUB OCH T, Ny — BJOJb ocH T (CcM. puc 2).
Bkiiasr B moTok

0A

dd, = [As(x +dx/2,y,2) — Ax(z — dx/2,y, 2)]|dydz = a—z dxdydz.
x



Anajiornuno
0A 0A,
dd, = a—yy drdydz,  do, = w dxdydz.
CyMMapHBIil TTOTOK
0A, N 0A, N 0A,
Ox oy 0z

C y9eToMm 9TOTo JHUBEpreHiyst BeKTopHoro mnoisd A(z,y, z) (2.6) B Kaxo0ii

dd = d®, + dd, +dd, = ( > dxdydz.

€ro TO4YKe paBHa

0A, N A, N 0A, iV
div A — Tim Ox oy 0z (04, N 0A, N 0A, 2.7)
AV—0 dV -\ oz Oy 0z ) 7

JuBeprennuio noJist A MOXKHO IPEICTaBUThL KaK CKAJISIPHOE [IPOU3BEICHIE

BEKTOPHOTO oreparopa Habia (2.2) Ha BeKTop A
divA = V-A. (2.8)

Omneparop JAuBEpPreHIyy, IPUMEHEHHBI K BEKTOPHOMY I10JII0, CTABUT €My

B COOTBETCTBHE CKAJIAPHYIO (DYHKIIIIO
o(r,y,2) = V-A(x,y, 2).

Jlnist iuBeprennuy BeKTOPHOI (DYHKIMKM NMeeT MeCTO MHTerpajbHas Teo-
pema Octporpajickoro—laycca:
unmezpan no obsemy om ousep2eHUUL BEKMOPHO20 NOAS PAGEH NO-
MOKY 3MO20 NOASA YUEPE3 NOBEPIHOCMD, 02PAHUNUBAIOULYIO 00BEM.

JlokazaTenbeTBo.
Pazobnem koneunbrit oobem V' Ha OeckonedHo maJjible o0bembl dV . [l
KAKJIOTO 9JIEMEHTAPHOTO 00beMa B COOTBETCTBUN C ompejesenneM (2.6)

div AdV = fAdS. —=
ds -
[Ipu unTerpupoBanuu 1o oobemy V' 1o- —1= —1=

A
A

TOKH Yepe3 COoIIpHKacCalominuecsa YacCTu

9JIeMEeHTapHbIX 00HEMOB BHYTpPHU 00JIa- -

K]
(i
K]
b
K

ctu V' B3aUMHO  KOMIIEHCUPYIOTCH ;4 ||

(em. puc. 3). Heckommnencuposannpivu /1Y
OKasKyTCsl TOJIHKO OTOKK Ha IPAHKUIAX Puc. 3
obnactu V', mosromy

/ div AdV = f{ AdS. (2.9)
S

v
Teopema mokazaHa.



2.3 Potop

Poropom BekToproro nosist A(x, y, 2) B ToUKe (1, Y, Z) Ha3bIBAETCS BEKTOD,
IPOEKIMA KOTOPOro Ha 3aJJaHHOE HAIIPABJICHNE PABHA IPEJIETy OTHONICHUST
MUPKYJISINNA BeKTopa A 110 JII0O0MY 3aMKHYTOMY KOHTYDY, OXBATLIBAIOIIC-
MY 3Ty TOYKY B ILIOCKOCTH, IIEPIECHINKY/ISPHON BLIOPAHHOMY HAIIPABJICHUIO,
K IJIOINAJIU [OBEPXHOCTHU S, OrPAHMYCHHON JAHHBIM KOHTYPOM IIPU CTPEMJIC-
Huu S K HYJIIO (BBIYUC/IEHUE TIUPKYJISIIUE JIOJIZKHO TIPOU3BOJIUTECST B TIPABO-
BUHTOBOI OPUEHTAIMU 10 OTHOIIEHWIO K BHIODAHHOMY HEIIPABJIEHHUIO):
$ Adl

(rot A), = lim

lim (2.10)

3aech § Adl — nupkysisiius BekTopa A, BBIUHC/IEHHAs! 110 [IPOU3BOJBLHOMY
3aMKHYTOMY KOHTYDY, OXBATBIBAIOIIEMY TOUYKY (X, Y, ) B IJIOCKOCTH, MepPIeH-
JINKYJIIPHOI HalIpaBJIEHUIO N, HaIpaBjeHre 00X0Ja KOHTYPa JIOJKHO I10/I-
JUHSATHCS MPABUJIY MPABOIO BUHTA MO0 OTHOIIEHWIO K HAIPaBJIeHUIO N, S —
IO/ Ib BHYTPU KOHTYPA.
Haiiiem cocrapistiomnue BekTopa rot A B j1eKapTOBOI cucteMe KOOp/ImHAT.
JlJ1s1 HaXOYXKJIeH s COCTAB/ISIONIEN POTOPa HA OCh

x B TOUKe (T, 2) BBIYUCIUM MUPKY/IANNI0 A 110 ‘ Cody 5
KOHTYPY B BUJIe OECKOHEYHO MAJIOI0 IPSIMOYTOJIb- ! 3 !
HIKa C IEHTPOM B TOUKe (I,y,Z), B ILIOCKOCTH, 1
nepreHInKyasspHoit ocu . CTOPOHBI IPSIMOYTOJIb- 4 2 |dz
Huka dy u dz, HalpaJjeHue 00Xo/ia B IIPABOBUHTO- 1
BOIl opmeHTaIINN K OcH X, Iomaib dS = dydz. d o
Hupxysiiust A 110 TaKOMY KOHTYPY r Y
Puc. 4

%Adl = (Ayl — Ayg)dy + (AZQ — AZ4)CZZ

Pasnoctu cocrapigomux A Ha [IPOTHBOIOJIOXKHBIX CTOPOHAX MPSAMOYTOJIb-
HUKa

0A
Ayl - Ay3 = _5’_;/ dz Ap— A=

DA,
dy

dy.

B pesynbrarte

0A 0A 0A 0A
Adl = = Y ) dyd tA), = — — —2. 2.11

AnajioruaHo onpejessaoTces cocrapisioniue rot A wHa ocu y n z. OHE OT-

JgaroTes ot (rot A), 1mocsie0BaTe IbHBIMU UK/THIECKUME [ePECTAHOBKAMIU
B TpOiiKe x, Yy, 2:
0A, O0A,

0A, 0A,
0z or ’ '

%_&y

(rot A), = (rot A), = (2.12)
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B coorsercrBum ¢ (2.11) u (2.12) npumeHeHne BEKTOPHOTO OEPATOpa rot
K BEKTOPHOMY T10JII0 A (2, Yy, 2) MOKHO CUMBOJIMYECKH [PEJICTABUTH B BH/IE
BEKTOPHOI'O IIPOU3BE/ICHNUSI

rot A = [V Al. (2.13)
JleiicTBUTENBHO, B JIKAPTOBLIX KOOD/MHATAX
"
labl=|a, a, a,|=(ayb, —aby)i+ (a.b, — azb.)j+ (ab, — a,b,)k,
b, b, b.
TOT A
i j k
00 o
VA= ox Oy 0z |
A, A, A,

(04 0AN, (04 0AN . (04, 0A
—\ Oy 0z 0z oz )7 Ox oy ’

aro copnagaer ¢ (2.11) u (2.12).

BekTopHbIit omeparop rot cTaBUT B COOTBETCTBHE BEKTOPHOMY IIOJIO A
BEKTOPHOE 110JIe Tot A.

JJ1st poTopa BEKTOPHOTO I0JIs CIIPaBe/InBa HHTerpaibiast Teopema CTok-
ca;
NOMOK POMOPa 6€KMOPHO20 NOASL YEPES NOBEPTHOCTND PABEH UUPKY-
AAUUY IMO20 NOAS NO KOHMYPY, 02PAHUNUBAIOULEMY TLOBEPTHOCTND.

JlokazarenbeTBo.

PazobbeM KOHEUHYIO MOBEPXHOCTH S, OrPAaHUYIECHHYIO 3aMKHYTBIM KOHTY-
pom L, Ha 6ecKoHEeUHO MaJible yaacTKu d.S, oxBadyeHHblie KoHTypamu dL. JIjs
KasKJI0OT0 yJacTKa B COOTBETCTBUIE ¢ ompejiesienneM poropa A (2.10) B Touke
BHyTpHU yudactka d.S

(rot A)ndS = rot AdS = %Adl.

dL

[Ipu wHTErpupoBaHNN IO KOHEYHON TMOBEPXHOCTH S BKJIa-
JIbl B IIUPKYJISIIUN CONTPUKACAIOIINXCS YIaCTKOB KOHTYPOB d L
BHYTPU ITIOBEPXHOCTU CKOMIIEHCUPYIOTCH, & Ha TPAHUIIE, TO €CTh Pue. 5

Ha KOoHType L, cymmupyiorcs (eMm. puc. 5). B pesymnbrare

/ rot AdS = yf Adl. (2.14)
L

S
Teopema mokazaHa.
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3. HOTeHI_[I/IaJIbHBIe 1N BUXPeEeBbIEC I10JI

BekTopHoe 110j1e, KOTOpOE MOYKET ObITh IPEJICTABICHO I'DAJINEHTOM CKa-
JIIpDHOI (DYHKIINH:
P =V, (3.1)
SIBJISIETCSI TIOTeHIUAIbHBIM. K TaKUM II0JISIM OTHOCSITCsI, B YACTHOCTH, JIEK-
TPOCTATHIECKOE U IPABUTAIIOHHOE,
[Toste, npejicTaBaeHHOE POTOPOM BEKTOPHO (DYHKIINML:

W = 1ot A = [VA], (3.2)

Ha3bIBAETCS BUXPEBBIM (B YACTHOCTH — MarHUTHOE I10JI€).
BrlisicHuM HEKOTOpBIE CBOMCTBA MOTEHINAJIBHBIX U BUXPEBBIX MOJIEH.
Lupkyrayua nomenyuasvorozo nois (3.1) no awbomy Konmypy pasua my-
A10. JeiicTBUTEIbHO,

_ dip Dip dp _7{ _
%Vgpdl—% 8xdx+aydy+azdz = Qpdp =0,

TaK KakK HHTerpas oT IHOoJHOro jauddepeHiimaia He 3aBUCHT OT IIyTH U Ha
3aMKHYTOM KOHTYpe JaeT HyJb. /s moTeHIna bHbIX [0JIeil IPOnu3BeIeHIe
Pdl = Vdl asnsiercs monnbiM gudpdepennmaioM, B cIydae CIHIOBOTO MO
sroT Jauddepennar IPOHOPIUOHAIEH dJIEMEHTapHOIl padoTe cuibl. Takum
00pa3oM, B IOTEHINAIbHBIX CHJIOBBIX IOJSIX paboTa HE 3aBUCUT OT IIYyTU U
Ha 3aMKHYTOM KOHTYDe JaeT HyJb. DTO O3HAYaeT OTCYTCTBHE 3aMKHYTBIX
CUJIOBBIX JIMHUIA.

Pomop nomenyuasvrozo noas (3.1) 6 4106010 mouke pagen HyA0.

D70 ciejlyeT HEmoCpeCTBeHHO U3 olpejieenust poropa (2.10) ¢ yuerom
PACCMOTPEHHOI'0 BhbIIIe cBoiicTBa mupky/snun. OpgHako ybeanmcsi B clipa-
BE/IJINBOCTU YTBEPIK/IEHUST HEITOCPEICTBEHHBIM BBIUNCICHIEM:

rot P = [V V] =[VV]p =0,
TaK KaK BEKTOPHOE IIPOU3BEJICHNE OJMHAKOBBIX BEKTOPOB PaBHO HYJIIO.

Jlusepeenyus nomenyuaivrozo noas (3.1) 6 awboti mowke pasHa

. Py Py 0? 0? 0?
divP = + + = + + o = Ap,
dz?  Oy? 022 (3:}62 0y? 622>

rie A — oneparop Jlamaca (2.3). deitcrsurensho, divP = V-V = Agp.

To, ato divP = Ay, ¢ yuerom teopembr Octporpajckoro—Taycca (2.9)
03HAYAET, B YACTHOCTH, UTO MOTOK IIOTCHIMAILHOTO O/ 9epe3 3aMKHYTYIO
HOBEPXHOCTH MOZKET OBITH OTJIMYEH OT HYJsl, TO €CTh CUJIOBBIC JIMHUU MOTYT
IPOHU3LIBATL IIOBEPXHOCTD TOJLKO B OJHOM HallpaBjIeHuu. Toraa BHYTpU 1O-
BEPXHOCTU OHU OYJyT HAYMHATHLCA JIM00 3aKAHINBATHCS.

12



Jlusepeenyus suxrpesozo noas (3.2) 6 410600 mouke pasHa Hya1.
YoeuMest TPsIMBIM BBIUNCJICHIEM

divW =divrot A = V- [V A].
[ukmyeckas mepecTaHOBKa JlaeT
divrot A =V-[VA] =[VV]A =0.

B coorsercrsuu ¢ Teopemoit Ocrporpajickoro—Taycca (2.9) 1o o3nagaer, 4To
[IOTOK BUXPEBOIO IOJIsI 4epes3 JI00YI0 3aMKHYTYIO IOBEPXHOCTHL PaBeH HYJIIO,
TO €CTh CUJIOBBIC JIMHUK MOT'YT IIPOHU3LIBATEH IOBEPXHOCTH TOJIBLKO HACBO3b —
BXOJIsl U BBIXOJd U3 Hee. Takum 00pa3oM, CHJIOBBIE JIMHUN BUXPEBOIO I0JIsI
MOI'YT OBITH TOJBLKO 3aMKHYTBIMU. Ecim cuioBas JTMHUA UCXOJUT U3 OECKO-
HEYHOCTU U YXOJIUT Ha OECKOHEYHOCTH, KaK B CIydae OJHOPOIHOIO MATHUT-
HOT'O 1I0JI, TO OHA CYUTACTCA 3aMKHYTOH Ha OECKOHEYHOCTH, TaK Kak JI000i
UCXOJIAIICH JIMHUY MOYKHO [TOCTABUTEL B COOTBETCTBUE YXOIAILYIO.
LHupryrsuus surpesozo noas (3.2) moocem Ovims OMAUNHG OM HYAA,
[eiicTBuTeibHO, 13 TeopeMbl Teopembl CTokca (2.14)

%Wdl = /rot Wds,
L

S
HO POTOP BHUXPEBOI'O T0JIsT HE MOXKET OBbITh paBeH HYJIO 68C100y KaK B CIydae
MMOTEHIUAJIBHOTO MOJIS, II09TOMY, €CJIN T10JIe HE PABHO TOXKIECTBEHHOMY HYJIIO,
Bcerjia HaliIyTcsl IIOBEPXHOCTH, Yepe3 KOTOPble IIOTOK pOTOPa BUXPEBOTO 110-
Jist otyinder ot HyJist. CieloBaTe/IbHO OTJIMYHBI OT HYJIsI OYJIyT U IUPKYJISIINN
10 KOHTYypaM, OrPaHUYUBAIOIIUM 3THU ITOBEPXHOCTH.

JIns cnjioBoro moJig 9TO O3HAYAET, YTO OTJMYHA OT HYJIA MOXKET OBIThH
paboTa 10 3aMKHYTOMY KOHTYPY. Harpumep, BUXpeBoe 3JeKTpUIECKOe I0-
Jie, TOPOKJIEHHOEe JIEKTPOMArHUTHON UHyKIelt, co3naer DJIC nnpyknun
B 3aMKHYTOM IIPOBOJISIIIIEM KOHTYPE, KOTopasi paBHa paboTe 110 IepeMele-
HUIO €JIMHUYHOTO TOJIOKUTETBHOTO 3apsijia 110 3TOMY KOHTYPY.

4. YpaBuenusa Maxkcseiuia B nuddepeHnmnaIbHOi
dbopme
Ypasuennst MakcBesia B uaTerpasbHoii dopme (1.12) mpeobpasyrorcs
K juddepenimaibHoil bopMe ¢ TOMOIBI0 MHTErPpaJbHBIX TeopeM OcTpo-

rpagickoro—Taycca (2.9) n Crokca (2.14).
Paccmorpum ypasnenusa Maxcsesia s TUPKYJIATTATT

0B . 0D
S L S

L
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Coracto teopeme Crokca (2.14)

j{Edl /rotEdS j{Hdl:/rotHdS.
L

S
C y4eTom 9TOro ypaBHEHHUsI JJIsI IUPKYJIANNNI TPUHUMAIOT BH/I

0B oD
/(rotE#—W)dS:O, /(rotH—J—W>dS:O.
S S

OTU PaBEeHCTBA JOJYKHbBI ObITh BBIIIOJIHEHBI 044 A100bIX TIOBEPXHOCTEl S, 110~

3TOMY 9B oD
tE+— =0 tH—j— — =0
ro -+ ot , 10 By
i 0B oD
tE = —— tH = 4.1
ro a5 ro i+ (4.1)

D10 ypaBHenns Maxkcpesia B guddepeHInaibLaoil hopme 1711 BUXPEBBIX
9JIEKTPUIECKOr0 1 MAarHUTHOrO 1oJieil. [lepBoe n3 HUX BhIparkaeT 3aKOH JICK-
TPOMArHUTHONW WHJIYKIIMH, BTOPOE — 3aKOH IOJHOTO TOKa ¢ YYETOM TOKOB
CMEITCHUSI.

YpaBHeHnusa Makcesia Jijisi IOTOKOB Yepe3 3aMKHYThIE [IOBEPXHOCTHU

%DdS:/pdV, %BdS:O
S 14

5
¢ yaerom Teopembl Ocrporpajckoro—aycca (2.9):

%DdS:/dideV, %BdSz/dideV
S 1

S 14
HIPUBOJATCA K BUY

/(divD—p)deO, /dideVzO.
\%4 %4

Hanubie paBeHCTBa OY/IyT CIIPABEINBLI 044 A100bLL OIPAHNIEHHBIX 00HEMOB
TOJIBKO IIPU YCJIOBUX

div D = p, div B = 0. (4.2)

D10 ypasHenus Maxcpesta B JuddepeHiuaibHoil gpopme s MoTeH-
[UAJBHBIX COCTABJIAIONINX JIEKTPUIECKON0 W MAarHUTHOrO ToJjieil. B ciaydae
9JIEKTPUYECKOI0 T10JI ypaBHEHNE ABJIsieTcs JuddepeHimaabHoil hopmoii Teo-
peMbl ['aycca, sKBuUBaJIeHTHOI 3aKoHY KysoHa, B ciydae MarHUTHOTO IOJIS
ypaBHeHNEe YKa3bIBAET Ha OTCYTCTBUE Y HETO MOTEHITNATLHOM COCTABIAIONIEl
BBUJIY OTCYTCTBUSA MarHUTHBIX 3apsIOB.
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Harmmmem nostayio cucremy ypasuennit Macsesuia B auddepenimaaboii
dbopme, Briouaroryio (4.1), (4.2) u marepuasbible ypasuenust (1.13):

0B
rotE:—E, div D = p,
oD
I"OtH:J-i-E, leB:O, <43)

D =¢ecc0E, B = pupH, j=oE.

D10 cucTeMa JIMHEHHBIX YPaBHEHU, yCTaHABIMBAIOINIAST CBI3U MEK /1y BEK-
topubiMi pyHkmuamu E, D, H, B, j 1 ux npou3BojHbIMHU, a TaK»Ke CKa-
JIIPHBIMU (DYHKIUAME P, €, [4, O 6 KaxHcAotl mouke npocmparcmea 6 10001
momenm epemenu. OTMETHM, UTO YPaBHEHUs COJIEPKAT TOJIBKO IIepPBbIe PO~
U3BOJIHBIE 110 KOOP/IMHATAM W BPEMEHH.

U3 nuneitnoctu ypapaennit MakcBesia cjie/lyloT, B YaCTHOCTH, TTPUHIUIIHI
CYTEPIO3UIINH JIJI SJIEKTPUIECKUX W MArHUTHBIX T10JIEH.

Ypapuenusg Maxcpeiia B JauddepeHnnaibHoil  hopMe IKEUBANEHMHDL
ypasuerusim (1.12) B wnTerpasbHoii hopme. Mbr nosyumin cucremy (4.3)
Kak cJiejicTBrie cucreMbl (1.12), HO MOXKHO TIPOBECTH DPACCYZKJIeHUsT HA00O-
poT — u3 ypaBHeHMil B juddepeHImaabHoil popMe TOJyUnTh YpaBHEHUS
B nnrerpaJibHoit popme. [lokarxkem 3T0 Ha NpuMepe 3aKOHa 3JIEKTPOMArHnuT-
HOM MHIYKIIIU.

Byiem ucxonTh n3 ypaBHEHUSs

0B
rot E = ——.
ot
BoerancimM oToK JIeBOii 1 IIPaBoil 4acTu dYepes 4100110 MOBEPXHOCTL S 6 A10-
001l MOMEHT BpeMeHHU t:
0B
/rotEdS = — [ —dS.
ot
S S

Ucronb3yst Teopemy CToKca, NPUXOJINM K PaBEHCTBY

0B
Edl=—- | —dS
y o7
L S

KOTOpOE IIPeJCTaB/IsIeT co0oll ypaBHEeHNEe 3aKOHA 3JIeKTPOMATIHUTHON MH/TY K-
UM B UHTEIPaJibHOI opme.

Ob6paTtuM BHUMaHME, 4TO 3a(UKCUPOBAB IIPU BHIYUCIECHUN TTOTOKOB ILJIO-
IaJIKY S, MBI He OrpaHIYINBaeM OOIIHOCTD HAIINX PACCYKIEHUM, TOCKOJIbKY,
KaK ObLIO OTMEYEHO, B 3aJIaHHBII MOMEHT BPEeMEHU 9TO MOXKET OBITb .4t00a.4
ILJIOIIAIKA.
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[TockoIbKY KOOpAMHATHI 1 BpeMsi Jijist (DYHKIU, BXOJSIINX B YPaBHEHUS
MakcBesuia, Hezasucumvie nepementvie, B pa3IMaHble MOMEHTHI BDEMEHH Mbl
MOYKEM PacCMaTPUBATh KaK OJIHY U Ty ke (HO IIPH 9TOM JTH00YI0), TaK U pas-
HbIE ILIONIAJIKN, B TOM YHCJIe TAKUM 00pa30M, ITOOBI 9TH ILJIOMAJIKN MO OT-
HOIIIEHUIO K BHIOPAHHOI B MOMEHT t B JajbHeIeM IPOU3BOJILHBIM 00pa30M
nepeMenaInch n a1epopMUpPOBAINCD.

B gacTHocTH, yuuThiBas JUHEHHOCTh YpaBHEHUIN U HE3aBUCUMOCTH Iepe-
MEHHBIX, Mbl MOXKEM HM3MEHUTDL I10CJIEI0BATE/IbHOCTD UM MepeHITNPOBAHNS
110 BpEMEHU U WHTEIPUPOBAHMUSI 10 KOODP/MHATAM B IIPABOIl YACTH ITOCJIE/HE-

j{Edl:— a—BdS:—i BdS:—@.

I'0 paBeHCTBA:

ot dt dt
L S S

Oneparop auddepeHnnpoBaHns 10 BPeMEHU I10JI NHTEeIrPaJioM IIpUMeHseT-
cst K dyakmun B(x,y, 2, 1), H03TOMY SIBJISIETCST OIIEPATOPOM IACTHOM MTPOI3-
BOHOI. BHe nnTerpasa 3To OyjaeT omepaTop MOJIHOI IIPOU3BOIHOM, TaK KaK

IIOCJIe BBIYNCJICHUS MArHITHOIO TTOTOKa ¢ = f B dS, To ectb nocsie nuarerpu-
S
pOBaHMUsI 110 KOOpUHATAM (6 dammviti momenm epement), byakims P oka-

3bIBaeTCsI PyHKIMe oo mepementoii t. [Torox ® 3ech MoXKeT M3MEHSITh-
Cs1 KaK 3a cUeT fBHON 3aBHCHMOCTH MATUHUTHON MHIYKIMH OT BPEMEHH, Tak
1 3a CcUeT W3MEHeHHs IIomaKn S (mepeMerrensi, Bpalienus, gedopmarim)
IIOCKOJIbKY S 1 OXBaTBIBAIOIINI ee KOHTYD L B ypaBHEHUU COOTBETCTBYIOT
X pa3mMepaM U IMOJIOYKEHHUIO B IIPOCTPAHCTBE 6 JaMHMbI MOMEHM BPEMENL.
Taxum obpazoMm, repexo;i oT auddepeHimaIbHoi (hopMbl ypaBHEHNS K MH-
TerpaJibHOI IIPONCXOINT Oe3 OrpaHIIeHs OOIMHOCTH. AHAIOTUIHbBIE PACCY 7K-
JIeHIsT MOXKHO IIPOBECTH JIJII BCeX OCTaJIbHBIX ypaBHeHnit Makcsesiia.

. SJIEKTpOMaI‘HI/ITHbIe BOJIHBI

Ypapaennsa Makcsesia B IMyCcTOM IIPOCTPAHCTBE, & TaKXKe B cpejie IIPU OT-
CYTCTBUU CBOOOJIHBIX 3apPs/I0B U TOKOB ITPOBOJUMOCTH UMEIOT BOJIHOBOE pe-
menue. [Ipexkae yem npucTynarTh K MOy IYeHUIO 9TOr0 PEIIeHUs, PACCMOTPUM
HEKOTOPBIE O0IINEe CBOWCTBA BOJH U UX MaTEeMATHICCKOIO OINMCAHNA.

5.1 Ilnockast BostHa. BosiHOBOe ypaBHeHUEe
BosHoit HasbiBaeTcst Bo3MYyIIeHnE (MeXaHIUIeCKoe B YIIPYTOii cpejie, 3J1eK-
TPOMAIHUTHOE ), PACIIPOCTPAHSIIOIIEECsT B IPOCTPAHCTBE C TeUEHIEeM BPEMEHT.
[Tnockas MonoxpomaTndecKass BOJHA 3TO BOJIHA, B KOTOPOH BO3MYIIEHNA
NMEIOT XapaKTep TapMOHUYECKNX KojebaHnii (pUKCHpPOBAHHON YaCTOTHI W,
a caMm KoJieDaHMs NMEIOT OJMHAKOBYIO aMJIUTYAY 1 a3y B IJIOCKOCTHU, TIEP-
NEeHIUKY/IAPHOIT HallpaB/IeHUIO PACITPOCTPAHEHNUS BOJIHBI.
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Takas BOJHA ONNCHIBACTCS YPABHEHUSAMN
A = Agsin(wt — kr) (5.1)

nJjim

A = Ajcos(wt — kr) (5.2)
3nech A — BeKTOp, XapaKTepu3yIolnii BO3MYIIEHIEe B TOUKE, 3aJaHHON pa-
JINYC-BEKTOPOM T, B MOMEHT t, Ay — aMILIUTy1a KojieOaHuil B BOJIHE, W —
yacToTa, K — BOJIHOBOII BEKTOp — IIOCTOSIHHBII BEKTOP, CMBICJ KOTOPOI'O
BBIFCHUTCS HUZKE.

Oyurnusa wt — kr naswiBaercs $haszoil BOJIHDIL. L
IIpu bukcupoBaHHOM T, TO €CThb B 3aJaHHOI TOU-
Ke IIPOCTPAHCTBa BeKTOp A coBepIiaeT rapMoHu- k
yecKne KoJiebaHust ¢ 9acTOTON w U TEPHOJIOM v

="
w

PaccmoTpuM Tak Ha3bIBaeMyIO BOJIHOBYIO I10- Puc. 6
BEPXHOCTDH, TO €CTh IIOBEPXHOCTH ITOCTOSIHHOM (ha-
3bl, 3ajlaBaeMyio ypaBHeHueMm wt — kr = const. IIpu nocrosinnom k 310,
OYEBHJIHO, yPaBHEHME ILJIOCKOCTHU, NepHeHIuKyIsdpHoii BekTopy k. Orcrona
n HaszBaHme "mIockast BojHA! — BOJIHA, Y KOTOPOIT BOJHOBAsl IOBEPXHOCTD

SIBJISIETCSI TLIIOCKOCTBIO.
[Tocrosinabiii BeKTOp K BCerja MOXKHO COBMECTUTH C OJHOI U3 KOOPIU-
HATHBIX Oceli, Hampumep, ¢ ocbio x (puc. 6). Torma ypaBHeHme BOJHOBOIL
[IOBEPXHOCTH IIPUMeT BuJ wt — kx = const.
[Ipomuddepennnpyem ypaBHeHne BOJIHOBO TOBEPXHOCTHU 110 BPEMEHH:
w— kv =0,
rie v = dx/dt — CKOpOCTb JBUYKEHHsI TOYKU C KOOPJIUHATON X, TO €CTb
CKOPOCTH JIBHKEHUsI TIOBEPXHOCTH MOCTOsIHHON hasbl (Pasosan cropocmy).

[Tockombky w = kv, w

V= (5.3)

da3zoBasi CKOPOCTDb, KaK BUJIHO 13 puc. 6, HalmpaBjeHa BJI0Jb BeKTopa K.

ObpaTnm BHUMaHUE, YTO CKOPOCTDb ¥ 3aBUCUT HE OT YaCTOTHI U BOJIHOBOTO
YUCJIa 110 OTJIeJIbHOCTHU, & OT WX OTHOIIEHUS, TIO9TOMY, €CJIN

k~w, (5.4)

TO CKOPOCTb JIJIs1 BCEX YaCTOT OYyJIeT OJIMHAKOBOIL.

B dukcupoBanubiii MOMEHT BpeMEHU ILIOCKas BOJIHA BUJIA

A =Ajcos(wt —kxr) mwm A= Agsin(wt — kz)

SIBJISIETCSI CUHYCOMIA/IbHOM (DYHKIUEN & ¢ I1epHoIoM

k w

Ha3bIBa€CMbIM ,ZLJII/IHOfl BOJIHDI.
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dazoBast CKOPOCTH NUMEET OJHO3HAUYHBIN (DU3NUIECKUl CMBICT TOJBKO KaK
CKOPOCTMD PACNPOCNPAHEHUA BOAHOB0T NOBEPTHOCTU 6 HANPABACHUU BONHO-
6020 sexmopa k. lnTeprnperalins ee Kak 6eKmopa, MOJLYJIb KOTOPOI'O OIpe ie-
JsieTcs cootHorenneM (5.3), a HAIpaBJIeHHe COBIAJAeT ¢ HampasieHneM K,
HEKOpPPEKTHA.

[leitcTBUTENBHO, B CIydae, KOrJla HAIIpaBJIeHne k
BOJTHOBOI'O BEKTOPa& HAXOIUTCS 10T TPON3BOJIbHBIM
yriioM « # 0 K BbIJIEJIEHHOMY HAIPABJICHNIO (OCH «

x "a puc. 10), paccrositue, MpoiijeHHOe BOJTHOBOM

[IOBEPXHOCTBIO 3a BpeMst dt BJOJb BBIJIEJIEHHOI'O X
HallpaBJIeHUsl, KaK BUJIHO U3 PUCYHKA, ©

vdt Puc. 7
cosa’

dr =

a He vcosadt, KaK [TOJKHO OBITh I HMPOEKIMH BEKTOpa IepeMelleHns]
TOYKHN BOJHOBOI moBepxHocTH. CKOPOCTH pacIpocTpaHeHusT 3aJaHHoil da-
3bI BJ0JIb HampapiaeHnsa K, Takum odpa3oM, MIHIMAJbHA 110 OTHOIIEHIIO KO
BCEM OCTAJILHBLIM HAIIPABJIEHUSAM, a He MAKCUMAJIbHA, KaK JIOJKHO OBITD JIJIsI
BEKTOpa 1 ero npoekimii. Bosiee Toro, ckopocth nepemerienust pasbl BIOJb
BBIJIEJIEHHOIO HAIIPABJIEHIsT MOYKET ObITh OOJIBbIIE CKOPOCTH CBeTa, TaK KakK
npn o — /2 v/ cosa — 00. ITO He MPOTUBOPEUNUT TEOPUH OTHOCHTE b
HOCTHU, TaK KaK CKOPOCTb PacIIpocTpaHeHus (pa3bl BIOJb 3aIaHHOTO HAIIPAB-
nenust (ecsm 910 He Hampasienne K) He cBsi3aHA CO CKOPOCTBIO JIBIKEHUST
KaKOTO-I100 MaTeprajJbHOr0 00beKTa U He sIBJIsieTcsl Ipoekiueil "Bexkropa”
¢az0BOIT CKOPOCTH.

Hampapiienne BekTopa Bo3MyInennss A 110 OTHOIIEHUIO K BOJHOBOMY BEK-
TOPY MOXKeT ObITh Ipou3BoJibHbIM. Ecin A u k JiexxaT Ha oJIHOI JIMHIE, BOJI-
Ha HA3bIBAETCsI IIPOIOJIBHOI, €C/In OHI OpTaroHAJJIbLHBI — IOIIEPEYHOil, B APY-
I'UX CAydasix — IPOJ0JILHO-TIOIEPETHOI.

[Tpoauddepennupyem dyukimo (5.1)
A = Ajsin(wt — ko — kyy — k.2)
JBAZKIBL 110 T

0A 0*A

= —k, A cos(wt — kr), = —k2Agsin(wt — kr) = —Kk2A.

Ox ox?
AnaJsiornaso 52A PA
—— = kA, = = —k*A.
Oy yt 02 z
B cymme
2 2 2
‘A O0°A aA:AA:—k2A.

Ox? * Oy? * 072
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Teneps npogud depeHIupyemM aBaK /bl 110 BPEeMEHU:

O?A
T wA cos(wt — kr), e —w?Agsin(wt — kr) = —w?A.
MozkHO BHJIETH, UTO
: A B oA
- w? ot
I
1 0°A

DTO0 BOJIHOBOE ypaBHeHUe. Ero pereHnsiMu siBJIsSIIOTCsI ILJI0OCKIE BOJIHbI (5. 1)
C JIFOOBIME AMILINTYIAMU, 9aCTOTAME U HAYABHBIMU (Da3aMu (TOCTOSTHHBIMI
cJlaraeMbIMU B apryMeHTe CI/IHyca), a TaK>Ke HallpaBJICHUsIMU paclpoCcTpaHe-
HUS [IPU YCJIOBUM, YTO w
— = v = const.

k

Bosmbl B pusnKe MMEIOT CKOPOCTH, 3aBUCAIILYIO OT YCJIOBUIA, B KOTOPBIX
OHU PACIPOCTPAHAIOTCH, B YACTHOCTH, CBOIICTB CPebl, HO He 3aBUCAIIYIO OT
9aCTOTHI, TIO9TOMY BOJIHOBOE UHCJIO JIJisl HUX BCerja paBHO k = w/v 1ipu
v = const, TO ecTh MocTaB/IeHHOe Bbille ycaoBue (5.4) Beera BbIIOJIHSIETCSI.

Herpynno ybemurhbest, aTo BosiHOBOMY ypaBHeHuio (5.5) yaoBaeTBopsieT
Bostia (5.2), ommmaarormasics ot (5.1) casurom dassl na 7/2, a TakKe Jrobast
JIMHeiHAsT KOMOMHAIMA BOJIH TIJIOCKUX BOJIH C PA3JIMYHBIMU aMILIUTYIaMU,
JacTOTaMM, Hada bHBIMU (pa3aMi U HAIPABICHUSIMU PACIIPOCTPAHEHUS.

B Teopun psijoB n nnterpasioB @ypwe J10Ka3bIBaETCs, UTO JII0Oast TEePUo-
Judeckas (BYHKIUsST MOXKeT OBbITh IIpejcTaBeHa CyMMON (OYHKITUI, OINCHI-
BaIOIIX FApMOHUYECKHE KoJie0aHnsi ¢ JUCKPETHO MEHSIONINMUCT YacTOTa-
MU U ONPEJICICHHBIME JIJIsT KAXKJIOH 9acTOThl aMILIUTYIaMU U Hada/ bHBIMU
dazamu, a Henepuogrueckas QPyHKIMA — UHTEIPAJLHBIM Pa3/I0XKEHUEM 110
rapMOHMYECKUM KOJIEOAHUAM C HEMTPEPBIBHO N3MEHSIONUMUCT YaCTOTAMMU.

B npumenennu K BOJHAM 3TO O3HAYAET, YTO JII0OAsd BOJIHA, SBJISIONIAs-
cst peteHreM ypasHenus (5.5), MOKeT ObITh IPEJICTaBJICHA CYIePIO3HIHeit
(JMCKpeTHOI Wi HEelpepbIBHOM ) MJIOCKUX BOJIH PA3JIMIHBIX YACTOT, AMILIH-
TYJI, HAIIpABJICHUH 1 Hada bHbIX (ha3. B 9ToM cMbIc/ie IJI0CKYIO BOJIHY HA3bI-
BalOT (pyHAMEHTAIbHBIM PellleHneM BOJIHOBOTO ypaBHenus. Ha ocnoBanmm
9TOTO B JaJIbHEHIIeM MbI OyJIeM PacCMaTPUBATD BOJTHOBBIE MTPOIECCHI TOJIHKO
B IIPUMEHEHUN K IIJIOCKUM BOJIHAM.

HeobxomuMo oTMeTuTh, 4TO elie ofHuM (YyHIaMEHTAJIbLHBIM pelleHneM
BOJTHOBOT'O yPaBHEHWsA, TO €CTh MO3BOJISIIONIM TPEJICTABUTH MPOM3BOJILHOE
perienre B BUJIe Pa3JIOXKEeHUs 110 MHOXKECTBY (DyHIAMEHTATbHDBIX, SBJISAETCS
cheprdeckas BoJIHA. DTO BOJIHA, PACIPOCTPAHAIONIAACA OT TOYETHOTO UCTOY-
HuKa. Ee BOJIHOBBIMU TIOBEPXHOCTSIMU SIBJISIIOTCS KOHIIEHTPUYECKHe chephl,
a aMIINTY/a YObIBaeT 00pATHO TPOIMOPITHOHATHLHO PACCTOAHUIO OT UCTOUHU-
Ka.
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5.2 CuMBoOJIMYECKOE IIPEJICTABJIEHIE MJIOCKOI BOJIHBI

B snekTpoguHaMuKe, BOJIHOBOI ONTHKE U TEXHMYECKUX HAyKaX, OCHOBDI-
BAIONINXCA Ha JIEKTPOJNHAMUKE, MPUHATO CUMBOJINYECKOE IpeJICTaB/IeHe
IIJIOCKOI1 BOJIHBI B BUJIE

A = Ayetwt —kr) (5.6)
Bﬂer ’L — MHHUMad €JNHUIla, aMILJIUTYIa AO B O6IH€M CJIy4dac KOMIIJICKCHa:
AO - ‘AO‘e/L@O)

rjie g — HadaJbHasg dasa.

CMBICJT HCIOJIB30BAHKsT TAKOTO PEJICTABICHUS IJIOCKOH BOJIHBI 3aKJIIO-
qaercs B cieyroreM. C OHON CTOPOHBI, BEIECTBEHHAs] U MHUMasi IaCTH
(5.6) — dyukmun Buga (5.2) u (5.1) — npu IpUMEHEHNH K HUM JITHCHHBIX
OIepaTopoB MPeobpasyroTest HE3ABUCUMO, TOITOMY, IPH/A K KOHETHOMY pe-
3yJIbTAaTy B PENIEHNI TOW MM HHOfi 381891 B KaIeCTBe OKOHIATEILHOIO pe-
IMEeHIsT MOYKHO BBIOPATH BEIECTBEHHYIO JIMOO MHUMYO 9acTh KOMILJIEKCHOTO
pemiennst. C 1pyroif cTOpOHbI, PUMeHeHIe JHHEHHBIX TudbepeHIabHbIX
1 MHTErPabHBIX OornepaTopoB K dyHKImm Bujia (5.6) 3HAUNTETHHO MPOIIE,
gem K ynkimsm (5.1) u (5.2).

HeiicrBurenbHo, npu nojctanoBke (5.6) B BosiHOBOE ypasHeHue (5.5) nme-

cM
0A 9’A
— = —ik, A — = kA
ox ! ’ 0x? v
AHaJIOT'TYHO 32A 82A
Oy> Yy 022 z

B pesynbrate

’A  0’A  O’A
AA = = — (B2 + k2 + kA = —k?A.
Ox? * Oy? * 072 (ke + Ky + 1)

Huddepenrmposanue (5.6) 110 BpemMeHu j1aeT

0A | A 5
[TosncranoBka B (5.5) IPUBOUT K TOXKJIECTBY
1 k2 1
2 _ 2 _

Takum 0b6paszom, maockas BosiHa (5.6) yIOBIETBOPSIET BOJTHOBOMY ypaBHE-
HIIO.

Ormerum, uro, coryacto (5.7), muddepenimpoBanue 1Mo BpeMeHu GyHK-
mun Bugia (5.6) CBOANTCS K ee YMHOYKEHUIO Ha iw.
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Beraucnnm rpagnenTsr cocTaBisonux sekropa (5.6):

0A 0A 0A
Ax: T o X o .C(:k: s xo . Zk Ax: _'kA'I’
\Y 8ajl+ ayJ—l— 5, i(kpi+kyj+Ek.k) i

Taxum obpazom,
VA, =—ikA,, VA, =—ikA,, VA, = —ikA, (5.8)

— BBIYHCJIEHNE IPAJIeHTa CKaIsIpHOil pyHKIwN Buja (5.6) CBOAUTCS K YMHO-
JKEHHUIO 9TOi (pyHKINKM Ha BeKTOp —ik.

Beraucnenne nusepreninu o (5.6) cormacHo (2.7)

0A, 04, O0A
. A_: X Yy z :_. xA:I; A ZAZ,
div (8x+8y+82> i(kp Ay + kyAy + k. A)

divA = —ikA (5.9)

CBOJIUTCS K CKaJITPHOMY YMHOXKEHHUIO BeKTopa A Ha BekTOp —ik.

[Ipumenenue oneparopa rot K sBektopy (5.6)

j k
Q 0| _
rot A =[VA] = oy 9z | =
A, A,
8AZ . 0A, 0A, B
( ) (5 -5 )i+ (-5 )
A~ B (A — BAD (ke — A,
rot A = —ilk A] (5.10)

9KBUBAJEHTHO BEKTOPHOMY YMHOXKeHNIO BeKTopa A Ha BekTOp —ik creBa.

DTH NPOCTBIE MTPABIIA BEITUC/IEHUS PE3YILTATOB IpuMeHenus Juddepen-
IIAJBHBIX OMEPATOPOB K (BYHKINU A ONpPaB/IbIBAIOT NUCIOJIb30BAHUE MTPE-
CTaBJICHNUST TJIOCKON BOJIHBI B CMBO/IIeckoM Bujie (5.6).

5.3 YpaBHeHnusa MakcBeJjia B OTCYyTCTBUE 3aps/I0B 1 TOKOB
npoBoiuMocTu. BosTHOBoe pernieHne. DIeKTPOMArHUTHOE TI0JIe

Pacemorpum ypashenust Makesesuia (4.3) ipi 0OTCYTCTBUH 9JIEKTPHIECKUX
3apsanoB (p(x,y, z) = 0) u Tokos mposojumoctu (j(z,y, z) = 0):
0B

rotE = ——, div D =0,
ot
D
rot H = %t div B =0, (5-11)

D= €€0E, B = MMOH
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MarepuaJibHble ypaBHeHUS jaJjiee Oy/ieM CUNTaTh JUHEHHBIMI 1 OJTHO3HAY-
HBIMU, YTO O3HAYAET OTCYTCTBUE B PACCMATPUBACMOI 00JIACTH IIPOCTPAHCTBA
CETHETOIEKTPUKOB U (hepPOMATHETHKOB, a TaKKe He CJUIIKOM CHILHBIE TI0-
JIsl, HECIOCOOHBIE CJIeJIaTh MaTepUaJibHble KOHCTAHTHI € U [4 3aBUCAIINME
OT aMILJIUTY/AbLI II0JIei].

CumMerpust cucTeMbl ypaBHeHHi (4.3) 9acTUIHO HApYIIeHA HAJUIHeM
JEKTPUIECKUX 3aPSA0B 1 TOKOB MPOBOJMMOCTU W OTCYTCTBUEM WX MarHUT-
HBIX aHAJIOTOB, B TO BpeMs Kak cucrema (5.11) moJHOCTBIO cCUMMETPUTHA.

o BBegenuss MakcBeslioM TOKOB CMEIIEHUsT CUUTAJIOCH, UTO JIEKTpUYe-
CKHe W MArHuTHbIE T0JIs He MOTYT CyIIeCTBOBaTH B OTCYTCTBUE HCTOYHU-
KOB, TO €CTb 3apsiJI0B W TOKOB MPOoBoAUMOCTH. C TOYKHN 3peHus ypaBHEHUIT
MakcBesia 9T0 AefiCTBUTE/IBHO ObLIO OBl TaK, €cju Obl B YpPaBHEHUU JIJIsd
poropa H ne 6bu10 mioraocT Toka cmerienust: 0D /0t = 0. Torna ypasae-
nug rot H = 0 u divB = 0 oznagajm 661 oTcyTCTBHE Y MATHUTHOTO TTOJIS
COOTBETCTBEHHO BUXPEBON M MOTEHIINAJbHON COCTABJSIONIUX, TO €CTh Mar-
HUTHOE T10J1e 6€3 TOKOB MPOBOJMMOCTH BOODIIE HE MOIJIO Obl CYIIEeCTBOBATD.
Ho B aToMm cirydae u npoussojiaas OB /0t Oblia Obl paBHa HYJIIO, 9TO O3HAYA~
JIO OBI OTCYTCTBHE TaKKe U djJeKTprdeckoro mnoud: rot E = 0 — orcyTcrByer
BuxpeBas dacTb, div E = 0 — oTcyTcTByeT noTeHnraaIbHas YacTh.

Hanuune B mpupojie TOKOB CMeIeHNs JiejlaeT BO3MOXKHBIM CYITIECTBOBa-
HUE JIEKTPOMAIHUTHOTO TI0JIs TIPH OTCYTCTBUE UCTOYHUKOB (p U j), TO €CThb
cucrema (5.11) mMeeT HeHyJIEBBIE PEICHNUSI.

Berancanm porop ot poropa E:

rottot E = [VI[VE]] = VV-E — V°E = VdivE — AE = —AE.

3/1eCh yYTEHO NPABUJIO PACKPBITHs JBOMHOIO BEKTOPHOI'O I[POU3BEICHUSI,
a Takzke 10, uto B cucreme (5.11) div D = 0, cienoaresbho,

divD
EEN N

divE = 0.

Tenepn mpuMennM ompepaTop rot K MmpaBoil YacTu ypaBHEHUS JIJIT POTO-

pa E:
) ot = (rot H) = —ee :
9 H o 9 0HHo 52

rJie VITeHbl MaTepHaJbHble ypaBHEHMsI, a Takzke ypasaerue rot H = 0D /0t.
B pesysnbrare u3 (5.11) nosygaem ypasuerue jijist BekTopa E

2
AE = egqppo (?9—75}23 :
IpeJIcTaBIsIonNee coboii BOHOBOE ypaBHeHue (5.5) /17151 BOJHBI, CKOPOCTH Pac-
IIPOCTPaHEHUsT KOTOPOIT 1
V= —— (5.12)

VEEO U '
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Beraucinm 3nadenne 9Toit ckopocT B Bakyyme (¢ = p = 1)

1 1 8
= ~ 2,998 - 10° m/c,
VEolo /8,85 10712 . 47 - 107
YTO COOTBETCTBYET CKOPOCTH CBETa B BaKyyMe, KOTOpasl Ha MOMEHT OIy0Jin-
KoBaHus paboTel Makcsesia Obla H3BECTHA C JIOCTATOYHON TOYHOCTBIO.
[IpeobpazoBanns, aHaJOIMYHbIE MPOBEJEHHBIM BbIIIE, B IPUMEHEHUN K
ypasrenuio rot H = 0D /0t naior: B s1eBoii gactn

rotrot H = —AH,

V—=C—=

B IIPaBOil YacTu

oD 0 0’H
rot T €€y En rot E = —eegupug 2
rJie yYTeHbl OCTasibHble ypaBHeHus cucteMbl (5.11). B pesysbrare mpuxognm
K BOJTHOBOMY ypaBHeHUIO Jijid BeKTopa H
0’H
o2
C TOIl YK€ CKOPOCTBIO PacipocTpanenust BosHb! (5.12).

Bekropst D 1 B orimuarorcest coorBercTBeHHO 0T BekTopoB B 1 H mo-
CTOAHHBIMU MHOYKUTEJISIME, TIO9TOMY JIJIsT HUX OyJIyT UMETH MECTO TaKue Ke
BOJTHOBbIE YDaBHEHUSI.

Takum obpaszom, ypaBHeHuss MakcBesia IpU OTCYTCTBUU 3apsijiOB U TO-
KOB IPOBOJINMOCTH donyckarom BOJHOBOE perienne. To ecTh B 3aBUCUMOCTH
OT Ha4YaJIbHBIX YCJIOBUII BO3MOYKHO BOJIHOBOE pellleHle, HO BO3MOYKHO U TPH-
BHAJILHOE Pelenne, KOTJa MoJisd PaBHbI HYJIIO.

Cucrema ypasaenmnit MakcBesa MPUBOIUT K BBIBOIY O TOM, UTO 3JI€K-
TPUYECKOE W MAarHuTHOE I10JIsI MOTYT CYIIECTBOBATD 110 OTJIEJILHOCTU TOJIHKO
B cTallmOHApHOM cirydae, Korjga 0D /0t = 0 u 0B /0t = 0. [Ipu nepemenHbix
MOJISTX OHU SIBJIAIOTCS YaCTAMU €JIMHOTO IAEKMPOMAZHUMH020 NOAA, B KOTO-
POM 3JIEKTpUYecKasd U MarHUTHAs COCTABJIAIONINE B3aNMOCBABAHDI.

OTmeTuM, 9TO B COOTBETCTBUU C MOJIHON cucTemMoii ypauenuit Maxkcsesuia
(4.3) B obmem coydae

AH = egopup

0B
rotE:—W, div D = p,
oD
rotH:j—{—E, leB:O,

D =cc0E, B = puuoH, j=o0E

9JEKTPUYECKOe T0JIe NMeeT MOTeHIna by cocTasisgonlyto (div D # 0)
1 BUXPEBYIO cocrasjisiontyto (rot E # (), a MarauTHOe 110J1e Beeria sBJIseTcst
suxpesbiM (rot H # 0, div B = 0). B cramuonapueix nossax (0D/dt = 0
1 OB/0t = 0) ssnexTputeckoe mose sipysiercst norerimaabapiM (div D # 0,
rot E = 0), a marautHoe moJie ocraercs BuxpesbiM (rot H = j # 0).
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5.4 CBoiicTBa 3JIEKTPOMArHUTHBIX BOJIH

PaccmorpuM 1m1ockme 91eKTpOMarHUTHBIE BOJTHBI B CHMBOJIMYECKOM TTPEJI-
crapjennn (5.6) ,
A — Aoez(wt — kr))
rje B KadecTBe BeKTopa A MOXKHO HCIOJIB30BaTh Jtoboi BekTop: E, D, H,
B. ITockonbky B mapax Bektopo EE n D, H n B otitmune BekTopoB cBOANTCA
K IOCTOsIHHBIM MHOXKHUTE IsIM, (ba3bl BosiH B u D, a Takxke o H u B OyyT

B KazKJI0il I1ape paBHBI.
BrauaJsie npejmnosoxxum, aro dhassel E u H orimmyarorcst:

E — Eoei(wt —kr—|—<,01)7 H— Hoez’(wt—kr—l—gag).

Toacraiy st dynkiun B (5.11) n nenomssyenm st npo- HE
M3BO/IHBIX 110 BDEMEHHU, & TaKzKe J[JIst pOTOpa U JIUBEpreH-
nun coornomenust (5.7)-(5.10): k
, 0B : :
rot E = —i[kE] = 5 = —iwB = —iwppucH X
U H
kE] = wuuoH. Puc. 8

13 IIOJIY4YEHHOI'O paBE€HCTBa MO2KHO CAeJIaThb CJICAYIOIINE BbIBOADLI.

1. B snexkrpomarautnoit Bosine BekTopbl B2 u H xosebores B ojuHaxkoBoi
aze (0HOBPEMEHHO JIOCTUTAIOT MAKCHMYMa U MHHUMYMA): (01 = (g, TIO-
TOMY Jlajiee

E = E0€Z'(Wt_kr), H = HQéi(Cdt—kI’))
aHaJIOTMIHO JI/1s1 BeKTopoB D u B.

2. Bekrop H nepneninkysastpen miockocTu, cojepzkarieit Bekropsl E 1 k, To
€CTh MarHuTHOE T0JIe B BOJIHE MOIEPETHO.

3. Tpoiika BekTOpOB B nocsiegoBarenbnoctn k, B, H coctapisier npaByto Tpoii-
Ky (cm. pue. 8).

[Tocranoska mtockoit Bosab Bujia (5.6) B ypasuenue st poropa H (5.11)
¢ yaerom (5.7)—(5.10) naer

D
rot H = —i[kH] = %_t = iwD = iwegE
VLTI
[k H] = —wegoE.

Orcrona ceyior elie JaBa BbIBOJA.

1. Bekrop E nepuenukysispen ma0ckocTu, cojep:xartieit Bekropsl H u k, To
€CTh JIEKTPUUIECKOe T0JIe B BOJTHE MTOMEPETHO.
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2. C yyerom nepnenukyiaspaoctu Bekropo E H n k

kH = weegE, H = “250 E.
Orciona, yuanteiBas (5.3) (w/k =v) n (5.12) (v = 1/, /E€opipt), mOTyTaEM
H = @E
o

WIN JIJI aMIUIATY/L TOJIei

EEN

H() = E(), \/ MO H() = \VE&E E(). (513)

Ha puc. 9 npencrapiena MruooBenHas KapTH-

HeLo

Ha 9JICKTPOMaIrunuTHOI'O II0JIA B BOJIHE.

3/1ech Hy?KHO OTMETHTh, 9TO CUCTEMA YPaB- W x
nenuit Makcsesta npu j =0 u p = 0 npunn- E | g\
maer Bu (5.11) TOJIBKO B BaKyyMe W HENnpo- ==

sodsweti n3oTponHoit cpeje. Ilpu naauuun B ;E/ —
cpejie ssteKTporpoBogHocTH (0 # 0) B cooTBeT- Z
CTBUM C MaTepUaJbHLIM ypaBHenueM j = ok | ————H
ypasuenue g rot H npu orcyrerBun ToKoB EW
LPOBOAUMOCTH 01 6HEULHUL UCTNOYHUKOS TIPU-

MeT BH/I

rot H=oE + 8_D ,
ot
TO €CTh B HEM TTOSBUTCA JIOTIOJIHUTEIHHOE ClaraeMoe, COOTBETCTBYIOIIEE TIJI0T-
HOCTH MHYKIMOHHBIX TOKOB B CPEJIE.

Bee pacemorpentbie HaMu pe3yJIbTaThl, sBJstroIecs: caeacTBusvu (5.11),
TaKUM 00pa30M, CIIPaBE/IJINBLI TOJILKO JIJId HEITPOBOJAIINX cpe/l. B mpoBojis-
IUX CpeJiaxX TaKyKe MOTYT CyIIECTBOBATE JIEKTPOMATHUTHLIE BOJIHBI, HO OHU
OyayT 3aryxalomumu 1 Kpome Toro dasel BekTopoB E u H B 3Tux BoJiHax
OYIYT OTJIMIATHCS.

Tem He MeHee, ecu JJisd 3JEKTPUIECKOIO U MarHUTHOTO TI0JIell B BOJIHE
HCIIOJIB30BaTh CHMBOJIMIecKoe mpejcrasienne (5.6), To coornomienne (5.13)
B IIOIJIOIIAIOIIEH Cpejie OCTAeTCsl CIIPABEIIUBBIM JIJIsT KOMJIEKCHBIX aMILIUTY/I
Ey n Hy, oTyimyaronuxcs HadaIbHLIMU (has3aMi.

MaxkcBesn TEOPETUYICCKHU IIPEACKa3aJl BOBMO2KHOCTDb CYIIECTBOBaHUA IJIEK-
TPOMal'HUTHBIX BOJIH K OIIMCaJl MX OCHOBHLIC CBOIiCTBA. KpOMe TOTI'O, €ro OoT-
KPbITHE ITO3BOJINJIO MHTEPIIPETUPOBATL CBET KaK 3JIEKTPOMAalrHUTHYIO BOJIHY.
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5.5 SKCHepI/IMeHTa.T[beIe nccijaea0BaHmnd 3JIEeKTPOMAradnmTHbIX BOJIH

DKCIepuMeHTaJIbHbIE NCCIe0BaHNsI, B KOTOPBIX BIIEPBbIE YIAJOCH IeJie-
HAIIPaBJIEHHO I'€HEePUPOBATHL SJIEKTPOMAIHUTHYIO BOJIHY U OCYIIECTBUTDH €e
IIpUEeM, TO eCThb IIPeodPaA30BaHIe B 3JIEKTPOMArHUTHbBIE KOJ1e0aHUsl, ObLIN I1PO-
BeJieHbI ['epriem B 1886-88 romax.

[eprr ucnosis3oBast yerpoiicrso (Bubparop l'epria — mpoobpas coBpemen-
HOI aHTeHHbI), HpeJicTaBIsolIee codoil Koiebare/bHbIII KOHTYD, B KOTOPOM
KOH/JICHCATOP BBIIIOJIHEH B BUJIE JIBYX METAJLUIMYECKUX IapoB ¢ 3a30POM, 3a-
KPEILJIEHHBIX Ha MEJIHBIX CTEPyKHSX, PACIOJIOXKEHHBIX Ha OJHOM jimaun. 11pn
1o/iade BBICOKOI'O HAIIPSIZKEHHSI B 3a30pe MeXKJy IapaMi IIPOCKAKIBAET UC-
Kpa 1 BO3HUKAIOT dJiIeKTpudeckue Kojedanus. CoOCTBeHHAsST 9acTOTa KOHTYPa
nojibupasiach TaKIM 00pa3oM, 9TOObI BpeMsi I'OPeHUsl UCKPbI COOTBETCTBOBA~
JIO HECKOJILKHMM IleprojiaM KoJsiebanuii. B oryimane oT 0ObIYHBIX KOHJIEHCATO-
POB CUCTEMA U3 JIBYX IIAPOB 00eCIIeYnBaeT BO3MOKHOCTD CO3IaHIS IIepeMeH-
HOT'O 110JIs1 BHE 00'beMa, KOHJIEHCATOPA.

B kauecTBe IpreMHUKA UCIIOJIL30BAJICS TaKOil »Ke BUOpaTop ¢ TOil »Ke cob-
CTBEHHOII YyacToToii KoJiebanuii. [Ipu napaJiiebHoO OpUeHTAIIN U3JTy YaTe st
U IPUEMHHUKa B IIOCJIeJHEM PErHCTPUPOBAIICH JIEKTPUUECKNEe KOJIeOaHMusI,
IIPU CKPEIIEHHOI OpueHTAInN KoJiedaH!sl B IPUEMHUKE He BO30Y:KJIaJINCh.

[ep1r mpoBes cepuio MCCIE0BAHNN, B KOTOPBIX HE TOJBKO IOKa3aJsl BO3-
MOXKHOCThH H3JIyYeHUsl U IIPHeMa 3JIeKTPOMAIHUTHBIX BOJIH, HO U U3YUMJI
X OCHOBHBIE CBOICTBa. Pe3y/ibTaThl 9KCIEPUMEHTOB IOJIHOCTHIO OITBEPI-
Jm Teopuio Makcperia.

6. DHeprud U UMILYJIbC JIEKTPOMATrHATHON BOJIHBI

JBuzkynuiicss MaTepra/bHbIE 00bEKT IePEeHOCUT B IPOCTPAHCTBE SHEP-
U0 U UMIYJbC. [TprdaeM Mex Ty rmepeHocuMbIME SHEPTUeit 1 MMITYJIbCOM CY-
MECTBYET OJIHO3HAUHASI CBA3h, XapAKTEPU3YIOIIasi CBOCTBa 00beKTa (3aKOH
JTACTIEPCHN ). DJIEKTPOMATHUTHOE 110J1e B Teopun Makcpesiia BiiepBbie OBLIO
NHTEPIPETUPOBAHO KaK BUJ MaTepuu. PaccMOTprM BOIPOCHI, OTHOCSIITECS
K 9HEPTI'UU U UMIIYJIbCY 3JEKTPOMArHUTHOI BOJIHBI, & TaKKe UX CBS3MU.

6.1 DHeprud 3j1eKTpoMarHuTHO BoHBI. BekTop lloiitHTuHTa

[IroTHOCTH 9HEPTUN SJEKTPOMATHUTHOTO TIOJIA W SABJASIETCSA CYyMMOMN TLJIOT-
HOCTEel SHEepruu JIEKTPUICCKOrO0 U MArHUTHOIO IoJieil wgp — 860E2 / 2 u
_ 2 /9.
wy = ppoH?/2:
€€0E2 + /L,U()HZ
w = :
2

(6.1)
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g nanpsizkenHocTelt 3/IeKTPUIecKOro 1 MariuTHOT'O 110JIeil B BOJIHE, pac-
IpocTpaHsdolleiicss B HEIIPOBOIAIIEN cpe/ie,

E = EOGZ(Wt — kI')) H = Hoez(wt — kI')
BBITIOJTHSIETCST TAKOE 2K COOTHOIICHNE, Kak 1 st ux aMmTys (5.13):

Vo Hy = y/eeg Ey,  /upo H = \/eeg E,
C yueroMm 5T0ro
2 Mo . _ PO 772 2
eco” = ey | — H = \Jeeoppo EH = \/eeoppo | — H” = ppoH*",
EEN €&

TO €CTb BKJIaJAbl 9JICKTPUYIECKOI'O 1 MaIrHUTHOI'O [HoJieil B IJIOTHOCTD dHEPInn
QJIEKTPOMAIHUTHOI'O 110JId PaBHDbI

2 2
W eeol W g H Veeoppo EH
E - —-— H p— p—
2 2 2 ’
a ToJIHAs [JIOTHOCTD SHepruu 1m0J1st (6.1) B 9JIeKTPOMArHUTHOM BOJIHE PaBHA

EH
w = y/ecoppo EH = — | (6.2)
v

rje B coorBercTBui ¢ (5.12) v = 1/, /E€giijly — CKOPOCTD BOJIHBDL.
3a Bpemst dt depes IIoNAJIKy eJIMHUYHOIO cevdeHus mpoiiier sueprust dW
COOTBETCTBYIOIAas SHEPIUU BOJIHBL B 00beMe dVey ceq. = vdAL:

dW = wovdt = FHdt.

[IroTHOCTE OTOKA SHEPTUE (IHEPIHsl, MEPEHOCHMasl Yepe3 eIMHUIHYIO 1110
Ma/Ib B €JINHUIYY BPEMEHH), TaKUM 00pa30M, PaBHA
aw

=—=FH
5 dt

win, ¢ yderoM Hanpasiaennii sekropos E, H u nanpasienust pacupocrpane-
HUsT BOJIHBI (CM. puc. 8, 9),

S = [EH]. (6.3)

BekTop S, yKa3blBalolnii HalrpaBeHne IIepeHoca SHEPIrun U PaBHbIIT I110T-
HOCTH ee I0TOKa, Ha3biBaeTcst BekTopom IloiinTunra. Cieyer OTMETUTD, ITO
HOHSATUsT 0O0ObEMHOI IJIOTHOCTH SHEPIUU U IJIOTHOCTU IIOTOKa SHEPIUH BIIEP-
Bble ObLIM BBesleHbl H.A. YMOBBIM It yIIPYTOii MEXaHIMIECKOI BOJIHBI, 110
9TOMY B NPUMEHEHU! K IJIOTHOCTHU IMOTOKA SHEPrUU ITPOU3BOJILHOI BOJIHBI
ee BEKTOP Ha3bIBAIOT BeKTOopoM ¥YMmoBa-llofinTunra.

B ornomennn Boipakenuit (6.1)—(6.3) HEOOXOMMO OTMETHTD, UTO, IO
CKOJIBKY OHU KBaJIPATUYHO 3aBUCAT OT MHOXKHUTEJIS ei(Wt — kr) B CUMBOJIN-
TIeCKOM TIPEJICTABJICHIN TLIOCKOH BOJIHBI (5.6), 9TO TpejcTaBieHne, MpeTHa-
3HAYEHHOE TOJILKO JIJIA JIMHEHHBIX COOTHOIIECHMI, K HUM HenpuMeHnmo. Jlefi-
CTBUTEJIHHO, ITPpH (hOPMATTHLHOM MOICTAHOBKE BOJTHBI THIIA (5.6) B BhIparKeHue
JIUISL TIJIOTHOCTU SHEPTUU, HAIIPUMED, JIEKTPUUECKOIO 0JIs, MOJIYYIM
eeoE® _ eeEp o2i(wt — kr)

2 2 '

WE —
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BemecrBeHHast 1 MHUMas 4acTH 3TOTO BhIPayKeHUs B (DUKCUPOBAHHON TOY-
ke (kr = const) OyuyT HepUOAMIECKUMU 3HAKOIEPEMEHHBIMU (DYHKIIUSME

BpEMeHH THUIIA;
wp = wop(r) cos 2wt.

AHaJIOrUIHO JIJIS TJIOTHOCTH SHEPIUH MATHUTHOTO 110J1s1. Ho 9Heprust u mior-
HOCTH 9HEPIUH JIEKTPUTIECKOTO M MATHUTHOTO IOJIEfl He MOI'YT OBITH OTpH-
[ATebHBIMI BEJITIMHAMU.

JLJ1sT IpEoJI0JIeH ST HTOTO TPOTUBOPEYNs BEPHEMCS K BEIIECTBEHHOMY TPE/I-
crapsennio Bosabl (5.1)-(5.2). Torma

E = Eycos(wt — kx), E? = Ejcos*(wt — k)

I B JII000# TOYKe 9
oy
WE = —— o8 (wt — o),

rie o = k.
BoipazkeHust i1t 00beMHOI IJIOTHOCTU SHEPrun u BekTopa [loiiHTHHTa ¢
y9IeTOM PaBEHCTBA

ecoE? ppoH? /e EH
wE = — = wH = =
2 2 2
ISl BEIIECTBEHHOIO MPECTABJICHNST BOJHBI IPUMYT BUI
EH EyH
w = = 20 cos?(wt — ), (6.4)
v v
S = [E H] = [EO Ho] Cos2(wt — 900)- (65)

[L10THOCTD SHEPIUU 1 MOJLYJIbL S — IIepUOAMYECKHIe HeOTPUIATe/IbHbIE (DYHK-
U C YJIBOEHHOI YacToToii u nepuojgoMm m/w = T/2.

B ¢dukcnpoBatHblii MOMEHT BpeMeHH IepeMeHHble MHOKuUTE B (6.4),
(6.5) GymyT umers Buj cos?(kx — g), Tie ¥ — KOOpAMHATa B HalpabJe-
HUM BOJIHOBOI'O BEKTOpPA, g = wt. DTO HEOTpHUIlaATe/IbHAs [EePHOJINICCKAs]
dbyuknng ¢ nepuogom 7/ k = \/2 = vT/2.

TakuM 06pa3oM, IJIOTHOCTD SHEPIUN 3JIEKTPOMATHUTHON BOJIHBL U MOJLYJ/Ib
BekTopa llofinTuHra — mIepuojudecKe BO BPEMEHU U IPOCTPAHCTBE (DYHK-
WU, U3MEHSIIOINecst OT HyJId JO MaKCUMaJbHOTO 3Hadenus: FogHy/v ps
IJIOTHOCTU SHeprun u FyHy st Momyiast S.

[T10THOCTE SHEPrUN U €e MMOTOKA B BOJIHE MOXKHO OXapPaKTePU30BATh TAKKe
MX CpeJHUMU 3HadeHustMu. [1pyu ycpennenun 1o BpeMeHn 3a 1epuo/ KoJieba-
HUA T T

1

1 1
(cos®(wt—pp)) = T /cosQ(wt—gpo)dt =57 [1+cos(2wt —2¢pg)]dt = B)

0 0
JIUT J1I0001 Hava IOt (bassl . Takoil ke pe3yabTaT MoTyIuTCs TPU YCPE/I-

HEHHUUN 110 KOOpJAMHaTE T B IIpcjecsax JAJNHBI BOJHBI.
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C ydeTom 3TOr0O

EEQ <E2> + Lo <H2> €€0E§ + ,U,UJ()H(% E()HO
(w) = 5 = 7 == (6.6)

<S>=[EO—2HO]- (6.7)

CiteryeT OTMEeTUTD, YTO BbIPazKeHUsl JJist IJIOTHOCTH sHeprun (6.2) 1 Bek-

topa [lofinTuara (6.3), MoaydeHHBIE HAMHI JIJIS 9JIEKTPOMAIHUTHON BOJIHBI
B HEIPOBOJIAIEil cpeje, OyIyT CIpaBeJ/INBLI B OOIEM CJIydae ITPOU3BOJIb-
HOI'O 3JIEKTPOMArHUTHOIO T0JIsI B JIIOOOI cpejie ¢ JIMHEHON 3aBUCUMOCTbHIO
D or E u B or H, to ecrb npu orcyrcrBun (hbeppoMarHeTUKoOB U CerHe-
TOJJICKTPUKOB, a TaK>K€ B IIOJIAX, aMIIJIUTYJIbl KOTOPbLIX HCAOCTATOYHBLI IJIdAd
U3MEHEeHUS 3HAYeHUT MaTepuaJbHbIX KOHCTAHT € U L.

6.2 miryabc 3jieKTpOMarHuTHOI BOJIHBI. JlaBjgeHue cBeTa

PaccmoTrpum HeOOJIBINON 00beM Teja B OKPECTHOCTH TOYKM, B KOTOPOIl
IJIOTHOCTH 3apsjia U TOKa MPOBOJUMOCTH, & TaKyKe MArHUTHAsT WHJLyKIUS
paBHBI cooTBeTcTBeHHO p, jJ 1 B. Maraurnasa cuia Jlopenia, oTHeceHHast
K ejunuie oobeMa, P CKOPOCTH 3apsiioB V! paBHa

f = p[v'B].
3a Bpemst df vepes eMHUYHYIO IUION[QJKY B HAIPABJICHHH TOKA IPOii-
et 3apsig pv'dt, TO €CThb IJIOTHOCTH TOK& IPU JIBUZKEHIH 3aPSAJIOB CO CKOPO-

cThIo V! . /
.] = pV : \
C y4deroM 3TOro BbIpazkeHue Jijist 00'beMHOM IJI0THOCTH E )
cuibl JIopeHia npuMer BHI K TJ
f = [jB] = pupolj HJ. (6.8) =S
Ormernm, aro cuiia Jloperia OyaeT oTImIHa OT HY- \

Jisl He TOJIBKO B MPOBOJIAIIEH cpejie, HO U B JIN3JIEKTPH-
Ke TpU HAJUYINN B HEM [€PEMEHHOTO 3JIeKTPUIeCKOro Puc. 10
nosist. JleficrBuTeIbHO, jTayke TPU OTCYTCTBUU CBOOOJIHBIX 3aPsJIOB 9JIEKTPHU-
YecKoe 1oJie OYJIeT BBI3BIBATH [MEPUOJIMIECKUE CMEICHUS TOJIOXKUTETbHBIX
1 OTPUIATETHHBIX CBA3AHHBIX 3aPSA/I0B, BXOJIANINX B COCTAB MOJIEKYJI, TPUYEM
MOJIOYKUTETbHBIE U OTPUIATEIbHBIE 3aPsAJIbl OYIyT CMEIAThCs B MTPOTUBOIIO-
JIOXKHBIX HAITPABJIEHUSX, YTO MPUBEIET K MOABIECHUIO TIEPUOIMIECKITX TOKOB,
IIJIOTHOCTH KOTOPBIX B KaXKJION TOUKe Oy/IeT MpONOpPIMOHAJbHA U COHAITPAB-
Jiena BeKTOpy E.

[Ipun majiennn Ha TMOBEPXHOCTH TeJia 3JEKTPOMArHUTHON BOJIHBI B HEM Oy-
JIyT BO3OYKIATHCA MEPUOAMIECKIEe TOKI TIJIOTHOCTH j, KOTOpbIe, B3AMMO,1eli-

CTBYsl ¢ MAPHUTHBIM II0JIEM BOJIHBI, Oy/yT co3gaBarh cuiy Bujia (6.8). Dra
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cuja, KakK BUIHO u3 puc. 10, coBlajaeT 10 HAIPABICHUIO C HAIPABICHHEM
pacIpoTpaHeHnsT BOJIHBI U MOYKET MHTEPIIPETUPOBATHCSA KaK CHIJIa JIaBJICHIUSI
BOJIHBI Ha TeJIO.

J11st TOrO, YTOOBI BHIPA3UTD ILJIOTHOCTH CUJIBI JIOpEHIla Yepe3 BEKTOPbI, Xa-
paxTepusyIone moJje, 1 MaTepuaabHble KOHCTAHTDI, XapaKTepU3yIoliue cpe-
Iy, B KOTOPOI PACIIPOCTPAHSETCS BOJIHA, HY’KHO UCKJII0YUTh 13 (6.8) rmior-
HocTh ToKa j. Cpemy OyJieM cuuTaTh SJeKTpudeckn Hefirpasiabnoit: p = 0,
divD =0, divE = 0.

Ucnonb3zyem ypasnenne Makcsesia

oD oD
tH=j+ — j=r1otH — —.
ro J+ BT J=r0 o
[TogcranoBka sToro Bhipazkenust B (6.8) maer
oD
f = o <[rotH H] — [E H}) : (6.9)

Bripaszum oTae/16H0
rotHH] = ~[H|[VH]] = ~-VH?+ HdivH = —VH?,

Tak Kak div H = 0.
[Ipounssenenne

2] - o 2]

. <a[E H] [E aHD . (5_5 ' Erot ED |

ot ot ot upo
tak Kak OH /0t = —rot E/ . Hamnee
[ErotE] = [E[VE]] = VE? - EdivE = VE*.

B urore
oD oS 1
—H| =cg | =—+—VE?).
ot ot g
[TojcraHoBKa MOJTyYeHHBIX pe3y/ibTaroB B (6.9) gact
0S
f = —ppugVH? — eE0 0 5 — eeoVE?.
[IpeobOpasyem moJiydeHHOE paBEHCTBO K BULY
108
f+ ol —pupVH? — eegVE? = —2Vw, (6.10)
v

rie w=(eeg E?+ ppgH?) /2 — nnornocrs suepruu nous (6.1), v=1/,/2eoufto
— CKOPOCTb BOJIHBI B CpeJIe.

[IpeacraBuM 1JI0THOCTH CHJIBI JIopeHIla KakK IPOU3BOJIHYIO 10 BPEMEHU
miotHOCTH uMitybca dactull cpeisl K: f = 0K /0t. [lpoussognast momkHa
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OBITH YacTHOI, Tak Kak 110 K rmoHnMaeTcs 1mIoTHOCTh UMITYJIbCa B (PUKCUPO-
BaHHOI TOUKe. D10 npuseer (6.10) K Buy

0 S
o (K + E) — —2Vw. (6.11)

OrmeruM, 4To BeKTOp S/v? nmMeeT pasMepHOCTh OOLeMHOl ILJIOTHOCTH M-
ITYJIbCA.

[Ipu pacmpocTpateHnn MI0CKOH BOJHBI BJIOJb OCH T B HEMOTJIONIAOIIEH
cpesie E = Fycos(wt — kz), H = Hycos(wt — kx), IIOTHOCTb SHEPTUH T1OJIsT

(6.2)
EH  EyH
w = = 270 cos?(wt — k),
v v
ee TpajiueHT 5 S
Vw =24 = 00 cos(wt — kx) sin(wt — kx) =
Ox v
kEyH,
= =0 gin2(wt — kx)]. (6.12)
v

Bexkrop IoitaTunra (6.3)
S = [EH] = [Eg Hy] cos*(wt — kx).
Bropoe ciaraemoe B sieBoit qactu (6.11)

108 _ _ 2wlEo Hol cos(wt — kx) sin(wt — kx) =

vz ot o2
_ _% sinf2(wt — kz)] = —200 Gt — ka)]. (6.13)
Tosicranonka (6.12) 1 (6.13) B (6.11) xaer
%If _ kESHO sin[2(wt — k)] = —@ sin[2(wt — kz)].
8;: _ _kEgHO sinf2(wt — k),

TO ecThb cjraraembie B JieBoil wactu (6.11) masa HesaTyxaromeil seKTpomar-
HUTHOI BOJIHBI DABHBI.
B Bakyywme pasenctsa (6.12) u (6.13) npunumaror Buj

v — Kol sin[2(wt — k)],
c
9 (S\  kEyH, .
5 (E) i sin[2(wt — kx)],

riae ¢ = 1/,/Eoftg — CKOPOCTH cBeTa B BakyyMe. Kak MOKHO BHJICTD,

o (S
a(z)svw
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DTO paBEeHCTBO O3HAYAET, YTO 00ObEMHasI ILJIOTHOCTD HeKOit cuiibl f,,=—Vw
paBHa IIPOU3BO/IHON 110 BPEMEHHU IIJIOTHOCTH UMITYJIHCA
S
=
DTOT UMIIYJIbC, OUEBUJIHO, ABJISIETCA UMITYJIHCOM 3JIEKTPOMATHUTHOIO TIOJISI.

B wacTHocTH, 1pu pacupocTpaHeHUN B BaKyyMe JIOKAJIN30BAHHON BOJIHBI
ee sueprugs W = ([ EHdV)/c u Mopynb uMuyibca pe, = ([ EHdV)/c

CBA3aHbl COOTHOIIIECHUEM

K., = (6.14)

W = cpem. (6.15)
B TakoM COOTHOIIEHNUM, B YaCTHOCTHU, HaxoadaTcd sHeprusd W = hrv n um-
1yJ1b¢ DOTOHA Por = hv//c. DTO cllejlyeT HENOCPECTBEHHO U3 PeJIATHBUCT-

CKOI'O MHBapHuaHTa 9HEPIUU—UMITYJIbCa AJId 9aCTHUIbI C HYHGBOﬁ MaCCOIl:

2_ 2.2 _ 24
W?* — ™ plyer = m°C.

[Tpu pactpocTpaHeHn 3JIeKTPOMArHUTHON BOJTHBI B cpejie coryiacHo (6.11)
K UMITYJIBCY BOJIHBI JI0OABJISAETCA UMITYJIbC YaCTUIL CPEJIbI.

Ecmm snekTpoMaruuTHas BOJIHA TaJlaeT HOPMAaJbHO Ha IIJIOCKYIO ITOBEPX-
HOCTH Tea (cM. puc. 10) U MOJHOCTBIO UM TIOIJIONIAETCS, TO €€ HUMITYJIbC
nepeaeTcs Tesry. EmHIYHON 1110118 1Ke TIOBEPXHOCTH IIPU 9TOM 38, BpeMs dt
nepeIaeTcsd NMITYJIHC o

K,,,cdt = — dt.
c

9T10 O3Ha4a€T, 94TO IIp1 HOPpMaJIbHOM IIaJ€HUM 1 IIO0JIHOM IIOIVIOINEHNH BOJIHA
OKa3bIBacT Ha TeJIO JlaBJICHUE

EFH
p=—=w. (6.16)
c

OOBIMHO 9TO JaBJICHIE HA3BIBAIOT JABICHUEM CBETA, XOTS OHO MMEET MECTO
JJIsT 3JIEKTPOMArHUTHBIX BOJIH BCEX YACTOTHBIX JTHAIA30HOB.
Cpenmee o Bpemenn nassenne (6.16)

EyHy
<p>= —— =<w> .
2c

[Ipn HOpMaJIbHOM IaJIECHUN U TIOJTHOM OTPaKEHUU BOJIHA IIepejiaeT Tesy
VJIBOGHHBII MMIIYJIbC I OKa3bIBaeT YIBOEHHOE JlaBJIeHHe, IIPH IacTHIHOM OT-
parkeHNH IepelaBaeMblil UMITYJIbC U JIaBJICHHE HaXOJsITCs B UHTEpBAaJE OT
snauenus (6.16) j10 yjaBoeHHOrO 3HadeHUst. [Ipr HAKJIOHHOM TIaJIeHUN JIABJIe-
HIUEe CBeTa COOTBETCTBYET N3MEHEHNIO HOPMaJIbHOI COCTaBJISIIONIE NMITY/IbCA.

[lapjiennem cpeta 00yCJIOBJIEHO, B YaCTHOCTH, I10sIBJIEHIE XBOCTOB Y KOMET
npu ux npoxox e Boim3n Cosaia. XBoCThl KOMET B JIIOOOI TOYKE UX TPa-
EeKTOPUU OPUEHTUPOBAHBI B IPOTUBOIIOJIOKHOM HAIIPABJIECHUHN 110 OTHOIIIEHIIO
K Hanpapjenuto Ha CosHIe.

[IepBble ycrelHble SKCIIEPUMEHTBI 110 PErUCTPAld U KOJUIECTBEHHOMY
U3MepeHuo JlapiaeHus csera oo npopejenbl [1.H. Jlebenesbim B 1900-1910
rojgax. OHU JaJii yJI0BJIETBOPUTEIbHOE coryiacue ¢ Teopueit Makcsesiia.
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IIpniaoxkenne 1

[TorpentHocTh COBpEMEHHBIX U3MEPEHNN CKOPOCTU CBETa COCTABIISIET BEJIMYNHY MTOPSII-
Ka 1 M/c u jasibHeiilee ee yMeHbIIEHIE OKA3aJI0Ch TPUHITUITNAIHLHO HEBO3MOXKHBIM U3-3a
OTPaHUYEeHNs TOYHOCTU BOCIIPOM3BOJICTBA dTAJIOHA MeTpa. B cBsa3mu ¢ atum ['enepanmbnas
KoHdepenius 1Mo MepaMm u BecaM B 1983 I. mpu3Hasa, 9TO HAWIydIlas TOYHOCTL BOC-
[IPOU3BOJICTBA TAJIOHA MeTpa 00eCHednBaAETCs, €CIU PUHITH €r0 PABHBIM PACCTOSHHUIO,
KOTOPOE CBET B BaKyyMe IPOXOIUT 3a BpeMsi, paBHoe 1/299792458 cexyHibl.

B cBs3u ¢ stum B 2018-19 rogax B Mexnynaposuayio cucremy CU BHecenbl naMeneHus,
COTVIACHO KOTOPBHIM IPUHATHI TOUHBbIE 3HAUYEHU S JIEKTPUIECKON U MAIHUTHO ITOCTOSHHBIX:
g0 = 8,8541878128 - 10712 @ /M u o = 1,25663706212 - 1075 T'n/m (=~ 47 - 1077 Tn/m).

CkopocTh cBeTa B BaKyyMe, OIPEJIESIONas COBPEMEHHBIN 9TaJI0OH MeTpa, TaKuM 00-
pa3oM, B TOYHOCTH paBHa ¢ = 1/, /Egpig = 299792458 Mm/c.

IIpniaoxkenne 2

PaccmoTpuM maBiieHre m30TPOITHOIO 3JIEKTPOMArHUTHOTO M3JIyYeHUsT Ha CTEHKHU IT0JI0-
CTH, B KOTOPOIi 3aKJIIOYEHO 9TO H3JIyUeHHe. .

Ha miomanky crenku o mox yriiom 0 3a Bpems dt majaer
u3JIydeHne, Hecyliree SHEPTHIO owc cos Odt u nmiryase ow cos Odt
(cm. puc. 11). Brauase 6yjeMm caurtarh, 9T0 U3JIyUeHHUE MTOJTHO-
CTBIO 3epKaJjibHO oTpazkaercs. Torma Imiomaake o 3a Bpems dt
HepeIaeTcs yABOEHHAs HOPMAaJibHasl COCTABJIAIONIAST MMIIYIbCA
20w cos? Odt.

B unTepBasie yrios nagenus or 6 po 6 + df wa momaaky
0 majaerT U3AydeHne W3 TeJIeCHOro yriaa df) — obJiacTtu 1po-
CTPAHCTBa, OrPAHUYIECHHON HOKOBBIME ITOBEPXHOCTSAMU KPYTOBBIX KOHYCOB C YIJIAMU IIOJTY-
pactBopa 0 u 0 + df (cm. puc. 12). Mepoii TesiecHOTO yriia SB/ISETCsS BeJMIUHA [LIOMIAIH,
OTCEKAEMON UM Ha MOBEPXHOCTHU Chephbl eIMHUIHOIO PAJINYCa C EHTPOM B BEPIIUHE YTJIa:
d§) = 27 sin 0d6.

Vcrionb3yst JaHHOE BhIpasKeHne MOXKHO BBIYUC/IATH TeJIECHBII
YyToJI B TIpefiesiax KPyroBoro KOHyca ¢ yIJIOM IOJIypacTBopa f:

0
Q(0) =27 [ sin@'dd’ = 2mw(1—cos ). B wacrroctn, upu 0 =7/2
0

Puc. 11

TeJICCHBIN yTOJI 1 OJIyIPOCTPAHCTBa, () /9 = 27, 71 BCEX BO3-
MOXKHBIX HAIpaBJieHuii B pocTpancTse (=) Qg=4.

JI71s1 M30TPOITHOTO M3y YeHUs JIOJIA €TI0 UMITYIbCa, TTPUXO/Is-
masicds Ha OECKOHEYHO MaJiblii TeJecHBI yros df) s WHTepBaJia yIJIOB IaJIeHUs
(0, 6+dP) pasua orromeruio df) Kk g =4, COOTBETCTBYIONIEMY BCEM BO3MOKHbBIM HATIPAB-
JIEHHSIM B IIpOCTpaHCTBe. TakuMm oOpa3oM, UMITYJIbC, IepelaBaeMblil IJIOMAIKe 0 3a Bpe-
Mt dt W3JIydeHmeM ¢ yrjaMu Tajenusi B wHTepBase (0,0 + df) npu mosHOM 3epKaJib-
HOM OTpazkeHuu paseH 20w cos® 0dtd)/4m = ow cos? § sin fdOdt, uTo cooTBeTCTBYET CHJIC
df = ow cos? §sin 0df, neitcTByomeit 10 HOPMaJIM K CTEHKe 1 JIaloNieil BKJIA] B JIaBICHIe

dp = w cos? §sin Odf. Tlonmoe napieHue 10aydaeTcs UHTEIPUPOBaHKEM 110 ) B Ipejesax
w/2

or 0 110 7/2. YaursiBasi, 410 f cos® fsin 0df = 1/3, /11 TIOJIHOTO JIABJICHUS UMeeM
0

YcJioBHE TIOJTHOTO 3ePKaJIbHOIO OTPAXKEHHU HE OTPAHUIUBACT OOIHOCTD PACCYKJICHMIT,
ecJT pedb MJeT 00 W3JIYIeHUU, HAXOIAIIEMCA 6 PABHOBECUU CO CMEHKAMU HENDO3PA-
Hot nosocmu. PaBHOBecHe TpeJoaraeT CTaTUCTHIECKYH KOMITEHCAIWIO TTOTJIOIEHHOTO
N3JIy9eHNsT OTParKEHHBIM, PACCesTHHBIM U UCNYULeHHbLM CTeHKaMu mojocTu. [Ipuaem sta
KOMIIEHCAIIUS JIOJIZKHA ObITh demaavroti — Jyist Jioboro unTepsasa dactor (v,v+ dv)
u yrios najenus (0,60+df). Iocientee ycioBue 3KBUBAJIEHTHO MOJTHOMY 3€PKAJbHOMY
OTParKEHHUIO.
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