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AHHOTaAMs
MpeanoxkeHa akcMoMaTUYecKana AeTEPMUHUCTUYECKAA TeopmA PU3MKKM, OCHOBAHHAA HA O4HOM
CKanApHOM none.

B mogenu Teopmn Ha pyHAAMEHTAIbHOM YPOBHE OTCYTCTBYET BPEMSA M OTCYTCTBYET ANHAMMKA.
MoKa3aHOo KaK B TaKo MoAenn BO3HMKAET NPOCTPAHCTBO-BPEMA C MaTepuelt U nonsmu. MoKasaHo, 4to
aHTPOMHbIN NPUHLMN BO3HUKAET Kak cneacTsme Teopuu. BbiegeH NpMHLMMA NPUYNMHHOCTU KaK
cneacrteme OCHOBHDbIX NONOXEeHUM TEOPUMN. I'lonyqubl, KaK cnegcresmvAa Teopurn U B HEPEeNATUBUCTCKOM
NPUBAUNKEHUK, BCe TPW YpaBHeHUA HbioToHa. MNonydeHbl macca, SHeprusa u apyrue KoHuenumm
MexaHWKK. BbiBegeHo ypasHeHue LpeamHrepa. MpeanoskeHo ob6bAcHeHMe NpUpoabl CNMHA YacTuL,.
MoKa3aHo, YTO MaKCMMa/ibHasA CKOPOCTb B3anMoAeNCcTBUIA 06a3aHa 6biTb KOHEYHOM U ObITb OANHAKOBOM
BO BCEX MHEpLManbHbIX cucTemax oTcyeTa. lMoKa3aHo, YTO CKOPOCTb CBETa M MaKCMMa ibHas CKOPOCTb
B3aMMOAENCTBUI B TOYHOCTM paBHbI. MoslyyeHa cneumasibHas Teopus OTHOCUTEIBHOCTU CO BCEMU ee
ypaBHeHuaAMU. Mony4yeHbl ypaBHeHMa KneHa-TopaoHa-PoKa 1, ¢ HEKOTOPbIMKW NPEANOJIOKEHUAMN,
ypaBHeHus [upaka. PaccmoTpeHo B3aumoaeicTame Yactmu,. O6bACHEeHO, UTO Takoe BUPTYasibHble
YacTUUbIl, YTO TAKOE KBaHTbl B3aMMOAENCTBUI Nosei, Kak paboTaeT nepeHOPMUPOBKa B KBAaHTOBOMA
Teopuu nona. NMokasaHo, 4YTo TaKoe Kaxkywuneca dyHaameHTaNbHbIMW B3aUMOAENCTBUA, TaKMe Kak
cunbHoe, cnaboe 1 aneKkTpomarHuTHoe. MNoayyeHbl, C HEKOTOPbIMU NPEANONOXKEHUAMM, YPaBHEHUA
Makcsenna. NokasaHo, YTo CTaHAAPTHaA MoAe b He MPOTUBOPEUNUT Npeanaraemon TeEopun.
PaccmoTpeHa npupoaa rpasuTaumm. [lokasaH CUAbHbIA NPUHLMUN SKBUBANEHTHOCTM, AOKa3aHbl BCe
NPeAnoN0XKeHMA, Ha KOTOPbIX OCHOBAaHa 06LLasA Teopma OTHOCUTE/IbHOCTU. Ha OCHOBE 3TOro, MOYKHO
YTBEPXKAaTb, YTO YypaBHEHMA 06LLelt TeEOPUKN OTHOCUTENLHOCTM YA0BNETBOPAIOT TEOPUM NMOPOIKAEHHOTO
NpPoCTpaHCTBa-BpeMeHU-MaTepun. NoKasaHo, YTo rpaBUTaLIUA He MOXKET MMETb KBaHTOB. Tem cambiMm,
3Ta TeopuA YTBEPKAAET, YUTO HUKAKOM TEOPMM KBAHTOBOW rPaBUTALLIMUM HE MOMKET CYLLEeCTBOBaTb.
MpeanoxeHo obbACHEHWE NponcxoXxaeHna BceneHHoM. MpeanoxeHo ob6bAcCHeHMEe NPUPOAbl TEMHOM
3HEPrumn 1 TeMHo maTepun. PaccmoTpeHbl prU3nyecKme OCHOBaHNA MaTEMaTUKM.

BBegeHue

B 37Ol CTaTbe 5 pa3BMBatlo TEOPUIO NOPOXKAEHHOIO NPOCTPAHCTBA-BpeMeHN-maTepum [1-11].
3HaKoOMCTBaA C Npeaplaymmmn nybankaumsmm no 3Toi Teme He TpebyeTca, B 3TOM CTaTbe 5 NPUBOKY
NoJIHOE OoNnCaHMe TeKyLEero CoCtoAHMA 3TOM TEOPUMN.

B HacTosALLEe Bpems, M3BECTHbIE 3aKOHbI GM3NKKN NO3BOIAIOT CYLECTBOBATb CUHTYAAPHOCTM, Hanpumep
BHYTPU YepHbIX Ablp. MHOIMe paccMaTpMUBaET 3T CUHIYAAPHOCTM KaK MPM3HaK Toro, 4to no6an3ocTm ot
CUHIYNAPHOCTEN HaunHaeTc HoBas GpU3MKa. NLLyTca HoBble 3aKOHbI GU3NKK, OMMUCbIBALOLLLEE COCTOAHUE
NPOCTPAHCTBA, BPEMEHU U MATEPUUN BOIM3U ITUX CUHTYAAPHOCTEN. ObLLel YepTol BCEX ITUX NMOUCKOB
ABNAETCA TO, YTO aBTOPbI NMOAPA3YMEBAIOT, YTO NPOCTPAHCTBO, BPEMS U MaTepus B TaKUX YCIOBUSX MO
NpeKHemy CYyLLLeCTBYIOT, MYCTb U B KAKOM-TO HEOBbIYHOM BUAE.

OAaHaKo ecTb n p,pyroﬁ BapunaHT, KOTOprl\;l, HACKOJ1IbKO MHE 1U3BeCTHO, BNnepsBble NOJIHOUEHHO
pacCmMmaTpmnBaeTCA TOJ/IbKO B paMKax npe,u,naraeN\oﬁl TEOPUMN. oToT BTOpOl‘;i BapPUaAHT 3aK/TIIO4YAETCA B TOM,
yTO B KAKOM-TO OKPECTHOCTU CUHTYNTIAPHOCTU NPOCTPAHCTBO, BpEMA U MaTEPUNA HE NepexoaAT BO YTO-TO
HEO6bI‘-IHOE, a NpeKkpawaoT CywecTtBoBaThb. an 3TOM, MNOCKOJIbKY HEYTO BHYTPMU aTOM OKpPECTHOCTU



CUHTYNTIAPHOCTH BO3AEVICTBYET Ha CBOE OKpyXeHWne B NpPOCTPaHCTBE-BPEMEHMN, 3TO HEYTO HE MOXKET 6bITb
HMYTO. BO3HMKaeT BOMPOC, YTO MOXeT ObITb 3TO HEYTO?

ECAK 3TO HEYTO He COAEPKUT NPOCTPAHCTBA-BPEMEHM U MATEPUIO, TO OHO AONXKHO 6biTh Yem-To 6onee
dyHAaMeHTanbHbIM. HO TOraa, Tak Kak OHO He COAEPKUT NPOCTPAHCTBa-BpeMeHN-maTepum u nonen,
CaMo NPOCTPAHCTBO, BpeMA U MaTepms A0MKHbI BbIBOAUTLCA U3 3TOro HeyTo. Mcxoaa 13 3Toro,
MPOCTPaHCTBO-BpEeMA-MaTePUA 1 NOAA AOMKHbI ABAATLCA NOPOMNKAEHHBIMM CBOMCTBaAMM 3TOMO HEYTO.
Mpw 3TOM OHM MOTYT BbITb ONpPeaeneHbl He Be3e, a TO/IbKO Tam, rae ecTb A5 3TOro noaxoaduime
ycnosus.

Bpems aBnaeTcA ABNeHMeM, MPOABAEHMA KOTOPOro Mbl NOCTOAHHO Habatogaem. PuUsnKa Bce elle He
3HaeT NPUpPoay BPEMEHU, CYLLECTBYIOLLEE OMMCaHNE BPEMEHW M ero CBOMCTB ABAAeTCA
deHomeHonornyeckum. CneumnanbHas v 0611as TEOpPUU OTHOCMTEIbHOCTM YCTaHOBW/IM 3aBUCMMOCTb
MeXAay BpeMeHem, NPOoCTPaHCTBOM U rpaBuTaumeit. ITo NoKa3biBaeT, YTO BPems He ABAeTcA
HEe3aBUCUMbIM ABIEHUEM, U UMEET CBA3b C NPOCTPAHCTBOM W MaTepuei, Bbi3biBatolLLel rpaBuTaLmio.
du3nkKa yctaHoBKUNa cBOMCTBA BpeMeHU. O4HAKo OTCYTCTBYET 3HaHWe, MoYeMy CYLLLeCTBYeT Bpems,
noyemy Bpems OAHOHaNpPaBAEHHO, CYLLLECTBYIOT M KBaHTbl BpEMEHM, NoYemy Bpema MMeeT 04HO
n3mepeHue, BO3MOXKHO N NyTellecTBoBaTb B NpoLU/oe.

CyLLeCTBYIOT ABNEHNA Ha3blBaeMble NMOPOXKAEHHBIMU, UM IMEPAKEHTHBIMKU. Hanpumep, BTOPOI 3aKOH
TepmoaMHammKn. CBOIMCTBaA TEPMOAMHAMMKN OCHOBAHbI Ha CBOMCTBAX OTAE/IbHbIX aTOMOB U MOJIEKY,
OMNMCbIBAaEMbIX KBAaHTOBON MeXaHUKOM. O4HAKO ypaBHEHUA TEPMOLMHAMMUKM MOKHO NPUMEHATD
NPaKTUYeCKU HE3ABMCUMO OT YPABHEHMM, OMUCIBAOWMX OTAE/bHbBIE ATOMbI U MOJIEKY/bI.

[eicTBUTEeNbHO M NPOCTPAHCTBO, BPEMSA, MaTePUA U NOAA CYLLECTBYHOT CAMOCTOATE/IbHO UK Ke
ABNIAOTCA NPOABJAEHNEM Yero-To 6osiee pyHAaMeHTabHOro?

B 3TOM1 cTaTbe NpeacTaBaeHa TeEOPUS NOPOKAEHHOIO NPOCTPAHCTBA-BpeMeHu-maTepum (aanee MMBM-
Teopus). B aTol TeopuKn NPOCTPAHCTBO, BPEMA, MaTeEPUA U NOJIA PAaCCMaTPMBAIOTCA KaK NOPOXKAEHHbIE
csoncTea bosnee PpyHLAMEHTAIbHOM CYLLHOCTM.

HauyHem paccmoTpeHue Teopun ¢ moaenun Teopun.

Mopaesib Teopum

Teopusa ocHOBaHa Ha NPeANON0KEHUN, YTO HA GYHAAMEHTAZIbHOM YPOBHE MMEETCA TO/IbKO EBKINA0BO
NPOCTPAHCTBO C HEKOTOPbIM NOKa HeENU3BECTHbIM KONIMYECTBOM M3MepeHMl7I nonpeageneHHoe Ha asTom
NPOCTPAHCTBE CKanApHoe noae. Huyero Kpome NepeyncneHHoro, B TOM Yncjie BpeEMEHMH,
Ha6l1|-0[l,aEMOFO HaMM NPOCTPaAHCTBA N MaTePUN Ha d)yH,El,aMeHTaanOM YPOBHE HeT. A npegnonarato
rnagKocCTb d)yHAaMEHTaﬂbHOI'O CKanAapHOro nona. CKaanHoe noszie onncbiBaeTCA HEKOTOPbIM
HENU3BECTHbIM Iﬂ,llld)d)er)(EHLI,l/1a.I1beIM YpaBHEHUNEM. DTO MOXKHO 3anuncaTtb B cneayroulem suae:

fG) =g(x5,f(S)) (1)

rae X — HeKoTopas Touka B GyHAaMeHTalbHOM npocTpaHcTee, f(x) — 3HayeHue dyHAAMEHTaNbHOIO
NoAA B TOYKE X, S — 3aMKHyTas NOBEPXHOCTb, OKPYKatoLwan ToUKy X, f(S) — 3HayeHMe nonA Ha
NOBEePXHOCTU S, g — HekoTopasa GpyHKLMA.

dyHaameHTanbHOE NPOCTPAHCTBO C ONpeAeNeHHbIM Ha HEM CKansipHbIM MOJIEM Ha30BY
MeTaBceneHHom.



OTCyTCTBME B MOAENN TEOPUM BPEMEHM Ha GYHAAMEHTAILHOM YPOBHE NMPUBOAMT K BOMPOCY — YTO TaKoe
CYLL,eCTBOBaHWE B pamKax 3TOM Teopumn?

CyliecTBOBaHUE U NOCTYJIaT TEOPHH
,ﬂ,O6aB}'IIO onpegeneHune, 4To Takoe CyuwecTtBoBaHME B paMKaX npe,u,no>+<eHH0171 mogenu:

Ecnu 8 6e3spemeHHol cucmeme, npusodsuwjell K nosieaeHuto aghgheKmusHo2o
npocmpaHcmeaa-epemeHU U Mamepuu KaK MopoxOeHHbIX AeneHul, codepxcumca max
e pa3yMHaa #HU3Hb (Komopas Mmoxcem u2pams posb Habardamens), mo 6ydem
2080pUMb, YMO MAKoe NMPoCMpPAHCMB80-8pPEMA-MAMEPUSA cylecmayem, 3mo
opoXOeHHoe NPOCMPAHCMEBO-8PEMA-MAMEPUS.

Ey,u,yT TN pa3symMHble CywectBa OCO3HaBaTb cebs B TaKkoM MO,CI,EIWI? be3 noNoXKnTenbHOro oTeBeTa Ha 3TOT
BonpocC p,aaneﬁmee paccmoTpeHne moaenn HEBO3MOXKHO.

Takum obpasom, HeobxoAMMO BBECTM NOCTYaT.
Moctynar:

B ropox0eHHOM pocmpaHcmeae-epemeHu-mamepuu pasymHoe cyu,ecmeo moxem dymame,
Yy8CMeosamMs YMo OHO PeasibHO cyuecmayem, Haxooumcs 8 Gbimue.

AHTPONHBIA NPUHIUII
M3 onpeaeneHuns cywecTBOBaHMA M NOCTyaTa TEOPUM c/ieayeT, UTo HabatogaTenb Heobxoamm ans
cylLecTBoBaHMA BceneHHoM. Tem cambim, U3 TEOPUW CAeayeT aHTPOMHbIN NPUHLMI.

AHTPONHbIN NpUHUMN 6bin NpeanoxeH [12][13] ana o6bACHEHUA C HaYYHOMN TOUYKKN 3PEHMA, MOYEMY B
Habnogaemolt BceneHHOM MMeEeT MecTo psag, HETPUBMANbHbBIX COOTHOLLEHUN MeXay
dyHAAMEHTaNbHbIMU GU3NYECKUMU NapamMeTpaMn, HEOBXOAMMbIX ANA CYLLEeCTBOBaHUA pa3yMHOM
U3HU. MimetoTca pasnndHble GOPMYINPOBKM; 06bIYHO BblAENAIOT CNabblit U CUNbHbIA aHTPOMHbIE
NPUHLMNBI.

BapMaHTOM CMIbHOTO aHTPOMHOIO NPUHLMNA ABASETCA aHTPOMHbIA NPUHLMN yYacTuA,
cbopmynnpoBaHHbIi [koHom Yunepom[14]:

Habrirodamenu Heobxodumbi O obpemeHusi BceneHHol 6bimusi (Observers are necessary
to bring the Universe into being).
B MMBM-Teopuun, aHTPOMNHbIV NPUHLMN y4aCTUS ABAAETCA NPAMbIM CNeACTBUEM OCHOBHBIX MOJIOXKEHWA
Teopuu.

IIpuHIMI NPUYHUHHOCTH

Bce uU3BeCTHble MHE MOAEeNM PAa3yMHOM XN3HW TPebyIoT BbINOAHEHUA NPUHLMNE NPUYNHHOCTHU.
Habntopatenu Heobxoanmbl ANs cyllecTBoBaHUA BceneHHon. Habntoaatenem moskeT 6biTb TONbKO
pa3yMHoOe CyLecTBo. 3TO 03HaAYaeT, YTo pasyMHan ¥U3Hb Heobxoauma AN CyLLecTBoBaHMA BceneHHoM.
MNcxoas 13 aToro, NOpPoXKAeHHOE NPOCTPaHCTBO-BPEMA-MaTEPMIO-NONA HEOBXO4MMO CTPOUTb TaKMM
06pa3om, YTOBbI BbINOAHANCA MPUHLMM NPUINMHHOCTU. TEM CaMbIM, NPUHLMN NPUYMHHOCTM ABAAETCA
CcneAcTBMEM aHTPOMHOMo NPUHLMNA yYacTus.

CI/IMMETpI/IH K TPAHC/JIAOHUAM MMOPOKAEHHOTO BPEMEHHU U IIPOCTPAHCTBA

[NAa BbINONHEHUA NPUHLUMNA NPUYNHHOCTU HEO6XO,CI,MMO NOHATb, KAKMMM CBOMCTBAMM MO OTHOLLEHMUIO K
TPaHCNAULMAM NOPOXKAEHHOIO BpeMeHU 1N NPOCTPAHCTBA AO0/1KHbI O6ﬂa,ﬂ,aTb ¢M3quc+<me 3aKOHbI. B
Cny4vyae ecnm He 6yp,eT CUMMETPUN K TPAHCNAUMNAM NOPOXKAOAEHHOIO BpemMeHU U NPOCTPaHCTBaA, HE BUAHO
cnocob6os AnAa BbINO/THEHNA NPUHLMNA NTPUYHUHHOCTMU. Ncxopa U3 aToro, MOXHO caenath BbIBOA, UTO
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TaKaAd CUMMETPUA, 3TO elle MOXXHO Ha3BaTb OAHOPOAHOCTb, A0/1XKHA CyLLEeCTBOBATb. OTO O3HAYaeT yTo
noboe peweHne C NOpoXA4eHHbIM NPOCTPaHCTBOM-BpEMEHEM A0/1XKHO COAEPHKATb TAKNE CUMMETPUN.

[lopAa0K U3/10)KEHUA TEOPUHU B CTAaThe

Ha ¢yHAameHTaIbHOM YpOBHE TEOPUM OTCYTCTBYHOT TakMe 6a30Bble TEOPETUYECKNE KOHLLEMUUM KaK
Bpems, Habtogaemoe NPOCTPaAHCTBO, MaTepusa, Nons. Ans KaxKaon U3 aTUX KOHLENUWUIA HYXKHO HanTH
COOTBETCTBUE B NpeasiaraemMon Teopun. HeobxoaMMo TaKKe HalTU COOTBETCTBUE /1A CBSA3AHHbIX
KOHLEMLUMI, TAKMX KaK Macca, SHeprus, CKopocTb, a/1eMeHTapHble YacTuLbl U ToMy nogobHoe. Kaxaas
N3 3TUX KOHLLeNUMM CBA3aHa Apyr c gpyrom. OnpeaenvTtb B O4HOM MeECTe YeMy 3TU KOHLLeNUUm
COOTBETCTBYIOT B 3TO TEOPUM MOXKHO, HO 3TO BYAET CI0XKHO A4/18 BOCAPUATUA U MOHMMaHMA. MoaTomy
Teopus ByaeT nsnaraTbCsa B HECKOIbKO UTEpPaLUi.

CHavana bygeT paccMoTpeHO NJI0CKOE EBKAMAOBO MNOPOKAEHHOE NPOCTPAHCTBO-BPEMSA C
AanbHoZencTBneM. B 3TOM YaCTM NOKA3aHO KaK BO3HMKAET Takoe NPOCTPaHCTBO-BpeMs. MoKa3aHo, Kak
M NoyemMy BO3HUMKAeET MHepuus. HageHa macca u sHeprus. MNoayyeHbl 3aKoHbl HblOTOHa M
npeobpa3oBaHua Nannnes. [laHo onpeaeneHune, YTO TaKOe 3N1EMEHTAPHAA YacTMLLA B PaMKax TeOpUMN.
BbiBeaeHo ypaBHeHue LWpeanHrepa. MNpeanoxeHo 06bACHEHWE YTO TAaKOE CMMH YacTuL,.

B cneaytolLelt 4yacTM BHOBb paccMaTpUBaETCA NOPOXKAEHHOE NPOCTPAHCTBO-BPeEMS, HO 6oiee TouHo. B
Hel paccMaTpuBaeTca NA0CKOe NCeBA0EBKINA0BO NOPOXKAEHHOE MPOCTPAHCTBO-BPEMS C KOHEYHOM
MaKCMMa/IbHOM CKOPOCTbIO B3aUMOAENCTBUIA. B 3TOM YacTn NoKa3aHo, MOYeMy CyLLEeCTBYeT Takan
CKOPOCTb 1 NoYemy oHa 06A3aHa 6bITb KOHEYHOM, MOYEMY 3Ta CKOPOCTb KOHCTaHTa M NOYeMy OHa
OZIMHAKOBa BO BCEX cMCTeMax oTcyeTa. MonyyeHbl npeobpasoBaHms JlopeHUa U ypaBHEHUS
cneuunanbHoOM TeopumM OTHOCUTENBHOCTU. [MonydeHbl ypaBHeHUA KnelHa-TopaoHa-®oKa 1 ypaBHeHuUsA
Ovpaka.

[anee paccmaTpuBaloTcA B3aMMOAENCTBMA 31eMEHTapHbIX YacTul,. MNpeanoskeHo obbAcHeHMEe YTo
TaKoe 3/1eKTpUYEecKmii 3apaa,. MNonyyeHsl ypaBHeHUs MakcBenna. O6bACHEHO YTO Takoe BUPTYasibHble
yacTuubl. MoKasaHo, YTO CKOPOCTb CBETA A0/IXKHA TOYHO PABHATLCA MaKCMMasIbHOW CKOPOCTU
B3auMmozencTeuin. MokasaHo, YTo Npeasaraemas TeEOpPUA COBMECTMMA CO CTaHAAPTHOM MOAE/NbIO
U3NKM 31EMEHTAPHbIX YacTUL,

B cnepyrolLeit 4acTM paccMaTpUBaeTCA rpaBUTaLmMA M UCKPUBIEHHOE NOPOXKAEHHOE NPOCTPaHCTBO-
Bpems. BbiBeAeHa 3KBUMBANEHTHOCTb YCKOPEHUA U rpaBuTaumn. NoKasaHo, YTo ypaBHeHUA DMHIWITENH]
o6lLeit TeopmuM OTHOCUTENIbHOCTU COOTBETCTBYIOT Npeaiaraemoit Teopuun. NokasaHo, 4To U3
npeasaraemoi TeopumM cneayer OTCYTCTBUE HaCTMLbI-NePeHOCHNKA rPaBUTALMOHHOIO B3aUMOAENCTBUA,
T.e. Npe/icKa3aHo OTCYTCTBME rpaBUTOHA.

[anee paccmaTpuBaeTcs KOCMONOMMA. B 3TOW 4acTM NpeaioKeHo 06bACHEHME NPOUCXOXKAEHUIO
BceneHHon. O6bACHEHO, NoYeMy BceneHHas MMeeT TPU NPOCTPAHCTBEHHbIX U 04HO BpeMEHHoe
nsmepeHue. NpeanokeHo 06bsACHEHNE TEMHOW MaTePUN U TEMHOW 3Heprun. PaccmoTpeHa
BO3MOKHOCTb CYLLLEeCTBOBAHMSA NapasiesibHbix BceneHHbix. MoKasaHo, 4yTo MeTaBcesieHHas ckopee
Bcero umeet 6oee YeTbipex U3mepeHui.

Danee PaCCMOTPEHDI d)MSI/I‘-IECKVIe OCHOBAHMA MaTeEMaATUKN.

B Ka>+<p,0|7| M3 3TMX YacTel COOTBETCTBME TEOPETUHECKUX KOHLI,EI'ILI,I/IVI n Mmogenn teopuun
nocnenoBatTe/ZIbHO BBOAATCA U YTOYHAKOTCA U YTOYHAKOTCA YPpaBHEHUA TEOPUMN. OKOHYaTeNbHbIN BUA
YpaBHEHUNA TEOPUUN NONYHAIOT NOC/NE pa3gesia O KOCMOJI0TUN.



[l110cKoe NpoCTpaHCTBO-BPEMS C AAa/IbHOAEHCTBUEM
PaccmoTprm cHayana cay4yait NAOCKOro MOPOXKAEHHOro NPOCTPaHCTBa-BpeMeH K. [ns Toro 4tobbl HalTK
€ro, pacCMOTPUM CEMEMNCTBO rMNepPrnIoCKOCTeN, YA0BNETBOPAIOLLMX ONNUCAHHbIM HUMKE CBOMCTBAM.

e [MNepnaoCKOCTH, NpUHagNexKalme oAHOMY CEMECTBY, AO/IKHbI He NepeceKkaTbCa mexay
cob60i4, 6bITb NapanaeNbHbIMMU.
e CyuwecTByeT HenpepbiBHOE Npeobpa3oBaHue, Nepesoadllee oA4HY rMnepnaocKoCTb CEMeNCTBa B

Aapyryto.

MoMMMO ONMCAHHbBIX CBOMCTB, TMNEPNIOCKOCTU A0JIKHbl YA0BAETBOPATb PAAY CBOMCTB CBA3AHHbIX C
pasfioxkeHnem pyHAaMeEHTabHOTO CKaIAPHOTO NOAS HA rMNepnaockocTaAX. s Havyana, Hy»KHO
onpeaennTb, YTO TAaKOE Pas/IOKEHME CKANIAPHOro MO Ha FTMNEePNIOCKOCTH.

Byay ncnonb3oBaTb rnagkue ckanapHble PyHKUMK, onpeaeneHHble A58 eKBANA0Ba NPOCTPaHCTBa C
KOJIMYECTBOM U3MEPEHWNI PaBHbIM KONMYECTBY U3MEPEHUI TMMEPNIOCKOCTU. Y KarKaon GyHKUUK
MMeeTcA KaKon-To Habop NapameTpoB, NO3BONAOLWMX OL4HO3HAYHO YKa3aTb ee PacnoNoXKeHNe Ha
rmnepnaockoctu. OAHNUM M3 3TUX NAPaMETPOB ABASETCA KaKasa-To TOUKa. 1A CMMMETPUUHbIX GYHKLMIM
MOXHO UCMO/Ib30BATb TOYKY CUMMETPUN, N OHA MOXKET ObITb € ANHCTBEHHbIM NapameTpos. Aas
HECUMMETPUYHbIX GYHKLMIA MOXKET NoTPeboBaTLCA elle U BEKTOP YKa3biBaAOLLNM OpUEHTALMIO

$yHKUMN.

MycTb MMeeTca HEKOTOPOE CEMENCTBO PYHKLUMIN C YKa3aHHbIMM CBOMCTBAMM.

Byay HasblBaTb pasnoxeHnemM GyHAAMEHTaIbHOTO CKaNsSPHOro Noas no 6asucy GyHKLMIA ciyyald, Koraa
3HauyeHMA Nona B N060oI TOUKe Ha rMNepnIOCKOCTM C A0CTaTOYHOW TOYHOCTbIO MOMHO NPeACTaBUTb Kak
cyMmy GYHKLUMI, NpuHagnexallemy sTOMy CEMENCTBY, C HEKOTOPbIMKU Ko3dduLMeHTaMU U C PAAOM
YC/I0BUI, pacCMaTPUBAEMbIX MO3MKeE.

OaHa U Ta ke GYHKUUA MOXKET BXOAUTb B Pa3/IoKeHMe MHOIOKPaTHO. YTo TaKoe A0oCcTaTouHasA TOYHOCTb
6yaeT paccMOTPEHO No3xKe. B 3Tom cayvyae, MOXKHO CKasaTb, YTO CEMeNCTBO GYyHKLNIM 06pasyoT NouTh
NOHbIA GYHKLMOHANbHbIN 6a3nc pa3noXKeHna n 06pasyroT HEKOTOpoe MHOXKecTBO GyHKLmA {w}.

MycTb L(?f) = 0, rae 7y — BEKTOP B dyHAAMEHTaIbHOM NPOCTPaHCTBE, 3TO YpaBHEHMWE OnuChiBatoLLee
HEKOTOPYIO MMNEePnIOCKOCTb paccmaTpusaemoro cemenctsa. Myctb X = (x4,.., X,) TO4YKa Ha
paccMmaTpuBaeMoO rMnNepnioCKoCTy.

Myctb f(X) — 3HayeHne PpyHAaMEHTANbHOTO CKaNAPHOro nons B Touke X. Toraa GpyHKUMA pa3NosKeHus
nonsa byaert cieayowasn:

FOO = fo+ fexeX) + Zi T uaewi (L(7), X, Yig, {Qu}) (2)

rae fu — HeKoTopas KOHCTaHTA, fox: (X) — yHKUMA XapaKTepm3ytowan TOYHOCTb pasnoxKeHus. B ciyJae,
Korza {w} obpasytoT NonHbIM GYHKLMOHaNbHbIN 6a3uC, f.,; PaBHa Hy/tO, MHAYe OHa A0/XKHa bbiTb
MHOTO MeHbLLEe OCTa/IbHOW YacTu pasnoKeHus. bonee getanbHble TPe6OBaHUA K f,,; OYAYT HaAEHbI
nosse. Y, — TouKa Ha rMnepnaocKoCTH, XapaKTepu3yoLLan NoioKeHne GYHKLUMN W; UCNOb3YeMON i-bili
pas. uj; — KoabouumeHTbl amnantyapl GyHKUMK. {Q;) } — 3TO MHOKECTBO BCEX APYrMX NapameTpos,
NO3BO/IAIOLMX OAHO3HAYHO YKA3aTb MECTOMO/IOMKEHNE Y BOSMOXKHbIE APYrMe XapaKTePUCTUKU GYHKLMM.
MoKa BUAHO, YTO B 3TO MHOKECTBO AO/I}KEH BXOAUTb BEKTOP ANA YKa3aHWA HanpaBaeHuA
HECUMMETPUYHbIX PYHKUMIA, Aanee ByayT NOKasaHbl U Apyrve BO3MOXKHbIe NapameTpbl. s Toro 4tobbl
BbIYUCANTb 3HAYEHME NOAA B TOUKe X, A0CTaTOYHO NPOCYMMMPOBaTh. 3HaYeHMe Noaa B 1060 Touke
rMNEPNIOCKOCTU, ECIU NPEHEBPEUDb fo,t U f;, MOXKET BbITb BbIYMCIEHO UCMOb3YA TONBKO GYHKLMM
pasnoxKeHus.



Tenepb, nocne onpeaeneHUs YTo Takoe PasNoKeHMA NoAA MO MNepPnaoCKOCTU, MOXKHO BHOBb BEPHYTCA
K TMNepnaockocTAm n Ao6aBnTb HeobXxoauMble TPe6OBaAHMA, KaK K CEMENCTBY rMNePnIOCKOCTEN, TaK U K
dyHKLUMAM Basunca pasnokeHus.

XoueTca nonyuntsb apPeKTMBHOE MPOCTPAHCTBO HAa OCHOBE MMMNEePnIOCcKocTel, a 3pdeKTMBHOE Bpems Ha
OCHOBE PACCTOAHUA MeXKAY HUMU. [InAa 3Toro Heo6xo0AMMO UTO6bI BLIMOAHAICA MPUHLMUMN NPUYNHHOCTU.
MpuHUMN NpUYMHHOCTM ByaeT BbINOAHATLCA, ecnn GyHKLUMKM Basunca pasnoxkeHuna byayT ogMHaKOBbI Ha
BCEX METPMKax NOPOXAEHHOro NPOCTPAHCTBA TMNEPNOBEPXHOCTEN OAHOTO CEMENCTBA U, eC/IN 3HaA BCe
Uik, Yik, {Qir} Ha 04HOM rMNEepnaoOCKOCTM CEMEICTBA, MOMKHO, C LOCTAaTOYHOM TOYHOCTbBIO, BbIYUC/IUTD
3HayYeHMA PasioKeHWA Ha Ntob60oN Apyroi rMNepnaoCKoOCTM 3TOro cemencTea. 3To elle ogHO TpeboBaHme
K CEMENCTBY rMNepPnoBEPXHOCTEN U K QYHKUMAM PA3NOKEHUA.

Ecnv addpeKTMBHOE Bpems COOTBETCTBYET PACCTOSHUIO MEXKAY MMNepna0CKOCTAMM, TO MOXKHO FOBOPUTb
0 BeKTope BpemeHW. Bo3HMKAET BOMPOC, KyAa 3TOT BEKTOP HanpaB/ieH.

[lna oTBETa Ha 3TOT BOMNPOC MOKHO BCMOMHUTb, YTO B GyHAaMeEHTa/IbHOM MPOCTPaHCTBE OTCYTCTBYET
BblAe/IeHHOe Hanpas/ieHne. Tem camMbiM, 3TOT BEKTOP A0/KeH bbiTb HanpasieH Haubonee
CUMMETPUYHBIM 06Pa30M OTHOCUTE/IbHO rMNEpPnAoCKoCTU. Hanbonbluaa CUMMETPUA NoydaeTca, ecan
BEKTOP BPEMEHM B KaXKA0M TOUKE rMnepniockoctTu byaeTt HanpasaeH neprneHanKynapHo
rMNepnaoCcKocTu.

Ha3oBy NopoAeHHbIM NPOCTPaHCTBOM-BPEMEHEM CEMENCTBO MrMNEPN/IOCKOCTEN C YKa3aHHbIMU
cBoicTBamu. MOPOXKAEHHBIM NPOCTPAHCTBOM NPK 3TOM ByAeT NPOCTPaHCTBO MMMNeprnaoCKOCTM
npuHaaneskallen cemencTay, NOPoXKAEHHbIM BpemeHem ByAeT pacCcToAHNE MeXKAY rMMneprioCcKOCTAMM.

MOHO BBECTU NOHATME MUPOBOM NNHUWN ANS TOUKU B NOPOKAEHHOM NPOCTPAHCTBE: 3TO TaKan KpMBas B
dyHAaMeHTaIbHOM NPOCTPAHCTBE, B KaX 40N TOUKE KOTOPOro BEKTOP BPeMeHW napas/iesieH 3Tol
KPWBOW, M KOTOPasA NPOXOAMUT Yepes yKa3aHHY TOYKY. MOXKHO rOBOPUTb, YTO TOUKA X C OAHOM
rMNepnoBepxHOCTN OTOBpaXKaeTca B TOUKY X' Ha Apyro runepnoBepxHOCTU, ECAN MUPOBAA INHUA
TOYKM X NPOXOAUT Yepes YKasaHHYIo rMneprnoBepxHOCTb B TOUKY x'. [ ciydvas naocKoro
NPOCTPaAHCTBA-BPEMEHM MUPOBASA IMHUA ABAAETCA NPAMON.

MycTb UMeloTCA ABe Pa3NINyHbIE TOUKM X1 U X5, NEXKALLME HA TMNEPNNOCKOCTAX paccMmaTpMBaeMoro
CEMENCTBA, U He 0b6A3aTeNIbHO Ha OAHOM rMNepPnI0OCKOCTU. Mcnoib3ya NOHATME MUPOBOM IMHUMU, UX
OTHOCUTE/IbHOE MOIOXKEHNE MOMKHO OnNucaThb Kak (7, t), rae ¥ — 3TO BEKTOP B NOPOXKAEHHOM
MPOCTPaHCTBe, t — pa3HMLa B NOPOXAEHHOM BpeMeHW. BEKTOp 7 MOXHO HallTU, Hallaa nepeceyeHmne
MWPOBOM IMHUM OT TOYKM X1 C TMNEPNIOCKOCTLIO, COAEPKALLEN X5, AN HAOOOPOT. t NPAMO
NPONOPLMOHANLHO PACCTOAHMIO MEXKAY MMNEPNIOCKOCTAMM, C HEKOTOPbIM NOCTOSHHbIM
KoapodumumeHTOM.

BHOBb BEPHYCb K Pa3/IoXKEHUIO CKaNApHOro noss. PasnoxeHne cKkanApHOro Nosa Ha rMNepniocKocTy,

COrNaCHO yYpaBHEHMIO 2, MOXHO 3anncaTb Kak BEKTOp cocToAHMA W, cocToAWMM U3 3HaYeHUIA Uy, Vi U
{Qix} Bna Bcex dyHKUMI w;. VI3 TpeboBaHWA COXpPaHEHWA NMPUYNHHOCTU, CAeAyeT YTO 3TV 3HAYEHWA Ha

KaXKgoM nocieayoLei no BpeMeHM rMnepniockoCTy A0JIKHbI BbIYMCAATLCA Ha OCHOBE NpeablayLmx

3HAYEeHWI:

Y(t+dt) = UP(t) (3)

3pecb U — HeKOTopbIV onepaTop, KOTOPbIV NepeBOAMT BEKTOP COCTOSHUA B APYrOi BEKTOP COCTOAHUA B
nocaeayowmii MOMEHT BPEMEHM.

[ns Toro ytTo6bl 3aKOHbLI GU3NKKM BbIIM BCErAa OANHAKOBbLI, HEOOX0AMMA CUMMETPUSA A CABUrA No
BpeMeHM. ITo 03HavaeT, 4yTo onepatop U coxpaHaeT ckanapHoe npousBeaeHue, TO eCTb, OH YHUTAPHbIN.
Ecnv B ypaBHeHuu 3 dt=0, To U = I, rae I eanHuuHbIV onepaTop. [anee, npeanonarato, 4to pyHkuma ¥



anddepeHumpyema, 4To 0O3HAYaET HEMPEPbLIBHOCTb NPOCTPAHCTBa-BpemeHn. CNneaoBaTesibHO, MOMKHO
3anucarb:

Yt+dt) = P(t) + d¥(b) (4)
C opyrov CTOpPOHbI,
Yt) = I¥P(b) (5)
Torpa
Y(t+dt) = 1+ dO)WP(t) (6)
YpaBHeHNEe MOXXHO COKPaTUTb:
d¥(t) = dU ¥ (t) (7)
noaenvs Ha dt:
=0 (8)

au
MponssogHaa onepaTtopa E ABZIAETCA TOXKe ONePaTopom, XoTa U Heoba3aTenbHO YHUTAPHbIM.

0603HauunB ero Kak A, Noay4ato OKoHYaTeNbHoe gnuddepeHLmanbLHoe ypaBHEHME YHUTAPHOM 3BOAOLUN
cucTembl:

avy
— =AY(V) (9)
dt

3JIeMEHTaprIe qJacTHUuIlbl

MN3BecTHO, YTO Hala BceneHHas coaepXuT aiemeHTapHble YacTuubl. Hy»HO HalTK Yemy 3/1eMeHTapHble
YyacTuLbl COOTBETCTBYET B MOAE/IMN 3TOM Teopun. Ha ocHoBe HabnoAaeMbIX CBOCTB 31€MEHTaPHbIX

4acTuy, BBEAY cneaytoulee onpeapeneHmne :—)nemeHTapH0171 4acCTuULUbl B pamKax npep,naraemoﬁ TEOPUMN:

dnemeHMapHaAA Yacmuya — 3mMo MAKas Yacmeo Pas3AoXEHUS CKA/AApHO20 nosaa MemasceneHHol Ha
MopoHOeHHOM npocmpaHcmeae, Komopas cmabunoHa no KpaliHel mepe Kakoe-mMo nopoxcoeHHoe
spems, 83aumoodelicmayem 8 noporOeHHOM NMPocMpaHcmae-epemMeHuU ¢ Opy2umu 3aemeHMapHeiMu
yacmuyamu Kaxk 00Ho yesoe.

NHepuus, 3aKkoHbl HbI0TOHA M Macca

PaccmoTpum cneactema ypaBHEHWUIM 2 U 3 ANA Cyyas, KOrga pasioxeHue COCTOUT TONIbKO U3 O4HOWM
bYHKUMKM W. B MOMEHT BpeMeHU t, CKaNAPHOE Nose Ha METPUKE NOPOXKAEHHOIO NPOCTPAHCTBA UMeeT
BuA;:

f(# to) = u(to)w(7,{Q}, to) (10)

rae u — koapduuUneHT pasnoxeHusa, MHoxecTBo {Q} — 3ToO MHOXKecTBO BCeX NapaMeTpoB, O4HO3HAYHO
XapaKTePU3YIOLWMNX NONOKEHNE GYHKUMM U Apyrhe CBOMCTBA GYHKUMK. 1A CUMMETPUYHOMN GYHKLMM
3TO MHOYKECTBO [AO/IXKHO COAEPKATb TOYKY CUMMETPUU, AN HECUMMETPUYHbIX GYHKLMIA — KaKkmMe-To
AOMONHUTE IbHbIE NAapaMeTpPbl, XapaKTePU3YHOLME NOOKEHUE GYHKLUMM B MpOCTpaHcTee. Oaa ciyyas,
Koraa OyHKUMA HECUMMETPUYHA, B 3TO MHOYKECTBO AO/IXKEH BXOANUTb BEKTOP, XapaKTepusyowmii
HanpasieHue GyHKLUN B NPOCTPAHCTBE.

Mpegnonarato 4To Npoymne napameTpbl n3 {Q} He 3aBMCAT OT KOOPAMHATbI Ty. B 3TOM Cyyae MOXHO
paccMaTpuBaTb Pa3NOKEHWNE, UCNONb3YA ABa YUCAA, aMMIUTYAY U U TOUKY Ty B NOPOMXKAEHHOM
npocTpaHcTee. OcTanbHble NapameTpbl U3 {Q} MOryT MeHATbCA, B COOTBETCTBUM C YPaBHEHUEM 1, HO UX
3BO/IOLMIO MOXHO PaccMaTpmuBaTh HE3aBUCMMO OT 3BOJTIOLMN U U T,.



YpaBHeHue 3 ana storo CQlydana nepenncbiBaeTCAa Kak:

ERARIER

B cnyyae ecnm KOspPUUMEHT pasnoxkeHns u byaeT 3MeHATbCA, TO 3TO ByAeT 03HaYaTb, YTO aMNIMTYaa
dYHKUMM co BpemeHeM ByaeT M3MEHATLCA B KaKyl0-TO O4HY CTOPOHY, PAacTM UK YMeHbLUATcA. ITO He
BbIFAAMT NOAXOAALMM PelleHmem, NO3TOMY A NPeAnoiara, YTo aMnanTyAa NOCTOAHHA:

u(t +dt) = u(t) (12)
Tor,u,a YpaBHeHUE BbllLEe MOXHO NnepenncaTb Kak:
Ts(t +dt) = Urg(¢) (13)

YunTbiBad, YTO NOPOKAEHHbIE 3aKOHbI A0KHbI ObITb OAMHAKOBbLI BO BCE MOMEHTbI BPEMEHM, U3 3TOFO
cnefyeT, uTo USMEHEHME Ty [OMKHO 6biTb IMHENHbIM. CefoBaTeNbHO, ABUMKEHWE A0IKHO BbITb
paBHOMEPHbIM U MPAMOANHENHBIM. U3MeHEHMEe 33 eANHULLY BPEMEHM 3TO CKOPOCTb:

3= rs(t+dt)—15(t)

ot (14)

Tem cambim, B pamMKax TEOPUM NOPOKAEHHOIO NPOCTPAHCTBA-BPEMEHN-MATEPUN BbIBEAEH NEPBbIA
3aKOH HbloToHa.

MpUMeHAA aHaNOTUYHbIE PACCYKAEHUA ANA CAyYas, KOr4a pas/ioxKeHue COCTOUT U3 MHOXKECTBA
bYHKLMI U NpeacTaBAfeT O4HY 3/1eMeHTapHYH0 YacTUL, NOAYyYaeTcAa aHaNOTUYHBIN pesynbTar,
ABWXKEHWE J0/IKHO 6bITb PaBHOMEPHbLIM U MPAMOIUHENHBIM.

Tem cambiM, B pamMKax TEOPUM NOPOKAEHHOIO NPOCTPAHCTBA-BPEMEHN-MATEPUN BbIBEAEH NEPBbI
3aKOH HbloTOHa.

[anee xouyeTcs pacCMOTPETb ABUMKEHMWE NPU BHELIHEM BO3AENCTBMM Ha ABVKYLLYIOCA YacTuly. NoHATue
BHELUHero BO34eNCTBUA B PaMKax 3TOW Teopuu elle He 6bl10 onpeaesneHo, UCNob30BaTb ero He
BMOJIHE KOpPeKTHO. OAHAKO NOKa A 3TO NoHATUE Byay MCMO/b30BaTb B €r0 YCTOABLLEMCSA 3HAUEHUM,
MOCKO/bKY NOKa He onpegeneHbl Apyrue cBAsaHHble C HUM NOHATMSA. Mo3aHee Bonpoc MHepunmn byaert
pacCMOTPEH B CTaTbe BHOBb, KOTAa y:Ke byayT pacCMOTPEHO, Kak B3aMMOAENCTBYIOT MeXKay coboit
aeMeHTapHbIe YacTULbI.

Kak meHseTca MHepLuus TakoM CUCTEMbI NPU BHELWHEM BO34EMCTBUM, OT KAKMX NapameTpoB 3TO
M3MEHEeHMe MOXKeT 3aBuUCeTb?

MapameTpbl KOTOpble BUAHbI - CKOPOCTb, YCKOPEHME, KOIODUUMEHTbI Pa3NoKeHUA GYHKLNNA.

Ha3oBy M3MeHeHWe MHEPLUUN NPU YCKOPEHUN cunoi. KoaddULMEHT NPONOPLMOHANBHOCTA MeXKaY

=d (v} = v
YCKOpeHnem a n cnaoun F Ha3oBYy maccon m. Macca, cornacHO HanMcaHOMY Bbllle, MOXeT 3aBUCETb
TOJIbKO OT CKOPOCTU, YCKOPEHUNA N NAaPaMETPOB Pa3/IoKeHUA:

F=m d¥)d (15)

PaccmoTpum cuctemy, COCTOALLYIO U3 ABYX Pa3/IMYHbIX 3/IeMeHTapPHbIX YacTUL, CunTaem, 4TO 3BONIOLMA
3TOW CMCTEMbI ONUCbIBAETCA YpaBHeEHNEM 9.

Toraa aTa cuctema Takxke COXpaHAET MHEPLULIO.

HYCTb yactmua 1 B3aI/IMO,CI,EI7ICTBYET C qacmu,eﬁ 2, n aTo B3aMMOAEVICTBMe npmeeno K USMeHeHuo
CKOpOCTGVI 9TUBb YacTUL,. TaK Kak UHEPUUNIKO CUCTEMDI N3 3TUX YACTUL, COXPaHAETCA, TO:

my (Vy, dy, W1)d; + my(U,,dp, Wo)d, = 0 (16)

OTcroga nony4yaetca:



my (Uy, dy, 1) = —my (¥, dp, Wp)dy/d, (17)

KaK BUAHO, Macca NepBoi YacTuLbl ABAAETCA eLle U GYyHKLUMEN OT CKOPOCTH, YCKOPEHUA U
K03 OMLMEHTOB Pas3/IoKeHUsA BTOPOI YacTulbl. ITO BXOAUT B NPOTUBOPEYME C TEM, YTO HANAEHO paHee.
370 NpoTMBOpPEYNE peLlaeTcs, ec/IM Macca ABNSETCA KOHCTAHTOM.

Torpa nony4yaeTca:

-

F=ma (18)
mlal + mzaz = 0 (19)
Tem CambiM, NMOSTy4HEHDbI BTOpOﬁ n TpeTMﬁ 3aKOHbl HbloTOHa.

OTmeqy, YTO 3TN 3aKOHbI NOJZ1Iy4€eHbl C YH4ETOM CAENTAaHHbIX paHee OroBOpPoOK. MNo3gHee B cTaTbe OHWM BHOBb
6y,u,yT PacCMOTpPEHDbI, NOCNe PaCCMOTPEHNUA HGOGXO,CI,MMbIX ANnAa 3Toro BONpocos..

JHeprud U 3aKOH COXpaHEHHUs JHepPpruu

CornacHo Teopeme HeTep, cneacrtsvem o4HOPOAHOCTM BPEMEHW ABNSAETCS COXPAHEHME HEKOM
CKaNApPHOM BENNYUNHbBI AN U30MPOBAHHOM dU3nYeckom cuctembl. Cuctema andpdepeHumnanbHbix
YPaBHEHW, ONUCbIBAOLLANA AMHAMMUKY AaHHOW GU3NYECKON CUCTeMbI, 061a4aeT NepBbIM MHTEFPAIOM
OBVXKEHUA, CBA3AHHbIM C CUMMETPUYHOCTbIO YPaBHEHMI OTHOCUTENBbHO CABUMa BO BpemeHU. HasoBsy a1y
CKANIAPHYIO BEZIMYMHY SHeprmen. Tak Kak OHa AO/IKHA COXPAHATLCA AR U30IMPOBAHHON GU3MYEeCcKOon
CUCTEMbBI, TO MOXHO FOBOPUTb MPO 3aKOH COXPaHEHWUA SHepPrMn. Mcnonb3ya NOHATUE SHEPTUM, MOMKHO
BBECTU MOHATUE NOTEHLMANbHAA SHEPTUA NOASA, B ee 0ObIMHOM CMbIc/ie. YTO Takoe nNossa, MOMUMO
byHAAMeEHTaNbHOTO NOAA, MOKA HE MPOACHEHO, HO 3TO ByAeT NoKa3aHo Aasee B CTaTbe.

BosiHOBasA pyHKIUS U QYHKI MU Pa3/10KEeHUA MOJIA

Kak u3BecTHO, NoHATUE BONHOBOW GYHKUUM ABNAETCA OAHUM M3 LEHTPaIbHbIX MOHATUN KBAHTOBOM
MeXaHUKN. MOXHO I HallTK1, YeMy COOTBETCTBYET BOJIHOBasA GYHKLMA B paMKax npegnaraemom
Teopumn?

PaccmaTtpuBas cBoMcTBa M NoBeAeHWe BOSIHOBOM PyHKLMM, BUAHO YTO OHA NPUMEPHO COOTBETCTBYET
bYyHKLMAM pasnoxkeHusa. OTAnumne 3aKkao4aeTcs B TpeboBaHMM HOPMUPOBKM. Bo Bcem ocTasibHOM,
APpYrvx oTiMumniA He BUAHO. Micxoaa us 3Toro, A le1ato BbIBOA, YTO BO/IHOBas GpyHKLMA COOTBETCTBYET
DYHKLMAM Pas3foXKeHMs C TOYHOCTbIO 0 HEKOTOPOrO HOPMUPOBOYHOIO MHOMMUTENA A, KOTOPbIN MOXET
6bITb Pa3HbIM A8 Pa3HbIX YacTuL,:

Y =3 apuyw; (L(7), X, Yir, {Qurc}) (20)

3pecb W — BonHOBaA GyHKUMA, CYMMUPOBaHUE UAET MO YacTULAM FAe -HOMEP YacTULbl U MO PYHKLMAM
pasnoXKeHus Yyactuy, rae i — Homep GyHKLUMM AN k-0 4acTuLbl. ;- HOPMUPOBOYHbIA MHOXUTENb AN1S
k-o# vactuupl.

YpaBHenue llIpeaunrepa
YpaBHeHMe 9 noKasbiBaeT noBegeHne GYHKUNIA pa3noKeHU BO BpemeHN. MOXKHO N 3TO YypaBHEHME
AeTaﬂMBMpOBaTb?

C y4eETOM BbIBe,D,EHHOﬁ Bbille NHepLunn N 3aKOHOB HblOoTOHa, B YPaBHEHUN O0/1KHa 6bITb Macca Kak
XapaKTepUCTUKa nHepummn. N3 coxpaHeHUA sHeprnm caeayet, 4To bonee AeTabHOE ypaBHeEHNE AONXKHO
TaKXe cofeprKaTb COXpaHeHUe sHeprn. bonee aetannMsoBaHHOE ypaBHeEHMe JO0/KHO NepexoanTb B
3aKOHbl HblOTOHA B HEKOTOPOM npeaene.

YpaBHeHue LpeanHrepa ya0BAeTBOPAET YPaBHEHUIO 9, COAEPKUT MacCy U NOAAEPKMBAET 3aKOH
COXPaHeHus 3Heprun. Tem cambiM, MOXKHO CKa3aTb, YTO OHO U ABAsETCA bosee AeTasIM3MPOBAHHbIM
YPaBHEHMEM A1 ypaBHEHMA 9, C yYETOM OMMCAHHbIX Bbille HOPMUPOBOYHBIX MHOXKUTENEN. XOTA HE/b3s
CKa3aTb, YTO ypaBHeHue LLipeanHrepa BbiBeAEHO, HO MOMKHO CKa3aTb, YTO OHO YA0BJETBOPAET BCEM
TpeboBaHMAM Npeanaraemoit Teopun. YpasHeHue LpeamnHrepa:



ih— = 0¥ (21)

OTtmeuy, uTo B ypaBHeHuun LLpeanHrepa coaepKutcsa noctosHHan MaaHka. [lo 3Toro Bce paccyKaeHus
6bIIN AaNEeKM OT KOHKPETHbIX YNCEN N n3mepeHnid. NocTosaHHanA MaaHKa 34ecb BbICTyNaeT Kak
nposiBAeHNe cBOMUCTB GyHAAMEHTANBHOIO CKanspHoro nosas. Mo mepe ganbHeNLWeEro paccCMoTpPeHNs
Teopun, byayT HallaeHbl U Apyrme NposBAeHUA CBOMCTB.

qaCTl/IHbl CO CIIMHOM
KaK y»e 6b1/10 HanucaHo, GyHKUMN U3 ypaBHEHUS 2 MOTYT BbITb HE CUMMETPUYHBIMU B NMOPOKAEHHOM
NPOCTPAHCTBE U COAEPKATb MPOCTPAHCTBEHHYHO OPUEHTALMIO.

MpeanonoXum, MMeroTca ABa TUNA 3N1eMEHTaPHbIX YaCcTUL, UMEOLWME B Pa3NOXKEHUM NOXOXKNE
dYHKLMM pas3noxKeHma. A UMEHHO, NyCTb:

Wk, = UWk (22)

rae wy 370 k-an GyHKLMA pasnoxKeHus A0S 4acTULLbl NepBoro TMna, wy' 3To k-aa GyHKUMA pa3noskeHus
AN1A YacTmubl BTOporo Tuna, U — yHUTapHbIM onepaTop BbINOJHAOWMI NOBOPOT GYHKUUN Wy, B
NOPOXKAEHHOM NPOCTPAHCTBE.

TaK KaK 1 B pyHAAMEHTaIbHOM MPOCTPAHCTBE U B NOPOXKAEHHOM MPOCTPAHCTBE BCE HanpaBaeHus
PaBHOMPaBHbIl, ONUCaHHbIE BbILLE TUMbI YACTUL, OTINYAIOTCA TO/IbKO HanpasieHnem GyHKUMM
Pa3/10KeHUA, TO 3TU TUMbI YacTUL, BYAYT UMETb NOSHOCTbIO MAEHTUYHbIE CBOMCTBA 33 UCKIOYEHMEM
MPOCTPAHCTBEHHOM HanpPaB/ieHHOCTY.

3TV TUMbI YACTUL, JO/BKHLI UMETb, B YMC/IE MPOYEro, U NAEHTUYHYIO Maccy. MOMKHO CUMTaTb, YTO 3TO
YacT1Lbl O4HOIO TMNA, MMEIOLLME HEKOTOPbIN AOMOHUTE bHbIN NapameTp. Ha3oBy 3TOT napameTp
CMUHOM.

MycTb MMeeTCA CUCTEMA U3 YACTULbI, UMEIOLLLEW CMUH W YacTULLA MMeeT ABa Habopa GyHKUMI
pa3noxKeHusa oTanyatowmxca cnmHom. CoctosiHMe Yactuubl aAna nepsoro cnuHa W;, ans stoporo W,.
Toraa, c y4eToM HanMCaHHOrO Bbllle, BONHOBAA GYHKLMA YaCTULbl ABNSETCA ABYXKOMMOHEHTHOM:

000 = (20 0) o

[ns cnyyaa Korga KoanyectBo Habopos GyHKLMIA bonee ABYX, KOMYECTBO KOMMOHEHTOB
COOTBETCTBEHHO YBE/IMUYNBAETCA.

B cooTBeTCTBME C HAaNUCaHHbIM, MEHAID ypaBHeHMEe 2 YTobbl yYecTb CNnH:

- - =A k=N, i=i =N(k -
FF) = foxe @) + X0t By Dioiar 5 s Wips (L (7 ), X, Vi {Qui) (24)

38€eCb Ujkps — KOIGOUULMEHTDI PA3IOKEHNA, Wiy — GYHKLWM MO KOTOPLIM MAET PA3/OKEHME. S —
CYMMUPOBaHMWE No pasHbiM Habopam GyHKLMI pasnoxeHus, uaet ot 1 go dyHkumu N (k), roe k ato
CYMMMPOBAHWME MO PasHbIX TMNam anemeHTapHbix Yactuu,. N (k) pasHo 1 ana yactvy co cnvHom O, aAns
CnuHa % 3HayeHue byaeT 2 U T.4.

B ypaBHEHUM TaK:Ke A06aBNEHO TaKKe OrpaHNUYeHMe Ha CYMMUPOBAHME, CYMMMPOBAHME UAET MO
KOHeyHoMy Habopy GyHKUMiA, oT iMin go iMax. [leTanbHee 3To 6yAeT pacCMOTPEHO M 060CHOBAHO
nose, NOC/e PAaCCMOTPEHUSA FPaBUTALMMN,

I/IHep].lI/laJIbeIe CHCTEMBI OTCUeTa
Ha3oBy MHepLManbHbIMK CUCTEMAMM OTCYETA CUCTEMBI OTCYETA ABUKYLLMECA NPAMOSIMHENHO U
pPaBHOMEPHO ApPYr OTHOCUTE/IbHO Apyra.

Kak 6b110 onucaHo Bbllle, BEKTOP BPpEMEHU B Ka)K,EI,Oﬁ TOUKe rneprneHauKynapeH rmnepnaockoctTu. Ecam
TeNO HeNOoABUXHO OTHOCUTE/IbHO r’MNepniIoCKOCTHU, TO OHO 3BOJIIOLUMOHUPYET BAOJ/Ib BEKTOPA BPEMEHMWN.



Ecnun Teno nmeeT KaKyto-TO CKOPOCTb OTHOCUTE/IbHO TMNEepPnIOCKOCTU, TO OHO 3BOJIOLMOHUPYET BAO/b
BEKTOPA, COCTOALLErO M3 CYMMbl BEKTOPA BPEMEHU M CKOPOCTU. BeKTopa BpemMeHM U CKOpoCTH
nepneHaNKYAAPHbLI APYr APYrY, TaK KaK BEKTOP CKOPOCTU NIEKUT B TMNEPMIOCKOCTH.

XoyeTca HalTU, KaK NepemnTm B CUCTEMY OTCYETa, COOTBETCTBYIOLLYIO ABMKYLLEMYCA Teny. TaK Kak
NMoKosLLeeca Te/0 3BOOLMOHUPYET BAOJIb BEKTOPA BPEMEHU, TO NEPEXOAOM B CUCTEMY OTCYETA,
COOTBETCTBYOLLYIO ABUratoLemycs Teny, byaeT nepexos B Takyt rmMnepniiocKoCTb rge CKopocTb
Hy/NeBas U TeNo 3BOJIIOLUMOHUPYET BAONb BEKTOPA BpeMeHU. [1na Takoro nepexoaa Heobxoanmo
BbIMOJ/IHUTb MOBOPOT FMMNEPMIOCKOCTU TaKMM 06pa3om, YTOObI BEKTOP BPEMEHW HOBOM rMNEpnioCKOCTH
6bln NapasieneH BEKTOPY U3 BPEMEHM U CKOPOCTM TeNiA Ha npeaplayLleit rmnepnsiocKocTu.

ZE] PacCMOTpPEHNA Nepexoabl U3 OAHOVI CNCTEMDI OTCHETA B APYrYyHO NONy4aeTCa pag CﬂEACTBMﬁ.

I'IepBoe cneancrene, OTHOCUTENbHOCTb OAHOBPEMEHHOCTU. CO6bITVIFI, npouncxogAauine Ha
rMnNepnaocKoCTU, ABAKOTCA OAHOBPEMEHHO NPOUCXo4ALLNMN. MNocne noBOpPOTa r’mnepnaoCKOCTK Npun
nepexoge B CUCTeMy OTCYETA, COOTBETCTBYHOLLYIO TENY ABUTAOWLEMYCA C HeKOTOPOﬁ CKOpOCTbHO
OTHOCUTENBHO HDEAbI,ﬂ,yU.LEVI, paHee ogHOBpPEMEHHbIE cobbITnA MOTYT nepectaTb 6bITb
oAHOBpPEMEHHbIMMU.

[pyroe cneactene — HabloAaeMan PasHOCTb X043 YaCcoB B PasHbIX CMCTeMax oTcyeTta. Tak Kak B
dyHAaMeHTaIbHOM NPOCTPAHCTBE HET BblAE/IEHHOro HanpaB/AeHna, TO A4/1MHa, COOTBETCTBYHOLLAnA
eNHNLIE BPEMEHM, A0/1XKHa BbITb MOCTOAHHOMN M He 3aB1CETb OT NOBOPOTOB. [J0 NOBOPOTA 3BONIOLMA
Tena, ABUraloLLEroca C HEKOTOPOW CKOPOCTbIO, OMMUCLIBAETCA BEKTOPOM COCTOALLMM M3 BEKTOPA BPEMEHM
C ANVHOW, PaBHOW eANHULIE BPEMEHM, U BEKTOPA CKOPOCTH, C ANIMHOW 3aBMCALLLE OT cKopocTu. Mocne
NMoBOPOTa M Nepexo/bl B CUCTEMY, IAe TeNO HEMOABUMXHO, 3BO/OLUA Tea MAET BAO/b BEKTOpa
BPEMEHM C AJINHOMN, COOTBETCTBYIOLLEN eAnHULLE BpeMeHW. KaK BUAHO, A/IMHbI 3STUX BEKTOPOB
Pa3/MyYaloTCA, YTO M 03HaYaeT Pa3sHOCTb X043 YacoB B Pa3HbIX CMCTEMaX OTcYeTa.

Ewe ogHo cnepcteue — (byHKLI,MM pa3noxeHnAa O01KHbI 6bITb NOCTPOEHbI TAKUM o6pasoM, YTOObI npu
NnoBOPOTE rMNEPNIOCKOCTU NEPEXOANTDL B Apyrune (I)yHKLI,VIM TOro e b6asuca pa3noxeHwuA.

CneacTeve 06 04MHAKOBOCTU 3aKOHOB NPUPOAbLI. Tak KaKk Ha ypoBHe dyHAAMEHTaNbHOro NPOCTPaHCTBa
OTCYTCTBYET BblAe/IeHHOE HanpaBaeHue, 3TO 03HaYaeT, YTO B MOPOXKAEHHOM NPOCTPAHCTBE-BPEMEHH
dU3MYecKme 3aKOHbl OAMHAKOBbI BO BCEX MHEPLIMANbHBIX CUCTEMAX OTCYETA.

[nsa 6onee feTaNbHOrO PAaCCMOTPEHMSA BO3HUKAIOLWMX CIACTBUIA, HYXKHO PAaCCMOTPETb, KaK BO3SHUKaET
npegenbHan CKOPOCTb B3aMMOLENCTBUIA.

[IpeaenbHass CKOPOCTb B3aUMO/J €M CTBUI

YpasHeHue WpeayHrepa numeet orpaHmnyeHuna. Hanpumep, cornacHo Teopeme baprmaHa, OHO He MOXKeT
ONUCbIBATb CYNepno3nLmio BOJHOBbIX GYHKLMIA, COOTBETCTBYIOLMX YaCTULAM C Pa3/IMYHbIMMI

Maccamu. Takoe BO3MOKHO TO/IbKO B PeNATUBUCTCKMX 0606LLLEHMAX 3TOrO YpaBHEHMSA.

[Opyras npobaema — He BUAHO cnocoboB onuncaTb B3aMMOAENCTBUA MEXKAY 31IeMEHTAaPHbIMKW YacTULAMMU
B PaMKax MoAenv npegnaraemon Teopmm npyn 6eckoHe4yHo 60/1bLION CKOPOCTU MaKCMMaibHOM
B3aMMoZencTaus.

CornacHo nocTynaty aTol TEOPUN, MOTYT CYLLLECTBOBATb TOJ/IbKO TaKne BCeNEHHbIE, B KOTOPbIX
CyWw,eCTBYyET pasym. |-|03TOMy nepedyncneHHble Bbllle I'lp06fleMbI 03HA4aloT HEBO3MOXKHOCTb HE€CKOHEYHO
60/1bLWON MaKCMMaIbHOM CKOpPOCTH B3aMMOAeVICTBMﬁ B MOPOXKAEHHOM NPOCTPAHCTBE-BPEMEHMN.
CnepoBaTtenbHO, MaKCMManbHasA CKOPOCTb BBaMMOAEVICTBMVI AO0JIXKHa 6bITb KOHEYHa.

Cnepytolime BO3HMKalOLME BONPOChl — MOTYT /X pasHble YacTULbl UMETb Pa3HY0 MaKCMMAaJbHYO
CKOPOCTb B3aUMOAENCTBUI, ABNAETCA 1M 3Ta CKOPOCTb KOHCTAHTOM UAKN YHKUMEN OT Yero-T1o?

MycTb ANA KaKOro-To TUMa YacTuL, MaKCUMasibHasA CKOPOCTb B3aMMOAEVICTBMVI KOHCTaHTA Cq. Echv ana
KaKOro-TO ApPYroro tuna 4aCtuu, MakCMmasibHaAa CKOPOCTb B3aMMOAel7|CTBVII\;1 Cy U Cy > €1, TO NPU
B3aMMOAEﬁCTBMM TaKnUX 4actuu, 6yp,eT HapyLWwaTbCA NPUHLLUN NPUYNHHOCTU. AHANIOTUYHO O/1A CNyYvan



Korpa c; < cq. M3 aToro cneayert, uto ¢, = ¢;. 0603HaYy MaKCMManbHYO CKOPOCTb B3aUMOAENCTBUN C.

Tenepb PacCMOTPUM, ABAETCA /M 3Ta CKOPOCTb KOHCTAHTOM UK GYHKLMEN OT KaKMX-TO NapameTpoB
yactuu,. JonycTMm, MakcMmasibHas CKOPOCTb B3aUMOAENCTBUI ¢ ABNSAETCA QYHKLMEN OT KaKUX-TO
napameTpoB YacTuupl g1: ¢ = c(qq). Ana Apyroi YacTmubl g, CKOPOCTb AO/KHA 3aBUCETb OT
napameTpoB 3ToM YacTuubl: ¢ = c(qy). MpW 3TOM 3TU CKOPOCTU AONMKHbI 6bITb paBHbl: ¢ = ¢(q,) =

c(q2)

TakK Kak 1 V1 4, ABNAKOTCA NPOMU3BOJIbHbIMU YaCTULAMU, TO OHN APYT OT APYyra He 3aBUCAT. OTO O3Havaer,
yTO E,D,MHCTBEHHbIVI BapuaHT, Korga ypaBHeHue Bbille yA0BieTBOpPAeTCA, 3TO Koraa ¢ = const

TaK Kak B npeajiaraemoin Teopun HeT BblAe/IeHHOro Hanpas/ieHus, Bce HanpasaeHUa paBHOMNPaBHbI, TO
3TO 03HAYaeT, YTO 3Ta CKOPOCTb A0/IKHA BbITb 0ANHAKOBA BO BCEX MHEPLMANbHbIX CUCTMaX OTCHeTa.

Tem cambiM, MOKa3aHO, YTO B NpeanaraeMmoin TeEOpMM AO/KHA CYLLLECTBOBATb MaKCMMabHasA CKOPOCTb
B3aMMO/EMNCTBUIA, 3Ta CKOPOCTb ABNAETCA KOHCTAHTOW, U OAMHAKOBA BO BCEX CUCTEMAX OTCYETa.

CHeuI/IaJII)HaH TEOPpUA OTHOCUTEC/IBHOCTH
CneumanbHaa TeopuA OTHOCUTE/IbHOCTU OCHOBAHA Ha ABYX NOCTynaTax:

Moctynat 1 (NPUHLMN OTHOCUTENBHOCTM DMNHLLTEHA). 3aKOHbI NPUPOAbI OAUHAKOBbI BO BCEX CUCTEMAX
KOOPAMHAT, ABUNKYLLMXCA NPAMOSIMHENHO U PaBHOMEPHO APYr OTHOCUTENbHO Apyra

MocTynaT 2 (NPUHLMN NOCTOAHCTBA CKOPOCTM cBeTa). CKOPOCTb CBETA B BaKyyme O4MHAKOBa BO BCEX
cMcTeMax KoopAMHAT, ABVKYLLMXCA NPAMONUHENHO M PaBHOMEPHO APYr OTHOCUMTENbHO Apyra

nepBblﬁ NOCTyNaT BbiBEAEH KaK caieacTesmne ot npep,naraelv\oﬁ TEOPUMN. BTOpOVI NOCTYNaT TaKXXe NMoJsly4yeH,
€C/IN CHUTATb, YTO MaKCMa/ibHaA CKOPOCTb B3aMMOAEﬁCTBMVI N CKOPOCTb CBETA pPaBHbI.

Mo3aHee B cTaTbe, NPM NOyYEeHUM YypaBHeHMI MaKcBeina, A BEPHYCb K BOMPOCY O PaBEHCTBE 3TUX ABYX
CKOpPOCTe 1 [oKaxy X paBeHCTBO. MoKa ke npeanosarato, YTo MakCMmasibHas CKOPOCTb
B3aMMO/EeMNCTBUIA 1 CKOPOCTb CBETA PaBHbI.

Tem cambim A MOTY yTBepPXaaTb, YTO CneunasbHaa TeopmnAa OTHOCUTENIbHOCTU CO BCEMU ee YPaBHEHUNAMM,
BblBeAEeHa N3 MO4e/ I TEOPUN NOPOKAEHHOIO NPOCTPAHCTBA-BpeEMEHU-MaTEPUN.

ITO TaKe 03HAYaeT, YTO B ypaBHEHMWE PA3N0KEHME NOAA HEOOX0AMMO BBECTU U3MEHEHUA, YTOObI
y4yecTb CKOPOCTb cBeTa. [epenuuly ypaBHeHUe 24 Kak:

f(?") - fext(r) + Z =1 Zk NPZ: :%%C SzN(k) ulkpSWlpS(L(rf) X, Ylk {Qlk} C) (25)

34eCb AONONHUTENbHO p,o6aBneHa 3aBUCUMOCTb OT CKOPOCTHK CBETa C. ypaBHeHWFI 3BosOUMN,
nonayyaruwmeca Ha OCHOBe 3TOro ypaBHEHUA, OO0/1KHbI 6bITb PenaATuBUCTKU MHBAPUAHTHbIMA.

YpaBHeHue KneitHa-FopaoHa-PoKa

Mony4yeHHble Bbile ypaBHeHUn LpeanHrepa He ABAAIOTCA PENATUBUCTKM MHBAPUAHTHbIMM. Xo4eTcA
HalTW PeNATUBMCTKM MHBAPWMAHTHbIV aHanor ypasHeHul WpeanHrepa.

YpaBHeHue LpéanHrepa ana co604HOM HacTULLbl 3aNMUCbIBAETCA TaK (MCNO/b30BaHbl eANHULbI, e
h=c=1):

2y = iy (26)

raoe p = —iV - onepatop umnynbca, onepaTop ke E = id; — byaem HasbiBaTb, B OT/IMUME OT
raMMAbTOHWAHA, MPOCTO ONEePaTOPOM SHEPTUMW.

ypaBHEHME LLIpé,u,MHrepa HE ABNAETCA PENATUBUCTKMN KOBAPUAHTHbLIM, TO €CTb HE COrnacyeTca co
cneu,maanoﬁ Teopmeﬁ OTHOCUTENbHOCTWU.
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Mcnonb3yem pensTMBUCTCKOE ANCMEPCMOHHOE (CBA3bIBAIOLLEE SHEPTUIO M MMNY/IbC) COOTHOLWEHMe (13
CTO):

p? +m? = E? (27)

Toraa NpocTo NoACTaBAAA KBAHTOBO-MEXaHWUYEeCKMe onepaTop MMMy/bca U OnepaTop SHeprun —
nosydyaem:

(=iV)* +m)y = %9, (28)
Ero Tak»Ke MOXHO 3anmcaTtb Kak:
1 2.2
Y+ 03P + 07 — S0k~ =0 (29)

Tak nonyyeHo B pamkax MMBM-Teopuun ypasHeHne KneHa-lTopaoHa-dokKa.

BHOBb BO3BPaLLAsACh K MHEPLMU. ITO ypaBHEHME, TAKKE KaK U ero HepeNaTUBUCTCKUIA aHANOT, COAEPKUT
NHepuMio. TeM CambiM, MOXKHO FrOBOPUTb, YTO MHepUmA B MMNBM-Teopun MMeeTca U B peIATUBUCTCKOM
cnyvae.

YpaBHenue /Ilupaka

Mocne onucaHna NpUpoabl CMMHA B paMKax npeaJsiaraemoli Teopum, 3afiaqa BbiBOAa ypaBHeHUA [npaka
CBeslacb K U3BeCTHON. A BbiBOAA YpaBHeHMA [nupaka B pamKax MNMBM-Teopun AocTaTOYHO NOBTOPUTD
POBHO TO Xe NpeAnosoXKeHne, 4To n caenan upak, npo NpPonsBoaHbIe MO NPOCTPAHCTBEHHbIM
KOOpAMHATaM TO/IbKO NepBoro nopsaka. CooTBETCTBEHHO, MOYKHO MCMO/1Ib30BaTb M3BECTHbIE CNOCOObI
NoJlyd4eHuA 3TOro ypaBHEHUSA, ONMCAHHbIE BO MHOTMX y4ebHMKax. N Kak nssectHo, ypasHeHue upaka
yaoBneTBopAeT ypaBHeHuto KneliHa-TopaoHa.

H3MeHeHHe CKOPOCTH YaCTHUIbI

MepBbili BONPOC, KOTOPbIA ByAeT pacCMOTPEH, 3TO MU3MEHEHWe CKOPOCTU YacTulbl. MNycTb MmeeTca
YyacTMLa, ABUraloOLLAACA CO CKOPOCTbHO MEHbLLE MaKCMMalbHOM CKOPOCTU B3aMMOAENCTBUIA. B KaKoW-To
MOMEHT BPEMEHM, YacTUL,A N3MEHWNIA CBOK CKOPOCTb. XOYeTCA NOHATb, YTO MPU 3TOM NPOU30MAET, NpK
3TOM BAMAHME rpaBUTaALMKN HEe pacCMaTPMBalo, CHMTaK0 NPOCTPAHCTBO-BPeMaA NA0CKMM. OTMeuy, 4To B
COOTBETCTBUE C BbIBELEHHOM Bbllle MHepLMel, YacTmua 6e3 BHELWHEro BO3AeNCTBMA ABUraeTcsa No
NPAMOW, N AN1A NOAHOTO PACCMOTPEHMA U3MEHEHWNA CKOPOCTM HEOBXOAMMO yUecTb apyrue
B3aMMoAeNCcTByoLWMe YacTulpbl. a8 ynpoLleHMa, paccMaTpUBalo TO/IbKO U3MeEHeHUe cKopocTh, 6es
y4yeTa npmBegLero K 3SToMmy B3aMMoLeNCTBUS C APYTMMM YaCTULLAMMU.

C y4eToMm TOro YTO PacCMaTpPMBalo TO/IbKO OAHY YaCTULY, TO A0 U3MEHEHMUA CKOPOCTU YacTULbI U
npeHebperas f,,;(7), Ha OCHOBe ypaBHeHUs 25 Nose MOXKHO NPeACTaBUTb KaK:

- =1 = k -
f(@) = Xz iz’f( )uisWis(L(rf)'Xv Yik, {Qix} ©) [30]

3aechb U;s — KO3GPULMEHTbI PA3A0KEHUA NO TPEXMEPHBIM GYHKLMAM W;g, KOTOPbIE U COCTABAAIOT
yactuuy.

Mocne M3MEHEHUs CKOPOCTM YacTULbl MOIE MOKET BbITb MPEACTaBAEHO KaK:
>\ _ vi=iMax vS=N(k) ' >
f) = iz Yo wis' wis(L(7 ), X, Yir, {Qui}, ©) (31]

3pech U’ - KOahOULMEHTbI PAa3NOKEHNUA NO BCE TeM e GYHKLMAM. TaK Kak CKOPOCTb YacTuLbl
N3MEHMNACb, 3TO 3HAYNUT YTO U KOIPPULMEHTLI PA3NOKEHNA AONKHbBI UISMEHUTLCA.

CornacHo BbIBep,eHHOVI Bbllle cneu,maanoﬁ TEOPUN OTHOCUTE/ZIbHOCTU, MAaKCMMa/IbHAaA CKOPOCTb
B3aMMOAEVICTBMVI ana HaweW BceneHHo AO0J/IXKHa 6bITb PaBHa CKOPOCTH CBETAa, N OgNHAKOBa /14 BCEX
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yactuu,. Taknm o6pasom, M3MeHeHUs B KoahdUUMEHTaX Pa3oKeHUA A0NXKHbI PacnpoCTPaHATLCA CO
CKOPOCTbIO, He NPEBbILIAlOLLEN CKOPOCTb CBeTa.

[Jon¥Ha cyLecTBOBaTb BO3MOMKHOCTb PAacnpOCTpaHeHUA U3MEHEHWNI CO CKOPOCTbIO, TOYHO PaBHOM
MaKCMMasibHOW CKOPOCTUN B3aumoaencTemit. MHaue, byaeT HeBO3MOXKHO obecneymnTb 3Ty
MaKCMMa/IbHYH CKOPOCTb. PacCMOTPMM 3TOT C/ly4Yai, pacnpocTpaHeHNEe U3SMEHEHUIM C MaKCMMaJ/ibHOM
CKOPOCTbIO B3aMMOAENCTBUIA.

KakK, Ha rpaHuLLe M3MeHEHUA Pa3fioXKeHuns, byaeT NponcxoamT nepexoa oT O4HOMY K Apyromy Habopy
KoapduumeHToB? ECNM nepexod oT ogHoro Habopa KoadduumneHToB K gpyromy byaeTt nponcxoantb
MFHOBEHHO, TOora o4eBuaHoO B nose MeTtascesieHHOW 6y AyT MITHOBEHHbIE MU3MEHEHUA 3HaYeHU. ITo
NPOTUBOPEUYUT NPEANONONKEHUIO O FNaAKOCTU GYHKUNKN GYyHAAMEHTaNbHOIO Nons.

Moatomy ana Toro Ytobbl He 6blJI0 MITHOBEHHOIO M3MEHEHMA NoasA, HeobXoAMMO KaK-ToO ero
npeaoTBpaTUTb. [11a 3TOro MOXKHO BBECTM HOBYIO YacTULy, KOTopas bbl ABUranacb CO CKOPOCTbIO TOYHO
pPaBHON MaKCMMa/IbHOM CKOPOCTU B3aUMOAENCTBUIA. B 3TOM c/lydae Ha rpaHuLLe mexay HOBOM U
npeablayLieii CKOPOCTbHO YaCTULLbI K Pa3N0XKeHUI0 06aBUTCA pa3noxkeHue no Habopam oyHKumi {w, }
COOTBETCTBYIOLUMM 3TOM YacTuLe. ITM GYHKUUM AONKHbI BbiTb TAKMMMK, YTOOBI Nepexos NpPoxoaun
rnagko, 6e3 MrHoBeHHOIo U3MeHeHUA 3HaYeHUsA nons MeTaBceNieHHOM.

Tem cambiM, NOIYYEHO, YTO HEOBXOAMMO CYLLLECTBOBAHME YacTuUL, ABUMKYLMXCA CO CKOPOCTbIO TOYHO
paBHOW MaKCMMa/IbHON CKOPOCTU B3aMMOLENCTBUIA, U OHU M3/1y4aloOTCA MPU U3MEHEHMUM CKOPOCTH
HEKOTOPbIX YacTuL,. Kakne YacTuubl UX U3aydatoT, byaeT paccCMOTPEHO Aanee B CcTaTbe.

Tenepb NPO BO3MOXKHOE PacnpPoOCTPaHEHNE U3MEHEHWNI PYHKLMI PA3NOKEHNA CO CKOPOCTbIO, MEHbLLE
MaKCMMasibHOW CKOPOCTU B3aumMoaencTBU. MPUMEHSAIO Ty e IOTUKY YTO U Bbille, NoyYyaem, YTo ans
TAaKoro Heo6xoaMMbl YacTULLbI-NEPEHOCUYNKM B3AUMOLENCTBUSA, ABUrAOLLMECS CO CKOPOCTbIO MEHbLLE
MaKCMMa/IbHOM CKOPOCTM B3aMMOAEeNCTBUN.

IIpupopaa 3apaja

OAHO n3 CBOVICTB, KOTOpPbIM o6nap,aeT 60NbLWNHCTBO (bepMMOHOB, 3TO 3apAAa. XouyeTcAa NOHATb, YTO TaKkoe
3apAag, Kakaa ero npupoga. [ns Toro 4tobbl HAMTM BO3MOXKHOE 06bACHEHME NPUPOAbI 3apAaa, MOXKHO
BCMNOMHWUTb YTO 3apAag bbiBaeT ABYX BUOOB. YTo umeetca B Teopun NOPOXKAEHHOIO NPOCTPAHCTBA-
BpeEMEHN-MATEPUUN, YTO TOXKE MOXKET 6bITb ABYyX BMAOB?

ypaBHEHMlO 1 MOKa3biBa€eT, KaK none MeTaBCEHEHHOﬁ 3aBUCUT OT rPaHUYHbIX ycnosm7|:
f) = g(xS,f(S)) [32]

Kak byaeT BecTn cebs 3To ypaBHeHWE, eCnv U3SMEHUTL 3HAK MOJIA HA rpaHuLe? MoXKHO NPeAnoNoKUTb,
UTO 3HAYEHMS B KaXKA0W TOUKE BHYTPU 3aMKHYTOMN NOBEPXHOCTM S TaKKe MOMEHSOT 3HaK, a GyHKUMA g
He NnomeHseTcs:

9(x,5,—£($)) = —g(x,S, f(S)) [33]
PaccmoTprm HECKONbKO ApYryto, HO MOXOKYHo cuTyaumio. Mpeactasum f(S) Kak:
f(S) =fo+ f1(S) [34]

rae fp 370 cpeaHee 3HaYeHWe NOAA Ha 3aMKHYTOM NoBePXHOCTU S, f1(S) — OTKNOHEHWe 3HaYeHMs nons
Ha NOBEPXHOCTU S OT f,,. Bo3HMKaeT Bonpoc, yemy paBHbl dyHKumn g(x, S, fo + f1(S) g, S, fo —
£1(5))? MoXHO NpeAnoNoKUTb, YTO C AOCTATOYHOW TOYHOCTbIO:

f(X) = g(x,S,f(S)) = g(xlSJfO +f1(5)) = g(erJfO) +g(x15'f1(5)) [35]

A Takxe:



g(xlSIfO) + g(x, Slfl(S)) ~ g(x'SIfO) - g(x,S, _fl(S)) [36]

Y10 TaKoe € A40CTAaTOYHOM TOYHOCTbIO? TOYHOCTb TAKOrO NPUBAMIKEHUS A0MKHA ObITb A4OCTAaTOYHON,
yTOObI NO/IyYMBLLEECA MOPOXKAEHHOE NPOCTPAHCTBO-BPEMSA MOT/I0 COAEPMKATb PA3YMHYHO KU3Hb.

HacKko/1bKO BEPHO 3TO NPeAnonoxKeHne, MOXHO byaeT NOHATb ML B Xo4e AanbHelwen paboTbl Hag,
MOZENbIo TEOPUN.

UTak, npeanonoxutesbHo pyHKLUMS nona MeTaBceeHHOM CMMMETPUYHA K CMeHe 3Haka, B TOM Yucie
OTHOCUTE/IbHO TEKYLLETO CPeAHEro 3HaYeHuA. M3 3Toro cneayer, UTo ANs KaxkKaoro Habopa GyHKumin {w}
CyLLecTByeT Habop PYHKLMIA C APYrMM 3HAKOM:

Wis = —Wjs [37]

Tem cambiM, Y KaxKA0M YacTULbl MMEeTCA aHTMYACTULA, OTINYAIOLLAACA 3HAKOM B QYHKLMAX
pa3foXKeHus. B HEKOTOPbIX C/Iy4Yasnx, CBOMCTBA YacTULbl M AHTUYACTULLbI MOTYT COBNAAaThb, U TOrAa 31O
6yAaeT HecocTaBHan HelTpasbHana 4YacTvua. Yto npu a3Tom ByaeT Npu YyCKOPEHUU/TOPMOIKEHNM TaKoM
YyacTuubl? B aTom cnydae, 4na Toro 4tobbl paboTano pasnoxeHne Ha GpoHTe U3MeHeHUa GYHKLNUI
TAKOWM YacTULbI, AO/IPKHA M3/1y4aTbCA UM NOTNOLWATLCA KaKaAa-TO YacTULA, ABUTAOWANACA CO CKOPOCTbIO
CBETa, HO NMPU 3TOM He POTOH.

OCHOBbIBAACH Ha ONMMCAHHOM BblllE, BO3MOXHOEe 06bACHEHWE NMPUPOabl 3apsAaa 3TO CpedHee 3HaueHue
COCTaBAAIOLIMX YACTULY GYHKLMIA OTHOCUTENBHO CpeaHero 3HadeHns GyHAaMeHTaNbHOro CKaNApHOro
nona. Ecnm cpegHee 3HaueHWe COCTaBAAIOLMX YacTMLy GYHKLMI 6onblue cpeaHero 3HaveHmn
dyHAAMEHTaNbHOTO CKaIAPHOTO MOJA, TO OANH 3HAK 3apAAa, MHaYe NPOTUBOMO/OMKHBIN.

INostHOTa PYHKIMI 3/IeMEeHTAPHbIX YaCTUI],

Karkaana anemeHTapHasa YacTmMua NpeacTaBaseTca Kak Habop 13 04HOTO UM HECKONbKUX GYHKLMIA
pa3noxeHus. BosHMKaeT BONPOC: eC/iv B3ATb BCE GYHKUUM PA3NOKEHNA ANA BCEX 3/1EMEHTaPHbIX
yacTtuu, obpasyeT in 3Tn GYHKUMM NOJIHbIN Ba3unc pas3noxkeHna? MHbIMKU CI0OBaMM, MOMKHO /1
pa3NoXu1Tb NPON3BOJIbLHOE NoJie No 3Tomy 6asucy?

Mpexae Yem Ha4yaTb UCKaTb OTBET Ha 3TOT BOMPOC, MHTEPECHO NMOHATL OTBET Ha elle 0OAMH BOMpPOC:
HY*KHa /11 BO3MOYKHOCTb Pa3oXKWUTb NPOU3BO/IbHOE Nose no 6asucy GyHKUMIA 3neMeHTapHbIX YacTULL?
Mone MeTaBcesieHHOW ONUCbIBAETCA HEKOTOPbIM YPAaBHEHUEM, MYCTb U MOKA HEM3BECTHbIM, U TEM
CaMbIM BO3MOKHOCTb /19 Pa3/I0XKEHUA NMPOU3BO/IbHOIO NoA He TpebyeTca. Torga nepBoHaYaNbHbI
BOMPOC MOKHO NepedpopMyIMPOBaTb MHAYE: eC/IM B3ATb BCE PYHKLMM PA3NONKEHNA AN BCeX
3/IeMeHTapPHbIX YacTuL, 06pPa3yoT M 3TN PYHKLMKM NOAHBINA 6asnc pasnoxkeHusa noaa MetasceseHHoON?

MMmetoTca 0CHOBaHMA, YTO6bI YTBEPKAATb, YTO 3TU GYHKUMM NoAHOro 6asnca He o6pasytoT. MprumHbI
6yAyT NOKasaHbl NO3Ke, MPU PACCMOTPEHUN TPaBUTALMN.

OAHako, Ha manom macwtabe u He N1IaHKOBCKUX 3HepPrnAxX MOXHO CHUTATb UYTO 6asuc pa3noxeHuA
NOJIOH.

OYHKUMW Pa3oXKeHUs, A8 TOro YTobbl 06pa30BbIBaTb NOJIHLIV 6a3nc, AOKHbLI 061a4aTb AN 3TOrO
HY*KHbIMW cBOMCTBamK. C y4eTOM PacCMOTPEHMSA ABAEHMA CMMHA Bbllle, CMWUH ONMUCbIBaeTCA
ypaBHeHuem:

Wip(s+1) = PWips (38]
1 Npun aTom, ana CnmHa Y%

Wips = PPWips (39]



Bo3HMKaeT BONPOC — a NoYemy CBOMCTBA CNMHA UMEHHO Takune? Noyemy NOBTOPHOE NPUMEHEHUE
onepartopa cnMHa CHOBa NPUBOAUT K GYHKLMKN COOTBETCTBYIOLLEN OAHOMY M3 BO3MOXHbIX 3HaUYEHWI
cnuHa? N BHOBb, NONHOIO OTBETA Y MeHA NoKa HeT. Ho Ha ocHoBe TpeboBaHUA K BO3MOXKHOCTHU
nocTpoeHus NoaHoro 6asunca (c ykasaHHOM TOYHOCTbIO), MOMKHO NPEANON0MKNUTb, YTO MHAYE NOHbI
6a3unc byaetT HEBO3MOXKHO NMOCTPOUTb.

A Aymato 4To MHorMe NoAobHble BONPOChI, CBA3aHHbIE C CUMMETPUAMM, MOXKHO ByAeT paspeLllmnTb Npu
AeTaNbHOM PacCMOTPEHUN TOTO, Kakne TpeboBaHMA BO3HMKAIOT K GYHKLMAM A/1A MOCTPOEHUS NOJHOTO
6a3uca.

Hanuume cummeTpum K nsmeHeHuIo 3HaKa nons MeTtasceneHHOM, YTO NoKa3aHo B nNpeablayliein 4acTm
cTaTbu, obneryaert pasnoxKeHue nona. Ho Npu 3TOM, U3 BO3SMOXKHbIX Pa3/IOXKEHNIA HYXKHO UCKIOUYNUTD
ABHO He PpU3nyeckme pasnoxeHna. Hanpmumep, ecam B3aTb YacTULY M aHTUYACTULY, HaxodsaLWwmecs B
OZHOM M TOM e MecCTe, TO CYMMa MX GYHKLMI AO/IKHA AaBaTb HOJ/b. TEM CambliM, MOXKHO B 1H060M
MecCTe MoNYYUTb, MPU Pa30XKEHUN, CKONb YrogHO 60/blLOE KONMYECTBO Nap YacTuua-aHTM4yacTuua. 31o
BbIFIAOUT IBHO Kak He dU3MYecKoe pelleHne, MO3TOMY NpPU Pas3/oKeHUU He SOKHO ObiTb C/yYyaes
KOr/[a 4acTula U COOTBETCTBYHOLLAA aHTUYACTULLA HaXOAATCA B OAHOM M TOM 3Ke MecTe.

MosHoTa PYHKUMI Pa3oKEHMA 03HAYAET, YTO A9 ONMCaHUA BCex PpyHKLUMIA YacTUL, A0CTaToMHO Habopa
dYHKUMIA 0aHOM YacTULbl. ITOT Habop No3BONSET OAHO3HAYHO HANTU BCE OCTasibHble GYHKLUUM
pa3noXeHus Ana Apyrux yactuu,.

MOHO M HAalTK BCe PYHKLUMM PA3NOKEHNA KaKOM-TO YaCTMULLbl, €C/IM U3BECTHA TO/IbKO OAHA U3 3TUX
OYHKLUMIA? [ymato YTO MOMKHO. PYHKUMA PA3/IOKEHMA COOTBETCTBYET KAKOMY-TO COCTOAHMIO YaCTULbl B
NopPOXKAEHHOM NPOCTPAHCTBE-BPEMEHU. M3MEHEHME TaKOrO COCTOAHUA NPUBEAET K TOMY YTO HOBas
dYHKUMA, COOTBETCTBYHOLLAA 3TOMY COCTOAHMUIO, ByAeT OTAnYaTbCA OT Npeablaywen. B o6omnx coctonaHmaAx
YyacTuLUa AO0JI’KHA COOTBETCTBOBATL YpaBHeHUI0 KnenHa-FfopaoHa-Poka. B sTom ypaBHEHUN nMeeTcA
Macca 4YacTuLbl, KOTOPan XapaKTepusyeT, KaK IHePrma YacTULbl A0KHA U3MEHATLCA NPU U3MEHEHUU
CKOPOCTU. BO3HMKaeT BONPOC — 3TO YpaBHEHWE NPU U3MEHEHUWN COCTOSHMA YacTULbl NepeBoanT
HaYa/bHYHO GYHKLMIO Pa3NoXKeHUsA B HOBYHO B3aMMHO OAHO3HAYHO nan HeT? Ecaun nepexos He
O/ZHO3HAYHbIM, TO HYXKHO MCKaTb AOMNONHUTE/IbHbIE MAPAMETPbI, HANPUMEP CMWH, KOTOpble NO3BOAAT 3TO
caenarto.

TaKKe HY»KHO NOHATb KAKUMW BO3MOXKHbBIMM 3HAYEHUAMM J0MKHbI 061aaaTb KOaddULMEHTLI NpK
bYHKUMAX pa3noKeHus.

[onycTum, MMeeTcs YacTULA C KAKUMMU-TO 3HAYEHUAMU KO3PPULIMEHTOB GYHKLMI pasnokeHusa. MNycTb
OHa KaK-TO B3aMMOAEMNCTBYET C APYroi YactTuuein. PaccMoTpio 4Ba C/ly4an TakKMx B3aMMOAENCTBUN, rae
BCE NepBOHaYanbHble YC0BUA MAEHTUYHbI, 33 UCK/OYEHNEM 3HaYeHMA KO3pPULMEHTOB QYHKLMIA
pasNoXKeHUa A4nA BTOPOM YacTuubl. [N BTOPOW YacTMLbl, B NEPBOM CAy4ae Y Hee MMeloTCA Kakne-To
K03 PULMEHTbI Pa3NoKeHUs, a BO BTOPOM Cy4yae B3aMMOLENCTBMA Y Hee Bce ee KoadpPpUuumeHTh! B A4Ba
pasa MeHbLLUe YeM B MepBom caydae. MOXKHO M 03KMAaTb, YTO B 060MX CAyYasnx pesynbTaTt
B3aumozencTemns byaer oanHakos? [JOBO/IbHO OYEBUAHO, YTO PE3YNbTAT MOXKET ObITb Pa3HbIM.
Mo3aTomy, ANA YacTUL, He JO/KHO BbITb CBOOOAbI B 3HAYEHUAX KOIPULMEHTOB, A0/IKHA CYLLECTBOBATb
HeKoTopasa GYHKLMA KOTOPOMN A0KHbI YA0BNETBOPATL 3TN KO3PPULMEHTbI. YTOBbI NOHATL OT Yero
MOXKET 3aBMCETb 3Ta QYHKLMA M KaK 3TO BMSAET Ha PA3/IoXKeHMe NoAA Ha YacTULbl, HYy»KHO bonee
[AeTaNbHO PacCMOTPETb B3aMMOAENCTBUE YacTUL,

B3aumogelicTBUe ABYyX YaCTHI],

HYCTb MMerTCA ABE OANHAKOBbIX 4aCTULbl, KOTOPble BOBAG%CTBYIOT Apyr Ha apyra. nNx B3aMMOAel71CTBVIe
npnBoAUNT K USMEHEHUIO NX TPAEKTOPUN, N KaK PE3YIbTAT OHUN PaCXoaATCA. I'IepBOHaqaano, Korga
YacTuLbl 6binn Aaneko, none MeTaBceneHHOM B paﬁOHe Ka)-l-(,ﬂ,OVI M3 4aCTnL MOXXHO OnNncaTb, NCNONb3yA
TO/IbKO d)YHKLI,MVI 3TUX YaCTuUl,. [Mocne Toro Kak oHmn pPa3oWwnCb AaNeKO Apyr OT gpyra n nx



B3aMMOAEVICTBMG Cctano npeHe6pe>+<V|M0 MaJibiM, Nos1e TakXXe MOXXHO ONNCaTb UMCMNOJ1b3yA TOZ1IbKO
d)YHKLI,MM 3TUX YacTUL,. A KaK onucaTb noJsie Tam rae 4actumupl B3aMMOAEVICTBOBaﬂM?

TaK KaK YacTuubl B3aUMOAENCTBYIOT, none nameHsetca. Moatomy, B 061acTv B3aMMOAENCTBUA MOXKET
OKa3aTbCsA HeAOCTaTOUYHbIM Pa3/I0XKeHUA No GYHKUMAM B3aMMOAENCTBYIOLLMX YacTUL, U noTpebyeTca
pas/fioXKeHue no NosHoMy 6a3uncy GYHKLUMIA NOPOXKAEHHOTO NPOCTPAHCTBA.

Kak BbIr1AgMT pasnoxKeHne no nosHomy 6asncy? bes Haan4umA BbIABNEHHOM 3aBUCUMOCTM

K03 PUUMEHTOB PYHKLMKN PA3N0NKEHMA, PA3NONKEHNE MOXKHO Bbl10 Bbl NPOCTO UCMOIL30BATh YHKE
UMetoLmecs ypaBHeHue 25. OgHaKo, C y4eTOM BbISIBAEHHOM 3aBUCMMOCTH, 3TO YPaBHEHUE HYKAAETCA B
YTOUYHEHUM.

Ana moamdurKaumm, 1 OPUEHTMPYHOCH HA TEOPUIO BO3MYLLEHMI. [03TOMY, XOUETCA NOCTPOUTL NPUMEPHO
TaKoe e pasnorKeHue Aas Yactuu,. [pu 3Tom, 3TO pas3/ioXKeHMe A0/IKHO YA0BAETBOPATb ypaBHEHUIO 25,
C ONWCAHHOM Bbllle TOYHOCTbHO.

Kak nokasaHo Bblwe, Ko3pPpUuMeHTbl pasHbIX YaCTUL, UMEKOT HEKOTOPYIO 3aBMCMMOCTb APYr OT Apyra.
BBeay YacTuLbl pasHbIX NOPAAKOB. YacTuLbl NePBOro NOPAAKA 3TO TaKMe YaCTULbI, KOTopble
CYLLLECTBYIOT MOCTOAHHO. YacTuLbl cneayoLmx NopaaKoB NPOABAAIOTCA TO/IbKO NPU B3aUMOAENCTBUAX,
OHM COOTBETCTBYIOT BUPTYa/IbHbIM YacTULAM. YacTMLa NepBoro NopsaKka B3auMoaencTByOT MeXAay
cob60M 1 C YacTULAMM CNeayroLLmMX NopaaKoB. Mpu 3ToOM, NpW B3aMMOAENCTBUN YacTuUL, PasHbIX
NopPsAAKOB, HY*KEH HEKOTOPbIN KO3QOULNEHT USMEHAIOLLNI CUAY B3aumogelncTemA. [na yactuy, ogHoro
nopaaKa, A0NKHA BbIMOAHATLCA ONMCAHHAA 3aBUCUMOCTb. B pesynbTaTte, pasnoxkeHue nons
MeTaBceneHHoW npeBpaLLaeTca B:

F@) = fore @ + X 011 (L(7), X, Y21, {Q2:}, ¢) + X 02 (L(7), X, Yo, {Qi}, ) + -+ (40]

3aeco @1; NpeacrasnaeT i-10 4acCTuuy nepsBoro nopAaagKa:

=1 =N k -
P1i = 2::;%?1? §=1 ( )uliSWiS (L(rf)'X! Yli' {Qli}! C) [41]
NPM 3TOM Uy ;s AOKHbI YA0BAETBOPATb HEKOTOPOI HEM3BECTHOMN GYHKLMUN:
fus,1) =1 [42]

AHaNoOrMYHO A/1A YacTML, BTOPOro NOpPAAKa M NOC/AeAYHOLEro N-ro NopaaKa A0/IHO BbINOIHATLCA
ycnosue:

f(upisn) =1 [43]

roe n = 1. OTmeuy uTo ypaBHeHue 40 He ABNAETCA TOXAECTBEHHbIM YpaBHEHUIO 25, 1 cTeneHb,
HaCKOMbKO H6/IM3KO OHW COOTBETCTBYHOT, 3aBUCUT OT YpaBHEHMA 43,

Tak e u3 ypaBHeHus 40 BUAHO, YTO YaCTULLbl CAEAYIOLLMX MOPALKOB UMEIOT T }Ke CBOMCTBA YTO U
YacTuLbl NepBoro nopaaKa. Takoe BO3MOXKHO TONIbKO eC/in O4HOBPEMEHHOE U3MEeHEeHMe BCex aMnanTyA,
YacTULbl HE BAUAET, C YKa3aHHOM TOYHOCTbIO, Ha MOBEeAEHNE TaKUX YacTUL, BO BPEMEHMW.

TaK*Ke 13 3TOro BUAHO YTO YacTMLbl BCEX MOPALKOB MeXKay cobol B3aMMOAeVICTByPOT.

E,Z[I/IHCTBEHHOCT]: Pa3JI0ZKE€EHHUA I10JIA 110 6a314cy

B yacTu cTaTbu Bbille Hb110 0BCYKAEHO Pa3NoKeHUe YacTul, no basucy TpexmepHbIX GyHKUMIA. B cBA3M €
3TUM, UHTEPEeCeH OTBET Ha BOMPOC: CYLLLECTBYIOT /I NPUYUHbI, YTOBbI TaKoe PasNoXKeHue, Mo U3BECTHOMY
6asucy, bbl10 eANHCTBEHHbIM?

[Ona oTeeta Ha aTOT BOMPOC, HYXXHO BEPHYTbCA K TOMY, 3a4€M TaKO€ pPa3/ioKeHune 3006u.|,e HYXHO. A
HYXXHO OHO AN1A TOro yTObbI Ha NOPOXAEHHOM NPOCTPaAaHCTBE-BPEMEHMU BbINMO/THANACb NPUYNHHOCTD.
CooTBeTCTBEHHO, Ha BXOA4Ee MMEIOTCA HavyanbHble yCnoBuA B BUAE Pa3ioKEHUA Ha YaCTulbl B



npeablayLinin MOMEHT BpeMeHU. PasnoskeHune e B Kaxkapblii U3 Nocieayowmx MOMEHTOB BpeMeH!
OOIKHO cNefoBaTth U3 NpeapblayLwero.

Ecnv MoXKHO ByaeT NnocTpouTb 60/1ee OAHOIo TaKOrO Pa3/IOKEHWUS, COXPAHAIOWENO MPUYUHHOCTb, TO
ypaBHeHue KneltHa-FopaoHa-Poka byaer HapywaTtbes.

Tem cambim, He TpebyeTcs, YTOObl Pa3fiorKeHME NOoAA B KaXKAbl KOHKPETHbIN MOMEHT 6bl/10
€4NHCTBEHHbIM, HO OHO I0/IXKHO ObITb €AMHCTBEHHbIM, KOTOPOE COXPaHAET NPUUYNHHOCTb.

I[lostHOTaA 6a3uca u BU/ABbI 3JIEMEHTAPHBIX YaCTHUILL

M3 nonHoTbl 6asmca (c yKkasaHHOM paHee TOYHOCTbIO) CneayeT elLe oguH BbiBog,. Ecnv nssecteH Habop
bYHKLMI pa3noXKeHma s o4HOM YacTuLbl, TO TEM CAMbIM MMEETCSH BO3MOXKHOCTb MNOJIlYYUTb BCE
ocTasnbHble GYHKLMU pasioxKeHUA. Kak UMEHHO 3TO cAienaTh NOKa HEMOHATHO, MaTeMaTUYecKas mMoae b
TEOPUU HAXOAUTCA B PA3BUTUMN.

BupTyasibHbIe YaCTULbI
BHoBb BEPHYCb K PaCCMOTPEHUIO BBaMMOAEl\;ICTBMFI ABYyX 4acCTul,.

Kak 6b1210 NoKa3aHo Bbille, NPY B3aMMOAENCTBUN ABYX YacTUL, BOKPYT HUX 0bpasyeTca 06/1aKo yactumu, ¢
n>1, ypasHeHue 40. Bo3HMKaeT BONPOC, MOXKET M 04Ha U3 3TUX YacTuL, CyLLLeCTBOBaTb U Aanee, nocne
TOrO KaK B3aMMOZENCTBYIOLLME YacTULbl Pa3onayTca Ha 60/blLOe paccToAHME?

[lna oTBETa Ha 3TOT BONPOC HYXHO BCMOMHWUTb NPO TO 4TO Bpema B MMBM-Teopun UMeeT CUMMETPUIO K
nepeHocy, U3 Yero cneayer 3aKoH coxpaHeHua sHeprun. CeaoBaTtenbHo, A1A TOro YTOObI OAHA U3 TaKMUX
YyacTuL, cylecTsoBana U ganee, HeobxoAMmMo YTOBbI CyMMapHan 3HepPrua He M3MeHnNach.
CnefoBaTenbHO, TakKas YacTuLLa MOXKET NOABUTHLCA, TONIbKO €CN SHEePrna HavaNbHbIX ABYX YacTuL,
YMEHbLINTCA.

BupTyasibHble YacTMLbl MOTYT CYLLECTBOBATb U B MYCTOM NPOCTPAHCTBE, TaM, rAe pacnpocTpaHAeTcs
oAHa YacTuua. B aTom cnydae, NIOTHOCTb TakMX YacTuL, byaeT onpeaenatbca TeM, HaCKO/IbKO MHOTO
BO3MYyLLEHN nona MeTaBceneHHOM ONMCbIBAOTCA BUPTYasibHbIMUM YacTULamu. Yactb nona
MeTaBcefieHHOM, KoTopas Bo BcesieHHOM onMcbiBaeTCA BUPTYaAbHbIMKW YacTULL@MK, M KOTopasn
OTHOCKUTCA K 06/1acTU BAAAM OT 06bIYHbIX YacTUL, Ha30BY GOHOBbLIM LLYMOM BceneHHo. AiBnaeTca aToT
$OHOBBIN WYM BceneHHON KOHCTaHTHOM MK OH U3MEHAETCA BO BPEMEHMU, MOKa HEMOHATHO.

I[lepeHOpMHPOBKAa B KBAHTOBOM TEOPUH MOJISA

M3 ypaBHeHUs 40 cnepyet o6bACHEHWE TOMY, Kak paboTaeT nepeHOPMMPOBKA B KBAHTOBOM TeOpUM
nossA. 3To ypaBHEHME NOKa3bIBAET, YTO NPU B3aMMOAENCTBUAX BOKPYT KaxA0M YacTuLbl 0bpasyeTcs
061aK0 BMPTYasibHbIX Y4acTML,. CXOAMMOCTb PAAa OYEBUAHA, TaK KaK Cam PsL, 3TO Pa3/ioXKeHWe Noas no
6asuncy. BosMoXKHOCTb ybTPadnoNeToBbIX U MHOPAKPACHbLIX PAaCXOAUMOCTEN YCTPAHEHA NMPU MOMOLLU
BBELEHMUA OrPaHNYEHNA HA MAaKCUMAIbHYIO U MMHUMabHbIE AJ/IMHbI BOIH B ypaBHeHMU 1, rae i moxkeT
MeHATbCA ToNbKo oT IMin go iMax. OetanbHee Bonpoc ¢ iMin n iMax 6ypet paccMoTpeH nocne
paccMOTpPeHUs rpaBUTaLLmK.

OcHOBHBIE YaCTULBbI U YaCTHULBI-IIEPEHOCYUKH BBaHMDﬂeﬁCTBHﬁ

B oAHOM M3 NpeablayLLMX YacTel cTaTbk 6bI10 HAWAEHO, YTO M3MEHEHME CKOPOCTU YacTuLbl,
OBVXKYLLLECA CO CKOPOCTbIO MeHbLLIE CKOPOCTU CBETA, MOXKET NPUBOAUTL K UCMYCKAHUIO UK
NOT/IOLLLEHMIO HEKOTOPOW APYroi YacTULbl, KOTOPasA ABUMKETCA CO CKOPOCTbIO TOYHO PaBHOM CKOPOCTU
cBeTa. 3T0 NPUBOAMT K BBEEHMIO HOBOM YacCTULLbl A/1A ONMCaHMA B3anmoaencTesnin. pyrue
B3aMMOAENCTBMA MOTYT TaK}Ke NoTpeboBaTh BBeAEHUA AOMNOMHUTENbHbIX YacTUL,-NEPEHOCUYNKOB
B3aMMOAeNCTBUIA. MmeeT CMbIC/ BBECTU pa3aesieHne Ha [1Ba OCHOBHbIX TUNA 3/1eMeHTapPHbIX YacTuLL:
OCHOBHbIE YacCTHULLbl M YaCTULbI-NEPEHOCUNKN B3aMMOAENCTBUIA MeXK Ay OCHOBHbIMU YacTULLAMMU.



KaK onpeaenntb OCHOBHbIE YacTuLbI? B TEOpMM NOPOXKAEHHOIO NPOCTPaHCTBa-BPEMEHN-MaTEPUM
Habntogaeman BceneHHasa 3TO NPOAYKT co3HaHuA. Co3HaHMeE e, B CBOIO o4yepeab, ABnAeTcA
anupeHomeHom OT nons MeTtascenieHHOM. [103TOMyY, B Ka4eCTBe OCHOBHbIX YaCTULL JIOFMYHO B3ATb T
YacTuLbl, U3 KOTOPbIX COCTOAT HabatogaTenun. Bce TakMe YacTMLbl ABUTalOTCA C CKOPOCTbIO MeHee
CKOPOCTM cBeTa. Toraa OCHOBHbIE YaCTULbl — 3TO YaCTULLbl, ABMralOLLMECA CO CKOPOCTbIO MeHee
CKOPOCTM CBETa U He ABAAIOLLIMECA NepeHOCYMKamMM B3anMOAENCTBUIA. DTU YacTULLbl COCTABAAIOT OCHOBY
mMmaTepuu.

YacTuupbl-nepeHoCHnKn B3aMmoaencTBMin — 3TO TakmMe YacTuLbl, KOTopble BBOAATCA A1 GOPMMPOBaHUA
nosHoro 6asuca pasoXKeHUsA N ONMCbIBAOT YacTULbI-NEPEHOCYUKM B3aUMOAENCTBUIA.

YpaBHeHusa MakcBeJsia

KakoW xapakTep MMeeT B3auMOAENCTBUE INEKTPUYECKNX 3apAaoB? MOXKHO NpeanonoXuTb, YTo
B3aMMOAENCTBME HOCUT BEKTOPHbIN XapaKTep, M TOrA4a Becb BbiBOA ypaBHeHMI MakcBenna B pamkax
MMNBM-Teopum cBOANUTCA K KONMMPOBAHWIO BbIBOAA 3TUX YPAaBHEHMI U3 OAHOIO M3 y4eHOHMKOB.

Ha ypoBHe MeTaBcenieHHO noe To/bKo 0A4HO, 3TO CKanAapHoe none MeTtaBceneHHoW. BosHuKaeT
BONPOC, MOXHO /X B paMKax NMOPOXAEHHOIo NPOCTPaHCTBa-BPEMEHN BblAeNNTb Kakne-To apdeKTuBHbIe
KBa3n-pyHAaMEHTa/IbHbIE NOS, U KaKUMWM CBOMCTBAaMM 3TU NOAA A0MXKHbI 06/1a4aTh?

KBasu-¢yHAameHTaibHble NO/A 34eCb O3HAYAET, YTO MOJIA B PaMKax NOPOXKAEHHOIO NPOCTPaHCTBa-
BPEMEHN-MaTEePUN AONXKHbI BbIrNAAeTb QYHAAMEHTabHbIMU U HE CBOAUMbIMU K APYrMM 3 DEeKTUBHbLIM
NofAM B MOPOXAEHHOM NPOCTPaHCTBE. X BO3MOXHO BblAeAUTb, ECAU ANA KaKUX-TO YCN0BUIA
BO3MOXHO paccCMaTpuBaTb AUHAMUKY GUNYECKOM CUCTEMbI HE NPUHMMasA BO BHUMaHWe apyrue
noaobHble nons.

Mpexxae yem NATU fanee U paccMaTpmBaTb CeACTBUA NPEANO/OKEHUA O BEKTOPHOM XapaKTepe
3/1eKTPOMArHUTHOrO NoJiA, cneayeT PacCMOTPETb, HACKO/IbKO 3TO NPeAno/ioXKeHne 060CHOBaHO U
cootBeTcTByeT [MMBM-Teopun. BeKTOpHbI XapaKTep MnoJif, HACKOIbKO sl BUXKY, HUOTKYZa U3 Modenn
TEOpPMM HaNPAMYIO He cneayeT. B ToXKe Bpemsa, OH U He MPOTUBOPEUYUT MOAENN TEOPUN. B ypaBHeEHMAX
pa3foxeHna pyHAAMEHTAIbHOMO CKaNAPHOr0 NOJIA MOXKHO BBECTU GYHKLUMU, UMetoLWme
NPOCTPaHCTBEHHYIO OpueHTauuto. Tak B moaenu Teopmn NoyvyaeTca BEKTOPHOe nose.
PacnpocTpaHeHMe cMrHana anekTPOMarHMTHOIO NOAA CO CKOPOCTbHO, TOYHO PAaBHOM MAKCUMaIbHOM
CKOPOCTM pacnpoCcTpaHeHMa B3aMMOAENCTBUI, cneayeT U3 Moaenn Teopumn. Kak NnokasaHo Bbille, Npu
M3MeHEeHMN CKOPOCTU YacTMLbl AOKHA, B TOM YNCNE, U3/Ty4aTbCA YaCTULLA ABUTAIOLLLAACA CO CKOPOCTbIO
TOYHO PAaBHON MaKCUMMa/IbHOM CKOPOCTWU B3aMMOAENCTBUIA. TaK Kak M3BECTHO, YTO NPU YCKOPEHHOM
OBVKEHUN 3aPAKEHHbIX YacTUL, MCMYCKatoTCA GOTOHbI, TO CKOPOCTb CBETA A0/1XKHA TOYHO PaBHATLCA
MaKCMMasibHOM CKOPOCTU B3aMMOLENCTBUN.

MOAHbIM BbIBOAOM 3/1EKTPOMArHMTHOrO NOA MOXHO 6b110 6bl Ha3BaTb NOyYeHUE YPaBHEHWU
3/1eKTPOMarHUTHOro MoJA, CO BCEMW €ro CBOMCTBaMMU, HAaNPAMYHO M3 ypaBHeEHUA GyHAAMEHTANbHOMO
nons. MoKa 4To A0 3TOro pasBUTME TEOPUM HE OO0, MAET 3Tan NOUCKA TOro, KaKMMK CBOMCTBAMM
[ONIKHO 061a8aTb none MeTaBceneHHOM, YTobbl BbINOAHAANCL HabAlo4aeMble HAMU 3aKOHbI GU3UKM.
CnepoBaTenbHO, Tak Kak BEKTOPHbIN XapaKTep 31€KTPOMarHMTHOro nons He npotusopeymt MNMNBM-
TEOPWUM, U TaK KaK MOKA3aHO YTO YCKOPEHHOE ABUMKEHWNE 31EKTPUYECKUX 3apsaLoB B mogenn MMNBM-
TEOPUUN MOKET NPUBOAUTD K UCTMYCKAHMIO YACTUL, ABUNKYLLMXCA CO CKOPOCTLIO CBETA, TO TaKoe
npeanonoKeHne NPaBoMEPHO U MOXKET BbITb PACCMOTPEHO.

M3 npennonoxKeHna o BEKTOPHOM XapaKTepe NosA U CKOPOCTU YacTUL,-NePEHOCUNKOB, TOYHO PAaBHOM
MaKCMMasibHOM CKOPOCTU B3aMMOAENCTBUI, BbIBOAATCA ypaBHeHMA Makcsenna. Mx BbiBoA, C 3TUMM
NPeAnoN0KEHUAMM, MOXKHO HAaNTM BO MHOTUX y4ebHMKax No aneKTpoAnHamumKe. Ha ocHoBe 3Toro A
OENato BbIBOA YTO, HA OCHOBE OMMUCAHHbIX Bbille NPeANoA0KeHMI U 6e3 ydeTa KBAHTOBOIO XxapaKTepa
B3ammogencTemi, B NMNBM-Teopumn nonyyeHbl ypasHeHna Makceenna.



KBaHTOBblE ypaBHEHMA 3NEKTPOANHAMMKN ABASAIOTCA OAHOM U3 YacTei cTaHaapTHoW mogenu. Kak
npeg/aaraemasi TEOpPUs COr1acyeTcs co CTaHAAPTHON MOAE/bI0 U KaiMBPOBOYHbIMU TEOPUAMM?

Cra”HaapTHasa Mo/JeJib

CraHaapTHaa moaenb ABAAETCA KanmbpoBoyHoi Teopmen. KainbpoBoUYHble TEOPUM OCHOBAHbI Ha
cummeTpuax. imetotca M CUMMETPUN B NpeaiaraemMon TeopMn NOPOXKAEHHOIr0 NPOCTPAHCTBA-
BpeMeHN-matepumn?

Bblle NoKasaH Lenbl pag CUMMETPUIN, Hanpumep CUMMETPUSA K NEPEHOCY BO BPEMEHU, CUMMETPUSA K
CMEeHe 3HaKa 3apsaga U pag apyrux. I3 moaenn Teopun BbiBeAeHbl TaKMe YPaBHEHMA KBAHTOBOM
MEeXaHUKM, KaK ypaBHeHuA KneliHa-TopaoHa-PoKa n ypasHeHna [upaka. BoiBeaeHbl, C HEKOTOPbIMU
npeanonoXeHnamu, ypasHeHns Makceenna. Tem cambimM, MOXKHO roBoputb npo U(1) cummetputo. 3To
nokasbiBaert, yto MNMBM-Teopuna coBMeCcTMMa € KaSIMBPOBOUYHBIMW TEOPUAMM U CO CTaHAAPTHOM
MoJeblo. XoTenoch 6bl NOAY4YNTb BCIO CTaHAAPTHYIO moaesnb n3 MNMNBM-Teopumn, HO NOKa 3TOT BOMPOC He
peweH. [lymato, UTo OH MOKET ObITb peLleH B NpoLecce AasibHEMLEero passuTna Teopum.
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paBuTauma B pamkax MNMNBM Teopumn cumtaetca cneacTtBMem NCKPUBNEHUA NOPOXKAEHHOTO
NPOCTPAHCTBA-BPEMEHN.

[lo 3Toro, B cTaTbe NpeAnonarasoch, 4To Mbl Hape3aem NPOCTPaHCTBO MeTaBce/IeHHOM Ha
rMNepnaockocTn. Ho uto ecin, ANA COXpaHeHMA NPUUNHHOCTU U OAMHAKOBOCTYN PU3NHECKUX 3aKOHOB,
HeobXxoAMMa UCKPUBNEHHAA NOBEPXHOCTL? B 3TOM C/lyuae Hy}KHO roBOPUTbL MPO rMNeprnoBepxXHOCTY.

e [MNepnoBepxHOCTH, MpUHaZAeXKaLMe OA4HOMY CEMENCTBY, AO/IKHbI HE NepeceKkaTbCs Mexay
coboli.

e CyuwecTByeT HenpepbiBHOE Npeobpa3oBaHMe, NepeBoasLLee O4HY MMNepnoBepXHOCTb
cemelicTBa B ApYryto.

BbiBOA, NPO MaKCUMaAsIbHYO CKOPOCTb B3aMMOAeVICTBMV1 M CKOPOCTb CBETa BBegeEHNEM KPUBU3HDbI
NOPOXKAOEHHOTO NPOCTPAHCTBA-BPEMEHUN HE MEHAETCA.

MoBTOPAA PacCy»KAEHUA O HanpPaB/JeHUN BEKTOPA BPEMEHM, NOAYYaEM, YTO BEKTOP BPEMEHM O0/KEH
MMeTb HanbOo/bLLIMI BO3MOMKHbIV Yo OTHOCUTE/IbHO FMNepPnoBepXHOCTU. 1A rmnepniockocTy 3To
COOTBETCTBYET NepneHANKYAAPHOMY YIy.

Teno, HenoABUXKHOE OTHOCUTENIBHO PACCMATPUBAEMOW TMNEPNOBEPXHOCTH, IBONIOLMOHMPYET BAOb
MWPOBOM INHUW.

Tak Kak rmnepnoBepxHOCTb HE NZI0OCKaA, 3TO O3Ha4YaeT, YTO MUPOBaA TIMHNA HE ABNAETCA I'IpFIMO[;i. Tem
CamMbiMm, rpaBuUTaumMAa NpnUBoOAnNT K CBOAUTCA K NOBOPOTY KacaTe/ibHOM rMnNepnaoCKOCTH, I'IpEACTaBI'IFHOUJ,em
CUCTeMy OTCYeTa, rae TeNo NOKoOUTCA. YCKOpeHue Tesla, Kak ONMCaHOo B CTaTbe Bblle, CBOAUTCA K
NnoOBOPOTY rMNepPnI0OCKOCTH, I'IpeLI,CTaBﬂﬂl-OLLl,eﬁ CnCTemy oTcyeTa, rge Te10 NOKOUTCA. Ho Toraa ato
3HA4YUT, YTO HEBO3MOXHO OT/INYNTL, KaKaAa CUa AEﬁCTByeT Ha AOCTAaTOYHO Ma/zioe TeNo —
rpaBnTayMoOHHAA Nan Cnna MHepLUn. CnepoBaTenbHo, MHEPTHAA N rpaBnUTauUnNOHHAA MaCCbl paBHbI.

IT0 03HayaeT, YTo A0Ka3aH NPUHLMM SKBUBANEHTHOCTU FPaBUTaLMOHHON U MHEPLIMOHHOM Macc, Uan
CUNbHBIYA NPUHLMM SKBUBANEHTHOCTU DNHLUTENHA.

Taknm O6p330M, AOKa3aHO U BblBEAEHO:

e  CUNbHbIA NPUHLMMN SKBMBANEHTHOCTU
e PaBeHCTBO CKOPOCTM CBETA BO BCEX CUCTEMAX OTCHYETA U ee TOYHOEe PaBEHCTBO MaKCMMa IbHOM
CKOPOCTW B3aMMOAENCTBUM
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DTO O3HAYaeT, uTo nosayyeHbl BCe NPUHLUKNNbI, Ha KOTOPbIX NOCTPOEHa O6|J.I,aﬂ TeopnAa OTHOCUTENbHOCTW.
Mcxopaa us atoro, A Aenato BbIBOS4, YTO o6u.|,a$| TEOPUA OTHOCUTENBHOCTN YOOBNETBOPAET nnBM-TEOpMM.

TaKKe MmeeTcs ele oauH BbiBOA, 06 OTCYTCTBUM KBaHTa rpaBUTaLMK. TaK Kak KBAHTbl BBOAATCA Ha
OCHOBAHMW PA3/I0XKEHUA NOANA, A FPABUTALMA CTPOUTCA HA NPUHLMNMANBHO APYrOM Noaxoae, To
KBAHTOB rpasuTtauum, cornacHo NMNBM-teopuun, He moxKeT cywectsoBaTb. Mcxoaa us atoro, MNMBM-
TEoOPUA HECOBMECTUMA HU C OAHOM TeopUein KBAaHTOBOM rpaBUTaALMMN.

OTmeuy, YTO BbIBOA, BCEX MPUHLMIMOB, HA KOTOPbIX OCHOBaHa 06LLaA TEOPUA OTHOCUTE/IbHOCTH, He
No3BONSET YTBEPKAATb, YTO NOJIYYEHbl YpaBHEHMA 0bLein Teopun OTHOCUTENBHOCTU. MpUUnHa
3aK/iloYaeTcsa B Tom, 4To geicteme B OTO noctyampyeTcs, a He BbiBoauTcA. [NosTomy, XoTa 3a4a4a
cBeZleHa K U3BECTHOM, ANA nony4dyeHusa ypaBHeHnn OTO TaKkKe npMxoamTca NocTyAnpoBaTh 3TO
Jecrsue.

Mo 3Tol NpPUYMNHE HeNb3A YTBEepPKAaTb, YTO HEBO3MOKHO NOCTPOUTL APYro Habop ypaBHEHWM
rpasuTaumm, nommmo OTO, yaosneTsopsaowmx scem TpebosaHmam MNMBM-teopun. OaHako ntobble
Apyrue ypaBHEHUS TaKKe A0/IKHbI YA0BNETBOPATbL NEPEUYNC/IEHHbIM Bbile TpeboBaHuam MMBM-
Teopuu. C passutuem NMBM-Teopuu, ypaBHEHUA rpaBUTaLMKN A0KHbI ObITb BbiBEAEHbI HANPAMYIO U3
YPaBHEHUSA CKanApHOro noaa MeTtaBceneHHo.

TaK Kak npu BBeeHUM UCKPUBAEHHOTO NMOPOXAEHHOIo NPOCTPAHCTBa-BpeMEHN HeobXoANMO
YUNTbIBaTb METPUKY NPOCTPAHCTBA, TO 3TO HY}KHO YUYECTb B YPaBHEHUWN Pa3oKeHMsA GyHAAMEHTaNbHOMO
cKanspHoro nons MetaBceneHHom:
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3neck nobaBneHa 3aBUCUMOCTb OT METPUKM NPOCTPAHCTBa-BPEMEHM (.

BHOBb BO3Bpallaach K BOMpocCy 0 nosHoTe 6a3uca GyHKUUI pas3noxeHna. Ecim GyHKLUMM pa3nosKeHus
MoJIHbI, TO B Haweln BceneHHoOM He A0MKHO BbITb MECT, r4e Noaxo4 C pasforKeHnem GpyHLaMeHTaIbHOToO
CKanapHoro nons He paboTaeT. OQHAKO, 3BECTHbI 06BEKTLI FAe UMEEeTCA HeyCTpaHUMasn
CUHTYNAPHOCTb, YepHble Ablpbl. CyLecTBoBaHNE TaKMX 0OBEKTOB rOBOPUT, YTO Hasnc GyHKUUIA
pa3/NIoXKEeHUS He MOJIOH.

Bo3Bpauanack K sonpocy npo iMax v iMin B ypaBHEHUW PA3NOXKEHUM CKaNAPHOro noaa. dyHKumm
pa3foKeHUA He JOMKHbI BKAKOYATb B ce6s Takne GyHKL MM, KOTOPbIE COOTBETCTBYHOT YEPHbIM AblPam C
NX CUHTYNAPHOCTAMU. [03TOMY BO3HMKAET OrpaHUYEHUE HA CAULWKOM KOPOTKME BOHbI GYHKLMIA.
PaccmaTpuBas BO3MOXKHbIE OrpaHUYEHMA CBEPXY, HE BbIFNALUT HYKHbIM PYHKLMKN C XapaKTepHbIMU
pasmepamu 6onblie Habatogaemoro pasmepa BceneHHoW. BO3MOXKHO, MOXKHO HalTK elle 6onee
OrpaHUYMBAIOLLME YCI0BMA HAa MAaKCMMAbHbIN pasmep GyHKUMIA.

OTMeuy TaK:Ke, YTO A0Ka3aHHbIM BbILUE CU/bHbIA MPUHLLMN S3KBUBANEHTHOCTM NO3BOAAET HE BbIABUIATb
AonoNHUTeNbHble TPeboBaHMA K GYHKLMAM Pa3NoKeHUs.

KocMmoJsiorndyeckasi HoCTOsIHHasA M TeMHas JHepruga
3KCI'IepI/IMeHTaIIbeIe Ha6J1I-OAEHVIF| NOKasblBatoT, YTO BceneHHan pacwumnpAaeTca, h 4HTO KoCMoJ1orTn4yeckan
KOHCTaHTa B YpaBHEHUU DNHWTENHa OTANYHA OT HYNnA N ABNAETCA KOHCTaHTOM.

Kocmosiornyeckas KOHCTaHTa 06bIYHO MHTEPNPETUPYETCSA KaK NPOsABAEHNE TEMHOM 3HEPruy,
OTBETCTBEHHOM 33 YCKOPEHHOe paclumpeHme BceneHHoM.

Bce coBpemeHHble KOCMOJIOrMYeckue Moaenm roBopaT, YTo BceneHHasa MMeeT Havano, U YTo B NPOLLIOM
Bce 061acTv BceneHHow 6bliM 40CTaTOYHO Masibl, YTOBbI B3aMmoaencTBoBaTh Mexay coboit. ManocTb
bNYKTYaUMiA PEIMKTOBOTO U3/y4YeHUs B 3aBUCUMOCTM OT HanpaB/ieHUA ABNAKOTCA O4HUM U3
CBMAETEeNbCTB 3TOro.



KaK KOCMO/1IornMyecKan KOHCTaHTa BAUAET Ha Pa3oXKeHNe CKaNAPHOro NosA Ha ’MNepnoBepxXHOCTH,
TpebyeTcs (M moanduKaLma ypaBHEHWNIA?

Ona toro YTO6bI MONbITAaTbCA OTBETUTL Ha 3TOT BOMPOC, HYXXHO NOHATb KaK MOXHO NOCTPOUTb
pacumnpArolyroca C OAMHAKOBbIM 3Ha4YeHNEM KOCMO/IOTMYECKOM KOHCTaHTbI BCENEHHYIO.

Ecnu Bce paclumpeHmne BbI3BaHO BHELLUHEN KPUBU3HOM FMNEPNOBEPXHOCTM NOPOIKAEHHOIO NPOCTPAHCTBA,
TO KPMBWU3HA A0/IXKHA MEHATLCA, NPU YCAOBUU HEM3MEHHOCTU CKOPOCTU BPEMEHN U QYHKLMMU
NOPOXKAEHHOIO PACCTOAHMA. ITO NPOTUBOPEUUNT HabAOAEHMAM, CNeg0BaTENbHO, IMBO CKOPOCTb
BpeEMEHUN N GYHKLMA NOPOKAEHHOIO PAaCCTOAHMA 3aBUCAT OT BHELUHEN KPUBM3HbI TaK YTO B UTOTe
Nosly4aeTca HEM3MEHHAA BHYTPEHHAA KPUBM3HA, BbI3BaHHAA KOCMONOTMYECKOM KOHCTAHTOM, 1nbo
BHELUHAA KPMBU3HA HE UFPAET CyLLLECTBEHHOM POK.

Ecnu BHELWHAA KpMBM3HA HE UTPAET CYLLECTBEHHOM POAK, TO CTOMT BOMPOC, KaK MOXKHO NONYYNTb
pacwmpstoweeca NOPoKAEHHOE NPOCTPAHCTBO Ha TMNEPNOBEPXHOCTU C HY/IEBOWN CpeaHEN KPUBUIHOMN.
YpaBHeHME coAepHKUT METPUKY PACCTOAHUA B MOPOXKAEHHOM NPOCTPaHCTBe-BpemeHn. Eciun, npu
yBEeANYEHMM BO3pacTa BceneHHoM, 3Ta MeTpMKa AN TOYEK C O4MHAKOBbIM PACCTOAHMEM B
MeTaBceneHHol byaeT BblaaBaTb Bce 60/bllee paccTosiHUE B NOPOXKAEHHOM NPOCTPAHCTBE, TO MOMKHO
Noy4YnTb PacLLMpAtOLLLEECA NOPOKAEHHOE NPOCTPAHCTBO Ha FTMMNEPNOBEPXHOCTU C HY/IEBOWN CpeaHel
KPMBU3HOM. U3 3TOro BbIrNAANUT IOTMYHBIM YTO M aMNANTYAa GYHKUMKU pa3NoKeHUs ToxKe byaet
YMEHbLLATCA CO BpemeHeM. Tem cambiM B ypaBHeHUe 44 HyKHO A06aBUTb 3aBUCMMOCTb OT BO3pacTa
BCE/IEHHOM t:
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Kocmonornyeckana KOHCTaHTa TeM cambiM ABAAeTcA GYHKLUMEN OT OTHOLWEHUA CpeaHEro NOPOXKAEHHOTO
PacCToAHMA MeXAY TOYKAMM, HAXOAALWMMUCA HA OAMHAKOBOM PaccToAHUM B MeTaBce/ieHHOW, B
nocneayrolme MOMEHTbI BpDEMEHMU:
<l(t+dt)>
A=A (—) 36

<Il(t)> ( )
TeMmHaa maTepusa
YpaBHeHMe 45 COAePKUT YaCTb fo,: (7, t) KOTOpas He NPMBOANT K NOABNEHMIO 3/1EMEHTaPHbIX 4acTUL,

ECnv 3TO 3HaueHMe KaKk-1Mbo BANAET HA METPUKY NOPOXKAEHHOTO NPOCTPAHCTBA-BPEMEHMN, TO OHO
MOXeT 06bACHATL Habntogaemble 3pdeKTbl OT TEMHOM MmaTepum.

MeTaBce/ieHHasI 1 IMOPOKAECHHbIEC BCCJICHHbIC

CornacHo MMBM Teopuun, MeTascenieHHas 310 6e3BpeMeHHOe NPOCTPAHCTBO COAEpP KALLEee CKansipHoe
noJsie. dn1eMeHTapHble YacTULbl, BPEMS, NPOCTPAHCTBO KOTOPOE Mbl Habtogaem — BCe 3TO
NopoXAEHHbIE ABNEHNSA.

Hawa BceneHHas saBnaeTca YacTblo MeTaBceneHHown.

MeToabl HaXxOXKAEHWA NPOCTPAHCTBA-BPEMEHN-MATEPUU, ONMCAHHbIE Bbille, MOTYT MPUBECTU K
HaXOMAEHMIO HECKOMIbKUX Pa3/iMYHbIX pelieHnid. 061acTb onpeaeneHnsa sTUX pelleHmin MoKeT
nepeceKkaTbCs B NPOCTpaHcTBe MeTaBceneHHOM, MOKET He NepecekaTbCs, HEKOTopble pelleHus MoryT
6bITb ONpeaeNieHbl Ha OAMHAKOBOM NPOCTPaHCTBe MeTaBce/IeHHON. BO3MOMKHO UTO A1 HEKOTOPbIX
obnacTeit MeTaBceneHHOM He onpeaeneHo HUKAKMX pelleHuit.

Kagoe 13 Takmx pelleHunit, CornacHo NocTynaTy 3Tol TEOPUKN, COOTBETCTBYET CYLLECTBYIOLLEN
BCE/IEHHOM, €C/IN B COOTBETCTBYIOLLMX MOPOMKAEHHbIX BCE/IEHHbIX BO3MOXHa pasyMHan U3Hb.

Hanuwy HecKoNbKo onpeaeneHuii:

MyﬂmeBC(?ﬂE‘HHGﬂ —3MO MHOMXEeCme0 8CeX 8CE/IEHHDbIX, OﬂpEdEﬂEHHbIX 8 MemasceneHHol.



bnu3sKue scesieHHble — 3mo 8cesieHHble Komopble UMerom nepecevyeHus 8 npocmpaHcmase
MemasceneHHoU.

B/IM3KMe BCeNeHHble He 03HAYaloT YTO KOHKPETHaA 06/1acTb NPOCTPAHCTBa-BpeMeHN 04HOW BCeNeHHOM
nepeceKkaeTcs ¢ 06/1acTbio Apyroii BceneHHol. NepeceyeHne Morio NPousonuTU MUAAMAPAbI NeT Ha3as
unu snepeg, 1Mbo B meranapceKkax ot aToi obnactu.

JlokanbHO napasnsesnsHsie 8ceneHHble — Mo 8ce 8ceneHHble Komopble UMerom repeceyeHus 8 obaacmu
npocmpaHcmea MemasceneHHoU ¢ 8bl0esneHHOU Yacmbro MPOCMpaHcMea-epemeHuU KaKol-mo
sceseHHoU.

JloKanbHO NapannenbHble BCENEHHbIE HE 03HAYAOT YTO MeXAY HUMKU BO3MOXKHO B3aumogelicteume. Ons
B3aMMOAENCTBUSA MeKAY BCENIEHHbIMN HEOBX0AMMO, XOTS BO3MOXKHO HELOCTAaTOYHO, MMETb XOTb KaKkue-
TO KOPPENALUUN MeXAY YPaBHEHUAMMU dN1eMEHTaPHbIX YacTUL, NPUHAAAEKALMX K PA3HbIM BCENIEHHbIM.

B3aumoodelicmeayroujue napannesbHsie sceneHHole — eceneHHblie, Oelicmaus 8 00HOU U3 KOMOpPbIX
Mo2ym 87uMb Ha cocmosHue opyzol, u Haobopom.

Ecnun pgelictBue Ans BAMAHMA Ha APYryio BCeNEeHHY0 byaeT NpoM3BOANTb PasyMHOE CYLEeCTBO, B APYroi
BCE/IEHHOM NoCneaCcTBMA TaKNX AeNCTBMA OyayT BbIrIAAETb KaK CNeacTBuUs COOCTBEHHbIX GU3NYECKUX
3aKOHOB 1 ByayT UMETb HE3aBUCUMble OT NEePBOIA BCENEHHOMN MPUUYNHHO-CNeACTBEHHbIE CBA3MW.

He TaK gaBHO, B haHTaCTMKe CTan NOMNyAAPeEH *KaHp ¢paHTe3n ¢ napannenbHbiMM Mupamn. CornacHo
MMNBM-Teopuu, cylecTBoOBaHMe NapaanebHbiX 3eMeslb BO3MOXKHO, eC/iv 061aCTb KOHLEHTPALLMM
MaTepuu B Halel BcefleHHOM COOTBETCTBYET KOHUEHTPALMM MATEPUMN KAaKOW-TO APYrOi IOKANbHO
napannenbHol BcesleHHOW. BO3MOXKHO BHE3eMHble pa3yMHble CyLLecTBa o4eHb 613K, Ha
napannenbHon 3emne?

CBOMCTBA NPOCTPAHCTBAa-BpeMeHHU Hallel BcesieHHO
NmeeT nn Bpema B Hallel BceneHHoM Havano 1 KoHel,? CylecTByeT HECKO/IbKO BO3MOXKHbIX BAPNAHTOB,
nepe4Ymncnio ux Bce:

Bpems Bo BceneHHOM MMeeT Havyano HO He UMeeT KOoHLA.
Bpems Bo BceneHHOM MMeeT Havyano U ecTb KOHew, BpeMeHMU.
MpocTpaHCcTBO-BpeMA BO BceneHHOM 3aMKHYTO.

Bpems Bo BceneHHOM He MeeT Hayana U HeT KoHLa.

vk wnN e

Bpems Bo BceneHHOM He MMeeT Havyasa HO UMeeT KOHeLl,.

Bce BapunaHTbI € 6ecKkoHeYHbIM BpemeHeM 03Ha4atoT 6ecKoHeYHOCTb NPOCTPAHCTBA MeTaBceneHHoM.

CoBpeMeHHble aCTPOHOMMYECKME AaHHbIe NMOKa3bIBalOT YTO BPeMA B Hallel BceneHHON nmeeT Havano.
3To oTHpacbiBaeT BCce BapMaHTbl Kpome 1 1 2.

CoOTBETCTBEHHO, B Hayase, 40 NOSBAIEHUA BpeMeHU 6bi10 (M No NpeXKHeMY CYLLLECTBYET B
MeTaBceNeHHOM, XOTA M JANEKO OT HAaC) HEKOTOPOE COCTOAHME rae NOCTPOEHME MOPOXKAEHHOTO
NPOCTPAHCTBA-BPEMEHM C TAKUMM e KaK U ceiyac 3aKoHaMm 6bl10 HEBO3MOXKHO. 3aTeM, B KaKOU-TO
obnactu MeTaBceneHHo, Hayanacb dasza GopMUpPOBaHMA Halliel BcenieHHOM, B KOHLE KOTOPOA
NOABM/IOCH Hallle NPOCTPAHCTBO-BpeMA U MaTepuna. HEBO3MOXKHO CKa3aTb CKO/IbKO BPEMEHM 3aHAN 3TOT
npoLLecc, Tak Kak caMo Bpems B 3TOM ¢dase HaxoAnI0Cb B CTaamm ¢opmupoBaHus. JanbHenwee
passuTue NMNBM-Teopun A40AKHO NO3BONUTb U3YYUTb AETANBHO CTaanto GOpMMpPOBaHMA BceneHHoOM 1
Aaxe NocmoTpeTb YTo 6b110 A0 Bonbloro B3pbiBa, Koraa He 6bIJ10 HU BpEMEHW HU NPOCTPAHCTBA.

BcesieHHas
B 3TOM YacTu, 5 oNULLY Kak Hawa BceneHHas BbIrNsaAnT ¢ To4kM 3penus NMMBM-Teopun.



Mbl Haxoaumca B besspemeHHoOM MeTaBceneHHOW. MeTaBcesieHHan MMEET CKanapHoe noJse
onpegeseHHoe Ha BCeEM NpocTpaHcTBe MeTaBceneHHoM, NpocTpaHcTBO MeTaBceneHHoM eBKAMA0BO.
YpaBHeHMe CKasIAPHOro noJsia Besae oanHakoBo. Halwa BceneHHas cywectsyeT B MeTaBceNieHHOM,
cbopmmnpoBaHa Ha OCHOBE OAHOIO M3 BapMaHTOB POPMUPOBAHMA NPOCTPAHCTBA-BPEMEHN N METOL,0B
ONA KBAHTOBAHWA, OMUCAHHbIX BbiLLE.

®PyHKUMA CONOCTaBNEHUSA A0KHA HE UMETb 3aMeTHOW HenpeacKkasyemol CoCTaBAAoWen Ha Bcem
AOCTYMHOM A/18 U3YUYEeHUs AMana3oHe SHePrnin YacTul, U 3HaYeHUI rpaBUTaLMOHHOrNO NoadA. Kak
pe3ynbTaT, 3TO 03HAa4YaeT BO3MOXHOCTb OMMUCbIBaTb CBOMCTBA YacTuLL M UX B3aUMOAENCTBUS,
OCHOBBbIBasAChb Ha COCTOAHUSAX.

nOpO)K,D,EHHOG NPOCTPAHCTBO-BPEMA MOXKET 6bITb UCKPUBNEHHbIM. B aTom CQlydae, noABnAeTCcA
rpasutTauuA. rpaBMTaLI,VIﬂ obecneuunBaet OANHAKOBOCTb 3aKOHOB ¢M3MKM M BbINOJIHEHUNE NPUYNHHOCTW,
Tam rge oHun Obl HapyLwaancb B cny4yae NJAOCKOIro NpoCTpaHCTBa-BpeEMEHMN.

M KBaHTOBas MexaHWKa K obLuan Teopma OTHOCUTENIbHOCTK, cornacHo MNMNBM-Teopuu, sBasatoTcA
NPUOAN3UTENBHBIMU U UMEIOT OFPaHMUYEHUA Ha UX ANANa30H MPUMEHUMOCTH.

M KBaHTOBaA MexaHMKa 1 rpaBUTaLMA ABAAKOTCA NOPOXKAEHHBIMUN ABNEHUAMMWN.

Hy:XHa i1 HaYya/IbHasA CUHTYJIAPHOCTb nNpHu bosibioMm B3pbiBe?
HeBO3MOXKHOCTb M36eKaTb CUHIYASPHOCTU B KOCMOJIOFMYECKUX Moaenax obwen Teopun
OTHOCUTE/IbHOCTU BblNa AoKa3aHa, B YMCae NPOoUYNX TEOPEM O CUHTYyAspHOcTAX, P. NMeHpoysom un C.
XokuHrom {15] B KoHue 1960-x rogoB. 3T AOKa3aTe/IbCTBa OCHOBaHbI Ha BUAMMOWN O4HOPOAHOCTHU
BceneHHOM, YTO HEBO3MOKHO AOCTUTHYTbL €C/M Bce 061acTn BceneHHoM Koraa-To B NpoLW/iom He
B3aMMOAEeNCTBOBaN MeXay Coboli.

B MNMNBM-Teopuun BUANMYIO OAHOPOAHOCTb BceneHHoM MOXKHO NonpoboBaTh A0CTMYbL U 63 HaYabHOM
CUHTYNAPHOCTU. [1NA 3TOro A0CTaTouHO YTOObI B Ppase popmMpoBaHUS NPOCTPAHCTBA-BPEMEHM BE3AE B
dbopmupyroLLLeMcA NPOCTPaHCTBE-BpeMEHN BblI NPUMEPHO OAMHaKOBble ycaosusA. Jo Havana
bopMMpPOBaHNA NPOCTPAHCTBA-BPEMEHN MNOPOKAEHHbIE PU3NYECKME 3aKOHbI HEMPUMEHUMBI.

CKoJ/ibKO U3MepeHU B MeTaBceleHHOU?
O[I,MH M3 BONpocoB KOTOprﬁ BO3HWKAET NPU NOMNbITKE NOHATb YCTpOﬁCTBO BCE!’IEHHOI‘;L 3TO No4yemy BO
BceneHHOM YeTblipe N3MepeHus, TP NPOCTPaHCTBEHHbIX U O4HO BPEMEHHOe.

peHdecT nokasan [16], noyemMy KoOIMYECTBO NPOCTPAHCTBEHHbIX U3MEPEHUIA PAaBHOE TPeM ABASETCA
Hanbosee noaxogawmm. Npu KOANYECTBE U3MEPEHUI CBbILIE 3 HE MOTYT CyLLEeCTBOBATb aTOMbI. B
CNy4ae pasmepHOCTel MeHblUe TPEX ABUMKEHWUE BCEraa Npomcxoamno bbl B orpaHUYEHHOM

06nacTu. ToNbKO NPU KONMYECTBE U3MEPEHWIA, PAaBHOM TPEM, BO3MOXHbI KaK yCTOMYMBbIE PUHUTHDIE,
TaK U UHPUHUTHbIE ABUKEHUS

Mcxoma M3 onncaHHoro u ncnonb3syA aHTpOI'IHbI[;i npPUHUUN Yy4aCTUA, MOXKHO YyTBEPXKOaTb, YTO BceneHHan
MMEET YeTblpe N3mepeHnAa NOTOMY HYTO 3TO TO KOJIMYECTBO KOTOpPOe HeO6XO,CI,MMO AnAa cyuiecrsoBaHuA
pa3YMHOl‘;1 KU3HU. BO3MOXKHO, NOCTPOUTb NOPOXKAEHHbIE BCE/NNEHHbIE C 60/1bLUIMM KOZIMYECTBOM
M3MepeHMl‘/JI HEBO3MOXHO MO NpUYNHE HEBO3MOXKHOCTU Pa3BUTUA B HUX pa3yN\H0171 KU3HU.

To uTO YeTbipe U3MepeHus ABAAIOTCA Hanbosiee NOAXOAALLMMM AN NOPOKAEHHbBIX BCENIEHHbIX ABNAETCS
04HOBPEMEHHO apryMeHTOM B M0J/1b3Yy TOrO YTO KO/IMYECTBO MU3MepeHUit B MeTaBceneHHon 6onblue
yeTbipex. CKOIbKO 6bl He 6bIN0 M3MepeHnit B MeTaBcesieHHOW, BCe MOPOXKAEHHbIe BCeneHHble byayT
MUMETb TOJIbKO YeTbipe nsmepeHus. MoaTomy NpeanosoxKeHne o0 TOM YTo BceneHHas coaepRuT TONIbKO
YyacTb M3MepeHuit MeTaBceNeHHON BbIFAANT, Ha MOM B3rnag, Npasaonogo6Ho.


https://ru.wikipedia.org/w/index.php?title=%D0%A2%D0%B5%D0%BE%D1%80%D0%B5%D0%BC%D1%8B_%D0%BE_%D1%81%D0%B8%D0%BD%D0%B3%D1%83%D0%BB%D1%8F%D1%80%D0%BD%D0%BE%D1%81%D1%82%D1%8F%D1%85&action=edit&redlink=1
https://ru.wikipedia.org/wiki/%D0%9F%D0%B5%D0%BD%D1%80%D0%BE%D1%83%D0%B7,_%D0%A0%D0%BE%D0%B4%D0%B6%D0%B5%D1%80
https://ru.wikipedia.org/wiki/%D0%A5%D0%BE%D0%BA%D0%B8%D0%BD%D0%B3,_%D0%A1%D1%82%D0%B8%D0%B2%D0%B5%D0%BD
https://ru.wikipedia.org/wiki/%D0%A5%D0%BE%D0%BA%D0%B8%D0%BD%D0%B3,_%D0%A1%D1%82%D0%B8%D0%B2%D0%B5%D0%BD

Pdu3nyeckre OCHOBaAaHUA MaTeMaTHKH

Moyemy MaTemMaTMKa TaK XOpOLIO onucbiBaeT Haw Mup? OBbIYHO 3TOT BOMNPOC pacCMaTpUBaAETCA B
dnnocodumn, nwytca punocopckme 0OCHOBaAHUA MaTeMATUKN. PaccmoTpum dpmsmnyeckne oCHOBaHMA
MaTeMaTMKM C TOYKM 3pEeHUA Npeasiaraemolit TEOpMM NOPOKAEHHOTO NPOCTPAHCTBA-BPEMEHU-MATEPUMN.

B pamKax 3Toil Teopum 3Ha4YeHne GyHAAMEHTANIbHOIO NOAA B KAaXKA0N TOUKe GyHAAMEHTANbHOIO
NPOCTPAHCTBA YAOBNETBOPAET HEKOTOPOMY ANPPepeHUMaNnbHOMY YPaBHEHUIO.

YpaBHeHUe PU3MKK 4N NOPOKLAEHHOTO NPOCTPAHCTBA ABAAIOTCA CeACTBUAMM 3TOTO YPaBHEHUSA.
Monyyaercs YTo ANS TOro, YTobbl MaTEMATUKA XOPOLLO OMNMUCbIBaNA Hal MUP, AOCTAaTOYHO YTObbl OHa
onucbiBana Hanbosnee dyHAAMEHTaNIbHYIO CTPYKTYPY nNpupoabl. Micxoasa 13 aToro, cieayeT BbiBOA, YTO
MaTemaThKa ABAAETCA cneacTBuem GyHAaMEHTaIbHOM GU3NYECKOM CTPYKTYpbl Npupoabl. Bea
MaTeMaTuKa ABASeTCs CNeacTBMEM YPaBHEHMA onucbiBatoLero pyHaameHTanbHOE nose.

Jloruka TaKkKe aBnasetcs cnegctamem. Jlormka sTo Habop nNpaBua, NO3BOAAIOLWMX AENaTb BbIBOAbI HA
OCHOBE HEeKOTOpbIX ¢pakToB. J1lobble haKTbl, BK/OYASA YACTO YMO3PUTE/IbHbIE KOHCTPYKLUK, B
NopoXKAEHHOM MPOCTPAHCTBE OCHOBAHbI HAa GYHAAMEHTa/IbHOM MNOJIE U €ro CBOMCTBAX. TEM CaMbIM,
MOXHO ceN1aTb BbIBOA, YTO /IOTMKa TaKXKe ABNsSeTcA cneacrsnem dyHaameHTanbHOM drsmyeckomn

CTPYKTYpPbI NpMpoabl.

Mpeanonoxum, Hanbonee pyHAaAMEHTAIbHBIA YPOBEHb ONMMCLIBAACA Obl YEM-TO APYTUM, @ HE
MaTeMaTMKOW. B 3TOM ciyyae, CorlacHO HanMCcaHHOMY BbilLe YTBEPXKAEHWUIO, B MOPOXKAEHHOM MUPE He
6b110 6bl HU MaTEMATUKK, HU NIOTUKN.

MOKHO /11 NPUMEHSATb IOFUKY, KOrAa I0rMKa oTCcyTcTBYeT? 18 TaKoro cy4yas MOXKHO MCNOAb30BaTb
npaBaonoAobHble paccyaeHua. MpasaonoaobHble paccyKaeHMA MoryT BbiTb 6JAU3KMMKN K UCTUHHOCTY,
€C/IN B pe3y/ibTaTe NPMMEHEHUS 3TOMN “He MaTeMaTUKK” NOABIAETCA HEUYTO MOXOXKee Ha JIOTUKY. Yem
61MKe To, YTO NONYYMNIOCH, K IOTUKe, Tem Bosiee TOUHbI NPaBAoNoA0bHbIe paccyKaeHUs.

Mcnonb3ysa npaBaonoaobHble paccyKAeHMA, MOXKHO CKa3aTb YTO ec/n bbl B pe3y/ibTaTe NoJly4YmMaoch
NOPOXAEHHOE NPOCTPAHCTBO-BPEMSA, TO B HEM BMECTO MaTeMaTUKM 6b110 Bbl HEYTO OCHOBaAHHOE Ha
onucbiBaloLlen GyHAAMEHTaIbHbIN YPOBEHDb “HEe MaTeMaTUKK” U HEUTO 3aMEHSAIOLLLEE SIOTUKY.

OTmeuy, YTO BCe pacCyKAeHWna 6blM B HEKOTOPbIX paMmKax:

1. CyuwecTByeT pyHAAMEHTaNbHOE NPOCTPAHCTBO. M maTeMaTuKa, U “He maTemaTuKa” A0MKHbI
COAEpP!KaTb MPOCTPAHCTBO C KAKMM-TO KOJIMYECTBOM M3MEPEHUNA.

2. CyuwecTsyeT pyHOAAMEHTAIbHOE CKaNAPHOE NoJie, onpeaeneHHoe Ha yHAAMEHTAIbHOM
npocTpaHcTBe.

3. 3HayeHun pyHAaMeHTasIbHOE NoAA ONpPeaenaeTca HeKOTopbIM gnddepeHLManbHbIM
ypaBHEHWEeM ANA Cayvyas MaTeEMATUKN, M onpeaenneTca “Kak-to” ans cayyaa “He matemaTukm”.

3akJ/ilo4yeHue

I'Ipep,nomeHa dKCMomMmaTunyeckana aeTepMnHUCTUYEeCKada Teopua ¢VI3VIKVI, OCHOBAHHaAA Ha O AHOM
CKanApHOMm none. Teopvm, €C/11 BepHa, NO3BOJIAET ONUCATb noboe ¢WI3VI‘-I€CKO€ AB/IeHUe B N0bbIX
dU3NYECKMX YCNOBUAX.

B moaenun Teopuun Ha GpyHAAMEHTAIbHOM YPOBHE OTCYTCTBYET BPEMA W OTCYTCTBYET AMHAMMKa.
MOKa3aHOo KaK B TaKO MOAENN BO3HUKAET NPOCTPAHCTBO-BPEMS C MaTepuei U nonsamu. MoKasaHo, 4To
aHTPOMHbIN NPUHLMM BO3HMKAET KaK ceacTBue Teopuu. BoiBeaeH NPUHLMM NPUYUHHOCTU KaK
C/lefCTBME OCHOBHbIX MOJIOXKEHUIN Teopuu. MonyyeHbl, Kak CneacTBus TEOPUN U B HEPENATUBUCTCKOM
NpUbANNKEeHUN, BCE TPW ypaBHeHUA HbtoToHa. MonyyeHbl Macca, 3Heprua U gpyrue KoOHLEenLmm



MexaHuKK. BoiBegeHo ypasHeHue LLpeamHrepa. MpeanoskeHo o6bACHEHMEe NPUpPoAbl CMIMHA YacTuLL,.
MoKa3aHo, YTO MaKCcMMasibHasA CKOPOCTb B3aMMOZLENCTBMIN 06A3aHa BbITb KOHEYHOM U HbITb O4MHAKOBOM
BO BCEX MHEpPLMabHbIX CUCTEMAX oTcyeTa. MoKa3aHo, YTO CKOPOCTb CBETA M MaKCMMasibHasA CKOPOCTb
B3aMMOAEMNCTBUIA B TOYHOCTM paBHbI. MosyyeHa cneumanbHas Teopmus OTHOCUTEIbHOCTU CO BCEMU ee
ypaBHeHUamU. NonyyeHbl ypaBHeHUs KneHa-TopaoHa-doKa 1, C HEKOTOPbIMM NPEANON0KEHNAMM,
ypaBHeHus [lupaKa. PaccmoTpeHo B3aumoaeicTame Yyactul,. O6bACHEHO YTO Takoe BUPTYabHble
YacTuLbl, YTO TaKoe KBaHTbl B3aMMOENCTBUI Noneit, Kak paboTaeT NepeHOPMUPOBKA B KBAHTOBOW
Teopuu nons. NokasaHo, YTO TaKoe Kaxylimneca pyHaamMeHTaIbHbIMM B3aMMOAENCTBUSA, TaKMUE KaK
cunbHoe, cnaboe 1 anekTpomarHuTHoe. MoayyeHbl, C HEKOTOPbIMU NPEANOOXKEHUAMN, YPaBHEHMS
Makcsenna. MokasaHo, 4To cTaHAapTHaA MoAe b He MPOTUBOPEUNUT NpeanaraeMmon Teopun.
PaccmoTpeHa npupoaa rpasutaumu. [lokasaH CU/bHbIA NPUHLUMN SKBMBAIEHTHOCTU, AOKa3aHbl Bce
NPeAnonoXKeHMA, Ha KOTOPbIX OCHOBaHa 06LLaa Teopmna OTHOCUTENIbHOCTU. Ha OCHOBE 3TOro, MOMKHO
YTBEPKAaTb, UTO YpaBHEHMUA 06L1eN TEOPUN OTHOCUTE/IbHOCTM Y0BAETBOPAIOT TEOPUN MOPOIKAEHHOIO
NPoCTpaHCTBa-BpeMeHn-maTepun. NMokasaHo, YTO rpaBUTaLMA HE MOMKET MMETb KBAHTOB. Tem CaMbliMm,
3Ta TeopuA YTBEP}KAAET, UTO HUKAKOM TEOPUM KBAHTOBOW rpaBUTaLIMM HE MOKET CyLLLeCTBOBaTb.
MpeanoxxeHo 06bACHEHME NpoUCXoXaeHnsa BceneHHou. MNpeanorkeHo o6 bACHEHUE NPUPOAbl TEMHOM
3HEPrumn U TeMHO MaTepuu.

MoKa3aHO YTO MaTeMaTMKa, BKAOYAA IOTUKY, ABNAETCA CIeACTBMEM YPaBHEHMA OMNUCHIBAIOLWLENO
dyHOameHTanbHoe none. Ecnm 661 Hanbonee dpyHAAMEHTaNbHbIN YPOBEHb OMUCLIBA/CA He
MaTEMaTMKOM, @ YemM TO APYrMM, TO BMECTO MAaTEMATUKKN Oblan Obl C1eACTBUA STOTO YEro-To APYroro.

TeopuAa He ABNAETCA NOMIHOCTbIO 3aBeplueHHON. MHOro ypaBHeHuUiA TeopmnKn NoKa HenssecTHbl. OaHaKo,
OaXKe B TEKYLLEM ee COCTOAHUM Teopusa NOo3BONSET 06beANHNUTDL 0BLLYIO TEOPUIO OTHOCUTENBHOCTHU U
KBaAHTOBYIO MEXaHWKY. Y TEOpUM, AaKe B ee TEKYLLEM He3aBepPLLUEHHOM BMAE, MMEIOTCA U NpeacKasaHus,
Hanpumep, TakmMe KaK OTCYTCTBME KBaHTa rpaBuTaumn. Tem cambim, TEOPUA YrKe ABAAETCA
danbcudmumpyemon. lymato, no mepe AasibHelwen paboTbl Hag Teopuen byayT NoABAATLCA U HOBble
npeacKkasaHuA Teopun.
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