3ACTOU B TEOPETHUYECKOMW ®U3UKE U
ITYTHU BBIXOJIA U3 HET'O. KJIACCUUYECKAS
SJIEKTPOIUHAMUKA

Hlunos I'.U.

BBenenue

CymiecTByeT MHEHHE, YTO 3JEKTPOJMHAMMKa MpeACTaBisieT co00i uaeanbHblil oopaser ¢u-
3udeckoi Teopun. OHAKO, Kak OBLIO y)K€ OTMEUeHO B pabore [1], ee OCHOBHOM HEAOCTATOK
3aKJII0YAETCsl B TOM, YTO YPAaBHEHHs T€OpUU C(HOPMYIHPOBAHBI B HECYIIECTBYIOIIUX B MIPUPOE
MHEPHUAIBHBIX CHCTEMax oTcyera. McxoqHoe MOHATHE <«MHEPHHUAIBHONW» CHCTEMBI OTCYETa
SIBJISIETCSl HICTOYHUKOM BCeX €€ TpyIHOCTed [2], KoTopble aBTOMAaTHYECKH MEPENUId B KBaHTO-
BYIO 3JIEKTPOAMHAMUKY. YPaBHEHHS KIACCHYECKOW 3JIEKTPOAMHAMUKH, 3amucaHHble B 4D
MHEPIUAIFHON CHCTEME OTCUETa, BKIIOYAIOT B ceOsl ypaBHEHUS JBIDKCHHUS 3apsiia € C Maccoi
U

I
dizizpkiuk, ik=0123, (1)
ds, uc

¥ ypaBHEHHS 1o (ypaBHeHUs1 MakcBeia)

OF* 4z 4§ dxi .
oo T pees). @
oOF OF OF
a'l"+6"i'+a[('=0, (2a)
X X X

rae o(F) - menbta Ghynkuus Jupaxa,

0 E E E
A oA_|mE 0 oHH,
ox, ox, |-E, H 0 -H
~-E, -H, H 0

y X

Fik = Ak,i - Ai,k = ! (3)

- TEH30p 3JEKTPOMArHUTHOro nosd U A - 4D noreHuuan 31eKTPOMarHUTHOTO IOJIs, C - CKOPOCTh

cera. YpaBHenus (1) u (2) MuHEHHBI OTHOCUTENBHO 3MIeKTpoMarHuTHbIX noneir Eu H . Yike oxHo 310
TOBOPHT 00 UX orpaHudeHHOCTH. JINHEHHOCTh ypaBHEHUI MakcBeiia BeI3biBana y A. DHWHINTEHA
COMHEHHE B UX OKOHYATEIbHOH (POPMYIHNPOBKE, IIOATOMY OH IHUCAT:

«Teopus Makceenna onucviéaemcs Ha OOWUPHOM Mamepuaie Kak noieeas meopus nepeo-
20 NpubnuUMCeHUsl, Helb3s YNYcKams U3 6uod, 4mo JuHetiHocms ypasHeHuil Makceenna mo-
JHrcem He COOMBEmMcmensams OeUCmMEUMENbHOCIU U YMO  UCMUHHbIE YPAGHEHUsl dJIeKmpo-
MacHemuzma OJisk CUNbHBIX NONel MO2Ym OMAUYAMbCS Om MAKceeriosckuxy [3].

VYpaBHenus apmwxeHus (1) ONMCHIBAIOT MOCTYMATENBHOE JBIKCHUE 3apSHKCHHOW YaCTHIIbI,
OOJIBIIMHCTBO M3 KOTOPBIX UMEET COOCTBEHHOE BpallleHHe — CIMH. Hampumep, 3IeKTpOH UMeeT
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COMH S =//2, mpu 5TOM B MaKpPOCKOMMYECKHUX dKcrepuMeHTax baprerra [4] u DitHinreitna- ae
['aaza [5] cymmapHbIii criuH (eppoMarHeTHKa MPOsBISIET ceOs Yepe3 MEXaHHYECKUH MOMEHT
cucteMbl. [loaTOMY K ypaBHEHUSIM JIBUKEHHUS LIEHTPa Macc 3apsbkeHHoM yactuubl (1) Heobxo-
MO 100aBUTH (DEHOMEHOJIOTHYECKUE BpalnaTeabHbie ypaBHenus @ennkca bioxa [6], koTopsie
OIKCHIBAIOT JIBWKCHHS CIIMHA S = /i/ 2 BO BHEUTHHX JICKTPOMATHUTHBIX TTOJISIX

dSa e o a a e (27
o920 00y, @ =5 R @y =123, @

B ypaBuenusx (4) S, - BEKTOp CIIMHA, F - MIPOCTPAHCTBEHHBIE KOMITOHEHTHI TeH30pa (3) (KOMIIOHEH-

ap

TBI MAarHUTHOTO TOJIsT), @ - yacrora Jlapmopa, (- dakrop Jlanae, KoTopbIii IPUHUMAET ABa 3HAYE-

HUs: a) =1 mnpum opOHTanIbHON Mpeneccuu cimHa U 0) g = 2 Tmpu COOCTBEHHOM MpEleccHu
CIIMHA BO BHEITHEM MAarHUTHOM ToJjie. YpaBHeHus (4), COBMECTHO ¢ ypaBHeHUsIMH (1), TO3BOIIS-
IOT HaM HHTEPIPETUPOBATH IEKMPOH KAK 3APAHCEHHbII SUPOCKON, NBWKYIIMICS BO BHEIITHUX
JIEKTPOMArHUTHBIX MONsIX [7]. XoTs B ypaBHeHHs (4) BXOJUT KBAaHTOBasi KOHCTaHTa /i, OHH SIB-
JSIFOTCSL YUCTO KJTACCUYECKHMHU  BpAlIaTeIbHBIMH YPAaBHEHHSMHU, TOJOOHBIMHU BpaIIaTeIbHBIM
ypaBHEHHsIM Diiyiepa B MexaHuKe TBepaoro tena [1]. Ypasuenwus nsuxenus (1) u (4) 3amucansl
OTHOCHUTCIIBHO HHepL[HaHBHOﬁ CHUCTEMBI OTCUCTA S , TOrga Kak CuCremMa OTCucTa S,CBH3aHHaH C 3a-

PSIIOM SIBIISICTCSL YCKOPEHHOM, TPH 3TOM, Kak MoKa3aHo B padote [1], 3apspkeHHas 4acTuIla mpeacTaBiis-
eT co0O opuenmupyemyio MamepuaibHyr0 Mmouky CO BCEMH BBITEKAIOIIUMHU OTCIOAA IMOCIEACTBHAMHU.

HaHOMHI/IM, YTO B 3TOM CJIy4ac€ BCC NTUHAMUYCCKUC XAPAKTCPUCTUKU YACTUIBI, TAKUC KaK CKOPOCTbH Uk u

BEKTOp CIMHA S, ABIAIOTCS (YHKIMSIMH HE TONBKO YETHIPEX TPAHCIALMOHHBIX Koopaunat X,Y,Z,Ct,

HO U TpEX YIJIOBBIX IEPEMEHHBIX (@), D,,P; (Hampumep, yrios Dilnepa).

1. TpyaHoCTH 3JIEKTPOAMHAMUKY, U3BECTHbIE U3 Y4eOHUKOB

Hano ormerur, uro peBosronus B ¢pusuke B KoHLe 19ro u B Hayane 20ro Beka Havajach B
KJIACCUYECKOH 3JIEKTPOAMHAMUKE, MOCKOIBbKY B HEH ObUIM OOHapy)KEHbI TPYJHOCTH 3KCIEpH-
MEHTAJILHOTO ¥ TEOPETUYECKOTO XapaKTepa.

1.1 Beckone4yHas cOOCTBeHHAasi JHeprus 3apsjaa

OO0men3BecTHa OECKOHEYHAs COOCTBEHHASI AJICKTPOCTATHYECKAs YHEPTUSI TOYSUHOTO 3apsiia
[8-10] knmaccuueckoi eKTPOAMHAMUKH. J{Jisi TOUCUHOW YaCTHUIIBI 3TA SHEPTUS BBIYUCIISCTCS KaK

1 ¢, 1%e?, , e’
W=—|EdV =—|—A4mdr=——| =. 5
87r-[ 8n-£r4 T ©)

HepeanpHas BenmnumHa SHEPTUM MOPOAWIIA B DJIEKTPOAMHAMUKE MPOoOIeMy OECKOHEYHO OO0JIb-
murX BCIWYUH H, COOTBECTCTBCHHO, PA3JIMYHBIC TCOPUU NICPCHOPMUPOBOK, MECJIIb KOTOPLIX 3aMC-
HHUTH 66CKOH€‘-IHO 60J'IBLHI/IG BCJIIMYNHBI KOHCYHBIMU.

bbutn npenpuHATE OFPOMHBIE MHTEIUIEKTYalbHbIE YCUIIHS AT YCTpaHEHUs1 OECKOHEYHOCTEN
U3 ypaBHEHUH KJIACCUYECKOW M KBAHTOBOMW 3jekTpoauHamuK. Eme B Hauane 20ro Beka I'.Mu
IPEUIOKUI YUCTO MOJIEBYIO HETMHEHHYIO 3JIEKTPOAUHAMUKY C KOHEYHON COOCTBEHHON 2HEpru-
eit 3apsina [11]. Teopernyeckue padotel [.\Mu Obun ponomkersl M.bopaom, JI. Madenbaom
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[12,13], M. A6paramom [14], TI. dupaxom [15], k. Yumiepom u P.®eitnmanom [16], A. Jlan-
ne [17], M. bomom [18] u apyrumu u3BecTHBIMHU (pHU3HKaMH. AHAIU3 3TUX pabOT MOKAa3bIBACT,
YTO MPEI0KEHHBIE MOJEIN HETMHEWUHOM AJIEKTPOAUHAMUKN CBOASATCSA K YPAaBHEHUSM JIMHENHON
neKTpoanHaMuKu Makcseiia-JIopeHna, B KOTOpOU IIJIOTHOCTB 3apsia O He SBIETCA TOYed-

HOM, a pacrpeielieHa B HEKOTOPOW 00JIaCTH MPOCTPAHCTBA C XaPaKTEPHBIM TMOATOHOYHBIM Ia-
pameTpoM, BBEICHHBIM B ypaBHEHHUs «pykamu». OmHako A. 3omMmepdenb] CKeNTHYeCKA BOC-
IOPUHUMAI 3TH pabOThl, MOCKOJIbKY «OBLIO OBl MPOCTO yAMBUTEIHHO, €CIIM Obl OCHOBHAS MpO-
OyiemMa dJI€MEHTapHBIX YacTHIl (poOyieMa CUHTYJISIPHOCTH) OblIa pellieHa C MOMOIIBI0 XUTPBIX
yimoBok» [19].

[TosiBNeHHe KBAaHTOBOM 3JIEKTPOJMHAMUKU BCeMIa B (PU3UKOB HAAEKIY, YTO OHA CMOKET
pa3peunTh TPYJHOCTH KIACCUYECKON 3IEKTPOJIUHAMUKH, B YACTHOCTH MpobIeMy OecKOHEYHO-
ctu B paBeHcTBe (5). OHAKO 0Ka3aa0Ch, YTO YPAaBHEHHUS KBAHTOBOM AJICKTPOIUHAMHUKH TaK JKE
coJiepKaT OECKOHEYHO OOJIbIIME BEIMYUHBI, IPaBa B KBAHTOBON TEOPHUH OHU MMEIO CTIeIU(pH-
YECKHMII «KBAHTOBBIN» Xapakrtep. Yike mepsbie pabotel B. I'eitzenbdepra u B. IMaymu [20] mo
KBAaHTOBOM TEOPHU B3aHMMOJICHCTBHSI CBETA C BELIECTBOM OOHAPYKUIIM PACXOJIUMOCTH B ypaBHe-
HUSX KBAHTOBOM 3ekTpoanHamuku. B 1930 r. [Ix. Bamrep [21], ucnons3ys ypaBuenue Jupa-
Ka, IoKa3aJl, YT0 COOCTBEHHAsl Macca «KBAaHTOBAHHOTI'O» 3JICKTPOHA PacXOIUTCs KBaapaTHuHO. B
T0 ¢ Bpems J[x. Onenreiimepom [22] Obuta HaiiieHa riIaBHAs MPUYMHA PACXOJAUMOCTEH — TO-
YEYHOCTh paccMarpuBaeMoil yactuipl. [locnenyromue pacuersl B. Baiickonda [23], ucrmons3o-
BaBIIIETO 3JIEKTPOHHO-TIO3UTPOHHYIO TeopHio J(upaka, IMOKa3ajii, 4TO BO BTOPOM IOPSIIKE TEO-
pUH BO3MYIICHUN Macca 3JIEKTPOHA pacxXxoauTcs jorapudmuyecku. Vcnonp3ys auarpaMMHYIO
texHuky Decitnmana, ®.J[aiicon B cBoell Kiaccuueckoi padote [24] mepecMoTpen pe3yabTaThl
B. Baiickonda u mpumen K BbIBOJY, 4YTO KpOME JIorapu(pMHUYECKOH pacxoIuMOCTH COOCTBEH-
HOW MaccChl CYIIECTBYET ellle U JorapupMUUecKas pacXoauMOCTb 3apsija.

OTH HECOBMECTHMBIE CO 3APABBIM CMBICIIOM BBIBOJIBI TOPOIMIIA MacCy paboT, MOAU(PHUIUPYIO-
IIMX ypaBHEHHs KBAHTOBOHM AJIEKTpOAMHAMUKU. D10 Moxenu [laynu-Bumnapca [25-28], smexk-
TPOAMHAMHUKHU C HYJCBOU 3aTpaBouHON Maccoil 3apsina [29,30], memokansubie Teopuu [31-37],
NIEPEHOPMHUPOBKH IyTeM BBEJCHHUS dyieMeHTapHOU anuHHbI [38,39], Mmogudukaimu mpomoraro-
poB 3neMeHTapHbIX yactull [40], BKiIOYeHHE BBICIIMX MTPOM3BOAHBIX [41] u T.1.

Bce 3T paboTh! BBI3BAIM pa3HOINIACUS MEXY CO3IATEIsIMA KBAaHTOBOW 3J1eKTpoauHaMuKH 1.
HupakoMm, P. ®delinMaHOM U 1Op. U OCHOBHOM Maccoil TeoperukoB. CormacHo II.Jlupaky Bce
IpeUI0KEHHbIE MON(UKALIMY KBAHTOBON 3JIEKTPOJIMHAMUKHM HE CHUMAIOT MPOOJIeMy pacxou-
moctedl [42]. OHu, MO-BUAMMOMY, SIBISIOTCS BPEMEHHBIM CPEICTBOM, MOMOTAIOLIMM 060Umu
TPYAHOCTH, a HE Pa3pelnTh UX, TeM Oojiee YTO UMEIOTCS COMHEHUS BO BHYTPEHHEHW HEIPOTHBO-
PEYUBOCTH IIPOLIEYP IEPEHOPMUPOBKU. HEKOTOpbIE TEOPETUKU CUUTAIOT, YTO MATEMATUYECKUE
TPYAHOCTH, C KOTOPBIMH HPUXOAMUTCS CTAIKUBATHCS IPU MOAU(DUKALIMN KBAHTOBOM 3JIEKTPOIU-
HaMHUK{ (MMEHHO 3TO IPOUCXOJUT NP BBEIECHUU B YPABHEHMsI IPOLEAYPBI IEPEHOPMUPOBKH),
HAaCTOJIBKO BEJIMKH, YTO BO3HUKAIOT 0OOCHOBAHHBIE COMHEHHMS B MPAaBUIIBHOCTH BBIOPAHHOTO ITy-
tu. [ToaTromy P.DeitHmaH 3asBisieT: « TEOPUN NEPEHOPMHUPOBKH — 3TO MPOCTO OJIUH U3 CIIOCOOOB
3aMeTaTh MOJI KOBEP TPYIHOCTH dIICKTPOAMHAMUKH, CBSI3aHHBIE C PACXOJUMOCTBION [43].

Eme 6omee panukanbHyI0 TO3UIIAIO B 3TOM BOIIPOCE 3aHUMAaJ OJIMH U3 CO37aTesied KBAaHTOBOMH
anekrpoauHamuku I1.JIupak. B pabote [42] on mwmcan:

«IIpasunvHulil 661600 cocmoum 6 Mom, Ymo OCHOBHblE YPABHEHUs HegepHul. HIX HyxcHO cyuye-
CMBEHHO UBMEHUMb, C meM, 4mobbl 6 meopuu 6000uje He BO3HUKAIU DeCKOHeUHOCmU U YmoObl
VPasHeHUs. peuanuctb mo4Ho, Nno 0ObIYHbIM NPAsUIaM, Oe3 CAKUX mpyoHocmet. Jmo yciosue
nompeoyem KaKux-mo 04eHb Cepbe3HblX UsSMeHeHUll: HeDonbuue USMEeHeHUs HUYe20 He 0a0ymy.



HecmoTpst Ha 3T 3asBII€HUS, TEOPETUKU MPOJOJDKAIN (M JO CUX IOP MPOIOJIKAIOT) IPUMeE-
HATb TEOPHIO NMEPEHOPMHUPOBOK IIPU pacyeTax B KBAHTOBOW JJIEKTPOJWHAMHUKE M HE TOJIBKO B
Heil. Bo3Hukiia camocTosATenbHas Hayka «TeopHst mepeHOPMHPOBOK», KOTOpasi pa3padaTbiBaeT
UJIeN NIEPEHOPMUPOBKY I JPYrux pusnueckux nosei. K uemy 3To mpuBeno 10CTaTOYHO TOY-
HO onucaHo B kuure Jlu Cmonuna «HenpusiTHOCTH ¢ (DPM3MKOM: B3JIET TEOPUU CTPYH, YMAJOK
HAayKH M 4TO 32 3TUM cienyer» [44], a UMEHHO: TOCYIapCTBEHHYIO MOJJICPKKY MOIY4YaroT TEO-
peThyecKre UCCIe0BaHMs, KOTOpbIe OOJIbIlEe OTHOCATCS K pa3/ielly MaTeMaTu4ecKol, YeM Teo-
pernueckoit pu3uku. Jleao JouuIo 10 TOro, YTo BEAYIIMMHU TEOPETUKAMU CUUTAKOTCS ClIeUalIn-
CTBI B TEOPHH CTPYH C XOpOIIEH MaTeMaTHUECKON MOATOTOBKON, HO 6e3 TiTyOOKOro 3HaHUs Ipo-
TUBOPEUUH U TPYIHOCTEH U3BECTHBIX HAM (DYHJAMEHTAIbHBIX TEOPHUH.

BeiBoa Ne 1: Oowoii uz ocno6ubix mpyoHocms Kiaccuyeckol u K8AHMo8ou I1eKmpoOUHAMUK, 00
CUX NOp HepeuweHHOU 8 0OWeNnPUHAMOU MeopuU, AGNAeMcsa MO4e4HOCMb 3apaod.

1.2 IIpoGJsiema u3Jy4eHHs 3apsia NPH €ro yCKOPeHUH

[Ipu ycKOpeHHOM JBM)KEHUM 3apsia U3 ypaBHeHHH MaxkcBemia (2) ciuenyroT pemeHus, Ko-
TOpPBIE OIMUCBHIBAIOT M3JIYYCHHBIEC 3apsOM JIEKTPOMArHUTHBIE 10JiA. PaccMmarpuBas 3apsiy Kak
KECTKYIO cepy paauyca a ¢ paBHOMEPHBIM pacrpeicieHieM Ha Hell, M. A6paraam u I'. JlopeHI

Hauuti 3D ypaBHeHus aBmxenus 3apsia [45] B Buae
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TPOMAarHuTHas Macca» MeKTpoHa. OUeBUIHO, UTO JUIs TOYEUYHOTo dekTpoHa a = 0, mo3TOMy 3J1€eKTpO-
MarHuTHas Macca Jyis Hero o0pariaeTcsi B 06CKOHEYHOCTh M CABHHYTH TaAKOW 3JIEKTPOH HEBO3MOKHO HU-
KakuMu criiaMu. [1osToMy OecKOHEUHyr0 Maccy IMpOCTO BBIOPACHIBAIOT U3 YpaBHEHHN (6), 3amuchiBas
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I7Ie a — ycKopeHue B MoMeHT BpemeHH t = (. 13 momyueHHOro pemeHus cienyer, 4To A0cTa-
TOYHO HEOOJIBIIIOr0 HAYAJILHOTO YCKOPEHUS, YTOOBI 3apsi/] Hayall CAMOYCKOPATHCS.

B HayuHOI1 TuTEpaType CyLIECTBYET HECKOJIbKO BapuaHTOB 4D 3anucu ypaBHEHUI ABUKEHUS
(1) c yueTom cuitbl paguaioHHOTo TpeHus. Hampumep, B yueOHuKe [46] MBI HaXOIUM CIIEAYIO-
e ypaBHEHUS

du' e _y 1 .

—:—ZFk'uk+—g', I,k =012,3, 9)

ds, uc He

rue gi /C - 4D cuna peakuyuu u3mydeHus

_2e’(du’ g du

10
303 dSzo d820 ( )
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BeiBog Ne 2: Tpyonocmu snexmpoouHamuku, C8sA3aHHble C UBTYYEHUEM, NOPONCOEHbl MOUEYHO
MOO€NbI0 3aPANCEHHOU YACULDL.

2. TpyAHOCTH 3JIEKTPOAMHAMMKH, He BOLIEAIINE B YYeOHUKHU

[IpuurHa TpyAHOCTEH, HE BOLIEAIINX B Y4eOHUKH, CBA3aHa C OTCYTCTBHEM HHEPIHAIbHBIX
CHCTEM oTcueTra B pupoje, nodromy A. [lyankape, I'. Jlopenu, A. DiiHmTeliH, 1 M. MUHKOB-
CKHUH CTapalucCh 3aByaJIUpOBaTh 3Ty MpodIeMy, KOTJa MPOUCXOAUIO CTAaHOBJICHUE PENATH-
BucTckoi anekrpoanHamMuku (1905-1911 rr.). B HacTos1ee BpeMs, 4TOOBI BEIBECTH 3JICKTPO-
JUHAMHUKY U3 COCTOSIHUSI 3aCTOSI, HAJIO IIUPOKO U OTKPBITO TOBOPUTH 00 3TOM.

JleicTBUTENBHO, aHANU3UPYS YPaBHEHUS KIACCUYECKOM AIEKTPOAMHAMUKH, MBI YBUIUM, YTO
[47,48]:

1) MHepumanbHBIX CHCTEM OTCYETa B MPUPOJE HE CYIIECTBYET M YPaBHEHUS AJICKTPOIH-
HaMUK{ HHBApPUAHTHBI OTHOCUTENBHO IpeoOpa3oBanmii JIopeHna Tuis npuOImKeHHO.

2) B pensTUBHCTCKOM MHOXHTENE B IpeoOpa3oBaHusaX JIOpeHIa CTOUT CKOPOCTh YCKO-
PEHHOTO IBUKYIIETOCS 3apsiia, KOTOPAask «II0YTH TIOCTOSIHHAY.

3) B obmem ciydae 3apsii HE MHBapUaHTEH OTHOCUTENBHO mpeoOpasoBanuii JlopeHna,
MOCKOJIBKY IJIOTHOCTB 3apsiia IpeoOpasyercsi 0oiee CIIOXKHBIM 00pa3oM H3-3a TOTrO,
YTO CKOPOCTh 3apsijia He MOCTOSHHA.

4) B aneKTpOANHAMUKE CYLIECTBYIOT MOPCUOHHbBIE NOSL (NOJISL UHepYuU), TTOCKOIbKY PU
ydeTe M3IydeHUs 3apsga B €€ YPaBHEHHUS ABMKCHUS BXOIWT TPEThsI MPOU3BOIHAS KO-
OpAMHATHI TI0 BPEMEHH, CBA3aHHas ¢ KpydeHuewm [1].

2.1 OrtcyrcTBHE PeJSITUBUCTCKON HHBAPUAHTHOCTH YpaBHeHHi nBM:KkeHus (1)

[Tpu nBM>KEHUU BIOIb OCH WHEPIHMAIBHOW CUCTEM OTCYETa S’ OTHOCHTENBHO TAKOM %KE CHCTEMBI

S, KOOpIMHATHI U DIEKTPOMArHUTHBIE MOJIS TPE0OPa3yIOTCs M3BECTHBIM 00pa3oM

X' x-vt)8, y'=y, 7'=1, t' t—%)ﬂ B=1/1-v?/c? (11)
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A. Ilyankape, T'. Jlopernm u A. DWHIITEHH 00Ka3bigarom WHBAPUAHTHOCTH YPABHEHUM JTBUKe-

Hus (1) otHOCHUTEnbHO mpeoOpazoBanmii (11) u (12) mHpU TOMOTHUTENBHBIX MPEATIOTOKCHHIX
[50, 51]:

1) 3apsa «XMrHOBEHHO TIOKOHMTCS» B MHEPIHAJIBHOM CHCTEME OTCUETA, T.€.

v, =dx/dt ~v~const, B=1/41-v?/c*=~const; (124)
2) yCKOpEHHe 3apsja Majo, T.c.
v, =dv,/dt, 0. (12b)

IlepBoe W3 3TUX YCIOBUMW CBSI3BIBACT 3apsiJi C MHEPIMAIBLHON CHUCTEMOW OTCYeTa, Jelasl ee
YCKOPEHHOM B MPHUCYTCTBUHU BHemHUX mojieil. [Toatomy B mpeobpazoBanusx (11) u (12) cko-
pOCThb V CTaHOBHUTHCSI CKOPOCTBIO 3apsna. Bropoe ycinoBue TpedyeT, YTOOBI 3apsii U cucTemMa
OTCYeTa, CBSI3aHHAs C HUM, HMeJIM Manoe yckopeHue. [Ipu 3TuX ycioBusl pensiTUBUCTCKUMN
MHOXHTETh [~ CONSt u A. DHIITEHH CIOKOIHO BBOAUT €ro 101 3HaK auddepennuana [51].

OKCIIepUMEHTAIbHO yCTaHOBIEHHBIE 3D ypaBHeHHS OBMKEHHE 3apsiia BO BHEITHUX JJIEKTPOMArHHT-

HEIX MoJIsAX (0e3 yueTa u3aydeHus) B cucTeMe S UMeEROT Bua [48]
[VH]. (12c)
C

A. DUHIITEHH HAYMHAET C TOTO, YTO B CHCTEME OTCUETA S 3apsil e ¢ MAcCOil MOKOs £/ MTHOBEHHO TI0-

KOHUTCA (T.e. V= 0 ) H, CJICO0BATCIIbHO, ABUKCTCA B CUCTCMC S COTJIaCHO YpPaBHCHUAM

dv dv dv
x —¢E, pu—2L=eE,, u—==¢E,. (13)

dt dt dt

Janee A. DUHIITEHH MoaraeT, 4To B CUCTeMe S', KOTOpast ABUKETCS CO CKOPOCTHIO V ~ CONSt

BJIOJIb OCH X, ypaBHeHUs (13) He MEHSAIOT CBOETO BU/Ia (MHBAPUAHTHBI) MPU TPeoOpa30BaHUSIX

koopauHar (11) u moneii (12)

y7i

av! dv; v’
! X :erE!, ! y :erEr’ ! z :e!EI. 14
Hogr = g = Far ~ 14)

3anucaB 3TH ypaBHEHUS, A. DUHIITENH cpa3y NpeAnoiaraer:
1) wHBapHaHTHOCTH 3apsa
e'=e=inv (15)
2) ¥ MHBapUAHTHOCTH MacChl TIOKOSI

U=pu=inv. (16)



[oncrasnsas B (13), mrpuxoBaHHble 3HaYeHUs A5l koopauHaT (11) u moneit (12), momyyum, ¢ y4eToM

(12a) u (12b),

A d

=y —¢eE,
1 = Hgr B =¢E,
d?y d v
O Oy )
d’z  d v
H F:ﬂa(vzﬂ):e(Ez+EHyj'

Hockomnbky V=V, u v, =V, =0, TO MBIl MOJKEM Nlepenucarh ypapuenus (17) B Buze

w S py=eE + Y H, YR,
dt C C

d v v
—(v,B)=¢e(E,+—+H, ——=2H)), 18
udt( ,B)=¢(E, o 2) (18)

u L@ p=e(E, +H, - )
dt Cc c

WM, TIOJIE YMHOKeHHUs Ha fC1, Kak

—(,f) = 2(E cp+v,fH,-v,pH),

dw

cdtﬁfl( yP)= 2(E CA+V,fH, —Vv,pH,), (19)
€

dtﬂ, ( ﬂ)_C (Ezcﬂ+vxﬂ|_|y_vyﬁHx) :

Hanee I'. MUHKOBCKHII BBOJUT MCEBAOEBKINAOBO MPOCTPAHCTBO C HMHTEPBAJIOM

dx ¥ (dy ) (dz jz _
ds, =+/c’dt? —dx? —dy® —dz? =cdt || 1-{| — -2 == = B 'cdt 20
o= Y \/{ {(cdt) +(cdtj " cat p (20)

U 3amuchiBaeT ypaBHeHus (19) kak

w L wy=LFu, @=123 i-0123 (21)
ds, C

rae matpuna F'“ onpenensercs n3 matpuust (3) , a



u' =, u*)=(cp, v’'p) :(\/1_52/(:2 , \/l_v\;/czj , u'u =c’ (22)

- 4D (xo)BekTop ckopoctu. CooTBeTcTBeHHO, Mt 4D ummynbca nmeem

p‘=ﬂU‘=(p°,p“)=(\/l_‘\l;/C2, \/1_;[\\//2,(:2], p'p; = pc’ . (22a)

Jlo6aBiisist kK ypaBHeHUsIM (21) yeTBepTOE ypaBHECHHUE

a

€ i
g W)=z Fru (23)
0

y7,

nonyunm 4D ypasuenus aswkenus (1), npu omom yenosus 1) u 2) ocmaromes 6 cue.

Bonee TouHO ycnoBue 2) ManoCTH yCKOpPEHHMs 3apsaa, (HarmpuMep, 3JEKTPOHa) MOXKHO MOY-
ynTh U3 4D ypaBHeHwmii nBrmkeHus (1), npuBeIeHHBIX K Oe3pa3MepHOMY BUAY, IIyTEM YMHOXe-

HUS MX Ha KJIACCUYECKUI PafuyC dJIeKTpoHa I, = e’/ ,uC2

d’x' e d’x' € Fic 0%,
d 2 2 d 2 T 2.4 d
Sy, MC™ ds,” u°C So

(24)

K

[Monaras 6e3pa3zmeproe 4D yckopenue B ypaBHeHUsX (24) MalibiM, OTYYHM

3

2 - Fikdi <«<1.
uc ds,

B cTpyKTYpHOM BHJIE 3TO HEPABEHCTBO 3aITUIIIETCS KaK
e B
2.4
‘/1 c \/1—v2/c2‘

<<1. (25)

IIpy HepeNATUBUCTCKUX CKOPOCTAX V2 /C? << 1 Mbl momydaeM u3 (25) HepaBeHCTBO

2 .4
E,H << 25 210 eo. CICE . (26)
e

BaxHo oTMeTHTB, uTO yciioBHe (25) HapymaeTcs Jaxe B claboM 3JIEeKTPOMAarHUTHOM I10JI€, €CITH
YaCcTHIIA JABMKETCS BO BHELIHEM MOJIE C YILTPApENsTUBUCTCKMMH CKOPOCTAMH, koraa V2 /c? ~ 1

HepaseHncTBo (25) mpuBOAUT HAC K CIIEAYIONIUM BBIBOJAM:

a) HEPEeIITUBHCTCKUE yYPABHEHHS KIACCHYCCKOM 3JIEKTPOJANHAMUKH HE MPUMEHHUMBI B CHITh-
Heix moisix E w H, B koTophix HepaBeHcTBO (26) Hapyriaercs;

0) peNATUBUCTCKHUE YpaBHEHHUS KIJIACCUYECKOW AJIEKTPOJWHAMUKHM HE NMPUMEHHMBI B CIIA0BIX
nosix E u H, xorma ckopoctu yacTuil CTaHOBSITCSI yIbTPAPEIITHBUCTCKHMH.



CrenanHble HaMU BBIBOJbI OKa3bIBAIOTCS CHpPaBEMJIMBBIMM KaK MJIg KIACCUUECKOM, Tak U
JUI. KBAHTOBOM 3JeKTpoauHamMuku. Bot uro roopur II. lupak o rpaHuiiax npuMEHUMOCTH
KBaHTOBOM DJIEKTPOAVUHAMUKH:

«Cywecmsyrowas Keanmosas meopus (K6aHmoeas d1eKmpoouHamuKa (Npum. aemopa)) xo-
powa 00 mex nop, NOKA Mbl He NbIMAEMCS pACHPOCMPAHUMY ee CIUWKOM O0aleKo, d UMEHHO
K020a Mbl He NblMAeMcsi NPUMEHUMb ee K 4acmuyam 8bICOKUX dHepeull, a makaice 6 obaacmu
manvix paccmosinui» [42] .

[Tons Ewu H, He ynosaerBopsiromne HepaBeHCTBY (26), MOSBIAIOTCS Ha AAEPHBIX PacCTOSI-

< 10—12
HUSIX, T.€. HA pacCCTOAHUAX I < cM., kak u 3ameuaer I1./]lupak. Ho naxke xorna moss cina-
obre, T.e. E,H << 1’c* /e’ =10" e0. CI'CE ( Hampumep, Ha PacCTOSHMH HepBOi OOPOBCKOi
opbutst monss Ewu H mopsaxa 10° eo. CI'CE ) npu yisTapensTHBUCTCKUX CKOPOCTSAX paboTa-
€T HepaBEHCTBO (25) 1 MBI yKe He MOXKEM HCI0JIb30BaTh ypaBHeHus (1).

BriBog Ne 3: Yemwipexmephas 3anuce ypasnenuil oguxcenusi (1) ne eapanmupyem ux pensimu-
sucmckou unsapuanmuocmu. M3z coommowenuii (22) u (23) cnedyem popmyna ons snepeuu ua-
cmuybl

C 2
E=pc=pu’c=p—ro—c=py———,
NJ1-v?/c? AJ1-v?/c?

Komopas co6epULEHHO om4eniueo GMOHO, umo om CKopocmu yacmuysvl 3asucum He macca [64],

(27)

a yuemsepmas komnonenma 4D cxkopocmu (22), a macca nokos u, coenacro (16), aensemcs unea-

puarnmom.
2.2 WHBapuaHTHOCTH 3apsifa (15) kak 10N0JHUTEIbHBINA MOCTYJIAT

Jlinsa mokasaTehCTBA MHBApHAHTHOCTH ypaBHeHMit MakcBemaa A. Ditnmrreitn [51], T, Jlopenm u A. Ily-
ankape [50] 3ammchIBaIOT ypaBHEHUS B CHCTEME OTCUETA S

divH =0, rotEﬁﬁ:o, (28)
c ot

divE = 4zp, rot H 1 %—Itz+47rp\7 (29)
c

U OpeAnojararoT, YTo0 B CUCTEMC OTCUCTA S’ ux BUJ HC MCHACTCA

div'H' =0, rot'E'+Eai,=0 : (30)
c ot

div’ E’ = 47[p’, rot I:i' = E(aati’+47[p’\7' ) (31)
C

IIPY STOM IITPUXOBAHHBIC KOOPJMHATHI U TOJISI CBS3aHbI C HE MITPUXOBAHHBIMH MPe0Opa30BaHu-
smu (11) u (12). 3ameTum, uto B ypaBHeHusx (29) 3D ckopocTh 3apsjga € OTHOCHTEIBHO CH-
CTEeMbI OTcYeTa S ompenensercs Kak v =dx/dt . Torma, ncmoms3ys mpeodpasoBanus (11),

HaXOJIUM
dx; vV, =V dy; vy dz, v

v — , _v' — ' Mo\ z , 32
a 1-vyv/c? d " pl-vy/c?)  dt v pl-vy/c?) (32)

rae v, = dx'/dt’ — 3D ckopocTs 3apsiaa OTHOCHTENBEHO CHCTEMBI S’ .




[TroTHOCTH 3apsima P mpeobpasyercs B COOTBETCTBHH ¢ Gopmystoit [50,51]

V.V
p'= p(l— sz Jﬁ : (32a)
3apsj B cucteMe oTcyeTa S’ onmpeaenseTcss i3 COOTHOIICHUS

e'= Ip'dV' =const, dV'=dx'dy’'dz’= gdxdydz. (33
Jlnist ToueuHOM MoJIeu 3apsijia (a Ipyroi y Hac MoKa HET) ¢ IIIOTHOCThI0 p = ed(F) umeem

e’:jpil—v

WV
c2

’ 2 A
Jﬂ dxdydz =ep (1—(:—2J : (34)
N3 sToit hopmynbl BUIHO, YTO, B OOIIEM ciydae, 3apsj 3aBUCHT OT CKOPOCTH dYacTHIlbL. U3

3TOM k€ (POPMYIIBI CIIENyET, YTO MHBAPHUAHTHOCTH 3apsiaa
e'=e=inv (35)

HUMECT MCCTO ITPU BBITTIOJJHCHHU PABCHCTBA

ﬂz(l— A\ j =1. (354)

C
O‘IGBI/II[HO, YTO 23TO PaBCHCTBO BBIMMOJIHACTCA, €CIIN

V, =V =const. (36)

Wrak, ycioBue MHBapHaHTHOCTH TOYEYHOTO 3apsga OTHOCHUTENIbHO mpeoOpa3oBanuil JlopeHma
(11) u (12) BBITTOTHSACTCS €CITH:

1) zapsim € MOKOWTCS B CHCTeMe oTcuera S';

2) 3apsja € JBIKETCS MNPSIMOJIMHEHHO M paBHOMEPHO (MIIM MOKOMTCS) OTHOCHTEIILHO HHEP-
[IUATEHBIX CHCTEM OTCUETA.

HOCKOHBKy HWHCPIUATIBHBIX CUCTEM OTCUCTAa B MNPUPOAC HC CYIICCTBYCT, TO BMCCTO TOYHBIX
paBeHcTB (35)-(36) Mbl iMeem paBercTBa (12a), (12b) u

e'~e=inv. (37)

Ycnosue (35) MOXHO paccMaTpHUBaTh KakK mpemuil nocnmyiam CIenUualbHOW TEOPUH OTHO-
CUTEIILHOCTH, KOTOPBIHA IO CUX MOP UCIIOJIB3YETCS CKPBITBIM 00pa3oM.

U3 dpopmyasl (32) cieayet, uro npu yciaosuu (12a) IIIOTHOCT P HpeoOpa3yeTcs 1Mo 3aKOHY

p=pp. (38)

BeiBog Ne 4: Uneapuanmuocmo 3apsoa 6 ypaeuenusx (1) u (2) aensemcs mpemovum (CKpol-
MbIM) NOCMYAAMOM CREYUATbHOU Meopuu OMHOCUMENbHOCHIU.
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2.3 4D 3anuch ypaBHeHuii MakcBeJsljia He o0ecrieunBaeT UX PeJISITUBHCTCKYI0 MHBApH-
AHTHOCTbH

VYpaBHeHuss MakcBeia KiIacCHUECKol aiekTpoarnHaMuku (28) u (29) mosydeHbl Hemocpea-
CTBEHHO U3 3KcnepuMenTa. Omyckasi, AJi1 IPOCTOThI, LITPUXH, 3allUIIEM IEPBYIO Mapy npeod-
pa3oBaHHBIX ypaBHeHUI MakcBemia (30) MOKOMIIOHEHTHO

OB, OE, 10H, 0E, oE, 10H, ©oE, OE, 10H, (39)
&z oy cot  ox o cot ey ox ¢ oot
oH
aHX+ y+6HZ =0. (40)
ox oy oz

VHBapuaHTHOCTh 3THX YpaBHEHHUI OTHOCUTEIbHO MpeobpazoBanuii Jlopenna (11) u (12) 6buta
nokaszana srepssie k. Jlapmopom [49]. Beenem 4D npoussoanyo 0/0X' ¢ KOMIIOHEHTaMU

0 (100 o o 1)
o, \cot ox oy oz

U, ucrons3yst Teuszop (3), nerko 3ammcats 3D ypaBuenus (39), (40) B Bume YeThHIpEXMEPHBIX
ypaBHeHwuii (2a). [Tockonbky (39) u (40) nHBapUaHTHBI OTHOCUTEIBHO mpeodpaszoBanuii (11) u
(12), To u 4D ypaBHenus (2a) HHBApHAHTHBI OTHOCHTEIBHO 3TUX MIPe0Opa30OBaHuii.

PacniicpiBasi TOKOMIIOHEHTHO BTOPYIO Hapy paBHeHHd MakcBema (29), B KOTOpbIE BXO-
JAT HCTOYHUKH IOJIS, UMEEM

10E, oH, oJH, Arx 10E, oH, OH, Arx
= — + =——pV,, = - + =——pV,, (42)
c ot oy oz c c ot 0z OX c
oH oE
10E, y+8HX:_4_7rpVZ, 1 aEX+ y+5EZ :4_7rp_ (43)
c ot OX oy c c\ox oy oz c

Ucnonbiys o6o3nadenus (3)u (41), MOKHO TIPECTABUTH TIEPBEIE TPU ypaBHEeHUS (43) Kak

ok
F_ e 4-123 k=0123, (44)
OX c

a 4eTBEpPTOE ypaBHEHUE B BUJIE

OF % Az .,
=——7], 45
v o) (45)
e
’ . dx'
]'=(pc, pv ):pa, =123, k=0,1, 2, 3. (46)

O0benunsis ypaBHenus (44) u (45), nomyuum 4D 3anuck ypaBHeHHIT MakcBeia ¢ UCTOYHU-
kamu B Buje (2). Takoii e BeKTOp ToKa (46) ciaenyeT 3 ITPUXOBAaHHBIX ypaBHenuit (31). [eii-
CTBUTEIBHO, MpH ycJIoBUsIX (35), (36), KOMIIOHEHTHI IITPUXOBAHHOTO BEKTOPA TOKA UMEIOT BH/I
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J"'=(p, p'u)=(pB B, pBV B)=(pC, pV°) =p% - (47)

31ech MBI UCITOJIB30BaIU coOTHOIICHH (22) 1 (38), KOTOphIE CpaBeAIUBHI IPH YCIOBUSX (35)
u (36).

B HacTosimiee BpeMsi B YHHBEPCHTETaX «IOKA3aTELCTBOM» WHBAapHAHTHOCTH YpaBHEHUH (2)
OTHOCUTENLHO TipeoOpaszoBanuii Jloperma (11) u (12) sBnsOTCA CIEAYIONMUE PACCYKICHUS.
Tenzop smekTpoMarHuTHOTO 1MOJs (3) BeaeT cedsi Kak UCTUHHBIA TEH30pP OTHOCHUTEIBHO MPe0d-

pasosanuii JlopeHiia, uto aGcomoTrHo BepHo. Koopauuarsri Bektop X' = (ct, X', x*, x*) wu

ero muddepenmuan dx' BexyT cebs npu mpeobpazoBanusx JIopeHIa ToXe KaK HCTHHHBIC BEK-
TOpa, MO3TOMY B JIEBOW 4YacTH ypaBHEHHH (2) CTOMT HUCTHHHBIA BeKTOp (1Mo WHIACKCY K maer
cBepTKa). Jlanee, yTBep:KAaeTCs, UTO B MPaBoil 4acTu (2) TOXKE CTOUT UCTUHHBIM BEKTOP MJIOTHO-
cTu Toka (47), modToMy ypaBHeHUs (2) - persmusucmcku uneapuarnmuvle ypasuenus. Cror!
31ech MbI JOJKHBI YTOUHUTH, O KaKOW TUIOTHOCTH TOKA UJET pedb, a HMEHHO, B COOTHOIIICHUHU
(47) crouT 1utoTHOCTH 3apsna (38), a He miotHocTh (32a), KOTOpast ObuTa MmojaydeHa A. DWH-
MITEWHOM U KoTopasi, 0e3 orpanndenuii (35) u (36), IpUBOAUT K 3aBUCUMOCTH 3apsia OT CKOPO-
CTH €rO JIBHKCHHSI.

Cornacao yueOnuky [46] (ctp. 100): «3apsix 4acTHIBI €CTh, 0 CAMOMY CBOEMY OIIpeJielie-
HUIO, BeJIMYMHA WHBApUaHTHasl, T.€. He 3aBUCALIas OT BbIOOpa cucTeMbl oTcueTay. Kak Obu1o mo-
Ka3aHO BBIIIIE, 3TO YTBEP)KJCHHE, B OOIEM CiIydae, OIMOOYHO U JTOJHKHO OBITh TMPHHATO Hay4-
HBIM COOOIIECTBOM KakK mpemuii nocmynam CReyualvbHol meopuu OMmMHOCUMENbHOCMU, TIO-
CKOJIbKY B COOTHOIIEHHH (47) TUIOTHOCTh MOXKET ObITh BbIOpaHa B Buae (38) Tosibko mpu
ycnoBusx (35) u (36). CnenoBatenbHo, 4D 3anuchk ypaBHeHUN MakcBena (2) pelsiTHBUCTCKI
MHBapUaHTHA OTHOCUTENBHO MpeoOpa3oBanuii JIopeHla npu paBHOMEPHOM U MPSIMOIMHEHHOM
JBH)KEHUH UCTOYHUKOB IOJIS, B COOTBETCTBUHU ¢ yciaoBusaMu (35) u (36). HMMeHHO mpu 3THX
YCIOBUAX pabOTalOT MPUHIMIIBI CHEIHUATbHON TEOPHUH OTHOCHUTEIBHOCTH B 3JIEKTPOAMHAMUKE,
KaK KJIaCCUYECKOM, Tak W KBaHTOBOH. boiiee Toro, 3ameuanne I1. /[upaka mo moBomy orpaHu-
YEeHHOCTH ypaBHEHUH MakcBesuia Mpu YCKOPEHHOM JIBM)KEHHHM MCTOYHUKOB, NPUBEICHHBIC BBI-
1Ie, MpeajgaraeTcs AONOJHHUTH YTBEP)KICHHEM, YTO B 3TOM CiIydae, HapyIIalOTCS OCHOBHBIC
MPUHITUIIBI CTICIIMAIBHON TEOPHUU OTHOCHUTEIBLHOCTH, chopMynnpoBaHHbe A. DWHINTCHHOM B
pabote [51].

B pabote [45] B. [laynu niucain, uro «ypasnenuss Maxceeina cmpoeo cnpageoiusvt moJib-
KO Ol PABHOMEPHO OBUICYWUXCS MeTl U CIENneHb UX MOYHOCMU, 8000uje 2060ps, mem 60/b-
ue, uem MeHbule YCKopeHue mamepuuy. ITo o4eHb TouHoe 3amedanue B. laynu 6bu10 ony6mnu-
KoBaHO noutu 90 seT Ha3aa U, KOHEUHO, XOPOIIO U3BECTHO TEOPETUKAM. Y AUBUTEIBHO TOJIBKO
TO, YTO JIO CHX MOP ATOT BAXKHBIN I OYAYIIETro pa3BUTHS JJIEKTPOJUHAMUKHU BBIBOJ B COBpE-
MEHHBIX YYeOHUKAX IO JJCKTPOJMHAMHKE 3aMalduBacTcs. Takoe MOJIOKEHHE Jel HE MOXKET
MPOJOIKATHCS O OECKOHEYHOCTH, MHAYe MBI OyIeM U JajbIlie BBOAUTH B 3a0TyXICHHUE MOJIO-
JIbIe TTOKOJIEHUS (PU3UKOB.

BreiBog Ne 5: Vpasnenua Maxcsenna unsapuanmmust omuocumenvno npeobpazosanuti Jlopenya
(1) u (12) npu ycrosuu, umo 3apsovl, cozoarowue NEKMPOMASHUMHbBLE N0 OBUNCYMCS NPsi-
MONUHEUHO U pasHomepHo. Ecnu e 3apsaovl 08UdCYMCs YCKOPEHHO, MO UHBAPUAHMHOCb
ypasuenuii Makceenna omumocumenvHo npeobpazosanuti Jlopenya umeem mecmo nuib npu-
onuscenno.  [londcHbl cywecmeosams ypasHenus 31eKmpoOUHaAMuKU, Komopvle UH8APUAHHbL
npu OONLUUX YCKOPEHUAX, d NPU MANBIX YCKOPEHUAX 3apsA008 Nepexooums 6 MOOEePHUSUPOBAH-
Hbvle ypasHeHus Maxkceenna.
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3. DKCNEepUMEHTAJIbHO O0HAPYKEHHbIe OTKJIOHEHHUSI OT YPABHEHUI KJac-
CHYECKOH IJIEKTPOAUHAMUKH

[IpoBeneHHbIN aHAIN3 MO3BOJIAET IPEICKA3aTh, KOTIa HAM CIEAYET 0KUIATh OTKJIOHEHUWA OT
ypaBHEHUH 371eKTpoArnHaMUKu Makcseiuia-JIopeHua, a MMEHHO:

1) npu HEPENATUBUCTCKUX CKOPOCTSAX 3apsI0B, ABHKYIIUXCS B CHIIbHBIX 3JICKTPOMArHUTHBIX
TOJISIX
2.4

EH >0
€

~10" e0. CI'CE ; (48)

2) B cnabeix monax E,H <<10" ed. CI'CE , 1o npH peNsTUBHCTCKHX CKOPOCTSIX JBH)KCHHS 3a-

PANIOB;
3) KOraa HapymaceTCd 3aKOH COXPaHCHUA 3apsaia (I/IJ'II/I CUCTCMBI BapﬁﬂOB)

dQ(t) d op . o=
— = [pdV =[| L +div]j|dV =0. 49
at dti” j(a+'” ” (49)

3.1 OTkjoHeHHe OT 3aKk0oHAa Ky/l0HA B CHJIBLHBIX 3JIEKTPOMATHUTHBIX M0JsX (48)

DKCrepuMeHTaIbHOE OTKIIOHEHHE OT 3akoHa KynoHa BriepBbie 0b110 0OHapykeHo . Pesepdop-
oM [52], mpu UCCIeAOBAaHUM YIIPYTOrO PacCEIHUSl (X - YacTHIl Ha siipax 3oio0ta (puc.1).

do/doy
W e
3
I .
. -
0 hd 'o..o . .
T -
=1 -
”l .
0,8 ~
~ -
-
1 .
0,6 —
] .
] -
Au-«o
0,4 — .
] 22 Maa .
-
0,2 -
G0,0 -éiu-!-.II!i-l’ﬁlll!-l!_l!}.ll.TTi-g—
0 50 100 150 @

Puc.1. I'paduk ynpyroro paccessHusi ¢ - 9acTHII ¢ SHEpTHEH 22 MaB Ha sApax 3010Ta

Ha puc.1 npencrasinen rpaduk orHomeHus auddepeninansaoro cedenns do , HallAeHHOTO

M3 SKCIIEPHMEHTa, K CeUeHHI0 paccesiHusi Pesepopra o, B 3aBUCHMOCTH OT YIJia PacCesHUsI
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0 . U3 rpaduka BUIHO, YTO MIPU MAJBIX yIyIaX paccestHus @, Korjaa B3auMOJEHCTBUE MPOXOIUT
B obmactu cmaboro monms E,<<10" eo. CICE (r.e. Ha paccrosauu I >>10"7 +10""cm. o
LICHTpA s7pa), paccessHuEe MPOMCXOAMUT B COOTBETCTBHU ¢ 3aKOoHOM Kynona. OTKIOHEHHUE OT 3a-
koHa Kyrnona naGmromaeTcss B 00JacTH NEWCTBHS CHIBHBIX MMOJei (48), T.e. HA pacCTOSHUU
r~10"+10" cm., kak pa3 Tam, rjie ypaBHEHHs EKTPOINHAMUKN MaKCBeIa epecTaioT pa-
00TaTh.

K coxanenuio, TeOpeTHKH HE 03a00TUIIMCH MIOMCKOM YPaBHEHHUH 3JIEKTPOANHAMUKHI CHIIBHBIX
MOJIeH, a TOILIN IO JIETKOMY IyTH, «pyKamMmu» 100aBUB K (yHIaMEeHTaIbHOMY noTeHIany Ky-
70oHa (HEHOMEHOJIOTHYECKUN KOPOTKOJEHCTBYIONTNN MOTEHIIUAN (B JIUTEpaType UX CYIIECTBYET
HECKOJIbKO) BH/IA

exp(r/R)

V==, 1—exp(r/R)

(50)

rac VO uR - IMPOU3BOJIbHBIC KOHCTAHTEI, OIIMCBIBAIOIINEC Q)CHOMCHOHOFI/ILICCKI/IC IACPHBIC CHU-

abl». B pesynbTare, BOT yxke noutu 100 jieT Mbl IOIb3yeMcs «IIOJATOHKON» 3KCIEPUMEHTAIbHbBIX
KPUBBIX K TCOPETUYECKUM, ITOJIYYEHHBIM C HCIIOJIb30BAHUEM ITOATOHOYHBIX MOTCHIMAIOB THUIIA

(50), Bapbupys mapametpsl V, u. Ho 310 yxe He QyHIaMeHTalbHasA, a NOATOHOYHAsA (PU3HKA,

KOTOpasi, 10 MOHATHBIM NPUYUHAM, HOCUT BPEMEHHBIN XapakTep.

BeiBog Ne 6: B cunvubix anekmpomacHumusbix nousax (48) nabaooaemes omkioHeHus om Kyio-
HOBCK020 83AUMOOCLCMBUSL.

3.2 OTkJoHeHUe OT 3akoHa KyjioHA NpH peJATHBUCTCKHUX CKOPOCTSIX

DKCnepuMeHTaIbHOE OTKJIOHEHHE OT 3aKkoHa KynoHa B cnmabeix momsix E,H << 10 eo. CI'CE,

HO TP PENIITUBUCTCKUX CKOPOCTSIX BIepBbIe ObLI0 00HapyxeHo E. Kunsunrepom [53] u, 3atem,
6ouee moxpooOHO uccnenoano P. Xodcraarepom [54] mpu ynpyrom paccesiHusi 3JIEKTPOHOB Ha
SApax pa3IMYHbIX JIEMEHTOB (puc.2). M3 sKCIIepUMEHTANBHBIX JaHHBIX BHHO, YTO JUISI MaJIbIX
yrioB paccesausi or 0°m0 60°, Korga pensITHBUCTCKHIN SJIEKTPOH MPOXOIUT B CIabOM I0Jie
NPOTOHA, B3aMMOJCHCTBUE YacTHUI] OnuchiBaeTcs 3akoHOM Kynona. [Ipu paccesHun Ha yriibl
ot 60° mo 150° HabmoIaeTCss OTKIOHEHHE OT KYJIOHOBCKOIO B3aMMOJIEHCTBHS, KOTOPOE, KaK U
B CJIy4ae paccesHusl ¢ - 4acTHUI] Ha AJpax TCOPETHKU OOBICHSIOT CYIIECTBOBAHUEM Yy IPOTOHA
U snep (HeHOMEHOIOTHYECKUX IIEKTPOMAarHUTHEIX (hopMpakTopoB. DT GopMPakTopsl (KOTO-
pPBIX B Hay4HOH JHTEpaType CYLIECTBYET HECKOJBKO) HE CIEAYIOT M3 KAaKHX-IMOO ypaBHEHHI
(GyHIaMEHTaIbHON (M3MKH, a, TaK )K€ KaK «IJCpHBIC» MOTCHIMATIBl BBOJATCS «PYKaAMI.
Hanpumep, denomenonorunueckuii popmpakrop Bynca-Cakcona [55]

_ Po
pln)= 1+exp((r—R)/a) (1)

COJEPKUT NOArOHOYHBIE TAPAMETPHI Py, & u R.
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Puc.2 . Otknonenue ot 3akoHa KynoHa npu ynpyrom paccesiHuM 3J1€KTPOHOB Ha TOUEYHOM
IPOTOHE C YYETOM CIIMHA U @aHOMAJIbHOTO MarHUTHOI'O MOMEHTA ITPOTOHA

BeiBog Ne 7: Obuapyoicennvle 8 SKChepumeHmax no paccesHuio 3apsaxitCeHHblX 4acmuy omkio-
Henus om 3akona Kyiona 6 cunbHuIX 91eKmpoMacHUMHbBIX NOJAX U PENAMUBUCTICKUX CKOPOCHIAX,
cKopee 6ce2o, ABNAIMCI CIe0CMBUIMU DNIeKMPOOUHAMUKY, 0000warowell 31eKmpoOuHaAMUK)
Maxcsenna-Jlopenya. Cywecmsyrowue nooxoovl O0ns. ONUCAHUS HAOIIOOAEMbIX AHOMATIbHBIX
ahpexmos, maxue Kax «sa0epHvle» CUNbL U INEKMPOMASHUMHbIE DOPMBAKMOpbl  AGNAIOMCA
BDEMEHHBIM BbIXO0OM U3 NOJONCEHUSL U BC20 TUULL UMUMUPYIOM Ce0CmeuUs YpasHeHull boee
obwetl pyHoamenmanbHol meopuu.

3.3 DxcnepumenThl Tecsia, B KOTOPBIX JOKAJbHO HAPYIIAETCS 32aKOH COXPAHEHHUSI CH-
CTeMBbI 3apsiioB

3a HECKOJIBKO JIET JI0 CO3/IaHUsI CTICIIHAIbHONM TEOPHUH OTHOCUTENbHOCTH U 4D 3anucu ypaBHe-
Hul MakcBemia-JlopeHiia TeHHaIbHBIN cepOCcKuii nccaeaoparenb Hukoma Tecina mpoBoau SKC

1 8Q(t)

re ot

Puc.3. Pa3psn cdeprr Ha 3emitto
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MEPUMEHTHI CO cheprueckuM KoHaeHcaTopoM. Korma BTopas oOknaaka chepruieckoro KOH/ICH-
caropa yHeceHa Ha OECKOHEYHOCTh, OH CTAHOBHUTCS 3apspkeHHOM cdepoii [57] . Ha puc. 3 npen-
CTaBJieHa MPUHIMNHATIbHAS cxeMa ycTaHoBKHM Hukonbl Tecna, B KOTOpO# MOMHBIN 3apsia cdepsl
Q=2e, Z=1 2,3,..n wMeHserca Bo Bpems paspsaa chepbl Ha 3eMil0 B HEKOTOpPOW obiacTu

BOKpYT cephl. B pesynmpTaTe, KpoMe MepeMeHHOTO KyloHOBCKoro mois E =Q(t)/r?, Boxpyr
cdepbl Bo3HUKaeT ckasipHoe moje S =0Q(t)/otrc, mpu atoM 3apsa chepsl YAOBICTBOPSET

cooTHoIeHuto (49). B skcnepumenTax mo OecrnipoBoaHO# nepenaye snnekrposHepruu H. Tecna
UCIIOJIb30BaJl MHOTOKPATHYIO Tepe3apsaaky chepbl, MOAKIIOUUB €€ K TeHEpaTopy MepeMEeHHOro
toka. Ha puc.4 nmoka3zana cxema 1o 6ecripoBOJIHOM Iepenade 3JIEKTPOIHEPTHH C UCTIOIb30BaHU-

em Tpanchopmaropa Tecna [57], BropuyHas 0OMOTKa KOTOPOTO MOJKIIOUYEHA K cepe pamuyca
R.

a JIAMITA

MOTOK CKATTAPHOTO OIS
TECTA YEPES MPOCTAHCTBO

+— BTOPHYHAS

KATVIIKA L
NEPEMEHHEIH TOK 180 wlR
e e R S= = o dme, cos a t
o — KATYIIRAL |

{1 ~UYACTOTA MEPEIAPAJIKH CDEPBI
V = IMOTEHIHAJ CBEPEL

R -Pammvc coEps

Puc.4. becnpoBogHas mepenada dJIEKTPOIHEPTHH C MOMOINBIO MEPEMEHHOTO CKaJIIPHOTO
mois S

B ckansipaom nosie S ypaBaenue Jlopenna (12¢) npunumaet By [58]

N e S AT+ ST, (52)
dt C
rAe mnojie S omnpenensercs Kak
5= 1R (53)
rc ot

u3 (52) cnemyer, 4TO CKaJSPHOE TOJIE S uUMeenm pasmepHoCcmyb MacHumuo2o nojsi. IIoCKoIbKy B
anekTpoanHaMuke MakcBerta-JIopeHIia BBITIONHSCTCS 3aKOH COXPAaHEHHUS 3apsifa (CUCTEMBI 3a-
pAIIOB), TO B €€ ypaBHEHHs ckaisipHoe moiie (53) He Bxoaut. [loatromy B Teuenue 100 met skc-
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nepuMmeHThl H. Tecna BbeImanu W3 MOJs 3pEHUS TEOPETUKOB M TAKOE MOJIOKEHUE Ie]T MPOUCXO0-
JIAT U J10 CUX TIOP.

BreiBog Ne 8: B nepenamusucmckotl sniekmpoouHamuxe Habao0aomces 3KCnepuMermsl, nepevle
nposedennvie H. Tecna, komopvie meopemukamu ueHOpUpyomcs 00 cux nop. I1eKkmpoounamu-
ka Maxkcsenna-Jlopenya mpedyem 0606wjeHus ypagHeHull Ha Ciyyai nepemenHozo 3apaod uiu
cucmembyl 3aps008, YMo 0COOEHHO BANCHO O MEOPUU INEMEHMAPHBIX YACTUY, 20e CUCMEMbl C
nepemMeHHbIM YUCIOM YACTUY USPAIOM BAICHYIO DOb.

4. Tlons ¥ cUJIbI HHEPUUH B YJIEKTPOANHAMMKE

MBI y’)Ke OTMETHIIM, YTO YpaBHEHHS DSJICKTPOJMHAMHKH 3alliCaHbl OTHOCHTEIHHO HECYIIIe-
CTBYIOIIMX B IPUPOJIEC MHEPITUABLHBIX CUCTEM oTcueTa. 3 aroro akra, kak moka3aHo B paboTe
[1], mroGast ¢usmyeckas Teopus, BKIOUYAs SJICKTPOJAMHAMHUKY, C CAMOI0 Haydajia JO/KHA OBITH
chopMynMpoBaHa B YCKOPEHHBIX CHCTeMax oTcyera. Kak M3BECTHO, B YCKOPEHHBIX CHCTEMax
OTCYeTa MOSIBIISIOTCS MOJISL U CUJIBl HHEPLUHU U UX POJIb B JIEKTPOJMHAMUKE IO CUX IOp HE BbI-
scHeHa. OO0 3TOM JMIIb KpaTKo oOMouBMIICs B cBoei kHure [59] AOpaxawm Ilaiic, KOTOpBIH OT-
MEUaerT:

«KpOMe moco, no moemy MHEHUIO, I’lpO6JZ€Ma npoucxoafcdenuﬂ UHepyuu ovia u ocmaemcs
Haubolee memMHbIM B60ONPOCOM 6 meopuu IJNEMEHMAPHbIX Yacmuy u noneu».

B TpexmepHOM citydae ¢ 3apspkeHHOM yactuiei ynoOHo cBsaszath tpuanxy @pene (3D mpowus-
BOJIbHO YCKOPEHHYIO CHCTEMY OTCYETa), UMEIOIYIO 6 cTereHel cBOOObI: 3 TOCTYMaTeIbHBIX U
3 BpamatenbHbIX. B yCKOpeHHOH (KBa3u)MHEPUUAIBHOW CUCTEME OTCUYETa B AJICKTPOIMHAMUKE
3TUM OTHU CTENEHSIM CBOOO bl COOTBETCTBYIO 3 TOCTYNATEIbHBIX YPaBHEHUI IBUKEHUS

1 =B + SpuH), (54)
dt c

KOTOpBIE ONHUCHIBAIOT JIBWKEeHHE Hayajma O yCKOPEHHOH CHCTEMBI OTCUETa, W 3 BpallaTelIbHBIX
ypaBHEHUs

ds e [~ .1 -
ol —alas) o —52A. 0-12 9

OIMCHIBAMOIINX JBIKCHUE BEKTOpA CriMHAa S (COOCTBEHHOrO YIJIOBOIO MOMEHTA BpAILCHHS) BO

BHEIIHEeM MarHUTHOM nosie H . 3nece g =1, 2 - pakrop Jlanne u @, - wacrora Jlapmopa.

-
4.1 OpOutanbHas npeneccusi 31eKTPOHA BO BHEIIHeM noJie H ¥ cujIbl HHepIuH

[Ipomie Bcero BBISICHUTH POJIb CHJI MHEPIMH B AIEKTPOAMHAMUKE MOXKHO Ha MpUMepe 0opazo-
BaHUs CTAllMIOHAPHBIX OPOUT B aTOMHBIX cUCTeMax. [IyCTh 3JIEeKTPOH JBUKETCS B AJIEKTPOCTATU-

YECKOM I10JI€ 5Apa, Ha KOTOPO€E HAJI0XKEHO BHEIIHEE MarHUTHoe nojie H . 3anuceiBas ypaBHEHUS
(54) B yCKOpEHHO# cuCTEME, CBI3aHHOMN C 3JIEKTPOHOM, JABMKYIIUMCS IO CTAIIHOHAPHOW aTOM-
HOU opOuTe, HMeeM
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y‘;—‘t’zeéﬁ[vﬁ]—yvv—zy[a“)V], (56)
C

/i€ MOCeAHHIE IBa YeHa B TpaBoil yactu (56) mpeacTaBisioT co0ol cunvt unepyuu. Ilpu nBu-
YKEHUH JIEKTPOHA TI0 CTAIIMIOHAPHON TPAeKTOPUU 3JIEKTPOMATHUTHBIE CHIIBI JIOKATHHO YPaBHO-
BEIIMBAIOTCS CHJIaMU UHEPLIUU

— e - — .
eE +—[VH]- W —2u[oV]=0, (57)
C
OTKYyZJa CJIICAYIOT IBAa COOTHOILICHUA

eE — W =0, (58)

—

%[VH]—Z,u[c?)V]zo. (59)

B coornomenun (59) cuna Kynona eE nokanpHo xommneHcupyercs cuiioil mnepuuun — W .
[TonoOHYyIO cHUTyaIMi0O MBI KIMEEM B TEOPUH T'paBUTAIIMU DWHINTEHHA, KOTJa JOKAIHHO BHYTPHU
cBoOoAHO magaroniero Judra DifHiTelHA cuna HpioToHa 4 J0KalbHO KOMIEHCUPYETCS CH-

noii unepuuu — LW ,  00pazys cocTosiHue HeBecoMOCTH. M3 cooTHomeHus (59) BUAHO, 4TO HA

craioHapHoit opoute cuia Jlopenna e[VH]/C kommeHcHpyeTcs KOpHOJIUCOBOW CHIIOH MHEp-

uuun —2u[@V], npu 3TOM OpOUTATBHBIM MOMEHT 3JIEKTPOHA IMpeliecCupyeT BOKpyr monst H ¢
YIJI0BOM CKOPOCTBIO Mpeleccud @ . Tak Kak OCh MPEIECCHH COBMAJAET C HANpPaBICHUEM IOJIS

H, to (59) MoxxHO pacnicaTh B BHJIE

|%'vH Sin(VH) = =2 v wsin (Va), (60)

OTKyJa cienyer 4dacrora Jlapmopa

@L:—%H. (61)

Monyns | | B (60) ObuT B34T BBUIY TOTO, UTO 3apsija dJIEKTpOHA OTpUllaTeNbHbIN. YacToTa
(61) mpencransieT coO0H YaCTOTY OPOUTATHHYIO TIPEIIECCHH JIEKTPOHA, TIPU STOM YpaBHECHHS
(55) nnsg BekTOpa CriiHA TPUHUMAIOT BH/T

s e [.3 - - le| =
—=—_[§H|=- =——"H. 2
&t 2 sAl=-las], @ = (62)

B namem ciydae Bo BpamiaTenbHBIX ypaBHEHUSIX (55) ¢ =1 ¥ OHM ONUCKHIBAIOT MPEIECCHIO Op-

OUTAHHOTO SJIEKTPOHA.
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-
4.2 CoOcTBeHHAas Mpeleccusi CIIMHA 3JIeKTPOHA B moJie H

Jiist TOrO, 9YTOOBI OMPENEINTh COOCTBEHHYIO TIPEIECCHIO AJIEKTPOHA, HAN0 TIEPEHTH B ypaBHE-
HUX (62) B CHCTEMY OTCYET, )KECTKO CBSI3aHHYIO C BPAIIAIOMIUMCS JIEKTPOHOM [1]

s dS .o ra .
E:E-F[a)LS]:_[a)LS]’ (63)
501041
ds o
i 2[@,5]. (64)

Otcrona BUAHO, 4TO ypaBHEHUs (55) oObequHsAIOT ypaBHeHus (62) u (64), 3amucaHHbIe B Pa3HBIX CH-
cTeMax OoTcyera.

BeBog Ne 9: Cunbi unepyuu 6 anekmpoounamuxe c6:a3amsl ¢ KBAHMOBOU MEXAHUKOU U USPAIOM
onpeoenauyo poib 8 00paz08aHuu CMAyUOHAPHBIX COCMOSHUU NPU YCKOPEHHOM O8UNCEHUU
3aPANCEHHBIX YACTUY 80 GHEUUHUX DTIEKMPOMASHUMHBIX NOJIAX.

5. llpuHuunuaabHoe o0000meHue JjeKkTpoguHamuku 1. OOmepensiTu-
BHCTCKAsl HeJIMHEHHAA JIEKTPOAMHAMHUKA € TEH30PHBIM MOTEHIMAJIOM

TpyAHOCTH JEKTPOANHAMUKH, CBA3aHHBIE C OTCYTCTBHEM B MPUPOJAE UHEPLHMAIBHBIX CUCTEM OTCUETA,
3aCTaBISIIOT HAC MCKAaTh YPaBHEHUS JIEKTPOAWHAMUKHU, CHOPMYJIMPOBAHHBIE B YCKOPEHHBIX CHCTEMax
orcyera. IlepBblil I1ar B 3TOM HalpaBJIEeHHH JIETYe BCErO CleaTh, UCIIONb3Ys aHAJIOTHIO MEXAY ypaBHE-
HUsIMU ABIKeHUs (12¢) 1 HepeNITUBUCTCKUMHU YPaBHEHUSAMH JIBHYKCHUS IPOOHOI Macchl £

d2x’ o dx! dxk
= =y == 65
H ds? HE ds ds (65)

TEOPUH TpaBUTAIMK DiHIITeHHA. J[elicTBUTENBHO, B CTA0BIX T'PABUTALMOHHBIX TMOJSIX TEH3OPHBIM

HOTEHIMA TPAaBUTAIIMOHHOTO MO (;, MOXHO IIPEACTABUTDH B BUAE CyMMBI
Ok =T T 7k (66)
rae i, =n* =diag(l, -1, -1, -1) u
7l <<1. (67)

B pa6ore [60] mokasano, uro mpu ycnoBusx (67),(68) u3 10 KOMIOHEHT TEH30PHOTO MTOTCHIIU-

ala TPAaBUTALIMOHHOrO Moas ¢, B YypaBHeHHsX (65) ocrtaercs Bcero 4 KOMIIOHEHTBHI
O000 910v 050 1 Uzp, OOpasytomme 4D  BexkTOpHBII MOTEHLMAN TPAaBUTALMOHHOTO  IOJIA

g =0"r" 7, 7*), a camn ypasuenus (65) NIPHHIMAIOT BUJ IPAaBHTAIMOHHOH cuibl Jlo-
peHIa
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IR (LAY (69
C

3neck rpaBuTaloOHHbIe ananorn G u H, sneKTpoMarHuTHbIX mosen

E=—gradgp——— , H=rotA (69)
c ot
onpenensiores A. Ditnmreiinom kak [60]
= 1 149 = _
Gz_Egrad%O_EE , H,=rotg. (70)

Pa6ora [60] 6bu1a Hamucana B 1913 roxy, a pemenne IIBapummisaa
2 20\ | 242 2(/’_1222-22
ds® =1+ —N |c%dt® —[ 1+ —N | dr® —r°(d@° +sin“ Adep*) (79)
c? c?
BaKyyMHBIX YpaBHCHHI DWHINTEHHA
R, =0 (72)

Obu10 Haiineno B 1916 [61]. Ecnu noxcraButh ¥y, = 2¢, / ¢?, rae @y =—MG/r - norenuman Heto-

ToHa, U3 MeTpukH (71), To MHOXHTeNb 1/2 B mepBoM wieHe (70) cokpamiaercsi 1 Mbl UMEEM I10JI-
HYI0 (OpPMaJIbHYIO aHAJIOTHIO MEXIy cooTHomeHusmu (69) u (70). HepopmansHoe oTnmume
COCTOUT B TOM, YTO B TEOPHH TPABUTAIMU DUHINTEHHA CYIIECTBYET TOJIBKO MPUTSHKCHHUE, a B
ANEKTPOJMHAMUKE, KaK MPHUTSDKEHHE, TAK U OTTAIKMBAHUE.

5.1 TeH30pHBIiA TNOTEHHHAJT M TreoMeTpHU3alusl JjleKTpoauHaMuku MakcBesuia-
JlopeHua. YpaBHeHMsl IBHKEHUS.

Bynem nonararte, 4Tto 3nekTpoauHaMuka MakcBesuia-JIopeHna mpeacraBisier coboil Heperns-
TUBUCTCKUN TIpeenn Oojee oOmieil snmekTpoauHamuku. [logoOHast snexkTponuHamuika — Obuta
npetoskeHa aBTopoM B 1972 r. [47]. Ee ocHOBHBIE TIOJI0KEHUS TAKOBHI:

1. TIpocTpaHCTBO COOBITHI DJICKTPOJUHAMUKH MPEACTABISIET COOOW TOUEYHOE MHOT000pa-
3M€ CO CTPYKTYpPOH IapaMeTpHYecKOro pUMaHOBa MPOCTPAHCTBA, Ha KOTOPOM 3alaHa
TPaHCISIIIMOHHAS. PUMaHOBa METPHKA

ds® = g, dx'dx", ik,..=0,12,3 (73)
C MCTPHUUYCCKUM TCH30pOM

gik(xi K) =m, +kay, (74)

3aBUCSIIUM OT KOOpAUHAT X' nor YJIeTBHOTO 3apsa npooHoit uactuisl K =€/ y.
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2. TloTeHIman 3MEKTPOAMHAMUKH CUJIBHBIX TMOJICH TPEJCTABISIET COO0M CUMMETPUYHBIN
TEH30p

ay = - (75)

3. 3apspkeHHas MpoOHasi YaCTUIA C MACCOM 4 W 3apsiioM € JIBMXKETCS COTJIaCHO ypaBHEHH-
M

d?x’ Codxddx® e, dx!dxk
=1 i =—E K :
ds ds ds uc ds ds

(76)

napaMeTpUIecKOro pUMaHOBa MMPOCTPAHCTBA C METPHUECKUM TeH30poM (74).

4. HanpssKeHHOCTh CHIIBHOTO 3JEKTPOMArHUTHOTO TI0JIsA, ONpeaeseMas Kak
. c? .
i im
E' ik —_?g (ajm,k + & | _ajk,m) (77)

UMeeT He TCH30PHBIN 3aKOH Peo0pa3oBaHUs

y o°x' ox" ox) ox 6xi'Ei

m— = S 78
T oxTox ox - ox) ox* ox (78)

jk

OTHOCHUTEIHHO KOOPIWHATHBIX MPeoOpazoBaHMA.

Ypasuenus (76) MOTYT OBITH ITOTYUICHBI ITyTEM BapHaIlMHA UHTETpajia JCHCTBHS

i 1/2
S= —ycfds =mj(gikdx‘dxk)l/2 = —ycf(gik %%) dt = .[ Ldt, (79)

rae L —reomerpusuposannas Gpynkius Jlarpamka. YMHoxkas ypaBHenus (76) Ha XapaKTepHBIi

2 2 .
napamerp anektpoauHamuku I =€/ {C° - xnaccuueckuii paquyc >1eKTpOHA, HAXOAUM YCIIO-

BUE CJIA00CTH I10JIS B BULIE

|e3 o dx! dxk|
d i <

e T s as <1. (80)

B ciyyae cnaOpIx 37€KTpOMarHUTHBIX ToJeH jaelicTBre (79) MOKHO MPECTaBUTh KaK

; 1/2
~ ~ kW2 dx' dx*
S= —ucj ds —ch' (gikdx dx )l = —,uCJ- (1+ ka,, d_sod_soj ds, , (81)
rac
ds, = (i, dX'dx*)"?, 7, =n" =diag(1-1-1-1) (82)
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- METpHKa TICEeBIOEBKINIOBA (IIyCTOr0) MPOCTPAHCTBA. DJIEKTPOMATHUTHOE T10JI€, UCKPHUBIISIO-
ee MPOCTPAHCTBO, CYUTACTCS C1abbIM, eciti B (81) BBIMOTHACTCS YCIIOBHE

dx' dx*
ka,, ——|<<
d

0 S0

1. (83)

B cnmabpix anekrpoMarHuTHbIX mossx ycinoBus (80) u (83) maroT mpuOIM3UTENBHO OJAMHAKO-

BBIE€ PE3YIIbTATEL.
5.2 Ilpubau:keHne BEKTOPHOTO MOTEHIHAA
Pacnimmiem BTOpOi#t ueH B ckoOkax B cooTHouieHuu (81) B Buje

0 2 a 0 a B
E{aoo(dij soa, WO, I OX } o, f=123 (84)

u ds, “ds, ds, / ds, ds,

U BBeJeM 0003HaUYEHUSI

c®  dx° ,dx® ¢ dxf
=—au—, A =a,C—+—a,—, P =123. 85
A o Soo ds, \y ) ds, 2 o ds, a,p (85)
B pesynbrare cootHomenue (84) MOXKHO 3amucaTh Kak
0 a i
L NN A X is0123. (86)
7 ds, ds, ] wc® ds,

[Toacrasmnss (86) B (81), momyuynM WHTEpBaI MPOCTPAHCTBA B BUJIE

i\
ds:(1+ 2e2 :iJ ds, . (87)
uc So

Teneps s cnabbIx reOMeTpmeOBaHHHX SHGKTpOMaFHI/ITHI)IX nosieit (83) BBITTIAINT Kak

89
ZA dso (89)
1o3ToMy B (87) MBI MOXEM IPENICTABUTh CKOOKY B BHJIE psiaa
% i
o dx —1+%Adl+..., (90)
uct ds,
OrpannuuBasich B (90) mepBbIMU IBYMS WieHaMU , 3amuiieM (87) kak
ds= {1+ ¢ CIi}dso . (91
uce ds,
Pemras BapuanimoHHyto 3agavy s 1€UCTBUA
dx’
S= ds==—-ucC ds, , 92
—pc| | [ ds] ) (92)

MBI [10JIy4YUM YPABHEHUS
22



%:%F"‘uk | (93)
0

dbopManpHO MO00HEl ypaBHeHUsM (1). OqHako, HE HAmO 3a0bIBaTh, UTO ypaBHEeHUs (93) mme-
IOT T€OMETPUYECKYIO IPUPOY M 00paIIalOTCs B ypaBHEHHS! IBUKEHUS CBOOOHOM

YacTHULIBI, KOTIJIa IPOCTPAHCTBO CTAHOBUTHCA MJIOCKUM. TpexmepHas 4acTh ypaBHeHUH (93) coB-
nanaer ¢ ypaBHeHusimu Jlopenna pdv /dt =eE +e[VH]/c, B kotopeix monst E u H onpenens-

10TCsl coryiacHo (69), pu ycioBuH, 4To KOMIOHEHTHI 4D BekTOpHOTO MoTeHIMana (85) ¢ omnpe-

JICJICHBI ¢ TOYHOCTBIO JIO YWICHOB ITEPBOTO MOPSIKa 1Mo V /¢, a IMEHHO, KOT/1a
2

Ao Aeng mpoiza o

Beson Ne 10: B cnabwix 21ekmpomacHumuulX nOAsAX U NPU HEpersmusUCmcKUx CKOPOCMmX
VPaBHEeHUsT 0BUINCEHUSL 0OWEPENAMUBUCIICKOL INeKMPOOUHAMUKYU C MEH30PHbIM NOMEHYUATOM
nepexooam 6 ypasHenus Jlopenya, 8 KOmopvix OCIMAaOmMcs MoabKo 6eKMOopHbili nomenyuan (94).

5.3 YpaBHeHHsI N0JIA FT€OMETPU3UPOBAHHOM YJIEKTPOAMHAMUKHI

TeH30p KpUBHU3HBI MAPAMETPUIECKOTO PUMaHOBA MTPOCTPAHCTBA ¢ MeTpUKo (73) U MeTpude-
CKUM TeH30poM (74) ompeaessieTcst uepes CUiIbHOE deKTpoMarauTHoe moJe (77) kak [62, 63]

2
. e . e -
1 1 I S
R'jkm = —2— 0y BE'jjim1 + 2—— E'spc Ejjimy (95)
HC 7
CsepTbiBas 5TOT TEH30p 10 MHAeKcaM i 1 K, momyunm Tensop Puuun R, = R'jim. Mer Teneps
MOXEM IIOJTy4UTh BakyyMHbIe ypaBHeHus R, =0, cdepuueckn cumMmeTpnuHOe pemieHHe KOTOPBIX IMO-

nmo6uo pemrenuto [Bapmmmnsaa (71)

20 20 Y7
ds? =1+ £ ¢ |22 _| 14+ £ 77C | g2 _r2(d6? +sin? 6dg?), (96)
u 2 uoc?
HO 3aBHCUT OT KYJIOHOBCKOTO HOTeHIMana ¢. =-Ze/r,Z =1, 2, 3...TOYeYHOr0 HCTOYHHKA

CTaTHYECKOTO 3JIEKTPOMATHUTHOTO TOJISI ¢ 3apsaoM — Ze. 311ech 3HaK MUHYC BBIOpall U3 CO00-
PaXKECHUI MPUTSHKCHUST MEXKAY MPOOHBIM 3apsAoM + € U 3apsoM HCTOYHHKA — Ze. J[ns manb-
HEUIIHX pacCyKIeHUH yI00HO MpeacTaBuTh METpUKy (96) B (KBa3M)IeKapTOBBIX KOOPAUHATAX

2¢ 2¢
ds? =| 1+ 2 C |22 —|1- £ ¢ (dx2 +dy? +d22), (96a)
H (:2 H c2
rac
a, = 2;’}‘ . a,=0, a,-= zcﬁc 5. (96b)

B cmabbix mossX BakyyMHBIE YPaBHEHUSI OOMIEPETSITHBUCTCKOW SJIEKTPOAMHAMHUKH TIPEICTaB-
JSIFOTCS Kak [2, 62]
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k 10°
Rik = —E(A - C—2¥]aik = O (97)

Hcrnonb3yst HEPENATHBUCTCKOE MPUOIMKEHUE BEKTOPHOTO moTeHnuana (94), HECI0XKHO TOKa-
3ath, 9T0 U3 (97) cnenyrot ypaBHeHus ais 4D norennuana (94)

1 ¢°

KOTOPBIC BBIITOJIHAKOTCA BHE NCTOYHUKOB I10JIA.

B xadecTBe ypaBHEHUH NIOJII C UICTOYHUKAMH JUISl HEIIMHEWHOW F€OMETPU3UPOBAHHOM DJIEK-
TPOAMHAMHUKH OBLIH MPEI0KEHBI ypaBHEHHs Bra [63]

1 87k
OuR=—
c

Rik _E ik

Tic s (99)
re TeH30p Puuum onpenenseTcs yepes3 CHIIbHOE JIEKTpOMarHuTHoe moiie (95) kak

€ i e i s
Rin =—2—7=0E im +2——E'sii EVjjimy (100)
e u

jm 2.4
C

a TCH30p SHCPrun-uMiryjaibCa HMCTOYHHKA MMOJII UMCCT BU
2 i
T, = pcuu,, u'u, =1. (101)

B cootHomrennu (101) p = Zed(F) — mioTHOCTh TOYSYHOTO UCTOUYHUKA U

u‘=(u°,u"‘)=(ﬂ,,Bv“/c)z[\/l_\llzlcz, C\/l—vjlzlcz]’ u'u, =1 (102)

- emuHUYHBIN 4D BEeKTOp CKOPOCTH.

CeeproiBasi ypaBHeHHs1 (99) ¢ METPHYECKMM TEH30pOM g ¥ YYUTHIBas COOTHOIICHHE

g"%g, =4, umeeM
R=——ZT, T=T\. (103)

[Toacrasmss (103) B (99), 3anuiemM 3Tu ypaBHEHHS B BUJIS

87 e 1
Ri :_4_(Ti ——0T). (104)
c 2
Crnenys A. @oky [64], mbl moTpeOyem it ypaBHeHuid nos (104)  BbimoaHEeHUSs:

1. VYcnosus caboctu moss (80) ms ensopa (100).

2. YcaoBue TapMOHHUYHOCTH JJIA (KBa3U ) ACKAapPTOBBIX XiKOO JUHAT
P
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1 0%,
A-=C Kizo
( czatzJ

B srom npubmmkenun s R, Haxomum

k 10°
Rik = —E(A —C—ngaik.

PacriuceiBast ypaBHeHus (106) TOKOMIIOHEHTHO, UMEEM

1 1 1 6° 8r 1
_Roo:__ A jaoo:CT(Too_EgooT):

K A
1 1 1 0° 8r 1
KRaoz_E —??jaaozc—z;('rao—ggao'r),

1 1 1 &2 8r 1
SRo=—=|A-=% o = (T, -Zg.,T).
k ( c? atZJ @t (T, 2 e )

rae [64]

1 1
T.—-=0.,.T == pc?,
00 2900 Z'DC

1 “
TaO_EgaOT:pczv '

1 1,
Ta/} _EgaﬂT :Epc 50:/3'

IMoncrasnss (110) B (107), Haxomaum

10°)a 4
A= |G 27,
( c’ 8t2J 2 ¢t

YMHOXast 9TO COOTHOIIeHHUE clieBa Ha c’U® = c’dx° /ds, , momyunm

1 6° A .
A-=a=-"2,
( c? atz]AD c b

(105)

(106)

(107)

(108)

(109)

(110)

(112)

(112)

(113)

(112)

IJ€ B HEPEISTUBUCTCKOM MPUOIMKEHUN Nopsiika V/ ¢ KOMIIOHeHTa A, ¢ yuerom pemrerust (96a),

AMEET BHU

c? Ze
:—a — —_—
A 5 S0 Pc ;

(113)
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YTO COBIANAET C KOMIIOHEHTOM Ao norennuana (94), a Jo onpenensercs kak

dx®

J'o=J'O=PCUO=PC=,0E- (114)

3I[CCI) o — INIOTHOCTh UCTOYHHKA IIOJAI B CUCTEME OTCYETA, I'’IC OH IMOKOUTCH. Taxum 06p330M,

HOTEHLHAN A, IS CIa0bIX IEKTPOMArHUTHBIX MOJEH YyAOBIETBOpsieT ypaBHeH O (112).

(KBasu)cratrueckuii moteniman (113) onpenensercs u3 perrenust ypasHenus (112) B Bume

00BEMHOT0 HHTETpaja

0o = [ = dxdy'dz (115)
F=7|
IMonnoe perenne (96a) 3amucaHo B CHCTEME OTCUETA, B KOTOPOU 3apsia Ze moKouTcs. Ecin
UCTOYHUK IOJISl IBUXKETCS CO CKOPOCTBIO V,, , TO, KpoMe noteHuuana (115), mer umeem 3D Bek-

TOPHBIN TOTEHLIHAI

A, = [ LY dxdydz . (116)
F=7']

Bmecto metpuku (96a), MbI iMeeM MeTpHKY [64]

2¢ 2¢
ds? = |1+ £ |e2g2 |- & ¢ (dx2+dy2+d22)+i(32(p Xdx+ 220 Yy +2¢ Zdz)dt, (96¢)
2 U2 2\pe u-c c

OTKY/1a, B HEPEISATHUBUCTCKOM MPHOIMKEHUH Topsiika V/ ¢

20, 4 20,
= 2C ' aaO = _ZAa ' aaﬁ = 2C 5aﬁ . (117)

a
0 ¢ c c

[ToncraBnss atu cootHomeHus B (107)-(109) u, yautsias (110)-(112), momyuum, kpome (113),

10° A . . oV dx
A___ A . , = @ ~ e 118
( o2 ath el I I (118)
e
1 0° Arx
[A - C_zngocé‘aﬁ = —?P@zﬂ : (119)

O0benunsis ypauenus (112) u (118), monmyunm 4D ypaBHeHuss MaxkcBeruia, 3arMcaHHbIe Yepes
4D norenuman A

1 8° A4r . . .
A-——_|IA=—"""iji j=(pc, pv¥), i=0123. 120
[ o atsz . Ji I'=(pc, pv¥) (120)
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BeiBog Ne 11: B crabwix noasx u npu HepeaissmusucmcKux CKOPOCHsAX 08UNCEHUS. YPAGHEHUS NO-
a2 (99) obweperamusucmckou 31eKkmpoouHamuky nepexooam 6 ypasnenus (120) snexmpoou-
Hamuku Maxkceenna, npu 5mom y meH3opHO20 NOMEHYUaIa 8, OCmaromcs KOMNOHeHmuyl, 0opa-

3yrouue 8eKmopHulil nomenyua (94).

6. HekoTopble ciieacTBUA 001IePeaITUBUCTCKOMN 3J1eKTPOAMHAMMKHA

Ha cerogssmHuii 1eHb U3BECTHO HECKOJIBKO CIEJICTBHI OOIIEPENATUBIUCTCKOM 3JIEKTPOIUHA-
MHKH, BBIXOJSIIMX HAa IKCIEPUMEHT. DTH aHOMAJbHbIC, C TOUYKH 3peHUs (PyHIaMEHTaJIbHBIX
YpaBHEHUH JIEKTpoAHaMUKU MakcBesuta-JIopeHna, 3KCrepuMeHThl U3BECTHBI TeopeTukam. Ho
TEOPETUKH JHOO0 OMMCHIBAIOT UX MPOU3BOJIBHBIMU J00aBKaMM K (pyHIaMEHTaIbHBIM ypaBHEHU-
SIM, BBEZICHHBIMH «pyKaMu», JINOO BOOOIIE HTHOPUPYIOTCS.

6.1 DiekTpoAMHAMHUKA C IepeMEeHHBIM 3apsi/ioM (CHCTEMBI 3apsi/I0B)

[Tpubnuxennsie ypaBHeHUs ABMkeHUs (93) n ypaBHeHus nois (120) He y4uThIBatO0 MOMPABOK
K YpaBHEHHUSM D3JIEKTpoanHaMHKN MakcBemia-JlopeHna, KOTopble CIenyloT U3 OOIIepensiTH-
BUCTCKUX ypaBHeHUH (76) u (99). Cuntas, 4TO 3JIEKTPOMAarHUTHOE TOJIE SIBJISETCS CIa0bIM, KO-
raa ds, ~ ds,, momyunM Juis TpeXMEpHOH YacTH ypaBHeHHH (76)

a k aa B 0 0 0 a
du® _ e2 E, dx —czl aﬂdidi_cziaaoo dx” dx” dx | (121)
ds, wuc ds, c ot ds, ds, 2c ot ds, ds, ds,
i, j,k..=0123, «a,p,y..=123,
rac
Fak = A(,a - Aa,k '
n
¢ dx° dx’
= a,—, A =a c’*—, a,B=123. 122
AO 2 00 dSO o4 a0 dSO ﬁ ( )

DTH ypaBHEHHS CoJepKaT J00aBKH, MOPOKICHHBIE TEH30PHON CTPYKTYPOU MOTEHIIMAIA CHUITh-
HOTO DJIEKTPOMAarHUTHOro nosst @, . Jnsd cranuoHapHoro pemenus (96¢) BTOpOH M TpeTHi

4iieHbl B ypaBHeHUsX (121) ucyesaror, mockonsky B (117) norenunan Kynona ¢, He 3aBUCHT OT

BpPEMEHH.

Mertpuka (96) sBAseTCS BaKyyMHBIM pemieHHeM ypaBHeHui (99) oOmiepensaTHBUCTCKON
3JIEKTPOJMHAMUKHU. B Teopuu DHHIITEHA N3BECTHBI BAKYYMHbBIE YPABHEHHUS, B KOTOPBIX TEH30P
Puuun R, He paBeH Hy:mto. B o0mieM Buie Takue ypaBHEHUS 3aMUIIYTCS Kak

Ri _%gikR =qll,—Ag W ! (123)
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rae q=q(x*) - MWIOTHOCTH M30TPOMHOTO M3MyueHus Macchl, |, - usorponusiii Bexkop I 1* =0,
A =const- mambma wimeH. YpaHenus (123) He coaepkaT TPaBUTAIIMOHHOW KOHCTaHTHI
x =87G /¢, KoTOpas CTOUT B IIPaBoii YacTH ypaBHeHHUH DiiHmTelina. OHHU Tak ke HE COAEpKAT

KOHCTaHThI 87K / C*, cTosmeli B mpaBoii uactu ypaBHeHuii (99), mostomy ypasaenus (123) Moxk-
HO paccMaTpuBaTh KaK BaKyyMHbBIC YPaBHEHHS OOLICPEIATUBUCTCKON AeKTpoarnHaMuku. [1pen-
noyioxuM, uTo A =0 u Oynem uckath pernieHue ypapaeHui (123) B atom cinydae. B pesynbrare,
MBI HaiIeM peIleHue B BUAC MEeTpUKH [63]

2¢_(1) 20 ()
ds? = |14+ 2 7C 7 |22 |14 2 77C dr? — r2(d6? +sin? 6de?), (124)
Hooc? uoc?

B KoTOpoi moteninan Kymox ?c (t) =—Ze(t)/r 3aBucur or Bpemenu. Ypauenus (123) mpu
A =0 MO0xHO 3anucaTh B BUie ypaBHeHUH (99), a UMEHHO

1
Ri _EgikR = Vij , (125)

rJie TEH30p SHEPTUU-UMITYJIbca B ypaBHeHHsX (B.1) nmpuaumaet Bup [63]

T. = 2||—r‘e(t)|| F (1) <0 126
jm_pc jm__Vr jm’ re()< ( )

2eZe(t) _e 2Ze(t)

r.(t) =
e() /JCZ C2

# const (127)

- QIIEKTPOMArHUTHBIA Pajinyc (aHAJIOT IPaBUTALMOHHOTO paauyca Iy B Teopur DWHIITEHHA).

3anuchiBas INIOTHOCTD 3apsbKeHHON Matepun > B (126) B mpenene

r.(t) - r, =const, (128)
noiy4yaem [63]
Arr 2
b=t 5(F)= T2 58y = Zes(F) | (129)
. 1c?

rae o6(r) - 3D dynakuus Hupaka u Ze =const. 13 (129) caenyert, 4To B 3TOM MpeACILHOM CITy-

yae B ypaBHeHHsIX (125) KoHCTaHTa ompeaenseTcs Kak

v=—7—, (130)
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YTO COBIAJAET C MHOXKHUTEIEM B ypaBHeHHX (99).

Ucnonb3ys meTpuky (124), Haxonum B ypaBHEeHUsX aBwkeHus (121) ckanspHoe mone

1 0Ze(t) 10¢(t)
S— _. Sk 4 S A 131
Moo= oot c ot 13D
nopoxaeHHoe nepeMeHHbIM 3apsiom Ze(t). C yuerom (131), 3D ypaBuenus asmxenus (121)
B HCPCIIATUBHUCTCKOM HpI/IGHI/I)KeHI/II/I IMPUHHUMAIOT BU
av - e - _
—=eE+—={[VH]+SV}. (132)
dt C
Orcroia BHIHO, YTO CKJISIPHOE TI0JIC KMEET MAarHUTHYIO IPUPO/IY, HO KAYECTBEHHO OTIHYa-

CTCA OT BEKTOPHOT'O MAaroHuTHOI'O ITOJIA H. I[eﬁCTBHTeHBHO, «CKaJIdpHasH» MaronuTHas Cujia
— e _
Fo=—SVv, (133)
C

MOpOXKACHHAA CKAJIAPHBIM MarHUTHBIM I1OJIEM S , HeﬁCTByeT napauiCIbHO CKOPOCTHU ABMXXCHUSA

3aps/I0B, TOIJA KaK MATHUTHAS CHJIA, MOPOY/ICHHAS BEKTOPHBIM MATHMTHBIM monmeM H , neii-
CTBYET MEPICHIUKYISIPHO CKOPOCTHU JABIKeHUs. [loaToMy paboTa «CKansipHOW» MarHUTHOW CH-
a6l (133) otymyna ot Hyns. Kpome toro, cuia (133) cniagaeT ¢ pacCTOSSHHEM ' MeJICHHEE, YeM
0ObIYHAsI MATHUTHAS CUJIA.

B obmem ciydae, B 00IIEpPENATUBUCTCKON AJIEKTPOJAUHAMUKE YPAaBHEHHE HEMPEPHIBHOCTU IS

IIJIOTHOCTHU 3ap5[)KeHHOI>i MaTCpHuU 3alMUIICTCA KaK
Vi(pu')=0,(pu")+pu"Tly =0 (134)

Ucnonbiys metpuky (124), HaXoauM B HEPEIATUBUCTCKOM MPUOTIKEHUU

d,(pu')=—pu"Ty = —(pu°Toj + puTiaj) = —pu’lo; (135)
WJIU, YIYUTBIBAs , UTO
1 ca
Eygp = —C2 o
0.0 2¢c ot
UMEEM
i e e 1 oZe(t)
0.(pu)=p—UE,  =—p———". 136
,(p ) p,uC2 0,00 pyrc ot (136)

OueBHIHO, YTO I CiIy4asl IEPEMEHHOTO 3apsA/1a MICTOYHHMKA 3JIEKTPOMAarHUTHOIO TOJISl ypaB-
iy =
HEHHUE HENPEPBIBHOCTU O (p U') =0 HapywmaeTcs, B pe3yNbTare B dJEKTPOIMHAMUKE BOSHUKAET

MoHONoAbHOE cKanApHoe usnyderue [63] .
Takum oOpa3om, ypaBHeHus (76) u (99) MOMOTHUTENFHO ONMUCHIBAIOT MOHOIIOJIBLHOE HM3ITY-

YeHWE HCTOYHUKA 3JIEKTPOMAarHUTHOIO TMOJsI, KOTOpOE B 3NIEKTpOJMHAMUKEe MakcBena-
JlopeH1a OTCYTCTBYET B CHIIY 3aKOHA CoXpaHeHUs 3apsaga. CBoOOJHBIE BEKTOPHBIE AJIEKTpOMar-

HUTHBIC oyt E u H npencTaBisroT co0oii AUMONBHOE U3ITydYEeHUE U UX CBOMCTBA XOPOIIO H3Y-
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YeHbl BO MHOTHMX TEXHOJOTMYECKUX NpPUIOKEHHSX. BriepBeie ckamspHoe uamydenue (131)
HaOromanocs B akcnepuMmentax Hukomoit Tecna eme B koHie 19 Beka [56], korma He ObLan
MIOCTPOCHBI TaKWE OCHOBOIIOJIATAIOIINE TEOPUU KaK CIeHabHast U 0011as TEOpUN OTHOCUTEIb-
HOCTU M KBaHTOBas MexaHuka. OCOOEHHO BIEUATIISIIOT SKCIIEPUMEHTHI Tecia no 6ecrpoBOgHON
nepenayde EKTpodHeprun [57], moBTOpEHHBIE SKCIIEPUMEHTAIBHO U TEOPETUUECKH OIMCAHHBIC
aBTopom B Tammanze [65, 66].

BreiBog Ne 12: Obwepensmusucmckas 31eKkmpooOuHamuKka onucviéaem Haobarwoaemoe 8 ciabwix
HOJIAX U NPU HEPeNTMUBUCICKUX CKOPOCMAX cKalApHoe none (131),00napyscennoe 6 sxcnepu-
menmax H. Tecna, xomopoe ne 6xooum 6 ypasneHnus snekmpoounamuxu Maxceenna-Jlopenya.

6.2 KopoTko aeiicTBywIIHe 100aBKU K moTeHuunany Kyiona

B nepenstuBucTckoM npubimkennu cinadbix moseit (80) ¢pynkiuio Jlarpar:ka B COOTHOIIIE-
HUHU (79) MOXKHO IIPEICTAaBUTh KaK

k \1/2

dx' dx
L=- L —— T -U. 137
3nech T — KUHETHUYECKAs YHEPTHsl «[IPOOHOM YacTUlbl» U U — ee MOTCHIMAIbHAs SHEPTHs.

JIJist ccTeMbl OCTPOBHOTO THUIA HA OECKOHEYHO OOJBIIIOM PACCTOSHUU OT UCTOYHUKA TTOTEHITH-
anbHast sHeprus B (137) oOpamaeTcs B HyIb, T.€.

L =T-U, =T

Y TIPOCTPAHCTBO COOBITHI HA OECKOHEYHOCTH CTAaHOBUTHCS ITIOCKUM. B pesynbrate u3 (137) mbl
uMeeM

. 1/2
dx' dx*
L =—pc| g | =7 138
00 /’l 77|k dt dt ( )
U IIOTCHOUAJIbHAs 3HepFI/I5I MOIXKET 6BITB Hpe[[CTaBJIeHa KakK

K 1/2

dx’ dx< ) dx' dx

U=L, —L=—uc| [ ——| - 0x—e—
00 /Ll 77|k dt dt glk dt dt

(139)

Otcroga cienyer mpocras HEpelIsTUBUCTCKas GopMyiia sl BBIYUCICHHUS MOTCHIIMATLHOM
SHEPIrUU B3aUMOJICUCTBUS

:
U= ﬂT(goo _l) . (140)

Ucnoneays dhopmyny (140) mpeacraBuM HEKOTOPHIE HOBBIE MOTCHIIMALHBIC SHEPTUH, HAWJICHHBIC U3
petenns ypaBaenwuii (123) obiepeasITHBUCTCKO#M dnekTpoarHamMuk [63]:

1) moTeHIMAaNbHAS SHEPTHUS C IEPEMEHHBIM KYJIOH-HBIOTOHOBCKHM B3aUMO/ICHCTBUEM
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~c? [0+ (0] | L 2eZe() _2M()G

U= \
2 r ) uc’ ‘ c

; (141)

2) TOTEHIMAJbHAS DHEPTUS C «IIICKTPOSACPHBIMY» (KOPOTKOACHCTBYIOIIMM) B3aMMOJICH-
CTBHEM

2 rr 4 2r% 2
U :_”C_Z—Z, r :iZZzS, =const , T, =const; (142)
2 rer?y He

3) moTeHIHabHAS SHEPTHS C «IJIEKTPOSIEPHBIMY» B3auMoelcTBHEM U 3D BpalieHreM Hc-
TOYHHKA
2 2 2 ne2
wc? | T —rre+2r N +a“cos” o Ao _+222e2
-1, ="
2 r’+ (r, - acosd)? He

4) MOTCHIHAJIbHAA DHCPIrUs C «IJICKTPOAACPHO-KBAPKOBBIM>» B3aHMOHeﬁCTBHCM

U:

=const , r, =const, a=const; (143)

2( r?_rr_+2r%y —96Arty

u=_*~ e +12A(F2 +5r2) |, (144)
2 r? +r?y
2
I, = + 222? =const , Iy = const, A =const.
LC

Brimie moka3aHo, YTO OTKJIIOHEHHS OT KYJOHOBCKOTO MOTEHIIMANA B JICKTPOIUHAMUKE OBLIO
obHapykeHO B 3kcrmepumentax . Pesepdopna [52], E. Kunsunrepa [53] u P. Xodceraarepa
[54]. B pe3ynbrate nosBUIMCH (PEHOMEHOJIOTHUECKHE TCOPUH SACPHBIX CHII M AJICKTPOMArHUT-
HBIX (OpMPaKTOPOB, YTO HE ABIAETCS (HyHIAMEHTAIBHBIM OAX0A0M. [t pyHIaMEHTaIbHOTO
OTIMCAHMS SAEPHBIX B3aUMOACUCTBUH, cOTpynHUKaMu nHCTUTyTa Ou3uku Bakyyma E.A. ['y6a-
pebiM ¥ A.H. CHI0poBBIM OBUIO TIPEITIOKEHO MCIOIb30BaTh PEIICHHS BAKYYMHBIX yYpaBHEHHI
O0IEPENIATHBUCTCKON AIIEKTPOJMHAMHKH, KOTOPBIE IPUBOAT K KOPOTKOACHCTBYIOIIEH T00aBKe
K noreniuany Kymona ciemyroniei u3 noreHuuaibHoi sueprun (142)[67-71]

2 2r2y 27762

UeN ==, re=i 2

2 242, HC

, Iy =const, (145)
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I/Ie 3HaK + O3HA4YaeT MPUTSHKEHHUE MEXIY 3apsAoM ze C MacCod g W LEHTPAJIbHBIM 3apsoM
Ze, a 3HaK — OTTaJKMBaHUE, [, - HOBas KOPOTKOJEHCTBYIOIAs KOHCTAHTA MHTETPUPOBAHUSL.

N3 (145) BuaHO, 4TO 3TO MOTEHITMAT 3apsI0BOHE3aBUCUM, UYTO W HAOJMIOMaeTCA B SIEPHBIX B3a-
UMOJEHUCTBUSIX.

Log(b/sr)

2,0

1,0

0,0

-1,0

-2,0

-3,0

-4,0

AT TN T YT U P O A A S

-5,0 s S s e o S S S A S S R
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Puc.5. Ynopyroe paccesinue npoToHoB ¢ sHeprueid 17 MaB Ha spax Meau

[Tocne oGMMPHBIX BEIUUCIUTEIBHBIX padOT, B KOTOPBIX ObLIO MPOBEIEHO CPAaBHEHUE TEOPETU-
YECKUX CEYEHHH YIpyroro paccesHus HEUTPOHOB U MPOTOHOB Ha SApax psja 3JIEMEHTOB, pac-
CUMTAHHBIX C HCIOJIh30BAaHUEM MMOTEHITMATBLHOM dHepruu (145), ¢ COOTBETCTBYIOMIMMU IKCIIE-
PUMEHTAIBHBIMHA KPUBBIMH, ObLIO TIOKa3aHo [67-71], uTo noreHnmanbHas sueprus (145) xopo-
110 ONUCHIBACT SIJIEPHBIE U 3JIEKTPO-sAAepHbIe B3aumoericTus. Ha puc.5 npuBonuTest ogux u3
rpaduKOB CpaBHEHUI TEOPUH U SKCIIepUMeHTa. TeopeTrueckas KpuBasi MpeACTaBiIseT coO0i
muddepeHIaTbHOEe CeUeHHE PACCesHUS 3apsSKEHHON YacTULIbI — IPOTOHA C SHEPTUel MOKOos
938,5 M»nB u kuHEeTHYECKOM dHeprueil 17 MaB. DKcliepuMeHTaIbHbIE TOYKHU - IuddepeHIm-
aJIbHOE CECUEHHUE YIPYToro pacCessHus MPOTOHOB sHepruu 17 Mo Ha sapax meau [63]. Xopo-
1Iee COBMA/ICHUE TEOPUU U SKCIIEPUMEHTA TOBOPUT O TOM, UTO SIIEPHBIE U DJIEKTPO-SAepHBIE
B3aUMOJICHCTBUA (BO3MOKHO, ClIa0ble B3aMMOACHCTBUS U JIEKTpOMarHuTHbIE (popMpakTopsl
DJIEMEHTAPHBIX YaCTHII U SIEP) SBJSIFOTCS CIEACTBUEM MPOSIBICHUS CHIIBHBIX JIEKTPOMArHUT-
HBIX T0JIEH, CIeTYIONINX U3 PELICHUH YpaBHEHUI BaKyyMHOM anekTpoauHaMuku (123). B atom
ciydae 0ObeAMHEHHE, HAIPUMEP, dJICKTPOMATHUTHBIX U SACPHBIX B3aUMOACHCTBHIA TPOUCXOTUT
€CTECTBEHHBIM IyTeM 0€3 MPUBICUECHUS JOTIOIHUTEIbHBIX TUIIOTE3 OTHOCUTENHHO (hEHOMEHOI0-
TUYECKHX SJIEPHBIX MOJIEH.

BeiBog Ne 13: Pewenue ypasnenutl oowepensmusucmcKou 31eKmpoouHamuKy npueooum K no-
menyuanbHou snepeuu (145), komopas obecneuusaem gyHoameHmanivHoe onucarue 0OHapy-
arcennvix J. Pezepghopoom soepnuix cun.
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7. IlpuHIUNHAJBLHOE 00001IeHNEe 3JIeKTPOAMHAMUKH 2. BakyyMHas 3Jiek-
TPOAMHAMMKA

Hetpynno 3ameTuth, 4TO OOIIEpEISITUBUCTCKAS NEKTPOAMHAMUKA TOCTPOEHA 110 aHAJIOTHH C
T€OpUEW TpaBUTAllMU OWHILITEIHA, KOTOpas, 10 MHEHHUIO CaMOT0 aBTOpa, HE SIBIIAETCS 3aBep-
IIEHHOM, MOCKOJIbKY TpaBasl 4acTh YpaBHEHUN DUHILNTEWHA — TEH30P YHEPIUU-UMITYJIbCA MaTe-
pUH UMEET He TeOMETPUYECKON PUPOIBI U, (GaKTHUECKH, BBOOUTCA B YpaBHEHUS «pykamu». Ho
HE 9Ta TPYIHOCTh B TEOPUHU TPABUTALIMYU DHUHINTEHHA SBIsIETCS OCHOBHOMW. M3 pabotsr [1] cinemny-
€T, 4TO MBI C CaMOr0 HayaJa JIOJKHbBI (POPMYyIUpPOBaTh YPAaBHEHHS JIEKTPOAMHAMUKU KOBApH-
AQHTHBIM 00pPa30M OTHOCUTENILHO YCKOPEHHBIX CHCTEM OTCUYEeTa. DTO O3HAYAEeT, UTO:

1. B ypaBHEHUs dJICKTPOJMHAMHKH JOJKHBI BXOIUTD TIOJISI MHEPIMU U TIOPOXKICHHBIC UMU
CHJTBI HHEPLIUH.

2. B xauecTBe mMpoCTpaHCTBA COOBITHI 3MEKTPOANHAMHUKN HEOOXOIUMO HCIOIb30BaTh 10TH
MEpHOE IPOCTPAHCTBO abCoMOTHOrO MapamienuimMa A, (6) [63].

3. Pa3mepnocTh mpocTpancTBa coObiTuii onpeaensercs 10Tbi0 cTeneHsIMu CBOOOIBI POU3-
BOJILHO YCKOpeHHO# 4D cucremoit orcuera (TeTpaoit).

4. VYpaBHEHUSA JEKTPOJUHAMHUKY JOJHKHBI YIOBIETBOPATH NPUHILIUITY BpalllaTeIbHON OTHO-
CUTEIBHOCTH W, B JIOTIOJIHCHUH K TPAHCISIMOHHON puMaHOBOW metpuke (73), comep-
JKaTh BpalaTeabHyI0 METPUKY, 00pa30BaHHYIO TOPCHOHHBIMHE MOJIAMHU Pryun [63].

5. Bpamarensubsie ypaBHeHus: brnoxa (4) DOJDKHBI MOSBIATBCA B TEOPUU KaK CIEICTBHE
«BpalIaTEeJIbHbIX T'€0AE3NUECKUX» BAKyYMHOM 3J1EKTPOAMHAMUKY, a HE BBOJUTHCS PyKa-
MH, Kak 310 caenan @. biox.

6. AOGconroTHbIil mapautenu3M A, (6) npexcrasiser coboil BAPHAHT HETOIOHOMHON auddepeH-

[IUATEHOM TE€OMETPHUH, TIO3TOMY MBI HUMEEM JICJIO C HETOJIOHOMHOM BaKyyMHOM 3JIEKTPOIUHAMH-
KOH.

7.1 TIpocTpaHCTBO COOBLITHII M YPaBHEHHs] BAKYYMHOM 3J1eKTPOAUHAMHKH

Hamo orMetuTh, yTo A. DUHIITEHH HCIIOIH30BaJ TEOMETPHUIO a0COIFOTHOTO Mapajiieiu3Ma JJis
MOMCKa YPAaBHEHHUI €JUHON TEOPHUU IOJS1 BO MHOTUX CTaThsiX [72]. B Teopun DiHIITEHA CBO-
0o1HO Mamaromue TMdTe He UMetoT coocTBeHHOro 3D BpaiieHus, HET BpamaTeIbHBIX KOOPIH-
HAaT KaK 3JIEMEHTOB MPOCTPAHCTBA, Hem 8paujamenbHOU OMHOCUmMenNbHoCmu, X0t caM A. DWH-
ITEHH YyTBEPKIal, YTO €r0 YPaBHEHUSI KOBAPUAHTHBI OTHOCUTENILHO MTPOU3BOJIBHO YCKOPEHHBIX
CHUCTEM OTCuUeTa. DTU HECYpPa3HOCTU BO3ZHHMKIM H3-3a TOro, 4To A. DHUHIITEHH HCHOJb30Bal
noaxoa Pumana k reomerpun. Takol Moaxon mpeacTaBiseT co00il HayaabHBIN 3Tal Pa3BUTHA
HeeBKIMI0BOM nuddepernuanpHoi reomerpun. Kak mokazano B padore [63], mis co3maHus
€IMHON TEOpUU TOJIsI Halo OBUIO MCIONIB30BaTh moaxon KieiHa (DprmaHreHckas mporpamma
Kneitna), koTopblii mpeamnonaraeT onpeaensiT OCHOBHbIE OOBEKThl T€OMETPUHU IIyTEM Ipe/Ba-
PUTENIBHOTO 3a/IaHUA €€ TPYNIOBBIX CBOMCTB [73].
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OpueHTupyemoe npocTtpaHcTeo A (6)

4 roNOHOMHbIX 6 HErONOHOMHbIX
KoopauHatel 6asbl ct, x, v, z KoopawuHar cnos ¢, @, w, 8, o, B
(nokaneHaa rpynna T(4) ) (nokaneHaa rpynna O(3.1))

BpalwarensHagd
MEeTpUKa l

TpaHcnaunoHHaA

METPUKa

2 i3k
ds” = gikd«\' 7

a _b i1k
n,.,e" e vdx'dx” |

dr’ =dy“dy’s
= DD’y =
Takabcm dxkdx” .

=1 = \
diag(1-1-1-1) .

ds’

Puc. 6. Ctpykrypa npocrpanctsa A,(6)

Ha puc. 6 cxemaTH4eckd NpeacTaBieHa CTPYKTypa HEroJIOHOMHOro mpoctpaHcTtBa A,(6) .
OIHMM M3 OCHOBHBIX OOBEKTOM NpOCTpaHCTBA A,(6) sBIAETCS HEroJOHOMHAS TETpazaa e‘}‘ ,

KOTOpas MpeAcTaBisieT co0oil MmaremaTnueckuii o0pa3 4D mpou3BOIBLHO YCKOPEHHOM CHCTEMBI
orcuera. Koopauuarusiit uagexkc 1=0,1,2,3 npuHamiexur 6a30BOMY IPOCTPAHCTBY 4X TpaHC-

JAMOHHBIX KOOPAMHAT X, Y,Z,Ct, Ha KOTOPOM 3aJaHa TPAHCIAMOHHAS PUMAHOBA METPUKA
ds® = g, dX'dX* , g, =7,6% €% , 7, =7 =diag(1-1-1-1). (146)

Jlokaneubrit naAeke a =0,1,2,3 HyMepyeT BEeKTOpa TeTpabl e? Y TIPUHAUICKUT BHYTPCHHEMY

TIPOCTpaHCTBY 6" HErOMOHOMHBIX BpallaTelbHBIX KOOpAMHAT @), @, ,@5, 0,, 0,, 0, , na xoto-

POM 3aJiaHa BpaliaTcjibHass MCTpPpUKaA

de = d}{abd}(ba = —DeaiDeia :Taka ban kaan ) (147)
I, j,k..=0123,  a,b,c..=0123,

rae dy,, =—dy,, - mubdepeHrans HEroTOHOMHBIX BpaaTeIbHEIX KOOPAMHAT,

Thic ==+ 9™ (9 Q me + 9, Q2 m) (148)

- ko3 duireHTs! Bpamierns Puaun (TopcronHoe none reomerpun A4, (6) ),
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0
0 x¥

. . . 1 .
— Qi =Tk =—€'a€%K, i1 =EE'a (eaj,k —eak,j), = (149)

-kpyuenue reomerpun 4, (6) (06bekt Herosonomuoctr) [63]. OTiandue OT HyJISE ITOTO 3IEMEH-

Ta 00EeCeYnBaET;

1) HETOJOHOMHOCTH TETPAIbI ej?‘ :

2) CylIecTBOBaHHE HETOJIOHOMHBIX BpAIATEIbHBIX KOOPIAMHAT @, @, ,@,, 0,, 0,, 0; kax aie-
MEHTOB ITPOCTPAHCTBA,;

3) cymiecTBOBaHUE TOPCUOHHOTO oIS (148);

4) cymiecTBOBaHME BpamareabHoi MeTpuku (147), OMUCHIBAIOIIMI OECKOHEYHO MaJIbIii TOBOPOT

BEKTOPOB TETPAJIbI ej?‘ U, KaK pe3yibTaT MEePEeYHCICHHBIX BBIIIE CBOMCTB, CYIIECTBOBAaHUE HETO-
JOHOMHOH muddepenuanbaoil reomerpun 4,(6) . Kak o0b14HO, B mpocTpaHcTBe 4, (6) cuM-

BoJibl Kpuctoddernst onpeznensiores uepe3 METPUIECKUiA TEH30p ), B BujE

i 1 im
[ i :Eg (gjm,k + gkm,j - gjk,m)' (150)
Cs3HOCT reomeTpun 4, (6) 3anummercs kak [63]
AiijFijk +Tijk —e's e%ik :—eajeia,k. (151)

Onpeiensist TEH30p KPUBH3HBI S' jm IPOCTPAHCTBA A,(6) uepe3 cBsa3HOCTB (151) 0OBIYHBIM

obpazom, monyuum [63]
Sijkm =R jkm +2V[kTi|j|m] +2T is[k T%5m =0, (152)
rue

R jm = 28[k1“‘|,-|m] + 21“‘s[k | TS (153)

- TeH30p Pumana u V, - KoBapuaHTHasl IPOU3BOJHAsI OTHOCUTENBHO CUMBOJIOB Kpucroddens
(150).

PaBeHCTBO HYIIIO IIOJTHOI'O TEH30pa KPUBU3HEI Sl'km npoctpadctBa A,(6) SBISECTCA O cacie-
] P p 4

HHUEM T€OMETPUH a0COJIFOTHOTO (allbHET0) TMapajuieu3Ma. DTO ONMpeIesIiCHHe O3HAadaeT, 4To B
npocTpancTse 4,(6) mapajieabHbI IEPEHOC BEKTOPOB SABIAECTCSA FOJTOHOMHBIM, T.€. MBI MOXKEM
CpaBHMBATh NApaJUIEIbHO MEPEHOCUMBIE BEKTOPA B Pa3HbIX TOUKAX MPOCTPAHCTBA, TaK KE KaK B
IUIOCKOM TNPOCTPAaHCTBE MUHKOBCKOT0. DTO CBOWCTBO OTCYTCTBYET B OOBIUHOW reomeTpuu Pu-
MaHa.

Ms! OyneMm paccMaTpuBaTh reoMeTpuio 4,(6) B ayxe OpiaHreHckoil mporpammel KiteitHa,

MIOJIOKHB B €€ OCHOBY JIOKaIbHYIO Tpynny [lyaHkape, BKIIOUAIOUIYIO B ce€0sl JIOKAIBbHYIO TPYIITY
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TpaHcnsauui 7'(4) u nokanpHyto rpynny 4D Bpamenuit 0(3.1) . [Jnst storo BBeaem auddepen-

LUAIbI

dx' =e®e's,  de's =A%el (154)
rIe

e? =e%dx',  Alh=e?de's =A% dx (155)

- mubdepenmmanpHbe 1- GopMsl Tetpansl €% u cBsi3HOCTH A'hk  TpocTpaHcTBa 4, (6) . Audde-
peHnupys cootHoueHus (154) BHemHuM 00pa3om, UMeeM JUIs IPOCTpaHCTBa A,(6) cienyromye

CTpYKTypHbIe ypaBHeHUs Kaprana B Buge [63]
de* —e* AT?% =0, (A)
R +dT% -T% AT% =0, (B)

rae T2 =T %k dx* - 1-popma koaduuumentos Bpamenns Puaun, R% = R2mcdX™dx* - 2-popma Ten-

3opa Pumana u

a C a Cha

e® Ae® =¢e% " —e

- BHEIIIHEE MPOU3BEACHNE. YpaBHEHUS (A) MpeaCcTaBIsIOT COOOM CTPYKTYPHBIC YpaBHEHUS
Kaprana rpynmnsl Tpancisinuii 7(4) npoctpancTBa A4,(6) , mopoxaromei kpydenue (149) u,
cienoBarenbHO, TopcuoHHOE mose (148). CoorBeTcTBEHHO, ypaBHeHUs (B) sBistoTes cTpyk-
TypHbIMHU ypaBHeHUssMH Kaprana rpynnsl BpameHuii O(3.1) , MOpoKaaroeil puMaHOBY KpH-

BU3HY npocTpaHcTBa (153). B TeH3opHBIX 0003HaueHusx ypaBaenus (A) u (B) npuHumMarot B

[63]
Vi€l + T gel =0, (A)
R jkm +2V[kTi|j|m]+2Tis[k T ®im = 0. (B)

VYpaBuenus (A) u (B) Moc)kHO 3amucaTh B BEKTOPHOM 0a3uce B BUJIE PACIIUPEHHON CHUCTEMBI
ypaBHeHMIA DiiHITeiiHa- Inra Muica [63]

Vel +Tigel =0, (A
1
Rin =2 0R=v Ty, (B.1)

Cl i + 2V Ty + 2T T Sy = v 3

ljim1 ~

i

[iim] jkm (B.2)
IIPH 3TOM TEH30D SHEPrUU-UMITYIIbca |, B (KBa3H)IUHIITEHHOBCKUX ypaBHEHHUsX (B.1) umeer
FEOMETPHYECKYIO IPUPOJIY M BBIPAXKAETCS YEPE3 TOJIE TOPCHOHHOE 1O T'j, CIEAYIOMIUM

obOpazom
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.2 i i —S 1 pn i -
Tjm = y {(V[ﬂ]”m] +TS[iT| i |m]J 5 9im? (V[iT|p|n] +Ts[iT| p|n]J} : (156)

BHEeHUAX SHra-Mumn .2) TeH30p Toka J'jkm Tak)ke FreOMETPU3UPOBAH U BBHIPAKAETCS
B ypasue Sara-Mwuica (B.2) Ten3op Toka J

4yepe3 TeH30p dHepruu-ummynbea (156) (T.e. omarh ke dvepes moje Tim ) KaK
1
Jijn = 290 T pmy _ngi[mgk]j : (157)
Ucnonbiys Ten3op (156), Haxoaum BeIpaKeHUE [ TNIOTHOCTH MaTePUU

gjmT_ 2 jm .
p=— = Im_<9 {v RS I } (158)
c? c? ye2 | []jmD " slifjjm]

B nanpHeiimem, Mel Oyzem paccMaTpuBaTh ypaBHeHUs (A) u (B) xak ypaBHEeHUs BaKyyMHOH
anexkTpoauHaMuku. 1o cTpykType ypaBHEeHUH (A) BUAHO, YTO OHU ompenessitoT kpydeHue (149)
TCOMETPUH 4, (6). Uro kacaetcs ypaBHeHwuit (B), To oM pacnamarorcs Ha:

¢ 10 momHOCTBIO T€OMETPU3UPOBAHHBIX ypaBHeHMH (B.1), moqoOGHBIX ypaBHEHUSM 0OIIe-
PEIATUBUCTCKOM IeKTpoanHaMUKH (99);

¢ 10 NOJTHOCTBIO TEOMETPU3UPOBAHHBIX ypaBHeHMH (B.2), momoOHBIX ypaBHeHUsM SIHra-

Munca ¢ kanubpoBouHoi rpynmoi  0(3.1).

BreiBog Ne 14: B ypasuenusix eaxyymrou snekmpoounamuxu (B.1 ) (B.2) ucmounuku éneuwnux
INEKMPOMACHUMHBIX NOJAEU NOJHOCMbIO 2eOMEMPUSUPOBAHBL U 00PA306AHbI  NOJAMU UHEPYUU
(MOpCUOHHBIMU NONAMU).

7.2 YpaBHeHMs IBUKEHUS] CHIUHUPYIONIEH 3apAKeHHON YacTHIIbI

B koopnunatax 6a3sl X, Y,Z,Ct nuddepenumans BpamareabHbIX KOOPIUHAT Oy Oy @5, 91, (92, 93

3alMUMUIyTCA KaK
dy'j =T'jkdx = De'ae?j (159)

rae D- abcomoTHbiil muddepennnan otHocuTenbHO cMBOIOB Kpructobdens I k. IMoxenus

JIEBYIO U MPaBYIO YacTh 3TOTO0 PABEHCTBA Ha TPAHCISALMOHHBIN nHTEpBai (146), momyunm

oody'y o dx* De'
Qljz é(J:lekd—: q aeaj , (160)
S S S
e Q, =—Q, - 4D yriosas ckopocTh BpallleHus TeTpaasl €. Hamommum, uto TeTpaga €’

SABIISICTCS MaTeMaTHYECKUM 00pa3oM 4D mpou3BOJIBHO YCKOPEHHOH CUCTEMbI oTcuera. aKxotl
06vexm umeem 10 cmeneneii c600600vl, U3 KOMOPLIX 4 ONUCLIBAIOMCA MPAHCIAYUOHHBIMU KOOP-
ounamamu X, Y,Z,Ct u 6 epawamenvuvimu Koopounamamu @, @, ,@;, 6, 6,, 6. OT™MeTHM, 41O
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B TEOPUU TPaBUTALUM DWHIITEHHA BpalllaTelIbHbIE KOOPAUHATHL @), @, ,¢;, O, 0,, 6, 1 Bpama-
TEeJIbHAsl METPUKAa OTCYTCTBYIOT, [IO3TOMY OIHMCaHHE YCKOPEHHBIX CUCTEM OTCYETa B HEW orpa-

a
Hu4eHo. Eciu Mbl MOMECTHM B Hadajao KOOpJAMHAT TeTpaisl €°i «MaTepHallbHYyI0 TOUYKY», TO, C

y4ETOM YTJIOBBIX NEPEMEHHBIX @), @, ,@;, 0, 0,, 0,, NOTyuM HOBBIH H€anbHBIH QU3HUECKUIL

00BEKT - «OPHCHTHPYEMYIO MaTepUAIIbHYIO TOUKy» [1] .
YMHOXast cBsi3HOCTH (151) Ha € Ja UCIIOJIb3Ysl YCJIIOBUSA OPTOTOHAJIBHOCTH
e*iela =0, e%e's=5%, (161)
MOJIyYUM
eia,k + Ai jkeja =0.
YMHOXasi TH ypaBHEHUsS HA dx* /ds, MOJIy4aeM BpalllaTelIbHbIE YPAaBHEHUSI JIBUXKCHHS TETpa-
JBl els

k k
O Tiel, & o, (162)
S ds

i k i
dea+AmekdX _de'a

+Fijkeja
ds ds ds

Otu 6 ypaBHeHuit (B cuity ycioBuit (161)) mpencrasistor coboit 4D ypaBuenust dpene, koto-
pbIe OIMKCHIBAIOT JBIKCHHE YEThIPEXIPAHHUKA BIOJIb MHUPOBOW iuHUH mpocTpaHcTBa A,(6) .

[IpencraBum ypaBHeHus (162) B Buje

de'o ., . dx* . dx*
+I'welo—+T'kelo—=0. 163
ds o ds o ds (163)
i k k
de'a \ pioi, X piei, X g (164)
ds ds ds

i, jk..=0123  AB,C..=123.

BriGupast Bektop €% =dx,/ds  KacaTelbHBIM K MOPOBOII THHUH, HOXy4uM u3 (163) ypaBHeHus
IBIDKeHNs Hadana O yCKOPEHHOM CHCTEMBI OTcUeTa (MIJIN TETPabl), 3alMCaHHbIC KaK
2,i i gk ]
dx' _; dx'dx . dx!

+TMk——+Q

ds? ds ds "ds

0, (165)

rie Q'j - 4D yrioas ckopocTh BpamieHus Tetpassi (160).

[TycTts Teneps npoOHast 3apsKEHHAs YacTHIIA ¢ Maccoil x4 u 3apsiioMm € cBsi3aHa ¢ HadanoMm O

IPOM3BOJILHO YCKOPEHHOM CHCTEMBI OTCYeTa (TeTpaibl) U MyCTh ABM)KEHUE MPOUCXOUT B CUIIh-
HBIX 3JIEKTPOMAarHUTHBIX 1oJisix (77), Torna ypasaenus (165) 3anumryres kak
d’x' e dx’ dx* dx
_ Ei . _ Qi .

_ ax 166
ds®  uc? *ds ds " ds (166)
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/i€ TIOCJIeTHUN YiieH B mpaBoil yactu (166), mociie yMHOXKEHUS HA 4, TMpPeAcTaBisieT co0oi cu-

76l MHEPIMHU. B HepensITUBUCTCKOM MPUOJIMKEHNHU CcIa0bIX 3JEKTPOMAarHUTHBIX 1oiieil u3 (166)
CIIEYIOT YPaBHEHMS IBUKEHUS 3apsiia B yCKOPEHHOM cucteMe orcuera (56)

—

yi—\t/:eﬁ+g[\7l:|]—y\/\7—2y[ﬁ)\7], (167)
C

otkyna s 4D yrimosoii ckopoctu (160) caemyer [63]

0o -wW -W, -W,
W 0 —-Cw, Cw
Q, =-Q, =i2 y ’ j (168)
c W, Cao, 0 -co
W, -co, co 0

Paccmotpum Tenepsr ypaBHeHus (164), KOTOpbIE ONMMCHIBAIOT MPOCTPAHCTBEHHOE BPAIICHHUE CH-
CTeMbl OTcYeTa. B BakyyMHOH 3JIEKTpOJIMHAMUKE 3TH YPAaBHEHHUSI 3aHIIYTCS KaK

i k
deA= 82 EijkejAdL—TijkejA—. (169)
ds uc ds ds

B (xBa3u)uHepmanbHOM CUCTEME OTCUYeTa BTOpPOM wieH B mpaBoil yactu (169) oOpamaercs B
HYJIb U Mbl UMCCM
de'a e

k
=— EijkejAdX
ds uc ds

(170)

rme E'x u 0y ompenensrorcs cornacro (77) u (146) cOOTBETCTBEHHO. DTH ypaBHEHHS PACIIH-

CBIBAIOTCA KaK

de’ e . dx”
A =~ E%ela : (171)

ds uc ds

de” e . dx”
A=~ _E“jela (172)

ds uc ds

Jlns mpocTpaHCTBeHHOU TpHabl €4 ypaBHeHus (172) mpuHUMAIOT BHY
de“n e _, dx* e _, dx° e dx”

r > > d (173)

=— e = E%efa—+—E%e
ds  uc® A s LC P ds LC 5 ds

Kak 6bu10 mOKa3aHo BEIIIIE, B CIA0BIX TOJSX U MIPH HEPEIATUBUCTCKUX CKOPOCTSIX, B ypaBHE-
Husx (173) MoxxHO monarath
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1 ,(o0a oa 1 1 dx®
E =—-¢?) 2«0 _“F0_Z(A —A )Y==F,  ds~ds, =cdt, —~1. (174
a,p0 2 [aX'H axa ] 2( B.a a,ﬁ) 2 aff 0 dSO ( )

[Ipenebperas nocneaaum wieHoM B (173) u ucnons3ys ycnosus (174), umeem

de’s _ & pug, (175)
dt 2.uC
a foy..=123,  ABC..=123,

TJle HaNPSKEHHOCTh ANeKTpoMarHuTHoro mois F“ onpenensercs us (3). HampaBum BeKTOp

e”s3 BIOJIb OCH Z, W IYCTh CIIMH S = /i/2 coBmajaer ¢ ochto Z. Torga, mocie yMHOXKCHUS Jie-
BOM U mpaBoii yactu ypaBHeHus (175)Ha S=7/2, nBrkeHne cnuHa OyAeT ONMUCHIBATHCS YPaB-
Henusimu [logaposckoii [74]

ds*” e
=—F“s, , ap,y.=123 176
dt  2uc Y By (176)
WJIU, B BEKTOPHOM 3aIUCH,
B _ e sAl-fa], @ =-2-A, 177)
dt 2uc 2uC

rae @, -9acrora Jlapmopa. Otmernm, uto ypaBHenus (176) cosnanaror ¢ ypaBHeHHsaMHu bioxa
(4), HO ONTy4eHbI (pyHIaMEHTaIBLHBIM 00pa30M W3 BpallaTelbHBIX ypaBHEHUN ABKeHUs (162),
a He BBEJICHBI «PYKaMU» B TEOPHIO, KaK 3T0 ObUIO cienano biioxowm [6].

BriBog Ne 15: Vpasnenus eaxkyymHou sn1ekmpoounamuxu, Kpome nocmynamenbHulx ypasHeHull
(167), codepoicam epawjamenvhvie ypasruenus (177), komopvlie omcymcmayom 8 1eKmpoouta-
muke Maxceenna-Jlopenya.

7.3 IoJst 1 cuJIbl HHePUUH B (KBa3H)HHEPUHUATBHOMN cCHCTeMe 0TCYeTa

Y CKOpPEHHYIO CHCTEMY, B KOTOPOW CHJIBI HHEPLHU MPEHEOPEKUMO Majbl Mbl OyZeM Ha3bIBaTh

(kBa3m)MHEPIUAIBHOW cHUCTeMOW oTcdeta. M3 ypaBHenuir (165) cnemyer, 4ro B (KBa-

3 )MHEPIHATLHON CHCTEME OTCYETa CHIIBl MHEPIIUU 00paInarTcs B HYIb, T.€.
cdx!odxdx®

Rl A 178
: ds . ds ds a78)

U3 coornomenus (148) HaXOMMM, YTO TOPCHOHHOE TOJI€ T'jk HMMEET aHTHCHMMETPUYHYIO (CM.

bopmyny (149)) 1 CHMMETPHUYHYIO T10 HIKHAM HHAEKCaM |,K d9acTu, mpu 3TOM CHMMETpUYHAsS
4acTh OKa3bIBAETCS PABHOM

Tl = gim(ngQ"smk +0,Q°m) = 20 .. (179)
W3 (178) u (179) monyuum
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Ti(jk)——s=0, (180)

OTKY/Ia CJIe[IyeT, 9TO TOPCHOHHOE MoJie T'jk OTIMYHO OT HYJISI K QHTHCHMMETPHYHO 110 BCEM

TpeM uHaekcam [63]
Tijk = _Tjik :Tjki = _Qijk : (181)

Taxum o6pa3oM, B (KBa3M)UHEPIHATBLHON CHCTEME OTCUETA CHIIBI HHEPLIUU PABHbL Y0, OOHAKO
none unepyuu  T'i OMAUYHO OM HYNSL U AHMUCUMMEMPUYHO NO 6CEM MPeM UHOEKCaM (CM.
dopmy (181)). CoornHomenus (181) 3HAUNTENHHO YIPOLIAIOT BBIPAXKCHUE JJIsI TEOMETPHU3HPO-
BAaHHOTO TeH30pa dSHeprun-ummyibea (156). JletictButensHo, u3 (156) ciemyer, 94TO MOIHOCTHIO

FGOMeTpHSHpOBaHHBIﬁ TCH30P SHCPTHUU-UMITYJIbCA MOJKHO IMPEACTAaBUTL B BUIC CYMMBI

T =Tm+ T, (182)

[jm]

IIpu4eM
L= i'i = l L .S
A=T4i=0 Tiim) :;(— ViQim -V, A -AQ jm). (183)

[Tpu BeimonHenuu ycnoswus (181) B (183)

A=T'i=0

]

[TockonbKy neBast yacTh ypaBHeHUH (B./) cuMMeTpu4Ha 1o uHAekcam j,m, 1o (183) B ypaBHe-

HUsX (B.1) oOparaercst B Hylb, OTKY/1a CIEAYIOT YPaBHEHUS
VO =0, (184)

JI1st cMMMETpUYHOM YacTH TeH30pa dHepruu-umiyibcea (156) B (kBa3u)MHEpIHATIBHON CHCTE-
Me OTCYeTa UMeeM

_1 i A--S i Jdiy--s
T(im) = V{Qst i 29 } (185)

a rotHocTh Marepuu (158) B aTOM ciyyae 3amuiiercs: Kak

p=- L ~ O Qi = _LZT LTS (186)
ve ve

Takum o0pa3om, 6 (keasu)uHepyuarbHoU cucmeme omcyema NiIOMHOCHb MAMEPUU BbIPANHCA-

emcs uepe3 Kkeaopam nojs uxepyuu (mopcuonno2o noas eeomempuu A, (6) ). B obmem ciy-

vae, Kpyuenue Q'jm uMeer 24 HE3aBUCUMBIX KOMIIOHCHTHI M pa3liaracTcsi Ha CyMMY TPEX He-

MPUBOIUMBIX yacTel [63]. B (kBa3u)uHEpHHaTbHON CHCTEME OTCYETa JBE U3 HUX OKA3bIBAIOTCS
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PaBHBIMH HYJIIO, C OCTaBILIEHCs MOXKHO CBA3ATh C IICEBIOBEKTOPOM h; , uepe3 KOTOpBIii ypaBHe-

Hus (184) u rensop (185) Beipaxkarorcs Kak

Nim =N =0, (187)
1 1.
ij = ;(hjhm _Egjmh hij ) (188)

Beipakas ncesnoBekrop h j Uepes MCeBJOCKAILIP |/ Kak
ho =W s (189)

MIPEJICTaBUM TEH30pP dHEpruu-ummynbca marepuu (185) B Bue

1 1 i
Tim = ;(t//,-wm —5 9 V/i) : (190)

KOTOPBIH 6 K8aHmMOB0U meopuu npedcmagiaem coool MmeH30p IHePSUU-UMNYIbCA 6e3MaACCO8020
ncegoockanaprozo noas. Ecnn ncesnoBexTop h, cBeTomomoOeH, TO ero MOKHO 3aIicaTh TakK

h, =l ,

m m

I" =0, ®=ad(x"). (191)

II'T'I

B stom ciyuae TeH3op matepuu (185) mpuHUMaeT BUA meH30pa dHepSUU-UMNYIbCa U30MPON-
HO20 U3NYYeHUsl

1 i
Tip =@ 0N, (192)

st Ten3opa sHeprun-umiyisca (126), Haxoaum

_ F(t)
D (x')=—-¢ o i, (t)<0 , (193)
vr

IIpU 5TOM IIJIOTHOCTb MAaTCPUU OKA3LIBACTCSA MOJ0KHUTEIbHOMN U OIPEACIIACTCA KaK

p:izd)2>0. (194)
ve

C npyroit cTOpoHBI, eciii BeKTop N, BpeMeHHIog00eH, TO €ro MOXHO IPEICTaBUTh B BU/IE

hy = =X, , (195)

rae u U™ =1 u (x') - ckanapuas gpynxuus. [oacrapmuss (195) B (185), momyuum TeH30p
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1 i 1
Tin =;(p2(x )(ujum —Egjmj , (196)

KOTOprI MOKHO IIPCACTABUTH KaK
2
ij = pC ujum + pgjm ' (197)

rac
1 2 i 1 2
p=—70¢(xX)>0, p=-=pc°<0. (198)
ve 2

[To cBoeit ctpykType menzop (197) nanomunaem men3op dHepeUU-UMNYILCA «UOEATbHOU HCUO-
KOCMuy ¢ ompuyamenbHvlM 0asienuem, OJHAKO MBI 37IeCb UMEEeM JIeJI0 C MOJIEBBIM MPOTKEH-
HBIM 00BEKTOM — CT'YCTKOM TIOJISI HHEPIUH.

BoeiBog Ne 16: B (keéasu)unepyuaivhvix cucmemax omcyema Cuibl UHEpYUuu pasHvl (npubiu-
JHCEHHO) HYII0, OOHAKO NOPOACOAIOUUE UX NOJISL UHEPYUL OMIUYHBL OM HYJISL U 00pazyiom niom-
Hocmb mamepuu (198).

8. Ilpu3HaKu «KKBAHTOBOW TeOPUU» B BAKYYMHOM 3JIeKTPOAMHAMMKE

I/ISBGCTHO, YTO KBAHTOBAsA TCOPHA BO3HHUKJIIA B PC3YJIbTATC NOSABJIICHUSA B KJIACCHYECKOU DJIEK-
TPOAUHAMUKEC aHOMAJIbHBIX 3KCIICPUMCHTOB, HC OIMMUCBIBACMBIX BJIeKTpO,Z[HHaMHKOﬁ Makcsemnna-
JlopeHna. bputo HEMOHATHO, TOYEMY HE M3JIy4aeT JJIEKTPOH, IIPU YCKOPEHHOM JIBUKEHHUU B aTO-
MC, MOYCMY SHCPrusd U HUMITYJIbC 3JICKTPOMArHUTHOI'O IMOJIA «KBAHTYKOTCA» B COOTBCTCTBHU C
dbopmynamu [Tnanka n DitHIITETHA

E=hw, p=hk (199)

U T.J. ['eHnaibHOE ypaBHEHUE
.. 0 h? 2
ih—y+—Vy-Uy=0, (200)
ot 2u

daxTruecku «yraganaoe» D. lllpenuHrepoM, a He MOJYYEHHOE B PE3ylbTaTe TEOPETUUECKOTO
000011eHnsT ypaBHEHUH 31ekTpoauHaMuk Makcserta-JlopeHna, coIepKUT BOJHOBYIO (YHK-
LU0 I/, KOTOPYIO CaM aBTOP JOJIrO€ BPEMsI MHTEPIPETHPOBAT KaK «I10J1€ MaTepuu». A. DWH-

HITEWH MPUIIEPKUBAJICS MOJOOHOTO MHEHUS, CUMTAs, YTO BOJHOBas (QYHKLHUS |/ B ypaBHEHHSIX

(200) mpeacrasier coboit HU3MUECKOE MOJIE «ITOKa HEU3BECTHOM MPUPOIBI [75]».
8.1 Ilosie MHepUMH, KAK BOJTHOBAas (PYHKIMSI KBAHTOBOW TeOpPUH

B BakyyMHOH 3JIEKTPOAUHAMUKE IIJIOTHOCTh CTALMOHAPHOIO 3apsila © B IPEACIBHOM Cilydae

ompenenseTcs corinacHo cootHomeHuto (129) yepes 6 — pynkmuio Jupaka. C apyroil CTOpOHHI,
B (KBa3W)MHEPUIUAIBHON CHCTEME OTCYETa T0JI€ WHEPIMH OTIMYHO OT HYJS W YIOBIETBOPSET
ycioBuio (181), mpu 3ToM mmoTHocTh MaTepun (198) BeIpakaeTcs depe3 KBaApar IOJs WHEp-
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nuu. B pesynbTare, IIOTHOCTh MATEPUN OIMCBIBAET U3BECTHBINA B KBAHTOBOW TEOPHH KOPITyC-
KYJISIPHO-BOJIHOBOM yaJIn3M

p=Ley*y="72es(r), (201)

A€ MbI BBEJIMU HOPMHUPOBAHHOC HAa CAVMHUIY ITOJIC HHEPLUU Y/

w(x')=_|- o(x), - 12>0 jw*y/dvzl. (202)
HC

e’

Teneps T1O0CTaTOYHO MPEAMOIOXKUTH, uTO 1moJje (202) mpencrapiser codoi BoaHy e bpoitns

v (%)=, exp{i(paTxa —%j} , (203)

4yT00bI MOyunTh ypaBHerue [lpenunrepa (200). [t 3T0r0 10CTaTOYHO MPUMEHHUTD TOXKIECTBO
BuaHku K ypaBHEHHUSM BaKyyMHOU 3JieKTpoauHaMuKH (99), ¥ MOIyYlTh ClIEAYIOIUE YPaBHEHUS
nBrkeHus oTHOCTH (201) B (KkBa3u) MHEPIIMAIBHON CHCTEME OTCUYETa B BHJIE ypaBHEHUN

Vi(pu')=0,(pu’) + pu'T ' =0, (204)

,OC(Ijl"‘,OFiijkUj =0, i j,k...=0,1,2,3. (205)
S

[TepBoe W3 3TUX ypaBHEHUI TpencTaBiseT co00il MoJeBOoi aHaIor O0O0OOIIEHHOTO YpaBHEHHUS
HEMPEPHIBHOCTH (ITOJICBOM 3aKOH COXpaHEeHM 3apsaa). BTopoe ypaBHeHHe npeacTaBisieT co0oit
II0JIEBOI aHAJIOT ypaBHEHMH Oilliepa, ONUCHIBAIOIINX JABM)KEHHE HEC)KMMAEMOH XuJIKocTu. B
c1a0bIX AMEKTPOMATHUTHBIX TOJISIX M JIUISA TIOCTOSIHHBIX 3apsaoB ypaBHeHus (204) u (205) 3anu-
HIYTCS KaK

%—‘t’+div]=o, ji:(pc,pva):p%, =123, k=0,123  (206)

dv, 1 e
“="(eF,,+—F,") . 207
dt ( a0 C aff ) ( )
[Toacrasmsis (201) B ypaBHenue (206), momyunm
‘%’Z)—t‘/ﬂdiv(w*w):o. (208)

3T0 ypaBHEHHE HETMHEWHO OTHOCUTEIHHO BOJHOBOM (DYHKIMH i . C IMOMOUIBIO TIOJICTAHOBKH

Manenynra [76]

v =Cgrad Inl//l//*:c(gr?j"”—gra;‘” J w*wV=C(y*grady —y grady™),

C =const.
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ypaBHeHue (208) cBOAUTHCS K IBYM JTUHEHHBIM

*
%—‘/t’+CAw+ fy=0, a;/t —CAy*—fy*=0, (209)

roe f(X,t) - uexoropas ¢pyukuus. [lycts HOpMHpPOBaHHOE Ha eqUHMITY moJie mHepiun (202)

npeacTaBisieT coboit BonHy ae bpoiins (203), Torna u3 ypasuenuii (209) crneayroT ypaBHEHHS
[lIpenunrepa

2

Oy h LA &
iV Ay —Up=0, in Y AUy r=0, 210
ot “am VY ot am 7 TV (210)
IIPH 3TOM
C=hli2u, f=iU/n, (211)

rone U - Ze’lr - MOTEHLIUAIbHAas SHEPTUs B3aUMOJICHCTBUS 3apsiia € MacChl 4 C LIEHTpallb-

HBIM 3apsgoM Ze.

BeiBog Ne 17: C mouxu 3penus eakyymHou snekmpoounamuru, ypaerenus Llpeounzepa (210)
ONUCHIBAIOM OUHAMUKY NOJIell UHepYUlU, 00pa3VIouUx NIOMHOCHb MAmMepull.

8.2 CtannoHapHble COCTOSIHMA M 10JIsI HHePUHHU

Panee MbI oKa3aJiv, YTO MOJIS UHEPIUH MUTPAIOT CTAOMIM3UPYIOILYIO POJIb B 3JICKTPOAUHAMH-
YECKMX U TPABUTAI[MOHHBIX CHCTEMaXx, MPH YCKOPCHHOM JIBUKCHUU 3apsoB U Macc (CM. (-JIbl
(56)-(59)). Mertpuka (124) onuchiBaeT CUTYalNIO, KOTAA JIEKTPOH C MACCOM 4 | 3apsaoM — €

JBUXKETCs (HampuMmep) B mosie siapa ¢ Mmaccod M >> y u 3apsaom+ Ze, Z =1,2,3.... Ucnonb3ys

MeTpuky (124) u ypaBHeHus ABvxeHuUs (76), HAXOAUM JBa MHTETpasa IBHKCHHUS:

1) 3aKOH COXpaHEHHs TOJHOW SHEPTHHU JBUKYILETOCS IICKTPOHA

2762 1) dx° 2ze2 1) (, v?) "
E :,ucz(l— e FJ E:yc{l— = Fj (1—;} = const; (212)
2) 3aKOH COXpaHEHHUs OPOUTATLHOTO MOMEHTA
L=pur? (;—f = const, (213)

rae ¢ — asumytanbHbli yroy. CootHomenus (212) u (213) moka3sIBaloT, 4TO B T€OMETPU3HPO-
BaHHOW 2JIEKTPOIMHAMUKE CYIIECTBYET YCKOPEHHOE JIBMKCHHE 3apsijia C COXpAaHEHUEM DHEPIHH,
T.. 0€3 M3Iy4eHHs DJIEKTPOMArHUTHBIX BOJH. DTOT PE3yJIbTaT MOXXHO OOBSICHUTH TEM, YTO
YCKOPEHHOE JBMKCHHE 3apsa MPOUCXOAUT B COOTBETCTBUU C YPABHCHHUSIMH T'€0JE3UUCCKUX
(76), KOoTOpbIC B MCKPHUBICHHOM M 3aKPy4CHHOM MPOCTPAHCTBE aOCOJIOTHOTO Mapayjieiu3Ma
SIBIIIFOTCSL KPaTYalllIMMU, B TO BpeMs Kak reoje3udeckue (166) okas3bIBaOTCS MPSIMEHIIMMHU.
CBOOOIHBIN 3apsi P PAaBHOMEPHOM M MIPSMOJIMHEHHOM JBMKEHUW HE M3JTydaeT MO TOW JKe
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npuduHe. Ero TpaekTopus €cTb reofe3ndeckas IUIOCKOrO MPOCTPAaHCTBA, B KOTOPOM KpaTyaii-
1IeH SBJIeTCs npsMast TUHUS (OHA JKe TpsAMeiias).

OTMeTruMm, 4TO KpaTyaillne reoie3uYeckie ONUChIBAIOT CTAllMOHAPHbIE OPOUTHI IPU JBHXKEHUH
3apsloB B II0JI€ LEHTPAIBHBIX CWI. [103TOMYy, B T€OMETPU3UPOBAHHON IEKTPOJUHAMUKE HET
HE0O0XO0IMMOCTH BBOJUTH MOCTYNAT bopa 0 CTallMOHAPHBIX COCTOSIHUAX JIEKTPOHOB B aToMax. B
HalleM CJIy4ae, 3TOT IOCTYJIaT KBAHTOBOM TEOPHUH €CTh CIIEICTBUE I'€0JC3UUECKOr0 IBUKCHUS B

apaMeTPUIeCKOM POCTpaHCcTBe abcomoTHOro napamwienusma A, (6) .

8.3 BpamarejibHasi OTHOCUTEJIbHOCTh M KBAHTOBAs MEXaHUKA

IlogBoast UTOT COBPEMEHHOM TEOPETUUYECKON KapTuHE Mupa, Pomxkep IleHpoy3 numer Ha
nocjaeaHeH cTpanuie cBoed pyHmamenTanbHOU KHUTH «IlyTh K peanbHOoCTH» [3]: «MBI BCe
YTO-TO MPO3EBAIM, YTO-TO OYEHb BAXHOE». MBI NEHCTBUTENBHO «IIPO3EBAJINY BpalllaTEIbHYIO
OTHOCHUTEIIBHOCTb, BPAIIATEIbHBIE KOOPAUHATBHI KAaK 3JIEMEHTBI IIPOCTPAHCTBA, BPALIATEIBHYIO
METPUKY U TOPCHOHHBIE IO, NOPOKIAIOIIME MO M CUJIbl MHEpLUM. boiee TOro, ocHOBBI
HACTOAILIEH KBAaHTOBOM 3JIEKTPOJUHAMHUKHU CBSI3aHBI C HETOJIOHOMHBIM OIIMCAHUEM IIPOU3BOJIBHO
YCKOPEHHBIX CHCTEM OTCUeTa W C JIWHAMHMKOHW MOJIed MHEpIMH, KOTOpble HabmoaaoTcs B (KBa-
3M)MHEPLHMATIBHBIX CUCTEMAX OTCYETA.

BpamarenbHasi OTHOCHTENIBHOCTh, OCHOBaHHasg Ha BpamatenbHoil merpuke (147) um mosne
uHepuuu (148) yrBepikaaer, 4TO OTHOCUTENBHO TPAHCISALMOHHBIX KOOPAMHATHBIX Mpeodpaso-

Banuil B rpymme 7'(4) BenuumHa T i peobpasyercst Kak TeH30p [63]
Poooxd o ax axt ox"
T'-,,=__’ —'—,TI P —eT(4). 214
MU ki o <1 (214)

OnHaKo, OTHOCHTEIILHO HETOJIOHOMHBIX KOOPAWHATHBIX IpeoOpasoBanuii B rpymme O(3.1) Be-

nnauHa T % MMEET He TEH30pHbIHM 3aKoH npeobpasoBanus [63]
T%k =AY T A% + A% Ak, A*a € 0(3.1) (215)

U, CJIEJIOBATEIIbHO, HETOJOHOMHBIMH TpeoOpa30BaHUSMH BpamaTeIbHBIX KOOPIWHAT MOYXKET
ObITh OOpameHa B Hysb. M3 (201) u (202) cneayet, 4To 3apsii UCTOYHUKA OTIPENIETAETCS KaK

Ze=[pdV =Ze[y*yadv. (216)

BriOupas yrinoBble IepeMeHHbIE TaK, YTOOBI BeTHUuHbl (215) oOpaTtuinck B Hylb, MBI, TEM Ca-
MBIM, 0OpallaeM B HyJIb BOJHOBYIO (DYHKIIMIO ¥ U 3aps] UCTOYHHKA (216).

BeiBog Ne 18. B keaumosou snexmpoournamuxe, ciedyiowel u3 ypaeHeHUull 8aKyyMHOU dJieK-
mpoounamuxu (4) u (B), 3aps0 (u macca) oxazvieaemcs OMHOCUMENbHOU BETUUUHOLL.

3aK/JIrouenue

CoBpemMeHHast OOmIeTIpU3HAHHAS HIICKTPOJMHAMUKA - IPOTHBOpPEUMBAsl HayKa, coAeprKalias B
CBOEH OCHOBE HE CYIIECTBYIOIINE B MPUPOE OOBEKTHI, YTO MPUBOAMT B €€ YPAaBHEHUSX K IIEJIO-
My psiy TpynHocTed. Jliist BBIXOAa M3 TEOpPETHYECKOro Tymuka B padore [63] mpeanoxena Ba-
KyyMHasi 3JEeKTPOJAMHAMHKA, KOTOpas JMIIEHAa TPYAHOCTEH OHJIEKTPOAMHAMUKH MakcBela-

JlopeHlla ¥ BBIABUTAET MpoOJieMy MOJEeH M CHJI MHEPUUH B TEOPUU TOJS Ha MEPeIHHN IUIaH.
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OcoOblif MHTEpeC MpeCTaB/IsgeT KBAHTOBAs 3JEKTPOJMHAMUKA IOJeH MHEPLUHU, peanu3yroas

JABHIOIO MeuTy A. DWHIUTENH — HaliTH ypaBHEHUs KBAaHTOBOW TEOPHM Ha IIyTH Pa3BUTHS MPHUH-

IIUIa OTHOCHUTEIBHOCTH, YTO M OBLJIO MPOJEMOHCTPUPOBAHO B Hacrosmeil padore. [IpuHuummnm-

AJIBHO HOBBIC PC3YJIbTATLI B OMMUCAHUU 3JICKTPOMAIrHUTHBIX SIBJICHUH OBLIN MOJIYYCHBI IIpHU CJIC-

AYIOIINX OCHOBHBIX ITPCATIOJIOKCHHUAX, TOKA3aHHBIX aHAJIUTHUYCCKHU:

1.
2.

B npupone cymecTByroT TOJIBKO YCKOPEHHBIE CUCTEMBI OTCUETA.

ITpoctpancTBo coObITHI AnekTpoanHaMuKu 10TH MepHO, oOnanaeT KpuBu3HOH Pumana u
KpyueHuem Puyum.

[ToJist ¥ CHITBI HHEPLIUK OMUCBHIBAIOTCS KpydeHueM Puadn reomerpun A, (6) .

B HOBOIf KBaHTOBOI TEOPUU HET MOHATHUS HE CYLIECTBYIOIIEH B IPUPOIe MPOOHON 4acTH-
IbI, IOCKONIBKY B Hell ypaBHeHus lllpenuHrepa OmMCHIBAIOT YACTHUIy Kak KIyOOK OIS
WHEPIUH, COTIPOBOXK AN JIF000H (HPU3NIECKUN OOBEKT.

JIro0oit pr3mveckuii 00bEKT ONMUCHIBACTCS CIUHON CHUCTEMOUW HEIMHEWHBIX YPaBHECHUMH,
KOTOpbIE MPECTABISIFOT Co00i CTPYKTypHbIe ypaBHenus Kaprana reomerpun A,(6) u

MOTYT OBITh TIPEJICTABIICHBI B BUJIC PACIIMPEHHONW CUCTEMBI CIIMHOPHBIX YpaBHEHM I eil-
3eHOepra-OiHmTeitHa- Ara-Mwumica [63].

Cucrema cnuHOpHBIX ypaBHeHui ['elizenHOepra-OuHimTeitHa-Hra-Muica jgexar B oc-
HOBe Teopun Puznueckoro Bakyyma, KOTopas Ha COBPEMEHHOM ATale MOXKET paccMmar-
puBartbces Kak Teopust Equnoro Ilois, B kauecTBe KOTOpOro BeICTymaeT nose Muepuuu.
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