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Puc. 1 Iupokas nuHMsA 0003HAYAET MYTh, 10 KOTOPOMY LIIO pa3BUTHE (yHIAMEHTAIBHOM
¢u3uku ot Hetotona 10 Teopun ®@usnueckoro Bakyyma

Cornacuo Y. Kimuddopny «B mupe

HC MPOUCXOAUT HUYCTO, KPOMC U3MCHCHUS KPHUBU3HBI

npocTpaHcTBa». MiMes: B KauecTBE HHCTPYMEHTa UCCIeloBaHus porpaMmy Bceobmieit oTHo-

cuTenbHOCTH U Teoputo dusnyeckoro Bakyyma, s MOry Teneps ckaszarb, 4TO B MUPE HE IPO-

UCXOJUT HUYEro, KPOME M3MEHEHUS KPUBU3HBI U KpyueHus MPOCTPAHCTBA. DTO CIEAYET W3
IPEUTOKEHHBIX MHOW CIIMHOPHBIX ypaBHeHHH Pusnueckoro Bakyywma [4]
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KOTOpbIE COJEpKaT CHUHOPHBIE MaTpuisl Ilenpoyza O 'AB [5] (criuHOpHBIC WHAEKCHI
A=0,1 B=0, 1 s ypasuennsx (4) u (B) onyuiensl), o6o6marorye MaTpuis! Iayiu

o + ..
Ha CJTy4yall UCKPUBIIEHHOTO U 3aKPYyYE€HHOI'O IPOCTPAHCTBA, Rackn + R7ebin - CIIUHOPHBIE

MaTPHLBI PUMAHOBOH KPUBU3HBI (3HAK + 03HAUAET SPMUTOBO COLPSIKEHHE),  Ticps |1 kBD
- ciuHOpHBbIe Matpuibl Kapmenu [6] TeH30pa KOHTOPCHH TPOCTpaHCTBA A0COTIOTHOTO Tia-
pamtenusma A,(6) [4,7]. Maremarudecku, ypaBHeHus (4) u (B) mnpencraBisioT coboii mep-
BbIe (ypaBHeHUs (A4)) u BTOphie (ypaBHeHus (B)) crpykrypHbie ypaBHeHus KapraHna reomer-

pun abcomoTHOrO Mapasuenuma A,(6) , 3aganHbie Ha 10 MEpPHOM PaccIOEHHOM MHOr0006-

pasuu 4 tpancnammonHeX kKoopmunat X, Y,Z,Cl, o6pasylommx 6a3y, n 6 BpamatenbHbIX
KoopauHAT @), @, @3, 0,, 0,, 0, , obpazyromux cnoit. Utak, ypaBaenns dusmdeckoro Ba-

KyyMa CoJepKaT pHUMaHOBY KPHUBHU3HY, KpydeHHe reomerpuu A4,(6) u o0oOmEeHHBIE cru-

HOpHBIE MAaTPUIIbl, UTPAOIIME POJIb MOTEHIUATIOB KPYUEHHUS, T.€. HUUETO, KPOME KPUBU3HBI U
Kpy4YeHUsl.

IlepBonauanbHO ypaBHeHUs Puzmyeckoro Bakyyma He cojepkaT HUKAKMX KOHCTAHT, Tak
JKe, KaK ¥ BaKyyMHBI€ ypaBHEHHUs DHHINTeiTHA. DU3nyeckne KOHCTAHTHI (WK Jaxe (yHKIIUH )
MOSIBIISIFOTCSL B HUX TIOCJE TOr0, KaK HalJI€Hbl KOHKPETHbIE PEUICHUs] YPABHEHUN U YCTAHOB-
JICHO COOTBETCTBUE MEXY M3BECTHBIMU ypaBHEHHUAMHU (PU3MKH M YIPOIIEHHBIMH IO Hal/1eH-
HBbIM KOHCTaHTaM ypaBHeHussMu Pusnueckoro Bakyyma. Hamo oTMeTuTh, 4TO HET IOJIHOTO
COOTBETCTBUS MEXIy ypaBHeHUsMH Dusnyeckoro Bakyyma v M3BeCTHBIMU ypaBHEHHs (H-
3UKM (KJIACCUYECKON M KBAaHTOBOI), MOCKOJIBbKY Teopusi dusndeckoro Bakyyma kauecTBEHHO
OTJIMYACTCA OT CYIIECTBYIOIIUX TEOPUU TeM, YTO MpocTpaHCTBO 10 MepHO M obnagaer Kpy-
yeHueM. Ecim ycrpemuts B ypaBHeHUSX (A) 1 (B) KpyueHue K HYIIO (a 3TO MOXKHO TOOUTHCS
JIOKAJIbHBIMHU TIPE0OPa30BAHUSIMU BpAIATEIbHBIX KOOPAUHAT [7]), TO OHH BBIPOXKIAIOTCS B
toxaectsa 0 =0 . menno 310 cBoiicTBO ypaBHeHuit ®usnueckoro Bakyyma 3acraBuio Me-

HsI BBECTH BceoOmuii MpUHIMIT OTHOCUTEIIBHOCTH, KOTOPBIH TJIACHUT:

«Ypasnenus ghusuxu 0012cHbL ObIMb ChopmyIUPOBaAHbL MAK, YUModbL 8ce puzuueckue nos
8 HUX HOCUTU OMHOCUMENbHBIU XAPaAKmep>».

Takum cBoWcTBOM 00JIafaeT TOJIBKO T'PAaBUTAIIMOHHOE I0JI€ B TeOpUM OMHIITEHHa, IMo-
CKOJIBKY €r0 MOXXHO 0OpaTUTh B HyJIb B HOPMAJIbHBIX KOOpJAMHATaX (BHYTPH CBOOOJHO Iaja-
foriero Judra DWHIITEHHA TPaBUTALIMOHHOE TOJIe JIOKAJTBbHO paBHO HYMI0). OcTanbHbIe (QH-
3UYECKHE TOJIs B OOILENPUHATBIX TEOPUAX NpUHIMIY BeeoOlielt 0OTHOCUTETBHOCTH HE yJI0-
BJIETBOPSAIOT, YTO, C MOEH TOUKH 3pEHHs], TOBOPUT 00 UX OIPaHMUYEHHOM TEOPETHUECKOM OIIH-
CaHMH.



OcHoBHBIE ciencTBusi BceoOmiero mpuHIKNa OTHOCUTEILHOCTH W ypaBHeHuU Dusnuye-

ckoro Bakyyma cienyromue:

1.

B npupone HeT MHEpHHMANbHBIX CHCTEM OTCUETa — BCE pealibHble CUCTEMBbI OTCUETa
JBUKYTCSl yCKOPEHHO.

4D npou3BOJIBHO YCKOpeHHast cucrema orcyera umeeT 10 creneneir cBob6oas! — 4 mo-
CTyHaTeJbHBIX U 6 - BpalllaTeNlbHbIX, 4TO TpeOyeT i ee moiaHoro onucanus 10 mep-
HOT'O MHOTO00pa3usi.

Bce aBuxenust cBoAsTCs K BpaleHuIo (mapaaurma Jlekapra) v aJIeMeHTapHbIM MaTe-
pHUANBbHBIM O0BEKTOM SBIISIETCS OpUEHMUPYeMAdsi MamepuaibHas mouKd.

[TockonbKy B YCKOPEHHBIX CUCTEMax OTCYeTa JCHCTBYIOT CHIIBI U MOJIS MHEPLUH, TO
npobaema uHepyuu B PU3NKE CTAHOBUTCS OMPEIEIISIONIEH.

[TocnenoBarenbHasi KBAaHTOBas TEOPHUsSl U KBaHTOBaHHE (DU3MUECKUX IOJIEH SIBISIETCS
CIICICTBUEM T'€OMETPHUYECCKUX CBOMCTB YIJTIOBBIX KOOPAMHAT mpocTpancTBa A, (6) .
Bonnoras ¢yakuus B Teopun dusndeckoro Bakyyma okaspiBaeTcs peanbHbIM (pu3n-
YECKHM I0JIEM — [10JIEM HHEPLIMH, CBSI3aHHBIM C KpydeHreM reomerpun A4, (6) .
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a0COTIOTHO TOYHO MPENICKA3bIBAIOT PE3yIbTaThl IKCIIEPUMEHTOB B 00JIaCTH, IJI€ 3TH ypaBHE-
HUS crpaBeanuBbl. OHM coepiKaTeNbHbl U HE TPEOYIOT BBEACHHS MOATOHOYHBIX KOHCTAHT.
@yHIaMEHTAIbHBIE TEOPUU M UX CO3JaTEJIell MOYKHO MEpPECUUTATh 110 NajablaM. OTH TEOpUU
JeKaT B OCHOBE >KM3HEHHO BaXXHBIX TEXHOJIOTUH, UCIOJIb3YyEMBIX UEIIOBEUECTBOM. B 0bma-
CTH UX MPUMEHUMOCTH OHHM HUKOTJIa HE MOTYT OBITh OMPOBEPTHYTHI, HO MOTYT OBITH PaCIU-
PEHBI O] AaBJIEHUEM SKCIIEPUMEHTOB, BHIXOAIIMX 32 UX paMKH. 3a (pyHAaMeHTaIbHbIE TEO-
puu He moaydeHo HU ogaHou HoGenerckoit nmpemun. [lpusHanus (yHAaMEHTAIBHBIX TEOPUNA
MPOUCXOIUT B TE€UEHHE UIUTEIBHOIO MEPHOJa BPEMEHH (CMEHSETCS OJIHO WM JIBa MOKOJIE-
Husa ¢usukoB). [lo s3Tomy moBoaxy HpOTOH, MONYYMBIIMI TPU3HAHKWE B MPEKIOHHOM BO3-
pacte, BbICKa3all CIEyIOIe MevyaabHble cioBa: «JInbo He Hago rOBOPUTH HUYETO HOBOTO,
1100 BCIO XKU3Hb MPUACTCS 3aTPATUTh HA 3aUTY CBOETO OTKPBITHS». Takoi sSBIsSETCS TU1aTa
3a caMylo IICHHYIO U TBOPYECKYIO paboTy. (DyHIamMeHTalbHble ypaBHEHHS TPEeOYIOT HOBOTO
¢dmnocopckoro 000OIIEHUS MTPEJCTABICHUS O PEATbHOM MHUpE, BIEpBbIe (KaK MOKA3bIBAET
UCTOpUS (PU3UKH) UHTETPAIbHO OCO3HAIOTCS OJIHUM YEJIOBEKOM M BCErja Haxonaarcs ¢pusu-
KOM, a HE MaTeMaTHKOM.

CoBpeMeHHbIE KBAHTOBBIC TEOPUU BEIIECTBA OTHOCUTCS K HOLYQYHOAMEHMANbHbIM Meo-
pusim ypoeus |l | TOCKOIBKY:

1. B ux ocHOBe 3a10XeHbl (yHIaMEHTAIbHBIE TEOPUH, KOTOPHIE 3aTeM «KBaHTYIOTCS
o ONpCACJICHHBIM PCLCIITAM.

2. B HuX motepsiHo oOpa3Hoe ((pu3znueckoe) MBINUICHHUE, YTO JeNaeT UX HEMOHSATHBIMHU
JUTSL UCCIIEIOBATEIIS.

3. OHU HHKaK HE CBSI3aHBI C Pa3BUTHUEM MTPHHIIUIIA OTHOCHTEIBHOCTH.

4. CopnepkaT B CBOMX TWHAMHUYECKHX YPaBHEHHUSX 1MOJie (BOJHOBYIO (YHKIIHIO), KOTO-
pO€ HEBO3MOXKHO MHTEPIIPETUPOBATH KaK 00bIYHOE (pr3udecKoe mole.

B cuiy cka3aHHOTO BBINIE, KEAHMOBASL MEOPUSL He MOdCcem Oblmb OMNPAGHOU MOYKO
0151 OanvHetiue2o passumus pynoamenmanvrou guzuxu yposus |. CienoBarenbHo, Hogas
@yHOameHmanvbHas meopuy Moxcem NOABUMbCSA MOIbKO HA NYMU 0600WeHUs yice cyuje-
cmeyrowux gynoamenmanbHulx meoputi. K TakoMy BBIBOAY S IIPULIEN Cpa3y MOCie 3a-
BepieHus yueonl Ha pusdake MI'Y B 1967 1.

[MomoOHOM TOYKHM 3peHus NMpHUIEpKUBAJICA ANbOepT DUHIITEHH, UJeH KOTOPOro I0
TFE€OMETPU3aLMU YPAaBHEHUH 3JIEKTPOAMHAMUKN M KBAaHTOBBIX MOJEH S MOCIEAOBATEIBHO
pa3BHBajl B cBOMX paboTax (cm. puc.l). B 1972 Oputa omyOnukoBana craths [8], B koTo-
pOH HalJIeHO MPHHIUITHAILHOE PEIICHHE MepBOi nMpodaeMsl DitHiuTeiHa [9], a yepes ue-
teipe rofa [10] mpuHIMIHaIRHOE peleHne BTopoi mpobaemsr [11].

Korma B skcnepuMeHTax oOHApYKUBAIOTCS SIBIICHUS, BRIXOSIINE 32 PaMKU (pyHIaMEH-
TaJIbHOW TEOPUH, TO MOABIAETCS (DEHOMEHOJIOTHYECKasi TEOpHsl, HOCAIAsh BpEMEHHBIN Xa-
pakTep U KCIOJIb3YIOLIUECS 10 TeX IOp, MOoKa He OyAeT mocrpoeHa (yHAaMeHTaIbHas
Teopusi Habmogaemoro siBneHus. [Ipumepom heHOMEHOIOrn4ecKoi TEOPHUH MOXKET CIIy-
KUTH TEOPHS SIEPHBIX CUJI, KOTOpasl BIepBble OOHApYXHJIa OTKIOHEHHUE oT 3akoHa Kyio-
Ha IIPU B3aMMOJICUCTBUU 3apsSKEHHBIX YACTUI[ B CHJIBHBIX JIEKTPOMArHUTHBIX MOJIAX MO-
panka E,H ~10" ed0. CTCE . Takue Te€OpDUM OTHOCATCA K  (DEHOMEHONO2UYECKOMY
yposuto 1l . IX nmpenckazarenpHas cujla HOCUT OTPAaHUYEHHBIN XapakTtep u A. DUHIITEHH
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cunTay ux OeccoaeprKaTeIbHBIMHU, TTOCKOJIBKY OHHM TOCTEIICHHO MPHUCIIOCA0IUBAIOTCA K
Ha0II01aEMBIM JAHHBIM.

Eme 6ombiiee HemoBepre BBI3BIBAIOT eouHble heromenonrocuveckue meopuu yposus |V ,
KOTOpbIE MPEACTaBIISA0 cO0O0M CHUHTE3 MONyPyHIAMEHTAIBHOW U (PEHOMEHOIOIMYECKON
TeopuH. B 3THUX TeopusX KOCBEHHOE OMMCAHUE SIBICHUI JOCTUraeT CBOEr0 MAaKCHUMYyMa.
OHOBpPEMEHHO pacTeT KOJUYECTBO CBOOOJHBIX MapaMeTpoB. JTO BEAET K TOMY, YTO Ta-
K€ TEOPUH IMPOCTO HEBO3MOXKHO OIPOBEPTrHYTh HUKAKMMHU JKCIepuMeHTamH. JIroOoi
JKCIIEPUMEHT, «BBIXOSIINN 32 paMKH» TEOPUU TAaKOro THUIA TYT )K€ OOBICHSETCS J0-
OaBieHueM B JlarpamkvaH TE€OPUH HOBOTO WICHA C HOBOW MOJATOHOYHON «KOHCTAaHTOW,
KOTOpasi, KaK NMpaBUJIO, OKa3bIBAETCS 3aBUCSIIECH OT 3HEpruu. Takoe MOJOXKEeHHe e, C
MOEH TOYKHU 3pEHUs, HE MOXKET MPOJOJKAThCs 10 OeCKOHEYHOCTU. BhIxo MoKeT ObITh
TOJIBKO OJIMH — HY)KHa HOBas (yHIaMeHTallbHas Teopus. MIHTepecHO oTmMeTuTh, uTo Ho-
OeneBckuil KOMUTET npuUcyxaaer HobeneBckue MpeMuu TOJIBKO pa3padoTUMKaM Teopuit
I, I u IV ypoBueii.

KoHCTpyKTHBHBIE U aKaJeMHYECKHUE TEOPUH, B OCHOBHOM, CTpOSTCS BooOIie 6e3
OTJIAKU Ha 3KcrepuMeHT. OOBIYHO 3TO CBOOOHBIN MOJET MBICIH JIOACH, XOPOIIO 3HA-
KOMBIX C MaTeMaTUYECKHM almnapaToM U Majlo 00ECIOKOSHHBIX MpoOIeMaMH YXe CyIle-
CTBYIOUIMX (DyHIAMEHTAJIbHBIX TEOPHIl. DTO HayKa pajau HAyKd U, B OOJBIIMHCTBE CIyda-
eB 0e3 BCAKOH, MPETeH3UN Ha CBA3b TEOPHH C 3KcriepuMeHToM. Teopusmu V uVI ypoBHs
3aHUMAIOTCS MaTeMaTHKH, KOTOPbIE CYMTAIOT, YTO OHU 3aHUMAIOTCS PU3NKON. TUNMHYHBIM
npuMepoM Takon Teopuu siBisiercs «Teopust Beero» (M-teopusi, Teopusi cymepcTpyH
(cm. puc.1)). DTa TeopHsi CUMTAETCS BEPIIMHOW COBPEMEHHOW TEOPETHUYECKON (PU3HKH,
XOTS €€ BBIBOJIbI MOT'YT OBITh KCIIEPUMEHTAIBHO MpoBepeHbl uepe3 150-200 ner. Ha ca-
MOM JIeJie, TEOpHs CYNEepCTPYH Malo MOJXOAUT Ha 3BaHUE «TOMOBOW» (PU3UUECKOH Teo-
pUH XOTS OBl IOTOMY, UTO €€ OCHOBY COCTaBIISIET COBpEMEHHasi KBAaHTOBasi Teopusi, (hu-
3U4ECKHE OCHOBBI KOTOpPOHl octaroTcsi moj BompocoMm. Cuna teopuit V u VI ypoBHeil B
TOM, YTO MX HEBO3MO>KHO OIIPOBEPTHYTH (TaK e Ka HEBO3MOXHO J0Ka3aTh MX CIPaBEl-
JIMBOCTb), UEM OYEHb YCIIEIIHO MOJB3YIOTCS MX co3aarenu. Vcmonb3ysa nuap U pexiiamy,
OHHM OPraHU30BaIM CBOIO PabOTy TakK, YTO OOJBIIMHCTBO BEAYLIMX TEOPETUUYECKUX Ka-
denp B ynuBepcurerax AMepuku U EBpOIbl 3aHHMaOT U3BECTHBIE «CTPYHIIUKWY». ['0f10-
BOM JI0XOJ OTHX yYeHBIX J0X0auT 10 500 Teicsu $ US, He cumras pa3IuuHBIX PAHTOB.
WM ecth 3a 4T0 OOPOTHCS, TOATOMY Ha APYTUX TEOPETHUKOB OHU CMOTPSIT CBBICOKA, CUUTAs
UX, KaK MUIIET U3BECTHBIN (u3uk-reopetuk Jlu CmonuH [12], «reopeTMkamu BTOPOTO
copta ». Sl gymaro, 4To TEOpHUsS CTPYH — 3TO TYHHK COBPEMEHHOM TeopeTHuecKon (puzu-
KM, B KOTOPBIH IOIaNa HayKa M3-3a MOBEPXHOCTHOTO 3HAHM MpolsieM (yHIaMEeHTalb-
HOU ¢u3uKy ypoBHS .

I'eomerpuszanus nojiei B reopun @Pusnyeckoro Bakyyma

[Momyunnock Tak, 4yTo MyTh K ypaBHeHUsM Pusudeckoro Bakyyma Obul HaiiieH mocine
TOT0, KaK OBLJIM T€OMETPU3UPOBAHBIL: a) YPaBHEHHUS JICKTPOJNHAMHUKH U 0) MpaBas 4acTb
(TeH30p PHEPruu-uUMITyJIbCca) B ypaBHeHMsX DifHmTeiHa. Ho mockonbky ypaBHeHus Ba-
KyyMa YK€ CYIIEeCTBYeT, To Oyaer Oosnee yOenuTeNbHbIM MOKa3aTh, Kak (yHIaMEHTallb-
Hbl€ YpaBHEHMs (PM3UKHU MOSIBIIAIOTCS W3 3TUX ypaBHeHUi. [[nst sToro ynoOHO mpencra-

BUTh ypaBHeHUsS (A) u (B) B BHIE PACHIMPEHHONH CHCTEMBI HEIMHEHHBIX CIHHOPHBIX
5



+ +

ypaBHenuit [eiisenbepra (As-.1), (As.2), TOJHOCTBIO TI'COMETPU3MPOBAHHBIX
+

(BKJTIOUAsi TEH30p SHEPrHU-MMITYJbca) ypaBHeHHH DiiHmTeiHa (Bs+.1) u momHoCThIO

N
reOMETPU3UPOBAHHBIX (BKJIFOYAsi TSH30p TOKa) ypaBHeHuit SIlara-Mumnca  (Bs .2) [7]

V yily = V0,040, = 40,041, = [0, 1,0, + TO, 15T, —

N
= 71,040, + Q1,041 + P,1,0, = €L, L1, (As 1)
V 4,0, = 70,040, = 00,041, — 30,1,0,, + £0,1,T, -

= T1,040, + PL,04L, + OL1,0, = KL l,l,, (As.2)

a,p..=01, y7..=01,

20,05 tAepgEs =V Tis (Bs+.1)
F + )\ F
CABCD _aCDTAB + aABTCD + (TCD )A TFB + (T be )B TAF’ -
F +. F +
- <TAB )C TFD N (T BA)D TcF - [TABTCD]: -vJ ACBD ! (Bs* 2)

AB..=01, B,D..=01.

N
JIByXKOMITOHEHTHBIE CITMHOPHI 7,, 0, B 0000IIEHHBIX ypaBHeHMsAX [‘elzenOepra (As-.l)

N
u (As.2) 00pa3yroT 4X KOMIIOHEHTHBIH ciuHOp Jlupaka B OOBIYHOW KBaHTOBOW TEOPHH.

Onwu npeodpasyrores o D(¥2 , ¥2) nenpuBoaumomy npeacrasienuto rpymmsr SL(2,C). Cru-

N
HOpHas 3aluch ypaBHeHni DiHmTeiiHa (Bs.1) comepXuT B MpaBoil 4aCTH reOMETPHU3H-

POBaHHBIN TEH30p YHEPrUU-UMITyJIbCA | OTIpeNIeNIAEMBII Yepe3 TEH30p KOHTOpPCUU | Teo-

ACBD °

+
merpun A,(6) . CnimnopHHOe npezncraBnenue ypahennit Slura-Musica (Bs+.2) ¢ kanmubposounoii

rpynmnoit SL(2,C) conepkuT B mpaBoii yacTu TeH30p TOKa J OmpeeNsieTcss Yepe3 TEH30P

ACBD °

+ +
SHEPrHH-UMITYIIbCa T Cornacuo ypaBaeHusM (As+.1)-(Bs.2) MbI MOXEM paccmarpu-

ACBD *
BaTb Dusmueckuii Bakyym Kak CIUIONIHYIO cpefy, oOJamarolnlyi0 YNPYTMMH CBOWCTBaMH,
11000€ BO3MYIIEHHE KOTO- PO OMMCHIBAETCS COBOKYIMHOCTBbIO HEIMHEMHBIX CIIMHOPHBIX
ypaBHeHu# [ eiizenOepra-OiinmTelina-ara-Musica. DTo OCHOBHBIC TOJISA, THHAMHUKY KOTO-
pBIx onmchiBaeT Teopuss Pusnueckoro Bakyyma, mpuueM, B 00IIEM cliydae, «31eMeHmapHas

uacmuya» onucsleaemcs cpasy ecemu 3TUMU IOJSAMU. Ecimu pUMaHOBa KpPUBHU3HA Ddusnue-



N
ckoro Bakyyma paBHa HyIT0, TO JUIsS TAKUX OOBEKTOB OCTArOTCs Juilb ypaBHeHus (As .1) u

.
(As* .2), KOTOpBIC OMKCHIBAIOT «NepeuyHble noas Kpyuenusy» [71].

2. CooTBeTcTBHE ¢ BAKYYMHBIMH YPABHEHUSIMHM JHHIITEHA

BakyymHble ypaBHeHUSI DWHINTEHWHA CIpaBEJIMBBI B O0JACTH MPOCTPAHCTBA, TJE TEH30P
SHEpPruM-uMIyibca T,... paBeH Hymo. [Ipu sTom yenosuu ypasuenust @usnueckoro Baky-

yMa 3HAYUTEIbHO YNPOIIAIOTCA U TPUHUMAIOT BUT

V pily = V0,040, = 20,041, = l0,1,0, + 7O, 151,

N
= 71,050, + Q1,040 + P1,1,0, — &L 151, (As.1)

V 4,0, = 70,040, = 00,041, — f0,1,0, + 0,1, —

N
=T1,0,0, + PL,041, +OL1,0, = Kl LT, (As.2)

a,p..=01, #7..=01,

20, .5 +Aeg8 =0 (Bs.1)

ABCD

Coroco ~OcoTs +0,sTer +(Tos ), Tog +(T 0 ' T

ABCD CD " AB AB ' CD

_(TAB )CFTFD _<T+BA)D'iTCI—; _[TAB CD] 0, (és+ 2)

AE T

AB..=01, B,D..=01.

Jlnst GoJbIeid HArJISIAHOCTH, 3alUILIEeM 3TH YpaBHEHHS B BEKTOpHOM Oa3zuce [7]

Vi€ + Tl =0, (A)

R, =0, (B.1)

C' i + 2V, T +2TH TS =0, (B.2)
. k... =0,1,2,3, a,b,c..=0,123.

Ortcroia BUJIHO, 9TO KPOME BaKyyMHBIX ypaBHeHUH DWHIITeHHA (B./), MBI UMEEeM JOTIOIHU-
TEJILHO BaKyyMHbIC ypaBHeHus SInra-Mwuiica (B.2) u mopcuonnsie ypaenenus (A). Tloatomy
NOTHO20 coomeemcmeust mexcoy ypasnenuamu Pusuueckoeo Bakyyma u 6akyymMHuIMuU ypaes-
HeHuaMu DUHwmeluna He cywecmeyem. ITO U OHATHO, MMOCKOJIBbKY Teopus DifHIITelHa Oa-
3upyeTcsi Ha reomeTpun Pumana, a teopust @usnueckoro Bakyyma Ha reomerpun abcomoT-
Horo napauienu3ma A4,(6) . Kpome toro, B reomerpun Pumana 4 koopanHATHI, a B TEOMET-

pun A4,(6) 10.



CraTtrueckoe ceprHuecKu-CHMMETPUYHOE peticHue ypaBuenuit (4), (B.1), (B.2), ™Mbl Oy-
JIeM UCKaTh ¢ moMouibio meroga Hetomena-Ilenpoysa [13]. B oGo3nadenusx ¢opmanmsma
Hrromena-Ilenpoysa, 310 pemieHne UMeeT Cleyromui Bu [7]:

1. /lnsa komnonenm obobwennvix mampuy Ilaynu :
o'6=(0,1,0,0), 6i=(LU,0,0), o's1=p(0,0,P,iP),

5% =(10,0,0), 0. =(-U,0,0,0), 0. =X (0,0,1,i), (1)
i i i 2pP

20e U=-12+¥"r, P=2) Y21+ 14), ¢ =x*+ix®,

a W°= const —@yuryus ucmounuxa.

2. JIns cCnuHOpHbIX KOMROHeHm mopcuonHo2o noaaT '
p=-1r, a=-f=a"Ir, y=w°/2r%, (2)
u=-12r+¥°/r?, a®=¢/4.

3. [ns cnunophvix komnonenm menzopa Pumana (Beiins) :

oV =¥ =¥=-9/r3, (3)
0011 0011 2

B (xBazu)cdepuueckux TpaHCISAIMOHHBIX KOOPANHATAX

_ 0 _ singo GO X
ct=x"—[dr/2U, r=x", Sme_(1+1/4gf) ,tg(p—x4, (4)

TPAHCIIALMOHHAs METPUKA IIPOCTPAHCTBA

. o (0 1
ds? = gikdXIka _ gACgBDO-iABGkCDdXIka’ » _ g _ £y _ 8D :( j’ (5)

C yU4E€TOM COOTHOIIEeHHH (1) , MpUHUMAET BHU]I

-1

0 0
2y 2P 1 42 —r?(d@? +sin?adp?).  (6)

ds? =|1-S— [c%dt? —| 1
r

DTa TpaHCISAIUOHHAS METPUKA OMUCHIBACT OECKOHEYHO MAJIBIN CABUT B IPOCTPAHCTBE TPAHC-
nanuonHsIX koopauraT X, Y,Z,Cl. Kpome sToit MeTpuku B mpocTpancTBe A,(6) cymecrtBy-

€T BpalnaTenbHas MeTpuka [7]



dz? = T %coiT P agcdxidx*, (7)

KOTOpas OINHCHIBAET OECKOHEYHO MAblii MOBOPOT B IPOCTPAHCTBE YIJOBBIX TEPEMEHHBIX
@ 0y 103, 0, 0,, 0, . JTna pemenns (1)-(3) BpamarensHas MeTpUKa UMeeT BHJ [7]
2(¥°)° 2(¥° —r 2(¥° —r)sin®
g2 = _2(Y)" 242 2 ) 492 _ & )sin® 3

2rt r r

do? . (8)

B oTimume ot TpaHcismuoHHOM MeTpuKku (6), BpamarenbHas meTpuka (8) 6e3pasmepHa, 1mo-
CKOJIbKY Oe3pa3MepHbI BpallaTelIbHbIe KOOPINHATHIL.

TpeOys coorBeTcTBUS MeTpHKH (6) MeTpuke [IIBapummibaa, Mbl HAXOIUM

po_ 2 _ 9 (9)

rae M =const - macca neHTpasbHOTO Tena, G - TPaBUTAIMOHHAS MTOCTOSIHHAS, C - CKO-
pocTs cBeTa, I - TPaBUTAIMOHHBIA PaINyC.

3. O0o0meHne BaKYyMHBIX YypaBHeHMil JiiHmreiiHa. I'eomerpuzanum
TEH30pa HEPIruU-uMIyJIbca MaTepuu (BTOpas mpodJemMa JHHINTEHHA

[11])

+ +
B obmiem ciydae, ypaBueHus (As .1)-(Bs .2), 3amucaHHble B BEKTOPHOM Oa3uce, IPUHH-

MaroT BUJI PaCIIMPEHHON CHCTEMbI YpaBHEHUI DiiHIITeliHA-SIHra Muuica [7]

Vel + T’ =0, (A)
Ry _%gikR:V T (B.1)

Clin + 2V Ty + 2Ty Ty = '

jm) im = (B.2)

jkm »

TP 3TOM TEH30p SHEPTHU-UMITY/Ibca |, B YpaBHEHUsIX (B.1) UMEET reOMETPHIECKYIO IPH-
i

POy ¥ BEIPAXKAETCA YEPe3 MONe TOPCHOHHOE T0TIE | jm TEOMETPHH A,(6) CIEAYIOUIM

obpazom

. __2 i i +s 1 pn i s

B ypaBHenusax Slara-Mumica (B.2) Tensop Toka J'jkm Tak:Ke T€OMETPH3UPOBAH M BHIPaXKa-

eTcsl uepes TeH30p dHepruu-uMmyisca (10) (T.e. omaTh ke uepes monme T jm ) Kak



1
Jikm = 2906 T jymy _ngi[mgk]j : 11)

Hcnons3ys Tenzop (10), Haxoaum BeIpaKeHHUE IS TTIOTHOCTA MaTePUHU

g!m

jm ) )
jm 2 i i —s
=—= = V. T. +T .. T2 . 12
P 2 2 vl { [i |jjm] " s[i Jm]} (42

Kak u monobOaer BakyyMHBIM YpaBHEHUSIM, CUCTEMa BaKyyMHBIX ypaBHeHuut (4), (B) ue co-
NEPKUT HUKAKUX (U3NYecKuX KOHCTaHT (B cuiy (10), MHOXuTemb B ypaBHEHUsX (B.1) u
(B.2) coxpamaercs). @usuveckre KOHCTAHTHI (WK (PYHKIIUK) B 3TOH CHUCTEME TOSBISIOTCS
nocjie MHTETPUPOBAHUS YpaBHEHHI BakyymMa U NPUMEHEHHS K TOJYyYEHHBIM pPELIECHUSM

NPUHIUIIA COOTBETCTBUS C YK€ U3BECTHBIMU (DYH/ITaMEHTAIbHBIMUA YpaBHEHUSAMHU (DU3UKU.

Ecnu ectb kakoe-mnbo pemieHue ypaBHeHUi (4),(B), TO Mbl MOXKEM pacCuUTaTh SBHBIN
BHJI TE€OMETPHU3UPOBAHHOTO TE€H30pa 3Hepruu-umnyiabca (10) m Tenzopa toka (11), co3maro-
MIUX 3TO peuieHue. J[eHCTBUTENbHO, MYCTh MBI UMEEM pelICHUEe ypaBHEHMH (4),(B) Tuma
Baiins-Keppa , umerotnee cnenyromuii Bu [7]:

1. /ina xomnonenm ob6obwennvix mampuy Ilaymu :
|OO =1, =5° —asin*x5,%, aill =n, = pﬁ[Yéio +(pp) s —asin? chSis],
Vo 0 \1e?2 iy 3
o, T =m; =——=[iasinxg;” - o,” —1Qsinxo;” |,
JE[ (pP) ]

2 2 _ o
Q=r+a2, Y:r +a ‘P(u)r.

2
2. ,ZZ]Z}Z CnuHOprlx KOMNOHEHmM mOpCZ/IOHHOZO nO]ZﬂT i jk .
1 P P =
= —CtgX——= , 7 =lasSINX——— ,a=7—-L0 , 13
P = Jiacosx f=-c 24/2 2.2 p 13)
pe pp ¥ | pp )
=Y 2_, v_—l—rasmx +|r——|—, 7=—lasInX—.
H PP \/— Y =H [ > } 5 \/5

3. ﬂ]lﬂ CNUHOPHbLIX KOMNOHEHN MEH30PA Pumana:
0 2— 10 2—=2 1s0

Y . Y
@, |—asmx @, =———ra’sin? x2 L L 25257
2\/_ 2 2
0 0 —
P, :\P—p Y, = |T—asme—|‘P°rasmx’0p
2 2 242 V2
po 3— 10
¥, =—ra?sin? x2 2 + = ra’sin® xp'p.
T 5 5 L P
B srom pemenun ‘"PO(U) - (yHKOHS WCTOYHHKA, 3aBHCSAIIAs OT BpeMEHH U H

a = const - mapamerp Keppa, onucheiBaronuii BpallleHUE HMCTOYHUKA. TpaHCISIMOHHAsS
MeTpuka pemerus (13) umeer Bua

10



ds? = (1-¥°(u)rpp)du’® + 2dudr + 2¥°(u)rasin® xppdudy — 2asin® xdrdy — (pp) *dx* —
—(¥°(wra®sin® xpp + r’ +a?)sin® xdy® . (14)

[Moxcrapisist BeMUUHbL Todst 1 'k w3 penterns (13) u ucnosb3ys Metpuky (14), Haxomum

SIBHBIM BHJ TEH30pa SHEpruu-umiryinca (10)

.
T, = EH_% ra’sin’ x(pp)? - ‘i’orz(pﬁ)z}lilk — 2% asinxpp Im(l(imk)p)) (15)
14

[oncraBmnss croa NepeMeHHYI0 PYHKIUIO UCTOYHUKA

¥O(u) = = , (16)

MbI onyuuM u3 (14) metpuxy Baiins-Keppa u TeH30p SHEpruu-uMIyiabca, CO3AAr0NTUN Tpa-
BuTanronHoe nosie Baitnsa-Keppa. Takum obpazom, ypaBHeHus (4), (B) pemaroT npoodiemy
reoMeTpHU3alMi TEH30pa SHEPTrUu-UMIYIbca B YPaBHEHMSIX DWHIITEHHA U, OJHOBPEMEHHO,
TreOMETPU3ALUIO TEH30pa TOKA B ypaBHeHUAX SHra-Muiuica.

4. To4eyHbId HUCTOYHHMK KAK CTALUMOHAPHBLIN Npeaes NPOTAKEHHOIO I0-
JIEBOI0 KiIyOKa

Tenzop sHeprun-umirysibca (15) omuceiBacT MPOTSHKEHHBIA YUCTO MOJIEBOM O0BEKT, HCTOY-
HHUK KOTOPOTr0 00pa30BaH TOPCHOHHBIM MOJieM T 'j . B 1mepBOM NpUOIMKEHHH MOXHO T10-

noxuth napametrp Keppa B pemenun (13) paBHBIM HYJIIO, TOT/Ia TEH30pP SHEPTHU-UMITYJIbCA
PUHUMAET BUJT

29°(u :
T =pcill =- OFy . ¥°<o0, 17)
jm Jjm pr2 m
rae I"=0"w, | I"=0 - u3orponHsIi BekTOp. Omyckas moApoOHOCTH, KOTOPhIE

MOKHO HaliTu B paboTe [r7n] , 3aIUILIEM IIOTHOCTh MaTepuH B (17) B mpenene o (u) > ¥° =const .

B ciyuae rpaButanuu, GyHKIUS UCTOYHHUKA UMeeT BUT (16), mosTOMY B Ipe/iesie mojiydyaeM

8¢

M

o(F)=Mo(r), (18)

vC

rae &(F) - 3D ¢ynxuus Jupakau M = const.B npenensaom cinyvae, u3 (16) u (18) cneny-
€T, 4yTo B ypaBHeHUsxX (B.1) koHcTaHnTa

V= : (29)

11



T.€. COBIAJa€T C KOHCTAaHTOM X B YPaBHEHUSX DWHILITEWHA C OTJIMYHOM OT HYJISl MpaBOM 4a-
cThio.  Takum 00pazoMm, B MpesebHOM cilydae Mbl MIMeeM «Toueunblit» 3D comuton, obpa-
30BaHHBIN TOPCUOHHBIM I10JIEM, IIPHU 3TOM B OIIMCAHHOM MPCACIBbHOM CJIydac IO0JICBas IJIOT-
HOCTh p «C)KaTa B TOUYKY» M paBHA HYJIO Be3/e, KpOME OJHOW TOYKH. DTO O4YeHb rpydoe

npuOIKeHWe, TOATOMY B YHCTO IOJICBOH TEOPUH, KOTOpAs OMUCHIBACTCS ypaBHEHUSIMHU
(A), (B.1) u (B.2), CUHTYISPHBI HCTOYHHWK BHEUTHETrO TMOJISI MPEACTABISAET CO00M mpeneb-
HBIM Cly4daid, HE COOTBETCTBYIOIINN peaqbHOCTH. TeM HEe MEHee, BO MHOTHUX TEOPETUYECKHUX
paboTax «ro4yeuHass MOJEJb)» YCTOMYMBOW YAaCTHIIbl MCIOJB3YyeTCs KaK €AMHCTBEHHO BO3-
MokHas. Takxum oOpazom, ypaBHeHus (B.1) mepexoasT B ypaBHeHHS DUHINTEHHA C TIPaBOi
YacThIO MPHU YCIOBUH, YTO HCTOYHHUK IPABUTAIMOHHOTO MOJS SBIISETCS TOYCYHBIM C TUIOTHO-
cthio (19). Metpuka (14) B 3ToM cnyuae coBnagaeT ¢ Merpukoii LlIBapirmmbaa

-1
ds2 =[1-2MG 1242 _[1_2MC | 41212462 4 6in2 pdp?). (20)
2 2
cr cr
a ypaBHeHus (B.1) 3anumryrcs xak
1 872G "
Ric _EgikR = o T Ty =Ll p=M5(F). (21)

5. /IBM:KeHHMEe «MAaTepHAJbHOM TOYKH» B Teopuu Puznuyeckoro Bakyyma.
TopcuonHoe MoJie KaK MoJie HHePUUH

JIIs IPOCTOTBI, PACCMOTPMM YpaBHEHHs T'e0JIe3MYeCKUX B BEKTOpHOM Oasuce €% . Ilo-
ckosbKy TeomeTpusi A,(6) obnamaer kpydyeHHeM, TO B HEil CyIIECTBYeT ABa THIIA Ie0e3nye-

CKMX JIMHUH, CBA3aHHBIX C TPAHCISLIMOHHON METPUKOMN

ds? = g dxlax® | g, =meie’, 7, =7 =diagl-1-1-1), (22)

a uMeHHo: 1) mpsimeiimue (reoxe3nueckue 1ro pona); 2) kpaTdaiimme (reone3ndeckue 2ro
pona).

VYpaBHeHHs KpaTyalIIUX JETKO IMOJYYUTh UCXOJA U3 ypaBHEHUH MapayuieIbHOro MepeHo-
ca €IMHUYHOT'0 BEKTOPAa CKOPOCTH

. i .
u' =di, ulu. =1 (23)
ds

OTHOCHTENILHO CBA3HOCTU F€OMETPUH abCOTIOTHOrO napajienusma [7]
ANx=T")+T'k=¢€'ae%jxk =—e%e'ax. (24)

3nech
12



_gim(gjm,k + G~ Jjem) (25)

- cumBoJibl Kpucroddens,
T ==+ 9™ (9 Qi + 9, Qi) (26)

- ko3 duireHTs! BpatieHns: Puyun (TopcronHoe nose reomerpun A4, (6) ),

_ _ _ 1
Tk =—-Q"'k =—e'a%K j = Ee'a (eaj,k —eak,j) , (27)

,k: a Xk
-kpyuenue reomerpun A4,(6) (00bexT Herosonomuoctr) [7]. Y3 cootHowieHus (26) cnenyer,

YTO TOPCHOHHOE Mojie T'j HMEEeT aHTHCHUMMETPHIHYIO (cM. dopmyiny (27)) U cuMMeTpuy-

HYIO IO HIDKHUM MHJIIEKCaM |,K 4acTH, Ipu 5TOM CHMMETPUYHAs YaCTh OKa3bIBACTCS PABHOU

Tl = gim(gst“smk + 0. Q%m) =2Q" . (28)
B pesynwpTaTe mapamnenbHOTO mepeHoca BekTopa (23), mojgydaeM ypaBHEHHE KpaTdalImmx

reomerpun A, (6)

2yi ) j j
X iy Oy B, (29)
ds ds ds ds ds

DTH ypaBHEHHS CTAaHOBSTCS MPSIMEUIINMH reoae3nuecKuMu reomerpun A, (6)

d2x' . dx’ dx*
+IM'——— =0 30
ds? *7ds ds (30)
€CJIN BBIITIOJIHACTCA YCJ'IOBI/IC
oodx? dx*
T (]k)d—d—ZO. (31)

[Tpu 3TOM yCIIOBHE TOPCHOHHOE TI0JI€ T 'jk OTIMYHO OT HYJIA M AHTHCUMMETPHYHO 110 BCEM

TpeM uHaekcam [7]

Tijk = _Tjik :Tjki = _Qijk . (32)

s BbIsicHeHUs (PU3MYECKOrO CMBICTA JOMOJHUTENIBHOIO WieHa B ypaBHeHMsX (29), mo-
POKJIEHHOTO TOPCHOHHBIM TIOJIEM T 'jk, MBI HCIOJB3yeM TPAHCISIIMOHHYI0 MeTpuky (6) ¢

¢ynkuueit ucrounuka (9). B arom ciyuae metpuky (6) MOXKHO (IPUOIMKEHHO) NPEICTABUTD
B BH/JIC

13



2¢ 2¢
ds? =1+ —N |c?dt? —|1- — (dx2+dy2+d22), (33)
C2 C2

rae ¢y =—MG/r - noreniman HeloToHa. B ciabbIX rpaBUTALMOHHBIX MOJSX U IPH HEPEIsi-

TUBUCTCKOM MPHUOIMKEHUH, MOKHO CUHUTATh, UTO B COOTHOMICHUX (22), (29) u (33) BbITIOIN-
HSIOTCSI COOTHOIICHUS

1/2
V2
c? )’

2 .
%«1, g, ~7, =diagl—-1-1-1), ds~ds, = cdt| 1— (34)

2
c

2
Rijm~0, e ~ (1+‘”—gj oW =e®, =g, =(1—‘”—Nj C <1 (35)
c C

B sTOoM citydyae, yMHOKEHHBIE HA MAacCy x <IpOOHOM YaCTUIBI», YpaBHEHUS OBUXKEHUS (29)
NPUHUMAIOT BH/T
d?x” » “ MG MG
= €T 0 — 4T o = 2 x - P2y 0, (36)
dt r r
a,p..=1.23.

U

Jlerko BUIACTH, YTO OTU YPAaBHCHUSA O CBIBAIOT KOMNEHCAUUIO zpaeumauuonnoﬂ CUJjibl

LUMG

F“ X%, (37)
JeiCTByIOMIEH Ha MPOOHYIO YacTUIly B YCKOPEHHOU cucTeMe oTcdera (B CBOOOIHO Maiaro-
miem Jiud e DUHIITENRHA) cunou uHepyuu

uMG

X",
r3

F ainer =

(38)

KoTopasi paBHa cwie (37), HO TPOTUBOIIOJIOKHO €l HampaBjieHa. YpaBHeHUs (36) crpaBen-
JMBBI TaKXX€ BHYTPH KOCMHYECKOTO KOpaOIsi, IBMXKYIIETOCS MO CTallMOHAPHOH opouTe,
obOecrieunBasi BHYTPU KOPaOIsi COCTOSIHHE HEBECOMOCTH [IJISi MacCHBHBIX Tell. CpaBHUM
ypaBHeHus (36) ¢ ypaBHEHUSMH JBHXCHUSMH KJIACCHYECKOW MEXAHUKH, ONHCHIBAIOIIUMH
ABUKCHUC MACChl 1 B YCKOpeHHOﬁ CHUCTEMEC OTCUCTa 1101 HeﬁCTBHeM rpaBUTAlUOHHOTO I10-

151 Maccel M

d*x“ . .
H— =9 — tW* =0, (39)
dt
HaXOoJIuM
ga = —Czraoo, W% =c*T%. (40)
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Tlockonvky ypasnenus (39) max drce onucvisaem cocmosinue He6ecOMOCMU HA CMAYUOHAD-
Hotl opbume, npuuem 6 (39) Q“- epasumayuonnoe nore, a \W* - none unepyuu, mo pazymmo
ymeepoicoams, umo 6 ypasuenus (29) cumeonvt Kpucmogpens T ik onucviearom spasumayu-

oHHble noas, a kodpguyuenmor epawgenus Puvuu T'x  nons unepyuu.

N3BecTHO, 4TO B TEOpUH T'PABUTALMM DHUHINTEHHA B KAU€CTBE YPABHEHUW JABMKCHHS «MaTe-
pUaTbHON TOUKH» HMCHOJIB3YIOTCS Teoaesndeckue (30). B cnalpix monsx u mpu MajiblX CKO-
POCTSIX 3TH ypaBHEHUS IPUHUMAIOT BUJl YPABHEHUN TeopuH rpasuranuu Herotona

20
d°x uMG

7 pre = — 10T %0 = 3 X =F%. (41)

DTO ypaBHEHHE, KaK M3BECTHO, 3alMCaHO B (KBa3W)HMHEPIMAIBHON CHCTEME OTCYeTa, B TO
BpeMs Kak ypaBHeHHS (29) u (36) 3amucaHbl B yCKOPEHHOW CHCTEME OTCYETa, IMOCKOIBKY
coZiepKaT TMOJIsl MHEPIMH, U BBI3BIBACMBIMH UMH CHJIBI WHEpIUH. OTCIO/Ia MOXHO CEJaTh
BBIBOJI, YTO meopus epasumayuu IUHWmeluHa Henoina — ee ypasHerus ogudcenus (30), oe-
KAapupyemvle KaK YpPaeHeHUs UHBAPUAHMHbLIE OMHOCUMENbHO NPOU3BONbHO YCKOPEHHbIX ClU-
cmem omcuema, 8 OelicmeUmMeNbHOCMU He COO0epHCAm 8 A6HOM UOe CULbL U NOJISL UHEPYUU.
Cnedosamenvro, oHu He MO2ym ObimMb 00WEPeNAMUBUCTNCKY UHBAPUAHTHBIMUL.

6. [ABU:KeHHE «OPUEHTHPYEMOW MATEPUAJBbHOU TOYKU» B Teopuu Dusu-
yeckoro Bakyyma. JlokazarenbcTBo runore3nsl Kaprana

BpamarensHas MeTpuka (7) B BEKTOpHOM Oasuce €% samummiercst Kak

dr? =dy®dy’s =—De*iDe'a =T T "an dx dx" , (42)
i, j,k...=01,2,3, a,b,c..=0123,

rae dy, =-dy,, - aubdepeHuransl MIeCTH BpaaTeIbHBIX KOOPANHAT
o, 0,05, 6, 6,, 6, n D- abcomroTHbIN anuddepeHnnan OTHOCUTEIFHO cCMMBOJIOB KpucTo-

¢denst T . B koopauHarax 6a3bl MbI 3amMIlieM 3TH AUPEpeHIHATBI KaK

dy'j =T'jkdx® = Delae?j , (43)

[MoemnuB JIeBYIO U MPaBYIO YacTh 3TOTO YPaBHEHHSI HA TPAHCIAIIMOHHBIA HHTepBaI (22),
MOJTy4YUM

i d}(ij o dx Deia
Q' = =T'x—= e, 44
' ds " ds ds (44)
e Q, =-Q, - 4D yrinosas ckopocTh BpaiieHus TeTpazasl €%i. Cama TeTpana €% sBis-

eTcsd MareMaThdeckuMm oOpazoMm 4D mpou3BOJIIBHO YCKOPEHHOM CHCTEeMbI OTcuera. 1akoi
obvexm umeem 10 cmeneneti c60600bl, U3 KOMOPLIX 4 ONUCHIBAIOMCS MPAHCAAYUOHHBIMU KO-
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opounamamu X, Y,Z,C u 6 spawamenvuvinu xoopounamamu @,, @, ,@,, 6,, 6,, 6,. Orme-
TUM, 4YTO B TEOpPUM TpaBUTAMM  ODWHIITEHHA  BpalllaTeJIbHbIE  KOOPJWHATHI
o, 0, @5, 6, 6,, 6, n BpamarenbHas METpUKa OTCYTCTBYIOT, I03TOMY OIHMCAHUE YCKOPEH-
HBIX CUCTEM OTCYeTa B HEil orpaHmyeHo. ECiii MBI MOMECTUM B Ha4aio KOOPIUHAT TETPAJIbI
€% «MaTepuanbHyI TOYKY», TO, C YUETOM YIJIOBBIX NEPEMEHHBIX @, @, ,@s, 0,, 6,, 6;, 10-

JIy4UM HOBBII HleanbHbINH GU3NUECKUN 00BEKT-COPUEHTUPYEMYIO MATEPHAIBHYIO TOUKY)Y .
YMHOXast cooTHOIIeHHE (24) Ha € Ja m HCIIOJIb3Ysl YCIIOBUSA OPTOTOHAJIBHOCTH
ediela =54, e%e', =5%, (45)
MOJIYYUM
elak + A jkeja =0.

YMHOXas 3T ypaBHEHUS Ha dx* / ds, [I0JIy4YaeM BpalllaTeIbHbIE YPaBHEHUS IBWKEHUSA TET-
pansl eja
de'a . ; dx* de'a ;o dx* ;dxt

+Ael, +Tels +T ela
ds K ds ds x ds K ds

0. (46)

Otu 6 ypaBHeHU (B cuty ycnoBuit (45)) npeacrasusior coboit 4D ypaBuenust @pene, KoTo-
pbIC ONMUCHIBAIOT JBIKCHUE YETHIPEXTPAaHHUKA BJOJIb MUPOBOI JTHHUK TpocTpaHcTBa A, (6) .

[pencraBum ypaBHeHus (46) B Buze

de'o  _; odx* ;i odx*
+IMkelo—+T'kelo—=0. 47
ds Ko ds Ko ds (47)
i k k
deA-l—FijkejA—dX +TijkejA—dX =0, (48)
ds ds ds

i, J,k...=01,23, AB,C..=123.
BeiOupast BekT0p % =dx, /ds ~ KacaTelbHBIM K MOPOBOII JIMHHH, TIOTy4nM 3 (47) ypaBHe-
HUs ABIOKeHUs (29), 3anrucanHbie KaKk

d?' dx dx*

+T
ds? *ds ds

+ Q' 0, (49)
ds

rae Q' - 4D yrioBast ckopocTth (44). B HepeIsITHBUCTCKOM MPUOIMKEHAH ¢ TOYHOCTBIO JI0

yjieHoB nopsaaka V/C (npu BeimonHenuu ycaosuit  (34), (35)) TpexmepHas yacTh ypaBHe-

Huii (49) B meTpuke (33) npuHUMAET BUL
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dv*  uMG

Hr =" X* — uC’Q% — puc2Qs v, a,p...=123. (50)

CpaBHUBasi BTOpbIE WICHBI B MPaBbIX yacTsAx ypaBHeHuil (39) u (50), Haxoaum

Q,.c=W,_ =cdo,(t)/dt, (51)

rae 6, (t) - 3 NCeBOOEBKIMIOBBIX YIUIa, BpallleHHE B KOTOPBIX MOPOKAAET MOJIE HHEPLUU

W, , BO3HHUKaIOIee IPU MOCTYNAaTeIbHOM ycKopeHHH. C Ipyroii CTOpOHBI

Q,,c=0,,=-wy =dp,,(t)/dt, (52)

rae ¢,,(t) - 3 mpocTpaHcTBEHHBIX yria (Hanpumep, 3 yrima Jiinepa). JleHCTBUTENBHO, B

KJIACCUYECKON MEXaHMKE IBM)KEHUE «IIPOOHOW YaCTHUIIBD» B MPOHM3BOJIBHO YCKOPEHHOW CH-
CTeMe OTCYETa U B CUIIOBOM I10JI€ C IIOTEHIMAILHOM dHepruen U 3amuiercs Kak

dv ouU — do
M—=——-mW —m[o|or]]-2m[oV]-m[—T], 53
m = [o]lor]] [oV] [Olt ] (53)

Ecnu Hauano yCKOpeHHOW CHCTEMBI OTCYETAa CBSI3aHO C YacTulled, To ypaBHeHwus (53) mpu-
HHUMAET BUJI

p—= ——r—ﬂVV —2u[@V]. (54)

CpaBHHBas 3TH ypaBHEHHS ¢ ypaBHeHUAMH (50), MbI HAXOJAUM KOMIIOHETHBI MaTpuibl (44)

0o -wW -W, -W,
W 0 -Cw, Cw
Q,=-Q; = iz L 3 2 (55)
c"|W, cCo, 0 —Cw,
W, -cw, cCao 0

CootHomienue (44) CBA3BIBAET TOPCHOHHOE Mojie T ' j (MM KpydeHHe MPOCTPAHCTBA 4 ,(6) ¢

YIJIOBOM CKOPOCTBIO BpALICHUS] «OPUEHTHUPYEMOUW MaTepUaJIbHOW TOYKH». IDTO JOKa3bIBAET
CIpaBeIMBOCTh TUroTe3bl KapTana, koTopast yrBepKIaeT, YTO BpallleHHue MaTepUU BbI3bIBA-
eT Kpydenue npocrpanctBa [14]. Oownako smo ymeepoicoenue cnpasediuso ne 6o 6éce 2eo-
Mempusx ¢ KpyueHuem, a, Kak Obllo NOKA3aHO, MObKO 8 ceomempuu abconomHo20 napa-
nenusma A,(6) .

17



7. YpaBHenusi nous (B.1) B (kBa3u)nHepUUAJbLHOM CCTEME 0TCYETA

HanomuuwMm, uro B Teopun dusnyeckoro Bakyyma OTCyTCTBYeT MOHATUE UHEPLUAIBHON CH-
CTEMBbI OTCUeTa. YPaBHCHHS ABWKEHUS OPUECHTUPYEMOH «MaTepHabHOW Toukw» (47) umu
(49), xak OBUIO MMOKA3aHO, 3aMTUCAHbI B YCKOPEHHOM cucTeMe oTcueTa. Korma s 3Tux ypas-
HEHUH BBIMIOHAETCS ycioBue (31), KoTopoe 03HavaeT oOpaiieHue B HYJb CHJI HHEPIIUH, TO
MBI TIOfy4aeMm ypaBHeHUs (30), 3anmucaHHbIe OTHOCUTENBHO (KBa3HW)MHEPIIUAIBHON CHCTEMBI
otcueta. Okaszvieaemcs, 4mo 8 maKou cucmeme omcyema Cuilbl UHEPYUU PpaeHsbl HYII0, OOHA-
ko none unepyuu T'i OMAUYHO OM HYISL U AHMUCUMMEMPUYHO NO 6CEM MPEM UHOEKCAM
(cm. popmy (32)). CootHoteHus (32) 3HAYUTENBHO YIIPOIIAIOT BRIPAKCHHUE IJII T€OMETPH-
3UPOBAaHHOrO TeH30pa sHeprur-ummynbea (10). JefictBurensro, u3 (10) BHIHO, YTO TEH30D

SHCPTUU-UMITYJIbCA MOKHO IMPECACTAaBUTL B BUIC CYMMBI

Tim =Tem + Tijmys (56)
npuyeM
1 o .S
T :;(—ViQ in =V A —AQ ), (57)
rae A, =T =0 nipu BeimoaHeHUH yciaoBus (30). IlockonbKy JieBasi 4acTh ypaBHEHHI

(B.1) cuMMeTpryHa 1o UHAekcaM J,M | 1o (57) B ypaBHeHusx (B.I) obpamiaercs B HYIb,
OTKyJZla CIEAYET YPAaBHEHUS I MOJIsI KPYUYECHUSI T€OMETPUU A4(6) BHIA

V.Q jn =0. (58)

Jlnst cuMMETpUYHON YacTH TeH30pa dHeprur-umnyiasca (10) B (kBa3u)uHEpIUATBHON CHCTE-
Me OTCUeTa UMEeeM

1) ias 1 s
T(im) = v {Qsmgji 2 9im®%s i (59)
a IIIoTHOCTH MatepuH (12) B 3TOM ciTydae 3alUIIeTcs Kak

1 1
P :__ZQ” st” ji :—_2

LIRS (60)
vc vc

Takum 06pa30M, 6 (K@aBu)MHepI/}MaJZbHOIZ cucmeme omcyema njiIOMHOCMb mamepuu  6bl-

padicaemcs uepes keaopam noisi unepyuu (mopcuonrnoeo noas ceomempuu A, (6) ). B 00-

meM ciydae, kKpydenne Q' jm umeer 24 HE3aBUCUMBIX KOMIIOHEHTBI M pa3jiaractcst Ha CyM-

My TpeX HEMPHBOIMMBIX dacteit [7]. B (kBasm)uHepIHaabHON CHCTEME OTCUETa JIBE M3 HUX
OKa3bIBAIOTCS PABHBIMH HYJIIIO, C OCTABLIEHCS MOJKHO CBSI3aTh C NCEBJOBEKTOPOM h; , 4yepes

KOTOpBIX ypaBHeHUS (58) 11 TeH30D (59) BBIpaKarOTCS Kak
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hi,—h, =0, (61)

1 1
T :z(hjhm—ggjmh hij. (62)

Beipakas mceBoBekTop BekTop h; depes mceBpockamsip ¥ Kak

Ny =W (63)

IPEJCTaBUM TEH30DP YHEPrUU-UMITyJIbca MaTepuu (62) B BUIE

1 1 i
Tin Z;(Wm—ggjmw V/ij, (64)

KOTOPBIH 8 K8aHMOBOU meopuu npeocmasisiem codoll meH3op IHePLUU-UMNYIbca 6e3macco-
6020 NCEB0OCKANAPHO20 nois. B 00ueM Buje, B CIMHOPHOM 0asuce ICeBIOBEKTOPY h; co-

OTBETCTBYET 4X KOMIIOHCHTHBIN CIIUHOD 4,

(65)

hmeum:i/z( (p-P)-(e-2) (T—ﬁ)—(ﬁ—ﬁ))

~(@-B)+(a-x) (r-7)-(u-q)
AB..=01, C,D..=01.
Hanpumep, nns pemenus (13) 3T0T cniMHOp HMEET BUA

,U(ls)AC =i /2( Sp __,0) (T__ ﬂ - ﬂ)_ J, (66)
-@-p-p (-7-(u-n)
rJie ABHBIA BUI KOMIIOHEHT P,T, 3,7, { TOPCHOHHOIO MoJjs npeacTasieH B pemenun (13). B

(KBa3M)MHEPIHMATHHONW CUCTEME OTCUETa TUIOTHOCTh MaTepuu (60) 3amuieTcs Kak

1 AC 7
VZ AC ( )

a TeH30p PHepPruu-uMIyisca (64) B Buze [7]

1

1 .
T ;(M\sﬂco ‘—gAcgsoﬂpQﬂPQj : (68)

2

ABCD

Ecimu ICCBAOBCKTOP hm CBGTOHO,Z[O6GH, TO €0 MOKHO 3aIIucCaThb TakK

h,=ol_,

m m

I"=0, ®=d(x'). (69)

Im

B sToM ciyuae TeH3op marepuu (62) MpUHUMAET BUJ MEH30pA IHEPLUU-UMNYIbCA U3OMPON-
HO20 U3NyYeHUs
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T = 1cpz(x‘)ljlm . (70)

==
™y

Jnis TeH3opa sHeprun-umMitynsca (17), Haxonum

290w

(2

D (x') = ¢0.0 | (71)

IIpU 3TOM IIJIOTHOCTh MAaTCPUHU OKA3bIBACTCSA MMOJIOKUTEIBHON B OIPEACIILACTCA KaK

p= izcl)2 >0. (72)
ve

C npyroii cTOpoHbI, eciu BeKTop N, BpeMeHHII000eH, TO €ro MOKHO NPEICTABUTD B BUJIE

N =¥ = 0(X' Uy, | (73)
rae U U™ =1 u @(x') - ckanapras ¢pyrakimsa. [oacrasnsas (73) B (64), moMyduM TeH30p

1 . 1
T ==’ uu -—=g. |, 74
S Lt 7
KOTOPBI MOJKHO IMPEACTABUTH KaK
2
Tin =pcUUy, + PGy (75)
rac
1, 1
p=—5¢'(xX)>0, p=-Zpc’. (76)
ve 2

[To cBoeli cTpykType menzop (75) Hanomunaem meH30p SHEPSUU-UMNYALCA <UOeaNbHOU
JHCUOKOCMU», OTHAKO MBI 37I€Ch UMEEM JIEJIO C MOJIEBBIM MPOTSHKEHHBIM 00bEKTOM — CTYCTKOM
MOJISl UHEPLIUH.

8. YpaBHeHHUd IBUKCHHUS CT'YCTKA MOJIA HHePUUH B (KBa-
3M)MHEPUHATBLHOU CUCTEME 0TCYeTa

Hcrnonb3yst (KBa3W)IWHINITEHHOBCKUE ypaBHEHUs 1ojs (B.1), BO3bMEM KOBapHaHTHYIO
MPOU3BOHYIO OTHOCHTEIIBHO CUMBOJIOB Kprcroddens ot ieBoii U nMpaBoi 4acTh 3THX ypaB-
HEHMIl. B pe3ynbrare nojiyduM paBeHCTBO

Vi(Rik—%g”‘R)zv vT*=0. (77)

N3 (77) cnexpyet 3aK0H COXpaHEHUs ISl TEH30pa YHEPTUH-UMITYJIbCa
20



VT =0. (78)
[Toacrapisis croja TEH30p SHEPTrUU-UMITYIIbea (75), morydaem
V.T* =V, pcu'u* +V, pg" =
1) B cuny ycnosus metpuunoctd Vg% =0 u ycinosus V,p=0 ays HecxxuMaeMoi «ujie-
QJIBHOM XKHUJIKOCTHY», THOIy4aeM
V,T* =V,pc’u'u* =0. (78a)
Jlerko nokasatb, uto ypaBHeHus (78a) pacnagaroTcs Ha:

1) reomeTpH3MpPOBaHHOE YpaBHEHUE HEMPEPHIBHOCTH

V.(pu') =0,(pu') + pu" Ty =0; (79)

2) TEeOMETPH3UPOBAHHbBIC YPABHEHUS, IOJO0HBIC THAPOAMHAMUYCCKAM YpaBHEHUAM Diiepa

k
pd—i+prkmnumu" =0; (80)

3) reoMeTpU3MpPOBAHHOE YPaBHEHUE ISl HEC)KUMACMOU <«MI€ATbHOMN JKUIKOCTH)
V,p=0,0=0. (81)

VYpasuernus (79) u (80) omuchIBaIOT IBMXKEHHUE KIyOKa MO MHEPIHUHU, ITIOTHOCTh KOTOPO-
ro ompenensercs (B obiieM ciydae) cootHornenneM (12). B (kBasu)uHEpIHaIbHON CHCTEME
OTCYETa JOCTaTOYHO MCIOJIb30BaTh IIOTHOCTh, YOBJICTBOPSIONIYIO0 cooTHOmeHUIO (76). 13
paBeHcTBa (78a) ciaemyer, 4TO B HEKOTOPOM MPHOIMKEHHH TEH30p dHEpruU-uMITyibca (75)
MOYKHO pacCMaTpuBaTh B BUJIC

T =pc’Uju,. (82)

Hcnone3ys pemenue (13) ¢ paBHbIM Hymro napamerpoM Keppa m paccmarpuBas npezen

w0 (u) > WO = const , momyumM B (KBa3H)MHEPLHANBHOI CHCTEME OTCUETa

_8z¢°
VC
Ecnu B (kBa3m)3UHINITEHHOBCKHUX ypaBHEHUX (B. 1) BIOpaTh MHOXUTETh B BUAE (19), TO MbI

o(F)= zqo 2(x'). (83)
MOITYYNM
=M3(F)=¢ —¢"(x)). (84)
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Teneps Maccy BakyyMHOTO BO30YKIE€HUS MOYKHO BBIYMCIUTE Ye€pe3 HHTErpa

M =]p,dVv =%j¢2(xi)dv =M[y*ypdV, dV =dxdydz, (85)

A€ KOMIUICKCHOC ITOJIE { HOPMHPOBAHO Ha CIUHULIY

2 1/2
Jurpdv =1 w(x")=| ——| g exp(ik X"). (86)
87GM n

Cpaszy ommemum, umo ¢uzuuecku macca M 6 (85) ne sxsusanenmna Kiaccuuweckou macce
U «NpOOHOU uacmuyvly, cmoawjeli 6 ypasuenusax (36). [eucmeumenvro, macca M 6 (85)

Aejisiemci Mepoﬁ nojia uHepyuu v, 6 Mo 8pemMi KaKk mMacca (i ebvlcmynaent KaK MHOMCUmeilb 6

ypasHenusx ogudxcenus (29) «npobroti yacmuywvly. Kpome mozo, coenacro ypasHeHusm nois
(B.1), macca M co3oaem 6okpye cebs epasumayuonHoe noie, a «NpooOHAsi Macca» u He

obnadaem HUKAKUMU ROJAMU.

9. CooTBeTCcTBHE C KBAHTOBOM MEXAHUKOM

OnHoit U3 BaXXHBIX MPOOJIEM IO TeoMeTpu3auuu Gpu3nku A. DUHIITEHH cuuTal 3a7ady reo-
METpU3alK KBaHTOBBIX nojiei. C Toukyu 3peHus A. DUHIITENHA, KBaHTOBBIH TEH30p Mare-

pun T momxeH ObITh oOpaszoBaH EmumubiM IloeM «IIOKa elie HEH3BECTHOI MPUPOIBI

[15]». Kak ObUIO YCTAHOBIICHO BBIIIE, SIBHBIM NPEMEHOCHMOM HA MO NOLe AGNAEmCs noje
unepyuu (uru mopcuonroe none (86) ceomempuu A,(6)). DTo mone ynoOHO MpeiCTaBUTh B

BHJI€ BOJIHBI J1e bpoiiist

() = . (RO XpS(R 1) =, exp- (EL— PX) (57)

rae S - reoMeTpU3UPOBAHHOE TPAHCISIIUOHHOE JEHCTBUE

S(%,1) = ~Mc| ds =Mc| (g dx'dx | (88)

M — macca 4acTHLBL, C— CKOPOCTb CBETa, /i - mocTosiHHas [lnanka u

1/2

p(X,1). (89)

VP (X, 1) =

82GM

[TonsTHO, 4to B (88) ds ompexnensiercst cornacHo (22) reomerpun A,(6). Kpome toro, mis
onucaHus YacTHIbl M MBI JOJDKHBI HCIOJB30BaTh JBIKEHHE IuoTHOCcTH p, (X,1) , T.e.

ypaBuenus (79)-(81). B HepenITHBUCTCKOM MPHOIMKCHUH CIa0BIX MOJICH ypaBHEHHE HETpe-

peiBHOCTH (79) st totHocTH p,, (X, 1) mpeacTaBisiercs B BUIE
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Y~ =0 divio. )= 2" | diviy *p¥) =0 90
VJ(IOMU )~ J(pMu )_ jIOM+ IV(pMV)_T—i_ IV(‘// I//V)— . ( )

DTO ypaBHEHHE HEJUHENHO OTHOCUTENBHO BOJHOBBIX QYHKIMH ¥ *u . Mcnonb3ys nojacra-
HOBKM D. Magnenynra [16,17], MOXHO CBECTH 3TO HETMHEHHOE YpaBHEHHE K JIBYM JIMHEHHBIM

aa—‘/t’+cm//+ fy=0, aé”t _CAy*—fy*=0, (92)

rore C=const u f(X,t) - Hexoropas ¢pyHkmmsa. TpeOys coorBercTBHs ypaBHeHHH (91)
YPaBHEHHUSM KBAaHTOBOW MEXaHHKH, OY/IEM M0JIarath

C=nli2u, f=iU,/n, (92)

rie U =—MM_G/r - mnoreHumanbHas 3Heprusi B3amMopaeicTBHs Macchl M ¢ 1eHTpasb-
Hol maccoil M. B aToM ciiyuae ypaBHenus (91) npuaumarot Bua ypasHenuit llpeaunrepa
2 2

o0y h L ow™* h
ih—+— Ay -Uw=0, ih —— Apy*+Uy*=0, 93
ot T AV Yo eyl N (93)

KOTOpBIe (PaKTHYECKU OMMCHIBAIOT JBMKEHUE IUIOTHOCTH P, (X,t) B rpaBUTAlMOHHOM IOJIE

Maccel M. YuuTsIBasi, 4TO Ul CTaOMJIBHOM YacTUIbl M BBINONHSETCS YCIOBUE yalbHO-
ctu (84), KOTOpOE UMEET MECTO B KBAHTOBOW MEXaHUKE, TO BBHIYMCIICHHE KJIACCHUYECKHUX Ia-

pamMeTpoB «IIpOOHOM wYacTULBD» (KOOPIMHATY, CKOPOCTh M T.1.) HEOOXOAMMO MPOBOIUTH C
MOMOUIBIO TIJIOTHOCTH BeposiTHOCTU M. bopHa

W (X,1) =ﬁpM(7(,t).

(u)

Hanpumep, koopauuaTel X''i, KOTOpbIE YAOBIETBOPAIOT ypaBHEHUAM reoje3nyeckux (30),

BBIYUCIIIIOTCS KaK
X4, =iJ.pM(7(,t)Xi dv =ijp (X% dvV, u=M, dV =dxdydz.
M M

3I[CCI) 3HAK paBCHCTBA MCXKAY MacCaMHu u U M o3HayaeT MX KOJWYECTBEHHOE PaBE€HCTBO,

OCTaBJIdAA UX KAaUCCTBCHHO Pa3JINYHBIMMU. HIMeHHO 3TO 00CTOSATEIBCTBO IIPUBEIIO K OMKA3y om
06p613H020 (cuumaﬁ ngS’MQQCKOZO) MbILWIEHUA U ABUTIOCH UCMOYHUKOM MHO2UX npomueope-
4ueblx unmepnpemauuﬁ K8AHMOBOU meopuu.

Kak nokazano D. Manenynrom B pabote [17], xkomrmuiekcHbie ypaBHenus (93), comepkar B
ceOe HE TOJIBKO ypaBHeHHE HenpepbiBHOCTH (90), HO U ypaBHeHusM Ditnepa (80), koTopsie B
HEPENSITHBUCTCKOM NPUOIIKCHUH (YUUTHIBasE KOJMYECTBEHHOE PAaBEHCTBO 4 =M ), MBI 3a-

NUIMEM KaK
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pﬂd—vzpﬂ£—+\7V\7j:—&VU _Puyg, (94)
u u

B KOTOPBIX COJEPKUTCS crienu(uueckas KBaHTOBas MOTEHLIMaIbHas Heprus MazaenyHra

Q=-1"AJp, 12u[p, =-1*Ay|l2y|. (95)

Huoke MbI mOKaxkeM, UTO 9ma sHepeus umeem epawamenshyto (MmopCcuoHHyo) npupooy.

10. 'eomeTpu3anuss KBAHTOBOM 3Hepruu MajaeayHra
[IpoBenem BHauane reomerpusanuio GyHkiun Jlarpanxa ans «poOHOM YacTUIIBD, UCTIONb-

3ys reoMeTpu3npoBanHoe jeiicTBue (88)

dt dt

rae L —reomerpusuposannas pynkuus Jlarpamka. B HepelIsTHBUCTCKOM MPUOIHIKEHUH

i 1/2
S:—uQHs;mj@wﬂﬁﬂTm:—uc(gM@LQQJ m:ij, (96)

ciabbIx noneit (mpu yenoBusix (34),(35)) pynkuuto JlarpaH:ka MOXKHO IPEACTaBUTH Kak

- 1/2
dx' dx*
L=- G o—— ~T-U . 97
IUC [glk dt dt u ( )
3nech T — KHHETHYECKasi SHEPTHS KITPOOHOM YacTHUIBI» U U,— ee NOTeHUHMaIbHas SHEp-

rust. Ha GeCKOHEYHO OOJIBIIIOM PACCTOSHHHM OT MCTOYHHMKA IOTeHIHanbHas sHeprust B (97)
oOparmraercsi B HyJb

L, ==T-U, =T

U IPOCTPAHCTBO COOBITHI Ha OECKOHEUYHOCTH CTAHOBUTHCS IIIOCKUM. B pesynbrare u3 (97)
MBI IMEEM

dx' dx* )
L, Z—ﬂC(T]ik EFJ =T, (98)

a TIOTCHLHUAJIbHAs 3HepFI/I${ MOXKET 6BITB HpeHCTaBHeHa KaK
. 1/2 . 1/2
dx' dx* dx' dx*
U =L —-L=—uc | — -1 g, —— ) 99

Otcrona crnenyer mpocrasi (opmyna sl BBIUMCICHHUS TOTEHIMAIBHON SHEPIHH B3aWMO/IEH-
CTBUS
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2
U, =2 (0w 1) (100)

Hcnonp3ysa TpaHcasauuoHHyo MeTpuky (14) pemenus (13), HaxoauM MOTEHIUAIBHYIO SHEp-
THIO B3aUMOJCHCTBUS MacChl 4 € HEHTpalbHOM Maccoii M , umeromeii cCOOCTBeHHOE Bpaile-

Hue, B ciy4ae I (t) — r, = const

2 2

K gy
U, =2—(g50 D)=

r,r . _2MG
2 r’+a’cos?é

9 C2

(101)

Ha paccrosiHusx

r>>a

U IIPpU COBIIaICHUN OCH BpallICHUS MCTOYHHKA IOJISI C OCBhIO z , korma COS =1 , IOTE€HIIU-
anpHas sHeprust MeTpukH (102) mpuHUMaeT BUJT

;MG ,2MGa®

U »—puc® ——+ e ——=U, +Q,, (102)
H cr cr r
rac
MG MG a?
Uy =57 Q=20 (103)

[Ipennonoxum teneps, uro MU = M (cmy4ail OTHOW YaCTHIIBI C CAMOJACHCTBHUEM) M JBUIKE-

Hue maccel M onuceiBaercsi ypaBHeHusiMu lllpenunrepa (93). B stom ciydae mapamerp
Keppa ectecTBEHHO COMOCTaBUTH KOMITOHOBCKOM JyTMHE BOJIHBI Ae bpoiins (87)

a=Al=n/uc. (104)

Torna, npupasuuBas Q, moTeHmanbHO sHeprun Mazenynra (95) , HaxoauM

2uG r
v+ 248 ),)- (vz +r_gJ|w| o, (109
rie
2uG
N, = o (106)

- TPaBUTALlMOHHBIN paJuyCc KBAaHTOBOM YaCTHULBL. ['eoMeTpU3MpOBaHHAs IOTEHIUATIbHAS
JHEPIrus CaMOJCHCTBUS TENEph 3aIUIIETC KaK

r 2
L (107)

@ 3 2.2

r’ u°c
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OTta 3HEprusi UMeeT KBAHTOBYIO PUPOY M OKa3bIBAIOTCS KOHEYHOW B CHITY CYIECTBOBAHHMS
y KIIyOKa MoJIsi ”HEpIMK TpaBUTallMOHHOTO paauyca (106).

Takum oOpazoM, Odsudicenue KiyoKa noas unepyuu, 061a0arujec0 CNUHOM, B TUHEHHOM
NpUOIMKEHUN OMUCHIBACTCS YPAaBHEHHUSIMHU KBaHTOBOM MexaHuku (93) , mpu 3TOM KBaHTOBAs
JTUHAMHUKA TOPCUOHHOTO TIOJISl CBSI3aHA C MPOSBICHHEM €ro TUPOCKOMUYECKUX (WM WHEp-
IIMOHHBIX ) CBOMCTB [16].

11. I'eomeTpu3anus 3JjeKTpoauHaMuku Makcsesia-Jlopenua

DOUHINTEHH CYMTAN, YTO M 3JICKTPOMATHUTHBIC TTOJIS1 HYXKJIAIOTCSl B TEOMETPHU3ALUH 110100~
HO moJisiM rpaBuTaioHHbM [9]. [IpuHIMNIMaNBHOE penieHue 3Tol mpodiIeMbl ObUla JaHo B
pabore [8]. B aToM ciydae MBI MCHOJB30BAIM apaMETPUUECKOE PHMAHOBO IPOCTPAHCTBA,
METPUYECKHI TEH30p KOTOPOTO HMEET BUJI

Oi = T +Kay (108)

rine K =€/ —ynenbHblii 3apsaa «poOHOM yacTULB» (31€Ch € — 3apsi, 4 - Macca 3apsjaa),
a — MeH30pHbIll NOMeHyual TEOMETPU3UPOBAHHON deKkTponuHamuku [8], 77, — meTpuue-
CKMI TEH30p NPOCTPAHCTBA MUHKOBCKOIO U

ds® = g, dx'dx" (109)

- TpaHCIAIMOHHAs MeTpuKa mpoctpancTBa. M3 popmyner (108) BumHO, 4TO, B OTIMYHE OT
TEOpUU I'PaBUTALMU DUHIITEHHA, B FEOMETPU3UPOBAHHON 3JIEKTPOJUHAMMUKE PUMAHOBO IPO-
CTPaHCTBO COOBITHI 3aBUCUT OT napamerpa K =€/ . VIHpIMM CIIOBaMH, MBI HCIIOJIB3YEM JJIs
reOMETPHU3AIMH IEKTPOMArHUTHOTO MO Oosiee OOIYI0 napamempuyecKyro pumanosy 2eo-
mMempuio.

JInst «poOHOTO 3apsia» ¢ yAeldbHBIM 3apsaoM K = e/ u neiictBue (96) Teneps 3amu-

IISTCA KaK
§ =g ds —uec[ (g axax | * = — e[| 1+ ka, P& ¥ 110
——ﬂcj S—ﬂCI g; ax'ax ——ﬂCI + aikd—%d—so So (110)
raec
ds, = (7, dx'dx*)"?,  n, =n"* =diag(1-1-1-1) (111)

- METpPHUKa ICEBOEBKINI0BA (ITyCTOT0) MPOCTPAHCTBA. DIEKTPOMAarHUTHOE TI0JIE, HCKPUBIIS-
IOIIee MMPOCTPAHCTBO, CUUTACTCS cliadbiM, eciiv B (110) BeImoTHSAETCS yCIOBUE

i k
ka, I g (112)
ds, ds,
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11.1 Mpu6aUKeHHe BEKTOPHOT0 MOTEHIIMAJIA

Pacrinmiem BTopoii uieH B ckoOkax B cootHomeHuu (1103) B Buae

0 2 a 0 a B
_{(d_] g SO deL} w123 113
7

ds, “ds, ds, “ ds, ds,

1 BBeIeM 0003HaUYEHUSI

¢ dx° dx c¢*_ dx”
=—ay,—, A =a,'—+—a,—, o f=123. 114
AO 2 00 dSO o a0 dSO 2 aff dSO ﬂ ( )
B pesynbrare cootHomenue (113) MoxkHO 3amucarh Kak
0 a i
28 p X p XL ¢ A X is0123. (115)
U ds, ds, ] wc® ds,

[Moacrasnss (115) B (110), momyunm WHTEpBaJI pUMaHOBa MIPOCTPAHCTBA B BUIE

i\
ds:(1+ 2¢ dl] ds, | (116)
uc ds,

Teneps s c1abbIX TEOMETPU3UPOBAHHBIX JIEKTPOMArHUTHBIX ToJiel (112) BRINISIANT Kak

5 (117)
nosToMy B (116) MBI MOXKEM MpeACTaBUTH CKOOKY B BUE psla
%
dx e
= . 118
L ZA R e a1s)
OrpaHnurBasCh IEPBBIMH IBYMS uieHamu, 3anumieM (116) kak
e . dx
ds=|1+ — |ds, . 119
( A dsg] : (119)
Pemras BapraniMoHHYI0 3a1a4y 11 JE€HCTBUS
e , dx
S=—uc|ds==- — |ds, , 120
| ucj[ - dsoj . (L20)
MbI ofryduM 4D ypaBHEHUS IBUKEHUS «IIPOOHOTO 3apsiiar»
di' e _
—=—2F'kuk, (121)
ds,
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1o100HBIE YPaBHEHUSAM 3JIeKTpoinHaMuka MakcBeiia-JIopeHiia, HO UMEOIue reoOMeTpu-

yeckylo npupoxay. B ypaBuenmsx (121)

0 E E E

-E 0 -H H
ik:%_a_A;: ' i " |=—Fa (122)
ox'  oOx -E, H 0 -H
-E, -H, H, 0
- TEOMETPHU3UPOBAHHBINA TEH30P JIEKTPOMArHUTHOTO TIOJISL.

VpaBuenus (121) obpararorcs B ypaBHEHUS JIBHXKCHHS CBOOOTHOM YaCTHIIBI
i 20 d c Va
o _dx_ & , -0, (123)
ds, ds’o dsy\cy1-v2/c? cyl-v2/c?

€CITM TIPOCTPAHCTBO COOBITUI CTAHOBUTHCS TJIOCKUM.
Vmuoxast ypaBHenus (121) na r_=e’/ 4C? - kiaccudecknii paanyc 3IeKTpoHa oJTy-
yp k1 He panuyc 3JICKTpoHa , IOJY
YHM YCJIOBHE CIIA0OCTH AJIEKTPOMArHUTHBIX TOJICH B BHJIE
3
€ ik dx,
2.4
uc ds,

<<1.

B CTpyKTYpHOM BHJIE 3TO HEPABEHCTBO 3AIMIIETCS KaK
& F
2 4
PN

<<1. (124)

[Ipyu HEPENTATUBUCTCKHUX CKOPOCTAX V° /C% << 1 Mbl momydaeM u3 (124) HepaBeHCTBO

2.4

E.H << 210° e0. CICE . (125)
e

Baxxno ormetuts, uto ycnoBue (124) Hapymaercst u ropasno 6osiee ciadbIX dJIEeKTpoMar-
HUTHBIX ITOJAX, CCJIIHM YaCTHLld ABUIKCTCA BO BHCHIHCM I10JIC C YJIbBTPAPCIATUBUCTCKUMU CKO-

pocTamu, T.e. koraa v /c? = 1.
Hepasenctro (124) npuBOIUT HAC K CIEAYIONIIM BBIBOJAM:

a) HEpeNSITUBUCTCKHE YpPAaBHEHMS KIACCHYECKOW SIICKTPOAWHAMHUKH HE NPUMEHHMBI B
cunbHBIX TOJsIX E 1 H | Hapymatomumx HepaBencTso (124);

0) peNSITUBUCTCKHE YpaBHEHUS KJIACCUUYECKON 3JIEKTPOAMHAMHUKY HE MPUMEHUMBI B CI1a0bIX
nomsix E u H , xorma ckopoctu yacTuiy cTtaHOBSTCS YIBbTPapeIsITUBUCTCKUMH.

TpeOyst cOOTBETCTBHS KYJIOHOBCKOTO CKaJSIPHOTO TIOTEHIIAA ¢ ¢ KoMrioHeHTol A, 4D

norexnuana (114), HaxoguM B HEPEIATUBUCTCKOM MPUOTMKEHUN

2

c
p=~HA= ?aoo ' (126)
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OTKYZa, JUIS CIIydas IPUTSHKEHUS MEKIY «IIPOOHBIM 3apsA0M» M LEHTPAIbHBIM 3apsiioM

-Ze ,

2¢ Ze
a.oo = C_ZK = —T. (127)

B «cnabopenstuBucrckom» cirydae u3 (114) mbl uMeem

¢ dx° O«
=—a = ,
Ab ” dso \/:L—VZ/C2

. (128)

YTO COOTBETCTBYET CKaJISIPHOMY MOTEHIIMANY B HHEPIHAIBHOM chUCTeMe OTCYETa, JIBUXKY-

mieiics co ckopocthio V' [9]. Huske MbI HOKaKeM, UTO B «CIa00PEIATUBUCTCKOMY IPHOIIH-
sxernu 3D vactes motennmana (114) (BEKTOPHBII MOTEHIIHAIT) UMEET BH/T

2 o
A:C dx Vv

yo4 _aaa_zq) e
2 “ds, " cy1-vE/c?

Ucnons3ys pemenue (13) BakyymHbIX ypaBHeHUi (A) u (B) npu a =0, norpeOyem, uToOBI B

a

(129)

BBIITOJIHAJICST Hpe[[eﬂ
PO (t) »> ¥° =const.

Torma merpuka (14) 3amuimeTcst Kak

-1

0 0

ds? = (1— Z\Pchdtz - (1—2‘{’} dr? = r2(de? +sin 0dg?) . (130)
r r

VuuteiBas hopmynsl (108) u (127), momyqaum u3 (130)

-1
r r
ds? = [1_79}32(1'[2 —[1—79} dr? —r?(d6? +sin® 6dp?) (131)
rac
2
[ = ZZeZ _€ Zze = const (132)
LC c

- 91eKMPOMASHUMHDLL PAOUYC.

Merpuka (131) ommchIBaeT CHTyaIMIO, KOT/IAa JIEKTPOH C MAacCoW x4 W 3apsiioM —e IBH-

XKeTcsl (HanmpuMep) B 1oJie saapa ¢ maccod M >> y u 3apsiaom+ Ze, Z =123....
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12. YpaBHeHHUsl ABUKEHHUSI «MPOOHOI0 3apsia» B CHJIbHBIX 3JIeKTPOMAr-
HHUTHBIX MOJIAX

B ciayuae cHIIBHBIX 3JI€KTPOMArHUTHBIX MOJieH, koraa ycinoBue (124) Hapymaercs, Mbl yKe
HE JIOJDKHBI MCIOJIb30BaTh JIMHEHHBIC YPAaBHEHUS JIBHXKEHHS 3JIEKTPOJMHAMUKU MakcBeia-
Jlopenua (121). Bapbupys neiicreue (110), HaxoauM ypaBHEHUS KpaTyalIinX mapameTpuye-
CKOM pUMaHOBOM reoMeTpuu ¢ MeTpudeckuM TeH3zopoM (108) [9]

d2x' codxidxt e dx!dxk
—=—1" =—E i , (133)
ds ds ds uc ds ds
rac
. C2 . ,uCZ .
Eljk = _?glm (ajm,k + akm,j o ajk,m) = _Trljk (134)

- HAIIPSDKEHHOCTD CHJIBHBIX JIGKTPOMArHUTHBIX HOJEH U @, - TeH30PHBIIl OTEHIINAN CUIIb-
HOTO 3JIEKTPOMArdHuTHOro mouis [8].

Ucnionb3ys metpuky (131) u ypaBHeHus apuxenus (133), HaxoauMm JBa MHTETpaia JBUKE-
HUS 3apsia —€ B TOJIe EHTPAIBHBIX CHJI 3apsiga Ze .

1) 3aKOH COXpaHECHHUs IMOJHOW SHEPIHHU JABMKYIIETOCS 3apsiaa — € (IIIEKTpOHa)

22?1 dx” 2ze?1)"(, w2 )"
E:,ucz(l— = rj dszycz(l— = rj [l—czj = const; (135)
2) 3aKOH COXpaHEHUs! OPOUTATTLHOTO MOMEHTA
L=pur? Z—f = const, (136)

rae ¢ - azumytanbHblid yron. Cootnomenus (135) u (136) mokasbIBaIOT, UTO 6 2eomempusu-
POBAHHOU 2NeKMPOOUHAMUKE CYUWECmEYem YCKOPEHHOe O8UdCeHUe 3apsadd ¢ COXPAHeHUuem
9Hepeuu, m.e. 0e3 U3LYYeHUs deKMPOMASHUMHBIX 80JIH. DTOT Pe3yabTaT MOKHO OOBSICHUTD
TEM, YTO YCKOPEHHOE JABUKEHHUE 3apsi/ia MPOUCXOIUT B COOTBETCTBUM C YPABHEHMSIMU T€0JIe-
snyeckux (133). B MCKpUBIEHHOM MapaMeTPU3MPOBAHHOM PHMAaHOBOM IPOCTPAHCTBE OHH
SIBJISIFOTCS. OJTHOBPEMEHHO KpaTdalmuMmu U npsMmermuMu. CBOOOIHBINA 3apsi MpU PaBHO-
MEPHOM U NPAMOJIUHEHHOM ABMKEHUU HE U3JIydaeT 10 TOW ke mpuuuHe. Ero tpaexropus
€CTh Ie0JIe3N4ecKasl IJIOCKOTrO MPOCTPAHCTBA, B KOTOPOM KpaTdaMIliel sIBISIETCS MpsiMast JIn-
HUA (OHA K€ MpsMenIas).

Urak, 6 obwepenamusucmckou s1ekmpoounamuxe Kpamyauuiue 2eo0esuyeckue Onucol-
8arom cmayuoHapuvie opoumvl NPU OBUNCEHUU 3aPA008 6 noje YeHmparbHulx cul. IloaTomy B
TreOMETPU3UPOBAHHON 3NIEKTPOJUHAMUKE Hem HeoOXooumocmu BBOJUTH HocTyinar bopa o
CTAIlMOHAPHBIX COCTOSIHUSIX 3JIEKTPOHOB B aTOMax. B Haliem citydae, 3TOT MOCTYJIAT KBAHTO-
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BOM TEOpUHU €CTh CIIEJCTBHE I€OJE3UYECKOr0 ABMKEHHS B MapaMEeTPUYECKOM PHUMAHOBOM
IIPOCTPAHCTBE.

VYpaBuenus npmxkeHus (133) — oOepensITUBUCTCKA WHBAPUAHTHBIC YPABHEHUS DIICKTPOIU-
HaMHUKH, KOTOPHIE MOXHO HCII0JIb30BAaTh B CUJIbHBIX 3JIEKTPOMArHUTHBIX NOJISAX U IIPH YJIb-
TPapeIATUBUCTCKUX CKOPOCTAX. B 0TiMuMK OT ypaBHEHUM ABUXKCHUS JIMHEMHOU DJIEKTPOIH-
Hamuku MaxkcBemna-Jlopernma (121), ypaBaenus (133):

a) COACPKAT B KAYCCTBC KOMIIOHCHT 3JICKTPOMAIrHUTHOT'O ITOJISI BCIMYHUHY E J-kl , KOTOpasa

He Aesaemcs meHS’OpOM OTHOCHTCIIBHO HpeOGpaSOBaHI/Iﬁ TpaHCJISI]_[I/IOHHI:IX KOOp,Z[I/IHaT
X,Y,Z,ct;

0) HEeTMHEHHBI TI0 cKOpocTh dx* /ds .

. 2 2
VMuoxas ypapHenus (133) Ha xapakTepHsIii mapamerp snextpoauHamuxu I, =€/ uc

- KJIACCUYECKUI paJlyc 3JIEKTPOHA, HAXOAUM YCIIOBUE CIa00CTH MO B BUE

e dx!dx"
2

‘y P CISI<<1. (137)

B HepensITHBHCTCKOM MPHUOIMKEHUH CIA0BIX AJIEKTPOMArHUTHBIX TOJIEH ATO HEPAaBEHCTBO
COBIAJACT C HEpaBeHCTBOM (124).

Jist cnabbIX AIIEKTPOMarHUTHBIX MOJIeH MOYKHO 3aIucaTh

i=123
i=0 |

m,

My =n"T, i =10

Paznenss B ypaBHeHusix (133) mpocTpaHCTBEHHYIO M BPEMEHHYIO YaCTH, HAXOIUM

2,,0 i k i k
d); -1, dx’ dx __ ezEOjk dx’ dx | (138a)
ds 7 ds ds uc® 7 ds ds
2 a j k i k
LIPS L (1380)
ds Pds ds ouct 7 ds ds
a,B,y.=123, i, j,k..=0123.

[Ipu ycnosun cnaboctn mons (47) moxno B (138) npoussectn 3ameny ds ma ds, . Kpome

TOIr0, B HEPCIATUBUCTCKOM HpI/I6J'II/I}KeHI/II/I BBITIOJITHAIOTCSA HpI/I6J'II/I}KeHHI)IC paBC€HCTBA

0 a a i k 2
ds, ~ cd, dizl, dx 1 dx dx' dx v

= - ——r—<<1. 139
ds, ds, c dt ds, ds, c? (139)

HUcnone3ys popmyity mis nepexona ot mapamerpa ds, k mapamerpy dx°
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d’x* dx”  d’x° dx”
d’x” _ ds,® ds, ds,® ds, d’x  d*x° dx“

dx®* dx° ’ ds,> ds,” ds,
ds,
sanuireM (138b) B Buze
2ya j k j k a
dx _{ oo o ddd ot o } (140)
dx°® uc ds, ds, ds, ds, ds,

B cuny ycnosuii (139), coxpanuM Bo BTOPOM 4JieHe cripaBa KoMrnoHeHTsl ¢ J=K=0 | aB

IEPBOM YJICHE KOMIIOHEHTBI ¢ j=k =0 , j=0,x=/4 ,j= B, k=0 ,TOrxa u3 (138b) ume-

eM
2, 0 0 L 0 0 0 a
dx_ e { GO e daC o ded x } (141)
dx ucC ds, ds, ds, ds, ds, ds, ds,
Ucnons3ys popmyny
o2
Ei = _?(aij,k + & _ajk,i) ,
HAXOIUM
l1oa, 1oa oa, oOa 10a 1 0a
E ,=c=-—"%_=""a0 |  92EF =} a0 A2z E =2 200 (142
«% (2 X* ¢ ot j @ho (6xﬁ ox“ c ot 0.00 2c ot (142)
BBeneMm 0003HaueHNnA
10a
— _ 2 (274)
EaOO - _(Aa,O - Ab,a) ! 2Eaﬂ0 - _(Aa,ﬁ - Aﬁ,a)_c E? !
TIe
2
c 2
A =?a00, A, =cCa, . (143)

0
[Tockosbky B HamieMm npubmmwkennn X/ ds, =1, To BMmecto (143) MbI MOXKEM 3aIHcaTh

c®  dx° , dx

=—a . A =a_,C ] a! :112)3' 144
Ab 2 00 dSO o a0 dSO ( )

[Tpu >Tux ycnoBusix (141) mpuHumaet Bua
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2ya 0 B aa B 0 0 0 a
e Ay~ A ) (A, — Ay )2 2 P T 2 L Oy X O X
ds uc ' =7 ds, ' 7 ds, c ot ds, ds, 2c ot ds, ds, ds,
i

a 0 B da B 0 0 0 o
du” _ e2 I:aodx +Faﬁdx _021 op X7 dX _Cziéaoo dx” dx” dx . (145)
ds, wuc ds, ds, c ot ds, ds, 2c ot ds, ds, ds,
rac
Fo = A — A a,py.=123, i, j,k..=0123. (146)
[Ipenebperast TpETHUM U YETBEPTHIM WICHAMH B TIpaBoit yacTty (145), momyuum
u*_ & pray,, (147)
ds, uc

Jlerko 3aMeTUTh, YTO MBI MOJYYMJIA MIPOCTPAHCTBEHHYIO YacTh ypaBHeHHH nBuxkeHus (121)
3NeKTpoauHaMuku Makcsenna-JlopeHiia.

13. YpaBHeHHs NOJIS1 CHJIBHBIX 3JIEKTPOMATHUTHBIX MOJIei

B xauecTBe ypaBHEHHMI TOJIS] HETMHEUHOW r€OMETPU3UPOBAHHOM 3JIEKTPOIMHAMUKHU CUJTb-
HBIX TIOJIEH MBI TIPE/ITIOKIIIN HCIIONIBb30BaTh ypaBHeHus Buja [8,9]

1 87k
Ric _E 0y R = C_4Tik ' (148)
rae TeH30p Puaum onpenensieTcs uepes cuiibHOE AeKTpoMarauTHoe nose (134) kak
i € i e’ s
Ri, =R'jim = =2—0;E"jm + 22— E'si E%jjjm (149)
HC Y

a TCH30p SHCPrun-umMilyJjibCa HCTOYHHUKA ITOJIsI UMCCT BUJL
T, = p.c°uu,, p, =Zes(F), u'u, =1. (150)

I
13.1 CootrBercTBHe YpaBHeHHsIM MakcBesuia (3JeKTPOJHHAMHUKE CJIa0BIX MoJIei)
CaeprriBas ypaBHeHus (148) ¢ merpudyeckum TeH30poM @' W ydHWTBIBask COOTHOIIE-
uue g*g, =4, umMeeM

R=——=T, T-=T5. (151)

[MoxcraBnsis (151) B (149), 3anuiiem 3Tu ypaBHEHUS B BUJIE
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87 e 1
Rik:C_4_(Ti _EgikT)'

Cnenys A. @oky [17], mbl moTpeOyem [utst ypaBHeHH 1oJist (152) BBINOJIHEHUS:

1. Ycnosus cnaboctu nodst (137) st rensopa (149).

2. VYcroBHe rapMOHMYHOCTH ISl €IMHUYHON CKOPOCTH U’

10%),
(A—C—ZEJU :0.

(152)

(153)

[TepBoe W3 3THX YCIIOBUM O3HAYAET, YTO MPOCTPAHCTBO COOBITHI MaJIO0 OTIMYAETCS OT ILIOC-
KOro (IycTOoro) mpocTpPaHCTBa, @ BTOPOE, YTO UCTOUHUKH MOJISl IBUXKYTCSA C MaJbIMU YCKOpE-

HUSIMU — [TOYTH NPSIMOJMHEWHO U PaBHOMEPHO.

[Tpumensst ycinosue (137) k ypaBHeHusiM (152), momyanm

k 1 0° 87K 1
Ric :_E(A_C_Zyj ik :C_4(Tik _EgikT)'

OTcroza Juist KOMIIOHEHTBI R, HMeeM

2

k 1 0? 87k 1
Roo = __(A Jaoo = C_4(Too __gooT)-

TO MBI UMeeM u3 (155)

1 1 6? A
2 AT T T

VMHOXas 3T0 cooTHOLIeHHe cieBa Ha ¢’u° = ¢’dx’ /ds, , moxydum

1 6° A .
A=A =2,
( c? 6t2jpb c Jo

rac

COBIIAIAET C KOMIIOHEHTON Ab noteHimana (128), a jo OTIpeIEIISAETCS KaK

(154)

(155)

(156)

(157)

(158)

(159)

34



) 0 dx’
Jo=1 =pLU” =p,cc= Pe gt (160)

31ech p, —IOTHOCTH HCTOYHMKA TIOJISt B CHCTEME OTCUETA, IIE OH MoKouTcsl. Taknm obpa-
30M, HOTEHIMAN A, Ul Cl1a0bIX 2IEKTPOMATHUTHBIX OJEH yHOBIETBOPSET YPABHEHUIO

(158), momoO6HOMY ypaBHEHHIO dNIeKTpoanHaMuku MakcBeruia-JlopeHia.

Cratnueckoe cepruiecku-CHMMETPUYHOE perieHue ypaBHeHnii (148) BHe HCTOUHUKOB
(BakyyMmHbIX ypaBHeHuid R, =0 ) mmeer Buz (131). [TycTs Tenepb Mbl IMEEM CUTYAIHIO, KO-
raa metpuka (131) onuckiBaeT ABMKEHUE AJIEKTPOHA C MACCOM 4 U 3apsiioM —€ B IOJIE Si/-

pa ¢ maccoit m>> u u3apsnomMm+Ze, Z =1,2,3... (ciay4ail IpUTSHKECHUSA).

JIns KOMIOHEHT a_, u3 ypaBHenui (154) cnenyer

k 1 0° 87K 1
R0 = _E(A_C_zﬁjaao =~ (T =5 Gaol)- (162)

Iockonbky B Mmerpuke (131), momyueHHoit u3 pemenus ypaBHenuit (148), mbl umeem

2¢ i 2¢ r

K e K e

ag, = =——=, a,=0, Ay =—""568,=—"6,,, (162)
c? kr « K

TO JIeBast yacTh ypaBHeHUi (161) oOpamaercs B Hy/ b M 3TO ypaBHEHHE (B IPUOIMKESHUU Clia-

0oro momsi) TepsieT CMBICI, MOCKOIbKY MeTpuka (131) 3anmucana B cucremMe oTcyeTa, TIe uc-

TOYHHK ITOJIs1 IOKOUTBCS. 3ato, Uit KOMIOHEeHTH! R,; ypaBHeHus (148) 3amuchbiBaroTes Kak

k 1 0? 87Kk 1
Raﬂ = _Z(A_CzatZJa“ﬂ :CT(Taﬂ _EgaﬁT) (163)

VMHOXas 5TH ypaBHEHHUS clieBa Ha c°U” u yuurtsiBas (153), (162), (150) u (156), a taxxe

a a

v v

:c\/1—v2/cz T

HAXOIUM
1 62 B 1 6 Ao 8r o 1 p
A—C—zy P, = A_c_2¥ a__?( aﬂ_zgaﬁT)u -
8 1 A .
T S S (164)
C 2 c
rae
A — Va - ﬁ J _ peva ~ an (164a)
a(DKCm Ko a\/l_\lz pedt'
CZ
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O6benunss ypaBHenus (158) u (164), mbr momyuum 4D 3amuce  ypaBHEHHI reoMeTpH3H-
poBaHHOW s3nekTpoauHamuku (148) B Buae ypaBHEHUH SIEKTPOJMHAMHKH MakcBela-
JlopeHnna

2
A_isT A ———J'. ., d'=(pc, pv?), i=0123 (165
C

Xots ypaBHeHus (165) mo BHemHeMy BHIY MOJ00HBI ypaBHEHUAM MakcBeia ¢ UCTOYHH-
KaMH T0J1s1, WX (U3UYECKOE COJIep)KaHKe OTINYHO OT ypaBHeHUI MakcBemia. B camowm nene,
ypaBHEeHUs MakcBelljia pacCMaTpUBAIOT 3JIEKTPOMATHUTHBIE TIOJIS Ha (POHE MIIOCKOTO MCEBII0-
€BKIIMJI0BA TIPOCTPAHCTBA, B TO BpeMs Kak ypaBHeHUs (165) omuchIBaIOT 3JIEKTPOMATrHUTHBIC
MOJIsl Yepe3 KPUBU3HY NMapaMeTPHUECKOTO PUMaHOBa IPOCTPAHCTBA.

Wtak, Mpl TIOKa3amu, 4To ypaBHeHus apuxeHus (133) u ypaBuenus noins (148) reomerpu-
3UPOBAHHOW AJIEKTPOJAUHAMUKH TEPEXOAST B ypPaBHEHHUs OJIICKTPOJAWHAMUKH MakcBelia-
Jlopenna (121) u (165) B cnalObIX MOJIIX ¥ HPU HE YIbTPAPEISTHBUCTCKHX CKOpOCTSX. B
3TOM CITy4ae, BMECTO TEH30PHOIO MOTEHNHa a ik , JOCTATOYHO HCIOIB30BATh BEKTOPHBIMA
norenrman (128), (129).

Uwurarens HaBepHSKA 3aMETUJI, YTO JUISI TOKA3aTEIbCTBA COOTBETCTBUS ypaBHeHul (133) u
(148) ypaBHEeHMAM 3IIeKTpOAMHAMUKN MakcBesuia-JIopeHia Mel uconb30Baiy pemenue (13)
ypaBHeHH Pusndeckoro Bakyyma. 910 ObIIO cAeTaHO MpeAHAMEPEHHO B IIE1arOrMYeCKUX
nensx. B peiictBuTenbHOCTH, AMeKTpoauHaMuka Makcsemia-JIopeHia Jiist cra0bIx moJie
cienayeT u3 ypaBHeHui dusnueckoro Bakyyma B BuJie IPEAEIbLHOIO Cllydasi, KOrja ypaBHe-
HUS CUJIbHBIX dJIeKTpoMarHuTHBIX noJiel (133) u (148) mpeactaBisitoT cobor onpeneneHHbII
YpOBEHb COOTBETCTBHUSI.

14. JnexkTpoauHamuka Pusnveckoro Bakyyma

Ypasuenus mons (148) 37IeKTPOIMHAMUKY CHIIBHBIX 3JIEKTPOMArHUTHBIX TOJICH OBLIM IOyYeHBI
JUTSL CTAIHOHAPHOTO «TOYEYHOT0» UCTOYHHKA C TEH30POM SHEpPruv- umimynbca Buaa (150) kak cuen-
cTBUE ypaBHeHUH Puznyeckoro Bakyyma

(B.1)

Ri _%giksz T

MOCJIe TOTO, KaK MBI 3allMCAIH X B (KBa3u)MHEPIIUAIBHON CUCTEME OTCUETa, B KOTOPOH TOp-
CUOHHBIE TIOJISl yIOBIETBOPSIOT ycnoBuio (32). C mpyroit ctoponsi, ypaBHenust asrkerus (33)
MOT'YT OBITh TOJYYCHBI U3 YpaBHEHHI IBIDKeHUS (46), KOTOpBIC B Cilydae BaKyyMHOMH 3JIEKTPOIUHA-
MHKH OIHCBHIBAIOT JABWKCHHE «OPHEHTUPYEMOro 3apsaa» (3apsiga co cnmHoMm). Kak 3To ciemyer u3
ypaBHeHUH (46), ypaBHEHUS MBIKCHUS IIEHTPA MacC «IIpOOHOTO OPUEHTHPYEMOTO 3apsiaa» B MPOU3-
BOJIBHO YCKOPEHHOM CUCTEME OTCcYeTa MPUHUMAIOT BH/]

d?x'" e _. dx’ dx o dx! dxk
C—=_EI TI' ] 166
#2052~ ¢ Mdas das M " Tds ds (166)

rac
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- o dx! dx-
Flog=—nuT i — — 167
© . ds ds {167)

- 3JIEKTPOMarHuTHbIE cuiibl uHepuu. [Ipu ycnoBuu (32) 3ty cuibl oOpamarTcs B HYJb U
MBI TIostydaeM u3 (166) ypaBHEHUST IBUKECHUSI DJICKTPOJUHAMUKY CHUIIBHBIX Ttosiei (133). Uro-
OBI MOHATH (U3UYECKUI CMBICH ypaBHEeHH (166), MBI pacCCMOTPUM JBMKCHHUE 3apsi/ia B IMOJIE
[EHTPATBHBIX CUJI, KOTOPOE OMUCHIBACTCS TPAHCIAIIMOHHONW MeTpukou (131).

B HepenaTHBUCTCKOM TPUOIMKSHUH U CITA0BIX AJIEKTPOMArHUTHBIX MOJISIX  YPABHEHUS JIBU-
xkenus (166), ¢ yaerom metpuku (131), npuHEMAarOT BUT

- = xe =0, (168)

Fo% === x°, (169)

JIEHCTBYIOIIEH Ha «IIPOOHYIO» 3apsDKCHHYIO YaCTHUIy B YCKOPEHHOM CHCTEME OTCYEeTa ,
NIEKMPOMASHUMHOU CUNOU UHEPYUU
2
Fainer = —Z_i Xa, (170)
r
KOTOpas JoKajabHO paBHa cuie Kymona (169), HO mpOTHBOIOIOKHO €if HampaBjicHA. YpaB-
HeHus (169) cpaBeyTMBBI TSl SJIEKTPOHA, IBHKYIIETOCs 10 CTaIlMOHAPHOW OpOUTE B aTOME,
oOecrnieunBasi JIOKaJbHO BBIIOJIHEHUE MPHUHIIMIA CTIEHHUaIbHOW OTHOCUTENbHOCTH. [loaTomy
3JICKTPOH JIBIKETCS B KaXKJIOH Mayioi 00JaCTH CBOCH MCKPUBJICHHOW TPACKTOPHH IO MHEP-
UU» HE M3ITy4yas 3JIEKTPOMArHUTHBIX BOJIH. Dm0 00bACHAem KCnepumMeHmanvHulil axm
CYWecmeoB8anusi CMayuOHApHuIX opoum 31eKmponos 6 amomax (nocmynam bopa) na ananu-
muueckom yposue [7]. Takum 00pa3oM, BIIEKTPOMArHUTHBIC CHJIBI HHEPIIUU UTPAIOT B KBaH-
TOBOM TEOPUH CTAOMIU3UPYIOLIYIO POJIb, 00pa3ys CTAllMOHAPHBIC COCTOSIHUS. B pensTHBUCT-
CKOM CJIy4yae 3TOT Pe3yJbTaT MOATBEPXKIAIOT 3akoHbI coxpaHeHus (135) u (136), koTopbie
YTBEPKAAIOT COXPAHEHUE MTOJIHON SHEPTHH U OpOUTATILHOTO MOMEHTA NPU JIBUKEHUU Ha CTa-
[IMOHAPHOU opouTe.

14.1 BaxkyymHasi 3JIeKTPOAUHAMMKA NePEMEHHOT0 3apsiia

B snexrpoannamuke Makcseiia-JIopeHIa BeIIOIHAETCA 3aKOH COXpaHEHUs 3apsa

e= j p,dV =const, dV = dxdydz . (172)

Huddepenuupys (171) mo Bpemenu u ucnoin3ysa teopemy Ocrporpaackoro-I'aycca, umeem
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— = dV =|| =2 +divj |=0, 172
dt dt Pe I(at " JJ 172)

OTKYJia ClIelyeT ypaBHEHUE HETPEPHIBHOCTH

op -
/¢ +divj=0. 173
p ] 173)

BakyymHas s51ekTpoiluHaMUKa MO3BOJISIET HAM HUCCIIEI0BATh SIBJICHUSI, B KOTOPBIX 3apsill ABJIS-
€TCs IEPEMEHHON BEITMYMHOM, T.€. SJICKTPOIMHAMHUKY, B KOTOpoi ypaBHeHue (173) Hapya-
etcs. JIst aToro Mer o6patumcs K perrenuio (13), moaras B Hem

¥O(u) # const, a=0. 174)

[Tpu >THX YCIIOBUSX TpaHCIALMOHHAS MeTpHKa pemieHus (13) npuHuMaeT Buj

0 0 /ey ) L
ds? :[1—2Lmjczdt2 _[1_2‘1’_(t)j dr? —r2(d6? +sin’ 6dg?). (175)
r r

Ota meTpuka 06061maer meTpuky (131) Ha ciayyait nepeMeHHOro 3apsana UcTouHUKa Ze(t)

-1
ds? = (1__& (t)}czdtz —(1—“*—(0) dr? —r?(d¢? +sin” 6dy?) , (176)
r r

rac

2eZe(t) _e 27¢e(t)

29°(t) =r,(t) = . -

# const. a77)

B aToM ciyuae TeH30p 3HEPIUHU-UMITYJIbCA B ypaBHEHUsX (B. ) npuHUMaeT BUA

F(t)
T =pcl =—<_"11, F£(t)<0, (178)
im e jm 2 jm
vrI
rne 1"=0c"y, |m| m"=0 - M30TPOIIHBIN BEKTOP, OmpeaeseMblii pemennem (13) . 3a-

MUCHIBas MIOTHOCTH Matepuu B (178) B ipenene [7]

r.(t) > r, =const, (179)
noJydaem
Arr 2
. =2 5(1)= 728 5(1) = Zes(T) . (180)
Vel 1t

rae S(F) - 3D bynkuus Jupaka u Ze =const. U3 (180) cnexyer, 4To B 3TOM NpEAEILHOM

ClIy4ae B ypaBHEHHUSX (B.]) KOHCTaHTa onpeenseTcs KaK
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v=—7—, (181)

YTO COBIAJACT C MHOXKHUTEJIEM B YpaBHEHUsX 10 (148) aneKTpoAMHAMUKN CUIIBHBIX TOJIEH.

14.2 TeomeTpu3anus KBAHTOBOI 3JIEKTPOAUHAMHMKHU B HEPEJIATHUBHCTCKOM NMPUOIHKe-
HHUH

B (xBa3u)uHeprmanbHOM cucteMe oTcyeTa miIoTHOCTh (180) MOKET OBITH BBIpa)KEHA Yepes
noJie MHepuuu noo0Ho (83)

2 2
p =28 5(h) = zes(r) =2 07 (x), (182)
e 4 8re

LC

BBeneM KOMILIEKCHOE IIOJIE |y HOPMHMPOBAHO Ha €AVHUILY

1/2

1) exp(iknx"), (183)

2
y7e

87Ze?

TOr4aa 3apsa UICTOYHUKAa BAKYYMHOI'O BO36y)KI[eHI/I}I MOKHO BBIYUCIIUTDH YCPE3 UHTCTPATL

[yrydv =1, y(x")=

Ze = [ podV =g%jq)2(xi)dv = Ze[y*pdV,  dV =dxdydz. (184)

Ucnons3ysa ypasaenue (79) u npoueaypy MaznenyHra, Mbl monyuuM ypaBHenus Ll penunrepa

Oy R _oy* R
ih—+—Ay-Uy=0, Ih -—Ay*+U y*=0, 185
ot 2, y Uy ot 2 w*+U gy (185)
rae U, =—Ze?/r - moTeHuMAalbHas SHEPTHs B3aMMOJIEHCTBHS 3apsila —e C LEHTPATbHBIM
3apsioM Ze . 31ech Mbl OIATh MCIIONIb30BaNU ycinoBue 4 =M , rne M - Macca «kBaHTOBOI»

JaCTUILIbI.

Hcnons3ys pemenue (13) ¢ yuerom mapamerpa Keppaa, onmuceiBaioiiee coOCTBEHHOE
BpalllcHWEe HWCTOYHMKA Z€ , HaxoauM moTeHnuanbHyo sHepruio (100) B  mpenene
r,(t) » r, =const

2 2 2
M L MC r.r 27¢
Ue==-(9,, -1 =

2 r’+a’cos’d e

(186)

ITpu ycnoBusix r>>a, cosd=1 sHeprus (186) nmpuHuMaeT Buj
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mc’(r, ra’
o~ v
rac
U = MR & o _mina Zea
« 2 r r’ " 2o ror

Comnocrasnss napamerp Keppa a koMOTOHOBCKO# JUIMHE BOJIHBI i€ bpoiins
a=A=n/uc,

MOJTy4YUM

Z 2 h2
Q, :r—iﬁ= Q=-1"Ap, 12up, =12y |

Dta 3Heprus CoBMaJacT ¢ MOTeHIMaNbHOU dHeprun Mazenynra (95) , ecnu

2Z¢° r
(vz +WJ"”’| (v Jol-o.

14.3 CxansipHoe (MOHOIOJIbHOE) U3/IyYeHHe B BAKYYMHOI 3JIEKTPOAUHAMMKE

(187)

(188)

(189)

(190)

B o0miem citydae, B BAKYyMHOM 3JIEKTPOJJMHAMUKE ypaBHEHUE HenpepeIBHOCTH (79) u ypas-

HeHus Ditnepa (80) 3anmumryTcst Kak
Vi(pu') =0;(pu') + p,u'l'y =0,

du®

E-ﬁ-pe kanUmUn =0.

Pe

Hcnonb3ys meTpuky (176), HaXoIuM B HEPEISATUBUCTCKOM MPUOTMKCHUN

0,(pu")=—p U Ty =—(p uToj + puT!s) = —p,uTo;

Wiy, yauThiBas (142),

e 1 oZe(t)

i €
0. (pu')=p,—5UE, o =—p, —
](pe ) pe 2 0,00 pe ,U re 61:

(191)

(192)

(193)

(194)
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O‘IGBI/II[HO, 4TO 4Jid cjrydasd NCPpEMCHHOTIO 3apsaga HCTOYHHUKA SJICKTPOMArHUTHOTO ITOJIA
ypaBHeHUe HenpepblBHOCTH (194) Hapyimaercs, B pe3yabTaTe B BAKYYMHOMW 3JI€KTPOIMHAMH-
K€ BO3HUKACT MOHONOIbHOE CKalsipHoe usnydenue [18]

s_L10ze)_ 1op()  _ Ze)

195
r cot c ot r (199)

pa3MepHOCTh KOTOPOTO COBMAACT C Pa3MEPHOCTHIO MATHUTHOTO MOJIsl. JleficTBUTENBHO, ypaB-
HeHus (192) B HEpENSITUBUCTCKOM MPHOIMKEHNUN PACUCHIBAIOTCS MOA00HO (145) kak

a k aa B 0 0 0 a
o, du —p, e2 F, dx —czl aﬁdidi_cziaaoo dx” dx” dx . (196)
ds, ds, c ot ds, ds, 2c ot ds, ds, ds,
uny, ¢ yaeroM (38), 4To B BUIE
du® e dx* dx“
= F + . 197
pe dSO pe /ucz{ ak dSO AO,O dso} ( )
B (197) mb1 BBenn 0603HaYCHUS
¢ dx’ dx’
:—a —_—, A =a CZ_, ) =11213
Ay o Goo ds, o 0 ds, a,p
u
Fouo = A~ Ak a,pB,y..=123, i, J,k...=0123.

Ucnonbiys metpuky (176), Haxoaum B ypaBHeHUsX aABrkeHus (197) ckanspHoe mose

1 aZe(t) _ 10p(t)

S = Ay = ,
Ao r cot c ot

HIOPOJKICHHOE ITepeMeHHbIM 3apsiioM Ze(t). s «npoOHOI 4acTHIIB» HEPEISITUBHCTCKHE
ypaBHeHHs qBMkeHus (197) nmpuHMMaioT BUA
dv

1 eE + EqH]+ SV} (198)
dt Cc

OTtcroga crienyeT, 4To CKaJsipHOE M0JIe UMEeT MarHUTHYIO IPUPOAY, HO KaUeCTBEHHO OT-
JNMYaeTcs OT BEKTOPHOTO MarHUTHOTO Tonst H . JlecTBUTENbHO, «CKalspHAsS» MAarHUTHAs
cuiia
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F,=—Sv, (199)
C
MOPOXKACHHAS CKAJSIPHBIM MarHUTHBIM ITOJIEM S , IEUCTBYET NapaJIJIEIbHO CKOPOCTH JIBUKE-

HUS 3apA7I0B, TOT/A KaK MAarHUTHAs CHJIA, TIOPOXKICHHAs BEKTOPHBIM MAarHUTHBIM ToneM H |,
NEeNCTBYET NMEPIEeHIUKYISIPHO CKOPOCTH ABMKeHHs. [loaToMy paboTa «CKalspHOI» MarHuT-
HOM cuibl (199) oTimuna ot wyns. Kpome toro, cuna (199) cnamaer ¢ paccrosHueM F men-
JIeHHee, YeM OObIYHAsi MarHUTHAas! CUJIa.

Takum oOpazoMm, ypaBHeHus (194) u (197) nOMOJHUTEIHHO OMUCHIBAIOT MOHOIIOJBHOE
U3ITy4YEeHUE HCTOYHUKA 3JIEKTPOMArHUTHOIO IOJIsL, KOTOPOE B 3JEKTpoauHaMuke MakcBesuia-
JlopeHnia OTCYTCTBYET B CHIIy 3akoHa coxpaHenus 3apsina (171). CBoOogHbIE BEKTOpPHBIC

3JIEKTPOMArHUTHBIE o151 E 1 H mpescTaBisior co6oil AUMOIbHOE H3TydeHHE U X CBONCTBA
XOpOILO M3y4eHbl BO MHOTHMX TEXHOJOTMUECKHUX MPUIIOKEHUSX. BrepBble ckaisipHOE U3Iy-
yenue (195) mabmonanoch B 3kcnepuMmentax Hukosnoit Tecna emie B koHie 19 Beka [18],
Korja He OBbUIM MOCTPOEHBI TaKME OCHOBOIIOJAraloIINe TEOPUHU KakK CHelHalibHas M oOIas
TEOPUU OTHOCUTEIBHOCTH W KBaHTOBass MexaHuka. OCOOCHHO BIEYATISIOT IKCIEPUMEHTBI
Tecna mo OecnpoBOaHON Tepenade dnekTposHeprun [19], moBTOpeHHBIE 3KCIIEPUMEHTATEHO
U TEOPETHYECKU OMUCaHHbIe aBTOpoM B Tamnanze [20, 21].

Kaxnas u3 cun B ypaBHeHusix (198) mopoxkaaer qumkeHue 3apsyKeHHbBIX YaCTHIIBI, T.€. TOKH.
[ToaToMy KpoMe M3BECTHBIX HaM B 3JIEKTPOAMHAMHUKE TOKOB: — TOKOB IIPOBOAMMOCTH, TOKOB
®dyKo ¥ TOKOB CMEIICHHUSI, TOJDKHBI CYIIECTBOBATh TOKH, MOPOKACHHBIC crioi (199). dakTu-
YECKHU 3TOT TOK O3HAa4YaeT U3Ty4YeHHs 3aps0B UCTOUHUKOM. AHAJIUTUYECKU 3TO JOKA3bIBAeT-
cs1 crnenyromuM obpazom. U3 cootnommenus (179) cnemyer

r(t)
p)=———, £(t)<0. (200)
ver

Ucnonb3ys (195) u (181) MokHO 3amucarh NPUOIMKEHHOE PABEHCTBO

L

S(t) = Ze(t)y *v, (201)
A

p (1)~

OTKy,Z[a JUUIA CKaHHpHOFO I10JISI UMCEM
S ~ —4nrZe(t)y *y . (202)

Otcrona BUIHO, YTO, Hampumep, s chepbl Tecna — ckansipHOE M3ITy4YE€HUE MPEICTABISET
co0OM MOTOK 3apsA0B, MOKUAAOIUX chepy, U eClIH MPU ITOM HAOIIOAAETCS N3TydeHHUE BEK-

TOPHBIX SJICKTPOMAIrHUTHBIX nonet Eu H , TO TOJIBKO KaK BTOPUYHOC SABJICHHUC.

Nznydyenue a5ekTpoHoB cepoit Tecna MoxkHO HAOMIOIAaTh BU3YaIbHO BO BpEeMsl PaOOTHI
marmdeckoro mapa Tecna [21]. IHTepecHO OTMETHTbh, YTO U3ITyYCHHBIC 3JICKTPOHBI TPYIIITH-
pYIOTCS B JUIMHHBIC HUTH BMECTO TOTO, YTOOBI OTTAJIKUBATHCS. OTO SBICHHE HAM M3BECTHO
U3 TEOPUHU CBEPXIPOBOJMMOCTH, Korja mapel Kymepa c¢ o1HOH 3aJaHHON CIUPAJIbHOCTBIO
(mpoekuueil cnuHa //2 Ha UMITYJIbC): MPUHUMAIOT 3HAYEHUA +1/2 WM -1/2, TIPU STOM
AIIEKTPOHBI C OJHOW M TOW K€ CHHMPAIBLHOCTHIO (HO € MPOTHBOIOJOKHBIMH HMITYJIbCAMH)
cnapuBatotcs [22,23]. B nHamem ciydae KynepoBCKHE Mapbl 00pa3yroTCsl MPU KOMHATHOM
TeMIeparype, ooecreunBas HOBBII THUI CBEPXIIPOBOIMMOCTH B BELIIECTBE U BaKyyMe.
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14.4 BaxkyymHoe ypaBHenue Jlapmopa-bJjioxa (ypaBuenue IlogapoBckoii)

PaccmoTpum Gostee moapoOHO (hu3nUYecKHe CIIEACTBUS BpaIlaTeIbHOr0 ypaBHeHuUs (48).

de'a . dx* _. o dx*
+Te!a—+T'ke!la—=0,
ds " Mas M ds

i,j,k..=0123, AB,C..=123.

B BakyyMHOH 3JIeKTpOIMHAMUKE 3TH YPaBHEHHUSI 3aUIIYTCS KaK

i k k
deA:iEijkejAdL—TijkejAdL. (203)
ds  uc? ds

B (kBa3u)uHEpIHAILHONW CHCTEME OTCUYETa BTOPO# uieH B mpaBoii yactu (203) obOparaercs B

HYJIb U Mbl UMCCM

de' X!
eh_ C Eeln (204)

ds uc S

rne E'w u 0 onpenensiorest cormacHo (134) u (108) coOTBETCTBEHHO. DTH YpaBHEHHUs pac-

MU CBIBAKOTCA KaK

0 k
de’a :%onkejAdL , (205a)
ds uc ds
a k
de%n _ € Eejel & (205h)
ds uc ds

Jlnst mpocTpaHCTBEHHOU TpHabl €4 ypaBHeHus (2050b) npuHUMAarOT BUA

= E“xe
ds yczﬂk ds  uc?

a k 0 4
des _ € po op OX_ € EaﬂoeﬁAdL+ ezE“ﬁyeﬁAdi. (206)
ds LC ds

Kak 05110 TOKa3aHo BBIIIIC, B c1a0BIX MOIIX U IMpU HCPCIIATUBUCTCKUX CKOPOCTAX, B YPAaBHC-

HUsX (206) MOXHO MOJIaraTh
PP L L —E(A -A )—EF ds~ds, —cdt, O ~1 (207)
A I W G Sl B A B ° Coods,

[Ipenebperas mociennum wieHoM B (206) u ucnonb3ys yciosus (207), umeem
43



de” e _,
th :—Zyc F /’eﬁA (208)

a,By..=123, A B,C..=12,3,

IJle HAMPsKEHHOCTH HJIEKTPOMArHUTHOTO nons F % sexkTpomuHaMuky caGbix mojieil. Bol-
OepeM och €%3 32 OCh Z U HalpaBUM M0 Hel ciiuH S =h/2. Tornma, mocine yMHOXCHHS Jie-
BOH W npaBoi yacTu ypaBHeHHs (208) Ha s =7/2, nBUKEHUE CrTMHA OyIeT OMUCHIBATHCS YpaB-
HenueM [logapoBckoii [16]

ds” __€ posg , (209)
dt 2uc
a,pB,y...=123.
WJIM, B BEKTOPHOM 3aIlUCH,
& __¢ [H] (210)
dt 2uc

Ero MoxHO mpeacTaBuTh B BUIe (PEHOMEHOIOTHYECKOTro ypaBHeHus Jlapmopa

ds

~ - e =
E—[Sa)l_], o, =—H, (211)

2uc

rae @, -dacrora Jlapmopa. Ypauenue (211) mogo6HO (HEHOMEHOJOTHUECKOMY YPAaBHEHHIO
broxa [24].
ds .
—=g[sa ], (212)
dt
KoTopoe coBnaznaeT ¢ ypapHenueM (209) npu g =1. Otauuue ypasHenuii (209) oT ypaBHeHuii
Jlapmopa (211) u Broxa (212) 3aknrodaercst B TOM, 4TO MarHMTHOE MOJIE  H B ypaBHEHHSAX
(209) uMeeT reOMETPHUECKYIO TPUPOAY U ONpeAeseTcs uepe3 Merpuueckuii Tensop (108)
BaKyyYMHOU 3JIEKTPOAMHAMHKH.

N3BectHo, uto ypaBHenue Jlapmopa (211) ommchiBaeT MpEIECCHI0 BEKTOpa S CIUHA

OpOMTANBHOTO AJIEKTPOHA B aTOME BOKPYT HAIIPABICHHS BHEUTHETO MAarHUTHOTO mois H .
[TockoNBKY CIIMH NEPHEHINKYISPEH TUIOCKOCTH OpPOUTHI, TO 3TO O3HAYAeT, YTO IJIOCKOCTH
OpOUTHI (KaK TOHKHA JWCK) TPEIECCUPYET BOKPYT HAIIPABICHHS BHEITHETO MAarHUTHOTO T10-
as1. C Apyroi CTOPOHBI, KOTJa B OKCIIEPUMEHTE HAOIIOAAaeTCsl COOCTBEHHOE BpAIllEHUE DJICK-
TPOHA — CIIUH, TO B ypaBHeHHu bioxa (212) g -daxtop (dhakrop Jlanae) oka3biBacTCs paB-

HBIM 2.
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14.5 Topcuonnas npupoaa paxropa Jlanae

[Tpumenum teneps ypaBaenue (166) s onmmcaHus IBHKEHUS 3JICKTPOHA B aTOME I10
CTarMoHapHoOU opouTe (YCKOPEHHOE JABWIKEHUE 0€3 U3ITYYCHHS) B HEPEIATUBUCTCKOM TIPH-
OJIMKEHUH ¢1a00To MMOJIs, HO ¢ YY4ETOM MarHUTHOTO moJisi. B aToMm ciyuae, BMmecto (168) ,
MBI IMEEM

ﬂ(jj—\:zeE+E[VH]—yW—2u[c§V]=0, (213)
C

rJie @ - 49acToTa MpPEHecCur OPOUTHI DIIEKTPOHA B aTroMe. BTopoil u TpeTuii diieHsl B ypaBHe-
Huu (213) komneHcupyroT npyr apyra ( cM. ypaBHeHus (168)), moaromy u3 (213) cnegyer

€ _~ .
S[WH]=-2u[Vad]. (214)
C
[TockonbKy OCh IpPELECCUM COBIIAJET C HANPABICHUEM OIS H, to (214) moxHO pacnucaTb
KaK
€ P .
uvH sin(VH) = -2wwsin(Vo), (215)
C

OTKyJla HEMEJIEHHO clieqyeT uactoTa Jlapmopa u opOutanbHbiil g - dakrop Jlanae B ypas-

HeHusx [Togaposckoit (209)

& =-——H, g=1. (216)

Moayis | | ObUT B3AT U3 COOOpaKEHHI OTPULIATEILHOTO 3apsijia JeKTpoHa. TakuM o0pazom,
daxTop Jlanne HamO paccMaTpuBaTh Kak CIIEACTBHE KOMIICHCALMU 3JIEKTPOMArHUTHBIX CHII
CHJIaMH MHEPLIHH, KOT/Ia 3JICKTPOHBI HAXOJATCS Ha CTAllMOHApHBIX opOuTax. [lockoibKy cu-
JI6I MHEPLUHU MOPOXKACHBI T0JeM MHEPIHMU (TOPCHOHHBIM moJieM (26)), To g - dakrtop Jlanae

UMeeT TOPCUOHHYIO MIPUPOAY, CBA3aHHYIO KBAHTOBBIM MOCTYyJaToM bopa o cymiectBoBaHuu B
aTOMax CTallMOHAPHBIX OPOUT.

Hcnonk3yeMm Teneps ypaBHeHUs ABrkeHUs (192) mis MIOTHOCTH 3apsHKEHHOW MaTepHuu
(182). Panee MbI MOKa3ajM, UCIOJIL3YS MMOJCTAHOBKH MajelyHra, 4To B HEPEIATHBUCTCKOM
NpuOJIMKeHUH ciadoro modist cucrema ypaBHeHui (191) u (192) moaHOCTHIO SKBUBAJICHTHA
ypaBHeHusM peaunarepa (185). I1pu a3ToM OBITO TTOKA3aHO, YTO ATA SKBUBAJICHTHOCTH SIBJISI-
€TCsI TTOJTHOM, BKITFOYast KBAHTOBYIO 3Hepruio Manenynra (189), eciu Mbl ncnosis3yeM perre-
uue (13) ypaBuHenuit @usnueckoro Bakyyma ans cimydasi cTraOWIbHON (KBa3W)TOYEUHOU da-
CTHIIBI, oONanaromeid cnuaoM S =7/2. Jlnsg mpocToTsl, OyaeM paccMaTpuBaTh JIBHXKEHUE

LIEHTPa Macc IUIOTHOCTH p, = Z8y *y Kak OyIATO MHTErpasIbHbII 3apsii Ze BeneT ceds Kak

TBEp0€ TeNo (3apspKeHHBIN map). [Ipu takom orpannucHun ypaBHeHus (196)mis craruo-
HApHBIX COCTOSTHUH B HEPEISATUBUCTCKOM PUOIMKEHUH cIIAa0bIX Ol OYAYT BBITIISICTh KaK
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2 G+ I — W — u[@v]=0, (217)
dt C

rae (= Ze- NonHbli 3apsa, u - ero mMacca 3apsana. B ypasuenusx (217) cuna Kopuonuca
B JIBa pa3a MEHBINIEC TOH XK€ CHJIbI B ypaBHEHHSIX (214) mo TOW mpWYMHE, YTO PACCTOSTHUE
MeXIy OSCKOHEYHO MalbIMHU JyieMeHTamMu dp, He MeHseTcst ¥ nojioBuHa cuiibl Kopuonuca
(9Ta cua COCTOMT M3 CYMMBI JIBYX CllaraeéMbIX) oOpaiaercs B HyJb. Temnepb, BMecTo (215),
MBI UMEEM

%VH sin(VH) = — v asin (V). (218)

s 3apsna q paBHOMY 3apsiiy 3JIEKTPOHA, Mbl IIoJyyaeM dactoty Jlapmopa u

- |q]

& =——H, g
e

Il
ro

(219)

CootBercTtBeHHO, ypaBHeHue [logapoBckoit (210) nmpuHuMaer Buj ypaBHeHMs bioxa mns
COOCTBEHHOTO BpAIlICHHSI AIEKTPOHA

& _ 9 A (220)

15. @yHaaMeHTAJbHbIH MOAX0/] K TEOPUH JIeMEHTAPHBIX YaCTHII

CoBpeMeHHasi TeOpHsl SJIEMEHTAPHBIX YaCTUIl HOCUT BPEMEHHBIX XapakKTep, MOCKOIbKY SIB-
nsieTcst eHOMEHOIOTUYeCKo Teopueit (cM. puc.2). OCHOBHASI 1IETh TEOPETHUECKON (PU3UKH
COCTOHT B TOM, YTOOBI CO3/1aBaTh ()yH/IaMEHTAIbHBIE TEOPUHU HAOIIOJaeMBbIX sIBICHUH. VIMeH-
HO Ha 3TO mpeTeHayer Teopust Ousuveckoro Bakyyma, ocHoBaHHas Ha BceoOriem npuHIume

OTHOCHTEILHOCTH U Ha ypPaBHEHHIX (,&y 1), (Ag 2), (és* 1), (és* .2), TIPENCTaBJISIO-
IUX COOON pacHIMPEHHYI0 TeOMETPU3UPOBAHHYIO CHCTEMY HEIMHEWHBIX CIHHOPHBIX YpaB-
Henwmii ['eiizenOepra-Diinmreiina-SInra-Muica ¢ kaaubpoBounoii rpymmoi SL(2.C). [axe
TE HEMHOTOYHCICHHBIC PE3YJIbTAThI, KOTOPBIC YAAIOCH MOJYyYUTh HA CETOAHSIIHUNA MOMEHT
Tpynne Y4YeHbIX, COCTaBJSIONMX supo wuHcTHTyTa Pusukum Bakyyma  http://shipov-
Vacuum.com , TOBOPSIT O MEPCIEKTHBHOCTH JAHHOTO HAMPABJICHHS B TCOPETUUECKOH (usmke.
Hwoxe Mbl 1agum KpaTKuii 0030p MOJIyUYEHHBIX PE3yIbTaTOB.

15.1 HosBble pyHaaMeHTATbHbIE NOTEHINAIBI B3aUMO/IECTBUI YACTHL, POKAEHHbBIX
U3 BaKyymMa

UYroObl Hccae0BaTh HOBBIE MOTEHIIMAIBI, MBI Oy/IeM OCHOBBIBATHCS Ha PEUICHUSAX ypaBHE-
Huit @u3nueckoro Bakyyma u ucnosns3oBats ¢Gopmyiy (100). Mcnonb3ys 3Ty Gopmyity, Mbl
yke nonyunin u3 pemenus (13) noreHnmanst Herotona (102) u Kymona (188), a tak xe
KBaHTOBYIO MIOTCHIIMATIbHYIO SHEepruto Manenynra (189), mopoxaaeMyro ClIMHOM HCTOYHHKA.
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Brnepsrie oTkiioneHue ot 3akona Kynmona 0b110 0OHapykeHO B dkcniepuMeHTax Pezepdopaa
B 00JIacTH NEHCTBUS CHIBHBIX 3JIEKTPOMArHUTHBIX MOJIEH, KOTJa HapylaeTcs HEPaBeHCTBO
(124) wnu >xBuBaneHTHOe emMy HepaBeHCTBO (137). M3 3THX HEpaBEHCTB CIEAyeT, YTO OT-
KIIOHeHHEe OT 3akoHa KynoHa JOMKHO HaOMIONAaThCS HA  PACCTOSIHHUSX —MOPSIKA

10 +10®cum ot neHTpa Apa, Kak pa3 Tam, rae Pesephopa 0OHAPYKHIT «IEPHBIC CUIIBL.

Jnst hbyHAaMEHTaNbHOTO OmMUCcaHusl 3TOro A(ddekra, coTpyaTHUKaAMH WHCTUTYTa DUIMKH
Bakyyma E.A. I'ybapeBsiMm u A.H. CuaopoBbIM ObUIO TIPEIIOKEHO HUCIIOIB30BATh PEIICHUS
ypaBHeHH Pusndeckoro Bakyyma, KOTOpble MPUBOIAT K KOPOTKOAEHCTBYIOIIEH H00aBKe K
noreniuany Kynona cneayromiero Buza [7, 25-29]

2 rr +2r% 2
UeN:IUC e | r:iZZze

2 r2yr?y HC

, Iy =const, (221)

I/Ie 3HaK + O3HAuaeT MPUTHKEHHE MEXIY 3apsioM ze ¢ MacCcoll u U LEHTPaJbHBIM 3apsi-
JOM Ze, a 3HaK — OTTAJIKUBaHUE, [ - HOBas KOPOTKOJEHCTBYIOIIAs KOHCTAHTa UHTErPU-

poBanusi. M3 (221) BUAHO, UTO 3TO MOTEHLHUAN 3apsI0BOHE3aBUCUM, YTO U HAOIIOHaeTcs B
AJIEPHBIX B3aUMOJACHCTBUSIX.

Log(b/sr)

3,0

2,0

1,0

0.0

-1,0

-2,0

-3,0

-4,0
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Puc.3. Ynpyroe paccessaue mpoToHOB ¢ sHeprueit 17 MaB Ha siapax Menu
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[Tocne oOMIMPHBIX BBIUMCIUTEIBHBIX PAa0OT, B KOTOPHIX ObLIO MPOBEIEHO CPaBHEHHE TEOpe-
TUYECKUX CEYCHHH YIPYTOro paccesHus HEHTPOHOB M MPOTOHOB HA SApax psaa dJIEMEHTOB,
PacCYMTAHHBIX C UCIOJIb30BAHUEM MOTEHIMAIbHOU 3Hepruu (221), ¢ COOTBETCTBYIOIIUMHU
OKCIICPUMCHTAIBHBIMA KPHUBBIMH, ObUIO TOKa3aHo [25-29], 4TO mMOTCHIMANbHAS SHEPTHS
(221) xoporio onuckIBaeT sACPHBIE W AIEKTPO-sAAepHbIe B3aumoaeicTus. Ha puc.3 mpuo-
JUTCSI OJIUH U3 TpaMKOB CpaBHEHHM TEOpPUH U SKCIIepUMeHTa. TeopeTuueckas KpuBas Mpes-
CTaBJsieT coboil  auddepeHnnaTbHOe CEUYCHHE PacCesTHUS 3apsSHKEHHON YacTHUIIbI — MTPOTOHA
c sHeprueii mokost 938,5 MoaB u KMHeTHYECKO# sHeprueit 17 MaB [62]. DkcnepuMeHTab-
Hble TOYKH - JuddepeHInaTbHOe CEUCHHE YIPYroro paccesHusl MPOTOHOB 3Hepruu 17
MbB Ha aapax Mead. XOpollee COBIAJCHHE TEOPUU U IKCIIEPUMEHTa TOBOPHUT O TOM, YTO
SIIEPHBIC U DJICKTPO-SJICPHBIE B3aMMOICHCTBHS  (BO3MOXHO, ciaOble B3aWUMOJCUCTBUS H
AIIEKTPOMArHUTHBIE (OPM(DAKTOPHI AIEMEHTAPHBIX YACTHI[ U SIACP) SBISIOTCS CICICTBUEM
MPOSIBIICHUS] CHJIBHBIX 3JIEKTPOMATHUTHBIX IMOJICH, CIEIYIOINUX U3 PEIICHU YpaBHEHUI Ba-
KyyMHOU snekrpoauHamMuku (148). B sTom cinydyae oObenuHEHHE, HAPUMEpP, DJIEKTpOMar-
HUTHBIX U SICPHBIX B3aUMOJICHCTBUIN MPOMCXOJUT €CTECTBEHHBIM MyTeM Oe€3 MpHUBJICUEHUs
JOTIOTHUTEIBHBIX TUIIOTE3 OTHOCUTENBHO (DEHOMEHOIOTHUECKUX SAEPHBIX MOJIEH.

B o0miem cirydae, Korjja HEOOXOAMMO YYUTHIBATh CPa3y 3JIEKTPOMArHUTHBIC U TPaBUTa-
[IHOHHBIC B3auMO/IeiicTBusA, MeTprKa (175) MokeT OBITh 3aricaHa B BUJIE

LElr|

rx|r
2L cidt® —[ 1+ 2—=— |(dx® + dy® + dz?), (222)
r

r

ds* =] 1-
r,=2MG/c?, 1, =2Ze*/mc’,

3necs I, =2MG/ ¢’ - rPaBUTALMOHHBIN paguyc yacTulbl ¢ Maccod M >>m . Ecnou mbl
OyIeM paccMaTpuUBaTh JIBUYKEHUE 3JIEKTPOHA B AJIEKTPOMArHUTHOM M TPaBUTALIMOHHOM IOJISIX
aToMa BOJIOpPOJIa, TO B 3TOM Cly4yae ‘rg‘ << |re | U MBI BIIOJTHE MOKEM INpeHeOpeub rpaBuTa-
MOHHBIMHU B3aMMOJICHCTBUSIMH, pacCMaTprBas HCKPUBIIEHUE MTPOCTPAHCTBA COOBITHI TOJIBKO
3a CUET AJEKTPOMATHUTHOI'O B3aUMOCIHCTBUSA JIEKTPOHA U sI/pa.

Tak ke kak u B ciiydyae MmeTpuku LlIBapimumnsaa B TeOpuU rpaBUTaliui DUHIITEHHA, B
BaKyyMHOH 3JIEKTPOJIMHAMUKE Ha PACCTOSHUU

r=r,=2r, ~56x10"cu (223)

OT LIEHTpa siApa Mbl UMeeM CUHTYIsApHYI0 3D cdepy, Ha KOTOPOIl 3aKaHUMBACTCS KYJIOHOB-
ckoe mone siapa. Eciu mpeneOpedb cOOCTBEHHBIM BpalieHUEM siapa (CIIMHOM), TO, COTJIACHO
aneKkTpoanHamMuKke MakcBeruta-JlopeHIia, 3JeKTpOH, Bpamasich BOKPYT sApa, IOJDKEH H3IIy-
YaTh 3JIEKTPOMArHUTHHIE BOJIHBI U MajaTh Ha sAApo. B KOHEYHOM MTOre 3JEKTPOH IOKEH
OBITH TIOTJIONICH sIpoM, yiinsa oa 3D cdepy ¢ paguycom (186) (OBITH MOTIIOMIEHHBIM 3JICK-
TPOMAarHUTHON «UEPHOM ABIPOI»). DTOro HE MPOMCXOIUT, €CIH MBI OyJeM YYUTHIBATH COO-
CTBEHHOE BpAIllEHUE s/pa, T.C. UCIOJIH30BaTh PEIICHWE BaKyyMHBIX ypaBHeHuid (148), mpu-
BOJIsilIIEE K MOTeHIManbHOU sHeprun (186). Ha puc. 4 npencraBieHa noTeHIMaIbHAast YHEP-
TUS B3aUMOJICUCTBUS MEXy 3JIEKTPOHOM U SJIpOM aTOMa BOJAOPOa, KOrjaa

r, ~0.4x107™" cm. (224)
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¥ 3aBUCHMOCTb OT a3UMYTAJILHOTO yriia @ (pukcupoBaHa.

Ucr)

Aopo-sinexmporn

Topcuon-KYyJOHOBCKAA
ROMEeHUUALbHAL IHEePEUS
(cos 8 =1)

Kynonoscrkasn
€= NOMEHUUAJNbHAA
SHepzus

Puc. 4. Bpaienue siipa IpUBOJUT K OTTAIKUBAHUIO AJIEKTPOHA HA SACPHBIX PACCTOSIHUSIX

W3 rpaduka BUAHO, UTO HA «IJAEPHBIX PACCTOSHUSAX YIIPYTroe paccesHue 3JIEKTPOHOB Ha
spax OyAeT OTIUYaThCs OT KYJIOHOBCKOTO M3-3a BIUSHUA CIMHA sapa. OTKIOHEHHE OT KY-
JIOHOBCKOT'O pacCesiHUsI JIEKTPOHOB Ha pacCTOsHUAX (224) BriepBble ObU10 00HapyxeHo Kun-
sunrepoM [30] u geranpHO mccnenoBano Xodceraarepom [31]. ITockonbKy Ha TOT MOMEHT
3HaHUS O TOTEHIMaNbHOW AHepruu (186) OTCYyTCTBOBa M, TO pemIEHO OBUIO OOBICHITH
HaOJIro1aeMble SIBJICHHSI 32 CYET BBEICHUS (DEHOMEHOJIOTHYECKUX XapaKTEPHCTHUK siziep, IOo-
JYYHMBIINX Ha3BaHHWE DJICKTPOMArHUTHHIX (Gopmpakropos [32]. OxHako ceiyac MbI MOXKEM
UCKaTh OOBSCHEHHE ITHX SBJICHUHN, UCIIOJIb3YS] TOYHBIE PEIICHUS O0IIEPEIATUBUCTCKOM IIeK-
TPOAMHAMUKH.

OcHoBHasg mpoOieMa COBPEMEHHON TEOpPEeTHUEeCKOW (DM3HMKHU - 3TO 0ObEIUHEHUE M3BECT-
HBIX HaM BUJIOB B3aMMOJICHCTBUI — I'PaBUTAIMOHHBIX, SJIEKTPOMArHUTHBIX, CHIIBHBIX U Clia-
Ob1x. B HacTosiee Bpemst 3Ta 3ajada He UMeeT (yHIaMEHTAIBHOTO pEIIeHUs, a BCe CyIle-
CTBYIOLIME TEOPUU HOCAT MpPEABAPUTEIbHBIN (ITOJTOHOYHBIN U OeccoiepKaTeNbHbINA C TOUKH
3peHust (pyHIaMEHTaIbHON Teopuu) xapakrep.  DyHAaMEHTANbHBIA TOIXOM CIEIAYyeT U3
ypaBHEHUN BaKyyMHOW 3JIE€KTPOJWHAMHUKH. JIeWCTBUTENHbHO, PEIICHUE BAaKYyMHBIX ypaBHE-
Huii (A), (B) IpUBOANT K MOTEHIMAILHON SHEPruy Bruaa [7]

U - mc? [ r?—r(r, [+r,)—r’v + 1’ cos® @ (225)
2 r’ +r? cos’ @ '

rg = const, r, = const, Ny = const, r, = const,

KOTOpast OMHUCEIBACT TPABUTALMOHHOE (I ), JIEKTPOMArHuTHOE (I, ), cuiibHOE ( Iy ) M Cia-
6oe ( r, ) B3aumonencTaus. Ilpu r, =ry, =0 3Ta IOTCHLHUAIbHAS SHEPIUs 00BEIUHSCT dJICK-
TPOMarHUTHBIC U, BO3MOXXHO, ci1abbie B3ammojercTBus. Kak m3BecTHO, ciabble B3auMOIei-
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CTBUSI MPOUCXOAAT C y4aCTUEM HEUTPUHO, KOTOPOE MEPEHOCUT TOJBKO CIHUH U MOSIBIISIETCS
IIPU pacrajiax 3JeMEHTapHBIX YacTHULl, HapuMep, HeHTpoHa

n—2“ sp+e +v. (226)

Cormacho puc. 4, peakusi (226) MoxxeT ObITh HHTEPIPETUPOBAHA CICIYIONTUM 00pa3oM.
Tspkenbiit IPOTOH M JIETKUH 2JIEKTPOH 00pPa3yrOT MPOTOATOM — HEUTPOH pasMepoM  r,, IpU
3TOM 3JIEKTPOH BpAIIA€TCsl BOKPYT MPOTOHA B TOPCUOHHOW siME. JTa siMa HEYCTOWYMBA, IO-
3TOMYy Yepe3 12 MUHYT (B CpelHEeM) TPOTOH pacmagacTcs Ha MPOTOH M AJICKTPOH, a HEHUTPH-
HO IMOABJIACTCA KaK U3JIYUYCHUC ITOJI CIIMHA ITPU BBIXOAC 3JICKTPOHA U3 TOpCHOHHOfI SAMbI (CM.
puc.4). B Hacrosimee BpeMs KOHKPETHBIE pacyeThl 3TOW MOJENM paclaja HEHTpOHa elle He

MMPOBCACHBI, HO S MMOJIAraro, 4TO 3TO ACJI0 HECAAICKOTO 6yz[ymer0.

16. Knaccupukanusi 3j1eMeHTapHBIX 4YacTHLl MO TPynnaM HW30MeTpHii.
I'eomeTpuueckasi Moeslb KBApKOB

Tabmuma 1

p | Ep(r,s) | Lp(r,s) CruHo pHbIE BaxHelhmue
TPy O AT pY I

4 | Ey3.) | SO(3.1) SL(2.C)
4 | E22) | 0@31) | svu@.1)xsuy)
5 | Es(4.1) | SO(4.1) SL(4.C) SU(2) x SU(2) |
5 | Es(3.2) | S0(3.2) SU(1.1.1.1) SU(1.1) x SU(1.1) |
6 | Ee(5.1) | 0(5.1) SL(4.C)
6 | Ee(4.2) | O(4.2) SU(2.2) SU(2) x SU(2)
6 | E¢(3.3) | 0(3.3) SL(4.C) SU(1.1) x SU(1.1)
7 | E«(6.1) | SO(6.1) SL(8.C) SU(4)
7 | Ex(5.2) | SO(5.2) SU(2.2.2.2) SU(2.2)
7 | E:(4.3) | S0(4.3) SL(8.C) SU(2) x SU(2)
8 | Es(7.1) | 0(1.1) SL(8.C) SU(4)
8 | Es(6.2) | 0(6.2) | SU(1.1)x SU(4.4) SU(4)
8 | Es(5.3) | 0(5.3) SL(16.C) SU(2) x SU(2)
8 | Es(4.4) | O(44) | SU.1)x SU22.2.2) | SU(2) x SU(2)
9 | Ee(8.1) | SO(8.1) SL(16.C) SU(4)
9 | Eo(7.2) | SO(1.2) SU(4.4.4.4) SU(4.4)
9 | Ee(6.3) | SO(6.3) SL(16.C) SU(4)
9 | Ee(5.4) | SO(5.4) | SU(2.2.222222) SU(2) x SU(2)
10 | Exo(9.1) | 0(9.1) SL(16.C)
10 | Exo(8.2) | 0O(82) SU(8.8) SU(8)
10 | E1o(7.3) | 0(7.3) SL(16.C)
10 | E1o(6.4) | O(6.4) SU(4.4.4.4) SU(4)
10 | E1o(5.5) | 0(5.5) SL(16.C)

Pemenust ypaBHenuii ®usmueckoro Bakyyma MoOryT OBITh HCCIEIOBaHBI C TOMOIIBIO
rpynn u3omerpuid [7] (Tpymibl, KOTOpBIE COXPAHSIOT TPAHCISIIMOHHYIO METPUKY HPOCTpPaH-
ctBa). it 5TOro MBI HCHOJIB30BAIM METOJ TOTpYyxeHus: mpoctpanctBa A,(6) B mmiockoe

npoctpancTBo E (r+S) Oonbuiero vucia nsmepenuii (P > 4) 0o TPaHCIAMOHHBIM KOOP/IH-

HaraMm . MakcumanbHas pasMEPHOCTH IUIOCKOrO MPOCTPAaHCTBA BiloxeHus  E (r+s) B
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HaIlleM IMOAXO0/e OKasbiBaeTcsi paBHOM 10 (umcio xoopauHar B reomerpun A, (6) Tak xe

paBHo 10 - 4 moctymaTtenpHBIX W 6 BpamaTelbHbIX). [loaTOMY mepeunciaeHne mpoCTpaHCTB

BIOKeHUs E (F+S), p=Tr+$S 0 MNONOKUTEIbHBIM CUTHATYPAM I U OTPULIATENbHBIM CHTHA-

TypaM S JaeT BO3MOXXHOCTb YCTaHOBUTbH 22 M30MeTpudeckue rpymis [33].

B tabnuue 1 mpuBeaeHbl BO3MOXKHbBIE H30MeTpuueckue rpymmbl JIu npoctpanctea A, (6), a

TaK € UX BaXXHEHIIME CHUHOPHBIE noArpynmbl. Kaxxnomy pemennto ypaBHeHud Guznuecko-
ro Bakyyma cooTBETCTBYET CBOE IJIOCKOE MPOCTPAHCTBO BIIOKEHUSI U CBOSI H30METpUYECKast
rpynna. [lockonbKy Ka)kqoe pelleHue ONMMUCHIBAET JIEMEHTApHYIO YacTHUIly, TO, 3Has perie-
HUE, MBI MOXEM OIPeeIUTh Pa3MEPHOCTh IJIOCKOrO MPOCTPAHCTBA BIOXKEHUS M COOTBET-
CTBYIOIIYIO TPYIIy CHMMETPUH, OTHOCHTEIFHO KOTOPOW pelieHue (WM dJIeMEeHTapHas 4da-
CTHUIIa) OCTAETCsS MHBAPUAHTHOU. DTO JAae€T HAM BO3MOXXHOCTb HAWTHU CHEKTP Macc, 3aps/I0B,
CIIMHOB U T.A. COBOKYITHOCTHU Ha6JIIOI[aeMBIX QJICMCHTAPHBIX YaCTHUII.

[IpuBenem aBa npumepa, UCIOIB30BAHUS IPEIOKEHHON KITaCCHU(PUKAIN:

1. Pemenue ypaBHeHuit ®uszmdeckoro Bakyyma, mpuBojsiiee K TPaHCISAIMOHHONW MET-
puke (20) umu (131), wmMeeT B KaueCcTBE MUHHUMAJIBLHOTO MPOCTPAHCTBA MOTPYKEHUS

IUIOCKOE TPOCTPaHCTBO E((4.2) . M3 Tabnuipl 1 MBI BHIMM, YTO OCHOBHAS CITUHOPHAS
rpyImmna u30MeTpuii 3toro pemrenus — rpymma SU(2.2), a SU(2)xSU(2) - ee mox-
rpynmna. Pemenus (20) u (131) onuchiBalOT MacCUBHBIE W 3apsHKCHHBIC YaCTHUIIBI, a
nepBasi Haubosiee TpocTas rpymnma Kiaccu(UKauui 3IeMeHTapPHbIX YacTHUI] Oblla Kak
pa3 rpynmna SU (2) . He mymato, 94To 3TO IPOCTO CITy4aiiHOE COBIAJICHUE.

2. Hawm u3BecTHO, 4TO KBapKH HauOoJjee 3JeMEHTapHbIe YacCTHUIbl, U3 KOTOPBIX COCTOST
Bce ocTaybHble. [l pewmeHus ypaBHeHu dusndyeckoro BakyyMa ¢ TpaHCISILIMOHHON
MeTpuKoii tuna ae-Currepa [7]

2 2\
ds? = 1—% c’dt? - 1—% dr? — r’(d6® +sin*6de?®), A =const. (227)

MuHUMAaNbHBIM IUIOCKUM MMPOCTPAHCTBOM BJIOKCHUSA IJId 3TOTO PCHICHUA IIPU A>0
okaspiBaercsi mpoctpancTBo E (4.1), a mpu A <0 npocrpanctBo E(3.2). U3 Tabmuusr 1

HaxoauM cootBeTcTBeHHO rpymmbl SO(4.1) u SO(3.2) .

Ucnons3ys dopmyny (100), Haxoaum HEPETATUBUCTCKYIO TOTCHITUAIBHYIO SHEPTHIO B3a-
UMOJCHCTBUA 00beKTa (227) ¢ mpoOHOI YacTUIIeH MacChl U

2
5 Ar

o (228)

2
Uy=f§%gm—ﬂ=Am
MOTEHITHAI
, Ar?

6
kotopor st A <O wmMmeeT B MOTEHIIMANIa B3aMMOJICHCTBUM MEXIy KBapkamu. HepemnsTu-

d=c

(229)
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BUCTCKUW TaMUJIbTOHHAH, OMHMCHIBAIONIUN JIBI)KCHHE YacTHIBI B TMOTeHIMane (229) umeer
BUJI

2 o2 232
N uao'r A

g THPT \'3 (300)
Pemenue ypasuenus lllpeaunrepa ¢ ramunproHnanoM (300) mpUBOIUT K CIEKTPY SHEPTUM
BHJA

Ezha)(N +§j , N=0,1.. (302)

B pabotax [34-38] mnoxka3ano, uto mMetpuka (227), ramuibronuan (300) wu crmektp (300)
NPUBOJAT K MOJEIH KBapKOB, KOTopas ocHoBaHa Ha cummeTrpuu SU (3). DTa Mopenp mos-

BOJISICT OMHKCATh OaApHOHHBIC U ME30HHBIC OKTETHI [38], AaBas mpumep 0ObEAMHEHHUS TCOPHH
OTHOCUTEIIBHOCTH C KBAaHTOBOM Teopuel. KpoMe Toro, Kaxaslii pa3, KOrja Mbl UCHOJb3yEM
IpyNIy CUMMETPHM Al KiacCU(pUKALMU 3JI€MEHTApHBIX YacTHUIl, Mbl HCIIOJIb3yEeM pEIICHUE
ypaBHeHu Pusnueckoro Bakyyma u Tabmumy 1, a He ACHCTBYEM «METOAOM ThIKa», KaK 3TO
MIPOUCXOAUT B HACTOSAILIEE B OPTOJOKCATHLHOM MOJIXO/IE.

17. CIMH-TOPCHOHHBIE 10JIs1 B ypaBHeHusix {upaka-Takadascu

CnyHOBBIE BOJIHBI B BEIIECTBE XOPOLIO TEOPETUUYECKH M3YYEHBI M SKCIIEPUMEHTAIBHO
HaOromaroTest yxke Muoro Jjer [39]. B anekTpoauHaMHuKe TEOPETHYECKOE OMHCAHUE YACTHIL
co criuHoM S =7i/2 npencrasieno ypasHenuem Jlupaka. [lociie MHOTOJIETHHX JAUCKYCCHH €
OOJIBITMHCTBOM TEOPETUKOB OTHOCHUTEIBHO MPOOJIEMbl OECKOHEYHO OOJIBIIMX BETUYUH (IIpO-
ONeMBl «pacXOAMMOCTE»), BO3HUKAIOIIEH B AJIEKTPOAMHAMHUKE KaK CJIEIACTBUE TOUYECUHOCTHU
yactuuel, 11. Jlupak mpuxoauT K CIENyIOLEMY BEIBOAY OTHOCUTEIBHO YPAaBHEHUM KBAHTOBOU
anekTpoauHaMuKy [40]:

«lIpasunbHblil 661600 cOCMOUNM 6 MOM, YMO OCHOBHbLE YPAGHEHUS HeGepHbl. HIX HYJICHO cyuje-
CMBEHHO UBMEHUMb, C MeM, 4mobbl 8 meopuu 6000uje He B03HUKAIU DeCKOHeUHOCmU U
YUmobbl YPABHEHUsT Peuanucb MOYHO, NO OObIYHBIM NPABULAM, Oe3 BCAKUX MPYOHOCMEI.
Omo ycnosue nompebyem KaKux-mo O4eHb Cepbe3HblX USMEHEHUll: HeDOIbuUue U3MEHeHUs.
HU4e20 He 0a0ymy.

171 T'eomerpmu3auus ypaBHenus /{upaxa

Taxkum HeTpUBHAIBHBIM 00001IeHHEM ypaBHeHUs [[upaka B Teopun Pusmdeckoro Baky-

+ +
yMa siBiisieTcst cucrema ypaBaenuit (As+.1), (As+.2) . Hcmons3ys pemienue (13) ypaBHeHui
dusnueckoro Bakyyma, Mbl moxyduM 0000IIeHHOE ypaBHEeHHE J{upak B CIeIyIONIEM BHIE
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V pily, = —HO, 1,0, + 0,141, = ¥1,0,0, + AL,0,41, +,Bzazﬁoh, (302)

pi'la

\% = 70,040, — 0,041, — 0,150, —T1,0,0, + P1,041,, (303)

8%
a,p..=01, z,7.=01,
rac

000 =1 =5° —asin®xs°, aill =n, = pﬁ[Y5io +(pp) 'S —asin? xY5i3],

,5 . . 0 —\-1 o2 - - 3
o, =m =———=[lasinxg, — o;" —1QsIinxo;” |,
\/5[ (kP) ]

2 a2 O
Q=r?4a?, Y:L\Pr, S (r £ == (Z,UG 2} a:l, (304)
2 uc

.t B =—ctgx—-— P 7r—iasinx'0—2 a=rx-L
P Ciacosx’ 2.2 242 '

_ ¥’ | pp PP LA
=Yp’p, 0, +r—— 2= r=—iasinx= ¥, =—p°.
u=Yp’p, v=0,y=pu { 2}2 R =g r

B ypaBuenusix (302) u (303) 1ByXKOMIOHEHTHBIE CIMHOPBI Z, U O, SBIISIOTCS KOMIIOHEH-

Tamu crinHOpHOM auazst &£,% [7]
& =0, &% =1, E%=0", &"=1" a,pB..=01, z,7.=01
C YCIIOBUSIMH HOPMHPOBKHU

-1,0°=0,“=1 1“1,=0, 0%,=-0,0"=0.

B cBoto ouepens auana &,“ csizanHa ¢ Marpuueil [lenpoysa o! AB CIIEAYIOUINM 00pa3oM
[7]
o'ws =0 & 8, Vo' =0, Vo' -0 T, =0, @, f..=01, #,7.=01.

[MoxcranoBka pemenus (304) B ypaBaenus (302), (303) obOpaiiaet ux B TOXKAESCTBO, KaK 3TO U
JOJDKHO OBITh, TOCKOJIBKY 3TO pemieHue ypaBHeHuHd Pusmueckoro Bakyyma. B (kBa-

2
3M)IEKapTOBBIX KOOpJWHATAX M B CIAOBIX MOJISIX U MPU YCIOBHIX |re| >>r , r>>h/uc” mar-
g

punel [lenpoysa ol as B pemennn (304) mepexosaT B 2X2 cnuHOBbIE MaTpulls! [laynu

[1 O} [0 1} {0 — i} {1 0 }
o, == , O, = , o, =] , o0,= . (305)
01 10 i 0 0 -

Mertpuka (5) B 3TOM NpUOIMKEHUH COBMAJAET C METPUKON TIOCKOTO IPOCTPAHCTBA
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ds? = nikdx'dxk :E(yiyk +7/k;/i)dx'dxk, (306)

I/ie COUHOpHBIE MaTpullbl Jupaka ), HUMEIOT CleqyIomuil BU

|0 oy 10 o | 0 o | 0 o (307)
70_0_0 0171_0_ ol 7/2—_0 017/3—_0_Z 0l

X y

B paccmaTtpuBaeMoM HaMu IPUOJIMKEHUN CIIUMHOPHBIC YPAaBHEHHUS

Zq)ABCD +Aépgéey =V TACBD : (Bs+.1)

NepexoaiaT, Kak OBLIO IIOKa3aHO BBIIIC, B IMOJHOCTBIO TI'COMCTPU3HUPOBAHHBIC YPABHCHUA

Makcgemna (165). BekTop Toka j, B 9THX YPaBHEHHUSX MOXKHO BBIPAa3UTh 4epe3 JABYXKOMIIO-

jk :peuk :eio-aﬂk( 00(5' +lal_ﬁ" ): eio-aﬁk( (p’ggoa +ZﬂZa ):_elP*lP (308)

V2 g V2

HEHTHBIE CITUHOPEI 7,, O, CIEAYIOIUM 00pa3om [7]

rae

W*=(p, =1, 7.=0,), ‘P:(%:l“j (309)
Xoa =0,

- HOPMUPOBAHHBIC HA €TMHUILY CIIMHOPHBIE BOJHOBBIC (DYHKIIMH, OTIpE/Ie/IieMbIe Yepes3
dopmysl (66), (67). Dtu HhopMyIIbl ONUCHIBAIO IUIOTHOCTH MaTepun perieHus (304) B (kBa-
3W)MHEPIUATFHON CHCTEME OTCYETa M UMEIOT YeThIpe HE3aBUCHMBIX CTMHOPHBIX KOMITOHEH-
TBI.

Hcnons3ysa nporenypy MazenyHra U ypaBHeHUE Hepa3pbIBHOCTH Uit Toka (308), MOKHO
1I0Ka3aTh, YTO B NPUOIMKEHUH CIIA0BIX MOJICH OHO CBOAATCS K JIMHEWHBIM T€OMETPHU3UPOBAH-

HBIM ypaBHEHUsIM Jlupaka st CBOOOIHO#M 3apsKEHHOM YacTHIIBI CO criMHOM S = i/ 2

a c a‘ c a
vﬂ',ﬂ) :%l/p \% ﬂlﬁ == %(ﬂ . (310)

OHyCKa}I BBIKJIAAKHW, OTMCTUM, YTO IPU ABUKCHUU 3ap${>1<eHH0171 HJaCcTUIbl BO BHCIIHEM JJICK-
TPOMarHUTHOM ToJie ypaBHeHus (310) npuauMaroT 60see 00Ul BUI
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(E—eAb—ycz)(/)a:c&(ﬁ—%*jga, E—ih— , f)—)—ih%, (312)
(E—eA0+yc2)za:c&(ﬁ—%A)go a,p..=01, zy.=01 (312
NnJIn
”[ﬁ —EA]j—i,uC w=0, B =-in-" (313)
8 L By PV

rae 4D norenuman A, ompenensercs cornacHo (128) u (129). B HepensituBucTCKOM ITpH-

OmkeHnH cnadbIx mosiel ypaBHeHue Jlupaka (313) mepexoauT B TeOMETPU3UPOBAHHOE
ypasuenwue [aynu [41]

2
{ﬁﬁ+i(|5—3/&j +eAO—£(H5)}‘I’:O,
ot 2u c 2.C

rae H - BHEIIHEE FeOMETPU3UPOBAHHOE MATHUTHOE 1I0JI€ U O - (1ceBao) Bekrop [laymmy.

(314)

YeTpIpex KOMIIOHEHTHAsI KOMIUIEKCHas BoaHOBas ¢pyukuus V' B ypaBaenuu (314)

4!
Y= ZZ =¥(x,Y,z,ct,S)=Y(x(t), y(t),z(t),ct,g(t), O(t) , x(1)). (315)
3
Vs
3aBUCHUT OT TPAHCIALMOHHBIX KoopauHat X, Y, Z, Ct u cnuHa
5 :%&, (316)
KOTOPBIN MOKHO YTJIbl Dunepa ¢, 6 , y .
Uepes 3Ty QYHKIIHIO ONIPEENSIeTCs IUNIOTHOCTh BEPOSITHOCTH
p=T'Y, (317)
IUIOTHOCTH 3apsifa € u maccel u
a) p.=e¥'¥, b) p,=u¥"Y, (318)

a TaKk)Ke CKOPOCTh LIEHTa Macc ioTHOCTH (317) [16]

q_t (ﬁ e *J (v —w (v - A rot(r e, (319)
p U c 2up uc
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rae

j= —i—h[\r(vq’) CW(VE)] - AEY) +irot(\P+5‘P) (320)
2p ue 2p

- BekTop 3D ToKa.

[Mporenypa Takabascu-Manenynra [42-46] cBoauT komIuiekcHoe ypaBHeHHE (314) K 9KBH-
BAJICHTHON CHCTEME JEHCTBUTENIbHBIX YPAaBHEHU OTHOCHUTENBHO JIEHCTBUTEIBHBIX (YHKIUH

— IUIOTHOCTHU BEPOSITHOCTU L (WJIM IUIOTHOCTH 3apsiia p, ) CKOPOCTH ee IieHTpa Macc V U

cnuHa S = (i/2)6 , a UMeHHO, K:

a) YpaBHEHUIO HETIPEPHIBHOCTH

o0 -
P L vi=0: 321
Vi (321)

0) mocTynaTeabHBIM YpaBHEHUAM Ditepa

dv - e - e 1 n AJp
2 =<eE+—[VH]; +—S,0 H,+—20 S0,5)+0 | ——|, (322
/u { C[ ]} ﬂC pa’ ' p Zﬂp ﬂ(paa v p ;/) a{ ( )

dt 4u \/;

4

a,p,y.. =123;

B) BpallaTeJIbHBIM YpaBHEHUSIM Diiiepa

B _ € sh1 L[5 (0,0075)], (323)
ue up

a,p,y...=123.

B 5THX ypaBHEHUSX BEKTOp CIIMHA S  ONpeAessieTcs Kak

+z + = 2
S~:‘PS‘P:E‘I’0‘P’ S~2:h_, (324)
Y'Y 2 ¥Y'Y 4
nmpuicMm
- = h_
S=pS=EO' (325)

W3 ypaBuenwuii (321)-(325) BuaHo:

1) mocrynarenbHbie ypaBHeHUs (322) u BpamaTenbHble ypaBHeHHS (323) MpeaCTaBIsSIOT
c000il ypaBHEHUS BIKCHHS 3apSHKCHHOTO «IIOJIEBOTO TMPOCKOIay (MOJCBOM aHAIOT
ypaBHEHUH Diyiepa ik ONUCAHUS IBUYKESHUS TBEPIOTO TEA);
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2) W3MEHEeHHE COOCTBEHHOIO MOMEHTA BpAIICHHS — CIIMHA ¥ M3MEHEHHE CKOPOCTH IICH-
Tpa MacCC IUNIOTHOCTHU O NPOUCXOAUT IIOI I[eﬁCTBHeM HC TOJIbKO BHCHIHCTO 3JICKTPO-
MAar"HuTHOTIO IIOJId, HO M II0O[ I[eﬁCTBHeM HOHGI>'I, MOPOKACHHBIX NPOCTPAHCTBCHHBIM
U3MCHCHHUEM CIIMHA,

3) yCKOpeHHOE ABM)KEHHE HeWTpanbHbIX dacTull (€=0) npOoMCXOIUT MOI ACHCTBHEM
BHYTPCHHUX WM BHEIIHUX TOJIEH, TOPOXKICHHBIX MPOCTPAHCTBEHHBIM H3MEHEHUEM
ciyHa (MO ACHCTBHEM THPOCKOMHYECKUX 3(P¢PEKTOB), a TaK K€ NPU HU3MCHCHUH
IJIOTHOCTHU QO ;

4) rupocKomMYecKas Cuia

1
F =——0,(00,S,0,S 326
2[[,[[() ﬂ(p aSy~p 7) ( )

B ypaBHEHHUAX (322) ¥ THPOCKOMTUYECKAN MOMEHT
-1 = -
L=—[Sx(a,p0"9)] (327)
Hp

00ecreunBarOT CBSI3b MEXK/IY BpAlaTeIbHBIMU U MMOCTYATEIILHBIMU JIBIKEHUSIMU 3apsKCH-
HOT'O «TI0JIEBOTO TUPOCKOIMAa». ITO OOCTOSATENHCTBO BBIBOJUT HAC 32 PAMKHU 3aKOHOB KJIACCH-
YeCKOM MexaHUKU HbI0TOHA, MOCKOJIBKY MOSBIIAETCS BO3MOKHOCTh U3MEHSTh CKOPOCTD
LIEHTPA MAacC U30JMPOBAHHON OT BHEIIHUX CUJI MEXaHUYECKOM CUCTEMBI 3a CUET JAEHCTBUS
YIPaBIAEMbIX THPOCKOIMYECKUX CHJI BHYTPH €€.

17.2  CpsA3b CIMHA C TOPCHOHHBIM MOJIEM

B 1922 3. Kapran ony0aukoBan paboTy, B KOTOPOW BBIIBUHYJ THIIOTE3Y, YTO BpallleHUE
MaTepuy MOPOXKAACT BHE MaTepUu KpyueHue npocrpanctsa [47]. [Tozxe A. DitHIITEHH OKa-
3aj1, YTO BHYTPEHHSS TeOMETpHUs Bpalaromerocs nucka (2D mpocTtpaHcTBO) nepectaer ObITh
HBKJIMJIOBBIM 32 CYET PEIATHBUCTCKOTO COKPALICHHUS JITUHHBI TepU(PEPUIHBIX yIaCTKOB JUC-
Ka.

HcTopuuecku cIoXHUIOCh Tak, yTo B Havyane 20 Beka B MaTeMaTHKe U (U3UKE TMOSBUIOCH
HECKOJIbKO Pa3JInYHBIX BHJOB Kpy4eHUs mpocTpaHcTBa. B crarbe 3. Kaprana [47] Her HuKa-
KHUX KOHKPETHBIX (POPMYJI, TOATBEPKAAIOMIUX €ro runore3y. ECTb TONbKO paccyXIeHHs], YTO
rEOMETPHS C KPYyUEHHEM JI0JDKHA OBITh HajleJeHa pernepoM (TeTpanoil €% uim tpuagoi e, B
3aBHCUMOCTH OT Pa3MEPHOCTH MPOCTPAHCTBA) B KaXIOH TOYKE IPOCTpaHCTBA. ['eomerpus
abcomrotHoro mapauienusma A, (6) mm A, (3) .

Jlnst mokasarenbcTBa runote3bl Kaprana, oOpatumcs k pemenuto (304) ypaBHeHnuit Ousnye-
ckoro Bakyyma, KOTOpOe OMHCHIBACT 3apsHKCHHYIO YaCTHILY, O0JaNarollyl0 COOCTBEHHBIM
BpalicHHeM — CIMHOM. ONTHYECKHE MapaMeTphl 3TOro perreHus (ckansapsl Pitvayaypu [48])
UMEIOT BH/T

==—icosx,o,5, O=-rpp, p= r-i--coso ’ (328)
LC HC
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rae @ - mnapamerp 3D Bpamenus, € - nmapamerp pacuupenus. U3 (328) cnenyer, uro eciu
cooctBenHoe 3D Bpamienue yactuibl orcyrcTByer (S=7/2=0), To mapamerp @ oOpamia-

eTCs B Hyllb. JTO M JI0Ka3bIBaeT runore3y Kaprana.

Hano 3ameruts, 4ro kpydeHue npocrpanctBa A,(6) Bei3biBaeT He Toibko 3D BparieHne

MaTepHH, HO U MaTepusi, KOTopas He Bpamaercs! JTo clelyeT U3 TOro, YTo Imapamerp pac-
MIUPeHHUsT 6 OTIMYEH OT HYJISl, IPH TOM OTIMYHON OH HYJIS OKa3bIBACTCSI KOMITOHEHTA

-1
. h
T =p:(r—|—cose]
130 LC

ko3 uureHToB BpamieHus: Puuun. [ToaTomy, mrobast Macca WM 3apsi/i BBI3BIBAIOT KPyYCHHE
npoctpanctBa A,(6) BHE 3aBHCHMOCTH OT TOTO, BPALIAIOTCS OHU HJIHM HET. DTO W IOHSITHO,
IOCKOJIbKY K03((UIHeHTH! BpalieHus Puaun HHTepnpeTupyroTest Kak MoJsi HHEPIHH, a TTOJIs

MHEPLUHU 00pa3yroT TeH30p dHeprun-umiyibca (10) s nro0oi MaTepuu, Kak Bpallarolleii-
csl, Tak ¥ 0e3 BpalleHHUs.

Jlns onmcanus BpamarensHoro aBmxkenus 3D Bektopa Ss ypaBHenusx (322) u (323),

YI06HO HCIIOTB30BaTh TPHATLY €°y

et.e’s =0" , eefa=5" (329)
a By =123, AB,C..=123,

00pa3yIoIyIO TPAHCISAIMOHHYIO METPUKY IPOCTPAHCTBA a0COITIOTHOTO Mapauiean3mMa As (3)
Map =MasCa €5+ Nag =0’ =diag(L,1,1) . (330)

B 3THX COOTHOIIECHHSIX UHIEKCHI &, [3,)... SBISIOTCS KOOPIUHATHBIMUA WHICKCAMHU BEKTOPOB
Tpuazpl, a uHACKCH A, B,C... HyMepyloT BeKTOpa TpHaIbl. ITH HHIEKCHl MOXXHO UHTEpIIpe-
TUPOBATh KaK MHAEKCHl BHYTPEHHETO YIJIOBOTO (BpalaTeIbHOTO) MPOCTPAHCTBA, B KOTOPOM
JEUCTBYET (JIOKabHas) rPyIIa TPEXMEPHBIX Bpamenui O(3). B kxadecTse mapameTpos Jio-
kanbHoM rpynmnsl Bpamenuii O(3) Moryt 6bITh BEIOpaHBI TP yria Diinepa o(t), 6(t) , x(t) .

—

KomnoHneHThI BekTOpa S MOKHO BBIPa3UTh Yepe3 BEKTOpa TPUAIbI KakK

= h = h_
S,=—¢€ , S, =Ee2, S, =Ee3. (331)

B o6miem cityyae BpallieHue TpUajIbl OMUChIBaeTCs ypaBHeHUsIME Dpene [7]

A Y
08 e _ phae®, = T4, P eo, | (332)

dt dt

A
rae T "8y - Tensop kouropcum (ko3pduuuenTsl Bpamenns Puaun) B 3D npocTpancTBe abco-

TOTHOTO mapamiennsma [7], a @,z = —@g, - TeH30p yIIOBOH CKOPOCTH BPAIICHHMS TPUALIBL.
VMHOXas ypapHerus (21) ma 72/ 2, nomyunm reomerpusupoBannbie 3D ypaBHeHus nBrKe-
HUS CIIMHA
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dS* h . & ho, dx dx”

D ree®, =g, X es _ga €%, | 333

20 T2 Tdt 7t (3339)
rae

h hon « os” a _ 1 a

Fre, :ET oy :EeAae s, =€",S%, =e’, 6xyB . S% :Ee 5. (334)

IIycte BekTOp criuHa S HaIIpaBJIEH 110 KAacaTeIbHOU K TPACKTOPUHU

= h hdX h = =

=—f=——""=_7, S, =0, S. =0, 335
1 2 1 2 dt 2 2 3 ( )

TOT/Ia ypaBHEHUS JABMKEHUS CIIMHA IS TPACKTOPHH C HYJIEBOW KPUBU3HOU (COOCTBEHHOE
BpalllEHUE YaCTUIbl) IPUHUMAIOT BU]{

dx ds. dS, dx” ds h dx”
=T® =0, 1-0, 2_"71@® g, , s__ TG g
LTy at at 2 g e a2 g 2
NN
dsS dx” ds. dx”
_dtz =F%q), e € , _dt3 =—F9,), e €, , (336)

e Fs, - cima-Topcuonnoe mone (334). Tak xke, kak u BomHOBas (yHKims (315), 710

TI0JIE€ 3aBUCHUT KaK OT TPAHCIAIMOHHBIX KoopauHaT X, Y,Z,Ct, Tak ¥ OT yIJIOBBIX IEpEMEH-

HBIX @, O , y . I3 bopmynsl (334) ciienyer, 4TO BEKTOp CIIMHA S TPOSIBISET ce0s B KAUeCTBE

S
A —
nomernyuala mopCcuOrRHO20 noJjisi F By . Ecnu 6EKMOp Ccnurna S Hanpasjien no ocu Z, T0 MbI

nmeem u3 (334)

as_2a0S, A0S & < h
¥A3’=9AS3“=eAax_j=eAax_y’ S3=S=§e3. (334a)

18. KadecTBeHHOE 00bSICHEHHS AHOMAJIbHBIX IKCIIEPUMEHTOB KaK Ipo-
sIBJICHHE MAaKPOKAHTOBBIX T'HPOCKONMUYECKHX 3(PdeKToB

HUcnonwsys (334a), nepenumem ypapaenust (322) u (323) B Buze
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dv = €. A \/7
« LB+ S[FH]| +—5,0,H, +—08,(p(F 5T 50,))+ 0, 331
H at C[ ] e 1p ,5'(;0( 3 3p AB)) ,U \/* ( )
B _ & s L5 x (0,078, (338)
dt e Hp

TJIe MBI UCIIOJIb30BaJIM YCIOBUS OPTOrOHAIBHOCTH (329).

[Tocnenuuii wien B mpaBoi dactu (337) mpencTaBisieT cO00M «BaKyyMHYIO CHITY», TTOPOXK-
JICHHYI0 BaKyyMHOMW IMOTEHIMaJIbHOW 3Hepruil ManenyHra, a rTupockonuueckas cuia (326)
UMEET, B COOTBETCTBHHU C (334a), CIUH-TOPCHOHHYIO MPUPOAY U MOPOKACHA BHYTPEHHUMHU
WIA BHEIIHHUMH CIHH-TOPCHOHHBIMH TOJSMH. YpaBHeHHUs (338) ONMUCHIBAIOT 3BOJIIOLIUIO
CIHMHA TOJ ACWCTBUEM BHEIIHUX M BHYTPEHHUX CHMHOBBIX-TOPCHOHHBIX moieil. Obpamaer
BHMMaHHE OOpaTHO MPOMOPLUOHANBHAS 3aBUCHMOCTbh CIIMH-TOPCHOHHBIX cuil B (337) u
CIIMH-TOPCHOHHOTO MOMEHTA B TpaBoi 4acTH (338), a Takke «BaKyyMHOH CHJIBI», OT MacChl
M 00beKTa. JTO0, Mpexie BCEro, 03Ha4YaeT, YTo Il OObEKTOB C MaJIOW Maccoil 3T CUJIbI CTa-
HOBSITCS 3HAYMTEIbHBIMHA. AHATUTHYECKOE pelicHre cucteMbl ypaBHenuit (337) u (338) 3a-
TPYAHUTEIBHO B CHITY UX CIIO)KHOW HelMMHEeHHOCTH. OTHAKO MX MOXKHO PelIaTh YUCICHHBIMHU
mMetoaaMu. st 3Toro HeoOX0IUMO HCHOJIB30BATH KOMIIBIOTEPHYIO TEXHUKY M HCCIEI0BAThH
OKCIIEPUMEHTHI, B KOTOPBIX TUPOCKONMUYECKHe CHIIbI (326) 1 MOMEHTHI (327) UrparoT omnpeje-
JSIFOIYIO poJib. HacKobKO M3BECTHO aBTOpPY, Takasi paboTa 0 CUX IOp HUKEM HE IpOBeIeHA.

[Tpu OTCYTCTBUM BHEIIHUX BIJIEKTPOMArHUTHBIX nojel, ypaBHenus (337), (338) npunu-

MarT BU
dv 1 h’ A\/_
« = = 5 (p(F T 3p8,5))+0, 339
d'[ 1up (( 3 3p AB))+ 4,U\/_ ( )
8 L5, 7)) (340)
dt  up

OTH ypaBHEHHs] ONUCHIBAIOT M3MEHEHUE CKOPOCTH LIEHTPA MAacC M COOCTBEHHOIO MOMEHTa
BpalICHUSA 3@ CYET CWJI MHEPLIMH, IIOPOKIACHHBIX CIIMH-TOPCUOHHBIMU NOJIIMU. B ypaBHEHUAX
KJIACCUYECKON MEXAHUKH 3TH CHJIBI OTCYTCTBYIOT, OHAKO MOI'YT IPOSBIIATHCS B MAKPOKBAH-
TOBBIX HKCIEPUMEHTAX C BPALAIOIIUMUCSH O0BEKTaMH, IEMOHCTPUPYS X aHOMAJIbHOE IOBE-
JIeHueE.

W3 onyOIMKOBaHHBIX aHOMAJBHBIX AKCIEPUMEHTOB, KOTOphle  (IIOKAa KAa4eCTBEHHO) MOJ-
JA0TCS 00BACHCHMIO, aBTOPY u3BecTHBI dKcrepuMeHThl B.H. Camoxanosa [49]. B ogHom
U3 DKCIEPUMEHTOB pacKpydyuBaeTcsi TUCK | B BakyyMme, cO3/1aBas KOJUIEKTUBHOE CIIMH-
TOPCUOHHOE T10JIE MUHU THPOCKOTMOB (3JIEMEHTAPHBIX YACTHI] CO CIUHOM - 3JIEKTPOHOB, MPO-
TOHOB, HEUTPOHOB U szep) oOpasyromux Auck. Yepes ypaBHenus (340) 3To mosie BBI3BIBAET
BpallleHuEe BTOPOT0 BEAOMOTI'0 AMCKA 2, PACIIONIOKEHHOIO COOCHO Ha paccTosHuu 1.5-2.0 mun
HaJl BEAYIIUM JUCKOM. B pe3ynbrare, nepBOHAYaIbHO HEMOABIKHBIA IUCK 2 HAYMHAET Bpa-
IIaTBCSI BOKPYT CBOEH OCH, KOTOpasi, B CBOIO OYepe/ib, HAUMHAET IPELECCUPOBATh.
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B napyrom skcriepuMeHTe BEJOMBII TUCK 2 MMEN BO3MOXKHOCTh MIEPEMEIIaThCs BIOJIb OCH
BpamieHus [49], mpu 3TOM BO BpeMst BpallleHHs BEIYIIEro AUCKa 1 Ha BEIOMBIH AHCK 2 Jeii-
CTBOBAJIa CHJIa OTTAIIKMBAHUS, 3aCTABJISISI €70 JIBUTATHCS. JTO JIBIXKEHUE MOKHO Ka4Y€CTBEHHO
OOBSICHUTH JEWCTBUEM IOJIS KpydeHHs, B cooTBeTCTBMH ¢ ypaBHeHHsMu (339). CormacHo
3TUM YpaBHEHHSM, CIIMH-TOPCHOHHOE TOJIe BeIylero Aucka 1 mopoxxaaer cuiy (326), koro-
past KBaJjpaTH4YHA IO CHUH-TOPCHOHHOMY Toto (334a). 3HaK 3TOH CHJIBI 3aBHCHT OT 3HaKa
KBaJIpaTa CIHH-TOPCUOHHOTO ™o (334a) s maHHOTO SKcrepuMenTta. [1ockonmbKy sKcre-
PUMEHT TIOKa3bIBa€T CHIIY OTTAJIKWBAaHM, TO, TPH 3aBHCHUMOCTH KBajapata moss (334a) ot

paccTosiHus Kak 1/ r*, xBazpar nojs (324a) TOIKEH UMETh MOTOKUTENbHBIHA 3HaK. OTHOCH-

TEJLHO BTOPOW CHJIBI B MPaBOW yacTu ypaBHeHHH (339) MOXKHO CKa3aTh, YTO OHA BCET/Ia CIIO-
COOCTBYET OTTAJKMBAHUIO U SBHBIM 00pa3oM He CBs3aHA C BpalleHHeM 00beKTOoB. OHaKo,
npu 6osiee TIIyOOKOM pacCCMOTPEHHH, OHA TaK JKE IMMOPOsKACHA BpaiieHreM [16].

18.1 CHHH-TOpCHOHHLIe MOJIA 1 MAKPOKBAHTOBBIC SIBJICHUA B 3JICKTPOAUHAMUKE

BonbmmHCTBO YacTull, U3 KOTOPBIX COCTOAT MaTepualbHbIC TEla, UMEIOT 3apsi, Maccy |
ciuH S=h/2. TlosToMy Juisi omucaHusl IBMXKEHHUS IEHTpa MacC U COOCTBEHHOTO MOMEHTA

BpaIlleHUsI TAKUX OOBEKTOB, HAXOMASIINXCS BO BHEIIHUX 3JEKTPOMArHUTHBIX MOJIAX, BIIOJIHE
JOIYCTUMO HCIoNIb3oBaHue ypaBHeHuid (337), (338). B nmanHOM ciydae, 3TH ypaBHEHUs
MPEJICKAa3bIBAIOT CYIIECTBOBAHME AaHOMAJIbHBIX SIBJICHHUI B AJIEKTPOJAMHAMUKE, TaKUX Kak
HAOIIO/IEHUE «HE DJIEKTPOMArHUTHOW KOMIIOHEHTBI», MMOPOXKIEHHOW CTUH-TOPCUOHHBIMHU TI0-

asivu (334a).

B HacTosiee BpeMsi MHOTOYHCIICHHbBIC MPOSIBICHUS «HE 3JCKTPOMArHUTHOW KOMIIOHCH-
TBI» B JICKTPOAMHAMHUKE OMMCAHBI B HEPEIATUBUCTCKUX dKcepuMeHTax A.E. Axumona [50],
A.B. bo6posa [51-56], B.T. IllkatoBa [57-59], C.Kepubaxa [60-62] u muorux mp. B pe-
3yJabTaTe OIPOMHOM HCCIIE0BATEIbCKOM pabOThl ObLIM CO3/IaHbI T€HEPATOPhI U MPUEMHUKA
CIIMH-TOPCHOHHBIX ToJiei [50-62].

Ha puc. 5 mnpeacrasneHa npUHLUIIMANBHAS CXEMa CIIMH-TOPCUOHHOIO TeHeparopa AKu-
MOBa.

A T

.q|_~

Puc.5. [IpyHuunuaneHas cxema reieparopa AKMMOBa

Metannuueckuii kopryc 1 reHeparopa uMen 3a3eMiIeHHE U, (PaKTHUECKU, MPEICTABIISIT
coboit kieTky Papajest, SKpaHUPYIONIYI0O BHYTPEHHHUE AJIEKTPOMArHUTHBIC MO, 3a1aloLHii
TE€HEPaTOp AJIEKTPOMATHUTHOTO MO 2 BO30OYXKJayl KojieOaHUsS B KOHType 3, coaepKamiui
KOHJIeHcaTop 3, Mexay oOKJIaJKaMu KOTOporo nomerasics ¢peppomarnetuk 4. Bo Bpems pa-

00ThI reHepaTopa Ha YacTHUIlbl (heppoMarHeTuka AEMCTBYIOT 3JIEKTpOMAarHuTHbIE noisi E u

H B cooTrBercTBUM ¢ ypaBHeHUsIMU (337), (338). B pe3ynbrare BHYTpH KOpITyca BO3ZHUKAIOT
CIMH-TOPCHOHHBIC BOJHBI (334a) ¢ 4acTOTOM 3aafolero reieparopa 2. IKCIEPUMEHTHI 110~
Kaszajikd, 4TO CIIMH-TOPCUOHHBIC BOJIHBI CBO60,Z[HO MpoxXoAdT CKBO3b MCTAJUIMYCCKUC CTCHKU
3a3eMJIEHHOTO Te€HepaTtopa, B TO BpeMsl KakK 3JEKTPOMArHUTHbBIE BOJHBI MOYTH IMOJHOCTHIO
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sKpaHupyroTcs. [TockonbKy CBOOOTHBIC CIIMH-TOPCUOHHBIE MOl IEPEHOCST TOJIBKO CITHH, TO
CUTYyaIlUs B HAIlleM Clydae HAalIOMHHAET MPOXOKICHHE HEUTPUHO CKBO3b Pa3IMYHbIC Tperpa-
IIbI, KOTJIa TOXE HAOIMIOAaeTcs BBICOKAs MPOHHKAIoMIas crnmocoOHOCTh. COOTBETCTBEHHO, KO-
I/1a CIIMH-TOPCUOHHAS BOJIHA TOMAJAeT B PA3JIMYHBIC CPENbI, TO MPOUCXOIUT BO30OYXKICHUE
3apsHKEHHBIX YaCTHI] CO CIIMHOM OITSITh )K€ B COOTBeTCTBHH ¢ ypaBHeHUsimu (337), (338). B
pe3yabTate B cpeje Bo3HHKaeT: 1) m6o Tok (320), KOTOpBIA MOKHO U3MEPHUTH U pacmudpo-
BaTh 1O CHEKTPY; 2) TUOO U3MEHEHHE CIIMHOBOW CTPYKTYpHI, KOTOpas MEHSET ee (hU3HUKO-
XUMHUYECKHE CBOKMCTBAa. B mepBOM ciiydae BO3HHMKAET BO3MOXHOCTh OCYIIESCTBUTH CBSI3b IO
CIUH-TOPCHOHHOMY KaHaTy, KOTOPYIO TPYIHO SKPaHUPOBATH €CTECTBEHHBIMU YKpaHAMH, a BO
BTOPOM TOSIBJISICTCS BO3MOKHOCTh CO3/1aBaTh Pa3jIMYHbIC BEIIECTBA C OJIMHAKOBBIM XUMHYC-
CKHUM COCTaBOM, HO C Pa3UYHBIMU (PU3UKO-XUMUYECKHUMH CBOMCTBaMH. FIMEHHO 3TO HabII0-
JAeTCs B DKCIEPUMEHTaX, KOTOPbIe, B HEKOTOPBIX CIydasX, MO3BOJWIM CO3/1aTh OYCHBb d(-
(bexTuBHBIE TexHONIOTHH [63].

18.2 HoBble cnioco0bl mepeIBHKEeHH B KOCMUYECKOM MPOCTPAHCTBE

Kaxk 65110 IoKa3aHo panee (eM. §-11s1 (36)-(40)), TopcronHoe moe T jx reomerpun A, (6)

OIKCBHIBACT CHJIBI MHEPIHU. B KilacCHYeCKOW MEXaHHWKE CHIJIBI WHEPIUU WTPAIOT BAXKHYIO
PO, XOTS UX (U3NYECKasi MPUPOJIA BBI3BIBAET MHOTOYHCIICHHBIC JUCKyccHH. Ham u3BecTHO,
YTO B YCKOPEHHBIX CHCTEMax OTCYET (a APYruX B MPHUPOJE HET), ABHKYIIMXCS B TPAaBUTAIIN-
OHHBIX U AJIEKTPOMArHUTHBIX TIOJISIX, 3TH CHJIBI MOTYT KOMIICHCHPOBaTh (JIOKAJIbHO) TpaBUTA-
IMOHHBIE U JJICKTPOMArHUTHBIE CHWJIBI, T.€. MOTYT OBITh 3HAYUTEIBHBIMHU. B Kiaccumueckoit
MEXaHHUKE CHUJIBI MHEpIHU He ynoBneTBopstoT |ll1-my 3akony HpioToHa U MOryT OBITH OTHE-
CEHBI KaK K BHYTPEHHHUM, TaK W BHEIIHUM CHJIaM 10 OTHOIIECHUIO K «3aMKHYTOI» MEXaHU4Ye-
ckoll cucreme. Takoe CBOMCTBO BBIIEISICT CHIJIBI MHEPIMH CPEIU IPYTMX M3BECTHBIX CUJI U
BBIBOJM MX 332 PAMKH T€OPEMBI, YTBEPKAAIOIICH, YTO CKOPOCTh IIEHTPa MacC «HU30JIMPOBAH-
HOW» MEXaHHYECKOW CHCTEMBI HE MOKET OBITh M3MEHEHA 3a CUeT JCHCTBHS BHYTPEHHUX CHIL.
B mexanuke Jlekapra [64], koTopast 6a3upyercst Ha ypaBHeHHsIX Pusndeckoro Bakyyma, cy-
HIECTBYET BO3MOXHOCTH TEPEIBUTATh LIEHTP MAcC «H30JUPOBAHHOI» MEXaHUYECKOW CHUCTe-
MBI (TAaKOBOW B MPHPOJIE HE CYIIECTBYET, TOCKOJIBKY Bakyym mpucyTcTBYeT Be3ze), HCIOIb-
3ysl CUJIbI HHEPIIUH, CO3/aBaeMbI€ UCKYCCTBEHHO, HAIPUMED, BHYTPU KOPITyca KOCMHYECKOTO
KOpaoJIs.

JleWiCTBUTENBHO, 3aNMChIBast KOAQPHUIMEHTH! Bpauienus Puuun B Mmonagnom 143 ¢opma-
nau3Me [48,65] B 1okambHBIX HHAEKCAX a,b,c...=0,1, 2, 3, uMeeM

-I-c _c_vi_cv O_CV _ c c c 19h c 341

=€V, =e0V e =UuV, U =-AUU +o,U" +0o,U +§ Y (341)

a,b,c...=0,1, 2, 3,

re u, =e’. =dx,/ds, u,u®=-1 -emuHuuHBIi BekTOp 4D CKOPOCTH MOHAIBI,

a

0=V,u?, (342)

- paclLIMpeHueE,

du,
O = VipUag + Aglpy, A, =5 o, u° =0 (343)
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- BpalieHue u

Oap = V(bua) + A(aub) _%habe’ hab = gab T UyUy, Uabub = O’ habub = 01 (344)

- casur (wn aepopmarust) npocrpanctea A, (6). 3necs A, =du, /ds - noxansHoe 4D ycko-
peHue Hadanaa MOHansl, J,, - 4D nokambHbIA MeTpuueckuit Tensop, h, =g, +U,u, -4D

METPHYECKUH TEH30p NMPOCTPAHCTBEHHO-TI0100HO0T0 3D cedeHust, OpTOroHAIbHOTO U, .

Hcnone3ys cootHomrenus (341)-(344), mokHo 3amucath ypaBHeHus Pusnueckoro Baky-
yma (4), (B) B Bue

1+3
VipUay = AUy + Gpapy =0, (A )
Rabc — 2A, (@ — AU )U® = 2V A U iU + 2V @ ++2V 0 U +
2 20 ®
+§®,[C hpaU® —?(Ua%c — U, ApUeg + @aeUpy + OrarUyy + Eha[cub]jud =0, (BM)
a,b,c...=0,1, 2, 3.

CaeprhiBas ypaBHeHus Pmsnueckoro Bakyyma B mo mnnmekcam d u b , monygaem ypas-
Henue Paituaynypu [48]
(345)

ag b _ ab 2
R,U'U =w,0" —c,07 ——0
U3 KOTOPOTO CIIEyeT, JJOKalbHas pUMaHOBa KpUBHU3HA pocTpaHcTBa A, (6) MoXeT OBITH 10-

pOKIIEHAa KOMIIOHEHTaMH KpydeHust T “ap, @ UMEHHO: 1) BpaleHueM @, ; 2) aedopmariueit

o, ¥ 3) pacimpenuem 6.

M. AnbkyObeppe [66] mpemTouI MCIOaB30BaTh TOPCHOHHOE IMOJIE CKaysgpa 6 mms uc-
KPUBJICHUSI MPOCTPAHCTBA BHE KOCMHYECKOrO KOpabiyii B COOTBETCTBUU C YKOPOUEHHBIM
ypaBHeHueM Paituaynypu
R,U%U® = _lge 96 (346)
3 dr

Mopens AnpkyObeppe oOKazajach TPYAHOW IS TEXHHUYECKOW pealM3allid, MOCKOJIbKY B
ypaBHeHuu (B.1), oOpa3oBanHOM ¢ yueToM (346) IUIOTHOCTH PHEPrUU OKa3ajach OTpPHIIA-
TenbHOU. ['opa3mo Gonpimuii wHTEpec B ypaBHeHuU (345) mpencTaBiseT mapamMeTp Bpaliie-

HUA @, KOTOpI)Iﬁ AacT IMOJTOXKXUTEIIbHYIO INIOTHOCTE DOHEPTHUH UCTOYHUKA U YPAaBHCHHUC CBA3H

a a
V.0 - Ao =0 (347)
MEXIY YCKOPEHHEM LIEHTpa MacC KOCMHUYECKOro Kopabdis A, ¥ MU3MEHEHHEM BEKTOpa YIJIo-
BOit ckopocTH @° = £, /2 BpauleHus mMacc BHYTpH ero. YpasHenue (347) mpejcKkasbBacT

CYILIIECTBOBaHHE MEXaHUUYECKUX CHCTEM, B KOTOPHIX U3MEHEHUE YIJIOBOW CKOPOCTH BHYTPEH-
HEro BpallleHUs BBI3bIBAET YCKOPEHHE IIEHTpPa Macc Bceil cucteMbl. [IpumepoM Takoil cucre-
MBI gBIsieTcs 4D rupockon, B KOTOPOM MOCTyNaTeNbHbIE U BpalaTeIbHbIE CTETIEHH CBOOOIBI
€ro 2JIEMEHTOB CBSI3aHBI MEXKAY co00ii [67]. VpaBuenue Paituaynypu (345) mis aToro ciaydas
IPUHUMAET BUJ
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R,UU" = 0,0 (345)

Y TOBOPUT O TOM, YTO BpallleHUE MaTepUH 3aKpyUnBaET IPOCTPAHCTBO, CO3/aBasi apaMeTp

KpPY4YEeHUsl @), , @ KPy4EHHUE, B CBOIO OUEPEIb, UCKPUBIIAET IPOCTPAHCTBO, 3aCTABIASA  JIBU-

raThCsl yCKOpeHHO 1eHTp Macc 4D rupockona. Hamu Oplna uiccienoBana (TEOPETUYECKH U
IKCIIEPUMEHTAILHO) HEPENSITHBUCTCKAs MO [67], KOTOpast AEMOHCTPHPYET CIIPABEIIIH-
BOCTb CACIIAHHOT'O YTBCPXKACHUS.

18.3 CnMH-TOpCHOHHBIE MOJISI U CUX0(PU3NKA

Oco0blil nHTEpeC MpencTaBiIseT co00i MHTEepHpeTanus NCUXO()U3NIECKHX 3KCIIEPHUMEH-
TOB Ha ocHOBe cuctembl ypaBHeHUH (339) u (340). B u3BecTHOM SIBICHHH, KOTOPOE HOCHT
Ha3bIBaHUE «OUOTPABUTAIUS», YEIOBEUECKOE TEJIO CIOCOOHO MPUTATHBATH (MU OTTAIKU-
BaTh) MPEAMETHI Pa3IMUYHON (HU3HKO-XUMHUECKOW mpupoasl. Hanpumep, Muxann Bacunbes
[68] crmocoben mpuUTArHBaTH CBOUM TEIIOM METAJLIBI, CTEKJIO, KAMEHb, JIEPEBO, IIACTMACCY H
T.4. Cila NpUTSDKEHUs, AeMCTBYIOMAs MEX/y TEJIOM OllepaTopa U MPEAMETOM B 3TUX DKCIIe-
pUMEHTaX, CTOJb BEJIMKA, YTO Y AJleKkces AHTHIIOBA OHA COCTaBISICT BEIUYHHY MOPSIKA
1600 H! A. AHTMIIOB NPUTATUBAET CBOMM TeJIOM Bec 160 Kr, mpu 3TOM, yIpaBisig 3TUM MPO-
[IECCOM CBOMM CO3HAHHMEM, OH MEpPEABUTAET MO TeIy METALTUYECKYI0 TUIUTY BecoM 60 Kr
[69]. Dro stBIEHHE MOKHO OOBSICHUTH TEM, YTO HAIlle CO3HAHHME CIIOCOOHO YIPaBIIATH CITHHO-
BBIMH COCTOSIHUSIMH BEIIECTBAa, M3 KOTOPOTO COCTOUT HAIle TEJO, WCIONb3ysS ypaBHEHUS
(340), Takum o6pazom, uTo B ypaBHeHHX (339) BO3HHKACT CHJIa MPUTSHKEHUS (MM OTTAJIKH-
BaHM) MEXY 0OBEKTOM U HamuM TenoM. CIMH-TOpCHOHHAs cuiia B ypaBHeHUAX (339) croib
YHHMBEpCcajibHa U CTOJIb 3HAUUTENbHA, YTO OHA MOXET YAaCTHMYHO WJIM Ja’Ke MOJHOCTHIO KOM-
MIEHCUPOBATh TPABUTAIIMOHHYIO CHIIY, C KOTOPOH 3eMJsi MPUTATUBAET TEJIO YelOBeKa. JTO
SIBJICHUE y)KE MHOT'O JIET ISMOHCTPHUPYIOT JIeTarolue aMmepukanckue ioru [70].

SIBnenue, B KOTOpoM (pu3MUecKHe IMOJIs YelloBEeKa MOTYT BO3JIEHCTBOBATh Ha OOBEKTHI Ha
pPAcCTOSIHUY, HA3bIBACTCS «TEICKHWHE3». DJTO SIBJICHHUE TOKA3bIBACT, YTO CIHUH-TOPCHOHHBIC
MOJIL BBIXOZST 3a MPEJeNbl YeIOBEUECKOTo Tella U JACHCTBYIOT PHEPreTHUeCKU B ONMKHEH
30HE Ha PACCTOSIHMM HECKOJIBKUX CAHTUMETPOB OT omeparopa (kak 3to nenaetr Hunens Kyna-
ruHa [71]) 1o HeckombKuX MeTpoB ( Kak 3To aeiaet Jowcon Yane [12] ).

HabGmromaembie B3anMoelicTBUsI OMOMOJIEH YeloBeKa ¢ MaTepHaIbHBIMU O0OBEKTaMH BbI-
BOJIUT HAC 32 PAMKH OOBIYHBIX SHEPreTUUECKUX B3aMMOJCHCTBHI, 3aCTaBIsAs IPEITOJIOKUTD

BeTaimian
ETEHE

Onepatop

Tenepusap

CTEHN Fe EuaMakamEns
HONnaK

Puc.6. Tenekunes no TeneBu3opy
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CYILIIECTBOBaHHE B MPUPOJE TaK HA3bIBAEMbIX MH()DOPMAIIMOHHBIX B3aUMOAECUCTBUMA, MpPHU KO-
TOPBIX HapyImIaeTcs OOBIYHBIM 3aKOH coxpaHeHws sHepruu. Hampumep, Bagum Ky3menko
[73] nemoHCcTpHpyeT TeleKHHE3 HE MPOCTO Ha PACCTOSHUHM 5 MeTpoB (cM. puc.6). OH ocy-
HIECTBIISICT BO3ACHCTBHE HAa BEPTYHIKY U3 (OJIbIH, HACAKEHHYIO Ha METAINIMYECKYIO ULy U
HAKPBITYIO CTCKJISTHHBIMU KOJIIAKOM, HAXOJSIIYIOCS B COCETHEH KOMHaTe 3a OCTOHHOM CTe-
HOM. [Ipu ATOM OH BO3JEHCTBYET Ha M300paKEHUE BEPTYIIIKUA HA IKpaHE TEIEBU30pa, KOTO-
poe mepenaeTcss Ha TEJEBU30pP C BUJIEOKAMEPHI, HAXOSAIICICS B COCEIHE KOMHATE U BEly-
el cheMKy mpoucxosmero. B aTtom skcnepuMmenTe HHOOPMAITMOHHBIA KaHa TEJIEBU30P-
BUJIEOKAMEpa-BEPTYILIKAa HE MOXET Mepe/laTh SHEPreTHUYecKoe BO3JCHCTBHUE OlepaTopa Ha
BepTYLIKY. TeneBU3nOHHOE N300pakeHHe BEPTYLIKA B KOMHATE OINepaTropa CIyKUT «aJapec-
HBIM TIPU3HAKOMY 00BEKTa, HA KOTOPHIN OH BO3JIEHCTBYEeT WH(OPMAIIMOHHO TTOKA HEU3BECT-
HBIM HayKe CII0COOOM.

Mo>kHO BbICKa3aTh CIEQYIONIYI0 runore3y. KBaHToBas Teopus CBOIUT Bce (hHU3MUECKHE
SABJICHHA K BOJIHOBLIM IIpoHecCCaM — CBO€O6paBHBIM KBAaHTOBBIM BI/I6paLII/I§IM Marepuu, a BCA-
Kas BOJIHA MMEET aMIUTUTYy, C KOTOPOW CBs3aHa dHeprus, u ¢a3y, KoTopas NEpPeHOCUT HUH-
dopmaruio 6e3 neperoca sHepruu. [1o3TOMy MBI BlipaBe MPEACTaBIsATh, BeCh MUpP Kak HEKO-
TOPYIO TUHAMUYECKYIO TOJIOTPaMMy — THHaMHUecKui (pa3oBblil mopTpeT BeenenHnoi, B KoTo-
pO¥i JONMYCTUMBI KaK SHEPreTHUECKUE, TaK 1 MH(POPMALMOHHbIE B3aUMOICHCTBHSL.

3akioueHue

Y MeHs HeT HUKaKoro COMHEHHUSI B TOM, YTO MJET CMEHAa Hay4YHOU mapaaurMel (cMm. puc.l).
Crapas, ocHOBaHHasi Ha mapagurme HproToHa, u3nka MoCTEeneHHO 3aMEHSIETCsl HOBOM — Ta-
panurmoii Jlexapra. Takue 6a30Bble MOHATHS MapaaurMbl HplI0TOHA Kak €BKIIMIOBA T€OMET-
puYs IPOCTPAHCTBA, MHEPLMAJIbHASI CUCTEMA OTCUETA M TOYEYHAas MAaTepualbHAas 4acTuLa 3a-
MEHSIIOTCS TeOMETpUeil abCOMOTHOTO MapajlieNn3Ma, YCKOPEHHOM CUCTEMOM OTCYeTa U OpH-
EHTUPYEMON MaTepUalbHOW TOYKOH (TOYKOM co cmuHOM). Ha cMeHy CylecTByIOmuM TeopH-
ssm: 1) TBepaoro tena; 2) KUAKOCTH; 3) ra3a U 4) 3JIIEMEHTAPHBIX YaCTHULl, IPUXOJUT TEOpHUS
®dusnueckoro Bakyyma, ocHoBaHHas Ha mnpuHIUIE BceoOmeil OTHOCUTEIFHOCTH B YpaBHE-
Husix Ousndeckoro Bakyyma (A) u (B). DTu ypaBHEHHS OMKUCHIBAIOT HE TOJBKO SHEPreTHYEC-
CKH€ MaTepHallbHbIE MPOLIECCHl, HO U 0e33HepreTnyeckue HH(PpOpMalMOHHbIE, HOCUTENEM KO-
TOPBIX OKA3bIBAIOTCS TIEPBUYHBIC CIIMH-TOPCHOHHBIC ToJis1 [7]. B HabmogaeMbix mncuxopusu-
YECKHUX HKCIIEPUMEHTAX, KOTOPBIE IMOJHOCThI0 MTHOPHUPYIOTCSA aIloJIoreTaMy CTapod mnapa-
JUTMBI, TIEPBUYHbBIE CIIMH-TOPCUOHHBIE TOJI, CKOPEE BCETO, HUIPAIOT OMPEAECISIONIYIO0 POJIb.
OxoHYaTeabHbIE BBIBOABI OTHOCUTEIBHO MX POJIM B Mcuxodusuke OyayT caenaHsbl, 1 Haje-
I0Ch, B Ommkaiimem Oyaymiem.
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