Ennnas Teopus noss, MpOCTPAaHCTBA U BPEMEHH

Bagum KOCBIEB

1. 3aMKHyTOE MPOCTPAHCTBO-BPEMS

1.1. 3aMKHyToe I'PaBUTANUOHHOC MPOCTPAHCTBO-BPEMS

Bcenennas BeuHa u OeCKOHEYHAa B MHOTOOOpPa3sWM TPOSIBICHUN COCTOSHUS
Matepun. OHAKO OHA HE SBIIETCS OJHOKJIETOYHBIM CyllecTBOM. Ee kxocmo-
JIOTUYECKHE W3MEHEHUs IMPOUCXOJAT B OECUMCIEHHOM MHOKECTBE OTPaHU-
YEeHHBIX 00J1acTell, B TeueHHe KOHEYHBIX MPOMEXYTKOB BpeMeHu. Bo Bceenen-
HOM CyIIEeCTBYEeT 3aKOH, OJHO3HAYHO OMNPEIENAIOMINUNA CBA3b BPEMEHHBIX U
IPOCTPAHCTBEHHBIX MAcCIITab0OB Yepe3 IJIOTHOCTh MaTtepuu. Ecian oTcyTeTBYyeT
MaTepus, TO U HET MPOCTPAHCTBA, HET BpeMeHU. [loaToMy moHsATHE aGCOMIOT-
HOT'O BaKyyMa, B CMBICJIE ITOJIHOI'O OTCYTCTBUSI MaT€pUM B IPOCTPAHCTBE, HE
uMmeeT cMbicna. M3meHenne maciirada mpocTpaHCTBEHHO-BPEMEHHOTO KOHTH-
HyyMa IIPOUCXOJUT B 3aBUCHMOCTH OT IUIOTHOCTU MAaTEPHUU B MPOCTPAHCTBE.
OpHako caMO TPOCTPAHCTBO M BPEMsI OKAa3bIBAaeT BIUSHUE Ha BEIIECTBO.
IIpocTpaHCTBO pacnpoCTpaHsIET CBOE BIMSHHUE Ha B3AUMHOE PACCTOSIHUE MEXK-
Jy TeJaMH, MOJIEKYJIaMU B >KMJIKOCTH WJIM rasze, MEXJy HOHaMH B TBEPAOM
TeJe, HAKOHEL, MEXy 2JEMEHTAPHBIMHM YacTHLAMM B Ka)J0M aTOME IIPOCT-
paHcTBa. DTOT (aKT MPUBOJUT K TOMY, YTO B MEHSIOIIEMCS MPOCTPAHCTBE —
BPEMEHHU CYIIECTBEHHBIM 00pa3oM H3MEHSIOTCS (PU3MUYECKHE U XMMUYECKHE
CBOMCTBA BEILECTBA.

Knaccuueckui Hoaxoa B (bI/I3I/IKe K IPpOCTPAHCTBY, BPECMCHU, I'PABUTAITUOHHO-
MY IOJIIO 3aK/II0YacTCs B TOM, YTO Ka)XI0M TOUKE OECKOHEUYHOro a0COIIOTHOTO
(GBKHI/I,Z[OBOFO) MMPOCTPAHCTBA COOTBCTCTBYCT OJIMHAKOBBI HEUM3MEHHBIM HH-
TEpBAJI BPEMCHH, HC3aBUCHUMO OT TOro, Kak pacCrnpeacICHbl I'paBUTAlMOHHO
3apAKCHHBIC TCJ1a pEBJ'IPI‘lHOﬁ IIJIOTHOCTH. FpaBI/ITaHI/IOHHOG II0JIC ABJIACTCA



cyOCTaHIMeH, TPOHHUKAIOIIEH MTHOBEHHO Yepe3 JIIoObIe Tperpaabl Ha OrpOM-
HBIE PACCTOSHHUS, ICHCTBYONIECH MEKIY TEJIaMH TOJIBKO CHIIOHN MPUTSHKEHHS.

PaccmoTpum HEKOTOpYIO 001acTh cheprueckoit Gopmbl aOCOFOTHOTO OECKO-
HEYHOT'O MPOCTPAHCTBA, PABHOMEPHO 3aMOJHEHHYIO AJIEKTPUYECKU HEUTpallb-
HBIMHU YaCTHUIIAMU BEIIECTBA, 00JIaJalOIIUMH TOJBKO TPABUTAIIMOHHBIM 3apsi-
noM. ['paButanuonHsle 3apsaasl GopmupyioT mone (G, BeTMYHHA KOTOPOTO
3aBHCHT OT CyMMapHOro 3apsga M. JIpyrux Ten 3a mnpejpenaMu o0JacTH HET,
MO3TOMY TPaBUTAIIMOHHOE TIOJIE OMPEIENeTCsS TOJBKO CYMMapHBIM 3apsioM
sTol oOmactu. Kakmas gacTuma B mojie Ipyrux 3apsioB MpruoOpeTaeT MOTeH-
[UANBHYIO SHEPTUI0 W, paBHYIO MPOU3BEICHUIO BETUYUHBI TPAaBUTAIHOHHOTO
3apsiaa m; Ha noteHuuan noiast Og B 1aHHOW TOuke. BHYTpEeHHIO MOTEHIH-
AJIbHYIO SHEPTUIO0 BCEH COBOKYITHOCTH 3aps0B MOXKHO ONPEAEITUTH CIEIyIO-
UM 00pazoMm:
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[ToTeHIan rpaBUTAIMOHHBIX 3apsIIOB, PABHOMEPHO PacIpeAeICHHBIX BHYTPH
o0vema panuyca R, Bemer cebs mo-pazHomy B oOmactax rU{0,R} wu
r[J{R, 00} . Takum 00pa3oM, BOKPYT' COBOKYITHOCTH 3aps/I0B MOKHO BBIZICITUTD
BHYTpPEHHEE M BHEIIHEE MPOCTPAHCTBO, OTIMYAIOIIEECS PACIPEICICHUEM T10-
TeHuuana. Buyrpu oobema:
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TAC Y — rpaBUTAallMOHHAA ITIOCTOSTHHAA.

IToTeHnMan BHYTPEHHETO MPOCTPAHCTBA 3aBUCUT OT KOOPJAWHATHI IO KBajpa-
TUYHOMY 3aKOHY, MOCTETEHHO YMEHBILIAsCh MO aOCOJIOTHOM BEJIWYMHE OT
neHTpa K nepudepun. B 00nacTé BHENIHErO MPOCTPAHCTBA IMOTEHIUAN HE
3aBHCHUT OT paanyca R U yMEHbIIAeTCsl B 3aBUCUMOCTH OT KOOPJAUHATHI BHEIII-
HET0 €BKJIMJ0BOTO MIPOCTPAHCTBA MO aOCOIIOTHON BEJIMYMHE:
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Knaccuueckoe mnpencraBieHne HW3MEHWIOCh C OTKPBITUEM CIEIUAIbHOW U
o0mieit Teopun oTHOCUTENHEHOCTH. CKOPOCTH CBETA ¢, PACTIPOCTPAHSIONIETOCS
B BaKyyMe, SIBIIICTCS BEJIMUYMHOM, C TOMOIIBI0 KOTOPOH MOXKHO YCTaHOBHTH

2



COOTHOIIIEHHE MAaCIITa0OB IMPOCTPAHCTBA W HWHTEpBaJia BpeMeHHU. Brepseie
IPOCTPAHCTBO U Bpems Obu10 00bennHeHo X. Jlopennem. IIpoctpancTBo HEo-
TAETUMO OT BPEMEHH H, HA000POT, TPEXMEPHBII MPOCTPAHCTBEHHBII MacIITad

dl = \/ dx’ +dy’ +dz’ u uHTepBa BpeMeHM df TECHO CBSI3aHbI MEXIy coOoii

yepe3 MOCTOSHHYI0 CKOpOCTh cBeTa ¢. OHM 00pa3yroT €IMHBIA MPOCTPAHCT-
BEHHO-BPEMEHHON KOHTHHYyM. Kakyio Obl BEeIMYMHY HE MpPUHUMAI IMPOCT-
paHCTBEHHBIN MaciiTad, BpeMEHHOW MHTEpBaJl MPUOOpETaeT Takoe 3HAYECHUE,
IIPY KOTOPOM CKOPOCTb CBETA COXPAHAETCS Ha MOCTOSIHHOM ypoBHeE. CoracHo
CHEHaIbHON T€OpUH OTHOCHUTENBHOCTH, IPOCTPAHCTBEHHO-BPEMEHHOU KOH-
TUHYYM UMEET BUJL:

ds’ = c* W’ —dl? 4)

Qusuyeckoe npoCmMpancmeo u dQup — 3mo JUlb pasiuiHble 8blparicenus Ol
OOHOIU U MOU JHce gewyu; o Cymb Pu3udecKue coOCmoanUs NPOCMPAaHCmeda.
IIpocmpancmeo-epems cywecmsyem He camo no cebe, HO MOAbKO KAK CMPY-
KmypHoe c8oticmao noJis, — nucan A. DuHmrTeiH [1].

C TOuYKM 3peHus ClienualbHON TEOPUU OTHOCUTEIIBHOCTH, BHYTPEHHIOIO dHEP-
TMI0 TPOCTPAHCTBEHHOI'O 00BEMA, COJEPIKAILEro COBOKYIIHOCTh I'paBHTalU-
OHHBIX 3apsA0B CYMMAapHOM MHEPTHOW Macco My ¥ I'paBUTALIMOHHBIM 3apsi-
JIoM M, MOKHO ONpPEACINTh U3 COOTHOIICHUS: W=Mo-c2. [Toncrasnss B (1)
BMECTO W BbIpakeHue JUlsi BHYTPEHHEN HSHEPruu W, yduThIBas, 4TO UHEPT-
Hasl Macca paBHa Macce rpaBUTAllMOHHOM, MOIYYUM:
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VYpaBHenue (5), OCHOBAaHHOE Ha COOTHOIIEHUU CHEIUATBLHON TE€OPUH OTHOCH-
TETLHOCTH MEXK]Iy MacCOW M DHEPruei, YCTaHABIMBAET CBSA3bh IPABUTAIMOHHO
3apsOUKEHHOM MaTepUu 4epe3 CKOPOCTh CBETA C MPOCTPAHCTBOM U BpeMeHeMl.
He3aBrucuMo oT KonmyecTBa BEIIECTBa, pajnyca 00JacTH MPOCTPAHCTBA, 3a-
KOHA pacrpeielieHus] TPAaBUTAIMOHHBIX 3apsIOB B €¢ 00beMe, PeallbHBIN IM0-
TeHall Og ocTaeTcs IMOCTOSIHHON BEITMUUHON B 00011 Touke. Clie1oBaTeiib-
HO, TIEPEMEHHBIMU CTAHOBSITCS JIPYrue (GU3NYECKUE BEIHMYUHBI. DTO yCIIOBUE

! Tanree npeneGpesxnmo maioe craraemoe C1/M, GyneM OmycKaTh.



MOYKET OBITh BBIIIOJIHEHO JIHIIL B Ol"paHI/ILIeHHOI\/JI oOJylacti — B 3aMKHYTOM
MPOCTPAHCTBE-BpEMEHH. YpaBHEHHE (2) MOXKHO TMEpEenucaTh CIEAYIOLUUM
obpazom:
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YuuteiBas paBeHCTBO (5), BUIHO, 4TO (6) peaCcTaBiIsieT coO00 COOTHOIIEHUE
mnst cepnl  [Bapummnbaa rpaBuTalMoHHOro paguyca R, =2y[M/ c’.

OTcroja MOXHO CJeNIaTh BBIBOJI, UTO B JIF00OM 005acTH, coaepxaiieid rpaBu-
TAlMOHHO 3apPsHKEHHOE BEIIECTBO, HE MOXKET OBITh OECKOHEYHOTO aOCOMIOTHO-
ro MPOCTpaHCTBAa. B OTCYTCTBMM BHEUIHETO T'PABUTAIIMOHHOTO MOTEHIIMAJIA,
BOprr J'IIO6OFO KOJIM4YECTBA FpaBI/ITaIII/IOHHI)IX 3ap$[z[013 HpOCTpaHCTBO 3aMBbI-
kaetcs. JIro0asi COBOKYITHOCTh TPaBUTAIMOHHBIX 3apsIOB OJHOTO 3HAKa B CBO-
0OHOM EBKIIMIOBOM MPOCTPAHCTBE 00Opa3yeT KOHEYHOE, 3aMKHYTOE BHYT-
pEeHHee MPOCTPAHCTBO, OTPAHMUYECHHOE Cepoil TPaBUTALIMOHHOTO paauyca R.
CB00OOHOE €BKIIUIOBO MPOCTPAHCTBO HE MOXKET CYIIECTBOBATh, TaK Kak B
OTCYTCTBUHM BHEIIHETO TOTEHIMAIa JH00¢ KOJIMYECTBO MaTepuu 0oOpasyer
YEPHYIO JbIPY, UMEIOLIY0 BO BHYTPEHHEM IIPOCTPAHCTBE KOHEYHBIM HEH3-
MEHHBII IPaBUTAIIMOHHBII MOTECHIUAI.

Ha rpanune o6bema paauyca Ry IPOMCXOIUT PE3KOE U3MEHEHHE TOTEeHIUANa,
OTIpEIeIAIONIee U30JIMPOBAHHOCTH 3TOT0 00BEMa OT BHEIIHETO MPOCTPAHCTBA.
CKOpOCTh CBETa, JKECTKO CBSI3aHHASI C TPABUTAIMOHHBIM MMOTEHIIMATIOM, CKay-
KOM H3MEHSIET CBOIO BEIMYMHY 10 Hyls. B cuctemMe orcuera BHYTPEHHETO
MPOCTPAHCTBA, BHEIIHUM IMOTEHIMAT SIBJISIETCA MOJIOKUTEIIBHOW BEJIMYUHOM,
MOATOMY TPOHUKHOBEHHWE MATEPUU W3 BHEIIHETO MPOCTPAHCTBA BO3MOKHO, a
MOTEHIMAIBHBIN Oaphep Ha TpaHuIle 00beMa CO CTOPOHBI BHYTPEHHETO MPOC-
TPaHCTBA HE MOTYT MPEOI0JIETh HU TeJla, HU U3Ty4YCHUE.

rpaBI/ITaIII/IOHHOG IIOJIC MOXKCET 6BITB YCIICIHO 3aMCHCHO MMOHATUCM IIPOCTpaH-
CTBCHHO-BPEMEHHOTO KOHTHHYyMa. ['paBHTAllMOHHBINA 3apsii MpPU STOM HE
o0pa3yeT BOKpYT ce0sl TUITOTETUYECKOW CyOCTaHIIMU: OJTHOMMEHHOTO TIOJIs, a
3aJjaeT KPUBU3HY NMPOCTPAHCTBEHHO-BPEMEHHOTO KOHTHHYyMa. B adupe BOk-
pyr Ka)KIIOfI N3 T'paBUTAOMOHHBIX MacCC O6p3.3y€TC$I IIOTCHIUAJIbHAA sMa, B
KOTOPYIO CKaTBIBAIOTCS JIPYTHE MacChl, IEMOHCTPUPYSI TEM CaMbIM MPHUTSKE-
HHUC. .Hy‘l CB€Ta, OTKIIOHAACH B6JII/13H 0O0JIBIINX T'paBUTAIMOHHBIX MAaCC B HaAIl-
paBiieHUH OOJIBIIIEH TUIOTHOCTH MaTePUH, PUCYET MPO(UIb MPOCTPAHCTBECHHO-
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ro macirada, a ero 4acTora mpuoOpeTaeT CABUT COTIACHO U3MCHEHHIO BpeE-
MEHHOH COCTaBJISIONICH YeTHIPEXMEPHOTO KOHTUHYYMa.

CornacHo cnenuaabHON TEOPUM OTHOCHTENBHOCTH, 3aKOH PACIPOCTPaHEHHUs
CBETa C MOCTOSIHHON CKOPOCTBIO ¢ UMEET BUJI:

A —dl’ =0. 7)

[ToncraBuB B (7) BMeCTO cz, corniacHo (5), 3Ha4eHHe TPaBUTAIMOHHOTO TOTe-
Hupana Og, noaydnm:

&, @ +dl* =0. (8)

B omnuume oT crenuanbHOM TEOPUM OTHOCHUTEIBHOCTH, COOTHOIIEHHE (8)
BKJIIOUaeT B ce0s rpaButaiuio. MHTEepBan BpeMeHu df U MacmTad TpexXMepHO-
rO MPOCTPAHCTBA dl CBA3aHBI MEXIy COOOH Yepe3 TpaBUTAIIMOHHBIN TTOTEHITU-
aJl, yepe3 KOJIMYECTBO IPABUTALMOHHO 3apsHXKEHHOTO BEIIECTBA B 3aMKHYTOM
o0beme. M3 puc. 1 BUAHO, 4TO IPU paBHOMEPHOM paclpOCTPaHEHHH BEIIECT-
Ba MacIITad KOHTHHYyMa HEMPEPhIBHO U3MEHsIETCS OT IIeHTpa K nepudepuu.
Bo BHyTpeHHEM 00BEMe BCeraa CyUIeCTBYET TpajMeHT BOJIb paauyca, ooyc-
JIOBJIMBAIOIIMH MOCTOSTHCTBO CKOPOCTHU CBETA M IPaBUTALIMOHHOTO IMOTEHITHANA
B 1100011 TOUKe IpocTpaHcTBa-BpeMeHHu. [Ipu nepepacnpeneneHnu IIoTHOCTH
3apsAJ0B B KaKOH-TM00 001aCTH BHYTPEHHETO 00beMa MEHbIIE Ry, U3MEHsAETCA
IIPOCTPAHCTBEHHBIN U BPEMEHHON UHTEPBAJIbI.
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Puc. 1. Pacnipenenenne mpoCcTpaHCTBEHHOTO MaciiTada U HHTEpBajia BPEMEHH B a0COTIOTHOM
CHUCTEME KOOPIMHAT

CyMMapHbIil TpaBUTALMOHHBIN 3apsii BEIIECTBA ONPEIEINIAET KPUBU3HY BCETO
3aMKHYTOIO NPOCTPAaHCTBA, a 3HAYWT, IPOTKEHHOCTh €ro BHYTPEHHETO
o0bema. V3MeHeHue TpaBUTALIMOHHOTO 3apsijia BO BCEM BHYTPEHHEM IPOCT-
paHCTBEe Ha BEJIMYMHY €IMHUYHOW MAacChl dm MPUBOAUT K U3MEHEHUIO TPEX-
MEpPHOTO TPOCTPAHCTBEHHOT'O MaciuTaba Ha BeMUUUHY d/, a cleoBaTeIbHoO, K
M3MEHEHHIO BCEX pa3MepoB U pajuyca camoro npoctpanctsa. 13 (5) cnenyer:

®,; -, =0, )

rne @, =2y /R, ®,=-2yLM +dm)/(R+dl) — ucxonHslii TpaBUTa-

I_[I/IOHHbe/'I MNoTCHUHUAI U MOTCHIUAI U3BMCHCHHOI'O 3aMKHYTOI'O IIPOCTPaHCTBA-
BPEMEHH COOTBETCTBEHHO; R, M — paauyc U Macca UCXOIHOIO MPOCTPAHCTBA.
Otkyna:

2yLldm -, dl =0. (10)
BpemenHoii uHTEpBas df €AUHOTO YETHIPEXMEPHOI'O0 KOHTHHYYMa TakKKe He

COXpAaHsICT CBOCH BEIIMYMHBI NMPU U3MEHECHUU 3apsna dm, TOITOMY C Y4ETOM
(7) MOXHO 3amucaTh:



2ym Ll +dl* =0. (11)

Cootnomenus (10) u (11) mpencraBistoT co60M MPOCTPAHCTBEHHO-BPEMEHHOM
KOHTHHYYM, BKJIIQUAIOIIHNIA B ceOs TpaBUTALIMOHHBIN 3apsid. 3aKOH, CBS3bIBAIO-
I BOEAMHO MPOCTPAHCTBO, BPEMsSI U BEIIECTBO, MO KOTOPOMY TPEXMEPHBIH
MIPOCTPAHCTBEHHBIA MaciiTad d/ M MHTEpBall BpeMEHU df U3MEHSIOTCS B 3aBU-
CUMOCTH OT TPAaBUTALIMOHHOW MAaCChI dm, OT KOJWYECTBA BEIECTBA BO BHYT-
peHHEM 00BeMe 3aMKHYTOr0 MpocTpaHcTBa. DU3HUecKue CBOWCTBA MPOCTPAHC-
TBa-BPEMEHH, €0 KPUBHU3HA 3aBUCAT OT CYMMBI BCEX Macc BO BCEM BHYTPEHHEM
ooweme. [Ipu yMeHbIIIEHUH TPAaBUTAIMOHHOTO 3apsia B 3aMKHYTOM MPOCTPaHC-
TBE YCTpEeMJISICTCS K HYJIO TMPOCTPAHCTBEHHBIH MacmTald, MCYe3aeT W CaMmo
npoctpadcTBo. Cle0BaTENbHO, B a0COTIOTHOM BaKyyMe MPU OTCYTCTBUM 3aps-
JIOB U TIOJIEW HE CYIIECTBYET MpOCTpaHCTBAa U BpeMmeHHu. [lonHoe oTcyTcTBHE
MaTepUH B MIPOCTPAHCTBE-BPEMEHU HEBO3MOKHO.

VYrpyruii NpoCTpaHCTBEHHO-BPEMEHHOW KOHTUHYYM YAECPKUBAECT MOJIEKYJIbI U
aTOMBI B TeJlaX HAa MEXaTOMHOM PAacCTOSIHUM, BCE Tejla B IPOCTPAHCTBE OTOJ-
BHUTraeT JIpyr OT Apyra. Bce mpOoCTpaHCTBEHHBIE XapaKTEPUCTUKH 3aBUCAT HE
TOJILKO OT pAacIpelesIeHUs] MacC B JaHHOM 00JacTu MpPOCTPAaHCTBA, HO U OT
KOJIMYECTBA T'PABUTALMOHHO 3apsKEHHOTO BEIECTBA BO BCEM 3aMKHYTOM
npocTpaHcTBe-BpeMeHu. Kpome Toro, ynpyrum 3¢upoM MOAJep:KUBaeTCs
BHEIIHsIs1 000JI0YKa, OTpaHNYMBAIONIAs 3aMKHY T 00beM BHYTPEHHETO IPOC-
TPaHCTBA-BPEMEHH, CTPEMSILASACS CKATHCS B TOUKY.

[Tpu npuOAMKEHNN K TPaHMIIE 3aMKHYTOTO IIPOCTPAHCTBA-BPEMEHH IIPOUCXO-
JTUT pe3Koe M3MEHEHHE YEThIPEXMEPHOT0 KOHTHHYyMa OTHOCHUTENBbHO 3(upa
BHYTPEHHETO MPOCTpaHCTBa. [IpocTpaHCTBO 3a MpenenaMu 3aMKHYTOU cdepsl
CYIIECTBYET TOJIBKO B TOM CIIy4ae, €CJIM OHO TAK¥KE ABIISIETCS 3aMKHYTHIM.

1.2. 3aMKHYyTO€ rPAaBUTALMOHHOE AHTHIIPOCTPAHCTBO-BPEMS

COBpeMCHHBIMI/I CpCI[CTBaMI/I H&6J’IIO}I€HI/I$[ 3a KOCMHUYCCKUM HpOCTpaHCTBOM
JI0 CHX TIOp HE yAaloch OOHAPYXUTh aHTUBEIIECTBAa B BUIUMOI BeenenHou —
Halel MeTarajlakTuke. DTOT (DAaKT A0 HACTOSIIETO BPEMEHHU OCTAETCs OJHOU
U3 OCHOBHBIX Mpo0OsieM acTpodu3uku — mpobiaemMoil GapuoOHHONW aCUMMETPHUH.
[IpencraBineHHast 37ech TEOPHUsS NaeT OJHO3HAYHBINA OTBET HA 3TOT BOIPOC:



HOILO6HI)IC AAHHBIC MMOJTYYHUTDb HEC yAaCTCA HUKOTAA, B BUAY OTCYTCTBUA CyIICC-
TBCHHOI'O KOJINMYCCTBA aHTUBCUICCTBA B HAILICM MI/Ipe

Kak cnenyer u3 npeaslayero paszaeia, rpaBUTallMOHHO 3apsKEHHOE BELIECT-
BO BCErJa CyIIECTBYET TOJIbKO B 3aMKHYTOM IPOCTPAHCTBE-BPEMEHU, IPUUEM,
KOHEYHBIH TOTEeHIHMAT (OPMHUPYETCS TPABHUTANMOHHBIMU 3apsaaMu OJHOTO
3HaKa. V3MeHeHne KOIMYecTBa BEUIECTBA WM AHTHBEIIECTBA B 3aMKHYTOM
00beMe MPUBOJIUT K COOTBETCTBYIOIIEMY H3MEHEHHUIO MaciiTaba KOHTUHYYMA.
AKKpenusl BeIIeCTBa B 3aMKHYTBI 00b€M yMEHbIIAET MIIOTHOCTh dHpa, pa-
CIIMPSAET NPOCTPAHCTBO. [IOTOK OTpUUATENBbHBIX I'PABUTALMOHHBIX MacC aH-
THBEILIECTBA Y€PE3 3AMKHYTYIO MOBEPXHOCTh MOJOKHUTEIBHOIO MPOCTPAHCTBA-
BPEMEHHU MPUBOINI OB K COKPAIICHUIO MacIITa0a YeTHIPEXMEPHOTO KOHTHUHY-
yMa U yBEJIMYEHUIO IJIOTHOCTHU HpOCTpaHCTBa—BpeMeHI/Iz. K cuacrtsio, Takas
CHUTYyallMsl HEBO3MOXHA. MexX1y rpaBUTAllMOHHBIMU 3apsilaMd Pa3HOro 3HAKa
CyIIECTBYET CHJIa OTTAJIKMBAaHUA IO 3aKOHYy BceMupHOro TtiaroreHus
U. HeroToHa. Bce yacTuipl aHTHBEIIECTBA, POAUBILHMECS B IPOCTPAHCTBE-
BPEMEHHU MPOTUBOIIOJIIOKHOTO 3HaKa, YCTPEMIISIIOTCA B CTOPOHY OT MECTa KOH-
LEHTPAIMU TOJIOKHUTEIBHBIX MAacC, CTapalOTCs MOKUHYTh 3aMKHYTHIA 00bEeM
MPOCTPAHCTBA-BPEMEHH, €CIIU UM YJACTCs M30eXKaTh peaKIMi aHHUTIISIH C
BEILIECTBOM .

CrpoeHune aHTHBEIECTBA XOPOIIO HaM M3BECTHO. OHO CIOXKEHO U3 aHTHYac-
THUI]: TIO3UTPOHOB € W aHTUIPOTOHOB p . Tak ke, KaKk M BEIIECTBO HAIIETO

IPOCTPaHCTBA-BPEMEHH, AaHTUBEILECTBO IEKTPUUECKU HEHTPaIbHO U 3apsiikKe-
HO OTPMILIATEIbHBIM IPABUTALMOHHBIM 3apsA oM. Macchl aHTUBELIECTBA, MPU-
TATUBAACH JAPYr K Jpyry 3a IpefesaMH IOJIOKUTEIBbHOIO MPOCTPAHCTBA-
BpeMeHH, (OPMHUPYIOT CBOE COOCTBEHHOE 3aMKHYTOE AaHTHUIIPOCTPAHCTBO-
BpeMsl OTPULIATEILHOIO I'PAaBUTALIMOHHOTO 3apsa. B ero BHyTpeHHeM o0beMe

? AHTHBEILIECTBO, KOTOPOE 0OPA3yeTcs BHYTPH 3aMKHYTOrO MPOCTPAHCTBA-BPEMEHH B BHJIE
nap 4acTHI-aHTUYaCTHUIl He U3MEHSET IUIOTHOCTH 3(Hpa, TaK KaKk CyMMapHBIN 3apsill poxJa-
IOIIeics napbl paBeH HYIIIO.

3 Tak kak peaJibHbIC YaCTULIbI, KPOME€ TI'PAaBUTAlMOHHOTO, 06naaa}0T ClIC 1 JJICKTPUYCCKUM
3apAaa0M, a4 PAa3HOUMCHHBIC JJICKTPUYCCKUC 3apsA/ibl IPUTATHUBAIOTCA, U UHTCHCUBHOCTD 3JICKT-
POCTATUIECKOTO BSaHMO,HCﬁCTBHH 60JH>H.I€, YEM T'pPaBUTAUOHHOTO, TO B HTOIC YaCTHUIbI W
AHTUYIACTHULBI IIPUTATUBACTCA. OZ[HEIKO 30€Ch p€Yb HE UACT 00 SJIEKTPUIECKOM B3aMMOIEHCT-
BUMH.



YCTaHABIIMBAETCSI IIPOCTPAHCTBEHHO-BPEMEHHOM KOHTHHYYM, IIOTHOCTH KO-
TOPOr0 OIPEAEIIACTCS CYMMAapHON BEIMYMHONW OTPULIATEIIBHBIX I'PaBUTALMOH-
HBIX Macc. Bce paccyxneHus, IpUBEICHHBIE B IPEABIAYILIEM pa3/iesie OTHOCH-
TEIBHO 3aMKHYTOI'O IIOJIOXKUTEJIIBHOIO TPAaBUTALIMOHHOIO IPOCTPAHCTBA-
BPEMEHH MOXKHO B TOM K€ MEpE OTHECTH U K AHTHUIIPOCTPAHCTBY-BPEMEHH,
M3MCHUB Ha IIPOTUBOIIOJIOKHBIN 3HAK TPABUTALIMOHHOIO 3apsa U MOJIA.

YuauteiBas TOT (akT, 9TO YACTHUIBI U AHTHYACTHIIBI BCETJIAa POKIAIOTCS Tapa-
mMu: (e—¢) u (p—p), MOXKHO ClIeJaTh BBIBOJI, YTO KOJUYECTBO AHTUBEIIIECT-

Ba BO BcenleHHOM B TOUHOCTH paBHO KOJIMYECTBY BEIIECTBA. 3AMKHYTOE aHTH-
IIPOCTPAHCTBO-BPEMS, CIIO)KEHHOE aHTUIIPOTOHHO-IIO3UTPOHHBIMU I1apaMy,
UMeeT TaKOW e MaciiTad YeThIPEXMEPHOIO0 KOHTHHYYMa, TaKylo K€ IJIOT-
HOCTb IPOCTPAHCTBA-BPEMEHH, TAKyIO K€ BEIMYMHY CKOPOCTU CBETA U TPaBU-
TalMOHHOrO noreHnuana. OHO aOCONIOTHO MJIEHTHYHO HPOCTPAHCTBY-
BPEMEHM IOJIOKUTEIBHBIX I'PABUTALMOHHBIX MaccC, KaKk OTpaKEHHUE B 3€pKalle,
Kak JiBa Opara Oim3Hena, My)KuYnHa 1 )KCHIIIMHA.

B a0bcomoTHBIX KOOpAMHATAX MPOCTPAHCTBEHHO-BPEMEHHONW KOHTHHYYM aH-
TUTIPOCTPAHCTBA-BPEMEHH MMEET TaKOe )K€ paclpe/esICHHue, YTO U POJICTBEH-
HBIA eMy ToTeHIHan (6), ¢ pa3HUICH JHUIIL B 3HAKe KOOPAWHATHL. B ruOkomM
yapyrom 3¢upe MOTSHINAN COXPAHICTCS HEU3MECHHBIM, a PacIpeIeIICHHE 110
KOOpJAMHATE MPHUOOpETaeT MaclTad MPOCTPaHCTBEHHO-BPEMEHHOTO KOHTHHY-
yMma (cM. puc. 1). I[IpocTpaHCTBEHHO-BPEMEHHON KOHTHUHYYM OTPUIIATEIbHBIX
Macc BelecTBa uMeeT Bu aHamoruaubii (10) u (11).

['paBuTanInOHHOE B3aMMOACWCTBHE B (UpEe W BHE HETO MMEET pPa3IUYHBINA
xapakTep. Eciiu BHyTpH 3aMKHYTOro o0beMa OJJHOMMEHHbIE IT'PaBUTALMOHHBIE
3apsAbl IPUTATUBAIOTCS, a4 PA3HOMMEHHBIE OTTAJIKHUBAIOTCA, TO 3a €0 Ipeje-
JIaMH TIPUTATUBAIOTCS PA3HOMMEHHBIE 3apsi/ibl, BEIb BCE 3aMKHYTOE ITPOCTPAH-
CTBO-BpPEMSI MOJKHO IPEJCTaBUTh B KA4ECTBE 3apsjla CyMMapHOW maccoul M,
oOnajaromiero BHEIIHUM mosieM. OJHOMMEHHBbIE NMPOCTPAHCTBA WIIM AHTHII-
POCTPaHCTBA-BPEMEHHM, CBOMMHU BHEIIHMMH IOJIIMU CO3JAIOT U PACIIHUPSIOT
KOHTHHYYM MeX]ly COOOM, pa3/iBUrasi, OTTaJKUBas Jpyr Apyra. Mexay 3aMk-
HYTBIMH aHTHIIPOCTPAaHCTBAMU-BPEMEHHU BHE KaKOT0-1H00 3(upa OTTaIKUBa-
HUE CMEHSETCS NPUTsLKeHHEM. OHM HE MOTYT Pa30WMTUCH BO BHEIIHEM «IIPOC-
TpaHCTBe». KommneHcupys BHEIIHMM TI'DABUTALMOHHBIA ITOTEHIUMA]I CBOUMH
HOJSIMM Pa3HOrO 3HAaKa, OHM YHMYTOXAIOT MPOCTPAHCTBO MEXAy co0oil u
COMMXKAIOTCS 1O COMPUKOCHOBEHMS, HO IIPH 3TOM He mnepecekatorcs. Ilpu ma-
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JICHIIIEM B3aMMHOM IMPOHUKHOBCHUN PA3HOMMCHHBLIX I'PaBUTAIMOHHLBIX 3aps-
J0B B 3aMKHYTBIC 00BEMBI APYr Apyra BO3HUKACT CUJIa OTTAJIKHUBAHUA, IIPC-
MMATCTBYIOIIAA HaﬂbHeﬁmeMy MNEPECCUCHUIO aHTUIIPOCTPAHCTB — BPCMCHHU.

B s¢dupe 3aMKHYTOro mpocTpaHCTBa-BpEMEHU MOTEHLMAI, OKPY>KaIOLINH Ka-
JKABIA 3aps] TOW K€ MPUPOABl ONPENENSIETCS HE TOJNbKO BEJIMYMHOW 3TOTO
3apszia, a MOTEHIMAIOM BCEro 3aMKHYTOTro oObema. PacrosioskeHHble psiioM
pa3HOMMEHHBIE 3apsAbl (AHTHYACTHUI[bI) HE COJNMXKAIOTCS APYT C JAPYroM J0
COINPUKOCHOBEHUS, KaK 3TO MPOUCXOIUT BHE MPOCTPAHCTBAa-BpeMeHHU. YeThl-
pEXMEpHBI KOHTUHYYM MEXAY HUMHU COXpaHSETCs] HE3aBUCHMO OT XapakTepa
B3auMoieiicTBusa. OO1iee pacuipeHre KOHTUHyyMa YBEIMYUBaeT CBOOOIHOE
IIPOCTPAHCTBO MEXKIY aHTHYACTUI[AMH, YMEHbIIAsi BEPOSATHOCTh UX B3aUMHOMN
AHHUT WIS LM,

DNeKTpUYecKHe 3apsapl UMEIOT OJIMHAKOBBIM, MPUBBIUHBIN ISl HAC XapaKTep
B3aUMOJCHCTBUSA KaK B IPABUTALMOHHBIX IIPOCTPAHCTBE U aHTUIIPOCTPAHCTBE-
BPEMEHH, TaK M 3a NpeJelaMU KaKoro-lImOo IMpPOCTPAHCTBA: Pa3HOMMEHHBIE
3apsAbl IPUTATUBAKOTCS, & OTHOUMEHHBIE OTTAJIKUBAIOTCA.

1.3. 3aMKHYyTOe€ 3JIeKTPHUYeCKOe NPOCTPAHCTBO U AHTHIIPOCT-
PAHCTBO-BpeMs

Nrak, rpaBUTAallMOHHBIE MACChl TMOJIOKHUTEIHHOTO M OTPHUIATEIHPHOTO 3HAKa
(bOpMHUPYIOT, COOTBETCTBEHHO, TPABUTAIIMOHHBIE 3aMKHYTBIE TIPOCTPAHCTBO H
aHTUTIPOCTpaHCTBO-BpeMsi. CocTosiHE (upa ITUX MPOCTPAHCTB OMPEAEIIACT-
Csl BEILIECTBOM, CJIOKE€HHBIM M3 T'PAaBUTAILIMOHHO 3aPSKEHHBIX MOJIEKYJI U aTo-
MOB, KOTOpPBI€, B CBOIO OU€pEb, COCTOSAT M3 DJIEMEHTApHBIX yacTull. Kaxmas
YacTHUIa BEIIECTBA HECET HE TOJbKO I'PABUTALIMOHHBIN, HO U 3JEKTPUUYECKUM
3apsl, OJJHAKO, CYMMAapHBIN 3JIEKTPUICCKUNA TTOTSHIIMA 3aMKHYTOTO TpaBUTa-
LMOHHOTO IIPOCTPAHCTBA U AHTUIIPOCTPAHCTBA-BPEMEHH PABEH HYJIO. DJIEKT-
pUYECKOE T0JIE MOXKET 3apsKaTh JIMIIb T€ WIA WHBIC YYACTKH 3aMKHYTOTO
0o0beMa, UCKPUBIISISL UCXOAHBIA KOHTUHYYM. Eciiu uMeeTcs cBsI3b dNEKTpUyec-
KOT0 TIOJIsI ¢ MacmTaboM IPOCTPaHCTBEHHO-BPEMEHHOTO KOHTHHYYMa, TO MO-
JKET CYIIECTBOBATh BO3MOXKHOCTh 00pa30BaHUsI COOCTBEHHOTO 3JIEKTPUYECKO-
r'o MPOCTPAHCTBA-BPEMEHHU.
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Bomnpoc mocTpoeHHsi 3aMKHYTOrO MPOCTPAaHCTBA-BPEMEHU 3JIEKTPUUECKOMN
IPUPOBI SABIsIETCS 00Jiee CIIOKHBIM ISl BOCIIPUATHUS ¢ TOYKU 3peHHs HaOIIto-
JlaTelis TpaBUTAllMIOHHOTO KOHTHHYyMa. Jleso B TOM, YTO OpraHu3anus 3JIeKT-
PHUECKH 3apsHKEHHOTO BEIeCTBa (3aKOHOMEPHOCTH B3aUMOJICHCTBUS 3aps10B
TOM WJIM MHON MPHUPOJIbI) B JIEKTPUUECKOM MPOCTPAHCTBE-BPEMEHHU CYIIECT-
BEHHO OTJIMYAeTCs OT TOM, KOTOpasi MPUBBIYHA JJIS1 HALLIETO MIPOCTPAHCTBA.

BemiecTBo rpaBUTalMOHHOTO MPOCTPAHCTBA-BpeMEHH (hopMupyeTcs o0beau-
HEHHMEM JIBYX YaCTHUIL: 3JIEKTPOH (€) U MPOTOH (p), UMEIOLINX Pa3HOMMEHHBIE
AIIEKTPUYECKUE U OJIHOMMEHHbIE I'PaBUTALMOHHbBIE 3apsibl. | paBUTAlIlMOHHOE
aHTUIIPOCTPAHCTBO-BpeMsi 00pa3yeTrcsi 00beIMHEHUEM MO3UTPOHOB (€) U aH-

TUIIPOTOHOB (). Bce 3HaKM 3apsioB y aHTHYACTHII U3MEHSIOTCS Ha MPOTH-

BOMNOJOXKHBIH. OTCYTCTBHE AJIEKTPUUECKOTO TMOJS B 3TUX MPOCTPAHCTBAX 00Y-
CJIOBJICHO PaBEHCTBOM Y 3(DHPOOOpa3yIoMUX Map YaCTHIl dJICKTPHUSCKUX 3a-
PSIOB MOJOXKUTEIBHOTO U OTPULIATENBHOTO 3HaKa. JTOT (aKT SBISIETCS CBOM-
CTBOM YacTHI[, CBOUM TM0JeM (OPMUPYIOIMIUX 3aMKHYTOE IPOCTPAHCTBO-
BpEeMsl TPABUTAIIMOHHOTO TMOTEHIIMANA, U CBSA3aH C a0CONIOTHOW BEITUYMHOU
norennuana Og wim O &

Kpome mepedncieHHBIX BBIIIE, MOKHO MPEICTABUTh U MHBIE COYCTAHHS Yac-
THUI] U QaHTUYACTHUI] 0€3 OMACHOCTH PeaKIUi aHHUTWISLIUN MEXIY HUMU. DTH
YaCTHUIBI CO3MIAIOT €UHBIN MOTEHITHAI YJICKTPUIECKOTO TOJIS, & B COOTBETCT-
BUU C HUM — DJIEKTPUYECKOE MPOCTPAHCTBO MJIM AHTUIPOCTPAHCTBO-BPEMS.
3aMKHYTBIE TIPOCTPAHCTBA IIEKTPUIECKON MPUPOIBI MOTYT OBITE c(hOpMUPO-
BaHbI 110 AHAJIOTUU C TPABUTALMOHHBIMU 3aMKHYTBHIMH IPOCTPAHCTBOM U aH-
TUIPOCTPAHCTBOM-BPEMEHHU ITyTeM OOBEIMHEHHS YaCTHI] MapaMu: TTO3UTPOH
(¢) — mporoH (p) u >nexTpoH (e) —anTUnpoToH (p). IlepBas mapa wacTui
00pazyeT MOJIOKHUTEIBHOE 3JIEKTPUIECKOe MPOCTPAHCTBO-BPEMS ITOTEHIIHAIA
®p, a BTOpasg — 3JEKTPOOTPULIATETILHOE aHTUIIPOCTPAHCTBO-BPEMSI ITOTEHIIMA-
na @

st Toro 4T06BI IO/TIOOHBIE NEKTPUYECKUE MMPOCTPAHCTBO U AHTUIIPOCTPAHC-
TBO-BpPEMsI CTalId PEATLHOCTHIO, HEOOXOIMMO CYIIECTBOBAHNE HOBOTO BEILEC-
TBa, COCTOSIIIETO W3 IPaBUTALMOHHO-HEHTPATbHBIX, FIEKTPUUECKU 3apsHKEH-
HBIX aTOMOB U MOJICKYJIL. Bce »to cranoBuTCS BO3MOXHBIM, €CJIM BBIITIOJIHACTCA
pAIl yCIOBUM:
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1. Bce 3apsiapl B mpOCTPAHCTBE-BPEMEHU AJIEKTPUUECKON TPUPOIBI JOJIKHBI
M3MEHUTH XapaKTep B3aMMOJCHCTBHUS MO OTHOIIEHUIO K MPOCTPAaHCTBY-Bpe-
MEHHU TPaBUTAIMOHHOMY

a) rpaBUTAIUOHHBIC PA3HOMMCHHBIC 3apsAbl JOJIZKHBI IIPUTATUBATHCA, a OAHO-
HMCHHBIC 3aps/bl — OTTAJIKUBATbCA,

b) snexkTpuyecKH 3apsHDKEHHBIM aTOM MPUTATHBAJICS K JPYroOMy aToMy OIHOU-
MEHHOT'O JJIEKTPUYECKOrO 3apsiia, 4TO C IO3ULUHM HALIEro IMPOCTPAaHCTBA-
BPEMEHU Ka)KETCSI HEBO3MOKHBIM.

2. Benmu4uHBI 37EKTPUIECKOTO 3apsiia y map Jactui (¢ — p) u (e — p) MOTyT
OBbITh Pa3JINYHBI, HO JOJKHBI UMETh OJIUH 3HAK.

3. IlonoxuTenbHble U OTpULIATENbHBIE IPABUTALIMOHHbBIE 3aps/Ibl YACTHULI, Cla-
FaloLMX JIEKTPUIECKOE MPOCTPAHCTBO U aHTUIIPOCTPAHCTBO-BPEMSI, JOKHBI
OBITh B TOYHOCTH PAaBHBI 110 a0COJIIOTHOM BEITMUMHE.

4. DAeKTpUYECKU 3apsHKEHHBIE MAcChl BEIIECTBA JOJDKHBI 00IaaTh WHEPIIH-
ell, mpuyeM BeTWYNHA MHEPTHOM MacCChl JII0OOTO Tena, HE3aBUCUMO OT XHUMHU-
YEeCKOT0 COCTaBa U MIIOTHOCTH, AOJKHA ObITh B TOYHOCTH PaBHA €T0 AJIEKTPH-
YECKOMY 3apsify.

PaccMoTpuM IpHHLIMINNANBHYIO BO3MOXHOCTH CJEJIAHHBIX BBIIIE MPEATIOINO-
skeHuil. JlonmycTum, 4YTO BHE MPOCTPAHCTBA-BPEMEHH, 1€ (POHOBBIN MOTEHIIN-
aJl ¥ TOrO, ¥ IPYroro IOJIsl paBEH HYJI0, B PaBHOM KOJIMYECTBE MMEIOTCS 3a-
PSIBI pa3IMYHOM IIPUPOJBI U 3HAKa. BpeMs B TakOM cpeie OTCYTCTBYET U pac-
IPOCTPaHEHUE CBETa HEBO3MOXKHO, XOTs MPOTSKEHHOCTBIO Takas cpejia obia-
naet. Kak oTMedanoch B IPEIbIAYINEM pPa3eie, €CIU PSAAOM PACIIONIOKEHBI
JIBa aHTHIPOCTPAHCTBA-BPEMEHH, 00JIa/1at0IMe BHEITHUMHU TOJISIMU TIPOTHUBO-
IIOJIOXKHOTO 3HAKa, TO 3TH IOJII U COOTBETCTBYIOIIUN MM IPOCTPAHCTBEHHO-
BPEMEHHON KOHTHHYYM B3aMMHO KOMIIEHCUPYIOTCA. OHM IUIOTHO IpHKHUMa-
I0TCS PYT K APYTYy — NPUTAruBaroTcs. Ecim e psiioM pacioyiokeHbl 3aMKHY-
ThbI€ IPOCTPAHCTBA-BPEMEHHU OJHOTO 3HAKa U OAHOM IIPHUPOJBI, TO UX BHEIIHUE
NOJISL CKJIAABIBAIOTCS, MEXAY HUMHU oOpa3yercs CBOOOJHOE IMPOCTPaHCTBO-
BpEMS, OHHU PacXOAATCA — OTTaJIKUBAIOTCA. M 3TO HE 3aBUCUT OT MPHUPOIBI
noJIs. DNEeKTPUYECKOEe OHO WM IPaBUTAIIMOHHOE, B JIIOOOM CIydae, B OTCYTCT-
BHUH BHEUIHETO MOTEHIMAJIa PAa3HOMMEHHBIE 3apsi/ibl IPUTATUBAOTCS, a OQHO-
MMEHHBIE OTTAJIKUBAIOTCS.
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Tak KaKk pealbHbIC YaCTHIIBI CO3AAIOT TOJS KaK TOH, TaK W APYTOW TPUPOJIEI,
TO 3a MpeJesIaMy 3aMKHYTOTO IIPOCTPAaHCTBA-BPEMEHH B3aMMO/ICHCTBUE TIPHO-
OpeTaeT pa3NTUYHYI0 WHTEHCHUBHOCTh. AHTHYACTHIBI BHE (OHOBOTO 3dupa
UCTIBITHIBAIOT JIBOMHOE TMPHUTSHKEHHE, CO CTOPOHBI OAHOTO M JPYrOro MOJIS;
OJIMHAKOBBIE YACTHUIIBI — yJIBOCHHOE OTTAJIKHBaHUE. [lapbl: MPOTOH-IIIEKTPOH,
AHTUIPOTOH-TIO3UTPOH, MPOTOH-TIO3UTPOH, AHTHIIPOTOH-JIEKTPOH BHE 3aMK-
HYTOTO TPOCTPAHCTBA-BPEMEHNU NPAKTUYECKH HE B3aWMOJICHCTBYIOT, XOTS
MMEHHO THM YacTHIAaM TPEICTOUT (POPMUPOBATH 3aMKHYTHIE IIPOCTPAHCTBA-
BpeMeHu. OObEIMHEHNE STUX YaCTHUIl HA HAYAJILHOM JTalle MPOUCXOANT CITy-
qaitHBIM 0Gpasom’.

B deTpipexMepHOM TPaBUTALIMOHHOM MPOCTPAHCTBE-BpEMEHH, Tae dGup op-
MHUPYETCSI TOJBKO TPaBUTALMOHHBIMH 3apsaMu, a AJIEKTPUUYECKOE MOJe OT-
CYTCTBYET, JUISl SJIEKTPUUYECKUX 3apsJI0OB MOJOOHBIM XapaKTep B3aWMOJEUCT-
BUsI coxpaHsieTcsa. [ HUX TIpaBUTAIMOHHBIA MPOCTPAHCTBEHHO-BPEMEHHOU
KOHTHHYYM IIPOJIOJIKAE€T OCTaBAThCS EKTPUYECKUM BakyymoMm. Ho B oTim-
qHe OT ClIydas HyJIeBOTO MOTEHIIMaa BHE 2(upa, BCE TPAaBUTAIMOHHBIE MacChl
BHYTPEHHEro o0beMa 3aMKHYTOI'O IMPOCTPAHCTBA-BPEMEHH CBOMMH IOJSIMU
co37ar0T CBOOOJHOE MPOCTPAHCTBO. B rpaBuTaliiOHHOM 3(Upe paccTOSHUSL
MEXIY NIEKTPUYECKUMU 3apsaMu Pa3HOIO 3HAaKa COXPAHSAIOTCSA NaXKe MpH
B3aMMHOM KOMIIEHCUPOBAHUH 3JIEKTPUUECKOTO TOJISI MEKTy HUMHU.

OxkasbIBaeTcsl, MPUBBIUHBIN JJI1 HAC XapaKTep I'PaBUTALMOHHOIO B3auMOIEHC-
TBHs B HAIllEM IPOCTPAHCTBE-BPEMEHM SIBIISIETCA HCKIIOUEHUEM U3 YHHUBED-
CaJIbHOTO IPaBUJIa B3aUMOJEHCTBHS 3apA0B. [Io cpaBHEHUIO C BHENPOCTpaH-
CTBEHHBIM 3aKOHOM B3aUMOJICHCTBUS, B OTHOMMEHHOM KOHTUHYYME €r0 Xapa-
KTEp U3MEHAETCS Ha IPOTUBOIMOIOXKHBIA. 3aKOH BCEMUPHOTO TSAroTeHust Huto-
TOHA CIPaBEAJIUB TOJIBKO JUIS 3aps0B, (POPMUPYIOIIMX CBOUM I10JIEM MPOCT-
PAHCTBEHHO-BPEMEHHON KOHTHHYYM OJHOMMEHHOM Npupoabl. HezaBucumo ot
npupozs! dgupa, 3akoH Kysnona, onuceiBaromuili B3auMoJIeliCTBUE 3apsiioB B
s¢upe MPOTHUBOIOIOKHONW TPHUPOJBI, SBIAETCS 00Jee YHUBEPCAIBHBIM IO
CPaBHEHHIO C 3aKOHOM BceMHUpHOro TsroreHus HptotoHa. B aupe snekrpu-
YECKOI'o MOTEHIHMANIa 3aKOH HbIOTOHA ONMCHIBaeT B3aMMOJEHCTBHUE DIIEKTPH-

4 BzaumoneiicTBre gacTuil BHE TIPOCTPAHCTBA-BPEMEHU ABIIACTCS MPEATIOIOKEHNUEM, TTOACHS-
IOIM XapakTep B3amMoAeHCcTBUA. PeanbHO CymI€CTBOBAHUE YACTUIl B IPUBBIYHOM [UISI HAC
IIOHUMAaHUM 3a IpeaciIaMu KaKoro-auoo 3aMKHYTOI'O 00beMa HEBO3MOIKHO.
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YCCKHUX 3apsaa0B, B COOTBCTCTBUU C KOTOPHBIM OAHOHMMCHHBIC 3JICKTPHUYCCKUC
3apAAbl IPUTATHUBAIOTCA, 4 Pa3HOUMCHHBIC OTTAJIKUBAKOTCH.

Ntak, 00beAMHUBIINCEH CITyYalHBIM 00pa30oM B OOIIMI KOHTUHYYM, Mapbl Yac-
THUI] OJIHOMMEHHBIX JIEKTPHUUECKUX 3apsiyioB (¢ —p) u (e—p) HopMUpPYIOT

IpaBUTALlMOHHO-HEUTpaANbHOE BELIECTBO. BO BHyTpeHHEM 00bEME CryCTKH
ANEKTPUYECKUX MACC MPUTATHBAIOTCS JIPYT K JIPYTy MO 3aKOHY BCEMHPHOTO
TATOTCHUA. AHTI/ILIaCTI/IIII)I MMPOTHUBOIIOJIOKHOIO JJICKTPUYCCKOI'0 3HAKa OTTaJI-
KHMBAIOTCSI BCEM BEIIECTBOM 3aMKHYTOT'O MPOCTPAHCTBA-BPEMEHHU U «IIOKHJIa-
I0T)» €ro BHYTPEHHUN 00BEM.

PaBeHCTBO MPOTHBOMOJIOXKHBIX 10 3HAKY TPABHTAIMOHHBIX 3apSIOB B JJICKT-
PHUYECKUX TPOCTPAHCTBAX M aHTHIIPOCTPAHCTBAX-BPEMEHH, COOCTBEHHO KaK M
AJIEKTPUUYECKUX — B TPABUTAIMOHHOM, OIPEIEIISICTCS BEITUYMHON TOTEHIIMAIA
3¢hupoodpa3yroero moyixsi B MOMEHT WX oOpaszoBaHus. Jlns paccMoTpeHus
ATOTO BOIPOCa MOTPeOyeTCs: OTACIbHBIC ITyOTHKAIHH.

BelInonHeHne nociIeTHEro yCiaoBUsl BBITEKACT U3 NMpeAplaylux. Bo-nepBbix,
YaCTHUIIbl BEIIECTBA, (POPMHUPYIONIUE 3aMKHYTOE€ MPOCTPAHCTBO-BpEMs, IpyI-
MAPYIOTCS 10 3HAKY OJJHOMMEHHOTO IOJIs, B JAHHOM CJIy4ae 3JIEKTPUYECKOrO.
DJEKTPUUYECKOE aHTUBELIECTBO TaM OTCYTCTBYyeT. BO-BTOpBIX, rpaBUTAaLlOH-
HBIE 3apsA]ibl Mapbl YaCTHI], 00pa3yIOIUX 3JIEKTPUUECKUNA KOHTUHYYM, B TOY-
HOCTHU paBHBL. ['paBUTallMOHHBIE 3apsA/bl JHOO0OT0 Tejla MOTHOCTbIO CKOMIICH-
CHUPOBaHBI, I0ATOMY MHEPTHAsI Macca B TOYHOCTH COBIAAAET C DJIEKTPUUECKUM
3apsAI0M.

YpaBHEHHUE CIIEIUATLHON TEOPUH OTHOCUTEILHOCTH, YCTaHABIMBAIOIICE CBS3h
UHEPTHOW MacChl U SHEPTHH, JUIS JIEKTPUIECKOro upa MEepenuieTcs clie-
JYFOIIIUM 00pa3oMm:

Wy =0, &, (12)

rne Wg — BHYTpeHHss sHeprusi, Jy — HUHEpTHAasi Macca 3JEKTPUYECKOT0 CrycCT-
Ka BEIIeCTBa (CymMMa JIEKTPUUYECKUX MHEPTHBIX Macc HEKoToporo oobvema). C
JPYTOil CTOPOHBI, BHYTPEHHSISI SHEPTHs JIEKTPUUECKH 3apsKEHHOTO Tela MITH
COBOKYITHOCTHU JJICKTPHUYCCKHUX 3apsA10B B OTCYTCTBUH BHCUIHCTO IMOTCHIMAJIA
olpeneNsieTcss MPOU3BEACHUEM CYMMAapHOTO NOTEHIMajda Ha COBOKYIIHBIN
AIIEKTPUUECKHUH 3apsl, OTKYya CIEIyeT:
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CDE :czs (13)

rie @, =2y,0/R — moTeHUuan paBHOMEPHO pAacIpelleIeHHOro B o0beMe

paauyca R CyMMapHOTO 3JIEKTpUYECKOTro 3apsana (, Yr — JIEKTpUYecKas Ioc-
TOSIHHAS OJHOMMEHHOro »¢upa’. OOGpasyercs 3aMKHYTOE MPOCTPAHCTBO-
BpEMS TIOCTOSTHHOTO 3JICKTPUYECKOTO MOTEHIMAIa U CKOpocTH cBeTa. [Ipoct-
pPaHCTBEHHBIN MacIITad 3JIEKTPUUECKOr0 MPOCTPAHCTBEHHO-BPEMEHHOTO KOH-
TUHYyMa 4epe3 noTeHuuan @, cBsi3aH ¢ UHTEpBaJIOM BPEMEHHU:

©, W’ -dl’ =0. (14)

V3MeHeHre KOIMUecTBa JIEMEHTAPHBIX YJICKTPUUYECKUX 3aPsIIOB B 3aMKHYTOM
00beMe MpUBENET K U3MEHEHHUIO MaciiTada jekTpuaeckoro 3¢upa dl mo 3a-
KOHY:

2y, g -, Wl =0. (15)

B nenom, ¢ yuerom (14), sneKTpuyecKkuii mpoOCTPAHCTBEHHO-BPEMEHHOM KOH-
TUHYYM HM3MEHSETCSl B 3aBUCHMOCTH OT BEJIIMYMHBI SJEKTPUUECKOTO 3apsia
3aMKHYTOTO 00beMa CIIeAYIOIMUM 00pa3oM:

2y, Lq Wt* —dI* =0. (16)

JIJIsE DJIEKTPUUYECKOTO aHTHIPOCTPAHCTBA-BPEMECHU YPABHEHHS, ONPEICIISIO-
IFE COCTOSIHUE PHUpa, UMEIOT BUJI 1TO00HBIH (13...16)

2. MupoBas NoBEpXHOCTh

CymecTByIOT UCXOAHBbIE (U3NYECKUE BEJIHMUUHBI, ONPEAEISAIOIINEe COCTOSIHUE
KOHTHHYYyMa B 3aMKHYTOM IIPOCTPAHCTBE-BPEMEHU: I'PABUTALIMOHHBIC U DJICK-

* DJieKTpHUUeCcKas MOCTOSHHAS Yy HUKAK HE CBA3aHA C ANEKTPUUECKOi IPOHHIIAEMOCTHIO BAKY-
yMa Hallero IpocTpaHCTBa-BPEMEHH €. B anekTpuueckoM npocTpaHCTBE-BpEMEHN OHA UMEET
nHOH (0OpaTHBII) XapakTep. DJIEKTPUYECKOE I0Jie TaM BOCIPHHUMAETCS TaK )K€, KaK HaMU-
TPaBUTAILMOHHOE, BCE Tella HECYT OTJIMYHBIN OT HYJIS JIEKTPUYECKHH 3apsAa OJHOTO 3HAKa, B
TOYHOCTH PaBHBI MHEPTHOM Macce. B 31eKTpHUecKOM IMPOCTPaHCTBE-BPEMEHHU, MMEIOIIEM
TaKyl e IJIOTHOCTh 3(upa, Kak 00JacTh HAIIETO MPOCTPAHCTBA-BPEMEHH, KOHCTAHTA Yg
MMEET BEIWYHHY MOPSAAKA TPABUTALMOHHOMN MOCTOSHHON Y HAIlIETO IPOCTPAHCTBA.
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Tpuueckue 3apsjpl. OHU MOPOXKAAIOT OJHOMMEHHOE ToJje. BennunHa noreH-
[[MaJjia 3TOTO MOJIA SBJIAETCS KOHCTAHTOM, KOTOPYIO 3aMKHYTOE ITPOCTPAHCTBO-
BpEMS COXpaHSET B KaXJA0W TOYKE B TEUEHUE BCETO BPEMEHHU CBOETO CYIIECT-
BoBaHMA. CyMMapHBbIil 3apsi7 BO BHYTpEHHEM oObeMe ompejesser maciTtad
KOHTHHYyMa ds B COOTBETCTBUU C 3TUM IOTEHLUAIOM.

Bce nu3zmenenmns MMPOCTPAHCTBCHHOTI'O MaciiTaba u HUHTCpBaJIa BPpCMCHU B 3aBU-
CUMOCTHU OT BCIIMYMUHBI SJICKTPUUYCCKOI'O MUJIW I'PaBUTAIMOHHOTO 3apsaa y1106-
HO IIPOCJIICAUTh Ha MPIpOBOﬁ TOBEPXHOCTU 3aMKHYTBIX IIPOCTPAaHCTB-BPECMCHU

z[#* = -I°, npusenenHoii Ha puc. 2.

Puc. 2. MHpOBa}I MOBEPXHOCTb 3aMKHYTBIX IPOCTPAHCTB—BPCMCHU

[IpocTpancTBO-BpeMst TPaBUTALIMOHHOIO MMOTEHLIMAJIA, UMEIOIIIEE B 3aMKHYTOM
00BeMe OMpeIeIEHHOE KOJMISCTBO BEIIECTBA, a CJICIOBATEIILHO, IIOCTOSTHHBIN
MacIITad MPOCTPAaHCTBEHHO-BPEMEHHOTO KOHTHHYYMa, 3aHUMAaeT Ha MUPOBOI
MMOBEPXHOCTU TOJIBKO OJIHY TOUKY HEKOTOpoH muiomaau. [IpoBeaem uepes oty
TOYKY CEKYIIYI IJIOCKOCTh m = const. JIluHuel nepecedyeHus: ee ¢ MUPOBOM
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2 o .
MMOBEPXHOCTBIO SIBIIACTCS KpUBas f ~ P2, KacarenpHast K 9Toif KpPUBON HMEET

yroia o (CM. BCTaBKy Ha puc. 2). TaHTeHC yria HakjOHa KacaTelbHOW B KaX-
JIOW TOYKE €CTh CKOpOCTh cBeTa $¢$. OueBHIHO, YTO U3MEHEHHE MPOCTPAHCT-
BEHHOT0 MaciTaba mpu MOCTOSTHHOM KOJIMYECTBE BEIIECTBA MPUBEIET K CMe-
HE CKOPOCTU CBETa B MPOCTPAHCTBE IO 3aKOHY / Y2 Yr06m1 aTOTO HE MIPOU30-
IIJI0, MacIITad MPOCTPAaHCTBA U MHTEPBAJI BPEMEHU NMPUHUMAIOT OMpEeIICH-
HbIC 3HAYCHUS B 3aBUCUMOCTH OT KOJUYECTBA IPABUTAIMOHHBIX MAaCC 3aMKHY-
TOro o0bemMa, a TOYKa, COOTBETCTBYIOIIAs 3TOMY IMPOCTPAHCTBY-BPEMEHU B
JTaHHBI MOMEHT €r0 Pa3BHUTHS, BCETJA OCTACTCS HA KPUBOW MOCTOSSHHOW CKO-
poctu cBeta. Ecim yepe3 3aMKHYTYI0 TOBEPXHOCTh U3 BHEIIHETO MPOCTPAHCT-
Ba MO/ JIEHCTBUEM I'PaBUTAIMOHHOTO MPUTSHKEHUS MPOUCXOIUT MPOHUKHOBE-
HUE BEILECTBA, TO NPOCTPAHCTBEHHO-BPEMEHHON KOHTUHYYM HU3MEHUTCA. To-
YyKa Ha MHUPOBOM TOBEPXHOCTH, COOTBETCTBYIOIIAs 3TOMY IPOCTPAHCTBY-
BPEMEHH, NIEPEMEIIAETCS 110 KPUBOM, B KaXKJI0M TOUKE KOTOPOM KacaTellbHasl K
MMOBEPXHOCTHU MMEET OAMH M TOT € HAKJIOH ¢, a g0 BCETJa PaBEH CKOPOCTU
ceta c. [Ipu 3ToM MaciiTab mpocTpaHCTBAa M MHTEPBAJl BPEMEHH yBEIUYUBA-
€TCsI BMECTE C YBEIIMICHHEM MACChl BO BCEM 3aMKHYTOM OOBEME.

MupoBass OBEpXHOCTh IOJIOKHUTEIBHBIX 3aMKHYTBIX NPOCTPAHCTB-BPEMEHU
pacrojaraercsi B 4eTBEPTOM OKTaHTE JIEKapTOBOW CHUCTEMBbI KOOPJIMHAT, B 00-
JIACTH IOJIOKUTEIIbHBIX 3HAYEHUN BPEMEHU f, TPABUTALIMOHHBIX MacC 7 U OT-
pHULIATENbHBIX IPOCTPAHCTBEHHBIX KOOPAMHAT /. MUpoBasi MOBEPXHOCTh AHTHU-
IIPOCTPAHCTB-BPEMEHH PACIIOIATaeTCsl BO BTOPOM OKTaHTE, COOTBETCTBYIOLIEM
MIOJIOKUTEIIBHOMY BpPEMEHHM, IPOCTPAHCTBEHHBIM KOOpAMHATAM M OTpPHIA-
TEJIbHBIM 3HAYEHUSIM I'PaBUTALIMOHHOTO 3apsA/a.

MupoBble TOBEPXHOCTH 3JIEKTPHUUECKUX TPOCTPAHCTB W AHTHUIPOCTPAHCTB-
BPEMEHHU MMEIOT BUJI, TIOJOOHBII IPaBUTAIIMOHHBIM MPOCTPAHCTBAM W aHTHII-
pOCTpaHCTBaM-BpEMEHHU. ITU MOBEPXHOCTH PACIIONATAIOTCS B TIEPBOM U Tpe-
ThEM OKTaHTaX JEKapTOBOW CHCTEMbI KOOPJIUHAT (CM. pHC. 2). 3HAK 3JICKTPH-
YECKUX Macc, B OTIUYHE OT TPABUTAIMOHHBIX, COBIAJAET CO 3HAKOM IPOCT-
PAHCTBEHHBIX KOOpAHMHAT. Bpems siBisieTcst oOImMM ISl KaXKJIOTO THUTIA 3aMK-
HYTOTO MMPOCTpaHCTBa-BpeMeH:u. OHO UMEET OJIHO HAIPABIIEHHE OT MPOILIOTO
K Oyaymiemy.

KpuBbIe TOCTOSIHHONM CKOPOCTH CBETA ¢ BBIXOAAT U3 HAadaja KOOPJAUHAT B 4e-
ThIpEX MPOTUBOIIOJIOKHBIX HANPaBICHUX. Pa3BUTHE 3aMKHYTBIX IPOCTPAHCTB
U aHTUIIPOCTPAHCTB-BPEMEHHU IPOUCXOAUT BJAOJIb 3TUX KPUBBIX. YIIPYTHH
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IIPOCTPAHCTBEHHO-BPEMEHHOM KOHTMHYYM H3MEHSET CBOM MacuiTad B 3aBU-
CHUMOCTH OT BeJIU4UHBI 3¢upoolpasytromiero 3apsna. [lpu yBennuenun 3apsaa
BO BHYTPEHHHX O0BEeMax MpPOCTPAHCTBA WJIM AHTUIIPOCTPAHCTBA-BPEMEHH,
TOYKH, COOTBETCTBYIOUIME 3TUM KOHTHMHYyMaM, IEPEMELIAIOTCS 0 KPUBBIM
ITIOCTOSTHHOM CKOPOCTH CBETa B CTOPOHBI OT Ha4yaJla KOOPAWHAT.

3. ITI;1oTHOCTH IMPOCTPAHCTBCHHO-BPCMCHHOI'O KOHTHHYYMa

3.1. IL1oTHOCTH rPABUTAIIMOHHOIO d¢upa

C yBenuueHueM Macchl BO BHYTPEHHEM OObeME YBEIMUMBAIOTCS BCE JIMHEH-
HbIE pa3Mepbl U paJlyC caMOro 3aMKHYTOrO IIpOCTpaHCTBa-BpeMeHUu. Cueno-
BaTeJIbHO, 00bEM BCET0 MPOCTPAHCTBA-BPEMEHH U KaXJOW ero objactu B OT-
JIEIIbHOCTH YBEJIMUYUBAETCS B 3aBUCUMOCTU OT CYMMapHOI'O TPaBUTAI[HOHHOTO
3apsina. O4eBUIHO, YTO MPHU ATOM OyAET HW3MEHATHCS YJelbHas IUIOTHOCTb
3aMKHYTOT'O POCTPAHCTBA-BPEMEHH — IUIOTHOCTH 3(upa:

3 dm

= fm 17
41T dI° 17

dp,

rie 411/ 30d° — 06beM cdepbl eIMHIYHOTO paauyca dl. 3aKoH, 0 KOTOPOMY
MPOMCXOIUT ATO U3MEHEHHUE, cienyet u3 (11) u umeer Bu:

3 1

d = - —, 18
Po 4Ty df® (18)
¢ yuerom (8):
30, 1
do. = —GO_’ 19
T (19

IIpy u3MEHEHMM TIPAaBUTALIMOHHBIX MAacC BO BHYTPEHHEM IIPOCTPaHCTBE-
BPEMEHHU IIOTHOCTH 3(pupa MEHSEeTCs MO 3aKOHY:

3 1
do.=— GO . 20
Po 412y édm2 20)
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[TnoTHOCTH 3(hMpa U3MEHSETCS aXke B 00JACTAX 3aMKHYTOTO IPOCTPAHCTBA-
BPEMEHHU CBOOOAHBIX OT I'PAaBUTALIMOHHBIX 3apsaoB. TeM He MeHee, UMEHHO
MacmTad KOHTHHYYMa, €ro IUIOTHOCTh OIpPENENSeT COCTOSHUE BEIEeCTBA B
JAHHBI MOMEHT BpeMeHH. TakuM 00pa3oM, CaMyl0 BBICOKYIO IUIOTHOCTb
spupa W TUIOTHOCTH BEIIECTBA MMEET 3aMKHYTOE IMPOCTPAHCTBO-BPEMs, BO
BHYTPEHHEM 00beMe KOTOPOr0 UMEETCS MUHUMAJIbHOE KOJIMYECTBO MaTepHUH.
«HyneByro» IIOTHOCTh 3aMKHYTOI'O IPOCTPAHCTBA-BPEMEHU HMEET «OecKo-
HEYHOE» ICEBAOEBKIMIOBO IMPOCTPAHCTBO, «OECKOHEUHBIH BaKyym». OTOT
BaKyyM He SIBJISI€TCS] aO0COJIIOTHBIM, TaK KaK B 00beMe OECKOHEUHOW KPUBU3HBI
Jla’ke MIPU HYJIEBOM MJIOTHOCTH COCPENOTOUeHa OECKOHEYHAs Macca BellecTBa,
TaK YTO IPaBUTALMOHHBIN OTEHIIMAJ 3TOTO MPOCTPAHCTBA BCE PABHO KOHEUEH
Y PaBEH KBaJpaTy CKOPOCTH CBETA.

N3 o0mieil Teopur OTHOCUTENBHOCTH A. DMHILITEHHA ClelyeT aHaJorM4yHas
XapaKTepUCTUKAa OECKOHEUHOT0 MPOCTPAHCTBA, OJHAKO, CaM aBTOP HE CKIIO-
HEH OBUT COTJIAIIATLCS C COOCTBEHHON TCOPHUECH:

Ecnu Bcenennas xeasueskiudosa, u, cie008amenvbHo, ee paouyc KpuusHbl
beckoneueH, mo NJIOMHOCMb 8eujecmsa 00JCHA Obimb pasua Hyato. OOHAKO
MAN0BEPOSIMHO, UModbl CPeoHsis NIOMHOCIb 8ewecmaa 60 Bcenennotl bviia
ovl pasna nyno. [1]

[110THOCTD BelecTBa B TPaBUTAIIMIOHHOM 3(dupe sSBisieTcss OAHON U3 ero ¢u-
SUYCCKHUX XAPaAKTCPHUCTHUK. Ee M0OxHO M3MEHATEL B HCKOTOPLIX IMpEaciax, moa-
BEPTHYB CTYCTOK BeIlleCTBa BHEIIHeMY Bo3zaeiicTBuio. [loa neiicTBuem BHel-
HEeU CHJIBI MOXKET U3MEHSITLCI HE TOJILKO IJIOTHOCTb, HO U €TI0 BHYTPCHHSA
CTpYKTypa (MeTaMOp(u3M BEIIeCTBA) BIUIOTh 10 COCTOSIHHUSI BBIPOXKICHHOTO
AJIEKTPOHHOTO WM HEUTpoHHOTO ra3a. [lojobHoe BO3/eicTBHE HA BEIIECTBO
CrocoOeH OKa3bIBaTh MPOCTPAHCTBEHHO-BPEMEHHON KOHTHHYYM H3MEHEHUEM
CBOEro Maciiraoa.

Tak kak 3aMKHYTO€ MPOCTPAHCTBO-BPEMS U3MEHSIET MacIiTad KOHTHHYyMa BO
BCEM BHYTPEHHEM O0BEME B 3aBUCUMOCTH OT CyMMapHOI'O T'PaBUTAI[MOHHOTO
3apsifa, TO U3MEHSIOTCA U pa3Mephl BceX 00BEKTOB, HACENSIOMIMX ero. B pac-
mmpsromeMcs: 3pupe YMEHbIIAETCsl CPEeIHsS TUIOTHOCTh BEIIECTBA, BCE Tela
YAANSI0TCA IPYT OT Apyra, YBEIHMUHUBAETCs 00beM KaKJOT0 U3 HUX, YMEHbIIIA-
€TCsl UX IUIOTHOCTB. VICKIIFOUeHHE COCTaBIIAIOT APYTIUe 3aMKHYThIE IPOCTPAHC-
TBa-BPEMEHM, BIIO)KEHHBIE B NIepBo€. VIX BHyTpEeHHEE MPOCTPAHCTBO SIBISAETCA
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CANHBIM KOHTUHYYMOM, HC MMOJYUHAIONIUMCA U3MCHCHUTIO Macurrada (1)OHOBO-
ro a¢upa. B 3aBucuMocTH OT Maciitaba BHENIHEr0 (pHpa OHU JIUIIb PacXo-
JIAITCST WUTA COJTMKAIOTCS MEXKTy COOOH.

Kak 3aMKHyTBIE TIPOCTPAHCTBA-BPEMEHH BEAYT CEOsl 3JIEMEHTAPHBIC YaCTHUIIBI
— HOCHUTEIIM 3JIEMEHTAPHOTO TPABHTAIMOHHOTO M AJICKTPUICCKOTO 3apsIOB.
VX BHYTpeHHsIsI CTPYKTypa HE 3aBHCHUT OT IUIOTHOCTH OKPYXKaroIIero 3gupa.
®oHOBEII 3(Up BIUAET TONBKO HA PACCTOSHUS MEXKIY YaCTUIAMH B sIpe, B
aToMme, B TBEPJIOM TeJie WU B CBOOOJIHOM IMPOCTpaHCTBE. V3MeHeHHe Mexa-
TOMHOT'O PACCTOSIHMS B TEJIAX IPUBOJMUT K U3MEHEHHMIO BHYTPEHHEN CTPYKTY-
pel U UX ¢u3ndecKux CBONCTB. OOBEKTHI, HAXOMASAIIUECS B OIMpPEIeICHHBIN
MOMEHT Pa3BHUTHS IPOCTPAHCTBA-BPEMEHH B TBEPAOM, JKUIAKOM MIIH ra3o00pa-
3HOM COCTOSTHMM BEIIECTBA, B JIPYrOM MEPHOJ HE SBISIOTCS TaKOBbIMU. Ha
MPOTSKEHUH BCEM 3BOJIIOLMH 3aMKHYTOrO IMPOCTPAHCTBA-BPEMEHH T'pABUTA-
IIMOHHBIC MACChl YMEHBIIIAIOT CBOIO TUIOTHOCTh OT CBEPXIUIOTHBIX BEIIECTB JI0
ra3ornsuIeBOT0 00JIaKa.

3.2. II1OTHOCTB 3JIEKTPUYECKOro d¢gupa

JluHeiiHOe W3MEHEHWE IPOCTPAHCTBEHHOrO Macmraba B 3aBUCHMOCTH OT
AIIEKTPUYECKOTO 3apsifa MPUBOIUT K HEIWHEHHOMY HM3MEHEHUIO TUIOTHOCTH
mroboro Tena, 006JacTH MPOCTPAHCTBA, EAMHUYHOTO o0beMa panuyca dl u Bce-
T'0 DJIEKTPUIECKOTO MPOCTPAHCTBEHHO-BPEMEHHOTO KOHTHHYYMa!

_ 3 fa

4 At dr’ @D
CB}ISB Memz[y MaCI_IlTa6OM HpOCTpaHCTBeHHO-BpeMeHHOFO KOHTI/IHYYMa " BC-
JUYUHOM 3JIEKTPUUYECKOTO 3apsiia 3aMKHYTOr0 00beMa OJIHO3HAYHO OIlpejie-
JICHA, HOBTOMy IIJIOTHOCTbH BHCKTpI/I‘{eCKOFO B(I)I/Ipa MOXKHO BLIpaBI/ITB qepe3
OJIHY U3 TpeX (U3NYECKUX BEJIMYMH: MPOCTPAHCTBEHHOI'O MacliTaba, BpeMeH-
HOT'O I/IHTepBaJ'Ia nin Z-)JleKTpI/IlleCKOI‘O 3ap;ma.

3 1

= 22
4an2y, dr’ (22)

dpy

BpemeHHOI MHTEpBaI TECHO CBS3aH C MPOCTPAHCTBEHHBIM MAcIITabOM, COT-
nacHo (14). Dto mo3BosseT nepenucath (22) B BUAC:
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_ 3 1

. 23
amley di? @3)

dpg

[Tpu yBenu4eHUHU >JIEKTPUYECKOM Macchl dg BO BHYTpEHHEM OOBbeME ILIOT-
HOCTb 3aMKHYTOT'O IIPOCTPAHCTBA-BPEMEHN YMEHbILIAETCS 110 3aKOHY:

3 Lo 1
dpE = 4— £ - (24)
TRy, O dq

B peanbHOM 3aMKHYTOM NpPOCTpPaHCTBE-BPEMEHU PaBHOMEPHOE pacrpezere-
HUE 3PHPo0oOpa3yIOIUX 3apsI0B PeaTH3yeTcsl TOJIBKO B CUHTYJISPHOM COCTO-
aHUU. [IMOTHOCTHP 3aMKHYTOTO HPOCTPAaHCTBA-BPEMEHU MOXKET OBITH TaKOM
OTPOMHOMH, YTO 3(PHPo0OpazyoNUe 3aps/Ibl COCTABIAIOT IUIOTHYIO YIIAKOBKY.
[1noTHO mpuXkaTble APYT K APYTY YacTULIbI BEIIECTBA PABHOMEPHO 3aIMOJIHSIOT
BECh 3aMKHYTHIH 00BbeM 1ouTu 6€3 cBOOOAHOr0 MpOoCTpaHCcTBa. B aToM ciydae
MIPOCTPAHCTBEHHO-BPEMEHHON KOHTHHYYM UMEET MaKCHMaJIbHO paBHOMEPHOE
pacripenenenue Maciuitaba. Ha MHpOBOM THOBEPXHOCTH Takoe 3aMKHYTOE
MIPOCTPAHCTBO-BPEMsI 3aHMMAaeT TOYKY MHHHMMaJbHOM mmomanau. B apyrux
Cllydasix B MacuITade OJHOTO 3apsijia, 3apsHKEeHHOTO Tejla MITU TPYIIIBI Tell pas-
JUYHON Macchl U MPOTSHKEHHOCTH, TMOKUN KOHTUHYYM CaM HCKa)KaeTcs, U3-
MEHSET CBOKO IIJIOTHOCTb, MOAJEPKHUBAsI OTEHIIMAJI HAa IIOCTOSSHHOM YpPOBHE.
C pacupeHueM 3aMKHYTOro o0beMa IJIEKTPUYECKHE MAcChl BELECTBa pac-
XOAATCS OTHOCUTEIBHO JPYT Jpyra, obpasyercsi cBOOOJHOE MPOCTPAHCTBO.
CraHOBHUTCSI BOBMOXXHBIM B3aUMHO€ MEPEMEIEHUE Macc, IepepacipeieieHe
UX IJIOTHOCTH.

4. EnquHas Teopus mosis

4.1. DyIeKTPOMATrHUTHBIE KOJIe0aHUA

B npocTpancTBe-BpeMeHH, 00pa30BaHHOM I'PaBUTALMOHHBIMU MaccaMu OJHO-
ro 3HaKa, IEKTPUYECKOE I10JIE PABHO HYJIIO, BELIECTBO JJICKTPUYECKHA HEHUT-
palbHO, TaK KaK JJEKTPUYECKHE 3apsAlbl B KaXKJIOM Telle U IPOCTPAHCTBE-
BPEMEHHU B IIEJIOM KOMIIEHCHPOBaHBL. B mpocTpaHCcTBEe 0€3 3JIEKTpUUYECKOrO
0JI1 OTCYTCTBYET M MarHMTHOE I10Jie, HE MMEIoLee COOCTBEHHBIX HCTOYHU-
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KOB — MOHOII0JIEH. B cBOOOIHOM OT 3JIEKTPUUECKHX 3apsI0B YETHIPEXMEPHOM
IPOCTPaHCTBE-BPEMEHH I'PaBUTALIMOHHOIO MOTEHIMAIa HET U U3Iy4YeHHUs, TaK
KaK HET MCTOYHHKOB, BBI3BIBAIOLIUX 3JIEKTPOMAarHuTHble Kojebanus. OHaKo
BO3MOKHBI (PM3MUECKUE IMPOLECCHI, MPU KOTOPBIX MPOUCXOAUT paszzeiicHHue
HEUTpaJbHBIX aTOMOB Ha IOJIOXKUTEIbHBIE U OTPULIATEIbHBIE AIEKTPUUECKUE
YaCTHIIbI, 3apsDKAloIIMe Tela Wiu o0nactu mpoctpaHcTsa. [Ipu nepemenieHnn
AIIEKTPUYECKUX 3apsI0B B NMPOCTPAHCTBE-BPEMEHHU T'PABUTALIMOHHOTO MOTEH-
1[1asa, BO3HUKAET MarHUTHOE TI0JIE.

C TNosIBJICHUEM TOJOKUTETBHBIX U OTPUIIATEIIBHBIX AIEKTPUUYECKUX 3apsJIOB,
MIPOCTPAHCTBO-BPEMSI TIEPECTAET ObITh TOJBKO IPABUTALIMOHHBIM. Y CKOPEHHOE
JIBUDKEHUE BJIEKTPUUYECKUX 3apsiIOB B TPABUTALIMOHHOM KOHTHHYYME IPUBO-
JIAT K U3JIyYEHHUIO YaCTU UX SHEPrUU B BUJE BJIEKTPOMATHUTHBIX BOJIH. Ecin
HE paccMaTpuUBaTh UCKPUBJIECHHYIO JIEKTPHUUECKUMU 3apsigaMu 00J1acTh TeHe-
paruy M3Iy4eHHs, TO MOXHO CKa3aTh, YTO B CBOOOJHOM TPaBUTAIMOHHOM
adupe pacpoCTPAHIIOTCS UCKIIOYHTEIBHO 3JICKTPOMArHUTHBIC BOJIHBI, OITH-
ChIBAEMBbIE YpaBHEHUsIMU MakcBeIuia:

dH
rotkl = -1, —,
Ho di
dE
rotH =¢,—, 25
0 (25)
divE =0,
divH =0.

rae rot E(H), div E(H) — npeobpa3oBaHusi poTopa U JUBEPTreHIINN HAIPSKEH-
HOCTH BEKTOPHOTO TI0JISl AJIEKTPUYECKOTO M MarHuTHoro noseit £(H) B mpocT-
PAHCTBCHHBIX KOOPpAWHATAX I'PaBUTAIMOHHOT'O KOHTHHYYMA. [l U €y — MardHu-
THass M OJIEKTpUYECKas TMOCTOSHHBIE TI'PaBUTALMOHHOTO MPOCTPAaHCTBa-
BpeMeHH. /|1 TpaBUTallMOHHOTO MTPOCTPAHCTBA-BPEMEHH U3BECTHO:
1 2
—=c" =-0,. (26)
8OIJ'O

BennunHa MarHUTHOM M 3JIEKTPUYECKOW KOHCTAHT KECTKO CBSI3aHA C I'PaBH-
TAI[MOHHBIM MOTEHIMAIIOM OJHOMMEHHOro 3¢pupa. CocTossHUE TpaBUTAIMOH-
HOTO 3(upa U ero M3MEHEHHE, onpeaestonmecs coorHomenueM (10), MoxHO
BBIPA3UTh YEPE3 KOHCTAHTBI TPEX IOJIEH:
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2y &, U, Gm +dl =0 27)

B rpaBUTaliluOHHOM aHTUIIPOCTPAHCTBE-BPEMEHH TaKKE BO3MOXKHO PacipocT-
paHeHue 3JEKTPOMArHUTHBIX BOJH. DJIEKTPOMAarHUTHBIE KOJEOaHUS B 3aMK-
HYTOM aHTHUIPOCTPAHCTBE-BPEMEHN UMEIOT 3aKOH MOJ00HBIH (25) ¢ Toil b
pasHHILEH, YTO OTHOCUTENIBHO IMOJIOKUTENBHOIO MPOCTPAHCTBA-BPEMEHH 3HAK
IIPOCTPAHCTBEHHON KOOPAMHATHI HEOOXOAMMO W3MEHMTH C IUIOCa Ha MHUHYC.
VYpaBHeHus MakcBeiia IpUMyT BUL:

-~ dH
rotE = _—,
“‘GO dt
rotH = —;,0 d—E, (28)
dt
divE =0,
divH =0.

rae H;, U €;, MarHUTHas M 3JIEKTpUUYECKas MOCTOSHHbIE IPaBUTAllMOHHOTO
AHTUIIPOCTPAHCTBA-BPEMEHH.
VHTEeHCUBHOCTh B3aUMHOI'O INPEoOpa3oBaHMs JIEKTPUUECKOW M MarHUTHOU

OHCPTUU 3aBUCUT OT BCJIWYHMHBI IMOTCHIHAIA TPaBUTALIMOHHOI'O 3(1)1/1pa
CDG(CD&), B KOTOPOM pacCIpOCTPaHSAIOTCS KojebaHusi. BonHOBOe ypaBHEHUE

QJICKTPOMArduTHBIX KoJIeOaHMH Kak B I'paBUTAIMOHHOM IIPOCTPAHCTBE, TaAK U
B I'paBUTAlMOHHOM aHTHUIIPOCTPAHCTBC-BPEMCHU UMCCT BU:

2
iltf +® AE=0,
G(G)
e (29)
- +® AH=0.
dt G(G)

rne AE(H) — npeo6paszoBanue Jlamnaca B mpocTpaHCTBEHHBIX KOOPAMHATAX
IPaBUTAIMOHHOTO KOHTHHYYMa.

VYBenuueHue mMaccbl BO BHYTPEHHEM O00bEME YMEHBIIAET IUIOTHOCTH 3¢dupa,
YBEJIMYMBasi CBOOOJHOE MPOCTPAHCTBO, I/I€ PACHPOCTPAHAIOTCS 3JIEKTPOMAr-

HUTHBIC BOJIHEI. ]_IJ'II/IHa QJICKTPOMAriuTHBIX BOJIH A H3MeHseTcs CHUHXPOHHO C
HU3MCHCHHUEM IMPOCTPAHCTBCHHOI'O Maciira0a. BHCprI/Iﬂ SJICKTPOMATrHUTHBIX
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KosiebaHuit W, yMeHblIaeTcs OOpaTHO MNPONOPLHUOHAIBHO YBEJIWYCHUIO

MPOCTPaHCTBEHHOT0 MaciiTaba dl pacmmpsitomerocs d¢upa mo 3akony Ilnan-
Ka:

h 1

w, —~ 30
= (30)

rae h — nocrosgauasa [nanka.

CBeT sBISETCS JIyYIIUM HHIMKATOPOM HCKPHUBIICHHS MPOCTPAHCTBA-BPEMEHU
B KaKOW-TMOO 00JIACTH WM M3MEHEHHUS MPOCTPAHCTBEHHO-BPEMEHHOTO KOH-
THHYyMa B LeJIOM. VI3MeHeHne SHepruy M3Iy4eHHs 32 BpeMsi pacipocTpaHe-
HHSI €0 BO BHYTPEHHEM MPOCTPAHCTBE O03HAYAET, YTO Yepe3 3aMKHYTYIO I0-
BEPXHOCTh CYIIECTBYET MMOTOK I'PaBUTAIIMOHHO 3apsHKEHHOTO BemiecTBa. CMe-
meHre B (roIeToByI0 00IaCTh CIIEKTpa TOBOPHT O TOM, YTO HPOCTPAHCTBEH-
HO-BPEMCHHON KOHTHHYYM COKpAIlaeTcsi (CyMMapHbId TPaBUTAIIMOHHBIA 3a-
psil BO BHYTPCHHEM OOBEME YMEHBINACTCS), KPACHOE CMEIICHUE YaCTOTHI
CBHJICTENILCTBYET O PACIIMPCHUH BCETO 3aMKHYTOTO MPOCTPAHCTBA-BPEMEHH
(rpaBUTAIIOHHBIC MAacChl MPOHHMKAIOT BO BHYTpPEeHHHH 00beM). CMmelieHue
YacTOTHI MPH paciupeHun 3¢upa He Bb3BaHO 3ddexTom Jloriepa, He 3aBU-
CHT OT CKOPOCTH HMCTOYHHKa. Bce m3imydeHne mproOperaeT KpacHOe CMelle-
HHE YacTOThI, 00YCIIOBJICHHOE BPEMEHEM PaclpOCTpaHEeHHs KoleOaHuil B pa-
CIIMPSFONIEMCSI KOHTHHYYME, PACCTOSTHHEM JI0 HAaOJII0JaTes.

4.2. MarHuTOrpaBuTALIMS IEKTPHUYECKOT0 IPOCTPAHCTBA-
BpeMeHH

W3 onpbiTa Haliero mpocTpaHCTBAa XOPOIIO M3BECTHO, UYTO MEpEMELIEHUE rpa-
BUTAIIMOHHBIX 3apia0B B I'PaBUTAIMOHHOM IIPOCTPAHCTBEC-BPEMCHHA HC ITPUBO-
JIUT K BO3HUKHOBEHUIO MarHUTHOro nojs. llepemernienne ¢ HEKOTOpOH CKo-
POCTBIO NNEKTPUUYECKUX 3apsA70B 00pa3yeT MarHUTHOE 1osie. MOoXHO caenaTh
BBIBOJI, YTO MarHUTHOE TIOJIE SIBIISIETCSl CyOCTaHIIMEH, ONpeeatoencs B3au-
MHBIM U3MEHEHHUEM 3JIEKTPUYECKOTO U IpaBUTAMOHHOIO moiiei. [lepemere-
HUE AIEKTPUUYECKUX 3apsI0B B OJTHOMMEHHOM 3(upe, Kak U JBUKCHHE MacC B
IPaBUTAlMOHHOM MPOCTPAHCTBE-BPEMEHHN HE MOPOKIAET MATHUTHOTO 1os. B
ANIEKTpUYECKOM d(hupe OHO 0OpaszyeTcs Mpu MEepeMEeNICHHH HUCKIFOUYUTEIBHO
IPaBUTAIIMOHHBIX 3aPSIOB 71
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p=-He G, G1)
41t r

rac IJEO — MAarHuTHas IOoCTOSAHHAA 3JICKTPUICCKOI'O NIPOCTPAaHCTBA-BPCMCHHU, B

KOTOpPOM MEepEeMENIAeTCsl TPABUTAMOHHBINA 3apsij; » — paJnyc-BEKTOp, IIPOBe-
JICHHBIM B 3JIEKTPUYECKOM aOCOIIOTHOM NPOCTPAHCTBE OT 3apsiia 7 K TOYKe
paccMarpuBaeMoro mnojisi. O4eBHIHO, Pa3MEPHOCTh MATHUTHOM ITOCTOSTHHOM
AIIEKTPUUYECKOTO 3(Upa OTINYAETCS OT TOW, KOTOPYIO OHa MMEET B I'paBUTa-
[IMOHHOM IIPOCTPAHCTBE-BPEMEHHU.

BrionHe ecTeCTBEHHO KaKETCsl CYIIECTBOBAHHE B JIEKTPUUYECKOM 3aMKHYTOM
MIPOCTPAHCTBE WJIM AHTUIIPOCTPAHCTBE-BpeMEHM cuibl JlopeHua, IencTByrO-
IIe Ha TpaBUTALMOHHBIE 3apsi/ibl, IEPECEKAIOIINE CO CKOPOCTHIO V CHUJIOBBIE
JIMHUHM MarHUTHOTO MOJIsl HAPSKEHHOCThIO H:

F = “Er'gan[v [H] (32)
I/I3MCHCHI/IG HaHmeeHHOCTI/I 3HeKTqueCKOFO I10JI1 B OAHOUMCHHOM HpOCT-
paHCTBe-BpeMeHH HpI/IBOI[I/IT JIMIIBb K PICKpI/IBHeHHIO 3(1)I/Ipa " HC COHpOBO)KI[a-
ercsi 00pa30BaHHEM MarHUTHOTO TOJIS, IIO3TOMY B YETHIPEXMEPHOM 3JICKTPH-
JCCKOM HpoCTpaHCTBeHHO-BpeMeHHOM KOHTI/IHYYMe HCBO3MOXHO paCHpOCT-
paHeHI/Ie :')HCKTpOMaI‘HI/ITHBIX KOHe6aHHI>i. B OTCYTCTBI/II/I IpaBHTaHHOHHBIX
3ap5{I[OB 1 OAHOMMCHHOT'O ITIOJIA I/ISJIyIIeHI/Ie HC 06pa3yeTC${. HpI/I paS,Z[eJIeHI/II/I
FpaBI/ITaI_[I/IOHHO-HeﬁTpaHBHOFO BCIICCTBA HA ITOJIOXKHUTCIIBHBIC U OTpI/IuaTeJIb-
HBIC Sapﬂﬂbl ITOABJISICTCA BO3MOXHOCTH BO3HHUKHOBCHUA MarHHTOFpaBI/ITaHI/I-
OHHBIX BOJMH. OHU PACHPOCTPAHSIOTCS B CBOOOTHOM DICKTPUUECKOM 3dupe
0e3 3aryxanus. B3auMHOe mNpeBpalleHHe MarHUTHOTO W TPaBUTALIMOHHOIO
HoJieii B DICKTPUYECKOM TPOCTPAHCTBE-BPEMEHH OINPEICISIOT YPAaBHCHHS
MaKCBeHHa JJISA 3HeKTpI/IquKOFO KOHTI/IHYYMa TIOJIOKUTCIILHOT'O 3HAKa.

dH
rotG = —_—,
Hgo dt

dG
l"Ol‘H:SEOE, (33)

divG =0,
divH=0.
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rac 550 — IMMOCTOSIHHAA I'paBUTALIUOHHOI'O B3aMMOJCHCTBUS B OJICKTPUICCKOM

MPOCTPAHCTBE-BpeMEHI'. B Cclydae 5IEKTPHYECKOr0 AHTHIPOCTPAHCTBA-
BPEMEHHU, COJIEPIKalllero OTpULaTeNIbHbIE 3(pUpooOpa3yoLue 3apsabl:

_ dH
rotG = /JEO i
rott =—¢ 9. (34)
E0 dt
divG =0,
divH =0.

rae [ . — Mar"HuTHasg IOCTOsIHHAsA, €. — IpaBUTAlMOHHAs IMOCTOSHHAS DJICK-
EO EO

TPUYECKOTO aHTUIIPOCTPAHCTBA-BPEMEHHU. BOIIHOBOE ypaBHEHHUE MarHUTOrpa-
BUTALMOHHBIX KOJE€OAaHUI B 3JIEKTPUYECKOM IPOCTpaHCTBE NoreHuuana @,

i © . uMeeT OQUHAKOBBII BUI:
E

2
cjﬁ? -® AG=0,
E(E)
d’H 32)
— 7 o _AH=0.
dt E(E)

4.3. 3aMKHYyTO€ IPOCTPAHCTBO-BPeMsl ABOMHON NPUPOABI

JIroObie 3apsapl TPHOOPETAIOT YCKOPEHUE TOJIBKO B OJHOUMEHHOM IIOJIE —
adupe, CO3TaHHOM BCEMH 3apsiiaMi 3aMKHYTOTO 00beMa, TeM He MeHee, MoJie
HHOU IMpUPOAbI OKA3bIBACT HA HUX CBOC BJIMSAHHC. " SJICKTPHUYCCKOC, U I'PaBU-
TAIMOHHOE TI0JIE UCKPHUBIISIOT HCXOIHBIN 3(pup 000 PUPOIBI, U3MEHSIS €T0
INIOTHOCTH U IINIOTHOCTH BCIIIECCTBA. Xotda SJICKTPUYCCKUEC U I'PaBUTAllUOHHLIC
3apsiabpl HAMPSIMYIO HE B3aUMOJCHUCTBYIOT, OHHM BIMSAIOT APYT Ha Jpyra uepes
HCKPUBJICHHE €IMHOTO d(upa.

% 'paBUTALMOHHAS TOCTOSHHAS B SIEKTPHUECKOM d(Hpe sABysercs KodG(HIMEHTOM HPOmop-
HOHAJIBHOCTH B 3akoHe KyioHa [uis 3apsiioB UHOM MPHPO/IBI (B JAHHOM Cilydae TPaBUTALU-
OHHBIX).
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VICTOYHUKOM 3JEKTPUYECKOTO I0JII B TIPABUTALIMOHHOM IPOCTPaHCTBE-
BPEMEHHU MOT'YT CIYXHTb MOTOKH 3apsKEHHBIX YAaCTHIl — KOCMHUYECKUE JTyUH.
KoHueHTpanus 3JIeKTpUYeCKUX 3apsA0B OJHOIO 3HAaKa B HEKOTOPOHl oOiacTu
CO3/1aeT MOTEHIMAT 3JIEKTPUYECKOTO IO0JIs, MCKPUBIAIOUIMNA €IUHOe MPOCT-
PaHCTBO-BPEMS HE TOJIBKO JUISl YACTHIL, HECYIIUX 3JIEKTPUUECKUN 3apsf, rpa-
BUTAIIMOHHbIE MACChl BEIIECTBA TAKKE U3MEHSIOT CBOIO IUIOTHOCTD.

Ecnu npenictaBuTh, 4TO B ONPENIETIEHHOM IIPOCTPAHCTBE-BPEMEHU MTPOUCXOTUT
MIHOBEHHOE€ H3MEHEHME IUIOTHOCTH BELIECTBA, HAIPHUMEp, B pPE3yJIbTATE
B3pBIBa KaKOTO-THOO TSHKEIOr0 OOBEKTa WM B PE3yJIbTaTe NMPOHUKHOBEHHUS
yepe3 3aMKHYTYIO TOBEPXHOCTh 3apsii0B, TO IPOU30MIET BO3MYILEHUE 3(upa.
Hapyaercst paBHOMEpPHOCTh KOHTHHYYMa /10 TEX MOP, MOKa 3TO BO3MYILIEHUE
CO CKOpOCTBIO CBETa HE PAaCIpPOCTPAHUTCA IO BCEMY BHYTPEHHEMY OObEMY.
AHaJOrMYHbIE U3MEHEHUS MPOUCXOJAT MPHU BO3HUKHOBEHHH B HEKOTOPBIX
001acTAX HEKOMIIEHCUPOBAHHBIX 3aps/I0B U MOJEeH MPOTHBOINOJIOXKHON MpH-
ponsl. B pesynbrare B3aMMHOIO INepeceyeHus ABYX MOJE€H MpOCTPaHCTBO-
BpeMsl Kak Obl pa3aBauBaercsi, oOpa3yercs oObeInHEHHbIH KOHTHHYYM. [lo-
JNOOHBIN Pa3phIB CILIONIHOCTH UCXOAHOTO d(Hpa HapyIIaeT ero 3aKOHOMEPHO-
cti. OJHAKO CyIIECTBYET MEXaHU3M, KOMIIEHCUPYIOMUI M0J00HbIE H3MEHe-
Hus. MacmTab UCXOJHOrO KOHTHHYYMa IIPUHUMAET ONpEEIEHHOE 3HAUECHUE
B COOTBETCTBUHU C M3MEHEHMSMM IOTCHIIMAJA «UHOPOJHOTO» IOJIA, TaK 4TO
Jr00bIe €ro M3MEHEHHS B KOHEYHOM HMTOTE KOMIICHCHPYIOTCS YHPYTUM 3(u-
pOM.

JJist TOro 9T00BI CyMMapHBIH MOTEHIIAN OCTABAJICS HEU3MEHHBIM, HEOOXOIM
B3aUMHBIA OOMEH 3HEpruel MEeXIy JBYMs COCTaBISIOIIMMH €JUHOTO 3(dupa.
MexaHu3M peryaupoBaHusl MaciiTada MpOCTPaHCTBEHHO-BPEMEHHOIO KOHTH-
HyyMa MMEET XapakTep JJIEKTPOMarHUTOrPaBUTALIMOHHOIO B3aUMOJEHCTBUS,
OIMCBIBAEMBIN YPAaBHEHUAMH €IMHON TEOPUH ITOJISL.

4.4. B3aumMHOe npeBpalieHue 3JIeKTPUIECKOro, rpaBuTALMOH-
HOI'0 M MATHUTHOTIO I0JIEH

DJEKTpUUYECKUE 3apsiibl HE pearupyoT Ha IPaBUTALMOHHOE I10JIE, IS TpaBU-
TAlMOHHBIX 3apsJIOB AIEKTPUUECKUI 2QUp SBIIIETCA IPABUTALMOHHBIM BaKy-
ymMoM. HenocpeacTBeHHO ABa Mosisl pa3Iu4yHON IPUPOJBI HE B3aMMOJEHCTBY-
10T. OHaKO B3aMMHOE M3MEHEHHE JIByX IOJI€H B MPOCTPAHCTBE WJIM BO Bpe-
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MEHU 00pa3yeT MarHWTHOE Ioyie. MarHuTHOE TOJIe HEM3MEHHBIA CITyTHHUK
MEPECEKAIOIINXCS MOANPOCTPAHCTB-BpeMeHUu. O0nacT 00beIUHEHHOTO KOH-
TUHYYyMa, TJ€ MPUCYTCTBYIOT U T€, U APYTHE 3apsiibl, HEIPEMEHHO OYEPUYCHBI
BUXPEBBIM MarHUTHBIM MosieM. CripaBeyIuBO U 00OpaTHOE yTBEPKACHUE: MPH-
CYyTCTBHE MarHWTHOTO TIOJISl B KaKOW-JIMOO 0OJIACTH 3aMKHYTOT'O MTPOCTPAHCT-
Ba-BPEMEHH TOBOPUT O MepepacrnpepeNIeHUH 3apsA0B HHOM MPUPOIBI, O HAU-
YUU 00BEIMHEHHOTO KOHTHHYYMa. MarHuTHOE TI0JIe 00pa3yeTcsl B pe3yJIbTaTe
M3MEHEHHUS KaK JEKTPUUECKOro MOJIsl B TPAaBUTALIMOHHOM KOHTHUHYYME, TaK U
TPaBUTAIMOHHOTO B d(hUpe AMEKTpUIeCKOM. YacTHIIbI, 00JIaaroIei KaK TeMm,
TaKk U JPYTUM 3apsoM, TepeMelaromieiicss B CBOOOJIHOM OT BellecTBa 00be-
JTUHEHHOM 3(upe (TPaBUTAIMOHHOM U 3JICKTPHUYECKOM ITOJIOKHUTEIHLHOTO 3HA-
Ka) CO CKOpPOCTBIO Vv, 00pa3yloT MarHUTHOE moje B corjacHo 3akoHy buo —
Cagapa — Jlamtaca:

p=Fol Bty (36)

Koaddurmentsl nponopiuuoHanbHocTd Uz, U Uy, TPUHUMAIOT pa3IMYHbIC

3HAYEHUS B 3aBUCHUMOCTHU OT IJIOTHOCTH COOTBETCTBYIOIIETO MOANPOCTPAHCT-
Ba-BpeMeHH. Ha oOpa3oBaHue HOBOW CyOCTaHLIMM 3aTpayMBaeTCsl SHEPrHs
OCHOBHOT'O KOHTHHYyMa. YeM OoJibIlie Hanps>KeHHOCTh MArHUTHOTO T10JIs1, TEM
CUWJIbHEE MCKpUBIIAETCS 3(Up, YTO JEMOHCTPUPYET COOTBETCTBYIOLIUIN KO-
¢uIMeHT. YCKOpEeHHOe IMepeMeIleHue 3apsIoB JII0OOH MPUPOIbl HE TOJIBKO
HCKPHBIISIET HCXOHOE MIPOCTPAHCTBO-BPEMSI, HO U BO30YX1aeT 3(hupHbIe BOJI-
Hbl 00BbEIMHEHHOr0 KOHTHHYyMa. MckaxkeHus sdupa pacnpocTpaHsOTCs CO
CKOPOCTBIO CBETA 110 BCEMY 3aMKHYTOMY 00BbeMy.

B rpaBUTalMOHHOM HPOCTPaHCTBE-BPEMEHH JBOWHOW HPUPOABI, MOJ0OHOM
HaleMy, MarHUTHOE I10JIE BOZHUKAET HE TOJBKO BOKPYT MOTOKA YaCTHI] 3apsi-
YKEHHBIX JIEKTPHUECKH, €0 TaKkke 00pa3yloT MepeMelarolecs 3JIeKTpuiec-
KM HEUTPAJIbHBIC TPAaBUTALOHHBIE MACChl. B 3aBUCUMOCTH OT 3HaKa JJIEKTPH-
YeCKOro 3(¢upa, MarHUTHOE 10JI€ TPABUTAILIMOHHBIX Macc MPUOOpeTaeT TO WK
MHOE HalpaBJeHHE, YACTHUIIbl OJHOTO TUIIA TPUOOPETAIOT Pa3INYHbIM MarHuT-
HBII1 MOMEHT. MarHuTHoOE I0JI€ YaCTUL], HECYILHUX U TOT, U APYIOU 3apsi, MO-
JKE€T KOMIICHCUPOBATHCS WIM CKJIAAbIBATHCS B 3aBUCUMOCTH OT 3HAKA JJIEKTPU-
YEeCKOIo M IpaBUTALIMOHHOTO 3apsja, a TakKe 3Haka (poHOBOTO 3¢upa.
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Ha 3apsiner, nepeMeniatoniiecs B 00beTUHEHHOM 3(hUpe, CO CTOPOHBI MarHUT-
HOTO mouist aeiicTByet cuna JlopeHna. B 3aBucUMOCTH OT TUIa YacTull, o0Ja-
JIAIONIUX W AJIEKTPUYECKMM, U TPABUTAUMOHHBIM 3apsilaMH TOTO WJIM WHOIO
3HaKa, B MOJINPOCTPAHCTBAX PAa3IM4YHOM MPHUPOABl U 3HaKa, cwia JlopeHua
JICUCTBYIOT B PA3JMYHBIX HANPABJICHUAX C PA3JIMYHON MHTEHCUBHOCTHIO. B
clIy4yae COYeTaHUs TPAaBUTAIMOHHOTO U JIEKTPUYECKOro 3(upa MOTOKHUTEIb-
HOTO 3HaKa MO>KHO 3aIllCaTh.

- “GOfn_ ;ZEom [v[H]. (37)

L

4.5. YpaBHenus EquHoil Teopuu moJist

Ecnu B nokanbHO# 00nacTé 00BEAMHEHHOTO KOHTHHYYMa MOTEHIIMAN KaKOM-
00 TPUPOMBI SBIISETCS JOMHHHUPYIOMUM (TJIOTHOCTU TIOIIPOCTPAHCTB HE
paBHBI), TO TaM CYIIECTBYET U3JIyYCHHUE, KOTOPOE UMEET XapaKTep dJEKTpoMa-
THUTOTPABUTAIIMOHHON BOJIHBI. DJIEKTPUUECKOE W TPABUTAIMOHHOE TIOJIS W3-
MEHSIOTCS B HAMPABJICHHUH, OMPEACICHHOM 3HAKOM 3(Hpa MPOTUBOIOIOKHON
mpupoasl. J[ms Kakmol JoKanpbHOW 00JacTH ypaBHEHHST MakcBeuia MMEIOT
pa3IMYHBIA BUJ B 3aBUCUMOCTH OT 3HaKa U MPUPOJIbI COUETAIOIINXCA TMOJEH.
COOTBETCTBEHHO, MMO-Pa3HOMY MTPOUCXOJIUT UCKPUBIIEHHE OCHOBHOTO 3dupa U
IIepepacupeIeICeHHE €ro IHEPIUH.

JIsi  TpaBUTAIIMOHHOTO TIPOCTPAHCTBA-BPEMEHH, HWCKPUBJICHHOTO IOJIOKH-
TEIHHBIM DJIEKTPUUYECKUM TI0JIEM YpaBHEHHUSI MakcBesia UMEIOT BUJ CYTIepIo-
sunmu (25) u (33):

dH
rotk = —_—
luGO dt
dH
rotG = — —_—,
2 di
dE dGg (38)
tH=€.,— +€&,,—,
ro GO gy 0
divE =0,
divG =0,
divH =0.
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MarautHoOe Moje SBJIAETCS CBA3YIOIIMM 3BEHOM JIBYX IOJIEH, YHUBEPCATIbHOM
cyOcranmmeil, odmeit ans Toro u Apyroro 3¢upa, oObeAUHSIONICH 1Ba Tepe-
CEKAIOMUXCSI KOHTHHYyMa. VI3MEHEHHEe MAarHUTHOTO IMOJIsI B OOBEAMHCHHOM
sdupe NPUBOAUT K BOSHHUKHOBEHHMIO KaK AJIEKTPUUYECKOTO, TaK U T'paBUTAIlU-
OHHOTO IIOJICH, B COOTBETCTBHHM C IUIOTHOCTBIO 3(Hpa MPOTHBOIOIOKHON
npupobl. VIckpuBieHHE JIOKaIbHOW OOJACTH MOJOKUTEIBHBIM 3JIEKTpHYec-
KM ¥ TPaBUTAMOHHBIM ITOJIEM YBEIIMYUBACT HAIMPSDKCHHOCTh MAarHHTHOTO
NoJs B Pa3iIM4HBIX HampasieHusix. IIpu paBenctse ., U [,, MarHUTHas

COCTaBIIAONIAs KOJIeOAHUM MOTHOCTHIO KOMIIEHCHPYETCSI.
B noxanbHO# oOmacti ["amakTHKM HAIIEro MpOCTPaHCTBA-BPEMEHHU, UCKPHB-

JICHHOT'O OTPHULATCIBbHBIMHU JJICKTPUYCCKUMU 3apddaMU, YPAaBHCHUA Makcser-
JJa UMCHOT BU:

dH
rotE =—-u,.,—,
Hgo di
dH
rotG =—-l,.,—,
Mo d
dE dGg 39)
tH =€, — —&py—,
ro G0 g7 0
divE =0,
divG =0,
divH =0.

B s¢dupe pazmmunoil mpupoasl U 3HaKa oOpa3yercs CyMMapHOE MarHHUTHOE
nosie. OJTHAKO MPHU YBEIMYEHUU IUIOTHOCTH AJIEKTPUUYECKOTo d(upa 3HaUCHUE
I'PaBUTALIMOHHON MOCTOSHHOW 3JEKTPUYECKOr0 MOJNPOCTPAHCTBA &,, NpUO-
JKaeTcsd K 2JIEKTPUYECKON NpOHMLAeMOCTH >hupa &,,, YBEIMUUBAIOTCS
notepu 3Heprum. Korja HanpsyKeHHOCTH 3JIEKTPUUECKOT0 M TPaBUTALIUOHHO-
ro NoJiel CpaBHUBAIOTCSI, MArHUTHOE TOJIe UCYE3aeT.

AHAJIIOTUYHO BBITJISIIAT CUCTEMBI Uil OCTAJbHBIX COYETaHUH 3dupa pa3inuy-
HOW IIPUPOJBI U 3HaKa. B KaKIOM U3 YeThIpex IIPOCTPAHCTB-BPEMEHH CYILEC-
TBYIOT OJJHOBPEMEHHO JIB€ CUCTEMbI YPABHEHUMN €AMHOU TEOPUH MOJIA.
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B 1r000it 001acTH TpaBUTAIIMOHHOTO MPOCTPAHCTBA MU aHTUIIPOCTPAHCTBA-
BPEMEHHU BOJHOBOE YpPABHEHHUE 3JIEKTPOMArHUTOTPABUTALIMOHHOTO B3aUMO-
JNEUCTBHS UMEET BUI:

d*H

o =® ,AH - AH,

d*E

o =P AE, (40)
d’G

o =® AG

[Ipu BO3MYyIIEHHH HUCXOTHOTO 3(Hpa MOJEeM UHON MPUPOIbl YacTb SHEPTUU
OCHOBHOT'O KOHTHHYYMa TPaTUTCs HAa 00pa3oBaHME MAarHUTHOTO IOJISL M Paci-
poCTpaHseTcsl B BUAE U3JIy4eHUsl. MarHUTHOE 0JIE CTPEMHTCSI CKOMIIEHCHPO-
BaTh BO3MYILICHME, IE€PEPACIPENEisisl PHEPrUI0 Mexay MoysMu. CBETOBbIE
Kojie0aHusi B MPOCTPAHCTBEHHO-BPEMEHHOM KOHTHHYYME JBOWHOM MPHUPOJIbI
MMEIOT JIBE€ COCTABJISIIOIIME: 3JIEKTPOMAarHUTHYIO U MarHUTOTPaBUTALIIOHHYO.
Ta u apyras cOCTaBIAOIIAs €UHBIX 3JIEKTPOMAarHUTOTPaBUTALIMOHHBIX KOJIe-
Oanuil B 00beTMHEHHOM 3(UpPE UMEET PA3NIUIHYIO aMIUTUTYY, 3aBUCSIIYIO OT
BEJIMYMHBI MOTEHIMAJIA MPOTUBOIIOIOKHON MPUPOABLL. AMIUIMTYJA 3JIEKTPO-
MarHUTHBIX KOJICOaHWM OMpeesieTCss TPaBUTALIMOHHBIM MMOTEHIIMAIOM, Mar-
HUTOTPABUTALIMOHHBIX — AIEKTPUUECKUM.

YBenuueHue B 000N 00JACTH 3aMKHYTOT'O MPOCTPAHCTBA-BPEMEHHU HAIPSI-
YKEHHOCTH TOJISl MPOTUBOMOJIOKHON MPUPOJIBI MPUBOAUT K COKPAIICHUIO WH-
TEHCUBHOCTH W3IydeHHUs. B mporiecce pacmpocTpaHeHus: KoyieOaHWi uepe3
00bETMHEHHBIH KOHTUHYYM WHTEHCHUBHOCTBH BCEI/Ia YMEHBIIIACTCS HE3aBHCH-
MO OT 3HaKa TOTO U APYrOro IOJsi, CO3/1aeTCs BIIEYATICHUE CUIBHOTO IOIJIO-
mieHus1. [loTepy WHTEHCHBHOCTH TeM OOJIBIIE, YeM MEHBIIE Pa3HOCTh DJICKT-
PUYECKOTO U TPABUTAIMOHHOTO TOTEHIIUAIOB, YeM OOJIbIIe BpEeMs PacmipocCT-
paHEHUs CUTHaJa B UCKPUBJICHHON 00J1acTH. DTH 00J1aCTH BOCTIPUHUMAIOTCS B
BUJe 00pa3oBaHUil, 3aMOJHEHHBIX CHIIBHO MoTiomaromeil marepueid. [Ipu
PaBEHCTBE MOTEHIHMAIOB TOTO M JAPYroro MOJs MarHUTHAas COCTAaBJISIOLIAS
paBHa HYJIIO, paCIPOCTPaHEHUE KOJIeOaHUI HE BO3MOXKHO.

Takast cuTyanusi BO3HUKAET B MEPEXOIHOM 001acTH MeX Ay JBYMs IPOCTpPaHC-
TBaMU-BPEMEHM 3JIEKTPUUECKON M IPaBUTALMOHHOW npupoxasl. Kak B ciayuae
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IpaHUIBl MEXJAy MPOCTPAHCTBOM M AaHTUIIPOCTPAHCTBOM-BPEMEHEM OJHOMN
IIPUPOJIBI, TaK U B CJIy4ae ABYX IPOCTPAHCTB Pa3IM4HOMN MPUPOABI, HO OJHON
IUIOTHOCTH, CTAHOBUTCSI HEBO3MOXKHBIM pacrnpocTpaHeHue ceera. Ecnu B nep-
BOM ClIy4yae MOTEHLHUaJbl IOJIEH OJMHAKOBOM MPHUPOABI KOMIIEHCHUPYIOTCH,
YHUUTOXasi CaMO MPOCTPAHCTBO-BPEMsI, TO BO BTOPOM — U3IyUEHHUE MCUE3aET
BMECTE C MATHUTHBIM IIOJIEM.

VYpaBHenuss MakcBesia a1l 00ObeAMHEHHOTO 3(Hpa, ONPENEISIIOT BCE BUIBI
B3aMMOJEHCTBUS MaTepuu. VIHTEHCUBHOCTb Ka)J0rO M3 HUX OIPEAEIAETCS
KPUBU3HOM paccMaTpuUBaeMoOW JIOKaJIbHON 001acTH, HAIPSHKEHHOCThIO M 3Ha-
KOM 2JIEKTPUYECKOTO0 U IPABUTALIMOHHOIO MOJIA. DTH YyPaBHEHHS OIHUCBIBAIOT
HE TOJIKO PACIPOCTPAaHEHHUE U3IIY4YCHHs], OHM yCTaHABIMBAIOT 3aKOHOMEPHOC-
TH, IO KOTOPBIM MPOUCXOJAT IBOJIIOLIMOHHOE PA3BUTHE CAMHUX IIPOCTPAHCTB-
BPEMEHH, B3aMMHOE MPEBpAIICHUE KOHTUHYYMOB 3JIEKTPUYECKON M I'paBUTa-
LIMOHHOW TPUPOBI, HEIPEPHIBHOE MpeoOpa3oBaHue IHEPruu 3Pprpoodpaszyro-
Iiero noreHnuana. Bee mpouecchl, Mpoucxoasmye B 3aMKHYTOM 00beMe, I10-
JUUHSIOTCS IEPUOJUYECKOMY 3aKOHY YpaBHEHUH eIuHOU Teopuu noss. CMe-
Ha MpUPOAbl KOHTHMHYyMa CaMHUX 3aMKHYTBIX HPOCTPAaHCTB-BPEMEHM TaKKe
IIPOUCXOIUT MEPUOJUYECKH B COOTBETCTBUU C YPABHEHUSIMHU €IUHON TEOPUHU
noJtst [2].
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