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Momnorpadus BblHaOmUXCcs aMepukanckux ¢usnkoB Y.MmsHepa, K. Topna u
Jx.Yunepa «I'paButanusy», BeIITyCKaeMasi Ha pyCCKOM SI3bIKE B TPEX TOMaX, MOCBSIIIEHA
U3JIO)KEHUIO (DU3MUYECKUX OCHOB, COBPEMEHHOI'O0 MaTeMaTHYECKOro amnmapara u
BOXHEUIINX JOCTM)KEHUM TeOpUu TAroTreHus OiHIuTeiiHa. OHa coenuHsieT B cebe
KayecTBa y4eOHOTO IMOCOOHS IO TEOPUH TATOTCHUS M OOIMUPHOTO 0030pa mpodiem
TpaBUTALMU M TEOPUU MPOCTPAHCTBA-BpeMeHH. KHUTa COAepKUT OMUCAHHE HOBEHIINX
METOJIOB U MOCJIETHUX MOJyUYEHHBIX PE3YJIbTaTOB.

[lepBeiii TOM BKJIIOYAaeT 0030p (GU3MYECKUX UACH, JIekKAIIUX B OCHOBE TEOPUHU
TATOTEHUS, CHELHUAIBHYI0 TEOPHI0 OTHOCUTEIBHOCTH W TEOPUI0 HCKPUBIEHHOIO
MPOCTPAHCTBA-BPEMEHH.

Kuura paccuntaHa Ha CTYJEHTOB U acClNHUPaHTOB YHHUBEPCUTETOB U IIa
cneruanuctoB-pu3ukoB. KadecTBeHHass CTOpOHa U3JIaraeMbIX BOMPOCOB JOCTYIHA
caMOMYy IIMPOKOMY KPYTy YUTaTesnei.
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NPEAUCIIOBMUE
PEAAKTOPOB MNEPEBOAA

ABTOpH mOpeAJaraeMoro BHHMaHHWIO uYnTaTeneir TpexTomHMKa «['pa-
BUTANUA» HE HYKAAIOTCA B CHELAAJbHOM UDPEACTABICHHH COBETCKOMY
antatento. Ilpodeccop Mapmaennckoro ynupepcutera Yapnaz Mus-
Hep, mnpodeccop HKammdopHmiicKOr0 TEXHOJOTHIECKOTO HMHCTHTYTA
Kan Topa m npodeccop Ilpuncronckoro ymuBepcuTeTa Jlxon Apua-
Ganpy VYmaep ABIAITCA aBTOpaMH MHOTHUX 3aMeYaTEJIbHEIX KHHT,
OepeBeICHHNX HA pPYCCKMA A3HK, XOpomo M3BeCTHHX M OHCTpo
crasmux OmbGamorpadmueckoii pemrocToio. OHE DpeACTaBIAOT pas-
BEE NOKOJEHHA (H3AKOB-TEOPETHKOB, M Ka)KAH M3 HUX BHEC BHJA-
OmuEiAcA BKJIAA B H3MKY M CIENUAJIbHO B TEOPHIO TATOTeHUsA. ABTO-
PH ABIAITCA OCHOBATENAIMA HAayYHHX IMKOJ, A Goibmas noaA Bcex
HAIIEX 3HAaHAH DO COBPEMEHHOH TEOPDHH TATOTEHMA, IO CTPYKType
NpOCTPAHCTBA-BPEMEHM CBA3aHA C MX MMEHAMM M MMEHAMH HX ydJe-
HHAKOB.

Monorpa¢ma «['paBaTanma» npeacTaBiasieT coGoif yHHKaJIbHHI
TPYA, OTIHYAIOMHUIACA BO MHOIAX OTHOIIEHHAX OT HM3BECTHHX KHUT
no npobaemam tAroterma. OHa coegmuAeT B cefe KadecTBa ydeGHOTO
nocobna m o6mmpHOro o630pa Nno rpaBETANMOHHOM ¢u3mke (oOmeit
TEOPHH OTHOCHTEIBHOCTA OJHHmMTeHAHA, HIH (reoMeTpPOAMHAMEKE)).
Ilpemxnpe Bcero 5T0 yd9eOHEHK, HamMcaHHHi BecbMa CTpPOro H mocJie-
nosatenbEo. Ho B oTimudme oT OOHYHEX y9eOHAKOB, HBII0MKEHHE
BeieTCA BechbMa O0pAasHEIM, JKABEIM M3HIKOM, C ACHEIM BHIIEJICHHEM
¢msn9ecKHX W MaTeMaTH9eCKHX HJei, JekammXx B OCHOBe M3Jjara-
€MOr0 MaTepHala. JTOT CTHIb ONpefelnJ H HeoOHYHOEe moCTpoeHHe
mororpadmm. OHa mo cymecTBy BKJIIOYaeT B ce6s ABa y4eGHEX IIOCO-
6nsA, CoBMEmMERHHX B ofHOM mafgaHEH. IlepBoe mocobue (kypc 1)
ApaseTcA yie6HNKOM, B KOTODOM H3JIaraeTCs COBPEMEHHOe COCTOSIHHE
obmeit Teopmm OTHOCHTEIBLHOCTH, OfHaKO 0e3 yraybieEnmsa B Bak-
REle B HHTepeCHhe, HO Bce ke Oojee cnenmmajdbHEIE BONPOCH. IJTH
BONIPOCH OCBEMAIOTCA BO BTOpoM mnocobmm (kypc 2). O6a mocobus
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«oepemewmanny, llaparpadr, oTHocAimuecss KO BTOpOMY 110CO0UI0,
HNOABJAIOTCA 110 Mepe HEe0O0XOAMMOCTH cpegud maparpadoB LepBOTO
nocofusA. I3TO HHCKOJBKO He 3aTpyAHseT YUTATENI0 NOJIb30BAHUE
KHUTOil, TAK KaK KU/KZAA CTPAlMila HepBOro mocobusa moMedeHa mud-
poii 1 B BepxHeM yIay, a KasK/[asA CTPaHMIA BTOporo — iyidpoi 2.
YpTareab 10 KEJAHHI0O MO;KET 3HAKOMUTHCA ¢ o0LuMI BoOpocaMmiu,
H3J0KEHAKME B IepBoM yueOHHKe, N yriay0afATbcs B JETAaJH Bo BTO-
poM. las paGoTH ¢ mepBRIM yIe0HHKOM TOCTATOIHO 3HAHUS BEKTOp-
HOTO AaHAJAM3a N WPOCTHIX YPABHEHAHd B YACTHHIX IPOM3BOMHUBIX.
PaGora co BTOpmM (KpOoME HEKOTODPHIX MeCT) TpedyeT mnpouTeHUst
TOALKO Hpenaymux naparpados mepsoro yde0Huka.

Yurareab MO;KeT HAYMHATH M3ydeHWHe KHUTH, NPAKTHIECKH HUTe-
ro He 3HaA O Teopmu oTHocuTedbHocTH. [IpopaboTaB Bce magauue,
OH CMO;KeT He TOJIbKO pa3bupaThcs B COBPEMEHHHIX CTAThAX IO rpa-
BUTAmUM, HO M CAMOCTOATENbHO HadaTh paboTaTh B 3Toil odiacTh.
Pa3sBuTHIi0O TpaKTUIECKUX M HCCAEAOBATENLCKAX HABHKOB CHI0OCO0-
CTBYIOT YNPA)KHEHHUsS, TaCTh KOTOPHIX ABJIAIOTCA LENHMH HCCIEeIo-
BATEJBCKAMU paGoTaMu.

Bea smoHorpadus paabuta ma 4% raaBn, ob6beamuensnix B 10
Goaxpmux gacteil. IlepBuie geThpe gacTu npeacTasaAlOT co0oil coBpe-
MEII0e H3JI0YKeHHEe AmmapaTa M MeTOJ0B KAK CHEeMHANbHOH TeopUuu
OTHOCHTEJLHOCTH (TeOpHH WMJIOCKOTO IIPOCTPAHCTBA-BpPeMEHH), TaK
u ofmeil Teopuu oTHocuTesbnocTd (reomerpogumHammku). [locaenmy-
jonMe mecTh dacTeir («Peaatapucrckue 3Be3dnl», «Bcemenuas», «['pa-
BATAMIOHHAH KOJJIANC M YepHHe JHPHY, «['paBUTAIMOHHEE BOJHELY,
«JKCIepHUMENTaIbHAA NPOBePKA o00wEell TEOPHA OTHOCHTEIBHOCTHY,
«[panump») comepsKaT omMCAaHHE KOHKPETHHIX pE3yJbTATOB TEODPHH
JiHmTeliHa B M3y4YeHMM (U3NKHA CUIABIHIX TPABUTAMOHHBIX ToOJei
M IpOTEKAINX B HUX (U3ATECKMX IPOMECCOB.

B maganmm 1ma pyccKoM s3biKe Monorpadms BHXOAMT B Tpex
tomax. Hacrosmu# nepsuii Tom Brmwyaer wacty | — III mosorpa-
¢un (rmaBel 1—15), B KOTOPHX cogep’KUTCA 0030D OCHOBHHIX HJei
COBPEMEHHOH Teopuu TATOTeHMA (FacThb I), TEOPHA ILIOCKOTO MPOCT-
paHcTBa-Bpemenn (zacts II) u MaTemaTHueckMe OCHOBBI TEOPHH
HCKPUBJICHHOTO mnpocTpancTBa-Bpemenn (gacts III). Bropoit ToMm
copepxut gactu IV—VI. B unx uszaraercs teopust TArorenus Jiiu-
mrTeiiia, TeOpUA PEIATHBUCTCKHX 3Be3[l M MAaTeMaTHIeCKHe OCHOBHI
kocmodorun. Haronen, Tpetuit Tom (gactu VII—X) copepxar reo-
PHI0 TPABATANHOHHOTO KOJLJIANCA, TEOPHI0 IPABHTANMOHHHX BOJH,
ONMCAHMe JKCIePUMEHTOB N0 NPOBEPKE TEOPUU TATOTEHMA M HEKo-
TOpHE MaTeMaTHdeckdme 0000menns.

B JmTepaType yke HEOQHOKpPATHO OTMEYaJaCh M3yMHTEJIDIIAsA
KpacoTa ofmeit Teopuu orHocuTenabHocTH. Hopeiimue rnyGoxue pe-
3yJbTaTH TEOPHH, KACAKN[HeCAd OPAPOAH NIPOCTPAHCTBAa-BpeMEHH,
€r0 TONOJOrMIECKOH CTPYKTYpPHI, NPOMECCOB B OKPECTHOCTH «Iep-
HHX JIMp» W BOIA3M CHHCYJASADPHOCTEH, BOO4BJIAT HOBHE fApKHE
KPacKM K 9TOMY BeJwWdaiiuieMy CO3JaHHI0 Te0peTHIeCKOil MHICJIH.
MacTepckoe H3I0KeHHME ITHX pe3yabTaTOB aBTOpaMM MoHorpadun
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mO3BOJIAET MOHATL KPACOTYy O9elb CJOMKHbIX BOL)OCOB. 371ech c.le-
AyeT eme pa3 moRYepKHYyTh, YTO ABTOPH ABJAIOTCH OJHHAMI M3 CAMBIX
H3BECTHHX M aBTOPHTETHHIX CIENMAJACTOB 110 TPABITATNUH, U MHOTHE
Ba;KHHIE Pe3y.IbTATHl TOCAeTlero BpeMeHd M INTyGOKHe njed B 3TOM
TEOPUA TNPUHALTE:KAT MM. A\BTOpam ymanoch, HO HAauleMy MIIEHIIO,
B OOCJENHUX LICCTH YacTAX (no o6Gbemy 3To 2/3 Bcero usganHus) B
BeCbMa MPOCTOif M BMecTe C Ten CTpOroit opMe HOIECTH A0 4UTATENA
NONHYI0 KapTHIY TOTO, UTO 9acTO HA3HBAIOT TeOPETIYeCKOH peJsi-
TABUCTCKOH acTpodumamkoit. l3no;kemme BefeTcs € TOUKH BpEHAHA
QH3UKOB-TEOPETHKOB M B HEPBYI0 odepenb AiA obydenus ¢A3mKOB-
TeopeTnkoB. IloaToMy B KHHre, €CTeCTBEHHO, OTCYTCTBYIOT MHOIO-
9HCEHIIe acTpoPu3udecKne acneKTH npobaeMbl, KOTOpHe YATATENI0
clefyeT MCKaTh B ADPYIHX, «0oiee acTpoHOMuueckux» Kuumrax. OmgHa-
KO Be3lle cielaHH mnojpobunie GuGamorpadmueckue CCHUIKH, M 9IHTa-
Teab Ge3 Tpyma cMoiKeT HaliTH Bce, 9TO ero MHTepecyerT.

Oco6enno ciexyer oTMeTHTb moApoGHOe M3JIO:KClIME COBpEeMEeH-
HOr0 COCTOAHHMS BONPOCA O MpOBepKe OGWEeHl TEOpHH OTHOCHUTEJNb-
HOCTH. B yueGHMKe M Ha CTOJNb BHICOKOM COBPEMEHHOM YpPOBHE 3TO
CHeJaHO BOEpPBHIE.

EcTectBeHHO, MO;KeT BOBHMKHYTH BONPOC: IO TEOPHH TpaBM-
TamuH HaNHCaHO TAK MHOTO0 KHHAT M y4e0HAKOB, 3aueM HANMCAaH 3TOT
seme omuH» y4eOruk? OTBET JAlOT caMm aBTOpPH MoHorpaduwm.

Bo-mepBrix, B Hame BpeMsA TeopmsA TIpPaBHTanumM JUHMTeiHA M3
a6CTpaKTHON mayKu CTajla OJHOM M3 Ba/KHOHIINX KOHKPETHHX HayK.
Ona mMeeT npuiokenua Kak K mpoGieMaM [BHKENNS eCTeCTBEHHBIX
H HMCKYCCTBeHHHIX HeOecHRIX Tea CoiHeu4HOll CHCTeMH, HOCTEHEHHO
MEHAA Oy M3 CTapefilImx M NaTpUapXadbHHX Hayk — HeGecHyIO
MEXaHHKY, TaK M K mpobjemMaM co3gaHAA HETEKTOPOB IpaBHTALMOH-
HHX BOJH M APYTHX OpmGopoB; HaKoHeN, caMOe Ba;KHOe — TeopHdA
rpaBUTAIEM ABJIAETCA OCHOBOH HOHMMAaHHUA HHTOPECHHIX acTpopmsm-
9eCKMX OTKDHITH# — HEATPOHHHX 3Be3[, «IePHHIX [HIP», KOCMO-
JOTHYECKUX IIPOIEeCCOB pacmupeHus BceleHHOH, PelHKTOBOTO H3Jy-
YeHIA ¥ MHOTOTO Apyroro. Bce 3To He HaXOQAJIO B MOJHOM Mepe oTpa-
JKEHIIA B Ipe:KHMX ydeOHHKax.

Bo-BTOpHIX, HOBHE NPAIO;KEHMS M HOBHIE 3ajJadM 3ACTABUJIH pas-
BUTb HOBble MAaTeMATHIECKHO METOJH HCChefoRaHHA. B mnpeumx
VIe0HHKAX HX aBTOPH OOHIYHO OrpaHMYMBATUCH TEI30PIEIM AHATH-
30M M TPaJUOHOHHEIMH MeETOJaMH ONHUCAHAS pPHMAHOBHIX TPOCT-
pancts. Teneps 3TOro coBepIIeHHO HETOCTATOYHO, M ABTOPLI JANHOMH
Monorpaduit  HpUBOAAT HOBHIC MOU[HEIE MATeMATHUYECKHE METOMH.
H310/weHnbe NPUIIIIK M OPABEIH K NOABAEHHIO 3TOM MOHOTrpadum,
norpeGoBaBmei ogenh JOJAroi H TMAaTeIbHOH paboTh.

M yBepenst, 9To Taroe dQyHmameintanbHoe ydebuoe mocobue
OyaeT HCKIIOYHTEAbIO MOTE3HHIM B TedeHHe MHOTHX JeT IS IIHpo-
KOTO KpyTra CMCHAATHCTOB B 3Toil GHCTpo pasBlBaomeircs ofaacTu
BV INTE

B. B. Bpazunckuii
H. JI. Hoeuros
2—01457



NPEAUCIIOBUE ABTOPOB
K PYCCKOMY U3OAHUIO

Co3HaBas, 9TO MH 09eHb MHOTMM OGS3aHH HANMM COBETCKHM KOJI-
JleraM, KOTOpHle IOMOTJIM TIy6yKe MPOHUKHYTH B HMeJHH pAX npoGaem
U BCAYGCKH CTHUMYJHPOBAJIM Hamy paboTy, MBI MCOHTHIBaeM OTPOMHOE
VIOBOJbCTBAE OT TOTO, YTO 9TA KHHTA MepeBeJieHA Ha PYCCKUIl ABHIK.
Mub 6xarogapunt B. B. Bparmnckomy u U. JI. HoBakoBy, mo num-
MUaTABE KOTOPHIX HMpeJIpPHHAT HepeBod. Mbl MCKperiie IpU3HATENbHHE
Tak:xe HamuM KojimeraM M. M. Backo, A.T'. Ilonnapesy m A. A. Pyas-
MalKHHY, B3ABIKM na ce6s Tpyx nepesectu kKuury. Hamu BHeceno oko-
J0 ABaANaTH MCOpaBlieHHMIl B NiepBOHAYaJbHOE M3JaHMe HA AHTJIHMH-
ckoM s3bike. Ecam mocTaBuThb cefe Ienbl0 OCTAaBAThCA Ha HafjIexka-
IeM ypoBlie eme X0TA Obl B Te4eHHe AECATH JeT, To CyAA IO HeoGH-
qajtio GLICTpOMY Nporpeccy B pasBUTHH TEOPHH M IKCIEPHMeENTa
B maHHoii o6macTu Kak B CoBerckom Colose, Tak M 3a TPaHAIEil, cie-
moBaso 6 ropasjo riay6ike nepecMoTpeTh cofepixanne KEUTH. C Toro
MOMEHTa, KAK MH 3aKONYMJIHN aHTJIWACKOe H3[jaHue, MOSABHJOCH TaK
MHOTO HOBBIX JOCTHKEHHI, 9TO HaM XoTeJoch GBI MHOTOe H3MEHUTH
B HaCTOALleM PYCCKOM HM3fganmu. Ho B KoOHIe KOHI[OB MK pemMJid,
uTo 6HICTPHIT TepeBoJ € HE3HAUMTEJbHEIMH HCOPABIENNAMM TIpef-
NOVTHTe bIICe, UeM 3a/lePIKKa 114 HECKOJBbKO JeT, KoTopasg Moraa G6m
notpe6oBaTbcA JAJMA JAEHCTBUTEJIBHO OCHOBATEIBHOTO IIePeCMOTpa
KIIWTH,

Yapaz B. Musnep

Kun C. Topn

Howcon Apuubasrd Yuaep

Npnacton, Helo-:xepch



MPEOAUCNOBUE ABTOPOB

JTa KHHra sABaAeTcA ydeOUEIM mocobueM 0O TeopMM TpaBHTAIUK
(¢o6me#t TeopHH OTHOCHUTENLIIOCTH» IJHNNITeiHA, MJH (TEOMETpPOaU-
HammKe»). B Heit cofepmuTca ABa Kypca mo atomy unpenamery (kype 1
u Kypc 2). B Kypce 1 ocHOBHOe BHHMAHHE COCPENOTOYENO HA KJ0'e-
BHX ¢usndecknx npaesax. IlpexBapuTenbHHe 3HAIMA mO MaTeMaTHKe,
HeoGxonuMEIe JJIA ero H3ydellnsA, BKIIOYAIOT JHAIIbL BCKTOPIKIM aia-
AM3 W mpocTeiflMHMe ypaBlieHUA B YaCTHHX OPOM3BOAHHX. Ero ymoGuo
HCOOMH30BATh B KAYeCTBe CEMECTPOBOTO Kypca JJIA CTYAEHTOB Kak
CTAapIIMX, TAK A MJIAJUIAX KYPCoB M acnupanToB. ITo MHenuo anTopos
€ro cofiep;KaHne COCTaBIAET 00A3aTEAbHBIM MUHAMYM 3IIaHMH 0O TCO-
PHH TATOTEHHA, KOTOPHM JI0JKeH o0aafaTh KaKAHM XOpONMil CTYy-
aent-gusur. Ha crpannmax, comep:xamux maTepuan Kypca 1, B Beps-
neM BHeIIHeM Yray mnocTaeileHa mudpa 1, mossoaAwmas uuTateaw:
JIeTKO 1IaXxOfMTh maparpadel 3Toro Kypca. B ornaeieuus Toii e
IeJM CIYRUT JKEPHAA YepHaAA depTa PAMOM ¢ Homepamu maparpadosn.

OcTanbpHaA 4acTh TeKCTa AouodHAeT Kypc 1 mo xypca 2. UuraTea
0 npenojaBaTeNnm CBOGOJHH BHGHpaTh B KauecTBe AONMOJNIMTENbIIOLC
MaTepHajia Te YacTH Kypca 2, KoTopsie X $oJiee BCEro MHTepecylor.
3a HeCKONBKUME HCKIIOUeNHAMH J06as ri1asa Kypca 2 MOHCT GBIt
molATa YuUTaTedeM, M3YYHBIIAM JHINb OPEAUIeCTBYOmMUA MaTepuil
Kypca 1. Uckaiouenna nmoApo6GHO OTOBOPEHH B HAYAJI€ KAXKAOH TJanh!
Kypca 2 I IpH Kas<AoM Iepexojie oT Kypca 1 ¥ Kypcy 2 BHYTpH Iiak.

Bce usmanme B menoMm (moamocTeio Kypc 1 m moanocTeio Kype 2)
mpeAnasNnadeno AJSA TOAMYHOTO AaCUHPAaHTCKOTO KYpPCa B CTPOToN
H3JI0;KeHHN, XOTA MHOTHE JICKTOpPH, YATAIOIHAE TOHOBOH KypC, MOTYT
npefnodecTh GoJlee MeMJeHHBI TeMIl, ONYCTUB 4YacTh MaTepHalia
kypca 2. Ono moikHO faBaTh YpOBeHb 3HAHHH IO TEOPMH IpaBm-
Tamuu, NpubIN3NTENbHO COOTBETCTBYIOMUN YPOBHIO 3HAHUM 110 TEOPHH
3JIeKTpOMArueTA3Ma, KOTOPHIM B cpefiHeM o6GiaafaeT pokTtop ¢uioco-

pAd
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$uu ). Horaa crygeur JocTurieT 3TOro yposiisi, ol Oyger 3uaTb
3aKOHB (HM3UKH B INIOCKOM IpocTpaHCTBe-BpeMmenn (raaBu 1—7).
OH cMO:ieT [ej1aTh NOPAJKOBEE OOEHKM [JIS M3Yy4YaeMbIX ABIEHHH,
U TAK/Ke 1POBOJNTH pacueThl ¢ HCMOJIL3OBAHMEM OCIOBIILIX METOZOB
cospesennoii auddepennnaibiuoii reoserpum (raasst 8—15) ¢ awboii
pasymuoi crenetbio TouHocTH. JLiasg nero Gyer nousATHA reoMeTpiye-
ckast opMyJHMPOBKA OCHOBHBIX 3aKOHOB PM3HUKM B JAyXe JHINUTeila
(raaBu 16—22). OH 031aKOMHATCA ¢ DpPIIOKeHHAMH o0weil Teopui
OTIOCUTEALIIOCTH, TPEICTABIAIOMMMA HauG0JIbLIMA HHTEPEC B 1ACTOA-
Hiee BpeMA: MyJdbCapaMil M HEHTPOHHHRIMM 3Be3famu (raaeu 23—26),
rKocmostornedt (raaeut 27—30), reomerpueit Ilsapmwniasga M rpasi-
TaUoOIIEM Kosutancosm (riasu 31—34), rpaBUTANMOHHEIME BOJINAMH
(raaBnt 35—37); paccMOTPHT HKCHEPHMEHTH L0 IIPOBEPKE TEOpHH
Jdiinwmreiina (riaaBe 38—40). OH cMOjkeT YMTATh COBPEMEIHYIO maTe-
MATHYECKYIO JuTepaTypy no guddepeHnuarbHO# reoMeTpuu, a Tariie
HoBeine nyGauKaguu B pU3NIECKUX M acCTPOPUIMIECKUX KYPIIATAX
M0 TeOMEeTPOMHAMHKE M €€ HPHJIOKEeHMAM.

HOxsa Tex, K’To 3axodeT NMPOABHHYTHCA HgaJbliie, 9eM ypaBIleHUsS
noJig, d9eThipe OCHOBHHIX OO0JACTHM NPHUJIOKEHUH M BKCUEPHMEIITH
oo mpoBepKe, B KoHme Kuuru (ryaBe 41—44) pan kpatxuit o63op
HEKOTOPHIX IE€PCHEeKTUBHHIX HANpPABJIEHMIl B OOmEHd TeopHu OTHOCH-
TeabnocT. Cpean 3aTPOHYTHIX TeM ocoboe BHUMAaHUE YAEJeHO cymep-
fIpOCTPAHCTBY M KBaHTOBO# reoMeTrpofMHaMMKe. B 3THx raasax
chopMynUpOBAHH HEKOTOpPHE KpynHedmume mnpobiaeMu  (PU3NKHU
1l HANpaBIeHUS HMCCJEJOBaHWi, Ha KOTOPHX ydYeHHe B HacCTosLlee
BpeMs KOUNEHTPHPYIOT CBOM YCHJIHAS.

CTymeHTH QHU3MYeCKHX, AacTpPoPU3NIECKMX M MAaTeMaTHIeCKUX
$aKyabTeTOB BCe MEHEe U MEHee MOTYT OHTb YAOBJETBOPEHH IPOCTO
GeceaMu mo oGmgeit Teopmm oTHocuTeasHocTH. OHU XOTAT YCJAHIIATD
1eTKO CQOpPMYIMPOBAHHEE OCHOBIIHE IIOJO;KEHHA DTOH TEOPHH, la-
VIATBCHA CAMOCTOATEJNBIIO OPHEHTHPOBATHCA B NMOTOKe HH(OpMAIIL.
Bce Gosnumee 9uCI0 YHUBEPCHTETOB BBOJUT B CBOM IIPOTPAMMHEL CEPbLE3-
IIble KypCHl MO KJACCHUECKOM reoMeTpoIMHaMuKe JHHINTEHHA, cdhop-
svysanposanioi B 1915 r. CoBcem niade o0CTOANO HEN0 € KJaccHue-
cKoif asekTponuHaMuKoii Makcsemaa, cosnanuoit B 1864 r. B 1897 r.,
rorgaa JiHmTeitH Ob1 cTygeHToM B [{iopuxe, oToro mpegmera He ObL10
B y4e0HOM pacIuUCAHMM [a;Ke IIOJOBHIILI €BPOIEeCKIX yHHBepciHTe-
ToB 2). «Mu nampacHoO kZanuM H3I0:kenvs Teopum Marceemnan,—
BCTIOMHIIAET OJUIH 13 COKYpCHMKOB JinmTeitiia. «bouee Bcero Guin
pazogaposan Jitmmrteinny [37], Tak Kak on CYUTAT BIEKTPOTEHAMUKY
«aauboliee mpuBJIeRaTCIbHEM B TO BpeMs mpegmeToM» [38] — omeura,
KOTOPYIO MHOTHE CTYTeNTH JAlOT Teneps TeopHu JiHmTeilnal

Teopusa MaxkcBeasia HamoMuuaeT Teopuio JifHITeliHa To TeM
cpoKam, Kotopsie nonago6uincs 1A ee npusnaund. Haxe B 1904 r.

1y YmeercAa B BHUAY CTemeHb HoKTopa $uiaocopum 3a pydemom; oHa INpH-
MepHO COOTBETCTBYeT CTedeHNM KaHAWAaTa (U3NKO-MATEMATAIECKAX HAYK.-—
Hpum. nepes.

2) Holton G., wactHoe coo6menue, 1965 r.
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MOTJIa elle IOSAIBUTHCA KIMTa, HANUCAUIAA TAKUM KPYIILIM HCCIE0-
Barexesm, Kak Buapasm Tomcod, jgopay Heabsuu, co ciosamm: «Tanr
Ha3bIBaeMasA «3JIE€KTPOMArguTHas Teopus CBeTa» HOKA HWYETO HaMm
He jlajia ... MIle Ka;KeTcfl, 4TO 3TO CKopec uiar Hasaf... s moJaraio,
9T0 efUIICTBeHHAdA Beilb, KOTOpAaA MHE KAH(eTCSI BPA3YMHTCALHON,
ABJAETCA HENPHEMJIEMOH... TO, 9TO HOJKHO CYHICCTBOBATL 3JICKTPII-
9YecKoe CMemenue, NepHeHIUKYJIAPHOe HANPABICHUIO PACIPOCTpa-
Henus» [39]. Mosker 6LiTL ofMH M3 co3AaTencit TpaHCATIAHTHIECKOTO
Tejerpada HMEHHO MOTOMY M BHEC TaKo#l GOJbIION BKJIAJ B MaKCBC.I-
JOBCKYIO 3MEKTPOAMHAMUKY — OT €JUHHI{ Il OCHOBHHIX HPHUHIMIOB
I3MEPEeHUA [0 TeOPHH BIEKTPOMATHHTHHIX BOJII, PAaCHpOCTpalAIo-
mUXCA [0 MPOBOAAM,— YTO CaM BHAYAJE C TAKMM TPYAOM e€C BOCHpIi-
HAA? B TakoM ciayuae 3TO HOJKHO OGHAICAIMTH MIIOTHX, KTO CETOIHSA
nayvaer reomerpoxunammuiry Jinmrteitna! K 1920 r., noj Bamsanuem
HOBHIX JIOCTHKEHHU, oT Tejerpada HeanBuna no pagmo Mapkoun !),
ot atoma Peseppopna m Bopa mo HoBeiimeil TexuHKH BRCOKOYACTOT-
HEIX- KOHTYpPOB, BO3HHKJIO o0mee yGesmpmenne, uTo MakcBena 6bra
npaB. CoMHEeHHA OTCTYNMJH. ¥YBepeuHOCTh CTHMYJMpPOBaJa JajabHei-
mye MPHJIOKEHUA, [OBHE NPUIOHEHHA YKPEIJIAIH YBEPEHHOCTD.

Mnuorue cHagaja e TOPONMIMChL NMPUHATL OGMLYI0 TEOPHMIO OTIIOCH-
TEJHIOCTA, TAK KAaK Kasajoch, 9TO OHA HOYTH He HMeeT IIPHJIOKe-
guii. Tenepb Teopusa JiiHmTeliHA TPUBIEKAET MHOTUX HUMEIIIIO TIOTOMY,
q9T0 ona GoraTta mpmio:keHUsAMH. ME 6Goisee He orpaHMYMBAEMCA pac-
CMOTpEHHEM Tpex, XOTA W 3HaMeHHTHIX, HO CKYJHHIX TeCTOB: rpaBU-
TanUOHHOI'0 KpacHOro cMemeHus, ucKpupieuus COJTHEEM CBETOBHIX
Jydeii u mpemeccnu mepuredus opGuTh Mepkypusa. O6mas Teopmsa
OTHOEUTEJHHOCTH B COEJUHEHHUH C PaJUOJOKANMMOHHONM TeXHHKOH mar
3a 11aroM mnpeBpaifaeT HeGecHylo MexaHMKy CoOJHEUHON CHCTEMSHI,
COBHAHHYIO CTAPIMHUM HOKOJEHNEM, B HOBYIO HAYKY ¢ XAPYTHM YPOBHEM
TOYHOCTH, HOBHIMH 3(¢¢deKTaMu W HOBHIMH IepcneKTHBaMu. Enumct-
BEHHBIM TIDUEMJIEMBIM OOBACHEHMEM [JIA NYyJLCAPOB, OTKPHTHIX
B 1968 r., ABAAOTCA NEHATPONHKIE 3BE3/IH, TpeAickasannse B 1934 r.,—
00'beKTH €O CTOJIb BHICOKOIM IEHTPaNbHO# MmIoTHOCThIO (~10% r/cm?),
9TO TpejcKa3anusA Teopun JAHMTENNa OTHOCHTEIbHO UX MAacChl OTJH-
qalTcA OT mpenckasamMii Teopun Heiotona ma 10—100%. OTtnocu-
TeJIbHO JAaJbHEHIIEero YyBeJHYCHAA NJIOTHOCTH, 3aKAHIMBAIOIMETOCH
npomeccoM TpaBHTAIIAOHHOrO KoJiiamca, teopusa Hploroma BooGmie
MOJTHAT; B OTJUYHE OT 3TOT0 € MOMOMBIO KJIACCHYCCKOH IeoMeTpo-
auuamMukn ditnmreiina B 1939 r. Gum mpepckasannl CBOMCTBA 1OJI-
HOCTHI0 CKOJUIAIICHPOBABOIMX OOBEKTOB — «3aCTHIBIIMX 3Be3[», ML
«depHEIX Anip». B 1966 r. cTanm maBecTHBI pe3yabTaThl MOAPOGHEIN
9YHCJIeHHHX pAcY4eToB 00pa3oBaHMA TaKAX O0OBEKTOB B Ipolecce
KoJIanca 3Be3] ¢ ALPOM, HAIOMMHAIOIMUM OCIHA Kapiauk.

B pamm gun wapeskga BmepBbie OOHADYKHTH 9EpHYIO JLIPY —
OTHIOIb IIe caman Gecmousennas M3 HAeH, CTUMYJHPYIOIMAX HaydHHE

1) 3pecs m HHOrAa B fajpHEimeM 3aMeYaHAA aBTOPOB MCTOPHYECKOrOo XapaK-
Tepa.-oy6beKTRBEN. Xo0pomo HM3BECTHO, YTO Mepphii GecnpoBoyoYHHI Tejerpad
6e1 coanaE A. C. IlonoBuM.— [Tpux. ped.
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HCCJIe[IOBAaHUA B pAasJAYHBHIX HampapiaeHusax. HKakoe Bausanme mHa
cBoiicTBa YepHO# JHPH OKa3bBaeT BpameHue? Hakoro poma Bemieck
rpaBUTALMOHHOTO HM3JYydeHUS UCIYCKAaeTCA OpH oOpa3oBaHMM TaKoOro
obbexra? l{aroil popMHUpyeTCHa CHEKTp PEHTTeHOBCKMX Jydeil, Kormga
ras, OTTEKAWIUMA H3 coceHell 3Be3/nl, 3aTATHBAETCA B YEPHYIO
aepy 1)? Bcee mcciaeoBaHMA TaKOro poja, a TaKie pHAL APYTHX,
OCHOBAHHI 11a KJIACCHYeCKOM CPepHYeCKU CHMMETPUIHOM CTATHIECKOM
peulenuy IAHIITEAHOBCKNX ypaBHEHHil moJs, mosydeHHom B 1916 r.
HiBapuiuMabgoM ¥ BIEpBbie NO-HACTOAMIEMY HCTOJKOBAHHOM B COBpe-
meniiom cmbicie B 1960 r., a B 1963 r. o606menHoM Ha 9epHBIE ALIPH
C MOMEITOM BpaLIeHHs,

Ilomumo TectoB B ConHedHO# cmCTeMe M JPYTrAX HPUIIOKEHUM
TEOPHH OTHOCHTEJHHOCTH, HOMHMO HYJBCAPOB, HEHATPOHHHIX 3Be3J
U YepHBIX JHp, OOMHMO T€OMETPOCTATHKH (Cp. C 3JeKTpoCTaTHKOi!)
I CTAalMOHAPHHX reoMeTpMH (Cp. ¢ MArHHUTHHM HOJEeM HOCTOSHHOTO
ToKal) cymecTByeT reoMeTpoJMHAMHKA B NOJIHOM CMHICJIE 3TOTO CJIOBa
(cp. ¢ anexTpomunamukoitl). Hurge tak 4eTko, Kak 3fech, He BHCTY-
maeT BeJMKasa uaes JUHWITENA: TeOMETPHA MPOCTPAHCTBA ABJAETCH
HOBOM (U3NYEeCKO#l pealbHOCTbIO, HAMENeNHIof cTeneHAMH CBOGOIHN
H obmagawen cpoeil co6cTBenHoN AuHamuKoi. Kak mokasan JiHm-
reitt B 1918 r., mepopmainum npocTPaHCTBEHHOM TEOMETPHH MOTYT
NepeHOCHTb dHEPTHIO U3 OJHOTO MeCTa B Apyroe. B HacTrosmiee Bpems
Bo MHoroM Omaromapa uuunuartube J[;rosepa BeGepa geTexTopn
TPABUTALIMOIIHOTO M3JNY4YEHHMA Y)Ke TMOCTpOeHH M HCHOJb3YIOTCA A
YCTAIIOBJEHUS BEpXHHUX IpeeJOB NOTOKA YUEPTHH TPaBHTALMOHIIEIX
BOJIH C OIpefieJeHHHMH 3HAaYeHHAMM 4YAacTOTH, TPOHU3HBAIOMUX
3emaio. HukTo A0 HammMx [Heil He MOT HO-HACTOAIMEMY HpEICTABHUTDH
cebe, KaK MHOTO ABJEHMHl PA3JINIHOTO PoJia JOHKHO CONPOBOMIATHCSA
3HAYMTEJbHHIM TpPAaBHTAUMOHHHIM u3TyveHneM. Hukorma panee
He OBI0O TAKOTO MHTepeca K BHIEJEHHMI0 3THX CUTHAJIOB HOBOTO THIA
M HMCNOJIb30BAHUIO MX /A PerMCTpanuu Aajlexkux coOmTuit. Hukorga
panee He ORUIO TaKOro CTpeMJIEHHA B uejiom psAfge Jaabopartopmii
NOJHATh YyBCTBATEJIbHOCTh NPUGOPOB MO TAKOro YPOBHA, 4YTOOH
rpaBUTAllHOHHOE M3JIydeHHEe CTaJ0 HOBHM NPHUBHYHEIM OKHOM BO Bce-
JIEHIYIO.

Pacuupenne BceneHHO# ABJIAETCA CaMbiM BHAIMMUMCH TECTOM
AJA reoMeTPOAMHAMMUKM JHHIITeiHA, & KOCMOJOTHA — caMoil o6mmp-
HOii oOmacThio mpumeneHusa. I[lpeickasaHde TeopHell pacIIHpEeHHA
Bcenennoit samosro o ero 9sKcHepMMeHTAJbHOTO OOCHApY)Kemus
(1929 r.) Guno cammkoM ¢aHTacTHIHO, YTOGH C€aM aBTOpP B HeEro
nosepuws. Haxogack B mpoTHBOpEYNH ¢ KOPOTKOM BpeMEHHOH MKaJIoH,
noayuennoit Xa66aoM mjasA pacmIMpeHHA, B ITIPOTHBOBEC «TEOPHAM)
(¢cTanuonapHoe COCTOAHHE», «HENPEPHIBHOE pOKIEHUE MATEPUM»),
HOCTPOEHHBIM JUISl ONPaBIANUA U IPAMEHEHAA 3TOH KOPOTKOH IIKAJHI,
KaaccudeckaAa o0mas TeopHsA OTHOCATENHHOCTH DEIIMTEJbHO HACTaM-

1) R anpesio 1973 r. HMEIOTCA BecKHe AOBOAK B N0JAL3Y Toro, 9o JleGens X-1
1 Apyrue KOMNaKTHRC PEHTIeHOBCKHE MCTOYRHKH MOTYT OHTH YepHHMH JHPaMH,
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BaJla Ha NpeJCKa3aHMU AJMTENbHOM BpeMeHHOH WIKAJK; M BCe 3TO
3a JIeCATKHM JIeT [0 Toro, Kak acTpodusukm yGemuaucn (1952 r.),
4ro xa66a0BCcKasA LIkaja paccTOAHMN M BpeMeH lieBepHA U JOJKHA
6HTh yBenndena Goaee 4eM B O pa3. [laBas pacxoskaeHue npubanan-
TeabH0 B 30 pas B 3HaYeHMHM Cpefiell ILNIOTHOCTH 3SHEPIUHU-MACCH
BelecTBa Bo Bcenennoil mo cpaBHeHMI0O ¢ HeaBHUMH acTpodusuue-
cKkMMH faHHBMM 1958 r., TeopHma JiHmTeiiHa, KaK M JECATKH JeT
Ha3aj, HacTamBaeT Ha (oJiee BHICOKOM IJIOTHOCTH, BHABHTAA «3arafKy
HelloCTalomed MaTepHu», CTUMYJHpYeT acTpoPu3MKOB HA Hempexpa-
nmanmuecs MOMCKM, KOTOPhIe ¢ KaKJHM I'oJJoM OPUBOAAT K BCe HOBHIM
CBHJETEJILCTBAM B MOJbh3Y CYMECTBOBAHHA MATEPHMM B HPOCTPAICTBO
MEKIY TaJaKkTHKaMH.

O6mas TeopuaA OTHOCHTEIBHOCTH NpeACKa3aja CyMecTBOBAHUE mep-
BHYHOTO KOCMHYECKOTO M3JYYeHHA OT ¢HAYAJHHOTO B3PHIBA» M JAXKe
OpHOIMKeHHOe 3HadellMe ero TeMOepaTyphl B IIally 3MOXY 3a CeM-
HaJiaTh JeT JO ero OTKPHTHA. JTO M3JNyueHHe eceT uHpopmaIfHio
o coctroAuun BcenenHoit, kora ee gmHeiinue pasMeps GEUIM B THICAYY
pa3, a o0beM — B MMJIMApA pa3 MeHbIle, d4eMm ceifgac.

HBa3snaseanHse 06bexTs, oTKpuTHe B 1963 r., mawT Gomee moa-
poGHYI0 uHPOPMALHUIO O HE CTONb OTAATIENHOM dmoXe, KOrja JuHeiIbe
pasmepH BcesentHoil GBUIM B [BA — 4YeThIpe pasa MeHblie, 9eM ceigac.
Hudopmupya Hac o Tex CTafHAX IBOJMIOLUHM TATAKTHK U Bcenennoi,
0 KOTODHIX MBI He MOKeM Y3HATh MHBEIM CIIOCOGOM, 3TH 00BEKTH Hmpef-
CTaBIAT coboil nedTo Gojbuiee, YeM NPOCTO MafgKH, OCBEMAIMUE
nanekne obmactu Bceemennoit B ganexoM mpountoM. OHM BRIEIAIOT
3HepruMi0 B KOJHMYECTBAX, KOTOpHE He BCTpeYawTCA Hurfge Ooee
Bo Bcenennoii. Onn BHGpacHBaOT BemecTBo ¢ yAXBUTEIbHOM Hampa-
BIEHHOCThI0. VX M3nydeHue 3arafounblM o6pasoM MEHACTCHA BO Bpe-
Melld, OpHYeM N0-PAa3HOMY B CBEPXBHICOKOYACTOTHOM H BHIUMOM
Anana3onax. HBasuaBeaguwe O0BEKTH M AApa TaJaKTHK, NepPBHE
Ha OTPOMHBIX PacCTOAHHMAX, BTOpHE, HaxogAmuecA GAme K Ham,—
B Gonee menkom MacwitaGe, GpocaloT BH30B ofmeid TeopuM OTHOCH-
TeJILHOCTH: MX TaiiHH eme He pasragaHsl

W ecam Goabimoe KoNMTECTBO HPHJIOKEHMHE IreOMeTPOSUHAMHKH
JiHIOTeliHA NMpPUBJIEKAET K ee M3YyYeHHI0 MHOTHX MOJOAKX acTpodu-
3MKOB, TO N0 TOii ;ke NMPHYMHE ITA TEOPUS NMPHUBJIEKAeT N PUBUKOB,
3aHAMarmUXcA Pu3NIEeCKOHd KOCMOJIOTHEeH, IKCIIepUMEeHTaMH o o0meit
TEOPHHM OTHOCHTEJBIIOCTH, TDABUTANHOHHHIM HM3JIyIeHHEM, CBOMCT-
BaMH 06THeKTOB M3 CBepXIUIOTHOTO BemectrBa. O Apyroil mpuumse,
KoTopas MoxeT moOyAHTh K O3HAKOMJIEHMI0O ¢ 3Tod Teopueil,— 06
H3y4eHMH ILUIOOTBOPHO# TOYKM 3peHMA JAHUITeHHa Ha TeOMETPMIO,
Kak Ha HOBBHI ammapaT B ¢u3uKe, MH 37ech He GyJeM TOBOpDMTD,
MOCKOJBbKY, KAaK HaM KaKeTCA, 0 Hell CBUAETENLCTBYET Ka;Kiaas
riaaBa JanHoi MoHOTpadmm.

3auem ny:;xna HoBad KHura? IloABHMAMCH HOBHE NPUJIOKEHHA
o6meii Teopu:M OTHOCHTENBLHOCTH, YPE3BHYAMHO MHTEpecHHEe ¢ (u3u-
9ecKoil TOYKM 3PEeHHS; yCcTapean U3ZaHHEe paHee IPeKpacHHE nocoous
H Cpefu HUX Jake BhiMawuaica monorpadus [40], nanucannaa Boand-
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ranrom llaymit B BodpacTe ABagmaTu oxuoro roga. K tomy ke mudde-
peHIpajIbiiag TeoMeTpMA HACTOJBKO H3MEHHJach mo ¢opme, 9TO
$aKTHYICCKH CTala HeJOCTYOHOH AJMA CTydeHTa, o0ydeHHMe KOTOPOTO
OTPAHMYEHO JHUING TPAJUIHOHHKIM TEH3OPHEIM HCYHMCIEHHEM, HCIOJb-
ayemuiM B Gosiee pannux paGorax. EMy Tpyano, il Jayke HEBO3MOM-
HO, pa3obpaThcA B COBpEMEHHHIX MaTeMaTHYeCcKuX paborax, cpopmy-
JMpPOBATh [JIA MaTeMaTHKAa, KOTOPHH MoOr 6K eMmy HOMOYb, CTOAMYIO
mepen nuM Quauveckyio mnpobremy. MH He Hamam wmHOro cmocoGa
BHIIOJNIATL CBOHl AOJr mepeq CTy[JeHTaMH HAIIMX HWHCTHUTYTOB H YHH-
BEPCHTETOB HOMIUAMO CO3JaHHEA HOBOTO RKypca, cooco6HOTro AaTh ray-
GoKue 3HAHNA IO OpefiMeTy, C COBPEMEHHHM MaTeMaTH4YeCKAM amma-
paToM, OPHEHTILPOBANIIOTO HAa U3UYECKUE U aCTPOPH3NIECKHE MPHIO-
MeHUs, IpefcTaBidloume HanboabIIMil AHTEpeC B HAMMA NHHU, M HPO-
HA3aHHOTO BEpOHl B TO, YTO MHP YCTPOEH KPaCUBO U HPOCTO.

Xai-Aitens, Yapas B. Musuep
Cayt-Bpucton, wrrat Mau Kur C. Topn
4 cemralpa 1972 r. Hacon Apwubaad Yuaep



OT ABTOPOB

Mul BHpakaeM riayGoOKyl0 IpPH3HATEIbHOCTb BCEM TeM, KTO cHejal
BO3MOKHEIM TNOABJIEHHE dTOH Kuurm. KoJsiera 9nTaer HaM cnemualb-
Y10 JeKLHUI0, 9T00H MK MOTJIM Ha ee OCHOBE HamucaTh OXiy II3 IJaB
oroii kuuru. Jlpyroit mcciemoBaTenb pasbmpaeT MJA HAC CIOMHHA
BONPOC POKIOEHNA MATEPHH M3 BAKyyMa NmpH HAJMIHH CIVIBUHIX [IpHA-
AMBUHIX TrpaBUTaguoOHHNX cmia. Jlamexmit Kojsera coobmiaer Ham
no TejaedoHy coMcoK paGoT, KacaomuxcA HEH3MEIHOCTH BO BPCMEHH
¢mangeckux nocrosRHnx. Opmu mncciaeqoBaTeNnh CTABHT HpobiaeMy
OJIOTHOCTH OHEPTAH HYJIEBOro 9JeKTPOMArHATHOro nojsA. J[lpyroi
cHabkaeT Hac KpUMBHMA 3PPeKTHBROrO NOTeRNHaNa Kak (yHKIAR
paccroannsa. BubamoTerapb muimeT 3a rpaHANy, YTOOH JOCTaTh A
11ac CcTaThio B Majou3BecTHOM >kypHame. CexpeTapb nio6e3no mnepe-
nedaTHBaeT B TpeTUil pas mepepabotaunylo riaasy. Pegaxtop u xymo:k-
HHK TNpOABIAIT H300peTaTejlbHOCTh, pemiag HempocTyio mpobiemy
opopmnennsa. JIump yMHOKHB 3TH ApPYKeCKHe IPOABJIEHHA HNOMOIHA
H TeIJIOro COTPYAHMYECTBA II6CIETHOE THCJIO Pa3, MONHO HONY9HTH
HEeKOTOpoe HpeACTaBlleHHe 0 TOM, IeM MH 06A3anul 6oJjee UeM moay-
Topa coTiAM cBoux Koiuer. O6pa3 KakIOro M3 HHUX OCTAJNCA B namei
ODAMATH, ¥ HAOIH CepANa IamoJdHeHH GJarofapHocThio BceM MM. Ml
BHIpajkaeM TaKske cepaeunyw GaaromapHocth Hanudophuiickomy
TeXHOJOTHIECKOMY HMHCTUTYTY, HMHCTUTYTYy HOBEHINIIX HCCAeJOBaHMIA
B Jly6aune, MHcTUTYTY noBeiiminx uccienosaunii 8 1lpuncrone, ¥Yuu-
sepcutery B Kmoro, Yuupepcurery mrata Mopuiaennm, [Ipuucton-
CKOMY YyHHMBepcHTeTYy m YuuBepcutery mrtaTa Texac B OcTmme 3a
rOCTeNpPHMHEMCTBO BO BpeMsA HAmUCAHMA 3TOH KHMrH. Mbl Gimaromaphsl
Axranemnn nayk CCCP, MockoBckoMy YHHBEPCATETY H HAUIMM COBET-
CKMM KOJJeraM 3a HX TOCTEUPHMMCTBO H INPEROCTABJIEHHYI0 HaM
B uioHe — mioae 1971 r. BO3MOMKHOCTH Jydme 03HAKOMAThCA C COBET-
CKHMH paGoTaMK IO TeOPMHU I'PABATANMH. 32 NOMOMb B HCCIEOBAHAAX,
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BOILEAUIMX B 3Ty KHHTY, MBI Gaarogapum HammonanoHei HaydsbIi
dong (cybeumum GP 27304 u 28027 Kaarexy, GP 17673 u GP 8560
Mapunenny, GP 3974 u GP 7669 IIpuncrony), Ortmen Hayu-
HHIX HcciaegoBammit Boenno-posgymwnsix cua  CHIA (cy6eupusa
AF 49-638-1545 Ilpuncrony), HaumonansHoe ympasiiemne mo aspo-
HaBTHKe M HCCIeJOBAIMI0 KOCMMYECKOT0 TpocTpaHcTBa (cyGcumms
NGR 05-002-256 Kaarexy, NSG 210-002-010 Moapmnengy), domg
A. Cioyna 3a crunenauio ogHomy u3 asropos (K. C. T.), memopuais-
merit onx k. Tyremxeiima m xomaemxk On Coync B Oxcdopae
(Anraus) 3a cTumeHguM, MpeocTaBienHbe Apyromy asropy (U.B.M.).



YACTb |

DU3UKA
NMPOCTPAHCTBA-BPEMEHU

B romopoii vumameas cnavasa Gezao (§1.1),

a 3amem Gosee nodpobro 3Haromsm

C OCHOGHBLMU NOAONCCHUAMU U HEKOMODPHLMU

Gosee emopocmeneHHHUMU 80NPOCAMU
2eomempodunamury IJlnwmelina,

He noab3yAcb 8 Kawecmee KOMNAca NpPeuMyuiecmeamu
TOpowezo MameMamuueckozo annapama.






1. TEOMETPOAUHAMUKA
B KPATKOM U3NOXEHUU

§ 1.1. ITIPUTYA O ABJOKE

Oonaxcon ¢ 1666 2. Hviomon okasaacs 3a 2opodom u, yeudes,
kak ynaao 3640k0 (06 amoMm MHe PAccKasara ezo NAeMAHHUYA),
nozpYsuacs 8 2Ay6oKue PASMBULAEHLLS 0 MOU npuxuke,
no xomopoii éce npedmemul YeAeKAIOMCS 6 HanpasieHuu,
noYmu mouHo coenadaueM ¢ HAnpasieHueM k yenmpy 3emau.

BOJIBTEP (1738 r.)

OgHaKON B cafy nmod A0IoHel Je;Kak CTYReHT M PasMHILIAN O TOM,
Kak mo-pasEoMy monumatn rpasmrauuio HeloTonr m J#EmTeHH.
Heosxmnanao oH B3APOTHYX: pagoM yaaixo adiaoko. CTyaent saras-
HYJI Ha Hero M 3aMeTmI, Kak [0 ero MOBePXHOCTH 3aberajJm MypaBbH
(¢ar. 1.1). Emy cramo 110600KHTHO, B OH PEeMUJI BHIACHATE, MO KAKOMY
OpUAGAOY MYpPaBbd BHOAPAWT CBO NyTh. Bocmoap3oBaBmuach yeean-
JUTEeIbHBIM CTEKJIOM, OH TH[ATENbHO OTMETHJ OYTh OJHOTO MYpPaBbs
B, OTCTYHUB OT HEro B K&KAYI0 CTOPOHY 0 MHIAMETPY, cremal
HOSKOM [1BA MapATAETHHBIX Hangpesa ma sA6I0aHOH Ko:Kype. 3aTem
OH CUAT MONYIMBIIYIOCA JOPOKKY M3 KOKYpH U DPA3I0KUI ee A
cpoeil kuure. Temeps uyTh MypaBbA Ha 3TOH MOPOKKe ORI HPAMBIM,
cJIOBHO iay4 ynadepa. HeBo3avokao OHIIO OTHICKATH 060Jiee AKOHOMHOTO
OVTA OIS OpeofoNeHus Tex HeCcATH CANTAMETPOB, KOTOPHE pasgeasaan
HAYAJI0 M KOmNen BHIPEe3aHHON MOMoCKA AOmMouHO# KOKypH. JlioGo#
3UT3ar W MIABHHIH HOBOPOT OpM JABM/KOHUA MYDPAaBbA OO AGmouHOR
KO:Kype Me:HKOy HATZaALHOW M KOHSIHO¥ TOGKAMA YBeJXMIH Obl TTUHY
ero myTH.

«Kakasa mpexkpacras reoge3dTecKasns, — OTMETHJ CTYIEHT.
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OUT. 1.1.

3aeck pHMaHOBA TeOMETPUS NPOCTPAHCTBa-BpeMeHH o0meil TeOPHHE OTHOCHTENb~
HOCTM CMMBOJHMYeCKH NpeACTaBjieHa B BHAe NBYMEDHOX IeOMeTpHHM HAa NOBEpX-
HOCTH s6noxa. Ieopeanueckne, BJOJb KOTOPHX IO NOBEPXHOCTH sAbNoKa moa-
8a10T MYPaBLN, ABNAIOTCA CEMBOJIMYECKIM N300pasKeHNeM MEDOBHX JHHMIA, BlOAB
KOTOPHX B INPOCTPaHCTBE-BpeMEHH JBMIKYTCH CBoGonmEe uactEOH. B mio6oi
NOCTATOYHO Majoit 06JACTA INPOCTPAHCTBA-BPEMEHH TIeOMeTPHI0O MOKHO HpH-
OAEKeHHO CYMTATh IJIOCKON, M HA JABYMEDHOM noBepXHOCTH sn6aokKa 3TO mpen-
CTaBJIeHO TOYTH NPAMOJMHEHHHMY OTPE3KAMH Teofie3NYeCKNX, XOPOomo BAANMEIMA
Yepe3 YBENHUMTEJHHOE CTEKJO («IOKAJbHO JOPEeHNEB XapaKTep» TIeoMeTpHH
OpoCTpaHCTBA-BpeMeHM). B Gollee mpoTsskeHHHX 06JacTAX NPOABAAETCH KpH-
BH3HA MHOrooOpasus (YeTHpeXMEepHOTO IPOCTPAHCTBA-BpeMEeHM B ClIyuae peajb-
HoOTro PmamuecKkoro MIRpa; KpUBOAKMEEiiHOI IByMepHOIl TreoMeTpUH B caydae A0J0Ka).
JiBe reosesmdeckne 4 ¥ B, BHIXOAAMAE IOA HEKOTOPHIM YTIJOM APYT K APYTY
W3 OfHOM TOWKM J°, HAYMHAIOT CONMIKATHCA, 3aTeM IEePeCceKaloTCs W PACXOAATCH
B COBepIIeHHO pAa3NUYHHX HanpapjeEnsax. B teopun HrloToma aToT addexr
NPHUNNCHBAETCA TPABHTANMOHHOMY BO3JEHCTBMIO HA PAaCCTOAHNM CO CTOPOHH
NEHTPA TPATAMKEHAsS, KOTOPHII CHMBOJMYECKW INpeACTABleH 3eCh HUePeHKOM
a6noka. CornacHo JUEmMTeHHY, TPaeKTOPHA YACTHIH ompefesseTcsl JOKaJbHOM
TeoMeTpHUeil mpocTpaHCTBa-BpeMEeHM B TOM MecTe, Iie OHA HAXONUTCA. « Y Ka3aHNs»
TCOMCTPHHM OYeHb NPOCTH: ABHTATBCA KAK MOKHO NpsAMee (IO TeOAe3UyCCKOi).
JlokanbpHO ¢M3MKa HACTONBKO NIPOCTa, HACKOJBKO 3T0 Boo6me Bo3MoskHO. Tpaek-
TOPUHM TIePECeKaloTCA TOABKO BCIENCTBHE KPMBU3HH INpPOCTPAHCTBA-BPEMEHN
B Gonpmux wmacmrtaGax. Kopowe roBopsi, TcOMCTPOAMHAMMKA BKJIOYAaeT [Ba
MOMEHTa: BO3JeiiCTBME TeOMETpPMH HA MAaTepHIO (IPHBOfAIEe K IepeceieHHIo
IEePBOHAYAJNBPHO PACXOAALIMXCH TEOJIe3aHUeCKAX) H BO3JieCTBHE MaTepMil Ha reo-
METpHI0 (MCKpWBJeHWEe NPOCTPAHCTBA-BPEMEHH W3-38 HAJAMIAA KOHLEHTDANME
MAacCH, CAMBOJMYECKH NpeACTaBIeHHOe MCKPUBICHHOH HOBEPXHOCTHIO AGIOKa

B6auau uepenKa).
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Ero B3riApx ynaia Ha ABYX MypaBbeB, OTIPAaBHBIIMXCA M3 OAHOH
u Toii e Touku & B HampaBIeHHAX, CJIeTKa OTIMYAIOMMXCA APYT
oT apyra. Ha 3ToT pa3 ux nmyTtu caydaiiHo nposeriau BO6ausu yray6bie-
HUA B Bepxlleil 9acTH A6JoKa, mpuUYeM DO pa3Hbie CTOPOHHEI OT HEro.
Kasnpiii u3 mypaBbeB H00POCOBECTHO CJIeIOBAJI BIOJb CBO€ll reoje-
saudeckoit. Kampguii crapaiaca GexxaTs no AGI0YHON KoKype Kak
MO;KHO mpsmee. OmHako u3-3a cOOCTBEHHON KPMBM3HHI YIayGJeHHsA
HX OYyTH CHadYajla IepeceKJ]MCch, a 3aTeM pPa30NLIHECH B COBepHIEHHO
pasHBIX HANpaBJIEHUAX.

«MoskHO Jm npuAyMaTh 0ojee YAAYHYIO MIMIOCTPALMIO IS Teo-
MEeTPUYECKO# TeOpUU TATOTEeHUA OJMHmTeiiHA? — 3aJyMIMBO NPOH3-
HeC CTyHeHT.— MypaBbH JBMIKYTCA TaK, OyJATO HX NPATATHBAET
K A6109HOMY dYepeuKy. MoskHO GEZIO OH NOBEPHTEL M B HBIOTOHOBCKYIO
cHUIy, MedcTBywIyl Ha paccroAanud. Ho mMypaBbio HeueM pYKOBOJI-
CTBOBATbCA IpM BHOOpe cBOEro MyTH, KpoMe JOKAJILHOH TeoOMeTpHn
HOBEPXHOCTH, II0 KOTOPOii OH MoJ3eT. A 3T0, 6e3yCIOBHO, U €CTh KOH-
menmuA Jinmreiina, NoApa3yMeBaomas, IT0 NIPHINHOHE Becex uauge-
CKUX SABJEHUil ABJIAETCA JioKajJbHOoe BoaneiicTBue. M kaxk ona orau-
9aeTcA OT HBIOTONOBCKOTO IOAXOAAa B (QHM3UKe C €ro «IaJbHOMAEeMCT-
Buem»! Temepr A ropasgo Jyyuie nOHAMAl0, O YeM TOBOPHTCA B 3TOH
KHUTe».

CkasaB 2T0, OH OTKpHLI CBOW KHHTy M mpouen: «He mmiTaiiTech
ONMCHBATH J(BUYKEHHE MO OTHOMIEIHIO K yAaJeHHHM obbexkTaM. Dusu-
K@ npocma moabKo npu A0KAAbHOM aGHasuse. A JOKAJIbHO MHPOBasf
JIMHUA, BIOJb KOTOPOM ABM;KeTCA COYTHHK (B IpPOCTpPaHCTBE-BPEMEHM,
BOKpYT 3eMJn), y:;xe ABIAETCA NPAMOiM, HACKOJLKO MMpPOBafg JMIMA
BooOme Mox:eT GHTEL npAMoii. 3a0yaAbTe Bce 3TH PA3TOBOPH 00 «OTKJO-
HEHKM» OT NPAMOJHUEHIIOrO ABUIKEHHA M «cuJic TArotenus». fl naxo-
JKyCh B KOCMHMYECKOM Kopabse. iy miaBaio B KocMoce OKOJIO TIEro.
PasBe A uyBcTBY10 Karyw-au6o «cunay rpapuTtaiun»? Hugero nojo6-
Horo. YyscTByeT au oty cuay Kopabunb? Her. Torna 3agem roBoputh
o neii? Cauraiite, 9T0o 1 Kopabib, u g nepecekaeM 06IACTL MPOCTPaH-
CTBa-BpeMeHH, B KOTOPOil He JeficTBYOT HMKakue cuanl. Cunraiite,
9TO JBH)KEHME B O3TON 00MacTU yne ABIAETCA NAEATBHO MPAMEIMY.

Nocamimanca curnan k obeny, 10 CTYNeHT Bce eme CHJed, pac-
cy:knaAa npo cebsa. «Mue KaseTcdA, 4TO CyTh JHHNITEHHOBCKON reo-
MeTpHYeCKOli TeopWM TATOTEHNHA MOJKHO KpaTKo BHIPA3UTh B BHUJIE
Tpex mojokennii: 1) JoKaabiO0 Teome3MYecKHe Ka3KYTCA IPAMBIMMH;
2) B Gosec o6mMpPHEIX 0GSIACTAN HPOCTPAINCTBA-BpPEMeNU Te Teofiesil-
9ecKMe, KOTOpHe CHAYAIA PACXONATCA, HAYHHAKT BIOCJC/CTBHH
cONMIKATBCA €O CKOPOCTBIO, OIpefesiieMoii KPUBIU3HON MPOCTpAICTBA-
BPEeMEeHH, W 3TO BJIHANHNE T€OMEeTPHM HA MATEPHI0 M eCTh TO. YTO MbI
CerofiiA nojfpasyMeBaeM Iojl CTaPLIM CJIOBOM «TAroTeHHe»; 3) MaTepas
B CBOIO ouepenb MedopMUpYyeT reomeTpmio. YTriaybienAme HA mOBepX-
HOCTH AGIOKA BO3HHKAeT MOTOMY, 4TO TaM ecTh Yepenok. fI mymaro,
9YTO BCe 3TO MOXKIIO BHIpasATh eme Gojiee Kpartko: JTpocmpancmeo
6030eiicmeyem Ha mamepuiw, «ykasweany eii, kak deuzamovcs. Mamepus
8 ceol0 ouepedv okaswmeaem obpamuoe Oelicmeue Ha npocmpamcmeo,

JIoxamuoe

NOHHMAHNEe
BAAKH
fumTelina

R HbIOTOHOBCRO®

«feiicrene

HA PACCTOSMEH»

®H3RKA npocTa
TOALKO MPR No-
KanbHOM AHANH3E

TIpocTpancTeO
yKaanBaeT
maTepHu,

K8K ABHraThCs

MaTtepusa
YRA3biBACT
NPOCTPAHCTRY,

KaK MCKPHBIATHCR



IpoGnema:

KaK NPOBOXRTH
naMepeHits

B MCKPIBJIEHHOM
MPOCTPAHOT Re-
npeMeHI
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YKa3ueany emy, Kak uckpueaamuca. Jpyrumm ciaoBamu, HaJIAdde
MaTepuH B JaHHOM MeCTe,— CKa3aj OH, BCTaBad M MOAHHMAsA 3a uepe-
HOK AGNOKO,— NPHBOAAT K KPHBH3He NPOCTPAHCTBA B 3TOM MeECTe.
YTo6L MCKPHBUTH HPOCTPALICTBO B JAHHOM MECTe, ero HeoGXOTMMO
HCKPUBHTL B B COCEAHHX O0OJACTAX,— HPOAOKAT OH, Habmomas
3a 3aMEHIKABIUMMCA MYpPaBbeM, HEJOBHTO CJIeAyIOIMM BHOJb CBoei
reofie3aMdecKoil Ha pPacCTOAHHM TOJIMMHE HANbIa OT YepeHKa.— Tak
MaTepusa B JaHHOM MeCTe OKashBaeT BIMSHAE HA MATEPUI0 B JAPYTOM
MmecTe. ITO H eCTh O0bACHEHME «TpaBUTALHMY, JAHHOE JHHINTEHHOMDY.

OGenenHblii cUTHAT 3aTWX, M OH ymeJ, yHeca ¢ co6olt KmATY,
YBEJIMYMTEIbHOE CTEKJIO0 — U AGJIO0KO,

§ 1.2. IPOCTPAHCTBO-BPEMA C KOOPAMHATAMH
N BE3 HUX

H eom mHe npuwao é 20408y: ... mom garm,

umo Yyckopenue c60600H020 nadeHus

He 3asucum om npupodw nadawujezo sewecmea,

donyckaem caedywiyee moAKOSAHUE: 8 NoAE MA20MEHUA

(maso0li npocmpakcmeeHHOl npomsaxcerHocmu) éce npoucxrodum mak,
Karx 6 npocmparcmeée 6e3 MA20MEHUA...

9mo npousowao ¢ 1908 2. Ilouemy noradobuaoce ewe cemv aem,
umofs. nocmpoumsv 06WYH MEOPUI0 OMHOCUMEALHOCIUP
T'aasnas npuuurna 3akaionaemcs 6 mom, wmo He MakK A€2KO
oceobodumuvcs om npedcmasaeHus, ¥mo Koopdurkamu

UMem npAMOU MempUYeCKULl CMBCA.

A JNHMTENH [77)

I1pu mepBoM 3HAKOMCTBE C MOHATAEM «HCKPHUBJIEHHOT'O IPOCTPAHCTBa-
BpeMeHH» HU4TO TaK He yApydaeT, Kak 00sA3Hb TOro, 4TO B 3TOH He3Ha-
KOMOIi CHTYyanuyn Bce MPOCThIe METOJAL U3MEPEeHUS yiKe HellPEMEHHMH.
YyserByemnh cebsa Tak, Oyaro Tebe HY:KHO OOMEpHTH THraHTCKHIl
aiicbepr npuayanruBoii ¢opMH, W TH CTOMIIb C METPOM B pyKax
B ULTIONKE, KOTOpYK OGpocaeT M3 CTOPOHH B CTOPOHY HA OKEAHCKHAX
poanax. BoT ecan OB HyscHO GBLIO 06MepUTH GOpPMY CaMOil ULTIONMKH,
TO 3TO ie mpegcTaBiasiao G ocoboro Tpyaa. Mm Buitammuau 6wl ee
Ha Geper, nepeBepiyJid U BOWJIH B ONOPHHEX TOYKAX 10 BCeldl mOBepX-
HOCTH TBO3AuKH. MamMepuB paccTOAHMA Me;KAY I'BO3JUKAMH, M IOJY-
gu;in 61 dopMy BCCH HMOBEPXHOCTH. ¥ BEJIMYHBAS YACHO TBO3JUKOB,
MOM{HO BHIIOJHUTH 3T0 ¢ JI060i TogaHocTh0. Tpebyerca kKyaa Gombine
CMEJIOCTH, 9YTOOH pemuThcA 3a6HTh HECKOJBKO HECATKOB KPIOKOB
IJIA pasMeTRIl OrpoaHoro aficGepra. OqHako mpym Bceil CMEIOCTH Kak
MO;KII0 3a0MTh rBO3[b B MPOCTPAHCTBO-BpeMs, 4TOGH OTMETHATL B HEM
Karyw-1u6o Touky ? K c9acThio, Kak BuepBhle NOAYEPKHYI JiHUITEHH,
y NpHpOJHN €cTh CBOH CHOCO06 JIOKAMM3ANMM TOUYEK B NpPOCTPAHCTBE-
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TlepeceucHne COJOMMHOK HA CCHOBAJ®, HANOJHEHHOM CEHOM, CHMBOJI3HpYCT
MApPOBHE JUHHI, 3aM0JHAIMNC TIPOCTPAHCTBO-BpeMA. IlepeceueHus s NCKpPHMB-
JIeHiIA 3THX MHPOBHX JHHEUE OHO3HATHO ONPEAEJAIOT COOKTHA, U KOOPAMHATHRX
cHCTeM M KoopauwHAT He TpebyercA. TunnuEHe COGHTHA (YepHHE TOYKN), CHM-
BOJIIIYECKH H300pasKeHHHe Ha (QUrype, mpeAcTaBAAKT coloil (cieBa HAIpaBo):
norsomenye POTOHA, mepensaydenne GoTOHA, CTOJKHOBEHHE ABYX TACTHI(, CTOJIK-
FAOBeHM® YacTHHH M OTOHA, eIme O/IH0 CTOJKHOBeHNe JacTHIH M (GOoTOHA, B3PHB
XJONYMKI, CTOJIKHOBedne BHEIMHEH YaCTHIH € OCKOJKOM XJOITYIIKH,

BpeMenu. Bygeym xapakTepn3oBaTh TOUKY TeM, 9TO B 1€l NPOMCXOTUT]  Pewenme:
Hasosem Toury mpocTpauncTBa-BpemeHH «coGurtuem». Todka, Ille pac-  gooemmn rom,
HOJIOKeHO CcOOHTHe, ompefeJeHa TaK jie 9eTKO M fACI0, KaK TOYKa e
nepecedenusa JBYX COJOMHMHOK Ha CeHOBaje, JOBEPXY 3anoJIeHHOM

cenom (Pur. 1.2). lna umenTHUKamuM OOCTATOUYHO CKA3aTh, UTO

COGHITHE COOTBETCTBYET CTOJKHOBEHHIO TaKOro-ro OoToHa ¢ TAKOH-TO

gactuneil. Muposne jnuuu 3Toro QOTOHA M 3TOM YACTHHH BEIXOLAT

M3 [TPOIIJIOTO M YXOAAT B GyAyimee. ¥ HAX rycras CeTh cBA3eii ¢ 61K3-
JIe;RANMMHA MHPOBBIMM JHHHAMH, KOTODHE B CBOIO o9epelb MIHOKECT-

BOM cmoco0oB cBA3aHul ¢ Gosee oTqaneHunnmMu. Haw e torma obmnsc-

HUTb noJioskeiie cobutua? Cuavyana yKasKuTe, KaKie MUPOBLIE JIHIIH

y9acTBYIOT B coGuiTHH. 3aTeM mpociefnTe X0 Kakmoif n3 nux. Haso-

BUTe JpyTue cOOLTHA, KOTOPHEe HA HEX BCTPEYAIOTCA. B KOHIE KOHI0B

MO’KHO YHOPAZOYUTH BeCh CEHOBAJ. ¥ KaiKAOro cOOHITHA Tenephb €CTb
HanMeHoBaune. ll[afiTH ny)xHOe mepecedeHme Temeph TaK e JErKo,

KaK KOpeHHOMY JOHAOHOY JErKo maita gopory una yrosa y:aun CenTt-

3—-01457
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doxeiine n Iluxkagunnu. Huxakux nomepos. Hukaxroit KoopauuatHoit
cuctemnl. Hukakmx kooppamuar.

Tot ¢akr, uto GoabmuncTBo yiaur B flmoHuu He MeeT Ha3BaHMHIi,
a 60JBIIMHCTBO IOMOB — HOMEPOB, AEMOHCTPHPYET HANIYy CHOCOGHOCTH
ob6xoauThcA Ge3 KoopauHaT. Mo;kHO OTKasaThcs 0T 0003HAYCHMSA
COOLITHA TyTeM YKa3aHHA JBYX MMPOBHX JIHHUMA, HA HepeceycHHU
KOTOPHX 0Il0 HaxoauTcA. TouHO TaK ke, Kak B flmoHu MOXKHO HANTR
JIOM TI0 MMEHH €T0 XO03fMHa, ONpe/leNeHIBIM COOLTHAM B I POCTPANCTBe-
BpeMEeHM MOII0 JJaBaTh MPOM3BOJbHHE HAMMEHOBAHMA, KAK 3TO YACTO
u penaercsa (momoamenue 1.1).

Ho ymo6GHee Bce-TakM noan3oBaTbcA KoopAuHaTamu. Paspe ecTh
Kakoii-1u6o ui0if coco6 Jerko onpefeauTh (KOTAA epes BaMH JeKUT
OFPOMHBIH i1 TOJCTHH KATaJOT XAOTUIECKH )acIIOJOREHHEIX COGBITHIA),
YTO Ha Jalnoii MUpPOBO# JMHHM CHAYaJjla CTOJKICILCA ¢ COGHTHEM
Tpuuurtn, 3atem DBajikep, morom Maiik, motoM Apryc, a, craikem,
e ¢ TeMH ite COOBITUAMU, HO B APYTOM mopAfKe?

Yrobu ymopamounTh CcoOHITHA, BBefeM KooppuHate (pur. 1.3)!
KoopaunaTe — 3To0 YeThIpe 9HCIIA C HHAECKCAMH, NOCTABJEHHEIE B COOT-
BEeTCTBH@ COOHITHIO B INPOCTPAHCTBEe-BPEMEHM; Ila JHCTe Oymaru —
TOJNBKO JBa 9YHCJIa. Y CcoOHTUA TpHIATH NOABAAIOTCA KOOPAMHATE

(z, 21, %, 2%) = (77, 23, 64, 11).

Rorma cofwTHAM [al0T KOOpJMHATHEHE HAMMEHOBAIIMA, IPOIECC
U3MepeHnsA OTXOAMT Ha 3ajHMil IIaH B TpeOyeTcA JIMIIb BHIOJHEHUe
raagKocTd. YeTHpe YMCIa, COOTBETCTBYIOMME COGHITHIO, €CTh HE 9TO
MHOe, KaK CBOCTO POJia yCOBEpPIIEHCTBOBAHHHIi TeaepoHHEI 1OMep.
IlyTreM cpaBHeHMA «TedeOHHEIX HOMepOB» BH MOMKeTe Y3HATh,
ABJAIOTCA JN Ba coOmTHA 61m3kumB. Ho faxe me merraiiTecs mo pas-
HHIe B TeJe(OHHEIX HOMEepax BEIACHHUTH, CKOJBKO METPOB pasfeiser
aTH cobmnTHsal

Tak e, kKak MHKTO He MemaeT abOHEHTaM MOJb30BATHCA YC.IYTAMA
PAa3JMYHHX KOHKYDHDYIOMMX TeJeOHHHX ceTeil, Tak M COOHTUA
MO’KIIO ONHMCHIBATH B DA3JMYHEIX CHMCTeMaXx KoopamHaT (¢ur. 1.3).
B nomoanenun 1.1 neMOHCTPHDYIOTCA COOTHOIIEHHS MEKAY paaimd-
HEIMHM CHCTEMaMH KOODAMHAT, a TaKKe MCUOJb3yeMasa CHCTEMAa 0603Ha-
denHi OJA KOOPAMHAT M HX NpeoOpasoBaHHUiA.

BriGepem gBa COGHTHSA, ABIAIOMAXCA GAM3KUME, O Y€M MBI MOKEM
CYy/uUTh 10 GAM30CTH 3HAYEHMIl MX KOODAMHAT B HEKOTODOM IJIagKoH
KoopiuHaTHOI cucreme. Hapucyem MaleHbKyI0 CTpeaKy, HalpaBjeH-
HYVI0 OT OJJHOTO M3 HUX K Apyromy. Takas cTpelKa HAa3HBaeTCH 6ek-
mopom. (3TO NMOHATHE XOPOMIO ONpefeNeHo MJA IVIOCKOTO IPOCTPaH-
CTBa-BpeMEHM MJH [JA HCKPABJIEHHOTO NPOCTPAHCTBA-BpEMEHHA
B npefiede (eCKOHEIHO MAJOW JJIMHE; B CIydJae KOHETHOH [INHHR
B HCKPHMBJICHHOM IPOCTPAHCTBe-BPEMEHN €My Ha[o JaTh 6ojee CTPOroe
M TOYHOE OompefieJieHNe, IOCje 9er0 OHO MOABJIAETCA MO/ Ha3BaHHEM
«KacaTeJbHHHA BEKTOp», cM. 1. 9.) BekTopy, Tak e KaKk B COGHTHAM,
MOKHO jaTh HamMmeHoBaHme. Ho nazoBeMm au mu ero [I;xom, Yapas
uan Kum, oum ocTaercst CTporo M OJHO3HAYHO ONpefeJeHHEIM Teo-
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Beepzy. CoburmaM coobmalorcs «TesedoHHEe HOMEpPa» MOCPCACTBOM CUCTEMH
KoopauHaAT. Korga roBOpAT, 4To ClCTeMa KOOpPAMHAT «TJafiKas», NMEOT B BNAY,
9710 OAM3KHe COONTHA MMEIOT OAM3KUe 3HaYeHHUS KoopauHAT. Bruay. Te ke camuie
COOHTHA YNOpPAfOYEHH HWHHM 06pa3oM ¢ MOMOIIBIO APYTOil CHCTEME KOODPAIHAT.
3nech BHOPAEH ABa KOHKPETHRIX COCeHUX COOHTHA: CoOHTHE (x ¢ KOOPAMHATAMM
(2°, 2Y) = (77,2, 22,6) m (2%, 2') = (18,5, 51,4) u cobuTne F° ¢ KoopAMHATAMM
(z°, 2Y) = (79,9, 20,1) n (2, =') = (18,4, 47,1). Mexxny cobmmiamu ® un &P
JIeKUT «BEKTOP» §, KOTOPH WX pasgensieT. [[AA TOYHOTO OoNpCAEHeHRMA BEKTOpa
B HCKPIBJEEHOM HPOCTPAHCTBe-BpeMeHM TpeOyeTcs mepeilTll K npeaeny, Koraa
IBe TOUKH OeCKOHEYHO NpUOIMKaIOTCA APYT K ApYry (pasHocTh J — ( yMeHb-
maeTca B N pas), ¢ IOCHeAYICINUM YMBOKEHMeM 3TOil pasHOCTH Ha N, HO yike
B JOKaJbHO IJIOCKOM ITPOCTPAHCTBE, MOJYYMBHIEMCA B pe3yJabTaTe 3TOH Hpolie-
aypu  (lim N — oo; «kacaTenbHOE IPOCTPAHCTBO®, «KacaTeJbHHIl BEKTOD»).
3nech MBI OTKAa3HBAeMCst OT a6COJIOTHOIl CTPOTOCTH, HOATOMY CJOBO «BEKTOD»
B35ITO B KaBbiuku.] B Kampoii cucreMe KoopaumaT paspensiiommii BekTop § xapak-
Te pA3YeTCA «KOMIOHEHTaMN» (Pa3HOCTHLIO 3HAYCHNH KOOpAMHAT COOHTHIT F° M ():

(£, B = (79,9 — 77,2, 20,1 — 22,6) = (2,7, —2,5),
(8%, EY) = (18,4 — 18,5, 47,1 — 51,4) = (—0,1, —4,3).
IMoapobree o COGHTIAX, KOOP/AMHATAX M BeKTOpax cM. pononmenue 1.1.
3‘
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OUT. 1.4.
Kak BO3HIKaeT YiCTO KOOPUNHATHAA CHHrYJAPHOCTb. Beepry. CucreMa Koop-
OWHAT CTAHOBHUTCA CUH2YAADHOL, KOTAA «A9efiKH B KOpOOKe MJA AULY CIIIOLIW-
BalOTCA [0 HyJdeBoro o6muema. Bruay. IlpuMep, MeMOBCTPUPYIOmMMI TaKoro popa
CHETYJAAPHOCTh B IUBAPHIOTMJIbAOBCKUX KOOPAMEATAX r, ¢, 9ACTO MCHOOJB3YOMHIX
A OMMCAHUA T€OMETPHIt B OKPECTHOCTH YepHHX aAnp (ria. 31). YriaoBwe KooOp-
nuEaTH 0, ¢ OAA mpocToTH onymeHH. CHEBIYJAPHOCTh HOPOABAAETCA B ABYX
acnmeKtax. Bo-nepBHX, BCe TOYKH BAOJb NYHKTHPHON JAHUHU, GyAydn COBOPMEHEHO
pasanyENMA, 0003HAYeHH OOHONI M Toif ;Ke mapoit sHadweHU#l (r, t), & HUMEHHO
r=2m, t = oo. KoopmuHATH He AAIT BO3MOKHOCTH pPA3JUYUTH STH TOYKH.
Bo-BTOpHIX, «A96AKH JJA AUIP, ONHA U3 KOTOPHX HAa PUCYHKE 3aIITPUXOBAHA, BIOIH
NYHEKTAPHOR JAMHEHUN C}KATH N0 HyJAeBoro o6bvemMa. B uTore Mo:KHO CKa3aTh, 4TO
B caMOil TéoMeTPHU HA NMYHKTHPHOI IMHAK HeT HUIOro 0co6eHHOTO: BCSA CHHTYNAD-
HOCTh 3aKJI0YaeTCA B CIICTeMe KOODAMHAT («mjoxas cHcTeMa Teje(OHHHX HOMe-
poB»). To caygaitHoe 06cTOATCALCTBO, 9TO KOOpAMHATA ¢t oOpamaeTcs B GecKoHed-
HOCTh Ha NYHKTUPHOH JIMHIH, He I0JKHO IPUBOAUTH K myraHnne. OT aToil 6ecko-
HEYHOCTH MOKHO H30aBUTBCA, €Ci BMeCTO ¢ BBeCTH HOBYIO KOODIWHATY ¢, Ompe-
OenseMyl0 COOTHOMeHHeM B

(t/2m) = tg (¢/2m).
lorma t = oo, HOBasA KoopjuHaTa ¢t paBHa nm. OQHaKO KOOPDAMHATH r, ¢ He 103BO-
JAIOT Pa3nnyaTh TOYKH BOJb IIYHKTHPHOH JuHUM. OHNI TaKKe NPABOJAT K CKa-
THIM 0 HyJXeBoro obmuema «sAyeiikaM B KOpoOKe mis ANID.

MeTpuuecKEM oGbexToM, MMs pgaercss pagm ymoGeTBa, HO BEKTOp
cymecTByeT M 0e3 Hero.
TouHo TaK ke, KaK 4eTBEPKA KOOpAHMHAT

(20, =%, 2%, %) = (77, 23, 64, 11)
ABNAETCHA Kpaiiie ymoGnuM HamMeHoBaHEeM Nisi coGuTus Tpmumtm

(10 HeMy MO}KHO CYTHUTH O TOM, KaKHe COOHTHA HAXOAATCA HOGAR30CTH),
TaK M YeTBEPKA «KOMIIOHEHT»

(§01 El’ §2’ Ea) = (1-’2$ _0191 0’ 2’1)

AIBIACTCA YHOGUKIM HAVMEHOBAaHAEM XA BeKTopa JI:KOH, KOTOpHI
BEIXOJIUT U3 TOYKHU

(=, z', 2%, 2%) = (77, 23, 64, 11)
A HAaIpaBien B TOIKY
@, 2, 2%, 2%) = (78,2, 22,1, 64,0, 13,1).

O ToM, Kak ofpamaTscd ¢ KOMIOHEHTaMHA BEKTOpa, CKa3aHO B JOIOJ-
yennu 1.1.

Kak npasnio, Cucrema KOOpAMHAT MOKeT OHITh HeCOBepIIeHHOH BO MHOTHX
Henb3Aa H30exaTH o

ROOPABHATHHX _ oTnomeuusAx. [IpuMep KOOpDAWHATHOH CHHTYJIAPHOCTH TIpHBEREH
CHRryaApROOTEN na ¢ur. 1.4. Ewe ommnm mpumep KOOPAMHATHOH CHHTYJISPHOCTH —

CenepHHI mOJIIOC 11a TOBEPXHOCTH TI06yca. OGpaTuTe BHUMaHHUe, KAaK
B HeM CXOAATCA BCe MepHAHAHH («CKaTHe s9eeK B KOpoOke mnA Anm
10 nyaesoro obnmemar). Henbas 1m npuayMaTsh Hedto Gosiee coBepIIeH-
noe? Hanpmmep, BBecTH Ha BceM riobyce eIuHYI0 CHCTeMY KOOpAH-
naT, y Kotopoit Her cuuryispuocteid. CymecTByeT TeopeMa, Aaiomas
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QUr. 1.5.

Jas xopomo M3BeCTHOII CHCTOMH KOODAMHAT Ha ABYMOpHoil cdepe mo:;kHO male-
HATh CHHETYJIADPHOCTH, €CJH MOKPHTH cPepy ABYMA MEPEKPHBAIIIEMHCA KOOP-
RAUBATHHIMM JIACTAMA, ¢ — cepudeckde MONAPHHE KOOPAMHATH, CHHIYJspHHE
Ha CeBepHoM H IO0;KHOM IMOJ0CAX A MpeTepHeBAION{E® PA3PHB HA JHHHM MEePEMEEH
HATH. 6 — MpoeKuus Ha cPepy IBKIMFOBHX KOOPAUHAT ABYMOPHOHR 3BKIMAOBOMH
MJIOCKOCTH, Kacaoueiica cdeput Ha CeBepHOM uomioce. IIpoekmua mocTpoeHa
MOCPeACTBOM JIyIa, IPoXoAAmero Tepe3 IO KHHIl Homdi0c, HA KOTOPOM X MOABIASTCH
KOOPAHHATHAA CHHIYJAPHOCTh. 6 — IOKPHTHe ABYMOpHO cdepH KByMsa mepe-
KPHBAOIMUAMACA KOOPDAUHATHHME auctaMd. OfuHE M3 HAX, DOCTPOEHHHH aHajo-
THYHEO CJAYJaio 6, MOKPHBAET COBEPHYIO HoAycepy ¢ I0KHHMHA TPONHKAME BIJOTh
mo Tponuxka Hosepora, u He coaep)KaT CHHTyIApHocTei. J[pyroil moKpHBaeT BCe
TPONAKA H I0KHYI0 moaycdepy ® ToKe He MMeeT CHHIYyJIAPHOCTeH.

oTpEmaTeNbHNA oTBeT. Hy:kHO Kak MEHAMYM JBa (KOODPXHHATHHIX
AAcTa», 9TO0H 0XBAaTUTh BCIO AByMepHYI0 cdepy 6e3 cmHryaapHOCTEH
(¢pmr. 1.5). ITo 0OCTOATEIBCTBO mO-HHOMY OCBEm[aeT TOT (AaKT, 4TO
TOYKM M COORITAA mepBAYHH, 4 KOOPAAHATHL — BCEro JAMBL CHCTEMA
yaeTa.

Ha ¢uar. 1.2 1 1.3 mokasaHo JAMb HECKOJILKO COGHTAR A MAPOBHX
anHEit. Ha Gomee moxpoOHOM pHCYHKe MEL yBHgexd OH I{eJHA Ja0H-
PHHT MUDOBHIX JIHHANR, CBOTOBHX Jydeil m mx mepecesenmit, OTTaaKm-
BafgCh OT TAKOH KApPTHHH, MOKHO YMO3DHTEJILHO HEPEATH K HIeajn-
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SHPOBAHHOMY HpefeAbHOMY caydao GeckoneuHo Iycroit CeTH CBETO-
BHIX JydYell B MHDOBHX JUHUA GecKoHeTHO MAMHIX NPOOHHIX YAaCTHL.
JToMy MAealH3UPOBAHHOMY MpeReJbHOMY CJAy4al0 B (H3HKe OIHO-
BHAYHO COOTBETCTBYET MareMaTHuecKoe IIOHATHE HENPepHBHOIO
9eTHIPEXMEPHOT0 «MHOrooGpasmsa» (JeTHpexXMepuoro mpPOCTPAHCTBA
¢ ompefeJeHHHMA CBOHCTBAMH [JIAJKOCTH), M B JTOM MIpPEAENbHOM
clIydae HCHOOIb3YIOTCA HempepuBHHeE, AmpdepeHnupyemoie (T.e. riai-
Kue) cHACTeMH KoopamaaT. Takmm o6pa3oM, MareMaTHKa [aeT TOT
AHCTPYMEHT, ¢ IOMOIIbI0 KOTOPOTO ME paccyxkfaeM B (usmke.

PasmepnocTs MHOroo6pasus MOKHO OHpPeRENHTh MyTeM MpOCTOTO
nofcaera. Boasmem Touky & B n-mepEOM MHOrooGpasmm. Ee oxpe-
CTHOCTBIO ABJAETCA n-MEepPHHA map (T. €. BHYTPeHHOCTh CdepH,
NOBEPXHOCTh KoTopoit mmeeT n — 1 m3mepenme). BrGepem sToT
map TakmM o0Gpa3oM, 4TOOK ero rpamdna OHRIAa TAaJKAM MHOTrO-
obpasuem. PasmepuocTs atoro muorooGpasusa paBHa n — 1. B aTom
(n — 1)-meproM MHOrooGpasum BriGepeM TouKy (). Ee oKpecTHOCTBIO
apnserca (n — 1)-mepunii map. Bubepem atoT map Takum ob6pasom,
<eey H T. I. B KoOHIe KOHIOB OyTeM TAaKHX MOCTPOGHUH MH HPHIEM
K [IByMepHOMY MHOroo6pasmio, He 3Has eme, 4TO OHO [BYMEpPHO
{mBymepnasa cdepa). B arom aymepEoM MuoOrooGpasum BriGepem
Toury IR. Ee oKpecTHOCTbIO ABAAETCA ABYMEPHHIH wIap («XHCK»).
BriGepem aToT fHCK TakuM 06pasoM, 9TOGH ero rpaHAna GRIIA TIAJKAM
mHOroo6pasueM (OKpyskHOCTBI0). B 3ToM MHOrooGpasmum BuGepem
Touky N. Ee OKpecTHOCTHIO ABIAETCA ONHOMEPHHIA uIAp, HO MH emie
He 3HaeM, YTO OH OJHOMEepeH («0Tpe3oK adHum»). I'paHMEa 3TOTO
©o0beKTa COCTOMT JHIIb U3 ABYX TO4eK. JTO 06CTOATENBCTBO IO3BOJIACT
BAKJIIIATH, 9TO HaXOAAN[eecs BHYTpU MHOTooGpasme OZHOMEpHO;
CJIeI0BaTeNIbHO, HpeANAyniee MHOroo6pasme OHIIO ABYMEpPHHM H T. .
PaavepHOCTh mepBOHAYATBHOTO MHOroo0pasmsa paBHA 4HCIY TOUeK,
HMCHOOTb30BaHHNIX HPH MOCTPOEHHH. ’asaMepHOCTh IpOCTpaHCTBA-Bpe-
MeHil paBua 4.

Takoro poga MaTeMaTHIecKne paccyxaeinus 0 pa3MepHOCTA BOOJIHE
ompaBAHBalOT ceGsa B 00UXOAHON mKajde pACCTOAHHWEA, Ha ypOBHE
pasmepoB artoma (10-% cm), ampa (107! cm) m pmaxke paccroaumit
"Ha HECKOJIbKO IIOPAJKOB MEHbIIMX, €CAA CYAUTh MO TOMY, HACKOJIhKO
COBIANAOT MpeJICKAa3aHMA KBAHTOBOH 3JIEKTPOAWHAMAKM ¢ Habmione-
HAAMHA TIPA BHCOKHX HEpruasAX (COOTBETCTBYIOMMX HeOpoitieBckoid
paade sonaut 10-1% cm). Bonee Toro, Kmaccmueckasa obmias Teopws
OTHOCHTEJILHOCTH paccMaTpuBaeT MHOrooGpasme mpocTpaHCTBa-Bpe-
MeHA KaK JeTepMHHAPOBAHHYIO CTPYKTYpY, aGCOJITHO CTPOro Ompe-
JleefHYI0 BIIOTL OO0 CKOJb Yrogno Mamux paccrogamii. Coscem
He Tak 00CTOAT 7c1a B KBaHTOBO# o0meill TeopHu OTHOCHTEIBHOUTH,
MJIH B ¢KBaHTOBOIi reoverpomuaamMuxes. OHa mpeAcKasHBaeT CAIBbHEIE
QIyKTyamuu reoMeTpUI1 HA PACCTOAHAAN MOPANKA MIAHKOBCKOM TIAHK

L* = (KG/c%)'2 =
= [(1,054-10-%" r.cM%c) (6,670 108 cx®/r -c})]'/2 ¥
X (2,998 1010 ca/c)="2 = 1,616 -10-3% cv. (1.1)

MaTeMATHICCRAR
TeopHA
mioroofpasnit

B NPHICMEHAR
R Puouxe
HpPOCTPAHCTBA~
BpPEMeni

PajMepHOCTh
IPOCTPAHOTEA=
BPEMERY

Hapywmenne
rIaJKOCTH
OpoCTpAHCTBA-
BpeMeHu

HA PACCTOAHHAX
BOPARARA
IL1aHKOBCKOLI
ATHH B
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40 1. Teomempodunaxusa 6 KPGMKOX UBAONEHUU

U no ceit meHb 3TOT BeIBOJ cuuTaeTcA Heusbe:xHeM. Hackoabko ceiuac
MOJKIO OLIEHMTL, 3T (QIYKTyanHK DPHJAIOT NPOCTPAHCTBY HA MAJIHIX
pacCTOSIHUAX (MHOTOCBABHBIAY, MJM «menooGpasubiiiy, XapakTep.
BenencTBue OTCYTCTBHS TVIQIKOCTH Jlaske CaMO HMOHATHE pasMepioCTH
MOj(eT MOTCPATL BCAKMH CMBIC]H B INIAHKOBCKOM UIKajie pPaccTOsANMI.
Jlanpueiiniee MCCJACAOBAHIC TOrO BOOPOCA NPUBOJMT Hac B 06;acThb
OepcOeKTUBHLIX IlanpaBieldii pasBUTHA TEODHH TATOTEHAA JHH-
wre itna (ra. 44).

Ecan na MaxpiX paccTOAHIAX OPOCTPAHCTBO-BPEMA HCE ONINCHE-
BAETCSH MATEeMaTHYECKO#M MOMAENbI0 HCIPEpPHIBIOTO MHOroobpasus, To,
MOKeT GRITH, 1 B 6oJiee KPYUHBIX MacumITabax MaTeMaTIeCKasa HICaJ -
3aIMsl CHJIBHO PAacXOMUTCA ¢ QU3MYecKol peaabnocToio? Beckouneuno
rycTasi ceTh CBETOBHIX Jydeidl M MHPOBHIX JuIHil 6eckonedno Malnx
npo6uKX dYacTHI, KOTOpasg HyKHa [JIA ONpefelenis BCEeX TOYGK
muoroo6pasua, Ge3ycioBlo, 1€ MOKET peaNu30BaTbCH HAa HPAKTHKe.
Hnxkro eme ne obGHapy:Kda dacTanpl 0ojiee nMerxoii, yeMm 3JEKTpOH,
KoTopasA OH [BHTaJach BJOJb BPEMEHMIIONOOHEIX MIPOBHIX JHHHH
(c xoneunoii Maccoit mokos). COBOKYNMHOCTb 3JIEKTPOLIOB, obnafawias
Aaske HyJeBO#l MJIOTHOCTBIO 3apAfa (MHPOBHIX JHHHIT €™ CTOJNBKO iKe,
CKOJIBKO M MHDOBHIX JHHHH e~), 061agaeT KOHEYHOH IJIOTHOCTBIO
MacChi. JTa IJOTHOCTL HCKPMBJISAET KaK pa3 To MHOTooOpasue, KOTO-
poe m3yuaercs. McciemoBannme ero CTPyKTypH B 6ecKoledno MajoM
OpuBoMT K GeckoHeYHO 6OJBIIMM IVIOTHOCTAM, a 3HAYMT B K 6ecko-
HeYHO OOJBIIAM BO3MYIIEHHASM TeoMeTpHU.

OjraKo TpeGoBaTh BOBMOXHOCTH IPOBOIUTH MccaeIoBanud B obeit
TeOpMH OTHOCHTeJbHOCTH B 6GeckomeuyHo Majiom »Macmitabe B TOM
CMHICJIe, KAK YKa3aHO BHINE, TaK ke HEYMECTHO, KaK 11eyMecTHO 3TO
B BJEKTPOAMHAMMKE MJIM B Ta30BOH AMHAMHKC. OJTEKTPOJMHAMMKA
MMeeT JIeJI0 ¢ HANPSKEHHOCThIO 3JIEKTPHIECKOTO H MArlHTHOTO MOJIeit
B KaM/Ioil TOYKe NpPOCTPAHCTBA B Ka;KAHi MoMeHT BpemeHH. IToGm
H3MEpPHThL OTH IOJs, BBOAATCA B paccMoTpenue GeckonedHo Mmajne
npoOHEe YacTHIH, IJIOTHOCTh pacnpefeleHHs KOTOPHIX MH MOKeM
11eOTPAHMICHHO MBMEHATh mO HameMy kesanuio. Ofnako Mx mpu-
CyTCTBME COBCeM He 00s3aTeJbHO, YTOOH HIPHAAThL NOII0 PEabIIOCTh.
ITosie Be3ie HMEET YE€TKO OMpEAEENIyl0 BeANIUHY H 3BOJIONAOIHPYET
HeNPEepPHBHO M JAETePMHHMPOBAHIILIM 00pa3oM 11€3aBHCHMO OT HAllero
JKeJIaHHA U 1e3aBUCHUMO OT TOTO, CCTL JU GeCKOHEYHO Malble npobike
yacTuiH Min ux HeT. ITomo6umim ke oBpasomM 0GCTONT Hen0 € reo-
MeTpHEH mpoCTpaHCTBA.

B sakaiouenne MOKHO CKasaTh, YTO KOT[a MEI MMGEM JeJO C Ipo-
CTPaHCTBOM-BpeMelieM B paMKaX KJAacCHYeCKkoil (H3IMKM, MH BBOJHM
1) mousaTue «Geckorneyto Maynoi npo6rOH YacTHLEN I 2) HACATIHIATHIO,
B KOTOpO# BCA COBOKYIHOCTH HICHTUPHIUMPYEMBIX COOHTHH 06pasyeT
HempephBIIOe YeTHpexMepiioe MHoroo6pasme. Jlmmb B KoHILe 3ToH
KIOHTH MBI PAacCMOTPHM HEKOTOpPHE M3 Or'pAlNYeHHii, HARJIAJRBAEMEIX
KBAHUTOBOM TeOpHed ma IAmIH BO3MOJKHOCTHM MCCJEIOBATH OPOCTpaH-
CTBO-BpPEMS H HCHOJH30BaTh CaMoO 3TO IOHATHE.
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Nononnenite 1.1. MATEMATHUYECKHE OEO3HAYEHNSA COBBITHIL,

ROOPIMHAT 1T BEKTOPOB

CobmTHs1 0Go3maualoTca OAHOII 3arTJIaBHOM pyKonuCHO# Ja-
THHCKOIi GyKBoii, HaupuMep:

Mroraa ynorpebasioTca UHAEKCH:

.i), @’ d' L@
'?)01 5)17 £0

KoopanuaTs! cobmitua F° oGo3zmayalorca
Hau
nau Gonce abcrpakTHO

TAC NOApa3yMeBaeTcs, YTO rpeycckile HHACKCH MOTYT NMpH-
HiMAaThL 3gaucEnA 0, 1, 2 nxn 3

t('(/d)v z (‘7}), y (5))1 z ('(f))’
20 (P), =3 (F), 22(F), 23(F),
2* (%), nwmn % (F),

BpeMenHdn KoopauHaTa (ecJin ofHa M3 YeTHpex BuOiupacrtcs
B KavecTBC TaKOBOii)

20 (F)

IpocTpaHCTBEHHBIME KOOPHHATAMH ABJIAITCA
HHOTAa uX 0003HATAIOT
Ilpeanonaraercst, 4To JATHHCKHC MHACKCH §IPHENMAIOT
spavenus 1, 2 wn 3

3 (F), (&), 23(F),
zi () nan R (P), nan ...

Coxpamennnie 06o3uavennsa. BHNACHBATL KajKAHN pas ABHO

DYERIROHANBAYIO 3ABMCHMOCTh KOOPAMEAT zP () moBoab-
HO YTOMUTENBHO, JI09TOMy BBOJMTCA COKpameHHoe o06o-
3HAYeHME
AN KoopAuHAaT cobHTHA P W
AJA POCTPAHCTBCHHHX KOOPAMHAT.
Npu wvonbaoBaHHM STUMI 0003HAYEHWAMH  TOCTENCHHO
HAYPHACT BOBHMKATh NpeicTaBiemne 6yato zP mpencrae-
JAAKT caMo coOnitnHe J°, HO Heab3sa 3a0HBaThH, YTO BHAYE-
HAA 20, 21, 22, z3 3aBUCAT HC TONbKO OT BHOOpa J°, HO
I OT npou3sosbrozo BuGopa cucTeMH KoopauHAT!

z)

Jipyrae KoopamHaThl TOTO ke cobmrusa S moryr GHTh 06O-
SHAYeHH

HIpumep. Ha ¢nur. 1.3 (29, 21)=(77,2, 22,6) u (20, 21)=
= (18,5, 51,4) COOTBETCTBYIOT 0910MY U moMy e COORTHIO.
C 11oMOmpbI0O YepPTOYCK, MITPUXOB M KpHIIEK MH OTIMYaeM
OHY CHCTCMY KOOPAMHAT OT APYTOii; MH paccTaBifeM MX
HaX MHAEKCaMu, a He HaJ caMuMu GyKBaMu, 4ToOH yrnpo-
CTHTHL faipHeiimue 060sHAYEHHSA

z%(9), nan npocro 2%,
, ,
z% (9°), man npocro 2%,

z% (&), nam opocro z%.

IpeoOpasoBanne OT ORHOIl CHCTCMH KOODAHHAT K Apyroi
OCYIIECTBIACTCA C 1IOMOIBIO MCTHPCX QyBKnuil

KoTOpLle KpaTKo 06u3HAYAOTCA

xa(xo, z!, 22, 3),
21 (29, 21, 22, 23),
xi(xo, z1, 22, 23),
23 (20, z!1, 22, x3),

za (xﬁ).
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Pasgenaomuii Bekrop 1) (MaseHbKaA CTPCJKa), BalpaBIeHHHI
oT cobuTna @ K cobutHio F, abcTpakTHO MOKeT OHITH

oGosBagen

U v, win &, i P —@q.

Ero MO)KH0 XapaKTepu3oBaThb TaKKe pPAadBOCTAMU 3Hade-
HNil KoopAuHAT 2) ° u ® (KOTOpHE HA3HIBAITCA ¢KOMIIO-

HeHTaMH» BeKTOpa) 3

{]

za (j))_"ca (a)v
E* = 1% (P)— 2% (@).

TIpcoGpa3oBaHne KOMIOHEHT BEKTOPA OT OffHOHM CHUCTEMH KO-

OpAMBAT K JPYIro#l OCYINEeCTBAAETCA C LOMOIIBI0 JaCTHHIX = 9%
MPON3BOAHWIX OT ypaBHeHMH mpeofpa3oBamuA KoOpAWHAT E* = 11
TaK Kak 2) a8

£% = 2% (P)— 2% (@) = (02%92P) [P (#) — 2P (@)

Ilpasuno cydmaposanms Jifnuireiina, Koropoe 3gech Mc-
HoNb3yeTCA: MpPeAOoOJAraeTcA, 4TO 110 BCeM HHIEKCAM,
NOBTOPHO HNOABIAKMUMCA B LPOM3BHEHUH, IPOMCXOJUT b
CYMMI1DOBaHuE

3

616 B — oz
> = E 9P
f=

Rl

L

(=]

1) Takoe ompegeseHUe BOKTOpPA CIPABEIJIMBO JUIL A IJIOCKOTO MPOCTPAHCTBA-BPEMEHH.
Crporoe ompegeneHue (¢KacaTeJbHOr0 BOKTOPa») AJA MUCKPHUBJIGHHOI'O IPOCTPAHCTBA-BPOMOHHA 3[eCh
#e npuBoAUTCA (CM. ri. 9), OXHAKO NPUHNAOH (JIOCKOH TeoMeTPHH ABJIAIOTCA JOCTATOYHO XOPOIIAM
OpAGMIDKeHAdeM M B CAy4ae KPUBOJUHOAHOI reoMeTpUH, KOTZa ABe TOYKM LOCTATOYHO GAH3KU APYT

K ppyry.

%) 9t dopMyas BHIOONHAMTCA TOYHO JANbL B TOM Cilydae, KOTQa pacCMaTpUBAETCA ILIOCKAs
©0061aCTb IPOCTPAHCTBA-BPeMOHH B JIOPOHUOBOI CACTOMO KOOPAUHAT. B NPOTUBHOM CAydae OHH ABIAIOT-
A JMMb NPUGAH/KOHHHMU, HO BLOOJHAITCA TeM TOYHee, 4eM GJibKe XPYr K ApYry TOYKM M 9eM
MeHbIe JJIMHA BEKTOpa.

CsoGopnoe
nageHue —
ecTesTBexHOe
©OoCTORHHE
ABMIKEHHA

§ 1.3. HEBECOMOCTb

«['paBuramus momctuHe 3saragodHa. bpocbre kamens. IlocmoTpmre,
Kak oH magaeT. Ilocaymaiite, kak ox ygapserca. HukTo ne monumaer,
moyeMy 9To mpoucxoxut». Hakoe o6ManamBoe yTBep:paeHne! 3aragka
nagenusi? Ho 9To ke eme mesaTh KaMHIO, KaKk He majgaTh? B magenmm
HET HMYero HeecTecTBeHHOro. HeHopManbHO To, YTO HA myTHM KaMHA
OKa3aJCcA KaKoi-To 00beKT. Ecian BH XOTHTe 06HADYRATH «3aTafKy»,
He HY;KHO CJAe[HTb 33 TpaeKTopHeil mafaiomero KamHs. Bmecro atoro
obparuTe BHUMAHUE HA COyAapeHAe U HONLTAWTeCh BHISICHATH, KaKasg
CHJIa CTOJKHYJA KaMeHb C €ro eCTeCTBeHHOH «MHMPOBOH JIMHHHY»
(T. e. ¢ ero ecTecTBeHHO TPAGKTOPHH B NPOCTPAHCTBE-BpeMeHu). ITO
npuBeno OH K MuTepecHOMY pasjeny QU3uUKH TBEpAOro Teja, HO HAC
ceitigac uuTepecyer He 3To. Hac mHTepecyer mapmenue. CmoGomnoe
najieHAe 9KBHBAJEHTHO HOBECOMOCTH, T. €. OTCYTCTBHIO KaKO# GH To
HA GLLIO0 CHIH, CHOCOGHO OTKIOHATH TEIO OT €r0 HOPMAJBHOMN TpaeK-
TOpMA B IpOCTpaHCTBe-BpemeHA, UToOH MCONTATh HEBECOMOCTb,
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JI0CTaTOYHO HmomacTh B CBoOOAI0 majawimyio Kabmuy nudra. Ham
Ha GopT KocMuyeckoro Kopabas, majgaiomero npaMo Ha demuo. Mirnm,
YTO TOpasgo OpuATHee, HA GOPT KOCMHIECKOTO Kopabias, Haxoas-
Lerocsi B TAKOM CTANMOHAPHOM COCTOAHHHU IafeHAA Ha 3eMJi0, KOraa
OH JBH;KETCA 1m0 Kpyrosoil op6ute. Bo Bcex aTux ciaywadax Teja JBH-
SYTCA 1O eCTeCTBeHHHM TPAeKTOPUAM B IPOCTPAHCTBE-BPEMEHH.

Y KocMOHABTA OUH XMMHIECKHH COCTaB, Y KOCMHUIECKOTo Kopal-
JA — COBCEM APYroil; OJJHAKO OHH NBMKYTCA BMECTe, H KOCMOHABT
He HMeeT Beca B CBoeii ABm:kymeiica kabuse. Cormacao Pomny, Hpot-
KoBy n Jlukke [41], mocTaBMBIIEM OAMH H3 Ba)KHeHmMUX B (H3NKe
KCIHePUMENTOB, He JABHIAX HOJIOKHTENbHOTO pe3dyisrarta (jpur. 1.6),
npeaMeTH, H3TOTOBJIOHHEE M3 TAKAX Pa3JIMIHHX MAaTePHAIOB, KAK aJIo-
MHHHI U 30JI0TO, OANAIT ¢ YCKOPEHASAMHI, KOTOPHE COBIAAAIOT C TOY-
HOCThIO '), mpeBmmaromeit 10-!!. Huuem He oTJIMYaeTCA OT mageHHA
MaKPOCKONMYECKHX TeJI M MajeHue OTACHbHHX MoJeKyx [42], ormens-
Heix  Heiitponos [43], ormenbHmix amexTpoHoB [44] m oTmenbHEX
p-me3onoB [45]. Bomee Toro, HiH ogHOMY M3 3THX 00BEKTOB He IIafo
«BHIIVIAARIBATHY B IPOCTPANCTBO, 9TOOH y3HATh, KaK JBUTATHCH.

IIpencrasum cebe, 4T0 BHYTpU KOCMHYECKOro Kopabis caydaiHO
(1M mpemHAMEpeHHO) OKAa3aJHMCh HEe3aKPEIUVIOHHEIMHM KJIIOY, MOHeTa,
opex ¥ ropomuHa. Bce aTH 06HEKTH 110 OTHOMEHNIO K Kopabiio, CTeH-
KaMM KOTODOTO OHHM OTTOPOKEHH OT OKpY)KAawIiero Mmpa, Jambo
HAXOOATCA B COCTOSHHHM OOKOA, NGO ABIKYTCA IO NPAMOH JIMHHH
€ NOCTOAHHOU CKOpoCThI0, M 3TO 04eHp HOYYATENBHEIA U KpacHOpedH-
BHIIf OIMMTHEIA (aKT.

He 6ynem 6o.1ee rosopurs 06 yckopenmm! Haw aTo HH mapajok-
CajIbHO, HO JIMIUb B CHJY ONpeAe]eHHHX 00CTOATENbCTB CTAJH IOBO-
pUTH, 9YTO «BCE Tejla mAJAT C ONHAM M TeM ’Ke YCKOpeHHeM».
OTKyna e B KOHIE KOHIOB B3ANHACH 3TH yCKopeHasa? OHA BO3HAKAIOT
JHUIb TOrKa, KOTAa HAGMOOaTeab HAXOMUTCA HA IOBEPXHOCTH JeMiH.
demasa moAg HOramm He gaeT HaGJIOAATeNi0 ABUTraThCA BHOJDL €CTECT-
BeH1I0# MApoBoit siuuua. W n3-3a aToil moMeXH OTBETCTBEHHOCTE 3a BCO
3TH YCKOpEHHA .J10:KUTCA uMeHHo Ha Hero. [TomecTuTe ero B Kocmmue-
CKOe MPOCTPAHCTBO Il IIPHKPEOUTEe K €ro HOraM 10 paKeTHOMY COILY.
Hurakoit pasamamet! 2) B atoM ciaydae Tak:ke OTBeTCTBEHHOCTH 3a TO,
410 BUAAT HabaogaTenb, nmagaeT HA Hero camoro. OH Toke 3ameuaer,
9TO «BCE TeNa mAJalT C OJHHM M TeM e ycKopernuemy. Jlasa HabGmro-

1) B paborte [46] mocTurEyTa Toumocth 10-1%.— ITpux. ped.

2) BupasKkeAne «HAKAKOH pa3HANuY PABHO3HAYHO JMHMITOHHOBCKOMY IPHH-
Oa0y JMOKAJNbHOI 3KBABANIGHTHOCTA (rPaBHTAAOHHOTO HOJA®» H YCKOPOHUS f’isl:
«Mu npudex %k eecobma ydosaemeopumesbHOl UKMEPRPEMAYUU MO0 ONWMHKO0
3axona, ecau donycmux, wmo cucmemn omcuema K u K' dusuvecku ¢ mounocmu
PAsHOYeHKW, m. e. ecau donycmum, wmo cucmexy K pasnux o06pasox moxmno
paccuampueamds Kak cucmemy, NAXOORWYIOCR 6 npocmpancmee, c40600nom om
noas maxecmu, H0 npu amox My Goaxcnu paccuampusambv K xax pasnomepno
yexopennyw cucmemy. ITpu maxom nodzode Heavas 2060pumd 06 abcosomHox
YcKoperuu KoopOuRamHKOlL cucmexs, mar xe Kax Heabas ¢ 06BYNOL meopuu omKo-
cumeavrocmu 2060pumb 06 abcosomuoll ckopocmu cucmemt. C Imod mousu aperus
odunaxosoe ycKoperue ecexr nadaMWuUr mes & 2pPAEUMAYUOHHOM NOAE OXeaUINOP.

Bee Tena
najarnT 0 OXHEM
H TOM me
YCROPESHHEM
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KsapueBriit Tpeyroabiuk KpyTHABREIX - g
BecoB’, fokogag rpaHb OTNOMMpoOBaHa, €A1~ E3eman

CBOJéHll{le yTOBH! OTpaxaTh CBET———"—
Beuepa >
[ D Connue B
Au” S3eman 6 4. yTpa
neKTPOIDL

OUr. 1.6.

INpunnuunanbEasg cxeMa 9KcmepmMeHT2 Poana — KporkoBa — JI[MKKe, KOTO-
PHIA UOKa3alJ, 9To TPaBATANMOHHHE® YCKOPeHHA 30J10Ta H AIIOMHHHA COBNajaloT
€ TouHOCTBI, Tpesnmaromefi 10-11 (IlpwHCTOH, 1964). B neBOM BepxHeM YIay
NOKAa3aHH [Be paBHHE MAacCH 30J0Ta2 N AJIOMHEWA, NPHKpelJIeHHHE K [IBYM
KoHIaM cTep:kHA. CTepKeHb 3aKpemieH mocepeguEe. Ecan o6a rtesa mamaioT
k Conmily ¢ OZHMM M TeM ke YCKopeHmeM g = 0,59 cm/c2, To cTepeHL HOIOJBH-
#eH. EcIm ycKopeHWe MacCH 30J0T& HeCKOJBKO GojbIle, TO B CHCTEMe O0TCYeTa,
CBA3aHHOI ¢ 3eMJiell, KOHEI CTePKHA, K KOTOPOMY NPHKpeNJIeHO 30J10T0, OTKIO-
HATCA B cTopomy CoamHua. Uepes areBaanath 2acos Coamue 6yneT ¢ apyroit cto-
POHH, H HAaOpabjieAMe NPHUTAKEHNA uaMeHnTcA. IlepeMeHHNII KPyTAMMIA MOMEHT
JIETKO OTAEJMTH OT myMa, TAK K&K eT0 NMeproj paBeH TouHo 24 4. K coxasnemmo,
a106asA CKoNMbKO-IMOYASL 3Ha9MTENbHAA Macca NOoGIN30CTH, KaK, HaNpAMeD, SKCNe-
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PpuMeHTaTop, HaxoaAmuiica B M, cosuaer Takoil MOMEHT, Ha GoHe KOTOPOTO HCKO-
muil appeKT noaHocThio uponajaer. IfoaToMy peanbHO DKCIIEPHMEHT BHITAANCI
Tak, KaKk n3obpa:keHO Ha OCHOBHO{i yacTit pHcyHKa. J[Ba rpysa M3 aXOMMOHA
1 OINE A3 30J10TA N0IBEIIeHL B BePMKHAX rOPH3OHTAIBLHO PACNOJIOKEHHOIO PABHO-
CTOPOHHETO TPeyro;bHHKa O CTOpOHOH 6 cM (6iarofapsA TpPeXoceBoil CHMMETPUH
ClCTeMa He pearupyet Ha OpoCTeifmue HEOJHOPONHOCTH IPABITALHOHEOTO MOJSA).
9KcmepUMenTaTOpbl BO BpeMA U3MepeHRHil HAXOUAKCh Ha YJaJeHIll, 4To0Ll MCKII0-
YiTh TPABATAIMOHHSe 3Q@eKTH, cBA3aHHNe ¢ uX mpucyrcTBHeMm!). UToOul 113Me-
PATH Majible yIJH IOBOPOTA KPYTUJAbHHIX BeCOB ~10-? pa:, He BHOCA HpPM 3TOM
CUILHHX Bo3MymieHnii, Poax, I{poTkoB m [uKke lcmoab3oBain ciabuii ayq
CBeTa, OTParKkaeMulii riajfKoit GOKOBOIl rpaHbIO KBAPUEBOro TPeyroabEKMKa. M3o6pa-
JKeHIie MCTOYHIIKA, IIMEIOIero BHJ IeaH, GoKycipoBanoch Ha LPOBOJOYKY MPH-
ORIIHTeNBHO TOIl Ke TONIUHE, YTO M pasMep caMoro HaoGpaskeisi. MHHOBAB
NpoBOJIOYKY, CBET 1oHaxax Ha foToyMHOKHTeAb. C MOMOLIHI0 OTACABHOH LEmu
nepeMeHHOro TOKa NPOBOJOYKA HIPHBOAUAACE B KoJeGaTesbHOE ABIKCHHE MOIIEPOK
CBeTOBOro Jayya ¢ yacroroil 3000 ru. Horma nsofpakeEue HaXoj(MJIOCh TOYHO
B LEHTpPE, Pa3JoskeHIl¢ HHTEHCHBHOCTH CBETOBOTrO JIy4ya COJAEP;KaJNo JUIIb YCTHLI®
rapMOHHKH 4acToThl rojeGamnii. OfHAKO, KaK TOJAbKO M306pasKeHHC CMCIIAIOCH
HEMHOIO B CTOPOHY, B Pa3jIoKeHHH HHTOHCMBHOCTH MO TapMOHIIKaM IOABJIAJACD
OCHOBHAsA YacToTa. B BHIXOZHOM 3JIEKTPMYECKOM CIrHAJe HOTOYMHOKHTENA HPH
9TOM UIPHUCYTCTBOBA1a KOMIOHeHTa ¢ 4acToToil 3000 I'm. 3Hak i1 BeJHUiIHA ITOH
KOMIIOHGHTH  ompejelANNCh aBToMaTHdecKu. Ha aaeKTpopnl, I10KasaHHLIE
Ha pIiCyHKE, TAK/he aBTOMATMYCCKM NOJABAJOCh MOCTOAHHOC HANpPsI)KEHUE, Beau-
4iHa KoToporo OLi1a NPONOPLHOHANBLHA 3T KOMOOHEHTE. I[0CTOARHOE INEKTPI-
Yyecroe I0JIE BO3BpaljaJio KPYTHJbHEE BEChH B HYJeBOoe MojIoeHue. Beanuuna
HANpPAKeHUsA, KOTOPoe HAMO OBUIO HPUJOMMTH NJIA BO3BPaleHHA BecoB B HyJe-
BOe I110JIOKEeHiEe, HeNMpPepHBHO DerHCTPHPOBANACH II CHYIKIUIA MepOoH KpYTHIUEro
MOMEHTa, ACHCTBYIOLIETO HA MAATHAK. 3aTeM 3aBHCHMOCTL KPYTAMECLo MOMeHTa
OT BpeMeHH Ha IPOTAKEHH ! MHOTHX CYTOK IOABeprajack pypoe-aHanusy. Beanuu-
Ha (ypbe-KOMIOHCHTH C TepHofoM 24 4 MO03BOJILIA OIPEJCHUTh OTHOUIEHHE
dgig = (0,96 £ 1,04).10-11, Taxum o6pa3oM, amoMMHMII I 30J0TO UAHAIOT
€ OIHHIM 1f TeM K¢ YCKODCHIieM, HeCMOTPA Ha CYLIECTBCHHHE Pa3iudHA MEKAY
3THMK JJieMeHTaMH, YKasaHHHe EiKe.

OTHolmeHue Al AU
Yucno HeATPOHOB
YHCJI0 OPOTOHOB 1,08 1,5
Macca, cooTBeTCTBYIOIIAA KHHETHUCCKON vHepruM K-ajieKTpoHa 0.005 0.16
Macca nokoa anekTpoHa ’ ’
JneKTPOCTaTHIECKAA dHeprua-Macca AIpa 0,001 0,004

Macca aToma

TeopeTndeckie cIefCTBUA ITOIO IKCMEpUMeHTa 06cysxua0TCA 6osee noapobGHO
B r. 16 u 38. Bparunckuit u [TaroB [46] BHNoaEANN B IpUHELALE TOKAECTBEHHBII
3KClIepPIIMERT, HO B YCOBEPIIEHCTBOBAHHAOM BapuanTe. CpaBHMBasg YCKOpPeHAA
Ias NDJATAHH U allOMUEAA, ORM moaydunu Og/g <5 1.10-12.

1) HeoGxomiyo OBIO mPAHATL MEPH (I OHM ORI MpuHATH), 4ToOW M3Ga-
BHTBCH OT Apyrux Boamymenuii. 1. Hycouek jkemesa paamepom 10-3 cm, 11ome-
LIeHHA] HA KPYTINIbHKE BECH, B MATHHTHOM II0J€ 3CMJII JaJ Oul BKJIAJ B KPyTa-
LTl MOMEHT, B COTHH pa3 NpeBHIUAIOU[Mii HaMepeHHoe anaucHHe. 2. Paziuyme
B 1\aBJIEHIIH CBeTa HA Pa3HLle CTOPOHLI IPy3a MPHBENO OB K 110N yCTAMO (OMbLIMM
RO3MYIIEHIAM, eCTl Ob Pa3liocTh TeMilepaTyp 3Tux cropoH npesuicuaa 10-* K.
3. Bujenerie rasa C O[[HOil CTOPOHH Tpy3a 3aKpyTHJIO Ol ero, Kak pakeTa.
Ecau 0u raa pumenssca co ckopoctnio 10-8 r/cyTku, To cimaa cocraBisia Gul
~10-7 r.cs/c? — 3HadcmHe, [OCTATOYHOE, 9YTOOK HOBIMATH Ha M3MepeHus.
4. Bpamense uaMepaIoch 10 OTHOWEINIO K §aliKe, HA KOTOPOil OhJI0 3aKperJieHo
o6Gopynosamue. UToOW OHTH yBepEeHHHM, UTO dTa GajJKa caMa He BpAIaeTcs,
OHa Owa BlenaHa B CKaJbHOE OCHOBAHHC. 5. JJIEKTPOCTATHYECKHE CILIHL GBI
TaK&Ke MCKIOYeHH; IHa4e OHH BHECAH Ohl CBOM BO3MYI(EHHA.
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OT YCROpEHHMA,
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HebioToHOBCROE
abconoTHOE
TpOCTPAHCTBO
HenabmonaemMo,
OHO He CymecTByeT
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AaTexs, KOTOPHIA yCKOpAeTCA 3a cueT paGoOTH paKeTHHX [BATaTeleil,
¢n3uKa cioKHA B TO#l )Ke Mepe, 9TO U [JiA 3eMHOrT0 Halmiofaresxd.
Yrobu ¢msura craja mpocToH, Hago 3alHTh mpo 060HX 9TEX Habaio-
haTejeii A MHCJEHHO mepPeHECTHACH B KAOMHY KOCMHYECKOTO Kopafms,
coBepmawmero cBo6GoguKiA moser B mpocrpancTBe. Huuto He Mo:ker
GHITL ecTecTBeHHee TOH KapTHHH, KOTOPYIO MH YBHJHM: BCE He3aKpem-
JIeHHEe IpeAMEeTH [BE;KYTCA N0 HOPAMBIM JIHHHAM C OOCTOSHHHMHA
cKopocTsamu. Bor xak Hafo usydats ¢naury! [lonpayiiTecs coenuaabao
BHOpaHHO# CACTEMO# KOOPAMHAT, B KOTOPOii HabXI0MaTe b HEBECOM,—-
AOKAABHO UHEPYUAAbHOU cucmeMol omcuema. Wnm paccumTaiiTe, Kak
BC€ MPOMCXONAT B 9Toit cncTeme, Mau, eciim BH BHHYKAEHH IOJb30-~
BaThCA CHCTEMOH OTCUeTa, CBSI3aHHOM ¢ JemJeil, paGoTaiiTe ¢ TakMMH
OHCTpDHMHE YacTHAIAMH X HA CTOJAb KOPOTKHX pPACCTOAHMAX, HpH
KOTOPHX HAealbHad, CBOOOAHO NANAIOMAA CACTEMAa OTCYETA OTJIMH-
9aeTcA OT peajbHO#, CBA3AHHOA ¢ 3emiecil, Ha Beamuuny, npeHeGpe-
JKHMO MaJIyl0 B mKaie axcnepumenta. |Ecam mnuna muneinoro yero-
pateana 1500 M, oueprma asxexktpoma 1 I'sB, To Bpemsa mpo:era
~ (1,5.10° cm)/(3 -10'° cm/c) = 0,5-10-% ¢; 3a aTo BpeMsA TeNo B CBo-
GomHOM mameHmM mposeTaer ~', gt? = (490 cm/c?) (0,5-107% ¢)? x~
~ 10-8 cm.]

ITpemmymecTBOM mn3yueHHA (U3AKE B JIOKAJbHO HHEPIHAILHOM
CACTeMe OTCIETA, TAK }Ke KaK npH HabuoxeHnn 3a MypaBbeM Ha MaJlOM
y4acTKe AGIOYHOM KOMKYPH, ABIAETCA IPOCTOTA, JOCTUTAEMasA 33 CUET
0TKa3a OT BCAKHX CCHUIOK Ha T0, 9TO mpoucxomuT Baagd. Pusnka
NpPOCTa TOJABKO € JIOKAJBHOH TOYKM 3peHAA — 3TOT BEeJHKAH YPOK
mpenofaji Ham JAHmTEH.

HeioToH roBopmiI coBCeM mO-ApYyroMy: «AGCOJIOTHOE IPOCTPaH-
CTBO 10 CaMOil CBoeil cymHOCTH, 0E30THOCHUTENbHO K ueMy OH TO
HHA OHLII0 BHELIHEMY, OCTAeTCA BCETHA OJUHAKOBHIM I HEOOXBHMKHBIMY.
Ho xak mpuaaTh CMEICI HBIOTOHOBCKOMY aGCONIOTHOMY HpPOCTpaH-
CTBY, HAHTH €ro KpaeyrojibHee KaMHA, OTMETHTH €ro NpAMHeE JHHIH ?
B peansnom Mmpe, rfe ecTh TPaBHUTAHA, HA OJHA YACTHNA HE JBH-
MKETCA 0 HBIOTOHOBCKHM NIDAMHM JnHWsAM. MpeaibHas reoMeTpus
Hrotrona nemabaiomaema. «Homera, mpoxomgsmias oxoino Coaniua,
OTKJIOHsIeTCA OT mpAmMoi JmHAM». Her, He cymecTByeT Takoii «Mo-
CTOBOi1», HA KOTOpPO# MO3KHO OHIO GH OTMETHTH 3Ty im0, «Ameann-
Hag mnpAMas JgHAA» — 3To Mud. Ee mukorga une Onuio u ue
6yner.

«lorpeboBanacy sxectoxans 6Goppba [gma Heioronal, uTOOHM
OpHHATE K NOHATHIO HE3aBUCUMOTO # aGCOJITHOTO HPOCTPaH-
cTBa, HEONEHAMOMY [JIi PasBATHA Teopmd... Bupoau HrioTona
OpH COBPEMEHHOM €My COCTOSHHA HAyKA OHJIA eMHCTBEHHO
BOBMOKHEIMH H, B YaCTHOCTH, €JMHCTBEHHO ILTOJOTBOPHBIMH.
Ho mocnenyioniee pazpuTme mpobieMEl, KOTOpOe BPSX JH MOKHO
6E710 mpeABHAETH 3apaHee, IOKa3alo, YT0 conpoTuBiIenue Jleii6-
EEna ¥ l'lofiresca, MCXONMBHIAX W3 HMHTYHTHBHO NIPAaBUIBHEHIX,
N0 II0X0 NOAKPeIJIeHHHX AapryMeHTaMd npeACTaBIeHHWH, Ha
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Our. 1.7,

«HepecOMOCTE® B KauecTBe TeCTa JOKAJBHO WHEDPHNAJbHOH CHCTEeMH OTCYeTa
(enopermneroit cucTeMu»). Ecam cucteMa oTcueTa CBOGOREO NAiaeT M He BpamaeTcs
(¢eCTeCTBeHHAA MUPOBAS JUHASA B NPOCTPAHCTBe-BpeMEHM»), TO ofe HymeuyKkm
¢ OPY;KAHHHM MeXaHASMOM IOCHJIANT CBOM CHAPAAHN (CTAalbLHHE MIAPAKA OT HOA-
mMIAOHAKA) CKBO3L OTBEPCTHA B mMMTAaX M3 JIOCHTA, PacIoOJIO}KeHHEe BROXDL NpA-
MHX JHHWi#, OpAMO B nesib (HJeTeHHe KOPSWHKH). Ecim ke cmctemMa B MOMOHT
BHCTpeJa HofBemeHA HA BepeBKe, KAK NOKA3aHO HA PHCYHKe ((CHCTOMA OTKIO-
HAGTCA OT eCTeCTBeHHOH MHMpOBOil JWHEH B NPOCTPAHCTBe-BpeMEHH W3-3a HATA-
FOHAS BePeBKHM»), TO MONACTh B LeJb He yAaeTcs (MCKPHBJEHHAd TPAeKTOPHA
€ mapMKOM, OTCKOYMBIIMM DPMKOIETOM, B HUKHeil gacTH pncyBKa). Taxaa Mofenb
AHepUMaXbHOM cUCTeMH oTcyeTa Ghisa moctpoeHa I'apoanpom Baare B ITpnaCTORHE.
IInomans NOCATOBHX INUTOB cOCTaBasna oKodo 1 M2. «3amajbHKe MBYpH»,
CHMBOJIMYECKA 0(03HAYAIONME 3AfCPIKKY BO BpeMeHM, OBIM 3aMeHEHH BJeKTpH-
YecKrMn pene. IlomajaHus He TPOMCXONAT, €CIM JBWKEHME CHCTEMH SBIAETCA
1) BpamaTenpBHM, 2) yCKOpeHHHM WJM 3) Kakod-mbo koMOmEANWedl mepBHX
neyx. TpynEo npEayMaTs ApYroe Jerko peanmayeMoe YCTPOMCTBO, KOTOpoe
6osee MONHO MANOCTPRPOBANO OH CMHCJ NOHATHAR «JIOKAJHHO JOPEHNEBA CHCTEMA
oTCUeTar.
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camoM jene GuIo BmojHe obocuosamo... He meiee nanpsikensnie
YCHJIMA OOTpeGoBajnCh JUIA TOro, 4TOOLI BIOCJIENCTBHH MpPeojo-
jJeTh 3To moHsATHe [aGco.a0THOro mpocTpaucThaly.

A, diimureitn [50]

Cornacno JiAANITEHRIly, T€OMETPUSA B JI1000il JIOKAJALIO MHEPIUAIbHOMK
cAcTeMe OTCYETA IPOCTAa M MMeeT MmpAMON M scHEIE cMmbica. B aroii
cHCTeMe Ka;KIasg JacTUIA ABMKETCA IO IPAMOI JUHHU C MOCTOAHIIOMN
CKOpoCTbI0. Onpedesum JOKANBNO HUEPIHANBIYI CHCTEMY, BHOpaB
IECKOJIBKO 4acTul, M NoTpeGoBaB, 9TOOBl JBAetiie 3TAX YACTUIL
ofaaa0 TakUMH NPOCTHIME cBoiicTBamit (pur. 1.7). B onpenenennoit
takum o6pasoM cucteme Jdi06asa jgpyrag cBoGOJHAA WACTHIA TaKkKe
ABISKETCA OO MPAMOM JMHHM M ¢ IOCTOAHHOM ckopocThio. ITpomeccu
CTOJIKNOBENHA ¥ aHUATHIANMK YACTUI[ MOTIMIAIOTCA 3AKOUAM COXpa-
HeHMA HMIYJbCA M DHEPTUMH, CIPABEMJIMBHIAL B CHEHAILION Teopuu
OTIIOCHTENBHOCTH. To 00CTOATENHCTBO, YTO BCE HPOMCXOJUT TAKHM
yOMBHTENLIEIM 00pasosm (a DTO MOATBED:KAAIOT pPe3yJabTaThl MIIOTAX
THICAY YKCICPHUMEHTOB B QI3iKe DIEMEHTAPHLIX YacTHI), CCTh NMPOAB-
nenne rIyGoYalimMX 3aKOHOMEpHOoCTe, KOTOPHIM IMOJUUHAIOTCA BCE
ABJIeHdA B npupoge. Momio KpaTko copMyauMpoBaTL Cleayiolue
BuaiBoAnl: 1) ¢u3anKa Bcerga M Be3JC ABIACTCA JIOKAJIbHO JOpeileBoil,
T. €. JOKAJbIO COPABENJUBH 3aKOIB CIEliaILHOH TEeOpHA OTIIOCH-
TeJLHOCTH; 2) 2TA MPOCTOTA Hau(oJee YeTKO IPOABIAETCA B JTOKATLHO

Jopenmenoil cucTeme oTcYeTa («MHEPIMAILIIOA CHCTeMe OTCUeTay,
¢ur. 1.7); 3) 4To6GH yHocTOBEPHUTLCA, UTO CHCTEMA ABJIACTCA JOKAIbLHO
JIOPCHIEeBOil, JIOCTATOUNO yOeUTLCA, YTO B Ieil MMCCT MECTO HeBeco-
MOCTD!

Jomoanenne 1.2. BENIECTBA, UMEIOI{NE COBEPMEHHO PA3JIN9HBIH COCTAB,
MAJTAIOT C OMIIMM 1 TEM JKE YCKOPEHWEM («CTAHJNAPTHAA MHUPOBAS JINHUA»)

Apucrorens: «[lagenme MacCH 3070Ta HJIH CBAHIA, HJIH KaKoro-AuGyae Ipyroro
Tela, mponcXofAT TeM (nicTpee, ueM Goibme ero pasMep».

JoranmieeBs MCTOYHHKA: MOTaJIAYeCKAR M JepeBAHHHI TpY3H NAJAOT ¢ ONMHAKO-
BOil CKOPOCTLIO.

Tanmneii: 1) «PasHocTs cKopocTeil ABAMCHAS B BO3AyXe AJA MAapoB U3 30JI0Ta, CBHILLA,
Meqin, mopdrpa I APVYIAX TAKENHX BEIeCTB CTOJAh HUUTOKHA, UTO NPH MAJeHAH C BLICO-
i 100 noKTeit (oKomo 46 M) 30s0TON MAap He 06TOHAT Me[JHEIE ¥ Ha YeThIpe HMAJIBIA.
VetauoBiB 5T0 B3 HaGJ0eHA, A OPHMEN K BLIBOAY, 9TO B cpefie, He OKa3LBaolmei
HEKaKOT0 COMPOTHBJIENAs, BCe Tela OYAyT mafaTs ¢ ofEHAKOBO# CKopocThion. 2) Ilo3n-
neiimme, GojJee TOYHHE 3JKCOEPHMEIITH, B KOTOPHIX «TAroTeHHe OwLIO ociabieno»,
MOKA3LIBAIOT, UTO BPEMsI CIYCKA IO HAKJIOHHOM IJIOCKOCTH [IA Pa3iAATHLIX Ted 0JH0

U TO ike.

HboToH: HaKJOHHNASM OIOCKOCTH 3aMeHella nyroi«i, mo KOTOpOﬁ OBH;RETCA I'Dy3 MAAT-
HHAKA; «BpeMdA IaJeHHuA» Tell paanmmoﬁ IIPpAPOALL OmMpefReIACTCA NYTEM CPaBHCHHA
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aepruoJoB KoJsiefaHHMH MasTHAKA C TPY30M H3 JBYX Da3iMYHHX BemecTB. IIpeae:a Tou-
HOCTH B 3THX BKCHEPHMEHTAX HAKJIAALIBAETCSA TeM, HACKOJBLKO TOUHO YOAETCH OIpe-
nexnTh 3QdeKTABHYIO AJIEHEY KajKOOro MasATHAKA: (yCKopeHHe) = (2r/mepmon)?(anmua).

Jlopan ¢on Iteem (47, 48] cpaBHuBaa NBe BepTUKaJN Ha HOBEPXHOCTH Bpamapomercs
ey.u, ompefiesiicMEle OTBECAME ¢ TPy3aMi B3 pa3amuboro Matepmaia. OGe nonpemen-
Hhie MacCHl, YBJeKaeMhle 3aKpemVIeHHHMM HUTAMHA-IOJBCCAMA, ONMCHBAIOT TOKAECT-
BEeHHBI® MEPOBHE JHIEM B IPOCTpaHCTBe-BpeMeHn (B laGopaTopuu dteemal). Ho 6ynyr
JIN OHH JABHTATHCH IO TO;KAECTBEHHBIM TPaeKTOPHUAM B IPOCTPAHCTBe-BPeMEeHH («eCcTeCT-
BeHHEIM MEPOBHIM JTHAAAM NPOGHOH MacCHD), ecu o6pesaTh HuTH noaseca? Ecan 6ynyr,
TO yCKOpeHHe, M3-3a KOToporo faKTHUeCKas MUDPOBAs JIMHUH OTKJIOUAETCA OT €CTeCT-
BeHIIol MAPOBOil JMHMA ¢BOGOLHOTO NafleHUsA, MMeeT BIOJHe onpeeleHlloe 3HadeHnae a.
B skcnmepmMeHTe JTBema He JAeJaJioCh MONBITKM NPOBEPUTH coBOafeHHe alCOMIOTION
BeIIMHHH @ 1iA ABYX Macc. Uto6H 3T0 chaexaTs, Hy:kHO 1) o6pesaTs HuTh 1 2) mpocie-
JNTH 3a MafeHHeM o0eMX Macc. ITBEM OTKA3aJCA OT TAKOTO MOAXOMA, OTAAB IpenHouTe-
lne CTATHYECKUM I3MEPCHUAM, KOTOpPHIC OH MOT IPOBECTH € (OJhHIEH TOYHOCTHIO,
CpaBIIABas Hanpaeiexlie BeKTOpa 8 [iA JOBYX Macc. Ero paccy;kI€HMA CBOAMJIHACH
K ClIcAy0MeMYy: HampaBieHMe, OIpefejiAeMoe HUTHI0 MOABECA, €CTh He UTO WHoe, Kak
ualpasieine, BJOIb KOTOPOTO MacCa YXOMUT CO CBOCH eCTEeCTBCHHOM MAPOBOi JIMIHAH
«cBofoqHOr0 Mafgenus» WIH «ieBecoMocTdy. COOTBETCTBYOMEeEe YCKOPEHHC ABJIACTCA
BeKTOPHOI cymmoif 1) yckopeHnsa @, HampaBJIEHHOTO BBePX HPOTHB TaK 1a3HBAaEMOTO
IrPaBATAI[HOHHOTO HPHTAKEHUA, U 2) YCKOpEHHMsA, HAmpaBJIeHIOro K OCH BPAaMEHHA
3emnm m paBHOrO 2R sin 0 (o — yrmoBasa ckopocth, R — pammyc 3emau, 6 —
fIONAPHHI yTOJ MecTa, Te NPOBOJHJICA DKCHepNMMEHT, u3MepenHHil oT Cesepiioro
noqaioca). BepTakaabnas COCTaBAAIOMAA 3TOTO LHEHTPOCTPEMHUTEIBHOTO YCKOPEHAS —
%R sin? O cammkoM Mana, 9ToGH DPRHAMATD €€ BO BHAManne. Boee Ba:KHOM ABiAET-
cA coctaBaAman 2R sin 0 cos 0, HampaBjeHHasa Ha ceBep NapaJlIeNbllo 3eMHOM
mogepxHocTH. OHa OTKJIOHAET HUTh Ha Yrod

TOPH3OHTAJIbHO® YCcKopeEme _ w2R sin Ocos O
BODTHKAJBHOE YCKODeHH® g -

2
= ——gé% Z:;zz sin 0 cos®=1,7-10"3 panmam mpm 0= 45°

OT mpAMOil JIMIIUNHE, COCUHAOMENH LeHTp 3eMIn ¢ TouKoi noxseca. Pa3HocTh B ycKope-
UAX ABYX OOfBemeHHHX Tpy3oB 0g = 10~8g npEBeneT k pasHmOe B yriax, onpenense-
MbIX OBYMS oTBecaMu, paBuoii 1,7.10-!! pagman Ha mmpore Bynmamemra (0 = 42,5).
Irpem moayusi, gro Og/g He mpeBHmaeT HeCKoJApKEX egAnui; 1072,

Poax, Kporko n [lukke (41] mcnoan3oBasm B KadecTBe npobGHOTO yCKOpCHHA 1ie
rOPH30HTAJBHYI0 COCTABJIAKI(YI0 MOCTOAHHOTO [CHTPOCTPEMHUTCIBHOTO YCKOpeHMs
3eyiloro Bpameiius, pasHyo 1,7 em/c® Ha mapote 0 = 45°, a mepeMenloe yckopenne
CO.1HeTIOr0 TPUTAMKEHMA, MeHsApmeeca ¢ mepuomoM 1 cyrku m paBuoe 0,59 cm/c®.
Oun moayuunn, uro | g (Au) — g (Al) }/g ue mpeBnmaer 10-!! (¢pnr. 1.6).

Bparnncknii 1 Ianon [46], kak u Poaa, KporkoB u [[ukke, mCnoJip3oBalid B Kaue-
¢TBe Mpobloro YCKopeHAA yCKopelue CoJHeIHOTo NpHTA;keHAA. OHE HOJYyYMaAn, YTO
| g (Pt) — g (A]) |/g ue mpeBnmaer 10-12.

4-01457
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Buaa [45]: JiBmsenue uyactuu, KoTophle B rpaBATandoHHOM mode 3emanm n Coanuna
OTKJIOHAIOTCA MeHbIme, yeM (oToHH, 3QPeKTHBHO HPOMCXOAUT CO CKOPOCTBIO, NpPEBLI-
majouieil CKOpoCTh cBeTa. ECJIH 3TH YaCTHIL 38 PAYKEHbl WM UMEIOT KaKyo-1160 HHYI>
DJIEKTPOMATHUTHYIO CTPYKTYpPY, TO OHH, HCOYCKas JepeliKOBCKOe HajyuyeHHe, GHICTPO
yMEeHBIIAJOT CBOI CKOPOCTH A0 HEKOTOPOTO NOPOroBOr0 3HAUEHHs Ha [IAHE NYTH
mensme 1 Mxm. ITopor Je;kuT B o6nacTl sHepruil nopaaka 10® me? Xortsa yaptpapess-
THBHUCTCKHE 4aCTHIH B JABHAX KOCMAYECKMX JIyueil He TaK TO NPOCTO OTOMIAECTBATH,
TeM He MeHee peruCTpanus MIOOHOB ¢ dHeprueil 10'® 3B cBnjerenncTByeT 0 TOM, yTO
y MIOOHOB «HeOCTaTOK Beca» e mpeenimaeT 5-10-5. HaoGoport, wactunm P, rpaeura-
IMOHHO CHJIbIiee CBA3amuble, YeM GOTOHH, OTOHMPAIOT y HOCJHeAHHUX HMIYJKC, lleofXo-
IAMBIA AJA TOro, 9To0Bl CTANl0 BO3MOKHBIM POKJeHHe mapel Y — P 4+ P, Ha [muHHe
pacmafa, Jeskameii B cyOMUKponHnoM Imanasone. CymecTBoBaHMe (OTOHOB € 3Hep-
ruame, npeBuimatomumu 102 5B, roBopuT 0 TOM, YTO ¥ e* «M36HTOK Beca» He Goapme
5-107°% y p* — ne Gonpme 2.107%, y A, E-, @~ — He GoJlee HECKOIBKAX NPOICIITOB.

§ 1.4. JIOKAJIBHO JIOPEHIIEBA TEOMETPHA
C KOOPIMHATAMMU N BE3 HUX

Ha nosepxuocru a6ioka B mpefenax OTHEYATKA NMaiplla TeoMeTPHSE
ABAAeTCA 3BKJIMAOBOM (Pur. 1.1, BUJ B YBEJIIUNTEIbHOE CTEKMNO).

Jloransuo B mpoctpancrse-Bpemenn B npepfenax orpaHHUCHHOH OKPECTHOCTH
ToaweTpIR reomeTpus sBasgerca Jjopennenoii. Ha ﬂ6319ue PACCTOSIHAA MEKIY
ABaAETCH TOYKAMHU MOAYMHAIOTCA TeOpeMaM reomeTpuu JBKAHAa. B mpocrpancTt-

IPOCTPAHOTBEHHO-
BpEMeRELIM Be-BpEMEHH HHTEPBAJH («coOCTBEHHOE paCCTOAHHE), «COOCTBEHHOO

aprmnonoR 0 BpeMs») MEXIY COOHTHAMHA yNOBNETBOPAIOT COOTBETCTBYIOIUM Teope-
reoMerpum MaM reoMeTpuE JlopeRna — MmEKoBCcKoro (fmomonsenme 1.3). ITm
TeOpeMLl JIETKO IPOBEPAIOTCA HA OLBITe B COOTBETCTBYIOMHUX KpaiH®
coedndUIHBIX CHCTEMaX KOODAMNAT: 3BKIMAOBEIX KOOpDAHHATax —
B 9BKJMJOBOH TreOMETPUM, B €CTECTBEHHOM O000GIENNH 3BKJIMJOBBIX
KOOpAUHAT (JOKAABIO JIOPEHIEBHX KOODAHNATAX, JIOKAJBIO JIHEP-
IUAJIBIOK CHCTeME) — B JIOKAJBHO JODENneBoil reoMeTphH (H3MNKH.
Opnako cojepcanne TeopeM He 3aBUCHT OT TON MJIHM HHOU CHCTEMER
roopaunar. Ilpu nx d¢opMydupoBKe HMEIOT [€JI0 € HHTEPBAJIAMA
M Mauuamu. B Hamu OHE [OAA OOpeNeNIeHHA IJIAHH KOODAWHATE
RY;KHB He 6ojee, YeM OHHM GHJIM IIY3KIBI BO BpeMeHa IBKIuga. Toukm
B OTPOMIOM CTOTY CE€HA — 3TO M €CTh NPOCTPaHCTBO-BPEMA; PaccTosA-
HMA MY OSTHMM TOYKaMu — 3T0 M ecTb reometpus! T'osopum am
MBl O HAX HA fA3BIKe KOODAMHAT WJIH HA APYTOM A3HKe, OHH OT 9TOro

ne MenAwTcA (monoanenme 1.3).

llonoanenne 1.3. JIOKAJBHO JIOPEHHEBA TEOMETPUsI M JIOKAJIBHO 3BKJIN10BA
TFEOMETPHSA (C KOOPAIIHATAMM H BE3 HHX)

I. JlokanpHO 9BKAMAOBA reoMeTpusA

Uto MH UMeeM B BUAY, KOrja TOBOPHAM, 4TO Ha MOBEPXHOCTH AGI0Ka B mpeferax HeGoab-
HIOTO OTHEYaTKAa NaJbia TEOMCTDUA ABIAETCA IBKIUIOBO ?
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A. @opmysuposka na A3uke, cco600nom om Koopduram (IBKIHR):
Ilycts pan otpesok A¥. Ilpomonxum ero Ma TaKyw mxe P
pnupy 6Z. Ilycts Touka % paBHoypmaleHa ot A4 u X,

Ho me mpmHanjexut AZ. Torma

§2 =52 §2,. .

B Sy T we

(Teopema IIndaropa; cmpaBemJMBH TaK:ke H JpyrHe
TeopeMbl IBKJIMAOBOH TeOMEeTpPHH.)

—_——
a ¢ 3
B. @opmyauposka na xoopdunammom asvire (dexapT): ,
~ = 2]
PaccTosnne S OT HeKOTOpo# TNPOM3BOJILHLM ofpaszom * =12 3
BHIGpantoii Touxu A4 Ao M06oit Apyroil Toukn # B nom- ?a1li -
xoffmed (3BKIMIOBOM) cHCTeMe KOODIMHAT 3aflaeTcA  , o /
BHIpa;KeHAeM
2
x“=9
= Iyl 1
52 o= [t (B) — 2t (AP + [2%(F) — 22 ()P )
oA ‘=8 d
" a
Eciu ynaercs HalHTH HCKOTOPYIO CHMCTCMY KoopAamnar, =7
B KOTOPOM 3TO BEIMOJHAETCH JUIA BCeX TOUeK +# u B n3 - N T e
paccMaTpHuBaeMoil OKPeCTHOCTH 1ia moBepXiHocT AGI0Ka, w w !

TO OTCIOfa cpa3y ciemyer, uto: 1) oTa cucreMa Koop-
AMHAT JIOKaJIbHO 3BKIHIOBa, U 2) reoMeTpHs NOBEPXHO-
cTH AGNOKa ABJIAETCA JOKAJIBIIO 3BKINIOBOI.

I1. JlokaasHO XopeHIeBa reoMeTpus

Yto MH HMceM B BHAY, KOTAa TOBOPHM, UTO TEOMETPHS AOCTATOYHO OTPaHMYEHHOMR
OKPECTHOCTA NPOCTPAaHCTBa-BPeMEHHE B pealbnoyM (i3nuecKoM MHpe ABJIACTCA JIOpPeH-
neBoi ?

A. @opmyauposka na aswke, ceobodnom om roopdunam (Po66 [15]):

IMycrs AZ — mHEpoBan nuHuA cBoGoAmnoil yacTunel, # — cobuitAe, He NpH-
HajJekamee arToit MmpoBoii smuuu. [lycts namnee
cobutue (@ oGosHawaer mepeceyeHnme ¢ JEZ 1yua cBe-
Ta, Acnymentoro B %, a & — Ttakoe coOmTHe Ha AT,
YTO HCHYMEHHH B HeM CBeT Kak pa3 mnomafjaet B F.
Torna cofcrennoe paccrosinue s, g (MPOCTPAHCTBEH-
Homofio0HH HWHTepBaX) Hiam cobcTRenitoc BpeMst T g
(BpeMeHUTONOOHK UHTEPBAN) ONpefeIAOTCH BHpaske-
HHEM

=—1

2 —_
SAB AR Y46 45
IokasaTenscTBO CHOPMYAMPOBAHHOTO Bhillle KPUTEPHA
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JOKalbHO JOPEHIeBOH TIeOMeTPAHM SCHO W3 PH-
CYHKa M OPHBEJSHHOTO HHKe BHIDa)KeHHA, 3a-
OACAHHOTO B JIOKAJBHO JIOPEHISBOH CHCTeMe
oTcueTa, B KOTOPOH dYacTHNAa HOKOHTCH;

B. @opmysuposka na koopdunamuom szwke (Jlo-
peni;, Ilyankape, MaakoBcKkmEil, JHHEmMTEH):
Ecan 3agaTeCA HEKOTOPHM, IPOA3BOJBHO BHO-
paHHEM cob6HTHEM A4, TO Jd0Goe apyroe Gam3-
ne;kamee cobntne % oTHelxeHO OT Hero coGCT-
BEeHHLIM DaCCTOSIHHEM S g HIH COGCTBEHHHIM

BpeMeHeM T_g g, KOTOPHE B MOAXONAMe (710-

KaJBHO JIOPEeHIleBOd) cHCTeMe KOODAHHAT ompe-
HeJATCA BHpa)KeHHneM

2 = 72 = — 2

+ [t (B) — = (A))P+

a4 | + [#* (B) — 2 (A) +

0.3 ,L ) +[2° (B) — 2 (A)2.

0n |~ Ecan ymaercsl HaiiTH HEKOTOPYIO CHCTEMY KO-
. jrd OpAMHAT, B KOTOPOM 3TO BHIHOJHAETCA JOKAJb-
al “ HO JJIA BCex OJH3Ie:RaMEX COOHTHA A m F,
x0=0 TO OTCIOfla Cpa3y cienyet, 4Tto: 1) ata cAcTeMa
w © KOOpAMHAT JIOKAJIbHO JIOPEHNEeBa, H 2) reoMer-

PHA NPOCTPAHCTBa-BPEeMEHH ABIAETCA JMOKajb-
HO JIOPEHIEeBOi.

II1. oaoskennsn, oTpasKaioLiAe CBOMCTBA HAIIETO MHPA

Teomerpms moBepxHoCTH sA6M0Ka ABIAETCA HOBCIOAY JOKaJbHO 3BKAEA0BOA. ['eomer-
PHA OPOCTPAHCTBA-BpPEeMEHM MBISETCA IOBCIOAY JOKaJBHO JIOPEHIEBOMH.

IV. JlokanpHan reoMeTpms HA fA3bIKe COBPEMEHHONW MATEMATHEH

A. Mempuka 6 npousgosbHOM MHO02006pA3UL:
B kas¢moit TouKe Ha DOBepXHOCTH A0J0Ka, Y KO)KIOr0 COONTHA B NPOCTpaHCTBE-
BpeMeHI U Boo0me B KasKIo#l TOoUKe JIOGOro «puUMaHOBa MHOrooOpasms»
CYIeCTBYeT reoMeTPHIeCKA 06beKT, Ha3HBaeMHH Mem pUECKUM MEH30POM .
9To cBoero poja «MamIHHa» ¢ ABYMs BXOZHHIMHA KAaHAJNAMH, KyHNa «BBOXATCA»
ZiBa BeKTopa:

Bxox 1 Bxoxm 2

| |

g( , )-
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Ecau B 06a KaHaja BBOAMTCS OJMH M TOT #ie BEKTOD W, TO B pe3yJbLTate HOMY+
gaeTCsl KBaApaT JIMHH WU:

g (u, u)=uz,

Ecim BBOAATCA JBa DAasiMIEEIX BeKTOpa U HW V (HEBAJKHO B KaKOM IO~
pangke!), TO B pesyabTaTe MOJYHaeTCA UMCJIO, HA3bIBaEMOE (CKAMADHHIM KO-
H3BefleHNeM U Ha v» M o0o3Hagaemoe U-V:

g(u, v)=g(v,u)=u-v=v-u.
Merpuka ABaAsieTcs JHAHEHHON «MAMHHOIY:
g (2u+3w, v)=2g (u, v)-+3g(w, v),
g (u, av--Llw)=ag (u, v) 4 bg (u, w).

CnepoBatenbno, Te AEHCTBAA, KOTOPHE OHA NPOM3BOLAT Haj ABYMA BEKTOPaMH
B 3aJaEHOH (IPOMBBONBHO) CHCTEeME KOOPAMHAT, MOJKHO 3amMCaTh B BHJE
BHpa)keHAA, OMAMHEHHOTO IO KOMIOHEHTAM STHX BEKTOPOB:

g (u, v) = gapuP = gy ulv! + gulv?+ gut' 4 ... .

Beauyunn gep = ggo (o ¥ P npoberaror snavenus or O 5o 3 B mpocTpaHcTBe-
BpeMeHE ¥ oT 1 mo 2 — ma moBepxHocTH fA6I0Ka) HA3bLIBAIOTCA ¢KOMIOHEH-
TaMH § B JIAHHOH CHCTeMe KoopAWmHaT).

B. Komnonenmbl mempukru 6 40kaavHO A0DpEHYEol U A0KAALHO 38Kaudosoli cucme-
Max koopdunam:
UYTo6H yCTaHOBUTH CBA3H MEMAY METPHKON M NpeAblAYIMHUM ONHCAHHEM JIOKaTb-
HOM TeOMeTpMH, BBeJeM JOKaJbHO 3BKIMAOBH KOODAMHATH (Ha AG6JoKe)
A JIOKaJAbHO JIOPEHIeBH KOOpAMHAaTH (B mpoctpalcrBe-Bpemenn). Ilycrs
§ — BekTop, pasfensiomei ToYKM o W % m HanpaBiaeRBHH M3 A B F. Ero
KOMIOHEHTH B JIOKaJbHO 3BKJMMAOBHIX (JopeH1eBHX) KOOPAMHATaX UMEOT BHX

=2 (%) — 2% (A)

(cp. nmcmonnenme 1.1). Torpa kKpagpaT AAMEHBL BeKTopa /:B
U_, 5, BIM, UTO TO JKe caMoe, KBaJPaT PaCCTOAHEA OT A g/’
no %, mommen cocraBiaATk (cp. Bume [,b u II, B) /
(E1)24- (¥2)2 na sGuoxe, /‘
BE=gG H=gapt’P=s2pp= —EPHEP+E+EP 4

B OPOCTPAHCTBe-BPEMEHH.

CrnegoBaTelIbHO, KOMIOHEHTH METPHKH DaBHBI

guu=8os=1, g12=082=0, 7. €. gop=0qp nHa AGIOKe B JOKANBIIO 3IBKIAMIO-
BHIX Koopnnna'rax;

go0= —1, gor=0, gin=0;, B DpocTpPaHCTRe-BpeMENH B JIOKANBHO JIOPEHLe~
BbIX KOODJMHATAX.

9Tu coenmdmuecKMe KOMIOHEHTH MeTPHKA B JIOKaJbHO JOPEHIEBHX Koop-
IMHATaX 3leck M HEXKe 00603HAYAIOTCA NOCPEACTBOM g o HIIH 1)y g HO aHAIOTAK
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¢ cuMBojiiom Hponekepa 8,3. B MaTpmuHOoM 0603HageHMH OHH HMEIOT BHI
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§ 1.5. BPEMA

Bpema onpene1eno Takmm o6pasomM, 9TO0H ABH:KEHHE BHITJIALEIO
TIPOCTHIM.

Bpemsa 6odpcmsyem, rkozda ece kpyzom cnum.

Bpems cmoum ne weaoxnyswice, kKozda ece kpyzom pyusumcA.
Bpema sudum roney ecezo, no emy Hem Kowya.

Ecmy, 6ba0 u 6ydem — demu epemenu.

¢MAXABXAPATA» (400 r. m. 2.)

[To oTHOWIEHNIO K ;TOKaJbHO JOPEHIEBOM cHCTeMe oTcdeTa ¢BoGoa-
Haf YacTHIA «IBH;KETCA MO MPAMOHM JHUHAM C NOCTOAHHONA CKOPOCTHION.
Uro 3nayuT «mo mnpAMOH JMHHHE», AOCTATOYHO XOPOMIO NOACHEHO
HAa MOJlesIM MHepIHAaJIhHOM CHCTEeMHE OTCUeTa, IpABegeHAOH Ha ¢ur. 1.7.
Ho rae mpoaBiseTcA «nocrosHHAaA cKopocTh» ? U rae Boobme mposs-
aserca «ckopoctu»? Ha ¢dur. 1.7 coscem HeT wacos!

B Gosee neraibno paspaboTaHHOl MOJENH JTOPEHIEBOH CHCTEMBI
oTcyeTa MOJ:KHB OHTH He TOJLKO oTBepcTuA, Kak na ¢ur. 1.7,
110 M 3aJBM/KKII 11a Ka)KJIOM OTBEpPCTHM, HNPUBORUMEIE B JedCTBUE
9acoBHM MexaHusmoM. CHapafm momageT B Ledb JMIIbL B TOM CJydae,
eciy OH: 1) HpPOJETHUT N0 HYKHOM TPAeKTOPHH B MPOCTPAHCTBE
1 2) DIPOCKOYMT OTBepCTHE B HY;KHHA HHTEePBAJd BPEMEHM (COKHO
BO BpemeHm»). Ho mpexnae HeoGxoguMmo AaTh ompedeleHHe BpPEeMEeHH.
Bpema ompegeiaserca Takum o6pasoMm, YTOGH [BH;KeHHEe BHTIAAENO
MPOCTHIM!

Iler Taxoit crau;japTHO# MepH Bpemeln, KOTopasd Hamiaa Oul
GoJice 1IMPOKOE TIPHMEHEHHE, YeM CYTKH — BpeMA OT OJHOTO HOJyAHA
7o npyroro. Ho cTonT npMHATE MX B KayecTBe 3TajJoHa, KAK TOTYAC
obuapy:kuBaeTca, 9T0 M06HE XOpoIME 4Yach pAaCXOJATCA C IHMIL
oo clefyIomeil npocToil mpuumMie. 3eMad BpaujaeTca BOKPYT CBoOeil
OoCH 1I, KpouMe TOro. coBepmaeT opGUTaJibHOE MBM;KEHHE BOKPYT
Coaniga. J{Bskeinte Conmuma mo He6oCBOAY ABIAETCA Pe3ybTaToM
11e 0J{10T0 KAKOTO-HUOYAb U3 ITHX [ABM:KEHHiH, a HX 060MX B COBO-
KyTNIIOCTH, XOTA OHH M CUJBIIO pPas3AHYalTCAd B KOJMYECTBEIHOM
oTHOMICIIMH. YT.I0BaA CKOPOCTL GHICTPOro BpamieHnA 3eMJH BOKPYT
cBoeit ocu {npmbausureasHo 366,25 o6opoTa B rog) MOCTOAHHA C YIH-
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BHTENbHON cTemeHbio TouiocTH. CoBcem fipyroe feno — KaRyl[aAcH
yraoBas ckopocTb Bpamtenuss Coanma Boxpyr mentpa 3eman (o
obopor B rox). Ona mnpeBnimaeT cpepiice 3Hauyenune pa 2%, Korja
3emass nmpu cBoeMm JBH;KeHMH no opbure (sxcmentpucurer (,017)
oKxassiBaeTcs Ha 1% Gamme kK Comnnmy, gem cpenvee ynaienne (3akon
Kensepa), u na 2% MeHblIe cpejiiero 3Ha9eHHs, KOTAA yaajelue
3eman ot Cosmnma na 19% mnpepbimaer cpeanee. B mepsom cayuae
MrHoBenHas ckopocTh Bpamenus Coxuma Ha HeGocBoge, BEIpaikeil-
nas B obopoTax B roji, npHGIM3HTEILHO COCTaBAACT

366,25 — (1 - 0,02);
DO BTODOM CJyyae OHA COCTapJiAeT
366,25 — (1 — 0,02).

IlonoskuB, yTo «cpefuMe COTHEIHHE CYTKM» cofep:aT 24 X 3600 ==
= 86 400 3TanOHHEIX CEKyI, MH BH/HM, 9TO, KOIrJla pPacCTOsAlIHMe
ot 3emau o Coanma na 1Y% menbunie (unm GoJblue) cpepiiero smauc-
€M A, UACJIO0 DTAJOHHEX CEKYHJ OT OJJHOTO HOJIYIHA 0 Apyroro Gonnime
(win Memnpuie) HOPMAJILIIOrO 3HAUEHHS Ha

0,02 (mepemap B oGopoTax 3a rox)
365,25 (cpeanee umcio o60poTOB B roOf)

86 400 ¢ ~ 4,7 c.

Bce ckaszanHoe Bbilile OTHOCHTCS K Y9eTy BpeMeHH, HPOTEKAaIero
oT nonypus xo noayaus. flcHo, 4To BTasoN BpeMeHHM, KOTODHIH TAK
CH/IbHO MelAeTCA oT Mecsala K Mecanmy, HegonyctuM. Ecan ero mpn-
HATL, TO M CKOPOCTh CBeTa OyHeT MeHATHhCA OT MecAla K Mecsiy!

Taxoe HepaBHOMeplioe H3Meielne, KaK TOJLKO MBI y3HaeM o HeM
(2 0 ueM 31aJH Yike B IPEBHOCTH), 3aCTABJIAET I1aC OTKA3aTLCA OT CO.I-
HeYHbIX CyTOK B Ra4cCTBE DTAJOHA BPEMEHH; STU CYTKH BOBCE He IpIi-
BOJAT K TOMY, 4YTO ;BH:KeHue BHRIIVIAZUT HpocTHIM. Ilompo6yem
VCTANOBUTL OBl DTAN0U, OCIIOBAHHBIA TOJMLKO HA BPaHmICHHM 3CM.IN
BOKPYTr CBoell OCH M HCKINYAOUMi ee ABM:ReHMe Borpyr Cosna:
CHICPUYECKHE CYTKH — BpeMs, 3a KOTOpoe 3Be3[{a M3 3elUTa, COBCp-
nIMB HOJHEH oGopoT na nebocBoje, CHOBA BO3BpAamIaeTCs B 3eHMNT.
Ilpekpacno! IH.au, Tounee, mpekpacHo [0 TEX MOp, MOKA TOYHOCTD
HALIMX M3MEPEHHi 1i¢ TMO3BOJHT HaM 3aMeTHTL M3MeHeHHs B CaMoii
CKOpPOCTH BpameHus 3eMJIu BOKpyr cBoeil ocu. UTo ke aTo 3a uach,
KOTOpHEe OKa3aJnch Todullee, 4Yem CoOGCTBeHioe Bpamenne 3emmn?
3anoun HeGecnoii MexalHRH.

Cnauama y Taanes [52], a sarem 1 y npyrux, Brmouas Kanra
{5531, Bo3nMIIIO HOTO3peENNe, YTO UTO-TO HEJAHO, TAK KaK IpE;ICka-
3aiA Teopiu TAroTenna [HbToHA 0THOCHTEALHO TOTO, Te Ha 3eMie
JIOLKHEL HAGTI0aTLCA  TOHLIE COJMHEYHBIC 3ATMCHMSA, CAeTanHbie
HA OCIHOBE MMEIOUCTOCH TOTHA HTAJI0HA BpeMelH, ABIO PACNOILIICH
€ TeM, I/Jie peBHIle FPeKH U PUMISIE JeidCTBHTE/ILHO 3aperucTpHpo-
BN OTU 3aTMCEHHA B 1V:K1oe Bpems. Jlyua B npocTpancTse oT6pachi-
BaeT JBHIKYIIVIOCA TeHb. I3 7Ielh COMIEYITOTO 3aTMENHs DTa Tenh
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XOPOIIHX 1ac0B
NPABOJHT K TOMY,
MTO TPaeKTOpHHA
cpoboNHBIX 9aCTHI
B HNPOCTPAHOTBE~
BpeMeHH
ABIANTCA
UPAMLIMI
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OpouepeHBaeT Ho JUCKY Bpamjamoineiica 3eMiIu TeMHYH M0JI0CY, 9acTo
OJIMIIOK B THICAYM KIUIOMETPOB, HO IOHPHHOH, KaK NpPaBHJIO, MHOTO
MeHblIe cTa KujaomeTpoB. Ecau y unac ma cTojde eCTh Bpamaiomiiics
rao0yc, ¥ BH XOTHTe HOBEPHYTH €ro TakK, YTOGH TeHb Hajajla HAa HEro
OPaBIIbHO, TO AJA 9TOTO HAJI0 LIPOBECTH TilATeJIbIIEe PACIeTH H OTBe-
THUTH 11a ABA OCHOBIEIX Bompoca: 1) rae mo oTnomenno K 3emiae oulam
pacnonoskens Jlyia u Cojnue B KamAKd MOMCIT TOro AIIA B JaldeKOM
NPONLJIOM, KOTOPHI BAC HUTEPECYeT, U 2) HA KaKoil yToJ 10BepHy.1aCh
3eMaA ¢ TOro MOMEHTA [0 HEIHELIHero mOoJo;keHuA. BoshMeM B Kade-
cTBe mpuMepa saTmenue 14 aunapa 484 r. 1. 3. (pur. 1.8) u npegno.to-
JRHUM, YTO 11a NPOTMKEHAM NPOIMeJIIMX MATHAJIATIL cTojeTHil 3esin
BPALLATACH BOKPYT CBOEHl OCH C TOi e YI/OBOIl CKOPOCTBIO, KaK
i B 1900 r. (acTponomMmuecKas Touka oTcyeTa). l’acuersr mpHBOIAT
K 1eBepuoMy peayiabrary. Hy:xao mosepunyTs 3emiaw nasag ma 30°
(nnu casmiryTh JIyHY ¢ TOro Mecra, KOTopoe IOJyuacTca I3 pacdeTos,
ILTIf cAeNaTh U TO U JApyroe), 9ToOH HabawopaTens B Aduuax monasi
B Ipefieinl TeMHOH mojgocH. Yrobu mabpamucs stu 30° (wiu MeHsblle,
ecan 3ddeKT TacTHIHO 06YCIOBIEH MeAJeHHEM H3MEHEHHEM MOMCHTa
KOJIMYecTBA [BMKeHHA JIyHH), 3eMiA B mpomuioM [OJiHa Oulia
Bpamarescsa GricTpee, ueM ceitgac. Ilomoxne, uTo pacxokaenue B 30°
B OCHOBHOM O0YCJOBJIEHO 3aMeJJIeHMEM BPAIEHHA 3eMIH (BHTEKal-
miasg OTCIORA CKOPOCTh 3aMe[NJIeHHA COTJACYyeTCA ¢ AAHAHIMH, HOJY-
UeHALMH € ODOMOHIbIO COBPEMELHHX aTOMHHX 9acoB), M HmpeAmoJaras,
UT0 CKOPOCTh 3aMeJJEeHHSl 33 MHHYBHIMA CDOK He H3MeHH.IACh
(mompaBKa K YINIOBOH CKOPOCTH NpOMOPHMOHAJbHA UePBOH CTemeHH
npouefmero BpeMeHH; IONPaBKa K CaMOMY YTiy IPONOPUEOHAIbHA
KBafpaTy B3TOr0 BpEMEHH), MOKHO, 3HAA NOMPaBKY

30° mau 2 uaca, 1500 ner masap,
OIL€HIITH ITONPABKU MIA Gosee Onu3Kkoil smoxm:
30°/102, uam 1,2 Mmu=s, 150 zer mnasan,
30°/104, mau 0,8 ¢, 15 mer maszag.

Taxkum o6pasoM, MHE BHJHM, U9TO BpameHne 3eMJII He YIAOBIETBO-
pAeT TpeGOBaHMAM, NPEABABIAEMHM K STAJOHY BpPEMEHM, H HA €ro
MECTO IPHUXORMT OpOHTaNbHOE [ABH)KeHHMe HEOeCHEIX TeJ, [alomee
Jyduuil 9TANOH BPeMeH#, KOTOPHIl 103BOJAAET HAM CAeJNATh €Ile OfNHE
mar Ha OYTH K TOMY, 9T00H «IBU;KeHHAE BHIJALEI0 IPOCTuM». B Hamm
OHU acTPOIIOMUYIECKOe BpeMA B CBOI0 odepeqb BHTECHEHO AaTOMHEIM
BpeMEHeM, HTPAalIUM pOJb JTAJIOHHOA eJUHANH uaMepeHAd (CM.
nomonuenne 1.4 «Bpems cerogum).

Urto6u ayuiie pa3oGpaTbCca B TOM, KaK oIpe/ieieTCA BpeMs, pac-
CMOTpHM mioxue dacH. 1lycrs ¢ — BpeMsa mo «xopolnM» Jacam (Bpe-
MeHHas KOODAMHATA B JIOKAJHHO HHEPOAAJbHOI CICTEME OTCYETA);
OHO NPUBOAMT K TOMY, 9TO TPaeKTOpHA CBOOOJHHX JacTHL B JOKATbHOR
06;1acTH NpPOCTPAHCTBA-BpeMeHH ABIATCA npamuma. Ilyers T (2) —
OOKAa3aHHA (IJIOXHX» 9acOB; OHH NIPHBOAAT K TOMY, 9T0O MHADOBHe
anHEE CBOGOMHEIX 9acTAN B TOH e JIOKaJbHOH o6JacTE IpocTpas-
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Our. 1.8.
PaccuntagEas o61acTh mOAHOTO COJHEYHOro 3aTMenus 14 sEBapA 484 r. H. 5. (cieBa; B pacyeTax
HEe Y9TeHO 3aMe[JIeHHe BPAIeHHWA 3eMJM BOKPYT cBoeil ocW, yIioBas CKOPOCTh BPAIUERHSA Ipii-
HATA PaBHOH TOMY 3HA4Y€HWIO, KoTopoe oHa umeya B 1900 r.) cpaBEMBaeTca ¢ Toii e obmacTeio,
CMEINEHHoil HACTOABKO, 4TO6H APHHH nonanu B ueHTp 3aTMeHUsA (mpu Bocxopne Connna) [Beanumma
cMeIenua o4eHb Gamaka K 30°; npu pacyetax OHJO OPHHATO, 9TO CKOPOCThH 3aMEJJIEHHA COCTaB-
nger 32,75 yraomoii cexkymumn/(cronerne)?]. 310 «HecoMHeHHO, HamboJjiee AOCTOBEPDHOE M3 BCeX
3aTMeHMil B ApPeBHOCTH Ha Tepputopmu EBponu», coraacHo a-py Credencony ua Orneienus reo-
¢u3EKM ¥ ¢u3uKA nnameT YHuBepcutera B Hulokacae-ma-TaiiHe, J106e3HO MOATOTOBABILEMY B3TOT
PHMCYHOK CneuMajbpHO A Hameil KEurm. OH IpMCJIaJ TaKkKe OTPHBOK W3 NEpBOill rpeuecKoil
Guorpadmu Ipoxna ns Adun (ymep B Apumax B 485 r. H. 3.), HanucaBHOH MapurycoM m3 Hea-
noas, B Kotopom rosopurcs: «He oGomiocky u Oe3 mpeasHaMeHOBaHWI B Tofi, IPeXMECTBOBARIIHIL
ero CMepTH; Hanpumep, HaGAIOAaloCh Takoe CHIbLHOe saTmeHMe CoJBLA, 4TO Kasajochk, Gyaro
HOYL ciycTHIAACh cpefau aas. 6o HacTynuiaa raybokas TeMHOTA H fiajke 3Be3Ik NOABMJIMCH Ha Hebe.
9T0 cayuyuaoch B BOCTOuHOH uactn HeGa, Korga CosHne Haxonuaoch B cospeanun I{oaepora»
(13 KEUTH [54]).

JawTt au atk 30° ass [aHAOTO 3aTMEHHA M COOTBETCTBYKIMe 3HAYEHMS AJA APYTHX 3aTMe-
HUH «HCTHHHYI0» IonpapKy? Ca0BO «UCTHHHHA»— TpyRHOE cioBo. Hak mpaBHio, MHOTO Jer
OTHeAACT ONHO UOJHOe COJAHEYHOe 3aTMEHHe OT ApYroro B pailoHe CpenmsemHOTo MopA. HmuaHb
B PasjMYHHWX NPOBHHLUHMAX I'PEYeCKOT0 M PHMMCKOTO ApeBHET0 MUpA HOCHMJA AaJieKo He MUDHHIi
M YCTAHOBHBINMIICA XapaKTep, a O TOM, 9TOGH BeCTM NOCTOAHEHRE HAGNIONCHMSA 38 3aTMEHMSAMII
U PerHCTPHPOBATH HX [Jf MOTOMKOB, He MOrjo OHTh M peun. K coxxaleEHio, 8amMcH TPOIIIIOTO
KpaiiHe OTPHBOYHK; K TOMY e, U4To ele o6naHee, HEKOTOPHe Hef00POCOBECTHHC ¢MCCiel0BATENH)
B HEJaJIeKOM NpOomaoM ORJIM TOTOBH IOCNEIHO CBA3aTh Te MJHM HHHE HCTOpHYECKHe COOHTHSA
C TeMH WJIM MHEIMH 3ATMEHHMAMM, NOJYYeHHEMH H3 pacueToB. I cuacThio, Temepn HMeeTcs o6mupHas
JHTEpaTypa, KaKk acCTPOHOMHUYCCKAasA, TAK M MCTOPHYECKAas, NOCBAINEHHAs BEKOBOMY 3aMe[JIeHHIO
BpameHus 3eMJM M HanWCAaHHAA B JYYmMHUX TPAJMUMAX KPHTHYECKOTO MoAxoja B Hayke. I{pome
kEAT OTTO HeiireGayapa [55], Marka 1 MaknoRaanaa [56], paGoTa Iiyporra [57] n nepeunciaenBrx
B OuGauorpaguax K HuM, ClefyeT yKasaTh pAj APYTAX KiaodeBhX paboT. (ABTOpH GaaropapHH
npogeccopy Orro Heiirebayapy, KoTOpHil yKasax HamM Ha HHX.) JIpeBHHE 3aMeTKH, & TaKe pac-
4eTH ofiacTeii 3aTMEHMIT B AaJcKOM HIPOLJIOM NpuBefenH B paGoTax [58—60]; aTnac paccumTan-
HHX obnacTteill 3aT™MeHIA AaH B KHUrax [64, 62]; kpATHUecKMii aHAJIN3 JOKA3aTEALCTB CONEPKUTCA
B paGorax [63—65]. JlanEOe 3aTMeHMe, a He Kakoe-1uGo apyroe, 60 BHOpaHO JNmMB NOTOMY,
9T0 HCTOpPHYECKAasA 2auMch 0 HeM Hauboaee AOCTOBEpHA.
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OUT. 1.9,

Xopommue yYack (CieBa) CPaBHHBAIOTCA C IJIOXMMH (CIpaBa) ¢ NOMOIBIO Toil
KapTHHH JBM;KeHHA, KOTOPYI0 OHM JAIOT JJA OGHHX M TeX jKe CBOOOJHHX 4acTHI,
B ofHOH M ToH e oOnacTH mMpocTpaHCTBa-BpeMeHU. MHpoBHe JuHIIM chopaBa
[POM3BOJAT TaKoe BIieYaTIeHHe, OyATO Ha YacTHOH AEHCTBYIOT KAKHE-TO CHJIIH.
Xopomee ompeaeseHHe BPeMOHHM N03BOJAeT N30ABATBCA OT ATHX (PUKTHBHHIX
cuj. llITpUXOBHMM JIMEMAMU COEAMHOHH COOTBETCTBYIONW® MOMEHTH B /JBYX
BpeMeHHHIX mMKajax,

crsa-ppemMenu uMckpusienn (pur. 1.9). Crapoe suadenne yckopeHus,
3AIMCAHHOE 1A A3LIKE HOBOTO (¢IJIOXOTO») BPEMEHHM, NPHMHHUMAET BUJ

0=z _ 4 (L ds)_ T ddy (4T )2 &
T Tdf T dt \dt 4T ) — "de 4T (T) are *

Jlas obbACHeHHA RaOKYLWIErocsa YCKODEHHA 4acTHI] PU3HK, MOAb3YIO-
uuiica HOBHM BpeMelneM, BBOAMT CHJIY, KOTOpas, Kak MH 3HAaeM,
ABISETCA (PUKTHBIIO:

dz azT
Fx=m%;,fz—=—m———.( d?—zj,_(;:tT) (1.2)
dt

H3 aroro mpumepa € «IJIOXMM» BpeMeHeM CTaHOBHTCH NMOHATHEIM, 4TO
HeoTon gyman o «xopomem» BpeMeHd, KOT/[@ BRIABHMILYJ IIPUIIHM;
«Bpemsa Tteger pasHoMmepiio» (d27/dt* = 0). Bpema oupeneasercs
TaKkum o00pasoM, UTOOH [BIYKEHWE BHITIALEI0 NPOCTHM]
Ipumiun paBHOMepiiocTu caM mo cefe He MO3BOJMAET OUPERETUTH
nmKajgy BpeMenHoit mepemennoif, Bemwuuna T =at 4 b ygosierso-
PACT BceM TpeGOBANMAM TOUHO TaK ke, KAk u camo f. Ha mporsikenuu
Beeil MCTODPHU CIY?KOH BpeMeu Ho-pa3noMy BeIOHPATHCH KAK eHIIMIa
H3MCEPeHHA, TAK M HAYaJ0 OTcYeTa. I3 KasKIOM TAKOM ciayuae Hy;KHhI
OLLIM KAKWe-TO JICHCTBHA CO CTOPOHH Y€JIOBeKa, YTOOH HMPHJATh CHIY
aTOMY BHIGOpPY: OT ykasa dapaolia 0 KOMMIOIMKE 3acealusa ciie-
uANbnoit xomuccun, B 3Toil Kuure 3a ej{uIy BpeMend OPUHUMAETCH
BpeMsa, 3a KOTOpoOe CBeT MmPOXOAMT PACCTOAHIE B OJUH CAHTHMETD.



§ 1.5. Bpens 59

11pu >ToM npocTpaHCTBEHHONOLOGHHE U BPEMEHUONOGHEIC HIITepPBaJIbL
M3MepAIOTCA B OJHUX H TeX ;Ke FeOMeTPAYECKAX e[UHANAX — B CAITH-
merpax. Jlo6oe gpyroe pemenme ycuo)RHEIO OH aHAJIM3 TOro, 4TO
npocTo mo cBoeit mpupone. Jlw6oit Apyroit BeGop 6w GH HepaszyMmeH
B cBeTe cioB MitHkoBckoro: «OTHHHE HpoCTpaHCTBO caMo mo cebe
¥ BpeMsA camo no cebe HeusbexHO GyAyT TePATH CBOE 3HAYEHME H OCTe-
TIEITHO IPEBPATATCH B NPU3PAKH — HHIUBHUAYAJIbHO CYU[ECTBOBATH
OyneT JAMmBb HEKOe MX EAHHCTBOY.

Bpema Mu moskem u3MepATHh Temephb ¢ GoJIbImel TOYHOCTHIO, 9eM
paccroAune. flBaAercsa A 5To KOBOJAOM HPOTHB TOTC, YTOGH HPUHATH
B KadecTBe eIHHMIE H3MepeHnA canTHMeTp ? Bosce Her, ecau ompene-
JIUTh CAHTAMETp CIefyiomun o6pa3oM: zeomempodunamuueckuii cman-
dapmuwii canmumemp — amo

1/(9,460546 -10'7) (1.3)

uacmov uHmepeasa Mexcdy O08YMA «IPPHEKMUSHBUMU MOUKAMIL DPABHO-
dencmeusn, ozpanunusanuumu mponuveckuli 200 1900,0. Tpommue-
cknit rox B moMent 1900,0 yike momydams Me;kayHapofHoe mpu3HaHue
B KavecTBe JTATOHHOTO HMHTEPBAajJa BPEMEHHM, NOCKOJbKY OH 9eTKO
omnpefenaeH, U ero [IJIMTEJIbHOCTh HM3BECTHA C BHICOKOHM TOYIIOCTHIO.
HoMuTeTH mo cramgapraMm noctaloBHIM CIUTATH NO Onpedesenuio, uTo
B PTOM 3TaJOHHOM HHTepBajie conepxatca 31 556 925,974 asghemepud-
#oli cexyndw. Ecan 65 ckopocTh cBeta GuIa M3BecTHA ¢ abCOMIOTHOM
TOY!IIOCTBIO, TO KOMMTETH II0 CTAHZAPTAM TYT K€ ONpEmeNan On
M YNCJO CAIlTHMETPpOB B HTaJIOHHOM uHTepBaje. Ho ona u3BecTHa
JHHIB € TOYHOCTLIO [0 HIECTOTO NECATUYHOTO 3HAKA BKJIIOUUTEIBHO.
Boee Toro, mexdyrapoinnii canmumemp ompejesien B JIHIIAX BOJH
KpacHoit amuuu Kr®® ¢ TounocThIO TOABKO [0 [eBATOTO 3IaKa
(16 507,6373 aanusl BOTIK), TOIJ[a KaK 3TAJOHHAA CEKyHIa H3BECTHA
[0 OAUHIIAAIATOro 3iaka. YTo6H OHIO0 COOTBETCTBHE C STAJTOHHOMI
CeRynmoi, MBI onmpejelnseM dTAJTOHHHEIH reOMETPOIMHAMMIECKHIA CAHTH-
MeTp TaK, YTO B 9TAJIOHHOM Tpommdeckom rogy B momernt 1900,0 conep-
MHUTCA

9,4605460000 -10'"

TARIX CANTHMETPOB, JONYCKAA IpH OTOM HEKOTOPHIi TPOI3BOJI.
CKopoCcTh cBeTa OpPU OTOM paBHA TOYHO

9,4605460000- 1017
31 556 925,974

TreOMeTPOXMHAMAYECKAX CM/C. (1.4)

ITo 3HAYEHUE COTVIACYETCA CO 3HAYEHUEM CKOPOCTH CBeTa, I3BeCTHHM
B 1967 r. B eInHAmAX <«MEKAYHApPOAHHI cM/C»:

29 979 300 000 + 30 000 memxmynapomunix cy/c.
Hocaenyomue nasepenus [30] BHocAT Aumb He3aYATEABILIE IOTIPAB-

KH B Ipefuynile paccy:;kaeHns, opopmiaennsie K 1967 r., u e npu-
BOJIAT K MOPUHIHIHAJIBHHIM HM3MEHEHHAM.

BpeMeHH:
reoMeTpOEHAMHE-
YecKHfl caHTEMeTp
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Nonoaneune 1.4. BPEMSI CET'ORHA

o 1956 r. cexynna Guia onpefesiena Kak 1/(86 400) gacThb cpefHAX COTHEYHHX CYTOK.

C 1956 r. po 1967 r. mom «cexynmoi» mompasyMeBasin 3deMepHAHYIO CEKYHIY,
onpefleneruyio Kak 1/(31 556 925,9747) wacts Tpommyeckoro roga B 00 9 00 mux 00 ¢
31 nexaGpa 1899 r.

C 1967 r. B KadeCTBe 9TaJIOHHOM CeKyHAH Omia mpuHATa cekyHma cuctemu CH
(Me;myHapoMHOI CHCTEMH €HHML), KOTOpaA mo ompefeneHmio pasHa 9 192 631 770
mepHofaM HeBO30y»<AeHHOTo Iepexofia B CaHTAMETDPOBOM JHanla3oHe MEMAY HAByMSA
YPOBHSIMA CBEPXTOHKOM CTPYKTYDPH OCHOBHOTo cocTosiHma Cs'3s,

IMono6HO TO¥i 3BOJNIONAM, KOTOPYIO IpeTepHela eONHHUIIA U3MEDEHHA BPEMEHHOTo
unmepeaaa, 9BOJIIOI(UA BpeMeHHOﬁ noopaunamu TaKM¥¢ Iponiiia 4vepe3 HECKOJILKO
cTafmi.

Bcemnpuoe BpeMa BBO ocHoBaHO Ha moficueTe NHei, Kak OBM ciefoBajd Apyr
3a pYTOM; APYTMMHM CJOBaMH, OHO OCHOBAHO Ha PeaJbHOM BpalleHAI 3eMIH BOKPYT
cBOelf OCH; HCTODHYCCKH BO3SHHKJIO Ha OCHOBAHMH CpeJHETO COJHEYHOro BpeMeHH
(mono;xenme CosiHIa HACHpaBiAAeTCA «ypaBHEHHMEM BpeMeHH», Y4uUTHBalommM Golee
6ricTpoe ABMKeHHE 3eMad Io op6uTe, Korja oHa Haxoautca 6ammxe Kk ConHny, m Goee
MelJIeHHOe — KOT[la Jadbime), onpefdejlenHoro B I'pmHBIuUCKOil oGcepBaTopmA.

BB1 — «HaBHrammoHHas HIKajla BPeMeHHA» — TO ke CaMoe BpeMA, HO MCHPAaBJeH-
HOe Ha KojeGaHMA 3eMIH OTHOCHTEeJNBbHO ocu Bpamenma (At ~ 0,05 c).

BB2 — 10 e camoe, uto @ BB1, Ho mcmpaBieHRoe Ha mepmofmuecKHe PAyKTya-
A HEM3BeCTHOTO NPOHCXOJCHUA C mepHojaMH B mojrofga M B ron (At~ 0,05 c;
naMepaeTca C TOYHOCTHIO N0 3 MC B JieHb).

ddemepnanoe BpeMa (IB) (ero onpenesenne gaeTca MCXOAA B3 TEOPDHHM TDaBATALAH
¢ NOMONMGBI0 AaCTPOHOMAYECKHX HaOJIOleHMi M pacdeToB) CYMeCTBeHHHM 06pa3oM
ommpaetca Ha opGmranbBoe ABmkeHme 3emam Bokpyr Coanna. «Heompenememmocrm
B M3MePEeHHAX OrPaHHYHBAIOT TOYHOCTDH d(eMepHAHOro BpeMeHM BeJIHUYAHOH HOpANKa
0,05 ¢ nas cpenHero, BHBEAEHHOr0 3a NEBATH JIeT».

KoopnmruposanHoe BceMuproe BpeMsa (BBH) nepenaetcs nmo papmo. Omo npmmsATo
B MexnyHaponHoM MacmTabe B deBpase 1971 r. m Bomuo B cany ¢ 1 amBapsa 1972 r.
Xon 9acoB KOHTPOJAPYETCA aTOMHEIMU 9acaMH ¥ NOJJIePKABAETCA Ha BOBMOKHO GoJee

BpeMsa OCTaHOBNEHO HA CeKYHAY

30 uioHA B DOJHOYb BpeMa Mo BceMy Mupy
OCTaHOBMTCA Ha OfHY ceXyHay. Bce paamocnr-
HaJlhkl TOYHOTO BPeMCHM BCTaBAT «TONPABOYHYIO
CeKyH[ly», uTOOH OPHBeCTH CpefHee BpeMs IO
TpuHBHYY B COOTBETCTBHE C €;KeJHEBHOH MOTe-
«TATIMC» peii 3emurei Tpex THICAYHHX AONCH CEKyHAH.
24 mions 1972 T B noasous mo I'puEBMUYCKOMY cpemHEMY Bpe-
MeEM (1 9 1 wioasa 1o AHIAMICKOMY JeTHeMy
ppemenu) u3 HopoaeBckoil I'pumBnuckoit obcep-
BATOPMM B pafiMocTyAuio 6ynyT nepciaHkl mecThb
KOPOTKMX CHTHAJICB, OTMEYalOmUX CEeKyHAH
¢ 55 no 60 BKI0YNTEIbHO, 3a KOTOPHIMM B Cae-
AYOIYI CeKyHAY mnocieayeT Gonee NJIMHHHM,
OTMeYalOmMi Ha9asl0 HOBOH MUHYTH.
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PaBHOMEDHOM YDOBHe B TedeHme rofa (aToMHOe BpeMA H3MEPAETCH ¢ TOTHOCTHIO M0
~0,1 MKc/MAH, 114 COBOKYIHOCTH TAKAX 9aCOB OTKIOHeHHe cocTaBiseT 0,1 Mkc/CyTkH),
HO H3pelKa B Hero BHOCAT HM3MeHeHAs, H00aBiIAA WA OPOOYCKAas TaK Ha3HBaeMYO
moImpaBouNyo cekyHAY, uro6l BBK Hmkorga He oramuanock Golxee wem mna 0,7 ¢
0T HaBATAIMOHHON mKaaH BpemeHm BBI1.

Caenenua, mano:keHHHe Bhme, B3ATH u3 paGorut [31]. MaTepmasn, mpepcraBienunit
HH/Ke, 3aWMCTBOBAH M3 Tabaumu (HeoPUIEAIbHON B MOMEHT IOJAYYeHHA), JH0Oe3HO
npenocrasiednoir Otnemom Bpemenn nm gactoTel Hammonamemoro 6opo cTaungaptos
CIIA B Boymapepe, mmrar Koaopasno.

TodnoCTh, ¢ KOTOpOil HEKOTOpPHE, XOPOIIO M3BECTHHE BALH TaCOB MOLYT OTCYITH~
BaTh BpeMs:

KamepTonuse wuapyunsie gacu (1960 r.)

1 mmru/Mecqamn.
Yacu ¢ xBapmeBuM kpmcramaoM (1921—1930 rr.)
1 mc/cytkm, 1 c/ron.
Hapyuntie wack ¢ kBapmeBuM kpuctammom (1971 r.)
0,2 ¢/2 mecama, 1 c¢/roxm.

ITysox atomoB me3ua (aTomHHIE pesonamc Cs'%) (1952—1955 rr.)
0,1 Mxc/cyrru, 0,5 Mkc/mecam,

Py6unnennit rasoBuii amement (pesomanmc Rb3?) (1957 r.)
0,1 mxc/cytkm, 1—5 mxc/mecan.
Bopopoaumtit masep (1960 r.)
0,01 Mkrc/2 gaca, 0,1 Mkc/cyTkm.

Jlagzep, craGuIMaupoBaHHHIE IO wWacToTe ¢ HOMOMBI0 HOrIOMIAIMEH AYCHKHE
¢ meranmom (1969 r.)

0,01 Mxc/100 c.

§ 1.6. KPHBU3HA

I'pasuranmsa, kasazoch 6m, mcesna. I'eomerpma mpocTpaHCTBa-Bpe-
MeHM HOBCIOAY JOKAJIbHO JODEHNmeBa. A B JIOPEHINEBOH reoMeTpHH
YACTHIH [BHHKYTCA IO NPAMHM JIMHAAM ¢ IOCTOAHHOH CKOpPOCTHIO.
Tne sxe mpm 3ToM MOKHO 0GHApYKHTb KaKoe-THGO I'paBHTAHOHHOE
OTKJIOHEHAe OT IPAMOJAHeRHoro ABmkeHHA? UTo6H moayTaTh OTBeT,
obpatimcs cHOBa K mpEMepy ¢ sAGmokom (pur. 1.1). IIpocmoTpmre
eme pa3 OyTH ABMKEHUA MypaBbeB HO reofe3WdeCKAM HA IIOBEOpX-
noctu A6noka. OGpaTHTe BHEMAaHHE, KaK [Be GIH3KAe reofe3nuecKue,
NepPROHAYANBHO BHIXOAAMMAE A3 OHOH TOYKH B pA3HHX HAIPABISHAAX,
3aTeM onATh cxonsaTcAa. Kakoil aHasor aToMy CymecTByer B peanbHOM
¢umsmaeckom Mupe? B gwem sakmiogaercs amamormYEas KoHmemmusd,
CoriacylomanacAa ¢ yTBep:kneHHeM Jipmrelina, 9To PuamKa mpocTa
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JUMUb IpU JoKaabHoM aHajuse? He oOpamaiiTe BHIMAHMA HA pac-
CTOANME MEXAY KocMudecKuM Kopabuaem u 3emueii. OGpaTHTe BHIMa-
HHE Ha PACCTOAHHE MEMKAY OBYMA COCETHAMH KOCMHYeCKMMH Kopab-
aamu! Wmn, 4To6H He BO3HMK BOIPOC O B3aMMHOM NPHTAMKEHUU
Kopabaeit, 6ynem naGiogaTh 3a AByMA GIM3KHMH NPOOHBHIMH YacTu-
amu na op6ute BOKpYT 3eMan. A 9ToGH HAC B 3TOM CUTYALMU HE OTB.I6-
KaJl HeJOoKalbHHII 00beKT (3emius), GydeM mpoBOOHTH HCCIeqOBaHUE
BHYTPH KOCMHUYECKOTO Kopabuisa, Takse Haxofsmeroca na opbéure
Bokpyr 3eman. Ho MH y;Ke ofMH pa3 paccMaTpHUBAJIM 3Ty 06jacTh
B KayecTBe JOKAJbHO MHEPIUAJbHOU cHCTeMH oTcdeTa! Mosker .u
B Heil mpoABAThCA Kakaa-auGo rpaentauuA? ller. Ilo oTrmomenmio
K KOCMMYECKOMY Kopabmw H, ciegoBaTelnblio, N0 OTHOLIEHWIO JPyT
K ApYTY /iBe npo6HLIe YACTHIH ABHIKYTCA NPAMOJMHENHO C IOCTOAINON
CKOpOCTBIO, 11aCKOJBKO HAM IO3BOJAET CYAHTH Mpeno.iaraeMas TOY-
HOCTh uaMepenuit (cM. gomoaHennme 1.5 «Haxk nmpoBepuTs, ABAAETCA Jin
OPOCTPANCTBO-BpeMA WJIOCKUM ?»). BoT TyT-To M moABIAETCA OCHOB-
Hasg TPUYMIIA HEJOPA3YMEHHMs: TOYIOCTb u3mepenus. Bymem ypeau-
4YMBAThL €e 0 TeX IOp, MOKA He CTaHeT 3aMeTHBIM MaJioe OTHOCHTeThiioe
YCKopeHnue, yaaaswomee OpoOGHEE JAaCTHOE APYT oT- Ipyra B cayuae,
KOTJia Ol PACHOJIOMEHH BIOJb OJHOr0 paaMyca, IPOXOJAIIETo yepes
mentp 3emu, M cOan;Kaomee MX, KOrja OHH DAcHO.IOH{eHEl BI0Ib
NUNUM, TCPNEHAMKYJIAPHOH aToMy pagmycy. Ha nbloTonoscrom
A3HIKe NMPUUYMHON HTUX YCKODPEHHH ABIAETCA NMPHJINBHOE BO3feiiCTBHE
co croponnt Jemau. Oamaxko HabGmogaTenh B KOCMHYECKOM Kopad:ie
ne BHAMT nMKaroii 3emam. U, cmeaya JimmuTeiiny, oM 3uaeT, 4ro
ABUKEHME HajA0 AaHAJM3NPOBaTh JOKatbHO. IIpemcTaBum ygaacune
NpPOM3BOJIbIOA NMpPoGHOI JACTHIBI OT HEKOTOpolf HawaMbHO# MpobHOIt
YyacTMOBl B BAE BEKTOpPa t* (k = 1, 2, 3; KOMOOHEHTH, H3MepeIHbe
B JIOKaAbHO Jopenuesoir cucreme). Toraa M3 1BIOTOHOBCKOM GUINLH
MBI 311a€M, KAK HaiTH YCKOpeHne Kakoi-in6o npoGHoil JacTHIILI OTIIO-
CHTEJIBII0 11AaYaJdbHOM:

a2x _ Gmotpan gx

a2z c2r3 !

d2gv GmoGriyn v =
T T s S (1-5)

d2tz _ 2GmoGrun Ez

TP c2r3

JlokasaTeancTto: B Teopun HproTona ycKopenue oTHeIbHOM YacTHIH,
HATpaBJeHHOE K LEHTPY J3eMJH, COCTaBIAeT GMoguan/T?  (BpeMA
u3MepAeTcA B OGHIYHBIX emmHunax), rae G = 6,670-10-8 cm?/r.c? —
IBIOTOHOBCKAA IOCTOAHHAA TATOTEHHA, & Moguym — MAcca 3eMuan
B OONYHHX exmHAIAx — rpammax. Ecau BpemMsA uamepsercA B reo-
MeTpHUYecKHX efmAnLax (BpeMsa HpOXO:xAeHHA cBeToM 1 cM), To ycko-
peHue paBHO Gmoguan/cr’. Korma nse wacTums Ha paccroammn §
APYT OT APYra HAaXOAATCA B MJIOCKOCTH, HePNEHAMKYJIAPIOH I, YTl
MEMIY BEKTOPAMH HX YCKOpPEHHit, HanpaBJeHHKIX BHU3, COCTABJAET &/r.
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OMT. 1.10.

KpuBuaHa, NposBAAKINAACH B «YCKOPEHIIl DPasfiesleHns#» ABYX GIM3KHMX reofe-
8HYeCKnX. J[Be reofieanyecKue, NepBOHAYAJIbHO NAPaNIeAbENE H OTCTOAIMUCG APYT
oT pyra Ba §, (¢<OTKJIOHEHH® reofie3nYeCKNX»), HA HEKOTODOM Y[AJIECHNH s yiKe
He OyayT napaaneasHEMn. PaccrosHMe MekQy HuMH paBHO £ = §,c08 ¢ =
= §, cos (s/a), Tae a — pagmnyc cdephl. ITo PacCTOAHNE® YAOBJIETBOPAET MPOCTEH-
ImeMy YPABHEHWMIO TapMOHHYeCKUX KodeGammii d2f/ds® -+ (1 /a?) § = O («ypas-
HEHWOe OTKJOHEHHS TeO[ile3NIecCKHX»).

HanpassneBse pasfenaiomero BeKTopa § HOJHOCTLIO ompejelieHO YCJIOBHMEM
OPTOTOHAJNBHOCTH K onopHO#i reopesndeckoii. IloaToMy B ypaBHEHAHM OTKJIOHCHHS
TeofieaMdeCKUX He TpefyeTcss W He NCHONb3YeTCA HHKAKMX CBefIeHUE 0 Haupapie-
HUM BeKTopa §: B ypaBHeHMM QUIypHpYOT JMIIb BeJuuuHa § BexTopa § M jmDib
BeJIMYNMHA, & He HampaBlieEWe, OTHOCHTEJBLHOTO YCKOPEHNA.

CrreoBaTeIbHO, OTHOCHTEJBlIOE YCKOpEHHE JACTHI[ KaK pa3 paBHO
HAOHCAHHOMY BHIIE 3HAYeHHMIO. Ecam jKe YaCTHIE pPAaCHOJIOKEHE
BAOJbL OANOTO pAajuyca, TO OTHOCHTEJBHOE YCKODEHHe paBHO pas-
HOCTH HBIOTOHOBCKHX 3HaueHuit mpu r u r - § (oaa naxompenus
KoTopo#t Hajo & yMHOKMTEL Ha d/dr), 9To m TpeGoBaJOCH OKA3aTh.
B 3akaogenne oTMETHM, UTO WIOKQJbHOE YCKOpPEHHME NPHJIMBHOIO
BO3JielicTBUAY Teopum TAroTenus HBIOTOHa NPMBOZAT K JOKAJTBHOMY
ONHCAHUI0 TPABMTALMM, KOTOpOE, COryIacHo JiHmTeiiny, u Tpebyerca
OTHICKATB.

Yto ob6mero Meay yCKOpeHHEM NpHJIMBHOTO BO3JEHCTBHA M KpH-
pusHo#? (Cm. momonnenue 1.6.) Baraapem eme pas ma aA6aoxo, uiaw,
ayame, Ha cdepy pagmuyca a (¢pumr. 1.10). Paccroanne mesxny apyms
06MU3KAMA Teofe3NIeCKMMH YIOBJETBOPAET «YPABHEHHIO OTKIONEHHA

TeoAe3NICCKAX»
d*t/ds® + RE = 0. (1.6)

3mecb R = 1/a® — Tak HasmBaeMad TaycCcoBa KpHBH3HA IOBEpX-
HocTd. Ha moBepxHocTH AGIOKA BHIIOJHAETCA TO }Ke CaMoe ypaBHeHHe
¢ Tofl JUmMb pasHmIe#, 4TO KPUBH3HA R MEeHAECTCA OT TOUYKH K TOUKe.
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OUr. 1.11.

Bekrop §, pasgmeasomguii jBe reogesndecKkue B KPHBOM TpeXMepPHOM MHOrooOpa-
3un. 3Aech § MOMKeT He TOJNLKO M3MCHATH CBOIO JUIMHY OT TOMKH K TOYKe, HO eme
1l BPAIaThCA € NepeMeHHOil CKOPOCTLI0 BOKPYT OHOPHOII reopgesuyeckoil. Caemo-
BaTeJMLHO, HADAAY € BeJMINHON OTHOCHTEIbHOE YCKOPEHNE Ireofe3ndecKHX A0KHO
XapaKTepPU30BAaTHCA TaKike M HANPABICHHEM: OHO KOJKHO GHIThL BekTopom D2E/ds?.

B npocrpancTse, pasmepiocTs KOTOporo Goiblie ABYX, BHIIOJ-
HAeTCA ypaBHEHUe, MMelomee B o0meM Takyo ke gopmy, HO ¢ HEKO-
TOPHMH OTIHIUAMH. JIJIA IBYX M3MepeHHHl Hanpasienue YCKOPEHHs
OJHOH TCOAE3UTECKON 10 OTHONIEHNI0 K Gau3iexKanieit Xpyroi, «omop-
HOW» Teome3MdecKoil 3amaeTcsd oXHO3HA4YIEM oGpasoM TpeGoBaiueM,
110G BeKTOp §, Mx pasmensiomuit, GHI mepHENIUKYIAPEH K OMOPHOIA
reogesmdeckoit (pur. 1.10). Muaue oGcToNT geo B ciaydae Tpex Uian
Gosee maMmepennii. 3gech § MoKeT BPAmMATHCH BOKpYT ONOPHOM reo-
ne3ndecKoi, ocraBaAch mepmeHguKYJIAApHHM eit (pur. 1.11). Taxum
o6pa3oM, 9TOOH OTHOCHTEJIbHOE YCKOpEHHe OHLJIO ONpeNeseHO OXII0-
3Ha9YHO, Heo0XOAMMO 3aJaTh He TOJABKO €ero BEeIdYNHY, HO M Ha-
IpaBiieHue.

Torga oTHOCHTEJNbHOE YCKOpPEHHE B CIAydac Tpex HJIM GoJee H3Me-
pennit sapaserca BekTopoM. O6Gosnaunm ero D2E/ds?, a ueThpe ero
xommouents oGosnaumm D?E2/ds2. Ho mowemy D, a mne d? IloTomy
9TO0 MH M0Jb3yeMCA aGCONIOTHO MPOU3BOJBHONR CHCTEMO#l KOODAMHAT
(cp. § 1.2). BeaencrBae KpydeHHA W ODOBOPOTA KOODAMHATHHIX JMHMMH
KOMIOIIEHTH §® BeKTOpa § MOTYT MEHATHCA OT TOUKM K TOUKe JasKe
TOrfa, KOorHa caMm Bektop § ocraerca uenmsmeninm. CregmoBaTelbHO,
yexopenus xommouenr d?€%/ds? B oGmem ciaydac 11e paBHbBI KOMIIOlEH-
taM D2E%/ds? yckopeuus!

Kak ke Toraa ompenenaTs xomnoneHTsl D2E%/ds® oTHocuTeabHOTO
YCKOPEGHMA B MCKpPHUBJIEHIOM mpocTpaHcTBe-Bpemenn? 3 ypaBHeHus
oTKJomnenua reofesnaecknx (1.6), KoTopoc Tenepb umecT Goee CI0K-
notit Bug. B guddepennuannuoit reomerpit (zacte 111 fannoii kaurm)
BBOJMTCA TeoMeTpHYECKHH 00DEeKT, HA3HBAGMLIH MeH30pOM KPUGHUIHbL
Pumana R. Tenzop R sABasercs anagoroM rayccoBoil KpuBu3ubl R
MOBEpPXIIOCTH Hainero s6;0Ka B ciydae Gojce BLICOKOH pPa3MepHOCTH
muoroo6pasus. Teusop R — maremaTmieckmit 06BLCKT, coxepHaulHi
B cebe Bce ceeqenua o0 umarmbax M HedopMamHAX NPOCTpANCTBA-Bpe-
menu. IlocpemeTBoM R oTM uaruGer u aedpopmamuu (KpHBH3HA MPO-
CTpAalNCTBa-BpeMeHU) MPOABIATCA B OTIOCATCIBIIOM YCKOPEHHH Teo-
NTe3UTECKIX,

Tenzop R, kak u MeTpudeckmit Tensop § B fomoxuennu 1.3, Mmoo
npencTaBuTh ceGe, KaK COBOKYMHOCTh «MAIIMH», TI0 OXHON Ha Kax/oe
COGHTHE B MPOCTPAHCTBE-BpeMEHH. Y KaKAO0if MAIUIMHH HMEETCA TPH
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BXOJHHX KaHaja, Kyfa <¢BBOAATCA» TPH BEKTOpa:
Bxop 1 BXOR 2 Bxon 3

R( ) ' , .
BribepeM B KaYecTBe OmODHOH TreofieaM4ecKyl0 (MHEPOBYIO JHHHIO
cBoGoHOR wacTHOE), HpOoXoAAmYyl dYepes coburtme §, m o6o3HaUMM
eIMHAYHEIA BEKTOD, KacaTeJIbHHH K Hell (4-CKOPOCTh YacTHIH), depes

u=dx/dv; xommomentn u*=dz*/dr. (1.7)
PaccmoTpaM eme onHy reomesmueckyio, Gamskyio K omopHoit, m 06o-
31la9EM pa3feNAIMAA WX BEKTOp, HEPHEeHAUKYJIAPHHHE K ODOPHOMR
reofieauveckoit, uepes &. Bmegem u B mepsuit Bxogmoit kamaix R,

B3ATHil B @, § — Bo BTOpOil M U — B Tperuis. R HauBer «paboTaThy
H Uepe3 HEKOTOpOe BpeMs NpPOM3BefeT HOBHIUA BEKTOP

R (u, &, u).
YpaBHEHHe OTKIOHEHHA TIeo[e3UYeCKHX IJIACHT, UYTO 3STOT HOBHIH

BEKTOD paBeH OTHOCHTEJbHOMY YCKODEHHIO JABYX Treofjesm9ecKHX,
B3ATOMY C OOpATIHM 3HAKOM:

D%/dv+R(u, §, u)=0. (1.8)

Tenzop Pmmana, noao6H0 MeTpuueckoMy TeHsopy (momosuenme 1.3)
H BCeM JpPyTUM TeH3opaM, ABIAETCA JWHeHHO# mammHoil. Bexrop,
HKOTODHH OH «IpOM3BOJANT», ABIAAETCA JHHEHHOH yHKOUEH KaKEOTO
H3 BBORHEMHIX B Hero BEKTOPOB:

R (2u, aw - bv, 3r) =
=2Xax3R(u, w,r)4+2xbx3R(u, v, r). (1.9

CJIGJIOB&TBJIBHO, B o6oit cacTeMe KOOpXMHAT KOMIOHEHTHI BEKTOpa

Ha BEIXO[le MOKHO IpPECTABUTH KaK (TPHIMHe#HYyi0 QyHKIHMIO» KOM-
OOHEHT BEKTOpPOB Ha BXOJe:

r=R(u, v, w) <> r*= R%ufv'u’. (1.10)

(3nech Taxme mompasyMeBaeTca CyMMAPOBaHHe no EHAeKcam f, v, 6;

cp. momoxmenme 1.1.) 4 X 4 X 4 X 4 = 256 wmcen R gy Hasu-

BAIOTCA ¢KOMIOOHEHTAMH TeH3opa Pumana B gaHHON cHCTeMe KOODZRH-

HaT». BHmAcaHHoe B KOMNOHEHTaX, ypaBHEHAEe OTKJOHEHAA reofe-

3WYECKHAX NPAHHUMAeT BHJ

D2 R® ’

D+ R 17 42 o0, (1.8)

B reoMeTpuueckoi TeopHmHE TATOTeHEA JUHmMTeiHA [eiicTBHEe Ieo-

MeTpHH Ha MATepHI0 HAXOAHT NOJHOE BHpAa)KeHWe B YypaBHOHHH OT-

KJIOHEHHAA Ieo/ie3aNIecKuX. ITO ypaBHeHNe B H3AKe IPABATANAA AMEET
TaKoe ke 3Ha4YeHHe, KaK H ypaBHEHHE JIJIH caan Jloperna

D2z%
S F“g-——= (1.11)

B TeOpHH JJIeKTPOMAaTHETH3Ma. CM. ponoanenme 1.7,
501457

Teusop PaMana

B YPABHEHHH
OTRIOHEHES
reoe3HIecKHX
OPHBOJHT

E OTHOOHTETHHBIM
YCHODEHHAM

Y panueHN®

AHANOTEYHO
YPABHEHED
Jns oRnn Jiopesn@a
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B mpocTpancTBe-BpeMeHE KDHBA3HA H3MEPHAETCA B TeX Ke eJUHMA-

max ¢M~2, 9To0 X Ha ODOBEpPXHOCTA A0JOKA, ITH eJUHANE! BHCTYIAIOT

Peouerpmmesxue B HauboJlee ABHOM BHJE TOTAA, KOTAA Macca BHPajKkaeTcAd B «reoMeTph-
eAMEETL 9eCKHX eIHHANAXY:

m (cm) = (G/c?) Mogman(t) = (0,742 102 eM/T) moguan(r). (1.12)

Takoe ofpamenue rpaMMOB B CAHTHMETPH C IOMOMbBIO COOTHOMEHHSA
G/c? = 0,742 10-28 em/r

OOJHOCTbIO 3KBHBAJCHTHO oﬁpamenmo CeKyHA B CaHTHMETDH

[V IOMOImbI0 COOTHONIEHHA
_9,4605460000-1017 cu
€=—""31556 925,974 ¢

(cm. xomem § 1.5). Macca Coxmma, B OOGHYHHIX eJMHANAX paBHAA
Moguag = 1,989-10% r, B reoMeTpEYecKMX eJUHMIAX COCTaBIAET
m = 1,477 M. Bouee moapo6mo cM. B aomoimemzmm 1.8.
Mcmonpaya reomeTpEYecKHe 6JMHHIE M HBIOTOHOBCKYIO TEODHIO
TATOTEHHA, Jerko oNeHATh B oKpecTHocTE Jemiad @ CoxHma AeBATH
KOMOOHeHT pPHMAHOBA TEH30pa KDHBH3HH, KOTODHE NPEJCTaBIAIOT
mamGonbmmit maTepec. [lesaeTcA 3TO AHANOTMYHO TOMY, KaK Hamps-
MKEeHHOCTb 3JIEKTPHYECKOr0 ILOJA oNpefieliiercA NyTeM H3MepeHHsA
YyCKOpeEHsi Npo6HOH YacTAOH, ABIKYMEHCA ¢ MaloH CKOPOCTBIO.
Ouesxa xouuomeNT  DiccpoTpHM  PAacCTOAHHE MEXKAY TeOfe3HYeCKEMH JBYX GIH3KHX
no orHocKTenbEMM [ POGHEIX WACTHI[, ABHKYIEXCH ¢ Majoii ckopocThio (v« ¢) Ha pac-

'CRO HAM -
Yennenno cTogand r oT 3emin miam Conenma. B oGmenpraATOd NOYTH MHEPOHAAIL-
Raormy es HO#i cmcTeMe KoopauuaT HebeCHOH MeXaHMKA BCEMH KOMIOHEHTaMME

4-cxopocTE HavadbHOM OPOGHOR 9YACTAIH 8a MCKIKYeHmeM dz®dt =1
MOxHO mpeHe6peub. IIpOCTpaHCTBEHHEH® KOMIOHEHTH YPABHOHHA
OTKJIOHEHAA TeOofe3MYeCKHX MMEIOT BHJ

dZ*dv® 4 RP oo’ = 0. (1.13)

CpaBHEBas ¢ BHBOJAMH HBIOTOHOBCKOi TeOpHH, CHOPMYIHPOBAHHEIMA
B BAje ypaBHennmi (1.5), mosydaeM ciegyomyio mEfopManmio o Kpu-
BH3HE NpPOCTPAHCTBA-BPeMeHM BGJM3A HEHTpa Macce:

C I PP Tnm

R*33% RY33% R0 ||=|mm O 0

x Vnom Tpnn

R*33% RY455 R650 ||=|| 0 myr® 0 (1.14)
E: Vomn o

R*33% RYs:s R%sz6|=| O 0 —2m/rd

(B egmummax cM~%). 37ech B HUIKe £, Y U T. 1.— KOMIOHEHTH BEKTOpa
AJIM TeH30Pa B JIOKAJIBHO JOPEHIEBO# CHCTeMe oTcueTa («pH3MIecKHe
KOMIIOHEHTH» B OTJIMYFE 0T KOMIOHEHT B 00meil cucTeMe KOOpAMHAT).
3uauenus APYTEX KOMIOHEHT KPUBH3HH ONDENENAOTCH H3 TEOpHHE

JitnmTelina (mampmumep, R";;; = —m/r3); ogHaKo A MHOTUX OpH-
JIOKeHMHl TeopmHM TPABHUTAOUA NPHHIEOAAJIHHOE BHAYCHHE HMEIOT
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JUIHG [IeBATH YJIEHOB, BHINNCAHHHX BHmeEe. OHM AHANOTHIIIH KOMIO-
HEHTaM 3JEKTPUYECKOTO IOJA B JOPEHIEBOM yPABHEHUU ABHKEHUS.
MHorue M3 4YiaeHOB, KOTOPHIE ME HE€ OIENHJH, AIIAJOrHYUB KOM-
NOHEHTAaM MATHUTHOTO IOJA: B OGHYHEIX CHUTyamdAX OHH MAaJbl, €CJIM
TOJABKO HCTOYHHK He JABMKeTcA ¢ GoJblIOE CKOPOCTHIO.

Ha atom 3akanuuBaeTcsi 0630p Toro, Kak reoMeTpus JeicTByeT
Ha MaTepHI0 («HelicTBue KpHBM3HH A6I0Ka, MpUBOAsAImEE K mepecede-
HHIO Teofie3UIeCKMX»— 0COGEHHO CHJIbHOE OKOJIO yriybieHusa B Bepx-
Heir wacTHm s6J0Ka, TOYHO TaK jKe, KaK KPHBHBHA NPOCTPAHCTBA-
BpeMeHH 0CO0eHHO BeJImKa BOJIM3H MEHTPA TPaBUTAIAIOHHOTO MPUTAKE-
gas). Temepr ofpaTuMcA K BO3JEHCTBHIO MAaTepPHH HA TeoOMOTDPHIO
(«nefticTBEEe A6I0YHOTO YepeHKa, NPUBOAAMEe K HOABIEHHIO Yray6-
Jernny)!

Honommenne 1.5. KAK HNPOBEPNTDH, AABJAETCA JH NPOCTPAHCTBO-BPEMJI NIJIOCKHM?

1. YkakuTe npoTsskeHHOCTh B mpocTpaHcTBe L (B canTMMeTpax MJH MeTpax)
A OPOTA}KEHNOCTh BO BpeMeHH I (B CaHTHMeTpaX MJIH MeTpPaX, KOTOPHE 3a 3TO BpeMsa
OPOXOAHMT CBeT) HccienyeMoi o6aacTm.

2. VYxasknte TouHOCTH O, ¢ KOTOpOoll BH MoKeTe M3MEPATHL PACCTOAHHE MEKIY
npoGHEIMH YacTHIIAMH B 3ToH 06JacTH.

3. Tlpocuenure 3a fABMKeHHMeM B 3ToH 06JacTH mpOoCTPaHCTBA-BPeMEHH OPOGHEIX
9aCTHI, MAPOBHe JHHAHM KOTOPHX BHagaje GHJIHE mapaJjljieibHH.

4. Ecim MEpOBHe JHMHHM OCTAlOTCA NapaJljIelIbHHIME C TOYHOCTHIO 8% mas Bcex
nampaBJeHAH JIBMKeHHMA, TO TOBOPAT, YTO «B OrpaHMYEHHOH TaKMM oGpasoM 06iacTH
C YKa3aHHOH CTelleHE}0 TOYHOCTH NPOCTPAaNCTBO-BpPeMsl ABIAETCS IJIOCKEMM.

nPEMEP. PaccMoTpmM 06aacTh npoCTpaBCTBA Y HOBEPXHOCTH 3eMIH pasMepoM
100 M X 100 M X 100 M (mpOTA;KEHHOCTHh B HPOCTPAHCTBE) B IIPOMERYTKE BPEMEHH, 3a
KoTopoe cBeT TPOoXoANT 10° M (Toguan = 3 ¢). Macca 3eMin mogyar = 2,98:10* r, m =
= (0,742 .10-28 cm/r)-(5,98 -10*7 1) = 0,444 cm [cm. Bupakenme (1.12)]. Yckopenme
OPHIEBHOTO Bo3feHcTBAA R¥(,0 (OTHOCHTeNbHOE YCKOpDEHHE B HANPABICHAH OCH 2
ABYX HPoGHHX 9aCTAI, OepBOHAYAJLHO NOKOHBIIHXCA Ha paccrosHmE 1 cM mo Bep-
TAKAJHE APYT OT APYTa) COCTaBJIACT
+(5)=—2%=—0,888 cw/(6,37-10° cu’)= —3,44-10°7" cu2
(cM oTHOCHTeNLHOTO CMeIeHHsA 3a BpeMs, 3a KOTopoe cBeT mpoiimer 1 cM, Ha BpeMs,
8a KOTopOe cBeT mpoiiieT 1 cM, Ha CM paccTosiHEA mo BepTHKaam). JIBe mpoGHLe YacTH-
e Ha paccrosumm EF == 10% cMm apyr or Apyra mo BepTmKaau 3a BpeMa t = 10! cM
(pasumneit Me;kIy BpeMeHeM M COGCTBEHHEIM BpeMeHeM JJIS CTOJb MeJIeIHBIX MPOHHBIX
YacTHI, MO:XHO mpeHeGpeup) CMeMAITCA APYr OTHOCHTEJNbIO APYra Ha

88 = — & Rl g, =1,72-102" om? (104 cm)210* om=1,72 wov.

(daa ppyrax HampaB/ieHMil [BHKeHAs H3MelleHAe OTHOCHTEIBHOTO PACCTOAHHA MEHb-
me.) Ecim MnEmManbHas HeompeleleHHOCTh B paccToAHmM 8, KoTopoit MOKHO
nocTHYb npn m3mepeHmax Ha 100 M B mpocTpaHCTBe, «Xyiiie», UeM NpHBeJeHHOe 3Ha-

bid
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qende (npesnimaer 1,72 MM), To Ha JaHHOM ypPOBHE TOYHOCTH PacCMaTPHEBaeMyIo 06IacTh
NpPOCTPAaHCTBA-BPEMEHH MOKHO CUYHTATh miocKoft. Ecam ke HeonpeRelemHOCTs mpH
H3MepeHBAX «iydume» (Mensme), ueM 1,72 MM, To, 9To6H mpmiiTA K 061acTH MPOCTPAH-
CTBa-BPEMeHH, KOTOPYIO Ila JaHHOM yPOBHe TOYHOCTH MO;KHO CUATATH MIOCKOHN, Heo6-
XO[EMO OTPaHHYHTh DPACCMOTPeHHe MeHpmed o6IacTeio B nmpocTpaHcTBe Wam Golee
KOPOTKAM HOPOMC/RYTKOM BpeMEHW, WJU M TeM H JAPYTHM.

Honoanenne 1.6. KPHBU3HA YEro0?

Ha nepsriit BSraAM HeA 0 TOM, 4TO IPaBATALASA €CTh NPOABICHAE KPABASHK MPOCTPAH-
crBa (A), KarkeTCA YAEBHTENbHO IPHBJIEKATEIbHOH, HO y:ke Ha BTOPOX BBIIAN OHa

*x

s
- -—-%¢
I S

A. Vckpnsiaerne CoJHOEM CBETOBHX Jyyel H3006paKeHO KAK CJIO/CTBHO
KPHBH3HH 1pocTpaHcTBa BOAM3m Hero. JIyw ceera ciefyeT mo reopesmge-
CKoil, HO TaM, Tié OH pPAacCIpOCTpPaHAETCA, reOMeTPAs UCKPHBJeHA (B Aeii-
CTBATEJLHOCTH CBET PaclpocTpaHAETCA B IPOCTPAHCTBe-BpeMEHH, a He B
TIPOCTPAHCTBe; NPABMILHOE OTKJIOHEHWe B JBA Pa3a HPeBHMAaeT 3HAYOHHE,
moJyyamomeecs U3 3JIeMeHTAPHOHR KapTHHH, KOTOPAs 3feCh HpeACcTaBIeHA).
OTKJOHEHEe OGpPATHO NPONMOPIHMOHAJLHO YIJIOBOMY pACCTOAHHMI0 MEMKAY
apeagoit ¥ meHTPpoM CoxHna. O peasibHHX OTKJIOHEHMAX, HAOJM0OAaeMHX BO
BpeMA 3aTMEeHHA, cM. gomojHeHme 40.1.
1. ®otorpadma pacmolyoykeENs 3Be3n, kKorga CouHOE (HOKPHTOE JYHHHM
AECKOM BO BpeMA 3aTMEHHs) 3aHAMaeT YKa3aHHOe IOJO0eHHe.
11. ®otorpadna pacmonokeEWA 3Beaf, Korpa CoaHme BaXoguTCA B APY-
TOM MecCTe.

Kayxerca ynusarenbHo cMemHoi (B). Hak Mo:keT KpABHA3Ba TpaeKTopHil MAYa H mMyJad
TaK CHJIBHO Pa3IHdaThCs, €CAH OHA ABJIAETCA CHe[CTBAEM reOMETPHH IPOCTPAHCTBa?
He ymmBuTennHo, uTo BeJWKEWA PHMaH He mojapHJ d9eJ0BeUeCTBY IeoMeTpPHYECKOil
reopnn TaroTenns. J{a, B Boapacte 28 mer (10 mons 1854 r.) om coaman MaTeMaTHue-
CKHii ammapaT, ¢ IOMOMBI0O KOTOPOTO MOKHO JATh ONpefleIeHAe KPABA3HL B BHIACIATH
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B. Tpaekropuu MAIa W NyJIM B NPOCTPAHCTBE
npr HaGatopeBHN B naGopaTopmil HMEOT COBepINeH-
HO paaiuyHHE KPHBH3HH.
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B. TpaeKTOpHE MAYa M NyJR B IPOCTPAHCTBe-BpeMeRIl, MaMepeHHHe B jabopa-
TOpPHM, MMeIOT KPHBH3HH OJHOTO mopsfgKa. OmeHKa KPHMBH3HH TPACKTOPUH HPO-

H3BopuTcA Mo QopMylie, CHPABEAMBOA AAA MANKX OKPY;KHOCTeHl: (pajmyc) =
= (ropu3oHTaJbHO® pacCTOAHMe):/8(BHCOTA mOXBEMA).
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ee (MeTpEKa M reomeTpus PumaHa). Jla, OH NeliCTBHTEJBHO NpPoOBeJ NOCHefHAE IHH
nepeql cMepThio (B BodpacTe 40 Jer) B pafoTe HaJ MOACKaMA eIMHOTO MOMX0a B TEOPHE
aJeKTpHuecTBa B TAroTenus. Ho cpemm mpmumn, momemaBmux emy HaiiTH pemeHHe
B OTKPHTb Ty CBA3b, KOTOpPaA CYMecTBYeT MeKAY TATOTeHHAeM M KPHABH3HOM, IiIaBHOM
Onia, GesycnoBHO, Ta, YTO OH AYMAJ O IPOCTPAHCTBE A KPHBH3He HPOCTPAHCTBA, a HE
0 IpPOCTPAHCTBe-BpeMeHM M KpHBHM3HE OPOCTPaHCTBa-BpemeHH. UToGH cHelaTh STOT
mar BOoepesi, IOTPeGOBaJIOCh COPOK JIeT, IPOMENMIAX A0 CO3NaHHUA CHeHAJbHO M Teopan
otHocHTeAbHOCTH (1905 r.— BpeMA M OPOCTPAHCTBO pPaBHONPABHH), a 3aTeM eme
mecats Jer (1915 r.— cosmanme obmeit Teopum orHocmTeabHocTH). HapmcopammHe
B mpocTpancTBe-BpemeHn (B) TpaekTopEE MfYa X nyam HMEIOT CPaBHEMYI0 KPHBH3HY.
B nmeiicTBETENBHOCTH, OXHAKO, HH OfHA M3 3THX TPAaeKTOPHH He HMeeT HAKaKoi KpH-
su3HEH. Ha pucynkxe B o6e oHE BHIVIARST MCKPHBJICHHKIMHE JAMb OOCTOJBKY, HOCKOIb-
Ky MH 3a0hiBaeM 0 TOM, 9T0 IPOCTPaHCTBO-BPEMs, B KOTOPOM OHH JIEKAT, CaMo Ho cele
HCKDUBJIEHO — H MCKPHBJICHO POBHO HACTOJIBKO, YTO0H HTH TPAaeKTOPHA GHIIH CAMEIMHA
OPAMEIMA JIHNHAMA, KaKdAe BOOGOIe MOTYT CYIMECTBOBATE («Te0fle3HIeCKAMMR).

N ecam Mm cHawasa 4yBCTBYeM YMOBJeTBOPEHHE OT TOrO, YTO KPHMBH3HA, OpHTEM
KPHBH3HA NIPOCTPAHCTBA-BpEeMEHH, TAKHM HEHNOCPeACTBEHHEIM 006pa3oM BHCTyOaeT
Ha mepefHMd njaH, To HEKOTOPOe HeNPOROJKMTeJIbHOe DasMHILUICHHe Ha 3TOT CUeT
CHoBa BCeJseT B Hac TpeBoTy. KpuBmsHa mo otHomeHHwo K 4emy? He mo oTHomenmio
xe K jgabopaTopun. JlaGopaTopms, cBsA3aHHasA C HOBEPXHOCTHIO 3GMJIM, OTHIOAb HE
ABJIAETCA mpocTeifmeil CHCTeMoil OTCYeTa HpPH CepHE3HOM PACCMOTPeHMM upPOOJIeMEI.
Bo-nepBrx, oHa He AB/AeTCA JopeHLEBO chcTeMoll. Bo-BTOpHX, yiKe caMo ynOMHEHA-
HAe 0 3eMJe 3acTaBJseT pacCyXk/JaTh B PAMKax TeOPEH TATOTEHAA, OCHOBaHHoOM Ha Meii-
CTBHE Ha paccTosHUA (PacCTOsAHHE OT HeHTpa Jemud no Mava mud nyiad). Haoporns,
CYTh B3TJIANOB JHHMTEAHA COCTOMT B TOM, YTO QH3MKa OPOCTA JHMb OPE JOKaJbHOM
aHajJmse. A JIOKaJBbHHH B3TIAR Ha (U3UKY 03HagaeT, 9TO HYKHO CPaBHEBATh Ieofle3n-
4eCKYI0 OMHON mpo6GHOM 4aCTHIH € TeoJe3HYeCKMMHE ApYrAX npoOHHX 9acTHI, ABHIKY-
maxca 1) Ha Gun3kom paccroaHEd, 2) HOYTH B TOM Ke HampaBJeHEH H 3) ¢ GIE3KAMA
3HaYeHAAMH CcKopocTeil. Torfa Mo)KHO HPOCJHERMTH 3a PACCTOAHHAMA MEXAY STHMH
6In3KEME DpOGHEIMA YaCTANAMMA H 00 A3MEHEHAIO STEX PacCTOAHHUI Bo BTOpOM HOpANKe
OO0 BpeMeHH, ACHOJbL3Yys «ypaBHEHHE OTKJIOHeHHsA reofe3dueckmx» (1.8), cymmTs
0 KPMBH3HE HPOCTPAHCTBA-BpeMeHH.
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Jlononnenne 1.7. YPABHEHUE JIBIGKEHHA B I'PABUTAHNOHHOM NOJIE
H YPABHEHME [IBHKEHMS B JEKTPOMATHHTHOM IIOJIE: CXOJICTBA U PA3JINYNA

OeKTPOMarHeTH3M
[cuna JIopeHua,
ypaBHeHne (1.11)]

TpaBETanEA
[ypaBHeHWe OTHIOBEHMA
reoneamyecKux (1.8)]

Oupegeneno an  yckopesiie
AAs OONHOM YacTHUIl?

Hax onpenesieno ycxopeHue?

Ha

JHeiicTBuTeNIbHAS MApOBas
JWHMA CPaBHUBAETCA C MH-
PoBO# NvEVeEd He3aPAXKeHHOH
«HAYaNbHO» npobHOH 1Ta-
CTHIB, NpoJeTaomeil depes
Ty e TOUKYy C TOH ke
4-CKOPOCTBIO

Her

Vixe BesapsiKenHas npobHas
yacTHIa, KOTOpas He MoOKer
YCKOPATBCH 10 OTHOIIEHHIO
K caMoit ccGe! Ycxopemne
u3MepAeTcA 1Mo OTHOmMEHUI0 K
Gnnajexameit npoGHOH uac-
THIe, BOpaRHO# B KadecTse
OCHOBH [JIA CpPAaBHEHAA
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SneKTpoMATHOTHEM T'papsrangs
[cana JIopenna, [ypaBrense oThiONeHNS
ypasaenne (1.11)) reonesageckEx (1.8))

3aBACHET M ycKopeHme oOT
BCeX YeTHPeX KOMIOHEHT
4-cKOpOCTH WacTHOH? Ha Ha

CoBnafaer au ycKopeHme Aias
Bcex NMPoGHKX 9acTHI, HAXO=
JAMAXCA B OHOM H TOM KO
MeCT® W MMEOMRAX OfHY A TY
e 4-cKopocTh? Her, om0 mponmopnuoBanbEO Ha
e/m

Ilone, remepupyiomee ycko-
pesue

Kaxymeeca wmcno pasiusu-
HHX KOMIOHEHT TeHOPEpPYI-
mero mons X 4=16 44 =256
JelicTBUTeIbHEOE 9HCIO0 KOM-
OOHEHT INPH y4YeTe CHMMeET-

ONEeKTPOMATHATHO® I10JIE PEMaEOB TCHBOD KPWBHSEH

pud TeH3opa 6 20

HaspaBue BauGonee uasect-

HHX 43 DTHX KOMIOHEHT 3 aMeKTpPHICCKUX 6 KOMIIOHGHT JOKAJIBHOIO
3 MArEHTHHX HBIOTOHOBA YCKODOHMS NpH-

JIMBHOTO BO3feHcTBHA

Hononnenne 1.8. TEOMETPHYECKHNE EAUHNIBI

Ha mpors:KkeHuM BColi KHATH HCHONB3YIOTCA (TeOMETPHYECKAE eMHAIED, B KOTOPHX
CKOPOCTh CBeTa ¢, HHIOTOHOBa I'PaBATAIAOHHAA HOCTOAHHAA G M HoCTOAHHaA Boasn-
MaHa k paBHH efuBHNe. Boibmoe 3HaueHHe EMEOT CIeAyOMHEe CIOCOOH mpeAcTaBiIe-
HEA e[AHHIH:

1,0 = ¢ = 2,997930 . . . .10 cm/c,
1,0 = G/c? = 0,7425.10-%8 cm/r,

1,0 = G/et = 0,826 .10-% cwm/apr,
1,0 = Gkl/ct = 1,140.10-%% cw/K,
1,0 = ¢?/GV? = 3,48 .10% cm/Tc-L.

Ha enmauuHEI# MEOKATENb, BHPayKeHHbIH JIOGHM A3 3TEX CH0CO60B, MOYKHO YMHOMKATH
n06oii wied B M060M ypaBHeHHH, He Hapymas OPH 3TOM ero CIpasefIABOCTH. TaxaM
06pa3oM, MOKHO MPeBpPaMaTh GANHANHN E3MEDEHASA H3 IPAMMOB B CAHTAMETPH, B CEKyH-
OHl, B BPTH.
Hanpuamep:
Macca Conama = Mg = 1,989.10® r = (1,989.10® r).(G/c?®) = 1,477 -10° cM =
= (1,989 .10%) .(c?) = 1,788 .10%¢ apr.

B nanHo# KHATe B KadeCTBe CTAaHAAPTHOH eHHALE, B KOTOPOH BHIPa’KeHH BCe BeJH-
9YHHH, HCOOJb3yeTcA caETAMeTp. OMHAKO H3pefKa ymoTpeGasaioTes oOHTIHEEe eMHHANN
B TAKAX CAyYasAX MHorfa (HO He BCerjga) maMepseMas BeJIMIAHA CHaG)KaeTCA HHIEKCOM
«0OH9HN:

M®06Hqﬂ = 1,989 . 1033 r.
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§ 1.7. BO3JEACTBUE MATEPUU HA I'EOMETPHUIO

Bcaxoe msaxcenoe meao ¢ u3gecmHuM 6eCOM,

Hazrodaweeca Ha onpedeieHHOM DACCMOAHUU OM Yewmpa Mmupa,
U3MEHAEm C60l 8eC 8 COOMEEMCMEUU C UIMEHEHUEM DACCMOSHUR
om yewmpa, mak wmo npu yodareHuu om yewmpa

OHO cmaHosumca maxpceasee,

@ npu npubaiuxcenuu k Hemy — Jaezue.

Illo smoii npuuune cuabl mAzomeHus HATOOAMCA 8 MAKOM KHce
omHouwenuu Opyz x 0pyey, Kak DACCMOAHUA Om yewmpa.

AJlb XA3NHH (1115 r.m.3.)

Ha ¢ur. 1.12 npoxasan map, NJIOTHOCTH BEmIECTBA B KOTOPOM
p = 5,52 r/cm® coBmajaeT co cpejHeil mIOTHOCThIO 3eman. B mape
OpocBepiieHo oTBepcTue. B 3Tom oTBepcTuH Be mpoGHHe gacTAIE A
A B coBepmalnT IpocTHEe TapMOHHYCCKHE KojeGaRMA C IepHOLOM
84 mun. Bexrop §, pasjensiommii reofeandecKne STHX 9acTHI, Oge-

I 3
? 84 aun
t
I OUr. 1.12.
Yacransl A n B nBEMKYTCA TyRa m o6paTHO B OTBEPCTHH, npoceep-
! JeHHOM B 3eMlle, KoTopasg NIpeAmojiaraeTcsi COCTOAMmed H3 Be-
—— 1 nmecTBa ¢ OAEOPOAHON miorHOCThI0O. Ha pammyce r HEIOTOHOB-
CKoe YCKODeHWe YaCTHOH COCTABJAeT
d2r 1 d _ G (wacca BEyTpH pammyca r)
Ab—g B L P T r2
— (L) (M ) = —o?r
/ == r2c2 3 Pobpran .
/ Otciona BAAEO, UTO KajkaasA YacTEOA COBEPIMIAET TIPOCTHe rap-
/// MoHmYeCKAe KojeGaHma ¢ Toil ke yriioBoit YACTOTOH, C KoTopoik
2 COYTHMK JBHKETCA NO Kpyropoii op6mTe, Kacaiomeiics moBepx-
Ao-g "> 58 HOCTI JAHHOA MofeN: JeMun:

o? (ot =22 p (o),

4nG
Ofgyan (€72 = If_t; Pobuun (r/cM3).
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BHAJHO, TO<e COBepmIaeT IPOCTHE IepAOAUIecKAe KOJIeGanusa ¢ TeM e
mepuofoM 84 MHH Hes3aBACAMO OT TOro, KyAa OH HaIpaBJeH:

a2 it = — (‘%‘ p)g’, jmz,y, 2. (1.15)

CpasumBas 3TO [BE/KEHHE C ypaBHEHHEM OTKJOHEHHA reofe3Hmde-
cknx (1.13) maA MepjieHHHX 9AaCTHI B mOYTH MHEPIUANbHOH CHCTEME
oTCueTa, MH MOY<€M BHIIHCATh HEKOTOphE H3 KOMIOHEHT KPHBH3HH
ANA BHYTpeHHMX ofaacTell JaHHOH moAenu 3emum:

R*j33 R"330 R4zs 100
R*555 RY530 R 050 |lm(np3) 010 ]| (1.16)
R*3z6 RY430 R*330 001

ITOT TmpAMEp HIAJIOCTPHPYET Ty CBA3b, KOTOpas CYMECTBYET MEKIY
KPHBH3HO IpOCTpaHCTBa-BpeMEHH H pacmpefelleHAeM MAaTepHH.
IlpepmososxuM, 49ro depea 3eMi NPOXOAHT TPABATANHOHHAA
BOJHA OT BCOKIIKA CBepXHOBOA. IIycTh 3eMis COCTOAT U3 HACAJILHOTO
HEeC}KEMAOMOTO MaTepuajia, IIOTHOCT: KOTOPOTO IPAKTHIECKH He HaMe-
HAeTCA. B BoJHe KpuBH3HAa NpOCTPAHCTBA-BPEMEHH MOKPHIBaeTCA
«pabbio», pacIpPOCTPAHAKINEACA CO CKOPOCTHIO CBeTa. PAbGh mpoABATCA

B KommoHenTax R’guo Temsopa PEMaHa i B OTHOCHTEIBLHOM YCKOPEHHH
ABYX mpoGuHX d9acrdan. JleBas gacTe ypasHeEEms (1.16) «mokpoerca
pAbe0», a mpaBaA d4acTs He HameudmTca. PasencTsBo (1.16) napy-
mATcA. PamanoBa KpuBmama He GymeT Gostee mpsMHM ClefCTBHEM
JAMB TOr0, YTO B JAHHOM MeCTe HPACYTCTBYeT BemecTBO 3eMJd.

Tem He MeHee, COTJIIACHO TeopWH OJHHMTelHA, 4acTh ypaBHEHHAS
(1.16), a =MeHHO ero cien

~ ~ ~

R?)'b:—:-'R:s;a-]-R”a;a+Rz‘6;6=4np, 117

He H3MEHSETCS OpPHA HAJAYAHM I'DABATANAOHHOA BOJHH. JTO copasef-

JAABO W B BaKyyMe BHe 3eMJiA; TaM o6e 4acTA ypaBHEHAS PaBHH HYJIIO
[ep. (1.14)].

B o6meM cayuae HekoTopas 4acTh Temaopa Pumana, HasnBaemas
men3opom Siinwmelina ® obo3uadaemas @, Bcerna reHepHEpYyeTcd
HEIOCPEACTBEHHO JIOKAJNBHHM pacupefelendeM MaTepan. TeH3op
ditHmTeliHa ABAAETCA reoMeTpEIecKHM 06nexTOM, 06o6maromum Rss
B qepoil wactn ypasuenus (1.17). Kak m Rg ¢, TeH30p JitHmTeidna G
mojygaeTcA W3 TeHsopa Pmmana R mpu HexkoTopoM ycpenHeHmE
mo BceM HanpasieHAsM. I'eoMeTpudeckEM 06b6KTOM, reHeprpylomam 8
H obGobmarommM mpaBylo dacTh ypaBHeHmsa (1.16), saBasAerca Tak
HA3HIBaeMHl men30p snepeuu-umnysvca matepur. Ero o6osmagaior T.
Ina oumpenenenna teHzopoB G m T He HY)KHH KOOpAHHATH IOA0GHO
TeAsopy Pmmana R m MerpmueckoMy TeH30py § OHH CYI[ECTBYIOT
M TOTfa, KOrfa HeT HAKAKAX KoopauHAT. Bomee Toro, aTu Temsopw

Tensop PEMan®
BHYTPH 3eMns

BnraAne
rpasrTanEoEEOR
BOJHMLHA TEHBOP
Pamana

Bpenenwe
Tensopa
Iinmrefiun

Beenenne
TeH30pA
SHEPrRH-HMIYALO®



Ypapaeane

nons Ofamrefina:
MAR MATEPHA
SoXpuBAfeT
OPOCTPAHCTBO~
BpeMa

CnefcTBEA HS
shArmTeliHOBCROTO
YPABHEHHS NOXA

Ipanomenns
sAnmTeAROBOROTO
YPARHEHHS TOAR
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BCerJa paBEH APYr APYTY € TOYHOCTBIO /[0 MHOKHMTenXA 8m:
G=38nT. (1.18)

9T0 ypasHeHue noan IiHwmelina; NepenucaHHOe B KOMIOOHEHTAax
B OPOH3BOJBHOH CUCTEME KOODAMHAT, OHO MMEET BHJ

G¢p=8ﬂT¢p. (1.19)

YpasHenne moaa JiEMTedHa HU3AMHO W 04eHb OoraTo mo comep-
»aunu0. Hu ogao ypaBeenne pusnku ne umeeT Goiee mpoCTOR 3amAcH,
W vy ogHO M3 HAX He HMeET CTOJHKO OPHUJIOKEHAH M CJIHNCTBHMA,

YpaBEeHHe mOJA NOKA3HBaeT, KAaK 3YHEPTHA-UMOYJIbC MAaTEePHH
OPUBOAAT K MOABJIEHAI0 BOKPYT cebaA cpefneil kpmemauk (B). B To xe
BpeMsA ypaBHEHU® HOJA ABIAETCA ypaBHeHHEM DACIPOCTPaHeHAA IIA
OCTANbHOM#, AHN30TPOMHOH YaCTH KPHBU3HK: OHO ONMCHBAET KPHBH3HY
BHeWEeH 9aCTH IPOCTPaHCTBa-BpeMeHH [JIA CTATHIECKOr0 HCTOYHMKA
(3emas), oHO ONMCHBAET W3NydeHHe I'PABATANMOHIIKX BOJH (pAbL B
KPHMBHU3HEe IPOCTPAHCTBA-BPEMEHH) dHEPIrHei-IMIyJIbCOM NABIKYIIEHCA
MaTepud W pacmpocTpaHEHHe 3THX BOJH Bo Bcelenunodl. ¥YpasHe-
HHe IIOJIA COAepKUT B ce0e ypaBHeHMe ABUKEHHA («CHIa=macca X
yCKOpeHue») MaTepHH, TeH30D JHEPIHU-MMIIYJIbCa KOTOPOA Co3xaeT
KpPUBH3HY.

TaxoBer ciaefcTBua ypasHenna & = 8nT. OGpaTmmca Temeps
K IEKOTOPHIM OPHIIOKEHHIM.

YpaBHeHMe IOJA ONUCHBaET ABMKenue mwianeT B Conneqnoit cucre-
Me, oTkJIoHeHne CoJHIEM CBETOBHX JYydeil, KOJIAIC 3Be3]H, IPABO/s-
muit K 06pasoBaHKI0 IePHOU HPH; OHO OJHO3HAYHO OMpEAENAeT reo-
METPUI0 BHENIHEr0 MPOCTPAHCTBAa-BPEMEHHM YEPHOM JHpH («y depHOi
ABIDH HET BOJIOCY»); OHO ONMCHIBAeT IBOJIONHIO CHHIYJIAPHOCTEH mpo-
CTPaHCTBa-BPeMEHH, BO3HUKIINX B pe3yJbTaTe KOAJAICa, paciIApeHHe
u mociaegyiomee cxxatne Beemennoii. M Goasme Toro, HEaMnoro Gomabime.

Uro0n moHATH, Kak mpocroe ypapHeHHe G = 8nT moxer GHTH
TAKMM BCEMOTYIIMM, KENAaTeIbHO BEePHYTHCA HA3aJ M IOCBATHTH
HECKOJIBKO TJIaB TOMY, YTOGH 3aHOBO HOCTPOHTH BCK KapTHHY HOpO-
CTpaHCTBa-BpeMEHH, €r0 KPUBU3HH, BHABATH [EHCTBYOMHAE B HeM
3aKONH — HAa 3TOT pa3 y:;Ke (ojee TmaTeabHO, mOApoGHO ¥ Ha Gomee
BHICOKOM MAaTeMAaTHYECKOM YPOBHe.

Ha atom MH 3axkaHIABaeM 0030p BO3JeHCTBHA reOMETPHH Ha MaTe-
pHi0 ¥ 00paTHOTO BIMAHUA MATePAX HA TEOMETPHIO B CTABHM TOUKY
B mpurde o sbioxe,

YOPAKHEHHAA

1.1. Kpusmssa ouamagpa

ITokasiure, 9T0 rayccoBa KpMBH3HA R mOBepXHOCTM IMUJIMHApPA PaBHA
HyJ10, /I0OKa3aB CHa4aJda, 4TO reofe3uveCKHe Ha 3TOA MOBEpXHOCTH
(pasBepruTe nmauHAp!) He pacxoparca. I[IpuBegute HesaBHcHMOE
AOKA3aTeJIbCTBO  3TOr0  3aKIIOYEHHA, HCOOAB30BaB  OpPMyay
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R = 1/pyp,, rAe p; B p, — TIaBHHE pPafAyCH KPHBH3HH B paccmar- YUPARHEHHA
PHEBAaEMOHl TOYKEe IO OTHOMIEHHAIO K TPEXMEPHOMY SBKIHAJOBOMY IIPO-
CTPaHCTBY, COfiepKamieMy 3Ty IOBEPXHOCTE.

1.2, llpaaaBm B gHA cH3HrHi H B JHH KBajgpaTyp 1)

Brrancanate 1) B 0GEYHLIX egUHHOAX K 2) B FeOMETPAYSCKAX €XAHALAX
BOIMYHHY HBIOTOHOBCKOTO YCKODEHHSA OPHJIMBHOTO BO3JAEHCTBAA
REno (myn = 1, 2, 3) Ha 3emie, BO3HMKAIOMEro M3-3a IPHTHKCHHAA
1) Jysn (megmay = 7,35:10% 1, r = 3,84-10'° cm) m 2) Coxnnma
(Mosua = 1,989 -10% r, r = 1,496 .10"® cm). Bo ckonbko pas Hau-
Gosbmuil OpAAUB B AHA CH3UTAiH CHJIbHEe HAMMEHBIIET0 B AHH KBaj-

paryp?

1.3. Koporro o Kennepe

YacToTa BpameHusA MAaJNeHbKOro CIYTHHKA IO KpPYTroBoi opGuTte
pajEyca r BOKpYT HEHTPAJBLIOro TejJa Maccul m (cM) paBHa @ (cM~!),
Hcxomsas u3 maBecTHOro 3Ha4YeHMS ), MOKa)KHTe, 9T0 OOpPEAEJIATH T
A m 00 OTAEIbHOCTA HEBO3MOKHO. BHYMCINTL MOKHO Jumb 3fdek-
TABHYI0 ¢KEIUIEPOBY ILUIOTHOCTBY TeJla — 3HAYEHHE, YCpeJHEeHHOe
mo cepe Toro ke pagayca, 9To B pagmyc opbmtr. IIpmeegmte dop-
MyJdy AJA %, BHPa)KEHHOH depe3 3Ty KEIUIEPOBY MIOTHOCTD.

Ilepeancka Hennepa m Tammnes (momonsenme 1.9) HamomuHaeT
o mpeemcTBeHHOCTH B Hayke. OO 3ToM CBHAJETEILCTBYET TaKiKe
| To, 9To B roj, xorga ymep Iamumeit, poguicsa HeploTor (nomonme-
une 1.10). Caeayiommm mocie HbloToHa, KTO KOpeHHHIM 0GpasoM
u3MeHAT GOPMYIMPOBKY 3aKOHOB TATOTEHHs, OHI JMHMTedH (momoJ-
mennme 1.11).

1) NIan CH3HrHii — JAHA MOJHOJYHHA ¥ HOBOJYHHA, AHW KBaZpaTyp — AHH
fepBoit W mocJefHell JyHHOI ueTBepTH.— IIpux. nepee.

Jlouomaenne 1.9. TAJINJIEO TAJINJIEN
IInaa, 15 gespansa 1564 r.— Apuerpn, ®daopesumsa, 8 ansapa 1642 r.

«B Bompocax HayKH aBTOPHTET THICAYA He CTOMT CaMHIX HPOCTEHMIAX JOBOJAOB OMHOTO.»
Tanmneo Tammneit [68].

«Ecim Teno, BHiA M3 COCTOAHMA TOKOA, HmajfiaeT paBHOMEpPHO-YCKOPEHHO, TO pac-
CTOAHHA, IPOXOJAMEIE HM 32 ONpefeJeHHbe TPOMEKYTKH BpeMeHH, OTHOCATCA MEXAY
co0Ooilf, KaK KBAJpaTH 3THX HDPOMEKYTKOB BPEMEHH.»

Tamaneo Tamnmeit [69]

«Bce, 9To roBopHJHE B mpeNCTaBAANM cebe 1o cux mop (mo mosoay mpunmsosl, Kamerca
MHe COBEPIIEHHO HeCOCTOATEAbHEIM. W cpem BeaumKmx Jiofei, pacCyKAaBmAX o0 3TOM
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YAUBATEJIHHOM ABJICHHH HPUPOMLI, Gojlee BCEX Apyrax yAampiageT MeEa Hemmep, koro-
P, 6yIyYd HajeJeH yMOM CBOGOJHHIM M OCTPHM B OyIY9IH XOPOIIO 3HAKOMEIM C IBH-
JKeHAAMH, IPANACHBAeMbIMH 3emie, JONYCKalx ocobyio BiaacTs JIyHel Hap Bopoi,
COKDOBEHHEIE CBOHCTBA W TOMY IonoOHEE peba-
9ecTBa.»

Tanmneo Tammueit [68)

«B BBICHIEl CTEIEHN TPEKPacHO M ONPHATHO MJISA
3peHHA Telo JIyHH [B HOBHI TejgecKom)... mo-
BePXHOCTH JIYHEI HEKaK He ABISETCS TIafgKO#N
U OTIOJHPOBAHHOH, HO HEPOBHOM H IIEPOXO-
BATOH ... HA HeH CYMEeCTBYIOT IpPOMajHEIEe BO3-
BHIIEHNA, TY6OKHe BUAfMHB M IIPONACTH ...
MEpHaZH 3Be3]], KOTOPHX HAKTO paHee He BH-
Ied, HpeBOCXOAsAMe Ho YACILY CTaphe, M3BECT-
HEe W3/laBHA, Gojiee 4eM B feCsATh pa3. Mhl oT-
KPHIA (X KOBOIUM 3TO [0 BCEOOINEro CBEIEHU)
YeTHpe IVIAHEeTH, HHUKeM emie He BUJAHHBIE OT
Hagajla MApa [0 HaImUX HAHEH ... Kpome Toro,
VHHUYTOKHUJICS mpeaMer cmopa o Lamaxcuu, uina
MnednoM OyTH, X CYOECTBO €0 PACKPHIIOCH HE
TOJIBKO IS padyMa, HO W JJIA YYBCTB ... [allakCHA ABIAETCA He d9eM MHBIM, Kak
co0paHreM MHOTOYMCIEHHHX 3Be3]l, PACHOJNOKEHHHX TIpynmaMu ... MHOKeCTBO ke
Golee MeIKMX 3Be3[ He IOANACTCS HCCIEKOBAHHUIO ... 3BE3MHI, KOTOPHE [0 CHAX IOP
HEKOTOPHIMH aCTPOHOMAMH Ha3HBAaJHCh TYMAHHHEIMH, IPEACTAaBJIAT c000# cobpanms
3Be30YeK, CTOJOHBIINXCS YAUBHUTEABHHM 006pasoM BMecTe.»

Tammiaeo Tammaeir [70]

«HacroamuM counmHeHMeM MBl IHITb OTKPHBAeM [BEPH K HTHM JBYM HOBHIM HayKaM,
H300MIIyIOMAM NOPHIOKEHHAMH, KOTOPHe B OyaymeM OyayT HemsMepumo GoJbIme
IPUYMHOREHBl OBITJIMBRIMA yMaMH ... OJHAa H3 HAYK KacaeTcs opeaMeTra BeYHOTIO,
HMeIIero NepBEeHCTBYINee 3HAYeHWEe B NIPHPOJE.»

Tamuneo Tammaeit [69]

Jomnonnenne 1.10. ICAAK HBIOTOH
Byacropn, JInakoammmp, Amrams, 25 mexabpa 1642 r.— Kencmarron, Jlonmon,
20 mapra 1726 r.

«Camo mpoBefleHMe HPAMHIX JIAHNH B KDPYroB, CiIyKallee OCHOBAHHEM TeOMeTpHN,
B CYITHOCTH OTHOCHUTCHA K MeXaHHKe. ['eOMeTpHA He Y9YHT TOMY, Kak HPOBOJUTH 3TH
JHHAN, HO DpefuojaraeTr (HOCTYJIMPYeT) BHIOJHEMOCTH STEX LIOCTPOEHHIA.»

(A3 mpenmcaosms HrloToma k mepsoMy mamanuio «Hawam» [71])
«AbcoaromHnoe npocmpancmeo MO CaMOH CBOeH CYMHOCTH, (GE30THOCHTENBHO K UeMy
65 To HE OHJIO BHEIIHEMY, OCTAeTCS BCETa OMMHAKOBHM M HENOABHKHEIM.»

«Abconrtomnoe, ucmunhoe MmameMamuueckoe épems caMo mo cefe m To caMoil cBoeif
CymHoCTH, 6e3 BCAKOTO OTHOINEHHA K 4eMy-IH00 BHEITHEMY, IPOTEKAaeT paBHOMEDHO.»

(U8 «Hagam» [71])
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«[IpmunBEy e BTHX CBOACTB CHJH TATOTEHHA A OO0 CAX IOp He MOT BHIBECTH M3 sBJe-
HEl, TAIOTe3 ;Ke A He H3MHILIAL. Bce jKe, 9T0 He BHBOJUTCS K3 ABJIEHAN, HOMKHO
Ha3HBATHCSA 2UNOME3010, TAIOTE3aM Ke ... He MeCTO B 9KCIepIMeHTaIbHO# puirocodum ...
JoBoaBHO TOTO, 9TO TSArOTEHHE HA CAMOM Jeje Cy-
MeCTBYET ¥ IefiCTBYET COTIIaCHO N3I0KEeHHHM HaMI
3aKOHAM, M BIOJHE JOCTaTOYHO RIS 00bACHEHHA
BCeX [IBHKEHHUIT HeGeCHHX Tel M MOpS».

(A3 no6aBreHus B KOHIE TPETh-
eit xamrm «Hawam, cpemanno-
ro Bo BropoM m3fanum 1713 r.;
BTOT OTPHBOK OCOGEHHO 3Ha-
MeHHT ®m3-3a ¢paskl, 4acTo M-
TEPYEeMO#l W3 OPHTHHAJILHOTO
JarmacKOTo Tekcra: «Hypothe-
ses non fingoy.)

«11 B ToM ke ronxy [1665 mau 1666] s mawan my-
MaTh 0 TATOTEHHH, IPOCTHPAIOMEMCS 0 opGHTH
Jlyust ... Bee aro 65110 B 1665 m 1666 rr.— B ro-
OH 9YMH, 160 A B Te JHU ObLI Ha 3ape CBoeil mo-
pH n3o0peTeHni, ¥ MaTeMATHKA U QUIOCOPHUA BOJI-
HOBaJIX MeHS (ojiee, 4ueM Korfa-Im6o mocie.»

(M3 sammckm Helotoma o6 orkpurmax B obmact: mauddepermn-
poBaHns, GHHOMUHAJIBHON TeOPeMH, ONTHKH, AMHAMHUKA H THATO-
TeHHWA, HalMCaHHO® OKoso 1714 r. w malimeHHoi#t AnaMcCOM OKOJO
1887 r. B «IlopTeMyTCKOM Koimexiuu» paGor HrpioToHa.)

«M60 rumoTesH MOJGKHHL... 00BACHATH CBOMCTBA Bemiei, a He NBITATHCA Ipefonpefe-
JUTH UX, 32 HCKIOYOHUEM TeX CjydaeB, KOTJ]a OHH MOTYT IOMOYh B DKCIEPHMEHTAX.»

(M3 nmncema Heioroma Ilapmmey, 1672 r.; muTmpyerca CoTTacHO
TekcTy 3ameTok Hamxopm x msgammio [71].)

«To, aTo ofiHO Telo MojKeT MeicTBOBATH Ha [PYroe Ha PACCTOAHMM Yepe3 BAaKyyM, Ge3
mocpefcTBa KaKoW-TmG0 eme CyGCTaHMEA, ¢ HOMONIBI0O M uepe3 KOTOPYIO JelicTBHe
mIn cuyia Moram OHl mepeflaBaThCA OT OJHOTO K APYTOMY, HPelCTaBIAETCA MHE TaKIM
BeMUaiimaM aGcypmom, 4TO, A IOJaralo, HA ONMH YeN0BeK, CKOJTHKO-HHOYNb MCKY-
meHHH#A B ¢uiocopckux Bompocax, He CmocoO6eH BIACTH B Hero.»

(OrpriBox m3 mmcsma Heoroma Pmuapny Bemram 1692—1693 r.,
9acT0 mpuBoamBmmica Maikiom DapafeeM; UTAPYeETCA COTIACHO
TEKCTY 3aMeTOK K mafaHdio [71].)

«Hpm‘m{cennﬂ TATOTEHMA, MarHeTH3Ma H 3JJIEKTPUIECTBA IPOCTHPAIOTCA Ha BechbMa
3aMeTHEIe PAaCCTOAHUA U MO3TOMY HaﬁJIIOJIaJIHCB «..y HO MOTYT CYIIECTBOBATL U ApYyTHe
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OPATAKEHAA, OPOCTAPAOLUeCcS HAa CTOJb MaJjlHe PacCTOAHHA, 4TO [0 CUX IOP OHH
yCKoNb3aal OT HaGmomeHus ... fl Gl ckopee 3aKNIOUMJ M3 ClienmJeHUs YaCTHI| O TOM,
9T0 OHA ONPATATABAIOT OfHA APYT'yI0 HEKOTOPOH CMJOil, KoTopadA OYeHb BeJMKa OPH
HEemOCPeJICTBEHHOM CONPHKOCHOBEHMH M Ha MaJhX PacCTOAHUAX IPOM3BOAMT BiIe-
YOOMAHYTHE XMMHUCCKHE JeliCTBHUsA, 110 He IPOCTUPAETCSA C BHAUMTCJILHHM AeHcTBHEM
Ha GoabmAe pacCTOAHMA OT YaCTHIL.»

(U3 Bompoca 31 B «Ontuke» Helotona [72].)

«UTo HaXOMHTCA B MeCTaX, NOUTH JIAINEHHHX MaTepmu, H moueMy CosHue B nmiaHeTh!
TATOTEIOT APYT K APYTY, XOTA MexIy HAMH HeT mioTHo# MaTepmm? IToueMy mpmpona
He JejlaeT HEYEr0 NOHANDPACHY, B OTKYJa OPOHCTEKAl0T BeCh HMOPAMOK H KPacoTa,
KOTOpHe MH BHiEM B Mupe? Ii1a kxakoil neJH CymecTBYIOT KOMETH, K II09eMY BCE
IJIaHETH ABMKYTCS B ONHOM H TOM <€ HanpaBJEHME N0 KOHLEHTPHYeCKAM opGHTaM,
B TO BpeMA KaK KOMETH JBH)KYTCA IO BCEBO3MOYKHHM HampaBJeHAsSIM IO O09€Hb IKC-
IeHTPHYeCKAM opOHTaM, B 9TO MeIlaeT Haf€HHI0 HemOABM)KHEIX 3Be3ll ofHOM Ha Jpy-
Iy ?»

(13 Bompoca 28.)

«OH He eCTH BEYHOCTHL HJH GeCKOHEYHOCTH, HO OH BedeH M GecKouweueH; OH He eCTh
IPONOJKATEABHOCTh HJIM NPOCTPAaHCTBO, HO MPORoJdKaeT CHTH H BCIoAy mpeGHBaeT.
O= npogomxaer GHTH BCerga N NPHECYTCTBYET BCIOAY; BCerja M Beale CYmecTBYd,
OH YCTAHABJHBAET NPOCTPAHCTBO M IPOMNOJIKHTEJABHOCTE ... BOT, 4TO MOMKHO CKa3aTh
0 6ore, pacCyJieHEe 0 KOTOPDOM, HA OCHOBAHMH COBEPMANIIEXCA fABJACHHAH, KOHEYHO,
OTHOCHTCA K HpefAMeTy HaTypajikHoil ¢miocodmm.»

(M3 mo6aBnenmsa B xorne «Hawam» [711.)

Hononnenme 1.11. AJLBEPT 3MHMTENH
Yabm, Tepmanusn, 14 wmapra 1879 r. — Npuncron, Hrwo-Jxepen, 18 an-
pena 1955 r.

«UTo MeHA meHcTBHTEABRHO HHTEpECYeT, TaK 2T0 OHJ JM

y Oora xakxoii-umbynb BHGOD OPHE COTBODEHHE MHEDAa.»
JiHMTEe#H — aCCHCTEHTY; IATAPYETCA
coraacHo Xoarony [73]

«110 TOMH HACTOHYHBHIX TOHCKOB B TEMHOTEe, C HX Hampsi-
JKEHHOH CTpacThi0, C NEepPeMEKAIMEMHECH YBEPEHHOCTHIO
H OTYasHHeM, M, HAKOHeN, NpPO3peHAe — TOABKO TOT,
KTO DpoIleJ CKBO3b 3TO, MOMKET NOHATH.»

ditmmTeiin; mETHpyercsa coraacHo HKueitny [74)

«M3 Bcex o6mecTB, IOCTYNHHX HaM, He CYmMeCTBYeT TAKOIO,
KoTopoMy s OB XOTeJq HOCBATUTH ceGs, 3a MCKIUEHAEM
06mecTBa HCTHHHKNX HCCJACIOBATEICH, TUCIO0 KUBH X YICHOB
KOTOPOTO BCErfa Majo ...»

ditnmreiin; macsMo Bopry, nntApyerca Boprom [75)
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«fI wayuaww Bamm Beamrwe paGoTEI W — KOTHA
A Tlle-HNOYIb 3aCTPEBAI0 — HMEI0 Teleph YHOBOIb-
cTBHe BHMeTh meped coboit Bame pnpymenoGHoe
MoJlofoe JHIlo, yabiGaiomeecs u 00BACHAIOIIEE.»
ditamreiin, mucsMo oT 2 mMas 1920 r.,
nocae Berpedu ¢ Huanscom Bopowm

«Ecim TeopeMbl MaTeMaTHKH NPHJIATAlOTCA K OTpa-
JKeHHIO peaJJbHOT'0 MHpAa, OHM HE TOYHHI, OHM TOUHEHI
J0 TeX IOp, IOKA OHM He CCHIIAIOTCSA HA JeHCTBH-
TEeIbHOCTH.»

ditrmreitr [76]

«CaMasg HemOCTHKEMA s Bellb B MHpe — 3TO TO, 9TO
MHD BCe-TaKH ITOCTH;KHM.»

ditamreiin [77]

f1 mebeca mameps;

Huime teHn 3emum uamepsio.

Iyx Moit ;xkmm Ha Hebe;

3nech ke TeHb Tejla JIEeKHT.
Noramr Kennep (smmradumsa
HamnMcaHa WM CaMUM Ha
JaTHHA)

Ubi materia, ibi geometria 1),
Horarn Kenmep

1) I'me MaTepusi, TaM reoMeTpus.






HACTb I I

DPU3UKA B NMIOCKOM
NPOCTPAHCTBE-BPEMEHMU

B komopoii wumameav 6cmpewaemcs co cmapuliu
dpyzom — cneyuaavHoii meopuell OmMHOCUMEALHOCMU,
064a4eH Ol 6 HOBUL, CO8pEMEHHbL Hapad,

U OAUdNCE 3HAKOMUMCA C €6 NPeAeCAMU






2. OCHOBbI CNEUMUANBHONR TEOPUM
OTHOCUTENBHOCTU

B zeomempuueckux u Pusuveckur RPUSOHEHUAT 6Ce20a 0KA3WEAEMCR,
Ymo seAuUNURA ZaPAKmepU3yemcs He moabko NopROKOM ceoezo meH3opa,
HO makxce u cummempuer

FEPMAH BEAJIb [83]

Hauboaee nopasumesvHulM 8 Ppazsumul 2e0MEmMpuu

aa nocaednue 2000 aem, HECOMHEHHO, A6AREMCA

HenpepueHoe PACWUDEHUe NOHAMUA (2eOMEMmPUHECKUl 06vekm».
Bravaae smo nonamue orsammeéaio AUlLbL HECKOAbKO KDUBHL

U noeeprHocmell 6 CUKMEMUYECKol 2e0Mempul 2pexos;

60 epemena Pemeccarnca oHO PACWLUPUAOCH, OTBAMUE 6CIO COGOKYNHOCMb
06'5€KM08, ONPEACAREMUT 8 AHAAUMUNECKOL 260MemPUL;

co6ceM HeJAgHOo OHO PACRPOCMPAHUAOCL ewe daablue,

oréamue Geszpanuurnyio Bceaennyio, womopas paccmampusaemcs

8 MeopuU MOUEUHHLL MHONCECE

KAPJI MEHTEP [77]

§ 2.1. OBIRUE 3AMEYAHHUA

Kpmsusuna reomeTpun npossiaser ceéa B pujge rpasuranun. llop
AeHCTBHEM TpPAaBHTALMH H3MEHAETCH PACCTOAHHE MEK1Yy MIPOBHIMH
JIAHHAMHE GJH3KHX YacTHI{. B ¢BOI0 0Uepenh JaCTHI[H U JpyTile HCTOM-
HUKH 3ICPTHM-MACChl ABJIAITCH HPHIWHON HMCKPHBIEHHST EOMCTDHH.
Kax sxe pasopBaTh 3TOT 3aMKHYTHI KPYT RO3AEHCTBHA TCOMETPHH
Ha MaTepulo B o6paTHOTO AeHCTBHA Marcpul Ha reomeTpio? Hanmy-
muit cmoco6 — HavaTh C ANAAU3a ABHKCINIA YACTHI[ M MIIIAMHUKY
Hoeit B CTOJIb OTPAHHYEHIION 061acTH IPOCTPANCTBA-BPEMEHI, UTO €e
MOKHO cuUrTaTh miockoii. (Cwm. momoamemme 1.5 «Hax woposeputs,
ABIAECTCA JIM TIPOCTPAHCTBO-BPEMA IUIOCKHM ?»)

TeopHu IUIOCKOTO IPOCTPAHCTBA-BPEMEHH (CHEeIHAJbIOH TeOpMH
oriocATesnbHocTH) moceamensr ria. 2—6. IlogpasymeBaerca, dTo
qUTATEeNIb Y3Ke NCCKOJABKO 3HAKOM CO CIIEI[HAJIbHOH Teopued OTIIOCH-
TeAbHOCTH '), BKI0OYAA: 00mmee NOHATHE 4-BEeKTOPA; 4-BEeKTOp dHEPTHAH-
MMIIyabca; TmpocTeie mpeoGpasoBanus Jlopenma; dopmyay Jlopenia
VIS CHIIBI, AEHCTBYIOIICH HA 3apsKCIHYI0 YACTHIY; XOTs Obl Geryoe
3HAKOMCTBO ¢ OJHHMM ypAaBHCIHEM M3 KaKOH-1MOyab KHHTH, B KOTOPOM
BCTpEYAETCA TEH30D JJIEKTPOMATIMTHOrO moixsa F,; KavyecTBEIHLII
BHJ depTesedM B IHPOCTpAICTBe-BpeMellM, KyZa BxogAT 1) cBeToBoit
Konyc Oyaymero M npomnIOr0, 2) COOTHOMIEHHA HPHIHHIIOCTH
(¢3 DpomJIOM IO OTHOWEHIIO K», B OyAyImeM IO OTHOUIENHIO Ky,

!) Cm., manpumep, [78—80] nan [81], rae dusuxa TpakTyercs ¢ reomeTpu-
9eCKOt TOYKA 3peHns.

6*

TIpeaaoaaraemnt i
YPOBelb
NOAroTOBKY
yATATeNA



Jwban
duanieoran
BeNHYHHA
MoxeT GmTh
onmcaHa
reoMeTpHYecKHM
ofBexToM

Bee 8aKOHL
QHIAKE MOKHO
NpeacTaBMTL Y

B [eOMEeTPUIECKOM
BENRC
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«HERTPaJblO», WIH «B MPOCTPALCTBEHHOmMOZOGHOM OTHOIIEHHH K»),
3) nopeHmeBo COKpamenue, 4) 3aMelJeHHe BPeMEeHH, ) OTCYTCTBHE

aGCOMOTHOr0 LOHATHA OJHOBpeMeHHOCTH M 6) ToT dakT, 4TO OCH ¢

H z B JOODOJAHEHMH 2.4 OpTOTOHAJBLHB APYT APYTY, XOTA TAKOBHIMH
e Kaskvrca. To HoBoe, 4TO 4uTaTeab OOHApy;KHT B 3THX rJAaBax,
CBONUTCA K ciaepylomeMmy: 1) 110BHi DOAX0[ K CHemuajbHOM TeopHHA
OTHOCHTEJBHOCTH, AKOCHTHPYIOMUE BHAMAINE HA MOHATHAX, MJIA
KOTODHIX 11¢ TpefyeTcA BBOJAUTH KOOPAMHATL, H 000311a4eHUAX, JErko
ofo6maemblx 1a C¢Jay49all MCKPHUBJEHHOr0 IIPOCTPAHCTBA-BPCMEHH
(«rcomeTpugeckile OOBEKTH», TEH30DH, IpENCTaBjiAeMEHe B BHUJP
MamuH — 1. 2—4%); au6o 2) He3HAKOMHE pasfe]H CHeNUAIbHOR
TEOPHH OTHOCHTCIBHOCTH, KOTODHE BAKHH A HOCJIEAYIOMero m3jo-
JRCUHHA TCOPHH TATOTEHUS ((TEH30D DHEPTMU-MMIYJbCA H 3AKOHH
coxpameHmsa», 1. D; «yCKOpeHHHe Habmiomarenm», ria. 6).

§ 2.2. TEOMETPHYECKUE OBBEKRTHI

Beemy, 94To mponcxoguT B mPOCTPANCTBE-BPEMEHH, MOMKHO HaTh Teo-
METpHYeCKOe OIicalle, U HOUTH .Tiofoe Takoe ONMHCanue MOOyCKaeT
HemocpefCcTBeHHOe 0000LIeHNIe H3 IJIOCKOTO IPOCTPAHCTBA-BPEMEHH
B HCRpHBIEHHOe. BasireHiming pasinaneM MeKIY TeMHM MM HMHHMH
reOMCTpHYECKHMH OOBCKTAMHM ABJIACTCA HX 061acTh ompejenenus:
CPABIHTE OTHEIbNbIA OOBCKT (BEKTOp) MAJAA HMIYJAbCa HEKOTOPOil
9aCTHUIHI LA ompeJesaennoi ase ee HCTOPUUM M OPOTAKEHHHH reoMer-
pudeckni oGBEKT, OMMCHBAIMUN 3JIEKTPOMATHATHOC IOJe, KOTOpPBi
ompeeseH BO BCCM IPOCTPAHCTBC I HA HPOTA;KEHHH BCETO BpEMEHH
(«moJre auTHCHMAMETPHYHOTO TCH30pA BTOPOrO pamnra», mid, Gorxee
KpaTko, «mose 2-gopmrm). HMerokun ugem, uro miobyro ¢rsmdgeckylo
BCIWUANY MO0 OHHCATH C IOMOLLBX T'eOMCTPHYIECKOTO0 OOBEKTa,
a BCe 3arOuLI (HAIKI MO}{HO BHPA3UTh B BHJE 'COMETPHIECKHUX COOT-
HONIENM# MCIKIV ATHMU TeOMCTPHYECKMMH OOBCKTAMA, BOCXONAT ellle
K dprnanrencroit nporpamme Mexankca KHoaeina 1872 r. [82]. IIpn6an-
3UBUINCh K QU3HMKe B DHHUITEHAHOBCKOM «npuUHIHHC 00mei KoBapHanT-
woct» u B paborax I'epmana Beitrs [83], ata umes, mo-BaguMory,
poepBeie GrLTa YeTKo cpopmyauposana BeGaenom m Yaiitxemom [84],
I Ceroflis OHA NPOHWBHIBAET BCIO TEOPUIO OTHOCHTENBHOCTH, KaK cIe-
MIaIbHyl0, Tak H ofmylo.

MaTteMmaTH4ecKas Teopus reoMeTpHIecKnX o6berToB GHIIa pa3BliTa
Heeuxucom [85] u Uepnom [86—88]. Ho qrobm mouaTb reomeTpo-
OMHAMAKY 1 BHECTA B Hee CBOU BKJIaJ, He 00s3aTeJIbHO B COBEPUICHCTBE
BIafeTh 2TOil M3AMIONA M KpacwBoi Teopueir. Hyskmo ammb weTko
npeacTaBiATh cefe, 4TO reoMeTpuiecknme O6TLEKTH B IPOCTPAHCTBE-
BPeMeHN CYmeCTBYIOT He3aBHCAMO OT KOODIMHATIIBIX CACTEM H CHCTeM
oTcyeTa. ToYKka B mpPOCTPAHCTBe-BpeMeHH («cobumue») ABIAETCA Treo-
meTpmaeckuM oO0bexkToM. CrTpenka, coefnHAOmMAsg ABAa COCETHHX
cobuTaAA («sekmop»), ABIAETCA FeOMETPHIECCKHM 06HEKTOM B IIOCKOM
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OpOCTPaHCTBe-BpEMEHH, a ero o6obmeHne — «xacamesvhuli eexmop»
ABNAETCA TeOMETPAIECKAM OGBEKTOM MW B HCKDHBJIGHHOM OPOCTDaH-
CTBe-BpeMeHH. «Mempuka» (MamimHa, NpPOM3BOAAImAA KBajpar
ANKHEH 11060ro BeKTOpa, cM. gonoauenme 1.3) — Toke reoMeTpHYECKHH
ofbext. UTtoOH pAaTh ompepedeHde 3THM NOHATUAM, He TpebyeTca
HHKAaKHX KOOpJAWHAT.

B mpociaepyomux maparpadax BBOAETCA HECKOJBKO DAa3JIMIHHX
reoMeTpuIeCKuX OOBEKTOB H JEMOHCTPHPYETCA poJb, KOTOPYIO OHH
ATpaoT B KadecTBe Npe/ICTaBHTeNeil (M3AIECKEX BEeJIMYHH B INIOCKOM
OpOCTPAHCTBE-BPEMEHH.

§ 2.3. BEKTOPBI

Haunmem ¢ mouATuA BekTOpa B mpocTeitmeit TpakroBke (pur. 2.1,6) —
CTpeJIKY, HAIpPaBJIeHHOH! OT OAHOro COOHTHA B IPOCTPAHCTBE-BPEMEHH
A («ocHoBanmue») Kk apyromy £ («ocTpme»). 3amuiieM 3TOT BEKTOp

B BH]JE
VA$=.?—.:4 (ana AF).

Las muornx mexeil (B ToM gucie N AIA mocieAyiomero oGobmeuns
Ha Ciy4yail MCKPMBJEHHOrO IPOCTPaHCTBA-BpemeHH) ynoGmee BBECTH
Apyrue, COBepIIeHii0 3KBUBAJIEHTHHE CNOCOOK NpeICTaBJIEHUA ITOTO
BeKTopa. llpemcTaBmM cTpeaKy B BHAe IapaMeTPH30BAHHOH HpAMOM
aeuun P A) = A + A (F — A), tae L = 0 cooTBeTCTByeT oOCHO-
BaHUI0 CTpenKd, a A = 1 — ee octpmo. BosbmeM mpoussopHyio
OT 3TOro0 NpocToro Bhipakenusa aaa &F (A):

(d/d0) A+ (B — )| =F — A= (1) — T (0) =
== (ocTpme) — (0CHOBAHME) = V¥ _g 3.

Crroco6ut
onpeneneHna
BEETODA:

TipaMaa auAHA
B napaMeTpH-
TECKOM
DPeRCTABICHUR

a L3 8 A=l

PA=0,7)  Ipamas B
TIapaMeTPUYECKOM
npeacTaBACHHH

ABa cobbiTus

~

o X0 5’()\)=(T+A(93—(T)J

6 BekTop Vgg,nonumaemuil
Kak crpeaka @B wam B - @

(HempuMeHUMO B UCKPUB.ICHHOM
NpOCTpaHCTBE)

d?
dA

BekTop V3 » \

TIOHUMaEMbIK Kak

(MPUMEHUMO B HCKPHBACHHOM
IIpOCTpalicTBEe)

OUT. 2.1.
OT BeKTOpA, COEMAANIOMmETO BE TOYKM, K BeKTOPY, ABAAIIMEMYCA HPOM3BOXHOM
(¢xacaTenbHHl BeKTOp»; BMeCTO OMIOKANBHOIO HOHATHA — JOKAaJNbHOE).



MponasogRan
TOYKH
BAOML KPRBOIl

Rounonentnt
BEKTOpa
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OUT. 2.2.

OnnHE M TOT KC KacaTeJbHHIl BeKTOD A [ByX, COBePMIEHHO PAa3jMYHHX KpH-
Bux. IlpopeneHa Takxe mapaMeTpU3OBAaHHAA NpsMasA, KoTopas GiMyke BCero
npnbinKaeTca K aTAM KPHBHM B Touke J°). KacaTeabHHIi BeKTOp JNe;KAT MEKIY
Toukamm O 1 1 Ha aTOH mpAMOIi.

3TOT pe3yabTaT MO3BOJSAET PACCMATPHBATL BEKTOP He KaK 00beKT, CBA-
3aHHEIN ¢ ZBYMA TOIKaMHU («OHIOKATHLHHIAY), a KaK 00BEKT, CBA3AHHEIH
JUImb ¢ OJHON TOYKOH («KACATEJbHHI BEKTOD», JOKAJBHHHA OGBEKT):

Vg =(Ad&F/dA)—. (2.1)

Hpumep. Ecau & (1) — npaAmaa mMupoBas JMHHA CBOGOTHOK
YacTHI{bl, IAPAMETPOM KOTOPOi CIYKAT COGCTBEHHOE BpeMsdA, TO mepe-
MeOieHne 33 MHTEpPBaX COGCTBEHHOTO BpeMEHHM B OANY CEKYHAY RaeT
crpeaky U = & (1) — & (0). 3Ty cTpeldRy JAerko HapucoBaTh Ha IpoO-
CTpancTBeHHO-Bpemeniiom depTeske. Ona GyfeT B TOYHOCTH paBHA
4-cropoctn 4actunel. Onmako Bhpa:kenue u = d&/dt aaa Toro ke
caMoro nepeMeneHUs, 3amMCaHHOe uepe3 upouspoguyw, 1) OGuke
COOTBETCTBYET HOHATUIO CKOPOCTH H 2) HNPHMEHMMO B clydae YVCKO-
pennoro apu;kenuA. Takum o6pasoM, ecaun muposasa ampusa P (1)
HCKpUBIena, Kak Ha ¢ur. 2.2, To HeoGXO0XMO ClAYada BHIHACIUTH
d#/dt m nump motom napucosaTh npamyw & (0) + A A& /dv),
aasg crpenku U = dP/dv, usoGpamaronieii 4-CKOpocTh U.

ILns auTaTesis TakaA TOYKA 3PEHAA MOKET OKAa3aThCA HEmPHBHIY-
noit. Bomee 3rakoMBIMM MOTYT GHITH KOMIIOHENTH 4-CKOPOCTH B HEKO-
TOpOil JIOPEHIEBOi CHCTeMe OTCIeTa

wo—%___ 1 v 2.2)
dt 1/ 1—2 dt 1/ f—2
riae

v == di’/dt — woMmOHEHTH «OGHYHOH CKOpOCTHY,

vt = (v7)2 + (V) ()
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Ho naxe romoouenTH 4-ckopocTm (2.2) MOryT IOKasaThCA CJErKa
HeIIPDHBHYHRIMH, €CJIH YHTATENb OPHBHK K TOMY, UTO 9eTBEpPTad KOM-

moHeHTa BeKkTopa ymHoskaercsl Ha i = }/ —1. Ecam 310 Tak, To Heo6-
XO[QAMO OCBOHTHCA ¢ HOBEIMHA oGosmauenmamu. (Cm. gomosmenme 2.1
«lIpomait ict».)

Cam BexTOop — Goxee ¢yHgamMeHTaldbHO® NHOHATHE, deM €ro KoM-
OOHEHTH. JTO reOMEeTPHYECKHN O0BEKT, CMBICA KOTOpPOro He 3aBACHT
OT KoopauHAT. Y wacTurme ecTh mupoBas aunasa & (t) u 4-ckopocTh
u = d&P/dr, KoTopHe He CBA3AHH HH ¢ KaKUMHE KoopgaHaTtama. Koop-
AMHATH MOSABJIAITCA TOTAA, KOTKa BO3HMKAeT HE0OX0AMMOCTb B CUeT-
HOil MamAHe (KOTOpas He NPM3HAET BEeKTODOB M BOCHPHHAMACT JHMb
gucaa). C aToit menbio B JIOpEHIEBO cHCTeMe OTCYIeTa BBOIATCA
OpToHOpMHApOBaHHHE GasmcHMe BeKTOpH (dur. 2.3) @, 8, 8, ¥ Oy
ITo oTHOmeHHO K Hagamy (@ Takoi CHCTEMH OTCUeTa MHPOBAaA JAHHA
MOeT GHTh omucalla HA KOODPAMHATHOM SA3HIKe:

& (1) — O = 29(v) 8o+ 2! (v) €1+ 2% (7) 8, + 2% (7) 85 = 2% (7) @,,.

4-CKOPOCTh JaCTUIHl, BEHIpa)Ke€HHAA OTHOCHTEIbHO TOMH jKe JIOpeHIeBoi

MupoBas JUHUA

OUr. 2.3.

4-CKOpOCTH YACTERH B MJIOCKOM NMPOCTPAHCTBE-BpeMEHH. 4-CKOPOCTb U IpefCTaB-
aseT coloil eMMEMYHHIE BeKTOP (CTPeJNKa), KacaTeMbHHE K MHDOBOH JIHHHH
YACTHNH; KaKIoMy COGHTHIO HA MHPOBOil JMHOH COOTBETCTBYET OJMH KacaTelb-
HHA BeKTOp. B HeKoTopoi#l KOHKPeTHOH JOPCHLEBOH CHCTEMO® KOOPAMHAT M306pa-
#eHsl 0asMCHHe BeKTOPH eJWHAYHOH [JINHH, HampaBlleHHHe BIOJb YeTHPOX
KOOpIMHATHLIX OCeil: @, 8;, 8y, 85. 4-CKOPOCTH, KaK M a106o#t apyroii BexroOp,
MO;KHO IOPeJICTABATb B BUJ® CYMMH KOMIOHEHT, BANPABJICHHHX BJ0Jb (azuCHHX
BOKTOpDOB: U =u%g-}-ulest u28y-}- ude; =ue,.

BERTOPM
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CHCTEeMBbl, IIpAHAMAaeT BUJ

u = d&/dv = (dz*/d7) 8, = u%, -+ u'e, -+ u%e, -+ uses. (2.3)

Pagnoxenne %
BexTOpa Komnonentn w® :11060r0 Apyroro BexTopa W B 3TOil CHCTeMe oOIpe-
Do Gaamey AeNAITCA aHAJOTIYHEM 00pasoM KaKk Kod(QPUIHEHTH B PAa3jioKeHHH

w=u"e,. 2.4)

OGpaTtuTe BHHMAaHHe: HIJIEKC & ¥ 8, 0603HaTaeT HOMEp BEeKTOpa, a He
HOMED KOMIOOHEHTHI!

Nononnemme 2.1, IMPOIMAMN ict!

OT OfHOTO MaTeMaTHUeCKOTO HOHATHA, HEKOIJa NPMCYTCTBOBABINET0 B CHENHMAJIbHOMR
TeOPHH OTHOCHTEJNBHOCTH, I1e06Xx0AnMo M30aBATECA. ITO MHEMAA KoopAmHaTa 2% = ict.
Ona 6bia BBeeHa HNJA Toro, 4To0bl TeOMETpAA NPOCTPAHCTBA-BpeMeHH (opMalIbHO
KaK MOJKHO MeHbINe OTJAMYaJach OT FeOMETPHH 3BKJIMJOBA NIPOCTPAaHCTBA, 4ToOH mpeob-
pasopanusa JlopeHiia mo BUAY GBUIM IOX03M HAa BpameHHA | 9To6 He 6bUlo pasnnyms,
KOTopoe B IPOTHBHOM Clydac HeoGX0AuMO IPOBOANTE MesKNY BeJMINHAME C BepXHAMHE
AHIEKCAMH (TAKMMHA, KaK KOMIIOHEITH p* BEeKTOpa 3HEPTAA-AMOYJIBCA) M BeJHIMHAMHE
¢ HIVKHAMH HHIEKCaMH (TaKMMH, KaK KOMIOHeHTH p, 1-QopMH sHeprum-mMmyJjnca).
OnHako, u36aBABINACEH OT 3TOTO Pa3jMYMA, MHl TOJBKO mpoHrpaeM. Be3 Hero HeBo3-
MOKHO y3HaTh, HMeeTCs Ju B BHAY Bektop (§ 2.3) miam coBceM MHOM reoMeTpmueCKHi
o6wexT, Apasomuaics 1-gopmoit (§ 2.5). Boxee Toro, EMeeTCA CymecTBeHHOE pa3jiAdne
MeXIy YITJIOM, OT KOTOpPOTO BCC 3aBUCHT HmepHOAMYeCKM (BpamleHHe), M IIapaMeTPOM,
yBeJ@deHAE KOTOPOro BCeTNa NPUBOAMT K BO3PACTAHMIO PAa3HANH B MMOYJbce («mapa-
MeTp CKopocTa» mpeobpasoBaunmii Jlopenna, gonoxasenme 2.4). Ilpn BBemenmm MHEMOM
BpPeMEHHOM KOOPAMHATH OT HAC He TOJDLKO YCKONB3alOT XapaKTepHHE 9epPTH TeOMeTpH-
geckoro o6beKTa, ¢ KOTOpHIM Mbl mMeeM JeJo, M HpApoAa mapameTpa B mpeo6Gpaso-
BaHHEA KOODAMHAT, HO MPOMCXOJHT HedTo eme Gojee CyMeCTBEHHOE: YCKOIb3aeT COBEp-
mMeRHo pa3iEdHas CTpYKTypa MeTpukm (§ 2.4) B reomerpmm + -+ + B B reoMeTpHH
— 4+ 4+ +. Ecau B 3BKJIHU0BOI TeOMETPHH PaCCTOAHAE MEKIY NBYMA TOYKAMH PABHO
HYJI0, TO OTH [Be TOYKH ABIAIOTCH ONHOH W TOH ke Toukoil. Ecim e B reomerpum
Jlopenila — MHHEKOBCKOTO HHTEPBAJ Me;kAY ABYMA COGHITHAMHA paBeH HYJII0, TO OIHO
coGBITHE MO’KeT IPOMCXONATH Ha JeMe, a ipyroe — Ha CBEpXHOBOI B rajaktuxe M 31,
XOTH OHH COeJMHEeHbl HYJeBHM JYyoM (JesKamuM Ha CBETOBOM KoHYce). B cBeropoM
KOHyce, HaIPaBJeHHOM H3 NAaHHOTO COOWTHA B IpomJioe, cofleprkaTcA Bce CoOuTHA,
KOTOpHE MOTJHA HOBIHMATH Ha JaHHOe cobuTme. B cBeToBOM KOHyCe, HampaBJIEHHOM
B Oynymee, cofepmarcA Bce CoObITAs, Ha KOTOpEHE OHO CaMO MOJKeT INOBJIMATE.
MHOeCcTBO JBOMHEX CBETOBHX KONYCOB, BHXOAAMMX H3 Ka}KAOro COOHTHA B mpo-
cTpalcTBe-Bpemenu, o6pasyeT 3auemIAKMYIOCA OPAIYAHAYI CTPYKTYpy. Biaromaps
9TOR CTPYKType (H3HUECKHe 3aKOHOMEPHOCTH B MApe TaKOBH, Kakue OHH eCThb (Gonee
noapo6ro o6 sToit cTpykType cM. [89—91]). M ecam B o6xactm mpocTpaHCTBa-
BpeMeHH, ABJAOMENCA NJIOCKOH, MOMHO 8aMaCKHPOBAaTb 3Ty CTPYKTYpY, HamHCcaB

(As)? = (Az?)? + (Az?)? + (AZ®)® + (AzY)?,

rae z* = ict, To elle HHKTO He Hamel cmocofa, KaK BBEeCTH MHHAMYI KOODAHHATY
B 00meM ciiyJae RCKPUBJIEHHOTO IPOCTPAHCTBEHHO-BPEeMEHHOTO MHOTro00pasus. A ecnm
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z* = ict HeJB3A BBECTH TaM, To MH He GyJeM MCHONB30BaTh ee U 30eCh. B aToil riaBe
H HE)Ke, KaK H BO BCeii JATepaType o 00meil TeOPHH OTHOCHTEABHOCTH, HCIOJIb3YETCH
BelleCTBeHHAsl BPeMeHHAA KOOPAHHaTa 20 = f = cloguqm (@HAEKC 0, a He 4, 4robm
n36e;xaTh BCAKOM BO3MOMKHOCTH CIOYTaTh C MHMMOM BPeMeHHOH KoOpAHHATOIX).

§ 2.4. METPHYECKHHA TEH30P

MeTpnueckuii TeHsop, Kak ye roBopuinoch B gonoauenuu 1.3, IV,—
3TO CBOEro poja MamWHA JJIfA BHYUCICHHS KBAaApaTa [JIHHH OXHOTO
BEeKTOpa H CKAJADHOT0 HpPOM3BeNeHUS [ABYX PAa3IMYHKHX BEKTOPOB.
Tounee, MeTpHUeCKHH TeH30p § mpeAcTaBaAeT coGoil MammHY C ABY-
MA KaHaJaMH AJIs BBOJAA BEKTODOB:

Bxog 1 Bxom 2
] ] (2.5)
g( ).

Ilocie BBONA BeKTOpOB MamHEHA BHJAET BEIECTBOHHOE YHCIO:
g (u, v) =cKaaAapHOe mpoM3BefleHAe U Ha V, 0603HaYaeMoe TakKke u-V,

(2.6)

g (u, u) =kKBagpar AnEHH U, oGo3HA9aeMHi Takke UZ.

JTO0 9YNMCIO He 3aBHCAT OT NMOPSAJKA, B KOTOPOM BBOJATCA BEKTOPH
(«MeTpudeckmit TeH30p CHUMMETpPHYEH»),

g(u, v)=g(v,u), (2.7)
R JAHeHHO BaBHCAT OT CaMHUX BEeKTOPOB:
g(au+tbv, w)=g(w, au+bv)=ag(u, w) +bg (v, w). (2.8)

Tak kaxk MerTpmueckas «MalUMHA» JUHEHLA, €C CIPOTYLKI[HIO» MOKHO
BEIYHCJIUTh A JI0OBIX BXORHEIX [JAaHHHIX, 3HAA JUIIb Pe3yJLTAT ee
BO3MEHCTBUA Ha 6Ga3uCHEHE BEKTODH @, JOPEHNEBOil CHCTeMH. JTO
Jejiaerca ciexylomum oGpasom:

1) OmpepemmM cuMBONH («MeTpudecKHe KOQPUIUEHTEY) g5t

Nap=§ (@a, 8) = 6, 05. (2.9

2) Buuucaum ux UHCICHHHE 3HAYEHHA, ACHOOJNb3yS H3BECTHOE BREIpa-
JKeHHe JJIA KBajpaTa MJIAHH BeKTOpa & = Az%@,, pasfeiaAnlero
XBA COORITHA:

(As)P= — (Az")>+ (Az')?+ (Az?)P+ (A2 = g (Az"0q, AzPep) =
=Az“A:cBg (eq, 88) = Az“Azﬂnap nopr do6om BhGope Az* =

—1000

=]/ ©100} B moGoit nopernesoit 2.40

=Ml =} 6010l cacreme orcera. (210)
0001

MeTpuka
OmpeRenneTON
KOK MAINIEHA

CKAIAPHOTO
HPOH3PEfCHER
BEKTOPOB

Merpuueckue

EOSD@HIHEATH
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3) Buumcamm cKaJlApHOe NPOM3BeleHHMe HABYX IPOM3BOJIBHBIX BEKTO-
poB U @ V:

u-v=g(u, V)= g (1 e, vPap) = u"’g (0., 6p),
0oy = U0 nap = — u%P L ulv! 4 utP 4w, 2.11)

Totr ¢aKT, 94T0 HampaBieHNA M BEeKTOPH B INPOCTPaHCTBe-BpeMeHH
MOXHO pasbuTh HA «peMeHunodobHye» (¢ OTpPULOATEIbHHM KBAJpaTOM
IJHMHH), «RDOCMPAHCMEEHHOn0d06 ey (C IMOMOKUTEIBHEM KBaApaToM
JJMHE) O €HYaeéwe», HIA «CBETONOJOGHHE» (C HYAGBHM KBAapaTOM
IMHE), O0yCJI0OBAEH OTPHUATENHHHM 3HAKOM METPHYECKOro Ko03f-
dumuenTa 1y,.

Hononuenne 2.2 mOCBAMEHO NPHUIOKEHUIO H3JIO:KEHHHX BHIIE
uged u cAcTeMbl 0003HAad9eHAMH K JBYyM mpocTeilmmm mpobiuemam cme-
OEATBLHOM TEOpHMM OTHOCHUTENIBHOCTH.

§ 2.5. TUOOEPEHIIMAJIBHBIE ®OPMBI

BexkTops M MeTpHYeCKHi TEH30p HpeacTaBIAT co0oi reomeTpmie-
CKHe 0GbeKTH, yiKe 3HAKOMEIC TUTATENIO H3 TJ. 1 ¥ U3 3jIeMeHTapHHX
KypPCOB CHENMAJbHOH TeopHHM OTHOCHTEeIhHOCTH. Meuee mamecremn,
HO He MeHee BajKell TpeTUH reoMeTpudecKHil 00LeKT—«dugpepenyu-
aavias gopmar, uia «I-gopmar.

PaccmoTpum 4-mMOoyinbpc p Kakoi-nuGo TacTHOH, HanpaMep 3JEK-
TpoHa. K mOHATHIO MMIYJbCA MOKHO HMOAOMTH, BBeAA CHAUAJA 4-CKO-
POCTh 3TOTO BJIEKTpoHa U = d&P/dt («nepemelnenme B IPOCTPAHCTBE-
BpeMeHH 3a efMHANY cOGCTBEHHOTO BPEMEHM BOJb NPAMOM, ammpo-
KCHMUDYIOH[EA MHPOBYIO JHHHIO»). ITO BEKTODP EAMHHIHOH IJIHMHH.
YMuo:xas ero Ha Maccy 9YacTHNE m, HOIYTIaeM 6€KMOD UMRYALCA

p=mu.

Ho B ¢nanke u3BecTeH m Apyroifi moaxof K MOHATAIO AMIYJIbCA, NPH
KOTOPOM KaKOOil JacTMme mpPUIHCHBaeTcA BogHA Ae Bpoinsa. Boxee
TOrO, 3TA BOJHA HMeeT CAMH HemoCpeICTBeHHH PH3MIeCKHil CMBICT.
[lycts 3Ta BOMHA HCOHTHBAET [UPPAKOMI0 HA KPHCTAIMIECKOH
peiwnerke. Kapruaa mudpakmuy mosBosifeT ompegeNuTh HE TOJBKO
IIuHY BoaH me DBpoitisa, Ho m Ty Komdurypamuio B mpocTpaHCTBe,
KOTOpY!0 00pa3yoT MOBEPXHOCTH DPABHHEIX HeJOYHCJIEHHHX 3HAYeHAH
dasut ¢ =7, ¢ = 8, ¢ = 9, . . .. ITa KoHQUTypanuA MOBepXHOCTE]A,
KOTOpyI0 MH 0003uauuym K, faeT npocTeAINyI0 HITIOCTPANHAI0, KOTOPYIO
ymaercs Haittn paa 1-gopMH.

Jlusa dero ke MOKeT OPUrORUTHCA KOHPUIypamusA NOBEPXHOCTEH
B OpOCTPAHCTBe-BpEMEHH, Co3faBaeMas Takoit 1-gopmoii? Boabmem
naBe 61u3kme TOUKM B IpocTpaHcTBe-Bpemenn &P u P, I[Iposemem
cTpeaky V= & — & ua #, B #. Ona mepeceder ompepelerHoe
9uca0 moBepyYHocTel menoit dass BoaHu xe Bpoiasa. [ycrs kaasin
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f
4 [ Nonoxurensnoe
ll HanpabJleEde ©

OUT. 2.4.
Bekrop ¥ = &P — Py, paspeasiomil ABa coceqENX coburua Py u F; 1-dopma o;
BEKTOD V, HepeceKasch ¢ MOBEPXHOCTAMHM O, AaeT YUCIO

(o, ¥v) = (yncno nepeceKaeMHX IOBepXHOCTeil) = 4,4

(4,4 «ymapa Kojokoaa»). Ecan ¢ cocTraBjeHa H3 IIOBepXHOCTell MOCTOAHHHX
sHaveHW# pasn ¢ = 17, ¢ = 18, ¢ = 19, ... neGpoiineBcKol BOJHH 2JCKTPOHA,
To {0, ¥) paBHO pasHocTH ¢a3 Memmy coOHmTHAMH Py, B FP. OTMeTnM, UTO
¢ OOMOINBI0 OJHAX IIOBEPXHOCTEd He yHaeTcs MOJHOCTHIO 0XAPaKTepH30BaTh O
HeoOXxoMUMO em[e YyKas3aTh opHeHTauumi0. KaKoe HampaBiieEHe OT HOBePXHOCTH
K [OBEePXHOCTH SMBJACTCA (IOJOMKUTeJLHEM», T. €. B KaKOM HanpaBleHHH
yBeJIUYHBAETCA ¢?

pa3, KOrfa CTpe;IKa IPOKAJBIBAeT O4epellyi0 HOBEepPXHOCTH, 3BYUHT
yaap BooGpaskaemoro KoJokos1a. UMcao NMpoKOJOTHIX moBepXilocTei
(ynca0 «ymapoB KoJoKoJa») obo3HagaeTcs

Kk, v).

T

nmepecekaeMasa 1-popma —  '— mepeceKalolIEi BEKTOD

B paccmaTpmBaeMoM npEMepe OHO paBHO DAa3HOCTE (a3 MEKAY
octpueM (&) m ocmosammeMm (&P)) BexTopa Vv (pur. 2.4):

(k, V)= ¢ (F) — ¢ (F0).

Kak npasnio, un &, nu P ne 1e;4aT B T09KAX 1LETOIMCACHHOM pasHL.
ITooToMy HeoGxoguMo mpeacTABHTEH cebe, UTO MEKAY NOBEPXHOCTAMH
me0it assl paBHOMEpHO pacmpefeneno 0ecKoiledHOe YHCIO NOBEpX-
HOCTEH CO BCEeMH NPOME;KYTOYHEIMK 3HadenuAmu ¢asel. C nx moMolnkio
MO;KHO ompeneanTb Toumnoe 3naucHue (K, ¥) = ¢(P) — ¢(F).

YTo6H ynpocTHTH MaTeMaTUYECKY!0 KapTuuy, OyxeMm TpakroBaTh K
He Kak raobaibayio KoHGUrypamguio nosepxuocTeil Boanu ge Bpoitnsn,
a KaK JIOKaJbUyl KoHUrypauuioo BOIU3M HEKOTOPO#H TOYKH B NpO-
cTpancTBe-Bpemens. Ilogo6uo Tomy, Kaxk Bektop U = d&f/dt xapak-
TepU3yeT JIOKaJbHOe TIOBeJeHHE MHPOBOH JHMHNHA JacTAOH (JIHHEHHASA
anmpoxkcuMManAa KpuBoil B o6mem caygae), Tak u 1-dpopma k xapaxrTe-

1-opua,
paccMaTpuBaeMas
KAK COBOKYIHOCTL
T/I0CKHEX
nosepxaooreil,
PACIIONOKEHHBIX
yepe3 pasHbie
MPOMEKYTKH
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k=d ¢ C Tpems
DONOAHUTENbHBINH NOBEPXHOCTAMM
nas Gosee acHoro H30bBpaxeHus
CTPYKTYPh!

[loBepxnocTb "~1"

OUr.~2.5.
Orta durypa caykaT gBoAKoi 1ean. a) OBa ABNAeTCA MIIIOCTpanued ana i-gopmnt

K me6poitneBckoit BoNEH B cobHTHE FP, (CeMeliCTBO MIOCKMX MOBEPXHOCTel, pac-
NONOKeHHHX Yepe3 pPaBHHE NPOMEKYTKH, MIM «THIEPIJIOCKOCTel», ammpoKCcH-
MHApYIOIMEX NOBePXHOCTH NMOCTOSHENX 3HadeHNii $asu). 6) OHa ABIAeTcA NIJII0-
cTpaumeit nas rpaguenTa d¢ yEKkuAM ¢ (MOBATHA, onpenesenHoro B § 2.6), Koro-
PHIil npepcTaBaAeT coboil To jxe OpMEHTHPOBAHHOE CCMECTBO INIOCKMX HOBEpX-

Hocteli K = d¢. PasmuuEmM COBHTHAM COOTBCTCTBYIOT pasiuvEHe K = 0o —
CeMeiicTBA IO-PABHOMY OPHMEHTHPOBAHEHX M DACIOJOMEHHHX 4depe3 pa3HHe
OPOMEKYTKH IIOCKOCTefi. MaMeHeHme ¢ MesKNy OCHOBAHMEM M OCTpHMEM OYeHD
KOPOTKOTO BEKTOpPA V PaBHO HICJIY TOBepxHocTeil d ¢, mepeceKaeMHX 3TUM BeK-
TopoM, (d¢, v); Ba aToil ¢urype omo cocraBaser —O0,5.

pu3yeT JoKaabHYI0 ¢opmy moBepxHocTel BoaHE Ae Bpoiina (B nuuei-
HOM UpEOIMKEHNA; MOBEPXHOCTH ABIAITCA MIOCKHMH H PacIoo:Ke-
HH 9epe3 paBHHE NPOMEXYTKH, Qmr. 2.5).

1-hopMy MOMKHO TPAKTOBATH H KaK MAIIMHY, B KOTOPYIO BBOAATCA
BeKTODH, a B pesyJbTaTe HmoaydaioTcs ducia. Beoms v, na Bhxoze
noaysaeM (k, v). [Tockomsky moBepxHocTH K ABIAIOTCA IIOCKAMM
H pacHoJIOKeUH dYepe3 pPaBHHE NPOMEKYTKH, Pe3yJhTaT Ha BHXO0Je
3aBUCAT OT BXOMHHEIX JAAHHHX JAHEHHO:

&, au+bv)y=a (K, u)+ bk, v. (2.12a)
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Toaoxuteashoe Ranpasachue

N

Honoxureastoe
Halnpasienme
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A
i
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OUT. 2.6.

Cnoxenne asyx 1-dopMm @ u B, B peayanTaTe KoToporo moxydaerca i-dopma o.
TpebGyercsa, ucxonsa u3 u3obpakeHAA & M B B Buje ceMeiicTB IIOCKOCTell (HampH-
Mmep, (&, P — FPy=...—1,0,1,2,...), mocrpours Tarkoe ke Hsobpa-
MeHVE IA 6 =a -+ ff. IT0 HOCTpOCHWC, OCHOBABEHOE HAa XUHEHHOCTH
(2.126) onepamuM CJOKEHMA, BHOONHACTCA ciacayomuM obpazom: 1. BriGepem
HOCKOJbKO BEKTOpOB U, V, ..., NapaxjelbHHX MoBepXHOCTAM P (1epecevyeHHEA
OTCYTCTBYIOT!) Il mepeceKalomuX POBHO 3 MOBEPXHOCTH &; KaKAMIl M3 BUX TOTAA
AOIKeR Tepecedb POBHO 3 MOBepXHocTH ¢. 2. BuibepeM eme HeCKOJNBKO BOK-
TOPOB W, ..., MapaJJeNbHLX MOBEPXHOCTAM @&, HO TepeceKalmuX poBHO 3
moBepXBoCcTH f; OBU ToXe NOMKHL Tepecedb POoBHO 3 mopepxHocTH ¢. 3. Temepn
CTPOMM TO eAWHCTBEHHOEe CeMeliCTBO TOBEPXHOCTEH, pacCloNOKeBHHX wYepe3
paBHHIC TIPOMEKYTKHM, HAa TEPBO#l M3 KOTOPHX JeKaT OCHOBAHAA BCEX BEKTOPOB
4, V,..., W, ..., a ma 49eTBepPTOX — HX OCTPHHA.

B neficTBUTEIBHOCTH MMEHHO 9TO M CCTh MATeMAaTIdeCKOe OnpceeJcinie
1-gopmer: I-gfopma seasemcst AUHEUHOU, eeijecmeeHHol Pdynryuel
6exkmopog, T. €. JUHEeHHO! MAINMHON, B KOTOPYIO BBOIATCA BEKTODH,
a HA BEIXOJe MOMYIAOTCA vIICaa. 3afaHne MmN K mo3BOIACT Jierko
HApHCOBATH COOTBETCTBYIOIHE NOBEPXHOCTH B IIPOCTPANCTBe-Bpeie-
ui. Depem toury &y, B xortopoit pacnoroxena sTa maunma. ITpoxo-
maueir aepes &, nosepxnocTH K mpuHamneskar Toury P, 1A KOTOPHX
(k, P—&,) = 0 (un ogmoro ymapa Komokomra). Jlpyrum mosepxio-
CTAM NPHHALIEGKAT TOUYKH, 418 KoTopux (K, P—FPo) = 1, +2,
+3, ...

NMuorga 1-dopMel 0003HAYAIOT KMPHEIMM JATHHCKAMI OyKBaMH
¢ THABIOH wBaBepyy, nampinep K, 10 vaule — MONYRUPHLIMI GyK-
BaMil rpeuecroro aidasnta, waupuyep o, f, o. Peayanrar neitctrus
1-GopMH G A BEKTOP U HABLBAWT IHaueHeM G Ha U> WIN «C6ePMKOI
o ¢ W.

1-PopmE, Kark M JdwOre GYHKIUM APYTOro BUAA, MOKHO CKJAMIH-
BaTh. 1-Popma ae - bP npencraBnser coboit MammuHy (COBOKYIHOCTH
moBePXHOCTeH), Pe3yIbTaToM AeACTBAA KOTOPOA HA BEKTOp U ABIAET-
CA 9UCIO

(ax+bB, uy=a (a, u) + b (B, u). (2.126)
Ha ¢ur. 2.6 ato ciomenme m306paskeH0 ¢ NOMOMbBIO TOBEPXHOCTEH.

HozoxuteabHoe
HalpaBAcHie

1-dopma,
paccMaTpnBacMam
KaK anneligas

(PYHENIA BEKTOPOB

Chomenne
1-popm



du3anuecKoe
COOTBETCTBHE
MeXay 1-popmans
I BEKTOpaMH

MaTeMaTHYECRO®
COOTBETCTBHE
Mewny 1-gopuamm
M BEKTOpaMH
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Hetrpynuo ybenuthcs B ToM, 9T0 COBOKYNHOCTH Beex 1-dopm B gan-
HOM cOOLITHH 00pa3yeT «BEKTOpPHOEe IPOCTPAICTBO» B abCTpaKTHOM,
anre6pamveckoM CMBICTE ITOTO TMONATISA.

Bepuemca k uactume u ee je6GpoiiteBckoit Boane. Touno Tak ske,
Kak cTpeaka P -: md$/dt mnpeacTaBisieT UAMNYYIIVIO AUHELHYIO
aNNPOKCUMAIMIO MIPOBOH uimM dgacTumsl BGausn &, miaockue
moBepxHocTH 1-dopme K [alT Hamayumylo Jamueiiylo anmpokcHMa-
IHEI0 KPABLIX TIOBEPXIOCTelH Ae6poiiIeBCKoil BOANK TacTHIH, a cama K
ABIAETCA AUHeUHOU Pynryuel, KOTOpasA HAaMIydIwHM 06pa3om anmpokK-
cumupyer peGpoiiteBckylo ¢asy ¢ B6iamsm P

¢ (&) = ¢ (Fo) + (K, & — &Py) + anenn Gonee BHCOKOro mOPAAKA
o (P —&F). (2.13)

Ha camox gene pebpoiisieckan 1-dopsa K u BekTop uMnysibca p iecyT
OJHY U Ty ke nudopmanuo, Kak ¢ MaTeMaTHIECKOil, TaKk m ¢ ¢A3m@-
9eCKoif TouKN 3peHuA (B KBauToBOH Mexaunnke). lli1a BuABienmsa
COOTIIONMICHNA MC/KAY HHMH 0GO3HAIHM MOBEPXUOCTH K HOCpen-
c¢TBOM B X dasa m modydmM mpu 3ToM «I-gfopmy umnysscar i ITepece-
geH#e 3T0i 1-GopMBI IPOU3BOJNBIIEIM BeKTOPOM V NPUBORUT K pPe3yib-
tary (yupaskunemnue 2.1)

p-v={p, V). (2.14)

CrnoBaMu 3TO MOSKII0 CKA3aTh TaK: HPOEKI(ISL BEKTOpAa V HA BEKTOD
4-pMrysnbca P COBHmAjaeT C 9ICJIOM HOBEPXHOCTEH, KOTOpHE ¥V Iepe-
ceraeT y 1-dpopmu mmmnynasca i HIpumepvi. BekTopH ¥, Nekamue Ha
DOBEPXHOCTAX i (ne mepecekarompe 11X), HePNEHAUKYJAAPRH P (mpo-
eKIEA OTCYTCTBYeT); CaM BEKTOD P IEpPeceKaeT MOBePXHOCTH P p* =
= —m? pas.

Ias mo6oro BekTopa P CYIECTBYET €QIIICTBEHHAS COOTBETCTBYIO-
maa emy 1-dopma (iuuefinasg Gyuruus BEKTOPOB) i, onpejensaeMasn

ypaBHenueM (2.14). Ilasa a106oi 1-gopmu p cymecTByeT eamHCTBEH-
HH# COOTBETCTBYIOIUA eMy BEKTOD p, OmpeReNsAeMblil 10 IPOeKIHAM
Ha BCEBO3MOKHBIE ApPYTHe BEKTOpHI, KOTOpHE HaXoJATCA M3 ypaBlie-
nuA (2.14). Ha ¢ur. 2.7 nokasano 1eCKOJbKO BEKTOPOB M COOTBET-
cTBylomux uMm 1-gopm.

OTpenbHas ¢usnuecKas BeJHIAHA OJMHAKOBO XOPOIIO ONECHBACTCH
KaKk BEKTOpOM P, TaKk H cooTBeTcTByiomeil emy 1-gopmoit p. MHorna
foiee NPOCTHIM H €CTECTBEHHKM SMBJISETCA BEKTODHOE ONKCAaHUE,
a uuoraa Gosblie NpUBJIeKaeT onucanue ¢ noMompo 1-dopM. Ipunmep.
Pacemorpnm 1-gopmy, xapakTepuaywmylo H3MEHEHHE JOPEHLEBOHA
BPEMEHHOU KOODAMHATH B CTODOHY OVAYIIEro — TOBEPXHOCTH z° =
=...,7,8,9,... CooTBercTBylOmuil BEeKTOp HampaBJeH B IPOII-
noe [¢ur. 2.7 uan ypasuenue (2.14)]; onucanue ¢ ero moMompbi0 HOp-
MAJLHOTO TeUEHHWS BPEMEHH He TaK YK HPUBJIEKATeJbHO!
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4 ~ 8.8

/ \ HNonoxuren: sice
tlosoxurennhoe \‘HanpaBJleH ze B

HanpasJenuc A

\uanpasneuue

o R me /

Tlonoxureabtoe S~
Hanpas.aenic E

ﬂono;xu'renbnoe
Hanpasnetive D

OUr. 2.7, ~
Heckonbko sextopor A, B, C, D, E m coorsercrByiomute nym 1-gopmu A,
8, C, D, E. Hapucosats U, koTopas craBuTcAa B cooTBeTCTBHe BekTopy U,
ROBOABHO Jerko. 1. PacrnonommnTe mosepxHocTH U opToroEainbHo Bexktopy U.
[Mogemy? TloTomy uto m106o0ii BekTOp V, neguennnxynapnm‘i U, He mommen
mepecexath noBepxHocteilt U (0= U.¥V= (U, V)), a 3HAYMT, OMHEH NpH-
HA[JIEIKATh 110BEPXHOCTH U] 2. PaaMmecTHTe NOBEPXHOCTH U Takmm oGpasoM,
9706 KOJHNYECTBO NOBEPXHOCTEIl, lEpPeceKaeMHX HEKOTOPHM NPOM3BOIbHBIM
sekropoM Y (saopumep, Y = U) Gwuio pasEo Y -U.

Cneayer OTMCTHTB, UTO NOBEpPXHOCTH B HA camom jiene opToroHaibHH B,
IOBePXHOCTH § HA CaMoM fejle OpPTOTOHANBHH € M T. f. ECIM OHI TAKOBHIME
He KajKyTcA, TO TOJBKO NOTOMY, 9TO UMTATE]b NPUONCHBAET NPOCTPAHCTBEHHO-
BpeMEeHHOMY 11300pajkeHII0 9BRJANI0OBY TeoMeTpPRIO, a He JiopeHueBy. OH [0JKeH
OOMHHTBL, HAUpPHMep, YTO TaK Kak O — HyJeBoil BCKTOP, TO OH OPTUTOHANEH

caMomy cebe (G-C = 0), a MO2TOMY CaM JlOJIHeH JIeMKaTh B IIOCKOCTH 1-hopMul G.
Te, KOMY TPYJHO OPHEHTHDOBATLCA B UPOCTPAHCTBEHHO-BPEMEHHEIX ycpTeKax,
MOTYT 03HAKOMHTBLCA € HAMH IO JeMeHTADHHM DPYKOBOACTBaM, Hampumep [81].

Tuabpa najy 1-dopmoii p, cooTBeTcTBywwICH BexTopy P, 4acTo
omyckaeTcA, H AjaA obo3HaucHus ofOUX HMCHOJAL3yeTCH OfUH H ToT
e cumpon p. Taxoe ynpomenne onpapgano Tem, uTo MEKZY P M p

CYLIECTBYeT B3aNMHO 0HO3HAadHOE COOTBETCTBHE (Kak MaTeMaTHUecKoe,
Tak M QusiuecKoe).

)
|
i
; C,j C ﬂono;xurenbnoe

2.1.

Ilokasknte, uto ypasuenme (2.14) corjacyeTcs ¢ KBaHTOBOMEXa-
HHYeCKMMH CBOMCTBAMH BOJHH He Bpoiuna

Y =e®=exp [i (k- —wt)].

YIOPAKHEHHE
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Jonommenne 2.2, YIIPAJXHEHHA C PEIIEHNAMH, B KOTOPBIX NCHOOJIb3YETCA METPUKA

Ynpaxcrnenue. Ilokaxute, 9To KBagpaT LIAHK 4-CKOPOCTH mPOOHOR 9acTHLOH paBeH

Pewenue. B npouspoannoil JopeH!eBoil CHCTeMe, UCHOL3YA KoMmorentel (2.2),
JIETKO UaXOJUM

w2=g (u, u) =uubneg= — (u°?2 4 (ut)® + (u?)?2 + (u)2= — 1_1”2 —+ 11202 = —1.

.Vnpa:ﬂcuenue. Hoxa}mrre, YTO MAaCcCa HOKOA 4YaCTHLLI, € HMIYJbC H JHEePIruA CBA3AIIhl
3HAMEHHUTHM COOTHOIIEHHEM

(me?)2= E*— (pc)?,
HIH, UTO TO jKe caMoe (B IeOMeTPHUECKHX efMHHIAx!),
m?= E?—p?,

Ilepeoe pewenue. 4-mMnynpCc ompeneseH Kak p=mu, riAe U eCTb 4-CKOPOCTH,
a m-—wmacca mokos. CrenosatenbHo, KBajpaT €ro AJMHLI

m2 m2v2
E2 pz

Bmopoe pewenue. B cacreme Habaomateast, rae usmepanTca F u p, 4-umnyisc
pacmafiaeTcA Ha BPeMCHHYI0 W IIPOCTPAHCTBECIHYIO COCTaBIAIOUIMe

p’=E, p'es+ pe;+ ple;=p,
a, 3HAYMAT, KBAApAT €r0 NIAHLI
|l2= —E*+p2.
HO B cnmeme, TAe gacTHOa IIOKOHATCA, p pacnanae'rcn HA COCTaBAAIIAE
PP=m, p'=p?=p*=0;

CJlefloBaTeAhHO, KBaJIpaT ero JIMAL paBen p2 = —m?. OJgHaKo KBajpaT AJHHbI ABJIAET-
CA reoMeTplIeCKUM 00BCKTOM, ONPEACACHHLIM BHC 3aBUCAMOCTH OT KAKUX-THGO CHCTEM
KOODJAMHAT, NOITOMY Pa3iMIHBC METONL ero BHITHCJIENUA LOT/KHBI MIPABOAUTE K ONHO-
My H TOMY e pe3yibTaTy:

—p=m2= E?—p2,

§ 2.6. TPAIUEHTHI N IMPOU3BOAHBIE 110 HAITPABJIEHUAM

T pamerrs IIpocreitmeit 1-Ppopmoit asasercs epaduenm df pysxnmn f. 'pagnent —
o 1~gopua 1-popma? Kak ato momker G6uTE? Benb Bcerna cumranoch, 9To rpajgd-

eHT — 3To BeKTop. [la, HO TOIBKO NOTOMY, 9TO Ham He OHJIO 3HAKO-
Mo Goxee moaxonsmee momathme 1-dopmu. I'pagment, KoTopuil Ham
Gosiee 3HAKOM, — 3TO BCEro JIMIIb BEKTOD, HOCTaBIeHHHH B COOTBET-
CTBHe ¢ momombio ypasHennsa (2.14) 1-popme rpapmenra. I'mmepmaoc-
KocTH, xapakTepaaylomue df B Toure & npeacrasasioT coboii moBepx-
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HOCTH yPOBHA caMoil GyHKIuN f ¢ TOTHOCTHIO A0 MpoleaypH mpubau-
JKeHMA MX MJIOCKOCTAMM M pasMeileHHs dYepe3 pPaBHBIE MPOMEKYTKH
(cm. dur. 2.5, na KoTopoil ¢ caeayet oTo;kaecTBUTh ¢ f). Tounee, onu
ABJAIOTCA MOBEPXHOCTAMH YPOBHA JJIA JMHEHHOH QYHKIMM, anmpoK-
cumiipytoomeit f B GecxonedHo MaJoil OKpecTHOCTH TOUKH P .
Ilouemy Bo3umwJO 1asBanue «rpaguent» !)? IToromy uro df B mep-
BOM NOpSAAKEe ONMCHBAET u3meneHHe GYHKOUM [ B oxpecTiocTH P,

fAF)=f(Po) + df, P — Po) + nenuneiturie wnenn, (2.15)

(B xadecTBe cpaBileHUA HOJIE3HO BCOOMHMTH, 9TO PyHAAMENTAIbHOE
MONSAITHE (IPOM3BOJIIIAA» 4ero-IH60 o3HayaeT «HaMJydinaa JHHeiHas
ANMPOKCHMANMMUA 3TOT0 4ero-Jmb6o B TOYKe»,— TPAKTOBKA, MpPHMEHH-
Maf jlaske B ciydae QyHKIHil, apryMeHTaMM M 3HAYEHHAMH KOTOPSIX
ABiATeA Geckoneynomepunie Bektopw! Cwm., nampumep, [92].)

BosbMeM HekoTophiii BEeKTOp ¥V, mOCTpoMM Kpusyio < (A), ompege-
nsemyio pasenctsoM & (A)— Py=Av, u npoauddepenupyem QyHk-
UM f BHOJNB ITOH KPHBOI:

Ovf = (d/dMamof [ (W] = (df/dN) g, (2.168)
«Iudpdepennmanbuntit omepaTop»

Oy = (d/dM) npmr = 0,8n0ms xpmmont P (A) — Po = Avs (2.166)
KOTOPHI NPOM3BOAUT OTo updepeHupPoBaNe, [Ia3KHBAETCH «ONEPAMO-
POoXM npoussodnoli no nanpasaeruio eéekmopa ¥». IlponsBoguasa mo Ha-
npaByieHHI0 7yf 1 rpapuent df TecHO cBA3aHH. JTO Cpa3y BH/HO, €CJIH
NPHMEHHTb Oy K ypaBHenuio (2.15) ¥ BHIYHCIMTH pe3yinbTaT B TOY-

ke &P,, uto maer
0vf = (df, dF/dL) = (df, v). (2.17)

BuipaskeHnstii cioBamu, 3ToT peaynbTar riacut: df — auueiinas ma-
IIMHA JUIA BHIYUCIIEHHA CKOPOCTH M3MeHenuA [ B0Jb MPOM3BOJBHOTO
BekTopa V. Beega v B df, na Brxoge mosnydaem d,f («auciao mepecexa-
eMBIX NIJIOCKOCTeil, YUHCIIO YAapoB KOJIOKOJa») — 9HCJI0, KOTOpOe TpH

JOCTATOYHO MAJIOM ¥V PaBlio NPOCTO NMpHpALENHo f Me)K/ly oCcHOBaIIH-
€M H OCTpHEeM BeKTOopa V.

§ 2.7. KOOPIUHATHOE IIPE[CTABJIEHHE
TEOMETPUYECKUX OBBEKTOB

13 n:1rockoM mpocTparncTBe-Bpemern 0coboe BiiMManue yaeaAeTcsa Jopell-
HeBLIM clcTemaM oTcyeTa. HooppuHaT B JopenieBoit cucteme z° (F),
2 (F), 22 (P), 2} (F) sapaswrca GYURIMAMHA, H MB  MOKEM
BHIUIICJNTL X rpaxdenTel. B KauecTBe rumepmiiockocTei Kai¢[oil n3
MO TYYAKIMXCA B peavibTate «6asmcuslx 1-goprm»

0% = dz= (2.18)

1) AHramiickoe cioBo «gradients umeer 3maueHHe «cKaT, YKmoH».— ITpux.
nepes.

7--01457

Oupeneienae
omeparopa
1POH3ROXHOR

110 HANPA BACHUID

BazacHue
1-popMut
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Tonoxurennhoe
HanpasicHHe

Nonoxurennroe
HanpasJenue -
e
» f >
4 1 Tlonoxurenntoe:
HaflpasAeHHe:

OUT. 2.8.
BasaceHe BeKTOPH M 1-$OpPMH HeKOTOpPOol#l KOBKpPEeTHOH JOPEHLEeBOll CHCTeMES

Koopnuear. Baasucmee 1-fopMB pacmomoskeEH Tak, uto (0%, 8p) = 8%.

BRICTYIAIOT KOOPJMHATHEI® IOBEPXHOCTH 2% = const ($ur. 2.8). Ciemo-
BATeJIbHO, 6A3ACHHE BEKTOD @, IepeceKaeT POBHO OJHY MOBEPXHOCTH
GasucHoit 1-opMH ©%, TOrfa KaKk OCTAJbHHE TPH BEKTOpa mapaJ-
JIeIbHH MOBEPXHOCTAM 0% H He NepeceraloT HA OfHOH M3 HAX:

(0%, 8p) = 8%p. (2.19)

(ToBopaT, uro coBokymnocTm OasmcHEIX 1-gopm {©*} m OGasmcHEIX

BeKTOpOB {@p}, obiamanmume aTHM CBOHCTBOM, «dyasbHu» APYT APYTY.)

To4gHo Tak e, KAK NPOMBBOJBbHHIA BEKTOP MOKHO PDA3JIOKHTH

no 6asucy @,, V= U%8,, UPOH3BOAbHYI0 1-$opMy MOKHO paBIOKHTHL
o of:

o =0pob, (2.20)

KoadpunuenTh pasioxeHnsa ¢z HA3HBAOTCA «KOMIOHGHTaMHE G B 0a-
suce Py,

9TH ompejielenus OPHBOAAT K H3AMHOMY BHYHCIATENbHOMY dop-
MaJH8MYy: BHYHCIMM ¢ mOMOmMbIo ypapuenni (2.19) m (2.20), croabko
HOBEPXHOCTeil G mepeceKaeT 0Aa3WCHHHE BEKTOD 6,:

(0, 8.) = (0p0P, 8,) = 0p (0P, 8,)=0pd’,,
T. €.
(0, 8g) = Cq. (2.21a)
AHaJloTAYHAA MPONeAyPa JJIA OPOHM3BOJBLHOTO BEeKTOpa V = 8gv® mosso-
xAeT HaUTH (%, V):

(ma’ v) = V%, (2.216)
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YuHokan ypasHeuue (2.21a) ma v* m cymMupyAa aubo yMHOKas
(2.216) Ha 0, M cyMMBDY#A, modydaeM B 06OMX ciydaAX OJWH U TOT
3e pesyabTar

(0, V)= 0a1". (2.22)

JTo BHpaKeHHE INO03BOJAET, HCIOJb3YA KOMIOHEHTH, BHYHMCIHTH
(6, ¥v), He 3aBHCsAIlee OT CHCTeMEl KOODAMHAT,

B kampoii JopenmeBoii cmcTeme JnI060if reoMeTpudecKHil 06BEKT
HJIHM COOTHOIIEHHME UMEET CBOE HpEeACTABIEHME, 3aBHCAMEE OT CHCTEMB
KOOPAMHAT: BEKTOp V HpeACTaBleH CBOEMM KoMIoOHeHTamu U%, 1-¢op-
Ma ¢ — CBOMMH KOMIOOHEHTaMH O,, TOYKa & — CBOMMH KOOpAMHATa-
MH 1%, cooTHomemme (6, ¥v) = 17,3 mpeAcTaBlIeHO B BHJE O U* =
= 17,3.

YTo6H HalTH KOOpJMHATHOE NPEACTABIEHHE ONepaTropa IpoM3-
BOZHOM 0 HampaBieHn dy, nepenmmeM ypasHenue (2.166) u nponz-
BejieM JeMeNTapHbe BHKIAAKU

Oy = (di}v)goo= \%z_;_) B P oAb & (A)— Po=Av ?a“) ’

v*, cM. ypaBHeHHe (2.3)
B pesyabTaTe mOJLydaeM
0y = U%3/02%. (2.23)
B uwactHOCTH, MpoH3BOgHAA BAOAb Ga3UCHOTO BEKTOpa 8, (KOMIOHEHTHI
[ea]ﬂ=(m5, ea)=65a) ¥MeeT BHJ
0o == 0, = 8/0a%, (2.24)

IT0 moJKHO GHTH AcHO Takke H3 ¢ur. 2.8.
KoMmonentn 1-¢opmm rpagmenta df, oGosnauaemmie f o,

df =f 0% (2.25a)
JIETKO BHYHCJIHTH, MCHOJNb3YSA NpPHEEileHENE Bhime GopMyJn:
(df, 8x) [06bYHMI cHocO0 BHYMCIEHHA KOMIOHEHT, ypaBHe-
Hue (2.21a)],

fa=14 0af [#3 cooTHomenusa (2.17) MeKEY T'pajMeHTOM H IpO-
HM3BOJIHOH N0 HAOpPaBJEHMIO)],

| 9f/6z% [u3 ypasuenma (2.24)].

Taxmm oGpasom, KomMnonentamu @f ABIAITCA dacTHBE OPOU3BOLHEIE
BAOJb KOODAMHSTHRIX OCeii:

f.a=0f/0z*, T. e. df = (3f/0z*) da*, (2.256)

9TO BIOJHE COTAacyeTCs ¢ mpocTeiilieil TPAKTOBKOL rpaguensTa B qug-
¢depennuanbHoM ucaucaenu. (Flanomunm, 910 0* = d2*.) U3 popmyan
df = (9f/92*)d2* naupaiumBaeTcd NpaBUIBHLI BHEOMA, 9T0 @f ABAAET-

7*

Upon3BoRHAR

PO HANPABICHHIO,
BH an
Jepes KOOPRHHATL

KonNmonesTn
rpapMesTa
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ca crporoii ¢opmoit «audpdepennmuanar, HCHOAb3YEeMOro B OOHIHOM
aHaiu3e; cM. JomoJHenme 2.3.

Jpyrue Ba;KkHbHe KOODXHHATHHE NPEJCTABICHHA IreOMeTpAYecKHX
COOTHOINEHUH HCCHERAYIOTCA B NPHBeJeHHHX HHKe yIOpa)KHEHHAX.

YaPAKHEHMA  BuBemurte cienyiomue Gopmysinl, Hojie3Hsle NPA BHIACIEHHAAX.

2.2, Onyckanne HMHfeKca, B pe3yJAbTaTe KOTOPOrO HOJYyYaercs
1-popma, cooTBeTCTBYIOUIAA RAHHOMY BEKTOPY

KomnoHernTH U, 1-POpME U, KOTOpas COOTBETCTBYET BEKTOPY U, MOTYT
ObLITh TOJYdeHH «ONYyCKaHMeM HMHEKCa» C IOMOIbI0 METPUYIEeCKHX
K0P PuHeHTOB Ngga:

Ug="Nepub, T. €. ug= —u, u,=u", (2.26a)

2.3. llogaATHe MHAEKCA, B pe3yabTaTe KOTOPOTO
BOCCTAHABJAHMBAETCH BEKTOP

MoskHO CHOBa MOJYYHTh KOMIIOHEHTH BEKTOpPa U, HOTHMMAasA MHIEKCH

u® = N%Pug; (2.266)

marpuna || n*P || no ompenenenmio o6paTHa MaTpHLe || Mep|| M B JaHHOM
clydJae COBHAJaeT C HEH:

neBng, = 6%, N*P=naps mua Beex a, P. (2.27)

2.4, PazanuHple ¢mocodb BHYHCACHAS CKAXAPHOTO HPOH3BEIEHHSA

Cranaphoe mpousBelieHHe U H V MOKHO BHIYACIAATH JWOOKM H3 cie-
Ayomux cnocobos:

u-v=g(u, v) =uvbn.p = uv, = ugvgn*h. (2.28)

Hononnenne 2.3. NMOOEPEHI[MAJIBI

«Buemnsas npousBoAuas», Had «rpagueHt df dyuxkumm f ABaserca Gosee CTPOroi
dopmoil mpocreiiimero moHATHA «uupdepeHIAAI».
ayMeMeNTapHLIX yYe6HHKax AnddepeHuman df BBOJATCH TaKHM obpa3oM, d9TO
OH XapaKTepuayer «becKoHedHo Majoe maMeHeHme ¢yHKuum f (F)», cooTBeTCTBYyOMmMEe
HEeKOTOPOMY GECKOHeYHO MajJoMy CMENIeHHMI0 TOYKH &; HO MBI JIeTKO NpUNOMHIaeM,
4T0 Ha cMemieHWe 7 He HaKAaJLBACTCA HUKAKHX OrPAaHHYEHMH, KpoMe GeCKOHeJHOM
Manoctu. Takum oGpa3oM, df XapaKkTepuayeT M3MeHeHMe [ B HEKOTODOM HeolpefeJeH-
HOM HaIpaBJIeHUH.
Ho ato Kak pa3 To, 9TO XapakTepusyeT BHemHsAs npoussonan df. BriGepeMm kakoe-
HAGYIp KOHKpeTHoe GeCKOHeuHo Majoe cmemendme V Todku . Pesyanratom mepe-
ceaennn df BexTopoM cmemenus v ABiaserca umciao (df, v) = dyf. ITo 4UmMCiO paBHO
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H3MEHEHHIO [ IIpH Iepexofie OT OCHOBAaHHA BeKTopa V K ero ocrpuio. 3uaunt, df nepen
TeM, KaK ero mepecexaeT V (B pesyJbTaTe 4Yero HoJy4aeTcA UMCJO0), XapaKTepHayeT
AsMeHeHHe [ B HampaBJIeHHH, KoTopoe He aafaHo. [lepeceuenne df BexTopom V sABIAeT-
ca neficTBEEM, KOHKPeTH3HDYIOIIMM HaOpaBJeHHE, B KOTOPOM Tpebyerca HaiiTm u3me-
Henne. EXnBCcTBeHHBIH HeAOCTaTOK ompeneieHns nm3 y4eOHMKA COCTOMT B TOM, 4TO
nox df mompasymeBaeTCs CKaJAp, MIA YACHO; AICHO OCO3HAB, YTO [JIA TOTO, HUTOOH
csectd df x umcny (df, v), Heo6xomMo 3aflaTh HampaBJieHHe V, Mbl MPHXOANM K BHBO-
Iy, 910 B feiictBHTenbHocTH df ABnsercA 1-dopmoii, rpaxuentoM f.

§ 2.8. HEHTPU®YT'A U ®OTOH

Bexropr, meTpuka, 1-popmu, $yHKDMH, TpafHeHTH, NPOH3BOAHLIE
[0 HANpaBJIeHAAM— BCe 3TH reOMETPHYECKHE OGBEKTH M MHOTHE ApY-
TAe WCHOOJb3YIOTCA B NJIOCKOM HNPOCTPAaHCTBe-BPEMEHHM [JIS HpejfcTaB-
JieHu s PU3AIECKEX BeJINYHH; BCE BaKOHH (U3AKH JOJKHH BHDa/KaThCA
C IOMOmBIO TAKAX reoMeTpPHIECKAX 00bEeKTOB.

“B KagecTBe NIPHMOPA PACCMOTPHM IKCHEPHMEHT, B KOTOPOM C BHCO-  Ieouerpicoxue
KOH TOYHOCTHI0O H3MEPASTCA KpacHOe CMeIeHue C HCIOJb30OBAHHEM 5 pedcrsmm:
adpexra M8ccbayspa (pur. 2.9). UanyvaTenp u mpuemHEK QoToHOB FHEER ... .o
yCcTaHOBJeHH Ha oGome meBETpuPyrm B TOYKAX, OTCTOAMMUX APYr OT H doromom
APYTa HA YroJ ¢, A3MEPEHHHI B HHepOHUaabHOM JaGopaTopuu. Uary-
9aTeJb M OPHEMHHK N0 Aa0opaTOpHHM HsMepPEHHAM HAXORATCA HAa
pagmyce r, a feaTpudyra BpamaeTcA ¢ YrIAOBOA CKOPOCTHIO W, Jadaua:

Kax mo fapHRIM @, ' B @ HATH KPaCcHOE CMEIMEHUe

Z2 = (Aupumimaenos — Mmsnyuensoe)/Aasayuennoe,

KOTOpOe IOJYYHTCSA M3 H3MepeHmii?

Mpremuuk 8

MOMEHT H3JyUeHHR lHaayuarean B

MOMEHT H3ayueHUs

[Mpuemunk B
MOMEHT NOrAOWEeHUs

GUr. 2.9
Heurpudyra n doron.
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Pewenue: IlycTb U, —4-CKOPOCTH M3IydYaTeNss B MOMEHT H3JIyIeHHA
naHHOrO (OTOHA, Uys—4-CKOPOCTH NPMEMHHKA B MOMEHT MOTJIOMEHAS
aToro poroHa, p — 4-umnyiabc orona. Bece Tpu BeAHUMHH ABIATCA
BEKTopaMHu, onpenejJeHHHMA 6e3 ofpamenusa K Koopamaatam. Huka-
KOTO OTHOIIEHMA K KOOpAMHATAM He HUMeT u 3Heprmu ¢ortona E,
un E4, n3aMepeHnsle HajydaTeseM U npueMHuKoM. [{nsa ommcanus toro
dakrTa, 9To MAHHHH H3jJydaTelb, H3Jydasa NAHHNA GoToH, coobmaer
eMy aHepruio E,, KoopaMHATH TaKe He HYKHH, KAK He HYKHH OHH
M 1A TOro, 4To6GH HamucaTh reoMeTpuYecKoe coooTHomenme s E,:

Ee= —p'lle. (2.29)

{B ToMm, uTo aTa dopMyna BepHA, MOKHO y6emuThCA, BCIOMHHB, 4TO
B cUCTeMe NMOKoA Manydareasa u? = 1, a ul = 0; Torxa

E¢= —pouf= —po= +p°

B COOTBETCTBHUH C OTO:KHECTBJIeHHEM (BpeMellHas KOMNOHEHTa 4-mM-
nyasca) = (9Heprus).] Amnanormuno (2.29) wHCTO reoMeTpHYECKHM
ABJIAETCA H BBIpa)Kelne

E,= —p-lUa
JUIA TOTJoLaeMOll dHEprHH.
OTHomeHAe NPHHHAMAEeMO# [JIMHH BOJHH K H3JydJaeMoil IJAHe
BOJIHH 0f6paTHO oTHomeHHM0 dHeprmii (Tak kak E = hv = hc/A):
‘}"_a= Ee —B-u
Ae. Eq —P-Yg
9TO OTHOIIEHHE Jerde BCEro BHIYHCIMTH B MHEPUHAIbHOH 1abopaTop-
HOll cHCTeMe OTCUeTa
Ao _ Poug—piug _ puf—p-u. (2.30)
Ae  poul — piud Poug—p-u,

(3mech u HHU:Ke IIAA TPeXMEPHHIX BEKTOPOB B JaHHOM JT0PEHIEBOi CHC-
TeMe MCHOJb3YITCA NMOJY)KAPHHEE JAaTAHCKMe OYKBHE, a IIpU BHIKJIAM-
Kax ¢ HuMu ynorpebasiorca obnunbie o6osHauenus U GOpPMANIN3IM
BEKTODHOTO aHAJW3a B TPEXMEPHOM 3BKIHJOBOM IPOCTPAHCTBE.)
ITockonbKy Bemuua 0GKITHOM cKOpOCTH 060/1a MEHTPAPYTH U = OF He
N3MEHAETCA BO BpeMeHu, ul M ul paBHH APYT JPYTY, U BEIUIUHH (HO
fle HanpaBlIeHUs) %, U WU, COBIANAIOT:

wW=ul=(1—13) "2, |w|=|us|=0v/(1—22)".

13 reomerpun orcnepumenrta (fur. 2.9) Buguo, 9TO %, COCTaB-
JSeT ¢ P TOT ;Ke yroa, 4to u #,. Cnegosarensuo, P-u, = P-uUq, A
Anpumivaemoe/Anaaysennoe = 1. Fpacnoe cmewenue omcymcemeyem!

OTyeTun™, YTO OPH pEIMIEHUH COBEPIIEHHO HE MCIO0JDb30BAJHCH IIpe-
obpasopauna Jlopena — o Hux enie u peun He 6RO B 3TOi KHurel
HocTouncTBa reoMeTpHUECKOH TOYKH 3peHHA, HE MCIOIb3YIOMeR
KOOpAMHAT, [aauno!
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YTo6H m0JL30BATHCA IeOMETPUIOCKOH TOYKOi 3peHHA, HEOOXOAMMH
MHOTOYHCIEGHHEE TOYKH CONPHUKOCHOBEHHA ¢ IKCIEPUMEHTOM HA ASH-
Ke, cBoGogHOM OT Koopauuar. OHON M3 TaKUX TOYEK CONMPUKOCHOBE-
HAA ABJIAETCA BHpaykeHWe £ = —p-u aaA sHeprad goToHa ¢ 4-um-
nyJxbcoM P, M3MepeHHoil naGmogaTenem ¢ 4-ckopocTbio U. ¥YGexutech
B HAJIMIAM M APYrMX TOYEK CONPHKOCHOBEHMA, YKAa3aHHHX HUMKE.

2.5, JHeprus M CKOPOCTh Kak QYARUMH 4-AMOYAbCA

Ha6mopgarens, umeomgit 4-CKopocTh U, M3yYaeT IacTALY C4-UMOYJb-
coM p ¥ Maccoit mokos m. IlokaskaTe, 9To HaApAALY C
a) M3MEPEHHHM UM 3HAYeHHEM DHEPrHU

E= —p-u, (2.31)
6) 0H DPUDWCHBAaeT YaCTANE Maccy HOKOs
m2= —p2, (2.32)
B) IMIYJbLC, KOTOPHI OH H3MepseT, paBeH
| 2|=((p-u2+(p-p", (2.33)
r) o0bITHAA CKOPOCTH, KOTOPYIO OH H3MEPAET, mMeeT BEJIWIHHY
|o| =12l (2.34)

(| »| u E onpenensioTcsa us Gopmysi, NpABEASHHBIX Bmme),
1) 4-BeKTOp ¥, KOMIIOHEHTH KOTOPOTO B JIOPEHIEBOM cucTeme HabIio-
JaTelnA MMEIOT BHJ

W =0 V= (dz:j/dt)nm, uactunm = OOBIUIIAA CKOPOCTH,
3ajiaeTcA BHIp KEHAEM
pPt(p-w)u (2.35)

'=T.

2.6. TpagmenT TeMmepaTypml

Ka:kaomy co6utuio @ suyTpu CosHuAa DpHOHCHIBAETCA TeMumepaTypa
T (@) — temmepaTypa ropstero rasa, H3Mepenias ITOKOALUIUMCH
OTHOCUTENbHO Iiero TepmoyeTpoM. T (@) sABiaAeTca ¢pyHKuelr; 4TOGH
€e ONpeAeJHTh N BBECTH B pPACCMOTpPeHHE, KOODAMHATH Iie HYIKHH,
Hocmugecknii Ay 13 BHEHIIEr0 HpPOCTPAHCTBA IPOJETaeT CKBO3b
Conune ¢ 4-ckopoctoio 4. [lokaskuTe, wTo mMpPOM3BOJLIAA OT Temmepa-
TYPH [0 BPEMEHH, M3MepeIloMy 110 JacaM 3TOTO Jyda, B ero OKpecT-
HOCTI [aeTCA BHIPa;KeHuesM
dT jdv = 8, = T, u). (2.36)
B noxaxbno nopenuenoit cucreme BuyTpu CosiHma 9TO BHpayKeHHE
MOKHO 3amHcaTh B BHJIe
dar 6T aT
i o+ .
dt ]/1 v2 6t ]/1_,,z i

B uem cmEca 3Toro peaynma’ra?

(2.37)

YNPAKHEHRA




11 peobpasopanus
Jlopenia:
8) KOOpAMHAT

6) GasECHRIX
BERTOPOB

B) GasmchnX
1-dpopu

r) KOMIIOHEHT
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§ 2.9. IPEOBPA3OBAHHA JIOPEHIIA

YTo6K yOpOCTATH BHMHCJIEHAS, 9aCTO ONEPHMPYIOT C KOMIOHEHTaMH
BexTopoB u 1-dopm, a He Ha A3HKe, cBoOogHOM OT KoopauHaT. B Ta-
KOTO pOJia BHIKJIAJIKaX WHOTAA BO3HAKaeT HeoOXORHMOCTH B mpeobpa-
30BaHAAX OT OJHOH JIOPEHIEBOM CACTEMH OTCYeTa K Apyroi. Unrareab
yiKe 3HAKOM ¢ TaKMMHA npeobpasoBanusamn Jlopenna, Ho KpaTKaA CBOA-
Ka B IonoJHeHAN 2.4 MOMOMKET eMy OCBeKUTh MX B NMAMATH N WMO3HA-
KOMHT ero ¢ o603HaueHHAMH, MCHOJb3yeMHMH B 3Toil KHHTe.

KiwoueBnmn o6bexTamm B mpeobpasoBanmu Jlopenma aABAAITCA
marpumu ||A%8 || 1 || Aﬂa'll; mepBasAg U3 HUX IpeobpasyeT KoopaUHHA-
TH HEMITPHXOBAHHOH CHCTEMH B KOODAEHATH IITPUXOBAHHOM, a BTO-
pasa — Hao6opoT:

2% =A% 2B, 2B=APy.ze. (2.38)

ITockoapky onu coBepmIAlOT OJHO M TO ke mpeoGpa3oBaHue, HO B pa3-
HHX llanpaBJeHMAX, OHH JO/DKHH OHTL 06paTHH oOXHA ApYroi:

A% AP, =8%,, APLAY, =8P, (2.39)

Ucxona us Toro, 9To 4-cxopocth U = (dx*/dt)e, mo cBoeit mpupone
Ile 3aBUCMT OT KOODJAMHAT, JIETKO I0JYYaeM BHIPaKeHHA

8y = QBABa', 8p =08, A%g (2.40)

Ay 6a3MCHKIX BEKTOPOB OJHOIT CHCTeMH Yepe3 Gaauciisle BeKTOPH Apy-
roi; M3 ApPYrHX reoMeTPUAEeCKHX COOTHOILEHMi, TaKMX, Kak

V= 8,0%=8p VP, (0, V)=00%=0pF, 0=0,0%=0p0f,

nmoJiyuaem cjeqyiomue 3aKOHH mpeobpa3oBaHMA:

0% = A% 0B, @f=AP,.0%; (2.41)
v = A% b, o= AP e (2.42)
0w =0pAPer, 0p=0a A%, (2.43)

B aTux 3akonax npeo6pasoBaHUA He HY;KHO 3aNOMMHATH PacioJio;Ke-
Hue MHEeKcoB. lleo6xoaumo JiMub pacmonosKMTh HX TaK, 4TOOH
1) cBoGojubie unjicKeL 110 06e CTOPOMHI 3HAKA PaBEHCTBA 3aHMMAJH
OQUIAKOBHIE MO3MLUM, & 2) HMIIEKCH, N0 KOTOPHM IPOM3BOANTCA
cyMMMpOBaHHe, BCTPeYaJIMCh OOMH pa3 BBepXy H OJMH pa3 BHHU3Y.
Torga Bce 6yner npasuiabHo! (IIpumevanue: ungekcs y A Bcerga pac-
DOJIOKEeNHl «C CeBepo-3amafa Ha I0T0-BOCTOK».)
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2.7. Byer B NpOM3EOAbHOM HANpaBJICHHH

Matpuunsie kommouents: nanbosee ynorpeburennnoro us npeobpaso-
Baumit Jlopenua umewT B

1 ’ =y .
== AY ;= Ay = —Byrd, (2.44)
Ay =AY, = (y—1) nin* + &*,

A", = (xomnonentn A", y KoTopmx p sameneno na —B@),

A0'0‘—‘ ¥

rae P, n', n?, n®— napamerpr, npuvem 2= (n!)2 4 (n?)%+ (n3)2=1.
Hoxaxure, 4t0 a) 3TH MaTpHuK yHoBAeTBOpAIOT ycaosmio ATmA =1,
HaKJaJsiBaeMoMy na mpeobpasopanme Jlopenna (cM. momoanenme 2.4);
6) nna wHabaomaTens W3 HEMITPMXOBAHHOM CHCTEMH IITPHXOBAHHAA
cuctemMa JBUceTcsa ¢ o6eianoli cKopocThio fm; B) Aaa uabmopareas
M3 IITPHXOBAHHOH CHCTEMH HEIITPHXOBAaHHAA [BMKETCA C OOHYHOI
ckopocteio —fn (1. e. V1’ = —fn!, V2’ = —Pn?, v == —Pnr3); r) opn
ABMKEHHM B HANpaBJIeHHH OCH z MATPHLb IpeoGpasoBanms mpuobGpe-
TalOT 3HAKOMBIH BHJ

y 00 —fy v 008py
010 0 A 0100
001 olf "=l 040"
—pfr00 v By 00 v

HAY )= (2.45)

YIIPAJKHEHHE

Nonoanenue 2.4. IPEOBPA30BAHUSA JIOPEHIIA
Hosopor cacremn orcuera Ha yroa 0 B miockocTs x — ¥ 1)
1

Haknon s=1tg0, sin6= 0= (1 +52)"

s
(14822’

y
¥

I
1
|

0s0—ysin0,
in0-4ycosH, ? 2

v A
z=1z1 H

[«

<]

I

w8y~

% zZ.

t,
rcos0+}ysin,
—zsin04 ycos9,

Bce 3nakn BHTEKalOT U3 8HaKa 3Toro wieHa. OH NOJOMHUTEJIEH, KaK JIeTKO YCTaHOBUTH

W3 OO0JOKEeHMA TOUYKH &P

1) B aurepatype uHorna pasiEvalT NMOHATHA CHCTeMB KOOPAMHAT M CHMCTeM orcdeTa [cM.,
HanpuMep, 3eabmanoB A. JI., IAH CCCP, 107, 815 (1956)]. Ilop cucTemoii oTcueTa NOHHMAKOT COBO=
KYNHOCTh BCeX KOOPAMHAT, HENOABIKHKX APYT OTHOCHMTENLHO Apyra. C 3ToH TOYKM 3PEHHA «HOBOPOT
AEKapTOBOil CHCTEMH KOODAMHAT B IJIOCKOCTH T — y» HO ©cTh Hepexoy K APYroil cHCTeMe OTCUeTa
WIH pealbHHil MOBOPOT CHCTeMBl OTCUeTAa CO BpeMeHeM B mpocTpaHCTBe. J|@HCTBUTENLHO, cHcTeMa
OCTaeTcs HEM3MEHHOIi C TedeHueM BpPeMeHM, HA Heil «PHCYIOTCA» [BO CHCTEMH KOODIMHAT: I, Y, % K I,

Y, 2. B namHoii KHMre aBTOPH He feNAlOT Pa3iuunA MEKLY HOHATHAMH CHCTEMH OTCHYETA M CHCTEME!

KoopamHBAT.— ITpum. ped.
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JIB& nocneaoBaTeabHNX MOBOPOTA

_ S1tse
1—s8459

, wm 0=0,40,.

danyck pBmKkyireiica cHCTEMH OTCYeTa («Gyer») 1) ¢ mapamerpom CKOPOCTH @ B ILIO-
CKoetH 2 — ¢
1

Crxopocts f=tha, sha=—E— cha=m=\,’

a—py7 "

tg 0 = cropocte f=tha.

t=tcha+zsha, t=tcha—zsha,

z=1z, =2z

y=1, .17=y1

z=tsha+zcha. z= —tsha+zche,
Nt —

1 %

Bce 31akun BHTEKawOT 3 3HaKa 3Toro uiena. On OO0JO}KUTEJNIeH, TAK KaK O6’beKT, OOKOoA-

muiica npn z = 0 B cucTeme, cBa3zanuoit ¢ paketod, B JaGopaTopHoil cHcTeMe JIBH-
7KeTCA B HAIpaBJIEHHEM YBeJHYEHHA 2.

MaTpuunabie 0003HAUEHAA: IH = A"';a:", v = AV, 2H,

cha 0 0 sha cha 0 0 —sha
0 10 0 = 0 10 0
Ab ||= V.|l = .
sha 0 0 cha —sha 0 0 cha
4-BOKTOP BHEPTHH-HMIIYJLCA 4-BeKTOP IJIOTHOCTH 3apAfa-TOKA
E=Echoa+pisha, p=pcha+jsha,
p*=r* =%
Py=P"s jy=jy’ _
p’=Esha+ picha, j*=psha+ jzcha.

AGeppauusa cpeta, GOTOH IPHXOAAT K Halamonareiio:

—p; _ (1—P%"2sind" —p;  (1—P?'2sin0

sin9 = 5 T—Boosd sin®= =T TPcoss *
_ —p® _ cosB—B il —7 __ cosf+B
c0s® =—p "~ 1—Bcosh ’ cosf= E  1+PBcost?
tg (6/2) = e* tg (6/2). tg (6/2) = e~ tg (6/2).

1) BycroM Ha3hHBaeTcsl npeoGpa3oBaHUe CUCTEMH OTCYETa, COOTBETCTBYIOIIee KOBETBOMY 3HaTe-
HUIO CKOpOCTH.— ITpum. nepes.
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JBa mocaenosaTeapHBIX GycTa B OHOM HANpPABICHHH

ﬂ-——:-ig_!i_"ﬁ'—‘%z , HIA Q=040

IIponsBoannas mocrea0BATEIbHOCTH GYCTOB H IIOBOPOTOB
Cnousopapit gopmanmam, ra. 41.
IIpeoGpazosanue Ilyankape
% = A2 + a*,
YcnoBne, HAKJTaAHBAEMOe HA JOPEHHEBY 9YacTh 3TOro npeoGpasopamms:
ds'* =g dz” dz®’ = ds? =, A¥e A"pr dz® do®,

"M ATnA='r| (MaTpuuyHOe ypaBHeHHe, rae ' 03HAYAET «TPAHCHOHHMPOBAHHEY,
IePeCTaHOBKY CTPOK H CTONGLOB).
HeiictEe mpeoGpa3oBanmA Ha APYTHE BEJIHIHHEHL:

= AP u® (4~ckopocTs) Ugr = Uy A,

P’ =AY p® (4-mEmMmynsc) Par = Pul\¥ar,
F* = A%, AVg F*® (anextpomarnntaoe mosne) Farpr = FuyA¥y AV,
8. = 8,\",/ (6asHcCHBIE BEKTODH),
0% =A% 0" (6asmcaste 1-Gopmm),

U= 8q-u® = 8,ut=u (6exmop 4-ckopocru).

§ 2.10. CTOIKRHOBEHMA

Kakoii 6n ¢msnueckuit 00beKT HEM paccMaTpuBajcad — Oyab To oOT-
AelbHAaA ABHKYIIAACA Macca, MOTOK KEAKOCTH, IIOJIe CHJ, FeOMEeTPHs
€aMoro IpOCTPAHCTBA,— B KJACCHIECKOH 0OImel TeopHH OTHOCHTEIb-
HOCTH OH ONHMCHBAETCH CBOMM reOMEeTPHYECKHM 00BEKTOM OIpefesieH-
Horo Tuna. Ilocrpoenne kKaskaoro TaKoro 06sLeKTa JIH60 HEMOCPEACTBEH-
HO OCHOBAHO HAa NMOHATHHM HAeHTAEEHpYeMo#l TouKH, JubO IPOHCXO-
AAT nyTeM aGCTparmpoBaHRUA OT HEro; HO B JI060M clydae 3TOT 0GBEKT
He Hy;KaeTCH B KOOPAMHATAX MJIA CBOEro mpeacraBnennda. Mu Bujenn,
KaK TaKoe OOMCaHWe, He HCIOJb3YIOmee KOOPAUHAT, MOKHO MePeBeCTH
Ha A3HIK KOODANHAT H KOMIOHEHT M HaoG0pOT; M KaK ¢ IOMOMMbIO Ipe-
obpasosanmii JlopeHma npeo6pasyloTCH KOMIOHEHTH B JIOKAJbHO
JIOpeHIEBHX cHCTerax oTcueTa. [lepeitmeM Temeppb K [BYM IpocTeidmum
NpATO/KEeHAAM 3TOT0 MaTeMAaTHIeCKOT0 ammapara, Kacalom|MCH JBH-
Aymeiica MaccH. OIHO U3 HAX MMeeT €0 ¢ KOPOTKOASHACTBYIOIMAMHE
cunamu (CTOJKHOBEeHHs, NaHHEHHA maparpad), Apyroe — ¢ 3JIEKTpo-
MATHUTHHME CHJIAaMH, ACACTBYIOIAMHE HA 3HAYATEIBHOM IIPOTHKE-
muz (popmyrna maa caan Jlopemma, ciepyriomas riasa).

2819
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IlpH cToaxkHOBeHHM BCe H3MEHEHHE MMIYJbCA IPOUCXOAMT 3a
NPOMEKYTOK BpPeMEHHU, MAJHIH o cpaBHEHHIO CO BpemeHeM Habaione-
uus. BoJiee Toro, Muimenb, Kak OpaBUJIO, HACTOJBKO MaJia M HACTOJ b~
KO CHJIbLHO TPOABJIAIOTCA KBAHTOBOMEXaHUIeCKMe 3(PPeKTH, uro
NpaBUJIBIKM fABJISAETCA JUMb BepPOATHOCTHOE ommcanue. Benuunmna

do
do = (4 ), 92 (2.46)
npejcTaBiser coGoii ceaenue (cMZ) paccesiHHS B 3JIEMEHT TeJeCHOTO
yriaa dQ upyu yrie oTkioHeHMs 0; Gosee cioxiiHoe BHIPa;KeHHE TIpefi-
CTaBJIAET BEPOATIIOCTh TOr0, YTO MCNOJHAA YACTHIIA BJETaeT B dJie-
MEHT TeJecHoro yriaa dQ ¢ JaHHHM NOJAPHEIM yriosm O M asumMyToM ¢
¢ aueprueit Me;kay £ u £ + dE n oflioBpeseHHO NPOAYKTH peaKIuu
BLUIETAIOT TO’KE B ONpeleJeHIIBIX HHTepBaJax dHEPTIHU H B onpe/e.eH-
HBle Tejecibhle yriasl. XOTA 3TO OAMH M3 YBJEKAaTeJIbHHX pa3fenos
aToMHO# ¢H3nKH, GRIIO GR HEyMECTHO 3aHMMATbCA 37eCh BEHYMCJIEHH-
eM Takux ceuenwmit. JlocTaTouHO OTMETHTH, YTO CcedYeHHE — 3TO ILIO-
mafKa, OpMEeHTUPOBAHHAA NMEPHEeHANKYJIAPHO TPAEKTOPUH NANAIOMm e
gqactuub. [10aToMy OHO He H3MEHSETCA NPHU NEPEXofie B CUCTEMY Koop-
AMHAT, JBHKYL(YIOCA BIOJb TPAEKTODHH, NPH YCIOBHM, KOHEYHO, YTO
COOTBETCTBYOIEMM 06pa3om mpeoGpasyloTcA BHEpruU M YIVIN pas.iera
qacTuI («ORIH U Te 3Ke COOHTAA B PA3HHIX CHCTEMax OTCYETan»).

Onnako, Kak clefyeT M3 JOKAJbHOTO AMHAMHYECKOTO PacCMOTpe-
HHA, HApAAy ¢ JIOKHM moApPOGHHM oOOMCAaHHMEM COyJapeHHs TAKOro
pofa, BCerha BLIMOJHAETCA 3aKOH COXPAaHEHNMA JHEePTHU-MMIOYJbCa:

D op= 2 px- (2.47)
Ha4albHHE KOHEeuRne
vacTau, J vacTHusl, K

¥:Ke M3 ofHOro 3TOro cooTHoulenus, He npuberas x Gosee mogpoGHo-
My aHaJu3y, MOMHO HOJYYHTb CJEAYIollne NpPOCThe pe3yJbTATHI:
1) ¢oToH, pacupocTpaHAKUMIACA B BHIe IVIOCKOH BOJHH B IYCTOM
NpOCTPAIICTBE, He MO;KeT pacllenuThCA (3TO HecupaBeJIMBO B Cjyvae
PokycupoBaHuoro ¢oronal); 2) ecan 3JIEKTPOH ¢ GoJblIoH aueprueii
YOPYro CTAJKHBAeTCA C INOKOAMMMCH 3JEKTPOHOM, M UOCJHE 3TOTO
OHH pAaa3NeTanTCAd ¢ OAAHAKOBHIMA JHEPTHMAMH, TO YIOJ MEXKAY HX
HaOpaBJIEHUAMH pasjieTa MEHbIIe HBIOTOHOBCKOro 3Hawenna 90°,
M Pa3HOCTh MEAY HUMH CJIYKHT NPOCTOA Mepoil 9HEPTHM NEePBUYNIOTO
dJIEKTPOHA; 3) BRIpa)kenue A J0JU KHHETHUECKOH 3HepIUH, KOTOPYIO
3JEKTPOH NepefaeT NPOTOHY OPH MEHTPAJbHOM YNPYIOM COyAapeHuH,
UMeeT PAsJMYHHIA BHJ B Tpex IpefeJbHHX CIYydasX, COOTBETCTBYIO-
XX HEpPeJATUBHUCTCKON, PENATHBHCTCKOH M YJbTPApeJATHBHCTCKOMI
9HEePTrAAM 3JeKTpPoHa; 4) mopor pomkaeund mapol (e*, e”) doToHOM
B HOJIe CHJI MAaCCUBHOIO Afpa paBeH 2m,; D) HOPOT POKAEHHA MapH
(e*, e) dorouoM npu coymapeHHH C NMOKOALIMMCH 3JEKTPOHOM paBeH
dm, (a1 dm,—e, eCIM y4eCTL 3UEPTHI0 CBA3H O4eHb JETKOMH «jo.ae-
KYJBD», KOTOPYI0 MOTYT oGpasosaTh ¢ *e~e™). Bce aTn peaynbrarsi (TeMsl
I OTHAENBbHKEIX YNUpasKieHd#!) u measlid pAf APYTHX MOKHO NOJYUHTh
A3 3aKOHA COXpaHeHHA dHeprME-mMmnyibca. I[lompoGuee o6 3Tom
cum. [57, 58], a Tarsce 1. 4 M MocaemHION 9acTh ra. 5 B Kamre (59]
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B naw eex anekmpuvecmsa epawarwowuiica aKopb

xaxdoz0 2enepamopa U Kax0020 IAEKMPOMOMODPA
Heycmanko npogoszaauidaem Ccnpasediusocmbs

meopuu OMHOCUMEALHOCIU — HYICHO AUULL YMemb CAYULAMDb.

JI. AR

§ 3.1. CWIA JIOPEHIOA B TEH30P 3JIEKTPOMATHUTHOI'O
oo

PaccmoTpuM Temeph cayuail miIaBHOrO M3MeHEHMSA MMIYJIbCa 3apfA-
JKeHHOM 9YaCTHHHI HOJ NEHCTBHEM 3JEKTPHYECKUX M MATHUTHBHIX CHJ,
OpPOTHBOMOJIOKHEH 06Cy;K/1aBIIeMyCsi B KOHIE TJ. 2 mpoleccy mepe-
JaYH UMIYJbCA TpPH COyMapeHMsAX.

[lycTe Ha COBOKYNHOCThH 3apsAsKEHIBX YaCTHI, JeHCTBYIOT dJIEK-
TpHMYecKoe ¥ MarHATHOE NMOJA. Y CKOpPeHHA 9YacTHI| MO3BOJAT CYyAUTh
0 CHJIE DJIEKTPHYECKOr0 ¥ MATHATHOTO moJtei. Jlpyrumn ciroBaMu, MOXHO
CYATATh, YTO BHIpa:keHHWe A CHIH JlopeHHa B COBOKYINHOCTH C U3Me-
PEeHHHIMM KOMIOOHEHTAaMM YCKOpeHWs NpOGHHIX dacTHI[ IO3BOJAET
OIpeeaUTh KOMIIOHEHTHI 3JIEKTPHIECKOro B MarauTHoro mnoJeii. ITocire
TOT0 KaK N0 YCKOPEHMAM KAaKHX-TH060 MPOGHEIX YacTHI[ ONpejeleHH
KOMNOHEHTHl IOJIA, HX MO;KHO MCHOJb30BAaTh [JJIA ONpefeeHHsl yCKo-
peHnit gpyrmx mpoGueix wacturn (nomoanenme 3.1). Takum oGpasom,
BHIpaKeHHe I cuisl JlopeHIa MrpaeT ABOAKYI0 poab: 1) maeT ompe-
penenne modsA M 2) m03BOJAET NMPENCKA3aTh JIBMKERHME 3apAKEeHHHX
qacTHil.

Kak neodnokpamno nodueprusas Anpu ITyankape, ¢ amoi u dpy-
2ux obaacmaxr HAYKU Yyxne ycmapea npurHyun, ymeepiucoarouyuii:
«Ilpexcde, uem uszrazamo, daii onpedeserue UCNROALIYEMBM NOHAMUAMY.
Bce ¢husuueckue 3akonw u meopuu, ¢ mom uwucae u sakon Jlopenya,
obaadaom mem 2ay6okuM u MPYOHOYAOBUMBIM CE0UCMEOM, UMO 8 HUL
xax Oaemcs onpedesenue ucnoavsyemnxr nowamuii (30ece B u E), max
u Geaawomca ymeepxcdenusn o nux. Hanpomus, omcymcmeue waxoii-mo
OCHOBHOIL meopull, 3AKOHA UAU NPUHYUNA ALwaem 803MOICHOCMU damb
ucuepnpleaioujee onpedeseHue NOHAMUAM U Oadxce UX UCNOAL30BAMD.

Cnoha JIopeHpa
noapoaneT

KaK JATb
onpeneienue
nons, TaK #
DPEACKAZATDL
ABHKEHME



TpexmepHan
Jopma zanacH
Gopmyan Jiopenua

Onpeneaenue
Tensopa
B1eKTPOMATHHT-
HOFO NOJA

TeoMeTpHYECKAR
¢dopmMa nhipaiKeHHA
ANA CHABL
<lopeHua
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B nexomopom cmuicae #06oii waz eneped 6 4EA08€HECKOM NOZHAHUL
A6ASEMCA NOUCMUHE CO3UOAHUEM: MeOPUR, KOHYEnYus, 3aK0oK U chocob
usMepenus — ece2da HepaszdeauMbie — NOAGAAIOMCA 6 HEPA3PHEHOM
eduncmee.

®opmyaa Jlopennma, sanucanHas B DIPUBHYHOM TPEXMEPHOM Buje,
rnec E — axeKkTpuueckoe moje, B — MarHuTHOe moJie, ¥ — OOWIIHAA
CKOpOCTb YACTHIIH, ) — UMIOYJIbC YACTHNLL, a € — ee 3apAl, HMeeT BHJ,

(dp/dt)y = e (E 4 v X B). 3.1)

XoTA TakaA gopma 3amMICH Il MOKeT 0Ka3aThCA HCKIIOUHTENBHO MOIe3-
HO#l, TeM He MeHee OHA JajleKa OT reoMmerpmieckoit gopMH B qyXxe
dinmreiina. Yucro reomerpudeckoe ypaBueHHe JOJKHO COHep:kaTh
4-BeKTop HEprHH-UMOYJLCA MPOGHON YaCTAHBI P, a He OJHY TOJILKO
NpOCTPAHCTBEHHYIO €ro 9acTh P, U3MEPeHHYI0 B HEKOTOpOil JopeHme-
BOM CHCTeMe: M3 IeTO JOJIKHA OnpeleasiTbCA CKOPOCTh M3MEHEHMA
AMIYJAbCA, H3MepPeHHasA He KAKMM-TO KOIIKPETHRIM JIOPEHIEeBHM Habxio-
natexem (d/df), a uamepentas 1o eJMHCTBEHHBIM YacaM, KOTOPBIe Mpu-
CYTCTBYIOT B 3ajade Qmpuopu, — N0 COOGCTBeHHRIM 49acam NpoGHOM’
gactuoe (d/dt). Takum o6pasom, JeBas 4acTh YHUCTO TeOMETPH-
9eCKOTo ypaBHEHMA NOJKHA UMETHb BHI

dp/d.

IlpaBas uactb — 4-cuma JlopeHma — TakKe HOLKHA TPENCTABIATH
co6oit 061heKT, He 3aBACAMUI OT CHCTeMH oTcuera. OHA moKHA OWTH
JIMAeHOK OTHOCHTENIbHO 4-CKOPOCTH YaCTMIH U, TaK KaK 3aBHCAINCE
OT CHCTEMEl OTCYEeTa BHIpajielne

B L (Et+vxB)=c@E+uxB) (3.2
T Vi_,,z at V1._,-2

JUHeHO OTIIOCHTEJIbHO KOMIOIIEHT u. CJIeI[OBaTeJ")HO, OOJI;KHA Ccyle-
CTBOBATL JHIIeHHAA MAIIIITHA F — (TEH30D 9JIEKTPOMArUUTHOTO NOJA» —
¢ OfHMM BXOJHEIM KalaJoM JJIA BBOJA 4-CKOPOCTH MPOGHOI YaCTUI[H.
Hpouanenemle TOTO, 4YTO MOJy4YaeTcA HA BHEIXO0[€e 3TOM MAUIAHbI, Ha&
3apAx YaCTHIOH JOJKHO DNPEACTAaBAATH C000i 3IEKTPOMATHHTIYIO
4-cuny, MeiicTBYIOMYI0 HA 3Ty YaCTHLY:

dp/dt = eF (u). (3.3)

CpaBHEBaA 9T0 reomeTpuyecKoe ypaBHeHHe C TiepBonadajdhHLIM BHpa-
sxeAneM Hias cuiasl Jlopenma (3.2a) M ¢ COOTBETCTBYIOLUMM €My 3aKo-
HOM HM3MEHEHWA 3JHepTiH

ap® 1 dE _ 1

v YT—vz @ Yi—et
MOKHO HAHTHM KOMIOHEHTH F B HEKOTOpOi ompejeseHHOH JOPeHUEeBOH
cuctreme. Kommonentamm dp/dv amiswrca dp*/dt, a kommorenTsl eF (u)
MOKHO 3ammcath B BHe eF*suP (ompenenemme F*gl). CiemosarensHo,
BHIDAYKEHHS

eE.-v=cE- u, (3.26)

dp®/dx = eF*gub (3.4)
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JIOMKEO CBONATHCA K BHpaykeHmsaMm (3.2a, 6). H aro peiicrBmTennHO
MMeeT MECTO, €CJH OTOKIAECTBHTH

=0 p=1 p=2 [p=3

a=0 0 Ex Ey EZ
o, a=1E, 0 B, —B, Kounosentas
IWF ﬂ"—a=2 E, —B, 0 B.|’ (3.5) :v;:rpouammoro

a=3|E, B, —B, 0

B JATepaType 4danie BCTPEIAIOTCA <«KOBAPDUAHTHHE KOMUIQOHEHTHI»,
moJiyqamomupecss B pe3yabTaTeé OOYCKAHHAA MHAEKCA ¢ HNOMOIBIO KOM-
NOHEHT METPHKH:

Fop= "IquyB; (3.6)
nOpH 3TOM
646 —E., —E, —E
E, 0 B, —B,
| Fapll= E, —B, 0 B, (3.7)

E, B, —B, 0

JT0 MaTPHYHOe YpaBHEHHE JeMOHCTPHPYET e[WHCTBO 3JeKTPHIECKOTO
¥ MarEETHOTO moJei. Hu omro M8 X camo mo ce6e — um E, va B —
He SABJIAETCH TeOMEeTPAIECKAM O0GBOKTOM, He SaBHCAINEM OT CHCTEMB
orcueta. Ho cimreie Boemmuo B 06bexTe F, oBEE 00peTaioT cMEICH B 8HA-
4YeHHE, BHIXOAAIEe 3a DAMKHA KOODAEHAT H CHCTeM OTCYeTa.

3.1. YNPAKHEHHME

BuBemure ypaBuenus (3.5) m (3.7) npna xommonent F, cpaBmms (3.4)
¢ (3.2a, 6) n mcmoxn3oBaB onpepenenne (3.6).

Jlononnenme 3.1. OOPENEJEHME NOJA N NPEACKASAHME IBMKXEHHUSA
0 ®OPMYJIE JIOPEHIA

IIpomenypa ompefiesieHHs KOMIOHEHT JIEKTPOMATHHTHOTO NIOJIA IO M3MEPEHHHM YCKO-
peHHAM B NpHHIANE COBOAfaeT C AHAJOTMYHOM HpoueAypoll A TpaBHTALHOHHOTO
nonss. CpaBHEM ypaBHEHHS NJIA ABYX CJYy4aeB:

o
if.:z =—— F*u’ B nopemmesoii cucree (1)
H
PAL] 1
_zfz’= —R“pvouﬂgvuo B IPOM3BOJIbHOR CHCTEMe KOOPMMHAT. (2)

Paso6paB Gosiee mpocTyn mpomeAypYy AAA SJEKTPOMATHATHOTO MOJSA, MM TEM CaMEIM
yKakeM B 0OIEX YepTax, KaK B TEOPHEHM TATOTEHAS HOKOGHHM sxe 06pasoM onpefelAA0TCH
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Bce KommoHeHTH R%.,s. HawmeM ¢ Bompoca o TOM, CKONBKO HYkHO IPOGHEX 9acTHI,
uro0H OompefeUTh B M3y4aeMoil OKDeCTHOCTH TPH KOMIOHeHTH B ® TpH KoMmoHeH-
T E. MoKHO M3MEDHTh TPH KOMIIOHEHTH YCKODEHHA NJIA OfAHOM JaCTHUH, H eIle
Tpu — padA apyrod. Jlocratouno am atoro? Her! UrdopMaumsa, nonygeHHas oT nepsoii
YaCTHIIB, JACTHYHO AyOnMpyercs B MAQOpPManMu, mOJYYeHHO# oT BTopoil. BoT moka-
3aTeabcTBo. HHak On HM JBHTaJach mepBas 9acTHia, BHOUpaeM JIODEHIEBY CHCTeMY,
JABMKYIMYOCA TOYHO TaK ke. Ilokosmascsa B 3Tofl cHCTeMe 9YacTHila e pearmpyer
Ha OpHCYTCTBHe MarHHTHoro moiA. Ha Hee neilicTByeT TOJBKO 3JeKTpUYecKoe IoJe.
Tpn KOMIOOHEHTH YCKOPeHHA 3TOH JacTHMIBI Cpa3y jKe NAIOT TpM KOMmoHeHTH K.,
E,, E, anexTpHuecKoro nojA. Ecim MH XOTHM NOJYIHATE JOTONHATENbHYI0 MAPOPMa-
M0 OT BTOpO#l npoGHoi#l 9YacTHIE, TO OHA He JO/DKHA NOKOMTHCA. HampaBum och z
CHCTeMH OTCYeTa HAPaJIeJbHO HANpPaBJIEHAIO ABWKEHAA BTOpoi wacTHOH. Temeps
Ha llee JIeCTBYIOT KOMIOHEHTH MATHATHOTO moJifl B, u B, m MLI MO:IeM MX ONpeeTHTh.
Ho Mu 1e Moxcem onpenenuts Bl amepuB yckopeHne BIOJb OCH Z, MH elli¢ pa3 ompe-
AennM y;xke usBecTHoe E,. Jlasa ompenenenmsa B, neoGxoamma TpeTha mpobHaA wacTH-
1a, HO OpPH 3TOM MHEI JHIIHHA pa3 MOJYYHM Y:;Ke HM3BeCTHYI0 MHPOPMAIMI0 O ApPYTHX
KoMmmoneHTax moifa. HakoB ke Buxon? Mcmoxb3yeM OQHOBpeMEHHO Ha paBHHIX IIpa-
Bax Bce /N 9aCTHI KaK /A OOpeleIeHHA IIeCTH KOMIOHeHT Fog, Tak WM MJIA mpo-
Bepkn ¢opmyan Jlopenua, npmMeHHB MeTo] NaMMeHBIMIMX KpajgpaToB. J[iA aToro
3anuiIeM pasHOCTh MEKAY Ipe/iCKa3hBaeMHM W HaGlioJaeMHM ycKopeudamu K-it
YacTMI(H B BHJE

uGK_ eT Faﬂuﬁ' K = aaaK. (3)

BoaseneM 3Ty pa3HOCTh B KBaJpaT M OPOCYMMHpYeM KO BCeM YaCTHIAM:

S = X n*P8ac*8a";. (%)
K

B atoMm BrIpasikenMu Mbi CYMTaeM M3BECTHHIM BCE, KPOMe MeCTH KOMINOHeHT F, 5. Munn-
MH3HDYA €ro N0 OTHOHIEHMIO K STHM IHECTH HeHM3BECTHHIM, IOJYyYaeM INeCTh ypaBlie-
Ani qua komnonient B u E. Paspemus atn ypaBueHus, Bo3BpamaeMcs K ypaBHeHHo (3)
¥ nposepsieM dopmyny JlopeHua.

Ecau uMenTcA ToAbKO ABe npobOHHEe gacTHUb, TO AeTepMunantT 6 X 6 MaTpHuh
KoapdunuenTos B ypasuenuax gus Fy g To5neCTBeHHO ofpalnaeTcs B HyJab. AHaJOrH4-
HIhle pacCy)kIleHMA I03BOJAIT OIPefleIMTh MHINMAIbLIOE YHCIO HPOOHBIX YacTHIIL,
.feo0XouMoe A onpefelleHAA BCeX KOMIIOHENT DHMalioBa TEH30pa KPHBHU3IIL.

§ 3.2. TEH30PEI B CAMOM OBIIEM BH/E

3nechb nHeobxomumo caenaTh 1eGoablioe oTCTymIeHne. B xone uaiaoske-
IIpamepn IIMA MBl BBEJM IECKOJHKO PAa3JIHYHEIX TeH30pPOB: MeTPUUECKHil TeH-
TeH30DP0B )

3op g (§ 2.4), rensop kpuBuauw Pumana R (§ 1.6), Tensop auexrpo-

smarnutiuoro moasa F (§ 3.1). Kasnastd u3 Hux Onut ompefeneH Kak

Juneiinaa MaulMHA ¢ BXOAHBIMM KaHAJNaMM ISl BEKTOPOB U BHIXOHbI-

MM JaHHEIMU Ju60 B BHJe BeU[eCTBEHIIKIN uHces], HaupnMep g(uw, V),

au6o B Bupe BexkTopoB, naupumep R (u, v, w) u F (u).
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HysxHo 14 genaTh pasiduue MeXAY TeMH TeH30paMHd, Ha BEIXOHe
KOTODHX HOJY4aloTCA CKAJADH, H TeMU, HA BHIXORe KOTOPHIX HOJXY-
qajoTca BeKTopu? Her! Tensop ¢ BexkTopoM Ha BEIXO[le MOKHO JIETKO
OPeACTaBATh B BUJe TeH30pa, Ha BHXOAe KOTOPOTO HOJYdaeTcA CKa-
asp. Boabmenm, nanpumep, F. Jlo6aBum K nemMy HOBHIT BXOZHOH KaHAJ
A BBOAA HPOM3BOABLHON 1-PopME ¢ Takum oOpasom, 9ToOH Ha
BHXOZe HOJYJaJoch

F (0, u)= (0, F(u)) = BemecTBeHHO® WHCIIO. (3.8)
Tenepsr Mo HO BHOApATh: BBECTH JIA BEKTOD M HOJYYATH HA BHIXOHE
npyroit sextop F (..., u) = F (u) win BBect:m 1-QopMy M BeKTOD

M moayduTh Ha BEXofe yucio F (o, u). Ogna u Ta )e mammna cmpa-
puTca ¢ obemmm omepauusmu. Doxee Toro, o6e onepammu BHOOJMHA-
JOTCA COBCEM MmPOCTO, CCIH MX paconcaTh yepes KOMOOHEINTH B JaHHOM
JIOpeHOeBOH clucTeMe:

F(..., u)=BeKrop ¢ koMmonenTamm Fgub,
F (0, u) = umcano (o, F (..., u)) = 0, F*ub.
Tlo anamoruu Mo;KHO RaTh OmpegeNeHde TeH30pa B caMoM obmen Bije:

(3.9)

n o
TEeH30pOM H padra (m) I1a3pIBaeTCA JIMHEeHHasA MAIlUuHa ¢ 7 BXOAIBIMA

KaHajaMa 3iaa n 1-gops 1 ¢ m BXOZUKMU KaHAJIAMM JJIA M BeKTOPOB,
nocJe BBOAA KOTOPHIX HA BHXOJAE I0Jy4YaeTcH BeleCTBEHHOe YHUCIIO,
ofo3Hnataemoe

Ho, A ...,Bu v, ..., w). (3.10)

g A 4

n 1-dopM m BexTOpOB

Jaa GoabmuHCTBA TeN30pOB mepecTAaHOBKA BEKTOPOB Ha BXofe INpH-
BOZUT K HM3MEHEHHIO 4YHCJIa Ha BHIXOfe:

R(o, u, v, w)=R(o, v, u, w). 3.11)

To e camoe oTHocUTCA M K mepecTanoBKam 1-dopMm Ha Bxoge.
PaccMoTpyM HeKOTOpLLE TeH30p S M HONOKMM [IA ompeneien-

2
HOCTH, YTO €r0o paHr pasen (1) BneneM B 1ero Gasmcmbie BEKTODH

¥ Gasucusie 1-gopMH oNpeneeHHO JopeHNeBoil CACTeME KOOpAMHAT.
Torga ma BHXOJEe NMOAYYalOTCA «KOMOONEHTH § B 3TOH CHCTeMe):

5%, =8 (0%, b, 8,). (3.12)

9TO0 TOKIECTBO ABIAETCA OLpeAeeHAEeM KOMIONEHT. 3HAfA KOMIOHEH-
TH B oIpefeJecniioi cucreMe KOOPAMHAT, JIETKO BLITMCINTH YHCIO HA
BHIXOZIe I JMIOOBIX BXOAIBIX 1-dopM M BeKTOpoOB:

S (0, p, V) = 8 (0,0%, ppob, vVe,y) =
= Tappu?S (0%, oF, 8,) = S*%00pp07. (3.13)

A 3HaA KOMHOIIEHTH § B OJHOH JopenmeBoil cucTeMe (HEITPHXOBAH-
HOiH), MOKHO, MCHOJB3ys MATpPUIK mnpeobpasopaunsa Jlopenma

8—-01457

Onpenenenue
TeH30pA

Rak JnHelinof
MALIHMbI,
npespamanouedl
BERTOPbI

n 1-popMm

B uNCJA

HKOMNOHEHTH
Tenzopa

Hlefticrpite
Tex30pHoil
MAUINHbL,
pacnucanoe

Yyepe3 KOMIMOHEHTHI



I peobpaszosanne
JlopeHua
AR KOMINOHEHT

Moaudurauan
Texsopa,

B pesy.bTare
KoTopo#

B KaxANA BxonnoNi
KaHaA MOMHO
BBOAMTDH KaK
BEKTOPBI

TaKk B {-hopMnl

IopuaTEE
H onycxanue
HHJERCOB
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1A% g ]l = | Aba' ||, KoToprle CBASHBAOT 3Ty CHACTeMY € APYToif
(mTpmxoBaHHOM), BHYMCIHTb KOMIOHEHTH S B Apyroit (WmTpuxoBaH-
Hoi) cucteme. Hak mokasano B ynpaskHeHHH 3.2, AJA 9TOTO HYMKHO
JAIb OPAMEHATh MATPHLEY K KaKAOMYy HHAEKCY S, pacmosaomxup
MATpPHYHLEIe AHAEKCH B COOTBETCTBHH C NPABHJAAMH

S*V = 8% AM AV AY, (3.14)

HeGoapimoe msMelneHme BHYTpPEHHEr0 CTPOCHMA TEH30pa IO3BOJIACT
BBOJIMTb BEKTODH BO BXOJNHEIE KaHAJH, IpeJHa3HadeHHHe Aaa 1-dopm.
Jaa sToro Hy:KeH JMIb MEXaHH3M, NpeBpallaloiuil BBOAAMHI Bek-
TOp M B COOTBETCTBYIOMYIO emy 1-popMy M, KOTOpasA 3aTeM BBOAMTCA
B COOTBETCTBYIOIMMi KaHaJ HagaJbHOro Teusopa. Taxkmm oGpasom,
06031298 MORNGEOAPOBAHHEL TEH30D TeM jKe CHMBOJIOM S, KOTODHI
HCHOJb30BAJICA IJA HAYAJIBHOrO TeH30pa, moTpeGyem, 9TOGH

S(o,n, v)=S8 (o, m, v), (3.15)
HJIM B KOMIOHEHTHBRIX oﬁoauaqe}max
§%,0anbL? = S*. 0, ngv? (3.15")

ITocnenuee nerko mocTHraeTcs HMONHATHEM M ONYCKAHAEM HHIEKCOB
Ten3opa § ¢ NOMOmMBbI0 KOMIOHEHT METPHKII:
a ap 91} o

S%p=mpuS™y, ST, =nwbS%, (3.16)
(cm. mpxe ympakucaue 3.3). Mcmoabays oM H TOT jKe CHMBOJ S
KaK [JfA HAa4JaJbHOTO, TAK M [JIA MOOUQPHMINPOBAHHOTO TEH30Da, MH
OOOYyCKaeM, 94TO B KayKOMH BXONHOH KaHaJ MOKeT BBOAHTHCH Kak
1-popma, Tak ¥ Bexrop. IloaToMy MH He MO}ieM YiKe IO BHAY CHM-

.

2 1 3 0
Bojia § cKasaTh, HMeeT JM TEH30pP pAaHT (1), (2), (0) HIu (3),
MBI MOJKEM YKaaaTh JUmb o0muii ero paur 3. Tepmurnosozus: «<BepXHue
HHIEKCH» HA3RBAIOTCHA ¢KOHTPABAPHMAHTHEIMM», a «HMMKHHE»— (KO-
papnanTusMmy. Takum obpasoM, y S%, o — KOHTpaBapMauTHHI
HIIIeKC, TOTAA KakK § H Y — KoBapHAHTHHE HHIEKCH,

ITockonbKy TEeH30pH TIpeACTABIAIT cofoit He 4UTO HHOC, KakK
OYHROHA, MX MOYXHO CKJIANHNBATH (€CJHM y HHX ONHH M TOT ;Ke paHr!)
H YMIOKAaTh Ha YHCJIO0 OOKIHEIM 006pasoM: mocjic BBOJA BEKTOPOB U,
¥, W Ha BHIXOJe Te€H30pa TpeThero paura a$ -+ bQ momyzaerca

(aS+0Q) (u, v, w)=aS (u, v, w) 4+ 0Q (u, v, w). (3.17)

Pag apyrax BaKHHIX olepamuil Haj TEH30paMH BBOJMTCA B IpPHBe-
JeHHHX HM}Ke YOPaKHeHAAX. JTH omepalMu ¥ Apyrae pe3yJbTaTh
yopakHenmii GyAyT MCOOAB3OBATHCA INpM JajbHeidmeM H3.10-

JKEHHH.
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3.2, 3axon npeoGpasoBaHEA KOMIOOHEHT TEH30pa

Hcnonbays saxkonn nmpeoGpa3oBaHHA KOMOOHEHT BeKTopoB u 1-gopm,
BEIBefiATe 3aKOH npeobpasoBamua (3.14).

3.3. IopuATEE B OHmyCKAHME HHEKCOB

BuiBegute ypasmernusa (3.16) m3 coorHomenms (3.15°), Bocmoab3oBaB-

IHUCh BHPa)KeHHEM N = TqgnP m1A KoMmoHent 1-gopMm n wepes
KOMIIOHEHTH COOTBETCTBYIOmEro eii BekTopa N.

3.4. Tensopuoe mpouspeneHne

Ecanm 3apamn fnBa BeKTOpa U ® V, TO TEH30D BTOPOro paHra U ® v
(¢TeH30pDHO® @pOmM3BeleHMe U Ha V¥») OOpefiefifeTCA KAaK MamWHA
¢ AByMA BXOJHHMH KaHAJaMHM, HA BHIXO[le KOTOPOii mocie BBe[leHHA
1-dopm 0 m A moayuserca ImMCHO

(U ® v) (o, A)= (o, u) (A, V). (3.18)

Ioxasknre, 9r0 KoMmoHeHTaMH T=U ® V ARAAITCA NPOU3BEACHHSA
KOMIIOHEHT U ® V:

T —uoB, T.°=uqv8, Typ = Uqls. (3.19)
Pacnpoc'rpann're ompejieJieHAe HA cnyqaﬁ HECKOJBKHX BEKTOPOB B d)OpM
WRVRBRW)(o,A, n I)=(o, uy@, v)(B,n)(, w) (3.20)

H TNOKa}KHTe, 9YTO M B 3TOM CJIy4ae BHIOJHAETCA HOPAaBHJIO IIpom3Be-
JeHusA IJNA KOMIOHEHT:

S=u®VvQ® P ® W uMeeT KOMIOHEBTH

Suvht = ubpBrut. (3.21)

3.5. Basucanie TeH30pHI

Ilokaskute, 9To TeHzop M ¢ KomMmonenramu M“ﬁy“ B [aHHO# JopeH-
HeBO# cHCTeMe MOKHO BOCCTAHOBMTH IO €ro KOMIOOHeHTaM M Gasuc-
BHM 1-dopmMaM M BekTOpaM 9TO CHCTeMH cieiylomum o6pasom:

M=MPle, @ e @ &7 R e,. (3.22)

(HacTHHit caywait aroro mpeactaBieHHAa o6cCy;kgaeTcsi B JONMOJHE-
HAR 3.2.)

3:6. Temsop F B peficreun

Ha6aonarens ¢ 4-ckopocThio U BHGHpaeT TpH HANPABIGHHA B MPO-
CTPAHCTBE-BPEMEHH, KOTODHIe IpPH HAGNIOJEHAH H3 €ro CHCTeMH
ABJAIOTCA OPTOTOHAJbLHHMHA M YHCTO IPOCTPAHCTBeHHHMH (He cofep-
xar ppemennoii sactn). Ilycrs @5, @5, 83 — mpaBoBuHTOBas Tpoiika

8*

YOPAKHEHHA
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YNPAKHEAUA  enyuaHKIX BEKTOPOB BJIOJb BTHX HanmpaBieHuii (87 -85 X 63 = + 1

Ha TpexMepHOM H3HKe). Hoqemy BRINOJHAIOTCA CcJleaypmue cooT-
HOUIEHHUA:

e;-u=0, @;-6;=203;?

Kakue BeKTOpPH HY;KiI0 BBECTH B JBa BXOJAHHIX KaHAaja TEH30pa 3JeK-
tpomMarautioro noiasa F, 9T06H noxydute uMaMepeHHoe 3THM Habai0-
maTeseM 3Hadenue IICKTPHYCCKOro mojas BIOJMb 8;7 Hakue BeKTOPH
HY3KII0 BBECTH, 4TOOHI TOJYYATh W3MEPEHHOe MM 3HAYEHNe MATHHUT-
HOTO HOJIA B HANPABJIEHHH 877

Mononmenue 3.2, METPUKA HIA PA3HBIX f3BIKAX

A. Teomerpmuecknii AWK

TeH30p g — aTo JIHHeHHa A CUMMeTpHYHasA Mamgila ¢ ABYMA BXOJAHBIMH KaHaJaMH
JIA BBOZXa BCKTOPOB. BBGJIH BEeKTOPH U 4 V, Ha BBEIXOJle §§ MH HOoJiy4aeM HX CKaJApHOEe
opou3sefienae:

g(uv)=u-v.

B. flauk xoMmomenT

KoMnoneuTaMa MeTpEKH ABIAITCA 1),y. OHH HCHOMBL3YIOTCA AJA BHYMCIEHHA CKa-
JAPHOTO MPOM3BEACHUA ABYX BEKTOPOB IO MX KOMIOHEHTAM B HEKOTOPOH JopeHmeBoi
cHCTeMe:

u-v=n,u'’.

B. I'eomMerpuuecknii A3HIK, OCHOBAHHHI HA KOOPAHHATAX

Merpuky g MokHO 3anucaTh depe3 GasucHele 1-GopMu HeKoTOpoil JopeHIeBo# cuCTe-
MBbI:

9= o' @ 0’ =1n,,dz" @ dz°
lem. ypaBuenma (2.18) u (3.22)].

I'. CeA3sp ¢ mpocTeiiuM NMOHATHEM JMHEHHOrO 3IEMEHTA

B pononsennm 2.3 mpomxeMORCTPMPOBAHO COOTBEeTCTBHe, CYIIeCTBYIomce MEXAY rpa-
amenToM ¢ynkumm df u mpocrefimum monatneM df nuddepeHiHaJbHOTO W3MeHeHHA |
B HeKOTOPOM HCyKa3aHHOM Hampasicuul. [logoGHoe ke COOTBeTCTBHE CyMeCTBYeT
MEXJly MeTpMKoil, 3aHCaHHOH B Bue 1) ,vdz* @ d2¥ u mpocTeifluM NORATHEM «IHHEH-
HOTO 2JeMEHTa», 3aOMCaHHOTO B BHAe ds® = 1),,dz#dz®. JTOT mpocTeiimnii JHHESHABIHA
aJleMeHT, KaK 00bACHAETCA BO MHOTMX DOCOGHAX IO CHEIAANbHOR TEOPUH OTHOCHTEIN b-
HOCTH, TpeACTaBAsAeT coboil KBaApaT AJIHHH cMellenusa dr* B HampaBleHHMH, KOTopoe
He KoHKpeTusupyercs. Ho TOT sxe CMBICH HMeeT M MeTpHKa 1),,4z* @ dz¥. Bospmem
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onpefieseHHEHI BeKTOpP GeCKOHEUHO MAJIOTO CMeIeHAsA § W BBefieM ero B 1, .0z* ® dzxv,
Ha Buxome MH moayumm & = 1,,E*EY, T. e. KBajpaT NAMHH cMemenus. [lo BBeme~
nus § merpuka 1,.dz* @ dz¥ ob6najaer moTennuadbHOU CHOCOGHOCTHIO ABATH KBAJlr
paT AaMuH J000T0 BeKTopa; IOCie BBelleHHs § 3Ta mOTeHnMaJbHasg COOCOGHOCTH mpe-
BpallaeTcA B eHCTBUTENBHOCTh — 9YHCJEeHHOe 3HaueHHe &°.

TlocKonbKy MeTpaKa 1,.4z* ® d2¥ n anHelHHI saeMeHT ds® = 1, ,dz%*dzV BEIOI-
HAIOT OAHY M TY ke QyHKIHIO, XapaKTCPU3ysA KBafpaT AJIUHH (eCKOHEYHO MAaJoro
CMEMICHUS B HEKOHKPETH3MPOBaHHOM HANPABJEHMH, ¢ TOUKA 3peHAA o0mMX mpefcTaB-
JIeHUii OHH MOJHOCTHIO paBHO3HaUHH. [[nA 0603HayeHNA METPUKH MHOTTA RCIOJB3YIOT
cumpoan 08%; B nensix sKoHoMEH Mecta vacTo numyT d8? = 1,.da*d2v, omyckas
3HaK @; MHOTHA Ja;ke He MOJb3YIOTCH }KMPHHM HpPHPTOM, TaK 4T0 0Go3HaueHHA OiA
METPHKH W JAHEHHOro 3JeMeHTAa HOJHOCTHIO COBHAfAIOT:

g = ds? = ds? =1, dz" dz".

§ 3.3. TEOMETPUYECKAAA TOYKA 3PEHUA B CPABHEHUHU
C TOYKOU 3PEHUA 3 1

T'eomeTpnuecknit mopxon B ¢pusuKe, paspuTHIl JitnmTeitnoM, o6aagaer
OrPOMHEIMHM BO3MO;KHOCTAMU KAaK C BHYHACIMTENBHON TOYKM 3pEHHSA, 2;‘;’:;';‘;:0“
TAaK # C TOUKU 3PEHUA TPAKTOBKU OCHOBHHX mouATH#. Te umen, Koro-  reomerpuzecroro
PHEe KaKYTCA CIOMHEIMU, €CJAM K HAM NONOUTH C NOBCEIHEBHON TOUKH  p fuonke
3pEeHAs «IPOCTPAHCTBO IUIlo¢ BpeMsay (mau «3 + 1»), oxasmBaTCA
OPOCTHIMHA M M3AMHBEIMU, €CIM K HUM HOJOATH KaK K COOTHOLIEHHAM
MEKIy reOMeTPUYeCKHMHU 00BEKTaMH B YeTHIPEXMEPHOM IPOCTPaHCTBE-
BpeMeHH. Pe3yabTaTH, KOTOpHE TPYAHO HOJYYHTh Ha fA3mKe 3 + 1,
ropasjo Jierie BHIBOJATCA Ha TeOMETPUYECKOM SA3HKe.

Xopomnm mpuMepoM ABIAETCA 2NEKTPOMATHUTHOE mojie. Ha reo-  Ibwweh B3 meopsm

eKTPO! Ho-

MEeTpHIEeCKOM A3KIKe OHO OINMCHIBAETCA AHTHCHMMETPHUYHHM TE€H30pOM MA
BTOporo paHra («2-gopmoiiv) F, 1na onpenenenns KoToporo He Hy«-
HH KOODAMHATH. 3TOT TEH30pP NO3BOJAAET HAWNTH 3HAYEHHE 4-CHIIH,
JedCTBYIOIEH Ha KaKAYI0 3apAKEHHYI0 YacTHHY,

dp/dv = eF (u).

Bce rTak mpocto!

Tenepsr cpaBHuM 3T0 ¢ TouKoOit apenusa 3 + 1. B pgaunoit mopen-
OeBOd cHCTeMEe MMeEKTCA 3leKTpudecKoe mone E u maruutHOe moie B.
Hx BosgeficTBEe HA YaCTHUIy ONMHCHIBAETCH BHpa;KeHHEM

dpldt = ¢ (E + v X B)j§

Ho snavenns p, E, v u B u3MeHAIOTCA OPU nepexofie U3 JanHO# Jo-

PeHOeBO CHCTEeMH B ApYyrywo cucreMy. Hanmpumep, sJeKTpudecKue ,?“pé‘gé'pmm..,,
M MATHUTHHe DNOJA JiA HaGaoxaTelns, HAXOAAMIErocA B paKeTe :"0_":‘?::::'3;"
(cmcTeMa «c 4epTOii»), BHPAMKAIOTCA Yepe3 Te ke HOJNA A Jabopa- monei
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TopHOro HabGmiogmartens (cucremMa «Ge3 uepTH») ciaemyomuMm o6pas3oMm:

= — 1
E) = Ey, -EJ.=""V‘1-—_-__'=5-;(EJ. +BxB,), 8.23)
By=8B,, B, =

Vi prJ.)'

(3mecs uHOEKCOM || mOMEYEHH KOMIIOHEHTH BJIOJIb HANPABJIEHUA IBH-
’KEHMsl PaKeTH, a HHAEKCOM | — KOMIOHEHTH, HePHeHAHKYJIAPHHO

3TOMy HampaBienuwo; P’ = dzpaxe,u/dt — ofu9Has CKOpPOCTH pa-
KeTH.) Ecau K atomy fo6aBHTE eme aHAJOTWYHEIe 3aKOHH mpeolpa-
30BAHMA JUIA UMIOYJIBCA YACTULH P, ee OOHYHON CKODOCTH ¥ ¥ BpEMeH-
HOH KOODJIMHATH !, TO JMINb TOCJe STOro BHpa)keHHe NiA CHIH Jlo-
penna (Kak 6yATO KAKHM-TO YYAOM, KaK KaKETCA C TOYKA 3peHAd
3 + 1) oxamxercs cmpaBefJMBBIM BO BCeX CHCTeMax oOTCYeTa.
I'eomerpnueckuii moaxox He TOABKO HAMHOI'O HpOIie, 4eM MOAXO0J
¢ Touku 3peHusa 3 + 1, Ho ¢ ero momonibio 1 ypaBHenus B Bage 3 + 1
BHIBOJATCA I'OPa3lo Jierde, 4éM B PAMKaX CaMoOil TOUKH 3peHddA 3 - 1.
PaccmoTpuM, Hanpumep, 3akoH mpeo6pasosanusd (3.23) AnsA aaexkTpu-
9eCKOro M MarHutHoro moieii. IIpnm ucmoap3oBanuu reoMeTpEYECKOTO
mOAXO0fa OH BHBORHTCA ciaexylomuM obpasom: 1) HampaBum ocm
NBYX CHCTEM OTCYeTa TaK, 4TOOH OHA JABMTAJAHMCH APYT OTHOCHTEIHHO
Apyra B HampapieHuH z. 2) [IpaMennM K KOMIOHEHTAM TEH30pa dJeK-
TPOMATHATHOIO mOJAA mnpocroe mnpeobpazosanwe Jlopemma (2.495):

By= E,= Fgy=A*3A%5Fop = y*F 5+ P¥2F o3 = (1 —B?) y*F 3=
=F3y=E,=E), (3.29)
E,=Fg=A*:A%Fop=1Fy+ByFis=7 (Ex—BB,) m 7. I.
ITogxox 3 + 1, mampoTus, ropasno 6oaee Tpynoemoxk. CraugapT-
Has OpomefAypa OCHOBAHA HA BHIPAKEHHAX MJIsA CUJAH JlopeHma m CKo-

pocTu uaMeHenus sHepruu (3.2a, 6),3amHCAaHHHIX B HECKOJBKO MOJH-
$AIpOBAHHOM BHE

s ~ o
mas=e(E; +0 +B B,,j—:) . (3.25)
.. (TpH HOmOAHATENBHHX ypannenm{) cane

Omna sakiarouaerca B cieAyiomeM (moApo6GHOCTH OMYCKAWTCA OO HpPH-
9MHe HMX Tpomo3aKocta!):

1. IloacraBiym BMecTo d2r/dt? u T. K. MX 3HAUEHHMs, BHPAKEHHHO
uepes d?r/dt?, ... (upeoGpasosanme Jlopenma).

2. IlopcraBuMm BmecTo d2r/dt?, ... BHpaKeHHA [JIA 3TUX YCKO-
pennit uepes naboparopusle 3uavennda E n B (supakenme mid
cuian Jlopennga).

3. B sTux BHpaMKeHMAX BCe KOMIOHEHTH 4-CKopoctd dz/dt
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B 1a60paToOpHOil cucTeMe BHPAa3uM Uepe3 KOMIOHEHTH 4-CKO-
pocTH B cucreMe paxeTH (o6paTHoe mpeoGpa3soBanue Jlopenia).
. B npeoGpasoBanuux TakuMm o6pasom ypaBmemusax (3.25) mo-
TpebyeM BHIOOJAHEHHS pAaBEHCTBA HPABHIX M JEBHIX dacTeid
IJIA BceX sHaveHuit dxr/dt m T. 4. (copaBenamBOCTh AaA A1060H
npoGHOH YacTHLH), _ _
5. Iloxywamm orcioga 3uagenusa E m B, Bupamenane vepes E
4 B [Bupakennsa (3.23)].
Pasunna B TpygoeMKocTH odueBmpgHA!

4

§ 3.4. YPABHEHUA MAKCBEJLIA

OTBiIeTeMCA IOKA OT BO3JEHCTBAA HOJA HA 3apAJ B mepeieM K pac-
CMOTpPEHHMIO JeiCTBHA 3apfAna Ha moJje, miad, B Gomee obuges BHAe,
K PacCMOTPeHHI0 JHHAMHKH 3JeKTPOMATHATHOTO HOJIA KAK B caydae,
KOT/{a ecTh 3apAMH, TAK U B caydae, Korga mx HeT. HauueMm ¢ mpocTeii-
fiero m3 ypaBHeAMil MakcBeisla B oOpeJeIeHHON JIOPEHIEBOM CHCTe-
Me — C ypaBHEHHMA, U3 KOTODPOTO CJIEAYET, YTO OTCYTCTBYIOT CBOGOI-
Hele MATHATHHE MOJIOCA:

V-B=divB=L= + 2 a,, LA (3.26)

970 ypaBHedHe XO/IRHO BHOOIHATECA BO BCOX JOPOHIEBHX CHCTeMAX,
& 3HAYAT, I B CHCTeMe, CBA3AHHOH C DPAKeTOM:

0Bx 0B, v B, =0 3.27

+ 0; = Ve ( . )

B caygae GeckomeaHo Maioro npeoﬁpaaonanna Jloperna B Hampasie-

HAE Z (HepeIATHBACTCKAA CKOPOCTh ) mMmeeM [cM. Xomoiamenme 2.4
ypasrerna (3.23)]

B =B,,, B,,_-B +BE,, B,=B,—BE,; (3.28)
9 a a a a
F=wtba. = F=ae ()

l'loncmmm 9TH BHIpAKCIIIIA B yCJOBHE paBEHCTBA HYJIO JHBEePreHmHuN
B cucreMe paxeTH. lIpu 3ToM MH CHOBA HOJYyYIMM YCJAOBHE HYJIeBOM
OuBepreHOUM B .1abopaTopHOil cucTeMe IUIIOC CAEAYIOMY0 AOOOJIIH-
relapliylo uHEQopManmio (M3 TpeGoBaHMA PABEHCTBA IYJHI0 KO3PPHIu-
€HTa mepex CKO.Ib YrogHO MaIo#l CKopocTbio P):

E
Bt 2 aE’ ~Zv o, (3.30)

Ecan CKODOCTb, KOTODAaA BXOIMT B npeoﬁpaaonaaue, HAampaBATbH
BHOJb OCei ¥ M 2, TO MOKIO HOJYINTh AHAMOIMIHEE ypaBHEHHA NI
0B,/ot u 0B,/dt. C moMOIIbI0 TpPEeXMEPHHX BEKTOPOB 3TW TPH YpaB-

MargaToARAAMEKA
RAK OJeAOTBHE
MArHETOCTATHRN



MaruuToguHaMHKa
B MBMHHTOOTATHKA,
CBEAACHHLIE

B eAHHHIl
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HEHUA CBOJATCA K OJHOMY

9B vxE=22 Lot E=0. (3.31)
Kak 1o kpacuBo — 1) mpMHIIMI KOBapHAITHOCTH (3aKOHH (A3MKH
OJMHAKOBH BO BCEX JIODEHIIEBHIX CHCTEMAaX OTCYETa, YTO JKBUBAJIEHTHO
reoMeTpuuICcCKOMY MOAXORY B (H3MKe) BrmecTe € TeM (PAKTOM, 4TO
2) MAarHATHHE CHJIOBHe TpyOKkM HUTAe He OKAHYHMBAIOTCHA, NPHUBOJUT
K 3) munmampvecKoMy 3akony MakcBessia JUJIl CKOpPOCTH H3MeHeHHA
MATHATHOTO moJiA! JTO HATAJKNBAET HA MEICIIb, YTO VPaBHEHHE MarHH-
roctatuku V-B = 0 wu ypaBHenue Marnutogunamuxu JB/dt +
+ V X E =0 MoHO CBeCTH B OIHH TCOMETPHYECKHIl 3aKoll, HE
3aBHUCAIOAHA OT CUCTEMHI OTCYETA, JANACAIHDLIA YePe3 KOMIOHEHTH TEH-
sopa moas F, aToT 3akon pgouken mMeTh BMI

Fop, v+ Fy, o+ Fya, =0, (3.32)

rak Kak npu & = 1, B = 2, y = 3 oH cBogurca k V-B = 0, a ecau
KayKABH M3 MHIEKCOB [0 OYepeld IOJOAUTh PaBUbIM HYJIK, TO OH
cpeferca K dB/6t + V X E = 0 (cM. nuske ynpaxsenue 3.7). Ha
reoMeTpUIeCKOM A3HKe, 1€ 3aBUCHALIEM OT CHCTEMEF OTCYEeTa, 3TOT 3a-
KoH 3amucmBaerca B Buge (cm. § 3.5, ynp. 3.14, u oGosnHauenus
B ria. 4)

dF = 0, nan, urto sxemBasentHo, V -*F = 0; (3.33)

3TO MOXHO cPOpPMYyIHpOBATH cileAylomum obpasom: «Bo3smem 2-¢op-
My sieKkrpomMarauTHoro moifA F (reomerpmueckmit o6bexr, onpenelnen-
HHE W TOTHZA, KOTAA KOOPAHHATH OTCYTCTBYIOT); HOCTPOHM NO Hei
HoBuit reomerpmiecknil o6vext OF («BHemnas mnpoussognas Fr);
dF nommuo Gure paBHo Hymwo». IlogpoGuocTu sToM mpomexypw,
He HCHoJL3ywined koopamHAT, cM. B ynp. 3.15 u B § 4.5 (xypc 2).

Ocralorcs eme aBa ypaBHeHMA MakcBeqia: ypaBHEHHE B3JeK-

TPOCTATUKE
V.E = 4np (3.34)
I ypaBHEHHE JIEKTPOTMHAMHKH
OE/0t—V X B= —4nJ . (3.35)

Momo6110 ypaBuenusiMm MArHUTOCTATHKM M MATHHTOJUHAMHKM, OHM
OpeACTABIAIT ¢0Goil jiBe pasjMunbie YacTH OZHOTO reoMeTpHYeCKOTro
3aKOHA., 3aNMCAHUHIEA Yepe3 KOMIOLENTH MOJA, 3TOT 3AKOH UMeeT BUJ,

F® o= 4nJ%, (3.36)
TAe KOMIIOHENTaMH BekTopa «4-Toka» J ABiaAKTCA
J%=p mioTHOCTH 3apaja
' (3.37)

(J4, J?, J?) KOMIOHEHTH BEKTOpPa IJIOTHOCTH TOKA.

3anucaHublii HA TeOMETpHYECKOM fA3BIKe, CBOOOXIOM OT KOODAMHAT,
3TOT 3aKOHN 3JEKTPOHHAMHKHM HMeeT BHJ

d*F =4n*J, uin, uro skBmsaientno, V -F=4nl.

(3.38)
(ITompo6uo cm. B ynp. 3.15 u B § 4.5, oTnocsamemcsa K Kypey 2.)
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3.7. Ypasuennsa Maxcsewra

HORa)KHTe, pacnucaB B ABIIOM BHJE Y€pe3 KOMIIOHCHTHI, YTO TCOMeT-
pAYeCKHAe 3aKOHLI
o
Fop,y+Fpy, a+Fya, p=0, Faﬂ. p=4nJ

HelicTBUTENBHO CcBoAgATCH Kk ypaBHenuam Maxcpenna (3.26), (3.31),
(3.34), (3.35), KaK yTBep;KHajloCh BHIIE,

YNPASKHEHHE

§ 3.5. ONIEPALIIA HAJl TEH30PAMU

Heo6xomamo cmemath elle ogHO MareMaTHiecKoe oTcTymiienme. Ilo
OPOM3BOJIbHOMY 3a/JaHHOMY IIOJIO TEH30pa $§, paHr KOTOporo Toske
OPOM3BOJIEH (A KOHKPETHOCTH HOJOKUM €ro paBIEIM 3), MOKHO
€ IOMOMmBIO PA3JIUIAHX omepamuil HOCTPOMTh HOJA HOBHX TEH30DOB.

Opuoit m3 takux omepamuii sBiaserca zpaduewm V. (Cumsoa d
ACHOab3yeTca AuA o603HadeHMA TPafdEeHTa CKAaJApOB, Torga Vf ==
== df, ¥ «BHeIHMX ODpOM3BOAHKX AuddepennUaIbHREX GOopMI— MOHA-
THe, ompepeaseMoe B Kypce 2, cM. § 4.5.) Ilono6uo 8, VS saBnserca
MamunHOM, ¥ Hee geTHpe BXOAHHX KaHaia (ecau y 8 Tpn). Ona onucu-
BaeT uU3MeHeHMe § OT TOYKM K Touke. Toumee, eciiM HYKHO y3HATh,
KaK IpH CMeMeHHH § uaMeHserca gmcio S (U, v, W), Korma u, v, W
gurcuposans, TO ROCTaTOYHO BBecTA U, ¥V, W, § B deTHpe BXOAHHIX
Kanauna VS§: -

VS(u, v, w, §)==0;S (u, v, w) n0pu ¢EKCEHPOBAHHLIX U, V,\W ~
~ - [spauenme $(u, v, W) Ha octpme §]—
— [snagvenne 8 (u, v, W) Ha ocHoBaHHm §). (3.39)

3anucanHOe gepe3 KOMIIOHEHTHL B nopenuenoﬁ CHUCTEME 3TO COOTHOIIEe-
HMEe NPpUHHUMAET BUN

VS (u, v, w, )= 0; (Sopyurfu’)= (—?ia:i §°) usbu? =

oz
= Sepy, suvBw¥Es.

Taxum o6pasom, koMmoHeHTH V8 B JopeHmeBoil cucreme mpejcTaB-
JIAI0T coboif He YTO MHOE, KAaK 9acTHHE NMPOM3BOJHLHIC KoMmoHenr S.
OrMernM, uTO rpajHeHT DOBHIIAET PAHT TEH30pa Ha equuuny (¢ 3 1o 4
B caydae §).

Hpyroii omepamueii, B pe3yJbTaTe KOTOPOH M3 CTaporo TeH3opa
obpasyerca HOBHIi, ABAAeTCA céepmka. OHA CBOAUTCA K GIOKMpOBKe
(¢«cBEpTKe») ABYX BXOMHHIX KAHAJOB CTApOr0 TEH30pa, HPH KOTOPOH
€ro paHr mOHHKaercA Ha fBe enmHunH. Tounee, ecam R — Teusop
4eTBepToro panra, a M aBasercsa cBeprkoii R mo mepBoMy m Tperbemy

Cnocobni
o0pasoBaHEA
HOBHIX TeH30POB
HB OTApHIX:

T'papuent

Ceepra



JinBeprennng

Tpancnosunug

CHMMOTpPESAIRA
@ AHTHOEMMETDH-
sanes
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BXOZULIM KaHajaM, To Ha BHxoAe M moxydaercs (mo ompenenxenzio!l)
quCI0

3
M(u, v)= }_]on(oa, u, 0% V). (3.40)

3nech @, B ®* — GasncHele BeKTOpH M 1-dopME HeKoTOpOd mpous-
BOJIbHOMH JIOpEHI[eBOi cucTeMHn KoopauHAT. He MMeeT HHKAaKOro 3Ha-
4YeHAsA, KaKasd BHOpaHa cucTeMa; pe3yJabTaT Beerqa OyaeT ofHAM H TeM
swe (ynpakHenue 3.8 uuike). 3amECaHHOe B KOMOOHEHTaX B IpPOM3-
BOJNbHOH JOpeHHeBoil cmcteme, BHpawmenue (3.40) mpuEMMaer BHJ
(yopaskuenne 3.8)

M (u, v) = My utv¥ = Ry & ubvv,
TAK 49TO
Myy= Roy%e (3.41)

Taxkum oGpasoM, na A3HIKe KOMIIOHEHT CBEPTKA pPAaBHOCHJIbHA pa3Me-
mIeHUI0 OJHOTO HHAEKCA BBEPXY, 4 APYroro BHA3Y ¢ MOCIEXYIOLAM
CYMMHADOBaHHEM II0 HHAM,

Husepeenyus — Tperbs omepamus o6pasonamm HOBHX TEH30pOB
a3 ctapux. OHa BHOOJAHAETCA CHEAYIOUM{AM 0GpasoM: cHavajaa BHIYIMC-
JsfeTcsa TPajueHT, 3areM BXONHON KaHAJ TrpajUeHTa CBEPTHBAETCH
C OXHAM M3 HAYaJbHHX BXOXHHIX KAHAJOB:

(nmBeprenmua 8 mo mepBoMy xaunany) =V .$
3T0 TaKasd MamdHA, 9TO

V-S(u, v)= VS8 (0%, u, v, 85)=5%,, cubo?, (3.42)

T. e. kommonentamu V.S apasmiorca S%y, o

Tpancnosuyus — derpepras, AOBOJLHO HPOCTAA Hpomexypa &Jas
TMOJNYy49eHAA HOBHIX TeH30poB. QHA CBOJATCA HPOCTO K HEPECTAHOBKE
HABYX KAHAJOB:

N monydaeTcA TpaHCHO3WIOAEH BTOPOTO M TPeTHEr0 KAaHANOB §=>
=N(u, v, w)=8 (u, w, v). (3.43)

Cummempusayus 1 aHmMUCUMMEMPU3AYUs TPEACTABIAT cOGOH NATYIO
O IIeCTyi0 OmepanHH, B pe3yJbTaTe KOTODHX 06pasyioTcsa HOBHE TeH-
30pu. Ten3op coBepLIEHHO CHMMETPAYEH, €CJIH €r0 3HAYEHAE HA BHXO-
Ae fe 3aBACHT OT MePECTAHOBKMA JBYX BeKTopoB miam 1-gopm ma Bxone:

S(u, v, w)=8(v, u, W)=8(u, w, v)=... . (3.44a)

Tenaop coBeplIeHHO AHTHCUMMETpPHIEH, €CHH OH MCHAET 3HAK IpH
KaOKROH mepecTanoBKe BXOAHHX JaHHHX:

S(u, v, W)= —8(v, u, w)= +S(v, w, W)=... . (3.4406)

JI0Goii TEH30p MOKHO CHMMETPH30BATH WJIHM AHTACAMMETPH30BATh,
HOCTPOMB COOTBETCTBYIOINYIO JHMHEHHYI0 KOMGMHANNIO A3 HEro caMoro
0 ero TpaHcmosunuil (cM. ympakaeHUWe 3.12).



§ 3.5. Onepayuu rad mensoparu 123

Kocoe npoussedenue — cegbmaa omepamma o6pa3oBaHNA HOBHX
TeH30poB U3 cTapux. OHo mpexpcTaBiaseT co6oil Bcero AAmb aHTACHM-
MeTpIH30BAHHOE TEH30pHOEe IPOM3BEeJeHHe: ecJd JaHH IBA BEeKTopa U
¥ ¥V, TO UX Kocoe npouspefeHme — «6usekmop» U\ v — ompexenser-
CA BHIpaKeHHEM

UAV=UQRV—VRu (3.458)
mono6uuM ke o6pasom u3 aByx 1-gopm obpaayercsa «2-popman
a\P=acRPF—P ® ea. (3.456)

U3 Tpex BekTOpoB U, ¥, W MOKHO IOCTPOUTb «MPUGEKMODH:
UAVAW=(UAV)Aw=uA(YAW)=

=U® VQ® W--(1IeHs, 00ecIeIHBAOMAe COBOPUIGHHY O
aHTHCHMMOTPHIO) =

=URVAWIVOWRAUIWRURV—
—VRQUAW—UQRWRV—WRVRU. (3.458)

N3 1-popm @, B, y momo6mEM ke 06pasoM MOKHO IOCTPOHTH
«3-popmy» aAPAY. Kocoe mpomapesenne mossojisier odellb LPOCTO
NpOBEePATh KOMIJIAHAPHOCTh (JHHEAHYI0 3aBHCHMOCTb) BEKTODOB: eCliH
U ¥ V KOJJIMHEApHH, T. €. U=aV, TO

uAv=avAv=0 (Bcaegcreme aHTECHMMeTpHIHOCTH /).

Ecin w koMnimamapeH u @ V, T. . W=gall+bv («cnaiomenHas
ropo6Kka»), TO

WAUAV=auAUAVY+bYAuAV=0.

CuMBOI A HA3HBaeTCA «3HAKOM BHEUIHEro npou3BefeHus». Ero
CBOMiCTBA MCCIEIYIOTCA B Ti. 4.

Oé6pasosanue dyasbHo20 men30pa — BOCHMAA omepamus OOCTpOe-
HUA HOBHX TeH30poB. OHa mMeeT QyHIAMEHTANbHOE 3HAYEHHE B Kyp-
ce 2 3Toi#l KHATH, HO TAK KaK OHa He Hy:KHa B Kypce 1, To ee ompeneie-
HHe N CBOMCTBAa paccMATPMBAKTCA JIdb B ynpaxkHenaax (3.14
u 3.15).

IlockoabKy reomerpudeckne o6o3HadeHHsA, He 3aBHCAMIME OT CHC-
TeMHl KOOPAMHAT, [0 HEKOTOPOi CTeHmeHHM HEOXHO3HAYHH (0 KAKHM
KaHaj1aM OPOMCXOJAT CBEPTKA? IO KAKOMY KAaHaJdy BEYHCIAETCA
AMBEepreHMUA? MO0 KAKMM KaHajaM IPOMCXOAHT TPAHCHO3MIHA?), TO
npu $opMyJIupoBRe He 3ABHCAMAX OT KOOPAMHAT TIeOMeTPHIECKHUX
COOTHOIEHHHA MEHTY TeoMeTpUIeCKAMH O0O0BeKTaMM dYacTO HCHOJb-
8yIOTCA KOMOOHEHTHHE oboswauendmsa, Hampmmep,

Jﬂv=Saﬁv.a

o3nataer: «J — TeHaop, mpeacTaBAAIUE coboll AUBCPreHmUI N0
mepBoMy Kamaxay reisopa S». Taxike

V= (Fu Py ¥ = (F o F™), g mPY

Koooe
DpoHBBECHHE

BupexTop

2-popua

TpHBeRTOD
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03HauaeT: «¥ mpepcTaBiAer co60i BEKTOp, NOJyYeHHHH B pe3yJibrarte
1) obpasoBanusa TeusopHoro npomspefenna F ® F rtensopa F Ha
cebn camoro, 2) ceepruBanag F @ F mo mepBomy M Tperbemy, a Tak-
K€ 10 BTOPOMY M UETBEPTOMY KaHAJaM, J3) BHYICJIEHHA TPAaAHEHTa
OOJIy4eHHOM B pe3yJibTaTe CKANAPHOH QyHKuuH, 4) npeBpameHus
3TOT0 rpajveHTa, KOTOPHii sABiasgercA 1-¢opmoii, B COOTBETCTBYWOIMIA
BEKTOD».

«#HouranpoBanne MHAEKCaMH»— TEXIHMKA ONEPUPOBAHUA B KOM-
OOHEHTHHX 0003HAYeHUAX M PACHOJIOKEeHHS MHIEKCOB B COOTBETCTBUH
¢ OmpaBWJIAMH, KOTOpasA NO3BOJAET BHACHUTH COjepP:KaHHe IeoMeTpH-
YeCKMX COOTIIOMEHHH M KOTOPOH 11e06X0AMMO OBJAKeTh, €CJIM 9UTa-
TeJb HaMepeBaercsd B JajibHeHIIeM NPOM3BORUTH CJOHEE BHIIHMCIIE-
HHA B TEOPMH OTHOCHTENBHOCTH KaK CIemuajJbHON, TaK M obmieii.
B ponosinennu 3.3 mpHBeieHH HEKOTOPEIE YJEMEHTH (KOHIIMPOBAHUA
HHJeKcaMu», a ynpaykHenua 3.8—3.18 moryr cay:KuTh mpaKTHKOR
OpH OBJAJEHUM 3TOH TEeXHHKOH.

YOPAKHEHHAA

3.8. Ceeprra He 3aBHCHT OT CHCTEMbI KOODAHHAT

Ilokaskure, uro cBepTKa, onpefmensemMas BHpaxenueM (3.40), He 3a-
BACHT OT TOTO, B KAaKOil JIOpeHneRoii cucreme MH GepeM 8, H @%, Ilo-
KaykATe TaKxe, uro m3 ypasmenua (3.40) caemyer

“ (ll, ') = Rauavuuvv-

3.9. Inddepennuposanne

a. Paccmorpes xomkpernmit caywait p = 0, v = 1, ybenurech, 4ro
BepHa cienyioman gopMmyia:

d (uy®)/dv = (duy/d) v¥ 4w, (dvv/dx).
6. O6nacHATe, mOueMy
(T%vp), =T, wp+ T*vp, .

3.10. CroBa mudpdepenymponanme

a. PacomcaB B aBHOM BEme cymmy u,ub = 1,,ubuv, y6emurech, 410
BepHa ciegyiomas gopmyJia:

d (ubu,)/dt = 2u, (dut/dt).

6. Ilyctp & o3unauaer Bapmanuio, HJIM Majoe u3MeHenne. Y 6eaurech
B COPABEJJIMBOCTH CJCHYIOINEro BHPAKEHHM:

8 (FopF™®) = 2F 6 F°,
B. Buumcimre (FopF®?) .
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3.11. Caumerpnn

Ilycrs A, — anTHCHMMeTpWYHHIHE TeH3Op, T. €. A,, = — A,,;
nycrts takke SHY — cuMMeTpudHHA TeH30p, T. €. SHY = SVB,

a. Yo6eqnrech B cupaBefTHBOCTH paBeHcTBa 4 , ,S¥Y = 0 gByMA cmo-
cofaMu: cHAYaNa pACcHMLINTE CyMMY B ABHOM BuJe (BCe 1IeCTHAAIATh
cllaraeMHXx) M MOKa;KUTE, YTO BCe WJIEHH B Heill mOmapHo YHHYTOKA-
I0TCA; 3aTeM 060CHY iiTe Ka)KIKIl 3HAK pAaBEHCTBA B CIefy0m el HenoYKe:

ApS™ = — Ay 8" = — A 8™ = — 48P = — 4,,8" =0.

6. YcraHoBuTe [Ba CIEAYIOIEX TOMKIAECTBA A IPOM3BOJBIOTO
Tensopa V

V = (P — V™) Ay, V*Spy= o (V* V™) Sy

3.12. CumMmerpu3anma B AHTHCHMMETPH3AIBA

UroOH «CHMMETPH30BATHY TEN30pP, €ro HY;KHO YCPEIHHTb IO BCeM
TpaHCHO3MNNMAM. IIHIEKCH y KOMOOIEHT HOBOro, CHMMETPH30BAHHOTO
TEH30pa 3aKII0UAIOTCA B KPYTJKC CKOOKH:

1
V(uv) = '2_ (Vuv + va.) ]
, (3.46)
V(uvl.) = 3T (Vuvl. + va + VMW + V'vu.l. + Vul.v + VMm.)-

«AHTHCHMMMCTPH3AIUA» TEH30PA IIPOM3BORUTCH AHAJIOTHMIHLIM 06pa3oM
(dHJeKCH B KBaJpaTIHX cKoGKax):

1
V= 5 (Vuv—Vw),

5 (3.47)
V[u.vh] = 3r (Vuvz. + vau + VM.W — Vwr— Vuz.v - Vz.vu)-

a. Hoxa;mrre, 4YTO0 CHMMETPH3OBAHHEIE M AHTUCHMMETPHM30BaHHEIC
‘TAKHM 06p3.30M TEeH30PEL neﬁcrnurenbno CHMMETPDHYHHN M AHTHCHM-
METPUYHH 110 OTHOIIEHHID K IlepeCTAHOBKE BEKTOpPOB, BBOJAMMEIX

B HX KAaHAJH:
V(aﬂv)uavﬂwv =+ V(aﬂy)vauﬁwv = ..y
Viepyu®buw? = — Viggyptubuw? = . ..

6. Tloka:knTe, 4TO TEH30p BTOPOTLO pAalra MOKHO BOCCTAHOBHMTH
IO ero CHMMETDHMUIOH M AHTHCHMMETPHYHON YacTsaM:

Vuv = V(uw + V[uv] y (3°48)

TOTAa KaK [JJA TeH30Pa TPeTbero paHra TOro CAeJaTh Heab3sa; Viapy
u Viapy) B COBOKYIHOCTH COAEPRAT «MeHbITe MHGOpManmm», eM V,py.
Hpyrue, Gosce co:KHbe CHMMETPHH, KOTODHE COepKaT HE0CTAlo-
myio mEOpMANNI0, ONMCHBAWTCA «xuarpammamu IOnra» (cm., Ha-
mpumep, [60]).

YIIPAKHEHHA
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YOPARHEHUA B. lloxkakure, uTO TeH30p dJEKTPOMATHHTHOTO HOJA YAOBIETBO-
PAET COOTHOIIEHUAM

F23=0, Fop=Flqap. (3.49a)
r. IlokamxuTte, uTo «MarumTHOe» yparEeHme Makcreasa
FaB.v+FBv.a+Fvu. p=0

MOKHO @mepenucaTb B BHE
Fiap, n=0. (3.496)

3.13. Tensop Jlepn-UnpaTH

«Tenszop JleBu-UnmBuTH» € B IpOCTPAHCTBe-BpPEMEHI NpEACTABAACT
co0oii coBepuIeNHO AHTHCHMMETDPHYHHI TEH30p YETBEPTOTO pAaMra:

e(n, v, vV, W) maMeHAeT SHAK IPHM DepeCTaHOBKe JIOGHX
ABYX BEKTOPOB. (3.50a)

PaccMoTpum onpefeneHHylo, NpoMsBOJBHEM 06pa3om BHOpauHyIO
JIOpeHNeBy CHCTEMY, BEKTOpP @, KOTOpoW HampaBieH B Gyayuiee,
a @;, 0z, 8; — mpaBafg TpoiiKa MPOCTPAHCTBEHHHX Oa3WCHHX BEKTO-
pos. KoBapuanTiee KOMIOHEHTH € B 3TOil CHCTeMe 33JalOTCH BHIpa-
JKenueM

g123=2 (€, 8, 83, 83)= +1. (3.506)

(OTMeTuM, 4TO B n-MEPHOM INPOCTPAHCTBE € AHAIOTHYHO ABJIACTCH
COBepIEeNnHo aHTHCMMMETPHYNLIM TeH30pOM paHra n. Ero KoMmoHeHTH
387]al0TCA BHIP a7KEHHEM

&12...n=2(8y, 63 ..., 8,)=11 (3.508)

B (DOJIOXMTEJBHO OPHEHTUPOBAHHOM» OPTOHOPMHWPOE8HHOM Gasuce

B4y ¢ ..y e,..)
a. Bocomoansoparmuch 8HTY.CHMMETDPH4YHOCTBIO, NOKaKuTe, 4TO

eupyo="0, ecim cpeam a, B, v, § ecTh HBa OfWHAKOBHX HMHJEKCa,

(3.50r)
+1 ans verswx nmepectranorok 0, 1, 2, 3,
8"°’“"”"={ —1 [afA HEYeTHHX NepPeCTaHOEOK. (3-50m)
6. Ilokaxnre, uTO
RIS = — Byromymgmy- (3.50e)

B. C momompio npeobpasoramma JlopeEra wokaxsute, uro &xBv0
M g;555; EMEOT Te e 3HAYEHMA B no6oit fpyroil JopeHHEBOt
cucreme, B KOTOpoii @; mampaejeH B Gynymee, a @;, 8z, 85— IpaBas

Tpofira. Yxasanue: Iloxaxure, 9TO

exbw AT, AT A% A%, = det] AR, ||; (3.503)
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ncnonssosaB A™MA = 1), moxakute, uto det]| A¥,||==41, n ynocro-
BEepbTECh, YTO JeTePMHHAaHT paBeH -1 1A mpeoGpasopanmit Mexny
CHCTeMaMHM, y KOTODHX 8, ¥ €; Hampapjensl B Gynymuee, a ey, €, €3
n eg, 3, 85— IpaBLe TPOHKH.

r. Uemy paBHH KOMIOHEHTH € B JIODEHLEBOH cucTemMe C €y, Ha-
npasaenssM B npomuoe? C jeBoii Tpoiikoil er, e, ;7

n. Ucxoms us temsopa Jlesp-UmpMTH MOHO HOCTPOMTEH Ppasimnd-
HHE (TeH30pH TIEPECTAHOBOK». B mHJEKCHEX 0003HaYeRMAX OHH
EMEIT BHJ

8PV h = —eoBVPe, (3.503)
1 1
Gaﬂuv =5 Gam‘uv}. =—3 Sam‘pﬁlw;,p, (350H)
1 1 1
=g 8P = P = — e e, (3.50K)

IlokamuTe, 9To
+1, ecim offy— veTHaA DmepeCTAaHOBKA WVA,
8% »=1< —1, ecim aPy— nevernas mepectamoBka pvA, (3.50xm)
0 B OCTANLHHX CJAYy9asAX;
6°8,, = 6%,6°, — 6%,6%, =
+1, ecam afy —ugeTHas mepeCTaHOBKA UV,
—1, ecin off —HeveTHasA mepecTaHoBKa uv,  (3.50M)
0 B ocraldbHEX CIy4Yasx;
6“,.:{ +1, ecam a=u,
0 B oCTANBHHX CJayvYanx.

(3.50m)

3.14. iyansBne Ten30pH

Hdas moGoro sextopa J, m1060r0 aHTHCAMMETPHYIOrO TEH30Pa BTOPOTO
paBra F (Fop=Fiqp)) m nxc60r0 aB7ECYMMETPKYHOTO TEH30pa
tTpethero panra B (B.p,= Bjapy]) MOMKEO DOCTPOMTL HOBHi€ TEH3OPHI,
onpefiesiieME:e PAE€HCTEAMH

1 1
.Jaﬁv= Jueuaﬂvv ‘FaB =3 F'WBMaB, *B,= T Bluvswva. (3.51)

Tensop *J) wasmBaetcs «ayanbrbim» Temsopy J, *F—pyansnem F,
*B— nysarErM B. [Bume (B § 2.7) caoro «ayansmwii» Gpao ymo-
Tpe6lieHO COBCeM B JPYTOM CMbcCie: cceokyniccms CasmcBmx 1-dopm
{©*} 6rina Haspama pyanrHON COEOKYIHOCTH CasECHEX BeKTOPOB {8y},
eciiz (%, Op)=6ap. K cuacTeio, HeT HAKAKHX OCHORaHM# DYTaTh ABa
tana ayajrEocTH. OpHH P3 HHX YCTAHARIMESET CCOTHOIIEHHE MEXKAY
COBOKYIIHOCTBI0 BEKTOPOB M COBOKYDHOCTHIO 1-GopM, Apyroi — mexay
AHTHACHMMETPAYHHMM TeH30pPaMF DAaHIA p A AHTACEMMETPHYHHMH
TeH30paMH paHra 4—p.]

YOPAKHEHNAS
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a. ITogamuare, 4TO
**J=), **F=—F, **B=B, (3.92)
T. e. Jnw000OA COBepIIEHHO AaHTHCEMMeTpmuHBIA Tewsop H MokHO
(C TOYHOCTBIO MO 3HAKa) BOCCTAIOBATHL M3 NyalbHOro emy tensopa *H,
npnMeHAB eme pa3 AyaiabHOocTs **H. JTO rosopur o tom, uro H m *H
comepyKaT aGCONIOTHO ONHHAKOBYI0 MH(OPMAIHUIO.

6. TlpomemoncTpupyiiTe B ABHOM BHAe TOT (PAKT, 9TO [yaJbHhe
TEH30pPH COAEp:KaT OAHY M Ty jke MHPopMal(ii0, pACONCAB KOMIOHEHThI

*A%Y qepes A%, a raxmke *F*® —uepes F*® u *B*—qepes B*®,

3.15. T'eomerpnueckan ¢opma ypaBHemmii MaxkcBeana

Ilycets F — Temsop anexrpomargutaoro mous. [lokaxnre, autro V- *F =0
OpefCTaBIAeT CO0OW reoMeTPHYECKYI0, He 3aBHCAI(YI0 OT CHCTCGME
KoopamuaTt, ¢opmy ypaBHeHmii MakcBpesua:

F(Lﬂ,v—l‘Fﬂv,a‘I‘Fva.,B:Oo

Amajoruygo mokaxkurte, 4T0 V -F=4n) (guseprenmus mwo Bropomy
wanany F) mpexpcraBiser co6oit reomerpmueckyio ¢opmy ypapHeHHi

FaB_5=4:l1;Ja.

3.16. Coxpamenne 3apana

Busegnte u3 ypapmenmit Makcseana F®™ g=4nJ® (ypasuenme cox-
paHeHHA 3apALA»

Ja Ia-_—-'O. (3.53)

IMokaxiuTe, 4To 3TO ypaBHeHM¢ NeHCTBHTENbHO OMMCHIBACT COXpalleHHe
sapana. JanbHelinice ero M3ydeHHe NMPOBOAMTCA B IJI. D.

3.17. Bekropnmii noreHmman

Bextopueit moteHumax A B TeOpHHM 3JEKTPOMATIleTH3Ma reliepupyeT
TeI30p 3JMEKTPOMATHHTHOTO IOJA DOCPEeJACTBOM VpaBHEHHA

= — (autucammerpngnas dactb VA), (3.54)
T. e.
Fu.v= v,u—Au,w (354’)

a. [lokakuTe, 9TO 3JEKTpUIECKOE M MATHHTHOE MOJA B ONpeleeH-
HOH JIOPEH1eBOH CHCTeMe 3aJaloTCA BhIpaKeHHAMH

B=V XA, E=—04/0t—VA° (3.55)

6. Ilokaskure, uro F ygosaersopaer ypasmemmadmM Maxcpeina
TOTAA M TONBKO TOrJA, KOrga A yoOBJIETBOPAGT COOTHOLUEHMIO

A% AR %= b, (3.56)
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B. [lokaskATe, 9T0 OpH «KaAAOGPOBOTHHX HIPeoGpPasOBAHHAXS YNPARHERUA
Asosoo = Acrapoe + ¢, ¢ —mpomssonrHas $ymkmmsa, (3.57)

F He maMeHseTCA.
r. ITokakmTe, 9T0 KaAMOPOBKY MOKHO BHOpATH TaK, YTO

V-A=0 («70opeBEneBa KamaGpOBKa»), (3.58a)
OAmm —4n). (3.586)
3necs [J —BoaHOBO# omepaTop (¢xanmamMGepTHAH»):

OA=A4%", ,e.. (3.59)

3.18. [InBeprenmus SAEKTPOMATHHTHOrO TEH30PA SHEPIrAH-AMIYAbCA

Hcxonsa m3 TeH30pa 3JeKTPOMATHAT::oro no.iaA F, MoxHO caeayomuMm
0o0pa3oM DOCTPOUTh CEMMETPHUHEIA TeH30p BTOpOro pamra T («reHaop
JHepIMA-AMOYALCA», pacCMaTPHBaeMHi B TI. 5)

T = o (PPF o — - vFopF™) (3.60)

B kauecTBe yHIpaKHOHHS IO KOHIIHPOBAHHEIO WHICKCAMIH:
a. [oxkaxnare, atro V-T EMeeT KOMIOHEHTH

! 1
T,y = g [P Pt P, y— 5 Fop P ] (3.61)
6. IIpeoGpasyiite aro BHpaskeHmMe K BEAY
1

Ty, V=g [ _F'mFav' V—TFGB (Faﬂ, u'l‘Fua. 8+ Fﬂu, a)] H (3'62)
3aMeThTe, 9TO mepBHil wieH B (3.62) monyzaeTca HemocpexcTBEHHO
B3 Broporo uiena B (3.61).

B. Mcnoarays ypaBHenne Makcpenna, moaydmre

™ = —F"J,. (3.63)

Jlonoanenne 3.3. TEXHUKA ««KOHI'JTUPOBAHHASA HNHAEKCAMHA»

Y paBHeHAE HaspanHe B DOACHEHHe

8%y =S (0%, g, 8y) Buuncnenne KoMoomeHT

5B, = $(0%, @b, e,) BuuECNCHEe ADYrEX KOMIOHCHT

$=5%,0, ® 0f @ @’ BoccramoBieRne 8 no ero KoMmomemTHo# Qopme pamra (}
8y 2

9—01457
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¥Ypaerenne

Ha3spaHHe H NOACHEHHe

S=Saﬂ?°a® °B® ey

578, =nPhs%,,
S auv =1NupS an
Mll = Saua

TGLB‘w =SB M,

AZ=4%4,

Nap bv— 8a?

S%y=N%, y
Rg = NGB. a

N%g, y=(nguN®),y =npu N,

NaB’ v = NaB' unm’

(RaMB).v = Rq, vMB+RaMB. v'.
1
Gop=Flap) = 5 (Fap—Fpa)
1
HaB=F(aB) = ‘E(Faﬂ+FBa)
*Japy=7J Yeuapy

1
‘FGB = ? Fuvsuvaﬁ

*By = "é— B"uvemva

BoccTanoBIeEMe $ mo ero KoMnoHemTHo#l ¢opme pamra (3).
(HamoMEnM, 9T0 06m9HO MexAy pasimuBEMU ¢opMaMu He
AenaeTcA pasnMuMA; cM. ypaeHCHHe (3.15) m ero obcysxneHue
B TEKCTe)

IlonEATEE MEAEKCA

OnyckaEmEe MHJEKCa
Ceeprka 8, B pesyibTaTe KoTopoil 06 pasyeTcs HOBHi TeH30p M

TemsopHoe mnpomsBefiecEMe $ u M, peayabTraToM KOTOpoOro
ABIAercA HOBHH TeH3op T.

Kpagpar nauEH BeKTopa A, mnodyvdalomuiics B peayabTaTe
o6pasoBaBua TeE30pHOro mpousBeneBusa A @ A ¢ mociaexyio-
med CBepTKOM M COBHIAAANOILil ¢ TeM Ke KBafpaToM NJHEH,
npepcTaBagommuM cololt pesyabrar HepecedeBns 1-GpopMu
A, cooreerctByiomeit A: A2=(A, A)=A4%4,

Marpana || ngp ||, 06pasoBaBEas K3 «KOBAPHAHTHHIX KOMIO-
HeHT» MeTPHKH, o6paTHa MaTpuue |hn""3 ||, o6pazoBaBHOi u3
«KOHTPaBapHaBTEHX KOMNOHeHT». Hiu, 49To To Ke caMoe,
NOAHATHE MBAEKCA Y MeTPUKM Tgg NPUBOANT K CHMBONY
Kporekepa

TpapuenT teHsopa N, sBagwomuiica HOBHM TeH30poM $

JuBepremnnsa Temsopa N, sBiIAOMAACA HOBHM TeH3opom R

BuuncieEde IpagueHTa M NOJHATUC WIM ONYCKaHHE HHAEK-
COB— KOMMYTHPYIOI{KEe ONEpaLuy
KoBTpaBapuaHTHHE HHAEKC IpajfiFeATa NONy9aeTCH LOAHATH-
eM KOBapMAHTHOTO MHAEKCA

VROM =

T'paguent TEH30PHOTO0  MPOM3Be[CHUA:
= tpancooanuaa=(VRQ@M)+R S VM

ABTHCMMMeTpu3alua Temsdopa F, pesyabraToM KoTopo#i
fABNAETCA HOBHI1 TcH30p @

CumMmeTrpusauusa TeEdopa F, peayJbTaToM KOTOpoil sBiaseTca
HoBuiii TecH30p H

OGpasoBaHue TCH30PA TPETbEro paHra, AYAJbHOTO BEKTODY
(yupaxgenue 3.14)

O6pa3oBaENe aHTHCUMMCTPHYHOIO TEH30pa BTOPOTO pAHTa,
AyaJbHOTO JAHHOMY AHTHCHMMETPHIHOMY TeH30pY BTOpOro
panra (ympaskaeHue 3.14)

O6pasvBanue 1-GopMH, RyalbHON ARTUCHMMETPUIHOMY TEH-
30py Tperbero paHra (yupaskaenue 3.14)




4. QNEKTPOMATIHETU3M
U OAUODEPEHLIUATIBHBIE ®OPMbI

9Ta rnaBa NEJIAKOM OTHOCHTCA K Kypey 2.

Ona Heo0XoguMa B KayeCcTBe MOATOTOBHTENLHOrO MaTepmana mua § 14.5
H 14.6 (BLYECneHHme KpHBHSHHB ¢ nomMompio maddepennpanbEnx dopm)
B mna ra. 15 (Toxpecrsa BMAHKE B IpAHHIA TpaHENN),

HO He HY)XHA JAj NOHHMAHHA OCTAJAbHON YACTH KHMIH.

§ 4.1. BHEIIHEE MCYHMCJIEHHE

CeMmeiicTBa NOBEpXHOCTel, KAK pacmoJoskeHHHE OTAEABHO, TAK H mepe-
cexalomuecsi, B pe3yJbTaTe 4ero o6pasyioTcA «COTH», «Kopolku A
AUNy B ApYyrade CTPYKTYpPH MomoGHoTo pofa («anddepenumansane dop-
MLI»), IO3BOJAIOT C eiNHOH TOUKH 3PeHAA MOJONTH K reOMeTpHHU 9JeK-
TpoMarHeTd3Ma W rpasuTaumm. OfHako, 4To6H OCBOHMTH TaKOH HOJ-
xon, Tpebyerca HekoTopoe BpeMA. I103TOMY IpH mepBOM YTEHHH KHHTH
GoABMMHCTBO YATaTeNeill MOKET ONYCTHTH 3Ty IVIaBY H HocCJeAylomumi
MaTepHaJ, KOTOpDH# Ha Heil OCHOBaH.

Ha ananaTrueckom A3bike nuddepenunansane gopMu npeacTaBin-
10T co60ii COBepIMEeHHO aHTECUMMEeTPHYHHE TEH30PH; HA A3HKe PHCYH-
KOB — 9T0 mepeceKamllmecA ceMeiicTBa moBepxHocTeil. MaTeMaTHue-
ckuit dopManaM, MO3BOJAOIIHIA C JeTKOCTHIO onepHpoBaTh nEddepen-
nHaJbAKMA dopMaMu M HashBaeMblil «BHEIIHHM MCYUCIEHAEM», KpaT-
KO M3JI03keH B fonoJHeHHHA 4.1; ero ocHoOBHHE 0CO6eHHOCTH HILIIOCTPH-
pYIOTCA B OCTaJbHOH 4aCTH IJaBH, Ile Ha ASHKe 3Toro dopMarmaMa
@3jaraeTcsi 3JAeKTpOMarHATHaA Teopus. Ilo-BmamMomy, HamGoaee ad-
deKTHBHHI cO0CO6 M3yYeHHMA NAHHOME TJIaBH COCTOAT B CJENYIOHIEM:
1) mpocmoTpers AomosaHeHme 4.1, 9ToGH YJNOBHTH CYTH opmainama;
2) BHMMaTeJbHO NPOYECTh OCTAJBHYI0 9acThb IJIaBH; 3) BepHYTHCA
A noapo6HO M3yuMThH AomosHeHue 4.1; 4) mpopaboTaTh ympajkHeHHsA
AN TmpHOGPeTeHAs HPaKTHYECKEX HABHKOB B 3ToM dopmanusme.l).

1) Bonee moapoGHO, WeM B 3TO# KHATe, BHEIMHee HCUYMCIEHNE HBJOKEHO
B pa6orax [97—101], u ocoGemno B paborax [102] (oTHOCATEABRHO AOCTYNHO,
¢ MHOTOYHCICHHHMM OPHIOKEHHSAMH), 7103] (A1A HecnemWaANCTOB M CTYAEHTOB
MJIAJMHEX KypCOB, HO Ha COBPeMEHHOM MAaTeMaTHIeCKoM ypobme), [104, 105].

Qe
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Honoxnermme 4.1. JHAOOEPEHIHAJIBHBIE ®OPMbI H BHEIMHEE NCYHUCJIEHHE
B KPATKOM M3JIOKEHHH

3nech mpHBeMleHH 1A COPaBOK OCHOBHHE ompefeaeHAA H GOPMYIH BHeMIHEro MCIHCIe-
mms. Hamaid myHEKT cocTodT u3 o0mero mosoxeHEs H OCHOBHEIX NpHJIOMKeHHEH. Mama-
raeMult Gopmana3M OPHMEHEM HE TOJILKO B MPOCTPAHCTBE-BPOMEHH, HO H B reOMeTpH-
9eCKAX cHCTeMaX 6onee o0mero BHA (CM. 3aroJoBKH K pasmenam). 3fechk He HelaeTcs
DOOHTOK HH HPOJAeMOHCTPHPOBATH BHYTPEHHIOI HEOPOTHBOPEYABOCTH fopManmaMa,
HHE BHIBECTH ero M3 KaKod-IM00 COBOKYMHOCTH ompefeideHHil m axkcAoM. CHcTeMaTHwe-
CKOe H3JI0}KeHHe HmpefMeTa MOKHO HaiiTm, Hampmmep, B paborax [67, 70].

A. Axrebpa I (upamennma B m0GOM BEKTOPHOM IPOCTPAHCTBE)

1. Basucnue I-opmwn
a. Kooppammarauit Gasac @ = dz’

(j—novep 1-dopmu, a He KOMIOHEHTH),
6. O6muit 6asuc o = L'y dz*’.

I punoxcernue. TIpocTaie GasucHWe 1-GopMbl, HCHOIB3yeMbe OPH AHATH3E IIBapI-
MHAJIBIOBCKOH TI'eOMETPHE BOKPYr CTATHYECKOT0, CHepUYECKH CHMMETPHYHOrO
HeHTPAa IPHTAKOHHAA:

@°= (1 —2m/r)"/* dt,
o!'=(1—2m/r)""2dr,
0’=rdo,
od=rsin0d¢.
2. Odwyuii eud p-gpopmu (uau p-eekmopa) UpeAcTaBaAeT co0oil COBepMEHHO aHTH-

CEMMETPUYHLINA TeH30p paHra (g) [mm (8)_] Ero M03XHO pa3i0osKATh IO KOCKM
mpousBefiendAM (cM. § 3.5 m ympawuenme 4.12):

a'=-;—!'ailin...ipmi‘ A o's A-. A ol =) gig. . .ip lf")ﬁ A ot AR A oir,

(Ectm HEJeKCH B3ATH B BePTHKAJBHHE Y6PTOYKH, TO CyMMHPOBAHHe PacIpo-
CTPaHSAeTCH JAMb HA KOMOHHANEM iy <<ip <<...<<ip.)

Hea npunosxenus: 1-popma smepram-mMmynsca ecTh 1-gopma Bmia a=q,0f,
MIH

p=—Edt{p.dz+p,dy - p. dz.
F ectb 2-popma BEna P =P 0" A\ @', BT B WIOCKOM IpOCTPAHCTBE-BPEMEHR
F=—E.dt \ dz—E, dt \ dy—E, dt \ dz+
+B.dy A dz+4B,dz A\ dz+ B, dz A dy.
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3. Kocoe npouseederue
CDpaBefIBBH 6ce XOPOIO HSBECTHHE DPABBNA CJIOMKEHESA H YMHOMKEHESA,
HanmpEMep
(6o +bB) Ay=ax A v+ A v,
@ABAv=aABAV=cABAY
3@ UCKAIONeHUeM MONE(HMIEPOBAHHOIO NIPABHIA KOMMYTaNEM p-JOPMH & H
g-$opmMu B,k0TOpOE HMeeT BHJ
a\B=(—1)"B Ao
r 49 rq 4
M pusoxcenue x I-Popman a, P:
aAB=—PBAa, a\a=0;
. 1 <
a A B=(a;0) A Bro") =apro’ A 0" =3 (@b —Bjan) 0’ A o™,
4. Ceepmra p-gopmbi ¢ p-6exmopor
(@, Ay=ayy. .5 AP A LA OP 0 AL A ey =
PP S ~

[= 8} 12 (cw. ynpammenna 3.43 u 4.12)]

f. ..
=i...ip1 A e

Yemupe npusoxrcerus:
a. CrepTka 1-(OpMH 8HEPrEE-EMOYJHCA WACTHOH [ = Dg®; C 4-CROPOCTEI
u=u%e, mabmoparens (i-BexTop):

—(p, W)= — pou” = pHEprEA wACTHNH.

6. Ceeptra 2-dopmMu F ¢ GumpextopoM &6 & A A& [rme 8&F = (d&/dr;) AN
1 AF = (d&/dA,) Ak, — nBa GeCKOHEYHO MaJHX BeKTopa Ha 2-TIOBepX-
BOCTE (A, Ay), a 6nBeR'rop XapaKTepH3YeT 9JeMeHT NOBEPXHOCTH, HA HAX
onBpaiomuiics] paBEa MarEmTHOMY notoky @ = (F, 6& A A& ) gepes
3TOT 9JIeMEHT HOBEPXHOCTH.

B. B Gonee o6meM ciydae p-MepEHIA Dapanieiennmel, peGpaMH KOTOPOTro
ABIAKTCA BEKTODH 8,, 8,, . . ., 8,, o61aflaeT OPHEBTAPOBAEHKM 06BeMOM,
ONACHBAEMHM «npocmuM» p-BekTopoM @8, A 8, A ... A 8, (opHeHTE-
POBAHHRM NOTOMY, 9TO NEePeCTAHOBKA ABYX pefep MeHseT 3HaK o(beMa).
CTpyKTypa THOA «KOPOOGKH JJjf fAMI», CTEHKaMA KOTOPO# ABJAAKTCH THIEp-
OJOCKOCTE p pasnamueEHx 1-gopm ¢!, 6%, ..., OF, omAcuHBaeTcA «npocmoiiv
p-bopmoit 6 A 0® A\ ... A\ o®. Koamuectso sineek 6! A 6> A\ ... A o7,
OTCeKaeMHX O€CKOHEYHO MaJHM p-o6bemoM 8, A 8, A ... A 8p, paBHO

GARNA ... NP ay Ay A-.. N 8p
r. fiko6ma® cmcTeMH p GyHKNmi /"(:t:l e :c’) paBeH
(INIEA - NP SN ST A NSy =
—dot | (%) | = i Lo )

(2%, 22, ..., 2P)"
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5. HIpocmue gopmv
a. Mpocroit p-popmoit HasuBaeTcsa p-PopMa, KOTOPYIO MO;KHO 3ammCaTh B BH/E
Kocoro mpomaBeieRHs p 1-popm:

g=a/\|3/\.../\y.

P MEOKATeNeH

6. IMpocrass p-popma e« AP A ... A ¥ Moxer OHTH mpeAcTaBiIeHa CeMeii-
CTBaMH IepeceKanmaxcsa mIocKocTe e, P, . . ., ¥ (CTpyKTypa TEOA «KOpPO6-
KH BAs AANp) B COBOKYOHOCTA ¢ HampaBienmeM o0xofa (opmeHTamms).

I pusoxcernus:

a. B uerspexmMepHOM mpocrpaHCTBe (HampHMep B OPOCTPAHCTBE-BPEMEHH)
Bce O-popmer, 1-Popmu, 3-PopMH H 4-GopPMH HABIAAITCH IPOCTHMH.
2-popma F B o6mem ciayuae ABagercsa CyMMoil JIBYX HpocTHX ¢opM,

Kak, Hampamep, F = —edt A\ dz + hdy Adz; oma mpocta Torma u
Toneko Ttorma, korga F A F = 0.
7. CopokymHocTh 1-dopM @, B, . . ., ¥ TuHejiHO 3aBHCcAMA (0/IHA €CTH JHHEIl-

Haf KOMOMHATEA OCTAJBUBIX) TOT/Ia K TOXBLKo TOrAa, Kormae AP A ...
.«. A vy=0 (curomennas «KopoOka Aaa AAI»).

B. Baemuas npom3ponmaa (npuMennma B moGoM «raddepernapyeMomM mMHOr00Opa-
BHH» KaK ¢ METPHKOif, Tak u (e3 Hee)

1. d oGpaayer (p + 1)-Ppopuy do uz p-popmu ©.
2. Ileiicteue d ompefensieTca mo HHAYKUAH, KCHOAb3ys (ria. 2) ompeneinenne d/,
rne f — ¢pyukuua (0-gpopma), aroc

d(gt /\.g)=da/\ B+ (—=1"a A dp,
d>=dd=0.
d(x A dB) = de A dB.

Jea npusoxcenus:

Oasa p-dopmu @, rge
o= ¢|ii. Lip dxi‘ A oo A dxip’
AMeeM (1pyroe, SKBHBaJeHTHOe oupenencane d®d)

A0 =ddysy. . iy A b2t A ... A daio,

B. Unrerpuposanne (npuMeHAM0 B modoM «gupdepeAmEpyeMoM MHOrooOpasHH»
Kak ¢ MeTpHKOli, Tak H Ge3 mee)

1. Humepnpemayus ¢ pucynrax
B Tekcte u ma pucyHwax ra. 4 Sa (uuTerpas ot HekoTOpoil 3ajuamHOH 1-Pop-

MH ¢ BJONb 3aJaHHOH KpPHBOH OT 3aJaHHOR HAYAJHLHON TOYKH X0 3aJaHHOH
KOHE4UHO TOYKHM) WHTepHOPETHPYeTCHS KaK «IACI0 e-IIoBepXHOCTeil, mepeceKae-

MHIX Ha DTOM OYTA»; aHAJOTAIHHM o6Gpasom S @ (uuTerpat ot 3afaHHOK 2-Pop-
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M @ Do 3aflaHHOMY Y9YaCTKY HOBepXHOCTH, Ha KOTOpoif 3aJaHO HampaBJeHME
06X0/la, BN «OPUMEHTAILAA») AHTEPIPETAPYETCA KaK «IHCIO iTeek COTOnoA00HOH
cTpyKTypn @, mepeceKaeMHX B3THAM YJaCTKOM HOBEPXHOCTH»; MONOGHHM sKe
o6pa3oM fmaercs ompeflefieRAe AJsA CTPYKTYP THOA «KOpoGkm MIA AHLp, mpen-
cTaBaAomUX 3-PopMH, B T. I.

2. ITpasusa evuUCACHUR LHMEZDAA0E
Buuncienne Sa — HmHTerpaja ot p-GpopMu

a=ai.. . ip) (2% ..., TN AT A ..., daip

0O p-MepHOl WOBEePXHOCTH — IPOHM3BOAHTCA B JBa 3Tama.
a. HoacTraBnM B & mapaMeTpHueckoe mpefcTaBleHHe MOBEpXHOCTH

R (AL, ..., AP)
M IpHABefieM CyMMY K BHIY
a=a(M)dA A ... A dAP

(e mpefactaBnena Kak p-fopMa Ha p-Mepuoil mOBepXHOCTH).
6. [Ipounterpmpyem

S a= S a (MydMdaz. . .da,

ACH0Jb30BaB 0GEUYHOE ompefielienine MHTerpupoBarusa. [ITpumep. CMm. ypas-
Henma (4.12) — (4.14).]

3. Jugepenyuasvias zeomempus UHMEZPUPOSAHUR
Buuncanm | @ ot p-popMb @ caefyommEM 0Gpa3oM.

a. Bribepem p-MepHy0 HOBEpXHOCTb of, 1I0 KOTOPO# HY’KIO B3ATh MHATErpal.
6. TpepcTaBuM o B mMapaMeTpHYeCKOM BHJEe B COOTBCTCTBHHM ¢ o6muM mpep-
CTaBJIeHHeM O ITOBEPXHOCTH Kak o ¢yHkiuu mapamerpos & (A, A2, . . ., AP).
IIpn sroM ¢urcupyerca ee opmeHTanusa. Ta ke @yukuusa ¢ Al < A%,
& (A2, AL, ..., AP) onmceiBaeT APYryi0 (IPOTHBOMOJOKHO OpPHEHTHPOBAH-
HYI0) HOBEPXHOCTh —dof.
B. BecKoHeuHo MaJhlii mapaJlijiejenunes
0P rny 0P rng AP Aap
(am M‘)/\(asz‘)/\“'A(axpM‘)
KacaeTcsl BHIOpaHHOH moBepXHOCTH. UHCIIO siYeeK @, KOTOpHe OH OTCeKaer,
paBHO

aP aF
<a,-a—“—/\ .../\W>Av...mf'.

Ilpu mepectaHoBKe IBYX BeKkTopoB 0F/9A* aTo umcio Menser sHak momo6HO
TOMY, KaK M IDH W3MeHeHHH OpPHEeNTallMM IOBEpXHOCTH Ha IPOTHBOIOJOK-
HYIO.

r. Unrepnperaima, BHTeKalomMasa M3 CKa3aHHOTO BHIIE, NPHBOJNT K CHENYIO-
meMy onpejeJeHnio:

SaESS...S<a,—z}:£;/\%/\.../\%>dﬂd}ﬁ...dﬂ.
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970 ompeleleHHe B yOpa)KHEHHH 4.9 0TO)KMECTBIAGTCA ¢ NPaBHJIOM BHYHC-
NeHES HMHTETPaNoB mpefuaymero paspgeaa (B.2).
ITpusoxenue: Ilponarerpapyem rpanment df Bpons kpmsoii & (A) or & (0)
no & (1):
1

1
f 7= § (df, d*jdry dr= { (df/dh) dh=1 (& (1) — (& (O)L.
0

. HcnonrsoBanme cumBosa d B Tpex pasHHX 8HaueHHAX. ITepsoe: d (cBetioe)

B ABHHX BHPa)KCHHAX JIA IPOMBBONHNX, TAKHEX, Kak d/da, df/da unu dF/da;
YECIAHTENb H SHAMEHaTeJdh IO OTAGABHOCTH JHIIEHH CMHCJIAa, CMBICA AMeeT
JAHmMb BCA COBOKYNHOCTHL CHMBOJOB. Bmopoe: d (cBeTioe) moA 8HAKOM HHTET-

pajia, HampHMep S fda. B namHOM ciydae 3TO JHIb yKasaHAe, KAK BHINOJ-
HATh HHTETPHPOBaHHE, H CAMBOJ d JHMEH BCAKOTO CMEIC]a Ge3 3HaKa MHTer-
paia; « S ... d ... cymecTByeT Kak eq@Hoe Lenoe. I'pemee: d (;xEpHOe),

Hanpemep @ oraensHo, wiam df, uau da. Teneps sTOoT CEHMBOA O8Hadaer
BHEINHIOI NPOM3BOJHYH, KoTopaa mpeBpamaer p-fpopmy B (p — 1)-Popmy.
HNuorpa mas Ttoit ske meam ymorpebaserca d (cBerioe). CaemoBaTenwHo,
oTaennHoe d, mam df, mam dr, Bcerja O8HadaeT BHENIHIOI NPOH3BOAHYIO,

€CJH MM He CONYTCTBYeT 3HAK S (émopoe sBadeHme) mam 8sHakK / (nepsoe
8HaYeHHe).

4. O6obujennas meopema Cmoxca (cM. momonHenme 4.6)

a. IIycts 07" — saMkHyTasg p-MepHaf rpammma (p -+ 1)-MepHoii moBepxHOCTH

7, a 66— p-Popma, onpemeneHHaa Ha Bced ¥°. Torma

g

(mnTerpan ot p-fopMH G mo rpasune 47" moBepXHOCTHE 7 paBeH HHTErpaly
ot (p + 1)-Ppopuu do mo camoit mosepxHocTE 7).

6. UtoOH noayuHTh HpaBHAABHHH 3HaK, Heo0X0AHMO cornacona'rb opueu'raunn

Y’ m 87" B ciaemyomeM CMHCIe: Buﬁepeu KoopamaaTH Y9, ¥, ..., y® Ha
HEKOTOPOM ydacTKe ¥° TakmM oGpasoM, utobn y° < 0 BmoaHsaocs Ha 7°,
a y* = 0 — Ba rpaHmme 90%"; TorAa OpHeHTan®M

/\ ayl A /\ ayp

Ha 7" [ONMHA COOTBETCTBOBATH OPHEHTAIMA

ayi /\ /\ ayp
Ha 0% .
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B. Ilpumeyanue: B caydae HeopHeHTHpYyeMo#l HOBEPXHOCTH, HanpHEMep KoJblia
Mé6nyca, xorxa HeBOSMOKHO HeNpOTHBOPedYMBHM 006pa3oM BHOpaTh Hempe-
PHBHYIO OpHeHTaumI0, Tpebyerca Gosee CAOKHEE MaTeMaTHYeCKHii anmapar,
9T00H JaTh onpefesieHAe «J», NJIA KOTOPOTo BHIoAHAeTcA Teopema Crokca.

ITpusoxenus. YacTHRMA CIyd9asaiMBE JaHHOH TeOPEMH SBIAITCA BCE MHTEr-
pajibHEIEe TeOPEMH 1A MOBepXHoCTeil M060#t pasMEPHOCTH B IPOCTPAaHCTBAX
a06ofi pasMepHOCTH, KaK C MeTpHKoil, Tak H 6Ge3 Hee; OHa sABjsAeTcA
o606menmeM Bcex gopm Teopem Croxca m Taycca.

IIpnmepm:
a. ¥ —xpuBasa, 09" —ee rpanmuEHe To9KH, O =f—O0-dopMa (Pyurumsa):

1
Adj-_—_ { (afrdry an= L;=f(1)—f(0).
0 o

6. " — 2-nopepxHOCTb B 3-mpOCTpaHCTBe, 9" — ee TpaHMIa B BEHAE 3aMK-
HYTO# KpEHBO#, V — 1-popMa; B 9BKIHIOBHX BEKTOPHHX 0603HaueHHMAX

HHTEeTpaJdhl NPHRAMAIOT BHNJ

7L:|w=i(v><v)~¢:zs, oLv= Sv-dl.

i i 4

B. JIpyrme npmioskenms comepxatca B § 5.8, 20.2, 20.3, 20.5 u B ympam-
Hepmax 4.10, 4.11, 5.2 @ HEXKe.

I'. AareGpa 1I (npaMeEnMa B A1060M BEKTOPHOM NPOCTPAHCTBE C METPHEOM)

1. Hopmxa p-gopmn
lelP=a. . e’

Hea npuaoacenus. Hopua 1-dopMH paBHa Rnanpa'ry ee qamAH || @ [ = a-a.
Hopma anextpomarmmrmoit 2-gopmut F: || F |2 = — E2

2. O6vexm, dyasvnwil p-gopme
a. B n-vepEOM mpocTpaHCTBe 006DBEKTOM, AYanbHHM p-GopMe @, SBIAETCA
(n — p)-dopMa *a ¢ KoMOOHEHTaMm

(* “)lu...hn_p =alt! Byeiphy iy
6. CpolictBa nyaapEHX 06BEKTOB
**¢ = (—1)*'a B mpocTpamCTBe-BpEMeRH;
a )\ *a=|a|*e B o6mem cayuae.

B. IIpumevanme. Onpenenenne & (ynpaxkuenme 3.13) BiedweT B kaduecTBe cJaefl-
CTBAA OpHEHTanWI0 OPOCTPAHCTBa, T. €. 1) BHGOP «mpaBHX» OPTOHOPMHDO-
BaHHHX G6asmCOB, £} JJA KOTODHX & (@, ..., 8,) =-

Ilpusoxcenus:

a. Haa f (O-popma) mmeem *f < fe m S fd (o6beM) = S*f.
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6. IlyanpHoit K 1-popMe Bapapma-toka J sBaserca 3-gopma *). Ilonmmi

3apsaf Q Ha ydacTKe  3-MepHOW TANepPHOBePXHOCTH paBeH

0)={".
&

3aKoH coXpaHeHUA 3apAIa B JoKaJdbHOI Popme mmeet Bax d*) = 0. Teope-
ma Crorca cBsasnBaeT 9ToT nupdepeHHMaNBHEIA 3aKOH CoXpaHeHHA
¢ MHTErpajbHEIM 3aKOHOM COXpaHEHHA

0=§@d‘]=b§m‘1.

3 roT 3aKOH mpefcTaBAseT HAMGOALMHEN HATEpec, Korfga 07" = Fy— f,
COCTOHT H3 [BYX TPaHHI IPOCTPAHCTBEHHO-BPEMEHHO# o06mactm o,
(8 Gynymem) u o, (B mpomioM); B 3TOM ciaydae oH TIacHT Q (Fp) =
= Q (f,); cM. ympaskHeHHe 5.2.

B. JlyalbHHM K TEH30DY aleKTPoMarHMTHOro moas F ABuserca temsop *F.

W3 ypapmenma Maxcsenna @*F=4n*) maxommm, ato 4nQ =4n S *)=

- S d°F= S *F. d
¥ oy

3. Ewe pasz npocmele gopmus

a. Qopma, nyansHas K mpoctoit dopme, camMa ABIAETCA OPOCTOMA.
6. «Hopobkra ana auny dopmsl *O mepHeHAWKYJIAPHA «KopoOKe AIA AR Pop-

Mi6=a AP A ... A IR Bcilenywomem cmucIe:
1) Bo3bMeM mpOM3BOI LU BeKTop V, OpuHaIe;kamuit mepecegeHno MoBEPX-
HOCTel O,

((ai v)=(ﬂ’ v)= oo = (M, v)=0)’

2) BoshMeM mpou3BOabHHI BekTop W, mOpHEAajUIe;KamAil OepeceveHHIO
moBepXHocTedl *o@,

3) Torna V 1 W 3aBemomo mnepmeHmmkyinsipusl pgpyr ppyry: V-W = 0.

I pumep. B npoctpancrse-BpemMern O ==3d¢ ects mpoctas 1-popma.
a. *0= —3dz A\ dy A dz— mpocras 3-popma.
6. OGwmit BEA BeKTOpa Ha HOBEPXHOCTAX O:

V=V e,+VVe,+V’e,.
B. O6muEil BAX BeKTOpa Ha IepecedeHEA IOBEPXHOCTEH *O:

W=W‘et.
r. W-v=0.
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§ 4.2. JJIEKTPOMATHUTHAA 2-OOPMA M CHJIA JIOPEHIIA

‘Tensop saexkrpomaruaTHoro mois F saBisercAd aHTHCEMMETPHIHHIM
TeH30pOM BTOporo paHra (T. e. 2-¢gopmoii). BMecTo TOro 9ro6H pasia-
raTh €r0 OO TeH30PHHM HpoM3BefeHuAM GaamcHEX 1-dopm

F=Fopda® ® dab,

BO BHemMAeM HACYUCICHHH NPEJNOYATAIOT Pa3oKeHHe IO AHTHCHMMET-
PHE30BAHHEIM TEH30DHHIM IPOH3BeJEeHHAM («BHEIIHUM INOA3BEREHH-
AIM», ympaxHeHue 4.1):

F= 4 Foplz® \da>, (4.1)
d2% )\ dz8 = dr'® d2f — doP @ dz. (4.2)

ITogo6Hoe pa3smokenne MOKHO HamucaTh AJIA JI0G0H 2-gopMu (aHTH-
CAMMETPHYHOTO TeH30pa BToporo paHra). CuMBox «/A» HasuBaercs
«3HaKOM BHemHero mpousBefeausy; dz* A\ dzP — «GasmcHre 2-gopmMbn
HaHHO# JopeHueBoil cucTeMu (cM. § 3.5, ynpamuenne 3.12 m gomoJ-
Hermme 4.1).

CaMuIil TpoCTOi CIOCO6 DPOMITIOCTPHPOBATH TAKOE MpPECTaBIeHHe
3JeKTPOMATHATHOTO HOJIA B BHe 2-opMH — pPacCMOTPETh MaTHATHOE
moje B HaImpaBJIeHHH Z:

iFuz—_" - zy=Bx’
F=B.dy\dz.

1-popma dy = grad y oppeAcTaBasier coGoit COBOKYTHOCTH IIOBEpXHO-
creil (Tounee rumepmoBepxHocTeit) y = 18 (Bce ¢, z, z), y = 19 (Bce
t, z,2),y = 20 (Bce t, z, 2) ® T.0., a TaKike IOBEPXHOCTeil, KOTOPHE
MOKHO IPOBECTH MEKAY HEMH C IOMOMIHIO JAHEAHOH MHTEePIOJANNM.
AdanorauHeIM 06pa3oM MoskHO mpenctasuTh U 1-popmy dz. [lepeceue-
HHe IMOBePXHOCTel 3THX XBYX CeMeACTB 06pa3yeT coTonogo0HYI0 CTPYK-
Typy. 9Ta CTPyKTypa CTaHOBHTCA «2-PopMoil», ecmm ec cHabmATH
yKasaHHAMHA (CM. CTpeJKkH Ha ¢ur. 4.1), mosBodsomuMn HadTH «Ha-
mpasjende o6xofla» B Ka)Hoi TpyOKe TakuX coT (OPAJOK COMHOKATE-
Jeil B (KOCOM mpom3BemeHuu» B ypaBHenun (4.2); dy A dz = —dz A
A dy). 2-dopma F B paccMaTpuBaeMoM mpEMepe OTIHYAeTCA OT
«basucHoit 2-popmer dy A dz aMmb B TOM OTHOImeEHMH, 9YTO TaM, TIfe
dy A dz umeer oguy Tpy6ry, 2-bopMa mona mmeer B, TpyGoxk.
Korga yu paccMaTpuBaeM Tpy6uaTyio CTpYKTYpYy, KOTOpas 3aKpy-
YMBAETCA M M3TrMbaeTcsi B OPOCTPUHCTBe-BpeMeHM, A ee ONUCAHHA
HeoOX0AAMO GoJiblI2e UHCI0 KOMIOHelT. B ofmeM ciaydae 2-popMmy
37eKTPOMATHATHOTO WOJIA MOKHO 3amAcaTh B BHME

F=E.dzA\dt+E,dyA\di+ E,dz \dt
+ B,dyA\dz 4B, dz Adz 4 B, dz A\ dy (4.4)

(6 xommoHeHT, 6 GasmcHEX 2-hopMm).

(4.3)

Buipaxenne

A
IeKTPOMArHATHOR
2-popum  uepes
BHEIUIHHEE
TpoH3BEXCHHA

2-(popMa KaK COTH,
HA TpyGKax
ROTOPHLIX BaXAHO
HanpasieRne
obxona
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2-gpopua

XaK MamuHAa,
[POH3BOAAINAR
quca0 B3
OPHEHTHPOBANHON
DOBEPXHOCTE

Cuna JIopenua
KAR CBEPTKA
IIEKTPOMArHHTHOR
2-¢popMn ©
4-CROPOCYBIO
4aCTHIL
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1-opma — MammHa, OpPHESBOAAmMAA 4YHCIO H3 BeKTopa (ymaphr
KOJIOKOJIa IIPH HOCJefoBaTeJIbHOM NPOKAJHBAEAA BEKTOPOM HOBEpX-
HocTeit). 2-popMa — MamMHa, NPOM3BOAAMAA YHCIO H3 OPHEHTHPO-
BaHHOM TNOBEPXHOCTH (DOBEPXHOCTH C YKAa3aHHWM HanpaBieHHEM
ob6xopma: ¢ur. 4.1, cnpasa BEA3Y). CMECH 3TOTO YHCJA TAK ’Ke HOPOCT,
KaK B mpocTelimeil TeopEHE MarHeTA3Ma,— YHCI0 dapafeeBHX Tpy6oK,
HepeCeKaeMHX NIOBepXHOCTHIO. JieKkTpomarEdTHasA 2-popma F, omm-
chBaeMas TakKoil «TpyGuaTofl CTpYKTYpoit» (B CoOTBeTCTBYIOmEM alCT-
PAKTHOM NOHHMAaHHH; [ONOJHEHHE 4.2), peajbHO CYMECTBYeT H pac-
HO0JIO}KeHAa B HPOCTPAHCTBE HE3aBHCAMO HH OT KaKHX KOOPAMHATHHX
CHCTEM H HH OT KaKOT'0 HCKYCCTBeEHOT0 pa30ueBHA Ha «3JIGKTPHYECKOED
H «MarTHATHOe» DoaA. Dojee Toro, Takme TPpYOKH HO3BOJANT HaTh
HaH6oJee HemOCpPEACTBeHHYIO (M3 BCeX HpPeAsIo:eHHHX paHee) Ieo-
METPHYECKYI0 HHTEPIpPETANHI0 TOMY, KaK SJICKTPOMarHHTHOEe IoJe
HeACTBYeT Ha SapAKEHHYI0 9acTHLy. PacCMOTpEM uacTHOy C 3apA-
noM e, 06IafaroMYyI0 4-CKOPOCTHIO

dza
dt

u= 8a. (4.5)
Ilycts oTa wacTHHA mpoJeTaeT uepes o6aacTh, rje SIEKTPOMATHATHOE

pmoJie omHcHBaercA 2-dopmoit

F=B,dyAdz, (4.6)
npeAcraBierEHol Ha ¢mr. 4.1. Torga cmiua, meidicTeyloman Ha 9acTANY
(Tpakryemasa kak 1-Popma), paBHa cBepTKe 3TOH 2-dopMH C 4-CKopo-
CThIO (B 3apAnOM):

p=dp/dt=eF (u)=e(F, u). (4.7)

HenocpeacTeeHBNM BHYHCIHeHAEM, NeHCTBYA DO OYePeAM KajK[AhM H3
ABYX cOMHO;kHTeledl 2-GopMH Ha KacaTelbEHH BEKTOp U, HOJTydYaeM

p = eB, (dy \dz, u)=eB, {dy (dz, u)—dz (dy, u)}=
=eB,{dy(dz, u's,)—dz (dy, u's,)},
HIHR
}.7., dz% = eBu’ dy — eB.uY dz. (4.8)

CpaBHUBasg Kood¢muueRTH mnpA pa3amuyEnx GasmcEmX 1-dopMax
B IPaBO# M JeBO# 9aCTAX 9TOrO YyPaBHEHHA, MK MOJyd9aeM B DOJpPOG-
HOM BHAe cmiy JlopeHma, o6ycloBlieHHY0 MarHATHWM Doixem B.:

. dp dz
Pv=—g=¢Bz g,

4.9)
s _ _p (
b= = i

ITH pacCy}ENeHHSA Jerko pacmpocTpPalMTh Ha 00Nyt ciydail 3JeKTpo-
MarHHTHOTO IOJA, OTKYAa CHEeNYyeT BHBOA: CKOPOCMb U3MEHEHUR UM~
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DUT. 4.1.

TMoctpoerue 2-popmur simexTpoMarmatrHoro moxs F = B,1y A dz us 1-popm
dy u dz ¢ HOMOHIBIO- ¢<KOCOTO YMHOMKEHMAT» (IOCTPOSHAS COTOHOZ00HOE CTPYKTYPH,
HampaBieHne o0Xxoma KoTopoil yKasaHo cTpeixkama). 2-popmMa mpemcTasiaseT
coboit «Mammay xaa o6pa3opaHIUA TiCAA M3 OPUCHTHPOBAHHOU ITOBEPXHOCTILH
(RaaocTpanmeit CIy:KUT BHOpaHEAA B KauyecTBe 06pa3ua MoBepXHAOCTh, OKARMIOH-
HaA CTPeJKAaMHA, B OPABOM HIGKHEM YILIYy; 9uCIO TPyOOK, LepeceKaeMuiX 3Toif
I0BePXHOCTHIO, PABHO

F=18;
no 3Tolt NOREPXHOCTH

HAIAOO CBA3b ¢ PapameeBCKOil KOHOENOMEH «MATHATHOTO MOTOKa»). Takyto Tpak-
TOBKY 2-pOPMHE MOKHO CBA3aTh C TPAKTOBKOIl TCH30pa KaK MamuHH, rJ1. 3, Cle-
nyomuM obpasom. Qopma OpUeHTHPOBAHHOK OBEPXHOCTH, 10 KOTopoil Geperca
uHTerpax ot F, He urpaeT pomd, eciai 3Ta MoBePXHOCTh MaJsa. Warerpan: ot F
3aBACHT TOJBKO OT ILIOMIALH [TOBEPXHOCTII If CO OPUOHTAIIU. Bo3pbMeM [BA BeK-
Topa U M V, OpUHA[JIeKAmue moBepXHOCTH. OHU ABAANTCA pebpaMu mapas-
JieJorpaMma, OpUeHTamuA (3a U cCIegyeT V) M HIOMAAb KOTOPOrO BHIPAXKAITCHA
BHemHWM npounsseneHueM U A\ v. IlogGepeM navEH U n Vv TaK, 9ToGW omdpaio-
maicA Ha HAX OapaJjjejorpaMs u A v mMel Ty ke mJIomagb, 9TO H HOBepX-
HOCThL HATerpmpoBamnsa. Torxa

g F=SF=F(u,v).
110 MOREPXHOCTH uAY S
~  TPaKTOBKa
TPaKTOBKa aHHOI rJaBs ra. 3

Ynpaxcuenue. Tlonydure 9TOT peayabTaT AaA GecKOHEUHO MaJjOit MOBEPXHOCTH
uAvuF B obmem Buae, Hcmoas3ya Qopmanasm AomoaHeEMs 4.1.
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p+12

OUT. 4.2.
2-popma amexrpomarmmtHOro moaa F mpepcraBaser coGoli MammuBy, IpOU3BOAS-
myio 1-popMy (CKOpOCTh H3MOHEHHA BO BPOMEHN MMIYJbCA SapAMEHHOH YaCTANN

p) H3 KacaTeJILHOr0 BEKTOPa (IponaBefieRAe 3apAAa YACTALH e Ha ee 4-CKOPOCTS ).
B mpocTpaEcTBe-BpeMeHH 2-popmMa oOmero BEAa ABJAETCA «CyIePHO3UIHEEH»
(cM. pomonmHeHMe 4.2) nBYX CTPYKTYp, HOROGHHX Tofi, KoTopas maobpas;keHa
B BepxmHell wacTH ¢uryps, npuueM HaKIOH M ynaKoBKa TpyGox mepBoii M3 HHX
COBHARANT ¢ yKasaHHHMH Ha ¢Erype, a TpyOGKE BTOPOli HAKIOHEHH B KPYroM
HaNpaBjIeHRY H UMEKT APYTyi0 IIOTHOCTH YHOAKOBKH.
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nyavca (I-ghopmul) co spemerem pasra 3apady, YMHONCEHHOMY HA C6ePM-
xy F ¢ 4-ckopocmvio. Ha ¢ur. 4.2 mamocTpupyercs, kak 2-gopma F

.
BHICTYHaeT B POJIM MaIIMHK, mpomspopameir 1-gopmy p m3 kKacaTenn-
HOTO BEKTOpa el.

Nonomaenne 4.2. KAK ABCTPATHPYACH OT ITOHATUA «COTONOAOBHON CTPYKTYPBI»
NPAATH K MNOHATHIO 2-®OPMBI; CIYYAH 3-TIFOCTPAHCTBA
H IPOCTPAHCTBA-BPEMEHH

OTKpoiiTe KapTOHHYI0O KOpPOOKYy, comepamyio MIOKEHY OYTHUIOK, M DOCMOTpHTE
Ha COTOHmONOOHYIO CTPYKTYPY, KOTOpPYI0 00pasyloT KapTOHHHE CTEHKU MEKAY OyTHII-
KaMH, pasfieliilope AMEK B HaOpaBJIeHMH C CeBepa Ha IOr M C BOCTOKa Ha 3amaj.
Taxasa cotomogob6Hasi CTpYKTypa M3 «TPYGOK» («oTHelleHHE 1A OGYTHIOK») ABIseTCA
NOBOJABHO Xopomedl MiIOCTpaudeii 2-gopMn B ciaydae oOW9HOTO 3-mpocTpaHCTBa.
KaxgoMy TriafikoMy 2JIeMEHTY 2-NOBepPXHOCTH, HepeCeKalmeMy 3Ty TpexXMepHYIo
CTPYKTYPY, CTaBHTCA B COOTBETCTBHe IMCI0 (JMCHO mepeceKaeMHX TpyGok). OmHako
mepeceKalomuecs KapTOHHEE CTEHKH — 9TO yike M3JIHMIMHAA KOHKpeTH3anusa. Bee, uto
MOKeT IaTh HacToAmasA 2-dopMa,— 5To JIMMb YHUCJIO mepeceKaeMHX TPYGoK, HO He MX
«popmy». IloBepumTe KOpo6KyYy Ha moay Ha 45°. Temepp pasfenuTenvHble CTEHKHM HAYT
¢ ceBepo-3amajia Ha I0TO-BOCTOK M C CEBepO-BOCTOKAa Ha I0ro-samajl, Ho 9uCJ0 TpPYOoK,
OPOXOAAMMX depes NaHHHHE yuacTOK 2-moBepXHOCTH, PHKCHPOBANHOM B 3-IpPOCTPAHCT-
Be, mpd 3ToM He MeHdAerca. IloaTomy, moam3yAck moHATHeM TPYOOK, cienyer GbiTh
BHHMATEJBHEIM H OPeACTaBIATH cefe TH TpYGKM B HOCTaTOYHO aGCTpaKTHOM BHIe,
T. €. EMesl B BUAY MX HampaBjeHHe (B IaHHOM mpuMepe BEPTHKAJBbHOE) M IJIOTHOCTH,
HO OTHIONL He KOHKpeTHOe pacHoJo)KeHHe M opHeHTauuio mXx creHok. Hampumep, Bce
npHBeleEHHe HHKe OpeCTaBJeHAA ONHCHBAIOT OXHY M Ty e 2-dopMmy O:

oc=Bdz A\ dy;
=B (2d2) \ (5 9y)

(Hap'romme CTeHKHM, HanmpaBJIeHHbIe C CeBépa Ha 0T, pacmolio:keHbl B JIBa pa3a wyamie,
4UCcM B mpeflniyIeM ciyvae, a HaopaBJIEeHHRIe C BOCTOKa Ha 3amajl — B JIBa pa3a pon:e);

o=5d( ‘_’17; ) Ad( ’1}2'

(cTeHkM moBepuyTH Ha 45°%);

_ pods+Bdy , ydz+8dy
== "\ (a— gy

(opmeHTanMsA M pacmojio}KeHHe KaPTOHHHX CTEHOK MEHAIOTCA OT TOYKH K TOUKe, TaK
KaK Bce YeTHpe ¢yuxnum a, f, v m 8 3aBECAT oT Towkm).

(Duanveckoil pealbHOCTHIO 06NafaeT He Kasias B3 1-gopM, B3ATaA B OTAEABIOCTH,
a Jams caMa 2-popma O, KoTopas B o6pa3yeT peaJbHEH reOMeTpHIeCKHH 00BEKT. ITO
06CcTOATENLCTBO MOMOTaeT 0OBACHATE, IIOUEMY B JHTepaType Mo (M3MKe WHOrJA FOBO-
PAT 0 «CHJIOBHX TpYOKaX», a MHOT[A O CHNOBHIX JHHHAX». ¥ 3THX NBYX TePMHHOB,
0603HavalOMBUX ONAY ® Ty jKe CTPYKTYDY, oOmuM fIBlifieTcH TO, 9T0 06a OHH CTABAT
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B COOTBETCTBHE YYaCTKY MOBEpXHOCTH, MepeCeKameMy aTy CTPYKTypy, ducao. Kapra-
Ha CHUIOBHIX JHHAA AMeeT TO HPEMMYIIeCTBO, 4TO He 3aCTaBJAeT AYMaTh O KaKoH-TO
KOHKPETHOA CTPYKTYpe «WIHCTOB KAPTOHa», T. 6. 0 KAKOM-TO KOHKPETHOM pPa3oKeHAR
2-popmut Ha mpousBenerre 1-popM. OxHaAKO EMEHHO 3Ta 0COGEHHOCTH ABJAETCA H He[(O-
CTAaTKOM TaKOH KapTUHHE, TaK KAK OPHA BHYACIGHAAX 9acTO ORBAaeT I0Je3HO HMeTh
Xopomo ompefieJieHHOe mpeAcTaBiaeHne 2-GopMH B BHAe Kocoro mpomasefennsa 1-gopm.
Boaee Toro, kapruHa TpyGoK Aake B To# aGCcTpaKTHoi# opMe, KOTOpoi OHA HOJKHA
ofmanath, 9TO6H GHITH BOPHOH, AMeeT TaK:Ke TO HPEAMYIIECTBO, YTO HMO3BOJAET JErKo
VKas3aTh OpDHeHTaAl TpPyGoK (HampaBileHHe o00X0oda, yKasadHOe, HampEMep, CTpeJ-
rama Ha ¢mr. 4.1 m 4.5). IlosaTomy Ha Bcex PHCYHKaX 3Toil KHHrH MH GyxeM mso6pa-
sHaTh TPYOKH CO «CTOHKaMM», KOTOpHe OyAyT HamOMAHATH HaM O TOM, 4TO 2-HOpMEHI
MOTyT OHITH mocTpoedH U3 1-popM; HO 3[ech H HAKE BCOTNa CHGAYET HOMHHTH, KaKAM
MHOKeCTBOM CIOCOGOB MOMKHO BHGpaTh OTReaAbHHE 1-popMu.

IepeitxeM Temeph OT Tpex HM3MepeHAHR K YeTHpPeM H MOKaj)KeM, 9TO B ITOM clIydae
DOHATHAE «COTOMONO0HOH CTPYKTYPH» HOJDKHO cTaTh emle Gosee afcTpakTHNM. B Tpex-
MEpHOM IPOCTPAaHCTBe IPOW3BOJBHOCTH pa3dio:kenad 2-Ppopmut Ha 1-dopMH mposaBas-
Jach B HAKJIOHE M YINaKOBKe «KapTOHHHX CTeHOK®, HO HAKAK He CKaahBajach Ha Bep-
THKAJBHOCTA «OTHeNeHA# 1A GyThIok» (HanpaBaerAs dapaneeBCKAX CHIOBHX JIMHHIH
HJIH CHJIOBHX TPYGOK); mHage 0GCTOMT He0 B Ciydae JeTHpex A3MepeHdd, MIn oo Kpaii-
Heii Mepe, B 06ieM ciaydae YeTHPeXMepHOT0 MPOCTPaHCTBA.

B uwacTHHX cayJaAx B UeTHIPeXMEpPHOM IpPOCTPAHCTBe¢ Bce OGCTOHMT mOYTH TaK Ke
OpOCTO, KAK M B TPeXMEpPHOM IPOCTPAHCTBe. B3aAB onATH B Ka1eCTBe MPHEMepa IaCTHHII
caydait 2-popmu 6 = Bdzr A dy, M uMeeM Te Ke BO3MOKHOCTA pa3iaoskeHns Ha 1-gop-
MEI, KOTOPHE yKe YIHOMWHAJHCH BHINIE, IPHYEM KaKAH# BEIGOD TOro MJIM UHOTO pas-
JIo}KeNAs OPABOAAT K OXHOMY M TOMY jKe «HampaBiaeHHO» Tpy6ok. 1 ecam Temeps
CJIOBO «HAIpPaBJeHHe» BMECTO CMHCJIA «IBMKeHHe B HAaNPaBICHAA YBeJWIeHAA Z He
COIPOBOAaeTCA IepecedeHHeM CTEHOK TPYOKA» mpmoGpeTaeT CMHCH «IBHKeHHe
B HAIIpaBJICHARW yBeJUIeHMAs Z, WIN B HAIPaBJIeHAR YBeJIATOHAA [, AN B HAOPABJIEHHUT,
OpeACTABIAOMCM JHHC{iNyi0 KOoMOMHAI(HIO 3THX ABYX HampaBlIeHMi, He COIPOBOK-
IaeTcsa mepecevuCHHEM CTeHOK TPYOKH», TO 3TO BIOJHE eCTeCTBEHHOE CJIe[ICTBHE IOAB-
JcAMA admicro usMepenusa. Bodee toro, Ta ke mpocToTa CymecTByeT W B Cilydac
IJIOCKO{T 3JICKTPOMATHMATHON BoJAHH. IlycTh, HampuMep, BoJHA pPacIpOCTPaHsCTCS
B HANPaBJEHHA Z, A OyCTh OHA HOJIAPH30BaHA TaK, 4TO JJIEKTPHUYECKOE LIOJE HMeCT
COCTABJAAIMY0 JAMB BROJb OCU z; TOTAA [JIA MOHOXPOMATHYSCKON BOJHE HMeEM

E, =B, =~FE;cos0(z —t) = —Fy = Fy,

a BCe OCTAJIbHBIC KOMIOHEHTH paBHH HYJII0. TeH30p 9JIEKTPOMaTHHTIIOT0 HOJMA F
MeCT BU[

F=F,dt A dz 4 Fydz A dz=Eycosm(z—t)d(z—1) A dz,

7. €. ero TaK'Ke MOKHO MPeNCTaBATH B BAJ(e OHOTO KOCOTO mpod3BedeHAa NByx 1-dopu.
Ho B oGwem caydae ato He EMeeT MecTa. 2-fopma obmero BALA B Clydae deTHIpex
P3MepeHHI COCTOHT M3 MeCTH Pa3JUIHBIX KOCHX IpOH3BeleHHi

F=Fodt Ndz+ Fopdt A dy+ ...+ Fady A dz.

Bili1o Ohl CAAMKOM OOTAMHACTAYHEIM HaJeATHCA, UTO 3TO BHIpA’KeHHMeC BeleTCA B 06meM
ciydae K OAHOMY KOCOMY mpomaBefenmio ABYX 1-fopm («apocroit» 2-dopme). U ato
AeiicTBETeNbHO He Tak. Ho 3aMedaTesbHO yiKe TO, YTO 3TH INeCTh BHEIIHAX HPOH3Befe-
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Huit cBopaTcA K ABYM (mompoGHocTH cM. B ynpacHenua 4.1), T. e.
F=xnt \ &1+ a2 A B2

Kazknoe otmenbnoe mpoussenenne &' A\ &' Mo:kAo paceMaTpuBaTh Kak coTomomoGHYIo
CTPYKTYPY, Hofo0HYyI0 moKa3aHHWM Ha ¢ur. 4.1, 4.2, 4.4 m 4.5. Hampyw Takywo
CTPYKTYPY B OTACABHOCTH MOKHO H300parKaTh cocTosImell N3 mepeceKaomAXCsa IoBepX-
HocTtelt (1-PopM), abecTparupysach npm 3TOM OT TaKHX JieTaslell, KAK HAKJIOM U yOaKoBKa
atax 1-dopM. [lpm mepecedenua ¢ 3TeMCHTOM MOBEPXHOCTH KasKAasa TaKas CTPYKTYpa
naet ancao. Ho nas 2-gopmu F mmeer 3mavenme ne umciao tpyGok st A &l, orcekae-
MEIX HOBCPXHOCTBIO, ¥ He uucio Tpyb6ok n? A &2, oTcekaeMHX ToH e mOBEpXHOCTHIO,
a JAMb CyMMa 3TAX [BYX uMcCeld. JTa CyMMa H Ha3bIBaeTCA B TEKCTE «YHCIOM TpY-
Gox F », orcexaemrx moBepxnocToio. Braam kammoro xocoro mpon3sBefeHAA B OTHENb-
HOCTH He ABI9ETCA CTPOTO OHPEefeICHHKM 110 IPOCTO# npUIMHe: npeACTaBIeHAe 00LeK-
Ta B3 MeCTH KOCLIX MPOM3Be/leIlNi B BH/e ABYX KOCHIX mpousBefenndii (Kakam Gu aynec-
HHIM OHO HE Ka3aJoCh) Ha CaMOM JieJic He eJHICTBeHHO (HOAPOGHOCTH CM. B ympaj-
Aenon 4.2).

MNves B BEAY HeoOXOMUMOCTH MHCHOJB30BaHHA HpeACTaBIeHHsl obmeir 2-dopMmu
B BHe ABYX mpouspencHuit 1-gopm, oT™MeruM, uro paBeHcTBo Hyni0 OF («aer Marmmr-
HHX 3apsAfOB») OTHIOAL He BJedeT aBTOMaTH4ecKH paBeHcTBo Hyuio O (x! A §!) mum
d (n® A &%) no otmeapHocTa. OTMeTEM TakiKe, 9TO J0060e mPOCTPaHCTBCHHOMOAOOHOC
ceuennc (mepexoj OT 4eTHpeXx uaMepenuit K TpeM) 2-popmur F obmero Bmaa Bcernma
MO)KHO OpPEACTaBETh B BHAe COTOMOMoOHOH CTPYKTYPH («mpocTtam» 2-opMa B Tpex
naMepeHnax; dapageeBCKas KapTAHA MATHHUTHHX CHJIOBHX TpYOOK).

Hecmorpa Ha aGerpardpoBanme, K KOTOPOMY HPHIUIOCH MpHOErsyTh, pacCMaTpH-
Basg 2-popMH B caMoM ofuIeM BHJE, ICT TMKAKNX OPAYAH, OPCOATCTBYIOMEEX AaJjbleii-
meMy HCIOJb30BAHUIO TCPMHEHA «COTOMOM0GHAs CTPYKTYpa» B IMHEPOKOM CMHCJe IS
ONMMCAaRAA ITAX OHBCKTOB, 9TO M MPAKTUKYCTCA 3[ECh M IIPA NAJbHCHIIEM H3JI0;KeNHH.

§ 4.3. ®OPMBI ITO3BOJAIOT JIYUYIIE IIOHATH
9JIEKTPOMATHETU3M, A 3JIEKTPOMATHETHU3M IIO3BOJIAET
JYUYME MMOHATh ®OPMbBI

Bew TeopHo aJcKTpoMarHeTH3Ma MO;KHO cPopMYyJIMpPOBAaThL Ha A3HKE
2-popM — coTomoNOGHHX «CTPYKTYP? (B alCTPaKTHOM CMHICAE «CTPYK-
TYp» AomoaHeHHA 4.2) W3 TPYOOK, 3aNOJHAINEX BCe NPOCTPAHCTBO-
BpeMs,— KaK B Clydae INIOCKOr0, TAK K B Clydae HCKpPHBJIEHHOTO
mpocTpaHcTBa-BpeMeii. KpaTko MOmHO CKa3aThb, 9TO HMEIOTCSA JBe
tTakue cTpyktypH: F u M=*F, nyannunie apyr gpyry («uepneHmaxy-
JAApHHE» APYr APYTY — eAWHCTBEHHOE MeCTO, TJe B paccMoTpenze
BBOJHTCA MeTpHKA). Haskmas M3 IAX yROBJIETBOPSET MPOCTOMY YpaB-
HeHHI0

4F =0 (4.10)

(¢Tpy6rm F vurme He OKAaHIMBAIOTCA») MU

d4*F = 4n*) (4.11)
10—-01457



2

n pETeBH LR
P OOHOBHBIX

BSACKTPOMArHETHB-
ua

2-¢opwa

R&R Mamprs
O gECHAOM
MepeceRaennix
TpyGOR

Aa pLixOofe

Hpmep

IopeoeRACMIX
TpyGox

146 4. Qaemmpomaznemusm u Jup@epenyuasvrie GHopun

(«amcmo TpyGok M, oOKaHIMBAOMEXCA B BIeMENTapHOM o6beMe, paBHO
9JIeKTpAYECKQMY 3apAny sToro o6beMa»). Utob6n moapoGHee 03HaKo-
MHTBCA C OpPEMeHEeHHEM 3TOr0 ammapaTa HA OPaKTHKe, PaCCMOTPHEM
nocxenopatenbro: 1) onpefenenne 2-gopmel; 2) Kak HaHHOE DIEKTpO-
MaTHATHOE moJie HaXOAMT cBoe BHpasxienme B Bane F m M; 3) cTpyk-
Typy M IS DOKOAMErocs TOUEYHOTO 3apAna; 4) TO ke A ABHAKYIIe-
rocA TOYEYHOro 3apAna; D) XapaKTep NoJA 3apALa, ABMKYMErocs
paBHOMEDHO, 3a HCKJIIOUeHHeM KOPOTKOTO IIPOMEXYTKa BpeMeHH,
B TeUeHHE KOTOPOTo OH ycKopsAercs; 6) ctpykrypy F maa mona ocrmi-
JApyIOMero MHDOJA; 7) DOHATHAe BHENHe# npomsBodHoil; 8) ypasue-
HEA Makepenna Ha Asbike fopM; 9) pemenne ypasHenmit Makcsenna
B IJOCKOM HOPOCTPAaHCTBe-BPEMeHH C MCumoAL3oBaHMeM 1-gopmu A,
00 KOoTopoi Mo:kHo BHUMCIATEL 2-gopmy F Jlmemapa — Bmxepra mas
coornomernuasas F = dA.

Kaxk mokasano na ¢mr. 4.1, 2-opMa ABAAETCA MaIIMHOIM, NPOHS-
BOJiAMEHR YACHO («IHMCI0 mepeceKaeMHX TpyGoke) M3 a060f «opAeHTH-
poBaHHOH 2-moBepxHOCTH» (2-mOBEPXHOCTH, Ha KOTOPOH VKasaHO
«HampaBijieHHe 00 Xoma»)

('mc.uo nepece- )= " F. (4.12)
KaeMHIX TpyO6ok R
TOBEPXHOCTD
PaccmotpnmM B KauectBe mpumepa 2-dopMy, H3ofpaskeHHY Ha
dur. 4.1,
F=B,dyAdz,

A BO3LMeM B KaueCTBe 10BepXHOCTA MHTETPAPOBAaHAA YIaCTOK HOBEPX-
HOCTH 2-cepH 22 - y% 4 22 = a®, ¢t = const, 3aKJI0YEeHEHH MeKAY
0=70°n 0 =110° n mMmexny ¢ = 0° 1 ¢ = 90° («aTnmaRTHIECKMIL
pafon TpomHKoBY). 3anmurem
y=asin0sing,
=acos0,
dy = a (cos 0 sin @ d0 |- sin O cos ¢ do),
dz= —asin0d0,
dy A\ dz = a?sin®cos ¢ dO A do. (4.13)
Crpykrypa 40 A d0 BEHIrIAQHT Kak «CHAKmMeHAaA KOPOGKa NaA AHIN
(dur. 1.4, copaBa BBepXy) U HMeeT HyJeBYI BMeCTIMOCTh — (aKT,

KoTopoii (opMaiBLHO ovYeBHAeH H3 Toro, uro aAf = — PpAe = 0,
ecan a==f. [Ipm mocrosnHOM B, pesyanTaT UHTErPHPOBAHHMA HMeeT

BRI

110° 90°
F—a?B, S sin%0 de S cos @ do. (4.14)
NOBEPXHOCTDH 70° 0°

YmcTo ameKTpHYECKOe mojie Topa3fo TPyJHee HATAANARO BPENCTaBHTH
mo cooTtBeTcTByIomeid eMy 2-gopme F (¢mr. 4.4, cnera), 4em uHCTO
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2

OHP. 4.3.

IIpocTpaBcTBeBHONOAO0HEeE Cce9eHMA dJeKTpoMarAWTHod 2-popmm F — reo-
MeTpHUecKoro o0beKTa, mpefCcTABIAKNMEro cofoii COTOBYH KOHPHErypamum Tpy-
6OK, 3aMONHAINEX BCe NPOCTPAHCTBO-BPeMA («COTOBYIO» B aGCTPAKTHOM CMEICIeE,
cdopmysmpoBanHoM Gosee TouHo B pomosHeEmE 4.2). IloBepxmoctm Ha $Erype
He moxoka Ha 2-fopMy (COTH), TAK KaK BTOPoe ceMeiicTBO MOoBepXHOCTed, obpa-
3YIONBX COTH, HPOCTAPAETCA B TOM MNPOCTPAHCTBEHHOM HAIPABICHHH, KOTOPO®
HeBOBMOJKHO H300pasuTh Ha (Hrype. ¢ — mpoCTpPaHCTBeHHONOR0GHOe ceveHMe
2-popMH (oCh BpeMeHW HampaBjeHA BBepX). 6 — mpoeknuA 2-HopMH HA STY
IPOCTPAHCTBeHHONOAOOHYI0 IMIePHOBEPXHOCTb, KOTOPAA B NAHHON TpexMepHOi
TeOMeTPHH NpEACTaBJiAeT MATHATHHE CHJIOBHe TpyOkm (dapamesa (ecad noGaBuTH
HeJlocTaolIee N3MepeHre, To TpYOKA cTaByT AeiicTBETenbHO TpyOKaMu, a He MOJO-
CKaMH ¢ JIMEMAMH B Ka9eCTBe TPAHMON). 8 — APYroe MpoCTPaECTBeHHOmoRo6Hoe
cedenHe (IANePHOBePXHOCTEL OHOBPeMEHHWX CoONTRIl A71a HabaropaTens B Apyroi
JopeHNeBoll cHCTeMe). 2 — KOHQHrypanWa MaTHATHHRX TPYGOK B 9ToH cHCTeMe
0TCYeTA, CHIABHO OTAMYANIMAsACA oT upeauaymeil. [loTpedoBaB, 9TOGH B KamKaoM
npocTpaBCTBOHHONOA06HOM cedenny F MATHUTHHS CHJI0OBHE TPYOKH HUrae He OKaH-
gmBanuce (VB = (), MK noxydaeM cooTHomenne JB/ot = —V X E, Kotopoe
RKOJKHO BHIONHATHCA BCIOAY. Taxmu o6pasoM (MarE@TocTaTHKa) + (KOBapHaHT-
HOCTh) — (MarHAToOAMHaMHAKa). [lomoGHENM e o6pasom, cM. ra. 17 u 21, uMeeM:
(reoMeTpocTaTHKa) -+ (KOBAPHAHTHOCTH) — (TeOMETPOANHAMHUKA ).

10*
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OUT. 4.4.
Crpykrypa F

F=-1— Fuydz* A dz”=12 Foudt A dz J,-% Fyodz \ dt=E, dz A dt,

COOTBETCTBYIOMAA 3JI6KTPHIECKOMY IIONI0O B HaODaBleHMA £, U AyaJbHasd (emep-
UeHAUKYIApHAAY) coromonobmaa 2-dopma M

* =%*ruvd= A dz¥=*Fy; dz2 ) ded=

=F0l 422 A\ d23=Fyodz2 \ ds3=E. dy \ ds.

MarHATHOE MoJie 10 cooTBeTcTBYWOmell emy 2-dopme F (drr. 4.1—4.3).
He cymecTryeT 1 Kako#-unGyap MeTOX PaCCMOTPEHHS, IpH KOTOPOM
ot mona Goxee paBHompaBHH? la, Takoil Merod ecTh, W 49TOOH
MM BOCHOJB30BATHCA, HYKHO mocTpomts 2-dopmy *F (dur. 4.4,
cupasa), GyaabHylo (<IEPUCHARKYJIAPHYIO»; HoNoJHeHHe 4.3; ympask-
genme 3.14) F.

TlpencTaBuM B reoMeTpmuecKoii gopMe moJie TOUYETHOro 3apsAma e,
moKoAMErocAd B Hadajie KoopAHHAT. B IIOCKOM mpocTpaHCTBE B cdhe-
PHYECKMX HOJAPHHX KOODAMHATAX HEMeeM

ds* = —dt? = g,.da¥da =
— — df* 4+ dr* 4+ r2d9® + r? sin® Odg?. (4.15)

TMockoMBKY DIeKTpEYeCKOe IoJie BAOJb pagmyca r pasHo E, = e/r?,
oTCIOfa cJeflyeT BhpasieHue gusa 2-gopwmut F

F——Fuvd::"/\d:c"— —E,dt\dr= — - dtAdr.  (4.16)

CormacHo ympaskHenmio 3.15, nyanpuoir F aABuaserca 2-gopma M
M=*F=esin0doAdoy, (4.17)

HBo6pakennas Ha fur. 4.5.
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QUT. 4.5.

Tlone 2-popum M = *F = ¢ sin 0 d0 /\ dp, ommcuBapomeil SNEKTPOMATENTHO®
noje 8apsifia e, MOKOAMmMErocs B Hauaje KoopAawHAT. Mso6paskemHas KapTHHA
HA caMoM fiene ecTh mepecevende *F ¢ 3-moBepxXHOCTHIO (PEKCAPOBAHHOTO 3HA-
YeHHS BpeMeHHG KOODAMEATH ¢, T. 6. BpeMeHEGe HampaBleHHe He NPEeACTaB-

JeB0 Ha ¢mrype.

Corepmam 06xo7] B DOJOKATeIHOM HaOpaBJIeHAH N0 3aMKEYTOMY
KOHTYpPY, OrpaHHYHBAMEMY HEKOTODHH Yy4aCTOK HOBEPXHOCTH Ha
cdepe, mokasamHOR Ha ¢ur. 4.5. Uncao Tpybox *F, oxBaThHBaeMhIX
9THM KOHTYDOM, B TOYBOCTH DPaBHO

(‘mcno ) = ('re.necnuﬁ) .

Tpy6GoK yrox
Ilonrnoe wmemo Tpy6ox *F, npormswBalomux Bclo cdepy, paBHO 4re,
YTO BHOJHE COraacyerca ¢ (apafieeBoil KapTAHOH CHJIOBHX TPyGoK.

Hax ompenennts KoBQHErypanmo Tpy6oK, CBA3aHHYI0 C 3apAHieH-
HOM vaCTHNeH, ABIKYWIEMCH ¢ HOCTOAHHOH CKopocThio? CHavalla
BHpasEM *F B npaMoyronpHHX KoOpAMHATaX, ABHKYIEXCA BMeCTe
¢ uacTAnei#l (KOOpAHHATH B 3TOi CHACTeMe OTCYeTa, ABMIKYIIEilCA BMe-
CTe C ¢paKeToii», MOMEeYeHH YepPTOil; BCHOAb3yeMble HAKe KOOPAMHATH
Gea uepTh OTHOCATCA K JMaGopaTopBoit cHcTeme). CooTBeTCTBylOmMe
aTamK HMEIOT BHJ

a) *F=esinddd\dp= —e(dcosB) Adop;

| =_ ¥ g-_ zdy—ydz |
6) q>_arctg;, do= F

B) cosB= =, —d(cos8) = —t +—;§3-(Ed3+y'd§+2d2);

r
r) o0benHAs BamWcaHHOe, LOJNYYIaeM

dy \dz+ydz\dz+zdz A\ dy) (4.18)

2

Hoae peEmymero-
O TOYeNHOro
sapapa
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(31eKTpOMaTHATHOE HOJe TOYEYHOTO 3apAna B KeKapTOBOX CHCTeMe,
RABHKYIMEACA BMeCcTe C HHAM, cPepHIeCKH cHAMMeTpEYHO). Temeps
BHIOONHAM Kpeo6pasoBaHHe K JaGopaTOPHHM KOOpXAHATAM:

mapaMeTp CKODPOCTE .,
cxopocrs f=tha,
1 _ B

71_—52-—0 o, m=sha,
t=tcha—zsha,
a) {a_:= —tsha+zche,
;=y9 -z-=z;
6) r=[(zch a—tsh a)?+4y*+ 23",
B) *F=(e/r%) [(zcha—tsha)dy\dz+ydz\(chadz—sh a dt) +
+ 2z (ch @ dz —sh a dt) A dy]; (4.19)

r) CpaBHEEBaA ¢ AyaxbHOH 2-Qopmoit B o6meM BHAE
*F=E.dyA\dz+ E,dz\dz+ E, dz \dy +
+ B, dt Adz+- B, dt Ady + B, dt A\ dz,
HOoNyuaeM BHPA)KEeHAA AJIA HCKOMHX OTAGAbHHX KOMIOHEHT MOJA:
E.=(e/r’) (xcha—tsha), Bx=0,
{E,=(e/fa) ycha, By= —(e/r)zsha, (4.20)
E,=(e/r’)zcha, B,=(e/r’)ysha.
Jlerko y0emmThCA, 9T0 3HAYCHHA HHBADHAHTOB
B*— I = FugF®, (4.21)

E-B=- Fog*F*® (4.22)

R)

B naGopaTOpHO# CHCTeMe H B CHCTeMe DaKeTH, Kak H TPeGoBaloCh,
copmafaioT. OTMeTAM, 9TO CaMa COTOmOAOOHasA CTPYKTypa AEddepen-
nEaabE0E POpMH IPH mepexoxe M8 CECTEME PaKeTH B JaGopaTOPHYIO
cHCTeMy He H3MeHAeTCA. MeHseTcA JAML MaTeMaTHduecKasd (opMmyaa,
KOTOpaA ee OMHCHBaeT.

Jlonoanenne 4.3. IYAJIBHOCTD 2-®0PM B MPOCTPAHCTBE-BPEMEHH

Ecam mMeercss 2-Popma o6miero BEma (comepkamias INeCTh BHEMHHEX, HJAA KOCHX,
npousBefeH il)

F=E.dz Ndt+E,dy A dt+...+B,dz A\ dy,
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TO AyanbHag K Hell («mepmeHAMKyJApHaA») 2-Gopma samaeTcA BHPAKEHHEM

.F- —Bgd.‘t/\ dt— oo +Eydz Adx-{-Ezd.‘B/\ dyo

JAyaabHEEe KOBOPOTH

OrMeruM, 49TO0 ABYKpaTHOE IpUMMeHeiiMe JyaJbHOCTH BOCCTAHABIYBAET NEPBOHAYAJb-
HY10 2-hopMy ¢ oOpaTHHIM 3HAKOM:

*F= —FE,dz\dt—...—B,dz A\ dy=—F.

B 3ToM cMbiciie cHMBOI * 00JaflaeT TeM 3¥<e CBOMCTBOM, UTO B MHUMASI e{HHHNA i: ** =
= {j = —1. [loaToMy Mo’KHO HamucaTh

e*®=cosa 4 *sina.

IIpnmenss 3Ty omepaiyio x F, M B3 2-gopmu obmero Baga B mpocTeiimem npeacraB-
JeHuM (cM. ympakueunue 4.1)

F=E.dz \ dt+B.dy A\ dz

0ojNydaeM «AYyalbHO HOBEPHYTOE BJIEKTPOMATHATHOE IOJIE)
e*eF = (E cosa— B, sina)dz A\ dt + (B cosa+ E,sina)dy A dz.

Ec.in HagaxbHOE IOJIe YHAOBJETBOpAET ypaBHeHMAM MaKcBesia B OycToTe, TO HM YOB-
nerBopAer ®m HoBoe mose. CooTBercTBYIOIGMM BHGOPOM «yria AYadXbHEOTO HIOBOPOTA»
@ MOKHO 3aHYJHATH OJHO M3 [BYX KOCHX IpoY3BeleHHi B N06oi, 3apanee BHGpaHHOK
TOYKe TPOCTPAHCTBA-BPEMEHH, IOCJIE Yero BTopoe mpHoGpeTaeT BUJ

(B2+ E%'/2dy A dz.

§ 4.4. IOJIE HN3JTYUYEHHHA

Crpykrypa M (mpencraBieEBas B BHAe TPYGOK), COOTBeTCTBYNOIMaA
paBHOMEDPHO ABHKYINeMYyCs sapffay, EMeeT Iopasjo Gojbmme saMeda-

TeABHHX CBOMCTB, UeM MOKET IMOKASaTLCA C IEPBOTO B3TAAfa, AarKe

€CJIM NPHHATH BO BHEMaHMe JOPEHLeBO COKpameHHe TPyGOK B HampaB-

NeHEH BMKeHHA. J[BHxeHHe TPYGOK, pacmosioKeHHHX KaK YTOJXHO

RajieKo, HaXOMATCA B CTPOrOM COOTBETCTBHH C [BH:KeHMeM 3apfAjia, Ha

KOTOPOM OHH OKaHYHBAIOTCH, HeCMOTPA Ha OTCYTCTBHE BpeMOHH, 3a

KoTopoe mHPopManudA, «ACOYILEHHAA» 3apANOM B NAaHHEIHA MOMEHT,

MorJya GH IOCTETHYTH B JaHHHIA ke MOMGHT yfaJieHHo# Tpy6kua. Ciexo-

BaTelbHO, KOHQHErypanusa yAaJeHHHX TPYOOK B MaHHHE MOMEHT HOJI-

’KHa 06YCIOBIMBATHCA COCTOAHEEM 3apAia B Golee paHHHHA MOMEHT

€ro paBHOMEPHOrO [BHKEHHSA IO NPAMOJHHeHHOH TPaeKTopHM. ITo
06CTOATEABCTBO HATME HE NPOABIAEGTCSA TaK Y€TKO, KAK B H3MeHeHHH,

KOTOpOe mpeTepIeBaeT IoJe B pesylbTaTe BHESANHOTO (3a KOPOTKOE Kax yoxopeuue
BpeMA AT) mepexofia OT JBHKeHHA C OJNHEM BHAYOHHOM HOCTOAHHOH ' mazyqemsio
CKOPOCTH K JBEMKEHHIO C APYrAM SHa4ueHEHEM IOCTOSHHOH CKOPOCTH

(¢mr. 4.6). Homparypaumm TpyGoK B 06O0HMX COCTOAHHAX [BHIKOHHSA
COOTBETCTBYIOT PaBHOMEpPHOMY ABH;KeHAO: BHYTpH cdepw pamuyca r
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+B
4—-——————--——-——......4-:-“’22:-“ﬂ ————— ———
®OUT. 4.6.

Mezanusm usayvenus. IlpmEapae;xkamee J[3k. Tomcomy olbAcEHeEme Toro, 9To
HaOPAKEHHOCTh B BJIEKTPOMATHHTHON BOJHE mafgaeT o6paTHO NPOHOPIEOHAJILHO
JHIIb HepBodl CTemeHW DACCTOSABHMA r M YTO AMIIATYAA BOJHH MeHAETCHA (IpH
MAJIHX CKOPOCTAX) KaK sin 0 (MAaKCHMyM B NJOCKOCTH, IEPHeHANKYAAPHOR JHEAN
yckopeBus). CHauaya sapsAx MBATAJCA BIEBO C MOCTOAHHOR CKopocThbio. CHiioBHe
AMEEM BNANM OT HEro MPOAOJIKAIT ABHIATHCA TAK, KaK eciu OH NOCTOAHEAA
CKOPOCTh TOJMeP/KMBAXACH BCO BpeMA (KYJOHOBCKOE HoZe TOBEUHBOro B3apsaja,
IBHDKYINEIoCS ¢ Mauoit ckopocThio). OpBako B6AM3N mone ABAAETCA yiKe MmMOJieM
TOYETHOTO 8apAAAa, ABHKYMEroCA C IOCTOAHHOH CKOPOCTHIO BIPaBo (HaImpsKeH-
HOCTh B4BHCHT OT paccrofmms Kak 1/r%). Ilepexon ot omHOA KOHQArypamum moas
K APYTofl OCYMeCTBIAACTCA B CJioe TOJIMHEOM AT, HAXONAIOMCS HA PACCTOAHEH r
OT TOYRH %cxopemm (ycmaenme mosisl 8a cueT «paxTopa pacTaskenEs» r sin 0AP/Ax,
CM. TEKCT).

onHa KOHQHrypauwms, BHe ee — Apyras, IpHYeM r DaBHO BpeMeHH
(¢cM myTH, NpoiileHHOr0 CBETOM 8a 9TO BPEMA»), MPOMEXIIEMY C MO-
MeHTa yckopeHmsa. HeoGxXonEMocTh CIIMBAHAA ABYX KOHQHTrypaimi
B NPOMEXKYTOUHOM 30He TONMEHH Ar = AT NpaBOAHT K TOMY, 4TO
noje B Hefl AY)KHO YMHO;KATH Ha «(paKTop pacTAKeHHA», IPONOPLHEO-
HaxpHHM r. IMeHHO 5TAM MHOKHATENEM 00YCAOBIIEH TOT XOpPOIIO M3Be-
CTHH# GaKT, 9TO NoJie U3JIYyYeHHA cnajilaer 06paTHO NPONOPIHOHANBLHO
JATL nepBoil creneHEm paccrosHAA (Pur. 4.6).
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Ecam cocTosiEMe JBHKEHMA 3apAfa HM3MEHAETCA HempPepHBHHM
0o6pa3oM, CTPYKTypa dJIeKTPOMAaTHATHOrO moidA, OyAydYH oCHOBaHHOII
Ha TeX e MPOCTHX NPHHIMIAX, KOTOpPHEe HNIOCTpEpYeT dur. 4.6,
AMeeT TeM He MeHRee Goiee cioxunii BHA. Ilpm atom 2-Popma F niin
0O0JIA 3IeKTPAIECKOr0 NHOOJAA BeJHYHHK Dy, OCHANIHDPYIOMEro BBepX-
BHH3 HapajjensB0 OCH Z, HMeeT BHJ

F=E dz\dt+- ...+ BedyNdzd-... =

= BeleCTBOHHAA 9aCTh { pyetor-iot [2 cos 9 (—:,- —% ) drAdt+-

naetr E;
+5in0(5—2—%) rd0Ads 4-sin6( 52— 2 drArdo]}. (4.23)

r

nae;Ee Jaetr B,
HOyanpeaa 2-¢opma M=*F B aToM ciryuae mMeeT BHJ
*F= —B;dzA\dt— ... + E.dyA\dz+ ... =

— 2
= BeMeCTBeHHAA 9aCThb { pyetor-iot [ sin 6 (—r:—m - -‘;)_— ) dtArsin0dé +

maer B,

+200s6 (15— 13 ) r4OATsin 0 dg +

naer E,
+sin (5 — 2 —<) rsinfdpAdr]}. (4.24)

§ 4.5. YPABHEHUAA MAKCBEILIA

2-popma F B ofmeM cuaydae sammCHBaeTCcs B BHAe CyIepHO3HLIM
KOCHX IpOM3BeJleHHM# C MHOKHTedeM /,:

F=-— Fudav \d2v, (4.25)

TAK KAK K&KAHH 9WIeH BCTPeYaeTcs MABAMAL: OAMH pa3 B BHIe
Fxydxz\dy = Bropoit pas B Bupe Fy,dyA\dz, mpmuem F .= —F,,
n dyAdz= —dz A\ dy.

Ecnm B pesyirtate nupdepeHnmpoBanHsA («BHYHCIEHHA Trpajil-
eHTa», omepatop @) ckanspa momyganack 1-gopma, To guddeperumpo-
BagHe (omATHL omepaTop U, Ho y:Ke H3BeCTHHIA MO/ HasBaHIIEM «BHEII-
Hee nuddeperumpoBanne», BBefleEHRIM HapranoM) 1-gopmu B o6men
ciygae OpEBONAT K 2-Gopme, muddepesnmposanne 2-¢opmu npaBoguT
K 3-dopme, nmpdepernmpoBarme 3-PopMm npEBOAET K 4-Popme —

Toae
OCTBLTHPYIOWEr:
AEIONs



sacmaelk
aporenoypeel
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dopMe HaWBHCIEro paHra, KOTOpasdA MOKeT CYIIeCTBOBATH B LPOCT=
paHCTBe-BpeMeHH. 3amameM f-fopMy B o6mem BHe

o= -71!-¢G1¢z- .7 dxa‘/\dza’/\ R Adxaf’ (4'26)

rge KoapdammenTH ¢a‘¢’_,_af, KAK H KOCHe NpOHM3BeJeHHs, Hepex
KOTOPDHMH OHH CTOAT, AHTHCHMMOTDHYHH IO OTHONIGHHI0 K mepe-

CTaHOBKe JIOOHX [JBYX HHJeKCOB. lorjga BHemHAA npomasofHaa @
paBHa

__L ad’a‘a,

! 0270

do

S~

2 daPoNdZAdZHIN .. N8P (4.27)

Buuncienme BHemHe#t npomaBogHoii F cormacmo atomy mpaBmiy
HDOKa3hlBaeT, 9TO 0HA O6paljaeTcsa B HyAb He TOJNHKO B YaCTHOM CIydJae
REDONBHOrO OCOHJIATOPa, HO M B CAydae 3JeKTPOMATHATHOTO NOJA
camoro obmero BAga. B KoopamHaTax, COOTBETCTBYIUW(AX JOKAJHHO
JIOpEeH1leBOM CHCTeMe 0TCUeTa, HMeeM

dF =d(E.dzA\dt+ ... +B:dyAdz+...)=
= (G dt+ 0z det T2 ay+ 52 de) Ndz p det

+. .. (eme 5 Takux cko6ok mo 4 wiena B Kampoi).... (4.28)

OrmetaM, 9To Takoil wieH, Kak Ay A dy A dz, To:knecTBeHHO paBeH
Hy1o («kopoGKa [iIA AAL COVIIOMUBAETCA, €CAM Ha Hee HACTYIHTH»).
CoGpaB He paBHEE HYNI0 YIeHH, HOJydaeM

F= (G454 52 daAdy b+
+(OB=+0Ez __v) dt\dy Adz +
+( - +aE= aE,) dt/\dZ/\dx‘l'
(L %) i p b\ (4.29)

Kaxaui uled B 3ToM BHIpaKeHAM Y:Ke 3HaKOM HaM H3 YpDaBHEHHH
MaxkcBeana

divB=V-B=0
4

rot E=V X E=—B.,

# BCe 9TH WIeHH paBHH Hydo. TakaM 06pa3oM, MH BUJHEM, ITO BHOMI-
HAA npousBopHaa F ob6pamaeTrcss B HYJb:

dF =0. (4.30)
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Jlpyramue ciaosamm, «F sABiaserca saMkHyTO# 2-¢opmoit», «rpy6rm F
HHTAe He OKaHIABAIOTCAHN.

ITomoGHKEe BHMUCICHAA OPABOAAT K CIEAYIOMEMY pesyJibTaTy AAA
BHemHe# npomaBogHONl AmyanbHOH 2-PopMu M:

g*F=d (—B,d:c/\dt— ceo+EzdypAdz+ .. )=
= (%+ i+ ) e Ndy A de +

+(%= a"=+ =) Azt ... =

=4n(pdzAdy\dz—Jdt AdyAdz—
—Jydt\dz\dz—J, dt Adz A\ dy) =4n°);
d*F=4n"J.

B nycromM mpocTpaHCTBe 3Ta BHEMIHAA HPOH3BOJHAA TAKKe paBHA
"gyxio; B Hem M Toxke ABIAeTcA 3aMKHYTod 2-Popmoii, m TpyGkm *F
nono6uo Tpy6ram F Hurfge me oKaHIMBAIOTCA.

Huage o6¢TonT Aeao B Toil 06xacTH, rfe ecTh 3apAA. B Takoi o6aa-
cta GepyT cBoe Hagaxo Tpy6xm M. IlmoTHOCT OKOHYIAHMIE ONACHBAETCH
3-dopmoit *), mpeacraBaAwmed co60i «COBOKYOHOCTh fA9eeK KOpoG-
KH AJA ARD», BHTAHYTHX (B YeTHPEXMEPHOM IPOCTPAHCTBE-BPEMEHM)
B/I0JIb MHPOBHIX JIHMHHAIA,

HBa ypaBHeHHA

(4.31)

dF =0]

4°F=4n*) |

€2 TeOMeTPAIECKOM SA3HKe O JHOCTHIO HepefiloT COfe KAHHe ypaBHe-
mait Maxcpemna. aa ommcamma ¢opm F m *F = M MokHO BHOH-
parh m06He KOOpPAAHATH HJIHA ASHK (CTPYKTypH, HOJO0HEIEe COTaM
anm ¢kopobke A sAnm»), BooOlme He HCHOJB3YIOMMAA HAKAKAX KOOD-
AMHAT. 3aMedaTeJIbHO TO, YTO HA OfHO H3 YPaBHEHHH He HYKAAETCA
B NOHATAE MeTpuKd. /(1A BBeAeHUA MOHATAH OPMH H BHEMHelH npo-
A3BOAHON MeTpPHKA He HYKHA, KaK HEOAHOKDATHO mojdepkmpanx I'ep-
MaH Beiinp — ofmH ¥3 cCaMHX ropAYAX CTOPOHHHKOB 3TOi mMae: (CM.
takKe ri. 8 m 9). Merpuka mosBmIach TOJBKO B OfHOM MecTe —
B MOHATHA [yaJbHOCTH (¢OOPHOCHAMKYJISAPHOCTH»), KOTAKA MH IeperLin
oT F k nyamsaOoMy o6BexTy *F.

§ 4.6. BHEITHAA ITPON3BONHAA 1 SAMKHYTBIE ®OPMbI

IlouAaras «coTh» H «kOpo6GKa A AMIO» MOTIH JaTh HEKOTOPOe Ipef-
CTaB/IeHHE 0 TeOMeTpHHU, CBA3aHHOA ¢ 3JeKTpoAEHAMAKOH. Temeps MK
OONHTAEMCA H3JI0KHTb 3TA HOHATHS 00Jee I6TKO H IPOMJLIIOCTPAPO-

2

Crpyxrypa F:
TPYORE Hmrxe
HO OKAHTHBANTOS

Crpyxrypa M:
IAOTHOOTH
pacnpeneieHns
omoumanul TpyGox
paerca 3-gopmolt
SApaja-ToRA

RyansHOOTE —
eJ(HHOTBCHH 0O
MOOTO B TOODME
BIERTPOMArHOTHS
MA, I'Re
NOoSBAAETOA
MeTPRKA



OTamuEe
SAMKHYTHIX 2-popM
oT 2-popm
ofmero BHAA
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BaTh B FreOMeTpUYECKHX TEPMHHAX HA HpUMepe J;IeKTPORMHAMHUKHA, ITO
nofpasymeBaeTcsi mof «BHemHEM AuddepenmupoBannem». O6xom Bo-
kpyr rpamanu? Jla. Ho Kakoii, moueMy M 49TO H3 Hero BHTeKaeT?
Honeauo BepHYThCA K QyHKOmaAM # 1-PpopmaM B B3TVIAHYTH HA HEX
u ua 2-popMu F m M m Ha 3-popmy *) kak Ha wWIeHH ynopAgoYeH-
HOil mocaenoBaTenbHOCTH (CcM. pgomoamenme 4.4). Has ponomuenms
4.4 BupmmO, 4TO0 2-PopMH GHBaIOT ABYX THOOB: 1) wacTumil caywal
2-popm —«e3aMKHYTHeE» 2-PopME, oGIafalomue TeM CBOMCTBOM, 4TO
guca0 TpyGOK, BXOAAMMAX HOA 3aMKHYTYI0 Z2-HOBepXHOCTH, PaBHO
qEcay TpPYyGOK, BHXOAANAX H3-DOX Hee (BHENIHAS JPOH3BOXHAA
2-popMH paBHA HYJIO; A3 Hee HeJNb3A NMOJIYIATH APYroi 3-Gopmml,
KpoMe TPHBHAJBHOM, paBHO# Hyiol), m 2) obmmi caygait 2-gopwm,
Yy KOTOPHIX IOJIHOE YUCJI0 TPYOOK, IpOHH3HBAKNAX 3aMKHYTYIO 2-1I0-
BEPXHOCTH, He PABHO HYJIIO M KOTOPHE NO3BOJSAIT ONpeNeJATh HETpH-
BEanbHEYI0 3-gopMy (¢BHEMIHIOI HPOM3BOAHYIO 2-QOpMBIY), COAep:Ka-
Y0 BHYTPH Ka}KA0H 3aMKHEYTOi 2-110BEpXHOCTH POBHO CTOJBKO STeeK
SKOpPOOKHA [IA AMN», CKOJBKO M3-TIOX 3TOH MOBEPXHOCTH BHIXOJAT
Tpy6oK neppoHavanbHO# 2-Popmu (06o6menne BBenennoro Papaneenm
HOHATAA CHJOBHX TPYyGOK HA Ccaydafl mpOCTpABCTBA-BpeMEHH, KaK
IIOCKOTr0, TAK H HCKPHBJIGHHOTO).

Aonoanenne 4.4, MOCJIENOBATEJIBHOCTh ®OPM M BHEIMHHUX ITPOU3BOAHBIX

0-popma, wm craxsap f

[Ipamepom B caydae 3J-mpoCTpaHCTBA B HBIOTOHOBCKOM (UBHKHK ABIsAETCA TeMmepa-
rypa T (z,y,2), a B CiIydae NpOCTPaHCTBA-BPEMEHA — CKAJAPHWIA IOTEHIIHAX

é (t. z, ¥, 2).

Or cxaaspa k 1-dopme

BHuHCIHB rpajHeHT, HJIH <(BHEIIHIOI0 IPOM3BOIHYIO»
cKanApa f, DONYIAM 49aCTHHI cayuadt 1-dopmmt y=df.
3amevanus: a. IlpomsBoabHAA aAgUTHBHAA IOCTOAH-
Haf, HoGaBieHHasA K f, npu muddepeEnMpoBaHAN HCTE-
3aeT; BHaueHMe n Ha ¢Urype HeHM3BeCTHO H HEBAa;KHO.
6. 1-dopMa y ABAsETCA JACTHHIM CJAydaeM B TOM CMEICIe,
4TO MOBEPXHOCTH M3 OJHOH OKPECTHOCTH «3aTEIIAITCA»
C HDOBEPXHOCTAMH H3 COCefHeA OKPEeCTHOCTH («3aMKHY-

raa 1-dopma»). B. HaTerpan mo xkostypy AF gdf He

3aBACHT OT IYTH HHTeIpHPOBAHHA B KJacCe TPACKTOPHid, 9KBEBAaJEHTHHX APYT APYTY
npd HempephBHoii AedopManmn. r. 1-gopma mpepcraBaser coGoit MammHy, TpOMBBONA-
MYy 94CI0 («yAapH KOJOKOJIa» OPH KaKAOM IepecedeHHH odepefHOHl HHTEerpaJbHOM
NOBepXHOCTH) 3 CMemeHHA (anNpOKCAMAIMH HNOHATHA KacaTeJbHOTO BEKTOPa).
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1-ghopma B oGwenm cayzae f§ = Bz

Omna ppenctaBaneT coGoil KOHPUTypalKi0 mOBEPXHO-
cTeil, HIMIOCTPHEPYeMYyl0 Ha ¢HArype, T. €. MamIAHY,
OpOH3BOAAMYI0 TUCIO («yXapel Kojokona», (B, u))
u3 BeKTopa. PeaapHocTh cymecTBoBanua 1-dopmul m
ee NoJo;KeHKre B IPOCTPAHCTBE He 3aBHCAT OT BHIGopa
cHCTeMHl KoopAmBaT. [loBepXHOCTH, KaK mpaBHJIO

He 3anemiswTcA. Marterpan Sﬂ 00 YKas3aHHOMY

3aMKAYTOMY KOHTYDPY He paBeH HYNIO («yqapoB 6oan=
me, 9eM aHTHYIapoB»).

Or 1-gopmn k 2-gopme & = dff = Z—Bﬁ— dzt A dz=
z

§ mpencraBifer coGoii KOHPUCYpaIMI0 COTOMONOGHKX AYEOK ¢ yKas3aHHWM HalpaBie-
HmeM 00X0oMa, pa3MemeHHLIX TAKUM 006pa3oM, 9TO 9HCIO AYeeK BHYTPH 3aMKHYTOIrO
OYHKTEPHOTO KOHTYpa COBHAJaeT ¢ CyMMAapHLIM d9ucJOM (pa3HOCTHIO MEeKAY YIapaMu
u anmynapamn), OOJIYIeHHHM mpud 06XoJe TOro Ke KOHTypa Ha ¢urype, HIIIOCTpPH-
pyromeit B. «BHemasaa mpomssomEas» ompemeseHa TaKaM o6pasoM, 4TO 3TO BCeraa
BHIIOTHAETCA; B 3TOM COCTOHT yTBep:kneHHAc o6o0meHHOH TeopeMil Crokca. CioBo
«BHEMHAA» 06A3aHO CBOHM HPOUCXO:KIeHWEM TOMY (PaKTy, 9To KOHTYp oO6Xoma pac-
HOJI0KEH Ha Kpaio paccMaTpHBaeMoil okpectHocTd. TaxaM oGpasoM, 2-popMa ABIAETCA
MamAHoO, mpomsBoasamei duciao (amcao Tpy6oxk (§, U A V)) A3 y4acTKa mOBEPXHOCTH
(u A v), Ha KoTOpOM yKa3aHO HampaBiaeHme o6xoma. OmpeneneHHas TakAM 06pa3oM
2-popMa ecTh waCTHHE ciaydail 2-PpopMH B CIeAYIOMEM CMHICIe: Pe3UHOBYIO IIEHKY,
«3aKPeIIeHHYI0 IO KPalo» NYHKTHPHKEM KOHTYPOM MM KaKo#-ImGo Xpyroit 3aMKHYTOMH
KPHBOH, mepeceKaeT BCerga ogHO M TO 76 IHCI0 TPYGOK He3aBHCAMO OT TOTO, a) BCOY-
9EBaeTCA IM OHa mocepeduHe, WA §) NpomaBJHBaeTCA moCepeqnHe, AIH B) HCOHTHBAET
KaKyo-AH00 Ipyrylo HempepuBAYi0 gefopManmo. 2-dopMa 3JIEKTPOMaTHHTHOIO
nosia F, KoTopyw Bcerma moxxao Brpasnuth B Buge F = dA (A = 4-nortemnwmas, 1-dop-
Ma), TakiKe ofIamaeT 3TUM CHENHEATLHKIM CBOMCTBOM J(«COXpaHEeHHS TPYGOK»).

Or 0-dopmur k 1-opme, a 3arem k 2-dopme? Her!

IlepefimeM oT cranspa f Kk 1-gopme y = 8f. Oxnaxo
crenyomu# mar k 2-popMe @ yiie He HMeeT CMBICIA.

Ilonmoe 3HaueHHe mHTerpaia | y MO HYHKTEPHOMY

S8aMKHYTOMY KOHTYpPY aBTOMAaTHYeCKHA oGpamaercs
B HyJAb. UTOGH mpeNCTaBHTH 3TOT HYJeBO# pesyTb-
TaT, HY)KHa HyJdeBaa 2-popma. Taxmm oGpasom,
a = dy = ddf nox:xHo GHTE HyneBoit 2-Popmoii. IroT
pe3yabTaT ABIAETCA YACTHHEIM OpHEMepoM obmero pe-
syastata dd = 0.
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O6mnii cayvaii 2-¢gopum © =-% Oopdz® A dxP, rme Ogp= — Gpq

1 910 TariKe coTomofobHAA CTPYKTYpa M TaKke Mailu-
\ Ha, IPOU3BOfAMan dMcio (YACH0 TPYGok (0, UAV))
\ H3 moBepXHOCTH (U A V), Ha KOTopoii yKa3aHO Ha-
| mpaBienne o6xona. OHa fABiAercA o6mieii B TOM CMBiC-
| je, 9T0 COTOIONO0HKEe CTPYKTYPH H3 ONHOH OKpecT-
' HOCTH, KaK IIpaBAJIO, He 3aNemAAITCA C TAKAMH e
|
|

N\

CTPYKTYypaMu U3 coceflHedl oKpecTHoCTH. BcllencTBre
3TOT0 BaMKHYTYIO 2-IIOBEPXHOCTH, DOX0OHYI0 mOBEpX-
HOCTH B BHJe AAKa, HOKa3aHHOro Ha QHUrype myH-
KTHpOM, IepeceKaeT, KaK IIPaBHJIO, He HYJIeBoe IOJI-
Hoe 4mca0o Tpy6Gok. OpHaKo moJHOe d9MCIO TPYGOK,
BEIXONAMMAX H8-IO TaKOH 3aMKHYTOH IOBEpXHOCTH,
B TOYHOCTH PaBHO HYJIO, ecad 2-fopMa eCTh BHEMHAS
npom3BofHasa 1-gopmmu

_— e s s —— I‘

a
Or 2-popum Kk 3-dpopme pu = do = %l“v_f” dzv A dz= A daB,
z
rae dz? A dz® A d2f = 31drlY @ dz* @ dzP

dTa cTpyKTypa, momo6Has Kopolke mias sHN, mpel-
//,ﬁf“"/, ~— __ craBaser coGoil MamEHY, NPOH3BOAAMYIO THCIO (diic-
17D A 10 fAgeek (M, u A v A w)) m3 o6pema (o6BeMa
D 71 u A v A W, B KoTopoMm moficuuTHBaloTcA Adeiikm). Ha
|w 7 | 6omee mONHO#H CXeMe MOMKHA GHITH yKa3aHa OpHEHTa-

] uma xammoi AYEHKE UM caMoro o6meMa HHTErpHpo-

| BamHA (amaJIOTHYHO CTpeNKaM, VKa3HBAIOMHAM Ha-
mpaBieHne o6xona B Agerkax 2-gopmu). Ilpm moacye-

| Te Jmcia AYeex BKJIaN IDaHHOI AYeilky paBeH +1 Him
—1 B 3aBHCHMOCTH OT TOIO, COBIAfIaeT JH €e OpPHeH-

<~
| // ‘]\\\\ / TalldA C OpHeHTanueil o6peMa WHTETPAPOBAHHA HIN
e | / OllM IPOTHBONOJOKHE. YmHclo AYeek «KopoOku s
L’ / / AAp, COOTBeTCTByomed w = do, B M060M 3agaHHOM
\\\ / // o6bseMe (momoGHOM TOMY, KOTOPHIiA IOKAa3aH OYHKTH-
~N -2 pPOM) B TOYHOCTH PaBHO MOJHOMY THCAY TPYGOK 2-Pop-
MH O (pETypa BHIIE), BEIXOAAIMHX U3 3TOT0 0fBeMa

(o606mennas Teopema Crokca). B anekTpoMaTHeTHSMe BHeMHAAA MPOMaBOHAA 2-G0PMBI
F naer myaeByo 3-gopmy, a Bremnss npoussonnas 2-gopmsr *F = M maer 4x, ymuo-
eHHOe Ha 3-PopMy sapsama *J:

U=pdz Ady Adz—J, dt A\ dy A dz—J,dt A dz A\ dz—J,dt A\ dz A dy.
Or 1-dopmmt k 2-opme, a 3aTem x 3-dopme ? Her!

Basas 1-gopmy (oaexTpoMarRETHHE 4-IOTeHNHAJ) M BHYMCAHB ee BHEMHION IPOM3-
Bofnylo, monyumM 2-gopmy F = dA. Tpy6km aroii coTomomoGHOI CTPYKTYpH HHATHE
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He OKaHYHBAKOTCA, T. €. YACI0 OKOHUAHHM TPYOGOK B KaxaoM GeCKoHeYHO MajioM ofneme,
a ciaenosaTensHo, B 3-gopma dF = ddA aBromaTHueckm obpamaioTca B Hyas. IT0
eme ofaEH mpumep ofmero pesyasrata dd = 0.

Ot 2-popmu k 3-popme, a saTeM K 4-popue? Her!

Bsap 2-gopmy *F E, BHYHCIAB ce BHeIHWIO IPOH3BOAHYI, moayduM 3-dopmy 4n*).
flueitkm 9TOH CTPYKTYpPH, mofoGHO# KopoGKe MiA AMN, BHTAHYTH BAOAB UeTBEPTOH
KoopAHHATH («rEnepTpy6Km»). Uncao Takux ranepTpy6oK, OKaHIMBAOMEXCA B GeCKo-
HeYHO MaJjioM oGbeMe, a ciaefloBaTeqbHO, B 4-Popma

d (4n*)) =dd*F

aBTOMaTHYeCKH o6pamaloTca B HYIb — eme ofuH npumMep obmero peayasraTta dd = 0.
IT0T PEs8YARTAT TAACHT
i8J aJ
* Ty z =
)= (F+ 5= +5L+5E) dt N dz A dy A dz=0

(«3aroH coxpameHEs 3apsafa»). IIpmMeuanme:

dzx A\ dzB A dzv A\ d2d = 4! d2[* @ d2f @ dz¥ @ daf).

Orcrona caepyer dt A dz A dy A dz=e.
Or 3-popmm x 4-dpopme < =dv=fv'7:?-' dz® A dzZ A da2f A dzv

Jra uweTHIpexXMepHasi CTPYKTypa, moaoGHasA «cymepkopobke nnA AWy, mpeACTaBIAET
co6oli MamEHY, NPOMBBOAAIMYIO INCH0 (anciao Adeek (v, M A u A v A w)) B3 4-06pe-
ManAUAVAW

Or 4-dpopmu k 5-hopme? Her!

IlpocTpaECTBO-BpeMsa, Gyayusm deTHpexXMepHHM, He MO;KeT BMECTHTh NATAMEPHHE
CTPYKTYpH THHA KopoGkm ans smn. [lo kpaiinedi Mepe ABa M3 COMHOKHTedel dz* B

dz® A\ dzP A dz¥ A d2® A d2®

JIOJ3KHH COBOAMATH, OTKYAA IPH yueTe aHTACHMMETDHE /\ cielyeT, 4To 3Ta «Ga3mCHasA
5-popMa» moyHEa of6pamaThLCA B HYJIB.

PesyasTaTl BHemBero madpepeHuEpoBaHAA

opMa b4
1-popma df A
2-bopma ddf=0 F=dA SF
3-bopma dF=ddA =0 4n*)=d*F v
4-popma d (4n*))=dd*F =0 T=dv

p
5-popma? Her! dv=0 dp=0
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Hosnie (opmbi, 06pa30BaHABIE H3 CTaPHIX ¢ HOMOIIbIO OHEPAIHE
ayanrsaocTn (cM. ynpawxaenne 3.14)

HyanbHoit K ckansapy f asuaserca 4-popma: *f = fdz® A dz' A dz? A dz® = fe.
Hyanveoit k 1-popme J sapasercst 3-dopma: *J=J0dz! A dz? A dz® — J'da® A d2® A\
N d2®+J2d2® A d2® A dz' —J3d2® A dz! A dz?
DNyanbmoit k 2-popme F spaserca 2-gopma: *F=F'*Ple g . dzw A dzv, tne F*P=
= n*nBSFy,.
Nyaapeoit ® 3-dopme K sasaaerca 1-popma: *K=K"2ds® — K128dz0 | K20 dz! —
— K dz2 rre K= nernbvynrg, ..
Oyanvroit k 4-fopme L sBasmerca cramap: L = Lg,sdz® A det A dz? A dz?; *L=
=L0lzﬂ= —Lmzs.
[p%ameuanue 1. ITo mOHATHe AYaabLHOCTH Mexdy @Popmamu Clefyer OTIAYATB
OT OOHATAA AYaIbHOCTA M2xuc0y 6eKmopHuM 6a3ucom 8, u 6asucom 1-fopm @* namHoiM
cacTeMu KoopmiuHAT. Me:K1y aTAMA IBYMA TAOAMA AYaJbHOCTH HeT HHdero oGmero!l
[Ipameuanue 2. B mpocrpaHCTBe-BpeMeHH omepamEs AyalbHOCTH, NPHEMeHeHHAA
ABa:k1bl, CHOBA NPHBOANT K HepBoHadadbHO#X dopme — miaA dopM HedeTHOro paHra
H K nepBOHAYATBHOIM dopre ¢ 06paTHHIM 3HaKOM — 1A opM JeTHOTO paHra. B »Bkim-
JoBOM 3-IPOCTPAHCTBe BCerTa BOCHPOH3BOJAATCA HepBOHadajlbHaA GopMa He3aBHCHMO

OT ee paHra

HdyansHOCTH mitoc BHemHee nufdepeRnupoBanHe

Bosbyenm ckaasp ¢. Ero rpaiuent d¢ ectb 1-popma. OGpasyeMm ayanbHyo emy 3-¢op-
My *d¢. Ee Bmemasa npoussofHas ectTb 4-Popma d*dd. yanbHnM K Heit 06BeKTOM
ABaserca ckaadp (¢ = —*d*d¢. [IponenaB cooTBeTCTBYOMMAE BHIKJIAJKA B AHIEKC-
HHX 0603HaUeHNAX, MOYKHO VGOMATHLCA, 4TO omepaTop [J, ompeleleHHH TaxkaM obpa-
30M, eCTb BOJIHOBO# omepaTop, T. €. B JMI0G0# JopeHuesoi cucteM® [J¢ = ¢, =
= — (0°4/0%) + V2.

Bosomen 1-ggopmy A. Iloctpomm 2-gopMy F = dA. OGpasyem myanbHy K Hel
2-popmy *F = *dA. BuunciuM ee BHeIIHIOKW NPOU3BONHYI0, MOJYYAB OPH BTOM
3-popMy d*F (paBuyio 4n*) B adextpomarsetuame). JyadbHoll K Hell ABIAeTCA
1-popma *d*F = *d*dA = 4n) («BonHOBOE YypaBHeHHe [l JAEKTPOMAaTHHTHOTO
4-noteHn@axa»). B unAnekcHux 06o3HaueBMAX 9TO ypaBHeHHe CBOJUTCA K

Fuv,v = Av. liv -_— Au' vv, = 431.’,,,,.

(Bonee moxpo6ino cm. {102, 106]; cM. rakxe ynpakuenme 3.17.)

§ 4.7. JIENCTBUE HA PACCTOAHHNHU KAK CJIENCTBUE
JOKAJIBHOI'O 3AKOHA

B xauecTBe HHCTpyMeHTa B TEODHH 3JeKTpoMarsernaMa gudpdepesnu-
aabusie popMH 067aZal0OT OTPOMHEIME BO3MOYKHOCTAME, HO, 9TOOH
HCHO0Jb30BATh MX B IOJHOWA Mepe, HeoOXOQMMO BAAJAELTH M APYTUMH
uHcTpymeHTaMa. OcoGeHHO BaXKHEI METOMH, HUCIOJb3yemble [pPHA ONM-
caund feiicTeuA na paccroaHad («dyuxuau I'puna», «nponaraToprly).
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Boxee Toro, mepexox 0T MaKCBENJIOBCKHX YDABHEHHH HOMA K 3JI€K-
TPOMarHATHOMY REHCTBHI0 Ha PACCTOAHAA BO MHOTOM IpPeJBOCXHIMA-
eT TO, KaK JHHINTeHAHOBCKAE JOKAJbHHE yPAaBHEHUA BOCHPOA3BOLAT
(opr6umxenno) sakou Heioroma 1/r2

B nnockoM mpocTpaHcTBe-BpeMOHH BHIPA3UM KOOPAMHATH IaCTHIH

A B NopeHIEBO# cmCTeMe KOOPAHMHAT KaK QyHKOEA ee COGCTBEHHOTO
BPE6MEHH O

ak =a* (a), ?-‘%= a* (), f::{ =ak (). (4.32)

Hupax mamen yao6Hoe npepcTaBineHdme A pacIpefeleHHs 3apana
H TOKa JBHIKYMEACA TaKHM o0pa3oM dYacTANW C 3apANOM € B BHJE
CynepHo3UnUA 3apAn0B, KOTODHE BO3HHKAIOT HA MTHOBeHHE (¢BCHHI-
XHMBAIOT»), a 3aTeM HCYE3a0T M HE CYMECTBYIOT 3a Hpe[eJaMH 3TOro
MTHOBeHHA. JIOKaNIM3amAi0 KasKKOH TAKOR BCHHIIKK B HPOCTPAHCTBE
H BpeMeHH MOKHO 3alHCaTh B BHJE IIPOHM3BeJeHUsA JeTHpeX AAPAKOB-
cKax JenbTa-QyEkoui (cM., Hanpmmep, [71, 72]):

8¢ (2t —at) =§ [2° —a® (a)] S [zt —a! (@) § [22—a? (@)] & [ —ad (a)).
(4.33)

Hasxpaa pynaxnna Jupaka § (z) («cumBonmueckas pyHKmuA»; ¢pacaope-

TlelIeHne»; «Opejiell rayccoBoil QYHKIMUM omMuGOK» ¢ 6eCKOHeIHO MAaIoR

mApHHOR, 66CKOHETHO BHCOKAM MAKCAMYMOM ¥ PABHEIM e[HHATe HATEr-

pajom) B oTAenbHocTH 1) paBHA Hy 10 Ipu 2 % 0, a 2) mATerpal oT Hee
400

paBeH S 8 (z)dz = 1. [Ipm TakoM omMCAHAE BEKTOp 4-TOKA JIACTHIEI
OpefCcTaBisAeTCA B BUAO (¢CYHepHO3UMUA BCIHIMEK?)

TP S 8 (2% — a* ()] a* (@) dat. (4.34)
4-tox (4.34) npmBomMT K mosBienui0 3iaexTpomarmutHOoro moisa F.

3annmem ero B Bafe F = dA, 9T06H yIOBIETBOPHTE TOMKIECTBEHHO
nojoBnHe MakcBeqmoBCKEX ypasaenuit (dF = ddA = 0):

Fua=—-——, (4.35)

B mockom mpocTpancTBe ocrambHute ypaBuennsa Maxcsemna (§*F =
= 4n*)) opunAMawT BUR

aF,"
az':’ =4nJ,,
nian
8 94" 824,
P 5 T g e (4.36)

11-01457
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Bocnonbayemca Tem mpou3BoJIoM, KOTOPHIiA CymecTByeT npE BmGope
4-moternmana AV, m moTpe6yeM BHIOJIHEHHA YCJIOBHA

4" _o (4.37)

az¥

(opermeBo ycjoBme KaambpoBkd, cM. ynpaskmenme 3.17). Taxmym
obpasoM, moaydaeM
O4y= —4nJ,. (4.38)

IlockonbKy 4-TOK ecTh CyNmepHosHIMsA «BCHHIIEK», feiicTae (A) aToro
4-TOKa MOJKHO BHIDA3HTh B BHJEe CyNepno3MiuH Bo3feicTsmid E aie-
MEHTApHHIX BCHOHIIEK, T. €.

A% (2)= S E(z—a (@)] a* (o) da, (4.39)

rfie «3jeMeHTapHOe Bo3feiicTBue» E («axpo», «pynkuua 'pmua») yxo-
BIETBOPSeT ypPaBHEHHIO

OE (z) = — 4nd4 (z). (4.40)

OpnHEM K3 pelneHA i ABJIAETCA «IONYONePe;KAOMAN MJII0C H0JAy3anas k-
BAIOMMUil MOTEHIHAJ»

E (z) = 6 (napz®zP). (4.41)

On paBen HyJII0 BCIO/ly, KpOMe HaNPABJIEHHHX B GyAymee ¥ B IpoLLIoe
CBETOBHX KOHYCOB, B KOTODHX OH moctosneH. OGruHo GoJiee moJies-

HBIM OKAa3BIBaeTCA 3amas3AbiBalOIee pelneHne

_ 2E (z), ecmm z°>0,
R (I) = 0
0, ecim x°<<0,

KOTOpoOe I0JIy9aeTcAa np: yxasoenun (4.41) B ceeToBoM Kouyce Gyxyme-
ro m ofpamennu B HyJb B CBETOBOM KOHycCe mpouuioro. Bes aiex-
rpogmrammKa (cuia Kynona, sakom Ammepa, 3JIeKTpOMarHATHAasA HH-
IYKOHUA, H3JIy1eHHe) BHTEKaeT M3 NpPOCTOro BHpamenua (4.39) mas
BEKTOpHOTO moTeHnmaia (cm., Hampmmep, (89, 90], a Taxsxe [109]).

(4.42)

YNPAXRHEHHA

4.4. Tlpocreitmasn d¢opMa JOKAABLHOIO 3JNEKTPOMAIHMTHOIO HOAA
B 00meM cayuae

B na6GopaTopHoii 10peHIeBO# CECTeMe dJIeKTpHYecKoe noxe paBHo E,
a MarEnTHOe moJie paBHo B. UacTHHMu clydaamu ABiAwTcA: 1) ancto
anekTpuveckoe moxe (B =0), 2) wmcro MaraatHoe moxe (E = 0)
u 3) «mose usIyIeHHA», NN «HYydeBoe noie» (E u B paBHH 1o BelAYnHe
H HaIpaBJeHH NepIeHAUKYIAPHO APYT ApPyTYy). Bee ciydam, oTanaHbe
OT 9THX Tpex, ABIAKTCA «o0mmmu». Brumcante B ofmem cayuzae
IJIOTHOCTh moToka sHeprum E X B/4n (Bekrop IloiiaTmara) m mioT-
rocTb 3Heprum (E? 4 B?)/8n. C noMompbio OTHOIMEHAA NOTOKA YHEPTHA
K IJIOTHOCTH 9HEepThH 3afaiiTeCh HAOpaBJIeHAEM eXHHUTHOTO BEKTOpa 1
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¥ BeJUYMHOH mapamMeTrpa CKODOCTH Q.

2EX B

'nth2a=m.

PaccmoTpaTe TO ke 2JeKTPOMATHHTHOE IOJIe B CACTEME DAKeTH, [BH-
JKymeiicd B HAPABJEHUH 70 C DAPAMOTPOM CKOPOCTH & (HO He 2a; MHO-
MKATeNb 2 BOIIEJN IOTOMY, YTO HOTOK 9HEPIHA H IUIOTHOCTH HEPTHH
OpeAcTaBAAIT co60if KOMIOHEHTH HE BEKTOpa, a TeH3opa). Mcmoarays
Popmyan npeobpazoBauna Jloperma (3.23) uam KakuM-HUOGYID MHEIM
cnocoboM NOKasKMTe, YTO B CHCTEMEe DAaKeTH IOTOK JHEPTHHM paBeH

HYJ10, OTKYyJa CJexyer, 9To EuB napaJijIeJbHEI. Ocs z BCerjga MOMHO

HAOPABHTH B HanpapjeHmd, o0mem miaa E m B. Ilokakure, uTo mpm
TakoM BHOope opmesranum F mpuHEMaeT BHR

F=E,dz\dt+ B,dz\dy
(EYKHO TOJABKO [{BA KOCHX IPOM3BefeHus, ITOGK NpENCTABHTH JOKANb-
Hoe mosie ofmero BHEJA, «KAHOHHIECKOe IPEACTABICHHE); €CHH CIpa-

BeJJIABO B OJHOM CHCTeMe, TO, CAeX0BaTeJIbHO, COPABELIHBO B Jio6oit
CHCTEMe).

4,2, TIponssoa B BriGope 1-jopM B KAaHOHHYECKOM DPEe[CTABJICHHH
JOEATBHOrO NOAA O0LIEro BAJA

ByneM OpOBORHTH pacCMOTPEHHE B CTOJAb OTpaHAYEHHOH OKpPECTHO-
CTH, 4TO MSMEHEHHEeM HOoJA OT TOYKH K TOYKe MOMKHO mpeHebpedn.
3anmmeM F B KaHOHMYECKOM HpeACTABJIGHAHN BHJA

F=dp; Adg'+dprr Adq",
rie py (A = I mau II) u g4 — ckanApAne QYHKOUE TOYKE B OPO-
cTpancTee-Bpemenn. OnpefeanM <«KaHOHAYeCKoe mnpeobpasoBaHme»
K HOBHIM CKANAPHEM Oy HKIHAM TOTRU Pz H g4 ¢ IOMOMPBIO «yPABHEHAA
npeobpasoBaHusy»

paldg4 =dS + pxdg4,

rge «renepupyomeit ¢yuxumueiiy S npeobpazoBaHmMA ABJIAETCA LIPO-
WM3BONBHAA (QyHKmAA ¢4 1 g4

dS = (35/0g4) dgA + (8S/0g%) dgA.
a. llomyumre Buipaskemma pgna obomx p, m obomx pg uepes S,

IpUpaBHAB 1O oduepenn kospdmmmentm npm dgl, dglf, dgi, dgl
mo oGe CTOPOHH ypaBHeHHA mnpeobpasoBaHms.
6. Hcnmonpsys 3TH BHpasKeHHA JJsA D, H Pz, HOK&KHTE, UTO

F=dp Nd¢gA nF= dpz/\dqz, OTAMYHKE IO BHAY APYT OT IApYyra,

HA CAMOM [leJie SBJIAIOTCA BHPUKEHHAMHA [JIA ORHOM W TOH Ke
2-popMnr wepes pasadmuHEE COBOKymHOCTH 1-Popm.

11*

2

YNPAKHEHHA
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4.3. 3amrayran, mam GessmxpeBas, i1-dopmMa ecTh rpagmeHT

IMoxa;kute, 9ro ecnm 3agana 1-Popma @, Takas, uro do = 0, 10 ©
MoOxeT OHTH mpeficTaBieHa B Bijge 6 = df, Tie f — HEKOTOPHIH CKAIAD.
1-dopMy O HasHBawOT «Ge3BEXpeBOily, ABIANMEcA JaCTHEIM CIyTaeM
1-popmMH «Gea Bpamenmsa» (upencraBumoil B Bune ¢ = hdf), xoTopas
A3yYaeTcA B CAOAYIOINEM YIPaKHEHHU X KOTOpasA B CBOIO 09YepeNb ecTh
Gosee ysroe moHATHe (cM. ¢ur. 4.7), uem «1-dpopma ¢ Bpamermem»
(menpencraBumas B Bufe 6 = hdf). IlokaskuTe Takke, 9TO €CIH Oy
€CTh KOMOOHEHTH pasiyoskeHus «Geasmxpepoit» 1-PopmMu 6 mo Gasme-
BuM 1-Popmam 2%, To BHIONHAETCA COOTHOMERME Of,, p] = 0.

4.4, Kanormueckoe supaxenne qan 1-popuu Ge3 ppamesnsn

B TpexmepHOM DpPOCTpPAaHCTBe TBepjoe TeJO, BpaIMalmeeci BOKPYT
OCH Z C YIVIOBOH CKODOCTHI ®, ¥MeeT KOMIOOHEHTH CKOPOCTH U, =
= oz, Vy = — 0y. Beauunna rot ¥ =V X ¥ EMeeT z-KOMIOHEHTY,
paBHYI0 20, 8 OCTaJbHHE KOMIOHOHTH paBHH Hylo. Taxum o6pasom,
CKAJIAPHOE IPOU3BeieHAe ¥ HA rot ¥ paBHO HYJIO: -

vy, omy=0.
dtor garr o6obmaercA M Ha caydail JeTHPeXMEepHOTo IPOCTPAHCTBA

Vte, goy1=0

B MOeT GHTH BHpajkeH Ha A3HKe, cBOGOJHOM OT KOOpAMHAT, Kak
TpeGoBanre ofpameHus B HyJIb HEKOTOPOil 3-opMul

dvAv=0.
Ilponasonbuas 1-gopma ¥V, yHOBIETBOPAIOMAA ITOMY YCIOBHIO, HA3H-

Baerca 1-gopmoit «Ges Bpamenus». lloxaykure, uto 1-Popmamm Ges
BpAIEHHsA ABAAIOTCA T€ H TOABKO T€, KOTOPHE MOTyT GHTh ImpefcTaB-

2\ N 3

\—

("6eamuxpesas") ) \ ("6es Bpamenia") Y,

5

= Z| & =
= |~

=
v = hdf
\_ {c BpauieHnem) )

v=df

DUr. 4.7.
CpaBHeHEe B OPOTEBONOCTABJIGHHWE HEKOTOPHX HpOCTHX TAHNOB i-fopm.
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JIeHH B BHJE

V=hdf,
rge k2 @ f — ckansapEHe QyHKmEA Toukm (¢reopema DpobGemmycas).

4,5, QopMul, oGnagaompe NONAPHHME CHETYJAPHOCTAME

IlepeurcanTe OCHOBHHE pe3yJbTaTH, KacalompAecA IpefCcTaBICHAN
Takax ¢opM, HampEMep

Oy =52 A it 0y,

M YKa)KATe YCJOBHA OPAMOHAMOCTH Ka)K[JOT0 M3 HEX (CMBICI 3TOTO 3a-
HaHAA A OTBET MOXHO Haiitm B paGore [110]).

4.6, Ilone ocHWLIHpYIOIIEro RHIOAA

Y6emarech, aro Bupakenus (4.23) m (4.24) puA IEeKTPOMArHATHOrQ
OOJIA OCOWIMPYIOMEro AANOIA YyHoBiIeTBopanT yciosdio GF = 0
moBciony u yciaosuio @*F = 0 noBciogy, 3a MCKIO9eHAeM Hadajia
KOODAMHAT.

4.7, Ceasp amuapara 2-QopM ¢ TEH3OpPHBIM Mapamu

9ro ympaxkHemHe CHOpPMYJHDPOBAHO B KOHOe mofmacH K ¢ur. 4.1.

4.8. Kyaonoscroe moxe B 3KBATOPHAABHON IIOCKOCTH

Ha ¢ur. 4.5 moxasamo mpocTpancTBeHHOmOA0GHOE (£ = const) cede-
oue M gisa mokosAmeroca Touesnoro 3apapga. C moMompio ciaegylomei
cepar pPHCYHKEB yOeauTech, 94To mnpH Ha0MIOJeHARM M3 ABMKymeHca
JMIOPEHmEeBOH CACTEMH JHMHUA 3JEKTPHUIECKOTO HOJA CKAMAIOTCA B IO-
mepedHoM Hampapienmm: 1. I3oGpasure skBaTopmadpHoe (0 =
= n/2, t, r, § — nepemennne) ceseane M = *F. 2. Hapmcyiire pas-
JATHE® OPOCTPAHCTBEHHONOKOOHKE COUeHHA HOJYIABMIEHCA TIeoMeT-
PAIECKO# CTPYKTYpPH, COOTBETCTBYIOmAe (AKCHPOBAHHOMY 3HAUECHMAIO
BPEMEHHOH KOOPAMHATH B Pa3JIAIHHX JOPEHNeBHX cacTeMax. 3. Ilepe-
cedeHnio M = *F ¢ KakQuM JOpeHmEBHIM cedeHAeM JHaliTe HHTep-
mpeTamuio, aHAJOTUYHYI0 npuBefeHHod Ha ¢mr. 4.3.

4.9. BouncaeHne HHTErpajioB No NOBEPXHOCTH
B momonnmennmm 4.1 nano ompemenernme
P AP
fa=f{ ... <a. S Neee A SEONM .. dA

mHTerpana p-popMu @ no p-nosepxHocTE & (AL, . . ., AP) B n-MepHOM
mpocrpaHcTBe. Vcxonsa m3 Hero, ofocHyiiTe ciaefyiomee DpaBHJIO A
BHYACJHEHWHA (Tax:Ke NpHBefeHHOe B fomojHendmn 4.1): 1) momcraBbTeO

2
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ypaBHeHHe NOBEPXHOCTH
=0, ..., A
B @ W IeperpynmupyiTe 4JIeHH B BHJe
a=a(A, ..., AP)dMA ... AdAP;
2) mpoumHTerpmpyiite

Sa=S Sa(xﬂ, L AP dM L. AP,
HCIIOJIb3YHA 065!‘1]:[09 onpeneneune HHTerpaJa.

4.10. Kanymoux YuTTerepa, HNH ABHKEHHE ROHTYPA

BosbMeM 3aMKHYTHE KOHTYp, OIDAHAYMBAIOMIMN JBYMepHYIO IIO-
BepxmaocTh . OH oKpy:xaeT HeKoTopwii moTox F, paBawii Q@p= \F

(emaramTHHe TPyOKHU»), H HOKOTOPHH moTok M, paBHHH Dy = (‘F

4
(«voexTpauecKue TPYyOKm»).

a. [Toxkaskure, uro motoknm O # Oy BaBECAT TONILKO OT BHOOpa
KOHTYypa M He 3aBHCAT OT BHOOpa mOBepXHOCTH o, KOTOPYIO 3TOT
KOHTYD OTpaHHYIHBAET, B TOM H TOJIbKO ToM ciaydae, eciu dF = d*F =
= 0 (MeT HM MATHMTHHX, HH 3JJEKTPHIECKHX 3apANOB). YKasanue:
genoab3yiite o6obmennywo Teopemy Crokca, momoamenms 4.1 m 4.6.

6. IlepeMecTUTE KOHTYpP B IIPOCTPAHCTBE H BO BpeMeHH, [BATAA ero
TakuM 06pasoM, 9TOGH OH BCe BpeMs OKpPYKaJ OfUH U TOT 3Ke moToK F
u ofuH  TOT e noTok M. IIpu TakoM mepeMeineHHHE KOHTYp OIACHBA-
eT [BYMEpHYX mOBepXHOCTL («kamxymomm [111]) & = & (a, b):
z¥ = 2z (a, b). llokasxkuTe, 9TO diIeMeHTADHHI OHMBeKTOop Ha 3TOM
noBepxHocTE 2 = dP/da )\ IF/db  ynoBmeTBopseT  ycioBAAM
(F, Z) =0mn (*F, Z) = 0.

B. Ilokamure, uro 3t auddepeHmEAIbHEE YpABHEHHA OTHOCH-
TeabHO 7P (2, b) MO/KHO DEIIMTh HpU 33JaHHOM HAYAIHHOM YCIOBHH
zh = zW (a, 0) gaA HAYANBHOTO HOJNO)KeHHA KoHTypa, ecam dF = 0
g 0*F =0 (mer um MAarHHUTHEIX, HHA 3JeKTPUIECKHX 3apAJOB).

r. PaccMoTpaTe cTaTu4yecKoe OJHODOJHOE B3JIEKTPHAUECKOE IOJE
F = —E.,dt A\ dz. Pemnte ypaBuenna (F,Z) = O0m (*F, ) =
= 0 m maiigaTe ypasnenme & (a, b) maA Kamymomga camoro obmero
Baga. [Omeem: y = y (a), z = z (a), z = z (b), t = ¢t (b).] Ocrano-
BATeCh IOJpoGHEe Ha JBYX YacTHHYX caydaax: 1) Kaaymonp, meauKoM
JeKamMi Ha TMIEPOOBEPNHOCTH MOCTOSHHOrO BHAYEHWA BpEeMEeH:
(KOHTYp ABHKETCA ¢ GECKOHEUHOH CKOPOCTHIO, AHAIOTMYHO ABH;KEHHIO
€O CBEPXCBOTOBOM CKOPOCTHIO TOUKH IepecedeHUs Je3BAN y HOMKHHL);
2) KaayMOHA, KOHTYp KOTOPOrO BCe BpeMsA MHOKOUTCH B JOpPEHOEBOMH
cacteme ¢, z, Yy, 2.
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4.11. Napdepernnansanie GopMH B raMAILTOHOBA MeXaHHKA

PaccMoTpEM IMHAMUYECKYIO CHCTEMY C ABYMA CTememAMU CBOGOHI.
YTo6H ompeenuTs 3Ty CHCTeMy KaK TaMHJIBTOHOBY CHCTeMY (TacTHHIH
caygaii: 37lecb TaMHIIBTOHHAN HE 3aBHCUT OT BpeMeHm), HeoOxomumo
1) ompefenuTh KaHOHHYIECKME MepeMeHHHE (CM. [omoJHeHme 4.5)
n 2) sagath raMuiabTondad H Kak ¢pyHKOmIO KoopAMHAT ¢, ¢* U Kauo-
HAYECKH CONPMKEHHHX HMIYJIBLCOB Dy, Py. UTOOH BHBECTH 3aKOIK
MeXaHHKH, PACCMOTPHM NATHMEepPHOEe IPOCTPAHCTBO Py, P,, G, ¢* H I,
KPUBYIO B 3TOM LPOCTPAHCTBE, COEMUHAIIMYI0 HAJaJAbHHE 3HAYEHHA
TATH KOOPAXHAT (AHAEKC A) ¢ UX KOHOTHHMY 3HadeHHAMHA (Rugexc B),
a TaK;ke 3HAYCHHE

B B
I= S P1d¢' + p,dg*—H (p, g)dt = S o

A A

uHrerpana I Bpmoab sTofl KpuBoii. PaszHocTh 3maueHMil MHTerpaia
BROJb [BYX 4COCENHHX» KDHBHX, OTPAaHAYHBAKMHAX AByMepHyo 00-
JacTh o, cornacao Teopeme Crokca (nomoiamenuda 4.1 u 4.6), cocTaB-
afer

o= co=o;dco.

Ilpuunun mauMenbllero AeficTBHA (IPHHOMII ¢dKCTPEMAJbHOHR Tpaek-
TOpHH») TJIACHT, YTO TOYKA, H300paKawImas CHCTeMY, JOJIKHA JBH-
TaThCA MO TOH TPAEKTOPHH B MATHMEDHOM MHOroo0pasuu (TpaeKTopusA
¢ KacaTeabusiM BexTopom d&/dt), BEOJIb KOTOpOH Bapuamms paBHA
HyJgi0, T. e,

do (..., dF/dt)=0

(2-dopMa do, B KOTOPYIO BBEleH JHMIL OJMH BEKTOPHHIH apTyMeHT,
a KaHaA [JA BTOPOro OCTaBieH CcBOGORHEIM, NPHBOART K 1-dopme
B O-HPOCTPAHCTBE, KOTOPAA W AOJKHA PABHATHCA HYII). Tem camuiM
¢urcupyerca amub Hanpapiaerne dP/dt; ero BeIMIHHY MOKHO 3aJaTh
HopMHupoBKoit (dt, d&P/dt) = 1.

a. Bumumcamre do, mcmomnsoBaB Brpawenne o= p;dg’ — H dt.

6. Honosxare dP/dt =g (08°/d¢) + p; (0F/dp;) +¢t (0F/6t) m pas-
nomnre do (..., d%/dt)=0 mo 6asmcy {dp;, d¢*, dt}.

B. IlokaskuTe, 9T0 3TO HATUMEPHO® YPABHEHHME MOYKHO 3alMCATh
B deTHpexMepHoM ¢QasoBoM mpocrpaHCcTBe {¢’, p;} B BUE

e(...,dd/dt)=dH,

rpge O — 2-popma, onpenedacHHAA B HONONHERHH 4.5,

r. Ilokakute, uro KommomenTtH O(. . ., d&/dt) = dH B cucreme
roopaunat {¢’, pp} HpeAcTaBAAT co0oil m3BecTHHe ypaBHeHAA I'a-
maabToHA. OTMETHM, 4TO 5TOT BHIBOJ OCIIOBAaH TOJBKO ma Toil gopme,

2
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KOTOPYI0 MH OpHHAXK NIA ©; OPYrHMH CIOBaMM, KJIACCHIECKH®
ypaBHeEHA ['aMuabTOHA HOMYy1a0TCA U B JIOOGKX APYTAX KOOPAMHATAX
$asoBoro mpocTpaHCTBa {q’, Pr} («KaHOHAYECKHX LEPEMEHHHXY),
I KOTOPHX

6 = dp, A\ dg'+ dp; A dg?.

4.12, OnepaTopH eAMMETPHH, TPAKTYeMHE KAK TEH30pH

OmnpenennM cMHCI KBafpPaTHHX M KPYIJIHX CKOGOK, B KOTOpPHE 3aK-
JI098eTCA COBOKYNHOCTh HMHAEKCOB, CIeAymuM o6pasoM:

=1 1 n
V(a:. . .Qp) =|;-}7_| 2 Vam. + Ggpp? V[cu. Lapl = -;T 2 (—- 1) Va,m. TR e

3nech cyMMAPOBAHAE HPOM3BOJAHUTCA II0 BCEM IEPECTAHOBKAM I THCEJ
1,2,..., pa(—1)* paBuo +1 uam —1 B 3aBHCHMOCTH OT TOTO, IET-
Haf DepecTaHOBKA WMJIM HedeTHad. ¥ BeJHYAHH V, IOMAMO COBOKYII-
HOCTH P WHIEKCOB G, &y, . . ., Cp, MOTYT GHTb U APYyTHe MHAEKCH, He
yKasaHHHE 8[€Cb, HO JHIOb KAaHHAA COBOKYIHOCTb HHIAEKCOB IOABED-
raercA JAOHCTBHIO OIEpPaTOPOB, KOTOPHE 3[ech ONMMCHBaKTcA. Umeiaa
My, Mgy . . ., Ny €CTh umeaa 1, 2, . . ., p, PACHONOKEHHHE B APYTOM
HopAJKe COOTBETCTBeHHO mepecTanoBke n. (Ciygam p = 2, 3 paccMmoT-
pesn B yopakaenmd 3.12.) Takmm o6pa3oM, umeeTcA MamuHA, Tpe-
BpamamomasA mo6oii TeHsop paHra p ¢ KomimoHenTamm Vo ... ap

B HOBHIii TEeH30p ¢ KOMIOHEHTaMH

[Alt (v)]m. Bp= V[u.g. .. pple

Tak xax mammna Alt aBiaseTca aumeiiHOH, ee MOJKHO paccMAaTpPHBATHL
KAK TEH30p, KOTOPH# 0O COOTBETCTBYIOMIHM AapTyMeHTaM U, V, ...
..., W, a, B, ..., y mpousBogmuT dmCIO

uty .. whapBy .. A
a. ITokaymnTe, YTO KOMIOOHOHTAMH 3TOr0 TEH30DA ABJIAIOTCAH Y)
a1...0p __ -1 RO4...Qp
(Alt)g,. . .5, P=(p!)™ 6g;. 87,

rme
+1, ecam (e, . . ., &p)—deTHAA TepecTaHoBKa (By, ..., Bp),
—1, ecxu (e, ..., @p)—HedeTHaAA MepecTaHOBEA (By, ..., B;),
8 P = 0,ecnm 1) kaxme-Im6o IBa W3 G COBIALAIOT,

0, ecnrn 2) raxue-nmbo nBa w3 P coemapmalor,
0,ecnm 3) a n p— pasHsie COBOKYINHOCTH LIEIX THCEN.,

OTMeTEM, YTOo M[AULB BHBOA, a CJIENOBATEIbHO, 3HAYCHHA KOM-
TIOHEHT CIpaBeNIMBH B Jai000i cucreme.

1) UnpekcH ¥y 6 mourm mWKOrfa He HOABMMAIOTCH R HE ONYCKAKOTCH, MOSTO-
My TaKoe ofosHadeHEe He NpPHUBOAAT K NYTAHHIE.
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6. Iloxkaxure, 9To AIA N106OT0 «aJIHTEPHAPOBAHHOTOY (T. €. cosep-
WEHHO QHMULUMMEMPUYLHO20%) TeH30Da A‘la cerap= =Alq g+ ap) BH-
OOJIHAETCA COOTHOMEHNE

1 ai...aph1. . .Bg a. apﬁl Ba_
ﬁ' Aag. . .Gpaw. « PPVDPHL. . VDig — Z Aal ap6 ........
U<xe<<...<&p

—_ .aphi..
=A4 lag. . .ap| 6?1 ........ 'pp...q-

B mocnenueii cTpoxe HCIOMb30BaHO COTVIAIEHNE O TOM, UTO IPA CYyMMH-
POBAaHMH IO HMHAEKCAM, BAKIOYEHHHM B BOPTAKAJbHEHE 9EPTOUKH,
B CyMMe Y9acTBYIOT JHMIOb WIEHH, HHAEKCH KOTOPHX o0pasyioT BO3-
pacTamy NOCIeA0BATEIbHOCTh. llokaskmTe oTCIOfa MIH MOMOGHEIM
#xe obpasoMm, uTo

@1...2pb1. . 1. ..Qpit. .. kg
6?1 'VPHIG‘Bi 6 ......... ?p+q'

B. Onpedeaum BHemHee («Kocoe») Ipou3BefleHne JBYyX IPOM3BOJIb-
HHX aJbTePHAPOBAHHBIX TEH30POB COOTHOIIEHHEM

WpVi. .
(aﬁ\ B)M. o Apig= 6 ApApM Amqalﬂt ﬂplﬁlw. ..vql
H 3aHAJIOTHIHRM oﬁpaaom

A A .ApA A vi. ..V
(u Av) 1...Aprq 5 uz;wx;ri p+qum upIVI 1 ql_

Iloxaskute, uro oTcloma BHTeKaer cooTHomweume (3.450). YcramouTe
aCCOMMATHBHHIA 3aKOH JAJA TAKOTO IPOMSBENeHMA, IOKA3aB, 4UTO

M. .. ApRi. .. HgVi. ..
[(GA p)AY]G‘ - O peqer = 60: . . pl.“ . .0';3:;:.;- vr“[li. . .Ap|ﬁ||11, . ,u,ql X
X Vivi. . .vpl = [a/\(ﬂ/\'?)]os . .Cpeqer?
¥ TOKaKUTe, UTO OH CBOAUTCA K ypaBHeHHI0 (3.45B), B KOTOpOM
crout 3-fopma, Korma a, f m y Bce aBaawTca 1-Popmamu.

r. BuBepmte caemyomyio ¢opMyJay [AAA KOMOOHEHT BHEIIHEI'O
OpOM3BENECHAA P BEKTOPOB:

(W AU A - Aup)® TP =80 TP () L (up) =

= pluf™ug? ... ug? = 8750 7 det ().

2
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Houonnenme 4.5. CPABHEHME H NPOTHBONOCTABJEHUE METPUYECKOR
CTPYRTYPBl M TAMHWJIBTOHHAHA, HJIH «CHAMIOJEKTHYECKON CTPYKTYPhI»

MeTtpHdecKkana CTPYKTYpa CHMIJIeKTHYeCKAaA CTPYKTYpa
1. QuangecKoe NpPHIOMKEHHE TI'eoMeTpuA npoCTpaHCTBa- TaMnunnToROBA MEXaHHEKA
BpeMeHH
2. KaHOEHYeCKasg CTPyKTypa (- L) ="d82"= 0=dp; A dgi4-dp, A dq?

= —dt® di+dz ® dz+
+dy R@dy+-dzQdz
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MeTpuiecKan CTPpYKTYpa

CHMieKTAYECKAA CTPYKTYpa

3. XapaKTep «METPHKH?»

4. Haapanue faBHO# CHCTEMEI
KoopauHEAT M A1060i ApYy-
Tof COBOKYNHOCTHM YeThl-
pex KoOpAMEAT, B KOTO-
PHX MeTPHKa HMEeT TOT
sKe BUJ

5. YpaBeenue mons giasa aTod
METPHKLY

6. UernpexmepHOE
obpaane

Onucanue CTPYKTYPH 3TO-
ro MporooGpasus, cBo6on-
HOE OT KOOpAMBAT

MHOI'O-

N

8. UeM KaHOHWYECKHE KOOp-
AUHATH  OTAWYAIOTCA OT
APyTMX KoopamMHAT (AO-
OyCTAMHX, HO He TaKAX
TIPOCTHIX)

CuMMeTpHYHAA

JlopeHEneBa cncTeMa KoOpAM-
HAT

Ryyap=0 (ByneBas puMaHo-
Ba KDHBH3HA; INIOCKOE MOpo-
CTPaHCTBO-BpeMs)

IIpocTpaBCTBO-BpEeMA

R=0

IIpuBOAAT K ToMy, 9TO MeT-
PUKa MMeeT BHMJ, yKasaHHEIH
BHme (IYHKT 2)

AHTHCHMMETPUYHAR

CucreMa ¢«KaHOHMIECKN» (MIH
«IUBAMHYECKH») COUPAMKEH-
HHX KoOpg@HAT

d8=0 («3aMrEyTAn 2-¢op-
Ma»; ycJoOBMe, BHIOJHAIOME-
ecs aBTOMATUIECKH JJIA Halu-
CaEHOr0 BHIE BHPAayKeHHA)

(Da3o0Boe IPOCTPAHCTBO
de=0
IlpuBOgAT K TOoMy, 4YTO MeT-

PHKa mMeer BHJ, YKa3aHHHI
BrIIE (IYHKT 2)

DNonoanenne 4.6. NICTOPMA NOABJEHWMA TEOPEMbBI CTOKCA

Ilpa MaTemaTMdecKo# (PopMYIHMpOBKe dJEKTpOMarHeTH3Ma leHTpaJbHOE MeCTO 3aHM-
maioT TeopeMH ['aycca (o Heit peus moiiger B rix. 5) u Crokca. Tenmeps, chopmynaupoBan-
HHe Ha fA3nke fopM, 066 OHE BHICTYHAlOT Kak eqmHoe mexoe. Ho He Bcerga sTo emms-
CcTBO OHLIO OYeBMAHHIM. OJBepuTT [112] BCcHOMEMEHAET HCTOPHIO NOABICHHA TeOpPeMH
Croxca: «IlepBoe mosaBieHme B medaTH $OpPMYJIH, CBASHBAWMEH HHTErpajH IO KOH-
TYpY ¥ 0 IOBEPXHOCTH M H3BeCTHOH Temeph moA Ha3paHMeM TeopeMil CTokca, CBA3aHO
¢ pa6oroit Croxca, BHABHHYTO# Ha mpemmio CMuTa H momaBmed B pykda Kk MakcBeany

B [peBpasne]l 1854 r. ...

5. JlaHH uHeHTp W [ABe TOYKHE JJJIHMICA, a TaKKe AAMHa Goapmoil oca. C mo-
MOImbI0 FeOMeTpPHUYECKEX HIOCTPOCHMH HadfWTe HampaBJ/IeHHE 3TOH OCH.
6. Ilpomurerpmpyiite mudpdepeEnEaJIbHOE YpaBHEHHO

(a® — 2®) dy® + 2xydydz + (a® — y?) dz® = 0.

Ectb nm y Hero CHHryJsApHOe pemeHme?

7. B pgBoiiHO# cmcTeMe KPHBHIX ¢ ABOHHON KPHBHM3HON KacaTeJbHas IPOBO-
DATCA B mMepeMeHHo# Touke P; moKaskmTe, uTO ecadm P oTXORHT 0T IPOM3BOJBHOR
¢uKcHpOBaHHOX TOYKH (J, To 4TOOH IOCHeoBaTeJHHEI® KacaTeJAbHHEe MOIJH
rae-To mepeceuncs, TOYKa P Mo/nKHa HadMHATH CBOE ABH:KeHHE IO o6pa3syiomei
JUIANTAYECKOT0 KOHYCa ¢ BepmHHO# B Touke @, HO YCJIOBHS 3aJad@ MOTLYT
OLITh TaK)ke W HECOBMECTHBI.
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8. Ilyery X, Y, Z — QpyHKUEE npAMOYroJbHHX KOOPAHBAT I, ¥, 2, dS —
3JIeMeHT NPOM3BOJBHOM OrpaHHYeHHOH HOBEepXHOCTH, I, m, n — KOCHMHYCH
YIVIOB MeKAY HOPMaJbio K dS H ocAMH, dS — 3JeMEHT KPHBOH, orpaHHYABAI0-
meii moBepxHocTh. Iloka:kETe, 9TO

55{’(%—%)+m(%—f£)+n(i’i—%)}d3=u
—(xE+v 21286

rae naddepernmanrunie kKoogdunuerTH X, Y, Z ABIAITCA YaCTHHIMHA, a OJHO-
KpaTHHH HHTerpal Gepercd IO BceMy IepHMeTDY IOBEePXHOCTH.

ITa TeopeMa OHIa 0YeHBb BaKHA [JIA IOCAEAYIONEro pasBATHA MaKCBeAJOM 3JeKTpo-
MargaTHO# Teopmd. HamGosee paHHAM ABHHIM J0KAa3aTeAbCTBOM TEOPEMH, HO-BATMMO-
My, ABIAeTCA TO, KOTOpoe HpHMBefleHO B muchMe TomcoHa CToKCY, HaTHPOBAHHOM
2 mons 1850 r.» ([lmrapyerca B pabore {113], crp. 186—187.)



5. TEH3OP SHEPIMU-UMNYIIBCA
U 3AKOHbl COXPAHEHUA

§ 5.1. IPENBAPUTEJIbHBIE 3AMEYAHUA,
OTHOCAINMECH K KYPCY 1

«['eomeTpusi yKasHBaeT MaTepHH, KaK JBATaThCMA, 4 MATepHA YKa3hl-
BaeT TeoMeTpPMM, KAaK HCKPUBIAATHCA». OMHAKO H3yYeHHE KPHBH3HAI
(zacrs III) m sarona JiiHmTe#Ha, ONUCHBAIOMEr0, KAK 9Ta KPABH3HA
cosmaeTca smeprmei-maccoit (wacte 1V), He macT HMKaKOH mOJB3H,
mOKa MH He HaiifieM cmoco0a OmpefensATh, CKOJABKO 3JHEPrHA-MAaCCH
COMIeP’KUTCA B efMHHLE 00beMa. A 9TO MOKHO CAeJaTh JHIIb ¢ OOMO-
mpl0 TeH3Opa aHeprHu-uMnyJsbca. VIMEeHHO Ha HeM KOHIEHTPHpPYETCA
BHAMAHHMe B JalHO# rJase.

OcHoBHSIE CBOMCTBA TEH30PA 9HEPTUU-UMIYJIBCA KPATKO H3JI0KEHH
B AOOOJHEHdH 5.1, mpefHA3HATEHHOM [JIA IATATeNsA, KOTOPHHE XodeT
KAaK MOKHO CKopee mepeidtTn K ¢uamke rpauranunu. Taxoil gmTaTeab
MOKeT Cpasy Iociae AomoJHEHHA 5.1 mpHCTymuTs K uayueHdio ri. 6,
HO CfieJaB 3TO, OH JHIMHUT ce6A BO3MOKHOCTH O3HAKOMHTBHCA C HEKO-
TOPHMH OCJHeAYIOMUMHA pasae]aMa Kypca 2, KOTOpHe B 31aYATeIbHOH
Mepe ONHpAaTCA HA MaTepHaJ JAaHHON IVIABHL.

Nounonmenme 5.f. PE3IOME I'JIABBI 5

A. Tensop sHeprEA-AMUYAbCA KAR MANIMHA

B xamoM cOGHTHE OPOCTPAHCTBA-BPEMEHH CYMECTBYeT TeH30p JHePrHH-HMIYJIbCA.
OH npeactaBaseT coGolt MaIIAHY, KOTOpas HeceT B cebe MHPOPMALAI0 0 MIOTHOCTH
9HeprEH, NIOTHOCTH AMOYABCA B HANPS)KEHAAX, H3MEpSAeMbX BCOBO3MOKHHME Ha G0~
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HaTensAMHA B HaEHOM cobHtmd. Ciofa BXOAAT 3HEPrAA, HMIOYJLC A HAOPAMKEHHSA, CBA-

3aHHHe CO BCeMH BH[aMHA BellecTBa H CO BCeMH HerpaBATALAOHHHIMH MOJSAMH.
TeHsop 2HePrAE-EMOYJIBCA ABJIACTCA JIAHEHHOH CAMMETPAYHOH MAIIMHOM C ABYMA

KaHaJaM® AJs BBoja ABYX BekTopoB: T (. . ., . . .). To, 9T0 mosy49aerca Ha ero BHXoqe

nOpE saflaHHHX BXOXHHX AAaHHHX, MOKHO KPaTKO ONHCATh CAefylmuM o6pasoM.

1. BpemleM B O#MH W3 KaHaJXOB 4-CKOpocTh HaGiiomaTesds U, OCTABAB APYro¥# Kauad
cpoGoganmM. Ha Brixome moayamm

IIIOTHOCT 4-mMmyaeca dp/dV, T.e. 4-EMmyasc
eNEHANH TPEXMEPHOTO 06heMa, H3MOPeHHHIH
T(u, -.-)=T(oo-,u)=_' .
B JOpeHIeBO# chCTeMe HAGAIONATONs P COGHTHH,
B KoTopoM B3AT T
1. o. T®gub=Tp*ub= —(dp*/dV) mas Habmiomarens ¢ 4-CKOPOCTHIO U%,

2. Beegem 4-ckopocTh HalmofaTens B OXHH KaHAN K IPOHM3BOJLHHIA eTHEAYHBIH
BeKTOop M B apyroit. Ha Brixome momyamm

KoMIoneHTa M-dp/dV IWIOTHOCTH 4-HMIyJabCA BROJIDL
T(u,n)=T(m,u)= -—(Hanpannenna N, A3MepeHHAs B JIOPeHIEBOM cncTeMe);
rabaonarens

To 00 TopunP =Tognub = —n, dp*/dV.

3. Beemem 4-ckopoctp mHabmiomateds B 06a Kamaja. Ha BHXoge DOJYYAM IUIOTHOCTD
9HEPTHH-MACCH, H3MePEHHYI0 aTAM HabaionaTeneM B cOOCTBEHHOH JIOPEHIEBOI CHCTEME:

T, u) aHepruma-Macca egaHAsl o6neMa, H3vepeHHAasg B CHCTeMe,

u, u)= . .

i o6mafaomeii 4-CKOPOCTHIO U

4. Bubepem koHKperHoro HaGmOmaTeAsd M [ABa OPOCTPAHCTBEHHOMONOOGHHIX GA3MCHEIX

BEKTOpa @; W @), ero JopeHUeBOH cHcTeMhl. BsemeM @; m @), Bo Bxoassie KaHaiw T.

Ha Buxome momyamm j,k-KOMIOOREHTY HAaups:KeHMil, M3MepeHAYI0 JTEM Haliola-
TeJIeM:

Tipn=T{e;, 6,)=Tp;=T(6;, 0;)=

j-KOMIOHEHTa CHJIKI, AeACTBYIO- k-KOMOOHEHTa CHJIB, NEHACTBYIO-
meit co CTOpOHH X*—¢ Ha H{ed co CTOpOHH z’ —g Ha
= Matepmo B obmacta r* e = MaTepHI0 B o0JacTm e .
Yepe3 eJHHAYHYI0 LJIOMAXKY gepe3 eHHAYHYI0 IJIOMAAKY
C IepHeHANKYJIAPOM O ¢ OepHeHJHKYJIAPOM @;

B. Tensop s@epruH-EMOyIbca HAEATBHOH RATKOCTH

OnanM 3 BHOB MaTepHH, KOTODHIl ITEPOKO H3Yy4aeTCA B HOCAENYOIMAX IJIaBax aToH
KHHTH, ABAAETCA «ulegavhas acudxocmey. UneanbHas KAQKOCTL mpeACTaBIAET coGoi
ANKOCTb HJIA ra3, KoTopHe 1) ABMKYTCA B OPOCTPAHCTBe-BpeMeHH C 4-CKOPOCTHIO U,
KOTOpas MOET MEHATHCA OT COOHTHSA K COOHTHIO, B 2) 06/1aAal0T MIOTHOCTHIO 9HEPTHH-
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MaCCHl 0 U H30TPOOHHM JaBlIcHMeM p B CHCTEMe IOKOA KajiKJA0ro 3JéMeHTa 3KHAKOCTH.
Cnsarosne HanpsAxEHHA, aHH30TPONHOE JOaBJIecHHEe H BASKOCTH HNOJKHKI OTCYTCTBO-
BaTh, B IPOTHBHOM CJlyvJae }XAAKOCTH HE HJeaJIbHa. Tenaop 9HEePrAN-AMIOYJbCa HIEAJdb-
HOIi KAJKOCTH B JaHHOM COOHITHA MOKHO OOCTPOHTH, HNCHOOJB3YA MeTpK‘IECKHﬁ TeH-
30p §, 4—CKOPOCTB U, NJOTHOCTh P H JAABJICHHAC p B CHCTeMe NOKOA:

T=(+p)u@u+pg, nar Tep=(p-+ p) Ualig + PLap-

B cmcTeme, rie KEAKOCTh NOKOMTCA, KOMHOOHEHTH 9TOTO TeH30pa dHEpPTAM-UMOYJbCa
nAmeioT Tpebyemblit BEA (9To6GH yGemHTHCA B 3TOM, Hafl0 JRIb BBECTH BO BXONHOMH
kagaa T B KauecTBe 4-CKOPOCTH HaGaI0faTenfl 4-CKOPOCTH KHAKOCTH):

T%uf = [(p + p) uoug + pd°p] uP = — (o + p) u*+ pu®= —pu*;
1.%€.
Toguﬂ = —p = — (WIOTHOCTH SHEpTHH-Macch) = — dp°/dV,
T’ guf = 0 = — (wroTHOCTS EMUyuBCa) = —dp’/dV,
a TaKKe
Ty, =T(e;, 8,)= pd;,= KOMIOHEHTH TEH30pa HAIPsKeHH.

B. CoxpaneHne 3Heprun-AMUYIbCA

B anexTpoamEaMEKe coxpaHeHHe 3apfAfia MokeT OHITH BunipaskeHo B dopMe Ampdepen-
UHaJBHOTO YypaBHEHHA
9 (nnotHOCTH Bapana)/dt + V -(mrorHOCTH ToKa) = 0,

1. e. JO+V J=0, mam J*,,=0, 1. e. V-J = 0. Ilopo6aniM sxe oGpasom coxpa-
HeHAe PHEPrAm-UMOYJIBCA MOMHO BEIDasHTh B (opMe PyHAAMEHTAJIBHOTO IeOMETPH-
YeCKOTOo 3aKOHa

V-T=0.

(Tak xak Teusop T cAMMeTpHEYeH, HeBa)KHO, IO KaKOMY KaHaJly BHYHCJIAETCA AABEp-
reHuma.) 9TOT 3aKOH HTpaeT Ba)KHYI0 POJb B TeOPHH TATOTEHHA.

OcTanbEasg vacTh 9Tolf IVIaBH OTHOCHTCA K Kypey 2.

Ee coxepaHde He 3aBACHT OT OpegBIAYLIET0 MaTepHama Kypca 2.

OHA HYXHA B KAYECTBE IONTOTOBHTENBHOr0 MaTepEana fasa ra. 20

(3axoHnl COXpPaHEHHMS MACCH H MOMEHTA HMUYIHCA).

OBHa HCKMIOYHTENHHO 0JIe3Ha BO BeeX IPANOKEHAAX Teopan TAroTenns (ra. 18—40).

§ 5.2. TPEXMEPHBIE OFBEMbBI 1 ONPEJEJIEHHE TEH3O0PA
OHEPTUHN-UMIIYJIBCA

B mpocTpancTBe-BpeMeHE TedeT «peKa» 4-mMmyiabca. Hasxmasa gactuma
HeceT BIOJb CBO€H MADOBOH JHHMH BEKTOp CBOero 4-mmuyiabca. MHo-
JKeCTBO 9JacTHMI[ HA MHOKECTBO MHDOBHX JHHHHA, 6CIE OPEACTABIATH
AX pasMazaHHHMA (npuOJiHKeHAMe KOHTHHYyMa), CO3HAI0T TedeHHe
KOHTEHYYMAa —¢POKY» 4-EMOyJbca&. JJNEKTPOMArHATHHE NOJdA, Heii-



§ 5.2. 8-o6vemti u onpedesenue mensopa sHEPIUU-UMNRYALCA 175

TPMHNEE IOJA, ME3OHHHE IOJA — BCe OHH TO}Xe JAIOT BKIAZ B 3Ty
«peKy».

Hax MoHO koimuecTBeHHO omEcaTh TeueHue aTo# «pexm»? C mo-
MOMBIO. IMHEHHOH MAaMHH — TEeH30pa 9Heprum-uMmyxnca T.

BuGepeM B mpocTpaHCTBe-BpeMEHH MAJIHA TpeXMEpHHI mapaJie-
aenunen ¢ BexkTopamu A, B, C B xazectBe peGep (¢pmr. 5.1). 3anma-
AMMCS BONPOCOM: KaKoe KOJHYeCTBO 4-MMIyJbca IepeceKaeT 3TOT
00beM B IIOJIOKATEAHHOM HANPABJIEHHA (T. €. B HAIPABJICIUA OT ero
«OTPHIaTeJBHOH CTOPOHHE K €ro «IOJOMKHUTeAbHO# croponer)? UToOn
OONYYHTh OTBET, BHINOJHAM ciaemyiomue omepammm. 1. Iloctpomm
«I-gpopmy ob6vemar

Sp = + 8,qp,A%BPCY; (6.1

Haml mapajjiefienamel pacmolioKeH HA OJHOH M3 IOBEPXHOCTEH
1-popMEI, a mOMOKHUTENIbHO® HATIPABICHAS, IEPICHANKYAAPHOE MApaJ-
JleNenuneny, ompefeseH0 TaKEM o0pa3oM, UTO COBHAMAET ¢ IOJOMKH-

Hotok 4uninyasca

Monoxurenpioe™

————

HarpaBJeHne

A
.

\

| /
Mosoxureabtoe
Hatpasaenme

g

«Pexa» 4-AMOyNBCa, TEKYmAsA B IPOCTPAECTBEe-BPEeMEHH , B TPH Pas3auuHbX 3-06beMa,
CKBO3b KOTOpDHe oHa mpoTekaer. (Ha ¢mrype HejoctaeT omHOTO M3MepeHHS,
n03TOMy 3-00BbeMH BHINANAT Kak 2-00vemu.) IlepBuii 3-06bem mpepcraBiser
co60ii BEYTPeHHIOK® YacTh KyOHuecKoili MHJIBHAOH, KOTOpasg B AaBHHHA MOMEBT
mOKoRTCA B M300paskeBHoi1 JopeHneBo#l cmcreme. Ee peGpamm msasiorca Ley,
Ley, Le;, a 1-popma ee o6nema, ¢HOJI0KMTENbHO» OPHEHTHPOBAEHAA B CTOPOHY
6yaymero (¢cTaE;apTHas opmeHTamms») ecth X = L3dt = —Vu (V = Le, —
o6beM, WBMEPEHHHII B CHCTeMe NOKOf, U= —d{ — 4-CKOPOCTH MHUJIBHHIH).
BTopoit 3-06pem mpefcTaBasieT co6oii ¢MEPOBYIO IOJIOCY#, BAMETAeMYI0 3a Bpe-
MA AT KPHIIKO# BTOpOH Ky6Hueckoidl MuapHEMNE. Pe6paMP KpHIIKHA ABJAAIOTCA
Ley m Le,,a 1-d)opn§la ee 00beMa, 4IOJIOMKUTEJIHHO» OPMeHTHPOBAHHAA HAPYKY OT
MHJBHAIOH B HANPABJIeHAA PACTYIHMX ¥, ecTh X = L2Atdy = #At0 (£ = L% —
pDiomaab KPHINKA MEHJIBEANH; ¢ = dy — eamEuvBas 1-popma, cogeprramas MApO-
Bylo moyocy). Tpernit 3-06beM BHOpaEH NIpPOM3BOJIBHO; ero peGpaMm ABIAAITCA

A, B, C, a 1-popma obmema ecTh I, = £,44,4%BPCY.

.

T

)

T

MaTeMaTauecROe
DpefcTaABIeHEe
3-06eM0B




Haxoxaesse

HMIYTbOA,
IEePEOEKAIOIETO
3-00pen,

© IOMOIIbIO
TeHaopa
OHECPTHE-
HMIOYAbLOS

BHYTpPeRHAA
980Th MBUTHHEIN

eelobmeus

4-EMOYNLO,
ROTODBIM
ona ofaanaer
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TeJbHHM HampaBienueM 1-gopmu Z. 2. Bregem 1-gopmy atoro o6ne-
Ma BO BTOpOil KaHaX TeH30pa aHepruu-uMmyiasca T. B pesyabrare
MOJIyIAM
AMOYJIbC, OepeceKanmui 3-06seM oT
T(..., Z)=p=| orpunarenpnoit cTOpOHH K mONOKA- |e¢ (5.2)
TeJIbHOH CTOpOHE
mycToi
KaHaj

3. UTo6H moMyIuTh HPOEKOUI0 4-HMIYJIbCA Ha BEeKTOD W miH 1-dopmy
a, sBefieM 1-popmy oGpeMa X BO BTOpOHl KaHAJI, a W HIA @ —
B TEepBHIL:

T(w, Z)=w-p, T (e, Z)=(a, p). (5.3)

9To W ecTh OmpedeJeHN® TeH30pa IHEPTHHU-HMIYJHCA.

Baxneiimue cBoiicTBa 3-06beM0B M TeH30pa dHEPIUU-EMOYJIbCA
OOJHOCTHI0 OTPAKEHH B M3JI0;KOHHOH BHIE TPEXdTANHOU IpOmeRype.
OnnaKo HeIb3A OTPAaHMIATHCA MOMOOHOM KPATKOM CBOJKOIM: HeoOXoau-
MO Takie u riayfokoe mommmanme. [ HOCTA)KEHMA TAKOI0 HOHHAMA-
HusA HeoOXO[AMO M3YIATh 4YaCTHHE CiIyIaEm 3-00beMOB M TeH3opa
3HEpPrEA-AMOYJIbCAa,

Yacranii cayuaif

B mpocTpaHCTBe-BpeMeHH JBHKETCH MHUbHHUA. B cobutum &, na
MHPOBOi JHUHAN MBUIBHANM B Hee 3arJAJHBACT 9eJI0BEK M TINATEIBHO
HCCIeqyeT BCe MELIO, BO3LYX M 3JeKTPDOMATHATHHE IOJfA, KOTODHE
B ueit comepkarca. OH CKIagHBAaeT AX 4-AMOYJBCH K HOJYYaeT HoJ-
B 4-AMIY b Pysumanm 3 - HakoBa BesuamHa 5T0ro moaHOro 4-aM-
nyiabca? Ee Mo)KHO BLMHUCIHTD, €CIIH YI€CTh, 9TO 4-HMIYJIbC, KOTOPHM
o61amaer MEIBHALA B &), B TOYHOCTH paBeH 4-MMIyJbCYy, IepeceKa-
10meMy MHUIBHEIY B HAIpaBJeHNWH A3 Hpourioro B Gyaymee B 3Toi
touxe (pur. 5.1). CiremoBaTenbHO, 4-HMIYJIbC, M3MEPEHHHH HANIUM
HCCIefl0BaTeIeM, paBeH

pm:mblmnu B 5')0=T(° LA ] 2)1 (5.4)

rie = ecth 1-popma obbema MuIbHAOH B Touke &, Ho y rakoi
MEUIBHHAOH BeJM9MHA X paBHa ee o0bemy V, namepeHHOMY B cucTeme,
B KOTOPOif OHA B AHHEIA MOMEHT MOKOMTCA, 4 CAMa MBUIBHAIA JEHKHT
B OJHOM M3 TAHEpPIJIOCKOCTe# X; ApYTAMA CJIOBaMH,

Z=—Vu, .5)

T7e U ecTh 4-CKOpPOCTh MHIBHMIE B &, (Co 3HAKOM MHHYC, TAK KaK
ecau DOA U HoHmMaerca 1-gopma, TO HOJOKATEJbHHIM HALpPABJICHH-
eM JJIA Hee AIBJIAETCA HAIpaBJeHHe B mpomuioe, u, <<0); cM. momoJ-
weame 5.2. CiemoBaTeiabHO, HOJNHHIMA 4-AMIyJbC, KOTOPHM o06aamaer
MEUIBHHLA, pPaBeH

=T(..., =Vu)=—VT(..., u), (5.6)

FMHJIBHHIIH » Py
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HAM B KOMOOHEHTHHIX 0003Ha9eHMAX

(pa)mmbnnnu B Po= ""VTGB"B° (5.6)

BHeprun BHYTPHM MBIJILHMIbI, H3MCPEIIHASA B €€ CUCTEMC NOKOA, paBla

MpoeruUYU 4-EMIyabca Ha 4-CKOPOCTb MBLILIIMIIL, B3ATOH ¢ o0paTHLIM
3HAKOM:

E=—u. Pasampemunn 0 P = + VTaBua.uB= VT (u, w);
HATaR

OJIOTHOCTH HEPTUH, P {'ﬂ"e‘;:n“:"nﬁ
M3MEPEHHAs B CHCTEM® | = - = T (u, u). (v.7)
HOKOS MBIIBHUIIH

Eme opnn wacTHBI cayuaii

Yexnopek, egyuiuit ¢ Toil ke MBLABHHLEH, OTKPLIBACT KPLIUIKY M OTJIH-

BaeT HeM1IOro MeLTa. l{akoe KoJM4eCTBO NnoJHOro 4-MMIyJILCa BLITEKA-

€T U3 MBUIBIMLLI 33 o4elib MaJjblii mpomeskyTox Bpemeud At? Urobm

OTBETUTH I1a 3TOT BOIPOC, PACCMOTPHM TPeXMEepHHIi o0beM, «3amerae-

MHIif» 3a Bpemsa AT OTKPHITOH ABYMEPHOM KPHIIKOM MBEIIBHMLE («MH- Elg:ﬂmlgnu
poBaf mojioca KpHIIKM»). VMckomuit 4-umnyisc pasen 4-ummnyascy,
nepeceKalouieMy 3Ty MHPOBYIO IOJIOCY B IIOJIO;KUTCILIIOM llanpanie-

nmu (¢pmr. 5.1); ciemosaresnbno, om paBeH

Pewrexmat =T (. . .y Z), (5.8)

rae % ecth 1-gopma obbema mupoBoit momocu. llycts A — nuomaps  -dopua
KDPBIIKH MBJIBHMLE, a 6 — eguuuunas 1-dopma, opueHTHpoOBannas

Hapy:Ky, OJHOH M3 IOBEPXHOCTEH KOTOPOHA NLPHHAIJEKUT MHUDOBas

noxoca (T. e. NPUHAMIEKHT KPHMKA MLUIBNMILI ¥ MTHOBEHHOE 311a-

9eAne ee 4-ckopoct). Torxa

3 =dAA10 (5.9)

(cM. mono.axenue 5.2); TakmM 006pa3oM, 4-EMIYJibC, BHTeKWIMi 3a
Bpema AT, pasen :3:-::5:’!'&“'
Peurrexumn = AATT (.. ., 0). (5.10) mg

Nouoanenne 5.2, TPEXMEPHBIE OB'BEMBEI

A. IMapanzenenunen B o6mem cirywae

1. Pe6paMu mapanienenunena sBasiotcs tpu Bexropa A, B, 6. PeGpa mommum
6uITh ymopsAnoveHn, Hampumep: «3a A ciaegyer B, za B caeayer O».

2. Tpueexmop o6vema ounpenensercs xak A A B A €. On ynorpe6asercs B Goxee
cio:kHO# Teopuu 06bemoB (IJ1. 4) B UOYTH He HCIOAB3YeTCS B 2JIeMeHTapHOM
TEOPUH.

12—01457
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3. I-fopma o6vema ompefeisierci Kak I, =
=e,,3,4%B8C?. (A, B, C pomxEH ciremoBaTh
3fleCh B yCTAaHOBJEHHOM MOPAAKe, KOTOPHH BHG-
pan B mymkre 1.) OTMernM, uTO BEKTOp, «COOT-
BETCTBYIOIIMi» X, H TPHBEKTOpP 06beMa CBA3aHEL

> cootHomendem X = —*(A A B A 0).

4. Opuenmayus ob6beMa ompeflenAeTcA TaKAM 06-

(Smecr orcyTcTBYET OmHO H3MO- pa3om, uTo6H oHa coBmajajla ¢ oOpHeHTanmei

m; °P")'°r°"“"n°° Rapanwe- cootBercTByiomeit emy 1-dopmm 3. Toumee,

Ay- pe6pa A, B, C 1nexar B rEmepmiIocKoCcTR
S2(E, A= 3,B)= (,0) = 0; mm ogHOrO:

«ymapa KoJoKoja»). Takam oGpasoM, cax obwvem

aganemes 00notl uz cunepnaockocmeti B! Iomosxu-

TeJILHLKIM HaIpaBjieHHEM, BHX0AAMAM H3 06beMa,

OO0 ompeleNeHAI0 ABJACTCA IOJOKHATEINBHOE Ha-

A npasienne X. ITpumevanue. Vsmemenme nopAn-

l : TMosoxutenniion ka A, B, C npEBOANT K H3MeHEHHIO HOJOMKHATEI b~
| Manpanaenve HOTro HanmpaBJieHusd!

I : 5. Ilpu «cmandapmnoti opuenmayuu» TPOCTPAHCT-
BEeHHONOROGHHX 3-06HeMOB IOJOKATENLHLIM Ha-
/ npaBieHEeM 1-Qopmu I ABAAeTCH HampaBJeHHe
B 6ynymee, 9TO COOTBETCTBYeT TaKOMY HOPAN-
(3mech OTCYTCTBYET ONHO HAMEpe- xy A, B, C, mpE xotopoM oRM 06pasylOT mpa-
HMe, NPoCTHpalmeeca BRoAb G.) BYI0O TPOHNKY BEKTOPOB.

B. 3-061emm mponssoasHO# (opMm
Ong MoOryT GHTh IpoaHAJASHPOBAHH C IOMOIIBI0 Pa36HeHMA Ha Hmapajielennme]h

B. Bayrpennsa uacts MuasHENE (DpEMep)

1. Anaauz e cucmeme, zde MuavHUya noxoumca. BHbGepeM co6HTHe Ha MHDPOBOiA
JMHEYM MHJIBAAUN. B HeM Tpm pefpa MHABHEOHN HPeACTaBAAKT co6oil Tpm
onpenereHniix Bekropa A, B, . B cmcreMe mokoA MEABHEUK OHE ABJANTCA
gucro mpocTtpalicTBeHERME: A° = B® = C% = 0. CuenoBatensHo, y 1-PopmMm
o6beMa KomnoHeHTH Zj = 0, a

Al A2 43
Zo=8o,,,.A‘BjC"‘=det B B2 B =
a2 c
= A« (B XC) B o6HYHHX 0603HAYEHAAX TPEXMepPHOI0 BEKTOPDHOTO AHAJH3a;
= +V (V — o6bem MuanEEnm), ecam (A, B, C) — mpapaA Tpoiika

(I0N0KATEJILHNM HanmpaBliecHHeM X #ABIAETCA HanpaBleHHe
B Gynymee; cTaHmapTHafli OpHMEHTAIHA);

= =V (V — o6bem Muaprmnum), ecam (A, B, C) — nepaA Tpoiika
(moNMoKMTENBHHM HampaBjieHmeM X ABJAeTCA HampaBjende B
mpomuIoe).
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2. Smom pesyarmam Ha zeomempuueckom A3vike eupadcaemcs caedyoUuM o6paszox.
Ilyers u — 4-cKopoCTE MEUILHHLH, a V — ee 06'beM, HBMepeHHHH B €¢ CHCTEM®
mokosa. Toraa am6o

Z=-—Vu

H B 3TOM CJIy9ae «IOJIOKATeJHHOR CTOPOHOMY 3-MOBEPXHOCTHE MBUIBHAINK ABJAET-
cA 6ynymas ctopoHa, a ee pe6pa ymopANodYeHH TaK, 9TO o6pasylT mpaBymo
Tpo#iKy (CTaHmAapTHaA OpHEHTanmA), JaA6O

2= +4+Vu

A B 3TOM CJyd9ae (OOJIOKHTeJbHOHM CTOPOHOH» ABJIAETCA HPOIIeNmAas CTOPOHa,
a pe6pa MBUILHHNN YHOPARKOYEHH TaK, 9T0 0GpasyioT JEBYI TPOHKY.

I'. 3-06bem, saMeraemmiii 8a BpeMsA AT AByMepHO KPHMKOH MHIBHRANN (DpHMEp)

1. Anaaus e cucmeme, 20¢ mvavhuya noxoumcs. BruGepem co6nTdHe Ha MEpOBOi
JRHEE MHIBHEOH. J[Ba pe6pa KPHIMKA MHJIBHANN NPEACTABIAIOTCA B HeM
nBymMa BexktopamE A m B. B cHCTeMe NOKOA MEJIBHANK HampaBEM HpPOCTPaH-
CTBeHHHE OCH TaK, 9ToOH A m B mexanm B niockocTE y, 2. 3a mpoMexyToK
coGCTBeHHOro BpeMeHH AT KpHIIKa MHJBHEOHN 3aMeTaeT 3-06'beM, TpeThMM
pe6poM koToporo ABaAercA WAT (U — 4-CKopocTs MEIBEAOH). B cmcreme
OOKOA MBUILHANH OpH cofiiofeHmE mopAnka «sa A ciaenyer B, sa B caenyer
uAt 1-Popma o6neMa HMeeT KOMIOOHEHTH

20 = 22 = 23 = O, t
E! = e!jhOAth Aud= — Go”hAth At=
= — o At (A — nNOomWANs KPHIMKA MHABHALH), A z
ecnm (8y, A, B) —mpasas Tpoiika, uér <y
=+ AA1 (#—nJ0maApr KPHITKA MEJIBHMNE), ¥ g

ecnu (0., A, B) — nmesas Tpoiika.

(IIpumenanue. B aToM ciydae HeJb3sl ONPeNeNHATH CTAaHAAPTHOM OpHeHTaudH,
TaKk KaK X MOXHO HempepPHBBHM o00pa3oM mpeoGpasoBaTh B —X ¢ IOMOIIBIO
9ECTO HPOCTPAaHCTBEHHHX BpamleHHIi.)

2. 9mom pesyavmam Ha 2e0MEMPUUECKOM A3bIKE 6BPANCAEMCA CATYIOUUM 06DASOM.
Ilycts # — niomans KPHMKE MEUIBHEIK, ABMepeHHaf B €€ CHCTeMe IOKOA,
nycTh lallee ¢ — enmEMIHAA 1-PopMa, onHON H3 mMOBepXHOCTEH KOTOpOil mpm-
HaJUIe;KUT KPHINKA MEABHANE H e€ 4-CKOPOCTh (T. . IPHHAJVIEKHAT ¢MAPOBaA
noxoca» KPHIIKH MHIbHENH). HampaBuM nonoxuTenbHOe HampaBieHEe G
TaK, 9T0GH OHO COBIAJIO C MOJOMHTENLHHM HalpaBieHHeM (BHODaHHKM Hpow3-
BOJAbHO) 3-06beMa KpHIIKA MEUILEMNN. Torma

IX=AAr0.

§ 5.3. KOMIOOHEHTBI TEH30PA I9HEPTMM-MMIIYJIbCA

Kak m Bce Apyrme TeH30DH, TEH30pP SHEPTHH-EMIYJIbCA ABIAETCA
MAIMEHOM, ONpe[eJIeHAe B CMEICJI KOTOPOil BHXOJAT 33 pAMKHU KOOPIH-
HATHHX CHCTeM M cucTeM oTcdeta. Ho aw6oit mabaropatens, Gynyqn

12¢
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OpUBA3AHHHIM K HEKOTOPO# OJHO# NOopeHmeBoil cHCTeme, 0GpamaeT
Gonbme BHMMAaHUA HA KOMIOHeHTH T, uem Ha caM Temsop T. Kasx-
N0f KOMIIOHEHTe OH IPUONCHBAET ONpENeNeHHNN GU3nTeCKRHA CMBICI.
Hau6onpmuit uATEpec, nomanyii, mpeacraBiager «BpeMeHHO-BpEeMeH-
HaA» KoMmoHenTa, OHa paBHa CyMMapHO# INIOTHOCTH 9HEpTUH-
MAacCH, H3MEPEHHOA B JODEHIEBOd cucTeMe HabmiomaTens:

Too= —T3=T"=T (8o, 8g)=muoTHOCTH 3HEprum-maccn (5.11)

(cp. ypaBuenme (5.7), rie 4-ckopocTs HaGMOKATeNA U 3aMeHeHa Gasuc-
HKIM BEKTODOM 8, = U).

W nTepnoperaniio «OpocTpaHCTBEHHO-BPEMEHHKIMY KOMIOHeHTam T
MOHO [jaTh, PaCCMOTPEB COIEepPKEMO€ MHEIBHANL, NOKOAmeica B cAc-
Teme nabmonatens. Ecian ee o6pem pasen V, To 1-dopma atoro o6be-
ma pasaa I = —Vu = + Vdt; p-xommoHenTa 4-NMMOyabca, KOTOPHM
oHa o0JamgaeT, COCTaBJISAET

p* = (dz®, py=T(dz*, 2)=VT (dz*, dt) =VT"°,
Torga 4-mMoyianc emuamnn o0neMa paBeH
pH/V=T", (5.12a)

HTH, 9TO JKBABAJEHTHO,
T = nIoTHOCTH 3HEPTHH-MACCH (5.13a)

(emmmann: r/cm®, apr/cm® mam cm~?);

T% = niotHOCTS j-KOMIOHEHTH HMOyIBCA (5.136)

(emuaumpt: r(cm/c)em 3 mam cm~3%).

Kommoneursr TH' Mo:XHO HHTEpIPETHPOBATH, €CIH PAaCCMOTPETH
DOKOAMYWCA B cACTeMe HaGaiofgaTens J[ByMEpHYI0 MOBEPXHOCTH IJIO-
mana 4, DoJ0MKHUTeJbHAA HOPMAJh K KOTOPOil HanpaBJeHAa B Hampas-
neumn k. 3a mpoMexyTok BpemeHm At 9Ta 2-HOBEPXHOCTb 3aMETaeT
3-06meM, 1-hopma koToporo pasra = = AAtdz* (cM. momonmenue 5.2).
4-mMOynBC, NepeceKamuil 2-mOBEPXHOCTb 3a BpeMa Af, mMmeer

\-KOMIOHEATy
pr=T(dz#, Z)=AAtT(dz*, d2*) = A At TH,

Takam o6pasoM, NOTOK 4-mMmyabca (4-MMOyiabC, mepeceKkanmuil 3a
eUHANY BpPEMEHN eJMHAYHYI0 MJIOMAAKYy, OPAEHTAPOBAHHYI Iep-
NeHAUKYJAAPHO ©p) paBeH

(P*/ A At)nepeceawmeit naomanxy 1 0= TM, (5.126)

HId, 9T0 IKBHBAJEHTHO,
T — k-KOMIOOHEHTa NOTOKA JHOPIHE (5.138)

(emumume: apr/cm?.c mam cm~%);
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T = j k-xoMmOHeHTa «HANpAKeHHAY == (5.13r)
== k-KOMIDOHEHTAa MOTOKA j~-KOMIOHEHTH MMIYJbCa ==
== j-KOMIOHEHTA CHJH, [eiiCTBylomei cO CTODOHH moJjeil
H BemecTBa B obmacTh — €& Ha HoJA K BemecTBO
B o6macTm 2* |+ e Yepes eMHEMYAYI0 IIOMAAKY ¢ mep-
OeHJHKYAAPOM 8.

(emarmne: muu/cm?® mam cm~?). (HamomamM, 9T0 ¢mepexasa MMImyJasca
38 CEeKYHAY» €CTb «CHJa».)

TeHn30p sHEPrHE-HMIYJIbCA NOMKOH GHTH cumMmeTpHuHmM: [%B—=
=TP% HO HOKa3aTENLCTBO HTOTO MH HMpHBEJEM HOCJIe TOro, Kak pac-
CMOTPDHM HECKOJBKO IpPHMEPOB.

§ 5.4. TEH30P JHEPTHH-HMIYJIbCA PO YACTHI]

PaccMoTpum poii wacTun. Bruepem nexkoropoe coburue & BryTpH pos.
Paso6bem gacTunm B6ansn & Ha kaaccw 4 = 1, 2, . . . Takum obpa-
30M, 9TOGH YacTHOHE M3 OQHOTO KJIAcca 06Jaafandm OMHAMH H TEMH Re
cBOlicTBaMH:

m4,— MacCa IOKOA,
Us) —4-CROpOCTB,
Pea) = Meq)lgq) — 4-BMIYIBC.
ITycte N4y — uncao qacTun Kaacca A B eguumne o6beMa, H3MepeHHO®

B CHCTeMe, I/ié 9TH JaCTHIH DOKOATCA. TOPJI& KOMIOOHEeHTH ¢éexmopa
yucaa-nomoxa» 9acTHI S(A,, ompenejgseMoro BHP&KeHHeM

Swy= Ny, (5.14)

HMEI0T mpocToll ¢uamueckmit cMucia. B cmcreme, B KOTOpoif wacTHIH
Kaacca A #MeT OGHYHYI0O CKOPOCTH ¥(4), ITOT CMHICH CBOAMTCA
K CJexynomeMmy

-1/

Sty =N u@ =N, [1 — vé,]"/" = mrorEocTs 4mena wacram;

¥ (5.15a)
IUIOTHOCTHL 9YHCJIA daxTop JIOpeHIEBA
94aCTHI, B CHCTeMe, COKpaAmeHHA 00beMa
rRe OHH NOKOATCA
0
S(A)=N(A)‘u(A)=S(A)v(A)= IDOTOK YaCTHI. (5.156)

CiteioBaTeIbHO, HIOTHOCTH 4-HMIYJIBCA HMEOT KOMHOHEHTH

ol 0 M 0 0
Ttay= ptayScary = meaulayN aticar = MmN ulaulay,
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8 HOTOK W-KOMIOHEHTH HMIYJhCA 4epe3 HOBePXHOCTh, HOPHOH[HKY-
JAPOM K KOTODO# CIAYKHT @;, paBeH

W B o M i
TE) = ploySiay= muulayN wulay = me,N ulayida).

TR BHpa’keHWsA B TOYHOCTH COBHOAJAKT ¢ W, 0- m p, j-KOMMOHeATAME
reOMOTPHYOCKOro, HO BABHECAIMEIO OT CHCTOME, BHPasKeHHA

Tw=muNalia) @ Uy =pw @ Sw)- (5.16)

IlonENE BEKTOp YMCIA-IOTOKA M TEH30D SHEPTHA-HMIYJbCA HAJIA BCEX
9acTuI B poe B6ausu & mosyqaoTesa CyMMEDPOBAHHEEM IO BCEM KJIacCaMm:

§$= 2 Nuatiay, (5.17)

T= ; mHN iy ® Uy = % P ® S (5.18)

§ 5.5. TEH30P JHEPTHMH-UMOYJbCA HIEAJIBHON
AUAKOCTH

IIpocreiimum mpEMepOM CIIOIMIHON CPeAll ABJACTCA ras H8 HOB3aHMO-
HeHRCTBYIOMAX JacTHL, (¢AHEANbHKI rasd»), B KOTOPOM CKOPOCTH YaCTHIY
pacIpe/{eIeHH M30TPONHO. B JIOpeHIleBoii cHCTeMe, Tfle HMEeT MeCTOo
M30TPONHA; U8 COOOpaKEHWH CAMMETDHM BHITOKaeT PaBOHCTBO MEXIY
co60#f HArOHAJLHHX IPOCTPAHCTBEHHO-IPOCTPAHCTBEHHHX KOMIO-
HeHT TeH30pa OSHEepTHE-AMOYJIbCa

T T =T — mavxzw) _Nawzu) 5.19
oy v zz ; (1_v(aA))l/, (1_0(’4))111 ( )

U paBeHCTBO HYJI0 BCeX HEeIMaroHaJbHHX KommoHeHT. Bomee Toro,
(5.19) cocraBaeno 3 mpouaBefeHA IUC]IA IACTHI, B eAuHANS o6neMa
Ha CKOPOCTh B HAaIpPaBJeHAH ocH X (ITO JaeT IOTOK YaCTHI B HAIpPas-
JIGHAH OCH I) M Ha KOMIOHEHTY HMIYJbCa B HampaBJeHHH OCH X, ITO
COBIAj{aeT ¢ XOPOII0 M3BECTHHM B KHHETHIECKOHM TOODMH BHID ajKeHH-
eM Iia Jasienasa p. I[losTomy B JaHHOH cOendajbHOR JOpPEHIEBOM
cHCTeMe —dCHCTeMe MOKOf» rasa — TEeH30p JHePrHA-AMOYJbCA IpH-
nuMaeTr BH]]

Top= (5.20)

o O ©

0
oll-
p

o O O
o™ O O



§ 5.6. Saemmporasnumnull mexsop INEPIUU-UMRYALCE 4183

3pmeck BeAHYAHA O NPAMO HUKAK He CBA3aHA C MAcCOi HOKOA COCTaB-
aaomux yactan. Ona ABAAETCA Mepoi CyMME 9HEPTHE HOKOA M KAHe-
TUYeCKOH 9HEPTHA ITHX YACTHI,

Bripasus (5.20) wepes 4-ckopocth u® = (1, 0, 0, 0) cpegst B cuc-
Teme, Ile Tas3 ODOKOHTCA, HONYYHM
p 0 00O 00
0 00O 0 p
000 ofTfo o
0 00O 0

= Plqlip + P (Nap + Ualip)s

TGB=

o
o © O

0
0
0
p

#JId HA F'eOMETPDHYEeCKOM fA3hIKe, He 3aBUCAMEM OT Buﬁopa CUCTEMHI,

T=pg+(+pP)u®u. (5.21)

IIpunoxennsa coorHomenma (5.21) HOCAT camuli oGmui# Xxapaxrep.
910 BHpasKeHHEe ABAAETCA TOYHHIM B TOJHKO 9TO PACCMOTPEHHOM CIy-
qae «HAeadbHOro rasar. OHO ABIAETCA TOYHHM TaKke IuA Jip60i
CINIOIHOM CPefEl, KOTOpaA MPeRCTaBAAET CO00H «AAeANbHYIO }KHAKOCThY
B TOM CMHCJIe, YTO B Heil HeT TaKMX IpPOLECCOB IepeH0Ca, KaK TemIo-
OPOBONHOCTb H BASKOCTh, A CIE0BATOAbHO (B CHCTeMe IOKOS), HeT
H CIBHTOBHIX HaUps:KeHni (TeH30p HANPA;KEHHUH NAATOHAJICH; [AATr0-
HaJbHHE KOMOOHEHTH DaBHH MEeKAY €000ii, TaK KaKk B IPOTHBHOM
clydae MOBOPOT CACTEMH OTCYeTa mpuBel OH K HOABICHHIO CABATOBEIX
Hanpsoxendid). Oxmaxo B o6meM Cilyvae ufealbHOM KUAKOCTH B IIOT-
HOCTb 9HEPTHH-MACCH 0, H3MEPEHHYIO B CHCTEMe, TAe KAXKOCTh IOKO-
HTCA, HAZI0 BKIIOYATH HE TOJIbKO MAcCCy DOKOA M KMHETHIECKYIO dHEp-
T'HIO YaCTUI], HO ¥ 3HEPTHIO CKATHA, SHEPTHIO CBASH AXEp H BCe IpodHe
HMCTOYHHKH 3HEPIHH-MACCH [DONHYI0 MIOTHOCTH 9HEPTHH-MACCH, KOTO-
PYI0 MOKHO OHIO OH OmpefeanTb ¢ OOMOMBIO HASATA3IUPOBAHHOTO
9KCIepEMeHTa, mofo6Horo maobpaskeEnomy Ha ¢mr. 1.12, B KoTopom
HCOHTyeMaA Macca moMeniaeTcA B mMeHTpe cheprl, a mpofHAA yacTUIA
COBepIIaeT OKOJO Hee KoJdeGaHuA MaJol aMIIuTYAH ¢ 0® = (4n/3)p).

§ 5.6. QJIEKTPOMATHUTHBIN TEH30P
OHEPTHH-IMIYJIBCA

Kapruma maTaskeHm# CANOBHIX JUHAH W ZaBIeHHR B NEepIeHAHKYJIAD-
"HHX HanpaeiaeHHAX (fur. 5.2) mossoamaa Papageo ray6xe npoHHEK-
HYTb B CYThb JJIeKTpomarHeTmamMa. Hpome Harsm:kenua EY8n (mam
B*/8n) cHIOBHX JEHHN H TAKOTO ke AABICHASA B MEPIOHAUKYIAPHEX
HanpaBJeHHAX, HMeeTca eme BekTop IloiETHHra gasa motoxa amep-
ren (E X B)/4n 4 MaKCBeNIOBCKOe BHpasKeHMe NIA ILIOTHOCTH

Teusop

sle - EMIYIL08
nemlmol'o rasa
H HjeanLaoh
MARKOOTH

Oupeneieane
BRea Laoh
EEAKOOTHE
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QUr. 5.2.
QapajeeB HaOps;keHHA B peiicTBuu. Korpa sepesa 2jeKTpoMarsuT OPONyCKanT
TIepeMeHHNi TOK, aJIOMAHHEBO® KOJBOO B3JeTaeT B BO3AYX.

Ten 2 .
Temsop munymoca ?VEPTHE (E®+ B?/8n. Bce TH BeNWMYMHH COMEp;:aTCA B TEH30PO
SACKTPOMArRNT~ oHeprum-AMIynbca Maxcpesta, ompefeinsieMOM BHIPaKEHAEM
HOTO noaf

4nT™ = FRoF"y — A quvF o P, (5.22)
YNPAKHEHHE 5.1,

Ilokaskure, aTo BHpakeHue (5.22), 3auHCaHAOE B JIOPEHHEBO# CHUCTE-
M€ KOOpAMWHAT, MMeeT BHJ

T®=(E?+ B?%/8n, TY=I"=(E X B)/4n,

T e . (5.23)

T* = [ —(F’E*+ BB + |5 (E*+ B 6"‘].
MoranTe, 9TO TOH30P HAUpPAMEHHH JeHCTBUTEIbHO ONRCHBAET HATsA-
enue (E2 + B%)/8n cunoBux aunuii noasa u pasiaenue (K2 + B?/8xn
B HAmpaBJeHMAX, MEPNeHAMKYNAPHBIX JAHUAM NOJA, B COOTBET-
CTBHM C TeM, 49TO yTBEP:KAaJoCh BHILE,

§ 5.7. CHAMMETPUAI TEH30PA 3HEPTMHU-UMIIYJbCA

Bce TeHaopH SHeprum-uMmoyJibca, MCCIEROBAHIIBIE Bhilie, ObuiM CHM-
MeTpaYHEMH. UTO OHM APYTUMH M He MOrJM GHTb, MOKHO NOKAa3aTh
caenyomuMm o6pasom.
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BynemM mpoBoauTh BHKJIAAKH B HEKOTODOH JIOPEHIIEBOii cucTeme.
PaccMOTpEM CHaYaja mAOTHOCTh MMOyJbca (kommoneHTH T70) u mo-
TOK aHeprmE (KommoHeHTH 7'%/). OHE AO/KHK GHTH PaBHE MEMKIY
coboii, mOCKOJIBKY aHeprua pasHa Macce (E = Mc® = M):

T% = (moTok 3Heprmm) =

= (IJIOTHOCTH 3HEPTUH) -(CPEAHAA CKOPOCTH HOTOKA aueprnn)’
(nIoTHOCTH MACCHI) -(CpelHAA CKOPOCTh MOTOKA MACCH)’ =
(nsoTHOCTh MMIyJbca) = T'70,

Ocraercs namb Tensop Hampsmxenmit T7* . Jlns Hero mpoBoaum KOKa-
3aTeJBCTBO C MOMOMBIO TEX K€ CTAHAAPTHRIX PacCy:KAeHHH, KOTOphe
HCHOJB3YIOTCA B HBIOTOHOBCKOH Teopmm. PaccMorpmm 6GeckomedHo
MaJuHi Ky6 ¢ peGpom L, sueprueii-maccoit T°°L3® m MomeHTOM HHep-
nur ~ T%L%, [TomecTHB Ha4a/I0 NPOCTPAHCTBEHHKX KOOPAUHAT B I[eH-
Tpe Ky6a, moJyIAM Clefylomee BHpa;KeHHe AJAA Z-KOMIOHEHTH KPyTA-
Mero MOMEHTa, REACTBYIOUWIET0 HA Ky06 CO CTOpOHH BHeEIIHe# CPein:

= (=TVL? (L12) + (%L  (—LJ2) —
Y —— N Nt e’

Y-KOMNOHEeHTa naedo y-KOMIOHEeHTa m1edo
cuael, fgedfict- ( rpann) CHJIH, JeHcT- (rpaun)
Bylomeil Ha +z Bylomeil Ha —Z
rpasb rpaHb
+z -z
—  (=T¥LY L2y — (I (=L/2)
e S’ Sp—r Ve
Z-KOMIOOHEHTA mIevo I-KOMOOHEHTA LIe10
CHJH, HelicT- (rpann) CRJIH, [efCT- (rpann)
BylOmeii HA +vy Byomei Ha -y
rpasb rpagb
+v -y

= (T™V—Tv¥) L3,

Ilockonsky ¢ ymenbimenneM L kpyramuit MoMeHT y6HBaeT JIHIIb Kak
L3, Torga kak MoMeHT mHepnud y6nBaeT kak L%, sTor KpyTampmit Mo-
MEHT npHBefieT K 6eCKoHedHO GOJBMOMY YIIOBOMY YCKOpeHHIO GecKo-
HeyHo Majoro ky6a, uro abGcypamo. Bo uabesxanme aToro mpotmBo-
peuynd HAOpA)KeHUA BCerka pacopefiesIAIOTCA TakuM obpasom, dTo
KPYTAIIHE MOMEHT paBeH HYJIO, T. €,

TV = T,

Ecim 3To pacmpefesneHne HanpsKeHAA HAPYNIMTh, TO BO3HMKAKOIHE
6ecKoHEUHHE YIJOBHE YCKOPEHAA MTHOBEHHO MepepacnpeienaT MX,
H paBHOBecHe BoccTaHoBUTCA. JlaHHOe yciioBHE paBHOBECHA [NA
KPYTAMEro MOMEHTA, BHIIOJHEHHOE 10 BCEM OCTAJbHBIM HApaM HaIpas-
JIeHN#, SKBHUBAJEHTHO CUMMETPMHM TEH30pa lanpA;KeHHii:

T — TH, (5.25)

JIOKa3aTeNnLoTBO
Toro,

970 TeH30p
SHEPrER-HMTIY/LCS
CHMMETDEYCH
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§ 5.8. COXPAHEHHE 4-UMIIYJIBCA: HHTEI'PAJIbHAA
OOPMYJIHMPOBRA

Bot y:xe Gonee cTa JeT 3aKOH COXPAHEHUA dHEPTAA-UMIYIbCA ABIAET-
¢ KpaeyroabHHM KaMBeM ¢nauka. Ho HArAe ero cyTh He nposaBasaiach
TaK ACHO, KaK B reoMeTPHYECKOil GopMyImpoBKe, JaHHON JiHmTEH-
HOoM (¢mr. 5.3, a). PaccmaTpuBaercsa deThHpexmepHas oGIacTh mpo-
CTpaHCTBa-BpemeHM ¥°, orpamdmYeHHAas 3aMKHYTOH TpexMepHO# mo-
BepxHOCTBI0 0¥°. YacTuoW u moias, BTeKasd B ¥ W BHTeKasA H3 Hee,
OepeHocAT 4-mmuoyiansc. BuyTpum ¥ wacTHOH CTalkaBawTCH, paspy-
IMAIOTCA, M3NYTAlOT; UIyIeHHNEe PACHPOCTPAHACTCA, PpACKAYABAET Jac-
TUIOH, poxpaeT mapu. OxHako HA J060H CTagHE B 3TOM CIOMKHOM
aabmpunaTe (PHMBHMYECKAX HPOIECCOB IOJHASA YHOPTAA-AMIOYJILC OCTa-
eTcsl ONHOH M TOW 3Ke. JHEPrAA-AMOYJbC, TepsAeMasd JacTHIAMH, Iepe-
XOAHT K IOJNAM; JHePTrHA-AMOYJBC, TepsAeMas NOJAMH, IepexXoxaT
K gactumam. Mrak, Korna «pexa» 4-mMmylnbca BHTeKaeT m3 ¥, oHa
BEIHOCHT DPOBHO CTOJBKO 3Ke 9HEePIHH-HMOYJIbCA, CKOJbKO OHA TyAa
BHECJIA. :

Cdopmyaupyem mo ApPYyroMy 9TO PaBEHCTBO, ONPEJENAB IOJHHA
OoToK 4-ummyansca depe3 07" Hapywy. Burekaommii 4-EMIyasc
Gynem cuMTaTh oTpmmaTeabHHM. Torxa «BTeKaeT POBHO CTOJBKO ke,
CKOJBKO BHITEKaeT» 03HAYaeT «B CyMMe HHYero He BHITEKaeT», T. €.

noAHbL nomok 4-UMnysbCa 4epe3 IAMEKHYMYI0 MPETMEPHYIO
nogeprHocmb Hapyacy 0oadxcen Ovimb pasen HYaw. (5.26)

YTo6HK BHYMCIHTH IOJHHM HOTOK HApYKY CaMBIM IPOCTHM cmocoboM,
AIIPOKCAMADYEM 3aMKHYTYI0 3-IOBEPXHOCTh 37" GoabmuM KoJmde-
CTBOM IJIOCKAX 3-065eMOB ((IIaCTAHOK»), MJIA KOTOPHIX LOJIOMKHTEIb-
HOe HanpaBlieHAe opHeHTHpoBaHO Hapyxy (oT ¥7). Toraa

Poomeng mapyxy = - E a T(..-1 2a)=0, (5'27)

rae 4y ecTb 1-popma obrema aua nmaactaEKE A. B KoMmOEeRTHHX
0003HAYEeHAAX IMOJYyTIaeM

Pgomﬁ Hapywy = % i Zae=0. (5.27°)

HeMHOro ycIoKHAB HpONEAYpPY BHYHCJSHHA, DepeiiieM K Ipepenay,
KOrja YHCJ0 IIACTHHOK CTPeMHUTCA K OeCKOHeYHOCTH, a X pasMe-
pH — K Hyuio. B pesyasraTe moayumm uHTerpan (Zomonmenme 5.3)

Pgounul HApyHYy = § Th*gs Ea =0, (5.28)
LY 44 :

9o paBencTBo (nogo6HO MO00MY paBeHCTBY, 3aIMCAHHOMY B KOMIO-
HeHTax) CJefyeT HPeACTaBIATH cebe Kak ynobHyo ¢opmy 3amucm



§ 5.8. Cozpansnue 4-umnysvca: uxmespasbias @Hopxyauposna 187
YTBEpKI6HAA, HO 3aBHCAMIEro OT CHCTEMAl KOOpAHHAT:

Pnonuns mapywy = @ T.-#2=0. (5.29)
o7

Ilepexons Ha caegyomui ypoBeHb CJI0KHOCTH (3TO HO PEKOMOHAYOTCA
AeJaTh OPH NePBOM UTEHHD KHATH), IPH KOTOPOM OAHAKO yOPOIMAIOTCA
BHIYACJIEHASA B IPAKTHIECKHX CIAYy9asax, DOAHHTOIPaJbHNO BHPAKOHAA
CcHefyeT HETePUPETHPOBATh KaK BHEMHHE AUPPepeHnAalbHEHe POPME
(momonmenne 5.4).

Ho xak 6H HM DpOBOAWJIHCH BHIACIEHHS, KaK 6N HA HWHTOpHpeTH-
POBAJIACH MOALHTErPAJIbHHE BHPAKOHAA, Pe3yJAbTaT BCerAa 3BYYAT
OpOCTO: MOJHHI MOTOK 4-AMIyJibca Yepes 8aMKHYTYI0 3-IOBOPXHOCTb
HApYKY HOMKeH GHTb paBeH HYJIO.

OueHb DOyYATEIbHK HEKOTOPHE TaCTHHE CIyIal 3TOT0 <AHTErPab-
HOTO 3aKOHA COXPAaHeHHs», IpABeeHANeE Ha ¢ur. 5.3. Hapaxy ¢ o6muam
ClIyuaeM a TaM IOPHBENEHH CJEXYIOMMe TaCTHHE CIydadm.

Cayqaii 6

3amkayTaa 3-moBepxHOCTh 0¥ cocTOHMT M3 ABYX Ced4eHHil, COOTBET-
CTBYIOI[AX HOCTOSHHHM 3HAYCHHAM BPEMEHH B HEKOTOPOH JIOpeENeBoi
CHCTeMe, IIIOC BpeMeHHIOAOoGHHEe MOBepXHOCTH Ha «GeCKOHETHOCTHY,
coequHAMHAe ITH CeYeHHAA MeKAY coboii. Becxomeumo pamexme

IOBePXHOCTH He Jal0T BKJIaja B §T"“d’2m eCJId TeH30p 9HepTHH-

P

AMIyJabca JOCTaTOYHO OHCTpo yOmBaeT Ha Geckomeunocrn. Ilosorkm-
TeJbHHM HAOpaBieHHeM rpaEEnu 0¥ crampapTemM ob6pasom opm-
€HTHDPOBAHHOTO 4-060beMa ¥ Do ompefeNeHHI0 ABIAACTCA HAmpaBle-
gme or ¥°. Iaa sroro TpebyeTcsa HecTaHAapTHAsA OpHeHTANEA oy
(DoJ0o:KATeIPHEEM HaNPABJIEAHMEM SBJAETCA HANPABIGHHe B MPOILIOe),
9TO OTPAKeHO B BHpakeHHH 07" = oy — F;, H 9T0 OPABORAT K H3Me-
HOHHIO 3HAKA OPHA BHYMCJEHHHE HMHTETpPAaJia IO TENEPIOBEpXHOCTH:

0= § TIP3 = — S 7 3z dy dz + ST“°dzdydz.
89° &1 &P

ITockoabky T% — nIOTHOCTh 4-HMIYALC8, STO YPABHOHHE TIJIACHT

NOAHLIA 4-MMOYNBC BO BCOM
( w )=ST°‘°dzdydz=
IPOCTPBHCTBO® B MOMOHT I,
&1
OONHEWE 4-EMOyJBLC BO BCeM
"\ mpocTpaHCTBe B MOMEHT I,

)= jr‘w drdydz.  (5.30)
&2

2

JaoTHLIO OCAYSAR
HETErpashaoro

Toxrufh
A-MMOYELO

COXPARSETOR
B0 BpeMenm
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<DHUT. 5.3.

@ — deTHpexmepHasA o6JacTh NpPOCTPAHCTBA-BPeMEeHM 7°, orpaHWYCHHAS BAMK-
HYTOd TpexXMepHOii HOBePXHOCTEI §%°. OpmeHTamusa 97° ompepesieHAa TAKHM
06pasoM, 9TO NOJOMETONbHHM HANPABJCHAEM Bes[ge HBJAETCH HANpaBJeBHe
Hapy;Ky (ot 7°). CoxpaHeHHe 3HePrHU-HMOYJAbCA TpebyeT, 9To6H BCe KOJIMYOCTBO
4-muMmynnca, BTeKaomee B 72 gepes 77, rae-To BHTeKago o6paTHO; HE Kamad
‘He JIOJIKHO TePATHCA BHYTPNH; BHYTPH HET «CTOKOB». J[pyruME CioBaMu, NONHHIA
MOTOK 4-MMIyanca 4depes 37° B moJ0KHUTeNbHOM HANPABJACHUHE (HAPYKY) AOJKEH
‘GHTH paBeH HYJIO: .

& THEgs 34 =0,
87°

6, 6, ¢, 0 — NpNMEDPH OpHMEHEHWs 3aKOHA COXPAHEHMA 4-MMIIYJIbCa, KOTOPHE
‘ONHECaHH B TeKcTe. Bce cumBonn 7° (unm F) Ha aTux $urypax 06o3mavaoT mpo-
CTPaHCTBeHHO-BPeMEHHHEe 00BeMH (MIM mpOCTpaHCTBeHHHe 3-00beMH) CO CTaH-
mapTHOfi opEeHTanneil. [IyHKTHpPHLE CTPEIKH YKA3HBAIOT NOJI0KATONLHO® HAIIPAB-
JleHHe 3aMKHYToll mOBepXHOCTH §7°, HCHOAB3yeMOe B TeKCTe NIPH 06CY:KHeHMH
coxpaHeEna 4-mmmynsca. MopmMynH moa QErypaMs yKasHBaHT, KakEM o6pa-
soM 87° cocTaBieHO M3 non?%xnocreﬁ & B 7. Hanpumep, B caydae 6 39° =
= s — 1 03HauaeT, 9T0 37° monyuaercs NpH 0GBLEMHOHWHE P, CO CTAHNAPT-
Ho#l opremTanmeii N P, ¢ HPOTHBONOJOXKHOH OpHEHTammeil.

Caywaii ¢
B aTom caywae mpom3BonuTCA CpaBHEHHE RETErPaIOB M0 THIEPIOBOPX-

HocTAM o H of, KoTophie NpeACTaBAAIT coGoll CeYeHHS IOCTOAH-

HOro 3Ha4YeHHA BpeMeHN [ = const W { — const B ABYX pasaHYANX
JopeHueBHX cucTeMax. UToGH MOBEPXHOCTH CTajla 3aMKHYTOM, Ha Gec-
KOHEYHOCTA J0GABJIAIOTCA BPEMERHNONOGHbHE TI'HIEPIOBEPXHOCTH U
OpeimosIaraeTcs, 9T0 OHHM He HAiOT BKJAajga B uATerpan. OpuenATanmn
CIIMBAKOTCA TNIafIKO W IPHBOIAT K 3aMKHYTOH IOBEPXHOCTH

07" = —  + noBepxmHoCTE Ha GECKOHEYHOCTH

JEME OpA ycaoBmu, ut0o 7" =9, — 9", T. e. NpH yCIOBHH, HUTO
4-o6vem 7", opmeHTHpOBaH HecTaHTapTHHM 0Gpa3zoM. (O «cramgapr-
HO#» M «HeCTAHJAaPTHOH» OpMEHTANMA CM. pa3fest A.1 fononreHAA 5.3.)
Torpa uHTerpanbHHI 3aKOH COXpaHeHHS RaeT

0= S T-d’E—S T.83,
7 &
WA, 9TO 3KBHBAJIOHTHO,

gT-d32=(nonnmﬁ 4-aMuynnc p HA o) =

Sl

= ST-d3Z=(nonnm‘i 4-mmmynbc p ma ). (5.31)
&

Tonunit
&-HMTyNBO
OHHAROB

NIOpeHNEeBNX
CHOTEMAX
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N3 atoro cooTHOmMEHHA ClefyeT, 9T0 HAGAOAaTe RN B PAaSIAYHHX JI0-
PeHOEBHX CHCTeMAaX M3MEPAIOT ONMH H TOT »<e MONHHHE 4-mMmyanc p.
IdTo He o8HavaeT, ONHAKO, YTO OHH M3MeDAIOT ONHE H Te ke KOMOO-
HeHTH (p%7= p%); 370 03HAYAeT JWMmb, 9TO OHA HSMEPAIOT ONHH O TOT
JKe TeOMOTPHYECKHHA BEKTOP

Paa =P 0 =B, 5= P%e;,

BEKTOD, KOMIIOHEHTH KOTODOTO CBA3ANH OGHYHEIMA (JOPMYJNAMH mpe- .
ob6pasoBaumsa JlopeHna

p*=A%ph. (5.32)
Crayqait 2

3meck Bech BKJaj B MHTeTpaJ HAlOT ABe HPOH3BOJBHEE HPOCTPAHCT-
BeHHONONOGHKE TrAnepuoBepXHOCTH f 4 B f p, IPOCTHpAIOIIAECH YOpes
BCe mPOCTPAaHCTBO-BpeMA. Hak B B ciydasax a | 6, 3aKOH COXpaHeHAR
B HMHTerpajibHOX ¢opMe TraacAT

Pra ol Pra B (5.33)

T. €. noanull 4-umnyavec Ha npocmparcmeenHonod06HOM CEueHUU npo-
CMPAaHCMEa-6DEeMERY. He 3a8UCUM OM 6WOPAHH020 KOHKDEMHO20 ceye-
HUR TOCTOABKY, HOCKOABKY HOTOK DHEPIHH-HMIYJIbCA 9epes «rEmep-
OOBepXHOCTh HA GeCKOHEYHOCTH», COeMUHANMYI0 o 4 H o 5, paBen

HYJII0.

Caywaii 0

B sToM cayuae paccMaTpHBaeTCA MOJOCTH, CTEHKA KOTODOH ¢ TeueHH-
eM BpeMeHH OCHEJJIHDYIOT H ycKopawTcA. Tpexmeprasa rpammna 4%
COCTOHT H3: 1) BHYTPEeHHOCTH o IOJNOCTH B HadalbHHE MOMEHT Bpe-
MeHH ¢ = const B HagyaJAbHOH JOPEHNEBO# cACTeMEe NMOJOCTH, OPHEH-
THPOBAHHON HECTAHZAPTHHM 0Gpa3oM; 2) BHYTPEHHOCTH o HOJOCTH
npu ¢ = const B ee KOHeYHO# JOpeHNEBOM CACTEME, OPHEHTHPOBAHHOA
cTaHNAapTHHM OoGpasoM; 3) 3-o6bema J , 3aMeTaeMoro ABYMepPHKME
TPAHAMH NOJOCTH Me;KAY HadaAbHHM N KOHEIHHM COCTOAHAAMA, NOJI0-
HTeAbHAA OpHEHTanHs KOTOpOTo HampaBjeHa Hapyxy. HMETerpans-

HHit 8aKoB coxpaHemHmAa |T-d*2 = 0 raacmr
8

(nonnuii 4-mmym>c) (nommii 4-nunym:c) _

B TOJNOCTH HA o B TOJIOCTHE HA of

(no.nnmi 4-mMIyNEC, DPOHMKAOMEL B IIO'“0“"'“’) . (5.34)

depes ee I'PaHE MEKAY COCTOAHHAME o H
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§ 5.9. COXPAHEHME 4-IMIYJBCA: THOOEPEHIIUAJBHASA
OOPMYJIHPOBHA

B nmomosHeHEHe KO BCAKOMY «HHTEIDAJbHOMY BaKOHY COXPaHEHHS
B OJIOCKOM IPOCTPAHCTBE-BpeMeHH» CYImecTByeT «ME(depennaas bHbIH
8aKOH COXpaHEHHA», HeCYIMMil TOTHO TaKyIo e mupopmammio. ITepexon
OT OJTHOI'0 3aKOHA K NPYroMy H o6paTHO OCYMIECTBJIAOTCA C MOMOIIBIO
Teopemnt I'aycca.

Teopema T'aycca B weTHpexMepHOM XPOCTPAHCTBe, OPHMEHEHHAA
K BaKOHY COXpaHeHHA 4-mMNyJnca, DpeBpamaeT MHTerpaa oT I'** mo
TOBEPXHOCTH B EHTerpax or IT»* , mo o6pemy:

0= § ™= z.,=j ™ dt dz dy da. (5.35)

07° ¥
(IIpocToe paccmoTpenme cM. B momoiameHmE 5.3; Gojiee CTpOrHil aHa-
au3 — B flonoanenud 5.4). Ecam maTerpan ot ™, mo ao6oMy npous-
BONBHOMY 4-06beMy ¥ nmoiixer GHTH paBeH HYJIO, TO B CaMo Iee,

MONRHEO PABHATLCA HYNIO MOBCIOAY B MPOCTPAHCTBE-BPEMEHH: ot y il
:l-)m-lll:
T™*4=0, 1.e. V.T=0 noscioxy. (5.36) V-T=0

(B ypaBeesnm V-T =0, He saBECAmMEM 0T KOOpPAHHAT, HE HYKHO
8a60THTECA 0 TOM, 0 KaKoMy KaHaxy T 6paTh AHBEpPreHIHIO: BXOA-
Hhle KAaHAJH CHMMETPAYHH, H MOXHO IOJb30BATHCA JNIOOKM H3 HAX.)

VYpaeeerze V-.T = 0 npepctaBaser coGoit dugddepenyuarvryio
gopmyaupoexy saxona coxrpanenus 4-umnysvca. Ero HasmBaIOT TaKke
YPAasHeENUEM OBUNCEHUS Oast JHEP2UU-UMNYALCA, NOCKOIBKY OHO HaKJIa-
OHBaeT OTPAHMYECHAs Ha THHAMHYECKYIO 9BOJIONHIO TEH30pa SHEPrAH-
mMnyiasca. lccaenoBaHEEe 9TEX OTpaHHY9EHHHM HAa NpAMepe HPOCTHIX
CHCTEM I03BOJIAET HOCTATHYTH BCK KpacoTy ypaBHeEma V-T =0
# Goabmme BO3MO)KHOCTH, KOTOpHE OHO IPe0CTaBIAET.

JNonomaenne 5.3. MHTETPAJIBI IO OB BEMY, HHTEIPAJIBI IO MOBEPXHOCTH
N TEOPEMA TAYCCA B KOMIOHEHTHBIX OBO3HAYEHHAX

A. HnaTerpamm no o6meMy B mpoCTpaHCTBE-BpeMEHH

1. Tlo aHaJOrEE ¢ TPexXMepHHM OPOCTPAHCTBOM 00'hEM «TuOepIapalilieJiemHnelar,
pebpamMm Kotoporo aBiasioTca Bektopu A, B, G, D, paBen
A0 AY 42 A3
B* B' B* B®
DD D2 D

3necs, Kak m A 3-o6beMa, BaKHA OpPHEHTAIHA: IEePeCTAHOBKA JIOGHX ABYX
pebep Menser sHak Q. Cmaxdapmmoli opuenmayueil m06oro 4-oobema ABIACTCH
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Ta, NpN KoTopoil ) nojoskmTeleH; TakmM oGpa3oM, 8, A\ 6, A e, /\ e; mMeer
CTAHJAPTHYI0 ODMEHTalUMI0, ecAWM 6, HampaBleH B Oynymee, a ©,, 8,, 65 —
OpaBafd Tpo#Ka.

2. ¢Inement ob6neMar, pe6pa KOTOPOTO B HEKOTOPO# craHmapTHHM 06pasoM OPHOHTH-
POBaHHOM JIODEHUEBOII CHCTOMO MMEIOT BHJ

A%=(At,0,0,0), B*=(0, Az, 0,0), C*=(0,0, Ay, 0), D*=(0, 0, 0, Az),
COTJIaCHO OPHBEJICHHOMY BbINIe ompenesieHNnIo, AMeeT 4-00DeM
A'Q =03 At Az Ay Az= At Az Ay Az,

3. Takmm oGpasom, 00beMHEIE HMHTErpaJ OT TEH30pAa § mo ueTHIpexMepHO# ofbJjactm
TIPOCTPAHCTBA-BpeMEeHR 7, ompemeisieMulil BhIpaKeHHEM

M= lim > S, nearpe £ (00DEM A),
YHCa0 DIIEMEHTAPIbIe
JIGMOHTAPHRIX 06 beMBI
06BOMOB — 00 H4 B Y

MOKeT GHTb BHIUHCIAGH B JIOPEHIEBO# cHCTeMe HO dopmye

M%gy= S Sapy A'Q= S S%.y, dt dz dy dz.
7° 9°

B. HaTerpantt o 3-mOBepXHOCTAM B OPOCTPAHCTBE-BPEMEHH

1. Beenem ma TpexMepHO#l HOBEPXHOCTH ITPOM3BOJbHHIE KOODAMHATH &, b, ¢. diemen-
TapHHi 00b6M, 3aKMIOYCHHKI MEKAY KOODAHHATHHME IOBEPXHOCTAME

ay<a<<ap+Aa, by<<b<<by+ Ab,
Cop< < Cy —+ AC‘
obmagaer peGpamMm

B v
A" =22 Ao, BP=0 b, "= 2 A,

m 1-dopMa ero o6bema HMeeT BHEJ

% azP az?

7o 55 ~gc MaAbAc.

A32u= Suaby 35—

2. Torpma mmTerpan OT TeHsopa § 1o 3-mOBEPXHOCTH f MMeeT cnenylomne KOMDOHEHTHI:

n
N = S S%PE = S S5 e, T 2 22 > dadbde.

YacTo HCIONB3yeTCHA HKBHBaJEeHTHag dopMyia, cofepaamas sikobmam (cM. ympask-
HEHHE 5.3):

n
N B—S LA ewv,,?-gi@—’;—’%ldadbdc.
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w

Qopuynaposra Teopemm Iaycea

1. PaccMoTpEM orpaHMYeHNYI0O YeTHpexXMepHyl 00- TlonoxuTeapHoe
JaCTb HOPOCTPaHCTBa-BpeMeHH ¥ ¢ 3aMKHYTOH Hanpas.icline
rpanuneir 07°. OpmentupyeMm 1-dopMu oGbeMa \\
Ha 07" TakuM o06pa3oM, 9TOGH «IOJOKUTENb- N a0

HHIM» HampaBiendmeM OHio HampaBaenme ot % .
2. Bospmem Temsopmoe mosre S. IlpommrerpmpyeMm ero
AMBepTeHHEIO mo 77, a caM0 mojie IPOHMHTErPEpPYyeM
no 07°. PeayabtaThl OOMKHB COBHACTb (meopema
T'aycca):

MonoxurensHoe
HanpapaeHue

S 5%, dR= § P 3,
?° o9°

-

I'. [loxasareascTso Teopemul I'aycca

1. Unpexcu o m P y Tensopa S%¥ ABIANTCA «CBOGOXHEIME», IO3TOMY B IIPOLIECCO
OOKa3aTeNhCTBA HMX MOKHO ONYCTHTh. Torza cooTHOmeHHe, KOTOpoe Heo0XomuMo
OONYy9HTh, NPHHUMAET BHJ
[ 57 dtdzayas= § s*az,
7° o7?

,"Bepx"\

2. IlockorbKy mHTErpaJ OT HPOHSBOLHOM €CTh HepPBO-
HavasbHAsA ¢ymKOmA, To HHETErpax or S°, mo 06B-
eMy paBeH

A
| Soodtdzdydi= | srdzdydi— | scdraya. S gt =T
90 <«Bepxs ¢HH3»
. Hurerpan mo moeepxHOCTH S S%3 3, MOHO CBECTH K TakoMy Ke BHAY:
a7°

a. B kauecrse kooppmmar ma 9%"j mcmomssyiorea z,y,z. Ha «Bepxmeii» cropome

d*Z, HOMKHO GHITH MOJNOKHTENHHO, 9TO 00ECIETABAET «IOTOKETEILHOCTEY HANPAB-
nends oT 77, mostoMy (cM. OyHKT B Brime)

o (] \4
By = eom%%’;—_";z_ dz dy dz = 4455 dz dy dz = dz dy dz.

6. Ha «mmxmeii» cropose d3Z, nomxno GHTH OTPHIATENHHO, T. 6.
d*2y= —dxdydz.
B. CaenoBatensno,
S S8 3y = S S°dz dy dz— S S°dz dy dz.
Ve «BEPX» <«HH3
13—01457
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4. AHajormusBHM 06pa3oM YCTaHaBJIMBAETCA PABEHCTBO H APYTEX KOMIOHEHT.
Cxnapupas pa3iH4YHHe KOMIOHEHTH, HOJYYaeM HCKOMHH pe3yibTaT:

{ s 00= § s'@3,.
v° o7°

HMna anrareneii, KOTOpHE OSHAROMHIMCH € Ii. 4

Jonoanenme 5.4. I. JJIOBOX HHTEIPAJ ECTb MHTEIPAJ OT ®OPMBI.
II. TEOPEMA TAYCCA HA fI3BIKE ©®OPM

I. Kaacdwii unmezpas, BCTpeuaOmMuHCA B IJI. 5, MOKHO MHTEPNPETHPOBATH KakK
urmezpaa om enewHell duggepenyuarvroll opmul. B veTHpeXKpaTHHX B TPEXKPATHH X
AHTErpajax, Ha@puMep, 3T0 0GCTOATENLCTBO NPOABIAETCA B TOM, 4TO

d‘g=8=‘1=80123dt /\ d:l:/\ dy/\ dz

@32, = eujapy 42 A d2® A dz¥

opeacTaBiaAwT coboit 6asmcunie 4- m 3-dopme. (Hamommum, uro cymmmpoBanue mo
nHAeKcaM «ofy, 3aKII0OYeHHHM B BePTHKaJbHHE 4YePTOUKH, DPOM3BONATCA TOJBKO
mo copoxynHoctn kKomOumanmii 0 << a < P <y <C3.) Bouxee moppoGHas cBomka

o6o3Hauennil mpuBefieHa Hmke B OyHKTe B.
I1. Teopema I'aycca 0as urmezpasa om men3opa B IIIOCKOM NPOCTPAHCTBE TJIACHT

[ (voae= §saz
9° a7r°

s aioboro TeHsopa, NofobHoro 8 = S% %6, @ 0P ® e, (sammch B KOMImOHeHTaX
npuBefesa B fomojHenun 5.3). OHa mpencTaBiasieT co6oil acTHHI cayuait 06oGueRHOR
teopemu CToxca (mononHenme 4.1), 603mMoAHOCMb RPUMEHEHUR KOMOPOL 3a8UCUm O M020
daxma, umo 6asucrvie sexmopu 8, u O 2106a1v1L0l AOPEHYEEOT CUCTEMbL ROCINOAHHBL,
m. e. He sasucam om z. OnpefiefieAus NaHH HE)Ke B ONYHKTe A, a JIOKa3aTelhCTBA —
B nynkre B.

A. B niockmx mpocTpaHCTBaX, 6jarofapa HaJWYRI0 HOCTOAHBMX 6a3HCHBIN BEKTO-
POB, MO}KHO OHpPEJeNHTh UHMEzpaadl, 3HAYEHUAMI KOMOPHLT SEARIOMCA MEH30PbL.
Taxmm o6pa3oM, Iaf TeH30pa ¢ yKa3aHHHM paHroM IojlaTaeM IO ompefeleRAI0

S -d°%—e, ® 0b | S%"d*3,.
J J

Buinecenne 6asmcHHX BEKTOPOB H d)OpM H3-I0J 3HaKa HHTerpalJla onpaBAaBo TeM, 94TO
OHH HOOCTOSIHHH B He 33aBHCAT OT I0JI0KE€HHA TOYKH B IPOCTPAHCTBE-BpEMEHH. I{amnoe

U3 Ynucea S Se¥d® T, (mas a, p = 0, 1, 2, 3) BruncaAerca moacTaHoBKo# B 3-Popmy
Sea¥d® 3, awboli CcOOTBeTCTBylomUM 06pa3oM OPMEHTHDOBAHHOH IapaMeTpH3anu:
THIepHoBepXHOCTH, KaK 9TO OOHMCANO B JomodHeHMM 4.1 (B Toil WacTH BHIKJIAJIOK, rie

He 3aTParHBAlOTCA «CBoGONHHE HHIAEGKCH» 0 B f, MOmycKaeTcs NPOH3BOJbHAA KPHBO-
nEHefiHasA napaMerpHEsanus). Jpyramm cioBaMu, nof $-d° X = e, ® 0f @ S%¥d* 2,
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DOHEMaeTCs «TeH30pHO3HauHafA 3-dopma». Iloji sBHaKOM HMHTerpajla 0OHa CBEPTHIBaeTCH
C 3/7IeMeHTOM TANEePINIOCKOCTH, KacaTeJbHHM K 3-moBepxnocTE & (Al, A%, A3) muTerpm-
POBaHHS, B pe3yJAbTaTe Yero MHOJYy4aeTcsl HHTErpaj

SS-d3E=S <S-d32, ‘;‘z:’ A ‘;f: A 3‘;>dl‘dlzdls=

F] 1, u' v
=00 ® 08 | 5% ey S5 ar - AN dAZAAS,
N et ety . cpms?
AxoOnan

XoTA 3ech H CYMECTBEHHO TO, 4TO Ga3HCHEHE BEKTOPH 8., ®P, cooTBeTCTByIOmMMe
OpAMOYTONBHHM KOOPAHHATAM, IOCTOAHEH, TEM He MeHee MCHCHO NOAb306aMbes napa-
Mempusayuell 2unepnogeprHocmu camozo obujezo euda.

B. Jorasameavcmeo meopemus I'aycca CBORHMTCA K HECHOMKHHM BHKJAJKaM:

§ $.-d°2 =0, @ of & S%¥d* 2, (8, ®P mocrosEEE)
o7? o7
=8, @ 0f S d ((S®s"d® Z,) (reopema Croxca)
70

=8, @ 0f S S%¥ ,*  (cm. HmNKE)
%
=S (V-8)d*Q (mpocroe mamenenme oGosHageHmiA).
.V)
Brnme B BHKJagxax ONYMEHO 3EEHO

d (S“p‘\’ d3 21,) = (aSaﬁ'V/azp) dzr /\ ds Z‘V’: (aSaﬁ‘V/az-y).1.

3pmech CHAvYajla HCHOJBL3OEAHO d(d32y)=0 (3T0 cJoenCTEEE TOTO, YTO Euqp, = CODSt
B INIOCKOM IPOCTPaHCTBE-BPEMEHH), & 3aTeM Y4TeHO, ITO

dzp A d3 T, =001,

(3anmnieM JeBy0 9aCTh 3TOTO TOMJECTBA B EHME &yuvadzf A dz* A d2¥ A dz*. Epune-
CTBeHHHHi OTIHMYHHA OT HyJA WIeH B CyMMe IO WUVA COOTBETCTBYeT KCMOmBammm
gncen p << V<A, Ka)[AOE H3 KOTOPHX OTIMYHO OT p. 3HAYEHHE 3TOTO WIEEA H BHIH-
CaHO B NIPABOH 9aCTH TOMK[ECTBA.)

B. Csodxa obosnauenuii, 3-dopMa NNOTHOCTH 3apsAna:

)= TP 5, =1 d*8 = JPeuapy U2 A d2P A dav/3.

—_—— &3,
(*J)usy

13*
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2-popmu Maxceesia m Qapapes:
*F= 5 FO@S,,
1
F=?Fu’vdzu A dl‘v.

Basucure 2-fopmm:
dz> A dzP (omEn cmoco6 oGosHadeHms),
d%Suy = eyuvjap 87% )\ deP (myampHBIE cmOCO6 0BG03HaweHms).

3-dopMa IIOTHOCTH IHEPTHH-EMIYJIBCA:

T- &= e,I"d* T, ="T.

—

AyaabHOCTh mO mociexneMy uumercy, (*T)Yop,=T""eqp,.
3-popMa mIOTHOCTA MOMEHTa HMIYJbCA:

1 ) ,
ey A e3P Ba="T; (*3)upy= ?u%’imﬁy'

Y=
J- &L=

§ 5.10. OPUMEPHI IIPUMEHEHUSA YPABHEHUA V.T =0

YpapueHue asmxenua V-.T = 0, mpuMeHeHHoe K TIOYTH HBIOTOHOB-

Hb10ToHOBCRAS CKOH KHIKOCTH, IPEBOJUT K KJIACCHYECKAM (HBIOTOHOBCKMM) ypaBHe-
KHAROCTD
Tapawrepuayeren  HEAM THApolmHaMukH. TaKasd MHIKOCTH XapaKTepuayeTcd HUIKHMH

jv1l«1, p¢p CKOPOCTAMHA IO OTHOIXEHMI0O K MCHOJb3yeMoil JIOpPeHLeBOH CHCTeMe
| | €1, u B ee cACTeMe HOKOS JaBJCHHC ;KMIKOCTH MaJo IO CpaB-

HEHMI0 C ILNIOTHOCTHIO dHepTuM-Maccul p/p = plpe? L 1.
‘HanpuMep, Bozayx B yparade HMeeT ClefYIOmMUe MapaMeTpHL:

| |~ 100 m/gac ~ 3000 cm/c ~ 107 ¢ = 107 L 1,

p 1 atu 108 nBH/cM2 =10° (::5;2 ~ 10_1zcz= 10—12<< 1.

—~

) 10-3 r/cM3 ~ 105 r/cM3

Tenaop TeHaop 9HEPTHH-UMIOYJbCA& TAKOU HKUJKOCTH HMEeT KOMIIOHEHTH

¥ ypasacame T®=(p+4 p)u’ —p=p, (5.37a)

ABHIKCHHA . 3 X i
B e oBcxof TY =T = (p+ p) u™’ =~ pv/, (5.376)
T%* = (p + p) wu* + p&™ ~ pv'v* + p&’*; (5.378)

KoMIOOHeHTaMH ypaBrenma nemwenusa V.-T=0 apaaworca

T (4 T% ;= dp/dt+ V.(ov) =0 («ypaBEeHme HeIpPepPHBHOCTH»)
(5.38a)

T o+ T , = 3 (pv)/3t + 8 (pv'v*)/d2* 4~ dp/ox’ =0,
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AJIA, YTO YKBMBAJEHTHO (B COBOKYIHOCTHA C YpaBHeHHMeM HenPePHBHO-
cTH)

% +@- Vo= _-:7 Vp («ypaBBenme Jiinepan). (5.386)

B nmonmonHenmm 5.5 3TH pesyJbTaTH BHBOJATCA B aHAJIUBSADPYIOTCH
¢ HBIOTOHOBCKOH TOYKH 3peHMA.

B kauecTBe eme ofHoro npmmeHepms ypaBHeHus V.T = 0 pac-
CMOTPHAM COCTABHYIO CHCTEMY: Pe3MHOBHIl GPYCOK, B KOTOPHIH# BeNaHkl
DIEeKTPHUECKA 3apsiskeHHBe GyCMHB, BBaMMONENHCTBYIOMHEE C 3JIEKTPO-
MaTrHATHHM DoJieM. PeaniioBniit 6pycok Koaebiaercs; GyCHUHH IpA 9TOM
HCOBITHIBAIOT YCKOPCHUA M M3IyualoT SJeKTPOMarHATHHE BOJAHH. B To
e BpeMA NaJaloniAe 3JcKTPOMaTHATHEIE BOJHH NOATAJKMEAIOT GycH-
HEI, U3MEHAS KapTHHY Koje6anuii Gpycka. Baammo/ieficTBHA nepefaoT
4-mmnysnce oT Gpycka ¢ GyCHHaME 3JeKTPOMATHATHOMY IoJI0 B o6paT-
Ho. Hm 4- mmym;c 6pycka, M 4-EMDyJBC NOJA He COXPAHAIOTCSA; HU
V. -Topyexa, HE V-To w. noan He paBHH Hyao. Ho moammit 4-mM-
OYABC JoJieH COXPaHATHCA, T. €.

V. (Topyexar+ To. u. nonn) A0MKEHO OHTH paBHO Hyml. (5.39)

JIlnsa paeKTpOMarHATHOrO moJs camoro ofmero BURa, B3anMoJedcTBy-
JOLEero ¢ NPOM3BOJALHBIM HCTOYHAKOM, V Ty w. pops AMeeT BHUJ

Tuva. M. noaf, v— -"ija- (5.40)

(9To monyueHo B ynpasknenud 3.18 us sripaskenus aaa TW ,, Bhipa-
weHma (5.22) AJA 3IeKTPOMAarHMTHOTO TeH30pA OHEPTHU-AMIOYJIBCA
¥4 ypaBHeHHMiT Makcseana.) B caywae wamero Gpycka ¢ 6ycaBamna J
npefcTaBaseT co6oil 4-TOK, CBABAaHHHM ¢ KoJeGIIOMUMACA 3apsyKeH-
BuMH 6ycmHamu, a F — Tensop saexTpomarHmTHOTo moJss. Bpemen-
Hafg KoMIOHeHTa ypaBHeHHsA (5.40) mmeer BHA

Ta M. noast, v = -—-Fok.fh= — E-J =

CKOpOCTB, ¢ KOTOpPO# ajieKTpHueckoe noiae E
= —| coBepmaer paGory max enmmmnei obrema |. (5.41)
8apAKERHNX OycmH

Hdas cpaBuenus: 3ameTnM, 49T0 Tghycia. 0 ec'rb CKOPOCTHh M3MEHeHnsA
BO BpeMe¢HH IJIOTHOCTH 3Heprmm Opycka, a— Topyc,m, — BKJaj B 3Ty
CKOPOCTh HM3MEHEHHMs IVIOTHOCTH DHEpPTHH, oﬁycnoane}mmﬁ DOTOKOM
sHEeprmu camoro Opycka, M, clefoBaTelbHO, HX DPa3HOCTh T.?;,c,‘a,,
HMeeT CJefYIIMiA CMBICT:

CKOPOCTh, ¢ KOTOPO# BO3pacTaeT Macca-
ov oneprusA eguHEMOH 06GBheMa Opycka
Tepycxa, v= Onaromaps BO3[eHCTBHAM, OTIHYHHIM . (5.42)
OT BHYTPEHHHX MEXaHWYEeCKUX CHJI
MeRly PasIFIHEIME YacTAME Opycka

IlpaMeRenHe
yPaBHEHHA

V. .T=0

K SNERTPHUECKH
sapAKEHHOMY,
roaefamoLIEMyCA
PesHHOBOMY
Gpycry
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CJIen’OBa'l‘eJIbHO, 3aKOH COXPaHeHHSA
ov ov
(T . M. IONA + Tﬂpycxa),v =0

rJacAT, 9TO MacCa-dHePrEA GpycKa Bo3pacTaeT ¢ TOYHO TOH ke CKoO-
POCTBIO, C KOTOPOH dJeKTpEIeCKoe moJie coBepmaeT paGoTy Hap 6ycH-
HaMa. AHaJIOTHYHKEIA PesyJyIpTaT I0JYyJaeTCAa H OJIA EMIIYJIbCA:

Tg.vn.nona,veh:- '—‘F,wjveh= —(J°E+JXB)=

cmiaa Jloperma, me#cTByOmas
( Ha egEHEENY ofbheMa OycmH ) ’

(5.43)

CKOPOCTh, ¢ KOTOPOil BO3PacTaeT HMIYJIbC
T o, — | emmHEIH obnema Opycka GmaromapA Bos-
Opycxa, VOr = | nefcTBAAM, OTAMIHEIM OT €r0 COGCTBEHHLIX
HaIpAKeHH

. (5.44)

Takam oGpaaou, 3aKOH COXpaHeHHA
(T’;.vn. nons + Tg;ym).v= 0

TIAaCHT, YTO CKOPOCTh E3MeHEHHA MMIYJIbca GpycKa paBHA CHie, Mei-
cTBylomed Ha ero GYCHHH CO CTOPOHH JJIEKTPOMATHATHOTO HOJSA.

Rononmenne 5.5. OB30P HHBIOTOHOBCKOHN I'MAPORMHAMUKH

PaccMOTpUM KIaCCHYeCKY0 HEepeIATHEBACTCKYI HAEAJbHYI0 KEAKOCTb. IlpmMermM
sakoH Hrotosa F = ma K «9aCTHIE JKEAKOCTH», T. €. K MaJ0oil JEKCHPOBaHBOH Macce
KATKOCTH, 31 KOTOPOU Bemercd HaGaiofleHHme mO Mepe TOro, Kak OHAa HepeMemiaeTca
B OpocTpalicTBe:

—:t—(nunynbc OMHHANLN MACCH) == (CHJa Ha eJUWHAIY MACCH) =

_ (cuna Ha emuBmmy ofbvemMa)  — (rpafimeHT JaBJICHHA)
- (mI0THOCTS) - (mIOTHOCTB) ’
niIn
dv 1

Hepcxona OT CKOPOCTH H3MEeHEHHA BO BpeMeHH OpH Ha0JIOleHNA 3a 3T1eMeHTOM HHAOKO-
CTH K CKOpDOCTH H3MeHeHUSA BO BPEMeEHH, nsuepenﬂoﬁ B MTaHHOM MeCTe, HOJYy4YaM

CKODOCTH H3Me- CKODOCTH H3Me-

HEHHA BO Bpe- HEHHEA BO Bpe- CKODOCTH H3-
menn mpr HaG- |=| Memm B mamHOM +(°R°p°°“’ )-(uenennn B ),
JONeHAN 33 MecTe HHAROCTAT \ pnocrparcTse

JKETKOCTBIO

@ V)v=—vp, )
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nIn
v 1
a—:-i- Vi, iU = — F'P.t-

(JlarnECKEe mHAEKCH mpoberalT 3HageHAA oT 1 Ko 3; HCmOJAB3yeTCA mpPaBAIO CYMMH-
poBaHAA JiiAmTeliHA; B MIOCKOM HPOCTPAHCTBE He JelaeTCA pasaNYAA MEXIY Bepx-
HMMH H HIVKHAMHA HHIEKCAMH, COOTBETCTBYIOMMMH IPOCTPAHCTBEHHHIM H3MepEeHHAM.)
3T10 He uTO HHOE, KaK PyndaMenmanrvHoe ypasrnenue Jiitepa, OMACHBAIOMEe TATPOIHA-
HaMHKY HJIeaJIbHOH KHIKOCTH.

Ho nasa moaHoro onmcammsa HAEaJbHOM KANKOCTA HeoOXORMHMH eme JBa ypas-
Heama. OIHO M3 HAX OTpaskaeT OTCYTCTBHE IepeHoca Temla — TpebyeT IOCTOAHCTBA
yIeabHO# JHTPOOWH (3HTPONHMM GQHHANK MACCH) JUIA KaKROH «JaCTANBY MMATKOCTA:

ds 198 .
—dT=t0 AJIHA 'L-gt—-*-(v'V)s—O; (3)
Ilocnennee ypaBHeHme BHIpamKaeT COXpAaHEHHE MACCHI:
% + V-(pv) =0, (4)

BIn
a
—a% + (pvr) x =0;

OHO BO BCEeX OTHOIENHWAX AHAJOTAYHO YpaBHeHHIO, KOTOPOe BHpaykaeT COXpaHEHHe
3apAfa B JJNeKTPOAMHAMHKe M HOCHT TO ’Ke Ha3BaHM® YpasHenue HERPEPHEHOCIU.

Hrpi0TOROBCKHH TeH30p 3HePrHH-EMOYJIBCA, NHOAOGHO CBOEMY DEJIATHBHCTCKOMY
aHaJIoTy, CBA3aH C COXPaHEHMEM HMOYJAhCAa M MacChl. OGpaTHMCA K CKODOCTH H3Me-
HeHHA BO BPeMeHM IJIOTHOCTH AMIYJIbCa 3KEAKOCTH PU; — AMIOVJBCA €OMHUIB 06BeMa;
I Hee HEMeeM

9 (pvy)/0t = — (PV1VR),n — P, 1. ()
MMoymnsc BTekaeT B MaJhiil aJeMeHT o6beMa cleBa (¢«CHJa paBHA CKOPOCTH H3MEHEHHH

AMOYZABCA BO BpeMeHH») M BHTEKAOT CIPaBa; To e caMoe | A Apyrax rpanel. [loaro-
My mpaBaA 9acThk (D) HoJKHA HpPeACTaBIATH HABEPTEHIHI0 3TOT0 TOTOKA HMIOYILCA:

7] (pv,)/at = _Tik,k- (6)
Cnenona'renbuo, B KaYeCcTB® CaMoOro ImOTOKa MMOYJIbECA MH MOKeM HODPHHATH
TP=Tp=puw, v+ dup . (7
W N e/

«ROHBEKIHA» <«YCHJIHE»

HpioToHOBCKOE 3HAYEHHe IVIOTHOCTH HMIYJLCA PABHO

T%=T% = pv, 8)
B aTEX 06o3maveHmAX ypaBHeHHe M3MEHEHMS MMIYJAbCAa BO BPEMEHHA IPHHAMAeT BHI
0T"‘/Bx”=0;, 9)

€C/IH HOJIOKHTE I°°=p, TO ypaBHEHHe HEOpPepHBHOCTH 3ANMAIMETCA B BHJE
OT™/9z1 = 0. (10)
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Teuepb MOJKHO CieJIaTh BHIBO/I: TaKO€ HRIOTOHOBCKOE PACCMOTPCHHE NPHBOJAHUT K pasyM-
HO# ANNpOKCEMAallNA DPEJATHBACTCKOrO TeH30Pa YHEPrHu-MMOYJIbCa:

o i Il e uue—p ! (p+p)utu l )
lov'i v +67p | = [ (p+o)utut i (p+p)u'e’ +87p
§ 5.11. MOMEHT MMIIYJ/IbCA
Onpepenente CummeTpusi Tensopa sHepruu-ummyiansca THY = TVH mosBoJisieT ompe-
BNDyDReR HeNHTh MOMEHT MMOYJabca JOP — CoXpaHAONYIOCA BeJIHIMHY, aHA-
H BBIBOY ero JOTAYHYI0O MMIOYJBCY p%* MoMeHT MMIyianca ompefeiasieTcsi 1o OTHO-
HRHTETPANBHOTO . o o
38KOHA OIEHUI0 K HeKOTOPOM NpOoM3BOABHON HavaJhbHOil ToYKe — COOHITHIO A
coxpatenns C KOOpAWHATAMH
F nad (‘24) == q%* (5.45)

B HEKOTOPO¥ JopeHIesoii cucteMe. MoMEHT MMIYyIbCa OTHOCHTEJIBHO o
ompefiesifeTCi ¢ TOMOIIBI0 TEH30pa

,yaﬁv = (2% —a%) T — (2B — ab) T, (5.46)

(OtMeTEM, 9T0 2%—a% eCTb BEKTOp, OTHENAIMEI «TOUKYy mOJA» I%
OT «HAYAJNBHOK TOUKEY o; siech T’ BHUHMCAAETCA B «TOUKE IOJA»,)

ockonbky Tensop T cmMMeTpEYeH, AHEEPIEHLHSA %% papna mymo:

% tzﬁvm: Gava’ + (2% — a%) I;B:iv_ GﬁvT“V — (2P —ab) 13? =
0 0

=7 _ 710, (5.47)

CieloBaTebHO, HMHTErpaj OT 3TOTO TeH30pa Ho JA060il 3aMKHyTOH
3-noBepXHOCTH DPaBEH HYJIIO:

(§ 4B 2, =0 (5.48)
87°
(unmespasvhas Gopma 3akoHA COIPAHEHUS MOMEHMA UMNYAbCA).

MnTerpan mo mpoOCTPaHCTBEHHOMOJAOGHOH NOBEPXHOCTH IOCTOAH-
HOro 3ilfavelms BpeMeHm ! paBeH

T — S %980 4o dy dz = S [(a® — a®) T?* — (28— aB) T%°} dz dy dz.
(5.49)

Benomunas, uto TP ccTh maoTHOCTH LMIYJbCA, CPasy BHAMM, d9TO
(5.49) mo dopme comafiaeT ¢ BHpasicHNeM JJ = 2 X P BBIOTOHOBCKO#
teopun. Orciona ¥ RazsanMe s J® — OJNHBIE MOMEHT EMIYJLCay.
PaznmuHbie acIIeKTH onpeficJieHHOro TakuM 00pasoM CoXpaHAKIlerocs
MOMEHTa UMIYJAbCA, BKAKOUas CBA3b C AHAJOTHINKM MOHATACM B HEIO-

TOHOBCKOH TeOPHM, HCCJeAylOTCA B JIONOJHEHHH 5.6.
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5.2. Coxpanenne 3apsaga

N3 ynpamnenus 3.16 uaBecTHo, 9T0 4-BeKTop 3apAna-Toxa J ymomict-
BopseT AuddepernmanibAoMy 3akoHy coxpanenms V-J = 0. 3amm-
MATE COOTBETCTBYIOMMIA MIITETpajbHHI 3aKOH coXpalleEHMA W paafite
AHTepOpeTaLHio 9TOMY B3aKOHY [JA 4YeTHPeX 3AMKHYTHX HOBepX-
HoCTeil, W3obpanicHnnix na ¢ur. 5.3.

5.3. Posxnenne yacTHIy

B negpax mMaccuBuHX 3Be3J A DO3AHHX CTAAHMAX DBOJIOLMH TeMHepa-
Typa CTOJb BHCOKA, 9TO NPOACXOAHRT HempepHBLOE POKICHHE U aHHH-
TAJIALMA 3JeKTPOHHO-IO3UTPOHHMX map. Ilycts 8 — BexTop umcia-
DOTOK4a 3JIEKTPOHOB M IO3MTPOHOB, a ero AHMBCPreHuHMI0 0003HAYMM
noCPefCTBOM

e=V.§, (5.50)

Ncmoansysn teopemy laycca, mokammTe, WTO € €CTh UHCJIO YACTHIL,
PONMBIIAXCAA B COMHATHOM dYeTHpexMepHoOM o0beMe NpOCTpaHCTBa-
BpeMeHd (MABYC YMCJI0 aHHUTHJIMPOBABIIMX YACTHIL).

5.4. NReprRas Macca eguHHIB 00BHeMa

PaccmoTpum cpeny, B KoTopoil ecTh HanpAMKeHNA M KOTopaA JBHMETCA
¢ o0nuHo# ckopocTiio | [ € 1 no oTHOmMEHMIO K HCKOTOPOH JOpeH-

1leBOH CHCTeMe.
a. IlpamennB ‘npeoGpasoBanusa Jlopenna, moKa:KHTC, YTO NPOCT-
PaHCTBeHHKE KOMIOHEHTH NJIOTHOCTM AMIIYJLCA HMEIOT BH]I

T = m™*v*, (5.51)
[
rne
m?* = 700§ 4 T (5.52)

a TH¥— KOMHOHENTHl TeH30pa 3NePTUH-UMIYJBCA B CHCTEMC HOKOA
cpenni. B Connevnoit cncreme mosciogy 7' | T7 | (cM., nanpnmep,
o6 yparane B § 5.10), moaToMy MH OpPMBHKIM nucath 7% = T00 {7,
T. e. (DJOTHOCTH MMOYJLCA) = (NJOTHOCTL MacCH IoKoA) X (CKo-
poctn). Ho BuyTpu uefiTpowHo# 3Be3nml 70 MomeT GHITL Tero ke
nopAnKa, utoe w 77% moaToMy YypaBleHlle (INIOTHOCTh MMIYJLCA)=
(IJI0THCCTHh MacCCH NOKO0A) X (CKOPOCTH) CIEeAYCT 3aMENUThL NPH MaJR X
ckopeeTax ypasncnmamu (5.51) m (5.52).

6. HlonyunTe ypaBuenns (5.51) u (5.52) B paMKaXx RBIOTONOBCKOIO
paccMoTpelits, HCIO0JH30BaB NPHHIMI SKBHBAJICIITHOCTA MAacCH M d1ep-
run. (Yxrasanue: nonnas sHeprusa-mMacca, mpoHocHMas MHMoO NaGuiio-

nateas o6bcMOM cpeibl Vo BRaouaeT Kak Maccy mokos 10V, Tak

YNPARHEHHA
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7 paGoTy, CoBepmaeMyi0 CHJIAaMHA, KOTOPHe AeiCTBYIOT Ha [PAHH JTOrO
00’beMa M «HPOTAJIKMBAIOTY €r0 C OXHOTO MeCTa Ha Apyroe.)

B. Hak ciegyer m3 ypaBmemma (5.51), cana Ha emuANy o0beMa,
coobmanman HarpykeHHo# cpefie yckoperde dvt/dt (cpema moxomtea
OTHOCHTEJBHO HalaofaTelnd, mpHjaraioliero CHIY), paBHA

F'=dT%/dt= Z;. m?® dv*/dt. (5.53)
U3 aToro ypaBHeHMA HampamdBaeTcA BHBOM, UTo m’® MO)KHO HasBaTh
«HHEPTHOH MAcCol oqMHAIL 00 beMa» DOKOAMeHCA HATPYKEHHOM Cpe/H.
B o6mem cayuae m’™ npencrapaser co6oi cammeTpruHKI 3-TeH3op. Bo
9T0 OH HEpPeXOQAT B YACTHOM Cayduae HIAJBbHOH >KAXKOCTH ?

r. PacemoTpnTe m3aonmpoBamHOe HATPY/KOHHOE HOKOAMEECA Teo,
Haxomameecsa B papHosecErm (I8 = 0) B maGopaTopHo# cmCTeMe.
ITokakmTe, 4TO ero moJHaA HHEPTHAA Macca, ompefeideMad COOT-
HOMEeHY M

MV — S m¥ dz dy dz, (5.54)
HarpyHeaHaoe
NI0
H30TPOIIHA W paBHA MAacce HOKOS BTOro Tena

MY =Y S T dz dy dz. (5.55)

9.5. JleTepMBRAaHTH B AKOORAHM

a. BuoamaTte B sAiBHOM BHOe CYMMy, KOTOpod ompepensercA d%Sy B
az*

da

¥Y6emarech mpm 9ToM, 9TO BepHa Qopmyina

azP
dZSuv = Buvu,ﬂ "Eb— da db.

3 (z%, zB)
Euvap —m—da db.

(Bupakennsa, momoOHEIe 3TOMY, MOJKHH BCTPEYATHCA TOABKO HOJ
3HaKoM mHTerpaia. B atom ynpaskae Hun MokHo nuGo Beafe, Tie Heo6-

3 (z%, 2P 1
szu.v=3u.v|aﬂ] '?T’:Z))— dadb= 3

XOXAMO, OOCTABATH |..., AAGO0 AMHTepOpeTEpPOBaTh AuddepeHIAAN

Oo OpaBAJaM BHemHero ucuaciaedds, dadb — dz A db; cM. Jomoaue-
aue 5.4.) Huaa AaxkoGmaHOB 3Xech HCHOJIb30BaHO 0003HAUEHHE

o 9
a(f,g) _|9a b
d(a,b)  |dg Og
da b
6. PaccmoTpuTe nomoGHEIM jke 06pasoM YaCTHHIA cjaydall @ HmOKa~
KHTE, dTO
ar* 9P az¥

1 8 (2%, 28, 2¥)
& By =rtuaty 5 g5 g W de =g tuaty 553 dadbde.
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8. [IpEsenaTe To9HOE ompefeneHMe 3HA4YeHAS [eTePMUHAHTA Kak
CYMMH WIEHOB (C COOTBETCTBYIOIMAMHA 3HAKAMM), KO)KAKME A3 KOTOPHX
eCTh HMpOM3Be[lCHAE, CoAepKamee N0 OAHOMY MHOKHTENI0 H3 Ka)Ioi
CTPOKH M B TO K> BpeMs [0 0fHOMY MHOKHATENI0 W3 KasKIoro cToabna.
IMoka;xkATe, 9T0 3To ompeleleHMe MOKHO HPENCTaBETh (B 9acTHOM
cayaae 4 X 4, KoTopuil oueBARHHM o0pasoM oGobmaerca Ha ciydai
p X p) B BEEe

det A == det || A%, || = eapypA% AP, 4%, 4%,
r. IToka;kare, 49TO
det A = 8452 4%,4°,4%,4%

(ompenenenme Oy CM. B ympaxpenmax 3.13 m 4.12).
n. Ucnonp3oBaB cBoiicTBa O-CHMBOMA, IOKA)KATE, YTO 3JI6MEHTH

(A", marpmon A- !, o6parHoit MaTpmOe A, AaTCA BHpayKeHAEM
1
(A7) (dot 4) = 57 dunes AP AY, A%,

e. C mOMOmMpBIO «EHAGKCHOM TEeXHAKH» BeIBequTe B3 QopMyaH iIA
det A B myHKTe «r» cieqyiomee BHpaKeHme NJAA IPOM3BOXHOH Jora-
pEdMa neTepMHHAHTA:

dIn|det A|=Sp(A~1dA).

3necs dA —marpuna || dA%, ||, saemenTaMa KoTOpO# ABAAIOTCA 1-PopMuL.

5.6. IlenTponan u pa3mepn

PaccMoTpEM H30JHPOBAHHYIO CHCTEMY C TEH30POM 3IHEPTHHA-HMIYJb-
ca TW, monHmM 4-mMnynrncoM P%, perudmHOR 4-mMnyianca M =
= — (P-P)/2, TemzopoM COGCTBEHHOTO MOMEHTa HMOyiabca S
H BEKTopOM COGCTBEHHOro MOMEHTa mMnyianca S (cM. JomonaeHde 5.6).
HaGmonarens ¢ 4-CKOpocTbI0 U® ompefenfieT yeHmpoud CHCTOMH
B CBOeil JIOPEHI[eBOA CHCTEMe O0TCIETA B MOMEHT CBOEro JOPeENeBOro
ppemeHn z° = { W3 COOTHOMERHSA

Xi(t) = (1/PY)’ f £TWdz, (5.56)
x0=t

B JIOpeHIeBO#l cHcTeMe oTcueTa, rae U = 9P/dz°. Irtor memTpomn
saBdcHT 1) oT KOHKpeTHoi cmcTeMsl, KOTopaA H3ydaeTcsd, 2) OT 4-CKo-
pocta HaGmomaTensa U 1 3) OT MOMEHTa BpeMeHHZ ¢, B KOTopHii Halxio-
IaeTcA CHCTeMA.

a. Ilokaskdare, 4YTO LEHTpPOAN ABM:KETCA C IOCTOAHHONR CKOPOCTHIO

aXi/dt = PP, (5.57)
COOTBETCTBYOINEH 4-CKOPOCTH
U=P/M. (5.57")

2

YIPAKHEHHA
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OTMeTEM, 4TO 3Ta «4-CKOPOCTH LIEHTPOHMA» He 3aBHCHT OT 4-CKOpO-
CTH U, HCIOOJBL3yeMOH IpH ompelejieHMA IeHTPOMAA.

6. IleaTpomn B cACTeMe 0TCYeTA, I'fie M3yYyaeMad CHCTEMa NOKOMTCS
(T. e. meBTpPOMA, HAA KoToporo U = U), HasmBaeTCA LEHTPOM Macc;
cM. jmomoanenme 5.6. ITycts &, — BexTop, coeluHAOMHAE Dpom3-
BOJIbHOEe COORITMe Ha MHPOBOM JIMHMA LEHTPA MacC C NPOH3BOJBLEEM
cobHTHEeM Ha MHDOBOH JIMHAHM LEHTPOMAA, ompefe;leHHOTO mias 4-Cko-
POCTH U; TOIfla KOMIOHEHTH &, B NPOH3BOJbIOI CHCTEME KOOPJAMHAT
3aflal0TCA BHIpaKeHHeM

B =Xi—X§. (5.58)
IloxaxmTe, aT0 &, ymOBIETBOpPHET YpaBHEHHIO
(PP — PEf) — 8™ ug=0. (5.59)

(¥Yrasanue: npoBefinTe BHKAANKHA B JOPEHLEBOH CHCTeMe OTCUeTa, THe
u = 9&/020.)

B. ITokaskuTe, uTo mpu HaGNIOJEHME M3 CHCTEMH OTCYeTa, Ije
n3yuaemas CHCTEeMa IOKOMTCA, B M1060il 3aaHHBI MOMEHT BpeMeHM
npuBeleHHOE BHIE ypaBHCHHE CBOJUTCA K TPeXMEPHOMY 3BKJHJOBO-
MY YDPaBHCHHUIO

b= —(v X S)/M, (5.59)

rie v = w/u®— o6bi9Rasg CKOPOCTb CHCTEMHl OTCUeTa, B KOTopoH
ompejieJieH LIEHTPOH.

r. IIpenmosioxnM, 9T0 NIOTHOCTE SHEPrANA, H3MepsAeMasa IPOU3BOJIb-
HEIM Ha6JloflaTesleM B DPOM3BOJLIIOM MeCTe IPCCTPAHCTBA-BpeMEHH,
HeoTpuuaTtenbra (W-T-u> 0 paa ao6Goro BpeMeHHmOAOGHOTO W).
B cmcreme oTcueTa, roe u3yuaemMas CHCTeMa HOKOMTCH, HOCTPOHM
MHIMMAaJIBHH#A BO3MOKHHBI IMJMHAD, KOTOpH# mapaijeieH § H co-
nepsuTt Beio cucreMy (7,5 = 0 mosciony BHe nmauuapa). ITokaxnre,
9T0 paiAyC r, 9TOTO LIMIHLJpPA OTPAHHYEH COOTHOMIEHHEM

ro=181/M. (5.60)

Takum o6pa3oM, A CHCTEM C JaHABIM COGCTBEHHHIM MOMEHTOM UMITYJ b~
ca 8 m panHoit Maccoit M mMeeTCs MMIMMalbHBIA BO3MOKHHI pasmep
romun = | S |/M, M3MepeHHHH B cCHCTeMe OTCYeTa, Ifie U3ydaeMas
CHCTeMa IIOKOHMTCA.

Honoanenue 5.6, MOMEHT HNMIIYJIbCA

A. Onpenenenne MOMEHTa MMOYABCa

a. BoapMeM DpOM3BOJBHYI0 LPOCTPAHCTBCHHOLCACOHYIO INNEpPUOOBEPAHCCTH o
¥ npou3BoJibHOE COGHTHE o ¢ KoopaumnatTaMm 2% (A) = a%. (IloBclomy Mcmonrayercs
raobasibHaA MICPUHAJEHAA CHCTeMa KGOPAMHAT.)
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6. OnpenennM «mOMHH MOMGHT WMIYJIbca HA o OTHOCHTENBHO A» Kax
v ___ 1 WV
=y,
s A
/;’MNGE (a:""-—a"") T‘VG_(xv__av) Tl-la.

B. Ecam f — rumepmoBepxHOCTD IOCTORH-
HOTO 3HaueHWs BpeMeHwm £, TO 3TO OIpeJe- i
JieHne IpPHHAAMAET BHJ -z

JW = S ¥ dz dy de.

~

Qo

B. Coxpanenue MoMEHTa MMIIYJbCA

a. Us T"W,=0 caenyer ¥"'*,=0. t

6. I10 osHauaeT, uro JHYnezasucum om
2unepnoseprrocmu of , Ha KOMOpoli ezo 8bivlc- 84
asiiom (TeopeMa Taycca):

TH (F ) — T (& p) =

= | paz= | pegau—o.
87° 9°
[ITpumevanue: 37" (rpaumna 7°) BKaiovact o 4, g U BpeMeHUIO0GHbE TIOBEP XHOCTH

Ha npocrpaucmemloi'{ GeCKOHe‘lHOCTH; BKJIal HOOCJHeMHHNX He YUYATHIBaeM, TaK Kak
HCTOYHHNK JIOKaJIH30BaH.]

g

B. HaMeHeHne TOYKH, OTHOCHTENbHO KOTOPOii OUpelesAeTcs MOMEHT HMIYJIbCA
HOycre b* —Bextop, cocnmHARMuE A, ©
Ay b*=af—a3. Tornma
J* (ormocmrensmo oAy) —
— J" (oTHOCHTENBHO ()=

= —b* S T g8 54 b S = TW g S,=
F ¥

= —b*PY 1 b"PH,

rae P¥ —norumit 4-mmmymsc.

I'. CoGcTBeHHMIi MOMEHT EMOYIbCA

a. IlepeiimeM Ha HEeKOTOpOE BpeMs B CHCTEMY OTCYeTa, rfie M3yuaeMasa (H3HUECKas
cECTeMa IOKOHTCA; TOrAa

PP=M, P=0, z,= % S 2'T% 43z — nomoxenne meHTpa Mace.
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Co6CTBEHHEIM MOMEHTOM AMOYJABCA IO ONpeNle/ICHMIO HAa3hIBAETCA MOMEHT HMIYJIbCa

OTHOCHATENbHO NPOM3BOJABHOTO coOmTHA (a°, 27y) Ha MHDOBOH JMHHE IEHTPAa MaccC.
Ero xoMmoHeHTH o6o3HagaioTca S*¥ m 0KaSHBAalOTCA PaBHRMH

S0/ — 0, Sk — giklgl
rae
[S= S (% — %py) X (MIOTHOCTE MMAOYABCA) d°r =
= BeKTOp COGCTBeHHOTO MOMEHTa WMIYJbCA.

6. «4-BeKTOpOM COGCTBEHHOTO MOMEHTa MMOyJanca» S* Ha30BeM Ho OLpENe]CHHIO
TaKo# 4-BeKTOp, KOTOPHii B cAcTeMe MOK0A HMeeT KoMnoHeHTH (0, §); Torpa npneenen-
Hbl¢ BHIIe YpaBHEHHA [AIOT

SIW — UaSBeaﬂuv’
Up = Pg/M = 4-cxopocTs meHTpa Macc.

JI. Pazno;ceHme MOMEHTA HMIYAhCA HA COOCTBEHHYI0 M OPOHTAnbHYI0 COCTABAAIIHEE

a. Bossmem npomsBoabHOoe cobmTHe A4, KOTOpOe CMEIERO HEePHEHAHMKYJIAPHO
MHDOBO#l JHHHM LNEHTPA Mac( Ha BeIUYAHY
—Y<, 1. e.

UgY®=0.

6. Torma, vormacEHo nyExTy B, MomenT
HMIYJECA OTHOCATEIBHO o paBeH

T W= UgSgedwv 4 YHP _y pH

S*” (cobctrennnit) LMY (op6utanpamii)

B. 3HaA MOMEHT AMOYJKECAa OTHOCHTEIBHO
A 1 4-EMnynsc (a CIENOBATENBHO, U 4-CKo-
pOCThH), MOKHO HAafTH BEKTOp MEKNY < M MHEDOBOH JHHHed LEHTPa Macc

Yh= —J"Wp, /M2
H COGCTBEHHEIH MOMEHT HMMIYJECA

Sp= -;— U (I —Y"PY + Y P*) egpp.



6. YCKOPEHHbIE HABNIOAATESIA

B o6%exmuenom Mupe Huwezo He npoucrodum,

8 Hem ace npocmo cywecmsyem. Jluwb no mepe mozo,
KaK 630D M0e20 COSHAHUA CKOAb3UM 66eDPT NO AUHUU HCUHU
(muposoii aunuu) moezo meaa,

0a8 MEHA OXcueaem Hacmb 3IMO020 Mupa,

nodo6HO MSHOBERHOMY U306PANCEHRUI0 8 nPpOCmpPaHcmee,
KOmopoe Henpepusno MEeHAEmcs 60 6PeMERU.,

TEPMAH BEWJIb {113)

§ 6.1. YCKOPEHHBIE HABIIOJATE/IHA
MOI'YT BbITb H3YYEHBI B PAMKAX
COEOUAJIBHON TEOPAU OTHOCHTEJBHOCTH

Ilpu m3yyeHMH rpaBATAmHEE NOJIe3HO PACCMOTPETH CHTYAOHWI0, KOrfa
TATOTeHAEe HMATEPYETCHA yCKopeHHeM. CKOHLEHTPEPYeM BHAMAHHE Ha
obracta, cTONb fajeKod OT Jg06GOH MaTepEEm H CTOJb CBOGONHOH OT
BOSMYMMEHAH, uT0 (C HEKOTODOH# mpefnosaraeMoil CTeneHbl0 TOTHOCTH)
OpPOCTPAHCTBO-BpEMA B Heifl MOKHO CUATATE INIOCKAM A WMEMOINEM JIO-
peHLeBy reomerpmio. [lycTe HaGalopaTens, amGo Giaaromaps OpHBS-
3aHHBIM K ero HOraM pPaKeTHHM comaM, JBGo Gaaromaps ToMy, 94TO OH
HaXOMHTCA B KOCMAYECKOM Kopabie ¢ PaKeTHHM IBHTaTeJeM, HCOBITH-
BaeT omymeHue, 6yATO HA HEro MAeilcTByeT Hoje TAroTenms. Hakopa
Gyner ¢HU3HKa ¢ ero TOYKHA 3PEHHAS?

MoskeM 1M MH JaTh 0TBeT Ha 9TOT Bompoc? He cammkoM am Malo
MH 3HaeM 0 (H3AKe TpaBHTALEA Ha TAKOM PaHHEM 9Tame O3HAKOM-
JIeHAs ¢ KHATOH, 4To0H mpefckasnBaTh ¢pmamdecKne 3ddeKTH, KoTo-
phle A3MepHT HabmogaTesb, moJarapmMAi, YTo OH HAXOAATCA B Tpa-
BETALHOHHOM I0Jie, XOTA Ha CaMoOM Jiejie OH JHAIMb HAXOAATCA B YCKO-
pAmEeMCca KocMHYeckoM KopaGiae? Bosce Her, cmeumaavHas TeopHA
OTHOCHTEJIHHOCTH KaK pas ’ Onua cospgaHa, 4TOOH onHCHBATH HIHKY
YCKOpEHHHX 006beKTOB,— Hamphmep, H3IyUeARAe YCKOPEHHOT'O 3apsA-
na. lake daHTacTHYeCKHEe YCKODEHHS

Qapepn ~ V*r ~ 10%cm?/c? ~ 10%® «3eMHHIX yCKOpEHHIA»,

HCOHTHBaeMble HefiTpOHaMH B sAApax, W Aake eme GoJbmIHe yCKOpe-
HEsA, BCTpeYalOmPecss NOpPH pacCeHAH 4JacTAN BHICOKAX SHEprui,

YceropeRHoO®
ABHACHHO

H YCKOpeHHHE
nabmopatens
Moryr Omnith
H3YYeHH

B paMRax
ocnenBaTbHON
TEOpHHE
OTHOCHTEALHOCTH
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COBepmeHHO TOYHO ONOMCHBAITCA B DaMKax cHOenHajJbHOH Teopum
oTHocuTeJbHOCTH. TeopeTHKa, KOTOPHH yBepeHHO NpHMeHSET 3aKOHH
cHenuaJbHOH TEOPHH OTHOCHTEJ]bHOCTH K AHHATHAALME aHTHIPOTOHOB
H K pesoHAHCAM CTPAaHHHIX 9acTH1, He HCOYTalOT KAKHE-TO HJIIIO3HH
maccaskHpa B pakeTe, JeTKo moBepdBmero 6pomropaM, peKJaMmpyio-
M «3eMHOe IPATAKeHde Ha BceM myTH». [loka mpocTpaHCTBO-BpeMs
OJA0CKoe, Kak GH BH HH JBATAJINACH, COelHAJbHAS TEOPUSA OTHOCHTEN b-
HOCTH cupaBuTcA ¢ 3afgaueil. (OHA MoKkeT cnpaBATHCA U ¢ GoJee CIO0-
HEIMH 3afladaMH, CM. fonodHeHHe 6.1.) Kax cnenuaiabHas TeopHA OTHO-
CHTeJbHOCTH CHPAaBJAAETCA C TakKod 3ajadedl, KpaTKO H3JI0KEeHO
B AomosHeHuH 6.2 1aa guTaTenedl, KOTOPHX MHTEpecyeT Jumb Kype 1,
A KOTOpHEe MOTYT ONYCTHTh OCTAJBHYIO 9aCTh IJIaBH; 9T0 JNOIOJdHEHHE
OOMoKeT TaK/Ke N dMTaTelAM Kypca 2, JIA KOTOpHIX OHo Gynmer
xopomeii Ga3oli IpH YTeHHH OCTAJbHOTO MaTepHaja IJaBHI.

Nononnenne 6.1. OBIIAA TEOPNA OTHOCHTEJIbBHOCTH IOCTPOEHA
HA OCHOBE CHOEIIMAJBHON TEOPUM OTHOCMTEJIBHOCTM

Typucr B pasroHAMEACA MEKIMIAHETHON paKeTe OMYmaeT «TAroTeHue». Moker
nn $UBHK, ACXoAA u3 JOKAJABHHX 3dPexToB, yGequTs €ro, 4TO 9T0 «TATOTEHHE» MHH-
Moe? Her,— oTBeyaeT 9iHMTEeHHOBCKU{ NpPHHUAN JOKAJbHON IKBMBAJEHTHOCTH THATO-
Tennsa ® yckopeanil. Ho torga ¢usuk He cpeinaer omun6Gkn, ecau GymeT CIHTATH HCTHH-
HOe TATOTEHHE JOKAaJbHOH WJJI03HMell, NPHYAHOH KOTOPOH ABJIAIOTCA YCKOPEHHS.
Haxondach B TakoM 3aGuaysxeHAH, OH MOKeT HOUTH AaJblle W PemaTh 3afavH mo rpa-
BHTAllEM C IOMOLObI0 CHOEIHAJbHON TEOPHH OTHOCHTEJIBLHOCTH; M €CJIH OH J0CTaTOIHO
ACKyCeH M MOKeT pa3fUTh KaKAY0 3afady HAa COBOKYINHOCTH JIOKAQJBHHX 3ajad,
Kakgasd M3 KOTOPHIX MojkeT OHITh pemeHa IpH TaKOM 3aliymIOeHHH, TO OH CMOMeT
paccuuTaTh BC¢ MPOSABICHHA JMI0Goro rpaBuTaloHHOro moiaA. Ilpm asrom meob6xomumo
PYKOBONCTBOBATHCA JMIOb TpPeMs OCHOBHHIMU NpHHIAOAMH: (U3HKOU cHeluaJbHOM
TEOPEH OTHOCHTEJBHOCTH, NPMHUANOM SKBHMBAJEHTHOCTH M JOKAJBHRIM XapaKTepoM
¢u3aIeCKUX 3aKOHOB. JTH NPHMHIMNL OPOCTH ¥ HOHATHH. OgHaKo HX mpHAMeHeHMe
CBA3aHO C HeoGXOAMMOCTHIO pemeHus ABOAKON mpoGiaeME: 1) pa3GuTh mPOCTPaHCTBO-
BpeMs Ha JOKaJbHO HJIoCKHe o6lacTd (rle 9TH OPHHUANH HpAMEHHMH) U 2) CHOBa
COeMUHHETH 9TU 00JacTH B eIHHYIO pasyMHy0 Kaptuny. Takoe pa3bueHne Ha oGaacrh,
a 3aTeM BOCCTaHOBJeNHUe leJbHOM KapTHHH, HeM3(eKHO Aaiimee MCKPHBIEHHOE JHHA-
MHiYeCKOe IPOCTPAHCTBO-BpeMs, M BHBOJX BHITEKAIIEX OTCIOAA (PH3UUECKAX CJefi-
CTBHH M COCTAaBIAAIOT OOy TEOPHI0 OTHOCHTEJBHOCTH.

Nonoanenne 6.2. YCKOPEHHBIE HABJIONATEJH (KPATKOE M3JIOKEHHE)

YckopeHHHR HaGaionaTeap Mo/deT MMeTh ¢ COGOM 9aCH H JIMHEHKH M ¢ MX IOMOILBIO
BBECTH B CBOell OKDECTHOCTH CHCTeMy oTC4eTa (CHCTEMY KOOPDAHHAT).

Ero gach, ecan onu BEIGpaHH TaKHM 0Gpa3oM, 4TO MX CTPYKTYpa HpPaKTHYECKH
He MeHseTCA Hoj [eACTBHeM YCKOpeHMA (HampdAMep, aTOMHHE d9acu), OYyAyT WOTH
B TOM K€ TeMIle, YTo M HEyCKOPEHHbie YaChl, ABMKYILIMeCH B AAHUBIA MOMEHT BMecTe



§ 6.1. Ycxopennve nabarwodamesu 8 pamsaxr CTO 209

¢ nHabuawpaTeiaeMm:

HHTEPBaJ BpeMeHM OTCIYATAHHHH
gacamMm HaOjxoaaTels, KOrja OH

At = | mponemuyics BRomb cBoeit Mapo- | =[—g (&, &)]'/%.
BOM JIMHMA HAa BEKTODHO® CMe-
menne §

W ero nmHeilkH, eciM OHM BHODaHH JOCTATOYHO KECTKHMH, OTMOPAT Te Ke NJIHMHH,
KaKk 4 HeyCKOpeHHHe JHHEHKH, NBHxKymueca Bmecte ¢ HaM. (Boxee moapo6Hoe pac-
cmoTpenue cM. B § 16.4 u B gomoxmennmsax 16.2 m 16.4.)

ITycTh cmcTeMa KoopAWHAT HaGJIOfaTens MpeACTaBAAET CoGOH JeKapTOBY pemeTKy
A3 JAHeeK | 9acoB, Ha4aJlo KOTOPOii Bcerga MaXoRUTCA Ha ero Muposoi saaaa. HaGio-
narelb J0JKeH CJHeIATh, 9TOOH pa3MepH 3TOH pemieTKA ObIIM OrpaHHYEHH:

_ (npoc'rpanc'menumii) (ycxopelme, nauepennoe)" kS
l= pasMep pemerKa < \1o ero aKcelepoMeTpaM [
Ha paccrosaamn [ oT ero MApORO#l TUHMH € €T0 PEHIETKOH OPOMCXOAAT CTPAHHBIE ABJeE-
HEA GespasMepHoil BeJMYMHH gl: HampAMep, YCKOpeHHe, H3MepseMoe aKcelepoMeT-
paMl, OTIIH9aeTCi OT £ Ha OTHOCHTEJNbHYIO BelHYEHY ~ gl (ympammuenme 6.7); wach,
OepBOHAaYaJbHO CAHXPOHA30BAaHHHE € JacaM# Ha €ro MHDPOBOH JMHAH, BHOGHUBAIOTCA
U3 puTMa (AQYT C APYTUMH CKOPOCTAMH) Ha OTHOCHTENbHYI0 BeIHIARY ~ gl (ympark-
genne 6.6). (3aMeTHM, 9TO YCKODPEHHIO, PAaBHOMY «YCKOPEHHIO 8¢MHOTO HPHETAKEHHAN,
COOTBETCTBYET

g~ ~ 10-3c?/cm ~ 10'® ¢M ~ 1 cBeTtoBOi rop,

T. e. ycaosue | & 1/g, kak mpaBHio, He HaKJIaJKBaeT 09eHb }KECTKAX OrpaHHYEHM.)

Yro6H yCTAaHOBHETH pe3yJbTaThl 3KCOEePAMEHTOB H HaGJA0ONeBMi#l, BHIOOJHEHHH X
YCKOPeHHHIM HaGaioNaTelleM, HX MOMHO CHadYajla HCCIe0BaTh B TeOMETPHYECKHX
TepMHHAX, CBOGOANBIX OT KOODAWHAT, a 3aTeM COPOEKTHPOBaTh Pe3yJbTaThl Ha 6a3uc-
Hbie BEKTOpH yCKopeHHo# cmcteMul. C Ipyroil CTOPOHH, MOKHO NPOAHAJASHPOBATH
SKCOepAMEHTH h HaGIIONeHHA B JOpeRNmeBod cHcTeMe, a 3aTeM mpeo6pa3oBaTh HX
B YCKOPEHHYIO CHCTeMY.

CorjlacHO TaKOro poOfa aHajJM3y, pe3yJIbTaThl SKCIEPAMEHTOB, IOCTaBJIEHHHX
nokaabEo (npE | & 1/g) ycKkopeHEHM HaGaOxaTeldeM, OTIHYAIOTCA OT Pe3yIbTAaTOB
TeX >ke SKCIEePHMEHTOB, BHINOJHEHHHX B JIOPEHIBOH# CHCTeMe, JHMb B TpeX OTHO-
MeHAAX:

1. HMeloTcA HempoCTHE OTIMYHA OTHOCHTeJNbHOH BeJMHYMHH mopagxka gl < 1,

0 KOTOPHX YIOMHHAJOCh BHII® H KOTODHE MOMKHO CHeJNaTh HpeHelperkuMo
MaJIHMHA, YMEHBIMMB COOTBETCTBYIOMEM 00pa30oM pasMepH YCKOPEHHOH CHCTeMH
oTcUera.

2. Wuerorca caas Hopmoamca To9HO TOTO 7Ke THIA, YTO H B HHIOTOHOBCKOM TeopHH
(yopaxeenme 6.8). HaGmionaTeds MoKeT OT HEAX H36aBHTHCA, €CIH OH TINA-
TeAbHNM 06pasoM HCKIOYAT BpaleEAe CBoel KOOPAMHATHOR pemieT¥: HalpH-
Mep, OPAKPENHB ee K THPOCKONaM, KOTOPHe YCKOPSIOTCA BMeCTe ¢ HAM LOCpeJi-
CTBOM CHJI, HPHJOKEHHHX K IeATpaM Macc (HeT Kpyramero moMmental). Takas
HeBpaINamasacA pemeTKa o6lagaeT GasHCHHIMH BEKTOPAME, HOXYYaMHAMHCH

8401487



210 6. Ycxopennue nabarwdamesu

B pesyasrate «uepeHoca ®epmm — Yoakepa» (§ 6.5):

d. ’

< =Uu(a-6q)—a(u-eq), (1)
rae U — 4-ckopocts, a & =du/dr — 4-ycKopeHme.

3. ViMeloTcA CHJIH BHEPIEA TOYHO TOTO )Ke THIA, YTO M B HBLIOTOHOBCKOH reopHm
(ympamnenze 6.8). OEE 06ycioBJeHH yCKOpeHHeM HabiamopaTens, M OT HHX

MO)KHO HB6ABHTLCHA, JUMb HPEeKpPaTHB YCKOpEHHe.

OcTanbHas wacTs 9T0li raaBH OTHOCHTCA K Kypey 2.

Ee cofiepianne He 3ABHCHT OT HpeJiMAyHIero MaTepEana Kypea 2.

Ona HY)KHA B EA4eCTBEé HOJTOTOBHTENBROrO MATEPHANA

1) AZA MATEMATHYECKOr0 AHANHSA MHPOCKONOB B HCEPHBICHHOM
npocTpaBeTBe-BpeMens (ynpaxuemme 19.2, § 40.7) m

2) mIA MaTeMATHUECKOHl TeOPMH COGCTBCHHBIX CHCTEM OTCYETA YCKOPEHHOro
nabmonarens (§ 13.6). Oma Gymer monesHA BO MHOTHX HPHJIOKEHHAX
reopar TAroTenEa (ra. 18—40).

§ 6.2. THOEPBOJJUYECKOE IBWKEHHE

lprcTynEM K H3Y9YeHMI0 DACCa’kAPA PaKeTH, KOTOPHHE omymaeT
«TATOTeHHE», MOCKOJBKY OH YCKOpsAeTCA B IIOCKOM IPOCTPAaHCTBe-
ppemenn. HauneM ¢ onmACaHMA ero JBM(EHAS 0 OTHOMEHHIO K HHEp-
ngaabHoi cucTeMe oTcueTa. Ero 4-CKopocTh yNOBIeTBOpAET yCJIOBHIO
u? = —1. QukcaposaHHOe 3HaYeHNe 4-CKOPOCTH dKBHBAJEHTHO TOMY,
9T0 4-yCKOpeHHe

a =du/dt (6.1)

OpPTOTOHAJIBHO 4—0K0pOCTE:
0= (d/dv) (—*/2) = (d/dr) (5 u-u) =a-u. (6.2)

N3 atoro ypaBHeHHA CJIefyeT, YTO B CHCTeMe MOKOA IAacCa:KkHpa (B Ta-
KOil JopeHLleBO#l CHCTeMe, IJile B HHTePeCYNIHH HAC MOMEHT U = &)
a® = 0; B aTOM cHMCTEMe HPOCTPaHCTBeHHLIE KOMNOHEHTH aM CBOAATCA
K 00GHIYHOMY ompeJielIeHNI0 yCKOpeHUs a‘= d%zt/d?. Tlo BERY KoMmmo-
HeHT a* = (0; a') B cuCTeMe IIOKOA MBI MOM¥:eM CKa3aTh, 9TO BeHYAHA
YCKOpEHHA B CHCTeMe NOKOs mpelcTaBisAeT coboil mpocToli HEBapHAHT

3
a%=aM ay, = (dzx/ dtz)nsuepemloe B CHCTEMe ITOKOA.

Paccmorpuym s npocroTh HabmiofaTess, KOTOPHIl BCe BpeMs omymla-
eT mocTosiHHoe ycKopeHme g. IlycTp ycKopeHme HampaBJleHO BJOJb
ocH z! HeKoTOpoOil WHepUMaJbHOH cHCTeMBbl, a 22 = z® = 0. YpaspHe-
HEA [BAKeHHa HaGiiojaTeld B 9TOil MHepiHaJibHOH CHCTeMe IPHHH-

ManT BHJ
dt 0 dr 1. duf 0 dul ¢
“at u' dr us dt a dv a. (6'3)
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OUT. 6.1.

I'mnep6oavueckoe paBE;keHMe. MmpoBas JmEma of6nexra (mam Babmmoparens),
KOTOPHI! Bce BpeMA HCHOHTHBAET IOCTOAHHOE YCKOPeHHRe g N0 OTHOMEHWIO K mHep-
IAANBHOR CHCTeMe, CONYTCTBYIOmell B AaHHHE MOMEHT (B pasHhe MOMEHTH 9TH
AHePIMAJNBANE CHCTEMH pasHHel). 4-yCKopeHHWe @ Beafile OPTOroHANBHO (NOPEH-
ueBa reomerpmsl) 4-CcKopocTm u.

3ampmeM TPH anare0pamvYeCKHX YpPABHOHHA

uby, = —1,
uba, = —u'a’+4ula' =0,
aka, = g2,
Paspemas mX OTHOCHTENILHO YCKOD@HHs, HAXOAHM
duo dut
a°=-F =gul, al= d'f‘ = gu’, (6.4)

9tn nmueiEHe AuddepeRrHaNbHENe YPaBHEHAA JeTKo pemalorcs. Ilpn
COOTBETCTBYOINEM BHGOpe Havaja OTCYeTa pelleHHe HMeeT BHN

t=gishgt, z=g1chgr. (6.5)

OtMeTHM, uTO 22 — * = g2. Ha npocTpaBCTBEHHO-BPEMEHHOM YEPTEIKE
MHEpOBas JEHAA ABIAETCA ranepGolioi («ramepGoiEdeCKoe IBAKeHAE),
¢nr. 6.1). HexoTopsle AHTepeCHBE ACHEKTH 3TOTO ABHKEHHA PacCcMo-
TpeHH B ynpaskHeHmaAXx. IIycTs mocTosHHOe yCKopeHHe g paBHO IO
BeJHYAHE TPaBHTANHOHHOMY yckopeHmio g = 980 cm/c? Ha momepx-
HocTE Semun: g &~ (10® cm/c?)/(3 -10'° cm/c)?=(3 -107%¢ -3 -101° cm/c) 1 =
= (1 cseroBoii ron)~!. Takum o6pasoM, HaGaORaTe b NOCTHTaeT ped-
TABACTCKHX CKOpOCTeill, MOAMep>KHBafg 3TO YCKOpDeHHe B TedeHHe
npu6GAASHTENLHO Tofa CcBoero cob6cTBeHHOoro BpemeHEm. OH Moser
omepenuTh GOTOH, ecaH CTAapTyeT BIepelln Hero Ha ONHH CBETOBOH
ron uam Goiee.
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YIIPAKHEHHAA

6.1. Ilyremecreue K sxpy Ianaxroxm

Haiinare co6cTBeHHOE BpeMA, HEOGXOANMOE ACCASKAPAM KOCMHATECKO-
ro xopabas, 4robu mpeomgosets paccToaEne ~ 30 000 cBeToBHX JeT
or 3emam no nenrpa 'anakraxm. IlpmmATe, 4TO B mepBoil MoJOBHEHe
OyTA OHA PpAa3roHAIOTCA € YCKOPeHMEeM «3eMHOT0 NPUTAMKEHAAY
(10 cm/c?), a Bo BTOpOil mOJNOBHHE — TAK K€ 3aMENJIAIOTCA.

6.2. Ionesnas BArpy3aka pakeTH

Kaxyio moa0 oT HaZaJapHOHR MacCH PAKETH MOKET COCTABJATH IOJe3-
Hag HArpy3Kka B NyTeOIeCTBAH, PACCMOTpPeHHOM B ynmpakHenmm 6.1°?
CundraifTe, 9To pakeTa HMaeadbHasA, T. €. 9To B Helf Macca MOKoA mpe-
BpPamaeTcd B HM3IyYeHHAe, KOTOPOe MOJHOCTHIO OTGPACHBAETCA Hasaj
¢ KoapdunuentoM mosesHoro aeictsma 100% m coBepmeHHO# cHcTe-

MOHM KOJJHMAIUH.

6.3. ITapanorc GamsHenoB

a. IlokaskuTe, UTO M3 BCeX BpeMEHANOROOHHX MHPOBHX JIHHHI, cOe-
AniAomAx aBa cobuTHa A 1 &, HamGoIbIINA TPOMEKYTOK COGCTBEH-
HOro BPEMEHH IPOTEeKaeT BN0Jb HEYCKODEeHHOH MMPOBOA JMHMM.
(Yka3saHnne: HpoBefNTe BHKJIAJKH B HHePOHATbHOHR CHACTEMO, CBA3AH-
HOUl ¢ HEeYCKOpeRHOH MHpoOBOiHl JmHHEH.)

6. OmnE W3 GIH3HeN0B NpeAmOoYATaeT AobmpaTtnca w3 A4 B %
BOJIb HeyCKOpeHHoU MApoBoi auEnn. ITokaxnTe, 9To ipyroi Gamsner
¢ MOMOIIKI0O COOTBETCTBYIOMMEro BHOOpa yCKOpeHH MoKeT goOpaTnca
oT A mo # 3a CKOJb YroJHO Maloe COGCTBEHHOE BpeMA.

B. 3a KaKoidl HamMeHLOIMA OPOMEKYTOK COOCTBEHHOro BpeMeHHU
BTOpoOi#i GauMBHEL MOKeT IPo#TH myTh OT A fno ¥, ecan om mpeamodm-
TaeT IyTemeCTBOBAaTh ¢ KOMPOPTOM, KOrja HCOHITHIBaeMOe UM YCKOpe-
Hye HATOE He OpeBHIIaeT 8eMHoe yCKopeHHe TaxkecTn g? OTBeT BHpa-
3HMTe Yepes ¢ W IPOMEKYTOK coOcTBeHHOro BpeMeHH AT, mpoTeKmmi
y HeyCKopeHHOTo Gam3Hema.

r. [NonyunTe umCieHANE 3HAYeHWA Pe3YNbTATa AJA HECKOJIBKHX

HHTEPEeCHHX CJyiaeB.

6.4. PagmonokanmoHEBNHA HHIBEKATOP CKOPOCTH

PaguonoKanMoHHAA yCTAaHOBKA H3MePAET CKOPOCTh, MCIYCKAas CHI-
HaJl HAa CTAHAApTHO# 9YacToTe W CPAaBHHMBAA 3Ty YACTOTY € aCTOTOM
cHTHAJNa, OTP&KeHHOro OT Rpyroro o6nexTa. H3mepenHOoe TakmM
o6pa3oM KpacHOe CMeleHMe 8aTeM mpeo0pasyercs ¢ MOMOMBI0 OOHY-
HHX GOPMYJN cOeqAalbHOH TEOPHH OTHOCHTEJILHOCTH B COOTBOTCTBYIO-
mee 8SHAYeHHe CKOPOCTA, KOTOpPOe M HOABJAETCA HAa BHXOJe PaamoiIo-
KanuoOHHOH yCTaHOBKH. HacKolbko moJe3HOE OKa)KeTCA TaKas
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pajdoNoKanHOHHAA YCTaHOBKA B KadyeCTBe HHCTPpYMEHTa AJA H3Mepe-
HAA CKOPOCTE B cliydae pPaBHOMEDPHO YCKOpPeHHoTro HabGaiofaTens?

PaccmoTpuTe 2Ty 3amauy cHavyalla B 9aCTHOM cJaydae, KoTAa
00BEKT B pafilOJIOKAIIHOHHAA YCTaHOBKa HOKOATCA IO OTHOMEHMIO
APYr K APYrY B MOMEHT OTpa’KeHMA PajHoJOKALMOHHOTO HMIYJALCa.
Onpefiennte KpacHoe cMemenue 1 -+ z = /0w, H3MepseMoe ycTa-
HOBKO# B 3TOM Ciydae, H HOJYYAalOMYIOCA B pe3dyiabTate (HempaBRJIb-
HYI0) CKOPOCTh. YIPOCTATE BHIKJAJAKH, BOCHOJb30BaBIMHCh CHMMETpH-
el sagadvd.

6. PaccMoTpuTe Temeph CHTyanmio, Horfia 06'beKT HMeeT HeHYJIeBYIo
CKOpPOCTh B MTHOBEHHOH CHCTeMe NMOKOA HalaioflaTess B MOMEHT Bpe-
MEHH, KoTfla 9TOT o0'BeKT OTpa)kaeT PafAMOJOKALMOHHEIM MMIYJLC.
OnpefiennTe 0OTHOmMEHHEe HCTAHHOTO 3HAYEHAS OTHOCHTEJBHOH CKOpO-
CTH K CKOPOCTH, KOTOPYIO NIOKa3KBaeT paAinoJoKalHOHHaA yCTaHOBKA.

6.5. PagmoaoEanuoHBEbll HHAHEATOP PacCTOSHHA

Mcmonnayem pajamoliokaTop B KauecTBe YCTPOHCTBA, M3MepAIOMEro
paccrosiHEe. PajimosloKanaoRHas ycTaHOBKa M3MepsieT CBoe CoGCTBeH-
HOe BpeMA T MeKAY MOMEHTOM HCIYCKaRMsA €10 HMOYyJnCa H mocie-
AyOIMAM MOMEHTOM OpHMeMa OTPa)KeHHOT0 MMIYJhCa. 3aTeM BHIOJ-
HAeTCA NPOCTelMas BHYMCIHTeAbHas omepanmsa L, = 1/2, ¥ Ha
BLIXO[l B KayeCTBe «paccTofAnds» mofaerca L,. HakoBa To¥HOCTH moO-
Ka3aHHH# DajHoJIOKaDMOHHO¥X YCTAHOBKH IPH H3MeDPeHHARM HCTEHHOTO
paccroannsa L 0 o6beKTa paBHOMEPHO YCKODEHHEIM HaGamonaTesnem ?
(L ompepensieTcA KaK pacCTOSHMe B MIHOBEHHOH CHCTeMe HOKOA
HabJlofaTeIl B MOMEHT OTpa’keHAsA MMIYJhCa, KOTOPHH HPHXOMATCA
Ha cepefIAHY IPOMEKYTKa COGCTBEHHOTO BpeMeHHM HaluioflaTelIfl Mek-
Ay HCOyCKaHHeM M NpHeMOM HMnyiabca.) IIpuBeamre mpaBuaBHYIO
$opMyny, cBABHBAOMYIO L, = 1/2 ¢ mctuHBEM paccTosHHeM L.
Tlokakmte, aTo mokasamme pagmotoKatopa L, cTpeMHTcs K Gecko-
HEeYHOCTH, Korfila L npnGamxaercs K g~!, riie g — yckopeHHe HaGuo-
HaTelif, A3MepeHHoe IO ero COGCTBEHHOMY aKceJepoMeTpy.

YIIPAKHEHAA

§ 6.3. OTPAHHYEHUA HA PA3SMEPBI YCKOPEHHOH
CHCTEMBI OTCYETA

OueHb N€TKO COEMHHTDH CJI0Ba B BHPAjKeHHH «CHCTeMa KOOPRAAHAT
YCKOpeHHOro HaOaoAaTeds1», OMHAKO TOpPasfo TpyAHee OTHCKATh HOHH-
THe, KOTOpOMY OHO MoIlJ0 6H cooTBeTcTBOBaTh. CaMoe pasymHoOe, 9TO
MOKHO Cpa3y ’Ke CKa3aTh IPO 3TO BHPa*keHHE, 3TO TO, 9TO HPHA CEPb-
€3HOM paCCMOTPEHHMH OHO OKa3HBaeTCA NIPOTHBODPEeYHBHIM. MoskHO
OPeANoOKATh, 94T0 9TO BHPakeHAe OTHOCHTCH K HeKOTOpoi#l ocoboi
CHCTEMe KOODAHHAT, €CTeCTBeHHHM 00pa3oM CBS3aHHOH ¢ KaKHM-TO
ompefieleHHKM YCKOPEHHHM HaGniogaTenem, oA0OHEIM TOMY, MADOBaA

00THE
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— =0

®OUT. 6.2.

Mnposas nuEWA HAGMIOEATeNA, YCKOPABIEroCA B TeYeHMe KOPOTKOIO IpOMe-
MyTKa BpeMeHH. Ha KaKIOM 9Tame JBU;KOHEA C IOCTOSHHOH CKOPOCTBY) MOMKHO
BBECTH HHEPIAANBHYI CHCTeMY KoopAuHAT. OOHAKO BTH KOODAHHATH HEBO8-
MOKHO COTJIACOBATH B 00JACTH MOPEKPHTHAA (KOTOpasA HATHHAGTCA HA PACCTOAHHA
gl cieBa OT yuacTKA YCKOPeHHs).

NEHASA KoToporo 3safaercsi ypaBHeREAMH (6.5). Ecam cmcrema kKoop-
AEHAT [eHACTBHTEJBHO eCTeCTBeHHA, TO MOKHO OKHIAATH, 4TO NOCTa-
TOYHO HCKYCHHII HaGaIOaTelb CMOKET ONPEAeJATH KOOPIHMHATH
n06oro co6HTAA, NOCKHJAA W OPAHEMAas CBeTOBHe cHTHaan. Ho ms
¢urr. 6.1 scHo, 4T0 COOGHTHS, COCTABJAIIIAE YETBEPTH BCEro IPO-
cTpaBcTBa-Bpemenn (3oHa III), He MoryT HE mociaTh cBeTOBHE CHATrHa-
JH K BHGpaEHOMY Ha(aiofaTeli0, HA OPAHATL AX OT Hero. /IBe gpyrue
30HH, COCTABJIAIOIMHKE NOJOBAHY BCEro IPOCTPaHCTBa-BpeMeHH, MeHee
OTpaHHYeHH B 3TOM OTHomeHMA: U3 30HH [I HeBoaMokHO moCHAaTH
cHrHaJIhl K HaGaojaTeiio, B 30He 1V HeBO3MO)KHO IPHHATH AX OT HEro.
TpyaHo cefe mpencTaBATH, KaK Hal/a0faTeNb MOKET ONpeJENHTH
KaKHM-JIAGO eCTeCTBEeHHKM 00pa3oM CHCTeMy KOODAHMHAT, OXBATHBAIO-
myi0 coGHTAA, C KOTOPHMHA y Hero HeT HAKAKHX ONPHYAHHKX CBA3ei,
KOTOpHEe OH He MOKET YBHIAETh M H3 KOTODHX €ro HejJb3d YBHAETb.

TpynHOCTH BO3HHAKAIOT H TOTAA, KOTJAa pacCMaTpHBaeTcA HaGuio-
AaTelb, KOTOPHH CHayaJla IOKOMTCA B HEKOTOPOH# CHCTeMe, 3aTeM
B TeuyeHHe HEKOTOPOro BPEeMEeHH YCKODAOTCA, IOCJe dYero ABHKeTCA
¢ HOCTOAHHOH CKOPOCTHIO, T. €. MIOKOHTCA B KaKOH-T0 Apyroif mHepH-
aJibHOK CHCTeMe KoopamHaT. MOKHO JH HCX0oQA H3 €ro ABHKEHHA
ompefleIETh KaKAM-TM60 eCTeCTBeHHHM 0Gpa3oM CHCTeMY KOOpHHHAT?
Ecan na, To aTa cECTeMa KoopAWHAT 1) Jo/KHA coBOAfaTh C HHEPIH-
aJIbHON cmcTeMoit z*, B KoTopoil HalaiomaTelb DOKOHJICA B MOMEHTH
ppeMenH z° menbme 0, u 2) MoJrKHA coBOAfAaTh ¢ APYroid MHEPIHAIb-
Holl cECTeMO# B MOMeHT BpeMeHH z%> 7', Korja OH HOKOHJCA Yy e
OTHOCHTEJNLHO 3TOM BTOPOH# cHCTeMH. fICHO, 4YTO HYXHH KaKHE-TO
NMOIOJHATEAbHEE CO00paKeHH A, YTOOH pemATh, KaK OUpPeXeJATsH KOOP-
RHHATH B 06gacTAX, TAe 06a 3TH ycIOBHA He BHmoaaawTcA (dur. 6.2).
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Onnako eme Gojee o3afagABaeT TOT (aKT, UYTO BTH ABA YCIOBHA
HEeCOBMECTAMH B Toit 06JacTH mpocTpaHCTBa-BpeMeHH, Tje OXHOBpe-
MeHHO BHIOOJHAITCA HepaBeHcTBa 2° << 0 m 2% > T'. B ofomx mpm-
MepaXx yckopeHHoro asmxkends (pur. 6.1 m 6.2) cepresnue TpyAHOCTH
IpH OOOmHITKE ONPERENHTH CHCTEMY KOOPAHMHAT BO3HHKAIT JAML Ha
KOHEYHOM PaCCTOAHHEA g~! 0T MHDOBOHl JHHHH YCKODeHHOTo HaGio-
nateasn. IIpoGrema ABHO HepaspemmMa Ha PacCTOAHHAX OT MHPOBOM
amEEA, npeBumalomux g-l. Ho oHa ecrectBemamM 6pa3oM pemaercs
B HEIOCPeACTBeHHO# OKpecTHOCTH HabiaiomaTensA. ITO pemeHHEe H3Be-
CTHO HOJX HaSBaHHEM «OPTOHOPMHDOBAHHASA TeTpaja, NepeHOCHMas
nepeaocoM Depmu — Yoakepa». OCHOBHYI0 HIE0 JeTKO NPOHJIIOCT-
pHpOBATH Ha NpHMepe TAnEepGONMISCKOro ABH)KeHHA, 9eMy M MOCBA-
meH cJHeAYIOmMBA naparpad.

§ 6.4. TETPAZIA, IIEPEHOCHIMASL PABHOMEPHO
YCKOPEHHBIM HABJIIOJATEJEM

BeckoneuHo MasaA cECTeMa KOODAHHAT CTPOMTCA C IOMOIIBIO &TeT-
pans, HIA «HOABHIKHOM CHCTeMH» («IOABHKHOTO penepa» Kaprama),
YIH COBOKYIHOCTH 6a3HCHHIX BEKTODPOB 8y , 84+, 85+, 83/ (AHIAEKC 0603HA-
9aeT HOMep BeKTOpa, a He HOMep KOMHOHeHTH BekTopal). 3a oce
BpeMEeHH! IpHMeM OChb BPeMeHH CONYTCTBYIOWEH HHepNHaJAbHOK CHCTe-
MH, B KOTOpOd HaGaofaTeAb B MaHHHHA MOMEHT moKoHTcs. Torga
HyJleBoH Ga3dWCHHI BEKTOP TOKAECTBEHHO COBHAJAeT C ero 4-CKopo-
CTEI0: 8y = U. [Ipeo6Gpa3oBanma JlopeHna B HampaBjendd ocm {1 He
BAMAIOT Ha MPOCTPAaHCTBEHHHE OCH 8, H 84. [loaToMy Bufepem B Kade-
CTBE 0,/ W O3 eMHAYHEE Ga3ACHHE BeKTOPH BceoGbeMaomeit JopeH-
1[eBoHi CHCTeMH, IO OTHOINIEHAI0 K KOTOpOi paHee B ypaBHeHHAX (6.5)
ONHCHBAJIOCH TEmepbonEvIecKoe [BMKeHHe HalalomaTenas: 6, = @,
@y = 83. OcraBmmiicA Ga3MCHHA BEKTOD ©y/, OPTOTOHAJBHHI TpeMm
IpyraM, HapajljieieH BeKTODY YCKOpeHHA: @, = g~'a [cm. ypasme-
ame (6.4)]. Ity ABMKYMYCA CHCTEMY MOXHO OXapaKTepd30BATh
B Gosee yHOBAETBODHTEJNBHOH (lopMe: OCb BpeMeHH @, COBIadaeT
¢ 4-cKopocThi0 HaGaomaTeas, mOTOMY B 3TOil cHCTeMe OH Bcerja
DOKOMTCA; TPH JPYTHX BEKTOpa @4, 8y, 83r BHOMPAIOTCA TaKAM
o6pa3om, uTo6u oHM Oham 1) opToroHaxBHH ¥ 2) He BpamagACh. ITH
6a3nCHEE BEKTOPH HMMEIOT BHJ

(eor)" = (ch gt; shgr, 0, 0);
(e12)" =(sh gv; ch gr, 0, 0);
(€3)* =(0; 0, 1, 0);}
(e3)*=(0; 0, 0, 1).

CymecTByer mpocTOe HpaBHIO0 MOJAYICHHA ITAX UeTHPEX Ga3MCHEIX
BeKTopoB. Bepem deTnipe Ga3MCHEIX BeKTOpa @, 8;, 85, 83 HaUalbLHOI
ra06a1pHOM TOPeHIeBO CHCTEMBI OTCYeTa M IPAMEHSAEM K HAM MPOCTOi

(6.6)

EOTeOTBeHANIO
ROOPAEHATH
HECOBMEOTHMbI
HA PACOTOAHHN

i > (yomopeune)=!

OpTOHOPMHPOBAH~
HAm TOTPARA
GasHCHBX
BERTOPOB,
HepeHoCHMEIX
PABHOMEPHO
YOROpesshiM
HabonaTeaes
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6yct (nmpeob6pasoBaEme JlopeHua ¢ KOHeYHHM 3Ha9eHHeM CKOPOCTH)
B HaIPaBJIeHHH OCH 1 C TAKEM DapaMeTPOM CKOPOCTH, 4TO6H BEKTOD @,
copmal ¢ 4-ckopocTsio Habmonartens. Tor gakT, uTo BCe 9T BeKTOpH
OPTOTOHAJBHH JIPYT APYTY H AMEIOT efWHAUYHYI AARHY, ¢opmajbHO
BHIpajKeH B COOTHOIMECHHHM

eu"ev'=ﬂu'v’o (6.7)

§ 6.5. TETPAJTA, IEPEHOCHMAAJIIEPEHOCOM
OEPMHA — YOJIIKEPA HABJIIOJATEJIEM C IIPOM3BOJIbHBIM
YCKOPEHHEM

Temeprs mepeiifiem oT HaGamopatens (AaAE 06BeKTa), COBEPIIAOIETO
ranep6oangeckoe ABAMKEHHEe, K HaGaonaTenio (Aam o6BeKTy), ycKope-
HHAe KOTOPOTo, 0CTaBasich BCerfia KOHEYHKM, NPOMBBOJLHNM o0pa3om
H3MEHseTCA BO BPeMeHH. 37eCh MH ToKe HAJIOKHEM Ha ABEKYMYICH
GeCKOHEYHO MaJyl0 CHCTEMY OTCYeTa, MM TeTpajy, TPH YCAOBHA:
1) GasmcHHe BeKTOpH TeTpajibi @,  MOMKHH GHTH OPTOHOPMHDOBAHH
[cootTHOmenme (6.7)], 2) B Kasknit MOMEHT BpeMeHH GasHCHBIE BEKTODH
HO/KHH 06pasoBHBAaTh CECTEMY HOKOA HabGmonaTens (8,-= u) m 3) Te-
Tpaja AOJKHA GHTH «HeBpamamomeHcCs».

IMocnennee ycaoBme TpeGyeT mosacHeEnmd. basmcHHEe BEeKTOpH TeT-
PajgH B Ka)KAB# MOMEHT COGCTBEHHOro BpeMEHH T JOKHH OGHTH CBS-
saEH npeoGpasoBanmeM JlopeEma @,.(t) = A% (v)e, ¢ 6asECHEME
BeKTODaMH 6,, 8, 8,4, 8; HEKOTOPOil 3a/laHHON MHEPLHAAbHOH CHCTEMEL.
Torna GasECHBEE BEKTOPH TeTPajH B JiBa NOCJeN0BATEeILHHX MOMEHTa
BpeMeHN TaKike NOJKHH GHTH CBS3aHH APYT ¢ ApyroM mpeobpaso-
panmeM Jloperma. Ho npeoGpasoBanme JlopeHna MoHO mpeACTaBATH
cefe KaK «BpameHMe» B MPOCTPAHCTBe-BpeMeHH; 4-CKOPOCTH U, BejH-
9EHa KOTOPOH BCerjla paBHA eNHHHIlE, MEHAET CBOe HampaBJeHHe.
IToaToMy yske caMo NOHATHE YCKOPEHHs IOApa3yMeBaeT «BpamieHue»
BeKTopa 4-ckopocTH. Hak e Torma clefyerT moHEMaTh TpeGoBaHHE,
uTo6H TeTpafa Geina HeBpamaromeiica? Ilotpe6yem, uTo6u 0T MoMeH-
Ta K MOMEHTY TeTpajia @,-(T) u3MensAJach POBHO HaCTOJBKO, HACKOIb-
KO 3TOT0 Tpeb6yer m3MeHeHHe U = @, 6e3 BCAKOro NOMOJBATENLHOIO
OpoHSBOJBHOTO BpameHnA. [ pyramMe cioBamy, 1) nonyctam BemsGem-
HOe ICeBJ0BpalenHe BO BpeMeHEIoNo6HO# miocKoCcTH, onpefiesieMoii
4-BEKTOPOM CKODOCTH W YCKOpPeHHEM, HO 2) HACKJI0YMM BCe OOHYHHe
IOBOPOTH TpeX HPOCTPAHCTBEHHHX BEKTOPOB.

B nepenAaTMBECTCKO#H ¢(H3uKe MOBOPOT BeKTOPa (KOMOOHEHTH Uj)
ONMCHBAETCA C IOMOMBI0 BeKTOpa MIHOBEHHOH YIJOBO# CKOpPOCTH
(KOMIOHEHTH @;). JTa YIA0oBas CKOPOCTH HOABJIAETCH B BHPasKeHAH

IJ1A CKOPOCTH HM3MEHEeHHmA V)
(dl)‘/dt) =(® X 'v), = &1;,0V1. (6.8)

Hmesn B Bmay oGo6meHme Ha ueTHpeXMepHOE HPOCTPAHCTBO-BpeMs,
HoJIe3HO IPeACTAaBHTH cefie, 9T0 BpamleHHe NPOMCXONHUT B IMIOCKOCTH,
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HepneHAMKYJIApPHOH# BeKTopy YIJOBO# CKOpocTA ©. IloaToMy mepe-

mamem (6.8) B smne
dvy/dt = — Qupvy, (6.9)

rae
th= —Q}U= (1789 (6.10)

EMeeT HeHyJIeBHEe KOMIOHEHTH TOJABKO B OJOCKOCTE BpameHEs. [py-
TEME CJIOBaMH, IoJie3He# TOBOPHETH 0 «BpameHnH B (1, 2)-ImI0CKOCTEY,
9eM O BpamleHAH BOKDPYT 3-ocH. JloHATHE €IJIOCKOCTE BPameHH»
HepeHocUTCs Ha cayuait wernipex mamepenmii. Tam Bpamenze B (1, 2)-
IUIOCKOCTH 0CTaBiAET HeM3MEHHO# He TOJBKO KOMIOHEHTY CKOPOCTH Us,
HO TaKke B v,. UeTHpexmepHOe ompefejeHHe BpameHAs HMeeT BAJ

(1}
-'-Id"?= —Q",, toe Q"= —Q", (6.11)
Jlns npoBepKE CHpaBeNHBOCTE 93TOTO ompeflelieBHsa o606menBOro
BpalleHAs, HJIHE GeCKOHewHO MaJloro (AEQEHETESEMaIbHOTO) npeobpa-
soanms JlopeHna, y6eanMcs, 9T0 0OHO OCTABJAET AHBaPHAHTHOH IBHY
4-BexTOpa:
d (v w¥)/dr = 2v, (dv#/dt) = — 2Q""v,vy =0, (6.12)

Ilocnenmee BHpaskeHHe B LeloYKe DPaBeHCTB paBHO HYJO, TaK Kak
TeHs0p QMY aHTHCEMMeTpHYEH, TOTAa KaK v,V CEMMeTpEiHO. OTMe-
TEM TaKKe, 4T0 aHTHECHMMETPHUYHHE TeHsop QMY («MaTpHua Bpame-
HAA», «HEQEHATesHMalJibHOe mnpeolpasopanme JlopeHma») o6iaamaer
4 X 3/2 = 6 He3aBHCHMHMH KOMIOHEHTaMHA. OTO YHCJO COBIafaeT
C UBCJIOM KOMIIOHEHT KoHeuHoro npeoGpasoBanms JlopeHna (Tpm mapa-
MeTpa NPOCTPaBCTBEHHHX BpameHuii NioC TPA NapamMeTpa KOMIOOHEHT
6ycra). B mamem caywae «mE¢EBEMTe3mMasibHOe mpeoGpasoBaHue
Jlopenna» mommuo: 1) reHepEpoBaTH COOTBETCTBYIOMee mpeobpasoBa-
Boe JlopeEna Bo BpeMeHENOAoGHOR NJIOCKOCTH, HATAHYTOH Ha 4-CKo-
POCTH M 4-yCKopeHWe, ¥ 2) HCKIIOUaTh BpameHHe B JI060H Apyroi
NJOCKOCTH, B 9aCTHOCTH B JI060# HpoCTpaHCTBeHHONOROOHOH mIOCKO-
CTH. JTEM TpeGOBaHMAM MOMKHO YIOBJIETBODMTH eHHCTBeHHHM ofpa-
80M ¢ moMompio mpeobpasopauus

QWY — gtV —gvur, 1. e, R=aAu. (6.13)

IlpeMenrnm 310 npeoGpa3oBaHue BpamleHES K NPOCTPaHCTBeHHOMON06-
HOMY BeKTOpY W, opToroHaisvHoMy U m 8 (u-w =0 = a-w = 0).
Cpasy e moaysaeM QWw, = (, oTkyaa caenyeT oTCyTCTBHe IpoO-
CTPaHCTBeHHOro BpameHMsA. Temeph mpoBepHM HpaBHJIBHOCTL HOP-
mapoBrE QMY B ypaBHenmm (6.13). Ilpumenum mudmemTesuMalbHOE
npeoGpasoparde JlopeBna K BeKTopy 4-CKOpocTH BaGaomaTeasi U.
Hns storo moacraBiasieM v* = uh B (6.11), oTKyna moayuaem

dut/dt = a¥ = u* (a¥uy) — a* (Luy) = a*.

OTOT pesyABLTAT NPEACTaBiseT CcoboH TOMAECTBO, HOCKOABKY U-U==
=—1 mu-a=0. .

MaTenaTEGeCKOe
ONHCAHHAE
BpaueHAA

B DpPOCTPaHOTRE®
BpeMeHE
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O BekTope V, KOTOpDHIil moxBepraerca HeACTBHI0 YKasaHHOTO
AHQAHATE3UMANBHOT0 nOpeoGpasoBardAa JlopeHma

dvt/dt = (uha¥ —uva®) vy, (6.14)

rOBOPAT, 4TO OH HCHOHTHBaeT «mepeHoc Qepmm — Yoixepa» BIOJIb
MHDOBO# JAHUE HaGaogatensn. Ecmecmeennas Osuxeyujancs cucmema
omciema, C6R3AKHAR ¢ YCKOPEHHNM Habaodamerem, cocmoum us wembi-
Pex 0OpMOHOPMUDOSAHHBLL 66KMOPO8, Kaxnc bl U3 KOMOPUE Ucnsmueaem
neperoc Pepmu — Yoakepa 6004b MUpoEol AUHUL U 0GHUM U3 KOMO-
pux sessemes 8y = U (4-cxopocTe HaGmomatens). Ha mpaxTake
nepedoc Depmu — YoaKepa OPOCTPAHCTBEHHHX Ga3ACHHX BEKTO-
POB 8;- MO'KHO OCYIeCTBATh, CBA3aB HX ¢ TApPocKomaMd (CM. KomoJ-
Heaue 0.2 m ympakuernme 6.9).

§ 6.6. IOKAJ/IbHAA CHCTEMA KOOPIHHAT
YCKOPEHHOI'O HABJIIONATEJIA

[lepeiimem oT 9Toil ABMKYMEHCA, MIA «GeCKOHEIHO MAaJoii», CHCTeMH
KOODAMHAT K ¢«J0aaJbHOH CHCTOME KOODAMHAT?, HOKPHBAOIMeHd KO-
HeuHyI0 061acTh. B TakHX TOKaXBHE X KOOPIHHATAX HEBO3MOKHO U36e-
KAaTh BCeX TeX Ipo6ieM, ¢ KOTOPHMH NPHIMIIOCH CTOIKHYTHCH Lpd
«ramepGoxaadecKkoM xBm:xeHAM» (PEr. 6.1) m mpm «xBMKEeHHA C KopoT-
KuM ydacTKoM ycKoperaa» (¢ur. 6.2). [loatomy moxanbHyI0 cmcTeMy
KOODIHHAT CJIeAyeT OrPaHAYATh 06GJaCThi0 B IpefeNax pPacCTOAHAA
g~ or HaGmomaTeas, Cie 9TA mpobiaemu He BosHuKaoTr. Dur. 6.3
HJUTIOCTPHpYeT HOCTpOeHHe JOKAJBHHX KoopauuaT E*'. B mio6oit 3a-

ODOUT. 6.3.

TlocTpoeEH® TPOCTPAECTBeHHOMOROOHKX rEmepUAOCKOCTel (IITPHXOBHE MPAMEIe),
OPTOroHANLHHX MAPOBOH JHHAH (;RAPHAA KPEBAsA) YCKOPOHHOE 9acTHIL B H36pan-
#He MOMGHTH HA 3Toil MEpoBo# auEAW. O6GpaTHT® BHUMAHMe HA IOpecOTeHHE
rEO6PIAOCKOCTeH HA paccToadmd g-! (tv) (yCKopeHde 3aBHCHT OT BpeMeHH!)
OT MHpORO# JWHAH.
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HaHHHH MOMEHT COGCTBEHHOro BpeMeHH T HaGmiofaTeJb HaXOHATCH
B ompefeieHHoM co6utaE (1) Ha cBoeit Mmpomoit mmmmm. IIycts
2 (t) — BeKTop, coefuHAOMHI Havajlo MEePBOHAYANbHOH HHEPIHAJb-
HOH CHCTeMH OTCUeTa C HoJiorkeHHeM HaGmwoparens &(r). B &F(r)
Ha6moaTelb pacmojiaraeT TpeMs MpPoCTpaHCTBeHHomoNoOHKME Ga3nc-
HHMHA BeKTopaM# @(T), 82:(T), 83(t). Toura &(t) B coBokymmoCTH
¢ TEMH Ga3HCHHMH BEKTOPaMH ompefefAeT HPOCTPAHCTBEeHHOMOXO0G-
HYI0 THOepmIOCKOCTb. [IPOM3BONBHYI0 TOUKY 3TO#l TIHIepmIOCKOCTH
MOKHO HpefACTaBHTH B BHJE

x=E"010(v) + E*"02:(7) + E¥'03:(7) + Z(1)=
= (BeKTOp M3 HauaJla MePBOHAYANBLHOM WHEepIMANbHOH cucremn). (6.15)

3nech TpHE 9mcaa ER MrpaioT poab SBKIHIOBHX KOODPAHHAT Ha THIep-
mnockoctd. Ifo Mepe Teuendms co6CTBEHHOro BpeMeHH 3Ta THIEPINIO-
CKOCTh mepeMemaercsl BmepeAd. PaHo Madm mo3HO THOEPHOJOCKOCTH
nepecedeT cobmTAe &y, KOTOPOMY MH XOTHM NPHOHCATH KOOPAHHATHL.
B xauecmse Koopdunam smozo cobumus 3adadum wucaa § =7t u ¥,
onpedeasemue uz (6.15). Hasosem smu wemupe uucaa «koopdurnamamu
no omHowenulo k¥ yckopenHomy nabawdameaior. UeTHpe KoopaHHATH
ONpefe A0TCA H3 YeTHpeX ypaBHeHHH

=t [ens (1)]* + 2 (1), (6.16)

B KOTOPHX z" CYUMTAlOTCA H3BECTHHMH, a KOOPAMHATH T, &* —
HeH3BeC THEIMA.

Ha HexoTopoM pacCTOAHHH OT YCKOPeHHOH MEpPOBOH JHHHH OPpO-
CTPAHCTBeHHONOA06HEEe IEMepIIOCKOCTH, B3ATHE B MOCAe0BaTeIbHEe
MOMEHTH BpPeMeHH, BMeCTO TOTro, 9T00H mepeMeImaThCA BOepej ¢ poCTOM
T, MBEKYTCA B o6paTHOM HampaBiaenun. Ha arom m Ha GOmbmmax pac-
CTOAHHAX, NOHATHAe «KOOPAHHAT N0 OTHOIIEHHI0 K YCKOPEHHOMY
HaGa0aTeq0» CTAHOBHTCA HeoQHOSHAYHHIM, H OT Hero ciexyer
oTKa3aTbca. UTo6H onmpe/edTs 3TO pacCTOAHAE, 3aMETHM, ITO MI060i,
JOCTaTOYHO KOPOTKHH YIACTOK MHDOBOH JAHAH MOMHO aODPOKCHMH-
poBaTh runep6ooil («ranepGonAYecKHM IBHKEHHeM C YCKOPEHHEM £»),
rie 3aBHCAN[ee 0P BpeMeHH yCKopeHHe g (T) 3aJaeTCA COOTHOMIEHHEM
g =aka,.

[pumennM chopMynHpoBaHHOE BHIIe o6Iiee mMpaBHIO K rumep6o-
NHYeCKOMY JIBHKEHHIO; B pe3ylbTaTe HOJYIAM YpaBHEHHSA

=(g'+E")sh (),
o= (g +E") ch (gt"),
2=t
D=,

IoBepxnocTa mocToAHHHX 3HaveHHd £ mpencraBaAIOT coboil rAmep-
niaockocrn z%/z' = th gi®, moxasammme Ha ¢mur. 6.4. IMomcraBians
e paxenns (6.17) B popmyny MaEKoBCKoro I IMHeHHOro 3/IeMeHTa,

(6.17)

ANA DOOTpPOSHER
«JIORANLHOR CHOTO-
Mbl KOOPAHHAT
PEHEOrO
nadmoparens

Jlonanenan
ROODIEHAT

yuopom‘!,:l?o
maGmonartens



220 6. Ycropennue nabawdamesu

OUT. 6.4.
JlokanbHEAA cEcTeMa KOODAWHAT, CBAsaEBasA ¢ BabmwpaTeneM, HaXOAAMEMCA
B COCTOAAHAH IEDePGOIAIeCKOTO ABMKEHBA (KEPHAA MADOBAS AMHEA). JJoKaJILEAR

CHCTeMa& KOOPDARHAT CTAHOBHTCA nenpneu.neuoi upR §" MOHBLINIEX, YeM —g‘l.

noJydJaeMm , ) .
ds?= N,y dzP da¥ = — (14 gt' )2 (dE")2 4 (dE' )2+ (dE® )2+ (dE*")2.
(6.18)

Kosgdpuumentn npm diF’ dE¥ B 9TOoM BHIpakeHRH He COBHAJAIOT
¢ OOLYHEIMA JIOPEHLEeBHMM KOMHOBeHTaMH MeTrpHkH. W momaATHO
modYeMy: BelHYuHH EM' He 06pas3yi0T HHepUHAJBHOH CECTEMB KOODAM-
gat. OHAKO B TOM MeCTe, Tli¢ pACIOJOKeH HaGmopmarteap, £V = 0,
B KosfpanmenTH npuoGperaior o6muumit Bapx. CaenoBaTelbHO, 3TH
«IOKaJbHEE KOOPAEHATHY allIPOKCUMHADYIOT JOPEHIEBY CHCTEMY KoOp-
IAHAT B HemoCPeJCTBEeHHOH OKPeCTHOCTH Habaionartens.

YUPAKHEHA A

6.6. ConocraBieHne X014 94COB H KOOPAERHATHOrO BpeMeHH
B YCKOPEHHHIX KOOPAHHATAX

IpenmonoskmM, uro B KaskioMm yaie pemetk: (EY, &%, £3') = const
JI0KaJIbHOR CHCTEMH KOODAMHAT YCKOpPEHHOro HabuiofaTessa HaXONAT-
ca gacH. J{nsa mpocToTH GyneM CYBTaTh, 9T0 HabJioflaTelb COBEepIIaeT
ramep6onnuecKkoe apmxenne. Mcemoapsya Bhpaskenme (6.18), nokasa-
Te, 9T0 CoGCTBEHHOe BpeMs, M3MepeHHOe IO JacaM DemeTKH, OTIH-
9aeTCA OT KOOPHHHATHOTO BPeMeHH B TOH To9Ke DemeTKH, IJle HaXO-
IATCA 9YacCH:

dv/dE’’ =1+ gE"".
(B6nmsm BaGaiopatexs, nupm EY & g~!, aT0 oTNHYEE, KOHEYHO, Hpe-.
He0pexEMo MaJo.)
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6.7. YckopeEHe TOYEK PelleTKH B YCKOPEHHBIX KOOPAHHATAX

HooycTM, 94T0 B KamM0il TOYKe peMIeTKHE JOKaJbHWX KOODAAHAT
Haﬁmona'renﬂ B COCTOAHHHA PEHBPﬁOJIK‘IGCKOFO ABMKXECHAA HAXOXHTCA
akcenepoMerp. Haiinare BeamYmHy yCKopeHHA, KOTOPOe® HOKAMKCT
akcemepomerp B Touke (&Y, E¥', E¥').

6.8. Ha6mopareas ¢ Bpamanueiica rerpagoii

Ha6monatenn, (BEKymEAcCA BIOJL OPOH3BOJLHO YCKOPEHHOH MHEpO-
Bo# JHEEM, BROApACT HJIA CBOGH OPTOHOPMHPOBAHHOH TeTpahl
mepeHoc, OoTIHYHERHA OT mepeHoca (DepmMm — VYoukepa: OH KomyCKaeT
BpaleRne TeTPagx. AHTHCHAMMETPUYHHI TeH30p BpameHHA Q, KoTo-
PHi BXOAAT B 3aKOH mepeHOCAa, MCOOJB3YyeMH# HabmaopaTeneMm,

deg-/dt= — Q-84 (6.19)

pacmiemIaeTcd Ha cocTaBasiomyio DepMa — Yoarepa m COCTaBAAOMYIO,
COOTBETCTBYIOULYI0 LPOCTPAHCTBeHHOMY BPAMEHHIO:

QY = ahu¥ — aVub + Uy wpe®BHY

—— —— (6.20)
v
Q@V an

rie © — BeKTOp, OpPTOrOHAJBHHWIEA 4-cKopocThm UW.

a. Ha6momateas BuiGApaeT B KadecTBe CBOero BpemeHHOro Gasmc-
HOro BexTopa 8¢ = U. Ilokakure, 9T0 3TOT BHIGOp He mPOTHBOPEYAT
saxoHy mepesoca (6.19), (6.20).

6. IToka)kaTe, 4YTO NOBOPOT, OMMCHIBAEMHIH Qhy OPONCXORAT
B ILIOCKOCTHA, NEPHeHXAKYJIAPHOR U M ®, T. €.

Qm'u=0, Qm'm=0. (6.21)

B. Ilpegmono:xmM, 49TO C YCKOpeHHHM HaGJaogaTeleM CBsi3aHa
BTOpas OPTOHOPMHEPOBAHHAS TeTpafa @,~, KOTOPasA ACOHTHBaeT mepe-
soc (DepmMm — Voaxrepa. IloxaskmTe, 9T0 HpOCTPAaHCTBEHHHE BeK-
TOPH ero mepBoil TeTpaAH BPAMAIOTCA OO OTHOMEHAI0 K IPOCTPAH-
CTBEHHHIM BeKTOPaM BTOPOil TeTPajgH C yrioBO#i CKOPOCTHIO ®. Yka3sa-
nue. Tloka)kaTe, 970 B MOMeEHT, KOrJla TeTpajfu COBHAAAlT (B TpeXx-
MepHHX 0603HA96HAAX, OTHOCAMBEXCH K 3-IPOCTPAHCTBY, OPTOTOHAIb-
HOMY MHApPOBOH JmEAH Habamopgarens):

d(ej—ejp)/ldi=0 X e . (6.22)

r. Hemoxsaysa ana Bpamawmeiics TeTpafH TO ’Ke NPaBHIO, 4TO
7 naa rerpadl @epmm — Yoarepa ypaBrenms (6.16)], maGmonarens
BBOJHAT JOKaJdbHHE KoopA@HATH. BoabMem cofmrme € mHa MmpoBoi
aEHAA HabaonaTensd, moldo:KEM B HeM T = () m BuGepeM mepBoHa-
9aJbHYI0 HHEPHHAJbLHYI0 CHACTeMy, purypmpyomyo B (6.16), Takmm
obGpasoM, uTo6H 1) 0Ha COmYTCTBOBAaJa YCKOpPeHHOMY HabaI0naTero
B (@, 2) cobutne § caysxkmio ee HavaoM H 3) ee OCH COBIANANHA ¢ YCKO-

YOPAKHEHHAA



YUPAMHERHAA

229 6. Ycmopennne nabawodamesu

PeHEHMH OCAMH B a. HOK&)KETG, 9TO 3TH YCJOBHA 3aOHCHBAITCH
B BHJE
2#(0)=0, eq-(0)=e0,. (6.23)

B. Ilorakmre, uto B6amsn @ ypaBrenus (6.16) nns Bpamaomeiics
YCKOPeHHOR CHCTeMH KOODAMHAT CBOAATCH K

0=t + ot " +0 (B*'P);
Pt P MM 40 (1),

€. Uepes coburme @ mposeraer yacTAOa, CBOGONHO ABHKYMAACH
¢ o0NYHOM CKOpPOCTHIO ¥, H3MepeHEOH B HHepUHAJLHOM CHCTEME.
IIpeoGpasoBas ee npAMy0 MEPOBYI0 AHHAIO 2’ = 1'2° K YyCKOPEHHHM
BpalalomBMCcH KOODAHHATAM, MOKa)KUTe, 9TO €¢ KOOPAMHATHAA CKO-
POCT® H YCKOpeHHe HOJYYAIOTCA IPH 3TOM pPABEEIMHE

(10 )s @ =V,

(dzgir/dgo-z)na = _aj_zeihlmkvl +2viahvh. (6.25)
D Ve A
! | 1 | )
YCKOpeHHe YCKOpPEHHe  PeIATHBACTCKAA
HEepOAHA Hopmonmca mompaBKa K YCKO=
PEHHI0 HHOPLHH

(6.24)

6.9, Iipeneccua Tomaca

PaccmorpuM Bpamamomeecs Teao (THPOCKOH, 3JIeKTPOH, ...), KOTOpoe
yCKOpAETCA HmOA AeMCTBHeM CHJ, OPHJOKeHHHX K ero OEeHTPY Macc.
Takde CHJIH He JAIOT KPYTAIIErO MOMEHTA, IO3TOMY OHH He H3MEHAIOT
BeKTop 8 COGCTBEHHOI0O MOMEHTA HMOYJALCA Tella, €CAH HCKIOYATH
¢IMECTBeHHOE BpalleHAe B DNJOCKOoCTE U A 8, HeoGxommmoe pmuaA
COXpaHeHHA OPTOrOHAJBLHOCTH 8 W 4-CkopocTH U. Bupamasce MaTe-
MaTHYeCKEM S3HKOM, MOMEHT EMOYJKCA Tela HEPEeHOCHTCH B COOT-
BeTcTBHH ¢ mpaBujoM mepeHoca Mepmm — Voaxepa (B awo6o#i miuo-
CKOCTH, OTIHYHOH OT U /\ 8, BpameHHe OTCYTCTBYeT):

dS/dv=(u/\a)-S. (6.26)

9TOT 3aKOH mEpPEHOCA HPEMEHHM K BPAmaloMeMyCs 5JeKTPOHY, NABH-
yleMyCA 00 KPYroBodl opGETe pammyca r BOKpPYT aTOMHOTLO AApa.
Ilna Halamoparens H3 JabopaTOpHOH CHCTEME 3JIEKTPOH IBHIKETCA
B INIOCKOCTH Z, § C LOCTOAHHOH YTAOBOM CKOPOCTHIO . B MOMEHT
ppeMern ¢t = (0 aJeKTpoH HaxomuTes B £ =r, ¥y = 0, a ero come
(B KAACCHYECKOM pPaCCMOTPeHHHM) HMeeT KOMIOHEHTH

0__ x__ __1 = ‘—_1_
§°=0, S—Vih' SV=0, S_zh.
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Haiidume S" (t)~—DoBepenme CIEEA B NOCHEAYIOMEEe MOMEHTH JXao-
paropHOoro BpeMenm. Omeem:

SF=t_1 (cos ot cos oyt -} v sin wt sin wyt),

V2
SVt b (sin ot cos wyt— y cos i sin wyt),

V2

. . (6.27)
Sz=7k, S0= —T/—f-hvysinoryt,

v=or, y=(1— vz)—l/’.

[lepenrmeM 3aBHCAMYI0O OT BpeMEHA NPOCTPAHCTBEHHYIO 9aCTh 3THX
BHpa)KeHHiA B BHJE

5% iSv =% [e—t—10t | (1 — ) sin (oyt) eiot).  (6.28)

IlepBHi YieH ONECHBaeT paBHOMEepHOE BpamieHne B opaTHOM Hampas-
JIeHAA ¢ YIJIOBOH CKOPOCTHIO

® Touaca = (Y— 1)wz%vza)<<(o, ecam v K 1. (6.29)

9To BpameHRMe HOCHT HasBaHHe mpeneccud Tomaca. Bropoit unenm
ONHECHBAET BpalieHNAe B NPaBYI0 CTOPOHY Ha OfHOM ydYacTKe OpOHTH
(0 << oyt<<m) m B JeByl0 CTOPOHY Ha OCTaJIbHOM e€ Yy9acTKe
(n < oyt < 2n). Ilpm ycpenHeHHMH mo BpeMeHH OHO HcuesaeT. Bouee
TOr0, B aTOMe 0HO upe3BHualiHO MaNo (y — 1 & 1). D10 Bpamenme,
HaJo;KeHHOoe Ha mpeneccnio Tomaca, JOIKHO NPHCYTCTBOBATDH, YTOOMI
BHIOJNHANNCH YCIOBHSA

Seu=8-u—Su0=0 (6.30)

§$2= 8% —(59%= 3h%/4 = const. (6.31)

OHo npoucxofuT B NpaByio CTOPORY, Korja 8 -% oTpunaTteAsHo, o6pa-
maercs B HyaAb npH § -% = 0 ¥ BHOBB MOABASAETCA, HO ye B JEBYIO
CTOPOHY, KOrfa S -% CTAaHOBATCHA MHOJOKHETEIbHEIM.

Ipeneccmio Tomaca MO¥HO TaKie HMCTONKOBATL KaK IPOCTPaH-
CTBeHHOe BpamieHMe, HoJyvYalOmeecA B pesyiabTaTe IeJoT0 pAMA
HOCJEoBaTeNbHEX GYyCTOB B MaJl0o OTAMYAIOMHAXCA HANpPaBIACHWAX.
(Cm., nanpmmep, ympakuerme 103 B knmre [81].) [Ipyro#i BmBOZA
npeneccun Tomaca (6.29) u3 «comuopHOTO PopManmamar» cM. B § 41.4.

2

YONPARHEHHRA




HboTOHOBOENE

MOHOHIEPOBARM
R vYeThipexmepHod
POOMOTPEIECKOR
Qopue

7. HECOBMECTUMOCTb TEOPUH
TAFOTEHUA U CNEUWUANIBHON TEOPUMU
OTHOCHUTENBHOCTHU

9Ta riaBa NEJEKOM OTHOCHTCA K Kypey 2.

Ee coneprraHde He 3aBHCHT OT upefbLIAYmIero mMaTepmala Kypea 2.

OHa He HY)XHA B KaJeCTBe MOATOTOBHTENLHOr0 MaTepHana JasA Karoi-nnGo
H3 ROCHCAYIUX r1aB, OAHAKO NPHArORMTCA NpH H3ydeHAm ria. 18
(cnabmie rpaBHTAHORHHE TOAA), a Tawke ri. 38 m 39
(9KcnepEMeHTANLEbI® TecTH! H HPYrHe TEOPHH I'PaBHTAIAH).

§ 7.1. IONBITKH OBFBEJVUHUTH TEOPUIO TATOTEHUA
U CHEIMAJBHYIO TEOPHIO OTHOCHTEJ/IBHOCTH

Jlo cax mop mpHE o6CY;KAeHHHA CHELHaTIbHO! TEOPHH OTHOCHTEIbHOCTH
HOCJIefl0BaTEIbHO NPEAI0Iaraloch, 970 TPABATAIAOHHKE HOJA OTCYT-
ctBy10T. [loueMy ME JOJKHEL OTKa3aThCA OT PACCMOTPEHAA TATOTOHHA
B CHeNAaJbHOH TEOpAH OTHOCHTENLHOCTH? JTa TriaBa NOCBANEHA
TPYAHOCTAM, BOBHHKAIOMHAM B OCHOBaX CIENHANBHOH TEODHH OTHOCH-
TeJLHOCTH NPH NOMHTKE y9ecTh B Heil rpaBETALAOHANE moaA. Toxbko
IOpE CTOJKHOBeHHAA C ITAMH TPYAHOCTAME MO)KHO B HOJNHOH Mepe
OEHATH METOAK TeOMETPHH HBCKPHBJIEHHOI0 HOPOCTPAaHCTBa-BpeMeHH,
BBefleHHHEe OHHMITEHHOM NIA HX NPeoNONeHHA.

HagmeM ¢ Toro, uTo HaM ysKe H3BECTHO O TATOTEHHH,— C HBIOTO-
HOBCKO# (OPMYJIBPOBKHA €ro 3aKOHOB:

d2zildit = — a®/oxt, (7.1)
V20 = 4nGp. (7.2)

dTE ypaBHeHAA B Toil ¢opme, KaK OHH 3[eCh HAaNHCaHH, HEIBL3A
BKJIOYHTL B CHENAANLHYI0 TEODHI OTHOCHATEABLHOCTH. YpaBHeHHe
aBmKkeHAA dactanu (7.1) sammcaHO B TpexMepHOi#l, a He B 4eTHpeXx-
MepHoO#t opme; ero Hao npeoGpasoBaTh B YeTHPeXMepHOEe BeKTOpPHO®
ypaBaeHHe AuA d’z*/dt?. TlonoGHEM e 06pa3om ypaBHeHHe moud (7.2)
He JOpeHN-HHBAPAAHTHO: B HEeM BMECTO YeTHPEXMEPHOTO omepaTopa
n’Anambepa cTOoMT TpexMepHHH omepaTop Jlamxaca, a aTO 0O3Hauaer,
910 moreHndax O B MaHHOK TOUKe MTHOBEHHO «OTKIHKAOTCA» Ha
HBMEHeHAS WIOTHOCTH P, KOTOPHE IPOHCXOAAT KaK YroXHO NajeKo.
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Hopoue rosops, HEIOTOHOBCKHE TDABHTAIMOHHHE IOJIA PacCHpOCTpa-
HAITCA ¢ 0eCKOHEYHOM CKOPOCTHIO.

CTONIKHYBIIACH ¢ 9TUMA TPYXHOCTAMM BOEpBHE, MOKHO IOAYMATh,
9T0 HX JOBOJBHO HOPOCTO HpPeOHoJeTh. B ympakHeHAAX B KOHIE
aroro mnaparpada M3yyalOTCA HEKOTOPHE OTHOCHTEJIBHO LPOCTHE
o6o0menas ypaBuenmit (7.1) u (7.2), Korga rpaBATanMOHHEIA IOTEH-
umax P Gepercs cHauasa B BHMe CKaJAPHOTO, 3aTeM B BHJIE BEKTOD-
HOTO H, HaKOHel|, CUMMETPHYHOTO T€H30pHOTrOo moJied. B kakmoit m3
3TUX TEOPHHA eCTh CYMeCTBeHHHE HeJOCTaTKH, M HH OfHA M3 HHX HE
corinacyercsa ¢ HaGmogenuamu. Hannyumeit u3 AuX ABAAETCA TeH30D-
HaA Teopua (yompaskHesme 7.3, momoanenme 7.1), Kotopas, oxHaKo,
BHYTpeHHe IPDOTHBOpPEUMBA M He MONyCKaeT TOUYHHX pemeHnmii. Cpas-
HUTEJIbHO HefaBHO MHorue aBTOpH [114—121] muTanmes mpeomomners
310 3aTpynHeHue. OHM ImOKa3aju, KaK MOKHO MOTMPHIEPOBATH TEH-
30pIYI0 TEOPHI0 A IJIOCKOT0 HPOCTPAHCTBA B J[yXe COBpeMeHHOMH
PEeIATABACTCKOM TeopHM I0JA, YToOH H30e:KaTh 3THX IPOTHBOPEUMIA.
MeTons Teopuu mojiA B HaHHOM ciaydae (pa3fgea 5 momonHennsa 17.2)
OJHO3HAYHO IIPHBONAT K KIACCHYeCKOH 00meil TeOpHH OTHOCHTEIHHO-
cti, chopmyauposanHoit B 1915 r. Tonbko monydms 3T0T pesyiaprar,
oco3Haemb, HaKoHeI[,— ysKe M3 MaTeMaTudeckod ¢Qopmer ypaBHe-
HAH,— YTO TEOpHsa, KOTOpas CHauajJa OpeACTaBIANAcCh KaK Teopus
TATOTEHHA B IJIOCKOM IPOCTPAaHCTBE, ABJAETCA Ha CaMOM Jelle Teo-
pHeit iiHmTeldHa, Ile KPHBU3HA IPOCTPAHCTBA-BPEMEHHA MPOABIAETCA
B BHIe TATOTeHUA. B 2Toiff KHure Ml GyneM ciemoBaTh Xody pac-
cykieHnit JUHAmTEHHA, NOCKOJBKY IPH 3TOM Ha IepefHHi IUIaH
BHCTYImaeT Qu3mka.

Hra opgua

M3 HPOCTHIX
MomBdRKRanHil

HE ABAAETCA
YAOBJIETBOPHTEIb-
Hol

Hamnyvyiwmas
MORHPUKAAA
(Ten3opHan
TeopHA

B NJOCKOM
NPOCTPAHCTBE)
BHYTpEHHE
NPOTHBOPETHBA;
eclIH ee
HCOPaBHTS,

TO NOJAYYHTCA
obmwan TeopHa
OTHOCHTEILHOCTH

YuopakHeHHs1 IO TPABHTALMOHHLIM TEOPHAM B ILIOCKOM
IPOCTPaHCTBE-BPEMEHH

Tpu caenyomuX yopaKlleHHS ABAATCH CEPHe3HHM HCOHITaHAEM.
K cyacTbio, MeTORE pemeHHs BCex TpeX moJo0HEL, a pemende Haubonee
TpyAHoro W3 HUX (ympaskHeHusa 7.3) mpuBelenio B gomojHeHHH 7.1.
IToaToMy pasymHo mocTymmth ciemyomuM olpa3oM. a. BoasMETeCH
JuGo 3a ympaxueHme 7.1 (CkanApHaA Teopusa TAroTen:sa), JNHGO 3a
ynpaskHeHHe 7.2 (BeKTOpHAs TeopHsA TATOTEHHA). EcIM Bo3HHKAOT
TPYZHOCTH, IPOCMOTpHTe Gerio, He BAaBasCh B JeTajd, yIpaKHe-
uue 7.3 m pgomoaHeHue 7.1 (TeHsopHaA TeOpHA TATOTEHHWA) TOJBKO
A TOTO, YToObl HAMETHTH CXeMy U MeTo[ pemennsa. 6. O3HakoMbTeCh
€ pesyibraraMu fgpyroro ympaskHenus (7.2 mam 7.1), oGeymms ero
¢ KeM-1u60, KTo HeTajibHO ero mpopabotaia. B. TmatenpHo mayumre
npuBefileHHOe B IONOJHeHUH 7.1 pemeHne ynpaskHeHHs 7.3 B cpaBHATE
€ro ¢ pe3yJbTaTaMH, MOJYYEHHEKIMA JiA ABYX APYTHX Teopuii. r. Pas-
BMBaiiTe CBOM CHOCOGHOCTH K BHIKJIaAKaM, DPOBepAsA YaCTHYHO moAPo6-
Hble BHYMCJIEHUA B pgomoauHenmu 7.1. -

15-01457
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7.1. CranspHoe rpaBuTaunuoHHoe moxe O

A. Paccmorpute Bapuaumonnui npunuyun 8/ = 0, rue

dz% dzf \1/2
I=—m S e ( —Map 2 22— ) " dh. (1.3)
3nece m — Macca nokosa, a 2% (A) — mapaMeTpUYecKoe 3ajaliue

MHPOBOH JMHIU mpolnoil yacTUIbl B CRaJAPHOM TI'PAaBHTAIHOHIIOM
none (. Bapbupysa MUpPOBYIO JMHHIO YacTHIlH, BHBenurte anddepen-
IMaJIblIble YPaBIICHUA, ONUCHIBAIONINE JIBIseHIC JTOM 9acTibl. 3an-
IMHTe IIX, HCNOJB3yA B KalleCTBe MapaMCTpa [UIA TPacKTopin cob-
CTBCHHOC BpeMA 9acCTHILLI

dz% diB 1/
di=( —Mapgi-z5-)  dhs

TaK 9T0 u®= dz%/dt y[oOBNETBOPAET yCAOBHIO UXuPrn.p= —1.
B. TMoxnyuure ypaprenne nmoas gia @ (X), BHTeKaNice U3 Bapua-
yuoninoro mpunnuna 67 = 0, roe I = XL d%, a
- 1 s 00 00 S Y
L= — rrall P me®4 [x —z (t)] dr. (7.4)

TMoka;xuTe, 9TO BTOPOI WieH 3JeCh NPHUBOMUT K TOMY K€ HHTerpaiy,
KoTophii ¢urypupyer B nyskte A [ypaBuenue (7.3)].

Obcyxcdenue. TlonydeHHbe ypaBHEHHA IOJA ONMCHBAIOT TeHepa-
1[MI0 CKAJAPHOTO MoJIA OMUHOYHOM 4yacTHuell Macch m. Ecau nMeercs
MHOTO YaCTHL{, TO IJA Ka;[A0fi M3 HUX Hall0 BKJIOYHTH B £ WICH
— Smeob‘ [x — z (v)] dr.

B. Pemure ypaBHenue moss nyHkta B B mpeamolioskennu, urto
HMCTOYIIMKOM ABJASAETCA JHIOb OJHA NOKOoAmMAascsa wyacTuma. Ilpenmoso-
;KMTe TaKme, 9T0 paBeHCTBO ¢® = 1 sABaAerca xopommM mpHGIUKe-
HHEM B OKDECTHOCTH dYacTHUH. lcmonp3ysa mnojydeHHoe pemenue,
npoBepbTe 3TO NPEAHOJOKEHHE, T. €. Hal[UTe M3 BAmEro pelleHHSN
snayenue ¢® na mosepxHoctu 3emmu. (Beange ucmoan3yercs cucrtema
elHHHUL, B KOTOpPOil ¢ = 1; NpH KEeJaHHH MOMKHO HOJOXNMTH TAKIKe
G=1)

I'. PaccMoTpuTe Temeph cTaTH4eCKoe, ChepHuUeCKH CHMMETpHUHOE
nose O, nonyuenHoe B nyHkTe B, kak noge Cosnna, KoTopoe ABJiAeTcsH
3a/laHHBIM BHEHIHUM II0JIEM B BapHAIMOHHOM HpHHLMIE NYHKTa A,
M M3Y4YMTe [BM;KeHHe IUIaHeTH, ompefieifdeMoe ITHM BapHalHOBHEIM
nprHuENoM. WHTerpain ABMAeHEMS oupefedsioTcd H3 cdepUIeCKOH
CHMMETPHHY ¥ He3aBHCUMOCTH OT BPeMeHH HOJIHTeTPaJbHOTO BhIpase-
Husa. UcnonpayiiTe cepmuecKue KOOPAMHATHL M CUMTalTe, UTO ABHsKe-
HUEe OPOMCXOMUT B OfHOM miuockoctu. Bhiemnte popMyny pas mpe-
[[eCCHH DNepHre, A IJaHETH.
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II. B ypaBHeHHMsX JBW:KeNMA NyHKTa A nepeiiiute K mpepeay
gacTHIB C HYJIeBOH Maccoit mokosi. Jlas aroro mcmonawayiite mapa-
MeTp A, OTJIMUHBLIH OT COGCTBeNIIOr0 BpeMeHM M BHIGpaHBIE TaKHM
obpasomM, ato k" = di"/dA eCTh BeKTOp dllepTHU-MMOYJLCA, H Nepeii-
adTe K npefeny m — 0, octaBasa BenuuuHy k® = ym == E xoHeunoi
(torma u® = y — oo). McXoRA M3 MONYyUeHHBIX YPaBHCHUI, IOKAKATE,
YTO BeNHUHUH ¥ = Pe® ABIAITCA LUTCTPas MM IBHKCHAA, OTKYMA
coenaiite BBIBOA, 4YTO B JAaHHOH CKajgApuoil Tcopuu .Jay4 CBeTa lic
oTKIoHsAeTC moaeMm Taroteuns Coauila.

7.2. Bexropuoe rpaBuranuoHunoe more @,
A. Y6enutecs, uto BapuanuoHublii nputynn 67/ - O npuBomMT Kk ypaB-

nennaM MaKcBensla mpH BappMpoBanMM A, M K BLIPa)KeIMI0 IJIA
cunsl JlopeHna npu BapeupoBanMm z* (1), ecam

—1 wv e 1 dz*  dz, dz¥
1= | PP diotpm | o G dute | S Au(@)dr.
(1.5)

3nmecr F,, — cokpamenHoe oGo3nauenue ansa A. , — A, .. Vrasa-
nue. Urobu mpoBapbupoBaTh A, (X), mepeNHIINTE NOCJIEHUE YjeH
B BUJle HHTErpaJjia mo MpOCTPAHCTBY-BPEMEHH, BBeIA IJIA 3TOrO JleN1bTa-
¢ynknuo 6¢ [x — z (1)] nogo6Ho TOMY, Kak 3TO cmenano B mynKTax A
u B ympaskmenma 7.1.

B. AmpanormuHo mpefbiAymieMy JaiiTe OMNpejeJieHHE BEKTOPHOTO
rpasaranmonnoro moas @, ¢ G,y=®, ,—d, ,, ucnonrbays Bapua-
UMOHHBEIA TpAHUMO, TOe

I v 4 S da* ds S da

I= +_16ﬂ6 SG;WG dx+2m —F'Wd’l'-}—m q)u—TdT.
(7.6}

I pumevanue: Ecniv nMeeTcss MHOTO 9aCTHI[, TO AJIA KasKIOM YacTHIbL

Hy#Ho M06aBUTH K [ dwieHn BHMa —%—m S (dz*/dx) (dz,/dt) dt +

+m SCDu (dz*/dx) dt.] Tlonyunre BHipasieHue Jiaa «3akoma Hyso-

Ha» B 9Toil TeopHH M y6equTech, 4To K03(pPUIMEHTH nepeI caraeMEMI
B BapMalMOHHOM HpUHLMOE BHODaHH NpaBHJIBLHO.

B. PaccunraiiTe npelmeccmio mepuresius B 3TOH TeOpHHM.

I'. PaccunraiiTe 1515 9T0#i TEOPHM OTKIOHEHHE Jyda CBeTa (T. €. pac-
CeslHHe YJALTPapPeJATHBUCTCKOH vacTum u® = 9 — oo) npu mpo-
xoskmeHun ero okxodo CoaHua, ofycloBienHoe mojieM TATOTEIHsT
Coanma D,.

I. Tonyuute BBIpaskeHMe JUIST NOJHOM 3ilePTUU HOJA, KOTOpas
COOTBeTCTBYeT Jarpal)XMaHy, BBCJleHHOMY HeABHo B TNyHKTe bB.
Hcnoarsyiite o6BYHYI0 1A TaMAJbTOHOBOH MCXaHHKH NPOLCAYPY,

15*

YNIPAYKHEHAA
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KOoraa

Ino.rm= 16:(G g Gu\Guvd‘xE S Zd‘x;

¥ — nnotAocts ¢yuknmm Jlarpamxa, L == S LPr — pynaxnas
Jlarpamxa. CooTBeTcTBYIOmasA NJIOTHOCTh ¢yHKHuE ['aMAaABTOHA
(IIIOTHOCTh 2Heprud) HMeeT BHJ

24
w=2¢u,o 6(13,,_ ° —z.
m

Hoxamm‘e, YTO BOJHH BEKTOPHOT'0 'PAaBATALIMOHHOI0 IOJA NEPeHOCAT
OTPHLIATeJBHYKO 3HEPTHIO.

7.3. CumMeTpHYHOE TEH30pHOE rpaBHTANHOHHOE mode Ry = R,y

B aToM ciydae, KaKk ® B CIy4ae BEKTOPHOTO HOJs, IPHHIUN HAAMOHb-
mero feiicTeasA 3amacuBaercs B e 861 =0, rae I = I'yonq + Teacram +
+ Tssaumonetcrsun. 30€Ch Igaerune MMEET TOT jKe BHJ, 9TO H B CIy1Iae
BOKTOPHOTO MOJIS:

1 dz* d
Tacrmmu = m S -Fdz—:dt (7.7)
A0 Inona B Insammonetiersma YO JApyrue:
Inoan = 2%, (7.88)
—1 71 b @ T .aT
Ly= 32n6 (T hs, R —hya huﬁ. B) (7.86)
(onmo h 3pech He ecTb k), The
- 1
huv = hu.v— 3 TIu.vh'ua; (7.83)
I'ssanmozeticrsnn = ‘é— 5 by T diz. (7.9)

3mecs THY — TeH30p SHOPTMA-BMIYJIECA BCEero IPACYTCTBYIOMETO
BellleCTBA M BCeX MoJeil, OTAHYHHX OT rpaBHTarMoHHOTO. J[As1 CoBO-
KYIHOCTH TOYeYHHX 4YacTHIL (MCHOJNL3yeMHIX Ha NPOTAKEHHH BCEro
2TOTO YHIPa’KHEHHA)
" v
uv _ dz dz % _
T (x)_Sm &5t x—z(v)] dr. (7.10)
A. TlonyduTe ypaBHeHHs [BH)KEHHMA WGACTHI[H, BAPbEPYA z*(T)
B 8 (Juacrmm + Ipsaumonencrsun) = 0. TlomyuenHnid pesyNbTaT BEIPa3HTe
C IOMOMBIO «IOJA CHJIH TATOTEHHS»

T'vas =5 (hva, 8+ g, a—has, +), (7.11)

OMy9eHHOTO M3 TEH30PHOTO TPABHTALEOHHOTO HOTeRNHMANa Fyy==hy,.
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B. Monyumre ypapmesms mnoist ®8 O (Inons+ Issaumoneticrous) =0; ~YIPAKHEHHA
BLIDASHTE HX depes

— ghevh — M ¥nab _I_z“ﬁnuv — B s —RMPqav, (7.12)

PaccMoTpHTe KaTEGPOBOYHYI0 WHBapPHAHTHOCTh M ycJjosue k' q — 0.
B. HaiimaTe TensopuMii rpaBuTanuoHHH# noTeHuman Coanua
(cuETasA ero To4eYHOH Maccoi) h,y.
I'. PaccunTaiiTe mpelecCcH0 mepHIeJaHs.
II. PaccunTaiiTe OTKIOHeHHe JydYa CBeTa.
E. PaccmoTpuTe IpaBATallMOHHYI0 BOJHY

Y = A" exp (ik,2%). (7.13)

Kaxme ycmoBmsa HagrJafLBalOT yPaBHeHHA MOJNA? YCJI0BHE KaambpoBKm
R o =0? (7.14)

TokaskuTe, 9T0 ¢ MOMOIIBIO AOMOJHATEIBHK X Npeobpa3oBannii kKaau6-

POBKH
hl.w - hpv+§u.v+§v, T (715)

COXPAHAKIIAX orpanmdenme h'* o =0, MOKHO HAJOMHTh AONOIHHE-
TeJbHBE YCIOBHA

uaﬁau=0, -Eaa= ) (7.16)

rie u® — QEKCHpPOBaHHHWA BpeMeHMNONoGHHIH BexTop. [ocraTouHo

PacCMOTpeTh JHUMb Clydali, KOTOPHA peaJA3yeTCA MpPH HOAXOAAIEM

BHGOpe cuCTeMH oTcueTa, rie u® = (1; 0, 0, 0) u k* = (w; 0, 0, ).
K. Ucxona u3 MIOTHOCTH raMHEJIBTOHHAHA

H = by (0L |Ohy) — L (1.17)

JJIA WOJA, MOKAXKUTE, YTO NJOTHOCTH 3HEPIrHH BOJH, PaCCMOTPEHHBIX
B OYHKTe E, OOJION{HTEeJbHA.

3. Haiignre 3pauenme T, 1nA Tem3opa SHEPTHH-MMIIYJBCA
yactan 7'MV, KOoTopHWii BXoAMT B mHTerpan jeiictBusa I. PaBno au

T, mymo (uampmMep, AnA 3eMaH, IBEKYmEHcA mo opbute BOKpPYr
Connna)? Ilouemy? IloxaskmTe, 9T0 00beJMHEHHAA CHCTeMa ypaBHe-
HA# [JIA DoJell W 4acTHI, NojJydeHHaAa u3 yciaousa 61 = 0, He AMeeT
pemeHuii.

Hononuenne 7.1. JIOIIBITKA ONUCATH TPABUTAIIHIO C NMOMONBIO NOJIA
CMMMETPHUYHOTO TEH30PA B IIJIGCKOM NPOCTPAHCTBE-BPEMEHMH
(PELIEHHE YNPAJKHEHHSA 7.3)

TloneTKE oOmHCaTP IpaBMTALMI0 B paMKaX ClUeNMaJbHOH TEODHH OTHOCHTEIBHOCTH
ecTecTBeHHO GHI0 GH HagaTh € PaCCMOTPEHHAA CJIyvaeB, KOrjla TPaBHTAllAOHHOE HOJe
ABIAETCHA CKaJsApHHM (ympakHenme 7.1), Kak B HBIOTOHOBCKOH TeOPUMH, HIH BEKTOP-
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LM (ympaxcHenue 7.2) mo anajgorum ¢ djektpoMarnetmsmom. M samms ymoctopepms-
INMCL, B HENPMTOANOCTA 0GeMX Teopuil (HampnMep, OTCYTCTBMe OTKJOHEHHA Jyvueil
CReTa B HMX; OTPHILATEJbHAaA DHEPrusA BOJH B BEKTOPHoil Teopuu), npuxoaurtcs oGpa-
TUTLCH K TPaBUTAIMONHOMY TOTeNlHaly B BHAE CUMMETPHUHOTO TeH3opa A,y = h.,
¢ G6IbLIIIM YHCIOM WHIEKCOB M 0oiee CIo/KIIBIMW BhIK.JIaJKAMH.

OcioBHn Hanfosce yA0BAETBOPUTCIAbIOH M3 BCEX TEH30pPHHIX TEOPHA TATOTEHHA
B ILIOCKOM NPOCTPaHCTBE-BPEMEIIN M3105KeHbl B Navaje ynpasknennsa 7.3. ChenaHHbIi
TaM BHGop JarpaimkMana [Beipaskenus (7.8)] npommkToBaH ycloBUAMIL, YTOOB k.
GbII0 «TOPEHI-KOBAPHAHTHLIM IIOJIeM CO CIMIIOM Ba M Maccoil Hyab». CMmiCH 3THX
YCJAOBUiT M METONH CHEIMAJBHON TeopPHH OTHOCHTEJNBIIOCTH, C IOMOINbI0 KOTOPBIX
X MOKHO NepeBeCTH B COBOKYNHOCTh YpaBHEeHHid MoJisi, n3J0;kelhl B 0OBIIHREIX 1OCO-
fUAX No PM3HKe DJIEMEHTAPHBIX YaCTUIL W KBalTOBOH TeopMH IOJSH; CM., HampuMep,
{119, 122, 123]. ®upy, u Nayan [124] Bnepsuie nanucaan 9TOT Jarpal;KUaH K HCCIeNo-
Baji BHITEKAKILYI0 M3 Hero Teopnio. BLBoAH 3To# Teopuu H3:oxelb HHU}E B BHIE
pemenus ynpa:knenua 7.3.

A. Ypasnenue asmienus npoduoii yactuum (ympaxnenue 7.3, A)

Buinosnum uuTerpupoBauue B ypaBienu (7.9), noan3ysach TEH30pOM 9HEePTHU-UMOYNb-
ca yacTHLB, 3afaBaeMbiM BhpaskenueM (7.10); B peayarwraTe moaydaem

Lasas = Tuaerms + nomusosctornnn = ™ | (M + o) 22" d, (1)
rae
2 = dz%/dr.
3areM HaxomuM OJyim M yﬁemnaemcﬂ, 910 K03$PUIMEeHT NPH MPOU3BOJ bHOH BapHannu
TpaekTopum Oz" paBeH HyJNI0 TOTAA M TOJNBKO TOrja, KOTJa
(d/87) [(My + e) %) — - B, 228 = 0.
IlepenucniBaeM 3T0 ypaBHeHHe ABHKEHUS B BUTE

(Maw + huv) 2 4 Tapz228 =0, 2)

rae I'yqop ompeneasiorca BhparkexueM (7.11).

B. YpasHenna nonsa (ynpaxnenne 7.3, B)

Hcnonwvadyem Ipons M Ipsaumopettcrsun B BHAE, 3ajaBacMoM Beipaskenmsamu (7.8) u (7.9);
0JITaKo B 1eiasix 6o.ee OLICTPOrO M MeHee 3amyTaHlloro BhIBOZA He OyjaeM NpUBJIEKATL
oObiunbix ypaBueHiii Jditaepa — Jlarpamka. BMecro 3Toro npsiMo HaxoZHM n3Mete-
nue 8L, B mepBoM nopaAake, o0ycNoB/IeHHOe MaJjoil Bapuanuein moas Ohyg. OThocn-
TEJIBHO BTOPOro wiella B ZL; MO’HO Cpa3dy CKa3aTh (IPM COOTBETCTBYlomeM olo3lave-
HHHM HEMBIX MIICKCOB), YTO BaphbUpPOBaHMe Ka;kI0To U3 MHOKATENEd NpuBegeT K ORHO-
My M TOMY ke pe3yJabLTaTy; CJefdoBaTenbillo, ABA CilaraemMbiX, o0pa3yoIHXCs IpH
BapbMpOBaHHU NpPOM3BelNeHUA, 00BEUHAIOTCA:

8 (P “R*P ) = 2R*P g8Ryq .
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Tonobumit peayapTaT MOKHO HOJYIHTH M JJIA OEpBOro 4ieHa B £j;, ecaAW LPHHATH

BO BHHMaHme TOxecTBO a,,b" = a,.b"", KoTopoe mMeeT MecTo AaA omepaunum, ompe-

b

o : i
pexenHoit B (7.8); Kapas CTOpOHA TOMAECTBA PaBHA Oy —Tau,,bvv. Torna

—(321G) 8L, = h*P “Shyp o — 2B*P s8R0 3)

HcnonsayeM 3ateM 310 Bhipamenme B 8lpo,; W, uaBiexasn Oh,, u3-mopy 3maka mpoms:
BOJIHOIl C IOMOIMBIO MUTErPUPOBAHMSA HO 9ACTAM, HOJYydaeM

81 onn = (327G) S (BB 8k — 2R*P %8R, diz.

Yro6el HaliTH B 3TOM BhipameHun kodpdunueHtT mpu Ohy,,, BOCIONB3yeMCs COOTHOLIE-
HueM [BuTexalomuM u3 (7.8B)]

Shap = (8"28" s — 5~ NupM™) Shyy;

mepecTaBIAA W Nepeo6Go3Hauas HeMble MHOEKCH (0 KOTOPHIM TPOMU3BOIWTCA CYMMHPO-
Balnye), uMeeM

Bl onn= (327G) [ (B ™ — 274 ¥ R ) B,

1
CrnanniBass 310 BHpaenHue € 8lysaumonencrenn = -2—ST" Y8hyy d*z W MCHONB3YA CAMMeT-
puto Oh,, = bh,,, monydaem

T R g B Y 4 B o = 16RGT™, (%)
Onpenenenne, naunoe B (7.12), mo3sosiser HaM IepemmcaTh 3TO COOTHOLIEHWe B BHMIE
HY™B o — 160G, (&)

B’. Kaan6popounas muBapuanTHOCTSH (mponomxenne ynpaskaenus 7.3, B)

N3 cootHomeHnnd cmMMeTpum
HPovE __ glrellvel _ pvbua

mis H'®® puitekaer Tox:iecTso

Huavﬂ,aﬂv —_ Hua[vﬂl,a(ﬂv) =0,
aHaJI0oTHIHOE TO:RAeCTBY FMV,,, =0 B dIeKTpomarieTuame.

Takum o6pasoM, IJaA MCTOYHMKOB TpefyeTcsi BuimojaHenHe yciaosus TH,, = 0,
TOUIO TaK ;ke, KaK B 3jeKTpoMarieruame Tpedyetcs BumojHeHue yciaoBusa J*,, = 0
(ynpasknenne 3.16). OTH ToaaACCTBa MPUBOAAT K TOMY, uTo M3 ypaBneuus mois (4')
Hedn3A [IOJNHOCTHIO onpefeanth hyy. B yacTnoctu, HemocpemcTBenoii MoACTalloBKOM
8 ypaBuenus (4) netpy;uio yGeOUTLCA, 4TO K JIIOOOMY pCIIEHMIO MO:KHNO J106aBHTB
KaJiiidpoBouloe moJe

hm“"ﬁf’o"““ — gu, v + §v, s (5)

7. Kaaulbposiy 12
by =8B+ & — Ml e

ne mamenss mpu stom IMY,
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ITycrs &, o6pamaioTcA B HYJIh BHe HEKOTOPOr0 KOHEYHOTO NPOCTPAHCTBEHHO-Bpe-
MEHHOTO 06'bema a B OCTaJbHOM IPOH3BOJBHH. Toraa h,vu hyy = hyy + h, ¥eme0poska
06a y[OBJIETBOPAXT YpaBHEHHI0 HCTOYHAKOB (4) IpH OXHOM H TOM 3Ke nc'roqmme Tw
M OJHUX M TeX ke TPAHHYHHX YCIOBHAX Ha GeckoHedHocTH. EcTecTBeHHO 0)KHAATH
O03TOMY, 49TO OHH (PHBMUYECKH IKBHBAJEHTHHI.

Br6upasa onpefeleHHYI0 KaJuGpOBKY aHAJOTMYHO «IODEHIEBY» BHGopy A%, = 0
B aJeKkTpoMarnetdaMe [ypaBuenme (3.58a), ympaskmenme 3.17), HamaraeM yciaoBue

ﬁm'a == 0. (6)
Ilpu sToM ypaBHeHMA DoJA (4) NPHMHAMAIOT DPOCTOH BHA
DE“" = ﬁuv’a'a = — 1.61'[Tuv (7)

(cm. ympasknenne 18.2). 3mecs m Hmixe MH moJaraeM G = 1 («reoMeTpmueckme eu-
HHILBI).

B. Iloxne Toueunoii maccn (ynpasknenme 7.3, B)
B ciydae CTaTHYECKOT0 MCTOYHHKA BOJHOBOE ypaBHeHHe (7) CBOJAMTCA K ypaBHEHHIO
Jlaniaca

V2hyy= —16aTy,.
Tenzop oHePrHM-MMOYJbCAa [JIA CTaTHUeCKoli TouedHoii Maccn [Bupakenme (7.10)]
ecTb T9° = M8% (z) m T** = (. IlonctaBiadaem ero B ypaBHeHMe Jlamjaca, pemas

KOTOpOe, HaxXoiuM h,y, a 3aTeM, MCHOJAB30BAB cooTHourenue (7.8B), moxydaeM h,y.
B pesyasTaTe mMeeM
ho=2M/r, hy=0, hy=2~8y (2MIr) (8)

[cm. ypaBuenme (18.15a)l.

I'. Hpeneccan neparesusn (ynpaxnemme 7.3, I')

HenocpencTeenHada IoACTaHOBKa moTeHuMada (8) B ypaBHeHus JABHKeHEsA (2)
YTOMMTEJNBHA U MaJo 9eMy MOj;<eT HayuuTb. BapHauMoHHHE ONpPUHUNOH HUMeHHO HOTO-
My B NpHMEHAIOTCA B MeXaHUKe, YTO OHA yOpomaT noJo0HuHe BHKJIaAKkA. Bo3aBpaTAM-
c¢A K OCHOBHOMY BapManmoHHOMY npuHUANY OJyqiz = 0 (1) m momcTaBUM B Hero
motenunat (8) ana Connna. Ilepeiinem k cepmueckum KOOD/IMHATAM, OPHEHTUPOBAN-
HbIM TakKMM o6pa3oM, 9To OpGHTa JERMT B JKBaTOpHalbHolt miaockoctE (0 = m/2):

Iq+na= S L dT’ (9)
L= tm {— (1 —2Mr Y it (1 4+ 2Mr%) G2 r2o). (10)

N3 oTcyTeTBUA ABHOI 3aBAECMMOCTH L 0T £, ¢ U T 3aKjI09aeM, YTO KONKHO CYMEeCTBOBATh
TpH HHTerpaJia ABMKEHAA: KAHOHHYECKHEe MMIYJILCH

D= —my = oL/ot
(aT0 ompepedenne y) m
Py = ma = 0L/3$
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(oTo ompeleneHne a) M TaMMJILTOHHMAH

H = a* (0L/ox*) — L,

KOTOPHH# MOKHO CHeJlaTh PaBHHM —m/2 ¢ IOMOIIBI0O COOTBCTCTBYIOINEH HOPMHMPOBKH
mapamMeTpa TPAaeKTOPME T. OTH TPM MHTerpaJia ABMKEHHS NO3BOJAKT HaliTH ypaBHeHHe

op6uthl. [Ins atoro 1) maxomum H = —m/2, BHpasieBHH# wepe3 r, r, ¢ u t; 2) ¢ no-

MOIIbI0 TMOCTOAHHHX O M 9 MCKJAOYaeM { U ¢; 3) Kak M B HBIOTOHOBCKHX 3aJlaiax Io
HaXOKAEHAK OpOMTH, BBOmUM U = M/r A numeM

St M H o

* ¢ r2¢ @

4) ¢ moMOINBI0 HANKCAHHOTO BHIpaMKeHMA HiA du/d¢ mckmouaeM r w3 H, ar Bhipamaem
depe3 u; 5) paspemaeM OTHOCHTeJbHO du/d$. B pesyabraTe mosyuaem

() oot 20 2 22 a

ITpeneGperas B 9TOM ypaBHEHHH TpeTheil M Gojiee BHICOKHMHE CTeneHAMEu U = GM/c’r ~
~ (1 — 9%, HaxomaM cmemenue nepureams. ([lompoGHoe omucamme 3TOro MeTosia
MO3KHO HaliTH B yEpa)keeHnn 40.4, B KOTOPOM y M ¢ JaHHOTO JONOJHEHHSA 0603HATCHE

yepe3 £ m L, a y n B crenyer moaoxuts pasesME 1 1 0.) B pesyartaTe nonysaeM, 9To
3a OJMH 06OpOT mepHTeAMii CMemaeTcd Ha

A¢ =8nM|/ro+ O (IM/re)?). (12)

Jdro smaveHwe B 4/, pasa npeBnmaeT 3HavueHHe, OmpeficKashBaeMoe ofmell TeopHeit
OTHOCHTEJILHOCTH, M DACXOMHTCA ¢ AAaHHHME HaGmionemmii Mepxypma (cMm. Homoa-
merue 40.3).

. Orrnonense ayua csera (ympaxmemme 7.3, II)

¥Yron oTKAOHeHHA Jyya cBeTa, mpoxonamero Mumo CosiBla, B3 coobpajieHMil pasmep-
HOCTH JioieH OuThL MaanM: A¢ ~ Me/Re ~ 107%; mosToMy MH ¢ caMoro Havaia
nesaeM npuOiM3keHuA, oCHoBallNhe Ha 3ToH MaJjocTH. Ha cxeMe TpaekTopmm ¢oToHa
B INIOCKOCTH I, Z BHJHO, 9TO OPHA Ha4aJIbHOM ABMKEHNHM, ODapajljleJIbHOM OCH 2, Yrod
OTKJIOHEHHsI MO;KeT GHITh BHpajkeH yepe3 KoHeuHHH mmnyiasc: A¢ = p,/p,. Haiinem
KOHeYHOe 3HadeHHe p, C MOMOIBI0 MHTErpajia no TPaeKTOpHH

+oco

Pe= S (dpa/dz) dz,
-0

canTas p, nocrosHERM. Jlna atoro TpeGyerca 06o6muMTh ypaBleHHe IBMKCHHMA (2)
Ha cayyall HyJeBoit Maccn mokos. Uto6H oCymecTBHTH npefebRBA mepexon m — 0,
BBe/leM HOBHI mapameTp A = t/m; Toraa p% = m (dz*/dt) = dz*/d\. Bpenem takme
Py = (Myv + hyv)p¥, HOCKONIBKY 3Ta BeJIMYAHA HPOCTHM 06pa3oM BXOAMT B ypaB-
HeHme (2) M CBONMTCA K p, B mpefieae r — oo, [Ae ¥ HYKHO ec onpefeauTsb. Torama
ypaBHeRHe (2) nusa n06oit MacCH m, BKIAKWYadg m — (, npuEUMaeT BHN

dP
d—;=%'haﬁ.upa pb.
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-

Pyayabumii

e oy i

M Pyoneunmnit

ITockonbKy hgp, Madabi, B OpaByl0 9acTh JOCTATOYHO MOACTaBMTb p* B rpybom mnpm-
Gamwenun: p'= p?=0, p®= p®=dz/d\ = o = const. Takum oGpa3om,

dP 1
d_A" =7 (Roo =+ 2hg3 + hg3) 4 @2

1 apP 1
—I;;d—z‘ =7(hoo+2hos + hag).1.

HAasa Coanna (8)
hoo=hy3=2M/r, a hy=0,

CJIel0BATENIBHO,
+o00
_ (P — (P _ 2Mldz  _ 2M S ag __4M
Ad = ( Ps )koneqnoe - ( P3 )none-moe_ S (12+422)%/2 -l 1452372 -l (13)

B cayuae myua, kacaomeroca kpas Comnua, ! = Rp; oTkyma A¢ = 4M/Ry pa-
aman = 17,75, 410 coBmajaeT ¢ mpeAcKasaunueMm oOGiieil TeopMH OTHOCHTEIBHOCTH
n corjacyerca ¢ HaGmopenuamn (cM. gomosnHenme 40.1).

E. T'paBatanmonnbie Boann (ynmpaskaenue 7.3, E)

Ypasuenus mons (4) u ycnoBua KanuGpoBKHU (D) JaHHON TeOpHH B MIOCKOM MPOCTpaH-
CTBe-BpeMEHH COBHAal0T C aHaJOTHYILIMH YpPaBHEHHAMH JIHHeapH30BaHHOM TeopHH»
Jitmmreiina. Takum o6pasom, 3mech NPUMEHHMO pacCMOTpPeHHe TPaBUTAIMOHRKIX
BOJIII, NpPOBefiellHOe B paMKaX JuHeapusoBauHoW Teopmu B § 18.2, 35.3 m 35.4.

K. Ionoxurenasnocts suepruu Boas (ynpaskuenme 7.3, 3K)

IIpoBojnTh BHEKJAJAKU C BhipaskeHneM aisa 4 obiero Buaa (7.17) H0BOJNBHO YTOMH-
TeJibllo, Ja U He ols3artenbio. Jloctarouno JAUIL pacCMOTPETh YaCTHBINA caydyall mjo-
cKoit Boann [Buipaskenue (7.13)] syim, uto emie mpoile, MIOCKOA BOJHK, Y KOTOpPOit
HMeeTcsl JUWb Ry == hy, = f (2 — 1). JI0Gy0 rpaBHTaIMONIIYI0 BOJIY MOKIQ MpeA-
CTaBUTH B BHJE CynepnosMi(MK TaKUX IIOCKUX BoaH. CHauajga naiifieM JarpaHsiuan
Jasa ovroro cayuvasi. Coriacuo Bripaskenuio (7.8), o pasen

&L= (32n) 7 {(hyz,0)* — (R42,3)].
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Bce comep:kanne dopmyan (7.17), caymameit onpefienenneM &, MoKHO JOBOJNBIO
‘TOYNO BEIPA3HTh CJeqylomuM obpa3oMm: GepeM JarpaHaiMaH; coXpaHAeM BCe YJiellbl,
KBaJipATHYHEIe OTHOCHTEJbHO NPOM3BOAHEIX IO BpeMeHH; ONyCKaeM BCe WIEHH, Jmilei-
IIHIe OTIIOCUTeAbHO IPOM3BOMHKIX [0 BpeMeHH; MeHsAeM 3HaK y BceX WIEHOB, Ite cofep-
JRaliMX ITPOM3BOAHBIX No BpeMeuu. B peayapraTe mosydaeM BHpa;KeHHe

= (32n)™ (12,002 + (B12.3)%), (14)

KOTOpO€ IIOJOAUTEJIbHO.

3. BuyTpennsas npotusopeunBocTh Teopmn (ynpaxaenue 7.3, 3)
N3 cootHomenus (7.10) Haxommm

dz¥* dz¥
“dr dv av

ny
™ o=m 64 [x —z (7)) dr.
@Dynknus 6 (X — z) 3aBUCUT TOJIBKO OT pa3HocTd z* — z¥; moaToMy mpHu AupdepeH-
nupoBaHuu O-pyHKnHH BMecTo 9/9x¥ MOMHO MOCTaBUTH — 8/dz¥. 3amedan, 4TO

& LS x—z @) =S x—z (D),

nepenucrsaeM TV, B Bupe

™, —m S 2* (d/dv) 8 [x — z (1)) dv = +mS 484 [x —z (v)] dr.
(Ilocnennee BbipaskeHHe HOJydeHO € HOMOHIbI0 MHTETPAPOBaHHA M0 dacTAM.) Takum
ofpasoMm, paBeHcTBo THY,, = () BHINOJHAETCA 6 MOM U MOALKEO 8 MOM CAyude, ecAl

= (. Ho ycnoBue z* = ( o3HagaeT, 9T0 rPAaBUTAIMOHHEE NOJA He BJIHAIOT [a JBM-
melne vactuipt. OOHAKO 9TO HIpPOTUBOPEYMT YypaBHeHHMI0 [BH;KeHHA (2), KoTopoe
BHITEKaeT M3 BapHAllMOHHOTO MPUHIHNA TeopuH. TakuM ofpa3oM, JaHHAfl TeH3OpHasd
TeopUsA TAFOTeHWS BHyTpeHHe mnportuBopeuuBa. (Ecam cdopMmyaupoBaTh KpaTkO,
To ypaBuenue (4) Tpebyer T , = 0, Torma xak ypaBHenue (2) 3Toro He JOmyckKaert.)

Tor daxr, uTo B HaHHON TeopHM rpaBHUTAUMA He NEHWCTBYeT HAa IpPaBUTIIPYIOIUE
‘TeJla, CMPaBeMJUB H JJIA TeJ C NPOU3BOJBLHHIM TEH30POM JHePTrHU-HMNYJibca (HampH-
Mep, pe3mHOBHIX MsaAuell uaum 3emiun). IloCKoJbKY BCe Tejla ABIAIOTCA HCTOYIMKOM
TATOTeNHMA, NOCKOJAbKY H3 ypaBHeHHH mojaA cienyer T" , = 0 u mockoJabKy M3 3TOro
«YpaRIIeHUA [OBMKGHUA [JIA OSIEPrAM-HUMIYJbCa» BHITEKAeT COXpalleHAe IOJHOTO

0 .
4-nmnyapca Teta PY= | T"° d%, nu onHO TesMo ne MoikeT YCKODPATHCA MoJ AeHCTBHeM

rpasutaiua. ConHile HEe MoslieT HPUTATHBATH 3eMII0, U OHa HOJIKHA YJNETeTh B Meili-
3BC3.HOoe HmpoCTpaHCTBO!

IMonkTKI H30aBHTH JAIIYI0 TEOPUID OT ITOro MpPOTHBOpEeUMA (es CymecTBCHNHLIX
yCJaO;KHeHHIT Iien30e;kHO HmpPHBOAAT K oOmeill TeopMH OTHOCHTEJLIIOCTH (CM. JOHOJ-
nente 17.2, n. 5). Ilpunas B KadecTBe MCTHHHOH TeOPHH TATOTeIMA o0NIyI0 TeopHIO
OTHOCHUTCIJIBIIOCTH, MO:{HO HMCHOJAh30BATL HAHIIYI0 TCODHIO KaK mpuOad;Kkenue K el
(«wiMHeapH30BaHIIAA 0OMIaA TeopUA OTHOCHMTEIBHOCTH», paccMaTpuBaeMas B ri. 18,
19 1n 35; B ocobeiitoctd cM. obcyrnenue B koHue § 18.3).
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§ 7.2. BBIBOJI T'PABHTAIIUOHHOI'0O KPACHOI'O
CMENIEHNA N3 3AKOHA COXPAHEHMA 3HEPTUU

JiiHmTe#iH YTBep:;KAAJ, 4TO HE CYMECTBYeT HHUKaKo# HAeallbHOR
UpAMOJIMHENHOH CHCTeMBl 0TcYeTa, MOROOHOM Toil, KOTopasA BBORUTCA
B HBIOTOHOBCKO# Teopmun. OH nof4epKHBaJ, YTO HH OAMH OGBEKT
B €CTeCTBeHHOM COCTOSHMM JBHKEHMA — JasKe (GOTOH — HHKOTRA He
MO3BOJIAT NOKA3aTh CYMECTBOBAaHMEe HJH ONpPEHEIHTh NOJOMKEHHE
TaKUX HAealbHHX OPAMHIX JEHAM.

Hexonn ¥3 3aKOHa COXpaHEHHA SHEPTHH, NpHMEHEeHHOI'0 B paMKax
HBIOTOHOBCKOHM TeopHH TAToTeHHs, JiiHmrTeiin {49] mokasau, uro rpa-
BATALUOHHOE IoJie AOJKHO OKa3HBaTh Bo3feiictBume Ha ¢oroH. ITycTh
YacTHAIla C MaccOd NOKOA m, B HAYAaJbHHA MOMEHT NOKOHBMAACH
B Tou