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B momorpadguu maercsa mompoOHBIN aHAJIM3 TPYOHOCTEN MPU OIU-
CaHUU CUCTEM OTCYETa B TEOPUU OTHOCUTEIbHOCTU. Ha ocHoBaHUM
OYEBUIHOTO YTBEPKIACHNUS, UTO MPHU ABUKEHUN PEIITUBUCTCKA KECT-
KOO TejIa B OJTHOPOIHOM CHUJIOBOM TI0Jie 6e3 HauaJIbHON CKOPOCTU HU-
KakKux meopMalluil 1 HAIPSKEHUN B Tejle He MOJIKHO BO3SHUKATH, aB-
TOp MPUXOAUT K M0Ka3aTEJILCTBY TOTO, YTO CBOMCTBA MPOCTPAHCTBA-
BpeMeHU IS HabIomaTeNel, TBUXKYIUXCS BMECTE C TeJIOM, M3Me-
usioTcda. IlpocTpaHcTBO-BpeMs I STUX HabIOOaTeNIEd CTAHOBUT-
ca puMaHOBBIM. V3 BBIBEEHHBIX B KHUTE€ yPaBHEHWUN CTPYKTYPHI
cjiedyeT, YTO He TOJIBKO TeOpUs TATOTEeHWS OJWHIITENHA SBIITETCS
6as3ucoM I MOHUMAHUSA CTPYKTYPHI IIPOCTPAHCTBEHHO-BPEMEHHBIX
cBasent. Ilpenmaraemas MoHorpadgmus ykasaja W Ha Apyrue MpUdn-
HBI BOSHUKHOBEHUS KPUBU3HEI IPOCTPAHCTBa-BPEMEHU, HE MMEOIIIIE
HUKAKOTO OTHOIIEHNSI K obmieil Teopun otHocuresnbHOocTH (OTO).
[TokasaHo, 4TO 060 CUIIOBOE TOJIe (HAIPUMEpP, peaKTUBHAS CUIa
OBUTaTEN KOCMUYECKOTO KOPabiisi) MOXKET IPUBECTH K MCKPUBIIEHAIO
IIPOCTPAHCTBA-BPEMEHN.

B xHure paccMaTpuBaeTCs HOBOE HAIIpABJIEHNE UCCIIENOBAHUS CH-
JIOBBIX TIOJIEN, He 0OCyXKaBIlleecs B APYTUX Teopuax paHee. Hampas-
JiIeHe OCHOBaHO Ha CHOPMYJIUPOBAHHOM aBTOPOM MOCTYJIaTe K-
BUBAJIEHTHBLIX CUTyaluii. BEIBOOEI 13 HOBOTrO HaIpaBJIEHUS TIO3-
BOJIWJIN TIEPECMOTPETEH HEKOTOPHIE TIOJIOKEHUS KIIACCUYECKON TEOPUN
I10JI%, YCTPAHUB OCHOBHOE MPOTUBOPEUNE MEXIY MPENTIOIIOKEHNEM O
TOUYEYHOCTH DAPIKEHHBIX YACTUII U [TOJTY YAIOIIeNCsS TIPK YTOM uX Gec-
KOHeuHOI cobcTBeHHOU sHepruein. MoHorpadus, mpenmosaraeT 3Ha-
HUEe OCHOB crienmaiibHoil Teopuu oTHocuTesrbHocTH (CTO), OTO m
KJIACCUYECKOW TEOPUN 3JIEKTPOMATrHUTHOTO ITOJIA.

1



[IpennasHaveHa nJid HAy4YHBIX COTPYIHUKOB, IIpemnoiaBaTeliel,
acCIUpPaHTOB U CTYIEHTOB CTApIINX KyPCOB, CIENNAITU3UPYIOIINXCS
10 BJIEKTPOMHAMUKe, MexaHuKe cruiomueix cpem, CTO, OTO u opy-
TUM CMEXHBIM BOIpocaM GU3UKU U MATEMATUKH.
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IIPEAMNCIJIOBUE

O xpuBU3HE TPOCTPAHCTBA-BpEMEHN B COBPEMEHHHBIX PU3NUECKUX
TeOpUIX TOBOPAT B TeX CIIydasX, KOT/la UMeIOT [IeJI0 C Teopuei TATo-
TeHUs DWHIIITelHa. ABTOp MpenjaraeMoil KHUTH YKa3aJ U Ha Jpyrue
MIPAYUHBI BO3HUKHOBEHUS KPUBU3HBI MPOCTPaHCTBa-BpeMeHN, HUKAaK
He CBs3aHHBIE ¢ obmmelt Teopueit oTHocuTenbHOCcTH (OTO).

OCHOBHOWl TPYOHOCTBIO KJIACCHMYECKOW (M KBAHTOBOW) TeOpHUN
2JIEKTPOMArHUTHOTO TOJId ABJISeTCS MPOTUBOpeUne MeXOY Mpenro-
JIOXKeHWEeM O TOYEYHOCTH 3aPAKEeHHBIX YaCTHUIl U MOJTyJaIoIencs mpu
5ToM WX OecKOHeUHOW cobcTBeHHON sHeprueit. IlombITKmM ycTpane-
HUSA PTOU TPYMHOCTHU, a TaKke crejiaHHoe [[upakom TeopeTmdeckoe
OTKPHITHUE MO3UTPOHA U obOpa3oBaHUe Tap MON HNeWCTBUEM KeCTKUX
v - gydell OB CBS3aHBI C Pa3BUTHEM HeJIMHENHBIX Teopuit 1. Mn
(1912 r.), M. Bopua u JI. Uapensna (1934 r). Jlumeiineie Teopuu
He MOTJIN OOBACHUTH paccesHUe CBeTa Ha CBeTe, U3 HUX cjeloBalia
OBl OOBIUHAS CYTIEPIIO3UITUS TOJIEN 3JIeK TPOMarHUTHHIX BostH. OmHa-
KO OCHOBAHUS TEPEeUNCIIEHHBIX HeJIMHEWHBIX Teopuil 6a3upyioTcs Ha
IIPOU3BOJILHOM BBIOOpE JIarpaHkMaHa U He 060CHOBAHHI SKCIlepUMeEH-
ToM. OHM MOTYT MPeTEeHIOBAThH JIUIIL HA SBPUCTUUYECKOE 3HAUEHUE.
OTO ABJIIETCS TJIABHBIM MOPOKOM [TaHHBIX TEOPHUA.

ABTOp HacTOLIEN KHATHU SBJISETCS IIEPBOMPOXONIEM B HOBOM Ha-
TpaBJIeHNN KCCIJIeIOBaHUSA CUJIOBBIX TIOJIEN, He OOCYXKIaBIIIEMCS pa-
Hee B HAYYHBIX Teopusx. HampaBiieHme ocHOBaHO Ha CHOPMYJIIUPO-
BaHHOM WM MOCTYJlaTe >KBUBAJIEHTHBLIX cuTyanuu. B pe3ysn-
TaTe TMoKa3zaHo, YTO MCKPUBJIEHUE TPOCTPAHCTBA-BPeMEHHU - 5TO He
TIPUBMJIETUS TOILKO T'PABUTAIMOHHOTO TI0J1s. BEIBOOBI 13 HOBOTO Ha-
MpaBJieHNs YCTPAaHWJIN TJIaBHOe IMPOTUBOpeYre TeOpUU TOJIs, CBS-
3aHHOE C TOYEYHOCTHIO 3apAXKEHHBIX YaCTUIl U WX PacXOAsIIencs
cobcTBeHHou »Hepruenn. llpensaraemas B KHUTe HOBasS MOJNETb He-
JINHENHON TeOpUN 3JIEKTPOMATrHUTHOTO TI0JII OCHOBHIBAeTCS Ha yue-
Te B3aUMONIENCTBUS 3apPAOoB, CO3MAIONINX T0JIe, C CO3MaHHBIM 3apsi-
maMu mosieM. OmHakKo TpemJiaraeMbIil TOAXON TpebyeT BBIXOHA 3a
PaMKH TIOCKOTO IMTPOCTPAHCTBa-BpeMeHU. cXomHBIMU ypaBHEHU AMUA
TeopUM ABJIAIOTCA ypaBHeHUS MakcBensia, 3ancaHHBIe B YeTBIPEX-
MepHoOIl ¢opMe, TOYHO TaKue XKe, KaK U ypaBHEHUs 3JIeKTPOAUHA-
MUKU TIPU HAJAYUU TPaBUTAIMOHHOTO moJis. OmHaKO 5Ta CXONCT-
BO SBJISETCS YKUCTO BHEUTHUM, MOCKOJIBKY MeTPUUYeCKUN TeH30p He
oTipeNeifeTCS W3 PellleHull YpaBHEHUN JWHINTeNHAa U JWHIITeNHA—
MakcBesyia m TPaBUTAIMOHHBEIM B3aMMOJIEICTBUEM TIpeHeOperaeTcs
IO CPaBHEHUIO C 3JIeKTPOMarHUTHBIM. BMecTo ypaBHeHU DWHIIITEM-
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Ha JIJ19 HAaXOXIIEHUsS MEeTPUKU WUCIIOIb3YIOTCS BBHIBENEHHBIE aBTOPOM
ypaBHEHUS CTPYKTYPHI, YCTAHABINBAIOIINE CBI3b MEX Y KUHEMATH-
YecKUMU XapakTepucTukamu cucTeMsl orcdeTa (CO), TakuMm Kax
TEH30p CKOPOCTel nedopMaliuii, T€H30p YTJIOBOI CKOPOCTHU Bpallle-
HUs, 4-yckopeHns ¢ MmeTpudeckuM TeHzopoM CO. PaxTuyecku ypan-
HEHUSA CTPYKTYPHI - 5TO ypaBHEHUS COBMECTHOCTHU IS CYIIIeCTBOBa-
HUS TOJIS 4-CKOPOCTH TIPU 3aJaHHBIX TEH30paX CKOpocTel medopMa-
IIAN, YTJIOBOI CKOPOCTU BPAITIEHUS U BEKTOPOB MEPBOM KPUBU3HBI M-
poBBIX JInHUM YacTuil 6asuca CO. KpuBusHa nmpocTpaHcTBa—BpeMeHN
IIpU 5TOM He CBA3BIBAETCH, KaK DTO MEeJIal0T OOBIYHO, C PeIeHUIMU
ypaBHEHUN OWHIITEWHA TPU PA3HBIX TEH30paX SHEPTUU-UMITYITHCA
MaTepuu. [losydeHHbIE cCUCTEMBI MHTETPO-TuddepeHITNaTbHBIX U WH-
TerpajibHBIX ypPaBHEHUM HJI IJIOTHOCTENW 3apsioB M TOKOB IJIS 3a-
PSIKEHHBIX MeTAJIIMYECKUX TeJl C YUYeTOM B3aMMONENCTBUSL C ITOJIEM
CBSI3aHHBIX 3aPSI0B, IO3BOJINIIN, B TPUHITATIE, COBMECTHO C YPaBHEHU-
AMU CTPYKTYPHI HaXOMUTh FeOMeTPUIO MPOCTPAHCTBA-BpEMEHN BHE
U BHYTPHU IIOJIBIX 3apsAXeHHBIX obosiouek u TpoBomoB. HalineHHEIe
HOBHIE TpeAroaraeMbie 5QpGeKTH IPU pacyeTe >JIeKTPOMArHUTHBIX
mmoJiell HOMYyCKaloT SKCIePUMEHTAJIbHYIO MPOBEPKY IMPU HACTOAIIEM
YPOBHe pa3BUTUA HAYKU U TeXHUKH.

Monorpadus oXxBaTHIBaeT TPUAIATUIETHUN TEPUON UCCIIENOBA-
HUW aBTOpa IO BOIPOCAM PeIITUBUCTCKAX CHUCTEM OTCUeTa U CU-
JIOBBIX Tojieli. YacThb BOIIPOCOB HalllJIa CBOE OTpaXkeHWe B CTAThIX,
onybsmmkoBaHHEIX B Poccun u 3a pybexkom. Bombiiyio yacTh ucciie-
MOBaHUI aBTOpP MPUHITUNINAIILHO He MYyOJMKOBAJI 10 OKOHYATEJIHHOTO
OCMBICJIUBaHUS pe3yabTaToB. MoHorpadus BHITOTHO OTJINYAETCS OT
MHOTUX KypcoB 1o OTO u CTO, ykJoHAIOIIMXCS 0OBIYHO OT aHAaJIU-
3a OCTPHIX KOpPeHHBIX mpobiieM. OHa TMpencTaBIIseT HEITOCPEICTBEH-
HBI MHTEPeC IS CIeUaINCTOB, 3aHUMAIOIITNXCS BOIIPOCAMU CIIEITH-
asnpHOI Teopun oTHocuTesbHOCTH (CTO), OTO, snekTponuHaMuKoi,
MeXaHUKOW CIUIONTHBIX Cpell, HE€BKJIMIOBBIMU T€OMETPUIMU U KOCMO-
HaBTUKOU.

9 mymalo, 4TO KHWTa BeIYIEro Hay4YHOTo cOTpynHMKa Bcepoc-
cutickoro Hayuno WUccnemoBarenbckoro MHcTuTyTa Onrtuko-Pusu-
yeckux Wsmepennit (BHUMO®N), neiicrBurensHoro wiena Hpio-
Mopkckoit Axamemun Hayk, unena The Institute of Electrical and
Electronic Engineers (IEEE) C.A. IlomocenoBa monxHa 3aHITH HO-
CTOWHOE MeCTO CPeNu KHUT O PeJITTUBUCTCKON TE€OPUU CUCTEM OT-
cueTa U HEJIMHEWHON SJIEKTPONUHAMUKE.

Leticmeumeavnviti uaen PAEH, d¢-un, npod. B.B. Asexcees



OT ABTOPA

OTa KHUTa MpeajaraeTcs i YATaTesel, KOTOPhIM OBLI0 OBl WH-
TepeCcHO MO3HAKOMUTHCA KaK C aJlbTePHATUBHBIM MOIXOMIOM K CUCTe-
MaM O0TCYeTa B TEOPUU OTHOCUTEJIHHOCTH, TaK U C HEOXKUTAHHBIM BbI-
BOIIOM M3 5TOTO IOIXOMa, MO3BOJIIOIINM MepPeCMOTPETh HEKOTOPHIE
TTOJIOKEHNS KJIACCUYECKOW TeOpUH TI0JIsd, YCTPAHUB OCHOBHOE MPOTH-
Bopeune MeXIy MPearooKeHneM O TOUYEYHOCTH DapSIKeHHBIX dac-
TUI] U TIOJTYYATOIIeNCs MPU 5TOM X 0eCKOHEUHON COOCTBEHHOU HHEP-
ruen.

ITo cuctemam orcuera B 061Iell Teopun oTHocuTenbHOCcTH (OTO)
u3naHa ucdeprbiBatorias Monorpadus mpodp. MI'Y FO.C. Baamumu-
poBa [23], B KOTOpOIl aBTOp yTBEPKIAET, YTO BOIPOC O CUCTEMAX
OTCYETa UM UX POJIM B COBPEMEHHOU TEOPUM TI'PABUTAIIMU B MPUHITA-
e perreH. OmMHAKO Ha)ke B CIENUAIBHON TeOPUM OTHOCUTEITLHOCTH
(CTO) cymrecTByIoT ”TeMHBIE NITHA”, Ha KOTOPEIE B COBPEMEHHOI
TeOpUU TPENNOYnTAIOT He obpalaTh BHUMaHuA. MMeHHO paszbopy
TPYIHOCTEW U KOHCTPYKTUBHOMY BBIXOMY W3 HUX U TOCBAIIEHA TaH-
Hasg KHUra. OCHOBHOE MOCTMXKeHWe KHUTHU, Ha B3TJISI aBTOpa, STO
co3aHue Ha OCHOBe, TIPENJIOKEHHOTO aBTOPOM MOCTYJIaTa KBUBa-
JIEHTHBIX CUTYAaIllil, HOBOI 00JIaCT! UCCIIEOBAHUN - YCTAHOBJIEHIE
CBS3U MeXIy TeoMeTpuell MPOCTPAHCTBa-BpeMeHN U KJIaCCUYeCKUMU
MTOJIIMU CBA3aHHBIX CTPYKTYpP. IlpoBeneHHbIe MCCeOBaHUSA TTOKa3a-
JIN, YTO KPUBU3HA MPOCTPAHCTBa-BpeMeHU He ABJISETCS IMPEpPOraTH-
Bort OTO OuinnITeliHA, U JTIOObIEe CUIIOBBIE MOJIS MOTYT IIPUBOAUTE K
HEEBKJIMAOBLIM reoMeTpusM. Halim B KHUTe oTpakeHUe TaK¥kKe BO-
IIPOCHI, MPENCTABIIIONINE MHTEPEC NI CHEIMAJIMCTOB MO MPUKJIIa-
HOW 5JIEK TPOIUHAMUKE U PEJITTUBUCTCKON MeXaHWKe CIIONTHBIX CPE]T.

91 uckpenne npusHaTesieH cBouM KosuteramM FHO. AmunpeeBy m M.
dunbueHKOBY 3a MOCTOSHHBIN MHTepeC K paboTe W TOJIe3HBIE TUC-
Kyccum. 91 6arogapro cBOMX COTPYIHUKOB U3 JabopaTopuu ~ ['enepu-
POBAaHUSI U U3MePEHUS TapaMeTPOB 3JIEK TPOMArHUTHBIX UMITYJTHCOB”
BHUNO®N C. AnrvbeTkoBa, M. Ilenucoa, A. I[lybpoBuna, C. Musts-
kKoBa, . MenbkoBy, O. MuxeeBa, B. CabenpuukoBa, K. Caxaposa, .
Csexuca, B. Typkuna, B. Yronepa, C. ®ponoa, T. XapuToHOBY 3a
6J1aroXKeJIaTeIbHOCTh U MO AepXKKY U ocobeHHo nupekTopa BHUNO-
®N n.t.n. B.C. UBanoBa, 3aB. jgab. mpod. A.A. Cokosoa, H.®d. Co-
koJioBy u .M. CrmekTopa, 63 aKTUBHOI MOMOITIA KOTOPBIX BBIMYCK
KHUTHU OBLJT 6BI BechbMa IpobjieMaTUueH.

C. Ilodocenos



BBEIEHUE

Bormpochl nHeprmaJ bHON HABUTAIIUU C YYETOM PEIITUBUCTCKUX
MIONPABOK [IJIA pPellleHns TPebyoT MPUBJIeUeHNs aHAJTMTUYECKOTO all-
HmapaTa peJITUBUCTCKUX HeMHepUualbHEIX cucTeM orcuera (HCO).
OmnHako B pesISTUBUCTCKON TEOPUU HE CYIIEeCTBYET €IMHOrO aHaJIu-
TUYECKOTO OMpeeSIeHnd KaK CIUCTEM OTCYeTa, TaK U MPaBWI, yCTa-
HaBJIMBAMOIMUX Tepexon Mexny Humu [1]. [laxe nmpu paccMoTpeHun
npoctetmux HCO B cnenmansHoit Teopun otHOocuTensHocTH (CTO)
TaKUX KaK PaBHOYCKOpPEHHAsd M PABHOMEPHO BPAIMAOIAsLCS, TPUXO-
OUTCS CTAJIKABATHCA C JIOTMYECKUME TPYIHOCTIME, KOTOPBIM yIeJI-
eTcs MaJio BHUMaHuA B paboTax mo cucremaMm orcdera. OcTaHOBUM-
csa GoJtee TTOAPOOGHO HA CYTH BO3ZHUKAOIIUX TPYIHOCTEHN Ha IMpPUMepE
paBHoyckopenHort HCO.

[IpunsTo cuntarh [3], 4TO Mepexon B XKeCTKYIO PaBHOYCKOPEH-
uyto HCO ocyimecTBigeTcsa mpu MOMOIEI U3BECTHOTO IIpeobpasoBa-
uus Mesuiepa. Omuako [4], B CTO He mMoxeT GBITH Takoll cuTya-
1K, KOTa YCKOPEHME BCEX YACTUIl CPEABI B COMTY TCTBYIOITIEN CHACTE-
Me OTCUYeTa ITOCTOSHHO U ONMHAKOBO M KOHT'PYEHITNS MUPOBBIX JINHUAM
KecTKasg B cMbiciie bopHa. Ananms npeobpasoBanus Messepa moka-
3aJ1, uTO B 6asuce Pepmu—y osikepa, K KOTOPOMY U OTHOCSTCS ITOKa3a-
HUS AKCEJIEPOMETPOB [5], YCKOPEHUS pasInYHBIX YACTUI] He SIBIISIOTCS
ONMHAKOBBIMMU, & BEIYMCIAIOTCA 1o dopmydte aly) = ag/(1 + agy/c?),
rlle a) — YCKOpeHWe YaCTUIBI BIOJIb OCH Y, HAXOMSIINENCT B Hada-
Jie JIarPaHKeBOW COITY TCTBYIOIIEN CUCTEMBI KOOPANHAT, ¢ — CKOPCTH
cBeTa B BakyyMe. Takum ob6pasom, mpeobpasoBanne Messepa He omu-
CBIBAIOT Tepexofia K riobaiibao paBHoyckoperntnonn HCO. Kaxmas us
JIarpaHKeBhIX YaCTUIl IBUXKETCS C IOCTOSHHBIM YCKOPEHUEM, HO 5T
YCKOpEHUsS He paBHBI APYT Opyry [2].

AsnpTepHaTuUBON MTpeobpasoBanus Mesiepa ABIsIeTCS Tpeobpaso-
Banue JloryHnoBa [6], onuchrBatolriee mepexon 0T WHEPIUATIBLHON CHC-
tembl orcuera (UCO) k pensruBucTckoin papaoyckopentoir HCO, B
KOTOPOW KaxXas U3 JJarPaHKeBBIX YacTUIl 6a3mca IBUKETCS C TTOCTO-
AHHBIM ycKopeHneM. Takas cucTeMa oTcUeTa MOXKET OBITH peajim3o-
BaHa MPU PACCMOTPEHNN 3apsAKeHHOW HEB3aMMOIENCTBYIOIIEN OIHA
C IPYTON OMMHAKOBBRIMU YaCTUIAMU IIBLJIA, TBUXKYIIENCS C HYJIEBOU
HAYaJIbHOW CKOPOCTHIO B OMHOPOMTHOM 3JIeKTpudeckoM moste. OmHaxo,
eCJIN C TOMOIIBIO CTAHIAPTHON MPOIEMYPHI [7] BRIYNCIUTD TPexXMep-
HBII METPUYECKUN TEH30p, 3aMaHHBIA Ha TUIEPIOBEPXHOCTUA OPTO-
TOHAJIBHON MUPOBBIM JIMHUSM YacTuUIll 6a3rca, TO MOXHO y6enuThCs,



yTo ” pusmyueckoe”’ MPpOCTPAHCTBEHHOE PACCTOSHUE MEXKOY COCETHU-
MW MUPOBBIMU JIMHUSIMU 6YIET yBEJINUNBATHCA C TeUEeHNEM BPEMEHN.
Taxum o6paszom, riro6aIbHO paBHOYCKOpeHHas cucteMa JloryHoBa He
SIBJILETCS PENITUBUCTCKY (B cMbiciie BopHa) X&ecTKoil.

[Tomyunnu mapamokcajbHEIN pe3ynbraT. OnumHAKOBas HJIS BCEX
yacTull Gu3nUIecKas CUTyallusd MpUBeja K IBUXKEHUIO YaCTUIl OTHO-
cutesibHo Apyr apyra (cuctema Jlorywuosa). s Toro uTobel sTH
YaCTUIEI OBIM B3aMMHO HEITOABUKHBI, HEOOXOMUMO K HUM IIPUKJIa-
IOBIBATh pasHble cuibl (cucTema Memutepa).

[TapamgokcasibHOCTDh TaKOW CUTyallMl MOXHO pa3obpaTh ellle Ha
OIHOM HAaIJISIHOM IpHUMepe, He CBA3AHHOM C DJIEKTPOINHAMUKOM.

IIycTs BOOSIE OCH X OMHOBPEMEHHO CTAPTYIOT OBa OOUHAKOBBIX
aBTOMOOWIIS, CBA3AHHBIX XPYIKAM HEBECOMBIM CTEPKHEM, KOTOPBIN
JIOMAEeTCS, €CJIA B CUCTEME OTCUYETA, CBA3AHHON CO CTEPXKHEM, pac-
CTOSHIME MEXIY aBTOMOOWIIIMU W3MEHIETCI B Ty WM UHYIO CTOPO-
Hy. OKa3sIBaeTCs, YTO CTEPKEHD JIOMAETCS, ECIIA HA yIaCTKe Pa3roHa
OBUTaTESIN MAIH Pa3BUBAIOT ONUHAKOBYIO TArY (cucTema Jloryso-
Ba) U He JIOMAeTCs, CJIU BTOPOW aBTOMOOWIIL Pa3BUBAET GOJIBIIYIO
MOIIIHOCTH, YeM TepBEIA (cucTema Memtepa).

Taxum obpaszom, B pamkax CTO Hemb3g MOCTPOUTH JIOTMYECKU
CTPONHYIO TEOPUIO YIPYTOCTH, OCHOBAHHYIO Ha OTCYTCTBUHU B TBEP-
moM Tejie AedopMalliil U HAIPSKEHUN, eCJI DTO TEJI0 ABUKETCS CBO-
60mMHO B OMHOPOITHOM CHJIOBOM TToJjie. OnuHAKOBEIE CTAIMOHAPHEBIE (H-
3MYeCKUe YCIIOBUS IS KaX IO M3 YaCTUI] CPEIBl IIPUBOAAT K HECTa-
IIMOHAPHON MeTPUKE.

C MaTeMaTUYeCKOW TOYKU 3pEHUSA MOJYYEeHHBI Pe3ysIbTaT To-
HITeH. ECim M3MepaATh paccTodHMEe MEXIY COCETHUMHN MUPOBBIMU
JIMHUAMU B Tuiiepruiockoctu ¢ = const B ucxomuonn MCO, To ero mo-
CTOSHCTBO B APYTUX THUIEPIIOBEPXHOCTAX MApaJIIETBbHBIX UCXOMHON
03HAYaeT, YTO PACCTOTHUE MEXIY STUMU XK€ MUPOBBIMU JIMHASIMU
B TUIMEPIIOBEPXHOCTIX OPTOrOHAJIBHBIX STUM JIMHUAM, OymeT BOOO-
Iile TOBOpS, W3MeHAThCA. VIcKiTfoueHne mpencTaBiseT ciydail, Kormaa
MUPOBBIE JIMHUN TapaJiiieibHble mpaMbie. [Iyig 5Toro ciaydyas paBHO-
MEpPHOT0 MBUKEHUS TBEPIOTO Tejla B OTCY TCTBUH CUIJIOBOTO ITIOJIA Pac-
crosaure I, MeXOy MUPOBBIMU JIMHUSIMU B TUIIEPIUIOCKOCTH t = const
CBSI3aHO C paccTosHueM [ MeXOy MUPOBBIMU JIMHUIMH Ha OpPTO-
TOHAJIBHO WM TUIMEPIOBEPXHOCTH II0 XOPOIIO W3BECTHOW (POpMYJIe
L = Ly(1 — (v/c)?)2. OueBunno, uTo ecyim v = const, To MOCTO-
aHCTBO L obecreumBaeT MOCTOSHCTBO L, T.e. KITACCUIECKU JKECTKOE
IBUKEHNE ABIISETCI U PEJITTUBUCTCKU XKEeCTKAM. Ecim X&e cKopocTh
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v = v(t), To mocTtosHCTBO L He BiedeT mocTosHCTBA Lj. Y CKOpeH-
HO€ NBUXKEHNE KJIACCUYECKU TBEPOOTO Tejla IIPUBOAUT K 3aBUCIIIIUM
OT BpeMeHU OedopMalludM, €CJIU 3TO TeJI0 pacCcMaTpUBaTh C pesid-
TUBUCTCKUX MO3ULINN.

Mnoro BHUMaHUS B IUTEPATYPe YIAEJIIeTCI TaKkKe paCCMOTPEHNUTO
BpaIllaTeJIbHOTO NBUXKEHUS B Teopuu oTHocuTesbHocTHU. Ilpm pac-
CMOTPEeHUHU BPAaIIalonIerocs N1ucka o6bIYHO BEIOMPAIOT HETIOABUKHYIO
CUCTeMY OTcCYeTa, B KOTOPO! BBOIAT IHUJINMHAPUYECKNE KOOPANMHATHI
ro, 0o, 20, Lo U MepexXondaT K BpAIAIOIIeNcsa cCucTeMe oTcueTa r, 6, z,
t coryiacHO popMmyJsiaMm:

ro=r, Ggp=0+wt, zy==z, ty=t,

rle yriioBasd CKOPOCTh BPAIllEHUS W OTHOCUTEIBHO OCH Z CUMTAETCH
noctosuHoi. Xt [8] ( kak u paree Jlays [9] ) ykasanu, 9To Bpamma-
IOITIEECS TEJIO B 5TOM CJIydae JOJIKHO UMeTh KOHEUHBIN pamumyc, T.K.
CKOPOCTH, U3MEHSIOIIAACA 10 JIMHEMHOMY 3aKOHY, MOIJia 6Bl B 3TOM
cily4ae TIPEBBICUTH CKOPOCTH cBeTa ¢ nipu 7 > ¢/w. Ilo sToit npuunse
XUy mpuiiiesI K 3aKII0U9eHNI0, YTO 3aKOH PacIpelesieHns CKOPOCTel
C pacCTOSHUEM MOJIKeH ObITh HejanHeilHBIM. C BO3paXkeHUIMU IIPOo-
tuB Xwusna BeicTynun Posen [10], [11], koTopshiil ykasai, 4To 3aKOH
pacIipefiesIeHIs CKOPOCTEN B 3aBUCUMOCTH OT PaIlyCa IIPOTUBOPEYNT
KPUTEPUIO XKEeCTKOro OBMXKEeHN B cMbIciie BopHa, a mosToMy 5TOT 3a-
KOH He TONUTCS IJI TBEPHOro TeJjla, a TOOUTCS JINIIb OJId KUIKOCTH.
Kpurepuit xecTkocTu mo bopHy npuBoauT K JIMHETHOMY 3aKOHY pac-
IpeneieHrs CKOPOCTEN B 3aBUCUMOCTH OT pafuyca. Takum obpasom,
B mpocTpaHcTBe MUHKOBCKOTO He CYIIIECTBYET XKECTKOI PaBHOMEPHO
BpaIlaoIIeiiCcs CUCTEMBI OTCUeTa IIPUTOMHON IJId JIFOOBIX PaCCTOIHUI
OT OCH BpallleHHUs.

IIpu ompenesieHNN QU3MYECKOrO COMEPKAHUSA MOHATUSL CUCTEMEI
OTCYEeTa CYILIECTBYEeT B OTJIMYNE OT aHAJUTUYECKOILO IIOJHOE eIUH-
cTBO B3ryam0B. Ilom cucTeMoil oTcyeTa MOHUMAETCS JIN60 HEKOTOPOE
TeJI0 0TCYeTa, MO0 COBOKYIHOCTH GECKOHEYHOIO YMCia TeJl, 3aIloJl-
HAOIIUX IPOCTPAHCTBO, CHabKEHHBIX MacliiTabaMu 1 yacamu. MHas
KapTHUHA UMeEeT MECTO IIPU PaCcCMOTPEHUN MeOMETPUUECKOI0 0To6pa-
XKEHNA CUCTEMBI OTCUETa M YyCTAHOBJIEHUNU IIPABUJI IEPeXoia MeXIy
pasIMyYHBIMU cucTeMaMu. JIMCKyccuu Mo >TUM BOIPOCaM IOAPOGHO
obcyxkmanuch B paborax B.M. Ponuuesa [1], [12-14], B koTOpBIX man
IIOJIHBIN aHAJIN3 TPYAHOCTEN, CBA3aHHBIX C OIMCAHUEM CHCTEM OTCUe-
Ta. B BhImenieir o63opHoit pabote [15] paborsr PonuueBa TpakTy-
I0TCA KaK IIpeXIeBpeMeHHbIe, OMHAKO MOABUBIINECS B 3apy6exKHOI
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neuaTu cTaThu [16, 17] mokaspBaoT, YTO HETPAIUIIMOHHBIA TOIXO
Kk HCO mnocTemneHHo HaunmHaeT MPUBJIEKATh BHUMaHUe. B udacTHOC-
Tu MeTpuka paHoyckopentoii HCO, npemsaraemas B [16, 17], 65112
HalileHa aBTOPOM HacTosInel paboTsr (pasmen 1) Ha cemb jeT patee
[18].

N3 pazobpaHHBIX TPUMEPOB BHITEKAET, YTO OMUCAHUE XKECTKUX
HCO B pamkax CTO mpuBoguT K JIOTMYECKUM TPYTHOCTSIM, KOTO-
pHle, KaK OyleT IMoKa3aHO HUXKe, MOXKHO IMPeOooJIeTh MyTeM BBIXOIA
3a paMKHU IIJIOCKOTO MPOoCTpaHcTBa—BpeMeHu. [lomobHbIe uTen BRICKa-
seiBaJinch B.JM. PomuueBbiM, HO He TOJIyYMJIU TPU €TI0 KU3HU OKOH-
YaTeJILHOTO 3aBepIlleHNs U MPU3HAHU.

OnmHuM 13 IeHTPAJIbHBIX BOIIPOCOB, PACCMaTPUBAEMBIX B paboTe,
ABJITE€TCA yCTaHOBJIeHus npaBuil epexona oT HCO x MCO u Haobo-
poT. DTUM BompocaM B paboTe ymessseTCs MHOTO BHUMAaHMU.

Bce HCO MbI mogpa3nesisieM Ha 2 KJjlacca:

1. HCO c¢ 3adannvim 3axonom 0euxrcenus.

2. HCO ¢ 3adannoti cmpyxmypod.

Hawub6omnee pacnpocTpaHenHusin criocob nepexona ot MCO x HCO,
BOCXONAIIMI K paboTam DuHIITeNHA [48], CBI3bIBaeTCs ¢ peobpaso-
BaHUEM KOOPIMHAT HEJIMHEMHBIM 06pa30oM COmepKAIINM BpeMs (T.e ¢
3aKOHOM [IBUXKEHUS CIJIONTHOW CPeNbl B IlepeMeHHBIX JlarpaHxka, Ko-
TOPBIN MOJTyYaeTCs, HAIPUMepP, C TOMOIIbI0 MHTETPUPOBAHUSI ypPaB-
HEHUII OBIDKEHWS B IepeMeHHBIX Jiiiepa). Takoit cmocob mepexona
B HCO u paznuuHble MomuUKaIMy HAIIIA OTpPaXeHUe B paboTax
3enbmaHoBa, UBanutikoit, MutikeBuua, BiaamumupoBa u np. cho,
YTO eCJI YpaBHeHUs MBUXKEHUS OBLIN 3alaHBI B MpocTpaHcTBe MuH-
KOBCKOT'O, TO HUKAKUMU TIPeoOpa30BaHUIMU KOOPAMHAT, KaK COmep-
KAIIMU, TaK U He COAePXKAIMMU BpeMs HeJIb3d BBHIUTU 3a PaMKWU
ITOCKOTO TIPOCTPAHCTBAa-BpeMeHU, T.K. HEJIb3s TOJYYUTh OTINYHBIN
oT HyJig TeH30p Pumana-Kpuctodpdens, ecou 8 MCO on oTcyTcTBO-
Bail. HCO ¢ makxumu ceoticmeamu mor omuocum v HCO 1-20 xaacca.

B HCO 2-20 xaacca mpebyemca ne moabko 3HAHUE 3GKOHA 06U-
HCEHUT CNAOWHOY cpedbl, Ho u 3apanee 3adatomca ceoticmea CO,
onpedeagemvie MeH30PaAMU cKoOpocmel dedopmayuti, men3opamu yea-
40601 CKOPOCTU 68PAULEHUSL

IIpu sTOM OKaszBIBaeTCs, YTO MpocTpaHCTBO MWUHKOBCKOTO, Ha-
puMep, ABJIS€TCA ~TEeCHBIM , YTOOBI YIOBJIIETBOPUTH OTHOBPEMEHHO
maxe TPOCTERNINM TPeGOBAHIIM: XeCTKOCTHU (B cMbiciie Bopna) u
PaBHOYCKOPEHHOCTM.

Hanpumep, 8 naockom mnpocmpancmee-epemeny HEEO3MONCHO
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meepdomenbroe deuNCeHUe PAKeMbl ¢ NOCMOIHHbBIM Ycropenuem. B
CO2AACUU € NOCTNYAAGMOM, YWMO CE0UCTNEA NPOCTMPAHCINEA-8PEMENY
8 KOCMUUECKOM KOpabaie 0 u nocae 8KA0UeHUT deuzamedneti doaxc-
Hbl OCMAMbCA HEUSMERHBIMU, Mbl OYJeM 6bIHYHCIEHBL KOHCTMAMUDO-
8amb:

a). Ymo npu pasnoyckopennom Jdeudxcenuu pakema aAubo pac-
coingemcd (nomepgem dxcecmrocms), Aubo pasmnvle YaACMU PAKEMbl
doadHCHBL A6ULAMBCT € PA3HBIM YCKOPEHUEM.

6). Ecau sce npungame, wmo 6ce uwacmu paxemsvt 06UNCYMCT ¢
00UHAKOBLIM YCKOPEHUEM U PAKEMA NPU IMOM COTPAHIEM HCECTM-
KOCMb, MO Mbl ¢ HEOOLOOUMOCTNBIO AOAHCHBL 8LIUMU 3G PAMKU NPO-
cmpancmea Munxosckoeo.

IIpu neperode 6 HCO 1-20 waacca Heg6HO UCNOAB3YEMCT Cdae-
dyrwut nocmyaam: Brarouenue cuao60eo noag ocmasagem npoc-
mparcmeo—epems naockum. Muvi, 6 dyze udeti OTO, comnesaemed,
YMO IMOM NOCMYAAM HOCUM YHUBEPCAALHBIL Taparmep U donycka-
eM, UMO 6KANUEHUE CUAOB020 NOAT MONHCEM USMEHUMb CMPYKMYPY
npocmparcmea—epemenu. IIpu amom npocmparcmeo—epems 6ydem
UCKPUBAEHHBIM TOAbKO dad Habawdameaet 6 HCO, xomopvie ucnui-
muigatom deticmeue cua nNoad u cua unepyuu. Habarwdameau, onu-
cviearujue deuxcenue cpedol, narodacy 6 UCO, ne nodsepacenvt deti-
CTNBUI CUAL NOAL U CUA UHEPUYUU, U OAL HUT MPOCMPAHCIMEO0—6PeMA
0CMaemca NAoCKUM.

T.x. merpuka HCO 2-ro ksacca — puMaHoBa, TO SCHO, YTO HUKa-
KIMU KOOPAWHATHBIMU MIPeobpa3oBaHUAMUI, B TOM UYKCJIe U COMEPKA-
My BpeMs, Hesib3s nepeiit oT MCO mpocTpancTBa MuHKOBCKOTO
Kk HCO npoctpanctBy Pumana.

B pabote paccmoTrpeno npeo6pazoBanue ot HCO x xBasu—-NCO,
KOTOpas MPeACTaBIIeTCSI B BUIE€ KOHTPYEHIINN T€0Ie3MYeCKUX JINHAMN
YaCTHUIl, CBOGOMHO MaJafoINX C HYJIEBOW HAYAJIBHON CKOPOCTHIO OT-
nocutesibHo HCO. KoHrpyeHnms reome3sndecKux JIUHAN He SBIIAETCS
KeCTKOU 1 TPOCTPAHCTBEHHAS METPUKA CONEPKUT B SIBHOM BUJIE JIO-
peHIIeBHI cokpaltieHns. [[losToMy Bo3HMKaeT eCTECTBEHHBI BOIIPOC:
” Tlouemy mipu mpeobpaszoBaHuax Messiepa u IIpu Mepexonax MeXIy
neymst MCO, oTobpaxkaeMbIx npeobpasoBanusmu JlopeHIia, HUKaKux
JIOPEHIIEBBIX COKpPAIIEHUI He MIPOUCXOauT?!

511 oTBeTa Ha 5TOT BOIPOC, OMMCAH HA S3BIKE MEXAHUKM CILIIOII-
HOW CpeIbl Mepexol MeXIy Mpom3BoiibHbIMEU XkecTKuMu MCO u mo-
siydeHsl mpeobpasoBanus Jloperiia obirero suma.

PaccmoTpena rpynna kBasu—MCO B omHOpOmHOM TI0JTE.
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HCO Memnepa mopoxnaeTcs HeOTHOPOIHBIM CUJIOBBHIM IIOJIEM,
HO OCTaBJIfeT XKECTKUM B MpoCTpaHCTBe MWHKOBCKOTO KaK KapKac
HCO, Ttax u xapkac ICO. PaBuoyckopennas HCO nopoxmaercs ofi-
HOPOMHBIM CHUJIOBBIM IT0JIEM U UMeeT KEeCTKUU KapKac, OMHAKO KapKac
kBasu-MCO medpopMupyeTcs ¢ TeueHNeM BpeMeHU BIIOJIb HAIpaBile-
HUS TIOJIS M €ro MPOCTPAaHCTBEHHO—BpPEMEHHAsS TeOMETPUs SBIISET-
cAd puMaHOBOI. Bo3HUKaeT BOIIPOC 0 HAXOXIEHUU MTPeobpa3oBaHUM
Mexkny paznudHbiMu KBa3u—-NCO, nBuXyImmmuMucs ogHa OTHOCUTEIb-
HO OPYToll B 3alaHHOM CHJIOBOM IIOJI€, SKBUBAJIEHTHBIX IIpeobpaso-
BaHuto Jlopenna nis MCO. Ilonyuensr npeobpa3oBaHust, COXPaHIIO-
e MeTpuky kBa3u—MCO dpopMuHBapMaHTHON, YTO O3HAYAET PaB-
HOIPABHOCTH paccMoTpeHHBIX KBasn—-MCO. Ilomyuen 3akoH OBuUKe-
HUS 71 pas3inyHbiX KBasu—MCO, KOTOpHIT ABIISETCS aHAJIOTOM IIpe-
obpasoBanusg Jlopenna ams MCO u mpu paBHOM HYJIIO yCKOpeHUU
COBIalaeT C Mpeobpa3oBaHusMu JlopeHiia.

PaccMoTpenbl Bompockl, CBA3aHHBIE C U3MEPEHUSIMU QU3UIECKUAX
BesinunH B kKBa3u—-MCO u HCO. Tak kak metpuka kBa3u—NCO B on-
HOPOIHOM TIOJIe 0Ka3aJlaCh PUMAHOBOW, TO MPUXOAUTCSA CTAJIIKUBATH-
CA C OIpeNeJIeHHBIMU TPYIHOCTIMU IIPU WHTEPIIPETAIINN U3MEPEHUM
KakKux—mb0o Pu3ndecKUX BEJIUYNH, BBIPAXKAEMBIX Uepe3 TeOMeTpPU-
yeckne o6beKTHI. B mpocTpaHcTBe PuMmana oTcyTcTByeT MOHATUE
paanyca—BeKTOpa, a BpeMeHHass KOOPANHATA He IBJIA€TCSA BPEMEHEM,
KaK 9TO MMeeT MEeCTO B IMPOCTpaHCTBe MUHKOBCKOTO B rajiMjieeBHIX
KoopauHaTax. |'ajusmeeBsl KOOPAUHATEL ABJISIOTCSI STAJIOHHBIME, Ue-
pe3 KOTOphIe BCerja MOXKHO BBIPa3UTh (Pu3MdecKue BeJUYMHBI, 3a-
MaHHBIE B MIPOM3BOJIBHBIX MPOCTPAHCTBEHHO—BPEMEHHBIX KOODIMHA-
Tax. Takas BO3MOXHOCTH OOYCJIOBJIEHA TOXKIECTBEHHBIM PaBEHCT-
BoM HyJI0 TeH3opa Pumana—Kpucrtodpdens B mpocTpancTBe Mun-
KOBCKOTO, UTO MHOMyCKaeT CBeIeHUE MPOU3BOJILHOM METPHUKU K Ta-
JINJIeeBO BO BCel 06JIacTU MpOoCTpaHCTBa—BpeMeHu. B pumanoBOM
IIPOCTPAHCTBE TAKOW OMOPHOW STAJIOHHON METPUKM He CYIIeCTBYET.
Wcnonb3oBanme TeTpagHoro popmMasmiMa He CHUIMAET BCEX TPYIHOC-
Tell PU UHTEPIPETAINN U3MEPEHNA. XOTSI TeTPAJHbBIe KOMIOHEHTEI
TEH30POB U SABJIAIOTCH ~ GU3NUYECKUMU~ , OJHAKO OHU CYTh PYHKIIU
IIPOCTPaHCTBEHHO—BPEMEHHBIX TOYEK, KOTOPhIe HE MMEIOT MeTpUUec-
KOro cMeIciIa. TakuM o6pa3oM, BOSHUKAET BOIIPOC 06 OTBICKAHUHT 9Ta-
JIOHHBIX ~3aTpPaBOUYHBIX  KoopaumHaT. Onupasgch Ha ~3aTpaBouHBIe”
KOOPAMHATEHI TNIOCKOTO TIPOCTPAHCTBa—BPEMEHN, MBI TIOCTPOMIIA MET-
posioruto HCO B puMaHOBOM NMPOCTpPaHCTBe—BPEMEHU, UTO MTO3BOJIU-
JI0 BBIICHUTH METPUYECKUN CMBICII W3MepPIEMBIX PU3NIECKUX BEJI-
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YIH.

B xadecTBe mpumepa pacCMOTpPeHO PaBHOYCKOPEHHOE NBUXKEHUE
KOCMUIUYECKOTro Kopabiid ¢ "koMbopTHEIM” ycKopenueM ay = 10 a/c?.
CobcTBeHHOE BpeMs KOCMOHABTOB T CBA3aHO CO BpeMeHeM HabJTioa-
testeit B UCO T u Bpemenem kBazu—MNCO ¢ cooTHoleHMEM

C

T=— [1 — exp<2(1 — (1 +ﬁ2)1/2)>] = iSim(OLOt/C)v

Qg Qg

KOTOpo€ CMJIBHO OTJIMYa€TCA OT COOCTBEHHOTO BpeMeEHN

T = (¢/ag) In (B+ (1 + 5%)"?)

[7] mpu paccMoTpeHNU paBHOYCKOPEHHOTO IBUKEHUS B IPOCTPAHCTBE
MunkoBckoro miis 6ompiux 3uadennit § = (ay1/c). Peasrusuctc-
K1l 5¢pdEKT COKpallleHns COGCTBEHHOr0 BpeMeH) 3HaYNTeILHO 6oee
BeIpaxeH, yeM B CTO. Hailinennas ¢popmysia 6oiiee mpuBiieKaTeIbHA,
yem B CTO, mig manbHUX MeX3Be3OHBIX IIyTelrecTBuii. Hampumep,
npu T — oo, 7 = c¢/ay = 347.22 cyTok. DTo 03HAYaeT, YTO 3a
rofl XU3HIN KOCMOHaBTa, ABUXKYIIEroCcsd paBHOYCKOPEHHO C YCKOPEHM-
eM cBoGomHoro mamenus, mo yacam MCO mpoiigeT 6eckoHedHo 60J1h-
IO TIPOMEXKYTOK BpeMeHu. I3 mpuBeneHHBIX HOPMyYJI CIIEAyeT, YTO
npu T — oo B kBasu—-NCO npoxomur Bpems t = wc/(2a). U3 3ako-
HOB IBUKEHNUS CJIefyeT, 9To IBUTaich ¢ yckopenueM ay = 10 #x/c? 3a
BpeMs (0 YacaM KOCMOHAaBTa ) MeHbIlee 348 CyTOK MOXKHO IONacTh
B JII06YI0 yIajleHHyIo TOYKy BcesleHHOI, eciu MOoCIeqHIon, BOIPEKN
PENATUBUCTCKON KOCMOJIOTMN, OTHECTH K IIPOCTPAHCTBY MUHKOBCKO-
ro. Bomskue pesynpraTs 6b1n mostydeHs B [16], [17], uconssys (6e3
CCBUIKH) METPUKY, TIOJIyYeHHY0 HaMu paHee [18].

CilemyeT OTMETUTH, YTO XOTS B MPOCTPAHCTBE MMHKOBCKOIO 3a
BpeMs t = ¢/(2a() KOCMOHABT IpoJeTaeT GECKOHEUHO GOJIBIIOE pac-
CTOsHMe, OMHAKO OTHocuTeabHO KBasu—MCO mmuna myTu [ ocraercs
KOHEUYHOI U BEIYNCJIAETCA 110 (hOpMYJIe

t Ozl Ox! c?
[ = /0 <—911Eﬁ> dt = a—o(l — cos(aqpt/c)).

[pu t = wc/2ay) nonydaem | = c%/ay. usmaecknii CMEICST KOHEUHOC-
T paccTtosHus [ orHocuTesibHO KBa3u—-NCO cBg3aH ¢ mpencTabiie-
HIIEM MeTPWKU, YUUTHIBAIOIIEN JIopeHIeBo cokparltenune kBa3u—MCO
otHocuTesibHo HCO. HalinenHble HaMu 5TaJIOHHBIE KOOPIWHATHI 1
BpeMsd, COBIIaJaloliye C raJinjieeBRIMM KOOpAWMHATAMU U BpeMeHeM
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nmpocTpaHcTBa MUHKOBCKOTO, TTO3BOJIMJIN BBECTU B PUMAHOBOM IIPO-
CTPaHCTBE IMPEUMYIIECTBEHHYIO CHCTEMY KOOPAWHAT, MOCTPOUTH B
9TOW CUCTeMe Iojie TeTpamd u chopMyINpPOBAThH MpaBuia mpeobpaso-
BaHUS reOMeTPUYECKUX 00BHeKTOB 0T paBHOyckopeHHort HCO x NCO.

PaccMmoTpena Takke XecTKas paBHOMEPHO BpAaIlalOIleecsd CHC-
TeMa OTCUYeTa, peajin3yeMas B PUMAHOBOM MPOCTPAHCTBe—BPEMEHN.
[Tonyuena cuctema nuddepeHITNATLHEIX YPABHEHUN M1 KOMITIOHEHT
MeTpUYecKoro TeHzopa. CucTeMa ypaBHEHUI pelIaeTCs UMCIEHHO.
Pertrenne mpuMeHnMoO A1 JTIO60TO paCCTOSHUS OT IEHTPA.

N3 paccMoTpenHbIx B paboTe 3amad BUOHO, UTO IPOCTEUIINE
HCO moxHO peasim3oBaTh B pPUMAHOBOM ITPOCTPAHCTBE—BPEMEHN, O]I-
HAaKO He MCKJII0YeHa BO3MOXKHOCTE, UYTO M PUMAHOBO IIPOCTPAHCTBO—
BpeMs, KaK M €BKJIMIOBO, MOXKET OKa3aThCSA ~ TECHBIM , YTOOBI OIH-
caTh cBorcTBa npou3BoabHEIX HCO.

HaeTcs omHo W3 MPOCTEUINX O06OOIMEHNT PUMAHOBa MPOCTPaH-
CTBa, HA3BIBAEMOT'O MMPOCTPAHCTBOM MeTpudeckoi cBssHocTu [50]. B
9TOM MPOCTPAHCTBE BHIBEIEHBI YPaBHEHNUSI CTPYKTYPhI, KOTOPHIE SB-
JII0TCA 60slee OOIUME, YeEM B PUMaHOBOM.

[lenpio mpemtaraemoit paboTH ABIIETCS KaK HaJIbHEHIIEe pa3BU-
Tre HeTpamuimonHoro monxona K HCO, Tak m MomepHmM3alusa Tpa-
OUAIMOHHOTO.

st 5Toro GBI Pa3sBUT HETOJIOHOMHBIA MaTeMAaTHUYECKUA allla-
pat nepexona u3 MCO k HCO 1-ro kiacca. HeobxoguMocTh HeroJio-
HOMHBIX ITpeoOpa30BaHU BHI3BaHA B OOIEM CJIy4yae HECOBMAJIeHUEM
TUIEPIIOBEPXHOCTEN, OPTOrOHAIBHBIX MUPOBBIM JIMHIAM (T.e. ” pusu-
YecKuX’ IMPOCTPAHCTB HabJIIONaTeNel), ¢ TUMIEPIOBEPXHOCTSIMU OfI-
HOBpeMeHHBIX oTHOCUTeIbHO HCO cobwiTuii. [losToMy, HecMoTps Ha
TOJIOHOMHOCTH 3aKOHA IBUKEHUS CIUIOIIHOW CPeIbl, BOBHUKJIIN HETO-
JIOHOMHEBIE pPelephl, CBSI3BIBAIOIINE COCEMHIE MIUPOBBIE JINHUM Ha3uca
B ” pusuyeckoMm” mpocTpaHcTBe. OTCIONa BOZHUKHOBEHUE OTIIMYHOTO
OT HYJII 00BEKTa HETOJIOHOMHOCTH. Pa3BuTHIl anmapaT, HECMOTPS Ha,
BHEIITHEE PA3JIMune, OKa3aJiCd MO CYIIIECTBY SKBUBAJIEHTHBIM TEOPUN
XPOHOMETPUUYECKNX WHBAPUAHTOB 3€JIbMAaHOBAa M MOHATHOMY 0606-
meHnio BiaguMuposa.

Paspaboranubsiii MaTeMaTUYeCKU amlmapaT OJIs CACTeM 1-ro u
2-To KJlacca GBI MCIIOJTB30BaH MIJIS MOCTPOEHUS SJIEKTPONNHAMUKY B
HCO.

B pa6oTe npuBemeHb IpUMepPHI pacyeTa SJIEKTPOMATrHUTHERIX TI0-
seii B paBHOoyckopenuoit HCO. CdopmysnupoBaH KpUTepURl OTCYT-
CTBUS U3JIyUYeHUS IBUXKYIIIMMCS 3aPsI0M WA CUCTEMOU 3apsaaoB. [lo-
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Ka3aHO, YTO 3apsill, COBEPIIAIONINN TUMepOOSIMUecKoe MBUXKEHUE TO-
CTATOYHO MOJITO HEe M3JIyYaeT SJIEKTPOMArHUTHON YHEPruu, UTO CO-
ryiacyercsa ¢ Toukon 3perus M. bopua, B. Ilaynmu u B. I'uus6ypra.
Hatinennoe Hamu pellleHre B PUMAHOBOM ITPOCTPAHCTBe—BPEMEHU SIB-
siseTcsa aHasiorom peiteaus M. bopaa B mpocTpancTBe MUHKOBCKOTO.
B orsuume ot perienus bopHa HalimeHHOoe HaMU pellleHUe He MMeeT
”ropu3oHTa” , 33 KOTOPHIM 00pa3yeTcs BOJIHOBas 30Ha, [IOSTOMY M3JIY-
YeHHe OTCYTCTBYeT BO Bcell obacTu npocTtpancTBa—BpeMenu NCO.

B mocTpoennoit aBropom [18] kecTkoll paBHOMEpHO Bpallao-
IMeNiCS CUCTeMe 0TCUETa, Pealin3yeMoll B pUMaHOBOM ITPOCTPAHCTBe—
BpeMeHU, OJIS 3apsKEeHHBIX YacTHIl, ~BMOPOXKEHHBIX BO Bpalllaio-
IIUACS OUCK, TAKKe BBITOJTHIETCS KPUTEPUA OTCY TCTBUS U3ITYy YEHU.

Pemrena 3agada o pacmpocTpaHeHMH 3JIEKTPOMArHUTHBIX BOJTH
B paBHOycKopeHHoii HCO u mpou3sBenmeHo npeobpa3oBaHue MOJIEN 13
HCO B UCO. Ha ocHoBaHUU TIOJTyYE€HHOTO PeIlleHNs ITPOU3BENEH Pac-
YeT TIpomoJibHOro sddekTa [lonmiepa u MpoBeneHO CpaBHEHUE pe-
3YJIbTATOB, MOJIyYaeMBIX MIPU pacdeTe 5TOro Xke 3pdeKTa ¢ MOMOIIHIO
npeobpasoBanus Mestepa. CpaBHeHMe IPUBOAUT K OTJIUYHBIM IPYT
OT Ipyra pe3yiabTaTaM, U TOJILKO HKCHEPUMEHT MOXET YCTaHOBUTH
KaKOl U3 HTUX MOAXOIOB MPaBOMEPEH.

HeTpaauimoHHbI MOAX0 TTO3BOIMII PACCMAaTPUBATD 3a1aul, KO-
TOpble Ha TEPBHIA B3TJIAN He mMeloT HuUKakoro orTHoireHus Kk HCO,
HO Ha CaMOM [iejle OKa3aJIuCh C HUMU TeCHO CBA3aHHBIMU.

BosHukia HoBasg o6sacTh mMpobiieM, Ha3zBaHHas aBTOPOM KakK
”T'eoMeTpus MPOCTPAHCTBa—BPeMeHN U KJIACCMUYECKUe TTOJIsS CBI3aH-
HBIX CTPYKTYp” . PaccMoTpuM BKpaTile CyTh MpPOOIIEMEL.

B xnaccudeckoil »yileKTpoiMHAMWKE CUUTAETCS, UTO TOJIe TTOKOS-
merocsa B MCO TodeuyHoro 3apsana sBiIfeTCS KyJOHOBHIM BHE 3aBUCH-
MOCTH OT TOTO SBJIAETCS JIU 3apsi CBOOOMHBIM WJI CyMMa CUJI, JTEM-
CTBYIOIIUX HA 3apsil, paBHa Hy 0. Hanmpumep, moste 0T TOYEYHOTO 3a-
psina, TIOABEIIEHHOTO Ha HUTHU MeX Ay OOKJIagKaMM 3apsIKeHHOTO KOH-
IMEeHCATOpPa, CYNTAETCS HE3ABUCAIIIUM OT HAIPIXKeHUS Ha OOKJIagKax
U TIPUHUMAETCSI PABHBIM IIOJII0 OT CBOOOMHOTO 3apsia, T.e. CYUTAETCS
chepudecKn—cuMMeTpUIHBIM. C IPYToil CTOPOHHI TMOJIe OT DTOrO XKe
3apsjia, MOIBEIIIEHHOTO Ha HUTU MeXIy OOK/IaaKaMu He3apsKeHHOTO
KOHJIEHCATOpa, HO MBUXKYIIETOCS PAaBHOYCKOPEHHO, TaK UTOOBI HAT -
JKeHUs HUTel B EPBOM U BTOPOM cjIydae OBLIN paBHBI, OJIS HAOIIIO-
natesis B HCO 6yneT akcnaJilbHO—CUMMeTPUYHBIM BHE 3aBUCHUMOCTH
oT Toro win uHoro Metoja nepexoga B HCO. Urak, onunakoBas ¢u-
3M9ecKas CUTyalusi, B KOTOPOI HaXOMATCS 3apsabl (OIMHAKOBEIE Ha-

17



TSKEHUS HATU) MPUBOAWT K HOJSIM C pasHoil cuMmMetpueit! 3apsn
”3HaeT’ O HmpUYMHe, BBHI3BIBalOIIell HaTaxXeHune. Hammiio mapamoxkc,
KOTOPHBIN TpebyeT paspeleHns.

B npennaraemoit paboTe HaliieHO TOYHOe pellleHne IS TOJIS 3a-
psina B paBuHoyckopenuoir HCO, peasmsyemMoe B pUMaHOBOM IIPO-
CTpaHCTBe—BpPEMEHH, YTO MO3BOJITET OTHLICKUBATH '€OMETPUU U TO-
JI OT 3apsAXKeHHBIX MPOBOMHUKOB TPOM3BOJILHON dopMbl. [Ipu sToMm
0Ka3aJIoCh, UYTO I TeJI, 3apIKEeHHBIX MMOJIOXKUTEITBHO, ~ PEJITTUBUCT-
CKUe TIONPaBKK MaJIbl U CIpaBelJINBa OOBIYHAS BJIEKTPOCTATHUKA B
npocTpancTBe MunkoBckoro. MHas cuTyalius BO3HUKAaeT OJIS IIPO-
BOJTHUKOB, 3apPSXKEHHBIX OTPUIATEIFHO WM HAXOMSAIIUXCS BO BHEIII-
HEM 3JIeKTPUYeCcKOM moJie. [I[pramHa 5Toro jJeXxuT B TOM, UTO 3aPSIbl
Ha, IOBEPXHOCTY MPOBOMHUKOB MCIBITHIBAIOT CUJIBI OTPUIIATEIHHOTO
TMaBJIEHUS CO CTOPOHBI CO3/TaBaeMOro UMU 1oJist. CUITBI CO CTOPOHBI pe-
IIeTKU MPEMITCTBYIOT BBIETY 3JIEKTPOHOB C TTOBEPXHOCTHU MeTAaJlIA.
Iiig KaX[moro m3 5JIEKTPOHOB Ha MOBEPXHOCTU ITPOBOIHUKA BO3HU-
KaeT CUTyallus aHaJOTUYHad UX ~ pa3sMeIIeHnIM B HEKOTOPBHIX paB-
HoyckopeHHbIx HCO. [Ing KaxXmoro u3 3JIeKTPOHOB ~ycKopeHue” 6y-
meT OYeBUIHO HOPMAJILHO ITOBEPXHOCTU U HAIPABJIEHO HAPYXKY IIPO-
BOMHUKA. PoJIb HATIXEHNA HUTU, IPENSACTBYIONIER ' yCKOpEeHUo,”
6ymeT UrpaTh Cuija CO CTOPOHBI pelneTKu. Bemumumua ”yckopeHus”
ag = eF/2m, rne E — HanpsKeHHOCTH MOJISL B MAHHON TOYKE MOBEPX-
HOCTH, € — 3apial IJIEKTPOHa, M — Macca 3JIeKTpoHa. Kaxneiii u3
9JIEKTPOHOB TOBEPXHOCTU HAXOMAUTCS B PUMAaHOBOM MHPOCTPAHCTBE—
BpeMeHU, HO TTPOCTPAHCTBEHHbBIE TPEXMePHBIe CeUeHUs TIPU YTOM SIB-
JISIOTCS TIIOCKUMU. JTO TO3BOJITET HAWTHU MOTEHINAJ OT CUCTEMBI
3apsIOB BHE TIPOBOIHUKA, MHTETPUPYS MO TMTOBEPXHOCTU MPOBOMTHUKA
B IIJTOCKOM TpOCTpaHCcTBe. T'eM caMBIM MMO3BOJISET HANTU BhIpaKeHUe
IJIST TeH30pa SJIEKTPOMATHUTHOTO TOJs. Y paBHEHUS SJIEKTPONUHA-
MUKU COBMECTHO C TIOJIyUYeHHBIMU YPaBHEHUAMU CTPYKTYPHI, CBI3BI-
BAIOINMK KMHEMaTUUYeCKNe XapaKTePUCTUKN KOHTUHYYMa C TeH30-
POM KPUBU3HBI, TIO3BOJIIIOT B MPUHITUIIE, He 0OpaIasich K ypaBHEHU-
AM OUHIITelHA, HAXONUTH TeOMeTPUIO MMPOCTPAHCTBa—BpeMeH’, 00y-
CJIOBJIEHHYIO 3JIEKTPOMATrHUTHHIM IIOJIEM CBSA3aHHBIX 3aPSIOB.

Takas mporpamma OblJIa peajin30BaHa aBTOPOM IIPU PpeIeHUN
?IIKOJILHBIX 3a1au:

1. ITone 3apsxeHHON 6€CKOHEYHON TOHKOW TIJIACTHUHEI.

2. Ilose 3apsaXKeHHOTO MeTAJIIMYECKOTO IITapa.

3. Ilone 3apskeHHOIU HUTHU U O€CKOHEYHOrO MUINHIPA KOHEYHOTO
paamnyca.
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[Tpu 5TOoM OKazaJyioCch, UTO TMOJIe 3aPIKEHHON TIACTUHBI Peajn3y-
eTCd B pPUMaHOBOM IPOCTPAHCTBe—BpPeMeHU MOCTOSHHON KPUBU3HEI C
MeTPUKOU MOMOOHON MeTpUuKe MOJyYeHHON aBTOPOM IJis PaBHOYCKO-
PEHHOT'O IBUXKEHUS.

OHepaus IAeKMPUUECKO20 NOAT 6HYMPU OECKOHEUHO OAUHHOZ20
YUAUHOIPA NEPNEROUKYAIPHO20 NAOCKOCTU 0KA3AAACL PABHOU IHED-
euu noxod N aAeKmMPOHO8, PACTNOAOHCEHHBIT HaA 3APIHCEHHOUT NO6EPT-
Hocmu naouwadu S eHympu yuaundpa. B amy snepeuro me sxodum
geauuuna 3apgda Q saemenma naowadu.

OTO OCTaeTCs B CWJie U IJIS INIOCKOCTHU, 3apPAKEHHOUN ITOJIOKU-
TeJIbHO, B sTOM citydae posb Macchl (T.K. MO3UTPOHBL He SBIISIOTCS
YCTOMYNBBIME ) UTPAET MAcCa aTOMa IIPOBOIHNUKA, IOTEPSIBIIETO ONWH
RJIEK TPOH.

Taxum obpazom, cobcmeennad INEPeUL 3apA006 HA NAOCKOCTNU
0KA3aAACL PA6HOU UT INEP2UYU NoKOog!

Haiinerno TouHoe BBIpaXkeHUWe IJIA TIOJIT W T€OMETPUN MPOCTPAaH-
CTBa—BpeMeHN BHe 3apsIKeHHOTO MeTaJUTMUeCcKoro mapa. JI1obombiT-
HO OTMETUTH, UTO €CJIU MeXIy IIOJHBIM 3apsa/ioM Ha Iape () u
Maccoit »Toro sapama M cymecTByeT cooTHomienume Q%/M? = k
1 OpoOHBIMU 3apsgfaMU BHe IIapa ¢ ¢ MaccaMW m MMeeTCS aHaJIo-
TMYHAs 3aBUCUMOCTH (kK — TpaBUTAIMOHHAS MOCTOSHHAI, a HopMy-
aer npuBonsTcs B cucteme CI'CE), To u3 Hamero pereHuns ¢ 60Jib-
IIOU CTeNeHbIO NMPUOINKEHNS BEITEKaeT U3BEeCTHOE TOUHOE pellleHue
Painicuepa—HopacTpema, xapakTepusyoliee 5J1eKTPOBAKyyMHOE CTa-
TU4Yeckoe chepuiecKu—CUMMeTPUUHOE COBMECTHOE pellleHle YpaBHe-
HUM OWHIITelHa 1 MakcBesia i1 MOJIS 3JIeK TPUUeCcKn 3apaKeHHON
TOUYEYHON MAaCCHI.

Ecim panuyc 3apskeHHOTO ITapa YCTPEMUTH K HYJTIO, TO TIOJIY-
YNM TI0JIe TOYEUHOTO 3apsina. B paboTe HalileHO TOYHOe BHIpaKe-
HUe MJIsS SHEPTUM TOJid TodewyHoro 3apsana W, KoTopoe paBHIeTCS
W = Mc? . DTo BHpaXeHHe yCcTpaHIeT N3BECTHYIO I'JIaBHYIO TPY-
HOCTH KJIACCUYUeCKON 1 KBAHTOBOU 3JIeK TPONUHAMUKY, TPUBOAAIIIEN K
6eCKOHeYHOIl COOCTBEHHOWN HHEPIUU TOYEUHOTO 3apiia.

Takum obpazom Halll MoaXoHd HesaeT KIIACCUUECKYIO BIIEKTPOIN-
HAMUKY BHYTpeHHe—HelIpOTUBOPEUYUBON NpU mHepexofle K JIFOOBIM IO-
CTATOYHO MAaJIBIM PacCCTOSHUSIM.

AHajsioruyHas cUTyallus BO3HUKAeT U MPU PACCMOTPEHUU TOJIS
3apsKEeHHON HUTU. JHEPrUs IOJId OTPUIATETBHO 3apsIKeHHOU HUTHU
Ha eIMHUILY TJIAHBI TPU IVIOTHON yITaKOBKe 3apsaa oKazaJjach paBHONI
He 6eCKOHEYHOCTH, KaK IPHU KIIACCUIeCKOM PacCMOTpPEHNUN, a YHEPT U
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1oKost N 5JIeKTPOHHBIX MAacC, PaCIOJIOXKEHHBIX Ha eTWHUIE NITMHBI
HUTU.

B paccmaTpuBaemoit paboTe mpemiaraloTcs TPOCTENIINe YKCITe-
PUMEHTHI , KOTOpPbIe MOTJIN OBl MOITBEPAUTH UJIN OIPOBEPTHY TH HaH-
HBI MeTon. HampumMep, eMKOCTH 3apAKEHHOTO OTPUIIATEITHHO METAJI-
JIMYECKOro IIapa Ipu mnofade K HeMy Hanpszkerus (—50xB) moykHa
Bospactu Ha 0.8%), miid mapa 3apaKeHHOTO IOJIOKUTEILHO eMKOCTE
MIPaKTUYeCKN He MOJIKHA M3MEHUTBHCA. TakKol Ke mpenmosaraeMbIi
3¢ PeKT IoJIKeH UMeTh MeCTO U IIJIsI eMKOCTH IIJIOCKOIO KOHIEHCATO-
pa.

Ha ocHoBe xkecTkont chepudeckun—cummerpuunonn HCO, 6a3ucom
KOTOPOU ABJISIE€TCSA PeJITTUBUCTCKU XKeCTKOoe TeJlo, Tie CKOPOCTH 3BY-
Ka paBHA CKOPOCTH CBETA, a YCKOpeHue (B TeTpalax) COOTBETCTBYET
HBIOTOHOBCKOMY, HalllleHa MeTpHUKa MMPOCTPaHCTBa—BpeMeHU, KOTO-
pas JIUMTh He3HAUUTEITLHO oTandaeTcs oT MeTpukn lIBapmmmisaa.
Pacuer u3BecTHBIX 5dPpekToB OTO mo HalimeHHOU MeTpuKe OIIM30K
K KiaccudeckuM. OTiinunMe MPOSBIISETCS JIUIIL B pacdyeTe CMeIlle-
HUS TIEPUIIEHTPA, KOTOPBIA COCTABIAET 5/6 OT MIBAPUIINILIOBCKO-
ro. IsMeHeHne HampaBieHUS Jyda CBeTa MPU MPOXOXKIeHUN BOIMA3M
IIEHTPAJIBHOTO Tejla COBHAMaeT C IMBApHINMILIoBCKUM. [Ipu BRIBOMIE
MeTPUKHU ypaBHeHUs DWHIITEWHA He MCITOJIb30BaJINCh.

Ecniu B xauectBe chepuuecku—cummerpuunon HCO BviGpaTh
JXKeCTKOoe TeJlo B KJIaCCMYeCKOM CMBICJIe 3TOrO CJIOBa, a 3aKOH BCe-
MUpHOTO TAToTeHWs HbIoTOHA CUMTATH TOYHBIM, TO MPOCTPAHCTBO—
BpeMd B TaKO! MOMeJI OKaXKeTCs PUMAaHOBBIM C INIOCKUM IIPOCTPaH-
CTBeHHBIM ceueHueM. [locienHsas Momesb MeHee TOYHO YUYUTHIBAET
spdexThr OTO, naBas Hd CMeIeHNs MTEPUTESINS TIJITAaHET BeJIUUNHY
B 3 pa3a MeHBIIYIO, a OJI OTKJIOHEHUS CBeTa — BeJIMYUHY B 2 pa3za
MEeHBIITYI0, YeM pacdeT no MeTpuke IIBaprmunbaa.

OTMmeTuM, 4TO TpenjlaraeMas MeTpPUKa He TMpeTeHAyeT Ha pe-
Busuto OTO, a sumb ycTraHaBiimBaeT 060Jiee TECHYIO CBI3b MeXK-
ny 3akoHamu HwioroHa, ['yka, OuHIITeliHa U BBIBEIeHHBIMU aBTO-
POM ypaBHEHUIMU CTPYKTYPHI, KOTOpPHIEe CBSI3BIBAIOT KMHeMaTU4dec-
Kle XapaKTepUCTUKN KOHTUHyyMa TaKue, KaK TeH30p CKOPOCTeN Ie-
dopmanu, TeH30p YIJIOBOM CKOPOCTU BpallleHus, U BEeKTOPHI Ilep-
BOU KPUBU3HBI MUPOBBIX JINHAUN YaCTUIL] CPpedbl C TEH30pOM KPUBU3-
HBI TIpOCTpaHCTBa—BpeMeHU. lIpm 5ToM reoMmeTpus mpocTpaHCTBa—
BpeMeHU He TpebyeT B 00ITIeM BUe CBA3U C YpABHEHUAMU DWHIIITEM-
Ha.

XoTs TOCTpPOEHHAS TEOPUSA PEIITTUBUCTCKON XKeCTKON PABHOYCKO-
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pernort HCO u peasnmusyeTcs B puMaHOBOM MPOCTPAHCTBE MOCTOSH-
HOW KPUBU3HHI, OHa He cBA3aHa HenocpenacTBenHo OTO. Ilonxon mpu
noctpoeruun HCO 6asumpoBasics Ha ouyeBUAHOM TpPeOOBAHUU OTCYT-
CTBUS MedopMalliii U HaIpIXKEeHUN B TBEPIOM TeJjle TIPU €ro MoCTY-
MaTeJITbHOM JBUMXKEHUM B OMHOPOIHOM CHJIOBOM IIOJIE.

OnHako HaJIMUMe KPUBU3HBI TIPOCTPAHCTBA—BPEMEHN CTUMYJIUPY-
eT K MONCKY CBSA3M ( €CJIA 5TO BO3MOXKHO ) C ypaBHEHUIMU DHHIITE-
Ha. Metpuka nHannennonn HCO cpaBHUBaeTCs ¢ MOJIyYeHHBIM aBTO-
POM TOYHBIM pellleHneM CUCTeMBI YpaBHeHU DUHIITeltHa—MakcBes-
Jla, T/le B Ka4eCTBe UCTOYHUKA B YPABHEHUAX JWHIITENHA C ~KOCMO-
JIOTAYECKON TTOCTOSHHOW WCMOJIB3yeTCS TEH30p YHEPrUu—UMIIYJIbCa
9JIEKTPOMATrHUTHOTO MoJit. Pojib ”KoCMOJIOTMYeCKOl ITOCTOSHHON
Npu 5TOM BHIMONHsAeT BesmmumHa A = a¢?/(2¢*), roe ay — yckope-
HUe, ¢ — CKOpocTh cBeTa. HalimeHHoe peritenue onuckiBaeT HCO,
TIPENCTABIIIIONIYIO COOO0I HEB3aMMOIENCTBYIOIITYIO MbIJIb, HAXOMIIITY-
I0CSd B PaBHOBeCUU B ~MapajuieIbHBIX  OMHOPOMHBIX SJIEKTPUYECKOM
7 TPAaBUTAIIMOHHOM TI0JIfX. J[FOOOMBITHO, UTO MeXIy MaccaMWu m u
3apamaMy e JOJIKHa CyIecTBOBaTh 3aBUCUMOCTDL e’/m? = 2k, co-
TJIACHO KOTOPOUW YaCTHUIIBI, 00JIaIafoIe 3apsaoM MPOTOHA, TOJIKHEI
nMeTh Maccy mopsaka 107517, uro B 21/% MeHblIte, YeM ¥ cTAGIIIBHEIX
5JIeMEHTAPHBIX YE€PHBIX NBIp ~MakcumoHoB” [21].

Onun 13 pa3mesoB MOCBSAIIEH BOIIPOCAM MeTPOJIOTUHN B chepudec-
KA—CAMMETPUYHOM T'PABUTAIMOHHOM II0JIe, PACCMOTPEHHOM BKpATIIe
aBTOopoM B [59]. [leHTpasibHOMY ChepUUecKu—CUMMETPUYHOMY TPABU-
TAIMOHHOMY TIOJIIO B IIyCTOTE, OMpPeNesIseMOMY W3 ypaBHEHUMN JiH-
IITelHa, YIaJIOCh COMOCTABUTHh HEKOTOPOe SKBUBAJIEHTHOE CUJIOBOE
1oJie B MpocTpaHCcTBe MUHKOBCKOTO U 0TOOPa3UTh NBUKEHUE TIO Te0-
nme3nYecKUM JIMHUSIM JacTull 6asuca JleMeTpa B mpocTpaHCTBe JWH-
IITellHa Ha OBUXEHWe STOro 6a3mca Mo MUPOBBIM JIMHUSIM B IIPO-
ctpaicTBe MunkoBckoro. HalineHno BrIipakeHue NI HapPsAKeHHOCTHU
T0JIsI, B KOTOPOM JOBUXKETCS STOT 6a3WUC, U MOJIyUYeHO BBRIpaXKeHue I
suepruu nosigs. He Brixons 3a pamku OTO, HalimeHa mpeuMyIrecT-
BeHHas CUCTeMa KOOPIWHAT, KOOPAUHATHI U BpeMs KOTOPOU COBIIAJIN
C KOOpIMHATaMU 1 BpeMeHeM B mpocTpaHcTBe MuukoBckoro. Okasa-
JIOCh, YTO paauajibHas KoopnuHata [IBapiimmibna r SKBUBaJIEeHTHA
BeJIMYNHE PaJINyCca BeKTopa B MPOCTpaHCTBe MUHKOBCKOTO, a Bpe-
MeHHas KoopamHaTa I[lIBapimimmuibna ¢ He coBMalaeT CO BpeMeHeM
npocTpancTBa MunkoBckoro T'. OTcrona Haliresl 06bsICHeHIE U3BECT-
ubI nmapanokc OTO, corstacHo KoTopoMy ”KoopAnHATHas  CKOPOCTH
vacTuil 6asuca JleMeTpa cTpeMuTCs K HYJIIO TOpU NPUOIUKEHUUN K

21



IPaBUTAIMOHHOMY PaauyCy, B TO BpeMs KaK Cuiia, IelCTBYIOIIas Ha
vyacTuiel npu 5ToM (¢ Touku 3perns OTO) cTpemuTcs x 6eckoned-
HOCT.

Ha ocHoBe HalimeHHBIX HOPMYJT TIpeacKa3aH cienyonmi 5pPeKT:

CKOPOCMb CE8EMA, UCNYCKAEMO20 C NOBEPTHOCTNU 3EMAU NEPTEH-
QUKYAIPHO NOBEPTHOCTNU, DOANCHA OLIMb MEHLUE CKOPOCTNU CEEMA,
nadarueeo u3 6eckoHeuHoCmU NEPNEHOUKYAIPHO TOBEPTHOCTU HA
11.2 km/cex.

PaccMmoTpeno oTobpaxenue Ha MPOCTpaHCTBO MUHKOBCKOTO 13-
BeCTHOTO peltieHust TosiMaHa, U3 KOTOPOTO B YaCTHOCTU BHITEKAET,
YTO MPU IUIOTHOCTHU BEIECTBA GJIM3KON K KpUTUUeCKou, Bcesmentas
110 YacaM ~’Moesn’ UMeeT 3HaUNTeJIbHO OOJIBIINN ~BO3pacT’ , 4eM II0
vyacaM ’opuruHasa”. V3BecTHO, YTO MOHATHE ~PaCCTOAHUA B KOC-
MOJIOTHH He MMeeT OMHO3HAYHOTO CMBICIIAa W He WMeeTCS HU OIHO-
ro ”’paccTogHus’ , KOTOpoe MOXKHO OBIJI0 OB Ha3BaTh ~HPaBUJILHBIM
[49]. [Ipenmnaraemerit B paboTe MeTOI TIO3BOJISET CUATATH ~ IPABUIIE-
HBIMEU €BKJIMIOBBI PACCTOSHUSA IJIS 3aKPHITOM W OTKPHITOM MOfe-
sieti. UccienoBanus nokaszam, uyto cBa3b Mexny OTO, CTO u 3ako-
HOM BCeMUpHOro TsaroTeHus HboToHa oka3ajochk 6osiee TECHOW, YeM
OOBIYHO MPeAnoJIaraeTC.

Taxum obpaszom, HacTosIIas paboTa SIBIITETCI C OMHON CTOPOHBI
TIOMBITKOW pa3BUTUS HeTpamuimonHoro mnoaxoma Kk HCO, a ¢ mpy-
roii ctopoHkl Ha 6a3e HCO BosHuMKIa coBepllleHHO HOBas 00JIacTh
po6JsieM, KoTopas MPUBOAUT K MEPECMOTPY HEKOTOPHIX ITOJIOKEHUIM
KJIACCUYECKO TeopuM ToJif. B corstacum c BBIIIE W3JI0KEHHBIM, a-
e MPOCTENIITNE SIIEKTPOCTATUUECKHE TTOJI UCKPUBJIIAIOT TEOMETPUIO
IIPOCTPaHCTBa—BPEMEHN.

[Ipennaraemas paboTa SBIITETCS MOMBITKON YCTAHOBJIEHUS CBA3EN
MeX Iy TeOMeTpHel MPOCTPAHCTBAa—BPEMEHN U KJIACCUUECKUMU ITOJIS-
MU CBSI3aHHBIX CTPYKTYP.
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I'masa 1

HCO C B3AOJAHHOU CTPYKTYPOU

N3moxenne maTepuasia HauHeM ¢ paccMoTpenus CO ¢ HeTpaauiu-
OHHBIX MO3ULINN, aKIIeHTUPYSI OCHOBHOE BHMMAaHWe Ha MpPUYNHE BO3-
HUKHOBEHUS KPUBU3HBI TpocTpaHcTBa-Bpemenun HCO.

1. YpaBHenusa crpykrypsl HCO

OO6BIYHO IPY OIMUCAHUK CBOMCTB IIPOM3BOJIBHEIX Ae(OpPMUPYEMBIX
CHCTeM OTCYETa B BUE CILIONIHON CPENbl CUMTAETCS 3aJaHHBIM JIU60
roste 4-cKopocTell ( ToYKa 3peHUS Dilepa ), 60 3aKOH IBIKEHIS
CIUIOIIHOM Cpelbl, YyCTaHaBJINBAIOIIUI CBI3b MEXKIY IepeMeHHBIMU
Ointepa u Jlarpanxa. IIpocTpascTBo - BpeMs cunTaeTcs 6o ILJI0C-
kuM - B ciaydae CTO, nmubo puMaHOBEIM - B ciiydae o6Ieil Teopuu
oraocurenbHocT (OTO ). Ecin rpaBuTalinoHHBIM B3aUMONENCTBH-
eM MeXIy YacTHIIaMU MOXKHO IIpeHebpedb, a BHEIIHSA CUJIa, Heil-
CTBYyIOIlIad Ha TeJIO, He ABJIAeTCS IPaBUTAIMOHHON, TO [JIS OIKCa-
HUSA OBVJKEHUS TeJla NMpUMeHseTcd peldTuBucTcKad Mexannka CTO.
NubiMu ciioBaMy, IPUHATO CYNTATh, YTO JIFOObIE BHEIIHNE HEPaBU-
TallMOHHBIE TIOJIL He WCKPUBJAIOT mpocTpaHcTBa - BpeMernu HCO,
OCTaBJIAd €€ MPOCTPAHCTBEHHO - BPEMEHHYIO I'€OMETPUIO ILIOCKOIL.
W ckpusigiorcs, 6BITh MOXKET, TOJIBKO ” IIPOCTPAHCTBEHHEIE CEUEHN
7, reoMeTpHUsA KOTOPHIX B OBIIIEM cCilydae IepecTaeT OBITh €BKJINIO-
Boit. Takasg Touka 3peHus ABJfeTCA Hambojlee pacIpOCTPAHEHHON B
Hay4HOIl JIMTEPAType MO TeOPUM OTHOCUTEJILHOCTU U Pa3fesideTcCs
6OJIBIIMHCTBOM KCCIIENOBATEIIEI.

HeckosibKo B CTOpOHE OT CTaHAapTHON TPAKTOBKM CTOAT yKa3aH-
Hble Bo BBemeHuu paboTel B.M. PonuueBa u pabora A.A. Bnacopa
[19]. B [19], paccmaTpuBas Teopuio pocTa KPUCTAILINYECKUX, TIIA3-
MEHHBIX ¥ 6I0JIOTMYECKUX CTPYKTYP C COXpaHeHMeM UX MOom06us, aB-
TOp MPHUIIESI K Pe3yJIbTaTy, YTO POCT TAKUX CTPYKTYP BO3MOXKEH B
HEEeBKJINIOBOM IIPOCTPAHCTBE - BPEMEH.

Hamr monxon 6asupyeTcd Ha pa3sBUTHM U MofepHU3anuy uuei Po-
nuyeBa n BiiacoBa M COCTOUT B CJIELyIOIIEM:

IIycTs B INIOCKOM IIPOCTPAHCTBE - BpeMeHn MUHKOBCKOIO ¢ CHUr-
HATYpOll (+— ——) MOKOMTCS CINIOIIHAS Cpeia. B HeKOTOpHIil MOMEHT
BpeMeHU ¢ = {( BKJIIOYAETCS CUIIOBOE TI0JIe JIIOOOI MPUPOIBL (KpoMe
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I'PABUTAIMOHHOTO) U CIUIOLIHAS CPeia MPUXoAuT B npukenne. Kako-
BBl OyIyT CBOWCTBaA MPOCTPAHCTBA - BpeMEHU MOCJie BKJIIOUEHUS CU-
sioBoro mosisg? CorsacHo OpTOMOKCAJIFHON TPaKTOBKE CBONCTBA IIPO-
CTPAaHCTBA - BPEMEHU OCTAHYTCS Hem3MeHHbIMU [48].

Hamr oTBeT Ha 5ToT Bompoc OynmeT He CTOIbL KaTeropudeH W 3a-
BUCHUT OT MeCTOHaXOX/IeHuI HabmonaTend. Kcim HabmonaTens pac-
cMaTpuBaeT nBuxkenue cpenbl u3 MCO, To miigd Hero cBOHCTBa IpO-
CTPAHCTBA - BpeMeH! OCTaHyTCsa Hem3MeHHbIMU. [[y1g HabmonaTesnd,
CBSI3aHHOTO C MBUXKYIMENCS cpemoit, T.e. Haxonstierocs B HCO, cBoii-
CTBa MPOCTPAHCTBA - BpEMEHU MOTYT B OOIIeM ciiydae U3MeHATHCH .
M#e1 momyckaeM, YTO BKJTIOUEeHUE CUIJIOBOTO TIOJISA MIJId HAOTIOMATEIT B
HCO moxeT U3MeHUTH CBONCTBO MPOCTPAHCTBA - BpeMeHH, TIpeBpa-
TUB €ro B UCKPUBJIEHHOE B MpefesiaX MUPOBOU TPYOKH.

Nrak, nna mabmonatens uz HCO mocse BKITIOUEHUS CUIIOBOTO
TI0JIS CIIJIOIIHAS cpefia OylleT NBUTATHCI B HEKOTOPOM MPOCTPAHCTBE
- BpeMeHU, CTPYKTYPY KOTOPOro MBI XOTHUM OINpPeNeUTh MO 3alaH-
HOU CTPYKTYPe CUJIOBOTO TI0JId, & TaKXKe [0 TaKUM XapaKTepUCTUKaM
KOHTUHYyMa KaK TeH30p CKopocTell medopmaruii X, , TeH30p yTJio-
BOIl CKOPOCTM BpallleHus , {1, BeKTopaM IepBoil KPUBU3HEL MUPOBHIX
JIMHUI YacTull cpenasl F), .

[TepexonuMm kK MaTeMaTU4YeCKON MOCTaHOBKe 3anaun. [[ma nBuxKy-
MIeVCs CIUIONIHON Cpenbl B YeThIPeXMEPHOM IIPOCTPAHCTBE - BpeMeH!U
C CUTHATYpOl (+ — ——) CIIpaBeIINBO PA3JIOKEHUE

V.V, =S + Qu + V.F, (1.1)
rie V), - moste 4 - CKOpOCTH, yOOBIETBOPSIOIEE YCIIOBAIO HOPMUPOBKN
g V'VY =1, (1.2)

Gy - METPUYECKMII TEH30p B CUCTeMe oTcueTa Jiljlepa,

Yw = NV (V) = Vi), (1.3)
Qu = ViV = Vi, (1.4)
F,=V"V,V,. (1.5)

Kpyraste ckobku, okpyXkaliomie WHIEKCHI, CITyXKAT 3HAKOM CHM-
MeTPUPOBaHU, a KBaJIpaTHBIe - 3HAKOM aJibTepHUpoBaHU. ['pedec-
KMe WHOeKChl MOTYT HIPUHUMATh 3HadeHUS OT HYJII OO TPeX, JIATUH-
CKUe OT eQUHUIIBI OO TPeX.

Pasmoxenne (1.1) MOXKHO TPaKTOBaTh C IBYX TOYEK 3PEHUS :
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1. CunraTs, uTo moJie 4 - CKOpocTH V), M3BECTHO, HAIPUMED, B
pesynbTaTe UHTErPUPOBAHUS PEIITUBUCTCKOIO ypaBHEHUS Oiljepa
wmu Haspe - CTokca mpu 3agaHHOI IUIOCKON MeTpuKe. B sToM city-
Yyae XapaKTepUCTUKN KOHTUHYYMa X, ,,, F), MoryT 6bITH mOJIy-
veHsl 1o ¢opmynam (1.3-1.5), a pasmoxenue (1.1) BicTymaeT Kak
MaTeMaTH4eCKoe TOXIECTBO.

2. CuuTaTh 3aJaHHBIMU QYHKIUAMU X, 1, F,. B aToMm ciy-
vyae passoxenue (1.1) mpeBpamaercs B cucteMy nuddepeHIMaIb-
HBIX yPaBHEHUI OTHOCUTeNBHO V), U g,,. Tak Kak umciio ypaBHeHUI
cuctemsl (1.1) u (1.2) mpeBoCXOOUT YMCIIO HEM3BECTHHIX (YHKIWI,
TO TO IOJIKHBI BHIIOJHATEHCA yCJIOBUA MHTETPUPYEMOCTH. Y CIIOBIEM
UHTErPUPYEMOCTH 1 KOMIIOHEHT 4 - cKopocTeil 6yIeT COOTHOIIIEHIE

2 2
9V, _ 9V, . (1.6)
Oz¢0x®  Ox0x¢

HJ’IH HaXOXIOCHNA CBA3SKU MEXNY I€OMETPUYCCKMMMN N KMHEeMaTHU4deC-

KNMMHA XapaKTEPpUCTUKaM KOHTUHYYMa BBIUNC/IIMM B ABHOM BUIEC BbI-
pPaXeHnue

or: — or+
ox® oze

13 KoToporo cienyet ¢ ydetoM (1.1-1.6), aTto

2v[eva]V1/ = 28[680']VI/ + ( + ngrepy o F?prgv) V/M

R V# = QV[GEJ]V + QV[GQJ]V + QV[G(VU]FV). (17)

€0,V

NnTterpupoparue cuctemsr (1.1), (1.7), rme RY , - Tensop kpu-
BI3HBI, BEIPaXKaeMBI 4Yepe3 MeTPUYeCKUIl TeH30p OOBIYHEIM obpa-
30M, JaeT pellleHue 3aJadyl O FeOMEeTPHUH IPOCTPAHCTBA - BPeMEHM,
B KoTopoll peasmsyercas HCO ¢ 3amaHHOIl cTpyKTypoil. Y paBHEHUS

(1.7) HaszoBem ypaBHeHusmu cTpykTypst HCO [18].

2. PensTuBucrckas xkectkas paBHoyckopeHHas HCO

B xauecTtBe HCO B kiaccuyeckont Mexanunke HeioToHa YacTo mc-
TIOJIB3YIOTCS PABHOYCKOPEHHBIE CUCTeMBI oTcueTa. PaccMoTpuMm Ta-
KM€ CUCTeMBI C PeJITTUBUCTCKUX MO3UILINN.

Onucanne xecTkux paBHoyckopeHHbIXx HCO B kiaccuueckon me-
XaHWKe He BHI3BIBaeT HUKAKUX 3aTpynHenui. [lose ckopocTent v, Ta-
KO CUCTeMBI MOXKHO OIpelesINTh U3 YPaBHEHUN B JIeKapTOBBIX KOOP-
IUHaTax

(91)& (91)1, .
oz, T oz, 0
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O _ % =0
(9:131, (933a B

dv, Ov, ov,
_ — a, = const. 2.1
o 5 + vy, 5, a cons (2.1)

[lepBoe ypaBHenue (2.1) o3HayaeT paBeHCTBO HYJIIO TEH30Pa CKO-

pocTeli medyopMallnii, T.€. COOTBETCTBYeET JKeCTKOMY BV KEeHII0. BTo-
poe oTpaXaeT OTCYyTCTBUeE BPaIlleHull, T.e. PaABEHCTBO HYJIIO TeH30pPa
YTJI0BOII CKOPOCTH, & TPeThe OTpaXaeT IOCTOIHCTBO ycKopeHns. Pe-
mrerne (2.1) umeer BuL

Uy = gt + Vg, (2.2)

rle vy, - HadajJbHasd CKOpocTh. Kcim yckopeHme TOCTOSHHO TIO Ha-
IPaBIIEHUIO, & TI0 BeJINYMHE 3aBUCUT OT BpeMeHH, TO pelreHue (2.1)
rnoJiygaeTcs B popme

¢
UV, = /0 ao(T)d T 4+ voqy- (2.3)

Nrak, xmaccudeckas HbIOTOHOBA MEXAHUKA, OMMYCKAET MOCTYIIa-
TeJIbHOE TBEPIOTEIIHFHOE MBUKEHNE C IIPOM3BOJILHEIM 3aBUCAIIIAM OT
BpeMeHU yCKopeHueM. FKciu TBepmoe Teslo oMeCTUTh B OMHOPOIHOE
IIeEpeMEHHOe CHJIOBOE TI0JIe, TO B MPOIeCCe ero MBUKEHUS HUKAKUX
nedopmarmii ( a, CJIeHOBATEIBHO, U HATIPSKeHNN) He Bo3HuKaeT. He-
B3aMMOMAENCTBYIOIE OPYT C APYTOM OMWHAKOBBIE UACTUIIHI ITHLIMH,
ITOMEITIEHHEBIEe B TaKoe I0JIe, IPU PaBHBIX HAYAJIBHBIX CKOPOCTAX IBU-
KYTCsA TakK Xe, KaK U TBEPIOe TeJIO.

YTo6k 0600ITIATE KIIACCUYECKYIO KOHIIEIIINIO KECTKOTO TBUXKE-
uusi, bopH BBes ompepesnenue, corsacyiomieecs co CTO u OTO.
CorsacHo »TOMY oOIpenesieHUIO, NBUXeHNE KOHTUHYyMa Ha3bIBaeT-
sl KecTKUM (B cMbIciie BopHa), ecin miis yio60i maphl YacTHIl Te-
jia, OPTOTOHAJIPHBIA MHTEPBAJ MEXKIY COOTBETCTBYIOIIMMU ITapaMu
MWPOBBIX JIMHUW YaCTUI[ CPEIBl OCTAETCS MOCTOSHHBIM B TeUYeHUe
nBukeHuA. IIpu 5ToM, OpTOTOHAJBHBIN WHTEPBAJI €CTH PACCTOTHUE
MeXIy ABYMS MUPOBBHIME JIMHUAMEU YaCTUI], N3MEPEHHOE BIIOJIb Gec-
KOHEYHO MAaJIOW THUIEPIIOBEPXHOCTHU, OPTOTOHAJIBHON K 06emM MUPO-
BBIM JIMHUSAM YacTuil. PasHuiia Mexny KiIacCUUeCKUM U PEIITUBUCT-
CKUM YCJIOBASMM KECTKOCTU COCTOUT B BHIOOpE MPOCTPAHCTBEHHBIX
TUTEPIIOBEPXHOCTER, BIOJIL KOTOPHIX U3MEPSIOTCSI PACCTOTHASI MEX-
Iy MUPOBBIMU JIMHUSIMK YacTuil Teja. [Ipu kimaccudeckoM paccMoT-
pEHNM B KaueCTBe TUIMEPIIOBEPXHOCTEN BEICTYIIAIOT TUMEPIIIIOCKOCTH
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OTHOBPeMeHHHBIX coObITU. HemocTaTKoM KilacCM4ecKOTo paccMoTpe-
HUSA XKECTKOCTU SIBIISETCI HEKOBAPUAHTHOCTH 3TOTO YCJIOBUS OTHOCH-
TeJILHO TIpeobpaszoBanuii Jlopeniia, cBa3piBatoriero pasiunutabie NCO
npyr ¢ apyrom. OueBUIHO, YTO TUMEPINIOCKOCTU OTHOBPEMEHHOCTH
B ool u3 MCO He ABIISIOTCS TUMEPINIOCKOCTIMU OHOBPEMEHHOCTH
B npyroii. B To BpeMs kKak G0pPHOBCKOe yCJIOBUE XKECTKOCTHU JINIIIEHO
»Toro HenocTaTka. OpPTOroHAIILHOCTD THIEPIIOBEPXHOCTU MUPOBBHIM
smHuIM yactut] B omHont n3 MCO aBTOMaTUYeCKU BHITIOIHIETCS U B
moberx apyrux MCO. OTciona MOHATHO, YTO KJIACCUYECKU JKECTKOE
NBUXKEHNE B OOIMeM CITydyae He COBHANAeT C NBUXKEHWEM JKECTKUM B
cmrbiciie bopua. MaTtemaTudeckn ycioBue xecTKocTn 1o bopHy skBu-
BaJIEHTHO OOpAIIeHWIO B HYJIb PEJITTUBUCTCKOTO TE€H30pPa CKOPOCTEN
nedopmanui Y,. IlosTomy cnenoBajio oXungaTh, 4YTO MPU PeJIATH-
BUCTCKOM PacCMOTPEHUHU, eCIU MOJIOXKUTE X, = {1, = 0 u onpene-
JIUTH B corJiacuu ¢ [7] 7 peasTUBUCTCKOE PaBHOYCKOPEHHOE NBUKE-
HIe, KaK TPIMOJIMHENHOe NBUXKEHWE, TPU KOTOPOM OCTAeTCS MOCTO-
SHHOU BeJIM4YnHa yCKopeHWs F' B coGCTBeHHON ( B KaXKIBIN TaHHBIN
MOMEHT BPEMEHN ) CIHCTEME OTCUETA | TO TO MBI TOJIyIUM B PE3yIIh-
TaTe noye 4 - ckopoctu V), penarusuctckoil xKectkoit HCO 8 CTO.

Takas nporpamma 6bBUTa peajim3oBaHa aBTOpoM B pabore [4]. B
KageCcTBe COOCTBEHHOUW CUCTEMEBI OTCUETa MCIOIH30BAJIACH CUCTEMA
TeTpal ynoBieTBopsioias nepeHocy ®epmu - Yonkepa [20], B 6asuce
KOTOPOTO 3a/1aBaJIOCh MOCTOsSHHOe ycKopeHme. [Ipu sToMm oka3zajoch,
YTO TAaKOe NBUXKeHUe He MOXeT OBITH peajin30BaHO B MPOCTPAHCTBE
MwuHKOBCKOTO, T.K. TIOJTyYeHHAas CHUCTeMa YPaBHEHWI OKa3aJiach He-
COBMECTHOMU.

Takum obpazom, B oTyIMUME OT KIIACCUUYECKON, B PEJIITUBUCTCKOM
MeXaHUKe KOHTUHYYMa He MOXKeT OBITH TaKO! CUTYAIIUN, KOTTa YCKO-
peHle BCEX YACTUI] B COITYTCTBYIOIIEN CUCTeMe TOCTOSHHO U ONU-
HAKOBO M KOHTPYEHIIMS MUPOBHIX JIMHUN YACTUI] CPENbl XKeCTKasd B
cmbiciie bopra. MaTeMaTndeckn 5To O3HaYaeT , UYTO €CJIM B MTPABOU
vactu (1.7) monoxuts ¥, = Q,, = 0, a Bermuuny g, F'*F" = const,
TO JieBas 4acTh He 06paTuTCcs B Hy/Ib. ClleToBaTEILHO, B IPOCTPAHCT-
Be MUHKOBCKOTO, I'le TeH30p KPUBU3HKI TOXK/IECTBEHHO paBeH HYIIIO,
He CYIIeCTByeT XKeCTKol riobasibHo paBHoyckopenHont HCO.

PaBHoyckopennas cuctema Mesiepa MoXkeT OBITH pean3oBaHa
no cxeme [4], ecam cyMTaTh, YTO ONHA U3 JIATPAHKEBHIX YACTHII,
HAXOMATIIAACA B HAYAJbHBII MOMEHT BpeMeHU B HadaJjle SUIIEPOBOU
CHUCTEMBI KOOPAWHAT, IBUXKETCS C TIOCTOTHHBIM YCKOPEHUEM B COITY T-
CTBYIOITIEN TeTpalle, a OCTAJbHEIE JIATPAHKEBH YACTUIIHI ABUKYTCS
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TakuM 06pa3oM, YTOOBI KOHI'PYEHIIMA MUPOBBIX JIMHUA BCEX YACTHIL
ocTaeTcs XKecTKou o bopHy . OnHako, Kak 6bIJI0 OTMeUeHO BO BBeJIe-
HIW, KaXOdas U3 JJarPaHKEBBIX YaCTUI] IBUKETCI XOTSI U C ITOCTOTH-
HBIM yCKOpPEeHIEeM, HO 9TU YCKOPeHUs He paBHHL ApyT npyry. (Bosee
OIPOGHO STU BOIPOCH OyAyT 06CyXKIAThCA majiee MPU PacCMOTPe-
HUY PEISITUBICTCKON T€OPUN YIIPYTOCTH. )

CrnenoBaTelbHO , MPOCTPAHCTBO MUHKOBCKOTO OKa3bIBAeTCH
TeCHBIM”, YTOOBI YIOBIETBOPUTEH OMHOBPEMEHHO KPUTEPUIM KECT-
KOCTHU U PaBHOYCKOPEHHOCTH.

B cBsa3u ¢ 5TUM 06CTOATEIBCTBOM BO3HUKaeT Bompoc. Kak 6ymeT
IBUTATHCA COBOKYITHOCTH OMMHAKOBBIX HEB3aMMOIENCTBYOMINX IPYT
C IPYTOM YaCTHIl, €CJIU UX ITOMECTUTH B MOCTOAHHOE OMHOPOMTHOE CH-
JIOBOE TI0JIe, KOT/Ta, HadaJIbHbIe CKOPOCTU BCEX YACTUIl PABHBI HYJITIO?!

511 KOHKPEeTHOCTH PaCCMOTPUM [BUKEHUE 3apsKeHHON HeB3au-
MOMENCTBYIOIIEN MBIM B MOCTOSHHOM OTHOPOIHOM 3JIEKTPUYECKOM
1oJIe.

Takas 3amaua pemreHa B [6]. B orsimume ot cuctemsr Mesuiepa,
KaxXXIas 13 YaCTUIl IBUKETCS C IIOCTOSHHBIM B COGCTBEHHON CUCTEME
oTcueTa yCKOopeHUeM [7| U UX COBOKYNMHOCTBH obpasyeT 6asuc pesis-
tuucTcKoll pasHoyckopertoir HCO [6]. Onnako Takas HCO He sB-
JITETCSI PEJITTUBUCTCKU XKecTKor. PakT BOSHUKHOBEHUS 3aBUCSIITIAX
OT BpeMeHU nedopMalluil Ipyu ABUKEHUN B OMHOPOIHOM IT0Jie Ha HAIIl
B3IVIAMl OYEHBb TPYIHO OCMBICIIUTH, T.K. OMMHAKOBEIE IJI JIFOOBIX Yac-
Tuil 6a3uca GusndecKue yCcIoBUA MPUBEIN K IBUKEHUIO YaCTUIL IPYT
OTHOCHATEJIBHO IPyTa.

g HaxoxmeHus MmeTpuku JloryHoBa mim meTpuku Messepa,
PACCMOTPEHHBIX BHIIIIE, ICXOMAT U3 IICEBIOEBKIINIOBA MHTEPBAJIa, 3a-
MaHHOTO B IIEpeMEHHBIX JUJiepa B BUJIE

dS* = (dz')? — (dz')? — (dz?)? — (dz?)?, (2.4)

roe ' = ct , x! | 2%, 23 - IeKapTOBHI KOOPAMHATEI, & 3aKOH [BUKEHUS

CILJIONITHON Cpenbl JaeTCAa OJId METPUK .HOI‘YHOBEL KakK:
wl(yl,t) — yl 4+ (02/a0)[\/1 n a02t2/02 _ 1]7

5132 = y27 w3 = y37 wO = yO (25)

W
z'(yt, 7) = y' + ¢?/ag[cosh(ayT/c) — 1],
® =9y, x*=1y°, t=(c/ay)sinh(ay7/c), (2.6)
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rzae B (2.5) B KaueCcTBe BPEMEHHOIO [TapaMeTpa UCHIOIB3YeTC BPEMS
B CO , a B (2.6) 7 - cob6crBennoe Bpems. [logcranoska (2.5) u (2.6)
B (2.4) maeT cooTBeTCTBEHHO (6]

4S? — c2dt? agtdtdy’
=17 a02t2/c2 (1 + a02t2/02)1/2
—(dy")? = (dy*)* - (dy’*)?, (2.7)

dS? = *(dr)? — 2sinh(agT/c)edrdyt — (dy')* — (dy*)? — (dy*)?, (2.8)

Ecnn u3 meTpuk (2.7), (2.8) cormacuo pabore [7] mocTponTs Tpex-

MEpPHBIN METPUYECKUA TEH30D Vi = —Gi + gorgoi/Goo, TO NI KBa-
paToB 7’ PUBMUECKOTO PACCTOSHUL =~ MOJYUUM COOTBETCTBEHHO
di* = (1 + ag’t*/*)(dy")* + (dy*)* + (dy’)’, (2.9)
dI* = cosh®(ag7/c)(dy*)? + (dy®)* + (dy*)>. (2.10)

N3 mocienaux dpopmydt ciienyeT, uTo MeTpuka JloryHoBa, Kak u
0TMeYaJloCh, He ABJISeTCA KeCTKOU.
Hnsg npeobpaszoBauns Messepa 3aKoH TBUXKEHUS MUMeET BUJL

z'(y', T) = y' cosh(agT/c) + ¢ /ag[cosh(ayT/c) — 1],

=y, =y, t= c/ap(1+ aoyl/cz) sinh(a¢T'/c), Y’ = T,

a ME€TPpHKa Meﬂﬂepa BhIpaXacTCd 3JIEMCHTOM MHTEPBaJia
dS* = (1 +agy'/c")’c*(dT)” — (dy')* — (dy”)” = (dy’)".  (2.12)

Beipaxas B sakonax mgeumxkenus (2.5), (2.6), (2.11) marpanxe-
BBl KOOPIWHATHL Yepes SIJIepOBHI, NMPUXOAUM OT MeTpuK JloryHoBa
u Mesutepa K ICeBIOEBKINIOBY uHTepBaiy (2.4).

Hamr mogxo mpu MOCTPOEHUN PeJIAITUBACTCKON KECTKOI PaBHO-
yckopernoin HCO 6asupyercd Ha TpeGoBaHUM OTCYTCTBUA AedopMa-
111 B TBEPIOM TeJIe IIPK €ro MOoCTyIaTeILHOM ABUKEHNA B OIHOPOI-
HoMm moste. Ilonxon obvenuusgeT cBoiicTBa cucTeMsl JloryHoBa ( pas-
HOYCKOPeHHOCTH ) u Mesutepa ( ®&eCTKOCTH ), HO NPHU STOM BHYTDH
MUPOBOI TPYOKHU IPOCTPAHCTBO - BPEMS MEPECTAET OBITH IIOCKUM.
MaTeMaTnyecku 3amada CBOOUTCA K pelleHuto cucteMsbl (1.1) mpu
YCJIOBUSX, YTO

Y=, =0, g, V'V'=1, g,F'F =—ay/c* (2.13)
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u cucteMsl (1.7) ¢ yaerom (1.3) u (1.4) mpu ycsioBum, 9TO yCKOPEHIE
ay W CKOpOCTh cBeTa ¢ mocTosHHb. Cucrtema (1.1) B mepeMeHHBIX
Oislepa cBOOUTCS K BUIY

V.V, =V,F, (2.14)

Ee pemienne mportie nckaTh B JIarpaHKeBON COITY TCTBYIOIEN CUCTEME
oTcUYeTa, B KOTOpPON

Vi, =V*F=0, VO = go V2, Vo = goo™’%. (2.15)

[IycTs nns ompeneseHHOCTU Cpela MBUXKETCS BHOJB SUIIEPOBON
xoopaumHaTHe x'. Torma merpuky HCO B koopammartax Jlarpamxa
6yneM UCKaTh B BUIE

dS* = D(X1)(dX")* — A(XH)(dX1)? — (dX?)* — (dX*)2.  (2.16)

HeszaBucumocThb kosbduimenta A(X!) MeTpuku oT BpeMeHHON Ko-
OpPAMHATEL 5KBHBAJICHTHO PaBE€HCTBY HYJIIO TEH30pa CKOPOCTEl Ie-
¢popManmii, a OTCYTCTBHE B METPUKE KOMIIOHEHT (o) SKBHUBaJIEHTHO
orcyTcTBuio Bparmenuii [24]. Peurerne cucremsr (2.14) npusogut K
COOTHOIIEHIIO

ct < dD >2
a}D?\d X1
[oncranoBka (2.17) B ypaBHeHud cTpyKTypHI (1.7) obparmaeT ux

AXY) = y (2.17)

B ToXOecTBa. Bciu cmenaTh ipeobpa3oBaHue JIarpaHKeBbIX KOOPIN-
HaT X' B Apyrue JlarpaHXKeBH KOOPAWHATH y' 10 popMysiaMm

dyl :A1/2dX1/2, XOZyO, X2:y2, X3:y3,
TO HaxoOoM IOJId METPUKHN paBHOYCKOpeHHOﬁ HCO BbIpaZXK€HUe

2a0y"

ds? = exp( =5 )(dy')? — (dy')? — (dy?)? — (dy). (218)

rlle yCKopeHHne ag HalpasJieHo Bmosib ocu y' [18]. B paBHOycKopeH-

c2

Hoct HCO (2.18) MoxkHO y6enuThCsS HETIOCPENCTBEHHO

DVl 4V 2 1 g't gy ag
F! = = (v =—npt =2 222 (219
dsS dsS + 00< > goo 2900 Oyt c? ( )

OcTanbHble KOMIIOHEHTHI 4-yCcKopeHUs paBHHBI HyJTI0. Halinem reomeT-

puto mpocTtpancTBa-Bpemern HCO, Bocrosns3yack n3BecTHOMN HopMy-
JIOW TS TeH30pa KPUBU3HEL [ 7]

R }( 8 gas | gy Fgay 32%5)
B0 = g dyPoyY ~ Oy*dy®  OyPoy’  dy*dyr

30



‘I‘g/jy (Fg»y Z(S _ Fg(grg,},) = Gao ?-ﬁ,fyé 9 (220)

rie cuMBoJTEI Kpuctoddemns Fgﬁ BBIUUCJIAIOTCA 110 popMysiaM

- 1 89/“1 8gﬂﬁ 8gaﬁ
T, ap = 2<ayﬁ + g 3y“> , (2.21)
1 (09 | Og9yp  Ogap
wo_ 2 oy (99 B
g =59 <<9yﬁ + gon 3y”>’ (2.22)

Onna HesaBUCHMas KOMIIOHEHTa TEH30pa KPUBU3HBI, BHIUMCIIEH-
Has 1o MeTpuke (2.18), umeeT Bun

119%g00 1 /Ogoo)2 ay’ 2a0y’
Rip10 = —5[(%12 - 2900<8y1> ] =7 eXp< = > (2.23)
Inga xommoneHT TeHsopa Puuun Rg, = g% R,p5 UMeeM
a02
Ry = —Riy010, Ri1= o Ry = 0. (2.24)
Hiig cKaJIIpHON KPUBU3HBI TIOJTyYaeM
R= 2% (2.25)
=27 .

Takum o06paszoM, PeSIATUBUCTCKYIO XKECTKYIO PaBHOYCKOPEHHYIO
HCO MoxHO peaiin3oBaTh B IPOCTPAHCTBE IMOCTOSHHON KPUBU3HEL.

Ecnu Bmecto Mmerpuku (2.18) B mpaByio vacTh (2.23) moxmcra-
BUTH goo = (1 + agy’/c?)?, cooTBercTByMONIyI0 MeTpuke Memnsepa,
To Ryp,10 = 0, 9TO U cilemoBaso 0XuUOaTh, TaK KakK MeTpuka Meie-
pa, BbIpaxkaeMas UHTepBajoM (2.12), mosiydyeHa U3 ICEBIOEBKIINIOBA
nHTepBaia (2.4) myTeM mpeobpasoBaHUI KOOPIMHAT (3aKOHA IBUXKe-
HUs B epeMeHHEIX Jlarpanxa) (2.11). B Hammem ciiyuae coBMecTHOe
TpeGoBaHNe KEeCTKOCTH M PaBHOYCKOPEHHOCTH He 0OpaTWiio B HyJIb
IpaBoil 4acTU ypaBHeHUil cTpyKTypHl (1.7), 9TO U mpuBeso K BO3-
HUKHOBEHUIO OTJIMYHOIO OT HyJsf TeH3opa Pumana-Kpucroddesns.
[IpuBenennsie 3mech dopmyssl (2.18), (2.23) nomydueHsl aBTOpOM B
pabote [18] u moBTOpeHEr B [16, 17].

Tak Kak BEIBeIeHHBIE B 5ToM maparpade coorHormeHus (2.18 -
2.25) ABISIIOTCS KJTFOUEBBIMU [JI MAJIBHEWIEro MOHUMAHUL, TO 06-
cynuMm ux 6oJiee moApobHO ¢ Mo3UIIUK ~3apaBoro”’ cMmeiciia. PaccMoT-
puUM B KadecTBe MpUMepa KOCMUYECKUN KOpabJib, ABUCATENIM KOTO-
poro pas3BUBalOT MOCTOAHHYIO TATy. Maccy kopabiis B cob6CTBEHHOI
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CHCTeMe IS MMPOCTOTHI CUNTaeM HemsMeHHou. YlcHo, uTo mpu pabo-
TAIOIMUX IBUTATENIIX KOPIyC Kopabiisd medopMupyeTcs, HO DTHU [ie-
dopMariuy pu MOCTOSHHON peakKTUBHON cuiie He GyOyT 3aBUCETH OT
BpeMeHU, YTO MaTeMaTUYECKN YKBUBAJIEHTHO PaBEHCTBY HYJIIO TEH-
30pa ckopocTenl medopmaluii. MoxHO cunTaTh SKCIEPUMEHTATIBHO
MOKa3aHHBIM (PaKTOM, YTO MPU IMOCTOSHHON TIre KOCMUYECKUN KO-
pabiIb He paccHIaeTcs ( T.e. ABIKETCS KaK XKeCcTKoe B cMbIciie BopHa
Tes10). llycTs Bross kopabiis oT Hoca K KOpMe 3aKpeIuleH Habop OIIi-
HAKOBBIX aKCEJIEPOMETPOB. 3aqaINMCSI BOIIPOCOM O MOKAa3aHUAX STUX
IpubopoB. YcHO, 4TO C mo3UIME ~3ApaBoOro”’ CMBICIIA MMOKA3aHUI aK-
CeJIEpOMETPOB IIPA PACCMOTPEHHBIX YCJIOBUAX MOJIKHBI COBIIAIATH!
Takum obpazoM, ”30paBeIi” CMBICII C HEOOXOAUMOCTBIO IPUBOIUT K
TOMY, YTO T€OMeTPHUS IMPOCTPAHCTBAa-BpeMeHN BHY TpU KopabJiid - pu-
MaHOBa 1 uMeeT uHTepBaJ (2.18)!

PengaTuBucT - opTOMOKC, CBSI3BIBAIOIINN IIEPEXO B PABHOYCKOPEH-
uyto HCO c mpeo6paszoBaruem Mesutepa, mokeH yBUAETH, YTO TIO-
Ka3aHUs aKCeJIepOMETPOB HNOJIKHEI YMEHBITATHCI OT KOPMBI KOpabJist

K HOCY TI0 3aKOHY .
0
aly) =1 o

rlle a) yCKOpeHre KOPMBI KOCMUYECKOTO Kopabiid, a y - KOOpAUHATA
BIOJTH KOPabJId ¢ HauaJioM KOOPIUHAT Ha KOpMe. JJIeMeHT MHTePBaJla
IIPY 5TOM [OJIXKEH BBIPAXaThCI COOTHOIIeHueM (2.12).

AcHo, uTO ¢ mo3uIUA ”3MpaBoro”’ CMEBICIA PAa3HOCTEH YCKOPEHUM
B Pa3HBIX TOYKaX TBEPAOTO TeJla, IBUKYIIEroCs MOCTYNAaTeTbHO, Ka-
JKeTCs CTPaHHOI, HO TOJILKO SKCIEPUMEHT HOJIKEH PEITUTh KaKas ke
13 TOYEK 3peHus UMeeT MPaBo Ha cylilecTBoBaHue. CCBHUTKY Ha ”3mpa-
BBIII” CMBICJI B HAYYHBIX UCCIJIETOBAHUSAX He BCEra ONMpPaBIaHBI, Tak

KaK HeT oIpenesieHNs KaKON CMBICII CUNTATH ~ 3ApPaBhIM’ .

3. Ilepexon or HCO xk KBA3UN-NCO

Metpuka (2.18) paBroyckopernoit HCO B sarpaHkeBBIX COIyT-
CTBYIOIUX KOOPAMHATAX Peajin3yeTcCs B TPOCTPAHCTBE - BpeMEHM! T10-
CTOSTHHOW KpWBW3HHI. BcTaeT Bompoc, KaKoB MOJIKEH OBITH 3JIEMEHT
naTepBaia (2.18) B mepemennsix Ditsiepa @, U KaKOB MOJKEH OBHITH
3aKOH MBUXKEHUS CIUIONTHOW CPelBbl B MepeMeHHBIX Jlarpanxa

zt =zt (y"), (3.1)

YTOOH MHAYIUpoBaTh MeTpuky (2.18)7 Ins Hammero ciayuas (2.18)
nepexof K IepeMeHHBIM Jiljlepa He MOXKeT IIPUBECTH K IICEBI0EBKIIN-
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MOBY MHTEPBaJIy, OCKOJIBKY TeH30p Pumana - Kpuctobdesns oriu-
YeH OT HYJIA.

O1iepoBEl KOOPAMHATHI (2.4) MOXKHO CBA3aTh C HEKOTOPBIM KeCT-
KM TE€JIOM, JIMHUN BPEMEHU KOTOPOTO COBITAAaf0T C MUPOBBIMU JIN-
HUSMU YaCTHUI] STOTO Tejla. JTU MUPOBBIE JIMHUHU TAPAJIIESIbHBL U UX
BEKTOPHI [1ePBOIl KPUBU3HHL ( 4 -yCKOpeHWs ) paBHEI HysO. PaBeH-
CTBO HYJIIO TIOJI BEKTOPOB MEePBOW KPUBU3HBI SIBJIS€TCI MHBAPUAHT-
HBIM (QakTopoMm. Takum obpasoM, paccMaTpuBaeMasd suepoa NCO
oTHOoCcUTeNIbHO 060t HCO mMmeeT mosie HysIeBHIX BEKTOPOB IEePBOI
KPUBU3HBI, T.e. KOHIpyeHIus MupoBbix JimHuii MCO oTHOCHMTebHO
sobort HCO gBnsgeTcs reone3myeckoil.

Tax xak Bompoc o nepexone oT MCO xk HCO u obpaTho sBiigeTcs
y HaC OMHUM U3 IEHTPAIBHBIX , TO 06CyanM ero 60Jiee TOIpPO6HO.

IIycts B mpocTpancTBe MUHKOBCKOTO MOKOSTCS OABa COPTa Yac-
TUIl U MyCTh YACTUIIBI OMHOI'O COPTa M PAa3HBIX COPTOB He B3aMMO-
nencTBYOT Opyr ¢ apyrom. Ilpm sTom, B Kax ool Gu3mUecKoill TOUKe
IIPOCTPAHCTBA HAXOAATCA II0 OMHON YacTuile pasHoro copra . I[lycts
B MOMEHT BpeMeHU t = t(; BKJIIOUAETCS CUJIOBOE TOJIe, KOTOPOE [EN-
CTBYeT TOJIKO Ha YaCTHUIIEI BTOPOU T'PYIIEI U He B3aUMOIENCTBYET
c vactunamu tepBoi. Ilom meificTBueM CUIIOBOTO IIOJIS MPUXOOIT B
OBUXKEHNE YaCTUIBI BTOPOW T'PYIILI U UX MUPOBBIE JIMHUU WCKPUB-
JITOTCS, B TO BPEMSA KaK YaCTUIILI IEPBOM T'PYIIIEI HE TIPUOOPETAIOT
YCKOPEHUSI W UX MUPOBBIE JIMHUM OCTAIOTCSA reofesmdeckumu. B ka-
YeCcTBe HATJIAMHOTO IpUMeEpPa C YaCTUIIAMU MTEPBOA T'PYIIIEI CBIXKEM
CHCTEMY TOHKUX XECTKUX MapasuIeJIbHBIX CTePKHEN, MOKOAIINXCA B
npocTpancTBe MUHKOBCKOTO , a ¢ YaCTUIIAMU BTOPOU TPYIIIBI CHCTE-
MY TOJIBIX TPY6, HAOETHIX Ha CTEPKHU M MOTYIINX IMePEMEITATHCS 10
crepXkHIM 6e3 Tpenud. [Ipu 5ToM ¢ BHENTHUM IT0JIEM B3aWMOIENCT-
BYIOT TOJIBbKO Tpy6hI. [0 BKITIOUEHNS CUIIOBOTO TIOJISI MUPOBBIE JIMHUAN
Tpyb U cTepXKHel coBnamaiu u sBisiauck 6aszucom NCO B mpocTpaH-
ctBe MunkoBckoro . [locite BKITFOUeHNS CUIIOBOTO ITOJIS MUPOBBIE JIN-
HIM 06enX T'PYIIT YacTUll yKe He OyayT coBmamaTh . Haubosee pac-
npocTpaHeHHBIN criocob mepexoma ot MCO x HCO, Bocxomsamuii K
paboTam OWHINITENHA, CBI3BIBAeTCI C Mpeobpa3oBaHUEM KOOPIMHAT
HeJIMHEMHBIM ob6pasoM comepxkaimuM BpeMs. IIlpu sTom HesBHO uC-
TIOJIB3YETCH CIIEAYIOMTNNA TOCTYIAT:

Braouenue cut06020 noag ocmasagem npocmpaHcmeo - 6pem
NAOCKUM.

Msr, B nyxe uneit OTO, comHeBaeMCs, UTO 3TOT MOCTYJIAT HOCUT
YHUBEPCAJIbHBIN XapakKTep W MOIMyCKaeM, YTO BKJIIOYEHUE CUIIOBOTO
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oJIS MOXKeT W3MeHUThb CTPYKTYPY MPOCTpPaHCTBa - BpemeHu. [lpum
5TOM MPOCTPAHCTBO - BpeMs OyHeT UCKPUBJIEHHBIM TOJIBKO HJIS Ha-
bmonatesneint B HCO, KoTopble MCOBITHIBAIOT HENCTBUE CUJI TIOJS U
cuit uHepiiun. HabmtonaTesnu, onuckBafoIine NBUXKEHWE CPeNbI, Ha-
xonsck B MCO, He monBepXKeHbI TeNCTBUIO CHAJT TTOJIS U CUJT MHEPIINN,
U JIS HUX TPOCTPAHCTBO - BPEMS OCTAETCS IJIOCKUM. XOTS YaCTHU-
(Bl TIEPBOI TPyNNbl ( CTEpXKHU ) He MPHOOPETAOT YCKOPEHUS IO
MeNCTBUEM CUJIOBOTO Tojist , obpasys 6asuc MCO, omHako KOCBeH-
HOe BJIMSHME OHU MCHBITHIBAIOT. MUpOBBIE JIMHUM >TUX YACTUI] IS
Habmonateseir B MCO coBmamaioT ¢ mapaijie TbHBIMU JIMHUSIMU Bpe-
MeHU MPOCTPpaHCTBa MUHKOBCKOTO. DT ke MUPOBBIE JIMHUU C TOYKH
spenus HabmonaTesenn n3 HCO BoBce He 06s3aHBI OBITH MApaJLIIEITh-
HBIMU OpYT Apyry. Boeigscuum, kak usMmensercs reomerpus NCO mis
nabmonatesenn u3 HCO nociie BKIIOUeHNS CUJIOBOTO TIOJIA, €CJIU T'€0-
metpus HCO 3amaercsa murepBasiom (2.18) . UupiMu ciioBamMu, MBI
XOTUM HaWTu mpeobpazoBaHme oT paBHoyckopenHoun HCO x NCO.
Tax Kak Ha CTepXKHU CUIIOBOE T0JIe He MEMCTBYET TO KaxXas U3 4ac-
TUI] UMeeT paBHOe HYJIIO 4 - yCKOpeHHe OTHOCUTEJILHO JII0O0I crc-
TeMBI OTCUeTa, T.e. IBUXKETCS MO Teofe3ndeckoni. [lo oTHoleHuo K
6asucy HCO (2.18) umeem mst xaxnoin 3 wacturn UCO ypaBHeHUs
IBUKEHU ST

d2yﬂ [ dya dyy

dS? Y7 dS dS

rae cuMmBoiiel Kpucropdemns 'Y Beraucisrorcs mo merpuke (2.18)

0, (3.2)

obbruHBIM criocoboM. CumTas, uTto yactuilbl 6asumca MCO oTHOCH-
tenpHo HCO mBumKyTCa BIoab ocr y', HomydnM

2

d (dy'y  10gy /dy’
_ﬁ<%> - 5%(%) . (3.3)

Kpome Toro mu3 (2.18) mMeeM MHTerpaJl OBUKEHIS

2 2

dyl dyo

1+ <E> = 900<E> . (3.4)
Cucrema ypasuernii (3.3) , (3.4) umeer peurenne
dy' 2 1 p, 2
—— = —tan(ayS/c*), y =a 4+ —In |cos(apS/c*) | . (3.5)
ds ayp
dy’ _ exp(—ayz'/c?) 0o_ ¢ 2 1/.2
— = —4t — .
G cos?(aS)c2) Y ” an(agS/c’) exp(—agz/c?)
(3.6)
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[Ipu BeIBOme yumu, uto mpu S = 0, dy/dS = 0, a marpanxe-
BEI KOOPIMHATHI ¥ Kaxnon m3 wactu 6asuca HCO B HavabHEINR
MOMEHT COBHAJaiOT C SIJIEPOBEIME &', KOTOpHIe IPU MHTErPUPOBa-
HIUM CUCTEMBI BRICTYHAJIN KaK IMOCTOSHHBIE MHTerpupoBanus. Besu-
unHa S/c = z'/c = t BEHICTymaeT B KauecTBe KOOPAMHATHOTO Bpe-
Menu MCO, paccMoTpeHHOI B pUMaHOBOM IIPOCTPAHCTBE - BPEMEHN.
NCO B mpocTpancTBe MUHKOBCKOTO UIMeeT, KaK OymeT MoKa3aHO HU-
Ke, IPYyroe KOOpAMHATHOE BPEMH.

[Moncranoska (3.5) u (3.6) B (2.18) mpu ycsosuu, uro y* = z?,

y® = 23 maer mna smemenTa urTepBasa NCO

ds? = 2dt? — cos2(0L07f/c)(ol:1:1)2 — (da:2)2 — (dw3)2. (3.7)

Nrax, nHaiinennas MCO coBnamgaeT ¢ CUHXPOHHON CHCTEMOMN OT-
cueTa, B KOTOPOU JIMHUU BPEMeHU COBITAIAIOT C Fe0fde3MIeCKIMU JI-
HUSMEU YacTull rmepsoit rpynmsl. Crenys Tepmunonorun [12-14], Ha-
30BeM cuHXpoHHYI0 HexkecTKyio MCO, reomesndeckue KoTOpoii He Ma-
pasutesibHbI, Kak KBasu - UCO, octasiag 3a xectkonn MCO B mpo-
cTpaHcTBe MUHKOBCKOTO ee TIpeXXHee Ha3BaHUe . PaspelmB cucTeMy
anrebpandeckux ypasHenuit (3.5), (3.6) orHocuTesnsHo z!, 20, momy-
UMM 3aKOH JBUXKEHUs CIUJIONTHOW Cpelbl B MepeMeHHBIX JlarpaHxka

paBHoyckopenHort HCO otnocuTenbHo kBa3u - UCO, uto naet

2 2,02
at =yt — 2C—a01n ‘1 — % exp(2apy’/c?)],
2 = —arcsin< ,— exp(apy /c )> (3.8)
a C

HoncranoBka (3.8) B (3.7) cHoBa mpuBoauUT K uHTepBaty (2.18).
3akoH nBuxkenus (3.8) MOXHO IpeINCTaBUTH B OPYyroil (opme,
IIPUHATON B HEPEJIATUBACTCKON MEXaHUKE CIIOIIHBEIX CpeJl

C2

' =yt — —1In | cos(agt/c) |, t=t. (3.9)
ay

1

HNupdepeniuposanne (3.9) mo ¢ maeT CKOPOCTh v KaXIOH U3 Ja-

IPaHXKEBBIX YACTHUII
v! = ctan(agt/c), v =/(—g1vlvl) = esin(agt/c). (3.10)

Bemmrunna 5Tol cKopocTu v He IPEBOCXOINT CKOPOCTHU CBETA U IOCTU-
raeT ee 3a KOHEUHBII IIPOMEXYTOK BpeMeHU {1 = ¢/(2ag). Ornuunsre
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oT Hyss cuMBoJibl Kpuctoddens no merpuke (3.7) uMeoT Bu

10
IV = —— cos®*(agt/c), I}, =

10 5
50 Bt In cos*(agt/c).  (3.11)

2¢0t
4 - ckopocTu yacTuil V* MOryT 6GBITH BBIUMCIIEHBI C IIOMOIIBIO
3aKoHa ABIKeHUs (3.8) mo dpopmyse
Ozt
Yy
rie CKaJApHBIN MHOXUTENb @ olpenesiseTcs U3 yCIOBAS HOPMUPOBKN
4-cxopoctu. Ilose 4 - ckopocTu B IepeMeHHBIX Jiljlepa CBeIeTcd K
BUIY

1

= — 5] t 0 b =
Vi sin(agt/c), V Vo cos(agt/c)’

0 = exp(—ayy'/c?).
(3.13)

C momombo gopmyit (3.13) u merpuku (3.7) MOXKHO yOEAUTHCS, UTO
TeH30p CKopocTell nedopmanuit X, (1.3) 1 TeH30p yIII0BOI CKOPOCTH
Bpamenus 2, (1.4) obpamaiorcs B HyJIb, a BesInunHa 4 - yCKOpeHUus
guwF'F" = —a%/c* (1.5) mocrosnna.

Nrak, meTpuka (3.7) omuceiBaet kBasu - UCO B puMaHOBOM IIpo-
CTPAHCTBe - BpeMeHH, a mojie 4 - ckopocreit (3.13) omuceiBaeT nBU-
xkeHue paBHoyckoperHoir HCO B mepeMeHHBIX Dijiepa OTHOCUTEIHHO
stont kBasu - ICO. U3z ¢popmyin (3.7) u (3.10) cnenyer, uTo BeIpaxe-
HIe TJIS SJleMeHTa WHTepBalia MOXKHO MPeNCcTaBUTH B (popMe

dS? = dt* — (1 — v*/c?)(dxt)? — (dx?)? — (dz®)?. (3.14)

coflepKalllell B SSBHOM BUJe JIOPEHIIEBO COKpAIlleHWe MJINHBI KBa3d -
NCO 1o otHomennto x Habmogarenio n3 HCO. Eciau pemats cuc-
TeMmy ypasuenuii (3.4), (3.5), ucmons3ys merpuky Mestepa (2.12), a
3aTeM mepertu B MCO B corstacum ¢ pa3BUBaeMoOi 30eCh CXEMOM, TO
IpUXOOUM K WHTepBayy (2.4), He comepikalleMy HUKAaKUX JIOPEHIle-
BBIX COKparreHuii. I[losToMmy BosHUKaeT ecTecTBeHHBIN Bormpoc: ~Ilo-
yeMy IIpH MpeobpasoBaHugIx Messiepa 1 pu epexoaax MexX Iy IBYMS
NCO, orobpaxaeMsix npeobpasoBanusmu JlopeHila, HUKaKAX JIOPEH-
I[eBBIX COKpallieHuil B otsimune ot (3.14) He npoucxomut?” Iis ot-
BeTa Ha STOT BOIIPOC OIMMUIIEM Ha I3BIKe MEXaHUKU CILJIOITHON CPEeIbl
mepexon Mexay mpousBoiabHbIME XKecTKuMu NCO.

4. Ilepexon mexny xkectkumvu V1CO
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Kak npunsTo cuntath, nepexon ot omHou xkectkoir MCO x mpy-
Toil , MBUXKYIIENCS OTHOCUTEIBHO TEPBON PABHOMEDPHO M HPIMOJIU-
HEWHO, OCYIIIECTBIIAETCS C TTIOMOIILIO Mpeobpa3oBanuii Jlopenta. [Ipu
paccMmoTpennu nepexona or HCO x kBasm - UCO u obpaTHO MBI
CUYUTAJIN [IJI TPOCTOTHI, YTO B HAYAIILHBINT MOMEHT 06€ CUCTeMBI ObI-
JIN HETIOMBUXHBI OJTHA OTHOCUTEIILHO APYTron. I[jid nByX pa3jiMmyHBIX
NCO »To yTBepKIeHUE JUIIEHO COMEPKAHUI, TaK KaK OTHOCUTEb-
HBIN TTOKOI B HAYAJIBHBIN MOMEHT OyAeT MOoKOoeM B JIfoO60il MOMEHT Bpe-
MeHu. MaTemaTudecku, nBuxyimasicsa xkectkasd MCO oTHocuTeIbHO
HeronBuKHou 3amaercs (1.1) mpu ¥, =0, Q,, =0, F, = 0. Pemte-
Hue uMeeT Bun V' = (const)”, a B nepemeHnbix Jlarpanxa mosydaem
3aKOH IBUXEHUS B BUJE

" = VIS + ", (4.1)

rae §" - IOCTOAHHEIE, HyMepyIOIue TOYKHM CIJIOIIHOM CPEeNBI, Iepe-

mennble Jlarpanxa , S = ¢7, 7 - cobcTBeHHoe BpeMmd. Eciin BEIGpaTh

BeKTOp ¥, B HadasIbHOI rumepiuiockoct S = 0 opToroHasbHOR V),
o

To V,g" = 0 u u3 (4.1) monmyuum

b = VES + §F, ' = V'S + V" V. (4.2)

[oncranoBka (4.2) B (2.4) ¢ mepexomoM K 3 - CKOPOCTH U, IPUBOLUT
K BEIPaJKEHUIO

dS* = (dy°)* — (8 — vpvy/c?)dg di. (4.3)
Ecmu B ucxompoit MICO BHGpaTh och ! B HampaBIeHUN CKOpPOC-
TU OBUXKYINEHNCS cCUCTeMBI, TOo ybexmaemcs, uro B (4.3) , Kak u B
(3.14), npuUCyTCTBYIOT B SIBHOM BH€e JIOPEHIIEBO COKPAIIlEHWE BIOJIb
HallpaBJIeHNs IBUKEHU. Fcam oT JarpaHxeBHIX KOOPIUHAT §* mepe-
ATH K OPYTUM JIarPaHKeBHIM KOODAMHATAM y* ¢ HOMOIIBIO OpMYII
gt = V%! | 32 = ¢%, §° = y* , To BMecTO 3aKoHa nBuKeHus (4.2)
HoJiyunM IpeobpasoBanus Jlopenna, a uHTepBan (4.3) cBOEMTCI K
rajgmieeBy Bumy (2.4).

Nrax, B ciyuyae MICO uHTepBas CBOOMTCA K TajujeeBy BUIY
IIPOCTHIM IIepeobo3HaUYEeHNEM HOMEDPOB JIarPAHXKEBHIX YaCTHII, YUl-
THIBAIOIIUI JIOPEHIIEBO COKpAIIEHNE C ITOMOIIBIO MOCTOSHHOIO MHO-
xurens Vy = 1/(1 — v?/c?)Y2. IIna (3.14) sToro oueBmmHO cHenaTh
B IpUHIWIE HeJB3s, T.K. MeTpuka (3.14) - pumanoBa. U3 dpopmys
(4.2) u w3 dakTa, YTO JOPEHIEBHl COKPAIIEHUS IJIUH IIPOUCXOMIST
BIIOJIb HaIIpaBJIEHNI MapasljleSIbHBIX cKopocTH ¢ mBuxyineiica NCO,
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MOXKHO IOJIYUYUTE HpeobpasoBanus Jlopenma obiero Buma, Korga v
He COBHAaJaeT ¢ KoopAmHaTHRIMU ocamu ucxomuonn MCO. [asg sToro
BOCIHOJIB3yeMCS OYeBUIHBIMU TOXKeCTBaMU

ok = gh 4 gk sk o kD f4,2 ~k __ ~p(skp k. .py. 2
g =g +7, 7 =g vt gl =306 — v v7),  (4.4)
rme gﬁ - BEKTOp TapaJlIesbHbI CKOPOCTH ¥, a % -BeKTOp HepHeHI1-
KyJsipHBIN U. 1lo aHastoruu ¢ mpomesaHHBIM BHIIIIE , TEPEXOIUM K IPY-
TUM JTarPaHKEBEIM KOOPIWHATAM Yy~ ¢ TIOMOIIHIO 3aMeHE : gﬁ? = Voyﬁ,
g% = y*. B pesynbTaTe IpUXOANM K COOTHOIIEHWIO

1 1 vFuP vFoP

y =y —y—aty

VY. (4.5)

v? v?

N3 (4.5) u (4.2) nuMeeM COOTHOIIEHUS

PRy T +< ! —1>@
N J1—v%/c2 N1 —v?/e? v?

_ T+ (#R)/S

J1—v2/c?’

coBmafatorue ¢ popmynamu Jlopenma obirero suna [1], [3], a uaTep-

(4.6)

Bai (4.3) mpeobpasyercs K raiawieeBy Bumy. Takum obGpasom, mpu
nepexonax Mexnay aByms MCO npeobpasoBanus (4.6) u (4.2) ¢usn-
YeCKU 5KBUBAJIEHTHHI, T.K. CBI3aHBI OJTHO C IPYTUM MPOCTOU 3aMeHOM
HOMEPOB Y JIarpaHXKeBHIX KoopauHaT. B (3.14) Takoil mpueM He Ipo-
XOIMUT, T.K. CKOPOCTH ¥ SBHO 3aBUCUT OT BpeMeHu. B oTsmuwme ot
nepexonoB Mexnay aByms MCO B mpocTpancTBe MUHKOBCKOTO, He-
YYBCTBUTEJILHOCTH K JIOPEHIIEBY COKpallleHIIo TpeobpazoBanmns Meii-
Jiepa CBs3aHa C HEOTHOPOMHOCTBIO yCKopeHmWN 4dactuil 6asmca. Co-
BOKYITHOCTH NBYX (aKTOpoB: JiopeHiieBa cokpaitieHus MNCO ¢ Touknm
spenus Habmonatens uz HCO u ynmuHeHus paccTOSHUS MeXITy MU-
poBbiMu iuaussMu HCO B mimockocTu omHoBpeMeHHBIX cobbiTun MCO
(Ha runepHnoOBepXHOCTY OPTOroHAJIBHON MupoBEIM JinHISIM B HCO sT1
PaCCTOSHUS COXPAHSIOTCS) NMPUBOAUT UX K B3aUMHOU KOMIIEHCAIIWN.
Xotsa nepexon ot HCO Mesuepa k MCO u cBs3aH ¢ mpeobpa3oBaHm-
eM KOOpIWHAT B MpocTpaHcTBe MUHKOBCKOrO HeJIMHENHBIM 00pa3oM
collepXKaIllluM BpeMs, OMHAKO 5Ta CUCTeMa He SBJIIeTCS TJI00aIbHO
paBHoyckopenHoli. [losTomy BeIBOm pa6oTsr [16], "uTo cpemu xect-
KX CACTEM OTCUYETa C OJHUM U3MEpPEHUEM B IIJIOCKOM MPOCTPAHCTBE
- BpeMeHH AOIYCTUMBI TOJBKO PaBHOYCKOPEHHBIE W WHEPINAJJIbHEIE
CUCTEeMBI OTCcUeTa”’ C Halllell TOYKM 3peHus CIIPaBelJIUB JIWIIb IJIsI
MHePINAIHbHBIX.
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5. I'pynna KBA3M-NCO B omHOpPOOHOM HOJIE

HCO Mestepa mopoxmaeTcs HEOTHOPOOHBIM CHJIOBBIM IIOJIEM,
HO OCTaBJIfeT XKECTKUM B MpoCTpaHCTBe MWHKOBCKOTO KaK KapKac
HCO, rak n xapkac ICO. HCO (2.18) mopoxmaercss 0qHOPOIHBIM
CUJIOBBIM IIOJIEM U MMeeT XKECTKUI KapKac, OMHAKO KapKac KBasd -
NCO nepopmupyercs c TedeHneM BpeMeHN BIOJIb HAIIPABIIEHUS TTOJIS
1 €ro MPOCTPAHCTBEHHO - BpEMEHHAsI TeOMETPUS SBIIAETCS PUMAHO-
Boli. BosHukaeT Bompoc 0 HaxoXIeHUU Ipeobpa3oBaHUI MEXIY pas-
smaabiMEA KBasn - NCO, ABUXYIIIMUCS OfHA OTHOCUTEIBHO APYTon
B 3aJaHHOM CIJIOBOM TI0JIe, S5KBUBAJICHTHHIX ITpeobpasoBanmuio JlopeH-
ta g UCO.

YUTo6kI HaliTH 3aKOH ABUXKeHnUT onuoit kBasu - MCO oTHOCUTEIH-
HO IpYroii, 6yIoeM Io-TIpeXHeMY UCXonuTh u3 cucteMsl (3.3) (3.4),
cunTasg, omHakKo, 4To npu S = 0 BeJIUUYMHBI HAYAIIBHBIX CKOPOCTEN
6asuca kBasu - MCO omuHaKoBEI 1 OTIUYHEL OT HYyJ4. [lom Tpexmep-
HOIl cKopocThIo v wacTur 6a3mca kBasu - MICO orrocuTesmsno HCO,
KaK U B CTAI[MOHAPHOM T'PaBUTAIMOHHOM ToJie [7], GymeM MOHUMATD
TPeXMepPHBIN BEKTOP, OMpPeNesIseMbIll pABEHCTBOM

e cdy"

v (900)Y2(dy + (gox/g00)dy*)’ (5-1)

BRITCKAOIINM N3 MU3MEPEHMA CKOPOCTH IIO CO6CTB6HHOMy BpeMeEHN

HCO, omnpenesenHoMy 10 4Yacam, KOTOpPble CUHXPOHW30BAHHBI BIOJTH
TpaeKTopuil yacTuil 6asuca xkBasu - 1CO.
BexTop ckopocTu misg Merpuku (2.18) npuBogurcs K BULY

1_ apy'\ dy' _ 1,1
v’ = cexp(— )d—yo, v = y/yvtol, (5.2)

c2

Nurerpuposanne cucremsr (3.3), (3.4) maer

dy' 2 p_ ¢ 2
¥l —tan(apS/c" + ¢1), y = a—o[ln | cos(apS/c* + 1) | -I-C(25]3)
dy’ _ exp(—c)
dS — cos?(ayS/c2 +c;)’
2
yO — Z_[tan(a05/02 —I_ C]_) —I_ C3:| eXp(_02)7
0
=21 =23 s=2", (5.4)



e MOCTOSHHBIE MHTErPUPOBAHNUS C1, Co, C3 OMPENEIINM U3 HadaIbHBIX
Y CJIOBUM.
N3 (5.2) - (5.4) cienyet, uToO

v! = —esin(agS/c + c1). (5.5)

Mycts npu S = 0, v!/c = —3 = const. OTkyna HaxomuM
sinc; = 3. (5.6)

IycTs nanee npu S = 0 marpaHXkeBE KoopamHaThl y' 6asmca HCO
CBA3aHHI C SIJIEPOBRIME KoopaumHaTaMu z' 6asmca xBasu - YICO mo
3aKOHY

y'(0) = f(z',8), ca=—5 — In|coscy]. (5.7)

OTxkyna

c
y'! = —1In
ay

Y E N Y

Ins naxoxnenus gynkmuu f(21, 3) (npu MHTerpupoBaHUEM CHUCTEMBI

Cos 1

(3.3) u (3.4) sTa QyHKIMS BHICTyIAaeT KaK MOCTOSHHAS NHTEI PIPOBa-
HUS) U C3 UCTIONB3Y€eM MU3BECTHBIN HaKT, YTO METPUKY [TPOU3BOJILHOI
kBasu - NCO MOXHO CBECTU K CMHXPOHHOI, TaK 4ToO:

- oy Oyt Oy Oy'\2  Oy\?
900(2 ) = @@g/‘” = 900(@) - <@> =1,
9y Oy" Ayt Oy? B

In(=") = 921519~ paip. = O

g11(z%) = 900<8y0>2 — <(9_y1>2 = —<8—f>2 cos*(ag2’/c? + c1). (5.9)

0z1 0z1 Oz!
N3 paBencTsa §j; = 0 BEITeKaeT COOTHOIIEHNE
c? Ocs of

a/_oﬁ = Cgﬁ, (510)

HMHTErpUpoOBaHUE KOTOPOTO HaeT

agf

es = exp( = )¥(8), (5.11)

rae () npoussonbhas dynkuud. Oynkmuu f(z1, 8) u (5) Mmoxmno
HaliTH W3 IPWHINIA COOTBETCTBUA , T.e. U3 TpeboBaHMI, YTO IIPU
pPaBHOM HYJIIO yCKOpeHUU ) MeTpuku (3.7) u ucKoMas GbLIA CBA3aHBI
npeobpasoBanneM Jlopenna. B pesynbraTe Haxommm

Zl

Y(B) = —taney, f(zl,ﬁ) (5.12)

Cos 1
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3akon nBuxkeHndg 6asuca kBaszm - MCO orHocuTessbro HCO mMmeeT
BUI

. In ‘cos(ozozo/c2 + cl)‘ N 2!

y = — )
ag cos ¢y cos ¢y
0 C apz?
Yy = — coscy exp<—27>
ag c2 cos ¢
1
apz
[ta,n (ag2’/c* + ¢1) — tan ¢y exp <27>],
c? cos ¢
sinc; = vy/c = . (5.13)

Ecmu B (5.13) mepeiitu k mpemeny ay — 0, TO MOJIy4nM BEIpaxe-
HIe, COBMaJalolIee C MpeobpaszoBanueM JlopeHrtia.

zl—ﬁzo 20_621
1 _ 0 __
y = /1_52’ - /1_52'

Mpu ¢t = 0, 2% = 2% monyunm (3.5), (3.6). cnonpsys 3axon meu-

(5.14)

xenus (5.13) u merpuky (2.18), HaxomuM IS HileMeHTa UHTEPBAIIA
BEIpaKeHIeE

cos?(agz"/c? + ct)

cos? ¢y

dS* = (dz")? — (dz1)? — (d2%)? — (d2*)%. (5.15)

3akon aBrkeHus omHoit kBasn - MICO oTHOCHTENBLHO APYTOil MOXK-
HO HaliT! , ecsim ucksounts u3 (5.13), (3.5) u (3.6) y! u y°. B pe-
3yJIbTATE MOJIy YUM

2

= arcsin[sin 2’ — tan ¢; cos 2 exp(51)],
ag
2
et = —[21 — In| cosclU|]
ag

U= \/1 + 2tan z0 tan c; exp(Z!) — tan? ¢; exp(221),

- - apz
=02/ 4y, = - et =22, =2 (5.16)
c2 cos ¢

®opmyser (5.16) oTobpaxkaioT IMepexon MeXIy OBYMS KBas3W -
NCO, ongHa M3 KOTOPHIX B HAYaJBbHBI MOMEHT ITOKOMJIOCH OTHOCH-
tesibHo HCO, a npyras mMesna oTIWYHYIO OT HYJIS HaYaJbHYIO CKO-
pocTh. Ilepexon x mpemesry ipu ag — 0 cHOBa IpWBOOUT K Mpeobpa-
soBanmio JlopeHnrtia.

. zl—ﬁzo 0_20—521

R ey L Y 2
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Ecnu B 3akone nuxenus (5.16) BBecTu npeobpasoBaHie KOOPIU-
HAT BUOA

2 et fag =P, 2/ cosc; = ul, 22 = u?, 23 =ud

Torna MeTpuka (5.15) nmpumeT BuA
dS? = (du")? — cos*(agu’/c?)(dul)? — (du®)? — (du®)®. (5.19)

3amenuB B 3akoHe neuxeHud (5.16) GespasMepHble KOOPIUHATHI

1 0 1 0 1

O u ! u Bripasus uepes v’ u u' B Bume #

= agu’/c?, ' = agul/c?,
HoJIy4aeM IpeoOpa3oBaHUs, COXpaHAoIue MeTpuky (3.7) popmuH-

BapUaHTHOI, B 4YeM MOXHO y6enuThbcs, cpaBHus (3.7) u (5.19).

z

[TosToMy MoxkHO chHOpMYIUPOBATH OOOOITIEHHBIN IPUHIIAI OTHO-
cutesibHOCTU mitd KBasu - MCO, aHAIOTUYHBIA TPUHITAITY OTHOCH-
TeJIBHOCTH IJI PaBHOYCKOPEHHHBIX cucTeM, chopMmyupoBanaomy Jlo-
r'yHOBBIM [6]:

Lag w60t kea3u - UCO 6 odnopodnom cuaoeom noae natidemes
nabop dpyeur kea3u - UCO, 6 komopwvix mempuru GopMuUHeapUaHM-
nbl. Beaedcmeue uwezo 6ce pusuueckue ypasHenud 6 IMUT K6a3u -
HCO umerom odun u mom e 6ud, a NOMOMY HUKGKUMU PUBUYECKU-
MU ONBIMAMU HEAL3T YCMAHOBUMb 6 Karxol ud maxuzr keasu - UCO
MbL HATOOUMCA.

DTo 03HaUaeT PaBHOMPABHOCTH paccMoTpeHHBIX KBasu - CO.

3akoH OBUXKeHHA ABYX pasnudnbiXx KBasu - MCO, ocTaBagmomux
MeTPuKr GOPMUHBAPUAHTHEIMI, MOXKET OBITH MPENCTABJIEH B BUIE

0 C2 . . uoao uoao aoul
xr = — arcsin s1n< 5 > — tanc; cos< 5 >exp< 5 > ,
ag c c c
2
' =u' — —In|cosc P,
a
ula apul 2aqul
P=1+ 2tan< c20> tan c; exp<oc—2> — tan? ¢ exp< 002 >
(5.20)

Bakon meuxenuns (5.20) mis pasmuunsx kBasu - ICO - anasor
npeobpasoBanus Jlopenna s UCO.

6. DTasyloHHBIEe KoopaAuHAaTHI B kBa3u - 1CO

Tax kak MeTpHKa KBa3Hl - nCcoO =s OMHOPOOHOM IIOJIE OKa3aJlaCh
pHMaHOBOﬁ, TO MMPUXOOUTCA CTAJIKNBATBCA C OIIpE€OCJIEHHBIMUA TPYI-
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HOCTSIMU HPU WHTEPIPETAINU U3MePEeHUN KaKuxX - Jubo dusmdec-
KIX BEJINYMH, BEIPAXKaeMBIX Uepe3 reoMeTpuuecKkrne oo6beKThH. B mpo-
cTpaHcTBe PuMaHa 0TCYyTCTBYeT MOHATHE PAIUyCa - BEKTOpa, a Bpe-
MeHHas KOOpIWHATa He SABJISeTCS BpeMeHeM, KaK 5TO MMeeT MeCTO
B mpocTpaHcTBe MMHKOBCKOTO B TajilmjieeBBIX KoopAamHaTaXx. I'asm-
JIeeBbI KOOPAWHATHI SBJISIOTCSA STAJIOHHBIMU, Yepe3 KOTOphble BCeraa
MOXHO BBIPA3UTh (PU3NUECKNe BeJMYUHBI, 3aJaHHBIE B MPOU3BOJIb-
HBIX ITPOCTPAHCTBEHHO - BPEMEHHHBIX KOOpauHaTaX. Takas BO3MOXK-
HOCTH 00YCJIOBJIEHA TOXKIECTBEHHBIM PaBEeHCTBOM HYJIIO TeH30pa Pu-
MaHa - Kpucrodpdeins B npoctpancTBe MUHKOBCKOTO, UTO MOMyCKa-
eT CBelleHIEe TTPOU3BOJILHON METPUKM K TajinjieeBoil BO BCell objiacTu
MIPOCTPAHCTBA - BpeMeHU. B puMaHOBOM MPOCTpPaHCTBe TaKOW OMOP-
HOI STAJIOHHOW MeTPUKHU He cylrlecTByeT. Mcnosb3oBaHme TeTpaaHO-
ro popMasm3Ma He CHUMaeT BCEX TPYIHOCTEW MPU MHTEPIpeTAIun
n3MepeHUii. XoTs TeTpagHble KOMIIOHEHTHI TEH30POB U SBJISIOTCST
dusndecKuMu’ , OMTHAKO OHU CYTh QYHKIINKA MPOCTPAHCTBEHHO - Bpe-
MeHHBIX TOYeK, KOTOPhIe He MMEIOT MEeTPUUECKOrO CMBICIIA.

PaccmarpuBas metpuky kBasu - MCO (3.7), moxHO ybGemurscs,
uTo npu ay = 0 oHa MepexomuT B MeTPUKY HmpocTpaHcTBa MUHKOB-
CKOTO , 3aJaHHYIO B TaJmieeBBIX KoopamHaTax. OmHako oTcofa He
clleflyeT, uTo ¥ 1 ¢t 5TaJoHHEIe KOOPIMHATH U BpeMs 3aJaHHON KBa-
su - CO. OcraBasich B pamkax kBasu - NCO, MOXHO U TIpu TOM
6ecUnCIeHHBIM CIIOCOO0M TaK ’MepeHyMepOBaTh’ IPOCTPAHCTBEHHO
- BpeMeHHbIe KoopaunaThl t = f(2F T) | o = ¢(2") ( B cormacun c
A.JI.3enpmanoBbiM [24] yKasaHHEIE Tpeobpa3oBaHUs He BBIBOMST 3a
pamku kBasu - LCO ), uTo HOBasg MeTpuKa Takke OyIeT COBHAIATH
c rajusteeBoit ipu ay = 0.

Taxum obpazom, BO3HMKaeT BOMPOC OO OTHICKAHWUM STAJIOHHBIX
”3aTpaBouHBIX” KoopamHAT mis MeTpuku (3.7). B pasmesme 3 ms
ycTaHoByieHus cooTBeTcTBUA Mexny HCO u kBasu - MCO MBI pac-
CMOTpEJIN [Be TPYIIIbI YacTHUI] : OfHA U3 KOTOPHIX ( rmepBas ) He HOI-
BepKeHa NEMCTBUIO CIVIOBOTO TOJIS ( CHCTeMa MapajiIeIbHBIX XKeCT-
Kkux crepxkHeir ). C 9TON CHCTEMON MBI CBS3aJIl TAJINJIEEBY CUCTE-
MY KOOpAWHAT B MpocTpaHcTBe MuHkoBckoro. Ipyras rpymma dac-
THUII, TIOABePKEHHAS TeNCTBUIO CUJIOBOTO TOJISI, KOTOPYIO MBI CBS3aJIn
C CUCTEMOU MOJIBIX TPYO, CKOJIB3AIINM 10 CTEPKHIM C IMOCTOSHHBIM
yckopenueM. [Ipum »ToM okaszajioch, YTO MeTpuUKa JIS HabITIomaTe-
seit B HCO pumanoBa. PaccMaTpuBas ¢ mosuiiuii HabogaTesen ns3
HCO nBuxeHme cTepkHeW OTHOCUTEJILHO TPYO KaK KOHTDYEHIIMIO
reofie3n4YeCKnX, Mbl YCTAHOBWIIN, UTO TeoMeTpus Takon kBasu - MCO
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Takxke puMaHoBa. C OpTOMOKCAJILHON TOYKM 3PEHNUSA 3aKOHBI JIBUKE-
mus (3.5), (3.6) mMoxHo TpakToBaTh Kak mepexon m3 HCO B kBasm
- NCO, a (3.8) xak nepexon u3 ksasu - 1CO 8 HCO. U3 passuroit
HAMW CXE€MBI 5TH CJIOBa O3Ha4yaloT (HaKTUYECKU, 4TO HabiIoaaTellb,
octaBaick B HCO, npoBoguT cBom M3MepeHHS B KOOpAMHATaX KBa-
su - ICO (3.7). I'eomeTpuyeckue 06HeKTH, 3alaHHbIe B adUHHBIX
penepax HCO, BripaxatoTcs depes abpdunnbie penepsl kBa3u - UCO
IIpY TIOMOINY 3aKOoHOB nBukenus (3.5), (3.6).

Jlyis BEISICHEHUS METPUUYECKOTO CMBICIIa KoopauHaT (3.7) HyXKHO
ycTaHoBuTh coorBercTBre Mexny MCO (2.4) u xBasu - CO (3.7).

OTBileKagCh OT METPUUECKUX CBOICTB, PACCMOTPUM 3JjleMeHTap-
Hoe MHoroo6pasue [25]. Kak u3BecTHO, B SlleMeHTapHOM MHOTOOGpa-
311 MOXKHO BBECTH KOOPAMHATHYIO CETKY, HyMEPYIOILYIO 5JIEMEHTHI
MHOroo6pa3sus, 3alaBaTh T€H30PHI, KpuBhie, moBepxHocTu. Ho orcyT-
CTBUE CBSA3HOCTU HE II03BOJISET CPaBHUBATHL FeOMETPUUYECKUE O6h-
eKTHl B Pa3JIMUHBIX TOYKaX, a OTCYTCTBUE METPUKU HE II03BOJISET
OIpenesiaTh NJIMHY OyTu KpubBoii. g mpespallleHus MHOM0O6pasus
B [IPOCTPAHCTBO HYKHO 3aaTh WX OOBEKT CBA3HOCTH ( TOTa MHO-
roobpasue MPEeBPAITAETCIS B IPOCTPAHCTBO aQPUHHON CBIA3HOCTH ),
I MeTPUYeCKUil TeH30p ( Torma MHOrooOpasue MpPeBpallaeTcs B
PUMAaHOBO IPOCTPAHCTBO ), WM HE3aBUCUMO M TO, U npyroe. Yuc-
JIO Pa3JIMYHBIX IIPOCTPAHCTB, KOTOPHIE MOIYT OBITH IOCTPOEHHI Ha
NaHHOM MHoroo6pasuu, IpousBosibHO. OIHAKO HaC MHTEPECYeT CIIy-
yail, Korjga MHOroo6pasne COOepkKUT ABa IIPOCTPAHCTBA: MPOCTPaH-
cTBO MUHKOBCKOro, 6a3lCOM KOTOPOIO SBJISIOTCS YaCTUILI IIE€PBOIL
rpynmnst ( cTepxHEU ) ¢ MeTpukoil (2.4) m mpoctpancTBo Pumana,
6a31COM KOTOPOTO SBJISIIOTCS TH XKe CaMble YaCTHIbl (CTepXKHU ),
KOTOpHIE PACCMATPUBAIOTCA ABUKYILIEMUCS 10 Te0Ie3MYeCKIM OTHO-
cutesibio HCO, a meTpuka 3amaercs cootHommerueM (3.7). [Ipucso-
UM YacTUIaM IE€PBOIl I'PYIMIBI OAMHAKOBEIE C TOYKM 3pEHUS o6enx
IIPOCTPAHCTB HOMEpa, YTO MaTeMaTUUeCK! SKBUBAJIEHTHO BBEICHIIO
06111ell TPEXMEPHOIA IPOCTPAHCTBEHHON KOOPAMHAIINN B IIPOCTPAHCT-
Be MunkoBckoro u Pumana. AHaJlormuHBIM 06pa30M OOUHAKOBHIE HO-
Mepa ( JIarpaHKXeBBl KOOPANHATEL ) IPUMIIIEM C TOYKH 3PEHUSI IBYX
IIPOCTPAHCTB 1 YaCTUIIaM BTOPOii rpymmbl. CBA3b MeXIy BpeMeHHBI-
MU KOOpAuMHaTaMu IpocTpaHcTBa MuHkoBckoro u Pumana Haiimem
13 COBIAJeHN 3aKOHOB IBUKEHWI YaCTUIl CpeObl B IlepeMeHHHIX Jla-
rpanxka. PaxTudecku mociienHee 03HAYAET, YTO OBUXKYIIUECT U He-
HOABIKHBIE HAGJIIOAATE N DA BCTPeUe B JIIOOBIX TOUKaX IPOCTPaH-

”

cTBa "yBUOAT B TOUKaX MepecedeHUT OOHY M Ty Xe ~ KapTUHY .
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T.e., ecium ¢ TOYKM 3peHNS OBIKYINErocs HabJII0HaTeld ero 9acTUlla
C HOMEPOM 71 IIepeCeKJIach C HEellOBIIKHON YacTHUIell HoOMepa, 1711, TO 1
HabJI0IaTeN b Ha HEITOABUKHON JacTUIle 171 IPUIET K TaKOMy 2Ke 3a-
KJIodeHno. MaTeMaTndeckn 3T0O o3HadaeT, 94To (HakKT MepecedeHns
YacTHUIl M U N ABJISeTCS MHBapWaHTHHIM. IlpupaBHUBaHMe JarpaH-
KeBBIX U 5IJIePOBBIX KOOPIAMHAT B 3aKoHax nemxkenus (2.5) m (3.9),
¢ mpenBapuTesIbHON 3aMeHol B (2.5) t Ha T, rme T - MupoBoe BpeMs
B IIpocTpaHcTBe MUHKOBCKOro, IPUBOAUT K COOTHOIIEHNIO, CBA3EIBa-
IOIIIEMY 5TaJjloHHOe BpeMs 1 ¢ MupoBeIM BpeMeHeM t kBasu - NCO.

t= a%arccos[exp <1 — |14+

a02T2>]. (6.1)

c2

[ocse yero naTepBain kBasu - UCO (3.7) MoxkHO mepenucaTts B 5Ta-
JIOHHBIX KOOPJIMHATaX MPOoCTpaHCTBA MUHKOBCKOTO

dS? = gyc?dT? — gii(dah)? — (dz®)? — (dz®)?,
B2 exp(2(1 - (1+5%)1?)

M )L - exp (20— (L )]
gu=exp(20 - (1+6)),  p="T (62)

Co6erBennoe Bpemss HCO (2.18), koTopoe ompemesiuMm Kak # B
cilyyae CTATUYECKUX T'PABUTAIIMOHHBIX TIOJeN [7] mo mpaBuity

1
T= 2(900)1/21;0

Hosty4daeTcs u3 coorHourenui (3.8), (3.9), (6.1).

C C

r=— /[t —exp(2(1 = (14 82)112))| = —sin(at/c).  (63)
a a

Nrak, omupasck Ha “3aTpaBodHble” KOOPAMHATHI INIOCKOT'O IIPO-
CTPaHCTBa - BpeMeHH, MbI nmocTpomwan Merposiornio HCO B pumano-
BOM IIPOCTPAHCTBE - BPEMEHMU, YTO MO3BOJISET BHIACHUTH METPUYEC-
KU CMBICII U3MepPAeMBIX pU3nIecKnX BesimuuH. Ilpu ag — 0 MeTpuka
(6.2) ( xax u (3.7)) mepexomuT B rajwjiceBy, OOHAKO B OTJIAYNE OT
(3.7) xoopnuHaTHas ceTka (6.2) SBISETCT STAJIOHHOI.

ITapanokc yacoB m paccCTOSHUMN
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B kxaudecTBe mpruMepa paccCMOTPUM PaBHOYCKOPEHHOE IBUKEHUE
KOCMIYIeCKOro Kopabis ¢ ”KoMbopTHEM” yckopenueM ay = 10 4/ c?.
Co6cTBeHHOE BpeMs KOCMOHABTOB T CBA3aHO CO BpeMeHeM HabJiroma-
tesieit B UICO cooTHomrenneM (6.3), KOTOpoe CHIIBHO OTIIMYAETCS OT
COBCTBEHHOTO BpeMeHn T, = (c/ay)In (8 4 (1 + 8%)Y/?) [7] npu pac-
CMOTPEHNN PaBHOYCKOPEHHOT'O ABUXKEHUS B IMpocTpaHcTBe MuHKOB-
ckoro mist Gospiiux 3Hadenuit (a1 /c). B cornacunm ¢ (6.3) penaru-
BUCTCKUM 5P PeKT COKpallleHns cO6CTBEHHOTO BPEMEHN 3HAYNTEIHHO

6ostee BeipaxeH, yeM B CTO. ®opmysa (6.3) Gosee ” onTumucTrdHa

7, gem B CTO, i najgbHUX MeX3Be3OHBIX myTelecTBuii. Hampu-
Mmep, ipu I — oo, T = c¢/ay = 347.22 cyTok. DTO 03HAUYAET, UTO
MeEHBIIIe, YeM 3a TOJl JKW3HI KOCMOHaBTa, ABUKYIIEroCs PaBHOYCKO-
PEHHO C YCKOpPEHUEM PaBHBEIM YCKOPEHUIO CBOOGOMHOIO IMaleHusd Ha,
noBepxHocTu 3emin, o dacam MCO mpoiigeT 6eCKOHEUHO 6OJIBIION
npoMexyTok BpeMmenu. U3 (6.1), (6.3) caenyer, uro npu T — oo B
kBasu - NCO mpoxomut Bpems t = wc/(2ag). U3 3akoHOB mBIKEHUS
(2.5) u (3.9) cnenyer, yTo mBUradch ¢ yckopenuem ay = 10 m/c? 3a
BpeMs ( IO 4acaM acTpOHaBTa ) MeHblIee 348 CyTOK MOXHO HOMACTh
B JII06YIO yIajleHHyIo TOoYKy BcesleHHOI, ecii TOCIeqHIOn , BOIPEKN
PENATUBUCTCKON KOCMOJIOTMN, OTHECTH K IIPOCTPAHCTBY MUHKOBCKO-
ro.

CilemyeT OTMETUTH, YTO XOTS B MPOCTPAHCTBE MMHKOBCKOIO 3a
BpeMs t = mc/(2ay) KOCMOHABT IpoJileTaeT 6ECKOHEYHO GOJIBIIIOE Pac-
CTOsSHMe, OMHAKO OTHOCUTe bHO KBasu - MCO mnuHa myTu [ ocTaercs
KOHEUYHOI U BEIYNCJIAETCA 110 (hOpMYJIe

2

¢ Ozl ozt c
L= [\ (Fon 5 ) dt = (1 cos(apt/e).  (64)

KoTOpas mosydena u3 Metrpuku (3.7) u 3akona asmxkerus (3.9). llpn
t = mc/2ay nonyyaem | = c?/ay. Pusudeckuit CMBICT KOHEUHOCTH
paccrosuug | orHocuTenbHo KBas3u - MCO cBsA3aH ¢ npencrapiieHneM
MeTpuku (3.7) B popme (3.14), yIuTHIBAIOIIEN JIOPEHIIEBO COKPAIITe-
e kBas3u - MCO orHocuTesrbHo HCO.

Ecnu mig pacyera paccTOSHUA BOCIIOIb30BaATHCI BOCIIOIL30BaTh-
cst popmysont (6.4) ¢ merpukoit (2.4) u 3akoHOM ABIKeHUS (2.5) C
3aMeHoit t — T', TO MOJIyunM

2

T Oxt Jat c a}T?

XoTsd B HEPEIATUBUCTCKOM NPUOIMKEHNN 006€ GOPMYIIBI TTPUBO-

IAT K OMMHAKOBOMY pe3yibTaty | = agt?/2, l; = agT?/2, omHaxo mis
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60JTBIINX 3HaUYeHUN 1’ OHM CUJIHHO OTJIMYAIOTCS MPYT OT APYyTa.

B cornacunm ¢ (3.10) cob6cTBeHHOE BpeMs KOCMOHABTA, BHIUMCIIS-
emoe 1o (opmyste (6.3), ¢ OMHOI CTOPOHBI OTPAHUYEHO CKOPOCTHIO
CBeTa ¢ B BaKyyMe, a ¢ APYToil - B TOYHOCTU COBIaHaeT C Kilaccuyec-
Kol QopMYyJIoN HepeJIITUBUCTCKON HBIOTOHOBCKOU MeXaHUKN

T=—. (6.6)
ay
HocTuxeHune mpenebHON CKOPOCTH ¢, KAK OTMEYEHO BHIIIE, TIPO-
UCXOMUT 3a KOHEUHOe BpeMs 110 YacaM KOCMOHABTa U 3a 6eCKOHeUHOe
Bpems o yacam B UCO. Ilpu Bpemenu 7 > ¢/a( nomydeHHoe perire-
HIle TIepecTaeT OBITH CIPaBEeNJIMBBIM , T.K. BEIBOAUT KOCMOHABTA 34
”mpenesibl”’ IPOCTPAHCTBA - BpeMeHn MUHKOBCKOLO.
CpaBHUM HalifleHHBbIe HAMU Pe3yJILTATHI C TeOpUell XPOHOMETPU-
YeCKUX WHBAPUAHTOB 3ejibMaHOBa [24].

Il XpOHOMETPHUYEeCKOTO BeKTOpa TPeXMepPHOI CKOPOCTH u! mMe-

eM [53]

1/2 51 1
L Ccgpy dx cdx
= = = ctan(apt/c 6.7
a ero BeJIMUMHa naeTcsd GopMyIIon
u = <% — gij>uiuj = csin(agt/c), (6.8)

yTo coBmagaet ¢ (3.10).

B kauecTBe KOHKPETHOIO IIpUMepPa PACCMOTPUM IIOJIET KOCMUAYEC-
KOT'O anmapaTa B KaKyIo JI100 u3 3Be3MHEIX cucTeM. IlycTs myTh pake-
THI TIpoJleraeT BOM3M 3Be3nHon cucteMsl IIpokcuma-llenraspa, pac-
CTOSIHZE 10 KOTOPOI YeTHIpe CBETOBEIX rona. [omycTum, uTo nura-
TeJIN PAKeTH BO BCe BPeMS IIOJIETa PA3BUBAIOT [TOCTOSHHYIO (B COBCT-
BEHHOII CHCTEMe OTCUETA) TSIy U PaKeTa ABIKETCS ¢ KOM(OPTHHIM
71 acTPOHABTOB ycKopenueM 10 m/c?, coznaBas TeM caMbIM B pake-
Te TOJie TSITOTEHWs, aHAJIOTWIHOe 3eMHOMY. Bbramcium, kakoil mpo-
MeXyTOK BPEMEHH TI0 3eMHBIM YacaM U JacaM acTPOHABTOB 3aiiMeT
THIOJIET [0 TIPOMEXKYTOUHOM 3Be3mnol cucteMbl [Ipokcuma-Ilenraspa,
MIIMO KOTOPOIi TIPOJIETAI0T KOCMOHABTHI, ABUTasICh PABHOYCKOPEHHO.
Beranciienve 6ymeM mpoBOANTE OBYMS CIIOCOGAMMT:

1. CTanmapTHBIM CIIOCO6OM I PEIITUBUCTCKOTO PABHOY CKOPEH-
HOTO IIPSMOJIMHENHOTO IBUKEHUS C MTOCTOSHHBIM YCKOPEHUEM () B
COGCTBEHHON (B MaHHBIN MOMEHT BPEMeEHH) CUCTeMe OTCUYeTa [7].

2. CnocoboM, TIpelJIoKEHHOM HaMU.
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PaccMoTpuM mepBEIil CIOCO6:

1. HomycTuM, 94TO B HaYaJIbHBEII MOMEHT BpEMEHH IIPOCTPAHCTBA,
MMHKOBCKOTO pakeTa C HyJIeBOll HA4YaJIbHOM CKOPOCTBIO CTAaJla [IBH-
raThC paBHOYCKOPEHHO BIIOJIb OCH & I3 HadaJia KoopauHat. Torma ee
cmetierue (1) B 060t MOMEHT BpeMeHU T’ ONPenesisThCA XOPOIIIO
M3BECTHOI opmytont [7], coBnanaoreit ¢ (6.5)

T Ozt Ozt c? a}T?

[TycTs gepes Bpems 17 o yacam mpocTpaHcTBa MUHKOBCKOTO pakeTa
mpoJleTaeT MuMO 3Be3mHou cucTeMsbl [Ipokcuma-IlenTaBpa (Gmmxkaii-
mrast [lenTaBpa). Torma mMeeT MecTO 0OUeBUIHOE PABEHCTBO

cTy=x(Ty), Ty=4eoda.
Paspemmms anre6panueckoe ypapaenue (6.9), Haxogum

2c

QoL

Ty =Th, |1+ = 1.2157) = 4.86 20da. (6.10)
CobcTBenHoe BpeMid aCTpPOHABTOB 71, IIPOJICTAOINNX MWMO YyKa3aH-
HOW 3Be3MHON CUCTEMBI, HAaC€TCI COOTHOIICHNEM [7]

C aoTl

71 = — arsinh
a C

= 0.555T) = 2.22 20da. (6.11)
Benuuuna ckopoctu v(7}) nposieTa pakeTsl B MOMEHT 1}

o(Ty) = ——=L_ = 0.981c. (6.12)

2. Permum 5Ty Xe caMmyto 3amady, UCIIOJIB3Ys HAIl CIIOCO6 pacde-
Ta, CYNTAad YTO MOCJIe BKIIIOUEHNS IBUTATENI PAKeTHI IIPOCTPAHCTBO-
BpeMs BHYTPU MUPOBON TPyOKM pakeThl MCKpuBiiseTcs. QueBuUmIHO,
4TO HpHu JII0H60M criocobe pacuyeTa ¢akT, YTO pakKeTa ~TMolalia B Hesb
(HampuMep, K HECYACTBIO, CTOJKHYJIACH C METEOPUTOM), SBIISETCS
MHBapUAHTHHIM ¢akToM. B mpuHIiuie He MOXeT OBITH TaKOW CH-
Tyaluu, Korja ofHa W Ta JKe pakeTa MpHU OMHOM criocobe pacueTa
moTepIesia KpyIleHue, a Mpu OPYyroM - MPoAoJiKaiia Ge3aBapuiHBIN
mosieT. OMHAKO MOMEHT BpeMeHHU CTOJKHOBEHUS 3aBUCUT OT CITOCO-
6a pacuera. I3 nHBapumanTHOCTU paKTa MEPECEUEHNT OBYX YaCTHIL
BHE 3aBHCUMOCTHU OT METOMIa pacueTa HaMu ObLjIa MoJTydeHa GopMyia
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(6.1). K cuacTpio, pakeTa B Hallleil 3ajade JjieTesla 6e3 aBapuil u u3
dopmysst (6.1), (6.10) HalimeM CBSA3b MeXIY BpeMeHEM, [TPOIIENIINM
B kBa3u — CO t; u Bpemerem MNCO T}, cooTBeTCTBYIOIINX HAXOXK JIe-
HIFO KOCMHUYECKOT0 KOpabJid B OMHON U TOW JKe TOYKe IMPOCTPAHCTBA

t, = a%arccos[exp(l — 1+ %ﬁ)] =
- a%arccos[exp(—aof())] = 0.37T, = 1.48 209a. (6.13)

Cob6cTBeHHOE BpeMdI acTPOHABTOB Ty IJId HAIIIEro CiIydasd B COTJIACHUM
c (6.3) umeeT BuUL

7 = —sin(agt1/c) = 0.238T) = 0.952 20da = 347.17 cymox.
a
(6.14)

[TpoBenmem aHa M3 MOITyYeHHBIX Pe3yIbTATOB.

N3 paccMoTpeHHOTO CllemyeT, YTO HAIII CITOCO6 pacueTa MPUBOIUT
K 3aHMXKEHHOMY BPeMeHU ITyTelIeCTBUS aCTPOHABTOB IO CPaBHEHUIO
c CTO. CnenyeT oTMeTUTH, UTO TIOCIIE MPOXOXKIEHUS BPpEMeHN TOJTe-
Ta 347 CyTOK BpeMd IIJIT aCTPOHABTA KakK OBl ocTaHaBMBaeTcd. Fcim
IS TIPEOAOJIEHNST MUCTAHITAN B 4 CBETOBHIX I'0fla aCTPOHABTY TTOHATO-
ouock 347.17 cyTok, TO NI MPeomosIeHnsS MHOTO OOJIBIIINX PacCcTO-
aHun eMy Tpebyercsa 347.22 cytku. UTak, 3a nmocnemtaue 72 MUHY THI
ACTPOHABT, IBUTasich PaBHOYCKOPeHHO ¢ yckopenmeM 10 a/c?, mpe-
olloJileBaeT MPaKTUIECKN JIIOOBIe PAcCTOSHUS B mpocTpaHcTBe MuH-
KOBCKOT'O B COTHHU TBHICIY CBETOBHIX JieT. MakcuMmanbHas NiIWHA, KO-
TOPYIO MOXET TPeooJieTh aCTPOHABT OTHOCUTeNIbHO KBasu - MCO,
nBuraich ¢ yckoperueM 10 u/ c? 3a 6eckoneunoe orHocuTeabio MCO
BpeMs, U 3a paBHOe OTHOcUTeJIbHO KBa3u - MCO 347 cyTok 1 yac u
12 MunyT, paBHa c?/ag = 9 - 102 xm, 9TO YyTH MeHBIIle CBETOBOTO
rofa, pasHoro 9.46 - 102 xm. DTo cBA3aHO C JIOpPEHIEBEIMHU COKpa-
mennsamu kBasu - UCO oTHocuTenpHO OBUXKyIeiics pakeTs (3.14).
[TpocTpancTBo KBazm - MCO mpu ckopocTu pakeThl, CTPEMSIIIENCT K
CKOPOCTH CBETA, KaK ObI CXKUMAaeTCs (JIOPEHIIEBO COKpPAIIEHIe) HABC-
Tpedy KOCMUYECKOMY KOpPabJIio, YTO U MPUBOINUT K 3aMeTHOMY OTJIN-
yuio npouaertoro nytu B MCO u xBasu - NCO. B CTO, nBurasck
otHocuTesibHO MCO, acTpoHaBT B JII00O MOMEHT BpeMEHHM WMeeT
TOYHO TaKyIo e KOOpAWMHATY, YTO U OTHocuTesibHO kBa3u - MCO.
I[TyTh otHOCUTETLHO MCO coBmagaeT ¢ KOOPAUHATON &, BIOJBb KOTO-
poit nBukeTca pakeTa. [IyTs ¢2/ay = 9-10'? xm oTHOCHTENMBHO KBas3K
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- NCO He coBmamaeT ¢ KOOPAMHATON &, & COOTBETCTBYET HE€CKOHEUHO
bosipiioMy myTu oTHocuTebHO MCO.

OTMeTUM, YTO OCHOBHOW U HEIPEONOJIMMON TPYIHOCTBHIO pac-
cMoTpeHus paBHOyckopeHHoro nBuxkenus B CTO sgBnsgercs HecTa-
IIMOHAPHOCTH MPOCTPAHCTBEHHON METPUKN B COITY TCTBYIOITEN CACTE-
Me oTcueTa. Hampumep, miist pacCMOTPEHHOTO BEBIIIIE CJIydas IBUKe-
HIST KOCMUYECKOT0 KOpabJIsd, IJINHA PAKeTHl B CUCTEME OTCYETA, CBSI-
3aHHOW C Hell, JOJIKHA BO3PAacTaTh, 4TO cyenyeT u3 dopmyi (2.9) u
(2.10). U3 sTux popmys cienyeT, 9To MepBOHAYAIbHAS [JINHA PaKe-
ThI L( ipu mopasieTe pakeTs K co3Besnuio IIpokcuma-IlenTaBpa mosmxk-
Ha BO3PACTH 10 BEJIMYUHHBI L, ompenensemMon GpopMyJIon

adT?

c2

L= L1+ = 5.2L. (6.15)
BozpacTanume nimmHBI pakeTs B 5.2 pa3a BeCbMa TPYIHO 00BSICHUMO.
B marmrem ciiygae Takoro mapajokca He IPOUCXOINT, M pPaKeTa Co-
XpaHsIeT CBOIO IJIMHY HEM3MeHHOW, MBUTAasACh KaK XKeCTKOe B CMBICIIe
Bbopna Terno.

OKoHUATEJILHBIN Xe OTBET Ha BOIPOC MPUMEHMMOCTH TOU WITU
MHON TeOpUU MOKET HATh TOJIBKO OIBIT.

7. Ilepexon or HCO ¥ MCO un or HCO x HCO

Haiinennbie HaMu >TaJIOHHBIE KOOPAWHATHI U BPeMsS, COBITAAIO-
IIT7e ¢ TaJINJIeeBEIMU KOOPIMHATAMY U BpeMeHeM mpocTpaHcTBa MuH-
KOBCKOI'O, MO3BOJISIOT BBECTU B PUMaHOBOM MPOCTPaHCTBE IIPENMY-
IIIeCTBEHHY IO cucTeMy KoopauHaT. T.k. MmeTpuka (6.2) opToroHaJb-
Ha, TO [IJIS IOCTPOEHUS TOJIS TeTPa MOXKHO BEKTOPEI OPTOPEIEPa €,
COBMECTHUTH C BeKTopaMu adp@PuHHOro penepa m IoJjie TeTpal 3alu-
caTh B BU]IE:

55 « «
€lo) = T—— eL) = 0;/|9aal; (7.1)

9
|gaa|

r/le CyMMUPOBAHUE 0 & OTCYTCTBYeT. TeTpamaHbie KOMITOHEHTHI TEH-
30pOB coBIamaioT ¢ ~dusumdeckumu’ . Hampumep, mis TpexmepHoi
ckopocThio ulF)| paccMoTpeHHOI B HpenbIOyIEM pasmese, IPH Pac-
CMOTPEHUN IBUKEHUS KOCMOHABTA, HAXOMIM

dz %) ek dgh
(k) — — Lk
u\") = cda:(o) = cel(,o)da:’/. (7.2)
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HJ’IH pPacCMaTpPpUBa€MOI'0 HaMH CJIy4daid HaXOoOUM

da! t
uV) = lgu|de = csin<ai> (7.3)

=YY=
v/ |goo|d? c

Nrak, MOXHO cHOpMYyIUPOBATE CJeNYIOIINE MPaBUia Mpeobpaso-
BaHUS TeOMeTPUUYECKNX 06beKTOB oT paBHOoyckopenHonn HCO x sTa-
siorHon kBasu - UCO :

1. Ilycmov, nanpumep, 6 pe3ysvmame peutenud ypasnenut Maxc-
seada, 3anucannvizr, xax u 6 OTO, ¢ ucnoav3osanuem MempuKry
(2.18), natden mensop noag F,,(y*).

2. C nomowpio 3akona deuscenus (3.5), (3.6) menzop noad npe-
obpasyemces x kea3u - UCO , onpedeagemoti mempukot (3.7).

3. C nomowpto npeobpazosanud epemennotl xKoopdurnamut (6.1)
onpedeagemca MeH30p noad 6 amaaorrol keasu - UCO.

4. Ucnoavzys noae mempad (7.1), nazodsmesd gusuuecrkue xom-
nonenmot menzopa noad Floypg (") 6 omasonnviz xoopdunamaz
(6.2).

OnHako paccMoTpeHHBIe 4 MyHKTAa ellle He UCUYEPITBIBAIOT MTPABUII
nepexona oT HCO x MCO. O Tu npaBusia oTobpaXkaioT JIUIITH TTEPEXO]T
ot HCO x xBasu - UCO. Ilepexon ot kBazu - UCO x UCO cBsa3an ¢
IIEPEXO0JIOM OT MpocTpaHCcTBa PuMaHa K mpocTpaHCTBY MUHKOBCKOTO.

s MILTIoCTpaIi CKa3aHHOTO PaCCMOTPUM NBUKEHME 3aPsKeH-
HOW TIBJIN B OJHOPOHOM 3JIEKTPUUECKOM I0JIe, 3aIaHHOM B KBa3U -
NCO (3.7). Ilon HOCTOSHHBIM OZHOPOMHBIM SJIEKTPUYECKIM IIOJIEM
OyIleM IOHMMAaTh IOCTOSHCTBO KOMIIOHEHT TeH3opa mosd F,g, 3amaH-
HOro 7 (PU3MYeCKUMU ~ WIX TeTPpadHBIMKU KOMIoHeHTaMmu. B dact-

—_

HOCTHU, €CJIN NMe€TCA TOJIBKO 3JICKTPHUYCCKOE II0JIC E, HalIlpaBJICHHOE

BIOOJIb OCH 2131, TO OTJIMYHBIMHM OT HYJIA 6y,HYT TOJIBKO KOMITOHEHTBI

F(O)(l) = _F(l)(O) = I = const. (74)

OTinuyHLBIe OT HYJIS KOMIIOHEHTHI TeH30pa Mojid B adPUHHOM perepe
¢ ucnosnb3oBanneM (7.1) uMmeor Bun

Fyy = —Fyy = E cos(agz’/c?), (7.5)

KOTOPBIE, KaK JIETKO ITPOBEPUTH , YIOBJIETBOPSIOT ypaBHeHNIM Makc-
BeJIJIa B IIyCTOTE, 3alIMCAHHBIM B OOIIIEKOBapUaHTHON (PopMe IIIT MeT-
puku (3.7). Ypasuenus MaxkcBesia B kBasu - UCO umn HCO ¢ 3a-
MAHHBIMEI MeTPUUeCKUMI TeH30paM SKBUBAJIEHTHEI 0 GopMe ypaB-
HeHnIM MakcBesia IIpyu HaJUYUKA TPABUTAIIMOHHOTO TOJIS W MMEIOT
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Buzn [7]
oF,, OF,,
Ox¢ i Oxv i

OF,. 1 9
Ozt 0,

Ucronesys (7.6), nomyuaem

E
cos(agx’/c?)’

\/_—g — COS(aanO/C2), FOl — googllF01 - _

1 8(y/=gF")
V=g o

4YTO 1N doKa3bIBacT CACJIaAaHHOEC BLIIIC yTBEP2XKICHUE.

0, (7.7)

Kaxmas n3 gacTull meljaim B 3JIEKTPUYECKOM TI0JIe TBUKETCS TI0
3aKOHY

DV# €
= -Fr V. 7.8
ds c ( )

Ecan navansube CKOpPOCTH BCE€X HaCTUIl HYJIEBBIC, TO MOXKHO y6e—

mc

OUTHCS, 9YTO U3 mosist 4-ckopoctein (3.13) ¢ MOMOIIBIO € MOMOIIBIO
cszuocTu (3.11) u popmyst (1.1) - (1.5) MoryT GBITH MOIyUEHBI CO-
OTHOIITEHU ST

(9VV € a
VIV, V, =F, = VN(@:B” — FWVG>, Fy = gtan(aot/c),
2
F = —g, S =0, =0, guF'F = —%.

[losyueHHEIE COOTHOIIEHNUS TP HallIeHHOM TeH30pe moiis (7.5)
obparaioT B TOXIECTBO (7.8), eCiiu CIPaBeIINBO PABEHCTBO

el

m

ag = (79)
Nrax, MBI IOKa3ajii, 4YTO HaillleHHas HaMU PaBHOYCKOpPEHHas JXKeCT-
kag HCO MoxkeT cOOTBETCTBOBATH ABUKEHUIO 3apAKEHHON IBLINA B
OMHOPOIHOM IOCTOSHHOM 3JIEKTPUUYECKOM II0JIe, 3aIaHHOM B IICEBIIO-
PUMAaHOBOM IPOCTPAHCTBE - BpeMeHU. BBIACHUM CTPYKTYpy 5TOro
5JIEKTPOMArHUTHOTO IIOJIS C TOUKU 3PEeHUs HabJIIogaTe s, CBA3aHHO-
ro ¢ OABMXKYIIMUMUCS 3apalaMi M UCIoJIb3yomero Koopaunatsl HCO
(2.18). Ucnonb3ys 3akoH nukenuns (3.8), Haxonum

B ozt Ox¥

Fop(y") = By DgP
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Tensop mosa B HCO nMeeT oT/NM4YHEBIE OT HYyJIS KOMIIOHEHTE
Fy = Eexp(agyt/c?). (7.10)

Boruncnas ” pusndeckue” TeTpamdHble KOMIIOHEHTHI TEH30pa MOJIS IO
dopmyne

Flaye) = ele(s) F'1v (7.11)

, IOJIydUM OTJIMYHBIC OT HYJIA 3HAYECHUA
F(O)(l) = I = const. (712)

CpaBHuBas MOJIydYeHHbIE KOMITOHEHTHI C AHAJIOTUYHBIMU B KBasW -
NCO, ybexmaeMcs, 9TO BIIEKTPUIECKOE TT0JIe B 060UX CIIydadX OCTa-
eTcs HeM3MeHHBIM. PaccMoTpeHHas CUTyalus aHAJIOTWYHA TOU, MIPU
KOTOPOW SJIEKTPUUYECKOE TI0JIe He MEHSIETCS U P Mpeobpa3oBaHUIX
Jlopemnrtia, kormga CKOpoCcTb ABUKYIMENCS CUCTEMBI HAIIPaBJIEHA BIOJTH
nons E.

Taxum obpaszom, Ha TBUKEHNE 3aPSKEHHOU MBI B OJTHOPOIHOM
SIIEKTPUYECKOM II0JIe MOXKHO CMOTPETH C MO3UINHU ABYX HabiIomaTe-
Jen:

1. Hab6mromaTens maxomutcs B xecTkor MCO mpocTpancTBa
MuHKOBCKOTO, B KOTOPOI BHIOpaHBI raJimjieeBBl KOOpAWHATH. B co-
rJlacuu ¢ Hanboslee pacIpoCcTpaHEHHOW B HACTOAIIEE BPEMSA TPAKTOB-
KO OBUXEHUE 3apsAKEHHOW IMBLIN AJIS HErOo MPOUCXOMUT MO 3aKOHY
(2.5), (2.6) u npu nepexone k HCO npuBonut x meTpuxke (2.7), (2.8).

2. Ha6mronaTens Haxomutcs B HCO, a ucmosnb3yeT miIs cBoero
nBIKeHUs KoopauHaTs kBasu - MCO (3.7) win sTasioHHble KOOpIu-
HaTH (6.2). [[BuXKeHUe bM 171 HETO HMPOUCXOANUT 10 3aKkoHy (3.8) (
wiz (2.5), ecsin BEIGPATh OOIIYIO C FajnjleeBOll KOOPANHATHYIO CET-
Ky ). llepexon ot koopmuuat kBasu - UCO x xoopamuaaram HCO
npuBoquT K MeTpuke (2.18).

[ToguepkueMm, uto dpasza ”Habmaronarens Haxomutcas B HCO, a
WCTIOJIB3yEeT MJIS ONMKUCAHUS MPOoIlecCOoB KoopamHaThl KBasu - MCO” ¢
OPTOMOKCAJIbHOI TOYKU 3peHMs SKBUBajieHTHa (ppasze ’HabmonaTens
HaxonuTcs B MCO”. OTo cBa3aHO ¢ TeM 06CTOATEIBCTBOM, YTO MPHU
OOBIYHOM TOAXOM€e CBOMCTBA MPOCTPAHCTBA - BPEMEHU 10 WM TOCJTE
BKJIIOUEHUSA CUJIOBOTO TOJIS MOCTYJIUPYIOTCS HEM3MEHHBIMU KaK IJIId
nabmonatTesns B MCO, tak u nnsg vHabmronaresis B HCO. C nateir Tou-
ku 3penus mon nepexonom MCO - HCO u obpaTHO mompasymeBaeTCs
yCTaHOBJIEHNUE TTPABUII, CBA3BIBAIOIINX T€OMETPUYECKTE OOBEKTHI, 3a-
maHHBIe B TpocTpaHcTBe MuukoBckoro (2.4), ¢ sTuMu ke o6beKTa-
MU, 3alaHHBIMU B ipocTpaHcTBe Pumana. Kak ormeueno B [1], Bpsin
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JI MOXHO 3[1eCh HAWTHU YHUBEPCAIBLHOE MPABUIIO, KOTOPOE IIPUTOIHO
IJTSL BCeX cirydaeB. Hanmpumep, B puMaHOBOM IIPOCTPAHCTBE €CTH T€0-
MeTPUUYeCKNl 06BeKT - TeH30p Pumana - Kpucroddens, koTopsiii B
mpocTpaHcTBe MUHKOBCKOTO TOXIeCTBEHHO paBeH HYJf0. T'akuM 06-
pa3oM, YCTaHOBUB BHIIIIE YeTHIpe nMpaBuiia repexona oT HCO k xkBasu
- ICO (B pamkax puMaHOBa MPOCTPAHCTBA - BDEMEHN ), MBI He Clie-
JIaJid TOCJIEMHETO CaMOro TPYMIHOTO Iara - He yCTAHOBWIIA MIPaBUIIa
nepexona u3 kBasu - NCO (6.2) 8 UCO (2.4), samaHHbIX B 06Ieit
KOOPAWHAIUN - STAJOHHBIX ( MaJInjleeBHIX ) KOOPIMHATAX.

51 ycTaHOBIIEHUS TTOCJIETHETO COOTBETCTBUSI T€OMETPUS HE MO-
KeT MaTh OMHO3HAYHOW peKoMeHmaluu 6e3 CBA3M ¢ PU3UUeCKUMU
npemnmnosioxerusyu [1]. [losTomy npu npeobpazoBaHugx PU3NIECKUX
BesinunH, cBa3aHHBIX Mepexonom MCO - HCO u o6patHo, TpebyeT-
CA BBISCHUTH SBIJIIE€TCH JI OTOOpaKaeMbIll T€OMETPUIECKUT 06BEKT
MHBAPUAHTOM COOTBETCTBU, JINOO HE ABIITETCI. DTO 3aBUCUT OT €O
CTPOEHUS, T.€. OT XapaKTepa 3aBUCUMOCTU 06BEKTa OT METPUKM.

KomrmioneHTHI BeKTOpa cMmeltieHns dx” - B obIell KOOpAUHAIINN -
MHBaPUAHTHI COOTBETCTBUS, & UX BEJIUYNHBEI He SBIISIOTCA TAKOBHI-
M, TOCKOJIBKY MeTPUYeCKUe T€H30PHl SJIEMEHTOB MHTepBaJioB (6.2)
u (2.4) B ofImell KOOpAWHAIMY He paBHBI Apyr apyry. OrTcioma cite-
nyet, uto 1npu mnepexone MCO - HCO siemenT umHTepBasia B obIeM
citydae He coxpaHseTcs. Ber6pas B mpocTpancTBe MuHKkoBCKoOro (2.4)
u npocTpaHcTBe Pumana (6.2) coBnanarorue nHBapuaHTHBIE TeTPa-
IIBI, OTpaKaloInre TOT GakT, YTO GU3UUECKUEe pelepPhl TPUHAIIEKAT
kak MCO, Tak u kBasu - MCO, onpenmesiuM HEKOTOPHIA BEKTOP A
KaK WHBApUAHTHBIN, €CJIM TeTpagHble KOMIIOHEHTHI DTOr0 BEKTOPA
B (2.4) paBHBEI TeTpagHBIM KOMIIOHEHTaM >TOro BekTopa B (6.2) [1].
[Ipu 5ToM B (2.4) adpuHHELIE peliephl COBHATAIOT C TOJIEM NHBAPUAHT-
HBIX TeTpam . TakuMm o6pas3oM, K YeTBIPEM MyHKTaM, OMUCHBAIOIIIAM
nepexon oT HCO k kBasu - UCO, mobaBiseTcs "NATHIN TYHKT

5. Hag ceomempuueckur 06eKkmos, 6 ATIOWUTCI UHEAPUAGHITLOM
coomeemcmeud, mempadnvie Komnowenmut 6 keasu - UCO (6.2),
sbIUUCAEHHBIE ¢ NoMowplo mempad (7.1), pasnvl addunnbin Komno-
newmam UCO (2.4).

[Tocienauit MyHKT MO3BOJIIET 3aMKHYTH Iermouky repexoma HCO
- UCO. B wacTHOCTHU, TEH30P SIIEKTPOMATrHUTHOTO TI0JIS B Pa3obpaH-
HOM TIOCJIEMHEM IIPUMEpPE SBIITETCS WHBAPUAHTOM COOTBETCTBUI, U
OHOPOIHOE TIOCTOSIHHOE T0JIe B TeTpanax kasu - LCO (7.11) aBaus-
eTCs OMHOPOOHBIM U MOCTOSHHBIM TojieM B addurHoM permepe MCO

(2.4).
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CrnenyeT oTMETUTH, YTO BEIUYUCIIEHNE ~ QU3NUECKUX WU TeTPal-
HBIX KOMIIOHEHT TE€H30pa SHEPTUM - UMIIYJIbCA, KOT/Ia COIyTCTBYIO-
e TeTPadbl COBMAMAOT C COOTBETCTBYIOIIMMU KOOPIMHATHBIMU
ocamu ( xanmbposka Jlame [22], [23]), mpuBomuT BO BCeX CiIydasx
K BBIPaKEHUIO, COBITAMAIOINEMY C TEH30POM SHEPTUH - UMITYJIbCA TIO-
CTOSHHOT'0 OMHOPOMHOT0 5yieKTpudeckoro nmojist B MCO npocTpaHcTBa
MuHKOBCKOTO, I'/le OlHa U3 OCell BEIOpaHa B HAIIpaBJIEHUU ITOJIA.

Ilepexon HCO — HCO

PaccmoTpum mepexon ot omuont HCO x mpyroii.

IIyctes B nmpocTpancTBe MUHKOBCKOrO HAIPAXKEHHOCTE ITOJIS OT-
pUIIATEIBHO 3apskKeHHON IIocKocTu 2F, a B mpocTpancTBe Puma-
Ha [D; = FE, HO caMa INIOCKOCTH OBUKETCS BHU3 C YCKOPEHUEM
ap = —FEe/m. B kadecTBe cucTeMbI 0TCUeTa BEIGEPEM SIIEKTPOHHY O
”ObLIL”, TIOABEIEHHYIO K IIJIOCKOCTH Ha HeBeCOMBIX HUTIX. Torma
HATIXKEHUS HAUTEN B 000MX CIIydasX OJMHAKOBEI 1 paBHEI 1 = 2Fe.
Ecnu autu pazopBaTh , TO YaCTUIEI OEUIN 6YOYT yOAIITHCI OT ILJIOC-
KOCTHU B COOTBETCTBUM C ypaBHeHneM ABIDKeHUS (7.8)

DV#
ds

me = EF rVY.

c
NuTerpupoBanue ypaBHEHUS OBUXKEHUS IJI IEPBOTO CIydas IIPUBO-
OUT K 3aKoHy nBmkeHus (2.6) u merpuke (2.8) (c 3ameHoll ay Ha 2q).

Iig BTOpOro cilydas HYKHO PacKpBITH abCOJIIOTHYIO IIPOM3BOI-
HYIO C HCHoJib3oBaHneM MeTpuku (2.18) (¢ oTpumaTeIbHBIM 3HAKOM
B HKCIIOHEHTE) U BOCIOJIB30BATHCS PellleHreM ypaBHeHuit MakcBeria
(7.6) mist merpuku (2.18) (c yueTom 3HaKa).

Pemtenne ypasuenunii MakcBeiuta uMeeT B

1
F()l = El = D1 exp<—%> = Dl\/g()()a D1 = I = const. (713)

C

PackprsiTre abcomtoTHON TPON3BOIHON C YUETOM yCIIOBUS HOPMMU-
poBku 4-ckopoctu (1.2) IpUBOAUT K ypaBHEHUIO

1
A @(1 un V12> = £\/1 + V12 (7.14)

dS c? mc?

Momnaras eE/m = ay, ag/c? = «, UilleM cTaloOHAPHOE pellleHye I
TOJI CKOPOCTEN B MIEpeMeHHBIX Diijlepa B BUIIE

V! = tan z(S) (7.15)
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B pesynpTaTe mosmyyaeM ypaBHeHUe

dS ~ cos?xdS

dv! 1 da::a< 1 1 > (7.16)

cos?x cosx

Peurenne (7.16) mpu ycioBun, uto npu = 0, S = 0, uMeet Bun

T
tan<§> = af, (7.17)
a miig monsg V! maxomum
dy? 2a8
1
s s . 01
v dS 1-—a25? (7.18)

HyseByto xommoreHTY V! 4-cKopocTu ompeiesmM 13 yCIOBUS HOPMIU-
POBKH, UTO C UCHOJIb30BaHueM (7.18) IprBOOUT K ypaBHEHUIO.

dy’ 14 a%$? apy?
VO — —
T dS 1 — 0282 exp< c? > (7.19)

Peurennie cuctemsr (7.18) u (7.19) npum ycmoBmu, uro mpu S = 0
HauaJbHEEe KOOPAUHATH y' = !, IpuBOIUT K 3aKOHY IBIKEHUT B

repeMeHHBIX Jlarpanxa

2 2 02
1 1 ¢ )

S 1/7.2
M 0 _ Sexplae’/)

’ v 1 —ay25%/ct’

(7.20)

Q) C

roe 331 - Ha4YaJIbHBIE€ KOOPDAMHATBhI 4aCTHUI IIbLJIN S/C - cobCcTBEHHOE

BpeMs . Kcitu mosTy9eHHBIN 3aKOH MBUXKEHUS CIIJIONTHON Cpenbl B Tie-
pemeHHbIX JlarpaHxa nomcTaBuTh B deMeHT (2.18) (¢ oTpumaTesns-
HBIM 3HAaKOM B SKCIIOHEHTE), TO MOJIyYMM [JIS SJIEMEHTa WHTEPBAJa
BEIpaXKeHUe

d5? = ds? — (1 — S2a®)dz'” — 2a8dSda" — dz®* — dz®°.  (7.21)

OT mepeKpecTHHIX WIEHOB B MeTpuke (7.21) MoxHO m36aBUTH-
cd, €CiIi KCIIOJL30BaTh XPOHOMeTpHUYecKoe IpeobpasoBanume S =
T exp(agz!/c?), KoTopoe, Kakx m3BecTHO [24], He BEIBOOUT 3a PaMKW
paccMaTpUBaeMOll CUCTEMBI oTcUeTa. Torma MmoJiyuuM ¢ TOYHOCTHIO
o iepeo6osnauennit 4 — 7, y* — =¥ MeTpuky (2.18) ¢ mosoKUTEITH-
HBEIM 3HaKOM B SKCIIOHEHTE. DTOT Pe3yJIbTaT MOXKHO OBLIO OXNAATH
u 6e3 BEIYNCJIEHWIA, T.K. HallJeHHBI 3aKOH IBUXKEHUI B PaMKaX pU-
MaHOBa MPOCTPaHCTBa cooTBeTcTBYeT nepexony or HCO ¢ orpuna-
TeJILHBIM yCKOpEHIEM, HallPaBJIEHHBIM 10 HUTH K tockocTu, K HCO
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C IIOJIOZKNTEJIBHBIM YCKOPE€HUEM,, HAIIPABJICHHBIM I10 HAIIPpAaBJICHUIO CH-
JIBI CO CTOPOHHI ITOJIA OT IIJIOCKOCTMH. OTo cJjenyeT n HEIMoCpeaCTBEHHO
N3 3aKOHa OBUXKCHNA B HEPEJIIATUBUCTCKOM HpI/I6.TII/I}KeHI/II/I, Ipencra-

BUMOM B BUe
1

Yy = zt + aotz,

KOTOPHIN ONMUCHIBAET KaK MeHSIETCS Pa3HOCTh KOOPINMHAT MeXIY IBY-
MS YaCTUIIAMU, €CJIA OHU JBUKYTCS IO OHOW MPAMOU B pa3HbIe CTO-
POHBI C OIMHAKOBBIM MO BeJIMUMHE HO PA3JIMYHBIM I10 HAIIPaBJIEHUIO
YCKOpEeHUEM a).

Takum obpaszom, ” MexaHnueckas’ SKBUBaJIEHTHOCTH B CTATUKE He
IIPUBOAUAT K 5KBUBAJIEHTHOCTH B nuHamuKe. MlTak, u3 pasobpaHHON
3a/laun CJledyeT, YTO COBMECTHOE pellleHre YPaBHEHUN CTPYKTYPHI
(1.7) u ypaBHeHuit MakcBesia IOMyCKaeT ABa PEIIEHNS: OTHO B IPO-
ctpancTBe MuHKOBCKOrO, a npyroe - Pumana. IlepBoe pertenue mpu-
BOIUT K HAPYIIEHUIO KeCTKOCTU MPU ABUXKEHUU B OMHOPOIHOM II0JTE
, & BTOpOe - He TIPUBOIUT.

8. PensTuBucrckas, xkecTKas, paBHOMEPHO Bpalllalomiasiacs
CcO

[Tpu paccMoTpeHUT BpaITafoIIerocs JUCKa OOBIYHO BEHIOMPAIOT He-
MOIBUXKHYIO CUCTEMY OTCYeTa, B KOTOPOU BBOOAT [MUINHOPUYECKUE
KOOpPIWHATHL T, ©g, 20, Ly U IepexoOsaT K BpalllalolIelics CUCTeMe
oTcueTa 7, , 2, t corjjacHo popMyJsaMm:

ro=r, o=@+, z=2z2, ty=1t,

rlle yIrJioBas CKOPOCTH BpalleHus {2 OTHOCUTEIBbHO OCH z CUMTAETCS
MOCTOAHHOMN.
DJIEMEHT MHTEPBaJia UMeeT BUI
927,2
—> Adt? — 2Qr’dpdt — d2* — r?dp* —dr®. (8.1)

c2

ds2:<1—

®opmysa cipaBemuBa, ecau r2/c < 1. B pa6orax [8], [11], [51] 06-
CYyXOAfOTCSA NPYTUe paclpenesieHns CKOPOCTEN, KOTOPhIe OrpaHNYN-
BalOT JIMHENHYIO CKOPOCTH BPAIIeHUs OUCKa MPU 7 — OO0 BEJTMUNHON
ckopocTu cBeta ¢, a npu Qr/c < 1 mator v = Qr. OgHako Kpu-
TEPUIO KECTKOCTU KaK KJIACCHUECKOMY, TaK U PeJIITUBUCTCKOMY (B
cMbiciie BopHa) ymoBiieTBOpseT TOIBKO OGBIYHBIM 3aKOH paclpeesie-
Hust v = Qr, ) = const, npuBonsmmit k uaTepsasy (1). Tpeboa-
HIe CYIIIECTBOBAHUA JKEeCTKOrO 110 BopHY peltteHus M1 JIIOOBIX 7 Ipu
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ycioBun, 9To v(r) < ¢ He MOXKET OBITH BBEIOJHEHO B IMPOCTPAHCTBE
MwuHKOBCKOTO.

Haitnem MeTpuKy XKeCTKOU peISITUBUCTCKON PABHOMEPHO Bpallla-
forreticst HCO ¢ momortpio Haltiiero Metona, mosaras B popmymax (1.1)
u (1.7) Tensop ckopocteit medopmarmit ¥, = 0 u Tpebys MOCTOIH-
CTBa WHBApPUAHTA, XapaKTePU3YIOIIeTro PeJITTUBUCTCKOe 0000ITe e
KBaJpaTa YTJIOBON CKOPOCTU BPAIleHUS OUCKA W.

2w’

Q,, V" = —~ = const. (8.2)
c

B marpamxeBoil cOmyTCTBYIOIIEN CUCTEME OTCUETAa, CBI3AHHON C
BpAaIaIoNIMMCS IUCKOM, UMeeM

Vi=vVi=vi=0, V'=D"? Vi=V=0, Vh=-PV'
dS? = D(r)c*dt* — 2P(r)cdtdp — dz* — r2de® — dr?,
g0=D, gp=-P, gu=-1, gn=-1°, gs=-1,

2 271 00 r’ 02 P
det | g |=9=—-P" —-r"D=-K, g =% 9 =%
D wK1/?
1 2 _
g - _17 g — _Ea Q12 _CD1/27
1 dD
Fl= —"" F == =0, 8.3
2D dr’ ( )
Cucrema (1.1) cBOEWTCS K €OIMHCTBEHHOMY He3aBUCHMOMY ypPaB-
HEHIO PdD dP 1/2
w
T = 97 (Dr?y P? X 8.4
D dr dr c < T > ( )

Ypasuenus cuctemsr (1.7) mociie TOBOSIBHO TPOMO3IKUX BBIUKC-
JIEHUA CBOMATCS Jmbo K ypaBHeHUio (8.4), nubo ymOBIETBOPAIOTCS
TOXJIeCTBEHHO, JINOO NATOT

dD . w ) 9 _1/2
—-= —2;DP<D7= +pP?) (8.5)

Ycmosue (8.2) 5KBUBaJIEHTHO MOCTOSHCTBY BEJIMUMHBI XPOHOMET-
pUYecKr MHBaAPUaHTHOI'O BeKTOpa yIJIOBOUM CKOPOCTHU, KOTOPHIU B Ha-
X 0603HAUYEHUAX OMpeeliseTCS B corlacuu ¢ [24], kak

C

w' = —Weijkﬁjk, e =1, (8.6)
Y
rae v = det || yu ||, @ mpocTpaHCTBeHHAs MeTpUKa Y CTPOUTCS M3
(8.3) o6brunbIM 06pasoM [7] mo dopmyse
gorgol
Yol = =Gkl + : (8.7)
goo
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Ycnosue (8.2) aBiseTcs Takke CIENCTBUEM ITOCTOSHCTBA BEJIMUNHE
YTJIOBOW CKOPOCTH B COIMYTCTBYIOIIUX TeTpanax [51].

BenmuuuHbl peiaTUBUCTCKON w 1 KIIACCUYIECKON YTJIOBOM CKOPOCTH
() cBSI3aHBI COOTHOIITEHNEM

927,2)_1.

c2

w:Q<1—

Ecnu o6bsBuTh B ypaBHeHmsx (8.4) u (8.5) mocTosHHOI He w, a {2, TO
peurenne (8.4) u (8.5) mpuBonsat k MeTpuke (8.1), peann3oBaHHON B
IIJIOCKOM IIPOCTPAaHCTBE-BPEMeHN, HO MMEIOIIY0 OrPaHUYeHHYIO 06-
JIACTh CyIIecTBOBaHMUA. Ecim 6bI MBI IIONEITAINCEH B IIPE0Opa30BaHNIN
¢' = @+Q(r)t BeIbpaTs Takoe (r), uro Q(r)r < ¢, To TaKoe pacmpe-
HeJleHre CKOPOCTEN MPOTUBOPEYIIIO OBl KPUTEPUIO KECTKOCTH, IIPH-
BOI4 K HECTAIMOHAPHOI MeTPHUKE.

B mamrem ciyuae miis MeTpuku (8.3) CyImecTByeT CTaIOHAPHOE
pellieHne, MpuMeHnMoe i Beein obnactu 0 < r < 00, HO peaju3ye-
MO€ B PUMaHOBOM IIPOCTPaHCTBE-BPEMeHN.

Peurenns cuctemer (8.4), (8.5) B kBaapaTypax moJIyduTh He yaa-
70Ch. YNCIIeHHEBI aHAIN3 ToKa3aJ1, 94To npu wr/c < 1 merpuka (8.3)
copamaeTr ¢ Merpukoi (8.1). Ilpu Bemmumuax wr/c > 1 cucrema
(8.4), (8.5) momyckaeT aCHMITOTHYECKOE DEIIEHIE

D = D, exp<—2ﬂ>, p=". (8.8)
c w
st wr /e > 10 Dy = 5, o = 1.7. Jlyist m06BIX KOHEUHBIX 3HAYEHIIA 7
MeTpuku (8.3) cripaBemyIUBHL U3BECTHBIE COOTHOIIEHNS, HAKIIAIHIBA-
eMble Ha KOMIIOHEHTHI MeTPHYeCKOro TeH30pa B CUCTEMaXxX OTCYeTa,
KOTOPBIE MOT'YT OBITEH OCYIIECTBIIEHHI C TIOMOIIBIO PeaJIbHBIX Te [7].
B wactHOCTH g9 > 0, OompenenmTeNns g, COCTaBICHHBIM W3 KOMIIO-
HEeHT MeTPHYecKoro TeH30pa, OTpHUIlaTelleH, a KBaIpaTWdHas dop-
Ma, 3afafoInad KBaapaT 5JIEMEHTa IIPOCTPAHCTBEHHOIO PaCCTOSHUL
CyIIeCTBEHHO IOJIOKUTEIIbHA.
[lenTpocTpeMuTentHoe yckopeHue Bo Bpamfatomnetica HCO ompe-
nessgeTcsa GpopmyIion

welP
92 1
a=c"F = — (8.9)
v Drs 4+ P
KOTOpas MPU MAJIBIX 7 IEPEXOUT B KJIACCUYECKYIO, a MpH r — OO
maeT a = —wc. Beiunciienne He3aBUCUMBIX OTJIMYHBIX OT HYJIS KOM-

IIOHEHT TeH30pa KpuBU3HHL ¢ yueToMm (8.3), (8.4), (8.5) mpuBomuT K
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COOTHOIIICHU AM

w2D 5 5 DP2p? wD?Pr
Riyp10 = TR [QP — Dr K ] K32
wDr [wDr?
Rs0,20 ZalE lCK1/2 — P])
P PwDr [ P wr (2 Drz)]
12,10 K K2 p ralik

w2D?p6 wDr*P P2

Cxansgpuas kpuBn3zHa R = g/‘”go‘ﬁR/m,,,ﬁ nMeeT BUI
R 2DP2{1_w2r2l2 D_7°2(1_7=2_D)
K2 c? K P2
wr P 2Dr?
(1)) (8.11)

s smeMeHTa IPOCTPAHCTBEHHOTO PACCTOSHUSA BO BPAIITaoIIen-
CsI CUCTeMe OTCYeTa nMeeM, uciosb3ys (8.7),

P2
dl? = dr? (1 —)ﬂd 24 422 8.12
1+ 55 )rde” + (8.12)
PI/IMELHOB TeH30p KpI/IBI/ISHBI HOBerHOCTI/I Zz = COHSt nmmMeerT OI[Hy
HGS&BI/ICI/IMYIO KOMHOHeHTy

P2 wzrzle 2K P2—Dr2(2 P_Z)]

P = —— —
12,12 KT @ \De DT T K K
wr P 5 5
I'ayccoBa xkpuBu3Ha moBepxHocTu I' BEraucasgeTcs mo dpopmyste
P
r=—"22_ (8.14)
Y117Y22 — Yi2
BBI‘-II/ICJ'IGHI/DI danT
D P? w2  Ww:P?  DPuwr 5 5
I'=- K? _202 2K K5/2¢ (2Dr _P)
P? Dw?r?
y p— P2—D2) . 8.15
+( K) ( ") K (8:15)



IIpu r» — oo rayccosa KpmsusHa ' = —w?/c?.
JIT060BITHO OTMETUTH, YTO HJIT PUKCUPOBAHHBIX 3HAYEHWN YT-
JIOB (0 MeTPUKa Ha BPAIAIOIIEMCS OUCKe CBeNeTCS K BUILY

dS* = D(r)c*dt* — dz* — dr?, (8.16)
KOTOpas IJjid 60JIBIINX PACCTOSHWIA OT OCH BPaIleHNs IIPU KCIIOJIB30-
Banun (8.8) u (8.9) cBommrcs kx Buay (2.18) npu ay = —we.
2
dS? = D, exp<—ﬂ> Adt? — dz? — dr?, (8.17)
c

OTo0 He ABJILETCA HEOXKMIAHHBIM, IIOCKOJILKY YaCTUILI Ha Bpallia-
IOIIIEMCS OUCKe Ha GOJIBIINX PACCTOSHUAX HAXOAATCI B OTHOPOIHOM
110J1e [IEHTPO6EXHBIX CIJI MHEPLUMK. 3HAK MUHYC 03HAYaeT, 4TO IIEHT-
POCTPEMUTENILHOE YCKOPEHE IIPOTUBOMOJIOKHO HAIIPABIIEHUIO PaIl-
yca. HecoBmameHne MeTpuKM Ha 6OIBIINX PACCTOIHUAX B OBIIIEM CJTY-
yae CBA3aHO C T€M, YTO B IIEPEMEHHEIX DIIepa IJIs PaBHOYCKOPEHHO-
ro gBikeHus (2.18) mosie CKOpOCTel MapasiyIeIbHO MO0 yCKOPEHMUI,
a IJId Bpalllalolllero AUCKa I0Jle CKOPOCTEN M YCKOPEeHMIl IepIeH Iu-
KYJIAPHBL APYT OPYTY.

PaccMmorpum 6osiee moapo6HO OTIIMUMS MOJIYY€HHOIO HAMU pPellre-
HUS [JI1 METPUKU OT HPWHSTOrO B OPTOHOKCAJIbHOIN Teopunm (8.1).
Isis sToro uccienyeM B meTajisx cucrtemy ypasHenuil (8.4) u (8.5).
Ing ynobcTBa aHaiu3a BBeleM Cienylolne 6e3pa3MepHbIe TepeMeH-
Hble 1 QYHKIIUN:

wr Pz

, D=2, Y=-", (8.18)

X

C

”
B stux o6osHadyeHusx cucrema ypasHeruii (8.4) u (8.5) npumer Bun

dY B 27 2 819
de Zz2+Y? (8.19)
dZ 27Y

- (8.20)

dz VZr2+Y?2

[Tocne BBemenms HoBout dpyHKIMU U, onpenenseMoil U3 COOTHOIIEHUS

Y
U=—"~, (8.21)

cucTeMa YpaBHEHUN PaCIIEISISeTCS U CBOAUTCI K BUIY
aU U 24 U?

- = (8.22)

dz 'z
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1dzZ 22U

S 8.23
Z dz V14 U? ( )
W, nakowneli, 1ocjie 3aMeHBI
U
VE e 8.24
V1+U? (8:24)
CUCTEMA IIpEACTABI/IACTCA B (I)OpMe
d
é + %(1 — %) = (2 — v2)(1 — v?), (8.25)
Z=D= exp<—2/vda:>. (8.26)

Beusicaum ¢usudecknit cmbica pyukimm v(z). OdeBugHO, 94TO MpO-
CTPAHCTBEHHEBIN 57IeMeHT uHTepBaia (8.12) MoxeT 6BITH HepenucaH

B BHIE
1
di* = dr® + ﬁrzdgoz + d2”. (8.27)
— v
B OpTOI[OKCEL.TILHOﬁ TEOpHUN 5TOT XK€ JIEMCHT MHTEPBaJla IMee€T BUI
1
dl2 = d’f‘2 —|— W’f’zd(pz —|— dZ2. (828)

N3 comocrasienus Boipaxenuin (8.27) u (8.28) MOXHO cmenaTh BHI-
BOI, YTO B HamreM ciydae v(z) 9To Ge3pasMepHas JIMHEWHas CKO-
POCTH TOUEK XKECTKOTO AUCKa OTHOCUTEJIFHO HekoTopol kBaszu-NCO,
3alaHHO B PMMAHOBOM IPOCTPAHCTBe- BpeMeHU. 3aliMeMCs aHaJIu-
soM ypaBHenus (8.25). s Masbix v, mpeHeGperas KBaJIpaToM CKO-
POCTU TI0 CPABHEHUIO C €AUHUIIEN, TIOJIyYaeM ¥ = &, YTO B TOYHOCTH
COBIMAJaeT C KJIACCUYECKUM Pe3YIIbTATOM OPTOMOKCAJIHHON TEOPUN.
Peurervie mmst D(x) B 9TOM city4ae CBOAUTCS K BUAY

D= exp<—2/vdw> = exp(—2?) =1 — 2%, (8.29)

YTO TaKXKe SKBUBAJIEHTHO KJIACCUYECKOMY BhIpaxeHmio (8.1).

N3 anamusza (8.25) cienyer, 9To IjId & — 0O ypaBHEHUE MMEET
petiiere v = 1. DTo pellleHNe Pe3KO OTINYAETCI OT KJIACCUUECKOrO
JKeCTKOro NMNCKa, TJle TIojie CKOPOCTel HA 0eCKOHEYHOCTUW HeOT'PaHU-
YeHHO Besnko. I'paduk unciternoro pemerus (8.25) mo Bumy Haro-
MUHaeT TpaduK TUTePOOJIMIECKOT0 TaHTeHCa NI NeOpMUPOBaAHHON
crynenvaroin pyukmmu mist @ > 0. s 6ompimx @ pyHKmmo v(z)
MOXKHO MCKATh B BUIIE

v(z) =1—9¢(z), Y(z)<Kl1. (8.30)
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IIpene6peras 2 o cpaBHEHWIO C eAWHNIIEH, TTOTydaeM I QYHKITIN
Y(x) acuMOTOTUYECKOE YPABHEHNE

di 1—=x

— = 2—. 8.31

dx ¥ x ( )
Pemtenue mociiennero ypaBHeHUS MMeeT BIII

¥ =gz’ ™, wv(z) =1—Pyzie (8.32)

re 1) - HEKOTopas MOCTOSHHAS.
AcumnroTuueckoe perenne mius pyaknuu D(x) uMeeT BUA

D(z) = Dy exp<—2a: —e (gt x4 1/2)), (8.33)

rae moctosHHas [y = 5 ompenesniena panHee (8.8) (B oTyimume oT
(8.8) MBI ymepxkanu B (8.33) cirenytomue usieHbl pasiioxenus). s
dyukummM P(x) HaAXOAUM aCUMIITOTUYECKOE BhIpaKeHUe

Dyc

P= ¢—3;, Yo = 1.73, (8.34)

/i€ IS BRIYICIIEHUS TIOCTOSIHHOM v ucIosb3opan (8.8).
PaccmoTpum pacnpocTpaHeHre CBETOBHIX JIyUell 110 3aMKHY TOMY
KOHTYPY II0 OTHOIIIEHNIO K BpaIllafomeMycsa nucky. IlycTs ayun pac-
OPOCTPAHAIOTCA 110 OKPY2KHOCTHU HaBCTpeuy APYT OAPYrY, a UCTOUYHUK
HaXOOUTCA Ha BpallaloIIEMCA OUCKE. KaK N3BECTHO, [7] Ha Bpalllalro-
mIeMcCcda OUCKeE YacChl HE MOT'Y T 6BITB OMHO3HAYHO CHMHXPOHN3UPOBAaHHBI
BO BCe€X TOYKaX. HOSTOMy, IIpon3BoAsd CMHXPOHM3AIIWIO BAOOJIb 3aMK-
HYTOr'0 KOHTYypa MW BO3BpalllaiCh B UCXOOHYIO TOUKY, MBI IIOJIYYUM

BpeM:a, OTJIMYaIoIICECa OT IIEPBOHAYAJIBbHOTO Ha BEJINYNHY

At = = f @dgo = v exp </ Ud:l:). (8.35)
¢’ goo c V1 —v?

N3BecTHO, 4TO CKOPOCTH CBeTa BCeTla paBHA C, €CJIN MCIOJTb30BATH
eCTeCTBEHHOE BpeMs, CBSI3aHHOE C eCTECTBEHHON TeoMeTpUell Ha TC-
ke [110] (mompo6Hee 5Tu BOpock 6yAYyT pacCMOTPEHHL B CIIEAYIOIIEN
riase). [losToMy BeTpedHEle JIyun CBeTa ISl MCTOYHUKA, PACIIOIO-
JKeHHOTO Ha NNCKe, BO3BPAIAIOTCA K MCTOYHUKY OTHOBPEMEHHO IIO
€CTeCTBEHHOMY BpeMeHHN.

OueBUAHO, YTO 3a BpeMs MPOXOXKIEHUSI JIydell caM MUCK TOBep-
HeTCS Ha HEKOTOPHIT yroi. IlosToMy BCTpeUHBIN JIyY MO OTHOIITEHUTO
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K BpAaIMaloIeMyCsa TUCKY MPOXOAUT MEHBIINH Iy Th 10 BCTPEUN C UC-
TOYHUKOM, YeM JIyY, PACIIPOCTPAHSIIONINAICSA BIOJIb CKOPOCTHU Bpailie-
Hust. PasHocTs BpeMeH ob6xoma Atfj M0 OTHOIIEHUO K HEIOIBUAKHON
CO 6yner paBHa ymBoeHHON Bejuumbe Af.

4T wr

Aty = ———exp </ Ud:l:). (8.36)
c V1 —12

B HepesATUBUCTCKOM NPUGIIMKEHUM [JI MAaJbIX CKOPOCTell MMCKa

v = & HallIeHHBI PE3yJIbTAT COBHANAET C PE3yJIbLTATOM U3BECTHOIO

ombiTa Canbska [110].

4w S

Aty = —7,

(8.37)

c
rae S - IWIoIIaAb AUCKa. B yJIbTpapesISTUBUCTCKOM CIIydae MMeeM
Aty = im @ exp (2z). (8.38)
W D()
[Ipu cTaHmapTHOM PacCMOTPEHUN YIbLTPAPEIITUBIUCTCKOE PACCMOT-
peHne HEIPUEMIIEMO B IIPUHIIAIIE.

MoxXHo ogHaKO 1 B INIOCKOM IIPOCTPaHCTBe-BpeMeHH 3aaTh Bpa-
IIaTeJIbHOE NBUXKEHNEe MHBaPUAHTHBIM OTHOCUTEILHO IIpeobpa3oBa-
uuii JlopeHna crnoco6oM, MpUMEHUMBIM IS JIIO60I0 PACCTOSHUSL OT
1ieHTpa. CKOpOCTH BpallleHU P 5>TOM OrpaHMdYeHa Ha 6€CKOHEUHOC-
TU CKOPOCTHIO cBeTa c. IIpaBma B 5ToM citydae 6ymeT HapyllleH pe-
JIATUBUCTCKUN KpuTepuil kecTkocTr o bopuy. B pa6ore [51] Takas
nporpaMma 0blila peajin3oBaHa aBTopoM. g ymobcTBa cpaBHEHHS
ciienyeM mpuHATHM B [51] obosHauenusam. [l onucanus NBUKeHUS
ICIOJIb3yeM TaJlnjleeBy KOOPIOMHATHYIO ceTKy {z,}, u = 1,2,3,4,
x4y = ict. YCIOBUMCS, 4TO I'pedecKre MHIEKCH 30eCh OyOyT M3Me-
HATHCA OT €IMHUIIBL 10 YETHIPEX, a JATUHCKIE - OT eIUHUIIBL 10 TPEX.
Iomyckaem, 4To OCh BpallleHUs COBIIAAaeT C T3. B KaxkIoil TOYKe I10-
cTpouM TeTpany h,(a) Tak, 94To IS KaXIOH YaCTUIBI CPeb 5(4)
coBIagaeT ¢ BeKTopoM 4 - ckopoctu V), T.e.

ih,(4) = V. (8.39)
3 paBenctsa (8.39) cienyer, uTo
ih,(4)h,(a) = i6(4a) = V(a) =0, (8.40)

T.e. IO OTHOIIEHWIO K JIOKAJBHOW TeTpale, 3aJIaHHON pPaBEeHCTBOM
(8.39), cpema mokomTCS.
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Ilone 4 - CKOpPOCTH BpalllaloIIerocd KOHTMHYYMa 3adalnuM IIO 3a-

KOHY
V, = V(r) V=0, V. L v L
a = V(r)euany, Vs=0, Vy=-—F—=s=, V(r)= )
V1—1v2/c? cy1 —v?/c?
a,k=1,2, n;= %, r?=a+ a3, €y = —€pa, €19 = 1. (8.40)
r

3mecy v(r) mckoMmas BeJWUYUHA TPEXMEPHON CKOPOCTHU BpAIeHUS.
BBuny BeibpanHOl B 5TOM pa3zieile CUTHATYPHI, TEH30P YTIIOBOM CKO-
POCTH BpallleHUs W), oTJIndaeTcs 3HakoM oT (1.4) u 3aMeHoRl KoBa-
PUaHTHBIX IIPON3BONHBIX Ha YaCTHEIE.

= =0,V — V.F, (8.41)

Wy Iz Iz

[Tepexons kK TeTpamHOMY TIPENCTABIIEHNIO, TMeEM

w(ab) = =81V, hu(a)hy(b). (8.42)

Iz

-
Bynmem cuntats, uto h(3) coBlamaeT 1o HANPABIIEHUIO C OCBIO I3, &

ha(2) ¢ ng.

—_

h(3) - hy=6,(3), hy-he=ha(2)=n,. (8.43)

B cuny BBIGOpa 5(3) B aHTHUCHUMMeTpuuHoil MaTpuie w(ab) (a,b =
1,2) mMeeTcs JIMIIb ONHA HE3aBUCHMAasd KOMIIOHEHTa, XapaKTepusy-
IOIas yIJIOBYIO CKOPOCTBH BpallleHus BOKPYT ocu h(3) B JIOKaJIBHO
COIly TCTBYIOIIEH TeTpage. VIcIonb3ys NpeasIayIume COOTHOIIEHN 1
yCJIOBHE

hu(e)hs (B) = 8(af), (8.44)
I[IoJIy4nM
_Z‘/4n2 Z‘/4’I'L1 ZV

0
. Tq To 0 0
hu(e) = 0 o 1 0 |’

—iVZL’I’LQ ZV’I’Ll O —Z‘/4

(8.45)

rae B (8.45) € - Homep cTpokwm, i - HoMep crosbua. [lomaras B coot-
HotreHun (8.42)

W
w(ab) = —e(ab), e(ab) = —e(ba), €(12) =1, (8.46)

C
nojiyunM GpopMyJly, KOoTopasd 3ajacT BpalllcHUe WHBaApUAaHTHBIM OT-
HOCUTEITLHO TipeobpazoBanus Jlopentia criocobom. B mociiennein pop-

MyJle w) XapaKTepusyeT BeJINYNHY YTJIOBOM CKOPOCTHU B JIOKAJIBHO
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COIly TCTBYIOIIIEl TeTpame. Bo3Bpalasichk oT TeTpPagHOIrO MpeacTaB-
JIEHN K CaJIlIeeBy, MMeeM

o(ab) = “{h, (1)h(2) = hy(2)h (1) (8.47)
BameTnM, 4TO TpU GUKCUPOBAHHBIX 5(3) u 5(4), KOTOPHIE 3a1af0T
BpallleHne, BEKTOPEI E(l) u 5(2) orpemeSieHBl HeoqHo3HauHo. OoHAKO
MOXKHO I0OKa3aTh, YTO IIpaBas JacTh paBeHCTBa (8.47) He 3aBUCHT
OT OpHMEHTAINN E(l n 5(2) [IpeobpasoBaHme, He N3MEHSIOIIEE TET-
pamgHBIX BeKTOPOB h(3) u 5(4) ecThb BpallleHle TeTPAIHBIX BEKTOPOB
E(l) u vech(2) B miaockocTu xixs. Marpuueit o(e'e) sToro mpeobd-
pa3oBaHMA ABJISETCS MaTPUIa [TOBOPOTa B INIOCKOCTH 1Ty Ha YroJI

¢

cos¢p sing 0 0
—sing cos¢ 0 0

a(e'e) = 0 0 10| (8.48)
0 0 01

hule') = ale'e)hule) =

—iVanocos @ +nysing tVinjcosp+ngsing 0 1V cosog
tVangsing +nicos¢ —iVynising + nocos¢ 0 —iVsin ¢
0 0 1 0
—iV’I’L2 ZV’I’Ll 0 —Z‘/4
(8.49)
MoxHo y6equThbcs, 4TO npeobpa3oBaHHbIE TeTpanst h,(e') He u3Me-
HAIOT HpaBoil yacTu paBeHcTBa (8.47). Ilomyuennbie cooTHoIeHUs
IMEIOT MPOCTON PU3MUeCKUit CMBICH. leficTBUTENBLHO, OJIS OIMMCaHMS
BpallleHUs UCIIOJIB3YIOTCI IBa TeTPagHBIX BEKTOpa: 3(3), orpenesis-
TOIINI HaIlpaBJIeHNE OCH BPaIlleHU, U 5(4), COBITAHAIOMINAN C HAaIIpaB-
seaneM 4-ckopoctu. HampasiieHre IByX OCTaJIbHBEIX BEKTOPOB MOXKET
OBITH IIPON3BOJILHBIM.

PaccMoTpuM HeKOTOpEIE YacTHEIE cIydan BpaltieHus. Onpeneanm
PEIITUBUCTCKOE pPaBHOMEPHOE BpallleHle, TP KOTOPOM OCTAEeTCH IT0-
CTOSIHHOI BEJIMYMHA YTJIOBOI CKOPOCTH B JIOKAJIBHO COIIY TCTBYIOIIEN
terpane. [lomaras B dpopmyne (8.46) wy = const, ucnosb3ys mpemsi-
OYIITEe COOTHOIIEHNS, HAXOIIMM

vV VvV VP 2wV
+—— =

oV 8.50
Or r r c ( )
i1 TpexmMepHOl CKOPOCTH v MOJIydaeM
o
8—: + ; = 2wy(1 — v%/c?). (8.51)
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AmnajlornuHoe ypaBHeHNe U3 IPYTUX COOOpaKeHNI MOJIy4eHo B pabo-
tax [8], [11]. Pemrenne ypapuenus (8.51) npu ycioBuu, uro v(0) = 0

nmMeeT BUL
2

2
v(r) = 2c—w$ln ‘Io< w0r>

rae ly(z) - mumuaapudeckas GyHkims Beccensd B OBIIENpUHATHIX

: (8.52)

o6o3HaueHusx [82]. Ilyis MasbIx 3HAYEHUN apryMeHTa, BOCIOIL3YACh

pas3JioKeHneM
x2 1 z*

n orpaHNYMBaiACh IBYMA YJICHaMHM Pa3JIOKCHHWA, ITOJIyUYNM
v(r) =

Ecimu wyr/c > 1, To BOCHONB3YACh U3BECTHOW ACUMIITOTHYECKOMN
dbopmysion

wor

- . 8.53
1+ wir?/c? wor ( )

1
I(z) =\ ——
(:13) 27ra:e
IIoJIy4YnM
C
1-— . .54
e 4w0r> <e (8.54)

Takum obpaszoM, HaiineHHas Gopmyiia (8.52) maeT NpaBWIBHOE 3HAa-
YeHure IJIS MaJIBIX CKOPOCTeN, COBIAMAIOIIeN C KITaCCUYIeCKon GopMy-
JION BpalleHus TBepnoro Teja. g 60oapmux pacCTOSHUN CKOPOCTH
BpallleHUs HUTJe He He TPEBOCXOOUT CKOPOCTU CBETA, CTPEMSICH K
rocJIeTHEN Ha O0eCKOHEYHOCTM.

[IpencTaBigeT mHTEpeC pacCMOTPETH BOIPOC O MPOCTPAHCTBEH-
HOM PaCCTOSHUW BO BPAIIAIOIIENCS cUCTeMe oTcUyeTa. [Ipmmem 1o
OTIPENeJIEHNIO, UTO YIJIoBas CKOpocTh {)(r) C JIMHENHON CKOPOCTBHIO
v(r) mo dpopmyie

o) = 1) _ < —1n‘10<2“’0r)‘ (8.55)

r 2wor dr

Bribupas HemomBUKHYIO CUCTEMY OTCYETa C IMWINHIPUUECKAMU KO-
OPIVHATEHL T, g, 20, Lo U IIepeXosd K BpaIaloIlelics CUCTeMe OTCUeTa
r, ¢, z, t corjacHo popMyJsiam:

ro=r, wo=¢+Qr)t, zg=2z, ty=t,

raoe yrJjioBaid CKOpPOCTHB Bpalll€eHUA Q(’f’) OTHOCUTEJIBHO OCU Z CHUTa-
eTcda SELBI/IC}IIIIef/i OoT 7, IIOJIYUM IJId 3JIEMEHTa MHTEpPBaJia

Q2 2
ds? = (1- ’ )cdt? — 2Qr2dpdt — dz? — r*dig?~

c2
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—27'275%(0&,0 + Qdt) — dr2< +r t2<dd?> > (8.56)

DJIeMeHT IPOCTPAHCTBEHHOTO NHTepBaJa dl? ompenennM 1o dopMmyJie
(8.7), uTo maeT

rdg? 4+ dr2[1 - 2 4 r22(90)] 4 202drdipta?
| _ o

c2

di* = d2* + . (8.57)

W3 nmocstentenn popMyIsibl CileqyeT, YTO PAcCTOAHNE MEXY COCEIHU-
MU MUPOBBIMU JIMHUSIMU YaCTUIl CPENbl 3aBUCUT OT BpeMeHU, T.e.
HalileHHas KOHTPYeHIINsS MUPOBBIX JIMHU BPAIIAIOIIero AUCKa He SB-
JITeTCA KEeCTKON B CMBICSIe bopHa, YTO MBI U yTBEPXKIAJIM PAHbIITE.
Taxum o6pa3oM, B INIOCKOM ITPOCTPAHCTBe-BpeMeHN IPUHIINTITAAIIHHO
HEBO3MOXKHO BO BCel 06/1aCTU BBECTHU XKeCTKYI0 PaBHOMEPHO Bpallla-
torytocs CO.

PaccmoTpum elfie omuH 5K30TUYECKU CIIydall BpallleHus Oe3
”BpallleHuir”, T.e. CJIy4Yall MOTEHIMAJHHOIO B JIOKAJBHON TeTpamie
mosist ckopocTeil (8.40), mOpoXIeHHOTO GeCKOHEUHON HUTHIO Palny-
ca r = 7r), COBMAJAIOIIEN C OChI0 x3. B Ccuily mMOTeHIUAJIbHOCTU W3
cooTHoreHus (8.46) cienyer

w(ab) =0, r>r. (8.58)

HOCJ’IGI[Hee COOTHOIIIEHIIE B JIOKAJILHON TeTpalge aHaJIOTNYHO KJIaCCH-
YECKOMY BHIPaZXKEHHIO

1
B=Vxi=0, (8.59)

YTO FOBOPUT 06 OTCYTCTBHUM BpallleHWiI B cpeme. VIHBIMU cjioBaMu,
Ka KIBI 3JIeMeHT Cpelbl, IBUTasich [0 OKPYXKHOCTH, COXPAHIET OPH-
eHTalNIo B IIPOCTPAHCTBE HEM3MEHHOI.

Ypasuenne (8.50) cBemercs k Bumy

ov v V3
-I- + —
Or r

pPemI€eHue KOTOpOoro 1pm r > ryp UMeeT BU

=0, (8.60)

T

V= (8.61)

OTKYHOa CJIeayeT 4TO TpeXMEPHad CKOPOCThL NMEECT BUIO

v = cr—o, Uy = VELRMp- (8.62)
P
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[Hocsiequuii pesyabTaT COBNANAET C pellleHUeM, MOJyYeHHBIM B [1]
OPYTHM CIOCOGOM.

B sakimouenme pasgesia pacCMOTPHMM OBUKEHHE II0 OKPYZKHOC-
TH MaTepHUaJIbHOM TOYKM. 4-CKOPOCTh MaTepPHAaJIbHOM TOYKHN 3aja-
nuM npu noMmorru cootHourenus (8.40), cuuras, uro v = v(r,t). 4-
yckoperne B CTO ompenesnisercs paBeHCTBOM

% =a,, dS=cdtyl—v?/c? (8.63)

[lepexom K COMyTCTBYIOIIMM TeTpalaM, KCIOJNb3yS COOTHOIIECHIE
(8.45), maeT
dv, b
hﬂ(b) B ao( )
dsS

rze ay(b) - TpexMepHOe YCKOpeHHUe B COIY TCTBYIOIIER TeTpae, CKJla-

: (8.64)

c2

IBIBafoITieecs B OoOIleM ciIydae U3 HOPMAaJIbHOTO U TaHTeHINAJIBLHOTO
yckopenus. PackpbiTue Beipaxenns (8.64) IpuBoIuT K COOTHOIIEH-
M

_V_2 a0(2) Z@V ao(l)

= = . 8.65
r c2 7 Oxy c? ( )
[Mosaras B (8.65) HopMasbHOe yckopenue ag(2) = —wy(r, t)?r, momy-
yaeM (r.1) 5 0
wolr,t)r Wy a
14 T . eo(r, 1) (8.66)
OTxkyna
v(r,t) = il (8.67)

1+ 03r2/c?’

re w( OIpeNessieTCs W3 cooTHouneHus (8.66), eciu 3amaTsh B sB-
HOM BI[le BEJINUNHY yTJIOBOrO ycKopeHus €y(r,t). B wacTHOCTH, ecin
eg = 0, To dpopmysa (8.67) ompemenseT BeJIMUNHY CKOPOCTU IBUXKe-
HUS MaTepPUAITbHOW TOUYKM TI0 OKPYXKHOCTHU PagUyca r ¢ TTOCTOSHHOU
B JIOKQJIBHOI TeTpalie YIJIOBOI CKOPOCTHIO wy. Kcmu €y = €(t) u mpn
t = 0 umeem wy = 0, TO

r [t eo(z)dx
2 2.
\/1 + Z—z[fg eo(a:)da:]

Ecan PaCCMOTPETHL B HaCTHOCTU PaAaBHOYCKOPCHHOE B JIOKAQJILHON TeT-

v(r,t) = (8.68)

pPadc IBNXKEHNE C ITIOCTOAHHBIM YI'JIOBBIM YCKOPE€HUEM €) — COI’lSt, TO

MOJIy YU M
eyrt

1+

v(r,t) = (8.69)

2,242
€qret
2
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N3 anammza mosmydeHHBIX GOPMYJT CIIEMYET, YTO TIPU JIIOOBIX PacCTOs-
HUSIX OT OCHU BpallleHns CKOPOCTH BPaIlalolIerocs TeJjla WU MaTepu-
aJIbHON TOYKW He MPEBOCXOMUT CKOPOCTHU CBeTa B Bakyywme. Ilpume-
HeHNe JIOKAJIbHO COIyTCTBYIOMIMX TeTpall IJIS ONNCAHUS NBUKEHUI
KaK CIIOIIHOW CPellbl, TaK M MaTepUaJIbHON TOYKU ITO3BOJIIET peJld-
TUBUCTCKU MHBAPUAHTHBIM CIIOCOOOM CBONUTH 3aJauyld OUHAMUKU K
3agagaMm cTaTuku. [Ipmuem reomeTpudecke o0HeKTH B JIOKAJIBHO CO-
Iy TCTBYIOMINX TeTpalaxX UMeIT TaKo! XKe PUu3nIecCKuid CMBICI, YTO
1 TeoMeTpUUeckre o6beKTHI, 3aJaHHble B TaJlNiieeBOIl KOOPIMHATHON
cUcTeMe IIPU KJIaCCU4YeCKOM PacCMOTPEHUN.

9. HCO B nmpocTpaHCTBE METPUYECKON CBA3HOCTU

N3 paccMOoTpeHHBIX IpUMEPOB BUIHO, uTo npocteiime HCO moxHo
peajin3oBaTh B PUMaHOBOM IIpocTpaHCcTBe-BpeMenn. OIHAKO cUCTeMY
ypasuenuit (1.1), (1.7) B ofimem ciiyuae HeJIb3sI IPOMHTETPUPOBATH,
TaK KaK 4YKCJIO HE3aBUCHMBIX ypaBHEHWII 60JIbIIE 4KCIIa HEU3BECT-
HeIX pyHKui. CrenoBaTellbHO, He MCKJIIOUYEHAa BO3MOXKHOCTE, UTO I
PUMAaHOBO IIPOCTPAHCTBO-BPEMS, KaK U €BKJIMIOBO, MOXKET OKa3aThCA
”TecHBIM 4TOOBI OMUCATH CBONCTBa mpou3BoibHEIX HCO.

OnHuM 13 IpocTelmnx 0606IIeHN pUMaHOBa IPOCTPAHCTBA IB-
JITETCS POCTPAHCTBO MeTpudeckol cBszHocTH [50], B KOTOpOM CBSI3-
HOCTh 1 METPUUYECKUI TEH30p YIOBJIETBOPAIOT YCJIOBUIO COIJIACOBAa-
HUA

— P P —
V/Lg/\y = Ougxv — FNAng - F/wg/\p - 07 (91)
YTO O3HaydacT, UTO IIpU IIapaJlJIeJIbBHOM II€EPEHECCHUMN COXPaHATCA

IJINHEL BEKTOPOB M yTJIBI MEXKIY HIMMU.
N3 (9.1) cnenyer, uTo

I, =T, + T, (9.2)

- 1
IV = 591/0 <8/Lg/\0' + NGuo — &ng), (9.3)
TiX = S;X — Sy, + Sha, (9.4)
=T (9.5)

OueBumHO, 4TO MeTPHUECKas CBA3HOCTH (9.2) OMHO3HAYHO OIpe-
TlesieHa 3ajlaHUeM MeTPUKH 1 TeHszopa kpydenus S\ Uz (9.1) - (9.4)
cllelyeT BasKHOe COOTHOIIEHINE

Vg = 09w — Tingpw — Thgx, = 0. (9-6)
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3necs V ., KOBapHaHTHas IPOM3BOLHASL, BEIYUCIIIEMAs C IIOMOIIIBIO
cumBosioB Kpuctoddens (9.3).

B mpocTpaHcTBe MeTpHUYECKOIl CBA3HOCTH YCJIOBHS MHTECPUpPYe-
mocTu (1.6) BMecTo cuctemsl (1.7) matoT

RN

Eq,V.

V, = 258 4 = 2V 00y Aoy = VoV (9.7)

_R/L - 8[5F5]V —I_ 2F/[L6|’Y|FZ']I/° (9.8)

Eq,V.

B corsacuu ¢ paboroii [52], Beipaxenune (9.8) mpencTaBuM B Bule

_R?O'I/ - R?O’I/ + 26[6To/'j]1/
+217,, 17, + 252, T, . (9.9)

Ns (1.1), (9.7), (9.9) cuenyet

R?JV VM = 2v[5a0]’/ o 2T[/;|y|.a0]/i
+2V (Vi T, + Tt T3, 52, Th, ), (9.10)

roe R

Eq,V.
HBIM 06pa30oM ¢ MoMoIbio KpuctoddereBoit cBs3HocTr (9.3).

— Ten3op Pumana- Kpuctoddensa, BraucaseMbIii oO6BI4-

Ypasuernd (1.1) B mpocTpaHCTBe METPUYIECKON CBI3HOCTH UMEIOT
BUT

ViV =T, Ve + S + Qu + V.. (9.11)

[Tocnennue mBa ypaBHeHWS, B KOTOPHIX 3a/TaHHBEIMU (PYHKIIUIMU
ABJISIOTCS TE€H30PHI CKOpocTel nedopmaluil, yrJioBol CKOPOCTU Bpa-
IIeHUS W BEeKTOPHI IIePBOM KPUBU3HBI MUPOBBIX JIMHUU YaCTWUIl Cpe-
B, TIPENCTABISIIOT coboll cucTeMy nudpdepeHITNATBHBIX ypaBHEHUN
B YaCTHHIX NIPOM3BOAHEIX OTHOCUTEJIBHO HEM3BECTHHIX QYHKIWM ¢y,

V”) Szlj/\
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I'masa 2

HCO B 3AIIAHHOM CHUJIOBOM IIOJIE

B »Tolt rmaBe, B oTyimume oT TIpedBIMYINel, He 3adaeTCI 3apaHee
crpykrypa HCO, npuBonsiias B obilleM ciiydyae K BBIXOAY 3a paM-
KI IJIOCKOT'O MPOCTPaHCTBa-BpeEMeEHN, a pacCMaTpUBaeTCs IBUXKeHUe
crtomrHoit cpensl (6asuca HCO) B mmockom mpoctpancTBe MuUHKOB-
CKOTO B 3aJJaHHOM CHJIOBOM MoJte. OOHAKO U B 9TOM CJIy4yae BO3ZHUKAET
OMHOCUMEALHAL KPUBUIHA NPOCMPAHCMEA-6DEMEHU, OOYCIIOBIIEHHAS
HeCOBITaJeHNeM TUIIepPHOBEPXHOCTU OPTOTOHAJIBHON MUPOBBIM JIMHU-
M JacTul] 6a3uca ¢ TUMEePIIOBEPXHOCTHIO OMHOBpeMeHHOCTHU. Paspa-
60TKe HETOJIOHOMHOI'O MaTeMaTW4YeCcKOoTo alfnapaTa U ero nmpuMeHe-
HUIO MOCB4IIeHa 3Ta TJiaBa.

10. OTHOocuTenbHbIN TeH30p KpuBu3Hbl HCO B CTO B
nepeMeHHbIX Jlarpanxka

B mpeneinymmx pasmesax 6v1Io mokasaHo, uTo mepexon uz UCO B
HCO B ciyuae 3amaHus He TOJBKO CHIIOBOTO IO, MEWCTBYIOIIETO
Ha YaCTUIBl CPeNBl, HO TaKXKe W HAJIOXKEHWs YCJIOBUI Ha KHWHeMa-
TUYECKUe XapaKTEPUCTUKNA KOHTUHYYMa, TpeGyeT B OBIIEM CiIydae
BBIXO/Ia 33 PaMKH IIJIOCKOTO NMPOCTPAHCTBA - BpeMeHu. OmHAKO, ecin
He HAKJIAIbIBATh Ha XapaKT€PUCTUKN KOHTUHYYMa IOMOJTHUTETBHBIX
YCJIOBUI, & OTPAHMYNATHCS JINIIb NHTEIPUPOBAHNEM yPaBHEHNIl IBI-
XKeHUs, HATIPUMep, B INIOCKOM IIPOCTPAHCTBE - BPEMEHU, TO HUKAKOTO
BBIXO/Ia 33 PAMKI IUIOCKOTO IIPOCTPAHCTBA - BpEMEHN He IIPONCXOANT.
[Ipn rcnop30BaHUN HETOJIOHOMHBIX IIPe0OpPa30BaHMil BO3HUKAOIINI
B HETOJIOHOMHBIX KOOPAWHATAX TEH30p KPUBU3HEI B IPOCTPAHCTBE
MuHKOBCKOTO TakKkKe TOXIeCTBEHHO paBeH Hysmo. OTHAKO TOT Hy-
JIEBOI TEH30p MOXKET OBITH Pa30UT Ha JBe HEHYJIEBBIE YaCTH, ONHA U3
KOTOPHIX BBHIpakaeTcs depe3 cuMBosIbl Kpuctodderns o6braHsM 06-
pasoM, ¢ UCIOJIB30BaHIEM BMECTO YaCTHHIX IPOU3BOMHEIX [IPOU3BOI-
HBIX 110 HAIPaBJIEHWSM, a APyTas 3aBUCAT OT XapaKTePUCTUK IBIH-
xymretics cpensr [38], [39].

CucremMaMm oTcueTa B TeOpUU T'PABUTAINN B HAYJHOH JIMTEPa-
Type yaensercs Gosbiroe BHuMaHue. Hanbosee TOIHO 5TU BOIPOCH
obcyxkmatorcs B Monorpadusax B.M. Ponuuesa [1], O.C. Banumkoit
[22] u }O.C. Bnagmvuposa [23], rme npuBoguTcs u obuimpHas 6u6-
auorpadus.

72



[Ipennaraemerii Hamu monxon otobpaxenns HCO uz MCO npu
3a0anHOT MEMPUKE U 3G0AHHOMY 3aKONY JBUNCEHUT CNAOWHOU CPe-
IBl 6IM30K K Teopuu XpoHoMeTpudeckux naBapuantos (TXU) A.JIL.
3enpmanoBa [24] u ero monamaoMy o6obmenuio [23]. CyTs MeToma
otobpaxenus HCO u3z MCO cocTouT B OTHICKAHUU TPABUII MPe0d-
pa30BaHUs TeOMETPUYECKNX 0OBEKTOB, 3aJaHHBIX B MaJIMjIeeBhIX KO-
opauHaTax MpocTpaHcTBa MUHKOBCKOro (IlepeMeHHEIX Oiltepa), de-
pe3 abduHHBIe penephl JlarpanxkeBon comyTcTByiomein HCO. ”Ilpo-
cTpaHcTBeHHBIe” penepbl Takoir HCO sexxaT B runepnoBepXHOCTSX,
OPTOTOHAJIBHBIX MEPOBBIM JIMHUSAM YacTHUI CPebl, (HETOJIOHOMHBIX
[PV HAJINYWN BPAIIlEHUIl), & BPEMeHHEIE BEKTOPHI COBIIALAIOT C TIO-
sieM 4 - ckopocTeit V#, KacaTeJITbHBIX MUPOBLIM JIMHUSIM.

[TepexonuMm K MaTeMaTUYeCKON MOCTAHOBKE 3aJadl.

I[TycTh 3aK0H NBUXKEHUS CIJIONIHOW CPeNbl B IMIPOU3BOJILHOM CHJIO-
BOM TI0JIe B IpocTpaHCcTBe MUHKOBCKOTO OIpeNeSISeTCS YPpaBHEHN MU

2t = Ur(yk, €0, (10.1)

roe ¢/ - 5HIepOBEI KOOPIOMHATHI, a y* - JarpaHKeBEI KOOP/INHATHI,
MOCTOSHHEIE BIOJIb KK I0# (UKCUpoBamHoil Muposoit sunun, (1/c)&"
- HEKOTOPHBIN BpeMeHHOU MapaMeTp, HallpuMep, COOCTBEHHOE BpeMS.
Y cioBUMCS, 9TO MHIEKCHI (i TPUHAIIIEXAT SAIIEPOBBIM KOOPIMHATAM,
a WHIEKCH /i - JarpaHkeBriM. Hudpdepenmmpys (10.1) mo y* £V B
KaXkJIOll TOYKE TIPOCTPAHCTBa- BPEMEHN MOy YnM apPUHHEBIA perep.
OrmernM, uTo Bpemennoit Oz"/0¢" m mpocTpancTBenHEre Oz /Oy*
BEKTOPHI B OOIIeM cjiydae He OPTOTOHAJBHBI npyr Apyry. OmHako
u3 coorHomreHns (10.1) MoryT GBITH MOCTPOEHEI PENEPEI, ¥ KOTO-
PBIX ”BpeMeHHOI” 1 ’MpOoCcTpaHCTBEHHBIE” BEKTOPHI OPTOTOHAJIBHEI,
HO 3T Penephl He ABJIAIOTCH Pe3ysibTaToM muddepeHnmposanus 4-
pammyca BeKTopa IIo JIarpaHXKeBHIM KoopamHaTaM y* m £V, DTu pe-
IIephl HETOJIOHOMHBI, 1 COOTBETCTBYIOIIME UM KoshduiineHTr Jlame
UMEIOT BU

owe OUH
Yy
. 8y’% .
P 0 _
By= o b=V (10.2)
II719 HEerOJIOHOMHEIX KOOPIUHAT K03(P(PUIMEHTEL CBA3HOCTH Fgé B IIpO-
cTpaHcTBe MUHKOBCKOTO MOXKHO TIpeACTaBUTh B Buje [50]
. . Ohs Aho
I = h{ % b — —hi =, (10.3)
« Oy® Oy®
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rie BCIOAY B NaJibHElIeM mon cuMBojiom O/0y® GymeM MOHUMATH
IIPON3BOJIHBIE 10 HAaIIPaBJIEHUIM, ollpenesiieMble KaK

~ ~

o o ) d )

Ayl D& |4 Oxt’ 3yk k9

B ¢opmyse (10.3) mpenmosaraercs, 9To B MpocTpancTBe MUHKOB-

(10.4)

CKOTI'O BBI6pELHBI raJimJic€eBbl KOOPpOWHATHI. HJ’IH IIPON3BOJIBHBIX KpH-
BOJIMHEMTHBIX KoopaOuHaT (I)OpMy.TIEL OJId CBASHOCTHU IIPpUMET BUL

:-_h58
> dyd

re, P\hORERG, (10.3q)

rue I') - cBasHOCT® B mpocTpancTBe MuHkoBckoro. W3 xosddunuen-
ToB Jlame obpazyeM 06BeKT HETOJIOHOMHOCTH ng

C% = -T?

[ — 9

s e O P L L ARETYS

by Oyt
Crnenys Cxoyreny [50], I HETOJIOHOMHBIX PeOOPA3OBAHUN CBSI3-
HOCTH I“’ IIpeAcTaBuUM B (QopMe

> O

b.

r

S Q

a
5= { } + T Toy = —Clj+ 9aeg™ Ci, + 9397 Clp- (10.6)
ab

Ecau Borunciuts Tensop Pumana-Kpucroddens B mpocTpaHcTBe
MUHKOBCKOrO, TO OH TOXIECTBEHHO paBeH Hywo. YlcHO, uTo mepe-
xofl B jarpanxeBy conyrcrryorryio HCO ¢ nomorpio kosddunmen-
ToB Jlame (10.2) He mesiaeT TEH30p KPUBU3HBL OTIMYHBIM OT HYJIS, &
IpUBOOUT K TOXAeCTBY [50]

~

Rif = 2018 + 20 5. + 205TE = 0. (10.7)
N3 (10.6) (10.7) cienyetr

B cootromennn (10.8) TeH30p KpUBU3HBI BEIUUCIIAETCS C IOMOIIBIO
cuMmBoJioB Kpuctoddens {0}, IOJIyYeHHBIX U3 MeTPUYECKUX Ko>3(Q-
(putimenTOB "

9ap = gwhahis  Go =1, Gop =0, (10.9)
LI€e g, - METPUYECKUI TEH30D B SUJIEPOBHIX KOOPAMHATAaX IIPOCTPaH-

ctBa MunkoBckoro. CumBosbl Kpuctoddens BBHIUYUCIAIIOTCS OOBIU-
HBIM CIIOCOOOM C 3aMeHON YaCTHBIX ITPONU3BOAHBIX ITPOU3BOAHBIMU TIO
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HaIIpaBJIEHNAM, a olepaTop V4 BBIUKMCISLETCS C IOMOIIBIO KPUCTOd-
(pesIeBOIl CBA3HOCTM.

TakuM 06pa3oM HeroJIOHOMHEIE ITpeoOpa3oBaHU IPUBEJIA K OT-
JIMYHOMY OT HYJIS TE€H30pPy KPUBU3HEI, BEIYMCJIZEMOMY C ITOMOIILIO
kpuctoddeseBoit yactu csazaoctu (10.6).

Kak 6ymer ciemoBaTh majiee W3 aHaJIM3a yPaBHEHWN IBUKEHUS,
TeH30p KPUBU3HEI Rab‘; MOXHO Ha3BaTh 0MHOCUMEAbHBIM TMEHIOPOM
rxpusudnvr HCO.

51 HETOJIOHOMHEBIX KOOPAWHAT MMEOT MECTO CJEMYIOIne KOM-

My TaIlMoOHHbIe cooTHoIreHus [50]

52 52 . 0
~ A . A x 7 — 2073 A~ e
Oyboy®  Oyioy’ W Oy¥

(10.10)

KonkpeTHsiit Bun 06beKTa HETOJTOHOMHOCTH 3aBUCHAT OT BHIOPAHHBIX
KospdunimeHTOB JlaMe, KOTOpHIe OMpeNesFIOTCS B 3aBUCUMOCTHU OT
BbIOOpa BpeMeHHOTo MapaMeTpa BIIOJIb MUPOBBIX JIMHUNA YacTull 6a-
suca. Hampuwmep, eciim B KauecTBe BpeMeHHOT'O TTapaMeTpa BHIOPATH
cobCTBEHHOE BpeMs, KaK 9To0 Obw1o crestano B (10.2), To BEIUuCIIEHRE
0b6BbeKTa HeTOJIOHOMHOCTHU TTPUBOAUT K COOTHOIIEHUIM
0 _ 0 _ ko
rae

Qi = Quhbhy, F, = Fh. (10.12)

pu nomyuennu (10.12) MOXHO BOCIOJIB30BATHCS COOTHOUIEHUSIMU
(1.4) m (1.5), B KOTOpPBEIX TEH30p YTJIOBOI CKOPOCTH BpAIlleHUSI U
BEKTOp 4 - yCKOpeHUs pacCMaTpPUBAIOTCA B SIJIEPOBHIX KOOPIUHA-
TaXx MPoCcTpaHCcTBa MMHKOBCKOIO U IMIPOEKTUPYIOTCS C ITOMOIIBIO IIa-
paMmeTpos Jlame B comyTcTBylomyio garpanxesy HCO. g o6bek-
Ta HerosoHoMHocTH (10.11) KoMMyTanuonnsie coorrorrenus (10.10)
CBOIATCA K BUIY

. T N
A A 2~ A A 7 :29[1%/\ ~ X~ A A A A~ = :Fl%A—A (1013)
Aykoyt  Oytoy*k Oy OykoyY  Oyloyk Ay

Kommyrarmontste coorrormenuns (10.13) sKBUBaJeHTHBH KOMMYTa-
mmonHbIM cooTHourennsM TXW 3ensmanoBa [54]. U3 Buma MeTpukn
(10.9), pasmoxenus (10.6) u xosdpdurmentos Jlame (10.2) momyuaem
0 ke 0 0

= = = O) = —Eki’

>
[amb3
>
[amb3
>
ol
ol
o~
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_ \k _ vk o _ b gk
. _Aﬁl’ . = X T()k.— Fk’ Too = I,
Al i
[ o mb E ok ok 0 o
Toi=Thip =Ty =0, Ty =T5=, Ty=-Q (10.14)
Tak Kak
.. e — BVBH

TO MOXKHO TOKa3aThb, nuddepeHnupys mo y°, 9To mMeeT MecTo Cite-
nymolllee KWHEMaTNYeCKoe TOXKJIeCTBO

~

0

OTKylla, aJIbTePHUPY I, UMeeM

Qi

CummeTtpupoBanne Boipaxenus (10.16) maet

~

0

By u

" (S + ) (S + Q) + Valhy - BF. (1018)

XoTsg oTHOCUTEIBbHBIN TeH30p KpuBusubl HCO BBIUmcsiseTcs ¢ momo-
b0 cuMBoJIOB Kpuctoddess Tak ke, Kak u oOBIYHBIN TEeH30pP KPU-
BUA3HBI B PUMAaHOBOM IIPOCTPAHCTBE, OMHAKO IPU BBIPAKEHUU CBI3-
HOCTU Uepe3 MeTPUUeCKUN TeH30p UCIOJIb3YIOTCA He OOBIUHBIE YacT-
HBIe TIPOU3BOAHBIE, a MTPOM3BOMHEIE TI0 HampaBiaeHusIM. [losTomy oT-
HOCUTEJILHBIN TeH30p KPUBU3HEL obJiafaeT crieluduiecKuMu ocobeH-
HOCTSAMM, KOTOPhIe BOBHUKAIOT MU3-3a HEKOMMY TaTUBHOCTHU IPOU3BO-
HBIX 110 HampaBieHusaMm. Hampumep, u3BecTtHOe ToX necTBO Puyum Oy-
IeT UMeTh BUI

& 4 & 4 & 4
s, {ﬁ} e {a} +C { b}] (10.18a)

(10.19)



IJIS MOKa3aTeJIbCTBAa KOTOPOro yINoOHO MepeliTu B JIOKAJILHO Teofle3n-
YeCcKyIo CUCTeMy KOOpJIUHAT.

Temsop xpususssl (10.8) MoXKHO mpenCTaBATH B IPYroil SKBUBa-
JIeHTHOUN dopMme

. . fi fi € . fi
R =204 +2 +2C%;
abyy ~ ala ~ Qo. N
bl% [&]€] by €%
L £ g
= K&M +2C%; N (10.20)

~

Kab” ; He ABJIAETCA TEH30POM OTHOCUTEJIBHO TOJIOHOMHBIX peod-
pa3OBaﬁM171 JlarpaHKeBhIX IIepeMeHHBIX, XOTS [0 BULY He OTJINYaeTCA
OoT OOBIYHOTO TeH30pa KpuBU3HBI. OnHaKO 3aMeHa YaCTHBIX ITPOU3-
BOOHBIX IIPOM3BONHBIMU II0 HAIIPAaBJICHUAM MNPUBOAAT K W3MeHEHUIO
TpaHCPOPMAaIUOHHBEIX CBOUCTB.

Tak xax MBI paccMaTpUBaeM Ba PoAa KOBAPUAHTHBIX MPOM3BO/I-
HBIX @a u @5[, BBIUUCJIIEMBIX COOTBETCTBEHHO C IMMOMOMILIO KPUCTOQ-
deneBoit wactu cBsazHOCTH (10.6) U MOIHON HETOJIOHOMHO CBSI3HOC-
T (10.3), TO HOJIKHEI BEIOJHATHCS yCIIOBHUS COryacoBanms. MoxHo
II0Ka3aTh, YTO TaKUM YCJIOBUEM COIJIACOBaHUSA ABJISE€TCA HeNocpen-

CTBEHHO IIPOBEPACMOE€ COOTHOIICHNE
Vads; = Vady; = 0. (10.21)

HpOBeI[eM I[a.]'IBHefIIHHfI AQHaJIN3 OTHOCUTEJILHOT'O TCH30Ppa KPUBU3HLI.
PELCCMOTpI/IM BbIpaZXK€HUe

viRvaAY ) ‘%Xﬁ
0=VuVugs, = Cla éyﬁ - K&ﬂ,(:\ﬁ) (10.22)
Ucmonesys (10.20), mHaxonum
CseprriBas (10.18) mo i u 4, mosmyunm
. R fi R ¥ R gl

N3 (10.25) ciemyeT, 9T0 OTHOCHTENBHEL Ten30p Puyun He sBisieTcs
cuMMeTpUIHbBIM. OTCyTCTBUE CUMMeTPUN TeH30pa Puyum KocBEeHHO
CBS3aHO C Te€M, UTO

2 # R (10.25)



O6pasyeM TeH30p, 06JIaHAIONINI TAKUMU JKe CBOWCTBAMU CUMMET-
pun, KakK n oO6bIuHEIN Ten3op Pumana-Kpuctodpdens. g sToro mo-
CTPOUM TEeH30p

- 1/4 A
Repan = _<Raz§ s T R»”y;l,&f;)? (10.26)

objamalomnii TaKUMU Ke CBOUCTBAMU CUMMeTPUU, KaK U TeH30p
Pumana-Kpuctodpdens. Bocrmonbiysacek npensinymumm GopMyIiaMu,
MOXKHO TTOKa3aTh, YTO ITOCTPOEHHBIN TEH30p YIOBJIEeTBOPAeT OOBIUHO-
My TOXIecTBY Puuunm

=0, (10.27)

N3 KOTOPOIr'O BBITCKacT CUMMETPHA TEH30pa Puyun R&B OTMeTnM
PaBEHCTBO

~ Déen PR - O
+ob Zhk 4 ob e ob ZIA (10.28)
Oy

Ry o5 = QqBQdé — Qe — 20584,

~ A 1 1
RaB,aﬁ = 2v[dQB]a + 20 Fe - §ngdé + 2 G230
Ry 59 = FyFe — V 5Fy) — 285905 + Qe - (10.29)

[IpocTpancTBeHHBIE KOMITIOHEHTHI OTHOCUTEJILHOTO TeH30pa KPUBU3-
HBI MOT'YT OBITH INpeNCTaBJIEHB B opMe

— 25454 (10.30)

rae R;j ;. - TPEXMepHEI TeH30p KPUBU3HBL Ha PUIEPIOBEPXHOCTH Op-
TOrOHAJILHOI MUPOBHIM JIMHUSAM YaCTHIl CPENbl. JTa TUIePIOBEPX-
HOCTH HETOJIOHOMHa Npu Hajmuuu BpammeHui. W3 (10.29) u (10.30)
HaXOINM

\/
RaB é

4

= 2%1a85; + Qe — QaaQypy — 29,0 (10.31)

C

[Ipu orcyrcreun Bpamieruii (10.31) nepexonuT B BhIpaXkeHIe MOy~
YeHHOE paHee aBTOPOM U3 NPYTUX coobpaxkeHwuit [46].
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BBeI[eM P4 IIOJIESHBIX B I[EL.HLHGfIHIGM TOXKIOECTB
o iy §0 T NV — 0 —
s = BV, =80, VYl =0=

v VIR 1A LR vk T A vIRTA

ViVi=Su+Qy, ViVi=F, ViV;=V;V;=0.  (10.32)
N3 (10.32) coemyert

V[aEl;]é + ﬁ[ng]é = —le;Fg. (10.33)

[IponsBenst MUKIMUIECKYIO ePECTAHOBKY MHAEKCOB a, b, ¢ B (10.33),
MOJIyYUM [TBa MOIOJIHUTEIbHBIE TOXIECTBA, CKJIAIBIBas KOTOPHIE C
(10.33), nmeeM TOXKIECTBO

@ané + @BQ@& + @59% + Faldy, + FiQeq + FeQ); = 0. (10.34)

AHaJsilorndyHoe TOXKIECTBO MoJiydeHo B pabore [24]. Mcnonbsys BeIpa-
xerus (10.18) u (10.33), zanumrem (10.29) B Bume

- - 1 1
Rapap = —Viape — 552 + 5,
~ éE”A A
Ry = — éygc + XIS (10.35)

N3 (10.29) u (10.35) cyenyer, uTo miis XeCTKUX B CMBICIe BopHa

6e3BuxpeBbix HCO oTHOCHTETBHEBIN TEH30p KPUBU3HBI PaBeH HYJIIO.

I[.TI}I KOMIIOHEHT TE€H30pa Puyun nmeem 1

i %, ; Y
Ry, = — éy%c + X5 X5 + 225X, + Ry,
= Iy Fe — @@Fg) — 22?596)71 + QﬁBQ?J
a 1 1 ¢
=20, F — SRy + S By

= a = a 1 a 1 a
= VaEg — VZ;Ea + 2 Z;E& — §F Ediﬁ

~ ~

1OrmeTum Bo m36exkanue HeTOpa3yMeHNIl, YTO TEH30PEI KPUBU3HEL PA3HEIMA aBTOPAME
ONPENENIOTCA ¢ TOYHOCTHIO N0 3Haka. Hanpumep, B [7] u [25] TeH30pbI KpUBU3HEI cOBIaLa-
I0T ¥ OTJIIMYAIOTCA 3HAKOM OT TEH30pa KPWBU3HEI, HCIOJIL3YEMOrO HaMI B 5TOM pasfielie Ha
ocHoBe [50]. Tensop Puyun B [50], [25] 1 HamIeM ciiydyae mONydYaeTcs HPU IOMOIIY CBEPTKY
IIO IEPBOMY U 4€TBEPTOMY MHIEKCaM, a B [7] IPOM3BONMTICS CBEPTKA IIO IEPBOMY U TPEThb-
emy nunekcam. IlosTomy Temsoper Puuum u cxamsapras kpusmusaa B [7], [50] n B Hamem
Cllydae COBIANAIOT, a OT [25] OTIMYaIOTCS 3HAKOM.
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. ot
Fop = =55~
y

s ckaJgsspHOU KPUBU3HBI TTOJTYIUM

SaS™ = FF? — VaF* + Q0% (10.36)

R=2F,F"— 2V, F" - Q_ Q" (10.37)

N3 Toxmectsa (10.19) Halimem yKOpo4eHHOe TOXIeCTBO BuaHKu.

+205, (R + RP) 4 ¢y REPTE, (10.38)

N3 sepaxenus (10.38) sumno, yto Tenszop Ounmrreitna mis HCO,
CTOSIIUI B KPYTJIIBIX CKOOKaX B JIEBOM YAaCTU PaBEHCTBA, CYIIECT-
BEHHO OTJIMYaeTcs OoT TeH3opa OuHinTeriHa B OTO, mig KoToporo
rpaBas 9acTh PaBEHCTBA TOXKIECTBEHHO PaBHA HYJTIO.

CpaBHUM T0JTyUeHHBIE Pe3yJIbTATH ¢ pesyiabTaTamu A.JI. 3esn-
MaHoBa [24], BBens miist ynmo6cTBa cpaBHEHUsS 0603HAUYEHUS, UCTIOITh-
syembrie B [24].

1 ;1
gdi; = —haln Edl; = ——Dab, Qé& = —Aca, Eg — _D,
¢ c
A 1 . 1 1 . 1
EEL:_Dﬁ’ Q?‘:—Ag‘, FE:_2F57 Fa:__zFav

d &) b5 1*6

Ucmonssys cootromenust (10.36), mosrydmmM citenyorine TOXIeCT-
Ba B 0003HAUEHUIX 3eJIbMaHOBA

*dD,; : : :
5 £ - <Dij + Aij) <D;J€ + Ai) + DDy, — Dy; Dy,
) “ 1 o
+3A4 A + ViFry — ngFk + Ry =0,
7,(h9D — Dii — A%) 4 2 FAb =
Vj< — — > + 2 i =0,
*0D : R | ,
el D DY 4 Aj AN 4V FT — SFF =0, (10.39)

JleBbie yacTu ToxkmecTB B (10.39) mpencTaBiisioT KOMIIOHEHTEL TEH30-
pa Puuuu, 3amatorire jieByo 4acTh ypaBHeHun OuniiTeriHa B TXN.
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B marmrem ciiydae 5Tu KOMITIOHEHTH paBHBI HYJO. [losydeHHBIT pe-
3yJIBTAT He IBIgeTCSd HeoXnnaHHBIM. McxomHoe IpocTpaHCTBO, B KO-
TOPOM M3YyYaJioCh NBUXKEHWE CIJIONTHON CPeNbl, OBLIO TIOCKUM IIPO-
cTtpancTBoM MwuHKOBCKOTO. BO3BHUKHOBEHUE OTIIMYHOTO OT HYJII OT-
HOCUTEITLHOTO TeH30pa KPWBU3HEI OOYCJIOBJIIEHO pa3jiejleHneM HYyJle-
BOTO HETOJIOHOMHOTO TeH30pa KPWBU3HHEI INIOCKOTO IPOCTPAHCTBA-
BpeMeHU Ha JBe HEHYJIEBHIX YaCTU.

Ecim 611 ncxomaoe mpocTpaHCTBO OBJIO PUMAHOBBIM, YTO UMEET
mecto B OTO, To B steBoii yacTu paBerctsa (10.8) mobasuics 661 TeH-
30p KPUBU3HBI UCXOMHOTO MPOCTPAHCTBA, 3aJaHHBIA B HETOJIOHOMHON
cormyTcTBYIoIIel jtarpanxkeBort HCO. DTo mosmxHO 6BIIIO IPUBECTH U
K M3MeHEeHUIO HEKOTOPHIX KMHEMATUIECKUX TOXKIeCTB. B wacTHOCTH,
B mpaBoil yacTu ToxaecTBa (10.33) nobaBurcs uieH

~ ~

ViaViyVe = —

ITponsBens B HOBOM TOXIECTBE CBEPTKY IO G U C, TIONHUMAs WHIEKC
IA), nonyunM Beipaxenne R xoMmoHeHTE! TeHsopa Puuum B Teopun
3ebMaHOBA.

[lenpio mpemitaraeMoro B 5TOM pajsieje MUCCIIeTOBAHUSA SBIISET-
cs BBIZEJIEHNE BKJIada B KPUBU3HY MIPOCTPAHCTBAa-BpeMeHU, 00y CIIOB-
JIEHHOT'O HEMHEPINAITLHOCTHIO HabIIIoqaTe e, IBUKYIITUXCSI BMECTE C
cpelol B IPOM3BOJIFHOM cHJIoBoM mofle. Tak kKak moste 4-ckopocTeii V),
MOSIBIJIOCH, KaK Pe3yJIbTaT NHTET PUPOBAHUS PEITTUBUCTCKOTO yPaB-
HEHUS IBUKEHUS CIUIONTHON CPeIBl B INIOCKOM MIPOCTPAHCTBE- BpeMe-
HU, TO passoxenne (1.1) BEICTymaeT B KauyeCTBEe MaTeMaTUUECKOTO
TOXKIECTBa. XOTS 3aKOH MBUKEHUS CIUIOIIHOW CPENBI B ITEPEMEHHBIX
Jlarpanxka (10.1) rosloHoMeH, oqHAKO ”IPOCTPAHCTBEHHEIE” BEKTOPHI
adPUHHBIX PEEPOB, COEMUHSIOIINE COCETHIE JIATPAHKEBBI YaCTHIIHI,
He MOT'YT HOABUTLCA KaK pe3ybTaT muddepeHnuposanns 4-paamyca
BeKTOpa / MO JarpaH;KeBEIM KOOpAMHATaM y*, Tak Kak TuIepo-
BEPXHOCTH OTHOBPEMEHHBIX COOBITHUI, KOT/Ia B KaueCTBE BPEMEHHOTO
rmapaMeTpa UCHOIIB3YeTCS COOCTBEHHOE BpeMs, He OPTOTOHAJIbHA MU-
POBBIM JIMHUSAM YacTuil cpensl. [losToMmy 3 pusmyeckoro TpeGoBaHmUS
”pasMelrieHns’ MPOCTPAHCTBEHHBIX PENepPoB HAa OPTOrOHAJIBHON MU-
POBBIM JIMHUSM TUIEPIIOBEPXHOCTH, BOZHUKAET OTJINYHBIN OT HYJIIL
06BEKT HETOJIOHOMHOCTM.

Bun 06bekTa HETOJIOHOMHOCTH 3aBUCUT U OT BBIOOpPa BPEMEHHOTO
napaMmeTpa. s siemenTa mHTepBasia ¢ momomsio (1.10) u (9.10)
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HaXoOonM

a2 " 8\:[!# 8\:[!1/ A 7 "
ds* =dy" +g;, o a—y'%d dy*, g =g —ViVe.  (10.40)

g, - MPOEKIUOHHEIA ollepaTop B npocTpancTBe MuHKoBCKOrO, npo-
eKTUPYIOIIUN TeH30Phl Ha OPTOTOHAJIBHYIO MUPOBBIM JIMHUSAM YaCTHUIL
6a3uca TUIEePIIOBEPXHOCTE.

oy

dy’ = de® + v,=—d
H (9y”

y" = V,dz. (10.41)
ns (19.41) BUIHO, 4To dy’ He ABJIfETCS MOJHBIM IubdepeHIINAIOM,
T.e. y - HeroJloHOMHAas KOOPIUHATA.

Onement uaTepBasia (10.40) skKBUBaJIeHTEH pa30UeHNIO B COILYT-
creytomeit HCO geTwipexmMepHoro maTepBaia Ha IBE YaCTH, OIHA U3
koTopbix dy’ = V,dz/ ecTb s51eMeHT BpeMeHN HAOIIIONATEINS, IBUKY-
IIeT0oCsS BMECTe C CPeNol, a ApyTrasd - 3JeMeHT TPeXMepPHOro WHTep-
BaJia Ha OPTOTOHAJIBHON MUPOBHIM JIMHUSM YACTUIl CPEBI TUIIEPTIO-
BepXHOCTHU. AHajiornuHoe pasbuenue mpusonutcs B [24] u [40]. Tax
kKak B comyTcTBytoreir HCO cnpaBensimBbI oueBUIHBIE COOTHOIIIEHUS

o ik
vk =ty =Y —,
H d£0
o & 0 9o
Vi=Vier =1V = g5V" = =, (10.42)
Oy 96

TO SJIEMEHT MPOCTPAHCTBEHHOTO MHTEPBAJIa B JIATPAHXKEBOU COMYT-
crBytortieit HCO umeer Bun

I = (M _ gﬁ,;>dyﬁdyk. (10.43)
9o
Onement nHTepBasia (10.43) coBmamaeT ¢ XOPOIIO W3BECTHHIM COOT-
HoutenneM [7]. OTmerum, uro coorHomenus (10.42) u (10.43) sBis-
FOTCS OOITUMU 1 He 3aBUCAT OT KOHKPETHOIO BuUa mapamMeTpoB Jlame
(10.2).
[MTocTpoeHHBIT HAMW OTHOCUTEHHBINT TE€H30D KPUBU3HEI SIBIISIET-
Cs TeH30POM OTHOCUTEIBHO HETOJIOHOMHBIX Tipeobpa3zoBanuii. [Ipen-
CTaBJITeT WHTEPEC TMOCTPOUTH OTHOCUTEITLHBI TEH30p KPUBU3HEI,
KOTOPHIA COOTBETCTBYET OOBIYHOMY OOITIEKOBAPUAHTHOMY TeEH30DPY
Pumana-Kpuctodpdens oTHoCMTETEHO TPOM3BOIBHBIX TOJIOHOMHBIX
rmpeobpas3oBaHU.
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B corsnacun ¢ (10.6) HerosloHOMHas CBSI3HOCH PACKIIAIBIBAETCS Ha
KpucToddeseBy 4acTh CBA3HOCTHU U CyMMY 0OBEKTOB HEIOJIOHOMHOC-
. IIpu sToM KpucToddeseBa 4acTh CBI3HOCTU BEUNCIIIETCI YEpes
MeTpudecknit Terszop (10.9) mo dpopmyse

Ba = . (10.44)

OueBunHo, uTO CBSI3HOCTH (10.44) oTiMUaeTCst OT OGBIYHOIN TOJIOHOM-
HOWl CBSI3HOCTH TeM, 4To B cBs3HOCTH (10.44) BMeCTO YacCTHBIX IIPO-
M3BOMHBIX CTOSAT MPOU3BOAHBIE MO HampaBieHusaMm. Mcxomns m3 ompe-
TeJIeHUs TIPOM3BOMHON TI0 HAIIPABIIEHUSIM, MMeeM C HUCITOJIh30BAHNEM

(10.2)

A 0 0 0 .
Oa = hj =52t Lag, La=Va-—Va,
YOzt Oy + Os
. St
Va=haVi =8, Va=Vi5s, (10.45)
yO[

riae nudpdepeHIUPOBaAHUE TI0 yﬁ SKBUBAJICHTHO nuddepeHIUPOBaAHUIO
I10 fﬁ WX TI0 IJINHE S BIIOJIb MUPOBBIX JIMHUI Ha3uca.

3 (10.45) cnenyer, uro Ly =

N3 (10.6) n (10.45) Haxomum

I (10.46)

rie f&f;ﬁ - TOJIOHOMHas KpucToddeseBa CBI3HOCTD, BEIYUCIIIEMA TI0
meTpuke (10.9). Ha ocHoBe mpoBemeHHOTO aHa/M3a HETOJIOHOMHAS
CBSI3HOCTH, onpeneiiseMas pasioxenneMm (10.6), moxeT 6BITH mpen-
CTaBJIeHa B BUJE

+10%;, W%, =15 +T5;. (10.47)
BamenuB B popmyste (10.7) HETOIOHOMHYIO CBS3HOCTH Fgé Ha CyMMy
cszHocTelt u3 (10.47), mosyunm ¢ yaerom (10.45) u (10.6) pasmoxe-
HIIe

R

&

— 4 f
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99 + 21

N3 pasmoxenns (10.48) MoKHO BHIIENIUTDH B SBHOM BIIE WIEH BUIA

+2L Do + 205 T = 0. (10.48)

(10.49)

KOTOPBINI COOTBETCTBYET OOBIUHOMY OOIIeKOBAPUAHTHOMY OTHOCHU-
TeJTbHO TOJIOHOMHKIX TIpeobpa3oBaHuil TeH3opy Pumana-Kpuctodde-

asa. W3 (10.48) u (10.49) umeem

o oL .
—K ik = 2Vl + 210, I + 205T% + 2L 3? . (10.50)

ITo moBony dopmyser (10.50) HeoOXOMMMO CHETATE CIIENYIOMINE 3aMe-
JaHUS:

1. KoBapuanTHas npousBognas B mpasoil uactu (10.50) Berauciis-
eTCsl OOBIYHBIM 06pa3oM (Kak IJIs TeH3opa) TT0 TOJIOHOMHOU KPUCTOd-

(I)eJ'IeBOI/I CBA3HOCTHU OT 00BEKTa H KOTOpBIfI HE ABJIA€TCA TCH30POM

)
OTHOCUTEITHLHO TOJIOHOMHBIX Hpeo6pba3OBaHHﬁ.

2. Bce BesimumHBI, BXOIAINME B MPABYI YacTh PaBEHCTBa (TOX-
nectBa) (10.50), TakXKe He ABIAIOTCS TEH30PAMU OTHOCUTEIBHO TO-
JIOHOMHBIX MTPeodpa3oBaHMi, OMHAKO NX KOMOWHAIINS ABIITETCS OOIITe-
KOBapUAHTHBIM TE€H30POM.

Takum obpazom, B JIarpaHKEBOW COITyTCTBYIOIIEN CHUCTEME OT-
CYeTa MOXKHO BBeCTU B OOIlleil KOOPIUHALMN TPU CBI3HOCTH: abco-

JIIOTHYIO HEroJIOHOMHYIO CBA3HOCTH ', BEIUMCiIgeMyto 10 (HopMyJie

&y
(10.3), oTHOCHTENBHY IO HETOJIOHOMHYIO CBSI3HOCTD {

:;}, 3aJaBaeMyI0
¢ oMot pasioxerus (10.6) 1 oTHOCUTENBHY IO 1"Oa.HOHOMHy10 CBA3-
HOCTH foﬁﬁ’ HosydaeMyto u3 pasioxerus (10.46).

9lcHO, 9TO 5TO BO3MOXKHO TOJILKO B TOM CJIydae, €CJI KOBapUaHT-
HBI€ TIPOU3BOIHBIE OT MeTpUUecKoro Tenszopa (10.9) mus xaxmoi u3
CBA3HOCTEl PaBHEI HyJi0. J[{oKaxkeM, 94To 3T0 UMeHHO Tak. Vcromnb3ys

dopmysst (10.3) u (10.9), momcTaBiss uX B BHIpaXKeHIe
Gan, (10.51)

ybexmaeMcs, 9TO %gm; = 0.
Ucmonesys pasnoxenue (10.6) Haxomum ¢ momornsio (10.51)

Vidar = Vidar + Thads + Toda- (10.52)
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Tak Kak cyMMa OBYX TeH30poB adbUHHOH medopMaluy CBI3HOCTH

~

B HocjlefiHell dopMyJsle JaeT HOJb, TO V0. = Vids; = 0. Hakonen
13 PaBEHCTBA

bt Toas + Tops — 200255

& fiéib fib,&
Tty = LiSs + LaZs — LiTna (10.53)
cilenyeT, 4TO
Trois+ Tia — 20435 = 0. (10.54)

HOSTOMy nmMeeM OKOHYATEJIBHO
Vidai = Vidas = Vadas = 0- (10.55)

PasBuThiii B 5TOM maparpade MaTeMaTUIECKUH almapaT, OMUCH-
BAOIINI CBOMCTBA JIalPAHKEBBIX COIYTCTBYIOIINX CACTEM OTCUETA
¢ 3amaHHBIM 3akoHOM nBukenus (10.1), mpenmosaras, aro B (10.1) B
KadeCTBe BPEMEHHOTO IapamMeTpa (QUTypupoBajio coGCTBEHHOE Bpe-
Ms. OnHako yacTo npu onucanuu nepexona uz MCO 8 HCO ucmosns-
3yeTcs IPYyrol BpeMeHHOU mapameTp, Hampumep, Bpems WUCO. Ilo-
9TOMY HMHTEpPeCHO pa3paboTaTh TaKOW ammapaT, KOTOPHIA OBLI GBI
MPUTOfIeH /I TPOM3BOJIBHOTO BPeMEHHOro mapameTpa. bymem cun-
TaTh, B (10.1), uTo £ - mpomsBosbHEIN BpeMenHoil napameTp. s 4
- ckopocTu V# B mepeMenHbIX JlarpaHka cripaBeIJIMBO COOTHOIIIEHME

oW
e’

Vi=0 (10.56)

rone MHOXKNTEIb © ornpenesideTCda N3 yCJIOBUA HOPMHUPOBKI 4 - CKOpOcC-
TN Ha €OWMHULTY .

1

ji% 350 350

CooTBeTcTByOMIME KOdpduiimeHTH JlamMe umMeoT BUI

me= (80— W%)a_\pf po O VY
k € Ay* ’ 0 9 e’
i O

[T @7 w GV# (1058)

2OTMeTI/IM, qTO B OTJINUME OT Hg” 00BLEeKTEI Té; ABJIAIOTCA TE€H30paMMU OTHOCHUTEJIBLHO
Y
HETOJIOHOMHBIX r[peo6pa30BaHm7[. I[.TIH JOKa3aTeJIbCTBa MOCTATOYHO BBIYUCIINTE KOBapH-
0 i
AHTHBIE€ IIPOM3BOMHEBIE ITPOU3SBOJIEHOTO BEKTOPa IO CBA3SHOCTAM I‘g& n {M } U IIPOUSBECTH
&y

BEIUNTAHUE ONHON IIPOM3BONHON M3 IPYTOil.
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I HETOJIOHOMHBIX KOOPpAMHAT K03DGUITMEHTHI CBI3HOCTH Fgé B MIpO-
cTpaHcTBe MUHKOBCKOrO MOXKHO npeacTasuts B Bue (10.3) u pasio-
xerus (10.6) U3 xosdpdurmentos Jlame obpazyeM 06beKT HETOTIOHOM-
HOCTH ng (10.5). KoukpeTHsIit Bun 06beKTa HETOJIOHOMHOCTH 3aBH-
CAT OT BHIOPAHHBIX Ko3(pduiimeHTOB Jlame, KoTOphie onmpenensdoTcs
B 3aBUCAMOCTH OT BHIOOpa BpPEMEHHOTO MapaMeTpa BIIOJTb MUPOBBIX
auHuN gactun 6asuca. g ciayqgas (10.58) Haxomum

Ch=09;, 205 =F, - 8(;%,?, ck =0, (10.59)
rae
Qi = Quhihi, Fp=F.h. (10.60)
Metpuueckue kosddurmenTs niis napamerpos Jlame (10.58), mmeror
BUI
9ap = Gwhshy,  Goo = é) gor = 0, (10.61)

rae gy, - METPUYECKWIA TeH30P B 5IJIEPOBEIX KOOPAMHATAaX MPOCTPaH-
ctBa MunkoBckoro. CumBosbl Kpuctoddens BBHIUYUCIAIIOTCS OOBIU-
HBIM CITOCOOOM C 3aM€eHON YaCTHBIX ITPON3BOIHBIX MPOU3BOAHBIMU IO
HaMpaBJIEHUSIM, a OMepaTop V4 BBIMUCIIZETCS € TOMOIIBIO KpucTod-
desreBont cBa3HOCTHU. KOMMYTAallMOHHBIE COOTHOIITEHUS ITS TTPOM3BO/I-
HBIX [0 HallpaBJleHusIM naroTcs obmumu dpopmynamu, (10.10), koTo-
phle OJIS HAIEero cjaydas JaloT

N - )
8 o 8 A :2@9[,;A8A :2QZM8,
dykoyt  Oyloy* oyY Js
52 52 dIne\ & 1 dln O\
50 DBk <F”_A7;;>A—0:_< /%_Aizz>_° (10.62)
Oyrdy"  Oyldy oyt /oy’ O Oyt / s

s KoMIIOHEHT TeH30pa adduHHON HedopMalMy CBI3HOCTU Ha-
XOOUM

1 1
Tiri=Tioo =0 Tiip=Tii= g% Tio= g (10.63)

[TocTpoenme oTHOCUTETHHOTO HETOJIOHOMHOTO W TOJIOHOMHOTO TEH30-
Pa KpUBU3HBI TPOU3BOINTCS IO TeM JXKe TTpaBmiiaM, 94To u paHee. [Ipo-
M3BOMIHBIE II0 HaIIpaBJIEHNUSM CBS3aHBI C YaCTHBIMU IIPOU3BOIHBIMU
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dbopmysion
A 0 _ 0 La i 7
€L
ou"
Oyd’

B cormnacum c (106) HETOJIOHOMHAaA CBA3SHOCH pPacCKJ/laldbIBacTCd Ha

Ly= (8 -0V;), Va=V, (10.64)

KpucTodPesieBy 4acTh CBI3HOCTU U CYMMY 00BHeKTOB HETOJIOHOMHOC-
tn. lIpm sToM KpucToddeseBa 4acTh CBI3HOCTHU BHIUUCIIETCT Uepes
MeTpudecknit Ter3op (10.9) mo popmyste (10.44) OgyeBuaHO, YTO CBA3-
HocTh (10.44) oTsimyaeTcs 0T OGBIYHOI TOJIOHOMHOW CBS3HOCTU TEM,
uyTo B cBsa3HOCTH (10.44) BMECTO YaCTHEIX IIPOM3BOAHBIX CTOST IIPO-
M3BOMHBIe TI0 HampaBiieHuIM. Mcxons u3 ompemesieHUsS TTPOM3BOTHON
0 HAIpPaBJIEHIIM, ¢ ucnosib3oBanueM (10.2) u (10.64) Haxomum

{ab, 4} =Tysp5+ Togss
~ 1
To”zl;& = 6 [LBE/}‘,& + L@E,ﬂ) — L“E&E],
184,
Yo = 5056 Ty =Y =0, (10.65)

rae I'y; o - ronoHoMHas KpucToddelieBa CBA3HOCTD, BEIUCIILeMAs 110
k)
meTpuke (10.61), myist KoTOpoIl UMeeM

5 1(9@,%[ o 18@()() o 18@()()
0.k — 5—850 ) 0,00 — 2—8y[ ) 0,00 — 58—7;0’
[ 199, 1 9G4

= AZ, (10.65a)

rie [\Zl TpexXMepHBIe CUMBOJIEL Kpucroddens, obpa3oBaHHBIE N3
TPeXMepHOro TeH30pa i = —Jj;-

OTHOCUTESILHBI TOJOHOMHEBI TEH30p KPMBU3HBL MOXET OBITH
Beruncsted mo ¢opmynam (10.49) wimu (10.50). Pacdyer mo dopmyse
(10.49) mpUBOAUT K COOTHOIIEHISIM

ihin = Diiim — (555 — Bpa X)),
3 oY, »

T — A kim _ AQTNY .
Kot om = 900< 9 g Equmr>



[ P _ 1009099 _ ya 39@0]
2Lgykaym 27 gyl dy™ kit Oy

Kaxk ciemyer u3 (10.65), mis XeCTKuX B cMBIcie BopHa mBiKe-

(10.65b)

Huit ( T.e. mpu X,; = 0) roJIOHOMHBIE W HETOJIOHOMHEIE CHMBOJIBI
Kpuctoddensa coBnamaroT, OTHAKO OTHOCUTEILHEIE HETOJIOHOMHEIE 1
rOJIOHOMHEIE TEeH30phl KPWBU3HEL OTJIMYHEL IPYL OT Ipyra 3a c4YeT
HerosioHoMHOI mo6aBku (cM. (10.20)).

B xadecTBe mpuMepa pacCMOTPHUM [BIXKEHIE KJIACCHYECKHU JKeCT-
KOT'O TeJjia C 3aKOHOM IBUKEHIUS

= / Vdr +y*, 2’ =ct= fﬁ. (10.66)

3meck B kKadecTBe BpeMeHHoro napaMerpa £ Bei6pano spemsa MCO.
DJIeMEHT OTHOCUTEIBHOIO MHTEPBaJIa MOXKET OBITH IIOCTPOEH U3 MET-
pudeckux Kodddurmenton (10.61)

owr ow” '
oy oy ——dy"dy*, g}, = g — V,Vor  (10.67)

- 1 ~2
2 _ 0
dS = @dé- g/“/

g, - MPOEKINOHHEIA ollepaTop B npocTpancTBe MuHKoBCKOro, npo-
eKTUPYIONTAN TeH30PHI Ha OPTOTOHAITLHYTO MAPOBHIM JIMHASM YaCTUII
6a3nca rurneproBepPXHOCTD.

OTHOCHTEJIBHBIA 51eMeHT nHTepBasa dS? oTimuaercs oT abco-
JIIOTHOTO jteMeHTa nHTepBaiia (10.40) HOPMUPYOIIMM MHOXITEIEM
nepes BpeMEHHBIM K03(OOUIMEHTOM U, YTO 6oJlee CyIIeCTBEHHO, BMeC-
TO HETOJIOHOMHOI'O DJIEMEHTa, dy", onpenensgemoro u3 (10.41), BxomuT
TOJIOHOMHEIH 35eMeHT dé¥ = cdt. ScHO, 9TO abCOMIOTHEIN U OTHOCH-
TeJTbHBI WHTEePBAJIbI He PaBHBI Mo BesimumHe. Mcrosk3oBanme MeT-
PUKHU i1 abCOTIOTHOTO MHTEPBAJIa, MOJITYYEHHOTO C TTOMOITHIO HETO-
JIOHOMHBIX MpPeoOpa3oBaHUl, TPUBOANT K HYJIEBOMY HETOJIOHOMHOMY
TeH30pPY KPUBU3HBI, N3 KOTOPOTO C IMOMOIITHIO TIPOIIETyPHI, pa3obpaH-
HOW BBITITE, TIOJIYYAIOTCS OTJIMYHEIE OT HYJIS HETOJIOHOMHBIE W TOJIO-
HOMHBIE TeH30PHI KPUBU3HHI.

Hopumupyomuit MHOXKUTeIH 1 /02 MOXKHO BEIUUCIUTE IO GopMyJTe
(10.57). Ucnonb3oBanue 3akoHa meuxeHus (10.66) mpuBomuT KBam-
pat sieMeHTa nHTepBaiia (10.66) k Bumy

1

V—02da;02 — (1 + Vo Vi )dy dy®. (10.68)

dS? =

CooTromrenue (10.68) u3 npyrux coobpakeHuit GBIIO Oy YeHO PaHee
B.JM. PomuueBrim [1], B KoTOpoe BMECTO JIArPAHKEBBIX KOOPIUHAT
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y* BXommnm silepoBBI KoOpAMHATH X" 1 NBUKeHWe He CUMTANIOCH
065132 TESTFHO KIJTACCUYECKN KECTKIM.

1 vacTHOTO ciIyvas mafdeHus B IeHTPAJTbHO-CUMMETPUYHOM IT0-
ste CoJtHITa U3 6€CKOHEUYHOCTH XKeCTKOTO AMINKa, UMEIOIIEro Ha 6ecKo-
HEYHOCTHU HYJIEBYIO CKOPOCTH, (popMysia IJIs WHTepBajia, aHAJOTUY-
Has (10.68), mpuBenena B m3BecTHoll KHure A. 3ommepdernbna [83]
CO CCBUIKOWN Ha HeollybsimkoBaHHYyI0 paboty Jlenmna. Mcxons us sTon
dbopmyibl, 3oMMepdeTb TOIyUnI HHTepBaJl B popme IIBapimmmirs-
ma, UCIIOJIB3Ys B MepBOM IpubmkeHnn 3akoH HbioToHA.

Nurepsan (10.68) B ¢popme PonmueBa MOXKHO MOSyUnTDH U3 WH-
TepBaiia (10.67) u mIs IPOW3BOIIBHOTO 3aKOHA [BUKEHUS CIUIOIIHOL
cpenbl BUIA

¢ = \I!a(ylzj,azo), ) =ct =¢°, (10.69)

ecJIl BBECTHU ciiefytoliiee o6o3HaueHue [38]

Ok
Ay™

dy™ = dX*, (10.70)

KOTOPO€e 03HAYAET, YTO DIIEMEHT, COENMHIIOIINHT IBe OJIM3KMeE JIarpaH-
JKeBBI YaCTUIIB, PACCMATPUBAETCA B KOOpAUHATAX Jijepa B QPUKCH-
POBaHHBIN MOMeHT BpeMeHU t. IMeHHO Tak MOCTYNAIOT B KJlacCUYec-
KOl MeXaHWKe CIJIONTHBIX CPell TIPU BBIBOE TeH30pa MedopMaIiiil B
JlarpaHxkeBoii conyTcTByorein CO.

Jl1s IpOM3BOJIBHOTO IBUXKEHNUS CIUIOMIHON cpensl B Buzme (10.69)
3JIEMEHT OTHOCUTEITLHOTO MHTEPBaJIa B IlepeMeHHBIX Jlarpanxka nMe-
eT BUI

1 .4 o™ ov"

~ 2 7

PaccMmorpum HekoToprie uacTHile ciaydau CO, peanusyeMbIxX ¢ Io-
Mombio 3akoHa aBukerns (10.69) u merpuku (10.71)

1. PaBHOMepHO Bparratoriascsa CO.

B otimmune ot penarusuctckon xkectkoir HCO, paccMoTpeHHol B
IpenBIAYIIEM pasfieile, I Peajin3yeMoil B pUMaHOBOM IIPOCTPAHCTBE-
BpeMeHH, OyIeM CIIeoBaTh CTaHIapTHOMY MeTOMy mepexona [7].

BriGepeM HEMOMBUAKHYIO CUCTEMY OTCUYETA, B KOTOPOI BBEIEM IIH-
JIMHOpUYECKUEe KOOPAMHATEL Ty, {0, 20, Ly U MEpeiaeM K BpalllaloIeii-
Cd CICTeMe OTCYeTa T, O, z, t CorylacHO GopMyJsIaM:

ro=r, o=@+, z=2z2, ty=1t,
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rlle yIJoBas CKOPOCTH BpalleHus () OTHOCUTEJIBHO OCH 2 CUUTAETCS
IIOCTOSHHON.

[lepeiins ot rammwieeBsix koopauaaT B (10.71) x ummmHIpUdec-
KIM, TIOJIyYUM BHIpajKeHUe MIJI1 OTHOCUTEILHOTO UHTEPBaJjia BO Bpa-
matortieiics HCO B Bume. DjleMeHT MHTepBajia UMeeT BUIL

927,2

c2

r2d<,02

Q2p2
1 -5

d5% = (1 - =5 )cdt* — dr* - —d2. (10.72)

Hiis cpaBHeHNS MPUBOANM BeJIMYNHY MHTEPBaJia IPU CTAHIAPTHOM
pacCMOTPEHNI

0*r? 2 1,2 2 2 27 2 2

—>c dt* — 2Qrdedt — dz® — r°dp” — dr*.  (10.73)

c2

ds2:<1—

O6e popmysisl cripaBemuBh, ecan 7€)/c < 1 U yIOoBIeTBOPAIOT KpU-
TEPUIO KECTKOCTU KaK KJIACCHUECKOMY, TaK U PeJATUBUCTCKOMY (B
cmpicite Bopra). OnHako MeXAy MeTpUKaMU UMEETCS CYIeCTBEHHOE
pasimune: MeTpuka (10.72) peanusyeTcs B pUMaHOBOM IIPOCTPAHCT-
Be BpeMeHH, a MeTpuka (10.73) - B mmockoMm mpocTpaHcTBe MUHKOB-
ckoro. llpu t = const meTpuxka (10.72) coorBeTCTByeT 351eMeHTY ” hu-
3149eCKOro” IMpoCcTPaHCTBEHHOr0 MHTEePBaJla BO BPAIAOIIECI CICTe-
Me oTcueTa B corstacuu ¢ dpopmydoit (10.43). B (10.72) B oTsimume ot
(10.73) oTCYyTCTBYIOT g, KOMIOHEHTHI METPUUIECKOTO TEH30pa, UTO
O3Ha4aeT BO3MOXKHOCTEH CMHXPOHM30BaTh Yachl BIOJIb JIIOOOIO 3aMK-
HyTOro KOHTYpa [7].

CB#3b MeX/Iy UCTUHHBEIM T BpEMEHEM U BpeMEHEM IIPOCTPAHCTBA
MuHKOBCKOTO ¢t y 06erX MeTPHUK OMUHAKOBA.

927,2

c2

dr* = (1 )at? (10.74)
O6e meTpuku, B oTsimuue oT peastuBuctckon xectkonn HCO, cmpa-
BEIIJTUBHI JINIIH /I KOHEUHBIX PACCTOSHUN OT OCH BpAIeHus.

Metpuka (10.72) momyckaeT mpocToe TeOMeTPHUECKOE TOJIKOBa-
HIIE.

DJIeMeHT OTHOCUTEJIFHOTO MHTepBaja, Tak ke kKak u B UCO B
IeKapTOBBIX KOOPAWHATAX, OIpenesseTcs rmo Teopeme [ludaropa miis
IICEBIOPUMAHOBA MPOCTPAHCTBA BPEMEHN: 3 KBaApaTa CO6CTBEHHOTO
BpeMeHN (yMHOXEHHOTO Ha KBagpaT CKOPOCTH CBeTa) BEIUMTAETCS
KBaJpaT 3jleMeHTa ~ PU3ndecKon’ IJINHEL.

2. Penarusuctckas (HexecTkas) paBHoyckopernas HCO.
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Kak mokaszaHo B ryiaBe 1, B mpocTpaHcTBe MMHKOBCKOro He Cy-
IIECTBYeT TAKOTO 3aKOHA IBVKEHNS, KOTOPHIA OBl IPWBONWI K OfI-
HOBPEMEHHOMY BBINIOJIHEHIIO OBYX YCJIOBUN: PEJISTUBUCTCKON JKECT-
KOCTH 1 paBHOYCKOpeHHOCTH. Il03ToMy B KadecTBe paBHOYCKOPEHHOI
CO paccMoTpuM OBMIKEHME 3apIKEHHON IBLIN B IOCTOSHHOM 3JI€K-
TPUYIEeCKOM IT0JIe, IpUBoOIAIell Kk MeTpuke Jlorynosa (2.7), (2.8).

[MomcTanoBka 3akoHa nBukeHus (2.5) B ¢popmyny (10.71) (3ame-
muB B (10.71) y* — y*) npuBonUT X >jeMeHTy UHTepBaja B BUjle

B c2dt?
14 ag?t?/c?

dS? (14 a¢’t?/c®)(dyt)? + (dy*)? + (dy®)%. (10.75)
[MoncranoBka 3akona memkenus (2.6) B (10.71) (c samenoit © = 1,
{ — T) IpUBOOWUT K KBaAPaTy MHTEPBAIA
&2 2 52 2( Q0T 1\2 212 3\2
dS* = ¢*dr* — cosh <—2>(dy )+ (dy”)* + (dy’)°. (10.76)
c

®opmysta (10.75) 6euta nmostydeHa u3 apyrux coobpaxenuit B.J. Po-
nuuaeBbIM [1], mpaBma, B KoopauHaTax Olsepa, a He JlarpaHnka, Kak B
HarreM ciaydae. Ycuo, aro (10.76) Moxer 66T momydena u3 (10.75)
IPOCTHIM Npeobpa3oBaHWeM BpeMeHU, KOTOpoe B coryacuu ¢ (2.6)
onpenesiseTcs paBeHCTBOM ¢t = (¢/ag) sinh(ayT/c).

Ananuz gopmyst (10.75) u (10.76) u cpaBHeHME ¢ AHAJIOTUIHBEIMUA
cooTHoreHusmu (2.7) u (2.8) mokassiBaeT, YTO 5JIEMEHTHI OTHOCH-
TeJILHBIX MHTEPBaJIOB (KakK U B Cilydyae BPAIaTeSbHOTO [IBUKEHIS)
BBEIUNCJIAIOTCS B corJiacum ¢ TeopeMoit [Inudaropa s ncesmopumamo-
Ba IIPOCTPAHCTBA, KOT1a N3 KBAIpaTa COGCTBEHHOTO BpeMeHN (yMHO-
KEHHOTO Ha KBaJpaT CKOPOCTH CBETA) BEIUMTAETCS KBAIPAT SJleMeH-
Ta " pusmdeckoil” MIIMHBI, 3aJaHHbBIN cooTHomeHnsMu (2.9) u (2.10).

Metpuxku JloryaoBa (2.7) u (2.8), mosydaemas U3 ICeBIOEBKIIN-
moBa mHTepBasia (2.4) ¢ moMoIbo 3aKoHOB nBuXkeHus (2.5) u (2.6),
coflepKaT OTJIMYHEIE OT HyJId ¢y; KOMIIOHEHTHI METPUYECKOTO TEH30-
pa. C Halleil TOYKM 3peHUS 5TO O3HAYaeT, YTO IJIA HabiogaTesien,
Haxonsammxcs B MCO u ucnonb3ytommux xkoopauuaTel HCO, rurmep-
IUIOCKOCTD ¢ = const B (2.7) u rumeprioBepxHocTh T = const B (2.8)
He OPTOrOHAJILHBEI MUPOBBIM JIMHUAM YacTHIl 6a3uca.

Habawdameau, naxodswuecs 6 HCO emecme ¢ cunHTpoHu306an-
HLIMU UACAMU, NOKA3LIEAIOUWUMYU COOCTNEEHHOE 6PEMI T, 6He 3G6U-
cumocmu om uxr “axcesanug” 6 410600 MOMEHM EPEMEHU PACNOAG-
earomed 8 “Ppuauueckom” npocmpancmee, m.e. Ha OPMO20HAALbLHOU
MUPOBBIM AUHUIM wacmuy ba3uca 2unepnoseprrnocmu. B 2eomem-
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puu cucmemvt omcuema ¢ G = 0 u ggz = 1 naswviearomed noay-
eeodesuueckumy [25] uau cunzponnvimu [7]. B cunrponnwx cucme-
MAT OMPEIKU BPEMEHU, 6bIPEIAEMbIE U3 KOHSPYEHYUU MUPOBLIT AU-
Hutl wacmuy 6a3uca 08YMI COCEIHUMYU 2UNEPNOEEPTHOCTNIMU OPMO-
2OHAALHBIMU MUPOBLIM AUHUIM, OAL 6CET MUPOBLIT AUNUL UACTIUY
odunarosvt. Illoomomy 6 "Pusuueckom” npocmparcmee CuHIPOHU-
306aHHbIE 8 HAUAALHBIT MOMENT BPEMENY UACHL AOANCHBL UOMU CUH-
zponno!

OTciona cilenyeT OYeBUIHBINA BBIBOJI.

B cuHXpPOHHBIX cHCTeMaxX OTCUeTa TUIePHOBEPXHOCTH,
OPTOTOHAJIbHBIE MUPOBLIM JIMHUAM YacTuil 6a3uca, ABJIAIOT-
Ccs TUNEPIOBEPXHOCTAMMN OJHOBPEMEHHOCT.

Cunxpontsie CO B puMaHOBOM MPOCTPAHCTBe-BpeMEHU aeKBaT-
ubel ICO B npocTpancTBe MUHKOBCKOTO.

To, uTo reoMeTpust MPOCTPAHCTBA-BpeMEHN ISl HAbITIOAaTENIEN,
”magaiontux’ cBOOOMHO BMeCTe C YacaMU B OTHOPOIHOM ITOJIe, STBJIIS-
eTcs CMHXPOHHOH, MOXHO TMOJIyYNTDh W3 CJIEAYIOMINX MPOCTHIX pac-
CYXKJIEHUI.

IIycTts B Ha4aJIbHBI MOMEHT BpEMEHU MO BKJIIOUEHUSA CHUIIOBOTO
TOJIA BCE YaCHl MOKOWJINCEH MPYT OTHOCHUTEIBHO APYyra W MOKa3bIBa-
s omuHaKoBoe BpeMs. Ilocse BKITIOUeHNA CUIIOBOTO TIOJIS, OMUHAKOBO
MEeWCTBYIOIEro Ha KajKIble M3 YacoB, Yachl ~MOPTWINCEH’ OOWHAKO-
BEIM obpaszoMm. Tak Kak Mo ompemesieHUIO Yachl ~BCe BpeMs HaXOIu-
Juch B 7 pusmaeckoM” MPOCTPaHCTBe (T.e. HA OPTOTOHAJIBHON MUIPO-
BBIM JIMHWUSM 9acaM CUIEPIIOBEPXHOCTH) B OMUHAKOBOM CUTYAIUN, TO
X TOKa3aHud B ~ Pu3mdecKoM” MTPOCTPAHCTBE MHOJIKHEI COBIIAIATh.
T.e rumeproBepXHOCTh, OPTOrOHAJIbHAS MUPOBBHIM JIMHUSM, HOJIKHA
COBIAHATh C CHHXPOHHOI.

3dece moxcem 603HUKHYML 6MOAHE CNPABEIAUEHLT 60NPOC.

Houemy mempuka (2.18) dag scecmroti pasnoycropennot HCO
6 omauuuu om 6ausdkoti no cmvicay mempuru (10.76) ne geagemcs
CUHTPOHHOU?

Omeemom Ha 3Mom 60NPOC ABATLEMCA MO, YWMO IMYU MEMPUKY
ONUCHLE AN PABAUUHBLE TAPAKMEPUCTIUKY NPOCTNPAHCINE A-8PEMENU.
Mempura (2.18) cegsana ¢ abcoaromnot, a mempura (10.76) - ¢
OMHOCUMEALHOT 2E0MEMPUET NPOCMPAHCMEG-BPEMEHU.

B wacTHOCTH yCKOpeHUs KaX[oil u3 dacTull ais MeTpuku (2.18)
MTOCTOSHHEI B conyTcTBYyIomern CO, B To BpeMs KaK YCKOPEHHS dac-
Tui 11t MeTpuku (10.76) paBHEI HyJTIO U BCe YACTUIBL JBUXKYTCS IO
reofle3MYeCKNM JIMHUAM, HO B UICKPUBJIEHHOM IIPOCTPAHCTBE-BPEMEHMN.
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Hampumep, BeInciieHrie OTHOCUTEITLHOTO TeH30pa KPUBU3HEI JJITST
MeTpuku (10.76) IPUBOANT K OTIINYMIO OT HYJISI OMHOM (C TOYHOCTHIO
IO TIEPECTAHOBKM WHEKCOB) KOMIIOHEHTHL.

Rgi P =—— cosh<—> (10.77)

R=-22 (10.77)

AHajlornyHas cUTyalus MMeeT MeCTO U MPU PACCMOTPEHUN Bpa-
IIATETLHOTO NBUXKEHUS, TOe Yachl, HATOOTUWUECT HG 00UHAKOS0M
PACCMOAHUU OM OCU 6PAULEHUL, MOJIKHBI TOKA3HIBATH OMUHAKOBOE
coOCTBEHHOE BpeMSI.

B cormacum co cTaHOApTHOW TOYKM 3peHUS [7], CUHXPOHU3AIIWS
y 9acoB, HAXOMATIINXCS B OMMHAKOBHIX PU3NIECKUX YCIIOBUIX, T.€. HA
ONMMHAKOBOM PAaCCTOSHUM OT OCU BpallleHus orcyTcTByeT. [Ipu Ha-
IITEM PACCMOTPEHUU 0AL OMHOCUMEALHO2O UHMEPS QLA TAKOTO ~Ta-
pamokca” He BO3ZHUKAET.

MaTeMaTudecKuil repexof] K OTHOCUTEITFHOMY WHTEPBATY MOXKHO
OCYIIECTBUTE U COBEPIIEHHO >JIEMEHTAPHBIM CIIOCOOOM, B3SB B MeT-
puke (10.40) Besimunny dy’ npu guKcMpoBaHHOM 3HAaUYEHUM JIarpaH-
JKEeBOI KOOPAMHATH YacTHULE y* B (10.41). D10 MpUBOAUT K WHTEP-
BaJTy

, OWFOw

G52 _ 002 gk ok
dS” = dé- + g/u/ 8yﬁ 8yl% dy dy ’ g/u/ - g/U/ - VNVIM (1078)

IUIAHA KOTOPOTO B OBIIEM CiIydae He paBHa ayinHe nHTepBaia (10.40).
Takum o6pa3oM, ¢ Hallleil TOUYKU 3peHUs MHTepBaJ AJid HabogaTe-
neit B8 HCO (1.e. oTHOCHTenbHEIN nHTepBai (10.78)) oTimaaeTcs oT
uHTepBaJia mid HabmonaTesein B MCO, ucmosb3yolmero Koop anHaThL
HCO (1. (10.40). U3 pasBuTOoro MaTeMaTUIeCKOTO alliapaTa, O3B0~
JISIOIIErO BHLAEINTH U3 HYJIEBOIO HEIOJIOHOMHOIO TeH30pa KPUBU3HEI,
TOJIOHOMHEIN, CJIeAyeT, YTO BHIUNUCIEHHBI 13 METPUKU OTHOCUTEIb-
HOI'O MHTepBaJja o6bIYHEI TeH30p Pumana-Kpucrodpdens, B obiem
cilydae OTJIMYEeH OT HYJIA.

11. 3akoH cJI0OXK€eHUs YCKOPE€HUI, OTHOCUTEJILHBIN
Teu3op kKpuBu3Hbl HCO B npocTpancTBe MUHKOBCKOTO
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dusuyecknii CMBICII BBEIEHNS OTHOCUTEIHLHOIO TEH30pa KPUBIU3-
HBI MOXKHO BHISCHUTH Ha OCHOBE aHaJIM3a IBMKEHUI YaCTUILL B IIPO-
n3BosibHOM custoBoM mojie B HCO.

IIycTs B mpocTpancTBe MUHKOBCKOIO B HEKOTOPOM CUJIOBOM IIOJIE
OBUXKeTCA CcIUIoliHad cpena. Ilose 4 - cKopocTu cpelbl B IepeMeHHBIX
Ointepa - V#. B 5ToM ke MpocTpaHCTBe B IPYTOM CIJIOBOM TIOJI€ IBU-
XKeTcsd YacTula, 4 - ckopocTh Kotopor U He coBmamaeT ¢ V#. Tpe-
6yeTcs onpenesnTh 3aKOH OBUKEHNS YaCTUIBI OTHOCUTEIBLHO CPEIHI.

Ilepexon 8 HCO ocymiecTsigeM ¢ moMoIiso mapaMeTpoB Jlame
(10.2), ucrosb3ys ypaBHEHUE TBUKEHUS

. dU® .
b d% = L (11.1)

B ¢opmyne (11.1) my - macca mokos wactuusl, f* - 4 - cuma. U3
dopmys (10.2) - (10.6), ucnons3ys paBeHCTBa

Vihi = BT, Vihi =0 (11.2)

A+ o

T110CJie TIPOCTHIX MPeodpa30BaHUN MOy UM

—+{ YU = TL A0 (11.3)

Ecim paccmaTpuBaemas yacTuila MpUHAMIIEXKUT K OTHON W3 YACTUII
6asuca HCO, to U* = V# u u3 (10.14) cienyet obpallieHie B HOJIb
npasoit wactu (11.3). HbIMu ciioBamu, i1t HaGIIIO[ATENEN B COILY T-
cryorieirt HCO oTHocuTesTbHBIEe BEKTOPHI MEPBOI KPUBU3HBI MUPO-
BBEIX JIMHUYT YacTUIl 6a31ca PaBHBI HYJIIO, & OTHOCUTEITbHAS KPUBU3-
Ha MTPOCTPAHCTBa-BpeMeHU OTJIMYHA OT HYJd. Pacruiiiem ypaBHeHUS
(11.3) mo KOMITOHEHTaM, BOCIIOJIB3YICh OUEBUIHBIM COOTHOIIEHNEM

~92 22 u2 A2
dS" =dy" —di’> = (1 - = \dy’ 11.3
y ( Cz>y, (11.3)

rie u - BeJMYNHA OTHOCUTEIBHON CKOPOCTH YaCTHUIEBL. Vcmomssys
Boipaxenus (10.14) u o6osnauenns (10.38a), mosyuum ypaBHeHUS
nBuxkeHns oTrHocurenabHo HCO B Bume ymobHOM My CpaBHEHHS C
6IM3KOI 10 coflepXkaHuio paboroir 3enpMaHoBa [54]

dFE
— +mD;y;, ~ulu® —mFu—c (11.4)
dr
| i 2m(DF + A; Ft = 11.5
d—l—lpu—l—m( + AN — mF* = (11.5).

94



B ¢opmysax (11.4) u (11.5) BBemensI cienyomme 0603HAYEHU:

2 E d
e = T = dr="2  (11.6)

— u27 p = u27 _gv c
— 2 -
c c

roe FE - oTHocuTebHAL (XpOHOMeTpI/I‘-IeCKI/I MHBapnaHTHaA (XI/I)

<>

[54]) sHeprus yacTuIb, M - OTHOCUTENbHAL (X.1.) Macca, p' - OTHO-
CUTeJIBHBIN (X.1.) uMiysbc. JleBbie wactu pasencts (11.4) u (11.5)
TOXECTBEHHBI JIEBHIM 4YacCTAIM PaBEHCTB B MUPOBHIX ypaBHEHHAX
mBuxkeHus paborsr [54]. PaBeHCTBO mpaBhIX YacTell MOXKHO JIETKO IO~
Ka3aTh. JleficCTBUTEBHO, Ojif TOJIOHOMHBIX PEIIEPOB, MOy YaeMBIX 13
(10.1) B comyTcrBytomeit HCO cnpaBemnBo paBeHCTBO

N S oy G i, o T

Vit = P = Vi 4 Vift = st + Dt = g pt = L

M 0 k 00 950 0 \/%
(11.7).

MICTIOJTb30BaHe KOTOPOTO MOKa3hIBaeT COBMAleHWE TPABBIX YacTen
ypaBuenuit (11.4) u pa6orsr [54]. HokasarenscTBo mis (11.5) ana-
sormyHo. Takum obpazoM, HECMOTPS Ha pa3yimyne MPeNIIOKEHHOTO
HaMmu MeTona nepexona B HCO ¢ meTomom T.X.WU., ypaBHeHUs NBU-
keHus otHocuTesibHo HCO coBnasin.

Ypasuenne (11.3) mocie cBepTku C hg MOXHO 3aMucaTh B MpoO-
cTpancTBe MwuHKOBCKOTO B ¢opMe, KOBAPMAHTHON OTHOCUTEIHHO
TIPOU3BOJILHEIX TOJIOHOMHEIX TIpeobpa3oBaHUl SWIIEPOBHIX KOOPIIU-
HaT. Ucmomesys (10.14), mocste mpocTHIX Mpeobpa3oBaHUil MOy YUM

DU# fo
= = K= 21— — 2¢°3(U"V,) UV, V. 11.8).
T e~ 20 ( YUV, Vg (11.8)

B coornomennn (11.8) K“ - orHocuTenbHOe 4-yCKOpeHWE YaCTH-
bl oTHocuTesibHo HCO B koopmmuatax MCO, opToronasbHoe 4-
ckopoctu U,, f*/(myc) - abcomioTHoe 4-yCKOpeHUe YacCTHUIHL, I0-
catenauii wieH B (11.8) comepKuUT MepeHOCHOE YCKOPEHWE U YCKOPEHNE
Kopuosuca. Takum o6pasom, cootHomrerne (11.8) ecTs crienpensaTu-
BUCTCKUN 3aKOH CJIOXKEHUI YCKOPEHN, MePEeXOMAIINN B KJlaCcCUUeCKNI
TIpU HEPEJIITUBUCTCKOM TTPUOIINKEHNN.

OTMeTUM, YTO OTHOCUTEJIFHOE 4-YCKOpeHUe TTOIBUIIOCH B Pe3YJITh-
TaTe BhIUKMcIeHns abcomoTHou mpousBoguonn B HCO oT oTHOCUTED-
HOI 4-CKOpPOCTU YaCTHUIIBI C TIOMOIIBIO KpucToddeseBOll YacTU CBI3-

~ ~

e fl
aby
Ha3BaTh OMHOCUTNEALHBIM TIMEH3OPOM KPUBU3HBL HCO BOCHOHBSYHCB

HocTu (10.6). ITo sToit mpuunte Tenszop kpusmsHet (10.8) R;Y, MoxHO
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JIETKO ITPOBEPAECMBIM PaBE€CHCTBOM,

7TV, — N LT Y e ¢ T e Ty

pA gD

TeH30p KpuBm3HHI (10.8) MOXHO mepemnuncaTh B BUIE

~

_ v ¥ 3 o
= —2V[,;me — 2T[;|X|.Tﬂ]é.° (11.10)

~ ~

}%ﬁﬂﬁ
Ucmonesys paBencTBo (11.2), cBepThiBas Tenszop kpusu3nsl (11.10)
¢ moMoInbio KospduimenTos Jlame, mogyunM BeIpakeHMe IS OTHO-
CHTEJILHOTO TeH30pa KPWBU3HEL B IPOCTPaHCcTBe MMHKOBCKOTO.

D1\ DA
hSRY Rk, R

DA R'o't'ﬁa,é = _28[0&Tg]6. - 2T[3|5|'Tg]6'. (11.11)

Hpu sTom Tensop 1}, B mpocTpaHcTBe MuHKoBCKOrO MMeeT BUZL

T6

po =

FV,V, —ViQ,, + F,V,) + V,Q + V.0 . (11.12)
Iz Iz K P R .

STOT TEH30p IIoCJIE Hp606pa30BaHHﬁ MOZKHO IIp€OCTaBUThL B BUIE
1
TI//L,e = i[FI//L‘/:? —I_ Feyv/j ‘|‘ Fgﬂvy], F/u/ - 2V[VV/L] (1113)

WUTak, B pe3ysmbTaTe pa3fesieHUS HYJIEBOTO HETOJIOHOMHOTO TeH30-
pa KPUBU3HBI Ha JIBe HeHYJIEBhIe YaCTU, B MJIIOCKOM IPOCTPAHCTBE-
BpeMeHN BO3HUKJIO TE€H30pPHOE TI0Jjile OTHOCUTEITLHOTO TeH30pa Kpu-
BusHbl HCO, kKoTopoe Hesb3s YHUUTOXUTH HUKAKUMU T'OJIOHOMHHBI-
MU MTpeobpazoBaHUIMI KaK COMePKAIMMU, TaK U He CONePKAIIMMI
BpeMsi. OTmeTum, uTo B popmyste (11.11) npu ucmons3oBaHuu B Ipo-
cTpaHcTBe MUHKOBCKOTO KPUBOJIMHENHBIX KOOPIWHAT YAaCTHEIE TIPO-
M3BOMTHBIE 3aMEeHIIOTCS HA KOBapUaHTHHIE.

XoTsd TI0 BHEINTHEMY BUMIY OTHOCUTEIBHBIN TeH30p KPUBU3HBI
(11.11) manomunaeT Tenzop Pumana-Kpucropdesns, onaako BmMecTo
K05(hQUIINEHTOB CBA3HOCTH (He TE€H30POB) B HETO BXOASIT WCTHHHEIE
TeH30pHl adGUHHON medopManuu CBI3HOCTH, onpeneseHnsie B (10.6)
1 BBIpAaKeHHBIE B SMJIEPOBHIX KOOPAWHATAX MpocTpaHcTBa MUHKOB-
ckoro (11.13). B kauecTBe prMepa pacCMOTPUM HEPEJIITUBACTCKOE,
6e3BUXpeBOe NBUKEHNE MBI B HHIOTOHOBCKOM MoJle TaXecTu. B oT-
HOCUTEITLHOM TeH30pe KPUBU3HBI U OTHOCUTEIILHOM TeH30pe Puaunm
6yleM COXpaHATDb WIEHB C MHOXUTeJIeM He Bhimre, ueM 1/c2. B aTom
npubanxennm nMmeeM u3 (10.29) u (10.36)



Ry~ =V iFy, Ry~0, Ry~ —ViF™ (11.14)

Tak xak Fb - IPOCTPaHCTBEHHBIC KOMITOHEHTHI 4- YCKOpeHI/DI TO B He-

peJ’I}ITI/IBI/ICTCKOM CJIy4dac€ ITpyu OBUXKECHUU B I10JIE Hrrorona Fb = ab/c

rue ab - oberumoe TpexMepHoe yckopenue. U3 ypaBuenus Ilyaccona

IIoJIy4YnM

—Vad" = 4rkp, (11.15)

roe k - rpaBUTallUOHHAA TIOCTOAHHAaA, P - INIOTHOCTH CPE€OBI. B Pe-
3yJabTaTe NMeeM

~ ~ 1.
, Rjy=0, Ry =-5V;F. (11.16)

c2

[lepBoe 1 BTOpO€e paBeHCTBO B BhipaxeHuu (11.16) coBmamamoT ¢ co-
OTBETCTBYIOIUMHI yPaBHEHUIMU JWHIIITENHA B CHHXPOHHON CACTEMe
oTCUYeTa, TTOCIIeTHee - He COBMAHAeT.

PaccmoTpum mpocTeiinine cBOWCTBa OTHOCUTEIBHOTO TeH30pPa
KpUBU3HEL B npocTpaHcTBe MuukoBckoro. W3 Beipaxenus (11.13)
A TeHsopa aduHHON nedopMaruy cBA3HOCTU 1), B IPOCTPAHCT-
Be MUHKOBCKOTO cileqyeT, UTO NI 6€3BUXPEBBIX IBUXKEHUN OH UMEET
BU/T

o (W“). (11.17)

ozt  Ox°

Ecan 663BI/IXpeBOG ABU2KCHUEC ABJIACTCA XKECTKIM, TO 5TO IIPUBOANT K

TS, = FV,V, = VRV, = gV, (

o6pa1ueHI/110 B HYJIb OTHOCHUTEJILHOT'O TCH30pPa KPUBU3HEI. Taxum 06-
Pa30oM, ITOCTYyIIaTEeJIbHOC IBUXKCHIEC PEJIATUBUCTCKHU XKECTKOI'O TEJIa HE
IIPpUBOOUT K IIOABJICHUIO OTHOCUTEJIILHON KPMBU3HBI IIPOCTpPaHCTBa-
BpEeMECHUN.

HJ’IH ITPON3BOJIBHBIX I[BI/I}KGHI/Iﬁ OTHOCUTEIBHBIN TEH30p Puyun
MOZKHO IIp€OCTaBUThL B BAOE

oT ™ 9F"

RPY — —
(9:130‘ (9:135

+ Qo Q*VIVY — QEE VP, (11.18)

CxansgpHas oTHOCUTeIbHas KpUBU3HA [ BEIumMcisgeTcs mo Gopmydie

OF"
- 2T 10.,.0%. 11.1
R oy + ( 9)

OTHOCUTEIBHEIN Ter3op DitHnrTeitna G naeTcs BhIpaKeHmeM

oTH™  QF"

By — _
G (9:130‘ (9:135

+ Q. Q VPV
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OF* 1
P — g0, 0% 11.20
x> 2 ( )

HJ’DI 663BI/IXpeBBIX I[BI/I}KGHI/Iﬁ OTHOCHUTECJIbHBIC TECH3OPHI Puyun n

_976ngﬁ ‘|' g

OWHIITeWHAa MOTYT OBITH MPENCTaBJIEHB B BUJIE

AP VP OF

Oy —
R ox® (9:135 .

(11.21)

ey P g “
HEEVE) O 4 g9 2. 0 (gonpel), (1122

By —
G ox® Ozg g ox® ox®

rre g**7 - mpoextmorHE onepaTop, BBemerns B (10.40). U3 (11.22)
BUIIHO, YTO OTHOCUTEJIBLHBI TeH30p DUHINTENHa IJid 6e3BUXPEBHIX
IBUKEHNI, TOXIECTBEHHO yIOBJIETBOPIET 3aKOHY COXPaHEHNI

OGPy
oxY

OOHAKO HE ABJIACTCIA CUMMECTPHUYHBIM.

=0, (11.23)

12. OTHocuTenbHbIN TeH30p KpuBm3HbI HCO B MexaHuKe
HbioTona

Uccmenyem B HBIOTOHOBCKOM TPUOIMKEHUN MEeTPUKY TPOCTPaH-
CTBa-BpeMeHU [JId HaOJIIO/IaTeslell, MBUKYIIIMXCS BMeCTe C Cpenou,
npeHe6peras BCIOAY BesIMumHoON v2/c? 1o cpaBHeHMIO ¢ efuHUIel. B
sToM mpubsmkennu merprka (10.40) cBomuTcs K BULy

ovm™ov"

dS? = c2dt? — m oot 67 dy*dy'. (12.1)

B meTpuke (12.1) B kagecTBe sitepoBbix koopanHaT MCO BEIGpaHbI
NeKapTOBBI KOOPIUHATHI, B KOTOPHIX Gip = — O, ¢ - HBIOTOHOBO ab-
commoTHoe BpeMs. Crenyer oTMeTUTH, YTO Mempura (12.1) 6 obwem
CAYUAE PUMAHOBG C NAOCKUM NPOCMPAHCMEEHHBIM CEUEHUEM. ITOT
PEe3YIILTAT Ha MEePBBIN B3TJIAN IBIIIETCS HETPABAOIIONOOHBIM, OMHAKO
MeTpuka (12.1) momyckaeT MpoCToe TeOMETPUUECKOe U (PU3IIECKOE
TOJIKOBAHIUE.

B xauecTBe mpuMepa paccMOTpUM HEXECTKUAN CTepXKeHb, AIIeMeH-
THI KOTOPOT'O MIBUKYTCS BIOIH OCHA CTEPKHS C PA3HBIMU CKOPOCT IMU.
B6muszn cTepxHdI mapaiieIbHO €My MBUXKETCS YACTHUIAa CO CKOPOC-
THIO, TIPEBOCXOIAIIEN CKOPOCTU YACTHUI] CTEPXKHA. Y CJIOBUMCS, UTO
HaOJIIOTaTe T HA CTepXKHe B KaUyeCTBE BPEMEHU WCTOJb3YIOT YacChl
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NCO mpocTpancTBa Munkockoro. IlycTh mokazanus yacoB, Koria
JacTUIlA MMOPABHAIIACH C 3aJJHUM KOHIIOM CTEpPXHS 1, a B MOMEHT
oOroHa yachl MOKa3bIBa 9. Bpems, 3aTpadeHHoe Ha OOrOH, paBHO
(to — t1). ScHO, UTO OMHOCUMEALHYIO OAUHY MUPOBOT AUHUU UACTNU-
ybl, IPU OOTOHE CTEPKHS, MOXKHO BHIUMCIUATH 10 TeopeMe [Iudaropa.
Omuocumeavrad OAUHG MUPOBOT AUHUY YACTNUYLL, KOTJa CTEPKEHD
nMeeT GECKOHEYHO MaJjible pasMepsl, naercs dpopmysoin (12.1). Dire-
MeHT uHTepBaja (12.1) moydyaeTcs u3 MCeBIOEBKINIOBA HHTEPBAIIA
(2.4) c nomomTbio 3aKoHa nBukenus " = W"(y* t), a nuddepeniman
oT " BHIUMCIZETCS NMPU GUKCUPOBAHHOM 3HAUYeHWW i, T.e. He SBJIIS-
eTcs nosiHbIM. [TosTOMy KBampaT sjleMeHTa MHTepBaJia, MOJydaeMo-
ro BEIYNTAHUEM U3 KBalIpaTa BPEMeHHOTO 3JIeMeHTa KBaJIpaTa IPo-
CTPaHCTBEHHOTO BJIEMeHTa, 3aJaHHOTO B JIATPAHKEBOUW COITYTCTBYIO-
et HCO, B o6111eM cilydyae MPUBONUT HEeeBKJIUIOBY ITPOCTPAHCTBY-
BpeMeHU C IJIOCKUM MPOCTPAHCTBEHHBIM CEUeHUEM.

O6sruno npu nepexofe uz NCO B HCO paccmaTpuBaoT agemenm
abcoaomuol dAurbl MUPOBOT AUHUYU YACTNUYbL. DITEMEHT UHTEPBaJIa
HOJIyYaeTCs W3 [ICEBIOEBKIINA0OBA MHTepBaa (2.4) ¢ MOMOIIBIO 3aK0-
Ha OBUXKEHUI " = \I!”(yk, t), a nuddepeHIMAI OT " SBILETCS MOJI-
ueiM. [osToMy kBagpat siieMmenTa (B oTsmune ot (12.1)) comepxut
WIEHBI, 3aBUCAIINE OT abOCOJTIOTHON CKOPOCTU YaCTUIIBI, M3MEHIEeTCS
goo KOMITOHEHTa W TOSBJSIOTCS OTJIMYHBIE OT HYJSA (o) KOMIIOHEH-
THl MeTpUYecKoro TeHzopa. OmMHAKO MPOCTPAHCTBO-BPEMS MPU STOM
ocTaeTcs IToCKuM. QUeBUIHO, UTO AOCOAOMHAT OAUHA MUPO 60T AU-
HUU PACCMAMPUBAEMOT YACTNUYLL HE PABHA OMHOCUMEALHOU OAUHE
MUPOBOU AUHUU IMOU YACTUYDL.

[IpocTpancTBeHHAas MeTpPUKa B JIarPAHKEBOW COMYTCTBYIOIIEN
HCO B cormacun c (12.1) umeer Bun

. ov™ owm
oy* Oy
Kak m3BecTHO M3 MeXaHUKU CIUIONIHON cpembr [44]
i .

rje 0j; TeH30p CKopocTeil medopmanuii B comyTcTBytomein CO. Tax
KaK JIAarPAHXKeBHI ¥ TP IBUKEHNIN KaXKIOi YaCTHUIEl OCTAIOTCS He-
m3MeHHEIMH, TO dy*/dt = 0, u mosTomy

dyy _ Oy, Oydy™ _ Oy
dt ~ ot oy dt | ot

= 26;. (12.4)
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PaccmoTpuM nBmKeHne paspsaXKeHHOTO T'a3a B HLIOTOHOBCKOM IIOJIE
TSIXKECTH, UCIIOIL3Ys ypaBHeHNe IBUXKeHNI B popMe Diljlepa U ypas-
HeHUe Hepa3PLIBHOCT.

ov, 1 Ovg Op o,

gt TV oz 9 5 T fga

(pv”) = 0. (12.5)

HNupdepentupys ypasuenne (12.5) mo z’ mveem

) 0 09a
E(O—ab+wab)+(akb‘|‘wkb)(aak+wak)+vk%(0ab+wab) = 8—335” (12.6)
nJim
d _ %0 12.7
E(Uab + wap) + (kb + W) (Tuk + Wak) = b’ (12.7)
rmae
_1/0v, | Ovuy _1/0v,  Ouy
Tab =9 <(9a:b + (9:1:“>’ Pab = 9 <(9a:b B (9:13“> (12.8)

B (12.8) o4, wap - TeH30pHI OedOpMAIil U YIIIOBON CKOPOCTH Bpa-
IeHUs B HEPEJITUBUCTCKON MeXaHUKe B IMepeMeHHBIX Jijlepa.
CseprriBas (12.6) mo a, b, mosmyunm B mepeMeHHEIX Jlarpamka

9
ot

T

~d AL A
Oy T 040

= pye (12.9)
PaccMoTpuM cityyail, korna cpefna IBUXKETCI Oe3 BPAIleHNN Wy =
p y ; p p
0. Torma
b b
_Ov,  Ovwy, Do, Doy
Ozt  Ox*> Oxb Oz
[Tocimentee cooTHoIEHNE B JIaTPAHKEBBIX IIEPEMEHHBIX CBOOUTCA K
BUIY

Gab

V;6h — Vaét =0, (12.10)

I/le KOBapUaHTHbIE MPOM3BOIHBIE BEIUUCIIIOTCS 10 MeTpuke (12.2).
Isis Berumcienns TeHszopa Puaunm Bocmosibsyemcst meTpukon (12.1)
U Pe3yIbTATOM [7] N CUHXPOHHOW CHCTEMON OTCUeTa C TIIOCKOM
MMPOCTPaHCTBEHHON MeTPUKOU.

: L0 o ish
Ry = =5 (5,90 +8767), (12.11)
. 1/ + .
Ry = —<V532 - Va6§>, (12.12)
C
. 1,0 . T
Ry = g(a(aaip) + 0,04 — QUaUz,,;). (12.13)



MoxHo mokasaTh, YTO TIPU OTCYTCTBUAM BPAITIEHUN CIIPABEIITNBO Pa-

BEHCTBO 5 J R
. Okl U ow
—0.: = | —— 4+ 200mk | =——, 12.14
(9to-ab < dt t2Tmo k) Oy 8yb ( )
IICIIOJIB3Y L KOTOPOe, MMeeM [T BhIpaxkeHus (2.13) cooTHoureHwme
~ 1 dO'kl (9‘1”4j (9\Ifl
= (=2 m ——, 12.15
ab c2< gt -I—akz<7m> By oy ( )
YunreBas (2.7), HaXOOUM IpU OTCYTCTBUAU BPAIeHIit
A 1 891@ m (9\Ifkj (9\Ifl
R, = g(@ + ouo = mo]") 5 o (12.16)

Cpena, OBMXKyImasci B COOCTBEHHOM IOJI€ TIXKECTU, UMeeT §, =
O¢/Jz®, rie ¢ - MOTEHIINAIT IO TAKECTH, YIOBIIETBOPSIOMINI YPaB-
Heruio llyaccona. 3 coorromrenmit (12.9), ypasuenuns [lyaccona na-
xomum mits (12.11)

A Ak p
0= (12.17)
Cootromrenne (12.12) ¢ yuerom (12.10) maet
R, = 0. (12.18)

Beipaxenue (2.16) B coBokynHocTu ¢ ypaBHenumeM llyaccona mpen-
CTaBUM B YIOOHOW NJIS MaJIbHENIINX UCCIeNoBaHUN dopMe

A Ampk . ~ A dg™ dgy,
ab = T2 Vb T Fapy Fay = <8wm kl—l’@
. oWk U’
TOkOy, — Okm0] >8ya 8yi’ (1219)

Cootromrenus (12.17) - (12.19) npu yciioBum, 94To B HOCIIEHEM BBIPa-
KEHIN Fai; = 0, mpencrasigioT coboll ypaBHEeHUS DUHIITENHA, 3aIli-
caHHBIE B CMHXPOHHOI CHCTEeMe OTCYeTa [JId IbIIEBUIHON MaTepun
[7]. OueBunno, uTO B O6IIIEM CiTyUae FaB # 0, TaKk Kak B OJHOM WU
TOM 3Ke CIJIOBOM II0Jieé KOHI'PYEHIMM MUPOBHIX JIMHUI YaCTUI CPEIEI
obs1agaroT O6OJBITUM ITPOM3BOJIOM.

BeigcHuM npu Kakux yacTHHIX ycioBuax reomerpus HCO, ompe-
nejigeMas 3aKOHAMU HBIOTOHOBOW MEXaHUKW, I TeOMeTPUS CUHXPOH-
HOIl CHUCTEMBI OTCUeTa MAJid IBUIEBUIHON MaTepPUM, OIpemesiseMas
ypaBHeHUsSMU DUHIITeHA, coBnianafoT. 3 Buna merpuku (12.2) cite-
OyeT, 4YTO MCKOMBIE peIlleHNsS ypaBHEHNS OUHINTENHA CIIPaBeIINBhI
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B CJIy4ae INTOCKUX MPOCTPAaHCTBEHHBIX ceueHnid. A coBITaieHune pelire-
HUW ypaBHEHUN DWHINTeNHA C PelleHNIMU HbIOTOHOBCKON MeXaHUKNU
BO3MOZKHO, €CJIM Ha KOHTPYEHIIMU MUPOBBIX JIMHUN YacTUll 6a3uca
HAJIOXKUTH OTpaHUYeHUe

F; =0. (12.20)
Uccrenyem chepudeckm-cmMMeTPUYHBIE TBUXKEHUS CIJIONTHON Cpe-
ITBI, TI0JIe CKOPOCTEN KOTOPHIX B IEPEMEHHBIX Jjiepa B TEKAPTOBBIX
KOOpOUHAaTaX eCTh

v = v(r t)ng, ng = E, ngNg = 1. (12.21)
7
Ucmonesys ypasuerus Oiutepa (12.5), ycmoBust cummerpun (12.21),
mostyunM it cucteMsl (12.20) BeipaxeHue
10v o2  20¢

+ =+ == = Ag. (12.22)

1 0v
ar — A9 rOt ' r2 ' ror

rot
PaccMoTpuM HeKOoTOpEIe YaCTHEIE CJIydal PelleHUS 3TOIl CUCTe-
MBI
1. g pagualibHOTO IBUXKEHUS Pa3pAXKeHHON CpeIbl B HBIOTO-
HOBCKOM II€HTPAaJIbHO- CUMMETPUYHOM I10Jie TIXKECTHU, CO34aBaeMOM
MAaCCUBHBIM TeJIOM, LIEHTP MacC KOTOPOro paclojloXeH B Haualle KO-
OpIAUHAT, NMEEM

kM,

r

1 1
ot =2k My(C - ) +of,  (12.23)

T To

Ap=0, ¢=-

rae M) - Macca TeJla, CO3JaOIIEro IoJle, V) - 3HadeHre CKOPOCTH TP
r = r. I3 coBmecTHOCTH BhIpaxenmit (12.22) u (12.23) mosyuum

v _
ot

1
0, v*=2kM,-. (12.24)
T

Peurenne (12.24) ects uvacTHbIl ciyvail (12.23) npu ycmnoBuu, 9To0
cpena Ha GeckoHeuHoCTH mokouTcs. NuTterpupys (12.24), nonyuaem

3¢

2/3 2k M
p = i<?> Ppusg, — o2, = 20

c2

=7, (12.25)

rie r, - FpaBUTAUMOHHEI panuyc. OTMeTuM, YTO B IOCJIEIHEM CO-
OTHOIIIEHUU CKOPOCTH CBeTa ¢ BBeleHa MCKYCCTBEHHO MJIS yIoOCTBa
CpaBHeHUd C NPYTUMHU pe3yJbTaTaMU U B pe3ysjbTaTe B 3Toul dop-
MyJle OHa COKpalllaeTcs, KaK U MOJIXKHO OBITH MPU MHTETrPUPOBAHUU
VPaBHEHUI TBUXKEHUS B HEPEJITUBUCTCKON MeXaHUKe. Bbibop 3HakKa
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3aBUCUT XapakTepa nBuxeHus yactuil. [Ipu nBuxeHunm mno pamgumycy
K HeHTPY BBIOMpaeTCsa 3HaK ~IUIOC” U 3HAK ~“MHUHYC’ IIpU PacIIu-
perun ot neHTpa. [locTosuHas ¢, BeIOUpaeTcs U3 TpeboBaHUSI, UTO
npu ¢t = 0 momxHO OBITH T = 71y, TJe T( - JIarpaHXKeBa KOOPIUHA-
Ta. OYeBUIHO, YTO IPU MAIEHUN YaCTUIl HA IIEHTP TEKYIIUN paauyc
JIarpaHKeBON JacTULsl r(rg,t) yMeHbIIaeTCI mosToMy ¢ < .
Metpuka (12.1) B cepudeckoil cucTeMe KOOpIUHAT UMeET BUI

2
dS? = 2dt? — <(;9_r> dr? — r%(d6? + sin? 0d¢?), (12.26)
7o

Ucmonesys sakon nquxenus (12.25), mosaras

. 2 7‘03/2
nMeeM 0JId 3JIEMECHTa MHTEpPBaJla BEIPpaXK€HHUE
d 2
dS* = c*dt® — L T
57, (R = )
4/3
—[%(R— )|, 2(d6? + sin? 6dg?), (12.28)

KOTOpOe B TOYHOCTHU COBIaJaeT C M3BECTHOU MeTpuKou Jlemerpa B
OTO [7]. dng Hamrero ciaydas 5JieMeHT MHTepBajia MeTpuku Jlemer-
pa o3HavYaeT KBaJgpaT OTHOCUTEIHHON NJIMHBEI MUPOBOW MUPOBON JIN-
HUYT TTPOOHON YACTUIIH, MBUKYIIENCSI OTHOCUTEIILHO CBOOOIHO TMaga-
TOIIUX M0 PAANyCy K IeHTPY HeB3aUMONENCTBYIONINX APYT C IPYTOM
JaCTUI] B HHIOTOHOBCKOM II€HTPAJTbHO-CUMMETPUIHOM T0JIe TSIXKECTH.
[Ipu sToM, mamarorme 4aCcTUITHI, UMEOIINE Ha 6€CKOHEUHOCTH HYJIe-
BYIO CKOPOCTh, 0bpasyioT 6aszuc HCO. XapakTep cusi, IeliCTBYIOITX
Ha MMPOOHYIO YacCTUITy, He MMeeT 3HAYEHU.

Xors merpuka (12.28) u ToXIeCTBEHHA C COOTBETCTBYIOIIEN MeT-
pukon 3 OTO, ogHako B HallleM cjiydyae KOOPAWHATHI U BpeMs,
OTIpeNeJITIoNINe MeTPUKY, UMeIOT SCHBIA MeTPUYECKUN CMBICI, Ue-
ro B npuHiuie He MoxeT 6b6ITh B OTO. Hanmpumep, Bpems nameHus
T vacTuiiel 6a3mca oT HAYAJITHHOTO 3HAUEHUS PAINyca r1 OO TeKYIIle-
ro 3HaueHus 7 (71, 1") ABITETCS KOHEYHOI BEJIMUNHON U OMPENEeIeTCs

2N e

3CT'g c\ry

dbopmysion
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KoTopas cooTBeTcTBYeT dopmyiie u3 OTO, korma B KauecTBe BpeMe-
HU UCTIOJTB3yeTCs cobcTBeHHoe BpeMs yacTullbl [60]. B Hamrem ciyuae
POJIb COGCTBEHHOr0 BpeMEHN UTI'PaeT HbIOTOHOBCKOE BpeMd L.

Bosee mogpo6Ho MBI 06Cy IMM 5TH BOIIPOCH IIO3IHEE IIPH PACCMOT-
PEeHMM MOIeJIMPOBAHNS TI0JIell TPaBATAIIVIMN.

2. Cyienys paboram [7], [60], paccMOTpPUM HBIOTOHOBCKYIO OIHO-
POMHYIO N30TPOMHYI0 KOCMOJIOTMYECKYIO MOIEJh, IJI KOTOPO! MMeeM

v(r,t) = H(t)r. (12.31)
Cucremy (12.22), yurs ypaBHeHus Jilepa, 3aluilleM B BUIE

10v 30v vr  200v
—Ank -+ — 4+ —— = —A47nkp. 12.32
wkp, r8t+r2+r(97' TRP ( )

N3 ypasuenmit (12.31), (12.32) naxoqum

OH OH 4
—— = —4rkp, — + H?>=——nkp. 12.33
5 wkp, 5ot 5 mkp (12.33)
OTxkyna
H? = gﬂkp, (12.34)

4TO COOTBETCTBYeT CJIydalo PAacCIIUpPeHUs IPU MJIOTHOCTU PaBHOU
KpuTudeckon. Tak Kak 3aKoH >BoJrionnu BcesleHHONM B HBIOTOHOBCKOM
npubsrKeHK BeIBeneH B [60] mi1s mpon3BoIBHOI MIIOTHOCTH, TO BOC-
HOJTB3YACh pesynbraTamu [60] s Halrero citydyas, HaXOAUM 3aKOH
paclIupeHns

r = r0<;__7t;:0>2/3, (12.35)

rae (t) — tx) - "Bo3pact” omHopomHoit Momenu Bcenennoii. [loncra-
HoBKa (12.35) B (12.26) mpuBOOUT K BRIPAXKEHUIO [JIS KBaApaTa WH-
TepBaJia

t—to

4/3
ﬁ> / drf — rg?(d6? + sin® 0dg?)|,  (12.36)
0= ‘o

dS? = ¢2dt? — (

KOTOPOE COOTBETCTBYET MOJIEJIN C INIOCKUM (€BKJIMIOBHIM ) IPOCTPaH-
crsoM OTO.

CaMBIM CTpPaHHBIM Pe3yJIbTATOM, IIOJIyYEHHOM B DTOM pasmelie,
ABJILETCSI TOT, UYTO TOUHLIE PEIlleHNS ypaBHEHUN OUWHIITENHa coOep-
KaTCA B KadeCTBE YACTHBIX CJIyYaeB HEPEIITUBUCTCKON MeXaHUKI
HrioToHa, a He HA060OPOT, KaK MPUHATO CUNTAThH.
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I'maBa 3

QJIEKTPOINHAMMUKA B HCO

B »sToli ritaBe paccmaTpuBaeTcs siekTponuHamuka Kak B CO ¢ 3a-
MaHHBIM 3aKOHOM nBuXeHus, Tak u B CO ¢ 3amaHHOU CTPYKTYPOU.
IIpoBonuTCcs mapasuiesibHOE CpaBHEHME IS PEITEHUI B ~’ PaBHOYCKO-
perHon” cucteme Mesiepa u moJTyYeHHOM HaMU B TJ1aBe 1 paBHOYCKO-
pennont xectkoit HCO B mpocTpaHCTBe MOCTOSHHON KPUBU3HBI. Pop-
MYJIAPYETCS KPUTEPUN CTAIMOHAPHOCTHU, HAa OCHOBE KOTOPOTLO pac-
CMaTpPUBAETCA OOUH M3 ~BEYHBIX BOIPOCOB PU3UKU~ - O IOJIEe HPU
pPaBHOMEPHO YCKOpeHHOM ABUXKeHUU 3apsina. O6CyXKIaIOTCAd BOIPO-
CHI paclpoCTpaHeHNs 3JIEKTPOMArHUTHEIX BOJIH, 5ddekT Hommiepa
1 TIpeobpa3oBaHUS ITOJIEH.

13. OnekTponnuamMuka B HCO c 3amaHHBIM 3aKOHOM
NBUXKEHU A

Paspaborannyio B pasmeste 10, Teopuro mepexofia B IIPOM3BOJIIh-
uyo HCO, onpenensemyro 3akonom mgemxkenus (10.1), mpuMeHuM mi1s
npeobpasoBaHus ypaBHeHunt siektTponunamuku u3z CO B HCO.

YpaBuenus MakcBesjia B IyCTOTe B NEKAPTOBBIX KOOPAWHATAX

NCO umeror Bun [7]

oF™  4r
G = oI Oally + 0sFha + 0y Fus =0, F = 20,4,

(13.1)

B coorromenusax (13.1) F* - TeH30p 5IeKTPOMAarHUTHOTO 1oJis, j*

- YeTHIpEXMEePHEI BEKTOp ToKa, A* - 4-moTeHmmal.
[epexon 8 HCO, ocymectasemsrit ¢ momomsio (10.1), (10.2)
IIPUBOOUT K yPaBHEHMIM

Ay, Ap = hiA, (13.2)

roe

B =h'RE,, 7= hij". (13.2a)

N3 popmysier (13.2) ciemyet, 9TO aGCOMOTHBIN TEH30DP HJIEKTPO-
MarHUTHOro 1oy Fjp pacKiagblBaeTCa Ha OTHOCHTEIBHBIN TEH30D
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9JIEK TPOMATrHUTHOTO TIOJIS 1 TepeHOCHBI . O THOCUTETLHBIN TeH30D
oyt Iy MoXkeT OBITH TaKiKe IpelCTaBJIeH B BHUJE

~ ~

Fhy = 20 A5 = 2V Ay, (13.3)

rie V BBIMACIISETCS € TOMOIIBIO KpUCToddeeBoil JacTh CBA3HOCTH
(10.6). ”IlepenocHEI” TeH30p HOJISL €CTH MPOU3BENEHNE CKAIITPHOTO
ITOTEHITNAJIA flﬁ ¢ 0O6BbEKTOM HETOJIOHOMHOCTH, T.€ COAePKUT MHGPOP-
Marmo 06 yckopennu u Bpamerun CO B corsacuu ¢ (10.11). Orme-
TUM, UTO pa3bueHUe TeH30pa IOJII HA IBe YacTU BeChMa YCJIOBHO,
T.K. "HPOpMAIIAI O TIoJie B BUE CKAJIIPHOTO MTOTEHITNAJIA CONePKUT-
ca u B "mepenocuom’ moJie. PacnuiiieM ypaBuenus MakcBesia 6oiee
TTOJIPOOHO.
[lepBoe ypaBuenue (13.2) npeacraBum B dpopMe

O L

V" = NV FY + THFY + T, FY = -
& g _ 1 O(v/=gF)
Y —g Oy?

OFM o i ool 0 i S, oo 4
5e0 + Vi(F¥ +2Q A@)—éy@(F Ag) — F(F™ 4 207 Ay)
T dr
+XH(FY - FRAg) = —7Jka

Vi (F% 4 FRAD) 4 Q(FY 4+ 20M A)) = —amp (U, V"), (13.4)

rae Vj - KoBapMaHTHad IIPOM3BOAHAdA, BEIYMCIIZEeMas C IIOMOIIBIO
TpexMepHOUN KpucToddesieBoll CBI3ZHOCTH, p* - CKaJIgIpHasd TIIOTHOCTH
sapsana, j* = cp*U". Kak n3BecTHO, moTeHIINaITLI A¥ onpenensioTcs
HeonmHO3HauHO. HampuMmep, n3BecTHbie ycioBus JlopeHtia, KoTophie B
raJimjieeBBIX KOOPAUMHATAX UMEIOT BUI

0A*
ceenytcs B HCO x Bumy
- (e . I
Beo VAR 4 2EAY R AR =0, (13.6)
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BBenem TpexMepHBINI BEKTOpP HAIPAKEHHOCTH 3JIEKTPUIECKOTO
nong E , BEKTOP 3JIeKTPUYeCKOU WHAYKIINU l_j, BEKTOP HalpsAKeHHOC-
Tu MarHuTHoro nong H u BEKTOP MarHUTHOU WHOYKIINU B B corna-
CUW C OTpeNeJIEHNIMU, 3aMMCTBOBAHHEIMY 13 ypaBHeHn MakcBesia
B HCO miis 3amanHOro rpaBUTAIMOHHOTO Mo [7] ¢ 3aMeHOI JacT-
HBIX [IPOU3BOMHBIX IIPON3BONHBIMU [0 HAITPAaBJIEHUIM.

- i —0b bl
By =Fy, By=1Iy D'=—Vigt™, H" =gl (13.7)

B orsimume ot [7] MeTpuKa y HAC CUHXPOHHA U OMPENeIIIeTCS COOT-
HourenneM (10.9). BekTopHsle onepariuyn BBOOMM B COTJIACUM C OIpe-

JEJICHNAMMN
L1 bR BB .1
(v > E)a — eabc( 7 E;)) HY — — eabcHl;é,
2vy oyt Oy 2V
1 An? — — ~ AT A
N FE, -~ FE,)=F x B, Q'=__C"_¢ilq,
27 N
— — . 1 P éH@ 8H" = =2 1 é
(VA = e (2 Y, V-E=-—2(/7E"). (13.8)
2/ dyb Oyt V7 Oyt
B (13.8)
abe L abe 123
Mabe = Ve 1 = =€, e =eny=1,

THe 7),5, - CIMHIYHBEI aHTUCMMMETPUYHEIN T€H30D B KPUBOJIMHEMHBIX
KOOPIMHATAX.

Ha ocHoBe cresaHHEIX 3aMedanuii, ypaBHeHus Makcsemta (13.2)
B CICTeMe OTCUYETa, CBI3aHHON C MBUKYIITUMUCS 3apsIaaMu IO 3aKOHY
(10.1), Ha KOoTOpBIE AENCTBYIOT IPON3BOJIBHBIE CUIIEI (He 00532 TETHHO
5JIEKTPOMATHUTHOTO MIPOMCXOXKIEHNS ), CBEAYTCSI K BULY.

d . d 1 8 E — — — — 2—» —
V x A OVE) Gy v A=-26.5 (139
C

ypaBHeHI/DI MaxcBesa JOIIOJTHAOTCA YPpaBHEHNAMN HEPA3PBIBHOCTH,
BhIpaXaKWIMMMHN 3aKOH COXPAaHCHUA 3apdda.

1 (8yap") _
VT = 0. (13.10)
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3aMeTnM, 4TO B OTJM4YMEe OT oOIMMX ypaBHeHuin MakcBesia
(13.2), npurogusrx mus npomsBoibHOit HCO, He ob6s3aTenbHO CBS-
3aHHOW C IBUKYIMUMUCS 3apsaaaMiu, B ypaBHeHusx (13.9) (sBumy co-
Iy TCTBUS) OTCYTCTBYeT IIPOCTPAHCTBEHHAs KOMIOHeHTa 4 - TokKa,
KOTOpPYIO cjlenyeT Nob6aBUTH MPU PacCMOTPEHUN OOITero ciayyas.

Haiinennas namu TpexmepHas popMa ypaBHeHun MakcBesuia, mo-
JIydeHHas C TIOMOIIILIO HETOJIOHOMHBIX IIpeobpa3oBaHuil, coBIasa C 3-
MEePHOUN XPOHOMeTPUYECK!N MHBapUaHTHOU (OpPMON, NPUBENEeHHON B
kaure H.B. Munkesuyga [53].

Hns petitenns cucTeMbl ypaBHeauit MakcBesia y1o6HO BBECTH TO-
TEHITUAITEI 3JIEKTPOMarHUTHOTO ToJid. [[Jig mepexoma oT HampIXKeH-
HOCTeI TI0JIell K MoTeHIInaJIaM ITpuBefeM, ToJIyYeHHbIe HaMU HeKOTO-
phle HyXHbBIe GOPMYJIIBI U3 HETOJIOHOMHOTO BeKTOPHOTO aHam3a. s
TIPOU3BOJILHOTO TPEXMEPHOTO BEKTOPHOTO TIOJIS d’(yé‘) 1 CKaJISPHOTO
ToJid gb(yo‘) CTIpaBeJIUBHI CIIENYIOINEe COOTHOIIIEHNU:

O T S Y
(V x (V x @)t = (V(V-ad)F - Ad* + Rial + 20 Zﬁ’

k
Ux V=200 G (¥ xa) =2 00,
¢ OEo c 9¢v
¥ x 29 _ 8A(§><6)—|—96><6—ﬁ><8—01,
agh — a¢d c o¢"
-~ da 0 -y 5)_9(13.5)_13 a _d &p (13.11)
o€0  ogh ¢ o0

Benuuunst, sxonsmue B (13.11) onpenestenst B (10.38a).

B cormnacuu c onpenenernem (13.7), npencTaBuM HANpPsKEHHOCTH
IJ1L 3JIeKTPUYECKOr0o M MarHWTHOTO II0JIell B BEKTOPHOI (hopMe depes
NIOTEHIWAJIEL B BUIE

- 7 ""814_'* — A 7 = A 7
(E)r = _W@; — (VA" = (FAp)". (13.12)
— — 2 Q A
H=VxA+2=4;. (13.13)
C

Berpaxenus (13.12) u (13.13) obpaiaoT B TOXAECTBa IEPBOE U
yeTBepTOe U3 ypapreHuit (13.9). Do, Bipodem, cilenyeT U HEMIOCPE-
ctBenHo u3 (13.1), korna Bropoe u3 ypasaenwuit (13.1) ymoBieTBopsi-
eTcs TOXIECTBEHHO, €CJIM TEH30p 3JIEKTPOMArHUTHOrO IIOJIf BHEIpa-
3UTH Yepe3 3alla3dbIBalollye MOTeHINasl B Bune F), = 20,4,
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IlBa mpyrux ypasuenus MakcBesia u3 (13.9) Beipasum gepes 3a-
Ha3geIBaolye NoTeHuatsl. [l sToro yarem coorrornenns (13.11),
a Takke KuHeMaTmdeckme Toxmectsa (10.17), (10.34), xoropsre
TIpeACTaBAM B BEKTOPHOM BUJIE

2 0V g oo .0
N

YunteBasg Takxke ycious Jlopenna (13.6), mocse DOBOSIBHO yTOMIU-
TeJIBHBIX TIPeoOpa30BaHUN IOJTY UM

—Q-F=0. (13.14)

0=—", 4", v; (13.17)

XPOHOMETPUYECKN MHBAPUAHTHHIN TTPOCTPAHCTBEHHO-KOBAPUAHTHBIN
ormepatop lHamambepa, a TeH30p RB& = 7@]\?&576@, rie Rdfv,éq” Tpex-
MepHBIIl T€H30p KPUBU3HEL, ONpenesiseMbrit u3 cooTHourenns (10.31).
BriBenennbie ypaBHeHUS CIIpaBEMJTUBHL B MPOU3BOIILHON JTeOPMUPY-
emont HCO, cBs3aHHOW ¢ NBUXYITUMUCS 3apsaaMu, oOpa3yoniuMu
KOHTUHYYM. YcHo, uTo pertaTh ypaBHeHus B HCO B ob61miem Bume 3a-
TPYIOHUTEITHHO, OMHAKO B HEKOTOPBHIX YACTHHIX CITyYasdX IMPOBOAUTH
uccienoBanre B HCO 3HaunTenbHO mpotrie u HarssgaHee, yeMm B CO.

14. Kputepumn cranuonapHoctu B HCO ¢ 3amaHHBIM
3aKOHOM JBUKEHUS
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[IpencTaBiseT mHTepec mccienoBanme ypaBHeHuin MakcBesuia B
penaTuBuctcku xecTkux HCO, onpenesngeMbIx Kak

Y= —-D;;=0. (14.1)

o

OTo MpuBONUT ypaBHeHUs MaKcBesta K BUIAY

= = A4+ [V x Al + 4rp. (14.2)
C

~
—_

O [ A+ PrA) - [Fx [0 x A - 2B8[Fxd]’ (14.20)

C

BriscuuM, kKakuMu cBolicTBaMu NOJIKHa obitanaTh kecTtkas HCO
c "BMOpPOXKEHHBIMI B Hee 3apsamaMu, YToObI cucTeMa MakcBesia mo-
IycKaJia B Hell He3aBUCAIINe OT BpeMeHn pemrerus! (Mer cunmraem,
YTO BHEITHUE TIOJISI OTCYTCTBYIOT U TOJIE OMPeNese TCSI TOJIBKO ~BMO-
poxennsiMu’ 3apsanamn). OueBunHo, uTO ypaBHeHus MakcBesia Mo-
I'yT UMeTh CTallloHapHBIe oTHOCUTebHO XecTkKorn HCO pemrenns,
ecyin xapakTepuctuku, onpenensiomme HCO, e saBucaT oT Bpeme-
an £ gBHO. T.e. HapAoy C paBeHCTBOM HYIIO TeH30pa CKOPOCTeil
nedopmarmii (14.1) MOSIKHBI BEITOIHATHCS yCIIOBUS:

89,;[_0 OFy
ogd 7 ped

= 0. (14.3)

B corsacun ¢ toxmectsoM (10.17), (14.3) u paBencrBamu Fy = 0,
Vys = 0 mMeem

9 . . -
éyﬁ Q&E = V[&FE] = 8[@Fl3] = v[&Fg] = 0. (14.4)
OTxkyna )
&b
hh Ve Fy = 0, (14.5)



qTO HaeT

OF, B OF,

oxv Ozt

Paeencmeo (14.6) onpedeasem aopeny-koeapuanmmuoe ycaosue
CMAYUOHAPHOCTNY 603 MONCHBIT pewenutl ypasnenuti Maxceeana.

= 0. (14.6)

Ywmuoxas (14.6) va V¥, monyuum mpum ycsoBuu, 4To %, = 0
PaBEHCTRBO
ar,

BBenem 4-BexkTop cuitel g¥, onpenenseMbIil paBeHCTBOM

<dF/‘

VY a Y
g TRV —F Q) (14.8)

gh="—
1 Ha30BEM ero 0OOOITeHHON CUMJION PauAIMOHHOTO TpeHUs. B sTom
paBeHCTBe e - 3apsan dacTuisl, ' Bmopoxennoii” B HCO, (mns mpoc-
TOTH PACCMATPUBAEM TOJIBKO OIMHAKOBBIE YACTHUIIHI).

Ilng omnoro 3apdna, IBUXKYINerocs nocTynaTenbHo, 2, = 0 u
00001TIeHHaa cuiia g" TepeXonuT B OOBIUHYIO CWITy TOPMOXKEHUS W3-
ayuerueM [7]. Eciu snekrpomarautaoe mosie B HCO cranmonapHo,
To gl = 0.

Briscuum, kakue npocteniiime HCO ynoBieTBopsioT cpopmysiu-
POBAHHBIM YCJIOBUSIM CTaIIMOHAPHOCTM.

a). Paccmorpum mpsiMonuHeiitoe, xkecTkoe o BopHy, paBHOY-
CKOpeHHOe (IJISI KaK 0l PIKCUPOBAHHON YaCTHUIIBI CPENbI) IBUKEHIE
KOHTUHYYMa. TakoMy NBUXKeHWIO, KaK OBLJIO TTOKa3aHO B pa3sieiie 2,
YVIIOBIIETBOPSAET MOCTYIIaTeIbHOE TIepeMeTTIeHNEe CPENBI, TTOJIyYaeMOoe C
TTOMOITTHI0 TIpeobpa3oBanus Memnsepa.

It npeo6pasoBanust Messiepa 3akoH nBrkenns nMeet Buz (2.11)
a MeTpuka Messiepa BbIpaXkaeTCs JIeMeHTOM HHTepBaia (2.12), npu
5TOM POJTHL BpeMeHU ' BHITIOJTHAET TTapaMeTp, HyMePYIOIIUiA OpTOro-
HaJIbHBIE MUPOBBIM JIMHUSAM YacTHIl 6asuca rureprnoBepxHocTu [4].
Tak xax pu mpeobpa3zoBanusx Messepa mpocTpaHCTBEHHBIE BEKTO-
PBI, COEMUHAIONINE IBe JIIOObIe OGJIM3KMe JarpaHkKeBBl YACTUIIHI, BCe
BpeMs OCTaIOTCSI B pusmdeckoM’ TpocTpaHCTBe, To nepexon B HCO
Mensepa, B coryiacum pa3BUBaeMOW HaAMU CXEMOW TepexXona, MOXKHO
OCYIIIECTBUTH C MOMOIIBIO TOJIOHOMHBIX IIPeoOpa3oBaHUil (JaCTHHIN
cITydail HeroJIOHOMHEIX ). OmHAKO, B EJISIX OOIIHOCTH U3TI0KEHIS TI0-
ayanM ¢ nomorrsio dpopmys (10.2) ¢ yaerom, uaTo VE@ - =0,a4-

CKopocTh VH = @%\g , €0 = T, cnenyromue Ko>ppUIIeHTH TIpeob-
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Pa30oBaHUA:

owH ovw . OyP

o B — Yk k

W= M= 0w =V = g

~ 1 R R
M=V ©=_—p 8= Gw=1,
. 5 4 91

Fl=%9, FP—F'=0, F,= %Ll%@. (14.9)

c y

OTMeTHM, 94TO NCEBOOEBKINAOBOCTD MHTepBaia (14.9), (B oTiumunme
ot mHTepBasia Memutepa (2.12)) o6yciioBiieHa O4e€BUIHBIM PaBEHCT-

(de0)?
02 ’

CIIpaB€OJIMBBIM BIOJIb Ka}KHOfI ns (I)I/IKCI/IpOBELHHBIX MHWPOBBIX JIMHUNI

BOM

ds® =

(14.10)

JacTuil 6azuca.

Kak mokasano B pa6ore [4], mone 4 - ckopoctu 6asuca Mesepa
B MpocTpaHcTBe MUHKOBCKOTO B ITepeMEHHBIX JUjepa MOXeT OBITH
TIpeCTaBIIEHO B BUE

aot

5 .
agx! ag’t?
C\/<1 + 22 > - Ocz

HermocpencTBeHHBIM BEIUUCIIEHWEM MOXHO ybenuthes, uto (14.11)

V=

(14.11)

YIOBJIETBOPSIET ycioBuio cranuoHapraoctu (14.6). CienoBaTresnbHo,
ypaBHenns Maxkcesuia B Takoii HCO momyckaioT cTalmoHapHBIE pe-
IIICHM .

Crammonapusie ypaBHenns Maxkcsesuia B Takoit HCO moryT 6bITE
rostydeHsl u3 dopmyi (14.2), (14.2a) u popmya (13.11).

AAy+ V(A'F) = —anp". (14.12)
AA+V(F - A)=[F x|V x 4. (14.12a)
Ycnosue Jlopenna (13.6) miis cTanuoHApHBIX PELIEHUN CBOOUTCS K

BUIY A A
+V A - F AR = 0. (14.13)

It maspHelIIero aHaimsa Bocmoiab3yeMcs ToxaecTsoM (10.16),
KOTOpOe NJIS CITyYas XKeCTKUX 0e3BUXPEBHIX MBUKEHUN HSKBUBAJIEHT-
HO

ViF: = F,F. (14.14)
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T.x. nna merpuku Mensepa ﬁk = V;, To, cpaBHuBas (14.13) n

(14.14), HaXomuM pelleHre I BEKTOPHOIO HOTEHIMAIIA AF B Bune
A* = aF*  « = const. (14.15)

N3 coorHourennit (13.13), (13.14) u pemenus (14.15) cienyet, uToO
3apsanbl, ' BMOpPOXKeHHBIe” B XKecTKylo Oe3BuxpeByio HCO, mns xo-
TOPOII CIpaBeIJIUBHL yCioBus cTanuoHapaocTn (14.6), He co3maioT B
9TOW CHCTEME MarHUTHOTO ITOJId, T.€.

—_

H=0. (14.16)

Paccmorpum perrenne ypasaenus (14.2) s 9acTHOTO cirydas
TOYEYHOTO 3apsaa, moMellieHHoro B Havasio koopauuaT HCO. Bmec-
TO TeTPaJHOl BPeMeHHOW KOMIIOHEHTH Ay = h’g V, u3 (14.9), BBemeM

o s )
aduHHYIO BpeMeHHYI0 KoMIoHeHTY A; = Aj /O, mig KoTopoit ypas-
Herne (14.12) cBemeTcs K Bumy

. i
Ay 04

0 0 — _4706(41)6(4Y6
ooyt T o TQ6(y )o(y> o (y

[N

). (14.16a)

Peurennie ypaBuenus (14.16a) B comyTcTByomux cuctemax Mej-
nepa u Yiutrekepa nosydero [[.U. I'yuynaessim (cm. [34] u 6ubmmo-
rpaduio K Heit). g Hamrero ciygas umeem

AL _ an p2 + (yl + 02/a0)2 + 04/a02 (1416b)

0 2 ) 2 12
{[pz + (! + e2/ag)? — c4/a02] i 4c4/a02p2}

2 /.9\2 5\2
roe p° = (y°)* + (v°)°.
Hepexon B HCO B COI'JlaCM1 C HalllUM METOIOM OCYIIIGCTBI/IM I10
MMpaBUJILy

. o OUH
AF = LAY =VHEAY 4 — AL
oyl
HocTostauyto o B (14.15) onpemenum 3 MPUHINIA COOTBETCTBU,
KOTOpas OKa3bIBaeTCs paBHOU BeJIMUMHe 3apsama —(Q).

B pesysnbTaTe BHIUMCIIEHWI, UCTIONB3YS 3aKoH npukenns (2.11),
YUUTHIBasg, 9TO ToJle 4-ckopocTeit V! B mepeMeHHEIX Diinepa mMeeT
Bun (14.11), a TakXke JIerKO IPOBepsSeMBIE BHIPaKEHUS

1o 9 42
(1+2) =(1+25) - aco_ (14.17)

c2



TIOJTy 9UM
(z! + c2/a0)[p2 + (2! + 2ag)? — 282 + c4/a02]
[(:131 + c?/ay)? — c2t2]R

AO:Q{

B ct }
(x! + c%/ay)? — 22 )’
e {ct [p2 + (z! + c?/ay)? — At2 + c4/a02]
- [(:131 + c?/ay)? — c2t2]R
z! 4 c2/ag

(! + 2 an)? - c2t2}’ PP = (%) + (%),

2
R = \/[p2 + (2! 4 ¢%/ay)? — 2?2 — c4/a02] + 4p2ct [ag?.  (14.18)

[IpuBenennoe B (14.18) permrenne 6bu10 BepBbIe mosiyueHo Bop-
HoM [28], 1 o3 IHee ¢ MOMOIIIBIO 3ana3nbiBatomux morernuaios [loT-
ToMm [55]. C momotnbio nepexona B MesutepoBckyio HCO u o6paTtHoro
npeobpasoBanus B UCO, pemrerne (14.18) mosydero takxe ['yiyna-
€BBIM.

6). Jlerko mpoBepuTH, 4TO Kjaccuyeckas PaAaBHOMEPHO BpAIIlaio-
mascs CO Takixke yIOBIeTBOpSAET yCIOBHUIO cTalmoHapHocTn (14.6).
CrnenoBaTeIbHO, I CUCTEMBI 3aPS 0B WK IJIS OJHOTO 3apsaa ~ BMO-
POXKEHHBIX” B PAaBHOMEPHO BpaIMaIOIUACI OUCK, T.e. ~ oOpalleHHBIX
BCerJa OMHOW CTOPOHOW K MEHTPY MUCKA, 0OOOIeHHAs CUIla paina-
mmorHoro Tperus (14.8) g* = 0. IlosTomy ypaBHeHus MakcBesia B
TaKOW CUCTeMe JIOMYCKAIOT CTATUIECKNe PeENTeHn.

Kputepuit cranmonapHocTu Mo3BOJIIeT CBeCTU ypaBHeHUs Makc-
BeJJIa K PENIEHWIO OHOTO YpaBHEHUS IS KOMINIEKCHOTO TOTEHIIN-
ajla. JTO cjlefyeT U3 TOro PakKTa, YTO IJIS CTAMOHAPHOTO CiIydas
BeKTOpHBIe ypaBHeHus Maxkcsemsia u3 (13.9) nHBaprmaHTHEI OTHOCH-
TesbHO 3aMensl E < H. [TosTomy H MOXHO UCKATh B JBOSKOM BUe

—_

— — 2 Q ~ — —
H=VxA+2= A =-Vy— Fy, (14.19)
C
a BEKTOP E JIA CTaOuOHapHOI'O CJIydasd 6y,[[eT NMETH BN
E=-V¢—Fp, ¢=A; (14.20)

Ucrmonesys Toxnectsa (13.14), Beipaxenns (14.19) u (14.20), Haxo-
OUM JIS CKaJIApHEIX ypaBHeHuit Makcsesuia u3 (13.9) BeipaxeHus

A+ V- (YF + 2¢§) —0, (14.21)

C
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C

Ap+ V- (¢F - =) = —amp". (14.22)

BBeI[eM KOMIIJIEKCHBIN IIOTECHIINAJI (I) B CorJilaCuM C OIIpedeJICHNEM
®=¢+ip, iP=-1. (14.23)

CkitanpiBas, yMHOXKeHHOe Ha ¢ ypaBHenume (14.21), ¢ ypaBHeHmeM
(14.22) momyunm

2100

C

A®+V - (@F + ) = —dmp". (14.24)
Ypasuenne (14.24) o3BoJiseT UCKATH HOJISI OT 3aPAI0B, ~’ BMOPOKEH-
HEIX” B PeJIITUBUCTCKU XKEeCTKUE NBUXKYIIUECT TeJla.

CilenyeT OoTMETUTH, YTO W3 KOMMYTAIMOHHEIX COOTHOIIEHMIA
(10.10) u o6BexTOB HerosonomHocTH (10.11) BEITEKAET, 4TO IS CTa-
LMOHAPHBIX PeIIeHNil IPOU3BOLHEIE 110 HAIIPABIICHUIM O / Ay* MoxHO
3aMeHNTH Ha OOLIYHEIE JacTHEIEe mpomsBomHEie O/0y*.

PaccMoTpuM nmpuMep pacdeTa CTalMOHAPHOIO IOJIA B KJIacCHYec-
KOI1 2KeCTKOI1 Bpallaloleiica cucteMe orcuera. [lycTs 3apam mim cuc-
TeMa 3apsanoB BMopoxeHH! B 5Ty HCO. Ypasuenus Maxkcpesia (13.4)
IJIS STOrO CJIydasd CBEAYTCHd K BUIY

/

Vi (F% 4+ FPAG) + Qui(FY 4 20M Ay) = —4np?, (14.25)
[IepBoe ypaBHenue (14.25) MoXHO 3anucaTh B BUIe
ViEH = g pH = (R 20H 4 (14.26)

s perenns (14.26) Bocmonbsyems ToxmectBoM (10.33), u3 KoTo-
POro I XKeCTKUX ABUXKEHWIA CJIedyeT

(14.27)

9TO SKBUBAJIEHTHO

VM = 20", (14.28)

Cpasuenne (14.26) u (14.28) mo3BossgeT uckath petenne (14.26) B
BUIE

N

FH = M, (14.29)
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Honcranoska (14.29) B (14.26) mpuBonuT K paBeHCTBY

1 n

(S + R)Qf =0, (14.30)
oyt

N3 KOTOPOI'o B 4aCTHOCTHU CJicAyeT

)1
% ~ _F. (14.31)
y

Iis pemrerus ypasHerus (14.31) Heo6X0AMMO BEINOJIHEHUE yCIIOBUS
naTerpupyemoctu. Kak sumgao u3 (10.17), ycioBue mHTErpupyeMoc-
TN O6yIeT BHITIOITHEHO B CJIydae XKeCTKUX CTAIMOHAPHBIX TBUKEHUN.
B wacTHOCTHU, 5TOMY yCIOBUIO OTBeYaeT KJIacCUIeCKas KeCTKas Bpa-
matorttagca CO, mits KoTopon

~

P .
0= —éyﬁ O = V[,;F[]. (14.32)
Paccmorpum 6Gosiee mompobHo mepexonm ot MCO k kiaccudec-
Kout xkecTkon Bpararorieiics HCO. PaccMoTpuM sjieMeHT MHTepBaJia
NCO B nmunuHapudecKux KOOPIUHATAX

dS* = dt? — dr'? — r%d¢” — dz", (14.33)

OJId KOTOPOI'0O KOMIIOHEHTBI METPHUYECKOT'O TEH30pa Guy 1 KOOPpINHATBI
nMeroT BUAO

go=1, —gu=y1=1 —gn="ne=r? —gs=r73=1,
yl =, y2:¢7 ygzzv y0:c7'7

et=r, *=¢, =2, 2*=ct (14.33)

[Tepexon Bo Bpammatortytocs HCO u o6patro B MCO 3ananum B 06bIY-
HOM BUIIE

=y +—2, yP=2"-=2" =y, 2=y’ (14.34)
C C

[Toste 4-cxopocteit V# 6asuca Bpamatorieiica HCO oTHocuTenbHO
NCO umeeT BUnI

Q Qr?

1
VY Va=-—

W="r—m=

VO V2 - _VO
) c c )
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V3 = ‘/3 = O, Vl = ‘/1 = O, = —. (1434)
C

ITo 3amanHOMY 3aKOHY CKOPOCTEN U MPeOOPA3OBHUSIM KOOPAWHAT Hal-
nmeM KospdurimeHTh Jlame.

Wy, o0 s g
B T % Oxh’ % ur % ur
5 5 Qg 1
2 2 0 2 2
b =08, ——8u g =V" hf=-" 525,;,
Qr?
1 1 3 3 0 2

Wcnonw3ys HalineHHbIe KO3QPUIIMeHTH JlaMe, BEIUYNCIUM MeTpUUec-
Kure kKovdduiimeHTH Bo Bparmatorreiicas HCO.

hh

Q
TR

9op = gwhahy, —gun=7i=1 —In=Im=7"5 32

—91 il

>

L, gﬁﬁ =1, _g = ’3/

—? =42 =r(1-67). (14.36)
OTMeTuM, 4TO HalileHHas HAMU MeTPUKA OTJINYAETCA OT MeTPUKU
IJI OTHOCHTesIbHOrO nHTepBasa (10.72) kosdduunenToM §y;, KOTO-
PHIN B HAIllEM CJIydae paBeH eIUHUIE. JTO 03HAYAET, UYTO B KaUeCTBe
BpeMenu B HCO MBI BBEIOpasiu Mo ompenesieHnIo COOCTBEHHOE BpeMs,
a B (10.72) B HCO wucnomssoBasiocs Bpems UCO. Haiinennas namn
MeTpUKa, Mg TOJIyYeHUs KOTOPOU MCIOIB30BAJIUCH HETOJIOHOMHBIE
npeobpa3zoBaHUs, CIITLHO OTIIMYAETCS W OT CTAHIAPTHON MeTPUKN
(10.73). Kak 6B110 0OTMEUeHO paHee, IS CTAIMOHAPHEIX IPOIECCOB
1 CTAIMOHAPHBIX TIOJIEW TTPOM3BOMHEIE TIO0 HAITPABJIEHUIM KOMMY TU-
PYIOT, UTO SBIISETCS CIJIEICTBUEM KOMMYTAIIMOHHBIX COOTHOIIIEHUN
(10.13). IlosTomy mpu muddepeHIMPOBAHUN YTH IPOM3BOIHBIE MOX-
HO pacCcMaTPUBAThL KaK OOBIYHEIE YACTHEIE TIPOU3BOIHEIE.

Ucxonsa m3 cmemaHHBIX 3aMeYaHWN, MOMBITAEMCS TPOMHTET PUPO-
BaTh cuctemy (14.25). IlepBoe ypaBHeHUMEe 5TON CUCTEMEI MBI [TOUTH
peutmm. Ocrtasnock onpenenuts juinb Gyukuuio £(r). s onpemne-
JIeHUs 5Tou GYHKIINU Heobxooumo 3HATH 4-yckopeums F¥ Bparmato-
metics CO. Borunciaum npenBapuTebHo cuMBoIbI Kpuctoddess Bo
sparmasorreiics HCO mo gopmyste (10.44)

~ ~

0 k 0

<>

>
[amb3
>
[amb3
>
I
ol
o~
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{i}__lf%’éé__ r {é}_lAéé‘%’éé_ 1
s  20r <1_52>2’ 05 27 Tor _r<1—ﬁ2>.

(14.37)
B NCO B munuHapudeckux KoopaumHaTaX CUMBOJHI Kpucroddesns
nostygarcs us ¢opmya (14.37) npu 5 = 0. Bocnons3sysicek sTuM CBOI-
cTBOM, BeruucyiuM 4-yckopenue F* 6azuca HCO otHocuTensuo NCO.
BBuny nocTosHCTBa yryioBoll CKOPOCTH BpAINeHUS U OPTOTOHAIILHOC-
TU BEKTOPa CKOPOCTH U BeKTOpa YCKOPEHMS B KaXkKIOW TOYKE, OT-
JWYHON OT HyJIA 6yIeT eqWHCTBeHHas KOMIIOHeHTa 4-yckopeHus I,
5KBUBaJIEHTHAas IIEHTPOCTPEMUTEITLHOMY ycKopeHuo. OueBUIHO, UTO

1 1 1 2
p_ DV _dv +{ }Vzvzz_Lj F = _Fl,
ds ds (1 — 5?)
(14.38)

OTHocurtenbHo Bparmatortieiics HCO oTiuaHol oT HYIS KOMIIOHEHTON
oynmeT

22

O2r
(1-p57)
OTo Mo3BOIET IPOUHTErPUPOBaTh ypaBHeHue (14.31), uto maet
1 / L J1-p2 (14.40)

ne=—[| s——-dr, e=c¢ — .
02(1 _ /82) ’ 3 ’

rge - ¢3 - IIpOMU3BOJIBHad IIOCTOdHHadA, KOTOPYIO OIIpedciIMM OaJice.

F=HWF,=F = (14.39)

Takum obpasom, pemrenne ypaBaenus (14.26) cBogurcs K BuLy

FH = c5\/1 — 2QH. (14.41)
Bropoe ypaBuenne (14.25) npencraBuM B Bue
Vi (B 4 FRAL) + e3 /1 — 320,08 = —4rp7, (14.42)
KOTOPOe TOoCJIe NCIOTb30BaHNS PaBEHCTBA

i 23
Q08 = A= (14.43)
n paCKpBITI/DI KOBapI/IELHTHBIX HpOI/I?)BOI[HBIX C IIOMOIITBIO BBIYUCJICH-
HBIX HaMU cuMBOJIOB Kpuctoddesis, mociie IpocTHIX, HO HOBOJILHO
Y TOMUTEIBHBIX ITPeodbpa3oBaHmii, CBOJIATCA K OTHOMY ypPaBHEHUIO BU-

oa

82\IJ+1—/8282\IJ+82\IJ+11—|—/828\IJ 25 Amp’
Or? r? 8¢ 922 r1-p20r  r2(1-p62)% V'
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JI-F

Ypasuerne (14.44) mosBosiseT B IPUHIMITE PeIIaTh JIFOOBIE 3amadun

Ay =0V, Vy= (14.44)

IIJIS. CUCTEMBI 3apA10B, BMOPOXKEHHBIX B KJIACCUUECKYIO KeCTKYIO paB-
HOMepHO Bparmaloryiocs CO, omHako miid MOKa3aTesIbCTBa paboTo-
CIMOCOOHOCTY MPeNJIOKEHHOT0 HAMU MeTO1a, MBI PEIITAM ITPOCTEUTITYIO
3a7ady, Bpalas BOKPYT OCU NJIUHHBIN MOJIBIA TOHKOCTEHHBIN AU3JIeK-
TPUUECKUAN IMMITUHAP C 3JIEKTPOCTATUYECKIM 3apIIoM Ha CTeHKe. Jlc-
HO, UTO TI0 XapaKTepy pacipenesieHus MAarHUTHOTO TI0JIS, ATa 3alada
MOJIXKHA OBITH YKBUBaJIEHTHA 3a/lade 0 MAarHUTHOM I1oJle OeCKOHeUHO-
T'0 COJTIEHOMIA CO CILJIONTHON HaMOTKOM. [locTOSHHEBIN TOK, TEKYIITAN MO
BUTKAaM COJIeHOUa, YKBUBaJIeHTeH KOHBEK TUBHOMY TOKY Bpalllatoliie-
rocs MIMHApa. bymeMm nckaTh 37leKTpOMarHATHOE TI0JIe BHE 3apsI0B
KaK BHe, TaK U BHYTPU UWJINHIPA.
Ypanenue (14.44) st paccCMOTPEHHOI 3a/1a9u CBOIUTCS K BUILY
dP 11+ 32 2c3/3? ov
+ - P=——/——+- P=—. (14.45)
dr  rl— 32 r2(1 — 3?)2 Or
Jlerko mpoBepUTH HEMTOCPENCTBEHHOU MOICTAHOBKOW, UYTO CyMMa 00-
IIeT0 PEIIeHNs OMHOPOIHOTo ypaBHeHus (14.45) u 9acTHOrO pelreHns

HeOI[HOpOI[HOFO HpeﬂCTaBHMa B BUJE
2
a(l—pF%) c
B r’

rge c¢; - IpoOM3BOJIbBHadA IIOCTOAHHAad, KOTOPYIO OIIpedceJIMM OaJice.

P= (14.46)

Mox#o ybequThbca Takke, YTO

oW OA; - .
05 = _(9—7'0 + A()Fi = F()i' (14.47)

Borunciaum TEH30P 3JICKTPOMarHMUTHOI'O ITI0JIA F/U/ BpalllaXomIeroc:d 11o-

JIOTO IWJIMHIAPa B INJIMHIPUYECKUX KOOPpONHATAX nco.

a1 b eyl 010 7 0p0 7
F, = SR Fyy = RERLFy + WL By + hoR. By =

[
814\. 1 1 ~

=eQ,, + 5, ——(V,,6,, = V,.8,) + Ay(V,F, — V, ). (14.48)
OT.HI/I‘—IHBIMI/I OT HYJIA B ITIOCJIEOAHEM BBIPpaZKCHUU 6y,HYT TOJIBKO F()l =
—Fi9p n F9 = —Fy KOMITOHEHTHI TeH30pa 3JIEKTPOMATrHUTHOIO ITOJIS,
OJIA KOTOPBIX MMEECM:

DA A 1, Q
For = e — <3—VO AViFr)= B< o - 1), (14.49)
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ov
Fi1o = Qo + VoVj—
or

OTMeTI/IM, YTO IIOCJIeOHNE BbIPpaXCHUA OJId TEH30pa IIoJId 3adaHBbI

= —cyT. (14.50)

B IIPOCTpPaHCTBE MunkoBckoro B OWJIMHOPUYECCKNX KOOpIOnHaTaX.
YJ106Hee OJIA CpaBHEHHUA CO CTELHI[ELpTHOfI 3alliChIO OJId TEeH30pa IIo-

JId HepeﬁTH K OEKapTOBBIM KOOpIOMHaTaM. Tax xak 331 = rcosy,

x? = rsinp, 3 = 2, To KoMmonenTa F), B HeKapTOBEIX KOOpAWHA-
TaX CBI3aHA C KOMIOHEHTON Fls B MMIMHAPUIECKNX KOOPIAMHATAX B

corJjiacum C 3aKOHOM Hp606paSOBaHI/I5I TPEXMEPHBIX TEH30POB

Ozl Oz A2 Ozl

Po=Fy 5.t g5,

= rFl,. (14.51)

Ho B mekaproBeix koopmumaatax VCO B corsacum compeneeHreM
[7], xoTOpoe 3mech ucnombsyercs, Fj, = —H,. Orciona u u3 (14.50)
MMeeM 11 MArHUTHOTO TI0JIS BEIPAXKEHIe

H,=c. (14.52)

OmnpenenuM TOCTOSHHBIE ¢ U c3. PaccMoTpuM pellieHre OIS DJTEK-
TPOMarHUTHOTO TIOJIS BHYTPHU OOOJIOUKU HMUJIMHIPA. JIIEKTPUUECKOe
nosie Fy; = E, sayTpu mmwmmaapa B MCO nosxHO OBITH paBHO HYJTIO.
Otkyna maxomum u3 (14.49), npupaBHUBas 5TO BBIpaXkeHHe HYJIIO,
ITO

Q

C1 = C3—. (1453)
C
Q

H, = c;—. (14.54)

c
[TocTosHHYTO c3 MOXKHO ONPENeSIUTH W3 BHEIITHETO PEIIeHU I SJIeK-
TPUYECKOI0 M0JIs, KOTOpPOe IPU OTCYTCTBUU BpallleHUd W3 IPUHLINUIIA
COOTBETCTBUSA JIOJI)KHO COBIaAaTh CO CTATUYECKUM II0JIeM BHe 3api-
KeHHoro nuiauHApa. OTKyna uMmeeM npu ¢; = 0

B ="2=2 ¢ =2, (14.55)
T

rie X - INIOTHOCTH 3apsfa Ha eQUHUIly IJIMHBL IuInHapa. MTak, mo-
JIyYWIIN 3apaHee OXUIAeMBIl pe3ysibTaT. BHYyTpU HUIMHOpa SJIEK-
TPUYECKOe II0JIe PABHO HYJIIO, & MATHUTHOE IIOCTOSHHO, OTJIMYHO OT
HyJIS 1 PaBHO
20 —
H, = =const, E=0 npu r <R, (14.56)

C
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rae R - paguyc nmmHaapa. Bae mumaapa B cuity ¢; = 0 paBHO HYJIIO
MarHIUTHOE II0JIe, a 3JIEKTPUYECKOE I10JI€ OTJIMYHO OT HYJIL.

2x >

E.=-—=, H=0 npu r >R, (14.57)

7
BerunciuM BesIMUYnMHy MarHUTHOILO IIOJIS depe3 KOHBEKTUBHBIN TOK
Ha enuHUIy mnHBEL. OdeBumHO, 4TO X = j1, e j - KOHBEKTUBHEIN
TOK dYepe3 eQUHUIly JIMHEL, a 1 - mepuoi obpallleHus IINHIPA.
Honcrasmas B (14.56), Haxomum

41y

H, = = const, npu r <R, (14.58)
c

YTO B TOUYHOCTHU COBMANAET C IOJIEM BHYTPU OECKOHEUHOTO WIeaTh-
HOTO coJjieHouna. I[IpoBeneHHBIN 31MeCh MOMPOOHBIN pacyeT SBIITETCS
HEKOTOPOUN TeCTOBOH 3aj/lavell MPaBOMEPHOCTHU MOCTPOEHHOTO HETOJIO-
HOMHOTO allapaTa Mpeodpa3oBaHUI YpPaBHEHUN 5JIeKTPONMHAMUKNI
u3 UCO B HCO u ob6patHo. BrrunciuB 3HaYeHUS MOCTOSHHBIX €] U
C3, BOBBPATUMCS K aHAJIU3Y 5JIeKTPOMATHUTHOTO TIOJIS BPAIIAOIIIEer-
cs TIOJIOTO IWJIMHApPaA C TOUYKW 3peHusS HabOIIoMaTeNs, CBA3aHHOTO C
>TUM HUIMHAPpoM. QUeBUIHO, YTO COOTHOIIIEHNE MEXY MOCTOSHHBI-
mu (14.53) 6ymeT cnpaBemuBeiM BHY Tpu nminnaapa kak B ICO, Tak
u B HCO, omHako 5To yxXe He mpuBeneT K OOpaIleHUIO B HOJIb SJIeK-
TPUYECKOTO TIOJIS BHYTPU HMUIUHIPA. IJIEKTPUUECKOE T0Jie BHYTPHU
muwinaapa B HCO oTyimyHO oT HY/S U MeHSAeTCs IO 3aKOHY

. OA; - 2x62 1
E, = ()i:—a—ro—I—A@Fi: . —1—52) npu 7’<R,
(14.59)
HJ’I}I MaJIBIX /8 IocdJieqHee COOTHOIICHNE CBOONTCA K BUOY
- 2y 22
By =y = 25 X mpu r<R, (14.60)
T (&

N3 nocnennenn popmysiel BunHo, uto B HCO snexTpudeckoe mosie B
IEHTPe MIWINHIPa PaBHO HYJTIO, U faJjiee JIMHENHO BO3PACTAET, JOCTH-
rad Ha pajnyce MUIMHIPAa MaKCUMyMa, OMHAKO IT0Jie Ha BHY TPEHHEN
IpaHWIle COCTABIILET BeJIWUYNHY TOpanKa (32 oT Moss Ha HapyKHOI
rpanuite. Bue nnnmuaapa 8 HCO (kak u B8 UCO) ¢; = 0. PaBenctso
HYJIIO €] BEITEKaeT TakKke 13 GU3NUIeCKoro TpeboBaHUsS yMEHBITEHNST
moJig ¢ poctoM 7. [losTOMy mosTy4uaeM AJIS BIIEKTPUYECKOTO TIOJIS BHI-

paxeHue
~ 2x 1

E~T = N = —,
(L ey
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W3 niocsienaero cooTHOITEHUS CIIENYET, UYTO GOpPMYJIa IPUMeHNMA IS
KOHEUHBIX PAacCTOSHUN, OIS KOTOPHIX (3 < 1. OTa TPyHOHOCTH SBIIS-
eTCcs TUIMYHON IS Kjaccudeckon Bparratorterics CO. Ilpu Hatem
onucaHuy Bparmatorteics xecTkoin CO, n3/10:XKeHHOM B TJIaBe TIEPBOH,
TaKoOU TPYIHOCTU BO3HUKHYTH B IIPUHLIUIE HE MOXKeT.

Uccnenyem moBenenne maruutHoro nojis B HCO. B cornacunm ¢

dopmyston (14.41)
Frr = es\/1 — 820, (14.62)

OTsuyHOi OT HyJIS KOMIIOHEHTOI TE€H30pa yIJIOBOI CKOPOCTH Bpaillle-
aus B HCO 6ymet €43, miisa xoropoit u3 (14.43) nmeem

(14.63)

Ncnonssys (14.36), BEIGpaB oTpUIATEIBHBIN KOPeHD M1 {)j5, HAX0-
TAM
&

3 Fié = —031_7/82. (1464)

(N3
~~
—
I
@
[N
~—
o

BuyTpu u BHe unuupa nocTtosHHas cg = 2. O6palitaeM BHUMaHUe,
yto B HCO MarHuTHOe moJie OTJIMYHO OT HYJIS KaK BHYTpPH, TakK U
BHe ITInHApa. Ousmdeckuit CMBICIT 3TOTO CBA3aH C TeM 0OCTOSTEITh-
cTBOM, uTOo MarauTHoe 1ojie B HCO ompenesiseTcs TeH30pOM yTJIOBOI
ckopocTu BparteHus 6azuca HCO. 3ToT TeH30p OTIIMUEH OT HYJISI KaK
BHYTPH, TakK U BHe ImwynHapa. Maruuthoe nosie B MCO onpenesnsgeTt-
csd KOHBEKTUBHBIMU TOKaMU Bpalalorrerocs muianHapa. 3 3akona,
OTTPENEJITIONIEeT0 MATHUTHOE TOJIe TI0 3aJaHHOMY TOKY, CJIENYeT, 4TO
MarHUTHOE TI0Jle OymeT JINIITh, BHYTPU MWINHApa. Bo Bparmatorencs
HCO KOHBEKTUBHBIN TOK TOXIIeCTBEHHO paBeH HYJIIO, a MarHUTHOE
T10JIe OTJIMYHO OT HYJIS BO BCEM IIPOCTPAHCTRE.

dusuyecknii CMBICTT UMeIOT He addUHHBIE, & TeTPagHble KOMIIO-
HeHTHI TeH30pa moiiss. T.k. MeTpuka (14.36) oproroHanbHa, TO I
IIOCTPOEHUS TIOJIS TeTPall MOXKHO BEKTODPHI OpTOpenepa €, COBMEC-
TUTH ¢ BeKTopamMm adPUHHOTO pelepa U ToJjie TeTpal 3alncaTh B
BUJIE:

oM
€y = ﬁ’ el = 6%\/|gaal, (14.65)

r/le CyMMUPOBAHUE 0 & OTCYTCTBYeT. TeTpamaHbie KOMITOHEHTHI TEH-
30poB coBmamaioT ¢ ~dusndeckumu’ . Hampumep, mjs OTINYHOR OT
HYyJIS MMPOCTPAHCTBEHHON KOMIIOHEHTHI TEH30pa IT0JIf, CBI3aHHOW C
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MarHUTHBIM IIOJIEM, IMEEM

2x2 1 ~ c
- A, 0 (1466
Py npu 0<r <. (14.66)

OtrmeTum, uTo apduHHaAZ KOMIOHeHTa Hond F, = Fjy; aBToMaTH4dec-

P(i)2) = -

KU COBITAlaeT C TETPAJHON B CWily XapakTepa MeTpuku (14.36).
BoiscauM BkJ1am B ”abcosiroTHOoe” MarHUTHOE TOJie €ro ~ OTHOCHU-

TeJBLHEIX U ”TepeHOCHBIX” cocTaBHBIX dacTein. U3 (14.26) u (14.29)

HaXOIUM [JII OTHOCUTEJIBHOTO TeH30pa MAarHUTHOIO TOJIS BBIpaikKe-

HIIe
Fip = Fyp — 2045 = (e — 243)Qy; (14.67)
Tax xax Ay = V¥, To mng Berumciennd [j; mocTaTOYHO BBIYMC-

ymTh ¥ Kak Bo BHYTPeHHEN, TaK U BO BHENTHEN 00/IACTAX IMIMITUHIPA.
CunTasd, 4TO B IeHTPe MMWINHIPA MIPU PABHOU HYJIIO HAIIPAKEHHOCTHI
sstekTpudeckoro nosist ¥(0) = 0 u cunmras Takke, YTO Ha IOBEPX-
HOCTU MiuHApa (yHKIsS ¥ He TepnuT pa3pbiBa, MHTETPUPYS IS
IOBYX pas3HbIX obiacTeil ypaBHenue (14.46) Buna

d¥ _ c1(1 — 3?) )

14.68
dr I} r’ ( )
HAXOIUM
U =—x3, npu r<R, (14.69)
¥ = —X[ﬁg +2In <£>] npu r >R, p[y= Q—R (14.70)
R/V ’ c
OTo maeT Mg BHYTPEHHEro pellleHns
: 2xB
Fps = —m, npu r < R, (14.71)
U IJIS HapyKHOTO
) 2xB|63 +21n (%]
Fys = — (1 — 52)2 , npu 7> R. (14.72)

Kak u g nHepImaJbHBIX CUCTEM OCYeTa, TaK W IJIS HEMHEPIIH-
AJTBHBIX MOXKHO COCTaBUTHh MHBAPUAHTHBIE BEJIMYUHEBI, OCTAIOIIAECST
HensMeHHBIMU Tipu TipeobpasoBanuu ot MCO x HCO u Haobopor.
Bun nHBapumaHTOB JIETKO yCTAHOBUTH, UCXOMS M3 CIEMYIOIINX JIETKO
IIPOBEPIEMEIX PABEHCTB

FOP = F,,F™ = inv. (14.73)



B wacTHOCTH, Ijif Hallell 3amady BPaIlaloIIerocsd IVJIMHAPA BHIpa-
xetue (14.73) »KBUBaJIEHTHO PABEHCTBY

= <F12>29”922 — <F01>29009” = (H.)* - (E.)". (14.74)

HemocpencTBeHHOI TPOBEPKON MOXHO YOeOUTHCS, UCIIOJIB3Y S Tpoe-
JlaHHBIE BbIe BeruncyieHus ajis nojieit B MCO u HCO, uto nns BHem-
Hero pellleHMs BeJINUMHA UHBapuaHTa paBHa —(F,)?, a BHyTpeHHee
peliieHre cooTBeTcTByeT unBapuanty (H,)?. Urto kacaeTcs BTOporo
M3BECTHOTO MHBAPUAHTA, COOTBETCTBYIOIIETO CKAJIIPHOMY ITPOW3Be-
TMEHUTO 3JIEKTPUYIECKOT0 1 MAarHUTHOTO TIOJIEN, TO B CUJTY OPTOTOHAJIb-
HOCTU 5TUX T0JIeNl 5TOT MHBAPUAHT TOXKIeCTBEHHO PaBeH HYIT0. BhI-
nosiHeHre paBeHCTB (14.74) sBiiseTcs Takke KOHTPOJIEM MPOJETIaH-
HBIX BBIYMUCIIEHUN TTPU HAXOXKIEHUN SIJIEKTPOMATHUTHOTO TTOJIS.
[TpoBemeMm aHayM3 MOIYyYEHHBIX Pe3YJIBTATOB. XapaKTep 3ITEK-
TPOMATHUTHOTO TIOJIS BPAIIAIOIIETO TIOJIOTO 3apsIKEeHHOTO IIINHIPA
B ICO mpuBest X oXugaeMoMy pe3ysIbTaTy, a UMEHHO: MarHUTHOe
1I0JIe BHYTPU HUJIMHIPA TOCTOSHHO W COBIIAIAeT C TIOJIEM COOTBET-
CTBYIOITIETO COJIEHOWA, BHE MUJIMHIPA MArHUTHOE TI0Jie OTCYTCTBY-
eT. DJIeKTpUYeCKoe MoJjie BHYTPU IMWINHIPaA PaBHO HYJIIO, a BHe ITU-
JIMHAPA COBMANAET C MOJIEM TMOKOSIIET0Cs 3apIKeHHOTO MUIIMHIPA.
PesynpTaT Bhruncienunt siaekTpoMaruuTHoro mojis B HCO aBiis-
eTCSd HECKOJIbKO HEOXUIAHHBIM: OOBIYHO TPUHSATO CYUTATH, YTO B
MarHUTOCTATUKE MATrHUTHOE TI0JIe 00SI3aHO CBOMM ITPOMCXOXKIEeHNEM
aeKTpudeckoMy Toky. Tak kak sapsxkenubiin muinaap 8 HCO mo-
KOUTCSA, TO TOK B 5TON CUCTeMe TOXKIeCTBEHHO paBeH HyJTI0. OmMHAKO
MarauTHoe nojie B HCO oka3zajoch OTJIIMYHBIM OT HYJIS He TOJIHKO
BHYTPU NWJIWHIPA, HO TaKXKe 1 BHe ero. Hammure mouTu mocToSHHO-
r0 MarHUTHOT'O HOJISI BHE IIVIMHIPA (B PeaJIbHOM CiIydae B GOpMYIIe
(14.66) moxHO TpeHebpeUD 3% mo cpaBHEHMIO C eIMHUIEN) ¥ BHYTPU
ero, coBmajamIiero ¢ MaruuTHeIM TosieM B MMCO BHyTpu muinH-
pa (14.56), Ha mEpBBII B3LJIL KaXeTCS HOBOJIBHO cTpaHHBIM. Omn-
HaKO BpaIlaollieecs CUCTeEMAa SBISETCS HEMHEPITUAIILHON C NPYTUMUA
sakoHaMmu ¢usuku, ueM B UCO. Iloasmenne 8 HCO marauTHOTO Mo-
JIT BHE W BHYTPHU INWIMHIAPA OO0I3aHO HAIJIMUWIO BPAIEHUWT, KOTOPOe
aBisercs abcomoTHEIM (14.62). ”"OTHOCHTENBHOCTH BpallieHus” He
cymectyet [120]. Bropoit Heoxunannoctbio B8 HCO sBasgercs mo-
ABJIEHIIe BHYTPU MWINHAPA He PABHOTO HYJIIO 3JIEKTPUIECKOTO IO,
KOTOpOe SIBIIETCS, IpaBaa, B cwiy (14.59) BerudauHoll BTOPOro Io-
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paIKa MajocTH (32 0 CpaBHEHMIO C HAPYXKHBIM IOJIEM (14.61). Oxn-
HaKO TPWHIUIINAIbHOE CYIIECTBOBAaHWE TIOJII BHYTPU OECKOHEUHOTO
3apAKEHHOTO TIOJIOTO NMWJIMHIpa, oOpalmaioleMycsa B HYJIb Ha OCH,
TOBOPUT O TOM, YTO MCTOYHUKOM >JIEKTPUUECKOTO TIOJI SIBIIIIOTCS B
HCO ne TonbKo »ileKTpUYecKre 3apaabl. DTO, BIIPOUYEM, CIeAyeT U3
onHoro u3 ypasaeanit Makcsesuta (13.9) 8 HCO, corsacHo xoTOopoMy

L4 24 L

V-E=-Q-H+4wp"

C

IICTOYHUKOM JIEKTPUIECKOTO MOJIS MOKeET OBITH CKAJITIPHOE [IPOU3Be-
IIeHIe BEKTOPA YIJIOBOI CKOPOCTHU C BEKTOPOM MArHUTHOTO IIOJIS.

CpaBHUM HalileHHbIe HAMU Pe3YIbTATEL C Pe3yIbTaTaMu OPY-
rux paboT Ha 5Ty Temy. B xuure [22] mpuBonuTcs BhIpaxkeHme Il
Ipeobpa30BaHus €K TPOMATrHUTHBIX IOJIEH, MOy YeHHOe TaKkKe He-
saBucuMo oT [22] u B pabote [137]. D10 mpeobpaszoBatue B BEKTOPHOI
dopme umeeT BUA

—_

5 (= (@x7)xH 72 -
B =(E- - >—C2(1+7)(wxr)E (@ x 7), (14.75)
= (5 (wxf’)xﬁ 72 e
H_7<H—|— . >—02(1+7)(w><r)H-(w><r),
1

v = ik (14.76)

B ¢opmynax (14.75) u (14.76) mTpuxoBaHHBIE BEJIMIMHBI OTHOCST-
ca x Bpamatoretics HCO, a memTpuxoBautkie - Kk MCO. [lna Ha-
Ieil 3aJa4l BPAIaioIero 3apsakKeHHOro I0JIOro MUIMHIPAa IOCIIeI-
HUE YjleHBl B IPUBEIEHHBIX (POopMyJiax MCYe3aloT, MOCKOJIBKY IIOJIE
ckopocteit CO & X 7 oproronanbuer monam E u H kak BHyTpH, Tax
1 BHe nnHApa. MoXHO MoKa3aTh, YTO C TOYHOCTHIO [0 BEIGOpa 3Ha-
Ka BEKTOpa YIJIOBOM CKOPOCTU w HallfleHHBIe HAMU BeJIMUMHBL [TOJIEN
IJIg 9aCTHOIO CJIydas BPalllafolerocs MoJIoro 3apsaKeHHOro IUJINH/I-
pa COBIANAIOT C aHAJIOTUYHBIMU BesjwdauHamu [22], [137].

Hanuune ¢ Touku 3penns sparmatorneiica CO BHyTpu HUIMHIPA
5JIEK TPUYECKOTO II0JIS Ka3aJI0Ch OBl JOJIKHO MPUBECTH K paguaibHO-
My OBUXKeHUO 3apgna nokogmumycs B MCO BHyTpu mosiocTu Lu-
suuagpa. OIHAKO 5TO He Tak.

N3 nomyyennoro pemrenus ¢ Touku 3penus MCO oueBumHO, 4TO
BHYTPU HWIMHAPA SJIEKTPUYECKOrO IOJIA HET, a IO OTHOIIEHUIO K
MaranTHoMy mokosimuiics B MCO mpob6HEBIN 3apsai BHYTPH IIOJIOC-
T HenonpukeH. I[[05ToMy HUKakMX Cujl Ha MPOOGHBIN 3apsl BHYTPHU
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BPAIIAIOIIETOCA 3apsakKeHHOTO IminHaApa ¢ Touku 3penus MCO we
nerictByeT. CuTyarus ¢ MpPOOHBIM 3aps/IoM SKBUBaJIEHTHA ITOMEITIe-
HUIO TOTO 3apsi/ia BHYTPh COJIEHOUNIA U TOKOSIIIENrOCS OTHOCUTETHHO
TTOCJIETHETO.

C Touku 3peHUs HabITIOMATENsS, HAXOMIAIIETOCS Ha BPAIalOIIeM-
ca muimHape, nokosmmuics B MCO 3apsan 6ymeT 1mo OTHOIIEHUIO K
HCO nBuratbcs mo OKpyXKHOCTH pagmlyca r CO CKOpocThio —{)r B
oOpaTHYIO CTOPOHY BpalllaloIeMycs MUCKy. PesgTuBucTckue dop-
MYJTBI TpeobpaszoBanus ypaBuennii neuxenus or HCO x MCO u 06-
paTHO MoApPobHO pa3zobpanbl HaMmu B pasneiie 11. Celiuac HaM BaXHO,
He OCJIOXKHSS CYIIeCTBA Hejia, BRIACHUTH U3MEHUTHCS JIU paauasibHas
KOMIIOHEHTA BHEITHEN CUJITBI CO CTOPOHBI JIEKTPOMATHUTHOTO TIOJIS C
Touku 3perus HCO, eciu ¢ Touku 3perus NCO oHa paBHsIACh HYJTIO.
B HepensTuBucTckoit Mexauuke [138] ypaBHeHMe MBUKEHUS MaTepPU-
AJILHON TOYKM OTHOCHUTEJIHbHO PABHOMEDPHO BPAIAIOIIENCS CUCTEMEBI
OTCUYeTa UMeeT BUJL

dv -

mo = F + 2m[9Q] + m[Q[7]], (14.77)

1

rfe U - OTHOCATeJIbHas CKOPOCTh, F' - cmila Ha 4acTHIly CO CTOPO-

HBI 3JIeKTPOMarHUTHOro noJjid. Eciim BHyTpH moJIocTU YacTulla Hello-
N —

nemkHa oTHOocuTenbHO UCO, 1o ¥ = —[QF]. [loncranoBka mocrente-

ro coorHoteHus B (14.77) NpuBOAUT K COOTHOIIEHUIO

—_

F=0, (14.78)

KOTOpPOe YKBUBAJIEHTHO TOMY, YTO cyMMa ciithl Kopuosuca ¢ rieHTpo-
6exHON 00y CITaBIIMBaEeT OTHOCUTEIILHOE IEHTPOCTPEMUTEITHHOE yCKO-
penue. Cusa F co CTOPOHBI AJIEKTPOMATrHUTHOTO TIOJIS Ha MPOOHYIO
JaCTUILy B TIOJIOCTU MWJIMHAPA CKIIAIBIBAETCS M3 CYMMBI CUJI CO CTO-
POHBI 3ieKTpudeckoro mosst (14.59) u co cCTOPOHBI MATHUTHOTO TTOJIS
(14.66). IlycTs npo6HELil 3apin ¢, Hokosmmuiics B mosoctu B UCO, mo-
JIOKUTEJIeH U NWMIWHIAP TaKkKe 3apsakKeH IOJIOXKUTETLHO. Torga oge-
BUJIHO, UTO CWJIAa CO CTOPOHBI BJIEKTPUUECKOTO TIOJIS HAIPBIIEHA IIO
panmycy oT IIeHTpPa, & CUJIa CO CTOPOHBI MATHUTHOTO - TI0 Pagnycy K
1eHTpy. CyMMUpOBaHUEe aeT

- U~ 2x 32 1 v 22 1
F=qlE,—H,) = ——
q< c > < r V1-03%2 ¢ ¢ 1-3?

I/ITELK, KaK M CJIeO0oBaJIO OXKNIOaThb, OTYTCTBUE PalWaJILHOI'O OBUXKE-

) =0. (14.79)

HUS YaCTUIILI IBJIS€TCS MHBApUAaHTHHIM pakTopoM Kak u3 MCO, Tak
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n u3 HCO. Ormerum, uto mocsenHss ¢opMysia SBISETCA PeIATH-
BUCTCKOMN.

15. CpaBHeHue 3jiIeKTpoMarHuTHLIX mojiein B HCO
Menepa

u B HCO B npocTpaHCcTBe NOCTOASHHON KPUBU3HEI.
Huckyccus

YpaBuenus snektponunamuku B HCO ¢ ¢ 3agaHHOl CTPYKTYpOn
BHEIITHe He OTJIMYAIOTCS OT ypPaBHEHUUN 3JIeKTPOAMHAMUKU TIPU Ha-
JINYUK TPABUTAIMOHHOTO TOJIs [7], T/Ie MeTpudecKue Ko>)PUIMeHThI
onpenessrorcs u3 (2.18). Ypasuenns Maxkcsena mis HCO ¢ zanan-
HOIl CTPYKTYpoil u ycnosus Jlopenna 6ynyT umeTs B [7]

4yt 1

J_ay <\/_FW>__ c ' /g0y

[TosTOoMy mpuBeneM TOJIBLKO MPOCTENTIINE COOTHOIIEHNS, 6ABUPY-

<\/_A”>_O (15.1)

IoIyecs. Ha KOHKpeTHoM Bune MeTpuku (2.18). B xauecTBe mpumepa
paccMOTpUM OIMH U3 ’BeYHBIX BOMpocoB” [27] o mose mpu paBHO-
MepHO yCKOpeHHOM nBukeHun 3apsna. U3 (15.1) u merpukn (2.18)
HaxomauM u3 ycjoBuil JlopeHila peleHue

= Qaexp(—ay'), A*’=A"=0, a= ) (15.2)

g moTeHIMaIa TOUeYHOTO 3apsana Aj, BMOPOXEHHOTO B HAYAJIO KO-
opnuaaT HCO, craTtudeckue ypaBHeHus MakcBessia Mpu BBITIOJIHE-
HUU ycJioBuli JlopeHIla cBOOAITCS K BUMLY

j— 57 (V=g g““aAO) 900@233 + ZZfS ) = —47rcj0 (15.3)
WUJIN TI0CJIe YIIPOITeHUN
AA) — ag—;jf = —4wQe™ 5(y")8(y?)8(y®). (15.4)
Peurenwe (15.4) uimem B Buze.
Ag = u(yh, 4%, ¥ exp(hyl), A= % (15.5)
ITocste uero ypaBHeHUe i u cBedeTCa K dopme
Au— %2u = —47Q exp<0%1>5(y1)5(y2)5(y3), (15.6)
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a €ro peluieHume

u = %exp(—;). (15.7)

OTMernM, 9TO XO0Ts HpocTpaHCcTBO (2.18) - puMaHOBO, HO €ro mpo-
CTPaHCTBEHHOE CedeHUe eBKJINI0BO, B KOTOPOM CyIIIeCTBYeT Palunyc -
BeKTOp. /13 paccMOTpeHHOTO CllenyeT, 4To pelileHne ypaBHeHus (15.4)

nMeeT BUI
_Q agr(1l — cosb)
Ay = 7exp{— 5o } (15.8)

=
HJ’IH HaIIPpAXKECHHOCTU 3JICKTPUYECCKOTI'O ITOJIA E umeem

e Qexp{_aor(12—czcos 9)}[§+ %G_ ;)}7 (15.9)

rze r - TpexMepHoe ( eBKJIMIOBO ) PACCTOSHUE OT Hayajla KOOPIAUHAT
, COBIIAAIOIINM C 3apAI0M, IO TOYKM HabIIONeHnd, 6 - yroJl MeXmy
DaJIAYCOM - BEKTOPOM 7 1 i, 1 = ay/| as |-

g yno6crBa mpeobpasosanmit Mmexay CO mepenuiieM peleHns

B TeH30pHOU dopme. OTIUUHBIE OT HYJIS KOMIIOHEHTHI TeH30pa MOJIS

Fyor = —Fyo nmeror Bun B corsacuu ¢ (15.9)
_Q agr(1l — cosb) agr )
For = 3 exp{— 5.3 }[nk + ﬁ<nk — 5k>], (15.10)

Ny, - eIMHIYHEII BEKTOP BIOJIL 7 B TPEXMEPHOM IIPOCTPAHCTBE C MeT-
PUKOM Jy;.

19 mpocTpaHCTBEHHBIX KOMIIOHEHT TeH30pa 3JIeKTPOMarHUTHO-
ro nosist Fy; nmeem u3 (15.2)

Fjy = 0. (15.11)

OTo o3HauaeT, uTo MaruuTHoe 1mosie B HCO otcyrcTByeT. Kak ms-
BECTHO [7], TeH30p 9Hepruu - uMIyssca 1), 31eKTpoMarHuTHOTO Ho-
Jid B KPUBOJIMHEVHBIX KOOpPAMHATAaX MOXKHO IIPe/ICTaBUTH B BUIIE.

1 1
T, = E(-FﬂﬁFyﬁ + ZJ%Fﬁng), (15.11)

N3 (2.18), (15.10), (15.11) cnenyer, uro BekTop llouTHHra S) =
CTOkj
S, =0, (15.12),

uyTo o3HauaeT orcyTcTBue B HCO wm3nyuenus. Ilepexonm B kBas3m -
NCO paetcs B COOTBETCTBUN C TIpaBWJIaMU pa3fiesia 3 U MPUBOAUT K
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3aKOHY IBIUKEHIUS, B31TOMY U3 cooTHoureHui (3.5), (3.6).

2
yt =zl + “n | cos(ayS/c?) |,
ay

2

y' = < tan(ayS/c?) exp(—agz'/c?). (15.13).
ay

N3 (15.13), B corytacuu ¢ 0OGBIYHBIM [IpaBUIIaM [IPeO6Pa30OBaHUI TEH-
30pOB, UMEEM

~ 8yﬂ 8y1/
Fop = 325 - 15.14).
P Qae 9zb " ( )
OTKYJIa HaXoOouM
5 _ exp(—ape’/c”) . 9 0/ .2ys1
F()p - COS2(aoa}0/C2) [F()p — sin (aoa: /C )5pF01], (1515)
Fy = exp(—ayz'/c?) tan(apz’ /c?) [5}F0k = 5,1F01]. (15.16).

HepeXOI[ K 3TaJIOHHBIM KOOpIOMHaTaM OCYIIECTBJIACM IIO IIPAaBUJIY

, _ Ozt Oz¥ 7
of T 9XagXxXsT M

o a02T2>], (15.18)

x = - arccos[exp(l — |14+
0

c2
rze B corstacuu ¢ (6.1) mpeobpa3syeM TOIBKO BpEMEHHYTO KOOPIMHATY
t, BEIpaxas ee yepes BpeMsd MpocTpaHcTBa MuHaKoBCcKoro 1', 1 ocTaB-
794 TPOCTpPaHCTBEHHBIe KOOPAMHATH HeU3MeHHEIMH, T.e z' = X1

z? = X2, 23 = X3. B pesysnpTaTe moiyunm

Fy, = gwku, Ffy=Fu, (15.19)

rae go) BpeMeHHasd KOMIIOHEHTa MeTPUYECKOro TEH30pa B STAJIOHHEIX
koopauHaTax (6.2).

C momoreio Terpan (7.1) HaiimeM TeTpagHble KOMIIOHEHTH TEH-
30pa I0JI1 B TAJIOHHBIX KOOPAMHATAX

* _ v * ofﬁ
Flayp) = €wen Fw = T (15.20)

CunTas TeH30p 3JIeKTPOMArHUTHOTO TOJIT WHBAPUAHTOM COOTBET-
CTBUSA, U OTOXOECTBIId TeTpaliHble KOMIIOHEHTHI TeH30pa IIOJId B
5TaJIOHHBIX KoopAnHaTax ¢ adpduaabivu KommnonernTamu B UCO (2.4),
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IIOJIYUMM C BBIPpAaZXKCHUA OJIA KOMIIOHCHT HaHpH}KeHHOCTeﬁ SJIEKTPO-
MArHUTHOT'O IIOJIA B OIWJIMHAPUYECCKUX KOOPpONHATAX B BUIEC:

B = ?—2exp{—aor(lggzcose)}[cos@< " %> B %]7 (15.21)

Qp agr(1 + cosb) agc?
B, = <5 (1+55) exp{ - — 141+ =, (15.22)

rie p - nodspHel paauyc , p? = (z%)? + (23)? = (y*)? + (v°)%. Be-
muunna r?2 = p® + (y')? MoxeT 6HITH BHIpaKeHa depe3 KOODAMHATEL

NCO ¢ nomorsio 3akoHa aBrkeHus (2.5) win (3.9) u cooTHOIEHUS
(6.1) m umeeT BUA

r2 = p2 + [:Bl + (C2/a0)(1 — \/1 + a02T2/02)]2,

cos § ompenesnsgercsa us dhopmyisl cos = yl/r, rme y! ompenengercs
BEIpasKeHIeM B KBaJIpPaTHBIX CKOOKax B r2. BEIUncIleHIe MArHUTHOTO
[I0JId NIPUBOAUT K COOTHOIIEHUSIM:

H, = sin(apt/c)E,, H,=H,=0, (15.23)

rae t cBaszano co BpemeneM MCO T ¢opmysoir (6.1). IlpuBemem mos
cpaBHeHUs pe3ynbTaThl bopua [28], [34], mepenucanHble B HamIUX

0003HAYEHNIX.
ct p(z + 2 /ay) ~ ~ c* pcT
=8 H,=H,=0, H, =8 ,
Q R e ’ an R
_ 4 2 (1, 2 24 272 4 A 2 _
E$:_4Q%p (z +c/ao)ch + ¢*/(ao) By =0,
0

2
R = \/[p2 + (x4 % /ay)? — 2T? — c4/a02] + 4p%ct [ag?.  (15.24)

[TpoBemeM HeKOTOPHIN MTPeqBAPUTETLHBIN aHAJIN3 TIOJTYyYeHHOTO HAMU
pellleHns OJid II0Jid TOYeYHOro 3apdla B IIPOCTPaHCTBe-BpeMeHU IIo-
CTOSTHHOW KPUBU3HBI U CPABHUM €r0 C pelienneM bophua. 3 pemmenns,
IMOJIyYEeHHOT'O HaMU, B YaCTHOCTHU CJIe[lyeT, YTO OTHOIIIeHNUe

% = sin(ayt/c) = \/[1 — exp<2(1 — (1+ 52)1/2))]7 8= ﬂ

’ (15.25)

W3 pemtennst Bopua nomo6Hoe oTHouIeHne B cornacuu ¢ (15.24) nmeet
BU/T

H¢_ cT . 1
E, z'+ctfay w1
P 1+ cT—I_ﬁ
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13 mocieiHero cooTHOIeHns caenyeT, uTo cI' < z! = ¢ /ag. Tombko
IIPU 5TOM YCJIOBUU ¢y KOMIIOHEHTa MeTpuku Mejiepa MooXuTeb-
HA.

AHan3 MoJIydeHHBIX Pe3yJIbTaTOB MOKa3kBAET , YTO MJIS KOMIIO-
HEHT HAIIPIXKEeHHOCTH 3JIeKTpudeckoro mons E, u E, pasnoxeHue B
pan o crenenam (aZl?/c?), (agy!/c?), (ayr/c?) npusomuT ¢ yueTom
yKa3aHHBIX YIEHOB K aHAJOIMYHOMY Pa3JIoKEHUIO, ITOJIyYeHHOMY W3
pemtenus M. bopHa.

Bompoc 06 mznydyenum 3apsma, OBUXKYINErocd PaBHOYCKOPEHHO,
aBiseTcs muckyccuonHbM. [locse Brixoma o63opHoii paboTsr [27], B

’ ’ KJIacCUYeCcKOon

pe3foMe KOTOPOU aBTOp MOCUYUTAII ~ BEUHBIA BOMPOC ’
GU3MKU 3aKPHITHIM , TOABWINCE paboThl [29 - 35], B KOTOpPBIX muc-
Kyccus 6puTa mpoposikeHa. Hanpumep, B pabote [34] Hanuuune u3imy-
yenus B HCO cBsa3bIBaeTCsS ¢ BO3MOXHOCTBIO ¢ KOMIIOHEHTE MeTPHU-
YeCKOT'O TeH30pa UMeTh OTPUIATETbHOe 3HAYeHNe, YTO IS METPUKN
Mensepa SKBUBaJIEHTHO IIEPEXONY B KOMTIIJIEKCHYIO TIOCKOCTH IS
MIPOCTPAHCTBEHHBIX TlepeMeHHBIX U BpeMeHn. Ilepexonm oT mMeTpukm
Mensmepa Xk MeTpuke YUTTeKepa He MeHIeT CYTHU Neja, T.K. CBI3b
MeXIy MBYMS MeTPUKaMU OINpeneseTCs 3aMeHON JIarpaHKeBOW KO-

OpIMHATHL Y IpyToii JarpaHkKeBoil KOOPAMHATON 2 1Mo (GopMydIe
yt = (*fag) (1 +2ap2/)* — 1),
KoTOpas mepeBoauT MeTpuky Mesnepa (2.12) B MeTpuky YiTTekepa.

2a0z 2a0z

as* = (1+ ) (d2)? = (dy?)? — (dy)

(15.24)

g0o KOMIIOHEHTa MeTpUKH (2.12) CBA3BIBA€TCS C AHAJIOTUYHOM KOM-

> )eAdT)? - (1+ >

IIOHEHTON MeTPUKM Y MTTeKepa COOTHOIIEHIEM
(y1a0/02 + 1)2 =(1+ 2aoz/c2)

1 TpeboBaHUEe OTPUIIATEILHOCTU ¢o) B MeTpuUKe Y ATTeKepa MPUBO-
IOUT K KOMIUIeKcHocTH: y' B MeTpuke Mesnepa.

C mpyroit cTopoHbl, Kak mokasano B [4], B merpuke Mesepa
cymiecTByeT ~ ropu3oHT ~, T.e. Takags HCO MoxeT OBITBH peasim3o-
BaHa TeJlaMU KOHEUHBIX Pa3MEPOB BIOJIb HAIMPABIICHUS IBUXKEHUS.
Ecnu B HavaJ bHBII MOMEHT TEJIO MOKOWJIOCH, a MMOTOM CTaJio IBU-
raThCsid PaBHOYCKOPEHHO KaK €QUWHOE IIeJIoe, TO HadaJIbHBIE pa3Me-
PHI 5TOTO TeJia orpaHMYeHHl HepaBeHCTBoM —c2/ay < y! < co. DTo

HEPaBECHCTBO B IIE€EPEMEHHBIX Sﬁnepa SKBUBAJICHTHO COOTHOIIICHWNIO
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(14 agz!/c?) > ayT/c, onpenesnsioleMy HOMyCTUMYIO 06JIACTE OIpe-
nmeJileHns 3HadeHun koopnuHaT u BpeMenu B MCO, 3anuMaeMyio nBU-
KymmMmcs TesioM. Kak mokasano B [34], npu ananuse pemrenus Bop-
Ha TP CIIPABEIJTUBOCTH MOCIJIETHETO HEPABEHCTBA B PUKCUPOBAHHBIN
MOMEHT BpeMeHM T moJis He 0oOpa3yloT BOJHOBOW 30HBI U, CJIENOBA-
TeJILHO, U3JIyUeHne OTCyTCTByeT. IMeHHO 5Ta TOUKa 3peHus Halljia
orpaxenne B usBecTHoit kuure B. [aynu [36].

Tpebosanue [34] pacuuputs mpocTpancTBo - Bpems MCO Ha 06-
JIaCTh KOMIUIEKCHBIX 3HAUYeHU KOOPAWHAT W BpPeMeHU MPUBOMUT K
00pa30BaHIIO BOJIHOBOI 30HHI 338~ TOPU30HTOM ~, PU3MUECKUA CMBICIT
KOTOPOU C Hallleil TOYKM 3peHus BecbMa TyMmaHeH. B paborax [29 -
32], [35] paccmaTpuBaeTCs Tak Ha3HIBAEMBIN WHBAPUAHTHBIA KPUTE-
PUN U3JIyUYeHUs, CMBICJI KOTOPOTO CBOMNUTCS K Pa30UeHUIO SIIEKTPO-
MarHUTHOIO IIOJIS OBUKYIINErocs 3apsma Ha ~CBI3aHHYIO U ~ CBO-
bonuyto” yactu. [IoJIHBIN TeH30p SHEPTUU - UMIYJIBCA HJIEKTPOMAr-
HUTHOTO TIOJISI, PA3JI0KEeHHBI Ha YaCTH, YIOBJIETBOPIET B II€JIOM U 110
OTHeJIbHOCTH 3aKOHaM coxpaHeHus. Onupaschk Ha ompenesieane [33],
BBoauTcsa HCO, cienyrorias 3a mosieM, njis HabJTio1aTes el B KOTOPOU
BekTOp lloliHTUHra Bo Bcex Toukax paBeH Hymm0. OnHako, UCXOAs U3
MIPUHSATOTO PAa3JIOXKEHUs TOJIs Ha CBA3AHHYIO U U3JIyUYeHHBIe YacTH,
obpailieHue B HyJIb BeKTopa [[ofHTUHra He 03HAYaeT ¢ TOYKM 3peHus
TaKOW MAeoJIOTnu OTCyTCTBUS u3iryuenns B nanHoni HCO. B rakwmx
HCO moTox sHepruu cBA3aHHOTO T0JIg KaK ObI MMOJTHOCTHIO KOMIIEHCH-
pyeT TOTOK 5Heprum m3jiydenus. Ha HaIl B3rJIAn Takoe NejleHUE Ha
CBSA3aHHOE TIOJIe U TIOJIe M3JIyYeHUS HEeCKOJIBKO MCKyccTBeHHO. CyM-
MapHBIT HOJIb BCETla MOXKHO Pa3lesIUTh Ha ABe UK OOJIbIllee YKUCIIO
HEHYJIEBHIX YaCTel, U BOMPOC M3JIyYaeT WM HET 3apiAll, COBEPIIaio-
IUT TUEePOoINUecKoe NBUXKEHUE, OCTAETCS OTKPBITHIM.

Ha mamm B3rsisam npuyMHa BO3HUKHOBEHUS IApajloKCa COCTOUT B
CIIEAYIOIIIEM :

YacTHoe pellieHne ypaBHeHunii MakcBeisia B popMe 3amma3ibIBato-
IUX TTOTEHINAJIOB WM pellleHne IJisa roTeHruasoB JIuenapa - Bu-
XepTa B CJIydyae TOUYEUHOIrO 3apsiia yXkKe IO CBOell CTPYKTYpe Ipel-
mmojiaraeT HaJIuune U3JIydeHus B cucTeMe. 1.e. u3 penenus Jluenapa
- BuxepTa MoXHO chesaTh 3akiTiouenue: ’ M3myvaromuii 3aps 1BU-
XKeTcs yckopeHnHo.” ObpaTHoe yTBepXKIeHue :” 3aps , IBUKYIITANACST
YCKOpPEHHO, - U3JIy4YaeT  , Ha HaIll B3IJI4] He BCerna cripaBenymBo. [lo-
MICK YaCTHOTO pellleHns 3aBUCUAT He He TOJILKO OT BUNIa YPaBHEHU A, HO
1 oT pusmueckoir cutyaunu. Hampumep, perras ypaBuenus Makcses-
Jla BHE YeOUHEHHOTO MOKOSIIIErocs TOYEUHOro 3apsala MbI BHIOMpaeM
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CTATUYECKOE PEIIeHNE BMECTO BOJIHOBOTO.

Paccmorpum BTOpoit mpumep. B moctosuHOM moste TsxkecTu (B
HBIOTOHOBCKOM TeOpHUM) Ha HUTHU BUCUT MOKOSIIuUiics 3apsna. pyroi
TaKOMU e 3aps[l TOIBEIIEeH B paKeTe , JIETAINEN C YyCKOPEHNEM PaBHBIM
3eMHOMY BHOAJI OT T'PaBUTUPYOMNX Tesl. CHITBI HATAXKEHUS HUTHA B
9TUX CIIydadX ONMHAKOBHI. 1.K. QU3MUeCKUe CUTYalluu B KaXIOW 13
9TUX CUCTEM SKBUBAJIEHTHEBI, TO JOJIXKHBI OBITH SKBUBAJIEHTHBI U Pe-
mreHns ypasuenunin MakcBesuia. Ho pertenns B mepBoil cucTeMe, ode-
BUIHO, - CTATUYECKIE, CIIENOBATEIBHO, MOJIKHEL OBITH CTATUYECKUMM
U pellleHus BO BTOpOM cucTeMe. BTopas cucTeMa - eCTh PaBHOYCKO-
peraras HCO. Takum o6paszom, B Bompoce o moJie 3apsia, COBEPIITAIO-
IIIero TUIepOOIMUecKoe MBUKEHNE, MBI pa3iesiseM TOuKy 3peHus M.
bopna, B. Ilaynu n B. I'mu36ypra, uTo 3apsan OBUXYIIIUNACT TUIIEP-
60osIMYecKn JOCTATOYHO [OJITO He M3JIydYaeT U ~ HAIpPOTHUB, €CIIN IBA
IPSIMOJIMHEMHEBIX PABHOMEPHBIX IBUKEHUSI MIEPEBOMSITCI OMHO B IPY-
roe C MOMOIIBI0 TUIEPOOIMYECKOTO IBUKEHUA , TO U3JIyUeHNE UMEET
mecto” [36], [27].

Hamu npenyiaraeTcs clenymomni KPUTEPUA OTCY TCTBUASL W3ITyUe-
HUS IBUXKYIOUMCS 3apsanoM ( WU CHCTEMOIL 3apsaIoB ).

Ecau 3apad (uau cucmema 3apsdoe) 6moposcen 6 d6uUNCYyweec
aHcecmroe 8 cmvicae Boprua meao u ecau dag nabarwdamens 6 3moi
HCO ypasnenug Maxceeasa donyckarom cmayuonaproe pewerue
dad noaet, cozdasaemvir Imum 3apgdom (cucmemotd 3apgdos), mo
maxot 3apad ( cucmema 3apAd06) He u3ayuaem.

CdopmynupoBaHHOE HAME yCJIOBUE OTCYTCTBUS U3JIyYeHUST SKBU-
BaJIEHTHO [OCTOSHCTBY 3JIEKTPOMArHUTHOTO TOJISL ( T.e. ero He3aBH-
cumoctu oT BpeMenn HCO) mMeHHO O OTHOLIEHMIO K JIarpaHXKe-
Boli xecTkon comyTcTByforein HCO, xorma MupoBas JuHUS 3apina
(MM KOHT Py eHINS MAPOBBIX JIMHWUI CUCTEMBI 3aPSAI0B) IPUHAIIIERAT
KOHTpYeHIuru MuUpoBbIX juauil gactuil 6asuca HCO. Harme omnpemne-
JIeHIEe TTOCTOSHCTBA TEH30PHOTO TOJIS W CBA3aHHOTO C HUM yCJIOBUS
OTCYTCTBUSA W3JIyYeHUS OTJINYAECTCI OT aHAJOTMYHOTO OIpeneseHus
paboTsr [37] ( re Mo MOCTOSHCTBOM IOJIS HOHUMAETCS CYIIECTBOBA-
HIle JOITyCTUMOM CHCTEMBI KOOPANHAT, B KOTOPON KOMITOHEHTHI TIOJISA
HE 3aBHUCAT OT BPEMEHHOW KOOPAWHATH B HEKOTOPOW 06JIaCTH TPO-
CTPAHCTBA - BPEMEHN )

AONOAHUMEALHBIM TMPEOOBAHUEM HCECMKOCTNYU AONYCTNUMBIE CUC-
mem OMCUEMA.

AHamuTUYeCcKnit KpUTEPUN OTCYTCTBUSA U3JTyUeHUS MOXHO TIOJTY-
YUTH U3 PAaCCMOTPEHHOTO aBTOPOM BHINle B pasmeiie 14 kpuTepus
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CTalMOHAPHOCTH, KOTOPEIA onpenesiseTcs Gopmystamu (14.6) mwim 06-
pallieHIeM B HyJIb 00OOIIEHHON CIUTHI paquaioHHoro Tpenus (14.8).

Ilng omnoro 3apdna, IBUXKYINerocs nocTynaTenbHo, 2, = 0 u
0bobImeHHas cumita g" coBmagaeT ¢ OOBIYHON CUJION TOPMOXKEHUS W3-
nyuenueM [7] . Ecau snexrpomaruautaoe nosie B8 HCO cranmonapHo,
TO BHINONHseTCS ycyoBue (14.7) u g# = 0, yro B cornacun c [laymn
[36] o3HAUAET OTCYTCTBUE M3IIyUeHNS.

Y cqoButo orcyrceTBus usnyderus (14.6) ymoBieTBopseT uccieno-
BaHHOe BHIIIIe peliieHne bopHa , ecyii 3apsn , COBEPIIAIONINNA TUTIEP-
6osmaeckoe nukenne , BMopoxeHn B HCO Mennepa (2.12), a nBuxe-
Hie Gasnca Memsepa paccMaTpUBaeTCsS B SWIEPOBBIX KOOPAMHATAX
NCO. Eciu xe MupoBas JUHUS paccCMaTPUBaeMOTO 3apsaia MPpUHAI-
JIEXUT KOHTPYEHIIMU MUPOBHIX JIMHUW YacTull b6as3mca cucTeMbl Jlo-
ryuoBa (2.7), (2.8), To ypaBHenus MakcBesila B TaKOll CHCTeMe He
TOITYCKAIOT CTAIIMOHAPHOTO peIlleHns , T.K. 5Ta CUCTeMa He SBIISeT-
CA PeNAITUBUCTCKU XKECTKON. 3aMeTUM, OTHAKO, UTO U3 HTOTro haKTa
HEJIb3s CKa3aTh, YTO PABHOYCKOPEHHBIN 3apsi, B cucTteMme JloryHoBa
m3nydaet! IlpocTo B HeXecTKUX cucTeMaxX He MPUMEHUM KPUTEPU
cTalnoHapHOCTHU. Kciin K MUpOBOI JIMHUY PaBHOYCKOPEHHOTO 3apsaia
u3 cucteMbl JIoryHOBa, "IPUMBICIIUTE’ MUPOBBIE JIMHUU He3apsIKeH-
HBIX YaCTUIl U3 cucTeMbl Meslitepa, TO 3aps/l C TOUKU 3PEHUS HAIIIETO
KpuTepus He u3nydaer. Unu npyront npumep. K zapsany, mpukper-
JIEHHOMY K CTeHKe, IPUCOeINHIEeTCSA PE3UHOBHINA XKI'YT, IPYToi KOHEIT
KOTOPOT0, MBUXKETCSI MPOU3BOJIBHEIM obpasoM. Acuo, uto B CO, cBs-
3aHHOW CO XKT'yTOM, ypaBHeHUs MakcBesula OJIs pacCMaTpPUBAaeMOT0
3apsia UMeOT HeCTallMOHapHBIE PelleHus, OMHAKO, HM O KaKOM W3-
JIy4eHUU He MOXKeT OBITh U pedn.

Bapsn, BMopoxeHHBI B paBHOoyckopenHyo HCO (2.18), Takxe
He U3JIydaeT, 4To cienyeT u3 dpopmyr (3.7), (3.13) u BEITeKafOINX
w3 HUX cooTHomenuit Fy = (ag/c?)tan(agt/c), Fi = —agy/c?, mon-
CTaHOBKa KOTOPHIX B (14.6) obparaeT mociieqHee B ToXOecTBO. Ta-
KM o6pa3soM, HalimeHHOe Hamu petrerre (15.21-15.23) B pumanoBoM
IIPOCTPAHCTBE - BpeMeHU, IBJIIETCSI aHAJIOTOM pellieHus bopHa B mpo-
cTpaicTBe MuHKoBCcKor0. B oTsiume ot pentenus bopHa, HalimeHHOe
HaMIU pellleHne He UMeeT ~ TOPU30HTa ~, 3a KOTOPBIM 00pasyeTcs BoJI-
HOBas 30Ha [34], MOSTOMY M3JIy4YeHME OTCYTCTBYET BO BCell 06IacTu
npocTpaHcTBa - Bpemednu NCO.

MoxHo npoBepuTh, uTo KpuTepusm (14.6), (14.7) momumo rurmep-
60JIMYECKOTO TBUKEHUS yIOBIETBOPAET U PABHOMEPHO BPAIITAIOIITIIA-
csl MUCK , paauyc KoToporo r < ¢/, roe §) - yraoBas ckopocTb. Kak
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nokasaHo B [34] , Bo Bpalllafoleiicss cucTeMe 0TCYETa, OIPeNeIIeMOit
o6bIYHBIM 06pa3oM [ 7], 3apa He U3iIydaeT, ecyn ggg = 1—Q%r2/c? > 0
1 u3iydaeT opu gy < 0.

B pa6oTe [18] aBTOpOM MOCTpPOEHA PEIIATUBUCTCKAS KECTKAS PAB-
HOMEPHO BPAIAIONIAACA CACTEMA OTCUeTa, peajin3yeMas B PUMAHO-
BOM TIPOCTPAHCTBE - BpeMeHU. Pe3ynbTaThl paboThI M3JI0OKEHBI B Pas3-
neyte 8. IlosryuenHoe peliieHre cipaBeqiMBO Ha JIIOOOM PaCCTOSTHUN T
OT OCH BpAIIleHNs W KOMIIOHEHTA (o) METPUUIECKOTO TeH30pa BCermna
TIOJTIOXKUTETbHA. BRruncisgsemMas B Takoil cucTeMe oOOOITIeHHAS CUJIA
pamuanuoHHoro Tpenus (14.8) obpammaeTcs B HyiIb IJISL BCEX TOUYEK
MNCKa, YTO B COOTBETCTBUU C MPUHATHIM KpPUTepHUeM O3HAYaeT OT-
CYyTCTBUe M3JIyYeHUs IJIT BMOPOXKEHHBIX B HUCK CHUCTEMBI 3apsiIoB
TN OHOTO 3apsana, HaXONIIerocs Ha JII0OOM pacCTOSHUU OT IIeHT-
pa Iucka.

16. PacnpocTpaHeHNEe 2JIEKTPOMarHUTHBLIX IIOJIEN
B IIPOCTPAHCTBE IMOCTOSHHON KPUBU3HBI, 3ddeKT
Homnmnepa.

PaccmoTpum pacnpocTpaHenue BoJiH B paBHoyckopeHHour HCO
(2.18) Ha ocHoBe ypaBHeHmiT MakcBesIa , 3alMCAHHBIX B TPEXMEPHOI
dopMe , Kak u IS CIIydas CTATUYECKOTO TPABUTAIMOHHOTO TIOJIS [ 7]
BHe MCTOYHUKOB

- . 18D . - 10B
VxE=—-"2 VxH=-"
% ¢ aE’ T e
V.-B=V.-D=0,
. FE . H

i i

[TometicTBOBaB ormepaTopoM V Ha BEKTOPHBIE YpPaBHEHUS, ITOJIY-
UM

%%2_5 _V2E — \/EW(L> X W X E” +V(V-E)=0,



H -1
- Vﬁ' (16.3)

R
YpaBHenune miig H okasajloch TOYHO TakKuM ke Kak u miasg F. Pac-

V-H=

CMOTPUM HEKOTOPHIE YacTHEIE pelreHns ypaBHernuil (16.2), (16.3).
bynem uckatp pemmenus B Bune TEM - BostH, HanmpaBuB E Broms ocu
y2 ¢ ¢ eIMHWYHHIM BEKTOPOM iy, H BIOMb ocu y3 ¢ ¢ eIMHWYHHIM
BEKTOPOM 13 11 CUMTas, UTO 062 BEKTOPA 3aBUCAT TOJIBKO OT BpeMeH-
HOIl KOOPAMHATHI U OT OJHOM IMPOCTPAHCTBEHHOH Y’ C eJMHUIHBIM
BEKTOPOM 11, KOJUTMHEAPHEIM YCKOPEHHUIO.

Omnyckas MpoMeXyTOUHEIE BEIYMCIIEHNS, HAXOOUM [IJIS BOJIH, pac-
[IPOCTPAHAOIINXCA B HaIpPaBJIEHUIX KOJUIMHEAPHBIX YCKOPEHUIO |,
ypaBHEHUS

1 ’E  O’E  ayOF
cth 92 Oz 2 0x
1 ?H O0’H  ay0H
c2h 02 Oz x|

Bnmecy . = y!,y" /e =& By = B3 =0, Es = E(z,t), H = Hy =0,

Hs; = H. lns pemenns (16.4) paccMoTpuM mpegBapUTeIbHOE BEIPAa-

0. (16.4)

0. (16.5)

KeHnue

O’E oF
MGar t a0 )

Beenem HOByI0 dyHKUUO p = p(x) Torma Bripaxenue (16.6) moxHO

(16.6)

InpeacTaBUThL B BHUIE

O*E (d oF ; d d?
e2ax[8—p2<£>2+8—p<a£+d—a£>]. (16.7)

[Monaras BeIpaXkeHme B KPYTJIBIX cKobkax (16.7) paBHBIM HyJIIO, IO-
JiydaeM ypaBHeHUe

d d?
de  dz?
pelrreHne KOTOPOTO
dp —axr o —axr
d—:ae , p:—<1—e >, a = const.
x a

Takum o6pasom, BeipaxkeHue (16.7) npencTaBuMo B Bule

(0B /d OE , dp d? 82E
(o (G0 + gy oot )] =5

il (e xf i = ) 16.
o0 o o o0 (16.8)

dx

136



N3 TpeboBanms, YTOOHI IPU MAJIBIX T BHITIOJTHIIIOCH PABEHCTBO p = &,
nostyunM o = 1, a ypaBHenue (16.4) 5KBUBaJIeHTHO

1 0’E O’E

S o 0, (16.9)

T.e. OOBIYHOMY BOJIHOBOMY ypaBHEHNIO. B corsjacum ¢ paccMOTpeH-
HBIM, pelrenne (16.4) umeer BUA

p=B(e+ 2 fon(-2) 1)

0 (&

(e ai<exp<—@> - 1)) (16.10)

rae By u Ey npousBosibHBIe QyHKIUU. PellleHne m19 MarHuTHOTO TIO-
ns H monyvaercs anamormunbiM (16.10). dasoBas ckopocTs v u3
HANIEHHOTO peIeHus, nojiydaeMas nuddepeHnpoBaHneM Mo & To-
cTosHHON dassl B By, maet v = c/(ep)/?, rme € = u = 1/(goo)"/? =
exp(—apz/c?).

Takum 06pa3oM, Kak U B CTATUYECKOM I'PABUTAIIMOHHOM TI0Jie [7],
MOXHO CKa3aTh, YTO B OTHOIIIEHUM CBOETO BO3JAEMCTBUSA HA SJIEKTPO-
MAarHUTHOE IT0JIe CUJIBI MHEPITAN KaK OBl M3MEHSIOT QUSJIEK TPUUECKY IO
1 MAarHUTHYO ITPOHUIIAEMOCTH CPENBI, B KOTOPOI BOJIHEI PaCIIpoCTpa-
usioTcd. [IpaBma, Takoe CXOICTBO ABIIETCS YNCTO BHEITHUM, T.K. IS
BOJIH, PaCIPOCTPAHIIONINXCS BIOJIb HAIIPABJIEHU YCKopeHus Fi mpu
x>0, e=pu <1 u da3oBas CKOPOCTb C POCTOM & BO3PACTAET, OCTa-
BafACh 0 BeJIMYUHE BCera 60JIbIlle CKOPOCTH cBeTa B BakyyMe . Iiis
BoJiHEL Fy mpu @ < 0 , pacmpocTpaHSIOIIeics B 06paTHYIO CTOPOHY,
€ = pu > 1 u pasoBast CKOpoCcTh yOBIBaeT MO Mepe yIAJIEHUS OT WC-
TOYHUKA , OCTABasACh IO BeJIMUMHE BCET1a MEHBIIIE CKOPOCTU CBETA B
BakyyMe . W3 kjlaccmueckux mpeacTaBIIEHN Ha OCHOBE TaJIMjIeeBOTO
CJIOXKEHUS CKOPOCTEN CJieoBaJjio ObI 0XUAaTh OOGPATHOTO Pe3yIbTaTa
, TIo>TOMy (hpaszoBas CKOPOCTH , OINpenesiseMas KaK IIPOM3BOMHAA OT
KOOPAMHATHI IO MUPOBOMY BpeMeHU, He ABJigeTcsS ~ Pu3ndeckomn ~
To xe camoe 3HadyeHme Ha30BOM CKOPOCTHU MOXKHO IOJIYUUTH U MPH-
paBHIBaeM HyJI0 uHTepBasia (2.18) npu QUKCUPOBAHHEIX 3HAYEHUIX
y? 1 y?, 9TO KOHTPOIMPYeT NpojieSIaHHEIe BEYNCIICHNA.

Pusnueckum 3HaUeHUMEM (PA30BON CKOPOCTHU OYyImET ee 3HaUEHWUE,
m3MepeHHoe B Terpanax (8.1) merpuku (2.18) HCO, onpenemnsemoe

PaBEHCTBOM

cdy?

(900)1/2dy0 ’
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KOTOpOe MPUBOMUT K BeJIMUMHAM V1 = ¢ IJ1d Fy m vy = —c niga Es.
[IpupaBHuBas HyJ10 nHTEpBa (6.2), Wim npeobpasys pasy B mo-
sygenHoMm pemteHuu n3 HCO K 5TajloHHBIM KOOpAWHATaM KBa3W -
NCO, naxomum nByMs criocobaMu OMWHAKOBHIA pe3ysIbTaT Mid da-
30BOM CKOPOCTU PacHpoCTpaHeHUS 3JIeKTPOMarHUTHOU BOJIHBI OTHO-
cutenbHo KBa3u - MCO B kKoopamHaTax M BpeMeHU MPOCTPAHCTBA

MuwunKOBCKOTrO.
da! cf3
v = dT == 1/2, (1611)
(1+42)12(1 — exp(2 — 2(1 + 52)1/2))
rae = ayT/c.

TeTpanHble KOMIIOHEHTEL (Pa30BOM CKOPOCTHM OTHOCUTEILHO KBa3!l
- ICO, umerorue HemoCpeaCTBEHHO GU3NYECKUI CMBICII, IIOJIydatoT-
cst m3 (16.11) ¢ ucmone3oBannem Metpuku (6.2) u Terpan (8.1)

e/(})da:/‘ _ C|gll|1/2da:1
e(0) - |900|1/2d330

v

oD =¢ =c. (16.12)

Taxum ob6pa3oM , 13 BOJTHOBOTO pellleHUs ypaBHeHus MakcBesuia
B HCO cnenyet, uTo dazoBasg CKOPOCTH PACIPOCTPAHEHUST HIIEKTPO-
MarHUTHOI BOJIHBI, u3MepseMasd B Terpanax (8.1) merpuxm (2.18)
HCO nmu meTpuku (6.2) kasu - MCO, oka3anach MOCTOSHHON U paB-
HOIl CKOPOCTH CBeTa B BakyyMe. AHasm3 ¢opmyitsl (16.11) nokassiBa-
eT, 4To (pa3oBas CKOPOCTH pacIpOoCTpaHeHUs BOJIHBI B KOOPIMHATAX
U BpeMeHU MPOCTPaHCTBa MUHKOBCKOTO He MPEBOCXOAUT CKOPOCTH
cBeta B BakyyMme, ipu I = 0 mu T — 00 cKOpocTh v — ¢, a TNpH
B = 3/2 daszoBasg ckopocTh MUHUMabHA U paBHa 0.931c.

Ha ocuoBe mosyuennoro perenns (16.10) mpomsBemem pacuer
nponoJibHoro »ddekTa lonmimepa, Korjma MCTOYHUK TJIOCKUX MOHO-
XPOMaTUYECKNX JIEKTPOMArHUTHHIX BOJIH HAXOMUTCS HA YCKOPEHHOM
0o0beKTe B HavuaJle JIarpakeBol CUCTEMBI KOOPINHAT, & B MOMEHT Bpe-
MeHu T = 0 JjlarpaHXeBbl KOOPAMHATHI COBHAMAJIN C SUJIEPOBHIMMU.
Beipaxenue miis siikoHasa 11 u ¢, wiockux BosiH u3 (16.10) 8 HCO
(2.18) umeet BuUA

Y1 = —wy <y0/c + ai()(exp(—oij—zw) — 1>>, (16.13)
= —wy(y' /e - %(exp(—%) -1)), (16.14)
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a B kBasu - ICO (3.7) onuceBaeTcs gpopmyiamn

) = —%C@a,n(aot/c) + W - 1), (16.15)

rie wy - Kpyropasg 4acToTa.

Bosnosoii 4 - BekTop K,,, onpenengeMbIi KakK 4 - rpagueHT OT 3M-
KOHaJIa, ABJISETCA MHBAPUAHTOM COOTBETCTBUA U [JIS HETO TeTpaj-
HBle KOMITOHEHTH B kBasu - 1CO (6.2) coBmamaroT ¢ TeTpaIaHBIMU
(KOTOpEIe SIBISIOTCS OMHOBPEMEHHO U a(HUHHBIMK) KOMIOHEHTAMU
NCO (2.4). IIpu sTom (2.4) u (6.2) 3amaHbl B 06Iell KOOPIUHAIANA .
Ucmonesys popmynsr (6.2), (8.1), (16.15), (16.16) u (3.10), mHaxonum
BEIpaxkeHue it 9acToTs wi B UCO (2.4) mis mpomosibHOTO sddexTa
Hommsepa , Korga UCTOYHUK MPUOINKAETCI K IPUEMHUKY

(1—|—U/C)1/2
(1 —v/c)l/?

wi = Kfo)c = wy exp(—ayy'/c?) (16.17)

IZle v - CKOPOCTH NepefaTynka, ompenesemas u3 (3.10).
Ecim nctouynmk ymansgeTcsd oT mMpUeMHUKa, TO BOCIIPUHUMAaeMas
JacTOTa MMeeT BUJI

(1 - v/c)"”
L+ v/

Wy = KE{))C = wy exp(—ayy'/c?) (16.18)

B coornommenuu (16.17) y' > 0, a B (16.18) y < 0. Anasus dop-
My (16.17) u (16.18) mokassiBaeT 4TO N3MEHEHIE YACTOTHL 3aBUCUT
OT ABYX (GaKTOPOB: OT MOTEHIINAa CIJI MHEPINH, XapaKTepU3yeMOro
muoxuTeeM 1/(goo)'? = exp(—ayy'/c?), m oT cKopocTH MCTOYHUKA
OTHOCHUTEJILHO IIPUEMHUKA, UYTO B TOYHOCTH COOTBETCTBYET 3 HeKTy
Honmepa 8 CTO [7]. [lepBbiit MHOXUTENb YMEHBIIIAET YACTOTY , KOT-
Ila ICTOYHUK MIPUOIMKAETCI K IPUEMHUKY ( KPacHO€e CMeIeHne ), i
YBeJINYUBAET, KOTJa NCTOYHUK YOAIIeTCS OT IpreMHnKa ( (puroseTo-
Boe cMmerreHue ). Pusuka TOro ABJEHUS BeChMa MIPO3padyHa u 6asu-
pyeTcs Ha mpuHmne SkBuBajeHTHOCTH. Popmysmsr (16.17) u (16.18)
MOXKHO IIEepPEeNnCaTh B SIIEPOBBIX KOOpAUHATAX MPOCTpaHCTBa MuH-
KOBCKOT'O B BUJIE

1

w1 = Wy exp(—aowl/c2)1_7v/c

(16.19)
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1
14+v/c

r7le 3aBUCAMOCTH CKopocTu v uctounmka (3.10) or BpemeHH mpo-

wy = wy exp(—agz’/c?) (16.20)

crpancTBa MuukoBckoro T onpenensercs us (6.3).

Ilng cpaBHEHNS pPe3yJIbTaTOB IPUBEIeM BEIpaKeHNd ML >pdexTa,
Ionmiepa, MOJIy4eHHOTO M3 pellleHrs BOJIHOBHIX ypaBHeHmit Maxc-
Besuta B HCO Menmepa (2.12) ( ormeTuMm Bo m3bexaHue Hemopasy-
MeHmit, uto B (2.12) T - He Bpems npocTpaHcTBa MUHKOBCKOTO, a
napaMeTp, HyMepYIOIINI OPTOrOHAJIbHEIE MUPOBEIM JIMHUSIM TUIEp-
MOBEPXHOCTH ). PelreHue 3amaum npuBoauT K pe3ysibTaTy

. 1 (14 v/c)'/?
= Kl c= 16.21
Go=Kye = e g 162
_ 1 (1-— U/C)1/2
= Kllc= 16.22
w2 (0)€ wol + a0y1/62 (1 + U/C)1/2 ( )
TN, TIEPEXOMS K ITePEMEHHBIM Jiiiepa , IOy JaeM
: ! (16.23)
0 =w .
! "1 — ayT/c+ apzl/c
~ 1
@y = (16.24)

1 agT /c+ agyl/c?
1

rlle W] - 4aCTOTa, BOCOpUHUMAaeMas MPUEMHUKOM B TOUKe & B MO-
MeHT BpeMeHU 7' B TrajimjieeBBIX KOOPAMHATAX MpocTpaHCcTBa MuH-
KOBCKOT'O, IJISI UCTOYHUKA MPUOIMKAIONIETOCS K TOYKe HAOJIIONeHU,
a Wy - COOTBETCTBYIOIIA] BEJIMUNHA [IJIT UCTOYHUKA, yIAJISTIOIIETO-
cd OT TOYKHM HabjiomeHus. BBuay Hamguuus ’ ropusoHTa ~ MeTpH-
ku Mesnepa, dpopmysnst (16.23) u (16.24) nprMeHUMEL IPU Y CIIOBUN
(1 + apzl/c?) > agT/c = p.

Haiimem oTHoOIlIeHME YACTOT K = ws/@s B 3aBUCUMOCTH OT Bpe-
MeHM JIf CIydas, KOrJa IPHeMHHK UMeeT KoopamHaTy z' = 0, a
UCTOYHUK yHajisgeTcsd OoT nmpueMHMKa. Kak mokasbiBaeT pacuer, Mpu
B, mamensiorterocs ot 0 mo 1, ( xkorna cnipaBemyuBa dpopmya (16.24))
k HapacTaeT oT 1 no 3Hauyenus 1.143. CKopoCcTh UCTOYHUKA TIPU ITOM
MeHSeTCs C TOUKU 3peHus HabiTionaTesns NpocTpancTBa MUHKOBCKOTO
ot 0 mo 0.707¢, a oy nabmonatesis B HCO, ucnosb3yoriero 5TaJjioH-
Hble KoopnuHaThl KBasu - MCO , cCKOpoCTh MCTOYHUKA U3MEHAETCS
ot 0 mo 0.7505¢ . Takum o6pasom, npu v = 0.707¢ dpopmysnsr (16.20)
u (16.24) npuBomAT K 3HAYEHHUIO YACTOT, OTIIMYAIOIINXCSI OPYT OT
npyra va 14% . U3 (16.20) cimenyer, 4To MUHNMAaJIBHAS YacTOTa ,
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BOCHPUHUMAaeMas MPUEMHUKOM , KOTZa CKOPOCTh MCTOYHUKA CTpe-
MUTCSI K CKOPOCTHU CBeTa, paBHa IOJIOBMHE YacCTOTHN T'eHepaTopa, B
TO BpeMs Kak mpu KjaccudeckoM d>dpdekte Honmmepa B CTO sTomy
CJIy4ato COOTBETCTBYET HYyJIeBasg BocHpUHUMaeMas dacToTa. O6bac-
HEHIe TOTO SBJIEHWS CBS3aHO C BO3pAacTaHUEM YacTOTHL ( uoie-
TOBOE CMeIlleHNe ) 3a CYeT MO CIVI MHEPUUU , KOTOPOE YaCTUUIHO
KOMIIEHCUPY€eT yMeHbBIIIEHNE YaCTOTH ( KPACHOE CMEITEHNE ), 33 CUeT
BO3paCcTaHUsI CKOPOCTU UCTOUYHUKA.

Hatinem mpeobpa3oBaHue >JIEKTPOMATHUTHOTO TOJIT MOHOXPOMa-
Tudeckoit miockoir BoiHe n3 HCO (2.18) mpocrpancTBa Pumana B
NCO (2.4) mpocTpancTBa MUHKOBCKOTO B COOTBETCTBUN C IIPABUIIA-
MU TEPEX0ia, PACCMOTPEHHBIMU B TIPEIBIAYIIIEM pa3elle.

[TycThb ssekTpuyecKoe mojie BOJHBI, PACIIPOCTPAHSIONIENCS B Ha-
npassennu yckoperus B HCO (2.18) ( o ocu y' ) , umeeT ammu-
Tyny Ey u HampaBiieHO BIIOJIb OCH Y2, a MAIHUTHOE II0JIe HAIIPABIICHO
BHOJIb y° 1 nMeer ammmnTyny Hy = Fy. Ilnsg BoJHBI, Gerymeil oT
UCTOYHUKA B TPOTUBOMOJIOKHOM HAIIPAaBJIEHUN, SJIEKTPUUECKOe TI0JTe
coxXpaHsgeT HaIpaBjieHUWe , a MAarHUTHOe MeHsIeT 3HaK Ha OOpaTHHBIMN.
Ten30p 371eKTPOMarHUTHOTO 10J1d F),, UMeeT OTJINYHBIE OT HyJ1d KOM-
noueHTH Fio u F12. B cornacuu ¢ onpenesnenunem [7] mis craTndeckux
TPaBUTAIIMOHHBIX T0JIEW HAXOMUM KOMIIOHEHTHI Te€H30pa IoJIsd B BUIIE

F02 = E() sin(—¢1) + EO sin(—¢2), (1625)

F12 = \/%(—HO sin(—¢1) + H() sin(—¢2)>, (1626)

rae das3sl B apryMeHTax 3amaiorcs popmysaamu (16.13), (16.14). Ile-
pexon x kBasu - ICO (3.7) npousBonuTcs oGBYHBIM 00pa30M B CO-
[JIACUK C COOTHOUIEHUSIMM

N

aff — 8?@ I
B KOTODHIX 3aBUCUMOCTH y*(x®) maeTcs 3akoHoM nBuxkeHus (3.5),
(3.6). Hamee ¢ mOMOIIBIO PeoOPa30BAHUSI BPEMEHHON KOOPIWHATEHL
(6.3) mpeobpasyem TeH30D Faﬁ k kBasu - MICO (6.2) B »TasIoHHBIX
KOOpAWHATAX , a 3aTeM C moMmombio TeTparn (8.1) momyuaeMm ¢Qusu-
yecKre KOMIIOHEHTHI TeH30pa IoJid B dTaJjoHHoil kBasu - LCO , xo-
TOpBIE B COIJIACUU C MPeIIaraeMOoll CXeMOI COBIAIaloT C KOMIIOHEH-
TaM# TeH30pa I0Jid B rajmeeBhix koopauHaTax MCO mpocrpancT-
Ba Munkosckoro. OIyckas IpoMeXyTOUHbIE BEIYNCIEHN, [TOJIyYaeM
OKOHYATEJIHLHO

E = Ey((w1/wp) sin(—1)1) + (w2 /wp) sin(—1)2)), (16.27)
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H = Hy((w1/wp) sin(—11) — (wa/wp) sin(—v5)), (16.28)

rae Y1, 1o onpenesnsiiorcs u3 (16.15), (16.16), a w; 1 we U3 COOTHO-
mrenmit (16.19) u (16.20).

Insg cpaBHeHUs NpuUBeneM peleHne >Toil ke 3agaun B HCO Meu-
sepa , npeobpasoannoe Kk MCO nmpocTpancTsa Munkosckoro. Omyc-
Kasd BBIKJIAJKI, IPUBOINM Pe3yJIbTaT

E = Ey((@1/wy) sin(—zzl) + (&2 /wyp) sin(—zzz)), (16.29)

H = Hy((@1/wy) sin(—zzl) — (@2/wy) sin(—zzz)), (16.30)

rae &y U Wy onpenpensgercs u3 (16.23), (16.24), a dassr Y1 u ¥y 3ama-
10TCa popMyIaMu

~ wce

Y1 =—In(1+apz' /¢’ — agT/c), (16.31)
ag

- we L

Yo = —In (1 —apz/c* — ayT/c). (16.32)
ag

CpaBHeHUe TIOKa3bIBaeT , YTO pellleHre 3a/1adi Pa3HbBIMU CIOCO-
6aMu 0 pacIpoCTpaHeHUN MIIOCKUX JIeKTpoMarHuTHHIX BoJiH B HCO
u ux npueme B MCO npuBoauT K OTIUYHBIM JIPYT OT NPYyra pe3yib-
TaTaM U TOJILKO PKCIEPUMEHT MOXKeT BBIICHUTEH KaKOW U3 CIIOCOOOB
pacueTa OKaXeTCs CIIPaBe/lJINBHIM.
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I'nmasa 4

[HOJIA B CBA3AHHBIX CTPYKTYPAX

B »Toif rmaBe paccmaTpuBaeTCs HOBOe HAIpaBJIEHNE WMCCIIEMOBAHUS
CUJIOBBIX TIOJIeNl, OCHOBaHHOe Ha IOCTYyJIaTe >KBUBAJICHTHBIX CUTY-
armuii. B pesynbTaTe TOKa3zaHO, UTO WMCKPUBIIEHWE IPOCTPAHCTBA-
BpPEMEHU - 5TO He NPUBWIETNI TOJBKO I'PABUTAIIMOHHOTO IIOJIA.

17. DaexTpocTaTNUecKoe IMoJjie CBA3aHHLIX 3apsaOoB,
1oJjie 3apsAKeHHOU IJIAaCTUHBI

MaremaTuueckuir anmapat HCO , MoxHO ncHosib30BaTh B 3a0a-
yaXx, KOTOPBIE Ha MEPBBIA B3IJIA] He UMeIOT HUKAKOTO OTHOIIEHUS K
cCICTeMaM OTCYEeTa, OMHAKO B MENCTBUTEIBHOCTH 5TH 3a1a4ll OKa3HbI-
BalOTCI TECHO CBI3aHHBIMM. K TakuMm 3amadaM OTHOCSATCS, HaIpU-
Mep, pacueTHl HJIEKTPOCTATUUECKUX IOJIEll CBSI3aHHBIX ( HECBOGOI-
HBIX ) 3apsIOB.

B knaccudeckoil 55K TpOAMHAMUKE MPUHITO CYNTATH, YTO €CIIN
TOUYEYHBIN 3apan mokouTcs B HekoTopou MCQO, To ero siekTpudec-
KO€ II0JIe SIBJIAE€TCH KYJIOHOBBIM BHE 3aBHUCHUMOCTU OT TOTO SBJISETCS
JIM 5TOT 3apial CBOOOMHBIM WM CYMMa CWI, HeCTBYIOIINX Ha 3a-
pan, paBHa Hyso. Hampumep, mojie cBOGOIHONO TOYEYHOrO 3apsia
U ToJle TOYedHOro 3apsmia, MOABEIIeHHOr0 Ha HUTU Hal 3apsaKeH-
HOI IUIOCKOCTBIO, B IIJIOCKOM IPOCTPAHCTBE - BPEMEHU CUMTAIOTCS
OMWHAKOBBIMU W M30TpPOMHBIMU. C IPYTrOll CTOPOHEBI , IJIS PaBHOY-
CKOPEHHOTO 3apsaa JeKTpudeckoe mosie B comyTcTByorneir HCO me
ABJIAETCSI M30TPOIHEIM, KaK He ABJISeTCS N30TPOMHEIM U MOJIe 3apsaa
IIOJBEIIIEHHOr0 Ha HUTH B IoJie TsaxkecTu. [losToMy Bo3HUKaeT ecTec-
TBEHHBIN BOIPOC: IoYeMy IToJjie 3apsaaa (), MOMBEIEHHOTO Ha HUTH
B 5JIEKTPUYECKOM IT0JI€, M30TPOITHO, a IT0JIe STOro 3apsia, HaXOmMsd-
IIIeroCs B SKBUBAJIEHTHHIX ycioBusx B HCO wnu moste TaxecTn, -
HEN30TPOITHO?!

Ha mepBBIf B3I OTBET OTBET KaxkeTcsa odeBumaHbIM. [lose cuit
TAKECTU U CUJI MHEPIINN UMEIOT GJIN3KYIO MPUPOIY U STH IOJIS B3au-
MOIENCTBYIOT KaK C 3apsAKeHHBIMU, TaK U HENTPAJIbHBIMU YaCTUIA-
My 1 ux mosisMu. [lo 5Toil mpuymHe 1Mojie TOYEYHOTO IIEKTPUUECKOTO
3apsia, 3aKPeyieHHOro B HbIOTOHOBOM I'PABUTAIIMOHHOM TIOJIE VJIN B
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HCO mnepecTaeT 6BITH chepuieckn CHMMeTPAYHEIM. B cuny nnaen-
HOCTU ypaBHeHn# MaKcBesijla BHeIlTHee 5JIeKTpHUecKoe IIojle, B KO-
TOPOM 3aKpeIljiseTcs TOYeUHBIN 3apal, He B3auMOJIeIICTBYET C IoJIeM
5TOr0 3apsia, IOITOMY CUMMeTPHS IoJId TOUeYHOIo 3apana HOoJIKHa
COXpaHATHCA. B »ToM oTBeTe ecTh MajleHbKas HeKOPPEKTHOCTH, KO-
TOpasd IIPOTUBOPEUYNT SKCIIEPUMEHTAIBLHBIM JaHHBIM IIPA PaCCeSHUN
”cBera Ha cBeTe” [83]. [JanHas mpobiileMa BO3HUKIIA B CBS3H C OTKPHI-
THEeM IO3UTPOHA U ob6pa30BaHMUA Map, T.e. OMHOBPEMEHHOT'O BO3HUK-
HOBEHNA JIEKTPOHA U [TO3UTPOHA TIOJ NeNCTBUEM XKeCTKUX 7 - JIyUdel.
JInnetiarie ypaBHeHus MakcBesuta B IpUHIATIE He MOTJIM IIPUBECTH K
TaKOMY pacCesHHIO, YTO HelIOCPeICTBEHHO ClleAyeT U3 NPUHIINIA CY-
IIepIo3NNINy ToJlel. /IBe BOJIHBI MOJIXKHEI OBIIIN IPOHUKHYTH OHA de-
pe3 npyrymo. llosTomy skcniepuMeHT TpebyeT HEKOTOPOr'o U3MeHEHN
ypaBHeHn1 MakcBesiia B cTopoHy uX HesmmHeHOCTH. 1lo 5Tolt npuun-
He IOJIKHO OBITH B3anMMOJITICTBHE JIEKTPUUIECKNUX II0JIel, COGCTBEeH-
HOT'0 IT0JI 3aKPEIJICHHOTO B 3JIEKTPUYIECKOM II0Jle 3apsaia C BHEITHIM
1oJieM. OJTO HOJIKHO IIPUBECTH K OTCYTCTBUIO ChepIIecKOd CUMMeT-
pUU 3aKpeIlJIeHHOT'0 BO BHEIITHEM II0Jle TOYeYHOT'O 3apsama.

C nHamredl TOYKHU 3peHMS II0Jle TOUEeUHOTo 3apsAa, IMOIBEIIeHHOTO
Ha HUTH, SKBUBaJIeHTHO IIOJII0 9TOro 3apsina B conyTcTrBytommeir HCO
(2.18), mBuXyImecs ¢ YCKOpPEHUEM ¢, HAIPaBJICHHEIM MapaJiylellb-
HO cuJle HATSXKeHUd HUTHU 1, nelicTByIomel Ha 3apin. WubiMu crio-
BaMU MEI IIoJjIaraeM, 9TO IIoJle TOUeYHOI'o 3apsifa IPUBI3aHHOTO Ha
HUTU K OJHOMMEHHO 3apsAKeHHON IIJIOCKOCTH, OyIeT TaKnM Xe, eCJin
3Ty INIOCKOCTH Pa3pAOUTh U IBATATH YCKOPEHHO, COXPaHII IIpeXHen
3HadeHWe CIJIBI HATAXKeHUd HUTH. B obonx cirygasx ¢usmdeckas cu-
Tyalus OJj4 3apdlla B CACTeMaX oTCYeTa, CBI3aHHBEIX C INIOCKOCTHIO,
OymeT o4eBUIHO OOWHAKOBOW, UTO U HOJIKHO NPUBOANTE K TOXKIECT-
BEHHOCTH IIOJIEN.

BBumy BaXXHOCTH paccMaTpHBaeMBEIX Jajlee BOIIPOCOB IIPOBeIeM
CJIeIy IO MBICJIEHHBIN 5KCIIePUMEHT.

IIycTs monmBellleHHBI Ha HUTU TOYEYHBIN 3apsl HAXOOUTCI MeX-
oy obKjamKaMU IVIOCKOTo KoHneHcaTopa. IlycTs KoHnmeHcaTOp moMe-
IIleH B KOCMUYeCKU Kopabilb, IBUXKYIINUICI paBHOYCKopeHHO. 1lmoc-
KOCTH OOKJIaZIOK NepIIeHTUKYIIIPHE ycKopeHNo. Touka 3aKpensieHns
HUTHU pacIiojiokeHa Ha BepxHell obkiyanke. llycTs B HaUaJIbHEIN Mo-
MeHT BpeMeHH KOHIeHCATOp He 3apsXkeH, a HaTIXeHWe HUTHU o0y-
CJIOBJIEHO peaKTUBHOW CHJION OBHATaTesd Kopabnd. YlcHo, uTo mo oT-
HOIIEHWIO K KOpabJIlo MOTEeHINAaJI TOUeYHOI'o 3apsiia OolpelesiieTcs
cootHorenueM (15.8). IlycTs pakeTa HauMHAET MTOCTENIEHHOE YMEHb-
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IITeHEe YCKOPEHMdA, a KOHIEHCATOpP HAUMHAET 3apsakKaThCS MO TaKo-
MY 3aKOHY, YTOOBI COXPAHUTDH HATAXKeHNEe HUTH Hem3MeHHBIM. Torma
dusmyecKas CUTyalus IJs 3apsama ocTaeTcs HemsMmenuon. CremoBa-
TEJIBHO, MOJIKHO OCTaBAThCS HEM3MEHHBIM 110 OTHOIIIEHUIO K KOPabJIio
u moste 3apsina (15.8). B komeunoMm mTore pakera 6ymeT OBUTATHCS
PaBHOMEPHO, a KOHAEHCATOP 3apAAUTCA [0 OMpeNeIeHHOTO HaIpskKe-
HISI, TAKOTO, YTOOH HATIXKEHNE HUTHU OCTABAJIOCh TAaKUM XK€, KaK 1
mo TopMoxenus. Tak Kak xapakTep CUMMeTPUH OIS TOUYEUHOTO 3a-
pana onpenesigseTcs HATIXKEeHNEM HUTU, TO HAM YIaJIoCh ~O0OMaHyTh”
3apsii, moaMeHuB AericTBue mosigs cuit uHeptuu B HCO, meiicTBuem
9IIEKTPOCTATUUECKOTO TIOJIT Ha 3apsafl CO CTOPOHBI KOHIEHCATOpa B
NCO. Tax kak 3apfd TOYEUHBIN, TO NOMOJTHUTEIHHBIA TUMOJTBEHBIN
MOMEHT, HaBEIEHHBIN SJIEKTPOCTATUUYECKIM IT0JIEM, TIPOMOPIINOHAITH-
HBIT KyOy paanyca 1 HalpsKeHHOCTH OIS KOHIEHCATOPa CTPEMUTCS
K HYJTIO.

Ha ocHoBanum ckaszaHHOTO CHOPMYIIMPYEM

IlocTysnaT 3kBUBaJIEHTHBIX CUTYyalil

Ilose moueunozo 3apada, Harodgueeoca 8 PaBHOEECUU 6 NOCTNO-
AHHOM IAEKMPUUECKOM NOAE, IKEUEAAEHTNHO NOAIO O IMO20 34PA-
da 6 pasnoycropennoti HCO, ecau cuavt peakyuu ceg3eti, YckopLio-
Wue 3apg0 u YdepHcus arowue 3apad 6 nose HENOJBUNCHBIM, PABHDBL.

dusngeckuit CMBICI TOCTYJIATAa COCTOUT B TOM, UTO BHEIITHEE TIOJIE
IEeNICTBYET He TOJIBKO Ha 3apsl (MCTOYHUK IOJIS), HO TaKXKe I Ha ero
bmKkaiiliiee OKpyXKeHWe, T.€. TOoJIe 3apAna. IJTO MPUBOAUT K HeJH-
HEMHOCTU ypaBHeHUn MakcBessia B MaJioll 06J1acTi BOKPYT MPOGHO-
ro 3apgama, YTO W MOATBEPKIAETCA HYKCIEPUMEHTOM IIPU POXKIECHUN
maphbl 9JeKTPOH — MO3UTPoH. Tak Kak CBI3b MPEMITCTBYET 3apamdy
OBUTAThCA, TO OKPYXKaIOIllee STOT 3apAl €ro CO6CTBEHHOE TOJIE [ie-
dopMuUpyeTCs, YTO MOJIKHO NPUBECTH (najiee OyIeT MOKa3aHO, UTO
5TO TaK M €CTh) K BO3PACTAHUIO ~ PpusnduecKoin” HAMIPIKEHHOCTH COO-
CTBEHHOTO TIOJIA 3apsfa B HAIpPaBJIEHUN 0OPATHOM CHJIe PEAKITUN.

YpaBHeHre OJIS CKaJIIPHOTO IMOTeHIMalla Ay TOUedHOro 3aps-
Ia, BMOpOXeHHOTo B B Hadasio koopauaat HCO (2.18), momyueHo B
(15.4), a ero permenne npusenero B (15.8), (15.9), (15.10). ®opmysmsr
(15.4), (15.8-15.10) SIBAAIOTCS KITIOUEBBIME [JIS PACU€Ta SJIEKTPOCTa-
TUYECKUX TTOJIEN CBI3aHHBIX 3apPAI0B.

B xauecTBe mpuMepa BBEIUKUCIIUM II0JI€, CO3IaBaeMoe 3apIKeHHON
6eCKOHeUHON MeTaJUIMYECKON MIIACTUHOW TOJIIUHBI h 1 OIMpeneInM
reoMeTPHUIo MPOCTPAHCTBa— BPEMEHN IJI MPOGHBIX 3apsIoB ¢, TOIBe-
IITEHHBIX Ha HATAX B TOJIE TUIACTUHBI M HETIOABUAKHBIX OTHOCUTEIIHHO
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ee. OQueBUIHO, UTO TIO 0D€ CTOPOHBI TNIACTUHBI TIOTHOCTH 3apsaia
OyHeT MOCTOSHHOM 1 PaBHOW HeKOTOpol BesimumHe o. Ha kKaxnwi
13 3apsAOoB Ha MMOBEPXHOCTHU MJIACTUHHI OyneT MeNCTBOBATH CUJIA CO
CTOPOHBI CO3]aBAEMOTO TIJTACTUHON MOJIS, HAaIIPaBJIEHHAS 110 BHEIITHUM
HOpMaJIIM K TuiacTuHe. C IPyroil CTOPOHBI CO CTOPOHBI PEITeTKU Me-
Tajula Ha 3apsaabl OyHeT MeWCTBOBATH CUJIa, HMPEMITCTBYIOIIAS 3a-
psgaM MOKUHYTH MOBEPXHOCTH MIIACTUHHBI. DTHU CUJIBI SKBUBAJIEHTHHI
OEUCTBUIO “HUTEW CTPEMSIIINXCI VaepKATh 3apAObl Ha ITOBEPXHOC-
TSIX TUIACTUHBI. TakuMm obpasoM, Mojie OT pacCMaTPUBAEMON CUCTe-
MBI 5KBUBAJIEHTHO ITOJII0 CUCTEMBI 3apPAOoB ~ ABUKYIIUXCI PaBHOY-
CKOPEHHO C YCKOPEeHUSIMU HallpaBJIeHHBIMU HapyXy INIACTUHBI, T.€.
IO HAIIPABJIEHUIO CAJTBI CO CTOPOHBI TIOJI, KOTOPOE 3apsabl CO3MAOT.
T.x. B MeTpuke (2.18) mpocTpaHCTBEHHOE CeUYeHUE SBIISIETCS IITIOC-
KIM, TO BKJIAJ B CKaJIIPHBIN MOTEeHIINAII A) OT BCel INTAaCTUHBI MOXK-
HO BBIYUCIIUTH, IyTeM WHTETPUPOBAHUS BKJIAJa OT 3JIeMeHTapPHBIX
3apsamoB d() KaXIoW W3 CTOPOH MJIACTUHHI B MJIOCKOM IIPOCTPAHCT-
Be ( HO B PUMAaHOBOM NPOCTPAaHCTBe- BpeMeHN ). COBMeCTUM HAYAIIO
KOOPJMHAT C IeHTPOM IUIACTHHEI, HATIPABUB OCh Y IeprHeHauKyIap-
HO TJIACTUHE B CTOPOHY BepXHell MmoBepXHoCTHU. Pa3zobkbeM mitockocT
IUTACTUHBI Ha BJleMeHTapHble KOHIIEHTPUYeCKNe KOJIbIla U PacCMOT-
PUM OIHO M3 KOJIell C BHYTPEHHUM PAIUYCOM p U BHEITHUM p + dp.
BuyTpu sieMeHTapHOr0O KOJIbIIa PACIOJIOXKEH JIEMEHTAPHBIN 3aps
dQ) = 27 pdpoc ¢ MOBEPXHOCTHON IJIOTHOCTHIO 3apsaa OT OTHON CTOPO-
HBI TTacTUHE 0. HalimeMm BKj1aq B TOTEHITNAJ OT BepXHeH INIOCKOCTH
B TOUKe C KOOPIMHATON y' OT IeHTpa IIaCTHHEI

BeimosiHuB npocToe uHTErpupoBaHue ¢ nomoltnsio (15.8), Haxomum
BKJIAJl B CKaJISPHBIA MOTEHINAJ OT HUXHEHN IJIOCKOCTU TNUIACTUHBI B
BEpXHEM IOJIyIpocTpaHcTBe Aj

4roc? ao(yt + h/2
A{):iexp{— ol 5 /)}

a C

Bkitam oT BepxHell INIOCKOCTY B CKaJIIPHBIN NoTeHImal Aj paBeH

,  Amoc?
0 o

BK.TIELI[ 0T 00enX MJIOCKOCTEN B IIoTeHIaJI BHYTPU IIJIACTUHBI PaBE€H

Ay
o= 7 a8 (oo( - 02) o)

a C

CyMMapHBII TTOTEHITNAJ B BEpPXHEM MOJIYIIPOCTPAHCTBE OMpPenenM
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KaK pa3HOCTB INIOTCHIINAJIOB
Ay = Ay + A) — Ay. (17.1)

YureM, uTo ”ycKopeHre” YaCTUII TFIOCKOCTU, OIPEIEIITIOIINX T10-
jile B BEpXHEM MOJIYIIPOCTPAHCTBE, MOJIOKUTEILHO, & B HIUXKHEM TIO-
JIympocTpaHCTBe ag — —ag. losmaras h — 0, HaxooUM TOTEHIINAJ B
BEPXHEM ITOJIYIIPOCTPAHCTBE OT 3apPAKEHHON IIJIOCKOCTU, CUNTAS TP
9TOM MOl TNIOTHOCTBIO 3apsfa MIIOCKOCTHU BEJIMYUHY o) = 20.

Ay = _M[l — exp{—aoy1 }] (17.2)

ag c?

3Hauenne HaIIpAZXKEHHOCTU IIOJIA Sapﬂ}KeHHOfI IIJIOCKOCTHU MOZKHO
HallTu 13 BhIpaXeHUA OJId TCeH30pa 3JIEKTPOMarHMTHOI'O, 4YTO OaeT

— _ 94 _ apy’
B = Fy = _(9—1;1 = 270 exp{— 2 } (17.3)

Awnamsupys (17.3), MoxXHO y6enuThCs, 9TO NPU MAJIBIX agy’/c?
HallleHHOE BhIpaXKeHWe COBMAIaeT C OOBIUHBIM.

OrnpenmesiuM MeTPUKY MPOCTPAHCTBa—BPEMEHM, BEIOPAB B KaueCT-
Be 6asuca HCO HeB3amMomencTBYIOMIYIO 3apAKEHHYIO MBLIbL HA OI-
HOMMEHHO 3apIKeHHON ITOCKOCTHRIo. IlycTh Kaxkmas 3 yacTuil cBsI3a-
Ha C 3apsKEHHOW MUIOCKOCTHIO HEBECOMOW U HepaCTAKUMON HUTHIO.
SapsKeHHasd MBUTH B MaHHOW MOMEJIHFHON 3alaue 3amaeT 6a3mc cuc-
TEMBI 0TCUETA, CTPYKTYPa KOTOPOTO OMPENESITeTCSI COBMECTHBIM pe-
IIeHeM yYpaBHEHUN ~’ OBUKeHUI U ypaBHeHUN MakcBesiia, pellleHne
kKoToporo maetcs dopmystoit (17.3). OueBumHO, YTO YACTUIBI TBLIIN
6yoyT B3alMHO HEIOABUIKHBI, TaK UTO TEH30pP CKOpPOCTeln medopma-
A ¥ TEH30p yIJIOBOW CKOPOCTHU BPAIIEHUs PaBeH HYJIIO, a HaTIKe-
HISI HUTEW OTJIMYHEI oT Hysd. Ilpumem, uTo mmockocTh 6ecKoHeUHa,
ITOTHOCTD 3apsaia Ha Hell MOCTOSHHA, a OTHOIIEHUS 3apsaIoB K Mac-
caM Iy BCEX YacTuIl 6asuca onuHakKoBHL. Ilo onpemesieHuio cunTaeM,
YTO MBLJIb TOJIS HE CO3MIAET, a I0JIe OMPENeSITeTCS TOJIBKO 3apsaaaMu
wiockocTu B coriacuu ¢ (17.3). OdeBunHo, 9TO dusuUecKas CUTya-
IS IJI 9aCTUIl TBUIX B BEPXHEM MOJIYIIPOCTPAHCTBE SKBUBAJIEHTHA
cutyatuu B HekoTopoin HCO ” nBuxkyiiieiica” BHU3 B HallpaBJIEHUN
IUTOCKOCTH, YTO MaTeMaTUIeCKN ONMUCHIBaeTCI MeTpukoi (2.18) ¢ ot-
pUIIATETHHBIM 3HAKOM B SKCIIOHEHTE, T.e. 3aMeHon ay — —a. Besn-
YMHBL G U @ TPpebyeTCs BEIYUCINTD U MOATBEPANTE CIIPABENINBOCTD
meTpuku (2.18).
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OJleMeHT MHTepBaJia, UCXONd U3 CUMMETDUM 3ajadn, OymaeM Hc-
KaTh B Oosiee o0ireM Bume, deM (2.18).

2 2 2 2
ds” = exp(v(y'))dy"” — exp(A(y'))dy"" — dy*” —dy>,  (17.4)

rae ¢pynxumu v(y') u A(y') Tpebyerca onpenesuts. g ux Ha-
XOXIEHNSI BOCIIOJIb3y€eMCs pellleHreM ypaBHeHnI MakcBesia B Tpex-
MepPHOII (popMe, COBIaJaloIIell 110 BULY ¢ ypaBHeHnsMu Makcsesia B
3a/IaHHOM T'DAaBUTAIMOHHOM moJie [7]. Pellenne ypaBHeHus BHe mmtoc-
KocTHu 1yig BeKTopa unaykuuu D! umeer sun D! = const exp(—X/2).
Bocmonb3ysacek cooTHOmEHNAMET

D' = — /9o F", E) = Fy,
E I 5

Di=—"X D= .

£/ 900 v/ 900

BEITeKatomumu u3 [7], a Takxke dopmystoi (17.3), Haxoqum

v+ A agy’

2 c?

Bropoe ypaBuenue, cBs3piBaiolliee QYHKIUU U U A ONPENESIM W3
ypaBHeHUS ~ OBUXKEHUS

(17.5)

Fl = -1 _py, (17.6)
myc

rae V) = exp(v/2) - HysieBas KOMIIOHEHTA 4 — CKOPOCTH YaCTHUIIHL 6a-
31Ca MaCCHl My C 3apsaaoM ¢ B JiarpanxkeBon comyTcTBytormein HCO.
3nak munyc B (17.6) 03HauaeT, 4TO BEKTOP [ePBOIl KPUBU3HEL YaCTH-
el 6a3mca F'! ompenesnsgeTcs TONBKO HATIXKeHNEM HUTHU, IelCTBYIO-
IIIell B MMPOTUBOIMOJIOKHYIO CTOPOHY, YeM CHJIa CO CTOPOHEI ToJis. Ilpu
9TOM, CUJIa HATIXKEHUS HUTH 110 BeJIMYMHE COBHAHAeT C CAJION Mel-
cTBUA co cToponsl nonsa. C apyroit croponsr, F'! MoXHO HaiiTH Hemo-
CpenCcTBeHHO 3 Buia MeTpuku (17.4), Kak eMUHCTBEHHYIO OTIINIHYO
OT HYJISI KOMIIOHEHTY 4—yCKOpeHUs B JIArPAHKEBOW COITY TCTBYIOIIEN
HCO. D10 mpuBOAUT K COOTHOIIEHUTO

1 ov Eyq

20yL T myc?

exp(A/2), (17.7)

rne Ey = 2moy. Pemenue cucremsr (17.5), (17.7) mpu ycmnoBuu, 9o
npu y' = 0 v = 0 mMeeT BUA

exp(v/2)=1- =l <1 — eXP<—a0y >>a

mpQy
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exp(A/2) = exp<—g — ag,;ﬁ). (17.8)

Metpuka (17.4) momyckaeT o4eBUIHOE YIIPOIIEHWUE, €CIII BMECTO
KOOPJMHATHL Y BBECTH APYTYIO JarPaHkeBy KOOPIUHATY MO GopMYy-
e

. '
gt = [ exp(M/2) dy’

B pesynpTaTe momyuaem

2E0qgl 2

myc?

ds? = exp<— >dy02 — gyl - dy22 — dy32. (17.9)
N3 (17.9) Bumso, uTo 5Ta (dopMmysa aHajoruuHa (2.18) ¢ orTpmua-
TeJIbHBIM yCKOpeHneM a = — Fjyg/m, HanpaBileHHBIM K IIJIOCKOCTH,
ecyI 3apA/l IVIOCKOCTU U IMPOGHBINA 3aps ¢ OMHOTO 3HaKa U TOJIOKU-
TeJIbHBIM yCKOpPeHHeM IIpU pa3HOMMEHHHIX 3apsamgax. IlpocTpaHcTBO—
BpeMs OymeT INIOCKUM, €CJIi IpobHasd dacTulla HelTpaiabHa. Takum
obpazom, B orsmune oT OTO MeTpuka 3aBUCUT He TOJIBKO OT HaIlps-
XKEHHOCTH II0JI 3apaa, CO3MAIOIIEro MoJle, HO TaKkKe M OT BEJIMYNHEL
1 3HaKa MIPOo6HOro 3apdaia B IoJjie. JDTO CBI3aHO C TEM OYEBUIHBEIM 06-
CTOATEJILCTBOM, UYTO B TEOPUU TATOTEHUS MEXIY TeJlaMU OeCTBYeT
TOJIPKO CIJIA B3aWMHOTO TIPUTSKEHUS (B HBIOTOHOBCKOM CMBICJIE) U
BCe MPOOGHEBIE TeJjla BHE 3aBUCUMOCTH OT MAacChHl B I'PaBUTALMOHHOM
T0JIe OBUXKYTCS C ONMHAKOBBIM YCKOpeHUeM (IIPUHINII SKBUBAJIEHT-
HOCTH).

Ecnu mig yactun 6a3uca oTHOILIEHNE IIPOOHBIX 3apAI0B K MaccaMm
IJI4 BCEX YaCTUIl OAUHAKOBO, a 3apAbl INIOCKOCTH 1 MPOOHBIX YaCTHUI]
pasHOMMeHHHI, To MeTpuka (17.9) ToxnectBerna c (2.18) nmpu a = ay.

Ing cpaBHeHUsS TEOPUHU C SKCIEPUMEHTOM HYyKHO BHIPA3UTh IIO-
JIg B ”pusUUeCKUX’ WM TeTPaTHBIX KOMIIOHEHTaX BHE 3apAKE€HHON
miockocTu. CoyTCTByIOIINE TeTpanbl IS METPUKH yIO6HO BHI-
6paTh TaK, YTO BEKTOP €(j) HalpaBJieH BIOJIb JIMHAN BPEeMeHH, a TPU-
alla €(;) BIOJIb KOOPAMHATHHIX oceil y* ( kammbposka Jlame [22], [23]
). TeTpamusie nHIEKCH Gy meM 3aKiI0YaTh B CKOOKH. BripaxeHue miis

TEeTpan 6y,[[eT nmMeThb BNO:

55 a a |
e/(Loz) - W) e/(,L ) = 5# |gaa|7 6/(?) = V/M 6/50) = V”, (1710)

re CyMMHpOBaHHe Mo « oTcyTcTByeT. g ”pusndeckux” KOMIIO-
HEHT TEH30pa IOJIS HaXOIUM

Foya = Eqy = 650)6’(’1)5’#,, = 27o) = const. (17.11)
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N3 (17.11) cnenyeT, 9TO B JIOKAJIBHBIX TeTPANaX IOJIE 3apsiKeH-
HOI MJIOCKOCTH TOYHO TaKoe Xe, KaK U MPu OOBIYHOM PacCMOTPEHUN
B IeKapTOBBLIX KOOPAMHATAX. JTO MPUBOIUT K ONUHAKOBBEIM 3HaUe-
HUSM CHUJIBI, NeWCTBYIOIIEN Ha MPOOHBIN 3apsiil, MPU Pa3InYHBIX Pac-
cMmoTpenusx. Ho reomeTpus mpocTpaHCTBa-BpeMeHU , 00YCJIOBJIEH-
Has BJIEKTPOCTATUYECKUM IT0JIEM, OKa3aJ1ach IICEBIIOPUMAHOBOM, a He
TICEBIOEBKJINIOBON, KaK Mpu oOBIYHOM paccMoTpenun. HeeBkiumo-
BOCTH IPOCTPAHCTBa- BpeMeHu npyrou npuponsi, ueM B OTO. Ona
He CBA3aHA HEMOCPEeACTBEHHO C pellleHreM ypaBHEHUN DWHIITeWHA-
MakcBensia, a CBsS3aHa C COBMECTHBIM pellleHueM ypaBHeHulnn Maxkc-
BeJUTa, ypaBHeHUl CTPYKTYpHI (1.7) u ypaBuenus ” neuxenus”. 3To
06CTOATETHCTBO IOJIXKHO MPOIBUTHCI B HKCIIEPUMEHTAX.

[IpennoxuM mpocTeliliine >KCIIEPUMEHTHI, KOTOPbIe MOTYT JIMOO
MIONTBEPANTH, JINOO ONMPOBEPTHYTH IpensaraeMbiii nogxomn. g Ha-
Yyajia pacCMOTPUM SK30TUYECKYIO MOJMEeIb, MPOBelsd pacdeT OJIs II0-
JI, CO3MaBaeMOro 5JIEKTPOHOM, ~TOABENIEHHBIM Ha HATU HaI IIO-
JIOXKUTEJBHO 3apIKEeHHOU TUIOCKOCThI0. OUeBUIHO, YTO CUTYAIUs C
”MoABeITeHHBIM Haj INIOCKOCTBHIO BJIEKTPOHOM MacChl M U 3aps-
noM e skBuBajeHTHa ero nomerrennio 8 HCO (2.18), mBuxkyrmyiocs
C yCKOpeHHeM, HaIIPaBJIeHHBIM B0 OCH ' ¥ PaBHEIM IO BeJITUIHE
ayg = eFE/m.

Ecnn nepeiitu B (15.10) k TeTpanasiM ” pusmdeckum” KOMITOHEH-
TaM ¢ noMorreso Terpan (17.10), To momyunm

Fop
Flay@) = €layeip) Fu = (17.11a)
P gaaly g0
njm
Q agr(1 + cosb) agr .
Foyw = r—zexp{— 5 b + ﬁ(nk -&)], (7.11)

Pacuer mo ¢opmyste (17.11b) mis HanpsKeHHOCTH OIS [IJIOCKOCTH
E =100 xB/m maeT s TOYeK B HANPABIECHUAX OOPATHHIX IMOJO K
TOYKaM IIoMepeK MOJIT HAa PACCTOSHUN 1 M OTHOCUTEIBHYIO Pa3HOCTh
sHadeHmit mopsinka 10%. Cpasaenne dpopmyn (15.10) ¢ (17.11b) mo-
Ka3bIBa€T, UTO OHU OTIIMYAIOTCS 3HAKOM B HKCIIOHEHTE Tepeln KOCH-
HycoM. HecMoTps Ha 5T0 06CTOATEIBCTBO, IIPU JIIOOOM OIpenesieHIn
HAIPSKEHHOCTHU TI0JIsS, OHO He sBJiseTcs m3oTpomHbiM. U3 (17.11b)
cyenyeT, 4To ’ pusndeckas’ HaIPIKEHHOCTH MoJisd OOJIBIIE IO BeJIU-
YKiHe B HAIpaBJIeHUU oOpaTHOM yCKOPEHUIO, YeM B HAIPABJIEHUIX TI0
BeKTOpPYy yckopeHus. CUIOBbIe JIMHUU DJIEKTPUYECKOTO TMOJIS KaK OBl
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?coyBatoTcda’ Tod HEWCTBUEM YCKOPEHUS, INIOTHOCTH CUJIOBBIX JIM-
HUW B HaIpaBJIeHUUM YCKOPEeHUs MeHbllle, 4eM B obpaTHoM. Pacuer
5JIEKTPUUECKOro 1mosisd 1o dopmyse (17.11b) mpu § = 0 npuBoguT K
BBIPaKEHUIO,

Q agr
a npu 6 = 7T uMeeM
Q agr

Pacuet snexTpudeckoro nosis mo dopmyste (15.9) npu 6 = 0 npn-
BOIUT K KYJIOHOBCKOMY 3aKOHY, a mpu § = m uMeem

5 Q agry” ayr
E = r—zexp{—?};[l + 0—2], (17.11e)
Pacuer smekTpudeckoro mosns mo ¢opmyse (17.11b) npu 0 = 7/2

IIPUBOOUT K BBIPAXKECHUIO,

Qay agr
Floyn) = =55 exP{= 3% ) (17.11f)
Q apgr aor
Floe = Flow = {1+ 50 | exp{ =505 - (17.11g)

TouHo Takue e COOTHOIIEHUS npu § = 7/2 UMET MeCcTO U TpU
pacuete o dopmye (15.10).

IIpu cranmapTHOM pacdeTe IMOJie SJIeKTPOHA MOJIKHO OBITH M30-
TPOMHBIM U KYJIOHOBBIM, TaKUM XKe KaK U ToJie CBOGOTHOTO JIEKTPO-
Ha.

CrnenmyeT oTMETUTD, UTO U [JIS PeaIbHBIX 3apIKEHHBIX OTpPUIla-
TEeJIBHO JIEMEHTOB METAJIMYECKUX TeJI MOoIpaBKa ydeTa aHU30TPO-
K He SBIITE€TCS MaJIol, KaK 9TO MOXKET MOKa3aThC C IEPBOTO B3IJIA-
na. Hemo B ToM , uTo mon yckopeHueM ag B (15.4), mpuMeHeHHOM
K OTPUIIATEIBHO 3apSIKEHHBIM 3JIEMEHTAM PEAJIbHBIX MMPOBOIHUKOB,
cilenyeT moHUMAaTh Bemuuuny ag = 0.5Fe/m, roe E - Benimunna Ha-
MPSIKEHHOCTH CyMMAapPHOTO IIOJIT - COOGCTBEHHOTO W BHEIIHETO , € -
3apsi JIEKTPOHA , M - Macca dIIEKTPOHA.

HeicTBUTENBHO, IS 3apAKEHHOTO IMPOBOMHUKA, KaK WM3BECTHO
[26], Ha MOBEPXHOCTH MEMCTBYET CWila ’OTPUIIATETHLHOTO HaBileHus”
3HaueHNe KOTOPOW Ha eQUHUILYy MOBepXHOCTU paBHO F,, = 0.50F.
OueBunto, yto 0 = Ne/S, rae S - miomans 5j1eMeHTa TOBEPXHOCTH,
N - 4gucio »7aeKTpoHOB Ha Hell. OTCIOma CO CTOPOHHI MOJIA Ha KaXK-
IOBI W3 5JIeKTPOHOB mericTByeT cwita F, = 0.5eF. Cuita co cTOpOHBI
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pellleTKN MeTaJlyla HalpaBjieHa B 0OpaTHYIO CTOPOHY W ee MeNCT-
BUE SKBUBAJIEHTHO CUJIE PEAKIINH CO CTOPOHBI TeJla, ~’ MBUKYIIIETOCT C
yckoperuem” ag = 0.5e F//m, B koTopoe ”BMopoxen” s5eKTpoH. T .K.
KaXXIBII 13 TOBEPXHOCTHBIX SJIEKTPOHOB HAaXOMUTCS B PaBHOBECH,
TO CUJIa MX B3aUMOIENCTBUS C IPOBOJHUKOM (UTO COOTBETCTBYET B
MOeJIA HATsKeHnIo HuTH 1') omnpenesnseT >GpQeKTUBHOE yCKOPEHIEe

npu ”’ obpbIBe HUTH

, BBIYUCJITIEMOE TI0 TIPUBENEHHON BHIIIE (POp-
MYyJle U HallpaBJIEHHOe HOPMAaJIbHO MOBepXHOCTHU. I[JI1 mpOBOMHUKOB,
3apsKEHHBIX TOJIOXKUTEIbHO, Ha ITOBEPXHOCTU HAXOMSITCA He SJIeK-
TPOHBI, & TOJIOKUTEJIbHBIE MOHBI C MAaCCOW 3HAUUTEJBbHO OOJILIIEN,
yeM y 5JIeKTpPoHOB. [losToMy ux sddeKkTuBHOE YCKOpeHUe ay, a CJle-
MOBATEJILHO, M aHU30TPONUS MoJIs OyaeT ropas3no MeHbIIIe .

PaccmoTpum errie mo00nBITHRIN IPUMeDP 06 31K TPOCTATHYECKOM
oJie B MIJIOCKOM KOHZIeHCaTope, IIpeHebperas KpaeBoIMU >PdeKTaMu.
[TycTh KoHImEHCATOP 3apsXkeH U OTKJIIOUEH OT ucTouHuka. Ilosmoxu-
TeJIbHBIE 3apIObl Ha OOHOW U3 OOKJIAMIOK, B COTJIACUU C PAaCCMOTPEH-
HBEIM BBIIIIE, CO3MAIT MeXKIy obkiiagkamu mojie F /2. 3apsnsl Ha oT-
puLaTebHON OOKIamKe ( SJIEKTPOHBI ) HAXOASTCS HON MefCTBUEM
IBYX CHJI : CO CTOPOHBI CyMMAapHOTO MoJis F U CHJIBI CO CTOPOHBI
PeIIeTKN OTPUILIATEeTbHON OOKIAIKK, CTPEMSIIENCS yIepkKaTh SJIeK-
TPOHBI Ha NoBepxHOCTHU. [locnenHsas cuita HampaBJeHa MO TOJTIO E , &
dusmdeckas CUTyaIus JJIS 9JIeKTPOHOB Ha OTPHUIIATEIbHON OOKIIaIKe
SKBUBAJIEHTHA UX ~ yCKOPEHHOMY MBUKEHUIO  BIIOJIb Ec yCKOpEeHIEM
ap = —0.5eE/m.

[TocTaBuM 3amady BBIYUCIIEHUS €MKOCTH IIJIOCKOTO KOHIEHCATO-
pa. Beibepem Hauasio KOOpOIUHAT B HEHTPE MOJIOKUTETHHOM OOKJIIa -
KII ¢ ochlo y!, HaIlpaBIIeHHON NepHeHANKYIIPHO OOKJIAIKaM B CTO-
poHy oTpuitiaTesabHo. T .K. 3JIEKTPOHBI Ha OTPHUIIATEIbHOI 0OKJITaIKe
” IBUKYTCS YCKOPEHHO” B OGpaTHYIO CTOPOHY OCH y' , TO MeTpuKa
IPOCTPAHCTBAa-BPEMEHN MeX Iy oOKJIaaKaMu coBrmagaet ¢ (2.18) ¢ ot-
PUIIATEJIFHBIM 3HAKOM B SKCIOHeHTe. HampsaKeHHOCTH MOJIT MeXITY
obkitankamu B coryiacun ¢ (17.3) umeer Bun

1
El = FOl = 47'('0'0 eXp{—aoy } (1712)

c2
EMxocTh KOHIEHCATOpa BHIUNCINM 110 GOpPMYJTe

C =Q*/2W, (17.13)

rne () - 3apsanm, a W - sHeprus moJis Mexny obkiamkamu. Tak Kak
IIPOCTPAHCTBO- BpeMsS BHYTPHU KOHIEHCATOpPa IICEBIOPUMAHOBO TO
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pu onpeneneHnu mwioTHocTu sHepruu ( B orimare ot CTO ) HyxHO
BEIGUpaTh Mexny Ty, T u Ty KoMIoHeHTaMu TeH30pa SHepruu-
UMTITyJIbca eKTpoMarHuTHoro mojis. B CTO »Tu KOMIIOHEHTHI O1-
HaKOBBI, KaK OJIMHAKOBEI M B COMYTCTBYMOIUX TeTpamax . C Toukm
3peHus] MOHAHOTO MeTofa [23] MIOTHOCTE YHEPrUU p SIEKTPOMAr-
HUTHOTO TIOJIS IBJISETCS CKAJIIPOM IIO OTHOIIEHUO K MPOU3BOJIBHBEIM
npeobpaszoBanusMm y* = f#(z¥). B Hamem ciiygae p cOOTBETCTBYeT
Tioy0) = TOO) = T((g)) KOMIIOHEHTAaM TeH30pa YHePTUu-uMmIyJsibca. Ha-
ITIOMHKM, YTO TE€H30D YHEPTUU-UMITYJIbCA IIEKTPOMATHUTHOTO MOJISI B
KPUBOJIMHENHBIX KOOPAMHATAX UMeET BUI [7]

1 1
T, = E<—FﬂﬁFyﬂ + ZFMF%@’ (17.14)

rge rerpaldHble KOMIIOHEHTBI TCH30PAa BBIUNC/IAIOTCA I10 IIPAaBUJIY
— o b
T(/L)(V) = 6(N)6(V)Taﬁ. (1715)

OHepruio moJjid MexXay OOKJaIKaMu KOHIeHCaTopa KOHIIEHCATOpa
MOXKHO BBIUUCIUTH M0 popmyde [23]

W = /w/_—gT’“’V,, ds,, (17.16)

rie g ompeleluTellb MeTpudyeckoro TeHsopa, dS, = V,dV. dS, -
reoMeTPUYeCKUil 00HEeKT, PABHBIN MPOU3BENEHNIO BJIEMEHTA TIJTOMIA-
I TUTIEPTIOBEPXHOCTU OPTOTOHAJILHON MUPOBBIM JIMHUSM 6a31ca, mo-
CTpoeHHOU Ha Oa3e Tpex 6ECKOHEeYHO MAJIBIX CMeITeHNN, HA eqUHIY-
HEIIl BeKTOp HOpMaJyu ( T.e. 4-ckopocTs V), ).

BBuny Bax#ocTu cooTHorrenus (17.16) obcynum ero 6ostee mon-
pobHo.

Tak xKak MBI paccCMaTpUBaeM TEH30p YHEPTUN UMITYITHCA DIIEKTPO-
MarHUTHOTO TIOJISI BHE 3aPSIOB, CO3MAIONINX MOJIe, TO JIOJIKHO BHITIOJN-
HATHCSA COOTHOIIIEHNE

v, T = 0. (17.16a)

B mtockoMm mpocTpaHCTBe - BpeMeH! B TaJIMJIEEBBIX KOOPAMHATAX
9TO COOTHOIIIEHNE BRIPAXKAET 3aKOH COXPAaHEHUA SHEPTUN - UMITYJIbCa
9JIEKTPOMArHUTHOTO ToJig. B puMaHOBOM IpPOCTpPAaHCTBE - BPEMEHN
9TO COOTHOIIEHIE B OOIMEeM CiIy4yae He BBIpaXKaeT HUKAKOTO 3aKOHA
COXpaHeHUs, TaK KaK BMeCTO YaCTHON IIPOM3BOIHON OT TeH30pa DHEP-
TUM - UMITYJIBCA CTOUT KOBapUaHTHAasI. JTO 0OCTOSITEITHLCTBO XOPOIIIO
u3BecTHO B iuTepaType mo OTO.
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[Ipu Berancsternu sueprun B (17.16) MBI pakTUUECKU UCHIOIB3YeM
He ”3akoH coxpaneHus” (17.16a), a MCTUHHBIA 3aKOH COXpaHEHU,
HAIIOMWHAIOIINY BHEIITHE 3aKOH COXPaHEHUs 3apsia.

OTO BBHITEKAET U3 PaBEHCTBA

V,(T"V,) = V,V, " + T"V,V, = T"V,F,=0.  (17.16))

[Ipu BEIBozme (17.16b) MBI yusiu, 9TO KOHIPY€HIUS MUPOBHIX JIU-
Huii gactun 6asuca CO, onpenensemas 3akoHoM ” neuxenus” (17.6),
aBJideTcd 6e3BUXPeBOU M XKeCTKOH, 4To BeKTophl V,, m F/ opToro-
HAJILHBI W YTO PaBHA HYJIIO CBEPTKa aHTUCHUMMETPUYIHOTO TEH30pPa
nong I, c npousBeneHueM BeKTOPOB IIepPBOIl KPUBW3HEL.

Ormernm, yTo npu BeiBoze (17.16b) mose He 06s13aTeBHO TIPE-
IOJIATaeTCI CTATUYECKUM, TIOTOMY 4YTO XKeCcTKyio OGesBuxpeByio CO
MOXKHO CO3[aTh U B CUJIOBOM ITOJIe SIBHO 3aBUCAIIIEM OT BpPEMEHWU, eC-
JIN XKeCTKO 3aKPeNUTh YaCTUIIHI 6a31ca B MOJIe IPU TOMOITT BHETITHUX
cBsa3ent. [Iyg Takoro ciydas BeKTOPH 4 - yCKopeHMs YacTull 6a3mca
OymyT 3aBUCETH OT BPeMeHU, & TE€H30PHI CKOPOCTeN AedopMaluii u
YTJIOBOU CKOPOCTHU BpallleHus OyAyT paBHEI HYJO. YICHO, 9YTO Takas
CATYaITS BO3MOXKHA TOJIHKO B PUMaHOBOM MPOCTPAHCTBE - BpEMEHN.
B nitockoMm mpocTpaHCTBe - BpeMeHU, 3aKpelyieHHbIe XKeCTKO B TIepe-
MeHHOM TI0Jie YaCTUIIB, OyIyT 06JanaTh U HYJIEBBIM yYCKOPEHUEM.

Cootromrerne (17.16b) MoxHO mepemnucaTs B Gopme

1
\ —q (9y/‘

[IpounTerpupyem Beipaxkenwe (17.16c) no umrBapuanTHOMY 4 -
obbeMy.

[V=gv,r"Odty = | %(J—_QT”(O)>d4y = 0. (17.16d)

v, T = <\/_T” ) =o0. (17.16¢)

Ucnonbsys Teopemy I'aycca um mosiarasg, 4To Ha ~’OGOKOBOI~ Bpe-
MEHHOMOMOOHO OXBATHIBAIOIIEN MPOCTPAHCTBEHHEIN 06beM THUIIEp-
HIOBEPXHOCTY WHTErPAJl CTPEMUTCS K HYJIIO, (ITO MMeeT MeCTO B 3a-
madax ¢ 3apsaaMu, PACIoIOKeHHBIMI B KOHEUHOM 00BheMe) IoJTydaeM

j{ V=gT"Vds, = /Vl /—=gT OO g3y /Vz /—=gT WO gy = 0.
(17.16e)

OTkyna uMeeT MeCTO 3aKOH COXpaHEeHUS BeJIMUMHBI THUIIA ~3apana’
/ /=T d3y_/ V/=gT OO By =W, (17.16f)
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B KoTopoii V| u Vo TpexMepHEIe 06beMBI 3aHMMAaeMELE TI0JIeM B Pa3HbIe
MOMEHTEI BPEMEH.

Cpasuenne (17.16) ¢ (17.16f) roBoput 0 TOXIECTBEHHOCTH STUX
BEJINYNH, KOTOPHIE MPEACTABIIIOT SHEPTUIO 3JIEKTPOMATrHIUTHOIO II0-
JId.

BeruncimM sHepruro mosis oTPHUIATENBHO 3apAKEHHON IIOCKOC-
tu. Ilpu cTaHmapTHOM BEIUNCJIEHNN SHEPTH IIOJIS IJIOCKOCTH HaIIps-
XeHHoCTU F, 3aKifodyeHHas B MWIMHAPE C ILIOMAALI0 OCHOBaHUA S
1 BEICOTHI /i 110 06€ CTOPOHBI INIOCKOCTH C 06pa3yoIIMM, II€PIIeH I1-
KyJISPHBIMU INIOCKOCTY, OY4EBUIHO PaBHA

E2
WO 8—2]'LS = O'()Q]'L, Q = O'()S. (17169)
™
IMpu h — o0, Wy — oo.
HJ’DI Halllero cJiydad SHeprumd I1oJid B YKa3aHHOM oboBeMe

2
W= [ =gr0 0 gy = o25¢ (1 —exp<—@>>, (17.16A)
8may c?

roe B = 27oy.

OueBUAHO, YTO MPU MAJBIX PACCTOSHUAX h OT IJIOCKOCTH, T.€.
pu
SHeprus ToJis B o0beMe, BEUnCIeHHas B coryacuu ¢ (17.16h) cos-
magaeT ¢ KJlacCmieckuM BbipaxeHmeM (17.16g). Omnako, ecnu mpu
KJIAaCCUYeCKOM paccMoTpeHuu npu h — oo, Wy — oo, To B Halllem
ciTyJae SHePTUS MOoJIS BHYTPU OECKOHEYHO MITMHHOTO ITMJINHIPA OCTa-

eTCcsa KOHeYHON BeJTI/IqI/IHOfI, OHpGHGJ’IﬁIGMOfI PaBEHCTBOM

E?28¢? B ESc®m B Qmc?

8may 2me e

= Nmc?.
(17.16i)

W= [y=gr"dv =2

Nrak:

OHepeud I4eKMPuUUeCcKo20 NOAL BHYMPU OECKOHEUHO OAUHHOZ20
YuAurdpa oxa3aaach pasHot anepauy noxkod N aaexmponos, pacno-
AOHCEHHBIT N 3APANCEHHOT NOBEPTHOCTNYU NAOWGOU S BHYMPU UYU-
aundpa. B amy snepeuro me srodum eeauuuna 3apgda () saemenma
NAOUA0U.

®opmysa (17.161) ocTaeTcs B cuite U U1 IJIOCKOCTH, 3apsKeH-
HOUI [TOJIOKUTENBbHO, B 5ToM citydae posib Macchl (T.K. HO3UTPOHEL HE
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SBJIMIOTCSA YCTOMYUBBIMU) UTPAET MACCa aTOMa MPOBOIHUKA, HOTE-
PABILEr0 ONWMH 3JIEKTPOH.

Taxum obpazom, cobcmeennad sHepaud 3apA006 HaA NAOCKOCTU
oka3anack paenot ur snepauu noxos!

YunTeiBas, 4TO MPOCTPAHCTBEHHOE cedeHme s MeTpuku (2.18)
ABJISeTC IJIOCKIM, a YCKOPEeHIE OTPUIATENIbHEIM 1 UCIOJIb3y I (hop-
myset (17.14), (17.15), (17.4),(17.9) nms TeH30pa SHEPTUA - UMITYIIECA
B COILy TCTBYIOIINX TeTPaJaX HaXOIUM BEIPaKEHIIE

E? E? E?
=g low=-35- Tee=Iye=g, &=
(17.17)

HOCJ’IGI[Hee COOTHOII€HUE B JIOKAJIBHBIX T€TpalaX B TOYHOCTHU COBIIa-

Tio)0)

IaeT C TeH30POM HEPTrUK-UMITYJIbCa IOCTOSHHOTO OJHOPOSHOTO IIOJIL
B CO mpocTpancTBa MUHKOBCKOIO B rajiijieeBhIX KOOPAUHATAX.

OHeprud moJis B KOHIeHCaTope B corstacuu ¢ (17.16), (17.17) ume-
eT B

W= [y=gr®ay = @@ . exp< a0d>>, (17.18)

8may c2
rae S - IIOmanhb oOKJIanKu, d - pacCTOSHIE MeXy OOKJIaJKaMI.
Ncnonk3y s HalileHHOE BhIpaXKeHue s yckoperus ay = 0.5Fe/m

n 11oJiarad u = Ed, rge v - pasHOCThb IIOTEHIIMNAJIOB MEXIY O6K.TIELI[-
KaMM1, HaXOOUM €MKOCTBHb KOHIOECHCATOPa Cs Buae

S eu 1
C=Q*2W = - : (17.19)
And 2mc?q _ eXp<—W>
Eciu eu/me* < 1, To (17.19) MOXHO pencTaBUThL B BUIe
eu S
¢ CO< +4mc2>’ CO 4md ( 7 O)

Takum obpa3oM B mpemjiaracMoM HaMU IIOAXOIe EMKOCTH KOHIEH-
caTopa BO3pacTaeT C POCTOM IPHUKJIATBIBAEMOTO K HEMY HaIIpskKe-
uus. HanpuMep, npu Hanpsxeruu 5 - 10* BoJIbT yBeJIndeHNe eMKOCTH
IOJIZKHO cocTaBiaATh 2.4%.

18. I'eomeTpus paBHoyckopeuHout HCO u
ypaBHeHusa OuHIITENHA - MakcBesuia

O6BIYHO B TeopeTUUeCKOU (PpU3nKe KPUBU3HY MPOCTPAHCTBaA-Bpe-
MeHHU CBS3BIBAIOT C TeOpWell TpaBUTAIUKM OWHINITelHa. Bce mpy-
rve ToJIS PACCMATPUBAIOTCI B TJIOCKOM TIpoCcTpaHCTBe MUHKOBCKO-
ro. Haiinennas kpususua HCO B obrmieM ciiydae He UMeeT HUKAKOTO
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orHomteHus Kk OTO DuiHIITelHA, OMHAKO TOSIBJIeHUE MCKPUBIIEHHON
reoMeTPUU CTUMYIUPYeT K mouckKy cBa3u reomeTpuun HCO c reomer-
pUel, MoJIyyaeMoil U3 pellleHus ypaBHeHUN OWHIITelHa. KoHedHO,
5TO BO3MOXKHO Hajleko He Bcerma. Huke MBI ToKaxem, 4TO TeOMeT-
puto paBHoyckopeHHort HCO MoXHO TOSIyUMTh U U3 PelleHUl ypaB-
HEHUI DWHINTENHA C YU4eTOM ~KOCMOJIOTMYECKON TTOCTOSHHOW, eCIIn
B KadyeCTBe UCTOYHUKA B YpPaBHEHUIX OWHINITeNHa BHIOPATH TEH30D
SHEPrUU-UMITYJIBCA AJIEKTPOMATrHUTHOTO TI0JIA.

YcranoBuM cBs3b paBHoyckopeHHort HCO ¢ TouyHBIM peliteHuEM
ypaBHeHUN JuiHINITelHa - MakcBesta. [l KOMIIOHEHT TeH30pa JWH-

HITenHa
G =R, —(1/2)9,R
HaXOJIAM
Gop=0, Gu=0, Gu=0, Gy=0,
1 a02
(k#1) (k,1=1,2,3) Goo=Gs33= §R =—0- (18.1)
c

Boinuiitem ypaBHeHUsS DWHIITERHA C YUETOM ~ KOCMOJIOTMUECKOM
noctogHHON A 7

87k
G/w + Ag/ﬂ/ = XT/UM X = 0—47 (182)

rie k TpaBATAIMOHHAS TOCTOSHHAS.

B kauecTBe mcTOuYHUKaA BBIGEpEM TEH30p SHEPTUU - WMITYJIIBCA
5JIEKTPOMATrHUTHOTO MO [7], KOTOpOe B MCKPUBIIEHHOM TTPOCTPAHCT-
Be - BpeMeHHU ¢ MeTpukoit (2.18), ynoierBopsieT ypaBHeHmsIM Makc-
BeJuta B mycToTe . B cuity paBercTsa 1)) = 0, miigd ”KocMoJI0rnuecKomn
IIOCTOSHHOW ITOJIY UM

a02
A = — = const. (18.3)

2ct
OTIUYHBEIMU OT HYyJS KOMIIOHEHTAMU TEH30pa SHEPrUM - MMITYJIb-
ca OKa3aJINCh TOJIBKO MuaroHajibHbie. Kak msBecTHo [7], mpuBenenue
Tensopa 1), K INaroHaJIbHOMY BUIY BO3MOXHO, €M ( B JAHHOH TOU-
Ke IIPOCTPAHCTBA U B JAHHBI MOMEHT BPEMEHH) CYIECTBYET CUCTe-
Ma oTCYeTa, B KOTOPOM BEKTOpP 3JIEKTPUUYECKOTO IOJIs E napaJiesieH
BEKTOPY MarHUTHOTO IIOJI H , I60 OUH U3 HUX paBeH Hymio. s
paccMaTpUBaeMOro HaM; CJIydas IoJiaraeM H =0 , & BEKTOP E nHa-
TIpaBIsgeM BIOJb OCH Y , COBIAJAIOIIell ¢ HAIIpaBIIeHEM YCKOPEeHN.
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— —

Crenyst [7], BBomuM 3 - BeKTOpHl F 1 [ COrIacHO ONpENesIeHuIO
D' = — /g F"", By, = Fy,
E . E
L. D= .
1 900 v 900

OCT&HBHBIG HE3aBUCHUMbI€ KOMIIOHEHTHEI TC€H3O0pa IIoJid, B CUJIy TOI'O
—

D, =

YTO MAarHUTHOE TI0JIe OTCYTCTBYET, a Tojie [/ HampaBIleHO BIOJIb OCHU
y!, obpamaoTca B Hyb.
s TeH30pa SHEPTUN - UMITYITHCA HAXOIUM

Tow=2"D.D, T,=2"D.D,
8 8
- D,?

D-D=D%  Typ=Ts= (18.4)

8
Ypasuenus MakcBemta miis MeTpuku (2.18) B cTaTuyeckoM CIIy-
yae CBOOATCAI K BUIY

VxE=0, V-D=0, (18.5)

—_

pPeIeHuE KOTOPBIX OJIA ITOCTOAHHOI'O OOHOPOOHOI'O ITOJIA D naeT

1
apy

c2

D; = const, B, = exp< >D1. (18.6)
CoBMecTHOE pellleHne CUCTeMEl ypaBHEeHNI DIHIITelHa - Makcsesmia
IPUBOINT K CBA3M MeXIy MHIYKIMeN 3JIeKTpudYecKoro mnoida Di u
YCKOpEHUEM ay.

apg = vV 2]€D1 (187)

Ha 6a3ze pemtenus cuctembl OuHIITelHa - MakcBesuta, HalleHHON
MeTpuKe paBHoyckKopeHHoii HCO MoxHO mpumaTh MpoCcTyio pusu-
vecKkyio uHTeprnpetanuio . basuc Takoint HCO mnpencrassser coboi
HEB3aMMOMIENCTBYIOINIYIO APYT C APYTOM 3apIKeHHYIO MbLIb, HAXO -
IITyIOCS B paBHOBECHUN B~ MapaJslyIeJIbHBIX ~ OMHOPOMHEBIX SJIEKTPUYEC-
KOM U IpaBuTalunonHoM mosifxX. ( CaMa BB TIpU HTOM IOJIER He CO3-
maeT, a TPaBUTALNOHHOE TIOJIe ”TIOpoXkaeHo” silekTpudeckuM). Cra-
TUYEeCKOe pellleHre Njisg TpobHBIX yacTull 6a3uca B OTO B sytekTpu-
YeCKOM II0JIe C TOUYKHU 3PEHMS HBIOTOHOBCKON TEOPUU IIPENCTABIIIET
coboll paBHOBECHE TTOJIOKUTEITBHO 3apIXKEeHHBIX YaCTUIL, HAXOSIITAX-
Cd B OJHOPOTHOM TPaBUTAIMOHHOM IIOJIe , TIOMEITIEHHBIX B TJIOCKUI
KOHJIEHCATOP C BEKTOPOM E , HaIIpaBJIEHHBIM MTPOTUBOIIOJIOXKHO CUJTE
TSIKECTH.
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ns YCJ'IOBI/If/i PaBHOBECHUA B HBIOTOHOBCKOII MeXaHUKe NMeeM

el
ay = —, (18.8)

m
rle e - 3apsad YacTHUIEL , a) - YCKOpPeHre CBOOOMHOrO MAameHUsI , 1M
- Macca nokos yactuiiel . C Touknu 3penus OTO npum paBHOBecun
3apsKEHHON BN B OTHOPOIHOM SJIEKTPUYECKOM U TPABUTAIIOHHOM

110JIe CIIPABENJINBO YpaBHeHUE = IBUXKEHUS ~

DV# €
= -, V", 18.9
ds c ( )

mc

rane D - abcomrorHein quddepennuan . B (18.9) DV#/dS ormuuno
oT Hysd ( T.K. B IPOTUBHOM CJIy4ae YaCTHUIB OBl [BUTAJIICH IO Teo-
nesmueckuM ) W3 (18.9) u (2.13) momxkHO ciieoBaTh , 9TO B JIIOGOM
cucteMe oTc4yeTa ( B TOM YKCIIE U COMYTCTBYIOIIEH ) HOIKHO BHIMOJI-
HATHCA PABEHCTBO

DVF*DVY ap? e?

i} — 2 _ Fr F".VoVeq,,. 18.1
In dS dS ct m2ct VoVeg, (18.10)

HJ’IH COHYTCTBYIOIHefI CNCTEMBI HaXOONM

ay = iD1 = const. (18.11)
m
Takum obpaszom, (18.11) ecTs penmsruBucTckuit anaor (18.8).
T.x. B cuny ypaBHeHuWll OuHINITelHa - MaKkcBesla HaIpsaXeH-
HOCTH I'PABUTAIIMOHHOIO IIOJIS @) CBA3aHa C ’HOpoXKIafoIell” ee MH-
nykuueii Dy cooTHomenuem (18.7), 5To HaK/IaABIBaeT OTHEYATOK 1
Ha CBOWCTBa 4acTUIl 6a3uca , HAXOMIIIINXCS B PABHOBECUH TIOI MENCT-
BUEM ABYX moJieli. Mexmy 3apamaMu 1 MacCaMy S TUX YaCTUIl JOJIKHA
CYIIIECTBOBATH 3aBUCUMOCTH

e2

5 = 2k. (18.12)

m
Nrak, HatinenHas MeTpuka (2.18) MoXkeT yIOBIETBOPATDH ypaBHE-
HUSIM OWHINITeNHa ¢ A 4jeHOM, e B KaueCTBe UCTOYHUKA MCITOJIb-
3yeTcs TEH30p SHEPIruU - UMIYJIbCa djeKTpoMarHuTHoro noJig. [Ipu
5TOM OIHOBPEMEHHO BHITIOJIHAIOTCS pellleHus ypaBHeHun MakcBedi-
Jla, a ’KocMoJiormyeckas’ IOCTOSHHas A cBsg3aHa ¢ mHOyKIuen [
o gopMmyJie
kD’
A= : (18.13)

ct
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B mapasienbHBIX MOJIIX MOTYT HAaXOMWTCS B PABHOBECUM 3apikKeH-
Hble MACCUBHBIE YACTWUITHI, MACCHl M 3apAMbl KOTOPHIX CBA3aHBI CO-
orHoteHneM (18.12). Maccer Takux dacTuil B V2 Membire, geM y

’ makcumonoB ” [21]. Yac-

CTaOUITBHBIX DJIEMEHTAPHBIX YEPHBIX IBIP '
Tuma, o6Iamas 3apaaoM IPOToHA, uMeeT Maccy 6mm3kymo K 1076 ¢ |

xoTopas B 102! pa3 6osbIre MaccHl 3JIeKTPOHA, .

19. lleHTpaIbHO-CUMMETPUYHOE U
OUJINHOAPUIECKNA-CUMMETPUYHOE
3JIeKTpoCcTaTUYeCKNe II0JIs

1. IToste co chepuueckonn cuMMeTpUen

Ha ocnoBe Teopun cpepuueckn - cummerpuudorn HCO paccmor-
pUM 3JIEKTPOCTATUIECKOE TI0JIe obJiamaolnee MeHTPAJIbHON CUMMET-
pueit. Takoe mosie MoxkeT GBITH CO3MaHO, HAIPUMED, 3aPIKEHHBIM
chepuUeCKUM TEJIOM WIN TOYEYHBIM 3apsmoM. Kak mokasaHo B pas-
nesie 17, sJeKTpocTaTUUecKoe MoJie CBI3aHHBIX 3apsaIoB OTINYAET-
CAd OT TOJIT CBOGOMHEIX 3apAmoB. PaccMoTpuM 3apsaKeHHBIN ITPOBO-
O map pagunyca R, sapsaxeHHBIN 3apsamoMm (. Tpebyercs Haii-
TU HAMPIKEHHOCTD 3JIEKTPUUECKOTO Mojisd F 1 ompemesinTh reoMeT-
pUIO IPOCTPAHCTBa- BpeMeHHU BHe 1apa. [losryuaemas KpuBu3Ha mpo-
CTPaHCTBa - BpeMeHU B 00IIIeM cirydae Apyroi npupomasl, uem B OTO.
Ona o0ycJIOBJIEHa 3JIEKTPOMArHUTHBIM TOJIEM CBS3aHHBIX 3apsoB,
dusnyeckas CUTyalllsd KOTOPHIX SKBUBAJIEHTHA UX ~ pa3MeIleHnio” B
HekoToport HCO. [leficTBUTETBHO, KaXKIBIN U3 3aPII0B HA TIPOBOIHU-
Ke OymeT HaXOOUTHCI Ha MMOBEPXHOCTU ITapa W UCIBITHIBATH CO CTO-
POHBI CO3[aBaeMOr0 MMU IIOJIA CWIIY ~ OTPUIIATEJIHHOIO HaBJIEHUT ,
HAIPaBJIEHHOTO 10 BHEITHE HOPMAJIU K moBepxHocTH [26]. DTa cuita
KOMITIEHCUPYETCS CUJION CO CTOPOHBI PEIIeTKH, yIAePKUBAIOIIEH 3a-
paObl Ha ToBepxHOCTHU cdepbl. CiienoBaTeIbHO, I0JIE, CO30aBaeMoOe
KaXXIBIM 13 3apaa0B 6yImeT TaKuM XKe, KaK eciin ObI KaXIBIi U3 3a-
PSAIOB MBUTAJICA PAaBHOYCKOPEHHO C YCKOPEHHEM HAIPABJIEHHBIM OT
IeHTpa Iapa.

BosmoxHa u gpyrasg cuTyarus, Korja paccMaTpUBaeMoe ~ yCKO-
peHne” HaIpaBJIEHO 0 paauycy K eHTpy. PaccmoTpum, HampuMep,
mmoJjie B cpepruaecKoM KOHIEHCATOpe, KOr1a BHY TPEHHI A OOKJITaIKa, 3a-
psXKeHa TMOJIOKUTETFHO, a BHEITHIS oTpullaTeabHo. Torma siekTpo-
HBI Ha BHEITHeN 06KJ1aake Oy Iy T HAXOMUThCSI Ha BHY TPEHHEN CTOPOHE
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BHellHel cepudeckon obosiouku. Custa co CTOPOHBI TOJI CTPEMUT-
cs IBUTATh BJIEKTPOHEI K HEHTPY chePhI, BEI3BIBas ~ yCKOpeHMe” , Ha-
IIpaBJIeHHOEe TI0 PAONyCy K IEHTPY, HO CHJIBI CO CTOPOHBI PEIIeTKH,
HaIlpaBJIEHHAsA OT IEHTPa, KOMIIEHCUPYET CUJIIY CO CTOPOHBI TOJIS.

Tak xak B HaJIbHEWIIIEM HaM MOHATOOATCA 06a MPUBEIEHHBIX CITY-
vast (¢ ”ycKopeHUsIMU” pa3HBIX 3HAKOB), TO CHa4aJIa MbI PACCMOTPUM
ciydall, Korja ~ycKopeHHe” HaIIpaBJIeHO II0 paauycy OT HeHTpa, a
3aTeM - Hao6opoT. Bo u3bexaHue my TaHUITH I OBYX CIIydaeB Gop-
MYJIBI Oy[IeM MPUBOAUTH COBMECTHO, COXpaHII 3a (HOPMYJIION C IOJIO-
KUTEJbHBIM ~ YCKOpeHneM’ II0 PaguyCy OCHOBHOW HOMEp, a C ~ yCKO-
peHneM”’, HAIIpPaBJIEHHBIM K IIEHTPY, TOT XKe HOMEp C OYKBOM.

IIpu 5TOM B BBEIBOjIE MBI [JIS MIEPBOTO CJIyUYas yUUTHIBAEM MENCT-
BHE Ha TMPOOHYIO YaCTUIy TOJIBKO CO CTOPOHBI OMHOUN CEPHI - BHEIII-
Hell, He CBA3BIBasg 5Ty 3a7ady C HAXOXKIEHUEM IO CHepuIecKoro
KOHIeHCaTopa. JTY 3aady MogpobHO pa3bepeM majiee.

Harmteir 3amaueii 3mech SIBIIS€TCS JINITb CpaBHEHNE TOTO, KaK BII-
deT HallpaBjleHUe ~YCKOpeHUI Ha XapaKTEePUCTHUKU CO30aBAaEMOLO
MU TIOJIS.

Nrak, B cormacuu ¢ (15.8) u (2.18) norenunan dA) B Touke Ha-
6/1t0TeHU ST BU

_dQ agr'(1 — cos )
dAy = o exp{— 5c2 }7

(19.1)
rae v’ - TpexMepHoe ( €BKJIMIOBO ) paccTOsSHWE OT 3apsina d@) mo
TOYKN HabomeHus , 6 - yroja Mexny pamguycoM - BEKTOPOM T 1 i
1= ay /| ap |. i A KaxIoro sjieMeHTa 3apsina d() HampaBieH OT
eHTpa chepsl (mim K 1eHTPY). Benuunna ”yckopenus” ag s 3a-
PSIOB OTPUIIATENIHHO 3aPSKEHHON ChePHI (7I€KTPOHOB) BHIUMCIIIET-
c4 1o dpopmyJie

_k 19.2)

ap = 2m7 ( :

BBIBOJI KOTOPOU TpUBeNeH B pasmdeiie 17. 3mech e - BeJndmHa 3apsi-
ma, m - Macca 3JIeKTpOHa, F - HalpaKeHHOCTH MOJII Ha MMOBEPXHOCTHU
cheprl. g mapa, 3apaKeHHOTO MOJOKNATEIBLHO,  PESIITUBUCTCKUNA
5d ek T OymeT 3HAUNTEIIHFHO MeHee BhIpaXeH, T.K. IO Maccoi m, 6y-
IeT BBICTYIIATh Macca IMOJIOKUTETHFHOTO MOHA, 3HAUNTEIBHO MTPEBHI-
ITafoImas Maccy 5JeKTpoHa. [losToMy 1mosie OT MOJIOKUTETEHO 3apsi-
JKEHHOTO IIapa MPpaKTUYECKU COBHAMTAET C KJIIACCUYECKUM, & MJIT OT-
pUIATETEHO 3aPIKEHHOTO ITapa ’ pesITTUBUCTCKIE” TOMPaBKU MOTYT

OKa3aThCAd 3HAUNTEIJIBHBIMMUI.
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B corsytacum ¢ (2.18) KaX eIl 13 5J€KTPOHOB Ha TIOBEPXHOCTH Ce-
PHI IPUHAJIEXNT KACATeTbHOMY TNIOCKOMY TTPOCTPAHCTBY, HO pUMa-
HOBY TIPOCTPAHCTBY - BpeMeHu. IlosToMmy onepalmsa nHTEr pupoBaHus
110 c(pepe MPOMCXOAUT B MITOCKOM TTPOCTPAHCTBE U SIBIISIETCS KOPPEKT-
Hoil. BrimosiHue nHTerpupoBanue B (19.1), mosyuum

Ay = LEEVE (14 20)r) - 00, €= 1 ot
. (19.3)
Ay = QGXPZ%% )V @(ic(1 - 2R/r)) - ®(i()], (19.3a)

B (19.3), (19.3a) r - paccTosHIMEe OT IEHTPA IIapa [0 TOYKKA HAOIIO-
neuust ®(() - uarerpan BepostHocTH, ¢(i() - HHTErpas BepOITHOCTH
MHUMOI'O apryMeHTa.

B(0) = = [} exp(—t) d

B(ic) = % [ exp(?) dt = i exfi(().

C nmpyroii CTOPOHBI, COBOKYITHOCTH 3JIEKTPOHOB Ha MTOBEPXHOCTH cde-
pPHl He TMPUHAMJIEXUT KOHTPYEHIU:W MUpoOBHIX juHuii 6aszuca HCO
(2.18), a BKJIIOUAIOTCS B COBOKYITHOCTH MUPOBBIX JIMHUIL, TPIHA/IJIE-
KaImux chepruyuecKn - CAMMETPUYHON JIATPAHKEBOUN COMY TCTBYOIIEH
HCO c meTpukon Buma

dS? = exp(v)(dy")? — r*(d6* + sin® 0d¢?) — exp(N\)(dr)?,  (19.4)

rie v U A 3aBUCAT TOJIBKO OT 7.

®yukunn v(r) u A(r) HykmaoTCA B onpenesieHnn. [IJid nx HaX0X-
IOeHNS BOCIOJB3yeMCS pellleHneM ChepuuecKn-CUMMETPIUYHBIX CTa-
TUYeCKuX ypaBHeHn!l MakcBesuta ¢ ucnosib3oBanneMm MeTpuku (19.4),
AHAJIOTMYHBIX 110 3alliCH yPaBHEHUSIM SJIEKTPOAUHAMUKY B 7 3aaH-
HOM r'paBHUTaNoHHOM moJie” [7]. 3aTeM cpaBHUM MOJTyYeHHOE pelire-
HU€e C BBIpaXKeHneM UL 1oJis, mosiydaemoM m3 (19.3), (19.3a).

s oT/IMYHOW OT HyJIS paauajbHON KOMIOHEHTHI ~ WHOYKIAN
D! umeem ypaBHeHnue

%%( 2sin96Xp()\/2)D1> =0, (19.5)

peleHneM KOTOPOro 6ymeT
D' = @ exp(—r/2 19.6
=3 exp(—A/2). (19.6)
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B (19.5) u (19.6) mexny "unnykimeii” D' HanpsXeHHOCTbBIO TOJIA
E' 1 xoMmoHeHToOll TeH3opa Tois Fy; CyIecTBYIOT M3BecTHHIE [7]
COOTHOIIEHN

1

900

Dy =y D! = %GXP(A/Q) = E\, Ei=Fyu, Yu=—gu,

(19.7)
rae Yy - IPOCTPAHCTBEHHBIN METPUUECKUI TEH30D C OMpeNeSInTeIEM
PaBHBIM 7.

N3 (19.5) u (19.6) cienyer, uro ypaBHeHus MakcBesia ecTecT-
BEHHO He OIpeNesfioT QyHKmid v(r) u A(r).
B cormacum ¢ (19.3) u (19.4) TeH30p 5JIEKTPOMArHUTHOTO TIOJIS

F,, umeeT oTJIMYHBIE OT HyJId KOMIIOHEHTH Fy; = —Fiy
Q exp(C?)/T
o= 47525”{[@((: +26) — (0)| (1 - 2¢?)

2¢ exp(—¢?) B O
L= [1 — exp(—44(¢ + 5))]}, 6= m. (19.8)

exXpl— 2 ™
Ry =9 p4(r2§ VT

{[@ic - 2i8) — @(i0)| (1 + 2¢%)i-

_ 2¢exp(¢?)
NG

pupasuusas (19.8), (19.8a) Beipaxenuo Fjy; u3 (19.7), Haxonum

[1 — exp(—45(C - 6))]}. (19.8a)

ypaBHeHUe, CBs3u Ha QyHKImm v(r) u A(r)

v+ A) _exp((®)y/m

2 45
2¢ exp(—¢?)
T

exp( {|@(¢c+28) - 2(0)] (1 - 2¢)

[1 — exp(—48(C +6))]}. (19.9)

Ay exp(=C)
2 46

_ 2¢exp(¢?)
NG

s HaXoXOeHNsS BTOPOTO ypaBHEHNU, CBA3BIBAIOIIETO 3T PYHK-
1M, PACCMOTPUM CUJIYy CO CTOPOHHBI TOJIf, NEUCTBYIOIIYIO Ha TPoO-

exp| {[@ic - 2i0) — ®(i0)| (1 + 2¢%)i-

[1 — exp(—45(C - 6))]}. (19.9a)

HBIA 3apial ¢, 3aKpeIlJIeHHBII B TOYKe C KOOPAWHATOU 7 OT IeHTpPa
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mapa. IlycTs Macca mpobHoro 3apana my. Torma BeKTop mepBoil Kpu-
BI3HBI F'! MIPOBOII JIMHUI 5TOTO 3apama MOXKHO HAWTH U3 COOTHOIIIE-
Hus (1.5), 3ammcaB Uit 3aKpeIvIeHHEIX 3apSIIOB YCJIOBUE COIY TCTBUS
mist Mmetpuku (19.4) B Bune

Vk=V, =0, VY = (goo) "2,

Vo= (900)"?, F'=F(r), F'=F'=F=0. (19.10)
Otxkyna u3 (1.5), (19.4) u (19.10) nmeem

1dv
F' =~ exp(—]). (19.11)

2 dr
C nmpyroii CTOPOHBI, 5TY BeJIMUNHY MOXKHO HAWTU U U3 CUJIBI, NEN-
CTBYIOITIEN HA 3apPs]l CO CTOPOHKI CBI3U, YIEPXKUBAOMIEN 3apAl B MOJIe
HEeIIOABUXKHBIM. STEL ClJia YMCJICHHO paBHa CHUJIE CO CTOPOHEI ITOJIA U

IIPOTHUBOIIOJIOZKHA el 110 3HaKy.

1dv q
1 [ — = -0 10 ==
Ft = 5 2 exp(—A) moczF Vo
Qq

N3 (19.8)-(19.12) maxonum

exp(v/2) = — g /F01 dr = Qavm /{exp((z)(l/C2 —2)

myCc? 4 Rmyc?

[9(C+28) = 9(0)] + =11 — exp(—46(C + O} dC + Cr. (1913

[TocTosuuyto unTerpupoBanus (' onpenesiuM n3 TpeOOBAHUS €B-
KJIMTOBOCTY MTPOCTPAHCTBA Ha 0€CKOHEYHOCTM.
BemosianTs uaTerpupoBanue B (19.12) aHamuTudecku He Ipen-
CTaBIIIET TPYHa, T.K. IO OMpeneseHuIO
0Ay

Fy = =220
01 Oor

rae Ay onpenesnsercs us (19.3). B pesynprare mosmyunm

Qq exp(¢*)y/'m

myc4ré

exp(v/2) =1+ [‘I)(C +20) — (I)(C)]
g4y

=14+

(19.14)
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Awnasnoruuto OJIA OTpHUOaTeJIBHOI'O YCKOPEHUA HaXOONM

exp(v/2) = 1 + QLOPCC)V [@(i¢ - 2i6) — @(i())

myc24réd
-1+ 25, (19.14a)
myc
N3 (19.9), (19.9a) u (19.14), (19.14a) nHaxomum
eXp@) ) W{ [2(¢ +28)) — 2(0)] (1 - 2¢)}
? 1+ QORI B¢+ 20) — B(C)]
55[1 — exp(=48(¢ + )]
14 LT B (¢ + 28) — 0(C)]
i
Ty (19.15)
. <i> _ W{[@(i( — 2i5)) — (I)(ZC)](l un 2C2)i}
e 1+ Qe el (i¢ — 2i6) — B(i()]
S[1 — exp(—45(¢ — 8))]
1t el CWE P (i¢ — 2i6) — B(iC))
3%
S (19.15q)

[IpoBemeM mnpenBapUTeIBHBIN aHAJIATUYeCKUi aHamus (19.14),
(19.15) packianeiBas BEIpaXKeHHsS B P 0 Ge3pasMepHOMY mapa-
MeTpy 0. OTMeTUM, HAIIPUMEDP, YTO IJIA 3aPIKEHHOTO OTPUIATED-
HO MeTajuimdeckoro mapa ¢ = 50 kV coorBercTtByeT § = 0.11,
719 5JIeKTPOHA ¢ KJIacCHIecKnM pammycoMm e”/mc? § = 0.35355, ms
npotora d = 0.015. Iy amfoMUHMEBOTO Iapa, 3apIKeHHOrO IOJIO-
KUTesbHO 10 ¢ = 50 kV § = 1.66 - 1074,

Pasnoxenne B psim mo d ¢ coxpaHeHUEM YJIEHOB POMOPIINOHAIIh-
HBIX TlepBoil cTenenu ¢ ( B umciurene (19.15) packianbiBaeM B psin
, yIepXKuBas WieHbl ¢ §° ) IPUBOIUT K COOTHOIICHHIO

exp(v) = <1 + A >2 = exp(—A). (19.15)

rmyc>
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B dopmyse (19.15) sapsaner () m ¢ MOTYyT UMETH KakK OINUMHAKOBEIE,
TaK W TPOTUBOINOJOXKHEEe 3Haku. B orymmume or OTO wMerpuka
MIPOCTPAHCTBa—BPEMEHN 3aBUCHUT KaK OT 3apsada, CO3MAIOIIETO ITO-
Jle (), TaXK U OT BeJIMUMHBI NIPOOHOTO 3apsina q. B dacTHocTu, ecim
npoOHBIT 3apsan ¢ = 0, To MeTpUKa TpeBpaIllaeTcs B CUMHXPOHHYIO
KeCTKYIO C PaBHBIMU HYJIIO TeH30paMU CKOpOCTel nedopmaimii, yr-
JIOBOW CKOPOCTM BPAITEHUS M HYJIEBBIMU BeKTOPaMU TTEPBON KPUBU3-
HBI (4— yckopeHusmu). TeH30p KPUBU3HEL IPOCTPAHCTBA—BPEMEHN B
5TOM CJIydae BEIpaXKaeTCs, KAaK U3BECTHO, Yepe3 TPEXMEPHBIN TeH30p
KPUBU3HBI, BEIUNCIIIEMBIN C TIOMOITIHIO TPEXMEPHON MPOCTPAHCTBEH-
Hoit MeTpuku [7]. Eciu 3apsamner () m ¢ — omHOMMEHHbBIE, TO B CHITY
(19.12) F ! HampaBileH K IEHTPY cdepHl, a IS Pa3sHOMMEHHEIX — II0
pamuycy”’ oT 1eHTpa. Eciu B KkadecTBe MIpOOHBIX 3apsAOdoB BEIOpATH
ONMMHAKOBHIE 3aPIMIbI, Y KOTOPHIX CIJIa KYJIOHOBCKOTO OTTAJIKNBAHUS B
TOYHOCTY PABHA CUJIe HBIOTOHOBCKOTO MPUTIXKEHUS, TO TaK/e YacTH-
1Bl B KJIACCMYECKOM CMHEIC/Ie 6yayT HeB3amMmomencTByommMu. Kcim
TaKXe TMPUPABHATH HHIOTOHOBCKYIO CHJTY TATOTEHUS MeXKIY 3apsima-
MU Ha cdepe cuile UX 3JEKTPOCTATUYECKOTO KYJIOHOBCKOTO OTTAJI-
KBaHWS, TO MeXIy 3apigaMy W WX MaccaMé OyIOyT BBITIOIHATHCS
o4yeBUIHEIE cooTHomtenus q°/mi = k, Q*/M?* = k, rne M - macca
3apsanoB @, k - rpaBuTanmoHHas nocTosHHasd. (Pemrenne npusoguTcs
B cucteme CI'CO.) Merpuka (19.15), (19.15a) B 5TOM city4ae COB-
MafaeT ¢ TOYHBIM 3JIeKTPOBAKYYMHBIM chepudecKu-CUMMeTPUIHBIM
COBMECTHHBIM pellleHneM ypaBHeHU JuHINTelHa u MakcBensia u Ho-
cuT Ha3BaHume MeTpuku Paiicuepa - Hopactpema. Hamomuum, uTo
B HallleM cjiy4yae ypaBHeHUS OWHINTelHa BOOOINEe He WCIOJIh30Ba-
JINCH , & KPUBU3HA MPOCTPAHCTBa-BpeMeHN OblJIa 00y CJIOBJIeHA HKBU-
BaJIEHTHOCTHIO CUTYAIIUMW IJIS CBA3aHHBIX 3apSlIOB, yIEePKUBAEMBIX
pelleTKoN Ha chepudecKoll MOBEPXHOCTHU, C CUTYaIluel TTOOOOHON MX
PaBHOYCKOPEHHOMY NBUXKEHUIO K IEHTPY chephl C COXpaHEeHNEM KpU-
Tepus XKecTKocTu 1o bopry. Kakx MBI oTMeuasim paHee B puMaHOBOM
MIPOCTPAHCTBE - BPEMEHN B OTJIMYME OT MPOCTpaHCTBA MUHKOBCKO-
ro Takas CUTyallus BO3MOXKHa. JIFOGOMBITHO OIEHUTH BEJIUYUHY 0,
Ipy KOTOPOil HallleHHOe HaMU MpUOJIMKeHHOe peleHne ( T.e pelle-
uue Paiicaepa - HopacTtpema ) HamMeHee oTiM4YaeTcs OT TOYHOTO
(19.14), (19.15).

B cormacum ¢ xjaccmdeckuMuy mpeicTaBIeHUIMA BHIOEpeM B Ka-
JeCTBe HAMMEHBIITETO 3apsa/ia 3apall dJIeKTpoHa €. T'orga m3 paBeHCT-
Ba e?/M? = k maxomum M = 1.86-10%2. Cunras vacTuiy cepudec-
KOU 1 TIoJIaras ee MJIOTHOCTH PABHOW MIIOTHOCTU SIEPHOTO BEMIECTBA
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p=2.7-10" 2/cu® nomyunm B cornacuu ¢ (19.8) § = 2.5-107°. T x.
pentenne Paiicuepa - HopacTpeMa moydeHo HaMu Kak pas3jiokeHUe B
pAm 1o 0, TO AJIf IOCJEMHEro IPUMEPa OHO IMIPAKTUUECKU COBIIAHLAET
¢ Tounem (19.14), (19.15).

Nrax mosyuusiu pes3ysiabTaT, YTO OJS YacTULl, UMEIOIINX 3apsill
5JIEKTPOHA, ¥ KOTOPHIX CHJIa KYJIOHOBCKOTO OTTAJKNBAHUSA KOMIIEH-
cUpyeTCs HBIOTOHOBCKOW CHJION TATOTEHUs, CIPABEIJIMBO pEIICHUE
Paiicuepa - Hopacrpema. B Teopun OiiainiTelina - MakcBesia Takux
orpaHNYeHUl He HAKJaIbIBa€TCA.

[lonbiTaeMcs Ha 6a3e pa3sBMBaeMOro IOAXOMda IIPEICKa3aTh BO3-
MOXKHBIE SKCIIePUMEHTHI, KOTOPHIE OBl MO3BOJIMIN OATBEPAUTE WJIN
OIIPOBEPTHYTh IPEIJIaracMyIo CXeMY.

JIf060MBITHO OTMETUTE, YTO OTJIMYHAL OT HyJId TeTpagHas KOM-
moHeHTa F{()(1) TeH30pa Toyid B TeTpaaax (7.1) B TOYHOCTH COOTBET-
CTBYeT OOBIYHOMY KYJIOHOBCKOMY BBIPAXKEHUIO MJIA IIOJIS TOYEYHOI'O
3apsAa WK IOJII0 BHE 3apaKeHHOrO Illapa B mpocTpaHcTBe MUHKOB-
CKOT'O [IJI JIIOOBIX U M .

[IpousseneM pacyeT eMKOCTH 3apsAKEHHOIO METAJUIMYECKOro Ila-
pa pamuyca R. Ilpu knaccuueckom paccmorpenun B cucteme CI'CO
emkocTh C' = R. Jljg Halmero ciiydas eMKOCTh OyIeT 3aBUCETH OT
IPUJIOKEHHOIO K Iapy IOTeHIMaja, a TakXke U OT 3HaKa 3apsia.
Berancium emrocTs mo dopmyste (17.13)

C =Q*/2W. (19.16)

s HaXoXIeHUS TUIOTHOCTHU SHEPTUU 3JIEKTPOMATHUTHOTO TOJIS
MOXKHO BOCIIOJIB30BaThCS TeTpaaamu B Bume (7.1) ¢ ucrmosb3oBaHueM
MeTpuku (19.4), u ycioBusiMu comyTcTBUS B popMe

V=V, =0, V0= (900)_1/2, Vo = (900)1/2-

C Toukm 3peHUs MOHAIHOTO MeTona [23] MIOTHOCTEH SHEprUM P
3ITEKTPOMATHATHOTO TOJIA ABIIAETCSI CKAJITPOM TI0 OTHOIIIEHUIO K TIPO-
M3BOJIHEIM NipeobGpasoBanusm y* = f/(z”). B mamem ciyuaae p co-

OTBETCTBYET 1{g)(0) = TOO) = T((g)) KOMIIOHEHTaM TeH30pa SHepruu-
uMmysiabca. Q4eBUIHO, YTO

p =T = TwV"V".

Ucrmonesys Beipaxenus (17.14), (17.15), (19.7), maxomum mis
IJIOTHOCTY SHEPTUN P COOTHOIIEHNE

Q2
= 8t
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KOTOPOE B TOYHOCTH COBIIAJAET C BEIPAKEHUEM IJI IIJIOTHOCTH SHEP-
I'UN T10JIS BHE 3apSIKEeHHOU cephl B IPOCTPaHCTBe MUHKOBCKOTO.

OnHako [j1g HaXOXK I€HUS IIOJIHOM SHEPIUH TOJIS BHE 3apAKEHHOTO
Iapa HyXKHO IIPOM3BOANTE NHTErPUPOBAHNUE II0 IIPOCTPAHCTBY B PH-
MaHOBOM IIPOCTPAHCTBE - BpeMeHn ¢ MeTpukoit (19.4), onpenensemoit
3 (19.14), (19.15). s sToro Bocmosbsyemcs dpopmyson (17.16), B
COIJIaCUU C KOTOPOI MMeeM

) 5 _ A(R)Q

r2 2 ’

Q f exp
— — T _
W= [ V=gT"V,dS, = 5 /s

rae Ay(R) onpenensercs u3z (19.3) mpu r = R.

B pesynbrare nosyunm niis emkoctu C

46 ]
Vrexp(8)[@(35) - 9(3)]

i1 oTpuiiaTeIbHOTO ’yCKOpeHNS MMeeM aHaJIOTUYHO

C=R| (19.19)

210 ]
e —8) ()

HJ’IH OTpHULIATEIJIbHO 3apAXKECHHOI'O METaJIJIMYECKOI'O IITapa BEJINYM-

C=R| (19.19a)

Ha 0

§ =1.563-107%/n,

rae n 6e3pasMepHOE UNCJIO KIJIOBOJIBT, OIPeIelISiollee TOTEHIA
mapa.
Cunras 0 mMason Besmmansoit, 3 (19.19), (19.19a) Haxomum

C = R[1 + 26, (19.20)
2
C=R[1+ %], (19.20a)

Hanpumep npu morenruaise —50 kV mobaBka K eMKOCTHU MHOJIXKHA
cocTaBiaTh 2.44% npu mosoxutesnsHoM u 0.8% npu orpunaTenbHOM
?yckopeHun”

Jlis BEIUUCIIEHWS €MKOCTH IIapa MOXHO BMecTo dpopmyd (19.16),
(19.19) ompenesnTh eMKOCTE OOBIYHBIM CIIOCO6OM IO popMmyJie

Q

(19.21)

rae Ay Beraucasercs u3 (19.3) mpu r = R.
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Takum o6pasom, obe dopmyssr (19.16) u (19.21) okazamuck k-
BUBAJIEHTHBIMU, KaK U TIPU KIIACCUYECKOM PACCMOTPEHUN.

®opmysta (19.18) cnpaBemBa He TOJIBKO IJISL 3apSIKEHHBIX IIPO-
BOJTHUKOB cepudeckoir GOpMBI, HO W IJIS TIPOU3BOJILHBIX 3apsKeH-
HBIX TpoBonsmux Tei. Jlokaxem sTo yrBepxkaenue. U3 (19.18) nme-
eM

/\/_gOOWE BidV = / V_ E D*dV, (19.18a)
™

roe
3yk ’ 1/ 900

B (19.18b) ~j; — MeTpuKa TpexMepHOro MpocTpaHCcTBa. T'ak Kak Bpa-

E,=— YWE, = —gu, - (19.18b)

IIIeHNS OTCY TCTBYIOT, TO YieHb MeTpuku go;, = 0. MaTerpasn (19.18a)
C yueToM ypaBHeHUt MakcBesia B ”’3aJaHHOM T'DaBUTAIIMOHHOM IIO-

ne” [7] s

oy —(yAD") = 4mp (19.18¢)

CBEeOeTCiA K BUOY

vV=g9(1 0 b
W = _87/ F(fayk(ﬁAoD ) —dmpAy)dV.  (19.18d)

Wcrionb3ys paBeHCTBO
/ _g _ ﬁ
1/ 900 ’

nostyunM BMecTo (19.18d) cooTHomIEeHNE

1 1
W=—— / %(ﬁAOD’“) dV + 5/pAoﬁozv. (19.18¢)

Ucnonbays Teopemy ['aycca, mpeobpasyeM mepBBIll UHTETPAJI IO 00H-
eMy K WHTeTpPaJy I0 OKPYXKAIOIIEN 3TOT 06beM MoBepxXHOCTHU. Tak
KaK MoJUHTerpajbHoe BEIpakeHne yORBaeT ¢ pacCTosHMeM Kak 1/73,
TO BHIOpaB MOBEPXHOCTH IOCTATOUHO NAJIEKO, TOT MHTErpaJl ucuesa-
eT. T'ak Kak Bce 3apaIbl COCPEeIOTOYEHHI HA TIOBEPXHOCTH ITPOBOTHAKA
1 TIOTEHIIAJI Ha IIOBEPXHOCTU IIOCTOSHEH, TO IJI BTOPOr0 MHTEerpaJa
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IIoJIy4YnM 1

1 1
W = 5Ao/pﬁdv = A0, (19.18)

yTO ToXIecTBeHHO ¢ (19.18).

Kak m3BecTHoO, [7] B Kitaccudueckoil (HEKBAaHTOBOI) PeIITUBICT-
CKOIl MeXaHUKe >JIEMEHTAPHBIM YaCTUIlaM HeJlb3s IMPUINCHBATE KO-
HEYHBIX Pa3sMepPOB U OHU JOJIKHBI pacCMaTpPUBATHCA KaK TOUEUHEIE.
C mpyroil CTOpPOHEI, 3apskKeHHasd YacTUIla P TaKOM PacCMOTPEHUN
obsiamaeT 6€CKOHEYHON COOCTBEHHON SHEpPrueil, a, CJIeIOBATENbHO, I
maccoit. Pusmyeckas 6€CCMBICIIEHHOCTE TaKOTO Pe3yiIbTaTa B COrJla-
cuu ¢ [7] Tpe6yeT OorpaHUYUTh OCHOBHBIE TIPUHIUITEI CAMOI JIEKTPO-
OUHAMUKK ONpeNeSIEHHBIMU TIPeaesIaMy.

IokaxkeM, 4To B IpemjlaraeMoil HaMU MOIEIN YKa3aHHOU BHIIIE
TPYAHOCTU HE BO3HUKAET M COGCTBEHHAsd SHEPrUs OTPUIATEHHOIO
ToyeyHoro 3apiana (), comepxkarmero B cebe N 5JIeKTPOHOB, KOHEUHA.

Ilsis mokasaTesibCTBa BOCIONB3yeMCs BbipaxeHmsMmu (19.18) u
(19.3), (19.3a) mpu R — 0. Ilomaras B (146) @@ = Ne u BoCIOIb-

30BaBIINCHh N3BECTHOM aCUMIITOTHUYECKON dhopmysoit [47]

e 1-3...(2m -1
Vrzexpl)(1 - 8(z)) ~ 1+ X (-1 L2 B g
m=1 Z
HaXoIUM IIpH z = ¢ >> 1 BEIpaxeHUe
Q 1 2mc? 4mc’R
Ap(R) = 1-—) = 1 — ——
0(F) 4R52< 252> e < eQ >
QA 5 4me*R
Otkyna npu R — 0 umeem
W = Nmc. (19.23)

s 3apgXeHHOW IIPOBOAAIIER cdephl ~yCKopeHUe” TMOJIOKUTETb-
Ho. CitenoBaTesnibHO, SHeprus cdepsr maercsa dpopmyson (19.23). Ui
(19.3a) HaxXomUM Ha MOBEPXHOCTHU ChEPHI BHIPaKeHUE

4y(R) = ¢ exl;(]%_if)ﬁ[@(ia)],

133.MeTI/IM, YTO IOCJIefHEee YTBEPXKICHUE CIIpaBeOJINBO JINIIE NJId TOHKUX 3apAXEHHBIX

IpPOBOOAIIINAX 060310qu, a He OJId CIUIOIIHBIX METaJIJIMYECKNX TeJl. DTO cBA3aHO C TEM,
YTO B IIOJI€ CBA3SaAHHBIX 3apAl0B HE BLHINIOJIHAECTCA BHE 3apAl0OB YpPaBHEHHUE Hannaca, qTo
OPUBOONT K HEIIOCTOAHCTBY IIOTE€HIINAaJIa BHYTPU IIPOBOOHUKa, YTO 6y,z[eT IIOKa3aHO malJlee.
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OTKYyIa HaXOOUM TIpu z = 0 3> 1 BeIpaxeHuUe

4mc?

Ay(R) =

e

[Ipu R — 0 umeeM nyig SHePTUM TIOJII CBI3AaHHBIX Ha cdepe 3apsanaoB
BEIpaXKeHUe

W = 2Nmc’. (19.23a)

Benuuuna sHepruuM TOYEUHOW YACTUIHI OKa3aJlach HE3aBUCUMON
OT 3HaKa U BeJUIUHEL 3apsina. U3 (19.23) crenyet, uro sHeprus mosts
OTPUIIATEJIFHO 3aPIKEeHHOU YacCTUIIH C 3apsanoM () = Ne ompemesis-
eTcs DHepruen Mmokos ee N 3JeKTPOHHBIX Macc.

B uwacTtHOCTH, OJIS OMHOTO SJEKTPOHA ~pasMa3aHHOro” Ha cdepe
pamuyca R — 0 cobcTBeHHas >Heprus MoJid COBNANAET C €ro dYHePru-
eit mokos W = mc?.

Knaccuueckas eMKOCTH MPOBOMAINErO ITapa paBHA €ro pamauycy
1, CJIe[IOBaTeIbHO, PaBHA HYJIIO IIPU PACCMOTPEHUN TOUYEYHON YaCTU-
1IbI. B HallleM ciiydyae eMKOCTH TOUEYHOTO 3JIEKTPOHA B COTJIACUM C

(19.23a) BerunCcaseTcs o popmyie
B Q? B e? T
C2W 2me? 2

I OKa3bIBAa€TCAd B IBa pa3a MCHBIIIE €I'0 KJIaCCUYECKOI'0O paanyca.

o

B "HepengaTuBuctckom” npubsmxernun § — 0 nuMeeMm

Q2
Ao(r) = r’ W= 2R
KJIaCCHYEeCKNE COOTHOIIECHNA OJIAd IIOTCHIINaJIa 1 SHEPIrUn 3apAaXKEeHHO-
r'o MpOBOOAIIIETO IIapa.

OTMeTI/IM, YTO BEJIMUMHA SHEPrun SHeMeHTapHOﬁ TOUEYHOUN Yac-
THUOBI HE 3aBUCHUT OT 3HaKa M BEJIMYMHLBI 3apdia. TELKI/IM o6pa30M,
HpeI[J’IaI‘aeMBIﬁ HaMM IIoAXOon paciamupigaeT obJ1acTh IIPUIMEHNMOCTHA
KJIaCCUUYECKON TEOPpHUMN IIOJIA TIPpU! IIEPEXoae K NOCTaTOYHO MaJIbIM pacC-
CTOAHUAM.

I'oBops 06 sJ1eKTpOHE, cllenyeT COOJIIOIATh N3BECTHYIO OCTOPOXK-
HOCTB. OCHOBHOfI BOITPOC O IIpHUpoMde JICKTPOHA oCTaeTCAd 1O CUX IIOp
HeBHIICHEHHBIM. Kak roBopusi DUHINITENH, ”9JIeKTPOH SBISETCS Uy-
JKaKoM B syieKTpoauHamuke” . 3 sjleKTpognHaMUKU TPYOHO MOHATh,
KaK MOXeT KOHEeUHBIN 3apdad 3JICKTPOHa €, paCCManHBaeMBIfI KakK
TOUEYHBIN WJIN HaXDI[ﬁIIlIHfIc& B OYCHb MaJIOM O6'beMe, COXPaHATHCA B
KadecTBe CTaOUIILHOTO O6pa3OBaHI/I5I, BOIIpEKH HeﬁCTBYIOHIHMH MEXK-
Oy €ro sJieMeHTaMM KYJIOHOBBIMHN CHUJIAaMMW OTTaJIKMBAHWA. HpI/IpOI[EL
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CUJI, TIPEMATCTBYOIINX B3PHIBY SJIEKTPOHA MOM HENCTBUEM KYJIOHO-
BBIX CWJI, HaM HemsBecTHa. Ha pelteHne sToi mpobseMbl MOXKHO Ha-
IeATHCS JINID B OOITIEN TeOpUNU 3JIeMEeHTAPHBIX YaCTHII.

Kak ormeueno B [83], [lyankape "B 1906 romy BBeJ MOBEPXHOCT-
HO€e JaBJIEHNE HEM3BECTHOTO IMPONCXOXKIEHUS, KOTOPOE MOIKHO OBIIIO
IeCTBOBATD Ha SJIEKTPOH CO BCEX CTOPOH, KaK PABHOMEDPHO HATIHY-
Tas IJIEHKa .

OTa IJIEHKa SKBUBAJIEHTHA HAIlell MOJMESIM YyIPYTuX HUTEN, 3a-
KPEIUIEHHBIX B IEHTPE M CAEPXKUBAIOIINAX SJIEMEHTHI 3apada SJIeK-
TPOHa OT pa3beraHus 3a CYeT KYJIOHOBBIX CHJI.

Anasiornunas cutyanus uMmeeT mMecto u B OTO mpu paccmor-
PEHNM TIOJTHOW SHEPTUM MATEPUUA U MOCTOIHHOTO T'PaBUTAIIMOHHOTO
moJist (T.e. TIOJTHON MAacChI TeJia), BEIPAXKaeMOIl Yepe3 TeH30p SHep-
T'UY UMITYJIBCA OTHON TOJBKO MaTepuu [7]. DTy 3amady BriepBbIe pac-
cmorpent P. Tommen [108]. Uckmrouas mpoMexRyTodHbIE BHIKIAIKM,
nonpo6uo mponesnanubie B [7] u [108], mpuBoguM pesysibTaT

1
ﬂ:nw:zﬂw—Tﬁﬂg—ﬁ%Lmv

3nmeck P - BpeMeHHas KOMIIOHeHTa 4 - UMIysbca, dV - TpexXMepHEIil
(eBKJIMOOB) 5IeMeHT 06beMa, ¢ - 4 - MEPHBIN ONpeNesInTeNb METPH-
4eCcKOro TeH30pa.

Ecnu B xauecTBe NCTOYHMKA B ypaBHEHUIX DWHIITENHA BHIOPATH
TEH30p SHEPruy - UMIIYJIbCa 3JIEKTPOMArHUTHOTO MOJIL, TO U3 pa-
BEHCTB

T =0, TOO =177,

BEITEKAIOMNX U3 TeTpad B Bume (7.1) ¢ MCHOIB30BaHUEM MeTPUKN
(19.4), u ycyoBusMu COmyTCTBUS B hopMe

V=V, =0, VY = (goo) 2, Vo = (g00)"?,

HaXoOonM

2
P’ =mec = —/T(O)(O)\/—gd V.
c

Bnauenue P oTsumdaeTcs ot sueprum nosis W (17.16), (17.16f) mo-
xurtesieM 2/c. Eciu MHOXRUTENb 1/¢ BlOJIHE eCTeCTBEHEH, TO HAJIU-
yne yIBOEHUS SHEPrUM CBA3aHO C YUYeTOM He TOJIBKO SHEPIUU 3JIEK-
TPUYECKOTO TI0JIL, HO M CBI3aHHOI'O C HUM IIOCPEACTBOM ypaBHEHMUIA
OWHIIITeHA, TPABUTAIIMOHHOTO TOJIS.

B Hamem ciydae posib IpaBUTALMOHHOIO ITOJIS BHIMOJIHIET IIO-
e cuit cBszell, (naBnerue [lyankape) KoTopble IPeNITCTBYIOT KyJIo-
HOBCKUM CHUJIaM OTTAJIKUBAHUA U COXPAHAIOT XKECTKOCTD 3ap AKEHHOI

172



vyactuiel. [lo sToit npuuune B dpopmyste (19.23a) npoucxonut yaBoe-
HIe YHEPTUMN.

XoTsg norenimain Ay u sueprus W mosis To4edHOTo 3apsaa oKa3a-
JICHh KOHEUHBIMU, OTHAKO BRIpakKeHUe N1 3akKoHa Kysona, okazaioch
CTIpaBeIIUBHIM B TeTpalax M BCcell o0JlacTy 3HaUeHU paamyca. 3
nosist Tetpan (7.1), merpuku (19.4) u popmy (19.8a) u (19.9a) cite-
IyeT BhIpaXKeHUe

Foy(1) = exp <—T

KOTOpPOe B TOYHOCTHU COBHANAET C KJIACCUYECKUM BEIPAKEHUEM IS
HAMPSIKEHHOCTHU TOJIE ToYedHoro 3apsana. B [7] B xauecTBe Hamps-
JKeHHOCTU TOJIS BHIOMPAIOTCS He TeTpallHble KOMIIOHEHTHI TEeH30pa
noJist, a ux addunuse 3uadenns Fy,. [lepexon x npeneny B (19.8a) n
(19.9a) mpu r = R u R — 0 TakXe IpUBOOUT K BHIPAKEHUIO

Q

F()l — ﬁ

Taxum obpazom, 0 ahPUHHEIX KOMIIOHEHT TeH30pa MOJIA M1 60ITh-
MX 7 > 79 U MaIJIBIX r < 7) PaCCTOSHUN OT 3apsAna TaKxXKe CIIpa-
BelJINB 3akKoH KysioHa, XOTs NI BeJIMYUH BOJIU3M 7() TeTpaiHble U
adPUHHBIE KOMITIOHEHTHI He COBIANAIOT.

N3 amammsa dopmyn (19.3a) u (19.18) BEITEKaeT, uTO SHEPrUs
BJIEK TPUUECKOTO0 TIOJIA 3apAKeHHON MPOBOAAIIEN chephl PU OTPUIIA-
TeJILHOM ~yCKOpeHMHu , 3aJaHHOM 3apsine () = e u pamuyce R ume-
eT MakcuMmyM npu R = 0.06r; = 1.68 * 107'* cm. 3madenme sTo-
ro MakKCUMyMa IS IS cPephl C 3apsa/ioM 3JIeKTPOHA COCTABIIIET
W ae = 2.565mc?.

I[Ipu R — 0, sHeprus He CTPeMUTCS K O€CKOHEUHOCTHU, KaK IMPU
KITACCIYECKOM PacCMOTPEHNH, a CTPeMUTCS K Besmunae W = 2mc?.
Nraxk, pasMmep dacTuilbl, UMeOIel SKCTpeMasibHOe naBiieHune [lyaH-
Kape, COCTaBIIgeT BemunHy mopagka 1.7 x 107 cu.

Kak mokaspiBaloT cOBpeMeHHBIE UCCIIETOBAHUS B KBAHTOBOW TeO-
pUM TIOJIS, CIIPABEJIMBOCTD 3aKOoHa KyJloHa BBIMIOTHIETCS IO 3HaUe-
muii pagnmyca r = 1070 cm. IlosToMy cTapble HeSIMHeWHEBIE TeOpUN
mosig I'. Mu, M. bopra u M. bopra u JI. Unadennna, paszobpanusie
B MoHorpadusx [83] u [109], roe Hapymenue 3akona Kysona mpouc-
XOMUT Ha PACCTOAHUAX MOPINKA KIIACCUYECKOTO PAIUyCca DIIEKTPOHA
ro ~ 10713 cM, He yIOBIETBOPAIOT COBPEMEHHBIM TeOPeTUUECKUM I
9KCIIEPUMEHTAJIbHBIM TaHHBIM.
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Isis Hammero ciaydas 3akoH KysoHa (B TeTpamax, K KOTOPBIM U
OTHOCSTCS TIOKa3aHWs IPUGOPOB) CIIPABEJINB IS JIIOG0TO 3HAUEHIS
paanyca, 9To COTJIaCyeTCSI C COBPEMEHHBIMU M3MePEHUSIMU.

B sakmouenue pasmesia pacCMOTPUM BOIIPOC 06 BIIEKTPOMArHUT-
HOII MaccCe W 5JIEKTPOMAarHUTHOM WMMITYJIbCE TIOJIS IBUXKYIIETOCS 3a-
psana (smekTpoHa). ” Pusuueckue” KOMIOHEHTHI 4 - MMIYIbCa OIS
P®) BUKyIIeiics YacTUIBL OPeNeINM B COTJIACHN € (GOPMYIIoi

plo) 1 / V=gT"e\® ds,, = ! / V—gT V@ qy, (19.23b)
C C

B KoTopoii kommonerTa P") paBua sueprun noms W (19.23), momesneH-
HOW Ha CKOPOCTH CBETAa C, & MPOCTPAHCTBEHHBIE TeTpaHbIe KOMIIO-
#enTsl PF) 06pasyloT TpexMepHbIil BEKTOP MMIIYJIbca moJist. UTo6s
BEITIOJTHUTH WHTETPUPOBaHUE B TOCjemHelr ¢GopMmyJsie, YIOOHO BBIpa-
3UTH BXOMAAIEe B Hee BeJIMUYUHBI depes Beqauuuubl CO, B KoTopon
3JIEKTPOH ToKonTcs. Bce BeTmumHBI B 5TON cucTeMe OymeM oOO3HA-
JaTh co mMTpuxoM. lIpenmonoxnm, 94To 3JIEKTPOH MBUKETCS BIOJb
ocu z. Tak Kak B TeTpalax, YIOBJIeTBOPAIONNX KaaubpoBke Jlame,
KOTOPOU MBI 37IeCh TIOJTB3yeMCS, TeoMeTpUIeCcKre 06HeKTH MMEIOT Ty
XKe caMyIo CTPYKTYPY, YTO U B TaJIMIIEEBHIX KOOPAMHATAX TIOCKO-
ro npoctpancTBa MuHKOBCKOTO, TO opmyity (19.23b) npencraBum B
BEKTOPHOM BHUJE

- 1 5 = - 1 -

P=_—[y=gExHdv, H=-¢xH. (19.23¢)

47e c

—_

-
Bmecy E, H, U — BEKTOPHI 5JIEKTPUYECKOTO, MATHUTHOLO IOJIEN U
CKOPOCTU YaCTUILBI COOTBETCTBEHHO.

[Mocnemuuit mATErpasrt MOXKHO MPeobpazoBaTh K BUMLY

P=_—[y=gExHdV = 4—/\/_—g[UE2—E(U-E)] dV. (19.23d)
e

9lcHo, uTo B conyTcTByIlomenn CO MarHUTHOE T0Jie YaCTUIIH PaB-
HO HYJIIO U P = 0. Il BBUUCIEHAA MHTerpaJia BOCMHOJIb3yeMCS CJle-
OyoImmMu GopMyJIaMul, BEITEKAIOIMTIUMU 13 UHBAPUAHTHOCTH 4 - 00b-
eMa, UHTepBaJla U JIOpeHIleBa ITpeobpa3oBaHUs MoJiel

J—gdVedt = \/—gdV'edt', df =dty1- B2, B=", E,=FE,
C

1 1
B =-— F. E=-——_F,  H =0,
Y /1 _/8‘2 Yy



__BE, . _ BE
JI-5 T 1-pE

Ucnonbays 5Ty GopMyIiel, HAXOMUM JIJIS OTIUYIHON OT Hyns P, =

H, =

PB) xoMTOHEeHTHI UMITYJIBCa I10JIS BEIPasKeHUe
v 2 2
P, = E E')/—qgdV'.
4#02\/1—52/( o T y) g

N3 chepuyueckonn cuMMeTpun >JIeKTPUUECKOTO TIOJIT B COMYTCTBYIO-

1ient sekTpony CO umeem

2 v 4 v
P, == E?/—¢gdV' = —— ——W 19.23
34nc2/1 - 32 / J s (1923

rze sHeprus nosis W onpenenena B (19.18), a miis ToueuHOl 9aCTUIIHL
- B (19.23).

Hanuume muoxuTesns 4/3 B mocnentenn popmyse SIBIAIETCS TPYII-

HOCTBIO KaK Kjaccumueckoll Teopuu MakcBesuia, Tak U Halllell MOIU-
pukanun.

2. Iloste ¢ MMIIMHAPUYECKON CUMMETPUEN

PaccmoTpum moste, obamaroriiee MUINHIPUIECKON CUMMETPHEN,
co3laBaeMO€e TOHKUM 6eCKOHEYHO MJIMHHBIM 3apsKEHHBIM MeTaJIIn-
YEeCKUM IUINHIPOM.

CoBMeCTHM OCh 2 C OCHIO MWINHIOPA, BEIOpaB Ha4YaJio KOOPAMHAT
B IleHTpe nmwinHapa. Pacuer moss 6ymeM mMpon3BOAUTH B MWJINHIPH-
YeCKOW CHCTeMe KOOPOWHAT, BOCIIOIb3YSICh IJIf HAaXOXIEHUS MOTEH-
masia gopmyiioit (19.1), rme 7' - TpexmepHoe ( €BKIINAOBO ) pacCTOS-
HIe OT 3apana d() mo Touku HabIoaeHud , § - yroJI MEXIY PaauyCoM -
BEKTODOM P U 1,1 = ay/| ap |- i IIIA KasK/Ioro 37ieMeHTa 3apana dQ Ha-
IpaBJIeH OT IeHTpa HMWINHIPA MMEPIEHINKYIIPHO €ro MOBEPXHOCTM.
Benuuuna ”yckopenns” a( i 3apgI0B OTPUIATEHHO 3apaKEHHON
[WINHAPUIECKON MOBEPXHOCTH (5JIEKTPOHOB) BHIUUCIILETCS TO Gop-
myde (19.2).

Kaxneiii u3 3apgmoB Ha MPOBOMHUKe OymeT HAXOMUTHCSA Ha TIO-
BEPXHOCTHU IIWINHIPA U UCIBITEIBATH CO CTOPOHBI CO31aBAEMOTO MMM
IIOJIA CIJIYy ~OTPUIATEIBHOTO MaBJleHNs , HAIpaBJIEHHOTO MO BHEIII-
Hell HopMaJIu K moBepxXHoCTH [26]. DTa cuita coobIraeT 3apsany paiu-
ajibHOe " ycKopeHMne” U KOMIIEHCHUPYETCS CUJION CO CTOPOHHBI peIleT-
KW, yAePXKWUBAIOIIEH 3apsabl Ha moBepxHocTHu mwimHapa. (Eme pas
MOJUePKHEM, YTO B PUMAHOBOM MPOCTPAHCTBE-BPEMEHU ITOKOSIIIEE-
CsI TeJI0 MOXKeT 00JIalaTh OTIUYHBIM OT Hyss yckoperuem!) B co-
rinacuu ¢ (2.18) KaXOBI U3 JIEKTPOHOB HA MTOBEPXHOCTHU LWINHIPA
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MIPUHAIJIEXKUT KacaTeJIbHOMY IIJIOCKOMY IPOCTPaHCTBY, HO pAUMaHO-
By TNPOCTPAHCTBY - BpeMeHu. IlosTomy omepalnms wHTerpupoBaHUS
10 TTOBEPXHOCTU UWJINHIPA IPOUCXOAUT B INIOCKOM IIPOCTPAHCTBE U
ABJIIeTCA KOPPEKTHOM.

N3 reomerpuuecknx coobOpax)eHUU JETKO TOJIYUYUTH (PopMyITy,
CBSI3BIBAOINIYIO BeJIMUYUHBL 7' 1 6 ¢ paauajibHON KOOPAUHATON p U
YTJIOBON KOOPAMHATON ¢ ITAJITUHIPAUYECKAX KOOPIUHAT.

r' cosf = R — pcos¢. (19.24)

DJieMeHT 3apgna d() Ha TOBEPXHOCTH IMJIMHIPA MOXHO MIPENCTa-
BUTH B BUJIlE

dQ = o Rdpdz = 2ldgz5dz, (19.25)
T

rge ¢ M Y COOTBETCTBEHHO MOBEPXHOCTHAd U JIMHENHAs INIOTHOCTU
3apsaOoB.

B mengax ymporreHus mepenmeM OT TOHKOTO HWJIMHAPA K 3aps-
XKeHHON HUTHU, mojarags R — 0 m cumrTas vy MOCTOSHHON KOHEUHOU
BesinuuHOM. B pesysnbTaTe i nmoTeHImasna Aj moiyuyuM BhIpaKeHUe

7/ do exp<pa0 cos gb) /+oo eXP<_a0\/2[c)z—+—zz> i

19.26
20 )l TR (19:26)
BBI‘—II/ICJ'IGHI/IG MHTErpaJioB IIPpUBOOUT K COOTHOIICHWIO
E
Ay = 29In(Q)Ky(a), o= = 220 (19.27)

2c2 4Amc?

B nocnentem cooTHolieHuu Fjy - HanmpsSXKeHHOCTH IMOJIS Ha TO-
BepxXHOCTHU ImwmHapa, Iy, K - numuaapudeckue ¢yHkimu beccens
B OOIIENPUHATEIX 0603HaUeHNIX [82].

Hatinem reomeTputo mpocTpaHCTBa-BpeMeHU BHE 3aPsIKEeHHON HU-
TU W BBIUYMCIIAM SHEPTUIO MOJIA, CO3MAHHYIO 3apAlaMU STON HUTH.

COBOKYITHOCTDH 3JIEKTPOHOB Ha TOBEPXHOCTHU MHWJIMHIPA HE IMIPU-
HaJIEXKUT KOHIPYeHIMM MupoBEIX JjumHmi OGasuca HCO (2.18),
BKJIIOYAIOTCS B COBOKYITHOCTH MUPOBHIX JIMHUW YacTull 6asuca, mpu-
Ha,IJIeXKAIAX MUITAHIPUYIECKN - CUMMeTPUYHON JIarpPaHKeBOW COITY T-
crBytorieit HCO ¢ meTpukoii Buma

dS? = exp(v)(dy")? — exp(A)dp* — p*d¢? — d2*. (19.28)

rIe v U A 3aBUCAT TOJIBKO OT p.
®yukunn v(p) u A(p) HyKOarTCa B onpenesieHnu. g nx HaXox-
INEeHNS BOCIOJIb3yeMCA peIleHreM IUJINHIPUIeCK-CUMMETPUYHEIX
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CTaTUYeCKUX ypaBHeHuit MaKcBessla C WUCIOJIB30BaHUEM MeTPUKHU
(19.28), aHAJIOTWUYHEIX [0 3allCU yPAaBHEHISM 5JIEKTPOAWHAMUKN B
’3amaHHOM TpaBuTanuoHHoM mnose” [7]. 3aTeM cpaBHUM IOy YeHHOE
pellleHne ¢ BBHIpaXKeHUEM I TOJISI, mosrydaeMoM u3 (19.27).

s oT/IMYHOW OT HyJIS paauajbHON KOMIOHEHTHI ~ WHOYKIAN
D! mveem ypaBHeHmE

19
V7 0p

pellieHeM KoToporo 6yneT

(pexp(r/2)D') =0, (19.29)

D' = 277 exp(—A/2). (19.30)

B (19.29) u (19.30) Mexay "unnykuueit” D! manpsaxennocTbo mosis
E' 1 xoMmoHeHTol TeH30pa Mo Fy; CyIecTBYIOT mM3BecTHHIE [7]
COOTHOIIEHN

1
£/ 900

Ey, Ei=Fyu, Yu=-—-9u,
(19.31)

rae i - MPOCTPAaHCTBEHHBI MeTPUYECKAN TEeH30p C OlpelenTeseM

2
Dy =y D! = %GXP(A/Q) =

PaBHBIM .
ScHo, uTo ypaBHeHus MakcBesta He onpenensoT GyHKuuil v(p)

u A(p).
N3 (19.27) HaxoouM OTJIMYHEIE OT HYJIS KOMIOHEHTEL Fj; = —FY
0A a
Fin=—"5 "= SHE(@)o(@) = Li(@)Ko(a)). (19.32)

[Ipupasuusas (19.32) Beipaxenuto Fy; us (19.31), Haxogum ypas-
HeHIe, CBs3u Ha pyHkiun v(p) u A(p)

v+ A
2

) = alKi(@)(e) - Lie)Ka(@) = L-Fy.  (19.33)

exp< 2

IIng HaxXOXOeHNS BTOPOro ypaBHEHNS, CBA3LIBAIOIIEr0 TN PYHK-
11, PACCMOTPUM CHJIy CO CTOPOHEI IIOJIf, NEMCTBYIOIIYIO Ha IIPO6-
HEL1 3aps] ¢, 3aKPEIJIEHHEI B TOUYKE C KOOPANHATON p OT OCH HUTH.
IIycTs macca mpobHoro 3apsma myg. Torma BeKTOp IepBOil KPUBU3-
HEI F'! MUpOBOI JIMHAYM 5TOTO 3apala MOKHO HANTH U3 COOTHOIIEHNS
(1.5), samucaB I 3aKPEIUIEHHBIX 3apSI0B YCIOBUE COIYTCTBUS [IJIs
meTpuku (19.28) B Bune

V=V, =0, VY = (goo) V2,
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Vo=(90)"? F'=F(p), F'=F =F=0. (19.34)
Otkyna u3 (1.5) mmeem

1dv
1
F* = ——exp(=A\). (19.35)
2dp
DTy XKe BeIMYMHY MOXKHO HAITHU W U3 CWIHI, NeliCTBYIOIIEN Ha 3a-
PAII CO CTOPOHEI CBA3M, YIePXKUBAIOIIEN 3apA/l B [T0JI€ HEITOABIKHEIM.
OTa cuia YMCIIEHHO paBHA CUJIE CO CTOPOHEI IIOJIA 1 IIPOTUBOIIOJIOKHA

el 110 3HaKy.

1dv q
Fl=>-" N =-——2_Fy, =
2dp exp(=A) mgyc? !
2vq
— —\/2). 19.36
D exp(-Ar2) (19.30
N3 (19.32)-(19.36) Haxomum
q qAp
exp(l//2) = _moc2 /F()l dp = moc2 + 01, (1937)

rae C] - IOCTOSHHAA MHTEIPUPOBAHMA.

[TocTOIHHYIO MHTErPUPOBAHNUS ONPENEINM 13 BUA aCUMIITOTIKIN
Ay Ha 60JIBIINX PACCTOSHUAX OT HUTH. XOPOIIO M3BECTHO, YTO IIPHU
KJIACCMYECKOM PacCMOTPEHNN MOTeHnnas Ay Ha 6GoJbIINX paccTosd-
HIIX OT HUTU JIOTapU(pMUUECKN PACXOMUTCA.

Ilng paccMaTpuBaeMoOro HaMU CiIydasd 3TO He Tak. J[oKaxkeM 5To.

B terpanax (17.10) ma ocmoBe dopmyn (19.30), (19.31) Fy

KOMIIOHEHTa TEH30pa 3JICKTPOMAarHUTHOI'O ITIOJId MMEET BIUL

_ 2y

; (19.38)

Foym)

Ha moBepxHOCTN IIMIMHApa BeIWYnHA 110519 F)) coBmaiaeT ¢ TeTpa-
HOUl KOMITOHEHTOU F(gy(1). IloaToMy niis Besmuuubl o uMeem

_ pay _ peky _ pey
2¢2 4me2 R2mce?’

p>R. (19.39)

N3 amammsa (19.39) cnemyer, uto o« — oo mpu p — oo. Hus
OOJTBIIINX PACCTOSHUAX OT HATU MOJKHO BOCIIOJTB30BATHCSI M3BECTHHI-
MU aCUMIITOTUYECKUME pasiloxkeHusMu s pyukuuii Beccemns [82].

1 T
IO(O[) ~ %ea, KO(O[) ~ %6_0[ (1940)
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OTo IIPpUBOOUT HOJIA KOMIIOHEHTBI 4 - IIore”HnanalJia AO K BBIpaXKe-

HHATIO 9 2R
Ap(a) = L = T8 (19.41)

o ep

Orciona cienyeT, uTo ipu p — 00, Ay — 0.

WNrak, MBI mokazaji, YTO NJIs Halllero cjiydas moBeneHue A Ha
OEeCKOHEUHOCTH Pe3KO OTINYAETCS OT KJIaCCUUeCKOro aHaJora: BMec-
TO PACXONAIIENCS BEJIMYNHBI MBI TTOJTYUYNIIA BEJIUUNHY CTPEMSIITYIOCS
K HYJIIO.

OTo maeT BO3MOXHOCTDH IOCTOAHHYIO MHTerpupoBanus C7 ompe-
nemuth u3 (19.37) u3 TpeboBaHus obpallieHus gy B eOUHUIYY Ha Hec-
KoHeuHOCTH. B pesymbrate u3 (19.37) umeem

2) =1 19.42
exp(v/2) =1+ m002 ( )
Ucmonesys (19.33), maxonum
p (9140 1
A2 . 19.43
eXp( / ) 27 8p 1+73%A§2 ( )

Iist cimabeix mosteit pu o < 1, UCTIOIB3Y S M3BECTHBIE Pa3iIoXKe-
Hust st pyHkmit Beccena [82]

I(a) ~1, Ky(a)~—(In(a/2) +C), (19.44)
HaXoOuUuM
Ap(@) =~ —2 <ln<g ;) +C), 8(;;0 2;, (19.45)

rae C' = 0.57721566490... - ecTh mocTosTHHAI JUJIEpPA.

(19.45) ¢ TOYHOCTBIO MO 3HAUEHWS MOCTOSHHBIX B MOTEHIHAJIE
COBITa/Tae€T C KJIACCUUeCKUM BhIpaxkeHumeM. OmHaKo MeTpHUKa IIPOC-
TpaHCTBa-BpeMeHN AaXe B CJIydyae cJIaboro ToJis OCTAaeTCd pUMAaHO-
BOI1, ompenessieTcs Gopmyioit (19.42), a BMecto (19.43) nmeem

1
eXp(A/Q) = m. (1946)

Borunciaum SHEPTI'HUIO II0JIA OT 3JIEMECHTA 3apﬂ}KeHHOﬁ HNTNU OJINHBI

moc2

h, Bocnosb3ysick popmynamu (17.16) -(17.18), (19.18). Hmia Terpan-
roit komroneHTH T (V) remsopa sHeprun-nMITynbca nMeeM BBIpae-
HIIe

TO)0) _ 21p2 (19.47)



h 00
W = /\/_—gT‘”’V,, ds, = 77/3 Fy, dp

= — 19.48
: SO (19.ag)

Taxk xak mo mokasanHoMmy B (19.41) Aj(oo) = 0, a HUTH O YCIIOBUIO
nmeeT pamuyc R — 0, To coornomienune (19.48) Ha ocuose (19.39)
IIPUMET BT

2

W = _721110( i >KO< i ) (19.49)

2mc?

2m

N3 popmyset (19.49) crenyeT, 9To SHEPrUs MOJIS BHY TPU IIWIIAHI-
pa OJUHBL h 1 6€CKOHEYHOTO PAINYCa IBIIAeTCI KOHEUHON BEJIMYMHON,
YTO Pe3KO OTIMYAETCA OT KJIACCMYECKOTO 3HAYEHUS SHEPTUM 3apsi-
JKeHHON HUTU, KOTopas OEeCKOHEYHO BeJINKA.

[Tpu noTHON ymakoBKe 3apsnoB Ha HUTU, T.e. IPU BHITIOJTHEHUN

ydioBuga
chz > 1 (19.50)
nMeeM OJid SHEPTUHN BBIPpaXKEHUE
h 2
W= 21" = Nme?, (19.51)

e

rie /N - YuCJIo BJIEKTPOHOB Ha IJiMHe h HUTH.

Nrak, njis Tpex BUOOB cuMMeTpun (ILIOCKOM, chepuuec-
KONl ¥ IUWJINHIPUYECKON), SHEPrus IOoJisi, COo3laBaeMas ToO-
YeYHLIMU 3apsaliaMU, He PacXoAMTCA, KaK 3TO UMeeT MecCcTO
NpHU KJlacCMYeCKOM PacCMOTPEHUN, a onpenesisieTCsa dYHepTriu-
€l MOoKOosA 3apAlioB, co3marolux moJsie. Ilpum »TomM BenmumHa
3apsana BhIagaeT u3 GopMyJs nJjia >Hepruu.

20. 2KecTkasa, 6e3BuxpeBasi, cpepuyecku-cuMMeTpPUYHAaA
HCO

PaCCMOTpI/IM B IIPOCTPAaHCTBE MunkoBcKoro OEHTpPaJIBHO - CIMMET-
PUYHOE OBHUXKCHUE CILJIOIITHON Cpeabl, IIpouCXoOdIee N3 HeKOTOpOfI
TOYKU, B KOTOpOfI IIOMEIIICHO Ha4YaJiI0O KOoOopOouHaT. O‘-IeBI/II[HO, qTO
IJIA HEL6J'IIOI[ELT6J'I€I>1 B HanaH}KeBOfI COHYTCTBYIOHIefI CucrTreMe oTcue-
Ta paCCTOdHNE MEXOY COCEOHMMHN 3JIEMEHTaMM CpPeObl 6y,[[eT ns3Me-
HATBHCA BO BPEMECHHU, T.€. TaKad CACTEMa HE ABJIACTCA XKecTkon . Tak
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KaK BCE TOYKHU CPENBI, HAXOMAIINECS Ha OJUHAKOBOM PaCCTOSHWUN OT
IIeHTpa, UMEIOT OJNHAKOBEIE CKOPDOCTH M YCKOPEHHUS , TO TaKasd Cpela
nBuxkeTca 6e3 Bpammenuin . Takum o6paszom, miug Takon HCO TeH-
30p YIJIOBOI CKOPOCTM BpallleHWs PaBeH HYJIIO, a TE€H30p CKOPOCTel
nedopMaluil U 1oJie BEKTOPOB IePBOil KPUBU3HEL OTJIMYHO OT HYJIA.
Eciu nna pacemarpuBaemorn HCO noTpe6oBaTh BBHIIOJIHEHUS Y CIIO-
BUS KeCTKOCTH, TO I3 aHAJIN3a ypaBHeHUI CTPyKTYypsHI (1.7) cirenyet
, 9TO B NpOCTpaHCTBe MMHKOBCKOTO HE CYIIECTBYeT CHepUIecKH -
cummerpuynonn HCO, umerornmmx paamnajbHOE yCKOPEHNE OTJIMYHOE
OT HyJI1 W PaBHBI HYJIIO TEH30p cKopocTell medopMmanmii. VIHBIMET
cJIoBaMU, B IIpocTpaHCcTBe MUHKOBCKOr0o HEBO3MOXKHO XKECTKOE paI-
aJIbHOE JBUKEHME CILJIOIIHOM CPEIEL.

B pumanoBOM mpocTpaHCTBE TaKasd CAUTyallds BO3MOXHa. JTO
cllellyeT, HallpUMep, U3 yCJIOBUSA CTaTMYeCKOro paBHOBeCHd B cepu-
YeCKN - CHMMETPUYHOM I'PaBUTALMOHHOM II0JI€, OIMCHIBAEMOM METPH-
koit llBaprimmibna [7]. s HabironaTeseil, HOKOAIINXCS HA TOBEPX-
HOCTU HEMOABUKHON I'paBUTUpPYIOIIel chepsl, ¢ Touku 3perus OTO
YCKOpeHMe OTJIMYHO OT HyJIS M HAIpaBJIeHO OT LEHTPa IePIeHINKY-
JIAPHO MOBEPXHOCTH, B TO BpeMs KaK IJII HabJIomaTesIell, IpUIep K-
BaIOIUXCSA HEIOTOHOBCKOM TOYKH 3PeHNs, yCKOpeHre paBHO HyJmo. M,
Ha060poT, CBOGOMHOE MaNaloIIee TEJIO B HbIOTOHOBCKOM IIOJI€ TAXKEC-
TH MMeeT OTJIMYHOE OT HyJIS yCKOPeHMe, a B IIBaPIIIIIILI0BOM II0JIE
IOBUKETCS IO TeoJe3ndecKoll JIMHNKA C HyJIEBEIM ycKopeHueM. Bosee
TIOJTHO 5TH BOMPOCHL obcyxkmatoTcs B paborax [40] , [41] . MeTpuky
chepuyeckn - CUMMETPUYHOI JiarpaHxkeBoil comyTcrByomein HCO
o anasiormu ¢ OTO [7] umem B Bune

dS? = exp(v)(dy")? — r*(d6* + sin® 0d¢?) — exp(N\)(dr)?,  (20.1)

rlle Y U A 3aBUCIT TOJIBKO OT 7.

HCO (20.1) sBrseTcst 04eBUIHO KECTKOM, T.K. METPUUIECKIE KO-
5pPUTIMEHTH He 3aBUCAT OT BpPeMeHU, a PaBEHCTBO HYJIIO KOMIIO-
HEHT ¢(; TOBOPUT 06 oTcyTcTBuM Bpamenuii. Cuctema (1.1) ¢ yueTom
copMyJIMpPOBaHHBIX TPeOOBaHMIA, & TAKXKe BHITIOJIHEHUS yCIIOBUN CO-
Iy TCTBUS

V=V, =0, V'=(g00)™"% Vo= (g0)"?
F'=F(r), F'=F=F=0
CBOOUTCA K OTHOMY YPaBHEHHNIO

1d
Fl = §d—:exp(—)\). (20.2)
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MoxHo y6emuThcs , YTO CTPYKTypHBEIe ypaBHenus (1.7) ymos-
neTBopsoT (20.2) Ge3 MOMOSHUTENBHBIX CBsA3ell Ha QyHKIUN v(r) u
A(r). Takum o6pazoM, 0 3aJaHHOMY IIOJIIO BEKTOPOB IIE€PBOl KPUBU3-
HEl F'! Henb3g omHO3HAUHO 63 MPUBIIeYeHNs JOIOJHITEIBHEIX (hak-
TOPOB ompenesnTh MeTpuky (20.1).

PaccMoTpuM HEKOTOpEBIE IIPOCTENIINe BO3MOXKHOCTH. llpoBemem
CJIENYIOIINI MBICJICHHBIN SKCIEPUMEHT.

a). Ilycrs HabmonaTenu, HAXOMAIINECS HA IIOBEPXHOCTH 3€MJIH,
BpallleHIs KOTOPOIi He YYNTHIBAEM, IJIOTHOCTE CUMTaeM ITOCTOTHHOI,
a (opMy cheprUIecKoil, N3MEePIIOT I'PABUTAIOHHOE I10JI€ C TIOMOIIBIO
akcesiepoMeTpoB. OHU HAWAYT, YTO I0JIe YCKOPEHUI HAIIPABJIEHO II0
pamnycy oT IeHTpa MePIeHINKYIIIPHO MoBepXHocTH. g n3MepeHns
0JIS BOAJM OT IOBEPXHOCTH MCIIOJIb3yeM MHOXKECTBO PalnaJibHBIX
HEBECOMBIX XKECTKIX CTepPIKHEN, BI0JIb KOTOPEIX YCTAHOBUM CHCTEMY
akceslepoMeTpoB. COBOKYIIHOCTE CTePIKHEN 1 aKCeJepOMeTPOB 3ala-
eT 6a3UC paJaraIbHOYCKOPEHHON XeCTKOI CUCTeMEL oTcdeTa. [elcT-
BUTEJILHO, TI0 Mepe yIaJIeHIS OT IIOBEPXHOCTH 3€MJIN II0JI€ Yy CKOPEHMIA
6yIeT yMEHBIIATHCS, TOMUUHAACEH ( B HYJIEBOM MPUGIINKEHUN ) 3aKO-
Hy BceMupHoro TaroTennsd Herorona. Ecim HabmogaTenn cauraior ,
CBO€ MPOCTPAHCTBO INIOCKMM , a 3aKOH BCEMUPHOIO TATOTEHUI TOY-
HBIM , TO MeTpuka (20.1) 6ymeT mmets Bun [18] .

dS? = exp(—r,/r)(dy")? — r*(d6* + sin® 0dp*) — (dr)?, (20.3)

rne 7, = 2kM/c® HocuT HazBaHWe TPaBUTAIMOHHOTO pammyca . llpu
BerBozie (20.3) ywim, 94To IO OIpeesieHnIo IUIOCKOTO MIPOCTPAHCTBA
A =0, av mammm u3 (20.2) u 3akona Tarorenus HeoroHa.

WNTak, xoT9 MeTprKa MpPOCTPAHCTBA - MJIOCKAsS , METPUKA IIPO-
cTpaHcTBa - BpeMeHn (20.3) okasanachk pumanoBoit. Takmm obpasom,
HBIOTOHOBCKAs TeOpUs I'PABUTAINU B MIJIOCKOM ITPOCTPAHCTBE Oy C-
KaeT NIBa JIOTMYECKN HEMPOTUBOPEUYUBHIX TOJTKOBAHMS.

B cormacum ¢ oOrmenpuHATON TPaKTOBKOW B HHIOTOHOBCKOUW TeO-
PUN THWIOCKUM SBJISE€TCS He TOITLKO MPOCTPAHCTBO, HO U TIPOCTPAHCTBO
- BpeMs. IIpu sToM Ha Teso, HaxomsImeecs HAa MOBEPXHOCTU 3€MJIN,
MEVCTBYIOT IBe CUJIBI , CIJIA TIXKECTU U CUJIA PEeAaKIIN! OIMOPHI , KO-
TOpHIe B CyMMe MTaf0T HOJTb W MOYTOMY He COOOIITAloT TeTy HUKAKOTO
YCKOpEeHMS.

B nHamreir TpakTOBKe Ha TeJIO, MIOKOSIIEECS OTHOCUTEITHHO TTIOBEPX-
HOCTU 3eMJIN, MEWCTBYET TOJBKO OJTHA CUJIA - CUJIAa PEAKIINU OIMOPHI,
KoTopas COOOIITaeT TeJly YCKOpeHUe, M3MepseMoe aKCeJepOMeTpPOM,
BEIUncssieMoe 1o gopmyite (20.2) ¢ ucmonpzoBanneM MeTpuku (20.3).
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Ecam onopy y6pats, To Tesio OymeT OBUTATHCS TI0 Te0Ie3nIeCKON JTr-
HUZ B IIPOCTPAHCTBe - BpeMeHu ¢ MeTpukoin (20.3), B To BpeMs Kak
TIpU OOBIYHON TPaKTOBKE MPU OTCYTCTBUU OMOPHI TeJO OyneT NBU-
raThbCad B TIOCKOM TIPOCTPAHCTBE - BPEMEHW TOJ NEWCTBUEM CUJIIBI
TAKECTH.

MonudunmpoBanHas HaMi HBIOTOHOBCKAsS TPAKTOBKA OJMXKe K
SUHIITTEWHOBCKOM, YeM UMCTO HBIOTOHOBCKas. MoxXHO moKa3aTh, BOC-
HOTB3YACh [42], YTO pacueT CMeIleHUs MEPUIIEHTPA 33 ONUH 060POT
no merpuke (20.3) B Tpu pasa MeHbIle, 4yeM no Merpuke [IBapi-
mmitbia. V3MeHeHme HampaBileHWS JIyda CBeTa TPU IIPOXOXKIEHUN
BOIM3M ueHTpasibHOro Tena 1o (20.3) B ABa pasa MeHbIIe IIBapIl-
Itk TI0BcKoro. IlosToMy mpemitaraemMas Mojieslb, He TIpeTEeHIYS HA
sameny OTO, ycranaBiuBaeT 6ojlee TeCHYIO CBSI3b MEXIY HBIOTO-
HOBCKOU U SWHIITEMHOBCKON TeOpPUIMU, ITOKa3bIBas , YTO HHIOTOHOB-
CKyI0O TeOpUIO MOXHO PACCMAaTPUBATH B PUMAHOBOM ITPOCTPAHCTBE
- BpeMeHn. Kciim B HIOTOHOBCKOM TPUOIMKEHUN PACCMATPUBaeMast
TPaKTOBKa COBIA/IaeT C SKCIEePUMEeHTAILHEIMU JAaHHBEIMU, TO HoJiee
TOHKUX 5P eKToB, KoTophie 006biacHseT OTO, Momess He yUMTHIBAET.

[MonprTaemMcs MoguUIIMPOBATH MOMEJIH TaK, YTOOBI OHA TOYHEe
COOTBETCTBOBAJIa NAHHBIM HaOJTIOHEHU.

6).IIpu BerBome (20.3) mpemmosnarasiock, A = 0, 9T0 COOTBETCTBY-
eT MOMeJ TIIIOCKOTO MTPOCTPAaHCTBEHHOTO ceveHUI. B KauecTBe cuc-
TeMBI OTCUeTa BHE 3eMJI BHIOMpAaJiach CUCTeMa KeCTKUX Hemedop-
MUPYEMBIX CTepXKHeW, 10 KOTOPHIM 3BYK pachpocTpaHsgeTcs ¢ bec-
KOHEYHO OOJIBIIION CKOPOCTHIO, YTO MPOTUBOPEUNT KOHEUHOCTU CKO-
poCTHU pacnpocTpaHeHus B3amMopencTBusg. [losTomy mas ycrtpane-
HUS DTOTO HeloCcTaTKa Mofeiau OyneM cunmTaTh , Kak u B OTO, uTo
CTpYKTypa 6asuca panuangbHoyckopenHorn HCO BHe 3eMiin 5KBUBa-
JIeHTHa HEKOTOPOU YIIPYTON Cpefle , IOIBEePKEeHHON HedopMalmsaM, a,
CITEMOBATETHHO, M HATIPSIKEHNIM, HO UMETOITell PaBHBIN HYJIIO TEH30P
ckopocreit nedopmarmii. 3 suna merpuku (20.1) cirenyeT, 9T0 MBI
paccMaTpUBaeM JIAITH MaJible PAaluajbHble CMeITeHnS YIPYTol cpe-
IBI, IJIS KOTOPHIX OTJIMYHA OT HyJd ( B obo3Hauenusx [43] ) B chepu-
YeCKUX KOOPAMHATAX JIUIIb PANUAIIbHAS Uy, = OU,/Or KOMIIOHEHTA
TeHzopa gebopmanuii. YTo KacaeTcs KOMIOHEHT Ugg = Ugy = U /T ,
TO OHU TIpeHeOpeXMMO MAaJTHI TI0 CPABHEHUIO C U, U B pacCMaTpUBa-
€MOI MOJIeJT He YUNTHIBAIOTCH.

CBsa3b MeXny TeH3z0paMu HedopMalluili U HaIpsXKeHUN ynobHee
orpenesiuTh B JiarpaHxkeBour comyTcTByloieir HCO, paccmaTpuBas
YIPYTryio cpemy 6e3 CIBUTOBHIX HANPSIXKEHWUN, MJIS KOTOPOW CITPaBe-
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nuB 3akoH ['yka B Bume [44]

SR 1
PY = X1y, Li(e) = ey = 5(1 — exp(—=2X)), (20.4)
rne [ - NepBHIN MHBAPUAHT TeH30pa medopMaIinii , - K0023hPUIEHT
Jlame, v/ = —g" - meTpuka npocTpaHcTBeHHOTo ceuenus (20.1).
1

Eij = 5(%‘3’ - %j)
%j - MeTPUYECKUN TeH30p IJIOCKOIO MPOCTPAaHCTBa B chepuuecKnx
KOOPpOUHATAaX.
Yupyras cpela MOJIKHA yOOBIIETBOPITH yPaBHEHWIO HePa3pPHIB-
HOCTHU

Viu(pV") =0

PeIHeHI/Ie YpaBHEHUA HepaSPBIBHOCTI/I IIpUBOOUT K COOTHOHIICHIIO
(44, [45]
p = pyexp(—A/2), (20.5)

Y Y

Cpensl ’
Y

roe pog - IJIOTHOCTH ’ B HeI[e(I)OpMI/IpOBELHHOM COCTOAHNN.

YpaBHeHUus ” nBuKeHus ~ ymnpyrou cpenbl B jiarpanxkeBoun HCO
UMeIOT BUI AHAJOTWYHBIN YCJIOBUIO PAaBHOBECUS YIPYTOW CPENbl B

HBIOTOHOBCKOM IIOJI€ TAXKECTHN [43] IIpn KJIaCCUYIECKOM PpaCCMOTpPEHNAN

V;P7 = —pya’, (20.6)

” ”

rae a’ - 7 Hedmsmueckue ” - addUHHBIE KOMIOHEHTH YCKOPEHHI, a
HOAHATHE U OIlyCKaHNe TeH30PHLIX MHIEKCOB 1 BEIUNCJIEHIE KOBapPH-
AHTHOI IPOM3BOIHON IPOM3BOAUTCS C ITOMOIILIO ITPOCTPAHCTBEHHON
MeTpuku v;;. [lonaras , 4To usmyeckue WiIN TeTpaHble KOMIOHEH-
THI YCKOPEHUS COOTBETCTBYIOT, ( KaK U B CJIy4yae a).), HbIOTOHOBCKO-
My 3HaueHuio, u3 (20.6) u (20.5) uMeeM B chepuuecKux KOOPIMHATAX

BhIpaXKcHIE
dA pok M

HMHTErpupoOBaHUE KOTOPOTO IIpU YCJIOBUU, YTO Ha 6eCKOHEYHOCTU IIpo-

, (20.7)

CTPAHCTBO IWIOCKOe (A = () IPUBOAUT K COOTHOIIEHWUIO

2kM A
exp(—A) = <1 T >, i = P (20.8)

rge ¢y - MpoaoJibHasi CKOpPOCTB 3BYKa.
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YunuTEIBasdg, 4TO BEKTOP MEPBOI KPUBU3HEL
Fl=c2q' = (711)_1/2kM/(cr)2

, ucrogtb3ys (20.2) u (20.7), mosmyyaeM ypaBHEHWE IJIS IV, HHTETPH-
poBaHUe KOTOPOI'o MPU yCJIOBUMU, YTO Ha 6eckoHeuHocTu v = 0 maeT

y:2<@>2< 1—2kM—1>. (20.9)

c co’r

[penen Boipaxenwit (20.8) u (20.9) mpu ¢y — 00 NPUBOAUT K
MeTpuke (20.3), YTO COOTBETCTBYyeT MOIeNN aGCOIIOTHO TBEPAOTO
TeJla B HBIOTOHOBCKOM CMBICHE. PesiaTuBUCTCKY KeCTKUM TesioM [46]
Ha30BEM TaKOe TeJlo, TIPOJI0JIbHAS CKOPOCTH 3BYKa B KOTOPOM PaBHA
CKOpOCTH cBeTa B BakyyMe. Ilpu sTom Beipaxkenue (20.8) B TouHOCTH
coBMagaeT C Y11 KommoneHTon MeTpuku IlIBapimunbna B cTanmapT-
Holl dopMme, a u3 (20.9) mosydyaeTcs gy) KOMIOHEHTA STON METPUKW,
eCJIN PA3IORUTHh €Xp(V) B PSAA U COXPAHUTH JIUIID [IEPBHIN MTOPSIOK
MaJsocTH 1o (r,/r).

Nrax, nia chepuuecku - cummeTpudton xectkonn HCO, 6a3ucom
KOTOPOU SIBIIIETCS PEJITTUBUCTCKN XKeCTKOE TeJIo, & YCKOPEeHUe COOT-
BETCTBYeT HBIOTOHOBCKOMY , MeTpuka uMeeT Buf (20.1), rme v ompe-
nensgercs u3 (20.9) npu CKOPOCTH 3BYKa ¢) PaBHOW CKOPOCTH CBETA
¢ B BaKyyMe , a A mpu Tex xke ycyoBmiax u3 (20.8). OxoHuaTeTBHBIN
pPe3yIILTAT TIPEeNCTaBUM B BUIIE

2kM dr?
2 _ _ _ 0N2 _ 20702 | i 29712\ _
dsS® = exp{2 1 oo 2}(dy ) — r*(df” + sin” 0d¢”) e
(20.10)

Pacuer uzBectHbix sdpdexroB OTO mo merpuke (20.10) mums
HE3HAUNTETHEHO OTJIMYAETCA OT PacyeTa, MCIOJIB3YIOMIET0 MeTPUKY
[IBapimmunbaa. OTianyne TPOSIBIIAeTCS B pacyeTe CMEIEHUS Mepu-
IIEHTPa, KOTOPHIH cocTanmngeT 5/6 oT mBapummibaoBckoro. Msmene-
HIe HaIIPaBJIEHUS JIyYa CBeTa MPU MPOXOXKIEHUN BOJIM3U MeHTPAITh-
HOT'O TeJila COBHANaeT C MIBapHIMWIbIoBCcKUM. [losToMy mommdurim-
pOBaHHasg MOMeb 3HAaUUTeJIbHO Osimke cooTBeTcTByeT OTO, uem
(20.3).

N3 paccMoTperHOTO 3/1€CH KPYT'a BOIPOCOB CIIEIYET, YTO TIOCIIENO-
BaTeIJILHOE OlpenesieHre PU3MUIeCKON CUCTEMBI OTCUeTa, KaK Teja OT-
cueTa C 3alaHHBIMU QU3NIECKUMU CBONCTBAaMU, IIPUBEJIO K CYIIIECT-
BEHHOMY COJIMXeHWIO Teopuii rpaBuTannu HeioToHa m DWHIITENHA.
Hanenenne cucteM orcueTa GuU3MIeCKUMU CBOMCTBAMU B HEKOTOPOM
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CMBICJIe 5KBUBaJICHTHO BBeeHUIO KBAHTOBOMEXaHNYE€CKOIr0 IPUHIINIIA
TOTIOJTHUTEITLHOCTA B HHIOTOHOBCKYIO Teopuio TpaBuTanmu. I'eomeT-
pus IPOCTPAaHCTBa-BpeMeHN IPU TaKOM MOIX0Ie 3aBUCUT OT CPEICTB,
C TIOMOITTHIO KOTOPHIX OHA HabmonaeTcs. T'04HO Tak XKe, KaK U B KBaH-
TOBON MeXaHWNKe aTOMHBIE CUCTEMBI HeJIb3s ONUCHIBATH HE3aBUCUMO
OT CpencTB HabIIOIeHNUN.

21. O MomeIMpoBaHUM IOJIENl I'PaBUTALNU

B pamkax obmeit Teopun otHocuTesnbHOCTH (OTO) paccmoTpeno
MoJeJIMPpOBaHUe [eHTPAaJIbHO- CUMMETPUYHOTI'0 IPaBUTALMOHHOTO TI0-
JIg. Y CTaHOBJIeHO OoToOpaXkeHWe Teo/le3MYeCcKOro NBUKEHUS 0a3mcoB
JlemeTpa m TonmaHa Ha DBUXKeHMe >TUX XKe 6a3MCOB B MPOCTPAHCT-
Be MwunkoBcKkoro mo MupoBbHIM JimHUAM. lloslyueHOo BEIpaxeHme s
HANPSIXKEHHOCTU U HHEPruHu IT0Jif, B KOTOPOM OBUXKYTCSA >TU Oa3u-
col. Halinena mpenMyTiiecTBEHHAS CUCTeMa KOOPOWHAT, KOOPIUHATHI
1 BpeMsd KOTOPON COBIIajaeT C TaJinjieeBBIMU KOOpAWHATaMU U Bpe-
MeHeM B IpocTpaHcTBe MUHKOBCKOTO.

06H_II/Ie IIOJIOKEHNA MoOeJINPpOBaHMA

[Tpu pusuyeckoM OCMBICIIUBAHUN PEITEHUI ypaBHEHUA DWHIII TE-
Ha 0COGEHHO B CJIy4ae CWIBHBIX [PAaBUTAIMOHHEIX TOJIEH, IPUXOIIT-
sl HeM30€XKHO CTAJIKIMBATHCSA C TPYAHOCTHIO MHTEPIIPETAIAN Pellle-
Huii. esio B ToMm, uT0 B ipocTpaHcTBe PuMana oTcyTCTBYyeT MOHITIE
pamyca—BeKTOpa, a BpeMeHHas KOOPAWHATA He SBIISETCS BpeMeHeM,
KaK 9TO UMeeT MeCTO B IPOCTpaHCTBe MUHKOBCKOTO B TaJlUIIe€EBBIX
koopauHaTaX. QueBUAHO, YTO WIS PU3MIECKOrO UCTOJIKOBAHUS pe-
sysbTaToB OTO nosesHo (ecsm 5To BO3MOXKHO) mepeOpMyIINpOBaThH
nx Ha 36k CTO B miockom mpocTpancTBe—BpeMeHu. 1lonpoGHEIi
anamus tpyaaocteir OTO mam B paborax [3], [1], [6]. B HacTosmein
paboTe, 0OCTaBasICh B paMKaxX TeOpHU DUHINTENHA, IPENIPUHITA TI0-
IBITKa 0TOOPA3UTh Feo/Ie3NIeCKOe IBUKEHIE IIPOOHBIX YaCTHIL B IIPO-
cTpaHcTBe PumaHa Ha DBIXKeHMe IO MUPOBHIM JIMHUSIM B IIPOCTPaH-
ctBe MunkoBckoro. [logo6HBI KpyT BOIIPOCOB paccCMaTpUBAJICS B pa-
6orax [56], [57], [58], HO He MOy YNMIT OKOHYATEIIBHOTO PEIIEHNS.
Bymem cumraTrsh, yTo B nmpocTpaHcTBe MunkoBckoro V; ¢ curxa-
Typoil (+ — ——) B HEKOTOPOM CHJIOBOM IIOJI€ IBUKETCS CILJIOLIHAS
cpena, 3aKOH OBUXKEHUS KOTOPOl B MepeMeHHEIX JlarpaHka mmeeT
BU:
o = (4, ), (21.1)
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rme z — oiilepoBH, a y¥ — JarpaH)eBbl KOOPIMHATHI, IOCTOSH-
Hble BIOJIb KaXIOoN (PUKCUPOBAHHOU MWPOBOU JIMHUM YaCTUIBI Cpe-
nor; £Y/c — HeKoTOpHII BpeMeHHol mapaMeTp. I'pedeckue MHAEKCEHI
A3MEHSIIOTCS OT HYJd N0 TpeX, JJATUHCKUEe — OT eNUHUIIBI OO TpeX.
CunTaeM, YTO YACTUITHI CPeNbI He B3aUMOAENCTBYIOT APYT C IPYTOM,
a B3aMMONENCTBYIOT JIAIIL C BHEIITHUM IIOJIEM.

[To aHasiorum ¢ SHAEKTPOAMHAMUKON [7] meficTBUS MIIS TPOGHOI
YacCTULHL B CUWJIOBOM IIOJIe 3aj/laeM B BUIE

b e
S = —/ me(ds + aA,dz" = — 21.2
a ( + H )7 mc2 ’ ( )
rlle IJIS KaXION U3 YaCTUll Cpelbl MHTePBaJl ds BAOIIb MUPOBHIX JIM-
HUit ecTh ds = V,dx#, V/ — ueTBIpexMepHas CKOPOCTb.

N3 Bapuaium meiicTBUS BHITEKAOT ypaBHEHUs IBUXKeHUS [7]

DV,
ds

= aF,, V", (21.3)

rage TEH30p II0JIA F/U/ orpenesiaeTcia Kak

84, O0A
Fro = Vuly = Vydy = 50— =1 (21.4)

C nmpyroii CTOpOHBI, MOXKHO BBeCTHU d(PIHEeKTUBHBIN UHTEPBAJ dS =
ds + oA, dx" Tax uTo mefictBue (21.2) npencrasisercs B GopMe

S = —me [ d3, (21.5)

Bapualrsd KOTOPOro NMPUBOAUT K MBUKEHWUIO IIPOOGHON YaCTUIBL II0
reofie3MIeCKOll JIMHUYA B HEKOTOPOM PUMAaHOBOM MPOCTPaHCTBe [7].
au, =
—24T,,UU=0. (21.6)
ds Hy
OueBupnno, uto ypaBrenus (21.3) u (21.6) moyKHEI GBHITH SKBUBAa-
JIEHTHBL.
3 BeIpaxenns miid 3¢GeKTUBHOrO HHTEpBajia d§ BIOJb Feone3n-
YECKOI JIMHUM CJIEAYeT, YTO

dsi = (V, + aA,)de" = U,dz", U,=V,+a4,,

de#  derd
Uk = ;,, = did—‘f —PVh,  P=(1+aAV)l (217
S S as
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Kpowme Toro, cBa3b Mex 1y KoBaprnaHTHEIMU U, 1 KOHTpaBapuaHTHHI-
vu U# BekTopamu 4—cKopocTu B IpocTpaHcTBe PuMmana mMeeT BUA

U, = g, U" =V, + aA,. (21.8)

Ycmosua (21.3), (21.4), (21.6), (21.7), (21.8) 6ynyT coBMeCTHEL, eciin
MeTPUYIeCKUI TeH30p IpocTpaHcTBa Pumana g, 6ymeT nMeTh BUX:

G = Y + P ALA, + @AV, + oAV, (21.9)

TIe Y, — MeTPHUIeCKUil TeH30p B NpocTpaHCTBe MUHKOBCKOLO.

Takum obpasoM, OBMKeHME ITPOOHON YaCTUIIBI MOXKHO paccMaT-
puUBaTh C IBYX TOYEK 3PEHMU:

1. IBu:KeHMe 110 MUPOBOW JIMHUKA B MPOCTPaAHCTBE MMHKOBCKOTO
B cusioBoM moste (21.3) ¢ MeTpUKOIL 7y, .

2. IIBuKeHMe B MPOCTPaHCTBe PuMaHa 10 reome3sndecKoil JIMHAN
C METPHKOH ¢, ollpenesiseMoil o dopmyie (21.9).

CooTHollleHNs MeXay 4—CKOPOCTSIMHU B Pa3HBIX MPOCTPAHCTBaX
onpenesnsoTcs popmymamu (21.7), (21.8). Ilpu sTom, B AByx mpo-
CcTpaHCTBaxX BeIOpaHa oOIllasd KoOpAWHAIUiL. B oTyiMume oT 5J1€KTpo-
OMHAMUKN CTPYKTypa TeH3opa moss F), B dopmyse (21.4) He KoH-
KpeTU3UpOBaHa, T.e. 41 F), He 3alaHBI MOJIeBbe ypaBHEHNUS.

IIycTs mpobHbIE YacTHUIBI ABUKYTCA B IPaBUTAIMOHHOM IIOJIE.

Torma ”3apsan” e = m, a Merpuka (21.9) momkHa yIOBIETBO-
PATh YpaBHEHUSIM OWHINTENHA C MBIJIEBUIHBEIM TEeH30POM SHEPTUU—
UMITYJIbCA.
1 87k
R/U/ — §QW/R = C—4€UNU1/. (2110)

Ecnu B pesynbrare perenns ypasrenuit (21.10), HalineHHsle g,
u U, obecriedaT BeIosHeHNe paBeHCTB (21.8) u (21.9), To TeMm cambiM
6ymeT HaiineHo mosie 4—ckopocTu V),, HOTeHIMAIEl A, n TeH30p mO-
ns F,, B npocTparcTBe MUHKOBCKOTO, T.€. IIOCTPOEHO O0TOOpaKeHUe
0JIS KPUBU3HEI IIpocTpaHcTBa PuMaHa Ha CHIIOBOE IOJie IIJIOCKOIO
IIPOCTPAHCTBa—BpPEeMeHH.

Y cTaHOBUM CBS3b MEXy KOHIPYEHIIUIMI MIPOBHIX JIMHUI B IIPO-
crpaHcTBe MUHKOBCKOIO U KOHIPYEHIIUIME TeONe3ndeCKNX JIMHUI B
IpocTpaHcTBe PuMaHa, KoTophle B 06IIEl KOOPAMHAIIN HAIOTCS CO-
otHotenneM (21.1). B cuny coorsomenus (21.9) B npocTpaHcTBe—
BpPEMeHH BBEMEHEI [Ba MeTPUUIECKUX TE€H30pPa ¢y, U 7, U, CJeI0Ba-
TeJIBHO, CYILeCTBYIOT ABe CBI3HOCTH L a1 1€, lepBast U3 KOTOPBIX
OTHOCHUTCS K IIPOCTPAHCTBY PumaHa, a BTopad — K IPOCTPaHCTBY
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MuHKOBCKOr0, B KOTOPOM MOTYT OBITH BBEIEHBI KPUBOJIMHENHEIE KO-
opmuHaTel. TaxyMm obpasoM, B 0OIell KOOpAUHAIINYM BO3HUKAIOT IBE
Pa3IMYHBIX KOBApPUAHTHEIX [IPON3BONHBIX V, 1 V.

N3 coorHomenus (21.8) mmeem

v, U, =-8U.+V,V,+aV,A,,
S, =T, —T%,, (21.11)

raoe S¢,, — Tensop addunHoil nepopmannu cBsazHocTu. U3 (11), ass-
TePHUPY I, HAXOIUM

2V, U, =2VV,

H 7. aF/ﬂ/; (2112)

s reome3nyecKux KOHTPYEHITUN 6e3 BpPAINIeHUA MMEIT MeCTO pa-
BEHCTBA

@[VUN] = 0; QV[VV#] = OéF/W. (21.13)

CeeprriBas (21.13) ¢ V¥, cHoBa mosydaeMm cooTHorreHue (21.3). U3
paBeHcTB (21.13) u (21.7) mmeem

o
U/L = @ = V/L —|— OZA/“ (2114)
YTO TO3BOJIAET MPeNCTaBUTh MeTpuKy (21.9) B popme
0P 0P

Guv = Yuv + %w — VNVV. (2115)

HJ’IH KOHTpaBapUaHTHBIX KOMIIOHEHT NME€EM

o O
BV BV P2 BV (1 aﬁ__)
g Y+ PVEV + 9% 5P
od od
_p (vrgre L2 Ly O 21.16
( T Bz TV (9:1:‘7) ’ ( )
rae B corvyiacuu ¢ (21.7)
8% \7! /dd\?
P=(1 (e AV) 1 :( ) = (—) . 21.1
(1 + oy avryt = (22 (48 (217
N3 pasencts (21.9), (21.14) u (21.15) cienyert
Guv — U/LUI/ = Yuv — V/LVI/) (2118)

T.€. IPOEKIMOHHbIE OIEPATOPHI, OMPEIENISIONINe IPOCTPAHCTBEHHY O
reOMETPUIO FUMEPIIOBEPXHOCTEN OPTOrOHAIILHBIX MUPOBBIM JIMHUAM B
npocTpancTBe MUHKOBCKOTO U THIIEPHOBEPXHOCTEN OPTOrOHAIIBHBIX
reofIe3sNUecKUM JINHUAM B MPOCTpaHCTBe Pumana, ABIAOTCA UHBa-
puaHTaMu COOTBeTCTBUS [59].
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MonenupoBanue metpuku IIBapnmunbna u Jlemerpa

PaccmoTpum HeKoTOpBIe YacTHBIE CIIyYan OTOOpaKeHUN.

[TycTh B npocTpatcTBe MUHKOBCKOTO TI0 paanycy K HeHTPY IBU-
JKeTCs TBUIEBUIHA CIJIONIHAS cpefa. PaccMoTpuM ciiydall cTalmo-
HApPHOT'O MBUXEHWSA, UTO O3HAUYAET HE3aBUCUMOCTEH OT BpeMEHU MOJIS
CKOpOCTell B IlepeMeHHbIX Diilflepa u nnoTeHmanos A,. Ha a3eixke OTO
5TO COOTBETCTBYET MOCTOSHHOMY T'PAaBUTAIIMOHHOMY TIOJIIO.

Isis Toro uTo6bl MeTpudeckuii Tenzop (21.15) He 3aBucest SBHO
OT BpeMeHHU U MepexXofmyl Ha OeCKOHEUHOCTHU K TaJinjieeBOMYy BUIY,
HeoOX0oMMMO obpallleHre CKOPOCTHU Ha 0eCKOHeYHOCTHW B HYJb. llpm
5TOM, JOJIXKHBI BHITIOJTHITHCSI PaBEeHCTBA!

Ly
d=2"+ \I!(a:k), Vo=-V(r)n,= -V (r)—. (21.19)
7
Ucmonesys dopmysnsr (21.15) u (21.19), HalimeM BBIpaXKeHUs IJIS
TPEXMEPHOT0 METPUYECKOTO TEH30pa Yi = —gi + Gokgoi/goo; TPeX-
MepHOTO BEKTOpa ¢; = —go/goo = —goi/h; TpPeXMepHOro aHTHUCIM-
MeTpUYHOro TeH3opa fi = O0g;/0zF — Og;./0x', [7]. B pesynpTare
TIOJTy 9aeM:
0P
5. + WV
go=h=1-V?* g=n¥———0 fu=0, W -V’=1,

h 9
0P 09\ 2
2V2 4+ 2,V + V2 (92)
1-V? ’
&kl — _gkl — 5kl un Tnknl, nk = ny, VO — Vb,

Y = 0 + D(r)ngny, D =

2V 42KV 82 4 V2 (22)
Ve

ypaBHeHI/DI OuHIITENHA OJIA CJIydad ITOCTOAHHOT'O I'paBUTallOH-

gy, = 6%, T = (21.20)

HOT'O IIOJIA B ITYCTOTE (C‘-II/ITELGM, YTO IIbIJICBNIOHaA Cpeda CUJIBHO pa3-
PAXKEHA 1 CaMa IIOJIAd HE COSI[ELGT) [7] CBEOAYTCA K IBYM HE3aBUCHUMBIM
BbIPpaXKECHUAM

0 r2%—F
— L) =0, F=vh=+v1-V2
(97'(\/1—|—D) ’ vh ’
r oD 1 r OF

- = —— 21.21
+2(9r(1—|—D) F or’ ( )
pellleHne KOTOPEIX UMeeT B/
Ty /T T 2kM
Do s Fe=Jim=J1-2 5 =20 (9199
L—ry/r’ J00 r c? ( )
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N3 coornormenmit (21.20) u (21.22) HaxonuMm HyJIEBYO U palnaiib-
HyI0 KOMIIOHEHTEI TI0J11 4—CKOPOCTH B IpocTpaHcTBe MMHKOBCKOTO B
IepeMeHHBIX Jiljlepa, a Takke QyHKIuo P.

1/2
B=V'=(1+2)"7, vi=v=—/,
r r
od oe® do
Vi+V—=V'Z—=—=1. (21.23)

or oz ds
Takum obpaszom, ®/c = 7 = s/c coBnasia ¢ COGCTBEHHBIM BpeMeHeEM
yacTul 6as3muca B mpocTpaHcTBe MuHKoBckoro nu Pumana.
Uz (21.23), (21.7) n (21.14) cmemyer (1 + oA, V#) = P71 =
1, 9To NPUBOONT K PaBEHCTBY KOHTpPaBapUAHTHLIX KOMIIOHEHT 4—
ckopocteit U¥ = V# Ga3sMCHBIX YacTHI] B INIOCKOM M MCKPUBJIEHHOM
npocTpaHcTBe-BpeMeHu. KoBapuanTtiste kommonentst U, u V), cBs-
3aHBI cooTHomreHneM (21.14).
Nurerpupys ypasaenue (21.23) mis ¢ ¢ yuerom (21.19), Haxomum

2 3/2 2 p3/2
<I>:c7':s::130—|——rg{r } °r

1 — 21.24
3 7 r, + 3r,1/2 ( )

Ucmonezys (21.20), (21.23), (21.24), nomydyaeM BbIpaXkeHHe IS HJle-
MeHTa UHTepBaJja ~opuruHajaa”’ B chepruecKnX KOOpAMHATAX Jiiie-
pa u Bpemenn 1 mpoctpancTBa MunkoBckoro (”Monenu”), HalineH-
HYIO paHee aBTOPOM U3 APYrux coobpaxkenuit [59].

it = irt(1-2) a4 )] oL 4
g

r ry\r, .
+2chdr[<1 + :_g>1/2 B <:_g>1/2 B Z—g<1 N :_g>1/2]
—r’(sin® ©dy® + dO?). (21.25)

3Has 1oJie 4-CKOPOCTH B IIePEMEHHHIX Diijlepa, HalleM 3aKOH [IBH-
KeHUS CIUIOIIHON Cpenbl B epeMeHHEIX Jlarpanxa (21.1), BeiGpaB B
KauecTBe BpeMeHHoro mapaMeTpa £ cobcTBeHHOe BpeMms T = ®/c =
s/c. N3 (23) mmeem dr /ds = V = —(r,/r)'/%. MaTerpupys, nomydaem
R —s=2/3(r%?/r,/?), rnme R — TocToSHHAS WHTErPUPOBAHTS.

C yuerom (21.24) B pesynbTaTe HAXOOUM

r = [§(R — CT)]Z/grgl/g,

" =cT=R- %rg{ [i(R — c7‘)]2/3 + 1}3/2, (21.26)

27,
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YTO OIpeHesideT UCKOMBIM 3aKOH IBUXKEHNA B IepeMeHHBIX JlarpaH-
Xa, MMOACTAHOBKA KOTOPOro B BhIpaxkeHme (21.25) mpuBomuT K 5ite-
MeHTy uHTepBasa Jlemerpa [7].

Popmyter (21.23), (21.26) onpenensaroT KNHEMATHKY IHIJIEBAIHON
Cpelbl, OBUXKYIIENCA C YCKOPEHMEM II0 paiuycy K LeHTPY B IIpo-
cTpaHcTBe MUHKOBCKOTO B II0JI€ TATOTEHUS IEHTPaJIbHOrO Tejta. it
I10J1 TPEXMEPHOI CKOPOCTH v, 4—yCKOpPEHN g, TPEXMEPHOIO yCKOpe-
HUA a U TPEXMEPHOM cuiibl N umeeM:

dr ry-1/2 1 d2r r
dT v C< T ’r'g> ’ C2 d7-2 g 27;27
d2r czrg g\ 2
=g = e ty)
d muv mr,c2
N = =— g . 21.27
dT(( _ %)1/2) 27,2(1 _|_rg/7,)1/2 ( )

HBuxenune 6a3uca Jlemerpa B mpocTpancTBe MUHKOBCKOTO OIMHA-
CHIBaeTCsA HelpephIBHEIMU B objlactu 0 < 7 < 00 QYHKIUIMU, He
MMEIMMEI 0COOEHHOCTEN HAa T'PABUTAIMOHHOM panmyce. 1pexmep-
Hasg CKOPOCTHh U W TPeXMepHOe YCKOpPeHWe a OTpaHWYeHBI B Hadajle
koopnunat, v(0) = —¢, a(0) = —c?/(2r,). Besmunna TpexmepHoii
cunet N (21.27), meficTByrolmei Ha MPOGHYIO MacCy CO CTOPOHBI IeH-
TPaAJIBHOTO TeJjla, MeHbIIle, YeM B HbIOTOHOBCKOW TE€OPUM I'PABUTAIUN

N=_ fmid s (21.28)
72 <1 + %—M>

c2r

BpocaeTcs B ria3a To 06CTOATENIBCTBO, YTO IIPOCTPAHCTBEHHEIE KOM-
noreHTH 4—ckopocTu cV'! (21.23) u 4-yckopenus gc? (21.27) B Tou-
HOCTU COBIIAJAIOT C OOBIYHON CKOPOCTBIO M yCKOPEHMEM B HEPEJISTH-
BICTCKOIl HBIOTOHOBCKOM MeXaHUKe, KOI[la pacCMaTPUBAETCA pal-
aJIbHOE TaJleHKe INBLIN, MMeIIIell Ha 0eCKOHEeUHOCTH HYJIEBYIO CKO-
POCTB, Ha CHJIOBOI LIEHTP.

N3 dpopmyst (21.23) n (21.27) HaxomquM BpeMs MaJeHUS YACTHIIL
6asuca ¢ paccTogHuUL r1 > 7 10 r > 0 Mo yacaM mamaiolneil YacTUIIBL
T U 1o yacaM npocTpancTBa Munkosckoro T' [59].

57 = %[%1(:—;)1/2 - g(:—g)l/2], (21.29)
5T = %[(14—:—;)3/2— <1+:—g)3/2]%9. (21.30)
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CootHomrerne (21.29) coBmamaeT ¢ pe3yIbTaTOM HBIOTOHOBCKON
Teopuu U aHaJiorudHou dopmyson, nosryuenHonn uz OTO B pabote
[60].

N3 dpopmys (21.29), (21.30) crmenyer, 9T0 BpeMs MageHWUs Yac-
TUI] KOHeUHO mJis joboro r m3 obmactu 0 < r < 7y, KaK I0 YacaM
MaTaloIell YaCTUIIBI, TaK W 10 9acaM MpocTpaHcTBa MUHKOBCKOTO.

O6eruno B OTO B kaudecTBe BpeMeHM BHEITHETO HabOIIIOHATEIIS
BBOJINTCS BpeMeHHas KoopnwHaTa t, BxomdArmias B pemrenme llIBapri-
miibaa. OBsS3b MeXOy KOOpaWHATOU ¢ 1 BpeMeHeM 1’ TIpOCTPaHCTBA
MunkoBcKoro ompefnesiseTcs gopmysion [59]

1 r\1/2 g r\1/2 Tg\ !
r=t- [ D)= - ()= ) e
B )3 ()
1= (r/ry)"”

L+ (r/r,) 17

HOICTaHOBKa KOTOpoil B mHTepBa (21.25) maet mutepsan llBapi-

—In

], (21.31)

INIBIA.

[Tone ckopocTeit 6asuca Jlemerpa dr/dt B merpuke IlIBapuimus-
ma cBs3aHO ¢ moyieM ckopocteit dr/dT = v (21.27) B mpocTpaHCcTBe
MMHKOBCKOTO COOTHOIIIEHIEM

dr drdl dr 0T OTdr
— = = — ). 21.32
= ard ~ ar\er t ord) (21.32)
OTtkyna, ucnonb3ys (21.31), Haxoqum
dr dr OT o /7o) 1/2
o __dT at - _ _ 9\ (4
%= T = e(1 r><r> , (21.33)

YTO COBIIAJAeT C ~ KOOPAMHATHOW MapaboImdecKoll CKOPOCThIO CBO-
bomHoro maneHus B moJie IllBapiimuibna, MOIyYyeHHON U3 ypaBHe-
Huil 11t reopesndeckux [60]. Ecau ”koopanHaTHas” CKOPOCTH B HOJIE
[IBapummiabaa CTPeMUATCA K HYJIIO TpU TPUOITNKEHNN K TPaBATAITA-
OHHOMY palinycCy, TO CKOPOCTH YaCTUIl B MPOCTPpaHCTBe MUHKOBCKOTO
B cwitoBoM mosie (21.28) Bcerma MeHbBIIIE CKOPOCTH CBETA B BaKyyMe,
cTpeMaTCs K nocjendeit ipu r — 0, a Ha TPaBUTAIIMOHHOM Painyce
lv] = ¢/V/2.

W3 (21.33) cienyer, 9To eciu BHEUTHUI HAGITIOJATEITH ICIIOIB3YET
B KaueCTBe BpeMeHHU YIaJIEeHHOro HabJTionaTes s BpeMEeHHYIO KOOPIU-
vaty [IBapimumwibna, To NpubINXKeHe K TPABUTAIIMOHHOMY PaILAy-
cy Tpebyet GeckoneuHoro 3Hadenus t [7], [60]. Ilocientee cranoBUTCS
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sScHBEIM m3 Buna dopmynst (21.31), xorma npu r — 7,4, t — 00 mpu
JII060M KoHeuHOM 1.

C Halllell TOUYKU 3peHUs 3a BpeMs YIaJIEHHOTO HabJTio/maTess Cile-
IyeT TMPUHATEH ', KOTOpOe MO TMOCTPOEHUIO OTOOpaXKeHUs SBIITETCS
BpeMeHeM B npocTpaHcTBe MUHKOBCKOTO, a uHTepBaJ (21.25) samm-
caH B ’TIPENMYIIIECTBEHHON CHCTeMe KOOPAMHAT, B KOTOPOU pamiu-
aJibHad r, YIJioBble ©, ¢ 1 BpeMeHHas T KOOpAWHATHI UMEIOT SBHBIN
MeTPUUECKUAN CMBICIT U OTIPENEIITIOT MHTEPBAJ B MMpocTpaHcTBe MuH-
KOBCKOTO B popme

ds® = 2dT? — dr? — r*(sin® Odp? + dO?). (21.34)

Ounement untepBasia (21.25) mpu r,/r < 1 mepexomuT B MHTep-
BaJl IUIOCKOTO IpocTpaHcTBa—BpeMeHn (21.34). EcrecTBento, momu-
Mo uHTepBasa (21.25) MoXHO paccMaTpUBaTh JIO0OBIE APYTHE CUCTE-
MBI KOOPIOWHAT, HO C HaIllel TOYKW 3PEHUS KOOPAWHATHI, BXOMATITIAE
B (21.25), coBnamafor ¢ rammwieeBsiMu KoopanuHatamu B CTO u mo-
5TOMY OHW BBINIEJIAIOTCS W3 BCEX NPYTUX CUCTeM KOOPIWHAT CBOEU
HaTJISTHOCTHIO.

Kax m3BecTHO, Tpy NBUXKEHUN YaCTUIHI B TTIOCTOSHHOM ITOJIE CO-
XpaHsgeTcs ee sHeprus W), koTopas aBiIsgeTCS BpeMeHHOIU KOMTIOHEH-
TOIl KOBApUAHTHOTO 4—BeKTOpa UMITyiIbca [7].

N3 (21.14), (21.24) nmeem miis gacTui 6asuca

Wy = myctUy = myc® = myc®(Vy + ady). (21.35)

OTkyna maxonuwm, ucnosibsys (21.23), (21.24), (21.35), (21.19)

alAy=1- <1 + r_g>1/2,

r

ad = o0 v = (1 ) (D) - () e (2136)
Oxk Ty Ty 7

I3 (21.36) crenyet, uro aA,V#* = 0, uto coryacyercs ¢ (21.23).
Taxum obpa3zoM, pellleHue ypaBHeHUI JWHIITENHA OMpenesIiio

MeTPUKy g, (21.25) B KoopamHaTax mpocTpaHcTBa MUHKOBCKOIrO,

nojie ckopocreit V), u norenimanos A,. W3 (21.36) Haiinem Tenzop

IIOCTOSHHOI'O IpaBUTallMoHHOro nojsd F),, B npoctpancTBe MUHKOB-

CKOTO

F

%

_ <(9A,, (9AN>, Fy =0,

9zt Oz
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9A
Fop = — 72 = ToT (21.37)

ot = " 2ar 1+ (ry )

Ecan IIPOBOONTH aHAJIOTUIO C SHGKTPOHHHaMHKOﬁ, TO MOXHO yCMOT-

peTh, 4To TeHsop F), mud ciaydas cq)e_}?quCKOI/I CUMMEeTPUUN He CO-
OepXKUT aHajiora ' MaruuTHoro” moJis H. HampsxeHHoCTH rpaBUTa-
IoHHOTO oyt Ej, ¢ yuetom (21.28) mmeeT BuA

N kMn
By =Fpp=—ny=— T (21.38)
W e )
Bsenem BekTOp "unnykuun’ Dj = cFj,
2kM\1/21 M
=-(1 c%~> o D= (21.39)

Takum obpazoMm, mitgd ciaydas cheprmiecCKN—CAMMETPUIHOTO T'pPa-
BACTATUYECKOTO MOJIS BHE CO3MAIONIell er0 MacChl CIIPaBelJINBEL BhI-
paXeHus

— — — — —

VxE=0, V.D =0, H =0. (21.40)
OTKyna IIOTHOCTH SHEPTUU TPABUCTATUYECKOTO TOJIS 0 TIO aHAJIOT AN
C 2JIEKTPOCTATUKON BBIUUCIIETCS 110 GopMyJie

ED kM?

81 8mrd <1 + %—M>1/2.

c2r

[InoTHOCT® SHepruM He MMeeT 0COOEHHOCTHU HA TPABUTAIMOHHOM
panmyce, B OTJIMUMe OT aHaJIOTUYHOT'O BHIPaXKeHWUS, IIOJIyYeHHOI'O B
paboTe [40]. Dueprus mons W BHe 1apa paauyca r( JaeTCsI COOTHO-
IIeHneM

7 Mc? 7o\ 1/2
— 2 70 — _ 9 —
W_Jﬂwdm_ 2[@+m> 1], (21.42)
KOTOpOe MepexouT B HhIOTOHOBCKOe Bhipaxkenue W = —(kM?)/(2r)

npu r,/r <K 1.

3 paccMOTpPEHHOTo Kpyra BOIIPOCOB MOXKHO CHEIATH CIIEMYFOIIIe
BBIBOJIBL:

Ilenmpaavromy c@epunecku—CcuUMMEMPUUHOMY 2PA6UMAUUOHHO-
MY NOAI0 8 nYycmome, onpedeisemomy u3 ypasrernul unwmeina,
YAaaoch CONOCMA8UMb HEKOMOPOE IKEUEALEHTNHOE CULOBOE NOAE 6
npocmpancmee Munkosckoeo. Ecau deudcenue 6a3uca Jemempa 6
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npocmparcmee FUHwmetna npoucrooum no 2e00e3udueckuM AUHU-
M, mo deuxcenue amoeo e basuca 6 npocmpancmee Munroscko-
20 no muposvim aunugm. Hatlideno svipascenue dag manpaxcennoc-
mu noad, 6 KOMopom deuxcemca 3mom 6a3uc, U NOAYUEHO 6bIPA-
scenue dag anepeuu noag. B pamxaxr OTO natidena npeumyuwecm-
sennad cucmema Koopdunam (21.25), koopdunamuvr u épems Komo-
poti co6nadaem ¢ 2aAUAEEBLIMU KOOPOUHAMAMU U 6PEMEHEM 6 NPO-
cmpancmee Munxoeckoeo. Oka3asocyb, umo paduaivrag K0opIuHa-
ma lMleapywuavda r sx6uBaseHMHA BeauUUuHe PAOUYCA—6EKMOPA 6
npocmpancmee Munrxoeckoeo, a epemennad xoopdunama Illeapy-
wuavda t we cosnadaem co spemenem npocmparcméea Munkoscko-
eo T. Toavro dag paccmognui ry/r < 1 cosnadenue umeem mec-
mo. Omciwoda ob6wvacngemea uzeecmuwiti napadoke 6 OTO, coeaac-
HO Komopomy "koopdurnamnag” ckopocme wacmuy 6asuca Jlemempa
CPEMUMCT K HYAI0 NPU NPUOAUNCEHUU K 2PABUMAYUOHHOMY Padu-
Ycy, 6 MO 6PeMI KAK CuL®, Oetcmeyouad Ha YacCmUYbl Npu r — 7,
(¢ mouru 3penus OTO) cmpemumes x beckoneunocmu.

Pacuet m3BectHBIX 5@derToB OTO mo merpuke (21.25), cBs3an-
HBIX ¢ GOPMOI TPaeKTOPUid, IPUBOAUT K TOMY JKe Pe3yJIbTaTy, 4To
u B toJie IlIBapimminbaa. Pasnuumne mposgBsiseTCs B BBIPaKEHUAX 3a-
BUCSIIINX OT BPEMEHU U OT MPOU3BOIHBIX TI0 HEMY.

I pacmpoCcTpaHSIOMNXCS IO pannycy Jiydeir cBera u3s (21.25)
npu d3? = 0 mmeem:

dr r\1/2
(Gr), =am=c1-(7) i

{1+ 1>1/2(<1>1/2 1) - 1]_1, (21.43)

Tg Tg Tg

dr r\1/2
(Gr), = e =<1+ () i

== (1+ 1>1/2(<1>1/2 + 1)]_1, (21.44)

Tg Tg Tg

rae (21.43) cooTBeTCTBYeT CKOPOCTH pacxomsammxcs, a (21.44) —
CXONAIIINXCS JIydelt.

Ipn r < r, Beipaxenus (21.43), (21.44) oTpuiiaTesbHEL, T.€. JIy4n
PaCIpOCTPAHSIOTCS JIUIIb B OMHOM HAIPAaBIEHUN — BHYTPB [7].

c1(ry) = 0.
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ITosToMy BpeMs pacHpOCTpaHeHHs CBETOBBIX CUTHAJIOB OT ' = Ty JI0
rg > Ty CTPEMUTCS K GECKOHEUHOCTH.

¢ilys,,> 0; |a1| < ¢ sHak paBeHCTBa MMeeT MecTo mpm T —
0; r— o0.

c2 < 0; |e2| > ¢ 3Hak paBencTBa cupasBemus mpu r — 0; 7 —
0.

|c2| nmeeT MakcuMyM B Touke r = 3r,.

ea(3r,)] = V)

s cxomaruxcs JIydell BpeMsS pacIpoCTpaHeHN CUTHAJIOB MeX-
Iy JIIOOBIMU 71 U 79 13 objtacTu 0 < 7 < 00 KOHEUHO.

Ecan r,/r < 1, 10
c1 = (1= 0.5(ry/r)Y% =7, /7)c,

co e —(1+ O.5(rg/r)1/2 —ry/7)cC.

XoTs B KaXIOM U3 HampaBJieHull pacrpocTpanenus dr/d1 otiu-
YaeTCs OT ¢ Ha BEJIMYMHY, COIePKAIITYIO MOMPaBKy IEPBOTO MOPIIKA,
OTHAKO, TOJIyYeHHBIE Pe3yJIbTaThl He MPOTUBOpPeYaT ~YeTBEPTOMY
sdpdexTy” lllanupo, Tak KaK BO BpeMs 3ala3IbIBaHUsS PaIMOCUTHAIIA
AT na yuacTke "Tyna” + ”ob6paTHO” COBIAMAIOT C IIBAPIIIINIIHIOB-
ckuMm At B onbiTe [[Mamupo.

Ha ocHoBaHuMM mpoBemeHHOTO aHaJN3a MOXKeT OBITH MpeNcKa3aH
cienyroiuid 3p¢eKT:

Cropocmb ceema, ucnyckaemozo ¢ 3emau nepnenourysapHo no-
geprHocmu, doaxcna 6bimb MeHbULe CKOPOCTMU CEEMA, NAJAUEL0
u3 6eCKOHEUHOCTU HOPMAALHO €€ noseprrnocmu, Ha 11.2 km/cex,
YMO COOMBEMCMBYEM 6MOPOU KOCMUUECKOT CKOPOCTU.

I11. MonenupoBauune MmeTpuku ToJsiMaHa

PaccmoTpum kKak oTobpaxkaeTcd Ha MPOCTPAHCTBO MUHKOBCKO-
ro m3BecTHoe perrerune Tosmana [7]. Vcmonb3ys 3akoH TBUXKEHUS
crtoHoit cpenst (21.1), rme € 0 — HeKOTOpHI BpeMeHHOI mapaMeTp,
CMBICJI KOTOporo byneT ompenesieH To3XkKe, IepeiifleM B JlarpaHXKeBY
COIIY TCTBYIOIIYyIO CUCTEMY OTCUYETa.

Hns mabmonaTeniel, TBUXKYIIIUXCS BMeCTe CO CPeIoOW, KBagpaT
IIPOCTPAHCTBEHHOI'O PACCTOSAHUA €CTh:

ozt dz”

—dI* = (Y — Vﬂvy)ﬁ—yka—y/

dy*dy' = -y, ldy*dy’, (21.45)
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rae (Y, — V,V,) = J4 — HIPOEKUNOHHSBIH omepaTop,

Ozt
Vi =0_—. (21.46)
€L
V# — yeTHIPEX—CKOPOCTH, CKaJIIp © ompenesseTcs U3 yCIOBUS HOP-
MUPOBKH v, VHV"Y = 1. TpexMmepHEIA TeH30p KPUBU3HBI, BBIYNCIIE-
Huil 1o MeTpuke (21.45), 3aBuCAIuil OT TeH30pa BUXPS U TEH30pa
CKopocTell medopmMaruii cpenst [4], B obImeM ciydae oTIUYEH OT HY-
JISI.

[TycTh B pyuMaHOBOM MPOCTPAHCTBE NBUKETCS MTBIJIEBUIHAS MaTe-
pust ”6e3 Bparenuii”. B sTom cityyae, Kak U3BeCTHO, [7] comyTcTBY-
IOIas CUCTeMa OTCUYeTa OylmeT CUHXPOHHOW, IJIS KOTOPOW KBagpaT
MHTEPBAJIA €CTh

ds? = de* — Hdy*dy. (21.47)

B nByx pasHBIX mpocTpaHCTBax ~momaenan” V, u opuruHale Vi MBI
BHIGpAJI O6IITe KoOpAMHATH Dittepa z* u Jlarpamxa y*, £,

Ham momxom ¥ MomeampoBaHWIO 3aBUCAT OT OTBeTa Ha BOMPOC.
CymecTBytot s Takue y; u3 (21.47), yIoBaeTBOpAIOIIUEe ypaBHEHN-
M DWHINTelHA U ONpe/esiseMble n3 paBeHCTBa (21.48)7

ozt dz?

T By (21.48)

Vi = = =Y — V\V2)
WNupiMu criioBamu, MBI TpebyeM paBeHCTBa IMPOCTPAHCTBEHHOTO pac-
crossaus B "momenu” u B "opurusaine” [59], uto ciemyer u3 (21.18).
PaccmaTpuBas panuajibHOEe MBUXKEHHE MBUIH B CHEPUUECKUX KO-
opauHaTax "Momenn”, uMeeM It mHTepBaia (21.45)
0
di? = (VlgiR - Vog—;>2dR2 + rX(R, £%)(sin® ©dp® + dO?), (21.49)
rle 7 — paauajibHas KoopAnHaTa Jisiepa, R — paanajbHas KOOpau-
HaTa Jlarpanxa. YrioBeie © u ¢ nmepeMeHHble Jiislepa u Jlarpanxa
COBIAHAIOT.

B ”opurunase” peliteHueM ypaBHEHUN HeHTpPaIbHO—CUMMETPUY-
HOTO TIOJISL B COITYy TCTBYIOITIEN CCTEME OTCUETA, IJIs ITBIJIEBUIHON Ma-
Tepuu GymeT u3BecTHoe peltenne Tommana [7].

N3 ycmoBmit (21.48) HaxommM ypaBHeHHUe IS MOIEIMPOBAHUS
MeTpuku Tosmmana

Or Oz  Or <a_$§>2 — <a_7:)>2 172 9z
560 0R T 8RH “ n f(Ra)€ ] - 8—50} =0 (21.50)
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B ypasuenun (21.50) HemssecTHoit cumraerca dynxuus z'(R,£%).
r(R,£°) onpenensgerca pemenuem Tonmvana, f(R) — mpomsBosibHas
(GYHKIUA B 5TOM PEIIEeHNUMN.
PaccMoTpuM HeKOTOpEIe YacTHBIE pelreHns ypaBaeHus (21.50).
a) Eciin B kauecTBe mapamerpa £ /c BE6epeM cobcTBeHHOE BpeMms
T = s/c B 3akone nBuxkenus (21.1), To

9z"\2 Or\2
<E> _ <%> =1, (21.51)

It Toro, uto6sl ypasaenus (21.50) u (21.51) 6b111 COBMeCTHHI,
HeOOXOMMMO BEIIIOJIHEHME yCJIOBAN MHTErPUPYEMOCTH

&2 20 220
ORds _ OsOR’

YTO IIpMA UCIIOJIB30BaHNN PEIICHUA TOHM&H&
Or\ 2 F(R)
<£> = f(R) + , (21.52)
IIpUBOOUT K COOTHOIICHWIO

& 1dF
dR  rdR

0. (21.53)

Pemrennie ypasuenus (21.53) ects f = ¢; = const, F = ¢3 =
const. B wacTHOCTH, 5>TUM ycCJloOBUeM YHOBJleTBOpseT MeTpuka Jle-
MeTpa [7], s xkotopot f =0, F =r,.

Nurerpuposanne ypapuerus (21.50) IpuUBOANT K 3aKOHY IBIKE-
Hus yacTui 6asuca Jlemerpa B "Momenu” Vj [59], HalineHHOMY BHIIIIe

(21.26).
6) Ilonaras B ypasuenuu (21.50) z°/OR = 0, umeem

2" = W(£"), (5—;)2 _ 4(%)2, P fV20. (21.54)

W3 (21.54) cnenyer, uto f < 0. B wacTHOCTH, ecrm f = —sin® R,
U = a(£Y). U3 dpopmyn (21.46), (21.47-21.49), maxonum

0= \/11_|_7f<gz2>_1, (V"2 = cos 2R, <§—;>2 = a’cos’ R,

ds? = (d€")? — a*(¢"){dR? + sin® R(d#® + sin” 0dp?)}.  (21.55)

OnemenT nHTepBaia (21.55) COOTBETCTBYeT MeTPUKE 3aKPHITON M30-
TPOITHOR Mofenu [7].

199



Baxuo orMeTuTs, uto a(£’) = ¢T', rne T — BpeMs B mpocTpaH-
ctBe MUHKOBCKOTO.

[TosToMy B mpocTpaHCTBe ’Momesin” pellleHne ypaBHEHUS JITH-
IITeHHA B ~opuUruHaJje”’ orpaHUYeHO BpeMeHeM

2ay  4kM 1

c 3rc2 ¢’

Trnax = (21.56)

riae M — macca 3aMKHYTOW Mofesin, k — TpaBUTAIIMOHHAS ITOCTOIH-
Had.

[Toste ckopocTeit yacTuil 6a3uca B "Moueiun’ B IMepeMeHHBIX JWi-
nepa u Jlarpanxa nomygaem u3s (21.54)

0
c—&:o =v = T =csin R < ¢, (21.57)
dv
— = 0. 21.58
o ( )

J[f060MEBITHO 3aMeTUTH, YTO B PACCMOTPEHHOM CiIydae ’TpaBUTaIll-
OHHag Cmjia”’ B TaJIMJIEeBOM IIPOCTPAHCTBEe 'Momesn’ paBHA HYIIO U
CKOpOCTh pasberanus”’ mpu GUKCHUPOBAHHOM BpeMeHU 1’ IPOIIOPIINO-
HaJIbHA 7 (3aKOH Xe66s1a). AHAJIOTMYHELA Pe3yJIbTaT U3 APYTUX CO-
obpaxenuit oiyudeH B pabore B. Poka [3].

CBs3b MeXy BpeMeHeM ~MoJeJin” 1 BpeMeHeM ~ OpUTUHasia”’ BHI-
paXxaeTcs COOTHOIIIEHUEM

7= La(t) = (1 - cosy), (21.59)

C C

rae, cienys [7], met BBenu cdt = adn. O6o3nauas

1 1da
——hy, ——=h
T b dt ’
nMeeM 1/2
_ T_p( P
b = htan | = h(ﬂm 1) " (21.60)

N3 dpopmymsr (21.60) crenyer, uTo "Bo3pacT” OTHOPOIHON 3aMKHY-
Tou Mofesin BcesleHHON MpU IVIOTHOCTH [t ~ [y TIO YacaM IIPOCTPaH-
crBa Munkosckoro 1/h; m npoctpancTBa ”opurnnaia” 1/h mMoryT
3aMeTHO OTJINYUTHCSI APYT OT APyTa.

B) Econ B 3akone nBuxkenus (21.1) B kauecTBe BpeMEHHOTO TIapa-
MeTpa BEIOpAaTh MapaMeTp, HyMEPYOMINA OPTOTOHAJIBHBIE MUPOBBIM
JINHUSIM TUTePIIoBepXHOCTH [4], TO

ozt

Yoyt

0, (21.61)
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OTKylla CJlelyeT, UTO B cjiydae chepudecKoll CUMMeTpPUU

Az B vior

98 = T15R" (21.62)

N3 ¢popmyser (21.50) Haxomum

Vi=\1+f, Vi=\f, f>o0. (21.63)

Nurerpuposanne (21.63) maet

f
1+ f

rae B(R) - mpousBosbHas QyHKIA.

r(R,t) = 2’ 4+ B(R) = vT + B(R), (21.64)

Kak mokasaHo B [4], BeKTOpHI TIepBoii KpUBU3HEL ¢F MUPOBEIX JIH-
HUII 4acTUIll Cpelbl B JIarPaHXKeBOI COIyTCTBYIOIIEH HermHepIHaJlb-
Hoit cucteMme orcuera (HCO) cBa3aHBl ¢ HOPMUPYOITIM MHOXKATE-
aem © B (21.46) cooTHouIeHIEM

Oln©
k kn
g =9 . 21.65
B paccmaTpuBaemoM cirydae g* = 0. IlosTomy
0 =0(¢"). (21.66)

YuureBas 5to, Haxoqum u3 (21.63) u (21.64) mpu B = 0, yTo

(€, R) = a1+ f

r(€%, R) = a(€")Vf, é = g—;). (21.67)

B wactHOCTH, eciin f = sinh® R, To mosydmM IJisf 5J1eMeHTa MHTep-
BaJia

d&® = (d€°)? — a*(¢"){dR? + sinh® R(d#* + sin® 0dp*)},  (21.68)

YTO COBIAAeT ¢ METPUKOM OTKPHITON U30TPOITHON Momesun [7].
[IpennaraemMsbiii MeTOI MOIeIMPOBaHNS 1T03BOJIIeT B pamkax OTO

BBIICHUTH MeTPUYECKUN CMBICJI KOOPIMHAT U BpeMeHU, BhIpaxKas UX

Yepe3 KOOPAWHATH U BpeMs mpocTpaHcTBa MunkoBckoro. Tak Kak

_dr_ dr
ds  cdr
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TO -
0 c
— - 21.
a(¢’) =cr p—— (21.69)

Taxum obpazom, a(£’)/c coBnamaeT ¢ coBCTBEHHEIM BpeMeHEM T
vacTuil 6a3uca B " Momenn’” .
Beenem "nocrostanyro” Xa66ima B "monenu” hy = 1/T u cpaBHuIM

_lde ¢
adt’ o

€e CO 3HaueHunueM

h

CpaBHeHue maeT

1 &

hy = h N — 21.70
1 1+hr(1_L) ( )

c? Per

[Ipu moTHOCTH 1 GIIM3KOM K KPUTUYECKON TNIOTHOCTHU [ier Bce-
JIeHHas 110 YacaM ~MOMesIn’ HMeeT 3HAaUMTeJIbHO OOJIBIINI BO3pacT,
YeM II0 YacaM ~opuruHaja’”.

Kak m3BecTHO, TOHATHE PACCTOSHUS B KOCMOJIOTUU HE UMEET Ofl-
HO3HAYHOTO CMBICIIA W HE MMEETCI HU OMHOIO0 PACCTOSHUSA, KOTOPOE
MOXHO ObII0 GBI HaszBaTh npaBmwibHbIM” [49]. [Ipennaraemsriit B pa-
60Te METOI MO3BOJIIET CUNTATH ~MPABWIBHBIMI €BKJINIOBBI PACCTO-
auang v = a(£%)sin R u r = a(£) sinh R 01 oTKpHITOl U 3aKpHITOI
MO[IeJIell COOTBETCTBEHHO.

Ucronb3yst m3BecTHEBIE POPMYITHL [7]

2k M

a(n) = ag(l — cosn), ay 32
M

pa’ = PR ' = ct = ag(n — sinn)

IJISL 3aKPBITOU MOIeJId U (POPMYJIBI

5 3c%ay

= — = 0: = ] —
a(n) = ag(coshn — 1), pa®=—-—=, & = ct=ay(sinhn —n)

IUIST OTKPBITON MOXKHO TOKa3aTh, YTO W3 3aKOHOB NBUKeHns (21.54)
r(R,t) = a(t)sin R u r(R,t) = a(t) sinhr ciemyer paBeHCTBO

O2r Ak pr
o - T (21.71)
ot? 3

PagenctBo (21.71) coBmamaer c¢ 3akonom Hpiortoma. Ormernwm,
yto B (21.71) nuddepeHIMpOBaHE MPOM3BOMUTCA MO COBCTBEHHO-
My BpeMenu t ”opurunaina’. IuddepeHinmpoBanne 3aKOHOB IBUKe-

HUS TI0O BpeMeHU ~MofieJin’ HaeT HyJieBoe YCKOpPeHUe B MIPOCTPAHCTBE
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Munkosckoro. Taxum 06pa3oM, B pacCMOTPEHHBIX KOCMOJIOTMYECKIX
MOeJIIX JeliCTBIe I'PaBUTAIMOHHOrO II0JId IPOABJLeTCa B HedopMa-
mugx BpeMeHu. llocienHee yTBepXKIeHMe BBITJIAAWT Oojlee YeTKUM,
ecam uHTepBaJt (21.68) ¢ yuerom (21.69) m napamerpudeckux ¢op-
MyJI JJIS OTKPBEITOI MOMEJIN MPEACTABUTE B BUIE

c2dr?

ds? = T A T{dR? + sinh? R(d6* + sin® 0dp?)}.  (21.72)

[Ipu orcyrcTBun rpasutaimu oy = 0 u 51eMeHT nHTepBaia (72)
coBmamaeT ¢ mHTepBasioM B Monesnu MuiHa [60], peamusyemyto yac-
TUIAMU, BEUIETAIOIIIME U3 OMHON TOYKM IT0 BCEM HAIPABIIEHUSIM CO
BCEBO3MOXKHBIMU CKOPOCTSIMH, T.€. 00pa3yommx chepudecKu CUM-
MeTpuunyio kBasu-MICO [1] umn o6obimennyo MCO [61].

Taxum o6pasom, MpuMeHeHIE METOIa MOIEJTMPOBAHUA B KOCMOJIO-
UM ToKa3adio, uTo cBA3b Mexay OTO, CTO u 3akoHOM BCEMUPHOTO
TaroTredns HpioToHa okaszajack 60jiee TeCHOWM, YeM OOBIUHO ITPEMIIIOo-
saraetcsd. Ecim BeranciaaTs BospacT BeeserHol mo yacam rmpocTpaH-
ctBa MunkoBckoro, To u3 dopmyn (21.60) u (21.70) ciemyer, uTo
P IUIOTHOCTSX OJM3KUX K KpuTwdeckoll BcejeHHas 3HaYNTEITHHO
”cTapiie” cBoero ” opuruHaJLHOTO” BO3pacTa.
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I'maBa 5

B3ANMOIENCTBUE

DJIIEKTPOMAT'HUTHBIX
[TIOJIEN C ITPOBOIAIINMU TEJIAMAU

B »Toit rimaBe mosryvena:

1. Cuctema unTerpo-guddepeHInaIbHbBIX YPaBHEHUN NI TIJIOT-
HOCTEeN 3ap4lIoB U TOKOB IS 3apsIXKeHHBIX MeTaJUIMYeCKUX TeJl, Ha-
XOMSIINXCS BO BHEIITHEM HEOTHOPOJIHOM UM HeCTallMOHAPHOM 3JIEKTPO-
MarHUTHOM ToJe i1 Kitaccudeckoro ciydas (CO 1-ro kimacca).

2. CucteMa UHTETrpaAJIbHBIX YPaBHEHUN IS CBI3aHHBIX 3aPIIOB C
y4eTOoM IOCTYJlaTa KBUBAJICHTHBIX CUTYyallid U ypaBHEeHUN CTPYK-
TYPBI U1 CTAIMOHAPHOTO CJIydad.

22, 061_ua51 IIOCTaHOBKa 3adavdl BBaHMOHeﬁCTBHH
JICEKTPOMarHITHOTO IIOJIA C IIPOBOOAIIINMM TeJIaMHN

Paccmorpum cuctemy N mpoBOAAIUX TeJT TPOM3BOJILHON (oOp-
MBI, HAXOOAIIUXCAd B BakyyMme. CumTaeM, UTO 5THU Tejla HAXOMATCS
B HEKOTOPOM 3aJaHHOM BHeIITHEM HeCTAallMOHAPHOM U HEOIHOPOIHOM
3JIEKTPOMAarHUTHOM IIOJie, a TaKXkKe CaMU CollepkKaT UCTOYHUKU MOJIA:
3apanbl 1 Toku. M3BecTHO, uTO ypaBHeHus MakcBesia onucHIBAIOT
SBOJTIOLNIO CUCTEMBI, COCTOSIIYIO U3 TMoJieir u 3apamoB. OmHakKo BO
MHOTUX MPaKTUYeCKUX 3ajadax IJIOTHOCTHU 3apSloB U TOKOB HEM3-
BECTHEHI.

[Tess HACTOMATIIETO pa3esa - BLIBOJ 3aMKHY TOW CUCTEMBI MHTETPO-
nuddepeHnaIbHBIX YPaBHEHUN [JId 3apAOOB U TOKOB, pellleHne KO-
TOPBHIX MO3BOJIUT B IPUHIUIE HAXOAUTH 3JIEKTPOMAarHUTHBIE IIOJII
BHE CUCTEMEI TeJl.

s perreHus 3agadyn BOCIOJIb3yeMcs ypaBHeHusmu MakcBesa,
3alliCaHHBIMU B CTaHOapPTHOUN YeThIpexXMepHou dopMe

4
v, = g, (22.1)
C

"'V, F.y = 0. (22.2)

3nech eV - coBepIlleHHO aHTUCUMMETPUYHBIN eIMHUYHBIT 4-TeH30p,
F* - Tensop mosd, j* deThHIpeXMePHHBIN BEKTOP TOKA.

F,, =2V, A, = 20,4, (22.3)
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AF - 4-moTeHIIMAI, YIOBIIETBOPSIONNiA ycyioBuio JlopeHiia
V,A” = 0. (22.4)

OueBumHO, YTO HpeACTaBIIeHNEe TeH30pa moJis B Bume (22.3), obpa-
IIaeT B TOX/AECTBO ypaBHeHme (22.2), a ypaBHenue (22.1) cBogurcs
K BUIY.

dr 1 02
c2 Ot?’
N3 accmmMmeTpum TeH3opa moss F) uv CIIENyeT TOXIIeCTBEHHOE BHITIOJ-
HEeHUEe YpaBHCHUA HEPa3pbIBHOCTU

V,.j" =0. (22.6)

Pemrernie cuctemer (22.5) BEIpaxkaeTcCs depe3 3ala3mgbIBAoINUe
MOTEHIINAIIBI U3BECTHBIM CIIOco6oM [7]

1,47, t—R .
b=2f? TR gy Bewoi, dv' = dddyds,
c R

roe

7= (z,y,2) = (z',y',2"), 7 — (2,27, 2").

R ecThb paccTogHme oT 371eMeHTa obbeMa dV' mo Touku HabJIIONeHN.

Tpu mpocTpaHCTBeHHBIE KOMIIOHEHTHI 4-BekTopa AY 06pasyioT
TPeXMePHBIN BEKTOpP A WM BEKTOPHBIN TMOTEHIUAJ TOJIs, BpeMeH-
Hasg KomnoHeHTa A’ = ¢ ecTh CKaNIpHEIA MOTEHIINA, T.e.

"y (¢, A). (22.8)

YeTrIpexMepHBIN BEKTOP TOKA CBA3aH C TPEXMEPHON MIIOTHOCTHIO TO-
-
Ka j U IJIOTHOCTBIO 3apala p COOTHOIIEHNEM

"= (cp,j)- (22.9)

Ucrmonesys ¢popmymnsr (22.7) u (22.3) BeranciuMm TeHsop mnons Fy, B
IIPOM3BOJILHOI TOYKE BHE IPOBOIHUKOB.

1 3] 1 3]' k L k
61/ = - R 1/56 R dV’)
/ {c (97' " ¢R Ot Ik sz[ Jk }
Rf=zah -2  r=t- E, (22.10)
C
4YTO JaeT B KOMIIOHEHTAaX
1 (OpRF 1 (9] RF

= — — dv’
/{3TR2 cR O1 —|—ch } ’
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F, = 2/{ LR N ]}dV’, (22.11)
c/ LcR? Ot R?
rie 1o MHacKCcaM, 3aKJIIOUYCHHBIM B KBaJpPaTHbBIC CKO6KI/I, IIpoOn3BOANT-
Ciad aJIbTEPHUPOBaAHUCE.
C npyroil CTOPOHBI, TeH30p MOl MOKHO BEIPA3UTh Yepe3 KOMIIO-

HEHTBI BEKTOPOB HaHpH}KeHHOCTeﬁ SJIEKTPUYECKOI'O F w marauTHOTO
—

H mnoseii.
Fy. = E* = (E,,E,, E,) = (E', E*, B%), (22.12)
1
HY = —§eklmﬂm = (H,,H,,H,) = (H', H?, H?), (22.13)
rmae 6klm - COBEPIIECHHO aHTHCHMMeTquHBIﬁ eHHHHqHBIﬁ IICeBOOTECH-

30p 3-ro panra.
®opmyster (22.11)-(22.13) m03BONISIIOT BHIUKACIUTD JIEKTPOMAr-
HUTHOE ToJIe [0 INTOTHOCTSAM 3apsIoB p U TOKOB j Ha IPOBOIHUKE.
Eciu umeercsa N poBOAHUKOB, TO B CWILY JIMHEMHOCTH yPaBHEHUIA
5JIEK TPOAMHAMUKM IIOJIHOE II0JIE €CTh PE3YIbLTAT CYIEPIO3UINA BCEX

nojieri. B sTom CJIy4da€ IIOJIHOE IIOJIE (I)ey Ja€TCA BhIPpaXKCHIEM

(22.14)

N
— (k) *
(I)GV - ZFGI/ —I_Few
k=1
ruoe, B3dTad B KPYTIJIBIE CKO6KI/I 6YKBEL k O3Ha4daeT HOMEP IIPpOBOOAIIIETO
TeJa, Fe*y - TeH30p BHEIITHET O SHGKTpOMaI‘HI/ITHOI‘O II0JIA.
-

-
Kax wm3BecTHO, BHyTpUM uMOeaJbHBIX MPOBOMHUWKOB Tois B u H
pPaBHBI HYJIIO, & HAa UX TOBEPXHOCTSX CIIpaBeIJINBEL paBeHCTBa [26]:

. c , = B 1, =
g—ﬂan, (a) 0—47Tn-E, (),
AxE=0, (¢) #-H=0, (d). (22.15)

B dopmyste (22.15) 7 - eIUHUYHEI BEKTOP HOPMAJIU K IIOBEPXHOCTH
IIPOBOIHUKA, § - MIOBEPXHOCTHAS IJIOTHOCTH TOKA, O - IIOBEPXHOCTHAS
TIOTHOCTH 3apAa.

Tak xax 3apanbl U TOKU Ha MIeaITLHBIX TPOBOMHUKAX PACIIOJIara-
I0TCS Ha TIOBEPXHOCTH, TO B cooTHomreHnsx (22.10) u (22.11) moxHO
crmeyiaTh GOopMaIbHYIO 3aMeHY:

v =g"ds',  pdV' =od9, (22.15)

rae dS’ - syeMeHT MMOBEPXHOCTH IIPOBOMIHMKA.
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B cormacuu c (22.14) mosiHOe 5JI€KTpPUYECKO€e IOJI€ B CUCTEME B
TIPOU3BOJILHON TOYKE BHE TPOBOTHUKOB

~ . N .
&), =F =Y E'W 4 g, (22.17)
k=1

rme E' - cyMMapHOe »JleKTpudecKoe Tojle, [*! - BHellIHee »JIeKTpH-
JecKoe moJie.

Bri6paB Ha MOBEpXHOCTU MPOBOMHUKA C HOMEPOM S ITPOU3BOITH-
HYIO TOYKY U yUUTHIBas, UTO MOJIe B OKPECTHOCTHU 3TON TOYKHU, CO3-
IlaBaeMoe BCeMU OCTaJIbHBIMMU 3apsagaMu, KpoMe 3apsina B DTOU TOY-

Ke, PaBHO IIOJIOBUHE OT IIOJI1 Ha IOBEPXHOCTM, KCIOJIB3YSd yCIJIOBHE
(22.15) (b), momyuaem

} LN 9e® BE) L 56

c izl ork)  R(k)2
o5\ 1 AU . 500
Y0 i W S E LA Lg PP 1)
(A9 27 ) g + oo™ s dS (22.18)

B ¢opmyste (22.18) s mpuauMaeT 3HavyeHus ot 1 mo N, R™ coennuser
siemenT noBepxuocTn dS'F) mpoBomHUKa ¢ HOMepoM k ¢ ¢ TOIKON Ha
TOBEPXHOCTH NPOBOIHUKA C HOMEPOM S, 7°) — eqUHNYHBIH BEKTOD
HOPMAaJIN K TIOBEPXHOCTHU HOMEPA S.

B ciryuae smekTpocTaTnku

oo @’_

E:O’ (97'_0

U cucTeMa ypaBHeHuil (22.18) mepexomuT B CUCTEMY MHTETPAJIBHBIX
ypaBHeHUM, moiydeHHex 1 putbeprom [89].

[Tosmaoe mMaramTHOe mojie H BHe IPOBONHMKOB W3 BEIPaAKEHUII
(22.13), (22.14) umeeT BuUI

. 1
H' = —§etlm<1>lm. (22.19)

=
BeKTOpHOG IIpon3BcOCHNE ﬁ(s) X H B KOMIIOHEHTaX Ha OCHA UMeeT BN

eprtn(s)rgt — _%eprtetlmn(s)rq)lm
1 [ crm m criy, . (s)r (s)r
=~ (817 = 5 By = (22.20)
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N3 cooTnomrennit (22.11), (22.14), (22.15), (22.16), (22.20) mosy-

HaeM

2T 6 o S R
c g - rp =

9 N . BB 5ot R (k)]
= Bl 23 {C - o Sl g,

ciT (k)2 (k) R()3
(22.21)
CooTHomrerue (22.21) MoXHO mepenucaTh B BEKTOPHOU (Hpopme
27 > R gk
2T =gl g = .7
c g " C kz:l {CR < (k) >

(B® 7)) g o (9. 7) - §H (7). 19)} a5,
(22.22)

rie H* - HaNpAKeHHOCTH BHEIITHEro MOJIA.

Cucrema 4N uHTerpo-guddepeHnaaIbHEIX yPaBHEHNA CBA3BIBA-
eT 4N HemsBecTHBIX QyHKUmit: N BesuuuH o u 3N KOMIIOHEHT BeK-
TOPOB .

BBumy Toro, 4To mpocTpaHCTBEHHBIE KOMIIOHEHTHI TEH30POB IIO-
OBIMAJIACH M OIIy CKAJIUCE C TIOMOIIBIO )7, TO MBI He IeJIajii Pa3JIndms
MeXK Iy KOBAapUAHTHBEIMU 1 KOHTPaBapUaHTHBIMU KOMIIOHEHTAMM TeH-
30pOB, XOTS U MCIOJIb30BaJIach CTaHIapTHas cCUrHaTypa (+ — ——).

Benmunast §® u o®) cBs3aHBI ypaBHEHHSIME Hepa3pHIBHOCTH
(22.6), KOTOpEIE TIPH IIepeXO/ie K TOBEPXHOCTSIM CBENYTCS K BUIY:

30(8) \/—8 - <F9 > (k=1,2)

7O =det || 75 ||, dIW? = 4 duiguF, (22.22)

(5)

Y, - MeTPUYeCKHAUN TEeH30p IIOBEPXHOCTU C HOMEPOM S, a uF) - xpu-
BOJIMHEWHBIe KOOPAWHATHL Ha MMOBEPXHOCTAX.

PazBuThent 30echk anmapaT MPUMEHUM He TOJIBKO IS MIeaJTHbHBIX
IIPOBONHUKOB, HO U JIJIS PeaJibHBIX MPOBONHUKOB IIPU CUJIBHOM CKWH-
sdpdexTe. OmMHAKO PN CYITIECTBEHHBIX (PAKTOPOB, CBA3AHHBIX C TeTI-
JIOBBIMU TIOTEPSIMU, TP TAKOM paccMoTpeHun BbmamnatoT. [Ipemio-
JKeHHBIA MeTOol MOXKHO, HallpuMep, UCIOJIb30BaTh MPU aHAJIATUYEC-
KIX BBIYUCIIEHUSX Wiin pacueTax Ha DBM B 3amayax B3auMONeNCTBUS
3JIEKTPOMAarHUTHBIX II0JIeW C TIOBOOSINUMU TeJIaMU.
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BaxHo oTMeTuTH, YTO HpemiokeHHas cucteMa (22.18), (22.22)
ABJILE€TCSA 3aMKHYTOIL.

I'parnunsie ycmosus (22.15)(a) u (22.15)(b), koTophie nCIOIB30-
BaJINCh [JIS €€ IOJIyYeHUs, HelOCPeICTBEHHO BHITEKAIOT U3 pellla-
eMbIx ypaBHeHmil moss (22.1). B pabore [90] mms ciyuas omsoro
IIPOBOMHIKa GBLIIO MOJIyUeHO ypaBHeHne, coBIagaImee ¢ (22.22) npu
N = 1. OgHako B KauecTBe BTOPOro rpaHuyHoOro yciosus B [90] 6bI-
70 BEIOpaHo BMecTo ycioBus (22.15)(b) ycnosue (22.15)(c). IlosTo-
My, mosydenHas B [90] cucrema, comepxutT 6 ypaBHEHWIA NI YeTHI-
pexX HeM3BECTHHIX GYHKIMI. XOTA cUCTeMa U IepeolpeieieHa, HO He
IPOTUBOPEYNT I'PAHUYHBIM ycsoBuaM (22.15). s ciydas umealib-
HEIX ITPOBOJHUKOB UMEET MECTO CBOEOOpa3HOe BEIPOXKIEHIE, KOrIa 13
¢daxTa obpallleHld B HyJIb BHYTPHU IPOBOIHUKA SJIEKTPOMATrHITHOIO
0JIS BBITEKAeT, 4YTO 4 HeM3BeCTHHIE QYHKIUU MOJIKHEL YIOBJIETBO-
paThH 8-Mu ypaBHeHIIM (22.15).

Ig 4uceHHBIX pacyeToB TpebyeTcs UMETh JIMIIL 4 He3aBUCH-
MBIX ypaBHEHIs, KOTOPhIe U HalileHbl B HacTosIel pabore. OcTaib-
HbEIe ypaBHEHUS OJIf1 PACCMOTPEHHON MOMEJIN SBJISIOTCS CJeNCTBUEM
HalJIeHHBIX.

B kauecTBe mpuMepa IOJydYMM WHTerpajibHBIE ypPaBHEHUS [JIs
pacdeTa TOKOB B TOHKHMX IIPOBOMaX.

IIycTs umciio nmposomoB paBHo N 1 ux popMma B OBIIIEM CiIydae
pasnuuHa. IlonHoe sexTpuveckoe rosle BHe IIPOBOLOB JaeTcs (op-

mysoir (22.17). Ha moBepxHOCTH KaXXIOro MpoBOfa IOJIHOE moje E
MIePTIEHIUKYJIIPHO TMOBepPXHOCTHU mpoBopa. IlosTomy mitgs mpoBoma c
HOMEPOM S MMeeM

E-I¥=0 (s=1,2,..N),

rae [19) - e{UHNYHEL BEKTOpP Ha MOBEPXHOCTH MPOBOJA S, HATIPABIICH-
HELL BIOJIb COOTBETCTBYIOIIErO IIPOBOIA.
N3 cooTHomenuit (22.11) ¢ yueToMm paBeHCTB

pdV' > Kdl',  j*adV’ — Jrdl,
roe K - nuHeliHad IJIOTHOCTH 3apfia, J BeJMUYnHa TOKa B IIPOBOIE,
a Takxe Gopmyit (22.17) u (22.25) momyunm

B} N oK Bl .l
O
Bl =0y e R

<ﬂ8) 9 j<a>> 1 @ Bla) . 19
(7). O R

/(a)
5) s T = ]dl (22.26)



N3 ypaBHeHUS Hepa3phIBHOCTU IJIS OMHOMEPHOTO CJIydYas CJIeTyeT

dt’,
(22.27)

OK@  §J@ @@, ey = /Tm aJ@ ('@ ¢

or@ —  gpla)’ oll@)

4YTO IIPpUBOOUT K COOTHOIICHNAM

3 LN g @ B . [l
v oqte _ L
B CZ/ [ama) R

a=1

oJ @\ 1 R@ . [l @ g )@ ¢

-|-<l_(8) : > +c / ( )
O7(a) ) cR(a) R@3  J-x Ol'(a)

®opmysa (22.28) mpu N = 1 (mocne mepexona B cuctemy CU) B

at'| dr' (22.28)

TOYHOCTHU COBMANAET C BHIPAKEHWEM, IMOJyYeHHBIM paHee B [78] u
[90].

Mp#&1 He 6yneM ocTaHABIMBATHLCS Ha KOHKPETHHIX 3a/1adaX B3amMO-
MENCTBUS 3JIEKTPOMArHATHHIX TOJIEN C TT0JIe00pa3yIoNMnMu CUCTeMa-
MU 1 C U3MePUTEITLHBIMU TTpeoOpa30oBaTeIIMI, T.K. 9TO He IBIITETCS
TEMOI [aHHOW KHWUTH, (IS MHTEPECYIOIUXCS IPUBOIUM CIIUCOK CTa-
Tell Ha JAHHYIO TeMY, BHITIOITHEHHBEIX aBTOPOM CO CBOMMU KOJIJIETaMU
[91-105]) a paccmompum ¥ KaKuM NPUHYUNUAALHO HOBBIM PEYAbMA-
mam MONCEM MPUBECNU UCTLOALZOBAHUE NOCTMYAAMA IKEUEAAEHM-
HBIT CUMYQUUL K 3APIHCEHHBIM TPOE0IHUKAM.

23. NUHTErpasibHOE ypaBHEHHNE NJIA IIJIOTHOCTHU
CBA3aHHBLIX 3apsialioB

B mpensinytiem pasmesie mpu paccMoTpeHUM OOIMeN 3aMadl B3alMO-
MeVCTBUS MBI cUnTa u ypaBHeHus MakcBesia, 3aJaHHBEIMU B IIPO-
ctpaicTBe MunKoBCcKoro. OmHako, KaK IOKa3aHO paHee, IOJIS CBs-
3aHHBIX U CBOOOMHBIX 3aPAOB OTJINUAIOTCI APYT oT apyra. CBa3aH-
HBIEe 3aPIIBl UICKPUBJIIIOT MPOCTPAHCTBO-BpeMs, 1 ypaBHeHus Makc-
BeJTa CTAaHOBATCS HenumHenHBIMU. [losTOoMy mpotienypa mosydeHms
nHTerpo- nudpdepeHNAITLHBIX YPaBHEHUN I TJIOTHOCTEN 3apsioB
1 TOKOB, CTIOJIb3yeMas B IpeAbIAYIIeM pa3siefie, He MOXeT CUUTATh-
Csl TpeeMJIeMOM.

s mosryYeHr S MHTETPAJTBHOTO YPaBHEHUS ITA TVIOTHOCTH O CB-
3aHHBIX 3apAl0B, PACIIOJIOKEHHBIX Ha ITIOBEPXHOCTU ITPOBOJIAIIIETO Te-
Jla [POM3BOJILHON GOpMBEI, (6ydeM CUMTATH MOBEPXHOCTH MOCTATOU-
HO TJIAIKON, YTOOBI BBHINOIHINCH YCIOBUS Hu(depeHnnpyeMocTH)
pa300beM MOBEPXHOCTH Ha 3JleMeHTapHble MJIOMIaAKN, TOTEeHIINAJ OT
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KaXJIOl U3 HUX B TOYKe HabJoleHus maeTcs (OpMYJIoil, BEITEKAO-
meit u3 (19.1)

o'dS' ayr'(1 — cos )
dAy = — —expy— 5 , (23.1)
r 2c
rze r' - TpexMepHoe ( eBKIINIOBO ) paccTosHEe OT 3apsina dQ)' = o'dS’
10 TOUKM HabJIIoJeHUs, o' - TeKylllee 3HadeHWe IIOTHOCTH 3apia,
3aBUCAIlee OT TOYEK Ha IOBEPXHOCTH, § - yroa MexOy pamduycoM
- — — = -
- BEKTOpOM 7 u ¢ , i = ay/| ay |- ¢ mims Kaxmoro sjeMeHTa 3apsmna
d() HampaBJieH 110 BHeIIHell HOpMaJii K IIOBEPXHOCTU TeJa. Benuuu-
Ha ”yckopeHus’ q IJIf 3apsAOOB OTPUIATEIHHO 3apSKEHHOTO Tejla
(371K TPOHOB) BBIUMCIIAETCS TI0 HOPMYIIE
E' 270
, e o
d)=— =7 (23.2)
2m m
BBemeMm B Kaxoil TOUKe MMOBEPXHOCTU MHTEIPUPOBAHUS €IIMHITY-
HBII 71, HallpaBJIEHHBIN 110 BHEIIIHE HOpMaJIu K moBepxHocTu. Torma
coorHorenne (23.1) npumet Bux

o'dS’ reo' (r' —n' -7
dAg =72 ( )}

r

exp{— 23.3

3 (23.3)
B saekTpocTaTndeckoM cityyae A1 JIIOO0N CTAIIMOHAPHOW MeTPUKU
OyleT OTJIIMYHBLI OT HYJs Fj; KOMIIOHEHTHI TeH30pa JIeKTPOMarHUT-
Horo mosist. U3 (23.3), mpousBens uHTerpupoBaHue M0 MOBEPXHOCTH 1
BBIUKCIIAS TEH30D IOJIsd, UMeeM B TOUYKe HAOIIOHeHUs C KOOPIUHATA-

MU Cl?k BbIpPpaZKcHUE. 2

0A o meo' (r' — @' - 7)
Fo= g = | et )
ot — 2™ mole jxb — 2'F " ,
St ()] dsn (23.4)
2

Bribepem Touky HabiioneHUS ¥ Ha MTOBEPXHOCTU MPOBOMHUKA W yM-
HOXKUM CKaJISPHO TOJIyUeHHOe BBIpaXKeHUe B TOoYKe HabO/IIONeHUS Ha

23aMeTuM, 9TO XOTH KaXKIEIH 3jIeMEeHTApHLIH 3apal Ha IOBEPXHOCTH Tejla IIPUHAI-
JIEXKUT UCKPUBIIEHHOMY IIPOCTPaHCTBY-BpPEMEHN, ONHAKO IIPOCTPAaHCTBEHHOE ceueHUe IJI
KaXXIOTO W3 3apsoB SBIAETCS eBKINIOBLIM, T.K. MeTpuka (2.18) mMeeT IIIOCKOe cedeHne
U IpH PasiINYHbIX (JOKaJIbHO MOCTOSHHEIX) 3HadeHmil yckopenus. Ilostomy mpm Bbrume-
JICHNU PacCTOSHUI OT 3JIeMEHTOB IOBEPXHOCTH MHTETPUPOBAHUA KaXJOIo U3 3ap4moB IO
MIPOU3BOJILHOM, HO PUKCUPOBAHHON TOUKU HaOJIIONeHUI MeTPUUECKUN MPOCTpPaHCTBEHHHIN
TeH30p - ecTh cuMBoJI Kporekepa. Ilo 5Toil npuunne 37mech MBI He IejlaeM PasIndusg MeXIY
KOBapUaHTHLIMU U KOHTPaBapUaHTHLIMU IPOCTPaHCTBEHHLIMEU KOMIIOHEHTAMIU.
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eNMHUYHELIN BEKTODP HOPMAJIU 71, 00pa3ys CKaJIAPHYIO OTHOCUTEIBHO
MIPOCTPAHCTBEHHBIX MpeobpaszoBanuil BemuuHy V.

o' meo'(r' — @i - 7)
= ol T
r! mc2
A N 7ole
. —
(7N - )] ds (23.5)
r mc
.
Bmecy N' equHUYHEIN BEKTOP BAOJL 7, HAIPABJIEHHEIN OT 3JIeMEHTa,

MHTEIrpUpOBaHUA K TOYKE HEL6.TIIOI[6HI/I51.
HpI/I CTaHOapPTHOM PaCCMOTPEHNN OJIA IT1OJIA CBO6OI[HBIX 3ap4aOoB
BesmmunHa ¥ cBg3aHa C HOBerHOCTHOfI IINIOTHOCTLBIO 3apda0B 0 C IIO-

MOITIBIO COOTHOIITEHU S
¥ = 270.

AcHo, YTO B "HEPENATUBUCTCKOM HPUOIMKEHNN MBI HOJIY UM OOBIU-
HOe KJIACCUYeCcKoe MHTerpajbHoe ypaBHeHue ['punbepra [89]. Yuer
TTOJII CBSI3aHHBIX 3apsoB IMPUBOAUT K OoJjiee CIIOKHON 3aBUCHUMOCTH
Mexnay ¥ u o.

Hatinem orpaHuvyeHus Ha MeTPUKY MPOCTPAHCTBa-BpeMEHU BHE
3apsKEeHHOTO TIPOBOMALIIErO TeJjla Hamomobre ToMy, KaK MBI 5TO JIejia-
JIN 719 3apsKeHHOTO Iapa B pasmese 19.

BymeMm cumrarh, 9TO TeJO 3apsAkKEHO OTPUIATENIHHO (IJIS ITOJI0-
JKUTEJTLHO 3apsKeHHOTO Tejla, KaK MOKa3aHO paHHe, IMIPOCTPAHCTBO-
BpeMsI OCTaeTCs MpakTudecku miockuM). [lonBecum Ha HeBeCOMBIX
HUTSX B II0JIe OT STOLO TeJjia MPOOHBIe 3apsansl (HAIPUMED, SIIEKTPO-
HbI). Tak Kak CIIBI CO CTOPOHBI IOJIS YPABHOBECATCS CUIIAMU HATSI-
JKeHUs HUTeW, TO Mepeiid B JIarPaHkKeBY COIYTCTBYIOIIYIO CUCTEMY
O0TYEeTa, CBI3aHHYIO C SJIEKTPOHAMU, MOXKHO yOETUTHCI, YTO METPUKA
B TaKOW cucTeMe OyeT paBHA

dsS? = goo(dy0)2 — 7kldykdyl. (23.6)

OueBUIHO, KOMIIOHEHTHI TEH30Pa B CUJTY CTATUYHOCTH IOJIS He TOITXK-
HEI 3aBICETH OT BPeMeHHOI KoopauHaTH 4, a 3aBUCAT JINIIH OT IIPO-
CTpPaHCTBeHHHBIX KoopauHaT y¥. Tak Kak BpallleHns OTCYTCTBYIOT, TO
PaBHBI HYJIO (.

Tak kKak momBellleHHBIE 3JIEKTPOHBI HETOMBUXKHBI, TO TpedyeT-
CsI BBILIOJTHEHWSI YCJIOBUI COIIYy TCTBUS, KOTOpEIe Wit MeTpuku (23.6)
AMeIT BUI

VE = Vi =0, V0= (900)_1/2, Vo = (900)1/27 (23-7)
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W3 ycoBuit comyTCTBUSA CIIENYET, YTO BEKTOP MEPBON KPUBU3HEL (4-
YCKOpEHI€E) He paBeH HYJI0, KaK [PU PAaBHOBECUU B MIPOCTPAHCTBE
MUHKOBCKOTO, & BBIUUCIIAETCS 110 U3BECTHON GHOPMYJie, KaK U B CILIy-
Yyae CWJIbI, HEMCTBYIOINEN HA YACTUI B IMOCTOSHHOM TPAaBUTAIMOH-
HoM TIoJTe [7].

_ 1 gkm Ag00
2g900°  Oy™

C mpyro#i CTOPOHBI, 5Ty BEJIMUYNHY MOXKHO HAWTHU U U3 CUJIBI, HEWCT-

FF=T¢, (V)2 = (23.8)

BYIOIIIeN Ha 3aps CO CTOPOHBI CBA3U, ylepXKUBAaIIel 3apsad B MoJie
HETMOABUKHBIM. JTa CUJIa YUCIIEHHO paBHAa CHUJIE CO CTOPOHHI TOJIS U
IIPOTUBOIIOJIOXKHA el IO 3HaKy.

e

FF =

I 0900 e
g _

— FRy, =
2900 oy™ mc? 0

ngmﬂ)mv“. (23.9)

DJIeK TpUYecKoe Tojie OT 3apsKeHHOTO TeJjila MOXHO TaK¥kKe Ompe-
neUTh n3 ypaBHeHuit MakcBensa B ”3aJaHHOM TPaBUTAIMOHHOM
noste” [7] 3, ¢ HeM3BECTHBHIM MeTPUYECKUM TEH30POM IS MEeTPHUKM
(23.6). OTO ypaBHeHMEe BHe 3apsKEHHOrO Teja (IVIOTHOCTHIO MPOO-

HBIX "TIO/IBEIIIEHHEIX 3JIEKTPOHOB NpeHebperaeM) nMeeT Bun [7].

9
8—yk<ﬁDk> —0, DF=— /goF". (23.10)

Temzop mostst (23.4) MOXKHO BEIUUCIINTS, €CIIU 3HATH FIOTHOCTH 3apsi-
OB 0 Ha MOBEPXHOCTHU MPOBOMHUKA. TaK Kak opMa IMIPOBOTHUKA W3-
BeCTHa, TO MOXKHO BHIOpATh Ha IIOBEPXHOCTU MTPOBOAHUKA IBYMEPHYIO
OPTOrOHAJIBHYIO KPUBOJIMHENHYIO KOOPANHATHYIO CETKY C IPOCTPaH-
CTBEHHBIMU KOOPANMHATHHIMU BeKTOpaMU, HAlTPaBJIEHHBIMU HOPMaJib-
HO TIOBEPXHOCTU Tejia. YeTBepThie KOOPIMHATHRIE BpeMeHHbBIE BEKTO-
pHI, B corstacuu ¢ (23.7), coBMecTuM ¢ HampasieHHeM 4 - CKOpoCTeil
TTOKOSITIIUXCS Ha TMOBEPXHOCTHU 3JeKTpoHoB. Ha 6a3e mamHOW Koopam-
HATHOU CHCTEMBI BO3HUKAET eCTeCTBeHHas cucTeMa TeTpan (17.10) ¢
kasmbpoBkoit Jlame. Tak Kak HapsIKeHHOCTH TOJIS Ha TTOBEPXHOCTH
IIPOBONHUKA HOpPMaJibHa IMOBEPXHOCTHU, TO TEH30p II0Jid Ha IOBepX-
HOCTU ITPOBOJIHUKA B BHIOpAHHOW CUCTeMe KOOpOWHAT MMeeT MMeeT
eIMHCTBEHHYIO OTJIIMYHYIO OT HYJIS KOMIIOHEHTY, HanmpuMmep Fj;. BrI-
pasuM 3Ty KOMIIOHEHTY 4Yepe3 TeTPaJHyI0 KOMIOHEHTY Fig)(1)

Fyp1 = 6(()”)6(11/)51(”)(1/) = v/900v/ Y11 (0)(1) (23.11)

SECTeCTBeHHO, HUKaKOTO NCTUHHOI'O I'PaBUTAIIMOHHOIO IIOJIA MEI 31eCh HE pacCMaTpu-

BaeM, a IPOCTO MOJb3yeMcd ypaBHeHUsMEu MakcBeisla B pUMaHOBOM IPOCTPAHCTBE, He
UCIOJB3Y s ypaBHEHW DiHIITERHA.
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Kakx m nms paccMoTpeHHBIX paHee 3amad 3apsaXkeHHOU cepsl
1 TUIOCKOCTHU, OTOXIECTBUM TETPAJHYI0 KOMIOHEHTY mosisd Fioy1) ¢
IVIOTHOCTHIO 3apslIOB Ha TeJle.

[IpaBas gacTh B cooTHourennu (23.5) coBnamaeT B HOBOIM CUCTeME
KoopaumHAT ¢ F{; KOMIIOHEHTON TeH30pa TOJId Ha TTOBEPXHOCTU IIPO-
BonHUKa. [losle Ha MOBepPXHOCTW MPOBOMHWKA B MAJIOW OKPECTHOCTU
HEKOTOPOU TOYKHU CKJIadbIBaeTCd U3 II0JId, CO3MaBaeMOoro 3apsiliaMu
JieXallluMU BHYTPU 3TON OKPECTHOCTU, U BCEMU OCTAJIbHBIMU 3aps-
maMu. 3Has, YTO I0Jie Ha MOBEPXHOCTU OT 3apsI0B BHE OKPECTHOCTH
PaBHO TIOJIOBMHE OT IOJIHOTO MOJIS, OJIydyaeM MHTerpajibHOe ypaBHe-
HUe [JId HaXOXeHUS IVIOTHOCTU CBA3aHHBIX 3apAOOB B BUIE

meo'(r' — 7' - 7"")}

OJ
210 \/gooy/ 711 = /;eXP{

mc2

i-N'  woles, = . . ,
= (i N =7 i)|ds'. (23.12)
7 me

[Ipu BeBome (23.12) yunm, 4TO mMojle B OKPECTHOCTH pacCMaTpuUBae-
MOI TOYKM Ha IOBEPXHOCTH, CO3JaHHOE BCEMU OCTAJILHBIMU 3apaia-
MU Ha TeJjle BHE OKPECTHOCTH, HEIIPEPHIBHO Ha IpaHuIle IPOBOIHNUKA.
[losie ke 3apgamoB, JIeXKaIIUX BHYTPU OKPECTHOCTH, TEPIUT Pa3phIB
Ha TpaHulle MPOBOAHUKA. JTO IOJIe, CKJIAIBIBAACh C IIOJIEM OCTallb-
HEIX 3apA/IOB BHE MPOBOMAHNUKA, BOIM3M €ro MOBEPXHOCTU IPUBOLUT
K yIBOEHMIO IIOJIS OT OCTaJbHEIX 3aps/IOB BHE IPOBOIHUKA U ob6pa-
IIEHUIO B HYJIb IIOJIHOTO II0JIS BHYTPHM IIpoBoAHMKa. IlosToMy ImoJi-
HO€e CpellHee IToJIe Ha IOBEPXHOCTM IIPOBOMHMKA, PABHOE IOJIyCyMMe
BHEIITHETO ¥ BHY TPEHHEro TI0JIell, IPUBOAUT B JIEBOI YaCTU PaBeHCTBA
(23.12) k Besmmumte 270 BMecTO 470.

Ypasuenus (23.10), (23.12) u (23.9) ecTs ypaBHeHUs Kak 111 Ha-
XOXKIeHU INIOTHOCTM 3apPSI0B U HOJI, TaK 1 IJIS HaXOX IeHUS KOMIIO-
HEHT MeTPUYeCKOoro TeHsopa. K 5TuM ypaBHeHIM He06X0mMMO m106a-
BUTD U ypaBHeHUS CTPYKTYPsI (1.7) npu ycnosuu, uro X, = 2, =0
U IepemnucaTh UX B JarpaHxkenoil conyTcTBytomein CO.

IIpaBna, BOIpoc 0 COBMECTHOCTH BCEX YpaBHEHUI IJid HAXOXKIe-
HUSA KOMIIOHEHT MeTPHYECKOr0 TEH30pa OCTAeTCI OTKPBITHIM. i
cJIydas 3apsAKeHHON IIOCKOCTU U chepsl ypaBHEHUI OKa3ajIucCh COB-
MECTHBIMU, OOHAKO IJIA OBIIEro cjiydad 5TO IOKa He yOajioch IOKa-
3aTh.
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I'nmaBa 6

HBNKEHUE HACTUII B

QJIEKTPUYECKOM
[TOJIE CBA3AHHBIX 3APJAI0B

B sToit rs1aBe paccMOTpeHO MBUKEHUE 3apAKEHHBIX YaCTHUIl B IIO-
JIAX CBSI3aHHBIX 3apSIOB IS CIIyYa€eB IJTIOCKOM U CHepUIECKON CUM-
meTpuu. IIpoBeneHo cpaBHeHUE ¢ pe3ysIbTaTaMu, IOy YaeMbIME TIPT
kJitaccuueckoM paccmorpenuu B CTO u OTO.

24. 061_1_[&5[ IIOCTaHOBKA 3aldadl OBN2XKEeHNA
JacTHUII B IIOJIAX CBA3aHHDBIX 3apsiaOoB

B nipenwimytiient riaBe 6bIIA IOy YeHB YPABHEHUS [T HAXOXK Ie-
HISI TUIOTHOCTY 3aPsI0B Ha MPOBOIHUKE ITPOM3BOIBHON (POPMEI, T€O-
MeTPUHU MPOCTPAHCTBA-BPEMEHN U 3JIEKTPOCTATUYECKOTO ITOJIA, CO3-
MaBa€MOro TaKUM IIPOBOTHUKOM. YICHO, UTO B MPOCTEUIINX CIIyYasX,
TaKUX KakK 3apskKeHHasd MIIOCKOCTD, 3apAKEHHBIN IIap W IMUIHIP TI0-
BEPXHOCTHAA IJIOTHOCTH 3apsaa MocTogHHa. [JIg TesT mpon3BoJILHOM
dopmbr 5T0 He Tak. Kak 6bII0 MMOKa3aHO, ypaBHEHNE IS INIOTHOCTH
3apsIOB COMEPKUT HEM3BECTHBIE KOMIIOHEHTHI METPUYECKOTO TEH30-
pa mpocTpancTBa-BpeMenu CO, 3aBucsiime oT MVIOTHOCTHU CBS3aH-
HBIX 3apAI0B, OT MAcChl U BEJIMYMHEI TIPOOGHBIX 3apAI0B, 320X
CO. [Ing HaxoX IeHUs reoMeTpun MpocTpaHcTBa-BpeMeru CO MHbI 3a-
KPEIUISIIA TPOGHBIE 3aPSIbl HEMTOMABUKHBIMI OTHOCUTEIBHO 3apsIKEH-
HOrO Tesa. [[osToMy CHITBI CO CTOPOHEI TOJIS YPaBHOBEIINBAJINCEH CH-
namu peakiuu csazeil. Merpuka CO ompenensanacek ¢opmyioit (23.6)
u ycsoBus comytcTBus (23.7). KoMmoHeHTH MeTprUyecKoro TeH3opa
B CIJIy CTATUYHOCTH IOJIS HE 3aBUCEI OT BPEMEHHOW KOOPIMHATHI
y". Tax kKak BpallleHHS OTCYTCTBYIOT, TO PaBHEI HYIIO G} .

OueBugHO, UTO ycjioBHe paBHOBecus yacTuil 6aszuca CO skBuBa-
JIEHTHO PaBEHCTBY HYJIIO CyMMBI CIJI CO CTOPOHBI TIOJIS U CUJT PEAKITNN
cBI3U. B 1TockoM mpocTpaHCTBe- BpeEMEHM 5TO MPUBOAUT B COTJIa-
CHU CO BTOPBHIM 3aKOHOM HBIOTOHa M K paBEHCTBY HYJIIO YCKOpEHUS.
B pumamoBoM mpocTpaHCTBe-BpeMeH! PaBEHCTBO HYJIIFO CYMMBI CHJI,
IeNCTBYIOMINX Ha KaX Yo U3 4acTuIl 6a3uca, He 03HaYaeT paBEHCTBA
HYJIIO YCKOpPeHUs. JDTO CJiefyeT U3 Toro GakTa, YTO §j) KOMIIOHEHTA
MeTPUUYECKOTO TeH30pa He paBHa €IUHMUIIE.
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BekTop mepBoil KpuBm3HHI (4-yCKOpeHHe) He paBeH HYJIIO, Kak
[P paBHOBECHM B MpoCTpaHcTBe MUHKOBCKOrO, a BBIYMCIIIETCS TI0
dopmyse (23.8). DTa cmia duciieHHO paBHA CIUIE CO CTOPOHBI HOJI,
IPOTUBOITOJIOKHA €l 10 3HAKy U BBIUMCIIAeTCS 1o dopmyie (23.9).
Takum o6pa3zoM, B pUMaHOBOM HPOCTPAaHCTBE-BPpeMeHU BTO-
poii 3akoH HbIOoTOHa oKa3ajicsi HeCIpaBEMJIMBLIM, TaK Kak
PABEHCTBO HYJIIO CWJI, NeICTBYIOIIINX Ha YacTHILy, IIPUBEJIO
K HEHYJIEBOMY YCKOPEHUIO.

C anasormunoint cutyaruein ctankuBaemcs u B OTO. Hanpumep,
st HabJTIoqaTes, MOKOAIIETOCs Ha MMOBEPXHOCTU T'PABUTHUPYIOIIEN
cdepsl, C TOUKK 3peHnT MexaHnkKn HbioToOHA cyMMa CuiI paBHa HYJIIO,
YTO MPUBOAUT U K HyJieBomy yckopenmio. C Touku spenus OTO,
TEJI0 TIOKOSIIEECS Ha TTOBEPXHOCTH 3TON CPephl, UMeET OTIIMYHBIA OT
HYJIS BEKTOpP IIEPBON KPUBU3HEI, UTO, HAIIPUMEp, CJIEIYeT U3 PEITeHn T
MBapummmisna u dopmysnst (23.8). YcKopeHWe HaIpaBIIeHO BIOJIb
”pamunyca-BeKTopa”’ oT HeHTpa chepHhl.

DJIeKTpUUeCcKoe TIoJie OT 3apSKEHHOTO Tejla MOXHO HaWTH U3
ypaBHeHuin MaxkcBesta, ecjii KOMIIOHEHTH METPUYECKOTO TEH30pa
HaM ynajiock Haitu u3 (23.10), (23.12) u (23.9).

K sTtum ypaBHeHMIM HeobXommmo M06aBUTH U yPABHEHUA CTPYK-
typsl (1.7) mpu ycnosuu, uro ¥, = Q, = 0 u mepenmcath ux
B JsarpanxkeBoit conytcTByporein CO. Bosee monHo 5Ta mpouenypa
paccMOTpeHa B MPEIBIAYINeM maparpade.

[Ipennosoxum, 4TO MBI YKa3aHHBIM CIIOCOO0OM HAIILJIM KOMITOHEH-
THI METPUUECKOTO TEH30pa U TEH30Pa BIIEKTPOMATHUTHOIO MOJIS, BhI-
6paB B KaueCcTBe MPOOHBIX 3aKPEIVIEHHBIX B I0JIe 3apSIOB OIWHAKO-
BBIE 3apAKeHHbIE YaCTUIBI MAcCH 1My 1 3apaaa q.

Bormpoc 3akmogaercs B Tom: " Kak 6yoyT IBUraThCa 5T MPOGHbIE
YACTUITEL B SJIEKTPUYECKOM IT0JIe, CO3IaBAEMOM 3aPSIKEHHBIM TEJIOM
3apsna (), ecau CBI3U, yAePKUBAIOIINE 3ap B [T0JI€ HEITOIBUKHBIM,
JINKBUOANPOBATH "

Ha mepBhIf B3MJISI OTBET KaXeTCs TPUBMAIIBHBEIM. Kaszasoch O8I,
YTO TPU OMUCAHUU OBUKEHUS MPOOHOTO 3apsdaia B I0Jie HYXKHO WC-
XOOUTH U3 OOBIYHBIX COOTHOIIEHUN IS MPOCTPaHCTBa MUHKOBCKOTO
C 3aM€HOI OOBIYHBIX IMMPOM3BOMHBIX Ha KOBapUAHTHBIE C HAallIeHHON
MeTPUKON W TEH30POM TIOJIS, T.€.

DVE g
= =-Fr V", 24.1
ds c ( )

Ecnu nna nBuxenus orHocuTenbHo HCO, Takoi monxon mpume-

mycC

HUM U OBIJI TTOMPOOHO paccMOTpeH B Maparpade 7 TyaBwl 1, To Mg
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OBUKEHNS IMPOOHBIX YacTUIl B II0JI€ CBA3aHHBIX 3apAlI0B, PACCMOT-
PEHHEBIE COOTHOIIEHWS He MMeIOT MecTa. llelicTBUTeNIbHO, PaCKPEIB
abCOJIIOTHYIO ITPOU3BOMHYIO C KMCIIOJIb30BaHMEM, HAIIPUMEpP, MeTPUKN
3apsKeHHOH miockocTn (17.9)

2Fyqy’
myc?

12

ds? = exp<— >dy02 -y - dy22 — dy32,

IIOJIYUM ypaBHCHUME NBUZKCHUIA B BHUOEC
vt E E
- 2 (14 v = D01 vt (24.2)
dS  myc? myc?

OTo YpaBHEHHNE OIINCHBIBAECT OBUIKCHUE SapH}KeHHOﬁ HaCTHNObI OTHO-

CUTEJILHO 3apSIKEHHON IIOCKOCTH, OBVIKYINENCT C OTPUIATEILHEIM
yckopenueM a = —Fyg/m. 3apsam miaockocTu u MPOGHBIN 3apsii q
omHOTO 3HaKa. V3 mocsenHero ypaBHeHUs CJledyeT, YTO B HePEJIATH-
BACTCKOM IIPUOJINAKEHUN 3apAll IBMKETCI OTHOCUTEIBHO IIJIOCKOCTH
C YOBOEHHEBIM yCKOPEHNEM I10 OTHOIIEHNIO K yCKOPEHIIO O THOCUTEIIb-
HO IIOKOAIIErocs 3apsIKeHHOro TeJla.

NrTak, mocTysaT 3KBUBAJIEHTHLIX CHUTYaIuil, chopMyIupo-
BaHHBII HAMU [JjIS PacyeTa 3JIEKTPOCTATUIECKNUX IT0JIell, HeJIb3sd He-
IIOCPEICTBEHHO NCIOIb30BaTh MJIS pacdeTa IBYKEHNI 3apaKeHHBIX
yacTul. Cmiia co CTOPOHEI IOJIS YYUTHIBAETCA HBaXKIBLL: BXOAUT B
CBA3HOCTH U B IIPaBYIO 9acCTh yPaBHEHNS [BVKCHI.

Tak Kak IIpu BEIBoIe METPHUKM BHE 3apSIKEHHOTO TeJia MCIIOJIB30-
Basuch popmysst (23.8) u (23.9), To scHO, YTO MHPOPMAIW O TOJIE
3apAKEHHOTO Tejla ComepXKUTcs B cBazHocTu (24.1). IosTtomy mpu
ONMCaHNK ABUKEHWSI MMPOOHOI 3apsAKEHHON YaCTUIEI OTHOCHTEILHO
TeJIa CO CBA3aHHBIMU 3apaaaMu OyIeM ICIIOJIb30BaTh ypaBHEHUE IBY-
xeHus (24.1) ¢ HyseBoil mpaBoil YacThio. TOUHO TakkKe NOCTYNAOT B
OTO npu paccMOTpeHUN OBUKEHNUS YACTUIBI BHE T'PaBUTUPYIOIIEN
Macchl. Takum obpa3oM, ypaBHEHMe OBWKEHUS OTHOCUTENIBHO 3apsi-
XKEHHOT'O TeJjla IPUMET BUI

1
ddls 4+ I VAV = 0. (24.3)

[Ipo6Has 3apsXkeHHad YacTHIA, IPUHALJIeKAINad K KOHI'PYeHIINN
MUPOBHIX JIMHWAI YacTHIl 6a3nca, OyHeT IpW JIMKBUIAIWKA pPeaKIINn
CBA3M OBUTATHCA o reomesmdeckol quann. CuMBosbl Kpuctoddens
OIpeNeJITIOTCI N3BECTHEIM 00pa30M II0 HalllIeHHOI MeTpPUKE.

Cuita peaknuy CBA3M COMBaeT YaCTUILY C TeONe3MIeCKOol, MCKPUB-
JI1d ee MAPOBYIO JINHUIO, I CO3MaBasd OTJIMYHEIA OT HyJII BEKTOP IEp-
BOIl KPUBU3HEI (4-yCKOpeHue).
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CremoBaTeIbHO, MEXKAY PACCMOTPEHMEM IBUKEHUS 3apIKEHHBIX
YaCTHUIl B 9JIEKTPOCTATUUECKOM I0JIe TIpocTpancTBa MUHKOBCKOTO 1
IBUKEHNEM B IT0JIe CBA3aHHBIX 3aPsI0B B IIpoCTpaHCcTBe PuMana nme-
eTCs MIPUHITANNAIIFHOE Pa3InJue.

B npocTparcTBe MUHKOBCKOTO MCKPUBIIEHA MUPOBAs JIMHUS TBU-
KYITelics B T0JIe YacTUIBI, a B IpocTpaHcTBe Pumatna nckpusiieHa
MUpPOBas JIMHUS 3aKpelVIeHHON B ToJie JacTuIlel. PeleHue ypaBHe-
Huii (24.3) IpUBOONT K Teofe3UvYeCKONl KOHIPY€EHIUN JIMHAN JaCTHI]
6asuca. llepexom B cucteMy oTcueTa, 0Opa30BaHHYIO MBUXKYIITAMUCS
YacTUIIAMU, TPUBOAUT OYEBUIHO K CUHXPOHHON MeTpuKe. Takum o6-
pa3oM, IBUKeHIEe TTPOOHBIX YACTHUIl B TI0JI€ CBI3AHHBIX 3apPII0B MOXK-
HO paccMaTpuBaTh Kak nepexon or HCO x xBasu-NCO.

IIpeobpasys Tensop siekTpomMarauTHoro moJig u3 CO cBI3aHHBIX
sapssnoB B CO mBMXyIIUXCS 3apsooB, OMUIIEM IBUXKEHHE 3aKpEll-
JIEHHBIX 3apPAI0B OTHOCUTEIIHHO MOABUKHBIX. YICHO, YTO BEKTOPHI 4-
YCKOpPEHUS [JIS 3aKPeIUIeHHBIX 3apsioB OTJIMYHBEI OT HYJIS OTHOCH-
TespHo mo6oit CO, B ToM umcie u cuaxponHont. [losTomy mBuxeHue
CBS3aHHBIX 3apPAI0B OTHOCUTEJBHO CBOOOMHBIX HE MOXKET OBITH T€o-
MEe3MYECKUM, & OIpenesseTcs oObIYHON GOpMYIIon

7
mpe V= o v, (24.4)
ds c

B KOTOpOfI V# - noste 4-CKOpOCTI/I CBA3aHHBIX 3apA00B OTHOCHUTEJILHO

kBasu-MICO, F*, - TeH30p 5I€KTpOMAarHUTHOro moid B kBasu-MCO.
3nak MuHyc B (24.4) 06yCIilOBIEH TeM, U4TO CBSI3aHHBIE 3apSObl [BU-
KYTCS BOOJIb YIOEPXKUBAIOIINX UX HUATEN, CUIIBI HATAXKEHUST KOTOPHIX
HaIlpaBJIeHBl B OOPATHYIO CTOPOHY NeNCTBYIOIIUX MOJIEBLIX cuit. OT-
MeTHUM, UTO IOKa MBI PacCMaTpPUBaeM HBUXKeHUE YACTUIBI B SJIeK-
TPOCTATUYECKOM TI0JIe U He BKJIIOUaeM B PACCMOTPEHMe MarHUTHOTO
TOJIS.

B nacrosimnee Bpems CTO saBisgercs ”uHXeHepHON HAYKOW U MOJI-
TBEPXKIA€TCA MHOTOUNCIIEHHBIMU SKCIePUMEHTAIILHBIMU TaHHBIMMA.
[TosToMmy sTI0601 a3TbTePHATUBHBIN MTOIXOM HOJIKEH OOBIACHATD DKCITe-
puMeHTaJbHbIE GaKThl, KoTOophie cienyioT uz CTO. Pasnmuune Mmex oy
MTONXONAMU TOJIKHO MPOSIBIIATHCI B HKCIIEPUMEHTAX, KOTOPHIe JIMOO
He CTaBWINCH, JINOO He 06/1a0ajid TOCTATOYHON TOYHOCTBIO.

B cBs31 ¢ paccMOTpeHHBIM BHITIIE BCTaeT 3aKOHHBIN Borpoc: ~ Ka-
KOMY JKe MIPOCTPaHCTBY-BpeMeHu MunKoBcKoro uin PuMmana npuHai-
JIEXUT YacTUlla, TBUXKYITAICI B 3JIeKTPOCTATAYECKOM TToJ1e?”

OTBeT Ha STOT BOIPOC 3aBUCUT OT IMO3ULNHU HabiaoogaTesen. A
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MMeHHO, KaK/e Yachl UCIIOIB3YIOT HabJIomaTeln IJIs pPerucTpaliun
IBUXKEHUS YacTUIl B IOJIE.

IIycTh moMuMo 3aKpensieHHBIX B TI0JIe 3aPAI0B 1 CBOOOMHBIX, MMe-
IOTCI W HEeUTPAJIbHBbIE YaCTUIIHI, ITOKOAIIINECS OTHOCUTEJILHO 3apsi-
JKeHHOI miockocTu. 3 paccmoTpeHHoro Bhilie pasaesia ~Iloss B cBi-
3aHHBIX CTPYKTypaXx’ CjedyeT, YTO HeNTpaJbHble YaCTUIBI IPUHA/I-
JIeXaT MPOCTPaHCTBY MUHKOBCKOIO.

C HeHTpaJbHBEIMHI YaCTUIIAMU CBIXKEM YaChl, IIOKa3bIBAOIIIE X0
BpeMeHU B IpocTpaHcTBe MuHKoBcKoro. IIpm sToM KoopamHaTHOe
BpeMs 5TUX YacCOB COBMAIaeT C COOCTBEHHBIM.

C 3akpeluIieHHBIME 3apsAdaMu CBIXeM OpYyTrue Yachl. Tak Kak MeT-
pUKa M1 3apAXKeHHBIX YaCTHUIl B 3JIEKTPOCTATUIECKOM T0JIe IBJIIET-
CcA CTaTUYEeCKOU

dS* = goo(dy®)? + gudy*dy', (24.5)

TO OJI COOCTBEHHOT'O BpeMeHU MeXAY JIIOOBIMU ABYMS COOBITUSIMU,
IJIsI HEKOTOPOU CBSI3aHHOU YaCTUIILI UMeeT MecTo GopMyJia

1 1
r== [ Vamdy' = /gy (24.6)

OTMeTnM, YTO BeJIMUMHa MHUpoBoro Bpemenu y'/c He coBmamaeT c
MUPOBBIM BpeMeHeM TipocTpaHcTBa MuukoBckoro. [lomumo paccmoT-
PEHHBIX YacOB, UMEIOTCS Yachl, CBSI3aHHbBIE CO CBOOOMHBIMU YaCTHUIIA~
MU, cOOCTBEHHOe BpeMs KOTOPBIX COBMHAlaeT C MUPOBBIM BpeMeHeM
9TUX YaCTHII.

HomycTuM, 9TO OBa PAa3TUYHBIX HAOIIOMATeNs MCCIeNyIOT IBU-
JKeHUe 3apsaXkeHHON YacCTUIBl B dJIeKTpudeckoM mojie. OouH u3 Ha-
bironaTesell MpuaepXKuBaeTCa Tpanuimonton Touku 3perus CTO, a
IPYTON - TPENCTABIEHHOTO 37eCh AJbTepHATUBHOTO Monaxona. KoH-
CEpBATUBHBIN HAOITIONATEIh UCHOIB3YeT Yachl IpocTpaHcTBa MuH-
KOBCKOT'0, a aJIbTePHATUBHBIN — mpocTpaHcTBa Pumana. IlosTomy
KaxXas U3 CBOOOMHBIX UACTUIL IJIS pa3HbIX HabJonaTeseil IpuHa-
JIEXKUT pa3HBIM IIPOCTPAaHCTBaM.

Takum o6pa3oM, BO3HHKaeT 3afada MOIeIupoBaHus (0ToOpaxke-
HUSI) pellleHnii B TpocTpaHcTBe PuMaHa Ha pelieHus B IPOCTPAHCTBE
MunkoBckoro. C momobHoON 3amadeil MBI CTOJIKHYJINCH paHee B Mapa-
rpade 21 npu paccMOTpeHUM MOMEJTUPOBAHUS ITI0JIEN TpaBUTAIIUU U
naparpade 6 Opu pacCMOTPEHUU STAJIOHHBIX KOOpAWHAT B KBa3U-
nco.

[Ipu ampTepHATWBHOM MOAXO/Ne MATEMATUYECKUU amnmapaT IIisd
paccMOTpeHUs 3apsia, OIBUXKYIIETroCsS B 3JIEKTPOCTATUYECKOM II0JIe,
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nmonoben amnmapaty B OTO npu paccMoTpeHUM TBUXKEHUS YaCTUIl B
CTaTUYeCKOM TpaBuTarimoHHoM mojie. B oraumume ot OTO meTpu-
Ka JJId TI0JIS OT CBA3aHHBIX 3apAHOB ompenesseTcs He U3 ypaBHEHUN
OMHINTEWHA, a U3 TMPOIEeNYPhI, ONMMCAHHON BHIIIIE.

[TosTOoMy mOMCK WHBaApWUAHTOB COOTBETCTBUSA SABIISETCS TJIABHOUN
3agadei. Tak Kak HabIOMaTe I pacCMaTPUBAIOT NBUXKEHUE ONHUX
1 TeX Xe YacTUll, TO SCHO, YTO NJIsd oboux HabsonaTesell ¢GakT Iie-
pecedyeHUs MUPOBOW JIMHUU 3apsiia C KaKoW-Jimbo U3 MUPOBBIX JIU-
HUN 6a3uca IBIITeTCI UHBAPUAHTOM cOOTBeTCcTBUSA. OMHAKO MUPOBHIE
BpeMeHa OT HaydaJjla ABUXKEHUS YaCTUII 10 KOOPAUHAT TOUKHU Tepe-
cedyeHUs MUPOBBIX JIMHUU NI KaXAoro m3 HabiromaTesieil, BoooOIIe
TOBOPS, Pa3IuYHBI, T.K. KaXIBIN U3 HabJfogaTes el UCIIOIb3yeT Bpe-
Ms pas3HBIX MpocTpaHCTB. QUeBUOAHO, UTO U COOCTBEHHBIE BpeMeHa
IBUKYIIENCS YaCTUIBl Pa3INYHBI TIPUA Pa3HBIX MOAXONaX.

Nrak, paznuume B monxonax MOJIKHO TPUBOANTE K dedopMarun
BpEeMeHMU.

PaccMoTpum KoHKpeTHBIE TPUMEPHI.

25. iBUKeHne 3apAXKEeHHBLIX YaCTUIL
B OJHOPOOHOM MOJI€ CBA3aHHBLIX 3apsiO0B

IIycTs Ham 3apsSXKeHHOW MIIOCKOCTBHIO MOABEIeHA Ha HEBECOMBIX
HATAX OTHOMMEHHO 3apsiKeHHasd MbLIb. JacTUIIEI OB 3amafoT Oa-
suc CO, MeTpuka KoToporo onpenessercs gopmysoi (17.9). Ilycrs
YacCTh YaCTUI] OCBOHOXKIAETCI OT CBA3el U HAUMHAET IBUXKEHUE OT-
HOCUTEJIFHO OCTABIINAXCS CBSI3aHHBIX 3apIIOB B COINIACUM C COOTHO-
mreHneM (24.3), T.e. MO Teome3WYECKUM JIMHIAM. 3aKpeIieHHbIE Ha
HATAX YACTUIIBI, B COTJIACAN CO CKa3aHHBIM BEIlIE, OYIyT UMETH OT-
JIMYHOe OT HyJs yckopenwme. UHTerpupys cuctemy (24.3), Haitmem
ypaBHEHUS MBUXKEHUS ABUXYIMUXCI YACTUIl OTHOCUTETHHO CBSI3aH-
HBIX, BOCIIOJIB3YSCH paHHee HalNeHHBIMU HaMy pelmeHusMu (3.3)-
(3.6) mpu paccmorpenun nepexona or HCO k kBasu-MICO. OTnuune
Mex oy MeTpukamu (2.18), uctonssyemoit mst onucanus HCO, u met-
pukoit (17.9) nmposBiisieTCs JUIIb B PA3HBIX 3HAKAaX IS YCKOPEHUS 1
ero KoHKpeTusaiuu. CucTeMa ypaBHEHUN UMeeT pellleHne

dy? 2 E
L= —tan(aS/c?), y =+ |cos(@S/e?) |, ap=—"1,
a

dsS -~
(25.1)
dy’  exp(—apz!/c?) . < , o
pr— —_ t _ .
dS cos?(ayS/c?) ¥ a an(apS/c”) exp(—apz/c*)
(25.2)
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[Ipu BEIBome yuimu, uto mpu S = 0, dy'/dS = 0, a >itiepoBHI Ko-
OpIOMHATH Y KaxkJol 13 yacTul 6asuca nemxkyimeiica CO B Hauash-
HEIII MOMEHT COBIIAJAOT C JIATPAHKEBEIMHU !, KOTOpEIe IPU MHTeT-
PUPOBAHUM CUCTEMBI BRICTYIAJIM KaK MOCTOSHHBIE MHTETPUPOBAHNS.
Bemuuuna S/c = z'/c = t BHIcTymaeT B KadecTBe KOOPIMHATHO-
ro Bpemenn aeuxyireiics CO. [oncranoska (25.1) u (25.2) B (17.9)
npu ycioBun, uTo y2 = 2, y° = x° maer nyg sIeMeHTa MHTepBaJa

neuxytmerics CO
dS? = c2dt* — cos’(agt/c)(dz')? — (dz?)? — (dz*)>. (25.3)

Nrax, naiinennas CO, coBmagaeT ¢ CUHXPOHHOI, B KOTOPOU JIMHUN
BpEMEHN COBIIAJAIOT C Te0Ne3NYeCKIMY JIMHIIMYI YaCTHII.
Paspermmms cucremy anrebpandeckux ypasuenuii (25.1), (25.2) ot-
HOCUTeNbHO ', ', MOoJydYnM 3aKOH IBUMKEHWS CILIONIHOH Cpembl B
nepeMeHHBIX JlarpaHxka CBS3aHHBIX 3apAIOB OTHOCUTEILHO IBUXKY-

IITMXCiAa, 4TO HaeT

2 2y02
L=yt —a—oln |1— i exp(2apy’/c?) |,
0_ ¢ . (aoy’ 1.2
xz’ = a—oarcsm( 2 exp(agpy /c )> (25.4)

[MoncranoBka (25.4) B (25.3) cHoBa mpuBonuT K nHTepBaiy (17.9).
3akon mBmkeHuUs (25.4) MOXHO NpeNCTaBUTH B IOPyroit (popme,
IIPUHATON B HEPEJIATUBACTCKON MEXaHUKE CIIOIIHBEIX CpeJl

2
L=yl - “n | cos(aot/c) |, t=t. (25.5)
ag

HNupdepentupoanue (25.5) no ¢t maeT CKOpoCcTh vl Kaxmon u3

JlarPaHXKEBBIX 9aCTHI
v! = ctan(agt/c), v =/(—gpvlvl) = —esin(agpt/c).  (25.6)

Bemuunnaa 5Toll cKopocTu v He TIPEBOCXOMUT CKOPOCTHU CBETa M IO-
CTUTAeT ee 3a KOHEUHBII IMPOMEXYTOK BpeMeHUu t; = myc/(2Eyq).
Orsmunsie oT Hyss cuMBoJEL Kpuctoddesns no metpuke (25.3) nme-

10T BII
10 10
Y = 2051 €08 2(agt/c), I} = 2091 In cos®(agt/c).  (25.7)

221



4 - ckopocTu YacTuil V* MOryT GBITH BBIUMCIIEHBI C IIOMOIIBIO
3aKoHa ABIKeHUs (25.4) mo gopmyite
~ Oxt
Yy
rie CKaJApHBIN MHOXUTENb @ olpenesiseTcs U3 yCIOBAS HOPMUPOBKN
4-cxopoctu. Ilose 4 - ckopocTu B IepeMeHHBIX Jiljlepa CBeIeTcd K

BUOYy
-~ 1
vV

[/ = —g] t /0 = =
Vi sin(agt/c), V cos(art/c)’

0 = exp(—ayy'/c?).
(25.9)

C nomormsio popmyit (25.9) u merpuku (25.3) MoKHO yOeqUTHCS, UTO
TeH30p CKopocTell nedopmanuit X, (1.3) 1 TeH30p yIII0BOI CKOPOCTH
Bpamenus 2, (1.4) obpamaiorcs B HyJIb, a BesInunHa 4 - yCKOpeHUus
guwF"F" = —al/c* (1.5) nocrosnna.

N3 dpopmymn (25.3) u (25.6) cirenyet, 9To BRIpakeHNe NI HJIeMeH-
Ta MHTEePBaJia MOXKHO MPEACTaBUThL B (popMe

ds? = A2dt? — (1 - Uz/cz)(ola:l)2 — (da:2)2 — (da:3)2. (25.10)

coflepKallell B SBHOM BUJE JIOPEHIIEBO COKpAIlleHWe IJINHBI TBUXKY-
metics CO 1o oTHolreHuto K HabmonaTesno n3 CO cBA3aHHBIX 3aps-
OB.

YpaBueaus Maxkcema B nuxyineiics CO umeroT Bumg

OF, 0P, OF. _, 1 9
Ozt Oz = Ozt ' /—gOx¥

MoxHo moka3aTsh, ucrnoibsys (25.3), uro ypaBaenus Makcsemuia

(V=gF") = —47”3'#. (25.11)

B IIYCTOTE B I[BI/I}KymeI‘/JICH CcO JOITYCKaIOT peIIcHnEe
F()l = —Fl() = EO COS(aanO/C2), (2512)

HemocpencTBenHOI TIpoBepKoll yOexX maeMcCst

Ey
cos(agx’/c?)’

1 o(v/=gF")
= 0, (25.13)

4YTO 1N doKa3bIBacT CACJIaAaHHOEC BLIIIC yTBEP2XKICHUE.

V=g = cos(agz’/c?), F" =g"g"Fp =~
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Pemrenne ypaBaenuit Makcpesia B CO cBsS3aHHBIX 3apsIOB UMeET
BUT

E 1
Fo1 = By =D, eXP<—ﬂ> = D1y/goo, D1 = Ey= const,

myc?
(25.14)
B YeM MOXHO y0eOuThCS HETOCPENCTBEHHO W3 3aKOHA IBUXKEHUS
(25.4) m popmyst mpeobpaszoBaHUS IS TEH30pA TOJIS

ozt Ox¥

Fop(y") = By DgP

N3 mocsenaero mpeobpasoBanus mosryunM u3 (25.12) BEIpaxkeHwme
(25.14).

Borancnas ” pusnueckue” TeTpamdHble KOMIIOHEHTHI TEH30pa IMOJIS
C TIOMOITIBIO TeTpal ¢ Kajaubposkoii Jlame

55 « «
o =T= & =VIgul,

9
|gaa|

o gopMmyJie 3
Floyp) = €aye(p F'1vs

IMMOJIy4YnuM KaK OJId I[BI/I}KYIlIeI‘/JICH, Tak u 1 cBsazanuonn CO oTJIMYHEBIE
OT HYJISA 3HAYCHUA
F(O)(l) = EO = const.

PaccmoTpennas cuTyarus aHaJloTUYHA TOW, MPU KOTOPOU 3JIIEKTPU-
JecKoe TI0Jle He MeHseTCsS U Tpu Tpeobpa3oBaHugx JlopeHra, Korma
CKOPOCTH NBUKYIIENCS CUCTEMBI HAaTpaBJeHa BIOb OIS E.
[IpoBepuM obimee coorHorneHne (24.4) B 4acTHOM cilydae IBU-
KeHUS CBA3aHHBIX 3apAOOB OTHOCHTeNbHO nBmxkymmxcsa. U3 (25.3),

(25.7) m (25.9) maxonum

-~ -~ ~ 8‘71/ € 1 a
VIV, V, =F, = VN(@:B” — FWVG>, Fy = gtan(aot/c),
2
F = —g, S =0, =0, guF'F = —%.

N3 nocennero coornorenus u (25.12) cienyer, 94To ypaBHeHuUe
(24.4) obparmaeTcst B TOXIECTBO.

WNrak, MBI mokaszasam, 4To CBOOOMHEIE 3apPAIbl OTHOCUTEIHHO CBS-
3aHHBIX MBUXKYTCS IO TeO/Ie3MIeCKNM, a CBI3aHHBIE TI0 OTHOIITEHUTO
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K CBOOONHBIM TIO MUPOBBEIM JIMHUSM B COTJIACUW C YPaBHEHUEM [TBU-
xenus (24.4). llpu sToMm mosie B JIOKaJIbHEIX TeTpamax B obenx CO
SABIITETCS OMHOPOMHBLIM U COBITAHAeT C TOJIeM B MpocTpaHCcTBe MuH-
KOBCKOTO.

Takum obpaszoM, Ha MBUKeHUE 3aPIKEHHON THIIA B OMHOPOTHOM
BITEKTPUYIECKOM TT0JIe MOXKHO CMOTPETH C MO3UINM ABYX HabJromaTe-
Jen:

1. Habmonatens nHaxomuTcs B XecTkoin MCO mpocTpaHcTBa
MwuHKOBCKOTO, B KOTOPOU BBHIOpAHBI TaJimiieeBHI KOOpawmHAaTH. B co-
rJiacuu ¢ HanboJiee pacpoCcTpaHeHHON B HACTOSIIee BpeMsI TPaKTOB-
KOU MBUXKeHWe 3apAKeHHOUW MHUIN [IJIS HETO MPOUCXOMUT IO 3aKOHY
(2.5), (2.6) u npu nepexone k HCO npuBonut x meTpuxke (2.7), (2.8).
(OTmeTnM, 4TO B cuily 0603HAUEHUIA, UCIIOIB3YEMEIX B HTOM IJIaBe,
JarpaH;KeBEl KOODAUHATHI olpelesieM, Kak ¥, a sitepoBer, Kak y¥,
BpeMs TipocTpaHcTBa MwuHKOBCKOTO 0obo3HauUaeM uepe3 1', a cobcT-
BEHHOE BpeMs JacTuIl] B mpocTpaHcTBe MunkoBcKoro uepes 7.) U3
CKa3aHHOTO UMeeM

Y (21, T) = a' + (/a1 + a)> T/ — 1,

y'=z°, y'=2z°, y ==z, a=-a=— (25.15)

y'(zt, 1) = ' + ¢*/ay[cosh(ayT/c) — 1],
y? =2 y*=2*, T = (c/ay)sinh(ayT/c), (25.16)

rae B (25.15) B KauecTBe BpeMEHHOTO MTapaMeTpa UCIOJIB3yeTCs Bpe-
M B UICO T, a B (25.16) T - cobcTBenHoe BpeMsi. [y 3aKOHOB IBH-
xeHus (25.15) u (25.16) numeeM COOTBETCTBYIOIIIE METPUKY

1% — 2dT? apT'dTdz"
T 1+ ai T (14 a) T R)
—(da")? — (dz?)? — (de®)?, (25.17)

dS? = *(dr)? — 2sinh(ayT/c)edrde’ — (dz')? — (dz?)* — (dz*)?,

(25.18)
Ecnn u3 meTpuk (25.17) , (25.18) corsmacao pa6oTe [7] mocTpouTsh
TPEXMEPHbIl MeETPUUECKUN TEH30P Vi = —gk + goxgoi/Joo, TO IIIs

KBaIpaToB ~ (PU3UUECKOTO PACCTOSHUSL ~ IOJIYUUM COOTBETCTBEHHO

di? = (1 + a)"T? /) (dx')? + (dz?)? + (dz®)?, (25.19)
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dl? = coshz(ozfﬂ'/c)(ola:l)2 + (da:2)2 + (dw3)2. (25.20)

N3 nociienaux GpopMys1 cilefyeT, 4TO HalileHHas MeTPUKa He SB-
JIdeTCs JKeCTKOU.

2. HabmiogaTesb HaXoAUTCA B IIPOCTPAHCTBE-BPEMEHN CBA3aHHBIX
3apsaoB [IBukeHIe BTN [JI HETO IPOUCXOINT IO 3aKoHYy (24.3). Pe-
IIeHIe 3aa4l IPUBOAUT K cooTHomreHusM (25.1), (25.2) u meTpuke
(25.3).

OueBumHO, YTO KaK [JIS KOHCEPBATUBHEIX, TaK U IJIA ajibTepHa-
TUBHBIX HabJIIofaTesiell MonajaHne YacTUIBl C JarpaHkKeBEIMU KO-
OpAMHATAMU T* B TOUKY C 5IJIepOBBIMU KOOPIMHATAMHU y* gBIsgeTCs
UHBapUaHTHEIM (akTopoM. VHEIMU cjioBaMM, IJIS OOHUX U TEX XKe
OBIXKYIIUXCA YaCTUIl B MpocTpaHcTBe MuHKoBCKoro u Pumana BbI-
6paHa o6Illas MPOCTPaHCTBEHHAA KOOPAMHAIINS KaK SIJIEPOBHIX, TaK
1 JIarpaHKeBhIX KOOPAUHAT.

OnHakKo MOMEHTHI BpEMEHH I10 YacaM MpocTpaHCcTBa MUHKOBCKO-
r'o U 110 YacaM CBSA3aHHBIX ¥ CBOGOMHEIX 3apsAI0B pa3indHbl. Pasimu-
HBI, OUE€BUIHO, U BEJIMUYNHELI NUHTEPBAJIOB MEXIY OBYMS COOBITUSIMU C
TOYKM 3PEHUS Pa3HBIX IIPOCTPAHCTB.

B npocrpancTse MUHKOBCKOTO IIpU paBHOYCKOPEHHOM OB KEHUN
B corsacum ¢ (25.15) u (25.16) rumepmockocts 1 = const 3amaeT
U TUIEPIUIOCKOCTH T = const, oJHAKO He COBIAHAeT ¢ TUIEPIOBEPX-
HOCTBIO OPTOTOHAJILHON MUPOBBIM JIMHUAM OBMKYIUXCS 3apsIOB.

B mpoctpanctBe Pumana mist stux xe wactun B cmiay (25.1)-
(25.3) runepmoBepxHOCTH S/c = t = const coBmamaeT ¢ TUIIEPIIOBEPX-
HOCTBIO OPTOTOHAILHON I'eofe3NYeCKUM JIMHUAM CBOGOMHBIX YaCTHII.
Co6cTBeHHOE BpeMs IS Feole3MdeCKoil KOHI'PYEHIIMN COBIIAHAeT C
MUPOBBIM BpeMeHeM .

CpaBHuBas 3akoHbl gBmkeHms (25.1) ¢ (25.15), mosydaeMm CBSI3b
MeXIY BpeMeHeM MPOoCcTpaHCcTBa MMHKOBCKOro U ImpocTpaHcTBa Pu-
MaHa [IJIS ABIKYIIUXCA YaCTHII

t= o arccos[exp(l — |14+ ——

25.21
Eyq ( )

[Mocste uero uaTepBas (25.3) MOXKHO MepenucaTh B STAIOHHEIX KOOD-
IHATaX MpocTpaHcTBa MUHKOBCKOTO, BBEMEHHHBIX B pa3esie 6 TIIaBhI

1.

dS? = gyocldT? — gll(ola:l)2 — (da:2)2 — (da:3)2,
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B2exp(2(1 - (1+5%)7?)

g = (1+ 32 [1 - exp<2(1 —(1+ 52)1/2)>] ’
911 = exp<2(1 —(1+ 52)1/2)>7 = ljfjf (25.22)

PaccMoTpum K KakuM ciieACTBUAM MOTYT NMPUBECTU OBa Pa3JInd-
HBIX [OAXOOA.

[Ipn kmaccmyeckoM paccCMOTpPEHUM CBSA3h MEXOY COOCTBEHHBIM
BpeMeHeM T,, U BpeMeHeM ' TIpu TUTepOOIMIECKOM OBUXKEHUN B TIO-
CTOSHHOM 3JIeKTPUYECKOM MoJIe orpenesseTcsa GopMyJion

mycC

myc . <E0q7'm> myc <EOqT>.

T = —si T,, = —— arsinh

25.23
Eyq 0g ( )

mycC
N3 anamusa cootHourenus (25.23) cienyeT, 9To miis HabI0mATENS
npocTpaHcTBa MUHKOBCKOTO 6eCKOHEYHO OOJILIIIOMY BpPEMEHU [TBU-
KeHUS YACTUIHI B OMHOPOMTHOM IIOJIe COOTBETCTBYET U GeCKOHEUHOE
coOCTBEHHOE BpeMSI.

Ananuz cootHourenns (25.21) u meTpuku (25.3) mokaseiBaeT, 4TO
10 YacaM TpocTpaHCcTBa PuMana 6eckoHeYHOMY BpeMeHU IS TIT0C-
KOT'O TIPOCTPAHCTBA COOTBETCTBYET KOHEUHKI ITPOMEXKY TOK BPEMEH,
OTCUNTHIBAEMBIN B CICTeMe CBOOOIMHBIX 3apsaIoB, & MMEHHO

cmym

2E0q '

Too = (25.24)
CobcTBernoe Bpems CO cBI3aHHBIX 3apAlIOB, KOTOPOe OMpPeNenM
KaK U B CJIyYae CTATUYECKUX TPABUTAIMOHHBIX MMoJieil [7] mo mpa-
BUJLY

1

C

(900)1/2y0 (2525)

HoJty4daeTcs w3 cooTHourenunt (25.4), (25.5), (25.21).

7=

C c .

7= a_b\/[l — exp(2(1 - (14 42)1))] = a—6s1n(agt/c). (25.26)
PaCCMOTpI/IM K KaKMM OTJIMYHUAM MOTYT IIPUBECTH OBa pPa3/JIMYHBIX
rnoaxona Ipn paCCMOTPEHNN BpEeMEHUN XKM3HN HeCTaOMIILHBIX YJIeMEH-
TapHbeIX YacTull B pasHeix CO. C Toukm 3peHUs HabIOOATENS TIPO-
CTpaHCTBa MI/IHKOBCKOFO CBA3b MEXOY COOCTBEHHEBIM BpeMEHEM YacC-
TUITEL ATy, U JJabopaTOpHBEIM BpeMeHeM d1' maeTCsa XOPOIIIO M3BECTHBIM
COOTHOIIICHUEM

dt,, v

—— =1-0a2 = —. 25.2
Fre o2, a=- (25.27)



Ecim nabopaTopHbie Yachl HAXOMATCI BHE DJIEKTPUIECKOTO TIOJIA, TO
CBSA3b MEXIY COOCTBEHHBIM BpeMeHeM YaCTUIIbI { B IMMPOCTPAHCTBE
Pumana u mabopatopHeiM BpemeHem 1 ompemensiercs m3 (25.21).
HNupdepentupys (25.1) no T u uckiouas yCKOpeHNe B MOy Y€HHOI
rocite muddepeHITUPOoBaAHNI GOPMYJle B COTIIACUU C COOTHOIIIEHIEM

g

-7 25.28
v 1+ /82 ( )
TI0JTy9aeM 3aBUCAMOCTD
dt
- < . (25.29)
dT 9
exp <\/m — 2> —1
N3 dpopmyn (25.29) u (25.27) nomyuaem
dt 1
D=_—-= a — (25.30)
T —
\/exp <\/12_7 — 2> —1 o

[IpuBonMM KOHKpeTHBIE 3HAYEHN BeJIMYUHEBI [) B 3aBUCUMOCTH OT
a=0—->D=1,a0a=025 - D =0992, o = 0.5 - D = 0.960,
a=07—>D=0849, a =095 - D =0338, a =099 — D =
0.016. U3 amammsa (25.30) ciemyeT, 4TO MPOMEKYTOK COGCTBEHHO-
o BpeMeHU YAacCTUIIH B TpocTpaHcTBe PuMana Kopode mpoMexKyTKa
coOCTBEHHOTO BpeMeHU B MPocTpaHCcTBe MUHKOBCKOT0. 9TO OTHOIIIE-
HIle YMEHBITAaeTCSI B 3aBUCUMOCTH OT POCTA CKOPOCTHU YacTuirkl. Ta-
KM 00pa3oM, Mo OTHOIIIEHUO K J1abopaTOpPHON CHUCTeMe HeCTabUITh-
HbIe YaCTUITH JOJIKHBI OKa3aThCa OoJiee MOJTOXKUBYIIINMU, YeM DTO
MPUHATO CYUTATh, ocHoBhIBasch Ha CTO. Hanpumep, npu o = 0.75
BpeMs XU3HU B JIabOpaTOPHOI cUCTeME HOJIKHO 6BITEH Ha 15% 60s1b-
1ire, ueM 5T0 cienyet u3 CTO. IlocenHee yTBepXK meH1e CIIPaBeIJINBO
TOJILKO NJTS 3apsaKeHHBIX JYacTull. [[J1g Hezap aKeHHBIX YACTUIl, B TOM
YncIte U AJ1 POTOHOB, TeOMeTPUS MTPOCTPAHCTBA-BpEMeHN — TIIIOCKAS.
[TosTomy mits Takux dacTuil cnpaBemiuBa nuHamuka CTO.

[Tocne mpouTeHus MPeNBIAYTIETO TEKCTA BO3HUKAET 3aKOHHBIN BO-
npoc. " [louemy nBuXeHMe 3apsIKeHHON MTBIJIA B OMHOPOTHOM SJIEKTPU-
YeCKOM TI0JIe He ABJITeTCS XKeCTKUM B cCMEIciie bopHa, Benbh 04eBUIHO,
yTO MeTpuKa (25.3) HecTalMoHApPHA U PACCTOSHUE MEXKIY OBYMS CO-
CeOHUMHU YacCTUIIAMU BIOJIb OCU IBUXKeHUs yMeHbIaeTcs? Ha mep-
BBEIU B3TJISAN KaXKeTCSI, YTO, OCHOBBIBAICh Ha yTBEPKIEHUN, COTJIACHO
KOTOPOMY B OITHOPOIHOM CHUJIOBOM TI0OJIe JTI0OOU MPUPOMEI TBEPHOE Te-
JIO TOJIKHO IBUTAThCS KakK efnHoe mesoe 6e3 nedopmaruit (2.18), M1
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MPUIIIIA K TIPOTUBOPEYNIO, PACCMATPUBAS T€OIE3MIECKOe TBUKEHIE
BT B OJHOPOMHOM IIOJIe CBS3aHHBIX 3apamoB. llpumumna paspertre-
HISI TIPOTUBOPEYNS JIEKUT B Pa3IMUU MMO3UITNN HAOIOIaTeNen, 13-
yUaIoIuX ABUKEHNE 3apsKeHHON HbIIN B 3JIeKTpudecKoM mosie. it
paspelreHns mapamgokca pacCMOTPUM CJIEAY IO TpUMep.

IIycTts B omHOPOMHOM SJIEKTPUYECKOM II0JIe Ha HEBECOMOW HUTH
(DuHAMOMETpE) MOABeleHA 3apsKeHHAs JacTUla, K KOTOPOIl Ha HII-
Tu (OUHAMOMeTpe) 3aKpellleHa HeNTpajibHas MpobHas Macca, 3Ha-
YUTEJLHO MEHBIMast, 4eM Macca 3apsSKeHHOW 4JaCTHUIB. YcHO, 4TO
Ipu TIpeHeOpeXeHnr TpaBUTaIlell, HUTh, YIepXKUBAIOIIAI 3apIKEH-
HYO0 4acTUIy B T0Jie, — HATIHYTa, & HUTh, CBA3BIBAOIIA 3aPIKEH-
HYI0 YacTHUILy C MpoOHOW, HAXOOATCA B HEHATIHYTOM COCTOSHUM. B
COTJIaCUH C PaCCMOTPEHHBIM BHIIIIE, 3aKPEIVIEHHAA B TIOJIE 3apsakKeH-
Has 4acTuia mokourcs (T.e. ”qBukeTcs” paBHOYCKOPEHHO) B pUMa-
HOBOM ITpocTpaHcTBe ¢ MeTpukoil (17.9). HefirpanpHas gacTura He
MoIBEPKEHa HENCTBUIO MOJIEN W [IJIS Hee MPOCTPAHCTBO-BpeMs eCTh
IJT0OCKOe TTpocTpancTBO MuHKOBCKorO. K HUTH, yaepKUBaOIIyo
3aps B 1ojie, o6pe3aTh , TO 3apsaKeHHas YacTuila 6yaeT OIBUTAThCI
10 TeOoHe3MYecKol JIMHUN, a HeNTpasibHasl, IPUBSI3aHHAA K 3apskKeH-
HOW, TI0 MUPOBOW JIMHUKM B PUMAHOBOM HpPOCTpaHCTBe Bpemenu. Mc-
XOIHAasd METPUKA M0 OTHOIIEHUIO K KOTOPOW ABUXKYTCS HENTPAJIbHbIE
qacTHIE ecTh MeTpuka kBasu-MICO (3.7), B koTopoit =¥ — y*, t — ¢
T.e.

dS? = dt? — cos®(agt/c)(dy)? — (dy*)? — (dy®)>. (25.31)

Y ckopeHre HeEUTPAIILHON YacTuile 6yOyT cooOIaTh CUIia HATH-
JKeHWUS HUTU, CBA3ZBIBAOIIAd HEWTPAIHLHYIO YaCTUILy C 3apIKeHHON.
Ecam paccMoTpeTs BMeCcTO O/THOW CBI3aHHOW Maphl X COBOKYITHOCTH
M YCTPEMUTH JJIMHBI HUTEWN, CBI3HIBAIONINX TApHl, K HYJIIO, TO IIO-
JIyYUM KOHTPYEHITUIO TeOoNle3MYeCKUX JIMHUN MJIS 3apsIKeHHBIX Yac-
THUI] Cpedbl C METPUKON B JiarpaHxkeBoi conyTcTByoteir CO B Bume
(25.3) 1 KOHTDY€eHIIIO MUPOBBIX JIMHUIN IPOGHBIX HENTPAJIBHBIX Yac-
tuil. [locnennss KoHTpyeHIUS NOJIXKHA COOTBETCTBOBATH M KOHT'PY-
€HITNY MUPOBBIX JIMHUN YACTUI] C METPUKON

2&0331

c2

d5? = exp(“5— )(da")? — (da')? — (da®)? — (da®)?,  (25.32)

nostygaemorn u3 (2.18) sameHoit y* — z¥. Ham ocTaeTcs moxaszars
CyIIIeCTBOBaHIEe MHBAPUAHTA COOTBETCTBUS MUPOBHIX W Teofe3mdec-
KX JIMHUW YaCTUIl CPeNbl, & MMEeHHO COBMAIeHUS 3aKOHOB TBUKEHU S
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B IepeMeHHBIX JlarpaHxka mid Kaxmoudn u3 KoHrpyenrui. Tak kak
paccMaTpUBaeTCS OBUXKEHNE OMHUX W TeX XKe YaCTUIl, TO SICHO, UTO
TSt 06eNX KOHT'PYEHIINI MepecevueHre KaX 0l N3 MUPOBHIX JIMHUI Jia-
IPaHKEBBIX YACTHUII C KAKOU-JINO0 13 MUPOBBIX JIMHAN 6a3uca JOJIKHO
6BITH MHBAPUAHTOM COOTBETCTBUS.

Ommako BpeMeHa OT Havajia IBUKEHUS YACTHUIHI JO KOOPIAMHAT
TOUKM TIEPECEUEeHNS MUPOBHIX JIMHUAN IS 3apsKEHHON U HEATPAJTh-
HOI KaXXIIOW M3 YaCTUIl, BOOOIIle TOBOPS, MOJIKHEI OBITH Pa3INUHEL.
Kaxmnas u3 gacTuil mapsl HaxXoOATCAd B Pa3HBIX (PU3NUECKUX YCIIO-
Buax. HeliTpasibHas dyacTulla IBUXKETCS PaBHOYCKOPEHHO, a yCKOpe-
HIe 3apsKEHHON YaCTUIhI paBHO Hyo. Takum obpa3oM, Ha Kaxk ool
13 OBUXYIMUXCS YaCTUIl Haphl HAXOMSITCI CBOM Yachl W IOKA3aHUI
”3apAXKEHHBIX  YacOB He COBIAHAIOT C MOKa3aHWeM ~ HeNTpPaIbHBIX
YacoB 5TOHN ke TMaphl YaCTHII.

MaTemaTuyecku 3aada CyIIeCTBOBAHWUSI WHBapPUMAaHTAa COOTBET-
CTBUS MeXIy MUPOBBIMU U T€0Ie3MUeCKUMU JIMHUIME KaXK oW 13 Tap
YaCTUIl KOHTPYEHIINNA CBOAUTCA K H0KA3aTEJIbCTBY yTBEPKICHUI:

1). OtHocuTesnbHO MeTpUKH (25.31) CyIIeCTBYeT peleHns ypaB-
HeHUsS MakcBesuta mist ogHOPo#HOTO (B TeTpanax) MmoJis.

2). NuTerpupoBanue ypaBHenus auxkerus (24.1) ¢ ucmons3oBa-
HueM MeTpuku (25.31) u HalimeHHOTO peleHUs ypaBHeHUs MakcBes-
J1a, MOJIXKHO TPUBECTH K 3aKOHY IBUKEHUSI CPENbl B ITeEpeMeHHBIX Jla-
rpaHxka SKBUBajeHTHOMY (25.1).

dakTuyecku mepBoe yTBepKIeHUE yKe HAMU TOKA3aHO BBIIITE
(bopmyser (25.11-25.14) u T.4.), B KOTOPHIX HYKHO 3aMeHATH % —
y“. g mokasaTesIbCTBa BTOPOTO yTBEPKICHUS BBICKAXKEM CIIEAYIO-
IIe HABOMSIEe COOOpaKeHU:

a). 3akonsr quxkenus (25.1) u (25.2) ommucHIBAIOT MepeMeleHns
CBOOOMHBIX 3apSKEHHBIX YaCTUI] 10 OTHOIIIEHNIO K CBSI3aHHBIM 3apsi-
naM u nepeBoaaT MeTpuky (17.9) B meTpuky (25.3).

b). 3aKOHBEI ABIKEHUS CBSI3aHHBIX 3aPSI0B OTHOCUTENHHO IBUKY-
mmxcst (25.4) nepeBopsat MeTpuky (25.3) B MeTpuky (17.9).

c). CremoBaTenbHO, WIS HAXOKIEHNS 3aKOHA IBUKEHIS, [IPE06-
pasyiomero MeTpuky (25.31) B meTpuky (25.32), B 3aKoHE TBIKEHIUS
(25.4) mocTaToUYHO CIEeNTaTh GOPMAIBHYIO 3aMeHy k= b gk o 2k
2 = 90 90 = 20
OUHATa OBUXKYITENCS YacTUIBI Bcerma 6oJibiiie 60IbIe HaYaJIbHOM,
T.e. y' > z! mw gy > 0. B pesympTaTe HaXOmUM 3aKOH IBUXKEHUI B

, Gy — Gp. YUTeM Tak¥kKe, YTO TeKyIas KOoop-

IepeMEHHBIX HanaH}Ka HefITpaJILHBIX CBA3SAHHBIX C IBUXKYIITMMUCA
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3apsOaMu J4acTull oTHocuTenbHo kBasu-NCO (25.31)

c? a2z"”
yl= a2l — &—Oln ‘1 — 004 exp(2agz’ /c?)|,
0o_ ¢ oz’ 1.2
y = ~—a,rcsin< o~ exp(dpz /c )> (25.33)
a C

3akon nBuxkenwns (25.33) npencraBuM B APyroit popMe, KOTOpas IpU-
HATa B HEPEJIITUBUCTCKON MeXaHWKe CIIJIONTHBIX CPel

¢’ _ By

y'! = 2! — —In | cos(apt/c) |, ay= . Y =cl. (25.34)
ay my

CpaBHeHne 3akoHOB nBuxkeHus (25.34) u (25.1) roBoput o ux coBIia-
neann. OcTaeTcs HOKa3aTh, YTO KOHIPYEHIUA MUPOBBIX JIMHUN Yac-
turt (25.33) sBngeTcs pelleHneM ypaBHeHni neuxeHus (24.1), B Ko-
TOPOM TIOI MAacCOIi 1M IIOHNMaeTCd CyMMapHasd Macca HelTpasbHOI
1 3apSXKEHHON YacTWII, COBIIANAOIIEN IPAaKTUIeCK C MacCOl 3apsd-
x)eHHoll yacTuubl. Ilose 4-ckopocTu V# MOXHO MOIyYUTH U3 3aKOHA,
nBkeHus (25.33) aHasioru4no cooTHoureHno (25.8)

~ 8yﬂ

Vh =97
Ox"’

(25.35)
rlle CKaJIIPHBIN MHOXUTEIH © omnmpenesseTcs U3 yCIOBUAS HOPMUPOBKHI
4-cxopoctu. Iloste 4 - ckopocTu B HepeMeHHBIX Jijlepa CBedeTcCs K

BULY

sz 1 ~ -
Vi=— 51n(a0t/c), Vo= Vo = W, O = exp(—aowl/c2).
p1 - tan(at/c) (25.36)
cos(apt/c)’ '

Orsmunsie oT Hyss cuMmBoibsl Kpuctoddens mis merpuku (25.31)
MMEOT BUJI

L icos2(dof/c), I}, = ! iln cos*(agt/c).  (25.37)

2¢ 01 201
N3 (25.36), (25.37) u (25.31) Haxomum

0 _
1—\11_

oV, . ag -
Dy — I‘WV6>, Fy = gtan(aot/c),

VIV, = F, =V
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Fr=—7, Su=0Q=0, g F'F=—"% (25.38)

Pemenne ypaBHenna MakcBessia OJid OTHOPOMHOIO IOJIS B IIyCTOTE
miist kBazu-MICO (25.31) umeer Bun ananornuusit (25.12).

Fyy = —Fyy = Eycos(apy’/c?), (25.39)

N3 coorromenutt (25.36), (25.38) u (25.39) cnenyer, uTo ypaBHe-
Hue (24.1) obparmaeTcs B TOXKIECTBO.

Nrak, orBer Ha Bompoc ’IloueMy mBuXkeHue 3apsKeHHON BN
B OJHOPOIHOM 5JIEKTPUYECKOM II0JI€ He ABJIAETCHI JKECTKUM B CMBICIIE
Bopna, Benp oueBUIHO, YTO MeTpuKa (25.3) HecTalMOHApHA U Pac-
CTOSHIE MeXAY ABYMS COCETHUMM YaCTUIIAMU BIOJIL OCH IBUKEHUS
yMeHbIaeTCca?” 3aKJII0YaeTCsI B CIIENYIOIIEM:

1. Metpuxka (25.3) - 9T0 MeTpuKa i HaOIIOOATEIEN, HAXOMS-
mxcst B CO cBsizaHHBIX 3apsanoB (17.9) u ucmosb3yommx [JIs Om-
CaHUs OBIDKEHUS 3apsKeHHOM by KoopaumHaThl KBasu-MCO (25.3).
Y MeHbIIEHEe PACCTOSHUA MEXIY T'eOe3MIeCKUMU CBI3aHO C JIOPEII-
HOBBIMU coKparenusmu (25.10).

2. Merpuka (25.32) - 5To MeTpuKa s HaAGIIOOATENEH, HAXOI -
mmxcs B HCO, cBsg3anHOM ¢ ABUXYIIIUIMUCS 3apsigaMu. DTa METPUKA
OTJIMYAETCS 3HAKOM yCcKopeHus ot Mmerpuku (17.9). Merpuka sBis-
eTcsa ®KeCcTKol B cMbIciie BopHa, KaK 1 JOJIKHO OBITH NP IBUXKEHUN
B OJTHOPOMIHOM IIOJIE€ C HYJIEBBIMU HAUYAJIBHBIMU CKOPOCT SIMI.

N3 cpasuennd (25.3) u (25.32) cirenyet, 9T0 KBaApaT WHTEPBAJIA
He SBJISETCS MHBAPUAHTOM COOTBETCTBUS IJIS PA3JIMYHBIX HabIIIOda-
TeJlen.

Bosee mompo6HO 5TU BOIPOCH M3JIOKEHBI B MEPBON TJIaBe W MBI
He OymeM Ha 5TOM 60JIbIlle OCTAaHABIIMBATHC.

26. JIBuKeHNe 3apAXKEeHHBLIX YaCTUIL
B KyJIOHOBOM IIoJjle CBA3AaHHBLIX 3apsAloB
a). Knaccuueckuit nonxon anasmoruunbiii OTO

PaccmoTpum nBukeHmMe 3apsaKeHHON YaCTUITHI MACCHL My 1 3apsi-
na ¢ B T0Jie, KOTOpoe co3maeT mpyrou 3apan (). Macca 3apsna, cos-
TMAIOIIETO MoJIe, BEJINKA IO CPAaBHEHUIO C M, MTOTOMY 3apin () 6ynem
CUNTATh HEMOJMBUAKHBIM. B corstacuu ¢ n310XKeHHBIM BHITIIE, TIPOOHBIN
3apsn OyleT NBUTATHCS TI0 Teo/ie3nUecKol JIUHUM B T10Jie CBI3aHHBIX
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3apsamoB, obpasyilonux 3apsn (). MeTpuka mpocTpaHCTBa-BpeMeHU
ompenesigeTcs GopMmyJion

dS? = exp(v)(dy")? — r*(d6* + sin® 0d¢?) — exp(N\)(dr)?,  (19.4)

rae KoddhPUIUEeHTH v U A ompedeisioTcs dopmysiamMu popMysiamMu
(19.14) u (19.15).

s onmmcaHns MBUXKEHUS YACTUIHI BMECTO YPaBHEHUS Teofe3u-
vyeckoil (24.3) ymoGHee BOCIIONIB30BATHCSI ypaBHeHUEM |'aMuiabToHA-
Axobu. 3BecTHO, YTO MTpU NBUKEHUN B IEHTPAITHBHO-CUMMETPUIHOM
110Jie TPpaeKTOoOpUs YACTHUITHI JIEXKUT B OMHOU TIJIOCKOCTU, TPOXOAAIIEN
Yepe3 MEeHTP HEMOMBUKHOTO 3apsina, Co3malomero mojie. B kauecTBe
TaKOW IJIOCKOCTHU BHIGEPEM IIIOCKOCTD 6 = 7 /2.

YpaBuenne ['amunbroHa-/K06m Oy/meT MMeTh TOYHO TaKOW XKe
Bum, kak 1 B OTO npu onucaHum OBUXKeHUS B lIEHTPAIILHO-CUMMET-
PUYHOM I'PaBUTAIMOHHOM TIoJte [7].

, 08 0S8 5
g" By Oy moc” = 0. (26.1)
N3 (19.4) u (26.1) umeem
,08\2  _,/05\2 1 ,/05\2 9 9

B cormacum ¢ obmuMm meTomoMm pellieHUs ypaBHeHUs |'aMuibToHA-
Sxobu meiicTBue S TIpenCcTaBUM B CIeMYIOIIel ¢opMe

By’
C

S =

+ Mo+ S.(r). (26.3)

3necw Ey - nocTosHHag Heprusd, M - MOCTOTHHBLI MOMEHT UMITYJIIBCA.

N3 (26.3) u (26.2) umeem

E? M?
S, = /Jexp()\ — 1/)0—20 — <m%c2 + r—2> exp(A)dr. (26.4)

B cormacun ¢ (19.14) u (19.15) ms HOOUHTEr paIbHOTO BHIPAKEHIUS
nMeeM

rt [ 9Ag 2
exp(\) = m. (26.5)
0
exp(A —v) = M. (26.6)
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Haitnem 3aBUCHMOCTS painaIbHON KOOPAWHATHI 7 OT MUPOBOTO Bpe-
menn y’/c. DTo MOXKHO cHeNaTh U3 ypaBHeHU

0S

(9—E0 = const. (26.7)

Ucmonesys (26.3-26.6), Haxoqum

(1) 2.4 2
v exp(A/2)dr mie M qAy

= = 1+ ——= (1 . (26.8
c exp(v/2)dy’ E? < + m%c2r2>< + moc2> (26.8)

Bnecs vV - pagnanbHas ” pusndeckas” KOMIOHEHTA TPEXMEPHOI CKO-
pPOCTH.

s mpuMepa paccCMOTPUM MHaleHne Ha MOJIOKUTEIBHO 3apIKeH-
HBI KYJIOHOBCKUU IIEHTP OTPUIIATEIBHO 3aPSIKEHHON YaCTUIIHI.

N3 (26.8) maxonum mpu M = 0 dpopmyity

— = |1- : (26.9)

(1) 2 4 Ay \2
v mic qAy
- Eg (1+-5)

mocC

[Tocnentee cooTHOITEHNE MOXKET OBITH TTOJIyYEHO TaK¥kKe U3 3aKOHA CO-
XpaHeHUs >Heprum, KOTOPBIA aHAJOTWMYeH 3aKOHY COXPaHEHUS YHep-
TUY JI YaCTUIBI B IOCTOSHHOM T'paBuTanuontoM mosie B8 OTO [7].

2
By = "\707 \/900 (26.10)

B ¢opmyse (26.10) mox BeTMYIMHON CKOPOCTH ¥ TIOHUMAETCS BEJININ-
Ha BEIUNCIIEHHAS 10 popMyJte

di
V= (26.11)

Vg00dy"’

rne dl - sJeMeHT MPOCTPAHCTBEHHOTO PACCTOSHUSA BIOJIH MUPOBON
JINHUU TBUXYIIENCS YacTUllbl. BpeMs m3MepseTcs o yacaM HabIIIo-
maTeJIsd TIOKOSIIETOCS B TPOCTPAHCTBE CBA3aHHBIX 3apsaaoB. Kak moka-
3aHO HaMM paHee, IS IMOJIOXUTEIbHBIX 3apPAOoB ~ PeJIaTUBUCTCKIE”
IIOIIpaBKU, 00yCJIOBJIEHHBIE ~ YCKOpeH!meM CBA3aHHBIX 3apsaIoB, CO3-
MAIOIINX T0JIe, Maf0T MAJIYIO TIOMPABKY B CKaJIAPHBIN roTeHIual. lo-
sToMy cripaBemiuBa dopmyina (19.15a), u3 koTopoit mMeeM

v (1- L”Q|>2. (26.12)

c myc3r
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PaccMmoTpum B yacTHOCTHM 3a71a9y O PAINAIBHOM TBUKEHUN HJITEK-
TPOHA B MOJIe MPOTOHA, He pacCMaTpPUBasd IMTOKa KBAHTOBHIX YPPEKTOB.
Kax m3BecTHO M3 fmepHONl PU3MKM, pAIMyC paclpeneseHUT 3apsina
BHYTpu npoToHa R = 0.8 10~ ¥em. Knacewaeckuit pammuyc siexTpo-
Ha r) = 2.8 - 107 3em. CkangapHEIi moTeHINA BHE IPOTOHA MOXKET
6BITH BEIUUCIIEH TI0 (opmydte (19.3).

a= LERENTa(c(1 1 2mpr) - 0(0)]s ¢ = oy o
(19.3)

Bue IIPOTOHa CITpaBE€OJINBO COOTHOIIICHUE

r e r | mery r
= | —— = — | ——— =0.0154—. 26.13
¢ R J 8mc’R R\ 8myR R ( )

B nocnennenr dopmysne m., m, - COOTBETCTBEHHO MacCChI 3JIeKTPOHa,
U mpoToHa. Y unThiBas MasiocTh § = 0.0154, packmaneBas (19.3) B
psan Teitnopa, mosmyunm miis dopmysst (26.9)

(1) 2 4 2

v moc T0

—_— = |1 - 1——). 26.14
c Eg < r > ( )

Baiimemcs ananmzoM popmydet (26.14) Ilycts sekTpoH nMes Ha
6eCKOHEYHOCTHU HYJIEBYIO CKOPOCTh, YTO SKBUBAJIEHTHO COOTHOIITEHNTO
Ey/myc® = 1. B sTom ciydae u3 dopmysst (26.14) umeem

U(l) 70\ 2
— = 1= (1= (26.15)
c r
N3 (26.15) coemyer, 4To mpu MafeHUN Ha IPOTOH CKOPOCTH SJIEKTPO-
Ha CHaJajia BO3pPacTaeT OT HYJS OO CKOPOCTU CBeTa ¢, MOCTUTAS IIO-
cJIeMHeN HA PACCTOSHUU OT IEHTPAa MPOTOHA PABHOM KJIACCUYECKOMY
pammycy sjeKTpoHa 7. [lpu masgbpHenIieM NMpUOIMKEeHUN K IEHTPY
CKOPOCTH 3JIEKTPOHA HAYMHAET YMEHBIMATHCSI M 06paIaeTcs B HOITDb
Ha PacCTOSHUM OT IIEHTPa MPOTOHA PABHOM MOJIOBUHE KJTACCUYIECKOTO
pamuyca syieKTpoHa ro/2. Ilasee mpu yMeHbIIEHUN palUyca MOIKO-
peHHOe BHIpaXeHNe CTAHOBUTCS OTPUIATEILHBIM W CKOPOCTH MHU-
MOW, UTO JIAIITEHO PU3NMIECKOT0 CMBICIIA. TakuM obpazoM, HallleHHOe
pellleHre CIIPaBeIINBO MPU 3HAYEHUIX 7 > 7(/2.

Y MeHblileHUEe ' PU3MUIECKON~ CKOPOCTHU 3JIEKTPOHA SKBUBAJIEHT-
HO OTTAJIKMBAHUIO CO CTOPOHHI MPOTOHA TMPU MAJTBIX PACCTOTHUIX
1.4-10~cm, paBHEEIX TpubIN3NTEIHHO 3P HEKTUBHOMY PaJlyCy Ipo-
TOHA.

234



OTMeTuM [JI CpaBHeHUs, YTO B aHAJIOTUYHON 3ajlade TPU IBU-
KEHUN TI0 PAgUyCy YaCTHUIl B TPABUTAIIMOHHOM IT0JIe, 3adaHHON MeT-
pukon IllBapimmunsna, ”pusudeckas”’ CKOPOCTH olpenesigseTcs ¢op-

9;:¢L«_€Q:%? (26.16)

B ¢opmyne (26.16) r, - rpaBUTAIIMOHHEIN PAIIyC.

mysoit [60]

[Ipu dopmasbHoll 3amene e* — km,m, wim ry — 7,/2 pelieHne
(26.15) u (26.16) BOaaM OT rPABUTAIMOHHOIO PALNYCa COBIAMAIOT.

Onnako BO/IM3M IPaBUTAIMOHHOTO paamyca peleHus (26.15) u
(26.16) xKauecTBEeHHO OTIIMUAIOTCA APYr oT mpyra. B (26.16) ”du-
3UYecKas’ CKOPOCTH YaCTUIIBI BO3PAaCTaeT C YMeHbIIIeHeM paanyca,
MOCTUTAET 3HAYEHN CKOPOCTU CBETA ¢ Ha I'PABUTAIMOHHOM pPalInyce
1 cTpeMuTcs K 6eckoHeuHOCTHU Tipu 7 — 0.

B namrem ciyugae (26.15) BenmumHa CKOPOCTH YaCTHIBI KakK U B
CTO e mpeBoCXONUT CKOPOCTU CBETA B BaKyyMe, MOCTUTAS TTOCIIE-
HeU TIpU 7 = 7).

Pemrenne anamoruunont samaun B pamkax CTO [7], npuBomut K
COOTHOIITEHNTO

(1) 1
AL PR

RN

N3 popmyiter (26.17) cirenyeT, 9T0 CKOPOCTH JIEKTPOHA [IPY [TPUOIIH-

(26.17)

XKeHUU K TIeEHTPY BO3pacTaeT C YMeHBIIEHNEM Paguyca U CTPEMUTCS
K cKopocTH cBeta ¢ upu 7 — 0. Hpu r = ry, vV = .866¢. Acno, aro
IIpU HAIlleM PACCMOTPEHUW TpWU 7 > 7() MaKCUMaJIbHOe OTKJIOHEHUE
ckopoctu oT perenus B CTO we npeocxomut 14%. Hpu ry/r < 1
peutenns (26.15) u (26.17) conagator. IIpu ry/r > 1 xapakrep mo-
BelleHUS CKOPOCTHU M3MeHIeTCs: B HaIlleM CJIydae OHa yMeHBIITaeTCH,
a B CTO - BozpacTaer.

Uccrmenyem pannaibHOe IBUXKEHNE YITHTPAPETITUBUCTCKIX HJITEK-
TPOHOB, KOTOpHIe MaXe Ha OECKOHEUHOCTH oO0JIagaloT OeCKOHEYHO
6ospimoit sHeprueit. [lomaras B (26.9) Ey — 00, HOIyYnM mJis JIo-
6pix 7, v\1) = ¢. JIad aHAJOrWYHOrO CiIydas TaKoH XKe pe3yIbTaT
nmoiyuntcs B CTO u OTO.

Nccnenyem 6osee moppobuo cooTHotenue (26.14), BBemst 6e3pas-
MePHYIO SHEPTHUIO 3JIeKTpoHa I 1 6e3paszMepHyIo CKOPOCTH v TI0 Pop-
MYyJIe

1
g o2 (26.18)

9
M C2 c
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B cornacum c IIPUHATBIMUA 0003HaAUEHUIMU NMeeM

v=|1- i( - r—(’)z. (26.19)

N3 amammsa (26.14) cnenyer, uto s 06X 3HadeHuit £ > 1 Be-
JINYNHA v UMeeT MAaKCUMYM PaBHBIN eqUHUIE B TOUKe © = 7. Ilas
OOJTBIINX 3HAUEHUN SHEPTUU KpuBas HapacTaHUS CKoOpocTu m3 Oec-
KOHEYHOCTH [0 TOYKHU T, OymeT OoJiee TIJIABHOW, YeM MJIS MEHBIITX
3HaYeHWN sHeprun. [[JIg yIbTpapeIITUBUCTCKUX YaCTUIl KpUBas Ha-
pacTanus coBramaeT ¢ npamout v = 1. [locne mpoxoxnenus makcu-
MyMa KpUBas CKOPOCTHU OymeT craiaTh W Ha HEKOTOPOM 3HAUYEHUU
panmyca 3HaYeHWe v CTAHOBUTCSA PaBHBIM HYJITI0. PaccTosHue 7y,
COOTBETCTRBYIOITIEe HYJIEBOMY 3HAYEHUIO CKOPOCTH, Oy/IeT TeM OJimKe
K KYJIOHOBCKOMY ILIEHTPY, YeM G0oJIbIlle SHEPTUS YACTUIIBI. DTO CIIEIY-

eT u3 popMysbl
70

Tmin = .

E+1

N3 (26.20) cienyer, 9T0 HOCTUTHYTH KYJIOHOBCKOTO I[EHTPa MOTYT
TOJIBKO 3JIEKTPOHBI ¢ 6eCKOHeYHO GostbItion sHepruel F. OmHako 5To

(26.20)

He Tak. Popmyssr (26.19), (26.20) npuMeHUMEI 711 IPOTOHA KOHEY-
Horo pamuyca. i1 MOIeJIbHOro TOYeYHOro MPOTOHA HYKHO IT0JIB30-
BaThCs obmumu dopmynamu (26.9) u (19.3). B cormacun c (19.3) mms
CKaJITPHOIO MOTEHIMAJIa BOJIN3M KYJIOHOBCKOIO LIEHTPa CIIpaBelJInBa,

dopmyia

2 2
)~ (1= ) = 7 (- 70)

OTKYyIa HaXOOUM TIpu z = 0 3> 1 BeIpaxeHuUe

W3 mocnenneit popmynst u (26.9) cirenyeT, 9T0 UMETH HYJIEBYIO CKO-
POCTH B KYJIOHOBCKOM IIeHTpPe MOL'YT 3JIEKTPOHEI C SHeprueu

m
E=2-"?_1. (26.22)
me
Takum obpazom, TOCTUTATH TOUEYHOTO KYJIOHOBCKOTO IIEHTPA MOTYT
RJIEKTPOHBI C OOJIBIIION, HO KOHEUHON SHepruel.
Haitnem Bpems maneHns 3eKTPOHA Ha MTPOTOH C HEKOTOPOTO pac-
CTOSHUS 71 OO OCTAHOBKU.
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BpeMs nameHus o MUPoBOMY BpeMeHH y” /¢ B TpocTpaHCTBe CBA-
3aHHBIX 3apSO0OB ONpeneanM nu3 GOopMYJIbI

g = [ dr . (26.23)

DTOT MHTErpaJl paCXoAuTCA Ipu r — 7). TOUHO Takasd XKe CUTyaIus
umeeT Mecto B OTO, xorma BHeITHWI HabIOOATENh pacCMaTpPUBa-
eT paanajibHOe IBUXKEHHEe YaCTUIBl B IIBAPIIIINILIOBOM II0OJIEe IIPU
IPUOINKEHNN €€ K TPAaBUTAIMOHHOMY Paguycy.

Brrumcimm BpeMs mafgeHns 5JIEKTPOHA T B COIY TCTBYIOIIEH SJIeK-
Tpouy CO.

dy02

TC = /dr exp(y)m —exp(A) = / dr

Jm-(-2)

HHTGI‘pHpYﬁI rnocdJyieqHee COOTHOLIEHNE, IIOJIYUMM BpPEMA T IIaICHUIA

(26.24)

SJIEKTPOHA OT HEKOTOPOI'O 3HAYCHUA T1 OO0 Tyn, OIIPpEOEIIACMOI0C M3

(26.20).

2
To ri T1
S NG e N G LS|
T c(Ez—l)[( )T%—I_ 70
1 1\/E2—1\/(E2—1):—§—|-2:—;—1—|—(E2—1):—;—|-1
N E2_1n E H

(26.25)

Nrak, xak u B OTO, cobcTBeHHOE BpeMs MadaloIIero YJIEKTPOHA

Ha KOHEYHOM PAaCCTOSHUN ABJITeTCSI KOHEYHON BeJimumHon. [ ympo-

IMeHNS aHaJIM3a NocjeaHein GopMyITel paccMoTpuM caydan = 1. B

yacTtHOoCTH Wit B = 1 u3 (26.24) uMeeM HeNOCPeNCTBEHHO BHIpaXkKe-
HIIe

r=2t(142). (26.26)
3¢ 70
DTo XK€ COOTHOIIEHNE MOXKHO TOJIyIuTh U 13 (26.25) npemesbHBIM Te-
pexomnom E — 1. dopmyina (26.26) maeT cobcTBeHHOE BpeMs HaeHUS
BJIEKTPOHA B TI0JIe MIPOTOHA C PACCTOSHUSA 71 OT IEHTPa MPOTOHA IO
OCTAHOBKU TIPU HYJIEBON KWHETUYECKON HSHEPTUN HA OECKOHEUYHOCTH.
BoriscauM ¢usndeckuii CMBICIT TPOUCXOXKIEHUSI OCTAHOBKU 3JIEKTPO-
Ha B mosie ipoToHa. [IpupasauBas B (26.19) HysI0 MOAKOPEHHOE BEI-
paxeHne, HaiimeM GyHKUn0 F(r), UTpafoILyio posib MOTeHINAIBHON
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KPUBOU B HEPeJIITUBUCTCKOU TE€OPUU.

B(r)=[1-"]. (26.27)
r

N3 anamusa (26.27) ciemyer, 9T0 B pe3yibTaTe HAJIMIAS MOLYJIIS
¢yukuus FE(r) mpu r < r( He yOBIBaeT, a BO3pacTaeT, 0OpaIasich
B €IMHUIY Tipu 7 = r(/2 U cTpeMsch K GeckoneunocTu nipu 7 — 0.
Taxum obpaszom, GJjimKe PACCTOSHUN r = 7 MPOSIBIIETCS KaK OBl
”5ddeKTUBHOE OTTAJKUBaHNIE  , BRI3BIBAIOIIEE OCTAHOBKY SJIEKTPOHA
Ha 7' = Ty, B cooTBeTcTBuM C (26.20). Tak kak F(oco) = 1, To
obpa3syeTcs MOTeHIMaIbHas sMa ¢ rayounoit 1 — E(rg) = 1.

Nrak, npu E = E; < 1 panuajbHOe NBUXEHNE JIEKTPOHA B II0JIE
MIPpOTOHA QUHUTHO. JJIEKTPOH COBEPIINAeT paauaibHbie KojiebaHUsd B
IPENee OT Ty 00 71 = 79/ (1 — Ey). llpu E = E; > 1 nBuxkeHne uH-
GUHUTHO. DJIEKTPOH, TOCTUTHYB TIPU NAJEeHUN 3HAYEHUS Ty, TIOCITE
oTpaxkeHns yXOOUT Ha 6ECKOHEUHOCTD.

B CTO pemrenne Takon 3agauu npu M = 0 mpuBOAUT K TaTeHUIO
3apsia Ha KYJIOHOBCKUN IEHTP. AHAJOTUYHas CUTYallusd UMeeT MeCTO
IIpU HYJIEBOM MOMeHTe B HbIOTOHOBCKOU Mexanuke u B OTO.

Hatinem nBukeHUs 3JIeKTPOHA B I0JIe MPOTOHA IO KPYTOBHIM Op-
éuram. [lomaras B (26.8) v = 0, gTo cooTBeTCcTByeT TP M % 0
KPYTOBBIM OpOUTAaM, MOJIYYUM BHIpaKeHUe JIS TMOTEHIINATbHON KPU-
Boit U(r) = Ey(r)/(m.c?) Bripaxenue

M2
U= |14+ —5551-—| (26.28)

m2cir? r

PaccmartpuBaemas 3amada nmogobHa m3BecTHon 3amade C. A. Ka-
wiana B OTO [7], [60]. st yno6cTBa cpaBHeHus ¢ peineHueM Karuta-
Ha cestaeM HopMaJIbHYTO 3aMeHy 7 — 7/ 2. CMBICII 5TOl 3aMeHEI CO-
CTOUT B TOM, 4TO IIOCJIe Hee mpubimkeHHas MeTpuka (19.15a) mocse
passioxeHnus B pan Teisiopa coBnamaeT ¢ TouHou MeTpukon IlIBapii-
mmibaa B OTO. B mone HIBapiimusibaa u onpenesisioTCs KPYyroBhle
opbuTsl B 3amgade Kansana.

Hns yuporieHus BBHIKIJIAOOK BBeleM Oe3pasMepHble BeJTMUYNHBI
sueprun F (26.18), MoMmeHTa a u 6e3pasMepHOro pamuyca & B CO-
ryiacuu ¢ GopMyIaMu

M r Ty

_— = — — . 26.29
mecrg’ v rg’ "o 2 ( )
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[Mocste Takoit 3aMeHEI cooTHoteHne (26.28) cBemeTcs K BULY

1+a—2‘1—

x2

1), (26.30)
2z

Panmychl KpyroBEIX OpOUT M COOTBETCTBYIOIIME WM 3HAYEHUI
SHEPrUU M MOMEHTA OIPeNeSISIOTCI HaXOXIEHHEeM SKCTPEMYMOB Y
s(deKTUBHON moTeHnMambHol sHeprun U(z). MunumyMmer dyHKuum
COOTBETCTBYIOT yCTOMYMBEIM, & MAKCHMYMEI - HEYCTONYMBEIM KPY-
roBbiM opburaM. Pemus coBmecTHo cuctemy ypapuenuit U(z) = E
u U'(z) = 0, nomyuum

210 =a*(14 1 %) E= %‘1 - 2;1 2‘3/2. (26.31)

3Hax Ioc B GopMyJie IJId paauyCcoB OpOUT COOTBETCTBYET YCTONYN-
Boll opbuTe, a 3HAK MUHYC - HeycTonumBoii. [IpuBenem nis cpaBHeHUS
B HaIX oOO3HAUEHUIX pellleHNe 3anaun Karutana

3 2 1
zio=a(l£,1-=), E= Va1 (26.32)
) 2
a \/Z1,2 L1,2

U TPUBOAWM BhIpaxkeHne 5dekTuBHON mnoTeHImanbHon Uy(z) B

OTO.

a? 1

Un(z) = (14 5) (1), (26.33)

T T

ScHo, uTo ecnm B (26.30) BHecTH HON KOpeHB BBIpAXKEHWE C MOIY-
JIeM W pa3yiokuTh B pan Teinopa, orpaHUIUNBAICh TMEPBHIM UJIEHOM
Pa3JIOXKEHN S, TO MOITYUYNM MOTEHIINAIBHYIO TTOTEHITNAITLHYTO KPUBYIO
(26.33). OgHako »Ta omepanus CIpaBemInBa TOJBKO Ml ¢ > 1. U3
aHasm3a (26.33) cienyeT, YTO 5TO BEIpaXKeHUE OMPeesIeHO JIUIIE IJIs
3HaYeHWN T > 1, B mpoTuBHOM ciry4dae U cTaHOBUTCS MHUMOU.

s ciyqas (26.30) Takux orpanuyeHnil He cyiecTByeT. ['padu-
KV [TOTEHIINAIBHBIX KPUBHIX (26.33) miis pasHBIX 3HaUeHUII MOMEHTA
a upuBeneHsl B paborax [7] m [60]. I'padpuku xpuseix (26.30) mpn
Pa3JIMYHBIX @ B 00JlacT; & > 1 CXOMHEI TI0 BHENTHEMY BUIY C T'pa-
¢dukamu (26.33) U OTINIAIOTCS JIUIID [OJIOKEHUIMI MaKCHMYMOB U
MIHAMYMOB. DTO BUIHO U3 CpaBHeHus BhipaxeHmit (26.31) u (26.32).

Hanpumep, npu a?

= 2 KoopOWHATHl MaKCUMyMa U MUHUMYMa I
Hairero ciydas ciumBatorcs, B OTO sTo mpoucxomur npu a’> = 3.

Hns Hamrero ciydas OamxkauIas K IeHTPY yCTOMYMBAsS KPYroBas
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opbnTa COOTBETCTBYeT 3HaueHHio r; = 2r, — 4r;. CooTBeTCTBY-
foras sHeprus Fy = /27/32 = 0.919, a ckopocTh KpyroBoro IBU-
XKeHUs, ompeneneHHas u3 gopmyisl (26.10), mpuBooUT K 3HAYEHUIO
v = c\/§/3 = 0.577c.

B OTO umeem cooTBeTCcTBeHHO 11 = 31y, [ = \/8% = 0.943,
v =¢/2 [60].

Ipu a®> < 2 Mg Halmero ciydas KpuBasg SKCTPEMyMOB He HMeeT
(8 OTO mnsg a® < 3). C pocToM MOMeHTa a OT V/2 1o 0o KoopIaMHATEH
MaKCUMYMOB yM€EHBIIAITCI OT 1y = 4ry mo v = 2ry (B OTO ot ry =
3r, mo ro = 1.5rg). Oueprust FE,,,, yBeauuuBaeTca oT F,,,, = 0.919
10 Epur = 00 (B8 OTO ot E,py = 0.943 10 E,pypy = 00).

banxaiititas K 1eHTPY HeyCcTOMYUBas KPyroBas opbuTa COOTBET-
CTByeT 3HadeHWIo 71 = r, — 2r9, E,., = oo, v = ¢, (8 OTO
r1 = 1.57,, Epgy = 00, v = ).

XoTs BHelllHe pellleHns KarstaHa v Hallle He CUJIBHO OTJIMYAIOT-
Cs IPYT OT NpPyra, OMHAKO MMeeTCs BaKHOe MPUHITAITUAIbHOE OTJIIN-
une. Hanmuwme BBIpaxeHus ¢ MomyJieM B 5(PpdeKTUBHON MOTEHIINATb-
Hoit sHepruu U(z) B (26.30) IpuUBOANT K MOMOJHUTEIHLHOMY MUHI-
MasbHOMY 3HadeHuto U(x) B Touke ¢ = 1/2. SlcHo, uT0 npon3BonHas
o « ot ¢pyukimu U(x) B 9TOl TOUYKe TEPNUT pa3phiB, Kak HTO NMe-
JIO MeCTO U MPU PATUaIILHOM TAaeHUN JYacTuIllbl, T.e. ipu a = 0. B
Touke ¢ = 1/2 MpOMCXOAUT CMeHA MPUTSKEHUS HAa OTTAJIIKUBAHUE,
u pyskud U(z) HauMHaeT HEOTPAHWYEHHO BO3PACTATH IIPU CTPEM-
JleHUU pajauyca K Hyso. Hanmuure momosTHUTEbHON HEeHTPOOeXHOM
SHePruu HejlaeT Bo3pacTaHue pyukiun U(x) npu cTpeMieHNN K Hy-
JIf0 60Jlee OGBICTPHIM, YeM TIPU PABHOM HYJTIO MOMEHTE.

Hanuuwme MakcuMyMa B moTeHIMaJIbHON KpuBoil B mosie IIBapii-
IIWIbAA MPUBOIUT K TPABUTAIMOHHOMY 3aXBaTy, €CJIA SHEPTU Yac-
tuttel £ > E,.,.. llnga wamero coyvas npu £ > E,,,, 3axBaTa He
IIPOMCXONUT, MOCKOJIBKY Jifoboe 3HadyeHMe F Bcerma ”HaTaJIKUBaeT-
ca”’ Ha MoTeHIUaJIbHYI0 KpuByto npu 0.5 > & > 0. Takum obpaszom,
Kak u B MexaHuke HvioToHa, ipu j1r0601 60JIBIIION YHEPTUU YaCTUIIA,
ormbaeT MPUTATUBAIONINN IEHTP U YXOOUT B 6ecKoHeUHOCTh. [laxe,
B oTJinumMe OT MeXaHuUKu HbIOTOHA, 5TO MMeeT MeCTO U ITPU PaIU-
aJILHOM TaJIeHU! Ha KYJIOHOBCKUI 1eHTP. BaxXHO 0OTMETUTH, 4YTO Cy-
IMeCTBY€eT YCTOMYNBOE paBHOBECHe SJIEKTPOHA B IOJIe TIPOTOHA MPHU
r = r), Yero HeT MPU KJIACCUIECKOM PaCCMOTPEHUN.

Hanuume momosIHUTEIBHON ~MOTEHINAJIBHON IMBI’ C MUHNMAJIb-
HbIM 3HadeHueM U(ryg) = 0 momyckaeT CyIlleCTBOBaHUE (UHITHOLO
MBUXKEHUS 5JIeKTPoHA B Tol gMme. Takum obpa3oM, MPOTOH U SJIeK-
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TPOH MOT'YT 00pa30BEIBATh YCTOMUMBOE CoeqUHEHNE ~HEMTPOH pas-
MepaMu TMOopSaKa ry. KoHedHO paccMaTpUBaeMBIN 3/I€Ch TTOIXO MMe-
eT JINIIbG MEeTOAWYECKUN MHTEPEC, MOCKOJIBKY KBaHTOBBEIE 5((PEKTHI
MOJIXKHBI yKe TPOABIITHCA Ha PACCTOTHUAX 3HAUNTEIIHHO MTPEBHIIIIa-
TOIIUX 7).

PaccmoTpum TpaekTopuio 5jeKTpOHa B Iojie MpoToHa. Kak ms-

BeCTHO [7], TpaekTopus onpenensercs ypapuenuem 9S/IM = const.
Otxkyna u3 (26.3) — (26.6) mmeem

¢ . / MdT‘
r2\/exp()\ — I/)E—g — <m%c2 + Af—;) exp(A)

(26.34)

[IpencrapiigeT MeTOINYECKWIT MHTEPEC UCCIIENOBATE TPACKTOPHUN
5JIEKTPOHA B IpefesiaX aToMa [0 aHAaJIOIUN ABUXKEHWS IUIaHeT B IIO-
se Tarorenus Comuua. [iis OBUXeHUS 3JeKTPOHa B II0JIe MIPOTOHA
Ha pacCTOSHUAX CPaBHUMEIX C pasMepaMM aToMa 7 >3 7. llosToMmy
npejiaraeMas T€OPU NOJKHA IPUBOANTD JINIID K He3HAUYNTEILHEIM
HonpaBKaM II0 CPaBHEHUIO ¢ OOBLIYHBEIM B3anMogeiicTBueM Kyisona.

IInsg BEIYUCIIEHUS IONPAaBOK K TPAaeKTOPUN OyIeM MCXOAUTH, KakK
u B [7], u3 pagnanbHOi yacTu neiictsus (26.4) mo MomeHTa €ro mud-
¢deperumpoBanus o M.

F2p4 M2 2
(r —7rg)? N m3c2(r — ry)? N (r —7rg)?

Sy =myc [ dr.  (26.35)

[Tocne mpeobpaszoBanusa MepeMeHHOW WHTETPUPOBAHUS
!
rT—ry=r,

HCIIOJIB3Y S JIETKO MPOBepsieMyIo popMyity
12

mic?(E* — 1) = 2myE’ —5s
c

rae E' — HepenaTUBUCTCKAS SHEPrUs YacTUIEL (6€3 SHEPI UM HOKOS),
MOJIyunM ¢ TpebyeMoii TOYHOCTHIO BhIpaXKeHUe

E"? N 2rom3c? + 8romgE' M2 — 5r¢m3c?

c? r r2

dr
(26.36)

— kmym, um ry — r,/2 pannaab-

S, :/ 2my B +

Ilpu dopMmanbHOil 3aMeHe e’

Hasd YacTh HeNCTBUS S, 6JIM3Ka M0 CTPYKTYpPe aHAJIOTMYHON BeJTNYL-
He, WCIOJIb3yeMOl HJIs ONMUCAHUS MBUXEHUS ITNIAHET B IEHTPAJIbHO-
cuMMeTpudHoM T'pauTatmonHoM mosie B OTO. Pasnuuue nposasiis-
eTcd JIMIIEL B TIochenHeM Kosbduimente npu 1/72. B OTO uz M?
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BEIUNATAETCS (B HAIINX 0003HAUEHWSX) BeJIMUUHA 6r§moc OcTanb-
HbIe YJIeHBI COBITATaloOT.

Kak wsBecTHO M3 [7], mompaBouyHble KO>)UIMEHTH B MEPBBHIX
IBYX 4JIeHaX Mo KOPHEM OTpPa)KalTCd TOJIBKO Ha W3MeHEHUU CBA3U
MeXOy SHepruel, MOMEHTOM YacTUIILI U HapaMeTpaMu ee OpOUTHI.
Brranraemsnit u3 M? Ko3hdUINeHT, IPUBOIUT K CI/ICTeMaTI/IquKOMy
CMeIeHUIo Tlepureaus opoutsl. Cunras dieH 5r0m002 /r? madioit mo-
TIpaBKoii o OTHOIIeHNo K M2 /r?, MosryunM mocste pas3yioXeHus B Pl
MMOIMHTETPAJIbHOTO BHIPaXKeHUS COOTHOIIIEHNE

S, =8S"+68S,, (26.37)

roe S! cooTseTcTByer (26.36) npm paBHOU HyJIO TIOpaBKe, a 4§95,
OTIpenesITeTCs PaBEeHCTBOM

/ 5m%c2r§d r

2r2\/2m0E’ + E’_;Z + 2r0mgc2+8r0moE/ . M2
c

r r2

53, = (26.38)

[Ipupatenue A4S, 3a mepuon obpallleHUsS SJIEKTPOHA MO opbuTe B
COTJIACUN C HEPEJITTUBUCTCKON MeXaHUKOU B KYJIOHOBOM TIOJIe TIOCIIe
BBINOJIHEHU ST UHTerpupoBanus B (26.38) cBemeTcs K BUIy

2.92..2
dSTMmc Ty

AJS, =
5 M

(26.39)

Tak Kak TpaeKTOpus ONpenesiseTcs ypaBHEHNEM

8_S_¢_|_8i t
oM 8M_Con5

TO 3a Imepuond mMeeM

OAS,  OAS!  OASS!
OM ~—  OM OM

Ag=—

Ucmonesys (26.39) u yuanTsBas, 94T0

OAS!
OM

= 2m,

IIoJIy4YnM

2.2.9
dSTmyc 7'0

M2

Bropoii usen B (26.40) ompemnesnseT coboil CMeIlleHUe TIEPUTeIns Opou-

Ap =27 + (26.40)

THI 3JICKTPOHA BOKPYT IIPOTOHA. Pemrenne sToit xe 3agJadyl B paMKaXxX
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CTO npuBomUT K CMEIEHUIO TIEPUTENIASI B MATH pa3 MeHbIIlEe, YeM y
HaC U B IlecTh pa3 MeHbllle, yueM B OTO npu dpopmaabHOU 3aMeHe
e? — km,m, nunu ry — r,/2. Taxum o6pazoM, paspaboTaHHEIA HaMU
anmapat ropasmo 6smxe coorBeTcTByeT OTO, uem CTO.

PaccMoTpum HepammasbHOoe NBUXKEHWE YIbTPapeITITUBUCTCKUX
5JIEKTPOHOB B II0JI€ MPOTOHA (AHAJIOT PACHPOCTPAHEHUS CBETOBOTO
Jyda B [IEHTPAJIbHO-CUMMETPIUYHOM rpaBUTanuoHHOM 1oste). Cunra-
€M TIO OTpeNesIeHnIO, YTO JaXKe HAa OECKOHEUHOCTH Uy, — C.

PannaneHas gacTsd meiictBus (26.35) mocse npeobpasoBaHUS Tie-
PEMEHHON MHTETPUPOBAHUS

!
r—Tr)=7,

npu ycaosun, uto E > 1, Ey = myc?E u npunenbHoe paccTOSHUE p
cBsa3aHo ¢ MoMeHTOM M Mo dpopmyiie [7]

_ M (26.41)
p= myckE '
TIPUBOINTCSA K BUIY
Ey 4rg  p?2 673

PaccMmoTpumM chHavamna ciyuait, kKorga ry/p < 1. Ilus sToro ciyuas
(26.42) umeeT BULI

Sp=— [\14+—" - dr (26.43)

HOC.HeI[Hee BhIpaXeHlEe C TOYHOCTBIO 1O MHOXUWTEJIAd N1 3aMCHDBL 27'0 —
T‘g COBIIagda€eT C pa,HI/IaJIBHOfI YacThIO SUKOHAJIA JIA pacCIIpoCTpaHe-
Hus Jiydeii cBerta B mosie Taxkectu B OTO [7]. Ucnonbsys BeIBOA
[7], mostyumm, uTO TOM BAUSHMEM KYJIOHOBCKOIO IOJIS TPUTSIKEHUS
CO CTOPOHBEI IIPOTOHA TPACKTOPUA YIIBTPAPEJIATNBUCTCKOI'O 3JIEKTPO-
Ha NCKPUBJIAeTCd, 06pa3yd coboll KpUBYIO C BOTHYTOCTRIO K LIEHTDY.
YFO.H MEXOYy OIBYMIA aCUMIITOTaMU 3TOU KpHBOfI OTJINHaEeTCAd OT 7T Ha

BeJINUMHY 0@, onpenesiseMylo U3 PaBeHCTBa
5= 20, (26.44)

i)

HpOBeI[eM AHAJIN3 OBUXKCHUA YJIbBTPApPCJIATUBUCTCKHUX 3JICKTPO-
HOB, KoT'la IIpULIEJIBHOE pacCCTOAHUE O OOHOTO IIOpiAaKa C Ty. HJ—IH
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aHaJIM3a [BUKEHUS BOCHOJB3yeMcs (opmydioir (26.8), KoTopas mpu
E > 1 cBonnTca x Buny

v _ 1_p_2< _r_0>2. (26.45)

c r2 r

OueBuaHO, YTO MPUOJIMKEHNE BIJIEKTPOHA K MPOTOHY MPEKpaTUTCH,
KOrIa pamnajibHas KoMioHeHTa ckopoct: vl) = 0. Touka moBopo-
Ta ONPEeNeJINTCS W3 PABEHCTBA HYJTIO TOIKOPEHHOTO BEIPAXKEHUS B
(26.45). OTO NMPUBOAUT K COOTHOLIEHWIO MEXIY IPUIETBLHEIM Pac-
CTOSTHUEM W KOOPAWHATON TOYKW MOBOPOTA, NMPEACTABAMOMY B BUIE

2
n n=t mn=_ (26.46)

pl: |7‘1—1|, To To

Kpusas (26.46) numeeT MUHIMYM B TOUYKe
r =2, Plmin = 2(\/§—|— 1) (26.47)

1 IBe aCUMIITOTHI: BePpTUKAJIbHYIO 71 = 1 1 HakJoHHYyI0 ¥ = 71 + 1.
Hamuume momyns B 3HaMeHaTelle pacHIapseT obJIacTh CYIIeCTBOBA-
HUS TIepeMeHHON BIUIOTH no 3HadeHnin r; — 0. [logBnsgeTcsa BTOpas
BEeTBH KPUBOW, KOTOopas MPU W3MeHEHUMW apryMeHTa OoT 71 = 1 1o
r1 = 0 U3MeHAeTCSI COOTBETCTBEHHO OT 00 mo HyJIA. VcmombioBanue
BOJIN3U KYJIOHOBCKOTO IeHTpa (opMymsr (26.21) mius HyseBoll KoM-
noHeHTHl 4-nioTeHIMaNa B (26.8) cka3plBaeTCs JMIIbL HA XapaKTepe
pubIMKeHUS K HYJIO ipu 1 — 0, He MeHId CyIlecTBa OeJa.

Hnsg aHad m3a MOJyUYeHHOTO pelleHus yIOOHO BHIMUCATEH aHAJIO-
ruyHoe ypaBHeHue miid KpuBonl B OTO miig ysibTpapesiaTUBUCTCKON
vyacTuiel B nojie [IBapmmunena. B cormacuu c [7] u [60] s uckomoit
KpPUBOI MMeeM

3/2
5 i) 7
= — = — = —. 26.48
P2 /—7’2 — 17 P2 rg) T2 r, ( )
Kpusas (26.47) umeeT MUHIMYM B TOUYKe
3 3V3
"2 =5 P2min = T\/_ (26.49)

1 IBe aCUMITOTHI: BEPTUKAJIBLHYIO 79 = 1 U HaKJIOHHYIO Y = 79.
O6e paccMOTpeHHBIX KPUBHIX mpu 71 > 1 u r9 > 1 mo xapak-

Tepy TMOXOXW W OTIUYAIOTCS TOJILKO TOJIOXKEHUIMU MUHUMYMOB U

nx 3HadeHusMmu. OpHako npu 7y < 1 xpusas (26.48) He ompemeneHa,
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IIOCKOJIBKY MONKOPEeHHOe BhIpaXKeHUe CTAHOBUTCS OTPUIIATEJIBHBIM.
Taxum obpasoMm, B oTiuume oT Haiiero cirydas, B OTO HeT BTOpOI
BeTBu KpuBoii. B OTO ynbpTpapelaTUBUCTCKas YacTUIIA, JIeTIIIas
13 6€CKOHEYHOCTHU C MPUIIEJTBHBIM TTapaMeTpPoM po < Pomin = 2.6 He
BCTpedaeT KPUBOU IIOBOPOTA U, CJIENOBATEJILHO, IPOUCXONUT ee I'pa-
BUTAIMOHHLIN 3axBaT. CedeHne 3axBaTa HaeTcs GOpMYJIOn

2Tmr?
2 2 _ 9 _ 2
O = MPominTy =~ = 6.757r,. (26.50)
B namem cityuae npu p; < pimin = 4.82 simexTpon “mpoxonut”
1101 IIEPBOU KPUBOI ITOBOPOTA HO ~’BCTpedaeT’ Ha CBOEM IIYTU BTOPYIO
BeTBBb 5TON KpuBoil. MakcuMasibHOE 3HaYeHUEe KOOPAWHATHI TOUYKHU

BCTpeYH: CO BTOpOfI BE€TBLIO OolIpeAecIideTCd N3 OYEeBUIHOI'O YpaBHCHNA

2

1
p1 = (26.51)
Pemtenne sToro YpaBHEHNA NMEECT BUL
2 4 - ,
Tlmaz = VPhin + 4Pimin = Pimin _ 0.85. (26.52)

2

B orsimume ot OTO »sekTpoH, "mposeTas” 1mon KpPUBOM TTOBOPO-
Ta, He 3aXBaTBHIBAETCSA MPOTOHOM. JTOMY MHPEMITCTBYeT BO3HUKAIO-
IIlee CO CTOPOHBI MPOTOHA OTTAJIKUBAHNE, KOTOPOE MPOSIBIIAETCS TIpU
paccrosuusax r < 7. C paccTosHuii oT 7 = /27 10 7 = 7 57I€KTPOH
HCOBITHIBAET TEHAEHINIO K 3aXBaTy, He “3Hasd O MOCJENYIOIIel CUJIe
ortankuBaHud. [losToMy HazoBeM cedeHmeM IICeBIO3aXBaTa 0

op = TPl imTe = 4n(V2 + 1)%r2 = 23.317r) = 5.83wr).  (26.53)

Pazbepewm ermie onun cirydaii, Korfila 5JeKTPOH Ha 6€CKOHEUHOCTH
nMeeT UMeeT NpeHeOpekKUMO MAJIYIO CKOPOCTh Uy, II0 CPABHEHUIO CO
CKOPOCTBIO CBETA C, YTO COOTBeTCTByeT F = 1.

B OTO ceuenue rpaBUTAIIMOHHOTO 3aXBaTa OIPENeJITeTCS W3
TpeboBaHUsg, YTOOBl 3HaUeHUE MAKCUMyMa MOTEeHIIMAJbHONU KPUBOU

(26.33) U(@maz) = 1. DOTOMy 3HaUEHHUIO SHEPIUH COOTBETCTBYET
Taz = 2, a = 2. llputienbHoe paccTosHue p = 2crg/voo 1 cedyeHUe
3axBaTa )
2 2 2f €
o=mp,, .1, = 4mrr <—> . 26.54
Pomin g g Vno ( )

Bce YaCTUOHL C P < 2CT'gUOO rpaBUTalIOHHO 3aXBaTHhIBaIOTCA.
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B Hamrem ciydae norennmaipaas kpuBas U () 3aqaeTcs COOTHO-
mrerneM (26.30) Pemus coBmecTHO cuctemy ypasenmit U(z) = 1 n
U'(xz) = 0, momydnM i1 MakCUMyMa

2 V2a 1 3/2
2
= 1—41—— 1= 1—— 26.55
T1=a < a2>’ ,/a:l‘ 2xq ( )

N3 (26.55) naxonum

s 224222416
- 16

a

=2.773, a=1665 =z =1.309.
(26.56)

[IputiesibHOe paccTosiHUE B HAMUX 0603HadeHUAX p = 3.33¢r)/vs U
ceveHUe TICEBN03aXBaTa

2 o € \? 2 € \?
op, = mp° = 11.17r <—> — 2.777r, <—> : (26.57)
UOO UOO

B mamieMm ciydae MpoTOH He MOXET 3aXBaTUTh 3JIEKTPOH, IIO-
CKOJIBKY IIpU 7 < 7( HOTEHIMaJIbHasid KPUBasd HauNHAaeT BO3pacTaTh U
sHeprug sjekTpoHa F = 1 ¢ sToll KpuBoil ’1epecedyeTcs” .

N3 kimaccudeckoil pesIITUBUCTCKON 3JIEKTPOAMHAMUKN TIPU IBU-
XKeHUU B KYJIOHOBOM IToJie U3BecTHO [7], uTo npu Mec < |Qe| u Qe < 0
TPaeKTOPUN YaCTUIl IPEACTABIAIOT CO60M CIMPAJIN CO CTPEMAIIUMC
K HYJIIO PaIlyCOM 7 U IIPH yIile ¢ — 0o. BpeMs Xxe mageHus 4acTUIIBL
B HadaJjio KOOPOMHAT SABJIA€TCA KOHEUHON BeJmdmnHoii. B wacTHOCTH,
IUIST HEPEJISTUBUCTCKON YaCTUIBI Ha GEeCKOHEYHOCTH (JIEKTPOHA B
TI0JIe TIPOTOHA) YCIIOBHE MANeHNs Ha [EHTP SKBUBAJIEHTHO PABEHCTBY

p< 0 (26.58)
UOO
B Hamem ciydae mpuliesibHOE pPacCTOSHUE MPU TICEBIO3aXBaTe OKa-
3ajioch B 3.33 pasa Gospinum, uem B CTO. BaxHoili 0co6eHHOCTBIO
Haitirero peititeus B orsimyue o CTO u OTO, aBiasgeTcs BO3MOXKHOCTH
YCTONUYMBOIO CTATUYECKOTO PABHOBECHUS JIEKTPOHA B II0OJIE MPOTOHA
Ha PacCTOSHUU 7( OT IleHTpa MpoToHa. JlomyckaloTcs u panuajabHbIe
KOJIe6aHUS OTHOCUTENBHO Tg. JDTO FOBOPUT O (KadueCTBEHHOW B paM-
KaX MOJEJN) BO3MOXHOCTH CYIIECTBOBAHIS HENTPAJILHON CTabIIIb-
HOW YaCTHUIILI pazMepaMu MOPSIKa 7.

b). KBanToBanue agunabaruuyecKnx NHBAPUAHTOB

XoTd B MaHHOW KHUTEe PacCMaTPUBAETCH KIIAaCCUUIeCKUe TOJIs
CBSI3aHHBIX CTPYKTYP, ONHAKO MpencTaBjseT NHTEpPeC pPacCMOTpPeTh
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TIPOCTENTIIE BO3MOXKHOCTHU yYeTa KBAHTOBHIX sddekToB. Kak m3-
BecTHO, bop 1 3oMMepdenbn oObICHWIN CHEKTP aTOMa BOIOPOA C
ITOMOITILI0O KBAHTOBaHUS annabaTnyecKuX nHBapuaHToB. [lasee 3oM-
MepdesThbI cesall MOMBITKY B PAMKaX MeXaHUIECKON MOMeIN yUIeCTh
pesIaTUBUCTCKUE nonpaBku. OH HOMyCTHUII, UYTO PeJITUBUCTCKUE TI0-
MIPaBKN MOTYT OOBACHUTH PAacCIenyieHne TePMOB, BHIPOXKIEHHBIX B
HEPEJITUBUCTCKON Teopuu. VIMmeHHO TakuMm obpaszoM 3omMmepdesinb
XOTeJI TIOCTPOUTEH TEOPUIO TOHKON CTPYKTYPHI.

OTMeTuM, 4YTO B HEKOTOPOM CMBICJIE €MY STO YIaJIOCh CIIeIaTh 1
OH TOJTyumMJT (POPMYJIBI NIJIS TOHKOW CTPYKTYPHl yPOBHEW aToMa BO-
mopojia B paMKax cTapoul Teopuu bopa errie mo cosznanms KBaHTOBOUN
MeXaHUKW, He UCTIONb3Y s pellleHns ypaBHeHus Humpaka.

[IpensmaraeMsIii HaMu TTOAXOT TI0 CTPYKTYpe 6am30K moaxony bo-
pa - 3oMmMmepdesbia, HO UMeeT U IPUHINNUAIbHBIe pa3audud. [lepe-
YUCIIUM 5TU OTIAINS:

1. B orsimume ot momxona 3oMMepdesibia, UCHOIB3YIONIErO IBU-
JKeHUe 3JIeKTpoHa B mojie mpoToHa B pamkax CTO mitockoro mpo-
CTPAHCTBa - BpeMeHU, MbI paboTaeM B PUMAHOBOU TeoMeTpuu, 06y-
CJTOBJIEHHOW TIOJIEM 3JIEMEHTOB CBA3aHHBIX 3aPSIOB IMPOTOHA.

2. MupoBas JIUHUS 5JIeKTPOHA B II0JIe MPOTOHA B TEOPUH 30M-
Mep(desTbia COOTBETCTBYET B HAIlEM CJTydae Teofle3ndecKOoN JTMHUN
3JIEKTPOHA B PUMAHOBOM MPOCTpaHCTBe BpeMeHu. [lose mpoToHa, Kak
TaKOBO€, B HallleM MOMX0Ae B SBHOM BUIE OTCYTCTBYET, TPOSIBIIIIACH
B BUJe MCKPUBIIEHHON TeOMeTPUN MPOCTPAHCTBA - BPEMEHN.

Tak kKak pasMepHl aToMa mopsanka 1078 cu, a pasmepsl aapa mo-
panka 10713 cum, To kKosdhduIeHTH MeTPUKT (19.4) MoXkHO ¢ TOMO-
meio (19.15) nmpencraBuTh B Bule

exp(v) = <1 — i>2 = <1 — r_0>2 = exp(—2A), (26.59)

rmgyc? r
rIe e - 3ap4n dJIeKTPOHA, 1) - Macca JIEKTPOHA.
Kax m3BectHo [7], o6obImeHHsIM uMIysIbcoM P, HaseiBaeTcs 4-
BEKTOp, OIpeesIfeMBIll paBeHCTBOM
oS
P, =—F. (26.60)
Oy
BrrunciuM pannaabHyIo KOMIIOHEHTY 4-IMITyJIbca 3JIeKTPOHa B IIOJIE
npotoHa. 13 (26.3) u (26.4) Haxoqum

E? M?
P = —\exp(A =)~ — (mie2 + r—2> exp()). (26.61)
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B orauume or CTO, kBaHTOBOe ycjioBUe TpUMeHUM K ~ puU3UUeCc-
Ko’ paluajibHON KOMIIOHEHTE 4-UMITyJIbCa, OMpPEeNesITeMOll C ITOMO-
meio TeTparn (17.10).

1 B M? i
P(r):_ Pr:_JeXp(—V)C—O— <m%c2—|—r—2> :—P()

vV 911
(26.62)

Cnenys bopy u 3omMepdenbny chopMysIupyeM ycjoBUe KBaHTOBA-
HUS B BUIe

fp@")dr = n,h, fMdgb = nyh, (26.63)

rme n, u ng neJjible 4nuca. B pe3yJibTaTe IPpUXoAuM K PaBEHCTBY

2 242

T0 2E0 n 7:L h

N (14 2) =3 — (mbe + ~45-)dr =n,h, h=_.—. (26.64)
r/ c r 27

B sTom PaBEHCTBE II0CJIE BBIIIOJIHEHWA WMHTECI PUPOBaHUA Tpe6yeTC5I

OIIpencJINTh BEJINMYNHBI EO, 3aBUCAIIINE OT KBaHTOBBIX YUCEJI 11, U 7'L¢

I/IHTel"paJI MOZKHO IIp€OCTaBUThL B BUIE

f\/—A—I— 2B/r — C/ridr, A= <mgc2 — E—(%),

c2

’f‘oEg

c2

2 12
oy

c2

B= , C=njh" — (26.65)

Tak xax MBI paccMaTpuBaeM PUHUTHOE NBUXKEHUWE 3JIEKTPOHA B
1oJie MIPOTOHA, TO BenuumHa A odeBumHO oTpuiiaTenabHa. [lomuaTer-
paJiIbHOe BBIpaXKeHWe MMeeT NBa KOPHSA OJIA MOJIOKUTEJIbHBIX 3Haue-
HUU 7, YTO OYEBUOHO COOTBETCTBYET IIePUTeJINI0 U adesinio >JieK-
TpoHHOU OopouTH. HTerpupoBaHe MOJIKHO OBITH IMPOBENEHO OT OfI-
HOT'O KOPHS [I0 IPYroro u obpaTHO ¢ U3MeHeHeM 3HaKa rnepel KOpHeM
B B BhIpaXKeHUU IIOJI MHTerpajioM. AHajlormyHas 3amada C IPyTAMU
HOCTOSHHBIMU peltieHa B [111], Ha ocHOBe BBHIYMCIIEHUIT KOTOPOIA MMe-
eM

f\/—A—|—2B/r—C/r2dr:27r<%—\/6). (26.66)

B pesymbTaTe mosydyaeM ciemyrolliee ypaBHeHUe JId HAXOXKIEHUS
SHEpreTUYeCKNX ypPOBHEU

7’0E0 1 T‘%E’g
— |1 - = n,h. 26.67
c2 \/m%c2 _ Eg/cz c2 M2 n ( )
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BBens 6e3pasmepHyto sHepruo F B coryacuu ¢ (26.18), mocientee
ypaBHeHNE MOCJe HECKOJIBKO TPOMO3IKIX ajirebpamdecKux mpeobpa-
30BaHUN CBeleM K BUIY

E=|1+

12 -1/2 2
“ 2] , o =aB, a=-, (26.68)
<\/n¢2 — o+ nr>

roe & - IMoCTodHHaAd TOHKON CTPYKTYPHI. HOCJ’IGI[Hee cooTHOoIIIeHuEe C

[IePEeHOPMIPOBAHHOI ITOCTOSHHON TOHKOM CTPYKTYPHI & B TOYHOC-
T COBIIAJIa€T C COOTHOIIIEHNEM TOHKOU CTPYKTYpPHI 3oMMepdesibaa
[112], mostyuyennot myTeMm pelieHus ypaBHeHus [{upaka mpu mBuxe-
HUT 5JIeKTPOHA B KYJIOHOBOM ToJie. T'ak Kak MpW OBUXKEHUN 3IIEKTPO-
Ha B aTOMe C OOJIBIION CTeNeHbIO TOYHOCTHU BBITIOITHIETCS COOTHOIIIe-
HUe

E=1—¢ (26.69)

roe € - Majad IOJIOXUTEJbHad BeJUYMHA, a IOCTOSHHAs TOHKOM
cTpyKTypel = 1/137, To oueBUAHO, YTO B HAIlEM CJIy4ae TepBoe
IpubIIMKeHNEe, COOTBETCTBYIOIEe PABEHCTBY HYJIIO € B IIPABOil 4acT
(26.68), mpuBonuT K TOUHOU popMyse JoMMepdeabIa.

dusnyecknii CMBICII BEJIMUKUHEL € - 9TO, B3ATad C OOpaTHBIM 3Ha-
KOM, IoJIHad 6e3pasMepHasd SHeprus 5JIEKTPOHA B IIOJIE€ MPOTOHA 3a
BEIUETOM Ge3pasMepHoOil sHepruu nokos. W3 popmysn (26.68) u (26.69)
IoJiy4aeM C y4eToM, uTo « < 1, BEIpakeHUe

€ o” [1—|—a—l2<i—i>], n=n, + ng, a'2:a2<1—a—2>.

T on2 n \n, 4n 2n2
(26.70)
[lepexons kK pasmepHoit swepruu W = —emyc® u BBens ny = j +
1/2, nonyunmM B 3aqaHHOM NMPUOIMKEHUN CIEAYIONTYI0 GOpMyYITy Iiis
SHepruM yPOBHEN B aTOMe BOIOPOIa,

W =—

o *myc? oz4m002< 1 3 > (26.71)

m2  2m3 \j+1/2 4n

[TpoBenmem amanm3 mocyenHenn Gopmysrel. Kak m3BecTHO U3 KBaH-
TOBON MeXaHWKW, TIEPBBIN YJIeH OIpenesideT SHepreTUdecKue ypPOB-
HI aTOMa BOIOPOAA, PACCUMTAHHEIE C TIOMOIIHIO HEPEIITUBUCTCKOTO
ypaBHenus lllpenunarepa. BTopont unen npencraiiseT coboit mobas-
Ky, KoTopas o0yCJIaBIMBA€TCS TOHKAM PacIIellJIeHeM yPOBHeER. JTa
mobaBKa pacCUMTHIBAeTCS C TTOMOITbIo ypaBHenus [{upaka. Ecau BTo-
poit wieH B ¢popmyste (26.71) B 3amaHHOM HIpUGINKEHNN B TOYHOCTH
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copriast ¢ Teopueir [upaka, To mepBbiil wieH B (26.71) HeCKOJIBKO
OTJINYAETCS OT OOIENPUHIATOTO. JHEPreTUYeCKre YPOBHU B HallleM
ciiy4yae HEeCKOJILKO 3aHUIKEHBI 110 CPaBHEHUIO CO cTaHAapTHRIMU Wi.
Hnsg cpaBHeHUS MpUBeleM KOHKPEeTHBIE 3HAUEHUS

W, —-W a?

-100% =

1
7 53+ 100% = —0.00266% (26.72)

[Tosryuennas HaMu OlleHKA YKJTAIBLIBAETCS B OIIEHKY TTOTPEITHOCTH Te-
OpeTUYECKUX U SKCTIEPUMEHTAITLHBIX 3HAUEHNN SHepTrum cepun bairs-
mepa. [losmHas mupuna ToHKOU cTpyKTYpHI [113], onpenensemas Kak
paccTosHIe MeX Iy YPoBHIME j; = n— 1/2 u j, = 1/2 npu 3apaHHOM
N COBIIAJIaeT COBMANAET C AHAJIOTWYHON BeJIWUWHON m3 Teopuu m-
paka. PaccMoTpum KBaHTOBaHMe KPYTOBBIX OPOUT 3JIEKTPOHA B TIOJIE
IpoTOoHa ¢ 5P (PeKTUBHON MOoTeHNnaIbHON sHeprueit (26.28). Harmeit
IIeJTHIO IBJITETCH BHISCHUTH KaK CBA3aHBI PACCMOTPEHHEIE BHITIE KPY-
rOBBIE OPOUTHL B MToJIe IPOTOHA (26.31), aHaJIOTWYHBIE KAITUTAHOBCKIAM
opbutam B OTO, ¢ opbutamu bopa B aTome Bomopoma. QueBmmHoO,
YTO B CJIy4ae KPYTOBBIX OPOUT MBI JIOJIKHEI TTOJIOXKUTEH PABHBIM HY-
JII0 pafuabHOe KBaHTOBOe 4ncio n, B (26.68). Torma opburansHoe
KBaHTOBOe UNCJIO Ng OyAeT coBHagaTh C TJIaBHBIM 7. DTO MPUBOIUT
K CJIenyIOIeMy 3HaueHUIo 6e3pa3MepHON >Hepruu F.

E=—=, n=ng4, a=_—. (26.73)

9YlcHO, UTO B BUMY MAJIOCTHW TMOCTOSHHON TOHKOW CTPYKTYPHI (¢, TIO-
cjlefHee COOTHOIIIEHNEe MOXHO 3alNcaTh B BUe

2 4
Be1-2 3% (26.74)

PaccmoTpum ycToitunBhie oOpOUTHN 3JIEKTPOHA B TI0JIe TIPOTOHA B CO-
riacuu ¢ cooTHoureHreM (26.31), BEIOpaB 3HaK IUIIOC Hepen pali-
ycamu. Paccmorpum cityuait a > 1, uro skBuBajieHTHO 7 /) > 1.
Nmenno Takon ciiyyall peajim3yeTcs B aTOMe BOIOPOAA, KOTIa paan-
YCBI H0POBCKUX OPOUT 3HAUMTEITHHO OOJIBINIe KIIACCUUYECKOTO PATIYCa
sstekTpona. CooTHomrenue (26.31) MoxHO peobpa3oBaTh K BUALY

1
r1=a*(2-1/a%), E; =1- R (26.75)

[IpupaBHUBas SHEPTUIO YCTOMYNUBEIX KAIIAHOBCKUX opbuT u3 (26.75)
SHEPIUU YCTOWYMBHIX GOpOBCKUX opbouT (26.74) m orpaHWYImBasCh
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YJleHaMM C 2, TIOIyYNM C WCTIONb30BaHIEM (26.29) BEIpaxeHue.

M =" (26.76)
o}
W3 nociennero cooTHoIIeHNs CIIENYeT, YTO KAlJIAHOBCKME YCTONYM-
BEI€ OPOUTHI B aTOMe BOJIOPO/Ia B TOYHOCTH COBMANAIOT C O0OPOBCKAMUA
opbuTamu.
PaccmoTpum 6rmmkaiiryo K IMeHTPY YCTOMYMBYIO KAMJIAHOBCKYTO

opbuTy, KoTopas B COOTBETCTBUU C pa30o0paHHBIM BHIIIle, UMeeT 3Ha-

gyenne a’ = 2 wm r; = 4ry. g sToro ciyuad m3 GopMy (26.31)
HAXOIINM.
27
By =\ —. 26.77
P32 (26.77)

[IpupaBHUBasg SHEPTUIO W3 MOCIIEqHEN (POPMYJIIEI SHEPTUHA U3 COOTHO-
rerns (26.73), mosmyunm

27
=\ a=001T. (26.78)

YlcHO, uTO TOCTIEMAAA (PopMyJia He YIOBIIETBOPAET YCJIOBUIO KBaH-
TOBaHUS, TaK KaK 71 MOJIKHO OBITH ILEJIBIM U TOJIOXKUTETFHBIM. JTO
TOBOPUT, YTO Pa3BUBAEMHI 3/1eCh MeTO/ KBAHTOBaHUSI 30MMepdesThb-
ma He paboTaeT Ha OJIU3KUX PACCTOSHUSIX OT MeHTpa MpoToHa. YUTo
KacaeTcCs HEYCTONUMBHIX KalJIAHOBCKUX OPOUT AJiS MPOTOHA, TO HU
OJTHA M3 HUX He COBMECTHA C YCJIOBUAMU KBAHTOBaHUSI 3oMMepdhesTb-
na.

NTak, npuMeHeHHBITT HaMu MeTol KBaHToBaHUs bopa - 3oMmmep-
denboa B pUMaHOBOM HPOCTPAHCTBe, IPUBEN K pe3yibTaTaM OJiu3-
KM ¢ 3oMMepdeabaoM. DTO TOBOPUT, YTO MPeAJIOKeHHBI HaMU Ba-
PUAHT HOBOW MeTPUUECKOU TeOpHUU II0 KpailHell Mepe He adOCyplieH.
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I'maBa 7

BBEIEHUE B KITACCUYECKYTO
ME3O0IMHAMUKY CBA3AHHDBIX
HYKJIOHOB

B »Tom raase I[IOJIYYE€HO ypaBHCHUE CKAJIAPHOI'O ME3OHHOI'O I10JId CBA-
3aHHBIX HYKJIOHOB, PEJIATHUBUCTCKOC YpaBHCHNEC IBUXKCHNA HpO6HBIX
HYKJIOHOB B IIOJI€ CBsA3aHHBIX ME30HOB. OHpeI[e.TIeHEL reoMeTpuid 1mmpo-
CTpPaHCTBa - BPEMCHI ME€30OHHOI'O CKaJIAPHOI'O IIOJIA 1 HafII[eH TEH30p
SHEPIruu - MMIIyJIbCa 3TOI'O IIOJIA.

27. CKaJ'IHprIe anepHble CAJIBI CBA3aHHBbIX HYKJIOHOB

PaccMoTpuM cHavajia TpOCTEWNINI BapuaHT TEOPUU SAEPHBIX
CUJI, OCHOBAHHBIN Ha MOMYIMEHUN, YTO CUJIa MIPUTIKEHUS MEeXKIY JIIO-
6BIMU HyKJIOHAMU 06y CITaBIIMBaETCI HEUTPAJIBHBEIM ME30HHBIM TIOJIEM,
KOTOpPO€E OMpPeNesIseTCs OMHOKOMITOHEHTHON CKaJITIPHOW BeIleCTBEH-
Hout pyHKIen 1. Teopuio CKaJIpHBIX SOEPHBIX CUII OyIeM CTPOUTH
B paMKaxX KJIAaCCUYECKORl (HEKBAHTOBOW) ME€30QWHAMUKU, C YUIETOM
”cBA3aHHOCTU TOBEPXHOCTHBIX HYKJIOHOB B saape. bymeM cumTaTh
IJTSL TIPOCTOTHI MOMIEJIN, UTO KaK M IJIS 3apSIKEHHBIX MMPOBOIHUKOB,
HYKJIOHBI, KOTOPbI€ HAaXOMSITCI Ha IMOBEPXHOCTHU AApa B3aMMOMEHNCT-
BYIOT C CO3[aBaeMBIM MMU BHEIIHUM IojieM. BBumgy KopoTKomencT-
BUSA SAEPHBIX CUJI, HYKJIOHBI PACIIOJIOKEHEI B 06beMe sIpa C BHEIITHIM
moJieM BHe 97pa He B3aMMOIENCTBYIOT, a B3aUMOMENCTBYIOT JIUIIH C
bnumxaniumu coceigmu. OmMHAKO KOHKPETHOe paclipeflejieHne HYK-
JIOHHOU TJIOTHOCTH B siApe Ha MepBOM STalle YYUTHIBATH He GymeM,
TaK KakK y4eT pacIpelesieHNs IFIOTHOCTH HYKJIOHOB B snpe (Kak U
yueT pacipeneseHns MIIOTHOCTH 3apsaaa BHY TPU SJIEKTPOHA B TEOPUN
5JIEKTPOMATHUTHON MaCCHI) He IPUBENET K CYIIECTBEHHOMY 3G deKTy.
Cy11ieCTBEHHBIM OTJINUMEM SAEPHBIX CAJI OT BJIEKTPOMArHUTHHIX SB-
JIIETCS CUJIA MIPUTIKEHNT MeX Iy ONMHAKOBBHIMU HYKJIOHAMU, BMECTO
CUJTBI OTTAJIKUBAHUS MEXIY OMHOMMEHHBIMU 3apAaaMU B SIIEK TPOIN-
HaMUKe. JTO TMPUBOAUT K TOMY, UYTO HYKJIOHHI HA MOBEPXHOCTU S[I-
pa UCIHBITHIBAIOT CUIIY TOJIOKUTEITHHOTO MAaBJIEHUSI CO CTOPOHBI CO3-
IaBaeMOTrO UMHU IOJI (BMECTO CUIIBI OTPUILATEHFHOTO IABIIEHUS CO
CTOPOHBI MIEKTPUIECKOTO TOJIS 3apsKEHHOTo MpoBofHMKa.) Tak Kak

252



KaXIbIl U3 HYKJIOHOB MOKOUTCS, TO CUJIAa CO CTOPOHBI IIOJIS yPaBHO-
BEITMBAETCS CUJION CBSI3U CO CTOPOHHI anpa. C Halllell TOYKU 3peHUs
KaXIbIT U3 HYKJIOHOB Ha MOBEPXHOCTU I1pa B CUIIY MOCTYJIATa SKBU-
BaJIEHTHBIX CUTYauuil, (KOTOPEIA MBI PACIPOCTPAHSIEM U Ha SIePHEIE
cuiIel) ” ABUKETCS” YCKOPEHHO IO pamuycy oT meHTpa. Mrak, Kax-
IOBIA W3 HYKJIOHOB Ha TMOBEPXHOCTU SApa, KOTOPOe cunMTaeM chepu-
YecKuM 110 GopMe, SKBUBAJIEHTEH pa3MeIleHNIo B Hadyajle KOOPIMHAT
HekoTopoit papaoyckopertoit HCO ¢ meTpuxkoi (2.18). T.x. B MeTpu-

e (2.18) mpocTpaHCTBEHHOE CedeHMe SBIIIETCS INIOCKAM, TO BKJIAJ
B CKaJISPHBIN TOTEHIMAJ] Y OT BCel cPephl MOKHO BHIUMCIIUATDH ITY-
TeM UHTEerPUPOBAHUI BKJIaAa OT BJIEMEHTAPHBIX ~3apsamoB’ KaxXKIOro
I3 5JIEMEHTOB Cephl B IJIOCKOM IPOCTPAHCTBe ( HO B PUMAaHOBOM
IPOCTPAHCTBE- BPEMEHN).

[TosToMy penBapuUTeIbHO BOBHUKAET 3a/1a4a O HAXOXK IeHUU TTOJIS
HYKJIOHa B paBHoyckopenHoun HCO.

Tax xak pusndecKre 3aKOHBI JOJIKHEI OBITH CITPABEIJIUBEI BO BCEX
CO, 3HaUUT OHU MOJIKHHBI BHIPAXKATHCA B BUNle TEH30PHBIX ypaBHe-
Huti. Ecim ypaBHeHUS coflepkKaT IPOU3BOIHBIE TOJIEBBHIX BEJINYNH,
TO 5TO MOJIKHHI OBITH KOBapUaHTHBIE TTpon3BoaHbie. ClleToBaTEILHO,
U3BECTHBIE YPaBHEHUS CKAJISPHOTO ME30HHOTO IIOJIS, CO3/IaBaeMOTO
ToueyHbIMU HyKJIoHaMu, uMetormue B UCO Buz [109)]

2 10 2 -
(V2 - i k)9 = 4mg§(7 — (1)), (27.1)
rae g’ - Me30HHBIN 3apsin, 7 (t) - paguyc-BeKTOP ABIKYIIETOCS HYK-
JioHa, noyxkHBI ObITH B HCO mpencraBiensr B popme

21 e
P

B cooTHomrennu (27.2) p - Mmacca HyKJIoHa, h - mocTosHHas lnanka,

—g"'V Vb — kip = 4rg §(F — 7 (t)), ko= (27.2)

7 - paguyc-BEKTOpP KOOPAMHATEI TOYKHU HabsoneHus, g*” - MeTpudec-
kuii Tenzop HCO. Hammcanuoe ypaBHenme (27.2) HOCUT Ha3BaHUe
ypaBHenus Kieitna - ['opmona. YpaBHeHMe MOXHO TIpeobpa3zoBaTh
K IPYTOMY BUIY, UCIIOJb3YyS M3BECTHOE COOTHOIIIEHUE IJIS KOBapU-
aHTHOW MUBEPTeHINU MTPON3BOJIFHOTO BEKTOPHOro mojis V/4y) = A' B

1 v/ —gA*
V, A = Ay=94") (27.3)
v—g  Oy*
N3 (27.3), naxomum mst (27.2) BeIpaxkeHue

_%Tw<rg”” 8¢> — k%zﬁ = 4mg'6(7 — 7 (¢)). (27.4)

Buae
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Uro6sr pemmTh ypaBHeHue (27.4), HeoOGXOAMMO 3HATH KOMIIOHEHTHI
MeTpUYecKoro TeHsopa g,,. B paBaoyckopennoit HCO meTpuxka onpe-
neneHa u3 coorHornenus (2.18). Bymem uckath crammonapHoe petire-
Hue (27.4) c yuerom MeTpuku (2.18), cunras, 9TO TOYEUHBIA HYKJIOH
pacrmoJiokeH B HadaJle KoopauHAT. B pesynbTaTe mpuxonmMm K cieny-
TOTIIEMY yPaBHEHUTO

a Oy

AYF 2 gyt

Ky = 4rg S50  (27.5)

Peurenne (27.5) umem B Bume

a a
Y =u(y', v’y ) exp(Ayl), A=--=——1. (27.6)
2 2c
ITocste uero ypaBHeHUe i u cBedeTCa K dopme
a2 a 1
Au— (5 +k)u = drg exp(=-)3(y)6W)SGY,  (21.0)
a €ro peluieHume
_ 9 ) G
U= exp<—r k§ 4c4>° (27.8)

OTMernM, 9TO XO0Ts HpocTpaHCcTBO (2.18) - puMaHOBO, HO €ro mpo-
CTPaHCTBEHHOE CedeHUe eBKJINI0BO, B KOTOPOM CyIIIeCTBYeT Palunyc -
BeKTOp. /13 paccMOTpPEHHOTO CllenyeT, 4TO pellleHne ypaBHeHus (27.5)

nMeeT BUII
41{:304
g {_aor <,/1 + a2 4+ cos 9> } (27.9)

= —Z ex
¥ r P 2c?

Perus nmpensapuTesbHYIO 3amady o MMoJjie HYKJIOHA B PaBHOYCKO-
pernorr HCO, mpucTynuMm K peIleHWIO OCHOBHOW 3a/laul HaXOXJIe-
HUO TI0JIA Apa, YUYATHIBasA, YTO IMMOBEPXHOCTHBIE HYKJIOHBI B AMPE
HAaXOMATCA B 0COOOM COCTOSHUU, SKBUBAJIEHTHOM HUX ~ yCKOPEHHOMY
OBUXEHUO” MO paguycy OT IleHTpa.

Paszobbem moBepxXHOCTEH cepruueckoro sapa Ha DJieMeHTapHBIE
AYeNKU, BHIOpaB CchepudecKyio CUCTEMY KOOPAMHAT C HadajioM B
1eHTpe aapa. Ha moBepxHOCTHU Anpa eCTeCTBEHHBIM 06pa3oM BO3HU-
KaioT apPUHHBIE OPTOTOHAJIBHEIE PEMEPHI C BEKTOpaMU, HallpaBJIeH-
HBIME BIOJIb KOOPAWHATHHIX JIMHUI. BbiGepeM Ha MOJITPHON OCH BHE
Apa HEKOTOPYIO TOYKY HabJIfOIeHNs, B KOTOPOU BEIUMCIIUM SIE€PHBIN
MMOTEHIINAJT OT MOBEPXHOCTHHIX HYKJIOHOB A1pa. BBemeM HyKJIOHHYTO
MTOBEPXHOCTHYIO INIOTHOCTH 3apsnoB o. W3 coobpakeHUI CUMMeTPUA

254



OYEBUIHO, UYTO IJIS JIFO60TO MOJIIPHOTO yriia §, OTCYNTHIBAEMOTO OT
MOJIAPHON OCH, BKJIa[l B SIePHBIN MOTEHINAT OT DJIEMEHTa B TOYKE
HaOJTIOIEHU ST He 3aBUCUT OT a3suMyTaJibHoro yria ¢. [losTomy BKiIam
B MOTeHIHAJ di) OT KoJiblla mupuHbl Rdf u paguyca Rsinf nMmeer

BILIL
9o R sin 0 aor’<,/1 + e 4 cos 7)
az
dip = —Mexp{— 0 }de. (27.10)
r! 2¢2
3mech 7y - yroyl MeXay painycoM-BEKTOPOM U3 Hauajla KOOPAMHAT /10
—

SJIEMEHTA 3apAna W PalduyCoM-BEKTOPOM 7 OT 3JIEMEHTa 3apamaa Mo
TOUYKY HABITIOMEHNUS.

OTMeTuM Bo M3bexXaHUe HeMOPA3yMeHU, YTO C TOYKU 3PEHUS JIO-
KaJIbHOTO HabJIfoqaTesIs, CBI3aHHOTO C JIEMEHTOM ITOBEPXHOCTH, Ha
KOTOPOI PaCIOJIOKEH ~’YCKOPEHHBIN HYKJIOHHBIN 3apsii, MPOCTpaH-
CTBO SIBJITETCS IIJIOCKUM, a MIPOCTPAHCTBO-BpeMs - pUMaHOBBIM. [lo-
5TOMYy 7 W 7 C TOYKHM 3PEHUS STOro HabJIofaTess MMEIOT SCHBIM
reoMeTpudeckuii cMbicii. C OpPyrol CTOPOHBI, COBOKYITHOCTH MUPO-
BBIX JIMHUI YaCTUIl, PACIIOJIOKEHHEIX Ha cdepe, C TOYKU 3PEHUS TJI0-
6asTbHOTO HabJIIOOATENSI, HAXOAAIIETOCS B Hadajle chepudecKol Cuc-
TeMBI 0TCYeTa, He MPUHAMIEXKUT XKecTKonn paBHoyckopenHoun HCO,
ITOCKOJIBKY paauajibHble YCKOPEHUS He MapasiiesbHbl. Ij1ga Takoro
HabJTIOaTENST COBOKYITHOCTh PACCMOTPEHHBIX MUPOBBIX JIMHUNA Yac-
TUI] Ha cpepe TPUHAIIEKUT K panuaibHoyckopeHnHon xectkonn HCO.
?IIpocTpaHCTBEeHHOE ceueHmne” MNJIS YacTull Ha cdepe He OymeT IJIOC-
KIM.

Tax Kak ¢ TOUKHU 3peHns HabJI0daTeNs Ha DJIeMEHTE MIOBEPXHOCTH
chepsl TpexMepHOe MPOCTPAHCTBO IJIOCKOE, TO, MCIOJIB3YA DJIEMEH-
TapHble TPUTOHOMeTpUUecKue mpeobpa3oBaHus, MOy YNM OIS Saep-
HOTO TIOTEHITNAJIa 1) BEIpaKeHUe

1 — b
Y= g e | xp(=frifbt @), (27.11)
-1 b
3nmech BBeEHHI cilenyorIne 0603HaUeHN
4k2 4
x=cosl, f= |1+ c ﬁ:a_oZ,
a} 2c
R
p=—, b=+v1+a?- 2az. (27.12)
r

NuTerpasn (27.11) MoxHO npeobpa3oBaTh K BULY

g s(1-p(1+f))
2 2 2 2 2
b= poexp (=5t + " (L= 1) [ exp(ul)du,  (2713)
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ranoe BeJIMYWUHa S OIIpEOeJIideTCdad paBEHCTBOM

Br a
° \ 2p "VaRe (27.14)

HOTGHHI/IELJ'I ¢ CKaJIApHOI'O ME€30HHOI'O IIOJId MOXHO HalTU W HEIo-

CPENCTBEHHO W3 pellleHus ypaBHeHuUs (27.4) ¢ HyseBoll mpaBoll Jac-
TBIO, BEIOpaB CTallOHAPHOE PeEIlleHre g CIydas chepuIecKoil CIM-
MeTpur. KoMIIOHEHTEI MEeTPUYECKOT0 TEH30pPa 3a,1al0TCI NHTEPBAJIOM
(19.4), B xotopom dyukmmu v(r) u A(r) Tpebyercs oupemenuts. U3
(27.4) mosygyaeM COOTHOIIIEHTE

Dexp(“S )00 = g esp(U5Y). (215)

Cootromrenue (27.15) npu u3BectHoit pyukumm ¢ (r) us (27.13) cBa-

3pIBaeT UCKOoMble dyHKumu v(r) u A(r).

Is1s HaxoXOeHUs BTOPOTO ypPaBHEHU, CBI3BIBAIOIIErO T GYHK-
1IN, PACCMOTPUM CUJIY CO CTOPOHBI MOJIS, NEUCTBYIONIYIO Ha ~IPob-
HEI” HYKJIOHHBIN ”3apan”’ ¢' , 3aKpeItIeHHEBI B TOYKEe C KOOPIUHA-
TOW r OT IeHTpa mrapa. IlycTs Macca mpobHoro 3apsma my. Torma
BEKTOp IepBOil KPUBU3HEL F'1 MUPOBOI JIMHUU 5TOTO 3apima MOMKHO
HaliTu u3 coorHommeHus (1.5), 3amucaB Ui 3aKpeIVIEHHBIX 3apsIoB
yCII0BUE COIMyTCTBUS it MeTpuku (19.4) B Bume

Vk=V, =0, VY = (goo) "2,

Vo= (900)"?, F'=F(r), F'=F'=F=0. (27.16)
Otxkyna us (1.5), (19.4) u (27.16) nmeem
1dv
1 _ _
F = 5 exp(—A). (27.17)

C mpyroil CTOPOHEHI, 3Ty BeJIMYMHY MOKHO HallTU U U3 CWJIBI, Jeii-
CTBYyIOIlell Ha HYKJIOH CO CTOPOHBI CBA3M, yIepKUBaloIeil HyKJIOH B
10JIe HeIloABMAKHEIM. DTa CiJIa YUCJIeHHO paBHA CUJIe CO CTOPOHEI I10-
Ji1 U TIPOTUBOIOJIOKHA eif [0 3HaKy. Y paBHEHUS IBUKeHUS HyKJIOH-
HOTO 3apsi/a B CKaJIpHOM Me30HHOM IIoJle MOXHO HalTHU U3 3aKOHA
HrioToHA, IPeNiCTaBIMOTO B BUIE

DV# g oY

- WYYy = 27.1
7G mocz(g VV)ayV (27.18)

B wmepemsTuBucTCcKOM mpubIMKeHNU 5Ta (QopMyJia COBHATAET C
OOBIYHBIM YpaBHeHUEM NOBUXKEHUS HYKJIOHA B CKAJIIPHOM Me30HHOM

oste [109].
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B cornacuu co ckazaHHBIM BHIIITE, TOJTydaeM QOPMYITY

1dv ! d
——exp(—A) = J 2exp(—)\)a—f,

2dr myc

(27.19)

13 KOTOPOU C yueToM oOpallleHus MeTPUKU Ha 0eCKOHEUHOCTH B TIJIOC-
KyIo, MeeM

b(r). (27.20)

B mycC
Nraxk, popmynsr (27.20), (27.13) ompenessoT gy KOMIIOHEHTY MeT-
PUYECKOTO TEH30pa CKAJIIPHOIO ME3OHHOIO IoJid. KOMIOHeHTY g1
MeTPUYECKOrO TeH30pa MOXKHO ONpenesinTh u3 ypaBHenus (27.15),
KOTOpPO€ MOXKHO IPENCTAaBUTE B CIIEAyIOIIel hopMe:

% +h(r)Y (r) = k(r), Y(r)=exp(=)), h(r)= %2—{7
T(r) = exp< > 2ng k(r) = %- (27.21)
ar

Takum obpazoM, moyumiu JUHENWHOe HEOMHOPOIHOE ypaBHEHWeE, pe-
IIeHre KOTOPOoro mpeacTaBUMO B BUIE:

Y(r)= exp<—/d h(r )dr)/ exp</dr h(r)dr)k(r)dr—l—

+C exp(— [ h(r)dr). (27.22)

Perttennie ypaBHeHUs TIpencTaBiIeHO 31eCh KaK CyMMa IBYX QYHKIIUNA.
[TepBas npu » = d obparraeTcs B Hy/Ib, a BTopas MPUHUMAaeT 3HaUe-
Hre C. BHyTpeHHUI MHTerpaJ Jierko bepeTcs B KBagpaTypax.

/dr h(r)dr = In <§:E2§>2,

OTKYHOa CJIeAyeT BBIPaXKEHHUE

B Py (LY
B coorHomrenmu (27.23) mHTerpasbHas Kpusas Y (r) IpoXoouT de-

pes Touky (d,C). Cunras, 4T0 Ha 6€CKOHEYHOCTU METPUKA SBIIIETCS
IVIOCKON, TIOJIyYUM

T(oo)>2 [1 B 2k2

Y(r)= < () T2(o0) /TOO exp(v)r ¢8—¢dr] (27.24)

Oor
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®opmyser (27.13), (27.20) u (27.24) ompemessiioT reOMeTPUIO MPO-
CTPaHCTBa - BPEMEHU CKaJIIPHOTO ME30HHOIO I0JId. 3Hasi METPUKY U
CKaJIIPHEIA MTOTEHIUAJI 1), HalileM TeH30p SHEPrui-UMITYJIbCa Heli-
TPaJILHOTO CKaJIIPHOIO IIOJI, BOCIOJIB3YSICh Pe3ylIbTaToM paboThl
[53]. B pesymbTaTe mosmydaem

By O By O
4 <ayu3y 4 <k§_ 8—y/\8—y/\>gﬂ >

w = (27.25)
3nech n - pasMepHas IOCTOSHHAs, BHIOOp KOTOPOHN 3aBUCUT OT KOH-
KPeTHOTro BUNla CKaJIIpHOTO moJd. [l mHTepecylolieil HAC TeTpa-
HOU KOMIIOHEHTHI 1 {¢)(g) TEH30pa SHEPIUK-UMILYJIbCA MOy YaeM BhIpa-
JXKeHue

" <d¢ i 1<l~c2 Oy W)). (27.26)

Tiovo) = — (—=— -
OO~ 47r\dsds 07 9y Ay,
Iyt cTanmmoHapHOTO CiIydas B COMyTCTBYIOMmER cucteme (27.16) Ha-
XO0onM

n w OY O

Iasee, Bocmonb3ysichk obrmeit popmyson (19.18) ms sHeprum moss,
TTOJTYYUM BBIpaKeHUe

W = /T(O)(O)\/—_gd3y —
A+v

n

~ 87
=7 Jexp(2T0) 2 (K 4+ e (50) (27.28)

Bocnonb3sysce ypaBHeHumem (27.15), mMeeM [jI1 LepBOro WieHa B
(27.28) BrIpaxeHue

exp< >r2 sin 9<k3¢2 + e_A<%>2> dodpdr =

g/exp<>\ ; V)rzkgzﬁzdr =

n 0 5 0
= 5/¢5<<exp 5 > 8r>dr (27.29)
KOTOpPOE TI0CJIe MHTErPUPOBAHUS TI0 YaCTAM CBOMUT SHepruto moss W
K BUIY
__n v(R) = AMR)\ 209
W= - u(R) exp ; )R ol (27.30)




OTMeTUM, 4TO TOJIyYeHHBIE Pe3yJIbTAThl HEONHOZHAUHEL. Y paBHEHUE
(27.2), Kak U3BeCTHO, HAIpUMep, U3 [23], 3aBUCUT OT MeTOoa BEIBOIA
1 MOXeT OBITH IPENCTaBIIEHO B CJIEAYIOIIEN GopMe

2
—g"'V ,Voip — k& — kR = dmg/ (7 — 7 (t)), ko = ”h“C. (27.31)

3nech R - ckansgpHas KpUBU3HA, k - HEKOTOpas MMOCTOSHHAS, 3aBUCS-

Ias OT Crrocoba MoTydeHnsT 3Toro ypaBHeHUs. MbI He OymeM Ha 5ToM
OCTaHABJIMBATKCS, OTChIIAs YnTaTeNs K pabore [23]. YcHo, uTo mc-
MOJTB3YEMBIN 3[eCh amnmapaT MOXHO NMPUMEHUTh U B TeOpUU HecTa-
IIIOHAPHOTO TepeHoca HeNTPoHOB [114-116] nns yTouHeHUs cedeHuUin
paccesHUS U 3aXBaTa, HO 9TO He ABJISIETCS MPeIMeTOM UCCIIeIOBAHUS
B JaHHOU KHUTe.

28. CKaJ'IHpHaH HBIOTOHOBA I'paBHUTallIOHHAasiA CHJIa
CBJA3aHHBIX MacCcC

IIpoBemem amaIu3 MOy YEHHOTO COOTHOIIEHNUS IS SHEPTUN TOJIIA.

s wactHOTO caydas ky = 0, HEUTpaJbHOE ME30HHOE IT0JIe TIO
CTPYKTYpe HalOMUHAaeT HbIOTOHOBCKOE TI'DaBUTAIIMOHHOE moJjie. Pe-
IITAM CJIEAYIOIIYIO 3a0ady.

IIycTs uMmeeTcs HeBecoMas TBepHas obosiouka panuyca R, oKpy-
JKeHHasd B3aMMOIENCTBYIOIMINMEI OIPYT C OAPYTOM IO 3aKOHY BCEMUp-
Horo TaroTenns HbioToHa wacTuiiamu mew. IlycTh MacCUBHEIE ITHI-
JINHKYU PAacCITOJIOKEHBI B OUEHh TOHKOM CHEPUIECKOM CJIO€, TOJIIIIIMHA
KOTOPOTO TIPeHeOPEeRNMO Majia [0 CPABHEHHUIO C paalycoM 060J104-
K. YlcHO, 9TO mod MelCTBUEM CUJIBI B3aWMHOTO TMPUTSKEHUSI dac-
TUlEl 6yayT maBuTh Ha obosouky. Ilo Tperhemy 3akony HuioTona
obosiouka 6ymeT MaBUTH Ha YaCTUIIBI, BHI3BIBAS y HUX TMOSBIICHUE
?ycKopeHus” , HaIpaBJIEHHOTO OT IIeHTpa 000JI0UKHU IMo paguycy. B
COTJIACUU C TMOCTYJIATOM SKBUBAJIEHTHBIX CATYAIlMA W BBEIYUCIIEHUSI-
MW, TPOBENEHHBIME B MPENBIAYIIIEM pa3sjelie, TIOTEHINA CKAJISIPHOTO
IPaBUTAIMOHHOTO TIOJIS TPABUTUPYIOIIETO CJIOA MOXKHO MOJIYUUTD 13
dopmyssr (27.13), mosaras B meit f = 1.

g’ s(1-2p)

Y = %exp(—sz)/s

ranoe BeJIMYWUHa S OIIpEOeJIideTCdad paBEHCTBOM

_ B _ [
S_J?p_r TR (28.2)
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B cormacum ¢ mpuHIIATIOM COOTBETCTBUA, MPU MCUE3ATOINEe MAJIBIX
3HAQUEHUIX S MOJIKHO IIOJIy4aThCd BBIpaXeHWe IJisd HBIOTOHOBA IIO-
renmaia. OTkyna ciemyer, urto 3apsan ¢ = kM, roe k - rpaBuTa-
IIMOHHAS MocTossHHas, M - mMacca Bcex yacTull B cioe. Bemmmumna q
Ha TIOBEPXHOCTU 00O0JIOUKM paBHA MOJIOBUHE OT BEJIMUUHBI YCKOPEHUS
CcBOOOMHOTO MaleH!s TMIPOOHBIX YacTHUIl Ha 0O0JIOUKY, UYTO MaeT IJIid S

T [y _QkM
“4rVR 0T

, (28.3)

s
c2
rje r, - [paBUTAlMOHHBINA paauycC.
JJ1st CKaJIIpHOTO I'PaBUTAIMOHHOTO NOJI ypaBHeHue (27.15) cBo-
IUTCS K BULY

5<exp< 5 >r (97'> =0, (28.4)
UHTErPUPY A KOTOPOE MPU BBINOJHEHUY IPUHIIIIA COOTBETCTBUSL, ITO-
JIy4aeM
— A\ 4,0
eXp<V 5 >r2 (;f = kM. (28.5)

Bocnons3ysice BeIpaxkerueM mis suepruu (27.30), momydnm
W = —ngzﬁ(R). (28.6)

Ecau me1 ipenebpexeM ”yckopeHueMm” dacTull Ha cepe, TO B CUILY
KJIACCUYECKOTO COOTHOIIIEHUS

nostygaemoro u3 (28.1) mpu s — 0, Haxonum

2 172
nk*M
W=_———. (28.7)
2 R
W3 mpunmmma cooTBeTCTBUA OJIS HBIOTOHOBCKOTO TPAaBUTAIMOHHOTO
T10JI BEIOMpaeM

(28.8)

n=——

k Y
I[I0CJIe 4ero BhIpAaXEHNE OJId SHEPIrUM IIOJId BHE 000JI0YKH B HYJIEBOM
HpI/I6.TII/I}KeHI/II/I COBIlaJa€eT C HBIOTOHOBCKVM aHaJIOT'OM.

- - 28.
W= (28.9)
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3HaK MUHYC TOBOPUT O TOM, YTO MAaCCHl B TPaBUTAIINU BCET A MPUT -
rmBaloOTCA. B seKTpocTaTrKe OTHOMMEHHEIE 3apPSIIbl OTTAJIKUBAIOT-
Cs, TIOTOMY 3JIEKTPOCTATUYECKAS PHEPTUS 3aPIKEHHOTO ITapa s
3apsaaa JI060ro 3HAKA MOJIOKUTEIIHHA.

OTMeTuM, UYTO paccMaTpuBaeMas HaMU HBIOTOHOBCKAS CKaJIsIp-
Hasg TPaBUTAIUI PacCMATPUBAETCI B PUMAHOBOM IIPOCTPAHCTBE-
BpeMeHnu. OHa HU B KoeM cjiydae He TpeTeHayeT Ha 3ameny OTO u
MIPeACTaBIIIET YUCTO METONNMYIECKI MHTEePeC, KaK HEKOTOPHIN JaCT-
HBIN CITy4yay 6€3MaccoOBOTO ME30HHOTO CKAJISPHOTO TOJId, IJIT KOTO-
poro ypaBHeHUs 60Jiee TPOCTHI, UeM MJIS MAaCCUBHBIX ME30HOB.

N3 popmyser (28.9) coenyer, uro npu R — 0 sHeprus rpasuTa-
IIMOHHOTO TIOJIA 00O0JIOUKY MpU PuKcupoBaHHON Macce M cTpeMuTCs K
MUHYC 6€CKOHEUHOCTHU. DTO BIIOJIHE eCTECTBEHHO 11 Teopuu KysoHa
n HeioToHa 1 9BJIS€TCA TJIABHON TPYMHOCTHIO STUX TEOPUN.

Haiinem 3HadeHmMe 5Heprum CKaJIPHOTO T'PABUTAIIMOHHOTO TTOJIS
B HalreM cirydae. Iy 5Toro Bocmosb3yemcs BoipaxeHumIMu (28.6) u
(28.1) mpu p = 1. B pesynbpraTe momyunm

w(R) = -7 exl;(};i‘; Wlos)], s(R)=6= i\/% (28.10)

Ipu R — 0, § — oo, mosTomy ucnosb3ys gopmyity (19.22), Haxonum
W =—-2M¢c.

3Hak MWHYC B SHEPT'UU O3HaYacT HAJIMUMNEC IMPUTAXKCHUA MEXKOY Yac-
TUIaMM, & YABOCHNEC SHEPTUN O6YC.TIOBJ'I€HO HaJiInuneM OaBJICHUA Hy-
aHKape CO CTOPOHHI XKeCcTKON 000JIOUKU Ha HaCTHNIHI.

29. DHeprus MpoToHa

B pasmeme 19 mpu paccMoTpeHUU 3JIeKTPOMATrHUTHON SHEPrUU
3JIeKTPOHA IJId YCTPaHEeHNUS ero B3phIBa MO IeNCTBUEM KYJIOHOBCKUAX
cuI1 651510 HeoO6XOAMMO BBOIMTH MOBEPXHOCTHOE naBiieHne [lyankape.
[Ipupoma sToro maBieHUs HEM3BECTHA, OOMHAKO OHO HEOOXOMUMO IJIs
00BSICHEHNS yCTOMUYNBOCTH 3JjieKTpoHa. IIpn paccMoTpeHuu mpoToHa
napsieane Ilyankape o0ycIioBieHO eCTeCTBEHHBIMU SIEPHBIMU CHUJIA-
Mu. 19 mpocTOoTH 6yneM cUnTaTh, YTO 3apsa] TPOTOHA pa3Ma3aH IIo
ero IOBEPXHOCTHU, a OTPUIlATeJIbHOE NaBJIeHNe CO CTOPOHBI CO3NaHHO-
'O IPOTOHOM 3JIEKTPOMArHATHOTO II0JId yOepXKUBaeT MPOTOH OT KOJI-
sanca. Takum obpa3oM, Cuila CO CTOPOHHI 3JIEK TPOMATHUTHOTO TIOJIS
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UTPaeT POJb CBA3W IJIS MPOTUBOMEUCTBUS OCHOBHBIM SIEPHBIM CU-
JlaM CXKaTWs. DTa CUJIbI, HaIlpaBJeHHbIE TI0 PAJINYCY OT IEHTPa MPo-
TOHA, TIPOTUBOMOJIOXKHEI TI0 3HAaKy cuiaM llyankape mitg sieKTpoHa,
B oTyimune OoT cuil llyaHkape, BBHI3BHIBAIOT IMOJIOXKUTEIBHOE ~ YCKO-
peHue” OIS BJIEMEeHTOB 3apAlIOB Ha MOBepXHOCTHU mpoToHa. [TosTomy
IJIS BHEIUMCIIEHUS SHEPTUU TMPOTOHA OyHdeM WMCHOJIb30BaTh (POPMYITy
(19.3).

HabHeTIIee BEIYUCIIEHNE 3JIEKTPOCTATIYIECKON SHEPT U TTPOTOHA
MIPOU3BOOUTCS TI0 dopMyJiaM pasneiia 19 ¢ MoJIoKUTeTbHBIM ~ YCKO-
peHueM” © IS IPOTOHA MPUBOAUT K cooTHorreHmo (19.23) ¢ N=1,
T.€.

2
M)) (29.1)

W = mp02 <1 —
2

e

rie m, - Macca IIoKod IIPOToHa, a [ - ero xapakTepHEHI pasMep. Ilo-
cienHss opMyiia cIpaBedjinBa, Korjga apaMeTp O B (19.8) MHOTO
6oJibItte equHUIBL, YTOo sKBuBajieHTHO K — 0. IlosToMy miig Toueu-

HOI'O IIPOTOHA €I'0 SHEPIrud JICKTPHUYCCKOI'O ITI0JIA

W = myc?. (29.2)
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I'maBa 8

PEJIIATUBUCTCKAYA KUHEMATUKA
HEOOPMUPYEMOU CPEIDBI

B sToii rimaBe paccMoTpeHa KuHeMaTUKa OeOpMUPYeEMO CpeIbl
B pamkax CTO. Ha rumeprioBepXHOCTSAX OPTOTOHAJBHBIX MUPOBBIM
JIMHUASM 9aCTHUI] CPenbl (aKTYaJIbHOI U HAYAJIBHOI ) HallIeHBI T€H30PEI
nmedopMaIii B pas3jiInUHBIX CUCTeMaX OTCcUeTa, 00obIMatoIme Kilac-
cudeckne TeH3opbl Anbmancu, I'puna, Ko, ®@unrepa. IlomydeHsr
PEJIATUBUCTCKIE YPaBHEHUS COBMECTHOCTM nedopMalliii U BHIBelle-
HBI COOTHOIIIEHUS, CBA3BIBAIOIINE TEH30P PACIIPOCTPAHEHUS HATIXKe-
HUW CO CKOPOCTBHIO M3MeHeHUs TeH30pa medopMalluii B pPa3IndHBIX
npencTaBiieHusX. HalimeHb! peJISTUBACTCKIE yPaBHEHUS COBMECTHOC-
TU JIJI TeH30pa CKOPOCTel nedopMalinii.

30. Popmasin3M OPTOTOHAJIBHBIX PEINEPOB B IIPOCTPAHCTBE
Mmuukosckoro u Pumana

HerosionoMHEIe Tpeobpa3oBaHusd U TeTPagHELL (OpPMaJI3M B IIpe-
OBIOYITUX pa3fmesiax MCIOJIb30BAJINCh JIMIIL SIU300MYecKn. B sToit
1 IOCJIEAYIOMNX IJIaBaX (POpPMaJjin3M OPTOrOHAJIBHEIX PElepoB U He-
TOJIOHOMHEIE T€OMeTPUYECKIE OOBEKTHI SBIIAIOTCI OIMPENesISIOIIIMI.
Tak Kak B JMTepaType, XOPOIIO W3BECTHOM YMTATENIM (HAIPHMED,
[7]), cBemenmit mo TeTpamHOMY GOPMAIM3MY HENOCTATOUHO [JIS TAJTh-
Helitiero w3sioxenus, a Kuuru [128], [1], [22], B KoTopsix dopmamusm
OaH JOCTAaTOYHO IIOJIHO, CTaJM 6ubmorpaduyeckoil pegKoCThIO, TO
g yaobcTBa udmTaTelell IpuBeleM HeoOXONUMEIE B IaJIbHelImeM
COOTHOIIEHNS 10 (OpPMaJM3My OPTOTOHAJIBHBEIX pemepos. g 6o-
Jlee TECHOM CBSA3M C KJIACCMYECKON MeXaHMKOU NeOopMUpPYyeMEBIX Cpel
6yIeM MCIIOJIb30BaTh B IPOCTPaHcTBe MUHKOBCKOrO HE CUTHATYPY
(+ — ——), KaK B NpeIBIOYIINX pa3leiiaX, a 3aJaBaTh WHTEPBAJ C
TIOMOIIBIO BEIPaKEHNII

2
—dS* =4, dz,dz,, (30.1)
e MeTpUYeCKNid TeH30p UMeeT IMPOCTENITNIA BUO

QWZCS/W, M,V:1,2,3,4, 334:7:Ct,7::\/—1.
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Bcrony B nmanbHeliliieM rpedeckme WHOEKCH OYIyT M3MEHATHCS OT
eOUHUITET 0 YeTHIpeX, a JIATUHCKWE - OT eOUWHUIH 1o TpeX. B cm-
JIy BBIOOpa x4 = icl He NejlaeTcCs Pa3yIndusa MeXy KOBapHUaHTHBIMU
1 KOHTpPaBapUaHTHBIMU KOMIIOHEHTaMMU.

B xaxmoit Touke rajmiieeBoil CUCTEMBI KOOPAWHAT TOCTPOUM Op-
TOHOPMWPOBAHHKIN peniep - TeTpany. Kaxmas u3 Terpan 6ymyT oT-
JIMYaTHCS IPYT OT OPYTra TOJIHKO HapasuleIbHBIMU CABUraMu ( OIHO-
POIHOE ToJIe TeTpan),

{0,h,}, (30.2)

obpa3syrolriee TIPIMOJIMHENHYIO TeTpamHyto pemeTKy. Hapany ¢ Tet-
pamamu (30.2) BBemeM MPOM3BOIILHOE HEOTHOPOITHOE TIOJIE TETPALL

{O,E(a)},

KOTOpHIE CBsA3aHBI ¢ BekTopamu Terpand (30.2) JOKaJIBHBIM OPTOTO-
HAJIBHBIM TTpeobpa3zoBaHUEM

h(a) = h,(a)h,,. (30.3)

TeTpanuble MHAEKCH TPOM3BOJIBHOTO TEeTPATHOTO MOJII OymeM 3a-
KJIIOUaTh B CKOOKU. KosddurmeHTh hﬂ(a) Ha3bIBAOTCA Ko3pduiiu-
eantamu Jlame. Boibpas Touky O kakon sm6o Tetpansr (30.2) 3a Ha-
YaJio 0TCYeTa, OCTAJIbHBIM ToukaM () COMOCTABIIAIOTCI KOOPAMHATHI
MuHKOBCKOTO ,, OTCYNTHIBaEMEIE BIOJIb HalPaBJIeHW TeTPagHEIX
BekTOpoB. [logo6no TeTpamam (30.2), Terpanst (30.3) Takxke o6pasy-
IOT OPTOTOHAIILHYIO, HO YK€ MCKPUBJIEHHYIO TETPATHYIO PEIIEeTKY, C
KOTOPOIT MOXKHO CBS3aTh KOOPIMHATHYIO CeTKY (), KaK U JI TeT-
pan (30.2). Koopounatheie cerku Terpan (30.2) u (30.3) cBasams
JIOKAJIbHBIM OPTOTOHAJIBHBIM MpeobpazoBaHeM

dz(a) = hy(a)dz,. (30.4)

Tot (I)ELKT, YTO TeTpaldHble BEKTOPBI CAMHUYHBLI 1 OPTOI'OHAJIBHEI 3a-
ImmmieTcd B BOeE

h(e) - B(B) = 8(aB), Py by = 6. (30.5)
I/IS IIOoCJIEAHEI'O COOTHOINECHUA CJIENYET

hu(@)hu(B) = 8(cB),  hu(a)hu(@) =8, Ry - h(a) = hu(a).
(30.6)
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Tak xKak B KaXI0l TOYKe TPOCTPAHCTBA-BpEMEHN HAXOMATCSA TBa Op-
—

TOHOPMUPOBAHHBIX perepa, TO JII06ol BeKTop A MoxkeT OBITH pasJio-

J)KeH II0 BeKTopaM 3TUX PenepoB.

A=Ak, = A(Q)h(a). (30.7)
OTtkyna, ucnonbsys (30.5) u (30.6), momydaem
Ala) = hy(@)A,, A, =h(a)A(x). (30.8)

BameTum, uro cooTHorreHne (30.4) B obIeM ciiyuae HEMHTETPUPYe-
Mo, T.K. dz(a) He ABIIsIeTCS TONHBIM auddepennuaaom. B sTom ciy-
vae mpeobpasoBanue (30.4) Ha3EIBa€TCS HETOJIOHOMHEBIM.

Haiimem nsmenenne Az(a) mpu ob6xome Mo 3aMKHYTOMY KOHTYPY
B ciaydae (30.4).

Az(a) = § ho(@)dz, = [ Cula)dfu # 0. (30.9)
(L) (f)

Mer ncnonb3oBaim Teopemy CToKca Ipu Iepexofie 0T MHTErpaJa, IIo

3aMKHYTOMY KOHTYPY (L) K MHTerpajiy 1mo oXBaTHIBAE€MOIl KOHTYPOM

roBepxHOCTH ( f).

Cu(c) = %(8](;;(:) - 8’2‘;5:)‘)). (30.10)

Bemnunna C),, (o) Ha3bIBaeTCs 065eKTOM HETOJIOHOMHOCTH, KOTOPBI
ABJISIeTCS ObOIIIeKOBapMaHTHBIM TEH30pPOM B MHIEKCAaX (i, V, HO He OT-
HOCUTEITLHO MHIeKCA . ToJbKO B TOM CiIydae, KOTa BCe KOMIIOHEH-
TH 00BbeKTa HEeToJIOHOMHOCTHU PAaBHBI HYJIIO, Iipeobpa3oBaHue 6yneT
roJIOHOMHBEIM. O TMETHUM ellle OTHO BalKHOe 06CTOoSTeIbCTBO. Tak Kak
coorHorrerne (30.3) IPUBOOUT K MOSBIIEHUIO NCKPUBJIEHHON TeTPAa-
HOU pellleTKW, TO IMpU MapaJljieJIbHOM IepeHOoCe HEKOTOPOT'0 BEKTOpa
A ero KoMIoHeHTHI A(a), BeslencTBUE pasiMUHON OpUEHTALNN TeT-
pan, OyoyT U3MeHAThCA MO 3aKOHY

d,A(e) = A, (aB)A(B)dz,. (30.11)
BIIGCL 00BEKT CBA3HOCTU

Aq(af) = =As(Ba)

UrpaeT Ty XKe PoiTb, YTOo U cuMBoJbl Kpucroddess npu napasiienb-
HOM IlepeHeCeHU HeKOTOpPOoro BeKTopa A, B KpUBOJIMHEIHON KOOpIH-
HaTHOU cucTeMe. Bemmuunst A, (af3), obpasyoriue o01ieKOBapuaHT-
HBI BEKTOP OTHOCUTEJILHO MHIIEKCA O, Ha3bIBalOTCI KorpPuiiueHTa-
MU BparmeHus Puyaum, njis BEIYMCIIeHNS KOTOPHIX BOCIIOIB3YeMCS TeM
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(I)ELKTOM, 4YTO IIpH IMapaJiJIeJIbBHOM II€EPECHOCE I'aJINJIEEBBI KOMITOHCHTHI
BEKTOpPa HE MEHAIOTCA

dyA, = dyA(a)hs () + A(a)dyh, () =0,

(@) = ~hye) "2 4(6)
OTkyna, cpasausas ¢ (30.11), mveen
Ao(af) = —h () 250 (30.12)
K oBApUAHTHELA (AGCOMIOTHBI) Auddepermman BexTopa A(q) ecTs
*DA(e) = dA(a) — dyA(a) = [‘9;53‘) — Ay(aB)A(B)|da,. (30.13)
LA v, a0) = 2 - A @0y

Ormernm, uto *V, A(«a) sgBasgeTCs 06IIEKOBapUAHTHBIM TEH30POM OT-
HOCUTEITLHO JIOKAJIBHBIX TpeobpazoBanuit TeTpan. Hig moboro Ten-
3opa T,(or), 3a1aHHOrO rajIneeBBIMU U TeTPAIHBIMI KOMIIOHEHTaMH,
nMeeM

oT (o
*VUTN(a) = g’;(a ) — Ag(aﬁ)Tﬂ(B). (30.15)
B uvacTHOCTH
oh,(« oh,
*Vgh#(oz) = (9/;3(0 ) + h,,(oz) (9:1:(06) hﬂ(ﬁ) =0. (30.16)

TakuMm o6paszom, nipu KoBapuaHTHOM nuddepeHIIMpoBaHUT K0>hdN-
IMeHTH Jlame aBASIOTCS KOBapraHTHO MocTosHHEIMU. [Ipon3sBonnas
1I0 HAITPABJIEHUIO OT HEKOTOPOTO T'eOMeTPUYECKOro obbekTa 1 B Ha-
HpaBieHun () OMPeNeIsieTCs IPYU IOMOIIY PaBEHCTBA

oT oT
I (30.17)
ITokaxkeMm, 4TO 5TH IPOM3BOAHEIE HEKOMMY TATUBHEL I BEIUKUCIIMM UX
KOMMY TaTOP
T Oh,(a) OT T
= h, —a he hy, ’
Oz (B)0z(c) (5) Oz, Oz, + he(B)hu(e) Ox.0z,
o*T o*T Oh,(a) Oh,(B)\ OT
_ = (h, — h, :
Oz(B)0z(ar)  Ox(a)0z(B) < (5) Oz, () Oz, >(9:13,,
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BOCHOJ’IB?)yeMCH PaBEHCTBaAMU

C(aB,7) = Cpe(V)hu(@)he(B), (30.18)
Cla () = ey = 5 (1e(5) 220 oy el))

(30.19)
Ucmonesys (3.19), Haxoqum
2T 2T d d
— = 2C(ap), =2C(af,v)=——.
9z(B)dz(ar)  Oz(a)dz(B) (@B) 5o (@57 g7
(30.20)

N3 (30.20) coenyer, 9T0 HEKOMMYTATUBHOCTH [IPOM3BOAHBIX 10 Ha-

TIpaBJIEHUSM SIBJIAeTCS CJIeACTBUEM TOTO, YTO 0OBHEKT HETOJIOHOMHOC-
TH OTJIMYeH OT HyJd. I[lyTeM HemocpencTBeHHOW MPOBEPKU MOXKHO
ybenuThCa, 9To MeXay KospduimenTamu Pudunm m o6beKTOM Hero-
JIOHOMHOCTMU CYIIIeCTBYeT COOTHOIIIeHNE

A(e,af) = hy(e)As(aB) = Cloe, B)+C(af,e) +C(ef,a). (30.21)

OcTaHoBUMCS eIlle Ha OMHOM Ba)KHOM IIyHKTe, OTMETUB, YTO TeTpa-
met (O, E(a)) TOJIBKO ofHOou Toukoir O (HauasioM) IpuHaIIeXaT HIpo-
cTpaHCTBY MUHKOBCKOIO, a BCSA OCTaJIbHasd KOHCTPYKIINS €My He IIpU-
HaJIeXKUT. ['eoMeTPUYECKN 5TO yTBEPKIEHNE O3HAYAET, YTO IPeod-
pa3oBaHUA KOOPAUHATHON CETKI MeHIeT KOOPpAMHATHL Todek O, HO He
M3MEHSIOT OPHEHTAINN caMuX TeTpand. PaccMorpuM o6branbie (Tito-
6aspHEIE) TpeobpasoBanus JlopeHiia.

zy, =Ly,x,, Ly,Ly, =6, Ly,=const. (30.22)
N3 coornomrenns (30.8)
Ala) = hy(a)Ay,

roe A, u h,(o) npu npeobpaszoBanuix JlopeHiia npeobpas3yioTcs Kak
4-BeKTOpHI, CJIeNyeT, UTO

Alla) = h'ﬂ(oz)A'ﬂ = Ly, Lyh,(x)A, = Ala). (30.23)

Taxum o6paszom, BekTop A(er), 3aaHHBI TeTPAIHEIMA KOMIOHEHTA-
MU, Tpu Tipeobpa3oBaHugdX JlopeHiia BemeT cebs KaK COBOKYITHOCTH
ckaJigpoB. Tak Kak TeTpanbl IPYr OT APYra OTIWYAIOTCS TOJIHKO
OTHOCUTEJILHON OpUeHTAalluel, TO OHU CBA3aHBI JIOKAJBHBEIM OpPTOrO-
HAJIBHBIM TTpeobpa3zoBaHUEM

ho') = w(da)h(a), w(ao)w(Bo) = 8(af), (30.24)
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rae Ko>gduimeHTH npeobpas3oBarus w(o) 3aBUCIT OT KOOPAWHAT.
[Ipeo6pasoBanue (30.24) obpasyer rpymnimy, OedCTBYOIILYIO B IPO-
CTPAHCTBe TeTPa, KOTOpas BHITIOIHIET MPUMEPHO Ty XKe POJIh, UTO U
rpyIina npeodpa3oBaHUl KOOPAMHATHON CeTKU B mpocTpaHcTBe MuH-
koBckoro. [Ipu mpeobpasoBanmu (30.24) mo6oit TeH30p Ayan,..0,, 33-
TMaHHBIA TaJIJIeeBEIMU KOMIIOHEHTAMU, IMTPeobpasyeTcs KaK COBOKYTI-
HOCTH CKaJIIpoB. leficTBUTEITBHO

Asas.an = Par(B1)Pay (82) +-ha, (Bn) A(Br--5n) =

= hay (B1)he, (B3) - Pa, (Br)w (8181)w(B28).--w(5nf3,,)
w(Bry)w(B272) - w(Burn) A(M V2 Vn) = Aass...an (30.25)

Takum 06pazoM, reoMeTpIIecKuil 066eKT Ay, o, (51...0m) IIpencTas-
JiseT coboll TeH30p paHra N OTHOCUTENILHO MmpeobpasoBanuii Jlopen-
11a ¥ T€H30p paHra m OTHOCHUTENLHO mpeobpasoBauuil TeTpad. CBI3b
MeXy TaJIijIeeBRIMU U TeTPaTHBIMKU KOMIIOHEHTAMU B OOIIIEM CJIy-
vae, Kak 1 B cirydae (30.8), ocyImecTBiseTcs MpU moMoImy Koshdu-
mneHToB JlaMme.

Aalag...an (/81/82“°/8m)ha1 (71)1’2'0[2 (72) °°°han (’Yn) - A(717n/81 /Bm)a
(30.26)

Aalag...an (/81/82---/8m)h0'1 (/Bl)h(]'g (/82)---h0'm (/Bm) - Aal...anal...am-
(30.27)

PaccmoTpuM, kKak m3mensieTcs BeKTop A(q) mpu mapasuressbHOM
riepeHoce 10 6eCKOHEeYHO MaJioMy 3aMKHYTOMY KOHTYPY

fdpA(0) = § AlaB)A(B)dz. = | [ Ryulaf) A(B)df,o =

_ 1 /df/w[ﬁA,,(ozﬁ) B 0A,(af)

2 Oz, oz, +
+A,(2) A (Be) — A, (ae) A, (Be) | A(B). (30.28)
OTxkyna
OA, (o OA ,(a

R, (aB) = (953 B _ (;53,, b) + A (ae)A,(Be) — Ay (ae)A,(Be).
' (30.29)

Honcrasmas (30.29) B (30.12), momyuaem, 4TO
R (af) =0, (30.30)
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roe R, (o) - TeH30p KpUBU3HBI, 3aJaHHBIN TaJINIeeBBIMU U TeTPA-
HBIMU KOMIIOHEHTaMM!.

Takum obpasomM, cBsa3HOCTE A, () MOABUIACH UMEHHO HOTOMY,
YTO MBI BBEJI HEKOTOPOE MPON3BOJIbHOE TeTpaaHoe noJie. OHa He ma-
eT BKJIaJa B Te€H30p KPUBU3HBI, KOMIIEHCUPYS BBedeHUe HEOOHOPON-
HOT'O TeTPaHOIO I0JId, KOTOpOe MBI BBeJI HAPAOY C OMHOPOIHBIM.

BorscauM Teneph, YTO HOBOTO TaeT MEPEXOI OT TaJIMJIeeBBIX KOOP-
OUHAT TpocTpaHCcTBa MUWHKOBCKOTO K TPOU3BOJIBHBIM KPUBOJIMHEN-
HBIM KoopamHaTaM. IlycTs y” - KpuBosMHeNHbIE KOOPAWHATHI, BBe-
TIeHHbIe HapAly C FaJinjieeBEIMU T, IIPU ITOMOIMUA COOTHOIIEHUS

yﬂ = fﬂ(wa)a Lo = Qba(yﬂ)- (3031)
Beipaxenue (30.1) npumet Gosee obiryio dpopmy
—dS? = §,,dy"dy", (30.32)
Iie KOMIIOHEHTHI MeTPUYeCKOro TeH30pa §,,, UMeIOT CJIeAYIONui B
Oz, Ox
Gy = " 30.33
g/i 8y” 8y1/ ( )

Panuyc-BekTop 7, IPOBENEHHBIN 13 HAYaJla KOOPAUHAT B HEKOTOPYIO
Touky M, 6yneT pyHKIIMeN KpUBOJIIMHEMHBIX KoopauHAT y*. PaccMmoT-
—

PUM HOBBIN BEKTOp h,,, IOJIyUeHHEIN nuddepeHIMpoBaHueM 1 1Mo y*,
T.e.

or
(9y/‘
KaxXprit u3 5TUX 4eTHpex BEKTOPOB IBJILE€TCI KacaTeJILbHBIM K KOOp-

D‘d

(30.34)

nuHaTHOU JuHUM y" B Touke M m BCe BMeCTe OHU 06Pa3yIOT JIOKAJIb-

HBIU adPUHHBIN peniep, C KOTOPHIM MOXKHO CB43aTh JIOKAJIBHYIO KOCO-

YTOJIFHYTIO U TPSIMOJIMHENHYIO cucTeMy KoopauHaT. IIpm mepexome ot
—

TOUYKH K TOYKEe BEKTOPHL h), U3MEHAIOT CBOIO IJINHY 1 OTHOCUTEILHYIO
—
opueHTanmio. JIobou BeKTop A, 3amaHHBIT B Touke M MoxeT OBITH

pa3sJloxkeH 1o BeKTopaM h, adpdunHOrO penepa, Hjd KOTOPOIO TOYKa
M cnyxuT HadaJOM

A= Ath,. (30.35)

KosdpdurimenTsr pasmoxenus AF, sgBigiommecs B oOIeM ciydae
dyHKUUSIMU KoopauHaT Y/, Ha3BIBAIOTCI KPUBOJIMHENHBIMUA KOHTpPAa-
—
BapUaHTHBIMU KOMIIOHEHTaMu BeKTopa A. B Kaxmnoln Touke MOXKeT
oz
OBITH MOCTPOEH TaKiKe B3aMMHBIN adPUHHEBINA perep h  Takoi, 4To

T (30.36)
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Torma
N
A=Ah , (30.37)
rie flﬂ - KOBapHaHTHBIE KOMIIOHEHTHI BeKTopa. Kpome Toro, B Kax-
IO TOYKe TajInjIeeBO CUCTEMBI MOXET OBITH ITOCTPOEH OPTOHOPMU-
POBaHHEIN perep, BEKTOPH KOTOPOI'0 eANHNYHEBIE I OPTOTOHAJILHEIE.
Tak Kak Iojle TaKux BeKTOpPoB B cooTBeTcTBUn C (30.2) omHOpPOIHO,
TO . .
Ohy _ Ohy _
Ox, Oyt

CxansgpHble pou3BedeHNs BEKTOPOB adhPUHHOTO U OPTOHOPMUPOBAH-

(30.38)

HOTO 00pa3yoT KosdpdurmedaTH Jlame

-  OF OF Oz, L@ OF OyY e Oyt
h6 == hé"h == M == 9 h/l‘ == h6 'h == —h = .
a Oz, Oyt OyH ¢ Oy Oz, Oz,

(30.39)

KOS(I)(I)I/IHI/IGHTBI JlaMe gBIAIOTCA KOMIIOHEHTAMM CMEIIAHHOL'O TEH-
30pa, MHAOECKCBHI KOTOPOI'0 OTHOCATCA K Pa3HbIM KOOPpOWMHATHBIM CHC-
TeMaM. OTU KOS(I)(I)I/IHI/IGHTBI ITIO3BOJIAIOT CBA3aTh OPTOIOHAJIBHBIC N
KpHBOHHHefIHBIe KOMIIOHEHTHEI BEKTOPOB.

A, =ho A" =hA,, A'=hLA,, A,=h.A. (30.40)
IIpy moMmoImy Mx MOXKHO 3aIicaTh KOMIIOHEHTHI MeTPUYECKOIO TeH-
30pa
oyt Oy

oz, O
I S S YU (N VTSV S VT
I = Gyu gy — erlters 9T 5 o, | altar Hanltp = Oap

(30.41)

Ucmonesys coorromnernus (30.3), BBeoeM IPOW3BOIIBHOE TETPATHOE

~

ToJIe {O,E(a)}. Takum o6pa3zoM, B KaXION TOYKE BO3HUKAIOT TPU
penepa: IBa OPTOrOHAJLHEIX M onuH adduHHbl. CBI3b MeXIY IIpO-
M3BOJILHEIM OPTOrOHAJILHEIM perepoM 1 ad@UHHEIM TaKkKe OCyIIecT-
BJISETCS IIPU IIOMOIIN apaMeTpoB Jlame.

— —
~ —

Ra) - hy = (@), Rla)-h =h(a), h(a)h*(B) =5(aB),
iLﬂ(O‘)EV(O‘ = hephey = guo, E#(a)ﬁy(a) = hophy = 5Za
W ()b (a) = hERY = ™. (30.42)

Mexny abdUHHBIMUA U TETPATHBIMUA KOMIIOHEHTAMU IJI HEKOTOPOTO
-
BeKTopa A MMEIT MeCTO PaBeHCTBA.

Aa) = hy(@)A* = h(a)"4,, A" =h(a)*A(e), A, =h,(a)A(a).
(30.43)
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Haiinem msmenenne Ay* mpu ob6xome mo 3aMKHYTOMY KOHTYPYy. Uc-
o3y st 3Havenus (30.39), mosyuum

’
Ay" —(f hhdao = 5 /(Z:i ZZ§>dfaﬁ = 0. (30.43a)

OTUM CBOINCTBOM, KaK U3BECTHO, 00JIa1af0T T'OJIOHOMHBIE TIPeobpaso-
Banus. [lomcunTaeM aHaJloTMYHOE U3MEHEHUE NI

Ay(a) = § ho(@)dz, = [ Cp(@)df, #0, (30.43b)

TaK Kak 06beKT HerosjoHoMHocTH C, (), OTHECEHHBIN K IPOU3BOJIb-
HOW KPUBOJIMHEMHON KOOPJANHATHOU CeTKe U OIpeiesiseMbI paBeHCT-

1,/0h,(cx Oh,(a
Cu(a) = 5( 8y(# ) _ 3y(y )>

OTJIMYEH OT HYJIA. HpI/I repexone K raJinJic€eBbIM KOOpAWMHATaM IIOJIy-

BOM

yum cooTHotenune (30.10).
Paccmorpum Kak 6ynyT M3MeHATHCS KOMOOHeHTH A(«) npu ma-
—
paJlIeJILHOM IIepeHoce HEKOTOPOTo BeKTopa, A.

dyA(e) = A(aB)A(B)dy",  dpA(a) = dy(hhA") =
= —hy,(e)T*, Ardy” —|——|—A/‘8]:9 ) o
yO’

83#(04)

= (~hu(@P (BT ++R(8) =5

OTkyna HaxomuM

)A(B)dy".

Ac(aB) = —hyu ()X (B)TE + 1 (6)
9TO SKBUBAJIEHTHO

Oh,(B)
oy°

o =AL, + ];”(5) (30.44)

B ramuneeBrrx KoopamHaTax kKoddduimenTs Puyun ompemengioTcs
I

cootrorenueM (30.12). Kospdunmenter I, (cumBossr Kpucrod-

(esis) OMUCHIBAIOT W3MEHEHUE JIOKAIBHBIX adOUHHBIX PEepoB Mpu
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repexone oT TOYKHM K TOYKE. Ecan MeTpI/I‘-IeCKI/Iﬁ TEH30pP IMOPpOXKICH
TOJIBKO KpHBOJ’IHHGfIHOfI CHICTEMON KOOpAOWMHAT IIJIOCKOI'O IIpOCTpPaH-
CTBa, TO KOS(I)(I)I/IHI/IGHTBI CBA3HOCTHN NME€IOT BU]

oy* 0%z,

o= . 30.45
oA 833a 8yo-8y/\ ( )
pu sTom §,, u T, cBa3aHbl OGEIYHEIM 06pasoM
1 8§/\1/ 8.&0’1/ 8.&0'/\
I, =— — . 30.46
D) < dye Oy Oy > ( )

Kosdpdurmentsr Puaun A(e, o) cBsa3aHBI ¢ 06BEKTOM HETOJIOHOM-
HOCTH I10 TOMY XKe TpaBmiy, kak u (30.21).

A(e,apf) = C(ae, B) + ClaB, ) + C(eB, o). (30.47)
C(e8, ) = C,p () (e)h¥ (B). (30.48)

KoBapuanTHeiii (abcomoTHsIl) nupdepeniman BekTopa A(a), Kak u
B ciaydae (30.13) ecTn

*DA(a) = dA(a)) — dpA(a) = [‘9§y(f‘) — A,(ap)A(B)]dy”. (30.49)
*DA(a) _ 0A(x)
oy = VeAle) =75 7 = As(aB)A(B) (30.50)

It mo6oro Tensopa 1),(a), 3amanHoro adh®UHHBIMI U TeTPaIHBIMU
KOMIIOHEHTaMU, UMeeM

, T (c 5 ) ,
Vo T,(a) = 1(;*;(0 ) _ I Th(or) — As(aB)T,(B). (30.51)

B ranmneesbrx xoopaunarax (30.51) nepexonut B (30.15). *VJTN(OK)
ABIITETCS OOITIeKOBAPMAHTHBHIM TE€H30POM IO MHIEKCAM O, [ U BEKTO-
POM TIO OTHOIIIEHUIO K Tpeobpa3zoBaHUio TeTpald. B wacTHOCTH
N h, (o N " N
*Vohy(a) = 8(;7;‘7) — FéﬂhA(a) — Ay (af)h,(B) = 0. (30.52)
Takum obpasom, kak u B ciydae (30.16) xkospduiuentsr Jlame sBis-
FOTCS KOBAPMAHTHO TOCTOSHHBIMM.

B paccMoTpenHOM BEINIIE ciTydyae BCerga MOXHO OT KPUBOJIMHEN-
HBIX KOOPOWHAT Y MepelTn K TaJinjieeBBIM T, TOT 1A BCE COPOK KO3 -
¢unmenTon ceazHocTu [, ob6pararcsa B Hynb. Ecnu ke mpocTpaHcT-
BO PUMAaHOBO, TO TaJINJIEEBY CUCTEMY BO BCEM IPOCTPAHCTBE BBECTU
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HeJIb39 U MBI BEIHYKIEHEI II0JIb30BATHCA TOJIBKO KPHUBOJIMHEMHEIMI
cucTeMaMm KoopauHat. Ilajlee, B pUMaHOBOM IIPOCTPAHCTBE BMECTO
palnyca-BeKTOpa KOHEUHEIX Pa3MepOB, KOTOPOro MPUHINIINAILHO He
CYILIECTBYET, MOXHO ITOCTPOUTH B KaXKJIOU TOUKe H6€CKOHEYHO MaJIBII
pannyc BeKTop d7, oOHAKO OH OyleT INpUHAIJIEXATH yXkKe IPYTOMY
MHOI006pa3Mio - KacaTeJIbHOMY INIOCKOMY IIPOCTPaHCTBY, KOTOPOE
MO2KHO IIOCTPOMTEH B KaXKJIOW TOYKE MCKPUBJIEHHOI'O IPOCTPAHCTBA.
B sToM KacaTeslbHOM (JIOKAJIBHOM ) IIJIOCKOM IPOCTPAHCTBE PacCIosia-
raforca ad)GUHHBIA 1 OPTOHOPMUPOBAHHEI Pelephl, a TaKxkKe JIFoObIe
BEKTOPEI, KOTOPEIE MOXKHO IIOCTPOUTE II0 UX KPUBOJIMHEIHBIM KOM-
noHenTaM. Takum o6pa3oM, (popMasiM3M INIOCKOTO IIPOCTPAHCTBA B
KPWBOJIMHEMHEIX KOOPAMHATAX NPUMEHNM M K PUMAHOBY IIPOCTPaH-
CTBY, B KOTOPOM, IIpaBlia, MeTPUYECKWII TEH30p U CUMBOJIEI Kpuc-
To(desid He BEIpaXKaloTCA Yepe3 IPOU3BOIHEIE OT aJIIJIEEBEIX KOOP-
OUHAT, KaK 5TO UMEJIO MECTO B INIOCKOM IIPOCTpaHCcTBe. B puManoBOoM
IIPOCTPAHCTBE IPUHININAJILHO HEJIb3d BHIOpaTh TaKOW KOODIUHAT-
HOIl CHCTEMBI, B KOTOPOI KOODANHATEL MeTPUYECKOIO TEH30DPa G,
CTaHOBATCA IOCTOSHHEIME BO BCEM IPOCTPaHCTBE. B CBA3M ¢ 5TUM B
PUMaHOBOM ITPOCTPAHCTBE MOABJILETCS HOBad XapaKTepPUCTUKA, KO-
Topas OTJMYaeT e€ro OoT IJIOCKOrO IIPOCTPAHCTBA, & MMEHHO,— KPW-
susHa. [Ipu mapasuiesnibHoM nepeHoce BekTopa A(a) mo 6ecKoHeUHO
MaJIOMy 3aMKHYTOMY KOHTYPY 3TOT BEKTOpP IOJIydaeT IIpUpAaIleHIe
AA(a), onpenensgemMoe Kak

AA(e) = §dyA(e) = § A (aB)A(B)dy" = % | Rul(aB)A(B)df",
(30.53)

roe

8A5?5245) _ 3A§§?5) + Aﬂ(as)Ay(ﬁg) — Ay(ag)AN(/Bg).
(30.54)

Cootromrerue (30.54) BhIpaXkaeT TeH30p KPUBWU3HBI Uepe3 Koddhdu-

Ry, (aB) =

1meHTH Puuun. CBepThiBas MHAEKCHI C TIOMOIIBIO KO03)OUIIMEHTOB
aMe e MOJIyUMM CKaJIIPHYIO KPUBHU3HY IMPOCTPAHCTBA
JI h*(a), h¥(3), 3

R.

R =4V, {C(eB,8)h(e)} — 4C(aB,B)C(ac,e) + A(e,a8)C(af, ),

(30.55)
rae V, - KoBapuaHTHas TPOM3BONHAS OTHOCUTELHO IPYIIIbI IPeo6-
pPa30BaHUl KOOPAWHATHON CETKMW, I KOTOPBIX TE€TPAIHEIE WHIEKCHI
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ABJIAIOTCA MHBapUaHTHBIMU. HOSTOMy

B (9121/‘(041, e

nglf‘(ozl, e 5
yO'

+ T4 Aoy, ..a).  (30.56)

B gactHOCTH 13 (30.52)
Vohu(a) = Ay (aB)h,(6). (30.57)

Ho cux 1mop MBI pacCMaTpPUBAJIN OPTOTOHAJIBHEIE peIephl iL/‘(oz)
KaK HEKOTOpOe MPOM3BOJIbHOe TeTpanaHoe moje. OmHAKO 0COOBIN MH-
Tepec IJIsI HaC OyOyT MPeNcTaBIsITh TeTpalbl, CBI3aHHbIE C KaXION
TOUYKOU HEKOTOPOIl BpeMeHHO-TI0no6Hol KpuBoi [' (MupoBoil nuHumeil)
B IIPOCTPAHCTBE-BpeMeHU. BRITIUIIIEM COOTHOIIIEHN S, HOCSIIINE Ha3Ba-
e ¢opmyst Ppene-Ceppe.

SAr ..
= bB* 30.58
55 9 ( )
5 BH N
= 0"+ bAF .
o = CC" +bA, (30.59)
sCr . .
= dD" — ¢éB* .
S ¢B*, (30.60)
8Dk _ dcr (30.61)
5S ’ '
rmae o o o ) )
A"A,=-1, B*B,=C"C,=D"D,=1. (30.62)

B/‘, é’”, Dr MIPeNCTaBIIIOT coboll MepBYIO BTOPYIO U TPeTHIO HOP-
Maiu K I’ cooTBeTCcTBEeHHO, a l;, ¢, d - TIeEPBYIO, BTOPYIO W TPETHIO
KPUBU3HHI. SFw /8S - abcommoTHasS MPOM3BOMHAS KOHTPABAPUAHTHOTO
BeKTOpHOTO 1osis F* Ha xpusoit y*(.S), ompemnensemMas paBeHCTBOM

SFr  df» . dyP
= o TR .
55~ ds et s (30-63)
IIycTs
o dy/‘
A = — 30.64
G (30.64)

ecTh MHIMO eIVMHWYHBIA BeKTOp, KacaTesbHEIN K 1. Torma us ypas-
uermit (30.58), (30.62) ompenesnsorcs B" u b, u3 ypasHeHuit (30.59),
(30.62) onpenensaoTcs Cruéuus (30.60), (30.62) Haxomum Drud.
B cuny cootHourenns (30.62) Tpu BekTOpa B/‘, é’“, u D' - equamy-
Hble 1 oquH A/ - MHIMOEIVHIYHELL. Y CTAHOBUM, 9TO OHU 06pasyioT
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OPTOTOHAJILHEII PETep U YOOBIeTBOPOT ypaueruio (30.61). Ymuo-
xas ypasaerue (30.58) na A* u ucnomnesys (30.62), mMmeem

A,B" =0. (30.65)
Anastorugso
Y »
cB,CF = n5g = 0, B, C'=0, (30.66)
., 80" ] r_a0 B O DM
Nﬁ =0= dC/LD — CC/LB 5 C/LD =0 (3067)
Ywmuoxas (30.59) Ha A¥ nveem
B
ANW = CC”AN — b

Hupdepentupys (30.65), momyuaem

. 8Br . 6A .
T _BHTTH
A, 5g B 55 b.
OTxkyna

Cr4, = 0. (30.68)

OcTaybHbIE COOTHOIITEHUS JOKA3BIBAIOTCSI aHAJIOTMYHO. YTOOHI TOKa-
3aTh cripaBemuBoCcTh popmyder (30.61), 3amMeudaem, 9TO JTFO60I BEK-
TOp MOXeT OBITH pa3jlokKeH IO pernepy 121/‘, B/‘, é’”, Dt n IIO>TOMY
MOXKHO 3aIiCaTh

spr . . . .

— = aA' + BB" + ~C* 4+ 6 D". (30.69)

08
YMHOXKAag 5TO ypaBHEHNE TTOOUYEPETHO HA fl/‘, B/‘, é’”, Dt u HCIIOJIB3Y S
yXKe IOKa3aHHBIE YCJIOBUS OPTOTOHajibHOCTU u ypaBHeHus (30.58) -
(30.60), momyduaem

~

a=p=0=0, v=-d,

yTo ynosierBopseT (30.61).

Paccmorpum kxpuByio I, samamnyio ypaBuenmeMm y* = y*(S) u
BekTOpHOe moiie V#, ompenenierroe Ha I'. Ecim BexkTop V* mepero-
CHTCA MMapaJsielIbHO BIOJIb I', To ero abco/roTHasS IPOM3BOIHAd obpa-
A€ TCA B HYJIb.

sV
85
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[Ipu >ToM HUM myMHA BeKTOpa, HU €ro CKaJIIpHOe IpOM3BeNeHUMe He
MeHseTCsa. KpuBas HOCUT Ha3BaHUeE reoie3MIeCcKOl, eCITN BCIKUIN BeK-
TOp KacaTeJIbHBIA K 5TOM KPUBOM B KaKou-inbo Touke M ocTaeTcs
K Hell KacaTeJIbHBIM IPU Tapajie JbHOM TlepeHeCceHnn BIIOJIh Hee. B
YaCTHOCTHU, €CJIn Ar = dy"/dS npereprieBaeT mapasIedbHEIA TEpe-
HOC BHoJib | m KpuBasg Hem3oTpomHasd, TO U3 PABEHCTBA 5121/‘/55 =0
clielyeT ypaBHeHUe Treofe3ndecKon

d2yﬂ dyy dye
e WYY
as? e as s

IToMmumo IIapaJuieJIbHOTO II€EpE€HOCa pPacCCMOTPpUM HeO6XOHHMBIﬁ

0. (30.71)

HaM B naJibHeliieM nepeHoc ®epmu-Y osikepa. Omnpenesum mepeHOC
®epmu-Y osikepa BeKTOpa F* ¢ nomomsio yPpaBHEHU I

SER o

—— = bF.(A'B® — A°*B"), (30.72)

08
rue l;, fl/‘, B¢ Bxomar B dopmyssl Ppene-Ceppe, pacCMOTpEHHBIE BhI-
mre. Baxnoe cBoiicTBo mepenoca depmu-Yoskepa COCTOUT B TOM,
uto B cuiny popmyn Ppene-Ceppe, eMMHUYHBIA KacaTeJIbHBIN BeK-
TOp K KaKOi-nb0 KPUBOI (HEreome3mdecKoil) aBTOMATUYECKU Ipe-
TepreBaeT nepeHoc PepMu-Y oJjikepa. ITOT MEPEHOC UMeeT CXOACTBO
C HapaJlyieJIbHBIM IIEPEHOCOM B CMBICJIe COXPaHeHUS HOPMBI BEKTOpPa
1 CKaJIIpHOTO mpom3BeneHusd. lleficTBUTETHEHO

d .~ - A A A A A~
%(FNFN) — 2bFN 5(A/LB6 - AgB/L) — O,
d .~ A A A A A A SN
T (FLK") = b(E, K + K, Fy) (A" BT — A°B") =0, (30.73)

[MockonmbKy mapaJiiesIbHBIN TIepeHOC ompeneligseTcsa 0oJiee MPOCTHIM
ypaBHeHUEeM, OH B MaTeMaTHU4YeCKOM OTHollleHuu 6osiee pyHIaMeH-
TajieH, yeM TiepeHoc Pepmu-Y osikepa, OMHAKO TIOCIIEMHUNA OKa3hIBa-
eTcsa OoJiee BaXXHBIM B HEKOTOPHIX GU3MYecKUX cuTyarusax. Hampu-
Mep, €CJIi MBI Bo3bMeM TeTpany Ha [' Tak, 4To iL/‘(4) OCTaHeTCH
KacaTedbHBIM K ', To mpu mepenoce depmu-Y onkepa coxpaHIeTCs
He TOJIBKO lAz/‘(4) BHosb I', HO coxpaHsgeTcd TaKkKe OPTOHOPMUPOBaH-
HBIN 3-peniep, OpTOTOHAJBHEINA ['. D TO IpUBOAUT K 06pa30BaHUIO IIPO-
CTPaHCTBEHHOU CUCTEMHBI OTCUeTa HJIS HabJIonaTel s, IBUKYIIIErocs
B IPOCTPAHCTBe-BpeMeHn BAOJTE I'. PaccmoTpuMm TeTpany lAz/‘(oz), TIOJI-
Bepratomtytocs neperocy ®epmu-Y oskepa Bmoas I Tak, aTo

bt (4) = AP, (30.74)
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OTtkyna cienyer ¢ yaetoM (30.72), uro

5’;;% — ib(h*(4)B() — §(ad) BH). (30.75)

B wacTHOCTH
5’2;75“) — —ibB", (30.76)
‘ﬁj:ié’“) = ibh"(4)B(k). (30.77)

Eciu neperoc depmu-Yonkepa OpUMeHUTH K BeKTopy F¥. oproro-
HaJILHOMY B HEKOTOPOI1 Todke Ha I' K KacaTelbHOMY BeKTopy A/, To
5Ta OPTOrOHAJILHOCTH COXPAHNTCA M B JajibHelmeM. Torma ypaBHe-
uue (30.72) npuMeT BuL
B s
O i Are (30.78)
5To mpaBmIIO MEpeHoca BIEpBEIE 6bLI0 chopmymmpoBano Pepmu, mo-
stoMmy cootHoureHue (30.78) HocuT HasBaHue nepeHoca Pepmu.
PaccMoTpuM HyKHEIE B JaJIbHENIIEM HEKOTOPEIE CBOICTBA IIPO-
CTPaHCTBa ¢ abCOJIIOTHRIM Mapasulesim3MoM. TaKuM IpocTpaHCTBOM
6y IeM Ha3bIBaTh IPOCTPAHCTBO, B KOTOPOM Pe3yJIbTaT IapaJuIebHo-
ro mepeHoca MPOU3BOJLHOTO BeKTopa & m3 Touku P B Touky Q mpu
JM060M BEIOOpE 3THUX TOYeK He 3aBHCHUT OT IIyTH IepeHeceHus P().
[Tomo6HEIM CBOMCTBOM 0b6JjialaeT, HAIlpUMEpP, €BKJIMIOBO IIPOCTpaH-
cTBO. BEIICHUM, CYyIIECTBYIOT i1 Opyrue MPOCTPAHCTBA C abCOIOT-
HEIM ITapaJijiejIn3MOM U KaKie MMeHHO. PaccMOTpUM pMMaHOBO IIpoO-

CTPAHCTBO, B KaX[0il TOYKE KOTOPOrO B KACATEIHFHOM (JIOKAJIBLHOM)
IUIOCKOM IIPOCTPAHCTBe pacnosiaramTcd adGUHHBIN 1 OPTOHOPMUPO-
—

~

BaHHBI pemlepel h 1 ﬁ(oz) cooTBeTCcTBeHHO. O6BIBUM IO OIpe[e-
JIEHWIO, YTO BO BCEX TOYKAX PUMAaHOBa IPOCTPAHCTBAa COOTBETCTBY-
IOIIe TeTPaJHbIe BEKTOPHI l_z_:(oz) ABJIAIOTCA NapasilesbubimMu. Pac-
cMoTpuM HeKoTophIil BeKTop & = {(a)h(a). Tak xak TeTpamHoe HoJE
ﬁ(oz) 3aJaHO M 0OBABJIEHO MAaPaJUIEILHEIM, TO €CTECTBEHHO CYNTAaTh,
YTO TIPM MApaJUIeIBHOM MepeHoce BEKTOpa & ero KOMIOHeHTH & () B
pa3HBEIX TeTpaJax ONUHAKOBEL, T.€.

dy¢(a) =0, (30.79)

dpf = T4, &dy”, (30.80)
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rie cBA3HOCTH 1%, HemsBecTHa. HaiimeM 5Ty CBA3HOCTS
dpé(a) = dp("hu(e)) =0,

(Frihu(@)i (@) - @) 22 )y <o,

OTKyna, B CIIy IPOM3BOIBHOCTHT & U1 dy°, mMeeM

_ - Ohy (a
P = () ) (30.81)
Oy°
Ecnu Beipaxenne (30.81) momcTaBuTh B pUMaHOB TEH30pD KPUBU3HBI,
KOTOPHI BHIPaX)aeTCsd OOBIYHBIM 06pa3oM B BUE

orY ort
Rip = 32 = Gt LI —TLIS, (3082

1 3aMEeHUTH B 5ToM TeHzope 11, — T\ 1o

R (T)=0. (30.83)

oTA.

Taxum o6paszom, cBsi3HOCTH (30.81) ABIITETCS CBA3HOCTHIO IPOCTPaH-
CTBa C abCOJIIOTHHIM TApaJUIeJU3MOM, TaK KaK pe3yJIbTAaT Tapall-
JIeJILHOTO MepeHoCca BeKTopa g/‘ B city (30.83) He 3aBuCHT OT myTH
nepenoca. 3 coorHourenns (30.81) crmenyer, 4To I, He aBmgercs
CAMMETPUYHON 0 HUAKHUM WHAeKcaM. [losToMy MOXKHO MOCTPOUTH
TeH30p KPYYeHUs, OIpeNesITeMbIl KaK

1

Cr =T, = (

Bh,(a)  Bhg(a)
on] = 5 -

oy° OyH

)i (@), (30.84)

Ncmonesys (30.41), HaxonuM B3aMMOCBSI3b MeXIY TE€H30POM KpYydUe-
HIUSA 1 0OBEKTOM HETOJIOHOMHOCTH

Cl, = hMNa)Cypu(a). (30.85)

TaxuM o6pa3oM, U3 paBEeHCTBa HYJIIO T€H30pa KPUBU3HEI MOXKHO IIO-
JIYYUThH NBA PelleHus: 1) II0CKoe MPOCTPAHCTBO, 2) BEIpaXKeHUe IS
CBA3HOCTHM B IIPOCTPAHCTBe C abCOJIIOTHBEIM MapaJsuiesm3MoM. Ecim
noTpe6oBaTh paBeHCTBa HYJII0 Te€H30pa KPY4Y€eHNI, TO IPOCTPAHCTBO
OKaXKeTCs TIJIOCKIM.

NccnenyeM MeTpHKy NPOCTPaHCTBAa, 3aJaBaeMyl0 B COTJIACUM C
(30.42) BeIpaxeHUEM

F = B (a)h,(a).
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Honcrasmsas sto Berpaxenue B (30.46) u (30.82), mosyumm, 4To TeH-
30p KPUBU3HEI OyIeT OTJIMYEH OT HyJId, TaK KaK MCXOMHOE IIPOCTPaH-
ctBo pumanoBo. Paccmarpusas (30.43) u (30.83), sameuaem, uTO
HOJIHAS PUMAaHOBa CBA3HOCTH CKJIANBIBAETCS U3 KO3()QUINMEHTOB Bpa-
meHns Puyum v CBA3HOCTH IIPOCTPAHCTBA C abCOJIFOTHBEIM IapaJlle-
JIN3MOM, T.€.

I = Ag,/\. + 17, (30.86)

[TosToMy HammuMe KpUBU3HBI PUMaHOBa ITPOCTPAHCTBA CBA3aHO C OT-
JmaneM oT Hyad KosddurmeaToB Puuun. YIcHo, uTO cBA3HOCTH abco-
JIIOTHOTO TMapaJuIeJIn3Ma MOXKHO BBECTHU U B mpocTpaHcTBe MUHKOB-
ckoro. B wacTHOCTH, B rajmiieeBLIX KOOpPAWHATAX MOCTATOUYHO TIO-
noxutk I, = 0. Tor dakT, yTo B >TOM Ciiydae KOI(PPUIMEHTHI
Puyaan n ko3¢ putineHTH CBI3HOCTHU abCOITIOTHOTO MAPaJIIIETN3Ma OT-
JIMYIAOTCSI 3HAKOM, OOy CJIOBJIEH TeM, UYTO TIPU BEIBOJIE TIOCIIEMHUX MBI
OOBIBIIIN TTApAJIIESIBHBIMEI® TeTPadHble BEKTOPHI E(oz), B TO BpeMs
kak npu BemBoze (30.12) MapaJjiyIe/TbHEIMI BEKTOPaMU B OyKBaJIbHOM
CMBICJIe 5TOTO CJIOBa ABJIAIOTCA BEKTOPEL h,.

31. JIBuKeHNe CIJIONIHON CcpPeabl M TEH30PbLI AedopMaliui

IBUXeHMEe CIUIONTHON CPenbl OylIeM ONMUCHIBATH CHAaJajia B IIPO-
cTpancTBe MUHKOBCKOTO, MHTEPBAJI B KOTOPOM HAeTCSA BhIpaXKeHUEM
(30.1). Bei6op ranumneeBEIX KOOPOUHAT [JIS OIUCAHUS [BUKEHUS, BO-
obI1te TOBOpPS, He ABJISIETCS 0043aTeIbHBIM U TIPU KeJIAHUU MOMKHO
MepelT K JIio60oil KPUBOJIMHEWHON CUCTeMe KOOPAWHAT, HO TaK KakK
raJinjieeBbl KOOPAMHATH UMeIOT MeTPUUECKUN CMBICI, TO MBI OT/IaeM
UM MIpenrnodyTeHue.

Kaxmnoit Touke cpembl B mpocTpaHcTBe MUHKOBCKOTO COOTBET-
CTByeT cBos MupoBas jguHusg. CjenoBaTesIbHO, IS BCEW CPelbl MBI
6yneM nMeTh KOHTPYEHIINIO MUPOBBIX JIMHUMN, XapaKTep KOTOPOI 3a-
BUCUT U OT OBUKEHUS cpedbl KaK IeJioro, TakK U OoT Hedopmanuii,
BO3HUKAOIMMUX B cpefe. Bciau cpena obslamaeT TeM CBOMCTBOM, UTO
o[l eicTBUEM MPUJIOKEHHBIX CUJI MeHseT cBoio dpopMmy — medopmu-
pyeTCs U TIOJTHOCTHIO BOCCTAHABIINBAaET CBOIO GOpMY IocCje yCTpaHe-
HUS TPUYUHBI, BBI3BIBAIONIEN HedopMalinio, To TaKyio cpeny Oymem
HasbIBaTh yupyroit. (MaTemaTudeckoe onpeneseHne yIIpyroi Cpemst
IDamM HITKE).

[Ipexne, yeMm mepexonuTh K PeAITUBUCTCKOMY OMMCAHUIO TBUKE-
HUS CIJIOIIHOW Cpedbl, OCTAHOBUMCS Ha KJIaCCUYeCKOM paccMOTpe-
unm. g onmucaHus MBUXKEHUS CIUIONTHOW CPembl CYIIeCTBYIOT IBA
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MeTojla — MeTofl Jlarpanxka u MeTon Disiepa. [[BuxkeHue MaTepuaIb-
HOU TOYKM B KJIACCUYECKON MeXaHUKe CIIONTHON Cpelbl ONMUCHIBAeTCA
IIpU TIOMOIIIYA YpaBHEHUU

z; = x;(1), (31.1)

Tlle T; - TeKyIlrue KOOpAWHATHI, ¢ - BpeMsa. PaccMaTpuBas dacTuUIry
CIJIOIITHOW Cpelbl KaK MaTepUaJbHYIO TOUYKY, TIpUBeleHHBIE YpaBHe-
HUS ONUIITY T ee NBUXKeHNe. TakK KaK CIIJIONTHYIO Cpeny, HelIPpePHIBHBIM
00pa30oM 3aloJTHSIONTYIO TPOCTPAHCTBO, MOXKHO MPENCTABUTH COCTO-
ATITEN M3 6€CKOHEUHOTO MHOXKECTBA TOYEK, TO MJIS ONMUCAHUS TBUKE-
HUSI 9TUX TOYeK [Ipu oMol ypasHeHuit (31.1) Heobxomumo BBecTH
B HUX MTapaMeTPHI G}, XapaKTepu3yoIlne KOHKPETHYIO TOYKY CPEMHI.
Torma ypaBHeHUS MBUXKEHUS TOUYEK MOXKHO 3alMCATh B BUIE

z; = z;(ay,t). (31.2)

B wactHOCTHM, mapaMeTphl aj, obpa3yloliue TPeXMepHBINI BEKTOP,
MOXKHO BBIOpATh TaK, UYTOOBI OHU OIPeNesIsajii HadaJlbHble KOOpIU-
HaTH To4ek cpenbl. Meton onmcanus (31.2) HocuT Ha3BaHUE METONA
Jlarpamxka, a mTepeMeHHBIE G}, HA3LIBAIOTCS MepeMeHHBIMU Jlarpanxa.

OnHako K BOMPOCY O NBUKEHWU CPebI MOXKHO TOJIONTU U WHAYeE.
A uMeHHO, 3a 00BEKT U3yUYeHUS MOXHO BHIOPATH HETOIBUKHOE IIPO-
CTPaHCTBO, 3all0JIHEHHOe NBUXKYIMEWUCS Cpedou, W W3y4YaTh W3MeHe-
HUe Pa3JINYHBIX 3JIEMEHTOB NBUXKEHNI B PUKCUPOBAHHOU TOYKe IIPO-
CTPaHCTBa, N3y4ad W3MeHeHNe STUX 3JIeMeHTOB KaK C TeueHIeM Bpe-
MeHU, TaK U MPHU Mepexoyie K NPYTUM TOYKaM MTPOCTPAHCTBa. 1or-
Ila BEJIMYWHBI, XapaKTepu3ymollue IBUKEeHNe, paCCMaTPUBAIOTCA KaK
GYHKIIUM KOOPAMHAT TOUKU &), W BpeMeHU . DTOT MeToHd OBLI pas-
BUT JWJIEPOM, IMOSTOMY UeThIpe apryMeHTa &j W ¢ HOCAT Ha3BaHUe
HepeMeHHHBIX Ditiiepa. Pasperus ypasaenus (31.2) oTHOCUTENBHO Gy,
MOJIy UM

ar = aj(z;, t). (31.3)

Ecim aj) xapakTepmiyeT HadaJibHOE IIOJIOXKEHWE TOYKU CPeNbl, TO
ypaBaeHus (31.3) yka3pIBaloT Ha4aJIbHOE TOJIOKEHUE TOW TOUKH Cpe-
IIbI, KOTOpas HaXOOUTCA B MOMEHT BpeMeHU { B TOYKe IIPOCTPAHCTBA
z),. llpu pensTuBrcTCKOM paccMoTpennu ypasHeHus (31.2) samens-
IOTCI ypaBHEHUIMU

v = 2,6, (31.4)

roe é‘k - JJa'PaHZXKEBBI KOOPAWHATHI, OIIPEOC/IAIOIINE HaYaJIbHBIC TI0JIO-
KEeHUA TOYEK Cpelbl, IIOCTOAHHBIE BOOJIb Ka}KHOfI N3 MHAIPOBBIX J'IHHPIfI,
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£* - mo6oil ynoGHBIN BPeMeHUIONOGHbI HapaMeTp, N3MeHSIOIUIC
BIIOJIb MUPOBBIX JIMHUIA.

Hamr nonxon x kKuHeMaTnke 6asmpyeTCs Ha UCIONb30BAHUN Jla-
I'PaHKEBBIX COIIYy TCTBYIOIUX cucTeM orcueTa [44], [5]. HeficTBuTe b
HO, HanboJslee eCTECTBEHHBIM CIIOCOOOM MMOCTPOEHNS PETISITUBUCTCKOM
KMHEMATHUKIH SBISIETCS PACCMOTPEHNE IBUKEHNS CPENEI C TOYKH 3pe-
HUSI CEMEIICTBA IPOCTPAHCTBEHHO MONOOHBIX TUITEPIIOBEPXHOCTEN, Op-
TOTOHAJIBHBIX MUPOBHIM JIMHUSM. JTU MUPOBBIE JINHUKA W TUIIEPIIO-
BEPXHOCTHU 00pa3yoT NHBAPUAHTHYIO CTPYKTYPY, HE 3aBUCSIIYIO OT
BHIOOpA CUCTEMBI KOOPONHAT. PaccMoTpeHre OBUKEHNUS CPEEL C TI0-
SUIUN TaKUX TUIIEPIIOBEPXHOCTEN CBOMAT 3aa4ll AMHAMUKY K 3a/1a-
YaM CTATWKIH, TaK KakK Ha TUIEPIOBEPXHOCTIX CPea BCET1a ITOKOMT-
csi. B pasmene 30 6BuT maH TeTpamHBIN GopMan3M, KOTOPHII CIIpa-
BEIJINB [IJTs [IPOU3BOJILHOTO TETPATHOTO IIOJIS iL#(oz). Onuako oco6brit
MHTepeC I HAC OYyAYT HPEACTABISTH TE€TPATBI, CBI3aHHBIE C MII-
posbivu suHusIMuU. [IycTs h,(4) ennHUYHEIR BeKTOp, HAIPABJIEHHEIN
0 KacaTeJIbHON K MUPOBOI B HEKOTOPOH Touke. T'ak Kak IBUKEHUE
CIIJIOIIHOM CPEebI OIMUCHIBAETCS IIPU HOMOIIN KOHI'PYEHIINU MUPOBBIX
JIMHU, TO BO3HUKAET I10JIe eIMHNYHBIX KacaTeJbHEIX BeKTopoB. [lose
5TUX BEKTOPOB, KaK OYEBUIHO, COBIANAET IO HAIPABJIEHHUIO C HOJIEM
4-cxopoctnu V). IlosToMy uMeeT MecTO paBEHCTBO

ih,(4) = V. (31.5)

Kak wmsBectHo m3 [20], B ciydae mBuKeHWs cpedbl 6e3 BpaIlleHMUIA,
MUPOBBIE JINHUU 00pa3yioT HOPMaIJIbHYIO KOHI'PYEHITUIO, T.€e. CYIIecT-
ByeT CeMeNMCTBO TPeXMePHBIX TUIEPIOBEPXHOCTEN, MO OTHOIIEHUIO
K KOTOPHIM MUPOBBIE JIMHUU OPTOroHaJIbHBEI. CorstacHo mMeTony Jla-
rpaHka, BBelleM 4eThIpe apaMeTpa ¥y, HepBble TPU U3 KOTOPHIX yF
TIOCTOSHHBI BJIOJIb KaiKJOl MUPOBOH JIMHWUM, a YeTBepTHI y* - Ie-
peMeHHBI (BpeMeHHOIT). B KadecTBe BpeMeHHOr0O mapaMeTpa y* BEHI-
H6epeM mapaMeTp, HyMepYIOIIN OpTOTOHAJIbHEIE MUPOBBIM MUPOBHIM
JIMHUAM TUNeprnoBepxHocTU. [Ipy Hamumum BpallieHUN cpenbl TaKoun
napamMeTp 6yneT HETOJIOHOMHBIM, & MIPU OTCYTCTBUU - TOJIOHOMHBIM.

YpaBHeHUS KOHTPYEHIINA MUPOBHIX JIMHUN MJIS TOJIOHOMHBIX Jia-
IPaHXKeBBIX KOOPAVWHAT NPUHUMAIOT BU

2, = 2(y°). (31.6)
BekTop 4-ckopocTu V), B nepemennsix Jlarpamxa ompenesgeTca Kak
oz
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Tlle CKaJIIPHBIN MHOXUTEIH § BEIOMpaeTCs 3/1eCh TAKUM 06pa3oM, 4To

02,0 _ 4. (31.8)

2
ViVu= 005 S0 =

(O6paTum BHUMaHWe, uTO B cuily Bbibpanuoil B (30.1) merpuxu, 4-
CKOPOCTHh HOPMUPYETCSI B 3TOM pasielle Ha MWHYC €OUHWILY, a He
Ha enuHuly, kak B (1.2)). Tak kak Tpu jarpaHkeBbIX HapaMeTpa
y* xapaKTepu3ylOT IOJIOXKEeHNS MUPOBHIX JIMHUH YacCTUIl CPeIBl Ha
TUIePIIOBEPXHOCTAX, a y* OTCUMTHIBaeTCS BHOIH KaXkKIOH MHIPOBOI
JIMHUKA, TO Y, OYEBUOHO, ABJISIOTCA CKAJAPHBIMU (PYHKIMIMU OT-
HOCUTEJILHO IJI06aIbHBIX NpeobpasoBanuil Jlopenma. CoBOKyIHOCTE
JarpaHXKeBHIX IapaMeTpoB y* obpasyeT Ha JI060i (GPUKCHPOBAHHOM
TUHepIIoBepXHOCTH y* = const medopMuUpyeMyIo KpUBOJIMHEHHYIO KO-
OPAMHATHYIO CETKY, KOTOPas Ha3BIBAETCS COILy TCTBYIOIIEN CUCTEMOI
koopauHaT. OHa, odeBUOHO, OyOeT MU3MEHATHCS B 3aBUCHUMOCTH OT
y*. Kak B KjTaccuyueckoii MeXaHUKe CIUIONTHOM cpemsl [44], Tak u mpu
PeSIITUBUCTCKOM paccmoTperun [5], [46], BBIGOp TaKoll cHCTEMBI KO-
OpIOVMHAT TP GUKCUPOBAHHOM y* B Hallleil BJIACTHU, HO B CJIeMYIOTITHIA
momeHT (y* + dy*) oHa yxe He momBIaCTHa HaM, TaK KakK OHAa ~BMO-
poxena” B cpemy u medopMmpyeTcsa BMecTe ¢ Hell. Takyro BMopo-
XKEHHYIO B CPeNy CHCTEMY KOOPIOWHAT IT0 aHAJIOIMHU C KJIACCHYeCKOI
MeXaHUKOI CIUIONTHON cpenbl [44] ompemesium Kak COIMYTCTBYIOIIYIO
cuctemy. KoopInHATH ToueK CIUIONIHON cpensl ¥ Ha JI06ol mpoms-
BOJIBHOI, HO (PMKCHPOBAHHON THIePIIOBepXHOCTH y* = const He m3Me-
HAIOTCA, B TO BpeMd KaK METPUYECKU TE€H30p §j; Ha 3TUX TUIePIIO-
BepXHOCT X, OTHECEHHHIH K CHCTeMe KOOpIMHAT ¥, BoobIIe roBopH,
3aBucuT ot y*. KpoMme roslonoMHBIX KoopauHaT y¥ Ha BCIKON duKCH-
POBAHHOI TUIIEPIIOBEPXHOCTH y* = const BO3HMKAIOT HErOJIOHOMHEIE
koopauHatTst (k). HeficTBuTeNbHO, Tak Kak h,(4) KacaTeJIbHEIN BeK-
TOp K MUpOBOIl nMuHuM, TO Tpuana h,(k) jexur B opTOroHaIBHOR K
Hell runepnoBepxHocTh. [losTomy cuctema terpan (31.5) sBngercs
COILy TCTBYIOIIEN CUCTEMOI 0TCYeTa. JTO MOXKHO IOKa3aTh U MaTe-
MaTHYeCKH, IIepexod OT TajiijleeBa MPeNCTaBIeHNS K TeTPaIHOMY.

V(a) = hy(a)V, = is(cd), V(k)=0, V(4) =i,  (3L9)

4TO U HOKa3hlBaeT yTBepXKIeHUe.

IIpu n3MeHeHNN mapaMeTpa y* TpUaIE! h,(k), cBa3aHHEIE C MUpO-
BEIMU JIMHUSIMU YaCTUIl CPeObl, B 00IIeM ciydae n3MmeHstoTcs. [Ipoc-
TENIINM IIepeHOCOM, yaoBileTBopsiommM (31.5), T.e. ocTaBiIOmIM
h,(4) Bcerma KacaTeJbHBIM K MHPOBOI JIMHHUMU, SBJISETCS IIEPEHOC
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®epmu-Yomkepa (30.75), KoTopHIi B ipocTpancTBe MUHKOBCKOTO 3a-
maeTcs ypaBHEHUSIMU

Shu(@) _ dhyu(a)
5S — dS

= ibh(a) (hu(4)B. — h(4)B,),  (31.10)

rae b, B, Bxomst B ypasHeHus ®pene-Ceppe (30.58-30.62), zanucan-
Hble B mMpocTpaHcTBe MuHkoBckoro. Tak Kak Tpuamabl MePeHOCATCS
no ®epmu, To Kak m3BecTHO U3 [20], UX TOJE SBALETCS TON CUCTEMOM
OTCUYeTa, KOTOpas IO3BOJIZeT 00eCIeunTh MPaBUIbHOE PEJITTUBUCT-
cKoe 0600ITieHre HBIOTOHOBCKOTO TIOHATHUS ~ HEeBPAIIAIOIIeNCs CUCTe-
MBI oTcueTa”’. Ilpy mocTymaTeITbHOM NBUXKEHUU DJIEMEHT CpeIbl He
TTOBOPAYNBAETCSI OTHOCUTEITBHO OCell mepeHocuMBIX 1o Pepmu BmosIh
MUPOBBIX JIMHUMN.

Beakomy BekTopy dy¥, coenmHSIOmEMy Ha HEKOTOpPOI THIIepIIO-
BepXHOCTH y* = const IBe coceqHWe MUpOBEIE JIMHUW, CTABUTCA B
coorBeTcTBUE BeKTOp dx (k) = h,(k)dz,, coenuusdionmit 5T ke Mu-
possre smHun. Koopmuuatsr (o) B orimume oT y*, &, SBISIOTCS
HETOJIOHOMHBIMHU. D TUMU KOOPAUHATAMU MOXKHO TOJIB30BATHCS TOJIb-
KO JIOKAJIbHO (B GECKOHEYHO MAaJION OKPECTHOCTH KaXKIoil Touku). B
OTJIMYNE OT TIPOU3BOJIFHBIX KPUBOJIMHENHBIX KOOPAWHAT Y, HETOJIO-
HOMHBIE KOOPJIMHATHI COXPAHIIOT OOBIYHBIA MeTPUIECKUN CMBICII, B
TO BpeMs KaK NPOM3BOJIbHEIE KPUBOJIMHENHBIE KOOPOWHATH Y¢ ero
TepsaioT. [loaToMy Bce pes3ysibTaThl, MOIyUYeHHBIE B TTPOW3BOJIBHBIX
KOOPIMHATAX, MpeXkae 4YeM CPaBHUBATH C OMBITOM, HEOOXOMUMO BHI-
pasuTh B JIOKAJIHHON (CBS3aHHOW C HaOJIIOJATeNleM) OPTOrOHAJIBHOI
cucTeMe KoopamHaT. Tak Kak JIOKaJbHBIe OPTOTOHAJIbHEIE TIpeobpa-
30BaHUSI CTOJIb BaXHBI, TO €CTECTBEHHO BO3HUKAET BOMPOC, HEJTh3A
JIN UX CHeJIATHh TOJIOHOMHBIMMU !

Y coBUS OPTOTOHAIBHOCTH

h#(a)hﬂ(ﬁ) = 5(045)
I YCJIOBUAS TOJIOHOMHOCTH

Oz(a)
h#(a) = (9 ?
Ly
BEITEKAIOIINE U3 PABEHCTBA HyI0 06bekTa HerosonomHocTn (30.10),
MafoT CUCTeMY HeciaTu nud@epeHnnaTbHBX ypaBHEHUN

Oz (o) Ox(B)
Oz, Oz,
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KOTOPHIM [OJIKHBI YIOBIETBOPATH deThpe dyHKImu (o) = fo(x,).
9lcHo, uTO 5TO B 0OITIEM CiIydae HEBO3MOXKHO.

Ilepeiimem k paccMoTpenuio medopMaluii, KOTOpble BO3HUKAIOT
IIpU OBUXKEHUU Cpenbl mon AelicTBueM cuii. Hamr ”pengTuBucTckuii’
moixo Mo GopMe W COAePKAHUIO TMOUTH ITOJTHOCTHIO SKBUBAJIEHTEH
KJIACCUYECKOMY ITOJIXOMY, Pa3BUBAEMOMY B IIIMPOKO W3BECTHOW MOHO-
rpaduu JI.U. Cenosa [44]. OTsimune Hallero momxomna oT KIIacCuyec-
KOI'O COCTOUT B 3aMeHe HaYaJIbHOTO U aKTYaJIbHOTO COCTOSHUS CPEIbI
Ha HavyaJIbHBIE W aKTyaJbHbIE TUIEPIIOBEPXHOCTHU, OPTOTOHAJIBHEBIE
MUPOBBIM JIMHUAM dYacTull cpenbl. Takum obpaszom, ”pensTuBusM”
MposBIgeTC B 3aMeHe HhIOTOHOBCKOT'O BpeMeHH ¢ Ha mapameTp y*/ic,
HYMepY IO OpTOrOHAIIFHBIE MUPOBBIM JIMHUSIM TUIIEPIIOBEPXHOCT.

PaccmoTpum npousBosisHble nepeMettienus cpenst. llycrs {O, ¢, }
KOOPAMHATH COOBITUN Pa3INYHBIX TOUYEK KOHTUHYyyMa. OTMeTUM de-
THIpe OCHOBHBIE CUCTEMBI KOOPANHAT, KOTOPEIMU 6YIEM TI0JIH30BATE-
cA.

1. Cucrema {O,x1, 22, 3,24} ¢ BeKTOpHBHIM Gasucom h, (30.2),
(30.38), g = b4y s = ict, —dS? = §,,dz,dz, BHbUpaeTca Kax
CHCTEMa OTCUYETa, B KOTOPOU OIPENesIIeTCS epeMeIeHrne Wi IBU-
xenne. (HazoBem ee cucremoit HabmogaTeN).

2. Jlarpamxesa cuctema { M, y*,4*} ¢ BekTopamu 6asuca

or > ory =
8—?/2 = I, 892 = hy, (31.11)

OTBeYalomlas MOJIOKEHUIM ToYeK Cpedbl Ha HEKOTOPOU HavdaJIbHOU
TUIHepIIoBepXHOCTH ¥* = const. B 5Tolf cumcTeMe 06paskl TIOIBUAKHBIX
ToYeK PUKCUPOBAHBI. 4-palyc-BEKTOP 7 COEOUHIET HAYaII0 KOOPIu-
HaT CO ¢ HAaYaJILHBIMU KOOPAWHATAMU TOYEK MBUXKYITENCS CPeIbI.
3. Jlarpanxkesa comyTcTByommas cucteMa {M,y" ¢ BekTOpamu

bas3uca
or 2

oy~
OoTBcYalollad NSMECHEHHBIM ITOJIOKECHNAM TOYECK CPE€Abl Ha paCcCMaTpH-

(31.12)

BaeMoil (aKTyasIbHOI) TUIEPIIOBEPXHOCTH yt.

4. DiiylepoBa COMyTCTBYIOIIAsI CACTEMa, MPEACTAaBIIIONIas cobom
cucteMmy TeTpan h,(«a), mepenocumsix mo Pepmu-Yomnkepy.

Kak m3BeCTHO U3 KIIaCCHYeCKON MEXaHUKU CIUIONIHON cpembl [44],
NP W3YyUYeHUU KOHEUHBIX IlepeMeIleHNil HeoOXOMUMO MOoJIb30BaTh-
Csg caMBIM OOITIMM BUIIOM KPUBOJIMHEWHBIX KoopauHaT. OmHAKO OJIst
MIPOCTOTHI OA3UCHI CUCTEMBI 1 Eﬂ 1 cucTeMbl 4 E(oz) MOXKHO (puKCH-
pOBaTh IO BBIOOPY, B TO BpeMs KakK 6a3UChl JJarpaHkKeBBIX CUCTEM 2
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hi 1 3 hj He MOTYT BEIGUPATHCS IPOM3BOIIBHO, TaK KAK OHU CBA3AHHI
OPYT C OPYyTOM Yepe3 CBOICTBA IepeMEIeHM.

PaccmoTpuM nBe 6ecKoHedHO 6IM3KIe MAPOBEIE JIMHNAN JBUXK yIIe-
rocs KOHTHHYyMa Ha HEKOTOPOM! IPOU3BOJILHON, HO (PMKCHPOBAHHON
runepriopepxnoctu y* = const: M (y!, 3%, v, y*) u M'(y' + dyt, y*> +
dy?, y*+dy®, y*). llycTs Ha HavaBHON rUNepHoOBepXHOCTH §* = const
nosoxkenne Touku M' mo oTHomenmio K Touke M ompemesieHo 6ec-
KOHEYHO MaJIbIM BeKTOpoM d7), a Ha TuIeproBepxHocTH y* (B cmity
HENPEPHIBHOCTHU ) GECKOHEYHO MaJIbiM BeKTopoM dr. U3 onpenenenus

6asucos (31.11) u (31.12) mmeem

7, ; o7 -
Ay = 20 gyb = hpdy®,  di = 8—2@"3 — hdy®. (31.13)
Yy

HJ’IH Ha4daJIBHOT'O 1 I[e(l)OpMI/IpOBELHHOI‘O COCTOJAHMNIA ITOJIyHaEM

di2 = (dFy - diy) = (hy, - ly)dy*dy' = gudy®dy',

> > 9,0
o (B = OOk 4 31.14
gr = (b - hy) Byt Byl Ty = (Y, Y") ( )
di? = (d7 - d7) = (hy, - by)dy*dy' = grudy*dy’,
A roox Oz, 0z, ko4
gkl = (hk . hl) = (9—yk(9—yl’ Ly = w#(y 'Y ) (31-15)
Hedopmalinio ynoOHO onpenesimTh CIeOYIONINM 00pa3oM
di* — dI2 = (Gr — grn)dy"dy' = 2updy*dy’, (31.16)
rmae
1. .
U = §(gkz — Gi)- (31.17)

3mech §j; - MeTPUYeCcKHil TeH30p Ha THUIepIoBepxHocTH y* = const,
g1 - METPUYeCKWiI TeH30p Ha HAaJaJbHON THIePIOBepXHOCTH ¥t =
const. uj; MOXHO paccMaTpPUBATh KaK KOBapWMaHTHEIE KOMIIOHEHTHI
TeH30pa OTHOCHUTEJILHO JIaTPaHKeBHIX IlepeMeHHEIX y* Ha dukcupo-
BaHHBIX aKTYaJIbHOW WM HAYAIILHOU TUIepHoBepXHOCTIX. Kosddu-
IIMEHTHl MATPUIIBI Uy ABIITIOTCS CKAJIIPHBIMUA PYHKIIUIMU OTHOCH-
TesIbHO npeobpasoBannit Jloperna. Tak kak 3akoH nuxkenns (31.6)
M3BECTEH, & JIATPAHXKEBHI TTapaMeTPHI Y - TOJIOHOMHBI, TO Pa3pPeIInB
cuctemy (31.6) oTHOCHTENBHO Y%, MOy UM

y* =y (o). (31.18)
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BocnonszoBapmucsk (31.6) u (31.18), npencrasum TeH30pHI Hedopma-
it (31.17), OTHECEHHBIMU K JIATPAHKEBOW COIY TCTBYIOIIEN CICTEME
KOOPAMHAT 1 K HAaYaJIbHOW T'MIIePIIOBEPXHOCTH COOTBETCTBEHHO

. 1 (9:13“9:1:# .
_ 1/ (%:N@azﬂ
Uy = §<gkz T oyt —8yl> (31.20)

HepeXOIUI oT HanaH}KeBOfI COHYTCTBYIOHIGIZ CHUCTEMEBI K CUCTEME Ha-
6J'IIOI[ELT6.TI§I, IIOJIYUNM IIOCJIE HECJIOZKHBIX BBIYMICJIEHUN

) 1/, . Oy* Oy
Uy = dghl bl = §<gw _ gkla—%a—%>, (31.21)
9 =8+ V.V, (31.22)

Tensop oTHocuTenbHO ry0OasBHEIX npeobpasoBanuil Jlopenuna gy,
COBITAJAET C OMEPATOPOM MPOEKTUPOBAHUS MJITN MTPOEKITNMOHHBIM, BBe-
nenubiM HaMmu patee B (10.67). OnHako B CIily BHIOpaHHON HaMU B
5TOM pa3iesie HOpMUPOBKU 4-CKOPOCTU U BBeIeHHON MeTPUKM, B Qop-
Me 3aliCh UMeIOTCS HENPUHITNNNAJIbHEIE pasznnuns. PaccmoTpuM 6o-
Jiee IOIPOOHO CBOWCTBA TOTO OIEPATOPA.

G Vo =0, 900,000 Tovn_r0n = Tovronn” (31.23)

B mocnenmeM cooTHoIIeHUU II0 WHIOEKCAM 9, ...04,_1 IIPOU3BEIEHO
cymmupoBatue. OQnepaTop MPOeKTUPOBAHUS IIPOEKTUPYET JIFO60M 4-
BeKTOop [}, Ha TUNepIoBepXHOCTD, OPTOrOHAILHY IO MUPOBEIM JIMHUAM.
HenicTBUTEIBLHO

9 ty=FP=F+V.V,F, PV.=FV.-V,F,=0. (31.24)

OT cucTeMbl HaAbIIOOATEIISS MOXKHO MEPEUTU K COMY TCTBYIOIIUM TeT-
pajiaM, T.e. K COIIyTCTBYIOIIEN cucTeMe Jiijiepa

U(aB) = Uwhyu(a)hy (B) (31.25)

I3 cBOICTB MPOEKIIMOHHOI0 OIlePaTOPa U MOCTOIHCTBA JJarpaHKeBhIX
KOOpOMHAT y* BIOJIb KaiKIOM W3 MUPOBBIX JINHAI YaCTUI] CPEbI, T.€.
13 paBeHCTBa,

oy* B dy* B

Vﬂﬁ—w#_ ds ="
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cienyer, ato Tensop U, oproroHasen 4-ckopoctu V,. Orciona B cu-
iy cumMmerpuu U, WMeeT JINIIE IIeCTh HE3aBUCHMEIX KOMIIOHEHT.
Tak ke 1IecTh HE3aBUCUMBIX KOMIIOHEHT MMEET TE€H30D B JIOKAIBHBIX
rerpanax U(af), nockonsky ih,(4) = V.
k l
U(ak) = U(44) =0, U(ab) = +(8(ab) — ). (31.26)
2 Oz (a) Ox(b)
Tensop U(ab) B jOKaIBHBIX TeTpanax SBIISETCI AHAJIOTOM TEH30pA
AnbMaHCH IS KOHEUHBIX HedopMaluil B HEpPeJISTUBUCTCKOM IIPU-
6mxennn [129]. lllects HezaBucumbx KommoHeHT U(ab) mpencras-
JAIOT cOoBOIl CKajsIpHbIE (QYHKIMKA OTHOCUTENIHO MPeobpasoBaHMIl
Jlopenma. Temsop Ampmancu U, OTHOCHTEIBHO JIODEHIEBHIX Mpe-
o6pa3oBaHUil, OTHECEHHBIN K MPOCTPAHCTBY MUHKOBCKOTO, SIBIISETCS
PESIATUBUCTCKUM OGOBIIEHNEM €ro KIIaCCHYeCcKoro Bhipaxkenus. OH
COINEPKUT NECATH OTIINYHBIX OT HYJIsi KOMIOHEHT, U3 KOTOPHIX IIECTh
HE3aBUCUMBIX.
Hapsny ¢ TeHsopom AsibMaHCH, BBeleM B PacCMOTPEHME TEH30D

Ko, KoTopblil B JIOKAJIBHBIX TETPAAaX NUMEET BILI

) 3yk (9yl
b) = (6(ab) — 2U(ab)) = gu=—— : 1.2
C(ab) = (8(ab) = 2U(ab)) = Juz_c 5o (31.27)
Ilepexons x pocTpaHCTBY MUHKOBCKOTO, MOJTYYNM
. Oyt oy,
C, = hu(a)h,(b) C(ab) = 9 g By~ I 2U - (31.28)

Tensop Komn B s1arpaHkeBoil COIy TCTBYIOIIEN CHCTEME KOOPAMHAT
MOXKHO ToTyunTh u3 (31.28), ucnomnssys napamerpst Jlame (30.39)
A Oz, Oz,

I3 opToronansraocTu Tenszopa Ko (31.28) 4-ckopoctu V), cnenyer,
YTO OH TaK XKe MMeeT MIeCTh He3aBUCUMBIX KOMIIOHEHT.

AnasormusabiM ob6pasom, ucmoib3ys (31.20), mosyunm BeIpaxe-
HUS [JId Pa3jIUHBIX TEeH30poB HedopMalinii, 3aJaHHBIX Ha HEKOTO-
poll Ha4gaJIBHON THIIEePIOBepXHOCTH §)* = const. A MMeHHO, ecyi OT
JlarpaHXkeBOU HavaJIbHON COITy TCTBYIOMIEN CUCTeMHBI MepeijieM K Ha-
YaJIbHOUN cucTeMe HabIioaTesd, TO MOJIY UM

. o 1/.,  Oyk Byl
Uy = g hL, = —§<g/w _ gkla%a—g>, (31.30)
I v
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0* _ * * “ hd
rue g,, = 0 + V,,V, - IPOEKIMOHHEI ollepaTop Ha HAaYaJIbHOM T'H-
neproBepxHocTr. OT HaYaJIbHOU CUCTEMBI HAOITIOTaTeN I IepeiieM K
HAYaJIbHBIM COMYyTCTBYIOIINM TeTpajiaM , T.e. K HaUaJbHON COMyT-
CTBYIOITIEN cUCTeMe DMIIepa.

U(O‘B) = Uwh#(o‘)hv(ﬁ) (31.31)
[(4k) = U(44) = 0, Ufab) = —%(5((119) — bu 8‘33??&) 8?:%19))'
(31.32)

Hapsany ¢ Tenzopom U (ab) BBemeM B paccmoTpenme TeH30p Komm

C(ab), onpenensgeMbIil KakK

. . 8yk 8yl
b) = (6(ab) + 2 b)) =g . 1.
C(ab) = (3(ab) + 20 (@) = duzz s 525 (31.33)
[Tepexons k mpocTpancTBY MUHKOBCKOTO, TTOJTYyIUM
. . . . Oyt By
Cow = hu(@)y (5) € (0) = g5 (31.34)

Tenzop Komm B HagaspbHON JIarpaHKeBOW COMYTCTBYIOMIEN CUCTEME
KOOpIVHAT UMeeT BUI

Conn = Pynhim Coy = Gomm = 20mn + G- (31.35)

Tenzopsr, KoTOphIe 0OpaTHHI TeH30paM Kollm, HOCIT Ha3BaHWe TeH-
sopoB nepopmanuit Punrepa [129]. Tenszopsr Punrepa B JIOKATBLHBIX
TeTpalaX Ha HadaJIbHOU M aKTYyaJIbHOU T'AIEPIIOBEPXHOCTAX olpele-
JIAI0TCA U3 yCJIOBUU

C(ab)B(bn) = 6(an), C(ab)B(bn) = d(an). (31.36)

B uacTHOCTH, Tensop PuHrepa Ha aKTyaJbHOU TUIEPIOBEPXHOCTH
UMeeT BUI

_ .w0xz(a) 0x(b)

—9 Ayt Oyl

_ .0z, 0z,
— 7 oyt oy

PaccMoTpum BhIpakeHUs mjis TeH30pOB MedOpMAIINl depe3 KOMIIO-

B(ab) (31.37)

By, = h(a)h,(b)B(ab) (31.38)

HEHTHI 4-BeKTOopa nepeMelieHnil. E.cim MeTpUKy HAYaJTbHOTO 1 aKTY-
aJIbHOTO COCTOSHUSA €BKJIUIOBHI, TO MOXKHO BBeCTHU 4-BeKTOp IepeMe-
IIIeHUS U, OIpeNeIIseMBIll KakK

i=7—F, (31.39)
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rae 7y U T - YeTHIpeXMEPHbIE PaINyCHl BEKTOPHI B IIPOCTPAHCTBE
MUHKOBCKOTO Ha HadaJbHON 7% M akTyamsHOH y* rumepnoBepxHOC-
Tsx cooTBeTcTBeHHO. (”EcTecTBeHHOE” TpeboBaHME €BKIIMIOBOCTH
HAYaJIPHBIX M aKTYaJIbHBIX METPUK Ha HAII B3TJIAA SBJITETCI OUYEHbB
CIIOPHBIM. Kciii M0 BKJIIOUEHHS CHUIIOBOTO IIOJIS Cpela TMOKOWJIach B
npocTpaHcTBe MUHKOBCKOTO, TO MOCIIe BKJIIOUEHNS CAIIOBOTO OIS (C
HAIlell TOYKY 3PEHHS) IPOCTPAHCTBO-BPEMS IEPECTAIIO OBITH IIOC-
kuM. B miockom nmpocTpancTBe MUHKOBCKOTO, KaK MBI HEOTHOKPATHO
TOTUEPKUBAJIA, B IIPUHITAIIE HEBO3MOXKHO TBEPIOTEIbHOE MBUKEHUE
B OHOPOMHBIX CUJIOBBIX ToJigsx. OmMHAKO B DTOU riaBe MBI paboTaem
B pamkax CTO, ocTaBiigs MoOepHU3AINO PEIITUBACTCKON TEOPUN
YIPYTOCTH [0 JIyYIINX BPEMEH. )

Muddepenrmpys (31.39) mo y*, memomssys (31.11), (31.12), To-
STy IuM

ou = e
— hy, — hy,. 31.40
Byt K ( )
PacknanriBag BekTop u o 6asucy h,, nMeem
on =~ 9wt ok
I _p 2 el
Ayk " Oyt T Ayk
ou’ 2 . -
YV am o
<8y + T, ho = Viiih. (31.41)

[Ipu BEIBOmE TIOCHEenHel dopMyItsl ucnosib3oBain (30.45). @kﬁ" - KO-
BapUaHTHas [POM3BOAHAs 10 MeTpuke (. W3 (31.40), (31.41)
(31.17) umeem

1 )
§(ka — gu) =

Upp =
1.z ~ ~ AO_Z’ g Ag:’
= Sl by — (b = ViilThy) - (b — Viithe)] =

1 . . . .

= §[kabl + Vuy, — vkagvlfbg]. (31.42)

PackiageiBas BekTOp U 110 6a3mucy i’LN, nostyunM anasiornasoe (31.42)
BEIpaKeHUe

U] = i[vkul + Viyuy, + Vkugvlue]. (3143)

[IpencTaBsiseT mHTEepec pacCMOTpPeTh BHIpaXkKeHUWe OJIT TeH30pa
nmedopMaIuii uy;, OTHECEHHOTO K MPOCTPAHCTBY MUHKOBCKOTO.

19y* By <aﬁr diz  Od a@z).

25z, Bz, hy + (31.44)

U, = bR uy = j, _ oY
p 't Ukl Oyt ! Oyl k Ayt Oyl
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HJ’IH I[a.]'IBHefIIHel"o BBIYUCJICHUA BOCIIOJIB3yCMCA IIpelBapUTCJIBHBIMUI
COOTHOIIIEHN AMU

(9yk (9yl (97:[;; . 8yk 8yl Oz Ou, _
Oz, Oz, Oy* L Ow,, Ow, Oy* Oy

ou, Ou, Oy* Oz, Oy*
B <(9a:,i Oy 333,)( oy (9:13,,>° (31.45)

PaccMmoTpuM paBeHCTBO

Ox. Oy”

a_ = 561/7

Oy Oz,

yMHOXKas 0ob6e 4acTH KOTOporo Ha V, uMeeM
dx. Oy*
ea—jfyaz =V, (31.46)

Tax xax V, opToronasen rumeproBepxHocTu y*, a Oz, /Oy* xacaTeren
K Hell, TO MMeeT MeCTO yCJIOBe OPTOrOHAJIBHOCTH

Ox,
V. = 0. 31.47
By (31.47)
Otkyna (31.46) npumeT BUA
Oz, Oy*
r——— = V. 31.47
Oyt oz, ( )
N3 (31.7) u (31.8) umeem
Oy*
= —0V,. 1.4
. Vi (31.48)

Tak xak B KadecTBe HAYaJIBHOTO COCTOSHUS BHIOpaHa HemedopMu-
poBaHHas cpefa, oToOpaxaeMas TOYKaMU HEKOTOPOU HaYaJIbHOU T'U-
neprioBepxHOCTH 3* = const, To

Ueg = we(ykv y4) - dje?(yk) y4)7 (3149)
Ou, Ox,
= — 1.
e =, (31.50)
ou Ou Oy* Oyt Ou, Ou,
oyt dy* Oz, Oz, <(9:13N i Vevﬂ> <8—:1:,, + V5V,,> (31.51)
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B pesynsTaTe Haxomum

ou,
oz,

ou, « ou, - <8u6

UW:2[(9 9t + 5 9 (5 +VY) (5 + V)] (3L52)

HepeXOI[ K COIMyTCTBYKOIIIM TE€TpadaM OacT

U(aB) = hy(@)hy(B)Uy, Ulad) = U(44) = 0,

*Du(a)  *Du(b) *Duf(e) *Du(s)]
92(b) | Ba(a)  0a(b) da(b)
rae *Du(b) - abcomoTHbi nuddepennmain (30.14), *D/0z(a) - mpo-

U(ab) = %[ (31.53)

u3BomHas 1o Hampasieruo (30.17). Tensop U(ab) ecTs TeHzop Aub-
MaHCU B JIOKAJIbHEIX TeTpalaX, BHIPAXKEHHBEII B KOMIIOHEHTAaX BEK-
Topa nepeMerennsd. [llecTh He3aBUCMMBIX KOMIIOHEHT 3TOTO TEH30Pa
eCcTh CKaJIIpHBIe GYHKIIMI OTHOCUTENIHLHO Npeobpasoanuil JlopeHnma.
13 opToroHaJbHOCTHU TeH30pa AJibMaHCH 4-CKOPOCTH CJIELYET, U4TO

Up

Upsa = 1—
C

Vg Up

Uw, Uy = —7(]&5, (31.54)

rae mjid V), ucnosbsyeTcd obblyHag (hopMa 3aIlucy

Uy B 1
cy/1 —v2/c?’ Va= J1—02/c?

[Tepexon ¥ HepengaTuBUCcTCKOMY Tipeneny V, — 0, V4, — ¢ maet

V, =

Up == — ,
7o Oxy + Oz, Ox, 0w

1r0u, Oup, Ouy duy
[ |, Uu=Uu=0. (31.55)
3necw U, - Kimaccudeckuit TeH30p AedopMariuii AibMaHCH, BRIPaXKeH-
HBIN Yepes MIPOM3BOMHEIE OT BeKTopa MeopMalllid U, .
AH&J’IOFI/I‘-IHBIM CHOCO6OM, KakK 1 BBIIIE€, OT TEH3O0pa Ug; MOXHO
HepeﬁTI/I K HaYaJhLHOU CUCTEME Ha6J'IIOI[ELTeJ'DI, qToO OaeT

ou,

1r0ue .,  Oue ., N <(9u5 Oue
oz,

Uy = —[8—%% g bt (g VY ) (5e +VeV)]. (31.56)

2
OT HayaJILHON CUCTEMEI HEL6.TIIOI[ELT6.TI}I HepefmeM K HadaJIBHBIM CO-
IIyTCTBYIOIIINM TE€TpalaM

U(ap) = hu(@)hy (B)Up, Ulad)
*Du(a)  *Du(b) *Du(e)*Du(e)
[8:1:(19) T D) T Ba(b) 0a(b) |

= U(44) = 0,

U(ab)

(31.57)

291



a 3aT€eM K HEPEJIATUBUCTCKOMY IIpeaeJry

. 170u, Oup  Oug Ouy . .
Uy = = [Tda & WOUE] = Uy = 0. 31.58
v =310z, T o5, T 9z, 0a 4= U (31.58)

32. I'eomeTpuueckuili CMbICJI TEH30POB nedopMaliui

BericHUM reomMeTpudecKuil CMBICI KOMIIOHEHT TeH30pa nedopMa-
tuii. Harte paccMoTpeHme cpeibl Ha TUIEPIOBEPXHOCTSIX, KOTOPHIE
OPTOTOHAJIBHBI MUPOBBIM JIMHUSM YacTHUIl, OZOGHO KIIACCHUECKOMY
PACCMOTPEHNMIO B MTCHOBEHHBIX COCTOSHMAX. TeH30pBl medopMaruii
B 5TOM CJIyyae COBIANAIOT MO HOpMe C AHAJIOTMYHBIMU TEH30PAMU
KJIACCUYECKOIN MEXaHUKM CIUIOIIHON cpeabl. [losToMy s BEISCHEHUS
reOMETPUYECKOTO U MEXaHWYECKOTO CMBICIIA TEH30pOB fedopMaliuii
6ynem cienoBaTb Meromam JI.U. Cemosa [44] u B. Ilparepa [129].
Paccmorpum komnonenTsI ug; u3 (31.17)

Gr = Ry, - by = ||| costhuy,  Gr = Py - by = |[hw||u| cos g, (32.1)

— —

rie Yy - YOJIbI MeX Oy BeKTopaMu hy u hy, Yy - yOJIBI MeXay hy 1 h;.
Haiimem oTHolreHuE

| _ Jhaldy® _ |di] _ dly
bl [Fu|dy® |dror|  dlor,

= Ly +1, (32.2)

rae dlj, u dly; - BIeMeHTH OYT KOOpIWHATHEIX JmHM y¥, a cymmupo-
BaHMeE M0 k OTCYTCTBYET. L}, - K05 PUITMEHTHI O THOCUTENIHHBIX Y IJI-
HeHUiT B HaITpaBJeHnsX 4", onpemesiseMble COOTHOIICHNIMN

dly — dly

L= 32.3
YT dig, (32.3)

ns IIpone/iaHHbIX BBIKJIQOOK CJIeAyeT, 4YTO TEH30p U IIpeacrTaBuUM B
Buae

Qup = [(1 + Li)(1 4 Ly) cos P — cos ]| [Pl (32.4)
EC.HI/I MHIOEKCHI y Ukl OI[I/IHELKOBBI, TO

2ug = [(14 L) — 1]gs. (32.5)
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(32.6)

Ecim mone 4-ckopoctn VN Ha HaJaJIbHON T'HIIePIOBEPXHOCTH ¥ Imo-
CTOSHHO, TO CONMYTCTBYIOIIYIO CHUCTEMY B HAYaJIILHOM COCTOSHUU
MOXKHO B3STH IeKapTOBOil, T.e. g = Op. (Kak Gymer nokasaHo masee,
IIPY HEOTHOPOTHOM TT0JIe HaYaJIbHEIX CKOPOCTeN HavaJIbHasI TPexXMep-
Has TUMEePIIOBEPXHOCTD O6yneT pumaHoBa naxe B CTO, u HayabHBIE
IeKapTOBHI KOOPANHATEL MOXKHO BBOIUTH JINIIE JIOKaJIbHO.) Ecmn me-
¢dopmanuu Masiel, To, packiansiBas (32.6) B pam, nuMmeem

T.e. KOBapUaHTHBIe KOMIIOHEHTHI TeH30pa JedopMalil C OTNMHAKOBHI-
MU UHOeKCaMU B ciiydyae 6eCKOHEeUHO MaJIbIX HedopMalinii cCoBNagaioT
¢ Koa(pPuumeHTaM OTHOCUTEJILHBIX YIJIMHEHUN BOOJIb NeKapPTOBBIX
oceil KOOpAMHAT Ha HadaJIbHON THIepHoBepxHocTHu 3* = const. Pac-
cMoTpuM uy; nipu k # [. Panu mpocToThl Ha HavaJIbHON TUIIEPIIO-
BEPXHOCTH BbIOepeM B MaHHOU TOUKe TaKyIO CUCTeMy KOOpIWHAT, B

KOTOpOIi /1, B3aNMHO OpTOTOHAJIBHHL, T.e. ¢y = /2. llomaras
. T
¢ij = 5 — Xij»

nostyunm u3 (31.17) u (32.1)

2ukl = |hk||hl| sin Xkl (328)

nJjiamn
2ukl

sin Xkl — —F/F7—-
VvV gkkgll

OTciona BumHO, YTO B OOINEM CiIydae YTJIbI, OBIBIIIE Ha HAaYAJIHLHON

(32.9)

TUIEePIIOBEPXHOCTH MPIMBIME, I0Cje HedOpMallll II€PECTAIT OBITh
NPSAMBIMM, U KOBapUaHTHBIE KOMITIOHEHTH Uy Tpu k # | XapakTepu-
3yIOT W3MeHEHNe MePBOHAYaJIbHO MPIMOro KOOPAMHATHOIO yTJIa.

IIng BEIACHEHNI TeOMEeTPUYECKOr0 CMBICIIA TeH30pa JedOpMallyil
Ansmancu U(ab) B nokanpabIX TeTpanax (31.26) Bocmosbsyemcs co-
OTHOIIIEHIEM

dz(3)6x(5) — gudy®sy' = 2U (jk)dz(j)sz (k). (32.10)

CMBICSI 5TOro COOTHOIIIEHUS COCTOUT B CJIeaAyueM: PaCCMOTpI/IM
;I
PP

XoOodImux N3 TOYKHM BEKTOpPa, YKa3bIBAaOIIINX Ha COCEOHME YaCTHUIIBL.

—
o !
IBUXKeHNe HeKoTopon YacTuiel cpensl P. Ilycts PP u IBa 1C-
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IlycTh Ha HEKOTOPOI aKTyaJIbHOI MUIIepHoBepXHOCTH] y* = const Bek-
H ﬁ
{ { . .
topet PP' u PP" nmerot xommoneHTH d(2) 1 §(i) COOTBETCTBEHHO.

Ha HavaJIbHON THHepIOBepXHOCTH §* = const MX KOMIIOHEHTHI 3ala-
foTcsa B Bume dy’ u §y'. Eciu okpecTHOCTH pacCcMaTpUBaeMOi YacTH-
I[bI He IIpeTepreBaeT gedopMaliun, To Tpeyroiabuuk PP P" umeer na
aKTYyaJIbHOU THUIIEPIIOBEPXHOCTU Ty ke caMyio ¢GopMy, YTO U Ha Ha-
vaspHol. Torma seBas gacTs paBeHcTBa (32.10) obpamaeTcs B HyIIb
npu jgo6oM Beibope yactul, P’ u P" B okpectHOoCcTH yacTuinl P. Ta-
KM 00pa3oM, MpU OTCYTCTBUN NedOopMaInil CMMMEeTPUYHBIA TEH30pD
U(jk) obpartmmaeTrcs B HyIb.

H ﬁ

! !
O6o03HauUNM OJIMHBI MAaTePUAIbHBIX jieMeHTOB PP u PP" Ha ak-
TyaJIbHON TUMepHoBepXHOCTU depe3 dl m dl cOOTBETCTBEHHO, a Ha
HavaJibHOU - dl) u 6l). BBemeM B akTyasIbHOM COCTOSHUM €IUHUYHBIE

ool

—
. . ! !

BekTOpHL (7)) u v(¢) Boons PP’ u PP" cooTBeTCTBEHHO, TaK YTOGHI

BEIIIOJIHAJINCE PaBEHCTBA.

dz(i) = n(i)dl, &z(i) = v(i)dl. (32.11)
N3 (32.10) u (32.11) mocste cokparnenus Ha dl§l nmeem
cosf — %% cosf = 2U (i)n(i)v(j). (32.12)

Ecnu, B wactHocTH, yacTtuna P’ cosmamaer ¢ P', To mociennee co-
OTHOIIIeHNe IIPUMeT BU/

1- (%)2 = 20 (i)n(3)n(4). (32.13)
Otnorienne dl/dly HazoBeM KO>(PPUIIMEHTOM IMHBEI U 06O3HAUNM
Kak
L 1, (32.14)
dly

rae L - kosdduiimeHT oTHOCUTENBHOTO yanuHeHns. U3 (32.13) maxo-
TAM

1
VI =20()n(i)n(G)

JIuHeitHbIe 3JIEMEHTHI, KOTOPBle Ha aKTYaJbHOU THUIEPIIOBEPXHOCTH

A ()

(32.14)

COBMANAIOT C TeTPagHBIMU BekTOopamu h(k), UMeIOT cilenyforue Ko-
5P PULIMEeHTH OJIVH:

N1 — 1 . 1 \6) — 1 ,
J1—2U(11) J1—2U(22) J1—2U(33)
(32.15)
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\ \
[A
. { fl
PaccmoTpum nuHeliHbIe syiemeHTHl PP m PP, KoTopble Ha aKTy-
aJTbHOW TUTEPIIOBEPXHOCTHU OPTOTOHAIBHEI APYT OPYTY.

_%% cosf = 2U (i§)n(s)v(j)- (32.16)

Wik — _<g _ 9)

KaK YMEHBIICHUE yI'JIa Ha HEL‘-IEL.TILHOI/I I‘I/IHepHOBerHOCTI/I MEXOy OBY-

Beens

y 7
Ms JIUHeWHBIME SjeMeHTamMu PP u PP, koTopble Ha aKTyaJibHOU
TUTIEPTIOBEPXHOCTU OPTOTOHAJIFHEI APYT IPYTY, Oy UM

w* = arcsin 2AVAPT (k) n(5)v(k)). (32.17)

B wacTHOCTH, eciin HanpaBJieHNe JIMHEMHEBIX 3JIeMEeHTOB Ha aKTyallb-

HOII TUIIEPIIOBEPXHOCTH COBIIaJaeT C HallpaBJIeHNEeM TeTPaTHEIX BEeK-
- -

TopoB h(1), h(2), To yMeHBIIIeHNE YTila ONPENEIIIeTCS PABEHCTBOM

w? = arcsin(2AV AP U (12)). (32.18)

HpI/I OeCKOHEUHO MaJIOM I[e(l)OpMI/IpOBELHI/II/I N3 HaYaJIBHOT'O COCTOAHUA
nmMeeM

AW =14 2U(nn), Wl =20(12). (32.19)

rie CyMMMPOBAHUE II0 1. OTCYyTCTBYET.
IIng BEIACHEHNI TeOMEeTPUYECKOr0 CMBICIIA TeH30pa JedOpMallyil
U(ab) BoCIomp3yeMcs COOTHOIIEHIEM

gudy*sy' — dio(i)6&(j) = 2U(jk)da(5)&(k), (32.20)

, ,
roe §dy*dy' - ckamapHoe mpousBemeHMe BEKTOPOB PP u PP" ua
HEKOTOpOll aKTyasibHOl TurneprnoBepxHocTu y* = const, a di(i)dz(4)
CKaJIApHOe MpOM3BeleHle 5TUX BEKTOPOB Ha HAYaJIbHON TUIEPIIO-
BepxHOCTH j* = const B comyTcTBYIoIIel cucTeMe Diiyiepa.

PP" na

—

!
O6o3HaunM NJIMHBI MaTepPUAJbHBEIX 3JieMeHTOB PP nu
HAYaJIFHOW TUIEPIIOBEPXHOCTHU 4Yepes dl u 6l cooTBETCTBEHHO, a Ha

aKTyaHBHOﬁ - dl u él. BBeI[eM B Ha4YaJIbHOM COCTOAHUN €¢OMHNYHDBIC

ool

—
. . ! !
BekTOpHL (1) u U(7) Boons PP’ u PP" cooTBeTCTBEHHO, TaK YTOOHI
BEIIIOJIHAJINCE PaBEHCTBA.

di(i) = n(i)di, 6&(i)=v(i)6l, di=di,. (32.21)
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N3 (32.20) u (32.21) nocse coxpartenus Ha dljdl) mMeeM

dl 6l . .
———cosf — cosf = 2U (ij)n(i)v(j)- (32.22)
dly 61

Eciu, B wactHOoCTHU, yactuna P copnamaer ¢ P', To mocientee co-
OTHOIIIeHNe IIPUMeT BU/

<%>2 = 14 20U (ij)n(i)n(5). (32.23)

s ko3P PuIimeHTOB NINMHBI A" Haxomum

A = \/1 + 20U (i)n(i)n(j). (32.24)
—
[TepBoHAYAILHO IIPSIMOI YTOJI MeXK Ty JINHEHHBIME 3eMeHTamMu PP’ u

]ﬁ

! o
P", xoTophie Ha HAYAJTHHON TUIIEPTIOBEPXHOCTN OBLIN OPTOTOHAIB-
— —

HBL IPYT OPYLy U coBlanmaiu ¢ Hanpasienusmu h(1l) u h(2), ymens-
IINTCA Ha BEJIMUMHY

o, (12)

= arcsin<2.U(12)>

%0 (32.25)

Takum obpazom, U (jk) B JOKaJIBHEIX TeTpagaX B TOYHOCTH COB-
majaeT ¢ TeH3opoM Aedopmalnmii ['prHA B KIaCCHMYIECKON MeXaHUWKe
CTJIOIITHOW Cpedbl, BBOIMMOM B NeKapTOBHIX KoopAmHaTax. Tak Kak
BCe TEH30pPHI B JIOKAJBHBIX TeTpallaX CoBIlagalT mo gopMe C aHAJIO-
TUYHBIMU TeH30paMM B KJIaCCUUECKOU MeXaHUKe CIJIOIIHBIX Cpell, TO
OHU UMEIOT TOT XK€ CaMbI TeOMeTPUYeCKNN U MeXaHN4YeCKUI CMBICII,
YTO M TpU KJjlaccumdeckoMm paccMmoTpenuu. [losTomy MBI orpanmyn-
JINCH JIUIIIb KPATKUM pPacCMOTPEHNEeM MeoMeTPUYECKNX CBONCTB Pa3-
JINYHBIX TeH30pOB medopmalimii. OTMETUM, YTO TIPU OTCYTCTBUM Je-
dbopMmariuii B cpefie TeH30pbl AnbMancu u ['puHa obpalialoTcs B HYJIb,
B TOo BpeMs Kak TeH3ophl Ko n dunrepa mmeioT B

C(ab) = B(ab) = C(ab) = B(ab) = §(ab), (32.26)
KOTOpBIfI B IIPOCTPAaHCTBE MuwunKOBCKOrO CBOOUTCA K BBIPpAaZKCHUAM

Cuw=Buw =g, Cuw=DBu=4g, (32.27)

Takum obpazom, mpu oTcyTcTBUU Hedopmalnmii TeH3opsl Kommu n
®dunrepa B npocTpancTBe MUHKOBCKOTO COBIAAIOT C ONEPATOPaMU
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MIPOeKTUPOBaHUA, 3aJal0IINMI IIPOCTPAHCTBEHHYIO MeTPUKY Ha Op-
TOTOHAJIBHBIX MUPOBBIM JIMHUSIM YacTUI] CPelbl TUIIePIOBEPXHOCTIAX
— aKTyaJIbHOU U Ha4YaJIbHOU COOTBETCTBEHHO.

33. 'eomeTpusa OpTOroHaAJILHBIX MUPOBBLIM JIMHUIM
TUIEPIIOBEPXHOCTEN I YPABHEHUA COBMECTHOCTH
nedopManum

KomrmonenTsl TeH30pa nedopManuii B obIIeM ciiydae OMpemests-
10TCA B corstacuu ¢ cooTHorreHneM (31.17). C onpyroit cTOpoHSI, B IIpo-
cTpaHcTBe MUHKOBCKOTO HIECTH HE3ABUCUMBIX KOMIIOHEHT Ujj OIPE-
IEJISIIOTCS. Yepe3 MPOU3BOIHbIE TOJIBKO YeTHIpeX QYHKIUil 4-BEKTOpa
mepeMeIieHns u,. 1105ToMy uj; HONKHBI yIOB/IETBOPATH ONpeeseH-
HBIM yPaBHEHUIM, KOTOPhIE HA3hIBAIOTCS YPABHEHUIME COBMECTHOC-
T feopMalnil U SBISIOTCS YCIOBAIMU nHTerpupyemoctu. Crienys
paboram [25], [130], ocTaHOBUMCS Ha OCHOBHBIX COOTHOIIEHUAX TE€O-
PUU CUMEPIIOBEPXHOCTEN B IPUMEHEHNN K CIUIOIIHBIM CpeljaM, CUnTast
0 ONPEMEJIEHNIO, UTO BMEIIAMIIee IPOCTPAHCTBO-BPEMS SBIISETCS
MPOCTPAHCTBOM MUHKOBCKOTO, T.€. IMEET MECTO TOXKAECTBO

R/w,ea = 07 (331)

roe R, .- - Tenzop xpuBusHb Pumana-Kpucrodderns.
Y paBHEHUS KOHTPYEHITA MUPOBHIX JIMHU YaCTHUI] CTIJTOTITHON Cpe-
IBI [IJI TOJIOHOMHBIX JIAIPAHXKEeBBIX KOOPAWHAT TPUHUMAIOT BUI

2y = 2,(u"). (31.6)

IIpu pUKCHpPOBAHHOM 3HAUEHUN y* 5TU ypaBHEHNS PeNCTABIIIIOT CO-
6ol ypaBHEHUS TUTIEPTIOBEPXHOCTH * V3, OpTOTOHAITLHON MUPOBHIM JTH-
HuaM. MeTpudeckuii TeH3op Ha *V3 uMeeT BUA

~ p
gkt = : (33.2)
Y
B xaxmon Touke M wHa *V3 cTpomM perep, COCTOAINIUN U3 YeTHIPEX
BekTOpoB (30.39)
0 0
B = 2V, = 0
Ay Ay

Penep (33.3) HoCHT Ha3BaHUEe COMPOBOXKAAIOINIETO Pellepa THUIEPIIO-

(33.3)

BEPXHOCTH [25], I KOTOPOro MMEIOT MeCTO CIIEMYIOIINe JIePUBAIIU-
OHHBIe (POPMYJIBI, BhIpaKarolliue abCOTIOTHRIE TPOU3BONHEIE OT CMe-
ITaHHBIX TeH30POB N, V), depe3 caMu 5TU TeH30DHI, & MMEHHO:

Viha =buV,, ViV, =bLhy, (33.4)
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rae *Vj abcomroTHad Tpon3BomHas Ha * V3, Ko5dPUIMEeHTH CBI3HOCTHI
*I'y BRIamcngioTca Ha * Vs, mcxons n3 MeTpudecKoro TeHszopa gy;. Ecim
BMeIIaloIlee MPOCTPAHCTBO PUMAHOBO, TO

* e 85# v+
Vil = 3—%4‘}&21151/51 — "Théh- (33.5)
Hng Hamero ciayuas hj, = hg, I'¥, = 0, Tak Kax Bo BMeHIaroIIeM

€BKJINOBOM TIPOCTPAHCTBE BHIOPAHBI NeKAPTOBHI KoopamHaThI. [los-
TOMY

Ohyu
Ayk

Bomnee Toro, mns moboro TeH30pa, OTHECEHHOTO K MPOCTPAHCTBY

“Vihu = — T hym. (33.6)

MI/IHKOBCKOI‘O, nmMeeT MECTO COOTHOIIIEeHNEe

* e 8Tﬂ1---ﬂn
VT, = oy (33.7)
B ¢opmyne (33.4) Tensop by = by, Ha3BIBaeTCS BTOPHIM OCHOBHBIM

TeH30pOM rurnepnoBepxHocTn *Vj (cumrast, 4TO MmepBHIN TEH30P - MET-
PUYECKUI TEH30D (i), & OTBEYAIOIIYIO €My MHBAPUAHTHYIO KBaapa-
TAYHYIO dopMy

brdy*dy',

Ha3bIBaeM BTOPOU KBanpaTudHou gopmoit Ha *V3. CuMmmeTpus by BbI-
TeKaeT U3 OUYeBUIHOTO COOTHOIIECHUI

“Vihu =* Vih. (33.8)

Ecimn paccMaTpuBaTh mepuBalMOHHEIE (DOPMYJIBI KaK CUCTEMY Iud-
(bepeHIMATLHEIX ypaBHeHul oTHOCHTeNBHO A (y'), V,(y'), cumras
X HENW3BECTHHIMU (YHKIUAMM, TO KaK YCJIOBUS MHTErPUPYEMOCTH
5TOI CHUCTEMEI ITOJIy4YaloTCa yPaBHEHNII

*Rik,lm = —(bitbrm — bribim), (33.9)

“Vibim = Vibim, (33.10)

IIepBBle U3 KOTOPBIX HA3HIBAIOTCI ypaBHeHMsMu l'aycca, a BTOpHIe
- ypaBuerusmu [lerepcona-Komarm [25]. Ypasuenus ["aycca npen-
CTaBJIAIOT CObOIl BeChMa Ba)KHbIEe COOTHOIIIEHNS, CBSI3bIBAIOIIIE TIEP-
BBHIII 1 BTOPOI OCHOBHBIE Te€H30DHI Ha rumeprnoBepxHoctu *Vi. OnHa-
KO TIEpBHIA TeH30p Ha *V3 BXoouT B ypaBHeHuUe ['aycca depes TeH30p
KPUBU3HEI.
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Ncnons3yq nepuBalnoHHbIe (POPMYJIBI M IPUHATYIO HaMU KUHe-
MaTHKY, IOCTapaeMcsa HaliTu 60Jiee IPOCTHIE COOTHOIIEHNS, CBA3bI-
BaloIlyie OCHOBHEIE TE€H30pDHEI.

I3 (33.4) nocie ymMHOXeHUs Ha V), uMeeM

—V,*Vihy = by. (33.11)
ITepecTaBnsgs uamekce k u [, mogydum

bt + by = =V,(*Vihu 4+ *Vih,) = 2by, (33.12)

1 N N
by = —§VN(*V;€IW + *Vlhﬂk). (3313)
Tak kak V), opToroHaseH rumeprnoBepXHOCTH, TO
Vhy = 0. (33.14)

Beps a6comorayio npoussonnyio oT *V(V,h, ), nostyunM ¢ yaeToMm

(33.7)

o oV,
Vi Vi = —hu'y ©- (33.15)
Yunreag (33.13) u (33.15), mosyuum
1 av, ov,
by = §<h/‘l8—yk + hﬂka—yl> (3316)
Yurs (33.14) u (31.7), Haxoqum
1. 0
by = i[ea—ﬁ(hmhﬂk)} (33.16)
Tax xax hyhuw = gu = i, @
d d
0— = — 33.17
8y4 857 ( )
rie s - MHTePBaJI BIOJIb MUPOBOIA JIMHIM, TO OKOHYATEJIEHO NMEEM
190G
by = ———. 33.18
M9 0s ( )

®opmyita (33.18) ycTaHaBIMBaeT NPOCTYIO B3aMMOCBSI3b MEXIY Iep-
BEIM U BTOPHIM OCHOBHBIMU Te€H30paMU Ha aKTYaJIbHON TUTIePIIOBEPX-
HocTu. Y paBHeHus ['aycca (33.9) ¢ ucnonpsoBanuem (33.18) cBomsiTcs
K BUIY

1(3%1 Ogim  0ga 3§km>
4\ 0s Os ds 0Os /)’
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a ypaBHenus lletepcona-Komarmm matoT

2 8§lm 2 8§km
Vi——— ="'V .
" o5 " s

Ouenb mpuMedaTeJIbHBIM IBJISETCS TOT GaKT, YTO ypaBHeHus ['a-

(33.20)

ycca (33.19) npeacTaBasioT coboll CHCTEMY U3 IIECTH He3aBUCHMBIX
nuddepeHITNAITLHBIX YPAaBHEHAN IS ONpelesIeHN S TITeCTU KOMITOHEHT
MeTPUYECKOTO TeH30pa §y;. Bce dopMybl B 5ToM naparpade mosyde-
HBI [IJIS aKTyaJIbHOU TUeprioBepXHOoCcTU. QYeBUIHO, YTO TOYHO TaKue
JKe COOTHOIIEHN T 6y Iy T UMeTh MECTO 1 JJIS HaYaJILHON TUTIePIIOBEPX-
HOCTU C METPUYECKUM TE€H30pOM (. J1sg mx mosrydenHns HeobXoqumo
JINTITL CAeJTaTh 3aMeHy BCeX aKTYaJIbHBIX TEH30pPOB Ha HadaJIbHEIE.
B wactHOCTH, ypaBHeHus ['aycca Ha HaYaJIbHON TUIEPIIOBEPXHOCTH
OynyT uMeTh BUI

- 1 /04y, 84; 83;; 04y
"Ritgm = ——| 1+ —o0 — = —), 33.21
kil 4< 0s 0s 0s 0s > ( )
PaccMmorpum HepengTusucTckoe npubimxkenne. Tak Kax
Ox,
Yy =
TO
Ozs _ Va0
oyt Vioyt
I[TosTomy
~ 833& 8331) Vva‘/b
= er (s . 33.22

[Tpu HepensTuBUCcTCKOM paccmorpenuu V, — 0, Vi — i, ds — cdt,
¢ — 00, 4TO HaeT

Oz, 0z,
" 33.23
gkl dyF Oyl ( )
*Ritam =0, *Ripim = 0. (33.24)

Takum obpaszom, ypaBHenus ['aycca njis akTyaJITbHOTO M HAYAITHHOTO
COCTOSIHUI TIpenCcTaBUMBI B popme (32.24) u ABIAAIOTCS ypaBHEHUIMU
COBMECTHOCTHU HedopMalnil Mpu KIJIaCCUIeCKOM paccMoTpenun. [Ipnm
PENITUBUCTCKOM PACCMOTPEHNN YPABHEHUIMU COBMECTHOCTH fieop-
Marmit sBisioTcs ypasHenus (33.19) u (33.21). Bemurem stu ypas-
HeHUS B pasBepHyToM Bume. IlycTs pemrenmem ypaprenmit (33.21)
ABIAIOTCS PYHKITAN

gi = gru(y*,y). (33.25)
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Torma u3 (31.17) umeem
grt = G+ 2u. (33.26)

JleByto yacTs ypaBuenuit (33.19) mpencTaBuM B CIIeAYIOIIEN N3BECT-
Hoit dopme [25]

A 1/ 0%Gim 02g; 02 Grm 02§
*Rikvlm:_< kg I kglm_ ;gk T igklm>
2\0y*dy*  Oy*Oy Oydyt  Oy'Oy
_I_gpq <*fqlk*fpmi - *fqli*fpmk>7
P = 1[‘9% O9jn 3%]
M2l oyl Bye Oyl

Ecnu 8 (33.27) moacrasuts (33.26), To Tak Kak HadaJbHbE QYHKINN

(33.27)

Jj] M3BECTHHI, TO TIOJIYYUM ypaBHEHUE OTHOCUTEITBHO PYHKITAN Uj.
ITpu sToM KoMmoHEHTHI GP! ompenesIIOTCA KaK 3JIeMeHTHI MATPUITHI,
obpaTHOW MaTpWIle C KOMIIOHEHTaMU (py

~ . —1
|g"|| = ||9pq + 2upq|| . (33°27)

Ecinn Ha HagaJbHOM THMIIEPIOBEPXHOCTH BHIOpPATh §j; = const, To
ypaBaenus (33.19) mpumyT Bun

<82uim . (92uil . 82ukm (92ukl >+
Oykoyt  Oykoy™  Oyidy'  Oyidy™

. Oupy Oug,  Ouyy Oy,
pq L . — _
+9 <quthpmz quszmk> —< 9s Os 9s Os >7
1[3%” Oujy, B (9uaj]
21 9yi Oye  Oynl

B HepensTuBHCTCKOM NpubimKeHnn npasas 9acTh (33.28) obparma-

Gnaj = (3328)

eTCS B HYJIb U TIOJTyYalOTCA N3BECTHBIE KJTACCUUeCKIe YPaBHEHUS COB-
MecTHOCTH [44]. B cinydae 6eckoHeuHO MaJIBIX HedopManiuii, mpeHe6-
peras BeJIMYMHAMU BTOPOTO TOPSIIKAa MAaJIOCTH, TOJydaeM CIIenyTo-
e peJISTUBUCTCKIE YPABHEHUS COBMECTHOCTH

82uim (92uil 82ukm 82ukl . (9ukl (9ulm (9uil (9ukm
<aykayl C Oykay™  Oyidy! ayiaym> _< ds Os  Os Os >

(33.29)
B cayuae GeckoHeuHO Masbx medopmarmii B Tenszope uy (31.42) u
(31.43) MoXHO OTOPOCUTH KBaApaTUUHBIE UJEHBI BTOPOTO IMOPSAKA
MaJIOCTH, UTO HaeT

1 . . 1. A 1 .. . .
ui = 5(gu = gu) = 5[Vt + Vida] = SVt + Vil (33.30)
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B HepensTuBUCTCKOM TpUOJIMXKEHUN YpaBHEHUS COBMECTHOCTH
(33.29) mpuobpeTaoT BUL

<82uim (92uil 82ukm (92ukl > —0 (33 31)

OyFdy'  Ayrdy™  yidyt | Ayidy™

U HOCST HasBaHuWe ypaBHeHuil coBMecTHocTu CeH-Benana [44]. Kaxk
nokasaHo B [44], TeH30p meopMaliuii uy; B MPeACTABICHN KOHEYHBIX
nepeMerrenuii (33.30) o6parmaeT ypaBaenus Cen-BeHaHa B ToXmecT-
Bo. B pengTruBuUCcTCKOM ciiydae, pa3BUBaeMOM HaMU, BMeCTO ypaB-
Heunit Cen-Benana ncnonssyforcs ypasrenns (33.29), koTopsie oT-
amgaroTcs or ypaHenuin (33.31) HeHyseBoil mpaBoil yacThio. Tak
KaK MJIsd ciaydas OeCKOHEYHO MAaJIbIX medopMaluii TeH30pHI medop-
marmit (33.30) BHeIIHe COBMAAAIOT C MX KJIACCHYECKUM AHAJIOTOM,
TO, KaK KaXeTCs Ha TEePBBIN B3TJIAM, MBI MPUILIIN K TTPOTUBOPEUMIO
IIpY PeSISTUBUACTCKOM paccMoTpennu. Bens npu moacrasoske (33.30)
B (33.29) MBI MOSIXKHBI MONyYUTH cileBa 0 B CWIIy CIPaBeIJIMBOCTH
ypaBHenus Cen-Benana, a cipaBa - B O0IlleM CJIydyae BeJIUUYUHY OT-
JINYHY0 OoT HyJIA. OMHAKO 5TO MPOTUBOPEYNE IBIIETCI TOIBLKO KaXKy-
muMcs. Ilesio B ToM, 4TO MpU KITAaCCUIECKOM PACCMOTPEHNN KOBapU-
aHTHbIe Tpon3BoaHble B (33.30) BEIUUCIAIOTCS C TIOMOIIBIO TPEXMep-
HOT'O METPUUECKOTO TEH30PAa M COOTBETCTBYIOMINX TPEXMEPHHBIX CAM-
BosioB Kpuctoddesns B sarpanHkeBoll COMyTCTBYIOIIEN aKTyaJbHON
(nu HaYAJIBHOI) CUCTeMe KOOPAWHAT, B TO BPEMS KakK IIPU PeJITTHU-
BUCTCKOM PaCCMOTPEHNN MMPOCTPAHCTBEHHBIE KOBAPUAHTHBIE TPOM3-
BomHbIe B (33.30) BRIUNCIIAIOTCS C UCMIOIIB30BAHUEM YeTHIPEXMEPHOTO
MeTPUIECKOTO TE€H30Pa §,,. DTO BULHO U3 BhBoma (31.42) u (31.43).
Takum obpazoM, ”peaTUBU3M’ IIPOABIILETCI B ~PacKPBITUN KOBa-
PUAHTHBIX TTPOU3BOIHBIX.

34. Teuszopbl ckopocTell fedpopManuil U UX CBA3b C
TeH3opamMu nedopMaluil 1 TEH30POM KPUBU3HBI

B mpenpinymmeM pasmesie Ipu BEIBOIE TEH30pOB IedOpMAIil MEI
He MHTEPEeCOBAJIMCh UCTOPHUEll BOSHUKHOBEHM AedopMaluili B cpee,
a JIMIIb KOHCTATMPOBaJM (paKT MPUCYTCTBUL WM OTCYyTCTBUSL WX.
Oco6blil MHTEpeC MpencTaBiIdeT OMUCaHKe MPOIecca BO3HUKHOBEHNUS
nedopMalii B cpeme. 3aiiMeMcs IMOCTPOEHNEM KMHEMATUKNA KOHTH-
HyyMa.

N3 coornomennit (31.28), (31.29) u opTOroHaJIBPHOCTH TEH30pA
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nedopmanuin Komm 4-ckopoctu V), ciiemyeT paBeHCTBO

Oz, 8w”dy5dy" _c Oz, Oz,

B 22V R dyt 34.1
8y6 (9y" H 3yk (9yl Yy ay ( )

gkldykdyl = C/U/

Iuddepernupys obe YacTH paBeHCTBa Io y* U cumTasg, 9TO paBeH-
CTBO CIIPABEIVINBO IIPU IIPOM3BONILHBIX dy”, momyunm

(9 < (9:13a (9:13ﬁ> . (9glj

— 1y -] = . 4.2
Ay* h Ayl Jy Ay* (34.2)

Ecnu g, He 3aBucuT otT y*, T.e. HaUaIBHOE COCTOAHME HUKCUPOBAHO,
TO MMeeT MeCTO CJIeNyIoIlee yTBEPKACHNUE:

Ecau akobuan npeobpasosanug det ||, || om xoopdunam z, x

b

KOOpIUHAMAM Y* OMAUYEH OM HYAT, MO NPU PUKCUPOBAHHOM HA-
yaavrom cocmognuu (m.e. npu gy /0yt = 0) pasencmeo (34.2) ox-
6UBALEHTMHO YPAEHEHUIM
(9Caﬁ ov, ov,

Iz p _
C,p+ 5, A = 0. (34.3)

D,y =
5=V Oz, (9:13

Iloka3aTebCTBO:
HupdepentupoBanue (34.2) maet

0 Cyp 0z, O3 0 (0z,\ Ozg Oz, O [Ozg
. « - « - — U. 4.4
oyt oy oy 3yl<3y4>3y7 T Gy By <3y4> 0 (344)
B cmity Toro, uro C,gVs = 0, nmeem
0 0z, 0 (Vo 1 oV,
Corgagays) = Coog(G) = GCong- (349
I[TosTomy
0CapOza Oz 1, OVolzg 1 0z, 0Vp _0 (34.6)

yt 0y By 0 oy ay T " oyl oy

PaccmaTpuBas moste 4-ckopocTell KaK (PYHKITUIO MePeMEHHBIX T, U
MeHAd UHIEeKCH CyMMWUPOBaHU, OJIy4daeM

<980aﬁ C/L (9‘/# C (9V#>(9£13a (9:135 —0 (34.7)

Oy* P oo T Ce OzP/ Oyt OyI

YuuThiBas, 4TO B MepeMeHHBIX Dilepa st joboi dyHkimu ¢ (x,)
CIIpaBelJINBO COOTHOIIIEHNUE

g0 _ (00 0my 00 _ dy
(9y dxy 0yt~ POzs  ds’

303



nmMeeM

833(1 (9:135
o 34.8
g 3yl (9y3 ( )
Tak kKak
Dgo = Dop, DoV =0,
0 (34.8) 5KBUBaJIEHTHO COOTHOIIEHISIM
Duplaclss = 0. (34.9)

Tak xak mo ycnosuio yrBepxaenus det ||, || # 0, To oTciona BrITe-
KaeT

Dos =0, (34.10)

YTO U MOKaskiBaeT yTBepxkaeHue. Vcnombsys (31.28), nocienuee co-
OTHOIIIEHNE TIPEACTABAM B BUJE

UL, | 0V, av,
7o = Vi + Ui + Ui (34.11)
rmae
1,0V, 8V av, OV
aag:§<8wﬁ+awa+a ViVt 5.0 ViVa) (34.12)

1o TepMuHoOJioruu paboThi [20] HOCUT Ha3BaHUe TeH30pa PACIPOCTPa-
HEeHUS HATSIXKEHUN, COBITAIAIONIAM C BBeIeHHEIM HaMU PaHee B IJIaBe
1 TensopoMm ckopocTeit medopmarmit 3,5 (1.3). Hempunrnunuanshoe
ormuune (34.12) ot (1.3) TombKO B BHIGOpPEe CUTHATYDPHI METPUKU U
COOTBETCTBYIOITEN HOPMUPOBKHU 4-CKOPOCTM.

Beipaxenne (34.11) mpencrasisgeT coboil peIITUBUCTCKOE 06-
oOITleHne KITACCUYECKOTO BBIPAXKEHUS JIT MaTePUATbHON CKOPOCTH
N3MeHeHNUSI TeH30pa IedopMmanmiti AnbMaHcH. Tak Kak 0,3 = 0ga,
043V = 0, To cuctema (34.1) comepxuT UMb 6 HE3ABUCUMEIX ypaB-
HeHuii. Ucmonb3ys paBeHCTBO

ov, oV, oV,
9z, U = <% + Vqua—%> Upgs
TIOJTY YUM
av,
. Upp = (Opa + Wpa)Upp, (34.13)
rIe
1,0V, 9oV, 0dV, oV,
o == — oV, — —V, . 4.14
“n 2 <(9a:a Oz, + Ox, WV Ox, Vi VN> (3 )
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Ouo - HOCUT Ha3BaHHe TeH30pa CIMHa CIWiomrHoil cpensr [20]. DroT
TEH30p COBMANaeT C BBEJeHHEIM HAMU paHee B TJIaBe 1 (C TOYHOCTHIO
10 BBIOOpa CUTHATYPHI METPUKH U YCIIOBUS HOPMUPOBKY 4-CKOPOCTN)
C TEH30pOM YTJIOBOI cKopocTu BpaiteHus (1.4). DToT TeH30p aHTH-
CIMMeTpHUeH U OpTOroHaJIeH 4-CKOPOCTH.

IIBuXenne cpebl MOXHO Ha3BaTh IOCTYNATENIbHEIM, €CIIU W, =
0. ITo aHasornm ¢ KTacCMYECKOM MEXaHUKOM CIUIONIHOM cpensl [129]
BBelleM IIOHATHEe CKOPOCTH HedopMaiuii AjlbMaHCH B 0003HAUNM ee
KaK

. _ dUup
= ds
Ucrmonesys (34.13), npencrasum (34.11) B Bume

- wa/iU/iﬁ - wﬁ/iU/ia' (3415)

oU,
O'aﬁ =YV, p

e + (o + Wua)Upg + (0us + wpp)Upo. (34.16)
7

OTkyna mosryyum
Uéﬁ = O'aﬁ — wa/iU/iﬁ — wﬁ/iU/ia' (3417)

Ecau Teso ABNZKeTCA KaK XKECTKO€ B CMBICJIE BOpHEL, T.€. paCCTOAHNA
JIIOOBIMU ABYM:A COCEOAHMMUM MHWPOBBIMNM JIMHUAMHK B ITPOLECCE OIBUXKE-
HIA HE U3MEHACTCA, TO KaK U3BECTHO T,3 = 0. OTKYI[EL cjrenyer

HJ’IH CJIy4dad OTCYTCTBUA Bpall€HUA IIOCJI€OHEE COOTHOIICHUE IIPU
KECTKOM OBUXKECHNN SKBUBAJICHTHO YyCJIOBUIO

. dUsp
BT ds

0. (34.18)

CMBICIT TOCIIETHETO COOTHOIITEHNS CTAHOBUTCS OCOOEHHO SICHBIM, €C-
JIN TlepenucaTh IIOCJIelHee COOTHOIIIeHWEe B 1MoJjle TeTpal, KOTopoe
MpelcTaBysgeT Y HaC 3UJIEPOBY COILyTCTBYIOMIYIO CUCTEMY OTCYeTa.

A mmennO dU,s  dho(a)
T T s hs(b)U (ab)+
—|—ha(a)%s(b)U(ab) + ha(a)hﬁ(b)% 0.
OTkynma uMmeeMm
b ()b (p) o8 = AU ER) o (34.18)

ds ds
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[Ipu BEIBOmEe yumm, uTo Tpuana h,(a) nepenocurcs mo Pepmu, T.e.

%Jga) = Vohe(a)Beb,  Vioho(k) =id6(k4) = 0. (34.19)
Takum obpa3zom, ecyim TeJI0 ABUKETCST KaK XKeCTKoe B cMbIciie bopHa
TeJI0, TO TeH30p HedopMaliuii AJTBMaHCH B COMYTCTBYIOIIUX TeTpPa-
aX OCTaeTCsa MOCTOSHHBIM. B WacTHOCTHU, eciii Ha HEKOTOpPOW Ha-
JaJTLHON TUIEPTIOBEPXHOCTU TeJI0 HAXOMWIIOCh B HeledopMUpOBaH-
HOM COCTOSHUU, TO TIPU XKECTKOM NBUXKEHUN HUKAKUX MedopMaIiiii B
cpelle He BO3BHUKAET.

Ucrmonesys cootHomenue (31.29), HailmeM B3aUMOCBA3b MeEXIY
MaTepUaJIbHON CKOPOCTHIO M3MeHEeHWsS TeH3opa HedopMaluii Uy u
TEH30POM CKOpOCTel nmedopMaIiii, CYUTasd HaJaJIbHOE COCTOSHUE

PUKCUPOBAHHEBIM.
dCon  dGmm  d d .
Is = ds E(hmhﬂm)—2£umn. (34.20)
OTxkyna
d . B 1dg,n 1 dhym dhy, B
dsumn 2 ds 2<h/m ds + ds > = bum (34.21)

rie MbI Bocriodib3oBasuch (33.18). Popmyma (34.21) cBa3siBaeT BTO-
POl OCHOBHOII TEH30p THIIEPIOBEPXHOCTU CO CKOPOCTBIO M3MEHEHMS
TeH30pa He@OopMalnil U,,,. BEIACHIM CBA3b MEXKIY TEH30POM b, 1
G, T.€. CBA3b MEXNY BTOPHIM OCHOBHBEIM TEH30POM THIIEpPIIOBEPX-
HOCTHU 1 TEH30POM CKOpOCTell He(opMalluil B COILyTCTBYIOIIEN Jia-
I'PaHKEBOU CHCTEME.

a-nm - O-aﬁhomhﬁm -

(P, 4

N an h m | 3422
5 (ayhent 50 m ) (34.22)

Ucmonesys (33.16), mosyduaeM OKOHYATENIHHO
&nm = O'aﬁhomhﬁm = bnm (3423)

[HosTomy (34.21) MOXKHO HPEACTABATEH B OKOHUYATEIHFHOM BUJIE

AU B 1dg,n
ds 2 ds

= byun = G- (34.24)

Taxum ob6bpazom, BTOPOW OCHOBHOI TeH30p THUIIEPHOBEPXHOCTU by
TOXIECTBEHEH C TEH30POM CKOpOCTeli medopmariuii ;. Eciau okpecT-
HOCTBH paccMaTpUBaeMOU YaCTHUILEI IBUXKETCSI KaK JKeCTKOe B CMBICJTIe
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Bopua Teno, To 0,3 = 0. llosTtomy d,,/ds = 0. Moxno mokasars u
obpaTHOe yTBEpXKIEHNE, & TMEHHO:

Ecnu ckopocTh usMeHeHUs TeH3opa medbopManuil di,,,/ds = 0,
TO OKPECTHOCTH PACCMaTPUBAEMON YACTUIIBI IBUKETCI KaK JKEeCTKOE
B cMBICiIe bopHa Teso.

HelicTBUTeNBHO, TaK KakK 0,3V3 = 0, To U3 paBeHCTBa HYJIIO BEI-
paXxeHUsI

833(1 (9:135
70 gy gy
BBITEKAET, UTO
833(1 (9:135
7 oy Dy
Tax xak
det 5] 0,

TO 0,3 = 0, YTO U HOKA3EIBAeT yTBePXKAEHUE.
Ucmonezys (34.23), naxonum muis ypasuenuit ['aycca (33.9) coot-
HOIIIEHU S A
*Rik,lm = 01,10im — G510 km.- (3425)

[Iepexom OT COMyTCTBYIOIIEH CUCTEMEI K CICTeMe HabonaTes (T.e.
K TipocTpaHcTBY MUHKOBCKOTO) maeT
* _ i1kl 1m
Ryro = le imhyhyhe by = 003045 — 044000 (34.26)
IIpn xecTkoM OBUXKeHUN 0, = 0 U FUMEPIOBEPXHOCTH, OPTOIOHAIb-
Hasg MUPOBLIM JIMHUAM, CTAHOBUATCS IJIOCKOIA.
YUTo6B MOJIyYUTEH YCJIOBUS WHTETPUPYEMOCTU MOJif KOMIIOHEHT

TeH30pa CKopocTeu nedopMalmii, nponuddepeHIIpyeM ypaBHEHUI

Taycca (34.25) no y*, ucnonnbsys (33.27) u (34.24) u (34.25)

1(82Tim Ty T N T >
Oykoyt  Oykoy™  Oyidy'  Oyidy™

+(9iy4 [gm <*fq1k*fpmi - *fqli*fpmk>] ; <O'kla'zm - Uzlakm> (34.27)
3necs A
Ty = 200 (34.28)

Eciun ypapuenus (34.27) sgBASIOTCS OeACTBUTEIBHO ypPaBHEHUIMU
COBMECTHOCTHU IJId TeH30pa CKopocTel medopmaliuii, TO obIInuM WH-
TerpajlaMi >TUX YpPaBHEHUN MOJIAKHBI OBLITH KOMIIOHEHTHI TeH30pa
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(34.22). HokaxeMm, uyTo BhIpaxeHus (34.22) obpamaioT B TOXKIECT-
Bo (34.27). W3 opToronansuoctu V,h, = 0 BeITekaeT

1 Ohy; Oham, oz, 0%z,
Aim = —— a ~ a " — —9 o oA 29 42
o 2 <V Ay™ +V Ay’ > Ayt Jymoy’ (34.29)
Oz, Oz,
T, = — ) 4.
By 9y 0y (3 30)
9T, B _< Az, Az, N Az, Az, N
3yk 3yl o 3y43yk3yl 3yi3ym 3yi3yk3ym (9y4(9yl
Pz, Az, Az, Ox,,
. . 4.31
+8y’3yl(9ym Aytoyk + Ay OymOykHy! 3y4>’ (34.31)
A*T; ATy _ < APz, A%z, APz, A%z, >_|_
Oykdyl  Oykoy™ — \Oytdy*Oy™ Oyidy!  Oy*dy* Oyl Oyidoy™
Pz, A%z, Pz, A%z,
. — . 4.32
+<8y’3yk3yl Oy*oy™  Oy'Oy*oy™ 3y43yl>’ (3432
ATy 2Ty, _ < APz, A%z, Pz, A%z, >_|_
Ayidy™  Oyidyt  \Oytdyidyl Oykdy™  Bytdyidy™ Oy oyl
Az, Az, Az, Az,
. — : 4.
O*T; B O*Ty B Ty 0Ty
Aykoyt  Oykoy™  Oyidy't  Oyidy™
B < Pz, Az, N Pz, Az, >_
— \QytOykdym Oyidy! = Oyidyldyt OykOy™
B < Bz, &z, N Bx, 0%z, > B
Oytdyidym Oykdy! ~ Oy*dy*Oy! Oyidy™/
O (OhymOhar  Ohgm Ohay
= A : ) 4.34

Ucronesys popmyder (33.6) u (33.4), numeem

Oh,

o =* Vihu + T .

OTtkyna, nmpaBas 9acTh (34.34) cBoguTcs K BUIy

8iy4 [<*@kh0zm + *fzmhan> <*@ihal + *fzhap> o
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a <*$"h0‘m T *f?mhan> <*©kho¢l + *fﬁlhmﬂ —

d d P
=3 —(—=bpmbit + babim) + 5 4< N v *rym*rf,;lgnp) (34.35)
JleBas gacTp (34.27) ¢ yuetom (34.35) mpeobpasyercs kK Bumy

s, N ~ 0 * T *T *T *T
(9 4(O-klo-zm O-kmo-il) + 8—y4< Fpkm FZ - Fpim le;l>+

9
o1’

Nrak, cucrema (34.27) yooBiieTBOPSIeTCS TOXIECTBEHHO U SBIISIETCS

+<*ffk*fpmz — *F Fpmk) 6110 im — &km&ll) (3436)

CHUCTEMON ypaBHEHUI COBMECTHOCTH [IJIST KOMIIOHEHT TeH30pa CKOPOC-
Tell fedopMalliii B PeJIITUBUCTCKOM CIIyUae.

Ha sToMm MBI 3aKkaHUMBaeM KMHEMATUKY U ITEPEXONNM K TUHAMUKE
crtotiruot cpensl B CTO.

309



I'maBa 9

PEJIATUBUCTCKAA TNHAMUKA
HEOOPMUPYEMOU CPEIDBI

B sToll r71aBe BBIBEMEHO PEITTUBUCTCKOE YpaBHEHUE HEPA3PHIB-
HOCTU U HaiimeHo ero pemterne. Ha ocHoBe BapuaIimoHHOr0 TIPUHITAIIA
JlarpanXxa mocTpoeHa peIATUBUCTCKAs AUHAMUKA W30TPOITHOTO VII-
pyroro kouHTuHyyMa. [losyden pengTuBucTckuii 3akod 'yka u moka-
3aHO, YTO MeXaHWUeCKas CUCTEMa YpaBHEHNU, OIIMCHIBAOIITAI TTOBEIE-
HIe PEJITTUBACTCKOTO N30 TPOITHOTO YIIPYTOr0o KOHTUHYYMA, SIBJIA€TCS
3aMKHyTol. B KauecTBe mpuMepoB pellleHa 3afada O pacIpocTpaHe-
HIU TJIOCKUX BOJIH B HEOT'PAHWUEHHON W30 TPOITHON IBUXKYIIIEHCST Cpe-
nme u B pamkax CTO nHalimeH aHaJOT XKeCTKOTO ~PaBHOYCKOPEHHOT0”
OBUKEHUS KOHTUHyyMa, IpUBEAINA K KoHlenmuun bopHa.

35. IlimoTHOCTH cpenbl. Y paBHEHUE Hepa3pbIBHOCTH

Baxmolt xapakTepuCTHUKON CIJIONTHON CPENBI SBJISETCS €€ TIIIOT-
HOCTH. 14 onipenesieHns mociteMHEN PACCMOTPUM HA HEKOTOPOU TIPO-
3BOJILHOI, HO (PMKCHPOBAHHOI THIIEPIOBEPXHOCTH y* = const MaJIbIi
obbeM AV. Macca BbIIeJIEHHOTO 00'beMa Ha 9TOW TUIePIIOBEPXHOCTHI
ecTh Am. Torga mMIOTHOCTBHIO Cpedbl HA TaHHOW TUIEPIIOBEPXHOCTMH,
OPTOTOHAIILHOW MUPOBBIM JIMHUSIM, HA30BEM BEJIMUWHY p*, OIIpeesis-
eMyI0 paBeHCTBOM

_ Am_dm
TAVBOAY 4V

Tak xkak p* ornpeneJsiaeTcsa Ha OpTOI‘OH&J’IBHOfI MWUPOBBIM JIMHUAM

*

p (35.1)

YaCTHUIl CPebl TUIEPIIOBEPXHOCTH, TO OHA ABJISETCS MHBAPUAHTHON
IJIOTHOCTBIO TOM YaCTU MAacCChl IOKOd, KOTOpad IIPW ABUXKEHWM He
MeHgeTcd. Ilycts o6bem dV gBigeTcs 06beMOM HEKOTOPOIO Iapall-
Jesenumena, MOCTPOEHHBIM U3 GECKOHEYHO MaJibix BeKTopoB dz (i),
dz(i), Az(i). CornacHO M3BECTHOMY COOTHOIIEHWIO aHAJINTUIECKOL
reoMeTpuH, 06beM 3TOr0 MapaJuleselAIeNa eCTh

dV = e(ijk)dz(i)oe(j) Az (k). (35.2)

Takx Kak MBI IpUMeHSIEM TOJIBKO IIPaBOCTOPOHHNE CHCTEMEL KOOD -
HaT, TO dV 4BJISeTCA UCTUHHBIM CKaJgpOM OTHOCHUTEJIBHO Mpeobpa-
30BaHUN TPUA E(k) £(ijk) - emVHWYHBIN, COBEPIIEHHO AHTICHAM-
METPUYHEII IICEBIOTEH30D, IJif KOTOPOIO CIIPaBEeIJINBEL CJIEMLYFOIIIE
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M3BECTHBIE COOTHOIIEHNS [7].

e(123) =1, e(ijk) = e(jki) = e(kij) =
—e(jik) = —e(kji) = —e(ikj), e(abc)e(Ilmn) =
= §(al)3(bm)5(cn) + 6(am)3(bn)3(cl) + 6(an)3(b1)8(cm) -
—5(al)8(bn)8(em) — §(an)6(bm)S(cl) — 5(am)3(l)S(en),
e(abn)e(lmn) = 6(al)é(bm) — §(am)é(bl),
e(amn)e(lmn) = 2§(al), e(Imn)e(lmn) = 6. (35.3)

YacTuirel cpenbl, UMeOIe Ha aKTYaJTbHOU TUIIEPIIOBEPXHOCTHN 005-
eM dV, Ha HavaJILHON T'MIIepPIIOBEPXHOCTH ¢* = const 3aHMMAaIM 065-

em dV. .
dV = e(ijk)dz(i)dz(j)Az(k). (35.4)

Tak kKak BeKTOp di(i) JeXUT HA HAYAJIHHOU TUIEPIIOBEPXHOCTH, TO
ero BeIpaXKeHUe B KOMIIOHEHTaX eCTh

di(i) = hy(i)dyP. (35.5)

Kaxk n3BectHo, nerepmunanT D MaTpuubsl HeKoTOporo Ternsopa 1'(pq)
MOXKHO 3alucaTh B BUIE

D = L=(ijk)e(par)T(ip) ()T (hr). (35.6)

KpOMe TOro, OJid 3Toro perepMmHaHTa UMEIOT ME€CTO SKBUBAJICHTHEIC
COOTHOII€CHUA, a NMEHHO

D = (ijk)T(:1)T(52)T(k3) = e(ijk)T(1)T(25)T(3k).  (35.7)
I/I3 IoCJIEMHEI'O0 COOTHOIIEHU CJIENAYET PaBE€HCTBO

a0 = T GIT o) = GGG
35.8
Ucmonesys (35.8), mpencraBum (35.4) B popme

dV = e(ijk)hy (1) hy(§) e (k) dyP Sy Ay" = det || (m)||€pgrdy? Sy? Ay
(35.9)

Ha mauganbHoI TATIEPIIOBEPXHOCTU MMEET MECTO PaBEHCTBO

ha(4) =0,  hu(m)hp(m) = g (35.10)
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OTxkyna

det ||gni|| = det |l (k)| det [[2n(m)|| = (det [|hn(m)]])?,

I[TosTomy

det ||, (m)|| = /det ||gni]| = V9. (35.11)

V = /i, dy? Syt Ay (35.12)

Tak xax Ha HavaJILHOU U aKTyaHLHOﬁ TAIIEPIIOBEPXHOCT AX JIal'PaH-

OTkyna numeem

JKeBBl KOODJIWHATHl YaCTUIl OMMHAKOBEI, TO dy’ MOXHO paccMaTpu-
BaTh KaK QYHKIIMM TeTPATHBIX ITepeMEeHHBIX Jijlepa Ha aKTyaJ bHON
runepnoBepxHocTH y* = const, T.e.

(9yp (9yq oy" . , B
VB s 5y ey dali)3e) Ae() =

—[detHaw HdV (35.13)

rlle TIPU BBIBOME BOCIIOJIH30BAJINCH (35.2) u (35.8). U3 coxpaneHus

5JleM€eHTa MacChl TOKOs (6€3 ydeTa ynpyroro B3anMOIeNCTBIS, KOTO-
poe 6ymeT pacCMOTPEHO HaJjlee) Ha HAYAJIBHON U aKTYaJIbHOI THIEp-
IIOBEPXHOCTAX CJIeAyeT

dm = p*dV = pidV, (35.14)

qTO HaeT

x % /. n n

o' = pinfadet o (m)ll, o"(m) = (35.15)
3nech pjj - NIIOTHOCTD CPelmbl B eCTECTBEHHOM Hele(OpMUPOBAHHOM
COCTOSHNM, OTHECEHHasd K HAaYaJIbHOM OPTOrOHAJBLHOM MHUPOBBIM JIM-
HUSM TUNEPIIOBEPXHOCTU U SBIIIOIIAACS MOTOMY (KakK U p*) uHBa-
PUAHTHOII INIOTHOCTEIO.

IokaxeM CIIeqyIONIyI0 TEOPEMY:

Haommuocms p* = pi/gdet ||a™(m)|| ydosaemeopgem ypasnenuio
HEPaA3PbI6HOCTU, T.€. UMEETM MECTO PAEEHCINEO

o)
oz,

(p*V,) = 0. (35.16)
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IokaszaTeasLCTBO.
Ha nipousBosibHOI PUKCUPOBAHHON TUIIEPIIOBEPXHOCTY UMEET MeC-
TO PABEHCTBO
oz(k) Oy’
oyb Ox(l)

HNupdepeHiupys paBeHCTBO 10 s U yMHOoXKas Ha Oy" /Ox(k), momyanm

oy" d <(9a:(k)> oy*  Ox(k) d < oy’ > oy* d <%>,

= 5(ki). (35.17)

Oz(k)ds\ Ayt /Oz(l) ~ Oyt ds\Oz(l)/ dz(k) ~ ds\dx(l)
(K)\ _ dha(k) g0 (35.18)
d (Ox N To, z,
£< Oyt >: ds Oy +ha(’“)£<3yb>- (35.19)

B cumy nepenoca ®epmu, KOTOPHIN NCIIOITB3YeTCSI HAMU IIPU TIePeHOCe
TpUal BOOJb MUPOBHIX JINHUN, NMeeM

dha(k) Oz, Oz,
is 0y nghJ(k)Vaa—yb = 0.
HosTomy (35.19) mpencrasnsgercs B hopMe
d (Oz(k)y 0 (Ozy\ 0 (Ozqy\
£< 5 ) — ha(k)ea—?ﬁ(ayb) — ha(k)98—¢<8y4> _
0 (Va)\ 9 /1 Vo A
- ha(k)ea—yb<7> = ha(k)evaa—w%) +ha(k) 5 = ha(k) -

(35.20)

Honcrasmisas nociieqtee cootHomreHue B (35.18), Haxoqum

d ; Oy oy Oy’ oV, oy" IV,
—(oom) = (k) —ha(k)

8z (1) oz (k) 0z (1) *\ yb 8z (k) 0z (1)’
o d av,
E(a (1)) = —« (k)ha(k)aw(l). (35.21)
Ucronesys (35.7), mpencTaBuM IWIOTHOCTE p* B BUE
p* = Vgl (1)ad(2)a’ (3). (35.22)

HalineM m3MeHeHUe IJIOTHOCTH p* BIOJIb MUPOBHIX JMHMII. Tax Kak
HayaJlbHOe cocTosHue dukcupoBano, To d(1/g)/ds = 0. IlosTomy,
BOCIIOJTB30BaBIINCH (35.21), HaxomuM

=4 0V ¢ P q r
45 = ~Piisr(o (k) () gy (20" (3)+
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oV, oV,
D r q a D q r o —
Fa? (1) (B0t (B (F) 557 + 07 (1o (o (o () 51, 5)
oV, oV, oV,
_ __ A F . » q T « — _ * % « — _ * @
= —pp/dEpra? (1) (2) (3)ha(k)(9a:(k) O ke
(35.23)
N3 mocsiemHero COOTHOIIEHNS CJIEIYeT
dp* Ve  _ Op OVe 0
ds tr Oz, Vg(?a:v TP Oz, (9:135(p Ve) =0,

YTO U NOKA3EIBAET TeOpeMy.
[TpuBemem BTOpON Croco6 MokazaTebCTBa TeopeMbl. [l sToro
nepenuieMm (35.14) B npyroit skBuBaseHTHOIN dopme. Tak kak

TO

det |20 = det [, ) 57

C mpyroii cTOpOHBI

~ ~

Gin = P(0) (V) = By (k)R (k) + hy(4)ha(4) = hy(Ek)ha(k),

ITIOCKOJIBKY
. 3335 V5 Ox,

B CIJTY YCJIOBUS OPTOTOHAJIbHOCTH 4-cKopocTu V. aKTyaJIbHON TUIep-

=0

i Oy
noBepxHOCTH. IlosTOMYy

det ||hy(m)|| = det ||gul| = Vi, p" = pOJ; (35.14a)

Cootromenue (35.14a) mpezncraiiser coboll ypaBHeHUE Hepa3pHIB-
HOCTHU B TlepeMeHHBIX Jlarpanika. OHO MMeeT TOYHO TaKOW Ke BUI,
KaK U B KJIACCHYECKOW MeXaHWKe CIUIONTHOM cpensl [44]. Pasauma
MeX Ty KIACCUIeCKUM U PeJITTUBUCTCKAM ypaBHEHNEM HEPA3PBIBHOC-
TU B lepeMeHHbBIX JlarpaHxka COCTOUT B TOM, UTO (j U i METPUUeEC-
Kie TeH30pHl Ha HAYaJIbHOW W aKTYaJIbHOU TUIEePIIOBEPXHOCTAX, Op-
TOTOHAJIBHBIX MUPOBEIM JIMHUSIM, B TO BpeMs KaK MPU KITACCUIECKOM
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OMMCAHUU STU )Ke TeH30PHI 3aJaf0TCA TUEPINIOCKOCTIX OTHOBPEMEH-
HBIX COOBITUN (aKTyaJIbHOI U HAYAJIHHON ).

OT ypaBHeHUII Hepa3pBIBHOCTHU B ¢dopMe JlarpaHika repelimeM K
ypaBHeHusM B popme Diutepa. Huddeperunpys (35.14a) mo s, umeem

dp* 1, s._3p0dg dg 0§ 0gi i+ OGi,
_§P0\/§9 e = A%*

ds ds’ ds  Ogy Os Js "’
rae A - anre6pamdecKoe IOTOJIHEHUe >JleMeHTa, §;,. C OpyTroi cTo-
porer, A% = §g*. Kpome Toro, mcronbsys cooTHomenue (34.24),
oJIy4aeM
dp* . Ox,0z5
= — O-Oé -
Taxk kak -
ik _ 9y Oy"
Az, Ox,’
TO
dp* * * * * *8VV
5 = —P0%aBY90r9p8y = —PoCvvy = — :
ds P09 ap9ar9s Po Po oz,

OTtkyna caoBa umeeMm (35.16). U3 mocsiemHero cooTHOIIEHUS CIlENyeT,
YTO TIPU XKECTKOM B CMBICIle bopHa NBUXeHUN THNIOTHOCTH p° BHOOJb
MUPOBBIX JITHUN OCTAeTCSI HEM3MEHHOM.

N3 coorHomrenns (35.16) BEIBemeM MHTErPaJIBHBIN 3aKOH COXpa-
Herusd. [Ipounterpupyem (35.16) mo yeThIpexobbeMy

d§) = d$1d$2da}3dw4. (3524)

B pesynbpTaTe mosryunm
1,
—(p*V,)d) = 0. 35.25
[ 5P V) (35.25)

Ucnonbsys Teopemy I'aycca, mHTerpmpys mocieqHee COOTHOIIEHUE
1o o0beMy HeOT'PAHUYEHHO PaCUIAPAIONIEMYCS B MPOCTPAHCTBEHHO
TOMOOHBIX HAIPABJIEHUSIX U OTPAHUYEHHOMY BO BpeMeEHHO ITOHOOHBIX
HAIPaBJIEHUSX NBYMs TPEX-INIOCKOCTIMU , = const u xj, = const
1 cuMTas, YTO Ha TPaHUIIaX MPOCTPAHCTBEHHOTO 00beMa MOANHTET-
paJibHOEe BBIpakKeHUe obpalljaeTcd B HYJIb, UMeeM

/%(p*v,,)dﬂ = §p'V, dS, =0.

WNaTerpasn mo 3aMKHYTOUN TTIOBEPXHOCTH, OTPAHNYNBAIOIINN YeTHIPEX-
obbeM, pazobbeM Ha TPU MHTeTrpaJa:

§ oV dS, = [ pVidSi+ [ p'VadSy — [ p*VadS} = 0.
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/p*desk = 0,

TaK KaK MHTerpUPOBaHIe TIPOUCXOOUT 110 OeCKOHEUHO ynaJieHHOM TI0-
BEPXHOCTH, OT'PAaHUUMBAIOIINN IIPOCTPAHCTBEHHEIN oObheM, T'lie Be-
IeCTBO OTCYTCTBYeT. [losTOMy nmeem

[ pVadSy = [ p'Vidsy, (35.26)
rae dSy = dV = dxidrsdrs. OTKyna momaydum

[ pvadv = [ pViav. (35.27)

t=1, t=ts

Nuvivu cnoBamu [ p*VydV', paccMoTpeHHBIN B JIF060I MOMEHT Bpe-
MeHU t, COXpaHAeTCsd, T.e. UMeeT MeCTO PaBEHCTBO.

M* = —i/p*V4dV = /p*dV* = const, (35.28)

rne dV* - sjeMeHT COOCTBEHHOTO 0O6beMa B COIYTCTBYIOIIEN CUCTe-
Me Ditepa. PaBercTso (35.38) BEIpaxkaeT 3aKOH COXpaHEHWS MaCCHI
TIOKOSI TeJIa.

36. Bapuanuounbin npuHnun Jlarpanxka nJjisg mM30TpPOIHON
YOPYToll cpenbl

Ecim BompocaMm pestaTMBUCTCKON TMAPOAMHAMUKKA U Ta30BOI IUHA-
MUK B JIATEPaType yIeJadeTcd NOCTATOYHO MHOTO BHUMAHUSL, TO
BOIIPOCHI, CBS3aHHBEIE C PEIATHBUCTCKOI TeOpHell YIPYTOCTH, Pac-
CMaTpUBaIOTCA 3HAYNTEJbHO pexe. IIpu 5ToM, GOIBIIMHCTBO aBTO-
POB MOAXOAAT K paccMoTpenuio mpobsemsr ¢ mosuiuin OTO. Onuna-
KO, IPEeICTaBJIgeT NHTEPEC PACCMOTPETH 3Ty IPOOGJIEMy C IO3MIINI
CTO. Bapuanuontsle MeTOABI B PEJISTUBUCTCKON MeXaHUKE CILIOLI-
HBIX cpeln pa3BuTH B paborax JI.U. CemoBa u ero y4eHukos (cum., Ha-
npumep, [5] u mureparypy k Heit), K.II. Cranokosuua [133]. Bo mHo-
rux 3ajadax MeXaHUKU CIUIOLIHOM Cpelbl MOXHO He YUYNTHIBATE Tep-
MUYECKIX IIPOLIECCOB M OTPAHWMYUTHCI TOJBKO YMCTO MEXaHNIECKIM
paccmoTpenueM. [lomumo 3Toro 6ymeM paccMaTpUBaTh IJIS IIPOCTO-
THI TOJILKO M30TPOIHEIE Tedla. {711 BEIBOIOB OCHOBHEIX 3aKOHOB [IBM-
XKeHWs yIPYToll Cpelbl BOCIOJIb3yeMCS BaPUAIMOHHEIM IIPUHIINAIIOM,
IperoJiaras, 4To YIpyToil cpefe KakK HEKOTOPOil 0606IIeHHON THA-
MUYECKOIl CICTEME MOXKET OBITH CcollocTaByieHa GyHKIms Jlarpanxa,
IpeacTaBJIgiomas coboil 06bEMHELI MHTErpaJl OT INIOTHOCTH (PYHK-
muu Jlarpanxa A. IlocimenHsas saBucuT oT GyHKIMIA mMojid y* U KX
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TIEPBHIX TIPOU3BOAHBIX II0 SUJIEPOBHIM KOOpAWHATaM U BpeMmenu. Un-
Terpaji oT ¢yakimu Jlarpanxka nmo BpeMeHU Ha3BIBAETCS NENCTBUEM.
OHo MoOXeT OBITH MPENCTaBJIEHO B BHUIle MHTerpajia oT A 1o 4deTHI-
pexMepHOMy 06bemy (2, Trie dS) ompenenseTcs cooTHomteHneM (35.24).
HeticTBue S mpencTaBuUM B BUJIe

i
S = —E/AdQ. (36.1)

Msr mpemnmosiaraeM, 9TO HeMCTBUE MOJIKHO OBITH SKCTPEMAJIbHBIM
IJTST TEMCTBUTEBHOTO OBUXKEHUA, T.e. IJIsI TaKUX 3HaUYeHW y", Ko-
TOpHIe MOJIKHBI YHOOBJIETBOPATEL ~ypaBHeHusIM mojis’. Tak Kak 5Tu
ypaBHEHUSA HOJIKHEBI OBITH PEJIITUBUCTCKYA WHBAPUAHTHBIMU, TO pe-
JISTUBACTCKUM MHBAPUAHTOM MoJIXkHa OBITH QyHukiusa A. IIpu BerBome
OBITIMX COOTHOIIEHNN, B KOTOPHIX IIOTHOCTH JIarpaHXWaHa He KOH-
KPETU3BUPYETCS, MBI CJIEIyeM M3BECTHBIM MeTOHaM, Pa3spaboTaHHBIM
B KJIACCMYECKOW ¥ KBAHTOBOW TeOPWHU TOJIA, HAIpUMep, B paboTax
[131], [7], [132], [109]. YacTo B KauecTBe jarpaHXkuaHa B MeXaHU-
Ke CIJIOITHBIX Cpell BEIOMpaeTCs JaBJieHre, KOTOPOe ABJISIETCS CKaJId-
POM OTHOCUTEJIbHO peobpasoBanuit Jlopenna. Crenys B.A. ®oxky [3],
B KaueCcTBe IVIOTHOCTH QyHKIuu JlarpaHxka BeIOMpaeM WHBapUAHT,
OIpenesIIEMBI PaBEHCTBOM

A=—pc(1+ g) (36.2)

rae p* onpenensercs (35.22). Il - moreHmampHas YHEPTUS yIPYTOro
CXKATUA eAUHUITHI MAacCChI, pacCMaTpUBaeMas Ha aKTYaJIbHOU TUTIEP-
HIOBEPXHOCTH (KaK U p*) U SBIILIOMIAACS TOSTOMY CKaJISPOM OTHOCH-
TesibHO TpeobpasoBanuii Jlopenna. Jlarpamxkuan, momobusri (36.2),
paccmaTtpuBasics B.A. ®okowm [3] mpu BEIBoziE peIATUBUCTCKUX yPaB-
HEHUI UIIeaJIbHOW XUIKOCTHU, OMHAKO B HaIlleM ciydae ~ GYyHKIUIM
mosig” y* TMpUNUCHIBaeTCS NPYTrol PU3MUIeCKUN CMBICI, YeM B pabo-
Te [3]. lon "moneBbiMu QpyHKUMAMEU” Y, B CHITy paccMaTpPUBAEMON
HaMU KWHEMATUKW, MBI TIOHUMaeM YeTHIpe CKaJIIPHBIE OTHOCUTEITh-
HO TJI00aJTbHEIX ITpeobpasoBanuil JlopeHria ¢yHKIIMNT, TTepBHIe TPU U3
KOTOPBIX 3" TIOCTOSHHEI BIOJb Ka KON MUPOBOI JINHUM, a y* MocTos-
HeH Ha KaXIOoW PUKCUPOBAHHOW TUIIEPIIOBEPXHOCTH, OPTOTOHAITHHOM
MUPOBBIM JInHUAM. Benmmuunsr Oy /Ox, mpencTaBiagoT coboit KOMIO-
HEHTHI CMENIAHHOTO TeH30pa, TaK KaK T, MPUHAMIIEKUT MPOCTPaH-
cTBY MuHKOBCKOTO, a y/ K JarpaHXkeBOW COITy TCTBYIOIIEN CUCTEME.
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IleficTBUTENBHO, IyCTH, HaIpuMep &, = . (x'*), Toroa

oyt Oy Oz,
dz'* Oz, Oz'e’

Takum obpasom Oy /Ox. npu npeobpasoBaHusIX T, = xc(z'*) BemeT

(36.3)

cebq KaK COBOKYITHOCTH KOBAPMAHTHEIX BEKTOPOB.
Hycts y'* = y'*(y*). Torma

oy Oy~ 0" 4. oy Oy Oy,
Oy* Ox, Ox, Oy~ Oz,

CnenoBaTenbHo, Oy* [0z, npu npeobpasopanusx y'* = y'*(y*) BenyT

dy't = (36.4)

cebsI KaK COBOKYITHOCTH KOHTPAaBapPUAHTHHIX BEKTOPOB.

O6mas Bapuanus neficTsust (36.1) cBsi3aHa ¢ BapbupoBaHIEM KaK
TIOJIEBHIX (PYHKIIMNA Yy, TaK W T'PAHUIIBI 00JIACTU WHTETPUPOBAHUS.
PaccmoTpum, mpex e Bcero, Bapualuio JeNCTBUS TPU 3aKPeETIEHHBIX
rpaHnilax, MpeamnoJiaras, YTO BapuUalldd IMOJEBBHIX GyHKIWN 0y" Ha
TpaHuile paBHA HYJTIO.

OA OA 0
==L (G S -

) oA 0 oA 0 oA
_ _é/(a—y#éy# + Fe. (8<gy‘”> 5y#) s (8<gy">)5y#)d9 = 0.

- (36.5)

E

PaCCMOTpI/IM OTOEeJILHO BTOpOfI 9JICH, T.€.

/8935( <ayﬂ>5y )dQ y <ae>5y dSe =0, (36.6)

rae MBI IIPUMEHNJIA TEOPEMY FELYCCEL, 3aM€HUB MHTErpaJl 110 4eThIPEX-

00beMY MHTETPAJIOM TI0 TIOBEPXHOCTH, OXBATHIBAIOIINN STOT 00HEM.
Ho Bapuanus Ha rpaHuile 06JacTH 1O TPENTIONOKEHNIO paBHA HYJITIO,
TaK KaK MBI BapbUPOBAJIN TMPHU 3aKpeIIeHHBIX rpaHuiiax. IlosTomy
uaTerpai (36.6) obparmaercs B Hyns. OTKyIa cilenyer, 4To

v rfOA 0 oA
58 = —— dytdS) = 0. .
sl - g o =e o

B cunty mpousBonbHOCTH dy HaxomuM ciienyiornue ~’ ypaBHEHUS IBU-

xenus” (”ypaBHeHus o)

(9A s, OA
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OTUM ypaBHEHUAM, QU3UUECKUN CMBICI KOTOPHIX BBISCHUM IIO3XKe,
MOJIXKHO YIOBJIETBOPATH MENCTBUTEIbHOE IBUKEHUE CPEIHI.
PaccMmoTpum Temeph Bapualiuio qeicTBUAL, CANTAag, YTO U 06J1aCTh
nHTerpupoBaunsg ) MoaABEepPrHyTa BMECTe C ~BOJIHOBBIM IojieM’ 6ec-
KOHEUHO MaJIoMy Mpeobpa3oBaHUi0, CUMTAas IMO-TPEXHEMY, YTO Ba-

puamus 65 = 0. PaccmMoTpum 6ecKoHedHO MaJioe Ipeobpa3oBaHIMe
KOOpJUHAT

x, = x,+ 0z, (36.9)

bz, = X 0wy, (n=1,2,3...5), (36.10)

rie dw, - 6eCKOHeUHO MaJible mapaMeTpsl. IIpu TakoMm mpeobpasoBa-
Hun ” yukumnu mosns” y*(x.) nepexonat B pyHkimm y'*(xL), T.e.

y'(ze) = y*(ay) = y"(ze) + 0y (), (36.11)

roe

6y (zc) = ) dwy. (36.12)

[Tonmas Bapuamus dy obycsioBiieHa Kak Bapuaiein popMsel dy", Tak
1 Bapualmen KOopaIuHaT, T.e.

_ 8y# 8y#
B Sk — (" —
Sy = by oz, dx, = <¢77 &Bng) Swh. (36.13)
[lonHas Bapuarus meiicTBus 6.5 MoOXeT OBITH MPENCTaBJIEHA B BUIE
1 1
0S5 =—=6 [ AdQY = ——| [ AdQ2 A6dQY ) = 14
S =—- / C( / +/ ) 0, (36.14)
_ SA oA - ON -/ 0y SA
ON = 6A + —bx, = — 6y ) dx,, 1
i Ox, ! Oy” v 3(3&) <(9a:5> +(9a:6 Te, (36.15)
Odx
§dQ) = dQY—-=. 1
Iz (36.16)
OTxkyna
i [OA - ON O - SA déx
S = —— Sy’ + ———~ Oy + — bz, + A |dQ2 = 0.
5 C/[ﬁy’/ Y +3<gi”> Ox, 4 +(9:135 Te + Ox, 0
(36.1_7)

[Ipu BEIBOME MOCIIEAHETO COOTHOLIEHNS MBI YUJIN, YTO OI€PATOPEI 0 1
0/0x. xommyTupyotT. B cuny ypasuenuil nsmxkenus (36.8) u (36.13)
I0JTy 9aeM

i 0
05 = _5/3:135

oA

o(%)

, Oy
<¢77 — 8—X0'17>+AX577] &UndQ = O, (3618)

Lo
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YTO HKBUBAJIEHTHO CoOoTHoureHno (Teopema O. Herep [131])

0Oy _
b =0 (36.19)
rmae
- OA , Oy
0, = @(% - 8—%XU,7>—|—AX6,7. (36.20)
dz.

Ucrmonesys Tteopemy ['aycca, maTterpupys cootHomenue (36.19) mo
00beMY HEOTPAHMUYEHHO PACIIUPAIONIEMYCS B MTPOCTPAHCTBEHHO TIO-
MOOHBIX HAIPABJIEHUAX W OTPAHUUYEHHOMY BO BpPEMEHHO ITOIOOHBIX
HAIPaBJIEHUSX NBYMs TPEX-INIOCKOCTIMU , = const u xj, = const
1 CYNTAs, YTO Ha T'PAHUIIAX MPOCTPAHCTBEHHOTO 00beMa MOMMHTET -
paJIbHOe BBIpaXKeHWe oOpalmaeTcs B HYJIb, UMeEM

/(:),74dV = const, (36.21)

Tlle TIPU BBIBOJE MCIIOJIB30BAJIA TOT JKe MeTOH, YTO W TPU BBIBOIE
3aKOHa COXpaHeHHS Macchl mokos (35.28). Paccmorpum HekoTOpHIE
JacTHEIEe CITyYau.

37. TeH30p 3HepPruu-UMMIyJjabca U ypaBHEHUs NBUXKEHUSA

[Iycts npeobpasoBanue (36.9) cooTBeTCTBYeT 6€CKOHEUHO MAJIBIM
CMETIEHNIM (TPAHCIIAIISIM ) KOOPIUHAT, T.€.

bz, = 0wy, Xup=0um, (u,n=123,4). (37.1)

Taxk xax y" npencTasigeT cob60ll COBOKYIIHOCTD CKAJIIPHBIX ()yHKIINI
OTHOCUTEJIbHO IpeobpasoBanmit (36.9), To

y*(z)) — y"(z,) = 0 = dy* = ¢7’7‘5w,7. (37.2)
W3 mociensero cooTHOIIEHNS BEITEKAaeT
W =0, (37.3)

YTO HMpUBOOUT BhIpaxeHue mis (36.20) x Bumy

- ON  OyP

®N5 =4y = A(S/u/ - @8—%, (374)
T,
=0, (37.5)
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P, = —é [ T,udV = const, (37.6)

Tenzop T, onpeneneHHbln cooTHoureHneM (37.4), HocUT Ha3Ba-
HIle KAaHOHUYEeCKOTO TeH30pa SHeprun-uMmysibca. CoxpaHgiormics 4-
BeKTOp P, Ha3EIBaeTCd YeTHIPeX-BeKTOPOM 3Hepruu-uMILyIbca. Kom-
ITIOHEHTA

E,P4 = —/T44dV = const
)

IIPENCTABIIAET COOOM ITOJIHYIO YHEPIUI0 CUCTEMEL, a
)
P, = ——/Tk4dV = const
c

BBIpaXKaeT 3aKOH COXPaHeHUs UMITYJIbCa 3aMKHYTON cucTeMbl. OTMe-
THUM, YTO B o0IIeM ciiy4dae TeH30p 1), He IBJIgeTCI CUMMeTPUYHEIM.

[MIpuMmennM pazBUTHIN BhITIe GOPMAJIN3M MJIS OTHICKAHUSI TeH30pa
SHEPTUU-UMILYJIbCa yOpyroi cpensl. st sToro B cooTHourenue (37.4)
HONCTABUM IUIOTHOCTH GyHKunu Jlarpanxka A u3 (36.2), BBens mis
KPaTKOCTU 0bo3HaUeHUe

oy’ 5
83;'1/ = O[V. (376)
Berancaum IA (9 - SII
__209p a4y ol
oall (9oz <1 i 02> P 9ol S

Ucrone3ys Beipaxenue (35.22), Haxoqum

dp* _ 0Op* (90/(]{)_ Op* h
dof,  Oai(k) 8ol Oai(k) "

[6(1k)67a?(2)a"(3)+6(2k)6] F (1)a" (3)+6(3k)d; o (1)a?(2)], (37.8)

(k)‘%azi = pé@qurhy(k)5é-

op* e Ay’ P4 r
o = P/ GEpar i (K) (1 )&E( ) [6(1k)87af(2)a" (3)+

+3(2k)81aP(1)a (3) + 3(3k)8 0 (1)a (2)] = piy/deprh
[8(1k)a?(1)af (2) T<3>+5<2k>aq<1>ap<1>a <3>+
+3(3k)a” (1)a?(1)a%(2)] = ppy/Gepra(l)at (2)a (3):
T (Dhu(1) + B (Dh(2) + b (Bhu(3)] = p'glhe (37.9)
PaCCMOTpI/IM BbIpaZXK€HUe

8H

Oé

oIl (904()ﬁ_
(k) Bol) =

*

ﬁ_
P oqi
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| : |
p*%%h,j(/{)%hﬂa) _ 8jl?k)al(1)hy(k)hﬂ(1). (37.10)

HpI/I BBIBOJ€ MBI UCIIOJIB30BaJII COOTHOIIICHU A

Oy’ B Oy’ B Oy’ Oy’
Oz, B (9:1:(04) () = Oz (4) fu(4) + dz(l) (1),
B KOTOPOM . .
oy' lﬁy’ _ 0
(9:13(4) i0s

TaK KaK JIal'PaHZXKE€BbBI KOOPpOIWMHAaThI HE MEHAIOTCA BOOJIb MAPOBBIX JIA-
Huii. Eciu BBecTu obosHaueHue

. ol
P dai(k)

o' (1) = =Sy, (37.11)

TO MOXKHO YBUZIETb, YTO T€H30D S(}) B JOKAJIBHBEIX TeTPalax COBIIa-
IlaeT C U3BeCTHHIM BBIpaXKeHUeM NJI TeH30pa HalpsAXeHU! B KJlac-
CUUYECKOI Teopur YIpYroll Cpefbl B NeKapTOBBIX KoopauHaTax [129)],
C TOW JIWIIL pPa3HUIEN, YTO TepeMeHHble JWepa j 3aMeHSIOTCST
Ha TeTpajHble COIyTCTBYIOMmue nepeMernsie Ditsiepa (k). Wcmoss-
3ys IpodeJlaHHBIE BBIYUCJIEHUSA, IIOJIydaeM [Jisd TeH30pa >Heprumu-
AMIIYJIbCa BEIpaXKeHue

Ty =eV,Vy—=Su, e=—A=\/gpic* detHai'?(J;) H<1+g> (37.12)

S, = hy(k)h, (1)S(kI), (37.13)

rae S,, - TeH30p HalpAXeHW, OTHeCEeHHHIN K NMpocTpaHCTBY Mun-
koBckoro. CoorHourenne (37.12) coBmamaeT ¢ o6IUM BEIpaKeHUEM
pa6oTsl [20], B KoTopoil BejmuuHa € u S, He KOHKPETH3UPYETCH.
Tpeb6oBanus, koropsie B [20] HaKIAOBIBAIOTCS HA TEH30p HAIpPSKe-
HUMN,

SV, =0, 8,V,=0, (37.14)

B HallleM CJIy4da€ BHBIIIOJIHAIOTCA TOXIECCTBEHHO, UTO CJIeOAyeT M3 Op-
TOT'OHaJIBHOCTHU TETpald BUIOa

h(k)V,, = ih,(k)h,(4) = i6(k4) = 0.

KpOMe TOoro, OJid TEeH30pa T/u/ nMerT MeCTO oueBUIOHBIE COOTHOIIIE-
HnA

£ = T/WV/LV,,, —Saﬁ = géAggyTA,,. (37.15)
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[Tocnemuue cooTHOIIEHUWS COBIAMAIOT C AHAJOTUIHBIMU Pa3JIOKEHU-
AMU OPU OTCYTCTBUU TEMNJIOBHIX MTOTOKOB, MOJIyUeHHBIMHU B paboTax
[134], [135].

[To amasorum ¢ KJrTacCUUeCcKol MEXAHWKOW CIUIONTHOW Cpembl BBe-
TeM TIOHSATHWE YIPYToro TMoTeHNMaJ a F Wi TIOTHOCTHW SHEPruu B
equHUIle cCOOCTBEHHOTO 00beMa, KOTOPHIN CBA3aH C MOTEHIINAJIBHON
sHepruen ynpyroro cxatus Il mpu momoru cooTHOITEHM S

E = pil. (37.16)

Paccmatpusas B coorHomtennn (37.11) Il xax ¢pynkmmio tenzopa Ko-
I B JIOKAJIBHEIX TeTpanax (31.27), mmeem

S(kl) = —p* OIl  OC(ab) 20* OFE

—p 3 (ab) Do (1) a'(l) = — o WC’(&Z). (37.17)

Tak Kak MBI pacCMaTpPUBAEM 3€Ch TOJIBKO U30TPOIHBIE CPEMHBI, TO,
KaK W3BECTHO W3 KJIACCHYECKON TeOpWuHr CIUIONIHBIX cpen [44], [129],
YIPYTUil MOTEHINA MOXHO IMPEICTABUTH KakK (YHKIUIO OCHOBHBIX
MHBAPUAHTOB KAaKOTOo-JINGO TeH30pa AeopMaliuil, HAIIPUMED, TEH30-
pa Komm. NsBecTHO Takke, 4To J1060I CUMMETPUYHBIN TEH30D BTO-
POTo paHra MOXKeT UMETH He GoJiee TPeX He3aBUCUMBIX UHBAPUAHTOB.
B uwacTtHOCTH, OCcHOBHBIME uHBapuanTamu [; Tenzopa Kommu C(ab)
6ymyT B corsmacum co [129] BeipaxkeHus

I = C(aa), T = —<(ipa)e(irs)C(pr)Clas),

Iy = g=(5k)=(par)C(ip)C(jg) O (kr). (37.18)

ns IMOCJIEMHETI'O COOTHOINECHUA BBITCKAIOT PaBCHCTBaA

ol .. Ol . N
aC(ij) 5(ij), aC(ij) ~ C(j) — C(kk)o(ij),
ag@) = C(ip)C(pj) — hiC(ij) — L8(i5). (37.19)

IIng manpHEMIINX BHYKWCIEHWI PacCMOTPUM ypaBHeHHMe | aMuiIb-
ToHa-Koamm, crnpasemmBoe mid Jr060ro CUMMETPUYHOTO TEH30DPa
K (ab), a nmenno

K(ip) K (pq)K (¢f) = K1 K (ip)K (pj) + K- K (i7) + K38(i5), (37.20)

323



rae K; - ocHoBHBIe mHBapuaHTH Tenszopa K (ip). B wactaocTn, mis
TeHzopa Komn ypaBHenne I'amuinbToHa-Komm maet

C(ip)C(pq)C(qj) = LIC(ip)C(pj) + LC(3j) + I36(i5).  (37.21)

Ymuoxkas obe wacTu paBencTBa (37.21) Ha obparHsIll TeHzop Pun-
repa B(jl), onpenensemsrit popmysoit (31.37), nomyuaem

C(ip)C(pl) = LC(il) + L8 (il) + I B(il). (37.22)

Torma mocsienHee paBeHCTBO B (37.19) mMeer BUA

Ol .
= I3B(17). 2
CooTromrenue (37.17) npencraBuM B Bue
20 0F Ol oF
kl) = — )= kl
Sl = = oL, 8¢ (ak) ¢ ) [3110( I+
+ 22 (C(al)C(ak) - Clam)C(RD) + BoZs(k)].  (37.24)
Il Ol
Ucnonbays (37.21), MOJIyYM OKOHYATEJILHO
oF oF oF oF
S(kl) = [<I2 oL T % 13)5(141) + 5 C(kD) + Iga—IB(kl)]

(37.25)
W3 mocrentiero cooTHOIIEHUs CileAyeT, YTo Tenszop S(kl) ssisercs
cuMMeTpuUIHBIM. TeH30p HanpsaXKeHNN B TpocTpaHcTBe MUHKOBCKOTO
cBelleTCd K BULY

OF OB\ . OF O
K FTARIE A )95+ ar, Yt By

S = Bu|.  (37.26)
TaxumM obpazoM, TeH30p SHEPIUU-UMITYJIbCa 1), , IOy YeHHEIN 13 Ka-
HOHIUYECKOTO TEH30pa SHEPrum-uMiryiibea (37.4), oka3ayics CIMMET-
puunbiM. Tak kax S,,V, = 0, To TeH30p HalpsXeHWIl UMeeT JIUIIb
III€CTh HE3AaBUCUMBIX KOMIIOHEHT.

PaccmoTpum nepexon oT yrpyrom cpenbl K UIeaJIbHON XKUIKOCTH.
B HepenSITUBUCTCKOM cilydyae TaKOl Mepexol, Kak m3BecTHO u3 [3],
cBOoOUTCI K QOpMAJILHON 3aMeHe glk — —Pd;;,, tme P - maBnenue.
HOSTOMy €CTECTBEHHBIM IIEPEXOOOM B PEJIATUBUCTCKOM CJIy4da€ OT
Yapyroro reJjia K HHG&HBHOﬁ KNIOKOCTU 6y,[[eT COOTHOIIICHUEe

S(kl) = —P5§(kl), (37.27)
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PaCCMOTPEHHOEC Ha II'AIIEPIIOBEPXHOCTHU HOpM&J’ILHOfI MWPOBBIM JIMHUN-
AM W ABJIAIOIICECA ITIOSTOMY PEJIATUBUCTCKN MHBAPUaHTHBIM. N5 1o-
CJIeAHETO COOTHOIICHMA CJIenyeT,d4TO

S(kD)hu(k)ho(1) = S, = —Pg,, (37.28)

AHaJloruyHOe COOTHOIIIeHUEe NI UIeaJIbHOU XKUIKOCTU BBOIUTCS B
paboTe [135]. Beipasum TeH30p HANpPSIKEHUN Yepes3 SHEPTUIO YIPYro-
o CKATUS

~Sw = Pg, = p' 821(2)&(1)11”(/4)@(1). (37.29)

Tak xak mis upeansHoit xunkoctu 11 = II(p*), To

Pg,, =p o (9ozi(k)a (D) h,(k)h,(1). (37.30)

Beipaxenue (37.9) mo ananorun ¢ (37.10) npeacraBum B dpopme

op*

Op* 5 Op* Bo'(k) _
ot (k)

(9oz§ay ~ 0ai(k) 9ol o' () h, (k) (1) (37.31)

R
T®

Ucmonezys (37.9), popmysy (37.30) MOXHO 3ammcaTh Kak

dll
* *2 *
Pg/ﬂ/ =p dp*g/uﬁ (3732)
9TO SKBUBAJIEHTHO Il
P =p* (37.33)
dp*
nJjm AP p
m= (= -~ (37.34)
prp

Takum o6paszoM, TEH30p SHEPTUU-UMITYIHCA I UACATHHON KUITKOC-
TU UMeeT BUI

T = (p*c® + p'IL + P)V,V, + P4, (37.35)

CooTHorrenus (37.33—37.35) B TOYHOCTU COBIIAJAIOT C aHAJIOTMYHEI-
MU BhIpaxkeHusMu B Monorpaguu B. ®oka [3]. OTMeTum, 4To mpu BbI-
Bozie (37.33) MBI He UCIOJIB30Ba/IM HIKAKUX JOMOIHATENIBHBIX TIPE]-
TIOJIOXKEHUN, KaKe MeJIaJINCh MPU BBIBOJIE aHAJIOTMYHOT'O COOTHOIIIe-
Hus B [3].
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YpaBHeHNS OBUXKEHUS YIPYLol CPeNbl MOJIyUYMM W3 3aKOHOB CO-
xpanenns (37.5). Ucmonesys Beipaxenue (37.12), numeem

T, ., O oV, 0S.
9z, V, 8%(6%) + £V, 92, " Bm, 0. (37.36)

YMHOXKAaL IIocJjiegnee COOTHOIIIECHNE Ha V/“ IIoJiIyda€M BbIPpaiXKE€HUE

o (8V,,) = -V, 85/“/

Oz, " oz,

HIO[ICTaHOBKa KoToporo B (37.36) maeT

dv, ., 85,

e—— = .
ds I Ox,

(37.37)

[Tocnennue ypaBHeHUS MPeNCTABIIAIOT COOON YpaBHEHUS NBUKEHUS
YIOPYTroul Cpensbl.

Tax xakx mpu BeIBofe TeopeMbl HeTep ucmosb3oBaJiuch ” ypaBHe-
Hust odis” (36.8), To ecTeCTBEHHO yCTAHOBUTH CBSI3b UX C yPaBHEHI-
amMu nBuxKeHUs. Kcim B siekTponnHaMUKe ypaBHEHUSIM TTOJIS TIPUTIN-
CHIBaETCS IBHBIN CMBICII, TO B TE€OPUU YIIPYTOCTU UX CMBICI He SICEH
I IO5TOMY €r0 HeoOX0omuMo BBIACHUTH. Vcmonesys (37.11), Haxonum

OT,, OA 8( OA 8yﬁ)_
0

0z, Ozt Oz <%> Oz,
O\ OyP ON O /0y oA 8 o8
oyb 83:# i 3(3%) Oz, <8za> B 8(%) oz, <3zy>_
s, OA oy’ ouP 1 OA 5 oA
e, %(gg))agsﬂ N azﬂ (ayﬁ " oz, (3<gyﬁ>)) (37.38)

nJjm

0T,, 0z, OA 0 ( OA ):o. (37.39)

Oz, Oyt  Oyf Bz, 3(%)

Takum obpaszoM, ”ypaBrenns noiis” (36.8) oka3aamuch MOJHOCTHIO K-
BUBAJIEHTHHIMU ypaBHeHusM aBmkeHus (37.37), Tak Kak 06a COOTHO-
IITEHNS MOTYT OBITH ITOJIyYEHHBI U3 OMHUX U TeX JXKe 3aKOHOB COXpaHe-
HIAS

T,
oz,

= 0.
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38. TeH30p MOMeHTa KoJIngecTBa ABNXKEHNA

[Iycts mpeobpaszoBanue (36.9) cooTBeTCTBYET GECKOHEUHO MAJIO-
My Tipeobpa3zoBaHmio JlopeHria, mim, 9T0 TO Xe caMoe, O€CKOHEYHO
MaJioMy MoBopoTy. Kak m3BecTHO, KoHeuHOe TpeobpazoBanue Jlopen-
11a 3aICHIBAETCS B BUIE

zy, =Ly,x,, Ly,Ly, =6, Ly,=const. (30.22)
PaccMmorpum 6eckoHeuno Maskie npeobpasopanusd Jlopeniia, T.e.
Lye =06, + 0w, (38.1)

roe 5(4)#5 - 6eCKOHEeYHO MaJible IapaMeTPHI. ns ydioBuid OpTOTOHAJIb-
HOCTH MaTpun HopeHua nmMeeM

LyeLus =66 + 0woe + dweo + 0w, e0w s = b0 (38.2)
W3 (38.2), mpenebperas BTOPHIM MOPSIAKOM MaJIOCTH, IMeEM
OWye = —OWey. (38.3)
Takum obpaszom, cooTHorenue (36.9) MOXKHO IPeICTAaBUTH B BUJE
a:'ﬂ =z, + Swye .. (38.4)
C mpyroit croponsr, u3 (36.10) nmeem
6z, = 0wuee = Xpy(yo)0Wiyo), (1 = (v0)), (36.10)

I'/le MHAEKC 7) 3aMeHeH Ha ’ cobupaTeTbHBIN” nHAeKC (Yo ). 3mech ckob-
KU, eCTECTBEHHO, He ABJISIOTCA CUMBOJIOM CHUMMeTpupoBaHusi. B pe-
3yJIbTATe UMEEM

(Xuto) = 670 )0w(ye) = 0. (38.5)

YunTeiBag aHTUCAMMETPHUIO OeCKOHEYHO MAJIBIX Ipeobpa3zoBaHUM
Swy, U UX IPOM3BOJILHOCTD, nMeeM u3 (38.5), uTo

1
X/L(")’O') = 5(5/”:130 — 5/w£l},y). (386)

Tak kak mpu npeobpasoBanuu koopauaat (38.4) ¢yukuum moss y*
BedyT cebsa KaK COBOKYIMHOCTH CKAJIIPHBIX QPYHKIIAM, TO

y"(«) — y"(zy) = Sy" = 0. (38.7)
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C mpyroii cToponsr, u3 (36.12)

Sy (z.) = zﬁé‘ 6W(yo) = 0. (38.8)

yo)

N3 (38.8) cienyer, uto nmbo zﬁé‘w) = zﬁé‘m), 60 zﬁé‘w) = 0. Ho rax
KaK QYHKIINHT ToJg Y eCTh CKaJIIpHBIe QYHKIIMU TIPU JTIOOBIX TTPeod-
pPa3oBaHUAX L., (a He TOJIIBKO NMPU MPeobpPa30BaHUIX TPAHCIISIINAN MIIH
IIOBOPOTOB), TO W3 paBeHCTBa Hywo dy* B (36.12) u nmponsBosIbHOCTH]
dw; BBITEKaeT, uTo Y} = 0, a cIenoBaTeNbHO 1

Yl = 0. (38.9)

(yo

HoncranoBka (38.9) u (38.6) B (36.20) maer

1
9(’)’0)76 - TOéEXa(’yJ) = i(Tfyewa - Taewfy)- (3810)
BBeI[eM O603HaquHe

M. =Tz, — Ty, (38.11)

(o7),e

B xBanTOBOII TEOPUN II0JIA OOBIYHO I1on HOCJ’IeI[Hef/i BEJIMYNHON ITOHU-
MaeTCA Op6HT&J’IBHBII>i MOMEHT BOJIHOBOI'O IIOJIA, a IIOH BEJIMYITHON

oA
SO”‘)’,(—; = 78 ay'/ ¢(0”‘}’) (38.12)
(%)

TTIOHNMAETCSA CITMHOBHI MoMeHT. IX cymma mipencTaBiigeT coboit moJi-
HBII MOMeHT. B Harem cirydae B cuity (38.9) ciMHOBEIT MOMEHT pa-
BEH HYJTIO, TIO3TOMY OpOMTAITLHBIN U TTOJTHEIA MOMEHT coBmagaoT. M3
(36.19) BBITEKaeT, 9YTO MOJIKHEL NMETH MECTO COOTHOIIEHNUS

00y,  OM!
) Yo),€ — (o7),e — 1
Be. Be. 0, (38.13)

YTO 3KBUBAJIEHTHO CJIEAyIOIIEeMY BEIPAXKEHUIO, BBEITEKAIOIIEMy W3
muppepennupoanus (38.11) u 3akoHa coxpaHenus sHeprum (37.5),

a IMEHHO

0
8M(0-7)75 — T
Ox, e

Kax MBI mokazasim paHee, T€H30p SHEPTUU-UMIYITHCA CUMMETPUYEH,

~T,, =0. (38.14)

05TOMY paBeHCTBO (38.14) ymOBIIETBOPAETCS aBTOMATUYECKU U M3
HETO MMeIOT MeCTO 3aKOH COXpaHeHUS MOMEHTa KOJIMJeCTBa IBUKe-
HUS CIUIONTHOW W30TPOITHOM yIMpyron cpenbl. IIpoBens Te ke cambie
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BBIUNCJIEHNS, KaK U IpU MoydeHnn BbipaxeHus (36.21), umeem 3a-

KOH COXpaHeHUd B BUJE
M;)v — /(T74:130 — Ty, )dV = const. (38.15)

C

[IpocTpaHCcTBeHHbIe KOMIOHEHTH M) ABJIAIOTCA PeIAITUBUCTCKUAM
0600IIIeHeM 3aKOHa COXPaHEHNsS MOMEHTA UMITYJIhCA CIIJIONTHON Cpe-
nbl. BeracanM, cremys [7], CMBEICT cOXpaHAIONTAXCS KOMIIOHeHT M.

M), = :134< ‘ /(Ti4dV> + é/a:iT44dV = const. (38.16)

C

B cumny (37.6) umeem
1
xa P+ — / x;T44dV = const. (38.17)
c
B cuny 3akoHa coxpaHeHUS SHeprum
—/T44dV = W = const. (38.18)

[Momenus o6e yacTu paBeHcTBa (38.17) Ha W, momyunm

P 2
T4— — ERi = const, R;=

W

Jx;TyadV

T (38.19)

3nech R; ecTh peJIITUBUCTCKOE OIpefleieHne IeHTPa WHEPIIMU CHUC-
Ttembl. updepeniupys (38.19) mo BpeMeHH t, HMOIyIUM C yUIETOM
COXpaHEeHUs TMOJTHOTO MMITYJThCa 1 SHEPTUU CUCTEMBI, YTO

2 b

dR; ¢ P
G U Ty const, (38.20)

T.e. IEGHTP MHePIUU 3aMKHYTON CUCTEeMBI OBUXKETCSI C IOCTOSHHOU
CKOPOCTBIO V5.

39. PensTuBucrtckui 3akoH I'yka

B xmaccuueckoil MexaHWKe CTUIONTHBIX CPe Mo 3akKoHoM ['yka mo-
HUMAalOT 3aKOH, YCTaHAaBJINBAIOMINI CBA3b MeXIy TeH30paMu HaIlpsi-
XKeHun n nedpopmaruii. M1 monbsITaeMcs YCTAHOBUTH Ty CBA3b U B
PEeNITUBUCTCKOM ciiydae. [lockonbKy Ha HEKOTOPOUW aKTyaJIbHOW T'H-
[IepHOBEPXHOCTHU, OPTOTOHAJIIBHON MUPOBBIM JIMHUSAM, Cpella IMOKOUT-
csl, TO €e CBOMCTBA YKBUBAJICHTHHI CBOMICTBAM Cpelbl B JIarpaHXkKeBOU
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COIly TCTBYIOIIIEN CUCTEME OTCUeTa IPHU KJIIACCUUYECKOM PacCMOTpe-
uuu. IlosToMy Bce OCHOBHBIE BBIBOIBI KJIACCMYECKON TEOPUU CILIOLI-
HOI1 Cpelbl 5KBUBaJIEHTHHI BEIBOLAM PEIATUBIUCTCKOTO PACCMOTPEHNUS
CTOYKM 3PEHNUS TUIEPIIOBEPXHOCTEN, HOPMAJIbHEIX MUPOBBIM JIMHUAM
YaCTUII CPpeNBl. XOTSI TEH30P KPUBU3HBI TaKUX TUIEPIIOBEPXHOCTEN B
ofIIeM cilydae OTJMYEH OT HYJId, ONHAKO KPUBU3HA UX 3aBUCUT He
OT TEeH30pOB AedopMaliii, a OT TEH30POB CKOpPOCTeil medopMalluil.
Takum o6pasom, B pamkax CTO kpuBu3Ha TUIEPIOBEPXHOCTEN He
BJINAET Ha TEH30p HAIPIKEHUI yIPYroro Tella, 3aBUCAIINI OT TeH-
3opa HedopMalluii.

Kax MBI oTMeuanu paHee, B CIJIy pacCMaTpUBaeMoOil HaMU KU-
HEMAaTHUKW, I JI060r0 aKTyaJibHOro (HavaJIbHOIO) MOMEHTA ~Bpe-
Mern” y* = const B Kaxk0if Touke IPOCTPaHCTBa-BpEeMEHH NMeeTCH
YeThHIpe penepa (Ba OPTOTOHAIBHBIX U 1Ba a(UHHEIX), a UMEHHO:

1. Cucrema {O,x1, 22, 3,24} ¢ BeKTOpHBHIM Gasucom h, (30.2),
(30.38), 9, = O, T4 = ict, —dS* = §,,dz,dx, BHOUpPaeTca Kak cuc-
TeMa OTCYeTa, B KOTOPOU OIpeIesiseTC IepeMelleHIe U IBUKEHIE
( cucrema HabIIOMATEIIS ).

2. Jlarpamxesa cuctema { M, y*,4*} ¢ BekTopamu 6asuca

ory 7 ory =
8—?/2 = I, 892 = hy, (31.11)

OTBeYalomlas MOJIOKEHUIM ToYeK Cpedbl Ha HEKOTOPOU HavdaJIbHOU
TUIHepIIoBepXHOCTH ¥* = const. B 5Tolf cumcTeMe 06paskl TIOIBUAKHBIX
ToYeK PUKCUPOBAHBI. 4-palyc-BEKTOP 7 COEOUHIET HAYaII0 KOOPIu-
HaT CO ¢ HAaYaJILHBIMU KOOPAWHATAMU TOYEK MBUXKYITENCS CPeIbI.
3. Jlarpanxkesa comyTcTByommas cucteMa {M,y" ¢ BekTOpamu

bas3uca
or 2

Oy — e
OTBEUAOIIas N3MEHEHHBIM MTOJIOKEHUSIM TOYEK CPEIbl HA pacCMaTpu-
BaeMoll (aKTyaJIbHOI1) TUIePHOBepXHOCTH Y.

(31.12)

4. DiislepoBa COMYTCTBYIOIIAA CUCTEMA, MPENCTABIILIONIAL COBOI
cucteMmy Terpan h,(c), nepeHocumsix mo Pepmu-Yosnkepy (30.75).

IamuMm ompenesieHne PeJIATUBACTCKEA YIPYTOTO TeJla, MOJIb3YICh
aHaJIOTMENl C M3BECTHBIM KJIACCUYECKUM OIpe/esieHreM 13 MOHOIpa-
¢un JI.U. Cenosa [44].

HajzoBeMm cpeny ynpyroii, B KOTOpOIl KOMIIOHEHTHI TeH30pa HaIlps-
xermit S, (S(ki)) Ha akTyaJIBHON TUIIEPIIOBEPXHOCTH IS KaXkKION
YaCTUIEL ABILIOTCA (YHKIUIMM KOMIIOHEHT TeH30pa medOopMallyil
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U;;, U(ij), KOMIIOHEHT MeTPHYECKOTO TE€H30pa TAHHOW TUIIEPIOBEPX-
HOCTH §;j, (6(ij)), TeMmepaTypsl T u Opyrux GU3NKO-XUMUIECKIX
mapaMeTpoB X;, T.€.
S = flj(aklagklaTv )A(z)a (391)
S(kl) = f(EO)(U(kl),5(kD), T, x;), (39.2)
rie nepBasg GopMyJia COOTBETCTBYET COILYy TCTBYIOIIIEN JIar paHKeBOIA,
a BTOpasd - COILyTCTBYIOIIEN 3IIepOBOll ciucTeMaM oTcueTa. Tak Kak
B HACTOMAIIEN paboTe MBI HHTEPECYEMCI YNCTO MEXaHNYECKUMU IIPO-
LeccaMi, TO B HaJibHeillreM mapaMeTpsl 1 1 {; YKa3HBaTh He 6yIeM.
KoHkpeTHEI B GyHKIMA f7 (f(i7)) MoxeT GBITH Pa3IMYHBIM [J15
Pa3IMYHBIX MOJEJIell CIUIOIIHBIX cpel. Kak cienyeT w3 ombiTa, Ha-
npsKeHns U geopMallui BO MHOTMX TBEPABIX TeJlaX CBA3aHbI MeX-
ny coboit 3akoHoM I['yka. g Masbix medopMalinii, IOBTOPIAS T€ XKe
paccykIeHUs, UTO U B KJIACCUYECKON Teopun ynpyroctu [44], MoxHO
HaIKICaTh
S = A, (39.3)
S(ij) = A(igkl)U (Kl). (39.4)
Cootromrerus (39.3) u (39.4), samaHHBle Ha aKTyaJbHOW THIEPIO-
BepxHocTH y* = const, Ha30BeM peJITUBUCTCKMM 3akoHOM I'yKa.
Bce Bxomsimue B 5T BEIpaKeHUs BEJIMYMHEL, T.€. T€H30PHI HAIIPIKe-
HUl, fedopMaliil 1 CBA3BIBAIOLIIE X KO3(DOUIMEHTHI, ABJISIOTCS CO-
BOKYITHOCTBIO CKaJIAPHBIX (DYyHKIMII OTHOCUTEJIHHO Mpeobpa3oBaHuit
Jlopenna. Tenzopsr AUk A(ijkl) (mepBbIil SIBISETCS TEH30POM OTHO-
CHTeTBHO TpeobpasoBaHmil TarpaHKeBHIX IepeMeHHEIX y¥, a BTopoil -
OTHOCHUTEJIHLHO IIPeobpa30BaHmil TPUA E(k)) uMeoT 81 KOMIIOHEHTY,
HO 13-33 CUMMETPUU TEH30POB HAIIPAKEHUN 1 HedOopMalllil YUCIo He-
3aBUCUMBIX KOMITOHEHT flijkl, A(ijkl) pasao 36. Ecnu cpena, momun-
HieMad 3aKoHy I'yka, obiiagaeT KakuMmu 60 CBOMCTBAMM CUMMET-
DU, TO 9ICIIO He3aBUCHMBIX KOMIIOHeHT AV A(ijkl) eme cokparma-
eTcsa. B wacTHoCTHU, NJIS M30TPOITHON Cpedbl BCe flijkl, A(ijkl) onpe-
HeJITIOTCA BCero ABYMs IapaMeTpaMu. PeIaTUBUCTCKU M30TPOITHON
cpemoii (o aHAJIOTUM C KJIACCHYECKON MEXAHUKOW CIIONIHBIX CpPer)
Ha30BeM TaKylo Cpely, CBOICTBa KOTODOIl OINMHAKOBHI 10 BCEM Ha-
IIpaBJIeHUIM, BEIOGPAHHBIM Ha HEKOTOPOIl aKTyaJIbHOI T'UIEPIIOBEPX-
HocTu. Hamum 6osiee ToUHOE MaTeMaTUYECKOE ONpPeaesIeHIe CUMMET-
puu 1, B YaCTHOCTU, M30TPOIINN, OCHOBLIBAsICH Ha M3BECTHOM KJIac-
cuuecKoM orpenesieHnu [44], ¢ Toit AU pasHUIeil, YTO BCe CBOMCT-
Ba Cpelbl MBI pacCMaTpHBaeM Ha TUIIEPIOBEPXHOCTIX, OPTOTOHAIb-
HBIX MUPOBBLIM JIMHUSAM, B TO BpeMS KaK IPU KJIACCUUECKOM OIMMCAHII
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CBOICTBa Cpelbl 3aJal0TCd B MCHOBEHHOM COCTOSHIHN Ha THIEPILIOC-
KocTu t = const. YIpyrue cBOCTBa CPEBI CPENBI 3a0al0TC C IIOMO-
1IbIo TeH30poB AUH, A(ijkl).

ByneM ropopurs, 94To cpefa Ha aKTyaJIbHOW THIIEPIIOBEPXHOCTH
y* = const obmamaeT cuMMeTpUell, eciu CyIecTBYeT TPyIa Ipeo6-
pasoBaHWUl KOOpAMHAT (TpuUam), Takas, YTO KOMIIOHEHTHI TEH30POB,
3aJaloIlIX CBOWMCTBA Cpelbl, He MEHAIOTCI IpHU Ipeobpa3oBaHULX,
IpUHAJIeXalliX >TON CpyIlIe. B WacTHOCTH, cpely Ha30BeM peJld-
TUBUCTCKN W30TPOITHOI, €CJIM KOMIIOHEHTEI T€H30PO0B, OIIP€eAe IIOIIIe
ee CBOICTBa, He MEHIIOTCS IPU JIFOOEIX OPTOTrOHAJIBHEIX IIpeobpaso-
BaHUIX KOOPAMHAT (TpHUal) Ha aKTYallbHOI runeproBepxHocTu. Tak
KaK yIpyrue CBOICTBa Cpedbl ompenesorcs TersopoMm A(ijkl), To
13 OIpelesIeHNI N30TPOINN BEITEKAET, 9TO

A'(ijkl) = A(ijkl), (39.5)
rmae
A'(ijkl) = w(ip)w(jQ)w(kr)w(ls)A(pgrs), w(ip)w(jp) = 6(ij)
(39.6)

Isis BeLSIBIIEHMS cMBIcia (39.5) paccMoTpuM nBa KedOpMUPOBAHHBEIX
COCTOSIHUS CIIONIHOM Cpefkl Ha y* = const, KoTOpEle MMEIOT OfHA-
KOBBIII BIJI B Pa3HBIX IIOBEPHYTHIX APYT OTHOCHTEILHO NPYTa CHCTE-
Max E(a) u 5’(&), CBI3aHHBIX Ipeobpa3oBaHueM

h'(a) = w(ab)h(b), w(ab) = const. (39.7)
U(ab) = U'(ab). (39.8)

B cucremax E(a) u ii’(a) nMeeM COOTBETCTBEHHO
S(ij) = A(igkl)U(kl), S'(i7) = A'(i7k)U' (k). (39.9)
BHINOJIHAETCs cooTHoteHue (39.5), To u3 paBencTsa (39.8) cienyer
S(ij) = S'(z7). (39.10)

TaxumM 06pa3oM, e oMMHAKOBEIE Me)OPMAIIAN, B TIOBEPHY THIX IPYT
OTHOCUTEJILHO APYra CUCTeMaX, IPUBOAAT K K OJUHAKOBHEIM HaIlps-
XKeHUIM, To cpena m3orpornHa. Ecim xe U(ab) = U'(ab), a A(ijkl) #
A'(ijkl), To S(ij) # S'(ij), T.e. cpema anm3orpomnHa. TouHo Tak xke
KaK I B KJIaCCUYeCKOl MeXaHWKe CILIOIIHOW Cpembl, MOXKHO HalTH,
YTO IS PEJIATUBUCTCKN U30TPOIHON CPeIbI

AT = 2gTg" + u(g™g”" + g"g"), (39.11)
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A(ijkl) = N5(i7)8(kl) + p(8(ik)S (1) + 6(i1)8(jk)),  (39.12)

rme A u u - kKoddpdurmeHTh Jlame, 3amaHHBle Ha aKTyaJIbHOW T'H-
IIePHOBEPXHOCTHU U SBJIAIOIINECS IIO3TOMY CKaJIipaMU OTHOCUTEIBHO
nipeobpazoBanuii Jlopenna. g TeH30pOB HANPIKEHUN UMEEM

S = ik g7 + 205 ¢y, (39.13)
S(ij) = AU (kk)8(i5) + 2uU (ij). (39.14)

Cootromrerne (39.14) MoxHO mosydnTs u u3 cooTHourenus (37.17),
ec/i IS YIPYTroro IOTeHNMaja B JIOKAJIBHBEIX TeTpalaX BHIOPAaThb
TaKoe Xe BBEIpajkeHne, KaK U B KJIACCUYECKOW TeOpUU YIPYTOCTH B
IEeKapTOBBIX KoopamHaTax [43], a umeHHO

E = %U(ii)U(kk) + pU(ik)U (ik). (39.15)

Ucmone3ys mocnentiee cooTHorteHune, Gopmyiy (37.17) npemncraBum
B BUIE

2p* OF p* OFE
S =~ a0 “) = pau ()

[5(al) — 2U(al)].  (39.16)

Nnu, orpaHNYnBaiCh JINHEIHBIM IPUOJIMIKEHNEM, C YYETOM, 4TO p* &
ps, mmeeM (39.14). Ilepexomns B (39.14) ot TeTpamHOro IpeACTABIIEHUS
K TaJlliIeeBy, IOJIy M

S = hu()ho(5)S(i5) = NUsogty + 20U, (39.17)

roe U, onpenensercs cooTHomenusmu (31.19) u (31.52). CootHo-
rerne (39.17) gBisieTcs pesIITUBUCTCKUM OGOOIIEHIEM W3BECTHOTO
3akoHa ['yKa [JIS M30TPOIHOIO Tejla B CUCTEMe OTCUeTa Habiogare-
a5 (npoctparcTBe MUHKOBCKOTO).

Besakyio medopMaliuio MOKHO IPeICcTaBUTh B BUe CyMMEBI gedop-
Malliil YMCTOrO CABUra M BCECTOPOHHETO CXKATUL, T.€.

Uik) = [U(ik) - %5(%)(](%)] + %5(%)(](%). (39.18)

[TepBrhril usien cripaBa ABIIAETCS NeBUATOPOM, CBI3aHHBIA C UMCTHIM
caBuroM (WIMyp OeBUATOpPa PaBeH HYJIO), BTOPOM WIEH CBS3aH CO
BcecTopoHHNM cxkaTtueM. [losTomy cooTHomenue (39.17) mMoxHO 3a-
nmcaTh U B Opyrou popme

1 2
Sy = kUso s, + 20| Up — gg;wa], E=Xtop (39.19)
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Tak Kak

Spp = 3kUsg, gl =3, (39.20)
To u3 (39.19) BEITEKAET, UTO
1. .1 1.
U = oo+ 5, [ S = §gwsm]. (39.21)

[Mocnemuss popmyna ompenesnseT TeH30p OedopMaIuii MO TEH30PY
HaIpSIXKeHUN.

40. 3aMKHYTOCTb CHUCTEMbI YPAaBHEHUN PeJIATUBUCTCKON
YOPYToll cpenbl

O6cynum moJsiyyeHHBIE HAMU YpaBHEHUS [JIS ONKUCAHUS TIOBe[le-
HUSA PEJITTUBUCTCKON yIpyToil cpenbl. T'ak Kak mpuW 3TOM MJIS TIPOC-
TOTHl PACCMOTPEHNS MBI He YUNTHIBAJIN B3aUMOIENCTBUL MeXy Me-
XaHUYeCKNMU U TepMUYeCKAMU IIpolleccaMu, TO MoJiaraii, YTo MoJie
TeMIOepaTyp, KOTOpoe OyHeT BIAUATH Ha IUIOTHOCTH CpeNbl, CUNTAa-
eM 3aJaHHBIM W3 HeMeXaHWJeCKUX coobpaxenuni. B cmimy Toro, uTo
V.V, = —1, u3 deThIpex ypaBHEHUIl IBVKEHUS CIIJIOIIHOW CPeIbI
(37.37) mmub Tpu ypaBHEHWS SBIAOTCS HeszaBucuMbIMu. OHE 06-
pa3yoT CUCTEeMYy TpeX YpPaBHEHUU IJId NeBATU HEU3BECTHBIX (PYyHK-
NI TpeX TPOCTPAHCTBEHHBIX KOMIIOHEHT 4-ckopocTm V) m ImecTn
HE3aBUCUMBIX KOMIIOHEHT TeH30pa HaNpPsIKeHUn Sy,. Hamuuue mectn
He3aBUCUMBIX KOMIIOHEHT TeH30pa HANPSKEHWU CBI3aHO C €ro CUM-
MeTpUell U OpTOTOHAJILHOCTU 4-CKOPOCTU, UTO HAeT

Vg Vp
c2

.Up
Sk4 = Z;Skb, 544 = — Sab- (40.1)
[Ipu 5ToM INIOTHOCTE p* YHOBIETBOPIET YPABHEHNIO HEPA3PHIBHOCTH
(35.16), peleHne KOTOPOro MOXKeT OBITH 3amucaHo B Bume (35.14a).
[IpencraBuM BhIpaXKeHMe [JId INIOTHOCTH KakK (yHKIWIO T€H30pa me-
dopmanuit Komm (31.27), (31.28). 3ameuaem, uTo

B ) (9yk (9yl
OTkyna cienyet
oy 1
detHaw(b) H = @\/det |C(ab)]|- (40.3)
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Ucmonezys (35.15), umeem ¢ yueTom (37.18)

1
p* = pt 6[2CﬁVCMCUﬁ - 3C,,C.Cec + C,CCosl. (40.4)

Takum obpazom, MIOTHOCTH p* 3aBUCHAT OT TeH30poB Komm B TeT-
palHOM WJIN raJjinjieeBOM IIpe/ICTaBJIEHUN.

Brraucnum TeH30p HanpsxeHuit S, BEIpaXasd ero uepes TeH30p
Ko, oTHecennstin k mpoctpancTByY MunkoBckoro. U3 cooTHotreHMin

(37.13) u (37.17) mostyuum

2 OE
S = 2 gt

g"ﬁaC(aﬁ) C(av). (40.5)

Takum ob6paszoM, ypaBHEHHS IBUXKEHHUS CIUIOMIHON cpensl (37.37)
MOKHO TIPeJCTaBUTEL B BUIE
ov, 2 0 < OF >

)
* 2 V. _
pc <1 p602> 3 g/jo'a P goﬂcowac

e (40.6)

rae B (40.6) BXOOAT TOJIBKO BEJIMYMHEL, BRIPAKAIOIINECS Yepe3 TeH-
30p Ko, 4-ckopocTs u ee mpousBogHbie. OTMeTUM, uTO TeH30p Ko-
I U3-3a OPTOTOHAJIILHOCTHU 4-CKOPOCTU U CUMMETPUU UMeeT IIeCTh
HE3aBUCUMBIX KOMTOHEHT. TakK KakK Mg TpeX He3aBUCUMBIX KOMIIO-
HEHT 4-CKOPOCTU M TIECTU He3aBUCUMBIX KOMIIOHEHT TeH3opa Korm
nMeeTCs JIMIIb TPU He3aBUCUMBIX ypaBHEHUSd NBUXKEHUSA, TO IJId 3a-
MKHYTOCTU CUCTeMBI HeOOXOMUMO ellle 1IeCTh He3aBUCUMBIX ypaBHe-
Huil. B KadecTBe TAaKOBBIX MOXKHO WMCIOJIB30BaTh ypaueHus (34.3).
0C 8VN ov,

o =0. 4.
P + 5 Cus +8ﬁcﬂ 0 (34.3)

Daﬁ = VN

B cuny Toro, uro D.g = Dg, n D,gVg = 0, 3T0 ypaBHEeHue uMeeT
JINTITH TIECTH HE3aBUCUMBIX KOMITOHEHT .

Takum obpazoM, HJIT MEBATH HEM3BECTHHIX (PYHKIIMA B HAaIlleM
PaCTIOPSIXKEHNN UMeeTCS EBITH HE3ABUCUMBIX YPaBHEHUN, UYTO U JIO-
Ka3bIBaeT 3aMKHYTOCTH CUCTEMEI YPaBHEHUN, OMMCHIBAIOIINX ITOBe-
TeHne PeJSTUBUCTCKOTO YIPYTOro KOHTUHYYMA.

[Tpu Hamyry BHENITHETO IO, NeNCTBYIOIIETO HA YIIPYTYIO Cpeny,
B IIpaBoil YacTu ypaBHeHus naBuxkerns (40.6) HykHO T0GaBUTH YJleH,
XapaKTepU3YIOMIU B3aNMOIENCTBUE CPENBI C BHEIITHUM TIOJIEM.

Ecnu MBI mosmyuniu peliieHne B MepeMeHHBIX Jiijlepa, TO OT HUX
MOXKHO TIepeN T n K NepeMeHHBIM Jlarpanxka. [lepexon ot ogHux me-
PEMeHHBIX K IPYIUM IIpH 3aJaHHOM moje 4-ckopoctu V), (.) cBi3aH
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C UHTerpupoBaHmeM nuddepeHITNAITLHBIX ypaBHeHu. g HaxoxX me-
Hus JlarpaH;KeBEIX KOOpAMHAT y* BOCIIOIB3yeMCS ypaBHEHIEM

oyt dyF

03HAYAIOIINM TTOCTOSHCTBO JIATPAHXKEBBHIX KOOPAWHAT BIIOJIH MUPO-
BBEIX JIMHUW YaCTUI] TBUXKYIMeNcsS cpenbl. HTerpasoMm >Tux ypaBHe-
Huit 6ynyT MCKoMble QyHKIMU y¥ = fk(wﬂ) s HaxoXmeHUs TMmapa-
MeTpa y*, HyMepyIolero opToroHaabHbIe MIPOBEIM JIMHAIM THIeEp-
HIOBEPXHOCTH, BOCIIOJIb3yeMcs dopmyston (31.48)

y*
oz,

= —9V,, (31.48)

[Mosryunm yciioBUsS MHTETPUPYEMOCTH STOU CUCTEMBI. Y MHOXKas obe
yacTu Ha V), HaXOOMM, YTO

Oy*

=1V, . 40.8

5, (40.8)

[Mocste gero cuctemy (31.48) MOXKHO 3amMucaTh B YKBUBaJIEHTHON (op-
Me 0
« 0Y

= 0. 40.9

o (40.9)

PaCCMOTpI/IM BbIpaZXK€HUe

0 Oy* dg*. Oy* %y
* z * g = 0. 40.10
Gy Oz, <g,,5 (9:135) I Oz, Oz, Iuadve Oz 0, ( )
IlepecTaBiiad MHOEKCEL (L U U, AMEEM
8 ., 0y 99, Oy* &*y*
=g — r g = 0. 40.11
g 9 gy) = S e+ 99k T (40.11)

Berunras us (4.10) Beipaxkenne (4.11), Bocmonb3ysics (31.48), mosy-
yaeM

Ogve . 99
—~0V.(g5, 89 ~ Gl )=o. (40.12)

[Tocnenmee cooTHoOIIEHME TTOCIIE TIPOCTHIX TTPeOOPA30BAHUN TPUBOIUT
K paBeHCTBY

Wy =0, (40.13)

I/le TEeH30p YIJIOBOW CKOPOCTU BpalleHus omperneieH B (34.14) mwm
(mpu BEIGOpE mpyroi curHaTypsi) B (1.4).
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Takum obpasoMm, yciioBusS HHTerpupyeMocTu cucteMbl (31.48)
CBOAATCS K W3BECTHOMY yTBepkuaeHuto [20], uTo mpu oTcyTcTBUH
BpaIlleHU MUPOBBIE JIMHUU CPeNbl 00paszyioT HOPMAJIbHYIO KOHTPY-
ernuio. Ecimn wy,, # 0, To cucrema (31.48) HecoBMecTHa, T.e. B 5TOM
clTydae HeJIb3i IIOCTPOMTH THIIepIoBepXHoCTH y* = const, KoTopas
OPTOTOHAIIbLHA MUPOBBIM JIMHUAM YaCTUI] CPEIHI.

OTMeTuM, YTO TPU BHIBOJIE TEH30POB NedopMallii MBI JOITYCKa-
JIN CYTITeCTBOBAHNE CEMENCTBA TUIEPIIOBEPXHOCTEN, OPTOTOHAITBHBIX
MUPOBEIM JuHUAM. OQIHAKO, €CJIU TJ100aJIbHBIE TUTIEPTIOBEPXHOCTH CY-
IECTBYIOT NpH W, = 0, To B MaJjon 061aCcTH N3MEHEHNS IapaMeTpa
y*, xKorma paccMaTpUBAIOTCS IBe COCeJHUE MUPOBHIE JIMHUM, BCET-
Ila MOJKHO TOCTPOUTH JIOKAJIFHO HOPMAJIBHYIO UM TATIEPIIOBEPXHOCTD.
AnmapaT HeroJIOHOMHBIX Hpeobpa3oBaHUN, Pa3BUTHIA HAMU B TJla-
Be 2, MOITyCKaeT PACCMOTPeHNe TTPON3BOJBFHOTO NBUKEHUS CIIJIONITHON
Cpenmbl KaK C OTCYTCTBUEM, TaK U C HajimuueM BpareHuii. OH 1mos-
BOJIIET JIETKO OOOOIMUTH TOJTYUeHHBIE B 9TOUN TJlaBe Pe3yJILbTATH HA
CIIy4Yail TMPOM3BOJIILHOTO MBUXEHUS KOHTUHyyMa. OmHAKO MBI 5THUM
3aHUMATHCSI He OyneM, a pelllnM HeKOTOophie KOHKPEeTHHIE 3aadul.

41. IInockume ynpyrue BOJIHBI B HEOTPaHUYEHHON
N30TPOIHON cpene

PaccMoTpuM pacrpocTpaHeHrne MaJjIbIX BO3MYINEHWII B YIPYTUX
tenax. [Ipu annabaTudeckux nedopMalisax T€H30p HAPKEHU S,
cBA3aH ¢ TeH30poM nedbopmarmit U, Opu MOMOIIN PeSISTUBUCTCKOLO
sakoHa ['yka (39.17), (39.19), a ypaBHeHUS OBUKEHUST YIPYTOM CPEIbI
sanafoTcs popmystoi (37.37). Panee npu BEIBome TeH30pOB medopma-
it (31.44), (31.56) B KauecTBe HAYAIIBHOI'O COCTOSHUS MBI BHIOHpa-
s Hemle OPMUPOBAHHY IO CPey, 0To6pakaeMylo TOYKaMu HEKOTOPOI
HaJaJIBHON THUIePIIOBEePXHOCTH §* = const ¢ MeTpUYeCKIM TEH30pOM
gr- OmHaKoO HaYaJlbHOE COCTOSHIE MOXKHO OIPENeaTh 10 Pa3HOMY.
B obrem ciyuae popmysta (31.50) He nmeeT MecTa, T.e.

Ou, , Ox,
Oyt 7 Oy’

[IpaBas gacts popmyssr (31.45) ¢ yuerom (31.48) umeer Bun

86 8584 8584 (96 (96 . 85**
<(9Z# B (97;4 3;)( B 8—;8—11/) = <(9Z# + (;; V/i)geu = 8;6090”96”.
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CooTBeTCcTBeHHO, TpaBasd JacTh (31.51) samummrercs B Bume

* *

" 9z, 0z,

Ou,  Ou, Oy*\ /Ou, Ou, Oy* Ou, Ou,
<(9:13N Oyt (9%) <(9:13,, Oyt (9:1:,,> -

[MosTomy Tenzop nedpopmarmit (31.52) MoxKHO HpencTaBUTH B Gopme

. 1 % (9u5 (9u0 (9u/\ (9u/\
Ui = 5[90”9‘5’/(8:130 * oz, oz, aw)]' (41.1)
Hepexon K COIMyTCTBYKOIIIM TE€TpadaM OacT
Uas = @) hu(B)ho () (e (D (0) (55 4+ 5.7 = 525 2) =

1 *Du(l) =~ *Du(k) *Du(X)*Du(N)
_55(ak)5(ﬁl)<8w(k) + 5el) ~ Bs(k) Be() ),
1 <*Du(b) *Du(a) *Du(X) *DU(A)>7

U(ab):§ —

92(a) | 0a(b)  Ox(a) da(b)
U(ad) = U(44) = 0. (41.2)

Ormernm, uto dpopmyina (41.1) nomyuena aiist o6IIero Crydas mpu
YCJIOBUM, YTO 4-BEKTOp MepeMellieHus U cyimecTByer. OHa o6obimaeT
dopmyity (31.52), B KOTOpO#l HaUaJIbHOE COCTOSHUE (GUKCUPOBAHO.

Paccmorpum cityuaii 6eckoHeuno MaJjibix medopmariuii. Cpena,
oTobpaxkaeMas TOUKaMU HEKOTOPOU aKTYaJIbHON TUIEPIIOBEPXHOCTH
y* = const (MBI cumTaem, 4TO BpallleHUs OTCYTCTBYIOT), B obIIeM
ciyyae nedopmupyema. B KauecTBe HAYaIBHOTO COCTOSHUSA Ha STOU
JKe TUTIEPIIOBEPXHOCTH BBeEM TaKoe BooOpaxkaeMoe COCTOSHUE, B KO-
TOPOM Ha KaXIBII 5JIEMEHT He NeCTBYIOT HUKakue CIIbl. ( BHerHwme
TIOJISL MBI 37IeCh He paccMaTpuBaeM.) Takum o6pasoM, Ha aKTyaIbHON
TUTIEPTIOBEPXHOCTHU CPeNla HAXOAUTCI B IBYX COCTOSHUAX: UCTUHHOM
nedopMUpPOBaHHOM U ~mpuMbIciieHHOM” (TepMmuHosorus [44]) neme-
$hOpMUPOBAHHOM COCTOSHUU, IO OTHOIIEHUIO K KOTOPOMY MBI U Oy-
meM U3MepATh medopMaruio cpedbl. ToT GakT, UTO paccMaTpuBae-
Mas TUTIEPIIOBEPXHOCTH B OOITIeM CITyJae UCKPUBIIEHA, HU B KOEW Mepe
He 03HAYaeT ellle, YTO B cpelle OTCYTCTBYIOT WU TIPUCYTCTBYIOT Ile-
dopmanmm, Tak KaKk KPUBU3HA TUIMEPIIOBEPXHOCTH OIPeENeJITeTCsS He
TeH30poM nedopMalinii, a TeH30poM cKopocTel nedopmartimii. Creno-
BaTEITLHO, IS JIFOO0U TIPOU3BOIILHON HOPMAJIBHOW MUPOBHIM JIMHUSM
TUTIEPTIOBEPXHOCTH, CPeNla Ha KOTOPON NeopMUpoBaHa, HANIeTCS Ta-
KOe TI0Jie CKOPOCTEeN Jid HelmeOPMUPOBAHHOTO COCTOSHUSA, KOTOPas
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MHOYIUPYeT TUNepHoBEPXHOCTH, COBIAMAIOIIYIO C HAaHHOU B oOIIIei
objacTu UX 3a0aHUI.

Tak xKak MBI paccMaTpuBaeM GeCKOHEUHO MaJible medopMalnu, a
B KaueCTBe HAUYaJILHOTO COCTOSHUSA BBIOMpaeM COCTOSHUE Ha aKTy-
aJIbHOI TUIIePIIOBEPXHOCTH, TO MaJIbl OYOYT He TOJBKO NedopMaliuiu,
HO U 4-BEKTOpPHI IepeMeIeHns U, KOTOPHIE 0 MMOCTPOEHMIO JIeXaT B
KacaTelabHOM K y* = const mpocTpancTBe. OTKyna nMeeM

w(4) =0, ih,(4)u, = Vu, = 0. (41.3)

s masnmeix medopmanuii cootromenus (41.2) u (41.1) npencrasii-
IOTCA B BUIIE

U(ab) = %((Z“ES;) + *gwu((b';)>, U(ad) = U(44) = 0. (41.4)
Ui = 50505 ot + 5 (41.5)

B cuity cootHourenns (34.16) npu oTCyTCTBUAU BPAIIeHNS BUTHO, UTO
npu 6eckoHedyHo MaJibiX U,s MaJIbl TakXke 0,3, CeOBaTeIbHO, IIPO-
usBefenne o,,U,3 NpencTasingoT 6oJiee BEICOKMI IOPANOK MaJIOCTH,
yeM 0,5 U dU,p/ds. IlosTomy cooTHotenne (34.16) cBopuTcsa K BULy

o,
Top = Vi p. (41.6)
I

Bsraucnum 4-yckopenne dV),/ds, ncnonbsys paBeHCTBa

. a dwﬂ_duﬂ dwﬂ_duﬂ dwﬂds
I p = Up, =

ds ds ' ds ds ' ds ds’

Taxk kak Uy, 6eCKOHEeYHO MaJl, TO cobcTBEHHOE BpeMI Ha OBYX H6ecko-
HEeYHO OJIM3KUX MHWPOBLIX JIMHUAX OTJINYACTCA MaJlOo, IIO3TOMY

dw, _ O,

V= V= ds ‘Oz,

(41.7)

[ToBTopHOE Tudpdepennuponanue (41.7) o s ¢ yaeTom, 4TO dvﬂ/ds =
0, maeT

dV, dV.0u, A (92uﬂ VvV (92uﬂ

ds  ds Oz, "0z O0z, Oz O0x,’

rne CoOXpaHE€HBI YJIEHBI OOHOI'O IIOPAOKa MaJIOCTHU, TaK KaK paCCMaT-

(41.8)

puBaeTCsa TOT CJIy4dall, KOorJa MaJibl He TOJIbKO NedopMaluu, HO U
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riepeMeItieHus u ycKopeHus. IIpm 5ToM cKOpocTh v He TIpeAIioiaraeT-
Csl MaJIOl, XOTSA MaJibl ee I'pagueHTHI.

NTak, kak m B KJIaCCUUeCKOW TEOPUU YMIPYTOCTHU, TPU BEIBOME
YPaBHEHUHU IS YOPYTUX BOJIH MBI JlejlaeM CJieAyIoIne NOMyIIeHNs:
CunTaeM MaJBIMU BeJIUUnMHAMU nedopMallnu, epeMeIlleHus, Tpa -
eHTHI CKopocTell n yckopeHus. [lpomsBenenue JoOBIX W3 STUX Be-
JINYWH €CTh BTOPOU TOPIIOK MaJioCTU. B mosydeHHBIX ypaBHEHUSIX
O6yneM oCTaBJIATh TOJILKO UJIEHBI TIEPBOT'O MOPANKa MAaJIOCTH.

N3 sToro momyrienns HaxomuMm

dU,, 1 d <(9u6 (9u0>.

Oz, + Ox,

— — 41.
ds g9ondev (41.9)

BameTum, uTo cooTHorreHne (41.6), npuMeHeHHOE K GECKOHEUHO
MaJIBIM OedopMalliiaM, CIpaBelIiBo JIMIIL B TOM CJIydae, eCjii Ha-
vyaspHOe cocTosHmne ¢ukcupoBano. Popmymnsr (34.3) u (34.16) Gbuin
TIOJTyYeHEl TIpu yciioBuu, aTo Ogy/Oy* = 0. Ilng HacToAmell 3amaqm
5TO ycjioBue He umeeT MecTa. Q606IIMM, HOKa3aHHOE IJIi COOTHO-
menus (34.3) yTBepxkmenue, Ha caydaii 9¢gy/0y* # 0. Ilna sToro
paByio 4acThb (34.2) mpencTaBuM B BUIE

Ogi; _ 0 <3d353dze>_ g, <K>8a} i<E>8a’:6
0y

ayt  ayi\agiag) oy \ g/ oy 3y
OV, OV . dVs . dV,\0%,0%5 . O, Dig.
= TS T = 41.1
<8d:ﬁ+(9a'3a++v ds Ve >3yl 7 ﬁ@yl Oy (41.10)

Tak Kakx 043 = 0ga, (ya,@f/ﬁ =0, To

(9glj . (9:13a (9:135 (9dfa (9:1.35 (9dfa (9:1.35 (9dfa (9:135
o = 204 RN Y —— - (41.11
oy* ’3<3y13y7_+ 3y43y7-+ 3y13y4_+ 3y43y4> ( )

Cootromerue (41.11) ¢ yueToM mociienHero paBeHCTBa 3aMEHSIETCS

Ha
Oz, Oxp . 0z, 0z

8y 8y T oge oy
roe 0/9y* = 0/0y*. ®opmyna (41.12) cupaBeniusa [iis JIIOOBIX Iie-

D

(41.12)

dopmanmii, eciim TOJBKO HadaJIbHOE COCTOSHUE 3a/laeTCd Ha aKTy-
ajbHOW TumnepnoBepxHocTU. [y OeckoHeuHo MaJIBIX HedopMalinid,
UCIIOJIL3Yyd PaBEHCTBO T, — &, = U,, U OTJUYNE OT HyJd FKobMaHa
1mpeobpaszoBaHUA

0z,
Tall £ 0

detH
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IoJiydacm

: dU,
Oap = Gap + dsﬁ. (41.13)
PaccmoTpum BeIpaxkeHue
i@ug_v A%u, 0 <(9u5 >_%3u6~
ds Oz, A@au@a:(, Oz, \Oz) Oz, Oz
o du. OV, OV,
~ = — . 41.14
Oz, ds Oz, Oz, ( )
Ucmone3ys mocientee paBeHCTBO, HaxonuM s (41.9)
al,, )
d—: ROy — O (41.15)

Takum o6pasom, Beipaxenue (41.5) obparmraer (41.13) B ToxmecTso.

B pasmesne 40 6p110 MoOKazaHo, YTO 3aMKHYTOU CUCTEMOW MJIS YII-
PYTOI CpPenbl IBISETCS CUCTeMa W3 NEBATU yPaBHEHUN, N3 KOTOPHIX
TPU YpaBHeHUS TUHAMUYECKUX U ITeCTh - KMHeMaTndeckux. Tak Kak
mist 6eCKOHEUHO MAaJIbIX medopManmii coorHornenue (41.5) sBngercs
peuterneM (41.13), To myIs HaXOXAEHWS TPEX HE3aBUCUMBIX KOMIIO-
HEHT 4-BeKTOpa U, OCTAeTCI TPU HE3aBUCUMBIX YPaBHEHUS NBUKEHU S
(37.37), KoTOpbIe C UCIHOJIB30BAHUEM 3aKOHA ['yKa, MOXKHO 3alicaTh
B BUJE

v, _ asw ag 8U66 aU,,
* = Ny >\ * 2 41.1

rne A u g - KoopdpuiimeHTH JlamMe miig agnabaTUdecKuX MPOIECCOB,
3allaHHBIE Ha aKTyaJibHOI runeprnoBepxHocTu. U3 (41.3) BEITeKaeT,
4TOo

ov, 8u”V 0
Ox, Oz,
N, OTOPOCHUB YjIeHBEI BTOPOrO MOPAAKa MAJIOCTH, HaXOMIM
ou
A —V, = 0.
oz, "
W3 mociiemHero cooTHOIIEHNS MMeeM
(9U4 Vk (9uk UE (9uk (9u5
- =t——, U, = . (41.17)
3335 Vy Oz, c Ox, Ox,
3ameuas, 4TO
* 89:'1/ — dVN
K7 Oz, ds’
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BOCIOJIB3YSICh TaKXkKe JOMYIIEHNEM O MaJloCTH, HosydaeM u3 (41.16)

ypaBHEHU
5u, Oy, v O%uy, du
V.V, = Ag; — ;
© ﬁ@w(,@wﬁ ‘”’<8a: Loy, T c (9:1:,,(9:1:4> + 'LLg”O‘@ 0T, +
(92uk ivk (92uk
g g o, 41.18
re
2 (9Uk (9uk 1 (9Uk (9uk
®, )\
I gz, Bzy T I Iy oo T
, Ovui, Ouy, oV, du, oV, Ou,
—V, — V.. 41.19
i GiaSing, L 0we o2, 02, “oa, oa. (41.19)

OTrmeTum, yTo ¢, IBAAIOTCS MAIBLIMKA BEJIMYUMHAMU [0 CPABHEHUIO C
OCTaJIPHBIMU ujleHaMu ypaBHeHus (41.18), Tak Kak B HUX BXOIAT B
SBHOM BUJIe TIPOM3BENEHNS MAJIBIX BeJIMYUH TPATNEHTOB CKOPOCTEN 1
rpagueHToB AedopMalii.

HomycTuM Tenephb, YTO BEJWUYWHBI Uj SBIISIOTCT (QYHKIUIMU
TOJIBKO OT X7 U 4. llosie ckopocTeil cpembl U IMyCTh COBIMANAET C
ochio 1. Torga AJis oTHETBHBIX KOMIOHEHT Uj MOJYUYNM YpPaBHEHUS

82161 N (92u1

2 3 2y =l .
eV + (2 WVET g+ 2WVile - (2u+ ]2t

_|_

HEV2 + 2u+ W55 = @, (41.20)

(92 82162 9

[<°:V42—|-,LLV1](9 + 2ViVyle — y]

=2 4 oViVie —
(9213421 + ! 4[8 ,U] (9:131(92134

eV + pVi]
(41.22)

Uccnenyem mosyuennsie ypapuerus. 13 (37.12) cienyer BBIpaxkeHue

= Vi a2 1+ ),

c2
KOTOpoOe IIJIS MaJiblX OedopMalluii CBOOUTCA K BULY

£~ pic’. (41.23)
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Kak m3BecTHO U3 Kitaccudeckoin Teopun yrnpyroctu [43], [44], mexmy
kovhduiimenTamu JlaMe U INIOTHOCTBIO CPEIBl P CYIIECTBYIOT Clle-
IYIOIIKe COOTHOIIEHM

Ak 2u=clpl, w=clpp, (41.24)

Tlle ¢; U ¢; - TIPOMOJIbHBIE U TIONIEpeYHble CKOPOCTH 3ByKa COOTBET-
crBenHo. U3 (41.24) cmenyer, uto ¢; > ¢;. Paccmorpum nBuxkenwe
? peNIATUBUCTCKU TBepmoro” Teja. g Kilaccmuecku TBEPOBIX TeJl
CKOPOCTH 3ByKa (IIPOIOJILHEIE U HOMEPEYHBIE) CTPEMITCS K 6E€CKOHEY-
HocTu. B cornacuu xe co CTO, mobble B3auMoIeiCcTBUS MepeqaloTCs
CO CKOPOCTSMMU, He MPEBHIMIAIMIMEA CKOPOCTH CBeTa B BakyyMme. Ilo
5TOI MpUYNHE MBI BBEOEM OIpenesieHne ~ pPeITTUBUCTCKA TBEPIOro”
Tesia. HazoBeM Teso ”pelaTUBUCTCKU TBEPABIM, €CJIN IIPOIOJIbHAS
CKOPOCTH 3BYyKa ¢; paBHAa CKOPOCTHU CBeTa B Bakyywme c. [lng ”pess-
TUBUCTCKHU TBepaoro” tena B cuiny (41.23) mMeem

A2u=¢= pict = pici. (41.25)

s ” penaTUBUCTCKU TBEPOBIX  TeJI, IIpeHebperas monpaBKaMu BTO-
poro mopsaka Majioctu $; Mo cpaBHEHUIO ¢ APYTUMU YIIEHAMU, IMEEM
BmecTo (41.20) ypaBHeHue

H? 1 H?
dx? 2 ot?

Ou; = Jur =0. (41.26)
[Tocnentee ypaBHeHUME TpencTaBIITeT COOOM XOPOIIIO M3BECTHOE YPaB-
HeHWeE TIITOCKOW BOJIHBI, PACIIPOCTPAHSIOINIENCS BIOIb OCH &1 CO CKO-
poCcThIO CBeTa B BakyyMme. llpmdyeMm ckopocTh cBeTa (Kak U IOJIKHO
6617 B CTO) He 3aBUCAT OT CKOPOCTHU OBUKEHUS CPEIHL.

Isis xommakTHOCTH 3anucu ypaBHeHus (41.20) BBemem o6o3Hade-
HUS

—[eVE+ 2u+ NV = a1, z4=ict=1izr, x1=1y,

1 . .
an = VVile = Gut N, am= [V + (2p+ NV, (41.2)
IIOoCJIE€ KOTOPBIX YPaBHEHNE IIPMHNMaCT BUIO

(92161 (92U1 (92u1
—— 4+ 2 — —®; =0. 41.28
aiy E + a128w8y + a9 52 1 ( )

C noMmorrpio mpeobpa3oBaHUs TTepeMEeHHBIX

5 = d)(wvy)) n= ’(ﬁ(:l?,g) (4129)
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MBI IIOJIy49a€eM HOBOE€ YpaBHEHMNE, S5KBUBaJICHTHOC NCXOJHOMY, & IMCH-
HO

H? H? H? -
@11% + 25&12fg;7 + @22% - ¢, =0, (41.30)
o ¢ peoE 0%
P P
ajg = a11<8_a:> + 2(1128—33% + a9 <%> )
o980 <%@+%3_’7>+a 9¢ on
12 Yoz o 2\ 62 Oy Oyox 22 Oy Oy’
On\ 2 Ond Oy 2
gy = a11<8—z> + 2a128—2£ + a22<£> , (41.31)

a ¢dyHKUus ®; He 3aBUCUT OT BTOPHIX IIPOM3BOMIHEIX.

EcTecTBeHHO OCTAaBUTH BOIPOC: KaK BHIOPATE & 1 77, YTOOHI ypaB-
HeHUe B 5TUX [IepeMeHHBIX MMeJIo HauboJlee pocTyio popmy? Bribe-
peM mepeMeHHbIe £ U 1) Tak, 4To6kl a;; = 0. PaccMoTpum nuddepen-
I[IaJIbLHEIE YPaBHEHN C YaCTHBIMU IIPOU3BONHLIMU IIEPBOrO MOPIIKA.

5%z 5%z 5%z

— +2 — =0. 41.32
a118w2‘|‘ a128w8y+a228y2 0 (41.32)

Bocnonbsyemcs semmont [82], koTopas ryacut, 4To ecim ¢(x,y) =
const ImpencTaBigeT coboll obIIMiI MHTerpaJl OOEIKHOBEHHOro nudde-
PEeHIMAILHOIO yPaBHEHNII

a11dy? — 2a1adady + agedz? = 0, (41.33)

To QyHKIWA 2z = ¢(x,y) yooBreTBoOpsieT ypaBHeHuio (41.32).
Ypasuenne (41.33) pacnamaeTcs Ha ABa ypaBHEHUS

dy _ant Vaiy — a11a227 dy a3 — \/a%z — dndz (41.34)
ay

dz 1 dz aill

3HaK IMOOKOPEHHOTO BHIPaXKeHNUI B 5TUX YPABHEHUAX OMpeAesIseT TUIl
ypaBuenus (41.28). Ucnonbsys (41.27), mmeem

a%2 — Q11099 = 8(5\ + 2/J) > 0. (4135)

OT1o o3Havaer, uro ypaBHeHue (41.28) oTHocuTcs K rumepbosmyec-
koMy Tuiy. Y paBaerus (41.34) mociie HECITOXHBIX aJreOpanmdecKux
npeobpa3oBaHUl, YINTHIBAs, YTO



CBOOATCIA K BUOY

dy wn+ag dy wvi—qg

v1€; ? _ ncg’”
dx c + dx c
C C

(41.36)

XapakTepuctudeckue ypapaenus (41.36) coBmamaioT ¢ XapaKTepuc-
TUYECKNMU YPaBHEHUSIMU NJISI TIJIOCKUX BOJIH B PeJISTUBUCTCKOW Ta-
soBoit muaamuke [136]. Tak kak B HalleM ciydae v; U ¢; MPAKTUYECKH
HIOCTOSIHHEL, TO nHTerpastamu (41.36) 6ynyT BbIpaKeHUs

v1 + ¢ v — ¢
¥y - c+ Ulccl = Cl? Yy — @w - CZ- (4137)
ITonmaraga 4
U1 T € U1 —
é-:y_@wa ﬁzy—@w (41.38)

1 BOCITOJTB3Y SICh BBITIIEYTIOMAHY TON JIEMMOW, MBI 0OpaTUM B HYJIb KO-
sppuumMeHTH @11 U dg2 B ypaBHeHun (41.30), xoropoe mpu ®; = 0
CBOIUTCS K BUILY

82161
= 0. 41.39
Pemrenuem nociienHero ypasHeHus 6ymeT
u = fi(§) + fa(n), (41.40)
KOTOpOoe Tocite moncTanoBok (41.38) u (41.27) marot
_ v+ ¢ v —

Peurennie (41.41) nmeer npocroit dpusuueckuit cmbici. Oynxmunm fi
1 fo TIPENCTaBIIAIOT COOON MBe ITNIOCKME BOJIHBI, Oerylnue HaBCTpe-
4y Opyr APYLY CO CKOPOCTSIMU V] W Uh OTHOCUTEJIHHO HEMOIBUKHON
cucTeMbl oTcueTa. [Ipu sTom

v+ ¢
9
14 o

¢ — U1

_ v’

I I _

v = Uy = (41.42)
Cootromrerus (41.42) npencTasisgioT co6oi XOPOIIO M3BECTHEINA pe-
JISTUBUCTCKUI 3aKOH CJIOKEHUS CKOPOCTell, HallpaBJeHHBIX 10 OHOM
npsmoii. Y pasHenus (41.21) u (41.22) pemraroTcs aHAJOTWYHO U UX
petterns otymyaoTcs or (41.41) sums 3amenoit B (41.41) npomoss-

HOU CKOPOCTHU 3BYyKa C; Ha MOMNEPEeUYHYI0 CKOPOCTH 3BYKa Ci.

V1 + ¢

urs = Filen = o oa
C

t) + fo21 - fi%t) (41.43)
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Takum obpazoMm, Tpu OTCYTCTBUM BHEIITHUX CUJT PEITEHNEM YPaB-
HeHud (41.16) B aKyCTUUeCKOM MPUOIIMKEHUN SBIISIOTCS TIPOLOIIH-
HBbIe U TIoTlepedHble BOJIHBI, KOTOPBIe PACIpPOCTPAHIIOTCS He3aBUCH-
Mo Apyr oT mpyra. da3oBble CKOPOCTU 5TUX BOJH CKJIIAIBIBAIOTCS
(pesIITUBUCTCKH) U3 COOTBETCTBYIOMINX (Ha30BBIX CKOPOCTEN OTHO-
CATEJIbHO HEMONBUKHOM CHCTEMBI IUIIOC (MUHYC) CKOPOCTH CUCTEMBI
vy kKak nesoit. [Ipu v; = 0 pemenns (41.41), (41.43) omuceiBaoT mpo-
TMOJTBHBIE U TIOTIepeYHble BOJIHEI B M3O0TPOITHON Cpefle B KJIaCCYIECKON
TeopU! yIPYTOCTH B CiIydae MaJILIX nedopmaruii. Koneuno, sToT pe-
3yJIBTAT MOXKHO OBIJIO OXUIATh C CAMOTO Havdalla, a PaAaCCMOTPeEHHAs
3a7ada IBIIT€TCS HEKOTOPOU TPeaBapUTEITLHON MMPOBEPKON MMOCTPOEH-
HOTO anmapaTa. JIT0OOMBITHO, YTO PeITTUBUCTCKUN 3aKOH CITOKEHU S
CKOPOCTel, BRITEKAIOIINI 13 mpeobdpa3oBaunii JlopeHiia, mosgydeH u3
pettteHns nudPepeHnaTbHBIX yPaBHEHN T€OPUU YIPYTOCTH.

42, PeaTUBUCTCKUI OCHNJIIIATOP

Ucnonbays pengatuBucTckoe ypaBHenne HruioToHa,

dv,
mocd—; =F,, (42.1)

PacCMOTPUM IBUXKEHNE MATePUAJILHON TOYKU BIOJb OCcU 1. B mpnm-
BeJICHHOM ypaBHEHMM 1M - Macca Mokod, F), - 4-BeKTOp CHMJIBI, oIpe-
TeJisieMbIil OOBIYHBIM 0Opa3oM

szi F4:M
c,/l—z—zj 02,/1—’2—;,

rne fi - TPeXMepHBIN BeKTOp CWIibl. COMmyTCTBYIOIINE TeTPAIbl IS

(42.1)

AJaHHOTO OIBUAKECHUA OIIPEOCJIAIOTCI PaBEHCTBOM

—Vy 0 0 21
O 10 0
—V1 0 0 —iVy

Tlle & - HOMep CTPOKM, a i - HoMep cToJibna. Ilepexon k comyTcTBY-
OIMAM TeTpalaM JaeT

av,

mOChN(k)E

= h,(k)F, = F(k), F(4)=0. (42.3)



Tak kak V3 =V, Vo = V3 =0, To

dv, dv
—l=mes (42.3)

dt
[MosTomy ypaBuenue (42.3) mpenctaBuM B Buie

mo% = (1) = hy(1)F) + ha(1)F, = %fl. (42.4)

mych,,(1)

PengTuBucTcKkn mHBapraHTHBIM OMpeleJIeHNeM YIIPYTOU CAITHI OyIeT
PaBEeHCTBO

F(1) = —%kowu), (42.5)

rae ky - K09hPUIINEeHT KeCTKOCTHU, 3aJaHHBIN B COITY TCTBYIOIIIEN TeT-
pajle U SBIISIOIIANACS MTOTOMY CKaJIIPOM OTHOCHUTEJIFHO Mpeobpaso-
BaHui JlopeHra.

da:(l) = hﬂ(l)dwﬂ = L/L/L/Llujlh/j/(l)dw/j/ = hﬂfdw#/. (426)

N3 (42.6) coemyer, uto dz(l) - cKamsp OTHOCUTEIBHO IPeobpa3oBa-
unii Jlopenna (L, - MaTpuia Jlopenna).

(1) = [ h,(1)dz,. (42.6)

NuTerpupoBanue MpoW3BOAATCA BIOJIb MPAMON JIMHUK L, Jexalrei
Ha runepmiockoct de(4) = 0 U COoenUHAIONMIEN MUPOBYIO JIMHUIO
z;, = 0 ¢ MUpOBOI1 JIMHMeN paccMaTpUBaEeMOll YacTHUILl. PaBeHCTBO
dz(4) = 0 KBUBaJIEHTHO

1
dz(4) = h,(4)dz, = ZVNda:N = 0. (42.7)

Cunras, yTo Ha rurnepiiockoctn dx(4) = 0 TeTpamHOEe IOJE TOCTO-
SHHO, UCTIONB3Y s (42.7), mosyunm

1 ‘/vl

ia:l
1) = [ (h1(1) — =—=hy(1) )dE = —. 42.8
(1) = [ (m(1) = ha(D))de = 7 (428)
Ypasuenne (42.3) npencraBuM B BuIe
dV ko L1
—_— = . 42.9
o dt cV1+V2 ( )
Cunurad, 9TO

dv AV ¢V dv
dt  dzy. 1+ Vidz
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IIoJIy4YnM

dV
2
myc’V — = —kyx;. 42.10
WPV = —hua (42.10)
NuTerpast 5Toro ypaBHeHUs MMeeT BULI

ko

myc

V2 = — 21312—|—01.

2

[TocTosuuyto uaTerpupoBanus C'; ompenesuM U3 YCJIOBUS, YTO MPHU
x1 = 0 momxuo ObITH V' = V). OTKyna numeem

k03312 mO%2C2
V=Vl - ——= <A= . 42.11
kg 2 2
d m_o A — T
dzy _ Vil ) <e (42.12)

NurerpupoBanne ypaphenns (42.12) OpuBoauT K COOTHOUIEHUIO

2 A2
wot + g = |1 + %E(arcsin %, k> (42.13)

rmae d)() - I'IpOI/I?)BO.TIBHaJI HOCTOﬁIHHaJI,
2 42
Wy = ’

= 42.14
my e + wi A%’ ( )

a E(u, k) - snnuntuyaeckuit unTerpast Broporo pona. Ecim w?A?/c? <«
1, To cooTHourenne (42.13) cBOOUTCS K KIIaCCHIECKOMY

z1 = Asin(wgt + ¢y)- (42.15)
IIpnu
wiA?  kyA?
vi= 0 = 1 42.16
0 2 moc > 1, ( )

T.e. KOrJla TOTeHIUaJibHAs »Heprus nedopMmaluu MHOTO Oo0JIbIle
SHEPTUM TIOKOS YaCTUIIBI, MOXKHO TOIB30BaThCs psmom [105]

E(u,k) = %E’(k) lnta,n(% + %) + ey

iy T 1, (2n — )y K™ - 5
E(k)_§<1—§k — ] o ]2n_1—...), K =1 k2.
(42.17)
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[Ipu Beinonaennn HepasercTBa (42.16) k' < 1, mostomy E' (k) ~ /2.
T

E(u,k) = In tan <g + %), u = arcsin <Zl> (42.18)

Popmyita (42.13) s paccmaTpuBaemoro ciydas (42.16) npencrasu-
Ma B BUIE

1 et | <P
tan <% t3 arcsin <%>> = e “od, (42.19)
JleBas yacTh mocsienHelt GopMyIIBI MOXKET GBITH MIPEACTABIIEHA B BUIE
1 1+
tan <% t35 arcsin <%>> = ﬁ. (42.20)
A2

Ucmonesys (42.20), paspemus (42.19) oTHOCUTENBHO X1, TOTydaeM

t
a:leta,nh<cZ Ciﬁ) (42.21)
Wy
dz c
D = == 9 4222
e 2

[TocTosHHYIO b OIpenes M U3 HaYAITLHEIX ycsoBuii. [lycTs npu ¢t = 0
JacTUIa HaXoAW/iach B Hadajle koopauHat, T.e. x1 = 0. Torma

ct C
= Atanh(—), v=—— . (42.23)
A cosh <%>
Taxum obpaszoM, Korfa SHEPrus yIpyron medopMalni HAMHOTO Ipe-
BBIIIIA€T SHEPTUIO MOKOS YaCTUIE, KOJIeOaTeIbHEIN IIPOIecC He MMe-
eT MecTa. YacTuila, BEIXOOS M3 Hadajla KOOPAWHAT CO CKOPOCTBIO
6JIM3KOI K CKOPOCTH CBETA, 3a O€CKOHeYHOe BPeMSA JOCTUTAET CBOELO
aMILINTYIHOTO 3HaYeHM.

43. IIpsAMOJSINHENHOE PEJISTUBUCTCKOE XKeCcTKOoe NBUXKeHUe
CIIJIOIITHOM cpelbl

B pasneste 2 ritaBer 1 MBI paccMaTpUBaIN PeIITUBUCTCKIE KECT-
ke paBHoyckopeHHble HCO u mokaszasnm, yTo B mpocTpaHcTBe MuH-
KOBCKOTO B IIPUHIINIE HEBO3MOXKHO JKECTKO€ B CMBICiie bopHa pas-
HOYCKOpeHHOe MBUKeHNe KOHTUHyyMa. [IpocTpancTBo MunKOBCKOTO
0Ka3aJI0Ch ~TeCHBIM , YTOOBI YIOBJIETBOPUTH OJHOBPEMEHHO KPUTE-
pUSIM XKeCTKOCTU U paBHOycKopeHHoCcTHU. (CJiemoBaTeIbHO, BO3HUKA-
eT Bompoc, Kakas HCO B CTO saBageTcs aHAJIOTOM KJacCUYeCKOU
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JKeCTKOU paBHOYCKOPEHHOU CUCTeMBI oTcdeTa? B Hay4uHolt imTepaTy-
pe Tepexol B XKeCTKyio ’paBHoyckopeHHyoo” (kaBbraku Hamm) HCO
CBSI3BIBAIOT C TpeobpasoBarusmu Memtepa (2.11). Ognako dusnuec-
kit cMbicy KoopnuHaT u ’BpeMenn” B HCO Mesnepa He obcyxnaeTt-
cs. [losToMy uMeeT CMBICIH, He UCIIONB3Y S Mpeobpa3oBanus Messepa,
ormucaTh kecTKyio HCO B pamkax CTO Ha ocHOBe pelsTUBUCTCKOM
MeXaHUKM CIUIOIIHEIX cpen [4]. UMeHHO Takum myTeMm 1men aBTop,
HUYETro He MOAO03peBas B TO BpeMs O mpeobpazoBaHuax Mesutepa.

Nrak, mocTaBuM u pemmm cienyomryio 3amady. [lycTs B MoMeHT
BpeMenu ¢ = ( BmOJb OCU 1 TMPUXOAUT B MBUXKEHUE IMOKOSIITAACST
paHee crlonrHas cpena. lIpm »ToMm, yacTuila Cpenbl, HAXOMIIITAACST
B IIOKO€ B HAYaAJIbHBII MOMEHT BpeMeHU B Haydajle SUJIEPOBHIX KOOP-
MUHAT, TBUKETCA TaK, YTO ee YCKOpPeHUe B JIOKAJILHO COIYTCTBYIO-
ITIell CUCTeMe 0TCcUeTa IOCTOSHHO 1 PaBHO ag. TpebyeTcs onpenenTsb
KaK OyOyT OBUTATBLCS OCTAJIbHBIE YACTUIIHI CPENbl, eCJIU IBUKeHUE
Cpenbl SIBIIAeTCS XKeCTKUM B cMbiciie bopHa. MBI He MoxkeM Tpebo-
BaTh MOCTOSHCTBA YCKOPEHUS B JIOKAJBbHO COMYTCTBYIOIIUX TeTpa-
max BCeX YaCTHIl, TaK KaK 5TO TpeboBaHMe He COBMECTHO C KPUTEPU-
eM XKecTKocTu 1o bopHy. OQueBMaHO, YTO B cUCTeMe HabJIIONaTeIIs
(O, x1, 2, T3, ®4) Tosie 4-cKOpocTHu V), NMeeT BUL

‘/1:‘/1(3317334)7 ‘/2:‘/3:07 ‘/4:7,\/1—|—‘/12 (431)
IIpu sToM
Oz,
oy*’
—iVy 0 0 V)
0O 10 O
(@)= o o1 o |
—V1 0 0 —Vy

V, = ih,(4) =0

(43.2)

rie o - HOMep CTPOKU, & [t - HOMep CToJI0IIA.
4-yckoperne a(a) B JOKaJIBHO COIMYTCTBYIOUIEN CUCTEME MMEET
BUT

ofe) = (@) a(2) =a(3) =a(®) =0, o(1) =51 =%,
(43.3)

rae ag - OOBIUHOE TPeXMepHOe YCKOpeHUe.
Tak kak MBI UHTepecyeMcs celfdyac NBUKEHNEM WHIWBUIYATHHON
YaCTULBI CPeNbl, MOKOSIIENCS B HadaJIbHBIM MOMEHT BpeMeHU B Ha-
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Jajle KOOPIWHAT, TO IJIT ONMUCAHUS ee NMBUKEHUS TepelieM K Tepe-
MmeHHEIM Jlarpanxa. CooTHorrenne (43.3) npumeT Bun

ovy oV Vyay g
0— = =—— =1+ V2= 43.4
dy*  Os i c? Vi c?’ (43.4)
rle s = cT, ag = const, T - cobCTBeHHOEe BpeMs MBUKYITIENCS YaCTU-
isl. MaTerpuposanne (43.4) mpu ycioBuu, uyto npu s = 0 HOIKHO

op1Th V1 = 0, maet

oz . ags oz . . ags
8—;:‘/1:s1nh< CO2>, 854:V4:W1—|—V12=zcosh<002(21:.3 ;

WNaTerpupoBanme mociieMHUX YpaBHEHUN TTpU ycJioBUM, 9TO Tipu s = 0

IOJIKHO OBITH 1 = T4 = 0 IPUBOAXUT K XOPOIIO M3BECTHBIM COOTHO-
1reHIIM [7] (rumepGosnyeckoe ABIKEHMUE)

2 2 2

c aos c Ct L rags
T = —cosh<—2> ——, X4= z—s1nh<—2>, (43.6)
a C a a C
UCKJIIOYasd § U3 KOTOPBIX, HAXOMUM
2 2,2
c agt
z="—(\1+ 5 -1). (43.7)
a C

B orsimume oT paBHOyCKOpeHHOU cucTeMbl JloryHoBa [6], B KoTOpOI
BCe YaCTUIILI Cpedbl COBepPIIAIOT TUllepbosimieckoe NBUKEHUE C paB-
HBIMU OPYT OPYTY U MOCTOSHHBIMU YCKOPEHUSIMHU B JIOKAJIBHO COITY T-
CTBYIOIIIE cucTeMe, MBI TpebyeM MOCTOAHCTBA YCKOPEHUS JIUMTH AJIS
OJTHOW YacCTWIIHI cpedbl. Bce ocTalbHBIE YaCTUIIBI MOJIXKHBI IBUTATH-
cs TaKuM oOpa3oM, YTOOBI COXPaHUTH KOHT'PYEHIIUIO MUPOBHBIX JIH-
HUT YaCcTUIl Cpelbl XeCcTKou B cMbiciie bopua. B paBHOycKopeHHOM
cucteme Jlorynosa, B cuimy (2.10), HapymraeTcs KpUTepUl KeCTKOC-
Tnu. B Hatrem ciydae, cTapasdch COXpaHUTh KPUTEPUN KeCTKOCTU U
octaThcd B paMKax CTO, MBI BLIHY XK IEHBI OTKa3aThCSI OT PaBEHCTBA
YCKOpPEeHUN IIJIs BCEX YacTUl] Cpensl.

g najbHENIero pelleHns 3a/1aul BOCIIOIb3yeMCS KPUTEPUeM
XKeCTKOCTH, T.e. PellluM ypaBHEHUS

oy =0, (43.8)

roe o, 3amaerci opmysonn (34.12). Ilna paccMaTpuBaeMoro HaM
IOBIDKEHUs cucTeMa ypaBHeHuil (43.8) cBommTcs K OOHOMY €IWHCT-
BEHHOMY yPaBHEHUIO

oVv; oVv;
— A ‘|‘ L L6 — Yy 4 :
u 0z ! Ox, 0 ( 3 9)
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pPeIeHue KOTOPOIro MOXKHO IIpeaCTaBUThL B BUIE
V/Lw/i = \IJ(VE), (4310)

roe ¥ - npowsBonbHasg pyHKnma. ng pemennmd zamaunm Komm 1o
oTHICKaHNIO QyHKIMN ¥ BOCIOIL3yeMCS YCJIOBASIMU, YTO IPU L] U
&4, BoraucieHHsME B (43.6), Vi u V 3amarorcs cooTHomrerneM (43.5).

OTkyna HaxomuM

(V) = v, (43.11)

Qg

Honcrasus (43.11) B (43.10) u Bocmosb3ysich, uto Vi = Vyvy/(ic),

I[IoJIy4nM
dil?l aot

dr T T T e

c2

(43.12)

[Tocnentee cooTHOIIEHME OMTpenesseT MOJie CKOPOCTEN MCKOMOM XKeCT-
kot CO B mepeMenHBIX Jisiepa. [Ipu HepeITUBUCTCKOM paccMoTpe-
HUU ¢ — 0O TIoJIyvdaeM KjlacCuiecKoe XKeCTKOoe paBHOYCKOpPeHHOe IBU-
KeHne. XOTs TpeNesIbHBIN mepexon B gopmyste (43.12) npuBogut K
KJIACCUYEeCKU MPABWITLHOMY Pe3ylIbTaTy, OMHAKO paclpenesieHne CKo-
pOCTeN, Ha TIEPBHIN B3TJIA, IPUBOAUT K TTPOTUBOPEUNIO C OCHOBHBIM
nosioxkeraneM CTO, corslacHO KOTOPOMY CKOPOCTH YacCTWUI] CPENlbI He
MOXKeT OBITH OOJIbIIIe CKOPOCTHU CBeTa B BaKyyMe. [leficTBUTeJIHHO,
ecyim GUKCUPOBATH MPOU3BOJIBHYIO TOUKY &1, TO MOXHO BCerma yKa-
3aTh TaKOWM MOMEHT BpPeMeHW t, UTO CKOPOCTH YaCTWUI] CPelbl v B
5TON TOYKEe TPEBBICUT CKOPOCTH cBeTa c. Takmm obpa3oMm, UM CO-
otHotenne (43.12) He BepHO, 6o 06/aCTh 3amaHus GYHKIAU Vg
orpaHnyena. [[jig BEISCHEHUS 5TOr0 BOMPOCA PACCMOTPUM IBUKEHUE
Cpelnbl ¢ TOYKW 3peHms JIarpaHXKeBOU cucTeMbl KoopawHaT. WnATer-
pupys cootHomrerve (43.12) mpu ycsoBum, uto npu ¢t = 0 mHOIKHO
6BITH T = y', Ie y' - HadaJabHEIe KOOPIMHATEl TOUeK KOHTHHYYMA,

IoJiydacm
cr |adt? agyty 2
wlza—o[ e () -1
t
vy, t) = X0 . (43.13)

(% (o)

ns IIOJIYUCHHOI'O COOTHOLICHUA CJIEAyeT, 4TO BCE€ YaCTHUIBI Cpe€lbl
NMET CKOPOCTh MEHBIIYIO, YEM CKOPOCTB CB€Ta, 3a MCKJIIOUCHHNEM
YacCTuULn C JarpaH2KE€BbIMUA KOOpOINHATaAMUN yl = —C2/a0, KOTOpPHBIEC OBU-
KYyTCida CO CBETOBOI CKOPOCTBHBIO. I/ITELK, IIOCTaBJIEHHad 3aJada NMeeT
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CMBICIT JINTITH OJIS TeX TOo4deK KOHTUHYYMa, HadaJbHble KOOPIWHATHI
koToprix y! > —c?/ay. U3 cooTHoIeHN (43.13) BBITEKaeT HepaBeH-

CTBO 5.9 .
apri\2 agt apy \2
<1+ 2>_0—2:<1+ 2>207
c c c
KOTOpO€ 3KBUBAJIEHTHO HEePaBEHCTBY

apry > aot

c? c

1+

OTtkyna cienyer, uto (43.12) ymoBieTBOpsieT HEPABEHCTBY

aot
> —— = 5. 43.14
CZ L awm — Y ( )

c2

Takum obpaszom, ecsim MBI pukcupyeM B (43.12) umn (43.14) mrobyro
TOYKY ITPOCTPAHCTBA T > —c2/ay TO pelleHue (43.14) cupaseniuso
JINTITH 10 TOTO MOMEHTA BpeMeHW t, Korja B QUKCUPOBAHHYIO TOY-
Ky MPOCTpPaHCTBa He IomameT ~KpadHAs YacTHlla, HadaJibHasi KO-
opauHaTa KoTopoit y = —c?/ay, a ckopocTb v; = c. IIpu so6om
¢ukcupoBanaoM ¢ B (43.14) peleHne CHpaBeqIMBO IS TeX TOUYEK
TIPOCTPAHCTBA X1, KOTOPHIe 0OJIbIIe KOOPAMHATH KpallHeN JaCTUITHI
B MOMEHT BpeMeHN t.
[Homnaras B ¢popmysne (43.13) y! = 0, moTyYnM BBIpAKEHN

c? ajt?
t
vyt t) = —— (43.15)

1+ e
KOTOPHIE COBIIAIAIOT C M3BECTHHIMI BEIPAKEHUAMU [IJIS CMEICHNU 1
CKOPOCTH paBHOYCKOPEHHOT'O NBIKEHNI MaTePUAaILHON TOUYKHU CPEIHI,
PAaCIIOIOKEHHON TTEPBOHAYAIILHO B Hayaje KoopauHat [7].
BEruncimM BeIMumMHY YCKOPEHHS B COILyTCTBYIOIMUX TeTpPalaXx.
3 erpaxennit (43.10) u (43.11) Haxomum

! 1
V=2 . (43.16)

2
c aoT adt?
(1)

B cumny (43.3), yckopeHue B COIMYTCTBYIOIINX TETPALaX NUMeET BUI

a(l) = 2 . (43.17)

2
¢ 1_|_m2_a3_tz
c2 c2




[Tepexons k mepeMennsIM JlarpaHxka, moIydnM

1 ag
aly ,t) = —. 43.18
W= (13.18)

c2

Takum obpazom, Kaxngas PUKCUpOBaHHAS YACTUIIA CPENBI TBUKETCS
C TIOCTOSHHBIM B COOCTBEHHOU CHUCTeMe OTCUeTa YCKOpeHUeM, HO 3TH
yCKOpeHUs He paBHHEI npyT Apyry. [losToMy Ha3BaTh Takoe MBUKEHUE
PeJIATUBUCTCKU XKeCTKAM U PaBHOYCKOPEHHBIM MOXKHO JIAIIIb BEChMa
Y CJIOBHO.

Jlerko mpoBepuTH, YTO B CWJIy BHIOpAHHOW HaMW KWHEMATUKN
TEH30p YIJIOBOM CKOPOCTH BpAaIlleHUS W, TOXIECTBEHHO paBeH HY-
JII0, TIOATOMY MUPOBBIE JIMHIU 06pa3yioT HOPMAJIbHYIO KOHT'PY€EHIIUIO.
3amada 1Mo OTHICKAHUIO TTapaMeTpa y* CBOOUTCA K MHTeTPIPOBAHNIO
ypaBHEHUU

Loyt
9ve 8336 -

ycJioBuA MHTEIPUPYEMOCTH OJIA KOTOPBIX W, = 0 B HallleM CJIy4dae

0, (40.9)

BEITIOJTHEHBI. Kiciim pacnmcaTh Mo KOMIIOHEHTAM [Ba YpPaBHEHUS M3
(40.9) mna p = 1,4, To okKa3pIBaeTCs, 9TO 06a M3 HUX CBOLATCS K
OJTHOMY ypPaBHEHUIO

Ay* Ay*
S A e ) (43.19)
Oz, ¢ Ot
I[Ba OCTaJIBHBIX YpPaBHCHUA CBOOATCA K BOY
y* B y* _0
(92132 B (9:133 -

pemenue KoTopeix y* = y*(zy,t). lMoncrasus us (43.12) B (43.19),
IOJIy9NM ypaBHEHUE

y* agt  Oy*
= 0. 43.20
Oz + c + agz; Ot ( )

Pemms nocsiennee ypasHeHUe, ITOJLYYM
t
4

= fl—=). 43.21
v' =1 a) (43.21)

Ina ompenmenenns GyHKIuM f BEIGepeM y* = is BHOIH MUpPOBOI JII-
HUU YaCTUIIBI, BEIXOMAIIEN 13 Haualla KOOPAUHAT, IJId KOTOPOI CIIpa-
BemuuBEl ypaBueHus (43.6). Torna

aps

1§ = f<L tanh —>,

agc c?
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2
C
f(u) = i— artanh(ucay),
a
YTO HaeT
2 2
.C aot .C V1
yt=i— artanh(%) =i— artanh(—). (43.21)
ap c+ = ap c
BerunciiuM cKasIapHBI MHOXWUTEI
o 4
0=V, 20
Ox,
Breruncienus mator
1 1

0 = (43.22)

c? c?

Benuuuna 6 aBiiseTcs MHTErpUPYONIUM MHOXKUTEJIEM, CBI3BIBAIO-
M TIONHEBIN muddepennnan dy? ¢ ds, KoTopsiil HoHEIM mudde-
PEeHIINaJIOM He ABJIAeTCH.

Haitnem ypaBHeHUS KOHT'PYEHIIN MUPOBHIX JIMHUN IJIT paccMaT-
pUBaeMoro ABUXKeHUd, T.e. ompemesiuM byskiun z, = z,(y*). Tak
KaK HadaJibHasg CUIEePIOBEPXHOCTH, OPTOrOHAaJIbHAI MUPOBBIM JINHU-
M, COBIIaJaeT C TUIMEPIUIOCKOCThIO x4 = (), TO B KauecTBe JlarpaH-
JKEeBBIX COIyTCTBYIOMINX KOOPIMHAT ¥¥ MOXKHO BEIGPATH HaUaJIbHbIE
KOOPIMHATHI TIOKOSIIEr0oCs TeJia. B cuiry Toro, 4To cpema MBUKETCS
BIIOJTH OCH 1, IMeeM Ty = y°, £3 = y°. Paspemus coBMecTHO cucTeMy
ypaBuenuit (43.21) u (43.13) oTHOCUTENBHO ¢ U X1, OIYUNM

= (e ) inh (), e (14 %) conn(%) 1]
(43.23)

Ecian obozHauuTh A
Y
-— = T,

ic
TO 3aKkoH nBuKeHus (43.23) B TOUHOCTH COBIamaeT C MpeobpasoBa-
Hussvu Memepa (2.11). OTtmerum, uTo B inTepaType npeobpasoBa-
Hue Mestepa (cM., HapuMep, MIXPOKO W3BeCTHYIO MoHOrpaduio B.A.
doxka [3]) ceassBaroT (ommubouno!) ¢ mepexomom ot UCO k xecTKOI
paBHoyckopenHort HCO. Omubka coctout B Tom, uto HCO Mensepa,
ABJIASICH JKECTKOM, He SBJISeTCSI paBHOYCKopeHHOR. 06 5TOM TOBOPUT
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dopmyina (43.18), koTopas conepxurcs u B kuure Mestepa [2]. Mesn-
7ep (B oTIMYME OT €10 HHTEPIPETATOPOB) HE CUNTAET CBOIO CUCTEMY
PaBHOY CKOPEHHOIA.

N rax, HEOMHOPOMHOE CUJIOBOE IIOJIE MPUBOAUT K PEJISTUBUCTCKU
KeCTKOMY NBUXKeHWIO (oueBuUmHO, yckopenume (43.18) moxeT GHITH
06y CIIOBJIEHO TOJIBKO HEOTHOPOIHBIM CHJIOBBIM IIOJIEM ), & OTHOPOIHOE
cusoBoe mioste (cucTeMa JloryHOBa) MpUBOAUT K HAPYIIEHUIO XKECT-
KOCTU. DTO 06CTOATENILCTBO, Ha HAalll B3IJIAI, SBISETCI TJIaBHOI
TPYAHOCTHIO ONMMCAHUSA CIUIOIIHON Cpelbl B paMKaX IMPOCTPAHCTBA
MunkoBckoro. TonbKo BBIXOAA 3a paMKH IUIOCKOTO IPOCTPAHCTBA-
BPEMEHI, MOXKHO HOOGUTHCA TOrO, YTO OMHOPOMHOE CUJIOBOE IIOJIe He
6ymeT HapyllaTh XECTKOCTH ABUXKYIIENCS B HEM CpPeObl. JTO MEI
IoKa3aJju B rjase 1.

Ucrmonesys (42.23) u (42.22), BEIYUCINM MeTPUUYECKUI TEH30D Ha
aKTyaJIbHOI, OPTOrOHAJILHON MUPOBBIM JIMHUSAM TUIEPIOBEPXHOCTH.

) Oz, Oz,
9kl = 3 Al
dy* Oy

Takum obpazom, METPUUECKUN TEH30P Gj; HE 3aBUCUT OT ITapaMeTpa
y*. CremoBaTenbHO, Ha JI060I, B TOM 4YHCJIe W Ha HaYaJbHOW TH-

= 5. (43.24)

IIEPIOBEPXHOCTA METPUYECKUA TEeH30p g = Oy. llooToMy Tem3op
nedopmanun
1. :
Uk = i(gkl — gu) = 0. (43.25)

[TosyuyenHbIl pe3ysibTaT He SABISeTCS HeoXuAaHHBIM. OH BBEITEKa-
eT 13 obImell Pa3sBUTON 3/1eCh TEOPUU, COIJIACHO KOTOPOU XKECTKOE B
cmbiciie bopHa mBUXeHMe M3 HaYaJIbHOTO HemeOPMUPOBAHHOTO CO-
CTOSHWS He MPUBOAUT K BOSHUKHOBEHUIO B cpele me(opMaliuii.

XapaKTepHOU OCOBEHHOCTHIO TOJIYUYEHHOTO PEIEHUS ABIISETCS
Hasuuue ~ropuszoHTa’. T.e Takags HCO wmoxeT ocymiecTBISTHCS
TOJIBKO OT'PAHUYEHHBIMU TeJaMu, Pa3sMep KOTOPHIX BIOJb OCH &1 B
HAYaJIbHBII MOMEHT BPEMEHU OIPENeSIIeTCI NHTEPBAIIOM

2

—— <2 < 0.
Qg

44, O6BbsacHeHue 3¢pdekToB OTO Ha ocHoBe mexanuku CTO
u csouictB HCO

Pasgen 21 6b1T TOCBAIIEH MOAETMPOBAHUIO TIOJIEN TpaBUTAIIAN B
pamkax OTO. OnHako cyiecTByeT 1 Ipyras BO3MOXHOCTDH 00bsICHe-
Hus Bcex >ddekToB OTO Ha 6asze pensruBuctckonr mexanuku CTO
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1 yueTe CBONCTB HEMHEPIMAITLHOCTU 3€MJIN, Ha KOTOPOU BHIHYXKIEH
HaXOMUTHCI HAOJIONATENh U ero Mpubopsl. MI3BeCTHO, YTO OMHON U3
ocHOBHHIX TpynHocTent OTO aBiisgeTcs Ta, YTo ypaBHeHUsS DWHIIITEM-
Ha (ypaBHEHU I0JI) OOIIIeKOBAPHMAHTHEL, B TO BPEMS KaK BCE €€ pe-
3yJIbTATHI He SBJISIOTCSA TaKOBBHIMU. boJjiee TOrO ...” SHIIITETHOBCKOM
bOpPMYJIMUPOBKE TEOPUM TATOTEHUS MPUCYIIL TOT OCHOBHOW HENOCTAa-
TOK, YTO OHA COBEPIIIEHHO yMaJIUYMBaeT O (QU3UUECKOU CHCTEME OT-
cueTa, OTHOCUTEJIFHO KOTOPOW [MOJIXKHBI MPOM3BOAUTHCS U3MEpPEHUs
[40].” OnHako He CyIECTBYET TAKOTO SBJIEHUS U HET TAKOro HabITO-
nmaTeJid, KOTOPHIX HeJIb3s OBLIO OBl OTHECTU K KaKoW JIMbO crucTeMe
orcueTa. IHOT Ma mociemHs s 3a0aeTCs TIOMAMO BOJIU M JKeJITAHUS DKC-
nepuMeHTaTopa. OH ¢ ero mpubopamMm, Kak MpaBUIIO, HAXOOUTCSI Ha
3emute. [Ipunamnexuocts HabmonaTens Kk Takon CO HakjagbIBaeT
orpenieJieHHbIE TOMPABKU Ha Pe3yJIbTAaThl HaOIIONeHU, ¢ KOTOPHIMUI
ciaenyeT cunTaThca. [lompobHO »TU BOMPOCHI paccCMOTPeEHH B pabo-
tax B. II. Ponuuesa [1], [13-15].

B npenstaraemoM pa3smesie UCCIIENYIOTCSI FeOMeTPUUECKEe CBONCT-
Ba mpocTpaHcTBa-BpeMeHu HCO mig ciydas, Korma MeTpudecKue
TEH30pHhl Ha TUIEPIOBEPXHOCTSIX OPTOTOHAILHBIX MUPOBHIM JIMHU-
am it HCO u xBasu-UCO coBnanator. Merpuueckuii Terzop HCO
IIPU 5TOM OJTHO3HAYHO OIpeNesIseTCs KOHTpYeHIInell MUPOBBIX JIMHUM,
onuckIBaforux auxkenue 6aszuca HCO B cusioBoMm moste Jtro6oii mpu-
ponbl. [laeTcsa reomeTpudecKkas MHTePIIPETAIIASI OCHOBHBIX XapaKTe-
PUCTUK KOHTUHYYMa, npencTapisionux 6azuc HCO. IlokaswiBaeTcs,
uTO TeH30p adhPUHHON medopMalliu CBAZHOCTHU B JIOKAJIBHO COITYT-
CTBYIOIIIUX TeTPagax COIePKUT B cebe MHPOPMAIIUIO O CUIIOBOM IIOJIE,
B KOTOPOM NBUXKETCS 5TOT 6a3mc, a TaK¥kKe BBHIPaXKaeTCsI dyepe3 TeH-
30p cKopocTeil AedopMalluii U TEH30p YTJIOBON CKOPOCTU BpAallleHUs
crtotrHoi cpenki. Ha ocHoBe Toro, YTO rpaBUTAIIMOHHAS U MHEPTHAI
MaCChI COBIAJAIOT, U3 MIPUHIIUINA HANMEHBIITEro NefiCTBUSA BHIBOIUTCS
TeH30p T'PAaBUTAIMOHHOIO TIOJIS U ypaBHEHUS MPOOHOIW MacChl B T'pa-
BUTAaIMOHHOM moJie. [Ipu 5ToM, ypaBHeHUS DWHIITENHA He UCITOIb3Y-
1oTcsa. BoiBonsaTcsa ypaBHenus I'amuiibTona-Axobu 8 HCO niis mpo6-
HOW MaCChl, MUPOBas JIMHUS KOTOPOW MOXKeT KaK MPUHAIIeXATh, TakK
U He TpUHAIJIEXATh KOHTpyeHIIMU MUPOBHIX juHuin 6asuca HCO. B
KauyecTBe MMPUMePOB, Ha OCHOBE TMPeJIoKeHHOI B paboTe CXeMBI, pac-
CMaTPUBAETCS NBUXKEHUE B IIEeHTPAITLHO-CUMMETPUYHOM FPaBUTAITA-
oHHOM TI0J1e. [Ip; 5TOM, MOJTyYeHHBIE PEe3YIILTATHI IJIS CMEIEHUS TTe-
puresus OpoUTHI, OTKJIOHEHUS JIyda CBeTa, WU KPACHOTO CMeITeHUS
takue ke, Kak 1 B OTO. Ha ocHoBaHUU TOJTyUYeHHBIX pPe3yJIbTaTOB
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JeJ1al0TCA BEIBOOBI:

1. CxomcTBo Mexny 3akoHamu Kysona nu HploToHa 03BOJILET IIO-
CTPOUTH TEOPUIO TATOTEHUA B IIJIOCKOM MHPOCTpPaHCTBe-BpEMEHHU IO
aHAJIOTUN C 3JIeKTPOINHAMUKOM.

2. Yuet cBoricts HCO, B KoTOpO# 1CCilemoBaTE b IPOBOAUT CBON
M3MepeHns, IBJIIEeTCSI CTOJb XKe HeOOXOMMMBIM, YTO U CaMU ypaBHe-
HUS.

IlokaspiBaeTCs, YTO MMEHHO M3-3a TOTO, UTO YKCIIEPUMEHTATOP
1 ero Nnpubophl HAXOOATCA Ha 3eMJie (a He Ha CoJHie u 3Be311ax),
Tpu n3BecTHHIX dpdexkTa OTO MoryT OBITH OOBICHEHBI B paMKaxX
dopmanu3Ma, pa3BUTOTO B MJIOCKOM ITPOCTPAHCTBe-BpEMEHN.

Ilepeiinem K HemocpelICTBEHHOMY PeIIeHUIO MOCTABJIEHHOW 3a/a-
Y.

PaccmoTpum MmHOTOOOpaA3sue, B KOTOPOM 3aaHa KOHIPYeEHIUS JIN-
HAN

o = fH(y). (44.1)

BCIOI[y B I[a.]'IBHefIHIeM rpeueCkmue MHOCKChI 6y,HYT N3MEeHATHCA OT
COMHUIBI OO YETBIPEX, a JIATMHCKHUE - OT €CAMHUIBI OO TPEX. B Ka}KHOfI
TOUKe MHOI‘OO6pEL?>I/I5I M 3agalnM OBa TCH3O0PHBIX ITOJIA.

g/w(M) = g/jl/(wlawzawg)wél)) g/w(M) = g/jl/(wlawszg)wél)' (442)

IlycTs g, - €cTh MeTpUYECKMI TeH30p NpocTpaHcTBa MuHKOBCKOrO,
a §,, - METPUYECKNI TEH30P HEKOTOPOI'o IICEBIOPMMAaHOBa IPOCTPaH-
CTBa, KBaJpaThl MHTEPBAJIOB B KOTOPBIX MeXAY MeXOy ONHUMU U
TeMU XKe TOYKaMU BBIPaXKalTCI COOTBETCTBEHHO KaK

~dS? = g, dztdz", (44.3)

—dS? = §,,dz"dz”. (44.4)

Konrpyenmuio (44.1) 6ymeMm paccMaTpUBaTh C IBYX TOUEK 3PEHUS:

1. IIycTep (44.1) ecTh KOHrpyeHIIUS MUPOBHIX JIMHWUI, OTOOpaxKa-
OIMUX B mpocTpaHcTBe MuUHKOBCKOTO HBUKeHMe 6a3mca HEKOTOPOU
CO, npencraisioliieli CO60if COBOKYITHOCTH 6€CKOHEUHOT'O YMCIIa TeJl,
3AITOJTHSIONMINX BCe IIPOCTPAHCTBO (uiin 9acTh ero). Posb mapamerpos
y* BBITIOJTHAIOT JIATPaHkKeBHI KOOPIMHATHI, TIEPBBIE TPU U3 KOTOPHIX
y* TIOCTOSHHBI BIOJTH KaKION MUPOBOI JIMHAN YaCTUIIEL CPeIH, a y*
- IepeMeHHEBIN, ' BpeMeHHOI .

2. llycts (44.1) ecTh KOHTPY€EHIHS T€OAE3NIECKUX B TICEBIOPIMa-
HOBOM IIPOCTPAHCTBe ¢ KaHOHWYeCKIM IapaMeTpoM y*.
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N3 onpenenenunt 1, 2 BEITEKAIOT CIIeAYIOINE COOTHOITEHUS

DV# VoLt Oxf Ox°
_ i 44.
s ~ a5 Tleggag =" (44.5)

DV# B A2zt = oxf 0x°

= = 44,
dy4 (9y42 + e (9y4 (9y4 07 ( 6)
ox*  OzH ~
h=@-r = —— = OV* 44,
%4 ®8y4 59 OVHE, (44.7)

roe CK&J’IﬁIpHBIfI MHOXUTEJIL © BBI6I/IpELeTC51 TakK, 4YTOOBI BBIIOJIHUTH
ydJiaoBue

guwV*V" = -1 (44.8)

Ha ocuoBe (44.7) coornorenne (44.6) npuHuMaeT BUI

Pxt - Ozt Ox° O0ln © B

e ——-—-V»*# 0. 44.9
957 T 95 83 95 (44.9)
YunreBas (44.5), Haxoqum
dln©

SEVeVe = Ve T2 44.10
e 85« f ? ( )

rmie i
Sho=Tr T8 (44.11)

Tak xax SF mpencraBigeT coboil pasHOCTH IBYX cuMBosIoB Kpnc-
To(ddess B OMHON M TOW XKe TOYKe MPOCTPAHCTBA, TO 3Ta BEJIMYU-
Ha SBIISETCS OOIMEeKOBapMaHTHBIM TeH30poM adPUHHON medopMaIlnm
CBSI3HOCTH.

[Ipexne yeMm TepexomnTh K NAJILHENIIEMY PacCMOTPEHUIO, TIPO-
aHAJIM3UpyeM Gu3nUecKuii CMbICI onpenenenuit 1 u 2. CooTHollleHIE
(44.5) mpencTaBiseT coboil PesITTUBUCTCKNN 3aKoH HpioTOHA B TIpo-
ctpancTBe MuHKOBCKOTO, a cooTHoureHne (44.6) - ypaBHeHus reo-
nme3ndeCKnX B TICEBIOPUMAHOBOM IMPOCTPAHCTBE C PaBHBIM HYJITIO 4-
yCKOpeHUEM f". Onnaxko 10 orpenesieHuIo peleHus ypaBHeHmit (44.5)
u (44.6) ecTs oy U Te Ke BesmanHEL (44.1), KOTOPEIE MOXKHO MHTEP-
MIPeTUPOBATH KaK 3aKOH NBUXKEHUS CIUIONTHOW CPENBI B TlepeMeHHBIX
Jlarpamxa B obmment koopnuHaliuu. [Ipu 5ToM mpocTEle coobpaxeHUs
HOICKA3BIBAIOT, YTO COOTHOIIEHNS (44.6) MOKHO MHTEPIIPeTUPOBATH
Kak onucanue nuxkeHus 6aszuca HCO c Touku 3penus HabiriomaTe-
JIell, CBA3aHHBIX C TOYKaMu »Toro 6asmca. Torma Mo OTHOITEHUIO K
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KaXXIoOMy W3 HabJIoaTeslell COOTBETCTBYIONINE TOYKM Oa3mca TOKO-
ATCS, T.e. OTHOCUTEIbHAS CKOPOCTHh U OTHOCUTEJIFHOE YCKOopeHue Oa-
31UCa MO OTHOIITEHUIO K TaKUM HaOJIIONaTeJIIM PaBHBI HYJIIO. DTO BU]I-
HO ¥ HemocpencTBeHHO w3 dopmyser (11.8), Korma MupoBas JWHUSL
TIPOU3BOJILHON TIPOOHON YaCTWUIIHI COBITAAeT C OTHON M3 MUPOBBIX
smHu 6a3uca. QueBnano, yro pu V# = UF cienyeT, 4TOo OTHOCH-
TesTbHOe 4-yckopenme K = 0.

NcuesHoBenne xke 06HEKTUBHO CYITIECTBYIOIIETO TIOJIS YCKOPEHUMA
(CIIIOBOTO T0JIs) MOJIKHO [IPUBECTH K MOSBIIEHAIO ~ Yero-To Apyroro”,
yeM sBIIseTCS (Kak GymeT MoKasaHO HUXKe) TeH30p adduHHON medop-
MAaIT CBA3HOCTHU WJTU TTPOW3BOMHBIN OT HETO TEH30pP KPUBU3HHI.

[Tenbio 5TOrO pasmesa IBITeTCS yCTAHOBIIEHNE CBI3U MeXY TeH-
30paM" g,y U ., T.€. MEXKIY METPUYECKMM TE€H30POM IIPOCTPaHCTBA
MWHKOBCKOTO I METPUYECKUM TE€H30POM TICEBIOPUMAHOBA TTPOCTPaH-
CTBa, KakuM B oOiieM ciydae omuckiBaeTcs 6asuc HCO, mcTopus
MBUXKEHUS KOTOPOTO OTOOpakKaeTCs MHOXKECTBOM MUPOBBIX JIMHUM.
[MocTpouM K 5TOMY CeMeMCTBY MUPOBBIX JIMHUAN (€CII 5TO OKakKeT-
Cs HEBO3BMOXHHBIM B KOHEUHOW, TO OTPAHUYUMCS MAJIBIMU 00JIacT IMU,
YCTAQHOBUB MEXAY HUMHU CBSA3b) CEMEWCTBO OPTOTOHAJIBHBIX K HIM
TUTIEPTIOBEPXHOCTEN, HA KOTOPHIX BBHITIOJTHIETCS YCIIOBUE OPTOTOHAIb-
HOCTU

Oxt
Ucmonesys (44.12) u ToxmecTBO
Ozt Oy
V.oilu = —— 44.13
% u 8ya (9213,, |22 ( )
TIOJTY YUM
y*
— _ovV,, 44.14
oxv ( )
y* 00
,—2— =—-0V,V,-V,—. 44.15
Ozt a Ozt ( )
Bocnonbsyschk paBeHCTBOM
y? y?
v,Y _v, %Yy, 44.16
Ozt " Oxv ( )

cooTHotenne (44.16) cBeneM K BuIy

DV, , L, 0In®
73 =0+ V'V,)———

p = fu (44.17)



nJjm

DV, w0In O
= —g* = f,. 44.1
is = 9 g (44.18)
ITonaras Taxxe - '
Ozl - Ty,
Za—yél = V/L, 6 =€, (4419)
V= éw =tV (44.20)
nMeeM DV 96
dSN = —g;”awy = fu- (44.21)
Tak xakx o
g/wV”VV - _1, (4422)

To BerunTas u3 (44.22) Beipaxenwve (44.8) u ucronssys (44.20), Ha-
XOIIM

(Gop — € 9ap)V V" = 0. (44.23)

Ecnu 651 V* 6b110 ipon3BostbHBIM, TO u3 (44.23) BEITEKAJIO GBI
Gop = €7 gap. (44.24)

Onuako V“ 3amaHo 3apanee u (44.24) He uMeeT MecTa B OBIIEM CIIy-
vae. Obmum petrernem (44.23) 6ynmet coorHoreHue [13]

Gop — € gup = €*ap, (44.25)
TIe Gop = Ggo U aapV P = 0. MuoxuTens €2 B MpaBoit YacTu BBeneH
13 ynobcTsa. IIpon3BoIbHEIN TeH30D a3, JeKaIluil Ha TUIeplIoBepX-
HOCTH, OPTOTOHAJILHONM MUPOBBIM JIMHUSIM, HE MOXKET OBITH OIpele-
JieH Oe3 MOMOJIHUTENILHBIX yCJIOBUH. [lJigd BBISCHEHUS 3THUX YCJIOBUN
PacCMOTPUM Ha ITPOU3BOJIBHON OPTOTOHAJILHON MUPOBBIM JIMHAM T'H-
IIEPIIOBEPXHOCTH KBaApaT ~ GU3MUECKOT0” MPOCTPAHCTBEHHOIO pac-
CTOSHUS MeXOy OByMsS GECKOHeUHO OJIM3KUMM YaCTUIIAMU CPEeNbI C
TOYKU 3peHus HabIonaTesel 3 IByX IPOCTPAHCTB.

oxz* Oz”
di? = g, ————dy*dy’ 44.26
G g g WY U (44.26)

~ Ozt Oz”
di? = §,—r ——dy*dy’ 44.27
G g d W U (44.27)

qToO OaeT _

di* — di* = (g, — gu)dy*dy', (44.28)
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rie §kl U G - TpexMmepHble ~dusumdeckue”’ TeH30pHI. I BBIsSCHe-
HUSA CBSA3W MeXIY MPOCTPAHCTBEHHBIMU MeTPUUYECKAMU TEH30PaAMU
paccMoTpuM ABYX HabmonaTenel. [lycTs mepBeIll HaOITIOATEIH HaA-
xonutcs B ganHonn HCO, T.e. nBuXeTcsS BMecTe C OHOW W3 YaCTUIIL
Cpelbl, OTHOCUTEIIBHO KOTOPON ero TpexMepHas CKOPOCTH U yCKope-
HIe paBHO HYJTIO. [IycTh BTOpOIl HabMIOMATETH MBUXKETCS paBHOMEp-
HO TaK, YTO €ro CKOPOCTH B KAKON TO MOMEHT BpeMeHU COBMAAET CO
CKOPOCTBIO pPacCMaTPUBAaeMON YacTUIHI cpenbl. [lo oTHoITEHUIO KO
BTOPOMY HaOJITIONATEIIO B TAHHBI MOMEHT BpPEMEHM pacCMaTpUBae-
Mas JacTUIla TaK¥ke TMOKOUTCI, HO MMeeT OTIIMYHOEe OT HYJIII YCKO-
penne. [lajee, o6a HabIOMATEIS U3MEPIIOT MIPOCTPAHCTBEHHOE PaC-
CTOSHUE MeXITy KaKUMU-JIMO0 NByMs GeCKOHEUHO OJM3KMMU (PUKCH-
POBaHHBIME TOYKAMIU YACTHUIIHL (T.€. PACCTOSHIE MEXIY OBYMs 6ec-
KOHEYHO OJIM3KMMU MUPOBLIMU JIMHUSIMU HA TUIIEPIIOBEPXHOCTH, KO-
Topas K THUM JIMHUSIM opToroHaiibHa). B cormacum ¢ CTO, Bciakoe
HEWMHEPITNAITLHOEe NBUXKEHWe JIOKAJIbHO wHepIimalibHo. [losTomMy MBI
MOXKeM OXKUIATh, YTO Pe3YIILTAT U3MepeHNN NBYX HabJITIo1aTese Oy-
meT onmHakoB. MaTeMaTudecku 5To o3HavaeT obpallleHne paBeHCTBA
(44.28) B Hy/IB, YTO MPUBOAUT K COOTHOIIEHUIO

G = - (44.29)
YMHOXad mocjeqHee paBeHCTBO Ha
oy* oy
Ozt Oxv
u yuntbBas (44.7) u (44.14), a TakXKe paBeHCTBa
VE=e Ve, V.=e'V,, VV.=VV, =-1, (44.30)
TI0JTy IM
G = g+ (1= ) V,V,. (44.31)
[Iocnensee cooTHOIIEHNE MOXKHO NPENCTABUTE B BUIE
G = € (g + a), @ = <e—2¢ . 1) 7' (44.32)

Nrak, TpeboBanue (44.29) mpuBoaUT K OTHO3HAYHOMY OIPENESIEHAIO
Juvs €CIIN 3aaTh TaKoe I0Jie 4-CUJIbl, YTO OyAyT BBHIIOJIHATELCA Y CJIO-
BUS MHTerpupyeMocTu cucteMsl (44.21) nisd oTHICKaHUS MO CKO-
pocTeil u Koubopmuon dpyukmmu ¢. U3 (44.31) Haiimem, 9TO KOHTP-
BapUaHTHEBIN TeH30p gM" ompemnesseTcs paBeHCTBOM

" =g" + (1) Vv (44.33)
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I, 94TO TO XKe CaMoe€
g =g+ b), b= (- 1)g (44.34)

OTmeruM, uTo B pabore [13] TeHsopk a,, u b*’ He KOHKpeTH3UPO-
BaHHBI M CBA3aHBI JINIITH yCIIOBUEM WX OPTOTOHAJIBHOCTHU 4-CKOPOCTH,
KOTOPO€e B HAIIIEM CJTydae BBHITIOJTHIETCS TOXIeCTBeHHO. KoHeuHo, BHI-
BOJ| TeH30POB a,,, 1 b"", o0cCHOBaHHBII HaMM Ha PaBeHCTBe OeCKOHeYHO
MAaJIBIX TIPOCTPAHCTBEHHBIX pacCTOSHUN B comyTcTBYytomenn CO mits
IJIS ABYX Pa3JIMUHBIX HAaOJTIONaTEIeN, OTHIOND He IBISETCS CTPOTUM.
[Tocnentee cjioBO B TeOpeTUYECKUX MCCIIENOBAHUAX BCETa TPUHA]I-
JIEXXUT HKCIIEPUMEHTY.

PaccMmoTpum reomeTpuio IBUKYIIErocs KOHTUHYYMa IJIS HalIeH-
HOT'O HaMU MeTPUYeCKOTOo TeH3opa. T'ak Kak OO aHAJIN3 reoMeT-
puueckux cBoiicTB CO nmonpo6Ho uziioxeH B [13], To MBI OCTaHOBUMCS
TOJILKO Ha CBONCTBAaX, CBA3aHHBIX C SBHHIM 3a/laHNEM MeTPUUYECKUX

Tersopos (44.31), (44.33). B cumny (44.11)
" =Tr 4 SH (44.35)

eo?

roe 'Y, G - cumBonel KpucToddend, cooTBeTCTBYyIOIIE MeTPH-

YEeCKNM TEH30paM gwj n gy, COOTBETCTBEHHO. CHGHOB&TGHBHO,

VJQW = 07 Vag,w = O, (4435)
rae V, 1 V, - CUMBOJIBI COOTBETCTBYIOMINX KOBAPUAHTHHIX TPOM3-
1 T
BOOHEIX. TeH30p adpdpuHHON mTedopMaIiy CBI3HOCTH S jy MOXKeT OBITH
HalIeH U3 COOTHOIIICHUN

ST, =G S, Sue = %(Vﬂéw + Vibur = Vobuw).  (44.36)
W ¢ yuetom (44.31) u (44.33) momyunm
ST, = %g” <2VUV(VTN) + 2TV, V V) +
+2TV, V|, Vo) + 2TV, Y, Vi = VIV T, ), (44.37)
rmae
T=(1-¢), T,= %. (44.38)

Haitnem BhIpaxeHme miid TeH3opa adduHHON HedopMaly CBI3HOC-
TH B COIYTCTBYIOIMINX TeTpanax MpocTpaHCTBa MWHKOBCKOTO, MJis
KOTOPBIX BBIMIOJIHAETCS yCJIOBUE

VE = ih"(4). (44.39)
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OTMeTI/IM IpeaBapuTEJIbHOE PAaBEHCTBO
G he () = B (y) + (1 — e72)V75(47). (44.40)
B pesynpTaTe HaxomuMm

S(ab,c) =0, S(ab,4) = S(ba,4) =i(e™* —1)o(ab),

S(a4,4) = S(4a,4) = =S(44,a) = —f(a) = h”(a)gjj,
S(44,4) = —z%, S(4b,c) = S(bd,c) =
= —S(4c,b) = %(1 — e?)w(be), (44.41)

rae o(ab) u w(ab) - COOTBETCTBEHHO TEH30PEI CKOPOCTEH AedopMaIinii
1 YIJIOBOW CKOPOCTH BpAIlleHUs B JIOKAJIBLHBEIX TeTpalaX, KOTOPHIE B
npocTpaHcTBe MUHKOBCKOTO OIpeNesieHbl ¢ MOMOIIBI0 COOTHOLIEHUI
(34.12) u (34.14). Jlerko mpoBepuUTH, UTO MOACTAHOBKA BHIPAKEHUS
(44.37) B Beipaxkenue (44.10) obparmaeT mocientee B TOXaecTBO. Ta-
KM 06pa30M, MBI BIUANM, YTO TeH30p addUHHON AedopMalny CBI3-
HOCTHU B JIOKQJILHEIX TeTpadax COOEPKUT B cebe Kak MHPOPMAIIIIO O
CUJIOBOM II0JI€, TaK U KUHEMaTUYeCKNe XapaKTePUCTUKNA KOHTHUHYY-
Ma.

Tenszop xpususnsr mig HCO ¢ yueToM, 4To MeTpUYECKUIT TEH30D
g,y NPUHANJIEXAT IPOCTPAHCTBY MUHKOBCKOTO, MOXKHO 3alllCaTh B
BUIE

R/:I/,O'. =2 [8[NFZ]0 + FK[#I%]J] -

= 2| V(.87 + S5,S0 (44.42)

Paccmorpum HekoTophie yacTHbie cityuan CO. Ecim B kauecTBe CO
paccMoTpeTh kBa3u-MCO, nisg xkoTopoi

0p
dxv

DV,
85

= —(6, +V"V,) fu=0, V5V =0, (44.43)

Iz

TO

OaB = V(#Vy), Wag = 0.

TeH30p KPMBU3HBI B 5TOM CJIy4daec IIpedCcTaBUM B BUIEC

R = <1 — e_2¢> [JZJW -0

ny,o.

0o (44.44)
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rne ¢ = const. Kax MBI moka3aJiu paHee, TEH30p CKOpocTell nedopMa-
1IN B MpocTpaHcTBe MUHKOBCKOTO COBMAJaeT CO BTOPHIM OCHOBHBIM
TEH30POM TUIIEPIIOBEPXHOCTEN, OPTOTOHAJIBHBIX MUPOBBHIM JIMHUAM.
Ilnga xecTkoro B cMmbiciie bopua nBuxenus o, = 0 u xBaszu-NICO
npeBpataercs B MCO ¢ napajisebHBIMU MUPOBBIMU JuHUAMU. Ta-
KM 006pa3oM, MpOuCXoXkIeHne TeH3opa KpuBu3Hb KBa3u-NMCO cBs-
3aHO ¢ TeM (paKToM, UTO Tejia 6asuca kBa3u-MCO HaxomsaTcs B OT-
HOCUTEJIbHOM TBUXKEHWN.

PaccmoTpum ypaBHeHUs OBUXKEHUS B II0Jle TIXKECTU MTPOOHON
Macchl ¢ Touek 3penns Habmonaresteir MCO u HCO. Tak kak 3akoH
Kysona u 3axon HeloToHa 0MHAKOB, TO MOXHO MONBITATHCS CTPOUTH
TeOPUI0 I'PABUTAIIMOHHOTO TIOJIA TI0 AHAJIOTUM C SIJIEKTPOIMHAMUKON.
OnHako, KaXK M3BECTHO W3 OIBITA, MEXIY T'PABUTAIMOHHBIM TOJIEM
1 5JIeKTPOCTATUYECKAM UMeeTCS CYITIeCTBeHHOe pasyimune. B rpaBu-
TaIlMOHHOM TMOJIe Tejla Pa3jIMYHBIX MAacCC UCIBITHIBAIOT OIMHAKOBOE
yckopenune. Kak u3zBectrno u3z CTO, nBuxkeHue 4acTHIl, N3 KOTOPHIX
COCTOUT TeJIO, YBeJIMUNBAET MACCy 3TOro Tejia. Tak Kak rpaBUTAIA-
OHHas M MHePTHAas MAacChl YKBUBAJIEHTHBI, TO NBUXKEHNE MaCCHI TOJIXK-
HO YBeJIMYUBATH U CO3IaBaeMoe eli TPaBUTAIIMOHHOE T10JIe, B TO BpeMS
KaK B 9JIEKTPONUHAMUKE BeJIMUNHA 3apsaia He 3aBUCUT OT CKOPOCTH
3apsana.

Nrak, neficTBue mjigd YaCTUIIBI, IBUKYITIEWCS B 3aJaHHOM T'DaBU-
TaIlMOHHOM TI0Jle, ¢ Touku 3peHus HabmmomaTenent MCO cknanbiBa-
eTCs U3 IBYX YacTel: U3 MeUCTBUS CBOOOMHON YaCTUIIHI U U3 YJIeHA,
OINMKCHIBAIOIIET0 B3aUMOIENCTBUE YACTUIIBI C TTOJIEM.

S = [ (~meds + M0y ,dat), (44.45)

rae my - Macca IOKosd NpobHoil yacTumsl, A, - 4-BeKTOp HMOTeHIIHU-
aJl, 1 - CKaJidp, OMUCHIBAIONINI OTJINUNE TPABUTAIIMOHHOTO TIOJIS OT
3JIEKTPOMArHUTHOTO. 3aMeTHUM, YTO €CJIU MOJIOXKUTDL Y = 1, my = e,
TO TIOJTYYUM HeWCTBUE NI 3apaia, MBUKYIIETOCS B 3JIEKTPOMATrHUAT-
HOM IT0JIe, KOTOpPoe (¢ TOYHOCTBIO IO BHIGOpa CUTHATYPHI METPUKN)
copraznaet ¢ (21.2). 3 npuHnmna HanMeHBIIIEro NeCTBUS OOBIIHBIM
o6pazom [7] momyuum
DV!

moe— -t = ?FMV’”, (44.46)

oA (A,
AxH Oz’

Fu = v#(¢AV) - vv(¢Aﬂ) = (44.47)
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(95 my

I omrpenesieHsT CMBICIIA CKAJISIPa Y BOCIIOIb3YeMCs T€M, UYTO B CJITY-
Yae CTaTUYeCKOTo ¢ Touku 3peHus HabmomaTens MCO moss B ramu-
JleeBOI CUCTeMe KOOPAWHAT HOJI2KEH OTCYTCTBOBATH BEKTOPHBIU IIO-
TeHnuaJ, T.e. Ay = 0. B sToM ciiydyae ypaBHeHUEe NBUXKEHUS HOJIKHO
AMeTh BU

CDVI{: . my 8(¢A4)

— V). 44.49
o ds c Ozt * ( )
Tak xak
Vi 1
V’ - 77 -‘/74:’ - 9 A4 - /l'@())
o)1 -4 1-2
2 kM,
ds = cdt\[1— =, &) =—"—1 (44.50)
c r
TO

d< movy, > s, <¢km0MO>. (44.51)

dt \/1_7_ = Oz

B nocsienueit popmyste k - rpaBUTAaIMOHHAasA TocTosHHAaA, M, - Macca
ACTOYHUNKA 'PABUTUPYIOIErO TeJjla, T - PACCTOSHUE MeXIy ILeHTpa-
MU TTPOOHOTO TeJIa U UCTOYHMKA. 1'aK KaK IMPU BO3pacTaHUU CKOPOCTH
TeJla ero Macca Bo3pacTaeT, TO JIOJIXKHa BO3pacTaTh U ero IOTeHIIN-
ajibHasg sHeprus B3auMoaenicTBus. [losToMy ckasisap ¢ mosxkeH OBITH
paBeH

1

¢=7T%27

roe v' - BeJIMUYMHA OTHOCHUTEIBHON CKOPOCTU MEXIY MacCaMu Mg 1
M. OueBUAHO, YTO HTOT CKAJIIp B OOIEM CiIydae MOXKHO IIPeNCTa-
BUATH B IBHOM BHUIE B JIOPEHI] KOBapuaHTHOU (popme.

Y= |V/LIV/L”|7

rue Vﬁ: - 4-cKopocTh IIPOOHOTO Tejla, Vﬁ:’ - 4-CKOpPOCTH HCTOUYHUKA.
Taxk xax B ucxonuot MCO ucrounuk nokontcs, To V! =0, V) =i nu
TI05TOMY

1
V=MVl = —
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Takum obpasom, ypapuerue (44.51) MOXKHO NpenCTaBUTH B BUIE

d<M> d , 0 <km3MO>.

1— 2 r

c2
Takum obpazom, mocienHee ypaBHeHHWe HAIIOMUHAET KJIACCHIECKOe
HEPEJIITUBUCTCKOE YpaBHeHUE NBUXKEHUSI, B KOTOPOM MaccCa TOKOS
TIpoOHOTO TeJjla My 3aMeHeHa Ha P PeKTUBHYIO MACCy IBUXKYIIIETOCT
Tejia m,. g snekTpogunamuku ¢ = 1.

s onmmcaHnsg OBUXKEHWS TPOOHON YaCTUIILI ¢ TOYKM 3pEHUT Ha-
bmonaTens u3z HCO ynoGHee Bocmiosib30BaThCS ypaBHeHeM | aMuITh-
ToHa-kobu. IlycTh mpobHas yacTuUIla OBUXKETCS MO OTHOIIEHWIO K
HCO Tax, uTo ee MupoBas JIUHUS He TPUHAIJIEXKUT KOHI'PYEHITUU MU-
POBBIX JuHUM, obpasyrormux 6a3uc HCO. Bynem no-npexueMmy o060-
3HaYaTh BEKTOP 4-CKOpocTu MpobHOU yacTuilbl oTHocuTeabHo MCO
kak V" u kak V* - mose ckopocreit 6azuca HCO mo oTHoleHnio K
nco.

PaccmoTpum nmpenBapuTenbHOe BhIpaXKeHre, Ha OCHOBE KOTOPOTO
TTOTTEITaeMCS BEIBeCTH ypaBHeHUe ['amunbToHa K061. Bocmonbayach
dopmyioit (44.33), HaxoquM

g"'mocV,mocV, = (" + XV”V”)mgczvﬁ:VJ = —mic*[l — X(V”Vﬁi)ﬂ,

x=1—e2,

Ecsu B 5To BhIpaxkeHne TONCTABUTL BMECTO 1MV ero KOMIIOHEHTHI
u3 (44.48), To mostyuum

oS my oS my
214 By vyl — _ % -
(9" + VIV )<(9:13/‘ c A”> <(9an c zﬁA,,)—l—
+mic’[1 — x(V*V;)?] = 0. (44.53)

Nrak, momyumin ypasuenne ['ammisToHa-AKo61, KoTOpoe onmuckIBa-
eT nBUXKeHUe mpobHon Macchl g Habmmogareseir B HCO, ucmonb3y-
forrux koopaunaaTel MCO mpocTpancTBa MutkoBckoro. s mepexo-
na or HCO x CO B ypaBuenun (44.53) mHyx)HO mosmoxuts x = 0.
51 masibHERINX UCCIIENOBAHNNA TIEPEIeM K COIYy TCTBYIOIIUM TET-
pamam 6asuca HCO, B xotopom ih*(4) = V#. Ins sToro ciydas
ypaBuenue (44.53) npumet Bun

(10 = E0A )+ (55055~ Ehvate)
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oS ™y
<(9a:(k) e

Ha ocHoBe mostydeHHOT0 ypaBHEHUS PACCMOTPUM IBUKEHUE TTPOO-

YA(K)) +mic[l— x(iV'(4))]=0.  (44.54)

HOI MacChl B IEHTPaJIbHO-CUMMETPIIECKOM I'PAaBUTAIVOHHOM IIOJIE.
PaccmoTpuM cHadasa ciIydail, KorjJa MAPOBasd JIMHUSA PacCMaTpPUBae-
MOW YaCTUILI IPUHAIJIEXKUT OJHON 13 MUPOBHIX JuHuil 6asuca HCO.
Isis sToro ciyuas V'(4) = i. Kpome Toro mpumem, uro A(k) = 0.
Torma ypasuenue (44.54) Gymer uMeTh BUA

0S my oS 08

(1—Xﬂ<&d®-(3¢AM»2+nﬁé]+aww)&dk):o.@M5m

KondgopMHyo (QYHKIWIO ¢ ONpemejMM W13 ypPaBHEHWII IBUKECHIS
(44.21) u (44.46), 3amICaHHEIX B COMYTCTBYIOMINX TeTpamgax. Y paB-

HeHne (44.21) B COMyTCTBYIOMINX TeTPAAaX MPENCTABUMO B BUIE

0¢
 Ox(k)

WAR) S, = (k) = . (44.56)

Ypasuenne (44.6) ¢ yaerom A(k) = 0 B COmyTCTBYIOIINX TeTpamgax
IIpeICcTaBIMO Kak

i Ay A4 1
fh) = (3;(14()))1 G

(44.57)

Homnaras A(4) = ¢®, HaxomuM U3 CpaBHEHUS IBYX IOCIENHUX (Hop-

in (14 7).

MYJI, 4TO

dp 0
oz(k)  Oz(k)

HJ’IH I[a.]'IBHefIHIHX BBIYMICJIEHUN coeJjiaeM CJenymomime (I)I/ISI/I‘-IGCKI/IG HO-

(44.58)

nyImeHus: B 1leHTpe MacCuBHOTO Tejia, CO3MAIOIIEro IPaBUTAIIMOHHOE
moJsie, BeIOUpaeMm Hadaso Koopaunat MCO. B kauectBe 6aszuca HCO
BHIOMpaeTCs TUIAHeTapHAs CUCTeMa oTcueTa [1], T.e. COBOKyIMHOCTH
TeJI, NBUXKYIMUXCA MO 3aMKHYTBHIM opbuTaM B Iuiockoctu 0 = 7/2
(T.e. IIOCKOCTH X1, &) BOKPYT ocu x3. OueBumHo, 9To I HabIio-
naTesiell, Haxomarmuxcsa Ha omHoM m3 Tesl HCO, nmpocTpaHCcTBeHHEIE
PACCTOSHUSA U3MEPSAIOTCS B TUMEPIJIOCKOCTH, OPTOTOHAJIBHON MUPO-
Boll TpyOKe HabionaTeseil. Beibupas Ha 5TOW TUMEPIIOCKOCTH cdhe-
PUUECKYIO CUCTEMY KOOPAWHAT, HAUaJ0 KOTOPOW CBA3AHO C MUPOBOM
nuHuen Hadasia kKoopnuHaT MCO, m yumThIBasg, YTO OBUXKEHUE TeJl
(c Toukn 3penuss UCO) mporcxoouT B OMHON INIOCKOCTH, MIMEEM

96 0 99 OR 09
IO =523 =% be(k) = oRow(r) ~ o™ H)

k=1,2,
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n(k)n(k) =1, ¢=In(1+ zﬁcl—f)) (44.59)

g wabmonatens n3 mwiaHetapuon HCO ypaBuenme I'amuibToHa-
Axobu cBemeTcsa K BUIY

1=l + 20 i+

0S\2 1 /052
)+ ) <o
OR R2\Ou
(44.60)

rae R - panmanbHble, U - YTIJIOBBIE TIOJSPHBIE KOOPAWHATHI HA THUIIEP-
TJIOCKOCTM.

Ilsis ompenenenus ckajispa i) mpoumHTerpupyeM (44.52), xorma
MBUXKEHNE TTPONCXOMUT IO KPYToBOW opbuTe.

kMO To

b L 1 _kMy
1_\/_7%_\/1—:13—#0(:13)’ ~ R 2R’

roe MO - MacCcCa IIOKOdA TeJla, CO3daloIero rpaBuTalllOHHOE II0JIE, T -

(44.61)

I'PaBUTAIMOHHBIN panuyc, O(x) - ieHbl 60IIbIIEro MOPaKa MajJoCTH
o x, 9eM . Bennauna

1—X:%{)2:1—|—2w—|—4w2. (44.62)
(1)

c2

B mocnenmeM cooTHOIIEHNN MBI OTPAHUYMITICH YJIEHAMU BTOPOTO TIO-
pAOKa MaJIoCTH IO .

[To obrmmmuM mpaBwitam pelrienne ypaBHeHus ['amuirbToHa-IK0OM
WIleM B BUIE

S =—FEyt+ Mu+ Sg(R)

C TMIOCTOSHHON »Hepruenn Fy u momenToM mmnyibca M. PanunanbHas
YacTh OeNCTBUSA CBOOUTCS K BUILY

Sp = /J [1 (B0 - m0¢1q>>2 —me| (1 - x) - %;dR, (44.63)

c? c

roe

kM mo¢1q) B moc’x
R’ c  Jl-z+0(z)

— moc2 <a: + %w2>

(44.64)
Packpeis mogkoperHoe Beipaxkenue B (44.63) i orpaHUYUBIINCE dJle-
HaMU KBaJIPATUYHBIMU TI0 T, UMEEM

12
Sp = /[<2E'm0 + ?>(1 + 2x + 4:132) + 2Eymoz+
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M?2q1/2
- )

rae E' - mHepenatusBucTckas sHeprus (6e3 sHepruu mokos). Tak kax

+(5Eymg + mac?)z? dR, (44.65)

MBI pacCMaTpUBaeM HEPEeJSTUBUCTCKUN ciaydait, To Fy > E' u mo-
stromy Ejy ~ myc?. Kak uszBecTHo m3 [7], mompaBouHEle Ko3(huim-
eHTHI TIPU T U CBOOOMHBIN YJieH MO/l KOPHEM OTpPaXkKaloTCi TOJIBKO
Ha He TpeACcTaBIIAIONIeM 0CO00T0 NHTepeca U3MeHEHUU CBA3U MeX Oy
SHeprue U MOMEHTOM YaCTHUIILI U ITapaMeTpaMH €€ HbIOTOHOBCKOU
op6uter (vanmrca). smenenne xkosddurmenta npu 1/ R? npusomuT
K bOoJiee cymiecTBeHHOMY (PPeKTy - CMeIIeHUIo mepurenss opouTHI.
TpaexkTopus onpenesiseTcs U3 ypaBHEHUS

R
u + —— = const.

OM
Ucnonw3ys Beramnciienus us [7], mosydnm
67T]€M0
o= ————-— 44.66
u ca(l — e?)’ ( )

rlle € - SKCIEHTPUCATET DILIATICA, a - OOJIBINas IMOJIyoCh, du - Tie-
peMeleHne HBIOTOHOBCKOTO DJIJINTICA 33 BpeMs OIHOTO 06opoTa, T.e.
cMerrenne mepuresusg opoutsl. [lomyuennas dopmysa (44.66) cona-
naeT ¢ aHajormyHbiM BeipaxenueMm u3 OTO. Ormerum, uTo ecsiu OB
MBI BBIBEJIN 5Ty QOpMysy npu Y1 = 1, YTO COOTBETCTBYET JIEKTPO-
IUHAMUKe, TO TIOJyYMJIN OBl 3HAUeHWEe TEPUTENINS C TOYKU 3peHU

HCO kax
57Qq B 51Q%q?
c2a(l —eX)my  2M?’

rie () - 3apsd, CO3MAOIINI T0Jie, ¢ - MPOTUBOIOJIOXKHBIN IO 3HAKY

Su = (44.67)

po6HsIi 3apsan. CpaBHeHue nociieqHen popmydtet ¢ (26.40), rae pac-
CMAaTPUBAJIOCH MBUXKEHNE 3JIEKTPOHA B T0JIEe TMPOTOHA, TOBOPUT O UX
copriaiernu. [lepexons x ICO (t.e. x = 0 B (44.63)), mosyuum muist
citygas MonuGUIIMPOBAHHOTO TPABUTAIMOHHOTO B3aNMOIENCTBUS

27T]€M0
ou= ———-— 44.68
u ca(l — e?)’ ( )
a IJId 3JICEKTPOINMHAMUKN
2 2
fu=_ "1 _ T (44.69)

~ cta(l —eX)my M2’

Taxum obpaszom, cmerrenue nepurenus ¢ Touku 3penus UCO nis
MOOU(PUIIMPOBAHHON T'paBUTAllUM B TPU pa3a MeHbIe, a OJd dJIeK-
TPOOUHAMUKM B TATH pa3 MeHbIlle, ueM miia HabmonaTess uz HCO.
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PaccmoTpum pacmpocTpaHeHUe CBETOBOTO Jiyda B IEHTPAJIBHO-
CUMMETPUYHOM T'PABUTAIIMOHHOM II0Jle C TOYKM 3peHUs HabiTioma-
tesigs u3 HCO. Tak kak mupoBasg jguHUS QOTOHA He MPUHAIIEKUAT
KOHTpyeHIun MupoBbix jmamin 6asuca HCO, Tto B dpopmyne (44.53)
V"Vﬁ: # 1, Ho macca mokoss my = 0. llosToMy mocsemuuit useH B
(44.53) Brmmamaer. CriemoBaTesibHO, MiId onucaHusd GoroHa B (44.63)
HYXHO 1oJ1oXkuTh my = 0. CileqyeT oTMETUTH OMHO OYEHBb CYITECT-
BeHHOE 06CTOATEeTBCTBO. X0Ta My — 0, HO v — c U Y — 00, OCTABIIAA
KOHEUHOW BeJIMUUHY SHeprum F

my _ B (44.70)

c? 2’

3akoH COXpaHEHNA IIOJTHON SHEeprum (I)OTOHEL EO B IIOJI€ TAXKECTHU NMMe-
eT O‘-IGBPII[HBIﬁ BN

Ey=FE - ————=E(1 — ) = const. (44.71)
Tak Kax x - MaJiagd BeJIMUMHA 10 CPaBHEHUIO C eIVHMUIIEH, TO

d
E=E1- g) (44.72)
Bripasus sHepruio ¢poToHa depes 4acToTy v U mocTosHHyo Ilmanka
h B BUIE

E = hy,

IOJIYUM XOPOILIOo M3BECTHHIN 3aKOH M3MeHEHUSI YacTOTEHI B II0Jie TH-
XKecTn

v=u(1- 9). (44.73)

2
13 ¢popMyJIbI BUAHO, YTO YaCTOTa CBETa BO3PACTAET C yBeJIMUYeHIEM
abCOJIFOTHON BEJIMYMHEI IIOTEHIINAJIA.
Bripaxenue (44.63) ¢ yaetom (44.62) u (44.71) MmoxHO mpencra-
BUTH B BUIE

E? M?2

Haisee, monaras Fy = hvy, M = mycp, Thne p - biauxaiiliiee paccTo-

SHIe [0 IIeHTpa TPAaBUTUPYIOIIEro Tejla U mpeHebperad 2, IOy InM

+ =~ = dR, (44.75)

SR . 140 \J 1 27‘0 p2
R R?



Bripaxenue (44.75) B TOYHOCTM COBNANaeT C PAaAMAJIBHON YaCTHIO
sitkonasia ¥ g, nonyuennoit uz OTO [7]. B mocnennein popmysie 7¢ -
TPaBUTAIIMOHHBIN PaguyC TPaBUTUPYIOIIETO Tejla

2kM
2

Ty = .
s (4475) cjllegyeT, 4TO 1104 BJIMAHMEM IIOJIA TATOTCHNA CBETOBOU
JIY49 NCKPHUBJIdeTCA (HpI/IT&Il"I/IBaeTCH K HeHpr), TaK 4TO yI'oJl MeX IOy
ACUMIITOTAMHU TPACKTOPUU JIyda MEHLIIIEe T Ha BEJIMYUHY

4k M

ou =
U )

(44.76)

C Touknu 3penns Habmonatens LCO (x = 0) u yros oTKIIOHEHUS

du = 2kM, (44.77)

c2p

T.e. B IBa pa3a MeHBIIIE.

OCHOBHBIM Pe3yJIbTaTOM 5TOrO pa3iesia SBIIeTCSI TOT, YTO UMEH-
HO M3-3a TOT0, UTO HAaOJIIONATEb U €ro TPUOOPHl HAXOMITCI Ha 3eM-
Jie, a He Ha CoJiHIle U 3Be30aX, MOXKHO OOBSICHUTH U3BeCTHBIE dPdek-
Tl OTO, He UCTIONB3ys ypaBHEHUS TTOJII DWHIITENHA.
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I'maBa 10

PACYET ITPOCTENIINX CUCTEM B
[TPOCTPAHCTBE - BPEMEHU
CBA3AHHBIX 3APAIIOB

B »Toii ritaBe HalileHa MeTpUKA MIPOCTPAHCTBAa-BpeMEHN BHE U BHY T-
pu 3apsaXKeHHON II0 MOBEPXHOCTU OeCKOHEeUHON MPOBOMAIIIENl TOHKON
IITAHIPUIECKON 000JI0UKM KOHEeUHOTo panmyca. HalineHno syiexkTpu-
YeCcKoe TI0JIe U BEIYUCIIeHa ero sHeprus. [IponsBenen aHammTudeckuin
pacueT eMKOCTU ITWINHIPUUECKOTO U IIIapPOBOTO KOHIIEHCATOpa, YUu-
THIBAIOIINI B3aUMOIENCTRYE 3aPsIIOB C CO3/IaBaeMbIM YTUMU 3apana-
Mu mosieM. HafiieHo 10JTe M TeoMeTpHUsS TPOCTPAHCTBA-BpeMeHU BHE
1 BHY TPH ITapa, PABHOMEPHO 3apskeHHOro no obwsemy. Ilomydenusie
BhIpaKeHUs coldepikKaT IOMPaBKU K UX KIIACCUUeCKUM aHaJloraM U Jo-
MIYyCKalOT 3KCIePUMEHTAIIBHYIO TIPOBEPKY.

45. DyeKTpOMarHUTHOE MoJjie 6eryiieil BOJIHLI,
CO3/1aHHO€ TOKOM CBSI3aHHBIX 3apsoB

[Tpu kmaccuyeckoM pacCMOTPEHUN 3JIEKTPOMATHUTHOTO TIOJIT W3-
JIydeHUs OeryIreil BOJIHBI TOKAa, PacIpPOCTPAHABIIETOCS IO TOHKOMY
KPUBOJIMHEMTHOMY IIPOBOJY , HE YUNUTHIBA€TCH, UTO 3apAIbl HA IMOBEPX-
HOCTHU MPOBOMA WUCHBITHIBAIOT CUJIy OTPULATEIBHOIO NaBJIEHUS CO
CTOPOHHI co3faBaeMoro mMmm moJig. llpencraBiseT MHTepec y4ecTh
5TO B3amMojnenicTBue. Y paBHeHUs MakcBesia B o0IlleM ciiydae COB-
MeCTHO ¢ ycyioBusmu JlopeHtia 6ynyT nuMeThb BUAI

lvmar) = L (vaw) =0 s

c V=g 0y¥
BBuny Toro, uro

F/W = 28[/LAI/] = QV[ A,j],

Iz

APyYrmue ypaBHCHUA MaKCBeHHa
(9aFﬁ,y + (95nya + &YFaﬁ = VQFM + vﬁnya + VWFO[B =0

BBITIOJTHAIOTCS TOXIeCTBEHHO OJI JIIOO0U MeTpPUKU.

B coorrorennu (15.1), B ornuunn ot ypasHennii MakcBesuta mpu
HaJINUNU I'PaBUTAIIMOHHOIO II0JId, METPUUECKNN TE€H30P He U3BeCTEeH.
[TosTOoMy 5Tu ypaBHeHUS HeJIH3d HETIOCPENCTBEHHO MHTETPUPOBATh.
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Panee 651511 TOTy9eHBI ypaBHEHUS IT HAXOXKIEHNS CTATAIECKON
IVIOTHOCTHU 3apA00B Ha MPOBONHUKE IIPOU3BOJIBHOU (OPMEI, FeOMeT-
puU OIPOCTPaHCTBa-BpPEMEHN U 3JIEKTPOCTATUUECKOIrO MOJIS, CO30aBa-
€MOr0 TAaKNM MPOBOMHUKOM. BBIJIO TIoKa3aHo, ypaBHEeHUE IS TIITOT-
HOCTU 3apSO0B CONEPXKUT HeM3BeCTHHIE KOMIIOHEHTHI MeTPUUECKOrO
Tensopa CO, 3aBucHINme OT MIOTHOCTU CBSI3aHHBIX 3apSI/IOB, OT Mac-
CHI 1 BeJIMUMHBI MPOOHBIX 3apAnoB, 3anatorimx CO. g HaxoxaeHus
reoMeTpun npocTpancTBa-BpeMerun CO mpobHBIE 3apaabl 3aKperis-
JINCHh HEMOMBUXHBIMU OTHOCUTEJIFHO 3apskeHHoTo Tena. IlosTomy
CHJIBI CO CTOPOHBI MOJISI YPaBHOBEIINBAJIUCH CUJIAMU PeaKIUN CBA3€el.
Metpuka CO onpenensinachk gpopmyiioit (23.6) 1 ycyioBus comy TCTBUS
(23.7). KoMOOHEHTHI METPUUYECKOTO TEH30Pa B CIULY CTATUIHOCTH TI0-
79 He 3aBUCeSI OT BpeMeHHoH KoopamuaTsl 3. W3 3a oTcyTcTBUU
BpallleHnd PaBHIJINCH HYJIIO .

AHajsiornyHas mporllenypa NpUMeHUMa U IIPU PACCMOTPEHUU TO-
Jid OT HeCTalllUOHApHOTO TOKa, HO YCJIOBUSA CTAllMOHAPHOCTHU yXKe He
OymyT BBITOJHEHBI. KOMIIOHEHTH METPUUECKOTO TEH30PA MOJIKHBI
YIOBJIETBOPSTH €Ille U ypaBHeHUIM cTPYKTYPHI (1.7). U3 ckasamHOrO
ciieiyeT, UTO pellleHre TIOCTAaBJIEHHON 3a/ladyll B oOIlleM BUlle aHaJIu-
TUYeCKU 3aTPYIHUTEJILHO, TOCKOJILKY IIepeMeHHBINI B IPOCTPAaHCTBE
1 BO BpEMEHU TOK 06y CIIaBINBAET (B COITIACHN C TOCTYJIIATOM YKBUBA-
JIEHTHBIX CUTYAlNil) IOMUMO HECTAIMOHAPHOTO 3JIEKTPOMArHUTHOTO
IIOJId U T10JIe HeCTaIlMOHAPHOI'O HEOTHOPOIHOIO METPUUECKOTO TEH30-
pa.

s BEIICHEHN S PU3UUECKOTO CMBICITA PEITeHNS MTPeNeITbHO YIIPOC-
TUM 3a7ady, CUuTas, 4To beryimas BoJIHA TOKa MOCTOSHHON aMIIIINU-
Tynsl J pacrnpocTpaHseTCs o 0eCKOHEYHOMY TOHKOMY TPIMOMY ITH-
IuHApWYecKoMy mpoBony. IlycTs mpoBoa pacrofioxkeH Ha ocH y° = z.
TpebyeTcs BHIYUCAUTD HANPIKEHHOCTDH 3JIEKTPUIECKOTO E u mar-
auTHOro H moseil BHe MIPOBOIA.

bes yuera B3amMoneiicTBUS 3apsaOoB Ha MPOBOMAE C CO3MaBAEMBIM
MU JIeKTPUIECKUM TI0JIeM pellleHne TpuBuajTbHo. HampsaxkeHHOCTH
MarHUTHOTO II0JId onpenesigeTcs GopMyJion

2J

Hy=" (45.1)

HJ’IH HaXO0XIOCHNA SJICKTPUYECKOI'O IIOJId MOXHO MCXOOANWTHL M3 TOrO,
YTO BOJIHA PacCIIpOCTpaHiA€CTCA IIO KOAKCHUAJIBHON JIMHUN Ipmu H6ecko-
HEYHOM pPalWlyCe€ BHCHIHETO IIpOBOIA. HOSTOMy JIA SJIEKTPUYIECKOTO
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I10JId MeeM 9
Y
B,==-, (45.2)
p
rge CBA3b MEXKOYy JIMHETHOU IIJIOTHOCTBIO 3apiada v 1 TOKOM J HaeTCd

MPOCTHIM COOTHOIIEHIEM
J = ¢y, E, = Hy. (45.3)

CraTtunueckas 3amada o0 3JIEKTPUUECKOM II0Jie MPSIMOUN 3apsaKeHHOU
HUTU O0€CKOHEYHOUN NJIWHBI C yUYeTOM B3aMMONENCTBUS CBI3aHHBIX 3a-
PSIOB C TojieM pellieHa B pasfaese 19. CpaBHUBasg TeTpamgHyIO KOM-
TOHEHTY mostst Fioy(1) u3 (19.38) ¢ panuaJyibHON KOMIIOHEHTOM mons E,
u3 (45.2), ybexmaeMcs B UX TOXIECTBEHHOCTI.

[TonbiTaemMcs oTBeTUTH Ha Bompoc: ”HTo HOBOTO IO CPaBHEHUIO C
(45.1) u (45.2) maet TOT QakKT, YTO 3apSAABI Ha TIOBEPXHOCTH IIPOBOIA
ABIISIOTCS CBSI3aHHBIMU?”

Hnsg ynobcTBa cpaBHeHUS ¢ pe3yibTaTamMu naparpada 19, Beiou-
paeM MeTPUKY B BUIE

dS? = exp(v)(dy’)? — exp(\)dp® — p*d¢* — dz*. (19.28)

rie v U A, MICXOAd W3 CUMMETPUH 3aa4dl, 3aBUCAT TOJILKO OT p.
®yukuun v(p) u A(p) Hyxkmatorcs B onpenesnenun. [Iporenypa
X HaXoXIeHWUd MogpobHo omucaHa B pasmeie 19. Takx xax mMaruuT-
HO€ II0JIe He JEMCTBYET Ha IOKOAIIIecs IIPOOHBIE 3apAObl, TO OHO He
N3MeHAeT CUJIBI PeaKIWK CBA3M, yIAepXKWBAIOIINE >TU 3apAabl Herlo-
OBIKHBIMU B dJleKTpudeckoM mmojie. OgHako, co3maHHOe TOKOM Mar-
HITHOE II0JIe, OKPYyXKalolllee IIPOBOJHNUK, NECTBYET Ha IOBEPXHOCTH
IIPOBOJHNUKA, CKMMas IIPOBOI BAOJL panuyca. Tak Kak MBI CIUTaEM
IIPOBOJHUK MIEAJIBHO IPOBOMAIINM, TO TEKYIIWII IT0 IIPOBOAHUKY TOK
ABIIIE€TCS TIOBEPXHOCTHBIM TOKoM [26]. IlsmoTHoCcTs 3apsima v cumTa-
eM OTPHUIaTEILHOI, TaK 9TO 110 IIOBEPXHOCTY IPOBOTHNKA JBUKYTCI
5JIEKTPOHBI, CPENHAL CKOPOCTh ¥ KOTOPHIX HUYTOXKHO MaJia [0 CpaB-
HEeHMIO ¢ (pa30BOl CKOPOCTBIO PaCIpOCTPaHEeHUs 6eryIreil BOJIHEL TO-
Ka, paBHOI1 CKOPOCTH cBeTa c. Ha KaxXIbIll 13 5JIEKTPOHOB CO CTOPOHEL
MarHIUTHOIO II0JIS TOKa 6yHeT meiicTBoBaTh cuiia Jlopenma. Kak us-
BeCTHO [26], caxuMarolee napiieHre ompenenseTcs GhopMyIIoi

—»H62

P
= -7
nos 9
8

(45.4)

rie 7 — eMMHUYHLIN BEKTOP, HAIIPaBJIEHHBIA BIOJIb PaIyca IIPOoBoIa,
H, = H, — MarHUTHOe TI0Jle CHapy:K! MPOBOJA y ero IOBEePXHOCTM.
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Takum obpazoM, cKUMalOIlee NaBJleHWE TI0 BeJIMYWHE PABHO TIIIOT-
HOCTU SHEPruy MarHUTHOTO Tosid. Bemmuunaa cunber F', meiicTBYyIoMIen
Ha KYCOK HMUWJIMHIPUYECKOTO MPOBOIa INIOMIAIU S, Ha KOTOPOW pas-
MeItieHbI [N 5J1eKTPOHOB paBHA OYEBUIHO

H2S
F =9 45.5
8 ( )
OTrcrona B coryacuu ¢ (45.3) Ha KaXIbI JIEKTPOH AENCTBYET CUIA
2
P = E _ EpS _ EAncS _ Epe.
N 8N 8T N 2

IIpu BeBome (45.6) ywm, uro E, = 470, rie 0 — IOBEPXHOCTHAS

(45.6)

TIOTHOCTH 3apana. UTak, cuia co CTOpOHBI MArHUTHOTO TIOJIS Ha TT0-
BEPXHOCTHBIE 3JIEKTPOHBI C TOYHOCTHIO 10 3HAaKa COBIIaJIa C CUJION CO
CTOPOHBHI JIEKTPUYECKOI0 T0JIs, BEIBOJI KOTOPOU IIpUBeNeH B pa3eJie
17. Taxum obpazoM, eciii B 3JI€KTPOCTATUKE CUJION PEAKITUN CBI3U,
yIepKUBaIIeN co3dalolne I10Jie 3apsabl Ha MOBEPXHOCTHU IIPOBO-
HUKa HEMOABUXKHBIMU, ObLJIa CHUJIa CO CTOPOHBI MeTaJlIIMUecKou pe-
MIeTKW, TO B MAarHNTOCTATUKE 5TY POJTb BHITIOJIHAET cuiia JlopeHiia.
B cormacum ¢ mocTysmaToM SKBUBAJIEHTHBIX CUTYAIINN, PellleHne IS
AJIEK TPUYECKOTO TI0JIs OT OeryImell CTyneHYaTol BOJIHBI TOKa, 6ydeT
TakKoe Xe, KaK U IJIA 3JIeKTPOCTATUYECKOro MoJIs 3apAKeHHON HUTU.
Tak Kak KOMITIOHEHTHI MeTPUUYECKOTO TeH30pa BXOMAT B YpPaBHEHUS
MagkcBesia, To MAarHUTHOE TI0JIe 3aBUCUT OT METPUKMU.

Perttenne niis »51eK TpudecKoro moig moJIydeHo HaMU paHee U MMe-
eT BU[

_ _payg _ peky
Ay = 2v1)(a) Ky (o), a= s = (19.27)
oA
Fyp = —8—p0 - %(Kl(a)lo(a) — Ii(a)Ky(e)). (19.32)

Ha IMMOBEPXHOCTHU NWIMHAPA BEJINYNHA II0JIA EO COBIIaac€T C TeTpal-
HOM KOMIIOHEHTON F(O)(l) HOSTOMy OJId BEJIMUNHBI & MMeEM

_pag _ pely _ pey
2¢2 4me?  R2mce?’

FE - HanpsXeHHOCTH T10JI4 Ha MOBEPXHOCTHU HMWIMHApa, Iy, I, K

(07

p>R. (19.39)

K, - mmnmaapudeckue ¢pynkuun beccens B o6IenpuHATEIX 0603Ha~
vyenusx [82]. Hnsa gyukuuit v u A 6buT0 HalIEHO

qAg
moc?’

exp(v/2) =1+ (19.42)
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p (9140 1
2y Op 1+ Lo

moc2

exp(A/2) = (19.43)

I1g 57eKTpUYeCKoro moJid 6eryIeil BoJIHBL OyIyT CIpaBeliiBhl BCE
IIpUBEINEeHHBIE BHIIIE (OPMYJIBL IS CTATUYECKOIO 3JIEKTPUYECKOrO
oJISL ¢ ydeToM ycioBust v = J/c u3 (2d.3).

g HaxXoX[OeHUS MarHUTHOLO IIOJIS BOCIIOJIB3YEMCS pellleHneM
UJINHIPUYECKN-CUMMETPUYHBIX CTATUYECKUX ypaBHeHun MaKkcBesi-
na B dpopme (15.1) ¢ ucnonb3oBaHeM HalIEHHON METPUKHU U (POPMYJT
IJI4 TOTEHIINAa/a 1 HAIPAXKEHHOCTH 3JIEKTPUYECKOrO TOJI.

Vcxons w3 cuMMeTpun 3afadul, IPOCTPAHCTBEHHBIE KOMIIOHEHTEI
4-mmoTeHIIATIA

AR = 68 A(p), (45.7)

rae A(p) — MOIYIb BEKTOPHOTO MOTEHINAIA, A. OueBugHO, UTO MpHU
HE3aBUCAMOCTY CKaJIIPHOTO MMOTEHInaa OT BpeMenn, u3 (45.7) u u3
(15.1) cnenyer, uTo yciyoBue JlopeHIa BBIMIOJIHIETCS TOXAECTBEHHO.
Ypasuenns Makcsesuta (15.1) cBomsTcs k Bumy

L2(61&13(” 5 A)P%) = —4—7r.73, V=g = peXp<V ;r /\>,
(45.8)

rie j° — INIOTHOCTH TOKA.
Bue npoBona unTerpupoBatue (45.8) IpuBOOUT K COOTHOIIEHUIO

0A k A—v k 0A 1
— p< 2 >:_27(9p< _|_qu>2’

— = —eX (45.9)
Op p

moc
rae k — mocrosHHas uHTerpupoBanus. Unrerpupys (45.9) eme pas,
HaXOIIM
moc?k 1

4= 2vq <1+

o). (45.10)

moc?

CpasuuBas (45. 9) (45 1) _UCIONE3Ys, YTO B HEPEATUBICTCKOM
npubmuxenn H = V x A, (V X A)¢ = —0A,/Op, naxomum k = —2+.
[locTosuHas c¢; - mpomsBoJibHa. IJid oIpemesleHHOCTU BEIGepeM ee
Tak, 4TOOb B HEPEJIATUBUCTCKOM IPUOIIMKEeHNN BeJimunHel A 1 A
coBlafaiii. B pesysnbrare HaxXomUM

2
myc 1

A= 1), (45.11)

g ‘4

moc2
TeH30p 3/1€KTPOMArHUTHOIO MOJIA [JId PacCMaTPUBAEMON 3a1aumn
nMeeT OTJIMYHEIE OT HyJd KOMIOHeHTH Fj; = —F},, onpenengembre

B (19.32) u Fi3 = —F31, Iyig KOTOPHIX UMeeM
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Fy=-24_ 04 1 (45.12)

dp dp < + qA0>

moc

IIng OTIIMYHEIX OT HyJS TeTPaJHEIX KOMIIOHEHT T€H30pa IIOoJId C IIOo-
Mombio Terpan (17.10) Haxomum

2J 2J

Foyo = Ep = —, (45.13)

cp<1 + %) 7 cp

Fuaye) =

NTak, Hanp 4 KeHHOCTH IIEKTPUUECKOTO MOJIA B TETPATaX B TOYHOCTH
CcOoBIIagaeT C KJIaCCU4YeCKM BhIpakKeHIeM, a HallpsIKeHHOCTh MarHUT-
HOT'O TIOJIS COIEPXKUT PeJITTUBUCTCKYTO NonpaBKy. Haltinem oTiuaHbie
oT HyJa adPUHHBIE U TeTpalHble KOMIIOHEHTHI TeH30pa >Hepruu-
UMITYJTbCa. TeH30p SHEPruu-UMITYJIbCa SJIEKTPOMATrHUTHOTO TOJIS B
KPUBOJIMHENHBIX KOOPAWHATAX ompemenseTcs (opmysoin (17.14), a
TeTpaJHble KOMITIOHEHTHI TeH30pa BEIUUCIIIOTCS 10 ripaBuity (17.15).
B pesynbTaTe nig mHTepecyoOIUX HAC KOMIIOHEHT TIJIOTHOCTH HHEP-
TUU U [JIOTHOCTU UMIIYJIbCa HaAXOIUM

2
T — L<%>26_Ae_2”, TOO = T (45.14)
dp p?
1 /0Ap\2 21
03 _ 1 0\* ) —2 03
T = <—ap> B A @ (45.15)

BurunciaumM sHepruio moss oT 3JieMeHTa 3apsaKeHHOW HUTH JIUHEL A,
BOCHONIB3YCh dopmymamu (17.16) -(17.18), (19.18). Hus TerpamHoit
kommoneHTs T (V") renzopa sHeprun-nmmynbca nMeeM u3 (45.14) BBI-
paXKeHUe

W= [ V=gT"V,dS, = hy /R°° Fy1 dp

= —hy / 04 5, 4P = Ag(R)yh — Ag(c0)vh (45.16)

Tak xak mo mokasanHoMmy B (19.41) Aj(oco) = 0, a HUTE 1O yCIT0-
Buio mMmeeT paxmyc R — 0, To coornomienue (45.16) Ha ocHOBe
(19.39) mpumMet BuI

W = Ao(R)vh = 2721110( - >K0< =L, (45.17)

2mc?

N3 popmysier (45.17) ciienyet, 9To SHEPrus 3J1eKTPOMArHUTHOTO
T0JI BHY TPU HWIMHAPA OJIUHEI h 1 6€CKOHEUYHOTO paluyca sSBIITeTCs
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KOHEYHOU BEeJIMUMHON, YTO Pe3KO OTJINYaeTCd OT KJIaCCUYeCKOro 3Ha-
YeHUs 5JIeKTPOMArHUTHON >HEPTUM I0Jis Oeryieil BOJIHBI KOoTopasd
6eCKOHeYHO BeJIMKa.

[Ipu ouens GOIBINTON MIIOTHOCTHU 3apI/IOB HA HUTU, T.e. TIPU BHI-
TOJTHEHUHU y CJIOBUSI

ey eJ
omez  2med >1 (45.18)
nMeeM OJid SHEPTUHN BBIPpaXKEHUE
2vhmc?
W= """~ 9Nme?, (45.19)

e

rae N - duciio 51eKTpoHOB Ha qiumee h Hutu. HepaBencTso (45.18)
HKBUBAJIEHTHO HEPABEHCTBY

J > 10°4, (45.20)

r7e TOK BEIPakeH B aMIlepax.

NTak, mjia odeHb GOJBIINX TOKOB IIpelesbHas SHEPrU JIEKTPO-
MAaTrHATHOIO II0JIf BHYTPY HWINHIPA BEICOTEL i 1 6€CKOHEYHOTO pa-
mimyca paBHa yIBOEHHOI Macce IOKosd [N 3JIeKTPOHOB, CO3IAOIINIL TOK
Ha, HUTH. DHEPrusd >JeKTPOMArHUTHOTO II0JIS IOPOBHY PacIperesid-
eTcsd MeXIy SHePrUIMU 3JIeKTPUYECKOro M MAarHUTHOIO IOJIEM, YTO
ciienyet u3 cootHotnenuit (19.51) u (45.19).

9lcHO, 9TO B peaIbHOM CiIydae CIIPaBeJIMBO IPyTroe HepaBEeHCTBO

v~ < (45.21)

2mc?  2mced

Iist coabeix mostein mipu ycsoun (45.21), ucrosb3ys w3BeCTHEBIE
passoxenus nisa pyukuuit Beccena [82], umeem u3 (19.44), (19.45)

Iy(e) =1, Ky(a)~ —(In(a/2) 4+ C),

Ay(a) ~ —2%<ln (%) +0), oA 2 (45.22)

rae C' = 0.57721566490... - ecTh mocTosTHHAI JUJIEpPA.

(45.22) ¢ TOYHOCTHIO 10 3HAUEHUS TOCTOSHHBIX B IOTEHIINAIIE COB-
majaeT ¢ KJIacCUUeCKUM BbIpaxeHneM. OmMHAKO MeTpUKa MPOCTPaH-
CTBa-BpeMeHN MaXe B cjydae cJIabOro TOJIT OCTAeTCS PUMAHOBOM,
KoTopas B coryiacuu ¢ dpopmyson (19.42) numeer Bux,

qAg
moc?’

exp(v/2) =1+ (45.23)
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a BMecTO (19.43) numeem

1
eXp(A/Q) = m. (4524)

moc2

NTak, Kak 0iid CUITLHOTO, TaK U AJII CJIaO0Tr0 TIoJIel SHEPTUS HJITEK-
TPUYECKOTO TIOJIS OT OeryIrell BOJIHBI Toka W, paBHA »SHeprum mar-
unTHOoro moss W,,. llpupaBHUBasg COOTBETCTBYIOIIE COOTHOITEHUS
IJISL SHEPTUU X KJIacCUYeCKUM aHaJioraM,

2 2
L., J°h Q

sziv We:mv

5 (45.25)

HaXOOWM ITOI'OHHYIO NTHOYKTHUBHOCTDB Lm 1 IIOTOHHYIO EMKOCTBb Ce bec-
KOHEYHO TOHKOI'O ITIpOBOIA

L= 20(525) Ko (5255) =2 (225) — ), e

me3 2mce3 eJ

1
=1

(45.26)

Boraucsienne moroHHON WHAYKTUBHOCTU W €MKOCTH GECKOHEUHO
TOHKOT'O IIPOBOMIAa IPU KJIaCCUYECKOM PacCMOTPEHUN HOPUBOOUT K
MIPUHINTINAJIEHEIM TPYIHOCTSAM, CBI3aHHBIM C O0eCKOHEUHOU SHepru-
eyl TIoJIT TOYEYHOTro 3apgana. B HaleM ciryyae TaKuxX TPYTHOCTEN He
BO3HUKAaET KaK JIJIg CJIaboTo, TakK W IJIS CUITBHBIX Tojiell. PaccmoTpum
6oJiee TIONPOOHO MPUUNHBI BOBHUKHOBEHUS TPYIHOCTEN.

Kak u3BecTHo u3 [83], "HIYKTUBHOCTH €IUHUIIBI [ITUHET 6€CKOHEU-
HO IJINHHOT'O ITPOBOAA 3aBUCUT OT NJIMHBI IPOBOMA U BHIYUCIISETCA B
HalIux obo3HadYeHUIX 1Mo ¢opmyJie

2h 3
L =2(In <§> - Z>' (45.27)
Ilsist sTOTO XK€ cimyuas w3 paboThl [26] mMeeM
h
L =2In <E>' (45.28)

C opyroii CTOPOHBI AJIS TIOTOHHON WHAYKTUBHOCTH KOAKCUAIBHON
nuHIN nMeeM u3 [87] cooTHoleHNE

L, =2In (%) (45.29)

rne b - BHellTHU, a R — BHYTPEeHHUN paanyCc KOAKCUAJIbHON JIMHUM.

380



9lcHo, uTO Mg 6eCKOHEUHOI KOaKCHUAJIBLHOM JIMHUU ITOTOHHAS WH-
OYKTUBHOCTH He 3aBUCUT OT IJIMHBL IIPOBOIA, YTO U CJIEAOBAJIO OXKU-
naTh. Kazasock 65, 4TO Iepexon K OMHOIPOBOIHON JIMHUAN OT KOaK-
CUAJILHOI MOJIKEH IOJIyYUThCSA IIPM CTPEMJICHUM BHEIIHErO PaIiyca,
K 6eckorHeunocT. OmHAKO 5TOro He MPOMCXOAUT, MHAYKTUBHOCTH B
corytacun ¢ (45.29) cTpeMuTcs pu SToM K 6€CKOHEIHOCTH.

N3 anammsa (45.27) u (45.28) BumHO, YTO 3aBUCHMOCTDH IIOTOH-
HOIl MHAYKTUBHOCTH AJIMHHOIO IIPOBOAA OT IJIMHEI IPOBOIA — ABHAL
TPYAHOCTH KJIACCMYECKON T€OPUM IIOJIS.

PaccMoTpuM K KakKoMy pesysibTaTy MNPUBOAUT aHAJIM3 HaIleil
dopmysnsr (45.26), npuromHON IS CIIaGBIX TOJlell (MaJjIBIX TOKOB).
OTa dopMmysa MoxkeT 6HITEH IIpeobpa3oBaHa K BUIY

Ly =2(In <@> ~C), hy= Ly (45.30)
To N

rie N — YKUCII0 3JIEKTPOHOB Ha AJIMHe h KycKa IpoBofa, r( — KJIacCH-
YeCKUN pajnyc 3JIeKTpoHa. T'ak KaK KOHIIEHTpalMsd 3apsaoB Ha JIO-
6oM KycKe 6eCKOHEYHOTO TIPOBOAA OUEBUIHO ITOCTOSHHA, TO MIOTOHHASI
MHIYKTUBHOCTH €CTeCTBEHHO He 3aBUCUT OT IJIMHBI MPOBOA, KaK 1
TMOJI)KHO OBITH TIO JIOTWKe BEIIel.

YMHOXUB 4nCINTENh U 3HaAMeHaTeNb 1mof jgorapudmom B (45.30)
Ha Hekuii ~ popmbakTop” k, Takoi, 4TOOBI BBIIIOJIHIIOCH PABEHCTBO

kro=R,  4kh=2h (45.31)

TIOJTy9MM IOJIyYnM (pOPMYJLy AJIS IOTOHHOM MHIYKTHBHOCTH, aHAJIO-
ruuanyfo (45.27), (45.28), nuMmeronnyo Bu

2y 2% R
L, = 2<ln (—) _ C> By = 2220 45.32

R ’ L N 7‘0 ( )
PaccMoTpuMm pusmdecKnii CMBICJI BEJIMYMHEL i, UMEIOIIER pa3sMep-
HOCTH IOJINHEI. 9Ty Be.HI/IT{I/IHy MOZXKHO HpeﬂCTaBI/ITB B BUOE

h
2N7‘0

hy =4R (45.33)
Otnorierne h/2Nr( nipenctapiisieT coboll OTHOIIEHUE IIIWHBI OTPe3-
Ka, Ha KOTOPOW PACIOJIOXKEHBI N 3JIEKTPOHOB K WX OOITEN MJIMHE
npu mioTHOH ymakoBke. Cama dopmysa (45.32) mpumeHuMa, Korga
h/2Nry > 1. ®opmysna (45.26) MoxkeT GBHITH IPEACTABIEHA B BUJE
yIIOOHOM NJISI CPaBHEHUS C SKCTIEPUMEHTOM

J
Ly =21.11—2In <7> Jo = 14, (45.34)
0
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rae Jy paBeH omHOMY aMmepy u TOK J m3MepseTcs B ammepax. Pac-
cantaeM 1o ¢opmyite (45.34) HOTOHHYIO €MKOCTH IIPOBOMAA [JIMHOI
10 meTpoB u paguyca 0.06 mumumerpa npu Toke J = 0.1 Awmrmep.
Hns sToro ciayyas mmeeM L,, = 25.715. YBemuumB TOK B MeCATH pas,
nosryunM L., = 21.11.

Pacuet mo gopmyse (45.28) maer L,, = 24.048. Takum obpasom,
HECMOTPS Ha MPUHINITAAIBHO pa3Hble QOPMYITH pacdeTa MHIYKTUB-
HOCTU, PEe3YIILTATHl 0OKa3aJIMCh OJIM3KUMM.

Haitnem popmysty nsis mOTOHHOW WHAYKTUBHOCTU KOAKCUAITLHOM
JIMHUM JIJIS MaJTEIX TOKOB.

Boruauciienne sHeprum MAarHWTHOTO TIOJIS MEXAY IHEeHTPAJIbHBIM
TIPOBOJIOM W BHEITHEN 0OOJIOYKOW TPUBOAUT K COOTHOIIEHWIO, BHI-
Tekamomemy u3 (45.16), myTeM meeHUs SHEPTUM HA OBA W 3aMEHBI
OeCKOHEUHOTO BHEIITHETO panlyca Ha ero KOHeUHOe 3HaueHUe b.

J? b

= Shln <E>' (45.35)

[IpupaBHUBas MOTyYeHHYIO SHEPrUio ee 3HadeHuio u3 (45.25), mosmy-

Wi = 37h(Ao(R) — Ao(b)

yaeM (HOPMYJIy B TOYHOCTH COBHAMAIIyI ¢ (45.29), T.e. ¢ Kitaccu-
YeCKOU BEJIMYMHON MOTOHHON €MKOCTHU KOAaKCHUAJILHON JIMHUU.
WNrTak, njsg MaJIbIX TOKOB B OTJIMYKE OT OJHOIPOBOMHON JIMHUW IJIS
KOAKCHUAJILHON JINHAM Pe3yJIbTAaThl OKa3aJIMCh TOXIeCTBEHHBIMMU.
i1 CMIIBHBIX TOKOB OYIyT MpOoABIAThCA pasianuus. Obras hop-
MyJia IJIS TIOTOHHOW MHIAYKTWBHOCTU KOAKCHAJILHOTO Kabeijig OyleT
UMeTh BUI

L= 2(1 (555 Ko (550g) — Doy o (500 ) ). (45.36)

HJ’IH OOJIBLIIINX TOKOB MOXKHO BOCIIOJIB30BATHCI M3BECTHBIMU aCUMII-

TOTUYECKUMHU pasioxeHusMu mis ¢pyukuuii beccess [82].

1 T
Iy(a) ~ 9 Ky(a) ~ 2aE

4YTO IIPpUBOOUT K COOTHOIIICHWIO

Lo = 2:‘;3 (1- %) (45.37)

9Hepr1/151 MarmHmTHOI'O IIOJIAd Ha €OVMHHNIEC OJINHBI B KOAKCHUAJIBHOMN JIN-

HUA MEXOY LOEHTPAJIbHBIM IIPOBOIOM M BHeIITHeNI 000JI0UKON IJIA
CMJIBHBIX TOKOB NMee€T BN

W, =
b

@(1 R) _ NLCz@ _ R). (45.38)

) h
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IIpu b — oo i R — 0 sHeprus MarHUTHOIO II0JIS COBIAIaeT C SHep-
ruell IOKOS Macce 3apAI0B Ha eqUHNIE IJINHEL IIeHTPaJIbHOrO IPOBOJA.
[Ipu 5ToM 3apsAabl M TOKM U3 pacCMOTPEHNs BHIIamaioT. TakumMm ob-
pasoM, ouenb cusibHbIe Toku (J >> 10° A) cosmaloT B mpocTpaHCTBe
MarHUTHOE II0JIe BHY TP UMJIMHIPa IJIMHEL A 1 6€CKOHEYHOTO pai-
yca, SHEPIUL KOTOPOro OIpelesiseTCs IPO3BeIeHIeM YICIIa, 3apaI0B
Ha AJWHe h Ha >HEpPruio Macchl MOKof 3apsana. Ilpm kiraccumdeckom
paccCMOTpPEHNN MarHUTHAA SHePrUa CTPEMUTCI K 6€CKOHEYHOCTH, YTO
JINIIIEHO (PU3MYECKOrO CMBICIA U ABJISETCH NMPUHIUINAILHON TPYI-
HOCTBIO KJIACCHYECKON TeopuM Iojid. IlpomsBeneM pacdeT IIOTOHHON
MHIYKTUBHOCTY KOAKCHAJILHOIO KabeJlsd IJIS PeajlbHOrO CITydas, MMe-
IOIIIEr0 MECTO B II0JIe06pa3yoIMX CUCTEMAaX, W3J/IydalolnX CHJIbHEIE
IMITYJIbCHEIE 3JIEKTPOMAarHUTHEIE TI0J1g. ApryMeHT B obImeil (hopMyiie
(45.36) mpencraBuM B BuIe

eJ

2mce3

=2.9-107°J, (45.39)

rie Tok J m3MmepsgeTcd B amIiepax. /ICHO, YTO IJIS peaIbHBIX TOKOB
J = 10% A u otHomenns b/ R = 10 BemuuHa apryMeHTOB B dopMyITe
(45.36) He mpeBOCXOMUT

eJb

—— =0.29. 45.40
2mci R ( )

[Ipu 5ToM apryMmeHT B mepBbIX WwieHax (45.36) GymeT B mecsaTh pas
MeHbIle. Mcmomb3y s MajiocTh apryMeHTOB U M3BECTHEHIE PA3JTOKEHU S
st MomuduuupoBaHHbIX GyHkmin Beccerns [82]

: (1 (2) + ) o) + *‘%2 (45.41)

=
&
%
—

_|_

|
=
&
%

HaXoOuUuM
L =2In (%) +2*(In (g) +C - %) z = % = 0.29. (45.42)

CooTHomrerue (45.42) 0y paccMaTpUBaeMOro Cirydas MOXKHO IIpel-
CTaBUTH B BUlE

Ly =2In (%) (1-0.033). (45.43)

Takum obpazom, ¢ pocTOM TOKOB TOTOHHAas WHIYKTUBHOCTH Kabe-
Jid, a CJIeIOBATeJILHO U €ro BOJIHOBOE COIPOTUBJIEHNE YMeHbIIaeTCH.
g maHHOrO ImpUMepa 5TO yMeHbIleHHe cocTabyigeT 3%. Bemuuu-
Ha BOJIHOBOT'O CONPOTUBJIEHUS [OJI)KHA 3aBUCETh U OT MOJIIPHOCTH
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ToICOeMMHEeHN S KabeJid. Y MeHbITeHe MHIYKTUBHOCTH OyneT TPOouc-
XONUTH, €CIN MUHYC UMIYJILCHOTO T'eHepaTopa MOACOeNNHATH K 11eH-
TPaJIbHOMY IIPOBOTHUKY.

CrnenyeT oTMeTUTH, YTO TMOJIyYeHHBbIe (POPMYJIBI IJIS WHIYKTUB-
HOCTU KOaKCHAJBLHOTO KabeJsIs HOCIT YUCTO MIITIOCTPATUBHBIN XapakK-
Tep U He UMeIOT HeIMOCPelCTBEHHOTO MPaKTUUeCKOTO IPUMeHeHU .
CooTHorteHus TpebyOT, YTOOL pamuyc BHYTPEHHEro IMPOBOja, a,
CJIeJIOBATENIbHO, I BHEIITHETO OB COM3MEPUM C KJIaCCUYeCKUM pajiu-
yCOM 3JIeKTpoHa. YIcCHO, 4YTO Ha MpaKTUKe BCETNla pacCMaTpPUBAIOTCS
MpoBofla KOHEYHOI'0 pajguyca HAMHOTO MPEBBINIAIONIEro Kilaccuyec-
KU paguyc >JeKTpPOHA.

Bompocam ucciienoBaHus mpoBOIOB KOHEYHOT'O PaINyca, ITAITUH]I-
pUUecKUM KOHIeHcaTopaM, KOAKCHUAJIbHBIM JIMHUAM U CpPaBHEHUIO
KJIaCCMUeCKON 1 MIpejiaraeMoll TeOpUU TMOCBSIIEH CJIeAYIONIUN pa3-
neJi.

B sakmrouenue paszmesnia pacCMOTPUM BOITPOC 00 3JIeKTPOMArHUT-
HOM WMIIYJTbCe U 3JIeKTPOMAarHUTHOU Macce ToJid ToKa OeryIeil BoJi-
HBI. TeTpa/iHble KOMITOHEHTHI 3JIEKTPOMArHUTHOTO 4 - UMITYJIhCa TI0-
Jig Geryliell BOJIHBI ONpeNesiIuM B COTJIACUAU CO CIIeyIoliell ¢hopMyJion

ple) 1 [ V=grel® ds, = ! [ v=gre)av, (45.44)
C C

B KOTOpOIl HyseBas KommnoreHTa P*) pasna sueprum moss W (45.16),
TIoIeJIEHHON HA CKOPOCTH CBETA C, & MPOCTPAHCTBEHHEBIE TeTPaTHBIE
kommoneHTH P*) 06pasyioT TpexMepHBIil BEKTOp MMITYJIbCa HOJIL. B
HallleM CJIy4Jae OTJIUYHOW OT HYJIS KOMIIOHEHTON OyIeT KOMIIOHEHTA
P®), nna xoropoit Ha ocrose (19.42), (19.43) u (45.15), umeem B
MTAHIPUIECKNX KOOPIMHATAX BBHIpaXKeHUe

1 A h Ag(R
p® L /eXp<i>T<o><3> pdpdgdz = " 1n (1 4 W>

(45.45)
Ilsist crtaBhIXx TOKOB, yIOBIETBOPSIOIMX HepaBeHCTBY (45.21), Mexmy
MMITYJTBCOM TIOJISI, SHEPTUEN W BIIEKTPOMATHUTHON MACCOW My, CY-
IIECTBYIOT CIIEMYIOIINE XOPOIIIO M3BECTHBIE COOTHOIIEHN S, BHITEKATO-
e u3 cpaBHeHus Gopmyn (45.17) u pasnoxennoit B psan Teiutopa
(c coxpaHeHmeM OBYX 4IEHOB pasjoxeHus) dopmyson (45.45).

W = cP® = myg,c. (45.46)

B orauuum ot umcTO KJIACCHUYECKOILO pPacCMOTpeHNd, SHEpPrud, 1MM-
IIYJIBC IIOJIA 1 €I'0 3JICKTPpOMaroHnTHad MacCCa OT KyCKa IIpOBOJa KOHEY-
HOI JOJINHBI h 4BIAI0OTCA KOHEUHBIMU BeJINYNHAMU OazxKe OJId cJ1abBIX
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ToKoB. [Ipu xmaccuueckoM paccCMOTPEHUN 3T BeJIMYNHEI 0€CKOHEYHO
BesUKH. [ CUIIBHBIX TOKOB, yIOBJIETBOPSIOMMX ycioBusm (45.18)
win (45.20), sHepPrus UMILYIIBC U JI€KTPOMArHUTHAS MacCa MOJIS OT
KyCKa MPOBOAA TaK¥XKe KOHEUYHA, OMHAKO 5JIeKTPOMATHUTHHBIE MACCHI,
BEIUNCJIEHHBIE PA3HBIMU CTIOCOOAMU Yepes UMITYITEC U Uepe3 SHEPTUIo
- pa3nugHbL. g CIITBHBIX TOKOB UMITYJIBC 3JIEKTPOMATHUTHOTO TOJIS
1 5JIeKTPOMArHUTHAs Macca UMeIOT BUI

P® = NmeIn3, m., = Nmln3. (45.47)
N3 popmyset (45.19) miis 55ieK TpOMarHAUTHON MACCHL ITOJTY YUM IPYTOE
3HAYEeHUe W
—5 = Mep = 2Nm. (45.48)
c

Kak m3BecTHO U3 KJIacCUYeCKOl Teopuu mosis [83], mpu BHIYMCICHUN
BJIEKTPOMATHUTHON MaCCHI HOJIS YaCTUIIBI UMeeT MeCTO COOTHOIIEHME
!
m 4

em _ (45.49)

Mem, 3

[Ipu sTom, npu Berunciernn (45.49) B KauecTBe SHEPIUM MO Yac-
TUIEL (5J€KTPOHA) PAacCMaTPUBAJIACh JIUIIb COOCTBEHHAS SIIEKTPO-
cTaTUdecKas SHePrus MoJsd YaCTHUIIHI, a TIPU BBIYUCIEHUN UMITYIHCA
I0JIS paccMaTpUBaJIach CyMMapHas BeJIMUYNHA SHEPTUN JIeK Tpudec-
KOT'O ¥ MAarHUTHOTO TOJIeN YacTUIlkl. B HalteM ciiydae SHeprus moJis
(45.19) pacnpenesieHa TOPOBHY MeXKIY SHEPTUSIMU 3JIEKTPUIECKOTO U
MarHUTHOTO ToJielr. [losToMy MOXHO BBECTH 3JIEKTPOCTATUYIECKYIO
MACCY TOJISL M, = Mgy, /2. Torma mosyuuM cooTHOIIEHNE

!

Tem — 1n3 =1.1. (45.50)

Me

Nrak, mpu HallleM paccMOTpeHnu B corsiacuu ¢ (45.19) smexTpudec-
Kasd DHeprus IoJjis TOKa OeryImell BOJHBI B TOYHOCTU PaBHA YHEPTUU
TIOKOSI 3JIEKTPOHOB Ha TTPOBOJIE, & AIIEKTPOMATrHUTHAS MACCa TOJIs, BHI-
yucieHHas Mo dpopmysie (45.47), MuUiTb He3HAYNTETHHO TPEBOCXOANT
3ITIEKTPOCTATUYECKYTIO MACCY TIOJIS.

46. Ilose 3apsaXKeHHON TOHKOM 6eCKOHEUYHOM
HNUJINHOPUYIECKO 0GOJIOUKM KOHEUYHOT'O paamyca

B mpenpioyimem pa3smesie MBI pacCMOTPENN 3JIeKTPOMArHUTHOE
1oJie M3JIydeHus OeryImell BOJIHBI TOKa, paclpoCTpPaHABIIErocs IO
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TOHKOMY KPUBOJIMHEHOMY IIpoBody. PaccMoTpenue 6bLI0 KaK duc-
TO KJIACCMYECKUM, TaK U YUYUTHIBAJIO, YTO 3apaAbl Ha IOBEPXHOCTU
IIPOBO/Ia B3aUMOIENCTBYIOT C CO3MaBaeMbIM uMu mojieM. OmHaKo pac-
yeT GBI IPOU3BEIEH B Ipefelie 6eCKOHEYHO TOHKOTO IIPOBOIa, YTO He
II03BOJILET MPOBOAUTH CPAaBHEHUE PE3YJIbTATOB C PEAJIbHBIMU CUCTE-
MaMII.

[IpencrasigeT MHTEpPeC y4eCcTh KOHEYHYIO TOJIIIUHY MIPOBOdA U
HOJIYYUTh (POPMYJIBI IJIS €MKOCTH HIJIMHIPUYECKOr0 KOHIEHCaTopa,
UHIYKTUBHOCTH U BOJIHOBOI'O COIPOTUBJIEHNS OQHOIIPOBOMIHON JIMHIN
1 KOAKCHAJILHOIO KabeJls.

NsBectHO [87], uTO MpU KIACCHYECKOM PACCMOTPEHHUU MTOTOHHAS
eMKOCTBH OJHOIIPOBOMHON JIMHUM KOHEYHOIO Palnyca U GeCKOHEeUYHOI
IJINHBL CTPEMUTCSA K HYJIIO, a ITOTOHHAsd MHIYKTUBHOCTH M BOJIHOBOE
COIIPOTHBJIEHNE CTPeMATCI K 6ecKoHeuHocTH. IIpmunta »Toro ceasa-
Ha CBA3aHO C TE€M, YTO IIPU KJIACCUYECKOM IIOAXOMe HAIPIKEHHOCTD
5JIEKTPUYECKOrO II0JIS BHE IIPOBOAa yOBIBaeT 06paTHO IMPOMOPLMO-
HaJIbHO PACCTOSHUIO OT ILEeHTpa UWIMHIpPA, 4TO MPUBOOUT K Gec-
KOHEYHO GOJIBIIION SHEPTUN TOJIS B OKPYXKAIINEM MIPOCTPAHCTBE (B
[WINHAPE €IVHUYHON [JINHBI, HO 6ECKOHEYHO GOJIBIIIOTO PAIIyca).

Kax MBI mokaszaiin mjid 6€CKOHEYHO TOHKOTO IIPOBOMA, SHEPLU
0J19 BHE IIPOBOMa B HWIMHAPE €IUHUYHON BHICOTHL U 6ECKOHEYHOI'O
paamnyca SBJISETCS KOHEUYHOIN BejimunHol. [{okaxeM, 4To BeJIMUMHA,
sHeprum 6ymeT MMeTh KOHEUHOe 3HaueHMe M BHE MPOBOa KOHEUHOI
TOJIIIAHEL.

Pettenue miis 551K TPUYECKOTO MOJIS TOHKOM HUTH II0JIy Y€HO HAMMU
panee B (19.27), (19.32), (19.39). MeTpuka npocTpaHCTBa-BpeMeHN
onpenessiiachk Gopmystamu (19.28), (19.42), (19.43).

PaccMmorpuMm moste, obiagaroriee MWIMHAPUYECKON CUMMETPUEN,
co3laBaeMoe GECKOHEYHO MJIMHHBIM 3apIXKEHHBIM MeTaInYeCKIM
HOJIBIM IIMHApoM paauyca R. CuuraeM, 4TO TOJIIMHA CTEHOK IIK-
JIMHIpa MaJjia [0 CPABHEHUIO C €r0 PailyCOM.

CoBMeCTUM OCh z C OCBIO MWIMHAPA, BEIOpaB Hauaso KOOPAUHAT
B IleHTpe MnHApa. Pacder mosg 6yneM Ipou3BOoAUTh B IUINHIPU-
YEeCKOll crucTeMe KOOPAMHAT, BOCIOIL3YICH IJId HAaXOXKIEHWI MOTEH-
masia gopmyiioit (19.1), rme 7' - TpexmepHoe ( €BKIINAOBO ) pacCTOS-
Hue oT 3apana d() @0 TOYKU HabIIoNeHNd , O - yroJl MexX Iy paguycoM
- BEKTODOM 7 1 7 , 1 = ay/| ap |- i U4 KakKIoro >eMeHTa 3apina dQ
HaIlpaBJleH K HeHTPY MWIMHAPA MePIEHIUKYIIIPHO €ro MIOBEPXHOCTH.
Benmuuuna ”yckopenns” a( OJIS 3apsaI0B BBEIUUCIIETCS 10 (popMmyJie

(19.2).
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Tak Kak IpOCTpaHCTBeHHas reoMeTpus i MeTpuku (2.18) -
IUIOCKasi, TO U3 U3 QOpMYJI €BKJIMJIOBON reOMeTPUN JIETKO MOJYYUTH
¢bopMyJly, CBA3BIBAIOIIYIO BEeJIMUYNHEL 7' 11 § ¢ paanabHON KOOPAUHA-
TOW p M YTJIOBOI KOOPAWHATOW ¢ NUIMHIPUYECKUX KOOPIUHAT.

r' cosf = R — pcos¢. (19.24)

DJieMeHT 3apsina d() Ha MOBEPXHOCTHU MUJIMHIPA MOXKHO MPENCTaBUTH
B BUIE

dQ = o Rdpdz = 2ldgz5dz, (19.25)
T

Tlle 0 U Y COOTBETCTBEHHO TIOBEPXHOCTHASA W JIMHEWHAS TJIOTHOCTU
3apsIoB.

[ToTennmasm oT 3apAKEHHOTO 3JIEMEHTA TTOBEPXHOCTH TTPOBOASIIIE-
ro muInHApa B coryiacuu ¢ (19.1) sammurem B Bume

exp{—aorl(1 T cosb) }dgbdz, (46.1)

dAy =
0 2c?

v
27!
B mocnennent popmysie ipu BeIOOpe 3HAKa B DKCIIOHEHTE MBI YUUTHI-
BaeM JIBe BO3MOXKHOCTHU. BepxXHUll 3HaK 03HaUYaeT, UTO 3apIIbl HAXO-
OATCA Ha MOBEPXHOCTH IWIMHIAPaA C ’yCKOopeHUeM ' , HallpaBJIEHHBIM
K [EeHTPY HWInHOpa (HampuMep, Ha BHEIIHEM 5JI€KTPOIe LMJIIMHI-
pUUECKOTO KOHZIeHCaTopa). HuXHMiT 3HAK COOTBETCTBYET 3apsiaM,
HaXOSAIIINMCS Ha HAPYKHOM BJIEKTPOJIe IIINHIPAIYECKOTO KOHIeHC Ca-
Topa. OYeBUIHO, UYTO ”yCKOpeHUs~ 3apsaioB, HallpaBJIEHHbIE BCET[a
HapyXy MeTaJula Ha BHYTPEHHeN M BHEITHel OOKJIagKaxX KOHIeHCa-
TOopa UMeIOT AUaMeTPaIbHO MMPOTUBOMOJIOKHEIE HATIPABJIEHU, C YeM

U CBs3aH BHIOOp 3HaKoB B (46.1)
N3 (46.1) nmeem

. 27 +pR [T Fppcos ¢ oo e—pr’ !
AO = 76 /0 € </,02 md’f’)d@b, (462)
rac BBEeIOCHEBL 0003HaUEeHUA
p= %, P2 = \/p2 + R? — 2pRcos ¢. (46.3)

Brruncienue BHYTPEHHETO UHTEI' PpaJia IIPUBOONUT K COOTHOIICHNIO

2 7
Ay = 2L eFrR | e Ko (pap)d b (46.4)

™
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Ecom R = 0, To mocyienHee COOTHOIIIEHNE TTIPUBOAUTCS K BUMY, TTOJTY-
YeHHOMY HaMU paHee

_ pao _ peko
2¢2 4me?’

A() = 2’7[0(0[)](0(0[), (1927)
E\y - HanmpsXeHHOCTH TOJId Ha MOBEPXHOCTHU HuiuHnpa, Iy, Ky - 1u-
IuHapudeckue GYHKIMKM beccess B OOIIENPUHATHIX 0603HAUEHUSIX
[82].

Isis Beraucienns naTerpasia (2d1.4) Bocmosb3yeMcs M3BECTHOI
" Teopemoint cioxenus” mits nmuHapudeckux Gyukimit [105]. IIpen-
BapuUTEJILHO BBeMleM CJleIyIolue 0003HaUeHNU .

L

Ry = Rp, Ry=psp, p1= RlR

pp- (46.5)

. 1),.
B wacTHOCTU niig nmnmuHApudeckux yHKIMN XaHukenas H, é )(sz)
CIIpaBeNJIMBO COOTHOIIIEHNE

H(iRy) = Jo(iRy)HY (ip1) + 2 3 Ju(iRy) H, (ipy) cos k. (46.6)
k=1

[Mocnemuss popmyna cripaBensuBa Tpu ycioBum Fy < pj. YunThiBas
CBA3b MeXOy (JYyHKIUIMU XaHKeJId U MOOUPUITMPOBAHHBIMU (GYHK-
unamu beccens

K,(z) = %iexp@l)mw(zz), Ji(iz) = *T,(z),  (46.7)

HaXoOonM

Ko(Rs) = Iy(R1) Ko(p1) + 2 g;l L(R)Ki(pi)coskd.  (46.8)

YunThiBas mocsenHo0 GopMyLy, BErAucanM nHTerpai (46.4)

Ay = 29 (Lo (R) (o) Kn(r) +2 32 (FD (R o) K1)
B (46.9)

Haitnennas ¢opmyna copaBenymBa mpu p > R, T.e. mid moTeHIma-
Jia BHe mmiuHApa. Ij1g moTeHnmnana BHYTpuU mMwimHApa npu p < R
dbopmMmyiia npuMeT BUI

Ay = 29 (1) o) Ko(R) + 2 32 (F1) Do) o) K ()
B (46.9a)
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Ha rpanutie munmuapa npu p = R o6e popMyIThI OUeBUIHO COBIIANA-
TOT.

Haiinem moBenenne norenmmaia (46.9) Ha GOIBIINX PACCTOSHUIX
OT MWINHIpPA, T.e. Mojiaras p > R. Ucnonb3ys n3BecTHOE acUMIITO-
TUYECKOe pasiioxkeHue [47], npuMeHnMOe s GOIBIINX 2

1
L(2)K,(2) ~ —, 46.10
(2) K (2) ~ o ( )

a TakXke U3BeCTHYIO GOpMYyJly CYMMUPOBaAHUA
23 (F1) 1L(2) = €7 — Iy(2), (46.11)

k=1
HaXoOounmmM
2v¢?2 2mc®R
Ap(pr>1) =L =2 = , (46.12)
p1 - aop ep

rlle M - Macca JIeKTPOHA, ecy IMWINHAP 3apikeH OTPUIATeTbHO,
WM Macca Iapa MeTajjla, MPUA TOJOKUTEITLHOM 3apsie, € - 3apal
3JIEKTPOHA, IPUHUMAIOIINNA OTPUIlaTeTbHOE 3HAYEHWe TPU OTPUIIA-
TeJILHOM 3apsifie UWINHAPA U HOJOXKUTEIbHOe 3HaueHWe ([0 BeJn-
YUHEe PaBHOE 3apSAy JIEKTPOHA) MPU IOJIOKUTEIHLHOM 3apsie Ii-
smHapa. OYeBUIHO, UTO TIPUA p — OO0 MOTEHINAII CTPEMUTCS K HYJIIO,
a He JOTapUPMUYECKU PACXOAUTCH, KaK MMeeT MeCTO MpU KJacCh-
JyecKoM paccMoTpenuu. Takum obpazom, MoBefdeHWe TMOTEHINAIA HA
6ECKOHEYHOCTHU Pe3KO OTIMYAETCH OT KJIACCMYECKOTO aHaJjora, 4To
B KOHEYHOM WTOTE€ W TPUBOAUT K yCTPAHEHUIO PACXOAUMOCTU IS
SHEPTUM HITEKTPOMATHUTHOTO TOJIA.

Ormernm, uTo dpopmyna (46.12) npuMeHnMa He TOIBKO IS GOITH-
IIUX PACCTOSHUIAX OT TpoBoma. [lejlo B ToM, 94TO BeJMYWHH p1, 1)
MOTYT OBITH OUeHb OOJLITMMU W Ha CAMOW TMOBEPXHOCTU ITWJIMHIPA
MaJIOTO paliuyca, eCJI MIOTHOCTHU 3apAI0B Ha MPOBOJE BEJIUKUA. JTO
CileqyeT HemoCpeICTBEeHHO m3 paBeHCTB (46.3) u (46.5). Urak, ms
OOJTBIITNX TITOTHOCTEN 3apsad0B MOTEHITNAII HA TTOBEPXHOCTHU TTWITAH]I-
pa KoHeuHOro panuyca u3 (46.12) umeer Bun

2 2mc?

v 2vc
o(R) R, aR e (46.13)

OHeprus >JIEKTPUUYECKOTO TOJI BHE IMWJINHIPUYECKON 0OOJIOUKU MO-
XKeT OBITH BBIUUCIEHA 1o obmieit popmyste (19.18f) m mpuBomuT X
COOTHOIITEHNTO

W = Nmc?. (46.14)
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Benmuuuna sHeprum 110515 BHE MTPOBOASIIEN TIPU GOIBIITON TNIOTHOCTH
3apsIoB Ha 000JI0UKe 0Ka3aJlaCch HE3aBUCUMON OT 3HAaKa U BeJTMUYUHBI
sapsana. U3 nmpuBenenHol QOPMYITHI ClleAyeT, UYTO PHEPTUSA IO OT-
PUIIATEJIFHO 3apAXKeHHON o6oJsiouku ¢ 3apsanoMm () = Ne Ha niune h
OTpenesITeTCI CYMMApPHON SHepTruell TTOKod ee N 3JIEKTPOHHBIX MaccC.
s TI0JTOXNTEITHHO 3apIKEeHHON 000JIOUKN POITH MACCHI UTPAeT Mac-
ca snapa.

[Ipum xnmaccmyeckoM pacCMOTPEHUU SHEPTUS TOJIT BHe 00OJIOUKH
CTpeMUTCa K 6€CKOHEUHOCTH.

Uccrmenyem moBenenme 1mosis BHYTPU IMINHIPUUIECKON O0OOJIOUKN.

Kakx wu3BecTHO, TIpm KjIacCMYeCKOM pPaCCMOTPEHWN TOTEHITNA
BHYTPHU OOOJIOUKU MOCTOSTHEH U paBeH IMOTEeHIINAJy OOOJIOUKU, a Ha-
MIPAXKEHHOCTD IIEKTPUYUECKOTO MOJIS paBHa HyJ0. B mosie cBa3an-
HBIX 3apsAnoB 5To He Tak. Kak BunHo u3 pernennsd (46.9a) moreHunasn
BHYTPHU 000JIOYKHU He ABIIAETCS TTOCTOSHHON BesmauHon. [losTomy oT-
JINYHA OT HYJISI U HATIPAKEeHHOCTD IM0J1d, KoTopasd 6yaeT BEIUUCTITHCST
o gopMmyJie

Fyp = —4ype*™ [Io(Pl)Il(Pl)KO(Rl)Jr

#2 S @ KR ) (o) = 5 Blp)]. (46.15)

Uccnenyem moBeneHne NoTeHIUa a BHYTPU OGOJIOUKM IJIS CILY-
yas ciabeix modieil. Vcrmombsyst u3BeCcTHbBIE PA3JIOKEHUS IS MaJsIbIX
3HaYeHM apryMenTa [47]

P 12

STy )~ TR (46.16)

Ii.(p1) ~ 5

rae I'(k) - raMMa-QyHKIWS, TOIYYIM [IOCIIe CyMMUPOBAHIS BEIpaXKe-
HUe

_ _27%0_im,[_P1 N YA
F()l = — c € [—?lan—I_Ekz::l(:Fl) E(Q—R) :| =

02 2R1

OrpaHnumBasich 4ieHaMU, COMePKAIMMEI MHOXUTENE 1 /c2, mosyuum

= T en [ DRy (e(F L) 1)) ()
1

OJId BEJIMUYMHBI HAIIPAXKEHHOCTH 3JICKTPUYECKOI'O IIOJIA BBIPpaXKCHUE

B Epep 2y
= :|:E04mc2, Ey = i (46.18)

app

01 (p) 05,2
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3necy Ejy kitaccmueckoe 3HaueHUe HAIPAXKEHHOCTH Ha MMOBEPXHOCTHU
3apAKEHHOTO MPOBOAAINETo MumHapa. M3 dopMynsl ciemyeT, 9TO B
oTJINYMe OT KJIACCUYECKOro CJIy4as MoJjle BHYTPHU IOJIOCTU He PaBHO
Hyirio. Iloste muAEIHO BO3pacTaeT C pOCTOM PACCTOSHUSA OT IEHTPA,
ONHAKO B OTJINYME OT MOTeHIINaJia HalPIXeHHOCTh Ha I'paHulle Iu-
JIMHApPa TEePTUT pa3phiB. Pa3HOCTH HaNpsIXKeHHOCTEeN BHe W BHYTPU
IWINHIPA MeHbIIle, YeM IIPU KJIacCUYeCKoM paccMoTperun. O THoIITe-
HIe BHYy TPDeHHell HallPpAKeHHOCTH Fg,, BHYTPU HIWIMHAPA K BHEIITHEN
HaIpsXKeHHOCTHU Ha rpanune F,,. = Ey maercsa dopmyon

EeHy. . eEOP
E6H€. B 4me?’

(46.19)

OueBUAHO, YTO 5TO OTHOIIIEHNE PABHO HYJIIO B IeHTPe HWINHIPA U
MaKCUMaJIbHO Ha T'paHuIle pasfeia npu p = R. PaccmoTpum ipumep.
[lycTh DWIMHAD 3apaXkeH oTpULIATebHO 1 BemmunHa By = 10° V/m,
a paguyc muanaapa R = 0.05 m. Torma

Eoy(R)  eER
Esne.(R)  4me?

— R, = 0.024. (46.20)

Hnsg mmnuaapa, 3apsakeHHOTO TMOJIOKUTETHHO, STO OTHOIIEHNE TPU
Tex xXe mapaMeTpax ~ 1079, IIpu kaccuyeckoM pacCMOTpPEHHH 5TO
OTHOIIIEHNE PABHO HYJTIO U He 3aBUCUAT OT 3HaKa 3apsna. B cooTHolre-
Hun (46.19) 6epercs orHouleHne adPUHHEIX KOMIOHEHT F|); TeH30pa
TIOJIS IO PA3HBIM 00JIACTSIM OT TPAHUIILI pa3fiesa 000JIOUKM, OMHAKO
? pusuyecKUMEU’ BeJINMYNHAMU, N3MepseMble IprbopaMu B pUMaHOBOM
MIPOCTPAHCTBE-BpEMEHN, SBIASIOTCS TeTPATHbIe KOMIIOHEHTHI TEH30Pa
TIOJIS.

[TosToMy BcTaeT 3amaya HaXOXKIIEHUS MeTPUYECKOTO TEH30pa U
TI0JIS TeTpall BO BHYTPEeHHEN U BHENTHEN 06IACTAX IMMIAHIPUIECKON
060JI0UKI.

1. MeTpuueckuil TeH30p BHYTPH U BHE IWJINHIPUUYECKON
060J109K]

COBOKYITHOCTBH 3JIEKTPOHOB Ha TOBEPXHOCTH IMUJIMHIPUYIECKON
000JIOUKM He MPUHAMIIEXKUT KOHT'PYEHIIMUW MUPOBHIX JIMHUN Oasmca
HCO (2.18), a BKiII09afOTCS B COBOKYITHOCTH MUPOBBIX JIMHUIA JaCTHI]
6a3nca, MpUHAMIIEKAINX MUIIMHIPUIECKT - CHMMETPUYHON JIarpaH-
xkeBot conyTcTByoreir HCO ¢ meTpukon Buma

dS? = exp(v)(dy’)? — exp(A)dp? — p*d¢* — d2?, (19.28)
rIe v U A 3aBUCAT TOJIBKO OT p.
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®yukunn v(p) u A(p) HyKOarTCa B onpenesieHnu. g nx HaXox-
TMEHUS BOCIIOJIB3YEMCS peIlleHNeM ITIINHIPUUeCKN-CUMMeTPUYHBIX
CTaTUYeCKUX ypaBHeHuit MaKcBessla C WUCIOJIB30BaHUEM MeTPUKHU
(19.28), aHAJIOTWUYHEIX [0 3allCU yPAaBHEHISM 5JIEKTPOAWHAMUKN B
’3amaHHOM TpaBuTanuoHHoM mnose” [7]. 3aTeM cpaBHUM IOy YeHHOE
pelileHre ¢ BBIpaXKeHUEM T TOJIs, mosydaeMoM u3 (46.9a).

s oT/IMYHOW OT HyJIS paauajbHON KOMIOHEHTHI ~ WHOYKIAN
D! mveem ypaBHeHmE

19
V7 0p

B orsmunu ot ypasHenus (19.29), ucmoss3yeMoro HaMu i1 HAXOXK-

(pexp(A/2)D') = 4md. (46.21)

TMEHUS TIOJIS OT 3apsIKeHHON HUTH, B TIPABOI YaCTU PaBEHCTBA MOCIIE -
HEro YpaBHEHUS CTOUT He HOJIb, & TNIOTHOCTH UCTOYHUKA, B KOTOPOU
d eCTh INIOTHOCTH ~ PUKTUBHEIX 3apsaI0B BHYTPU HMINHIPUUIECKON
moJjiocTu. BBemeHne ” uKTUBHON IIOTHOCTH 3aPAHOB SIBJISETCSA He-
O0OXOMIMMBIM YCJIOBUEM [IJI YIOBJIETBOPEHNS BHY TPU MOJIOCTHU YpaBHe-
Huo MakcBesuta (46.21), HOCKOIBKY HAIPSKEHHOCTD SJIEK TPUUECKO-
T'0 TI0JIE BHYTPU MOJIOCTHU OTJIMYHA OT HYJII. B KilaccuyeckoM ciiydae
BHYTPU IOJIOCTHU PellleHre TPUBNAJIbHO 1 uMeeT Bux D! = 0.
Peurenne (46.21) 6ymer umeTs BUA
4 exp(—A/2

D' = ; )/dexp()\/Q)pdp. (46.22)

Mexny "unnykuueir” D! manpsxerrocThIo nosis B! 1 KOMIOHeHTOI

TeH30pa noss Fj; CyIeCTBYIOT U3BECTHBIE COOTHOIIEHUS [7]

1
£/ 900

Dy =y D' = B\, Ei=Fyu, Yu=—gu, (46.22a)
T1ie 7Yy - TPOCTPAHCTBEHHBI METPUUECKU TEH30P C OMpPeHeTnTeIeM
PABHBIM 7.

dcHo, uto D' Henb3s BEUUCIUTE 6e3 3HaHUMA byHKIMA d(p) 1
A(p). Homyctum, uTo paccMaTpuBaeMblil ’GUKTUBHBIN’ 3apsal Kak
U peaJIbHBIN [OJIXKEH yIOBJIETBOPATEH YPaBHEHUIO HepasphIBHOCTU. B
COTJIacCUU C Halllell obImel MaeoJiorrell He3apsKeHHas 060J0uKa Ha-
XOIMITach B IUIOCKOM IIPOCTpPaHCTBe -BpeMeHu. Cpasy mociie 3apsi-
KII 060JIOUKM MPOCTPAHCTBO BPEMSA CTAJI0 PUMAHOBBEIM U TIOSBUJICS
”sddexTUBHBIN 3apan. Uepes HeKOTOpoe BpeMs, paBHOE BpPEMEHU
peJuTaKcallu, MeTPUKa CTajla CTaTUYECKOH, MpeacTaBuMoil B (op-
Me (19.28). IlepBoHauasnbHO ” QUK TUBHEIN’ 3apsii HAXOAWICS B Helle-
$hOpPMUPOBAHHOM COCTOSHUU BHYTPU HWINHIPUUIECKON IMOJIOCTU U €T0
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TUIOTHOCTH Obl1a mocTosHHON. [locse pesnakcarnum, TIIOTHOCH QUK-
TUBHOTO 3aps/la CTalla Pa3IndHON B Pa3HBIX TOUYKAX MOJIOCTU, UMEFO-
IUX pa3Hble paJuajibHble KoopauHaTH. VI3 3akoHa coxpaHeHUs ~>d-
dexTUBHOTO” 3apsina mo u mocie medopmanuii cpensl (35.14a) BeiTe-
KaeT PaBEHCTBO

dv/y = dov/7y- (46.23)

3 mocyiennet popMyJIBL CJIELYyeT
deM? = dy = const. (46.24)
Nurerpupys (46.22), mosyuum

4 —A/2
D' = mexp(=A/2) /dexp(A/?)pdp = 2mexp(—A/2)pdy + C1,

p
(46.25)

rne dy - TNIOTHOCTH GUKTUBHBIX 3apAlIOB B HeneOPMUPOBAHHOM CO-

crosauu, C - mocTosHHas nHTerpupoBaHusd. [locTogHHYIO MHTErpU-
POBaHUS OMpee UM U3 COOOpaKeHN CUMMEeTPUN, yUNTHIBasS YTO MO-

jle B LIeHTPe 000JIOUKM JOJIKHO 6BITH paBHOo Hyimo. OTkyna C7 = 0.
N3 (46.22a) Haxomum

A+ I/>p.

F()l = El = 27Td0 exp< 9

(46.26)
HoncranoBka (46.15) B seByo wacTh (46.26) mo3BosIsgeT OTHICKATH
IepBo€e ypaBHEHNE, CBA3BIBAIOIIE KOMIIOHEHTE METPUYECKOrO TEH-
30pa BHYTPHU HINHIPUYECKON 0OOJIOUKMN.

A+ 1/> Fy

= —. 46.2
2 2mdyp (46.26)

exp<
s HaXoXOeHNsS BTOPOTO ypaBHEHNU, CBA3BIBAIOIIETO 3T PYHK-
1IN, PACCMOTPUM CHUJIYy CO CTOPOHHI TTOJIS, MEUCTBYIOIIYIO HA MPO6-
HBIN 3apsl q, HAXOMAIITUCS BHY TPU 000JIOUKN, 3aKPEIIEHHBIN B TOY-
Ke C KOOPAWHATON p OT OCH MWINHIAPA. YICHO, YTO MpU KITACCUIECKOM
PacCMOTPEHNN 5Ta CIJIa PaBHA HYJTIO, TaK KaK 10Jie BHYTPU ITIOJIOCTHI
oTcyTcTByeT. g Harrero ciaydas 3To He Tak. [lycTs Macca mpobHO-
ro 3apsama my. Torma BekTop IepBoii KpUBW3HEL F'' MUpoBO# IuHIT
5TOTO 3apsfa MOXKHO HallTu u3 cooTHomnenus (1.5), sanucaB mis 3a-
KPEIUTEHHBIX 3apsIOB yCJIOBUE COMyTCTBUS I MeTpuku (19.28) B
BU]IE

V=V, =0, VY = (goo) V2,
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Vo=(90)"? F'=F(p), F'=F =F=0. (19.34)
Otkyna u3 (1.5) mmeem

pioldv exp(—2). (19.35)
2dp

DTy XKe BeJIMUNHY MOXKHO HAWTU U U3 CUJITBI, MEWCTBYIOIIEN Ha 3a-
P40 CO CTOPOHEI CBA3H, y,[[ep}KI/IBaIOIlIeﬁ 3apdd B I10JI€e HEIIOABM2KHBIM.
STEL ClJIa YNUCJIEHHO paBHa CHUJIE CO CTOPOHEI IIOJIA N IIPOTUBOIIOJIOXK-
Ha elf TT0 3HaKy. JTO CJelyeT U3 paBeHCTBa HYJIO cuil. B puMmaHoBOM
IIPOCTPAaHCTBE N3 PaBEHCTBa HYJIIO CUJI OTHIOOL HE CJIeAYEeT paBCHCT-

Ba HYJIIO BeKTOpa MepBON KPUBU3HHI (4 - yCKopeHI/I;I).

1dv q
Fl=2-" —A) = — FIv,.
2dp exp(=A) myc? !
OTkynma uMmeeMm
exp(v/2) = — 1 /F dp = a4 + C (46.27)
- 01 ap S 29 .

rne (9 - TOCTOSHHAS MHTETPUPOBAHUS.

[TocTogaHHYIO MHTETPUPOBAHUS ONIPENETUM 13 €CTECTBEHHOTO TPE-
6oBaHUS TICEBIOEBKJIMAOBOCTU METPUKU HA OCHU IWJINHAPUUECKON
060JI0UKH, TaK KaK HAIPSAXKEHHOCTH MOoJId B lIeHTPpe HWJINHIPa paBHa
HyJTiI0. B pesynbTaTe numeem

qAA,

moc? ’

exp(v/2) =1+ AAy = Ao(p) — Ao(0), (46.28)
roe AAy - pa3sHOCTB MOTEHIMAJIOB MeXIy TOYKON HabJoJeHnd U 1
TOUYKOU Ha ocu HWinHApa, Ay ompemensgercs gopmydoit (46.9a). s
GYHKIMM \ IOJIyYUM COOTHOIIIEHME

exp<i> = FOl 1
2 2rdyp1 + qnf—A

(46.29)

B mpemsioymmx ¢opmynax SBISeTCS HeOMpeHesIeHHON ellle OmHa IIo-
CTOsSHHas BeJInunHa dj - ~’ PUKTUBHAL INIOTHOCTH 3apsina, KOTOPYIO
TaKXe OIpeIeSInM 13 TpeboBaHUS IICEBIOEBKINIOBOCTH MIPOCTPAHCT-
Ba-BpeMeHU Ha ocu mwiInHapa. M3 ckasaHHOTO CiledyeT

F
dy = lim np )AA . (46.30)
Mamo(1+ 158
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Ils1st BEIUmCIIEHUS TIpeliesia BOCTIONb3yeMcs dpopmysion (46.17), aro na-

eT
agett 2y

do = :|:E072(1 + Rl In Rl), E() = —. (4631)
Are R

BoisscHuM mporcxoxkaeHne U GU3NIeCKuil CMBICIT ~ PUKTUBHON X IIJIOT-

HOCTHU 3apsmia.

B xnaccuueckoll »51eKTpoCTaTUKe HAIPSIXKEHHOCTH TOJIS BHYTpPHU
IIPOBOHUKA U BHYTPU JIIO60I 3aMKHYTO MOJIOCTH BCErda paBHA HY-
Jit0. 3apsaabsl BHYTPU MPOBOJHUKA TaKXKe OTCYyTCTBYIOT. DTOT PakT
ABJISIETCA CJIeICTBAEM CIIPaBelJINBOCTH 3akoHa KysioHa 1Jis mosis To-
YeYHOTr'0 3apA/ia, YTO IPUBOAUT K CIIPAaBelJIMBOCTU ypaBHeHUs Jlar-
Jlaca MJIS TIOTeHIMaJia BHe 3apsana. C HalIuxX TMO3UINI, CBSI3aHHBIE
3apsibl He CO3MAIOT BOKPYT cebs chepuiecKu CUMMETPUYHOTO KYJIO-
HOBCKOTO TIOJIsS, UTO TIPUBOAUT K HapyllleHWIO ypaBHeHus Jlamtaca u
K MOSBJIEHUIO OTJIMYHOTO OT HYJIS TOJI BHYTPU 3aMKHYTOW TTPOBO/IS-
men o6oouku. OcTaBasich B paMKaX KBa3MMaKCBeJIJIOBCKOW TeOPUH,
aHaJIOTMYHON Teopuu MakcBesia B ”3alaHHOM T'PaBATAIIMOHHOM IIO-
s1e” , MBI OBLJIM BHIHYKOEHBI BBOAUTE ~ MUK TUBHEIE” 3apsanbl. bes sTo-
ro 6BLJI0 HEe BO3MOXKHO yIOBJIETBOPUTH YpaBHeHUusM MakcBesia B 10-
noctu. [lonbiTka B ypaBHennu (46.21) ¢ HyseBoil IpaBoOil YaCTHIO UC-
TIOJTE30BATH TPUBHaIbHOe perterne D! = 0, Kak B Kaccuke, obpede-
Ha Ha HeyIady, IOCKOJIBKY BHYTpu nosioctu Fy; B corytacuu ¢ (46.15)
oTaugHa oT HyJd. OcobeHHOCTHIO ’PUKTUBHBIX  3apAlIOB ABJISIETCS
TO, YTO OHU CO3AIOT II0JIe TOJILKO BHYTPU 0OO0JIOUKM U He BIUSIIOT Ha
rrojie BHe obosioukn. Ilostie ” puKTUBHBIX” 3apsam0oB 3aMKHYTO 1 MEHSI-
eT FeOMeTPUI0 TIPOCTPAHCTBA-BpEMEHN BHYTPU TOJIOCTH. JTO PE3KO
OTJINYAETCI OT KIJIACCUYECKON TeOPUHU TT0JIs, TaK KaK Iojie peabHbBIX
3aps/I0oB, HACUJIBCTBEHHO BBEIEHHBIX BHYTPh ITOJIOCTU, U3MEHIET U
BHelITHee peltteHne. B mpuniumne nosie ” GUKTUBHBIX” 3apsI0B MOXKHO
u3MepuTh. CyIleCTByeT I Ha CaMOM fejie ToJie B MOJIOCTH MOXKET
PEIIUTH TOJBKO SKCIIEPUMEHT.

Borancium 7 pusudeckune” , T.e. TeTpadHble KOMIIOHEHTHI ITOJIS
BHyTpHu obosiouku. B Terpamax (17.10) na ocHoBe dopmys (46.22),
(46.22a) F| (0)(1) KOMITOHEHTa TE€H30pa 5JIEKTPOMATHUTHOTO TIOJISI UMEET
BU]T

A+v
Foya) = exp<—T>F01 = 27dyp. (46.31)

Takum ob6paszom, TeTpagHas KOMIIOHEHTA TIOJISI, KOTOPYIO U U3MepsIeT
dusnmueckuii mpubop, OKazajlach OTJIMYHON OT HYJA. Beramcaum oT-
HOIIEHNE TeTPATHON KOMIIOHEHTHI TI0JIL BHYTpU unHapa Fg) ) K
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TeTpaI[HOfI KOMIIOHEeHTe TIOJIAd BHE HI/I.HI/IHJIpa F(IO)(I) Ha FpaHI/IHe pa3—
mesa, T.e. ycTpeMiias K R 3HadeHUs p BHE U BHYTPHU [MUJIUHIPA.
Foo  Fog  aRe*™

F(Io)(l) EO 202 ( 1 1)

OTHollleHNEe TeTPATHBIX KOMIIOHEHT TEH30Pa IOJI OTIINYAETCSI OT OT-
HOIIIEHN ST aHAJIOTMYHEIX adduHHbIX KoMmoHeHT (46.20). Paccmorpum
puMep, TpUBeNeHHBIN paHHee. [lycTh mummHAp 3apsaXkeH oTpwuIla-
TenpHO U Besmumba Fy = 10° V/m, a pamnyc mammampa R = 0.05
m. Torna orHomenne (46.20a) pasuo 0.022, Bmecto 0.024 miis oTHO-
mreHns aPUHHBIX KOMIIOHEHT TeH30pa MOJId.

Boraucsimm sHepruto mosis BHYTPU HWIMHOIPWYIECKON 0OOJIOUKH
panuyca R u BeicoTHl h. TeTpangHas KOMIIOHEHTa TeH30pa SHEPTUU-
nvmyabca payTpu mawmmHapa 700 5 cormacum ¢ (17.14), (17.15) n
nosteM TeTpan (17.10) mmeer BUA

1
TOO) = 8—7T47r2d02p2 (46.32)

OHeprus mosis BHyTpU HoJIocTH B cordtacuu ¢ (17.16f) numeer Bun

W = /Vl J/—gT 0O g3y

rae Fy onpenensercs uz (46.15). Ilpu knaccuyueckoM paccMOTpeHNN

7Td0

/ Fy1p2dp, (46.33)

SHEpPrus IoJIid BHYTPU IMWIMHIpa paBHa Hyio. g ciaabeIx mosen
Ey ~ 10° V/m unu MeHbITe 118 BHIUNCIEHNS SHEPTWU TIOIS MOXK-
HO BOCIIOJIB30BaThC popmysioin (46.17), koropas ¢ yuerom (46.31)
IPUBOOUTCH K BUILY

T R2 hEg
8

B mocnennein dpopmyste BBenmm Benmumuy W, 4dmciieHHO paBHYIO Be-

R2
Wy = Wy o et?1(1 4+ RiIn Ry)?, W)= (46.34)

JINUYNHE SHEPTrUM >JIeKTPUUECKOTO MOoJIS BHYTPU NUJINHAPA BHICOTHI
h n pamuyca R mpu ycJIOBUM MOCTOSHCTBA IMOJISI BHYTPU IAIUHIPA
HamnpsxeaHocTn Fj. Beraucaum sHepruio mosis BHe MWIMHIPA, BOC-
TI0JIB30BABIINCEH OOITeN PopMyJIIon

1 1
W,y = 5Ao/pﬁdv = S AQ. (19.185)

N3 popmynsr (46.9) maxomum mist Ag(R) B citydae ciaabbIX Mol
BEIpaKeHIeE

Ay(R) = 2ve* [~ In R, F R, /2). (46.35)
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BBIpa}KeHI/Ie OJId SHEPruM II0JId BHE IWJIMHAPa IIPpUMET BUI
Wy = 2Woet®i[—In Ry F R, /2]. (46.36)

Haitnem oTHoIlleHMe BHYyTpeHHeW SHEPTrUM MOJS B NUWJINHAPE K
BHeIIHe!l SHepruy BHe MUINHIPA.

W1 . a%RZ (1 + Rl In R1)2 eiRl
Wy  16ct [-InR; F Ry/2]

(46.37)

[lycTh DWIMHAD 3apaXkeH oTpULIATebHO 1 BemmunHa By = 10° V/m,
a paguyc muiuanpa R = 0.05 m. Torma oTHoIIeHMe >HepruUin

= =3-107". (46.38)

HJ’IH CJiIy4dad cJIabBIX TOJIEN IIoTEHIIAaJI BHYTPU ONWINHIAPA MCHA-
€TCd II0 3aKOHY

R
Ay(p) = ~2ye*™ X 2

2 R2

In R, (46.39)

Pasnocts norernnainoB A Aj(p) MeXIY HeHTPOM IWIMHIPA U TIPOU3-
BOJIBHOM TOYKOW BHYTPU HAJINHIPA

R 2
AAy(p) = F2yet 22 (46.40)

MeTpI/IKEL IIpOoCTpaHCTBa—BpPEMEHU, €CJIX B KaUeCTBE HpO6HBIX Ha.CTHUI
BHYTpPpU HNWJIMHIAPA IIOMECTUTH 3JICKTPOHEI C 3apAO0M € 1 Maccon m,
OJIA 5TOro CJIydad MMeeT BUI

E222
8m2ct

exp(v/2)=17F = exp(—A/2). (46.41)
Nrak, niis ciiabbix mosieil MeTPUKa IPOCTPAHCTBA—BPEMEHN BHY T-
pu UMIMHApPa 6IM3Ka K MeTpUKe NpocTpaHcTBa MUHKOBCKOTO, Tak
KaK COIePKUT MeTPUYECKIE KOIPPUIMEHTHL, OTIINIAIONINECT OT €U~
HUIIET Ha BeJIMYUHEL, TIporopluoHasbhere 1/ct.
Bue umnuuapa meTpuka 6yneT UMeTh B

exp(v/2) =1+ m002 (19.42)
p (9140 1
exp(A/2) = T 0p 14 qu : (19.43)
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rae Ay ompenensercs popmyioit (46.9). s ManbsIx 3HaUeHUN apry-
MeHTa B A( (T.e. g ciabbIX moJieil 1 HeGOIBIINX PACCTOSHAN OT
[eHTPa IIVINHAPA ), IMeeM

Ag(p) = 2ve* [~ Inp; F Ry /2). (46.42)

OTKYI[EL OJIA METPUKHA ITIOJTYyYNM

qu2 — exp(—)\/2). (46.43)

mycC

exp(v/2) =1+

Ilsist 6OBUINX PACCTOSHUIA OT OCK UWIMHIPA (aXe W B CIIydae CJia-
61x mostei1) apryMmeHT B (46.9) Bemmuk. [lostomy mmsa Ay(p) moxHO
BOCIOJIB30BATHC aCHMITOTHYECKOM popmysioir (46.12). Eciu B xa-
YecTBe MPoOHBIX YacTull, 3amafrmux CO, BEIOpaTh 3JIEKTPOHBI, TO
I OOJIBIIIUX PACCTOSHUN OT OCHU IMWIMHIPA MeTPUKA MPUMET BUJT

2R 2me? 1
exp(y/2):1—|—7, exp(A/2) = R
p

(46.44)

JIT060MBITHO OTMETUTH, UTO W Ha OOJBIINX PACCTOTHUSIX OT OCH
IWIKHIpa MeTpuKa He sBisgercs miockoit. [lomaras R/p — 0, Haxo-
UM [IJI1 MeTPUKHU BBhIpakKeHUe

(2mc?)?

45" = (dy')’ ~ (g

——dp” — prde® — (46.45)
Brruncaum IIOTOHHYIO €EMKOCTbDb OEeCKOHEeYHOTr 0O OWJIMHIAOPa pagnyca R.
HpI/I KJIaCCUYECKOM pPaCCMOTpPEHHNU 3Ta BEJIMYMHa paBHa HYJIIO, IIO-
CKOJIBKY 2HEPrud II0JId BHE IWMJIIMHAPAa CTPEMUTCA K OEeCKOHEYHOCTH.
HpI/I HallleM IToAXode ITO'OHHad €eMKOCTbH Cp OTJINYHa OT HYJIA 1 OIIpE-
nesigeTcs popMyJIion

Q* v
SWh — Ay(R)
1
— . (46.46)
2ett [ I3(Ry) Ko (Ra) + 2 S (< 1) IRy KB

[Ipu BBIBOmE BocmoJIb30BasCh popmysoin (2d1.9) mpu p = R u BHI-

Cp, =

opanu BepxHuUi 3HaK. [lng cinaberx monenn Ry < 1 dopmysa ymporma-
eTCS U CBOOUTCS K BUIY

1 1
2 efi[—InR; — R1/2] InRy?

C, = (46.47)
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g odeHs cUIIBHBIX moJjienn 1 > 1

C, = ve  EgeR _

2mec2  4dmc?

R;. (46.48)

Hampuwmep, niag nmmnuaapa, 3apsakeHHOTO OTPUIATEIHHO, BeJTUUNHE
Ey = 10% V/m, u pamuyc mwmnapa R = 0.05 m momyuum msd
eMKocTH 1 MeTpa IIMHBL BenduHy eMkocTu C), = 13.4 canTAMeTpA.
Hnsg munmuHOopa, 3apsaKeHHOTO MOJIOXKNTETHHO, TMEEM

Rl m

Rf=-—=, N=-2A, (46.49)

N m
rie m, - Macca IPOTOHa, M - Macca 3JIeKTpOHa, A - 4nCilo HyK-
JIOHOB B smpe. g TIOTOHHON eMKOCTU TOJIORUTETHHO 3apIKeHHOTO
INITAHIPA C}j HaXOIUM

o !

= . 46.50
P InN?2+ InR;? ( )

Hnsg alfoMUHUEBOTO IMWIMHIPA, 3apPSKEHHOTO TIOJOXKUTEIIHHO,
TIPU HATIPSXKEHHOCTU TIOJIT W pa3MepaX, YKa3aHHBIX BEHIIIE, pacyeT
o dopmyne (46.50) maer mpu N = 5 % 10* 3mavyenme emxoctm 1
MeTpa IJINHBI C; = 3.4 caHTUMeTpA.

47, InnuHapuyecKum KOHOEHCATOP

PaccMmoTpum mmnuHIpudeckuii KOHIAeHCATOP OGECKOHEUHOW MJTH-
HBI, TIPEACTABIIIIONINNA COOON NBe KOAKCUAJIbHBIE IMINHIPUUECKUE
obostouku pamuycoB b u d, b < d. TpebyeTcs BHIUNCIANTE MOTOHHYIO
€MKOCTh TAaKOr0o KOHAeHCATOPa IJIS CIIEMYIONNX MBYX CIIydaeB:

a). BHyTpeHHUMIT IUIHHAD 3apsikKeH MOJOKNTENBHO, & BHEIITHNN —
OTPUIIATEHHO,

6). BHyTpeHHUII UNIVHIP 3apsiKeH OTPULATEIHHO, & BHEIIHUI —
TTOJTOKUTEITHHO.

a). Hss ciaberx mostet, KOTOpbIe MBI 3/1eCh U GyIeM paccMaTpu-
BaTh, nMeeM u3 (46.9) BK1al B HOTEHIIAJ [TOJISI MeXIY OOKIaIKaMu,
CO3MAHHBIN BHYTPEHHUM TOJIOKUTEITHHO 3apIKeHHBIM ITTNHIPOM B
BU]IE

(o) ~ — P
Af(p) ~ —2y(In (262) +0), (47.1)
rane C' = 0.577... - ecTb nocTosuHas Ousepa. [loTennuan nosig B 3a-

30pe, O6YC.TIOB.TI€HHBII>1 BHECIITHNM OTPULHATEJIBHO 3apAXKECHHBIM ITOJIBIM
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OUJINHAOPOM MMEET B

d 2
mm+iﬂm

Ay (p) = 2|yle™™ 5 3

(47.2).

Popmyita (47.2) momyuena us dpopmyi (46.5), (46.39) Ber6opom Bepx-
HUX 3HAKOB, 3aMeHout d; = Ry, di = dp, d = R u yyeTom TOro, 4TO
v < 0.

PasHocTh moTeHIINAJIOB MeXAy BHYTPEHHEN U BHEIIHEN oOKJIal-
KaMM KOHJIEHCATOpa,

d
AAJ = Af(6) = Af(d) = 2ly|In 3,

_ _ _ d b?
AAG = A7 (b) = Aj(d) = =217l S (1 - ),

2 d?

d v d

— + - _ dy &1 _ _
AAy= AAJ+AA; = 2|7|< e <1 d2> + In b>' (47.3)

OTKYI[EL HaXOOWM BBIPaXKE€HHNE OJIA MOTOHHOI €MKOCTMH C+

= = 5 . (47.4)
e 2]+
YuuThBasg, 4TO
6E0d 1 d
dy = Cy= U=>bEjln— 47.5
1 4mc2 9 0 2 ln d Y 0 n b? ( )

roe CO - KJIacCUYeCcKoe 3HaueHUe IIOTOHHOM e€MKOCTU OeCKOHEeYHOI'O
OWJIIMHAOPUYECKOTI'0O KOHOCHCATOpPa, a U - xjaccudeckoe BbIpaZXK€HUe
LJIA TIPUJIOZKEHHOI'O K HEMY HaAIIPAXKECHNUA, ITOJITYUYUM

Co
1— eCosz<1 _ Z_z)

2me2b

C+ = (47.6)

6). IlycTs BHyTpeHHUI IWINHADP 3apskeH OTPUIATENHHO, a
BHEIHIIT — [TOJIOKUTeNIbHO. [yt sToro cimyuas Haxonum u3 (46.42)

m(W%>_ﬁL by = L0 (47.7)

4mc? 2 = dm

Ay (p) = 2|yle™

?PengaTuBUCTCKas” Pa3HOCTH MOTEHIINAJIOB MOTEHINAJIOB
d
Ay (b) = Ag(d) = =2hle ™ In (), Af(b) - Af(d) =0. (47.8)
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OTKYI[EL HaXoonM OJId €eMKOCTHI Cc- BbIpaZXK€HUe

C™=Gq exp<6070U>.

2mc?

(47.9)

CrnenyeT oTMETUTH, UYTO B OTJIMYME OT KIIACCUKU, TIOHATUE €MKOCTH
B HaIlleM cjiydae HeomHo3HadHo. [Ipm kaccumdeckom paccMoTpeHUn
3apsKeHHOU IPOBOMAIIE 0060JOUKM MoJie BHYTPh IOJIOCTU He IPo-
unkaeT. [losToMy TIpm KilacCmuecKoM pacCMOTPEHUU IJIT eMKOCTH
yennHeHHOTO TpoBogHUKa C CIIpaBelJTUBLI COOTHOIIEHUS

_e_@

¢ U 2w’

(47.10)
rne () - 3apan, U - norenmnuai, W - sHeprus 1moJsiss BHe TPOBOIHUKA.
[Tpu marrem paccMoTpeHNN TOJie MOXKET TPOHUKATH U BHYTPb IIPO-
BOIAIIEN 000JIOUKM, TOYTOMY pacder no dopmyse (47.10) xak mis
yenmHeHHOU 000JIOYKM, TAK 1 I KOHIEHCATOPA IPUBOINT K PA3HBIM
3HAYEHNIM eMKOCTU. B KadeCcTBe ajlbTepHATUBEI MOKHO YKa3aTh elrle
oHy QOPMYITY NIl eMKOCTU YeIMHEHHOUN TPOBOMSIIIEN 0OOJIOUKN.

C=—, (47.11)
A
rne A - TeTpaaHas BpeMeHHas KOMIIOHEHTa 4-TIOTeHIua a Ha Io-
BEPXHOCTHU IPOBOJHUKA. TOJIBKO HKCHEPUMEHT IMO3BOJIUT BBHIICHUTH
KakKas 13 NPUBENEHHBIX (POpMYJ BBEIpaXxaeT HeNCTBUTEJHHYIO €M-
KOCTBH 00O0JIOUKU.

BuyTpb cristonrHoro 3apsaKeHHOTO TPOBOAHUKA B 5JIEKTPOCTATUKE
1oJie TPOHUKATH He MOXeT. B mpoTuBHOM ciiydae 5TO ObI IIPUBEJIO
K BO3HUKHOBEHWIO BHYTPU MPOBOAHUKA DIIEKTPUUYECKOTO TOKa. B oT-
JINYre OT KJIACCUUEeCKOr0 PACCMOTPEHMS, TIPU HAlIlleM ITO/IXO/e He BCe
3apsSIbl PACHOJIOKEHBI HA MOBEPXHOCTHU MPOBOMHUKA. YacTh 3aps/ioB
PACIIOJIOKEeHB BHYTPU IIPOBOAHUKA C TAaKUM paclpeesieHUeM BHYT-
PEHHUX 3apAI0B, KOTOPhIE KOMIEHCUPYIOT INIOTHOCTD ~ GUKTUBHEIX
3apsanoB (cM. HanpuMep (47.21)), co3maBas B COBOKYIIHOCTH C ~ QuK-
TUBHBIMU 3apAlaMiy HYJIEBOe MoJie BHYTpHU MpoBogHuKa. s yenu-
HEHHOIl eMKOCTH CINIOIITHOTO IPOBOIHMKA 06a BhipaxeHus (47.10) sk-
BUBAJIEHTHHI, TIle IO/ BeJMYUHON 3apana () TMOHMMaeTCs 3apsi Ha
TTOBEPXHOCTH MPOBOIHUKA.

Taxum obpazom, TIpu HallleM IOAXOIe €MKOCTH CIIOITHOTO IIPO-
BOIHUKA U €MKOCTH IPOBOMSAIIEN 000JIOUKU TAaKOl XKe (POpMBI, KaK 1
TTOBEPXHOCTH CIUIOITHOTO MPOBOMHUKA, MOTYT HE COBIIAIaTh.
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B cnydae mitockoro KoHIeHCATOPa Pa3HOCTH MOTEHIINAJIOB MEXKIY
oOKJIaTKaMu MeHbIIle, YeM B KJlaccuke. OTKyna ciieyeT Bo3pacTaHue
€MKOCTH TI0 CPaBHEHUIO C KJIaCCUIECKUM BRIpaXkeHuneM. Kciu, coxpa-
HSS PacCTOSHUE MeXKTy OoOKIaaKaMU ITUINHIPUUIECKOTO KOHAeHCATO-
pa h HeM3MeHHBIMU, HEOTPAHUUYEHHO YBEJIMYUBATH €ro paauyc b, To
IMITAHIPUIECKU KOHIEHCATOP BEIpoXknaeTcs B Wiockuii. U3 gopmy-
aer (46.12) crpaBemyImBOIl He TOJIBKO IS GOJIBIINX PACCTOSHUN OT
IUJINHOPA, HO TaKkKe U IJId [IAJIUHIPOB O0JBIINX PaanyCoB, HAXOIUM

E()C2]'L aob

Ady =22 0 =G,
C

47.12
b (47.12)

rae () - Kjaccuueckoe 3HaUeHHE eMKOCTH IJIOCKOTO KOHIEHCATOPA.
dcuo, uro C~ > (), T.x. acummrorudeckas dpopmyna (46.12) npu-
MeHUMa TIpu ycJioBun agb/c? > 1.

EmxocTs mmoboro yenmHeHHOTO MPOBOMHWKA MOXKHO paccMaTpH-
BaTh KaK eMKOCTh KOHIIEHCATOpPA, OMHA M3 OOKJIAIOK KOTOPOTO yIa-
JleHa B O€CKOHEYHOCTH. TaK KaK SHeprus ToJisd CBA3aHHBIX 3aPSIOB
BO BCEX PACCMOTPEHHBIX TTPUMePaX 0Ka3aJlach MeHBIIE SHEPT U TOJIS
CBOOOIMHBIX 3apAlOB, TO €MKOCTH yeNWHEHHBIX ITPOBOIHUKOB JIFOOOM
dopMBI NTOJIKHA OBITH GOJIBINIEe WX KJIACCUIECKON eMKOoCTHU. Beymunm-
HBI €eMKOCTHU JTOJIXKHBI 3aBUCETH OT 3HAKA 3apsAla M BO3PACTATH OT
MIPUKJITAIBIBAEMOTO HATPIKEHU.

48. Ilosie mapa, 3apsKeHHOTO IO 00beMy

PaccMmoTpum sitekTpocTaTUUecKoe 1oJie, o61agaioriee MeHTPaIb-
Holt cuMmMeTpuenn. IlycTh Takoe mosie co3maHO, HAIPUMEp, ITapPOM,
PaBHOMEPHO 3apsSKeHHBIM 10 o6beMy. Kak m3BecTHO m3 Kitaccudec-
KOU BJIEKTPOCTATUKY, HAITPAKEHHOCTD SJIEKTPUUECKOTO TIOJII B IIEHT-
pe I1apa paBHa HYJIIO, BO3pacTas 10 JIMHENHOMY 3aKOHY BHYTPH IIapa
u yOBIBas BHE IIapa, KaK I0Jie OT TOYEYHOrO 3apsiia, MOMEIIeHHOTO
B IIEHTP IIapa. B Halllelt MomeIbHON 3aade CUMTAEM MJIS TPOCTOTHI
OUSJIEK TPUUECKY IO TIPOHUITAEMOCTD paBHOU enuHuile. K Takon 3ama-
Ye MOXKHO IOIOWTH, PaccMaTpuBasg 06JIaKO MOCTOSHHOW TIOTHOCTHU
13 3apAMIOB, CBSI3aHHBIX HEBECOMBIMU HUTSIMU IJIMH OT HYJS mo R,
3aKpeIyIeHHBIX B 061mieM 1ieHTpe. CrenoBaTesibHO, TT0JIe, CO30aBaeMoe
KaXXIBIM 13 3apaa0B 6yImeT TaKuM XKe, KaK eciin ObI KaXIBIi U3 3a-
PSAIOB MBUTAJICA PAaBHOYCKOPEHHO C YCKOPEHHEM HAIPABJIEHHBIM OT
IleHTpa Irapa. YIlcHo, 4To XoTs ’yCKopeHme” KaXOIOro OTHOeILHOTO
3apsana IMOCTOIHHO, OMHAKO STHU ~yCKOpeHUs He paBHBI APYT OPY-
ry. UeMm 6imke 3apsai pacIioylokeH K IEHTPY IIapa, TeM C MEHBIIEN
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CUJION MEWCTBYET Ha HETO SIIEKTPUUYECKOE TI0JIe, CO3MaHHOe MNPYT UMM
3apsaaMu CUCTEMEL.

B narmenn 3amaue TpebyeTcs HaWTU HAIPSKEHHOCTH U DHEPTUIO
9JIEKTPUYECKOTO TT0JIS BHYTPHU U BHE IIapa U TeOMETPUIO IIPOCTPaH-
CTBa- BpeMeHU B 5>TuX obsacTax. U3 pasgena 19 scHo, 4To reoMeTpust
IIPOCTPAHCTBA - BpeMeHN BHE U BHYTpH Ifapa - puMaHoBa. llomy4a-
eMas KpUBU3HA IPOCTPAHCTBA - BPEMEHHU B OOIEM CjIydae OPYTOM
npuponsl, yeM B OTO. Ona o6ycioBieHa 3JeKTPOMarHATHBIM TTOJIEM
CBSI3aHHBIX 3apAIOB, pusndecKas CUTyallus KOTOPBIX HSKBUBAJIEHTHA
ux ”pasMertiennto”’ B HekoTopornt HCO. XoTs mpocTpaHCTBO-BpeMs 1
MCKPUBJIEHO, OMHAKO HAMPIKEHHOCTDH MOJIA B ~ pusumdeckoM”’ perepe
(TeTpamax) coBmamaeT ¢ KyJIoHOBOI. Tak Kak J1060i1 SKCIIepUMeHTa-
TOp haKTUUeCK! M3MepsAeT Iojd B ~Gu3ndecKux’ KOOpAWHATAX, TO
HEITOCPENCTBEHHOE U3MEpPEHNE HAIPAKEHHOCTU, HAIIPUMEpP, C ITOMO-
B0 KPYTWIIBHBIX BECOB, HE OTJINYAETCI OT KYJIOHOBCKOT'O 3HAUEHUS.
PumanoBocTE mIpocTpaHCTBA - BpEMEHU MPOABIISIETCS MPU BEIYUCIIE-
HUKM SHeprum mojis. Kak MBI yKasweIBaju paHee, IS TOJIOKUTEITh-
HO 3apAXKEHHOTO Tejla peajibHbIe PEeIITUBUCTCKUE TOMPABKM MAaJIbI,
a IJIT OTPUIIATEIBHO 3apIKEHHOrO I1apa STU IOMPAaBKU MOTYT OKa-
3aThCA 3HAUUTETbHBIMU. [[JIs oTpuilaTesbHO 3apAKEHHOTO 10 00B-
eMy Tejla SJIEMEHTAPHBIM CBA3aHHBIM 3apAIOM SBIISETCS DIIEKTPOH.
s pacueTa moTeHnaia Ay 3apsakeHHOro Mo o6beMy Irapa 6ymem
ucxonuts u3 dpopmyssr (19.1), B KOTOpoil yCKOpeHUe @) CBSI3aHHON
3apsKEHHON YaCTUIIBI BHYTPHU IIapa OMpenenM 1Mo GopMyJie

g =1 (48.1)

m

B KOTOpOi TpebyeTcs olpenesinTsb F, NeMCTBYIOIIER CO CTOPOHEI CBSI-
3U Ha 5JIeKTPoH Macchl m. QUueBUIHO, YTO HTA CUJIa PaBHA IO BeJIN-
YrHe W TPOTUBOITOJIOKHA IO 3HAKYy CUjle Ha SJIEKTPOH CO CTOPOHBI
TI0JI, CO3IAaHHOTO NPYTUMH 3apAnaMu cucTeMbl. [Iyig ee HaxoX meHUs
UCITOJIb3y€eM M3BECTHBIN MaKCBEJUIOBCKUN TEH30p HAIMPAKEHUN SJIEK-
TPUYECKOTO TOJIA B IMycToTe [26], KOTOPHIN B JIOKAJBHBIX TeTPagax
MIPEICTAaBUM B BUJE

E2

1
(BB = =5 8wm)- (48.2)

Tk = 4

PaccMmoTpum B m1ape MBICJIEHHO BHIIEJIEHHYTO KOHIIEHTPUYECKYIO Cce-
Py panuyca T W HalOeM CWJIYy CO CTOPOHBI IOJIS Ha BHYTPEHHIOIO
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IIOBEPXHOCTH 3TOU chephl

Q2£B4
~ 2RS

Fiy(x) = — f omnmdf = ng@, i =—Eng.  (48.3)
3meck n(;) - eIMHUYHBIA BEKTOD, HAIPABJICHHEIIA [0 PAIIyCy OT HeHT-
pa, df - sJleMeHT HoBEPXHOCTHU cepsl, () - MONHBIN 3apan mapa. Ha
BHEIITHIOIO II0BEPXHOCTH KOHIIEHTpHUYecKol chephl pammyca T + dx
o4eBUOHO HeficTByeT cuna F;)(x + dx)

Q*(z + dz)* ._Qza:‘i | 2Q%x3dx
2RS0T QRe MO T TR

F(Z)(CB + da:) = () (48.4)
OTCIOI[& Ha dN SJIEKTPOHOB, PACIIOJIOKECHHBIX B CJIO€ TOJIIIMHBI da:
IeicTBYeT CIJIa CO CTOPOHBI moss dF(;

2Q%x3dx
=——mn

dFiy(z) = — 5100

(48.5)
OueBugHO, UTO 4YmCIio YacTull d/N B IIApPOBOM CJIO€ TOJIIWHHI dx
TaK OTHOCUTCS K TIOJTHOMY YWCJTYy YacTWIl B mape /N, KaK OTHOIIIEHUE
obbeMa I1apoBOTO CJiod K obbeMy IIfapa, T.e.

B 3N z2dx

dN = "

(48.6)

Otrcrona cuna Fi(;) meAcTByIOIMas coO CTOPOHEI MOJIA Ha 3JIEKTPOH C
3apsaoM e BBIUHUCIISeTCa Ho popmyJie

2eQx
Fiiy(2) = <57

?Y ckopenue” a(, 06ycIOBIEHHOE CUJION CO CTOPOHHI TI0JIs, HaIIpaBJle-
HO OT IleHTpa cHephl U BHUKUCIAETCA 0 GopMyIie

_ 2eQx

= % 48.
ImR3 (48.8)

ap(x)
B mmockom mpocTpancTBe MUHKOBCKOTO TpU paBHOBECHUW 3apsiia B
TI0JIe yCKOpeHMe PaBHO HYJII0. B puMaHOBOM MpOCTpaHCTBE TIPU PaB-
HOBECUU 3apPANOB WX MUPOBBIE JIMHUU WCKPUBJIEHBI U POJIH yCKOpe-
HUT UTPAIOT BEKTOPHI MePBOM KPUBU3HBI MUPOBHIX JIMHUN 3apAMIOB.
B npunnure, moacrasiis 48.8 8 (19.1) u npousBens nHTerpupoBaHUe
mo o6beMy Irapa, MOXHO HAaWTHU MoTeHIual Ay B 000N TouKe BHE
1 BHyTpu 1rapa. OIHAKO MOXKHO BOCITOJIb30BATLCS YXKe HalIeHHBIMU
HaMU paHee pe3yJjibTaTaMmU U3 pasfeiia 19, Kak MpoMeXyTOUHBIMU,
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r'/le MBI HAIIJIM TIOTEHITNAJI BHe 3apskKeHHON cdephl pannmyca R B co-
riacuu ¢ popmydoir (19.3).

Popmysta (19.3) MoxkeT GBITH MpeNCTaBIIEHA B SBHOM BIHIE, [IPH-
TOTHOM KaK [JIS MOTEeHINAaJIa BHE TaK U BHYTPU cPephl, a MMEeHHO

Qe s(2a+1) . R agr?
"= 9Rs / wtfi—a SP(CW) AU @ =5 s J wer (489

Hnsg a > 1, T.e. 0jig MoTeHIMa a2 BHYTpU chephl UMeeM

Qe* rs(2a+1) 5 B
Ay = 2R /(2a ) exp(—u Ydu =

_ Qexp(s?)ym
B 4Rs

It norenmmasna Bre cdepsl (a < 1) momyyunm

Qe” Q exp(s®)y/m
2Rs 4Rs

®(s(1 + 20)) — ®(s(2a - 1), (48.10)

Ay =

/8 et exp(—uz)du = [q)(s(l +2a)) — <I>(s)] ,
(48.11)
Ing pacdeTa MOTeHIMAJIa 3apAXKEHHOIO 10 00BEMY Ilapa pa3obbeM
IIap Ha MHOXECTBO KOHIEHTPUYECKUX IIAPOBLIX CJIOEB M CYMMUpPY S
BKJIAJBI OT KaXIOTO CJIOS HaillleM MCKOMBEIE IOTeHINAJIbLI BHE I BHY T-
pu mapa. PaccMoTpuM 1IapoBoil cJIofl ¢ BHY TPEHHUM PaglyCoM & 1
BHeITHNM panuycoM & + dz. B cormacun c (48.8) u (48.9) mns s Ha-
XOIUM
r 2Qe¢
~ 2R\ 3Rmc?

Bemmuuna s okazasack HezaBucuMon oT x. Kcimm ucnoss3oBaTs dop-
Myiy (48.11) mprMeHHTENBHO K CIIOK0 TONIIUHBL d, COmepKAalluil

(48.12)

3apan dQ) U MPpOCYMMHPOBATE II0 BCEM CJIOSM, TO IIOJIyYMM II0TEHIIN-
aJ1 BHe Iapa Aj

A= 32612;)‘;2 /()Rw</ss(2x/r+1) exp(—u2)du>da} _

= 3%;3\/_/ s(2z/r + 1) — ®(s))axdr =

- 3@513;3!%(_@(52)3 —I—/OR<I>(5(2:13/7° +1))zdz). (48.13)

Ilnst moreHnnaia Aj, BHyTpH 3apsSkeHHOrO IIapa Ha PAcCTOSHUU &

OT ODEHTPa Iapa cJjdeayeT yd4eCThb, 4YTO YaCThb CJIOEB JIEXKUT BHE I, a
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4YaCThb - BHYTpPHU I. HOSTOMy IoTeHuuaJI IpeagCcraBuM B BUIE

3@682 T s(2z/r+1)
A = op [/0 a:/s exp(—u?)dudz+

-I—/ / s(2z/r+1) exp(—u2)dudw] _

(22/r—1)
= %U;(@(s@w/r + 1)) — ®(s))zde+

+/ (s(2a/r +1)) = ®(s(2a/r — 1)))ada|. (48.14)

HCHOJ’IBS}’}I N3BECTHOEC pa3JIOKEeHMHE, CIIpaBCOJINBOC MJId MaJIbIX 3Ha-

YeHUN S :
S 2
b(s) = —e° 48.15
=2 (18.15)
U [epexons K mpenesty npu § — 0, MoayduM [jId MOTeHHnajioB Aj
(48.13) u (48.14) xymaccuueckue 3HaAUEHUS

2
A= rsR A= ﬁ(}zz -2), r<R (4816
7 2R3 3
OTMeTuM Bo m3bexaHue HeMOpa3yMeHU, YTO HAa KaXIBIA U3 DJIEK-
TPOHOB B IIIape HeNCTBYIOT MOCTOSHHEIE (11 KaXIoro!) cuisl peak-
nu cBsa3u. [losToMy B corslacum ¢ MOCTYIaTOM SKBUBAJIEHTHHIX CU-
Tyaruii u (2.18) KaXKIbIil U3 5JIEKTPOHOB BHYTPU IIapa, HAXOAUTCS B
KacaTeJIbHOM IIJIOCKOM IIPOCTPaHCTBE HO PUMaHOBOM MpPOCTpPaHCTBe-
BpeMmenu. [losToMy KoppekTHa onlepalins MHTETPUPOBAHUS TI0 00BeMY
B INTOCKOM TpocTpaHcTBe. C NPyroil CTOPOHBI, COBOKYITHOCTH Yac-
tutl, 3agaornumx CO Kak BHyTpU Tejla, TaK U BHe ero, BKJIIOUUM B
COBOKYMHOCTH MupoBbiX juauii CO, mpuHamiexalienl cpeprudecKu-
CUMMeTpPUYHOI JJarpaHx)eBon conyTcTByoreir CO ¢ MeTpUKOU Bua

(19.4)
dS? = exp(v)(dy")? — r*(d6* + sin® 0d¢?) — exp(N\)(dr)?,  (19.4)

rie v U A 3aBUCAT TOJIBKO OT T.

®yukunn v(r) u A(r) HykmaoTCA B onpenesieHnn. [IJid nx HaX0X-
INeHNS BOCIOJIb3yeMCd pelleHreM CcheprdecKn-CUMMETPUYHEIX CTa-
TUYeCKuX ypaBHeHn!l MakcBesuta ¢ ucnosib3oBanneMm MeTpuku (19.4),
AHAJIOTMYHEIX 110 3aIliCy yPaBHEHUAM >JIEKTPONMHAMUKN B ~3a1aH-
HOM r'paBHUTaNoHHOM moJie” [7]. 3aTeM cpaBHUM MOJTyYeHHOE pelire-
HUEe C BBIpAXKeHUEM IS ToJis, mosrydaemoM m3 (48.13), (48.14).
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s oT/IMYHOW OT HyJIS paauajbHON KOMIOHEHTHI ~ WHOYKIAN
D! Bre mapa uMmeeM ypaBHeHUe

%%( 2sin96Xp()\/2)D1> =0, (19.5)

peleHneM KOTOPOro 6ymeT
D'=% —A/2 19.6
=3 exp(—A/2). (19.6)

B (19.5) u (19.6) mexny "unnykuumeir” D! HampskeHHOCTBIO MOJIA
E' 1 xoMmoHeHTol TeH30pa Mo Fy; CyIecTBYIOT mM3BecTHHIE [7]
COOTHOIIEHN

1
1 900

Ey, Ei=Fyu, Yu=—9u,
(19.7)

rae i - MPOCTPAaHCTBEHHBI MeTPUYECKAN TEeH30p C OlpelenTeseM

D, = 711D1 = %exp(A/?) =

PaBHBIM 7. ns PaCCMOTPEHHOI'O CJIEAYET COOTHOIIICHUE

(9A6:Q <>\-|-1/>,

; (48.17)

B KoTopoM Fj; onpenenseTrcs nuddepeHIIMPOBAHNEM TI0 PAINYCY BHI-
paxenus (48.13). IlocyenHee cooTHoIIeHNE SBISETCS ypaBHEHUEM,
CBSI3BIBAIOIIUM [1Be HemsBecTHbIe GyHKumu A\(r) u v(r). s Haxox-
TeHNsT BTOPOTO YPaBHEHUS NI STUX PYHKIIUA PACCMOTPUM CWITY CO
CTOPOHHI MOJIA, MEUCTBYIOIIYIO Ha MPOOHBIN 3apsal ¢, 3aKpemnJIeHHbBIN
B TOUKe C KOOPAWHATON 7 OT LEHTpa Iapa. DTHU 3apaIbl Olpeneas-
10T 6asuc CO BHe 3apsaxeHHoro 1mapa. Ilycts Mmacca mpobHoro 3apsna
my. Torma BeKTOp HepBoil KpUBU3HEL F'! MIPOBOIL JIMHUN 5TOTO 3aps-
Ia MOXKHO HaiTu u3 cooTHomreHus (1.5), 3ammicaB i1 3aKpeIUIeHHBIX
3apSI0B yCIIOBHE COMyTCTBUA it MeTpukn (19.4) B Bume

VE=Vi=0, V"= (gn) "%
Vo= (900)"?, F'=F(r), F'=F'=F=0. (19.10)
Otxkyna u3 (1.5), (19.4) u (19.10) nmeem

1d
Fl = §d—:exp(—>\). (19.11)

C nmpyroii CTOPOHBI, 5TY BeJIMUNHY MOXKHO HAWTU U U3 CUJIBI, NEN-
CTBYIOIIIEeN Ha 3apsl] CO CTOPOHBI CBA3U, YAePXKUBAIOIEN 3apal B II0JIe
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HelloaABNU2KHBIM. OTa cuia YMCIIEHHO PaBHa CHAJIE CO CTOPOHEI ITOJIA U
IIPOTHUBOIIOJIOZKHA el 110 3HaKy.

1dv q
F = A) = ——=F"; =
2dr exp(—}) myc? Yo
Qq
N3 (19.8)-(19.12) maxonum
q
exp(v/2) = e /F01 dr = OC2A'( r) + Ch, (48.18)

rne Aj(r) ompenenena B (48.13). Ilocrosunuyto uaTerpupoBanus C
omnpenesinM 13 TpeboBaHMA €BKJIMIOBOCTU IPOCTPAHCTBA Ha 6ECKO-
HeuHocTu. Tak kax Aj(oo) = 0, To C; = 1, mosTomy nmeem

A}
2) =1 . 48.19
exp(v/2) + 0 ( )
Ucmonesys (48.17), mosmyunm
A\ 72 04y
Q or
5) == 48.20
eXp<2> 1 _I_ mocz ( )

Touno TakmM XKe crroco6oM, KaK 1 BHITIIE, MOXKHO OMPENeTNTEH FeOMeT-
PUIO U BHYTPHU 3apIKEHHOTO ITapa, UCIOb3Yy I 3HAUeHUI JIA MOTeH-
masia (48.14). Nanykunio D! onpenermmm w3 ypasHenns Makcpesa
(19.18c), xoTOpOE B HallleM CiIy4ae CBEIETCS K BUAY

\/_(97'(\/_D ) =4mp (48.21)

CDOpMaJIBHOG pPeIeHE nMeeT B

1 4T
D' = V. [ p/Adr, (48.22)

OIHAKO I BEIYMCJIEHN MHTErpajla HyKHO 3HaTh 3HadeHue p. /7. Kc-
TeCTBEHHO, YTO paccMaTpuBaeMble 3apsAObl OOJIKHBI YIOBJIETBOPATH
ypaBHEHUIO Hepa3phIBHOCTU. B corstacuu ¢ Halirell oOImelt naeooruen
He3apsSKeHHBIN IIap HaXOOWJICA B MJIOCKOM IMPOCTPAaHCTBE -BpeMeHN.
Cpasy mociie 3apsankKu miapa 3apsgoM € MOCTOSHHOW TNIOTHOCTBIO Oy
IIPOCTPAHCTBO BpeMs CTaJI0 PUMaHOBBIM U INIOTHOCTH 3apdna p BO-
o0I1Te TOBOPS M3MeHMIACh. Yepe3 HEKOTOpOe BpeMs, paBHOE BpeMeH!
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peJutakcalny, MeTPUKa CTaJla CTaTUYeCKON, IIPeICTaBUMOI B (hopMe
(19.4). W3 3akoHa coxpaHeHNs 3apsaa [0 U Hocie neopManuil Cpenst
(35.14a) BEITEKaeT PaBEHCTBO

PV = Pov/Yps (48.23)

roe /v, = r2sin § - gKo6UaH Tepexoma B chepHUECKOll cCTeMe KO-
opAMHAT TMJI0CKoro mpocTpaHcTBa. llocnennss dopmysia mo3BossgeT
Hpon3BecTH MHTerpupoBaHue (48.22). B pesynbprare HaxoquMm

@,
D = 2" exp< 2). (48.24)

0A, Qr A+v
Fy=—70 = ﬁexp< ; ), (48.25)

rne Ay(r) onpenensercs uz (48.14). Ilo anamorun c¢ (48.18), onpemne-
JIgd MOCTOAHHYIO uHTerpupoBanus C; U3 TpeGoBaHUA €BKJIMIOBOCTH
IPOCTPAHCTBA B HyJe, (UTO eCTECTBEHHO, TaK KaK B IEHTPe Chepshl
cusia Ha 3apsl CO CTOPOHBI TI0JIS PaBHA HYJIIO) MOy YIM

~ q4(0)

C;=1 48.26
! moc? ( )
qAy(r)  q4(0)
2)=1 — 48.27
exp(v/2) + o _— ( )
s
exp(A\/2) = _Qr <1 AT qA6(g)>° (48.28)

3aliMeMcs aHAJIU30M ITOJIyUYeHHBIX COOTHOIIIEHUN.
Eciu B merpuku (48.19), (48.20), (48.27), (48.28) momcraBuTh
KJIACCIUECKOe 3HaueHne i noTeHnuasna (48.16) To momydmM BhIpa-

KEHUS
2
expy = (1+ rfﬂ%) . (48.29)
Ucmonesys (48.17), mosmyunm
1
(1+2%)
3qQr? \2
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1
exp A == : (48.32)

[ — _34Qr? 2
2R3 moc?

OueBugHO, YTO IJIA CJIAOBIX TMOJIEl BHe 3apAXKeHHON chephbl reoMeT-

pUs TIPOCTPaHCTBa-BpeMeHN MmofgobHa reomeTpun nos IBapimmmib-
na B OTO (mocse mepeo6o3HAUEHNS TOCTOSHHBIX B3aWMOMAENCTBNS ),
a BHYTPH IlIapa MpU TeX XKe YCIJIOBUIX COBMAalaeT C TeoMeTpuen mpo-
cTpaHcTBa noctosuHon KpuusHbl me CutTepa [20]. Jlo6ombiTHO OT-
METHUTH, YTO TOUHBIE PeIlleHNs YpaBHEHUN JUWHINITEHA B HAIIIEM CJITY-
Yae HKBUBAJIEHTHHI HEPEJIITUBUCTCKOMY Tpubiunxkenuto. CienyeT oT-
MeTUTh TaKxke, YTO IMOTEHIINAJl BHe 3apsAXKeHHOro 1Mo obbeMy IIapa
oTJIMYaeTCd OT TOTeHINalia 3apsakeHHOU cdepbl, UMeOIell onuHa-
KOBBIE C IIApOM PAJINyC U 3apsl.

[MIpencTaBsigseT WHATepeC BHIYUCIUTH DYHEPTUIO 3IIEKTPUIECKOTO
TOJIS 3apsKeHHOTOo TImapa. [ljasg »Toro BocCMoOIb3yeMcsS GOPMYJION
(19.18¢), orbpackiBas HHTerpajl MO 00BEMY OT AWBEPIEHIMU, Ia-
FOIUAN HOJIb.

1
W= | pAL/A AV, (48.33)

rune Aj omnpenensercs uz (48.14). B cormacun c (48.23) unTerpasn
CBEIEeTCI K BULY

R
W = 27rp0/0 r2Ay(r) dr. (48.34)

Eciu momcraBuTh B mocieqHon (GopMysly KJIacCHYecKoe 3HadeHUe
noTerrmaia (48.16) To mosmyunm

_ R 53Q (o T _3Q°
W=2mp [ r 2—R3<R - 5) dr = 3% (48.35)

KJIACCHYeCKOe BEIpalKeHNe IJIS SHePTrUN 3apAKeHHOro 10 06beMy IIIa-
pa. Ilng Hamrero ciydas IOJIy4YMM IS 6e3pa3sMepPHOI SHEPTUM II0JIS
Ha onuH 3ekTpon Wy = W/(Nmyc?) Brpaxenue

Wy = 22[/01 y2§52 /Oyv /SS(H%) e_uzdudvdy—l—

i y [ o[ e duduay).

r o y |2z x e
= — S = — —_— vV = — 7‘0: 2
myc

y = (48.36)

JR— Z )

Y Y Y Y
R R 2\ 3 R
Ecm mociienatoo GopMysly IpUMEHNTH K OMHOMY TOYEUYHOMY SJIeK-
TPOHY , TO TIOJIyUNMM He OECKOHEUHYIO BeJIMYUHY, KaK IMPU KJIaCCHU-

YeCKOM paccMOTpeHmn, a Konednyio, Wy = 1 N3 ananmza 3HaveHuUin
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CIIeNyeT, YTO OJIS MAJIBIX 3HAYEHNN 2 UMeeT MeCTO KIIaCCUUeCKoe BhI-
paXkeHne, a AJII OUYeHb OOJBINNX 2z, COOTBETCTBYIONINX 3HAYEHUIO Pa-
Iy ca MHOTO MEHBIIET0 KJIaCCUIECKOT0, Oe3pazMepHas SHEPTUI CTpe-
MuTcs K enunuiie. CienyeT oTMeTUTH, YTO SHEPTUS DJIEKTPOHA, ~ 3a-
pSIKeHHOTO” 1Mo 06BeMY, ¢ POCTOM 2z (T.e. C yMEHBIIEHUEM pasMe-
pa Iapa) cHadajia BO3PacTaeT 10 HEKOTOPO MaKCHMAJIBHOM SHEp-
ru Wy nmax = 1.482.9TOMy MakCUMyMy COOTBETCTBYET PAalUyC Iapa
R = r¢/40. 3aTem »Heprus HaunmHaeT yOBIBATH, CTPEMSACH K €IUHUIIE
TIpU CTPEMJIEHUN pa3zMepa MIapuka K TodeuHoMy. JlcHO, UTO moJry-
YEeHHBIN Pe3yIIbTAT IJIT TOUYEYHON YaCTUITHI MOXKHO OBIJIO OXUIATH
1 3apaHee, TaK KaK OOBEMHBIN 3apal IJII TOYEYHON YAaCTUIIH SKBU-
BaJIeHTeH MOBePXHOCTHOMY. Tak Kak >Heprus 3apsaKeHHOro Mo 00b-
eMy Tapa obJjiamaeT MaKCUMYMOM, & ee MUHIMAJIbHOE 3HaUYeHWe TpU
z — 0, R — oo paBHO HYJIIO, TO OUEBUIHO CYIIECTBYET OTIIMYHBIN OT
HYJIS paanycC YacTUILl, Tpu KoTopoMm 3Hadenme Wy = 1, xkak u mig
TOYEYHOI YaCTHUIBI. JDTO 3HAUEHME OKA3BIBAETCS paBHBIM Ry = 7¢/4,
KOTOpPOe B UeTHIpe pa3a MeHBIIe KJIaCCMYeCKOTO PaInyca 3JIEKTPOHA.

49. Chepuuyeckuil KOHIAEeHCATOP

PaccmoTpum chepudeckuii KOHIEHCATOP, TPEICTABIISIONINANA CO-
6ol mBe KOHIIeHTpuUeckune pammycoB R; u Ry, Ry > R;. Tpebyert-
Cs BBIYUCIUTEH €MKOCTDH TaKOr0 KOHAEHCATOpa IJIS CIIEAYIONINX IBYX
CIIy4Jaen:

a). BHyTpeHHAs 060/109Ka 3apsKeHa MOJIOKUTENIHHO, & BHEIITHSS
— OTPULIATEIBHO,

6). BuyTpenHss o6onouka 3apskeHa OTPULATENBHO, & BHEIIHIS
— MOJIOKUTEITBHO.

a). Hss ciaberx mostet, KOTOpbIe MBI 3/1eCh U GyIeM paccMaTpu-
BaTh, UMeeM U3 KJIACCHKU (HAIIOMHUM, YTO IJI CIabbIX IOJIEi TI0-
Jle TIOJIOXUTEIBHBIX 3apsIOB COBMANaeT C KJIACCUYECKMM) BKJIAL B
MTOTEHITNAJI TIOJIA MeXy chepaMu, CO3NaAHHBIN BHY TPEHHEN MOJIOXKU-
TEeJILHO 3apIKeHHOU 00O0JIOUKOW B BUJIE

0= %7 Ry <7 < Rs. (49.1)

OTpuraresnbHbLe 3apsab (9JIEKTPOHEI ), HAXOASIIAECS Ha BHY TPEHHEN

CTOpPOHE BHEIITHEN 060JI0YKH, 6y Oy T MPUTITUBATHCS MOJIEM K IIEHTPY
chep, uTo OyIeT BBI3BIBATH OTpUIlATe/IbHOe ’ycKopeHue” . BHelHIA
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HIOTEHIMAJI OT TaKoll cepsl onpemnestsercs dopmyston (19.3a). Mox-
HO TOKa3aTh, 4TO (popMyJia [MJId MOTEHIIMAasa, CIpaBeminBas BHE U
BHYyTpHU cdephl pamuyca K ¢ oTpunaTebHBIM ~yCKOpeHUeM  3aps-
moB OymeT UMETh BUIT

Qe‘c R r e
= d = — = — 49.2
A= 2R /|1 a|—a exp(u’)du, a r’ ¢ RJSm@R (49.2)

[Mocnemusis popmyna MoxkeT OBITH TIpeACTaBIIEHA B BUIE

_ Qexp(—?)V/7
Ao = 4iR¢

@(i¢) — ®(-i¢(2a — 1)), (49.3)

koTopas nepexonut B (19.3a) npu a < 1. s Hac uHTEpeceH ceivac
oOpaTHBIN city4all, korma a > 1. Iljig sToro cityyas numeem

_ Qexp(—?)V/7
Ao = 2iR¢

(i¢), (49.4)

HJ’DI CJiIy4dad cjaboro I10J1d, UCIIOJIB3Y A N3BCCTHOC PA3JIOZKECHHUEC

2 . 2"
B(z) = —=e* S 49.5
(2) = = i @nt1) (49.5)
IIoJIy4YnM
_ 19 le]|Q]

Ai(r) =5 (1—52 ), = B\ S B, (49.6)
PasnocTs IIOTCHIUAJIOB MEXKOY BHYTpeHHeﬁ I BHEIITHEN O6KJ'IELI[KELMI/I
KOoHIOEHCaTOpPa

AA7 = AF(Ry) — AF(Ro) = Q) (5 — =)
R Ry’
. _ Q2 Ri\o le]|Q]
AA; = Ay (Ry) — Ay (Ry) = ——A2(1— =462, 6, =
0= Ay (R) = Ap(Re) = =5 S (1- )8, b=\ g o
(49.7)
2
AAy= AAT+AA; = Q] _ 191 _1@125 _ po/pe 49.8
0=AAT+ R R, R,3° (I~ E/R). (49.8)
HCHOHLS}’}I O4Y€BUIOHOE PaBEHCTBO
Q _ |UR
- 49.9
Ry Ry—R/’ (49.9)
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roe |U| - B€JIMUYMHaA I10OaBa€MOI'0 Ha KOHOCHCATOP HaIIPAXKCHWA, Ha-
XOOUM BBIDaXK€HUE OJId €MKOCTU C+

L el o
“= IAAg| ~ 1 — CoRalBatRe)lU]le] (49.10)
12R‘;’mc2

roe C\ - KjaccuyecKoe 3HaueHNe eMKOCTH ChepUYeCKOro KOHIEeHCa-
Topa.

6). [lycTs BHyTpeHHs cdhepa 3apsikeHa OTPULATEIHHO, & BHEII-
HSS — TIOJIOXRUTEbHO. i1 sToro ciyuas Haxomum u3 (19.3a) u (49.5)

el Q]
8mc2R1

N Q| 4 2 T _
Ao(r)_——<1—§51—25 ), &=

— 49.11
T 1R1 ( )

Touno Takum xe CHOCO6OM, KaK 1 IJIAd MIpeabraymero cjydaid, nMeeM
OJId €eMKOCTHI Cc~ BbIpaZXK€HUe

R (R S
“ = [AAg] 1 — Gl (49.12)

N3 anammsa ¢opmys (49.10) u (49.12) crenyeT, 9T0 eMKOCTH Che-
PUUYECKOTO KOHIIEHCATOPA, (KaK U UAINHIPIIECKOTO) YBEININBAETCS
OT TPMJIOKEHHOTO K HEMY HANPIXKEHWs, KaK U eMKOCTh yeInmHEHHO-
ro MPOBOIHWKA U IUIOCKOro KoHmeHcaTopa. O6e ¢popmymnsr (49.10) u
(49.12) oueBUAHO COBMAAAIOT, €CIIN 3a30p h MeXIYy OOKJIaIKaMu MHO-
T'0 MeHbIIle BHy TPeHHeTo pannyca chepbl. PU3mdecKuiti CMBICITT TOTO
ACeH, TaK KaK IPU MaJloM 3a30pe MeXOy oOKJIagKaMu ~ yCKopeHus”
BJIEKTPOHOB IS ABYX PAa3HBIX CIIy4YaeB MPaKTUIECKU COBITAMAIOT TIO
BeJIMYMHE, YTO W TPUBOANT K ONWHAKOBOMY YBeJIMYEHUIO eMKOCTH.

Hnsg moTennmasa BHyTpu cdepbl panmyca R umMeeM QopMyIry
(48.10), xoTopas mis cirydas cJ1aboro IMojisi C MOMOIIBbI0 (HOPMYJIEL
(49.5) npencraBuMa B Bule

|Q| 2 2 a0r2 r |6||Q|
A 1 — = | —. 49.1
0 R < 35 >, ° 402R R 8”l02R ( 9 3)

$lcHO, uTO TIPM KITaccmuecKoM NpUOINKEHNN OTEHITNAII BHY TPU ce-
PBI OyIeT BCIOMY MOCTOsIHEH U paBeH Ay = —|Q)|/ R, a HApAXKeHHOCTD
TI0JI paBHa HYJITI0. B HateM cirydae 5To He Tak. g Hanmp IKeHHOCTH
IOJII BHYTpU cheprl UMeeM

1@l aor
R? 3¢
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OueBUHO, YTO B IIeHTPE CPephl HANIPAKEHHOCTD MOJIS paBHA HYJIIO U
BO3pacTaeT 10 JIMHEWHOMY 3aKOHY BHYTpu cdeprl. Takum obpazom,
Ha KJIACCUYEeCKOM s3bIKe BHYTPU cdephl KaK OBl CYIlleCTByeT HeEKO-
TOPHIN pacnpeneleHHbIN PUKTUBHBIA 3aps/l MOCTOIHHON IJIOTHOCTH
po. g ee HaxoXmeHUs ”paszMaxeM’ MNOBEPXHOCTHBIN 3apsan () pas-
HOMePHO o 06beMy chepsl Torma moayumM Kjiaccudeckoe 3HAUYEHUE
HaIPSKEeHHOCTH TI0Ji1 F/ BHyTpu chepsl B BUlle
Qr 4

= —mpr, (49.15)

E==_
R 3

roe p - KJIaCCUMYECKO€ 3Ha4dYe€HNE IIVIOTHOCTU 3apdlia. ns CPaBHECHHIA
ABYX IIOCJIEOHUX BBIpEL}KeHI/Iﬁ HaXoOonM

agcR  oaqg Q
e _— = —— g =
Po 3c? ez’ 47 R?’

rge o — IIOBEPXHOCTHaA IIJIOTHOCTDB 3apdna.

(49.16)

Ha ocHoBaHMM pacCMOTPEHHOIO CJIEAyeT, YTO AJf HaXOXKIEHU
METPUKU BHYTPH 3apIKEHHON 0 MOBEPXHOCTU ChHephl MOKHO BOC-
II0JIb30BaThCA TE€M XK€ CaMbIM METOHOM, YTO M [IJIS HaXOXIEHUS Ieo-
METPUN BHYTPU IlIapa PaBHOMEPHO 3apsikKeHHOTO I0 00BeMY, pac-
CMOTPEHHOI B MpeabIayIeM pasaesie. i HaxoX qeHus MeTPUKU Oy -
IeM UCXOAWUTH n3 mHTepBaia (19.4), rme v U A\ 3aBUCAT TOJIBKO OT 7.
®yukunnu v(r) u A\(r) HyXKgaoTcs B onpeneneHnn. s ux Haxoxe-
HUS BOCIIOJIb3yeMCS PellleHreM chepudecKu-CUMMETPUYHBIX CTaTH-
YecKuX ypaBHeHmUiT MakcBensia ¢ ucmosb3oBanueM MeTpuku (19.4),
AHAJIOTMYHBIX 110 3alliCH yPaBHEHUSIM SJIEKTPOAUHAMUKY B 7 3aaH-
HOM TpaBuUTanuoHHOM mojie” [7]. 3aTeM cpaBHUM MOJIy4YeHHOE pe-
IIeHNe C BHIPaXKeHUeM [JIA IMOTEHLMaja U IIOJd, IOJIydacMOM W3
(49.13), (49.14). Unnyxumo D! onpenesnum u3 ypasnenus Maxcsesia
(19.18c), xoTOpOE B HallleM CiIy4ae CBEIETCS K BUAY
1 0
ﬁa(\/?Dl) = 47 p), (49.17)

CDOpMaJIBHOG pPeIeHE nMeeT B

4
D! = T;/pgﬁdr, (49.18)

ONHAKO [JIS BBRIYMCJIEHUS MHTerpajia HyXKHO 3HATH 3HadeHUe pj+/7'.
HomycTuM, 4TO paccMaTpuBaeMbIll ~GUKTUBHBIN 3apsial KakK U pe-
AJTBHBIN MOJIKEH YIOBJIETBOPSITH yPaBHEHWIO Hepa3phIBHOCTHU. B co-
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[JIaCUU C HaIllel O6Imel naeosornel He3apskKeHHas 060JI0UKa HAXOM-
JIach B IJIOCKOM MPOCTpPaHCTBe -BpeMeHu. Upasy mocie 3apsaaku 06o-
JIOUKW TIPOCTPAHCTBO BPEMS CTAJI0 PUMAHOBBIM U TTOIBUIICA ~ 9 PeK-
TUBHBIN’ 3apam. Yepes HeEKOTOpoe BpeMs, paBHOe BPEMEHH peJlIak-
canuu, MeTPUKa CTajla CTATHIECKOH, pencTaBumMoil B popme (19.4).
[TepBoHauabHO ” QUK TUBHEIN 3apsa1 HAXOOWIJICA B HedeOPpMUPOBaH-
HOM COCTOSIHUU BHYTpPHU CPeprdecKOr MOJIOCTH U €0 IIIOTHOCTH OBI-
sta, moctoguuon. Ilocie pesutakcaruu, MIOTHOCH GUKTUBHOTO 3apsi-
a cTajla PasjIMYHOW B Pa3HBIX TOYKAX MOJIOCTU, UMEIOIINX Pas3HBIE
panuajbHBIe KoOpAUHATHI. V3 3akoHa coxpaHeHus ~5d¢eKTUBHOTO”
3apsfa [0 U mocie gedopMalliil Cpelbl BEITEKAET PABEHCTBO

P/ = P (49.19)

roe /v, = r2sin § - gKo6UaH Tepexoma B chepHUECKOll cCTeMe KO-
opAMHAT TMJI0CKoro mpocTpaHcTBa. llocnennss dopmysia mo3BossgeT
npou3BecTH nHTerprupoBaHue (49.25). B pesynpraTe Haxoqum

T A . _ @R
0Ay; |Q|r A+v
[Fin| = |- = = T exXp <T> (49.21)
rae Ay(r) onpenensercs u3 (49.13).
CpasuuBas (49.21) u (49.14), Haxoqum
A+v
exp <T> =1, (49.22)

T.€. IEPBOE ypaBHEHNE, CBA3BIBAIOIIee HEN3BECTHEIE QYHKIUEN () U
v(r). ®yakmuio v(r) onpenenum u3 u3 (49.20) u (49.13), uro maer

Q2627'2
1
eXp(A/Q) = T 0222 " (4924)
1+ 12szc4R4

3necy B kadecTtBe CO O6blsia BBIOpaHa COBOKYITHOCTBH 3JIEKTPOHOB,
3aKpeIyieHHLIX BHYTpu cdepbl. QOUeBUIHO, UTO Mg CIAOBIX TOJIEN
BHYTPU 3apsaXkKeHHOU cephl reoMeTpUs IIPOCTPAHCTBAa-BPEMEHU COB-
majlaeT C TeOMeTpUel TPOCTPAHCTBA IMTOCTOSHHOM KPUBU3HEI e CuT-
Tepa [20], omHaKO B OTJIMUME OT IMIApa, 3apIKEHHOTO M0 06BEMY, OT-
KJIOHEHIe OT IJIOCKOH MeTPUKH IIpOoMopIroHa bio 1/ct) T.e. reomeT-
pus IPOCTPAaHCTBa-BpeMeHU BHY TPU 3apakKeHHOU cephl HOYTH IIJIOC-
kKasg. OTMeTuM, 4TO BHYTPU 3apsIKeHHON cPephl B OTIIMUME OT KITac-
CYECKOTO PACCMOTPEHUSA ToJle TIPUCYTCTBYeT. B wacTHOCTHM, mMiis
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ciabbIxX 1oJielt oTHoIeHne adPUHHBIX KOMITIOHEHT IT0JIell, KOTOPHIE B

corytacun ¢ (49.22) coBmamaior ¢ ”pusmdeckuMu’ WM TeTPaTHBIMU,

Ha rpaHuiie pasnesa Egyymp/ Egyew ONPENesIeTCS BETMINHOMR
Esuymp _ aoR e eU

= = i 49.25
E,eun 3c? 6mRc2  6mc? ( )

[Ipu uncsenHolr olneHKe TOCTIEMHEN (QOPMYITHI MBI CTAJIKMBAEMCS C
MPUHIANAAJIBHBIMU TPYIHOCTSIMU, KOTOPHIE IIPOTUBOPeYaT SKCIepPu-
MeHTAaJIbHBIM NaHHBIM. O TpUYrHe BOSHUKHOBEHUS STUX TPYIHOCTEN
U MYTSIX UX OPeonoJieHUs MOouleT pedb B CJIeAYIOIIeM pa3selie.

50. TpynHoCcTN TEOpMHU CBA3aHHBLIX 3apAO0B U BO3MOXKHbLIE
IyTH BbIXOOa

OnHoll 13 TJIaBHBIX TPYIHOCTEN, BOBHUKAIOIINX B pacdyeTax IMO-
Jiell OT CBSI3aHHBIX 3apANOB, IBJITIOTCA OTPOMHBIE IIONIPaBKU II0 CpaB-
HEHUIO C KJIACCUYeCKNMU pacdeTamu. HampuMmep, mpu BEIYUCIIEHUIX
eMKOCTU yelIMHEHHBIX TeJl U KOHIeHCATOPOB MpPU peaJIbHBIX HaIpi-
KeHUgX 50 KUJIOBOJBT IOJIyYalOTCAd OTKJIOHEHUS OT KJIIACCUUEeCKUX
Pe3yIILTATOB TOPAIKa OTHOTO MBYX MpolieHToB. Kcyim 061 Takme 60516-
1II7e TIOMPaBKU NeNCTBUTEJILHO UMeJI MeCTO, TO OHU OeCCIIOPHO OBI-
i 6B maBHO OOHapyXKeHBI. OMHAKO OTCIONA BOBCE He CJIEAYET, UTO
npenyiaraeMbini noaxon abcypner. Bee ynupaetrcs B Bompoc: 7O Kakon
eMKOCTH UAeT peub B dKCIlepuMeHTax?! B miockom mpocTpaHCTBe -
BpeMeHN TaKOro BOIPOCA He CTOUT B MpuHIUNe. B mcKpuBiIeHHOM
IIPOCTPAaHCTBE-BPEMEHN BOIPOC U3MEPEHUN IBJISeTCI OJHUM W3 IIeH-
TPaJIbHBIX. 31eCh MBI CTAJIKUBA€MCS C TEMU XK€ CaMBIMHU TPYIHOC-
Tssmu, yTo 1 B OTO. YacTuuHo 5T TPYyOHOCTH MOXKHO MPEONIOJIETH,
MCTIONB3YS B pacueTax JIOKaJbHBIe TeTpanbl. Hamu panee 6p110 TI0-
Ka3aHO, YTO B JIOKAJIBHBIX TeTpalaX IIoJie 3apsIXkKeHHOU MJIOCKOCTH
ONHOPOIIHO, a IoJIle BHe 3apsSXKeHHOro IIapa B TeTpalax - KyJOHOBO.
K xnmaccmyueckomy Bumy cBomuTCS B TeTpajlaX U MoJie BHe 3ap IKEHHO-
ro 6ecKoHeYHOTro MInHApa 1 HUTHU. [losToMy, BEIunciigas B TeTpamax
eMKOCTBh TOUHO TakK )Ke, KaK U B KJIacCUKe o GopMyJie

Q

C=— %
I Fioyyda?

(50.1)

TI0JIy9MM BBEIPaXKeHNS B TOYHOCTU COBIIAHAIOIINE C KJIACCAYECKIIMA.
NTak, mid yequHEeHHOTO NPOBOMHMKA M KOHIEHCATOpa MBI pac-
CMOTpeNM dYeThIpe TuUMa onpenejienns emroctu (19.16), (19.21),
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(47.11) u (50.1). B mpocTpancTBe MUHKOBCKOTO BCe 5TU OIpemesie-
HUA IIOJIHOCTHIO SKBUBaJIEHTHEHI. B mpocTpancTBe PuMmana curyanms
HECKOJILKO UHag. Hampumep, eMKOCTE cdephl, BHIUNCIEHHAL 110 GHop-
mynam (19.16) u (19.21), coBmamaeT APYT ¢ APYToM, HO OTIINYAETCS
ot emrocTu (47.11) m (50.1). IlosTOMy TONBKO TIHATEIBHBIN SKCITE-
PUMEHT MOXKET OaTh OTBET Ha BOIPOC, YTO CYNTATH €MKOCTHIO B
PUMAaHOBOM IIPOCTPAHCTBE.

PaccMmoTpum mpyroil mpuMep - mosie BHY TP 3apsAKEeHHON ITOBEPX-
HocTu. B Kilaccuke 5To mojie paBHO HYJIIO IJIS JIE060I (POPMBI BHI-
6paHHOIl IIOBEPXHOCTU. DTO O0BCTOATENHCTBO ABJISETCA CBOErO POIa,
npoBepkoii 3akoHa Kysona. Hackombko Touen 3akon Kysona? Takoi
BOIIPOC BOJIHOBaJI O4eHb MHOrux ucciemoBarenein. Cam Kyson He-
IIOCPEICTBEHHO M3MePSJI CUJIy B3alMONENCTBUA 3apA0B, UCIIOIL3Y I
KpyTHiIbHEIE Bechl. OH IMOBTOPWII OIBIT aHIJIMIICKOro yuyeHoro KapeH-
OUIa [0 TpaBUTAIMOHHOMY B3auMomelcTBuio. VIHTepec K TouyHOCTH
3akoHa KysioHa He cilydaeH. 3HaHMe MONpaBKuU K 3aKOoHY KysoHa 1mos-
BOJISET OLIEHUTh BEPXHIOIO IPAHUILy MAaCCHI TOKoS GOTOHA, pABEHCTBO
HYJIIO KOTOPOIl ABJILE€TCA OMHUM M3 CaMbIX [JIaBHBIX 3aKOHOB (DM3UKI.
Eciu nepenucaTs moTeHIMAI OJIS TOYEYHOrO 3apaaa B BUIeE

Ay = r% e, (50.2)

TO KaK TIOKa3HIBAIOT COBpeMeHHEIe nccilenoBanns € < 610717, B na-
IIIeM ciryJae 3akoH KyisioHa B TeTpajiax cripaBeniiB BHe 3apaKeHHOTO
TeJia ¢ JII000N CTeneHbIo TOYHOCTH, OTHAKO BHYTPHU 3apIKEeHHBIX TI0-
BEPXHOCTEN TI0JIe, BHIUMCIIEHHOe KaK B aGUHHOM periepe, TaK W B
TeTpalaxX OTIIMIYHO OT HYJI.

Ecnu Bocnonib3oBaThes popmydoit (49.32), To mpu HoTeHIMAE Ha
cepe B 50 KUI0BOJILT HANPIXKEHHOCTH MOJI BHYTpuU chepbl BOIIU-
311 ee MOBEPXHOCTHU 6ymeT cocTaBiaTh 1.6% oT 3HaueHUs HalpsIXKeH-
HOCTU Ha ee moBepxHocTu. Hampumep, nmpu panuyce cpepbl paBHOM
OTHOMY MeTpY HaNpsIXKeHHOCTHh Ha MoBepxHOCTHU cdephl paBHa 50000
B/m, a BHyTpu cdepbl HapacTaThb OT HyJs (B meHTpe cepsl) OO
800 B/mx B6musu rpanunsl. [I[pu KimaccudeckoM pacCMOTpPEHUM TOJE
BHYTpU cephbl oTcyTcTBYeT. Ha mepBBITT B3rJIIm KaXkeTCsI, YTO IIO-
JIy4YeHHBIe HAMU Pe3YJIbTATH IPUCY TCTBUS TTOJISI BHYTPU CPePHI TTOJI-
HOCTBHIO TPOTUBOPEYAT SKCIIEPUMEHTAJIFHEIM NaHHEIM. Kak m3BecT-
Ho u3 [120], mepBBIM HCcCIIenOBaTEIEM, 3aMETUBIIIUM OTCY TCTBUE OIS
BHYTPHU 3apsaxkeHHOU cdhepsl, Ob11 benmxamen ®pauknun. [IpocTeii-
MU OIBIT MO TIPOBEPKE TOJIS BHYTPU 3apsIKeHHOU chepHl - 5TO ITIo-
MIBITKA 3apAIUTH TeJIO, MOTPOHYBIINCH UM IO BHY TPEHHEN YacTH 3a-
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PAXKEHHOTO chepmIecKoro MpoBomHMKa. T'ak Kak TeJjo B 3TOM CJIydae
He TIOJTYyYaJIo 3apsaia W 3apsAkKalioch TIPU COMPUKOCHOBEHUN C HAPY K-
HOW YacThio cephbl, TO U3 U3 HTOTO OMBITA CJIENOBAJIO, YTO BHYT-
peHHee T0JIe COCTABJIISAIIO HECKOJIBKO MPOIIEHTOB OT BHEIIHET0. 3aKOH
Kynowna 6®11 IpoBepeH odeHb TIMATETFHO MaKCBEIJIOM € TTOMOITHIO
YYBCTBUTEJILHOTO JIEKTPOMETPA, KOTOPHIN TIOMEITAJIN BHY TPh 60JTb-
IO cephl, 3apIKEHHON 10 BHLICOKOTO HamnpsaxeHus. CTpeska dJjiek-
TpoMeTpa MPaKTUIECKN He OTKJIOHIIIACh MPU CONMPUKOCHOBEHUU He-
3apAKEHHOTO TPOOGHOTO Tejla C BHYTPEHHEN YacThIo ChePHl, a 3aTeM C
sseKTpoMeTpoM. OMBIT OBLT IOBTOPEH U yCOBeplileHCTBOBaH llmnmi-
ToHoM m JladToHoMm B 1936r m Takke MpuUBENT K MOATBEPXKIEHUIO C
OOJTBITIENl TOYHOCTHIO OTCYTCTBUS TOJIS BHYTPU 3apsIKEeHHON CPepHI.

[Touemy xe B HallleM ciydae BHYTpHU chephl ToJie MPUCYTCTByeT?

Bce meno B ToM, uTO TIpoBeneHHBIE HAMU PACUYETHI OTHOCITCS He
K peaJIbHON MeTaJUITNndecKon cdepe TOIIIMMHON TOPAAKA MM, a K Ue-
aJIbHON cdepe TOJIIMHON TOPINKa KJIACCUYEeCKOTO MMaMeTpa >SJleK-
TpOHa WM MHOTO MeHbITen. PakTUIeCKn MBI pacCUUTAIIN TTOJIEe Ha-
PYXKHOTO 3JIEKTPOHHOTO CJIOS, CIUTIOIIIEHHOTO B GECKOHEUHO TOHKUNA
PaBHOMEPHBIN IO TWIOTHOCTHU cJjioii. C TOYKU 3peHus KIIacCUUIeCKOM
5JIEKTPOCTATUKH U U3BecTHON TeopeMmbl UpHimoy [121] B ssekTpocTa-
TUKe HEBO3MOXKHA YCTOMUMBAA CTATUYECKAsI KOHQUTYpAIs ITEKTPU-
YeCKIX 3apANoB. XOTS HOKa3aTeJIbCTBO TEOPEMHBI OCHOBHIBAETCS, B
CYIITHOCTM, JINIITH Ha 0OpaTHOU MPOMOPINOHAJIFHOCTY KBAaIPaTy pac-
CTOSTHUN CUJI B3aUMOMENCTBUS MeXTy TOUEUHBIMU 3apsagaMU CUCTe-
MBI, OTHAKO SICHO, YTO W B HAIIIEM CITy4ae, KOTJa PACCTOTHUE MEXKITY
3apsagaMy MHOTO OOJIbIIIe Ppa3MePOB 3apsamoB, OyIeT CIipaBeNJinB 3a-
koH Kyiiona, a, ciiemoBaTesibHO, 1 TeopeMa Mpuinoy. OueBumHO, 4TO
Ha TIOBEPXHOCTU UAeAJTbHBIX 3apAKEHHBIX TTPOBOTHUKOB CYIIIECTBYIOT
HEKOTOPHIE CHJTHI HEDJIEK TPOCTATUUECKOTO TIPOUCXOXKIEHN ST, KOTOPHIE
MIPENITCTBYIOT BEIXOAY 3aPSIOB 3a MOBEPXHOCTH MpoBoAHMKA. MeH-
HO 5TU CHJIBI 06€CTIeUnBaIOT YCTOMYMBOCTD 3aPIKEHHOTO ITPOBOIHU-
Ka. B mpoTuBHOM cityyae 3JIeKTPOHBI Ha TOBEPXHOCTHU MPOBOTHUKA
1o/l BIIMSHUEM B3aMMHOTO OTTAJIKMBAHUS Pa3JIeTeJMCh OBI MO CTO-
pOHaAM M MOKWHYJIA TTOBEPXHOCTH MpoBoAHMWKA. M crmosb3ys TepMuHO-
JIOTWIO M3 MEXAHWKW, CWJITHI, YIePXKUBAIOIINE IJIEKTPOHBI Ha TOBEPX-
HOCTU 3apsSKEeHHOTO TPOBOMHUKA, SABIIAIOTCS CAJIAMU PeaKIU! CBSI-
su. [Ipu BBRIBOme popMyJT HJIS MOTEHNMAJA 3apIKeHHBIX MTPOBOMTHU-
KOB MBI HCIob30Basn coorHomrenus (19.1) u (19.2), roe B (19.2) m
- Macca »ekTpoHa. PakTruecku, mpyu BHIBO/E TTOTEHITAAIIA 3apIKeH-
HOW MeTaJUITN4eCKON chephl MBI OJMEHUIIN CAJTHI CBSI3U CO CTOPOHBI
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pelIeTKN CHJIAMU HATIXKEHUN HEeBECOMBIX HUTEW OMWHAKOBOW IJIN-
HBI, CBA3aHHBIX B OOITIeM IIEHTpPe, Ha KOHIIaX KOTOPHIX ~MOABEIEHEI”
91eKTpoHEI. Takum o6pa3oM, MBI CBeJIM 3al1ady O 3apSIKEHHOU Me-
Ta/uInIeCcKoll cepe K "yucToit” 3amade, CBA3aHHBIX (B GyKBaJIBHOM
CMBICJIe) B €IWHOM IIeHTPe JIEKTPOHOB. BcTaeT 3akOHHBIN BOpoc o
IIPaBOMEPHOCTH TAKOU AIIPOKCUMAIIAMN.

Moxk#Ho yKa3aTh U OPYTYIO MOMEh B paMKaX KJIaCCMYECKON TeO-
pUM T0JIf, B KOTOPOW yHEepXKUBATH DIIEKTPOHBI Ha TOBEPXHOCTH Me-
Tajyia 6ymeT HeKoTopasd yIpyrasd INIeHKa. JTa IIeHKa aHaJOrMdHa
mwierke [lyankape, ynepKuBarolmel JIEKTPOH oT pasphiBa. Eciu mpu-
IepPKUBATHCSI TaKol Momesn, To B popmyse (19.2) m - 10 yxKe He
“rojiasg” Macca BJIEKTPOHA, a Macca dJeKTpoHa B 1rybe”. Ilpu sTom
Macca Macca ’11yosl” MOXKeT OBITH 10 BeJIMYMHE MHOTO OOJIBIIE Mac-
coI BiieKTpoHa. CTporo 5Ta 3aada pelliaeTcs B KBAHTOBON MeXaHUKe
TBEPIOTO Tejia, Tie BBoAUTCI >PPeKTUBHAL Macca SJIEKTPOHOB IIPU
pPacCMOTPEHNN UX MUHAMUKYU B KpucTajuie. B corsacuu c [122] sTa
sdppekTUBHAL Macca MOXET He WMeThb HUYero ObImero C peaibHOU
MacCol 3JIeKTPOHa. B peaJbHBIX KpUCTAJIaX OHA MOXET OBITH pa3 B
20 GoJstblite, UeM Macca SJIEKTPOHA B IIyCTOM IIPOCTPAHCTBE. Y Ka3aH-
HOE yBeJIMUeHe MacChl 3JIEKTPOHA B ITyCTOM ITPOCTPAHCTBE COOTBET-
CTBYeT CJIy4afo, KOT[a HAMPAKEHHOCTD BHEITHETO MOJIS HalpaBJIeHa,
BI0OJIb mpoBomuuKa. [Ipu sToM sddekTuBHAsS Macca SJeKTPOHA BHI-
YuCIIIeTCA B corsiacuu ¢ popmysion [123]

er e’nr e2rnE

3 = — = pr— . 9 5003
Mag = — 3 ; (50.3)

Tl e - 3apsad SJIEKTpoHa, F - HaIpSKEHHOCTHh BHEIIHETO OIS, T -
cpemtee BpeMs CBoGOmMHOrO mpobera, U - MOABUAKHOCTH SJIEKTPOHA, |
- IVIOTHOCTh TOKa, A\ - yAeJIbHasg MPOBOAUMOCTH MeTaJljla, 7 - KOH-
IEHTPAIA CBOGOMHBIX IIEKTPOHOB B METAJIIIE.

Ecnu mocnennioo GopMyly IpUMeHUTH IJTS CIydast, KOrqa BHEIII-
Hee IT0JIe HAIlPaBJIEHO MEePIIEHANKYIISPHO MMPOBOAHUKY, TO Tpu 6IIm3-
KOl K HYJIIO IUIOTHOCTH TOKAa TE€PMOIEKTPOHHOM SMUCCAU (4TO 1
eCTh B 9JIEKTPOCTATHKe!) MONBUKHOCTE HJIEKTPOHOB B HAIIPABIICHUN
HOPMAJILHOM TIPOBOMHUKY MCUe3alole MaJjia. JTO MPUBOIUT K OUYeHb
O0JIBIIOMY yBeJIMYeHUIo >PPHeKTUBHON MACChl. JDTO O3HAYAET, UTO
9JIEKTPOH B "111ybe” HaMHOro MaccuBHee “rojsioro”’. Takum obpasom,
noncTasisid B dopmyny (49.32) BmecTo Macch "rosoro” 5iaeKTpoHa
Maccy ’omeToro” »jIeKTPoHa, MBI MOJyYUM KCUe3afollle MaJjioe II0JIe
BHYTPU 3apsikKeHHOU MosiocTr. OUeBUAHO, YTO MACCY ~OHeTOT0” SJIeK-
TPOHa HYXKHO MOJACTABJIATH BMECTO MAaCCHI 'TOJIOTO” W IMpPH pacue-
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Te eMKOCTH KOHIIEHCATOPOB. YICHO, UTO BBRIUMCIIEHUS MAaCCHI ~HIyOhI”
9JIeKTpoHa TpebyeT NMpUMeHeHU CTPOTOl KBaHTOBOU Teopuu. OmHa-
KO MOXKHO MPUBECTHU U MPOCTYIO OIEHOUHYIO GOPMYJITY OIS BHIUKCIIE-
HISE 5PPHEKTUBHON MACCH 9JIEKTPOHA, €CJIN BOCIIOJIB30BATHCS M3BECT-
Hoit opmysioln Puuapmncona — Hemmvana [124] mis nioTHOCTH TOKa
P PaCCMOTPEHUN TEPMODJIEKTPOoHHON sMuccuu. Ilpu BerumciieHum
5TON TUIOTHOCTHU ToKa B [124] mcmosibzoBajiach MOMENb UIEATBHOTO
9JIEKTPOHHOTO Ta3a ¢ mpuMeHeHneM cTaTucTuku Pepmu-llupaka u
y4eToM crhmHa 5jieKTpoHa. Ilpu sToM okazasmock, 4TO

j = AT2eXp <—%>, A=

Armek?

X = 120a/(cu’® x K?), (50.4)

rme A - mocTosHHas, OOWHAKOBas OJIS BCEX METAJUIOB, k - IIOCTO-
aHHas bombimana, h - moctosunas Ilmamka, T - abcosmfoTHas TeM-
mepaTypa mo Ikajie KenbBuHa, m - Macca ’rojioro” »jeKTpoHa, b
- paboTa, KOTOPYIO MOJIKEH COBEPIIUTE SJIEKTPOH, UTOOBI C YPOBHSI
depmu BEIITH Hapy Xy MeTajula. HalimenHas GopMysia UMeeT IPOC-
Toll pusmaeckuii cMbica. Bemmunna AT? npencrasigeT coboil 9nciio
9JIEKTPOHOB, KOTOPHIE YIAPAIOTCSI O €OUHUITY MTOBEPXHOCTHU MeTallIa
B e[IMHUITY BpeMeHU. Y MHOXKeHWe Ha SKCIIOHEHIINAIbHBI MHOXUTEITH
13 5TOrO0 YKCJIa YaCTUI] BEIOUPAeT Te YaCTUIIbI, KOTOPBIE B COCTOSHUN
MIPEOIOJIETh MOTEHINAIILHBIN Gapbep Ha TpaHUIle MeTaJlIa.

N3 dpopmya (50.3) u (50.4) Haxomum

e?tnE b
e exp (). (50.5)
kT
B kauecTBe miumocTpaiun pacdera 3h(HEKTUBHON MacChl 3JIeKTPOHA,
paccMOTpUM IIPUMeD, IPUBOAUMELL HaMu BhIile. IMeeMm MenuyIo cde-
Py palmyca paBHOTO MeTpY, 3apaXKeHHYIO 1o moTeHnuaia U = 5-10*
B. Eciu BBecTu 06BIUHOE IIPaBAONONOOHOE IIPEAINOJIOKEeHNe, YTO Ha,
KaXXIBIil aTOM MPUXOAUTCA OAUH CBOOGOMHBIN 3JIEKTPOH, TO TO KOH-
HeHTpalnsd >TUX 3JIEKTPOHOB 6yIeT UMETh BUII
Np
— /
n="-"-"=85%10%cu> A'=63, p=89e/cu’.  (50.6)
AI
Bmecy N - uncio ABorampo, A' - aTOMHEI Bec, p - IJIOTHOCTH Me-
ou. Bpems siekTpoHa MeXIy ABYMS CTOJIKHOBEHUAMM BHIYMCIINM II0
M3BECTHOI U3 obIIell Gusuku popmysie [124]

2mA
2

=5.-107", A =53x10"c"". (50.7)

T =
ne
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[Momaras, uto Temmepatypa T = 300K, mocste TOACTAHOBKU TIOJIY-
YeHHBIX HAaHHBIX HaXOIUM BBIpaxXeHue NJjig 3¢¢GeKTUBHON MacChl B
BUIE

2mAE

7 exp <i> = 55.43-m - exp <i> (50.8)

kT kT

m3¢ =

3aliMeMcs aHaJIM30M MOJIyuyeHHOU ¢GopMysibl. Kciu mosioXuTh B
veit b = 4.47 3B, uTo cooTBeTCcTByeT paboTe BHIXOHA NJIsS MeNu,
TO MOJTyunM 1171 5 GeK TUBHON MACCH OTPOMHOe BBIpAaKeHUe TTOPSII-
ka 5.5 - 10"°m, 9To 6ymeT o3HauaTh Ha KJIACCHUYECKOM S3EIKE, UTO
BJIEKTPOHBI TPU TAHHOW TeMIlepaType MPAKTUUYeCKd He TOKUIAIOT
HIOBEPXHOCTH MeTaJuIa (9JIeKTpocTaTuKal), 0CTaBasiCh MO IIJIEHKOI
[Tyaukape BOsIM3M rpaHUIlBl MeTajlula. DTO U MPUBOIUT K MCUE3AI0-
e MaJION TUIOTHOCTHW TOKAa SMUCCHU j BHe MeTajUla M OTCIoNa - K
orpoMHoOn »dpdekTUBHON Macce. OMHAKO HAC MHTEPECYIOT He Te Jac-
TUITH, KOTOPHIE TIPEOJIOIIEBAIOT TTOTEHIINAIBHBIN Oaphep W MOKUIAIOT
TTIOBEPXHOCTH MeTAaJIa, & Te, KOTOPhIe OCTAIOTCS BOJIM3U TTOBEPXHOC-
THU U CO3MTAIOT AIIEKTpudecKoe mosie. g sTux yacTur >¢PeKTUBHASL
Macca MOXeT OBITH mosiydeHa 1o (opmyste (50.8) Ge3 »KcroHeHIH-
AJTbHOTO MHOXKUTEIIS.

2mAE

m3¢ =

B sTom ciiyuae spdekTUBHAL Macca BJIeKTPOHA B 55 pa3 MPEBHIIIIAET
Maccy MTokos 3jeKTpoHa. CiiemoBaTesIbHO, B PACCMOTPEHHOM BHIIIIe
puMepe MaKCUMAaJIbHAs HAIPSIKEeHHOCTH TI0JIS B MOJIOCTU OymeT He
800 B/m, a Bcero smis 14.5 B/m npu HapyXKHON HANPSKEHHOCTH
Ha cepe 50000 B/ m.

BoisscHuM GusmyecKuii CMBICSI 06CTOATEILCTBA, UYTO ~ cBOOOAHEIE”
BITEKTPOHBI YIEPAKUBAIOTCSA Ha TIOBEPXHOCTHU METAJIIIA, BOCIIOIB3Y AChH
OHOW 13 BO3MOXHBIX NMpUYMH, obcyxkmaembrx B [124]. Kak u3Bect-
HO, BJIEKTPOHHI TIPU TEMJIOBOM NBUXKEHUN MOTYT TepeceKaTh ITOBePX-
HOCTH MeTaJIJIa U YIAJIATHCA Ha PACCTOSHUS TOPSINKa ATOMHBIX. JTHU
3JIEKTPOHBI He MAlOT BKJIANa B TOK SMUCCUU, HO BXOAAT B DJIEKTPOH-
HYyIO0 aTMocdepy Haj/l TMOBEPXHOCTHIO MeTallla, INIOTHOCTH KOTOPOU
odeHb OBICTPO YOBIBaeT B 3aBUCHMOCTU OT PACCTOSHUS OT TIOBEPX-
HocTU. [losmoXuTEenbHEBIN CITON 3apAKEeHHBIX MOHOB ITOBEPXHOCTHU COB-
MECTHO C 3JIEKTPOHHBIM 00JIAKOM 00pa3yioT JBOWHON 3JIeK TPUUECKUN
CJIOM, KOTOPHIN TTOMOOEH M0 MeMCTBUIO KOHIEHCATOPY. DTOT CJION He
co3faeT TOJIS BO BHEIITHEM IIPOCTPAHCTBE, HO JIJIS €O TPEOIOJIEHU S
TpebyeTcs mpou3BOACTBO paboThl ”Bhixoma” . CyIecTBYIOT U Apyrue
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MIPUYUHBI 00bICHEHN paboTHl BRIXONA, HAIIPUMEP, YUeT B3auMOIei-
CTBUSA MeXOY 3JIEKTPOHOM, IMOKUIOAIOMIMM MOBEPXHOCTH MeTaJlljla, C
ero 3epKaJIbHBIM M300paKeHueM.

[TomuepkaeM, UTO 00JIACTH TIPUMEHEHUS MeTONa CBI3aHHBIX 3a-
PAOOB MPUTOIHA IJId KJIACCUYECKOro ONMCAaHUSI MUKPOYACTHUIl C y4de-
ToM maByieHus llyaHkape m miid KadeCcTBEHHOTO aHAJIM3a 3apiXkKeH-
HBIX MaKpocucTeM. KosimdecTBeHHOe omMcaHWe MOCIETHUX IPUBO-
IUT K 3aBHIIIEHHBIM IIOIMpaBKaM, He COOTBETCTBYIOIIAM ONBITHBIM
maHHbBIM. Kak MBI moKa3aju BHIIIE, IPUYNHA HECOOTBETCTBUS OIBIT-
HBIM OaHHBIM CBs3aHa KaK C CyIIeCTBEHHO KBAaHTOBHIMU 3P dekTamMu,
TaK U Yy4eTOM TeNJIOBOTO NBUXKEHUI 3JIEKTPOHOB B MeTaJljle JaXe B
AIIEKTPOCTATUKe. YICHO, YTO TIPENJIOKEHHBIT HAMU yUeT KBAHTOBBIX
1 TeMJIOBHIX 3(PdeKToB BecbMa mpubsmsutesieH. [Imsg 6ojlee ToUHOTO
ONMCaHUSI HYXKHO 3HATH NeTaJIbHBI MeXaHU3M obpa3oBaHUs MTOBEPX-
HocTHoU TieHKHU Ilyankape. Tak Kak moBepXHOCTHBIE 5(PPEKTHI B TIO-
TPAaHUYHBIX CJIOSIX He SBJILIOTCI IMpedMeTOM UCCJIeNOBaHUSI B TaHHOU
KHUTe, TO MBI 5TUM 3aHUMATHLCA He OymeM.
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SAKITIOUEHNE

B saksiouenre oTMeTUM TJIaBHBIE 3a7adll, KOTOPhIE C HAlllell TOYKWU
3peHUs, TTOJIYUNIIN 3/IeCh PeIlleHNeE.

I. CucreMmbl oTcueTa

Bce HCO B paboTe pa3z6uThl Ha IBa Kjacca:

1. HCO c¢ 3adannvim 3axonom 08urcenud.

2. HCO c¢ 3adannoii cmpyxmypod.

B npensiaraemoii pabore mokaszaHo, UTO:

1. IIpeo6pasoBarue Mesmnepa (HCO 1-ro kmacca) He onmuchBamOT
nepexona K riiobasibHo paBHoyckopenHoun HCO. Kaxnas u3 jsarpaH-
JKeBBIX YaCTUIL IBUXKETCS C IOCTOSHHBIM yCKOpeHUeM, HO 9TH yCKOope-
HUS He paBHHI ApYyT Opyry. llosToMy nHTepnpeTupoBaTh Mpeobpaso-
BaHus Meiiepa ¢ MepexoloM B PeJIITUBUCTCKYIO PaBHOYCKOPEHHYIO
HCO ne coBceM 3aKOHHO.

2. Ilpeo6pazoBanne JloryrnoBa (HCO 1-ro ximacca), onucsiaorree
nepexon oT MCO k penaruBucTckon paBHoyckopenHont HCO, B koTo-
POl KaxXJas M3 JIarPaHKeBBIX YacTUI] 6a3uca MBUKETCS C TOCTOSH-
HBIM YCKOpEHHEeM, MPUBOANT K HAPYIIEHWIO XeCTKocTu. Takum 06-
pasoM, TJI06aJTbHO paBHOYCKOpeHHas cucTeMa JIoryHoBa He IBIiIfeTCS
PEJIATUBUCTCKU XKECTKOM.

[Monyuunu mapamokcaJibHBIN pe3yabTaT. OnuHaKoBas IJIS BCeX
JacTull pusndecKas CATyallus MpuUBesa K ABUKEHUIO YaCTUIl OTHO-
cutesibHo Apyr apyra (cuctema Jlorywuosa). s Toro uTobel sTH
YaCTUIB OBLJIM B3aMHO HEIOJBUXKHBI, HEOOXOMUMO K HUM TPUKJIA-
IOBIBATh pasHble cuibl (cucTema Memutepa).

Taxum obpaszom, B pamkax CTO na ocuoBe HCO 1-ro kiacca
HeJIb3s TIOCTPOUTH JIOTMUECKU CTPOWHYIO Teopuio ympyrocTu, [117-
119] ocHoBaHHYIO Ha OTCYTCTBUU B TBEpPIHOM Tejle medopManuii u
HAIpSXKEHU, eCJIM DTO TeJIO NBUKETCSI CBOOOIHO B OJTHOPOMTHOM CH-
sioBoM Tiojie. OMMHAKOBBIE CTAIlMOHApPHBIE PU3NUYECKUe YCIIOBUS IS
KaXJIOM M3 YaCTUI] CPeIbl IPUBOAAT K HECTAIIMOHAPHON MeTpUKe.

Omucanne xectkux HCO B pamkax CTO mpuBomuT K Jiormyec-
KM TPYIHOCTAM, KOTOPhIE OKa3aJIOCh BO3MOXHBIM IPEOIOJIETH ITy-
TeM BBIXO[Ia 3a PAMKU INIOCKOTO MPOCTPAHCTBa—BpeMeHN.

ODTO BBHITEKAEeT HEMMOCPEICTBEHHO M3 TMOJIYUeHHBIX aBTOPOM YpPaB-
HEHUI CTPYKTYPHI.

Ha ocHOBe ypaBHeHUl CTPYKTYPhI HIOCTPOEHA TEOpuUA pe-
JIATUBUCTCKOMN KecTKoil paBHoyckopeHHoun HCO 2-ro kiac-
ca, KoTopas peajn3yeTcsi B PUMaHOBOM MNPOCTPaHCTBE IIO-
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crosHHou kpuBu3HbI. Ilonxonm npu nmocrpoennmu HCO 6a3u-
pyeTrcsa Ha oueBMAHOM TpebGoBaHHMM OTCYTCTBHUA Hedopma-
U 1 HAIIPIXKE€HUl B TBEPOOM TeJie IPU €ro MOCTYIIaTelIb-
HOM MBUMKE€HUU B OQHOPOOHOM CHJIOBOM IIOJIE.

OmsHyM U3 TJIaBHBIX BOIPOCOB, PaCCMOTPEHHBIX B paboTe, 5TO
npaBwia nepexona or HCO 2-ro kiacca x MCO u Haobopor.

T.x. Mmerpuka HCO — pumanoBa, ToO HUKaKUMUI KOOPAUHATHRIMEI
Ipeobpa3oBaHUAMUI, B TOM UKCJIe U COMEPKAIIIUME BPeMsI, HEJTB3S TIe-
peiitu ot UCO mpoctpancTBa Munkosckoro k HCO nmpocTpaHcTBY
Pumana, T.x. HesIb34 co3maTh Wi o6paTUTh B HOJIb TEH30p KPUBU3-
ubl Pumana—Kpuctodderns, ucmonb3ys jobble KOOpAUHATHEIE IIpe-
obpa3zoBaHU4.

[TosToMy BO3HMKAIOT TPYOHOCTHU IIPU MHTEPIIPETAINN N3MEPEHU
PUBNUECKUX BEJIMYMH, BHIPAXKAEMBIX depe3 reoMeTpUYecKue 00beK-
THI. OTU TPYIHOCTHU YaCTUUHO TIPEOIOJIeHBI BBEIEHIEM ~’ S TAJIOHHBIX
KOOPJIMHAT, KOTOPHIE COBIIAJINA C TAJIMIIEEBBIMUA KOOPAMHATAMUI B MIPO-
ctpaicTBe MuHKoBCcKoro. Onupasch Ha ’3aTpaBouHbIe” KOOpPIUHA-
THI TJIOCKOTO MPOCTPAHCTBa—BPEMEHM, MBI TTOCTPOMIIA METPOJIOTUTO
HCO B pumaHOBOM MpoCTpaHCTBe—BPEMEHH, YTO TMO3BOJIMIIO BBISC-
HATH METPUUYECKUAN CMBICIT U3MEPIEMBIX QU3NUECKUX BEJIUUNH.

B xadecTBe mpumepa pacCMOTpPeHO PaBHOYCKOPEHHOE NBUXKEHUE
KOCMIYIeCKOro Kopabiid ¢ ”3eMHEIM” ycKopeHueM ay = 9.8 s/ c?. Pe-
JISTUBUCTCKUN 5PDEKT COKpaIleHns COOCTBEHHOTO BpEMEHN OKa3all-
cA 3HaunTeJbHO 60siee BhipaxkeH, ueM B CTO, uTo BHymIaeT onTu-
MW3M B JOCTHUKEHWUM eI MPU MAJIBHUX MEX3BE3MHBIX Iy TEIIeCT-
BuAx. V3 3aKOHOB ABUXEHUS CJEAYeT, YTO MBUTASCH C YCKOPEHUEM
ay = 9.8 m/c? 3a Bpems (0 4acaM KOCMOHaBTa ) MeHbIlee 354 cy-
TOK MOXHO TIOIACTh B JIIO6YIO ymaJieHHYI0 Touky Bcemenmoir, ecimu
ITOCJIETHIONO, BOITPEKM PEIATUBUCTCKON KOCMOJIOTUH, OTHECTHU K TIPO-
crpaucTBy MuukoBckoro. biuskue pesynbTaThl OBLIN TOJyYEHBI B
[16], [17], ucmonb3yst (6e3 CCHUIIKN) METPUKY, MOJIyUYEeHHYIO HAMU pa-
Hee [18].

XoTs B mpocTpancTBe MUHKOBCKOTO KOCMOHABT IIpoJjieTaeT Hec-
KOHEUYHO OOJIBIIIOE pacCTOsSHUEe, OMHAKO oTHocuTesbHO KBasu—MCO
nyHa My TH | ocTaeTcs KOHEUHoOl U U He TpeBocxonuT c?/ag. ®usn-
YeCKUAN CMBICIT KOHEUHOCTHU paccTosuus | oTHocuTenbHo KBasu—MCO
CBS3aH C MPENCTaBIeHNEM METPUKN, YUNTHIBAIOIIEN JIOPEHIIEBO CO-
kparenune kBasu—MCO orHocuTesnsro HCO.

Haiinentsie sTajloHHBIE KOOPAWHATEL X BPEMS TO3BOJIMIN BBECTH
B PUMAHOBOM IIPOCTPAHCTBE MPENMYIIIECTBEHHYIO CUCTEMY KOOPIN-
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HaT, TMTOCTPOUTEL B DTOW CUCTeMe IoJie TeTpad U CHOPMYyIUpPOBATH
IISTh TMPaBUJI Mpeodpa3oBaHUs TeOMETPUYECKUX OOHEKTOB OT PaBHO-
yckopennoin HCO x NCO.

I1I. CBa3zs HCO n ypaBHeHUSIMHU OWHHITENHA

Hanuuwme KpuBU3HBI TPOCTPAHCTBA—BPEMEHHN TTO3BOJIUIIO YCTAHOB-
JIEHWIO CBSI3U C YpaBHEHUAMHU JUWHIITeHA. ABTOPOM HaWIeHO TOUYHOE
pellleHre CUCTeMBI ypaBHeHUM OuHIITeliHa—MakcBessia, ¢ ”KocMo-
JIOTMYECKON TOCTOSHHOI , Tlle B KaueCTBe MCTOYHUKA B ypaBHEHU-
AX OWHIITENHA WCIOIB3YyeTCAd TEeH30DP SHEPTUU—UMITYJIBCA BJIEKTPO-
MarHUTHOro moJig. B KauecTBe ”KOCMOJIOTMYECKON MOCTOSHHON BBI-
crynaeT BesmumHa A = a¢?/(2¢*), rme ay — yckopenue, ¢ — cKo-
pocTh cBeTa. HalimeHHOe pellleHne OMUCHIBAET HeB3aMMOIENCTBYIO-
TIIY IO 3apsKeHHYIO TbLTh, HAXOAIIYIOCS B PABHOBECUHU B’ TapaJljiesIb-
HBIX OIHOPOMHBIX JIEKTPUYECKOM U I'PABUTAIIMOHHOM ToJiaX. [oka-
3aHO, YTO YaCTUIIHI BTN, 00JIaJaIoIIe 3apsSIoM ITPOTOHA, JOJIKHEI
UMeTh MacCy TMOPSAKa MacChl CTabMIbHBIX SJIEMEHTAPHBIX UYEePHBIX
merp "makcumonos” [21].

ITI. ITocTynaT >KBUBAJIEHTHBLIX CUTYAIlUl U €r0o CJIENCT-
BUA

PasBuTtue nerpamgunmonnoro monxona Kk HCO mpueso x kpyry
3a/1a4u, KOTOPbIe Ha MEPBHINA B3IJIA] He MMEIOT HUKAKOTO OTHOIIEHUS
Kk HCO, Ho Ha caMoM [ejie 0Ka3aJiuch C HUMU T€CHO CBSI3aHHBIMMU.

B crammapTHOU (Qu3MYecKol TeOopuM KPUBU3HY HPOCTPAHCTBA—
BpEMeHU CBI3LIBAIOT C PEUIEHUSIMHU ypaBHEHWN OWHINTEWHa WIN
ypaBHeHUN DuHIITeliHa-MakcBessia Ipu pasHbIX TeH30paxX SHePTUU-
UMITYJIbCAa MaTEePUN.

Ha ctrike OTO u HCO Bo3HukIa HOBasg 0b6JIacThb MCCIIENOBAHUN,
CBS3BIBAIOIINX T€OMETPUIO MPOCTPAHCTBa—BPEMEHN C KJIACCUYECKU-
MU (HEKBAaHTOBBIMM) IIOJISIMU CBSI3aHHBIX 3apsnoB. Ha ocHoBe ”moc-
TyJlaTa 3KBUBAJIEHTHBLIX CUTYyaInui’’, chopMyImpoBaHHOTO aBTO-
pom [107], mosie ToueuHOrO 3apsAna ”’IOABEIIIEHHOTO” HA HUTU
B IIOCTOSHHOM 3JJIEKTPUYECKOM II0OJIE, PKBMBAJIEHTHO IIOJIIO
oT »TOoro 3apsana B paBHoyckopeHHou HCO, ecim HaTsaxXe-
HUSA HUTEN, YCKOPAIOIIEN 3apiall U yAepPKUBAIOIled 3apsin B
1oJie, paBHBbI.

ODTOro MoCTyJlaTa HeT B KJIACCUYECKOW SIJIEKTPOIAMHAMUKE, TIe
cunTaeTcs, 4To mnosie, nokosrerocs B MCO Toueunoro 3apsma, sSB-
JITeTCA KYJIOHOBHIM C(hepuueCKU—CUMMETPUYHLIM BHE 3aBUCUMOCTH
OT TOTO SBJIAETCS JIM 3apAl CBOOOMHBIM WM CyMMa CWUJI, TEUCTBY-
IOIX Ha 3apsn , paBHa HyJ0. C OPYroll CTOPOHBI, MOJIEe OT HTOTO
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XKe 3apsna, TBUKYIIET0CSd pAaBHOYCKOPEHHO, B COTJIACUNU C KJIACCAYeC-
KOU 3JIeKTpoamHaMukon mits Habmonatesis B HCO 6ymeT akcuaabHO—
CUMMEeTPUYHHIM BHe 3aBUCUMOCTHU OT TOTO WJIM MHOTO MeTO[a Iepe-
xona B HCO.

Nrak, ommHakoBas ¢usmuecKas CUTYyaIldsd, B KOTOPOU HAXOMATCS
3apsaabl (OMUHAKOBEIE HATSKEHWUS HUTH), IPUBOAUT K MOJIIM C pas-
mont cummeTpuent! Hamutio mapamokc, mombITKa paspelieHns KOTOPOTro
NpeNNpUHATA B JaHHOU paboTe.

TouHoe cTaTUuveckoe pellleHUe AJIS TMOJIS 3apAla B PaBHOYCKO-
pernort HCO, peanusyemoe B puMaHOBOM MPOCTPAHCTBe—BpeMeHU B
COBOKYITHOCTH C ’THOCTYJIATOM 5KBUBAJIEHTHBIX CUTYAIIUi ITO3BOJIfA-
eT B IPUHIINIE OTBICKUBATH CTPYKTYPY IPOCTPAHCTBa—BpeMeHHU U
HaXOMUTh IOJIS OT 3apsKEHHBIX MPOBOJHUKOB MPOU3BOJIBbHOI (Pop-
MBI. OKa3aJ10Ch, UTO IJIS TeJl, 3aPIKEeHHBIX MMOJIOXKUATETBHO, ~ PeTITH-
BUCTCKUE MMONPaBKU~ MaJibl U CIIPABeIJIUBA OOBIUHAS JIEKTPOCTATH-
Ka B mpocTpaHcTBe MuHKOBCcKOro. 1S TPOBOMHUKOB, 3apsiKEeHHBIX
OTPUIIATEJIFHO WM HAXOAAIIIUXCSI BO BHEITHEM SJIEKTPUYECKOM IO-
Jie 5TH MOMPAaBKU MOTYT OBITH 3HAUMTELHEIMU. B paboTe BRIICHEHA
IMIPUYMHA HTOTO ABJIEHUS U TMPENJIOKEHBI MPOCTeNIe SKCIepruMeH-
THI, TIO3BOJISIOIINE MMOATBEPANTD WM ONPOBEPTHYTH MpeICKa3aHHbIe
3P PeKTH.

Ha ocHoBe peliteHus mjisd mosis 3apsAkeHHON 6eCKOHEUHOW TOHKON
IUTACTUHBI TpencKas3aH 5 PeKT yBeJInUeHUusT eMKOCTH IJIOCKOTO KOH-
nercaTopa Ha 2.4% mpu npusoxeHun K Hemy Hanpsaxennd B 50 xB.

[Tpenckazano oTCyTCTBUE MOJTHON SKPAHUPOBKU TOJIS BHYTPHU 3a-
PSIKEeHHOU OTPUIATETHHO METAJIINUECKON 000JI0UKHU. 31MeCh CIeayeT
METH B BUIY, YTO YKa3aHHBIE YPDEKTHI ABJIAIOTCSI ~ UUCTHIMU U MO-
T'YT CHITBHO OTJINYATHCSI OT SKCIIePUMeHTAJIbHBIX HTaHHbIX. [Ipuannab
5TOT0 PACCMOTPEHBI B TIPENBLAYIIIEM pa3jelle.

IV. Qnekrponunamuka B HCO 1-ro m 2-ro kJjraccoB
KPUTEPUl CTAMOHAPHOCTU (OTCYTCTBUSA WU3JIyYEHU )

B paboTre paccMoTpeHBI MpUMepHl pacdeTa >IJIEKTPOMATHUTHBIX
nosiei B paBHoyckoperHorn HCO. CpopmynupoBaH KpuUTepuii OTCYT-
CTBUS U3JIyUYeHU Yy 3apsia WM CUCTEMBI 3apsiIoB, CBI3aHHBIN C pa-
BEHCTBOM HYJIIO 00OOIIIeHHON CHJIBI pamualimoHHoro TpeHus. [loka-
3aHO, YTO 3aps]l, COBEPIIAIOIINI ruepOoIniecKoe IBUKeHNE NOCTa-
TOYHO MIOJITO He U3JTyUaeT 3JIEKTPOMArHUTHOW SHEPTUH, UTO COTIIACY-
eTcs ¢ Toukon 3peuns M. bophua, B. Ilaysmu u B. I'uaz6ypra. Haiinen-
HOe pellleHle B PUMAHOBOM IMPOCTPAHCTBe—BPeMEHHN OKa3aJloCh aHa-
siorom pemtenus M. bopra B mpocTpancTBe MunaKoBCcKoro. B oTinm-
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une oT pelileHns bopHa HalileHHOe pellleHne He MMeeT ~TOpU30HTA
3a KOTOPBIM 00pa3yeTcs BOJIHOBas 30HA, ITOTOMY M3JIyUeHUEe OTCYT-
CTBYeT BO Bceli obytacTu mpocTpancTBa—BpeMenu NCO.

B mocTpoennoit aBropom [18] kecTkoll paBHOMEpHO Bpallao-
IMeNiCS CUCTeMe 0TCUETa, Pealin3yeMoll B pUMaHOBOM ITPOCTPAHCTBe—
BpeMeHU, OJIS 3apsKEeHHBIX YacTHIl, ~BMOPOXKEHHBIX BO Bpalllaio-
IIUACS OUCK, TAKKe BBITOJTHIETCS KPUTEPUA OTCY TCTBUS U3ITYy YEHU.

Pemrena 3agada o pacnpocTpaHeHUN JIEKTPOMATHUTHBIX BOJIH B
paBHoyckopenHort HCO u paccMoTpeHo mpeobpasoBaHMe TOJIEl U3
HCO B NCO. IlpousBenen pacuet mpomnosibHoro >ddekTa Honmmepa
u pacuet »Toro ke spdpexkra B HCO Mennepa. CpaBHeHMe TTPUBEIO
K OTJIMYHBIM NPYT OT APYyra pe3yjbTaTaM, U TOJBKO YKCIePUMEHT
MOXET YCTAHOBUTH KAKON M3 3TUX MOAXOIOB IPaBOMEPEH.

V. DyiekTpocTaTUYECKOE MOJIE U ITPOCTPAHCTBO-BPEMA
BHE 3apsKE€HHOTO METAJIJINYECKOTO IIapa

Ha ocHoBe ”mocTysiaTa 5KBUBAJIEHTHBIX CUTyalluil’, ypaBHEHUN
CTPYKTYpPH U ypaBHeHMl MakcBesla HalileHO TOYHOe BBIpajKeHUe
IJIS TIOJISE U TeOMeTPUM TMPOCTPAHCTBa—BpeMeHU BHe 3apsKeHHOTO
MeTaJIJIMYecKoro Imapa. Kciam cuila KYJIOHOBCKOTO OTTaJIKMBAHUS
MeXIY 3apilaMy Ha ITOBEPXHOCTH IIapa paBHa CUJle HBIOTOHOB-
CKOTO TIPUTSAXKEHUS U MeXKNy MPOOHBIMU 3apsAlaMy BHe IIapa BHI-
ITOJTHEHO AaHAJIOTUYHOE PABEHCTBO, TO W3 HAIIETO peIleHus ¢ 6oJIb-
IO CTeMeHbIO MPUOJINKEHNT BHITEKAET U3BECTHOE TOUHOE pellleHre
Paiicuepa—HopncTpema, xapakTepusyoliiee 3J1eKTPOBAKyyMHOE CTa-
TUYeCKoe cheprniuecKn—CUMMEeTPUYHOE COBMECTHOE pellleHne ypaBHe-
HUM OWHIITelHa 1 MakcBesia i1 MOJIS 3JIeK TPUUeCcKn 3apaKeHHON
TOYEYHOUN MACCHI.

Ecnu pamuyc 3apsXkeHHOro Iapa yCTPeMUTHh K HYJIIO, U ~ pas-
Ma3aTh’ Ha cdepe 3apsian JIeKTPOHA, TO MOJIYUYUM II0Jie TOUEYHOTO
3apsana.

B pa6GoTe HamneHO TOYHOE BLIpaKe€HUE NJIA SHEPTUM IO-
Jis TodeuHoro 3apsana W, koropoe paBHseTca W = mc® u He
3aBHCHUT OT BEJIMUMHBI 3apiafia. D TO BbIPpaX€HUE yCTPAaHAET
N3BECTHYIO I'VIABHYIO TPYNHOCTh KJIaCCMYECKON U KBAaHTOBON
3JIEKTPOANHAMUKN, IPUBOAAIIEN K 6eCKOHeYHON cOOCTBEH-
HOW PHEPrUHU TOYEYHOIO 3apsga.

Takum o6pa3oM HAII HOAXOMN HEJIa€T KJIIaCCUUECKYIO JIeK-
TPOAMHAMUKY BHYTPE€HHE—HENPOTUBOPEUYNBON IIPU IIE€PEXO-
e K JIIOObIM HJOCTAaTOYHO MaJIbLIM PacCTOSHUIM, YCTPAHASA C
OITHOU CTOPOHBLI PACXOANMOCTH COGCTBEHHON YHEPTUU, U pac-
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cMaTpHUBas C APYIroll CTOPOHBI 3JIEMEHTAPHBLIE YaCTUIHI KaK
TOYeYHbIE B corJiacuu ¢ [7].

VI. I'paBuTanuouHoe 1mojie oT chepudeckoro Kiraccmuec-
KU 1
U PEeJISTUBUCTCKMN XKE€CTKOIo TeJa.

C nenbio cTpororo ompenesienuns pusnyeckoir CO, mommumo meT-
PUKU BBOAUTCSA BBOAUTCI MHOXECTBO HabJIfonaTeseil. DTHu HabI01a-
TEeJIN U3MEPSIIOT MOCPENCTBOM OCHOBHBIX M3MEPUTEIHHBIX TPUOOPOB,
TaKnX, KaK MacIITabbl, YacChl, YTaJIOHHBIE MACCHI, AaKCeJIEPOMETPHI.

Ha ocHoBe coepuueckn—cummerpuunonn HCO, B KoTopoii cko-
pPOCTH 3ByKa paBHa CKOPOCTH CBeTa, a yCKOpeHWe (B TeTpajiax)
COOTBETCTBYET HBIOTOHOBCKOMY, HalilleHa MeTPUKa MPOCTPaHCTBA—
BpeMeHU, JINIITHh He3HAYNTeJIbHO oTImyaloniaics oT MeTpuku [lIBapii-
mumiabaa. Pacuer usBecTHBIX 5ddekToB OTO 1o HalineHHOW MeTpH-
Ke 6/1m30K K KJtaccmueckuM. QTinume MpoSBUIIOCH JIMIITh B pacyeTe
CMEITIeHNs TIEPUIIEHTPA, KOTOPHIA cocTaBisgeT 5/6 oT IIBapIIINITh-
moBckoro. IIpu BEIBole MeTpUKu ypaBHeHU DWHIITENHA He UCIIOIb-
30BaJINCh.

Korna B xauectBe chepuuecku—cummerpuurorn HCO 6v110 BHI-
OpaHO XKeCTKOe TeJIo B KJIACCUUYECKOM CMBICJIE 5TOTO CJIOBa, a 3aKOH
BCeMUpPHOTO TAroTeHus HpIOTOHA CUMTAIICS TOYHBIM, TO MPOCTPaH-
CTBO—BpeMs B TaKOW MOJeJI 0Ka3aJioCh PUMAHOBBIM C MJIOCKUM ITIPO-
CTPaHCTBEHHBIM ceueHueM. llocienHss Monesb MeHee TOYHO YUUTHI-
Bayta 3¢ dexTh OTO, naBasg myigd cMeIlleHUs MePUTeSTUs TJIAHET BeJIU-
YMHY B 3 pa3a MEHBIIYIO, a IJIs OTKJIOHEHUS CBeTa — BEJIMYUHY B 2
pasa MeHBIITyI0, yeM pacdeT 1o mMeTpuke [IBapimuiba.

VII O metrposioruu 8 OTO

Onun 13 pa3mesoB MOCBSAIIEH BOIIPOCAM MeTPOJIOTUHN B chepudec-
KA—CAUMMETPUYHOM I'PABUTAIIMOHHOM II0JIe, PACCMOTPEHHBIX B PaM-
kax OTO [48]. [lenTpanbHOMY ChepUUECKU—CUMMETPUIHOMY TPABU-
TAIMOHHOMY TIOJIIO B IIyCTOTE, OMpPeNesIseMOMY W3 ypaBHEHUMN JiH-
IITelHa, OBLJIO COMMOCTAaBIIEHO HEKOTOPOE YKBUBAJIEHTHOE CUJIOBOE TIO-
Jile B TIpocTpaHCcTBe MUHKOBCKOTO U 0TOOpaXKeHO HBUKEHHE IO Teo-
nme3nYecKUM JIMHUSIM JacTull 6asuca JleMeTpa B mpocTpaHCTBe JWH-
IITellHa Ha OBUXEHWe STOro 6a3mca Mo MUPOBBIM JIMHUSIM B IIPO-
ctpancTBe MunkoBckoro. HalineHo BBIpaXkeHUe HJIs HaIpPAKeHHOC-
TU TI0JIsE, B KOTOPOM MIBMXKETCS STOT 06a3mc, W IOJyUeHO BBIpaXKe-
HUe MJIg SHepruu nosis. HalineHa mpeuMylieCTBEHHAs CUCTeMa KOOp-
MUHAT, KOOPAUHATHI U BpeMs KOTOPOW COBHAJIU C KOOPAWHATAMU WU
BpeMeHeM B mpocTpaHcTBe MutkoBckoro. Okas3ajoch, 4TO paanuaib-

428



Hasg koopauHaTa IllBapuimmiabaa 7 SKBUBaJieHTHA BeJIMUNHE PAIAYCa
BEKTOpa B IPOCTpaHCTBe MWHKOBCKOTO, a BpeMeHHas KOOpOWHATA
[IBaprmuisma ¢t He coBMamaeT CO BpeMeHeM IMpocTpaHcTBa MuH-
koBckoro 1. OTciona Halres1 06bscHeHne n3BecTHHIN napangokc OTO,
COTJIACHO KOTOpPOMY ~KOOpAWMHaTHasi CKOpPOCTh yacTull basumca Jle-
MeTpa CTPEMUTCS K HYJIIO IpU MPUOINKEHNN K T'PABATAIIMOHHOMY
pamnycy, B TO BpeMs KakK Cia, JeMCTBYIOIIas Ha YaCTUIIBI IIPU STOM
(c Toukn 3peruss OTO) cTpeMuTcs K 6€CKOHEUHOCTH.

Ha ocHoBe HalimeHHBIX HOPMYJT TIpeacKa3aH cienyonmi 5pPeKT:

CKOPOCTBb CB€Ta, HCIYCKAaeMOTO C IIOBEPXHOCTHU 3€MJIIN
MepIeHANKYJIAPHO €il, MOJI)KHA GbITh MEHbIIIE CKOPOCTH CBe-
Ta, MaAalollero m3 GeCKOHEUYHOCTHU IEePIeHAUKYJIAPHO IIo-
BepxHocTu Ha 11.2 KM/cek.

PaccMmoTpeno oTobpaxenue Ha MPOCTpaHCTBO MUHKOBCKOTO 13-
BeCTHOTO pelteHns TosiMaHa, U3 KOTOPOro HalAeHO, YTO HPHU TUIOT-
HOCTU BEIeCTBa OJIM3KOM K KpUTUUeCcKoi, Beestentas mo gacam ” Mo-
mesin”’ uMeeT 3HAYUTeIbHO OOJIBIING “BO3pacT’, YeM Mo YacaM ~ opu-
runaja’ . [lougTue ”paccrogunus” B KOCMOJIOTUN He UMeeT OTHO3HAY-
HOTO CMBICJIa U HE UMeeTCS HI OMHOTO ' pacCTOSHUL , KOTOPOe MOXKHO
6ewT0 6B Ha3BaTh “nipaBwiibHBEIM” [49]. [Ipenmaraemsrit B paboTe me-
TO/[T TTO3BOJINJI CUNTATD ~TMPABWILHBEIMI® €BKJIUIOBBI PACCTOTHUAS IS
3aKpBITON U OTKpEITON Mofesen. McciiemoBanus mokas3alim, 4To CBA3b
Mexny OTO, CTO u 3akoHoM BcemupHoro Tarorenus HroToHa oka-
3aJ10Ch 60JIee TECHOM, YeM OOBIYHO MPEAIoiaraeTC.

N3 pazobpaHHBIX TpUMepPOB BUmAHO, uTO mpocTelime HCO mox-
HO peajin30BaTh B PUMAHOBOM IPOCTPAHCTBe—BPEMEHU, OMHAKO HE
WCKJTIOUeHA BO3MOXKHOCTH, UYTO U OHO, MOXET OKa3aThbCd ~ TeCHBIM  ,
YTOOBI ONMUCAaTh CBOMCTBA mpou3BoibHbEIX HCO.

Haro oIHO U3 MPOCTERIINX 0GOBITIEHNI PUMAHOBa IIPOCTPAHCTBA,
— OPOCTPaHCTBO MeTpudeckon cBsasHocTu [50]. B sToM mpocTpah-
CTBe BBIBEINEHBI YpPaBHEHUS CTPYKTYPHI, KOTOpHIE SBIIAIOTCA 6HoJiee
obITIMMU, YeM B PUMAaHOBOM.

VIII. InnaMmuka B IoJjie CBA3aHHLIX 3apsialioB

PaccMmoTpeno nBuXeHMe 3apAKeHHBIX YACTUII B TTOJIIX CBI3aHHBIX
3apsOoB IS CIIy4YaeB IUIOCKON u chepudeckonr cummeTpuu. Ilpose-
IEeHO CpaBHEHUE C Pe3yJIbTaTaMMU, MOJIyYaeMBIMI TIPU KJIACCHYIECKOM
paccmotrpernu B CTO u OTO.

ITokaszaHo, 4TO MeXOy pacCMOTPEHWEM IBUKEHUS 3apAKEHHBIX
YaCTUIl B HJIEKTPOCTATAUECKOM II0JIe IIPOCTpaHCTBa MUHKOBCKOTO
U OBUXEHWEM B TI0JI€ CBS3aHHBIX 3apAIOB B MPOCTpaHCTBe Pumana
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nMeeTCs TIPUHITANNAJIFHOe pasymune. B mpocTpancTtBe MuUHKOBCKO-
ro UCKpUBJIeHA MUpPOBas JIMHUS NBUXKYIIENCS B Mojle YaCTUIIBI, & B
npocTpaHcTBe PuMana nckpuBiieHa MAPOBAS JIMHUS 3aKPETJIEHHON B
1oJie YacTUMbl. MaTeMaTnyecKuil anmapaT IS 3apsana, TBUXKYIIe-
rocs B »JIEKTpocTaTUyecKoM moJie, momoben anmapaty B OTO mpm
PacCMOTPEHNN NBUXKEHUS YACTUIl B CTATUUYECKOM T'DaBUTAIIMOHHOM
mosie. B otstmune ot OTO MeTpuka AJis MOJIE OT CBA3AHHBIX 3aps-
OB OMpenesiseTCs He W3 ypaBHEHWN OWHINTEeWHa, a W3 YpaBHEHUN
MagkcBesia 1 ypaBHEHUN CTPYKTYPHI.

BaxHoii ocobeHHOCTBIO, HalineHHoi HaMu B oTyuune oT CTO u
OTO, aBnageTcs BO3MOXKHOCTh yCTONUMBOIO CTATUYECKOTO paBHOBE-
CUS BJIEKTPOHA B II0Jie TMMPOTOHA Ha PAaCCTOSHUUM paBHOM KJilaccuyec-
KOMY paJuycy >JIeKTPoHa r( OT IleHTpa mpoToHa. llomyckatoTca m
pamuajibHble KojeGaHus OTHOCUTENBHO 7). JTO TOBOPUT O (KadecT-
BEHHOII B paMKaX MOJIENN) BO3MOXKHOCTH CYIIECTBOBAHIS HENTPAJIb-
HOIl CTaOMITBHON YaCTUIIBI pa3MepaMu MOPAOKa 7.

Kpome kmaccudeckux mosient CBI3aHHBIX CTPYKTYP, PACCMOTPEHBI
MIPOCTENTITNE BO3MOXKHOCTHU yUeTa KBAaHTOBHIX s>PpdekToB. Ha ocHOBe
MeTona bopa n 3omMmepdesnibia 06bICHEH CIIEKTP aToOMa BOAOPOAA C
TIOMOITIbIO KBaHTOBAaHUS aguadaTUYeCcKUX WHBAPUAHTOB.

[Tosryuensr GopMyITBI 1715 TOHKON CTPYKTYPH YPOBHEN aTOMAa BO-
mopojia 6€3 MCIoJTb30BaHUS pellleHns ypaBHeHUs upaka.

[MpensaraeM®rii B KHUTE TIOAXOM TIO CTPYKTYpe OJIM30K TTOMXOMIY
Bopa - 3ommepdenbna, HO UMeeT U TPUHIIUINAIBHOE Pa3INUNE.

B orsuume ot monxomna 3oMMepdesibia, UCHOITB3YIONIETO TBUKeE-
HIe JIEKTPOHa B MoJjie mpoToHa B pamkax CTO mitockoro mpocTpaH-
CTBa - BpeMeHH, B KHUAT'e pacCCMOTPEHO NBUXKeHUe 3JIeKTPOHA IO T'eo-
Ne3nvecKoil B paMKaX PAUMaHOBOUW reoMeTpUu, 00y CIIOBIIEHHON II0JIeM
BJIEMEHTOB CBI3aHHBIX 3apAnoB mpoToHa. Iloste mpoToHa, Kak Tako-
Boe, B HallleM ITIoAXole B SBHOM BHUOE OTCYTCTBYeT, NMPOABIIICH B
BHUJle UCKPUBJIEHHOI T'eOMeTPUUN MTPOCTPAHCTBA - BpEMEHN.

Ha ocmoBe mocTynaTa SKBUBAJIEHTHBIX CUTYAIlU WCCIIEIOBAHO
2JIeK TPOMArHUTHOE MoJjle OeryIleill BOJIHBI, CO3aHHOEe TOKOM CBSI3aH-
HBIX 3apanoB. IlokazaHo, 4To BBRIYMCIIEHNE TTOTOHHOW WHIYKTUBHOC-
TU U eMKOCTHU O0eCKOHeUHO TOHKOT'O MPOBO/Ia MPU KJIACCUUECKOM pac-
CMOTPEHUHU MIPUBOAUT K MPUHINTINAIBHLEIM TPYIHOCTSIM, CBI3aHHBIM
c 0eCKOHEYHOW SHepruen IMoJid TOYeUHOoro 3apsama. B Halrem ciydae
TaKUX TPYIHOCTeN He BO3BHUKAaeT KakK AJIS cjaaboro, TaK U MJIS CUITh-
HBIX TI0JIell. DHeprus MAarHUTHOTO TI0JIs BHe TOHKOIO IPOBONA IS
6ospImx ToKoB (J > 10° A) coBnasa ¢ »Hepruell MOKOS Macc 3aps-
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moB mipoBofia. IIpm sTOM 3apsganbl U TOKM W3 pacCMOTPEHUS BHITTANA-
fotT. [Ipu kmaccuueckoM paccMOTpeHUN MarHWTHas SHeprus, (Kak u
SJIEKTPUYUECKas) CTPEMUTCS K OECKOHEUHOCTH, UTO SBISIETCS IIPUH-
IUNNAJIBHOU TPYOHOCTHIO KJIaCCUYEeCKON TeOpUHU MOJIA.

Taxum obpazom, paszBuTue HeTpamuimonHoro noaxoma xk HCO
COBMECTHO C IIOCTYJIATOM 3KBUBAJIEHTHLIX CUTYAIlUU TPUBEJIO K
BO3HUKHOBEHUIO COBEPIIIEHHO HOBOW 00JIaCTU UCCIJIeOBAHUN U Tepe-
CMOTPY HEKOTOPBIX TOJIOKEHUN KJaccudecKon Teopum moss. [Ipem-
JlaraeMasl MOJleJIb YCTpaHWJIa OCHOBHOe IIPOTUBOpeure MexXOy To-
YeUHOCTHIO 3apaKeHHBIX YacTHUll U UX OeCKOHEeUHOW COOCTBEHHOU
sHeprueii. OKa3ajioch, YTO He TOJILKO FPAaBUTAIIMOHHOE, HO U SJIeK-
TPOMAarHUTHEIE IIOJII MOT'YT UCKPUBJISATH F€OMeTPUIO IIPOCTPAHCTBA—
BpEMEHN.
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