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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. Bce namepeHunAa
OAMHAKOBbI, KAKMX-TO BblAE/TEHHDbIX M3MepEHVIl71 HeT. A npegnonarato raagkocTtb d)pr,arv\eHTaanoro
CKanAaApHOro nonaA. CKaJ'I'r'IpHOE none onuncbiBaeTCcA HEKOTOPbIM HEN3BECTHbLIM AVId)d)epeHLl,l/laﬂbelM
YpaBHEHUEM. OTO MOXHO 3anuncaTtb B cneaywouiem suae:

fG) =g(x5S,f(5)) (1)

rae X — HeKoTopasn Touka B GyHAaMeHTaIbHOM NpocTpaHcTee, f(x) — 3HayeHne dyHAAMEHTaNbHOIO
NoAA B TOYKE X, S — 3aMKHyTas NOBEPXHOCTb, OKPYKatoLwan ToUKy X, f(S) — 3HayeHMe nona Ha
NMOBEPXHOCTU S, g — HekoTopasa GpyHKLMA.

dyHOameHTaibHOe NPOCTPAHCTBO C ONpeaeNeHHbIM Ha HEM CKansipHbIM MOJIEM Ha30BY
MeTaBceneHHom.



OTcyTCTBME B MOAENMN TEOPUM BPEMEHM Ha QYHAAMEHTAIbHOM YPOBHE NPUBOAMUT 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 6ezspemeHHOl cucmeme, npusodsueli K nosieneHuto aghgheKmusHo2o
npocmpaHcmeaa-epemeHU U Mamepuu KaK MopoxOeHHbIX AsseHUl, cooepxcumca max
e pa3yMHaa #HU3Hb (Komopas Mmoxcem u2pams posb Habardamens), mo 6ydem
2080pUMb, YMO MAKoe NMPoCMpPAHCMB80-8pPEMA-MAMEPUSA cylecmayem, 3mo
MopoXOeHHoe NPOCMPAHCMEBO-8PEMA-MAMEPUS.

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

Takum obpasom, HeobxoAMMO BBECTM NOCTYaT.
Moctynar:

B ropox0eHHOM pocmpaHcmeae-epemeHu-mamepuu pasymHoe cyu,ecmeo moxem dymame,
Yy8CMeo8amMs YMo OHO PEeasibHO cyuecmayem, Haxooumcs 8 Gbimue.

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

AHTPONHbIN NpUHUMN 6bin NpeanoxeH [12][13] ana o6bACHEHUA C HAYYHOM TOUYKKN 3PEHMA, MOYEMY B
Habnogaemolt BceneHHOM MMeEeT MecTo psag, HETPUBMANbHbBIX COOTHOLIEHUN MeXay
dyHAAMEHTaNbHbIMU GU3NYECKUMU NapamMeTpaMn, HEOBX0AMMbIX ANA CYLLECTBOBaHUA pa3yMHOM
U3HU. MimetoTca pasnndHble GOPMYINPOBKM; 06bIYHO BblAENAIOT CNabblit U CUNbHbIA aHTPOMHbIE
NPUHLMNBI.

BapMaHTOM CMIbHOTO aHTPOMHOIO NPUHLMNA ABAAETCA aHTPOMHbIN NPUHLMIN y4acTua,
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)

MpUMeHAA aHaNOTUYHbIE PACCYKAEHUA ANA CAyYas, KOr4a PasoXKeHUe COCTOUT U3 MHOXKECTBa
bYHKLMI U NpeacTaBAfeT O4HY 3/1eMeHTapHY0 YacTULy, MOyYaeTca 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 ABUMKEHME NPU BHELHEM BO3AEMNCTBMM Ha ABVKYLLYIOCA YacTuly. NoHATue
BHELIHEero BO34eNCTBMA B PaMKax 3TON Teopuu elle He 6bl10 onpeaesieHo, UCNo/Ib30BaTh ero He
BMO/IHE KOppPeKTHO. OAHaKOo MoKa A 3TO NoHATUE Byay MCMO/b30BaTb B €r0 YCTOABLUEMCA 3HAUYEHMM,
MOCKO/IbKY NMOKa He onpeaeneHbl Apyrue cBAsaHHble C HUM NoHATMA. Mo3aHee Bonpoc MHepunmn 6yaet
PacCMOTPEH B CTaTbe BHOBb, KOrAa yKe 6YAyT pacCMOTPEHO, Kak B3aMMOAENCTBYIOT MeX 4y coboi
3/1eMeHTapHble YacTULbl.

KaK meHsaeTca VIHepLI,VIF! TaKOﬁ CUcTembl I'Ipl/l BHeLllHemMm BO3A€VICTBMM, OT KaKux I'IapaMETpOB 3TO
M3MEHEeHMe MOXKeT 3aBuUcCeTb?

MapameTpbl, KOTOPbIE BUAHDI - CKOPOCTb, YCKOpeHUe, KoappuLMeHTbl PasnoKeHns GyHKLUMNA.

Ha3oBy M3MeHeHWe NHEPUUN NPU YCKOPEHNN cunoii. KoaddUUMEHT NPONOPLMOHANbHOCTU MEXAY

- ~ = ~
ycKopeHuem d v cunoit F HasoBy maccoli m. Macca, cornacHo HanMcaHHOMY Bblle, MOKET 3aBUCETb
TONIbKO OT CKOPOCTH, YCKOPEHWA U NapaMeTpOoB Pas/ioxkKeHus:

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 MHeEPLULIO.

HYCTb yactmua 1 B3aMN\OAeI7ICTBVET C l-|<':1CTI/ILI,el‘;1 2, n 3to B3aMMOLI,el7‘ICTBMe npmeesio K UISMEHEHUIO
CKOpOCTGVI 9TMX YacTuL,. Tak KakK MHEPUMA CNCTEMDI U3 3TUX YaCTUL, COXPaHAETCA, TO:

my (Vy, dy, W1)d; + my(U,,dp, Wo)d, = 0 (16)
OTclofa nosyyaeTca:
my (U, dq, W1) = —my(Uy, dp, Wp)d,/dy (17)

Kak BMgHo, macca nepBoﬁ HYacCTuULbl ABNIAETCA eLle n d)YHKLI,VIGﬁ OT CKOPOCTU, YCKOpPEHNA N



K03pDMLUMEHTOB pa3noKeHMUA BTOPOI YacTulbl. ITO BXOAMUT B NPOTUBOPEYME C TEM, YTO HaNAEHO paHee.
3TO NPOTMBOpEUNE peLlaeTca, ec/IM Macca ABAAETCA KOHCTAHTOM.

Torpa nony4yaeTca:

-

F =ma (18)
mlal + mzaz = 0 (19)
Tem cambim, NOAYy4YEHbI BTOPOWN N TPETUM 3aKOHbI HbloTOHa.

OTmeqy, YTO 3TN 3aKOHbI NOJZIy4€eHbl C YH4ETOM CAENTAHHbIX paHEE ONOBOPOK. MNo3gHee B CTaTbe OHU BHOBbL
6y,u,yT PacCMOTpPEHDbI, NOCNe PaCCMOTPEHNUA HGOGXO,CI,MMbIX AnAa 3Toro BONpocos.

3HepI‘I/IH U 3dKOH COXpAaHEHUA SJHEPIUA

CornacHo Teopeme Hetep, cnepcTesmem o4HOPOAHOCTM BPEMEHU ABAAETCA COXPAaHEHME HEKOM
CKANAPHOM BENMYNHDBI ANA U30/IMPOBAHHON PpUanyeckoi cuctemol. Cuctema andodepeHumanbHbIX
YPaBHEHWI, ONUCbIBAIOLLLAA AMHAMMUKY AaHHOW PpU3MYecKol cuctemMbl, 06/1a4aeT NepBbIM MHTETPa oM
OBUKEHWA, CBA3AHHbIM C CUMMETPUYHOCTbIO YPaBHEHMA OTHOCUTENBHO CABUIA BO BpemeHu. Hasosy 3Ty
CKANAPHYIO BEJIMYNHY IHEepPruen. Tak Kak OHa A0IKHA COXPaHATLCA 418 U30/IMPOBAHHOM PpU3MYECKOM
CUCTEMBI, TO MOXHO FOBOPUTb MPO 3aKOH COXPaHEeHUA SHepPrMn. Mcnonb3ya NOHATUE SHEPTUM, MOXKHO
BBECTU MOHATUE NOTEHLMANbHAA SHEPTUA NOASA, B ee 0ObIMHOM CMbIc/ie. YTO Takoe Nossa, MOMUMO
dyHOAMEHTANbHOTO NOAA, NOKA He NPOACHEHO, HO 3To ByAeT NoKasaHo fasee B CTaTbe.

BosiHOBasA pyHKIMA U QYHKIUU PA3/I0KEeHU NOJIs

KaK n3sectHo, noHATHE BOJIHOBOW d)yHKLI,MM ABNAETCA OAHMM U3 LLEHTPA/IbHbIX NMOHATUN KBAaHTOBOW
MexXaHUKN. MOXHO nn HaﬁTVI, 4yemy COOTBETCTBYET BOJ/IHOBAA d)yHKLI,MFI B paMKax npep,naraemoﬁ
Teopun?

Paccmatpusas cBolicTBa M noBeAeHMe BOJIHOBON GYHKLMN, MOXKHO 3aMETUTb, YTO OHA MPUMEPHO
cooTBeTCTBYET GYHKUMAM pas3noxKeHua. OTAnumA 3akatodaeTtca B TpeboBaHMM HOPMUPOBKM U B
KOMNEKCHO3HAYHOCTM BOJIHOBOM GyHKUMKU. KBagpaT moayns BOIHOBOM GYHKUMM COOTBETCTBYET
NNIOTHOCTN BEPOATHOCTU HAXOMXKAEHMA YacTuubl. [115 TOro 4To6bl MOXKHO 6b1710 6bl BbIYUCAATD
BEPOATHOCTM HAXOXAEHMA YaCTUL, HAaNPAMYIO Ha OCHOBE YpaBHeHUA GpyHAAMEHTaIbHOTO CKaNfAPHOTO
NoAs, HYXKHO UMETb 3TO YPaBHEHME W HY}KHO YMETb UCMO/1b30BaTb €ro A1A BbIYMCNEHNA BEPOATHOCTEN.
[MOKa YTO HUM TOTFO HM TOTO HET, U ULLLETCA CNOCO6 Kak COBMECTUTb GpYHKLMM Pa3OKEHUSA U BONHOBYIO
dYHKLMIO B NPEANON0KEHMM, UTO AaNibHelLee pa3sBUTME TEOPUM NO3BOUT BbINOIHATL Takne
BbluMcAeHMA. ECM NpeanonoKnTb, YTo GYHKLMUM Pa3NOKEHUA ABNAIOTCA KBAa3UMEePUOANYECKMMM U
BEPOATHOCTb HAabAOAEHNA YacTULbI B 11060 TOUKE 3aBUCUT OT KBaZpaTa amnanTyabl GYHKUMM U He
3aBUCUT OT $asbl GYHKLMK, TO NOAYYaETCA aHANOr BONHOBOW GYyHKUMK. MPKU HaNUCaHHBbIX Bbllle
NpeanoNoKeHUAX, ANA HAXOKAEHUA BEPOATHOCTM HabnloAeHNA B N106OI TOUKE HYXKHO MCKNIOUYMTb dasy
bYHKUMM pasnoskeHus. Kak 3To MoXHO caenatb? Paccmotpum dyHkumio f(x) = a(x) * cos(kx). Ity
GYHKLMIO MOXKHO NepenucaTs Kak f(x) = Re (a(x) * e?**). KsagpaT amnautyabl a(x) nonyyaerca no
cnepyioweii dopmyne (a(x))? = (a(x) * e¥) x (a(x) * e**)", rae (a(x) * e™**)" 310 conpsxenHasn
dyHKUMA.

Ucxopa 13 atoro, A genato BbIBOS, YTO peasibHaA 4acCTb BOJIHOBOW dDYHKLI,l/II/I COOTBETCTBYET (I)YHKLI,MFIM
pa3noxeHnAa C TOYHOCTbO A0 HEKOTOPOIro HOPMMUPOBOYHOIO MHOXXUTENA A, KOTOprﬁ MOXeT bbITb
Pa3HbIM ANA Pa3HbIX YaCTUL,:

Re(W) = ¥ apuyw;(L(7), X, Yir, {Qix}) (20)

3necb Re(W) — peanbHas 4yacTb BONHOBOM GYHKLUWM, CYMMMUPOBAHUE UAET NO YaCTULLAM Fae -HOMepP
YacTMLpbl M MO GYHKLUAM PA3NOKEHNUsA YacTUL, rae i — Homep GYHKLMKU Ana k-0W YacTuubl. ag-
HOPMMPOBOYHbIN MHOXUTENb ANA k-0i1 YacTuubl.

MHKUMas YacTb BOJIHOBOW d)yHKLI,VIVI COOTBETCTBYET ¢a3e KBa3VII'IepI/IO,CI,VI‘-IECKOl‘/JI YacCTu Pa3/10XKEHUA.



YpaBHenue llIpeaunrepa
YpasHeHue 9 noKasbiBaeT noBeaeHne GYHKUUIA pa3noxkeHUn Bo BpemeHU. MOXKHO K 3TO YpaBHEHMe
,LI,eTaﬂM3M|:)OBaTb?

C yYeToM BbiBEAEHHOW Bbile MHEPLMM W 3aKOHOB HbIOTOHA, B YpPaBHEHMU A0NKHA BbITb Macca Kak
XapaKTepPUCTUKA MHepLUMn. U3 coxpaHeHUA SHeprumn caeayeT, yTo 6onee AeTanbHOE ypaBHEHMUE A0KHO
TaKXe cofieprKaTb COXpaHeHne aHeprnn. bonee aeTannM3oBaHHOE ypaBHEHME AOKHO NEPEXOAUTD B
3aKOHbl HblOTOHa B HEKOTOPOM Npeaene.

YpaBHeHue LLpegmHrepa yao0BNETBOPAET YPABHEHMUIO 9, COAEPKUT MACCy U NOLAOEPKMBAET 3aKOH
COXPaHeHMA 3HePrnn. TeM camMbiM, MOXKHO CKa3aTb, YTO OHO U ABAAETCA Bonee AeTaIM3NPOBAHHBIM
YPaBHEHWEM AN1A YPaBHEHMA 9, C y4ETOM OMMUCAHHbIX Bblle HOPMUPOBOYHbIX MHOXKUTENEN. XOTA HENb3SA
CKas3aTb, YTO ypaBHeHue LLpeanHrepa BbiBeAEHO, HO MOXHO CKA3aTb, YTO OHO YA0B/IETBOPAET BCEM
TpeboBaHMAM npegnaraemom Teopumn. YpasHeHue LpeaunHrepa:

LY
ih>> = A (21)

OTmeuy, uTo B ypaBHeHuu LLipeanHrepa coaepKMUTcs noctosiHHanA MaaHka. [lo aToro Bce paccyXaeHusn
6bIN AaNeKM OT KOHKPETHbIX YNCEN N M3MmepeHnid. MocTosaHHanA MaaHKa 34echb BbICTyNaeT Kak
nponAs/ieHNe CBOMCTB GYHAAMEHTA/IbHOTO CKansipHOro noas. Mo mepe ganbHeENLWero pacCMoOTPEHUSA
Teopuu, byayT HallAeHbl U Apyrve NPoABAEHUA CBONCTB.

YacTUIbl CO CIMHOM

KaK y»e 6b1/10 HanucaHo, GYHKUMN U3 yPaBHEHUSA 2 MOTYT BbITb HE CUMMETPUYHBIMM B NMOPOKAEHHOM
NPOCTPAHCTBE U COAEPKaTb NPOCTPAHCTBEHHYIO OPUEHTALMIO.

MpepnonoXum, MMeroTca ABa TUNA 3N1eMEHTaPHbIX YacTUL, UMEIOLLME B Pa3NOXKEHUMN NOXOXKNE
dYHKLMM pasnoxKeHma. A UMEHHO, NyCTb:

Wk’ = UWk (22)

rae wy 310 k-an GyHKUMA PasNosKeHWs ANA 4acTULbI NEPBOro TMNa, Wy, 3To k-an GyHKUMA pasnoKeHus
ANs YacTuubl BTOporo Tuna, U — yHWTapHbIV onepaTop BbINOHAOWMIA NOBOPOT GYHKLMU Wy, B
NOPOXAEHHOM MPOCTPAHCTBE.

TaK Kak 1 B pyHAAMEHTaIbHOM NPOCTPAHCTBE U B MOPOXKAEHHOM NPOCTPAHCTBE BCE HaNpaBieHns
paBHONPaBHbI, OMMCaHHbIE Bbile TUMbl YaCTUL, OTNINYAKOTCA TO/IbKO HanpasaeHnem GyHKUniA
Pa3/0XKEHUA, TO 3TU TUMbI YACTUL, BYAYT UMETb NONHOCTbIO MAEHTUYHbIE CBOWMCTBA 38 UCKNHOYEHUEM
NPOCTPAHCTBEHHOW HaNPaBAEHHOCTH.

3TM TUMbI YaCTUL, A0/KHbI UMETb, B UNC/IE MPOYEro, U UAEHTUUYHYIO Maccy. MOXKHO CYMTaTb, YTO 3TO
YacTMLbl O4HOTO TUMA, UMEIOLME HEKOTOPbIN AONOAHUTENbHbIV NapameTp. Ha3oBy aTOT napameTp
CMUHOM.

MycTb MMeeTcA CUCTEMA U3 YACTULbI, UMEIOLLLEM CNUH W YacTULLE MMeeT ABa Habopa GyHKLUMI
pa3foxKeHus oTanyatowmxca cnmHom. CoctosiHMe Yactuubl Ana nepsoro cnnHa W;, ans stoporo W,.
Torpa, c y4eTom HanNMCaHHOTO Bbille, BONHOBAA GYHKLUMA YaCTULLbI ABNAETCA 4,BYXKOMMNOHEHTHOM:

000 = (20 ) o

Ana C/lydana Korga Koaim4ecrteo H360pOB d)yHKLI,Mﬁ 6onee ABYyX, KONnM4yeCTBO KOMMNOHEHTOB
COOTBETCTBEHHO YBENTINYNBAETCA.

B cooTBeTCcTBME C HAaNMCAHHbLIM, MEHALD YpaBHEHNE 2 4yTOObI y4d€eCTb CMUH:

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



38€eCb Ujgps — KOIGOULMEHTDI PA3OKEHNA, Wiy — GYHKLWM MO KOTOPLIM MAET PA3NOKEHME. S —
CYMMMPOBAHWeE Mo pasHbiM Habopam dyHKUMI pasnoxkeHus, naet ot 1 go oyHkuun N (k), rae k ato
CYMMMPOBAHMWE MO PasHbiX TMNam anemeHTapHbix yactuu,. N (k) pasHo 1 ana yactuy, co cnvHom 0, ans
CNUWHa % 3HayeHue byaeT 2 U T.4.

B ypaBHEeHUU TaKxKe A06aBNAeHO TaK:Ke orpaHnYeHne Ha CYyMMUPOBaHMe, CYMMUPOBaHUE UaeT no
KOHeyHoMmy Habopy ¢yHKuMI, oT iMin go iMax. [leTanbHee 3To byAeT paccMoTpeHo M 060CHOBaAHO
NnosKe, Nocsie PacCCMOTPEHUA rpaBUTaLLUN.

I/IHep]_lI/laJIbeIe CHCTEMBI OTCUEeTa
Ha3oBy MHepLManbHbIMK CUCTEMAMM OTCYETA CUCTEMBI OTCYETA ABUKYLLMECA NPAMOSIMHENHO U
paBHOMEPHO ApPYr OTHOCUTE/IbHO Apyra.

KaK 6b1710 ONMCaHO Bbille, BEKTOP BPEMEHU B KaXKA0M TOUYKE NepneHANKyAapeH runepniockoctu. Ecam
TeNOo HEMNOABUKHO OTHOCUTENLHO TMMNEPTIOCKOCTH, TO OHO 3BOIIOLMOHMPYET BAONb BEKTOPA BPEMEHM.
ECnv TeNo nmeeT KaKyr-TO CKOPOCTb OTHOCUTE/IbHO MMNEPN/IOCKOCTU, TO OHO 3BO/IIOLMOHUPYET BAONb
BEKTOPA, COCTOALLEIO M3 CYMMbl BEKTOPA BPEMEHM U CKOPOCTU. BeKTopa BpeMEHU U CKOPOCTH
nepneHAMKyAAPHbI APYr APYrY, TaK KaK BEKTOP CKOPOCTU NIEXKUT B TMNEPMNIOCKOCTY.

XoueTcA HallTK, KaK NepenTn B CUCTEMY OTCYETA, COOTBETCTBYHOLLYIO ABUNKYLLEMYCA Teny. TaK KaK
NoKosLLEeecs Te/10 3BOJIIOLMOHNPYET BAO0/Ib BEKTOPA BPEMEHMU, TO MEPEXOA0M B CUCTEMY OTCHETa,
COOTBETCTBYIOLLYIO ABUraloWwemyca Teny, byaeT nepexos, B TaKyt rMNepniockocTb rae CKopocTb
Hy/fieBas U TeNo 3BOJIIOLUMOHMPYET BAO/Ib BEKTOPa BpemeHu. [aA Takoro nepexoga HeobxoamMmo
BbIMNOJIHUTL MOBOPOT IMMNEPNIOCKOCTM TaKUM 06pa3om, UTOBbI BEKTOP BpeMeHW HOBOW r'MnepniockocTu
6bln NapanneneH BEKTOPY 13 BPEMEHM U CKOPOCTU TeNA Ha NpeablayLWweit rmnepnaocKocTy.

M3 paccmoTpeHus nepexodpbl U3 04HOM CUCTEMbI OTCHETA B APYryHO NoyYaeTcs pag, CaeacTBuid.

MepBoe cneacTsne, OTHOCUTENIbHOCTb OAHOBPEeMEeHHOCTU. CoBbITUA, MpoucxoadaLimne Ha
rMMNepnaoCcKoCTH, ABAAIOTCA OAHOBPEMEHHO Nponcxoaalummun. Nocne nosopoTa rMNepnaoCKoCTM Npu
nepexoze B CUCTEMY OTCYETa, COOTBETCTBYIOLLYIO TENY ABUratoLLEMYCA C HEKOTOPOW CKOPOCTbIO
OTHOCWTE/NIbHO NpeablayLlel, paHee oAHOBPEMEHHble COBbITUA MOTyT nepecTtaTb bbITb
04HOBPEMEHHbIMW.

[pyroe cneacrene — HabaoAaeman PasHOCTb X043 YaCcoB B PasHbIX CUCTeMax oTcyeTta. Tak Kak B
dyHAaMeHTaIbHOM NPOCTPAHCTBE HET BblAE/IEHHOro HanpaB/ieHna, TO A4/1MHa, COOTBETCTBYOLLAnA
eANHNLIE BPEeMEHMU, A0/XKHa BbITb MOCTOAHHOM M He 3aB1CETb OT NOBOPOTOB. [0 NOBOPOTA 3BOIOLMA
Tena, ABUraloLLEroCA C HEKOTOPOW CKOPOCTbIO, OMMUCLIBAETCA BEKTOPOM COCTOALLMM M3 BEKTOPA BPEMEHM
C ANVHOW, PaBHOW eANHULIE BPEMEHM, U BEKTOPA CKOPOCTH, C ANIMHOW 3aBMCALLLEN OT ckopocTu. MNocne
MoBOPOTa M Nepexoabl B CUCTEMY, A€ TeNO HEMOABUMXHO, 3BOJIOLMA Tela MAET BAO/b BEKTOpa
BPEMEHM C A/IMHOMN, COOTBETCTBYIOLLEN eaAnHMLE BpemeHW. KaK BUAHO, A/IMHbI 3TUX BEKTOPOB
pa3/MyYaloTCA, YTO M 03HaYaeT Pa3HOCTb X043 YacoB B PasHbIX CMCTeMax oTcyeTa.

Ewe oaHo cneacteme — GYHKLUMM PasNOKEHNA A0MKHbI 6bITb NOCTPOEHbI TaKMM 06pa3om, 4To6bI Npu
NoBOPOTE r’MNEPNNOCKOCTU MePEXoanTb B Apyrue GyHKLMM TOro e 6asnca pasnoxeHus.

Cneactere 06 0AMHAKOBOCTM 3aKOHOB NPUPOAbI. TaK KaK Ha ypoBHe ¢yHAAMEHTaIbHOTrO NPOCTPAHCTBA
OTCYTCTBYET BblAe/IeHHOE HanpaBAeHWe, 3TO 03HAYAET, YTO B MOPONKAEHHOM MNPOCTPAHCTBE-BPEMEHM
du13nYecKMe 3aKOHbI OAMHAKOBbLI BO BCEX MHEPLMA/IbHBIX CUCTEMAX OTCYETa.

Ana 6onee AeTaIbHOIo paCCMOTPEHNA BO3HUKaAOLWUMX CﬂeACTBMVI, HYXXHO PaCCMOTPETb, KaK BO3HUKaET
npeagenbHaa CKOPOCTb B3aMMOAel7|CTBVIVI.

IIpepesibHast CKOPOCTh B3aUMOAEUCTBUUA

YpasHeHue LLpeguHrepa umeet orpaHmyenma. Hanpumep, cornacHo Teopeme baprmaHa, OHO He MOXKeT
onuncbiBaTb Cynepnos3nunio BOJIHOBbLIX d)YHKLI,Ml‘;I, COOTBETCTBYHOLMX YaCTULLaM C Pa3/IMYHbIMU

maccamu. Takoe BO3MOXKHO TO/IbKO B PENATUBUCTCKUX 0606LLI,EHVIFIX 3TOro ypaBHEHNUA.



[Opyras npobiema — He BUAHO cnocoboB onNmMcaTb B3aMMOLENCTBUA MEXKAY 3/IEMEHTAPHbIMM YacTULLAMU
B paMKax moaenu npeasiaraemon Teopmm npu 6ecKoHeYHO 60/bLLION CKOPOCTU MaKCUMaNAbHOM
B3aMmoaencTeums.

CornacHo noctynarty aTOM TEOPUN, MOTYT CyLLECTBOBATb TOJ/IbKO TaKne BCENEHHbIE, B KOTOPbIX
CyWwLeCTBYET pasym. |_|03TOMy nepedyncneHHble Bbllle ﬂp06ﬂeMbI 03HA4aloT HEBO3MOXKHOCTb HECKOHEYHO
60/1bLWON MaKCMMaIbHOM CKOpOCTH B3aMMOAEVICTBMVI B MOPOXAEHHOM NPOCTPAHCTBE-BPEMEHMN.
CnepoBaTtenbHO, MakCMManbHasA CKOPOCTb B3aMMOAeD’1CTBMVI AOJIXKHa 6bITb KOHEYHa.

CI'IE,D,YI-OLLI,MG BO3HMKaOWMeE BONPOCblI — MOTyT 1IN pPa3Hble YaCTULLbl UMETb Pa3HYHO MaKCUMa/IbHYHO
CKOpPOCTb B3aMMOAeﬁCTBMﬁ, ABNAETCA /I 3Ta CKOPOCTb KOHCTaHTOMN nam d)yHKLI,MEVI OT Yero-To?

MycTb ANA KaKOro-To TMMNa YacTUL, MaKCMMabHaA CKOPOCTb B3aMMOAENCTBUIA KOHCTaHTa ¢4. Ecam ana
KaKOro-To Apyroro TMna 4acTuu, MakCMMasibHas CKOPOCTb B3aMMOAEUCTBUIN C, U C; > €4, TO NpU
B3aMMOAENCTBUM TaKUX YacTUL, ByaeT HapyLaTbca NPUHLMN NPUYMHHOCTM. AHANOMMYHO ANA Cayyas
Korpa ¢, < cq. U3 atoro cnepyert, uto ¢; = ¢;. O603Ha4y MaKCMManbHYH CKOPOCTb B3aUMOAENUCTBUI C.

Tenepb PacCMOTPUM, ABASETCA /I 3Ta CKOPOCTb KOHCTAHTOM UM GYHKLUMEN OT KaKMX-TO NapamMmeTpoB
yactuu,. Jlonyctum, MakcMmasibHasi CKOPOCTb B3aMMOAENCTBUM € ABASETCA GYHKLMEN OT KaKUX-TO
napameTpoB YacTuubl g;: ¢ = c(qq). Ana gpyroi YacTuLbl g, CKOPOCTb AOJ/IXKHA 3aBUCETb OT
napameTpoB 3ToM YacTuubl: ¢ = c(qy). Mpr 3TOM 3TM CKOPOCTU AONKHbI 6bITb paBHbl: ¢ = ¢(q,) =

c(q2)

TakK KaKk g1 U g, ABAAIOTCA NPOU3BOJIbHLIMM YAaCTULLAMM, TO OHW APYr OT APYra He 3aBMCAT. ITO 03HAYaeT,
YTO €AMHCTBEHHbIN BapuaHT, KOr4a ypaBHeHMe Bbllle YA0BNETBOPAETCA, 3TO Koraa ¢ = const

TaK Kak B npeanaraeMoil TeOpuM HET BblAEe/IEHHOTO HaMnpaBAeHUs, BCE Harnpas/IeHNA PaBHOMpPaBHbI, TO
3TO 03HaYaerT, YTO 3Ta CKOPOCTb A0J/IXHa BbITb OMHAKOBa BO BCEX MHEPLIMA/bHbIX CUCTMAX OTCYETa.

Tem cambim, MOKA3aHO, YTO B npep,naraemoﬁ TEOPUUN AO/TIKHA CYyLLECTBOBATb MaKCMMa/ibHaA CKOPOCTb
B3aMMOAEVICTBMl7I, 3Ta CKOPOCTb ABNAETCA KOHCTaHTOM, n OIMNHAKOBA BO BCEX CUCTEMAX OTCHETA.

Cl'le].ll/laJIbHaﬂ TEOPpUA OTHOCHUTEC/IbHOCTH
CneumanbHaa TeopuA OTHOCUTEIbHOCTU OCHOBAHA Ha ABYX NOCTyaTax:

MocTynaT 1 (MPUHLMN OTHOCMTENbHOCTM DUHLWITENHA). 3aKOHbI NPUPOAbI OANHAKOBbI BO BCEX CUCTEMAX
KOOPAMHAT, ABUXKYLLMXCA NPAMOMHENHO M PaBHOMEPHO APYr OTHOCUTE/IbHO Apyra

MocTynaT 2 (MPUHLMN NOCTOAHCTBA CKOPOCTM cBeTa). CKOPOCTb CBETa B BaKyyMe OA4MHAK0OBa BO BCEX
cMcTeMax KoopAMHAT, ABVKYLLMXCA NPAMONNHENHO M PaBHOMEPHO APYr OTHOCUTENbHO Apyra

MepBbili NOCTYNAT BbIBEAEH KaK CeACTBME OT Npeasaraemoli Teopun. BTopoi nocTynaTt Tak:Ke NosyyeH,
€C/IN CYUTATb, YTO MAKCMMA/IbHAA CKOPOCTb B3aMMOAENCTBUIM U CKOPOCTb CBETA PaBHbI.

Mo3aHee B cTaTbe, NPU NOJIYYEHUM YpPaBHEHUI MaKcBenNa, S BEPHYCb K BOMPOCY O PaBEHCTBE 3TUX ABYX
CKOPOCTEW M JOKaXKy UX paBeHCTBO. MoKa e npeanosarato, YTo MaKCMMa/lbHan CKOPOCTb
B3aMMOLENCTBUI M CKOPOCTb CBETA PaBHbI.

Tem cambim A MOTy YTBEPXKAATb, YTO CNeLuyasbHaa TeopuA OTHOCUTENBbHOCTU CO BCEMU €€ YPAaBHEHUAMMN,
BblBEAEHA U3 MO ENN TEOPUN MOPOXKAEHHOIO NPOCTPAHCTBA-BPEMEHN-MATEPUMN.

37O TaKXe 03HAYaeT, YTo B ypaBHEHME Pa3NoKeHne Noaa Heobxo4MMo BBECTU U3MEHEH U, YTobbI
Y4YecTb CKOpoCTb cBeTa. lMepenuily ypasHeHue 24 Kak:

- - =A k=N, =i =N(k -
f(T') = fext(r) + 25:1 Zk=1p Z;::%?rf §=1( )uikpswips(L(rf):X: Yik: {Qik}v C) (25)

34ecCb A4ONONHUTENBHO ,a,o6aBneHa 3aBMCMMOCTb OT CKOPOCTU CBETa C. YpaBHEHMA 3BONOLUN,
nony4yawouwmeca Ha OCHOBE 3TOro ypaBHeEHUA, AO/TXKHbI 6bITb PEeENATUBUCTKN MHBAPUAHTHbIMMU.



YpaBHeHue KneitHa-FopaoHa-PokKa

MonyyeHHble Bbile ypaBHeHUs LWpeanHrepa He ABNAIOTCA PENATUBUCTKM MHBAPUAHTHLIMU. Xo4eTcs
HalTW PeNATUBMCTKM MHBAPWMAHTHbIV aHanor ypaBHeHul WpeanHrepa.

YpaBHeHue WpéanHrepa ana cBoboHOM YacTULLbl 3aNMCbIBAETCA TaK (MCNONb30BaHbl eanHULbI, e
h=c=1)

Py =idp (26)

raoe p = —iV - onepatop umnynbca, onepaTop e E = id; — b6yaem Has3biBaTb, B OT/IMUME OT
raMMNbTOHWAHA, MPOCTO ONePaTOPOM SHEPTUW.

YpaBHeHue LWUpéayHrepa He ABNAETCA PENATUBUCTKM KOBapUaHTHbLIM, TO eCTb He coriacyeTca co
cneumanbHON Teopuen OTHOCUTENBHOCTM.

Mcnonbayem pensaTUBUCTCKOE AMCNEPCUOHHOE (CBA3bIBAIOLLEE SHEPTUIO U UMMNY/ILC) COOTHOLEHME (13
CTO):

p? +m? = E? (27)

Toraa NpocTo NoACTaB/AAA KBAHTOBO-MeEXaHUYECKME onepaTop UMMy/ibca U onepaTop sHeprum —
nonyyaem:

(—iV)2 + mA)y = i20, %y (28)

Ero Tak)Xe MOXHO 3anucaTtb Kak:

m?c?
2

1
O + 05 + 0 — 507y — =

Tak nonyyeHo B pamkax MNMNBM-Teopumn ypaBHeHMe KnelHa-lTopaoHa-doka.

W=0 (29)

BHOBb BO3BPaLLANACh K MHEPLMU. ITO ypaBHEHME, TAKKE KaK U ero HepeNaTUBUCTCKUIA aHANOT, COAEPKUT
NHepuUMio. TeM CambiM, MOXKHO FOBOPUTb, YTO MHepUMA B MMNBM-Teopumn MMeeTcA U B PeNATUBUCTCKOM
cnyyvae.

YpaBHeHHe /lupaka

Mocne onucaHMA Npupoabl CNMHA B paMKax npegnaraeMoin Teopun, 3aadva BblBoAa ypaBHeHUs [Jupaka
CBeslacb K U3BeCTHON. A BbiBOAA YpaBHeHMA [lupaka B pamKax MNMBM-Teopun AocTaTO4YHO NOBTOPUTD
POBHO TO e NpeAanofoXKeHue, 4To 1 caenan upak, Npo NPon3BoaHbIE MO NPOCTPAHCTBEHHbIM
KOOpPAMHATaM TO/IbKO NepBoro nopsiaka. CooTBETCTBEHHO, MOYKHO UCMO/1b30BaTb M3BECTHbIE CNOCOObI
NoJlyd4eHuA 3TOro ypaBHEHUSA, ONMCAHHbIE BO MHOTMX y4ebHUKax. M KaK n3BecTHo, ypaBHeHue [upaka
yoosneTsopAeT ypaBHeHuto KneliHa-lopgoHa.

N3MeHeHUe CKOPOCTH YaCTUILbI

MepBblii BONPOC, KOTOPbIM ByAeT pacCCMOTPEH, 3TO MU3MEHEHME CKOPOCTM YacTuubl. MycTb nmeeTcs
YyacTuua, ABUIAOLLASACA CO CKOPOCTbIO MEHbLUE MaKCMMaslbHOWM CKOPOCTU B3aMMOZENCTBUI. B Kakon-TO
MOMEHT BPEMEHMU, YacTULLA USMEHW/IA CBOIO CKOPOCTb. XOUETCA MOHATb, YTO NPU STOM NPOU30IAET, NpU
3TOM B/IMSAIHME TPaBMTaLMM HE PacCMaTPUBALO, CYMTAK0 NPOCTPAHCTBO-BPEMA MNAOCKUM. OTmeuy, UTo B
COOTBETCTBME C BbIBEAEHHOM BbILIe MHEPLMEN, YacTMLa 6e3 BHELWHEro BO34AeNCTBMA 4BUTAETCA No
NPAMON, U ANA NONHOTO PAaCCMOTPEHMNA U3MEHEHUA CKOPOCTN HEOBXOANMMO YYecTb Apyrue
B3aMMOZeNncTByoLMe YacTmLbl. JaA yNnpoLWeHUs, pacCMaTpMBato TO/IbKO M3MEHEHME CKOPOCTH, be3
yyeTa NpuBeaLwero K 3STomy B3anmMoLencTBusa ¢ APYrMMU YacTULAMM.

C y4eToM TOTro YTO PaccCMaTPUBAO TONIbKO OA4HY YacTUL, TO A0 M3MEHEHMA CKOPOCTM YacTULLbl U
npeHebperas f,,.(7*), Ha 0OCHOBe ypaBHeHMA 25 NoJie MOXHO NPeACTaBUTb KakK:
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https://ru.wikipedia.org/wiki/%D0%A3%D1%80%D0%B0%D0%B2%D0%BD%D0%B5%D0%BD%D0%B8%D0%B5_%D0%A8%D1%80%D1%91%D0%B4%D0%B8%D0%BD%D0%B3%D0%B5%D1%80%D0%B0
https://ru.wikipedia.org/wiki/%D0%A1%D0%BF%D0%B5%D1%86%D0%B8%D0%B0%D0%BB%D1%8C%D0%BD%D0%B0%D1%8F_%D1%82%D0%B5%D0%BE%D1%80%D0%B8%D1%8F_%D0%BE%D1%82%D0%BD%D0%BE%D1%81%D0%B8%D1%82%D0%B5%D0%BB%D1%8C%D0%BD%D0%BE%D1%81%D1%82%D0%B8
https://ru.wikipedia.org/wiki/%D0%A1%D0%BF%D0%B5%D1%86%D0%B8%D0%B0%D0%BB%D1%8C%D0%BD%D0%B0%D1%8F_%D1%82%D0%B5%D0%BE%D1%80%D0%B8%D1%8F_%D0%BE%D1%82%D0%BD%D0%BE%D1%81%D0%B8%D1%82%D0%B5%D0%BB%D1%8C%D0%BD%D0%BE%D1%81%D1%82%D0%B8

- =10 =N(k -
F(7) = yizitax s SN0 wis(L(7), X, Vi, {Qud, ©) [30]

34ecb Uj; — KO3IGOUUMEHTbI PA3NIOKEHMUA NO TPEXMEPHLIM GYHKUMAM W;g, KOTOPbIE U COCTABAAIOT
yactuuy.

Mocne nameHeHua CKOPOCTH YaCTULLbl NON1IE MOXKET 6bITb npeacraBneHoO Kak:

= =1 =N(k 7 -
f@) =Xz ;=1( g wis(L(7), X, Yir, {Qui}, ©) (31]

3pech U’ - KO3POULMEHTbI Pa3NOKEHNUA MO BCE TEM e QYHKLUMAM. TaK Kak CKOPOCTb YacTMLbl
N3MEHMNACb, 3TO 3HAUYNUT YTO U KOIPPULMEHTbI PA3NONKEHWNA AONKHbBI USMEHUTHLCA.

CornacHo BbiBeAEHHOM Bbille creumanbHoM TeopMM OTHOCUTENIbHOCTU, MaKCMMabHas CKOPOCTb
B3aMMOAeNCTBMA ANA Halel BceneHHoM AonKHa ObITb paBHa CKOPOCTM CBETA, M OAMHAKOBa 414 BCeX
yacTuu,. Takum o6pasom, M3meHeHUs B KO3DPULMEHTaX Pa3IoKEHNUA AONKHbI PACNPOCTPAHATLCA CO
CKOPOCTbHO, HE NPEeBbILLIAIOLLEN CKOPOCTL CBETA.

[JOoN¥Ha CyLecTBOBaTb BO3MOMKHOCTb PAacnpOCTpaHeHUA U3MEHEHWNI CO CKOPOCTbIO, TOYHO PaBHOM
MaKCMMa/IbHOM CKOPOCTM B3aumogdeictenin. MHaue, byaetT HEBO3MOXKHO obecneynTb 3Ty
MaKCMMa/IbHYI0 CKOPOCTb. PaccMoOTpUM 3TOT Cay4aid, pacnpocTpaHeHne MU3MEHEHMIA C MaKCUMMaNbHOM
CKOPOCTbIO B3aMMOAENCTBUN.

Kak, Ha rpaHu1LEe U3MEHEHMA Pa3/IoKeHUs, ByaeT NPoUCXoANT Nepexos oT OAHOMY K Apyromy Habopy
KoapodumumeHToB? ECin nepexoq oT ogHOro Habopa KoapPULUMEHTOB K Apyromy byaeT nponucxoauTb
MTHOBEHHO, TOoraa o4eBuaHoO B nosie MeTtaBceneHHoM byayT MrHOBEHHbIE U3MEHEHUA 3HaYeHn. 3To
NPOTUBOPEUYMT NPEANOJIOKEHUIO O raAKOCTU GYHKUUM dyHAAMEHTANbHOIO NoAs.

Mo3Tomy Ans Toro Ytobbl He 6bl10 MTHOBEHHOTO M3MEHEHUA NoNA, HE06X0AMMO KaK-TO ero
npegoTBpPaTUTL. [N 3TOr0 MOXKHO BBECTU HOBYHO YacTULy, KOTopasn bl ABMUraNacb CO CKOPOCTbHO TOYHO
paBHOM MaKCMMaIbHOM CKOPOCTM B3aMMOAENCTBUIA. B 3TOM c/iyyae Ha rpaHuLe MexKay HOBOM U
npeablayLLeit CKOPOCTbo YacTULLbl K Pa3NoKeHWIo Ao6aBUTCs pasnoxkeHune no Habopam oyHKumi {w, }
COOTBETCTBYIOLLMM 3TOM YacTULe. 3T GYHKUUM JONKHDBI ObITb TAKMMMK, YTOObI Mepexos, NpPoxoaun
rnasko, 6e3 MrHoBeHHOro M3MeHeHMA 3HaueHusA noas MeTaBceieHHOMN.

Tem cambim, noay4yeHo, 4YTo HGOGXO,EI,VIMO CywectsoBaHMeE YaCTUL, ABUNXKYLLMUXCA CO CKOPOCTbO TOYHO
paBHOﬁ MaKCMManbHOM CKOopoCTHn B3aMMO,EI,el71CTBMﬁ, MU OHU N3Ny4atloTCA NPpU USMEHEHUN CKOPOCTH
HEeKOTOpbIX YacTuL, Kakme YyacTmubl UX U31y4aloT, 6yp,eT PaCCMOTPEHO Aanee B CTaTbe.

Tenepb NPoO BO3MOKHOE PacnpoCTpaHeHne U3MeHEHN GYHKLNIM pa3NoKeHNs CO CKOPOCTbIO, MEeHbLLE
MaKCMMasibHOW CKOPOCTU B3aUMOAENCTBUNA. MTPUMEHSAIO TY Ke IOTUKY YTO U Bbille, NoyYaem, YTo ann
TAaKoro HeobxoaMMbl YacTULLbI-NEPEHOCUYNKM B3aUMOLENCTBUSA, ABUrAOLLMECS CO CKOPOCTbIO MEHbLLE
MaKCMMaIbHON CKOPOCTM B3aMMOAENCTBUN.

IIpupoaa 3apaja

O/.'J,HO n3 CBOVICTB, KOTOpPbIM o6na,a,aeT 60/bLINHCTBO d)epMMOHOB, 9TO 3apAaAa. XoueTca NOHATb, YTO TaKoe
3apAna, Kakaa ero npupoaa. ﬂ,ﬂﬂ TOro YTo6bl HATU BO3MOMKHOE 06bACHEHME npupoAabl 3apAaga, MOXHO
BCMNOMHUTb 4YTO 3apAaj bbiBaeT ABYyX BUOOB. Y10 nmeetca B TEOPUUN NOPOXKAOAEHHOIO NPOCTPAHCTBA-
BPEMEHN-MATEPUMN, UTO TOXKE MOXKET ObITb AByX BI/I,CI,OB?

YpasHeHuto 1 NnoKasbiBaeT, KaK none MeTaBceneHHOM 3aBUCUT OT rPAaHUNYHbIX yCﬂOBMVII

f) = g(x,S,f(S)) [32]



Kak 6yaeT BecTu cebs 3TO ypaBHEHME, ECAN U3MEHWUTb 3HAK NOJA Ha rpaHMue? MOXKHO NPeanoIOKUTD,
YTO 3HAYEHMSA B KaXKAOW TOUKE BHYTPU 3aMKHYTOM NOBEPXHOCTU S TaKKe MOMEHAOT 3HaK, a GyHKUMA g
He nomeHseTca:

9(x,S,—f(S)) =—g(x S f(S)) [33]
PaccmoTpyM HECKO/IbKO Apyryto, HO NMOXOXKyto cuTyaumio. Mpeactasum f(S) Kak:
f(S) = fo+ f1(S) [34]

F'oe f, 970 cpeaHee 3HaYeHMe NOAA Ha 3aMKHYTOM nosepxHocTu S, f; (S) — oTKNOHEHWe 3HaveHWA nonA
Ha NOBEPXHOCTU S OT f,,. Bo3HMKaeT Bonpoc, yemy pasHbl yHKumn g(x, S, fo + 1(S) ngx, S, fo —
f1(5))? MoHO NpeAnoNoXKUTb, YTO C AOCTATOYHOW TOYHOCTbIO:

f(X) = g(x'SJf(S)) = g(x'SJfO +f1(5)) ~ g(x!S!fO) +g(x,S,f1(S)) [35]

A Takxe:

g(x'S'fO) + g(x, S'fl(S)) ~ g(x'S'fO) - g(x,S, _fl(S)) [36]

Y70 TaKoe C A0CTaTOYHOM TOYHOCTbIO? TOYHOCTb TaKOro NPUBAUNKEHUA A0NXKHA BbITb AOCTAaTOUYHOM,
yTo6bl NOYYMBLIEECHA MOPOMKAEHHOE NMPOCTPAHCTBO-BPEMS MOT/I0 COAEPKaTb PasyMHYIO KMU3Hb.

HacKo/1bKO BEPHO 3TO NPEANooXKEHNE, MOXHO DyAeT NOHATbL /IMLb B Xo4e AajbHelwweln paboTbl Hag,
MOAE/Nblo TEOPUM.

WNTak, npeanonoskutenbHo ¢yHKUMA nona MeTaBcesieHHON CUMMETPUYHA K CMEHe 3HaKa, B TOM Yucne
OTHOCUTE/IbHO TEKYLLEro cpeaHero 3HayeHua. M3 atToro cneayert, UTo ANA KaxKaoro Habopa GpyHKumin {w}
cyuiectsyeT Habop GpYHKUMI C APYrMM 3HAKOM:

Wi, = —Wis [37]

TemM cambIM, Y KaXKA0M YacTULLbl MMEeTCA aHTMYACTULA, OT/IMYAIOLWLAACS 3HAKOM B QYHKLMAX
pa3NoXeHuA. B HEKOTOPbIX CyHasnX, CBOMCTBA YaCTULbl M aHTUYACTMLLbI MOFYT COBMaAaThb, U TOrAa 3TO
6yaeT HecocTaBHas HelTpanbHasa 4Yactmua. Yto npu sTom ByaeT Npu YCKOPEHUN/TOPMOKEHMMN TaKoM
YyacTuubl? B sTom cnydae, ana Toro 4tobbl paboTano pasnoxeHne Ha GpoHTe U3MeHeHUA GYHKLNI
TaKOM YacTULLbI, LOMKHA U3Y4ATLCA UAU NOMNOLLATLCA KaKaA-To YacTULLa, ABMUIAOLLAACA CO CKOPOCTbIO
CBeTa, HO Npu 3TOM He GOTOH.

OCHOBbIBasACb Ha OMMCaHHOM Bbllle, BO3MOXHOe 06bACHEHWe NpUpoapbl 3apaaa 3To cpeHee 3HaYeHue
COCTaBAAOLWMX YaCTULY GYHKLMIA OTHOCUTENBHO CPpeaHero 3HayeHns GyHAamMeHTaIbHOroO CKaIiPHOro
nona. Ecau cpegHee 3HavyeHWe COCTaBAAOWMX YacTMLy GYHKLMIA Bosblle cpeaHero 3HayeHusa
dyHAaMeEHTaIbHOrO CKaNAPHOro Mo/, TO OAMH 3HaK 3apAda, MHavye NPOTUBOMOOMKHbIN.

IMostHOTA PYHKIMI 3/IEMEHTAPHbIX YaCTHI]

Kagas anemeHTapHas 4yactuua npeacTaBaseTca Kak Habop M3 04HOMO MM HECKO/IbKUX GYHKLMIA
pasnoKeHus. BosHMKaeT BONPOC: eC/iv B3ATb BCE GpYHKLUMM PA3NOKEHUA A1A BCEX EMEHTAPHbIX
yactuu, obpasyeT M 3TN GYHKLMM NOJHbIN 6a3nc pasnoXkeHna? NHbIMM CNOBaMMU, MOXKHO n
Pas3NoXNTb MPOU3BOJIbHOE MOAe No 3Tomy 6asucy?

MpexKae Yem HauyaTb MCKaTb OTBET Ha 3TOT BOMPOC, MHTEPECHO NOHATL OTBET Ha eLle OAMH BOMpocC:
HY*KHa /I BO3MOXKHOCTb Pa3N0XKWUTb NPOMN3BO/bHOE Noje no 6asucy GyHKUMIA 31eMeHTapHbIX YacTuLL?
Mone MeTaBcenieHHOM ONUCbIBAETCA HEKOTOPbIM YPaBHEHWEM, MYCTb U MOKA HEM3BECTHbIM, U TEM
CaMbIM BO3MOKHOCTb /1 Pa3/IOXKEHUS MPOU3BOJILHOTO NOJIA He TpebyeTcA. Torga nepBoHayvasbHbIN
BOMPOC MOKHO NepedpopMyIMPOBaThL MHAYE: eC/IM B3ATb BCe GYHKLMM PA3NONKEHNA AN BCEX
3/1IeMEHTAPHbIX YacTUL, 06pasyoT N 3T GYHKLMM NOJHbLIV H6a3nc pasnoxkeHns noas MeTaBceneHHON?



MMmetoTca 0CHOBaHUA, YTO6bI YTBEPKAATb, UTO 3TU GYHKUMM NoAHOro 6asnca He o6pasytoT. MprumHbI
6yAyT NOKasaHbl NO3Ke, MPU PACCMOTPEHUN TPaBUTALLUN.

OAaHaKo, Ha manom macliTabe 1 He NIaHKOBCKUX SHEPIrnAX MOXXHO CHUTATb UTO 6asuc pasnoxeHunA
NOJIOH.

DPYHKLMM pa3NoKeHUs, gaa Toro 4tobbl 06pa3oBbIBaTb NONAHbLIM 6A3UC, AONKHbI 061a4aTb A1A 3TOFO
HYXXHbIMW cBOMCTBaMU. C y4ETOM PAaCcCMOTPEHUSA ABAEHUA CMMHA BbILWE, CNMH ONUCbIBAETCA
YPaBHEHUEM:

Wip(s+1) = PWips [38]

W Npu 3TOM, 4NA CNKHa %
Wips = PPWips (39]

Bo3HMKaeT BONPOC — a NoYemy CBOWCTBA CMNMHA UMEHHO Takune? Noyemy NOBTOPHOE NPUMEHEHUE
onepaTopa CnuHa CHOBa NPUBOAUT K GYHKLMM COOTBETCTBYIOWEN OAHOMY M3 BO3MOXHbIX 3HaUYEHNIA
CN1Ha? U BHOBb, MOAHOMO OTBETA Y MeHA NoKa HeT. Ho Ha ocHoBe TpeboBaHMA K BO3MOMKHOCTHU
MOCTPOEHMSA NOAHOro 6asunca (C yKa3aHHOM TOYHOCTbIO), MOXHO MPeAnNo0KNTb, YTO MHAYE NOJTHbIN
6a3unc 6yaeT HeBO3MOXKHO MOCTPOUTD.

A1 AyMato YTo MHOrMe nogobHble BONPOChI, CBA3aHHbIE C CUMMETPUAMMU, MOXKHO ByaeT paspelumTb Npu
AEeTaNbHOM PacCMOTPEHMM TOTO, KaKkne TpeboBaHNA BO3HUKAIOT K GYHKLUMAM AN NOCTPOEHMUS NOAHOro
ba3uca.

Hanunune cummeTpum K MU3SMEHEHMIO 3HaKa nonsa MeTaBcesIeHHOMW, YTO MOKa3aHo B NpeablayLel 4actu
cTaTbu, obnervyaet pasnoxkeHune nons. Ho Npm sTomM, M3 BO3MOXKHbIX PA3/IOKEHUIM HYKHO UCKNOUYNTD
ABHO He pUu3nyeckue passioKeHusa. Hanpmumep, ecam B3ATb YaCTULY U aHTUYACTULY, HaxoaaLmMecs B
OZIHOM M TOM }Ke MeCTe, TO CyMma UX GYHKLUMI A0XKHA AaBaTb HO/Mb. TeM cambiM, MOXKHO B 1t060M
MecTe NoAYYNUTb, NPU PA3NOKEHUMN, CKOMb YroL4HO 6O/IbLIOE KONMYECTBO Nap YacTULa-aHTMYacTuLa. 310
BbIFIAANT IBHO KaK He pU3nyeckoe pelleHne, No3ToMy Npu pasnoKeHnn He J0KHO BbITb cyYyaes
KOrZa 4acTuua M COOTBETCTBYHOLLAA aHTUYACTULLA HaXoAATCA B OAHOM M TOM 3Ke MecTe.

MonHOTa GYHKUMIA Pa3NOKEHNA O3HAYAET, YTO ANS ONMCaHUA BcexX QYHKLMIM YacTul, 4oCTaTouyHO Habopa
dYHKLMIA 0gHOM YacTULbl. ITOT Habop NO3BOSET OL4HO3HAYHO HANTK BCE OCTa/IbHble GYHKLUUM
pa3fioXKeHUA anAa Apyrux yvacruu,

MOKHO /11 HaNTK BCE PYHKLUMN Pa3NOKEHNA KAKOM-TO YACTULLbl, €C/IM U3BECTHA TO/IbKO O4HA U3 3TUX
GYHKUMI? lyMato YTO MOXKHO. PYHKLMA PA3N0KEHUA COOTBETCTBYET KAKOMY-TO COCTOAHMIO YacTuMLbl B
NOPOXKAEHHOM NPOCTPAHCTBE-BPEMEHN. M3MEHEHWE TAaKOro COCTOSHMA NPUBEAET K TOMY YTO HOBas
bYHKUMA, COOTBETCTBYHOLLAA 3TOMY COCTOAHMIO, ByaeT oTAnYaTbcA OT Npeablaywen. B obonx coctoaHmax
YyacTMLa AONKHA COOTBETCTBOBaTb YpaBHeHMo KneHa-MfopaoHa-PoKa. B 3Tom ypaBHEHUM MMeeTCS
Macca 4YacTuLbl, KOTOPan XapaKTepu3yeT, KaK IHepPrua YacTULbl A0KHA U3MEHATLCA NPU U3MEHEHUU
CKOpOCTU. BO3HMKaeT BONPOC — 3TO ypaBHEHWE NPU U3MEHEHUMN COCTOAHMA YacTULbl NepeBoanT
HayasbHYH GYHKLUMIO Pa3/IoKEHUA B HOBYHO B3aMMHO OA4HO3HAYHO MK HeT? Eciv nepexos He
OZLHO3HAYHbIM1, TO HYXKHO MCKaTb AOMNONHUTEIbHbIE MAPaMEeTPbl, HANPUMEP CMWH, KOTOpble NO3BOAAT 3TO
caenatb.

TaKKe HY»KHO MOHATb KAKMMW BO3MOKHbBIMM 3HAYEHUAMM LOKHbI 06/134aTb KO3GOULMEHTLI NPU
DYHKLMAX pPa3noKeHus.

[onycTM, UMeeTca YacTMLa C KaKUMU-TO 3HaYEeHUAMMU KO3 dULMEHTOB GYHKLMIA pa3noskeHus. MNycTb
OHa KaK-To B3aMMOAEMNCTBYeT C Apyroi YacTuueir. PaccmoTpto ABa cay4van TakMx B3aMMOAeNCTBUIA, rae
BCE NepBOHaYyasibHble YCNOBUA UAEHTUYHbI, 32 UCKNOYEHNEM 3HaYeHNA Ko3pPUumneHToB GpyHKLMIA



pa3fIoKeHUs s BTOPOI YacTuubl. [1A BTOPOM YacTuLbl, B MEPBOM C/ly4ae y Hee MMEoTCA Kakme-To
KO3hOULMEHTbI PA3N0KEHUSA, @ BO BTOPOM C/ly4ae B3aMMOAENCTBUA Yy Hee Bce ee KO3dPULMEHTbI B 1Ba
pa3a MeHbLUe Yem B MEPBOM c/y4dae. MOXKHO /M 0XKKnaaTb, YTO B 060MX Cyyanx pesynbtaT
B3aMmogencTema byaet ogmMHakos? [J0BOJIbHO O4EBUAHO, YTO PE3y/IbTaT MOXKET ObITb PasHbIM.
Moatomy, Ana YacTuL, He A0MXKHO 6biTb cBO6OAbI B 3HAaYEHUAX KO3DDULMEHTOB, A01XKHA CYLLECTBOBATb
HeKkoTopasa GYHKUMA KOTOPOM AONKHbI YA0BAETBOPATL 3TU KO3PPULMEHTbI. YTODObI NOHATL OT Yero
MOMET 3aBMCETb 3Ta GYHKLMA U KAK 3TO BIMAET HA Pa3/IOrKEeHWE NOAA Ha YacTULbl, HyXXHO bonee
OEeTaNbHO PacCMOTPETb B3aMMOLENCTBME YACTUL,

B3aumoaencTBUE ABYX YaCTUIL

MycTb MMetoTCA ABe OAMHAKOBbLIX YaCcTULLbl, KOTOPbIE BO3AENCTBYIOT APYr Ha Apyra. Mx B3aumoaencramne
NPUBOAUT K USMEHEHUIO X TPAEKTOPUU, U KaK pe3ynbTaT OHM pacxoanTca. [lepBoHayanbHO, Koraa
yacTtuubl 6blnM Aaneko, nosie MeTaBceneHHON B paloHe KaXKa0M 13 YacTUL, MOMKHO OMNKncaTb, MCNOAb3YA
TONbKO QYHKLMM 3TUX YacTuL, Mocsie Toro Kak OHM PasoLLNUCh AaZIeKO APYr OT Apyra U ux
B3aMMOAENCTBUE CTaN0o NPEHEOPEKMMO MasbiM, MOJE TAKKE MOMKHO ONMMCaTb MUCMNO/b3YA TONbKO
YHKUMM 3TUX YacTuL,. A Kak onmncaTb NnoJie Tam rae YacTuLbl B3aMmoaencTBoBaan?

TaK KaK 4acTuLbl B3aMOAENCTBYIOT, Nosie u3MmeHsAeTcA. [oaTomy, B 061aCTV B3aMMOLENCTBUA MOMKET
OKa3aTbCA HeZOCTAaTOYHbIM PA30KEHUA N0 PYHKUMAM B3aMMOAENCTBYIOLLMX YacTUL, M noTpebyeTca
pasnoXKeHne No NoAHoMy H6asmncy GyHKUMIN MOPOXKAEHHOTO NPOCTPaAHCTBA.

KaK BbIr1AAMT pasnoskeHune no noaHomy 6asmcy? bes Haanumna BbifBNEHHOMN 3aBUCMMOCTH
KO3)PULMEHTOB DYHKLIMU PA3N0OMKEHUSA, Pa3IOXKEHNE MOXKHO 6b1710 6bl NPOCTO MCNONb30BaThH YIKe
nmetomecs ypasHeHme 25. OQHaKO, C Y4EeTOM BbIABJAEHHON 3aBUCMMOCTU, 3TO YPaBHEHME HYKAaeTcA B
YTOYHEHUMN.

Ons mogmduKaumm, A OpUEHTUPYIOCH Ha TEOPUIO BO3MYLLLEHMI. MO3TOMY, XO4YETCS NOCTPOUTL NMPUMEPHO
TAKOe }Ke pasnoxeHue ana Yactuu,. Mpu sTom, 3TO PasNoKeHUE LONKHO YAOBAETBOPATb YpaBHEHMIO 25,
C OMMCAHHOM BblLlEe TOYHOCTbIO.

KaK noKasaHo Bbile, KO3pPULMEHTbI PasHbIX YaCTUL, UMEIOT HEKOTOPYHO 3aBUCMMOCTb APYr OT Apyra.
BBeay YacTuLbl pasHbiX NOPAAKOB. YacTuLLbl NePBOro NOPSAAKA 3TO TaKME YaCTULbl, KOTOpble
CYLLECTBYIOT NOCTOAHHO. YacTuLbl Cneayowmx NopsaAKOB NPOABAAKOTCA TO/IbKO NPU B3aMMOAENCTBUAX,
OHW COOTBETCTBYIOT BUPTYasIbHbIM YacTMLam. YacTuua NepBoro nopaaKa B3auMo4enCTBYHOT MeXKAY
cob0W 1 Cc YacTULAMU CNeayroLLmMX NopaaKo.. Mpu 3Tom, Npy B3aMMOAENCTBUM YacTUL, Pa3HbIX
NOPAAKOB, HY}KEeH HEKOTOPbIN KO3QPULIMEHT U3MEHAIOLWMIA CUNY B3aUMOAENCTBUA. 1A YacTuL, 04HOTo
nopsfKa, LO/IKHA BbIMO/IHATLCA OMUCaHHas 3aBUCMMOCTb. B pesynbrate, pasnoxkeHve nons
MeTaBceneHHoM npeBpaLLaeTca B:

F@) = fore @ + X 01: (L(7), X, Y21, {Q2i}, ¢) + T 02 (L(7), X, Yoi, {Qai}, ) + -+ [40]
34ech @1; NPeACTaBaAeT i-l0 YaCTULLY NepPBOro NOPAAKA:

- =N(k .
P11 = DIz 3o g owis (L(7), X, Vi {Quid ©) [41]

NPY 3TOM U ;g AO/IKHbI YA0BNETBOPATL HEKOTOPOW HEM3BECTHOM PYHKLMM:
fugs,1) =1 [42]

AHANOrMYHO ANA YacTuL, BTOPOro nopagka u nocnenyoLwero n-ro nopAaaKa A0/IXKHO BbINOAHATLCA
ycnosue:

f(unis,n) =1 [43]



roe n = 1. OTmeuy 4To ypaBHeHue 40 He ABNAETCA TOXKAECTBEHHbIM YpaBHEHMIO 25, 1 cTeneHb,
HaCKONIbKO H6/IM3KO OHW COOTBETCTBYIOT, 3aBUCUT OT YpaBHeHMA 43,

TaK e u3 YpaBHEHUNA 40 BMAHO, 4TO YaCTULbI cneaAyrwnx nopAaaKkoB UMEKT Te XKe CBOWCTBA 4YTO U
4acCTuuUbl NepBOro nopAaakKa. TaKkoe BO3MOXHO TO/IbKO ecnu OA4HOBpPEMEHHOE U3MEHEHUE BCEX aMNNTY
YacTuubl HEe BANAET, C YKaSaHHOl‘/JI TOYHOCTbIO, Ha NoBeAeHUNEe TaKMUX YaCTUL, BO BpemMmeHU.

TaKKe M3 3TOro BUAHO YTO YacTMLLbl BCEX MOPALKOB Mexay cob0i B3auMOAENCTBYHOT.

E,Z[I/IHCTBBHHOCTI) Pa3JI0ZKE€HHUA IT0JIA I10 6a3ncy

B yacTu cTaTtbm Bbile HbII0 06CYKAEHO PA3NOKEHUE YAacTUL, N0 6asncy TpexmepHbIX GYHKLMIA. B cBA3K ¢
3TUM, UHTEPECEH OTBET HA BOMPOC: CYLLLECTBYIOT /I NPUYMHDI, YTODObI TaKOE PasNoXKeHUE, MO N3BECTHOMY
6a3ucy, 6b110 eAUHCTBEHHbIM?

[na oTBETa Ha 3TOT BONPOC, HYXKHO BEPHYTLCA K TOMY, 3a4eM TaKoe Pas/oXKeHne BoobLwe HyKHo. A
HY>KHO OHO A1 TOrO YTO6bl HA MOPOXKAEHHOM NPOCTPAHCTBE-BPEMEHU BbINOAHANACh MPUYNMHHOCTb.
CooTBETCTBEHHO, HA BXO4E MMEIOTCA Haya/ibHble YCNOBUA B BUAE PA3/IOKEHUA HA YacTULbI B
npeablayWwmnin MOMEHT BPEMEHM. Pa3fioxKeHMe XKe B KaxKabli M3 noc/iedyowmx MOMEHTOB BpeMeH!
[OOJIKHO CNefoBaTh U3 NpeablayLero.

Ecnn moxKHo byaeT nocTpouTb 6osiee 04HOI0 TaKOro Pas/ioXKEHNA, COXPaHALWEro NPUYUHHOCTb, TO
ypaBHeHne KnenHa-NfopaoHa-Poka bygeT HapyLwaTbes.

Tem cambim, He TpebyeTca, YTOObI Pa3/IoXKEHNE NOA B KaXKAbl KOHKPETHbIA MOMEHT bbl/10
€ANHCTBEHHbIM, HO OHO ZI0/I}KHO ObITb €A4MHCTBEHHbIM, KOTOPOE COXPaHAET NPUUYNMHHOCTb.

IlostHOTaA 6a3uca U BU/bI 3JIEMEHTAPHbIX YACTHUL

M3 nonHoTbl 6a3uca (c yKasaHHOM paHee TOYHOCTbIO) CneayeT elle oAuH BblBog,. Ecnn nssecteH Habop
bYHKLMIA pas3foXKeHma aas o4HOM YacTuLbl, TO TEM CAMbIM UMEETCS BO3MOXHOCTb MNOJIYYUTb BCE
ocTanbHble GYHKLUMM pa3noxKeHnA. Kak MUMeHHO 3TO caenaTb NOoKa HEMOHATHO, MaTeMaTUYecKana Moaesb
TEOPMMU HAXOAMUTCA B PA3BUTUM.

BinyaJIbele qJacTUuilhbl
BHOBb BEPHYCb K PAaCCMOTPEHUIO B3aUMOAENCTBMA ABYX YacTuL,

Kak 6b110 NOKa3aHo Bblille, NpM B3aMMOAENCTBUM ABYX YaCTUL, BOKPYT HUX 0bpasyeTca o61aKo YyacTuL, C
n>1, ypasHeHue 40. BO3HMKaeT BONPOC, MOXKET /I 04HA M3 3TUX YacCTuUL, CyLLecTBOBaTb U Aanee, nocie
TOro Kak B3aMMOZENCTBYIOLME YacTULbl Pa3oiayTcsa Ha bosbloe paccTosHUe?

[na oTeBeTa Ha 3TOT BONPOC HY*KHO BCMOMHUTb Npo TO 4YTo Bpemsa B MNBM-Teopun nmeeTt cummeTpuio K
nepeHocy, U3 Yyero caeayeT 3aKOH COXpaHeHusa sHeprun. CneaosaTenbHO, A1 TOro YTOObl OAHA U3 TaKKUX
YyacTuL, cylwecTBoBaNa U ganee, He0bxoAMMO YTOObI CyMMapHan SHEPrUA He U3MeHUNach.
CnepoBaTenibHO, TaKasA YaCTULLA MOXKET NOABUTLCA, TOJIbKO €CNN IHEPTUA HaYaIbHbIX ABYX YacTuL,
YMEHbLUUTCA.

BMpTyal’Ibele 4acCTuULUbl MOTYT CyLWLEeCTBOBATb X1 B NYCTOM NPOCTPAHCTBE, TaM, rge pacnpocTtpaHAETCA
OA4Ha YacTmua. B aTom cnyvae, NNOTHOCTb TaKUX YacTuUL, 6yp,eT onpeaenAaTbCAa Tem, HaCKOJZIbKO MHOTO
BO3MyLIJ,EHVII7I nonsa MeTaBceneHHOM ONM1CbIBatOTCS BUPTYa/ZibHbIMU 4acCTUUaMU. Yactb nonAa
MeTaBceneHHomn, KOTOpaA BO BceneHHol onucbiBaeTcs BUPTYaZlbHbIMKN YaCTULLaMWN, N KOTOPaA
OTHOCUTCA K 0bnactu BAaNn OT 06bIYHbIX 4YacTtuu, Ha3oByYy CI)OHOBbIM LymMmom BceneHHon. ABnaerca aToT
d)OHOBbIl)'I wym BcenieHHOW KOHCTaHTHOM WKW OH U3MEeHsIeTCA BO BpemMeHUn, NOKa HEMNOHATHO.

IlepeHOpMHPOBKA B KBAHTOBOM T€OPHUH MOJIs
M3 ypasHeHus 40 cieayet o6bACHEHME TOMY, Kak paboTaeT nepeHOPMMUPOBKA B KBAaHTOBOM TeOpUM
nona. 3To ypaBHEHWe NOKa3bIBAET, UTO NPM B3aMMOAENCTBMAX BOKPYT Ka40M YacTmupbl obpasyeTca



061aK0 BMPTYasibHbIX YacTML,. CXOAMMOCTb pAga OYEBUAHA, TAK KaK cam Ps 3TO Pa3/ioXKeHWe Nos no
6a3mcy. BO3MOXKHOCTb Y1bTPadnoNeToBbIX U MHPPAKPACHBIX PACXOAMMOCTEN YCTPAHEHA NPU NOMOLLM
BBEAEHWUA OrPAHNYEHMA Ha MAKCUMaNbHYIO M MUHUMa/IbHblE A/IMHbI BOJIH B YPaBHEHUN 1, rae i MOXKeT
MEHATbCA ToNbKo oT iMin go iMax. OetanbHee Bonpoc ¢ iMin n iMax 6yaet paccMOTpeH nocne
pPacCMOTPEHMA FPaBUTaLLUM.

OCHOBHBIE YaCTULbI 1 YaCTHUObI-IIEPEHOCYUKHA BBaHMOAeﬁCTBHﬁ

B oaHO 13 npeablayLmnx YacTtel ctaToM ObI10 HaAEHO, YTO USMEHEHWE CKOPOCTU YacTULbI,
OBUMKYLLENCA CO CKOPOCTbIO MEHbLUE CKOPOCTU CBETA, MOKET NPUBOAMUTL K UCMYCKAHUIO NN
NOr/0WEeHMNI0O HEKOTOPOW APYroM YacTuLbl, KOTOPasA ABUKETCA CO CKOPOCTbIO TOYHO PAaBHOM CKOPOCTHU
cBeTa. 3TO NPMBOAMUT K BBEAEHMIO HOBOM YacTMLbl A5 ONUCaHUS B3aumogencTsmin. Jpyrue
B3aMMOAENCTBUSA MOTYT TaKKe NoTpeboBaTb BBEAEHUA AOMNOJIHUTENbHbIX YaCTUL-NEPEHOCYNKOB
B3aMMOAEeNCTBMA. MIMeeT CMbICN BBECTU pasaeieHMe Ha ABa OCHOBHbIX TUMa 3/1eMEHTaPHbIX YacTuL:
OCHOBHbI€ YacTULbl M YaCTULbI-NEPEHOCYNKM B3aUMOLENCTBUIA MEKAY OCHOBHbIMW YacCTULLAMM.

KaK onpeaenntb OCHOBHbIE YacTuLbI? B TEOpMM NOPOXKAEHHOTO NPOCTPAHCTBa-BPEMEHN-MATEPUN
Habntogaeman BceneHHana 3TO NPOAYKT co3HaHuA. Co3HaHMeE Ke, B CBOIO o4yepesb, ABAAeTCA
anndeHomeHoM oT nona MeTaBceneHHoM. Mo3ToMy, B KauecTBe OCHOBHbIX YacTUL, IOFMYHO B3ATb Te
YacTULLbI, U3 KOTOPbIX COCTOAT Habloaatenn. Bce Takme YacTuLbl ABUMAOTCA C CKOPOCTbIO MeHee
CKOpPOCTU cBeTa. Toraa OCHOBHbIE YaCTULLbl — 3TO YaCTULbI, ABUTAOLWMECA CO CKOPOCTbIO MeHee
CKOPOCTM CBETa U He ABAAIOLLIMECA NePeHOCYMKamMM B3aMMOAENCTBUIA. DTN YacTULLbl COCTABAAIOT OCHOBY
maTepuu.

YacTuubl-nepeHoCYNKM B3aMMOAENCTBUIM — 3TO TaKME YacTULbl, KOTOPbIe BBOAATCA A7 GOpMMPOBaHMA
nosHoro 6asuca pasnoXKeHus U ONUCbIBAOT YaCTULbI-NEPEHOCYMKN B3aUMOAENCTBUN.

YpaBHeHusa MakcBeJsuia

KaKoit XapaKTep nmeet B3aVIMO,EI,el71CTBMe INNEKTPUYECKUX 3apﬂp,OB? Mo*KHO npeanonoxXnTb, 4TO
B3aMMOAENCTBME HOCUT BEKTOPHbIM XapaKTep, U TOr4a BeECb BbIBOL YpaBHEHMI MaKcBeina B pamKax
MMNBM-Teopumn cBOANUTCA K KONMMPOBAHUIO BbIBOAA 3TUX YPaBHEHUIA U3 OAHOIO M3 y4eHbHMKOB.

Ha ypoBHe MeTaBcesieHHOW Nnosie To/IbKO 0OA4HO, 3TO CKansipHoe nosie MeTaBceneHHOM. Bo3HuKaeT
BONPOC, MOXHO /X B PaMKax NMOPOXAEHHOIo NPOCTPaHCTBa-BPEMEHN BblAeNNTb Kakne-To apdeKTnsBHbIe
KBa3u-pyHAAMEHTA/IbHbIE MOA, U KAKUMU CBOMCTBAMM 3TU NOAA JONKHbI 061343aTh?

KBasu-dpyHaameHTabHble MOAA 34eCb 03HAYAET, YTO MOA B paMKax NOPOXKAEHHOIO NPOCTPaHCTBa-
BPEMEHN-MATEPUN SONKHbI BbIrNALETb QYHAAMEHTAZIbHbIMU U HE CBOAMMBIMW K APYTUM 3PPEKTUBHBIM
NONSIM B NOPOXKAEHHOM MPOCTPAHCTBE. MIX BO3MOXKHO BblAENNUTb, ECAN AN KAKUX-TO YC/OBUM
BO3MOKHO PacCMaTpMBaTb AUHAMMKY GU3NYECKON CUCTEMBI HE NPUHMMANA BO BHUMaHUE Apyrue
nogobHble noas.

MpexAae Yem MATU Aanee U paccMmaTpuBaTb CAEACTBMA NPEANON0XKEHNA O BEKTOPHOM XapaKTepe
3N1EeKTPOMarHUTHOro NoAs, CleayeT PacCMOTPETb, HACKObKO 3TO Npeano/ioXeHne o60CHOBaHO U
cootsetcrayeT MMBM-Teopnun. BEKTOPHbIN XapaKTep No/iA, HACKO/IbKO A BUXY, HUOTKyAda U3 Moaenn
TEeopuu HanNpsAMyto He cieayeT. B ToxKe Bpems, OH U He NPOTUBOPEUNUT MOAENN Teopun. B ypaBHeEHMAX
pa3NoXKeHUsa GyHAaMEHTaNIbHOrO CKasIAPHOTO NOA MOMHO BBECTU QYHKLUU, UMetoLLne
NPOCTPaHCTBEHHYIO OpueHTaumio. Tak B MOAENU TEOPUM NOTYHaETCa BEKTOPHOE nose.
PacnpocTpaHeHWe curHana 31eKTPOMarHMTHOTO MOASA CO CKOPOCTbIO, TOYHO PaBHOM MaKCMMa/bHOM
CKOPOCTU pacnpocCTpaHeHns B3auMOaencTBuiA, cneayet us moaenm teopmun. Kak nokasaHo Bbillie, npu
N3MEHEHUMN CKOPOCTU YacCTMLbl A0IXKHA, B TOM YMCAe, U3/Ty4aTbCA YacTUL,A ABUratoLLAsACsA CO CKOPOCTbIO
TOYHO PaBHOM MaKCUMMaNbHOW CKOPOCTU B3aMMOAENCTBMIA. TaK Kak U3BECTHO, YTO MPU YCKOPEHHOM
OBVXEHNN 3aPAMKEHHbIX YaCTULL, UCNycKatoTcAa GOTOHbI, TO CKOPOCTb CBETA A0/KHA TOYHO PaBHATLCA
MaKCMMasibHOM CKOPOCTU B3aUMOLENCTBUN.



MoNHbIM BbIBOAOM 31E€KTPOMArHMTHOTO NOA MOXHO 6b1N10 Hbl HA3BATb NONYYEHME YPABHEHW
3NEKTPOMArHUTHOIO MO, CO BCEMMU €r0 CBOMCTBAMM, HAaNpPAMYHO U3 ypaBHEHUA GyHAAMEHTaIbHOTO
nons. MNoka YTo 40 3TOro pa3BUTME TEOPUM HE AOLLNO, MAET 3TaMN NOMCKA TOro, KAKMMM CBOMCTBaMMU
OO0MKHO 061aaaTh none MeTaBceneHHON, YTobbl BbINOAHANMCL HabAO43aEMbIe HAMM 3aKOHbI GU3UKM.
CnepoBaTenbHO, TaK Kak BEKTOPHbIM XapaKTep 31eKTPOMarHMTHOro noasa He npotusopeunTt MMBM-
TEOpPUU, N TaK KaK NOKA3aHO YTO YCKOPEHHOE ABUMKEHME I1IeKTpUYecKnx 3apanos s mogenu MMNBM-
TEOpPUN MOXKET NPUBOANTL K MCNYCKaHWIO YacTUL, ABUXKYLLMXCA CO CKOPOCTbIO CBETa, TO TaKoe
npeanonoXeHne NPAaBOMEPHO U MOXKET BbITb PaCCMOTPEHO.

M3 npeanonoKeHma o BEKTOPHOM XapaKTepe MoJiA U CKOPOCTU YacTUL-NMEPEHOCYMKOB, TOYHO PaBHOM
MaKCMMa/IbHOM CKOPOCTM B3aMMOAenCcTBUIN, BbIBOAATCA YpaBHeHMa Makcsenna. Mx BbiBoA, C 3TUMMU
npeanonoKeHUIMN, MOXKHO HAaMTM BO MHOTUX y4ebHMKax No 3neKTpogmMHaMmmnke. Ha ocHoBe 3Toro A
[AeNato BbIBOA, YTO, HA OCHOBE OMUCAHHbIX BblLLE NPEANOIOKEHMI U Be3 yyeTa KBaHTOBOroO XapaKTepa
B3anmogeincrenit, 8 NMNBM-Teopunn nonyyeHol ypasHeHMAa Makcsenna.

KBaHTOBblE YpaBHEHMA INEKTPOANHAMMUKN ABAAIOTCA OAHOM M3 YacTen cTaHaapTHOM moaenn. Kak
npegsaraemas Teopus COrnacyeTca co CTaH4APTHOM MOALENbIO U KaMBPOBOYHBIMM TEOPUAMN?

Cra”HaapTHasa Mo/JeJib

CTaHAapTHaﬂ moaenb ABnAeTca KaﬂM6p080‘-IHOVI Teopmeﬁ. Kanm6posqub|e TEOPUUN OCHOBAHbI Ha
cMmmeTpusax. Mimetotca M CUMMETPUN B NpeasiaraemMon TeoOpMM NOPOXKAEHHOIO NPOCTPAHCTBA-
BPEMeHUN-maTepun?

Bblle NOKasaH Lenbln pag CMUMMETPUN, Hanpumep CUMMETPUSA K NEPEHOCY BO BPEMEHU, CUMMETPUA K
CMeHe 3HaKa 3apfaga v pag apyrux. I3 moaenun teopun BblBefeHbl TaKMe YPaBHEHMA KBAHTOBOM
MEeXaHUKM, KaK ypaBHeHuA KneltHa-TopaoHa-PoKa n ypasHeHuA Jupaka. BoiBeaeHbl, C HEKOTOPbIMU
npeanonoXeHnamu, ypasHeHns Makceenna. Tem cambim, MOXKHO rosoputb npo U(1) cummeTtputio. 1o
nokasblBaeT, 4to MMBM-Teopua coBMeCTUMA C KaMHBPOBOYHbBIMU TEOPUAMMU U CO CTAHAAPTHOM
Mozenbto. XoTenocb 6bl NONY4YnUTb BCIO CTaHAAPTHYO Mogenb u3 MMBM-Teopuun, HO NOKa 3TOT BONPOC He
pelweH. [lymato, 4To OH MOKeT ObITb peLleH B NpoLecce AasibHENLero passuTma Teopun.

FpaBI/ITa]_lI/IH 158 O6]J_laﬂ TEoOpUA OTHOCUTEJIbBHOCTH
lpaBuTauma B pamkax MMBM Teopun cunTaeTca CNeaCcTBUEM UCKPUBAEHMS NOPOXKAEHHOTO
NPOCTPaHCTBA-BPEMEHM.

[o aToro, B cTaTbe Npeanonaranochb, YTO Mbl HApe3aem NPOCTPAHCTBO MeTaBceneHHOM Ha
rmnepnsoCcKoCTH. Ho uto ecaun, gna CoXpaHeHnAa NPUYNHHOCTU U OANHAKOBOCTU ¢M3M‘-I€CKVIX 3aKOHOB,
HEO6XOAMMa NUCKpUBNEHHAA I'IOBerHOCTb? B aTOM cnyyae HyXHO roBOpUTb NPO FMNepnoBepPxHOCTH.

e [MNepnoBepxHOCTH, MpUHaANeXKallme 0AHOMY CEMEMNCTBY, AO/IKHbI He MepeceKkaTbhCa Mexay
coboli.

e CyuwecTByeT HenpepbiBHOEe NpeobpasoBaHue, nepesoadllee oA4HY rMneprnoBepxHOCTb
cemeincTsa B Apyryto.

BbiBog, NPO MAaKCMMa/IbHYHO CKOPOCTb B3aMMOp,el‘/JICTBI/II7I M CKOPOCTb CBETa BBEAEHNEM KPUBU3HbI
NOPOXAEHHOTO NPOCTPAHCTBA-BPEMEHUN HE MEHAETCA.

MoBTOPAA PaCcCy»KAEHUA O HanpaB/IEHUN BEKTOPA BPEMEHM, NOYYAEM, YTO BEKTOP BPEMEHMU AOJIKEH
MMEeTb HanbONbLLIMIA BO3MOXKHbIN YroN OTHOCUTENbHO FMNEePNoBepPXHOCTU. 1A rMnepnaocKoCcTM 3To
COOTBETCTBYET NEPNEHANKYAAPHOMY YIAY.

Teno, HenoABM¥KHOE OTHOCUTENbHO PacCMaTPMUBaAEMOW TMNEePNoBEPXHOCTM, 3BONOLMOHMPYET BAOb
MWPOBOWN INHUM.



TaK KaK runeprnoBepxHOCTb He NJI0CKas, 3TO 03HAYaEeT, YTO MUPOBAA NMHMA He ABAAETCA NPAMON. Tem
CaMbIM, TpaBUTaLMA NPUBOANT K CBOAUTCA K MOBOPOTY KacaTeIbHOM rMnepniocKoCTy, NpeacTaBasioLLel
CUCTEeMY OTCYETa, rAe TesI0 NOKOUTCA. YCKOopeHMe Tena, Kak OnucaHo B CTaTbe Bbille, CBOAUTCA K
NoBOPOTY FMNEepPNAOCKOCTU, NPeACTaBAAIOLLEN CUCTEMY OTCUETa, FAae TeNo NnokouTtca. Ho Toraa aTo
3HAUYUT, YTO HEBO3MOMKHO OT/IMYMTb, KaKkaA Cuaa AeUCTBYET Ha AOCTAaTOYHO Masloe Teio —
rpaBuTaLMOHHan UM cuna nHepummn. CnegosartesibHO, MHEPTHaA M rPaBUTaLMOHHAA MaCcCbl PaBHbI.

3T0 03HaYaeT, YTO AOKa3aH NPUHLUMMN SKBMBANIEHTHOCTU FPaBUTALMOHHOMN M MHEPLMOHHOM Macc, UK
CUNbHbIA NPUHLMM SKBUBANEHTHOCTN DIHLUTENHA.

Takum 06pa3om, O0Ka3aHO U BbiBEAEHO:

e  CUNbHbIA NPUHLMMN SKBMBANEHTHOCTU
e PaBeHCTBO CKOPOCTU CBETA BO BCEX CUCTEMAX OTCYETa U ee TOYHOE PaBEHCTBO MaKCMMaAbHOM
CKOPOCTWN B3aMMOAENCTBUM

3TO 03HAYaeT, YTO NOoJIyYeHbl BCE MPUHLUMMbI, HA KOTOPbIX NOCTPOEHa 061an TeoPUA OTHOCUTEIbHOCTMY.
Mcxoas us aToro, A Aienato BbiBoA, YTO 061,aa Teopusa oTHOCUTENbHOCTU yaosaeTeopseT MNMBM-teopun.

TaKKe MmeeTcs ele oauH BbiBOA, 06 OTCYTCTBUM KBaHTa rpaBuUTaumMm. Tak Kak KBaHTbl BBOASTCA Ha
OCHOBAHMM Pa3NoXKeHMA NOAA, a FPaBUTALLMUA CTPOUTCA HA NPUHLMUNMANABHO APYrOM noaxoae, TO
KBAHTOB rpasutauunm, cornacHo NMNBM-teopuun, He moKeT cywectBsoBaTb. Mcxoaa us storo, MNMBM-
Teopma HECOBMECTUMA HU C O4HOM TeEOPUE KBAHTOBOMW FpaBUTaLLUM.

OTmeuy, 4TO BbIBOA, BCEX MPMHLMMNOB, HA KOTOPbIX OCHOBaHa 06Lan Teopusi OTHOCUTENBHOCTU, He
No3BONSAET YTBEPKAATb, YTO NOJIyYeHbl YypaBHEHMA 0bLei Teopun OTHOCUTENBHOCTU. MpUUnHa
3aK/Ilo4YaeTcs B Tom, 4To gencteme B OTO noctynmpyeTcs, a He BbiBoguTcA. [NosTomy, XoTa 3a4a4a
CBefeHa K N3BECTHOM, ANa nonydeHus ypasHeHMn OTO TakKe NpuxoamnTca NocTyIMPOBaThb 3TO
nencreme.

Mo 3ToW NPUYMHE He/b3A YTBEPKAATb, YTO HEBO3MOXKHO MNOCTPOUTL APYroi Habop ypaBHEHU
rpasutaumm, nommmo OTO, ygosnaeTsopstowmx scem TpebosaHuam NMNBM-teopumn. OgHako ntobble
ApYyrve ypaBHEHUSA TaKXKe A0/KHbl YA0BNETBOPATbL NEepPeYMCAeHHbIM Bbilwe TpebosaHMAM MTMBM-
Teopuu. C passutvem MNMNBM-Teopun, ypaBHEHUA rpaBUTaLmMmK AOMKHbI ObITb BbIBEAEHBI HANPAMYIO U3
YPaBHEHUSA CKanApHoro noaa MeTaBceneHHo.

TaK KaK npu BBEAEHUM UCKPUBAEHHOTO NOPOXKAEHHOTO NPOCTPAHCTBA-BpeMEHN HEOBX0ANMO
YYUTbIBATb METPUKY NPOCTPAHCTBA, TO 3TO HY}KHO YYECTb B YPaBHEHUWN Pa3NoKeHUs GpyHAaMEHTaNbHOTO
CKanapHoro nona MeTaBcesieHHOM:

> - =A wk=N, i=i =N(k) -
f(T') = fext(r) + Zg=1 Zk:lp Zi::%?rf Z:l( uikpswips(g' L(Tf)’X: Yik: {Qik}: C) (44)
3pecb ,u,o6aBneHa 3aBMCMMOCTb OT METPUKN NPOCTPAHCTBA-BPEMEHU (.

BHOBb BO3BpaLLAasACh K BONPOCY 0 NOAHOTE 6a3nca GyHKUMIA pa3noxeHua. Ecim yHKUMM pas3noxKeHus
NOJIHbI, TO B Hawwel BceneHHow He JO/IKHO BbITb MECT, r4e NoAX0L C PasfioxKeHnem GyHAaMeHTaIbHOro
CKanapHoro nona He pabotaet. OQHAKO, M3BECTHbI 06BEKTbI FAe MMeeTcA HeyCcTpaHMMan
CUHIYNAPHOCTb, YepHble abipbl. CyliecTBoBaHME TaKMX 06bEKTOB roBOPUT, YTO 6asnc GpyHKLMIA
Pa3NoXKeHUS He MOJIOH.

Bo3Bpalanck K Bonpocy npo iMax v iMin B ypaBHEHUM PA3N0XKEHUM CKaNAPHOro noaa. GyHkumm
pa3foKeHUA He AOMKHbI BKAKOYATb B ce6s Takne GyHKL MM, KOTOPbIe COOTBETCTBYHOT YEPHbLIM AblPam C
WX CUHTYNSPHOCTAMMU. [03TOMY BO3HMKAET OrpaHUYEHUE HA CAULKOM KOPOTKME BOHbI GYHKLMIA.
PaccmaTtpuBan BO3MOMKHbIE OrpaHUYEHUA CBEPXY, HE BbITNALAUT HYXKHbIM GYHKLUKN C XapaKTepHbIMU


https://ru.wikipedia.org/wiki/%D0%A1%D0%B8%D0%BB%D0%B0_%D0%B8%D0%BD%D0%B5%D1%80%D1%86%D0%B8%D0%B8

pasmepamu 6o/blue Habnaaemoro pasmepa BceneHHoi. Bo3amorKHO, MOXKHO HaliTh elle 6onee
OrpaHMYMBalOLLME YCIOBUA HA MAaKCUMaNbHbIM pasmep GYHKUMIA.

OTmeqy TaKXe, 4To ,D,OKa3aHHbIﬁ BblLLE CUbHbIN npuHUMN 3KBUMBAaIEHTHOCTU NO3BOJIAET HE BbiABUIaTb
AONO/IHUTE/IbHbIE Tpe6OBaHMF| K beHKLI,MﬂM pa3noxeHunAa.

KocMmoJsiornyeckasi nOCTOSIHHAasl 1 TeMHasl JHEepruda
JKcnepumeHTabHble Ha6mo,u,eva NOKa3bIBatoT, YTO BceneHHaa paclunpaeTca, U 4TO KOCMOAOrMYecKas
KOHCTaHTa B YpaBHEHUU DUHLWTENHA OT/IMYHA OT HYNA N ABNAETCA KOHCTaHTOM.

Kocmonornyeckas KOHCTaHTa 06bIYHO MHTEPNPETUPYETCA KaK NPOsABAEHME TEMHOW SHepruu,
OTBETCTBEHHOM 33 YCKOPEHHOE paclumpeHne BceneHHoM.

Bce coBpemeHHble KOCMOOrMYecKkMe Moae i roBopAT, UTo BceneHHas MMeeT Havyano, U YTO B NPOLLIOM
Bce o6nacTm BceneHHom 6binM 40OCTaTOMHO Masibl, YTOObI B3aMMOAENCTBOBATL Mexay coboi. ManocTtb
dNYKTYaUMiA peIMKTOBOrO U3/1y4eHMA B 3aBUCMMOCTM OT HanpasaeHUs ABAAOTCA OAHUM U3
CBMAETEeNbCTB 3TOrO.

Kak Kocmonormyeckaa KOHCTAHTa BAMAET Ha Pa3/ioXKeHWe CKaNAPHOro NOAA Ha TMNepnoBepPXHOCTH,
TpebyeTca M moaudUKauna ypaBHEHWNIA?

Ona Toro yTOObI NOMbITAaTLCA OTBETUTbL Ha 3TOT BOMPOC, HYyXXHO NOHATb KaK MOXHO NMNOCTPOUTb
pacwmnpAaouyroca C OAMHAKOBbIM 3Ha4YeHNEM KOCMOJIOTMYECKON KOHCTAHTbI BCENEHHYIO.

Ecnv Bce pacliMpeHmne Bbi3BaHO BHELLHEN KPUBU3HOM rMNepnoBepPXHOCTU NOPOXKAEHHOIO NPOCTPAHCTBa,
TO KPMBU3HA A0/KHA MEHATLCA, NPU YCI0BUU HEU3MEHHOCTM CKOPOCTU BpeMeHM U GYHKLUK
MOPOXAEHHOIO PAcCTOAHMA. ITO NPOTUBOPEYUT HabAoAEHMAM, ClegoBaTesIbHO, 1MB0 CKOPOCTb
BpemeHU N GYHKLUMA NOPOXKAEHHOrO PacCTOAHMA 3aBUCAT OT BHELIHEN KPUBM3HbI TaK UTO B UTOre
Nno/ly4aeTca HeMaMeHHaa BHYTPEHHANR KPUBM3HA, BbI3BaHHAA KOCMO/IOTMYECKOM KOHCTaHTOM, Anbo
BHELIHAA KPMBM3HA HE UrPaET CyLLLECTBEHHOMN PONu.

Ecnu BHELWHAA KpMBM3HA HE UTPAET CYLLECTBEHHOM POK, TO CTOMT BOMPOC, KaK MOXKHO NONYYNTb
paclmpsoweecs NopoXaeHHOE NPOCTPaHCTBO Ha rMMNeproBepxXHOCTM C HY1IeBOM cpeaHein KpUBU3HOM.
YpaBHeHUE coAepKUT METPUKY PacCTOAHUA B MOPOXKAEHHOM NPOCTpaHCTBe-BpemeHn. Ecau, npu
yBe/MYeHUM Bo3pacTa BcenieHHOM, 3Ta MeTpUKa 414 TOUYEK C OANHAKOBbIM PAaCcCTOSHUEM B
MeTaBceneHHon byaeT BblgaBaTh BCe H60/bllee PaccTOAHUE B NOPOMKAEHHOM NPOCTPAHCTBE, TO MOXHO
NOMYYUTb PaCLLMPAIOLLEECA MOPOXKAEHHOE NPOCTPaHCTBO Ha MMNepnoBepPXHOCTU C HYNeBOM cpeaHei
KPUBM3HOM. M3 3TOro BbIFNAANUT IOTUYHBIM YTO M aMNAMTyAa GYHKLMU pa3noxKeHUs Toxe byaeT
YMEHbLLATCA CO BpemeHem. Tem cambiM B ypaBHeHue 44 Hy»KHO A06aBUTb 3aBMCUMOCTb OT Bo3pacTa
BCE/IEHHOM t:

> > =A «k=N i=i =N(k -
f@) = fexe ) + Z§=1 Yo Dicimin izl( )uikpsWips(g'L(rf)'Xr Yie, {Qi}c,t)  (45)

Kocmonormyeckaa KOHCTaHTa TEM CaMbIM ABAAETCA d)yHKLI,MEﬁ OT OTHOLWWEHMA CpeaHEro NOPOXAEHHOIO
paccToAHNA mexay TO4KaMun, HaxoaAWwWMMnNcCAa Ha O AUMHAaKOBOM PaCCTOAHUN B METcheneHHOﬁ, B
nocneayrouwme MOMEHTblI BpEMEHU!
<l(t+dt)>
a = (Srio2) %

<Il(t)> ( )
TemHasa maTepus
YpaBHeHMe 45 COAEPIKUT HaCTb for: (7, t) KOTOPas He NPUBOAMNT K NOABNEHMIO 3/1EMEHTaPHbIX YacTUL,

Ecnv 3TO 3HaueHMe KaKk-TMb0o BAUSIET HA METPUKY MOPOKAEHHOTO NPOCTPAHCTBA-BPEMEHMU, TO OHO
MOXeT 06bACHATL Habntogaemble 3pdeKTbl OT TEMHOM MmaTepum.



MeTaBceJsieHHass ¥ MOPOXKACHHbIEC BCECJICHHBIC

CornacHo MMNBM Teopun, MeTtaBceneHHas 3To 6e3BpemeHHOe NPOCTPAHCTBO COAEPKALLEE CKaNApHOe
nosie. dn1emMeHTapHble YacTULbl, BPEMA, NPOCTPAHCTBO KOTOPOe Mbl Habatogaem — Bce 310
NOpPOXKAEHHbIE ABNEHUA.

Hawa BceneHHaa aBnaeTca YacTblo MeTaBceneHHOM.

MeToabl HaXxOXKAEHMA NPOCTPAHCTBA-BPEMEHN-MaTePUM, ONMUCAHHbIE BbILLE, MOTYT MPUBECTU K
HaXOMAEHWNIO HECKO/IbKMX Pa3/IMYHbIX peleHnid. 061acTb onpeaeneHns sTUxX peleHmnii MoxKeT
nepeceKkaTbCs B NPOCTpaHcTBe MeTaBceneHHOM, MOXKET He NepecekaTbCs, HEKOTopble pelleHns MoryT
6bITb ONpeaeneHbl Ha 0AMHAKOBOM NPOCTPaHCTBE MeTaBceneHHOW. BO3MOXKHO UTO AJ1 HEKOTOPbIX
obnactent MeTtaBceneHHOW He onpeaeneHo HUKAKNUX peLleHuni.

Kaaoe 13 Taknx pelleHuii, CoOrnacHo nocTyaTy 3TON TEOPUU, COOTBETCTBYET CYLLECTBYIOLLEN
BCE/IEHHOM, eC/1M B COOTBETCTBYIOLWMUX MOPOXKAEHHbIX BCENEHHbIX BO3MOXHA pPa3yMHan KU3Hb.

Hanuwy HecKoNbKo onpeaeneHuii:
MynbmugceneHHas — 3Mo MHOMXECMB0 8Cex 8ceseHHbIX, onpedeneHHbix 8 MemagceneHHoU.

bnusKue ecesieHHble — 3mMo 8cesieHHble Komopble UMerom nepecevyeHus 8 npocmpaHcmese
MemasceneHHod.

BAn3KMe BCesleHHble He 03HAYaloT YTO KOHKPETHas 06/1acTb NPOCTPaHCTBA-BPEMEHU O4HOMN BCeNEHHOM
nepecekaeTcs ¢ 061acTbio Apyroi BceneHHo. MNepeceyeHmne Morio NPOU3oNTU MUAAMAPAbI ET Ha3ag,
unn sneped, MMbo B meranapceKkax oT aTol obnactu.

JI0KanbHO napannesbHble 8ceneHHble — 3mMo 8Ce 8CeneHHble Komopbie uMmerom nepeceveHus 8 obaacmu
npocmpaHcmea MemaeceneHHol ¢ 8bl0eneHHol Yacmobto MPoOCMpPaHcmMea-epemeHu KaKoli-mo
acesieHHoU.

JloKanbHO napannenbHble BCeNeHHble He 03HAYaloT YTO MeXKAY HUMU BO3MOXKHO BBaMMOAeVICTBMe. Ona
B3aVIMOLI,EVICTBVIF| mexay BCcesieHHbIMU HeO6XOAVIMO, XOTA BO3MOXHO HEAOCTAaTOYHO, UMeTb XOTb KaKune-
TO Koppenaunn mexay ypaBHeHUAMU SINeMEHTAPHbIX YaCTUL, NpUHaanexXawmnx K pasdHbiM BCENEHHbIM.

B3aumooelicmsyouue napannessHsle sceneHHole — eceneHHblie, Oelicmaus 8 00HOU U3 KOMOpbIX
Mo2ym 8ausmes Ha cocmosHue opyzoli, u Haobopom.

Ecnv pelicTBue ANA BAMAHUA Ha APYryto BCeNIeHHY0 ByaeT Npon3BoAUTb pPasyMHOE CYLLECTBO, B ApYroi
BCE/IEHHOM NOCNeACTBUA TaKMX AeUCTBUI ByayT BbIrAAETb KaK CNeACTBUA COBCTBEHHbIX GU3NUYECKUX
3aKOHOB U By AyT MMEeTb HEe3aBMCHMbIE OT NEPBOW BCEIEHHON NPUYNHHO-CNEACTBEHHbIE CBA3W.

He TaK gaBHO, B haHTaCTMKe cTan nonynapeH XaHp GaHTe3n ¢ napannenbHbimn mmpamu. CornacHo
MMNBM-Teopuu, cyLLecTBOBaHWE NapannesibHbix 3emesib BO3MOXKHO, ec/in 06/1acTb KOHUEHTpaLUUm
MmaTepun B Hallel BceneHHOM COOTBETCTBYET KOHLEHTPALMM MAaTEPUN KAaKON-TO APYroi NOKaNbHO
napannenbHo BceNieHHON. BO3MOXKHO BHE3EMHbIE Pa3yMHble CyLecTBa o4eHb 6/11M3Ko, Ha
napannenbHoi 3emne?

CBOMCTBA NPOCTPAHCTBA-BpeMeHHU Hallel BcesieHHO
NmeeT nun BpemAa B Halwei BceneHHoM Havano u KOHeLI,? CyLLI,eCTBVET HECKOJ/IbKO BO3MOXHbIX BAPMUaAHTOB,
nepedyncnio nx ece:

Bpemsa Bo BcenleHHOM MMeeT Hayaio HO He MMeEeT KoHLa.
Bpems Bo BcesieHHOW MMEeT Hauyano U ecTb KOHeL, BPEMEHM.
MpocTpaHCTBO-BpeMA BO BcenleHHOM 3aMKHYTO.

P wnN e

Bpemsa Bo BceneHHOM He MMeeT Havyana u HeT KOHLa.



5. BPEMFI BO BcenieHHOM He MMeeT Hayana Ho nmeeT KOHel,.

Bce BapwuaHTbl C 6ecKkoHeYHbIM BpeMeHEM 03HA4atoT 6eCcKoHeYHOCTb NPOCTPaHCTBA MeTaBceneHHoi.

CoBpemeHHble aCTPOHOMMYECKME AaHHble NOKA3bIBAOT YTO BPEMSA B Halen BceneHHOM MMeeT Havano.
3To oTOpacbiBaeT BCce BapuaHTbl Kpome 1 m 2.

CoOTBETCTBEHHO, B Hayase, 40 NOSB/AEHUA BpeMeHU 6bi10 (M Mo NpeXKHeMYy CyLLLeCTBYeT B
MeTaBceNneHHOM, XOTA U JANEKO OT HAaC) HEKOTOPOE COCTOAHME rae NOCTPOEHME NOPOKAEHHOTO
NPOCTPAHCTBa-BPEMEHM C TAKMMM }Ke KaK U cervac 3aKoHammM 6blJ10 HEBO3MOMKHO. 3aTeM, B KAKOM-TO
obnactn MeTaBceneHHoOM, Hayanacb ¢asa GopmMmmnpoBaHUA Hallen BcenieHHOM, B KOHLLE KOTOPOW
NOABMNOCH Halle NPOCTPAHCTBO-BpeMA U MaTepus. HEBO3MOMXKHO CKa3aTb CKO/bKO BPEMEHM 3aHAN 3TOT
npouecc, Tak Kak caMo Bpems B 3Toi ¢pase HaxoaMnoCb B cTagmmn GopmmpoBaHus. JanbHenwee
passuTne NMNBM-Teopun A0AXKHO NO3BONUTb U3YUUTb AETANBHO CTaano GOpMMpPOBaHMA BceneHHoM n
Aaxe NocmoTpeTb YTo 6b110 J0 Bonblworo B3pbiBa, Koraa He 6blJ10 HU BPpEMEHW HM NPOCTPaHCTBA.

BcesieHHas
B 3TOM YacTu, 5 ONULLIY KaK Hawa BceneHHas BbIrNsaAnT € TOYKK 3penus NMMBM-Teopun.

Mbl Haxoaumca B 6e3spemeHHo MeTaBcesieHHON. MeTaBcesieHHana MMeeT CKanapHoe none
onpefesnieHHOE Ha BCeM NpocTpaHcTBe MeTaBceieHHOM, NPoCTpaHCTBO MeTaBce/IeHHOM eBKINA0BO.
YpaBHeHMWe CKaNapHOro Nona sesge oamHakoso. Hawa BceneHHasn cylectsyeT B MeTasceneHHoM!,
chopmmpoBaHa Ha OCHOBE OHOIO U3 BapnaHTOB GOPMMPOBAHUA NMPOCTPAHCTBa-BPEMEHW N METO10B
ANnA KBaHTOBAaHUA, ONNCaAHHbIX BblLle.

MopokaeHHble 3aKOHbI GU3UKKN [ONKHBI HE UMETb 3aMETHOM HenpeacKasyemMoit CoCTaBaAOLWEN Ha
BCEM AOCTYNHOM A/l U3YYEHUA AManasoHe SHePruii YacTuL, U 3HaYEHUI rpaBUTaLMOHHOIO noas. Kak
pes3y/bTaT, 3TO 03Ha4YaeT BO3MOXKHOCTb ONMCbIBATb CBOMCTBA YacTULL U X B3aUMOAENCTBUSA,
OCHOBBIBAACb HA COCTOAHUAX.

MopoKaAeHHOEe NPOCTPAHCTBO-BPEMA MOXKET BbITb UCKPUBAEHHBIM. B 3TOM cyyae, NoABnseTcs
rpasutauma. Mpasutaumsa obecneunmBaeT 0ANHaKOBOCTb 3aKOHOB GU3MKM U BbIMOJAHEHUE NPUINHHOCTH,
Tam rae oHu 6bl HapyLanuch B cay4vae NAOCKOro NPOCTPaHCTBa-BpeMeHHU.

M KBaHTOBaA MexaHWKa 1 06Laa Teopma OTHOCUMTENbHOCTU, cornacHo MNMNBM-Teopun, agaatoTca
NPU6AN3UTENBHBIMU U UMEIOT OFPAHUYEHMNA Ha UX AMANA30H NPUMEHUMOCTY.

M KBaHTOBaA MexaHWKa U rpaBuTaLmA ABAAKOTCA NOPOXKAEHHBIMU ABNEHUAMMN.

Hy>xHa /i1 Haya/IbHasA CUHTYJIAPHOCTh NpU bosibmioM B3peiBe?
HeBO3MOXKHOCTb M36eKaTb CUHTYASPHOCTU B KOCMOJIOTMYECKUX MoAenax obuein Teopun
OTHOCUTE/NIbHOCTM BblNa AOKa3aHa, B YNCe NPOUYMX TEOPEM O CUHIYAAPHOCTAX, P. NeHpoysom u C.
XokuHrom {15] B KoHuUe 1960-x rogoB. 9TM A0Ka3aTeNbCTBa OCHOBaHbI Ha BUAMMOWM OAHOPOAHOCTH
BceneHHOM, YTO HEBO3MOKHO IOCTUTHYTb ec/1M Bce 061acT BceneHHoM Koraga-To B NPOLL/IOM He
B3aMMOLENCTBOBAIN MeXay COOOM.

B MMNBM-Teopuu BUANMYIO OAHOPOAHOCTb BceneHHoM MoXKHO NonpoboBaTh A0CTMYbL U 683 HayabHOM
CUHTYNApHOCTU. [1nA 3TOro AoctaTouHo 4YTobbl B Ppase popmMpoBaHUA NPOCTPAHCTBA-BPEMEHM BE3AE B
dbopmupyroLLEMCA NPOCTPAHCTBE-BPEMEHN BbII NPUMEPHO OAMHAKOBbIE ycnoBuA. o Havana
$bopMUPOBAHMA NPOCTPAHCTBA-BPEMEHN MNOPOXKAEHHbIE GU3NYECKME 3aKOHbI HENPUMEHUMBI.

CKoJIbKO U3MepeHUul B MeTaBceleHHOM?
OLI,MH 13 BONpPOCoB KOTOprﬁ BO3HUKAET NPU NOMbITKE NOHATb yCTpOﬁCTBO BCGI’IEHHOI‘;I, 3TO nNo4Yemy BO
BceneHHoM YyeTblpe namepeHuna, Tpu NPOCTPaHCTBEHHbLIX N OAHO BpeMeHHOe.


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

peHdecT nokasan [16], noyemy KOAMYECTBO NPOCTPAHCTBEHHbIX U3MEPEHUIA PaBHOE TPEM ABAAETCA
Hanbosee noaxogAawmm. Npu KoNMYecTse U3MEPEHUI CBbILE 3 HE MOTYT CyLLEeCTBOBaTb aTOMbI. B
C/lyyae pasmepHOCTel MmeHblUe TPEX ABUMKEHWe Bcerga Npomncxoamnno 6ol B orpaHUYeHHOM

o6nacTn. TONbKO NPU KOAMYECTBE U3MEPEHUIA, PABHOM TPEM, BO3MOKHbI KaK YCTOMUYMBbIE QUHUTHbIE,
TaK U MUHOUHUTHbIE ABUMNKEHUA

Mcxoas 13 onMcaHHOro M UCMOo/b3yA aHTPOMHbIN MPUHLMM YYacTUA, MOXHO YyTBepKaaTb, YTo BceneHHas
UMEET YeTblpe N3MEPEHMA NOTOMY YTO 3TO TO KOJIMYECTBO KOTOPOe HeobxoAMMo ANA CyLLeCTBOBaHNSA
pPa3yMHOM XM3HWU. BO3MOXKHO, MOCTPOUTb NOPOXKAEHHbIE BCE/IeHHbIe C 6ONbLIMM KOIMYECTBOM
N3MepeHUin HEBO3MOXKHO NO MNPUYNHE HEBO3MOMKHOCTU Pa3BUTUA B HUX Pa3yYMHOM KU3HU.

To 4TO YeTbipe U3MepPEHUA ABNAIOTCA Hanbonee NOAXOAALLNMM ANA NOPOKAEHHbIX BCENEHHbIX ABNAETCA
OZHOBPEMEHHO apryMeHTOM B M0/1b3y TOIO YTO KONMYECTBO M3MepeHuit B MeTaBcenieHHOW 6onblue
yeTblpex. CKo/IbKO bbl He bbls10 n3MmepeHuit B MeTaBce/IeHHOM, BCE NOPOXKAEHHbIe BCeNeHHble byayT
MMETb TOJIbKO YeTbipe namepeHus. MoaTomy npeanosoKeHne o Tom YTo BcesieHHas cogepKuT ToIbKo
YyacTb U3MepeHnii MeTaBceneHHOM BbIrNAANT, HA MOW B3rAa4, NpaBaonoaobHo.

du3nyecKkue OCHOBAHUA MaTeMaTHUKHU

Moyemy MaTemMaTMKa TaK XOpOoLO onucbiBaeT Haw Mup? OBbIYHO 3TOT BOMPOC paccMaTpuBaeTcs B
dunocodpumn, nuytca punocopckme oCHoBaHNA MaTeEMATUKKU. PaccmoTpum dursnyeckme ocHoBaHUA
MaTeMaTUKM C TOYKU 3pPEeHNA NpeasiaraeMoi TEOPUKN NOPOXKAEHHOIO NPOCTPaHCTBa-BPEMEHN-MaTepUM.

B pamkax 3Tol Teopum 3HauYeHne GpyHAAMEHTAIbHOMO MNOAA B KaXKA0M TOUKe GpyHAAMEHTAbHOMO
MPOCTPaHCTBa YA0BAETBOPAET HEKOTOpOMY AnddepeHUmanbHOMY YPaBHEHUIO.

YpaBHeHUe GU3NKM A1A NOPOKAEHHOTO NPOCTPAHCTBA ABAAOTCA CIEACTBUAMM STOrO YPaBHEHUA.
MonyyaeTca 4To ANA Toro, YToHbl MaTEMATUKA XOPOLLIO ONUCHIBAA Hall MUP, AOCTaTOYHO YTODbI OHa
onucbiBana Hanbosnee GyHAAMEHTANbHYIO CTPYKTYPY npupoabl. Micxoasa 13 aToro, cneayeT BblBOA, YTO
MaTeMaTMKa ABAAETCA cAeacTBUEM yHAAMEHTANbHON PU3NMYECKOM CTPYKTYPbI Npupoabl. Bea
MaTeMaTuKa ABNAETCA CNeACTBMEM YPAaBHEHMA ONuUCbIBatoLero pyHaameHTanbHOE nose.

Noruka Takxke sBnseTca cneactamem. JlIorvka 3sTo Habop Npasus, NO3BOAIOWMX Ae/1aTb BbIBOAbI HA
OCHOBEe HEeKOTOpbIX $GaKTOB. Jltobble paKTbl, BKAOYAS YUCTO YMO3PUTESIbHBIE KOHCTPYKL MU, B
NOPOXAEHHOM MPOCTPAHCTBE OCHOBAHbI HA GYHAAMEHTANbHOM MOJE U ero CBOMCTBaX. TeM cambim,
MOXHO CAeNaTb BbIBOA, YTO JIOTUKA TAKKe ABNAETCA CAeacTBMeM GyHAAMEHTabHOW ¢dusmnyecKom

CTPYKTYpPbI NPMpPOApbl.

Mpepnonoxum, Hanbonee GpyHAaMEHTaNbHbIN YPOBEHb ONMUCLIBANCA Obl YEM-TO APYIMM, @ He
MaTeMaTUKOW. B 3ToM c/iyyae, COrNacHO HanMCaHHOMY BblLLE YTBEPMKAEHWNIO, B MOPOXKAEHHOM MUPE He
6b1210 6bl HU MaTEMATUKK, HN NIOTUKN.

MOXHO 1 NPUMEHATb NOTUKY, KOrAa /I0rMKa OTCVTCTByeT? Lna Takoro cayyaa MOXKHO MCMONb30BaTb
I'IpaBAOI'IOAO6HbIe paccyXaeHumAa. I'IpaB,u,ono,u,o6Hb|e paccyXKgeHna moryTt 6bITb 6IM3KUMM K NUCTUHHOCTH,
€C/11 B pe3yibTaTe NpUMeHeHUA 3TON “He maTemaTUKKN” NOABASETCA HEUTO MNOXOXKee Ha NOrnKy. Yem
6aunxe TO, YTO NMNONTY4YNNOCb, K IOTUKE, TEM 6onee TOUHbI I'IpaB,EI,OHOLI,O6HbIe paccyxXaeHuA.

Mcnonb3ya npaBaonogobHble paccyKAeHMA, MOXKHO CKa3aTb YTO ecau 6bl B pesysibTaTe Noy4nnoch
NOPOXAEHHOE NMPOCTPAHCTBO-BPEMS, TO B HEM BMECTO MaTeMaTUKM Bbl10 Bbl HEYTO OCHOBaHHOE Ha
onucbiBaloLen GyHAaMEHTaIbHbIN YPOBEHb “He MaTeMaTUKK” U HEUTO 3aMeHAIOLLLEE SIOTUKY.

OTmeuy, YTO BCE PacCyKAeHUA BblIM B HEKOTOPbIX paMmKax:

1. CyuwectsyeT pyHAAMEHTaNbHOE MPOCTPAHCTBO. M maTeMaTuKa, U “He maTemaTuKa” A0MKHbI
COAEpP’KaTb MPOCTPAHCTBO C KAKMM-TO KOJIMYECTBOM U3MEPEHUA.



2. CyuwecTByeT PpyHOAaMeEHTaNbHOE CKaNAPHOE Nnone, onpeaeneHHoe Ha PyHAAMEHTalbHOM
NpPOCTpaHcTBe.

3. 3HayeHuA PyHOAMEHTaNbHOE NOA onpeaenaeTcs HeKoTopbim anddepeHyManbHbIM
YPaBHEHUEM AN1A CAyYan MaTEMATUKU, U onpeaenaeTca “Kak-to” gna cayyaa “He matemaTukm”.

3akJ/iro4yeHue

HDEAHO)‘KEHa adKCMomaTunyeckana AeTepMnUnHUCTUYECKaA TeOpUA ¢M3MKM, OCHOBAHHaA Ha O 4HOM
CKanspHom none. Teopua, eciv BepHa, NO3BOIAET onucaTb Ntoboe pusnyeckoe ABieHNE B /IOObIX
$dU3MYECKMX YCIOBUAX.

B mogenu Teopmn Ha pyHAAMEHTAIbHOM YPOBHE OTCYTCTBYET BPEMSA U OTCYTCTBYET ANHAMMKA.
MoKa3aHOo KaK B TaKOM MOAeNn BO3HMKAET NPOCTPAHCTBO-BPEMA C MaTepueit U nonsmu. MoKasaHo, YTo
AQHTPOMHbIN NPUHLMM BO3HUKAET KaK cneacteme Teopuu. BoiBegeH NPUHLMMA NPUYMHHOCTM KaK
CNeacTBME OCHOBHbIX NONOXKEHNIN Teopun. MNoyyeHbl, Kak CNeacTBMA TEOPUN U B HEPENATUBUCTCKOM
NpnbANKEHUK, BCe TPU YpaBHeHUA HbioToHa. MNonyyeHbl macca, SHepPrusa 1 Apyrue KOHLEeNUUK
MeXaHUKN. BoiBeaeHo ypaBHeHue LpeguHrepa. MNpeasiokeHo o6bACHEHME NpMPoabl ClIMHA YacTul,
MoKas3aHo, YTO MaKCMMasibHasA CKOPOCTb B3aUMOAENCTBUI 06A3aHa OblTb KOHEYHOW M 6bITb OAMHAKOBOM
BO BCEX MHEPLMA/bHbIX cCUCTEMAX oTcyeTa. MoKa3aHo, YTO CKOPOCTb CBETA M MaKCMMA/IbHasA CKOPOCTb
B3aMMOALENCTBUI B TOYHOCTM paBHbIl. [lonyyeHa cneumanbHas Teopusa OTHOCUTENIbHOCTU CO BCEMU ee
ypaBHeHUAMMU. MonyyeHbl ypaBHeHUA KnelHa-FopaoHa-PoKa 1, ¢ HEKOTOPLIMWU NPEAMNONOKEHNAMM,
ypaBHeHusa Aunpaka. PaccmoTpeHo B3aumoaencrame Yyactuu, O6bsACHEHO YTO Takoe BUPTYyasibHble
YacTUUbIl, YTO TAKOE KBaHTbl B3aMMOAENCTBUIA Nosei, Kak paboTaeT nepeHOPMUPOBKa B KBAaHTOBOMA
Teopuu nona. NMoKasaHo, YTo TaKoe KaxKywmnecs GyHAaMEHTaNbHbIMW B3aMMOAENCTBUA, TaKME KaK
CUNbHOE, claboe M 3NeKTPOMarHUTHoe. MNonyyeHbl, C HEKOTOPbIMU NPEANON0KEHUAMM, YPABHEHNA
Makcsenna. NokasaHo, Y4To CTaHAAPTHAA MOAEe b HE MPOTUBOPEUNUT NPeanaraeMon TEopUn.
PaccmoTpeHa npupoaa rpasuTaumm. [lokasaH CUAbHbIM NPUHLMIN SKBUBANEHTHOCTM, AOKA3aHbI BCe
npeanooXeHns, Ha KOTOPbIX OCHOBaHA 06LLan TeOPUs OTHOCUTENBHOCTW. Ha OCHOBE 3TOro, MOXHO
YTBEPXKAATb, YTO YPaBHEHMA 0OLLEN TEOPUN OTHOCUTENBHOCTU YA0BNETBOPAIOT TEOPUM NOPOKAEHHOTO
NPOCTPaHCTBa-BpeMeHU-MaTepun. NMoKasaHo, YTo rpaBUTaLLUA HE MOXKET MMETb KBAHTOB. Tem caMbiM,
3Ta TeopuA YTBEPKAAET, YTO HUKAKOM TEOPUMN KBAHTOBOW rPaBUTALMM HE MOXKET CYLLECTBOBATb.
MpeanoxeHo 06bsACHEHWE NPoUCXOXAeHNA BceneHHoM. MpeanokeHo 06baACHEHME NPUPOLbI TEMHOW
SHEepPrumn 1 TEeMHOW maTepuu.

MoKa3aHo YTO MaTemMaTuKa, BK/oUan IOTUKY, ABAAETCA CAeACTBUEM YPaBHEHMA ONMUCbIBAOLLENO
dyHOameHTanbHoe nose. Ecnm 66l Hanbonee dpyHAAMEHTANbHBIN YPOBEHb ONUCLIBA/ICA He
MaTeMaTUKOM, a YeM TO APYrMM, TO BMECTO MaTeMaTUKM 6blin 6bl C1eACTBMA 3TOMO YEro-To APYroro.

Teopua He ABNAETCA NOSHOCTbIO 3aBepLUEHHON. MHOro ypaBHeHMin TeOpUK NOoKa HensBecTHbl. OaHaKo,
OaXKe B TEKYLLLEM ee COCTOAHUM TeopuUA NO3BONSET 06beANHNUTDL ODLLYIO TEOPUIO OTHOCUTENBHOCTMU U
KBAHTOBYIO MEXaHWKY. Y TEOPUW, AaKe B ee TEKYLLLEM He3aBEpPLLUEHHOM BMAE, UMEIOTCA U NpeacKasaHus,
Hanpumep, TakMe KaK OTCYTCTBME KBaHTA rpaBmUTaLLMn. TeM CambiMm, TEOPUA YrKe ABAAETCA
danbcndnumpyemoit. lymato, no mepe AanbHelwen paboTbl Hag Teopueit byayT NoABAATLCA U HOBble
npeacKasaHUsa TeEopUN.
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