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OT nsparennctea

Dra KHUTa IpoIomkaeT cepiio «Relata Refero» (ZocimoBHbIN TiepeBox —
DPACCKA3b18alo pacckazannoe). D10 u3pedeHrne MOKHO IIOHUMaTh U TPaKTOBATh
TIO-Pa3HOMY.

KoMy-To MOXET rioKa3aThes, 9T0, CIPSTAaBLIINCE 32 rpud «Relata Referos,
U3aTeNbCTRO XOUET OTMEXEBATHCS OT NMYOIMKYESMBIX B 3TOH cepuyl TeKCTOB.
Kro-10, Ha060pOT, yCMOTPHUT B 5TOM HaMEpPEHUE OILApailinTh IyO/IUKy apo-
ONEMHBIME TEKCTAMH W COPBATh CKAHIAJILHBIE arfIOgMCMeHTRl. Hadmyres,
BO3MOXKHO, M TaKHE, KOTOPBIEe BOOOIIE UCTOIKYIOT 3Ty CEPUIO KaK H3ICBKY
HAaX BCEM, UTO OTKIOHSETCA OT TPaIMIMOHHOTO PyCiaa.

Hawm xe, ofHaKO, XOTEN0Ch OB BEPUTE, 970 YHUTATENh TIOAMET HACTOSLIYIO
IPUYHHY, TOOYAVBINYIO U3aTEABCTBO B3STHCA 3a BBIIYCK 9TOM cepuu. A
rnonckaskoit Yuraremo OymeT momelleHHoe Ha OONOXKE BSHICKA3LIBAHUE
APUCTOTENA, [T KOTGPOTO, KaK TacuT Ipefadre, HOUCK UCTHHEL OKa3ajcs
BhIIe JUYHON IpyxGE! ¢ [TnaroroM.

Mm Hameemcsi, 9To NyOIMKyeMBie B 3TOM CepHUM TEKCTH BHECYI, HE-
CMOTpSI Ha CBOS ITPOTHBOCTOSHAC YCTAHOBUBILUMCS KaKOHaM. CBOH BEKJal B
no3HaHue VICTrHBL.



NPEONCNOBUE

"Hosve 0683an0 Goimb Ty4mium 1 BPOCIROMA YKpauiaern ezo "

(M3 onvima)

OxcrepuMenT JleMensTa, NMO3BONKBIIMN YCTAHOBMTB, YTO TOHEHHBIH pasMep 3MSKTPOHA
paen 107% w, crapuT mepen Quauko¥ HoBHE 3amedn. Ksamrtommi# ofmext, MMerouuit,
coriacHo Jupaxy u Bpoili1io, BOIHOBBIG CBOMCTBA, HMeeT CBOHCTBA KIACCHYeCcKOl JacTHIlH,
KaK 3To HpexckassiBany ToMcow u Jlopenrir,

CHoBa na OBECTKY JHSA BRLIBHHYNCS Bonpoc Hetorona: "He sBnssores m mywn ceeta
O4eHBb MATKIMH TENAMH, UCILYCKAGMBIME CBETAIHAMUCS BerecTraMu?",

Oreer HA HETO BAXEH MOTOMY, YTO 3KCTEPHMEHTHI Y)Ke JABHO ITOKA3aJ¥ B3aHMHOE
nmpespaiieHne "Ted B cBET W cBeTa B Tena”, no Tepmuuosnorun Herotona. JeiicTBuTensHo,
3EKTPOH COBMECTHO CO CBOEH aHTHIACTHUel - MOUTPOHOM, POXARAETCS MIPH CTONKHOBEHIH
ABYX J-KBAaHTOB BLICOKMX JHEPIuii, MMeeT MecTo Taike 00paTHOe IpeBpaileHHe. OTO
03HauaeT, YTO HeHyNeBas MAcca IIOKOS H SIEKTPHYSCKul 3apsy CIOCOGHEI CTaTh HYJICBBIMHA B
dopMe Y-KBaHTOB ¥ CHOBA HOABUTHCA M3 HuX. TalimoM ABmseTCS, XKaK 5TC MPOMCXOAMT?
Moxuo mm B 3TOM pa3obparhes, YTOOE! yHpapasTh mpoueccaMu? JTH BOEPOCH! GhiTH B
(bu3KKe W3BECTHDI [ABHO, Ha3pesa HOTpEBHOCTE B MOMYUEHHH HOCTOBEPHLIX ¥ IPAKTHICCKH
TIOJIE3HEIX OTBETOB HA HIMX.

Chenars 3T0 HeNerxo no pany mpwdwH, OxHOM W3 HAX ABNFETCS OrpAaHWYCHWE HA
CKOpOCTh CBETA, IPeAToKeHHOoe DHmTeHHOM. PaccMoTpenne ¢Be1a Kaxk MOTOKA COCTABHBIX
MACTHI| BCTyIaeT B MPOTHBOPEUME CO CISHUANBHOH TeOpyel OTHOCHTEIBHOCTH, COITAcHO
KOTOpO# He WMEET COAEPXaHMs ¥ CMBICNAa CODCTBEHHBIH pasMep YacTuusl, ABIOKymeHcs Co
CKOpOCTBIO CBeT2 B BakyyMe. /IBiKeHHe BHYTPH Takof HacTHIBL, KOTOPOE HHTYWTHBHO
MPEICTABIIAETCS Kak CBEPXCBETOBOE, 3alpeleH0 IPUHIMIOM TOCTOSHCTBA CKOPOCTH CBETA,
B cuimy 3mix 06CTOSTEABCTB KBAHTE CBETA - (DOTOHBI - SBIAKICH KBAUYACTHIAME: OHH
HUMEIOT SHEPIHUIO, MMITYJIbC, YaCTOTY, NIMHY BOHBI, IPOABNIAIOT KOPITYCKYISAPHEIE CBOACTRA B
dorosddexre w B sdpdexre Kommrona, EHO Teopms He B COCTOSHHM 33iaTh HX
[POCTPAHCTBEHHO-BPEMEHHYIO MOZeNs., BO3MOKHO, M8 3TOr0 HYXKHB NPHHLHIHATGHO
HOBBI¢ IOOXOE H anropuTMsl B geM rorma ux cyts? To, wro mocTpoenue Moxemu GoToHa
aKTyanpHO, ITOATBEpXAAacTCS cropavy Oifnmrefima:  "IIaTedecaT JeT  GeCKOHEUHBIX
pasMBIIIEHNH BY Ha HOTY He NpubIM3WIN MeHS K OTBOTY Ha BOIPOC: WIO TAKOEe KBAHTH
cera? B Hauy qan moGoH Manpuuiika BooGpaxaer, wro 310 eMmy u3secTHO. Ho oH riy6oko
ommubaerca.

FOpucmul 3narom, 4mo, Kozda 0eno 3anymanocs, Gyieaem RONE3HO BEPHYMBCA K €20
UCMOKamM.

Crenys Heiotouy # Difnnrreliny, 0o00CHYEM TOUKY SpeHusd, YTO CBET ecTh ancamOib

ABMXKYHIMXCA YACTHI, HMMCIOIIMX COCTABHBIC 4YaCTH, [IPOCTPAHCTBEHHO-BPEMEHHYIO
CTpyKTYpYy. Hcronb3ys KBEHTOBO-MEXaHMYECKHH ONIBIT, Oy/leM CUMTATE TAKHE YACTHUBL
ATOMAMM ¥ MOJeKyJaMu cseTa, Ha30BeM MX HOTOHAMY, COXPanss MOP(OIOTHYECKYIO CBAD C
HA3BAaHHEM KBa3MYacTHIl cBeTa. UToOmI OpeppaTHTs STH cioBa B pafouyio rumoTesy o
JAOBECTH JO CTaiHH IEpPBOH NMPOCTPAHCTBEHHO~-BPEMEHHON MOAENH, ObLT C/EIaH pAJ IMaroB,
COCTABIIIONINX COJEPXAHAE TIperIaracMoM KHUrH.
1. B pamkax 3;eKTpOIMHAMEKH MaxcrerLia TpemsioxkeHa TMHAMUYECKAs MOJENb KHEPLVH
JneKTpoMarauTHoro mosnt. YIMerHHo mpolineMa mHepnwu npueeda SHHITENHa X 4iee, 9TO
HYXKHO NPHHATH OTPaHNYEHHE Ha CKOPOCTh H, KaK CIeACTBHE, OTKA3aThCs OT HhIOTOHOBCKOH
MOJENH INPOCTPAHCTBA-BPEMEHY, KHHOMATHYECKM OIMCHIBAS MHEDLUMANRHOE DasIdue
napamerpoB moyt. Hopelff moaxom k mpofaeMe HMHEpHMH Bo3Bpamaer abCoMOTHOS
POCTPAHCTBO-BPEMS B OU3UKy 1 00xoxuzcs Ge3 OrpaHuueHHS Ha CKOPOCTb.
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2. JMHaMAYecKas MOJeNb MHEPLMM SJIEKTPOMArHMTHOIO MOJA INO3BONMIA OIKCATE BCIO
COBOKYHHOCTb 3KCIEPHMEHTANBHEIX JAaHHEIX 03 CHEIMATBHON TEOPUH OTHOCHTENBHOCTH,
6e3 orpamuuenns Ha ckopocrb. Oma mossommna "BOCCTAHOBHTH B mOpasax" Mogens
npocrpancTea-spemMed Hetotona. Ilpenckasan pag HOBeIX Qu3nueckix dddexros, B
YACTHOCTH, BO3MOXKHOCTE JBIDKCHMA TEN HEHYNEBOH MACCH! [OKOS CO CKOPOCTBID CBETZ B
pakyyme. OTKpeIT AMHAMHYCCKMH MEXAHM3M Ipeobpa3oBaHusi CKOPOCTH KCTOYHAKE
W3LYICHUS B 4ACTOTY HOMA.

3. Baiinena rpymma 17(4), HCTIONB3Ys KOTOPYI0 yiaanock B enuHOH (opme G-momyns
sanucats Gasopmie  (m3mdeckue 3aKomel  HpoTowa-Ofinepa, Maxcsemna, [lupaxa,
Wpeannrepa. J{oxkaszaHo, YTO OHH COAGPHKAT, TO CaMOH CBOeH CYTH, KaK JOCBETOBYIO
MeTprKy MUHKOBCKOI'O, TAK M CBEPXCBETOBEIC METPHKM, HE HPCANONIAras OTPAHHYCHHS HA
CKOPOCTb.

4. PacCMOTPEHEI IPAHK ¥ CTOPOIE! HHEPLIMK 3IEKTPOMATHUTHOTO HOS. AHAIN3 [IOKA34l, uTo
JUis ONHCAHMS JUHAMMKH HecoGCTBEHHON MHEPUMH NOCTATOYHO BBECTH HOBYIO (H3NUYECKYIO
BEMMIKHY, CKALIpHsI QYHKIMOHAN, HA3BAHHEIN noxazamerem omuowienun. OH HeAKHEHHO
YIPaBIAST H3MEHCHHEM IAPAMETPOB IION IIPH B3aMMOACHCTBHM CO CPEAoH, HO3BOIAN
OTHUCHIEATE JIMHAMMKY 9ACTOTH M CKOPOCTH IO, B YACTHOCTY, NP B3aNMOAENCTBHH ¢
MIMCPUTEHLHEIM  YCTPOMCTBOM. YCTAHOBNEHE! TPAHMIEI NPHMEHMMOCTH  CHENHARBHON
TCOPHHA OTHOCHTEALHOCTH B JIeKTpoAuHaMuKe Makcsenna.

5. Upemnoxena nnBaMHIeCcKasd TeOPUS OTHOCKTENHHOCTH. BBENeH KIace KOTOMOIOIHMYIECKH
aKTHBHEIX IIpeo0pa3oBasuii KOOpIYHAT ¥ BPEMEHH, KOTOPHIE "IMHAMHIHDPYIOT' IpyIny
Jlopenrna.

6. Tlokaszano, 910 B QU3MYCCKUX SBJICHUAX DPEAlU3yeTICH COSIUHEHKC JBYX UPOCTPAHCTSB:
POCTPAHCTRA-BPEMEHH COCTOSHMM S5, B Ka4ecTBe KOTOPOrO, ¢ TOYKH 3PECHHS (PHIMIECKOTO
IKCIEPHMeHTa, YI0GHO UCII0NB30BaTE MOAEb HbI0TOHA U IpOCTpaHcTBa-BpeMeHn cobsr1uit
SE, dacTHEIM ciyqall koToporo 3ajaer mogens MuHkosckoro. MX oToxmecTsienue
BO3MOXKHO, HO B OOWEM ciaydae HeoOXOAMMO M JOCTaToyHo paccMarpusats SS u SE
JOTIONHATEIBHO APYT APYTY.



IVIABA 1

JIEKTPOAUHAMUKA MAKCBEJLIA
BE3
OIrPAHHYEHUA CKOPOCTH

"TpyOHOCII COBPEMEHHOTE KEAHMOBOM SAEKMPOSUHAMUKY HAJO Gblno Gbl,
10 MOEMy MHEHWIO, NPUNUCAMb 8 NEPEYI0 04epedb He DUAUBOUHOCMU OCHOG-
HBIX NPURYUNOE KGUHMOBANUS, HO MOMY, 3MO Mbl paBOmaem, ucxo0s us He-
seproii Kraccuuecxod meopuu”.

Hupax ILAM., 1951 2.
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3nekrpoanHamuka Makceenna 6e3 orpannyerns cxopoctv

BBEOEHMWE

IIprusto cunraTh, YTO KIACCHHecKas %ICKTPOAMHAMEKA MaxcBenia 3aBeplueHs, 9T0 OHa
notsa Ho u To 1 ApyTOe He COOTBeTcTRYCT fAelicTruTenbHOCTH. CyIUecTBYET PAf BOIPOCOR,
Ha KOTOPhIE HET YAOBIECTBOPUTENBHBIX OTBEIOB,

¢ [louemy B Qusmke OrpanirdeHsl CKOpocTH? 3710 3aKxoH [IpHpOMsI MK CIICACTBIE
HPRHTON Mopenn?

o CyujecTByerT au dacTuia csera? Yro 310 Taxoe?

*  MoryT Ju Macca k IMEeKTPHIeCKuii 3apa] mpeBpaluarhes ApyT B Apyra? Korma
KaK 3TO IPOHCXOUT?

*  Moxuo i ofolTHck Ge3 nprHIMIE OTROCKTENBHOCTH? UTO 3T0 aeT?

¢  Kax suHaMy9ecKy ONMCHIBATH RIMEHEHUE MHEPIuy noms?

¢ Ecre mu mecTo abComoTHOMY HPOCTPAHCIBY-Bpemenu B (usmxe Boobme n
BHYTPH ISMEHTAPHEIX JACTUIl B JaCTHOCTH?

e Moxer 11 CKOPOCThL rpaBHTalKH OBITH CYHIECTBEHHO GOJBIIE CKOPOCTH IEK-
TPOMArHUTHOTO O3 B BaxyyMe? Kax 910 0GHapyXITh U HCIOI30BATE?
Tepeuens mpo6aeM H BOOPOCOB MOKHO JIENKO [POIOIIKH Cb.

B nanHO# riaBe MoKa3aHo kak 0GOBMMTE NEKTPOIMHEMIKY MakcBemIa, aro0sl cTa-
JIO BO3MOMKHEIM OIIMCAHUE PENATUBUCICKUX O(dexToB 0€3 CrenmansHoi TEOpHu OTHOCH-
Tenbrocty. Torna B GusMKy Bo3BpatuaeTcs abCoTOTHOS HPOCTpancTso HBI0TOHA ¥ CHEMAET-
Cs OrpamprdeHne Ha ckopocTh. [loxasaHo, 9T0 MHOTHe NPOOIeME! SACKTPONUHAMAKA MOKHO
peliaTh MHAYE, €CIM HCUONb3ORBATh ROKAZGMENb OMHOWERUS. HOBYIO BeIWUMHY, KOTOpas
YUPABIAET JUHAMHKOH CKOPOCTe 3yIEKTPOMAarHUTHOTO Itond OH 3azas (-KOrOMOJOTHAMYU
XOXUIUIBAA ACCOIMATHRHON ANTeOpEl 3AIIOMHEHHS (RIMIECKIX MOJEICH,
TIpocTpadcTBO MUHKOBCKOrO M €ro METPHKA OCTRIOTCH B (PM3HUECKON TEOpMH, BhI-

HONHAS PONB CPEACTBE, HOZBONAIONIETO KOPPEKTHO CBA3ATH Mexay coboil mons F, wu nu-

JYRUuy A", Anamus noxasan, yro Bosmokns! 6onee obumme CBA3W, KOTJ4, HaIpuMep, Ipo-
cTpaKcTBO EBKINAA 0TOOPAKAET MPOUCKOAAINHE COORITHS.

B o006meHROR 3neKTponHHaMuKe MakcBenna penaTHBucTeRES 3O heKTs obycnos-
JIEHBI JUHAMUKOH B3aWMOAEHCTRUA MOMA cO CPEenoH, UTO, B 4aCTHOCTH, MO3BOMAET Y4eCTh
BIMSHEE H3MEPHTETLHOTO YCTPOHCTRA Ha TAPAMETPS! I0S.

Vka3aHs! OUEBUIHBIC U3MEHEHHA B KBAHTOBOH SNMECKTPOIHHAMHKE H TSOPHH IPAaBUTA-
LK, HHAYIHPYEMbIE YUeTOM NOKa3aTeast OTHOIeHus. Vcnonssosanne mpocrpaHersa Hblo-
TOHA ¥ HEOTPAHUUCHHLIX CKOPOCTeH CTAHORATCS HOBBIMU YCpTaMy GH3UICCKUK TEOPHIL.

B obobuiensol sneKkTpouHaMuke MakcBeiia JOIYCTHMO ABHMKEHHUE MACChHI CO CKO-
POCTBIO CBETA B BAKYYMe, B Hell JIONYCTHMO TaKKe PACCMATPHBATE (OTOH Kax JacTmily B ab-
COIFOTHOM IIPOCTPANCTRE, KOTOPAS NMECT COCTABHDIC YacTH | BHYTPEHHEE ABIKCHHE.

1.2. OBOCHOBAHWE HEMONHOTbI COBPEMEHHOW
SNEKTPOAMHAMUKIL NBUXKYLLIMXCA CPEL

Han nepevent ocrosHGIx HeEpeueHNbx NPobeM & meopun eKmpomdz-
numnpry senenul  Iloomeeprcoena npumepamu KOHCMPYKMUSHocmb 06tfe-
npunAMO Modenu u ee docmosepHocme OBocHO8aRA CMpamezus U 1ymy
0606uierus AmexmpodunamuKL SeudCYlquxca cped

1.1.1, Hexomopuie npobnemnl meopuu s1eKmpomazHumHbL asienut

CoBpemeHHas TeOPHs SICKTPOMATHMTHEIX ABICHHUE ABIIeTCA denoMenomormieckoi. Ee oc-
HOBY 00pasyeT KOHLEMIHS dNEKTpHueckoro 3apand. ONBITHEIM IyTeM YCTAHORIEHO, YTO OH
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CYNECTBYeT B IIPHPOJIC B BHIE 3APSKEHHBIX YACTHI, KOTOPHIE ABIAIOICH HEJCTAMBIMH "2T0-
MaMHU 3IeKTpHYeCTRa”: ATEKTPOH MMeeT 3apix g, = 1,6-107"° w1, maccy m, =10 «r, pas-
Mep 7, =10 cm. B cOCT2B aTOMa KaX{Oro 3IeMeHT2 BXORMT ONpe/eeHHoe JHCHO ek

TPOHOB, X 33PAK CKOMICHCUPOBAH NONOMKUTEIBHEIM 3aP5/10M HPOTOHOB, BXOAMIIMX B AAPO
atoMa. Sapo aToMa Mano, B HEM IIPAKTHYECKM COCPENOTOeHa Bea ero Macca. PaccMatpuBas
B3AUMOJEICTBIE JIOKOANIMXCS 3aPSAOB, MBI IIPHXOINM K NOHATHIO DIEKTPHHECKOTO NOJA.
TlonsTre MArHHTHOTO O HEOOXOAMMO [UIH OTIMCAHHMS B3aUMOICHCTBYS JABMKYIUVIXCH 3aps~
108, H3BecTHO, 910 MEKTPUUSCKHAE H MArHHTHBIC IIOJIA MOTYT NPEBpANIaThes APYT B APYTa,
TAK KaK Kayaoe W3 HUX eCTEH YaCTHEIA crmydail saexrpomarmntHOro nons. Ilocnesuee cyme-
CTBYET CAMOCTOATENBHO, HMEET N TISPEHOCUT JHEPTUIO ¥ UMITYIIRC. COTNIACHO CIOMHBIIMMCS
B dmayke Bo33pEeHMAM, YKa3aHHEIEC TpoLecchl 06eCIeunBaloTes ABIKEHHEM "KBasuaacTun” -
boToHOB, KoTOpHIE ABMIIOTCS NMEPEHOCTHKAMY B3aumosielicTeusa Mexny 3apsgamu. g do-
TOHOB, K&K ¥ yig 3JIEKTPOHOB, MBI HE HMECM B HACTOAINCE BPEMS HH ONUCAHMS HX IPOCTPAH-
CTBEHHO-BPEMEHHOM CTPYKTYpPH, HY PEalIMCTHYHEIX MoJenel ux "ycrpolictea” 1 "xusHenes -
TEIBHOCTU", AO MOCHSIHKX IeT COXPRAHSETCS NMPEACTABICHHE 00 MX HEASTHMOCTH, 3JieMeri-
TapHOCTH., B HACTOAWEE BpeMs  IKCICPHMEHTAIBHO  OHPELETCH Pa3Mep SIeKTpoHa
7, =~ 107 cv, 9To cTEMYNHPYeT PaspaboTKy MOAGIEH A7 OLMCAHMS IO MPOCTPAHCTBEHHO-

BPEMEHHOH CTPYKTYPHL

Curyauus 18 2IEKTPOHOB U HOTOHOB BO MHOTOM aHAJOTHYHA TOM, KOTopas uMena
MecTO B Haualle XX BEKa B TEOPHHM aTOMOB M MOJaeKy:. [103T0My B Ka9ecTBe nepBoil u, BEpO-
ATHO, OCHOBHOM HEPELICHHOM 3a1a=M TCOPHH CKTPOMATHUTHEIX ABICHUH BBICTYNAET IIPO-
Eneva 1: dusuvecku 06ocnosams 1 noCmpoums APOCMPAUCIMEEHHO-BDEMERHBLE MOOLAU PO~
mona u onexmpona. QUeBMAHO, YTO CpencTBaMU (CHOMEHONOTHIECKON BIEKTPOAMAAMUKA
CI€1aTh 3TO HEBO3MOXKHO, XOTS HATHHATE AHATN3 HEOOXOMAMO OTCIOZA, TAK KaK B 310 06-
NACTH MB BMEEeM IOCHEAOBATRIBHY0 TEOPUI0, COMTACYIOIYOCS ¢ OTPOMHBIM KONKEIECTBOM
9KCIEPUMEHTAIBHBIX JaHHbIX. [ MOKOANMXCA Cpea Teopus rHoctpoeHa Makcsemtom [1].
Ona 3amads CHCTEMOM BEKTOPHBIX ypasHeHMHE B MHorooOpasuu addunHOM CB3HOCTH

R*xT!

B B "
rotE+li—B=0, divE=0,
c ot

rot H-——=—}j, divﬁ:47rp,
) c

noon rt

D=¢E,B=uH. 1.1

non

1"t
3necn (p, j) - WIOTHOCTY 3apPsHO0E U TOKOB COOTBEICTBEHHO, (D, B) - BEKTOPHI IEKTPHUC-
I It

CKOHM ¥ MArHHTHOH HMHIyKIWH; (E, H ) - BEKTOPEI HAIPLKEHHOCTEH JIEKTPHYECKOro U Mar-
HHUTHOTO nojielt; €, i - TUONCKTPHYecKas M MarkUTHas [IPOHNIIAEMOCTH Cpensl; ¢ = 299792,5
KM/C - CKOPOCTH 3IEKTPOMATHITHOTO IO B Bakyyme, B Baxyyme e=4= 1 u ypaeuenus (1.1)
HMEIOT B

rot§=—la—b, dvl;‘: R
c dt
h I "
rotb:~l-a—e+ﬂj, dive=4np. 1.2)
cdt ¢

Cnepys anexrponsoc#t Teoprn Jopenrua [2], BMU OMUCHIBACTCA BICKTPOMATHHTHOS TOME,
i 1

€O372BAEMOE TOUEUHBIMH YIeKTpoHamu. [Toma D ¥ H B cpefe paccMaTpUBaIoTCA, COriacHO
TeopHH Jucmepeny [3], Kak OCpelHEeHHBIC MO MaKpOCKOmMgeckol ofnacTit MpocTpaHcTBa



SnekTpoavHamuka Makcsernna 6e3 orpaHnIeHyisi CKopocTi 5

3HAYCHHA COBOKYNHOCTH MMKPONOJEH, ONMCHIBAEMBIX ypaBHEHMAMH (1.2), cormacHo coor-
HOUIEHUSM

" 1 4] 1t 7l 13

D=F-P,H=B-M, (1.3)

L] 3
3meck M, P - BEKTOPBI HAMAarHUYUBAHAA ¥ nompmaum CPeIbl, ONPeaelAeMbIe H3 JONON-
HHTENBHBIX (PH3UYCCKUX HPeIOIoKeHuH, E# e B # b - OCpeIHEHHbIC 3HAYCHUS Hanps-
KEGHHOCTEH.

O6obmenne ypaBHeHni MakcBeswia, MOCPEICTROM KOTOPOrO YIAJIOCh OXBATHTH
Gonbiioli Knace GUIMYSCKHX SBICHHH, B YaCTHOCTH, OIHCATSH C €JIMHBIX MO3ZHIMH TOAHYHYIO
afeppatmso ceera [4], mameredue HacToTs! - sddext Honmuepa [5], onmrr duso [6] mo gac-
TAYHOMY YBISYEHHMIO CBETA ABIDKYILEHCS cpenol, onulT Maiikenscona [7], naromuii Hesanu-
©HMOCTH CKOPOCTH 3JEKTPOMarHATHOrO HOJA OT CKOPOCTH 3eMIid, OBUIO JOCTUTHYTO Ha OC-
HOBE MOAM(MKAIIAM MaTEPNANBHLIX YPABREHHH NEKTPOJUHAMUKH CIENYIOLEro BHaa

5+[ﬁxﬁ]:e(g+[ﬁx§]),

B+[Ex B)= p(t +[Dx B, (1.4

1)
e B = U ./ C U -CKOpOCTh BMXKEEMA cpensl. CTpykTypa AUpdepeHINanbHEIX YpaBHe-
HyH MaKCBeJma HpH DTOM OCTalZach HemsMeHHoM. Mm3ndeckoe 060CHOBaHME TAKOM MomenH
nano Jitumredinom A. [8], Hyanxape A. [9]. Murxosckuit I, [10] nokasan, 410 ypasmeHns
(1.4) creayroT H3 MaTepHaNbHBIX YpaBHeHHi 115 noxosuielics cpeas: (1.1), ecim npeobpazo-
BATh IOMA M MHAYKIMH coracHo rpynne Jlopentma I [11].

IIyankape A. pauai, a OHpmTedH A. B OCHOBHOM 32BEPHINI OGOCHOBaHHME CHCTEMBE
B3IVIAA0B, COITIACHO KOTOPOH IOHMMaHWE H ONKCAHME SIEKTPOMATHMTHBIX ABICHWA B JIBH-
KYLIMXCH CpellaX MOXeT OBITH TOCTHTHYTO TONBKO Ha IYTH PajINKaTbHOIO H3MEHCHUs Tpo-
CTPaHCTBEHHO-BPEMEHHEIX ITpeacTapaeHnH o Mupe. Jo co31aHRd SIeKTPOIMHAMUKH JIBIXKY-
HIMXCH CPEd OCHOBHYIO POIJb B ONMMCAHWM (QH3KYECKMX sBJIEHMH Hrpano MuOroobpaswe
R*XT', xoTopoe Ha3BaHO HEIOTOHORCKHM IPOCTPAHCTBOM. B TakoH MOJENU OTCYTCTRYET 4-
METPHKa g, , & CBI3HOCTh F: ABJIACTCS TUT0CKON. TeH30p KPHBH3HE! R,’ﬂj

Ry =T, ,-T, +IgT, -I7T, =0, (1.5)

mw

rie Ffw = 8,1",;'] , paBe” Hymwo. CBA3HOCTD HC UMEET KPYICHUS:
! [
B, =T, -T, =0. (1.6)

Mogens R®xT' sanaer paccroensoe MuorooGpasue [12], 6azoit koToporo saiseTcs mpems
T', coem - TpeXMepHOE NPocTpancTso R’ . Taxol Moaxox o6ecIedHBaeT BOIMOKHOCTE Pac-
CMOTPEHMS BPEMEHHBIX H NPOCTPAHCTBCHHBIX XaPAKTEPMCTHK KaK HE33aBHCHMEIX M CYIIECT-
BeHHO pasiu4HBIX BenmduH, C ;xpyron CTODOHBI, MOZEN BROJIHT abcomoTHBI MHTEpBAT
IIATeNbROCTH Af=At' W JAIHHBE AF=AF (B eBXIIMNOBCKOM MEpPE) UIL MHEPUMATLHEIX HA-
Gmonareneit K # K’, KOOP/MHATH CHCTeM OTCYETA KOTOPHIX CBE3AHEI HPeoGPasoBAHMAME

Tamunes
n
t'=t, r'=r-vt, (1.7

e v - CKOPOCTb OTHOCHTENBHOTO aBuxenus. Credysn Dlnumetiny A. [8], moneko na ocnoge
oBobwenua spynnbl nPOCMPaHCMEeHKO-8peMentbix npecbpazosaruié (1.7) moxcho npudmu k
ROMUMAHUIO Y ONUCAHUIO AGIEHUTE 8 DAEKMPOCUNAMUKE OGUNCYUUXCA Cped. 31eCh Ml IMeeM
HAYaI0 HOBHIX (U3MUECKHX IPEACTaBICHHI 0 IPOCTPAHCTBE W BPEMEHH, pasiten (u3uKy, Ha-
3BaHHBI crennalbHol Teopuell orHocutensHocrnt (CTO). Baxuelinras pons B Helt nprHaz-
nexwt seeneqnoit llyankape A. [9] u saxpenneunoit Mozenenoe Sitamreiinom A, {8] xournen-
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¥ OTHOCUTENBHOCTH OAHOBPEMEHHOCTH KaK HOBOM COBOKYIIHOCTH B3rJLiO8 HA npobaeMy
OAHOBPEMEHHOCTH.

Ocrosaax uies JiHmITeRHA A, COCTOUT B OTKA3€ OT YRUBSPCANBHOR CBAY BPEMCH B
¢popme £'+#f mna "moxosmerocs” m “Asmxymierocs” HaGmoparenel. Oma Gasupyercs, Bo-
nepBsix, Ha npuHmMne otHocurensHocTH (J10) [8], cornacuo xorepomy "... He TOILKO B Me~
XaHMKE, HO ¥ B DIEKTPOJMHAMUKE HHKAKHE CBOMCTBA ABICHUHM HE COOTBETCTBYIOT IOHATHIO
aBCONIOTHOTO MOKOA ¥ Jaxe, GoNee TOTO, ... 9T AN BCEX KOOPAUHATHBIX CHCTEM, LI KOTO-
PHIX CLPABEIMBEl YPABHEHNS MEXAHMKH, CIIPABEANNEL! TE Xe CaMBIE JJIEKTPOAMHAMHYECKHE
¥ orrrudeckre 3axkoHs!". OBEMHO UCIONL3yeTCs cuenyoman Gopmyimporka [8)]: "3axoHsl, 10
KOTOPBIM H3MEHACTCA COCTOSHIE QU3NISCKUX CUCTEM, HE 3aBUCST OT TOTO, K KaKo# 13 Koop-
JVHATHBIX CHCTIEM, ABMKYIIMXCH APYT OTHOCHTENBHO APYId PABHOMEPHO M IIPAMOIHHERHO.
ITH ¥3MeHeHus 0THOCATCA". BO-BTOPEIX, MCIONB30BAH IPUHINT IIOCTOSHCTBA CKOPOCTH CBe-
ta B Baxyyme (IITICC): "Kaxasiif n1y4q cBera Apnaerca B "MOKogmelcs” CHCTEME KOOpIUHAT
C ONpE/ISICHHOH CKOPOC1BI0 ¢ HE3ABHCHUMO OT TOTO, HCIIYCKAeTCs JIM TOT Jyd CBETa HOKOf-
IgMest M askokyummcs tenom” 8], Maade rosops, Jenaercs fo0asounoe TOTYICHKUE, Ha-
XOLILEECs C NEPBEIM B KAKYIIEMCS HPOTHBOPEYHE, & UMEHHO, 9T0 CEET B IMyCTOTE BCEIRA
PacCHpOCTPaHIETCS ¢ ONPEAEIeHHOM CKOPOCTBIO ¢, HE 33BHCHINEH OT COCTOSHYS JBHIKCHHSL
H3ay9aromero tena’,

3aMeTnM, 9ro eCiay HPHHLUMII OTHOCHTEILHOCTH IPEICTABIAETCS SCTECTBEHHEIM, TAK
KAK eCTECTBCHHO TpeGoBaHNe HeW3MEHHOCTH BHAA YPABHEHMH SIeKTPOIHHAMIKY OT BRGopa
CHCTEMBl KQOPIAUKAT, TO IPHHIKI HOCTOSHCTRA CKOPOCTH CBETA BRITVISINT JOCTATOYHO UC-
KYCCTBEHHBIM M HPOTABOPEYAiMM (PH3HIeCKO MHTYHIMM. JTOT TEIUC NOITBEPKAACTCS U3~
BECTHHIMH MHOTOYMCIEHHAIMY HANTAIKAMHY Ha CIICUHANBHYIO TEOPHIO OTHOCUTENBHOCTH JaXKe
rocne axciepuMenTansaore noareepxaeaus ITICC.

3ameryu, 4TO Besgxas Teopus, Sasupyiomadcs Ha npuHuHnax, o6obmaercs Toraa, xo-
I8 NPEVIOMEHA HOBAS MOIENb, B KOTOPOH YKA3aHHKIE TPHHUUITS BEIBOAATCA M3 HEe A da~
CTHOTO KJiacca huzudeckux yonosmi. Orciona ciexyer npobneva 2: o6obuums ypagreHus
PenoMenoR02UUECKOT DTEKMPOOUHAMUKU MAKUM 0BPA30M, UMOoBbL U3 Hee 6bIE0OURLCH HPUR-
Hyunel COUEnPUHAMON COBDEMEHHOU TEOPUL.

Vianoxum, BBULY BAXHOCTH, CYLIHOCTE KOHUCIINM OTHOCHUTEIBHOCTH ONHCBPEMEH-
mocty A. Dinnrreiira. OH NPeANOXHI 1A aHAIU33 TZHHBIX (HM3HYECKOTO OIRTA 3a7aTh
BpeMs HE TONBKO B KOHEIHON 0GIacTH NPOCTPAHCTBA ONHON CHCTeMB! KOOPAHHAT, HO TAKXKe
# B pasivu#ex cucremax koopauHar [8]. "Eciu B TouKe 4 NpOCTPaHCTBA MOMELIEHb! Hachl,
TO HaOIIO/IaTE b, TOKOAIMIICS B A, MOXKET yCTaHABIABATE BpeMs cobuiTuii B HEmoCpenct-
BeHHOHN 6iIM30C¢TU K 4 IyTeM HaOIIOASHUI CIHOBPEMEHHLIX C ITHMYU COOLITHAME [TOXOMKEHHH
crpenok yacor. Ecau 8 gpyro#l Touke B IPOCTPAHCTRA TAIOKES HMEFOTCH 1acsl, TO B HEOCPE-
crBeHuoi GiM30cTH 0T B TOKe BOMOKHA BPEMEHHAS OLCHKA cobbitul waxogsmwmmcs B B
rafmogareney. O1rako HeBO3MOKHO Ge3 DanpHEHIINX DpEAnONONEHHH CPaBHUTE BO Bpe-
MEHH Kaxoe-mubo cobriTre B 4 ¢ cOOBTHEM B B: MBI OUpenenuim noka Toasko "4-spema” u
"B-Bpems" , 1o He obiee i1 4 u B "spema”. Ilocnensee MOXHO YCTAHOBUTD, BBOAS OIIpe;le-
nenne, 9To "Bpema’, ReoOxoauMOe AN IPOXOXKIEHUA CBeTa U3 4 B B, paBHO BpeMeHH, Tpe-
Gyemomy [yt IpoxoxaeHys ceera u3 B 8 4. Tycts B MoMenT ¢, 110 "A-Bpevenn” yd ceeta

BEIXOIMT U3 B B 4, oTpaxaercs 8 MOMEHT f, 1o "B-spemenu” ot B x 4 u 803spawmiacrcs Ha-
321 B 4 B MoMeRT ¢, 1o "A-Bpemern”. Yacst B A u B GyiyT UATH, COIIIACHO ONPEENEHHIO,
CHHXPOHHO, €CIIH

ty- =t by, (1.8)

VkazanHoe oupenencuue spemend B coderanuyu ¢ IHIICC upusoaur k BeBoay: "/lsa
coBbiTHs, ONHOBpEMEHHEIE IpH HAOMIONEHMM M3 OJHOH KOOPIMHATHOR CHCTEMbl, yKe He
BOCTIDMHUMAROTCH KaK OAHOBPEMEHHEIC IPH PacCMOTPEHUH U3 CACTEMbI, ﬂBH)KyHleﬁCﬁ OTHO-
curensHo Janpoi” [8]. BiamMocssais KOOpPAHHAT 3amacTed Iipeobpasosanusmu rpynmns! Jo-

PpeHTIa Bua
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his ¥ h
PIRPERAAY/ TRyt SR T VR DR SRR 7.2 Y S LN
,_[t e J/(l g ) , r—r+V2E((1_ﬁ2)% v (1~ﬂ2% , (1.9)

e V - CKOpOCTh OTHOCHTENBHOTO JBIKCHIA CHCTEM KoopamHaT. M3 asanusa, nposeeHHo-
ro MasnensmramoM JL., CeyeT BRIBOM, Pa3saeasaeMslil GONbIIMHCTBOM MCCAEOBATENEH, 9TO
BCE TPYIHOCTH ¢ HHTEPIPETANUEH ONBITOB B DIEXTPOLUHAMUKE ¥ OITHKE [BWKYIHHXCA CPET
CBS3AHBI C TeM, YTO TEOPETHKY "ONEPHPOBAIH IIOHATUAMHU, KOTOPBIE OLLIM HEJOCTATONHEO Oli-
peIeneHbl, HEAOCTATOYHO ACHBL, B IEPBYIO OYEPEAb IIPH PACCYKIACHHIX, KOTOPHIE IPUBOIIII
K TIPOTHBOPEUHIO, KOIZA IIO/B30BAINCh HEJOCTATOTHO OIpPE/ICHSHHEIM HOHATHEM OJHOBPE-
MEHHOCTH B PA3IUYHEIX TOUKax mpocrpancTsa” [13]. IlorsaTHO, 9TO OTHOCHTEALEOCTE ORHO-
BpeMeHHOCTH mo3BonseT cornacosatk I10 n HIICC. Ha navansoil CTagnn pasBUTAsS TEOPHH
OTHOCHTENBHOCTE IpeoBpasosanmd (1.9) 6BUIM MONyYEHH H3 YCIOBHS CHEXPOHM3AIHH 4a-
cos, chopmynupopannoro spline. Hosnuee orn 6uin 0606mernst Uruarosckuym, OpankoM w
Porrom [14], HCXOAS A3 CIIEAYICLIMX TEOPETHKO-TPYIIIOBBIX PEANONOKECHIMI:

* npeo0pa3oBarHs oOpasysoT OJBONAPAMETPHUUYECKYId OJHOPOIHYIO IHHEHHYIO
Tpymuy;

®  cKopocTE cncteMpl K oTHOCHTENsHO K paBHA ¢ OGPATHBIM 3HAKOM CKOPOCTH
K’ orsocurensHo K,

®  coxpaileHue mMaciTals, noxosmerocs B K, ¢ Touxkw spernst K, paBHO cokpa-
merro Macurrada, mokosmerocs 8 X', ¢ Todxy 3penus K.
Mopmynsl peobpazoBanms s cucreMsl K, gBmxymeitcs no ocu OX cacremsr K co cxo-
POCTBIO V, HMEIOT BH]

t-wlx
PO L vt Y=y, 2=z t':—————-—————c2 (1.10)
NG YT Ems s |
1“‘W—2~) l—MJTw
L9y ey

3nak, BemuunHy ¥ GHUIMIECKHA W CMBICT HM PACKDHITS He yaanock., OTciofa npu w=0 umeeM
npeobpasosanus I'amies, npu w=1 - npeofpaszosanns Jlopentua. [IpeobpasoBanus, B KOTO-
PHIX HapsXy O CKOPOCTBIO v HCHOMB3YIOTCS M APYTHe NapaMerphl, IPAMEHSIHCh, B YaCTHO-
CTH, B "HeonpeaenesRod Teopun oTHocKTensHocTH” [15]. s pator Ilyauxape A. [9], Muz-
xoBckoro I'. [10], B KOTOpHIX BBefcHA 4-METPHKA NCEBNOSBKIHAOBA HPOCTPAHCTBA 7, ,
WMEWUAR B TATWICERCKUX KQOPIMEATAX

1 2 .
=x, X*=y, =z, =izt

CHeAyrOmuUit BU
1, =dag(l,1,1,1), (1.1D)

crenyer, 9ro npeobpazopanns JlopenTua ocrasisnior (1.11) dopmuasapumantoil. Omuaxo,
cornacHo Teopeme Jlarpamka [16], KaHORHYECKAd CTPYKTypa JFOKANBHOM METPHKH IICeB0-
€BKJINZIOBA TIPOCTPAKCTRA OUPENEIena ¢ TOTHOCTRIO A0 CcKalprol (QyHkumu A(x, y, z, 1) BsI-
paxeHueM

8" =diag(,1,1, 4(x, y, 2, 1)). (1.12)

W3 tpeGoBanus (GOPMHHBAPHAHTHOCTH HHTEPBANa, NOCTPOSHHOTo M) 4-MeTpuke (1.12), cre-
nyiot, cornacHo pabote [17], mpeobpasosanus Uraaroeckoro-®panka-Porra (1.10). Tak Mot
HONYYaeM HOBOE 3BEHO U POCTKOBYIO TOUKY OOOOMICHMS Teopur 3HEKTPOMATHATHHIX IBIE-
Bul: HaTeTUTh QUAHYECKMM COAEPIKANNEM JOTONMHUTENBHEIE HApaMeTpPyl, BXOMINIHE B TIpe-
o0pazoBanns KOOPAHHAT U BpeMeHH. MmeeM mpobuemy 3: natimu gusuueckyio unmepnpema-
YUIO U BOBMAHCHOCIY GOGBUICHUR QORCRHUMEILHBIX GEAUUUT, EXOISURIX 8 NPOCHIPAKCHIGEH-
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HO-8DEMENHbLE NPEoGpA308arIs UHEPYUATLHBIX cucmen koopOouram. YacTHyHO OHa pelcHa
B GOpMaiH3ME CHCTOM OTCHETA,

Munkosckufi T'. [10] moxasan, menoms3ys 4-verpuky (1.11), uro ypaswenns Max-
cBenna MoryT OBITE NpPEACTaBICHEI B TEH30PHOM BHAe. Mveem KOBAPHAHTHEIE TCH3OPBL
F, (E B) o 25 pu) KOHTPBAPHAHTHYK TEH3OPHYIO MNOTHOCTh H* (H D) Beca (+1).

CormacHo onpeAeneHnio, Ipy 3aMeHe KOOPIHHAT B YETHIPEXMEPHOM IPOCTPAHCTEE
k= x"(xk ), x=xt (xk) (1.13)
HMESM 3dKOHSL
F,. =4 AF

y?

7R\ ey £ (1.14)

BHIPAOKCHEDIC YEPE3 YACTHHIC IPOUBRCAHEIE ¥ sKoOuaH npeobpazoranuit koopauaaT A;

ox' . ox’
A=, A =, A=deti4]]. 1.15
e A = | (1.15)
o non N .
Tomysny samnce ais F, H, 9epe3s KOMIIOHEHTbI BEKTOPOB (E, B), (H, D) B R*xT':
( 0 B -B —iEx} /0 -H, H, -iD,)
\~B, 0 B, -iE | H, 0 -H, -iD,
= H, = :
| B, -B, 0 -iE [ *7\-H, H, 0 -iD, |
(z’Ex iE, IE, o iD, iD, iD, o
J
s =P, Spe=p0u, Sy = Pu,, Sia = PU,. (1.16)

TeH30pHEIE IUIOTHOCTH, cneMys uicotoruu Kieitna @., 3adamuM depes mnoTHocTE JleBu-

Yupara £%™ peca (+1). Homyunm
gzk — ?dmn H

St =gy, . (1L.17)

mn?
JuddepennnaibHbic ypaBHeHNs MaKcBeuia 3a0HIyTCs B BHE:
RotF,, =0, F, =0, DivH, =3,H"=5". (1.18)

B patotax Cxoyrena SLA. [18,19] noxasamno, 9T0 OHU HE MEHSIOT CBOETO BHJA NIPH HEBLIPO-
IKIEHHEIX [OIIOHOMEBIX npeobpasoBanmnsx xoopauHar (1.13), korna

A J
A#0,0,4] —BJA, .
VpaBHeHUSA, CBA3LIBAIONIME [TONA ¥ UHAYKIHY, 3804TUM OOBIMHEIM crIocofoM
77k g
H* =Y,Ay"™F,,,
tkemn

rae Y- cramapuas QyHKUAS, A - CKaIpHAA IUIOTHOCTH, ¥ " - TEH30D YETBEPTOro PaHra.

CornacHo yKasaHHOMY TOJXOXNY, TIEPEXON 0T BEKTOPHOH K TeH30pHOM dopme auddepenuu-
aThHbIX ypaBHeHHHR Maxcpenna ecTs THOIs WX HOBAs 3amuck. OHa He B COCTOSHHY H3MEHUTH
CTPYKTYPY ONOPHOIO MPOCTPAHCTRERHO-BPEMEHHOTO MHOT000PasHa, B KOTOPOM 3aalorcs
nons. [T03TOMyY, €CTTH BEKTOPHbIE YPABHEHNS 3a0aHE B K> X T, TO B HeM OnpelelIeHs 1 TCH-
sopasie. B pabore [20] noxasano, uro nons F,,, H,, S,,, MOKHO OIpeAes AT, LI PasIAd-

mn?

HBIX JIOKANBHBIX METPMK. TeH30pHME IIoTHOCTH H'™, S' BRIPAKEHH Wepe3 TEHIOPHYIO
nuereocts £, KOTopas TAKKe HE 3ABUCHT OT JOKATBHOH MeTpuki. [lo 1ol mpuunHe I
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sanvcn Juddepenumanpunx ypasuerul s suge (1.18) nepo3amonno, 603 HONOAHKTENBHRIX

HPEAIIONIOKEHUI, CETATh BEIBOI O METPHUECKOM CTPYKType OTIOPHOTO MHOroo6pasus.
O6paTuMes K MaTepHaNbHEIM ypaBHEHIsM. 18 Hux voxeT G5ITE olpedeneHa 3aBu-

cuMoeTs Y™™ ©T HEKOTOPOTO METPHNECKOTO TeH30Pa. B CiyI2e 3MeKTpOAMHAMIKY BAKYyMa

no JlopenTiy-Munkoscxovy umeeMm g™ = diag(1,1,1,1), crkanspayio miotsocts /Z Beca
(+1), cxansp ¥, =1 u Tensop
szmn 20.5(§1m§kn _g—mgkm). (119)

Bosruxaer upeanonokesue [21], 9To B 3eKTPOIMHEEMEKE CPEN H3HAUAIHHO UOIOIBYIOTCH
JIBa. NIPOCTPAHCTBEHHO-BPEMEHHEIX MHOroo0pasust: OHO, omHChIBAIOISe "MOMOCT", Ha KOTO-
POM peanu3yercs IMHAMMKA SBIICHUS, BTOPOE - YKasbiBalonee Qu3nyeckue yciIoBus, B KOTo-
puIx HaxomuTea mone. MveeM mpoGremy 41 npoananusupogams 803MONCHOCIU 88e0EHUS @
NEKMPOOURAMUKY U QUIUNECKOY UHMepnpemayui 08YX NpoCIMPAHCIEEHHO-8PEMENHBIX MHO-
2006pazuti, yCMaro8ums ux COOMHOWENUS U DYHKYUU.

OGpaTuy BHIMAHNE HA CBS3HOCTE HPOCTPAHCTBEHHO-BPEMEHHEIX MHOro00pazuit. Ya-
BecTHO, 910 quddepenumansusie ypasHenus Makcsenna "a¢ H0Ka3sBalOT" CBA3HOCTS MHO-
roobpasus Oe3 kpyderus [22]. UroGsl noxas3ars 310T GaxT, 5aMEHAM HaCTHEIE IPOH3BOAHEIE
B3 wosapuawTRse. [lns F, - nomygng
mnt =

AyFpy =8, F,, —2F, T% =0,F (1.20)

olk” mn] mn] "
PaccMoTpuM ypasHeHHUs fs H*:
A =3, H* + BT, + HoTY, ~TLH* =§' =0, H*.

Tocnenunit 4ien pasnoxenus 0OYCIOBICH C oif Temsopo# mwioTHOCTH H* . Bemn-
Vi TPYKTYD! D
wEa H*T), =0 u3 antncuvverprn H . Jlpa pyrax caTaeMbIx B3AHMHO KOMIIGHCHDY-

OTCA BCIICACTBHE CHMMETPUYBOCTH CBA3ZHOCTH, C I[pyl"Oﬁ CTOPOHBI, H3BECTHO, YTO CBAZHOCTH
MHOFOO6P83HH OonpeaeneHa ¢ TOUHOCTLIO X0 TSH30PA TReThel'O Panra B;k , CUMMETDHUHOrO

0 HIKHAM HHAeKcaM [23]. Bosuukaer npobiema 5: oxapakmepuzosams arusHue cessHoCHu
MHO2000pa3UR Y MeH30pHOY 80606l ee onpedeneHus: Ha cMPYKMypy VPABHEeHUU neKkmpo-
OUHAMUKY, YCMAHOGUME (husudecKue d3Phexmel, €10 Gbi3bieaeyble.

Obpatmves cefiuac K (H3HIECKUM ACTICKTaM ICKTPOJMHAMUKH IBIDKYIIHXCA CPEI.
Torna Ha OJHO U3 NEPBEIX MECT BBLINBUIGETCA 4HATH3 NPUYKMH, 1O KOTOPLIM CKOPOCTH Mepe-
Iaun B3auMonelicTsHs "orpammueHa’ cxkopocThio ckera B makyyme. Cormacuo IHICC, ss-
JSIOMIEMYCS KPACYTONBHEIM KaMHEM PEINTHBHCICKOH 3JIeKTPOJHHAMYKH, CKOPOCTB 3JEK-
TPOMATHHTHOI'O IIOJIA B BAKYYME HE 3aBHCHT OT CKOPOCTH HCTCUHHKA, POJIb KOTOPOIO UTPaeT
HEKOTOPOE M3NyHAIoniee yCTPoHCTBO. DTOT BHBOJ, NPEACTBIACTCA (UIMHECKH HETOCIER0~
BatensHpM. B camom nene, CTO orpuuaer cyliecrBoBanme 3Pupa Kak cpefbl, B KOTOPOH
PACHIPOCTPAHAETCA 3EKTPOMATHHTHOE TONE, Noe MpeAcTapiser cobol caMOCTOATEIbHY0
CymHOCTS. Ho TOra eAMHCTBEHHBIH (PA3HICCKAN MEXaHK3M, KOTOPBIH HaM H3IBECTEH U3 TO-
pU¥ IBIKCHRS TN, ¢CTh JIBIKEHHE NONA "0 MHepUMH" OTHOCHTENLHO MCTOMHHKA H3ITyde-
b, TToCKONBRKY Bakyym He cpefia, He a(up U OH He MoxeT (HM3UYECKH MOBIHATh Ha UHEp-
OHIO [MO/IE, NOJDKHA CYLIECTBOBATh 38BHCHMOCTH CKODOCTH 3/IEKTPOMATHHTHOIO HOAL OT
IBIDKEHHA MCTOMHUKE, DH3MIECKH TO 03HAYaeT, 910 S06pa3HOe BOIMYIICHHE OT HCTOYHH-
K4, IBIKYTIET0CH B BAKYYME CO CKOPOCTB:O #f , HODKHO pencTasiuiTe cobolt chepy pamiyca
¢t ¢ IGHTPOM B TOH TOUKe, B KOTOPOH K MOMEHTY BPEMEHY { PAcIIONOKeH HCTOYHEK, Taxoro
MOBEJIEHHS N0 MBI HE [OMYYaeM B TEOPHH, OCHOBAHHOM Ha JOPEHTUHHBAPHAHTHOH HCK-
TPOIMHaMUKe BakyyMa. CornacHo 3108 Monenu 5-00pasHoe BOIMYIICHNE MPEACTaBiIseT Co-
Goli chepy ¢ LEHTPOM B TOH TOUKe, B KOTOPOH HAXOTHICA VICTOYHKK B HAYANS H3TyYEHHS.
Ot GaKThl XOPOImIo M3BECTHSL, DitriuTelin A. [24] 8 1952 rogy Npu3HABAI aKTYalLHOCTS MO-
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CTPOSHHMS 3NEKTPOAUHAMAKM BAKyyMma, PelueHus YPaBHEHMH KOTOpoH napand bl 3aBuCH-
MOCTb CKOPOCTH OIS OT CKOPOCTH ucrodHuKa. O IPU3HATCH, UTO B TEYCHHE BCell KU3HH
JIYMall 0 TakoM BapHaHTe, HO He CMOr HaliTH COOTBETCTBYIOMMX ypaBHeHuit. ITo cymecrsy,
Pedb MIET O IPUBEICHHA B COOTBETCTBHE IPEICTABICHHS O HE3ABHCHMOM CYILECTBOBEHUH
3JIEKTPOMATHUTHOTO [0S B BAKYYME C Pe3y/IbIaTamu, HOMydeHHEIMY B JIOPCHTIIHHBAPHAHT-
HOM OIEKTPOAHHAMMKE JBIDKYIIHXCA cpex. Mmeem mpobiaeMy 6: nocmpoums anexmpoduna-
MUKY 8aKYYMA, 8 KOMOPOU UMEE MECHo 38UCUMOCIHD CKOPOCTU DIEKMPOMAZHUMHKOZC NOJs
OM CKOPOCIU €20 UCTNOYHUKA.

B HenocpezctBeHHOM cBA3M ¢ Hell Haxoanrtes muMunupyeMas IITICC npobGreva 7: ¢
PAMKAX MEOPUY IREKMPOMASHUMHLIX ABREHUH 06OCHO8AMb NPUYUILY YKCNEPUMEHMANBHO 06~
HAPYOICEHHOT HE3GBUCUMOCIU CKOPOCIU INEKMPOMASHUMHO20 HOAA OM CKOPOCHU HAOMIO-
Oamens. 3aMeTAM, YTO OXHOSHAYHON HHTEPIPETaluy 3T0H MpobIeMsl B (U3NUECKOlt auTepa-
Type Her. OYEeBHZHO, YT0 OCHOBHAA TPYAHOCTh 32KIIFOYAETCA B MOCIEIOBATEILHOM, TONHOM
OMUCAHMY JTHHAMUKU 3ICKTPOMAHUTHOTO IOJA B JBKYIIUXCS H3MEPHUTENbHBIX YCTPOMACT-
Bax. Hosas MOJEnk JODKHA ONMCHIBATE THHAMHYESCKOE HIMEHEHME MHOPLMOHHBIX XapaKTe-
pucTuK nons B usngeckoii cpene. Tak, ecnu 1oe PacIpoOCTPAHIETCH B BAKyyMe, ero HHep-
Lwst, 13 (hrsecKux coobpakeHu, MOKET H3MEHHTBCH TOIBKO 38 CHET B3aMMOLEHCTRHSA C
IPABUTAUMOHHBIM TI0JIEM, OHa 06s3aHa 33aBHCETH OT CKOPOCTH NEPBHHMHOIO W3Lyyarens. B
ILIOTHOH Cpejle HHEPIHANBHEIE CBOMCTBA IONE OTIPEENAIOTCA CKOPOCTRIO cpedst. Ilo aroi
TIPMUMHE HMEET MECTO CYNEPHO3HLMA CKOPOCTH NIEPBUYHOTO MCTOUHMKA H3MEPEHHA U CKO-
poctn cpemsl. Orciona cieayer upobneMa 8: nocmpoums moOens ORUCAHUR UNEPYUY S7eK-
MPOMAZHUMHEOZ0 NOLR U €€ UIMEHEHUS 13-3a 83aumodelcmeus co cpedoil. Ilo atomy Bompocy
B (usryeckoil MTeparype UMEITCs 10.I6K0 OTASIbHbIC CTAaTRH [25].

OfpatuM ceffdac BHMMAHUE Ha METOMMKY ONMCAHUS (H3MYECCKUX BEIWUMH, UCTIONb-
3yevyo B CTO. TTocKkonbKy NaHHAS TEOPHUs JaeT NPeICKa3aHnd IKCIEPUMEHTATLHO Halo-
JIAEMBIX 3HAYCHMH, B Hell MCIIONbL3YIOTCS BEMMHHHbL, H3MEPEHHbIS Ha onbiTe. [Ipu stom CTO
NPEMEHAET KIACCHYESCKYIO TCOPHIO H3MEPERHUS, COTIIACHO KOTOPOH IKCIEPHMEHTAILHBIE YCT-
poiictBa He BIMSIOT HA HapaMeTps! sBreHus. [loaToMy pasmidue KOMIOHEHT HoMnel, CKOpo-
CTEH, YACTOT, BOJIHOBBIX BEKTOPOB, ONyYSHHOE pasandHeMy Habmogatenamu, CTO obwsc-
HSET KHHEMATMIECKH: MX 3aBUCHMOCTE 3ajaercs npecOpa3soBaHHEM COOTBETCIBYIOLUX TEH-
30pOB ¥ TEH3OPHBIX IIOTHOCTE mocpetcisoM rpymmer Jopenrua. Taxo# mogxom cyuwecr-
BEHHC OTJIHYAETCS OT ARHAMHYESCKOTO [26-28], B KOTOPOM pa3iuune BEIUYHMH o0bacHAETCA
B3aUMOZEHCTBHEM IO CO CPEION, KOTAd, B YaCTHOCTH, € M3MEPUTEIbHEIMUE YCTPOHCTRAMH.
B 3710M crniydae HeoOXOMUMO PACKPHITE [IPUYHHB! COOTBOTCTBYIONIEr0 U3MEHEHUR, €r0 Mexa-
HH3M, 4YTO MONHOCTHIO HCKIIOUAETCS B KHHEMATHYSCKOM BapHanre omucaunus. Cormacuo
CTO, auHaMugecKOro NIMEHSHHS BEINYMH IIPY MX W3MEPEHHH HET H OBITh He MOXeT, a pas-
JIMave 3HaYeHuH MMEET MECTO NOTOMY, 9TO PesTHYHS! MATEPBANILI BPEMEHER M IIHHBL B 10
Kosuelics B M ABRMKYLIEHCS cucteMax orcuera [29]. 3aechk MBI HMEEM KOPPEKTHOE, IOCHEH0-
BaTENBHOS COrNIACOBAHME KOHHEIUNM OTHOCHTEIBHOCTH OJHOBPEMEHHOCTH ¢ KIACCHUECKUM
HOAXOLOM K M3MEPERAI0 BenuyuH, TIpeIUioxeHHEIT METO He UCKITIOUacT ¥ He 3AMEHSET [u-
HAMHYECKOTO, OJHAKO TONBKO B NOCHEAHHE I'OJbl B 9TOM HANpPaBICHHY JOCTHIHYT HEKOTO-
paift mporpece [30]. Ilomydeno peniekre, COracHO XOTOPOMY H3MEHEHWE HACTOTHl M BOJIHO-
BOTO BEKTOPA BJIEKTPOMAT HATHOTO TIONS ONHCHIBEETCS 3AKOHOM, 8CHMIITOTHKE KOTOPOro JaeT
BEJIMYHKHEL, IONYyYacMble KHeMaTHacckuM MetonoM. Cnexys anropurMy CTO cosnan dop-
MaIu3M S-MaTpHIE! B KBAHTOBOH 3textponuaamuke [31], Do3BOIMIONIUIE 110 BXOFHON BOIHO-
BOH (pynxumu F, OnpeaenuTs BHIXOAHYIO BOAHOBYIO QyHKnmio ¥, Ge3 meramsHoro onmca-
Hug B3aumoneiicTeua. AHanoruano uenonszyerces B CTO rpynma Jopertna. Chopmymupyem
nipobnemy 9: 6 21eKMPOCUHAMUKE OBUNCYIYUXCA CPed 0amb OUHAMUYECKOE, ARbIMEPHAMUEHOE
runemamuyeckomy nooxody CTO, obvacrenue pasiuyus XapaKmepucmux SNeKmpoMazHum-
HO20 NOJISL, UBSMEPEHHBIX UHEPYUATLHBIMY HGOMIOOAMEnIMY, YCIMAHOBUMYb 3AKOHb! MAK020 U3~
MeHeHUs npu 63auMOOSHCMEUY €O Cpedotl wiy cucmenol omeyema (UsMEpUMeTbHLIMU yCm-
poiicmeamii).
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H3BectHo [32], 4T0 31EKTPOMArHATHOE [IOJE MMEET KBAHTOBO-MEXaHMYECKYIO IIpHpo-
sty. Tlo aroli npuumEe, COTNACHO OOMICHPUHITON CXEME ONMCAHMS M 3KCIICPHMCHTANBHEIM
JAHHEIM, H3MEPEeHNE ITAapaMeTPOB HOIA HEOTAEINMO OT BIMsHHA Ha Hero [33-35]. Heemotps
Ha MHOTOYHC/IEHHEIE YCHITHA, B (PU3MKE [0Ka OTCYTCTBYeT OCTeJ0BaTeNb A OGIEnpUHSITAsL
MATEMATHYECKAs CXeMa OIUCaHMsA Takoro npouecca. OnHako, 6e30THOCUTENRHO K Hel, B CH-
1y yxasaHHEIX (QaxTOB, akTyanbHa npobaema 10: coznacosams pesynomamsi Kiaccudeckoti
meopun usmepenud, ucnoassyemoi CTO, ¢ KBARMOBO-MEXAHULECKOU CIMPYKMYDOT INeKmpo-
maznumnozo nonA. OHa IBIAETCA COCTABHOH 9acThio, o cioBaM [laynu B. [14], senuxoit
HPOTPAMME! COITTACOBAHUA TEOPHK OTHOCKTENBHOCTH W KBAHTOBOH Mexasuxy. I3BecTro
[36], 4TO SMeMEHTAPHbIE YACTHIb, B 98CTHOCTH 33exTpoH [37], 061anai0T BOTHOBEIMU CBOM-
creami. C IpyToi CTOPOHEL, AMEKTPOMATHITHOE II0JIE, corIacHo Teopun dhoroapdexra [38],
orsitav Basumosa C.H. [39], addexry Kowmrona [40] umeer xopimyckyisprere caolicTBa,
TMocneaaue yCTAHOBICHE! B NPAMbIX ONBITAX MO CHeTy OoTAenpHEIX dotonon {41]. IMorsTHO,
Y10 YKa3aHHEIE NPOTUBOPSUHBBIE CROMCTBA OTOHOB B DIEKTPOHOB KaKMM-TO 06pazoM oTpa-~
KAOTCA B (DCHOMEHOTOIMIECKIX YPABHEHUIX NIEKTPOAMHAMUKYE M OIBITHEIX JaHHBIX. OT-
cioaa eeitexaet npobuema 11 natimy 6 ypasuenuax enomenonozuseckoll s1eKmpoouHamMuKy
deuocyuuxca cped "cnednl” coeracoeanno20 ORUCARUA KOPHYCKYAAPHBIX t BOTHOBBIX CBOUCME
INEKMPOMAZHUMHOZ0 RONA U INEKMPOHOB, YCMAHOUMb DUSUHECKUE NPUMUHBL U MEXAHUIM
KOPHYCKYAPHO-60HOB020 Oyanu3ma.

JnEeKTPOAUHAMUKA NBHKYIIMXCA CpPeX, B ¢ COBpPeMeHHOM Buie, Gasupyercs Ha
NPUHIHIEX OTHOCHTEABHOCTH ¥ IIOCTOSHCTBA CKOPOCTH CBETa B BaKyyMme., KOHCTPYKTHB-
HOCTL ¥ JOCTOBEPHOCTH TAKOrO LIOJXOIa B JOCTATOHHON Mepe ompasiaid cebs. Onmako y
BCAKOTO TIPHHIUTIA ©CThH CBOM (DYHKIMY ¥ IPaHuIibl. ITH BOMIPOCH! B HACTOANIES BPeMA TIpak-
THHYECKH HE Pa3paboTaHbl M IOTOMY Ui PasBUTHS OCHOB dusudeckoil Teopuu uenecoobpas-
HO pelunts npobuemy 12: yemanosums GyHRyuy, pois, MECHO U 2PAHUYBL APUMEHUMOCIU
RPUHYUNA OMHOCUMETLHOCIY U NOCIMOAHCINGA CKOPOCMU CGEMA 6 SReKMPOOUHAMUKE OB8U-
srcywuxes cped. Tiepedens npobneM MOXKHO [IPOAOIDKATE. MBI OPaHHINMCS YKA3aHHKIMU
HOTOMY, YTO HX Y4CTHYHOE WX IOIHOE PelileHre 00palyeT Kpyr BOIPOCOB, PACCMOTPEHHEIX
B KnHre. Ee MCTOKM MOXHO HaliTH B cTathsx [42-45].

1.1.2. Koncmpyxmugnocms o0uienpuramol Mooenu u ee 00cmoseprocms

DNeKTPONMHAMEKA JBYKYLIMXCS CPEll YKE HA HAYAIBHOM CT4AMH PasBUTHS NO3BOTHIA TEO-
PETAIECKH OIIUCATE BCS M3BECTHBLIE B TO BPeMA KCIIEPHMEHTANBHEIE JaHHble. OHA UCXOIUT
u3 ypaBnenui#t Makceemia (1.1) ¥ MarTepHanbHBIX ypapHenui MunkopcKoro-3iiHmTeiina
(1.4). CxopocTs NEPBULHOrO HCTOUHNKA MNMYYCHHS B MATSPUAIbHBIEC YPABHEHMS HE BXOIHT.
B pamxax sToit Mozmenu Gsln mpencxasan paz >ddexrTon: nouepedns shdexr Joumnepa,
M3MCHEHHEe MacChl B JUHAMU4ECKOM 3akoHe HEIOTOHA, HE3ABHCHMOCTB CKOPOCTH OIS OT
CKOPOCTH UCTOYHMKA. Bce oHu MoATBEpKAeHH! skcnepuMenTamu [46]. C manpHelnM wc-
nons3osanrem CTO nomyauny CyImecTBeHHOE Pa3BUTHE DEIATHBUCTCKAS MEXAHHKA, TEPMO-
JAHAMUKE, CTATHCTHYECKAs (UANKA, KBAHTOBAA 3MCKTPOAMHAMHUKA. JIOpeHTIMHRAPHAHTHAS
CUCTEMa YpaBHEHHH WMPOKO HCIONB3YETCA NPH AHaNu3e MEKTPOMArHMTHbIX moseil. Iipa
3TOM 4acTo npymensercs merox Tamma ML.E. u Marnensmrava JLU. [47-48], no3somsronmit
Ha OCHOBRE BBEJICHMA IOTEHIMANOB MO CYLUIECTBCHHO YIIPOCTHTE HEODXOAUMbIE BEIKIATKH.
Tax OnUCAHO pacupocTpaneHye CBODOIHEIX IMEKTPOMArHUTHHIK oel B qsuKyIelics cpee
€ y9ICTOM IPOCTPAHCTBEHHON U BPEMEHHOM AUCTIOPCUH, ITONYUEHb! BRIpaeHus 1 (hasoBoit
¥ TPYTIIOBOH CKOPOCTEH NOMs, OUPEXSHAEHO MONE HCTOUHUKA, JBIKYLIETOCH 1O HPOU3BONE-
HOMY 3axoRry [49-50]. IloTpeGHOCTS B ITUX PeNISHMSX MOABMNACH B Hauane 60-X rogos mpu
HCCTeZOBAHMM BOMPOCOB OTPRKEHHS Y NPEIOWISHMS BOIH Ha JBIDKYIIMXCS rpasHunax pas-
Jgena [S1], upy paccMOTpEeHHH BOIPOCOB BO3OYXIeH:UA H PACIPOCTPAHSHNMA BOMH B CPEsiax C
TIEPEMEHHEIMA [1apAMETPaMH, B TOM THCIE H B HelNHHeHnsIX cpenax. ITokasano, gro Gerymree
H3MEHEHHE CBONUCTR Cpein (BONHA MApaMeTpa) AAeT PeusTMBKCTCKOS UIMCHEHME HacToT U
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aMIUTMTY PacOPOCTPAHCHHS BOJH, KOTOPOE MMEET MEeCTO NPH B3aUMOLCHCTBUU C JIBHKY-
mielics rpanuueit pazaena [52]. 3ro o6CToATENBCTEO paciumpseT chepy IPHMEHEHHS e T4~
BHCTCKAX MeToA0B. PemreHs! 3alladm OTpaXeHHUs U NMPEIIOMIICHNAS BONH HA PE3KUX TPAHHAIAX
paszena ABWKYIIMXCS Cpell, KOTAa CKOPOCTH NEePeMEINEHUA IPaHUIBl Pasaeina ¥ CKOPOCTH
cpenpl o o6¢ CTOPOHS! OT Hee HANPABICHH 0 HOPMANH K IOBEPXHOCTH. YacTHRIMH Ciiydas-
MH TAKOTO pPasphlBa CKOPOCTH ONMCHIBACTCH OTPAKEHHE OT ABMKYLIErOCH 3€pKala, HANPH-
Mep, ZHNIEKTPUKA. OT ABMNYIIEHCS IIa3MBL, 3 TAKKE B CHCTEMAX ¢ BeryluMy [apaMeTpaMmu.
B 2THX cayyasx pe3ynnTaThl TOMYYaloT METoI0M KHHeMaTuieckux unsaphanTos [53], [Tepe-
YeHb YCHEXOB OOMEnpUHATON MOJIEIH MOXKHO JISTKO MMPOJOIDKUTS, OTMETHB, HATIPHMED, aHa-
U3 PeNSTHBHACTCKOM rmasMsl [54-55], pacuer yckopureneil sneMeHTapHbiX uacTan [56-57],
aHaNM3 CHHXpOTpoHHoro (58], gepenkonckoro [59] u mepexoguoro [60] wamydenuii. Pemen
psa 3apay TeopuH  nHrepdepeHuHM W JUGPEKIMUM B 3NEKTPOOMHEMUKE IBIDKYIIUXCS
cpen [61].

OrMeTnM, 970 cepbe3HoMy anamusy nomsepraack CTO. Hecmoipsa Ha MHOTOUNCTEH-
HbIC HATANKW Ha HEE, OHA HE TONBKO BRICTOsIA B 3T0H Goprbe, Ho # moxyunna pag 06ocHO-
Bauuit u npunokenuit, Marvematraeckuil ananus CTO mosBOMMI IPEIOKATE CHCTEMY aK-
CHOM, TIO3BOJIMIONIMX BHIBECTY Mpeobpasosanns JIopeHTua feAyKTHBHEM yTem [62-65], fo-
KasaHa cornacoBapHocts nocTynato CTO [66], ux noruueckas obocuosaunocts [67] u He-
OPOTHBOPEIHBOCTS [68]. B paMKax mpoCTPaHCTBEHHO-BPEMEHHEIX Npeo0paiopanuil poaHa-
JHM3APORAH BONPOC 00 IKBABATIEHTHOCTH Habnwoaarenedt [69-71). Han BhBox mapaMerpude-
CKUX IIPOCTPAaHCTHEHHO-BPEMEHHEIX IpeobpazoBauit, Gonee obumx, veM mpeodpasoBanus
Jlopentna [72-73], ocymectBrerno "pacumuperne”’ CTO Ha ciy=ail ABHKEHHS CHCTEM KOOP-
JIMHAT CO CKOPOCTSMH, BONBIIMMHE CKOPOCTH CBET2 B Bakyyme [74-75], paspaGoTanst acnexThi
TEOPHHM aHZIOTPOIHOTO TIPOCTPaHCcTBa-BpeMen [ 76-78], mpeanoxena auckpernas CTO [79],
NOMyuIM NPUMEHEHNe K pellermo $u3myeckux 3a71a4 oGobmenusie npeobpasoBarus Jlo-
penrua {80), nmpoBenen aeranpurii ananu3 rpynnst Jopentua (817, C cosnanunem CTO u ee
IKCIIEPUMEHTAIIBHBIM [I0ATBEPKACHIEM YETHIPEXMEPHELT hopManuaM onucanns Gru3HdecKux
ABTeHu# cTax ofmenpuHATsIM [82], TEOPUS OTHOCHTeNBHOCTH PACIPOCIPaHeHa Ha paccro-
ennsle Maoroobpasusa. CTO craia HEOTHEMIEMEIM CTPYKTYPHBIM 3118MEHTOM TEOPHH TDaBH-
Tanuu DfHmredna A, [83-84], xanubpoBouno-uHBapHauTHOH cxemsl [85-87], persTusuet-
cKoi nonero# Teopuu [88-90], a TakKe eaMHON TEOPUM BNIEKTPOCHAOLIX B3AUMOAEHCTBAN
[91-93]. HeofxonnMocTs yuera yCIOBAR U3MEPEHUS CTHMYIHPOBAIA PAIBHTHE TCOPHH CHC-
Tem orcuera. B meilt crpyxrypa CTO He aHamusHpyeTcs, 8 IPHHMMAEETCS 32 OCHOBY aHANH3a,
B dopuannave xporomerpraeckux HHBapuanToB [94-95] npeobpasoBanus cucTeM OTCUeTAa
00pasyioT NOAMHOKECTBO BCEX KOIYCTHMbIX KOOPAMHATHBIX Upeofpasosanuit. Wivenenue
BENUYYH, TIPOUCKOAsIee Ipy NpeolpasoBanHmsX 32 TPENeNaMH ITOTO HOJMHOMKECTRE, Pac-
CMATPUBAETCH KaK KoopamHATHsIA 3hdexT. [{o3nHee cueTeMa OTCHeTa BhIASANIACH B CAMO-
CTOSTENEHOE MATEMATHHECKOe NOHATHE. OHa NPEeNCTaBiIfCTCH, HaupHMep, KOHIPYIHUMEH
MUPOBBIX JUHUH, TOJEM OPTOHOPMUPOBAHHBIX TETPak [96] WM IOCPENCTBOM UHBAPUAHTHON
Tetpanst [97]. Conocrasnense panMuHbX GOPMATIIMOB CHCTEM OTcuera u oGumpHyo 6ub-
nuorpaduie MoKHO Haitri 8 [80, 97].

Bee yxasaHubie (aKTh], a HX IEPEHeHD MOMKHO JErKO NPOCINKATE, CBUIETENBCTBYOT
0 BBICOKOM cTeNeHH OBIIHOCTH JaHHON CHCTEMB! YPAaBHEHHH ¥ AOCTOBEPHOCTH PE3YIIRTATOR,
TOJy4acMBIX Ha OCHOBE €€ peleHHi.

1.1.3. Ob6ocnosanue cmpamezuu u nymeii 0G06WeHUS MEOPUU INEKMPOMAZHUILHBIX
Aenenus '

BleCM UCXOJUTh M3 MHOTOJICTHETO coOCTBEHHOrO aHammu3a TEOPETHULCKNAX U IKCIECPAMEH~
TAJIbHEIX JAHHBIX B JNCKTPOAUHAMUKES IBIXKYIIMXCA Cpell. Ombit TIOKa3ani, 4To ueﬂecoo6pa3-
HO COCPOAOTOYINTE BHMMAHNC HA TAKAX MOMEHTAX!
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® OmMparhCs HAa TEOPETHKO-IPYINIOBOH H Iu(hepeHLHATBHO-TeOMETPHYECKHI
aHAIIM3 TIONHOW CHCTEMBL YPABHEHUH 1 ee BO3MOKHEIX 0600wmenuii;

¢ JITH 10 IYTH CHHTE3a HBIOTOHOBCKOH M IMHIITEUHOBCKOW MOJENICH NIPOCTpaH-
CTBA-BPEMEHH, KIACCHIECKON I KBAHTOBO-MEXAKMIECKOM TCOPHH H3MEPEHHUIE;

¢  LCKATh CPECTBA I pemicHus chOPMyYIAPOBAHHEIX Bhle rpobnen;

®  payfKe NPOAHATH3NPOBATE H3BECTHHIE IKCHEPAMEHTAIBHEIE (AKTH U TE, KOTO-
pble He OOBACHUMBI OGIICHPUHATON TeopHeH.

C Moeil TOUKM 3peHMA CUTyallus BRINVIANAT TAK: Anurensuoe spems 3AC Gasuposa-
JIaCh HA 32BEJOMO JIOKHOM IPEANONOKEHHH, 9TO OHA ABACTCH MOJHOM Pu3udeckoil Teopu-
eif, B aToM ee chia, Tax Kak aHaIH3 OTPAHMUCH Y4CTHI0 COREPKATENBHON H Moae3Hol un-
(opMaunn, B 3T0M ¢ caabocTs, Tak KaK JIONYTEHHBIC BRBOLLI BOSBEACHH B PART aBconior-
HbIX #orhH. TIOCKONBKY Tako# mar AeHCTBUTEIBHO CAENAH, ABIDKSHUE 10 IYTH abCOMOTHIMA
[pHBENIO HAYYHOS 3HAHAE B TYNHK, 9T0 IO PsIY aclEexTOB MBI ceitdac u Habmomaem. Ilpunn-
Mast TOYKy 3peHH [IMpaxa, 4TO KJIaCCHYECKas TeOPUA MOXer ObITh HeBEPHOH, Mal OOs3aHE!
WITH 00 MyTH €6 yCoBepIuencTBoBanms. OONME alropur, yupaBlIsioUEi TAKHM Ipomec-
COM, TO-BUAMMOMY JIydie Bcero u3noxel I'musbeprom /[.: "Ecnm wam He yAaercs Haiita
PELICHAS MATEMATHYECKOH POGIEMBL, TO YaCTO NPHYHHA ITOI'0 3AKIIOYAETCA B TOM, UTO MBI
He oenadeny ewe OoCmamoyno obueli Mmoykol 3penus, ¢ KOTOpoii Nanuas npobiema mpex-
CTABILIETCA JIMIIL OTACNBHEIM 3BEHOM B LIS POACTBEHHBIX npofnem. B Gonsmmucrse ciy-
4aeB, KOT/Ia Mbl HAIPaCcHO MINEM OTBETa HA BOHPOC, NPHYMHA HANICH HEY1a9H 3aKITI0YaeTC B
TOM, 9TO €INE He pagpemiensl UMl He NOTHOCHbIO peuienbt Gonee npocmsie u Bonee neekue
npobremot, ueM fanuas, Torga Bce JeI0 3aKOYaETCA B TOM, wT0o0b! Haly 3TH Bosiee Nerkne
1poBiieMsl H OCYIECTBUTE MX PellicHne HAHGONee COBEPIICHRAIMY CPEICTBAMH, IIPH IOMOLIH
TOHATH, NopAamExes 06o0menno. Bmecte ¢ TeM OBIBaCT M Tax, YTo Mbl dobusaemca om-
8€ma npu HEOOCMAMOUHBIX RPEOROCHINKAX WK UOA 6 HERPABUILHOM HANPAGICHUY A BCIENCT-
BHE 3TOr0 HE JOCTHIaeM Ieiy".

W MOOX0A, ¥ aHATW3 CTAHOBATCA KOHCTPYKTMBHBIMM, SCIIM YAaeTCs Halitu HeydTeH-
HEIe panee ofuwme pr3ugeckne daxropsr 1 00CTOATEIBCTBA. B Hauey Ciydae POms HOBOTO
3/IEMENTA BRITIONHSAET JIMHSHRRIA QYHKINOHAT W, HAa3BaHHSIR nokasamenem omHowenus. On
YIPaBiseT AMHAMUAKON U3MEHEHHA CKOPOCTER M HaCTOT 3MIEKTPOMArHUTHOTO HOJs, AOTIONHAL
TIOKa3aTe/b TPSIOMICHAS 71, BBEACHHEIH AN TMOKOANMXCA cped. D10 AONOIHSHHEe HETPHBU-
ATIBHO, a HeMHEHHOCTH, UM HHAYLIMPYEMbIe, MPUBCOIAT K Ipofaeme KaracIpod CKOpoCcTH U X
3a/1a9¢ NPEONONEHHUS ITHX KaTacTpod.

C MareMaTHUECKOH TOUKH 3PEHMs CHTYALMS BRUVIAMT Tak: B QU3UYeckod Mojenu
HeoBXOAUMO YIECTh KOTOMOIOIUA IPYIIN ¥ anl e6p, HOMONB3YeMbIX B KOHCTPYKLMM 3TOH MO-
Jemy. ITogcHuM CHTYALHIO, He AeTATHIHPYA ee.

OGHIMHO NPHHATO K3y4aTh QU3MYCCKUE SBIGRMA, CHEAYS TEOPUA UPSACTABICHUH
IpyIL, ¢ TOYHOCTHIO 10 Ipeofpa3osaHuii 3KBUBANEHTHOCTH '1:5 =Q"TI,Q, rne I'y - renepa-
TOpB! anrefpel cUMMETpuH, ! - CIUIETAIOIINE OUEPATOPH], WMEIOLIME CAMOCTOATENILHOES
IporCcXoXKIcHuE. Hcnonb3oBaHne oneparopos O! COOTBETCTBYET Kde¢ yUeTa B Pacuerax u

(usuueckoil Mogenu dedopmayuonuvix cmenenel ceobodel senenuti. Ouu 00yCIOBICHE UX
TONONOTHYeCKOH prpotol. B HHBAPUAHTHOM TOIAROME

detT; = det (0T, Q)= detT

HEABHO PUCYTCTRYeT QYHKIBOHAT
det 0~
ol
det Ot

rae Q! - xaHOHKYECKMH ctteraomui oneparop. Cralap w gBIeTCA JISMEHTOM HYJIbMEP-
HOM IPyIIE! KoroMoorui XoXmuwibaa acconuaTuBHON anreGpsl g co 3HadeHHAME 4, eCin
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cunTats, uto we H (g, 4). TlockomsKy KOTOMOIOTHA XAPAKTEPH3YIOT TOMOIOTMIO TPYIIh]
cuMMeTpun G, OHM 33J1a10T, SBHO MJIW HEABHO, TOMONOTUIO ABJICHMS, OXBATHIBAEMOTO, B TOM
AIH APYroM cMblcie, 310l rpyunoil. B dusudeckoll Moenu MOI'YyT HCIONL30BATHCS Pa3HBIE
rPYIIbl KOrOMONIOTKE, BEIXOMs 3 Npenens! npecOpasoBanuil sxpuBanenTrOCTH, OHH HMEIOT
CBOC MECTO, 3HAUCHHE, CMEICH U PYHKIMH B GU3NYECKUX MOZENAX, peannsys qedopMarnios-
HBIE CTENECHH HX CBOGOABI 3 06pa3yA caMOCTOATEIBHYO 001acTh nocneaoBamwi. [loasnaercs
BO3MOXHOCTH PACCMATpHBaTE KONOMOJZOIHHK, B TOM MMCIHE BECEk CUCKTD KOrOoMOJOrnK Xox-
mamza H' (g, A), n=0,1,2,h k, ¢ pusndeckoii Touky 3peHus. OYHKIHOHAIL OT HHUX,
paccMaTpuBaeMble Kak (bu3MuecKyue HEPEMEHHEIS, MOTYT OBITh IONYMHEHS JHHAMUYSCKUM
ypaBHEHHSM. ByaeM CIUTaTh, UTO TAKOBA U HYJIbMEPHAS TPYIITA KOrOMOJIOTHIA:

Lw)=0, we H%g, 4),

rae L- AudbepeHIIanEHEIN onepaTop.

B pamnoll raaee moxasamno, UTO BeMwuumpa we H O(g, A) - IOKa3aTe’h OTHOIICHUS
ynpasasem NOBEACHUEM TIAPAMETPOB BHENIHEH HREPHIHK 5JICKIPOMATHUTHOTO ot Ee yuer
NO3BOAALT ONUCATh M3BECTHEIE 3KCTEPHMEHTATEHES (axTs 6e3 OTpaHmMYcHHs Ha CKOPOCTh
CBOTA, UCTIONEIYA KOZOMOROSUHECK W MEXaHU3M JHHAMITIECKOI0 HPEoOpasoBanusy CKOPOCTH
IIOMEE B €ro 4acTory. [{aHo 06CCHOBaHME KORIETIMY BHENIHEH HHEPLHH IO, YKa3aHH! CTO-
POHBI ¥ TPany ¢¢ OUuCauus., Ko2oMOI02UUHOCHb UHEPYUL INEKMPOMAZHUMNO20 HOAS U u-
3UYECKAS GKMUBHOCHY €€ KO20MO:102Utl COCTABIAIOT, N CYTH Je/Id, HEHTPAIBHYIO HACKH A
I/IaBHBIY pe3yJibTaT JaHHO! [7IaBbl.

1.2. K COTNIACOBAHUIO FANUNEEBCKOW v NOPEHTLOBCKOW
GOOPMUHBAPUAHTHOCTH YPABHEHUU
SNEKTPOOUHAMUKM

Paccmompeno Gonoanenue Oudeperyuatvubix ypaeuenuti Makceenia
MAMEPUALLHDIMU Y DAGHERUSMU, NPU KOMOPOM ROIHAR CUCMEMA (POPMUNEa-
puanmua omaocumensro apynner Ianures llposedeno cpagnenue danuozo
sapuarma ¢ 060bwenuen Iepya, a MaKdtCe ¢ TOPEHMYUHSADUAHMHBIM CTTY-
uaes, COelar 661600, UMo OHU AGITICMCA HacMHYIMU cay anmy Bonee obujet

Mmodenu Brigedenvi 0606 p ons pex; na

1.2.1. Hoeas cucmema ypaguenuii 31eKmpoouHaMUKN, UHEADUARMEASL OMBOCUMETbHO
epynnvt Lanunen

VcTopHtecKky IEpBhI BAPHAHT TATHICSBCKH MHBAPHAHTHON SIEKTPOAHHAMHUKH OBUI Ipes-
noxen [epriem. CymmuOCTS €ro CBOIWTCH K JONMIHCHHIO IU(PIEpeRuuanbrblX YpaBHeHHIH
Maxcsemra "KOHBEKTHBHBIMA WICHAMH ' BUIa:

rp.oRo,on noF
rot[D,u}, u div D, rot|B, u‘],
Torga

Bo1(aD i hon
rozH:l %B+rot[D, 5]+5div.0+j},
c|dr

s

7
rorE =1 %——+rot[B h]
c

H 1
divD=p, divB=0.
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[Tpu npeobpazopannsx KOOPAVHAT M BPEMEHH COMIACHO rpyrme anunes HMEEM CBH3b KOM-
TOHEHT CKOpoCcTeH
t

uw =u_-v, u =u

L
y ’r u,=u,.

V6eanMcs B MABAPHAHTHOCTH CACTEMEL. PaccMOTPHM ypaBHEHHE

0E, 9E,  10B, 1(oM, ﬁMyj

dy 9z ¢ dt ¢ Iy 9z

rae
M,=Bu,-Bu, M,=Bu, - Bu, M, ,=Bu -Bu,.

Totpedyewm, crnexys Fepry

E' D'=D
[Tockomsky
2,9 .9
Jt ax ar’
a
oM, oM, oM, oM, o8, 33’:\
5y 9 ey 37 U5y EEN
Oy THM

oyt 97 ¢ ot +cK a3y oz , € ax' 9y o7

dE, 9E, 13B, (aM' aM',\_K aB'X+aB'y+aB',}

1
VcioBre MHBAPUAHTHOCTH div B'= divﬁ oueBA IR0, OCTaNkHEIC YPABHEHUS aHATH3APYIOTCS
M IPOBEPAIOTCH aHATOTHYHO.

Onmaxo ceacTBus U3 TeopuH I'epria BCTYNAIOT B IPOTHBOPEYHE C M3BECTHEIMH KC-
nepuMeHTaNLHBIME HaHERIMH [13]. OCHOBHAS NIPHYHHA 3TOTO B HAIMYMI CKOPOCTH #, BXO-
nauieli B muddepenumanbible ypaBHCHUS HICKTPOAKHAMUKYE, KOTOPYIO CIeAyeT MHTepIpe-
TUPOBATH KAK CKOPOCTH 3QUPA, TOTHOCTHIO YRISKASMOTO TEIIAMH.

Bropas Mozens raTnIeeBCKY HHBAPHAHTHON 3ICKTPOAMHAMHUKA TONyACTCS, ECIH U3

Q)mmecxnx cooBpaxenuii MOXHO Mpenebpedb B ypasreHWIX Maxcseria qmbo H / ot mm-

to BE /E)t . Oy Ha3BBAIOICH "HNeKTpuIeckuM” ¥ “MarEUTHEIM" IpeelaMH, COOTBETCTBYIOT
TPaKTHIECKUM CHTYAUSM, IMO3BOIAA YIIPOCTHTH PEMICHME HEKOTOPBIX 33[ad. DTH CIydau
paccMOTpeHs: B [98].

Bonpoc O 2aTu1ee8CKY unaapuaumlioﬁ anexmpoauuamuxe CpE() usyen

marcoice 8 [99]. Cyme ananusa ceooumcs Kk paccmompenuio YpasHenut snex-
MPOSUHAMUKY DBUNCYUXCA CDED 8 Kocoy2onbnoll cucmeme xoopdunam. B

YACMHOCHY, 6 ITOM CAYHGE U3 MAMEDUANBHBIX VP i OnA NOKe e
cpedbt npu UCNoNb3IoBARUY 2pynnel 1 Ghutes caedyiom Hogble MAMEPUATbHbIE
YDUABHENUSA, NPUHEM NOINAS CUCTIEMA Y i ghop 1 4a OMHO-

cumenvHo epynnwl Ianunen. A NOTYHeHUS, peIyIbMmaAmos, CO2RacyIOmuxcs ¢
IKCHEPUMEHMOM, AEMOPLI MPeGYIoNm QONOIHUMENbROZ0 NEpepacHema noLy-
YEHHBIX PEUEHUTE ¢ YHEMOM CUMMENDIU OMHOCUMEbHE 2pyRnsl Jopenmya.
Hpyzumu crogamy, mamepuansHuie ypastenys TEKMPOOUHAMUKY 8UOA

h oRCRIN R ORR
pD=D[EX% B-.BH’q
c/ <y

PaccMATPHBAIOTCA KakK (OPMAILHEIE CBA3M, HE OTBCHAIOUIME PEANBHON JKCIePHMEHTATLHON
CHTyAIlHH,



18 [naea 1

{lprveM HOBOE UPENONONEHHE: GOIMONCHO HAXONCOCHUE CUCIEMbl YDASHEHUY
INEKMPOOUHAMUKY, DOPMUHBAPUAHMHOL omHOCumenbHe epynnel T anuaes, komopoil coom~
semcmayiom usuyeckue cumyayuy, 8 KOmopbix MAaKda CUMMEmpus moscem 6vims OO~
meepoicoena cnepurmenmansro [100]. JoxaxeM, 4To ypaBHeHN MakcBenna COBMECTHO ¢
COOTHOIICHHIMY MEXKTy TOISMY ¥ MHAYKIUAMK

Bee(BEA]) Aeu(h[4])

rfie £, i - JUANEKTPUYecKas ¥ MarduTHas [IPOHHIAEMOCTH CPEMBL, - HEKOTOPAs CKOPOCTR
ABIDKEHUA, HOPMUHBAPHAHTHEL OTHOCUTENsHO Ipymsl [ammnes. Tlycts gexaproBa cucTeMa
xoopmuHar K’ memmercs Baoms ocn OX cucteMsl K o CKOPOCTBIO v, ONpeaenaM cooTHO
IUCHES MEXKIY HACTHBIMH IPOM3BOIHAMHI U KOMITOHECHTAMH CKOPOCTH

8.3 9 .9 9. 90 9 _ 0,9
3x 9x 8y @y 8z 9z o1 ax' ar

Wcnons3ys npeobpasosanus ypasHennit Maxcsenna u Tpedys MX HHBAPHAHTHOCTR, HOJYIHM
CBA3Y NOIeH M HHIYKIH:

' v _ v
E,=E,, E,=E,~-B, E.=F +B,

H' =H, H =H + D, H,=H,-YD,,
x B ps ¥y ¢ z z z ¢ ¥

D'.=D, D =D, D,=D,, p'=p.

He]l[TpHXOB&HHHC BCTMYMHE] BREIPAXKAOTCA UCPE3 MITPUXOBARHBIC COOTHOMICHUAMH, B XOTO-
PBIX H3MEHCHE! 3HAKH NICPE] CKOPOCTEIO Vv, HMECHHO

1 n It It h h {,l —’ h v
&=5 , D=D, E=£F4-8), H=H'w—- D]
Le ¢
JoxaxeM HHBAPHAHTHOCTE MaTCPHANBHEIX ypaBHeHuH. [IoaCTaBMM B HMX yKa3aHHBIE COOT-
HOLIEHHA Aj14 wosielt. Iomydaum

n I
(E-h(u—', '} \.’ g':,u P?'+!_ h' } l
Le ) “

JI0Ka3aTeIECTRO UHBAPHAHTHOCTH TOJIHON CHCTEMbI YPAaBHEHHH 3ICKTPOIMHAMIKY 3aBepiiie-
HO. PaccvOTpUM BOMpOS O TamruleeBCKH HHBapHaHTHOH (QOpMy/IIpOBKE IYaNRHO CHMMET-
puuHoH snekTporuuamuxy. Kax mokasaso B [101], AyansHo KoBapHauTHAa CHCTEMa ypas-
HEeHHI

ho1(3D 1) 138 ”
rotH—;{—a—t—rje s rolE———L Y +Jg

/

dzvﬁ =0 div]g =p,,

D sE+yH g:uﬁ+y1§,
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OnekTpoavHamuka Makceenna 623 orpaHuyeHnsl CKopocTU
I[
HIIOTHOCTH COQT-

e P,> Py - IWIOTHOCTA DIEKTPHYECKOTO B MATHHTHOTO 3apa/0B, Je, Je -
BETCTBYIOIMX TOKOB, BelHuuHa ¥ BRIpaXaeTcs 4epe3 HIEKTPHYCCKHIt e M MarHUTHRIM g 3a-

pﬂ)]hl COOTHOILICHUECM
e

y=le-m)E-g’.
4

Jliis 3aIUCH MATEPUATBHEIX YPABHECHMH B I'UIMIICCRCKM MHBApHAHTHOM BH/E CHAdYaua npeob-

pasyem ux. Iycrs
R h

n
D= E-Z-——
U w
HCHOJILBYH PEIYNBTATHL NPEABIAYINErO aHAIM3a, 3aNUIeM HX B TATHICCBCKA I/IHBapPIaHTHOM
BU/JIE
B[ VS W i
D= 8—7—} E+i—Z,B1. +ZB,
uhoole 1) ou
B N N h
By 1’ H+[D,ﬂ] +Ip
k £ ) ¢ £

i
Ifpu u =0 MOZyIuM COOTBETCTBYIONIME BRIPAKEHHs [y NoKosinelcs cpexsr. Hcmomssys
©BA3b 10JIEH M MHAYKIMH, IOACTAaBMM MX B ypasHeHns Maxcsesna. Torna

h
rotE———a—-Bi leB 0,
cat’

h nmoa
rotB-f—rat{ [ —H } 18E li[ ,B:|*]'
¢ ic

>

cat caile

h R
dsz+dzv[ }=p.
c

[omyyennas cuCTEMA GHATTOTHYHA YPABHEHWAM A JEKTPOMATHUTHOIO Oii B Cpeje, "o~
't
napusanrs” P v "HAMArHUYEHHOCTE" M KOTOPOR 3a[A0TCH BRIPAKCHUAMA

pju ’j, M- L(H) i,

P :L_’ B
¢ A
BriBeneM ypaBHEGHHS ANA IOTEHIHAIOB B TAIHICEBCKH MHBAPUAHTHON 3IEKTPOJUHAMEKE
BeeneM mo 0GkHOM CXeMe
"
h 1 d0A4 n ]
E=—-2---Vg¢, B=VxA4.
c Jt

TOI‘JI& 0JHa 11apa ypaBHCHHﬁ Makcsemia VIOBICTBOPACTCA TOXKICCTBCHHO, a U3 YPABHCHUA

A h
Vx H_ff’_ 1.3_12, V D=4mp
c c ot

COBMECTHO ¢ MaTepHaIbHBIMH YPaBHEHUSIMHU CIEXyIoT ypasuenus yis A, ¢ Torma
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Cornacuo $opvynaM BeKTOPEOTO HCHHCICHUA

Vx(gx-g\:(ﬁ v B—E(V 3){& V\-—f”isz,
\ ¢ c c ;e

A

B

Orciona R
h R k
v B=é£,u —le)ﬂh-"i‘E iﬂﬁ‘ A% E+r—xB-} ,
c | ot L _f
Aol h
v E-Ryxp=22,
¢ e

Crpynmuzpyem uneHsl s nOTeHOHANA A NOXy9HM

2
V(V Z)~§[§t+5 vW? 40) \ Z+€ﬂ[8t+u V] ,Zziﬂ—dz—up

)

U3 apyroro ypasHEHUA cielyer, 9ro
no bl h N
v B-laz () ﬁpyﬁ[_ij v|l-47,
4 [

Tockonsxy (i V)D = V(gﬁ)-gx (vxD), 0

h
efa » 9 19 ul{d  ho\h
L [ Vip-=Zlid—co)=%] L+4 VID
c(atw ][ L8t+ J cat( A c¢)jl c a:“‘ J

CrenoBaTenbHO,

Lo uelfa n oY 1{a . n Vo mh
v 128 vy llHEN 2 lvips i Ll v 2l d-co)|=
[ c ot QPJ ¢? Kat “ J¢+c(8t+u } (u c¢)

c

7
h 2
=4:ruLc,o+u]_cu2 pw
ey ¢ c

ITpeo6pasopas, nomydum
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;
g2 bV 10 g hen(a b o et )
{V cz(az” v”wcat[v/i A 2 Vi A-cop)|=

5
dmul ¢ n u?
ﬂ[_f_ LA -CP—J
c leu ¢ e,
Bribepem xannbpoBoTHOe yCIORKE
h
V. A—fﬁ( VJ(L’;’A cp)=0

C

Toraa vckoMble YPABHCHIA IPUMYT BHI!

2
h
{v’ -{?—[LZ?»VW }A=———4T(?—17P),

ot )

s cBOGOLHOTO SHEKTPOMArHUTHOTO IIONS B BAKYYME ITOJIYYHAM

{v? Cl {aatJr V] }Z:o,

. 7 oY
\ ————]a—+u A% l%¢=0,
¢\

h 5
V-A—zlz— (5‘%” VJ@A cp)=0. @1

H3yunumM HEKOTOPBIE CISHCTBHA DTOM CHCTEMBL P%CCMOTpPIM, KaK PAclpOCTPaHACTCS DICK-
TPOMArHMTHOE IIONIE COTJIACHO ypaBHeHwsM i 4, ¢ Miem pewieHHe ypasHeHHH B BUne
TIOCKOH BOAKBL TorAa

1 7

d=dyexplilor-kr), o=, explilor-k7)),

Ioxerasum ux 8 (2.1). ITonydHM AucCIepCHOHHOE YPaBHEHUS

n
2722
ck =(1-1‘-ﬂJ A 2.2
@ cw
W3 nero cnemyor ssipakenus 11 GazoBoil u rpyIIIOBON CKOPOCTEiL:
n 1i
4 -?(Hf‘l\ (L 2.3)
4 J k

OtH GopMyIIbl COTMACYIOTCA ¢ peobpasoBaHmsaMu [ auiles, €CilH [0 CKOPOCTHIO ¥ 1oHH-
MaTh CKOPOCTH JBHKEHMS HCTOYHMKA B Bakyyme. [t penrerus ypasheruii (2.1) ¢ ucTodnn-
Kamu Haliiem ¢ynxunio Npusa. B nuepuuansuo aBmxyueiics cpene Ges qucnepcun ee Bux
ONPeJENACTCS BHpaKEHUEM
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Tolk,, plexplill,z- a )k, dk,dk da

G(rt =872 J.

K eu—+26,u,8w—+(l eup’

14
3aeck oce OZ nanpasiesa no ckopocTr #, J, - QyHKImMA Beccens meproro poga Hynesoro
nopsinka. [Tposeas HeoOXOMMMbLE BEIMUC/ICHUSA, HOXYyIHM

K VA
Go(ﬁ,t):léir“ﬂ p2+x2} zé‘Lt—l eulp ZJ ],

/

. —
roe x=z—ut. Oyaxigus ['puna i u < c/ V&M OINHYHA OT HyJi HA TOBCPXHOCTH, YPaB-
HEHMEM KOTOPOH B QUKCHPOBAHHEBIA MOMEHT BDEMEHH ABIAETCH

:%ﬁ[pzﬂ—(z—ut)z]/%

310 3nnancony Bpamend, OCh CHMMETPHH KOTOPOTO COBIANAET CO CKOPOCTRIO ABIXCHUA
Cpeabl. HOJI)’OCI/I IIIHIICE PaBHBL

a=ct/\/:‘;;, b=ct/‘/z‘z.

[Tonoxenne LEHTPA JILIUIICOM 1A OTIPENEIIACTCS BhIPAKEHUEM

Zy =ul.

CrnenoBaTensHO, HEHTP HOBEPXHOCTH, HA KOTOPOH QyHxnusa I'prHa OTIHYHA OT Hy.d, TIEpe-
MEILACTCA CO CKOPOCTRIO W

(3 (!

u, =

]

Eciy OTOWIECTBUTE ¥, CO CKOPOCIBIO JBHXCHHA MCTOYHMKA M3IydeHMs B BaKyyMe, ROIy-
YUM Pe3yIIBTAT, YTO IIOBEPXHOCT, HECYIAT CHTHAN, IpelcTasiser coboil chepy, ueHTp KO-
TOPO# BCe BPEMS COBNAHAET ¢ NOJIOKEHHEM HCTOYHHKA, JBIKYIIErOCH HHEPUMAIbHO. Tak
dopMaipH TOCTPOCHA CHCTEMA YPABHEHHH DCKTPOAVHAMIKY BaKyyMa, PCLUCH#T KOTOPOi
JaoT 3aBUCMMOCTB CKOPOCTH CBETA B BAKYYME OT CKOPOCTH UCTOYHHKA.

1.2.2. Dopmanvroe coznacoanue 2aruneescKoli 4 A0PeRMy06CKol UHEAPURHMHOCHIU
ypasnenuit Maxceenna

CpaBupm Mexay coboit [Be CUCTEMB! YPABHEHHH ICKTPOIMHAMUKH, MHBAPHAUTHBIE OTHO-
cutenero rpymn Ianunes n JloperTua coorseTcrsento [21, 44]. Koneuno, Al TaKoro cpas-
HEHUS Hy»XHbI ITyOoKue (Qu3ndeckie UPHIUHSL], HO HA JaHHON CTAIWHU OHY He BUAHH! U Oy-
OyT packphITsl noxke. Cefiuac 3ajada COCTOMT B BBRIICHSHUM BO3MOXKHOCTH COITIACOBAHUA
PaTIMHBIX CUMMETPIH, a TAKKE CTPYKTYps! 00obmenHol cacteMs! ypasHeruil. Jlerko ysu-
JE€Th, 9TO Pa3nudue cucTeM O0YCIOBACHO CTPYKTYPOM MatepuansusIX ypasuenmii. Ogenua-
HO, 9TO BO3MOXHA SAMHOOOPA3HAR 3aIiCh ARYX CHTYALHI, €CIIH PACCMOTPETh MATEPHRAIILHLIE
YpaBHeHzs, 33BUCHILHME oT napamerpa w. [lycTs

noorh ARy n o TR (horR L
D+w[“ fl-e EJ B, B+w[E,E} LHﬂg,ﬁm
[ k Le l, c LooCl,

Ilpa w=0 TmonydnM cucTeMy ypaBHeHu, GOPMUHBAPMAHTHYIO OTHOCHTENLHO IPYMNIs! [a~
auRes, npu w =1 - GTHOCHTeNILHO rpynnE! JopenTna.
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1.2.3. Obwasn xosap. HOCD YP Wil INeKMPOOKNANBKE, HRE3ABUCKMOCTD OM
4-mempuru v ceasnocmuy 6es Kpyuenun

HesaBUCcHMOCTh ypaBHeHul MakcBenma B TPEXMEPHOM IIPOCTPAHCTBE OT METPHKH, 4 TaKKe
ofmee CBOUCTBO KOBAPHAHTHOCTH B HETHIPEXMEPHOM IPOCTPAHCTRE NEPBOHAYANEHO OELIO
obuapyxeno IT. Beiinem [102] Iosmuee ytu Bompocs! pacemarpusanu @, Kormnep [103],
D.Kapran [104], . Jauwwmr [105], E. Tlocr [106], XK. Aeuiam [107]. B Coserckom Corose
CUMMETpHtHEIE CBOHCTBA YpaBHEHNH MIEKTPOAHHAMHAKY B PAMKaX IPYIIIOBOTO NOAX0/a LIH-
POKO HpoaHanu3HpoBaHsl 8 paborax H.X. U6parmmosa [108], B.M. ®ymirua 1 A.I'. Hukury-
sa [109]. T.A. KorensHuxos {110] pacemorpen Henuueitnsie MpeAcTaBACHUS Tpymnbl [ ain-
nes. MHO0 PaccMOTpeHa FaJMICeBCKY WHBAPHAHTHA IieKTPoIuHaMuka Bakyyma [100] u
JIoKa3ana dusMuecKas AOMONHATENBHOCTS rpy s lanies u JIOpenTia B 31K TpOANHAMEKE
cpen [44].

[IpoananmusupyeM yKa3aHHsIE BOTPOCHl ¢ OOUIMX nHO3MIIMH, Clefys MoHOrpaduu
E.JTocra [106]. Paccmorpum npeobpasoBanua KOOPIMHAT B YETHIPEXMEPHOM MPOCTPAHCTBE

BHI2
x* :x"(x‘), x* = (x"'),
TI0s1aras, 410 OB} HEBBIPOKACHHE! H TONOHOVHSL:
d,4, =0 4/, A#0.
O6o3Ha4uM 9aCTHRIE TPOM3BOIHEIE ¥ SK0GuaH HpeoGpasosanuit

x 3x"
=25, 4 =S5, A=detd,

A==
toox B P

#0.

I/IcnonmyeM H3BECTHBIC 3aKOHBI npeoGpasoaaHHH T@H30POB K TeH3OPHBIX IDIOTHOCTEH

[/ad

— 4% g v Al 47 BT
F=d4AF, H7 =A"4"4"H".
PaccMoTpuM Boipoc 06 HHRAPHAHTHOCTH NEPBOI HApH! ypasreHHH. Tlomyanm

0,.F,

Ly

8, (A F )= 4,418, F +F 43, A~ F,A4 3, 4.

2y 1y
H3-32 rOI0HOMHOCTH IPeo6pa3osatus BTopol i TpeTuil uneHbl KOMICHCHPYIOTCS, & TaK KaK

3, = Af9,, 10

T 3
a(k'Fr'J’J - A[i‘Af]'Ak’]akEf :
Tepenecem nunexc anprepunporanusd 1o (i7k). Monywam

3, F,

vy

kg
= AL AL 4T3, F,..

Hockomsxy 9, F, n =0, 10 Blk,F,,}] =0. Opoanamusupyem cHMMETpHIHEE CBOHCTBa BTOpOlt

Hapsl Au@dHepeRnanbHEX yPABHEHMHA 31eKTpoAnHaMuKy. Tak, JIErKO BUAETH, UTO
DL H = A" A7 AP0 T 4 B|AT 470, 4 1A AR, A7 A4, I ]
Hcnonssyem W3BECTHEIE COOTHOLIEHUS
—la"ako, 4F =0 A", 4'4r0 HY =40 HY.

CrpynimypyeM BhIpaxeH¥ s
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3 H™ = (A 4T3 H* + N HR AT A7 AF +3,.47 ~ 47473, 4 ).

Unen Buaa H ”‘E),.(A," HCUesHET M3-33 AHTHCHMMETpHH H* . Jlpyrue wiens B cxoGxax Kom-
MCHCUPYIOTCS U3 YCICBHE TONOHOMHOCTH. [loTyauM

3 HF =A" 413 A =|A" 4T

CrenoBarTenbHo dugepenyuanvuvie ypasienus snekmpoounamury Maxceenia uneapuanm-
Hbl OMHOCUMETLHO HPOUIBONEHBIX HEGBLPONCOCHHBIX MPEOOPAZ08arUt 2O IOHOMNBIX CHCEM
KOOpOuHam.
Vpaprenus Maxcsemna ue NOKA3sBAIOT CBASHOCTE MHorooOpasms Ge3 KpydeHus.
UrobaI oKa3aTh 510, 3AMEGHEM JACTHEIC IIPOM3ROAHKIS HA KOBapHaHTHEE. [lng F - uveeM
Vil = a[kan] -2F TI7 =9 F

mn) alk™ mn] [k mn]*
PaccMOTPHM YpaBHEHMS 1A B,
v ﬁ:k =9 ﬁtk +ﬁpkl—~l +E’1pr‘k i o ﬁrk - gw
I3 I3 &p §23 Pk *

Hocaenuuit qwicH pas3noxkeHus o6yclOBIeH CTPYKTypoi H* sremopuoit nnotroorH. Beimy-
wma H "kl",; =0 W3 aHTHCHMMEIPHH He* JIBa RpYTHX CI1araeMbIX B3aUMHO KOMIEHCHPY-
I0TCA BCIEACTBHE CHMMeTpuTIHOCTE cBm3Hoctd. Orciofa chemyel BHBOM: Jugddeperytans-
ubie ypasrenun Mancaenia O cpeObl HE3ABUCHMbI O MeRmpuKy U TUREUHON CEATHOCHIU
MHO2006pazus Ge3 KpyYeHun u OONYCKGIOm CUMMEMPUID OMHOCUMENBHO ZPYRAbL HEGbIPONC-
OenHblIX, 20NOHOMHBIX NPeoBpPazosanuti KOOPOUKam, ROIMOMY OONYCHMUMO ONUCHIGAME 6Ce
SNEKMPOMASHUMHBLE ABNEHUA & MHOZ000pa3UL ADGUHHOY cesazHOCTY R I, pacemampu-
sasn "mempuxy” Q, U CeA3HOCMU KAK CAMOCMORMeNbHbE GUIUNECKUe CIMPYKMYPbI, XapaK-
MepUVIoWue nose.

Brsicrmy pontb kpydeaus. [Tycts temsop B, =T ~T', , nokassisaiommit oTKione-

HHUE KOMITOHEHT CBA3HOCTH Fﬁn OT CUMMCTPUYHCCTH 10 HIKHUM HE/ICKCaM, OTJIHUCH OT Hy-

ns. M3 HpenniTyniero paccMOTPEHUsS BUAHO, YTO YpaBHEHHS 1 H * w3mensroTCS CITEMYIO-
M obpazom:

0, +Bg,)ﬁ"‘ =5

Jls BTOpO#i maps! ypasHeHUH HCIIONB3YeM BRIPAXKCENE LIS KOBapHAHTHOM NPOKN3BOHOM KO-
BAPUAHTHOTO TEH30PA BTOPOTO PAHTA

— 1 !
V.F, —-81ij I Fy —F,nFﬂ.
Hx cyMmupoBaHne fact
V[kF

v}

—BI[MF

=d,F -

1}

VxasaHHple JOOABKY JAIOT BXNA KPYUCHUS B ypaBHCHHSA Maxcpemwia.

1.2.4. 3a npedenamu cmepeomunos MuluaeHuR

ToT aKT, 470 CBA3Y MEXKIY HONEMH Frny  MENyKIMY H * 3371205 TOCPEACTBOM TCH30DA

% =diag(1,1,1,1)
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8 KoopamEaTax x' =x, x' =y, x* =z, x° =ict, HE TOBOPHUT 0 TOM, UTO HHUUECKOE TPO-
CTPAHCTBO-BPEMS [ICEBIOCBIINIOBO. BO-TIEPBEIX, TakOH BBIGOD COOTBETCTBYET MICAIM3HPO-
BAHHOM CBA3M NOJEH 1 RHAYKUHUI Bu/Ia

It " 10 It

D=E, B=H.
OHa JaneKa OT peajJbHOCTH. B 9acTHOCTH, OHa HE COOTBETCIBYET NMPOLEAYPE M3MEPEHNs, 110~
TOMY YTO WIMEPEHMIO BCEIVIA IPHCYINE B3aUMONEHCTBYE IO ¢ HEKOTOPHIM PEajibHBIM YCT~
poticteoM. Bo-B1opEIX, CBA3M 414 1107ieH M HEAYKUMI COOTBETCTBYIOT TEH30DY

Q* =a@* + pu'u*.

Ecnu HCnons308arth €ro B KA4eCTBe METPHKH, Mul IPHXOZUM K NPOCTPAHCIBY, XapaKTepH-
sysotqemy cobrtrs. Ero yao0uo saspars npoctparcisoM cobrrris n obosnadauts M, . Hpu

9TOM CAEAYET KOPPEKTHO 321aTh JETHPEXCKOPOCTH #' , HATIOIHUB X (HIMUSCKIM CMEICIOM.
D10 Ke 3AMEUAHHE CTIPABEIIABO s BENHIUE & 5. B-TPEThitX, OIEIT MOXET IIPUBECTH K 13-
MEHEHHIO OCHOBHRIX IWHAMHYECKUX YPABHEHHMil U CBA3EH # HCIIOJF30BAHMIO JPYTHX BBIDA-
wennit quis @ u i Q. B-werneprrix, nomssopamme ©F, OF ne oTMenser HaTHuMs i HE
MEHSACT COCTOSIHHS (PMIMIECKOTO IPOCTPAHCTBE, B KOTOPOM PACIIONOKEHO sRIeHMe, B buan-

YeCcKO IIPaKTHKe, CHEAYS ONBITY, €r0 pPOils BAIIOMHAET PACCIOSHHOE MHOT000pa3ue
Heiorona

Mg =R xT",

tne R® - TPeXMEPHOE EBKIMORO IPOCTPAHCTEO, T - OMIHOMEPHOS CBKIMAOBO BPEMS.
[MpuraTye nocTynaTta, COrIacdo KOTOPOMY CKOPOCTH CBETA B BAKYYME HE 34BHCUT OT
1 -
CROPOCTH JIBIKEHHA MCTOYHMKA HNydeHust #,, (a B BaKyyMe uM ABISETCH YCTpoMCTBO,
Jarolee 9TO H3My4YeHHE), ABIAETCH JAHBIO PACIeTy M HE COOTBETCTBYET (UBMKE ABICHHS.
CKOpOCTS HCTOMHMKA M3NYHEHHAA U, €CTh CyInecTReH b durwaeckull (akTop, ¢ koToporo,
7 1o GOPMS M N0 CYTH, HAYANACH PENsSTUBACTCKA (HIUKR, UTO Tpeﬁ;'ET K HEMY NPHCTANBHO-
1
T BHUMAHAS U (PABUILHOTO OTHOMEHHS. 3aMETUM, ¥TO CKOPOCTE ¢, AOMKHA CuITh BBELE-
Ha B YPaBHEHHS, €CJIM MbI CTPOMM (H3NEECKYI0 MOAENE, KOTOpas camMa o cebe BCe yIuTRIBA~
€T, YPaBHEHMS, PElLIEHUA KOTOPBIX COOTBETCTBYIOT DKCHEpHMeHTY. VIMEHHO Takoi BapHaHT
npenarai paceMarpuBars A. OfHmmedtn. On vCKa YPaBHEHHMS, KOTOPHIE B KAYECTBE peliie-
HAY JaBajd OB 3aBHCHMOCTE CKOPOCTH IIOE OT CKOPOCTH JBHKEHHA MCTOMHHUKA HBITYHESHUS,
11 a2
HO HE CMOT X HafiTh. JIOHATHO, \TO, NCKMIOUAB U, 3 ypaBHEH¥H JICKTPOAUHAMMKH, CHe-
NaTh 9TO HEBO3MOXKHO. JJOCTATOYHO OMEBHOHO, K&K 310 CIeiars. [[eHCTBHTENbHO, (PHInde-
CKasl Cpeia ABIACTCS BTOPUIHEIM HCTOTHUKOM H3MydeHus i, .. Ee CKOpOCTh paBHa CKOPOCTH

14
ABMOKEHUS CPCON %, :

H
Cxopocts ¥, BXOZMT B YpaBHEHHS D3ICKIPOAMHAMHKH I6pe3 CBE3W MEKAy noaamu F,, u
HHIYKIUIMA B* g BHIe cooTHOmeHMH MuuKoBckoro. Torna
n n n n
B ly & sy PN R TR U ‘n [h U
D+|“ZxH =€ E+|~2%%XB|)|, B+ Ex—2|\=u|H+ Dx—"
c k ¢ J ¢ | c

L

143 r
I'pynmosas cxopocTs [0S V, 3aBHCHT OT CKOPOCTH CPEIE! i,

n o,

2 B

boen 1Y
nk \ n
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14
MosToMy y4ECTE CKOPOCTh U, B yPaBHEHMSX JIEKTPOAUHAMUKH ClENyeT yepes ofobuien-

Hpte CBH3H Mexay H * y F_ , a0 u caenado B paborax [43, 100].
1t n & >
Crnoxuo o0wetuHnTs %, W U, Mbl paccMaTpuBaeM BapHAHT npocTeiimeif cassy,

KOTZa
ora H n 1]
u={1- w)ufg Wi, ,

P
w=l-exp| ~0,— I,
P

2 o N n
4TO COGTBETCTBYET YCIIOBHIO TOMOTOMMNECKOH IKBHBaNeHTHOCTH [111] cropocreit u,, wu u,,.

HoxasaTens OTHOMICHHS W CTAHOBHICS TEM Cyjecmsento wosviM (baxtopoM, Ges ydera ko~

TOPOTO HEBO3MOOICHO TIOCTPOKTE MOIAETh 3ICKTPOMArHHTHRIX SBJICHHH, COTTACOBAHHO YUu-
14 1 Y

THIBAIOULYIO 4 ,, W i, . 3AMETHM, 4TO CTONb HENpoeTad (C Pusnyeckol TOUKU IPEHUs) CHTYa~

U3 NPOAHATU3NPOBAHA TOJBKO Ha YPOBHE OIICHKM CKOPOCTeH, Ho MeHSI0TCS e1Ie ¥ YaCTOTHL.
TpeGoBanne UHBAPHAHTHOCTH YpPaBHEHWH SNEKTPOAMHMAMHKY, NpRHATOe A. JifmmTeiinoM,
Kak xopowo n3secTyo [111], osnagaer orpaHHHeHHe Ha KIACC HKBABANEHTHBIX penicHui, 3a-
gaBasg npocmparcmso peweru M g, , KOTOPoe HMeeT CBOI cTpykTypy. H3 toro dakra, uro

pacder cOraacyeTes ¢ ONLITOM IPH MCLONB3OBAHMM IPYNNn JlopeHTna, CIEHyeT, IT0 Bax-
HYIO POTb BHITIONHACT KGHOHUYeCKAs METPHKE MUHKOBCKOTO

©Y, =diag(l,1,1,1).

Npoctpanctso pemennit M g, MoxeT OBITE COTNIACOBAHO C HPOCTPAHCTBOM COCTOSIHME M ¢,
eCIH TOMYCTUTL MHIYIHDOBAHHAE H3 PACCIOENHOTO MHOTOoDpazus Mg, =R’XT' merpuxn

HpOoCTpaHcTBa pernennit 0%, B hopme CoeauHEHNS R’ u T\, Torma cirefye1 IpuHATE obliee
BEIpaKCHHE

@Y, =diag L1, w).
Vmenno ero npepnaran Jlarpamx [16]. xorna usydan cTpykrypy MCEIOEBKIHIOBE MEOTOOG-
pasns. YacTHas CHTyanus, xorjga w=1, He COOTBETICTBYET OGuIM BOSMOXKHOCTAM IPOCTPaH-
CTBa peIIeHHuii.

M1 IPEXOIHM K CHCTEME M3 TPEX IIPOCTPAHCTB, KOTOpHIE (MOKA TONBKO Ha KHHEMA-
THYECKOM YPOBHE) 00A3aHH HCNOMR308aThCH 3 Gusndeckoit mogemu (puc. 1.1).

M VR XT!
™
/ >J\
Q’( SR o

Puc. 1.1, Cucrema npocTpancts GpH3udeckol MOACTH 3MEKTPOMArHMTHBIX ABIEHUH

M., ¥

SE

M Vel

3pavox ¥ o3HA¥AET, WIO MCMONB3YCTCA HEKOTOPOE HaCTHOE SHAUEHHe, XOTA, KOHCUHO, He
OTPHIIBIOTCA JPYTHE BO3MOMKHOCTH M BapHaHThL. [IOHATHO, uro HA MPaKTHKE Hem u HuKoz0a
He Gbiao omovdecmanenus Smux npocmparcms. Bo Beex cyvasx, sceraa
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Mo #Mg #Mg,

B TONOJNOTMIECKOM, TeOMETPUIECKOM, anrebpandecKom u Apyrux cubiciax. Ilonsrmo, yro
IPH MOJCIHMPOBAHAN OOIIHX CHTYaLui BO3MOMXHO HCHONB30BATh APYTHE MPOCTPAHCTBRA, HO
HEBO3MOXHO OTMCHHTE HX pasiHunif. B penarusucTekoit dpusuxe, Hao0OPOT, CIUTACTCS, YTO

Mss=Mgp =M.

Tenzop miotrocTy H'* | ¢ dusnteckol Touxy 3penns, Gonee paxew, deM tensop F,, . [Lrot-

1
HOCTM TOKOB j W IIOTHOCTH 3aDANOB 0 aCCOUMMPOBAHE! ¢ HuM. [1odTOMy cuTyailwn, KOraa
HA NepBLIA NIaH BeABUracTes £, , pusndecky cmabsl. 310 3aMEUaHNE BEPHO M LI APYTHX

xaxuOpOBOYHEIX HoJeH. 3/ech cO Beell OYEBMAHOCTEIO U cumiIol ofHapyxuBaeTcs "Bojgopas-
nen" gusnveckozo nodxoda X ABICHWSIM, KOTA BAXKHBI TOKH, 3aps/hl ¥ BCE TO, HTO AAET
3NIEKTPOMATHMTHEIC MBAYKIAY, 4 IIONs PACCMATPUBAIOTCS KaK WX npossiennd, [lo cyTu gena,
# $opMa ITOMY He IPOTHBOPEHNT, dusudeckull noaxon tpebyer pa3paboTky xonyenyuy To-
KOB ¥ 3apAOB, MEXaHHM3Ma X BlamMoneHcTsul, yaera Bcex (GaxropoB H 06CTOATENECTB, ©
HUMH CBS32HHBIX.

Pacuemnwui n00x00 K SBIEHHSM H3HAYANRHO (QaIscHGWIMPYET CHTYAIHIO, Tak Kak
JMEKTPOMATHHTHOE I1071€ B BaKyyMe, korAa "ner" pasmrunii mexay F,, u H * paccMatpupa-

€TCA KaK peanpHas ¥ OCHOBHAS IOCHIIKa MOACIHpOBanus senerni. Ho Torna, nowamuo, a-
KYyM CTAHOBHTCS B@XHCHIINM 3BCHOM (PHIMYECKOTO MOMEIMPOBAHMA, TEM IEMEHTOM, Ha
KOTOpBIH "CIHCHBAIOT" BCE YAa9M U BCE HEJOCTATKH COIIACOBAHHA Pacdera M onera. bosee
TOTO, OPTOJOKCANBHAS KBAHTORAS TEOPWS WJET HAIblIe, Npennonaras, ¥To NeKTPOMArHAT-
BBIC SBJIEHMS MOXHO OITMCHIBATE, BOOOME HE HONB3YACH YpaBHeHnaAMH Makcaeina.
PeansrocTs pacrronoxeHa, Kak 570 Beerda GBUIO Ha NPaxTHKe, MEXTY cyrybo msu-
YECKOH MOJIEITBIO, YIHTRIBAIOMIEH BCE TOHKOCTH U Ipaun 00BEKTOB M ABICHNHA B MEXIY CyTy-
60 MarteMa1HUeCKOH MOIENBIO, CiocoBHOM ORITE oueHs "ganexoi” OT PEanbHOCTH, HO, B TO
e BpeMs, JOCTaTO4YHOR [ cOTNacOBaHUs pacuera ¢ skcnepumenToM. CiennanbHas Teopus
OTHOCHTENBHOCTH ABIAETCS TIPEKPACHEIM 00pasiioM abconomusayuu MaTeMaTHISCKOro pac-
geTa BIVIOTH 4O OTPUNAHUA peassHbiX dusndgeckux daxrtopos # 0OCrosTenscrs. B gactHo-
c1H, BEIOOp OTHOMIEHHS W =1, # TOJBKO €r0, WLTIOCTPUPYET (haKT OTPHIAHHUA PEAILHOTO He-
PEMEHHOTO OTHOMISHHSA W (J,C‘, 1), TTO IPHBOANT K OTKA3Y OT YCJIOBUIE PEANBHOTO HIMEPEHHA.
B pensTuBHCTICKOH DIEKTPOIUHAMAKE CUHTAIOCH, ITO CPeAa MOMXeT GbITh MOIHOCTHIO YUTEHA
B TEOPHH, €CIIM H3BECTHA €€ [NIOTHOCTh O, AUNIGKTPHIECKAS £ ¥ MATHHTHAS { HPOHMIae-

MOCTH. HOJ’Iy‘IHM, HaOpuMEep, NOKasa1eab NPEenoMIICHUs N A rasa.

n=1+Glfi, n=\EM.
Pa

. "
AHAnK3 [IOKa3al, YT B OTCYTCTBHE OTHOCHTENBHEIX CKOPOCTEH Cpesbl, KOTAa #,, =0 K Koraa
[ . n I
Uy, =0, 570 gedcTBUTONLHO Tak. Ho B caywae, korga u,, #0, u, #0, HaM HyxHO yuecTs
(axTopsi BHEIIHEH HHEPLHHU INEKTPOMATHATHOIO 1oist. TOrna B MOAET: BBOAATCA BEIHUNRE!
n

oY =diag(1,1,1, w), 17:(1- w)ﬁfs - Wi, .

Kpome 310ro, HyXKHO MCIIOIB30BATh IPHRIMIMATEHO HOBYIO BEIMTHHY, HA3BAHHYIO II0KA3a-
TEeIEM OTHOMICHHS:

P
w=1—exp| ~F-~—|
Opo
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3necy P, - heHOMEHOJIOIMYECKAS KOHCTAHTA, L, - IIOTHOCTE CPEMBI IIPH HOPMAIBHBIX yC-
noBusx, [TOHATHO, YTO WMEET MECTO 3aBACAMOCT Py OT JUIMHBI BONHB! 4.

TMoxasarens OTHOUICHHUS W(.Q, t) BRXKCH €I M [OTOMY, YTO €3 HEro HEBOBMOKHO
YUeCTh peansibie 0GCTOATENBCTRA PU3MecKoro usMmepeuus. Beap cutyamus ¢ w=0 & w=1
COOTRETCTRYET PaswmM ycnoBusM. [Tpu w=0 Msl yuuTsBacM t,t‘fs #0 B Bakyyme, HO TOTAd
[PAMBIC H3MEPCHHS NPUOOPOM HEBO3MONKHEL, TOCKOIBKY HOKA3aTedb OTHOWICHUS W MEHACT-
o H3-33 BIAUMOZecTBAL UanydeHHs ¢ npubopoM. IIpr w=1 "notepserca" cxopocTs ;f‘ s

1t 7 14
18K Kak 4= (- wlit,, 4 wii, . 3HAUNT, TIPAMEIC WIMEPEHUS CIIOCOOHN WCKAIUTE CHTYAIINIO,

YTO IPUBOAMT K €CTECTBEHHBIM OMMOKaM B WHTEpUpeTandd. Taxolt ommbkolf, odenmmHo,

SBJSIETCA BRIBOJ, 4TO CKOPOCTH CBETG B BAKYYME HE 3aBHCHT OT CKOPOCTH JBIIKEHHS HCTOY-

HUKa uamysgenns, [[pasniapHo TOROPYTS i CIMTATE Tak: ipubop, Copepxaniuit RaKyyM, TpaHc-
r

I
(opMEpYeT CKOPOCTR #,, B YACTOTY I0Jf W HodTOMY Me criocofen ofRapymuis #,, . B
o N
3NEKTPOAHHAMHKE IPUAITO UCIIONB30BATE MOIA (E, B), HHIEYKIWH (H s D), MPOHALAEMOCTH

(5, ,U) CO 3HAYCHUAMY B [10JIC KOMIUICKCHBIX THCCI. le/l 3TOM YIOPHO OPEATIonaraeTes, 4910
noon o

CKOPOCTA (um, Uy _v} ACHCTBUTCIBHBIL. Bonee nocneaoBaTeRbEC paccMaTpUBATL BCE BCIWUMHRL

B OTHOM 9HCJIOBOM MHOXECTBE.

1.3. ANEKTPOAMHAMUKA MAKCBENNA CO CBEPXCBETOBbIMW
CKOPOCTAMM

Tlpeonoowceno obobujenue snexmpodunamuru Maxcéenna e deudicyiyuxcs
cpedax, KOmopoe, 80-Nepebix, He UCROALYEm CREeyuansHol meopui OMmHo-
cumersHocmy Jinumenna, 80-6Mmopsix, 8 pacyeme u IKcnepumenme 6azu-
pyemcs wa npocmpancmee Helomona, s-mpemvux, 6 Hem ecmecwéentyl
CEEPXUBEMOBEIE CKOPOCIU, 3 KA3HbY YOROBUA, 20€ U KAK Uy OBHADYOKUMY. 6-
HEMBEPMBLY, OHO eOUNBIM OBPAIOM ONUCHIAGEIT KIACCUNBCKUE SKCNEDUMEH-
mur Bpednu, Maiixeascona, Duso, Jonnaepa. O6napyscen neussecmnslii pa-
Hee DUHAMUNECKU MEXQHUIM NPEOBPGI0BAHUS CKOPOCMUL, 3a0arowjet sHetu-
HIOIO UHEPYL'O NONS, 8 COOCMBEHHYIO HACMIOMY INEKMPOMAZHRUMHO0 NOIA,
TToka3aKo, Umo HEHYIEEaR MACCA TIOKOS MODICEm Gbiinb KOHEYHOU NPU CKO-
poCmu Mend, pasHoli CKOPOCHIL Ceema 6 saxyyMe.

U3BECTHO, YTO €IHHOE OIMCAHHE SKCINCPHMEHTAILHEIX JAHHEIX B 3ICKTPOAMHAMAKE Max-
CBEIUIA TIPX ydeTe Boeil COBOKYIIHOCTH OTHOCHTCIBHBIX JBIKEHHH GBLIO AOCTHTHYTO Ha OC-
HOBE CIEUuanbHON TEOPHH OTHOCHTENBHOCTH, cosfanioli Diinmwrelinom A. [8], Owna Gasnpy-
©TCH Ha TPEX NPUHIANAX: 2) OTHOCWTRILHOCTH, §) NOCTOSHCTBA CKOPOCTH CBETA B BAKYYME,
B) HeBHOM IoCTyIaTe 00 OTCYTCTBHA ddupa.

B TeopmM HCnonb30BaHA KOHNEIHS OTHOCHTENEHOM ITHEB ¥ BDEMEHH, YT0 COOTBET-
CTBYET MOZEAH IPOCTpaHCTBa-Bpemenn Munxosckoro. I'pynma Jlopertns 3agaet anropuIM
KHHEMATHIECKOr0 OMACalks (ramdecknx sBerul, B JacTHOCTH, »ddexra [omruiepa u
abeppanuy. 3TOro 0KA3aI0Cs HOCTATOTHBIM HE TOMBKO I KIACCHIECKOH 2JIEXTPOSHHAMA-
xu. Iiiy6usa ¥ NojIe3HOCTh KHHEMATHIECKOTO PEIATABICTCKOIO METOAA TOATBEPKACHS BCeM
passuTiem ¢r3nky XX Bexa.

OZHAKO HOBOE BPEMS CTABHT HOBBIC 3a4aYH.

DKCHePUMEHTAIBHO YCTAHOBIEHE KOPIYCKYIPHEIE cBOHCTRA CBETa, NPOSBIAIOIIHE-
ca B Goroadderre u 3ddexre Komnrona [112]. Ho 8 copemenHoi Teopus $HoToH paccMmar-
PHBaETCE KAK KBa3MMacIHua. YIMEHRO peisTHBHCTCKWH NOZXOA HE TO3BONET BBECTH €ID
pa3Mep ¥ OTPHIAcT BO3MOXKHOCT €r0 BHYTpPSHHero ABxeHIL. KpaHT cseTa - ¢oToH - Gec-

CTPYKTYPEH.
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OxcnepumenTtansro Jemenstom X. [113] onpeaesen pasmep SIEKTpOHa 7, = 1072 5

W3secTHO, YTO MEKTPOH K MO3HTPOH POMKAAIOTCA APH CTONKHOBEHAH Y -KBGHTOB:
y+yse +e .

QOumcaHue TakWX SBICHUI IIPOBOAWTCHS KBAHTOBOM 3INIeKTpOAWHamuko#, HO B Hel no-

[peKHEeMy KBAHTOBEIE HaCTHIE OECCTPYKTYPHEL

OKCHEPHUMEHTATBHO NOATBEPK/ICHO HAIUYME CIIMHA - BHYTPEHHErO ABMKEHHA Y (do-
TOHA M 3NEKTPOHA, OJHAKO OTCYTCTIBYET €ro IPOCTPAHCTBEHHO-BPEMEHHAA MOJEb.

Oty 1 ApyTHe HAKTH MHIIMMPYHOT BOIPOCHL:

a) SBndercd M MEXAHM3M DENATHBHCTCKOTO ONMCAHKA SJIeKTPOJMHAMUYECKUX SBICHUIH
€IMHCTBCHHBIM?

6) Bo3MOXHO ¥ TONHOE ¥ NOCACKOBATEILHOE ONUCAHNE BCEH COBOKYNHOCTH IKCIICPMMEH-
TaJIBHBIX AaHHBIX 0€3 COeHMANBHOM TeOPHM OFHOCHTENBHOCTH ¥ 663 TeX OrpaHuyenmi,
KOTOpEIe U3 Hee Creayior?

B) Ha xaxoif OCHOBe ¥ KaK 3TO CHENATh, KAKME HOBLIE CICACTBHA JTO gacT?

IToxaKey, 4TO BOIMOKHO Oundamuueckoe ONVCAHUC U3MCHCHUS TAPAMETPOB SIEK-
TPOMATHAUTHOTO NI0NI B PAMKAX HbIOMOROGCKO20 IPOCTPAHCTBA~BPEMEHH, HCIOJIB3YS SAMHCT-
BEHHYIO CHCTEMY KOOPIMHAT H PACCMATPHBAT CHCTEMY OTCYETa Kak GUIMUECKYIo CPEAY, CIo-
COOHYIO H3MEHHTH NapaMeTPBl O

1.3.1. Junamuneckue ypasnenun Maxcee1n1a g HbloMoROBCKOM NPOCHPAHCMEGE-GPEMEHU

ByJem HCXOAMTE U3 KOHLENINM eANHUIHOTO HaGIonaTens, y KOTOPOro nMerores "afComioT-
Hbie" 3TANOHBI IIHHE M BPEMCHH, COINIACOBAHHBIE C MOJETsI0 MHOroobpasus HeroroHa
R3xT!. OusnuecKue 3aKOHBI JICKTPOAMHAMuKM MAKCRENIa, YyCTaHOBiIeHHBle B R xT1,
OLIPEAEIMM 4EPE3 TPSXMEPHBIE 0! K div B BEKTOPHOM BHIE:

7 B non
vxi=-198 v 5,
¢ ot
V~[3=472'p, VXH=~—(ZZ—)—1—4 i
c ot ¢
Ha ocrnose sripaxenuit
(0 B, -B, -iE, 0 H, -H, -iD,
- B 0 B ~iE - 0 H ~iD
F = z 3 5 H* = z X ¥
it B, -B, 0 -if | H, -H 0 ——zDzJ
UEX iE, £, 0 J ‘{\ iD, b, i, 0 |
OHH TIONYYAKT TCHIOPHEIH BHT
OpFum =0, 3, H* =8,

Jlerxo noxasath, 4TO ATH ypaBHeHHs aQOHHHO MHBAPMAHTHHL 34€Ch 0, - YACTHHIC NPOM3-
BOZHBIE 110 KOOPAUHATAM

=x, xt=y, =z, x*=ic.

C mymaeckedi Touxu 3penus obe 3amuc pasonpasisl. OJHAKO MATEMATHIECKUH aHAIM3
OBIEX BOTIPOCOB YAOGHEE IPOBOIMTE B TCHIOPHOM BUJE.
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Hcxons w3 ypaBHesnit Maxcpenna, He UCHONB3Yst KOHUCHIMH 3Gupa, OTMIEM efu-
HEIM 06pa3zoM onwITh bpemwu [4], Jonmepa [5], $uso [6], Matixenscona [7], "nocrosneTso”
CKOpOCTH CBETR B BakyyMme DiminTcHHa [8], mpuHAB MOozeNs IMHAMHIECKOrO W3MEHCHHMS
HHEPIHY HOJS U MOAAGIE HHIOMOHOECKO20 TPOCTPAHCTBA N BPEMEHH.

1.3.2. O6obwennan ceass noneli u urOykyui ¢ nexmpodsunamure Maxcsenia

1A3BecTHO, YTO I TOKOAUIEHCS W3OTPOIHOH Cpeiul CBA3b MoNel U URIYKIHA HMEET BRI
1 " i I
D=¢E, B=ukE,

THE £, Jt- TAVISKTPUYECKAS ¥ MAIHUTHAS [IPDOHALAEMOCTH,
J1u ypasHenus HpOCTHL, 9T0 BBOAW1 B 3a0myxzenne. I103%e MBI YBHIMM, YTO CBA3M
HauGonee CIOKHE)L, KAK ¥ Bee KOHKpeTRoe, Ho cBA3M, K TOMYy %K€, TONKA M COBEPIICHHE! U
OHM CIOCOOHEL YNpassme SBICHUAMH,
B BapuadTe, paccMorpennoM MHHKOBCKHM, KOT7ia CPena SBIACTCS BTOPHHMHBIM HO-
TOYHUKOM HITIYUECHHS, CUHTACTCS, HTO €8 CKOpocTh U, TOMIECTBEHHO PaBHA CKOPOCTH HC-

TOYHUKA M3dydenus. Torga

h A
h A ; n
Bl Cerdtlo o B Ced]),
o jme B
A n
n[n r[n 3
B+ Exg’l =ulH+ DxU’"]].
c c J

Haiijiem HOBHIG CBA3M MeXTy oMy F, u maayxmasve H* 8 hopme [10]:
H* =Q™Q"F, |
KOTOPHIC B 9ACTHOM CIIYH4e IepexonsaT B ykasanHere, Ilycrs
Q" =ale" - gUU"),

tae a,f - ckanapusle ynxupn, € - Tenzop muepnuu noms, U’ =dx' /d€ - getsipexcko-
poctn, d@° = ©,dx'dx’ . Bupaxenue it Q™ mabigeno » [114] na ocuoBe pemenns cucre-

MBI HelMHEHHBIX anreGpaudecKux YPaBHeHwi, cledyroupx u3 obolmennol ¢opMansHOi
cea3m ik nonedt u wERyXumE, KOra OHK PacCMATPUBAIOTCA NpHM PABHON HyII0 CKODOCTH.
Torna
1 &l
Q" =—=| o™ + & _vun

VAL z
3necs ©™ =diag (1,1, 1. 7),a 3 =det€m Tenzop Q" e umeer ocoSennoctu npy g =0.
HeftictrurensHo,

~1,
1cdt v’ L dd Nyt v Y
dO = — I—Z"T , U e e 1”,‘(_2“ .
c d®  ic dtk ¢

o v k
Jlns cxopoctet U, =0, U* umeem U*U, =1. C yuerom awrucnmmerpnr F, u H* nony-
9aeM BLIPAKEHAS
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Hlk = kaanm" , Qlkmn - O,S(Qm an -Qr ka )
€ YCTHOBRAME
Qi = _ gk _ gy
Vpasuenns MaxcBernia

i

i oo
E 198 V-B=0

JOTIONHSIOTCS 0G00IEHABIMU CBA3sIMH [44]:

A A it~ A
7 123 h h b4 )/ ho|h
D+z£><H =& E+ ng l 15'+,1'E><E =4 H+ Dx—qw.
: c c ; c cj/

a

1.3.3. Modensnan 3adaua

i
ITycTs HCTOUHMK M3YYEHHS NBAAETCA BOKPYT 3EMIIH B BaKyyMe ¢ CKOPocThio U 4, KOTOpas
" 11
SIBJISETCH CKOPOCTBIO TIEPBUUHOrO HCTOUHMKE U i =0 =U 5 + L1yCTb H3IyHEHHE PACTIPOCTPaHS-

ercs u3 Baxyyma B atMocdiepy 3emiM ¢ INIOTHOCTBIO 0, B KOTOPOH IPH 0 = O, CKOPOCTH
BTOPMYHOTO HCTOUHMKA K3NYUCHNA CTAHOBATCS PaBHOl cKOpOCTH Pu3HISCKON Cpemst

H n

Vpn

g g

it
Baenem ckopocets U = U (U U m,w(p)), HoNaras, 9ro OHa 3aBUCHT 0T {yHKImORana w{p),
KOTOPEI Ha30BeM (a3l HHEPIHH SMEKTPOMATHUTHOTO 0N WM HOKA3ATENeM OTHOMICHHS,
1
ToaauHuM ckopocTh U penakcalldOHHOMY YPaBHEHUIO

Ao hy on n
v-v,). U,=U,. &=p/p,,

9To COracyercs ¢ yrazadnol dgusugeckot noctanorkolt 3anayn [115], Mogyanm pemenve

li #H 3 p
U :(1'"W)Ufs +wlU,, w=l-exp| -F-—|
LA
ITokasarens OTHOMIEHHS W BBeJEH B MOAENL U3 $usmueckux coodpamenuit. OH MOpOXaeH
JMHaMHAKO} napaMeTpos senenus. Torma

n 11

n n
UP:PD=U/:" W‘P=0:O’ U/’=Pn:U"" W‘P=ﬂo=l

TpryvieM 1OIOTHATENBHOE YCTOBHE:
1=w.
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134 P u Guiennsix yp i Maxcsenia ¢ w = const

VpapHeHuS 15 TOTEHIMAIOB oM 4, B UX YeTHIpexMepHOi QopMe IipH w = const HMEWT
BHY [42]:

%538;78?» e - w)( 9 HA =—uU'®,

IIPY YCIOBUY KaXHOPOBKH

er ZAk +{eu —w)aaA;—U’U" =0.
X

1
J1s BEKTOPHOTO A M CKAMPHOTO ¢ NOTEHIMATOB COITIACHO MX ONPEICACHHIO

h Ft
E:-li“l—w, B=vxi
c ot
Oy dBM
N h I Bk
A=-47w g LJ-(WU‘J'—CZP) )
¢ | o+we
: v\, U7
Lp=-4mu {p(l—eﬂ ZJM ;}
H YCIOBHE KaTAOPORKN
B ow a2 grz(a h h h
Vd+—— |~ +U-V WU - 4-cp)=0.
( 8!2 \a X Cq))
3pecs
. 2 ) Y
=|/A—l,a -O’F—Z— _-a—+U-V\ s
| 2o ez | ot

Oyuxuug Ipura 115 BeKTOPHBIX YPaBHCHAH

Go(ﬁ, t):lﬁ;r“,u(r2 +§2)%5(t—é%(r2 +§2)%}

ykasang B [115). B umamempraeckoil cucreMe KOODAMHAT, PaldHyc-BEKTOP KOTOpOH ecTsh

R= (,02 +z? )’é , IMEEM BEJIMUHHE

2 eull-wp) &~ w
= pf A =z— .
rEp su~-pw’ §=z eu~ B*w

Tlpu 5 =0 noxyunM Gyrsumto I'para 414 NOKOAMETO ACTOUEAKE B cpee 683 qACTIEpcHy

G,(h0)ls.

\
1 Rygu
, =167r",uE5[t~—~——/J.
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Ona oTnnmgEa 01T HyJIS Ha ITIOBEPXHOCTH

1 gu-—p2w? ( , ull-wp?) gL—w Y :
= P +z- Ut .
A o )

fi

3TO 3ITHIICOM], BPAIIeHHs, OCh CHMMETPHH KOTOPOTo coBagaeT ¢ U, a NOJeKEHNe [eHTpa
3aJ26TCA COOTHOMIEHHEM
- w
2 =Ut—2 s

gu—pfw
IleHTp MOBEPXHOCTH, HA KOTOPOH Oyuxuus I'pHHA OTNMMEHA OT HYJS, TepeMemiaeTes co
CKOPOCTEIO

EU-w
U, =U—"——-.
T - B
[Momyocu aiannca
)
gt 1-wp? % b_ct\/zu—(l—wﬁz)
- pw )’ au— prwt

HeNMEeHHO 3aBHCAT 0T W . ViMeeM 06061IeHHOE THCIIEPCHOHROE YPARHEHHE
n oM
K= wer + T eu—w)lo-K .U

I 3NCKTPOMAarHUTHOTO TT0TIA. 3 wero CIEAYET BBIPAXCHNE

K W

h Q%_cKwrzc-z('}( —Izzé)
f~w+0'1"2c“(a)—K‘U)
4

IVIA TPYNNOBOH CKOPOCTH. B HEPEILTTHBUCICKOM IIpeneie

non
V=S -2 -wr, +wt ).
L n* i ?

1,3.5. Ananus nonyuennuix svipaycenuii

1. IIpu w = 0 momyqM
L
b3 K &
V =c—+U,.
4 K ~
3rauurt, B 0006IIEHHOM MOZETM JEKTPOMArHUTHBIX SBIICHUH MONIE B BAKYYME JBHKETCA Ta-
kM ofpasoM, uTo UEHTP TOBEPXHOCTH, Ha xoTopo# (yHxuus I'prHa OTINYHA OT YIS, J\BU-
i

xered co cxopocrsio Uy, a HONyocu 3)uMnca B ARHHOM Cirymae PaBHEl, 381aad chepy me-

PeMeHHOro pajuyca. Takas KapTRHA COOTBETCTBYET MHTYWTHBHOMY HMOHMMAHHIO dakTa, 9To

B OTCYTCTBHE BHENIHHX BINSHAIA 10/E COXPAHAET CBOIO HHEPLIHIO.

2. OfoburenHas neKTPoAHHAMEKA Makcsenna cornacyercs ¢ onbitamMi Maiixerscona [7].

Cornacuo ycoBUsSM €ro 3KCIEPHMEHTa, CKOPOCTE CPEIE], KaK H CKOPOCTh HCTOUHUKA H3TY-
H il

yenns, Osun pasusl Hymo: U, =0, U &= 0. Ilo 3ot mpuynHe U3 ypaBHEHWH cenyer Hesa-

BHCHMOCTS CKOPOCTH H3Ty4CHNS OT HalpaBISHA PACTIPOCTPAHCHNA U3TYICHHA, TaK KaK
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; < K
$TnK’
3. O6oGuennas anexrpoguHamuka Maxceenna cornacyercs ¢ onsitom ®uso [6]. Cornacuo
s
ycnoBusM onkrra uMeeM U, =0 ¥ w =1, [I03TOMY CKOPOCTH paBHa

i
vV —#c—£+(
£ nk L

VA
\U
n?

M1 paccmoTpenn 0606imenne IMEKTPOAMHAMIKY MaKCBEINa, B KOTOPOM AHHAMUYE-
CKHME yPaBHCHHS OCTABICHE! 63 H3MEHEHNH M TONBKO CBA3M MEXIY TOILAMH H MHAYKIHAMH

06o6mens. OHM COTEPHAT CKOPOCTH HEPBUTHOIO HCTOUHMKE A3Ty4erua U , , CKOPOCTS cpe-

I
ABl Um , 8 TAKOKE HOBYIO BEIIMMUHY: NOKA3aTeIb OTHOLUCHUSA AICKTPOMATHUTHOTO IOJA K Cpe-
AC W(p) Pacuer T1apaMeTPOB MONI M AHAITAS SKCTUCPUMCHTANRHBIX JaHHBIX BbINOIHCH B MO~

Aeny npocetpadctsa HoloTora, AGCOMIOTHOCTE AJMHEI H BpeMeHU ABIgeTcs 0a30BBIM O0-
HKEHNEM TIPEUIaracMoro anropuTMa aHalusa JUHAMIIECKOTO U3MEHEHHA NapaMeTpos Mo,
BriseneHs! ypaBHEHHA LI HeTBIPEXNOTCHIUANOB, CIedyloume #3 0O0OLIEHHOH cHCTEMbI
ypasuennii Maxcemna. Hafinena ¢bymxuus I'pura M nOpoaHanm3upoBaHbl ¢ GH3UYecKue
caencteug. IlomydeHo ofobmennoe BRIpaXEHUE U IPYITOBOM cKopocty moins. [loxazama
3ABHCHMOCTE CKOPOCTH IIOJIS B BAKYYME OT CKOPOCTH NEPBHUHOIO UCTOUHNKA H2TY9eHHS.

1.3.6. Hosoe ycnosue na ¢azy sonmst

H3yuuM TUHAMUKY YaCTOTH oA, I pYINOBAsL CKOPOCTD JIEKTPOMATHUTHOTO OIS, COITACHO
n

TIONY4EHHBIM PELIEHHSM, Ipu w — O He 3asueut OT U 4. Taxoe usMeHeHue, ¢ pusmgeckoi

TOUKH 3PSHHS, MOKEL H JODKHO HPOABHTECA B IOBEREHAH ¥acToTsl. Yrols! pazobpartscy, Kax

3TO IPOMCKXOANT, AONOIHAM UCICPCHOHHOE ypaBHeHME o600ImeHERM (Ha30BEIM yCIoBY-
em [51]: " on
w-K-
}/—const
2
U )

J

N |

OHO He ClieflyeT HEeIOCPEACTBEHHO U3 ypaBHeHui Makcaerna. TIoaroMy JOUYCTUMO CUHTATD,

il 14
wro ckopocts U, Moxer OBITh OTHHYHON OT BBEAEHHOH Bhime 0Go0mennoi ckopoctu U . B
PaMKax IPeATOKEHHOIO aIrOPUTMA M MOJICNH aHaIN3a BBEEM

I’Jlg(ﬁﬁ,l’llm,wg(p));tb’

1
3a/aBast Ui Hee, aHanoryao U, ypaBHeHHE

h # n
o “U')> U:)p=o =Us

" I
penakcaltHoRHoro Tuna [115]. Crpemscs coxparuts U, B sapucnMocTH ana Uy, B xauecTse
PeaKCAHOHHOTO 3HA4CHIs HCTIOBIYEM

7i I I

U.=Ug+U,,
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9TO JOIYCTHMO B MOJENH NnpocTpancTsa HeroToHa. MMeem peinenne

1 14 I£ p 3\
Us=Ug+wU,, w,=1-exp ~F=|
Lo P
- H
Curyaurs c1oKHa: "C KHHEMATHACCKON TOYKH 3perus” Ckopoets U, n3-3a B3amMo-
JeHCTBIS CO CPENOH MCHe3aeT IPH W=1 M B IPYNIOBOM CKOPOCTH HE NPOSBIILETCH, "C SHEPTE-
THYECKON TOUKH 3peHHI" OHa HPeBpaIacTCs B 4acToTy ¢ . DTOro yAaercs A0GuThCA noToMy,
YTO JUCNEPCUONHOE U (PA3060€ YCIGBUA B TIPSIATaeMOi MOIENH BLITONHSIOT PA3HLIE POJIH K
pMeroT QYEKIHH, TCTIONHHTENGHBIE APYT APYry. VX MOXHO paccMaTpuBarh Kak CHCTEMBL
It

IMCNEPCHOHHEIX YPaBHCHHMH. YacToThl ¢ M CKopocTH [ HHTEPHPETHPYIOTCA TOrAa KAk
BHYTPCHHHE ¥ BHOIIHIE IOTCHUMANLHEE GYHKINM HHEPLUY HOIAL.

1.3.7. Jdunamuxa sgppexma Jonnepa u abeppayuu 8 31exmpoounamuKe

IprveM TOUKY 3PeHHMs, IO M3MCHEHME HMHEPIMU SMEKTPOMAIHUTHOTO ITONS HPOHCXOAMT
TONBKO M3-38 B3AMMONCHCTRIS €O Cpenol Wi APYTHMH NossiMy. PaccMOTpHM, Kak OpOHCXO-
AAT STH MPOUSCCHL. YTOUHHM MOACTLHYIO 387a4y. IIycTh H3TYHCHHC C HAMANBHBIM 3HAYCHA-

€M YacTOThl &, M BOJHOBEIM BEKTOpPOM K| pacmipoCTpaHsercs OT MCTOMHHKA, JIBHKYLLEroCs
I
B BAKYYME €O CKOPOCTBH0 U, K IOBEPXHOCTH 3€MIIH, Ha KOTOPOit HaXOJUTCE HaGiOaTe .
1
ITycrs armocepa nokourcs: U, = 0. Tpebyercs paccuuTaTs, KaK MEHSIOTCH YacTOTa 4 H
rt

BOJHOBOU BEKTOp K MNpH B3amMOAEHCTRUM M3IyUCHHS cO Cpefiol. TIpuMeM JONOIHATENEHOE
YCIIOBHE, COTacoBbBatomiee "BHEIUHEE " H "BHYTPEHHEe" MOBEACHHE [OJIA, IOJIaras w = w; .

QObbeauHUM B SIHHYIO CHCTEMY AMCIEPCHOHHOE ypaBHeHue 1 hazosoe yenosue [114]:
n oy

K2 ~war =T2{gu - w)(a% K -U) ,

N

w=o,(l-wUzje2 Vi + K U,

Tlpuvem pomymienns, 9ro K "= 0,K,= KZH . Halizem 3asrcuMocts @ , K| OT HaYalbHEIX

3gadenudt ¢, K, . [Ipeolpasyem, ¢ TOTHOCTRIO 10 (U P /c)z, JTECIEPCHORHOE YPABHEHHE K
BHILY
AK?+BK +P=0.

Ero xoadhuIHeHTE paBHbL:
2

A=1-a ﬁ, a=wH EUw? - w3,

cl
U
B=wm’——fib, b=14¢eu- w,
c ¢
2U2
P=w—;’—%q, g=wl-2wh- wts 2euw? - WIEL .
(e

PaccauraeM a, b, g And ey=1, Brpasum penieHue gepes yHKumio
&= wl(2- w)+ (- w)%] .

ITomyunM s K| HemHEHHYIO 3aBUCUMOCTD OT W
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%Y
c ¢

Vron aGeppaliiy ONpeIenIeTcs BHpaKeHHeM:

K, Ug.,
ga=—t=—209¢,
9%

z

CBa13b HamaNBHOM U TPOMEKYTOUHOM YacTOTH

Y o)
0=, 1-w—L- +®—2ﬁJ
c

3asucnt oT Ww. CornmacHo PpacyeTHRIM JAHHBIM, BIATH OT ITOBEPXHOCTH 3emnu

o mepe npulmmxenns Kk 3emnie Benuauusl K, ¢ MEHAIOTCS HENPEPRBHO H3-33 U3MEHCHHS
w. Ilpn w=1 nomyuum

-1
U, U2 %
K,=228, a):a)o(l—-zfi} .
c ¢ K ¢
J

OTH BENMMHHEBL COTTIACYIOTCH C JKCTOPUMEHTOM Bpenin u ¢ dopmynol 11s momepedHOro
spdexra JTomuepa. AHanOrndHbe PE3yALTATEL NOTYYAIOTCA B CIICHMAANBHON TEOPHU OTHO-
cuTeRprOCTH, TIpeAnoxeHHas MOOeTb JNEKTPOMATHUTHELIX SBICHUH 3a71a6T KAK KOHEIHBIE
3HAYCHNS NAPAMETPOR JAVHAMUYCCKOIO HPOIECCa, TaK W 3aKOH npeobpasoRaHms CKOPOCTH B
9aCTOTY.

Mbl MOXKEM PacCMaTPHBATH CISHUANEHYIO TEOPHIO OTHOCHTEGIRHOCTH KAk TEOPHIO
KIHEMATMHeCKOro Trund. OHa PHMEHSETCH [0 ATOPHTMY, COOTBETCIBYIOMEMY MONSIH Yep-
HOTO SAIKKE, KOf/Aa 00 BXOAHBIM [APaMeTPaM SBICHHA 38 2KTCH €r0 BENHYAHB! Ha BBRIXOJE,
HO CaM Npouece B3arMOZICHCTBHN He aHaqusupyercs. HoBas MOICIb ONHCHIBACT AHHAMUKY
BEIMYHH (a it .

D=0+ ——w) 25£+(1-—kl wiU
5 g nkK s
\
rae
U,
w, = v, L
[

1.3.8. Hogsre aghhexmut ¢ 0boGuennoii snexmpedunamuxe Maxceenna

1. CBepxcBeToBBIE CKOPOCTH MNIEKTPOMArHUTHOIO OJBE B BAKyyMeE.
B Bakyyme p =0 nnoromy w=0. [pynnosas ckopocrs mosus

i3 #
V -c£+U
K
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38BHCHT OT CKOPOCTH IIEPBMYHOIO MCTOYHMKA M3nydennd. IlosepxuocTs Boarosoro gporra
npencraiier coboit cdepy, Tak Xak @ =b =c,t, a ueHTp 3T0H Cceprl nepeMemacTIcs co
CKOPOCTBIO W
U.=U,.

KapTuna pacrpoCTpaHeHUs UNTYYeHHS B HOBOU MOJEIH COOTRETCTBYET MJIee PHEua [116].
H3-32 R3aHMOREHCTBHAS CO CPEROH, B UACTHOCTH C CHCTEMOH 0TCYET4, CKOPOCTE U, MOXKeT

"HeuesHyTs". 3TO MPONCXOTAT BO BCEX CAYYAiX NPIMOIO H3MEpEHHS CKOPOCTH CBETA B Ba-
xyyme [46]. Moxuo caurars, 4T0 0606ImEHRAS MOAENE DNEKTPOMATHUTHEIX $BICHUH corna-
cyeres ¢ "HOCTORACTROM" CKOPOCTH CBETA B Bakyyve. JOMOJHUTENRHO OHa ITOKA3BIBAET, YTO
JUIsL HAXOHAEHHS! 32BHCUMOCTH IPHTOTHB! TONBKO KOCBCHHEIE SKCIEPAMERTEL, KOT 18 H3Mepe-

fHe HE siauser Ha Benwunay U .. Ecom H3IVIYCHHE IOBMIKCICH B ABUTALIMOHHOM I10JC, I'0
5 Y

OHO MOKET TIOBIMATS HA MHEPLMIO M3MYHEHUS, YTO BAKHO YIHTHIBATb HPH aHANN3E PACIPO-
CTPaHeHVA H3LYHCHHA B KOCMOCE, JOIYCKas 3HATeHUs w=w, <<1.

2. CpepxCBeTOBEIE CKOPOCTH B JRMKYIIEMCS PA3PEKEHHOM Ta3e.
1"
TIycTh MCTOUHMK M3IYIEHUsS TOXOHTCA OTHOCHTENLHO Habmomatens U, =0, a cpepa - noTok
34 #

Iz
rasa - ABYIKETCH CO CKopocTsio U/, . Toraa A rpynIosol CKOPOCTH OIS TOTYHHM
oK w) B
L SRR
nk ' o,

OnTEMAaNbHEM, ¢ TOUKY 3PEHHA yBISHeHH CBETa cpeiloi, Oyner snauenne w=0.5. Ilpu mo-
Ka3aTeNle NPeNoMICHs, OIH3KOM K SIHHUIS, €My COOTBETCTBYET CKOPOCTS

It

I b3
o = c£<—+0.25 U .
8 X "

Iockomsxy n=14 Q,,rae @, =104, B cTaHAaPTHOK TCOPHH IOIYIHM HATCHHE

~

t

n
Vg

1

Co

alke

OueBUARD CYMIECTBEHHOS OTINMYNE NPeACKasaHW# NpeiyiaraeMofl MoAean 3IKTPOMArHWT-
HEIX SBICHEH OT aNTOPHTMa, OCHOBAHHONO Ha PEIATHBHCTCKON KHHEMATHKE. YKa3aHHEIE yC-
JIOBHMS COOTBETCTBYHOT onbity ®m3o, xora B kavecrse padoueit cpemnl uenoasdyeres j1sa-
Kymcs paspexeHusii ras. Taxolf skcrepuMeHT MoxeT GHITH BLITONHEH B camoe GIm3koe
epemg. COrTacHO AMHAMUUECKOR MOJSNMY W3MEHCHWS MHEPLWH 3JIEKTPOMATHWTHOIO Tomi,
MOXHO JoOHTECH, MEHAA PaspeReHHOCTD ABIIKYIIETOCH ra3a, 9T0 IOIOCH B HETephepoMeT-
pe 30 CTAHYT OBUIaTHCS, HIIIOCTPHPYS CBEPXCBETOBRIE CKOPOCTH.

3. BoaMOMHOCTE ABMKEHMS MATEPHATLHBIX TE CO CKOPOCTHIO CBETA B BAKYYME.
AHanu3 ZUHAMAKH HonepedHoro sdidexra Jlomiwlepa Iif CIydad MaNbIX OTHOCATENBHEIX
CKOPOCTEH IPHBOAHUT K 3AKIIOUEHHIO, UTO IPH W =1 4aCTOTA () 33]18€TCA BBIPAKCHUEM

Lty
1U’2’5%'

c?

VYMHOXHM €ro Ha BETHIHHY h/cz, rae #- nocrosaxas [Dramka. Torna momyumM 3aBucH-
MOCTD [ MACCHL, UCTIONB3YEMYIO B PEIATHBHCTCKON AUHAMHKE:
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[lpemnaragmas MOiesb TUHAMUMECKOTO MAMCHRHNA HHSPIMM YICKTPOMATHITHOTO TONS A3ST
[pyroe BEIpaXeHWe LI CBi3m uactor Iloxaxem 3rto. Mcmons3yeM paccMOTPEHHYIO Bhume
3agady O PacHpOCTPAHCHUY HITYHCHHA U3 BAKyyMa B armochepy 3emix, GOPMANEHO ONa-

rasi, 910 cxopocts U, CTpEMUTCS X BerMdMHe, PaBHOH CKOPOCTH cBeTa B BaKyyMe. Orpans-

I
YuMCA BApHAHTOM, KOTAA JocTHrEyTo 3raverue w=1. Torna U =0, cK, = na . TTockons-

ky U, /c 6nmsko Kk eAMHALE, BO3bMEM ITOKA3ATENb UPENOMICHAS, OTIHYHEH OT ¢XMHMIEL

n=11 Q, rae ¢ << 1. Toraa noxyurm CACTeMy ypaBHeHHH Bi/a
s V4
20-2 _ 2{,2 2 _ b n 2 2)}5
¢ KZ =n (a) —Cl)o), 0)—@0 —‘CT +;Uﬁ(w -, .

Ksafparroe ypasHEeHHE I 9aCTOTEI

2 }/ 72
@ 200 of Y 2+a)2 {1 Ysp |
Z o L - 4 +—2~ =0
c k c
J J

COOEPKUT MHOKATEND
o=l-U2a+w)er], w=20+0%, =n=1-Q.
3nauenne npeAeapHON 4acTOTH NONA 3aaeTcsH 3akoHoM [117]:
[ PRV
( _y% ﬂzé’i\y}f(]+\§1)%
" e ¢
N

D=w,0

On se umeer ocobennocty mpu U, — ¢. Toraa

o = h’mmeM = a)o[l)»é‘—\%

J

Tlonaras, 9T0 Macca NPOIOPUMORATLHE YACTOTE, IONYIAeM HOBYK) 3aBHCHMOCTS!

2
14

z\yz 2
(1-[—’2j U ehe o)
m=m0< ¢ 3 .
1—9;(1@)
4

3nauenne ¢ cuexyeT HaXOJMTE ONBITHEIM IyTeM. B obmieM cyuae ¢ # \F .
4, MexanuveCKui 3aKOH cOXpareHus 3Hepruu q1d GoToHa.

HpH pacnpoCcTpasCHi  U3RYUCHMUS B PASPEXCHHOM Tas3¢ OT NEPBUMHOIC HCTOYHUKA,
"

OBMXXYHICTOCH B BAKYYMVE CO CKOPOCTHIO Ufs’ IIPOUCXOINT NUHAMHUYCCKOS M3MEHEHUE €10

I

Tpynnosoi ckepoetv ¥V, # 9actoTsl @ TIpn Mansx OTHOCMTENEHEIX CKOPOCTAX Y&CTOTA O HA

KOHEYHOH CTaidAd RHHAMHYECKOTO IPONECCa OTIHUYAeTed QT HauaIbHOH YacTOTHl () KA

BEIMIURY
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Uz
Aw=0-0,=050,—L.
c?

VMHOKHM 3TO BRIP@KCHHE HA ITOCTOSHHY:0 [Llmamka 7 ¥ BOCHONB3yeMCs ONpeeicHHEM
Ditanrrefina g% MaccH uHepunn GoTORA

o

m, =h—-L,

n

o

BBeaeM CIeHyIONHe ONpeseneHus:
4) KHHETHYecKas 3Heprust (GoTona, obyCIOBICHHAS CKOPOCTBIO NEPBHYHOIO HCTOYHHKE H3-
TYUeHMs, €CTh

a
E,, =05:—2U3,
c?

6) moTeRNMANEHAT SHEPTR doTona ects AU = hla - ¢,).
Torpa AU=E

fetare *
it

umen ckopocts U

C ¢m3ngeckoll TOKH 3peHNS CHTYALRS BRIUDIAMT Tak: BHAYalne (HOTOH

» HONOIHHTEIBHYIO K CKOPOCTH CBETA B BAKYYME C, 1 H4CTOTY ¢, IPH

1
BaumozelicTBun co cpefioti or "npeobpasosan” ckopoets U, B nobasky x sactore Aa .

Buigoost!

1. Boamoxuo o6o6imieHne cBa3el MeXTy JONAME M HHIYKIMAMY B JIEKTPONMHAMKKe Mak-
¢BEJUd, IO3BONAIONICE YIUTEIBATE BCE HHEPUHUATRHBIC HAaKTOPEL, KOTOPOE, BO-IEPBAIX, HE HC-
TIONB3YRT CHENUANbHOK TEOPHH CTHOCKHTEALHOCTY, BO-BTOPRIX, Casupyercs Ha BPOCTPascIne
HBI0TOHS, B-TPETHEX, JOMYCKAaeT CBEPXCBETOBRIC CKOPOCTY M YKA3RIBACT YCIOBHS, II€ U KAK
BX O0HAPYKUTH, B-4ETBEPTHLIX, ONNCHIBACT W3BSCTHAIE DKCICPHMEHTANLERIC (GakThL, JONON-
HMTENbHO 33/aBas AMHAMMKY MHEPLUOHHBIX NAPAMETPOB JIEKTPOMATHATHOTO IO,

2. CornacHo mpeanaragMoMy Bapuanty 3ddexrsl Bpeamn, Maitkenscona, ®uso, Jonmnepa
HMEIOT AUHAMUUISCKY IO [IPHEPONY.

3. CrietldaiinHas TEOPUA OTHOCUTEIBHOCTH KOPPEKTHO CBS3BIBACT MEX Iy COOON HaUaIhHbIC 1
KOHEUYHBIC 3HAYCHHA JUHAMHYECKHX [IPOLECCOB, COOTBETCTBYS AITOPUTMY MOIENH YEPHOIO
AMHKE, TO3TOMY OHA BEPHA HACTONHKO, HACKOIBKO IIPHIONCH YKA32HHBIA a/ITOPUTM.

4. CynlecTRyeT JMHAMHMHYECKHH MEXAaHH3M IPeoOPa3OBaHus CKOPOCTH USpPBHIHOrO HCTOYHH-
KA A3TYYEHHS B YACTOTY WIEKTPOMATHHTHOIO [ICKS H3-33 B3AUMOJICHCIBHA €r0 CO CPEHOi,
TP KOTOPOM BBIIONHAETCS "MeXaHNIeCKyi" 3aK0H COXPAHEHU SHEPTHA,

5. CkopoCTh CBETa B JBIKYMEMCS PE3PEKEHHOM ra3e MOKET HPEBBICHTH CKOPOCTh CBETa B
BAKYYME.

6. CxkopocTh 3IEKTPOMATHHTHOTO TIOAA B BAKYYME HE OIpaHWYeHa CBOWM IIPEIEbHBIM 3Ha-
YEHHMEM ¢, HO, UTOOBI M3MEPUTH €6, HYXKHO YUeCTh KaK BANSIHHE U3MEPHUTEIBEHOTO YCTPOHCTBa
HA [OJIE, TaK M T€X YCIOBRH, B KOTOPHIX PACHPOCTPAHAETCS T0IE.

7. Mojiens IpesCKa3hIBaET BOIMOXKHOCTS JBIKEHHMSA TeJl HEHYJIEeBOM Macchl CO CKOPOCTBIO
CBETA B BAKYyME.
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1.4. COBCTBEHHAS W HECOECTBEHHAA MHEPUWUA

Buioenenvt axmopet euympennedi, cobe i u DY
Auexmpomaziummozo noas O nped MU, 8Hymp MY U
ceRaeebiMU  cocmasniouim. Kambposounas epynna Ofx) saexmpomaz-
HUMROZ0 NONS DGNORNER pyniotl ynpasienus wix) u 2pynnoti cMewenus
) napamempos unepyun Hoxgsano, «mo ¢ pacyeme w 6 Ixcnepumenme
ONYL NPOSBIAIOMES BIECME, YMO YCHOHHACH ANANY3 OUHAMUKU UHEPYUL

ft 4]
O6xraHO B SMEKTPOAMHAMHKS MaKcBaIa HaXOIAT IPYINoByio v, Ha30Bys0 V, CKOPOCTH H

9acToTy ()NPH 3aJAHHBIX BRIPKCHMAX T IPOHMUAEMoctelt €, 4 Paccmarpusas MX NpH
14 g
3uauenun U, = =0, HaoBeM HCMOIb3yeMble BENMIMHBI COOTBETCTBEHHO CRACRLIMA - (&,
non .
), BHELIHMMI - (vg,v f) # BHYTpeHEMME - (6 = & E) TAPaMETPaMH coGCMBERNOT WHEPYUU

SNEKTPOMATBETHOI'O IO,
Juctiepcronnoe ypasHEHHE

oAy
P K2 =wwr+17 (8y—w)(w~K‘U) s
KOTOPOE HOTy4aeTcs U3 ypaBHeHUHA Maxcseria

3 - 0, akaL = Sx’ ka =" Qlw Fm,,

REE A

¢ 0606LUIeHHBIME CBA3IME MEXKITY HOIIMU ), M HHAYKHHIMEA H*s tdopme

sz :_1_ @lm+ fﬂ_l Uxbrm ,
Ju w

npn €= =diag L, L, w), U' =dx'/d®, sazeer xﬁg :g%.

DazoBoe yciosue
I It
w— (K U, )

Y

(1w, U2 c2 )5 oot

rn
AODONESA JUCHEPCHORHOS YPABHCHNE, TIO3BOIAET ONPERennTs dactory @ Cropocts v, 0f-
n " y
pasyer napy € ¥ . O6osHauekue ¢ = ¢, Brbpao, caexys Ditnwureiiny, 41065 La KBAHTA

IIOJIs BBECTH MACCY HHEPLAN ), COTTIACHO COOTHOIICHMIO

m, ==Ly
” o2 g E?
rae % - moctosunad Ilnanka. B Mexanuxe MATEpHaIbHBIX T MACCA SBIAECTCS BRYTPEHHHM
HapaMeTpoM €ro RHEPLMH, 9TO ONPAR/IKIBAET AHATOTHYHOE HA3BAHUE IS (), KOI/a paceMar-
PUBaETCH NOJIC,
B obuiem ciaygae, coi nacHo pasaeny 1.3, Mbi usydaeMm ycnosus

U'=(-2U,~2U,, €v=diag(LLLw), Up=Uy- x.U;,
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w5=1—exp ~P¢£— , w=1l-—exp —P—B— ,
Py o

noNAras, 4To CKAMpPH (% ;) 324310T Napy IPYIN CMEMISH s, 8 CKANAPSI (W, W,) - Napy rpym
i
yIpaBIeHHS HecoOCTBEHHON MHEPIUEH 31eKTpOMarHuTHoro moxd. I[lpu ckopoctax U 5= 0

l "
U, =0, aun (% %), 14 (w, w,) He TIPOSBIIOT ce0S M MEI HA30BEM WX CBA3CBBIMU, & U 0,

U # ( BHEIIHNMHU (aKTOpamMu Heco6cmeeuuou UHEPYUU.

JleHCTBHTENEHO, TIPH CKOPOCTH U, PEBHO Hy:TIO, FOIYIHM
U4 g, =0.0,0,v),

Qij|lﬁ=0=a®rj’ isj=172,3, QM=Q’O=01

B L[w—l—(%—l}w} = 8\/—,12,

=L diag (11,1, e ).

I?:o J;

Ora BenuuMHR, HaliAeHHAs Mix 1OkKos, obolmiaercs Aatee ¢ ydyeroM Bcex dakropos, oby-
CTIOBIICHHBIX [BIKCHUEM. PaBeHCTBA W=w, = = J, JABIMIOTCA YACTHBIM CiydaeM obme#

CHTyal . Baeaem Tapy BMNyJIsCOB

P=m, U, P=mU,
M COOTHOIICHHA
¢ e
A=—", A=
W, @Wys
Bocoonssyemes dopmysoit Bpoitna
h
P==.
A
Toraa
R R h
mU=—wo,U=—a,, mU,=—w,U,=—0,
4 ¢ c
BennunHe!
Y,
Wy =Wy —, wng = ET

Ha30BCM BHYTPCHHMMH IAPAMETPAMY HECOOCTREHHOH WHEPLUM OIEKTPOMAIHHTHOTO OIS
(rabn.1).

Tabmuna 1.
TTapaMeTpbi HHEPLMY JISKTPOMATHUTHOTQ TIGIH
apaMeTPhl HHEPTHH ' |
BHCIHIHUE BHYTPEHHHC CBR3CBBIC
XapaKTepUCTHKY
H
COBCTBEHHBIE e ap e u
14 I

HECOBCTBEHHBIE U,.U, Q5,05 Wes Ags Ws X
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it 14
TTosepenne @ ¥ a3, PA3INYHO, NOTOMY IO Pa3iudHH ckopoctd U u U,

1

r £l 2 h r
U=U-wlU,+wU,, U=U,+wU,.

A o
ofx) F
dim M * C@
g b
w(x)
it
Xx) o

Puc.1.2. SneMenTH HHSPLIAK

Mz 06HAPYKUIHA, 9TO COOCTBEHHAA CKOPOCTS v = ¢/n YNpaBIACTCA NOKa3aTeneM IpenoMie-
HHA 71, @ HECOOCTBeHHbIE (BHEILIHIE) CKOPOCTY, HANIPMMED, t’f=(1— w)&l 0 wzglm YTIPaBIAIOT=
s IIOKA3aTeNEM OTHONIEHNS w. B peasbHol 3a124e HMeeT MECTO HX CMELIeHue, OHO crocob-
HO YCIIOKHHATE W 3aIyTars anamms. Wemons3ys xanmBposounsle mois ofx) u fx) ana aeyx
nonedd Fp, 1 H,y,, a TaxKe BeIHYHHSL w(X), Y%) , AMeeM CHCIEMY JJICMECHTOB HMHEpPLHM
(prc.1.2). lonoanas kanaOPOBOTIHYI0 IPYIITy OfX%) U IPOBHIAEMOCTH £, 4 Pa3aMu ynpasie-
HEA W(X) % CMEIIEeRRA JX) HHEpINH, OMydrM (GakTops uHepinu (puc. 1.3).

w(x)

ox) T g u

2%

Puc. 1.3. Qaxrops nHepnun

ITapamMeTpEl, COOTBETCTBYIOLINE THHAMAYECKOH MO/IEIM HHEPIHH JIEKTPOMATHUTHOTO HOJLL
Ha "myde ceeta" m300paxkeHs! Ha puc. 1.4,
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Puc. 1.4. Kapriaa napaMeTpor UHEpU#AN

"Tensop" uaepiuy §2” SABIAETCE MHOTOYPOBHEBEIM, OH 3aBuCHT ot (€, ), @™, U, a ouu 3a-
BHCAT OT APYTHX Benu4nH (puc. 1.5).

Pyc. 1.5. Crpyxrypa TEH30pa MHEPLHY

B obiueM cTyyae CBSI3H YUHTHIBAIOT YCKOpEHHs 1 T (arTophl, KOTOPSIE C HAMH CBS-
3amsl Tax, QY =@’ + U U/, 10
0" da 00’ 9p 9
— = Qg+ UV + B U U ).
axt  axt ax* axt 'Baxk( )

MzmeHenns 31eMeHToB MOr'yT GHITE 33/1aHEI CHCTEMOH ypaBHEHHMH:
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da o0 . dp d ,
G TH FEEI SE i sgul=R

Cutyauus CTaKOBUTCA emie Gonee CHOKHOHK, KOT/IA CBI3K 3aBUCAT OT YCKOpeHuH w':
QF =a@ +BU U +y U W AU W) sWrW

B JMHAMAKE MHCPIHMHK JICKTPOMATHUTHOTO IOMA PEANM3yI0TCH COCTOAHUSA, IIPCACTaB~
asmomme coboit CMECH coGerBennsix 1 HecoOCTBCHHBIX TapaMeTpoB MHepLud. B pacuere i
B KCHCPHMEHTE MBIl HMEEM COOTHOMICHNS

* ] 7 i
w=a ., +b @, V=a,V,+bv,
. n R
Tae d,, 4 ~ cobCTBEHHBIe M HECOBCTREHHBIC BHYTPCHHME NApavIETPhl MHEPLMM, V,, V -
coDCTBEHHBIE ¥ HECOOCTREHHEIC BHCIIHUE NapaMeTphl uuepuun. Kosdduuuentn ay, by, as,
bz, MOTYT OBITH JOCTATOMHO CIIOMHEIME,
OrmeTnM HeTpuBHATLHOCTE $Ha30BOTO yenoBus. OHO JONOMTHATENBHO K AMCIICPCHOH-
HOMY YPAaBHEHHIO, KOTOpOE COOTBETCTBYET BHEUIHUM I0JIM F,,, B HHIyKINaMA H * Baenem
BHYTPEHHHUE MO f py W WHAYKIHAE A *, mONArad, 970 OHU SABJSIOTCS TPHYMECH H noBogoM
a1 $azosoro venorus. McnonesyeM BapHaHT HEPABHONPABHOTO COSAUHEHMS 1T0Ned:

Fan=F, ++if,, HE=H*+ih+, Qn=Qw-ilqm,

rie { - MEnMas enpanua. O6obimeHnbe ypagHeHns MaKcBenna, paclIuPeHHbE Ha YKA3AHHEIE
BEITYHHEL JAl0T YPABHEHHUS U1 BHYTPEHHHX fonel

a”fm:o, Bkh‘k=s’, h‘*=a)""a)""fm. B
Tlycrs

1
[ :T‘——P;’ Ué”
'\/Wf

3aecs F; = (1, L1, w, ), 7€ W, - BHYTPEHHU CKanapHbiil GyHxumosar. Mutepsan onpeaesmm
IO 4eTHIPEXMETPHKE
_ i ps k !
40, =¢, P P/dx"dx,
TRe Eyu - UETHIPEXVHACKCHRH ciMBon KpoHekepa. TOT1Ma AUCIIEPCHOHHCE ypaBHEHHE [Jif
BHYTPCHHHX Tofe ecTh $a3oBoe yCIOBHE, OCHH OTOXACCTBHTL ¢, = d ;. BO3HHMKaeT onry-

IEHUE, YTO ¥V Q)OTOHa €CTh MapaMeTpPRl, 3aar0lue £ro BHYTPCHHEE ABIXCHUE, B HACTHOCTH,
143
BHYTPOHHAC CKOPOCTHU Vé", V]‘f‘ ¥ HacToTy ﬁé, KOTOPhIC COTIACORAHBI KAX ¢ S0 BHCIIHWMK

HapamMeTpamy, Tak U ¢ ypaspeAusME Makcrenna ms mux. O0a cornacosanus HeTpUBHANS-
HEL Io-BRONMOMY, 00RYCKatomeR Opyaie 803MONCHOCHIU, BH0Mb 00 CYWECMBEHHO20 PA3U-
Yus GHEWHE20 U GHYmMpenHezo nogedenus noas. CTPYKTYpa BHYTPEHHUX ¥ CBL3CBEIX (QaxTo-
POB HecoBCTBEHHOM MHEPUUHA HMEKTPOMATHHTHOTO TIOJA COOTBETCTBYET CXEME, IPHBENEHHON
BBIIC. 37€Ch Ofx), A%/ - KaMOPOBOYHBIE MPYIITEl AN ABYXTEH30PHOIO JMEKTPOMATHATHOTO
nomst (06e OBH CKPLITHI, He HCTIOJB3YIOTCA B YPABHEHMSK MONS W "POSBIAIOT cebs” depes
BapHAHONEMY (bopmanusm Dhnepa-Jlarpanxa), W, (x), z f(x) - TPYIIIBl YIpaBlIeHAs H
cMemeHns GakTOPOB UHepHH Mois. 3HAYUT, aHANN3 AUHAMMKY AHEPLMU JICKTPOMArHETHO-

TO MO, €CAN MBI CTPEMMMCS E €r0 (QU3MYECKOH IIONHOTE, NpearmoIaraeT yaeT BHEIIHUX H
BHYTPCHHBX IIOJICH, HMCIOIMX CBA3M MEm/TY COOOH, a TAKKEe MMEIOIUX COGCTBEHHYIO U He-
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cOfCTBEHHYIO MHEPIHIO, C BHEIIHAMHY, BHYTPEHHIMH U CBAZCBBIME napamerpamu. [Ipu stom
coOcTBeHHas H HecOOCTBEHHAs MHEPLH CIOKHO CBA3AHBI Mexay coboit, Harsinuo 510 Bel-
paxeno puc. 1.6.

@axrops! cOOCTReHHON WREPIUY

[MapaMeTpsl  BHELIHHE BHYTpEHHHE CBA3EBHIC

=
]
|

Tlons:

BHEIUHNC

CBA3U

BHYTpEHHNE ’—T—

Daxrops! HeCOGCTBEHHOR HHEPIHH

[TapaMerpsl  BHEITHHE BHYTPEHHKE CBS3CBLIC

HHEPIHMA: /
BHCIUIHHE —l* /

/
CcB3U >
BHYTPEHHUE / 44!
/
§ i

Puc. 1.6, @akrops! cobeTBennol 1 HecoGcTBenHON MHEpUHA

Toms:

r n
BuImomHEM  COMOCTABACHUE  IOIAM (E, B) napameTpoB  coOCTBEHHONH — HHEPIHE
1 r rH It -
(a B U Uy, n), a  WHAYKIUIM (H , D) - TapaMeTpos HecoOCTReHHON WHEPIMHM

(e, =c sufe, U, U,. w). TeopeTuaccki TaKas BOSMOKHOCTS eCTh, (DAKTAUECKH M1 HME-

eM KaK Ol 1Ba TI0)s B 4B HHEPIUM.

Wnepiust CyIUeCTBEHHO CHOXHA 10 CBOCH CTPYKTYPE, CBAZSIM B IMHAMUKE. BO3MOKEHO
nosToMy Jjinmreiin 3a ee penrenne "ymiatuia" BHCOKYIO LEHY: OTKA3ancs OT abComoTHOro
OPOCTPAHCTBA M BpeMeny HBIOTOHA M [IPHHAN OTPAHAYSHHIE HA CKOPOCTH CBETE, CTONb TyX-
J0€ ero MATEKHOMY AyXy. 3HaUHT, K aHAIU3y AUHAMKKM, CTPYKTYpH, CBA3cH MHEpUUM cle-
JIYET OTHECTHCh CO BCEHl Cepbe3HOCTRIO, IPUMEHAS CAMBIC COBPEMEHHBIE CPEICTBA U Aliro-
prrMsl. MEr rMeeM IOKa TONBKO Hadano HoBoro nyTi. M Toasko moxa s abenea kanubpo-
BOYHOTO MOJIs.
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1.4.1, Cobcmeennar u necobcmeeHras cunst

Huepaus, xotopyio Beiine I'. HassiBan ynpasisioniaM BO3AEHCTBHEM, NOUONHUTENLHA CHIIE.
Bumecre oHM 00pa3yior napy (axTopos IBMXCHHS M IIOTOMY OOfA3aHBI BCerma paccMarpu-
BaThCA COBMecTHO., Criefys NMPHHIMIY BHANOTUM ¥ MCHIONE3YS SHAIM3 WHEPLMM, BBEAEM B
du3nKy coGCTBEHHYIO 1 HECODCTBEHHYIO CHIIEL

HazoseM cobcmeennoii cunod Ty, KotTopas, cllegys noaxony HberoroHa, ocHoBana Ha
KOHUCTHIMY HEHYIICBOTO, QUINICCKH HIMEPHMOTO 3APSIA ¢ U HMEET aA2efpaudeckyio npugo-
Jy. B xauecrse npumepa npuseaeM cuny Jloperrna. Cornacuo pasaenam 3.3 u 3.4 ona 3a1a-
eTcs BeNHInHON

F=ig (gpsa!’u“il - rpsbﬁu‘_\f’),

rze (a?,br) - reseparops: amreGpsr Aus TPy V(4), g - DAEKTPUIECKUH 3apsil, u? - de-

THPEXCKOPoCeTH, ¥ - sonHOBas QyHKIUS, (g " rp‘) - KGHOHWHECKUS METPHKA NPOCTPAHCTRa

cobnrruit SE.

Hasorem wnecobemsennoti cunoll Ty, KoTopad, cienys NOIXoAy OfHmTelina, uMMeer
ouhpepenyuarvno-eeomempuieckyo npupody n "Ge30THOCHTETBHA" X PU3RHECKOMY 3apsy.
Byznem cuprath, pa3BuBas STOT TOZXOZ, 4TO 00BEKT ¢ HyNesbIM DUBMUSCKUM 3apAI0M MO~

.
gquusercs "cune”, KoTopas peanmye'r cebs Hepes MeTPuKy FY 1 CRS3HOCTb 1 'z COOTBETCT-

BYIOIIETO el JHHaMHYHOTO npocTpancTsa cobsrtuit SE. B wacimocty, cornacno rasav 1 #
3, mMeeM BHIpKCHHS:

By =diag(, 1,1, w1), weH(G,4), Qr=agv+bdir, V.0 =0.

CobeTBennas cxopocts v, = ¢/n ynpaBrseTcH [OKA3ATENEeM UPEIOMICHHA 7, HeCOBCTBEH-
n n 14
Hast cropocts = {1- w)u 5~ Wi, YODaBISIOTCS MOXasaTeneM OTHOMEHUS w, B aiexTposu-

Havnke MakcBelia co CBEPXCBETOBBIMY CKOPOCTAMY BeTMuMHR! gv, ' 3ammesT oT axTus-

Hbix (-Koromomoruif w(x, r), KoTOPEIE BXOIAT B cuy JIOpedTIa 4epe3 KAHOHHYECKHE MET-
pHUKE HHEPIMH (gps,r ) Cre/[0BATEIBHO, CYIIECTBYET CeH3VI0Mas CUTd, KOTOpas HMEST

MONOAOZUECKYI0 NPUPOdY ¥ BIACTCS TOCPELCTBOM AXTHBHLX Koromonoruit H' (g, 4), pea-
TU3ya Oegopmayuckuvie cmeneny c80600v! ABNeHUs. UTo0k NOCTHYL HEOOXOMUMOTO H AOC~
TATOYHOTO TOHEMAHNA OCBEKTOB M ABICHHH, HY)KHO M3YYHTh BCKO COBOKYIIHOCTE CTOPOH ¥
cpoficTs AmKkexnd. [prMeM B0 BHUMAHNC CBA3YIONTYIO HHEPUHIO U CBABYIOUIYIO Crmy, o8y-
CHOBICHHBIE JMHAMHKOH koromonoruit, KX npupona TOMoIoruyHa. AKTyansHo MX dusnde-
ckoe H3ydenue. Jaaum rpaduyeckoe NpeACTaBICHUE COBOKYIHOCTH (DAKTOPOB MHEPUHH X
cunsl cECTEMOl "TpeyronkbHMKOBR", YCIOBHO oToOpakas ux atrebpandeckue, muddepenuu-
ANBEHO-TEOMETPUMECKHE, TOMOIOTHUSCKUE ACTIeKTRL ¥ YITEM, CIeyd OIBITY, YTO eCTh MX BH-
JIEMOE H CKPEITOE Tposianenue (puc. 1.7).

Puc. 1.7. AnarpaviMa QakTOPOB ARMOKEHUA
& - BuMMas uHepHA ¥ cuia; o, f* - CKphITad MHEPUMA U CHna.
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HO'-BHIIKMOMY, GHAIIOTHYHEIE TIPEACTABIICHUA UPUTOAHLL AT H3YHCHUS IPYIUX 3apAI0B, KO-
TOPBIE OTIATIHB OT MACCHL, ECIH WHSPLIMA IIPHCYING ﬂlO(’)OMy 3apAmy.

1.5. CTAOUUN OVNHAMMUKN BHELUHEN UHEPLUMK

Buidenenvt cmaduy OUMAMUMECKO20 NPOYeCca us. DY
aaexmpomazrumnczo nona IIpednoscen sapuanm modenuposanus JUHaMUKY Ho
OCHOBE USYHEHUA 2600€IUNECKUX PACCIOERHO20 MHOZ006DAIUS, 8 KOMOPOM Yembl-
PEXCKOPOCIY GbINOMHAIOM PONb KOOPOUHAM 6a3bi, YembIDEXBPAUEHUS ~ POTb KOOP~

Quram ciox. Jlpeoc cxena 08, OMHOCKMUNCA K GHATUIY OUHAMUKY,

i uHepyuY dREKmp nons DarxmuHecky npeoNoNCeHo HCnoNL-
3I06AIML BLE CKOPOCTAY 1 BOE MEXGHUIMb! UX HIMEHENUR KAK & KAACCUNECKOl, MAK U 6
Keanmoeoli meoput

TTOCKOMBKY 3IEKTPOMArHHTHOE IIONE €CTh 101¢ KATHOPOBOTHOE, ECTECTBEHHO CYUTATH, YTO
OHO NOKA3BIBAET MEXAHW3M NMHAMUKHA PA3HEIX BUAOB MHEPLMHU U 9T0 COGCTBEHHAA M BHELI-
HAA MHEPIMA CBOMCTBEHHBI M000My RaNNOpPOBOYHOMY MOMIO, YTO HYXKHO NOJHO B HOCIS0-
BATENBHO MOZEIHPOBATh H NPUMCHSTS Ha NPAKTHKE ByleM paccMarpHBath HHEPIMIO BIEK-
TPOMATHUTHOTO NOIA B €6 COOCTBEHHOM H HECOOCTECHHOM IIPOSBICHISX, KAKIOE U3 KOTO-
PBIX MMEET BHELIHHE, BHYTPSHHHE U CBSA3EBBIC NIAPaMETPH. Bce OHM MOIYT MEHATHCS IMHa-
mudecku. [loaTomy ypasuenus Maxceenra credyem OOROAKEME CURAMUNECKUMU YDAGHEHUA
MU 0N NAPAMEMPOS UHEPYUU.

JuaaMuueckye ypaBHEHNs 1% COGCTBEHHPIX APAMETPOB MHEPLIHM 3a/Iaf0TCA HElo-
CpECTBEHHO YPaBHEHUAMM THHAMMKH MaKkcBesia, KOTOpEIE ABILHOTCA 0606IIeHreM Makpo-
CKOMMYECKOro OnpITa. JMHAMIMECKHE YPABHECHHAS I HeCOOCTBEHHBIX TapaMEeTPOB HHEPLUA
caMmocTosTe pHEl. OOBMHO 9epes HHUX YUNTEIBACTCA AMHAMMKA (U3MTECKOU Cpeasl, TaK Kak
CBA3M MEXIY HOMSMH ¥ HHIYKUHAMH CONEPIKAT CKOPOCTh cpeisl. B ofirem Bmite paccMor-
PUM BCKO COBOKYHHOCTS BONPOCOB, OTHOCSTIMXCS K HecofCmeenHot MHSPLME IONg K €€ Ipo-
sanepnaM. CornacHo nOaxojy, NpuHsroMy B pasgenax 1.3-1.4, meoOXomumo 3amars CBSA3M
JULSL TIOTEH M MEYKUAH

Qn =_1_[®"" L EH U U"'],
ML w J

B KOTOPHIX BETHYHHEI
(@‘”‘,U‘ =dx']dO,¢e 1, w)

TIOAYKHEEE! COITACOBANHAIM AMHAMUYCCKEM YPABHCHUAM, DOPMUDYS ANTOPHTM aHANW3A TH-
HaMUKH HECOGCTBEHHOM MHEPIUM JIEKTPOMATHHTHOTO IO, 3aMSTHM, UTO M3MEPHTEILHOS
YCTPOHCTRO BO BCEX CHTYALHAX M BO BCEX CIY4YasX €CTh HEKOTOPA (GU3MYECKas cpesia U [o-
TOMY M3MEPEHHE BIMNET Ha M3Ny4eHHS. JTO BIUAHHE CIOCOOHO CYIIECTBCHHO H3MEHWTH
HHEPLMOHHEIE [APAMETPE AEKTPOMATHATHOTO IO, 38VETHM, YTO YCTPOHCTRO, ABIAIONICE-
Cf MCTOYHMKOM NEPBHYHOIO M3NYHEHMS, OOBIIHO MMeeT COOCTBEHHBIE MHEPUMOHHBIE Napa-
METpBl ¥ IOTOMY 331a€T HATANBHYI0 HeCOBCTBEHHYIO MHEPIVIO IO,

Brigenum name CTaAui JMHAMEHECKOTO IPOLISCCa HIMEHEHNA HHEPIIHN:
a) 1oJIe B HEPBHYHOM H3NYHAIOMEM yCTpOoicTBe;
6) nepexoj| o/ W3 TEPBUIHOTO YCTPOCTBA B BAKYYM KM APYIYIO CPELy;
B) MHAMUKA 3EKTPOMATHHTHOTO [I0;1A 1O BIIMAHAEM BHEIIHAX K HEMY (akTopos;
T) IIEPEX 01 [OJIA B M3MEPHTEABHOS YCTPOMCTRO;
M) pacrpOCTPaHERHUE O/ B M3MEPUTEIIBHOM YCTPONCTBE,

[peacrasuym 311 cTaauy Ha puc. 1.8,
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Puc 1 8. Cragyyn 1uHaMUYECKOTO IPOLIECCA M3MCHEHHSA HHEPLIUH

rH
TTockoneKy cxopocTe U ABINETCS CTAHAAPTHOA KHHEMATH4ECKOH XapaKkTepHCTUKOH MHEp-

IUn 11OJ18, AHATOTHIHOH CKOPOCTH MaTCPpUAJIbHOTO TeJIa, U1 HEC MOTYT BBIIOJIHATECH AUHE-
MUYECKIE YPABHCHAS MeXannku HeroroHa
i3
dUu _h
Lo =F.
dt
ITprMeM 070 IPEANOIOKEHAE, TONATas, 970 Ha CTaInAX §) u I) BBIIOMHAETCA PeaKCalHOH-
HOE YPABHERHE JUL TAPAMETPOB #° 1 PYIIIBI 3AII0NHEHHS G, suma
it
duU h R r
Y _plU-v), U
d f 0 m

"
g0 = Uﬁ;

rae & =0/ Py - be3pasMepHas MIOTHOCTE Cper, Py - KoHeTaHTa. Torza ero pemenue HHAyLUu-
H n " w
pyeT YNpaBisaioiee nojie (J», t), CBS3LIBAK CKOPOCTH # .« U U, B CIMHBIA KOMILIEKC, 8 Be-

AWYRHY ¥ C QUBMICCKIME YCIOBUSIMHA 381a49H.
7 n I
U=(-2U,+xU,, x1=1-expl P,p/p,).

Vpamsaenus peJakCalMOHHOIC THIA MOTYT OBITh 3aIMCAHE! B (hopMe

dt S dr
YTO TOKA3BIBACT MYIbTHINIMKATHBHYIO UPHUPOTY H3MEEBCHHMA CKOPOCTH. IIJIH OTHOLICHHS W
MOXHO IMPpUMCHUTE YPaBHEHUS

U __p2(-0,),

&Y o P (w-1).

iz
Tax Mb! BLITOJHRIH HpeJBapHTemszlffl AHAIU3 CHTyaHHf;I, OTHOCAIINXCA K KGHKPGTHOﬁ 3aja-
ye. OUEHEHH! NapaMeTPhl H3yYeHus I Cydas, KOTA2 MpoiAeHa PeNaKcallMOHHas CTAMHs,
IlpmMem TOUKY 3peHusi, YTo YeTHpexcrkopoots U’ 3ajai0mue BHENIHEE TIPOABACHUE HHED-
¥, MOTYT OBITH JOTIONHEHE YeTHIPEXBPAICHUAMH (F, 3aJa50UIMMH BHYTPEHHEEE NPOSBICHHE
nrepuun. C UETSI0 MOIETpOBanys naMeneruit (U¥, o), nonomssyenm Moess PaceiIosHHOro
MuorooGpasis ¢ koopauHaTamu Gazsi U* # xoopauHaramu cnos of. [IpHAATE HOIXOT MOA-
CKa3aH OIIBITOM. TaK KaK H3BCCTHO, 4TO CKCPOCTH CHOCO6H3 BAWAATE Ha 4aC10Ty ECJII’I Kjnace
JOMYCTAMBIX TIPe0oGpa3oBanmii KoOPAWHAT ITpocTpancTsa (U4, ¢ @) ympomeH, TaK 910

U}c :Ulc (Uk), a)a zwa’ (60[1,[]1),

TO AHaTM3 CTEHOBUTCH HAVIAAHAM. Tak B QJHSHKY ABHGO BBOJIHTCH HUACH, YTO HaCTALLI, U3
KOTOPBIX COCTOHUT 10JI€, UMCIOT BHCWIHNUE CKOPOCTH u'u BHYTPCHHUES JBMXCHHA C ( ¢ , UTO
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YACTHIEL HETOYEHHMIE, M 910 3TOT (aKT MOXHO y4eCTh MOJEIBI0 PaccIOeHHOIo
mioroobpasusa. B xaxmgoil rtouxe (U k, f) wMeeM KaCATENbHOS M KOKACATEIHHOE
IIPOCTPAHCTBA C Perepamu

T(U,w)=1%,=3/0U",Q,=0/30"}, T"(Uw=!dU' do"}

JD1 MaTpuLl Ipeobpasoranyis KOOPIMHAT HONYIRM

uroo0) U, 0
e . At=l .
wr J Wy W

/

o n n
Crnoenolt ¢, w 6a308hIl ¢, PEHEPEI MEHMIOTCS (0 IPABIITY

no g n | (—— PR
e, =we,, e =Ue+we,.

Koperneps! MeHsioTed aHanorkuHo. BribepeM HHBapHanTHEI penep

1t R n
E =e~Ife,

Tpebys, urobsl on 6pl1 TeH30poM. Torna MHAYIUpYeTCcs npeoOpasoBanue 00LeKTa THEEHHON
epssrocrn I7(U, @) no 3axony

Y =U. 0" + 0 ).
Hoxy9uy HHBapHaHTHEIR penep

Qe=dga [gdU*,

[Ipon3BoIBHOE BEKTOPHOE 11076 HPEACTaBUTCA B BH/IE WHBAPHAHTHRIX 6a30BOTO H CIOEBOTO
BEKTOPHEIX IoJied. M3 ycIoBHsA TEH30PHOCTH

Dfx‘ - U:I Dgt
HpI/I OIPEACICHUN
D& =d &+ (T dU? +Cl, Q)
CIEAYeT 3aK0H HpeoOpazoBarns cBA3HOCTSH

I, =U U, +U UL,

c’,

e =UL ULl C .
ARBaIoTHYHO Aj151 BEPTHKAILHOIO ITOIA U3 YCIOBHA
DEY =YY" D&
HpH ONpeNeNeHUur
D& =age + &8 ra U+ o @)
CACAYIOT 3aKOHA! npeoﬁpaaosaﬂnﬂ CBA3HOCTH

N o B 7 e
CM =, (wﬂ‘y‘ + m?‘cﬁ‘/)’

v A . AT
Ig. =of 0, +0r 0,18 + 02 ©F, Uk (a)k o/ T} )

VisapuanTHbill gudipeperinan BHpaxaeres Yepe3 Mapy KOBAPHAHTHEIX IPOH3BOJIHEIX
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D& =dU'V, £ +Q°V ¢
DE“=dUt v, 5+ QP Y
3neck HCTIONB3OBAHE TEH30DH!
ViE S0, V=0 0.8 VT STRE 40,87

V& =Cpé +3,¢%, 8,=0,-TFd,. d,=9

a o

JBmxKerne ToueyHoro coOBITHS (moyaras, 9T0 MBI OMHCHIBAEM HACTHY IOA KaK TOUKY, 3a-
't
JaBas ¢e TPYNTOBYID CKOPOCTE V, M WACTOTY () B PACCIOEHHOM MHOIroo6pasuu ¢ MoCTyIa«

TensHOR U 1t BpAIATENBHOM ¢f crerneHsaMu CBOGOAB! 3804€TCs BRIPAKCHAAMA
D=0, D77=0.
B xoopaurazax MEHOroo6pasms (U k ¢f) onm mmeroT BUA

21 7 k : a Jk
M_+r(k)ﬂ]_dU +C wuﬂ_:o, z_a._q.[‘&wﬂ_d_bﬁ_;.c&)wﬁa)y:o.
d p? M dp dp Y dp dp dp ’

M1 yany TaxuM 06pasoM cKopocmy usMenenus yeKkopenusi Kax Bo Bremmmed ofonouxe dac-
THUBL, TAK ¥ B €€ BHyTpenneM yorpoierse. [loenenue ¢f okasuipaet amamye na U*, nepro i

ofpartoe. Mx puHamuxa onpexenurtes senmwmmamu I, C}u s Ui

udes, IT0 MHEPLHOHHEE CBONCTRA 0N MOTYT OBITEH 3aZaHE THHAMUKOH TOYEUHOTO COOEITUS
JUIS HETOIeYHOro 06beKTa, OIMUCHIBAEMOTO B PACCIOSHHOM MHOT0O0O0pasun ¢ KOOpAHHATaMA
(U, @). YxasauHe KOMIOHCHTE CBA3KOCTH CHSAVIOT U3 YPaBHEHUH I COOTBETCTRYIOMMX
TEH30POB. B KOHKPE1HEIX YCIOBMAX HYKHO YYUTHIBATE, KAKUE MHCPLMOHHLIE TapaMeTPst Co-
OTBETCTBYIOT 3anade. Ilycts p/p, =¢ MeHsercs OT Ryl A0 eJWHHLB! COrmacHo puc.l.9.
Ecnu maMeHeHHs MPOUCXONST JOCTATOYHO MEUIEHHO, NapaMerp dp MOXHO COrilacoBath ¢
d&é=d p/p, . Torxa nonyuam ypapseras sua

ng. Tax BeipaxeHa

U dus dus . dU:

g Mg ag T e

Puc. 1.9. PactipocrpaneHne u3nydeHRs 10 TeOne3nHecKol

ITpn ycnosmsix

v

ayl =0; 6)C;a=§]‘a B) a, @ =P,

PE
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TMONYYMM YPABHEHHS UM PENaKCAIMOHHOTO M3MCHEHUs [NapaMeTpOB HeCOOCTBEHHON muep-
NMH JICKTPOMETHUTHOTO MO, UCHONIHIOBAHHEIC B pasaene 1.3,

Mkz! IOTIONHKAY BOIHOBBIC YPABHEHHS 3NCKTPOLUHAMMKY MaKCcRensa KOpuycKymsp-
HEIMH ypaBgeHMsMH THNa Herotona. Mojens coeguHuia pasHble JHHAMEKY, COIMACOBAHHO
3afaroliHe BCK cuereMy Beaudun (puc. 1,10). Tak omuchIBAIOTCS MHEPUMOHHEIE Y(PhEKTs
noJe, o8yciIoBIIeHHbIE BIUSHUEM (hu3ngeckoil cpeisl. Eciu MBI XKEJIAEM YUeCTh IPaBUTALHIO,
€€ HYXKRO 3a71aBaTh AOIIOJIHATEIIFEQ, B YaCTHOCTH, ANA 3TOT0 MOXKHO HONBITATHCA npuMe-
HHTb ypaBHEHUs DHHIITECHHA

1
R =_g'R,
58

MOJCNUpPYs JUHAMHEKY MHEPLMH, 0GyCIOBICHHYIO IpaBHTanuei.

ITpeAcTaBUM 37EMEHTHI, OTHOCAIMECT K OMUCAHNIO AUHAMHKY HHEPIMHN HICKTpOMar-
wuTHOTO toad (puc. 1.11)

Fm H* - BHEHIHHE TI0NIS ¥ MHAYKUAH;

™ h* - BHYTPEHHUE TIONS ¥ UHAYKIIAY;

o - BHEIIHAS METPHKA HHEPIHH;

& - BHYTPEHHSA METPHKS HHEPLUH;

W, w, - (hassl yIpasiicHHI HHEPIHEH;

Y2 - (236l CMELUCHUA MHEPUHH;

a, @ - 4aCTOTHL DitnntTelina u Bpoilis COOTBETCTREHHO;

15; , /e - co0CcTBERREAs ¥ HECOOCTBENHAA CKOPOCTH HHCPLIAH;

(’}fs, ﬁm - BHEIUHUE CKOPOCTH: IIEPBHYHOTO HCTOUHAKE U3TYICHUS H CKOPOCTH CPE/IET;

1 1

U/ LU - BHYTPCHHME CKOPOCTH: IEPBUYHOTO HCTOYHNKE H3TYICHUA U CPEnl;
523 mé
or, oy - KOMIIOHEHTHI TCH30pa BHeInHeH HecoGeTBeHAOR HHepIMH,;

m ’ fs

P, P - KOMIIOHEHTHI TeH30pa BHYTpeHHEH HeCOOCTBEHHON MHEePIHH.

CumposioM 0 OGOSHﬂ‘IEHO, YTO JJIA YKA3aHHBIX BCIWYHMH BLMOIHAIOTCA AMHAMUYECKUE ypaB-
ReHus. JIMHAM YKa3bIBAKOT, ITO paccMmaTpuBaeMaq CHCTeMa BHYTPCHHE COrIacoBana.
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Puc. 1.10. DreMEHTHI HHEPLHH IICKTPOMATHHTHOTO TOAA
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1.6. PAHI MHEPLIUW JJIEKTPOMATHUTHOI O NMONA

Memoodonozuiecku npoananusuposana 8cs CoBOKynHoOCMe 2panei u dax-
mopos unepyuu INEXMp 0 NOAR, KOMOPBIE CACOPIOM U3 CIMpYK-
myper anexmpodunamuxu Maxceenna, ceobodnoi om ozpanudenuli na cxo-
pocme. Yxasans: HoGbIE BOIMONCHOCTIY 0BOBWeHUS Busuveckux moderet.

TIpu aHaM3e HHEPIMK DISKTPOMATHUTHOTO IO M ¢ AUHAMMKY HCCASHOBATENE TIONAaeT B
JaOUPHHT CUTYaLMH, IPOATH KOTOPEIHA HE IIPOCTO.
3NEKTPOMArHMTHOE T0e NPOABUIO cleAyIonme rpasy (puc. 1.11):

* peajusyeT cebd B Iape TPOCTPAHCTB, OAHO M3 KOTOPAIX €CTH IPOCIPAHCTBO CO-
crosuuit 85, apyroe — npocrpascTBo coburruil SE. Kaxoe 13 HEX MMeeT CHCTEMY JOKaMb-
HBIX U ITOGANBHBIX METPRK (riaBa 4);

® Oasupyercs KaK Ha MHoTooOpasuy M, 3aKaI0LIeM IPOCTPAHCTBEHHO-BPEMEHHELS
cBOCTRAE, TAK 1 Ha cummerpun G B dopme GAG—monyns (rizsa 3);

*  Mewser COGCTBeH’Il{y}O ¥ HecOOCTBEHRYI0 HHEPLMIO, 9T0 TpeGyeT paccMOTpenys

rpynnosoi Vg u (a3oBoi V¢CKOPOCTCI7I. KOTOpsIe mose uMeer "camo mo cebe”, a raxxe

n
CKOPOCTH CPEnl U, M CKOPOCTH NMEPBUYHOIO (B KOHKPETHON CHTYAIMH) MCTOYHHKA HAJTyHe-
1
HIA U 3
¢  CcoBCTBEHHBIE TIAPAMCTPHl RITYSCHNS YIPaBIMIOTCH NOKA3ATENEM TIPEIOMISHNA
71, 8 HeCOGCTBEHHEIE HAPaMETPH! — OTHOMICHHEM W}
® uMeeT COBCTBEHHYIO g M HeCOBCTBEHHYIO @wp TaCTOTHL.

88

GAG M

GAG

SE

88

Puc. 1.11. I'panu 3meKTPOMATHUTHOTO OIS M €T0 NPOIBICHHUI

Ions F,, n nagyxau H * ecTecTBenEO HyBCTBYIOT cebs B 3ToM mabupunte. [pen-
CTaBHM COBOKYNMHOCTh YK&3aHHEIX 3neMeHToB rpadmdeckoii jauarpammodt (puc. 1.11). Kax-
OB 3 3THX SMEMEHTOB HyXeH. B pealbHON CHTYaumu OHM CIOKHEM 00pa3oM meperiere-
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Hei, He npuHAMas BO BHUMAHME BCEil COBOKYIHOCTH YCIOBHIH M 0BCTOATENRCTB M OCTAHAR~
MnBad BAUMAHKE TOMBKO HA OTHOM 3IEMEHTE

gv =diag(1,1,1,1),

du3ukn "MommMNK ofexay W3 OFHOK myrouusl". Bogee TOro, AeNanUCh MHOTOYUCIECHHEE
noneITkA yoenurs Beex, uTo oHa Boobime euHCTseHHas. 10HATHO, 4TO 3TO HE 18K ¥ TAK AU~
Korza ue Owuto. MBt HMeeM ceifuac B HOBbIC MOZEIH M HOBhIe “ojexuan”. Ho passe cuenyer
MeniaTh XKHUTE TeM, KTO KeNdeT UMETh KOCTIOM M3 ojHo# myrosuusl? Teu Gonee, 410 y HeKo-
TOpEIX HCCHELOBATEACH OHa MOXET OBITH PUIIATA HA CBAILEHHOM VIS HUX MECTE,

Yro HanGonee BaXHO YUMTHIBAThH COMIACHO BERITOMHEHHOMY vccacaosanmo? Quepus-
HO, 910 "HATL AprajHet" B JaHHOM JaGuprHTe 05pasyet KOHUSTINA OTHOmeHus. B ¢u3nky
BBEACHE CKUIMPHEIE HOJA (W, We), KOTOPSIE YIPABAsioT IHAMAKOH unepuan. OHH 3372107
(hazy mHepLHUR NOJS M YKA3RIBAIOT KIACC TONONOTMYSCKUX YCIOBKH, KOTOPHIM [IOIYMHEHO
nasryaenye. Casn MeKIY HOSIMU ¥ MHAYKIHAME HEIHHEHRO 3aBHCAT OT W Yepes3

Q=00 (3v,7),

rae gv =diag (1, 1,1, w), gk = (1 - W)”fs 1 wik . OTHOWEHHWE W 3aBHCHT OT NOKA3ATENA Ipe-
JIOMJICHHS CPEIBI

w=1- exp[« Po(n— 1)]
H IIOAYHHEHO JUHAMUYECKOMY YPABHEHUIO

dw \
;g; :—‘QU(W—U,

rae = p/p, - GespasMepHas MUOTHOCTE (U3nYecKoil cpesl. Caa3n monel u HEAYKIWMiT
k= kn
He=QmQOmE

Ha OCHOBE ypasHeHWH MakcBelIa JamrT pEleHus, COIACYIOIHNEC ¢ YKCUECPUMEHTOM 0e3
HCIIOMB30BaHHUS CIELHATBHON TEOPHH OTHOCHTEIEHOCTH.
Torja cuMMeTpHs ypasHeHuH, 06pasyionux 3aMKHYTYI0 PH3ULECKYIO MOEb:

dre dx —vdt di'=

2 v s VA

v V l
1-ww, — I-ww, —
172 Y2
¢y ¢y

v
dt —dx —ww,
¢? N

COACPXKAT MYIETHIDIUKATHBHYIO KBASUTPYIITY OTHOLICHHN W, OXBATHIBAIOIIMX HHTCPBAI
w, =[0+1].

Tak B pamxax cumMeTpuy JIOPEHTIA ONHCHIBACTCS KIACC M30MOPGHBIX curyaumit (pasaen
2.2). Vi30MOp{HBle CHTYAIMH COOTRETCTBYIOT QH3IMIECKH PAasIMIHbIM COCTOSHMAM, B KOTO-
PHIX HAXOJWTCA NOJIE, TOTOMY WTO PasHBIE W COOTBETCIBYIOT PasHbeM (u3mueckum coctos-
M. OT0 ofuree IPABHIIO: MATEMATHUECKOC HCCIEAOBAHME C TOYHOCTRIO X0 M30MOpQH3IMa
O3HadaeT, ¢ QPUIHISCKON TOUKK 3PEHHUS, UTO CIHOMY KIACCY IKBUBATEHTHOCTH COOTBETCTRY-
€T COBOKYIHOCTS PA3HBIX (QU3MYECKux COCTOSHMHA. B aexrpoiunamuxe MakcBeana n3o-
Mopduam Oasupyercd HAa OTHOMEHHH w. Ero MoXBO H3y4ars KakK SIeMEHI HyILMEPHOM
IPYIIBL KOroMonoru# Xoxmnis,ia

we H'(g,, 4),
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Tme g, - ecTh anrelpa 3amonHenKd Pu3mIecKol Moxeny. ME BIIpaBe paccMaTpuBaTh OTHO-
DIeHHWe W KaKk BHYTpEHBHI napamerp (B a‘) IpyIIel, cuuTas oOnmase Mapaverpsl (AF), Ha-
npumep (v/c), srermmvn, Ecmn x% = f¥ (x¥;02;B¢), Torja KaHOHWYGCKHe IpeobpasoBa-
HHES KOOPIHHAT CIEAYIOT B3 0600MCHHRIX, 3aBHCHMEIX OT W IIpeobpasonaruii JoperTia, npi
BENMMUHAX W, = W, =1, COOTBETCTBYIOUIMX YAaCTHEIM 3HAYSHHsM BHYTPSHHHX IIapaMeTpoB

Bg'. Boamoxssl 6or16€ CII0XHEIE 33aBHCHMOCTH, HALIPHMED,
xt = f¥{xt,q7,B%,c2..),

rile ¢* - CBA3EBLIC TAPAMETPEL
ITockoNbKy B TEOPMM TPYNIl 3NEMEHT g B OKPECTHOCTH CHUHHLBI 344ATCH
BEIPAKEHHIEM
g= ®9XP(‘*(.>Q(”),
pomycrumo ero obobmenne Buna
g= ®exp(£;2afa k4, ),
i

rae A; - resepatopwi anrelpsl, 0%- TmapaMeTpHl BHEMHETO Twna. CBIIEBHIE BENVMHHEL
@/, €Y MOTYT COREPKATH CBOW ICHEPATOPH! U CBOM NAPEMETPH, MyNLTUINIAKATHBHO ¥ aj-
JWTHBHO MEHAA HCXORHYIO CUMMETPHIO.

Tlonazas, umo ece napamempsl MOZym MEHAMbCA OUHAMUYECKU % Bblmb CO2IACOGAH-
HBIMY Opye ¢ OPy20M, Mbl NPUXOOUM K CUMMEMPUU AKMUBHO20 mund. BaXHO IPOaHatin3npo-
BATh KaK caM OOBEKT g M BOIMOXHOCTH ero M3MCHEHMSA, TaK ¥ alllOPHTMBL r0 HCTIONb30Ba-

HMS B (U3AYECKUX MOAeNIX. Ecan B ypaBHeHuS (QU3MUeCKHX Mojenei HEmoCpeiCTBEHHO
BXOZAT A3MEHSIONIUECH TeHepaTops! anreGper I M IapaMeTpsl CHMMETPHA #':

T -T, woi,

Torza Quandeckas MoJelb YIUTHIBAET JUHAMUKY aKTHBHOHA cuMMerpuu, Haubonee cinoxen
JULS QHATM34 CIIydaif, Korja (I"{, #' ) MEHAIOTCH COITIACOBAHHO JPYT ¢ APYTOM.

OTMeTHM IVIaBHYIO YEPTY aKTHBHEIX CHMMETPHH, COCTOANIYIO B TOM, UTO OHH 4HAJIO~
TUYHB! 3aBACHMOCTH HapaMeTPOB CUMMETPHE OT BHYTpEHHHUX HepeMeHHEIX. B mecnenyemom
HaMH CITy4ae, COIIacHo pasaenam 1.3-1.4, MBI HCIIONMB3yeM alropHTM:

~i W @ ~1 [ i
W =Fus+F,us=u =(I—w)uﬁ+wum,

F+F,=1, 0'0=1, [=0TQ,

O =diag(l,,,w), w=1- exp(- Po(n— 1)),
310 03HAUAET, ITO
ao=w((xe), wixt)), T =T ((x1) wixr).

Crenosarennsro, MBI BUpaBe Haj Kakao# TOUxOH NPOCTPaHCTBA C XOOpIURaTaMu (¥, f) pac-
CMaTPHBATH BHEUIHIOW (0uf-) K BHYTPEHHIOO (in-) CHMMETPHH, KOTOPHE, HCIONB3Ys CBA3C-
BYIO {/-)-CHMMETDHIO, 3a/I850T AKTHBHYIO CHMMETDHK), IPUMEHAEMYIO B QUBHIECKON MOZENH
(puc. 1.12). Hagum ero onucarue. Ilycte cummeTpust Go, 3a1aer monemd PAM ., a cam-

merpua Gy, - Mogiens PhM . C yuerom cuvmvetpun G, i cBg3edt (G, KOTOpEIE 0OLIYHO HMe-
YOT QU3NYECKOE CONepAHUe, ML PHKOAKM K dulmdecky axrusHolt cummerpun G, . Oua

3a/laeT HOBYIO Monens P hm. Ilpw stoM Moguduuupyercs # G, . HampuMep, yroqHseTcs u
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PACLIMPSETCS CMEICI €€ HapaMeTPoB, PONb X MECI0 B dusuveckoi Teopun. Ilpu yBenuueHuu
KOJIHYECTBA MCTOIb3YEMbIX CHUMMETPUIA M X COTTIACOBAHMA BOIMOMHO JOCTHXEHHE HOBOTO
KaqecTsa QUINHECKOH MOJENH.

Phm
out

Puc. 1.12. T'patuyeckas gHarpaMma KOHCTPYHPOBaHHA CHMMETPHE

st GAG-monynst pons Gy BRTOIEAET V(4), pons G, - Q¢ (rnasa 3). Cpasesoc
3BEHO Gy CAEAYET U3 MPEATONOKEHNAS, TTO KAKJAs TPy HMEET CBOM METPHYESCKHE HPOSB-
JIEHHSA U 9T0 HaWAeHHOE LA G,y dMeeT 8Nalorny B G, Toraa HpocTo MOHAT, 970 €CTh IPo-
crpancTeo cobsrruii SE, acconmupoBanioe ¢ Goy M UPOCTPAHCTBO cocTOsHMA SS, accouun-
posangoe ¢ Gi, {Tnass 3, 4). Hx MeTpuxu

(g”,r” )e SE, n’eSS

UCIIONB30RAHEI B ypaBHEHUIX Maxcsenna, Mer gaxmuuecku umeem deio c ancambrem "e3au-
modegcmayouux” cummempug. OT TOTO, KAKUE YUTCHBI CUMMETPHYM, KaK OHH CBA3AHbI, KaK
110 HUM MOJIENHPYETCs SBIEHME, IOYIHM KOHKPETHYI CXeMY aHann3a A8jIeHUH U CONOCTaB-
JICHHE €€ C FKCHEPUMEnTOM. Mozienb HHEPLMX MOKHO PACCMATPUBATE KaK sapuanm yanybie-
HuA usuueckoti meopuu. AHATH3 MHEPLHHE SJeKTPOMATHHTHOIO OA # €¢ JWHAMHKA MOA-
TBEPX/IBET H3BECTHOE MOTONKERUE, HT0 "CKphiTad HRGOPMAHUS ©CThb BCETIA M OHA MOXEST
OpiTh BaXHON", JIcHCTBUTENBHO, TONBKO JONOIHUB CumMerpuio Jlopenrua SO(3,1) KOTOMO-
JIOTHUECKOl CHMMETpHeH, 3aJalolel TPYIIIy cKaIapoB

we H'(g, 4)

¥ HenuhelHo o0beIVHNB CHMMETPHH B MX KOHTPYSHIIMIO, MBI CMOITIH HOMyuMTh u3kve-
CKYIO TEOPHIO MIEKTPOMATHUTHEIX ABICHWH D3 orpanuuenus cKopocT. B Teopuu 3aeKTpo-
MATHUTHBIX SBICHHH OHIIO CKpBIMO MHO2006pA3UE JTOKATLHBIX MEMPUK, B TACTHOCTH CBEPX-
CBETORAS METPHKA

rv =diag (1,1, 1,- w),

a TakoKe TOT (PaKT, Y10 €¢ KOPOMONIOTHICCKIH MHBAPHAHT
r=det{rs)=-w

IMHAMIYCH. DTOT SJICMERT He 33BUCHT OT npeobpazopanna 4 = Q40 . Crphro 6510 Hamm-

uue npoctpasets SE u SS B Qrauueckoll Teopun. CkphITH OBLTH Jed)OpMATOPEL, IOCPESACT-
BOM KOTOPBIX MEHAOTCH I'eHEPATOPS! aIreOpal CHMMeTpHIL.
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MartemaTHIecKH M3OMOPQHEIE MOZENH CHUTAnHCh (H3MUCCKH 3KBHBAICHTHBIMH.
DaKTUYECKH MBI UMEEM Ie10 ¢ KNACCOM IKBUBANCHTHBIX BEJIMYUH, KOTOPBIH MOXeT GHITb
HANONHEH (H3MUECKHM  CONEPKAHMEM, 410, B HaCTHOCTH, BHIPAKAETCS  uepe3
Q=diag 1,1, w(;’c’,)) OnHaxo, O-BUAMMOMY, TO He Tak. Msomopduim Beerna oznadaer,
YTO (DH3MUECKAs MOJENb, ¢ MMEIOUIas, MMEET CKPBITHIE CTETICHH CBOOOIE! H CKPHITHIE BO3-
MOXKHOCTH. [na gusuxa "packpoims” uzomMop@uam 1 ucnoab3osams €20 He MEHee GUdCHO,
YeM O MAMEMAMUKA HATIMY UIOMOPPUIM, @ MAKIHCE CUMMEMPUL CUCTMEMBL YPABHEHUY, KAK
U UX pelenus.

3aMeTIM, TTO HYAbMEpHAS 2pynna Komonozuti Xoxwumoa H' (g, A) ecmb Y Kascoon
accoyuamusrol aizefpul. Ho M MHepHUA, KaK Mbl Celfdac 370 IOHHMAEM, €CTh y KAKHOTO
offbexTa M ABNEHMs. 1103TOMY COEAMHCHHE ONHOTO OOIIEr0 MATEMAaTAYECKOIO CBOMCTBA ¢
apyraM o0mmM QEsHIecKkrM CBOACTBOM BEIIJULKET CCTECTBEHHO. 3aNMITeM TaKylo BO3MOX-
HocTh (opMynoi: "HHepnus QyBXIMOHAIRHO KOTOMONOI'MYHE, €¢ KOFOMOMIOTHE JUHAMMT-
aEr". MBI IPEXOJMM K MCTOKaM HOBOM IIPaKTHKH, BAXHOW HE TONbKO ani dusuxos. U unep-
RS MBIITICHAS, M AHEPIUS TyBCIB XAyT MATEMATAHECKOrC H (GH3AYECKOTO, CHOCOBCTBYS
COBEPIICHCTBY TOBEACHHS He TOIBKO 00BEKTOB, HO M CyGBEKTOB.

Mz1 y6enumuch paHee B TOM, WTO NMOKA3aTeilb OTHOMICHMS W BBIONHAET PONb (ans
BHOIIHEH MHEPIHN 37eKTPOMATHHTHOIO IIONA), aHANOIHYHYIO POJIM IIOKAa3aTels Iperomie-
mnA 7 (4714 COOCTBERHON, BHYTPEHHEH MHEPIMH 3ICKTPOMArHUTHOTO 1o/1s). I1o3ToMy

s
wen,

s
rae 3Hak < BBeIeH Ami 00o3HaUeHus TepmuHa "B3ammHas copuCTaTHOCTR", AHanorus yc-
TAHOBJIEHA TONBKO W3 aHaiusa QYBKOME w M # JIA pasiudHBX CTOPOH HHEPLHH. D10 Ha-
4abHOE COOTBETCTBHE CTHMYAMPYE! N3ydeH!Ee COQUCTATHOCTH B 1enoM. Mel IpUHSIH payee
TOYRY 3peHuA, 9T0 coduerarnocTd cootsercrasyer OA3ZNC unu SES-xoHcTpyxuus. Ee Mox-
HO UPENCTaBATH B (OpMe HEHTPAILHON IIOINA[M TOpoia, X KOTOPOH CXOHMTCA CHCTeMa
YL, KOKHOH U3 KOTOPHIX CTABHMTCSK B COOTBETCTBHE HEKOTOPAs Ipanb coducrardoctu. B
PaccMATPHBAEMOM CIIYYae MBI MOXKEM OTMETHTL TAKHE BAXHEIC IPAHM: M W H A 3aBUCHT OT
HWIOTHOCTH CPelbl 05 ¥ W U 1 MOTYT OBITh KOMIUIEKCHBIMU MHCIaMH; # W H 1 MOTYT 3aBUCETH
oT ApyTHX QusMHecKux noned. HAPHMEP, OT COCTOSHIS TPABUTANMOHHOIO NIOJA WY OT {14~
paMeTpoB, OTHOCHIIMXCS K IPAMATEPHH. Benutumus w U 1 MO-Pa3HOMYy BXOJST B YPABHEHUS
Gu3uuecKoi MOIEnH, OHY IO-PA3HOMY BAXSIOT Ha NapameTpst 00BeKTOB M ABICHANA.

1.7. BAPUAUUOHHDLIE ACHEKTb! MHEPLIUN

Hoxazano, ymo snexkmpodunamuxa Maxceensa 6e3 ozpanuuenus cxopo-
CIMIL UCHOTLIYEM CRONCHYIE CEA3U MEHCOY NOTAMU W UNOYKYUAMU, KOmOpble
MPYOHQ noAyuUmS U3 SAPUAYUORHOZ0 Popmanusma Viasano, wmo mpebye-
mbill U3 (huzusecKkux CoOBPANCEHUS KOMROSUM - HEMEN3OPHBIU 0Bbexm, npu-

cnocobiaen x nocmpoeHwo 131020 Npeot meoput Maxcsesia
6 gpynne obwux iHbix npecbpe i GL(4, R). ITo ananoeuu ¢ meo~
pueti Hirnuimetng npedrodiceHo onuckiBams OUNHGMUKY UNEPYUL ekmpo-
MAZHUMHO020 HOMY Yepes O y K 020 HOAR 2P JUOHHO-
20 muna.
PaccMOTpUM IIOTHOCTS JTarpamKiana
=~ 1
L =T g I:nm me M

l6x -

roe j—g =detV?2 %g i| s £y - TEH30p mONS, H*" - TeH30D HHAYKIMH, HCTIONE3YS CRI3H
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Kanonwsecxli TeH30p SHEPruu-AMIyNIbCa COTTIACHO €0 ONIPELEIeHUIO

aL

r;=—52L+5—(§I-A:}8kAP

1;:21;(—F'P akAP+%5'kF,mH'"}

HMeeT BRIpaKeHHE

OH HE CHMMETpPUYEH
gk # Th

TeH30p COMHE COTIACHO €T0 OMPEISNCHHI0
aL

I
or = A, =——Hr 4
o, A )T A k

TOCPEACTBOM JMBEPreHUMI JOTIONHNET KAHOHHYECKNH TEH30p SHEPTHH-HMITYNIEC J0 CHM-
METPUYHOTO BHAA
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th=7,+0d, 0] =4—1”—(—Hrkap +%é‘;Fm Hfm].

Tlpw awanu3e JUHAMBKYA MHEPLMM KaMUGPOBOIHOTO ION HYXKHO YIATHBATE oGHApY-
JKEHHBIE HOBEIC HUEPTHI YIEKTPOMATHUTHOTO TIOJIL:
1. B ofuiem crydae CylecTByeT Napa KanuGpORO-HEIX TONeH, CHeAYIOLIMX U3 IPAMOTo po-

u3BeleHNA KaOpoBounoi rpyumet U(l) ua cebs. [Moms , h, _} B BapuanuonsoM hopma-
Py rp? kp

IIH3ME NIPEeACTABICHE! B CBOCH sXBHBaNEHTHOM dopMe Hepes nedopMarops! (g, #):

Fep =g™ Jin g, H*? :r“h,”J F.

ITpn sTom (g, #) MOTYT HMETH CBOKO JUHaMuKy (raasa 1).

2. Hapa xannGpoBOTHEIX TTONEH, CBA3AHHEIK Mex Ty coboli, grnsercs ofmum crolicTBoM (bu-
3UYECKAX ABICHUH, 9T0 HEOGXONHMO YUWTHIBATH IIPU HX @HANH3E U IIPA IPOBEACHHUM SKC-
[EPUMENHTOB.

3. Buy seipaserus g18 (¥ credyeT BaXOJHTh W3 JONONHUTEILHEIX IPEATIONoxKenuit, B da-
CTHOCTH, /It 3TOI0 MOMKHO MCTIONB30BATS PA3BUTHI JMpaKoM MeToq MHOKHATEN e Jlarpan-
sxa. Torjpa, HalpuMep, Ans JMEKTPOIHHAMHKE 663 OrPaHUHeHNs CKOPOCTH MMEEM JIarpaH-
xnad [117]:

L=aF, Hr b (Hm- ymoki F ) By (2 - 05(Qm Q- Qi Qnk))-

p
+rmLQ’”" —71/;1—: g +(§wﬂ—- )u"‘u"p-}—rp (u" —(1—w)ufps ——wu:)#-

4 r(w— 1- exp(— Po(n- 1)))

Baxnefineil 1epToii mMpeaIoxeHHON MOJIEIH ABIIETCS UCIIOIL30BAHNE s JTOKATBHON MET-
puKA cobprThit SE BRIPAXCHIL
g =diag(l,1,1,1w),

B KOTOPOM HSTBEPTaA KOMIIOHEHTA TeH30pa MHUHKOBCKOrO yMHOXKCHA HA CKAIAp W, Ha3BaH-
HEIH OTHOIICHMEM. DTa BeIHMUHMHA He CiyHalina B TeopuH. HazoreM ce xovmosurom. Ceifyac
HOHATHO, ¥TO T4K MOXHO J€aTh, ECITH MLl JKeIgeM NONYTIUTh U3 Jarpamxesa dopMatmiMa
HenwHeHHsIe OPENCTABISHUA CHMMETpHi. JeHCTBATENEHO, BENRIURE! B JICKTPOSUHAMIKE
Makcaea 6e3 OrpaHMYSHNS CKOPOCTH MOrYT 3a[@BaThCA [OCPEACTBOM HENHHERHOIO mpes-
crapiennd jmgeknRo rpymmsl GL(4,R). I'pynna SL(4,R) sBiserca ¢ HOPMANbHOM NOATPyI-
no#, 4 daxrop-rpynna
¢ =GL(4,R)/SL(4,R)

MOJKET ObITh OTOMECTBIICHA C HYJIEMEPHOM Ipynyol KOrOMOJIOTHH JLIs TPYIINILL 3aI0IHCHAS
Vi) = Uf)xSU(4) dusuaecknx mozeneif (rnasa 3):

we H°(V{4), R).

Kpome toro, opa Ces3asa ¢ GM3NICCKEMU IAPAMETPAMH CPeARt, B KOTOPOR pacipocTpanser-
Cf BIEKTPOMATrHUTHOE 11011, KOTIA

¢ =w=1- exp(- B (n-1)).

DakTHUCCKI HaMM IIPHHSITA TOYKA 3PCHMA, YTO MHEPIHA KOIOMONOIMYHA. MaTemaTHUeCKH
3TO O3HAYAeT, YT0 IPH HAXOKACHMH HEJMHeHHBIX IPEJCTaRIeHUN CHMMETpHE (arTop-



58 nasa 1

TPYIIA MOXET GBITE OTOMASCTBIEHA C FPYINOH KOrOMOIIOTHIA ¥ KOMITO3HTHO BOHTH B BapHa-
muorEL Qopvanusm. [TonsTrO, 910 310 TPebyeT aKKypPaTHOrO MaTeMAaTHIECKOrO AHATH3IA
npobaeMsl HHEPUHU,

4, CkopocTs # CIERYET TAKKE PACCMATPHBATE KAK KOMIO3UTHYIO BEIUYHHY, TAK KaK CBA35

P W il

143 rH
O3HEMACT, 910 CKOPOCTh HCTOUHUKA WalyTenust U . 1 cKOpOCTs Cpefsl U, CBS3aHs! APYT C
JIPYTOM uepes BeCOBbie QyHKLIUN
W, =(1‘ w), Wy, =w,

CYMM& KOTODHIX PaBHA SJOMHEIE M KOTOpHE MMHEHHO 3aBHCST OT IPYNIsl KOToMOIOTH
H°(V(4), R).

5. 3ameTuM, 9T0 \/:E BXOZWT B (hU3MIECKYIO MOAENE A 3a7aHRAd CKANAPHON NIOTHOCTH.
BO3VOMXHEI APYTHE BapuaHTHI, Hampuvep, BEIOOp "Mepsi" coOwirmit SE M0 KaHOHMIECKOH

MeTprKe MUHKOBCKOTO
J=7 = det/ (diug(3, 1,1, 1)).

6. Jlarpauskers GOpManu3M BCeraa uMeeT "CKpRITyIo" mapy:

a) OTIOPHOE MPOCTPAHCTBO-BPEMS;

6) M3MEPUTEIBHBIE YCTPOHCTEA ¥ MX TIOBEACHMAS.

Tak cHeNnano CO3HATENEHO, 9T00R OCROOOUTE aHANY3 OT SBICHAH, BHENIHUX 110 OTHOICHHIO
K HUM

7. Ciusoprad Hopva ypaBHeHuH, Helons3yeMas B riase 3, HeynoGHa pIs narpamkesa Gop-
MaTusMa, Oua SIBHO COREPIKUT a.12e0py 3anoaHEHUs 1 wieebpy npossierus Gusndeckol o~
Iein, & TaKKe JOUNONHUTEIBHEIC SICMEHIEL, 00YCIOBICHHEIC KaK ONOPHBIM IPOCTPAHCTBOM-
BPEMEHEM, TaK ¥ H3MepeHUeM. 1103TOMY B pedlbHOM CUTYAHHH MOXKET CTaTh BaKHBIM H IO~
JICSHEIV aHaIn3 (QH3FIeCKOTo ABTeHMS BHE Narpamkesa Popmanuzma. homee Toro, BeposTHO,
CYIIECTBYET ANIOPMTM, KOTOPBIA [O3BONLET NOIHE K CONEPIKATENFHO aHAIM3IAPOBATh A3Ie-
HHe, HE HCIOIEBIYA €70 BAPHALMORHAIX ACTICKTOB,

8. Yxazanmple 3aMeqanus MOTYT MMETh MeCTO IMpH BeIRoje 0bofruennsx noned tuna Sura.
Munsca. B 4acTHOCTH, 118 HUX JOTYCTHMEI JONOJHWTEIBHbIE AUHAMHUECKNE YPABHEHHS
BUJR

KaK IPEJUIOKEHO B Tirase 1.
9. [Tonaras, 9T0 B3aUMORSKCTBIE MATYHSHHA ¢ BEIIECTBOM MOYKHO PACCMATPUBATE HA OCHOBE
CHMMETPUYHOTO KOMITOZUTHOLQ 1011, 00pa3oBAHHOIQ M3 CHMMETPIIHOTO TEH30pA, BBSIEM

a7 - o T

rae b* - noxamemsit xomrosut b+ = diag(l, 1,1, w), @' - dusmaeckue mona THNA rpaBHTa-
nuH, & [ - Gaxtopsr KOMIIO3HTHOTO OTHOLIEHRA YTEKIPOMArHUTHOTO JICIE K €ro OKpYyXKe-
muio, Hazosem Q% KOMIO3HTHEIM rroeM. B OTCYTCTBRE CPelsl OHO MOXKET GRITh aHATOTHY-
HO TpasHTalHOHHOMY Nomio. MBecTHo, cienys PoseHy, yto Jarparmxnan
= — ! Ju mn(Gk G -G Gk)
g Iﬁﬂ'v g8 Im ~nk mr Ik
OPM 32JaHHY
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1
G, :Egkp (Dm g8x+Dg,,~D, g{m)‘

rae D, - xOBapUauTHas TPOMIBONEAsS NIO METPHKe MUBKOBCKOTO, 33%aCT YPRBHOHNS TPaBu-
taun DimTeiina B hopme JoryHosa [118]:

yid, 0, Qm=xTm, d Q=0

Onu MOTyT OBITH UCIONB30BAHH AN OTIMCAHHA BO3AeHCIBHA "KOMIIOIUTHONO" 11O/ HA SMEK-

TpomarauTsoe noie. Ipu atom detUQ” “, N » ”Q" MOTYT UIPaTh POIh HOBRIX AUHAMHIECKAX

I
BEJTHHMHH.
10. U3 BRIpaKeHA ANL OTHOWCHUA W CICXYET, HTO OHO YAOBNCTBOPAET PENIAKCATUOHHOMY
SIVHAMIIECKOMY YPABHEHUIO

dw
__dtf =—Po(w—l), W’;;o =0,
TlockonbKY MBI DPAcCMaTpUBaeM W Kak DJIeMEHT IDyNIIsl KOTOMONOTHH XOXIIMIbAa
H O(g, A}, OyAeM CUUTATh, 970 NPW AHANM3E WHEPHUM IO, oOyCHOBNEHHON BHCIHWME
DAKTOPAMH VIS ZDYNI KO20MOROU OOMYCKAIOMCA 6Ce ME OUHAMUKY, KOMOPBIE UIBECIHbL 8
Pusuxe (8 UACMHOCMU, Yepes PYHKYUORATbE OM KO2OMOROZI), HaIpEMED,

dH«

7g,-:—PO(Hq -HE), He

= q
§=0—H9‘

11. 3aMerum, 4TO B SIEKTPOJUHAMUKE MaKcBeia HyXHO OIHCKIBA1b aGCOMOTHELM TEH30D
F ¥ OTHOCHTENLEEI TEH30p (TEH3OPHYIO ILIOTHOCT: Beca +1) H* B ux gunamure. Co-

racHo cBszu H* = aJ:E QmQmF | BapHalHoOHHEIH GopMammsm 00s3aH TaTh ypaBHEHHS
He TOJBKO AT JIEKTPOMATHKETHOTO OIS, HO H /UL CKA/Ipa ¢ U V1A TeH30PHOH [UIOTHOCTH
(\/TE ), ¥ s Tersopo (™. Chenath 310 B 00mIeM Buje HEIPOCTO M HOTOMY GH3MMeckuil
aHanw3, Kax 970 CAENAHO B paynene 1.1, ciocobes Bo MHOTOM IIPOSCHUTE CHTYALIHIO.

12. Bemvunea 4/~ g HMeeT B TeOPHM Makcpeslia caMOCTOSTEIPHOE 3HAYEHHE H OHa CTI0Cob-

Ha, KaK [I0Ka3aHO BHINE, YIIPARIATE CTPYKTypoi Q= Tomolormyeckas ee Npapoia O4eBU/L-
Ha, KaK H HOTPeBHOCTD yyeTa JUHAaMHKE TOIONOTHA B (QU3RICCKHX MOJEIIX,

1.8. OBOBLUEHHAA 3NEKTPOAUHAMUKA MAKCBENNA B
BAKYYME

Tloxasaro, umo donycmuma Hoean Inexmpodunamuxa Maxceeina 6 eaKyyme
B neil nu epynna Fanvines, wu zpynna JTopenmya e wysichn, eciu Hem omuo-
cumenbrbix ckopocmen 1Ipu Heryneevlx omuoCumensHblx CKOPOCIAX 6 6d-
Kyyme HYHCHO ucnonbiosamy zpynny I anunes. bes 0onoinumenshelx yeaosui
zpynny Jlopenmya ucnonb306ams 8 60Ky yMe HEKOPPEKHO

Xopowo H3BECTHO, 9TO NPABMILHEIE BLIBOE! JOCTHMAIOTCA Hpy (H3NYECKA KOPPSKTHOM 10~
CTAHOBKE 3344 W MaTeMaTHUeckM KOPPEKTHOM WX PENICHHH, PaceMOTpHM TaknM ofpazom
SIeKTPOAMHaMHKY MaxcBellia B BakyyMe. MICTOPHYECKH CHOXMIIOCE TaK, UTO CUMMETPHA
Jopenrnia Bouwia B (GH3UKY HA OCHOBE AHANIM3A BAKYYMHBIX ,)lrpaa’{{eﬂnii Maxcsemna, korza
HCTIOILIYIOTCH CBS3H Ui ToNel ¥ uuaykuwi Buga D =F, B = [ . Ksaurosas 31nekrpoiu-
HaMuKa, Iepefiis K YeThIpexnoTeHlnanaM, 6asupyercs Ha BaKyyMHuIX ypaBHenusx. C aroit
HOPHE nycmoma (8axyym) cmana uo0IoM, KOMOPOMY ROKIOHANOCH HE OOHO NOKONEHUE (husu~
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xo8. Dpup ne ucues. On cran HA3LIBATHCH BakyyMoM. B Hero Bknagsianocs Beg, wro Gsuio
YrOJHO Oylie Hecnenosarend. Ho MeXanmecKux W IPOCTPaHCTBEHHO-BPEMEHHBIX CBOMCTB Y
BakyyMa He Oruto... BMecTo ananusa peaibHbIX YCIOBHMH 1 YYETa MX B MOCTH CTATI0 MOJHO
OPUAYMBIBATH HCKYCCTBEHHEIE KOHCTPYKUMH, CO3LABas MMp IpH3paxkoB B @actHOCTH, GBLI
pa3BuT Me10f ananu3e $U3EIeCKUX IBNeHUH Ge30THOCHTEIBHO K MX MPOCTPAHCTBEHHBIM MO-
JENAM B TPEXMEPHOM IIpOCTpancTee, TakuM npuiert B Gu3uKy omon: yacmuya 6e3 pasme-
pos u be3 gpemeny scusny. Y AMBHTECIBHO, 5TO0 TAKOH MCKYCCTBEHHEIA MOJXOA OK43aics yc-
HENIHLIM Jyis ONMCANAS ONBITHBIX JaHHEIX. [TonaTHO, 4TO OOYCIOBIEHO 310 B HEPBYKY OYe-
pelb BOIMOKHOCTAMH MATEMATHKH.

Ceifuac yixe SCHO, 4TO B 3AEKTPOJHHAMMKE BakyyMa GBLIH HEOBOCHOBAHHO orﬁpome—
Hbl BaJKHBEIE tbuanecme (haxTOpBL: CKOPOCTE INBIUKCHMSA UCTOYHMKA U3IYIEHMHA “ 4 CKO-

POCTE CpejIst um {(KOTOPYIC HEOGXOMUMO YUUTBIBATE B BAKYYME, HOTOMY 4T0 H3MEPEHHe CBO-

JUATCS K B3aMOAEHCTBHIO [I0JISF CO cpeioi), a TamKe CKAIAPHAS BSAWYHHR W, KOTOPas 3aBH-~
CHT OT ITOKa3aTeNs PEIOMISHNS CPEIBI 72 IO 32KOHY

w=1- exp(— Po(n~ 1))

Ona Ha3BaHa TOKA3aTeNeM OTHOILICHHS U YKa3pIBacT yCJIOBHSA, B KOTOpLIX PacnpoCTpaHacTCs
Al

3MEKTPOMArHUTHOS HOJE, 337aBas B sakyyve w = 0 u Benuuuny w = 1 B "mioTHo#" cpene.
Anamns nokasan (riasa 1), ¥TO OTHOLIEHME W CBA3RIBACT MEXULy coboi cxopocTy
43

i ¥ 4, COOTHOIICHHEM

={- w)u 4 wu
O6o0meHnbIe CRI3M MEXIY HOMLIMM M HENYKIAIMYE MMEIOT BHI

g=£1?’+i—1“2 ‘\wﬂzf‘—wg(ﬂh{ Ig)+ %xg]},

e . nm
=(l-B2w)', c=cu-w, cﬂzu(uh,ﬁm).

Onu HemrHeHHE! 10 W(k), GE30THOCHTENBHEI K CHMMETPHIHEIM CBOUCTBAM ypaBHeHuI Mak-
CBEJINE K MOTYT OBITH 3aIMCaHG! B "TEH30PHOM" BUZE

He=[-gQmQeF

3mecs
Qim =_]-[>glm+ E_&_I\Juzumw,
sl woo )]
u’-(l w) Ul + Whl,

g =diag{l,1,1,w).

Hockomsiy u! ~~/w, cBA3M He umeior ocobernocin mpr w=0. IToyyennas cucrema ypas-
HEHWH
8 Fa=0 d, Hi —Sl Hé = J-gQmQmF

nMeer TeH3opHE BuA. OHa HHBAPHAHTHA OTHOCHTEIBHO MPOU3BOIBHLIX JIMHEHHBIX HEBbI-
POXKACHHRIX NpeodpasoBanyii



OnekTpognHamuka Maxkcsenna 6ezs orpaHU4eHUst CKOPOCTH 61

x¥ =ak xk 4 b¥,

no3roMy u rpymia JlopeHTia u rpynna I'anuiues sBIsiOTCS TOYHEIMA CHMMETPISIMH ypaBHe-
it Makcsenna [117], cooTBeTeTBYIONME CBOUM 3HATCHASIM W.

Metpuxa g™, GOPMUpPYA CBSI3M, 330aST OTHOCHTEIBHOE TIPOCTPaHCTBO cobnruii SE B
thopMe MeTpuK MUHKOBCKOIO Ift 3NEKTPOMATHATHOTO nonst (rnasa 4). M3 Te3opHsix ypae-
HEHUH BIIHO, 9TO TAKOH BapHAHT HE NPOTUBOPCUHT MCHOIB30BAHHIO B KA9ECTBE OIIOPHOIO
MHOI'000pa3uA HBIOTOHOBCKOI'O IIPOCTPAHCTRA-BpeMeHn R3x7! B MONEMH 3MEKTPOMAarHur-
Brix sBneHudt. B dopme GAG-Mojyis, ONUCAHHOIO B [VIABE 3, COCAMHOHB! alCONIOTHRIE H
OTHOCHTE/IBHBIE CBOHCTBA IIPOCTPAHCTBA-BPEMEHH.

AwManiu3, BRINONHEHHBIH B riase 1, NOxasal, 9To IIpH H3MERSHMY W IPOHUCXOAUT He-
mHEHHOE 110 W H3MEHEHHE CKOPOCTH MO v, ¥ €r0 9acTOTH & Junamuxa wecoGeraenHol

M 1 1
HHEPINH II0TS COXKHA JUIS CUTYALHUH, KOTAR CKOPOCTE #,, WM #,, HO PABHEI TOKACSCTBEHHO
Hy/0. Bapuantst

i

H /1 n H H
a) ufsio, u =0; 6) u'fs:O, u, #90; B) ufS#:O, u #0

m = m
[OKA3BIBAKOT, YTO 3TH BO3MOXKHOCTH (DH3HIECKH Pa3IUIHEL
Metpuka g MOMKET paccMaTPUBATECH Kak IIpeofpasosannad KOBPOPMEAsS METpHKa

gv= w% -diag(l, ], 1a 1)’

JOTIyCTHMAS YpaBHEHAIMHA MaKcBea, HMEIIUMHE KORQOPMHYK CHMMETpHIC. Bemmunuaa w
3aJaCT BIMAHAC (U3MUECKON Cpeisl Wil BHEIIHMX MOjel Ha snekrpomarsurHoe none. Cy-
TIECTBYET TAXKE BAMIHME 3JEKTPOMATHUTHOTO NMOML Ha (uiueckyro cpedy. Hasosem orno-
LICHHE W, CPEIbl K JISKTPOMATHHTHOMY IIOJIO KOTOMOJOIMYCCKHM NeHCTBUEM, a OTHOIIE-
HHE 2ICKTPOMATHUTHOTO II0JIS K CPefie W, KOTOMOJOTHYECKHM NpoTuBogeicTBieM. IIpumeM
NpPaBIIO

ChopMyTHPYeM eT0: KO2OMONOZUUECKOE DeiCmEue PABHG KO2OMONOSUHECKOMY npOmusooei-
cmawo. CIeAoBaTeNIEHO, IPY aHAIM3E HICKTPOMATHATHLIX SBICHUH CHERYST YIUTHIBATE KO-
FOMONOTHYECKME XaPaKTepHCTHKH QH3MIECKOH CPeIbl, paBHO KaK ¥ KOTOMOIOIHMYECKHE Xa-
pakrepuctaxy moaa. Bakyywu, xorna w=(0, KOroMonorsdecky ominyaeres ot "miotHoi" cpe-
1L, korga w=1. Tpunumas 0b6o6uenitvie CeA3U MEHCOY NOTAMY Y UHOYKYUAMY, Mb! 3aK1a0b!-
8aeM 8 HUX OUHGMUKY Kozomorozuil. TIOCKOIBKY OHY YNPABILTOT AMHAMUKON HHEPIMH IIOISA,
CHIENLYeT CYNTATE, 9TO (UIULECKUMY PAKMOPAMYU UHEPYUL SIGTAIOMCH SPYNIbL KO2OMOA02UY, 6

wacmuocmy, H'(g, 4), paccmampugdempie  Kak  QuHamMuuecKkue  eeauuunsi. Ecmm
H 14 e a
u, = 0, u,=0, £€=1, u=1,100606WwenHABIC CBA3M AT NOTEH ¥ HHAYKIHHE HMEIOT BHA

noon 1

13
D=E, B=H.

OjHaxo B OTCYTCTBHE OTHOCHTETBHBIX CKOPOCTEH Tepsel CMBICH aHANIU3 WHBAPHAHTHOCTH
ypaBHeHH# Makcsemra OTHOCHTENBHO NPOCTPAHCTBEHHO-BPEMEHHEIX IIpeobpa3osanmii 1o
CaMoOMy OIPENCTCHNI0 9THX cuMMeTpuit, [IpuHsTo CYnTaTh, ¥ro ITOT CIydall COOTBETCTBYET
rpymnne JlopeHTna, MOTOMY 4TO MpY MOJICTAHOBKE BAKYYMHBIX CBS3CH MEXIY HOISMM U HH-
HyKUMAMY B ypaBHeHHS MakcBemra Homydaercs cricieMa, COXpaHaromas CBOH Byl Jipn aei-
CTBUH Ipyriisl JIOpeHTIa. DTOT BHIBOX HEKOPPEKTCH: eI Hem OMHOCUMENbHBIX CKOpOCHel,
1o Hem CMbICAG 6 UCNOAb308AHUY Npeodpasoeanuil, komopeie codepycam ckopocmb. On He-
KOPPEKTeH TaIOKe ¢ KOTOMOJIOTHICCKOH TOUKY 3PEHMA: B BAKyyMe #=1 H IOTOMY €My COOT-
BercTByer w=0. B Bakyyme w#l 1 moromy, ecis B HeM HET MATEPHM, TO B HEM HET MECTa

rpynne Jlopentua, Baxyym sensemcs, kax u muocoobpasue R*XT', "apenot" delicmsus
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epynnvt Daaunes. TaxoBa noas u3uveckas mouKa 3peHus Ha npobnemy CumMMEmPULL SReK-
mpomaznumHozo noar & eaxyyme. T1o nepsoMy MPHU3HAKY, COIIACHO KOTOPOMY % =0, rpeob-
pazoBanus Fammex IPUMEHSTH B 3TOM CITy4ae B BAKYYME HEKOPPCKTHO. JTOro M HEe HYXHO
[enaTs, eCilu u =0, u, =0. lpobiema BOIHUKAET TOAA, KOTAA B PACUET NPHHHMAETCH

BHOUIHSAA HHEPLHA 3J1empomaramnoro 104, COOTBETCTBYIOIAA

41 i
uy #0, u, #0.

Torza raiAneesckd HEBAPUAHTHAS TEOPHS [O3BOIACT HOXYUUTh B BAKYYME CKOPOCTH, KOTO-
pte Gonsme ¢;. B oTcyTCrBME CHMMETPHHHOIO 2HATH3A PEIICHHE 34/1a49 OCHOBAHO Ha 3aMK-

HYTOH Mojieny ABICHAH. B 3IeKTpoAMHAMAUKE A 3TOTO HOCIATOTHO H3Y9IUTH YKA3aHHYIO B
riaBe 1 CHCTEMy ypaBHEHUH, KODPEKTHO NONONHHMB €€ HAYATIbHEIME M IPAHHYHEIMH yCIIO-
prsvii, CUMMETpHA €CTh 1 BCerna Oblla HOMOTHUTEIBHEIM CPEICTBOM HCCIENOBaHus (PHIH-
YecKOH MOJIENH, HO, HO-BATHMOMY, BCETAa MOKHO 0foiiTrCh 63 3T0ro aHamu3a.

CuvMeTprs ypaBEEHUH TeM XOpola, YT OHA NEPERO/INT PElICHNe B PEIICHHE, 383~
€T KJIACC 3XKBUBAJICHTHRIX pelienui, 410 crocobHO YIpocTHTE amanns. Ho cummempus ne
cnocobua 3amenums cobot u3uuecKyio modenb, Y KOTOPOH €CTh MHOIO TOHKOCTEH u Jera-
ne#t, Mojend, YauTHIBAIONIKE [PYHIE] KOTOMONOTHH, CHOCOGHEI 601168 TOHKO "0XBATHTSL" S8~
JIEHHE H TOTOMY, OIeBHANO, ¥ Hux Oonbmoe Gyaymee.

Amnanu3 oxasai, 410 rpymnna JlopeHTia COXpanseT KaK THHAMHYECKUS YPaBHEHHA

3, F, =0, 0, H"=5",
T4K ¥ BAKyyMHEIE CBA3M J1A moJiel ¥ HHIYKUMHA, B KOTOPEIX HET ckopocTelt. I'pynna INamumes
TAKKE COXpaHAeT NUHAMHUECKHE YPABHEHHS, HO OHA MeHAeT BakyyMHble cBiasd. [lpumarto
CUHTATH, YTO B ITOM COCTOMT HeAocTaTok rpynnsl [ammnes. HerpygHo BHAeTh, 4TO 3TO UX
HOCTOMHCTBO. JleHCTBHTENBHO, (U3MHMECKHE CBAM MEKIY NOMAVHM ¥ HHIYKIDUIMHM IIpH
" 5 %0, ‘7", # 0 TaKoBBI, YTO OHM 3aBHCAT eme H oT w. Jing rpymust Jlopertna B BakyyMme

MEI IPHHEVECM
eu=1 w=1.
ITooTomy
p=cu-w=0
¥ Tpymma Hopeﬁma CCIH ©¢ NPAMEHATS B BAKYYMe (%0717 310 QU3NTECKU HEKOPPEKTHO),

ekpBIBaeT” CKOPOCTH i 55 Uy lpynna Tanumes KOPPEKTHO HCMOMBL3YETCA B BAKYYME, CO-
1

oTBETCTBYA W=0, OHa "TIOKAIEBACT" 1 oo Uy
OYEBUIHO, 9TO DopMANLHAA UHBAPUAHMIOCMY GaKyyMHbIX Ypasnenusi Maxceenna
omuocumensho 2pynnt JIopenmya HeOOCMAMOUHA ORA NOKYeHUA KOPPEKMHBIX DUIULECKUX
cnedcmeuil, Tlodemy xe torza npeodpasoBagus JIopeHTHa BbrrecHUIN M3 BU3MKM rpyHOy
lamznes? B raasax 1, 2 10Ka3aHO, WIC IPOM3OIIIO 3TC B YTrOAy KMHEMATHIECKOMY METOIY
onucanus sxcrepumenta, JeficTBaTenbHo, QUSHKE UMEIOT JeN0 ¢ pe3y/hTaTaMH ONbITa, ©
W3MEPeHHRIMH 3HaueHngMu. OHM HE MOTYT OBITH HONYHYCHBI €2 B3auMOSHCTBHA BIEKTPO-
MATHHTEOTO NOIL ¢ JeTekTopoM. OBBMHO ero posis BRINOTHAST “ImoTHas" cpefd, B KOTOpo#
w=1. B Hell €u#1. Jlnsg curyammna ¢ w=1 npeobpasopanus Jlopenrua npurogssl. Ho npu
w=1 HeT BaKyyMHBIX CBE3€l MEOXKY MOMAMY ¥ HHAYKIMAMH.
Mzi BEUICHUAHW, YTO B CTAHAAPTHOR TeopHn 65U B¢ onmbKu;
a) HCRONB30BAHME BAKYYMHBIX CBA3EH PR CPABHEHMY H3MEPEHHBIX 3HAUCHNUH;
) mpumenenne mpeobpasoBanuii JIopeHTIA B BAKXYYMHOH SNEKTPOIHHAMIKE.
OHY 0Ka3aJuCh JOCTATOMHO CKOMIICHCHPOBAHHBIMH, YTO OTHCATh OIRITHBIC JaHHEE ITPH Yo~
TOBYSIK
H (]
up#ou, #0, ep#l

S
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MareMaTH4ecKH 3TO JOIYCTHMO, XOTS TaKoi IOXO[ He HYXHO HACATH3HPOBATH, Dusnue-
CKH OH Herocnenosaresed. boee KOppexTHO MOXKHO perars 3a1auy 5e3 HCHOIB30BAHMS HX
CHMMETPHHHKIX aClIeKToB, 683 1€0pHH OTHOCHTEIBHOCTH.

OG6oGIennas MORETH NEKTPOMATHITHBIX SBNCHU 24%48T OBCNCHUE CKOPOCTH i e ¥

YACTOTHI ¢) 33BUCUMOE OT W, TaK, a/1s TPyHIOBOH CKOPOCTH OIS

J ek (1*_\(1— |

¢ nk

B sakyyme n=1, w=0 1 10TOMY CKOPOCTE TIOJIS

n

51 ck + J;
=——dyu

nk
38BUCHT OT CKOPOCTH JBEGKEHWS NEPBHMHOIC MCTOYHHKE M3lyderus. Baxyym "paspemraer”!
7100561 CKOPOCTH, B TOM HHCIE CO 3HAYSHHAMH, KOTOpbie MHOro Goubiie CKOPOCTH CBETA B
BaxyyMe ¢,. B "mioTHo#" cpeae €4 > 1, w=1 u moromy

Curyatus BRIJSIMT TaK: IPH PACIPOCTPAHEHHH 3IEKTPOMArHHTHOTC MO B cpene (B TOM
qucne B TpelenaX WIMEPUTENBHOIG YCTpolicTBa) MeHserca w. Omome}me W ABISeTCH
yupasasromuM GaxTopoM Kak g CKOPOCTH, TaK H AU 9aCTOTEI &) BEIHIHHEL v H @corna-

COBaHBI APYT C APYTOM. Hamepenue ChocobHO CYWecmBenio uzmenums napamempel noas. H
BMO BCE20A HYHCHO MUSOMETLHO YHUMbIBANbs.

KBanrtoBad 3nekTPOJMHAMHKA OCHOBaHA Ha BakyyMHBIX ypaBHEHWAX Maxcpemna u
HOTOMY K HEH IPHICKUMBI BCE CICHAHHEIE 3aMEIaHHs,

3aMeTuM, YTO B TEOPHIO BBEJACH [IOKA3aTels OTHOLICHUS W JUIA ONHCAHUS BIMSHUS
cpenEl Ha HecOOCTBEHHYI0 MHEPIMIC IEKTPOMATHHUTHOTO Homd. [Ipy 0 =0 umeeM w=0.
OsHaKo ceyeT Y4ecTb, YTO IPABMTALMOHHOE NONe TAKKE ABIASTCA BHEHIHWUM (AaKTOpoM,
KOTOPBIH MOXHO GBUIO GBI HOMBITATHCA YUHTHIBATE aHAIIOIMYHO Cpefe, KaK 3TO IIpeNIaraioch
B [117]. IIpumem npeamonoxerne ob axfuTHBEON UpHpoe oTHOLIeHus. IlycTh

W, =W w,,
A€ W, - OTHOIICHUC 3JCKTPOMArHMTHOIO MO/ K Ipapurtauuonzomy. Crokenne osHadaeT

COTTIACOBAHEBIH yUeT maphl (JakTOpOB, BAMAIOMMX Ha JICKTPOMATHHTHOE HOe: BpH3HIecKoH
Cpennl ¥ rpapuTalui. [IOHSTHO, 9TO He BCe TPAHA OTHOUICHWMA HCHepHeBaroTca uvi. Ilpu
p=0 mveeM w, =w, #0, 9T0 3Ha4eH¥ue HYKHO HCNONB3OBATL B BAKYYME. AHAIOTHIHO

npu w =1, 06yCIOBICHHOM BIHAHHEM CPelbl, oflee 3HayeHne W, MOXET GBITh TEOpeTHYe-

CKH KaK BoJbIue, TaK ¥ MEHBIIE CIAHAUEL
JloIycKas BO3MOKHOCTb OTPHIATELHEX 3Ha%eHRH W, , Myl 0GHapys uBacM IPUHIH-

[HATLHO HOBELR 3dbext: mozda epasumayuonnoe noae cnocobemayem MeKmpoMacHumHoMy
RO COXPANUMb CE0I0 UHEPYUIO RPU BHEUHEHM B030elicmaut, upas pone ceoecOpasnoll
"emasku”, B obuieM ciydae 3a/iada COCTOHT B TOM, YTOGE! KOPPEKMHO YUUMbIGAms GKMUBHOE
MONOAOSUUECKOE BNUAHUE BCEU COBOKYNHOCMU UBLUeCKUX HOXCH U 06veKkmog Opye Ha Opyea.
BO3MOKHG, [ 3TOT0 GyAeT HeOCTATOMHO UCHOIb30BATE TONLKO COTVIACOBAHHYIO JMHAME-
Ky KOTOMOJIOrHH, OTOMY 9TO MHOro0Gpasue OTHOLICHHH M aKTHBHOCTEH MOWKET MMETh HO-
BHIC ¥ HEOXKH/IAHHbIC CTOPOHEI ¥ IPaHy.
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1.8.1. Onexmpoounamuxa Maxceenna OnA O8UdNCYWuUXCE men 0e3 npocmpancmea
Munkosckozo

HcemonszyeM BekTOpHEIE ypasHeHNA Makcpenna, 3agaumrsie B IpocrpaucTBe Hpiorona
R3xT:
it
n 138

VxE=-222  v.B-g,
¢ ot
, h 7 I
V-ZS=4;rp, VxH:lE)-lz+47r—J:.
¢ dt c

O606umM CBAIN RIS MOKOAUXCH CPEN
It 14 fi I{1
D=¢E, B=uH,
TIONMAras, YTO AH 3TOr0 JOCTATOYHO MX MONONHATE CIaT8eMBIMH
I - fi 143 -
I 7l Uk ,_U A
FixEu, ZxBI, -><D—l, ——xH‘,
¢ | < L¢ J

I le ]

[

9TO OHU OOBEAMHEHEH! B "rTapsi™:

I
D+o

~ H

)23 4 )
ng X E+,B(Q><B ,
c e

I

L

Il H -
h Uk 7 U Iy
B+y|—xE|, H+6\—~xD|.
Le ©
C ounrrom COrjacyercs, Kax moxasan aHanmu3, MOAEIb CO CBABAMU

] ’

11

I ri
2 =w, U=(1—W)Uﬁ+WUm.

ITpw ux BEIBOJE HUITE HE HCIONB3YeTCS HK YeTEIpeXMepHas opMa YpaBHEHWH, HU METPUKA
Munxopckore. CleoBaTellhHO, IS ONUCAHMAA ONBITHLIX J4HHUBIX [POCTPAHCTBO MUHKOB-
CKOI'0 HE SBIACTCA HEOOXOAMMEIM.

1.8.2, Cneyupuxa nooxoda Jiinmmeiinag k snexmpodunamure Maxceenna

B cpoeit pabote "K snekrpopnaaMuke BIKYIIMXCS Ten" DHHINTEHH HCION5308a1 BAKYYM-
HEIe YPaBHCHHSA 3MeKTpoInHaMuky Makceenna, OHa B TO Bpemd He OLUia SKCrIepUMEHTAEHO
nposepeHa. Bri IPHHAT HOCTYAAT, COTACHO KOTOPOMY Hu CKOpocTs Ter (duznueckoit cpe-
IB1, HaONIONATEN), HU CKOPOCTH HCTOUHMKA M3TyUCHWS HE yYUTHIBAIINCh B YPABHEHHAX (U-
3udeckol Monenn. Cumyayus napadoxcarbra: CyXaeHIE 00 31eKTPOMATHUTHEIX ABICHNIX B
TeNax GELIO C/ICNIaHO HpPH WX OTCYTCTBHH, [T INEKTPOANHAMUKH BAKYYMA, A YUeT ABWKCHHA
TeJI IPeNIOKEHO H3yYarh HA OCHOBE YPABHSHMHM, B KOTOPHIX OTCYICTBYIOT CKOPOCTH. Takoi
TIOAXOJ IO3BOJIAN IONYYHTh B "qrcTOM BHAE" IPynITy JIopeHTia ¥ fark eif yHukaibHyo du-
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3UIECKYI0 HHTepIperanuid, 0a3upyrONIyIocs HAa KOHUENIME OTHOCHTIBHOCTH OZHOBPEMEH-
wocti. Ho yxxe B s10i paboTe rpynme JlopeHTna sHaueHne npuaaeTes Somaiee, 9eM CHCTeMe
ypaBHeHu# Makcserma, k@Topas ux "nopoauia”. Taxol moaxox OLUI COXPAHEH HA TIHTENb-
Hoe Bpems. B 0606merHoA C YIETOM OTHOMIECHMNS W MOJENH JIEKTPOMAaTHUTHEIX ABICHMH Ha
nepsmﬁ IIJIaH IIOCTaBJIeHA (bmm(a HHEPUWH, AHAIIN3 €C JUHAMUKHA. prrma Hopeﬂma n npo-
crpascTao Muskopckoro B Hell MMeroT JacTHoe 3aterne. OHM JomonmuTensHb rpynme Fa-
nries ¥ IpocTpancTBy HERTORA. DiHwmelin e omkazaaca om R* y T1. OH COSMHEMT UX B
¢dr3ugeckoll Mofieny B PaMKaX KOHIETIIHA OTHOCHTENLHOCTH OMHOBPEMEHHOCTA, AHANOTHY-
10 MHHKOBCKHiT coemew] HX MaTEMAaTHIECKH, BBEIS TeH3op gv = diag(l, 1,1, 1):m R u
T TIOCTPOEHO HOBOE MHOTO0Dpasye. OTMETHM, ¥TO TAKOH IIAr HY»eH JIHINL JIf TOTo, YTo-
651 CBA3ATE MeXAy coboll TEH30pw H* w F, , 3271aBas OpOCTPaHCTRO-BpeMs CobbrTwii SE.
Dro ynobHO Ais NpuMEHEHHS, HOTOMY 49TO COIACOBHIBAET PACIET ¢ IKCNEPHMEHTOM Ge3
chTa CKOPOCTH [IEPBHYHOI0 HCTOUHYKA M3IYJCHUSA u u 6e3 BIHAHUS CKOPOCTH IETEKTOPA

um Ha wanydeane. Kpome 3TOIO, B MOAENH OTCYTCIROBAN 3GHP.

PeansHas cutyaumd, KaK HOKazamo B rase 1, cnoxsee. Ilpocrpanctso cobrtuli SE
gononEnTebEe K RIXT'. Ero MOXKHO paccMarpuBaTh Kak HEKHE  KOMILIEKC,
MHAYLHpOBAHEEIA R3 1 T, ecu BBecTH MeTpHKy cobhruit £ = diag(l, 1,1, w-1), xoropas
33BUCMT OT HyIbMepHOH IPynmel xoromomorud Xoxmmueaa we H 0(g, A), KOTOp&st
AUHAMHYECKH 3aBUCHMA.

1.9. K OBOBLLEHMNIO KBAHTOBOW 3NEKTPOOUHAMUYKMN

Hcnonvsyn ypasnenun Maxceenna co ceepxceemoebimu CKOPOCMAMY U
KoRyenyuwo "ckpeimolx” noaell, evieedens: HOgble ypasHen s ONA Yemblpex-
nomenyualos u 06o6uenHoe kaubposounoe yeaogue COerano npeonoao-
JICEHUE UIMO UX MOJICHO HCHOTBIOBAMb O1A ONUCAHUA KEAHMOBBIX COCIMOAHUN
NACKIY CBEMA, HA3BAHHBIX HOMORGMY

V3BeCcTHO, YTO KBaHTOBA$ JISKTPOJWHAMKKA OCHOBAHA Ha BAKyyMHHIX YpaBHSHAIX Max-
cpemia. ik o0o0menye, BRTLIBTHAOY B T9ES 1, Tpwdoam X oGobmermol Keasiopoh snek-
TpoguHaMuxe. [Tonyynm TAKHE ypaBHCHHA. BBEACM KOBapHAHTHYIO IPOH3BOARYIO IO [EH30-

py Q,,, cessmBaomemy (08 F, v mutyknmm A% Ilvets "veTpuxa’ KOBAPHAHTHO HO-
crosmHa: V, Q, =0, 910 33/18eT 00y u3 603MOXCHOCMeI BBEJICHUS CBS3HOCTH SBNICHAL,

KOTOPYIO MOKHO YITy6uts GUIWIecKimy nosaMu Bj’k .

B ofmem cryuae cBA3HOCTE MOKeT ObITh BEEICHA HHAYE, 4 e¢ "nopenenue” BrIGpano
B COOTBETCTBHHE co crienudHKoit korxperHo#t 3axaun. OBo61KM MONENE SHEKTPOMArHUTHBIX
ABieHAl Yepe3s yKasauHyld CBA3HOCTE, MCMOML3ys mHOrooSpasme Hetoroma R3XT'. Ilo-

CKOJIBKY CBA3HOCT 3@a¢TCH C TOYHOCTRIO IO TEH3OPa TPETEero panra Bl = 0. B paccmar-
PUBAEMOM CITydae
F =V 4 -V A =0 4 -3, 4

mn m T n o m L n " m?

HOTOMY, 910 TeH30p F, "HEYYBCTBHTENEH K CBA3HOCTU Oe3 Kpy+ewns. Torna ypaBHeHmE

Iil

Vi F =0 Fpy=0

BBUIONHAIOTCH TOXAECTBEAHO. 11yCTh
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i

K=aet2|o, |.
V3BECTHO, ITO AT METPHYECKOM CRAZHOCTH
V,A=3,A-I,A=0.
W3 Bropoii naps! ypasHenuit Maxcserna nomyanm
V. Hy=AQmQ»V, F,_=-AS.

Beuromuum  HeoOXofuMbIe npeoOpa3oBaHMs #  IPYNIMpPOBKY. VYpaBHeHus Jlamnaca-
BensTpaMu YYTYT IMHAMEKY WHEPIHH:

QuV, VA <Rpd =8

QmV, 4,=0.

OHu nepexonAT B 00LIYHbIE YPaBHEHHA KBAHTOBOH 3IEKTPOIHHAMHKH, KOT/IA
Qrn = yin = diag(l, 1,1,1),
B sToMm ciydae

m?

ytd, 0 4,=-85
ymd, A4, =0.

W3 ofobwenunix 3naueHnit Q*7, V  coedyioT HOBBIE BOSMOXHOCTH. B XaKux-10 Cirydasx
Oyaer ZOCTATOMHO CTaHAZPTHOrO NOAX0.a, B O0IeM ciiywae GE3yCIOBHO HYXHB 0006uIeH-
HBIC YpaBHCHMS KBAHTOBOM SIMEKTpoIMHAMUKH. Vix dopma comagaer ¢ ypareeHusmMy Jlarua-
ca-BenpTpaMu B PHMaHOBOM IPOCTPEHCTBE C METPHKOH Q ,,» K HAM TIDHIOKHMBL COOTBETCT-

BYIOIIIHE AITOPUTMEL. AHAIH3 YCIOKHUTCS, HO 3T0 rAen30exno. Peanbnbie CUTYalMH CIIOK-
HBl, B 9acTHOCTH, B TaKO¥ MOMIENN OTCYTICTBYET OTPaHKHCHYUE Ha CKOPOCTD M TIOTOMY HeT He-
06x0auMOCTH "YKTa/IBIBaTE SBJICHHE B PAMKY KAHOHWYECKOi rpymmst Jopentua, Bonee to-
TO, MOABJIAIOTCA OCHOBAHUA CYUIECTBCHHO ocnaburs CHMMGTpHﬁHBIﬁ ACIICKT HBJICHI/I?’I, oTAa-
BAS IPEAHOYTCHHE QUIHTECKIM jleTansM i TOHKOCTAM. OcofeHHO BaXHOU CTAHOBHICH 3414~
48 aHaIn3a [TOBCASCHIA A&TOMOB 1 MOJCKYA CBETA, HA3BAHHEIX HOTOHAMH. Owun umeror pasme-
PBI, KOH(QHUTYPALIHIO X BHYTPEHHES BIKCHHC B A0COIMIOTHOM NPOCTPAHCTES M BpeMenH, s
HX OTHUCAHUA HeT HeOGXOIMMOCTH UCIIONB30BAT TEOPHIO OTHOCHTEILHOCTH,

Yxaxem HOBYIO POfb KaluOPOBOYHOIO YCIOBHS s YETHIPEXIOTEHIIMAIOR, HCIIONb-
3yA KOHUCHIMIo "CKPHITRIX" MOTeH. YureM BO3MOXHOCTD BBEACHHS B KaauGpoBodHO® yeio-

BHE KOHCIpyKumn bfo*¥ A +V, rae by, 0% - HOBEIe mosf, V' - OKEITHI mOTEHNHAT
[Tycrs, COTNACHO TPUBEASHEOMY BHIUE BHBOAY opMy
Qv v, 4, :Vm(Q kn VkAn)‘ Rrd, =

— P —hP —_ —

=V, (QnV, 4, vbl ok A, +V —bl ok ~V)-Rr A,
Hcnonssyem obobuenroe kamubposogHoe yenoBue

k _BPoR A -V =
Qey, 4, -bjord, ~V =const.

Honyuny ypapHEHES 1S YeTHPEXIOTEHIAAIO0B

QY V A4, +V (brard, +V)+ R4, =-5,.
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Ecmu
v, brova, +v)=0,

OHH TIEPEXOIAT B CTAHAAPTHBIC YPABHEHNS. PacCMOTPUM JacTHBIC CIyHaK.
1. Brifepem moTeHnuan 4 , JAODMHE paBHBLIf HymMIO TEH30P HANPSKCHHOCTH 3JIEK-
m

TpomarnuTHOTO Tons, 4, =V 7. Taxo# nomxos "noxckasen” dopmok GAG-wmonyns mus
ypassenuit [Hpegunrepa (paagen 3.6). [Iycts 5% =467 . Toraa NomyuaeM JONONHUTEILHOS
CKATAPHOE YPABHEHNHE
QY. V y-0*V y-V =const.
ITpu BEIGOpE
Qv = b = ding(1,1,1,0),

¢ +=a(0,0,0,1)

WveeM CTaHnapTHoe ypapHesre Hipenunrepa s BonHOBOH QynKuuy. 3anaras NOTEHIHAT
V, a TaroKke HAYaNbHOE M TPAHMYHOC YCIOBHA, ONYYaEM BO3MOKHOCTE HCCIEAOBATE BRIPOXK-
JACHROE 3IeKTPOMArHMUTHOE TIONe, [IONaras, YTO OHO OTBETCTBEHHO 3a NONEPETHYIO (K Ha-
NpaBIEHNIO PACIIPOCTPSHEHNA) CTPYKTYpY U AMHAMUKY aToMa CBETa (rmaea 5).
2. Ilycrs
b*=0, V=ay, const=0.
Tlonydaem ypassesue
Q¥ V, y=ay,

HCIOAR3yeMOe B Teopud Judpaxiviy. B seM, B omMyue 0T YPaBHEHHH BaKyyMHOIO THIA,
©CTH HOBBIC CTEIEHY CBOBOMIBL:

a) §#7, 4TO MOKHO CBA3aTE C BHEIIHEH MHEPIMEH HOMA K ero IMHAMUKOH;

6) "cBOBOMMEIA" wien ¥, B HACTHOCTH ¢ % , OT KOTOPOT'O 3aBHCUT NOBEACHNE TIONA.

Ilone % An8 CUCTEMBI HOTOHOB

xr=Yay,

IpescTaBser cofoll CyNEPNO3MIMIO COCTOSHNE Kamzporc u3 Hux. Ilonepedsas CTpyKTypa
HOTOHA MOXET ObITh CHMMETPUYHA OTHOCHTEIBHO CROErC HeHTpa. [lpy B3auMozeicTBru HO-
TOH# C 3KPAHOM UM H3IMEPUTENLHRIM YCTPOHCTBOM pesyistaT OyAeT 3aBuCeTh OT TOTO, KaK
onu "HepexprIBaT” Apyr APYra, IPOXOAN IPEIATCTRAL.

2a. CornacyeM BBIPAKEHHEC /IS CKOPOCTH HOTOHA CO CHCACTBHMH, IIONYYCHHEIMH B
IIEKTPORMHaMUKE MaKCBeIIa CO CBEPXCBETOBLIMY CKOpOCTSMHA. PaccmoTpmy

QF =ding(1,1,1,n2), a= 47:21.];41(5),

TJie 7 ~ NOKa3aTeNb IPeIOMICHHUS, A - IIHHA BOTHEL HITy4eHns. ByAeM nHTepIpeTupoBaTh e6

KaK XapaxTepHEili pasMep HOTOHa B aGcomoTHOM npoctparctse HetoTona. Tlomysum 0606~

me#HOe ypasgerne ToMCOHA

n 2 a 2 x
2 at 2

“Viy=ay.
Ero pemenne ans

z:Acos—Z):i(vr—z)

paccMOTprM s dukcrpOBAHHGIX 3HadeHntt (4, 4, v). omyunm cBs3b
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vr =+ wl)
nl

I'pynnosas CkopocTs v, paBHa ascsoit v, ecim 1 # n(A):

. dv
vg—v-/LZ—}:—vf
Iycrs ¥ << 1. Himeem
, =S, 1e
£ n 2n

CpaBHEBas €10 ¢ BHIPAKEHHUEM Ui CKOPOCTH, BEIBCACHHEIM B pasjiene 1.3:

hock 1 % 4
y =2 28 (1~w)~—’s—+wg—ﬂ,
£ nk 2n n ¢ c

nosyyuM 3Hauenue ¥ .

Creposarensiio, 00o0meEOE KATMGPOBOIHOE YCIOBHE CITOCOOHO Jarh KapTHHY O~
BEASHUA HOTOHE, COTNIACYIOUIYIOCH KK CO CHACTBHSAMM M3 ypaHeHud Makcpemna takx u ¢
busgeckolt rTyunueit. Mornoassys notenuyan ¥ B BUIE CYMMBI

V=V+ay
.
u nonarat, uro V # 0, a=0, norydaem ypaBHEHWd, ONMCHIBAIONIAE HOTOH, ABHKYLIHIACA CO

CKOPOCTHIO Vv, =¢/n . O criocoben MensTs CBOIO QopMy, ecmu Q= = const, V # const . Us

sreEnit mihdepenHunn ¢reayer, 410 HOTOH MOXET HMETh B IONEPEUHOM HANPABACHHY ITe-
pHOOUTECKYIO CTPYKTYpY. U3 aBnenus untepbepesuny CaeayeT, ¥T0 B MPOAOXLHOM HAPAR-
JIEHMM OH MOXET mpeacTaBiath cobofl cucreMy "muckos". Ecmm a1o Tax, obobmennoe ka-
mOpOBOUHOE yCA0BUE MOXKeT OBITH HCHONK30B3HO IJIS AHANM3Z [OBEACHHN OTAEIBHOIQ
"pucka”, @ HOTOH MOXCET PACCMATPHBATRCH KAK CHCTEMA COIVIACOBAHHBIX MEKTY codoi "muic-
KOB", ONHCHIBAEMBIX CXOKAMHA YPABHEHAAMY.

1.10. KTEOPUMN FPABUTALINK CO CBEPXCBETOBLIMUA
CKOPOCTAMM

Ha ocnoee anaro2o808 ceRzu Mexcdy ypacuenunmu Maxcserna u ypasne-
nusMu pergmusucmcxoii meopuy zpasumayuu Jozynosa noayueno obobuje-
HUe, 8 KOMOPOM OMCYMCMBYEm DZPARUNERUE HA cropocmy. FIpednookeno
CONOCMAgUMb KaHCOOMY RATUOPOBOUHOMY OO, 8 MOM “HCIe U Heabeleao-
MY, C80€ ZPUBUMARLOHHOE NONe. AHANO208A5 CéA3b KAIUEPOEOYHOZ0 U 2pa-

HOHHO0O HOTEH DACCMAMP A KQK PYHKYUOHARDHOE YOROBLE UX
eOuRCMBa 6 meopliu U 8 IKCnepuMenme. B smom ciyude Mexanusm Ounamu-
KUt 3apAOGE NOAYHACIT KOLOMOTIZUHECKOE QGOCKORANNE.

YCTaHOBAM 2HANOIOBOE COOTBETCTBUE MENTY DNEKTPOMATHHTHEIM X TPABMTALMOHHEM T0-
nem. OHO DO3BONUT PACCMATPUBATE IPABHTALHNIO KaK [TPOSBICHHAE YETHIpEXOTeRIMana 4, B

(bopyMe cHMMETPHYROTO TEH30pA ¢, HA OCHOBE HX CBAIM MEKIY coboit 4, =o "¢, , 410

IPEANOIAraeT €CTeCTBCHRYIO COITTAacOBAHHOCTE SACKTPHYCCKOTO 38P92 e U MacChl m. Panee
HaMH TIOKA3aHO, 9T B IEKTPOIUHAMHUKE tes OrpaHHYeCHNA CKOPOCTH BBITOIHCHB! YPABHEHU S

QY. V A, +RpA, =-5,,
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Qv 4, =0,

e Q#r - KOMIIO3UT, CAX3BIBAIOLIUIA [TONIA 1 HHIYKUMY!

Qn =%[g’“‘ + = wurur),
7

g =diag(1,1,1,w).

B srnexrponuaamMuxe Bakyyma MMEeM T¢€ Xe ypasHexus ¢ 3ameHoi 1% Ha Tensop Munkos-
CKOTO
yon = diag (1,1,1,1).
Torna
yimvV.V A, =-8§,.

m
ark —_
yinv, 4 =0.
37eck V, - 3HAK KOBAPHMAHTHOM Mpon3Boamol. IlycTs Teneps

A,=aK? & S =bK»T, ,
m m mn mp

A€ a, b - ckanprrie Qysxuun, K7 - nuHeHO He3aBUCHMsIe BEKTOPEL. TOrAa H3 BAKYYMHEIX
ypaBReruit Maxcpenna GopManbHO CHEXyiOT YPaBHCHKA PEIATMBHCTCKOH TEOpuw IpaBuTa-
nun Jlorynosa [118]:

b
y*¥ad, o, @, =~ZTW, 7‘"8k¢” =0,

V3BecTHO, UTO OHU CTIPABASIOTCS C PeliCHyeM pobieM KIACCHUECKOR IDABUTALNHA, YCTpa-
HASA HeCOBEPILICHCTBA IeoMETpUHECKoll Teopuy rpaBurTanuy DifHIITeHa. 3aMeTny, 910, aHa-
JIOTHYHO 3/EXTpOaMHAMUKe MakcBen1a, OrpaHimdeHs 1o CKOPOCTH COBPEMEHHAS TEOPHS Ipa-
BuTanuy. ro6Er H30ABHTHCA OT ITOTO, NepeXOs OT IPABHTALMUOHHON TEOPHYM BaKyyMHOTO
THUIR K PEaTbHOR MO,IENH, UCIOAB3YCM JIEKTPOARHAMUKY CO CBEPXCBETOBRIME CKOPOCTIMH.
ITo aranoruu c Heli IMeeM ypaBHEHUS TpasuTanuy 6e3 OTpaHKYCEMS CKOPOCTH BUIA

G)knakan ¢’pm+B:n ¢rp=~5_”mp’

€mg ¢, =0

B ofwem cmywae, no npurnyuny napel, CIgayer UMETh YPaBHEHUS JIA APYTOTO HONA U CBi-
3aTh MX APYT ¢ gpyroM. JOTOJHAS MONEAL CBASHOCTBIO, NoNyurM 00oSuienhse ypaptems
Qusuveckoi spasumayuy ¢ npocmparicmeom cobuimuii SE, 38aBUCHMBIM OT AKTHBHEIX OTHO-
meHki, KoTopoe danaercs €4, V1

mp?

em»V. VvV, @ ,mt B (prpz—%ﬂ

€mv ¢, =0
Ha Gazy M mep, R} T, npoe SBIIEHIS, KOTOPOE UMEET Ch CTpaH-
a3y M ., HAIpHEMED, , IPOEKTHPYCTCH SIBJICHUS, P 0€ ITpOCTp
crBO colbiTuii, Hanpumep, M, W accoLHmpORARHYIO C HEM METPUKY cBmsel Q% u cass-
HOCTH F]’k . Koneuno, 1o T€x HOP, 110K HE Haiilled KOHKPETHHIA BHX BRIpaXEHUii /7 mp? G kn

B, mu umeeM peno ¢ dopmansHoil cxemoil. Ee sakyyMubil mpemen, xoraa € ko= pin,



70 naga 1

0BOCHOBAH TEOPETHYECKM M IKCHEPUMEHTATRHO. II03TOMY HPEeACTABISEeT MHTEDPEC aHaiu3
JIPYTHX BO3MOXKHEOCTEH, HANpuMep,

OF =y* ot 7* =diaglL L1, w,).

V3 noaxona ACHO, 9TO PUCHPOCMPAHERUE SPASUMAKUOHHO20 NORA 6 BAKYYME U € cpede Onu-
CBIBAEMCS PASHEIMU YPABHEeHuAMY. BO3MOKHO, aHAIOIMYEO 3ICKTPOMArHUTHOMY ITOIO, Ipa-
BHTAIHOHHOE [IONE YACTHHHO yBIekaeTcs dusnaeckoil cpenoit. [TockoasKy Teneps 35eKTpo-
AMHAMMKA HE MMEET OTpaHuYeHnH Ha CKOPOCTh U HOTOH MOXHO PACCMATPHBATE KaK HAaCTHILY
B aBCOIOTHOM HPOCTPAHCTBE - HOTOH, BOSHUKACT NPENITCIMKEHNE, ITO IPABHTOH TaKXe ecTh
YaCTHIA, UMEIOIAs CBOHM [IPOCTPAHCTBEHHbLIE Pa3Mephl B a6COTIOTHOM IIPOCTPAHCTBE U IU-
HAMHKY B HeM. MBI HCTIONB30BaIU YpaBHEHHE IS HOTOHA

Q#V, 4, ~bjord, -V =const.
[0 aHATOrYH [718 I'PABHTOHA MOXHO HCTIOIE30BATS CIIOKHBIE TIOMS

Qv ¢, -byctd, -V=const,
AT KOTOPBIX OCTPO CTOWT MpoBrema COTTACORANNS PACUETA U BKCIEPHMENTA. T10-BHIAMOMY,
KaXI0e KaIHGpOBOYHOE [IOJIE MMEET CBOM I'DABHTALMOHHEIE IO/, YEPE3 KOTOPHIE €10 IIo-

TeHI(MalTB! 331aK0TCs B hopMe CBepTKU ¢ CUMMETpUIHBIM TeH30opoM. Tak xax mis Heabenesa
KaTuOPOBOMHOTO MO/ BRITONHAIOTCH YPABHSHAL

I Fu =0, 3, H¥=¢

o

mn?

Hif=AQuy Qi» Fr

rie F4, =0, A#- 0, A%~ c#, A% AP, TO BOTOM BapHAHTE CBA3R -
Ay, =aK"qv

HEAOCTAT09Ha, YTO0B MOMYUUTEH ypaeuerus neabenesou zpasumayuu. OmHAKO, eCIiM BO3-

MOXKHA peannsanng peabenena KﬁIIPIGpOBO’-IHOTO II0JIA BHJA

Qmo, 0, A#4 Ry Ai=- 8,

m
elf cOOTBETCTRYET HeabeneBo MPABMTALIMOHHOE TIONE

z - = -
Qg 0,&4 < Re T4 =-c, &t

[IockonpKy B 3NMEKTPOLUEAMUKE CKOPOCTH (v o>V f) # gactotsr {¢ 5. G ») MeHSIOTCS KHHa-

MAYECKH U3-33 TPYTIIE! KOTOMOJIOTHIA, & MM COOTBETCTBYET, 10 aHATIOTHH C MEXAHWKOH, m3-
MEHERME MaCChl, BOJHMKACT NPEATOI0NKEHNE, 4T0 JAHHAMAKA TEKTPHYECKOTO 3apAla OCHO-
BaHa Ha KOTOMOJIOTHHECKHX BEJIHYHHAX, KOTOPhIC BXOAAT B YpaBHeHHA A1 Heabeaepa rpasu-
TAUMOHHOTO oM. ITOCKONEKY CKOPOCTD 3NIEKTPOMAIHUTHOIO NONA BXOJUT B yPAaBHEHUE JUid
YETHIPEXTOTEHINATIOR Jepe3 TeH30P KaMMGPOBOTHOTO MO

an :amAn - 8nAm’

COSQUHSA MEXKIY COGOH IPOCTPAHCTBEHHBIE U BPEMEHHEIC [IPOM3BOHEIE, CKOPOCTh TpaBHTa-
nay OyZeT 3aBHCETH OT 3HAUCHNH, MPUHIMACMEIX MEOKHUTEIIMA B CBA3AX
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A,=aKr &, .

OrmpenennB CKOpOCTh TPABMTOHOB IIPAKTHYECKH, MOXHO OyJET HAYMHTECS MONB3OBATHCH
M. TaK Kax HOMOHBL # 2PASUMOHE! AHATOUYHL RO YPAGHEHWAM, BOSMONCHO, MO OHY aHa-
A02unHbL NG ceoell cmpykmype u no nosedenuio. CKOPOCTE IPaBHTOHOB C,, cnenys [117],

GyneM canTaTh CYIICCTBCHHO GOMbLISH CKOPOCTH CBETA B BAKYYME:

¢, =107 +10%¢ .

D10 MOxeT GBITH, HAapUMEpP, CKOPOCTh B penentopax PUTOB, u3 XOTOPHIX COCTARIEHK HO-
TOHBI ¥ TPaBHTOHEL.
Jameruy, 970 YETHIPEXIIOTCHUHAT A, HMCCT TeNeph B QH3MIECKON TeOpHH 1Ba IIPH-

JIOKCHWA: BO-IIEPBBIX, UEPE3 HETO 3aACTCA AHTHCHMMETPHYHBIE TCH30D HANPSKEHHOCTH
anexIpoMarsuTHoro nons F,, =d, 4, - 0,4, BO-BTOPEIX, OH KOCBEHHO COCTOMT U3 CHM-

METPHYHOTO "IPaBHTANMOHHOTO" TeHsopa, ecnn 4, =k*¢ . Bosvoxuo, mmerno 4, xpa-

HAT 3 cebe TaifHy B3RMMHEOTO IPEBPALICHNS IIEKTPUUECKOTO 3apaia ¥ Maccel. Kambposou-
Hasi c3060/1a B OUPEENEHNH 4, NOCPEICTBOM CIATaCMBIX O ¢ 3allacT HyNeBOU TER3OP, 10~

TIOTHAIOM i an . Ho, xax mokxazano B paspene 3.6, ypasuenue Llpenuurepa nmeer neno kax
pa3 ¢ TRKUMH BLIPOXIEHHBIMI MOIAMH. 110 3TOH NPHYMHE MbI BITPABE CYUTATh, YTO KA.UEPO-
BOUHAA €80600a NOKAZLIBAEM BHYMPEHHUE CEOUCMEA U HOBbIE CMENeHY C80600b NOMs, Cyuje-
cmeennbie U 015 GHARUIA ¥ ONA IKCNEPUMENMA.

3ameryy, YTO H N0 GOPME K IO CYTH HHEPUHOHHEIC TI0AS ¥ TIONS IPABHTALUYA MOTYT
OBITH AHATTOTHYHEL, HO OHM He MOTYT OBITE TOXIeCTBeHHE. ITokanyit, npasunpHo Gyaer ro-
BOPUTH O MONOMHUTEIEHOCTH HHEPIHUM ¥ IPABUTALAH,

1.11. BAPUAHTbI MOJENUPOBARWUA OUHAMUKU MHEPLIMUA

Ioxazano, 4mo yuecms o Y UHEPYULL INEKMPC ) noas
MOXCHO PA3HBIMU CROCOBAMU.

1.11.1. @usuueckuii anzopumy

CymHOCTS €10 COCTOMT B TOM, 9TO BBINONHCHO Pa3lCIeHNE MHEPIMM 3IEKTPOMATHUTHOIO
nosis Ha cobcTBennyIo ¥ HecobcTBenHylo yacTd. HecoOGCTBeHHA HHEPLMA HEMHEHHO 3aBH-
CHT OT BECACHHOM HOBOM HH3MIeCKON BETHUNHE], HA3BAHHOU OTHOIUCHAEM w . OHA yIIpaBIii-
et TpanchopManuell CKOPOCTH TONA

KOTOpast 32BHCHT OT
w=1- exp[— Po(n- 1)]

rt {3 1] 1)
Beectu wu u = M(W, U, U fs) B YPABHCHHUA MakcBesia MOXHO USPE3 BEKTOPHRIC CBA3ZU M-

#Ly MONAMY M HHIYKLMAMMY, HE UCHOAB3YS HA METPHKM MUHKXOBCKOTO, Hi rpymnisl JIopeHT-
ua. Tak BHIIONHAETCA PACHIHpeHue $u3NYecKol MojaenH 0€3 MIMCHCHMS NMHAMHIECKUX
ypasuenuit. OcHOBHOe BHUMAHUE yaensercs GuzuyeckuM $HaxTopaM B NPeIoNoKeHUH, 9T0
paHee B MOJENTH He Bee GbUIO YUTCHO B UTO HEOOXOMMMO HENMHEHHOS 10 W M3MEHEHHE Te0~
pPHH C ABHEIM Y4ETOM B HEH CKOPOCTH JBIDKCHHS HCTOUHMKA m3ayuenys. CoXpaHeHO Ipei-
crasieHre 06 abcomoTHOM ANUHE U BPeMeHHM, COOTBETCTBYIONIee Moaenn Helorona,
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3aMeTnM, 4TO AN cOOCTBEHHOM HHEPLUMH TOJIA ITOKA3ATENb NPSIOMICHHUS 1 YIPABIIA-
€T CKOpOCTHIO, 337aBas BEANIMHY ¢/n W IOTOMy A adanordden w. TeHs0p

gy = ﬂ’%diag (1,1,1, z¢) amanormuen gv =diag (1,11, w). CremoBarensko, cobemeennasn
UHEPYUSL YHCe OUSHO NCOCKA3LIBANd CIMPYKIMYPY HeCoOCmBenHow unepyuu. DToT dakT moi-
TBepHKIAeT TOUKY 3peHna JlefGnrua, 9To 10KoH eCTh YaCTHEIH Cilydgail [BIKEHHS.

1.11.2. Obo6uenneiii men3opHsiii anzopumm

OH mMeeT B Xa4ecTBE NCXOTHOH NOSHIMH HPEAHONOXerue, 4To nost F | v vaxyxunn H*

n

CBA3HE! TCH3IOPOM Q™ :
Hik=QmQknF

mn’

1

~ ~ dx
rae Qi =ag:m-~ buirum, u = dgt =g, dx dxm. Torna, uCUoNb3ys ACHMIITO-

"
THKY, COOTBETCTBYIOHIYIO CKOPOCTH % = 0, OJYYEHO BBIPAKEHHE M "METPHICCKOrO TEH30-
pa’ IPOABIICHAN HHEPLUH:

gv =diag(, 1,1, w),

re w - CBOBOAMEIH NapaMeTp TCOPHH, a8 BRIPAXKCHAE 111 JETHPEXCKOPOCTH He OIPEAEeHO.
Tlonaras, 4to
w={1- w)u}: T W,
a Takxke BeOppas
1 1 (eu

ad=-n=, b= ——

W)
MBI TIONydaeM TeH30p 'm, Jarommit cOOTBeTCIBHE ¢ (HM3MHECKMM AITOPHTMOM aHATH3A
wrepury, UIpyn TakoM moaxone HeT HeoOXOTMMOCTH PACCMATPHUBATE £ | KaK VETPHKY IIpo-
CTpaHCTBa-BpeMeHu. OHa ABIETCS TEH30pOM, HeOOXONUMBIM I BEIBOJA CBA3el MEXIy HO-
JSIMM M MHIYKIWAME, 9TO [TO3BOJLIET PacCMaTpyuBaTh (Gusnyeckue aieHns B R3 X T'! n ana-
TH3MPOBATE MX B paMKax abCoMIOTHOFO BpeMeHH M abcomoTHON MmHHL. "MeTpuky” Mox-
HO JIOIYy4ATE HHAYE. BBECTH KOHGOPMHEIM MHOKUTENs (B KAHOHHYCCKYI METpHKy MuH-

KOBCKOI'O
gv=g¢diag(L111),

@ 3aTeM BEHIIONHATL JXBMBAICHTHbIC IIPpeoOpazoBaHys, KOTOPHE coxpansiorT "ofbseM colsi-
Taif". Torga nomyanv
gv=diag{L11¢*1)
Tlonaras
¢r=w,

MMeeM BapKAHT, IPOaHATH3UPOBAHHEIN B pasjene 1.3, CBUACTENLCTBYIOMHMHA O TOM, YTO KOH-
GopMHAT MEMPUKA MOJICEN PACCMOMPUBAMBCA KaK "ucmounux” omHowenus - gaxmopa,
OUHAMUYECKU MEHSIOWE20 HECOBCMBEHRYIO UHEPYIWIO RATUBPOOHO20 NOTA,

1.11.3. Anzopums npedcmasnenuti zpynn

[lonaras, aro dusmueckas Mogens MOKET ObITh ¢ JOCTATOUHON TOIHOTOR OXBadena Teopued
TpeAICTABIEHKS TPYIII, IPAMEM TOUKY 3PEHHS, YTO AUHAMUKE MHEPITHH IIONA COOTBETCTBYIOT
HenuHeHHsle npeAcTasnenus rpynns GL(4, R). Jig KHHEMaTHHMECKOTO ONMCEHMs COOTHOLIE-
HMSA NapaMeTpoB, 6e3 yueTa HX AMHAMHKH, CUMTAeM JOCTATOUHBIMY IMHEHHKE [pencTasie-
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uust GL(4, R), Doryckas, 4TO Uit BCEX BO3MOXKHBIX T1ap COCTOAHAN Mojs HaligeTcs dIeMeHT
IPYTIiibl, CBS3RIBAIONINA HX.

Iocrponv sennnejinoe npeacrapiesne G=GL(4, R) cTanzapTHEIM 06pazoM, MCIIONE~
3ya dynxuun Ha daxrop-rpynne G/H, rie H - nopmanbHas noarpyna rpynnsl G . Jiig mm-
HeHOM IPynsl, KaK Xopowo u3sectao, H=SL(4, R). Torna

A, =detge G/H

ecth rovoMopduav rpynns GL(n, R) 8 Tpynny R}, 1eHCTBUTENBHEIX UMCEN, HE PABHBIX HY-
110, YCTAHOBHUM COOTBETCTBHC W = ﬂ , TIONIaras, ¥To MBI [I0JyYaeM HOBBIN husnuecknii ak-
TOP MOJIENH, ymm,mar?men HHHaMHK'y HECOOCTBERHON MHEPIMM ICKTPOMATHHTHOIO HOJIA.
3anaBas 3aBHCUMOCTE U = u(/ig, Uyo ll ) a TaK)Ke NOTONHAUTENBHO HCNONR3ys A, Kak Beco-
BYKO QYHKIHIO, Ml HMeeM O0OOMEHHEIE CBA3M MEKIY IONSMY ¥ WHIYKIHAMH, KOTOPSIE MO~
ryT OBITE COOTHECEHB! KaK K (DIBHUYECKOMY, TaK M K TCHIOPHOMY asropuTMy. CIIeI0BATEABHO,

HCTOKM TEOpHHM, 3afarolneil THHaMUKYy HeCOOCTBEHHOM MHEPLUM MOJA, MOXHO MCKATE B HE-
IuHEHHAX NPeNCTaBNeHUAX TPYIIL.

1.11.4. AnzeGpauuecxkuii anzopumm

CornacHo eMy, MBI U3HAYalbHO 3aTHCHIBAEM YPaBHEHHS (U3NYECKOH MONENM B TJIABHOM
paccsroennoM (o G, u G,) OCHANICHHOM MHOTO0OPa3MH, MCIIONBIYS HOMYYCHHBIS B TUiane 3
BBIPAXEHHS /UL BEKTOPHEIX ToNei

Q.=¢l, gho X0 (5, Ym¥nIIs)
u audhepermuansrr 1-bopm co snavennsvu B anrebpe Jiu rpynns: V{(4)
O =gl ptdro o, Xndxr (s, Yowam),

rae (8 ;»dx ") - 6a30Bble BEKTOPEI H KOBEKTOPE! MHOr006pasus M; (X 4 m) . peneps! (06-

pasyiolue) CTPYKTYPHEIX TPYII WX MOHOMZOB; ¥ » - KOMIIOHEHTRI BONHOBEIX QYHKIHHA.
Y700k HONYINThL COrNACOBEHUE C ONMLITOM, CHENYIONEE u3 GUINYECKOro anropuTMa
ayaNH3a AMHAMHKH HHEPL#A, B TOM BapraHTe HeoOX0MMO TOCTYTIHTE TAK:

2) COMTATE, HTO RETHUMHEL p*' MOTYT MEHSTECS H BBECTH B HUX 33BUCHMOCTS OT W;
§) M3MEHEHHMsI BEITIONHNTD TONBKO B CBASAX M OHY JG/DKHbL OBITE YACHUYHbIMIL

8) ot audbepennnanos dx” nepeiTi K ueTRIpekcKopocTam dxt = ut =dxt/dp;
I') BBECTH B YPaBHEHUS 38BUCUMOCTD THIIG 4 =1’ (w, U gy U, )

CrienoBateibHO, Npy y4eTe anreGpanyeckoil CTPYKTYPEl GH3HICCKOH MONENH MOXHO
HPHATH K POArEHOMY COOTHOMICHHIO ¢ IPAKTHKON TOMBKO [OCHE BHIIOMHEHHS HOMOIHHTENE-
HEIX yCnoBul, KOTOPEIE HE BCETAd ACHRI M HE BCErAa npocThl. OXHAKO 3TOT IyTh HPeCTaBIL-
ercs 00wuM. JIpHHIMINATEHO HOBO B HEM TO, UTO OJHH JJCMEHTH MOJSIH MOI'YT MEHATHCH,
2 IPYTHE OCTABATHCA HCH3IMEHHEIMY, YTO 3aBHCHT OT KX PONM ¥ MECT4 B TCOPHH.

1.11.5. Kozomonozuueckuii anzopumm

Cnexys ne Pamy, BBefieM HYIbMEPHYIO TPYMIy XoroMmonoruil muddepeHIuMambHeX bopm
H{u), xoTopas 3aaeTcs 0-bopMami - CKATAPHEIMY (BYHKIMAMI W, TIOATas, 9T TaK BCe-
TA& HYXHO Jenars, eClM HeOOXGAMMO ONMUCATh NMHAMHKY HECOOGCTBEHHOM MHEPIUM 3JICK-
tpoMarHuTHOTO nonst. O-bopMbr 3a/1aKEl Ha MHOTOOOpa3un M, B KOTOPOM paccMaTpHBacTCs
apnermne. Kak1as ero ToIka X (€ # MOXET PacCMaTpPMBATRCA KaK HyAsMEPHRIA mukn. Ecmm

/1B TOUKH X, ¥ ¥, NPHHAAIEKAT OHOM u Toll ke 0XHOCBA3HOH 00nacTy IpocTpaHcTBa M, o
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COOTRE1CTRYIOIIME HYIbMEPHbIE HUKIK FOMOIOTHYHEL APYT APYTY. JTO CIPABEIMBO TOTO-
My, 9T0 IIyT® ¥, 0: ¢ 1, coenunasrontuit x, ¥ X, MOXKHO PaccMaTpUBATh KaK OOHOMEPHYO

IOBEPXHOCTh, IPAHMIIA KOTOPO ecth X, - x,. Torma dyuxuun w=(0+1] obpasyror rpyn-

Ty, miomopdHyo R B mrTepsaine (0+1]. OHa MOKET HCTIONE3OBATHCS L MPEBPALICHAS S -

cuvMMeTpHH B SH - cuyvMerpuy (CHMMETPHH aKTHBHOTO THIA), 6CAH HX 337aTh 3aBHCAUHMH
OT QUIMHECKUX MAPAMETPOR, KAK 3TO Aenaetcd B QW3MUECKOM aIropuT™Me aHamm3a (rmaga 2),
KaK JUIs aJlAUTHBHBIX, TaK U U MYTETHIUINKATHBHEIX TPYIIL.

Anasormuno rpymna H °(g, 4) Moxer 65T onpenenena 11s rpynmEl G u MOy A
3aAasas rpynny xoroMonoruif Xoxumusza. [IpH TaKOM HOAXORE MEI aKTHUECKU NPU3HAEM,
9TO NUHAMEKOM HeCOOCTBEHHON MHEPUME 3IEKTPOMATHUTHOTO rons "ynpasiter” HyIbMep-
Has Tpymiia Koromonornit Pama uian HynsMepHas rpynna koromosoruit Xoxmmmsaa. [lomsr-
HO, YTO OHA JOMKHHEI GHITH ONpenenensl TakuM 06pasom, 2rofs HX MOXHO GBIIO MCTIONE30-
Barb B KOHKPeTHOH duzpraeckoil Mozmeny. HoBH3HA 3/16Ch COCIOUT B TOM, YTO IIPEANONAraeT-
Cfl IOAYMHEHHE TPYII KOrOMOIOIHH AUHaMHIECKAM YPaBHEHHAM ¢ SIBHOH 3aBHCUMOCTBI) OT
(hu3iMecKNX TapaMeTPOB KOHKpeTHON 3amaun, Haxoxnenue ypaBHeHHIT THHAMUKA KOTOMO-
JIOTHH M IPACOEIMHEHHE X K MOJISIH, OIHCHIBAIOMICH 1TOBEZeH S HOM, ABIACTCH CAMOCTON-
TenbHOM M CHOXKHOH nmpo6iemoli. Cormaceo pasaeny 1.3 ckopocTs u 4+ JMHAMHYECKH CIIO-

cofHa MepeHTH B HACTOTY ¢ , YTO O3HAYAET MONONOSUYECKUL] Yuem OBUNCEHUT SAeKmpomas-
HUMHO20 NONSL.

1.11.6. Jupdpepenyuanvro-2eomempuneckuii aneopumm

Ilpuvem TOUKY 3PEHMN, 9T0 T4CTHLE! ¢ HyIEBEIM 3apsOM, ClIeaysa KOHUCINHX JiHureiina,
nogunHsioTcs HecobcreeHHOM cmre (pasgen 1.4.1), nwveromed auddepesHunansuo-
TeOMEeTPRIECKYI0 NIPHPOTY, KOTopas mpoasnseT cefs B Guingeckoil MOISIM depe3 METPHKY
g, ¥ cBasHOCTS I . OTH BemMaHHBI 3a7ar0T NOBEJCHHE YIPABITIOIEro BO3ZICHCTBHA -

HHEpUHN 1M0JIH, GOPMHPYS, COMTACHO ITaBe 3, mpocTpascTBo coGrITHH SE. [TocTpory ero o
AHANOTHH ¢ HEIOTOHOBCKUM TIpocTpancTBoM R? u abconroTasiv BpeMeHem 7’1, monaras, 9to
HX MOXKHO COSIUHMTE B €IUHBIM HeTHIPEXMEpPHBI KOMIUIEKC, KaK 3TO NpeAnoKny MHHKOB-
CKHil, OMHAKO TIpY NpouzBONBHOM cBs3u R? u T'!. Torja nMeem, HampuMmep, METPHKY COOsI-
it SE B Buge §v =diag (1, 1,1,w). Homarso, 710 3TOr0 Mamo. JIONOTHATENEHO HYKHO Haii-

TH MecTo gV B (usmdeckoil Mogenu, kak 370 caenano B pasaene 1.3. Koppexrrocts BeiGopa
(gu , F;k) CreflyeT MPOREPATE M3 COITTACOBaHMs PEMIEHNH 0606meHHOR MOTIENN € OIBITOM,

CrIenoBaTenbHO, Cyuecmeyem MHOZ0 8APUARMOB U GOSMONCHOCIEN yuema OUHAMUKY
recobemeennol unepyuw nois 8 usuveckot modenu. Hx embop obviuno duxmyemes oonon-
HUMMETbHBIMY YCTOBUAMU, KOMOPbLIE HYNHCHO NPUHAMS 60 SHUMAHUE, YmoGsl docmuts HOMHO-
™Mbl pACUEMO8 & ACHOCIIL 8 NOHUMAHUY UX PE3yIbMAMO8.

SAKMOYEHUE

1. [Ipetoxeno obobmerne snexTpomuaaMuxy MaKkceerLIa B IBIKYIAXCH Cpeaax, KOTopoe,
BO-TIEPBBIX, HE HCTIOIR3YET CHEIHANLHON TEOPHH OTHOCHTENBHOCTY DHHINTEHHA, BO-BTOPEIX,
B pacuere M SKcuepuMenTe Hazupyercs ma npoctpancTse Hriorona, B-TPEThHX, B HEM ecTe-
CTBEHHBI CREPXCBETOBEIC CKODOCTH, YKa3aHpl YCIOBHA, Iie W KakK HX OOGHapyXHTh, B-
YETBEPTHIX, OHO €IUHBIM 06pa30oM ONMHCHIBAET KIACCHYECKUE IKCIEPHMEHTs! Bpelmy, Maii-
kenscona, ®uso, [Jonmepa. OCHapyXeH HEM3BECTHRIA paHee AWMHAMMYMECKHI MEXAHH3M
npeoGpa3oBaHis CKOPOCTH, 3anaionielt HecoGCTBEHHYIO MHEPIMIO HOJs, B cOOCTBEHHYIO wac-
TOTY 3IeKTPOMATEUTHOro mojts. [lokasano, yr0 HEHY.IEBas Macca LOKOS MOXET ObITh KOHEH-
HO IIPY CKOPOCTH TeNa, PaBHON CKOPOCTH CBETA B BAKYYMS,
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2. Brinenens GaxTops coGeTBEHHON 1 HECOGCTREHHON MHEPIMH IEKTPOMATHHTHOTO OIS,
Ouu NPe/ICTaBICHbB] BHEIIHMMHE, BHYTPEHHHME M CBS3EBBIMH COCTABJINIOLIEMH. Kamn6posou-
Hasd TPYTNa of) 3MeKTPOMArHUTHOTO OIS JOTIONHEHA rPyINof yIpapneHus w(x) u rpynmoi
cMeIeHH J{X) mapaMeTpoB Hyepuuy. IToxa3aso, YTo B pacieTe H B SKCHEPUMEHTE IIPOABIA-
€TCS MX CMECh, YTO yCIOKHACT aHAIM3 JUHAMHKY HHEPLAY,

3. BolgeneHsl CTagdl JUHAMIYECKOrO Npolecca H3VeHeHsT HecOBCTBEHHOM MHEPUMH IIeK-
TpoMarsuTHOTO oy, Ipemioxes BapuaHT MOACIUPOBAHNA ¢ AMHAMUKA Ha OCHOBE U3y4de-
HHA TE0NE3HYECKHX PACCHOSHHOr0 MHOTOOOPA3H, B KOTOPOM HETHIPEXCKOPOCTH BEITTOAHSIOT
PoaL XOOpAMHAT $a3nl, YCTHPEXBpalieuus - PONb XOOPAMHAT c1os. llpeacramnesa cxema
3IEMEHTOB, OTHOCHIIMXCA K AHAIH3Y AUHAMHKY HEeCOGCTREHHON MHEPIHUHE JNEKTPOMArHUTHO-
IO oM.

4, MeToRONOrH4ecK APOAHATU3UPOBAHA BCS COBOKYIHOCTL I'PaHedl 1 (haxtOpoB HHEPLUM
3MEKTPOMATHATHOIO II0JIA, KOTOPbIE CISAYIOT M3 CTPYKTYDHL 3MEKTPoguHaMuKu MakcBemia,
¢BOGOAHOMN OT OrpaHMdeHuii Ha CKOPOCTh. YKa3aHB! HOBBIE BOIMOXKHOCTH 0600mieHus Qr3u-
YeCKHX MOJCIEH.

5. TlokasaHo, 4TO IEKTPOAMHAMHKA MakcBenna 0e3 OrpaBUueHHs CKOPOCTH HCIONL3yeT
CNOXHBIE CBSI3H MEXIY NONAMH H HHIYKUHIMHU, KOTOPBE TPYIHO HOLYyYATH A3 BAPHALHMOH~
HOTO (QOopManH3Ma, YKa3aHO, uTo TpebyeMari n3 (rsudecksx coobpakesnil KOMIO3NT - He-
TeH30pHbIT OGBEKT, NPACIIOCOBNCH K HOCTPOCHMIO HENMHEHHOCO NPEACTABACHUS TEOPHU
Maxcrenna B rpynre ofnmx muneiinsx npeobpasosannii GL(4 R). Ilo asanoruu c teopueit
DitrmTelia MPeANOXEHO ONUCHBATL JUHAMUKY MHEPIUM INEKTPOMArHWTHOTO MO Heped
IMHAMHAKY KOMIIO3WTHOTO TOJIA FPABHTALMOHHOTO THIIA.

6. Iloka3aHo, 9TO HOMYCTUMA JIEKTPOINHAMUKE MaKcneJma B Baxvyme, CyllecTBeEHO Gonee
CIIOXHAA CTAHAAPTHOH CXEMEI, COTIIACHO KOTOPOH D E B H B HOBOM HOZXOJE HH
rpynna I'anmes, ayu rpynna JIopeHTua Ke HyKHBI, €ClIM HeT OTHOCHTENBHBLX cKopocteit. [Ipu
HEHY/IEBBIX OTHOCHUTEIIBHBIX CKOPOCTAX B BaKyyM¢ HyXHO WCHONB30BaTh Ipynmy ['amuned u
HEKOPPEKTHC HCIONB30BanKe, 0e3 NONONHUTENBHEIX YCIoBYi, rpynnst Jlopentua.

7. Vcnons3ys ypasueHns MaxcBena co ¢BEpXCBETOBBIMU CKOPOCTSMH M CKPHITHIC ITONS, BbI-
BENCHb! YPABHEHMs /Ui HCTHIPEXUOTEHIMANOB H 0000wmeHHOEe KannbpoBOYHOE yCIHOBHE.
CrenaHo OpeanonoKeHie, YTo UX MOXHO HCIIONB30BATE IS OMMCAHMUA KBAHTOBBIX COCTOS-
HEH gacTUI] CRETA, HA3BAHHEIX ROTOHAMH.

8. Ha ocHOBe amanoroBofl CBA3M MexTy ypaBHERMAME MakCBENIa i ypaBHEHUAMH PelsT-
BrCTCKOl Teopuy rpasuTauy JIoryHoBa IOIy4YeHO nX 0600IHERNe, COOTBETCTRYIONISE HEOr -
paHAYeHHEIM cKOpocTAM. [IpenoxneHo cOOCTaBASTE KOXKIOMY KaaubpoBOYHOMY MO0, B
ToM uucHe 1 HeabeneBoMy, CBOE rPABUTAIHOHHOE I0Ne, AHATIOTOBAs CBA3b KaIMGPOBOUHOrO
¥ rpaBHTALEIOHHOIO NONeH paccMarpaBacTcs Kak QYyHKIHMOHAIBHOE YCIOBUE HX CIUHCTBA B
TEOPHH H B DKCICPHMEHTE.

9. TTo-HOBOMY OMMCAHA BCH COBOKYIIHOCTh PEATHBHCICKUX 3GPEKTOR B JMCKTPOLHHAMUKS
Maxkcpenna. BriscHeHo, 910 pensrtuBucTeRue 3HHEKTH UMEIOT THHAMUYECKYIO LIPUPOLY U
00yCIOBIICHB H3MEHEHNEM ITIOKA3aTeNs OTHOISHUN, (H3NIECKOH BEAUUHHSLI, JOIOTHUTEIb-
HOM K IOKA3aTeNnio npenomuenns. JunaMmuaeckul mogxoa ocBobomun Qu3UKy OT OrpaHude-
HHS HA CKOPOCTE, Bee 3TH 00CToSTeNneTBa, KaK CaMa KOHIENIUs aKTUBHOTO MOKA3aTent oT-
HOIIEHMS, TIO3BOJISIOT CHEJIATh BBIBON: CHEYUATLHAA MEOPUA OMHOCUMENLHOCTIL AGAAEMCA
ygcmuuHo S0Cmamounol Ol ONUCARUA PERTMUSUCTCKUX FPdhermos 6 onekmpoounamuxe
Maxcsenna, 00HaKo OHG He A6AAEMCA HeobOXOOUMOT NOMOMY YMo 803MoXcHO boree mounoe
U ROMHOE OHUCAHUE IKCREPUMEHMATLHLIX HAKMO8 6e3 ee UCHOTb308aHUA.
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BBEOEHVE

BaxHas poJib IPOCTPAHCTBEHHO-BPEMEHHRIX WM S-CHMMETpHit B (uswke 06yciioBaena MHo-
FPUMH OGCTOSTENBCTBAMH. BO-IIEPBRIX, CUMMETPYS OCTARIACT HHBAPHAHTHOM CHCTEMY ypas-
senyli, omiackBaroniyro sBiaerue. OHa NO3BOISET "NEPEBOTUTE" OJHU PEHICHHS B JPYTHE U
Y10 JTOM NPHMKHE FBISETCA OCHOBOM XKMHEMATHMHECKOrO OHMCAHI QU3MNECKVX snienui. B
JACTHOCTH, OHA TO3BQJIMET CBA3ATH MEXTY COOOH aCHMITOTHYECKHE COCTOSHYA 0 B3AUMO-
JeHCTBIS | IIOCIE HETO, MCIIONb3YS aATOPUTM ONMCAHM TapaMeTpoB ABnenus 6e3 ydera ero
auHamukd. MMEHHO Tak HCIONB3yeTes, KAk noxasano 8 [117], rpynna JlopesTua B 31eKTpo-
JIMHAMUKE ABWKYIIYXCS cped. Bo-BTOPEIX, B paAMKAX Jlarparxena GopMaiusMa, CIEHys TEo-
peme Herep, cumMerpus 3a7aeT 3aKOHBI COXPRHCHEA, NPUCYIMUE QUIHIECKOMY ABIEHUIO,
YTO MO3BOIACT YIPOCTUTE @HAIA3 ABIEHHA. B TPETHHX, S-CHMMETPHS CBA38HA CO CBOMCTBAMHU
NPOCTPAHCTBA-BPEMEHH, OHA B IACCHBHOM GIOPME CONEPKHT KOTOMOIIOI N, XaPaKTEpH3ys ero
TOTOINOIWIECKHE CBOHCTRE.

B dannoii 2nase mbl 4acmudno uyuuM HOGble CROUICMBE DIEKMPOMASHUMHBIX AGe-
Hut. Micnommsayem [Uis 3TOTO HPOCTPARCTBEHHO-KOTOMOIOTMHECKEe MK SH-CUMMETpHn: Te
peoGpasoBAHMS KOOPAHHAT U BPEMEHY, KOTOPHIE 3aBKCAT OT KOrOMOJIOrMi aareper 3anosn-
HEHYSL WY IIPOABICHUS QU3HYECKON MOCIH.

O6braH0 PU3KYECKOS SBJICHUE AOMYCKAeT MUPOKUHA KIAcC CUMMETpHM, N AATeKo He
KaXXpad U3 HUX MMEET IKCEPHMEHTANBHOS NOATRePKACHHS. KpoMe 3TOro, 0BBI9HO CuMMET-
pUA I KOCBCHHO QUKCHPYET 3aKOHBI B3aUMOACHCTBIS, IpUcyLue spienuio. Vneansuoi,
C TO3UIMH (QU3HKA, CICIYET CIMTATE CUMMETPHIO, KOTOPAS CUOCOOHA "OXBATHTS" NUEAMUKY
SIBIEHHUS, YTO BO3MOXKHO IPH YHETE NAPaMETPOB CUMMETPHMH, YIpPaBIAIOMMX B3aAMOASHCT-
BueM. HasoBeM Taxue CHMMEIPHH aKTUBHsIMU. IIOHATHO, deM "mowbue" CIPYKTypa CHM-
METpHH, TeM GONBIINME CKPAITEIMU BO3MOKHOCTAMYU OHA MOXeT 06ia1aTh. I1one3Ho HX Haji-
TH ¥ Hay4UThCs NONB0BATECA MMU. B namuoli riase yxasaH wiace SH-cumMerpuii B asek-
TpommuaMuke Maxcsemna. Or ofpazoran cummerpuel JlopenTna, 3aBuCHMOH OT HHBapu-
AHTHBIX BEJIMUMH, B3HTHIX H3 TOMOIOrMIECKOH anreGpsi.

Ioxazano, wno k MOOETU 2REKMPOMASHUMHBLY RGIEHUL CO CECDXCEEMOBBLMY CKOPO~
CIMAMU MODJICHO NPUOMU U3 CIMAHOGDMHOT MeOPUt HA OCHOBE KO2OMONOZUHECKYU AKTUBHEIX
SH-cummempuii, 3aeucumsix om (-xozoroiozuii Xoxwuasoa accoyuamusiod anzebpvl 3a-
TIONHEHUA PUSUYECKUX ABNERUIL.

TTpoanaIn3upOBaHE] BOIMOXKHOCTY, ¥ B TOM YHCIE CKPHITHIE CBOHCTBA, AKTUBHEIX SH-
cummerpuit, MccnenoBaHa TOIONOTHIeCKAs AKTHBHOCTh HHEPIMH B MIEKTPOAHHaMHKe Max-
ceenta. Chopmymuposada npolieMa axTHBHOM KOrOMOGIOrRuecKON xedopMauuy $usnde-
CKOM MOJIENH U ee cUMMETPHI. [Tokazano, umo axmusnovie SH-cummempuy cooepoxam @ cebe
CHEYUARLHYIO MEOPUID OMHOCUMETLHOCIU, COXPAHAS U pA36usas ee. Y KazaH anTOPHTM ydeTa
BIMSHUS U3MEPUTEILHLIX YCTPOHCTB HA HHEPIMOHHEIE AapaMEIPhl 31€KTPOMATHUTHOTO TI0-
JISi, OCHOBAHHBIH Ha UCHO/L30BAHAR CHCTEMBI HYIBMEPHBIX KOFOMOIOTHHE, 8CCOLMUPOBAHREIX
¢ cumMmeTpHeH (husuueckolt Mogen.

PasBuTa Mzed ynpapIeHua cuMMeTpuer G, co cTopous! cumMerpun G 5. OHa coot-

BETCTBYET KOHUENIMH yriayOnenul caMMerpuli, KoTopsle MOIyT ObITS JOCTAaTO4HO MHOIO06-
DA3HBIMA: YIPABISHHE SBIECHMEM CIIOCOOHB 33/1aTh HE TOMBKO PYIIIBL, HO ¥ KBA3ATPYMIbL 1
TYIBL.
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2.1. NIPOCTPAHCTBEHHO-KOrOMONOTMYECKUE,
SH-CUMMETPWUUK B INEKTPOANMHAMUKE

Ha ocnoge npednonosicenus, 4mo yewmp epynnst V(4), nocpedcmsom xo-
mopod axexmpodunamuxa Marceeana sadana ¢ popme GAG-modyms, kozo-
swogozuveckn  armasen” R GREPAGNGPAN € e S
cummempuy Jlopenmuya, nonyuer xiace SH-cunmempuii Jlopenmya, 8 xomo-
DHIX KEA3USPYRNG YNPAGRERNS OUHOMUKOH HECOBCMBEHHOU UnEpYUY W IneK-
mpomazHumnozo noas "scmpoena” 8 S-zpynny. B pamxax SH-cummempuii
PACCMOMpeENbl painbie cmaouy Ouxamuxu unepyuu noas. Iloxasano, ymo u3
JIOKARBHOU 17 oMU yp i Maxceenna omuocumensuo SH-
cummemputl credyom o0600wenHble ypasHenun ceasell Ons nored 1 uHoyK-
YU, HACTMUNKO 3a0@Ionue OURAMUNECKUT MEXQHUIM USMEHEHUA UHepYuL
TCKMPOMASHUMHOZO0 RONS.

2.1.1. Buieod SH-cummempuii

Ilycts rpynna sanonsenns ¢usmgecxoro gsresns G, 3373H3 JOKATHHO CBOUMM IeHEpPaTO-
pam I, n napamerpamn €° B Buge g, =/+1 0" +i Tyers g, =l+fs®‘ +h , roe

~ ) (2)
[ =Qr0", & =F0+ F,®°,a Qu F, 3aBUCAT OT IPYNMEL KOTOMONOTHHE XOXIIHIBAA

H'(g,, A) amrebpsr g.. To ompemenenmo, H°(g, 4) samama s1emenramnu
Qe Ho(gz, A), AT KOTOpLIX a¢ = ¢ a,TAe ¢€ g,. 3HaautT ¢ = </ COOTBETCTRYET 3TOMY
omnpenencHu0. PaccMOTpym crrywail, XOraa HHBAPHAHTHBIME WIEMCHTAME SBILTIOTCS CKAJIAPEL
¢ =q. Brbepem Tg = Q@ =diag (1, 1,1, ¢). 3amernv, uTo 01 KaIubpOSOYHON Zpynnbl
G, = U(1)ee axmusnooms ua g, mpyduo omauuums om H° (g,, A) axmusnocmu.

Hasosem SH-CHMvetpuu ¢ Henop3oBanneM H O(gp, A} HYJIBMEPHEIME HPOCTPAHCT-
BEHHO-KOTOMOIOTHYCCKymu ipeobpasopanuaMy | Gyaem obo3razate ux SHO. [Tockomsky B
riase Z pacCMaTpMRAeTCs TOMLKO T4KO} BAPHAHT, ZOMYCTHM OTOMKIECTBICHHE oGo3nagennit
SHu SHY. ByaeM cu#Tgrs, KaK 3T0 IPHEATO B HIEKTPOTHHAMUKE CO CBEPXCBETOBBIMH CKO-
POCTAMH, 4TO BENMGHES & IONIMHEHA YPABHEHHIO

ad .
Caople-1), ¢=L2,

dé Py
BEC/IS TAKUM CIOCOOOM MUHAMMKY B aKTUBHBIN HeHtp anreGpel. SH 9-cummempuy, ovesuo-

HO, SGTAIOMCA B8APUANMON yenyGaenus S-cummemputi 0o yposus ywema H o " A) xozomo-

noeuff, VX $HHAMBKA gBsercd UPWHUMITUANHHO HOBOW depTO  NMPOCTPAHCTBEHHO-
BpEMEHHbIX Ipeobpa3oBanuit. OHa He YUHTHIBANACE PAHEE B JICKTpOAMHaMuKe. MEl Ha3zaTH
yenyOnenuem cummempyy CHTYAUHIO, KOTAR KAHOHUYECKOU CUMMEMPUY AOCHABIEH § COOM-
BEMCMBUE KNACC CUMMEMPUY C NAPAMEMPAMY, KOTNODbIEC MOZYIM Bbimb arRMUEHBIMY.

HsgectHo, 4T0 Seckomeuno Mampie AEHCTBHS CHMMETPHH B MPOCTPAHCTRE-BPEMEHH
MOryT OBITE 3aIHCAHbL B dopme

dxe'={I+T, 05 ) dv,

rae dx4', dx# - mubgepenunatsl KOOPOMHAT, BITHIE OTHOCHTENBHO HEKOTOPOW TOUKH
M (x,t) TPOCTPaHCTBEERO-BPEMENHOTC MHOr00Gpasud, Iy - KAHOHIYECKHE reneparops, €5

- TapaMeTpPsl IPYIIEL, 3aBHCAIHMS OT JONOMHUTENLHEIX Benuune. Jedopmanus reneparopos
CHMMETPYR, HAlPUMEP, B BUAS
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I, =0r,07,

rae {J - onepaTop CIUICTEHMH, 33JaeT KIacC AIre0pauvecKy SKBUBANEHTHBIX NpeacTasicHull
s panHoi S-cummerpu. s Haxoxaer#s SH-cuMMeTpHil HCIIONMb3YyeM BapHAHT, KOI

dxﬂ'=(1+fs @5)tdx“.

Wayumv KaHOHMHECKHe npeoOpa3oranus JIOpeHTNA, OCTABHE OTIUYHBIM OT HYIS TONLKO
o mapametp € = €¢ = 0. Qg I, umeem (y rpynimt G, = U{1) semmumua € € C, e C -

[oJe KOMILTEKCHBIX ucen P):

100 (000-1(1000(000-@-I
F=01oo}oooo‘o1oozoooo
oot ollooooloot1 ollooo o
[000¢)L1000}\000¢4/¢00 0o |

Tlpn dyrxowonanbHOR 3aBucavMocTd G, 0T kanubpoBouHoi rpymmsr G, Ml HOMydaeM Ka-
nubposouno axmusroe yenybrenue duswdeckmx mogenei. Ilpu sapucumoctr G, or rpynm
Koromonorui, Haupumep, H "( o, A), MBI TIOJIYH8eM KO2OMOJ0ZUYeCKY axmugroe y2iybne-
nue duanueckodl Moaemu. Ecou cnvmetpuelt G, ympasnser rpynna G, = U {t), momynn

lLI)( CIoco0eH MEHATRCA OT Hyis A0 1. 3amerny, uro 3Hadenne ¢ MOxeT ObITH MONOKUTENb-
HBIM, JIEHCTBUTENBHEIM HJIM MHUMEBIM. B paccMarprBaeMoM cifydae

del'= dx'-G-1€dx?, dx%= dx®- PC dx', dx?¥'= dx?, dx3'= dx3.
KouexHsle 11peobpasoBaHns

dxl'=dx? cos€ - icdrE-1sin€, dx?'=dx?,
di'=dtcosf — L dsin@dx', dxd'=dx?
C

COZIEPIKAT BEJHUHMHEI, KOTOPBIC HYXKHO HaHTu. Jlns 3T0ro MCNOAR3yeM YCHOBHE, YTO HAYAIIO
ITPUXOBAHHOH cHcTeME! KoopmutHar K' uMeer ckopocts v o ocu K. Orciona

1g0=-idL,
(4

v
cos@:(l—-dﬂf—w , sin®= +z— 1- d>2—w
\ c? J (22

Tomyuum npeoOpatoranus UG GePeHIHaN0s KOOPAMHAT

v
dt~ 2 2 g
=B gy, dredr, di=——C
}/ v \%
o2 ot
cl
\ J

Hust kozomonoeusecku naccughol cummempuy, kozoa ¢ =const, TOTYyIaeM B3aFMOCBA3L
KOOpOUHAT BHOA
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t— @2 —v—x
(- x—vi (. (. ' c?
Erre—————y, Y=Y, Z=2Z, - .
y2 Yé 12 Yé
[1»4)2 — 1-d2-—
) e Freost T
Jlerxo npoBepHTh, 4To oM 06pasyroT rpymiy. [Tpr ¢ =i¢ npeobpasosanns
v
(+P2 —x
' X =vt ' [ ' c?
X = —m—— 7 y=y, z=z t=—~—r\7£——
(1+<1>?f1)2 (1+22 )%
\ c? /

JIOIYCKAXOT TIPOM3BONIbHEIC ckopocTH. Hamu monyued xiace SH-cuMMeTpuil, IPEIOAHBIX KaK
JUIA IOCBETOBEIX, TAK M [ CBEPXCBETOBEIX cKOpocTeH. MM cOOTRETCTBYIOT MHBApHAHTHEIE
METPHYECKHE TEH3ODEL:

g, =dag(,1,1,-1) = r, =diag(1,1,1,1),

KOTOPBIE ACIOIE3YIOTCA B YPARHCHARK @YHIAMCHTAIBHAN QUIRISCKEX MOTeacH (rasa 3).
CreJoBaTeNsHO, y4eT KanuGpOBOMHON HIN KOTOMOIOIHIECKOH aKTUBHOCTH [T03BONSET eCTe~
CTBEHHBIM JIyTEM BBECTH 8 TCOPHIO (QUSHUECKAX ABICHUR hynoamenmanvpiyio APy METPHK,
[onstao, w0 2pynna Jlopenmya ¢ ee SH-popme nuxax e ozpanususaem ckopocmu. Ecin
xe ©2 = w! —w] +2iww,, TO cRTyanms MoxXer GEITh CHONHON.

2.1.2. SH-cummempuu ¢ ynexmpoounamuxe Maxceenna

[ToxaxeM, 910 ypapHeHMs MaxcBella UHBAPHARTHEL OTHOCHTENEHO SH-CHMMETPHH A Jito-
Boro smauenns 42 = const. Torxa, ecmu B hu3mueckodl Mogenu samemuM < #a - €7, mo-
JIyYdM CHCIEMY YPaBHEHHIH, OMMCHIBAIOIIYIO CBEPXCBETOBRie nBwKeHMA. [[ONOKHAM, d9TO
&2 = w. PaccMOTPHM CBA3H MCHLY IPOH3BOTHEIMK U CKOpPOCTAMH B Pas3HHIX CHCTEMax KO-

opmumat K'u K', cOOTBETCTBYIONME YKA3AHHEIM BRLIS NPE0fpasoBannaM kKoopansar. Torda
33 wd 2.2 2.2 2 ?
=YY, T T, TNy =Vt Y,
» Ta Tow e & a a Ve T

U, —v u, U

1 2

u =

= U W =
x ’ ¥ > z 3
W 1432 W
1“14)( 2 ’«V(l_ux 2 y|1l-u
x 2
2 \ C

c
)
rae y=(1-wu2/c?) A [IpopeaeM mpAMOE JOKA3ATENHCTBO MHBAPHEHIHOCTH YPABHEHHMI
SIEKTPOAMHAMAKH, 3anumeM ypapHeHns MaxcBeiua B JeKapToBuIX KoopauHaTax. ITycrs

o0E OF _ 19B,

z_ 2

dy oz cot’
9E, QOE,  19B,
oz o ¢
0E, OE _ 198,
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0B, 9B, 9B
Bl SR el AV
* oy o

W3 npeobpasopanud NPOU3BOAHBIX CIEXYET, YO

a8, oy dB, 0B, 0B
x 7/cl o' &y a2

4

AHAIOIH4YHO
1 9B, 198, 9B,

ca e T

rae £ opmumMaer sgateHus X, y,z. Ilomydum

3l v, )| @ v 108
L 2 Ll fE “2p Y=t
ay‘V( : 3 Y az'{y{ 4 cB‘):‘ c o
oF 3\' v 19 Vo)
o' ax'Ly{E’“LcB/H‘ canBY*'ZWEZ }

d v JE 19 v 3
= = X oW B ——wE ||.
ax'MEy ch ]] oy’ cat'liy{ - ﬂ

Brisesienabie YPaBHEHHUSA COBIAAYT N0 BUIAY C ACXOAHBIMK, €CIH

[ " v - v
E‘“Q’Ey‘{afzi} EZ‘{@+2%}

x x

B =8, B'yzy{BﬁXwE,l B, = fBZ—XwEﬂ.
C C

/ { J

Bmpax(ennx HCIITPUXOBABHERIX KOMIIOHCHT YePe3 IITPUXOBAHHEIC TAKOBEL!

E =E., E‘yza{Ey +§BZ} E, =y(15; —%B; )

B =B, B =y8 ——vwE'l B =B +——vwE',).
x x ¥ y ¢ z/ z z ¢ 2
/

Hcnons3ys ux, TOTyuHM

.B_EL+_%+_B§LZ_ — XW(,I_.a_B_‘L.Q_?_E.Li_..a_EZ_ =
ox' 4 oz }’c Lc o ot

TTockonsxy
19B, OE', ©F,
co Ty e
u y#0, nMeeMm
g, 0B B, _
w3y o

ViseapuanTHOCTE MepROH rpynIisl ypasHeHuit MakcBeiia AoKa3aHa.
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PaccMoTprM BTOPYIO Iapy ypaBHEHu. B jieKapTOBBIX KOOPAMBATAX

aH, oH, 1 L s 19D,
dy dz Hcp e ot
aH aHz—l 7 +}_a_l)l
9z o cp Y e ar’
oH, 8H, 1 A
ox dy _c'o o’

an ,aDy +a_D_z o

o 9y oz

Us npeoﬁpaaonaﬁm YaCTHRIX IMMTPOU3BOIHBIX NMOIYIUM

D, wop, 9D, 9D,

R Rl

ox' ~vycz of & o

Jlnst ApYTHX KOMIOHEHT IIPOMIBOHEIE [0 BPEMEHH PABHLL
= v ,
c at T e dt' ¢ ox'

rae £ IpHHAMAET 3HAMEHUA X, Y, 2. VI3 YKa3aHHEIX COOTHOLUCHUI CIeayeT, 4To

d —‘} 9 vyl 14D
e -Yp, -2 Ip A= plu, ~vly+ -2
By'[}{ e’ h az'|}{HY+c J_j Pl =vly cof’

OH, 3 v 19 y(

iR P A\ D, - wH

oz' ax'[y( e )J Pyt cat‘[ cw 'JJ’
r v oH, 1 10 v
/(Hy‘*’éD,):}“' =—puz+gé~t'[‘ D, +- wH, ﬂ

' ¢ \ c

AN

Briepem cooTHODIEHMA
D,=D,, D'y:y(D Vuri, | D, =4D + i\
Lo J AN c 7,

H.=H, H' = HV+ED,1 H’z=y(Hz—KDyl
T L \ c 7,

D,=D,, DD+ wi, | D, =4 D~ wH )
x x L z) z L y)

H =H', Hy:y(H' o\ om :y(H' o)
x s ¢ z z z ¢ ¥y
/ /
7t
Haiines ycinoBms, IpH KOTOPBIX HHBAPHAHTHO BEipaxkenue V - D= p. Nveem
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[aD', D', BD'Z] v [E}H'z H,' 181);)
A + + YW A =
a' dy a7 c oy 9 ¢ oo
Iockonexy
aH',_aH'y 18D, 1 ( )
R
TO
aD‘;+aD'y aD'z : ) uxv ‘]‘_ .
o' +_é;'~_}p[ T w/,—p.

TOI‘I(a, HCHOJB3YA CBA3b KOMIIOHEHT CKOpOCTeﬁ, TOXY4IUM

1 1
~pAu, -v)==pu',,
[+ 4

Low Lo Loy Lo
¢ 7 cp y’cp’ cp <
Bropas napa ypasueunii Maxcsema sanamercs & suie:

oH', oH', 1 10D,

v [

— o
' iz ¢ e ot

H

oH', oH', 1 .. 10D,

oz' o' ¢ Y o

aH'y OH'. 1 13D,

’

(]

ox' ¥ e 7 e oo
JlokazarenscTBO HHBAPHAHTHOCTH BTOpOH rpynmnsl ypasHenu# Makceena 3aseprieo. Pac-
CMOTpHM Teneps BOIPOC 00 HHBAPHAaHTHOCTH MaTEPHANLHEIX YPaBHenuit. HeTpyado suaeTs,
YTO OHH Y/0BJAETBOPAOT JONOMHHTEIBHBIM YCIOBHAM CHMMETPHY, T4K K&K JOIYCKAfoT
3aMeHy

H 1 It I 14 1 I

4
D—B, E—->H, H>E, B>D, e U, i€,

AHaToru4HEIM YCIOBHAM VIOBIETBOPAIOT LpeobpazopaHIisl /I I0Nei. 3TO [O3BO/IIET Orpa-
HUYUTE aHAJH3 HHBAPHAHTHOCTH PACCMOTPEHKEM OIHOTO BEeKTOPHOTO ypaBHEHmA. ITycTs B

cucreme K'
Rrh By Ta m
p| HY D', —| |=B+w| E', —|.
cl, ¢
CiaepcTeaeM €ro ABILIETCS
n n n fl
puler a)=(8.40),
rae %' - cKopocTs Buxennst 3 K. IIpoeseM HeoGXoauMsle TPeoGpa3OBAHMA, HCTIOMB3YS
COOTHONIEHMA MEX Ty KOMIOHEHTamu riofell. Mmeem

u, u W w 3
HIH + Dy—c——Dz-cy—)——c?(qux+Hyuy+quz)i|—

u u W
— Y
=B +wmE ‘j‘—E,—c' ‘;‘Z"(Bx“ﬁBy“y*B,u,)a
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|
U (Htux+Hyuy+qu1)—v Hx+Dyu~‘—Dz—’H
Y.

¢ ¢
=(Bxux+3yuy+Bzuz)~v B +w Eyf'!——Ezu—y},
c c

¥i3 COBMECTHOTO PENICHIS 3THX YPaBHEHMH CIENYET, UTO

tlz uy uz u}'
H+D —2-D — =B +w|E —~~FE —- |
% y z x ¥y z
c ¢ c ¢

,u(qux “Hou, 4 quz)szux ABu, - Bu,.
VMeeM y-KOMIIOREHTY

1 ' il i
o 0, e |, B,
! L ¢ c L c c
TTocne npeoGpasoBasni nerko yGeA#ThCs B UX HHBAPHAHTHOCTH. Jist OCTANBHEIX KOMIIOHEHT
BRIKJTAKM auanorsdHel. [Jockonbky cutyaumst ¢ w=0 coorBercTByeT rpynna [anunes, a
3HaueHMI0 w=1 - rpynna Jlopentua, puMeM NPEUNOIOKEnye, d1o 00e rpynnsl gusuuecku
00nOAHUMENLIBI, OXBATHIBAA PA3HBIS CUTYaUMH. MBI MMeeM OIHy M3 WUNOCTpaimif HOBLIX
BO3MOXKHOCTEH KOTOMONOTHIecK) acCHBHEIX SH-CHMMETpPHI.

TTousTHO, YTO, HCTIONB3YS JMHAMHYECKH 3aBHCUMBIS MM aXTHBHBIS KOTOMOJIOTHHE 14~
60 B ¢usnueckoit mogeny, mubo B SH-npeolpa3oBaHMAX, MBI JIOCTUI2EM HOBOIC KAYeCTBA
Teopun. llemodxa ux ncmons3oBanuA B ¢usuxe Oymer Mokaszana jganee, CIEys pasmeliaM
2.242.4. Bsedentie axmusnuix Ko20MOI02u & QUIUUECKYIO MOOers, KaK u noxyuenue SH-
npeobpazoeanui, npeccmasnaem coGoN CAMOCTNOAMEnbIYI0 npobiemy. ANTOPATMOB MOXKET
6siTh MHOFO. 3aMeTuM, wre s rpymmst U(1) xommaexcusle penuamet @€ C) cnocoSHs!

Garts Toxaectrennst HO(g, A) anreGpsi sanonnenns g, 331aBas yrayGlIeHne CHMMETpUI

2
a0 SH' -cuMmerpuil.
Daxmunecku peys udem o QYHKYUONAILHOM B030eticmeuu OOHOT cuMMempuu Ha

opyeyio. Ecnu na cuwmempuio G, énusem cummempus G ,, nOIyuaeMCs CIIEMEHHAS CUM-
Mempus, 2eHepamopet U napamempul komopod accoyuuposansi c G, u G,

Ecnu G, ecTs MuHOTONapaMeTpHYECKas KanuGpoBOIHad IPyTTIa, OHA HHJyIMpYeT ce-
MeficTBO MeTpuK coOmITHiT 27, HOCPEACTBOM KOTODEIX CRA3AHEI IO 4 WHIYKIMHA B BHJE

HY =670TQl

mt
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2.2, HOBbIE BO3MOXHOCTU U NMPUNOXKEHWSA SH-CUMMETPUIA

Yxasan obwuii mMemod ROTYweHUA KO2OMOROZUHECKU QKMUSHBIX SH—

CUMMEMPUL U3 OGBINHLIX NPOCMPAnC 3p x S-cummempui Ha
0CHOBE (HYHKYUOHANBHON dedopmayun ux spamopoe Lo u napamempoe
8,. U3 S-npeob) i Jlopenmuya nonysena SH-cuvmmempus Jlopenmya,

COOEPIUCAIYAR KBAIUSPYNNY YRPAEREHUS W HECOBCMEEHHOU unepyuel Jnex-
mpomaznumnozo noaa. Haidena gyurxyua ITpuna 0ns 0600uennol cucmembl
ypasnenuti snexmpodunamuxu Maxceenna Pacomompenst caysau docsemo-
GbLX, CEEMOBLIX U CBEPXCEEMOBLIX OBUNCEHUN. YKQ3aH6! HeKOmopbie yepnbl
PACHPOCMpPAKeHUs USIYUenus 8 cpede npu MeoneHHoM usmenenuu w. Hc-
NOABI6ANY PYHKYUOHATGL W), KOUKDEMUIUDYIOWE COCMOSHUS 0GBeXmMO8
Wi ABneHull

2.2.1. Yeaybnenue S—cummempuii oo SH-cummempuii

SH-cumMerprn ABRSIOTCA PU3MMECKUM yIiyOleHueM S-CMMETPHI B TOM CMBICTE, YTO OHM
cogepxar B cebe JOTOIHUTEILHAEIC BOSMOKHOCTH JUIS 4HA/IM3a ¥ HHTepUPeTauuy (pusade-
ckux sBnenuil. PaccmorpuM, uro 3ro agaer. Ilycth momens GU3MMECKOIo SBICHMA 3aJaHa
YpaBHERKAME

iw=o,

rae L - cucrema nudpepenmmansusix onepatopos, ¥ - BomHOBas dyHKmu, [IpoCTpanCy-
BEHHO-BpEMCHHAS I S-CHMMETPHS MOJIETH COREPXKUT A hepeHIHAILHEIE OICPATOPLI 0,
OTHOCHTENSHO KOTOPRIX WHBAPHAHTHEL ypaBHeHMs (u3nyeckol MOIEHM H KOTOPHIE TEpeBo-
I4T APYT B Apyra HX penieHHs. Torna

LOw-QLw=0.

S-cHMMeTpUH COOTBETCTBYIOT MH(QMHATEIMMANEHbIE IeRepaTopsl I, ¥ MmapameTpsl rpyIIEs
€ 5. Oua wMeeT AT
ot =
dr'=(1+T,0s Y d.

Ecmu Mogens pusudeckoro sBieHns MOXKeT GBITH npescTasiera b rpynne G B dopve GAG-
MOJIYJIf, KaK YKA3aHO B [NaBe 3, HA30BEM ee JPYRnou 3anonnenus Qususeckol modenu. By-
JieM CTHTATE, STO IEHEPATOPSI ee anreGpsl 4 ABISIOTCA YACTHAIM criyuaeM NapaMeTpriecky

3aBHCHMEIX MarpHO (€ Q HHBAPHAHTHEIC HOMHHOMEI SpQH DPIQ JULE KOTOPBRIX IiEpe-

MEHHE! U YIOBICTBOPAIOT YPABHEHMAM JVHAMUKY. T1ycTh MHBAPHAHT SpQ =§ XapaKTepH-
3yeT IpOCTPaHCcTBO cobeIThi SE fi1s dusuyeckoit Mojemy, [IycTs HHBApUAHT

DetQ=w
PACCMATPHBASTCH KaK GAKTOp THHAMPKY HHEPIVH ABICHAA,

Viemomesyem 0600IIeRHEe TeHEPATOPH! ANreGpsl 3amONHeRus ¥ Na-
paMETPB CHMMETPIH!

= A A -1 QF = s s
=9gr.g-, 0o (I;;®ﬁ+g‘>®m.
PaccMorprM HOBHE HHOHBATE3EMANBHBIC IpeobpasoBanus

don= (1 +T,8 ) dr,
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B unx reneparopsl I, u napamemput cusmmempuu €5 3agucam om snavenuti W, € ungapu-

awmnbix nonuHomog. Tlonyyerssie TakaM o0pa3oM cuMMerpun "cIuieTaror" S-CHMMETPHIO ©
KBA3UTPYHIIOH ynpaBieHns nHepiuel w, KOTopas COOTBETCTBYST HHBAPAAHTHOMY CKANIAPY

_ DetQ

DetQ
Dopmut u eudst "cnnemenun’ cummempuil mozym Gvimo pasusimy. [IpeIOKEHARIA BapuasT
3a1a€T OAHY KOHKPETHYIO BO3MOKHOCTS. B pamMKax NpuHsTHX fonymenni (ockomsky [y

€ ' 3aBHCAT OT W) UMeeM HENHHEHHYO 3aBUCHMOCTE SH-CUMMETPHH OT W K J-MepHoe npo-
CmpaHCMEo OCHOBHBIX cocTogHMM. JeicTBuTeIBHO,

dt ~ dew 2
- 2
di=—B Y gy, dr=dz, df=——C dw=dw,
32 VA ¥? V2
I—WC—Z 1—W;2'J

roe v={1- w)uﬁ 1wy, WM V=V, =u,+ wu, (pasger 1.3). MoxHO NPHHATE TOUKY
3PEHUs, YTO MCXOAHOE (GU3MYecKOe IPOCTPAHCTBO BCErN8 OBLIO NSTHMEPHO, OXBATHIBAA M
nposss Mecto R, pems 7', oTHomenue w. [TpHHUMAS { M W 33 OCHOBHBIE KOOPTUHATEHI
HCXO/IHOrO PACCIOCHHOTO [IPOCTPAHCTRA, Mbl MMEEM HX Tpsvio¢ npoussenenne R x (T, w).
Touxocme cocmoum 6 mom, 4mo e moasko 2enepamopst SH-cummemputl, ko u napamempol
€s 3aeucam om w. HHTepeced ciydail, Korga MexTy CODON CILIETEHBl HECKOJIbLKO

CHMMETPHIH.
PaccMoTpuM BapuaHT naccusnod SH-cummempuu, nonaras w = const . OTHONICHMIO

w=1- exp[- B(n- )]

COOTBEICTBYIOT PasHbIe DH3UYECKHE YCIOBHA!
a) w=0 - BaKyyM;

6) 0<w<] - paspexcHHas Ta30Bad CPeEia;

B) w=1 - "miotHas" cpea.

Hpu v=const SH-cummeTpun 3azaT npeobpasosanns Jopenrtua, o6o6uIeHRbE ¢
YUCTOM W. Oun TEPEXOAAT B CTAHAAPTHRIE IIPH 3aMCHE Z = C/'\/I; YTO MO3BOJISICT JIETKO
BRIBECTH YPaBHCHHUA Maxcaemxa obobmennse ¢ yuerom w. CooTHOUICHH 4 IOIeH 1 UH-
AYKIHH cOfepar CKOpoCTh i , KOTOpas UMeeT PopMaibHblii CMBICH, IOTOMY 4TO HH IIpeod-
pasoBaHMd KOODIWHAT, HU yKasaHHas 3aMeHa He HMGIOT CpeJCTB packphTh ¢e. Jlomommu-
TEeNBREIN aHAJM3 HHEPLMN 3MEKTPOMATHHTHOTO TI0NY, BRIONHEHHELH B riase 1, mokasat, ¥To
VTS KMHEMATHKH JIOCTATOYHO B3ATh

1 n r
ﬁz(l— w)uf:w Wi, ,

rae 4 - CKOPOCTb NEPBAIHOIO UCTOYHUKA U3TYIEHRA, 12’,,‘ - CKOpOCTh (hu3meckoi cpeasl. B
obujem ciynae HEOOCMAMONHO 3HAME U UCROTb306aMEL moavko SH-cummempuio. [ns cozna-
CyIOueics ¢ OnbLmoM Mooenu H_}Olcllbl donoinumenshsle Pusnueckue npeononoxcenus. Dax-
THYECKH MBI BBEJIH W (x 1) xax ynpaeﬂﬂmu;ee none", roBopa cnoBamu I'. Belins, yautsBag

HOBBIC I'DaHy @HBH‘ICCKOI‘O oM COCTOSHAR" 1 KOHKPETUIUPY st B3aUMOeicTBHE 3TCKTPO-
MAarHuTHOTO IIOJA C MaTCpHeﬁ.
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2.2.2. Hosuie pewenus ¢ anexmpodunamure Maxceenna

PaccMoTpnM DOBEACHNE IISKTPOMATHHTHOTO IO B CUTYAIUAX, COOTBETCTBYIOUINX Pa3HBIM
SHAUEHMAM W = const. 3anunieM NOJHYyIO CHCIEMY ypaBHenui dnexTponuHaMukn 8 R3 x T

h It
vxg=-198  ¢.g-g,
c ot
’ I B
\% 1‘5:47:,0, VxH———a—D— 451‘,
c ot ¢

I I r H I 1 rH rn H r It £l
D+wlBxH=elE+[5xB), B+wExp=ulH +Dx B1),
n )
ﬁ’m =(1- w)ﬁﬁc— Wl«,llm, B=u,lc,

w=1- exp[- B(n- 1], F,=7 104,

oo

3necy (E,B,H,D) - nond u WHIyKLUH, ( j ) - IUIOTHOCTH TOKOB ¥ 3apsiIOB, /’ilzgm Jc.
Haiitem ee peulenus I (UKCAPOBAHHEIX 3HaueHuit w=[0-+1]. VIM cooteTcTRYET pacpo-
CTPAHEHHE H3YHCHHA B BAKYYME, PA3PEIKCHHOM [a3¢ HOCTOAHHOM ILIOTHOCTH HTH OJHOPOX-
Holi "ruotHo" cpene. Brenem BexTOpERH 4 1 CKAIAPHEN ¢ MOTEHUMATEL, (IONAras

hoo1a4 h
=———_-Vgp, B=Vx4
¢ ot ?
YpasHeHuA
h B 2
A:ﬁl—{l‘F M= u ( hm ]—clp)},
¢ rtw ¢
i 2 [ /1 zm) Z? ‘ﬁ\
=dp ——— o p| 1 - gu |y
p=-amu let W
coepxaT
L (L wor r2(9 ’
L={A—— -xr—|=+u_-V{,
L c? gt? xCZ at “on ]

Venoue xannOpoBKy Bpma

P

T2 /]
[E-kzlmV}ﬁnA—c(D):O
ot J

c?

ynpoerino ux. IlpoaHanusupyeM pacOpOCTPAHCHHA H3NYYCHHS OT ¢ - 0OpasHOro MIrHOBEH-
BOTo Mcrouruka. Haifnem ¢ymxnuro ['puHa nng ypaBHeRwii, 1onarag, 4I0 cpela He Hveer
JUCHEPCHH, 8 0Ch Z IMIMHAPUYECKOH CHCTEMBI KOODIHHAT HANPABAEHA [0 CKOPOCIU u

Nmveem

c (1-wh2)Jeu

- w_ , Eu- wp?)
&l - 3w ah TEP - prwr

Go(ﬁ,t):%?r“ﬂ(rz+§2)‘%§(t—l—8‘u prw (r2+§2)}é}

e £=z—
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fTpu 6 =0 noxy=wrM

Ry
Go(ﬁ,t)=16z4y%5 (_Rifeu)
C

]
e R={(p*+ zz)/z - PaccTOSHME OT HCTOYHHMKA JO TOUKW Habmoneuws. B ofmiem ciydae
dysxuus ['puna OTITMHA OT HyJI Ha JILIAICONAC BAIICHRAS, OCH CHMMETPUH KOTOPOIO COB-
TI3/T4ET CO CKOPOCTRIO u . AHA/IM3 IOK23a]1, YTO €r0 ISETP NepPeMENIaeTes o CKOPOCTHIO

- u, (e~ w)v
eu— frwr’

Jis rpynnosoit ¢KOpOCTH TONA B HEPENATHBUCTCKOM IMPEONMDKEHUM MOACND JaeT CICoyI-
1 14
IO 33BUCHMOCTE OT W, U, , U,

h_ck
vg=;c1—;+{1~—;v:—][ (1= w)+wu]

Haiizem pemenus oGofilennol cucTeMsl ypaBreHuit MaxcBenna mnpy yCnoBHH He-
3HETATENLHOTO WIMCHERHS TAPAMETPOB CPS/IN HA PACCTOTHAUAK NOPAAKA UIMHEL BOJHEL, To-
t
[1a 4acTOTa & U BOJHOBOH BEKTOp k¥ OyxyT cBA3aHBI AMCIIEPCHOHHEIM YPaBHEHHEM BHAA

" h
k2 =ww? +I2(gu~ww-k-u, )’
Wz Hero cnaemyer BeIpa)XeHne VIR IPYHIIOBOH CKOPOCTH nonas. Mmeem

n_g_ k+ kT2 (0~ i'c'um)
£ ok @w

+kl"2c1(a) lc u )

Pacemorpnv pacnpocTparenns cBeTa B Baxyyme. Toraa
1

5; ={c+(1~w)ucos®}%,

vo=cs (1w

n
Tlpu w=1 cxopoCTs CBETA HE 3ABMCHT OT BEIMIMHBL #, P w=0 HMEeT MecTo CIIOEHHE
CKOPOCTEH TIO BEKTOPHOMY 3aKOHy. Bennumua £ =1- w naer mepy anmpm CKOPOCTH 4 Ha

CKOpOCTS Tious. B BakyyMe, u3 dusnueckux coo0paxkeHni, CKOPoCTH i COOTBETCTBYET CKO-
POCTH IBMEHMA UCTOYHHKA N0, Eciu w=1, 5Ta CKOPOCTH HE IPOSIBIACTCA B IKCHEPHMEH-
Tax, ecmu w= 0, TO ¢ MOKHO OGHAPYKHTE,

PaceMoTpuM Teleph PACHPOCTPAHEHHME JJIECKTPOMArHHTHOIO NOJA B CiIyyae, KOria
TIPOHCXONNT MEUICHHOE W3IMEHCHUE W. ByZeM cumTaTh, YTO CLIPABEATMBEL MaTePHAILHLIC
YPaBHEH}L, TOMYHCHHbIE paHee. ITycTh BrimONHACTCA MPUGIOKECHIE TEOMETPUIECKOR OITH~

KU, B KOTOPOM W, k JIOKaNBHO IOCTOSHHS]. BRIpa3suM HHIYKIHE Yepes N0

A

Bl B + -tk 1~ ub (- Fy),
eup?

B

D= 8/32 ‘e(l—wﬁ2)E+(€# w)[[ﬁ H] eﬁ(/f E)]}

Orpasngumcst CITy4aeM MassIx eKopocteli, koraa f2 <<1. Toraa
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1t n 1t

=uH+[GxE]), D=¢E~[GxH],

7t It
rae G = —{(ue —w)f. Vimeem AnA nyHa ToKabHOE JUCICPCHORHOE YPaBHERHUE

10 I

(k - G)Z =n? B
i
rae k =V, ¥ - siikoHai, 7 - IOKa3aTeNb NpeloMIcHuA. EMy COOTBETCTBYeT FAMHIETOHUAH
noh
H=05[(K -G -n’].

U3 ypasuennit [avmsrona-Sxo6u mis H crefyer, 9T0 B 06NacTs ¢ H3MCHEHMEM W Kaca-
s 1 .
TeABHBIN K YTy BEKTOp d7 /ds He NapaleleH IPaIueHTy SHKOHAIR, & UBMEHEHUE HMITYJIBCA
"
ompeaensercs nosenerneM G Uto0m1 Gruto 6oee yno6HO aHANH3MPOBATH HACTHRIC CIYHaH,
npeofpasyem dyuximo Ppuna. UenonsiyeM COQTHQUICHUE U3 TEOPHE ¢ -QYHKITHI, Tonarat

é(t t)

b
_ 1 gu—prwr | pll-pp?) [ eu-w i
rae flt)=t— e )‘/7{ ay—ﬂzwv2+ z o ut = R

#; - KOpeHb ypaBHeHHA. [Liist KopHed HMeeM

_1=(gu-wBzxJeu(l-wp)lz? + p2(1-gup2), (1—w/32]

f
L 1-euf?

3nauenus ﬂ £(t,)] oxasbiBaroTes onumaxosm. Mveem
176))=! £6,)|= alz? +bl-a222))5,

(ep— Bowr)et eu-w
THe a= ,b=
(l—wp2) Jeu ep-frw

HCTIONB3Ys QYHKIHIO

. OxoHdgarensHblA Bun QyHknun prna sanumen,

a { 1, a>0,
sgna=-—=

a| -1 a<o.

0.5(1 sgnt) (t t)+ 05(-sgnt )( (t ¢ )
[2 +[0-eupr)-wp)p2 )2

Muoxutenu nepen ¢ ~ GyHruusaMA 06eceunBalOT BHIKIIOYCHAE TEX 3HAHCHUM, I KOTO-
PBIX # MM ¢, CTAHOBHICS OTPHLATCIBHEIM. PacCMOTPHM YaCTHBIE CHY9aH, COOTBETCTBYIO-

Toraa
G, (ﬁ, t)=167%4

n "
LI¥e PASTHIHEIM 3HA9EHHAM CKOPOCTH i ¢ (pa3oBOH CKOPOCTH c/«/—e-,u .
Bapuanm 1: [JocBeTOBBIE CKOPOCTH IPH u { c/ A €u . Tocre npeobpasoBaHmit mOIyYUM

v
Go(ﬁ,t)ﬂﬁn‘w(z—tl)[zz 15;25 p\l .

Bapuanm 2: CBeTOBOE NBYKEHHE IIPH U = c/ J&u . Torna
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t =——@[(l+l)z+ﬁ}, fr=o,
&u 2

T2

Oynxuus 'puna
Gy(F, 1,)= 162 L 5 (-+,)

OpUHEMAET IpocTolt Bud. [ToBEpXHOCTS, HA KOTOPOH OHZ OTAMYHA OT HYJH, €CTh JIIAICOMN,
TaK KaK
2
2 zZ--Z,
£ G-z) =
a2 b2

B m060it MOMEHT BpeMEHH TOYKOM KacaHHs MBISETCS HAIAI0 KOOPAMHAT, B KOTOpOM OBl
pACHONOXEH TOUSHHBIN HCTOMHHK.
!

Bapuanm 3 CrepxcBeTOBBIC ABHNKEHUA TIPH 4 >¢/ +/ €L . B 3TOM cnyuae
h 1-eup? X

G,(r =167 ulsl~1,)+ 8lt~1,)] 22 g
O6a xopHS #, W ?, nONOXKHUTENLHEL TloBepxHOCTE BoMHOBOTO (PponTa obpasyer xonyc. Ero
yrosa pacraopa HEIMHEHHO 34BUCUT OT W !

1-wp? %.

g8, = —~——-———8ﬂﬂ2 1

2.3. KOHUENUWS U CTPYKTYPA PEAITbHOIO U3MEPUTENLHOIO
YCTPONCTBA

Cucmena omeuema paccmampugaemea Kax CHEYuaIbibin 06pasom yom-
poeHnas usuyeckas cpeoq, 63auModeticmeue ¢ KOMopot npugodum k uame-
HEHUWIO HADAMEMPOE DNEKMPOMASHUMHKOZO NONA, € HACMHOCMY, €20 XapaK-
mepucmun  unepyuu  Tokazano, ¥mo cp X 3HQ
MORBKO € ROMOWBIO KUHOHUYECKUX Apeobpasosanut ﬂapenmua npu200Ho €
HENOTHOU QCUMNMOMUYECKOT CXeMe ORUCAHUR NOAR

2.3.1. Hexomaopsie acHexmul KIaCCUMECKOU U KEAHIMOGO-MEXAHULECKOT meopuy
uamepenuil

McXOIEBIM IyHKTOM K1aCCHIeCKOH DUIMKM, €ro HOCTYIATOM, KOTOPBIH 329acTyio QopMyH-~
pyerTcs ABHO, SBAAETCA HPEAUOIONKEHHE, 4T0 (QHIATECKAC XAPAKTEPHACTHKH HCCICLYEMOTO
SBACHMA MOTYT OBITH BCETAd WIMEPEHE C HEKOIOPOH HE3HATUTCIBHON NOIPelIHOCTHIO.
Coopmynupyem 310 0GCTOSTENECTBO KAK NPUHYUR HEGMEULAMENBCMBA: BOZMOXKHO SKCHEpH-
MEHTAILHOE ONPEAEICHAE XAPAKTEPHCTHK (usuueckoro ssneHnd Ge3 UIMCHCHMA €0 Beyu-
YHH U 38KOHA K3 B3aMMOCBA3H. Ou 6a3upyeTcA Ha BOIMOXHOCTH (JOCTATOHHO XOPOLIO
MPOBEPEHHOM IKCIEPUMEHTATRAO) BEITONENTEL M3MEPSHUE TAKMV 06pa3oM, uTO H3MEeHeHHe
BEJIMYMH BCIEACTBUE HEH3IOCHKHOrO BIHMSAHM U3MEPMICIBHOIO YCTPOHCTBY HA SBICHUE 3HA-
YUTCIBHO MEHBIIE CaMBX H3MEPAEMBIX 3HAYEHHH, & B CIy4ac CUILHOI'O U3MECHCHMA €10 MOXK-
HO PaCCIMTAaTh ¥ yuecTh. [IPH 9TOM OGRITHO CHHTAETCSA, HTO PeATbHAS QUIW4ECKas BeIHIHHA
TOXACCTBCHHA M3MEPEHHOMY 3HAUCHHIO. 310 006ecreuwBaeTes KOHCTpyuposakneMm npubo-
POB, ¢ HOMOMIBI) KOTOPHIX H3MEPEHHE MOMHO IIPOBECTH B PEANbHOM MacuITale speMeHdA H



HoBas Teopus 0THOCUTENLHOCTH 93

amusbl. KoHeuro, Knaccuteckas TEOPHS HE HCKIIOYAET BO3MOKHOCTH KOCBEHHOTO M3Mepe-
HHS, HO 3TO JeJaeTcs penxo. [nd ero aHanu3a HeoGXOHuMO AONOMHUTEIBHOS [IOCTPOSHHIE,
KOTOPOTO MBI PACCMATPHBATH He OyHeM.

B paMxax yKa3amHBIX NOCTYJIATOB OOIUCIPHHATA KIACCHUCCKAS CHCTEMa OTCYCTA:
CHCTEMA NPOCTPAHCTBEHHEBIX KOOP/MHAT, PUKCHDPYIOMAs CTPYKTYPY TPEXMEPHOTO CBKIMI0BA
npoctpascrsa R’, K Kamioit T0HKE KOTOPOrG IPHCOSTHHEHO BPpeMa. B COOTBETCTRUH C yKa-
3RHHBIM TIOIXO0M (H3NUECKUe SBICHWS OMUCHIBAIOTCS YPaBHOHRSMH I ONEPaTOpos, co-
[VI2COBAHHBIX CO CTPYKTYPOH IIPOCTPaHCTRBA-BPEMEHH, 8 (PM3UYECKAC BENMMMHLI IPEJCTaR-
JII0T COBOH NPOEKIMH T'eOMETPUISCKMX BENHIHMH Ha OCH KoOpAuHAT. Tax HOCTYNaloT B TOM
Clly4ae, KOr/ia 3a1aH €AMEHIHLI HaOI0AATEs WK COBOKYITHOCT IOKOSIIMXCS APYT OTHO-
CHTENEHO Apyra Habmrogarencit, VHeT ux ABIKCHUS, 10 KpaiHeH Mepe MHepIMAIBHOTO, CBO-
JMTICS, COTNACHO MICONOTHH KIIACCHYECKOTO M3MEPEHUA, K IIOCTPOCHHUIO aIrOPATMA CpaBHE-
HYS TIPOCKIMHE BCCHeIyeMBIX BeIMYWH M 3aKOHOB U3 B3anMOCBA3N. JIOCKONEKY cHCTeMa OT-
cyeTa B KIACCHYECKOM ITOAXOAE HACHTHYHA CHCTEME KOOPANHAT H BBEACHHOMY B HEH BpeMe-
HY, UX B3aUMOCBA3b ABJISECTCA CIMHCTBEHHBIM MATEMATHYECKHIM HHCTPYMEHTOM, ¢ IOMOLIBIO
KOTOPOTO MOMHO IPOCTEIMA CPEACTBAMH OOECIICUHMTh CPABHEHHE M3MEPEHHEIX SHaueHHH,
Koneuno, HHOTKya He CIEAyeT, UTO 3T0 SAMHCTBEHHAs! BOIMOKHOCTE, TaK KaK HUKakux 06-
X TpeOOBAHMH K AITOPUTMY M3MEpEHHS Myl TIoka He uveeM. Clienyer 3aMeTHTh, 9T B3au-
MOCBA3h CUCTEM KOOPJMHAT (GUKCHPYeT JHIUb KHHEMATHHECKHE XapaKTCPHCTHKY, HATIPHMED,
CKOPOCTE M AHHAMHUYECKHE, HATPHMED, YCKOPEHHE M3MEPUTETRHBIX YCTpOiCTB., ECin B3au-
MOCBA3b HIMEPHEMBIX XAPaKTEPHUCTHK 38BHCHT TONBKO OT HHX, 8 3T0 0BCTOSTENECTRO MOXKHO
HCCIENOBATE TOMBKO ONBITHRIM ITyTeM, TO IONYHUCHHAS B3aUMOCBS3b MOXET, B IPHHIMIE,
JaTh ATTOPUTM CpaBHEHMs HapaMerpoB coOnrud. OQHAKO CAENATh ITO MOXKHO JHIIL B TOM
CIIydae, ecni MMEeT MEeCTO OQHO3HAUHOCTh 331aHUS B3aNMOCBA3H KOODMHAT [0 HapamMeTpam
€r0 OTHOCHTEIBHOTC JBMIKEHMS, PABHO KaK H OJHO3HAYHOCTb BRIGOPA TOM CHCTEMEI KOOPIU-
HAT, KOTOpas JaeT NPOSKUMH (DUIMYECKUX BEIHYKH, COIIACYIOmMecs ¢ onmrTov. VissectHo,
9T0 IIOCTESHAE HYHKIMH YCIEIHO BBIIOIHACT SEKApTOBa CHCTEMA KOOPMHAT.

I'nasnoe 0BCTOSTENBCTRO, TPH KOTOPOM TONBKO HMEET CMBICT IOBOPHTH O KOPPEKT-
HOCTH CPaBHEHHUA, 3AKII0UACTCA B TpeOOBAHAH OIMHAKOBOCTH 3aKOHOB, KOTOPHIMH ONHCHIBA-
ercs ABNeHKE B TIOKoAIIecs ¥ ABKyLelcs cucTeMax Koopaurat, Koneyro, noruecku jo-
NyCTHMA CHTYALHs, KOrja 3T 38KOHbl MEHA0TCA. HO B 3TOM Cily4ac MOMKHO NpeInosarath
60 BEIACTCHHOCT: OTHMX HabIrojaTeIeil IO OTHOMICHHMIO K APYTHM, YTO IIPOTHBOPEUHT
TpHHATOMY YCHOBUIO TOMAGCTBEHHOCTH Halimomarefeli, mubo CIUTaTh, UTO HMEST MECTO
BIIMSAHME OJIHOTO U3 Haluro[aTenell Ha NMapamMeTpPhl HBIEHNA, YTO HOBOSMOXKHO B CHITY NPHH-
nuna HepMernarensersa. OOBMHO B3aMMOCBA3b MApaMeTPOB ABICHHS YCTAHABIMBACTCA I10-
CpeICTBOM TPYNNOBEIX Npeolpa3oBanuil KOOPIMHAT, YAOBICTBOPAIOLINX OPHHLHUITY OTHOCH~
TeIbHOCTH. [IPH 3TOM HYXKHO YUMTHIBATH KaK BHIGOP CTPYKTYPBI TOr0 MHOI000pas s, B KOTO-
POM DPacCMaTPHUBAIOTCS SBINEHHS, TAK U BONPOC O IIOBEJCHHH JTANOHOB MIMHLI ¥ BPEMEHH,
Ilpu cpaBHEHHEM pPe3yJIbTATOR M3MEPEHYS B KNACCHIECKOH Teopuu, Gasupyroleiics Ha uc-
TIONB30BaHAH MHEOTOO0pa3ns HeI0TORA, STAIOHBI HEH3MEHHBI B JyX¢ a(COMOTHOCTY JIMHEI B
TPEXMEPHOM NPOCTPAHCTBE M aOCOMIOTHOCTH BpEMEHH, OTH YCIOBMS HE IPOTUBOPEYAT
cTpyKType MHorooOpasus R® xT'. Bojee TOro, YCJOBHS CBA3H KOODAMHAT 1A CHCTEM OT-
CYeTa MOIYT HHTEPIPETUPOBATHCH KAK MATEMATHHECKOE BHPAKEHHE YCIOBHA abCOMOTHOCTH
3TANOHOB, B mpocTpanctee Murkosckoro geno ofcront unade, TpeGoBanue abCconOTHOCTH
STANOHOB 10 waeoidorny HeroroHa BCTynaer B OPMATBHOC NPOTHBOPEUHE €O CTPYKTYPOH
MHuoroo6pasud MueKoBckoro. IIpoTuBopeune 3To ABNsgercs QOPMATBHBIM IIOTOMY, YTO HH-
OTKYI4 HE CIeyeT, 9T0 Npeobpa3oBanus KOOPAUHAT, QUKCHPYIONUIME B3aHMOCBA3L XapaKTe-
PHCTHK 3TaJOHOB, JOJUKHE! ObITh HACHTAYHEL HPeOOPA30BAHMAM KOOPMHAT [IIA CHUCTEM OT-
cuera.

B xBaHTOBOH TEOPHH MCXOMHBIM SBIETCS COCTONHHE (Quamueckol cucremsl, Pasnu-
HAIOTCA UHCIBIC COCTOSHMS, KOTOPHIE 3aJar0Tcsi BoIHOBOM dyHkiue ' rumsbeproBa npo-

CTPaHCTBA L WM €ro HOpMOH j‘i’ . ‘P*], 2 TAKXKE CMCUIAHHEIE COCTOSHUSA, ONMUCHIBACMEIE Ha
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OCHOBE MATEMATHYECKOTO OKHAGHUA OT YHCTHIX COCTOSHuE WM Matpuued motaocty. ITo-
Beienne b omuceaeTcs ypaprerueM [Iperrepa

\ s
m§£=HW,
ot

roe H - ravunstosyuan. HabntonaeMolt BeruurHe CTABHTCA B COOTBETCTBHES CaMOCONPSIKCH=

HbIl onepatop A . Ciekrp ero co0CTBEHHEBIX 3HAUEHUH onpenenser GU3HYCCKUE BEINUMHEL
B chmyuae mpameiX H3MEPEHHMH M FUCKPETHOTO CmexTpa COOCTBEHHRIX —3HAHMEHMt

A=1a,,a,h a, }, OIEPaTOP HMEET CIIEKTPATHHOE PasNoKeHAE A = aiAL ,The A - oneparop,

COOTBETCTBYIOMMI cOOCTBEHHOMY 3Haderuw 4. M3aMepenue mpeacrasnsercs B KBaHTOBOR
TEOpHUH TPOLECCOM, BCIEACTBAS KOTOPOro NOTHOE COCTOSHUE PEAVIMPYETCs B YACTHOE, CO-
OTBETCTRYIONICE (PUKCHPOBAHHOMY BHAUEHHIO @,. IIaBHOH 0COGERHOCTBIO H CyIICCTBERHOM

TPYAHOCTHI0 KBAHTOBO-MEXAHHMECKOTO TIOAXOAA ABIACTCN TO, YTO HE CYMIECTBYET du3myue-
¢k 00OCHOBAHHEIX KOHUENIHI ¥ MATEMATHHECKOTO aMliapaTa, ¢ IOMONILKS KOTOPEIX MOXHO
Or170 6Bl NONYUNTH YKA3AHHYIO PEAYKIAIO JeTePMUHUPOBanHbIM cnocofom. CornacHo cra-
THCTHYECKOH HHTEpPUIPETAIHH BONHOBON (VHKUME, KaXKJoe M3 BOSMOXHBEIX COCTOSHHH CO
BHRUEHUEM ¢, MMeeT ONpENCICHHYIO BEPOATHOCTS NOABNCHHS B IKCIEPHMEHTS, B KOHKpeT-

HOM W3MEPCHUN Ml HC MOXEM yKa3aTh el[HHCTBeHHHﬁ Cro UCXon, a UMb BepOsTHOCTE pas-
JIHIHBIX NCXOLOB.
OTIHYNE 0T KIACCHUECKOR CXEMBI HMECT MECTO B CICAYIOINX MOMEHTAX!
®  HOBOE ONpEAENeHHE COCTOSHNIA CHCTEME],
® HOBOe ompefeleHKe QU3HYecKoll BETHIUHEIL, OHA HE ABIAETCS yKe IPOCTO Hpo-
eKIMel Ha OCH CHCTEMBI KOOPIMHAT HEKOTOPOTO KIIACCHYECKOTO BhIPAKEHHS;
®  OTCYTCTBYET HETCPMUHMPOBAHHOCTE UCXOJIOR BRITIOJHEHHEIX H3MEPEHUH,
3ameTnM TarKe, YTO IPUHUHI OTHOCHTENLHOCTH HCHOAb3YETCA B KBAHTOBOMH TeOpHA
HEABHO. YKa3aHHEIe OGCTOSTENBCTBA CBUICTEIBCTBYIOT TakKke O HEZOCTaTOYHON paspaborxe
KBAHTOBO-MEXAHHIESCKOTO NOIX0Ta K M3MEPEHHIO.

Ecix paccMaTpuBaTh CHCTEMY OTCHETA KAK BAXHeA (usmucckuil daxtop, M0O3BO-
JIIOMKUHN BBIETNTE eJUHCTBEHHOE COCTOSHHE U3 BOBMOXHON COBOKYIHOCTH, Mbl BITPaBe ro-
BOPUTH O BO3/CHCTBHY W3MCPCHHUS Ha IapaMeTphl ABNeHus, OTMETHM CHEIYIONIYIO 0COBeH-
HOCTh, "MEXIY M3MEPERHAME H QH3UIECKMMH COCTOSHANMH CYIIECTBYET JiBa POfia COOTHO-
mienuil: BO-MEPBRIX, H3MEPEHHAE ONPEIENeT COCTOAHAS, B KOTOPOM CHCTEMA HaXCAUTCA [o-
CIIE €r0 UPOBENEHHS, 8, BO-BIOPBIX, [IPH €ro MOMOLIM HCCIEAYeTCa COCTOSHHE, CYIIECTBO-
BaBmzee 40 H3Meperui. B obnactu xnacenyeckoit QUsHRE /i =0 ITO PasIAdme TepACT CMBICH,
TaK KaK COCTOSHHS [0 H TIOCHE U3MOPEHMS MOXHO CIMTATE MACHTHYHLIMA. B BOMHOBOH Me-
XaHuKe Je10 ofCTouT CymIEeCTBEHHO HO-ZPYTOMY, Tak Kax TaM M3MEPCHMe BCeTda HeceT 3a
cofoif TPUHIANIAIEHO HEONPEIEIMMBIE H3MEHEHHA B COCTOAHMY cucTeMst” [34].

C Maremaruaeckoil TOUKE 3peHus o6YCIOBIEHO HTO peAyKuuell BOIHOBOTO Iakera,
KOTOpas He OmMcHBacTcs ypaHenueM tuna lpeaunrepa u notomy He SBIACICS IETEDMHA-
HUpoBaHHEIM npoueccoM. C (QuU3rdecKoil TOUKM 3PEHHA 3TO OOYCIOBIEHO BOZMOXKHOCTEIO
Gusnaeckoro ofbexTa HaXOAUTECS OJHOBPEMEHHO B HECKONBKUX PA3TMYHBIX COCTOSNHUNX,
O/IHO M3 KOTOPEIX BUKCHPYSTCA B HPOLECCE H3MEPCHHS.

Jlpyras npasuunuarbHas 0cOOEHHOCTE KBAHTOBO-MEXaHNIECKOIO NOAX0MA, UyxKaas
KJIGCCHIECKOMY, 3aKITIOGAETCA B HEBOIMOKHOCTH OTHOBPEMEHHOTO TOYHOTO H3MCPEHHA TeX
BEIIMYWH, TapaMeTps! KOTOPHIX OHPENEIMIOTCA HEKOMMY THpYIOLIMME MEXIY coboli oneparo~
pavu, B 3TOM Coydac BeNMYMHE! CBA3AHA! COOTHOIMEHNEM HEOIPEACHCHIOCTY, VM SBIseTCA,
B Y4CTHOCTH, CBSI3b MEXTY KOOPAMHATON H HMITYILCOM YACTHOEL, dHepraell u BpeMeHeM.

ITpu paccMOTPEHHE IEKTPOMATEATHBIX ABICHHH HeoGXOMMM CHHTE3 KIacCHHIecKoi 1
KBaHTOBO-MeXanpueckoif Teopul mmepenus. On Gasnupyercs na dusmaeckux paxrax. C oa-
HO¥ CTOpOHB!, 3NMEKTPOMATHHTHOE IIOJTe NPEACTABNAET coBOH COBOKYIIHOCTH KBAaHTOBO-
MEXaHUIEeCKHX OGBeKTOB - (POTOHOB H HOTOMY K HEM HYXHO IIOCAEACBATENRHO IPHMEHITH
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KBAHTOBO-MEXAHHUYECKY10 Teopuio uamepennit. C Jpyroif ¢TOpoHs!, B NOIABIAIOMEM TUCIE
JKCIIEPUMEHTOB BIEKTPOMATHHTHOE IT0JIE PACCMATPHBASTCS HEPE3 COBOKYNHOCTh Kiaccude-
CKHX XapaKTEPUCTHK 1 aHATM3HPYETCA METONEMH H ONEMEHTaMH KIaCCHYECKOH TEOpHH W3-
mepenus. IIoHSTHO, 9TO T8KOH ITOAXOX TarkKe SBIAETCA OTPAHMYCHHO BepHRIM. Tax couran
Hipeanarep [119]. "Ho gasaiite BepHeMcs X BOIPOCY, HyCTh HSYHAUHO CHOPMYNHAPOBAHHO-
My: AGHCTBMTENBHO M HEBO3MOXHOCTH HENpephBIBHOTO, Ge3 mpolenoB ONMMCEHHA B IpO-
CTPaHCTBE-BPEMEHY OIMPAEETCS Ha HeonpoBepxumble hakTei? Ceromus B cpene Ppuskkos Owl-
TyeT MHEHHe, 9To 310 TaK. bop u Ieiizenbepr BHLIBHHYIN 10 3TOMY NOBOAY BECEMa OPHIU-
HaJIbHYIO TEOPHIO, KOTOpas HACTOJILKO Nerka B OOBACHEHMH, YTO BONLIA B GOMBIINHCTRO IO-
NyAApHEIX BBEICHHH B IPEIMET — JOJDKEH CKas3aTh, YTO €6 QPUIOCOGCKUH CMBICH 0OBIMHO 110~
HUMAETCA HEIPABHIILHO.

Teopus enacum credyrowjee. Mel He MOXKEM JelaTh Kakue-TuGo haxTHHecKue yIeep-
JKICHUS O JAHHOM €CTeCTBeHHOM 00mekTe (dusnueckoii cucreve), He "conpuxocHysumcs" ¢
HuM (Hel). 310 "mpuxocHOBeHHE" ABIACTCA peaNbHEIM (U3HIECKUM BiauMogeHcTereMm. [a-
e €CIIM OHO 3aKTI0YAETCS BO B3IUTje HA 00BeKT, Ha HOCICARMI JODKHE! YIIACTh JYIH CBEeTa
W, OTPA3MBILKCE, [IONACTS B [U1a3 HaO/HOAATEls WIH HEKOTOPsiE mpubop mis HafromeHus.
Orto 0o3HayaeT, 4T0 B 00BEKT eMewmusaromes nyreM Babnosenns. Hero3sMOXHO NOTYHHTE Ka-
KHe~n00 CBeNeHNs 06 0GBEKTe, OCTABNAA TOCTSAHUH B CTPOTON H30IALIH.

Hasee Teopus yrBEpXKuaer, yTo NOJ0GHOE BMEIIATEIBCTBO He SBIACTCA HH Mppeie-
BAHTHEIM (HE HMCIOIIMM OTHOLICHHS K OOBEKTY ), HU IIOIHOCTBIO M3y9aeMEIM.

Takim 00pazoM, TOCTE HeKOTOPOTO KOJIMEECTRBA TPYZOSMKHX M3MepeHIY 00BEKT OKa-
3BIBACTCS B COCTOSIHMM, HEKOTOPHIE XaPaKTePHUCTHKM KOTOporo (HaboiaeMebie B HOCICH-
HIOY OUePENs) W3BECTHEL, & dpyeue (1€, KOTOPHIM IIOCIEHHIEC U3MEPEHHMA TOMEIUATH) HeH3-
BEeCTHEI WITH U3BECTHBI HETOYHO. 110706HOE IMOM0KEHHE [l TIPELIAraeTcsl B Ka49eCTBe 00hsic-
HEeHH, TIOYEeMY MOJTHOE, HE MMERIee IPODEIOB OUMCaHHE (PH3MUECKOro OOBEKTa SBILIETCH
HEBO3MOXKHBIM. HO, OMEBHAHO, UTO [OMEXH, JaKe €CIH OHH CYIICCTBYIOT, TOBOPST JHUIb O
TOM, YTO HEBO3IMOXHO COCTABUTH NOApoOHOe Qrwicanue, OHW HE yOeNAHT MEHA, 9T0 A He
MOry cQOpMHPOBATE 6 yMe NOIHYI0, 663 npobenoB, Mojens, Ha 6aze KOTOPOH MOXKHO KOp-
PEKTHO BRIBECTH WM IIPEHCKA3ATH BCO, YTIO 4 MOTY HaOLNONATH CO CTETCHBIO ONPEASISHHO-
cTH, AOIyCKaeMoH HaOTIONSHHAMU, Bedb MHO20€ 2080pUM 0 MOM, YMO HYMCHO O0CMPOUIns
Modenb maK, ymobel NOTHO U ROCAe(C6ATRENLHO YHUmMbLEamb t3mepenue. 51 XOUy CKa3ath,
90 9Ta naTepnperauuit (bopa u Iefizenfepra) caMooYeBHAHA: €CTh TIOMHOCTRIO OIPEeneH-
HEM QH3Mueckuil cyluecTByOMnH 0OBEKT, HO 1 HUKOIAA HE Y3HAK0 0 HeM Bee 10 koHua, On-
HaKo 3TO 010 OB COBEPIUICHHEIM HEIOHHMAHHEM TOTO, YTO Ha CaMOM JICNe HMEIOT B BHIY
Bop u IefizenCepr u ux nocenosaten. OHM MMEIOT B BUAY, IT0 OGBEKT HE CYIISCTBYST He-
33BUCHMO OT Habmoxaolero cyonexra. OHM UMEIOT B BHAY, YTO MOCTEAHNHE OTKPHITHS B bu-
3MKe MOAONILUTH K 3arafiouHoN depre, pasnensawme cybvexm u o6vexm, KOTOpas, KaK BBIiC-
HHJIOCh, BOBCE HE ABIISETCS JeTKOM rpanuueif. Mpl JOMKHB HOHATD, 9TO MBI HAKOIJA HE Ha-
OirofaeM 00bexT, He MOTUGUUMPYS U He OKPAIUKBAS €0 HAIIMMU e COOCTBEHHBIMA AeHCT-
BHAMH, HAIPABACHHLIMM HA €0 H3y4eHHe. MBI IOMKHE! MOHATh, YT0 MO BAMAHHEM HAIINX
TOYHBIX METOZOB HaGJIIOJCHUS ¥ OCMLICTICHUA PE3YNBTaTOB 3KCIEPHMEHTA 3Ta 3arajoyuHas
Tpaxulia, pasgensaoman o65eKT n CyDBeKT, cmepracs.

Ho npu aroM g HE MOTY NOAABHTH OUPEASTEHHKE BO3PAXKEHHA, S| PacCMATPHBAIO
HAYKy KaK MHTETPHPYIOLIYIO YaCTh HANIETO CTPEMICHHS OTBETHTH Ha Cephe3HbIi Qunocod-
ckuif BOIpOC, BKIIOYAOIIKH OCTAaNbHBIS, HA BONPOC, KOTOpsIH IINOTHH pezroMHpOBAT Tak:
xro MeI? Bollee TOTO: 5 pacCMaTpUBalO 3TO He KaK ONHY M3 331ad, 8 KaK OCHOBHYIO 32Jady
HAyKH, eIUHCTBEHHY0, KOTOpad ASHCTBHTEIBHO HMEET 3HAYCHHME... SI 9yBCTBYIO OIPCACICH-
HOC HECOOTBETCTBHE MEXKAY HCHONBIYyEMBIME CPeACTBAMY M 3aKaucii, KOTOPYO HeodXoaumo
PpEeIMTE,

C Ipyroit cTOpoHB!, (M 9T0 MOE BIOPOE BO3PAKEHUE) , IPOCTOS YIBEPHKICHHE, UTO
Kax/10e HabMIojeHue 3aBACHUT U 0T 00BEKTa, H OT CyOBexTa, KOTOpsle "meperuteTenn” ypes-
BBIUAHHO CTOXKHBIM 00Pa30M - OTO YTBEPAKACHHE BPAL /1M MOXKHO Ha3Barb HOBBIM , OHO [IOYTH
TaK K€ CTapo, kaK cama Hayka. [To mpomectsuu 24 Bexos (oT Ilpotaropa n JeMOKpHTa) MBI
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3HAEM, ITO OHH NO-CBOSMY YTBEPXK/Ia/M, YTO BCE HAILM uyecmed, 80ChpUAmUs u nabrodenus
HOCAT CyOBEKTHBHEIH OTTEHOK, H He HEpPeJaroT IpHpoJy Ben-B-cebe. C Tex mop 3TOT Bo-
HpOC BOIHHKAT Besie, rae Obura Hayka. B mpemsitymiue CT1ONETHA DpU OGCYXACHHA 3TOTO
BOIPOCa MMENH B BUAY [JBE BEIUH, a HMEHHO: (2) HEMOCPEACTBEHHOE QUBHIECKOS snevamne-
Hue, OKa3bIBaEMOE 00BEKTOM Ha CyOhext u (6) cocmosinue cyObEKTa, Y KOTOPOTO 3TO BIICYAT-
JIeHME TTogBIIteIcs”.

ApryMeHTOM B INOMB3Y HEOOXOHNMMOCTH CHHIE3A KIACCHHECKHX M KBAHTOBO-
MEXaHHYECKUX MPECTABICHUH SBISETC TakkKe U baKT pasIuaus YacTOT, BONHOBEIX BEKTO-
POB, HANPDOKCHHOCTEH HOMeH, HIMEPEHHEIX PASTHIHEIMY HabmoxaTeamu. KoHEeTHO, MOKEHO
NPUHATE Ty TOYKY 3PEHUS, 4TO 3TO M3MCHEHHE OGYCNOBNEHO CTPYKTYPOH IpOCTPAHCTBA-
BpeMeHH MHMHKOBCKOro, HO Gonee peanrucTi{HON, WHMIUUPYEMON KBRaHTOBOH MEXaHUKOH,
ABASCTCA JPYTas TOYKA 3PEHHA: MIMEHEHWE NapaMeTPOB €CTh CIEACTBUE IMHAMEYECKOIO
[poLecca, B 9aCTHOCTH, B3aMMOAceiic1us ¢ cucreMoil orcaera. [lo sTuM npuynnam credyem
UCKGMb BAPUAHIN MAMEMAMULECKO20 OWUCAHUS PeaIbHO20 83GUMOOCICMEUs Cucmem om-
CHEMa ¢ PususecKum seienuem 1 IPEeMBL 0TOBPRXKEHHUS Ha 9Ty CXEMY ITOBEAGHNA 3TAIOHOB.

B kauecTBe pOCTKOBRIX TOYCK MOMKHO BBIIC/MTE CIEAYIOMHE:

®  MOJEIHPOBAHME CHCTeME OTCYeTa 00NacThIO CHCTEMBI KOODAHHAT M BPEMEHEM,
B KOTOPHIX 3a/IaHO CHJIOBOE HOJE;

®  COTHacOBAaHWE OCHOBHOTO MHOroO0pasus M Kiacca JOIYCTHMHIX Npeolpasosa-
HUl KOOPAMHAT I CHCTEM OTCYET,

®  DACCMOTPEHUE PA3INUHEIX IPEHONOKEHUE 0 NOBCASHNM 3TANOHOB U CMOcoboB
uX "BKIIOYEHUA" B yPABHEHMA U QUIHIECKUX BEIIHYUH.

2.3.2. Konuenuus u cmpykmypa peaivi020 UIMEPEHUR

IpuMeM TepMUHOIOTHIO, KOTOPOH OyieM ITpyIepKUBATECS B JalbHelmeM:

®  CHCTeM& OTCHETa - MaKpOCKOUMYeCKHH Kiaccuyecknil oOBexT, copepiaummi
CTPYKTYPHEIE JIEMEHTB!, KOTOPEIE 006CIeTHBAIOT H3MEPEHUE HCCISTYEMBIX BETHUMR;

¢ CcoOBITHE - COBOKYIIHOCTB NapPaMETPOB SBICHUS, IPACOCTUHEHHEIX K TOUKE MIH
o0nacTy mpoCTparCTBa-BPEMERH, B KOTOPOM PacCMATPURAETCA SBICHHE,

®  axT HaOmIONCHWS - B3AHMOLCHCTBHE HCCICIYEeMOro SBICHHA C CHCTEMOM oTcye-
T8, He0OXOqUMOS U JOCTATOYHOE /I H3MEPECHHUS,

* mepexod coOBITHS B CHCTeMy OTCYETa - HPONECC M3MEHEHNA TapaMeTpoB coOnl-
TS, PEATUIYIOMMACS BCISACTRIE BIAUMOICHCTBUA SBJACHNS C CHCTEMOHR OTCUE13;

¢ TyTh HEPEXOAa COGBITHA - TPACKTOPHs TOYETHOTO COOBITHA, IPOXOaAnlas Jepes
CHCTEMY OTCHETa.

Hcnonr3yem CTaHIAPTHbIC ONpeIeTCHI:

*  Venosue - 06CTOATENBCTRO, OT HANMYHS HIH H3MEHEHM KOTOPOIro 3aBHCHT Ha-
JIM9HE WIH U3MCHEHHE YETO-TO APYIero, HA3kIBACMOTO B 3TOM CIIydac 00yCIOBICHHEIM.

* Halmonenue - OTHOCUTENBHO JUINTENEHOE, 1ENCHAIPABICHEOE M [IAHOMEPHOE
BOCHPHATHE TIPEAMETOB U ABJICHMH OKpy)aromel AeACTBHTEILHOCTH.

s  Hsmepenue - Onepanus, NOCPSACTBOM KOTOPO# YCTAHABINBAETCH YHCICHHOE CO-
OTHOIUEHHE MEXKAY H3MEpAeMOll BeiIuauHOM ¥ 3apaHee BHOpaHHOH ejpunMmel H3MEpeHHUA,
MacmTaboM, ITAIOHOM,

HUcnoneayem axcuomy 1: xiaccuveckasn senuuuna seiiemes ocpeOHeHHbIM HO KOHeY-
HOU 06ACMU BPOCIPAHCIMEA SHAUEHUEM COBOKYIIIOCMU COROCTABAAEMBIX €l MUKDOBETUYUN.

Ormerny, 910 He06X0AEMO "yHHTEIBATH CYLICCTBEHHYIO OrpaHUYEHHOCTH IIPE/ICTaB-
JICHHA KJIACCHYECKOH TEOPMH, COITACHO KOTOPHIM 3JICKTPOMArHUTHOE IIOJE OIMCHIBACTCH
3HAYCHAEM €r0 KOMIIOHSHTOB B KaKI0# IIPOCTPaHCTBEHHO-BPEMEHHOM TOYKe, IPHYEM 3TO
HOJe MOXXET OBITE IPOMEPEHO TOCPEACTBOM TOUCUHBIX 3apAOB B CMBICIE JJIEKTPOHHOM Teo-
pua. DTU NPEACTaBNCHHUS SBISIOTCH HACATH3ANMCH, UMEOEH K KBAHTOBOH TEOPHH JIMILG
OrPaHHYESHHYIO NPUroAHOCTE, YKa3aHHoe 00GCTOATENnbCTBO HAXOUT cele PALOHATBEOE BBI-
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paxeHue KaK pa3 B amlapare KBaHTOBOHM BIICKTPOIVHAMHUKE, IIe HOIEBhIE BENMIHHEl IPe/l-
CTARJITIOTCS YK He (DYHKIMIMM TOUKH B cODCTBEHHOM CMBICHE C10B3, a (BYHKLIMIMA IPO-
CTPAHCTBEHHO-BPEMEHHEIX 0651acTei; 9Td GyHKUHM 06nacTy HOpMAIBEHO COOTBETCTBYIOT YC-
PEIHCHHRIM [0 YKA3AHHREIM OONACTSM 3HAUCHNSM WACATH3MPOBAHHHIX (PacCMATPHBAEMBIX
Kak QyHKIUM TOUKH) NOnessIX Benuyunn" [35].
OTxaxeMcsa OT JOOyIEHNs KIaccudeckod Teopuu o6 oTCYTCTBUM BIMSHMS HA apa-

METPBI 3IEKTPOMATHUTHOrO moxst. [IpumMem axcuHoMy 2: uamepenue oxasvieaem OemepmuHy-
cmuyeckoe u 8 obugem cayyae ne manoe Oelicmeue 1a daekmpomaznumuoe nose. MenonssyeM
KOHUCHIHMIO OTHOIICHHS M HOJYJYEHHEHIE BLIUIE JAHHEIC JUII TIOCTPOSHUS MOJETH peanbHOH
cuctemn orcuera (PCO), nox xoropoil GyneM NoHMMaTh CISLMATLHEM 00pa3oM CKOHCTPYH’-~
POBAHHYIO Q)mw{ecxym cpeay. 3agamuM xapaxrepuctukd PCO kak tbmnqecxoro obbexra:
POTIb CKOPOCTH CPeb u B 9TOM CIy9ae NepexoiuT K CKOPOCTH JETeKTopa i , » & BMECTO 01-
HOIUEHUS TIONS K CPERS CeAYET HCIOIb30BaTh OTHOMICHHE K AeTeKTOpY W, . H3-3a KOHETHO-
CTH Pa3MEPOB CHCTEMBL OTCUETA CYHISCTBEHHO Pa3THIAXOTCH CHTYaIH, KOI/a [10JIe HaXORHuT-
st BHE M BHYTpH Hee. Cxema Qu3nueckoro mpouecea p3auMoIeHCTBHS TOUEYIHOTO COOBITHA ¢
CHCTeMOH OTCUeTa COCTOUT U3 Psiza 3BEHBEB. OUEBHIIHO, YTO CHTYALMS CIIOKHA!

® nMeeTCa HadansHOe COOBITHE, N0 B3AKMOICHCTBYA ¢ CHCTEMOM OTCIeTa;

° B MOMEHT BPEMEHH {; B TOUKE X, HAYMHAETCA B3AMMO/ICHCTRYE SBIISHNS ¢ CUC-
TEeMOH 0TCUETa;

®  B3auMOJSHCTBHE HMEET KOHEUHYK [UIHTEALHOCTD U HHTEPBA JIMHHEL,

®  YCTaHaBIMBAETCSI HOBOE COCTOSHHE - KOHEUHOE COBhITHE.

B cOOTBeTCTBYH ¢ aHATH30M, BEIIOIHEHHEIM PaHEe, NpY B3aUMONEHCTBHHE IIONL CO

Cpemofl MPONCXOAUT WIMEHEHUE ero MHEPUMY, KaK KHHEMAaTHYECKOM, TaK K JIMHAMUYSCKOM
XaPAKTEPUCTHK, & TAKKE H3MCHEHNE OTHOLICHMS W, .

T =
co1 coz
\
|
|
\

—>

Puc. 2.1. TIpoxoxaenne To4egHOro COOLITHA IEPe3 ABE CHCTEMEI OTCUETE

Cutyauus yCIoKHACICS, KOTAA paccMarpHBaioTed, Hanpamep, xse PCO. Tposeaev kadect-
BEHHBIH AHANM3 DPONEAYPH HIMEPEeHHA B 3TOM Clydac. PaccMOTpHM CHSRYIOMYIO CXeMy,
3a7aBacMyr0 pucyrxoM 2.1, TIycrs coOBITUE IMPOXOIUT MOCTCAOBATENLHO CHAYANA NICPBYIO
cucremy orcyera - CO1, a sarem propyro - C02. Ha orpeskax {ab] i [cd] mpoucxogut wiMe-
HCHme OTHOLICHNH U XapaKTePHCTHK MHOPLHY dIeKTpoMarsnTHoro noust. Ilepssii sabmona-
TEJBb NOJYYUT COBOKYIIHOCTE IapaMeTPOB, Pas3IM4HEIX B PA3HLIX TOUKAX MyTH Hepexoia ¢o-
OpiTs B cucTeMy oTcueta, Hampmmep, IPOCTPAHCTBCHHO-BPEMEHHOS CMENICHRE COOWITHA
OTHOCHTENEHO TOHUXH 4 B MOMEHT BPEMEHE /, IPH 3HaveHHH otHOmeHus w, Oyzer 3ananmo

InQhepeHIraTaMu {d x“} Ha BTOpOM STalle aHANOIMMHEIM 00pa3oM OPOMCXOAMUT U3-

it A w "
MEpeHMe BO BTOpOl cHcTeMe oTcuera. Bropoit HabmoaTens oXxapakTepusyer CMEICHHE COo~
6rITHg B TOUKe B B MOMEHT BDEMEHH ¢, TIpH 3HAYCHWM OTHOWICHHA W, muddepennuanamu
{ax?

0, 3, + BIAAMOCBA3B

s’} ., =404} ., @1
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OIpeRenAeTC MaTPHIeH 4 , B HAKOHKACHHA KOTOPOH HyIKHEI TONONHATEIbHEIE AaHHEbE. B
pPaMKax KOHEESIIMMA OTHOMEHMS TpeGoBaHNEe OJMHAKOBOCTH YCJICBHUI W3MEPEHMSI COOTBETCT-
BYST W, = w,.

QaeBraHO, 9TO CUCTEMA OTCYeTa SBILICTCS [iIsl HIEKTPOMArHMTHOTO HOJA BHEIMHHM
yenoereMm. Ecin oma ne s3ammozelicTsyet ¢ nonem, to w, =0, ecan craans B3aHMOOeHCT-
BUA ABJSAETCS KOHCHHOH, T0 w, =1. BepoATHO, aHAIOrHYHO HA IEKTPOMATHUTHOE HONE
BIIMAIOT APYTHeE TI0MIS M CPEHBL

A cx1 cx2 4

A\ 4

abi ¢ d. ‘e fA’

Puc. 2.2. Cxema pacrpocrpaneHus NOLL

Hmeer mecro OIPEACTCHHOSC CCOTHOIUCHHE B M3MCHCHMHM W, M MHCPUHMH IIOJA. B
cayqae w, = 0 HHEPUNSA TTOJST USMCHUTBCA HE MOXET U IIOTOMY COXpaxseT (bI/IKCI/l'pOBaHHOC

3HaueHue Al moboro MHepuHalbHOro Aabmioaarens. Ilpu mepexoje M3 Bakyyma B Cpeay
NPOKUCXOMT U3MEHEHHE oTHONIeHH. Ecin oTHOMeRHe MeHseres oT 0 fo 1, To anHaMuye-
CKHE XapaKTePUCTHKY WHEPLMY MEHAIOTCA CIeAyIouy o0pa3oM: rome "3afsiBaet" CKOPOCTh
CBOETO NEPROHAYAIBHOIO MCTOYHMKA, BTOPHYHBIA MCTOMHMK IOJIYYaeT CKOPOCTh, PaBHYIO
CKOPOCTH JBIKEHHS CPElB], MEHACTCA 4acTOTa mons. [lepexol mons u3 cpeisl B BaKyyM CO-
TPOBOXKAAETCSA HIMECHERHEM OTHOLIeHus OT 1 0 0. Msmenenni MHepLiuy, eci1yu HET AOHMOJHH-
TEIBHBIX (HaxXTOPOB, TIPH 3T0M He HpoucxOIMT. Cpema MOXET MEHSTH CBOX CKOPOCTh NpH
[ISPEeMEHHOM HAH HOCTOAHHOM OTHORICHHH, YTO ITO-PA3HOMY BIHAST HA XapaKTePHCTHKH
uHepuHK nois. IIpyu B3auMoaeificTBUI 3IEKTPDOMATHUTHOIO TIOME M CHCTEMBI OTCHETA TTPOHC-
XOJUT KaK H3MEHCHHE OTHORICHHS, TAK ¥ UHEPIUH LOJIS.

B nponecce B3auMOReHCTBIS ¢ CHCTEMOM OTcYeTa UMEET MECTO M3MeHeRME W, . Bcin
T0CHe NMPOXOMCHAEHHS CHCTEMBI OTCUeTa [ONe JBIDKETCS B BAKYYMS, TO ero mHepnus Oyier
onpenesieda pesyibTaTOM B3aUMOZCEHCTBHA C CHCTeMOH orcdera. IIpH JNBIOKSHHH B Cpene
TPOM30HILT H3MEHCHHE OTHOMICHMS K CPE/C U COOTBETCTBYIOMIES U3MEHCHHE HHEPINHA. YKa-
3aHHble 00CTOATENBCTBA OGOCHOBHIBAIOT HEOOXOXMMOCTh PACCMOTPEHUA 1O MEHbIIEH Mepe
IBYX OTHOIIGHHIL: X Qusuueckoil cpede, & KOMOPOL PACAPOCTPAHACICA USLYHEHUE U K CUC-
meme omcuema, KOmopas maxdce eausem Ha napamempui. B HacTHOCTH, HAIPHMEP, BO3-
MOMXHE CHTYALVS, KOTAA OTHOUIEHME K CUCTEME OTCYETa PABHO eAMHMUE, W, =1, a OTHOLIe~
HHE K Cpene W, paBHo Hymo w, =0, EMy COOTBETCTBYET PACHPOCTPAHEHHE HINYYCHHUS B Jle-
TEKTOPE, IPEACTABIMIOmEeM coO0H LMIMHAD, BEYTPH KOTOPOTO BaKYYM, & OTHOIICHHE K CUC-
TeMe oTcUeTa (GOPMHPYETCA Ha OAHON IPAHH LETEKTOpA.

Paccmotpum Teneps 32124y 06 U3MEHEHHHM [apaMeTpoB IIONA B Cilydae, KOTJa HMEET
MECTO NIEPEXOX HITyJEHUS U3 BaKyyMa B ra30BYIO Cpe/y, ABIKCHHUE B HEll, 3aTEM IIEPEXOT B3
Cpemsl B BAKYYM.

PaccMOTpRM IyY cBeTA OT MCTOMHHUKE, HAXOISIUErOCs B BAKYyME i HOKOSIIErocs B °
cucreme xoopauaar CKJ. Ilycrs cucrema koopaunar CK2 HOKOWTCH OTHOCHTENBHO NHEPHH-
anbHO IBmKyWwedca cpensl, obpasywomedt ABmxyuryoca cucTeMy orcdera. Ilycrs ee cko-
pOCTP PaBHa U, , & MOKA3ATENb NPENOMICHHA 71, . PaceMOTpUM 3HAYEHNE CKOPOCTH HA pas-
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JAYMHBIX y9acTKax Cpeant. HpﬁﬂHOHO)KHM, gT0 IOTOK [a3a HMEST Taxoe paCHpC[ICHeHHQ
NIIOTHOCTH, YTO HA BXC/C B KAHAT U H& BHIXOAC M3 HETC HPOHCXOHHT H3MCHCHME OTHOILIECHUA
OT Byas 70 COUHNIBL ¥ OﬁpaTHO‘ HyCTL 0yTh, Ha KOTOpOM pe&umsyercs U3MCHCHNE, 3HAYH-
TeNpHO GONbLIE [UTMHSI BOJHE! M3TydeHHs. TOria CIPaBeIHBO NPEINONIOKEHHS O JOKAb-
HOM TIOCTOSHCIBE YACTOTHI, MIAHEI BOJIHAIL, /HJ'U[ AHAJINTHYECKOTO OIMMCAHUA 33KOHOMCPHOCTH
U3MEHEHHS CKOPOCTH UCTIOMB3YeM BhIPAKEHHE
Y n
ck W
LA 4 N

d 2 d°
n, k n,

Hmeem caexyromue pesynsrarst. Ha yuactkax [be] n [de] mpomexonwr uzmeHenune
CKOPOCTH, 9aCTOTHE ¥ BOMHOBOTO BEKTOPA, OOYCIIOBICHREOe H3MEHEHAEM Tpex (axTopos: 7, ,
W,y 4, . Ipu w, =1 nonydaem usBecTHsIE pe3yanTarst duzo, npr w, =0 Momems pacmpo-
CTpaHeHus 1oJs no PUTIY, IPU ApYTHX 3HAYCHHAX W, MMEEM COOTHOLICHHUS, KOTOPEIS JOC
TATOYHO CJIOKHO TPOBEPUTD IKCIICPHMEHTAIBHO.

PesroMupyeM CyIIHOCTD &IrOpUTMa ydeTa BIMSHKA K4K BHEIIHER Cpelsl, TaK M CHC-
TEMbI OTCUETa HA TTAPAMETPhI IASKTPOMATHATHOTO HONA:

® BHEHIHHE [10 OTHOIISHMIO K M0N0 (AaKTOPHI, HE3GBUCHMO OT TOro, 06pasyioT oHH
HEKOTOPBIS H3MEPHTENRHOE YCTPOHCTBA HIIH HET, YUUTBIBAIOTCS MOCPECTBOM HOPMHPOBAH-
HOTO CKATAPHOTO NO0IA W, ;

®  U3MEHEHHE CKOPOCTH MCTOYHHKA CBOOOAHOrO 3JIEKTPOMAHUTHOIO IO, YacTo-
THI U3ITYYEHHUS ¥ er0 BOJHOBOTO BEXTOPa IPOHCXOJMT COIIACOBAHHO C W, ;

®  cucTeMa OTCUETa M QH3MIECKad CPea COBMECTHO BIHSIOT Ha JICKTPOMArHHTHOE
poxe;

®  3aMBIKAHHE YPABHEHHMH 3MEKTPOIMHAMUKY 0a3upyeTcs Ha ypaBHEHMSX, Olpese-
JAIOWMX B PA3IHYHEIX CHTYAINAX IOBEACHHE W, .

IMoctponM oguH M3 AITOPHTMOB CPABHEHWS PE3yILTATOB H3MEPEHWA I[1apaMETPOB
3ICKTPOMATHHTHOrO MO, TOJaras, 9T0 CIPaBe/yIiB JETePMHHUCTHIeCKHH nmoaxon. IlycTs
TIPOBEACHEI H3MEPEHMs CKOPOCTH rons cordacHo puc 2.1, Creays (2.1), Ans cpasuenus pe-
3yABTRTOB H3MCPEHHMI!, BBIIONHEHHAIX DA3THUHBIMH HAOMHONATONAMH, HEOOXOmuMO HaHTH

MaTpHIy 215 . TIpeanoxum 71 ee HAXOKISHHUA BCIIOMOTATEIBHYI0 KOHCTPYKIHIO
P = diag (1,1, 1, Yw, -w,), (2.2)

TIONYHYCHHYX) MATPUYHBIM IMPOU3BCICHUE JIOKANBHBIX MCTPHK, COOOCTABIACMBIX Kaxao# u3
CHCTEM QTCYCTa

® 2)
Pl =diag(L,1,1,1/w,), P’ =diag(L,1,1,1jw,).

TloTpeGyem AHBapHAHTHOCTH JOKATLHOTO HHTEPBANa, IOCTPOESHHOTO 110 MeTpHKe (2.2). Pac-
CMOTPHM [B€ NEKapTOBEIX CHCTEMEl KOOPIWHAT, NMPHCOSJMHEHHBIE K CUCTEMAM OTCUeTa,
ABHXKYINUMCSA OTHOCHTEIBHO JIPYT IpyTa co CKOpocThio v, Ilomyanw, coracHo [17], nyxna-
paMeTpHYecKHe peofpasoBaHns

dx v
) dt-—-ww,
dx*:M,dy*:dy,dz’:dz,df:———c—y—. 2.3)
(I_VZ W1W2TV2 (-2 W :
k ) ¢

Onu COAEPHKAT HE TOJBKO CKOPOCTE OTHOCHTCIBHOIQ ABHXKECHWHA CUCTEM OTCYCTa, HO M Xa-
PAKTCPACTHKN HX BIUAHHA HA cobpITHe.
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Baejieure BCHOMoraTensHolt MeTpuky Buaa P® 1 TpeGoBaHMe KOBAPMEHTHOCTH HH-
TEPBANA COCTABIAIOT HOBBIA AITOPUTM CPABHEHMA IapaMerpos coOmTHi. B coueranuu ¢
NPUHUMANOM OTHOCHTEIRHOCTH OH OGCCHEMMBAET BO3ZMOXKHOCIE PACCMOTPEHHA PA3IHYHBIX
SKCHIEPHMEHTANBHBIX Ciryauuii, IIpopenem Taxol amanmus, CpaBHEM JIOKANBHEIC CMEIICHUA
COOEITHA, OTCUHTAHHBIE B OJHOM M JPYTOH CHCTEMax OTCUeTa NS PasIWYHBIX 3HAYCHUH 0T~
rowerys. Ilyets w, =w, =1. D14 CHTyauus COOTBETCTBYET CILydaio, Korjaa Mexiy coboif
CPaBHUBAIOTCSH COCBITIS, OTHOCAMMECS K KOHETHOM CTAINA MX NIEPEXO/Ia B CHCTEMBI OTCUCTA,
Hcmonssya (2.3), nonyyum mpeobpasoBanms Jlopentna, OHM SBISIOTCS HACTHEIM CIydaeM
npeolpa3oBanuil, CBA3kIparonx Mex Ty coboli aubdepernnans: cMemenuii cobpimua. 3ave-
THM, 9T0 THOGANBHEIE NpeoCpa3oBaHus CISAYIOT U3 HUX B CITY4ae, €CIIM CKOPOCTE M OTHOIUE-
HHE HE 3aBUCAT OT KOOPHHAT.

B xmaccwaecKol Teopuu U3MEpeHHH HENOCTATOYHO BHUMAHMA Yensdercs daxTy, 910
U3MEPCHHU, ECIH OHY THOBOJATCH HE3ABHCHMO, PasJeleHsl B IPOCTPAHCTBE M NPOUCXOAAT B
PasHBIC MOMCHTHI M HHTepBaisl BpeMenn. COTIACHO HAlIEMY NOAXOXY, AOTIONHHTENLHO He-
obxommvo yxa3aTs yCIopus, TIPX KOTOPKIX MPOBEICHBI H3MEPEHNUS, a TAKKEe IPaBuia IepeHo-
Ca IHAICHNH, HIMEDEHHLIX B OAHOH TOHKe, B APYTYIO, COOTBETCTBYIOIIYIO APYTHM YCIOBHAM
u3mepennil. Eenu yenosyy "oxuHakoBsl", HAIPUMEDP W, = W, M HPOCTPaHCTBO ABJIACTCA IUIO-
CKITM, TOTA CHTYALFA YIIPOL@AeTCs.

Crenuanpras Teopus OTHOCHTEIBHOCTH abCIparmpyercs OT YKa3aHHEIX AeTayel,
PABHO Kax ¥ OT BIMSHHUA CHCTEMBI OTCUCTA Ha ABjeHHe. TaKkol moaXon JOrHIeCcKH JOIYCTUM
H CYIIECTBEHHO YIPOILAeT 33439y, HO HE COOTBETCTBYET €€ COACPKARHMIO U CIIOXKHOCTH. IIpe-
AC/BHEIM 3HEICHUAM OTHOIIGHMS W, =W, =1 COOTBETCTBY!OT KOHCUHEIC CTRJUM HEPEX0Aa
cOGBITHS B COOTBETCTBYIONIME CHCTEMBI OTcueTa, C YHCTOM CIENAHHHIX 3aMEUaHuH MMeeM
Hogyto gropmyauposxy IITICC: 3uauenus ckopocmu ceema 6 8aKyyue, Usmepernble Paziuy-
HBIMU UHEPYUATbHBIMU 1abm00amensimy Ha KOHeuHot cmadut nepexooa cobeimus 8 coom-
BEMCMEYIOUfUL CUCTEMby OTHCYEMa, PAsHLL MeXcdy coboll.

Baaumocesse napavierpoB wis IpyIUX CHTYalLMi He yKIaBIBAeICH B paMKH npeodpa-
sosanmit Jlopertna. JleficTBATENBHO, IyCTh M3MEPEHHE NIAPAMETPOB IIPOBEAEHO NEPBHIM Ha-
GmoaaTenem Ha KOHEHoM craguy nepexoja B COI, a BTopsiM HaGIIonaTeseM - Ha Hadab-
ot cragun B C02. N coorsercrsyior orromenusw, =1 u w, = 0. Cornacso npeofpaso-
BanuaM (2.3 n3MepeHHE e 3HAYEHHS CBA3aHAI Ipeolpasopanuamu [aimnes. MHod pesynsrar
NOTy49uM B Ciydae, Korpa w,, =w,, =1. Takoe omucamue COTNACYETCS C WHTYMTHBHRIM
NPEACTABICHHEM @ PachipOCTPaHCHUK DNICKTPOMArHUTHOTO IO B BAKyyMe B OTCYTCTBHE
s¢upa ¥ MIMEPUTENERHEIX yCTPOUCTB. D18 BO3MOXHOCTE NPEANONATAIACE HEKOTOPBIMH (M-
3UKaMHU PaHEE, OJHAKO ri)aKT OGYCHOBJ‘ICHHOCTH CKOPOCTH CBETa BIHAHUEM HUIMCPHTEIEHBIX
YCTpOUCTB NOMy4eR Blgpabie. 1I0HATHO, YTO npeobpasosarnus Iawuiesn ne Wpomugopesam
HPUHYURY NOCHORHCMBA CKOPOCI C8EMA 8 8AKYYME.

OTMmeTHM BaXHOe 0BCTOATENHCTBO, CHCAYIONIES W3 aHammsa upeobpasosannii (2.3):
MPOCTPAHCTEBEHHO-BPEMGHHEIC 1Ppe0OpPa3oBaHMA B JICKTPOIMHAMAKS HMEIOT OHCPATODHBIH
emeicn. [edcTBuTensno, u3 (2.3) cneayer, 4ro npeobpasosanust JIOPEHTUA COOTBEICTBYIOT
9acTHOMY YCIOBHIO, KOTa w,, = w,, = 1. CooTHomerne 1ud)Gepennuanos KOOpMHAT BALA

(2.3) mo3BonAET MONMYT4TH CBAIG IKCIEPHMEHTANBHEIX 3HAYEHUN, KOTOpAS HE 3aBHCHT OT
KOHKPETHBIX 0CODEHHOCTE! H3MEHEHRs W, Ha APYIHX cragusx. CHTyalus aHATOTMYHA Me-
Tomy "yepHoro smmKa” wiw S-Marpunsl. B Gopmamusve S-MaTpuusl B3anMoaeiCcTERE IO ¢
AMHAMMHYECKO# CHCTEMO} OMMCHIBACTCA HE OCHOBE AITOPHTMA TPAHCGOPMAIMM HAYATBHOMH
BOAHOBOM dynximy E (1) B xoneuny:o V¥ (2) mo npasmy

¥(2)= 8, ¥().
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O6rrar0 Marpuna §,, BeIOUPAETCS U3 HOTONHHUTENBHBIX CooOpaxeHui, KOCRSHHEIM abpasoM

ONMCEIBAS JAMHAMHKY B3aMMOZeHCTBHA. MBI MOXKEM HO BXOJHEIM IaHHBIM PACCYATATH BEI-
XOZHEIE, HO HE OIMCRIBACM BCE JCTAIH TPAHC(POPMALHH MapaMeTpoB. B crnennansaoll Teopiu
OTHOCHTENBHOCTH AHAJOTHYHO HCHOJB3YeTCS MaTpuia A: eclii PACCMAaTPHBATH BEIHIUHED

de‘ , K4K Ha4aJIbHBIC JAHHEIC, TO KOHCUHBIE IapaMeTPsl CMELICHUA COOBITUA Tdx' [, MOXKHO
1 5 i 2

ONPENENHTH IOCPEACTBOM A-MaTpHILL, COOTBETCTBYIOMWER rpyrie Jlopentua. Jns onucanus
AHHAMMKY K3MEHCHMS [1apaMETPOB IOML IPH R3AUMOAEHCTBHM €O cpeaoll TakoH HOIXox He-
JOCTATOUEH.

Hcnmome3ys 1oxasarenb OTHOLIEHHS, MBI IOJYYasM BO3MOXKHOCTb YUSCTh BIIHSAHHE
CHCTEMBI OTCYETa, PACCMATPHBASMOR KaK CIOXKHEI (hu3ndecksit 06BEKT, HA XapaKTEePHCTUKY
HHEPLHH U APYIHE [IAPAMETPE! JICKTPOMATHATHOrO Nons. [TOCKONBKY MPEeAmonaraeres ie-
TEPMHHHCTHYECKOE BIHAHUE CHCTCMB! OTCUETA HA NOJE, TaKOH BapHAHT PACTIONIONEH MEKIY
KacCHIeckol Teopreil M3Mepennit, B XOTOpOH BO3ASHCTBHSA M3MEPEHMS Ha SABIESHWA HET U
KBaHTOBO-MCXaHHYECKOH Teopueil M3MEPEHMUA, B KOTOPOM TaK0e BOINEHCTBUE HBIAETCH He-
LEOCTATOYHO ONPEAEIICHHBIM, BEPOATHOCTHLIM.

2.4. ACNEKTbI NPUHUKUNA OTHOCUTENBHOCTU, MHEPLIUMA U
NPUYNHHOCTH

Hoxazano, umo nodxodwt Fawuen I w Dinwmeting A 1 yuemy unepyuu
usureckux cucmem U HaOROO i donc , Wmo npueodum x
HAAUNUIO Y NPUNYURG OMHOCUMETBHOCTY O8YX PA3TuYNsIxX cmopoi Omme-
Yaemes BOIMOIICHOCITY COXPAKERYUA NPUHYUNA NPUSUHHOCTIY NP UCRONB3IO-
8anuu Ceepxceemosslx ckopocmel Paccmompena npobaema co2iacosanis
pyn CUM. p npocmp 3 120 MHO20006DAIUs C 2pyn-
ROt CUMMEMPUY KUHEMAIUYECKUX XADAKMEPUCTIUR UHEPYUY 3TEKINPOMAZ~
HUMHKOZO NOAS.

2.4.1. [Tee cnmopoHst npunyuna OMHoCUIMEILHOCIMU 6 IREKMPOOUHAMUKE

B npunnune oTHOCHTEALHOCTH, NMPEIOKEHHOM ["amuieeM, peds 1i1a O CpaBHEHUH (Ha Kade-
CTBEHHOM YPOBHE) IBYX PasiM4HEIX SKCICPUMEHTANbHEIX CRTYaIMH, TT0 MO3BOMMIO IPHATH
X BEIBOJZY O "HEOOHapYKHBACMOCTH" MHEPLUMAILHOIO IBUMEHHS MEXAHWYECKUMM OIBITAMH
BHYTpU usuueckoii naboparopun. " Mprnexso vabnoaaiite Bee ... I0Ka Kopabiib CTOUT He-
TNOJBHIKHO. 34CTABKTE TENeph Kopalib ABHTaThCA ¢ MI000H CKOPOCTHIO B TOTAA (SCHK TOIBKO
IBIKeHNE OyAeT PaBHOMEPHLIM 1 063 KUK B Ty MIIM APYTYIO CTOPOHY ) BO BCEX HA3BAHHEIX
ABICHWIX (Pedb I O MEXAHHYCCKUX ONBITax 6e3 MPOBENCHMS KOIWHECTBCHHBIX H3Mepe-
HUH: OXBEM CTPYHKW IbIMa, IaJeHKe KaMHs, TOJIET MyX ¥ T.[.) BBl He o0HapyXuTe Ha Ma-
JefinIero U3MEHEHHUS U BY [0 ONHOMY H3 HUX HE CMOXETE YCTAHOBHUTD, ABMKETCS JIH KOpabimb
uny crout Henopsmwxuo" [120]. ChopMynupyeM 3TOT BRIBOJ, KaK NPUHIKAN OTHOCHTERLHOCTH
Tanunes (JIOT). "Mexanuueckuit 3akoH, oOHapyKeHHBIH HabmIonaTe eM, NOKOAIIMMCH B
3aMKHYTOH, OTpaXkHeHHOH OT BHEIHHX Bo3felicruii, dusndeckoit naboparopun He u3Me-
HMTCS, eciiM ¥ Habmosarens 1 nabopaTopHs B LeNOM GynyT MHEPUHATLHO JBATATHACH OTHO-
CHTEIBbHO CBOETO HEPBOHAYATEHOIC MONIOKEHHS, KOTOPOE TPEINONAracTC HeHIMEeHHEIM ",
OIMHAKOBOCTL MPOTEKAHNS MEXAHUYESCKUX OIBITOB COCTOMT N0 IAIHICIO B CIEAYI0-
mem: "M pyuKHA COrACOBAHHOCTH BOEX 3THX SBISHUI 3AKTIONACTCH B TOM, YTO JBIKSHHS
kopalbis oIe BeeM HAXOZAIMMCS HA HEM NpeaMeTaM, Tak ke kak u sosnyxy" [120]. Tlo-
CKOJIBKY PABHOMEPHOE 1 IPIMONHHCHHOE JBIDKCHNE MBI HA3RIBAEGM JBIDKSHUEM IO MHEPLIMY,
OTHECEM KAKIOMY OBMMCHHIO CBOK) KHHOMATHYECKYIO XapaKTepHcTHKy. Toraa MpHuuHa
OIMHAKOBOCTH IPOIECCOB 3aKII0UACTCH B TOM, YTO BCE UaCTH QM3UUECKOH cucTeMsl, Habmo-
JaTerb U N3MEPHTENLHBIC YCTPOKCTBA UMEIOT OIMHAKOBYIO KHHEMATHYECKYIO XapaKTePHCTH-
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Ky vHepuun. Vnepuus nposnser ceGs aHATOIMYHO 3anacy NOTCHUMATLHOH SHEPIYH: eCiIH
TIPOBECTH MEXAHWICCKUE ONBITHL Ha Pa3IMTHOM BBICOTE HAJ MOBEPXHOCTHIO 3eMIH, TO OHM
HOpaKTHIECKH He OyIyT OTIHIATHCH PYT OT ApYTa.

K a K'A

\ 4

—>
Puc. 2.3. umocTpauns IPHHIMIE OTHOCHTEAbHOCTH [anmnes

Bropax cropona [IOT cocrout B Tom, ur0 Taymnel pasimual TpoTeKanue Qusnye-
CKVX ABJNCHUN B VHCPHWANHHENK CHCTEMAR, SCI¥ B OIILITE YIACTBYIOT CHCTeME © peannanol
yuepuuelt. o Nanunew, dusuwdeckue avieuus OyayT oT/IMYATECA, ECHH OHM MPOBOISIICS B
KaloTe 1 Ha nany6e. Ha nany6e Bosayx yie HE NMEET JBHXEHUS, OGIIETO ¢ JBIKEHUEM KO-
pabit ¥ TOTOMY P MCCISIOBAHMH [AZCHWA KAMHY, NOABEME CTPYHKA ABIMA HYXXHO IIPH-
HUMATPh BO BEUMAHUC M3MCHCHUE MHEPIHH TeX 4acTell CHCTEMEI, B Npefielax KOTOpPOH pac-
CMATPHBACTCA TIPOBOAMMENA OTBIT. JIPYTMME cAOBAMH, M3MCHEHHE MHEPLMA HPOSBrseT cels
KaK ZOTCIHHTENRHAS Crila, IeHCTByIomas Ha cucteMy. CHeJoBaTensro, B noaxone lanmnes
He yTBepRIaeTcs abcomoTHON "HeoCHapyKIMOCTH" HHEPIHATEHOTO ABUKEHNS, 3TO O8UdHCe-
Hue npoasisem cebs, ecau evilimu 30 npedeiivl CUCHEMDL.

3amerum Tawke, yro B mogxone annes He Opuio KONMUECTBEHHBIX M3MEPEHHH, no-
9TOMY BOIPOC O COOTHOIIECHHH ITATOHOB, IIOKOSIIErOCs H AHEPIHATBHO IBUKYLICTOCH, JAXE
He OsUT cHOPMYIHPOBaH.

Urax, cornacho IIOI', cpaBHHBaIOTCA IBE 3KCIEPHMEHTANBHLIC CHTYAUWH, IPHIEM
H3MEPEHNA HPOBOAATCH HaOMOIATE/SIMH, TOKOSIMMUCK OTHOCHTEIIBEO YCTAHOBKH, KOTOP&s
CUHTAETCS OTPAXKICHHON OT BHEITHAX BO3ZCCTBHIL, O0YCIOBICHHEIX IBIXKEHUEM CHCTEMBL B
LENIOM.

Cucrema koopauHar K NOKOWTCS OTHOCHTENBHO yCTAHOBKM M Habiwoaarens H, B K

YCTAHABJIMBAET 3aKOH, ONMCHIBAKOWMI Onpene/eHHbli mexanmueckuil onsir, Cucrema K ’
IIGKOHTCH OTHOCHTENBHO YCTaHOBKH S (aHATOTHYHOM S B TOM CMBICE, UTO OHA JACT T€ KE
pnac'-lerm, uto u S, ecym OyaeT moMemnera B K} 1 ABIKETCH OTHOCHIENBHO K €O CKOPOCTBIO
u, . Habmoparens H, 8 K’ ycrasasnnsaer 3akon 8 K. OH OKasrIBAETCH JJ1% OJMHAKOBEIX

OMBITOB TaKUM K€, Kak u gy Habmomarens B K. CriegoparenbHo! "3aKOHEL, 10 KOTOPBLIM H3-
MEHACTCHA MEXaHWYECKOe COCTOSHHE (r3uuecKkol CHCTeMpl, HE 38BUCAT OT TOIO, IOKOMTICH
WITH HHEPLMAIBHO ARDKETCH cucTema B nenoM”. [Ipn aroM BOTIPOC 06 YCTAHOBICHHH 3aKOHA,
OIIMCHIBAIONIETO #BIeHMe B K 110 3aKOHY B X He CTaBUTCH, MEXIY HAMH eine HeT csasy. O
Hell MOXHO T'OBOPUTE B TOM ClIy4yae, KOTJIa OHA SKCIIEPUMEHTANBHAA CHTYAIMS HCCIIeNyeTC
PasIMuHBIME HaOMIOLATemsiMH. B 4acTHOCTM, OfMH HAGIIONATEIb TOKOHICH OTHOCHTENRHO
YCT2HOBKH, & BTOPO# - HHEPLHATLHO ABIKETCA OTROCHTENBHO Hee, "Paciiupenyvie” puHIMIA
OTHOCHTEIBHOCTH HA OTY CHTYAL}; COCTOMT B TOM, 4TO JENAeTCA BBIBOZ 00 OJMHAKOBOCTH
32KOHOB, YNPABIAKIINX MCXQHUYECKHMMH HBICHMAMU KaK [UIf [TOKOAILErOoCs, Tak ¥ A
HHEPHUAILHO ABIKYLIErocs Habumo1aTerns.
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Puc. 2.4, MmniocTpalns TPHHIMIA OTHOCUTEABHOCTH A, Difnnrrelina

310 yKe HE NPUHIMI OTHOCHTENBHOCTH ['amuies, a NPUHLMN HE3aBUCHMOCTH SBIEHUS OT
HHEPIHATBHOIO JBHIKEHHS M3MEPUTSIBHEIX yCTpoHCeTs. Jpyrumu cnoBamm:"3akoH, yupas-
IAIOIHA poBeaeHHeM (Qu3udeckoro ofREKTa, HE 3aBHCHT OT TOrO, HAGNIO/2ET U €ro Io-
KOSIIMHCS OTHOCHTEIBHO HCCIeAyEMON CUCTEMBI MM MHEPUHAIBHO ABHOKYIIMIics Habmona-
teias”. B aToM cy1s nonomnenus IO A, Oitamrelinom. Habmogarens B K nccnegyer sBne-
HHE B cucTeMe S, IOKosweiics OTHOCHTENEHO K. AHATOIMYHOE HCCIEHOBAHAC POU3IBOINT
HHEPHMANBHO JRIKYIHiicS Habmoaarens B K. ONHHAKOBRIME i 3aKOHAMH OIIHCHIBAETCH
spiaerne B K u K’ 7 OrBer Ha 3TOT BONPOC JECTCA NPHHLHIOM OTHOCHTENHOCTH A. DifH-
wrrefina Ero MoxHO ¢opMyaMpoBaTh CISyIOMM 06pazoM: "3aKOHBL, YIO KOTOPHIM H3Me-
HECTCA MEXAHMIECKOE COCTOAHME (PUINIECKOH CHCTeMBl, He 33BHCAT OT TOTO, NOKOMTCH PUIH
HHEPLUATBHO IBHIKETCs Habmrozarens".

Tlpa 910M HA NIepBRUT IUIAH BBIABUTAETCA BOIPOC O TOM, MOMKHO JH HalTH Takue 1po-
CTPaHCTBEHHO-BPEMEHHBIE peobpazoBanus cuctem xoopanHar K u K, arofs mo 3aKOHY B
O/1HOH CHCTEME YCTaHABIMBAJICA TaKOH e 3aKoH B Apyro#? IlpudnHa He3aBUCHMOCTH 33K0-
HOB OT HHEPUHANBLHOTO ABMWKeHud Hafmonarenelt xpoeTes, o A. DAHUITEHHY, B CTPYKTYPE
[POCTPaHCTBA-BpeMeHi: ... Teopns JIOPEHTIA HE NPOTHBOPEYHT NPUHIANY OTHOCHTEILHO-
cri. OHAKO Halle NPejICTABICHAE O BPEMEHH U IIPOCTPAHCTBE JIOJIKHO NOJBREPrHyTheA QyH-
ZaMeHTanbHEIM u3MencHaM” [84]. C Touxu 3penns yaera ukepuun, 1103 yTBepKaaeT Heza-
BUCHMOCTE (BM3MYECKOro SRICHHS OT HHEPUUH HabII0aTe N, JPYTHMH CTOBAMH, OT OIPeas-
JeHHBIX ycnoBull HaGmogenus. O6 3ToH CTOpOHE NPHHLMIA OTHOCUTENbHOCTH y [amunes
BUYero Her. Ilpu aHamuse onTudecKux ABIeHMA A. OHHUITEHH OTTANKHMBAICS OT TOTO, YTO
ONTHYECKHUMHY OIBITAMH "OTHOCHTENHHOE ABKEHHS 3¢MIIN TIPHHIMTHAIBHO HEAb3a 00HApY-
xurp" [84], on onupanca Ha IO, Omraxo erc GopMyIUpOBKa NPHHITAIE OTHOCHIEIFHOCTH
OTHOCHJIACh K cuTyaluy, omucsigaemoil [T02: "3aK0HbL, 10 KOTOPHIM M3MEHSETCH COCTOSHUS
DH3UUECKUX CUCTEM, HE 33BHCAT OT TOr©O, K KAKOM M3 KCOPIMHATHEIX CUCTEM, ABHIKYILMXCS
OTHOCHTEJILHO JPYT APYTa PABHOMEPHO U NIPAMONMEEHHO, 2TH MSMCHEHMS OTHOCATCH

Coemectro npumennm [TOT u IO x pacupocTpaneuymio ¢Bera B Bakyyme. Torua,
OYEBHIHO, TIPUHIIUITY [IOCTOSHCTBA CKOpOCTH cBera B BaKyyMe (ITIICC) cooTBeTCTBYIOT B
PaldIIHLIE SKCIICPUMEHTAILHBIC CHTYAUNH: a) HCTOYHHKH ITOKOSTCA OTHOCHTENBHO HAOI0-
Jarene, HO UMEIOT HHEPIHATBLHYIO CKOPOCTD IO OTHOLIEHHIO APYT K APYLY, 38KOH Pacrpo-
CTPaHCHUS CBETA B BAKyyMe HCCICHYeTes KaxIbIM HabmonaTenem; 0) uMeeTcst O/IMH HETOd-
HUK, a TOKOSMIMIACS ¥ HHEPUHAIBHO IBIDKYNMitcs HaOMIOAATeNN yCTaHABINBAIOT 3aKOH Pac-
NIPOCTPAHCHHS CBETA B BaKyyMe.

B COBpeMeHHOU HIEXTPOIUEAMUKS HE OBUIO HETKOTO Da3TpaHMveHis yKa3aHHBIX Ch-
Tyallni, MaTeMaTHICCKUH annapar MX aHaluu3a He passuT. Yro aMeercs B BHAY? Bo-IepBEIX,
€ciH cTporo caepoBars [1OI, To 0AMHAKOBOCTS IPOTEKAHHSA OINTHISCKMX ABICHUH B IIOKOS-
IeHcs ¥ MHEPIMAIBHO ABIKYIICHCS cucteMe 00YCIOBICHA, KaK M 1A MATEPHAIbHBIX TE,
MHEPUHUEH 3MEKTPOMATHHTHOTO TIOHA, & TAKKE TEM OOCTOATEN,CTBOM, YI0 OT €¢ BEIWIMHEL
TOPOTEKaHNe ABJIEHUA He 3aBmCHT. [T03TOMY XapaKTepHCTHKM MWHEPIHN ITON ZOIDKHEL BXO-
JHTh B YPABHEHUA SNEKTPOAHHAMHKH ¥ IIPOSBIIATECH BO BCEX CUTYALMAX, KOTLa HMEET MECTO
ux y3Menenne. COTIACHO TIPUHUMITY OTHOCHTENBHOCTH | amiles, CHCTEMa, COCTOSILAN 13 Ma-
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TEPHANBHLIX OOBEKTOB K MO, COXPAHSET CBOE COCTOAHNE HHEPUHANLHOIO ABMIKSHHS 10 TeX
T0p, TIOKa HET (HaKTOpoB, €ro M3MeHMomux. Hanrdre Takoro JBIDKCHAL He CKa3hIBACICA HA
pe3sysIbTaTaX MEXaHWYSCKAKX H ONTHUECKMX ONBITOR B CUCTEME M MOXET OhTh 00HApYKEHO
JMLIB IPY BRIXOJE 32 ee npeaeisl. Bosaukaer crenyromuit Bonpoc: "Kak BEIPa3yuTh HHEPLUIO
EXKTPOMAIHHTHOLO NOJI M BBECTH ee B ypaBHeHus anexrpoxusamuxu?” Orser Ha HEro He-
06X07MM, €CITI MBI XOTUM Pa3ofpaThes B IPHYMHAX, TOYeMy MEEpPLHs He BIMSET Ha IPoTe-
KaHue Ipoueccos B Gu3nueckoi cucreme.

Onsako a1a ocHosHag ocobernocts [10T - HE3aBHCHMOCTE ABJICHHS OT MHEPUHH (Du-
3HYECKOM CHCTEMBI ~ 10 BBEACHUS KOHIETIUMK OTHOLICHMS HE MMeNia SBHOTC BBIPAKESHUA B
SNEKTPOAUHAMMKE MHEPLWATHHO JBMAYHIMXCH CPEN.

Bo-BTOpEIX, OTTankusaics o1 I10D, HeoOXOAUMO MAaTeMaTn4eckn 060CHOBATH HE3a-
BUCHMOCTE (DM3MHYECKuX #BACHME OT yesropnil HaGmomenws. TIOHSTHO, 4TO 9Ta HE3ABHCH-
MOCTb ABJIIETCHA XAPAKTEPHOM YEPTOH KIacCcHIecKOH TEOpHH HIMEPEHMH, KOIIa HCCIEZyeMOe
SBIICHHE, DKCIEPHMEHTATPHEE YCTAHOBKK, H3MCPHUTEIbHEE NPHOOpPE MaxkpockonuyHel. Ox-
HAKO BCAKYIO KIACCHYSCKYX) TONEBYH BEMMYMHY CIG/IYET PacCMaTpHBaTh Kax CPEHEE I10
aHcaMOmI0 (MIM TT0 NPOCTPAHCTBEHHO-BPEMEHHOR 061aCTH) OT MHKPOCKOINYECKHX. BEINIHH,
HsBecTHO, 9TO 14 MUKPOCKOIHHECKHX BEIMYAH IPEMEHHMA JHIIS KBAHTOBO-MeXaHUeCKasd
TEOpHs U3MEPEHuH, COrMacHO KOTOPOR MoJlydaeMbie 3HAYSHNS CYINECTBEHHO 3aBMCAT OT yC-
J0BMH n3MepeHns, B paccMaTpuBaeMoM HaMM CIy4ae K OMHOMY M3 TAKHMX YCJIOBHH OTHOCHT-
ca urepnus Habmogareneit. TIo 31o# mprduAe HeoGXOMUM Y4eT OCHOBHOM 0COGEHHOCTH
1103 - urepuwu Habmromareedl. Kak BrpasirIb € B HCMOIL30OBATH NI AHANK3A HE3ABUCH-
MOCTH #BICHHA OT JsikeHns Habmogareneii? 3ta ocHosras ocobennocts (103 Takke HE
UMENA B IEKTPOAMHAMUKE JBIKYIIUXCA CPEL ABHOT'O BLIPAyKECHHS.

K K’

Puc. 2.5. Cxema cynepnosuway IIOT 1 [103 B ontrke

3ameTHM, YTO B ONTHKC NOHYCTHMA CIUE OAHA DXCHCPHMEHTANEHAS curyauwst. Jyd
CBETa [OCICIOBATEALHO IIPOXOIUT depes OAHY Gr3MtuecKyio nabopaTopiio, a 3aTeM uepes
APYTYIO0, CKOPOCTh KOTOPOH PasHA CKOpocTH CHCTeMst koopaudar X . Habmoparemn H, u
H, mpoBoasT M3MEPeHNe [APAMETPOB CBETE. JTa CHTyauus He omucesaercs pu [10T, Hu
{102 w npemcTannder coboil UX HEKOTOPYW CYNEPHOZUIMIO. B PACCMATPHBAEMOM CHydyas
HeoOXOMMO YIUTEIBATE KAK MHEPIUIO MCTOYHHKOB, Tax U HHEPIUIO HabmonaTenei.

C y4eToM npoBefeHAOIO aHANM3a ¥ CHCHAHHRIX 3aMEUaHUM PAcCMOTPMM BOMPOC O
B3aMMOCBS3Y [IPOCTPAHCTBEHHO-BPEMEHHEIX NEPEMEHHBIX JUl% CHCTEM KOOPAMHAT, MHEPIIH-
IBHO OBIKYUHXCA OTHOCHTEILHO APYT Apyra.

I PaccmoTpnm CHTYALHIO puc. 2.5, nonaras , uro wacsl 8 K 1 K’ uayT ogunako- -

BO, a JTANOHE! HHEI abeomoTssl. [Tyers B K 1 K nposeneHs! 1Ba HE3ABACHMBIX H3Mepe-
[43
HEg, Cledyromue apyr 3a npyrom. Ilyers 8 K 3a BpeMs d¢ myd cBera cMectiics Ha d 7 . [To
r
vacam B K mpomuno spems d#'=dt, a cMelueHne paBHo d r'. Hocre npoBeneHus u3mepe-
Huit B K mycTs Cpasy e MPOBOAATCA M3MepeHHs B K, MPHYEM 3a BpeMs df' JIyd IMpoLIen
I, I8 -
dr'. B K emy cooTBercTBYeT df =d ¢, 8 cMelieHAe PaBHO d 7, . OBWMil HTOT SKCIICPAMEHT
TaKOB:
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a) B K u K’ Opomuio 0JHO M TO ke BpeMs
dt<dt =dtHdt';
6) 8 Ku K’ npoiineno pastoe paccTosHue
dr-dr#drdr;

B) 32 Bpems d ¢ ayu B K npowen d 7 ;
r) 3a BpeMs d ¢ nys 8 K’ mpomen d #'.B YKa3aHHOH CHTYaUWH IIOCTOSHCTBY X014 9acoB B
K u K’ He IpoTHBOPE4HT BOMOKEOE pasiuyye d¢ U df', TaK KaKk OHO ONPEAeIeTos JKe-
NEPHMEHTAILHON CUTYaIei.

If. PaccmoTprm chTyaluio, cooTBercIByomyo puc. 2.3 (ITOI'). Tlporeaem mesa-
BUCHMBIE OIBITHI 110 U3MEPEHHIO CKOPOCTH CBeTa 8 BaxyyMe B K 1 K Jy1sl IOKOAIIMXCS UC-

rouuuxos, Tomyunm, uTo B K HMeeTCs COBOXYIHOCTS "cMemennit” {d x* } PeanH30BAHHEIX
32 Bpems d¢. Amanormuno, 3 K’ uMeeTCs COBOKYNHOCTD "cMmenteHui" w’d x* }, peanu3oBas-
HEBIX 33 BpeMs d1'. B ofuieM ciiydae Mexny HeT cBasi, BO3HUKaeT BOMPOC: MOKHO ¥ HalTh
TAKYIO BIAHMOCBA3h fepemeHHbx 1d x%, d t}, id x*, dt'}, yToBHl O JaHHEIM ONBITA B K
MOKHO 65110 GBI yCTAHOBHTS JAHHbIE HEKOTOPOTO (BO3MOXKHO HHOTO, 4eM B K) ombita B K7
TIOHATHO, TT0 ¥ B 3TOM C/IyUae BOBCE HEODA3ATENBHO JOIKHO OHIb df=df, dF =d 7, a,
CKOpEe, BTO HCKITIOUCHHE.
IIT. PaccMoTpuM cHTyanuio, COOTBeTCTBYIoLtyo pue. 2.4 (ITO3). Ilycrs onxo ¥ To-
HE CMELIEHMe PACCMATPHBACTCA B PA3NIMIHEIX CHCTEMAX KOOpamHaT. [TOHATHO, 4TO eCiIu CH-
TYaHus CBOIHTCA K PHC. 2.4, CPaBHEHHMIO MOTYT IIOISXKATh NHillh PearbHO H3MEPEHHBIE U
paccuMTaHHbIe BETUIHHE! (TaK Kak nse dusndeckue nalbopaTopuy He MOTYT COBIAAATh APYT
¢ apyrom). Oanako ¥ s ¥T0M CUTyaluy JONyCTHMO HAXOKIEHME Takol BIaWMOCBAIN IIpo-
CTPAHCTBEHHO-BPEMEHHBIX [IEPEMEHHEIX, UTO [T0 [IAPAaMETPAM, H3MEPEHHBIM 8 K|, MOXKHO BOC-
CYaHOBUTH IAPAMETPHL, NsMepennse B K (cooTBercTByRompe nubo puc. 2.3 aubo puc. 2.4),
TIoHATHO, YTO B 9TOM CIy4a€ TAKKe U3 IPOCTPAHCTBEHHO-BPEMEHHBIX npeolpaiosanuil He
Gyzer clieAoBaTh Hy a6COMOTHOCTD MIHHEL, HU a6COMOTHOCT BPEMEHH.
Bee Tpy curyalnn nMeIoT Ty o0LIyIo 9€pTy, 4T0 HekoTopoMmy "cmemeHno" id x"} 3a
BpeMs df B K CTaBHTCA B COOTBETCTBHAE HEKOTOPOE "cMeuieHHE" {d x""} saBpema d¢' 8 K’

(peup HIeT O CMEWEHNH Iy4a, HOITOMY B3AHMOCBA3b ‘d x“,d t}—-— [:{d x%, d f} HE MMEET OT-
HOIIEHMS K B3aUMOCBA3M ITATIOHOB).

IIpoBenenubIe BRILIE PACCYIKIEHNA I10-HOBOMY 0BOCHOBHIBAIOT orkas A. DifHinTeliHa
0T B33HMOCBS3M HPOCTPAHCTBEHHO-BPEMEHHBIX NEPEMEHHEIX € aOCOMIOTHEIM BPEMEHEM
dt'=d¢ (ero OTHOCHTENBLHOCTh OJHOBPEMEHHOCTH), MMEHHO OTHOCHTEIBHOCTH OAHOBpE-
MEHHOCTH BBICTYI@eT KaK CPEICTBO B3aUMOCBHA3M CUTYaUuli, OTHOCAMUXCA K pHC. 2.3,
puc.2.4 u He PacKpHIBAIOIIMX IO CyWIeCTBY puc. 2.5, WYRKIMOBANEHAS B3aNMOCBA3L "cMe-
wenki” 8 K u K’ HeSABHO yUHTHIBAET HHEPUMIO BIEKTPOMATHUTHOTO NOJIL X MHEPILMIO Ha-
Gnrogatenci.

CdopmynupyeM IPuHIKI OTHOCHTEIBHOCTH, coeaumsontuii yeptsr 110 I' u I103:
"3aKOHBl, 110 KOTOPbIM H3MEHASTCS COCTOSHHE DH3MUECKON CHCTEMBI, YCTAHOBICHHBIC Kax
TIOKOANIVMHCS, TaK X WHEPLHAIBHO ABMKXYLIMMKCS HaONIOARTEIAMY, HE 3aBUCAT OT TOTO, NIO-
KOMTCS WY MHEPLHMATILHO ABIKETCA CHCTEMA B 1eIoM”.

Wrak, Hain ananM3 ypasHeHu# NEKTPOANHAMUKY ABHKYLUMXCS CPE/L MO3BOIIT YBU-
ZETH TOBKOCTH NPUHIKIA OTHOCHTENBHOCTH, YCKOIB38YBIINE OT BHEMAHNN PaHee,

Kax Mb1 3naeM, MaTepHalbHEE YPAaBHEHUS B JBIDKYUICHCH cpefie "BOCCTAHABIMBAIOT-
cq" 10 ypaBHCHHAM B IIOKOSINEHCA Cpede ¢ TOYHOCTBIO X0 CKAIFPHOH (hYHKOMH. 3HAYHUT, B
oflmem crydac HEBO3MOXHO YCT2HOBHTb CTPYKTYDY VPABHCHuWit B JBmKyluelics cpede 110
YPaBHEHHSIM B HOKOSUIeHes cpene 6e3 paccMOTperns oTHomeRNsl. KoppekTHEIA myTh Takoi:
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HYXHO 3a71aTh OTHOIICHNE, C YHETOM ero 3HAYCHHH M M3MEHEHMS [IOCTPOHUTEH NPOCTPAaHCT-
BEHHO-BPEMEHHbLIC IPeO0Pa30BAKKS, CONEPKALINE CKOPOCTH, YCKOPeHus, MBI IPHXOANM K
BRIBOZLY, YTO B HOJHON TEOpHH HEPEXOA OT yPaBHEHMH B IOKOAMSHCS CPesie K yPaRHEHHAM B
ABMKyHIEHca MOXKeT OBITh BHIIONHEH HA OCHOBE TEH30PHOTO IPeoGpa3OBaHHUS, YUUTHIBAIO-
mero oTHomeHue. Teneps o4eBYMAHA OrpaHHICHHOCTS TAKOIC MPHEMA: OH 33/a€T NPaBUIo
BEIBOJIa YPAaBHEHUH TIONIS, HO He 3g0aem CIMpYKMypy mex 31eMeHmos, ¢ HOMOU[oi0 KOMOpsIX
amo modicro coenamp, Ero paclimpeHne umeeT IpIAMOe OTHOMICHHE K MOAEII PACCIOCHHOTO
HPOCTPAHCTBA-BPEMEHM ¢ PasieleHHEeM NPOCTPAHCTBCHHO-BPEMCHHEIX XapaKTEPHCIHMK Ha
TPOCTPAHCTBO COCTOSAHWN W IPOCTPAHCTBO COOHITHM M IPUHATHEM KOHICTIMY OTHOIICHHA
KaK (QYyHIAMEHTATBHOTO CBOHCTBA PHIMMECKOro MUpa, 0€3 yyeTa XKOTOpOro NPaBuikHOE OMH-
CaHMe HHEepUHU HeBO3MOXHO. OTHOWIEHME CTAHOBHTCS (YHAAMEHTATLHEIM PETYISTOPOM
MHEPLMY N0, KOHKPETU3MPYIOMIHM IIpHHIHI OTHOCHTEIBHOCTH,

2.4.2. Koppexuus npunyunoe meopuu ¢ ynemom peansnocmeil usmeperus

Ou3nka UMEET JEN0 ¢ U3MEPCHHRIMY BETHINHAMY, COOTBETCIBYIOIIMMHU IPAMOMY OIBITY
(HampuMep, NIMEPEHHIO LINPUHEL CTONA THUHEHKOM) MM KOCBEHHOMY OTRITY (HAIpRMEp, H3-
MEPERHIO Temueparypsl sHyTpu Conmna). PeanpHsle yoIoBHS U3MEPSHHS TAKOBEL, UTO OHK
MOTYT HE IIOMEIIATh SBICHHIO, HO CTIOCOGHE!, B HEKOTOPBIX CHTYALUsX, CYLIECTBEHHO MCKa-
3uTh €ro. [To yroit mpuaune Tpebyerca KOPPEKUUs TPUHIMIIOB, HCIIONE3YEMBIX B DH3HKE, TaK
KaK B HUX JIOJDKHE! OBITh YHTEHBI YCIOBUS U3MEPEHHA.

TpyHOAT OTHOCHTENLHOCTH JitHiTeliHa hopMyIupyercs Tak: "3aKOHEI, 10 KOTOPKIM
H3MEHACTCA COCTOAHNE (PH3MTECKHX CHCTEM, HE 3aBUCKT OT TOTO, K KAKOH 13 KOOPIMHATHEIX
CHCTEM, JBRKYIIUXCS JApYr OTHOCHTENBHO ApPYra PABROMEPHO M IPAMONMHEHHO, 3TH H3Me-
menus otHocsTes" [8]. Jlerxo BHAETH, 4TO MeXIy COOOH CpaBHHBAIOTCA (QU3MHYECKAs H KOOP-
AMHATHAA CHUCTEMA, & M3MCEPUTENBHON CHCTEMBI, HMeIoUel CaMOCTOSTENBHOE 3HAUEHKE, B
dbopmynuposke HeT. B gaHHOM NOAXone TakKe HHKAK HE BBIJENCH CyODBEKT, NMPOBOASMIEH
Hecnenosanue. IIpumeM BO BHUMaHme yxasaHebie ofcrosrenscra. M3obpasum curyanmio
puc. 2.6.

3aMeTnM, Janee, 4r0 BCAHYMHB, CONOCTABNACMBIC HBJIEHHMIO, DA3NMUHEL JUIf
paznuusex HaGmiopatened. Ho uMenHo onu 00pasyioT 3aKOH, KOTOPOMY HOISHHEHO
sBlIeHUEe. B ®acTHOCTH, OJHA M T2 )XXe BelMIHHA MOXET OBITh pa3HOM, €Cily pa3IudHO
OTHOWeHYE W! 1 =(1- w)ﬁ e thi’m PasIHvHO, €CIM W, # w,. [JoTOMy CleIyer CauTaTh
Tax’ "3aKousi, NO KOMOPLIM USMEHAEICA COCMOAHUE (PUIUYECKOT CUCMEMbL, He 3a6Ucam om
66160pa KOOPOUHAMHOU CUCTEMEL, HO 30GUCAM OM E6IGOPA U COCMOSHUS UZMEDUMENbHOU
CUCIEMBL, OM TO20, OBUDICEMCSL U OHA UHEDYUATIBHO UIY HEUHEPYUANBHO" .

B

—~——

H - nabmogaresns

Pre. 2.6. DnemenTsl, acCOUMHPOBAHABIE € HPHUHLMIOM OTHOCHTENBHOCTH ( (a, 4, ;v) -
busmuecKas, H3MEPHTEILHAL, KOOPMHATHAS CHCTEMEI)
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Puc. 2.6. npuroAeH B aHanu3a OPHHITAING IOCTOSHCTBA CKOPOCTH CBETA B BaKyyMe.
B peansnoM M3MepeHrH MEXy coG0l CPABHMBAIOTCS HE TO/IBKO CKOPOCTH, HO TAKXKE HACTO-
TH M HAIIPaBICHUS BOTHOBBIX BEKTOPOB. OIBIT IIOKA3BIBACT, YTO BCA 374 COBOKYIHOCTE Pas-
NIMYHE, eCTM PA3THYHb UHEpLHaibHEe HabmoxaTenn. J10T PaKT NOXTBEPRAACTCA 3aBHCH-
MOCTBIO BCEH COBOKYTHOCTY NIaPaMeTPOB JIEKTPOMATHUTHONO TONA OT CKOPOCTH HCTOUHHKE
B3IyHeHus U OT CKOPOCTH H3MEPUTEILHOTO YCTPORCTBA Wil (u3mdeckoi cpesbl. YTobat mo-
HATB CUTYALHI0, TPeOyeICs KOHKPETH3WPORATH YCJIOBHS DPEAIBHOrO H3MEPCHUS CKOPOCTH
cBera B Bakyyme. JIecTBUTEIBHO, U TAKOTO H3MEPEHNA HYXKHbI /1B€ YCTAHOBKM, B KOTOPBIX
CBET 9acTh CBOETO IyTH HPOXOIUT B BAKyyMe, & YCTAHOBKHM JBIXKYTCH APYT OTHOCUTEHBHO
apyra. [ToaroMy ABa IKCHEPHMEHTATOPA CPABHHMBAIOT, YTO UPOMCXOAUT CO CBETOM GHYMIPDU
OKCHEPUMEHTATbHEX yCTaHOBOK. COrnacHo ONbITY, AeHCTBHTENsRO Oymayr obHapyaeHsI
OZMHAKOBBIE 3HAYEHHS CKOPOCTEH, TOTOMY 9YTO HMCTOYHMKOM BTOPUIHOTO H3JIYYCHMS CTall
npuGop, B KOTOpPHIH TpoHUK cBeT. Ho uactoTsl cBeTa OydyT Pas/iv4HbEl KAK B TOM CIIy4ae, Ko-
TJIa JBMDKETCS MCTOUHMK M3TYYCHMA, TaK U B TOM CIy4dac, KOIA8 JBHXETCA H3MEPUTEIBHOS
yerpohcTso. CleioBaTelbHO, IPAMOE U3MEPEHUe CKOPOCTH CBETA B BAKYYME CIIOCOOHO uCKa-
3UTh PEAIBHYIO KAPTHHY ABICHMH, BEIXOASA 38 PAMKH IPHHUKIE [OCTOAHCTBA CKOPOCTH CRE-
Ta, npemIokeHHoro JirmreliHoM. TIpsAMbre ONBITH HE JalOT OTBETA HA BOUPOC. BaKHEHImH
JUISL IOCTPOEHMS MPaBUIBHON M MONHOK KapTHHBI SBICHHI: ¢ KAKOU CKOPOCMbIO O8UXCEMCA
ceem 6 axyyMe GHE USMEPUMeEnbHo2o ycmpoticmea? Pacuersl, TPOBENSHHAIE ¢ YYETOM KOH-
LENIAA OTHOIEHHS, MOKA3EIBAIOT, UTO CUTYauHs CHA0KHA. BHYTPH ¥ BHE M3MCPUTEIBHOTO
YCTpOiiCcTBa HapaMeTpsl HOME MOTYT CYLIECTBEHHO OTIHHaTsCsl. B cuiy yxasammerx ofcros-
TENBCTB CHEXyeT NPHHATh HOBBIN IPUHLMI: "3aKOHEL, MO KOTOPhIM H3MEHSIOTCS aPaMeTps!
SAEKTPOMAHUTHOTO NOJA, MOTYT OBITh Pa3HBIMY, OHM 33BMCST OT TOTO, BHE WIM BHYTIPH 43-
MEPHTEIEHOTO Nprbopa BEIOIHEHO Heenenopanue”.

B ¢u3uxe ananu3 CUTYAIHH CII0CO0CH USMEHHTRCS BIUIOTH 10 HOBOTO K44eCrBa, CCiH
YOAeTes OGHAPYKHTE M HCIOIB30BATh HOBbiE (M3UUECKHE XAPAKTEPUCTHKH 00BEKTOB U AB-
nenuit, TaxoBa, RanpuMep, Teopus (aszoBsix NpeBpalneHuit. TakoBa Teopus aTOMOB, KOrna
BRIACHWIOCH, 9TO 3TO "BCEro JHINL" KOHCTPYKUMH, COCIABJIEHHBIE U3 HYKIOHOB B LICHTPE
aToMa U 9AEKTPOHOB, 00pasyrONHX ux nepudepuro. TaxoBa TEOPUA KaTACTPOY, KOrAa mpu-
HATA UAEs IPOCTPAHCTEE, 3aBHCHMOTO OT YIIPABIISIIOLIMX I1apAMETPOB.

WHepums Ten M 10114, K&K CBUACTEIRCTBYET OLBIT, OTHOCHTCS K Hauboxee obmmM nx
cBoitcrsam. 1o 310l npUHMHE CHEOYET OXKU/IATh, TTO OXBaTEl M IIPOSBIECHHUS HHEPUHUHM MOTYT
U JOIXHEI BHITE yuTens! Ipr Haubonee 00meM HOTXO0AS K PHINYCCKUM ABICHHAM, DTOT Te-
3WC CTPABE;VIMB KAk [JIs (PM3UYCCKUX BEIHUNH, YNPasIsiowux unepyyer, Tak 1 1S UCIoNb-
3yeMbIX MBTEMATHISCKUX KOHCTPYKIWH,

AHaiu3 TOKa3aN, YT0 (UIUKA uHepyuy OCHOBEHE HA KOMYENYUYU OMHOWENUH Medicoy
obvexmamu u asnenuami. CyTh ee COCTOUT B TOM, YIO ecmb 8eIUYLHbL, 300ai0uue omHuowe-
HUA, OnY MOZym Oblmb REPEMEHHbIMY, A WIMEHEHUE OMHOWEHUS NPUBOOUM K UIMEHEHUIO
uHepyuu. ITA TOUKA 3pERHsE CIUTaETCS MIPHroRHOM KaK JJIs Tel, TaK ¥ Ans nodeit. 3ana-
44 COCTOMT B TOM, K&k HafTH OTHOINGHMH, pa3o0paTrbcs B HEX, BOCIIONB30BATLCE MMH. B
SMEKTpOAMHAMMKE MakcBeia OTHOIUCHHME 331aHO HOB0U  Qusuueckoll  6eausunoll

w(x, ¥, 2, t):

o)
w:1—exp(—P0(l)— ,
N Ps

rae P,(1) - benomenonornaeckas KOHCTARTA, 3aBHCALIAR OT JTHHBE BOSHHL HATTYHEHHA, O; -

ILIOTHOCTB CPelib IPH HOPMATEHEIX YCIOBHAX,

Tak 325200 TOKAIBHOS OTHOICHAS 3IEKTPOMATHUTHOTO MO K MATEPUANBHOR cpefe,
ONMCHIBAEMOMN MAKPOCKOIMMUYECKOH [IIOTHOCTBIO L. Mt monaraeM, 6o;1ee TOro, 4T0 OTHOMIE-
HUE CPEfIbl K MO0 TAKOE KE, TO €CTh W) , = W, | = W, YT0 XaPaKTePH3YeTcs TUIIoTe30H: Ko-

20MONOZUYECKOE Oelicmeue PABRO KO20MOR02U4ecKoMy npomusodeticmeuio. Tlonsrro, uTo
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cpela MONYYaeT BO3MOKHOCT YIPABJIGHHS SJIECKTPOMATHMIHBIM IOJEM Hepes NOKA3arTeihb
HPEIOMIICHUA # K, HOTIOJHUTENIBHO, 9€Pe3 OTHOIIEHHS W.
CKaIIIp W MOXHO PaccMaTPHBATE KaK 3JeMEHT rpy:iisl 0-KOroMoaoruil XoXikmsia

Wwe Ho(gz,A),

rae g, - anrebpa, acconuupoBaHBasn ¢ Gusnueckum xBicHUeM, [TonsTHO, uTo B 00mEM Ciy-

Hae Hy)XHO yIeCTh OTHOMEHMS 3ICKTPOMArHHTHOIO TIOJS K APYTHM TONsM, HAIIPHMED, K Ipa-
BHUTAIIMH, @ TAKKE X K BAKYYMY, KOTOPBI} MOXHO PaCCMaTpHBATE Kak IpaMaTeputo. IfonaTHo,
9T0 OTHOMIGHUE MOXKET 3aBUCETh ¥ OT APYTHX IPYIII KOrOMOIOTHIA

w=r (@ (g, 4))

2.4.3. [Joxazamenscmeo ¢03mMO3ICHOCHI CO2TACOBAHUR CBEPXCEEMOBBIX CKOPOCMEN ¢
APUHYUROM BDUMURHOCIY

3aiioaenne 0 HEBOSMOXKHOCTH CBEPXCBETOBBIX JBYOKEHHH BIIEpBhle OLLIO CAENAHO B BHIC
CaMOCTOSTENBHOIO BEIBOAR A, Dinurrelinom B 1907 rogy. OHO OCHOBaHO Ha MCTIONb30OBAHUH
npeobpaszopanuil JIOpEHTIA AT CBS3Y CKOPOCTEH CHI'HANOB B ITOKosmelics ¥ ABMKyeHcS
cucremax orcdera. IIycrs ¢ - ckopocts cursana B CK1, - ckopocts curHana 8 CK2, ¢ -
CKOPOCTEH CBeTa B Bakyyme. Toraa mpu ¢ > ' BO3MOXHa CHTYAINS, KOTAQ PaccTosHue [ Ipo-
xoaures B CK2 3a OTpHIATENBHOE BPEMA

e
AT=li&1 —%—Z‘Iﬂ/(w—;o).
Y,

Otcrona AenaeTcs BEIBOJ, O BPEMEHHOM IPEIUIECTBORAHUM CIEACTRYN MPHINHE, a 110-
TOMY "XOTfl ... 3TOT PE3YIBTAT U He COHCPIKHT JOIMYECKOTO IPOTHBOPEYHs, OH HACTOIBKO
HPOTHBOPEUHT BCEMY HAIUEMY OIBITY, YTO HEBO3MOKHOCTh IPEANOIMKCHHUS V> ¢ MOXET
CHUTATBCA A0CTATOYRO HoKazauHoi" [121].

KoHeqre, MOXKHO IPHHATH TOMKY 3PSHUS, YTO IPHHINI NPUIHHHOCTH, BOOOIIE I0BO-
P#, He CBOJUTCS K BPEMEHHOMN YIOPSIOYSHHOCTH HPUYHHBL U CIEACIBHH, H IOTOMY YKa3aH-
HOE YCIIOBHE OYSHb CHIBHOE. MOXKHO CTAarb Ha TOUKY 3peHus Pexamu, MUHbAEH, TIPUMEHAB
TPKHIATT PEMETEPIPETALHY, COrNIACHO KOTOPOMY HanpaBieHue "CTPENsl IPRIHHEOCTA" HE-
WHBAPUAHTHO: COOBITHE, KOTOPOE PACCMATPHBASTCA KaK NPHYMHA /1% OAHOH CHCTEMBI OTCUE-
Ta, MOXET CTaTh CHEACTBHEM Ui Xpyro#t. Moxuo NpUMEHUTs U Jpyrue coo0paxeHns, B da-
CTHOCTH, MCHOIB30BATh HekoTopsie cieacteug OTO, npy KOTOPHIX TaHHOE NPOTHBOPEHHE
CHUMAETCSL.

OnHako BCe OHW HE MEHMIOT BBIBOIE, CACNaHHOTO A, JiinmrreitnoM. Ilokaxem, 9o
CHTYAIMS BBITIAANT MHAYE, SCHM KOPPEKTHO YICCTh HAYANBHEIE YCITOBUS 3amaq9d. [lpn atoM
MBI He 6yeM pacCMATPUBATh BOIIPOCE O TOM, 3aKOHHC JIM IPHMEHEHUE npeobpasosanuit Jlo-
PEHTLA K CHIHAJIAM, ABIKYIIMMCS CO CKOPOCThIO, GoMbite# CKOPOCTH CBETA B BAKYYME.

CorfacHo HOCTaHOBKE MBICHCHHOTO YKCHEPHMEHTA, CHFHAI MACT C IIOCTOAHHOH CKO-
POCTBIO ¢ '> ¢ B OJHOM HAIIPABJICHHHM W CHOCHTCS CPEOH, ABIKYyILIeHCs CO CKOPOCTBIO V B
apyrom Harpasnesud. Tlycrs JeficTBUTENBHO 3TO Tak M AN JAHHON CHTYyaluu, XOTH, €ClM
OBl OH HE CHOCHIICS CPEJoOii. TO €r0 CKOPOCTH Obira OB KOHEUHOH, 9T0 MPOTHBOPEUHT QH3U-
4ECKON ROCTaHOBKE 3ajaun. C ApyroH CTOPOHKI, NPH ONPENCTICHHOM 3HAYCHHMH ¢ '> ¢ MEL
IeHcTBuTensHO HonyInM ¢ < 0. Ho 310 06¢ToATenbCTBO 03HAYAST, YTO CUrHAT ITOHIEN B ¢TO-
POHY OTPHLATENbHBIX 3RaucHHE OX.

PaccMoTpnM BONpPOCH NPUYMHHOCTH B PaMKax KOHUEIMMH oTHomesus. CpaBHHM
Mexmy coboif cMeumenus coObITHi, OTCYUTAHHEIE B CHCTEMax oTcdeTa Habmonareneit. Co-
IT2CHO YCIOBHMAM MBICIEHHOIO HKCICPUMEHT], CUTHAN ¢ > ¢ MAET B cpefe, I KoTopoil oT-
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HOLIEHWE PaBHO exunuue. Uit Opyroro naGmogarelns OTHOWSHHE COBBITHA K M3MEPHTENIE-
HOMY YCTpoHeTBy w=0 . ITo3TOMYy X CBA3b Mexay cobol J0MKHE 38AaBaThes npeofpasoba-
suamu Danunes. A 1o 03HAYACT, 910 ¢ =¢ - v. [lpn v<e¢, ¢'> ¢ Beerma ¢ >0 u noTomy
Gyaer obecnedero npeANIECTBOBAHUE TPHIHHE] CICACTBHIO,

Ananusupyemas A. DMHIITEHHOM 337892 OTHOCUTCS MMEHHO K TaKoH CUTYaluH U 1o~
TOMY 3 Hee HE ClieAyeT HAPYIeHHe NPHHIMIa TpHInEHOCTH. CpaBHEHNE CHTHAIOB ¢ > ¢ ¥

¢'> ¢ npu otHOWeEHUIX W, =1 H w, =1, KoTOpOe 3aMaeTcd NpeolpasoBaHUaMy JloperTHa,

BCTYTIACT B NPOTHBOPEMHE ¢ NPUHIMNOM NOCTOSHCTBA CKOPOCTH CBETA, W3 KOTOPOTO BHIBO-
IATCA Mpeobpazosanng. YKa3aHHERIC CKOPOCTY CIeAyeT aHATM3HPOBATh B PAMKAX CXEMEI, HE
orpaHyguBaroiel ceGs MPeACTEHBIM 3HaYeHHeM CKOPOCTH, YTO UMEET MECTO B DIEKTPOSU-
HAMUKE C OTHOLICHHEM.

2.5. CKPbITbIE BO3MOXHOCTY SH-CUMMETPUHA

IIpoananusupoeanti Aono, HbLE BOIMOMCHOCIY QHARUIA QuUaUHe-
CKUX AEIEHUY, KOMOPYIE MOAGLAIOMCA MPU UCnaTb3oeanuu SH-cuvmmemput.
Ve 1eHa ectmec neaccoy Crmb IMUX CumMMemput, noay-
HEH HEACCOUUAMUBHBLE 3AKOH CROMNCEHUA CKOPOCEt, Hatidena HoBAs KEa3U-
epynna. [lorasano, Ymo 803MOJICHA UHMEDND 0bobuy X 8LIpaAdNCE-
Hull 018 uemwipexcropocmerl kK KOMEHUUATLHBIY GYHKYUG ¢ meopuu de-
dopmayntl, coomsememeyiourx Mrozo00pazusm Kamacmpo@. Ha ocnose
ucnonv3osanus deyxnapamempuueckux SH-cun ULl NPOBedeHo Cpashe-
Hue "cmemenuli moueuno2o cobeimus”, UIMEPEHHBIX PASTULHOIMY UHEPYU-
ATOHBIMY HABRIOOGMERAMY, NPU YOI08UY, YMO USMEPERUE S1URem HU napa-
mempyl agnenus. TTokd3ano, 4moe cmaroGp cummempun Jop 4 co-
OMECMOIMEYEN UOeATUIAYUY PEATbHOZO NUURECCa UIMEPEHUR U NOISOTREM
cpasnugams mexcdy coboti MONbKo me RApaMempbl AETEHIS, KOMopble O
HOCAMICA K KOHEUHBIM CMAOUsSM €3aumOOelicmeust S6ACHUR © USMEPUMERD-
HolM yempoticmeom. SH-cummempui no3go1siom ceasams mexcoy coboll
pasubie cmadul 0gyx OUHAMUHECKUX NPOYECCOB UIMEperus. B yacmuocmi,
HauanbHBle CMAdUY, MAKUX NPOYeCcos Mozym 6bimy caaiansl mexdy cobol
npeobpasosanuamu zpynnel I anunes.

SH-cuMMeTpur, TICILYUEHHBIC Ha OCHOBE QUIMUECKOrg PAaCMPEHU S-CUMMETPHH, SAITIOTCA
yaoSusM cpeacTBom mis yriayGrenus dmsuueckolt mogenn. IIpoucxomur 310 meToMy, d9TO
OHHA COAEPXKAT TOLOTHUTENbHYI0 HHbOPManuio. PaccMOTpHM HOBBIC MCMEHTHI OIIBITA, CIIE-
JYIOU{He W3 HCIONB30BaHNSA SH-CUMMeTpHit,

2.5.1. Ecmecmsennas HeaccoyuamMUBHOCmy CUMMEMPUT

Pacemorpam SH-cummerpuro Jlopertua. Oxa ompesienieHa, KOT/Ia 3a[aHa TUIEPHOBEPXHOCTS
I e apavieTpoR V/c HW. B 9aCTHOCTH, OTPaHIYMM JIHAMA30H X W3MCHEHMS 3HAMEHMAMY

v
==[-1,1], w=[0+1] (puc. 2.7). Bunemum ua meft mse "monOUKR", COOTBETCIBYIOUIHE 3HA-
c

YCHHAM W, H W, . [IpsMBEIM pacaeToM ferko yOeaHThCS, 4TO TIPH (JMKCHPOBAHAOM 3HAYCHHUH

w SH-cumMeTpns o6pasyet rpyny Jloperrna, B KOTOPO# ¢ 3aMeHeHo Ha ¢/ Jw.

Ecin paceMarpuBarotes SH-CHMMeETpyH C Pa3IMYHBIMA 3HAUYEHHAMH W, TO MX ITpO-
HIBEAGHUE CIOKKLS W ABNASTCA CTANAAPTHLIM AN TEOPUH KBASHIPYNTL. TeM CaMbIM MEI J0-
IYCKaeM BO3MOXHOCTE, YTO B (IM3MUECKNX cuCTEMAX QUHAMUYECKHE NPONECCH MOTYT UATH
"HO Kea3HTpynme", yeIOXKHAA, B YACTHOCTH, 3aKOHBI COXpaHeHHs. UTo0s MOxHO GBLIO HC-
ToIB308aTh SH-cnvmerprio oOBMEbM 00pasoM, BBeneM 0600IIeRAOE IPOU3BEaEHNE

g.%g, =g, e,
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COTNIACHO KOTOPOMY CHMMETPUH TIPHBOJATCS CHAYana k exunomy w (i) no npaswmiy [117]
wli)=0.50w, + w, )}

a s3aTeM BemoymHsgercs oObMHOE mpomssenchme npeobpazopanuii. MOXHO BBECTH
w(ij)=| W, wij. Jlna mareppana [0+1] momyunm kBasurpynmy. OHa CONEPKHUT E€IHHHLY

~1

w,=0,a w;” =w,. JIerko BUJeTh, 9TO BBEACHHAA ONCPANKA HEACCOUMATHBHA.

AY

. W __________________________ w;

\j
Qe

-1 v /e 0 vy /e 1

Puc. 2.7. Tlosepxuocts it SH-cHMMeTpuit

Eciu mpoBecTy 4HATOTMIO MEXIY 2IEMEHTOM CHMMETPHMM ¢ [IapaMeTpaMu W M v ¥
tuspueckum 06BEKTOM C MAPOH IAPAMETPOB, TO HPHUHATOS NIPABMIO MPOM3BEACHUS MOKHO
HHTCPIPETHPOBATh Kax "B3auMOJCHCTBHE", MpY KOTOPOM CHAYala IPOMUCXOIUT "BHPABHUBA~
Hue" w. 8 TONBKO 3aTeM HAUHHACTCH "BrlpaBHMBAHME" CKOPOCTCH. OTO (DUIHIECKH BO3MONK-
HO, €C/IM PeJIaKcalus npomecca no w Gonee GuicTpast, yeM N0 v. M3 mpousseeHUs cCHMMeT-
PV Oy UMM TIPABUIIO CIIOMKEHUA CKOPOCTEH"

V+V
e
1+ ——Lwlif)
CZ
OHO HEACCOIMATHRHO, TAK KAK
V.4V, +V, + £ wli )
V oy
11K VV >
14 w(ij)+—w(”’ —)V(Vk 7))
c? c? ! /
vVvy,
V,+V1+Vk L 2 w(k)
Vx,jk ¢l

i)+ 2 By, o7,)

JaHHpli MOJenbHBIN TpEMEp HEACCOUMATHBHOCTH, KK ¥ APYTHE BAPHAHTHI, JODKEH YTOUS-
HATLCA B COTNACHHM ¢ KOHKPETHRIM OibrroM, CienoBarenbHo, SH-CHMMETPHE HHIYIMPYIOT
HEacCONHMATHBHEN 3aKOH CIMKEHHA CKOPOCTEH. umo yenovicusem meopuro npedcmaanerut
018 usuvecKux mooeneu.

MEoroxparHoe 0600MEHHOE IPOUIBEACHMAE BRIPAKCHNUI
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1 v
g= L“il
c? )

pu
[y T}é
Y= Ll Ty w R
€y
384€T PpeKYPPCHTHBIC COOTHOLICHHS /T cxopocieﬁ. Onu uMeroT BH
Ve
An = An—l 4 Van'l : Bn = ‘Bn~! + anAnvl M

TIpn arom

v,V
n=2; B, =1 22‘ A, =V +V,,
n=3; A, =(Vl +V2)+v3( wzl
/

B, (1+V;VI \{—zwa(lf, +V )
J

\

O6061EHAEIe OTHOIIEHHUS
=05w, +— ! ( + )
g = 05w+ T w L
CIIeRYIOT M3 IPUHATOrO BHILIIE AITOPHTMA,

VkaxeMm CBONCTEA BBEHCHHOTO yMHOKEHUN xus SH- cammerpun JlopedTua. Ananus
TIOKA3aJI, 4TO

)" =g
(g )g-h)=(rglg #h,
(ghlg = g(gh).
(gh) ' =h-g- =g-h,
(eg)e =g (gg)=
(g-hg)k=k(g - gh),
(gh-g)k=1kihg-g)
(hg - g)k=k(g - gh)
JInCTpHBYTHEHOCTS HADYIIEH, TAK KAk

(nk)g = (ng)hg),  g(hk)= (gh)(gk)

He BHIMOJIHAIOTCA COOTHOLICHUA
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(gh)gh)= (gh)kg - (hk)ge + ((kg)g)h,

Ve ke A,

COpaBe/UIHBEIC s aare¢Opsl Mambiera. B faHHOM clydag MBI uMMeeM KBasHMIPYMITy, I
KOTOpOit

(hg gk =k(g-gh).

2.5.2. O caasu SH-cummempuii ¢ meopueii kamacmpogh

Crenna/pHas TEOPHA OTHOCHTENLHOCTH NPUSHANA CUHYIAPTIOCHY QIBHYECKHX BEIMYMH OPU

CKOPOCTH v, paBHOH CKOPOCTH CBeTa B BakyyMe. 3ajaya COBpeMeHHOM (QM3MKH COCTONT B

TOM, 9T068! Pa306paThCs B CYIIHOCTH 3TOH CHHIYASPHOCTH M HAYIHTHCH, KAK €€ MOXKHO Ipe-

ononesats. [TokaxeM, 9T0 juIs 3TOro IpuroxHa reopus xaracrpod [122]. Pacemorpum nomy-
YEHHOE HaMH BEIPROKESHYE

PRV S

U= «[v;(1+ w-‘c—z—\ [(1 - w)u’fs + wu;ﬂ]

\

1 ft
anst detsipexckopoctd. Ilyete U, =const, U, =const. TlpaMeM TpeATIONOKEHHE, HTO

i
/

v/e{{1. Breaem o0603HaueHHE W = 2. Torza

w = z{1- 220 )(f ~ z2y)

PaccMOTPUM HeTHIPEXCKOPOCTh KaK HOTEHITHANBHYIO QyHKIMI0 KaTacTpodsl nHeprun, Mme-
€M YHMBEPCAIBbHYIO AeopMalMIo (CO CIIOKHON 3aBHCHMOCTBIO YNPABNAIOIIMX apaMeTpoB
a, b o1 cropocTH) BUIA

V'(zlalb): %25 +%az3 +bz,

rge i=1, 2, 3. Muoroo6pasue xatacTpodsl CKOPOCTEH MMEET B AAHHOM CIy4ae THI "JIacTou-
KHHOTO XBocTa'".
M=z%-az?- b.
Kpome npocTeix KPHTHYSCKMX TOHEK, OMHCHIBASMBIX 3TOH (yHKiMeH, HMEEM TAIOKe TOUKH C
Pa3HOI CTENeHBIO BEIPOKACHAL:
a) ABAXIBI BRIPOKACHHEIE * (g, b)[4z3 +2az= O};
) TPHIKIEI BEIPOXKACHHBIC * (al b)|622 +a= 0};
B) YETBIPEH B! BHIPOHACHHEIE J(al b)) 12z = 0}.
Ecte eme ynusepcansnas qedopMalns BHAA "CRIAIKA" LI HYJIEBOH KOMIOHEHTEI CKOPOCTH

1
Ve (z1 a) = —3-23 + z . MBorooGpasue xaracTpodsl cKOpocTelf B 3TOM Cay4dae ecTh
M=z41.

OHo uMeeT IJBaXIE! H TPIKAL! BEIPOKACHHBIC TOUKH. CA00ICHO KAK pA3 MO, YMo Ka3aioch
coscem npocmuiM. CIIOCOOB! M BapHaHTH flepexofa QI3ryeckoi CHCTEMB! B COCTOSHHUE, KOTIA
BHEIIHEE BO3AEHCTBUE OTCYTCTBYeT, xorAa w = 0. Takoll nofxox WIIOCTPHPYET IPUHIHIDI-
AJBHYI0 BO3MOXKHOCTE BIOMKEHHS HPOCTPAHCTBA IIAPAMETPOB CHMMEIPHH B 0GOSINCHHOES
MPOCTPAHCTBO, IIOCTPOCHROS 1O THILY YHUBEPCATLHOH edopMailiy, NO3BOMAL eAHHOE pac-
CMOTPeHUE ceMeHCTBRA BCEX BOIMOMKHBIX COCTOSHUN, Sametnm, yTo QyHKIua
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Y=o Det|d~ A1)+ B Sp|d-Al|=al* +bL +c,

Tae A€ g, HAeT BOIMOXKHOCTS AHATH3A METpHK cobbrruit n? =diag(1,1,1, 1), xomopwie mo-
aym Geime accoyuuposarst ¢ Y.

2,5.3. Cucmema omcuemmupix Cummempuii

Hamu ucnonsosano pacumpenue S-cummerpuu Jlopenrna 1o SH-cummerpun. B obobmer-
HBIX NPeo0pasOBAHUIX HCIOMB3YETCA HmapaMeTp w, GU3WHecCKUil CMBICT KOTOPOro BSLICHEH
npu aHankse 0006LIEHHBIX ypaBHEHHT 3eKTPOANHAMUKH Makcseuta, SH-CHMMETpHH HMe-
FOT HOBBIN KuHeMaTuueckuit cMbich. ITokaxem sto. Csxem rpymmy SH-npeoSpasosanmuii ¢
METPHYECKMM TEH30POM. I1ycTh HEM3MEHHB! KOMITOHEHTHI

g =diag(lL1,},¢), ¢ =w2.
Toraa Gis erc KOMIOHEHT

(1)1 )= (1 )=1, (olo)=wi=0

13 HHBAPHAHTHOCTH OTHOCHTENBHO THHEHHBIX Mpeolpasosannit
it "t it I£3 1 7"t
_ [ v _ ' 1 +
fomdglveaglo, [1=aylven o
CREAYIOT YCIOBRS
[ 2 40 1 =
A9 A1+ w2AQ 4}, =0,
2 2
(Alq) +(Ag) w2 =w?,
2 2
(4 ) +w2(a9F =1
6] i#. 06 Al= Ad= ! 2 A9 4}
Ha k03 ¢unuenTs npeobpasosarnit. O6osnaunM Al=a. na 40= -;w 9 4}, monyunm

(W
e

3
w +1J(Ag ¥ =1 (4w =1-a2.
Orciona A =t a, A0 =xw (1-a? )% , Ab = 1 -g2 )% l BaanMocsasb AudgepeHnuanon
w
KOOPJIHHAT 3aJACTCA BRIPROKHIEM
0 = wl - a2 Vo dxtady®,  ds = adet (- a2 dx0'.
w

Ecnn npusaTe yenoBue, 9To OHA CBS3RIBACT MHEPHUAIBHbBIE CHCTEME! KOOPJHHAT, C OTHOCH-
TENBHON CKOPOCTHIO v, TOXYUUM

éx——mdx;o =v, dx =t(l-a?)aw=vfic.
ar,
CrenosarensHO,
. {
a =+l -wy? /cz)%, (1—a2)=iw212—L1—w2— |
c
Toaromy

a0 = [i iw? de'tdxo'\(l —way o2 )R,
4
)
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dx = (dx‘ii gdxo'\u —wvz jer )

/

CornacHo (pu3M9IecKaM yCI0BMsIM, B KOTOPEIX PacIPOCTPAHSETCS W3IydeHHe, MKy coGoi
MOTYT ¥ JOJKHBEI CPABHEBATECA 3HaUeHNs I depeHnHanoB koopauHaT (KaK # Ipyrux ¢n-
3WYECKUX BEJIHYUMH) IIpY 3aJiaHUR W, VA OJHOro HaGiogarenst ¥ w, I Jpyroro HaGmona-
Tens, Dopmammsv SH-cuMmmerpuii ¢nocobes yuecTs 570 00CTOATENRCTBO. Paccmorpes mpo-
M3RECHHE MaTPVL, CONOCTARIEHHRIX YKA3AHHBIM SHAYCHUSM W, W, . TIOITyYuM

gy :dlag(lol’l’wl 'W2)=g”(w1)®g”(wz)-

Vamepenue HEOTASAUMS 0T oTsomeHuR W, [Ipeofpasonanus KOOPAKHAT, VUUTHIBAOMES Pas-
HbIE 3HAYEHMA W, U W,, ecTectseHHsl. CATYauuu ¢ w, =w, =1 MaTeMaTHYEeCKH POCTEH, HO

OHY HE MOI'YT ORITh peanu3oBansr GM3HISCKH, HOTOMY 9TO COBMECTUTE CHCTEMEI OTCYETa He-
BO3MOXKHO. YKA3aHHAs TOHKOCTh OTKPHIBAET HOBBIE BOMOXKHOCTH [N CPAaBHEHMSA H3MEPCH-
HbIX 3HaueHRN. [TOKaXeM, Kax HyXHO CDABHHBATH MEXy COCON mapaMerpsl GU3HUIecKOro
SIBJICHHS, H3MEPEHHBIE PasiMuHbiMK HHEPUMANLHEIMH HaOIIOAATENIMH, OCHOBLIBASACh HA
npeobpaszosanusx SH-cummerpun. [IOCKONBKY H3MEPHUTEIBHOE YCTPOHCTBO €CTh Gu3MIecKas
cpena, BeoOX0MMO U IGCTATOYHO MCIONL30BaThL [OAXO0]1, YIMTRIBAIOIMY JUHAMUKY HHEp-
UM JIIEK [POMATHATHOTO [Os, IIpABHIBHO CHMTATh, YTO H3MEPEHHE OKA3BIBACT JCTEpPMUHH~
CTHYECKOE BIMAHUE HA SBICHHE B HEKOTOPOM BPEMEHHOM MHTEpBATe IPU (PMKCHPOBAHHOM,
mm60 Opd NEpeMeHHOM 3HaYeHHM W, 33[al0IeM yhpapieHne HecoOCTBEHHOR MHepumei.
AHaNOrHIHO IPOHCXOINT HIMEpEHUe, BHIIGIHEHHOS ApyruM HabmogaTeneM, B Apyroi o6-
TacTH [POCTPAHCTBAE, B APYTCH WHTIPBAI BPEMEHH, IPY APYTOM 3HAISHUH W, . TaKoB peanb-
HbIH aNTOPUTM u3Mepeuns. Eciu NPUHATA TOYKA 3PEHMN, YTO M3MCPCHHE BIMAET HA napa-
METPBI ABICHHS, TO 06YM HABTI00AMENSAM HEGOIMONCHO USMEPUNMb HAPAMEMPbL ABNENUSA 8 00-
HOU MOYKE NPOCMPAHCMBa 8 00UH MOMENH BDEMEHY.

Ilpeobpazosanus cucmem KoopOUHaM CYWECHBERHO OMAUYHBL ONL PEGALHOZ0 COOMHOUUEHUS
BeAUYUH, KOMOPOE Odem usmMepenye NAPAMEMPOS ABNEHUA, BLINOTHEHHOE PASAUUHBIMU UHED-
YUATBHBIMU HADTIOOGMENAMU, GUAIOWMUMY KO RGNCHUE. \

@ Al A s B Pattl tea - R \'\‘V\\“- “
hv W H W NV A =)

3AKIMIOMEHUE Supgiwe.

1. Ha oCHOBe mpeanonoxeHys, 910 HEHTP IPYINB V(4), HocpecTBOM KOTOpOH 3AeKTpoau-
Hamuxa Makcsesnna 2anana B hopme GAG-MOXy/s, KOTOMOIOrHUeCKH "aKTHBEH" 1 ABIASTCH
OrepaTopoM CILeTenus Wi S-cumMmerpun Jlopenrtna, nonyuer kiace SH-cummerpnii Jo-
PeHTIIA, B KOTOPHIX KBA3UIPYNNa yIPaBICHAA THHAMUKON HecoOCTBEHHON HHEPIMI W SISk~
TPOMATHUTHOTO ntons "Betpoena” » S-rpynmy. B pamxax SH-cummerpuil paccMoTpenst pas-
HEIE CT8JMY TMHaMIKH WHepuuw 1ol IToxasano, 4To U3 oKanbHON HHBAPMAHTHOCTH Ypas-
Heuwnit Makcsenna ornocnTensno SH-cuMMeTpuil crexyor oGobaieHnbie ypaBHeH s CBiI3ed
1ns nodelt n HETYKUp, YaCTRIHO 33JAI0INME JMHAMWEECKIH MCXaHU3M H3MECHCHHS HHEPIHA
3NEKTPOMATHUTHOTO OIS,

2. Vxazan o0muii MeTos HodydeHUA KOTOMOIOTHIECKH KTHBHEIX SH-cHMMeTpuit u3 o0bra-
HBIX MPOCTPAHCTBEHHO-BPEMEHHBIX S-CUMMETPHH Ha OcHOBe (QyHKUMOHAISHOU Aedopmarnun
HOCPEACTBOM HAPAMEMPUYECKI 3A6UCUMbIX onepamopos craemenus. Mz S-npeobpaszosanuil
Jlopenmya noayuena SH-cummempus Jlopenmya, codepocawios Keasuspynny ynpaeneHus w
necoficmeennoti unepyuet srexmpomaziumnozo noas. Haidena ¢ynxyus Ipuna dnn 0606-
Wennol cucmemst ypasHenutl arexmpoounamury Maxceeana. Paccmompenst cayuau docee-
MOBBLX, CEEMOELIX U CEEPXCEemoaplx OBUNCEHNN. VKA3AHb HEKOMODbIE Yepmbl PACHPOCPA~
HEHUR USTYHEHUA 6 CPEOE NPU MEONEHHOM USMEHEHUY W.
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3. IIpoaHANH3MPOBAHK IONOJHWTEIBHEIC BOSMOMKHOCTH AHANM32 O(H3MYECKWX SBIEHHH,
KOTOpBIE HOABJAIOTCA TPA WCHonb30BaHuy SH-cuMmmerpui. YCTaHOBIEGHa €CTECTBEHHAs
HEACCONMATHBHOCT JTHX CHMMETpHH, IIONyYeH HeaccOUMATMBHBIH 3aKOH  CIOMEHHST
cKopocTel, HalAeHa HOBad KBasurpynma. IIoKasaHo, YTO BOIMOXHA HMHTEPIPEIalia
0GOGIIEHHEIX BRIPKEHUIT I YETHIPEXCKOPOCTEl Kax MOTEHIMANBHEIX QyHxuull B Teopuu
nedopMani, COOTBETCTBYIOHIMX MHOrooOpasnsam karactpod. Ha ocHOBe HCTONB3OBAHMS
IByXuapameTpuiaecknx SH-cHMMeTpuit NpPOBENCHO CpaBHCHAE 'CMENICHHH TOYEHHOro
coOBITHA", H3IMEPCHHBIX PA3THYHBIMU WHEPINATLHLIMH HAOMIOZATEIAMY, [P YCIOBHE, HTO
U3MEPSHME BIMSAET H4 Napamerpbl sBiaeHHA. IIokasaHo, YTO CTaHAapTHAA CHMMETPHS
JlopeHTUA COOTBETICTBYST HICANH3ALMH PEAIBHOTO [POLECCA H3IMEPEHUA M IO3BOJSET
CPaBHUBATE MEXIY cO0OM TONBKO Te MapaMeTPh! ABISHMS, KOTOPEIE OTHOCATCS K KORECUHEIM
CTanMAM B3AMMOIEHCTBHN SBJEHMS C HIMEPHTEIBHBIM yCTpoiicrBoMm. SH-cumMerpuu
NO3BOMSIOT CBA3ATh MEWHy COGOW pasHble CTEAHM IBYX JUHAMHYECKMX IPOLECCOB
M3MepeHYA. B 9acTHOCTH, HAYa/IbHBIE CTEJHH TAKHX NPOIIECCOB MOTYT OBITh CBA3AHEI MEKIY
co0oii IpeobpasoBaHmsIMy Tpyiis: Ianues.

4. Ha npuMepe IpeIoaeHHOro panee 0000LIeHNA dIeKTpOoAHHAMUKY MaKcBe/l1a HpoaHann-
3MPOBAH ¢ TOTIOOTHHYECKON TOUKH 3pEHHS BOTPOC 0 OMUCAHHM JWHAMAKY HEeCOOCTBEHHOM
MHEPUMHA 3JIEKTPOMArHATHOIO OIS, B I10IHON MOJENH HeHTp anredpsl 3aOMHCHYA SBICHHL
UHAYHHPYST ANHAMAYECKH 3aBHCHMbIA MHBAPHAHTHBIE TOIMHOM. Vi3 paccMOTpeHus SKBHBa-
JICHTHBIX TIPCACTABACHUM clieNan BRIBOJ O HAIMHUMK B TEOPMK MHEPLHH 3JIEKTPOMATHUTHOIO
HOJISL CHCTEMBI M3 TPEX MATPUUHELIX 1-KOiMKiI0B. OHH 3aa10T CHCTEMY KOTOMOJOrMIECKHX
(a3, COTIACOBaHHYIO ¢ BBENCHHON panee (a3zol nHepiny nomt. [loxa3ano, 9To KOTOMOJIOTH-
geckas aKTHBHOCTh B 00061eHHOM Motean MaKcBeia posSBALeTCs HeMMHEHHO M HETPHBU-
anpH0. [Ipeanoxersl BapUaHTE BOIMOKHOTO PAIBUTHA TEOPUHM KOTOMONOTHICCKOR aKTHBHO-
CTH 175 (PU3HIECKUX MOJIENEH.

5. Ilokazano, 4To 3AEKTPOIUMHAMUKE MaxcBenna CBOHCTBEHHA KOTOMOIOTHYECKAS AKTHB-
HOCTh. B 9aCTHOCTH, ABOMHOMY CONETEHMIO €€ anreOphl 3anoHEHUs COOTBETCTBYST MATPHY-
HOC IPOM3BEICHNC METPHK COOBITHIA, 4TC MO3IBOMLAET 0600MMTE AITOPUTM aHAIH3a SRICHHH.
VCT4HOBIECHO, YTO U3 YP2BHEHHH /Ui [IOTEHIHATIOB KIGCCHISCKOTO JNEKTPOMATHHTHOTO [10-
JISL YPABHEHUS KBAHTOROH 3JISKTPOAHHAMUKH TOMYYAIOTCA TONBKO B CITydae rpyimis I asmies.
VaTeHsl HyIbMEPHBIE KOPOMOMOIUH B CHCTEME YPABHCHHMH KBAHTOBOH 3JIEKTPONMHAMHKH,

6. OGCYXUCHB! CTPYKTYPHBIE, CBA3CBLIE M QMHAMHYECKAE CBOMCTBa Aedopmammy dusmde-
CKMX Mojeneld n HX cummerpuii. [IpuHATa TOHKA 3peHMs, ¥TO JHHaMHuecKkas AehopMalns
criocobHa yruyOuTh TEOPHIO BILIOTH 0 €€ HOBOTO KA9eCTRa.

7. Yxasamsl anrebpandeckan, auddepeHIaTbHO-reOMeTPUISCKas, TONOIOTHYECKAA U HH3u-
4ecKas rpaHd cuMMeTpril. OHH 06pasyioT COTTacORAHHBIN KOMILICKC IO CTPYKIYpE, CBA3AM
U JIMHAMUKE B MX BHEIIIHEM, BHYTPCHHEM M CBA3¢BOM IposBieHuy. Ilo 3Toli npwaune BO3-
MOXHO MHOTOYPOBHEBOE H MHOTOQYHKIMOHAIBHOE MCIIONL30BAHAC CHMMETPHH MpH MOJIe-
JIAPOBAHKH PH3MICCKIX OOBEKTOB H SIBICHHUH.

. 8. TIoxaszaHo, YTO MEXaHM3M XOTOMOJOIMHMECKH AKTHBHOTO HAPYIICHHMS CHMMETPHH MMeeT
AR QepeHIHAILHO-TEOMETPHUECKYIO IPUPOLY B OH AOTIONHUTE/ICH MEXaHH3MY CIICHTAHHOTO
HapyLeHIs CHMMETpHIf, IPHPO/a KOTOporo anreGpandeckas.

9. OTMeYeHo, YTO OJHA U Ta e Cpesa CII0cO0Ha TI0-PAsHOMY BIHATH Ha M3MEPUTEIBHOE YCT-
POHCTRO U HA TGJE, YTO CHENyeT yIUThIBaTh, UCIIOAb3YA /IS HUX PA3HLIE 3HAYCHHUS IIOKa3a~
TeNeH OTHOLICHHA.
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BBEAEHUE .

Musuka UMeeT Aeno ¢ Bemrauuamy, OCHMHO MX MOKHO H3MEPHTH ¥ PACCINTATh U OHH TAKO-
BBI!

®  NOKA3LIBAIOT CBOHCIBA ¥ (DYHKUMH OOREKTOB M SBICHUH YaCTHYHO AOCTYIIHOTO
Mypa,

¢ YIOBISTBOPAIOT YPOBHEBRIM 32KOHAM DAHHAMUKY U CBA3CH;

¢ COOTBETCTBYIOT HPHHATHIM ANrOPUTMAM PacyeroB ¥ JIOTHICCKUM CXCMaM;

® KOHUEHTPUPYIOT B cele NpeaplIylnil OUKT i ABNAOTCS ABIDKYLIEH CHIOH mo-
CHEYIOLIETO.

Dr3ugeckue MopenIn IPEACTARIAQT coGoll CHCTEMBL BEMIUYHMH, COCARHEHHRIX U CO-
IIACOBAHHBIX MEXAY co0oil. YIX HAKOMMIOCK JAOCTATOYHO MHMOTO 38 HECKOJBKO CTONETHH.
OHY MMEIOT IIMPOKYIO SMITHPATECKYRO OCHOBY M TiIyOOKYIo IPE/ICKa3aTeNbHyIO Crly. Tako-
Ba AMHaMKKa HbBIOTOHA, TEOPHS JIEKTPOMAIHATHEIX apieHnll Makcrena, Mojeqs aTOMHBIX
poneccos, Gazupyomascs Ha ypasuennu [Hpemunrepa, reopus smextpera Jlupaxa, Knac-
CUYECKHE U KBAHTORBBIC, KOPOYCKYIAAPHBIC W BOIHOBHIE NPEACTABICHUS NO-PAHOMY Mpei-
CTABJICHE! U HCIIOIB3YIOTCH B HUX.

YToBE! ABHraThCs AablIe KAK B PACIETAX, TAK M B NPaKTHIECKOH ACsTENBHOCTH, G510
GbI JKENATENBHO PA3OOPATECS, UTO B PHINICCKUX MOjenx J1060T0 BUIA IPUCYTCTBYET 004
3aTENBHO, 2 YETO MOXET He ObITE, 4TO B HUX JOIMYCIUMO MeHATD, KK H B KKK’ C1OPOHY, a
4TO HE NOUIEKHMT UIMEHEHHAM, KAK COIIACOBBIBATE BEIMUKHEL MEX1y cobol, xaxne obmme
CTOPOHH! X GYHKOMH OHH MMEIOT. YKA3aHHBIH Nepeueas npobiev OTHECEM K HCCICAOBARMIO
CYIIHOCTH QH3HIECKHX MOAeiel, 9To ABAeICS IPeAMETOM ¥ LISIBI0 NJaHHOH TIABHL

AHaTHU3 [IOKa3aJ, YTO CYMIHOCTHRM NOAXOA K (PUIMMCCKUM MOIENAM NONYCTHM ¥ KOH-
CTPYKTIUBEH, €CIIM B3ATh 33 €T0 OCHOBY MATPHYHYIO TPYIITY ¥ (4), xoTOpas ecTh TEH3OPHOE
[IpOM3BENCHNe IPYImE G , =U()xSU(2) na cebx. Ucnomsys V(4)=G, ®G,, nonysena
enuHas arrebpamdeckas ¢opMa BeeX YKA3aHHBIX (M3MYSCKAX MOIENCH, XOTs OHM Taxk pas-
TAYHH IO CBOMM CHACACTBUSM, TIPUICKEHUAM ¥ CAMHUM OCHOBAM COOTBETCTBYIOMETO OIBITA.
YCTaHOBIIEHO, YTO JOIYCTAMO BBLACIUTE CIeAYIOLAE CAMOCTOATEILHRIE DIIEMEHTBL CTPYK-
Typy (S-), muHamuxy (D-), cBasu (L-). Onx uMeoT BHemHKe (0ul-), BEYTpEHHUE (in-) ¥ CBA-
3¢Brle {/-) nposprenns. [loxka3ana ux peanu3auus B KOHKPETHLIX MOJIENsX.

OBHapyXeHsl TPH THIZ METPHK B QUIMYECKMX TeopusX: MHUHKOBCKOTO - g¥, EBkinzga
- r¢, HerotoHa - nv. HalileHE HOBRIC MeTPHKH, YIHTHIBAIONINE HEECBKIUNOBOCTD TOKATBHO-
IO TPEXMEPHOTO IPOCTPAHCTRA.

VKa3aHbl POCTKOBEIE TOYKH, ITyTH ¥ HEKOTOPHIE CPEeACTRA PASBHTHA (PU3NICCKAX MOJIE-
neit. Baxuyro TPHKTAIHYIO POE MOTYT CHIrpaTh BREACHHEIC HOBBIE omnepari (¥ H .
Tloxazano, 9to rpymma Z, =1i,- 1,- 1,1}, paccmaTpuBacMan KaK DENOYMCTCHHAR TPYIIHA KO-

romoora# H 0(G, A), obpasyer COBMECTHO ¢ ouepanuei P> ocHOBY it PHAMUECKUX MO-
nenelf. KoroMomorngeckn 3aBiCHMEle METPUKYA gV, 7, 7Y , UCOOB3yeMBIe B 3IEKTPOIUHA-

MAKe MaKcBeIlIa, IO3BOIIIOT OTHICATh JUBAMKKY HecofcTreHHON nucprmm noss. Io atum n
APYTHM LPHYMHAM CTAHOBHTCK SCHO, MTO KO2OMOA02UU YAPACITION (PUSHIECKUMU AGRENUS-
mu. CIenoBaTeNsHo, PU3NTecKie MOIETH AMEI0T KOFOMOOrHYECKYIO CYILBOCTD.
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3.1. YPABHEHUA HLIOTOHA-3MANEPA B DOPME GAG-MOAYNA
O o O 0 [\} o O O
o © o s c/) \
o] o {J\ﬁ O z/c:t

o 0O 0 e o 0 o

05%) g%V e, (ep vP g™ I, )P+£” My 10, (fP vF g"H,)P}=F

kers

Ypasneuus Horomona-Jiinepa Ounamuxu udearvshoil xcudkocmu nped-
cmaanenvt 6 opme GAG-mo0yan o zpyrnet VI4) Onu codepicam docee-
MOBYIO 1t CEPXCBEMOBYIO MEMPUKY

3anpuieM ypaBHEHHA UHAMAKA HBI0TOHA I HACAILHOH KHAKOCTH, HCHONL3YA IPYTILY
V(4) n mabdepennuansimie oneparope 9/dx B dopme Ditrepa Hveem

YpaBHEHN: JIONYCKAIOT KOMIAKTHY!O 3alKCh B deThipexmepHoM Buge pv* d, v = f%, rue

(v“, f* ) - YETEIPEXKOMIIOHEHTH CKOPOCTHA ¥ CHIIBI COOTBETCTBEHHO, O - ILIOTHOCT MacCChi, 0,
- 9aCTHEIS POM3BOJHEIE, 3amKIIeM X HHade

vig vl
vig v?
vig v

vigvo

v2g v
23 12
vig,v
23 3
v2,v

V29, v0
2

EERY
33 2
v3d,v
33 9
v3d,v

V39, v

vog vt ( N (1
COCEIRE! } f?
vog v I i re
w3 | (1) | fo

BripasyuM ypaBEeHHs B MaTpuuHO# dopMe, HCTONB3ys MoArpyIty (e)e V(4):

! {0 0 0 9, (VO
A0 0 va, 0 |3
o ova, 00 0 lvz
Vo) e 0 0 0w
( 0 vd, 0 0 Yo 0 2
Jve, 0 0 0 jo0 v
‘ 0 0 0 v3,|0 0 w
Lo 0 w3, 0 oo

3HaYMT, COTNIACHO BHIPAXKERHIO

[ R R B )

00y (0 0 v,
00 0 0 0
+
0 of|va, 0o 0
00/ 0 9, 0
0) (v9, O 0 0
of | 0 w3, 0 o
o+
o'l o 0o wa 0
0 0 0 0 v

o'+ew’)P=F,

0

v29,

N

= I R -

0

0
0

o o O O

vi 0 0)
v 0 0
vi 00 *
v2 0 0
JARTEA!
ve |l
vi|ll
po 1)
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Mooeny sénenus eCTh CHMMeETpH B (OpME CIIMHOPHO CIPOSKTHPOBAHHOTO NPEACTABIECHHS

rpynnsr ¥{4).
VpasuennsiM cooTsercTRyer "BonnOBas QyHKImA"
yo 3 y2 oyl
viop0 oyt 2
Y=e¢ vo =
4 p2 oyl 0 3
vl y2 3 0

M aHATUTHIECKUI BHT
il Ao r st ¥4 —
£.8"v elaj(g e,v H,)P-F.

" ]
3necy ucrions3yotes cuMeon Kpowexepa €5

TAIKOKE MaTPHIIBI

(1000)/0000/0000
—_ 6 000 {6100 ({0000O0
'{0000 oooojuozo.
|
o000 {0000 {0000
u Bemmanna P = emoabey(1,1,1,1).
AHAJOTHYHO TOIYUHM
(Y (o 0 0 v, Yvw 000 0
72 0 0 va, 0 | 000 0
= -+
0 ve o 0 v 0 0 0} |y,
so) -ve, 00 0 |-vt 00 0 0
0 v 06 0/ 0 w3, 0 0 Yo 0o v
><0 vo 00_'_1»353 0 0 0 0 0 W
0 v 00| 0 0 0 =¥, 10 0
0 -v0o0jl0o 0 -wi o0 )l\o g
-v03, 0 0 0 00 0 —v (1\
0 -v3, 0 0 00 0 —t 11
0 0  -va, 0 |10 0 0 -y ‘1‘
0 0 0 -v9, 10 0 0 v }.Llj

W yeTHIpeXMeTpuKa gt

O D OO

=diag(1,1,1,1), a

0 0Y

0 ol

Q OJ

0 1/J

v, 0
0 -y,
0 [{]
) 0

HA OCHOBE IO PYIIIEI (f ! )e 14 (4) Mogzeau coorsercrayer "BoIHOBas PyHKIMA"

R R
)3 ¢ 1 —y2
‘i‘:fpvp _ »2 vl v0 v3 )
v v Yoo -y ‘
k_ voo—vr v v
B anamurageckom Buie
(e}, 8"V e, (g”ep % H,)P} =F
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oHwu 3aucaT ot merpuxyn ¥ = diag(l, 1,1, -1). Pacemarpusas (v‘,vz,vz,vo) KAK KOMITOHEH-
THI BOJIHOBOMH (BDYHKIHY, ITOIySHM ypaBHEHUS

()Sﬁe" g"v e, (e y? g*1I, )P+€,d" rk’v’ﬁéj(fpvp g”U,)P}zF,

CXOMME 10 CTPYKTYpE ¢ YPaBHEHUAMII Maxkcsemia (pasgen 3.2). B TakoM BHae MeTpHKH
¥ HCHONL3YIOTCA PABHONPABHO. 3aMeTHM, uto ciIa JIOpeHTHa B 3IEKTPOJMHAMUKE
TOXE MOXKET ORITh [TPSACTABICHA B AHATOTHIHOM MATPHIHOM BUJE

F=0, (aPU“IH—bPUS —ze(g arus¥ —r, bru ‘I’)

gepes MOATPYIIELI (a’, b’)e V{4). CiienoBaTensHo, Kak YCKOPEHME, TAK I CHNA EMEIOT hop-
My, eIuayI0 B rpynne V(4),

CrpyKkTypa MOeN’ ecTh MHOIOKPaTHBIA G-Moaynb wik GAG-Monyis, JefcTruTenh-
HO, BoHOBasA QyHKIHA €cTh G-Mogyns. OH noquuHeH AeHCIBIIO anreOps! qaddepennnars-
HBIX OIIEPaTopoB 0/0x ‘. 3aTeM W3 MOIydeHHOH CTPYKTYPH NOBTOPHO 0GpasosaH (G-MOAYIb.
DarmunecKu Mol UMEEM KOHEYHO nopodicoeribili G-moOyIb HAO KOTbYOM Je8blX UOearos
dynoamenmanero20 npedcmasneHus apynnol G .

B oBimem cirydae CIeAYET CUKTATh, YTO IT0JE CKOPOCTeH KOMITIEKCHOE, YTO TIO3BONAET
HCIIOIB30BaTh 0600merHsle ypasHerus HeoroHa-Jiinepa, xoraa

v =V riet, V=vi-ief,

uTo eme Donsire npuOMOKaeT MEXaHUKY K JJeKTpoiuuammuke. PaccMOTpuM HOBhle (HOpME!
GAG-moayns. [Tycts

Yo y3 —pz oyl
—p3 oyl g2

Y=g bovh= ,
o p2 oyl oy gl
—yl —p2 g3 o

v J

2 THHaMUYECKHE YPpaBHCHHA 3a0aHk] B IOATPYNIE ({Z’ ), TaK 4yro

() ( 0 0 -v‘al) W00 0) [0 0 v,
Al le 0 wva, 0o |- 0oo00l |0 0 0 -V
[= ! -+ X
Lo = 0 0 v 00 0|, 0 0 0 |
£ye 0 0 0 o000 Ve 0 0
0 v 00 vig, 0 0 Yo 0 -vyz 0)
(O w00l —vsa 0 0 0 00 ¥ o0
0 -y 0 0 0 0 -v¥, [0 0 v 0
0 -v2 00 0 0 v, 0 J 0 0 ~—v? 0/
(v, 6 0 0 Yo oo vll 1
0 v, 00 o0 0 v
0 0 9, 0 Jjoo o vl
0 0 0 v%9,]l0 0 0 VOJ 1

Torza ypaerenns Herotona-Oliepa 3anunryTcs B BuOe

£, 8%V 0, (gaﬂbavﬂns)])z
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B rux MeTpuxa HCHONB3YETCS IBAX L, a "'mons” P4 ypaBHEHUS HOCTPOEHR! HA PA3HEIX
o Y s Yp CTP! p

noArpynnax rpynns Vi4). Bormosas Qyrkuua YBRIpaKEHA B BHIE CyVMbI aHTHCHMMETPHY~
Ho} u juaropansHol Gynxumil. ITyers Teneps

—p0 3 2yl
3y oyl 2
W=r,a0vf = s
4 2 —pl =yt 3
k ! 32 EVE I ;

a IINHAMHIeCKUe YPaBHEHUs 3aAaHkl B moarpymme &', Mmeem

7 ( 0 0 0 va, Y- 000 0 0 -9, OW
o 0 V3, 0 |- 0000 0 0 v
= i m 2y
(20 0 v 0 0 v oo 0l |ve, 0 0 ‘
Vi Lwlal o 0 o)y 0o oJ 0 v, 0 0
(0 v 0 0\ 9 vid, 0 0 \0 0 -v2 0
o —v 0o0ll-va, 0 0 0 o0 v o
x| + +
0 -v 00 0 0 0 13, [0 0 - 0
0 v 00 0 0 -3 0 jo 0 » o
-3, 0 0 0 Yo 0o 0 -v(1
0 -3, 0 0 000 = ||1
.
0 0 %9, 0 {000 - ‘ 1
Lo o o —VOBOLOOO—VOJI
/

Torga ypasreuns HeroTona-Onepa sanninytcs B hopme
o] —
€ T¥b V' D, (rala“lef)P—F.

B uux vetpuxa t,,, MCTIONB3YETCH JABANIEL, 8 "110.151" ¥ ypaBHEHMs TOCTPOSHBL IO IBYM J0-
TOJIHKTEIRHBIM MOATPYTiaM. BonnoBas GyHKLNS BRpaXeHa B BUAE JUATOHAILHON M aHTH-
cummMeTpuanoli Gyuxuuili, Umeem Taxue dopMul ypapmenmit Hrroroma-Diinepa B Ipynne
V(4):

il

I g’ F,

7.8 v ed, (ep v’ H’)P

y
2. eldr;

r"’v’ﬁ&/(fpv”ﬂ‘)}?:p;
3. egmgklv’ ala/ (gaﬁbavﬂHS)PzF;
4. 6;:,” r"lv’b,al (raﬁaﬁ‘vﬁ H‘“)P:F_

M cootsetcTsytotr "BonuoBsle Gynkiun”. [Tomydum
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po y3 p2 w o y3 y2 oyl
p3op0 oyl g2 V3 Vo pr oyl
1 e,vi = ‘; 2. f VP = H
vioyloye | 14 y2 yl Vo -yl
Lvl p2 ol vo/‘ oyl —yp2 —yp3 e )
(o pi -2yl —p0 3 —y2
—yp3 30 ylo 2 —13 0 oyl 2
3. gbove= i Argatvi=
v2oo o~y P08 Y2 eyl 0yl
—pl =2 eyd 0 ) 1 p2 Y B— ,

Hoxrpynmst (@, b;) Gopm 3 win 4 A0CTATOUHEI 11 TOro, YTOOK "BOCCTAHOBHTL" BCIO IPYIIIY
V(4). ®opmsr 1 u 2 crocoOusl Ha 3TO NULIG IPH COBMECTHOM HMX HCIIONB30BREMH. B aHTH-
KOMMYTHPYIOLEM CEKTOpe "moms” H JUHAMHYCCKHE YPABHEHHS BRIPAXAIOTCS 4Ye€pe3 OHRY
TOATPYIILY, 8 caMu Hong "crvMerpudnsl’. B xoMMyTupyromieM cexrope "moyis" v IMHaMu-
HECKIIC YPABHEHHS BRIPAKAIOTCH YEPE3 NOATPYINIH 4, b, a caMu nons obpasyior "cMecs” an-
THCHMMETPHYHBIX W CHMMETPUYHEIX Beamduy, Bo3moxso cMemannoe uX coenauenue, Ta-
KOBEI, HAITPMMED, ypaBHEHUs
L9, JP+gtvrad, (g Jp}=
056 17¥v b o \r,asviTls jP+ghvrad \g,bevAIls|PI=F.

Henone3ys KOMILIEKCHBIE CKOPOCTH, Mb! WO (opme NpuliuxacM MeXaHvKy HboOTOHA K
anexTporuHamuke Maxcsemia B obmiem cimyuyae GAG-Monyns MmeeT MHOroobpasue Gopm,
KOTOpPBIE OJUHAEKOBO XOPOINO ONACHIBAIOT OFHHM H Te e dkcuepuMentsl Ilo sToll mpuinse
axcnepumenm cam no cebe nedocmamoyen 08 "nposenenua’ opMbL ABTEHUR, 4 CUMMEMPUR
Maxdice UMeerm Kepmel, CKpoimvie om onsimd. B pacCMOTPEHHOM CiIydae, KdK JIeTKO BHICTh,
aBTOMOPGMIMEI IPYNIH! 3anonneHus Gusudeckolt Mogenw G, yka3sIBAIOT pasntudusle Gop-
MBI YpaBHEHHH Ha HOATPYIINax.

Aganorngso Moryr OHITE 3a7aEEl ypaBHesus Tuna HbloToHa-Dinepa iy JTOOBRIX
rpymn. Omn 0606ImaoTcs, ecind BBINTH 32 PaMKH KapoHMAecKux Gymkmumit: £ — RE.,
r# — R¥, 8,5~ G, .. Tax m3 "cemeuxa" MOXHO BHIpacTHTH "AepeBo’. Tpaguucckas
amarpamMma ypasHerus Herotona-Ofiepa (puc. 3.1) mpuronsa U jua ApyrHX TPyl 3a Bei
CKPEITa HOBAs MHGOpMANus O IHHAMKMKE MaTepPHATbHLIX 00BEKT0OB. B 9acTHOCTH, CRA3YIOMIME

dymxumn 2 (x, 1), r¥ (x,£), g aﬂ(x, t) cnocoGHA 331aTh DBOTIOUMIO SIBJICHIA, OTACHRAEMO-

ro GUINIECKOH MONENBI0,

Hamu nomysena MarpuuHas dopva ypasHerumit Helorona-Oiinepa, yaobnas ans ana-
am3a. JIoxaneM, KaK YCHOKHAIOTCA YPAaBHEHHA, €CIIM 3allMCaTh WX B (GopMe HHOHHUTE3H-
MambHON cuMMeTpHH. JelcTBHTENbHO,

E(vlalvl +v29,v7 -%1132)3\13 +v°30v°)+ c (v‘a]vl -0,y +v*a,0° =y v° )+
1 1 2 2 3 3 ¢ 0 1 1 2 2 3 3 0 [}
+c2(v 9y +v9,v" ~v'9,v =y v )+c3(v 9 v vy —via v’ +vPa v )+

(4

+a, (73,0 3,57 417,57 =v'30° J+ a, (93,0 +903 v? — V13t 1730 )+

+a,(28,v' =V, =1°3,1° +v°9,0° )+ b, (voaovl +v°0,y7 —via, v’ ~v' V0 )+

b, (P —v° B v #919v° =120 ,0° )+ b, (7D v —v1D v +10 v} —v23 0 )+

+

+e (voaov; +v0,02 +970,1° +919,0° J- e, V20,0 103 17 +v'0,0* +v29,v° )+
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2 3
+e,ly 3, v 09+ ) - VoV #1097 #1297 -9’ .

AY
+ 1,079 V09 v 2000 )+ 1,070 v+ —v0D v~ v,V )= @

*
\

1;0 a3 ﬁE __‘;l

¥ 90 v -9?

{}2 ‘»;1 @ ‘30 53

3t _t a2 Vo

l | |

* | ® * *
* l * * *
« ! * * *
X o ‘ * o flos « FACI

Puc. 3.1. Tpaduueckas auarpamva ypasrenuit Hrrotona-Diinepa

3T0 BBIpaXKEHKE TTOMy4aeTCs BRIGOPKO 35eMEHTOB BOIHOBOH (yHKIi
viapt vyt viept vl
viopt ot Yot v
viap' vt vt vha

2
kv’81v° v'a, v Vot v’

¥

ecnH k matpuuam E, C,h . F npucoenunens: ameMeHTsl ‘b, COOTBETCTIBYIOIIME MECTaM H
3HAKaM KX KaHOHWIECKUX dIeMeHTOB (-1, 1).
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CoenuHEM B OZHY KOHCTPYKIHMIO 3IEMEHTHL, COACPIKAIIME ONMHAKOBHIC HACTHBIE
npomsBofirsle. [Tonyauy caasgocTs A, = AJ@,, rae € - reHeparope IPyRIsL:

4 =vapy' 4 =v'9p! A =v'3py?
s PR

L_ 8 0 42 _ 0% .0 16 _ _,03 3

AO—VBOV,AO— vaov,m’Au = vaov'

Torxa MOXHO BBECTH CHCTEMY TEH30POB HANPKESHHOCTH COOBITHI
a _ a_ a a 46 4
Ff, =0,4]-0,4;+ fiA 4

H YPABHEHUA, KOTOPSIM OHH IOJIHHEHEL.

3.2, GAG-®OPMA YPABHEHUM MAKCBENJA

"TpyoHo u3basumeCs O OWYWENUS, MO SMU MAMEMAMULECKUE dopmy-
6L CYUECTMEYIOM HE3ABUCUMO O AT 1 0BAGOAIOM CE0UM COBCTMEBEHNBIM DA~
3YMOM, YWIMO OHU YMHEE HAC, YMHEE MEX, KO OMKPbUL UX, U 4M0 Mbl U3IaNeKd-
€M U3 HUX GoabIE, HeM BBLIO 8 HUX REPECHAYATEHO 3aA0MHCeH0 ",

Tepy I

el te" ¢ 0,0, (1,97 B )r" 710, (11, w7 B JIP=0.

Ypasuenun Makceerna 6 deuncywuxca cpedax sanucansi 6 opme GAG-
MOOYIR Ona epynnvt V(4), kommymamugrol anze6pul wGCmubiX npoU3800HbIX
0i, anzebpul anmuxommymupyrowux dugpdepenyuanos dxi. Hokasano, wmo
ypasHewun  codepicam  mpu  muna  mempuk:  Munkoscxozo
g% =diag (1,1,1,1), ceepxceemosyio r* = diag(1,1.1,~1) u Huwomona

n? =diag(1,1,1,0). Viasanwr passvie uamp op P i
anexmpodunamurt. TIpoanarusupoeansl Cesu Mexcdy noisamu 1 UHOYKyuu 6
meopuu Maxesanna, ceoBo0Hot om ozpanusenuti na ckopooms. Jana "dep-
MUOHKAR" opma ypasHenus snexmpodunavuxy, IToxaano, Kax ypasrenus
O HEMBIPEXNOMEHYUAN08 UHOYYUPYIOTN HEEKIUO0S0CMb MPEXMEPHO20
npocmpancmea u nodmeepxcoaom Oononnumensriocmy zpynn arunes u
Jlopermya 8 anexmpoouHamuke.
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"o

7t £
Hcnone3yem BekTOpHYI0 hopmy Teopur. Junavuka 11 monei (E s B) U MHAYKIRHE (H , D)
3anaercs ypasdenuamu Maxcsenna. Umeem

¢ 9x dy

0B, 0B, 9B,
dx dy dz
9D IH
—lpU w_l._ﬁx ?ﬁz__._}__o

1 10D, o0H, 0H
P P A T
oD, 9D, 4D,

o 9y oz *

Cas13u MeXAY HOMAMM M MHAYKLMAMH

U U (U U
eEx+£(—y—Bz——’By =DX+;—’—HZ——-’—HJ
kc c L ¢ c J
( U
€E +&|—tB -"*B |=D, + “tH -—%H,
’ c c 7 7 L e c )
14 U U 7
EE, +&| B, “—YBXLDHW( LH, ——*H,
c J L ¢ ¢
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U U U
LH +u(p Y p U ]:B +[E L_E J
z x ¢ b4 z e y

c [
plH U~ H U, - HU,)=BU,-BU,- BU,

umeior PopMy anrebpanyeckux ypaBHeHHI. 31eck & M - AU3JICKIPHHECKAS M MarHHTHAR
HPOHUUAEMOCTH COOTReTCTRERNO, U, , U s U, - KOMIIOHEHTHI CKOPOCTH CPEJIEI, ¢ - CKOPOCTH
CBETa B BaKyyMe.

Tlons » mayKuym npesicrasuy sepes Tersopnt £, w H . Torma

"0 B, -B, -, 0 D, -D, iH,)

-B, 0 B -iE -D 0 D, iH |
F = z x ¥ H = z x ¥y .
™ B,  -B 0 -, [ "™ | D -D 0 iH

\E, i, E, 0 ) “iH, —iH, —iH, 0 J

B koopaunarax x' =x, x* =y, x* =z, x" = ict BBeEEM

% ={0.0,0,C0k0 ) 3 =fo.0,.0.i00. )

g" =g, =diag(,1,1,1)
Hycrs
E +iB’ H_+iD E —iB, (H, =D
_E,+iB, o= H,+iD, | v _|E,~iB, -_|H,-D, |
|E,+iB, | LHZ +iD, | E,-iB, | H,—iD,
\
L 0 / 0 /} k 0 / 0 /

3ameTHM, 4TO cHCTEMa uKcel 06a3aHa 6hITh 0000MmEHa, eCAH MO M MHAYKIHY IPHHALIS-
KAT MOJTI0 KOMIUICKCHBIX YHcen. FCHob3yeM SHeMeHTS! IpyTIIsl V(4) B Buze

0 0 0 -1 00 -1 0 010 0 1000
g0 0 1o o0 0 —1) 100 o), fo1oo0
Tlo—t o0 o0 Tt o0 of*Tlooo 1" oo ol

100 0 0 1 o 0 01 0 000 1)

0 0 01 ;(00—10\ I(0100) 100 0)

1 _
po 0 0 1ol oo o] ero0 0l totoo

0 -1 00 [ooo t0001 0010

— | _

10 00 \0-100/, 0 0 -10, 0001,

Onx nepeoGo3HaveHE! O CPABHEHHMIO C UCXOAHON Tabmuueit. ITycrs
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PaccmoTpnM BONHOBYIO (YHKOMIO, 33aHHYI0 NOCPEJCTBOM IIPABBIX HIEATOB anrebprni 3a-

TIOJTHCHHA:

NN
BB B B
M-S
I
oY

CKOHCTpYHpyeM M3 Hee ISBEIE HSATH AnreGpsl 3aM0THERMS, HCIONB3YA maeMmoTenTr: 1T/,

nogduHenHbe coornomenusm I1' - IT

I1°. Tlomyunm

P A

v w .

A=y

[a=g o B el

(=R < B}
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Cyw vigw 5 T +9,%, 3T -3w, 0
c ¢ x z z z z (] W
3,¥,-3,%, ;’)a,@ +19%, 9, +a¥, 0 B
= c Y o¢ ' -
3%, +0,¥, -9,% 0%, (—i)a,wz+ia,w 0,
¢ L
L 3% 3w, 3,7 3%, 9.%,-3,%, 0
Tax xax

Y -f -iB, ¥,=E-iB, W =E -iB,
TOJYy4YUM YPABHEHUA Maxkcsenna B MATPHIHOM BHIC:
1
~-3,B, E,  -3,E 0 WJ(I
1 -
-3.E, -=0,B, OF 1
0=(2) 3.E. c ¥ 0|1
1
9,8, -3, -——0B 0 L‘
| -i9.8, -~id,B, 13,8 0

3armureM 3TH K¢ ypasueHus B HopMe, HCIOMLIYIONICH NPaBhIe Mieabl areGps! 3a0THEHA
usmueckux mozeneit. Ilycrs

W‘EEOW0001

0 0 -1 0
0=(111180000 +
o 0 0 0/}0 1 0 0
0 0 0 0/f-10 6 0]
0 0 0 0 10

v 7 g

Jo | B E T 0 0 01
0 0 0 0|fj-1 0 00
0 0 0 0Jl0 -100

0 0 0 0YYO0 -1 0 0
0 0 0 O0[J1 0 00
+Hol o — +
¥ ¥ ¥ 0flo 0 o0 1
0 0 0 0){0 0 -10)
[0 0 0 0YY1 00 0)
_,)ioooo 0100
+| ~—=-0 +
c o 0 0 0lloo 10
Lﬁx@'yio 6001
\}gwywzo(ooo-l

0 0 0 0fj00 -1 0
+|0 +
o 0 0 0{f01 0 0
0 0 0 0)i1 0 0 0
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0 0 0 oo 01 o
oW W oglfo 00 -1
+|a ’ +
o 0 0 o||-100 0
0 0 0 oj) 010 0
(0 0 o0 01 0 -1 0 0
o0 0 0 0/j1 0 0 o0
+| 2 +
”qu'ylyzo(o 0 -1
o 0 0o o;lo 0 1 0
0 o o0 01 00 o]
igf 0 0 00 \0 100
2% 0 0 o0 olloo 1 ol
¥, w, ¥ 0]loo0 01
/
(E)y9 low  —2 9 -0w 3F -3% 3, -39,
1 ¢ c (.) ¥ ¥y ¥y
. - = i — o
sg 1) 2Eew, Sh¥slaw 0¥ -y, -0, |
-3 ¥ -3 ¥ 0T 0w Clawalaw 9% -aw
y 7 y Tz 5tz 'z ¢ LA 77z P
0 0 0 0

~

-=-9,8, ~-9.B 0,E  -id,B,
i .
=(1 11 1) azEy ——c—a,By aXEy —'layBy (2)
-3,E, 9.E --3.B -id¥,
C
0 0 0 o

Bsegem cokpameHHble 0003HAYeHNs I YPaBHEHUH, BRIpaKeHHBIX B (hopMe MpaBbiX 4 Jie-
BBIX HpeatoB kax A¥ u ¥ A . Brelem cyMMy [2HHBIX BEIDAKCHUHA 3HAKOM - , [IONATASL, ITO
ona 06pa3oBaHa CXOAHBIMU CIIMHOPHEIMHM MPOCKUMIMY, 3azasast ypapnenns LY B ux oOsra-
no# popme. Torga

AF T¥A= LY.

PapencTso noHuMaercs 3aech B 06o0meHHoM cvbicne. QaKTHIeCKH Mbl OHPEACIIITH TOMO-
MOphI3M U3 KaTeropay QUILIecKrX MOACTeH, 3aaHHbIX B (JOPMS JICBLIX U IPAaBHIX HICATOB
anre0ps 3AIONHEHNS B KATEropHio (hU3MHecKux MojeseH, 3a/laHHbX BEKTOPHBIMH YPaBHE-
gusamu. [omomopdu3M onpesienes ¢ TOUHOCTHIO [0 KOHCTaHTHI, KOTGPYIO B paccMaTpHBae-
MOM CIy4ae MOXKHO BEIGPaTh paBHOH Pa3sMEPHOCTH MEOro0Gpazus M . = R xT*.

IposacHauM QH3NIECKREE CMBICH TPHHATOrO HOAXona. JIErKo BUAETh, ¥TO ITPaBhe H
JIEBBIE UTGATH! JAXOT TPadEl, COOTBETCIRBYIONINE HANATKOMY PEACTABICHHUIO O HPUTHKCHHA
¥ OTTaNKWBaHUU. JJelCTBUTENEHO,

*000\40, **** 40 6,1)
£ 00 0 oooo@

£ 00 0 0000 l
£ 000, 0000, 3° 02
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Ecnu ypapHeHns KOHCTPYHPOBATH HA KASAIAX OXHOTO TUNA, MBI HEH3BEKHO BEIIEAEM TONB-
KO "npursKenue” uim Tobko "oTTankusanue”. By jKe MBl MCIOAB3YeM YDABHEHUA B €U~
HOI QopMe ¢ °, TO NPHTANKEHUE U OTTAIKHBAZHE HCMONEIYIOTCA HA PABHBIX TIpaBaX. Bos-
MOXHO, 470 IIPY U3MEPCHAUH 1apamMeTpoB ABICHNSL TaKas pacujenienrocms BIMSHHE HUBCIH-
pyercs npubopamuy. YpaBHEHHS IOCTPOEHBI TaK, YTOOH! COOTBETCTBOBATH IIOKA3AHMAM IPH-
G0pOB ¥ OTOMY MX BEKTOpHAs U TCH3OPHAA (JOPMBI HEJTOCTATOUHRE JIIA PACIIHGPOBKH Kap-
THHE 11 NpUPOAsI sBnckuil. CIMHOPHEIE MPOEKINA JCBLIX W PaBex G-Momynelt npubimka-
IOT ypaBHCHHN K OOBEKTHBHON PeailbHOCTH, rpadMyecku PACKphIBAS MHTYHTHBHO SICHOE
IPEACTABICHAS O IPATDKCHAN M OTTAIKABAHUH.

G-mogynu Ga3upyroTes Ha KBaTepRUONESx exmannax. Crnenys IaMHILTORY OHY On-
PEAENICHE BRIPAXKCHHAMH:

L=l Li=id=i Vji=jl=j lk=k =k j=-ji=k
z‘~k=-k-i=—j’ j-k=—k~j=i’ ii=j-j=kk=-1

VikasanunMy cBoitcTBaME 00/Ia1a10T HCTIONB3YEMuIe HaMy MOHOMHANBHRIS MarTpuibl, 060-
3HAYEHHEIC (ax, b,):

4 4 )
; P ; P . P
b, b, ~ b,
3T0 JIeTKO TPOBEPHTD, TAK KaK
0 0 0 —1‘\‘ 6 0 -1 0 (O 10 0)
0 0 1 0 f’ 00 0 -t -1 006 ¢ {
= a., = =
“10—100‘210 0“3000—1l
1 0 0 0 0 1 0 {0010
/y /s /s
0 0 1\’ 0 0 -1 0‘1 0 1 0 0
0 0 10 6 0 0 1 -10 0 0
b = b, = b, =
0 -1 9 1 0 0 0 0 0 0 t
_ J - _
1 0 0 J, 0 -1 0 0/’ g 0 -1 O/.

Ouennngo, 9T0 QE3MUECKHe ypaBHEHHS HE CBOIIICA K KBAaTEPHUOHAM, HOTOMY YTIO B HHX
HCTIONB3YIOTCA HE TONBKO BELIECTBEHHEIC 9HCHTa, HO M KOMIUICKCHBIS. KpoMe 31oro, KBaTep-
HUCHHKIE eJMHUUBI YMHOMKAIOTCA Ha MATPHLBL.

3ameTHM, 4TO YPABHEHHS B HOPME JEBHIX NACAI0B AreOPH 3aI0NHEHAS MOTYT OBITh
JIETKO TIOMySCHBI U3 YPABHEHNHM AV TIPaBhiX wicanos. [{is 5T0r0 AOCTATOYHO TPAHCHIOHUPO-
BaTh MATPUIEI ¥ IEPECTABUTH UX MECTAMH,

Tlenele waeans! anrebpsl 3anonnenyus Pusnyecxoll MOAEIY, SCIM JOTIONKUTE MX COOT-
BETCTBYHOMMY HaeminoTentamu 117, 3aaioT 1-KoumKibl, Tax Kak

9'lex,)=x0"(x,)+0(x),

ecnu x€ g U @ ’(x} =(x—I)I'. CrenoBaTenbHO, AUHAMAKE ABICHKHA codmcraTHa JAHAMA-
xe 1-xoromonoruit. Paccmorprv

a*a, ¥ +b 0, ¥=0, a*0,¢ +b'3, 0=0.
3necn
@ = cmonGey (2pU,, 20U ,, 29U, - 2ip).
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VpaBHEHHA HE U3MEHATCS, €CIH BBUIOTHUTE 3aMeHy 4’ ¢» B'. AHanoruyHo IMHAMHUYECKKE
ypaBHEHHS MOTYT OBITH 3aMMCAHBI depe3 MNOIYCyMMy O =0.5(a' +b‘) W TIONYpPa3HOCTh
7 =0.5(a' —b). Homyam

0 06 00 00 -1 0) 6 100 1000 E,—iB,
00 109 00 00 -1 00 1 06 0|(~i),|E, ~iB
D, + + O, 410 [SUPS RS

0 -1 00 10 0 0[]0 000[" 1001 0|c ‘E-iB,
00 00/ (00 o, loooo/ (0001 Lo )
(00 00 (00-10 0 100 1000 E +iB,
0 0 10 00 00 -1 000 010 0lG),|E, +iB,
+ P+ + 0.+ =20, 7 =
0 -100[" 110 0 07 {0 00OGC[* |00 1 0jc '|E, +iB,
00 00, 00 00, 0000, (0001 0

870,0,% +r¥0,3,¥=0.

(000—1 (000 0} (000 0) 000 O (E;—wl
000 0 t000 0 -1 00 0 0 0|(- E -iB
0, + + 0+00 (-’-)a,yl_y

060 0”000 0[” 000 ~1[71]0000|c 'lE-iB
|

(1 00 0 010 0 001 0 G000, 0
(000—1 000 0 000 0 6 000 E_+iB,
000 0 000 -1 000 0 0 0 0 0|G),]|E +iB,
+ 0+ + + o, 2 V=
000 0 000 021000 -1{7" 100 0 O0|c ‘|E,+iB,
100)\0100} 001 o0, (0000 o

8¥7,0,% +r¥2,0,¥=0.

Marpzitst (o“, z“) SBISIOTCSA TEHEPATOPAMH TPEXMEPHBIX H YeTHIPEXMEPHEIX Bpalie-
Hu# COOTBETCTBSHHO, 00pasys coBoKyIHO ayrebpy rpynns Jlopentua. Mx B3amMHbIe Ipons-
BeJIeHUs OTIUYEI0TCA 0T \0', 7' ), 4To 03HauaeT, 4Tc OHM He obpasyior rpymmy. Huaue 06-
CTOHUT JSJO IPH UCHIONH30BAaHUM B (H3IUYECKON MOMEIH MaTpPHIl (a',b’). Onu 00pasyroT
IpyIIy, Kax IoKa3aHo B paszene 3.1, a Taxxe cymepcumverpugayto amedpy. IIpoucxomut
5TO MOTOMY, 9TO B3AUMHBIE TPOM3BENCHNS @' b’ 3a]aK0T IEBAT: 3leMenToB €', ¢, f*, 06-
Pa3syIOMUX TPH NOATPYIIIEL 3HTHKOMMYTATHBHOTO THIIA, JUIS KOTOPHIX OTIHYEH OT HyJ Ka-
®neit omeMent & -ES + &0 E =+§‘,<§’}¢0. TosroMy 3amuch ypasmennii Makcpemna B
PasHBIX ToArpymmax rpyumst V(4) aromarmueckn Bieuer 3a coGON pacimpenue cHMMET-
puit, um coorsercreyrommx. Ilpy Takom mosaxone chexyer cdmrars, YTo rpynna Jlopenria
anreGpamieckn HenonHa, CICAOBATCNBEO, JOIMYCTAMOE PACKIHPEHAS CHMMETPHH 0 TPYIITH
V{4) osmauaer, uro smexrpouHamMmxa MaKcBe/a ONUCHIBAET MHOrooOpasue thusmuecknx
CHTyalui, YacTh KOTOPBIX "0XBaTsIBaeTca" rpymmoll JIoperTia, Ho Bce MHOroo0pasue spiIe-
Hul "mupe" oo cBonM (QH3NUECKUM M CHMMETPHHEHRIM CBOMCTBaM. BO3HAKAeT NpeonoxKe-
Hue, yro rpynma Jlopenrua "xopoma" Tam, Tie IPOHCXOMIT COOBITHS, IPH KOTOPBIX HecobCT-
BCHHAs MHEPLMS HMEET JOCBETOBBIE CKOPOCTH, KOTAZ |17\ <¢,, €CTH Ke IL'}{ > ¢y, TO HyIKHBL
npyrue cemMetpun. IlosTomy Tpebyercs neTalbHOE PaccMOTPEeHHE BCeH COBOKYNHOCTH BO3-
HMKXAIOL#X BOIPOCOB.

SamumueM ypasraenus cessu. [Iycts
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{o 01 (00—10\ 0 1 0 0) 1000\*(
_'o 1olu oo o 1U, (=106 0 0w, |01 00
iu — + — — + —i)Ex

o—1oocl1000c 0 0 0 Iic (0010

I

L—]OOO/ 0 -1 0 0) Loo-lo} L0001

H, -iD ) 00 0-13 (00-10 [0 10 0)

H -iD,| o 0 1 6w, joo0o o -1V, |-100 0
x| 7 Yol—ip =+ —+ —&

H, -iD, 0 -1 0 0lc |1 00 O0jc [0 00-1]c

Lo J 1000J 01 0 0 Lo 01 0

1000) H +ib Y [0 0 0 -1 00 -1 0)

0100 m+ip| loo 1ol 00 0 -1,

+ i) T =a 5 4 —L+

001 0| H, +iD, 0 -1 00 1090 0,¢

0001 0 JJ oo oo 01 0 OJ

0 10 0] 100 0) WExwin (0 0 01

~100 olu |01 00]|.|E-iB 0 0 1 0lU

+ =+ 31 I =t

0 00 -1]¢ 0010{ E, —iB, 0 -1 0 0fc

0 01 0 ooouJ 0 -1 0 00

0 10y (0 1.0 0) (1000 E,+iB )
LO O 0Ly, -1 0 0 0, o100 W B +3B, |

1 0 0 0,c [0 00 1lc too 1 0$ E +:B, |

0-100J o o-10) (ooo1) jl o
Tornma

x x 4 » *
i,u[kakg;' ~akUk¢)= a UF¥* +p UFY, iELb,{U"‘P‘—akU”‘I’FakU"(p” +b, Ut g,
Y

3anmmem BCI0 CHCTeMy B yiaoGHOM aHmamurudeckoi gopme. Jlng sroro BeeneM Hosee 060-
3HAYCHNT ¥ BenauHsL [lycTs

Sl

=%, ¢=

s s

E, =diag(,1,1,)=E

s

r? = diag(l,1,1,-1)=r,

L]

gaﬂ = diag(la Ll 1)= gaﬂ

n’ =diag(1,1,1,0)

VpaBEeHHS SNCKTPOSMHAMUKA MaKCBeIUIa [T IBIDKYLIAXCA CPEn MOy qaioT BUL:
( g”ﬁamaﬁ(Eunyﬁ)+r“ﬂbaap(EUn“I’):O,
a9 s (E,, nY iﬁ)+ g“"baaﬁ (Ev n? (0): 29,
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ity b USE, P ~g ,aeUE, v 9=
8,59 UPE mY —r b*USE nv'¥,
ielg b USE,niF —r aUI E nv W)=
=t a®UPE nV@~g,,b°UsE nvp.

i —
Faﬂ = Egaygﬂé (a;/I_IauP _b}’HSlP)’

©)

-i _
H, ZTgaygpa(ayHJ¢“b’/nd¢’)-

C amrebpamdeckoll TOUKHM 3PERMS OHE IIPOCTHL, TOTOMY 4I0 (asHpyrTCs TOINBKO Ha ABYX
noxrpynmnax ¢ snementam (a,, b ). Mojens MMEET OTIHIHUTENBHEIE YEPTHI

&  JCIOJE30BAHKME CYMMEI "BOIHOBEIX (PYHKUHA", OTHECEHHBIX K OJHOMY TEH30DY;

¢  HANWYHG EPH METPHK (g"‘", 7 );

* BO3VIOXHOCTE ITPAMOTO MCIONB30BAHAA vieTpuku HeloToHa (n”) B MOJS/H, UTO
N03BoJAeT "CKPHITH" KOMIOHEHTE ¥, ¢, BOTHOBRIX QyHKIKH;

¢  ¢IMHCTBO KOHCTPYKHUH, IIOCPEACTBOM KOTODKIX 33/1aeTcs CTPYKTypa S, IMHaMuU-

Ka D n cBsi3u L.
JUns quHaMMTECKUX YPaBHEHUH NoIyqaeM

e 8" ¢ 0, [, wrE )P,

3mecs &7 - 6-munexcHuit cumeon Kporexepa; g” - uetsipexmerpuxa; ¢ = (1,1,1,1); ¥, -

Kts
aaementel (@, b,); d, - uacTHeIe npoussoaHbie 10 KoopaMHaTaM; ‘Ff - BENMYHHBE THNA

(Ex -iB,E - z‘By, E -1B,, 0); E* - gersIpe eMHUTHBIC MATPUIE]
E'=E*=E® =E* = diag(1,1,1,1);

BenuanHa P ecTh cTONGeN U3 U HuIL,

Hors u UHOYKUUY 3A0UIOMCA AHATOZUYHO, eClU 8MeCmo 0, ucnonvzosams 17, Cessu
MAKMHCe COOMBEMCMEYION YKAIAHHOUW KoHCmpyKkyuu npy samene o, = ¢ Ur, 20e U” - ve-
MBIPEXCKOPOCU.

OuernyHO, 9T0 JUHAMHIECKHE ypaBHeRus MaxcBelila, KaK i CBs3HM, 3aansl B dopme
GAG-Mogyna. B 9acTHOCTH, TUHAMUYECKHC YPABHEHUS €CTh CIPYKTYPBI

‘g9 a9, (HP"F” E)+r? o, 3, (pr E')jp=0.

Vpasnenns Maxcpenna eauesl no QopMe ¢ ypaBHeHHsMY HpioToHa-Diinepa, OHM HMEIOT

OJMHAKOBBIC POCTKOBBIE TOUKH, 38/1aBAEMBIE IEPEMEHEBIMU £) g, e,

3.2.1. Ypaeuenun Maxcsenna bes ozpanuvenus ckopocmu 6 popme GAG-wodynn

B atom cimydae, xax moxazaHo B [21], HeOOXOAMMC UCIIONBL3OBATE YACTUYHO H3MEHEHHRIC
06o0nIeHHEIE CBA3H MEXAY TONIMY ¥ MHAYKIUAMY B BRIE,

U U
EE, +¢€ —YB,—iB =D -w 2H, -Zey ,
¢ c 7 i ¢ e 7
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U
€E +¢ —U—’Bv— QLBJ:D +w —“’Hxv—*Hz}.
¢ c 7] 7 ¢ ¢ )
U u,
€E,+& —=B -—LB |=D +w —*H -~ ’HXJ,
4 4 &C [
elE,U,-EU,« EU,)=DU,-D,U,+DU,
U /)’ UY
MH +u|D —+~D =B +w E ~+-E — |,
7 ¢ c -
[ U U U U
MH +u|D,~%-D —%|=B +w E,—*-E —*|,
L ¢ ¢, \ ¢ T,
U U U
,qu+,u(DX~—y—D *LB +w E,—~ |,
L ¢ ’ cj : ¢ 7 e
wlH U -H U -HU,)=BU-BU,-BU,.

B HMX BXOAAT BETHUYMHAL

i1

w=1—exp[—Po(n—l)], Uz(l—w)l’},j+wl;m.

Tax xax
1000\(0100(1000(0100)
0100“—100010100_|~1000
0010'000—10010”[ooo~w
000w [0 01 0J000w, {0 0w 0

0 erIy6J'ICHIrIC MOJIETIH PCANUA3YECTCH JACTHHHO, YTO HE MEHACT X@PaXTCPHCTHHECKHX ITOJIH~

HOMOB.

1 't
3necs U, - CKOPOCTh NEPBUTHOTO MCTOYHAKA H3Mydenns, U, - CKOPOCTH Cpefisl, 7 -

TIOKA3ATENb IpenoMiIenas, F, =~ 7- 10* - koHCTaHTa, [IMeeM B MATPHIHOM BUJE

((0 0 011 0 0 -10 ¢c 1 0 0) (1000\|
o 0 1oy, 00 0 U, |-10 0 Ofu |01 00|
in a8 S = (~i)bx

0 -1 00[c |1 0 00fc |000 Lic 0010

—1000} 0 -1 0 0 00 -10, (o001 |

H_ —iD, [0 0 o -1) 0 0 -1 o} 0 1.0 0)

H-p,| lo o 1 ojy, joo o <1y, |-1o00 o,

—1l =+ [—=+ s

H,-1D, 0 -10 0jc 19 0 0¢ 0 00 -1ijc

0 100 0 01 0 oJ lo 01 0

(1 0 0 0) |(H, +iD, 0 0 0 -w) 0 6 -1 0

10 1 0 0 |H, +iD 0 01 0y |0 0 0 -wl,
+ Y 7= wy =4 -+

0 01 0['[|H,+iD, lo -10 o0fc |1 0 o olc

0001 J 0 Lw"l 00 0 0wl 0 0




01 0 0 1000 E, —iB, 0 0 0 w)
-10 0 0U 0100 E —iB 0 0 1 0lU
+ £ DN T ew —=+
0 0 0 -wlc 010 E, ~iB, 0 -10 Giec
0 0 w' 0 601 0 -w? 0 0 0
0 0 -10 (o 10 o) (1000 I(E_+iB,
0 0 0 wiU, |~10 0 0, 10100} \|E+iB
» L e S
1000c‘000wcw0010 E, +iB
0 —wi 0 0 Lo 0 —w OJ 0001 0
Beegem
G, = diagl,LLw™), R, =diag(l,L,1,- w1), @ =Q-arQ,
Fr=0br0, O=diagl,lLw).
Torga
i,u(ka;qr-awkq;):wch(EkUn\pwEkU»ﬂ.
/
AHANOTHIHO

* \ *

. k kyr* _ ~ n ot Thyrn

zs(b U ¥-d"U Y |= wR,m(ak U e +b'U ﬂ.
N J \ J
Darriraecky M UCTIONB3yEM 4-METpURY 7, R, , &, . G, , 910 ycnoxuser curyaumo. I'e-
HEPaTOPs! TPYTIIH! 3aNONHEHAS (, MEHAIOTCA YaCTHYHO M TOIBKO B CB3AX. DTOTO JOCTA-
TOYHO AN 0XBATA OMBITHBIX JAHHEIX H HOBOH MH(OPMALHH O SBACHAAX. 3aMETHM, YTO MAEH
it i -
oboOuerns cBasel Mexay nomamu F, u vEAYKHHsMHA H* OYeBUAHO MEIYHHPYESTCS TCH:
30pHOH ee dhopmoit

Hé =a.\[g QmQrF, |
notoMy 9o H* ecTh TeH30pHAA MICTHOCTE Beca (+1). DTo TpebyeT H3HAYAILHOTO BREZCHMA

B $HU3HICCKYIO MOJIEN 3ICKTPOMATHK THEIX ABICHUI JIEMEHTA TOMONOTHAECKO anreGphl

g=det'gy|.

Cutyaupy ¢ g = const, COIJIaCHO TEPMUHOIOTHY ITIaBHE 2, COOTBETCTBYET BApHAHT KOrOMO-
JIOTHYECKA TTAaCCHBHON (PH3MIeCKOE MOTeH,

3.2.2. Ypasuenus Maxceenna e ""pepmuonnom” cexmope

Ypasrenus MaxcBeiia MOXHO 3amvcats Ha moarpymmax (e, f)e V(4), ecmn ucnomssosars
BOJIHOBBIE HYHKUMK

(¥, 000 o—\yxoo(oow,‘o\ooo-lpx\
!wyoooowyoo’oo—l{fyo 000 -¥
-¥ 00 0[O0 ¥ O0O0[|l0O0C ¥ O[|00O0-%/
Lo ooo}oooojtoooojooo 0
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rae ¥, =E 1B, % =E£ 4iB. % =£ -iB,% =0. O¥n noayqaircs HOCPEACTEOM
JIBOMHOTO NPOSKTHPOBAHMA ¢ HCTIONB30BaHUeM oArpyins! (C), 3anaBas

¥ =éy ket ¥,

4epes CyMMy BhIpaxeHui THIIa

(1 11 tYy¥, o o o0 /¥ -¥ ¥ -9
0000 =¥ 0 0 0 0 0 0
kict¥ = =] ,
! 00 0l 0 0 ¥ 0 0 0 0 0
oooo/ooo-qgjtooooj
B YK23aHHOM CIIy4ae COOTBETCTBYIOMHX i = j =k =1.
MoHOUA 13 DISMEHTOR &K/ MMEET CBOMCTRA!
kik=ki =k ki,
kik =k =k k.
Hsmennm ‘f nocpencteoM uaeMnorenTos 1. Torda
YO -¥ W, -¥ (1 oo o\‘ ¥, 000
o wa. % ¥ % - lloooo lw 000
! Y, Y, ¥, -9, OOOO‘V -¥ 000
0 0 0 0 )0 0 0 O’ 0 00 0/

Tokaxem, 910 ypaBHeHHs MakcBelLta MOryT GrITe 3aMans! B "depMuORHOM" cexTOpE IPyT-
et ¥(4), coorsererayromenm (E, F). Rveem, sanprvep,

ed 5/, + 13,87, =0.

B MarpuasoM BrIe

[(0001 ¥, 00 0)(0010)(0-¥ 00
10010 Y, 00010001 10 ¥ 00
+ +
01 00["-%, 000 |1 0000 ¥ 00
|
1000 ooooJ\()looJ\oooo)
01 00y(00 ¥ 0)(1 000 000 -%)
’l 0 -y 0 ~ 0 —y
L1000 00 -% 0 01 O(—’—)a, 00 -%, |
Looo1’oowzoL001oc 000 ¥ |
!
0010;,{00 0 0/ (0001 000 o
(000—1\ onoowoo1o 0 -¥, 00
+00101¢}000’+0 0 -1L (6 ¥ 0 0]
0100"—?2000\1 0 0o(’0 ¥ 00
(=100 0 o 000/ l0-100)l0o 0 00
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(010 00@0\1000 000 =% )N
10 -¥ -¥, i1
. 0 ,OO -7, o(+01ooia'ooo ¥, -0,
00 0 -1/*flo 0 ¥ 0/ /0010l 000 -7 |1
00 -1 0 ooooJLoood 000 o Jit
Toraa, B 4aCTHOCTH,
o,l¢ +¥ )-a,w, +F )+ 1a,(¥, - F,)=0,

4
TEMY COOTECTCTBYET

R

B

3,E,~0,E, +1 2= on

¢ dt
Tenzop F,,, BRIpXAeTCS uepes (er, 1 Z). Hveem
000 1YF o 0o o0){oo1o0Y¥ 0 0 01
0cot1ojo -F o 0+0001o’\17y0 o |
010040 o0 ¥ o0 1000/0 0 -¥ 0
Looojo o o -FJlo1o0o0f0 0 0 -F/
01 00Y-¥ 0 0 0 0 00 -1Y¥, 0 0 0
+10000?‘,0 o+00100—\yx0 o |
00010 0o % o0 6 10 00 0 ¥ O
00100 0 0 -F'(-1000}0 0 0 -¥
0010\!/‘1300 01 oY-¥ 0 0 O
L0 00 -tp0 w00 10 of o w 0 0 o
tooojo o -2 o o001 0 0w o T
0-10 00 0 0 -¥|l00-10j0 0 0 -%)

AnanornaHo nuddepeHINaNbHNM YPABHEHHAM, C 38MEHOH YaCTHBIX IPOU3BOZHEIX OT KOOpP-
IHHAT Ha ¥X AUQOEPCHIHANEI, 3aIUIIYTCA CBA3H MEXITY IO/ISMA H HHAYKIMAMH,

Kax MoxxHO BYMAETE, 1% 340MCH YPaBHEHMI B OZHON HOAIPYNIE HYXHO YCIOXKHHTE
BONHOBBIC yHKIMY. CreroBarensHo, Gusndeckne spnennt a Gopme GAG-Mozyaeh uveror
MHOXKECTBO (OPM 1 "MIOBAT" MOHOMIHYIO CHMMETPHIO, C YAOBOILCTBUEM HCMOAB3YIOT Oy~
TPYIIIEL, JOIYCKAOT H APYTHe KOHCTPYKUHH.

3.2.3. "Bosonnan" u "Pepmucnnan” opmor ypasueruii

Hasosem "Gosomnoi” dopmoii ypaBrenmil Bapuant, Koraa (u3MHYEcKas MOJCHL BRIPAKEHA
"epes 3IEMEHTH! IO Pynn (A, B)e V(4). Torzma umeeM yciaoBHs

aa,<aa,=2,I, bbbb =2¢,1,
AHAIOrAYHBIE MCTIOIB3YEMBIM IS MATPUIL ;/# Il;upaxa, TAK KaK
YAV =26,1

"Bosonno#" popme ypaaennii Makcsenna cOOTBETCTBYeT BOJHOBAS QYHKIHSA
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Y = cmonbey (E, 4 iB,, E, - iB,, E, - iB,, 0).

Bce ocTanphble 37€MEHTH IpyIms! ¥(4), ¢ TOUHOCTRIO O (DarTOpU3anuy no rpymuie Z,, Mo-

ryT GBITh IONyHeHs! ABYMS ciocofamu. B nepeom crocobe mpousBeekusM Matpuil upaka
COOTBEICTBYET rpadudeckoe uzobpaxenue (puc. 3.2).
L] ®

® A
o o %

—e @ - 9 @ @ o
(i) , : : \ / X
[ ] ® @ o e 2 ]
® ® e @
(i) I : : \I N, V % %%
® e ®

) 4 !J’ ! =Y KW e

Puc. 3.2. paduueckoe npousseaenune Marpul Jupaxa

Beero nomy4unm 15 pa3muaHkIX JeMeHTOB. Ilpy fanbHeHlIeM IPOJOMKEHIN HEHOUKY Hpo-
U3BEJEHUH IONYUHM YKA3aHHBIC DIESMEHTHI C ABOHHBIMY, TPOHHBIMY ... uHUAMA. KoroMo-
JIOTHHMECKH OHH PA3IMYHEI, eC/IM 3a7aTh COOTBETCTBHE, IPH KOTOPOM HPOH3BSICHHIO 3IEMEH-
TOB COOTBETCTBYET "pelpo" UeTRIPCXyTONBHUKA M AEMEHTY COOTBETCTBYET €10 3HaYCHHE U
cymua pebep. Torna, nanpumep,

V=YY, S Vs

YTO NO3BOSACT PACCMATPHBATE ¥ * C IBYMA U YETRIPEMA HUTIMY

e
e T

Bo BropoMm ciocobe Bee SaeMeRTS rpymmsr ¥ (4) MoryT GsITh MOMydeHHt U3 ABYX MOATPYII C
anevertamu (@', b’ ), HCIONB3YA TONBKO HX BIZHMHEIC TPOH3BEACHHA (puc. 3.3).

b/

Prc. 3.3. Cxema nosyueHust 316MEHTOB IPYIIBI V(4) w3 npoussefenuit ! u b



142 naga 3

H3 3anucu ypasuenwit Makesemwia B "GepMHOHHOM" CeKTOpE, HCTIOMb3YA MIOATPYITEL
(E, F), creayer, 910 [UIs HEro ACITYCTHM TOJBXO BIOPOH criocod rpadrieckoll HETppeTa-
UMM, TaK KaK ycnosus e'e’ - e'e' =0, f'f/- fJf =0 nugyumpyror Gasuc I Tuma JIu-
paKd, M3 UeTRIPEX  INEMEHTOoB, Ja1  koroporo [V - [VIM =0, Hampumep
Tv=<el, £ ¢2, I}, tie ] o6pasoBano 3 KRaJApaTOB APYrHX dmemeHtoB | = ¢, Kax yxe
NPEAUONAraoch pasiee, 310 MOKeT ORITE CBS33HO C TEM, Y10 Kaxnas w3 GopM sBaAercs

NpeAnOYTHTeNEHOM 8 "cBoeH” cuTyauny. BoamoxHo, "GepMuonHpi" ceKTOp IyYIne OIMCH-
BAET EKTPOMATHUTHEIC ABIEHNS, IPOUCXOIAIINC IPH CREPXCBETOBLIX CKOPOCTAX.

3.2.4. Hosvle mempuru 8 3neKmpoounamure

Bripaxenus
104, d¢ .04 04
Y =F iB =——— X 1 4§ 7z ) ,
1 L TiB, c ot EP +1 ay i 5,
194, 3p 34,04,
Y =F +iB =T
2 =5 c dr 0dy az ax
104, 3p 04, 04
¥ = B, =t Lyt T
3 E + i P a[ az lax lay
a4 ] 04
\Ple —iB :—‘la_ﬂ_&_ég_iqA_z i y,
x ¢ dt dx dy dz
5 o4
PP LRI
7Y edt dy 9z dx
v 24
\yq:E -1 ﬁ—la_{j',_i?__i y a’\Ax ,
3 p 2 PR e 5y

HCIIOAB30BAHHRIE JUIA 381K ypaBHenni Maxcsemma B Gopme GAG-momyis, OMYCKaOT al-

rebpamnyeckoe npencrabienne. JeHCTBATEIEHO, UMEEM

(-9,

Ha ocsose (a7, b )e V(4) nony=acm 1€ BOIMORHOCTH aHANN3A YDABHGHHE SNEKTPOIUHA-

|

z

-3,

id

x

(-3,
1-18

|,
| .

-3,
—ar
i,
9,
,
-0,
-,

id

y

id,
—-i0,
-9,
13,
-id,
i,
-3,
id

z

-9
-,
-,
-3

T

-,
-
¥y
-,
-3,

& &

MUKH 9EPe3 UeTHIPEXIOTEHUHANE! A, . MOXHO, BO-HEPBBIX, BISThH

04,
+

ox

94,
8y

94,

oz

¢ 9t

LLog

=O.=_‘P4,
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KaK CTAHAAPTHOC KAnuOpoBOTHOE yCIOBHE. MOXHO, BO-BTOPRIX, CUMTATh, 910 ‘F, #0, HO
HCIIO/B30BATE "HHIOTOHORCKYIO" METPHKY. OHa orpaxauerT ¥, OT SKCIEPHMEHTAILHOIO aHa-
mu3a. B o6orx BapHaHTax ecTh CBOU [IpenMyInecTra. U1 ypasHeH il BIIa

[-i'9, ~ib%3, —ib%9, )~ £, 1[4]= ],

[(ialal +iad, + iaza3)— £9.1[4]= [—\ﬁ]
HMEEM METPUKH

Vo=, —io-i,-1),  m? =+, +4, +i, 1),

BBCJICHHBIC V1% Tpynns! G, onepamuei -P YernipexiioTenuman 4, CBUIETCIbCTRYET, YTO

IS HETO BO3MOXKHO TPEXMepHOe NPOCTPAHCTBO, KOTOPOE KOMIUIEKCHO Y HEEBRJIMIOBO, Tax
KaK MaTpRII (a’, b )e G, moxuo BEIOpaTs ¢ MOOEIM COTCTaHMeM 36aX0B (+, -). B aToM ecrs
cBolt peson. Ilo-BHIUMOMY, KaXCIOMY YDOGHIC 06Bermoe u asienull (a nomomy u gusuve-
CKOtl M0Oenu) coomsemcmayem "c6oe” nPoCmpancmeo-epems, ceoticmed U Yepmvi KOMopoo
Mozym bvime crpbime,
CooTtHomeHN
Y ]
e‘k,mng”’l'""bﬁ][A], eﬂmg’“m’""ara][A]

3a2K0T CTAHIAPTHOS KaJ‘II/I6pOB0‘-IH0€ YCHIOBHC IIPH HUCNOIb30OBAHUY MECTPHKH MMEKOBCKOI0

g# . CooTHOLIEHUA
Vo Ak y
L L VR

kimn

r‘:“m"‘"a‘a/[A]

3a020T Te KE YpaBHeHus, HO npH ycrnopuM ¥, #0. [lm =ersipexmoTeHnmanon Ag B

SIEKTPOIMHAMEKE TIPHronas! 1 rpymra Jlopentia u rpynna [annies, OHE ZOHOIHAAIOT APYT
Jpyra.

3.3. GAG-®OPMA YPABHEHUWIA AUPAKA

03 ®
® ®
® 0
® ®

21/
£ kirs

rs ok e )_
g°¢'7,9,(Q, ¥ 1 P)=0.

Ypasuenua Jupaxa npedcmaenenst & gopme GAG-modyna epynnel V(4)
Tloxazano, wmo 3ma 2pynna QONYCKAEm MHONCECTRBO MEOPUL] 8 PAMKAX €0U-
HOU POPMATLHOTE KOHCIMPYKYUL. YRA3AH HOSVIE arzopummm naxowcoenus Ga-
sucos s meoputl muna Jupaxa Haidens: "nonepeunvie” u "rpodorsusie”
Sunamury maxux modenel.

KBanrtoro-Mexann4eckoe OnucaHue HIeKTpoHa 0asHpyeTcs Ha BONHOBOM QYHKIUK
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% =cmonbey (%,,%,, ¥,. ‘IA)
¥ ypaBHeHMAX Aumamrn upaxa:

(3, +B)¥ =0, [yT’f 3, —B]@:O.
/

Onm nmesor GopMy GAG-momys
&, 8" ¢ 7,0, [, v E' P}t BY =0,

: . . .
3nece ¢, ' - enuHMYHEEIe MaTpEIsy £F, - 6-urnexcusif cumBon KpoHexepa; 11, - mpoek-

HTHOHHEIC MATPULIBI C OJHHM SIICMECHTOM. Mannum I[Hpaxa

00 0 -1 00 0 1
00 -1 0 0 0 -1 0
= (—jb! = y 2=f1= N
e P R G A PR
100 0 10 )
0 0 -1 0) 10 0 0)
00 0 1| 01 0 0
3= ih? = I, 74 =—~ct =
PEREERL 0 0 o VT %0 0 <1 o
0 -1 0 0 LOOO—I/

obpasyror aarebpy. B V(4) M0oxkHO BHOpaTh ApyTHE YETHIPE MATPULBI, B3 KOTOPHIX B3aHM-
HEIMK TpPOM3BEICHUAMM IOTYIaTcsl BCe OCTAlbHble, 3afaBad MUWHMMANbHBIH Gasuc

{ye, y8, y7. ¥?). B uacTHOCTH, UM ABIAETCA {c*, b%, £, bs).
Ipeacrapnm Gasucsl rpymust V(4), sanaromue ypasHenns Tuna Jlupaka, rpadmdeck,
coeqnHas MeXTy cobofi TOUKH, COOTBETCTBYIOIINE HX MECTaM Hd TOPTPETe TPYNIsl LI

a:b 1P uwana BB £ B (puc. 3.4).

$03 ® ®

® £x
Puc. 3.4, Hapa Gasucos Tuwra Jlupaxa
PaccMoTpuM BapHaHTE! BEIGOPA APYTUX MHHIMATBHEIX Ga3HCOB:

a) mycTs 3aiaHa mapa 74, y# # E;
6) BeiGupacycs ¥4 = ya y8;
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B) 06pasyeM vX [IPOM3RCICHYA U HCIIOIb3yeM y¢ = (ya yf, 72 yo yh ys).

Toraa wersipe omemedra 3afaroT  Gasuc.  JIOTNONHMTENBPHO — ONIpeAeNuM
y*¥=y2y# ¥ y¢ n Torma no ABOHHBIM MPOM3BENCHUAM HAXOAWTCK BCA rpymma V(4). Ofo-
3Hauad $asuc KPyKKOM O , @ HX JIBOKHBIE IPOM3BENCHMS JMHAAMHY, IPAGHISCKY HarAIeM
MUHMMATEHEE Oasuc (prc. 3.5). BapuaHTsl IUATOHANBHBIX AMHAMEAK HCYEPIBIBAIOTCS
auarpammamu (puc. 3.6).

Puc. 3.6, BapsaHThi THATOHAIBHBIX SHHAMEK
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MurnmaneHsiit 6a3ic 3a1aeTes MATPUUAMH, KOTOPBIC COENMHEHR IBOIHBIMY JIMHHSAMH, €T~
BEPTHI TIEMEHT, JOMOMHIONINI nX, Gepercs U3 TeX, KOTOPLIe COSMMHEHb! SARHKTHOM JIHH-
et (puc. 3.7).

fo3 ® ® ® 2 0] o)

Kraacc A)

o ® ® ® o]
& o ® ® ®
KnaccbB) @ —( 5l 103 o]
® ®
103 ® ® o] & o}
@
®
®

Puc. 3.7. Tans MUHHMATLHEIX 6a31COB

M1 oGHApYRUBacM arzebpauuecKyio OMHOCUMETbHOCHL usuveckux senenul, Y Hee
€CTh JBE CTOPOHBI. BO-I’IepBBIX, OJHO U TO XK€ ABICHHEC MOXET GBITH OIIUCAHO B Pa3HbIX MH-
HMMANBHBEIX 0a3ucax anreGpsl 3anoNHeHUs. Bo-BTOPEIX, 6a3ucs MOTYT GLITE MCIIONB30BAHEL
WIS ONMCAHUA Pa3HEIX SRICHMH, 33aBas PA3HEIC MOTYIbHAE GOPMEL, 4 TAKKE PASHEIE TIpe-
CTABJICHHS CHMMETPHI.

3anunieM ypasuenus Jlupaka Ha DOATPYINS (bl, l)e ¥V (4). PMeeM NEHOUKY COOTHO-
IIeHUH:
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EavHCTBO (hrsnyeckux teopyn

=

S - DO

3/1eCh HCTIOMB30BAHE! CHAYANA NPARBIC HAeANE G-Mogyneil (mwiar I). 3arem cKOHCTPyHpOBaHa

posHoBas Gyuxnas (war II).

|

O npeoBpazoBams B JeBble HAEATH TpoekTopamu 11" (urar III). 3arem 9TH HaeaTs mpeob-

pasosaus (war V).

S
5B B
Y-V
CE -

=0.

.00
0 0

0¥,

0 ¥,

0

i
0
0
0

-1

0

0 00

100

0

0

(-)6'0,A' + (1) 79,8 + (-1)6%0,&° + B3, X [P

0
0

0
01
-1
00 0

1

Sanuinem ucxoaHLE YpaBHCHHA aHATHTHYCCKN!
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Mer nonyannu ypasserns JJupaxa B GopMe KOHEUHO MOPOXKISHAOTO G, -MOXYIS Haj KOMTb-
LOM H1eaI0B arebpr g, .

3.4. YPABHEHME LUPEOUHIEPA B ®OPME GAG-MOLOYNHA
2/3 © o © o o
£ © 0 © o © Z\.’é
© © Z/':‘ X © © O
o ¢ O] i& o ©
0% RS oY s 10% Yy v

Y o= = =22 -

Qx0T Ayt TRz T ar T T 3Ean anac

Hoxasano, umo ypasnenue Llpedunzepa Moxcem Guimb 3anucano 8 gop-
me GAG-modyan. Ez20 eonnoean (PYHKWUA © MEHIOPOM HANPSICEHHOCIU
B=0, 3a0aem sppoNKCOERHCE NONE, & YPUBHEHUE GHATOZUNHO CMpykmype
mexanuxu Hutomowa-Otaepa. Veasanst Hoesle eosmodcHocmu 0GoGuyenus
KBAHMOBON Meopul.

Vpasrenue llIpenunrepa M1 ckanspHoi BonHoBoR GyHkumu WB KoOpAHHATAX

x'=x, x'=y, x*=z, x'=ict
BHA

2 2 2

ik 4 + ¥ + a\ysz(ﬁ,t)—chiq—:

=) bx*f () 9x
IIO3BOJIACT BBECTH BEIIMYHHBI

% Y oY 2%

Tipu Bribope #* = diag(l,1,1,0), &' =10,0,0, - ch} nomyuwm
n*3 ¥, =Y, +V .

OnpezenuM BeMUUEY

Y,O¥, ¥, ¥
S k ) \Pz lI‘t Lyr \Ily
e T, = \Py \yl qu \1;1
LA S J
Myers B = n”Hp, sj;’, - GETHpPEXMHIAGKCHRI cumson Kponekepa. Bremem

E” = diag(l,1,1,1), ¥, = eexmop (1,1,1,1). OBosmaumm ¥ = E¥¥ . Torza

£ 7%e0, (B'ek‘il")zF,
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F=o"¥, +V,.

3aMeTHM, UTO
¥, =al\}k - ak‘l—‘ =0.

VIMEHHO Tax BEAET cefa AONMONHEHWE TEH30pa SMEKTPOMATHATHOrO IToNA Ipy KanubpoBou-
HOM TpeoGpasoBaHnk
4, =410, ¥=4 1.

TTosromy ypaenenue [lIpedunzepa MOXCHO DACCMAMPUEANTS KAK aRAA0E NUHEAPUIUPOSARHBLY
ypasuenuti Howomona 018 2paduenma CRAXApROU QYHKYUY, MPUSUATLHO CONOTHAIOWEl mer-
30p saekmpomazrumnozo nos. TakoH Moxxon NO3BOIACT HAfTH HOBBIC POCTKOBBIC TOUKH B
APYTHX KATHOpOBOWHEIX 1eopusx. IIpencTaBIAeT HECOMHEHHSIA MHTEpEC I[IOCTPOCHHE
"daykrynpyomei” ksanToBoit Mexauukn, CyTh ¢& COCTOMT B TOM, 4T0, KaK B TEOPHH ABH-
HCHMS KUIAKOCTH ZOTIONHMTEALHO K CPeNHyM JHATCHMAM BBOIATCA (IYKTYHPYIOMME BEIr-
SUHEL, B KBAHTOBOM (u3uxe MOryT GBITh BBe/GHbB! JOTIONHEHUSA K BONHOBBIM QYHKIMAM BULE

Qr=Fp- t[—11!:, gr gkl §F

Toraa onpenuenue GyzneT 3a1aBaTh HelIHHEHHEE YPABHEHHUA BUIa

e F7ed, (Be, ¥ p=F, F=2"F +

‘11

OHM MOIyT OKa3aThCH MOJICIHEIMK B 3371a9aX MOACIMPOBAHMA JuHAMIKY (DR3MICCKUX 3aps-
1IOB, TaK KaK 170 CoryacoBsBacTes ¢ & . AHanormumo quHaMuxe HplOTOHA BOZHHKAST BO3-
MOXHOCTD BBSICHHS HETPABHANBHEIX JOTOIHEHAN B KBAHTOBYIO TeopHIo. 1IycTh
RN «/; v,

ITpumem

i - ; AN ~ ~ P ~

et ¥ 1o (B £, 9 P=F, F=d", 47,
Hossie ons § GyayT mpOSBIATAECA B TEOPUM K B 3KCIepuMenTe. Menomsaysa ¢ ;= (1, L1 1),
a taxxe g% =diag{,L1,1), r* =diag(,1,1,1), nonyumm ypasuesne Ilpemusrepa ®
dopme

A ghdry, (a, + (-1 51>(§1’j aar

Bt klrs
+el Q. (aj +(-1)*7 8, )(61’; 7, ¥).
Yparuenue Jlannaca
aZ‘I—' Z‘IJ 8 v

— =0
9x ay 82

TAKKE UMEST 2HANATHICCKYIO Popmy GAG-Momyns
ehig¥ 97,9,(6% 7, W) 9 Q3,60 Q, v )= A,

klrs i
3T0 OUEBHAHO, TaK Kax

(1000) (% 0 0 0)7 100 (0¥ 0 0)
1oo0lJ0o ¥ 0 of[l1o00_|¥ 0 0 0

d -+ d, +
001090 0 ¥ 0[f000 10706 0 0 ¥
0001){0 0o 0o w {0010 (0 0o % 0
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Vpapreune [Ipenunrepa Brlpakaercs Taxxe B hopme G-MOAYNS HAX KOIBLOM JIEBRIX

HUICATO0B!

VpaBHEHHE 3a[MCAHO depe3 CHMMETPHYHSIC BOMHOBBIC QYHKIMM. AHATOTHYHO €r0 MOXHO

3aNKCaTh HA OCHOBE AHTHCHMMETPHYHBIX BOIHOBBIX QYHKIINH,

180

(=R R e P

oo o o
A

OO~ @

OO O -

—_ o O O

L= B e e

,=0%/3¢, ¥, =0¥/3¢" . Matpuansie BOIHOBEIE

oY% /oy, ¢

byHKIHT 06pa3yIOT KOMBIO IPABEIX HIICATIOB:

Jannacuas AOMyCKACT AHICPIPLTANHIO KaK CUCTCMa CKOMOCHCHPOBAHHBIX MATPUYHO3HAY-

Bmecs ¥, =9% fox, ¥,
HBIX cuMMeTpuit, Tak, momyqum
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0 0 0 -1 0 0 O‘Px)
oo 1o 0 0 -¥, 0|
AY ==
2/1l0 -1 0 of* 0 ¥ o0 0
1 06 0 L—\};o o 0]
00 -1 0 00 ¥ 0
+ooo-1a(0 0 0 ¥
100 0[”7-¥% 0 0 0
01 oto -¥ 0 0
0 100) [0 -%, 0 0 ’1000](\1’, 0 0 0
-100 0 /¥ 0 0 0[[0100 {0 ¥ 0 0
+ 0, ¢ + d ‘ +
000 -1[710 0 0 w[|loo1o0/0 0 ¥ O
001 0,0 0 -w O]LOOOIJLO 0 0 W
00 01 (0 0 0 ~-¥)Y(0 0 ~10 0 0w 0
SO 01 opo 0 % 000 1}9{0 0 o0 —‘{‘yl
0 -1 0070 ¥ 0 1oooy~\vyoooJ
-1 000, (% 0 0 0 ]l0o~-100 0 ¥, 0 0
0100 -¥ 0 ¢ 1000\(\?,000)‘1
=100 0 6 0 o jo1o00j0 ¥ 0 0f
00 0 1 0 0 -¥ ! |[001 0[O0 0 ¥ ©
¢ 0—10 { 0 ¥, o0 0001){0 0 0 ‘PJJ

B anamnTHueckoM BUIE
[1+18,(rw -1 +a"0, 0w, ) -[1+10,(1®, |+ 17 +5%3, (" ¥, )| = 28

CriezloBaTe/IbHO, ONHY H T€ K€ YPABHEHUS HMEIOT MHOTO (OPM, Kaxkad U3 KOTOPHIX TOKa3hl-
BAET pasHble MPAHN CHMMETPUIHKIX CBOMCTS SBICHUS.

Vpapuenns [lpeawsrepa Bripaxems: B GopMe  CYNEpHO3MNAM  CHCTEMBI
nHGUHATEIMMATBHEIX CHMMOTPHH, AHATOTHYHO MBI MOMXEM 3aIHCATH KPYTHE CHCTEMbL, B
4aCTHOCTH, ypaBHeHus Hrrotona, Makcaemrta, [upaxa. 1109ToMy MOXKHO CIHTETh, 91O 0605
usuuecras modens ecmy cucmema cummempui. K Hell eCTECTBEHHO HPWIOKUMEI METOAB! H
MpPREMET aHATH3A CAMMETPH, & TaKXKe CPENCTRA K AI20PUMMBL UX DACUUPEHUR U Yarybrents.
TlonsTHO, 4YTO HEOOXOAMMO MX COTNACOBAHME C KOHKPETHGIME YCAOBHAMH H

obcroarenscraMi. K (Qu3uyecKuM MomenaM NpUTONGH ¥ ofmmuil asamy3, pasBUTHIH s
HCCNEOBAHS CHMMETPHH.

3AKNOYEHUKE

1. Vpasnenus Helotona-Oiiiepa IMHAMUKH MIEANTbHON SKMIKOCTH NPEACTaBIEHH! B dopMe
GAG-vmonyrna aas rpymmst V(4). ORU COREPKAT JOCBETORYIO U CBEPXCBETOBYIC METPUKH.



162 naea 3

2. VpasHenns Maxcsenna B IBHXKYIIHXCH cperax 3amucansl B dopme GAG-mMomyns mns
rpynnsl V(4), xoMMyTaTUBHOH anreGpsl YaCTHBIX IPOM3BOJHEIX 0;, anreGphl aHTHKOMMYTH-
pyfomux uddepenrmancs dx’. Iloxasaso, ¥TO YPABHEHHS COHEPKAT TPH THIA METPHK:
Munkosckoro g% =diag(1,1,1,1), csepxceerosyro r* =diag(1,1,1,—1}) n Hsiotona
n% = diag (1, L1, 0). VxaszaHbl pasHbie MarpuyHbIC GOPMBEl YPaBHCHHHE IEKTPOJUMHAMUKH.
IIpoarann3npoBansl CBA3H MEXKTY TOLIMH ¥ HAYKIHMMA B Teopus Makceenna, cBOGOAROR OT
orpaHMueHnR Ha cxopocts, Jana "depmuonnan" dopma ypasrenuil anexrpoannamuku. Ilo-
Ka3aHO, KaK YPABHEHHMS /1A ICTEIPEXTOTEHHHAIOR MHAYIMPYIOT HeCBKNUJOBOCTE TpeXMep-
HOTO HPOCTPAHCTBAZ M NIOATBEPXKAAKT AONOIHHIECNBHOCTH rpynn [ammnes u JlopeHTtua B
INEKTPOTUHAMHUKE.

3. Vpapuenus Jupaxa npenciasienst B bopme GAG-monyns rpyunst Vr4). Tokasano, 4ro
9Ta TPyNHa AOHYCKaeT MHOXECTBO TEOPHMH B DAMKAX SHUHOM (GopManbHOM KOHCTPYKIHH,
VKazaH HOBBIH aIrOPHTM HeXOKISHUA Oasucos it Teopuit Tuna Jupaxa. Halizens! "nore-
peunsie” B "IPOONbHBIE" NHHAMUKY TaKUX MOJENeH,



I'JIABA 4

OHUINYECKOE ITPOCTPAHCTBO-BPEMS

"Umo makoe 6pema, HPOCMPAHCINSO, MeCIio 1 OgUdICeHIe, ! He OBICHAIO,
ubo amo useecmmo écem”.

Hyvromon H.

"Bpema u npocmpancmeo ~ 3mo PUL HAWE20 a He ye-
ROBUA HAULEZ0 CYUECmBOSaNUA". :

Siirumenin A.
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BBEQAEHWE

Bee (uswdeckue ABACHMA TUPHHSTO OMNCHIBATL B TPOCIPAHCTBE-BpeMeHW. ETo HadavhHas
MOJE/Ib B3ATa H3 OIbITA, OCHOBY KOTOPOTO 00pasyioT BU3YATbHKE OMIYIIEHHS MaKPOCKOIIH-
JECKOTO MUpa. PaccTOAHME H BpeMs, NPUBLIYHEIE i3 TIOBCEHEBHOIO JIMYHOCTHOIO N0BE/E-
Hu#, BOLUUIA B PAKTHKY U3 aHAIM3a MEXaHHJeckux asyxeHuil. [lo aTol npuduHe Msl uMeeM
neno ¢ “MexaHuyeckum” IPOCTPaHCTBOM U BpeMeHeM. B ero ofmHoCIH Malo K10 COMHEBA-
ercA, CUnTaeTes, YTO ONBIT, JOCTATOHHAIM JUIT TIOBCCAHEBHON NMPAaKTHKH, o0pasyer OCROBY
MOJENH UPOCTPAHCTBA-BPEVEHH /ISt MHKPO- M MakpoOOBEKTOB.

DHEeKTPOAHHAMUKE CO CBEPXCBETOBBLIMU CKOPOCTSAMH A2¢T HOBBU HMIYJbC K Pa3BH-
THIO MOJENeN MPOCTPAHCTBa M BPEeMEHHM. IT0 OOYCIOBICHO Bo MHOTOM arreGpamdeckoit
OOLIHOCTBIO, KOTOPYEO HOJYYiIa INEKTPONUHAMIKA, KaK B Bce 0a30Bpre QU3MICCKAE 34KOHEL,
BhIpaxenHble B GopMe GAG-monyns rpynnst V(4). Tpu Takoit oSumocTy mogxoaa x $uw-
9ECKUM SBICHMSIM ECTECTBCHHO BO3BHKACT MAES HCCNEJOBarh anredpaumdeckue "xopHu" n
CBOHCTBA IPOCTpaHCTBa-BpeMeHM, IIpexae Bcero, aHAIM3Y MOJUIEKHT CHCTEMA JOKANBHAIX
METPUK, KOTOpBie BBIABICHS! IpH 3anvcy ypasuenuit Maxcseima B dopme GAG-Mmogymn:
Hsiotona, Munkosckoro 1 EBximga. Bee oHE KOTOMOTOIMHECKE HEAYIHPYIOTCA XapaKTePH-
CYHMECKHMI TIOMHHOMAMH 1% MOHOMHAISHOTO 6asuca anreps: rpymms: V{4).

C ;pyro#t CTOPOHBI, U3 OIIBITHBIX JAHHWIX CIEIYeT, YTO MPOCTPAHCTRO M BpPEMSA JIO-
KaIBHO pacuieriensi, 06pa3ys QyHIaMEHTANBHYIO HapY, COCTOMIUYIO M3 IIPOCTPAHCTBA CO-
crosHu# SS u npoctpancTea cobbirnit SE . X METpUKY CaMOCTOATSABHBEL X AUHAMIYHEL, YTO
0o6yCIOBIEHO, B HACTHOCTH, BO3MMKHOCTBIO BBEACHHS B TEOPHMIO aKTHBHEIX KOTOMOJOTHIL
Tax, HyTsMEPHEE KOTOMONOTHY, COOTBETCTBYIOLINE ANMA MATpUIl (&) MX JIeTepMUHAHTAM
Det ({) o cnegaMm Sp (f), KaK MOK&3a] aHaJIM3, MMEIOT [EOMETPHYECKHH CMBICA M CIIOCOGHEL
YIPABTATH JUHAMUKOM BHEDIHEH MHCPINE 31EKTPOMATHUTHOTO [TOJH.

Ilo 3TMM mprYMHEaM €CTECTBEHHO HCCIENOBATE CIICKTP BONPOCOB, CBA3AHHBIX C KOTO-
MOJIOPMYECKHM MOCTIHPOBAHKEM NPOCTPAHCTBA M BpeMedH. Takas MoTpeOHOCTS BHITEKAaeT
M3 OYEBAHOM CBS3K PA3MEPHOCTH IIPOCTPAHCTBA M NOPSIAKA HOPMAJIBHEIX HOATPYIII IPYIIIIbE

samonmHeHms  Quaudeckol mogmems  V(4).,  HMcnmompays  muKmmueckyio  rpymmy
zZ,= [i, - 1,- 1],5 riase 6 HaMH I10/1yYEeHa rpymnna V(4). Ee nuBapuaHTHBIC [OATPYITIE] BH-
me y =la, b, ct e, f1), =1, 2, 3 conepar o Tpu aneMenta, TIOITOMY OHH €CTECTBEHHO

COCOUHAIOTCS B (PU3MIECKON MOACHH C TACTHBIMY IIPOU3BOIHBIMI E)i , =1, 2, 3. [Toatomy
dimM =ranky: =3.

MOXKHO CHHTAT, 4TO 3TO COBNAACHUE Ciydaiino u uto rpynma G =V (4) "npucnocobunacs”
K R?. Ho BoaMoxHa M ApyTas TOYKa 3peHHs, uro R* "mpossiser nopsiox” MHBAPHAHTHEIX
noarpynn ¥(4). Bropoit noaxos, no-BmmMoMy, Gonee dusuuen. Ho Torxa Koromororun

Xoxummsaa H" (g, A) o6aamst mpossuts cebs B cBONCTBAX MPOCTPAHCTBa-Bpemeny, Kpome
9TOrO, NPHHATHE MHOr000pa3ns MHHKOBCKOTO, Kak TpoctpancTse cobrrai SE, He MpoTUBO-
PEYHT MCIIONH30BaHKIO MBOroolpasus HproToHa, kKaK IPOCTPAHCTRE cOCTOSHUH SS.

B gaHHO# [IaBe COMSPKATCA OTBETH HA PAA BOUPOCOB, HHALMHPYSMbBIX MOLSIHPOBA-
HUEM TIPOCTPAHCTBA-BPEMEHH HA OCHOBE MCIIONL3OBAHMSA IPYIII KOTOMOJOIMM JUIS CHMMET-
puit Gu3rraeckoit Mmonenm,
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4.1. CUCTEMA PACCNOEHHbIX MHOIOOBPA3UMA

Onpedeiena u YICTUvHO NPOAHATNINDOBANA MOOENb 2NAH020 PACCAOEl-
HO20 CIPYKMYPHO OCHGUEHHO20 MHO20006PAIUAl KOK HOB020 (BUIUMECKO20
nPOCMPaKe 7 Ora coed 8 cefie CmOpoHbL U Hepinbl REAX0-
do8 Heromona u Slinumetina,

HasoBeM (pH3HIECKUM NpOCTPaHCTBOM U BPEMEHEM TAKYI0 MOZEND PEATbHOIO HPOCTPAHCTBA
W BPeMEHM, KAXHNN aeMeHT KOTOPOH JONycKaeT NPSAMYX0 WIH  KOCBEHHYIO
IKCIEPUMERTAIBHYIO Oposepxy. Muorootpasue P, cocraiesHoe #3 6a30BOr0 IPOCTPAHCTEA
(% U rpynnst G, - TDyNnsl 3amONHEHMS, & TAKKES U3 HPOCTPAHCIBA (129) u rpymsl G, -

IPYNNb! NPOSBICHASA, Ha30BeM (QM3MUECKH DACCIOCHHSIM, €CIHM YKAa3aHHBIE 3IT€MEHTHI
COBMECTHO ~ O0pasyly  HexkoTOPyH  KOHCIPYKIMIO,  COLACOBARHYIO  CHCTEMOR
JONOIHUTENLHRIX dIeMeHToR 7. QOPMy H CYIIHOCTR BCeX 31EMEHTOR OyIeM yCTaHABIMBATE
B COOTBETCIBHHM C IOTPeCHOCTAMH M IPAKIMKOK MOZAenupoBaHms (QHUIHUCCKUX OFDEKTOB H
spnennid. M300pasum mpocrpancrso P puc. 4.1.

/
B
f
&

)

Puc. 4.1. KoHCTpYkyps, cooTBeTcTBYIOMAS QH3NIECKOMY IPOCTPAHCTBY H BPEMEHH

3uecs  Oysmolt  (A)  0603MAYEHE!  BCOROIMOXKHEIC  COTNIACOBAHWSI  3/MCMEHTOB

P=(B,G 7,G,, B |t caz
e ”’(2)) CBAIH MEKITY {B) 1 G,, MeKIy (12?) i G, MEXIY mapaMu (5, GZ) 2!
((%, G, ), 2 TaKKe MX Chsiay ¢ 7,

ATinac paciimMpelus 3a1aIMM fapaMy nokphITHit, TIyers Ha {13) 3a/]aHBl OKPECTHOCTH

TOUKH X BHAA *V, bie M u noxanssee cuctemst kooprusar. [Ipeobpazosaniie KOOPAHHAT Ha
NEPeCEHCHUU OKPECTHOCTEH OnpefieNiuM Uepes NPEACTARIEHUS TPyl G,

) [ONERU 1)
gq(x:v,ﬁvj—er. @

Bseziem mpocTpascTBO {]7) = éi) , KOTOpOe Ha3oBeM coeM. IToxpoeM €ro CHCTEMOH OTKPBITEIX

OKpECTHOCTEH ¢ KoopAuaramu (£). Beestem romeoMopdusm

) 0 Y
D v xXF >y, }
l ¥ (1) )
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40!
¢ IpoeKITHeit Lzr BHAA
J
3] . @ ()
7, (x,&)=x, Vxev,, feF.

Onpenenum kapry

[OREN0)]
(3] :F—)/r"(x), Xev,

110 TIpaBHITy
[

W )
Cbi.x(f):d?l(x,f), xev, éeF.

Jns maper OxpecTHOCTEH ﬁ?) ¢ HHeKcaMH I, &€ N H Kaxiao# TOUKH X€ ¥, AV, HOIyIHM

roMeoMopdu3M

0] (ORI ()]
(brjx=q>1,x¢x,x:F‘—) .
{t o]

Yemosue
) oyt

®.,:=g,, ). ®
COTTACOBHIBACT KOOPAMHATHEIC npecbpazoBanus B Gaze {13) ¢ npeoOpasOBaHmAMI CIIOS {;") B

COOTBETCTBHA € TPYIIION 8 . Torna

ecTh paccioenue Cruaposa [123-124], CHo oxH03HawHO ONpeReneHo mpeodpasopanmsima (4)
u (f), a raxKe crnoeM 5; , Ha KOTOPOM Ipyn™:a 8 JeficTBYeT HEIPePHIBHO U S(dherTHBHO.

Ecau coit {7) o0pasoBaH rpymmoi 8’, pacCMaTpHUBaEMOl KaK TOMOJOTHYECKOe Ipo-
X t3
CTP3HCTBO, PACCIOCHUE {:‘) Ha3BIBAETCA [VIABHEIM paccroeHHeM. H3ReCTHO, 310 oHO SBISCTCA
t

¢byHIaMeHTATBHBEIM OBREXKTOM B Kiacce BCeX paccoeHnil ¢ gammol §asoll B u panHoi G-

CTPYKTYpOH.
AHaNOTHUHLIE PagCy KACHAS MOXHEO IPOBECTH IUIL PACCIOCHUS

3
VB, F v
L (2)}

F=¢B,G=G
el (@ @

B ofurem cnytae B03MOXKHO PACCMOTPEHHE CHCTEMBI PacClIOeHuH
H{f} =1,2, ...k

3max (%) cooTBETCTBYET BRIGOPY JIOGHIX BOIMOXHOCTEH OOTLEIHHEHYT U TEPECEHEHES PAC-
cioeHui. Prc. 4.1 cooTseTcTBYeET CiyHaw, KOTQa HCHOIL3YCTCH Napa IIaBHBIX PACCTOCHHBIX
MHOroolpasuit: é:"), (12:‘) , COIVIaCOBAHHBIX CHCTEMOM demeHToB T
Tpusuanvhoe paccroerue COOTBEICTBYE T CIyHal0, KOTAa
E=BxF.
Toraa mpoexuna 7 : E ~ B ssisercd npoexiuell Ha meppeid coMHEOXUTES. B 3TOM Crydae
aTnac (CHCTeMa KapT) COCTOMT M3 ONHOM kapTi u, = B. Mmeercd Tomeko opma GyHwims

cxeiixkn & =id.
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Jlokaneno mpusuanvrvie paccioenua W30MOPQPHBI TOTAA, KOTHA GYHKIHH CKRICHKM
¢, m &'; cornacoBamsl ¢ FOMEOMOpPHHIMAMY CIIOEB

h:V xF - VxF
TaK, 4TO
-1t
@, =h'D, k.

Bexmopuvie paccroenus, o ONPEICICHAIO, 3T0 TOKATEHO TPUBHANBHBIC PACCIOCHHUA
€O CTPYKTYpHOH rpymriol G, y KOTOPBIX pONb CIOS BBITIONHACT KOHETHOMEPHOE BEKTOPHOE
TIPOCTPAHCTRO, PA3MEPHOCTh KOTOporo, Hampumep, dim R” = » 38/1a€T pa3MepPHOCTh BEKTOP-
HOTO paccioeHud £ ¢ Jlma ceueHnit

s,8,:B— E ¢
BBITIOIHEHE] YCIIOBAS
(5,4 5,)06)=5,(2) 5,(x), %< B,

(ﬂsl)(x)=/i(sl(x)), A€R, x€B.

Onn 332107 Ba npoctpancree (¢ ) scex ceuennuit cTPpyKTypy BEKTOPHOTO IPOCTPAHCTEA.

MHOXECTBO BCEX BEKTOPOB, KACATENBHEIX kK MHOr00Gpasmio B, ofoamauny T'x . Oxo
cHabXKaeTcs eCTeCTBEHHOM TOMONOrKel. B Heil JIf KACATENBHOTO BEKTOpa £, B TOUKE X, OK-
PECTHOCTEIO V ABIeTCH MHOXSCTBO TaKMX Kacare/IbHBIX BEKTOPOB 7B TOUKAX X, A1 KOTO-
PEIX

n
plex,)=Y ot -&,F<e
k=1
171 HEKOTOporo uucna £ > 0 uxapter V€ x,.

Tycts 7' :T°B— B ects 0106pakeHHE, COMOCTABNAIIIEE KACATEHBHOMY BEKTOPY
£ Touxy x, B koTopoit BexTop & Kacaercs wHOT0aGpasus B. OHO HENPEPRIBHO K 33/1aET BEK-
TOpHOE paccioenne ¢ Gasoft B, ofmm npoctpaHcTBoM T X B cIOeM, B30MOpHHEIM MHHeH-
HOMY [IpocTpaHcTBy R”.

3ameTum, 910 15 pH3ATecKod Mozenr TpebyeTes 3aaTh HECKOMBKO BEKTOPHEIX pac-

cnioeHuit. Bo-nepesix, HyKHO OXBATHIE U IPOABUTE CMEUeHUs TOUEZHOTO COOBITHA, KOTOPOE
3apaercs Zuddepenunanamn KoopaMHaT MEOrooGpasus, acconuuposasHoro ¢ B. Homyanm

Jia”‘x},{:l)mnET'EJ', Bl ¥3B.

3uax E COOTBETCTBYET CIIOBaM "MHOKECTBE, aCCONAUpOBaHuKIc ¢ B", 3nak ¥ coormerct-
BYeT CNOBAM, MOACHSIOIMM Co(ucTaTteocTh. JIpH paccMOTpPeHHH 3a7ad, OTHOCSIMACT X
ABIKCHIIO DNCKTPOMATHATHOLO TONA B CPeAC, ABMKYMIEHCS CO CKOPOCTBIO ), OT HCTO%-

1
HEKA 31y 9CHHS, IBIKYIIETOCH OO CKOPOCTBIO (4, Mbl ODS3aHE BBOCTH IPOCTPAHCTBO By )
u B, Toraa

7 1
T _ B @3/ =1y,
By dxly fds=ul

(5 @ X/ B S =gy

The ds — HeKOTOPEIH MHBAPHMANTHBIA MHTEPBAJ, OXBATHBAOIMH M NPOIBIMIOMUHA KOHKPET~
HYIO CHTYALHIO. Benuaunst u("m\ u u("ﬁv ) (M3MEECKH He3aBUCHMBI, OTHAKO OHH COIIACOBAHHO
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BIAAOT Ha HOBSJCHI/[S SJICI(I‘pOMaI' HUTHOTO IIOJS. MBI YaCTHYHO 3a7aeM JTYy COINlacOBaH-
HOCTS, NTOJIAras, uro u 5 u u TOMOTOIHYECKA 3KBUBAIICHTHEL, BRIDAXCHHEM

={- w)zﬁfs = wﬁ‘m

316Ch W ~ II0KA3aTE b OTHOLICHUS DICKTPOMArHHTHOTO 10/ K (usuueckoii cpene. Camo mo-
JIe UMeeT "cMeniguug"

KOTOPHIE 3371210T ero (a30BYIO H IPYIIIOBYIO CKOPOCTE.
TockonpKy xaxanIH K3 yKa3aHHEIX JIEMEHTOB HyXKeH B MOJEIH, A1 HX COBOKYIHO-
CTH MOXHQ BBECTH CHCTEMY IIPOCTPAHCTR

TB=HT B, =12k k.
it

MoxHo moctynuTs unade. B ¢pusuke o6prago nenoabiyercs 3ToT BapuanT. CUHTaeTCH, YTO
BETHINHBI

Lk kK 13 }
vf,vg,u(m),uwh

3a/1aHEl B OQHOM MHorooGpasuu B i B 0JHOM BEXTOPHOM IPOCTPAHCTBE T"B. Vxazanmeri
TIOAXOJ] YIPOIIAeT aHaNu3, HO Hy KHO AeficTBOBATS OCTOPOXKHO, TAK KAK CUCMeMd 8eKMOPHBIX
Paccnoenusi CYImecTBEHHO CITOXHEE OXHOTO BEKTOPHOTO DACCIOSHHSA. Bo-8mopblx, HYXKHET
KOBEKTOPHEBIE pacciuoekns. OHY OXBATHIBAIOT U [IPOABINOT FA(epeHIHaTbHBE H3MEHEHNUS,
KOTOPBIM ITOUMHEHS! (pu3paeckue 3axousl. Mx Gasuc o6pa3yloT 4acTHRIE TPOM3BOJHEIE

9fdx*}, k=120 n e T. B B ¥B.

Oto6paxkerue 7, : T,B — B cONOCTaBIAET KOKACATENLHOMY BeKTOpY &, TOUKY X, B KOTopo
OH NpUcoeanHER K MEOr00Opasuo B. Crol kosexTopHoro paccnoerns T,B usomopden m-

HeHHOMY IpOCTpanCTBy. ME! BUpaBe HCNONB30BaTh B GHIMISCKON MOAEIM CHCTEMY Mpo-
crpascTs T, g, COIVIacOBAB MX APYI ¢ APYTOM. B-mpembux, HyAIbl (H3HICCKHS BEIPUMHEL
)

$, KOTOPHIE AOMYCKAIOT BO3MOKHOCTS W3MEPEHMS, OXBATHIBAIOT ¥ IIPOARIAIOT JAHHEIE OTIHITA,
BXOJAT B ypaBHeHUs dusnyeckodl Mogemy. OOBMHO TaKMX BEJHYMH HECKONEXO. basuc npo-
CTPAHCTBA AN Belnuui P 3aJaH TEH3OPHSIM Ipom3BesieHseM Da3iCcoB BEKTOPHOIO M KOBEK-
TOPHOTO MPOCTPaHCTB. MBI HOTydaeM A/ MOJENH CHCTEMY BEIHUHHE: CKAIAPOB ¢ BEKTOPOR
/¥ , KOBEKTOPOB V, , TEH30POB RTOpOro parra ¢ ¥, @ "s ¢, OHH OTIHIAI0TCS APYT OT ApyTa
3aKOHAMH NpeoSpa3zoBaHus NP M3MEHEHUH CHCTEMBI KOOPAVHAT. B-yemeepmplx, HYKHO BHI-
MONHATE CODNACOBANNUE NEMEHTOB, HCIIONb3yeMsIx B (usuueckol moxenn. Hanmpumep, Bos-
MOXKHO PacUIMPEHne 4acTHEIX IIPOU3BONHBIX A0 KOBAapranTHeIX [125], momywas

a, = V, =al-1 Az’

TIae Ai - CBA3HOCTH, COROKYITHOCTE BEJTMYHMH, MOCPEACTBOM KOTOPHIX COTIACYCTCE M3MCHCHHUC

(GU3MYECKNX BETMIHMH B OKPECTHOCTAX pasublX Touek 6a3pl B, Haszosem mpoCTpaHCTBO, BENK-
YKHBI KOTOPOI'O PEaNHiyioT COITACOBAHKE, COMACYIOWHM LpocTpancTaoM. Obosnaunm ero
Gyxsoif S. CoeuemM OTMCIEHHBIE BBHINIE IEMEHTHL B prc. 4.2, dopMupys YTOUHEHHYIO

KOHCTPYKIHIO (PU3NIECKH PACCIOCHHOI0 MHOI006pasRA (3 G,.7.G, B]@( )T (£)®,5)
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Puc. 4.2, VrounerHas KOHCTPYKUUS HUIUEECKH PACCIOCHHOTO MHEOI000pasus

Dusuveckas MOAETb UCIOIR3YET, TAK MIIM HHA4e, BCE yKa3aHubie d1eMeHTsL Korkpernsunpy-
eM puc. 4.2 B COOTBETCTBMM ¢ HalICHHON panee €IMHOH CHMHOPHOH (hopMoi (GyHrameH-
TAIBHBIX YPaBHEHMH QU3nKH, IpeacTaBieHnol B riase 3. Menonpsyem st 9TOTO ypaBHEHHUS
SIEXTPOJUHAMUKH 0¢3 OTpanmyeHns cKopocTy. HaM OHagoGuIKCh TaKye 3eMEHTh

a) npocmpancmsgo cocmosiui M o = {?, =R*XT', COOTBETCTRYIOIEE NPaKMuKe PuauIeckux

UsMepeHui ¥ ONBITY MAKPOCKOIWYECKHX HabmogeHui;

0) epynna sanonnenus $nsnueckux spnennit G, =S L {4, R), ec anrebpa T'SL(4, R), dynx-
oMM OT ONeMeHTOB 4 airelpw, Hampumep, Y = det’:ﬂl -4), rie 4TS L(4,R),
Ye T,SL(4,R);

B) KGCAMETbHBIE 1 KOKACAMENbHbIE TIPOCTPAHCTRE, ACCOLUMUPOBAHKEIE ¢ M  , TTOCPEICTBOM

KOTOpIX 337206l Auddepentmams: dx’ e T {‘9) H YaCTHbIE IPOH3ROIHEIE 8/ e, é?) ;
a*) npocmpancmeo coGoimuli M g = (]23‘) =M,, tae M, - npocTpaHcTBC MHBKOBCKOTO, KOTO-

POE COOTBETCTBYET APOKMUKe USMEHEHUl, IPACYIINX ABICHUAM K OUBITY QL1 IPAMBIX WA
KOCBEHHBIX MAKPOCKOIIMISCKIX HabIIOnCHNH;

o N
6*)} epynna npossnenus dusnaeckux senepult G, = UQ), ee anrebpa Pe T'U(1), dynximu

ot sremenToB anrebpur, manpavep, X =det[Al]~P, X e TU(1), rae U(l) - ynurapsas

rpynma;
B*) Kacamensiivle u KOKacamenvlvie IPOCTPAHCTBA, ACCONHUPOBAHHEIE ¢ M ¢, TOCPEACTBOM
KOTOpEIX 3aausl gudbepenymans dx* e T* (% H Y4ACTHBIE IPOH3BOTHBIE E)/ e T, (123) ;
2
3a/aHE TAKAKE BSNHIMHEL, XAPAKTOPUIYIOUIME JIEKTPOMATHUTHRIC [IOJLA [IOCPEICTBOM
oo
temsopa F, =F (E s B) M WHIYKIMH, BBIPAKEHHBIE TEH30PHOH  INIOTHOCTBIO

~ o~ r 13
H*=H* (H ,D) Beca (+1), a TaroKe TEH30pHas IUIOTHOCTE Becd (+1) A 4YeTHIPEXTOKOB
§*=pU*. Torma

nonon

@:(E,B,H D, F

mn?

a*, p,ut 5 n ).
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Henons3oBayst BEIIMYVHEL, COCIRHAIONING 3IEMEHTHI B €AMHYK0 KOHCTPYKUUIO: &€, U -
OVOJICKTPHYCCKAS H MardWTHaf NPOHHUZEMOCTH, n = 1/V€/ll - MOKa3aTeIb IMpSNIOMIICHNM,

w=1-exp - F, _p_) - moxasarens oTHOWeHH, TeH3op QF =@ + BUM", wersipex-
Ao )
MeTpUKH #¥, n”(+), n' ( ) g", rensop Kponexepa &f, ... Toraa

. o i v
S.(E,,U,W,Q arysnjig"elxcjlrvh )

Caenaem HEeCKOIBKO 3aMeIantii,
¢  BenuuuHn 3agadbl Haj 1MOJIeM KOMIDIEKCHEIX 4ucen C THna (a4 i b), OHH CO-

CANHCHEI IIOCPEICTBOM TCHEBBIX KOMIIICKCHBIX YHCEIT TE
A+iBV(a, +ib )+ Tla, - ib,),

9TO NO3BOJHIO (I1aBa 3) HPOBECTH COIIACOBAHHBIN QHANM3 KAHEMATHIECKOTO U HUHAMHAYE-
CKOT'O M3MEHEHUHA MOJIeH.
®  TlpocrpaHcTBO {B H Ipymia (G) COTJIACOBAHbI MEXKIY COOOH.
1j 1

*  JIpocTtpaHCTBO g, KaK ¥ JPYr#e BJIeMEHTHI B KOHCTPYKUHH PACCIOEHROIO MHO-
1)

roo6pasusd, JOMyCKaeT He TOIBKO BHEIIHIO (OUt-) KOOPUHATH3AIAI, HATPHMED, TTOCPEACT-
BOM KOOPIMHAT X', HO M BHYTPEHHIOW (In-) KOODAMHATHAAUMIO, HANPUMED, HOCPEICTROM
KOOpAMHAT y“, ITO YUATHIBAST BHYTPEHHME CTenenn cBoBomel. I1o3TOMy 3ieMeHTH mpo-
CTPAHCTBa COCTOSHME M, , (pOpPMUPYIONIME OCIOB (QHINIECKOH MONOIH, HHAYIAPYIOT MET-
puxe g, (x”, ¥*), cmsssocTn r, (x" , y"), BeMTAEbl  F (x", y“), IIPOM3BOIHEIE
- k o a

v, =03/dx +I"ka/3y h

e IIpoCrpancrso 5, KaK ¥ IPYTHe IeMEHThl B KOHCTPYKUMY PaCcCIOeHHOr0 MHO-

roo6pa3mr, JAOIMYCKAET MHOIOYPOBHECBOCTE TOUCK, Tak, ecy To'IKa 3a1aHa KOOpAHEaTaMu

N
& +a % pra X1l
('6;) (1)(/.6 -1} (OIL?! (1)(1)((2; g)(l) J

Ml paoTaeM B MOJENH C IATHYPOBHEBbiM pacmiertenueM. COOTBETCTBEHHO TpebyroTed u3-
MEHEHUS YACTHRIX MPOU3BONHBIX, MH(DGEPEHITHAIOR KOOPANHAT, BEIMIHH, & TAKKE CHCTEMBL
ux coemusennit. Coenuuas yKasaHHEIE 9TeMEHTH! BoeauHo (puc. 4.3). Ouu obpasyior cTpon-
TENBHEIA MaTepHat A1 HH3HIecKOd MOTenH.
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Puc. 4.3. PacciioeHroe MEOTrooOpazue, ciielyIones U3 ONETa KOHCTPYHPOBAHHS
9NEKTPOMarHATHBIX KBIEHHH

4.2, CUCTEMA NOKATIbHbIX METPUK COBbITUNA

Tipoananusuposana npupoda NOKATsHLIX Mempur cobwmuid Eexauda,
Hb;omoya, Munxosecxozo. Pacc.uumpeua MOOETE UX KOZOMOLOSUYECKUX
Oedpopmayuil

B rmnaBe 3 moxasaHo, 4TO OCHOBHbIE YpaBHEHUS GHM3MKH MOTYT OBITh 3aIUCaHbl B SAHHOH
topme. OHa COTEPIKAT TPU METPUKM COCEITHIL

v o (r oy w
A L ).

BosgnkaeT BOTpOC: ITO ABILETCS CPEACTBOM VIS MX TMOpOXmeHms? IIokaxeM, 9TO BCE yKa-
32HHbIC METPHKH MOXHO PaccMaTpHBaTh KaK KOHCTPYKIHH, 00pa3oBaHHBIC COCHHHERHEM
uaMTECKY PAATUTHLIX 3MEMEHTOB IPOCTPAaHCTBA COCTOSHEH B diopMe R’ (TpexmepHoro
mpoctpancTBa) # I (OAHOMEPHOTO BpeMen) IOCPEICTBOM KPHTHICCKHX H SKCTPEMATLHEIX
TOUYCK A, XAPAKTCPHCTRUECKHX IONHHOMOB

Y = det |AT— 4

anreOpEl, COOTBETCTRYIOIEH rpyTime 3anoaHeHus G, = V{4)=SL(4,R).
Baeaem penuauny
. =diag(,1,1,4,-1)
il
R3 Tl
Ona $HopManbHO COSAMHSIET Rur gepes ZOMOTHEHHE R? YETREPTON KOMIIOHEHTON A 1

.
ITycte A, COOTBETCTBYET 3KCTpeMyMaM Y . MBI IOydHM, B HACTHOCTH,

v, =(a2=1f, v, =(221).
Orcroma
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2 2
Y,
dY; <0, d 4 >0
dA*|, ., di*|

Kpuraueckue T09KH AMEET NOIMHOM ¥, :

A=-1,4,=1.
C()e,ZII/IHeHI/Ie UX ¢ TOYKAMH 3KCTPEMYyMOB, KOTOPEIC B JAHHOM Cly4da¢ COBIANAXOT MO 3HA9Ye-
HUAM
A=A =0,
2
HO PasHYHE 0 BEIHYNHAM

’ , JaeT BCIO CHCTEMY BEJIMIKH, TOPOKIAIOMIUX KAHOHH-
=0
HeCcKHe JOKAIbHAIC METPUKK COOBITHIA. MBI 110MydHM

vl = diag (1, 1,1,-1), n’ =diag(,1,1,£0), g =diag(i,1,1,1).

SHaxw (1) mepes HyJleM CBHAETEILCTBYIOT O TOM, 9T0 B QU3HKe HCIIONE3YIOTCA /Ba THIIA IIpo-
crpancTs HeroTona:

L eyl
H(a):n (4.):d1ag(],l,l,+0), dﬂ,z >0;
A=0
d*y
n(b):nv(—)=diag(1,1,1,~0),M’z <a.
=0

Tleproe COOTBETCTBYET KOrOMONOTHMMECKM ycToHuuBolt Merprxe HbroToHa, BTOpoe — KOTo-
Mosorndecku Heycronyneoi. [{a) ymoduo mcrnons3oBaTs AT OXBaroB M MPOSBACHHE yc-
MOuabIX COCHOoAHUY 06vexmoé u arenuli. 11(b) yno6HO HCTIONB30BATS IJIA OXBATOB H IIPO-
ABNICHRH COOBITHI, KOTOPHIE CIIOCOGHBI H3MEHHTRCS H3-3a NOBEXSHus A, (nampumep, ot

A=-1m0 4,=1 aepes 1 =0 unu B 06parHom mo AL Bapuante). UTOGH OIHCHIBATS 3TH
u3meHenus, yroOuo BBecty QyHKuu0

IT = ardet|X7 — 4|+ 5, | XT - 4.
B PacCMATPHBACMOM CHY1aC Mbi TONYIUM TTOTHHOM
O=ax"+bx* +ex+d,.

Hazogenm ero MOTeHOHANRHONR QyHKIUEN NeopMaiiy METPHK COORITHH, aCCOMMPORANHBIX
¢ aBneryeM. Ipeobpasys 1, moxy4nM mOTeHIMATBEY0 QYRKIHIO KatacTpods! cOopru [122]:

Vix, a, b):—l—x4 Lo gy
4 2

MHoroo6pazue KaTacTpobhst cOOpKY HMeET BH:

M, =4(x, a,b)| 5’ +ax+b=0}.
3211!31’[0 TAKKE 0C060€ MHOXKECTBO

A=i(x,a,b)E M, |3x° +a=0}

U OUDYPKaNUOHHOE MHOKECTBO
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D=1{(x, a,b)|4a® =276}
Touka cbopxu
{a,b), |6a =0}

Tpwx sl BEIpoXkena. Cenaparpyca IPOCTPaHCTBa YIPABISHHA COCTOMT U3 Touku cbopxu {0}
U G yPKALMOHHOr0 MHOXECTBE B DOpMe IHMHHY CKIATO0K, OHCHBACMOR YPaBHEHHCM

3 2
(5\ + (é\ =0.
3, 12,
Ora nonvkybuueckas napaborna (eIHT IPOCTPAHCTBO YHPABICHAA HA TpH 067acTH:

®  obmacts, KOTOpas HaXOAWICK 38 MHHUCH CKIAJOK, TAKOBA, YTO €€ TOUKH UMEKT
€/IUHCTBEHHEIN JIOKATbHBIH MHHIMYM;

¢ ofbnacTb BHYTPH JIMHHM CKJINOK MMECT TOYKH ¢ ABYMS JOKAILHBIMH MHHHMY-~
MaMM H ONHUM MaKCUMYMOM;

¢ o0nacTs, HApaMETPUIOBAHHE TOUYKAMY OHYPKAIAOHHOIO MHOXECTBA ¢ OJHUM
TOKATBHBIM BRIPOMCICHHAIM MUHMMYMOM M OHUM JOKAIBHBIM MaKCAMyMOM.
Karactpoda cBopxu coorsercrsyer puc. 4.4, XapaKTepuCTHUSCKHE HOTHHOMEI, COOTBETCT-
BYIOIIUE PA3HEIM 3HAUCHWUAM ITapaMeTpoB (a, b) Jarorcs puc. 4.5.

X

Puc. 4.4. Karactpoda cbopxa

IIpenioxeHHRNE aIrOpUTM MO3BOJACT "YBUICTH" MEX4HUIMEL M3MEHEHIHA METPUK COOBITHI
¥or » BOTIYCKAGMEIe TPymIoi G, = SL(4,R). Ha oci b=0 ms1 MoNyaaem napy metpnk HroTo-
Ha, OJIHA U3 KOTOPHIX yCTORYMBA, 8 BTOpas — HEyCTOMYMBA K W3MeHeHMIO mapaMerpa b. [Tpn
5>0 metpura HeioToHa coorsercTayeT A # 0> 0, npr b<0 moayaum A #0<0.

IMpu b>0 MuBHMYM, COOTBeTCTBYIOMUA g¥, Somslie, 96M MUHIMYM, COOTBETCIBYIO-
w77, npu b<0 cutyarms ofparras. [1o ITOM MpUUKHE GUIMIECKHE ABICHHS NO-PA3HOMY
3aBHCHT OT JOCBETOBOIO H CBEPXCBETOBOTO CEKTOPOB Teopud. C Qu3HUecKol TOYKH 3peHus
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9TO IPOMCXOIMT ITOTOMY, UTO MBI HCHOIb3yeM pasusie coctosnua PUTOB. a moromy pas-
NATHO TIOBSSHIE MO,

Prc. 4 5. XapakrepucTidecKkue IONHHOME! JIf Pa3HBIX 3Ha4CHw (4, b)

3aMeTM, YTO XapaKTePUCTHHSCKNE NONMWHOMB! HE MEHAIOTCS NpK npeolpa3oBanuax
9KBHBAICHTHOCTH /I TeHepaTopos cummerpud 4, mo any A, =0 4,07 . Ho cmuuerpay,

KOTOPBIM NOZYHHEHS! PEIICHMS yparHeHHH, 3aBucsT oT (). TI03TOMY BO3IMOXHA CHTYalud,
KOraa "Belep cHMMETPUi" CpHIBaeT [UIONLL, HO "HE J0oMaeT" JIepeBhes: PEeHN IONYYaloTes

pasHble, 38BUCHMHIE OT TOKA3ATENS OTHOLTeHHs w, a metpukr r’, n’(£0), g¥, xoropsie
BXO/AT B yPasHEHHUA, OCTAIOTCS HEU3MEHHAIME, XOTH GBI 9aCTHYHO

43. PUINYECKUE OBBLEKTL! C BHYTPEHHUM OBWXEHUEM

Yrazan obwult anzopumm yuema X U gHymp X Oguceruti ofn-
exmog IIt 0, KQK aK 1t noxa OMHOWLEHYUA B600UM ) CEUEH-
w0 cessHocmy 8 ypagrenun Maxceenra Jlano Hoeoe onpedenenue CyuwHo-
emu u popmet ar06oz0 onvima

Ompir ybexpaeT B TOM, 910 M10Ghle BEIMTHHbL H HX H3MEHCHHS HMEKT BHEIUHHE H BHYTpeH-
HHE OXBATHl ¥ TposIenus, OTHECEM HX COOTBETCTBERHO K koopmunatam x* u »”. Torma,
HanpHMEp, CKallsp W eCTh QYHKIMA W = w(xk, y“). Io oTol npHanHe A3MEHEHHE W JOILKHO
OBITh YUTEHO TIOCPEICTBOM YACTHRIX HPOU3BOIHBIX

3, =dfax*, 9, =3/y”
WM HEKOTOPHIX BX ofobmenuli.
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Yrofer usMenerna GBUIM COITACOBAHBL APYT C APYIOM, IPOIIE BCEro, HOKAIYH, He-
TIONIB30BATS POPMATHIV APpeobpasoBant CHCTEM KoOPAURAT IlycTs

¥ =x (x",y"), yP=y# (x"‘,y"").

Torna onpexemneHs! BEIUYHHE
X = ' fw, = axt oy
Y= oy« [oax™, vy =ay” [ay"™?

Tony4nM, COOTBETCTBEHHO, YTO

w %, %)= wlx (0%, 3 %), » (0%, %),
BeeaeM AOTOIHUTENBHBIE BEIHYMHEE

NiGy) N 3), N (x), Nj(x,p)

VYurem, 9T0 BO3MOKHE! OIEPATOPH!

A =9 +N/9,+Nf9,, A, =0, +N,9, +Nfaﬁ,

- ” o = » £
A, =0, +NJ0 +NT0,,, A, =0,+N3, +Nd,.
Varem, 910

0. xkoye e,
a) L ¥E J@ZJ

PacemoTpam

7*

A ={0, + NI + N7, Jw=[(xa, + Y70, )+ N (1.3, - 75, )+ NS (52,3, + 20, Jlw
Tax KaK, o oupeaeneHio, w* = w, [lotpeGyeM BLINOTHEHNA yCIOBH TR

K . ok 7 1
Awr=xh, + N3, + NI, .
Torzaa naxonum, 910
* A a* _ Wkarn o Jry o *va @

NI AN =3 ND YO+ NUYD+ NTY S =2 N]
HeﬁCTByﬂ AHATOTAHHO JAee, MBI IIOTYIHM BCIO COBOKYITHOCTE BETTHTHH, IPHCOSAHHEHHRIX K
SIBIICHHIO, €CITH OHO OTIMCHIBAETCA HA OCHOBE MOJICTH BHEIUHHX W BHYTPEHHUX IPOSBICHKHA W
oxsaros [126]. YKa3aHHbIC BEIMMYMHEL CTAHAAPTHREIM CIOCOGOM HCTONB3YIOTCS U HAXOK-
Henus BCCH cucTeMBl TCH3OPOR KPWBWIHEL ¥ KPYHEHUS, MPHCOSANHEHHEIX K ABIenmo. Vx
CBS3U C KOHKPETHBIMY (PM3HYECKHMM BETUIMHAMH CIEAYET HAXOIHTH, PACCMATPUBAS BApH-
QHTHI PEANbHEIX CHTYAIHA,

4.3.1. OboGwennan snekmpodunamuxa Makceenna

Pacemotprm ypasrenns Makcrera

h 113
rotE =——=-~, divB=0,
¢
h " - B
rotH=la—D+lp1,/t, dvD=p
c ot ¢
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]
]

C 06061116HHHMH CBA3SIMH Mcmy HOIIMH 1 HHAYKOHAAMA
B N g g
D+w[£.l{[=€ [l,
c _] C
B
D

oot/
B+WI:E,—-]=/J(H {
(& 4

4 i

E+ B ),
/
h n
+ - )’
J
w=(1- w):'ffs A Wl,l‘m,

w=l—exp](—P0 p

+ |

)

Ilpu w=const >TH ypasHeHHs (OPMAHBAPHAHTHEL OTHOCHTENbHO Ipeobpasopanuil Hirna-
ToBckoro-®Ppanka-Porta [21].
di—dx——
, dy'=dy, di'=dz, dt'= ew.
v % i i ¥ \‘/;
( 1- WTJ [1 W
L <)

M3 ypapHeHn# ciieyeT BEIPAKEHNS JJI% IPYIIIOBOH CKOPOCTH

B c;t' w) h /i
v, =;;+(l—;‘2‘/|[(1_w)uﬁ +wi, ]

= dx - vdt

B wactroCTH, 1pH w=0 moTy4aeM 3aBACHMOCTS CKOPOCTH CBETA B BAKYyM€ OT CKOPOCTH ABH-
MEHVA NCTOUHUKA WANYICHUR

_fi{m M e (Tl _ﬁ}

\/—V; c > J 1/‘1;'\ L ¢ a\/; »
- n

5, R ! i

’\/; ! El c ‘V/"Zj‘k ‘\/I;'S c bl

i =({1- w)&'/,s - Wik, w:l—exp{»l’opi}

PaCCMOTPPIM, Kaxue JOIOJIHUTEIBHBIC BBIpKEHHA MMONyIaT YPAaBHCHHA MaKCBeJ’UIa, i
TIPHHATE YKA3aHHEIC COOTHOIICHUS JJ1f CIy4das w # const . HO.le I1M
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(2}
Q)
2
[\*]
Qo
S
2
T
=y

noq . 5 B
rofH:lp\;?A_.__‘/w_@_(,_D ) 1.@.1_)_ 1 h.__l. __B]JJW’
c ¢ atk\/;) codt ¢ 2 dt

1 Bk
=*(divD——2-Dgradlnw).

T1oOBI OLEHUTE, Y10 TIOJIYYEHO, BBEIEM CHMMETPHIHEIH TEH30p

g, =diagL,LLw").
Torpa

g= detugy” =i. g' = éai;j =diag(i, 1,1, w).

Cormacuo Cxoytery [19], nosyanm CBEPHYTYIO CBI3HOCTE
! !
¥ ==0 Ing=~=3 Inw.
nk 2 " ng 2 n

Benem QyHKIMIO

s Il 0’ i’j¢07
U(”J):{l Vi, ;=0

Homy4nM ypaBHeHHA

[a* +ofi k)é;'(—%)an 1nw1f7* =5k,

/
1
(8‘ +ol, k)@"[‘i\an tnw |7 =0,
\ 2 ) /
DaxTHICCKH HAMH HCIIONE30B3HO "yceaeHnoe" yANMHHEHNE (IPON3BOAHEIX:
@ +B)A* =3*, [0+ B )F* =0,
rae

B =c(i,k)oT).

1

4.3.2. Cywnocms u ghopmet onuima

YeroBEKY CBOMCTBEHHO OBEICHME, ACCOLUUPOBAHHOE C €F0 BOCTIMTAHUEM M 00yueHneM, KO-
TOpble QOPMUPYIOT HOHNTHS [ YIPABICHHUA CBOSH X13Hbp10. HauGonee 00mue IOHATHS Ta-
KOBBI! MECTO, BPEMS, OBHIKEHHS, OTHOIICHWA. [IOHATHS 9aCTh, JIMTENLHOCTH, TIOBEICHES,
B3auMOIeHCTBU pacumpsoT ¥ yroydisior ux. Kaxaslii cyOsexT BKIaabIBAET B 3TH CIIOBA
CMBICH, COOTBETCTBYIOMMI YPOBHIO €I0 Pa3BUTHA. PanHOHANIBHO n306pa3uTh OmbIT B hopMe.
aHANOTHYHOH HEKOTOPOH IUTOMALN, & HOHATAS — B (OPME AOPOT, COSOUHEHHBIX ¢ ITOH MIT0-
agsi. Jopory Moryt ObITh H3BWIMCTRIME M MMETh MHOTO OTBETEICHNKH, 4 Ha IUICIIANH MO~
%eT GMITh BRICTPOEHO HECKONBKO yAMBHTENLHEIX 37aHMM, 00pasys "neHTpanbHsIA ropo”.
MeskTy ynmUIIaviH MOTYT GITE PACTIONONEHS! APYTHE IIOMAIN U TPOMMHKY, K HAM BEIYIIHC.
Ecnu Ha3BaTh y/HIE H TEpeyIKy PELEnTOpaMHy, a INICINAAKA Ha3BaTh TOYKAMH, MBI IOTYUUM

KOHCTPYKITHIO, KOTOPYIO MOKHO Ha3BaTh PUTOM (puc. 4.6).
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Puc. 4.6, Mmmoctpanms nonaths PUT
(a- mecro, 3~ Bpems, ¥ - IBUKeHUs, 0- OTHOLIGHHSA, O- COQUCTATHOCTS)

Jlerko BuAETh, yT0 Kaxasli (usudecknii o0BexT MoXeT OuiTh mpepcrasacH PUTOM. Ecm
e BBECTH B PACCMOTPEHNE IMPOCTPAHCTRA, HOCPEACTROM KOTOPIX OTOBPAXKACTCH ZYXOBHEIH
OIBIT' MEHTAJIBHOE, MyBCTBEHHOE, HCHXONOIHHECKOE COCTONHHE CyOBEKTa, TO MOXKHO IIO-
crpouts PUT gyxomHOro onbeita. B peanbHOM NPaKTAKE Mbl MMeeM [HEI0 ¢ KOHCTPYKUHEH,
coequusmouwielt gpa tuna PUTOB. TakoB orcusoli ofvexm. OH BEITONHAET NMPUCYLIHE eMY
Dysscumu, TosTomy npasunbHo onpegennts KODY: xoucTpyximo ¢ GysKimaMy, noxaras,
9T0 ¥ KOHCTPYKUMHM ¥ dynximu umeror i PUTA, O6srauo KO®VY cocrour us TIOJKODY,
TeX 4acTeil, M3 KOTOPBIX COCTaBNeHa O0MLIas KOHCTPYKINL. DaKTHYECKH PEdb UAST O CHCTEME
KO®Y (puc. 4.7). KODY nume:oT CBOHCTBa, KOTOPHE POAHAT ee ¢ apyrumu KODY iy xe
OTIMYEIOT HX JIPYT OT APYra. OTH COOLBETCTBMSA M OTIMYMA MOIYT ObITh MHOIOTPIHHEIME,
MHOTOYPOBHEBEIME, MHOTOQYHKIMOHATLHEIMY, BCK) ¥X COBOKYIHOCTbL HA3OBEM CIOBOM
COPUCTATHOCTD. Toraa Ms! IPUXOIMM K OCHOBHOMY GaxTy: eecs gusuueckutl mup, a
maxace Kaxcdan uz e2o Pyuryuonupyrowux yacmeti ecmv COOUCTATHBIX KO®Y CHC-
TEMA (CK®C). TloHATHO, 9TO 3TO €CTh TAKKE HALIA OCHOSHAA (anmusus, TIOTOMY MTO HU
CTOPOHBL HY CBOMCTBA BCErO MHPA, PABHO KaK MHOTME CTOPOHBI M CBOWCTBA KOHKDPETHEIX
OOBEKTOR HEJOCTYIHLI HAmeMy OIsrTy, Bonee TOTo, eCTh OCHOBAHKMS TIONAraTh, 910 CYMIeCT-
ByeT HH(OPMalHs, KOTOPas HEIOCTYIIHA YSIOBEKY B IPHHLIAIE.
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Puc. 4.7. Miumoctpanus KOPY (cucremst PUTOB)

44. HOBOE COOTHOLUEHUE ABCOMIOTHBIX U
OTHOCWTESbHbIX CBOUCTB NMPOCTPAHCTBA-BPEMEHU
B SNEKTPOOVUHAMMUKE

Toxaszano, wmo zpynna Jlopenumya Ko2omoI02uvecky UHOYyyupyem abco-
THOMHOE NPOCHPAHCMBo-8pems Hblomona, a maxsice ceepxceemogble ckopo-
cmu  Buidsunymo npednosovicenue, Wmo Mempuka Munkosckozo Ko2omono-
2UMeCKU YCIPOUNUBE MDY OmHOweNyy W=1 U330 GHYMPpeHHe20 ROBeOeHUs
3REKMPOMOZHUMHOZO NOJS U OGYCIOBLEHA OUHAMUKOY €20 YACINOTbL.

B riase 3 noxazano, 910 CHIHHOPHOMY BAPHABTY ONHCAHMS HIEKTPOMATHHTHOTO OIS COOT-
BETCTBYET HCTIONB30BANNE TOATPYIIIT (a’,b’ )e V(4). xapakrepucTuteckiit MONMEOM AA KO-
TOPBIX €CTH
2 2
vla,b)=det{il~d)=A*+2 2 %+1={2 +1].
Ero MoxH0 paceMaTphBars xak G WHBAPHAHTHYIO (BYHKIIMIO, IOTOMY UTQ

G, =det(A1 - 4)=det{2010" -0 40™).

Torna mouku sxempemymos G, sensromes O-wepnvisu op6umary rpynusl G,, conepxa-
meit O, Oleq .~ Ero rpatux 3agaer, COTNIacHO Hiee, UIIOKCHHOMN B rase 3, KOTOMOJOTH-
YECKYH0 YCTOHIHBOCTS 00REKTOR U sBHeHMit IpH A=(). Fcnionn3yem 3uauenne A kax CKamsp-
HO® OTHOMIEeHHE W, nonaras, uro w=2A. CoemaamM ¢ ero noMonpo R° nT' B enuunii kov-
nrexc, o0pasys MeTpuxy npocTpancTBa cobHTHH SE Ii MexypOMATHMTHOTO monist. IIpw
3Ha9eHAR W=0=] MBI HPAXOAMM TOTia X MOJCIH MPOCTpancTsa HLI0TOHA, COOTBETCTRYIO
el METPHKE
n =diag(,1,1,0).

C npyroii CTOPOHEL, KaK JErKe BHIETH, KAHOHIIECKAT METPHKA g'', COOTBETCTRYIO-
mas Bebopy A=1, ects Merpuka MHUHKOBCKOTO, KOTOpas MB/IyLMpYeT Tpymmy JIOPEHTUAE.
OTa rpynna HMeeT reHepaTopsl, cliedys Iiase 3, HONYYEHHEIE CAOKEHUEM U BRIAMTAEM d1e-
mentos (at,b: )e V(4). Tostomy nedopmuposansas rpynna Jlopeniua, ciaeayd mase 2, HH~
AyuEpyeT npw w=0 KOroMonOTHMdecKM ycTolfiuRoe npocrpaHcTBo-Bpems Hbroroma u ero
rpymmy [anenes.
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B rnase 1 moxasaso, 4To equHOC ONHCaHue BCCH COBOKYIHOCTH 3KCIEPHMEHTTBHBIX
dbakros B amexTpoaMHaMuke Maxcmenna mpHE yueTe AMEAMHKM HecoGeTmenHOM WHepHaR
ANEKTPOMArHHTHOTO [OTTS OCHOBAHO HA OTONHEHMH AMCTIEPCHOHHOTO YPaBHEHUA (XapaKTe-
PU3YIOIEr0 BHEWIHEC NOBENCHHE sBICHUH) (asoBHM yPABHCHHMEM (XapaxTepu3yROmuM
BHYyTpeHHEe 110BEACHHE sBieHuit). COOTRETCTBEHHO Obuia BBEICHA CHCTeMA "BHYTpeHHHK"

aBHERNE 3nexTposrHaMuxn. Chefys HCCICAOBARIIO INaBbl 3, OTHECEM HX K CEKTOpaM

e, f'.c )e V{4). Torna Ang HUX IOXYIM XAPAKTEPHCTHYECKHH MOTHHOM

y(e,f,0)=/7«2*2/1?(1:(,12_,1)2.

0,00 _—

-2,00 -1,00 0,00 1,00 2,00

Puc. 4.42. I'padmKH XapaK TepUCTHYECKHX TOTHHOMOB Ipymist V (4)

OF HHIYUMPYET KO2OMONOZUHECKYIO YemOduuocms o0GmexToB U ABieHui mpr A ,=H. Othe-
CeM 3HAUCHWIO 4 ¢ BHYTpCHHEe OTHOUICHHME, JIOJAras, 4I0 W §=/l ¢+ Coennnsn R*uT! or-
HOTICHUEM W, , MBI IONY4aeM MeTpuKy coberruit SE suna § ( s ) OHa umeeT 1Ba KOTOMO-
TIOTHYECKH YCTOMYMBEIX COCTORHHA, COOTBETCTBYIONIHE W, = 11. PacemoTpum celiuac, cie-
Oys Inase 1, BapuaHT M3MEHCHMS [1apaMETPOB MISKTPOMAargHTHOIO MO/, COTIacHO KOTepo-
My w=w,. CocTosEue ¢ W, =1, yuuTEIBAEMOS Ipynnolt JIOPEHTIIA KAHOHWIECKOTO BUAA,
AOMYCTAMO XapAKTEPHCTHYECKHM TIOMHIOMOM Toarpym (a7, b }e ¥(4). Onmaxo ono xoro-
MOITOTHHECKY HeyeTolmneo. Tonpko noArpymms (¢, £+, ¢t ) o6ecnesmBa0T KOTOMOIOTIIE-
CKYI0 YCTORIHBOCTS W =1, CllefioBaTEIEHO, CONIACHO IPHHATOMY TIONXOAY, OHO MEAYHHPY-
eTCS. BHYTPSHHMM UORSeHweM wons. IlosroMy "cmabumskocms” w.=1 ofycroenena ne
ceoticmeami npocmpancmea-gpeseny Munkoecxozo, a 3aKOHAMU OUHAMUKU YACHOMbL ©
anexmpomanumnozo nons. O6mas KapTHHA KOTOMOJIOTHECKH YCTOHIHBRIX COCTOSHUHA Cre-
myer w3 rpaduros i muorounenor y{a,b)= y,, vle, f,c)= r, (puc. 4.42). Buyrpennee co-
CTOSHME KOrOMOJIOIIIeCKH YCTOuMBO Mpn W =11, sAemmee - npa w=0. ORH UHAYIHPYIOT

aGcomorroe (10 HeoToHY), orHocHTeNBHOE (10 MUHKOBCKOMY) H cBepxcBeToBoe (o EBk-
JHy) TPOCTPaHCTBO-BPEMA. PaceMOTpHM Takke rpadHky xAPAKTEPHCTHYECKHX IIOMHHOMOB
Ans Merpuxs Hewotoma nf = diag{l, 1,1,0), caepxeperonofi Merpuka r+ = diag(1,1,1,- 1)
(puc. 4.43, 4.44).
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L2

Puc. 4.43 I'padux nonnsoma ¥ (nl’fz ) Puc. 4.44 Tpadux noxmuoma ¥ (rl"z )

BoigenuM criexTp 3Hauenuii 4, KOTOPSIA COOTBETCTBYET XaPAKTCPHCTHHECKYM NIOMMHOMaM V
(4) H pX MeTpUKaM KaHOHHYECKOTO BHIA (nU, #i ) JelicTuTensHo, nMeey 3Ha9enns A,
cornacHo Tabnuue 4.2.

3Havenus A, ¥ AX KOTOMOJOTHISCKNE HCTCYHAKA Tabnuna 4.2.
r() Y(gv)Y(e, /1) Y(n/) Y(r) ¥la',b)
- 0 *£0.25 £0.50 1.0

Dopmaisro pacemotpuM a = diag(l, 1,1, p). Torma

A
A w=—Gp=1).
min 4( p )

Hycrs 3 pe Z . Homywum tabuury 4.3,

3uaderms A, w1 av(p) Tabmuna 4.3.
3p -5 -4 -3 -2 -1 0 1 2 3 4 5 6
44, | 6 -5 -4 -3 2 -1 0 1 2 3 4 5

I[onycxa;{ CaMOCTOATEIBHOC CYIICCTBOBAHNUE Q Y/, MBI HIMCEM COOTBETCTBHUE ABYX PAIOB IE-
JIBIX HHCEN, OTIMYAIOIIMXCA Ha CAMHMIY. Suavenns A4

HOE OTHOMIEHNE W, MO3BOJIAIOT HAlTH p.

ME! noHnMaeM ceifdac, YTo [IPOCTPAHCTBO-BPEMA, HEOOXOAUMOS H AGCTATOYHO® UL
onucaHmMs OH3NUeCKUX OOHEKTOB M SBICHMIU, €CTh IVIaBHOE DPACCIOCHHO® CTPYKTYPHO
ocHameRHOe MHorooGpaswe. Ero Gasa moxeT ¥ fomxHa BHIOHpAaTscs W3 yCHOBUIH
KOHKPETHOIO OKCHEPUMEHTa, KOTOpPHIH OOHUNO JOKameH. ARANOTHIHO 38a€TCH IPYIIA
3anoiHenna (GM3MIECKHX ARNEHEU. B pomm ocHameHHOFo MHOTooOpasms IOCTATOHUHO
HCHONB30BATh PHMAHOBO MHOTOOOpasHe Mixm HeKOTopoe ero ofobmerue. B dacrHOCTH,
MOJENb JO/KHA JOIYOKAaTh BO3MOKHOCTL COCYINGCTBOBAHMS Kad¢CTBCHHO DA3IMYHBIX
merpux coOmrmil: Esxmmzma, HeroToma, MuHKOBCKOro, a IOTOMY OBITE COTNACOBaHA C
KOHUENIMeN HeOrpPaHHYCHHEIX CKOPOCTEH.

Ofumas Teopus OTHOCHTENBHOCTH HE BEIXOJMT 32 PAMKH PHMAHOBA MHOTOOOPasHs ¢
enuHOH JOKambHOH MeTpukof Munkosckoro, Ero cTpykTypa mnogdmHeHa ypaBHEHHAM
OifnurreifHa

KOTQPBIM CONOCTaBICHO CKalAp-

min 2
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1
Ry -EgyR=ZI:j'

3zecs g, - MerpuKa, R - vemwsop Pwyun, T) , - TeHI0D SHEPTHU-HMIIYIECE, R — cramspHas
xpusussa, Brbop T, ofycnoBnen cHCTSMOR ROMONHMTENbHEIX yCHOBUH GM3ndecKoro xa-

paxTepa, NTO CBUACTENBCIBYET O HEMOIHOTE MOAXoja DixinTeina. bonee Toro, ypaBHeRus
VIS MOJENUPOBAHUS OOBOKTOB U SBICHMH JOMKHBI YCTAHABIUBATHCH OTHEGNBHO, TaK WIM
HHAYE COIVIACOBBIBAACL € BBIOOPOM CTPYKTYpHl IPOCTPAHCTBA-BPEMEHH. B CHIy yKa3aHHBIX
0BCTOATENLCTE | IPHHE OOLIYIO TEOPHIO OTHOCHTENBHOCTH CIEAYET PACCMATPUBATH JIUIIh
KaK 4acTs o0well MoJenn NPOCTPaHCTBA-BPEMEHH H KaK uacTh obwed Momenn Gpu3udecKux
06BeKTOB ¥ sBreHui. OHa HE MOET OXBATHTh W HPOSBATH MX NMOTHOCTRIO 1 HOTOMY SIBIIRET-
Cs HeOCTATOYHOM,

3HauuT, B GU3MAECKUX MOACMAX MBI MOXKEM yuy€CTE JBA HOBBIX OOCTOATESIBCTBA: CHe-
YUATbHAS MEOPUA OMHOCUMENLIOCTY ASIACMCA 8 HUX YACMUYHO GOCMAMOYHOY, HO He A61%-
emcs HeoOXOOUMOU, 0DWAR MEOPUL OMHOCUMETBROCHIY YACMUNHO HeobX00UMA 8 HUX, HO He
AGAASHICA JOCMAMOUHOU.

3AKIIOYEHWE

1. Ha npumepe snexTponuHaMuks MaxcBeiwia II0ka3ano, 9T0 ¢ anre6pamy, HeonIbIyeMEIMA
IJ14 3ATONHEHMS U JIPOABICHUA QU3NTECKMX MOAENeH, accoluMpOBaHb! IOKAILHbIE METPHKH,
1o aTolt npuwnne MPOCTPAHCTBEHHO-BPEMEHHEIC CBOUCTBA "HecyT na cefe” anrefpauueckyo
CYIMHOCT DH3UIECKHMX 0OBEKTOB U sBNeHUH. CASIaHO NIPEANONOKEHHE, 4TO MMEHHO JHAro-
HAJBHEIE METPHUKH OTBETCTBEHHB! 33 B3aUMHOE NpeBpalnenne 5030HOB U (epMUOKOB.

2. Ha ocHoBe ananusa ypasueHui Makceila BRUIBUHYTA Ujes, 9To II0GAIBHOE IpOCTpaH-
CTBO-BpeMs HMEET (JYHIaMEHTANBHYIO JOKATBEYIO PaCIieIIEHHOCTh, COCTOANYO B TOM, 9TO
OHO eCTh NIpAMas CyMMa npocTpancTrs cobbituit SE n npocrpasctsa cocroanui SS co cou-
My METPUKaMH, CBA3HOCTAMH, TUHAMUKAMA. 372 PAaCILCIVICHHOCT HHIYLAPYST MHAOT000pa-
3U€ CUTYaIH#, Pearu3yeMsIx B QPU3IICCKHX MOJCIIX.

3. Toxasamo, aro $usmueckoe pasmrane R n T umeer KOT'OMONIOTHMYecKyo Hpupory. Mer-
pHKa MUHKOBCKOTO HETEH30PHA OPH BBE;ICHUY KOMIIO3HTOB B (PU3HYECKYIS MOICIs HHCPIUH
4 OHA HEJIOCTATOYHA IS ONMKCAHMS JUHAMHKY WHEPUHE moasi, Gonee Toro, 663 Hee MOXHO
oboliTuce. Yraszana crenuduxa nonxoaa JHRITCHRA K OMACAHMIO NHAMAKY HEEPIAH [TOJIA.

4. TIpoananm3upoBana o6Iuas CTPYKTYPa MOASIHU HASKTPOVArHHTHEIX ABIEHHN CO CBEPXCBe-
TOBBIMHU CropocTaMu. [Toka3ano, 9T0 OHE MEAYUHPYET MOJENb PACCIOERHOTO IPOCTPaHCTRA-
BpeMeRH, 5a30§1 KOTOPOTO, B 9aCTHOCTH, MOXET OHITEH R3x Tl, 4 ChoeM - ICERIHOSBKINIOBO
TipoctparcTBo MuHKOBCKOTO. IT0Ka3aHO0, 9TO NPUNIMT OTHOCHTENBHOCTH B hopMe TpeboBa-
HUSL CHMMETPHU YPaBHEHMH OTHOCHTENbHO HPOCTPAHCTBEHHO-BPEMEHHEIX npeobpazosanuit
ABNACTCHA HEAOCTATOUHEIM JUIS MOJCIUPOBaHHAA ABieHni. COOPMYNHPOBaHO NOBATHAE BHELI-
Hell ¥ BHYTpeHHeH apXMTEKTYphl (PH3udeckoll MOeny, YKa3aH0 pasiuuue MPEHINIOB OTHO-
curensrocTy Fanmwres n Ditnurreiina.

5. HoxasaHo, 9410 B 3IEKTpoXuHaMuKe Makcsenla HCnop3yi0Tcs HeThIpe MeTpuKu. JBe u3s
HUX COOTBETCTBYIOT IIPOCTPAHCTRY COCTOAHMIA SS, 3a/jaBas PasMephl i BPEMS JKU3HY Qu3ute-
CKuX OOBEKTOR, BTOPAs [1apa COOTBETCTBYST mpocIpanciBy cobmituit SE, xapaxtepusys o1-
HOCHTE/IBHOE JBIDKEHHE 0OBEKTOB M uX uacTel. YCTaHOBACHO, 910 BCE MOTPHKA MOTYT OHITH
noxydens us anreOpst F{4). Ux aquaavmixa oGycnosneHa”mMonochcxoi?( arebpoit. Haitnen

anrebpangeckuit MexaHU3M TIpeobpasOBanus CKOPocTH U B 44CTOTY (O 4aCTOTH! B CKOPOCTS,
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Crenano NPEIOIOKEHRE, ITO UM COOTBETCTBYIOT QUINIECKME MEXAHU3ME] TakuX npeobpa-
3oBannil [IpwBencH apryMeHT, COTTIaCHO KOTOPOMY NPHIHEOH aGComOTHOMR JIHHEL M BpeMe-
HH VOTyT OBITE CBEPXCBETOBRIC CKOPOCIH

6 Tloxasano, uto rpynna Jopes g KOroMONOTHIECKH HHAYIMPYET abCoNOTHOE HpOCTpaH-
crBo-BpeMsa HpoTOHE, a TahKe CBEPXCBETOBAIC CKOPOCTH BBUIBAHYTO MPeINONOKEHNE, 10
MeTpuka MUHKOBOKOTO KOI'OMONIOIHYECKH YCTOHHBa IPH OTHOLIHAN W=113-32 BHYTPEHHE-
O IOBEISHMS JEKTPOMArEHTHOI O I0I1s i 00YCIOBIEHa AUHAMUKOMH €ro 4acToTh



PE3YNbTATDI

1. Ha mpumepe snexTpomnHaMuxu Maxcpemna BELICHEHO, 9T0 KaTuOpoOBOTHOS DOIE HMEET
COBCTBEHHYIO ¥ BHEITHIOW HHepLuio. OHU IONONHMTENERS! APYT ApYTy. ITo a1o# npuwuue
CIIOXHO ONKCATh ¥ SKCIIEPUMEHTAIBLHO HCCISA0BATh H3MEHCHHE HHCPLIH.

w {7 r - .
2. Halizen vMexanusM JUHAMHUECKOIO Npeobpa3oBaHus cKOpPOCTEH (u 5 um) - BHOIIHHX Xa-

PaKTEPUCTHK HECOOCTBEHHON MHEPUMM 3JICKTPOMArHHTHOTO MOJA B HACTOTY ¢ ; - BHYTPEH-
HIOIO €€ XapPaKTEPHCTHKY.

3. O6HapyKeHO HATh CTaiMil IMHAMHKY HeCOBCTBCHHOH HHEPIHUHE 3ICKTPOMATHHTHOIO IO,
KaxJad U3 KOTOPEIX HMeeT ¢Bowo cnenuduky. CyuecTrenHy O POJIb HIPACT CTaguy nepexoia
TIOJIA OT ABHXKEHUA B H3IydaioIter ycTpoHcIBe K cBobogHoMy ABWAKCHHIO H OT HETO K ABH-
IKEHHUIO B U3MEPHTEILHOM VCTPORCTRE,

4.B ofIeM BHAC NPOAHATH3APOBAHEl CTOPOHBEI M TPAHM MHEPLIMH JIEKTPOMATHUTHOIO MIOMIA.
Crenan BpIBOZ O CIOKHOCTH IPONECCOB, CBA33HHBIX ¢ AUHAMAKON HHEPIIMH.

S. HpeanoxeHa Mozens yuera AMHAMUKM MHCDUHM SICKTPOMATHHTHOIO IIONA, COTIACYIo-
1I4sCs ¢ H3BECTHRIMHU SKCIIEPHMEHTaMH, CBOGOHAA 0T orpaHIT‘iCHPIf;I H& CKOPOCTH H IIpeacKa-
3BIBAOMAA HOBBIC D((MEXTEI: BOSMOXKHOCTh CBEPXCBETOBKIX CKOPOCTEH B ABMKYHIEMOS Pas-
PEXKEHHOM Iase, & TAKKE BO3MOKHOCTE ABHKCHMS TeTl ¢ HEHYJIEBOH MacCo TIOKOs €O CKOPO-
CTBIO CBETA B BAKYyMe.

6. [peanoxena JUHAMUHECKAX TEOPUS OTHOCHTENBHOCTH, B KOTOpOH YHUMTEIBAETCA, YTC U3-
MEpEHUe BINSAET HA [ApaMeTphl SMEKTPOMATHHTHOTO Mois. AJINOPHTM KMHEMATHIECKOro
CPaBHEHHS M3MEDEHHBIX 3HAYCHUM 1O MeToxy JiHuTeiina 0BobImer NOCPEeACTBOM CKAIAP-
HOHM BEIMUUHEl W - OTHOLUEHHA - HOKa3hIBAIOWICH Mepy AMHAMPYECKOrCe M3MECHEHHA Hecob-
CTBEHHOH UHEPIMH TIOS.

7. BemonseH ananu3 SH-npeoSpasoBanmil, NPUHATHIX B JHHEMATCCKOR TEOPHI OTHOCUTE b~
Hocty. IT0Ka3aH0, YTO OHM HO3BOMNAIOT CPaBHMBATE Mexdy CODOH CTajmm IUHAMAYECKUX
TNPOUCCCOB IS ABICHUA, OTHOCANINXCA K PAa3HbIM HMHEPIMa/BHRIM nabmonatensM. Crienn-
aTbHAS TEOPHA CONEPKUTCA B AMHAMHYCCKOH, CBA3LIBAS MEXITY COBOH KOHEYHBIE CTAIMK
npoueccos. CAenan BEIBOA, YTO KMHEMATHUECKHH moaxo, Aaxe ¢ yderom oboCmenwui, xo-
HOJNKUTENEH JMHAMKUECKOMY, HO HE ClIocOOCH 3aMCHUTE ero.

8. Beeneno obobmennoe mpouzsenenue SH-cuMMerpuil, 1oKa3aHa AX HEACCOIMATUBHOCTD,
JI4HO PEKYPPEKTHOS COOTHOLICHME JUIS 3aKOHA CIIOXKEHHS CKOPOCTCH.

9. Tloxasaro, 410 PU3KYECKAL MOKE!b HNEKTPOMATHATHAIX ABICHUH CIOCO0Ha OIHCHIBATE X
6e3 TeOpUH OTHOCHTENSHOCTH, OCHOBHIBASCH TONBKO Ha ypaBHCHMSX ¢ HAWAIBLHEIMA ¥ TPa-
HUYHBIMH YCIOBHAMY ¥ UX PENICHUSX.

10. Ilposeseno pasnuuue NpHHIKAIE OTHOCHTENBHOCTH ["anuses, COrIacH0 KOTOPOMY Pa3HEIC
SABJICHUS MCCIENYIOTCS OAHUM RAOMIONATEIEM U TMPUHUMTE OTHOCUTEILHOCTH OiHLITEHHA,
COIJIACHO KOTOPOMY OJHO SBISHIE HCCIEAyerca pasubiMu HaOmozarensmu. Jlano oGobme-
Hue 060HX IPUHIIKIIOB.

11. Beeaero paciienienye JOKAILHOTO HPOCTPAHCTBA-BPeMEHH Ha aGCOMOTHOE IPOCTPAH-
CTBO cocTosHME SS, ONKCHBAIONMEE OGBEKTE B HBIOTOHOBCKOM Ipoctpancise R3 X7 u Ha
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OTHOCHTENIBHOE IIPOCTPAHCTBO CoOBITHIL SE, OIMMCHIBAIOLIES IOBEACHNS, ABIKEHNE 0OBEKTOB
B IIPOCTPaHCTBE THIIA MHHKOBCKOTO ¢ uersipexmerpukoll. [Ipunsra Mogens IVIaBHOTO pac-
CIIOEHHOI'C CTPYKTYPHO OCHADIEHHOTO IIPOCTPaHCTBA-BPEMEHM.

12, Tipennosxensl HOBhIE ANTOPUTMEL [IOCTPOSHUSE METPUK coGprtuit SE, HCLIONBE3YEMBIX Il
CBA3M IIONEH U MHIYKUAN B 3IEKTPOAUHAMUKE: TOCBETOBOR gv = diag (,1,1,1), ceepxcpero-
Boit i =diag(l,1,1,- 1), abcomotmolt nt = diag(l, 1,1, 0), KaXKaad U3 KOTOPHIX ABIACTCH
92CTHBIM C1y9a¢M KOTOMOJIOTHYECKOH, HeTeH30PHOH METPHKY BUJiA

&y = diag(1,1,1,1-w).
PaccMOTPEHBI PaszHEIC IOAXOAB! K METPHKAM.

13. TIoka3aHo, 9T0 IPOCTPAHCTRA COCTOAHMH SS U cOOBITHIT SE, a TakKe IPyIIIONIE 3a107-
Hennad G, w npossnerns G, ABIMIOTCH HENONHOR CRCTEMON 3MeMEHTOB, HCHONB3YCMBIX B

Qusmgeckoi moaes. KpoMe 3T0r0 Ky KHE KOBEKTOPEL O, M BEKTODBL dx’ , KOMIIOHEHTHI BOJI-
HOBOH (yHKmz ‘F #, BCIIOMOTATENBHEIE JIEMEHTH £7, , gv. r4, nY ... COOTBETCTBEHHO
YBEIHHBANOTCA BOZMOKHOCTH MOZCIIHPOBAHNI QHINUECKHX ABICHMH.

14, TIpoaHanusupoBaHa CHCTEMa JOKANLHEIX METPHK, CICAyIOIas W3 3alucy ypaBHEHuit
Herorona-Diinepa, Maxcsenna, dupaka, Ulpenpnrepa B popme GAG-Monyns s IPYUIE
sanonmenwn ¥ (4), npeanoxennoii 8 pasnene 3.1. YcTaoBeno pazmmane R? u T' Ha OCHO-
BE BBEICHHOTO KOTOMOJIOTHYECKOTO 34psa.

15. Brmongsero ¢opmansHoe 06obuieRue ypasHeHKI KBAHTOBOM HAEKTPOMMHAMMKH, HO3BO-
JMIOLIEE YIUTHBATE CBEPXCBETOBBIE CKOPOCTH.

16. TIpusATO NPEANOIOKEHHE, ITO CKOPOCTh FPABHTAIHY CIOCcOGHA CYILECTBEHHO TPEB3OHTH
CKOPOCTb CBETA4 B BAKYYME M OHA Pa3NiMUHA B PasHeIX cpenax. [IoyydeHB! YPaBHEHHA Ui
OIHCAHMSA IpaBUTAlEd B R3 X T'1 ocpercTBOM CHMMETPUHHOrO HHU3HISCKOTO IO B MOZEIH
0e3 OTpaHKIEHNA Ha CKOPOCTD,

17. B dusuxy "sosspaiieno” aBcomoTHOE POCTPAHCTBO-BpeMa B vogenu R3 x T, TIpuasro
JOIYIIEHNE, YTO €TI0 CISAYET HCIONb30BaTh IPH KOHCTPYUPOBAHMY JICMCHTAPHEIX aCTHIL,
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