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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 mo4enn Teopun BpemeHn h AMHaMnKn Ha beH,Cl,aMeHTafleOM YpPOBHE NpunBOAUT K
BOMPOCY — MOXKET ZIN CYyLWeCTBOBATb pa3ymMmHanA X1U3Hb B OMMCaHHOM 6e3Bp6MEHHOl\/‘1 cucteme?

IlocTyaat Teopuu

Ecau Pa3ymMHaA XKn3Hb B OMMCaHHOM 6e33pemeHH01‘/‘| Cncreme He MOXKeT CylwecTtBOBaTb, TO ONMMCaHHAA
CNCTemMa He MOXeT ONUCbIBaTb Hall MUpP. o10 O3Ha4aeT, YTO pacCcMmoTpeHune aToM TEOPUN UMEeET CMbICN
TONbKO NPU HAIMYMUM BO3MOKHOCTM CYLLECTBOBAHMA PA3yMHOM KU3HMU.

Takum obpasom, HeobxoAMMO BBECTM NOCTYAT.
Moctynar:

Cucmema, 8 Komopoli Ha hyHOAMEHMAAbHOM YpPOB8HE omcymcmeayem 8pemMs U OUHAMUKT, MOXem
co0epHameo Pa3yMHYHO H(U3Hb.

M3 nocTynata He cneadyeT, uTo tobas BO3MOXKHaA cuctema 6e3 BpemeHu U AMHAMUKUN COLEPHKUT
pa3yMHYI0 U3Hb. Bce M3BECTHbIE MOAEAUN PA3yMHOM }KMU3HM TPebyIoT HaIMYMA NPOCTPAHCTBA U
BpemeHu. Tem cambiM, AN TOFO YTOObI B TaKOM cucTeme Bblnia pasyMHas XuM3Hb, Heobxoanma
BO3MOKHOCTb MOCTPOEHUA NPOCTPAHCTBA-BPEMEHM KaK NOPOKAEHHbIX ABNEHUI. MpeanonoKum,
NOCTPOW/IN KAaKMM-TO 06pa30M NOPOXKAEHHOE NPOCTPAHCTBO-BPEMA C MaTepueit 1 NoAAMU, HO
Pa3yMHOW }XU3HM B TaKOM MPOCTPaAHCTBE HET. MOXHO /M CYMTaTb TaKOe NPOCTPAHCTBO-BPEMS
06BEKTUBHO CYLLECTBYIOWMMIN? 34eCb BO3HMKAET Npobiema c onpeaeneHUAMM 1 C TEM, YTO CUMTaTb
06BEKTUBHO CYLLLECTBYIOLLMM, MO OTHOLLUEHUIO K cUCTeMe 6e3 BpemeHu. Ecam cumntatb 06beKTUBHO
CYLLECTBYIOLWMM TO/IbKO GPYHAAMEHTANbHbIN YPOBEHb, TO NMOPOXKAEHHOE NPOCTPAHCTBO-BPEMA HE MOTYT
ABNATLCA 0OBEKTUBHO CYLLECTBYOWMM. TEM CamMblM, MOPOXKAEHHbIE NPOCTPAHCTBA-BPEMEHa MOTyT BbITb
TONIbKO CYOBEKTUBHO CyLLecTBYOWMMUN. CyObeKTamMm Ke MOKET BbITb TO/IbKO PasyMHas KU3Hb. Tem
CaMblM, NO/y4YaeTcA, YTo co3HaHWe 6onee GpyHAAMEHTANbHO, YEM NPOCTPAHCTBO-BpemMa. O4HaKo
CO3HaHWe He ABNAETCA NePBUYHbIM, OHO AULWb 3NNdPeHOMEH 0T bonee dyHAAMEHTANBHOM
6e3BpeMEeHHOI CTPYKTYpbI.

EcnM HeKOTOpOe NOPOoXKAEHHOE NMPOCTPAHCTBO-BPEMA HE COAEPMKMT PA3yMHYIO }KM3Hb, TO TaKoe
NPOCTPaHCTBO-BPEMA OCTAaeTCA MaTemMaTUYeCcKon abeTpaKkumen.

AHTPONHBIA NPUHIUII
M3 nocTynata n mogenu Teopun cneayet, yto Habaoaateslb HEO6X04UM AN CYLLEeCTBOBAHMSA
BceneHHON. Tem camblm, U3 TEOPUN CnegyeT aHTPOMHbIN NPUHLMA.

AHTpONHbIN NpuHUMN 6bin NpeanoxeH [12][13] ans 06bACHEHWUS C HAyYHOM TOYKU 3peHUsi, NoYemy B
Habntogaemoi BceneHHOM MmeeT MecTo pAf HETPUBMA/IbHBIX COOTHOLIEHUIA MeXAay
byHAAMeHTaNbHbIMK GU3NYECKMMU NapameTPamm, HEOBXOAMMBIX A1 CYLLLeCTBOBaHUSA pa3yMHOM
U3HU. MimetoTcs pasnnyHble GOpMyanpoBKM; 06bIYHO BbIAENAIOT CNAObIN U CUbHBIA aHTPOMHbIE
NPUHLMIGI.

BapnaHTOM CUILHOTO AHTPOMHOIO MNPUHLUMNA ABAAETCA aHTPOMHbIA NPUHLLMN yYacTus,
chopmynupoBaHHbIi [koHom Yunepom([14]:

Habrirodamenu Heobxodumbi O obpemeHusi BceneHHol bbimusi (Observers are necessary
to bring the Universe into being).
B MNMBM-Teopuu, aHTPOMNHbIV NPUHLMN yY4aCTUA ABAAETCA NPAMbIM CNeACTBUEM OCHOBHBIX NOJIOXKEHWIA
Teopuu.
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IIpyHLIMI IPUYUHHOCTH

Bce u3BeCTHble MHE MOAENN Pa3yMHOW XU3HW TPebyoT BbINOHEHUA NPUHLMNE NPUYNUHHOCTU.
Habntogatenu Heobxoanmbl ANA CyllecTBOBaHUA BceneHHon. Habaoaatenem moskeT 6biTb TONbKO
pa3yMHoe cyLl,ecTBo. 3TO 03HaYaeT, YTo pasyMHan XU3Hb Heobxoauma ANA CyLLecTBoBaHMA BceneHHo.
Mcxoasa 13 3Toro, NopoXKAeHHOe NPOCTPaHCTBO-BpeMsA-MaTepPUIo-Noia HeobXoAMMO CTPOUTb TaKUM
06pa3om, 4TO6bI BbINOAHANCA MPUHLMM MPUYUHHOCTU. TEM CaMbIM, MPUHLMMN NPUYMHHOCTM ABAAETCA
cneAcTBMEM aHTPOMHOro NPUHLMNA yYacTus.

CI/IMMeTpI/IH K TPAHC/IALDUAM NOPOKACHHOI'O BpEMEHHU U IIPOCTPAHCTBA

[nAa BbINONHEHUA NPUHLMNA NPUYNHHOCTHU HGOﬁXOAVIMO NMOHATb, KAaKUMU CBOMCTBAMM MO OTHOLLEHMUIO K
TPpaHCNAUMAM NOPOKAOAEHHOIO BpEMEHU U NPOCTPAHCTBA A0/1XKHbI O6ﬂa,ﬂ,aTb ¢M3M‘-IECKME 3aKoHbI. B
Cnydae eCcnm He 6y,a,eT CUMMETPUN K TPAHCNAUNAM NOPOXKAOAEHHOTO BpEMEHU U NMPOCTPAHCTBA, HE BUOHO
cnocob6os ANnAa BbINONTHEHNA NPUHLKUNA NTPUYHNUHHOCTMU. Ncxopa M3 aToro, MOXHO cAenaTth BbIBOA, UTO
TaKad CUMMETPUA, 3TO eLle MOXHO Ha3BaTb O4HOPOAHOCTb, A0MXKHA CYLLEeCTBOBaTb. JTO 0O3HAYaeT YTo
noboe peweHne C NOpoXKAEHHbIM NPOCTPAaHCTBOM-BpeEMEHEM A0/1XKHO COAEPKATb TaKNe CUMMETPUN.

IlopAAOK U3/10KeHUA TEOPUHU B CTaThe

Ha pyHOameHTanbHOM ypOBHE TEOPUN OTCYTCTBYIOT TakMe 6a30Bble TeopeTUYeCcKMe KOHLLENUUK KaK
Bpems, Hablogaemoe NPOCTPAHCTBO, MaTepus, Noas. A Kaxaoh U3 3TUX KOHLEMLUA HYXKHO HaliTu
COOTBETCTBME B Npeasiaraemon Teopmm. HeobxoaMmo TaKKe HaUTU COOTBETCTBME A1A CBA3AHHbIX
KOHLENLMN, TaKMX KaK Macca, SHEPrUA, CKOPOCTb, 31EMEHTAPHbIE YacTULbl U TOMY Nogo6Hoe. Kaxaan
U3 3TUX KOHLENUNUI CBA3aHa ApYyr ¢ Apyrom. OnpeaennTb B 04HOM MeCTe YeMY 3TM KOHUENLUK
COOTBETCTBYIOT B 3TOI TEOPUM MOXKHO, HO 3TO BYAET CNOXKHO ANA BOCNPUATUA U NOHUMaHKUA. [ToaTomy
Teopua byaeT U3naraTbCa B HECKO/bKO UTEPALMNA.

CHauyana 6yaeT pacCMOTPEHO NIOCKOE EBKANAOBO NOPOKAEHHOE NPOCTPAHCTBO-BPEMSA C
AanbHoAencTBMeM. B 3ToM YacT NOKa3aHO KaK BO3HMKAET Takoe NPOCTPaHCTBO-Bpems. MoKasaHo, Kak
M noYemy BO3HMKaET nHepumaA. HaigeHa macca u sHeprus. MoaydeHbl 3aKoHblI HbioToHa 1
npeobpasoBaHua Fanunea. [laHo onpegeneHune, YTo TaKoe 3/1IeMEHTapHan YacTMLa B paMKax TeOpuUM.
BbiBegeHo ypaBHeHue LLpeguHrepa. MpeasoxkeHo 06bACHEHWE YTO TaKoe CMMH YacTu,

B cneaytolei 4yacTv BHOBb pacCMaTPUBAETCA MOPOXKAEHHOE NPOCTPaHCTBO-Bpems, HO 6onee TouHo. B
Hel paccMaTpUBaeTCsa NJI0CKOe NCeBA0EBKINAOBO NOPOXKAEHHOE NMPOCTPAHCTBO-BPEMS C KOHEYHOM
MaKCMMasibHOM CKOPOCTbIO B3aMMOLENCTBUI. B 3TOM YacTh NOKa3aHo, MoYemy CyLLecTBYeT TaKas
CKOPOCTb M NoYemy oHa o0b6a3aHa bbITb KOHEYHOM, NOYEMY 3Ta CKOPOCTb KOHCTaHTa U NOYeMy OHa
04MHaKOBa BO BCEX cMCTeMax oTcyeTa. MonyyeHbl npeobpasoBaHua J/lopeHua U ypaBHEHMSA
cneupnanbHOM TEOPUM OTHOCUTENBHOCTU. MonydeHbl ypaBHeHUA KneliHa-TopaoHa-PoKa u ypaBHeHuA

dupaka.

[anee paccmaTpuBatloTCA B3aMMOAENCTBMSA 3/1eMeHTapHbIX YacTul,. MNpeanorkeHo ob6bAcHeHME YTO
TaKoe 3/1eKTpUYEeCcKuii 3apaga,. MNonyyeHs! ypasHeHMa MaKkeeenna. O6bACHEHO YTO Takoe BUPTYasibHble
yacTuubl. NoKa3aHo, YTO CKOPOCTb CBETA A0/IXHA TOYHO PABHATLCA MaKCMMasIbHOW CKOPOCTU
B3aMmozencTeuin. MokasaHo, YTo Npeasaraemas Teopus COBMECTMMA CO CTaHAAPTHOW MOAE/NbIO
U3NKKM 31EMEHTAPHbIX YacTuUL,

B cnep,yrom,eﬁ 4aCTU PpaCCMaTpPUBAETCA rpaBuUTaLlMA N UCKPUBIEHHOE NOPOXKAEHHOE NMPOCTPAHCTBO-
BpemsA. BoiBeAeHa 3KBMBAJIEHTHOCTb YCKOPEHMA M rpasuTaunmn. NMoKasaHo, 4To ypaBHEHUA SMHWTeNHa
06LLI,EI7I TEOPUUN OTHOCUTENBHOCTUN COOTBETCTBYHOT rlpep,naraemoﬁl TEOPUMN. MNokasaHo, 4To 13



npe,u,naraemoﬁ TEOpUM cnepgyet oTCcyTCcTBUE 4acCtuubl-nepeHOCYNKa rpaBUTallMOHHOIO BBaMMOAEﬁCTBMH,
T.€. NPeACKa3aHO OTCYTCTBUE rPaBUTOHA.

[anee paccmaTpuBaeTcs KOCMOOMMA. B 3TOW YacTM NpeasioKeHo 06bACHEHME NPOUCXOXKAEHUIO
BceneHHon. O6bACHEHO, NoYeMy BceneHHas MMeeT TPU NPOCTPAHCTBEHHbIX U O4HO BpeMeHHoe
nsmepeHue. NpeanokeHo 06bACHEHNe TEMHOW MaTePUN U TEMHOW 3Heprun. PaccmoTpeHa
BO3MOHOCTb CYLLLEeCTBOBaHMA NapasienbHbix BceneHHbix. MokasaHo, yto MeTascesieHHan ckopee
BCero umeert 6osee YeTbipex U3mepeHui.

[anee paccmoTpeHbl GpU3NYECcKne OCHOBAHMA MaTeMaTUKN.

B KaK[a0M 13 3TUX YacTel COOTBETCTBUE TEOPETUYECKMX KOHLLENUNIA U MOAEIN TEOPUN
nocneaoBaTeNbHO BBOAATCA MU YTOYHAOTCA U YTOUYHAIOTCA ypaBHEHUA Teopun. OKOHYATENbHbIN BUA,
YPaBHEHUA TEOPUM NOJIYHAOT NOC/E pasaena 0 KOCMOJIOTUK.

[I1ockoe IMIPOCTPAHCTBO-BpEM C AaﬂbHOﬂeﬁCTBI/IeM
PaccmoTpum cHayana ciy4yait nAoCKOro NOPOXKAEHHOro NPOCTPaHCTBa-BpeMeHu. s Toro 4tobbl HalTK
€ro, pacCMOTPUM CEMEICTBO r’MNepnaoCKOCTeN, YA0BNETBOPAIOLLMX ONMCAHHbIM HUXeE CBOMCTBaM.

e [MNepnaoCKOCTH, MpUHagNexalme 0AHOMY CEMENCTBY, A0MKHbI He MepeceKkaTbCa Mmexay
cob60oi4, 6bITb NapannebHbIMMU.
e CyuwecTByeT HenpepbiBHOEe Npeobpa3oBaHue, Nepesoadllee oAHY rMNepnaoCKOCTb CeMencTsa B

Aapyryto.

MOMMMO OMMCaHHbIX CBOMCTB, FTMNEPMNIOCKOCTU A0/MKHbI YA0BAETBOPAThL PAAY CBOWCTB CBA3AHHbIX C
pa3noXKeHnem GpyHAaMEHTaNbHOro CKaNAPHOro NoA Ha rMnepnaockocTax. A Hayana, Hy»KHO
onpeaenunTb, YTo TaKoe PasfioXKeHUe CKaNAPHOro MO Ha TMNepnioCKOCTY.

Byay ncnonb3osaTb rnagKkue ckanapHbole GyHKLWUK, OnpeaeneHHble ANA eKBAMA0BA NPOCTPAHCTBA C
KO/IMYECTBOM U3MEPEHUI PaBHbIM KOIMHECTBY U3MEPEHUIA TMNEPNNOCKOCTU. Y Kaxaomn dyHKuuK
MmeeTcA Kakoin-To Habop NapameTpoB, NO3BONAIOLLMX OAHO3HAYHO YKa3aTb ee Pacrno/oXKeHue Ha
rMnepnaockocTu. OAHUM U3 3TUX MapPaMeTPOB ABAAETCA KaKaa-To TouKa. A CUMMETPUYHbIX GYHKLMIA
MOXHO MCMOAb30BaTb TOUKY CUMMETPUU, N OHA MOKET ObITb € AMHCTBEHHbIM NapameTpoB. AnA
HECMMMETPUYHBIX GYHKLMI MOXKET NOTPeboBaTLCA eLLe U BEKTOP YKa3blBalOLLMIA OPUEHTALLMIO

$yHKUMN.

MycTb MMeeTCcA HEKOTOPOE CEMENCTBO QYHKLMI C yKa3aHHbIMK CBOMCTBaMM.

Byay Ha3bIBaTb pas3noxeHnem GyHAAMEHTANbHOIO CKaNAPHOro nona no 6asucy GyHKLMIA cayyad, Koraa
3Ha4yeHuA NonA B Nt060I TOUKE Ha FTMNEPNIOCKOCTU C AOCTAaTOYHOW TOYHOCTHIO MOXKHO NPeACTaBUTb Kak
CyMMy QYHKLMI, NpUHagAexKallemy sSTOMy CEMENCTBY, C HEKOTOPbIMKU KO3 dULIMEHTAMM U C PALOM
YCN0BWUI1, pacCMaTpPMBaEMbIX NO3XKe.

OfHa U Ta e QYHKLMA MOXKET BXOAUTb B Pa3/I0KEHNEe MHOFOKPaTHO. YTo Takoe A0CTaTOuHas TOYHOCTb
6yLeT pacCMOTPEHO MOo3¥Ke. B 3Tom cnyyae, MOXKHO CKa3aTb, YTO ceMencTBo GpyHKUMI 06pasytoT nouTu
MOHbIA GYHKLMOHANbHbIN 6a3nC pPa3NoKeHUa M 06pasyroT HEKOTOPoe MHOXKecTBO GyHKLmA {w}.

MycTb L(Ff) = 0, rae 7r — BEKTOP B dyHAAMEHTaIbHOM NPOCTPaHCTBE, 3TO YpaBHEHWe OnuChiBaoLLee
HEeKOTOpPYIO r’MNepnIoCKOCTb paccmaTpuBaemoro cemeicTsaa. MNyctb X = (x4, .., X, ) TOYKa Ha
paccmaTpuBaeMoi rMnepnioCKoCTy.

Myctb f(X) — 3HaYeHne PpyHAaMEHTANbHOTO CKaNAPHOro nons B Touke X. Toraa GpyHKUMA pas3NosKeHus
nons 6yaeT cnenyowas:



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

rae fu — HeKoTopas KOHCTAHTA, fox: (X) — yHKUMA XapaKTepum3ytowwan TOYHOCTb pa3noKeHus. B ciyJae,
Korga {w} obpasytoT NonHbIN GYHKLMOHANbHbIN 6a3uC, f,,; PaBHa Hy/tO, MHAYe OHa LO/IKHa bbITb
MHOTO MeHbLLE OCTa/IbHOW YacTu pasfioKeHus. bonee getanbHble Tpeb6OBaHUA K [, OYAYT HaAEHDI
nose. Yj, — TOYKa Ha rMnepnioCcKoCTU, XapaKTepM3yowasa NoaoKeHne GyHKLMM W; UCNOIb3YEMON i-blit
pas. u;, — KoadpduumeHTol amnanTyapl PyHKUMU. {Q;; } — 3TO MHOMKECTBO BCEX APYIUX MAPAMETPOB,
NO3BONAOLMX OLHO3HAYHO YKa3aTb MECTOMOIOKEHMNE U BO3MOXKHbIE APYIME XapaKTEPUCTUKM QYHKUMMN.
MNMoKa BUAHO, YTO B 3TO MHOXKECTBO A0/1XKEH BXOAMUTb BEKTOP AJ/15 YKa3aHMA HanpaBieHus
HeCUMMETPUYHbIX GYHKUNI, Aanee ByayT NOKasaHbl U Apyrne BO3MOXKHbIe napameTpbl. 14 Toro 4tobbl
BbIYMC/IUTb 3HAYEHME NONSA B TOUKe X, AOCTAaTOYHO NPOCYMMMPOBaATh. 3HaUYEHMe Nos B 11060 ToUKe
TMNEPNIOCKOCTU, EC/IU NPEHEBPEUD fo,¢ U fj, MOXKET BbITb BbIYMCIEHO UCMOb3YA TONBKO GYHKLWM
pa3noXxKeHus.

Tenepb, Noc/ie onpeaesieHNs YTo TaKoe Pas/IoKeHMA NoAs No rMNepniocKoCTU, MOXKHO BHOBb BEPHYTCA
K TMMNepn/iockocTam u 4ob6aBuTb Heobxoanmble TpeboBaHUA, Kak K CEMENCTBY FMMNePNIOCKOCTEN, TaK U K
dYHKUMAM Basnca pasnokKeHUs.

XoyeTca nonyumTb apdeKTUBHOE NPOCTPAHCTBO Ha OCHOBE r'MMNepnaocKkocTel, a adpdeKTUBHOE BpemMs Ha
OCHOBE PAcCTOAHMA MeXAay HUMU. s 3TOro HeobXxoAMMO YTOObI BbINOMHANCA NPUHUMUN NPUYMHHOCTMU.
MpUHUMN NPUYNHHOCTU BYAET BbINOAHATLCA, e GYyHKUUM Ba3unca pas3noxKeHuns byayT O4MHAKOBbI Ha
BCEX METPUKaxX NOPOXKAEHHOrO NPOCTPAHCTBA MMMNeprnoBepXHOCTeN 04HOr0 CEMENCTBa U, eCN 3Has BCe
Uik, Yi, {Qir } Ha 04HON rMNEpnNOCKOCT CEMENCTBA, MOXKHO, C AOCTAaTOYHON TOYHOCTbIO, BIYUCAUTD
3HaYeHUA Pa3oKEHMA Ha 1toboI Apyroi rMneprnaIoCKOCTM 3TOro cemeincTea. ITo elle ogHo TpeboBaHue
K CEMEMNCTBY rMNepPrnoBEPXHOCTEN U K GYHKLUMAM Pa3NoXKeHUs.

Ecnn 3¢¢EKTMBHOG BpemMA COOTBETCTBYET PACCTOAHUIO MeXXAY rmnepnIoCKOCTAMU, TO MOXXHO rOBOPUTb
O BEKTOope BpemMeHWU. Bo3HMKaeT BONpPOC, Ky4a 3TOT BEKTOP Harpas/eH.

[na oTBeTa Ha 3TOT BONPOC MOXKHO BCMOMHMUTb, YTO B (byH,EI,aMeHTa!'IbHOM NPOCTPaHCTBE OTCYTCTBYET
BblAeNneHHOe Hanpas/ieHne. Tem caMbiM, 3TOT BEKTOP A0/1KeH 6bITb Hanpas/sieH Hanbonee
CUMMETPUYHbIM o6pa30M OTHOCUTENBbHO TMNepnaoCKOCTU. Hanbonbluas CMMMeETPUA Nonyvaerca, ecnm
BEKTOp BPpEMEHN B KaH(AOI‘;I TOYKeE rmMnNepnaoCKoCTU 6y/J,eT HanpasseH nepneHauKynapHo
rmnepnaoCcKoCTH.

HasoBy NopoXAeHHbIM NPOCTPAHCTBOM-BPEMEHEM CEMENCTBO MMNEPNIOCKOCTEN C YKa3aHHbIMM
cBovicTBamu. MOPOXKAEHHBIM MPOCTPAHCTBOM NPW 3TOM ByAeT NPOCTPAHCTBO MMNepna0CKOCTH
NpUHaANeXKallel ceMencTBy, NOPOXKAEHHbIM BpeMeHeM ByaeT paccToOAHUE MEXKAY TMNepnaoCKOCTAMM.

MOXHO BBECTU NOHATME MUPOBOI NNHUWN AN TOUKM B NOPOXKAEHHOM MPOCTPAHCTBE: 3TO TaKan KpMBas B
dyHAamMeHTaNIbHOM NPOCTPAHCTBE, B KaXKA,0M TOUKE KOTOPOro BEKTOP BPEMEHW napassiesnieH 3Tol
KPWBOW, N KOTOPasA NPOXOAMUT Yepes yKa3aHHYH TOUYKY. MOMHO roBoOpMTb, YUTO TOUKA X C OAHOM
rMNepnoBepxHOCTU OTOBpPaXKaeTcA B TOUKY X' Ha APYroi rMnepnoBepxHOCTU, eCAN MUPOBAs INHUA
TOYKM X NPOXOAUT Yepes YKasaHHYI0 rMNeprnoBepxHOCTb B TOUKY x'. 1A cnydas naockoro
NPOCTPaHCTBA-BPEMEHM MUPOBAs IMHUSA ABAAETCA NPAMON.

MycTb MMEIOTCA ABE Pa3/IMYHbIE TOUKUN X1 U X5, IeXKallMe Ha rMNepnioCcKoCTAX paccMaTpMBaemoro
CEMeNCTBA, U He 06A3aTeIbHO Ha OA4HOM 'MMNEePNIOCKOCTU. MCnob3ysa NOHATUE MUPOBOM IMHUK, UX
OTHOCUTE/IbHOE MOJIOXKEHNE MOMKHO OnNucaThb Kak (7, t), rae 7 — 3TO BEKTOP B MOPOMKAEHHOM
NPOCTPaHCTBe, t — pasHMLa B NOPOXKAEHHOM BPEMEHW. BEKTOP 7 MOXKHO HaliTU, Halaa nepeceyeHme
MWPOBOM IMHUM OT TOYKM X1 C TMMEPNNOCKOCTbIO, COAEPKaLLeNn X,, UM HAoboPOoT. t NpAMO
NPONOPLMOHANLHO PACCTOAHMIO MeXAY MMNEePNIOCKOCTAMM, C HEKOTOPbIM MOCTOSHHbIM
KoaddULMeHTOM.



BHOBb BEPHYCb K Pa3/OXKEHMIO CKANAPHOIO Nos. PasnoxeHne cKanspHOro noss Ha rmnepraockocTy,

COrNIAaCHO YPaBHEHMIO 2, MOXKHO 3aMnmncaTb Kak BEKTOP cocTosHMA W, cOCTOALWMMN N3 3HAUYEHUIN Uy, Yir U
{Qix} nna Bcex dyHKUMIA W;. U3 TpeboBaHWA cOXpaHeHUA NPUUUMHHOCTU, CAeAyeT YTO 3TU 3HAaYeHMUs Ha

KarKaoM nocneaytoLLelt no BpeMeHM rmnepnaocKoCTM AOMKHbI BbIMMCAATLCA HA OCHOBE NpeablayLLnX

3HAYEHMUI:

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

3pecb U — HeKoTOPpbI onepaTop, KOTOPbI MepeBoanT BEKTOP COCTOAHUSA B APYroi BEKTOP COCTOAHMA B
nocneayowmin MOMEHT BpeMeHH.

[na Toro ytobbl 3aKOHbI PU3MKKM BblAN BCErAa OAMHAKOBBI, HEOBX0AMMA CUMMETPUA ANA CABMIA NO
BpeMeHU. ITo 03Ha4YaeT, YTo onepatop U coxpaHAeT ckanspHoe NpousBeaeHME, TO €CTb, OH YHUTAPHbIN.
Ecnu B ypasHeHuu 3 dt=0, To U = I, rae I eanHuyHbIV onepatop. danee, npegnonarato, 4to ¢pyHKuma ¥
andodepeHuMpyemMa, YTO O3HaYaeT HEMPEPbIBHOCTb NPOCTPaAHCTBA-BpeMeHU. CefoBaTelbHO, MOXKHO
3anucartb:

Y(t+dt) = P(t) + d¥(b) (4)
C Apyroii CTOPOHHbI,
Yt) = I¥(b) (5)
Torga
Y(t+dt) = (1+dU)WP(t) (6)
YpaBHeHWe MOXHO COKpaTUTb:
d¥(t) = dU ¥(t) (7)
noaenvs Ha dt:
= (8)

au
MNponssogHaa onepaTtopa E ABZIAETCA TOXKe ONepaTopom, XoTa U Heoba3zaTenbHO YHUTAPHbIM.

0603HaumB ero Kak A, Noay4ato oKoHYaTenbHoe gnuddepeHLmanbLHoe ypaBHEHME YHUTAPHOM 3BOAOLUN
cUCTEMBI:

avw
— =AY(t) (9)
dt

3JIeMeHTaprIe qJacTHUuibl

M3BeCTHO, YTO Hallla BcesieHHan coaepKUT 3/1eMeHTapHble YacTuLbl. Hy>KHO HaliTK yemy anemeHTapHble
YacTULbl COOTBETCTBYET B MOAE/IM 3TON Teopun. Ha ocHoBe HabloA4aeMbiX CBOMCTB 3/1€MEHTAPHbIX

4actuvy, BBeAy caeaytouiee onpeneneHmne 3nemeHTapH017| 4acTuLbl B pamMKax npep,naraemoﬁ Teopuu:

dnemeHMapHaA Yacmuya — 3mMmo MaKas Yacmeo PAa3AoOXEHUA CKAAAPHO20 nosaa MemasceneHHol Ha
MopoxAeHHOM MPOCMpPaAHcmMee, Komopas cmabusbHa o KpaliHeli Mepe KaKkoe-mo nopoxdeHHoe
spems, ezaumoodelicmayem 8 MoporAeHHOM NPoCmpPaHcmee-epemeHu ¢ Opyaumu 3AemeHmapHbImu
yacmuyamu Kaxk 00Ho yesoe.

HWHepuus, 3aKkoHbl HbI0TOHA M Macca

PaCCMOTpMM cneancrenA ypaBHEHMﬁ 2uni3 AnAa cnydan, Korga pasnoxeHume COCToOUT TONIbKO U3 O,CI,HOﬁ
d)yHKLI,MM w. B momeHT BpemMeHU tO CKanApHoOe nojie Ha METPUKE NOPOKAEHHOIO NPOCTPAHCTBA UMEET
BUA;:



f(@ to) = u(to)w(?, {Q}, to) (10)

rae u — KoadpdUUMeHT pasnoskeHus, MHoXKecTBo {Q} — 3TO MHOXKeCTBO BCeX NapameTpoB, O4HO3HAYHO
XapaKTepU3yoLWUX NofoKeHne GyHKUMK U apyrue CBOMCTBA GYHKUMKN. O CUMMETPUYHOM bYHKUUK
3TO MHOMECTBO A0/IXKHO COAEPKATb TOUKY CUMMETPUU, AN HECUMMETPUYHbBIX GPYHKLMA — KaKne-To
[OO0MOIHUTE IbHbIE MapaMeTpbl, XapaKTepusyoLime nonoxeHme GyHKUMKM B NPoCcTpaHcTBe. A ciyyas,
Koraa GyHKUMS HECUMMETPUYHA, B 3TO MHOXECTBO AOJIKEH BXOAUTb BEKTOP, XapaKTepu3yoLwmii
HanpasneHne GYHKLUUM B MPOCTPaAHCTBE.

Mpegnonarato 4To Npoumne napameTpbl n3 {Q} He 3aBUCAT OT KOOPAMHATbI Ty. B 3TOM Cyyae MOXKHO
paccMaTpuBaTb Pa3NOKEHWE, UCMONb3YA BaA YMCIA, AMMIUTYAY U U TOUKY Ty B NOPOMXKAEHHOM
npocTtpaHctee. OcTanbHble NapameTpbl U3 {Q} MOryT MeHATbCA, B COOTBETCTBUM C YPaBHEHUEM 1, HO UX
3BO/IOLMIO MOXHO PaccMaTpuBaTh HE3aBUCMMO OT 3BOJTIOLMN U U T,.

ypaBHEHME 3 ana storo CQlydaa nepenncbiBaeTCA Kak:

()02

B cnyyae ecniv KoadPULMEHT pasnokeHma U byaeT USMeHATLCA, TO 3TO byaeT 03HayaTb, YTO aMnanTyaa
dYHKLMM cOo BpemeHeM ByaeT M3MEHATLCA B KaKyO-TO O4HY CTOPOHY, PacTu UM YyMeHbLlaTcA. 3To He
BbIFAAUT NOAXOAALLMM pelleHnem, MO3TOMY A Npeanoiarato, YTo aMnAMTYAa NOCTOAHHA:

u(t +dt) = u(t) (12)
Torpa ypaBHEHME Bblle MOXKHO NepenucaTb KakK:
75(t +dt) = UT5(t) (13)

yHMTbIBaH, YTO NOPOXKAEHHbIE 3aKOHbI A0/1XKHbI bbITb OAMHAKOBbI BO BCE MOMEHTbI BpeMeEHU, U3 3TOIo
cnepyeT, YTO USMEHeHue ﬁ OONKHO BbITb IMHENHbIM. C/ie0BaTe/IbHO, ABUMKEHNE A0NXKHO ObITb
paBHOMEPHbIM U MPAMOSNHENHBIM. U3MeHeHWe 33 eANHULLY BPEMEHM 3TO CKOPOCTb:

5 Ts(t+dt)-rs(t)

p = Arat)7rst) 14

" (14)

ﬂpMMeHﬂﬂ adaHaNorn4yHble paccyXaeHna ana cnydan, korga pasnoxeHme CoCTountT N3 MHOXKeCTBa
YHKUMIM M NpeacTaBAAeT OAHY 3N1eMEHTAPHYIO YacTULy, NONYYaeTCa aHaOTMYHbIA pe3ynbTarT,
ABnxeHune A01KHO 6bITb PaBHOMEPHbIM U I'IpFIMOI]MHeﬁHbIM.

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

[anee xo4yeTcA pacCMOTPETb ABUNKEHME MPU BHELLHEM BO34,ENCTBMM Ha ABUXKYLLYIOCA YacTuly. MoHATKe
BHELUHEro BO34ENCTBMA B PaMKax 3TOM Teopum eLe He Hbl1o onpeseneHo, MCNONb30BaTb ero He
BMOJIHE KOPPEKTHO. O4HAKO NOKa A 3TO NOHATUE ByAy UCNO/Ib30BaTb B €r0 YCTOABLUEMCS 3HAYEHUH,
NMOCKOJIbKY NMOKa He onpeaeneHbl gpyrue ceA3aHHble C HUM NoHATUSA. MNo3aHee Bonpoc nHepumu byaet
pacCMOTpPEH B CTaTbe BHOBb, KOTAa ye byayT pacCMOTPEHO, KaK B3aMMOAENCTBYIOT Mexay coboi
3NeMeHTapHble YacTULbl.

KaKk meHsaeTca nHepuma TaKol cucTemsl Npuv BHELWHEM BO3,CI,€I7ICTBI/IVI, OT KaKMX NapameTpoB 3TO
N3MEHEHME MOXKET 3aBUCETL?

MapameTpbl, KOTOPblE BUAHBI - CKOPOCTb, YCKOPEHME, KOSPPULMEHTbI Pa3NoKeHUs GYHKLMNA.

Ha3oBy M3MeHeHWe NHePLUUN NPU YCKOPEHNN cnioit. KoadduuMeHT NponopLMOHaNbHOCTA MeXay

YCKOpeHnem a v cunon F Ha30BY maccoit m. Macca, cornacHo HanMCaHHOMY Bbllle, MOXKET 3aBUCETb
TOJZIbKO OT CKOPOCTHU, YCKOPEHNA N NAPaMETPOB Pa3/I0oKEHUA:



F=m, d¥)d (15)

PaCCMOTpVIM CncTtemy, COCToALYO U3 ABYX PA3/IMYHbBIX 31EMEHTAPHbIX 4YaCTUl,. CunTtaem, 4ToO 3BONIOLMA
3TOM CcUCTEeMbI OMNUCbIBaETCA YpaBHEHNEM 9.

Toraa aTa cuctema Takke COXpPaHAET MHEPLULIO.

MycTb yacTnua 1 B3aMmoaeincTByeT C YacTULLEN 2, U 3TO B3aUMOAENCTBUE NMPUBENO K USMEHEHUIO
CKOPOCTEN 3TUX YacTuL,. TaK Kak MHepLUMA CUCTEMbI M3 3TUX YaCTUL, COXPaHAETCsA, TO:

my (Uy, dy, W1)d; + my(¥,,dp, Wy)dy = 0 (16)
OTclofa nosnyyaeTca:
my (Vy,dy, V1) = —my(¥,, dy, Wr)d, /d,y (17)

Kak BUAHO, Macca NepBoW YacTuLbl ABAAETCA elle U GYyHKLMEN OT CKOPOCTU, YCKOPEHUSA U
KO3pMUMEHTOB Pa3N0KEHMA BTOPOM YacTULbl. ITO BXOAMT B NPOTUBOPEYME C TEM, YTO HANAEHO paHee.
3To NPOTUBOPEYMNE PELLAETCS, EC/IM MACCa ABAAETCA KOHCTAHTOM.

Torpa nonyyaetca:

-

F=ma (18)
mlal + mzaz = 0 (19)
Tem cambiMm, NOIy4EHbI BTOPOMN 1 TPETUI 3aKOHbI HblOTOHa.

OTmeuy, YTO 3TV 3aKOHbI MOJyYeHbI C YYETOM CAENaHHbIX paHee OroBopokK. Mo3aHee B cTaTbe OHW BHOBb
6yAyT pacCMOTPEHbI, NOC/E PACCMOTPEHUA HEOBXOAMMBIX /18 3TOrO BOMPOCOB.

3HepI‘I/IH U 3dKOH COXpAaHEHUA SJHEPIrUun

CornacHo Teopeme Hetep, crencrtsMem 04HOPOAHOCTM BPEMEHU ABAETCA COXPAaHEHME HEKOM
CKaNAPHOM BEIMYMNHDI AN1A U30/IMPOBAHHON PpUanyeckoi cuctemol. Cuctema anddepeHumanbHbIX
YPaBHEHWI, ONMCbIBatOWAan AMHAMUKY AaHHOM GU3MYECKOM CUCTEMbI, 061aJaeT NePBbIM MHTEMPAIOM
ABWXKEHMA, CBA3AHHbIM C CUMMETPUYHOCTbIO YPaBHEHUI OTHOCUTEIbHO CABWIA BO BpeMeHU. HasoBsy 3Ty
CKANIAPHYIO BEZIMYMHY SHepruen. Tak Kak OHa AO/KHA COXPAHATLCS A1 U30AMPOBAHHON GU3MYECcKOn
CUCTEMDbI, TO MOYKHO FOBOPUTL MPO 3aKOH COXPAHEHUA SHEPrUU. UCnoib3ya NOHATUE IHEPTUM, MOXKHO
BBECTM MOHATME NOTEHLMANbHAA IHEPIUA NOAA, B ee 06bIYHOM CMbIcae. YTO Takoe Nosid, MOMUMO
dyHAAMEHTaNbHOTO NOA, NOKA He MPOACHEHO, HO 3TO ByAeT NoKa3aHo faJiee B CTaTbe.

BosiHOBass yHKIMA U QYHKIUU PA3/I0KEHUA NOJIS

KaK M3BeCTHO, NOHATNE BOIHOBOMN PYHKUMMU ABNAETCA OGHUM U3 LLEHTPANbHbIX MOHATUIA KBAHTOBOM
MeXaHWKKN. MOXKHO I HAUTU, YeMY COOTBETCTBYET BOIHOBAA QYHKLMA B pamKax npeasiaraemoli
Teopun?

PaccmaTpuBas cBOICTBA U NOBeAEHNE BOIHOBOMN QYHKLMM, MOXHO 3aMETUTb, YTO OHa MPUMEPHO
COOTBETCTBYET GYHKUMAM pasnoxeHua. OTanumaA 3akiodaeTtca B Tpe6oBaHMM HOPMUPOBKM U B
KOMJIEKCHO3HAYHOCTU BONHOBOM dGyHKUMK. KBagpaT moayns BOAHOBOM GyHKLMM COOTBETCTBYET
NNOTHOCTM BEPOATHOCTU HaXOXAEHNA YacTULbl. 8 TOro 4Tobbl MOXKHO 6b1/10 6bl BbIMMCAATL
BEPOATHOCTM HaXOMAEHMA YacTULL HaNPAMYIO Ha OCHOBE ypaBHeHUsA GpyHAAMEHTA/IbHOIO CKaNAPHOro
MOAA, HY)>KHO UMETb 3TO YPaBHEHWNE U HYXHO YMETb UCMO/1b30BaTh €ro A/ BbIYMCNEHMA BEPOATHOCTEN.
MOKa YTO HM TOTO HW TOTO HET, U ULLETCA CNOCODH KaK COBMECTUTb QYHKLIMM Pa3/IoKeHNA U BOHOBYIO
bYHKUMIO B NPeanoNoXKeHNn, YTO AabHelwee pa3BUTME TEOPUM NO3BOJIUT BbINOAHATL Takue
BbluMcaeHuA. Ecamv NnpeanonoxXunTb, 4To GYHKLMM PA3N0oKEHNA ABNAIOTCA KBAa3MNepMoanNYecknmm u
BEPOATHOCTb HabNOAEHNA YaCTMLbI B 1060M TOUKE 3aBUCUT OT KBapaTa aMnanTyabl GYHKLMMU U He
3aBMCHT OT $asbl YHKUMM, TO NOAYYAETCA aHANOT BOSHOBOW GyHKLMK. MpK HanucaHHbIX Bblwe
NPeanoNoKeHUAX, AN HAXOXKAEHMA BEPOATHOCTU HabAoAeHMA B 1060 TOUKE HYMKHO UCKNOUNTL dasy
bYHKUMM pasnoxkeHna. Kak 3To MOXHO caenatb? Paccmotpum dyHKumio f(x) = a(x) * cos(kx). Ity



YHKLMIO MOXKHO NepenucaTs Kak f(x) = Re (a(x) * e™*). KsagpaT amnautyabl a(x) nonyyaerca no
cnepyroweit dopmyne (a(x))? = (a(x) * eikx) * (a(x) * e”‘x)*, roe (a(x) * eikx)* 3TO conpAMKeHHan
dYHKUMA.

Ncxoas 13 aToro, A Aenato BbIBOA, YTO peasibHas YaCTb BOIHOBOM GYHKLMK COOTBETCTBYET QYHKLUAM
Pa3/I0XKeHUA C TOYHOCTbIO 40 HEKOTOPOrO HOPMMPOBOUYHOIO MHOXUTENA @, KOTOPbIA MOXKET bbITb
pa3HbIM A8 pPa3HbIX YacTuL;:

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

3pecb Re(W) — peanbHas 4acTb BOIHOBOM GYHKLUWU, CYMMUPOBAHUE UAET MO YaCTULLAM Fae -HOMepP
YacTULbI M N0 GYHKLMAM Pa3N0KEHUA YacTUL, rae i — Homep GYHKLUMK ans k-oii yactmubl. a-
HOPMMPOBOYHbBIN MHOXUTENb 1A k-0i1 YacTuLbI.

MHKMMaA YacTb BOHOBOW GYHKLMM COOTBETCTBYET pa3e KBA3UNEPUOLMUHECKON YaCTU PA3NOKEHMA.

YpaBHenue llIpeaunrepa
YpaBHeHWe 9 noKasbiBaeT noBegeHne GYHKUNIA pa3noxKeHUN Bo BpemeHN. MOXKHO I 3TO ypaBHEHMEe
AETanM3MPOBaTb?

C y4eToM BblBEAEHHOW Bbille MHEPLMM N 3aKOHOB HblOTOHA, B ypaBHEHMM A0AKHA BbITb Macca Kak
XapaKTepUCTUKA MHepLUnn. U3 coxpaHeHua sHeprumn caeayeT, yto 6onee AeTasibHoe ypaBHEHUE A0/IKHO
TaKXe cofieprKaTb COXpaHeHne sHeprnn. bonee aeTannM3oBaHHOe ypaBHEHME AO/IKHO NEPEXOAUTD B
3aKoHbl HblOTOHa B HEKOTOPOM Npeaene.

YpasHeHue LLipeaguHrepa yA0BAETBOPAET YPaBHEHUIO 9, COAEPKUT MACCY U NOAAEPKUBAET 3aKOH
COXPaHeHMA 3HePrnn. Tem cambiM, MOXKHO CKa3aTb, YTO OHO U ABAAeTcA 6osee feTaAN3NPOBAHHbLIM
YPaBHEHNEM A5l YPaBHEHUA 9, C Y4ETOM OMUCAHHbIX BbIlLE HOPMUPOBOYHbIX MHOMUTENEN. XOTA HeNb3A
CKa3aTb, YTO ypaBHeHMe LLipeanHrepa BbiBeAEHO, HO MOXHO CKa3aTb, YTO OHO YA0BJ/IETBOPAET BCEM
TpeboBaHMAM npegnaraemoi Teopun. YpasHeHue LpeagnHrepa:

., 0¥ 7
lha = HY (21)

OTmeuy, uTo B ypaBHeHUM LLpeamHrepa copepuntca noctoaHHan MNnaHka. [lo 3Toro Bce paccyaeHus
6b1/IN JANEeKM OT KOHKPETHbIX Yncen U usmepeHuit. NoctoaHHan MaaHKa 34ecb BbICTYNaeT Kak
npoasaeHne cBONCTB PyHAAMEHTANbHOIO CKanApHoro nons. Mo mepe ganbHelLWero paccMoTpeHua
Teopuu, byayT HallaeHbl U Apyrve NpoaABAeHUA CBOMCTB.

qaCTI/IHbI CO CIIMHOM
KaK yxe 6b1/10 HanucaHo, GYHKUUK U3 YPaBHEHUA 2 MOTYT BbITb HE CUMMETPUYHBIMU B NOPOIKAEHHOM
NPOCTPaHCTBE M COAEPKATb NPOCTPAHCTBEHHYIO OPUEHTALLMIO.

Mpeanonoxum, UMeroTcA ABa TUMNa 3IeMeHTapHbIX YacTUL, UMeLoLLUE B Pa3/IOKEHUUN MOXOXKNe
bYHKUMKM pasnoxkeHusa. A UMEHHO, NyCTb:

Wk’ = UWk (22)

rae Wy a7o k-an GyHKLMA pasnoxKeHus A0S 4acTULLbl NepBOro TMna, wy' 3To k-as GyHKUMA pa3nokeHus
ANs YacTuubl BTOporo Tuna, U — yHUTapHbIV onepaTop BbINOHAOLWMIA NOBOPOT GYHKLMU Wy, B
NOPOXAEHHOM MPOCTPAHCTBE.

TaKk Kak 1 B d)yHAaMEHTaﬂbHOM NPOCTPaHCTBE U B NOPOXKAEHHOM NPOCTPAHCTBE BCE HAaNpaB/1eHUA
PaBHOMNPaBHbI, ONMNCaHHbIE Bblle TUMNbI YaCTUL, OTINYAKOTCA TOJZIbKO HanpaBaeHNEM d)yHKLI,Mﬁ
pPa3noxeHnAa, To 3TN TUNbl HaCTuUl, 6yp,yT MMETb NO/THOCTbIO NOEHTUYHbIE CBOMCTBA 32 UCK/IlOYEHMEM
I'IpOCTpaHCTBEHHOI\;I HanpaB/1eHHOCTU.

OTW TUNbI YacTUL, AO/IXKHbI UMETb, B YMcne npo4yero, " UAEHTUYHYIO Maccy. MOKHO c4ynTaTb, YTO 3TO
4acTuubl OQHOro Tnna, merwne HEKOTOprﬁ ,El,OI'IOI'IHMTEI'IbeIVI napameTp. HaaoBy 3TOT NapaMeTp
CMUHOM.



MycTb MMeeTca cucTema M3 HacTuLbl, UMEIOLLLEI CNMH 1 YacTMLa MMeeT AB8a Habopa GyHKUMi
Pa3NoXKeHUA oTAnYaoLWmxca cnuHom. CocTosHMe YacTuubl ansa nepsoro cnvHa Wy, ana stoporo W,.
Toraa, c yYeToM HanMcaHHOrO Bbille, BONHOBAA GYHKLMA YaCTULLbl ABAAETCA ABYXKOMMOHEHTHOM:

P (7, t))
r,t) = ( 23

¥ 0 = (e 1) (23)
[ns cnyyvaa Korga Koanyectso Habopos GyHKLMIA Bonee ABYX, KOANYECTBO KOMMOHEHTOB
COOTBETCTBEHHO yBE/IMYMBAETCA.
B cooTBeTCTBME C HANUCAHHbBIM, MEHSAO YpaBHeHMe 2 YTOObI y4ecTb CNKnH:

_ p=A vk=Np qi=im s=N(k)
f(?) - fext(r-z) + Zp=1 Zk=1p Z:::M%C s=1 uikpsWips(L(Ff):X' Yik: {th}) (24)

38€eCb Ujgps — KOIGOUULMEHTDI PA3IOKEHNA, Wiy — GYHKLWM MO KOTOPLIM MAET PA3NOKEHME. S —
CYMMUPOBaHMWE No pasHbiM Habopam GyHKLMI pasnoxeHus, naet ot 1 go dyHkumm N (k), roe k ato
CYMMMPOBAHWeE MO pasHbIX TMNam anemeHTapHbix Yactuu,. N (k) pasHo 1 ana yactvy, co cnvHom O, Ans
CNuWHa % 3HayeHue byaeT 2 U T.4.

B ypaBHeHUN TakKe A06aBNEHO TaKKe OrpaHNYeHe Ha CYMMUPOBaHUe, CYMMUMPOBaHMeE MAET No
KOHeyHoMy Habopy ¢yHKUMIA, oT iMin go iMax. [leTanbHee 3To 6yAeT pacCMOTPEHO M 060CHOBAHO
no3e, Noc/ne PacCCMOTPEHUA FpaBUTaLmu.

I/IHepunaﬂbele CHUCTEMBI OTCUEeTa
Ha3oBy MHepLUManbHbIMK CUCTEMAMM OTCHETa CUCTEMbI OTCYETA ABUXKYLLMECA NPAMOSIUHENHO U
paBHOMEPHO ApPYr OTHOCUTE/IbHO Apyra.

KaK 6b1/10 ONMCcaHo Bblllie, BEKTOP BPEMEHU B Kax A0l ToUKe nepneHanKynapeH runepnaockocTtu. Ecam
TeNO HEeNnOABUMKHO OTHOCUTE/IbHO FMNEPNIOCKOCTHU, TO OHO 3BOIOLMOHNPYET BAO/b BEKTOPA BPEMEHN.
Ecnu Teno MmeeT KaKyH-TO CKOPOCTb OTHOCUTE/IbHO TMNEepPnIOCKOCTU, TO OHO 3BOJIIOLMOHMPYET BAO/b
BEKTOpPA, COCTOALLErO M3 CYMMbl BEKTOPA BPEMEHU 1 CKOPOCTU. BeKTopa BpeMeHM U CKOpoCTH
nepneHAMKYAAPHbI APYr APYrY, TaK KaK BEKTOP CKOPOCTU JIEXKUT B TMMNEpPMIOCKOCTY.

XoueTcA HalTK, KaK NepeinTn B CUCTEMY OTCYETA, COOTBETCTBYHOLLYIO ABUNKYLLEMYCA TeNy. TaK KaK
NoKosLeeca Te/10 3BOJIIOLMOHUPYET BAO/Ib BEKTOPA BPEMEHMU, TO NMEPexoaom B CUCTEMY OTCHETa,
COOTBETCTBYIOLLYIO ABUratoWwemyca Teny, 6yaeT nepexos, B TaKyk rMnepniockocTb rae CKopocTb
Hy/fieBas U TeNo 3BOJIIOLMOHMPYET BAO/b BEKTOPa BpemeHu. 1A Takoro nepexoaa HeobxoamMmo
BbINOHUTL NOBOPOT FMMNEPNIOCKOCTM TaKMM 06pa3om, YTOBbl BEKTOP BPEMEHW HOBOW rMNEPNAOCKOCTH
6611 NapanneneH BEKTOPY U3 BPEMEHWN U CKOPOCTU TeNs Ha NpeablayLieit rmnepnaockocTy.

M3 paccmoTpeHuna nepexoga um3 OAHOﬁ CNCTEMDbI OTCYETA B APYryto Noay4aeTca pag CJ'IG,EI,CTBMVI.

MepBoe cneacTeme, OTHOCUTENIBHOCTb O4HOBPEMEHHOCTMU. CO6bITMﬂ, npouncxogawine Ha
rMNepnaOCKOCTU, ABAAKOTCA OLHOBPEMEHHO Nponcxoaawmmu. NMocae NnosBopoTa rMnepnaoCcCKoOCTU Npu
nepexoge B CUCTeMyY OTCYETA, COOTBETCTBYHOLLYO TeNy ABUTalOWLEMYCA C HEKOTOPOﬁ CKOpOCTbiO
OTHOCUTENDBbHO npep,blp,yu.l,eﬁ, paHee ogHOBpPEMEHHbIE cobbITuA MOTYT NepectaTb 6bITb
oAHOBpPEeMEHHbIMU.

,El,pyroe cneancrsue — Ha6mop,aemaﬂ Pa3HOCTb X044 4YaCoB B Pa3HbIX CUCTEMAX OTCHETA. TaK Kak B
d)YHﬂ,aMeHTaJ'IbHOM NPOCTPaHCTBE HET BblAE/NEHHOIO HanpasaeHMA, TO OJ/1MHA, COOTBETCTBYHOLAA
egunHuue BpemMeHun, 01XKHa 6bITb MOCTOAHHOMW M He 3aBUCETb OT nosopoTos. [Jo noBopoTa 3BoAOLMA
Teéna, ABUrarouieroca c HEKOTOpOVI CKOPOCTbHO, ONMUCbIBAETCA BEKTOPOM COCTOALLNM U3 BEKTOPA BPpeEMEHU
c LI,HMHOVI, paBHOVI eanHunLe BpemeHu, N BEKTOPa CKOPOCTH, C AHMHOI‘;I 3an1c;|u1,e171 OT ckopocTu. MNocne
NOBOPOTa U Nepexoabl B CUCTeMy, rae Teno Henoasm>XHO, 3BOTIOLLUA TENA NAET BAO/Ib BEKTOPA
BpeEMEHU C AJ'IVIHOI\;I, COOTBeTCTByIOUJ,Eﬁ eaunHuue BpemeHn. Kak BUgHo, ANHbI 3TUX BEKTOPOB
Pa3NInNYyaroTCA, YTO U O3HA4YaeT PAa3HOCTb X043 YaCoB B pPa3HbIX CUCTEMaX OTCHETAa.

Ewe ogHo chepcteue — d)yHKLI,MVI pa3noxeHnAa O0/1KHbI 6bITb NOCTPOEHbI TAaKUM o6pa30M, yTObbI npu



NoBOpOTE r’MMNepPMnIOCKOCTU NEPEXoamnTb B Apyrne GYHKLMMU TOTO Ke 6a3mca pasnorKeHusa.

Cnepcteue 06 OAMNHAKOBOCTM 3aKOHOB Npumnpoabl. TaK KaK Ha YpoBHE (I)YHAaMEHTaﬂbHOFO NPOCTPaHCTBA
OTCYTCTBYET BblaeNneHHOE Hanpas/ieHMe, 3TO O3HAYaAET, YTO B NOPOKAEHHOM NPOCTPAHCTBE-BPEMEHN
¢M3M‘-IECKME 3adKOHbl OAMHAKOBbI BO BCEX NHEPLUMNAIbHbBIX CUCTEMAX OTCYETA.

Ona bonee AEeTaIbHOIo paCCMOTPEHNA BO3HUKAOLWUNX C}'IE,D,CTBMVI, HYXXHO PaCCMOTPETb, KaK BO3HUKAET
npegenbHaa CKOPOCTb B3aMMO,D,El>'1CTBMI\/‘1.

IIpeaesibHast CKOPOCTb B3aMMOAEMCTBUMA

YpaBHeHue WpeayHrepa nmeet orpaHmyeHna. Hanpmumep, cornacHo Teopeme baprmaHa, OHO He MOXKeT
onuncbiBaTb Ccynepnosnunio BOTHOBbLIX d)yHKLI,Mﬁ, COOTBETCTBYHOLMNX YaCTULLaM C Pa3/IM4YHbIMU

maccamu. Takoe BO3MOXKHO TO/IbKO B PENATUBUCTCKUX O606LLI,€HM$1X 3TOro ypaBHEHMUA.

,El,pyraﬂ npo6nema — He BUAHO cnocoboB onucatb B3aMMOﬂ,eﬁCTBMﬂ MeXay sneMmeHTapHbIMU 4YaCTUlamm
B paMKax moaenun npe,a,naraelv\oi/‘l TEeOopUM npun 6ecKkoHe4YyHo 6onbLIon CKOpOoCTH MaKcMManbHoOM
B3aMMO,D,EVICTBMﬂ.

CornacHo nocTtynaty 3Toi TEOPUKN, MOTYT CYLLLECTBOBATb TO/IbKO TaKMe BCE/IEHHbIE, B KOTOPbIX
cyuiecTteyet pasym. [osTomy nepeymcieHHblie Bbille NpobiemMbl 03Ha4aloT HEBO3MOXHOCTb 6ECKOHEYHO
60/1bLWIO MaKCMMasIbHOM CKOPOCTU B3aMMOAENCTBUIA B MOPOXKAEHHOM NPOCTPaHCTBE-BPEMEHM.
CnepoBaTtenbHO, MakCMMasibHas CKOPOCTb B3aMMOAENCTBUIA J0/IKHA BbITb KOHEYHa.

Cnepytolme BO3HMKaOLLME BONPOCHI — MOTYT /I pa3Hble YacTULbl UMETb Pa3HY MaKCUMa/bHYHO
CKOPOCTb B3aMMOAENCTBUN, ABNAAETCA /I 3Ta CKOPOCTb KOHCTAHTOM UKW PYHKLMEN OT Yero-T1o?

MycTb N5 KaKOro-TO TUMA YaCTUL, MaKCMMasibHas CKOPOCTb B3aMMOAENCTBMIA KOHCTaHTa ¢;. Ecnun ana
KaKOro-To Apyroro TMMa Y4acTuL, MaKCMMasibHas CKOPOCTb B3aMMOZENCTBUMN C, U €, > €4, TO NpU
B3aMMOAENCTBUM TAKMX YaCcTUL, ByaeT HapyLaTbCA NPUHLMM NPUYMHHOCTM. AHANOTUYHO A8 CyYan
Korpa ¢, < ¢q. U3 atoro cnepyert, uto ¢; = ¢1. O603Ha4y MaKCMManbHYH CKOPOCTb B3aUMOAENCTBUIA C.

Tenepb pacCMOTPUM, ABNAETCA /M 3Ta CKOPOCTb KOHCTAHTOM MK PYHKLMEN OT KaKMX-TO NapamMeTpoB
yactuu,. JonycTMm, MakcMmasibHas CKOPOCTb B3aUMOAENCTBUIA ¢ ABNAETCA QYHKLMEN OT KaKUX-TO
napameTpoB YacTuubl g,: ¢ = c(qq). ANa Apyroi YacTuubl g, CKOPOCTb AO/KHA 3aBUCETb OT
napameTpoB 3ToM YacTuubl: ¢ = c(gy). Mpr 3TOM 3TM CKOPOCTU AOMKHbI 6bITb paBHbl: ¢ = ¢(q,) =

c(q2)

TaK Kak 1 W 4, ABNAKOTCA NPOU3BOJIbHbIMU YaCTULLAMU, TO OHM APYT OT Apyra He 3aBUCAT. 3TO O3HayvaerT,
4yTO EAMHCTBEHHbIVI BapuaHT, Korga ypasHeHue Bbille ya0BAeTBOpAeTcA, 3TO Koraa ¢ = const

TaK Kak B npe,a,naraelv\oﬁ TEOPUUN HET BblAENEHHOIO HAaNpaB/1eHWNA, BCE HaNpaB/1e€HNUA PaBHOMNPABHbI, TO
9TO O3HAYaEeT, YTO 3Ta CKOPOCTb AO0/1*KHa 6bITb OAMNHAKOBa BO BCeEX MHEPLMA/IbHBIX CUCTMaX OTCHETA.

Tem cambiM, MOKa3aHo, YTO B Npea/iaraemon Teopum AOXHA CyLLLEeCTBOBATb MaKCMMaibHaA CKOPOCTb
B3aMMOZENCTBUIM, 3Ta CKOPOCTb ABAAETCA KOHCTAaHTOM, M 0AMHAKOBa BO BCEX CUCTEMAX OTCYeTa.

Cl'[e].lI/IaJIbHaH TEOpUAaA OTHOCHUTEC/IbBHOCTH
CneumanbHan TEOPUA OTHOCUTENbHOCTN OCHOBAHA Ha ABYX NOCTy/aTax:

MocTtynaT 1 (NpMHLMN OTHOCUTENBHOCTU DMHLWITENHA). 3aKOHbI NPUPOAbI OANHAKOBbI BO BCEX CUCTEMAX
KOOPAMHAT, ABUNKYLLMXCA NPAMONNHENHO U PaBHOMEPHO APYr OTHOCUTENbHO ApYra

nOCTyJ'IaT 2 (I'IpMHLI,I/II'I NOCTOAHCTBA CKOPOCTU CBeTa). CKOpOCTb CBETa B Bakyyme O4MHAKOBa BO BCEX
Cncremax KoopaumHaT, ABUXKYLLNXCA I'IpFlMOIWIHeﬁHO 1N PaBHOMEPHO ApYyr OTHOCUTENIbHO ApYyra

MepBblii NOCTYNAT BbiBEAEH KaK CeACTBME OT Npeasaraemon Teopun. BTopoli nocTynat Tak:Ke nosyyeH,
€C/IN CYMTaTb, YTO MaKCMMasIbHaA CKOPOCTb B3aMMOAENCTBUIA U CKOPOCTb CBETA PaBHbI.

Mo3aHee B cTaTbe, MPU NOAYYEHMM YpaBHEHMI MaKcBenna, A BePHYCb K BOMPOCY O PaBEHCTBE 3TUX ABYX
CKOPOCTEN M A0KaXKy X paBeHCcTBO. [oKa e npeanosarato, 4To MakCMMasibHan CKOPOCTb



B3aMMOLI,EI‘;ICTBVIl\;1 N CKOPOCTb CBETa paBHbI.

Tem cambim A MOTy YTBEPXKOATb, YTO CneunasibHaa Teopna OTHOCUTENIbHOCTU CO BCEMU €€ YPaBHEHUNAMMU,
BblBEAEHA U3 MOL4ENN TEOPUU NMOPOKAEHHOIO NPOCTPAHCTBA-BPEMEHN-MATEPUMN.

37O TaKXe 03HaYaeT, YTo B ypaBHEHWE pas/ioKeHne Nons HeobXxoaAMMO BBECTU M3MEHEHMS, YTobbI
YYecTb CKOpOCTb cBeTa. Mepenuiy ypaBHeHUe 24 Kak:

> > = k=N. i=i =N(k -
f(T) = fextf(r) + Zng Zk:1p Zizi%?g §=1( )uikpswips(L(rf)rX’ Yik’ {Qik}! C) (25)

34eCb 4ONONHUTENBHO AO6aBﬂ6Ha 3aBUCMMOCTb OT CKOPOCTU CBETa C. ypaBHeHMFI 3BO/1IOUNMN,
nony4yarouwimeca Ha OCHOBE 3TOro ypaBHEHUA, AO/TXKHbI 6bITb PENATUBUCTKUN MHBAPUAHTHbIMMU.

Haﬁ,ﬂ,EM COOTHOWEHNA ONNTENBHOCTUN BPEMEH B ABUNXKYLNXCA OTHOCUTENIbHO ApYyry Apyra
MHEPUMANbHbBIX CUCTEMAX OTCHETA. Lna storo, Ha30BY VU PacCToAHUE B d)yH,Cl,aMeHTal'IbHOM
NPOCTPaHCTBE, COOTBETCTBYHOLLEE EANHULLE BPEMEHMN. CornacHo OMNMNCaHHOMY Bblille, 3TO 3HaYeHUE
OAMHAKOBO BO BCEX CUCTEMAX OTCHETA.

MycTb MMeeTcA ABe MHePLMabHbIX CUCTEMbI OTCHETA, ABVKYLLIMECA OTHOCUTEIbHO APYr ApYra co
CKOPOCTbIO ¥ BAOJIb OCU X, U UX HaYa ibHble TOYKM KOOPAMHAT COBMaAatoT.

t y

¥

Ha pucyHKe Bblwe NokasaHbl ocu X U t gna nepBoﬁ cucTembl otcyeTam ocn x' mn t’ anAa BTOpOﬁ cncrembl
oTcyeTa. Bropasa cucrtema otcyeTa, ABMKYLLAACA C OTHOCUTENbHOM CKOpPOCTbIO V, HAaKZIOHEHa No4 yriom
a OTHOCUTENbHO nepBoﬁ. XoTenoch 6bl noayepKHyTb, YTO OCb t ABNAETCA 06blyHOM ﬂpOCTpaHCTBeHHOVI
OCbiO B €BK/INA0BOM NpocTpaHcTee. JanHa l BAO/b 3TOM OCM CBfi3aHa C Ha6ﬂl0ﬂ,BEMblM BpeMeHeEM
cneayrouwmm CoOoTHOLWEHUNEM:

t=l/vt

OfHOMOMEHTHbIE COObITUA 3TO Te COBbITUA, YTO NPOUCXOAAT HA OAHOM MIOCKOCTU, NepPneHaMUKYAAPHOU
ocu t.

Ha pucyHKe BblaeneHbl HECKOIbKO ToYeK. TouKa 1 aTo Havyano KoopanHat. Paccmatpusato cnyqaﬁ,
Korga Ha4az0 KOopAMHAT coBnagaeT.

TaK Kak V¢ BO BCEX MHEPUUMANDbHbIX CUCTEMAX OTCHETA OAUHAKOBO, TOV = VU sin(a)

MycTb t — 370 BpeMs, NpoLueLee B NepBOi CUCTEME OTCHETa OT TOUKM 1, a t’ - Bpems, KoTopoe NpoLLIo
B ABUXKYLLENCA cMCTeme oTcyeTa 3a Bpems t. [IPoMeKyTKY BpemeHU t B NMepBOi CUCTEME COOTBETCTBYET



pacctosHue V. t, 3TO paccToAHne mexay Toukamu 1 n 4. Takomy Ke NpoMerKyTKy BpemeHu t BO BTOPOW
CUCTEM OTCHETa COOTBETCTBYET TAaKOe XKe PacCTOAHUE, 3TO PAcCToAHME MeXay TouKamn 1 n 5. Touka 2
3TO nepeceyeHne AMHUK, NepneHanKyNAapHOM ocun t’, n npoxoasaiueit Yepes ToUKy 5. AHaNOrMYHO, TOUKa
3 3TO NepeceyeHne NMHUKN, NePNeHANKYAAPHON ocK t, N Npoxoaallen Yepes Touky 4. [ina Toro, 4tobbl
onpefeninTb, Kakol MPOMEXYTOK BPEMEHW B NEPBOM CUCTEME OTCYeTa COOTBETCTBYET BpeMeHu t’ Bo
BTOPOW, HYXXHO HalTN OJIMHY TMNOTEHY3bl TPEYroAbHMKa U3 ToveK 1, 5 n 2. U3 pucyHKa BUAHO, 4TO

t,
t=———

cos(a)
Toraa, U3 M3BECTHOTO 3HAYEHMA CUHYCA, MO/Ty4aeMm:

cos(a) = m = |1-— <£>2

v

M3 TOro »ke pMCcyHKa BUAHO, YTO

Tenepb paccMoOTpUM npeobpasoBaHUa KoopamHart. MycTb CKOPOCTb ¥ HanpaBaeHa BAONb OcK X. Toraa,
NP1 NOBOPOTE CUCTEMbI KOOPAMHAT, Y U Z OCTAHYTCA HEM3MEHHbIMM:

!

y=Yy
z=17z
Bo BTOpOM cucTem oTcyeTa, nocse NnoBopoTa, X' = xy/cos(a
0

Torga

x'=(x—-vt)/cos(a) = ——=
N2
- ()
Ut
ot/
2
1= ()
Ut
3T ypaBHEHMA NPMOBPETatOT M3BECTHbIN BUA, €CNK
Ut =C

lFpec— CKOPOCTb CBETAa. OTO O3HaYaeT, yYTo pacctoAHne COOTBETCTBYOUWEE eANHNLE O/TMHbI BPEMEHMU,
PaBHO PACCTOAHUIO MPOXOAMMOMY CBETOM 3a TO Ke BpeMA.

Tem cambiM i MOTY YTBEPXKAATb, UTO creuunanbHan Teopusa OTHOCUTENIbHOCTU C ee NpeobpasoBaHNAMU
JlopeHua, BbiBeAeHa M3 NPeaoKeHHOW Moaenu.

OcTaHOB/OCL Ha BONPOCE, YeMy paBHa CyMMa CKOPOCTel. M3 ypaBHEH U Bbille MOXHO BbIBECTM
YPaBHEHME PENATUBUCTCKONO C/IOXKEHUA CKOPOCTEM. ITO ypaBHEHME OT/IMYAETCA OT ypaBHEHWA
C/IOXKEHUA CKOPOCTEN, KOTOPOE MOXKHO MOJYYUTb, EC/IU CYUTATb CYMMY CKOPOCTEW Yepes CIoXKeHne
yrnoB. BAAETCA 1M 3Ta pasHULa Npobaemolt AnA paccmaTpMBaeMol rmnoTesbl?



[ns oTBETA HA 3TOT BOMPOC, HYXXHO BCMOMHUTb UTO BCA GU3MKA B 3TOWN rMnoTese NoCcTpoeHa BOKPYr
Habntogatens. Habntogatens 6yaer BUAETb CNOXKEHME CKOPOCTEN B COOTBETCTBME C PENATUBUCTCKOM
dopmynon cnoxkeHns ckopocteid. Ecan Bo BTOpoit cnucteme otcyeTa byaet apyron HabatogaTenb, TO OH
6yaeT BUAETb CBOIO KapTUHY COBbITUI, U HAYEro B pamMKax 3TOM rMMNOTe3bl HE YTBEPKAAET, YTO 3Ta
KapTMHa 0b6a3aHa BbIBOANTLCA M3 KapTWHbI y nepBoro Habatogatens. OCHOBbLIBAACH HAa HAMMCAHHOM
BbILLE, MOXHO CAenaTb BbIBOA, YTO NMEPEXOL B APYTYIO CUCTEMY OTCHETA ABNAETCA HE N3OMOPPHbLIM.
HapyweHune nsomopdmama npu nepexose B ApYyryto CUCTEMY O3HAYAET, YTO Y YCKOPSAOLWEerocs
HabnopgaTena meHAeTCcA NpoLwoe.

PaccmoTpmm mbICNEHHbIN 3KcnepuMeHT. [lBa Habtogatena pewunnm Habaoaatb HEKOTopble ABIEHUS B
KaKOM-TO NpOoCTpaHcTBeHHOM 0b6nacTn. Oba HabatoaaTens BCTpeYatoTca, Kaxabli 6epeT uMcTyto TeTpaab
KyZa byaeT 3anucbiBaTb pe3ynbTaTbl HabAOAEHMIA. 3aTemM NepBbii HabatoaaTeNb OCTaeTcsA, BTOPOM Ha
YeM-TO Pa3roHAETCS 40 OKOJIOCBETOBOM CKOPOCTU. KarKablii U3 HUX PeryaspHoO 3anmcbiBaeTt
Habntogaemble ABAEHUA B YCA0BIEHHOM 06/1acTM NPOCTPaHCTBA. 3aTem BTOpoi Habatogatenb
BO3BPALLAETCA, BCTPEYAETCs C NepBbiM HablogaTenem, U OHM CPaBHUBAIOT 3aNMCaHHbIe B TeTpagax
pe3ynbtatbl. MoryT iv B TeTpaasx ObiTb pasHble pe3ynbTaTtbl? 18 oTBETa Ha 3TOT BOMPOC, HYXKHO
BCMOMHUTb, YTO NMPOCTPaAHCTBO-BPEMS B 3TOM r’MNOTE3E CTPOUTCA BOKPYT BbiOpaHHOro HabaoaaTens, u
CTpouTCA € TpeboBaHNEM BbIMOJNHEHNA NPUHLMMIA NPUYMHHOCTU. CieaoBaTeNbHO, AN KaXKA0ro 13
HabnogaTenel To, YTO OH YBUAUT B TETPaAM, AO/IKHO YAOBNETBOPATb NPUHUMUMNY NPUYMHHOCTU. ITO
03Ha4aeT, YTo XOTA 3anucK HabnogaTenen o CobbITUAX U MOTYT PAa3NNYaTbCA, HO A1 HUX [OJIKEH
BbINOAHATLCA NPUHLNMN MPUUMHHOCTU. ITO O3HAYaET, YTo AN1A Ntoboro HabnwgaTens cobbITMA Npu
nepexobl B Apyryto cUcTemy oTcyeTa BbirnaasaT nsomopodHo. OgHako, ecnm 6ol KaKMM-1M60 obpasom
HabsogaTenb CMOT YBUAETb COObITUA OAHOBPEMEHHO B Pa3HbIX CUCTEMAX OTCYETA, OH YBMAEN Obl UTO
Cob6bITMA B pa3HbIX CUCTEMAX OTCYETA HE M3OMOPGHBI OTHOCUTENLHO APYr ApYyra.

YpaBHeHue KneuHa-froppgoHa-Poka

MosyyeHHble Bbille ypaBHeHUA LLpegnHrepa He ABAAIOTCA PENATUBUCTKM MHBAPUAHTHbIMK. XoyeTcA
HaNTN PENATUBUCTKN MHBAPUAHTHbIN aHanor ypasHeHui LLpeaunHrepa.

YpaBHeHue WpéamnHrepa ana ceo60aHOM HacTULLbl 3aNMCbIBAETCA TaK (MCNOb30BaHbl eANHULbI, Fae
h=c=1):

T = 0 (26)

rae p = —iV - onepaTtop umnynbca, onepatop xe E = id, — 6yem Ha3biBaTb, B OTAMUYME OT
raMMAbTOHWAHA, MPOCTO ONEePaTOPOM SHEPTUMW.

YpasHeHue LLpéanHrepa He ABAAETCA PENATUBUCTKM KOBAPMAHTHbIM, TO €CTb He COFNacyeTcs co
CneunanbHOM Teopuein OTHOCUTENIbHOCTM.

Mcnonb3yem penaTUBMUCTCKOE ANCNEepPCUOHHOe (CBFI3bIBaIOLLI,ee HEPIrNo n MMI'Iy/'IbC) COOTHOLWEeHNne (M3
CTO):

p*> +m? = E? (27)

Torpa NpocTo NOACTaBAAA KBAHTOBO-MEXaHMYeCKne onepaTop MMNy/abca U onepaTop aHeprum —
nonyyaem:

(=iV)? +mAy = %9, (28)
Ero Tak»ke MOXHO 3anmncaTb Kak:
1 2.2
Y + 03P + 03 — S 0Rp — "~ =0 (29)

Tak nonyyeHo B pamkax MNMNBM-Teopum ypaBHeHue KnelHa-lTopaoHa-Poka.

BHOBb BO3BpaLlaACb K UHEPLIUN. 3710 YpaBHEHUNE, TAKXKE KaK N ero HepenﬂTMBMCTCKMﬁ aHanor, CoaepPXuTt


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%9E%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D0%BE%D1%80_%D0%B8%D0%BC%D0%BF%D1%83%D0%BB%D1%8C%D1%81%D0%B0
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
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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

MHepumio. Tem cambiMm, MOXHO roBOpUTb, YTO MHepuma B MNBM-Teopun numeeTtca 1 B peAATUBUCTCKOM
cnyvae.

YpaBHeHue /lupaka

Mocne onucaHuA Npupoabl CNMHA B paMKax npegiaraeMoin Teopun, 3aava BblBoAa ypaBHeHUs Jupaka
CBenacb K u3BecTHol. [ns BbiBOAa ypaBHeHMA Aupaka B pamKax MMBM-Teopun A0CTaTOYHO NOBTOPUTD
POBHO TO e NpeanooXKeHne, 4To U caenan Aunpak, npo NPon3BoAHbIE MO NPOCTPAHCTBEHHbIM
KoopAMHaTam TO/IbKO NepBoro nopsaaka. CooTBETCTBEHHO, MOXKHO UCMO/1b30BaTb U3BECTHbIE CNocobbl
NoJly4eHUA 3TOro ypaBHEHUSA, ONMCAHHbIE BO MHOTMX y4ebHMKax. N KaK U3BeCcTHO, ypaBHeHWe OupaKa
yooBneTsopAeT ypaBHeHuto KneliHa-lopgoHa.

N3MeHeHUe CKOPOCTH YaCTUIIbI

MepBblit BONPOC, KOTOPbIN BYAET PAaCCMOTPEH, 3TO U3MEHEHME CKOPOCTM YacTuubl. MNycTb nmeeTcs
YyacTuua, ABUraloLLANACA CO CKOPOCTbIO MEHbLLE MaKCMMasIbHOWM CKOPOCTU B3anMOLENCTBUIA. B Kakol-To
MOMEHT BPEMEHM, YacTUL,A U3MEHWN/IA CBOKO CKOPOCTb. XOYeTCA NOHATL, YTO MPU 3TOM NPOU30MAET, NpU
3TOM B/IMSIHME TPAaBUTALMM HE PAacCMaTPUBALO, CYMTAK0 NPOCTPAHCTBO-BPEMA NAOCKUM. OTmeuy, 4To B
COOTBETCTBME C BbIBEAEHHOM Bbille MHEPLMEN, YacTMLa 6e3 BHELIHEro BO34EeNCTBUA ABUTaeTca no
NPAMOW, U 419 NOJIHOTO PACCMOTPEHMUA U3MEHEHMA CKOPOCTM HEOBXOAMMO yYecTb Apyrue
B3aMMOZeNCTByoLWMe YacTmLbl. 1A yNpoLWEeHUs, pacCMaTPMBato TO/IbKO M3MEHEHME CKOPOCTH, bes
y4yeTa npuBeaLwero K 3SToMy B3anMOZENCTBUA C APYTUMU YacTULAMMU.

C y4eTOM TOrO YTO PAaCCMATPUBAIO TO/IbKO OAHY YacTULy, TO A0 U3MEHEHMA CKOPOCTU YacTULbI U
npeHebperas f,,;(7), Ha OCHOBe ypaBHeHUs 25 Nose MOMXKHO NPEeACTaBUTb KaK:

—: (=1 = k -
f(T) = Z;=i%?rf z:;\]( )uiSWiS(L(rf)'Xf Yik! {Qik}f C) [30]

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

Mocne nsmeHeHNA CKOPOCTM YaCTULLbI MONE MOXKeET 6bITb npeacrtaB/ieHO Kak:

- (=1 =N(k -
F(@) = piziax g5l g rwig (L(F), X, Y, {Qucd, ©) [31]

3pecb Ujg' - KOaDPUUMEHTbI PA3NoKEHNUA NO BCE TeM Ke GYHKLUMAM. TaK Kak CKOPOCTb YacTULLb
N3MEHWNACh, 3TO 3HAUYUT UYTO U KOIDDULMEHTLI PA3NOKEHNUA AOMKHBI USMEHUTHCA.

CornacHo BblBeZleHHOM BbliLle CneLmanbHOM TeoPUKU OTHOCUTEIbHOCTU, MaKCMMAa/IbHan CKOPOCTb
B3aMMOAeNCTBUIA 419 Halwei BceneHHOM Ao/KHa 6bITb paBHa CKOPOCTU CBETa, M OAMHAKOBA A/1A BCEX
yacTuuy,. Takum 06pa3om, U3MeHeHUA B KO3IGOULMEHTAX PA3NOKEHUA AOIKHbI PACNPOCTPAHATLCA CO
CKOPOCTbIO, HE NpeBblLLatoWeli CKOPOCTb CBETa.

[oMKHa CyLLecTBOBaTb BO3MOXKHOCTb PacnpoCTPpaHEHUS U3MEHEHWIA CO CKOPOCTbIO, TOYHO PaBHOM
MaKCMMa/IbHOM CKOPOCTM B3aumMoaencTeuii. MHaue, byaeT HeBO3MOXKHO obecneunTb aTy
MaKCMMa/IbHYIO CKOPOCTb. PacCMOTPUM 3TOT C/lyyald, pacnpocTpaHeHme U3MEHEHWUI C MaKCMMaibHOM
CKOPOCTbIO B3aMMOAENCTBUIA.

KaK, Ha rpaHuLLe N3MeHeHUs PasoXKeHus, byaeT NPOUCXOAUT Nepexos oT O4HOMY K Apyromy Habopy
KoadduumeHToB? Ecnm nepexon oT ogHOro Habopa KoapdMLMEHTOB K Apyromy byaeT npoucxoauTb
MFHOBEHHO, TOr4a o4eBuAHO B Nose MeTascesieHHOM 6yayT MITHOBEHHbIE U3MEHEHUA 3HaYeHUI. ITo
NPOTMBOPEUUT NPEANONOKEHUIO O TNAZKOCTU GYHKLMN GYHAAMEHTANbHOIO NONA.

Mo3Tomy Ans TOro 4to6bl He 661710 MTHOBEHHOTO M3MEHEHUA NoAA, HE06X0AMMO KaK-TO ero
npegoTBPaTUTL. 1N 3TOr0 MOXKHO BBECTU HOBYHO YacTuLy, KOTOopas bl ABUrafacb CO CKOPOCTHHO TOYHO
paBHOM MaKCMMaNbHOM CKOPOCTM B3aMMOAENCTBUI. B 3TOM cayyae Ha rpaHuLe Mexay HOBOM U
npeablayLieii CKOPOCTbHO YaCTULbl K Pa3N0XKeHUIO 06aBUTCA pa3noXkeHue no Habopam oyHKumiA {w, }



COOTBETCTBYHOLLMM 3TOM YacTuue. 3TN GYHKUUN A0NXKHbI BbiTb TAKUMU, YTOBLI Nepexo, npoxoaunn
rnagKko, 6e3 MrHoBeHHOro U3MeHeHuA 3HayeHua nons MeTaBceneHHoON.

Tem cambiM, NOIYYEHO, YTO HEOBXOAMMO CYLLLECTBOBaHME YacTML, ABUMKYLLMXCA CO CKOPOCTbIO TOYHO
paBHOW MaKCUMabHOM CKOPOCTU B3aMMOAENCTBUIA, U OHU U3YHaoTCA NPU USMEHEHMUM CKOPOCTU
HEKOTOPbIX YacTuL,. Kakune yacTuubl nx M3ayyatoT, byaet paccMOTPEHO Aasee B CTaTbe.

Tenepb Npo BO3MOXKHOE pacnpocTpaHeHne n3MeHeHUNn GyHKUMI pa3fioKeHNA CO CKOPOCTbIO, MeHbLUe
MaKCMMasibHOM CKOPOCTU B3auMOAENCTBUI. [TPUMEHSAIO TY e NOTUKY YTO W Bbille, NOAyYaem, YTo AaA
TAaKOro Heob6xoAMMbl YacTULbI-NEPEHOCYNKN B3aMMOAENCTBUSA, A,BUMAIOLLMECA CO CKOPOCTbIO MeHbLUE
MaKCMMasibHOM CKOPOCTU B3aMMOAENCTBUN.

[Ipupoaa 3apaja

OAaHO 13 CBOMCTB, KOTOPbIM 06/1a4aeT 60NbLLIMHCTBO PEPMUOHOB, 3TO 3apAg. XO4eTcs NOHATb, YTO Takoe
3apAg, Kakana ero npupoga. Ans Toro Ytobbl HalkTN BO3MOMKHOE 06bACHEHME NPUPOoAbI 3apAAa, MOXKHO
BCMOMHMTb YTO 3apAag, 6biBaeT AByX BUAOB. YTO MMeeTca B TEOPUM NOPOKAEHHOTO NPOCTPAHCTBA-
BpeMeHU-MaTepPMM, YTO TOXKe MOXKET bbITb ABYX BUAOB?

YpaBHeHUto 1 NoKasbIBaeT, Kak nosie MeTaBceneHHOM 3aBUCUT OT MPAHUYHbBIX YCIOBUIA:

f) = g(xS, () [32]

Kak byaet BecTu cebs 31O ypaBHEHUE, eC/IM USMEHUTb 3HAK NOAS Ha rpaHunue? MoXKHO NpeanosioKuTb,
YTO 3HAYEHMUA B KAXKAOM TOUKE BHYTPU 3aMKHYTOM NOBEPXHOCTU S TaKKe NMOMEHALOT 3HaK, a PyHKUMA g
He NnomeHseTca:

9(x,S,—f(9) = —g(x,S,f(5)) [33]
PaccmoTpym HECKO/IbKO APYryto, HO MOXOXyto cutyaumio. Mpeactasum f(S) Kak:
f(S) = fo+ f2(S) [34]

e fo 370 cpepHee 3HaYeHWe NOAA Ha 3aMKHYTOM NoBepxHOCTU S, f1(S) — OTKNOHEHWe 3HaYeHnA nona
Ha NoBepPXHOCTU S OT f,. Bo3HMKaeT Bonpoc, Yemy paBHbl pyHKuum g(x, S, fo + f1(S)) n g(x, S, fo —
11(5))? Mo»HO NpeanoNoKnTb, YTO C JOCTAaTOYHON TOYHOCTbIO:

f(X) = g(x,S,f(S)) = g(x'S'fO +f1(S)) ~ g(x's'fO) +g(x!51f1(5)) [35]

A TaKxe:

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

Y710 TaKoe ¢ JOCTAaTOYHON TOYHOCTLIO? TOYHOCTb TAKOro NPUBAMKEHUA A0XKHA OblTb AOCTAaTOYHOM,
YyTO6bI NOMYUMBLLEECA NOPOMKAEHHOE NPOCTPAHCTBO-BPEMA MOT/I0 COAEPKaTb PAa3yMHYIO U3Hb.

Hackonbko BE€PHO 3TO NpeanoaoXXeHne, MOXHO 6YAET NMOHATb /IMLWb B XOo4€ ,u,aaneﬁLueﬁ pa6OTbI Hag
MOAeNblo TEOPUMN.

WTaK, npegnonoxKurtenbHo GyHKUMA nons MeTaBcesieHHON CUMMETPUYHA K CMEHe 3HaKa, B TOM Yucie
OTHOCUTE/IbHO TEKYLLEro CpeaHero 3HadeHuaA. M3 aToro ciedyeT, 4To AN KaxKaoro Habopa dyHKumui {w}
cyLLecTByeT Habop PpYHKLMIA C 4PYrMM 3HAKOM:

Wi, = —Wis [37]

Tem cambiM, Yy KarKA0M YacTULbl MMEETCA aHTUYACTMLA, OT/IMYAIOLLAACA 3HAKOM B GYHKLMAX
pasnoXKeHus. B HEKOTOPbIX C/ly4asX, CBOMCTBA YaCTULbl M aHTMYACTULLbI MOTYT COBMaAaThb, U TOr4a 3TO
6yAeT HecocTaBHas HelTpanbHasa 4Yactmua. Yto npu 3Tom ByaeT Npu YCKOPEHUN/TOPMOMKEHMMN TaKoM



yactuubl? B aTom cnyyae, gna toro 4tobbl paboTano pasnoxkeHue Ha GPoHTe M3meHeHUs GYHKLNIM
TAKOW YacTULbl, JOIKHA U3/Iy4aTbCA UAW NOTNOLWATHCA KaKana-To YacTMLa, ABUMatOLLAACA CO CKOPOCTbIO
CBETa, HO NMPU 3TOM He POTOH.

OcHOBbIBasiCb Ha OMMCAHHOM BblllEe, BO3MOXKHOE 06bsAACHEHME NPUPOAbI 3apsAaa 3TO cpeaHee 3HayeHue
COCTaBAAOLWMX YaCTULY PYHKLMINA OTHOCUTENbHO CpeaHero 3HavyeHma GpyHAaMEHTaNbHOTO CKaAPHOro
nons. Ecnu cpeaHee 3HaYeHME COCTaBAAOWMX YacTmLy GYHKLUMIA Bonblue cpegHero 3HayeHus
dYHOAMEHTANbHOTO CKAZIAPHOIO NOSA, TO OA4MH 3HAK 3apAaa, MHAYe NPOTUBOMONOXKHbIN.

ITos1HOTa PYHKIMHA 3/IEMEHTAPHbIX YaCTHUIL],

Kaxkgas aniemeHTapHan YyacTmua NpeacTaBifaeTca Kak Habop 13 04HOro AN HECKOIbKUX GYHKLNI
pa3noKeHus. BosHMKaeT BONPOC: ec/iv B3ATb BCE GYHKUUM Pa3NOKEHUA ANA BCEX 3/1eMEHTapHbIX
yacTtuu, obpasyeT m 3Tn GYHKUMM NOJIHbIN Ba3nc pas3nokeHna? MHbIMKU CI0OBAaMMU, MOMKHO /N
Pa3/IoXKUTb NPOM3BOJIbHOE NOJie MO 3TOMY 6asucy?

Mpekae yem Ha4yaTb UCKATb OTBET Ha 3TOT BOMPOC, MHTEPECHO NOHATbL OTBET Ha ellle OAMH BONpocC:
HY}KHa /11 BO3MOKHOCTb Pa3/IoKUTb NPOM3BOAbHOE NoJe No 6asucy GyHKLMIA SNeMeHTapHbIX YacTul,?
Mone MeTaBceneHHO ONUCbIBAaETCA HEKOTOPbIM YpaBHEHMEM, MYCTb U NOKa HEU3BECTHbIM, U TEM
CaMbIM BO3MOXHOCTb A/19 Pa3/oXKeHMsA NPoU3BOJIbHOIO Nosa He TpebyeTtca. Torga nepBoHaYyabHbI
BOMNPOC MOYHO NepedopmyInMpoBaTh MHaYe: ecin B3ATb BCe GYHKLMM Pa3NoKeHUsa ANs BCex
3/IEMEHTAPHbIX YacTuL, 06pasyoT M 3TU GYHKLMKM NOHbIN 6a3uc pasioxKeHnsa noas MetascesieHHON?

MMmetoTca 0CHOBaHMA, YTO6bI YTBEP!KAATb, UTO 3TU GYHKUMM NoAHOro 6asnca He o6pasytoT. MpuumHbI
6yAayT NoKasaHbl NO3)Ke, MPU PAaCCMOTPEHUN rPaBUTaLIUN.

OAHaKo, Ha manom macliTabe 1 He NN1aHKOBCKUX 3HEPIrnAX MOXXHO CHUTATb UYTO 6asuc pa3noxeHunAa
NOJIOH.

®YHKUMM pa3NoKeHus, Ana Toro 4Tobbl 06pa3oBbIBaTb NOHBIV 6a3nc, A0NKHbI 061a4aTb ANA 3TOr0
HY»XHbIMW cBOMCTBaMM. C y4eTOM PacCMOTPEHMUA ABNEHUA CMMHA BbllLe, CMIMH ONUCbIBAETCA
ypaBHeHuem:

Wip(s+1) = PWips (38]

1 Npun aTom, anAa CnnHa %

Wips = PPWips (39]

BO3HMKaeT BOMPOC — a Moyemy CBOMCTBA CMMHA MMEHHO Takue? Moyemy NoBTOPHOE NPUMEHeHue
onepaTtopa cn1Ha CHOBA NPUBOAMT K GYHKLMKN COOTBETCTBYIOLLLEN OQHOMY U3 BO3MOXHbIX 3HAUEHUI
cnuHa? M BHOBb, NOHOMO OTBETA Y MEHSA MOKa HeT. Ho Ha ocHoBe TpeboBaHMA K BO3MOMXKHOCTH
NOCTPOEHMA NOAHOTO H6asmca (C YKazaHHOW TOYHOCTBIO), MOXKHO NPEANON0MKUTb, YTO MHAYE NOJHbIN
6a3nc byaeT HEBO3MOXKHO NOCTPOUTD.

Al Aymato 4To MHorMe NoAo6Hble BONPOCHI, CBA3aHHbIE C CUMMETPUAMM, MOXKHO ByAeT paspeLlmnTb npu
AeTaNbHOM PacCMOTPEHMM TOTO, KaKkme TpeboBaHUA BO3HUKAIOT K GYHKLUMAM A1 NOCTPOEHMA NOSHOMo
6a3uca.

Hannume cummeTpun K MUsMeHeHUto 3HaKa Nonsa MeTaBceneHHOM, YTO NOKa3aHo B I'Ipe,El,pr,yUJ,EVI 4acTun
CTaTby, obneryaet pa3noxeHne nona. Ho NpnY 3TOM, N3 BO3MOXKHbIX pa3]'|0)KeHI/Il‘/JI HYXXHO UCKNTIOYNTD
ABHO He CI)M3VI‘-I€CKM€ pasnioxeHuA. Hanpumep, ecnm B3ATb YacTULLY M aHTUYACTULY, HaxogAlwmeca B
OAHOM U TOM Xe mecCTe, TO CyMmMa UX d)YHKLI,VIl‘/JI OOJIKHA AaBaTb HOMb. Tem cambiM, MOXKHO B ntobom
mecTe NoNy4YnTb, NPKn pas3noxKeHmu, CKoJib yroaHo 60/bLIOe KOMYECTBO nap 4actuya-aHTn4actuua. ot0
BbIrNAANT ABHO KaK HE d)msmqecr(oe peweHne, N0O3ToOMy NpPuU Pas3oKeHNN He JONHKHO 6bITb cniy4dyaes
Korga 4actmua 1 COOTBETCTBYHOWAA aHTUYaCTULUa HaxoaATCA B O4HOM U TOM XKe MecCTe.



MonHoTa PYHKUMI Pa3NoKeHMA 03HAYAET, YTO ANA ONMCaHUA Bcex PpYHKLUMIM YacTUL, A0CTaTOMHO Habopa
dYHKLMIA 0gHOM YacTULbl. ITOT Habop NO3BOSET OAHO3HAYHO HANTK BCE OCTaIbHble GYHKLUUM
pa3NoXKeHUs oas APYrux YacTuL.

MOKHO /11 HaNTK BCe PYHKLUU Pa3NOKEHUS KAKOM-TO YaCcTULLbl, EC/IN U3BECTHA TO/NIbKO 04HA U3 3TUX
GYHKLUMIA? [ymato YTO MOMKHO. PYHKUMA PA3OKEHMA COOTBETCTBYET KAKOMY-TO COCTOAHMIO YaCTULbI B
NopoXKAEHHOM MPOCTPAHCTBE-BPEMEHU. M3MeHEeHME TaKOro COCTOAHUA NPUBEAET K TOMY YTO HOBas
$YHKUMA, COOTBETCTBYIOLLAA 3TOMY COCTOAHUIO, ByAeT OTAnYaThCa oT npeablaylien. B obomx coctoaHuax
YyacTUUA AONIXKHA COOTBETCTBOBaTb ypaBHeHMIo KnelHa-lopaoHa-Poka. B aTom ypaBHEHUN nmeeTca
MacCa YacTuLbl, KOTOPas XapaKTePU3YeT, KaK SHEPrmaA YacTULbl A4O/IKHA U3MEHATLCA NPU USMEHEHUN
CKOpPOCTU. BO3HMKAET BONPOC — 3TO ypaBHEHME NPU U3MEHEHUMN COCTOAHMA YaCcTULbl NepPeBOaUT
HaYa/ibHYH0 GYHKUMIO Pa3NoXKEHUSA B HOBYHO B3aMMHO OAHO3HAYHO nan HeT? Ecamn nepexos He
OZIHO3HaYHbIM, TO HY*KHO MCKaTb AOMNONHUTENbHbIE NapameTpbl, HANPUMEpP CNUH, KOTOPbIe NO3BOAST 3TO
caenato.

TaK¥Ke HYKHO NOHATb KaKMMM BO3MOXKHbIMU 3HAYEHUAMM A0KHbI 061a4aTb KOIPDULMEHTBI NPU
bYHKLMAX pa3noKeHus.

JonycTMm, MMeeTca YacTMLa C KaKUMU-TO 3HAYEeHUAMMN KO3pduUmneHToB GYHKUMIM pasnoxkeHus. MycTb
OHa KaK-To B3aUMOAEMNCTBYET C ApYyroi yactuuei. PaccmoTpio ABa C/ly4an TakMx B3aMMOAENCTBUN, rae
BCE NepBOHaYanbHble YCIOBUA UAEHTUYHBI, 32 UCKNKOYEHUEM 3HAYEHMA KOIDDUUNEHTOB DYHKL MM
pa3noXeHus 4nA BTOPOM YacTuubl. A BTOPOI YacTu1Lbl, B MEPBOM CAy4Yae Yy HEe MMEeKTCA Kakne-To
K03 PULMEHTbI Pa3NoKeHUs, a BO BTOPOM C/y4yae B3aMMOAENCTBMA Y Hee Bce ee KoadpPpuumeHTh! B ABa
pa3a MeHblUe YeM B MePBOM c/y4dae. MOXKHO /1M 0XKnaaTb, YTO B 060MX Cy4Yanx pesyabtaT
B3aMmoaencTama byaet oanHakos? [10BO/IbHO OYEBMAHO, YTO PE3YNbTAT MOXKET ObITb Pa3HbIM.
MoaTomy, AN YacTUL, HE AONKHO 6bITb CBOBOABI B 3HAYEHUAX KO3DDULMEHTOB, A0/MKHA CYLLECTBOBATb
HeKkoTopasa GYHKUMA KOTOPOM AOJIKHbI YA0BAETBOPATb 3TU KO3PDULUMEHTbI. YTOObI MOHATH OT Yero
MOKET 3aBMCETb 3Ta GYHKLUMA U KaK 3TO BIMAET Ha Pa3NoXKeHne Mo Ha YaCTulbl, HYXKHO bonee
AeTanbHO PacCMOTPEeTb B3aMMOAENCTBME YacTul,.

B3aumMoelicTBUe ABYX YaCTHI],

MycTb MMeloTCA ABe OAMHAKOBbIX YacTULLbI, KOTOPbIE BO3AEWCTBYIOT APYr Ha Apyra. Mx B3aumogeiicteune
NPMBOAUT K USMEHEHUIO UX TPAEKTOPUK, N KaK pesyabTaT OHWU pacxoaaTtcsa. NepBoHavanbHO, Koraa
yacTuubl bblM ganeko, nose MeTaBCENEHHON B palioHe KaKA0W U3 YacTML, MOXKHO ONuMcaTb, UCNO/b3YA
TO/IbKO GYHKLMM 3TUX YacTuL. oc/ie TOro Kak OHM Pa3oLLINCh AaNeKo APYr OT Apyra U nx
B3aMMOZENCTBME CTaN0 NPeHeBPEKMMO MabiM, NOJE TaKKe MOXKHO ONMCaTh MCNO/b3YA TONIbKO
dYHKLMM 3TUX 4acTML,. A Kak onucaTb NoJsie Tam rae 4acTuupbl B3aumoaencrsosann?

TaK KakK 4acTuLbl B3aMOAENCTBYIOT, Nosie u3MmeHsAeTcA. [oaTomy, B 061aCTV B3aMMOLENCTBUA MOMKET
OKa3aTbCsA HeZOCTAaTOYHbIM PA3oKEHUA N0 GYHKUMAM B3aMMOAENCTBYIOLLMX YacTUL, U noTpebyeTca
pasnoXKeHne No NoAHoMy H6asmncy GyHKUMIN NOPOXKAEHHOTO NPOCTPaAHCTBA.

KaK BbIr1AguUT pasnoskeHne no noaHomy 6asmcy? 6es Hanmuma BbiSBNIEHHOM 3aBUCMMOCTH
K03pdMUMEHTOB DYHKLMMU PA3I0KEHUA, PA3OKEHNE MOXKHO BbIJ1I0 Bbl MPOCTO UCMOAb30BATb Y3Ke
nmetowmecs ypasHeHme 25. OgHaKO, C Y4ETOM BbIABJIEHHOM 3aBUCMMOCTU, 3TO YPAaBHEHUE HYXKAAETCA B
YTOYHEHUMU,

Ana moamdurKaumm, A OPUEHTMPYHOCH HA TEOPUIO BO3MYLLEHMI. [03TOMY, XOUETCA NOCTPOUTL NPUMEPHO
TaKoe e pasnoXKeHue 45 YacTul, Mpu 3TOM, 3TO Pa3NoKeHME LO/IKHO YA0BNETBOPATb ypaBHEHUIO 25,
C ONWCaHHOM BbllLEe TOYHOCTbHO.

KaK noKasaHo Bbile, KO3pPULMEHTbI PasHbIX HaCTUL, UMEIOT HEKOTOPYIO 3aBUCMMOCTb APYr OT Apyra.
BBeay YacTuLbl pasHbiX NOPAAKOB. YacTuLbl NepBOro NOPAAKa 3TO TaKMe YacTuLbl, KOTOpble



CYLLLECTBYIOT MOCTOAHHO. YacTuLbl creayowmx NopaaKkos NpoABAAOTCA TONbKO NPy B3aUMOAENCTBUAX,
OHM COOTBETCTBYIOT BUPTYa/ibHbIM YacTULAM. YacTMLa NepBoro Nopsaaka B3auMoAenCcTBYOT MexXay
coboli 1 c YacTMLaMM CneayowmxX NopsaaKos. MNpu 3Tom, Npu B3anMoAeNCTBUM HacTumL, PasHbIX
NopPAAKOB, HYXeH HEKOTOPbIM KO3PPULMEHT U3MEHAIOLLMIA CUY B3aumoaeincTens. [na yactuy, ogHoOro
nopsAKa, A0/IKHA BbIMO/HATLCA ONMCaHHaA 3aBUCMMOCTb. B pesynbTate, pasnorKeHue nons
MeTaBcefieHHOl NpeBpalLaeTcs B:

F@) = fore @ + X 01: (L(7), X, Y21, {Q2i}, ¢) + X @2 (L(7), X, Yai, {Qai}. ) + [40]

3pecb @1; NPeACTaBAsAeT i-lo YacTULy NepBOro NopAaAKa:

=i =N(k -
P11 = Xizimon §=1( )ulisWis(L(rf)rX’ Y15,{Q1:},©) [41]
NPV 3TOM Uq ;s AOJIKHbI Y10BNETBOPATH HEKOTOPOI HEU3BECTHON PYHKLMUK:
[ D) =1 [42]

AHaNOrMYHO ANA YacCTUL, BTOPOro NopAdKa U NocaeayioLero n-ro NopaaKka A0XHO BbIMOAHATLCA
ycnoBue:

f(Upis,n) =1 [43]

roe n = 1. OTmedy 4To ypasHeHUe 40 He ABASETCA TOXKAECTBEHHbIM YPaBHEHUIO 25, 1 cTeneHb,
HACKO/IbKO 6/IM3KO OHU COOTBETCTBYIOT, 3aBUCUT OT YpaBHeHMA 43.

TaK e n3 ypaBHeHUA 40 BMAHO, YTO YaCTULbI cneaAyrwmnx nopAaaKoB UMEKT Te XKe CBOICTBA YTO U
4YacTMubl NepBoro nopaaka. Takoe BO3MOXHO TOJIbKO eC/in 04HOBPEMEHHOe N3MeHeHUe BCeX aMnamnTys,
4acCTuubl He BKAET, C YKa3aHHO[;1 TOYHOCTbIO, Ha noBeAdeHne TaKMUX 4aCTul, BO BpemeHU.

TaK*Ke 13 3Toro BUAHO YTO YacTMLbl BCEX MOPALKOB MeXAy coboli B3aMMO,LI,EVICTBYEOT.

E,Z[I/IHCTBGHHOCTI) Pa3JI02KEHHUA ITOJIA 110 6asncy

B yacTu cTaTby Bbiwe 66110 0B6CYKAEHO PA3NOKEHME YacTuUL, No 6asuncy TpexmepHbIX GyHKUMA. B cBasu ¢
3TUM, NHTEPEeCEeH OTBET Ha BOMPOC: CYLLLECTBYIOT /I NPUYUHbI, YTOBbI TaKoe PasnoXKeHue, No N3BECTHOMY
6asucy, bbln0 e ANHCTBEHHbIM?

[lna oTBETa Ha 3TOT BONPOC, HYXXHO BEPHYTLCA K TOMY, 3a4eM TaKoe Pas/oXKeHne BoobLe HyKHO. A
HY>KHO OHO A/11 TOrO YTO6bl HA MOPOXKAEHHOM NPOCTPAHCTBE-BPEMEHM BbINOAHANACh MPUUNHHOCTb.
CoOTBETCTBEHHO, Ha BXOAE MMEIOTCA HavasibHble YCN0BUA B BUAE Pa3/0KEHNA HA YacTULbI B
npeablayWwmnii MOMEHT BPEMEHM. Pa3fioxKeHMe XKe B KaKabli U3 noc/ieayowmx MOMEHTOB BpeMeH!
[AONIHO CNeaoBsaTh U3 NpeablayLLero.

Ecnn MoXKHO ByaeT NocTpouTb 60/1ee OAHOro TaKOro Pa3/OKEHNA, COXPAHAIOLWENO MPUYUHHOCTb, TO
ypaBHeHWe KneitHa-TopaoHa-®oka byaeTt HapyLwaTbes.

Tem cambim, He TPE6VETCH, yTOObI pa3noxeHne nonAa s Ka)'K,Cl,blﬁ KOHerTHbIVI MOMEHT 6bI1/10
€ONHCTBEHHbIM, HO OHO OO0J/TXXHO 6bITb €OUHCTBEHHbIM, KOTOPOE COXPaHAET NPUYNHHOCTb.

IlostHOTa 6a3uca " BU/ABbI 3JIEMEHTAPHBIX YaCTHUIL]

M3 nonHoTbl 6a3nca (c ykasaHHOM paHee TOYHOCTbIO) cneayerT elle oAuH BbiBoa. Eciv nssecteH Habop
bYHKLMI pa3noKeHWa AN OAHOM YacTULbl, TO TEM CaMbIM UMEETCA BO3MOXKHOCTb MOJIy4YUTb BCe
ocTasibHble GYHKUMK pas3nokeHusa. Kak MUMEHHO 3TO cAeNaTb NOKa HEMOHATHO, MaTeMaTUYeCcKas MoLe b
TEOPUN HAXOAMUTCA B Pa3BUTUN.

BinyaJIbele YaCTHUIlbI
BHOBb BEpHYCb K pacCMOTpPeHUto BBaVIMOAeﬁCTBMH AByX 4YacCTul,.



KaK 6b1/10 MOKa3aHo Bbille, MPY B3aUMOAENCTBMM ABYX YaCTUL, BOKPYT HUX 0BpasyeTca 061aKo HacTuL, ¢
n>1, ypaBHeHue 40. Bo3HMKaeT BONPOC, MOXKET M 04Ha U3 3TUX YacTuL, CyLLLecTBOBaTb U gasee, nocne
TOrO KaK B3aMMOAEeNCTBYOLME YacTULbl pa3onayTca Ha 60/blLOe paccToAHMe?

[na oTBeTa Ha 3TOT BOMNPOC HYXHO BCMOMHWUTb NPO To 4YTo BpemaA B MMBM-Teopun UMeeT CUMMETPUIO K
nepeHocy, U3 Yero cneayeT 3aKkoH coxpaHeHusa sHeprun. CheaosaTtenbHO, A8 TOro YTObbl 0A4HA U3 TaKUX
YyacTuL, cylecTBoBana U ganee, HeobxoAMMo YTOBbI CyMMapHan SHepPrusa He U3MeHnNach.
CnefoBaTenbHO, Takas YacTuLLa MOXKET NOABUTHLCSA, TO/IbKO ECIN SHEPIUA HavaibHbIX ABYX YacTuL,
YMEHbLINTCA.

BupTyanbHble YacTULbl MOTYT CYLLLECTBOBATb M B MYCTOM NPOCTPAHCTBE, TaM, FAe pacnpocTpaHseTcs
OfiHa Yactuua. B aTom cnyyae, NOTHOCTb TaKMX YacTuu, byaet onpenenaTbca TeM, HACKObKO MHOTO
BO3MYLLEHWNI Nona MeTaBcesleHHON ONMUCbIBAOTCA BUPTYaibHbIMM YacTULamu. Yactb nons
MeTaBceneHHoM, KoTopas BO BcesieHHOM onuMcbiBaeTca BUPTYa/IbHbIMKW YacTULAMMU, U KOTOpasn
OTHOCUTCA K 061acTn BAaNM OT 06bIYHbIX YacTu1L, Ha30BY POHOBbLIM LWYMOM BceneHHol. ABnaeTcs aToT
$OHOBbLIN LWYM BceneHHoM KOHCTaHTHON MK OH U3MEHAETCA BO BPEMEHM, MOKA HEMOHATHO.

IlepeHOpMHUPOBKAa B KBAHTOBOM T€OPUH MOJISA

M3 ypaBHeHuA 40 cnegyeT obbACHEHME TOMY, Kak paboTaeT nepeHoOpMMPOBKA B KBAaHTOBOWN TEOPUM
nonA. 3To ypaBHeHMe NOKa3blBaeT, YTO NPU B3aUMOAENCTBUAX BOKPYT Kax 40l YyacTmubl obpasyertcs
061aK0 BMPTYasibHbIX YacTuL,. CXOAUMMOCTb pAga O4eBUAHA, TaK KaK cam PsZ, 3TO Pa3/ioXKeHWe Noss no
6a3ucy. Bo3MOXKHOCTb yNbTPadrONETOBbIX U MHPPAKPACHbIX PACXOAMMOCTEN YCTPaHEHA NPY NOMOLLM
BBe/ZleHMs OrpaHMYeHUA Ha MaKCUMabHYO N MMHUMabHbIE A/IWHbI BOH B ypaBHeHUU 1, rae i moxkeT
MeHATbCA To/IbKo oT IMin go iMax. AetanbHee Bonpoc ¢ iMin n iMax 6yaeTt paccmoTpeH nocne
paccMOTpPeHUs rpaBuUTaLmu.

OCHOBHBIE YaCTHULbl U YACTULbI-TIEPEHOCYMKH B3aUMOAEeNCTBUI

B o4HOM M3 NpeablayLmx YacTel cTaTby 661710 HaNAEHO, YTO U3MEHEHWE CKOPOCTU YacTULLbI,
ABUNKYLLENCA CO CKOPOCTbIO MEHbLLE CKOPOCTU CBETA, MOKET MPUBOAMUTL K UCMYCKaHMIO UK
NOFNOWEHMIO HEKOTOPOW APYroi YacTMLbl, KOTOpPaa ABUMKETCA CO CKOPOCTbIO TOYHO PAaBHOM CKOPOCTH
cBeTa. 3TO NPMBOAUT K BBEAEHMIO HOBOM YacTULbl 418 ONUCaHWUA B3aMMoaencTemii. pyrue
B3aMMOEMNCTBMA MOTYT Tak»Ke noTpeboBaTh BBEAEHMA AOMONHUTENbHbIX YaCTUL-NEPEHOCYMKOB
B3aMMOZeNCTBUI. VImeeT cMbICN BBECTU pasaesfieHne Ha ABa OCHOBHbIX TUMA 3/IeMEHTapHbIX YacTULL:
OCHOBHbIE YacTULbI 1 YACTULLbI-NEPEHOCUNKM B3aMMOAENCTBUIA MEKAY OCHOBHbIMMW YacTULLAMM.

KaK onpeaenntb OCHOBHbIE YacTuLbI? B TEOpMM NOPOXKAEHHOIO NPOCTPaHCTBa-BPEMEHN-MaTepUn
Habloaaemasn BcesieHHas 3To NpoayKT cosHaHuA. Co3HaHMeE Xe, B CBOKO ovepesb, ABAAETCA
anndeHomeHoM oT nosa MeTasceneHHOM. [03TOMY, B KauecTBe OCHOBHbIX YacTML, IOFMYHO B3ATb Te
YacTuLbl, M3 KOTOPbIX COCTOAT HabatogaTenun. Bce Takme YacTMLbl ABUTAOTCA C CKOPOCTbIO MeHee
CKOpOCTM cBeTa. Toraa OCHOBHbIE YaCTULbl — 3TO YacTULLbl, ABMralOLMECA CO CKOPOCTbIO MeHee
CKOPOCTU CBeTa U He ABNAIOLLMECA NepeHOCYMKaMmn B3aMMOAENCTBUI. DTN YacTULbl COCTaBAAOT OCHOBY
maTepuu.

YacTuubl-nepeHoCUYNKU BBaMMOAeﬁCTBMVI — 3TO TaKMe YacCTuubl, KOTOpPble BBOAATCA ONA d)OpMMpOBaHMﬂ
nosHoro 6asuca Pa3NnoxeHnAa n onncbIBakoT YaCTULblI-NEPEHOCHUKN B3aVIMO,CI,EI7ICTBVIf;1.

YpaBHeHusa MakcBeJsuia

Kakoit XapaKTep nmeet B3aVIMO,CI,eI7ICTBI/Ie INEKTPUYHECKUX 3apFIAOB? Mo*KHO npeanosioxXnTb, 4TO
B3aMMO/.'l,el71CTBMe HOCUT BeKTOprIVI XapaKTep, n Toraa secb BbiBOA, ypaBHeHm‘/i Makcsenna s pamKax
MMNBM-Teopunmn CBOANTCA K KONMMPOBAHMIO BbIBOAA 3TUX YPABHEHMUI M3 O4HOIO M3 y4ebHMKOB.



Ha ypoBHe MeTaBceneHHOWM NoJie TONIbKO OZIHO, 3TO CKansipHoe nose MeTaBceneHHoW. Bo3HuKaeT
BOMPOC, MOYHO /1M B PaMKax MOPOKAEHHOIO NPOCTPaHCTBA-BPEMEHM BblAENUTb Kakne-To 3pPEeKTUBHbIE
KBasn-pyHAaMeHTa/ibHble MO, U KaKUMWM CBOMCTBAaMM 3TU NOAA A0NXKHbI 06/1a4aTh?

KBasn-¢yHaameHTabHble NOAA 34eCb 03HAYaeT, YTO MOAA B PaMKax NOPOXKAEHHOro NPOCTPaHCTBa-
BPEMEHN-MaTEPUN AONXKHbI BbIrNAAeTb GyHAAMEHTabHbIMU U HE CBOAMMBIMU K APYTUM 3PPEKTUBHbBIM
NofAM B MOPOXAEHHOM NPOCTPaHCTBE. X BO3MOXHO BbIAEAUTb, ECAU ANA KaKUX-TO YCO0BUIA
BO3MOXHO paccMaTpuBaTb AMHAMUKY GUNUYECKOM CUCTEMbI HE NPUHMMasA BO BHUMaHWe apyrue
noaobHble nons.

Mpexae yem NN ganee M PaccMaTpuBaTb CIeACTBMA NPEANO/IOKEHUA O BEKTOPHOM XapaKTepe
3NEeKTPOMArHUTHOIO NOASA, CNeAYET PACCMOTPETb, HACKO/IbKO 3TO NPeANoiorKeHne 060CHOBaHO U
cootsetcTByeT MMBM-Teopnmn. BEKTOPHbIN XapaKTep Mo, HACKONbKO A BUXKY, HUOTKYZa U3 MOLENN
Teopumn HanpAMyto He cneayeT. B ToXKe Bpemsa, OH U He NPOTUBOPEYUT MoJeNn Teopun. B ypaBHeHUAX
pa3noXKeHUs GyHAAMEHTANIbHOIO CKaZIAPHOMO NOA MOXHO BBECTU QYHKLUN, UMetoLLmne
NPOCTPAHCTBEHHYIO OpMEHTaUMI0. Tak B MOAENN TEOPUM NOYHAETCA BEKTOPHOE MNoJe.
PacnpocTpaHeHue curHana snekTpoOMarHMTHOIO MOA CO CKOPOCTbIO, TOYHO PABHON MAKCMMAaIbHOM
CKOPOCTU PacnpOCTPaHEHUA B3aMMOLENCTBUIA, CAeayeT U3 Moaenm Teopmn. Kak NoKasaHo Bbille, Npu
N3MEHEHUW CKOPOCTU YaCTULLbl AOIXKHA, B TOM YMCAE, U3/Ty4aTbCA YacTULLA ABUIAtOLLAACA CO CKOPOCTbIO
TOYHO PaBHOM MAaKCUMaAIbHOW CKOPOCTU B3aMMOLENCTBMIA. TaK Kak U3BECTHO, YTO MPU YCKOPEHHOM
OBVXKEHUM 3aPANKEHHbIX YACTULL, UCNYCKAOTCA GOTOHBI, TO CKOPOCTb CBETA A0/1)KHA TOYHO PaBHATLCA
MaKCMMasibHOM CKOPOCTU B3aUMOLENCTBUN.

MoNHbIM BbIBOAOM 3/IEKTPOMArHUTHOTO MO/ MOYKHO Obl/10 6bl Ha3BaTb MOJIyYEHUE YPaBHEHUIA
3/1EKTPOMArHUTHOIO MOJIA, CO BCEMW €50 CBOWCTBaMM, HAaNPAMYHO U3 ypaBHeHUA GyHAAMEHTA/IbHOTO
nons. MoKa 4To A0 3TOro pasBUTME TEOPUM HE OO0, MAET 3Tan NOUCKA TOro, KAKUMM CBOMCTBAMM
H0MKHO 06n1agaTh nosie MeTasceneHHOM, YTOObI BbINOAHANNCL HAabAtOgaeMble HAMU 3aKOHbI GU3UKMU.
CnepoBaTenbHO, TaK Kak BEKTOPHbIN XapaKTep 31eKTPOMarHMTHOro nons He npotusopeymT MNMNBM-
TEOPWUK, U TaK KaK MOKA3aHO YTO YCKOPEHHOE ABUMKEHWUE 3NEKTPUYECKMX 3apaaoB B mogenn MMNBM-
TEOPUUN MOKET NPUBOAUTD K UCMYCKAHMIO YACTUL, ABUNKYLLMXCA CO CKOPOCTLIO CBETA, TO TaKoe
npeanoNoKeHNe NPaBoOMEPHO U MOXKET BbITb PACCMOTPEHO.

M3 npeanonoxeHna o BEKTOPHOM XapaKTepe NosA U CKOPOCTU YacTUL-NepeHOCYNKOB, TOYHO PaBHOM
MaKCMMasibHOM CKOPOCTU B3aMMOAENCTBUI, BbIBOAATCA ypaBHeHMA Makcsenna. Mx BbiBoA, C 3TUMM
NpeanoaoXKeHNAMMN, MOXKHO HANTM BO MHOTUX y4ebHMKax No anekTpogmMHaMmmke. Ha ocHoBe 3Toro A
Oenato BbIBOA YTO, HA OCHOBE OMMUCaHHbIX Bbille NPeANoN0XKeHUM U 6e3 ydeTa KBAHTOBOIO XxapaKTepa
B3ammogencTtemi, B MNMNBM-Teopumn nonyyeHbl ypasHeHna Makceenna.

KBaHTOBblE ypaBHEHMA 3NEKTPOANHAMMKN ABAAIOTCA OAHOW U3 YacTei cTaHaapTHoW mogenu. Kak
npeanaraemas Teopus COrNacyeTca co CTaHA4APTHOM MOAENbIO U KanMBPOBOYHbLIMK TEOPUAMM?

CraHaapTHasA Mo/JeJib

CTaHAapTHaﬂ moggenb ABNAEeTCA KaﬂM6pOBO'~IHOVI Teopmeﬁ. KaﬂMﬁpOBO‘-IHbIe TEOPUN OCHOBAHDbI Ha
CUMMETPUAX. MmetoTca am CMMMETPnnN B npe,a,naraemoﬁ TEOPUN NOPOXKAEHHOTO NPOCTPAHCTBA-
BpeMeHN-maTepun?

BbllLe NOKa3aH Leblil pag CUMMMETPUIN, HaNnpUMep CUMMETPUA K MEPEHOCY BO BPeMEHU, CUMMETPUSA K
CMeHe 3HaKa 3apsaga u pag apyrux. Us moaenv Teopum BoiBeAeHbl TaKMe YpaBHEHUSA KBAHTOBOW
MeXaHWKK, KaK ypaBHeHusa KneliHa-TopaoHa-doKa u ypaBHeHUs [lnpaka. BbiBefeHbl, C HEKOTOPbIMM
npeanonoKeHnamu, ypasHeHmsa Makcsenna. Tem cambiM, MOXHO roBopuTb npo U(1) cummeTpuio. 3To
noKasbiBaeT, 4To MMBM-Teopua coBMecTMMa ¢ KaIMbpOBOYHBIMM TEOPUAMM U CO CTaHAAPTHOM
MmoZenbto. XoTenochb 6bl NONYYUTb BCIO CTaHAAPTHYO moAaenb u3 MNMNBM-Teopun, HO NoKa 3TOT BONPOC He
pelweH. lymato, YTO OH MOKeT 6bITb pelleH B MPoLUecce AasibHENLEro pa3BuTna TEOPUN.



I'paBUTaLMA ¥ 0611 TEOPUA OTHOCUTE/IBHOCTH
pasuTauma B pamkax MMNBM Teopumn cuntaetca cneacTemem UCKPUBIEHUA MOPOXKAEHHOTO
NPOCTPaHCTBa-BPEMEHMU.

[lo aToro, B cTaTbe NpeAnoiaranoch, YTo Mbl Hape3aem NpPocTpaHcTBo MeTaBceneHHoM Ha
rMNepnNIOCKOCTU. Ho YTo ecin, Ans coxpaHeHMsa NPUYMHHOCTM M OANHAKOBOCTU GU3NYECKNX 3aKOHOB,
HeobxoaMma UCKPUBNEHHAA NOBEPXHOCTb? B 3TOM Caydae HY»KHO roBOPUTb NPO r’MNeprnoBeEPXHOCTHU.

e [MNepnoBepxHOCTU, NPUHAANEKALLNE OJHOMY CEMENCTBY, A0/IXKHbI HE NEPeceKaTbCa mexay
coboli.

e CyuwecTByeT HenpepbiBHOE NpeobpasoBaHue, NepesoasLLee o4HY rMneproBepxXHOCTb
cemeincTsa B Apyrylto.

BbIBOA, MPO MaKCMMa IbHYIO CKOPOCTb B3aMMOAENCTBMIA U CKOPOCTb CBETa BBEAEHMEM KPUBU3HbI
NOPOKAEHHOIO NPOCTPAHCTBA-BPEMEHN HEe MeHAeTCcA.

MoBTOpPAA paccyKAeHMA O HanpaB/IeHUM BEKTOPA BPEMEHMU, NOJyYaeM, YTO BEKTOP BPEMEHM [OJIKEH
MMETb HaNBONbLININ BOSMOKHbIN Yro/1 OTHOCUTE/IbHO FTMNEPNOBEPXHOCTU. N5 runepnaockocTy 3aTo
COOTBETCTBYET NEPNEHANKYNAPHOMY YIy.

Teno, HeNOABW}KHOE OTHOCUTE/IbHO PACCMATPUBAEMON FMNEepPNoBEPXHOCTH, IBONOLMOHNPYET BAO/b
MWPOBOWN INHUM.

TaK Kak runeproBepxHOCTb He MJI0CKas, 3TO 03HAYaET, YTO MUPOBAA IMHMA He ABAAETCA NPAMON. Tem
CaMbIM, rpaBUTaLMA NPUBOAUT K CBOAUTCA K MOBOPOTY KacaTe/IbHOM rMnepniocKoCTy, NpeacTasastowei
CUCTEeMy OTCYETa, rae Teso NOKOUTCA. YCKopeHMe Tena, Kak OnucaHo B CTaTbe Bbille, CBOAUTCA K
MOBOPOTY FMMNEPMIOCKOCTM, NPEACTaBAAOWEN CUCTEMY OTCYETa, rae Teno nokoutca. Ho Toraa ato
3HAUUT, YTO HEBO3MOMKHO OT/IMYMTb, KaKkaA cuaa AeUCTBYET Ha AOCTAaTOYHO Manoe Teno —
rpaBuUTaLMOHHAaA UK cuia nHepummn. CnegosartesibHO, MHEePTHaA M rPaBUTALMOHHAA MaCcCbl PaBHbI.

3TO 03HaYaeT, YTO AOKa3aH NPUHLMM SKBUBANEHTHOCTU FPABUTALMOHHON U MHEPLMOHHOW Macc, Uam
CUNbHbIA NPUHLMM SKBUBANEHTHOCTU DNHLUTENHA.

Taknm o6pa30M, AOKa3aHO “ BbliBEAEHO:

e  CUAbHbIA NPUHLMMN SKBMBANEHTHOCTU
e PaBeHCTBO CKOPOCTM CBETA BO BCEX CUCTEMAX OTCYETA M €€ TOYHOE PAaBEHCTBO MaKCUMa/IbHOM
CKOPOCTW B3aMMOLENCTBUI

3To 03HaYaeT, YTO NOJIyYeHbl BCE NPUHLMMbI, Ha KOTOPbIX NOCTPOEHa 06LLaA Teopma OTHOCUMTENIbHOCTM.
Ucxopna ns aToro, A Aenato BblBog, 4To 0bLan Teopus oTHocUTenbHOCTU yaosaeTsopseT NMMBM-Teopun.

Takke nmeeTcs ele oauH BbiBOA, 06 OTCYTCTBUM KBaHTa rpaBuUTaumMmM. TaK Kak KBAHTbl BBOAATCA Ha
OCHOBAHMW PA3/1I0XKEHUA NONA, A TPABUTALMA CTPOUTCA HA NPUHLMNMANBHO APYTOM NOAxXoae, TO
KBAHTOB rpasutauum, cornacHo NMNBM-teopuun, He moxeT cywectsoBaTb. Mcxoaa us atoro, MNMBM-
TEopUsA HECOBMECTUMA HU C OAHOM Teopuei KBaHTOBOM rpaBUTaL UK.

OTmeuy, YTO BbIBOA, BCEX MPMHLIMMNOB, HA KOTOPbIX OCHOBaHa 06Lan Teopusi OTHOCUTENBHOCTU, He
No3BOAET YTBEPKAATb, YTO NOJIyYeHbl YypaBHEHMA 0bLein Teopun OTHOCUTENBbHOCTU. MpUUnHa
3aKnKo4YaeTcs B TOM, YTo aelicteue B OTO noctynmpyeTca, a He BbiBoaMTCA. [o3Tomy, XOTA 3a4a4a
cBeZieHa K U3BECTHOM, A5 nony4vyeHusa ypaBHeHnn OTO TaKkKe NpuxoamTca NocTyAnpoBaTh 3TO
nencreme.

Mo 3ToW NpUYMHe Heb3A YTBEPKAATb, YTO HEBO3MOXKHO MNOCTPOUTL APYroi Habop ypaBHEHU
rpasutaumm, nommmo OTO, yaosneTsopstoLmx Bcem TpeboBaHmAam NMMBM-Teopumn. OgHako nobble


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

ApYyrve ypaBHEeHNA TaKKe A0NXKHbl YA0BAETBOPATb NepeyncaeHHbIM Bbie TpeboBaHmuam MMNBM-
Teopuu. C passutrem MNMBM-Teopun, ypaBHEHMA TPaBUTALMUM SOTKHbI ObITb BbIBEAEHbI HANPAMYIO U3
YPaBHeHUA cKanapHoro nons MertascefieHHOM.

TaK Kak npu BBeAEHUM UCKPUBAEHHOIO MOPOKAEHHOIO NPOCTPAHCTBA-BPEMEHM HEOHXOAMMO
YYUTbIBaTb METPUKY NPOCTPAHCTBA, TO 3TO HY}KHO Y4eCTb B YPaBHEHUN Pa3noxKeHna dyHaaMeHTaIbHOro
CKanapHoro nona MeTaBceneHHOW:

> —> =A k=N =i =N(k -
f(?‘) = fext(r) + 25:1 Zk:1p izi%flr)f ;=1( ) uikpsWips(gr L(rf); X; Yik: {Qik}: C) (44)
3pecb ,EI,O6aBI18Ha 3aBMCUMOCTb OT METPUKUN NPOCTPAHCTBA-BPEMEHU (.

BHOBb BO3BpaLLanch K BONPOCY 0 nosHoTe 6a3unca GyHKUMI pasnoxeHna. Ecam GyHKLMM pasnorkeHus
MoJIHbI, TO B Hallen BceneHHoM He A0/1KHO BbITb MECT, rae noAxo[, C pasnoKeHmem ¢yHAaMeHTa/IbHOTO
CKaNApHOro nons He paboTaeT. O4HAKO, U3BECTHbI 0OBEKTDLI FAE UMEETCA HeYCTPaHUMasn
CUHIYNAPHOCTb, YepHble Ablpbl. CyLecTBoBaHUE TaKMX 0O bEKTOB roBOPUT, YTO Basnc GyHKLMI
pPa3NoXKeHUs He NOJIOH.

Bo3Bpaluasnck K Bonpocy npo iMax v iMin B ypaBHEHUU PA3ONKEHUM CKaNIAPHOro nosa. PyHKuMm
pa3NoXKeHUs He A0/KHbI BKAOYaTb B cebs TakMe PyHKUUKU, KOTOPblE COOTBETCTBYHOT YEPHbIM Ablpam C
WX CUHTYNSPHOCTAMU. [103TOMY BO3HUKAET OrpaHUYEHME Ha CAIULLKOM KOPOTKUE BONHbI GYHKLUMNA.
PaccmaTpuBas BO3MOXKHbIE OrPaHUYEHMA CBEPXY, HE BbIFNALUT HYKHbIM PYHKLMKN C XapaKTepHbIMU
pasmepamu 6onblie Habatogaemoro pasmepa BceneHHol. Bo3MOXKHO, MOXHO HaliTU ele bonee
OrpaHUYMBAIOLLME YCI0BMA HAa MAaKCMMANbHbIN pasmep GyHKUMIA.

OTMeuy TaKKe, YTO AOKA3AHHbIN Bblle CUIbHbIN NPUHLMM 9KBUBANEHTHOCTU NO3BONSET HE BblABUIMATb
OO0NONHUTENbHbIE TPeHOBaAHMA K QYHKLMAM PA3/IOKEHUA.

KocMmoJsiornyeckasi nOCTOSIHHAasl 1 TeMHasl JHEepruga
3KCI'IepVIMeHTaIIbeIe Ha6l'll-0ﬂ,eHVIF| noKasblBatoT, YTo BceneHHan pacwnpaeTca, n YTO KoCMo1orm4yeckas
KOHCTaHTa B YpaBHEHUU DNHWTENHa OTANYHA OT HYNnA N ABNAETCA KOHCTaHTOM.

Kocmoniornyeckaa KOHCTaHTa 06bIYHO MHTEPNPETUPYETCA KaK NPOABAEHNE TEMHOM 3HEPruK,
OTBETCTBEHHOM 33 YCKOPEHHOE paclumpeHme BceneHHoM.

Bce coBpemeHHble KOCMOJIOrMYyecknue Moaenm roBopaT, YTo BceneHHas MMeeT Havano, U YTo B NPOLLIOM
Bce 061acTu BceneHHow 6blivM A0CTaTOYHO Masibl, YTOBbI B3aMmMoAencTBOBaTb Mexay coboit. ManocTb
bNYKTYaUMiA PEIMKTOBOTO M3/y4YeHUs B 3aBUCUMOCTM OT HanpaB/eHUA ABNAKOTCA O4HUM U3
CBMAETeNbCTB 3TOro.

Kak Kocmonormyeckaa KOHCTAHTa BAMAET Ha Pa3/iIoXKeHWe CKaNAPHOro NOAA Ha TMNepnoBepPXHOCTY,
TpebyeTtcs M moaudUKauna ypaBHEHWNIA?

Ona Toro YTO6bI MONbITAaTbCA OTBETUTL Ha 3TOT BOMPOC, HYXXHO NOHATb KaK MOXHO NMNOCTPOUTb
pacwmnpAolyroCcA C OAMHAKOBbIM 3Ha4YeHNEM KOCMOJIOTMYECKON KOHCTAHTbI BCEeNEHHYIO.

Ecnun Bce pacwmpeHune BbI3BaHO BHELUHEM KpMBM3HOV1 rmnepnoBepxHOCTUN NOPOXKAEHHOIO NPOCTPAHCTBA,
TO KpUBU3Ha O0/1*KHA MEHATbLCA, MPUN YCIO0BUUN HEU3MEHHOCTU CKOPOCTU BPEMEHU U d)YHKLI,MM
NOPOXKAOEHHOTO PACCTOAHUA. o710 npoTnuBopeynT Ha6ﬂIOAeHWr'IM, cnepnoBaTesibHO, nmbo CKOPOCTb
BpeMeHnN n d)yHKLI,VIﬂ NOPOXKAEHHOIO PAaCCTOAHNA 3aBUCAT OT BHellHel KPUBWU3HbI TaK YTO B UTOre
nony4yaeTtca HeMamMmeHHaAa BHYTPEHHAA KPUBU3HA, BbI3BaHHAA KOCMO/IOTMYEeCKo KOHCTaHTOf/‘I, nmbo
BHELWHAA KPUBNU3HA HE UTPaAET CYLLI,GCTBEHHOﬁ ponawn.

Ecnv BHELWHAA KPMBM3HA HE UIPAET CYLLECTBEHHOM PO/IN, TO CTOUT BOMPOC, KaK MOXKHO NOJIyYnTb
pacwupsaAoweeca NOPoXKAEHHOE NPOCTPAHCTBO Ha TMNEePNoBEPXHOCTM C HY/1eBOMN CpeaHe KpUBM3HOM.



YpaBHeEHWNE COAEPHKUT METPUKY PACCTOSHUA B NOPOXKAEHHOM NPOCTpaHCcTBe-BpemeHun. Ecnum, npu
yBenn4eHun Bospacta BceneHHoM, 3Ta MeTpMKa A5 TOYEK C OAMHAKOBbIM PAacCTOAHMEM B
MeTaBceneHHon byaeT BblAaBaTb Bce 60/ibliee paccToOAHME B MOPOXKAEHHOM MPOCTPAHCTBE, TO MOXHO
Noly4YmTb pacnpstoeeca NOPOKAEHHOE NPOCTPAHCTBO Ha FTMNEPNOBEPXHOCTU C HY/1IeBOW cpeaHei
KPUBU3HOM. M3 3TOr0 BbIFIAAMUT OTMYHBIM YTO M aMNAnTyaa GYHKLMKN Pa3NoXKeHUs Toxe byaet
YMEHbLLATCA CO BpeMeHeM. Tem camblM B ypaBHeHUe 44 HyKHO 106aBMTb 3aBUCMMOCTb OT BO3pacTa
BCE/IeHHOM t:

> > = k=N. i=i =N(k -
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Kocmonormyeckaa KOHCTAHTa TeM CaMbiMm ABAAETCA d)yHKLI,VIe[/'I OT OTHOLWEHUA cpeaHero NopoXxXa4eHHoro
pPaccToAHNA mexay TO4KaMHn, Haxo4AWMMUNCA Ha OAUNHAKOBOM PaCCTOAHUN B MeTaBCGHEHHOVI, B
nocneayroume MmOMeHTbl BpeMeHU:
<l(t+dt)>
o = o (Sierd02) %
<U(t)> (46)

TemHas maTepus
YpaBHeHUe 45 COAEPIKUT HaCTb for: (7, t) KOTOPas He NPUBOAMUT K NOABNEHMIO 3/IEMEHTAPHbIX YacTUL,

Ecnu 310 3HayeHMe Kak-1Mbo BAUSAET Ha METPUKY NMOPOKAEHHOIO NPOCTPAHCTBA-BPEMEHMU, TO OHO
MOXEeT 06bACHATL Habtogaemble 3¢dEKTbl OT TEMHOW MaTEPUM.

MeTaBcesieHHasa U NMOPOXKACHHbIEC BCCJICHHBIC

CornacHo NMNBM Teopuu, MeTaBcesieHHan 310 6e3BpeMeHHOe NPOCTPaHCTBO CoAeprKallee CKaaapHoe
nose. DfieMeHTapHble YacTuLbl, BpEMA, NPOCTPAHCTBO KOTOPOE Mbl Hab/ilogaem — Bce 3TO
MOPOXKAEHHbIE ABNEHNUA.

Hawa BceneHHaa aBnaeTca Yactblo MeTaBceneHHoOu.

MeToabl HaxOXAEHUA NPOCTPAHCTBA-BPEMEHN-MATEPUM, ONMUCAHHbIE BbILLE, MOTYT MPUBECTU K
HAXOMAEHUIO HECKO/IbKMX PA3/IMYHbIX pelleHunid. O6aacTb onpegeneHmns sTux pelleHnii MoxXeT
nepeceKkaTbCs B NPOCTpaHcTBe MeTaBce/IeHHOM, MOXKET He NepeceKkaTbCsA, HEKOTOPbIE PeLLeHUs MOTyT
6bITb ONpeaeneHbl HA 0AMHAKOBOM NPOCTPaHCTBE MeTaBceNeHHOW. BO3MOXKHO UTO A/19 HEKOTOPbIX
obnactein MeTaBceneHHOM He onpeaeneH0 HUKAKUX peLleHui.

Karkgoe 13 TakMx peLlleHnin, CornacHo NocTyaaTy STOM TeOPUM, COOTBETCTBYET CYLLECTBYIOLLEM
BCE/IEHHOM, €C/IN B COOTBETCTBYIOLLMX MOPOXKAEHHbIX BCE/IEHHbIX BO3MOHA Pa3yMHas KU3Hb.

Hanuwwy HeckonbKo onpeaeneHui:
MynabmusceneHHas — 3Mo MHOXecmao 8cex 8cesleHHbIX, onpedeneHHbix 8 MemasceneHHo(.

bnu3sKue scesieHHble — 3Mo 8CesIeHHbIE KOMOopble UMeom repeceYyeHus 8 npocmpaHcmeae
MemasceneHHOoU.

BAN3KMe BCeleHHble He 03HaYaloT YTO KOHKPeTHas 06/1acTb MPOCTPaHCTBA-BpeMeHMN 04HON BCeNeHHOoM
nepeceKkaeTca ¢ 0bnacTbio ApYyro BceneHHo. MepeceyeHne Morio NPousonT MUAAMapabl NeT Hasag,
nunu Bnepeg, 1Mbo B meranapceKkax oT 3To obnacTtu.

JI0KanbHO napanesnsHble 8ceneHHble — 3Mo 8Ce 8CeseHHble Komopble uMmeom fepeceveHus 8 obaacmu
npocmpaHcmea MemaescesneHHoU ¢ 8bl0eneHHol Yacmobto MPOCMpPaHcmMea-epemeHu KaKoli-mo
acesneHHoU.

JloKanbHO napannenbHble BCeNeHHble He 03HAYaKT YTO MeXKAY HUMU BO3MOXKHO BBaMMOAeVICTBMe. Ana
B3aMMOAEﬁCTBMﬂ mexay sceneHHbiMn HEO6XO,CI,MMO, XOTA BO3MOXHO HEAOCTATOYHO, UMETb XOTb KaKune-
TO KOoppenaunn mexay ypaBHeEHUAMU SNEMEHTAPHbDIX YaCTUL, NpUHagnexXalwmnx K pasdHbiM BCENNEHHbIM.



B3aumodelicmsyrouue napasnesbHole 8cesneHHble — 8cesieHHble, delicmaus 8 00HOU U3 KOMopbIxX
Mo2ym 8ausime Ha cocmosHue dpyeoli, u Haobopom.

Ecnv pevicTBue ANA BAMAHUA Ha APYryHo BCeNIEHHY0 byaeT Npovn3BOoAWUTb PasyMHOE CYLEeCTBO, B Apyroi
BCE/IEHHOM NOCNeACTBUA TaKMX AeUCTBUI ByayT BbIrAAETb KaK CNeAcTBUA COOCTBEHHbIX GU3NYECKUX
3aKOHOB M ByAyT MMETb HE3aBUCKMMbIE OT MepPBO BCeeHHOW NPUYUHHO-CNEACTBEHHbIE CBA3MN.

He TaK faBHO, B $aHTaACTMKe CTan NONyAApeH XaHp GaHTE3N ¢ NapannenbHbiMu mmpamu. CornacHo
MMNBM-Teopuu, cyLLecTsoBaHWe NapannenbHbix 3emesib BO3MOXKHO, ecin 061acTb KOHLEHTpaLMu
MaTepun B Hallein BcenleHHOM COOTBETCTBYET KOHLLEHTPALMM MAaTePUU KAaKOW-TO A PYroi IOKaNbHO
napannenbHo BCeNIeHHON. BO3MOXKHO BHE3EeMHbIe pPa3yMHble CyLwecTBa oveHb 6/113Ko, Ha
napannenbHoi 3emne?

CBoO¥iCTBaA NPOCTPAHCTBAa-BpeMeHHU Hallel BcesieHHOM
UmeeT nun BpemA B Hawewn BceneHHoM Hayano u KOHELI,? CyLLl,eCTByeT HECKOJIbKO BO3MOXHbIX BAPUAHTOB,
nepevymncnro nx ece:

Bpemsa Bo BceneHHOM nmeeT Havyano HO HE MMeEeT KOHLa.
Bpema Bo BceneHHOM MMeeT Hauyasno 1 ecTb KOHeL, BPEMEHM.
MpocTpaHcTBO-BpemA BO BceneHHOM 3aMKHYTO.

Bpema Bo BceneHHOM He MMmeeT Havasia 1 HeT KOHUa.

vk N e

Bpemsa Bo BceneHHOM He MMeeT Hayana Ho MMeeT KOHel,.

Bce BapuaHTbl ¢ 6ECKOHEYHbIM BpeMeHeM 03Ha4atoT 6eCKOHEYHOCTb NpocTpaHcTBa MeTasceneHHoM.

CoBpemeHHble aCTPOHOMUYECKNE AaHHbIE MOKA3bIBAOT YTO BPEMA B HalLel BceneHHOM MMmeeT Havano.
3710 oTOpacbIBAaET BCe BapuaHTbl Kpome 1 u 2.

CooTBETCTBEHHO, B Hayase, A0 NOSABNEHUA BPEMEHM ObIIO (M MO NPEXKHEMY CyLLLEeCTBYET B
MeTaBce/ieHHOM, XOTA U AafeKo OT HAaC) HEKOTOPOE COCTOSIHME TAe NOCTPOEHME NOPOKAEHHOTO
NPOCTPaHCTBA-BPEMEHM C TAaKUMM e KaK W ceiivac 3aKoHamm Bbl10 HEBO3MOXKHO. 3aTeM, B KaKOM-TO
obnactn MeTaBceneHHoM, Hayanacb $pasa GopMnpPOBaHMA Hallelt BceneHHOM, B KOHLE KOTOPOA
NOABMOCH Halle NPOCTPAHCTBO-BpeMA U MaTepuna. HEBO3MOXKHO CKa3aTb CKO/IbKO BPeMEHU 3aHAN 3TOT
npoLecc, Tak Kak camo Bpems B 3ToM dase Haxoaunock B cTaamm dopmmpoBaHma. JanbHelwee
passuTue MNMNBM-Teopun AOAKHO NO3BONUTb U3YYUTb AETANbHO CTaano GopMmnpoBaHUA BceneHHom n
[axe NoCMOoTpeTb YTO 6b1N10 A0 Bonbloro B3pbiBa, Koraa He 6bI10 HU BPpeMEeHU HU MPOCTPaHCTBa.

BcesieHHas
B aTOM YacTh, A onully Kak Hawa BceneHHada BbIrnaguT ¢ To4KK 3peHus MMNBM-teopuu.

Mbl Haxogumcs B 6e3BpemeHHOl MeTaBceneHHol. MeTaBceneHHas UMeeT CKanapHoe nose
onpeaeneHHoe Ha BCeM NpocTpaHcTee MeTaBceneHHOM, NpocTpaHCTBO MeTaBcesieHHOM eBKAMA0BO.
YpaBHeHUWe CKaNAPHOro NoJsiA Besae oAnHakoBo. Hawa BceneHHas cywectsyeT B MeTaBcesieHHOM,
cpopmmnpoBaHa Ha OCHOBE OAHOMO U3 BapMaHTOB GOPMMPOBAHUA NPOCTPAHCTBA-BPEMEHU U METOA0B
AN17 KBAHTOBAHMSA, ONMUCAHHbBIX Bbile.,

MopoxKaeHHble 3aKOHbI ¢M3VIKVI AONXKHbI HE UMETb 3aMeTHOM Henpep,CKa3yeM0171 COCTaBI'IﬂIOLLI,eVI Ha
BCEM OO0CTYNMHOM O1A U3y4eHUA Anana3oHe :-)Heprmﬁ Yyactny un 3HaYeHum rpasnTayMOHHOIO NonA. Kak
pPe3ynbTaT, 3TO O3Ha4YaeT BO3MOXXHOCTb OMNUCbIBaTb CBOWCTBA 4acTmy n nx Bsammo,a,eﬁcmm,
OCHOBbIBaACb HAa COCTOAHMAX.

MopoxaeHHOe NPOCTPAHCTBO-BPEMA MOXKeT 6bITb WUCKpUBAEHHbIM. B aTOM cnydvae, noAsnaeTca
rpasutauumA. rpaBMTaLI,I/IFi obecneumnBaet OANHAKOBOCTb 3aKOHOB ¢M3MKM M BbINOJIHEHUNE NPUYNHHOCTW,
Tam rge oHun 6bl Hapywasancb B cny4yae nJ0CKOro npocCTtpaHCTBa-BpeEMEHMN.



M KBaHTOBas MexaHWKa K 0bLan Teopma OTHOCUTENbHOCTK, cornacHo MNMNBM-Teopuu, sBnsatoTca
NPUBAN3NUTENbHBIMU U UMEIOT OFPaHUYEHUNA HA UX AMANa30H NPUMEHUMOCTMU.

M KBaHTOBaA MexaHWKa 1 rpaBunTaumnAa ABAKOTCA NOPOXKAEHHBIMUN ABNEHUAMN.

Hy>xHa /i1 Haya/IbHasA CUHTYJIAPHOCTb NpU bosibioM B3peiBe?
HeBO3MOXKHOCTb M36eKaTb CUHTYASIPHOCTU B KOCMOJIOTMYECKMX Moaenax obuein Teopun
OTHOCUTENbHOCTU BblNa AOKa3aHa, B YMCAE MPOUNX TEOPEM O CUHTYAApHOCTAX, P. NMeHpoysom un C.
XokuHrom {15] B KoHue 1960-x rogoB. 3T A0Ka3aTeNbCTBa OCHOBaHbI Ha BUAMMOWN OAHOPOAHOCTU
BceneHHOM, YTO HEBO3MOKHO AOCTUTHYTbL ec/iM Bce 061acT BceneHHoM Korga-To B NPOLW/IoM He
B3aMMOAENCTBOBAIN MexXKay COOOM.

B NMBM-Teopun BUANMYIO 04HOPOAHOCTb BceseHHO MOXHO NonpoboBaTh A0CTUYbL M 6€3 HaYabHOM
CUHIYNAPHOCTM. N5 3TOro A0CTAaTOYHO YTObbI B hase GopmMMPOBaHNA NPOCTPAHCTBa-BpEMEH Be3/ie B
dbopmupyrolLLeMcA NPOCTPaHCTBE-BpeMeHN bblin NPUMepPHO 0AnHaKoBble ycaosua. o Hadvana
$dopMMpPOBaHNA NPOCTPAHCTBA-BPEMEHN MOPOKAEHHbIE PU3NYECKME 3aKOHbI HEMPUMEHUMbI.

CKOJIbKO U3MepeHUu B MeTaBCe/1IeHHOM?
OA4MH 13 BONPOCOB KOTOPbI BO3HMKAET NPU NOMbITKE MOHATb YCTPOMCTBO BcesieHHOM, 3To noYyemy BO
BceneHHoOM YyeTbipe U3MepeHusa, TPM NPOCTPAHCTBEHHbIX U OHO BpeMeHHoe.

peHdecT nokasan [16], noyemy KONMYECTBO NPOCTPAHCTBEHHbIX USMEPEHUIA PAaBHOE TPEM ABAAETCA
Hanbonee noaxogamm. Npu KONNYECTBE U3MEPEHUI CBbILE 3 HE MOTYT CyLLECTBOBATL aTOMbI. B
C/lyyae pasmepHOCTel MmeHblUe TPEX ABUMKEHME Bceraa npomncxoamnao 6ol B orpaHNYeHHOM

o61acTn. TONbKO NPU KOAMYECTBE U3MEPEHUIA, PABHOM TPEM, BO3MOKHbI KaK YCTOMUYMBbIE QUHUTHDIE,
TaK U UHOUHUTHbIE ABUMKEHUA

Mcxoaa M3 onMCcaHHOTO M UCNOJIb3ys aHTPOMHbIM NPUHLMN Y4acTUA, MOXKHO YTBEPXKAATb, YTOo BceneHHasn
MMEET YeTblpe 3MePEHMA NOTOMY UYTO 3TO TO KOJIMYECTBO KOTOPOe Heobxo4MMO 414 CYLLEeCTBOBaHUA
PasyMHOW XM13HW. BO3MOXHO, MOCTPOUTH NOPOXKAEHHbIE BCeIeHHbIe C 60/1bLINM KOMYECTBOM
N3MepeHniA HEBO3MOXKHO MO NPUYNHE HEBO3MOMKHOCTU PA3BUTUA B HUX Pa3yMHOW KU3HM.

To 4TO YeTbipe U3MepeHUsa ABAAIOTCA Hanboslee NOAXOAALMMM AN NOPOKAEHHbBIX BCENEHHbIX ABAAETCA
0AHOBPEMEHHO apryMeHTOM B M0J1b3Yy TOTO YTO KOJIMYECTBO M3MepPeHU B MeTaBcesieHHoW 6oblue
yeTblpex. CKoNbKo Bbl He 6b110 M3MepeHnin B MeTaBcesieHHOM, BCe NOPOXKAEHHbIE BCENEHHble byayT
MMETb TOJIbKO YeTbipe namepeHua. NoaTomy npeanonoKeHne o TOM YTo BceneHHan coaepRuT ToNbKo
YyacTb U3mepeHnii MeTaBceneHHOM BbIrNSANT, HA MOW B3rna4, NpaBaonoaobHo.

du3nvyecKkue OCHOBAaHUA MaTeMaTUKH

Mouemy MaTemMaThKa TaK XOPOLIO OnucbiBaeT Haw MUp? OBbIYHO 3TOT BOMPOC paccmaTpuBaeTcs B
dunocodun, nwyTes punocodckme oCHOBaHUA MaTeMaTUKN. PaccmoTpum dr3nYeckme oCHOBaHMA
MaTeMaTUKK C TOYKM 3PEeHNA NpeasiaraeMoi TEOPUKN NOPOXKAEHHOIO NPOCTPaHCTBa-BPEMEHN-MaTepPUM.

B pamkax 3Toi Teopum 3HauYeHne GpyHAAMEHTAIbHOMO NOAA B KaXKAO0MN TOUKe GpyHAAMEHTaIbHOMO
NPOCTPaHCTBA YA0BNAETBOPAET HEKOTOPOMY AnddepeHumanbHOMY YPaBHEHUIO.

YpaBHeHUe GU3MKM 4NA NOPOKAEHHOTO NPOCTPAHCTBA ABAAIOTCA CNeACTBMAMM 3TOTO YPaBHEHUA.
Monyyaercs YTo ANs TOro, YTOObl MaTEMATUKA XOPOLLO OMMUCbIBANA Hal MUP, AOCTAaTOYHO YTObbI OHa
onucbiBana Hanbonee GpyHAAMEHTANbHYIO CTPYKTYPY NPpUPOAbl. icxoasa 13 3Toro, cneayet BbiBO4 YTO
MaTemaThKa ABAAETCS cneacTBuem GyHAaMEHTaIbHON GU3NYECKOM CTPYKTYPbI NpUpoAbl. Bea
MaTemaTHKa ABMAETCS CNefCTBUEM YPaBHEHWA OMNUCbIBatOLWEro GyHAaMeHTaNbHOe Mnoe.

Noruka Takxke sBnseTca cnegcramem. Jlorvka 3To Habop Npasus, NO3BONAIOWMX Ae/1aTb BbIBOAbI HA
OCHOBE HeKoTopbIX GaKTOB. J/ltobble GaKTbl, BK/IOYAA YNCTO YMO3PUTENbHBIE KOHCTPYKLNN, B


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

nopoXAaeHHOM NPOCTPaHCTBE OCHOBAHbI Ha dDYHAaMEHTaﬂbHOM none u ero ceoicTeax. Tem CaMbliM,
MOXHO COeNaTb BbIBOA, YTO ZIOTMKA TaKXKe ABNAETCA C/ieaACTBUEM d)yHﬂ,aMEHTaﬂbHOl)‘I (I)VI3M‘-IeCKOl7I

CTPYKTYpPbI Npupoabl.

Mpegnonoxunm, Hanbonee pyHAAMEHTANbHBIA YPOBEHb OMUCLIBAICA Bbl YEM-TO APYTMM, @ He
MaTeMaTMKOW. B 3TOM ciyyae, CorlacHO HanMCaHHOMY Bbille YTBEPXKAEHWUIO, B MOPOKAEHHOM MUPE He
6b110 6bl HU MaTEMATUKK, HU JIOTUKM.

MOXHO M NPUMEHSATb NOTUKY, KOrAa 0rMKa OTCYTCTBYeT? [1/1A TaKOro cayyana MOMKHO UCNO/1b30BaTb
npaBaonoAobHble paccyaeHusa. MpaBgonogobHble paccyXaeHMAa MoryT ObiTb 6JAU3KMMKM K UCTUHHOCTY,
€C/In B pe3y/ibTaTe NPMMEHEHUS 3TON “He MaTeMaTUKK” NOABAAETCA HEUYTO MOXOXKee Ha JI0TUKY. Yem
61MKe To, YTO MONYYMNIOCH, K NIoTUKe, Tem Bosiee TOUHbI NPaBAoNoA0bHbIEe paccyKaeHUS.

Ucnonb3ya npasaonogobHble paccyKaeHUA, MOXKHO CKa3aTb YTO ecain Bbl B pe3yibTaTe Nosy4nnoch
NopoXKaeHHOe NPOCTPAHCTBO-BPEMS, TO B HEM BMECTO MaTeMATUKM Bbla1o Bbl HEYTO OCHOBAHHOE Ha
onucbiBalowen pyHAaMEHTAbHbIN YPOBEHDb “He MaTeMaTUKK” M HEYTO 3aMeEHAIOLLEE JIOTUKY.

OTmeuy, UTO BCE pacCyKAeHUa BblIM B HEKOTOPbIX paMKax:

1. CyuwecTByeT pyHAAMEHTAIbHOE NPOCTPAHCTBO. M MaTemaTuKa, 1 “He maTemaTnka” AONXKHbI
COAEP!KaTb MPOCTPAHCTBO C KAKMM-TO KOJIMYECTBOM M3MEPEHUNA.

2. CyuwecTByeT PpyHOaMeEHTaNbHOE CKaNAPHOE Mone, onpeaeneHHoe Ha dyHAAMeHTalbHOM
npocTpaHcTae.

3. 3HayeHus pyHAaMeHTa/IbHOE No/A ONpeaenaeTca HeKOTopbIM AnddepeHLMaNbHbIM
ypaBHEHWEM AN CNyYyas MaTEMATUKN, M onpeaenneTca “Kak-to” ana cnyyana “He matemaTukm”.

3aK/JIlnyeHue

MpepnoxeHa akcMomaTMyeckasa AeTepMUHUCTMYECKas Teopma PU3NKM, OCHOBAHHAA Ha O4HOM
ckanapHom nose. Teopua, ecan BepHa, NO3BOAAET onNucath toboe Gpusnyeckoe ABeHNE B N0ObIX
dU3NYECKMX YCNOBUAX.

B moaenu Teopuun Ha GpyHAAMEHTAIbHOM YPOBHE OTCYTCTBYET BPEMA W OTCYTCTBYET AMHAMMKA.
MOKa3aHOo KaK B TaKO MOAENN BO3HUKAET NPOCTPAHCTBO-BPEMS C MaTepuei U nonsamu. MoKasaHo, Yto
aHTPONMHbIN NPUHLMM BO3HMKAET KaK ceacTBue Teopuu. BoiBeAeH NPUHLMM NPUYMHHOCTU KaK
C/leaCcTBME OCHOBHbIX MOJIOXKEHWUIN Teopuu. MonyyeHbl, Kak CneacTBUs TEOPUN U B HEPENATUBUCTCKOM
NPUGAMKEHUM, BCE TPU YpaBHEHUA HbtoToHa. MoyyYeHbl Macca, SHePrus 1 gpyrue KoOHUenumm
MeXaHWKK. BbiBeaeHo ypaBHeHue LpeanHrepa. MpegnoxkeHo obbAcHeHMWe NPUPOAbI CNMHA YacTyLL.
MNMoKa3aHo, YTO MaKCMMasibHasA CKOPOCTb B3aMMOLENCTBMIN 06A3aHa BbITb KOHEYHOM W HbITb O4MHAKOBOW
BO BCEX MHEPLMANbHbIX CMCTEMAX OTcyeTa. MoKa3aHo, YTO CKOPOCTb CBETAa M MaKCMMasibHan CKOPOCTb
B3aMMOZEMNCTBMI B TOYHOCTU paBHbI. [oslyyeHa cneumanbHas Teopmua OTHOCUTENBHOCTU CO BCEMU ee
ypaBHeHuaMMU. MosyyeHbl ypaBHeHUs KneHa-fopaoHa-®oKa 1, ¢ HEKOTOPbIMU NPEANONoKEHUAMM,
ypaBHeHus upaka. PaccmoTpeHo B3anmoaencTamne Yactuy, O6bACHEHO YTO TaKoe BUPTyasbHble
YaCTULLbI, YTO TAKOE KBaHTbI B3aMMOAENCTBUIM NoJie, Kak paboTaeT NnepeHOPMMPOBKaA B KBAHTOBOW
Teopuu nons. NMoKasaHo, YTo Takoe Kaxywuecs pyHAAMEHTa/IbHbIMM B3aUMOLENCTBUSA, TaKMe Kak
cunbHoe, cnaboe 1 aneKTpoMarHuTHoe. MoayyeHbl, C HEKOTOPbIMW NPEANONOKEHUAMM, YpaBHEHUA
MakcBenna. MoKasaHo, YTo CTaHAAPTHAsA MOAE/b HE MPOTMBOPEYNUT NpeasiaraeMol TeEopumn.
PaccmoTpeHa npupoaa rpasutauuu. [JokasaH CUAbHbIA NPUHLMN 3KBUBAZIEHTHOCTU, A0Ka3aHbl BCe
NpeanoNoKeHNn, Ha KOTOPbIX OCHOBaHa 06LLan Teopua OTHOCUTEIbHOCTU. Ha OCHOBE 3TOr0, MOXKHO
YTBEPKAATb, YTO YpaBHEHUS 0bLLEel TEOPUN OTHOCUTENBHOCTU YA0BNETBOPAIOT TEOPUN NMOPOKLEHHOTO
NPOCTPaHCTBa-BpeMeEHM-MaTepUn. NoKa3aHo, YTO FPaBUTALMA HE MOMKET UMETb KBAaHTOB. TEM CaMbiM,
3Ta TeopwWA YTBEPKAAET, UTO HUKAKON TEOPUM KBAHTOBOW rPaBMTaLLMM HE MOKET CYLLLEeCTBOBATD.



MpeanoxeHo o6bACHEHME NPoUCXoKAeHNA BceneHHo. MpeanoxeHo o6bACHEHNe NPUPOoAbl TEMHOM
3HEpPrum 1 TEeMHOWN MaTepuu.

MoKa3aHo YTO MaTeMaTuKa, BK/oYasn IOTUKY, ABNAETCA CAeACTBUEM YPaBHEHMA ONMUCbIBAOLLENO
dyHAameHTanbHoe nose. Ecnm 6bl Hanbonee GpyHAAMEHTANbHBIN YPOBEHb ONUCLIBACA He
MaTeMaTMKOWM, a YeM TO APYIMM, TO BMECTO MaTEMATUKM Bblnn Bbl cneacTsmaA 3TOro Yero-To A4pyroro.

Teopua He ABNAETCA NOJIHOCTbIO 3aBEPLUEHHON. MHOro ypasHeHuin TeopuKn NoKa HensBecTHbl. O4HaKo,
[axe B TEKYLLLEM ee COCTOSHUM TeEOPUA N03BOAET 06beAUHUTL O6LLYI0 TEOPUIO OTHOCUTENIBHOCTU U
KBaHTOBYIO MEXaHWKY. Y TEOPUU, AarKe B ee TeKyLemM He3aBepLIeHHOM BUAE, UMEIOTCA U NPeACcKasaHus,
Hanpumep, TakMe KaK OTCYTCTBME KBaHTA rpaBuUTaLMn. TEM CamMbIM, TEOPUA YrKe ABAAEeTCA
danbcndnumpyemon. lymato, no mepe ganbHelnwen paboTbl Hag Teopueit byayT NOABAATLCS U HOBble
npesacKkasaHna Teopun.
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