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IIpeaucioBue aBTOpa

Teoperndeckas husnka, moHIMaeMas KakK BCEOOBLEMIIONAs HAYKa O €CTeCTBO3HAHNUM,
HCKJTI0Yast (a B IOCJIe/Hee BPeMs M JOCTATOYHO AKTHBHO BKJIOYAsl) OHOJOMHYECKHe 3HA-
HUsI, B CBOEM PAa3BUTHU MPOXOJUT CTAIUU MOCTAHOBKHU MPOGIeM (HJIH HX eCTeCTBEHHOTO —
9KCIHEPUMEHTAIBHOIO BOSHIUKHOBEHHSI ), HOMBITOK UX PeleHust (YCIeIHOro uin, Haobopor,
HEIIPEO/IOIMMOr0) H JIAJbHEIIero IpoBIKeH st B IiIyOuHy ByHIAMEHTAIbHbBIX sIBJICHHT
U B IIHPUHY IIPHKJ/IATHOTO MCIOIH30BAHMA IOy IYeHHBIX PEIIeHni.

Ha 3TOM IyTH 9acTh BCTPEYAOIIUXCA MPOOIEM OCTaBsieTcsi B CTOPOHE (Ha BpeMst
WM HABCErJa) W3-3a UX HE MepBOOYEPETHOCTH, a YACTh OCTACTCS He PEIIeHHO M3-3a MX
CJIO2ZKHOCTU U HEJOCTATOYHOCTHU CYIIECTBYIOHIUX 3HAHUNI JAJId X pelleHusd.

Ocrajienue pemrenust "He nepBoodepeHbx' POOIEM YpeBaTo MoTepeil npaBuIbHbIX
U MOFBJIEHHEM JIOXKHBIX IIyTeil K HCTHUHHBIM 3HAHHSIM. A HEepeIeHHOCTh ePBO0YePe/THBIX
— "praBHBIX" | 110 OOIIEPUHATOMY MHEHHIO, IPOOJIEM TOPMO3UT PA3BUTHE HAYKH B IIEJIOM.

M 10 m ;gpyroe He OCTaB/sIeT PAaBHOAYIIHBIMHU y4eHBIX. Il OHH, IO Mepe CBOUX HH-
TepecoB U MHTEJIJICKTYJ/IbHbIX BO3MO)KHOCTefI, IIbITAIOTCA pellaTb KaK IepBOOYepE/HbIe
po0JieMbl, TaK ¥ IPOILYIIEHHbIE, IIPOBEPss IIPU ITOM, KAKUe HAIPaB/JIE€HUs HAYKH Obl-
JIL HEOIIPABJIAHHO 3aKPbIThl U HOTEPSIHbI, UJIK, HAOOOPOT, MOJATBEPKIasi, UX JIaJIbHEHIIYTO
OeclepCcIeKTUBHOCTD.

Tak Kak HaXOXkKIeHHE PeIleHnil MPaKTUIecKu 000l TeOpeTUuIecKOi Wi IPUKIaIHOM
3a/la4K BCEr/la CBA3aHO C 11epedopoM BapUaHTOB UJIM IIOMCKOM HEUCIIOJIb30BAHHBIX 1Ty Tell n
MEeTO/IOB, & YaCTO U CO3/JaHNEeM HOBBIX METOJIOB U JlayKe HOBBIX T€OPHil, TO B 3TOM 1iepedbope
U [OMCKE — B [E€PEeKalbIBAHUK "'HAYIHOTO Oropoja’" MOryT y4acTBOBATH KaK I'€HUAbHBIE
OJIMHOYKHM, TaK U TeJIble ILIes bl IeCTOMONBLIX SHTY3UACTOB, B HAJIEXK/1e HAWTH "3apbl-
ThIll Kyraa'" mermHBI Ha cBoeM ydacTke "oropoma'. V Kakjaas MOIBITKA, MPUBOISINAS K
IOJTHOMY WJIM /1a’Ke JACTHIHOMY PeIleHHio MpoOIeMbl ABJSeTCA JOCTOSHHEeM HAyKH Ha
JIJAHHOU dTalle €€ pa3BUTHUs.

B upejiaraemoii Monorpacdpun arop usbpaJji HECKOJIbKO 3aHUMABIIUX €10 IIpodJieM,
IOJIXOJ K PEIIeHUI0 KOTOPBIX MOYKET OKa3aThbCA MHTEPECHBIM IS UUTaTesell IMHPOKOro
Kpyra — OT CIeIHaJIUCTOB-HCC/Ie0BaTe el U 0 JTOO03HATETbHBIX SPYIUTOB.

KHura cocTonT u3 ImecTH pas3/esioB, BKIOYAIONNX B cebsd TeMaTHKy OT cyrybo meo-
pemuyeckur — "dyrgamertaababix" npodsem Teopuu Ilosst, Kocmostorun u Hebecnoit
Mexanuku 10 "npusemiieHHbIX" AGO0PAMOPHYLLE TTPODJIEM FJIEKTPOHHONR U PEHTIE€HOBCKOM
Jludpakromerpun u mpobem aHoMaJ bHON TepMoIuHAMUKE aIMa3a.

[TosiBIeHe TeMBI HCCIIeI0BAHUS HeKomopoir pemreHuii B Teopun Maxcsesta 6e3 "ka-
mubposku Jlopenna" (Pasdea 1) 00yCIOBIEHO CTPAHHBIM COCTOSIHHEM BEJUKON TeopHH,
KOTOpas 0e301MuOOYHO OLUCHIBAET BCIO FJIEKTPOJMHAMUKY, HO HE JIAET OIMCAHUS € IUHIY-
HOI'O 3apsi/ia, JBUKEHUE KOTOPOIO U 00YCJIaBIMBAET BCE JIEKTPOMArHUTHBIE Y(DheKTh —
9TOr0, IO-CYIIECTBY, HEPBUYHOrO (HADS/LY C IPABUTAIMOHHBIME Y(DMDEKTaMu) PO BJICH s
MarepuajbHOCTH (busndeckoro Mupa.

O01en3BecTHO, 9TO 3apsij B KJIACCHIECKYIO SJIEKTPOJNHAMUKY BBOJHUTCSI KaK HEKOe
beccTpyKTypHOE 00pa3oBaHue HYJIEBOI'O pa3Mepa, Hecyllee Ha cede MeHTPaJIbHO-CHMMeT-
PUYHOE JIEKTPOCTATUYECKOE 10JI€, CXOJMAIIEEcs B HYyJI€ M, TeM CaMbIM, OLPEIeJisist pac-
zodawyrocs, T. e. beckoneunylo, uepruio (Maccy) 1mosist Toro 3apsiaa. KanroBas sJiek-
TPOJMHAMHUKA TAKZKe OMEePUPYeT TOUCUHBIM 3apsA/I0M, HO 00T IAI0IUM ""KOPILYCK YIS PHO-
BoTHOBBIME" cBoiicTBaMu. TakuM oOpa3oM, B 3JIEKTPOIMHAMUAKE AIPUOPH 3aK/Ia/IbIBa-
J0ch (HO, KaK 1IOKAa3aHO B IpejiaraeMoii pabore, He 3ai0>keHO(!) B ypaBHeHusx Makc-
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BeJLIJIa) IPOTUBOPEYHE MezK /1y Hab/II0aeMbiM (PAKTOM HAJIMYHsT KOHEYHO MAaCChl 9JIEKTPO-
Ha U TEOPETUYIECKOil eé pacXoauMOCThio. [[OmBITKH Mpeoo/ieHnsi STOr0 MPOTUBOPEIHS C
IOMOIIBIO PA3THIHBIX KAJIUOPOBOYHBIX IPUEMOB, KAK U3BECTHO, HU K UeMy He [IPUBEJIH.

B reopernueckoit 9/1eKTPOAMHAMUKE UCHOJIB3YETCs HE BBI3BIBAIOIINNA HUKAKUX 11010~
3pennii" npuém — rak HasbiBaemas kaaubposra Jopenya W AY = 0 st ssiekrpomariut-
Horo 4-norennuaja A* = (¢, A), obecreunBaioias BbILIOJHEHNE 3AKOHA COXPAHEHUS
3apaaa g JTeKTPOAMHAMAYIECKOTO MO/ ¢ TOKAMM H 3aPAJaMU 1 BBIIOTHEHIE TPe-
6oBaHNs HEPA3PBIBHOCTH IS NYCMO20 MOJISL.

Onmnaxo, y kaaubposku Jlopenuya, cymecrByer "axmanecoBa nara" — kaaubposka mc-
KJIIOYAET U3 TeOPHUH TPEThE 110J1e, KOTOPOe, Hapsi/ly ¢ JIEKTPUIECKAM 1 MATHAUTHBIM
HOJISIMU, COJEPKUTCS B ypaBHeHusix MakcBeJlia, a UMEHHO, 4-/IMBEPreHTHOE CKAJIIPHOE
moae ,AM=0.

J11s1 BbIfICHEHMS, 4TO 2Ke TepsgeTcs IPH HCK/IodeHuu nosus AY ObLTO HccIegoBa-
HO pellleHHe BOJHOBOIO ypaBHenus obmiero Buga AV = V( [AV), noryuatomerocs u3
ypasuennit Makcsesia. Perenne sroro ypasuenusi s "mycroro" mojist 4-morennuasia
A" = (¢, A) (1. e. B orCyTCTBHE MCTOYHHKOB B BUJE 3aps/IOB U TOKOB) B cepuueckoit
IIOCTAHOBKe I10Ka3aJio, 4To yuer moist (A =0 npu yeaosun A = K- T(t) - 3(r — o),
K = Const, 1(t) = iexp(iwot), T. e. upu Hajmume JUHAMUYECKH CTaOUILHOTO pa3pbiBa
AUBEpPreHuun 1nojsg pekropuoro morennuasa A(r, t) mo cdepe S(r,), IpUBOAUT K OIU-
CAHUIO UEHMPANLHOZ0 NOAA AP/ C HEPACXOJAIIEHCS B HyJle SHEPIrueil, KOMITOHOBCKUM
PaJMyCcoM, BOJIHOBBIME CBOHCTBAMEU, MAIHUTHBIM MOMEHTOM ¥ HOJIOBUHHBIM CIIMHOM, T. €.
K OIMCAHUIO, COOTBETCTBYIONEMY HAOJII0/aeMbIM CBOWCTBAM JIEKTPOHA.

Bosiee Toro, oka3anioch, 9T0 YUET 3JIEKTPOCKAJSIPHOTO IOJIA B TEOPUU HPHBOJUT K
PEIIeHUI0 TPAKTHIECKH 3a0BITON0 W He BJIUAMONIEr0 HAa MarucTpajbHOe pa3BUTHE HAy-
KH, HO IPUHIUIKAJIBHOTO napadokca "M = 4/3m," | cyTb KOTOPOro 3aK/JI0YAETCA B TOM
(otc. Tomcon, M.Abpaxam, X.Jlopeny), aro macca (sueprusi) nokost noas Eqo(Bo, = 0)
9JIEKTPUUIECKOTO 3apsijia, KOTOpast B COOCTBEHHON cuCTeMe OTCYeTa paBHA Mg, HPH pacde-
Te UMILYJIbCA ITOTO MOJsI B CIydae JABUKEHHs 3apsia ¢ JE000M, JaKe MUHEMAJIbHO BO3-
MOKHOM CKOpOCThIO V = 0, Ipu HEPeJSITHBUCTCKUX (TajIuieeBbiX) MPeoOPA30BAHUAX OKa-
3bIBaeTcsa paBHOl 4/3 M. HeymadHble MONBITKE PEIIEHHs ITOTO MApaIOKCa MpeIpUHIE-
MaJli MHOT'Me aBTOpUTeTHbIe ydeHbie, Haupumep, M./lays, B.Ilayau, P.Bexep, @.Popaux,
P. ®etinman u apyrue.

Pemrenune sroro napa/okca mnosy4daercs npu ydere smepruu nons A = 0, KoTopoe
[IPU JBUKEHUH 3apsijia CO3/1aeT KUHEMAMUYeckoe 3TeKTPOCKaasIpHoe mojte G = i % v E,,
IPEICTABIIAIONIEe AHAJIOT KUHEMAMUYeCk020 MATHUTHOTO 1o B = —% v X E,, r1e 303K
BEKTOPHOI'O YMHOXKEHHsI COMHOXKUTE/IEH 3aMEHSIeTC Ha 3HAK MX CKAJAPHOIO YMHOKEHHUS.

MuumocTs 3tekTpockassipaoro nosiss G He necer Ha cebe Kakou-1ub60 "mucruyaeckoit"
HATPY3KH, & XapaKTepu3yer JIUIIb MPOTHBOMOIOKHYIO HAIPABIEHHOCTH il (0 CpaBHe-
HHIO C 3JeKTPHICCKHMHI BCJIEJCTBHE H3MeHeHHs 3Haka m3-3a 12 = —1) mpu Bamvoseii-
CTBUH 00H03HaK06bL (MPUTSIKEHNE) U PA3HO3HaK06bx (OTTATKUBAHEE) IOJIEH, a TaKKe
OTPUIIATEJIbHBI 3HAK YHEPIMH [0JIsA, KOTOPas MPOIOPIMOHAJbHA KBaJpary IOJs, T. €.
pesmunne G2 < 0. [IpuMepoM CymiecTBOBaHUs B HPUPOJE HOJS C AHAJOTHYHBIME CBOIi-
CTBAMHU sIBJISIETCSI MHUMOE 110JI€ I'PABUTAIMOHHOTO 3apsijia, 00eCIednBaioIee, B OTJIMIUue OT
SJEKTPUIECKIX B3aMO/IeHCTBUIl, HIPUTSIXKEHNE 00H03HAKOGHLL 3aPATI0B (IOJOKUTETHHBIX
MAacC) U OTPULIATEJILHOE 3HAYeHHe IHEep2uy COOCTBEHHO IPABUTAIIMOHHOIO TOJIs (¢ II0-
caegauM (haxkToMm cTOJKHYJICs emne cam /Jlotc. Maxceean nupu nonbiTke "MakceBem3anun"
TEOPUH I'DABUTAIIN ).



Oka3a/0ch TakzKe, 4TO0 MMEHHO TPEThE I10JIe OTBEYALT 33 IANEKMPOCAAObIE B3AUMO-
JIefiCTBUS U ero HaJu4Ke OObsICHIET HEKOTOPbIE IPYThe SKCIepUMeHTaIbHbIe (DaKThl, Ha-
IpHUMep, BEJUUYUHY SHEP2ul GHHULUAAUUY STEKTPOH-IIO3UTPOHHON Haphbl, PABHYIO TOYHO
ABYM SHEP2UAM NOKOA aAaHHUTUJIUPYIONMX YACTHIL [IPU TOM, Y4TO CKOPOCTH COJIMKEHUSI
LPOTUBOIIO/IOZKHbIX 3aPsJ/I0B, HE3ABUCKUMO OT HAYA/ILHOIO PACCTOSHUS MEK/Ly HUMU, CTPe-
MUTCS B TOYKE BCTPEYM K CKOPOCTH CBera, T. €. K OECKOHEeYHOIl KMHeTHYeCKOl Hepruu,
KOTOpasl IpH AaHHUTIIANUN KyIa-TO OECCIeTHO HCUe3aeT.

WuTtepecHs! u npyrue npusegaennsie B Pazdene 1 cnepacrug "nmpusnanusa” 3/1eKTpockKa-
JISPHOI'O II0JIsI, KOTOPbIe MOKHO OTOXKJIECTBUTH C HAOJIIOJaeMBbIMU SKCIEPUMEHTAIbHBIMI

JaHHbIMH.
Oanako, 6o/1ee CyIIeCTBEHHBIM B 9TOH MCTOPUM SBJISETCS TO, YTO LOJIy4eHHOe HE Hy-
jgeBoe dusnunoe pemenue ypasmenus A’ = V( ,AM) npuBonur K HapylIeHHIO Tpe-

GoBanusi HepaspeiBHOCTH "mycToro" (6e3 3apsjoB U TOKOB) moJg 4-morenmuaia AM =
(¢, A) u Tem cambIM onpeeiseT 0OOCHOBAHNE MOJEJIM HHBEPCHO-COMPA>KEHHBIX IPO-
crpancTs (Pasden 2).

CyTb 910i1 MOJIE/IN 3aKJIFOUAETCST B TOM, 4TO 0-(DYHKIUS, CO3/IAM0MIAs B PEIIEHUN Ma-
TeMATHYECKHUil pa3pbiB, OLpPEJeNsdeT B IEHTPAJILHOM CIydae IPDAHHUIYY MEeXKIy BHELIHei
U BHYTPeHHEel 00JIaCTIMH IPOCTPAHCTBA, YTO II03BOJIIET MOCTYJIMPOBATH CYIIECTBOBA-
Hue (PU3BUYHBIX peIleHnil B 00/1acTH 3a IpaHuIeii, onpeaeasdeMoil 0-pyHKImel, KOTopble
MOT'YT OBbITh CBsi3aHbl (COLUPSIZKEHBI) ¢ PEIeHUsIME B IPOTHBOIOJIOKHON 00/IACTH HEKOTO-
pbIME 3aKOHaMu IpeoOpa3oBaHust. B npejcraBieHHoil padore uccjiegoBaiach MOJEIb C
MPOCTENIINM 3aKOHOM WHBEPCHOTO 11Pe00pa30BaHus.

Oka3zajoch, 4TO MOJe/lb MHBEPCHO-COIPIAXKEHHBIX IPOCTPAHCTB 00/1a/1aeT K-
POKHM HAOOpPOM 3BPHCTHYECKHX CBOHCTB M MOXKET OBITH MCIOJb30BaHA JIJI ONHCAHHS
CBOMCTB PA3JIUIHBIX NPOCMPAHCMEEHHO-EPEMERHBIT 005EeKMO8 — OT JJEMEHTAPHbIX Ya-
CTHIL /10 KOCMOJIOI'MYECKUX CTPYKTYP.

B MaCH_[Ta6aX dJIEMEHTAapHbIX 4YaCTUll 9TO AadJ/JI0O BO3MO2KHOCTDL HOJIYyYUTb B3aMMOCBA-
3aHHbIe ¢ KOHCTAHTAMM 3JIEKTPOMAIHUTHBIX M IPABUTAIMOHHBLIX B3aHMOJEHCTBHIL CO-
OTBETCTBYOIIUE UM B HMHBEPCHO-CONPSI?KEHHBIX 001AaCTIX KOHCTAHTBI CHJIBHBIX B3aHMO-
neiicrBuii. Ilpu 3TOM OKa3aa0Ch, YTO TaK Ha3bIBaeMble ILTAHKOBCKHE €JIUHHUIBI MACCHI
mp; = ( ¢/M)Y?2 = 2-107% u wmust lpy = ( ¢/MDY?2 = 1,6 - 1078 cn, e comeprka-
M€ HUKAKOM IPUBSI3KM K M3BECTHbIM (pusmyueckum oObeKTaM, IPUOOPETAIOT 3HAUYEHUSs

peasibHBIX BEJIMYHH IIPH 3aMeHe 2pasumayuototi TocToaHuol N = 6,67 - 10 8cm®/2- cex?

Ha eé "unsepcro-conpasicennyro" semmammy N = 3,8 - 103" cm3/e-cex?, a mmenmo,
mp, = (¢/N)Y2=0,91-10%2u Iy, = ( ¢/n 32 = 3,82 1071 ¢cum, uto B TOUHO-
CTU COOTBETCTBYET MACCe U KOMITOHOBCKOMY Pa/uyCy JIE€KTPOHA.

JajibHeiiiee pa3Burue Mojie/ii MHBEPCHBIX ITPeoOpa30oBaHMil 1103BOJIN/IO TIOCTPO-
UTHb TEOPHUIO JIEKTPUIECKIX U IPABUTAIMOHHLIX sIBJIEHHI, KaK IIPOsBIeHne 1eOpMaIIOH-
HBIX 1 KHHEMAaTHIECKUX CBOWCTB MAMEPUaibH020 IPOCTPAHCTBA-BPEMEHH — (Pusuueckozo
6aKYYMa, ATTOPUTMBL PACIETa MACC MPOCTEHIINX MOC/Ie 9JTeKTPOHA SJIEMEHTaAPHBIX TaCTHUIL
— MIOOHA U TI-ME30HOB, a TaKKe HeHTpoHa, Kak "mHBepCcHOro" aHaJora aroMa BOIOPO/IA.

B kocmosornveckom wmacmrabe (Pasden 3) Moje/b HMHBEPCHO-COIPSIXKEHHBIX
IMIPOCTPAHCTB [I0-HOBOMY PHUCYET HPOCTPAHCTBEHHO-BPEMEHHYIO CTPYKTYpYy BceesienHoii.
Buyrpennss, nabsogaemas, obgacTb ¢ MeTpukoit Beenennoit de-Cummepa, orpanndena
runepcdepoii paguca Reo. Tak Kak mpocTpaHCTBEHHBIE KOOPINHATEL BO HEWHEL U GHYM-
perred 00IacTIX SIBJISIIOTCS WHBEPCHO-COIIPSAYKEHHBIMU, TO ISl 8HYMpPeHHe20 HADJIIO-
JlaTesist IIPOCTPAHCTBO 6HewHel obaactu 3a pajuycoM Re Oy/er npejcrapisitbest (HO He
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HabJoaThest!) GeckoneunbiM. OIHAKO, IPU WHBEPCHOM I1EPEX0/Ie BO 6HEUHI010 001aCTh
HabJ1I0/1aTe/1b Oy/IeT BUJIETh 3Ty 00/1acTh B MHBEPCHO HPEOOpPA30BAHHOM OTHOCHUTE/Ib-
HO pajuyca Ro, Buae, T. e. OIATb KaK eHympenHiot, orpaHndeHnyo "cBepxy" Tem ke
pajunycom Re.

Pajnyc Re cBsizan ¢ maccoit Beestennoit Moo 1M rpaBUTAIMOHHON 1TOCTOSIHHOI I CO-
oromenneM Reo = NMoo/C? = 2 - 10% cm , a 3amknyrocrs Beesiennoii obeciednsa-
erca Kocmonozuveckot nocmoannot N = 1/R%, = Gg/nMoo = 0,25 107 cm™?, kxo-
TOpas B KOCMOJIOTHYIECKON MO/Ie/ I MHBEPCHO-COMPA2KEHHBIX IIPOCTPAHCTB BO3HHUKA-
eT BCJIEJICTBHE HAJHYHs H30TPOIHOIO MHBEPCHO-IPABUTAIMOHHOIO IO/ YCKOPEHHIl
Gy = ¢2/R., = Const cy6cTannnonabHbBIX TOYEK MPOCTPAHCTBA.

B sroit Mojesim HAXOAUT CBOE aHAJIUTHIECKOE 0OOCHOBAHUE CBSI3b IEHTPOOEXKHBIX U
rPAaBUTAIMOHHBIX CHJI, KAK HHEPIHOHHOE /IeHiCTBIEe MHBEPCHO-COMPAXKEHHBIX 7.0.4e1]
ycropeHutl, BOSHUKAMOMUX IIPH JIBUKEHUAX CYOCTaHIIMOHAIBHBIX TOYEK IPOCTPAHCTBA.

B Pasdene j nomemnieHpl paboThl, KOTOPBIE CBSI3aHBI C HAOJIIOIAEMBIMH KOCMHUIECKH-
MU SIBJIEHUSIMU, OO'bCHEHHE KOTOPBIX MOXKET JIE?KATh B COBEPIIEHHO HEOXKUJIAHHBIX, XOTSI
1 He OEeCcCIOPHBbIX, IpejcTaBieHusx. Tem He MeHee, 00CYKJIEHHE TAKOTO POJA IOIXO/I0B
BBI3BIBAET MHTEPEC CBOEH HeTPUBHAJIBHOCTHIO M SBPUCTHIHOCTHIO HJIEii.

Tak aHaJM3 TUIOTE3BI CYIIECTBOBAHUA B IMPUPOJE J68Y3HAKOBLLL TPABATAIMOHHBIX
Macc, T. €. CYIIECTBOBAHHUA 2ZPABUMAUUOHHO OMPUUATEALHOT AHTUMATEPUH, IPUBOIUT
K CJIEJICTBUSIM, KOTOPbIE MOLYT ObITh OTOXKJIECTBJIEHbI C sABJICHUAME, HaOJIIOJAeMbIMH B
OKPYZKAIOIIEM HAC KOCMUYIECKOM IIPOCTPAHCTBE.

['unoresa HarpeBa OeCKOHEIHO X0/101HOI Beemennoit 10 remueparypsl " peinKToBO-
ro m3aydeHusa' , MIPUBOJAIAsS K O0bICHEHHIO xabbi06ckoz0 "KpacHOro cmermenns' , Kak
3 deKTa TemIoBoOro paciIupeHns MIpPOCTPAHCTBA, IPUBOJUT K CYIECTBEHHOMY YIIPOIIe-
Huio (B cpaBuenuu ¢ runoresoii "Boubiioro BapeiBa) zeomempo-gusuneckoti npupopt
Bcesiennoit 6e3 rorepu pusudHocTr 00'bsICHEHN HAOJIIOAEMbIX SIBJIEHUH KOCMUYECKUX U
KOCMOJIOTHYECKUX MaCHITabOB.

JleitcrBUTE/IBHO, HADIIOaeMOE COOTHOIIEHNE ILJIOTHOCTE SHEPTUH PaHOBECH020 'pe-
uKTOBOrO" W3JydeHHs W BemecTBa Bo Bcesennoil cocrapirger 1 : 102, uto coBmasaer
C COOTHOIIIEHUEM SHEPriH, 0CBOOOXK IatomIeiics npu B-pacmaie HeifitpoHa, U Macchl (SHEp-
ruu) 0OpasyIoIUXcs IPOTOHA U JIEKTPOHA (COCTABHBIX dYacTeil BOJAOPOJA — OCHOBHOIO
BemtecrBa Bo Beenennoit). Econ npunsith, 9ro ocBobok1aemas upu B-paciaje sHeprust B
KOHEIHOM HTOTe IPeodpa3yercs B PA6HOGECHOE U3IYUeHHe, TO 3TO H O00bACHsSeT HabJIo-
JlaeMoe COOTHOIIEHHe MexK/1y dHeprueil "peukToBoro" m3/IydeHns W MacCOil BeIecTBa.

Haxkormenne sneprun paciajia HEHTPOHOB JTOJ2KHO IMPUBOIUTH K IMOBBIMIEHUIO TeM-
HEPATYPBl PABHOGECHO20 W3JIyUEHUs IIPH COXPAHEHUU COOTHOIIEHUsI MEXKJLy SHeprueil ms-
JIydeHusl ¥ Maccoil BemecrBa. Harpes BMEIIAOIEro NpocTpaHCTBa, KaK MaTepHaJbHO
cpenpl, 10 HabmomaeMblx  3°K 10/KHO NpHBOAUTH K €€ TEIJIOBOMY H30TPOIIHOMY
PACIIUPEHUIO CO CKOPOCTIMHU CMEIIEeHHsT TOYeK MPOCTPAHCTBA OTHOCHTENIHHO JIPYT JIPY-
ra, IpPOIMOPIUOHATLHBIMI PA3IEJIAONIUM ITH TOYKH PACCTOAHUAM, ITO COOTBETCTBYET Ha-
oJrroaeMoMy £a00.406ckoMmy "KpacHOMY cMeleHuI0" 1 He TpedyeT HPUB/ICYEHUs THIIOTE3bI
"ropsiueit Beestennoit" , ocreiBatomeit jo  3°K 3a cuer ajgmabaTuyuecKkoro pacirapeHust
HPOCTPAHCTBA U3 THHOTETUYECKOTO CUH2YAAPHO20 cocTosinus mocie "Bojbmoro B3psi-
Ba" ¢ zabbaoscKuM 3aKOHOM pacipee/ieHnsl CKOPOCTell paclnpeHus, IPUPO/Ia KOTOPOTO
(3aKOHA pacHpejieieHns ) B JAHHON MMIOTE3e OCTAETCS HEeHM3BECTHOM.

Jlasee B Pasdene j paccmarpuBaercs crapeiiinas B Hebecnoit Mexanuke mpobsiema
pacnpedenenus MOMEHMO6, a TaKzke npod/IeMbl 00PA30BAHUS IJIAHET U CIYTHUKOB C HUX
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I0YTH KPYTOBBIMHU M CBOOOIHBIME (63 MPUCYTCTBUS IPYTUX TeJl) OPOUTAMHU IIPU O/[HOBDE-
MEHHOM CYIIEeCTBOBAHUN KOJIEI, HAUMHAA OT aCTEPOMIHOIO KOJIBIA PACCOCPEIOTOIEHHBIX
BOKpPYT CoJIHIIA TBEPBIX 0OJIOMKOB M KOHYAS KOJIBIIAMHI I3 PABHOMEPHO PACCESHOMN IBLITH,
KpucTa/10B u ra3a Bokpyr Carypua, FOuurepa u Apyrux mjaHer.

Kak u3BecTHO, HUKAKUMU CUJIAME HEJIb3si COOPATh PaGHOMEPHO pacnpedeseHtyro 1o
opbuTe BOKPYT' UEHMPAAbHO20 TeIa Pa3dpobieHtyto MAcCy B €IUMHOE KOMIAKTHOE Op-
bumasvHoe TEIo, T. €. CMECTUTD IEeHTP TAXKECTH ITOH paccocpedomouennoti MAacChl U3
00IIero ¢ MeHTPaJbHBIM TeJIOM IMEHTPAa BpallleHns B TOUYKY Ha opbuTe, mpeojio/eBas Ha
STOM MYTH CHIY IPABUTAIMOHHOIO MPUTAXKEHHUS MEHTPATLHOIO TEa.

YMO3puTeIbHbIE KAPTUHBI aKKPEHUOHHOTO "3ameranus' 06o0/iee KPYIHBIM 00JIOMKOM
DoJiee MEJIKUX TeJI He BbIJIEP:KUBAET MATEMATHIECKOI TPOBEPKH 1 HAO/II0/[aTe/ IbHBIX (haK-
TOB, Y€MY CJIYZKAT YIIOMSIHYTbIe KOJIbIA I3 PACCeIHHOTO MaTeprasa. 1TOUHO TaKzKe HeJIb3sI
pPa3apobuTh Uesoe meano, ITOOBI ero OOJTOMKHI PUEHOMEPHO PACIPEICAUAUCH TIO KOTBIEBOI
opbure, ur0 pucyioT (aHTazepbl B Jerengax o cyapbbe "mmamerer" Pasron. U Hean3s
TAKZKe TOJIyIUTh HADJIIOMaeMyI0 uieabHyIo cucreMy 3ems — JlyHa B pesysbrare coy/a-
peHust JIBYX TeJI WM 3aXBaTa OJHHUM JPYroro.

OKa3aJI0Ch, YTO MHOTHE U3 MEePEYUCIEHHBIX BOIPOCOB TEOPETHIECKH PEIIAIOTCS C II0-
MOIIBIO IPUBJIeYeHUsT €JUH020, HEOPABIAHHO OCTABJIEHHOI'O 6€3 IIyOOKOI0 U3y IeHUs 14a-
HEMO0OPa3yoULe20 MEXaHI3MA.

Emge Jlammac npu anajiusze BO3MOXKHBIX CBOiicTB KoJjien, CarypHa oOpaTu/l BHUMAHUE
HA HEYCTONYMBOCTH HEHTPAJBHOW CHCTEMbBI C TBEP/BIM KOJIBIEBBIM JIMCKOM, yKa3aB Ha
Hen30€KHOCTD ero najeHust Ha mianery. VIMenno nosromy kosibiia CarypHa JIOJIZKHBI CO-
CTOSTH U3 PACCEIHHOIO, HE CBA3AaHHOIO B €IMHOe Tesioe, Marepuasa. OIHAKO, JTaJIbIIe
KOHCTATAIIMH TEOPETHIECKO HEeyCTONIMBOCTH CHCTEMBI C TBEpJIbIM JIHCKOM Jlammac me
[oIIe/l ¥ He 00paTu/l BHUMAHUs HA HEPCHEKTUBHOCTD ITOM MOJIE/IM B PEIEHUH NpoOAeMDL
NAGHEMO0OPA306AHUA.

Kak nokaszano B pabore, UMEHHO CTa s CYHECTBOBAHKUS TBEPIOIO HPOTOILIAHETHOI'O
JIACKA ITO3BOJIAET OOBSICHUTD MPEBPAIEHHE PACCOCPEIOMOUEHH020 TIO0 KOJIBILY MaTepHasa
C IMEHTPOM TSI2KECTH B IEHTPEe BPAINEHUs] CHCTEMbI JTUCK—TIEHTPAIbHOE TeJI0 B cocpedomo-
YeHHYI0 MACCY ILTAHETHI C MEHTPOM TAZKECTH, IePEMECTUBIINMCS U3 TIEHTPa BPAIIeHUs Ha
opoUTY 3a CUueT MeXaHU3Ma BOSHUKHOBEHUs CUJIbl PAUAJIBHOIO CMEIEHUs! JIMCKA, OTHOCH-
TEJIbHO HEHTPA MACC [PHU MOTEPe YCTOWYUBOCTU CUCTEMBI JIMCK—IEHTPAJIBLHOE TeJIO.

DTOT Ke MeXaHn3M, CpabaTBIBAIOIINI TOJIHKO IPU HAJHIHH TBEPIOTO JUCKA, 00YCIaB-
nuBaeT HabJI0aeMoe pacnpedeserue momermos Bpainennss B CoTHETHON cucTeMe, a TaK-
JKe BCE pa3Hoobpasme HakA0H08 opbum U ocell epauerus IIaHeT U UX CIyTHHKOB.

Paszdes 5 nocsiien paccMOTpPeHHIO JIBYX HPOOJIeM i PaKTOMETPHH.

[TepBasi u3 HEUX CBsI3aHA C PA3PEIICHUEM TEOPETUUECKOTO CIHOPA O BEPOAMHOCTIHOM
A 0emepMUHUpPOSaHHOM TOBEIEHUH 3JIEKTPOHOB IPH UX Ju(PAKIAA Ha JBYX IIEIIX.
DTOT cIop 3aTparuBaeT OCHOBOIIOJIOTAONIUI BOIPOC MHUPO3JaHHA — 'HUrpaer ju bor B
koctu?" |, Ha OTpUIATETLHOM OTBeTe Ha KOTOpbIil HacramBaa A.Iunwmetin. OKa3amoch,
9TO NAPadokc pas3indust CYMMAaPHOTO JuMPAKIMOHHOIO CHEKTPA, PU IIPOXOKJIEHUU Yepe3
JIBE IIEJIM OJHOBPEMEHHO WJIM II00YEPEJIHO OOBACHIAETCH B PAMKaX MaTeMaTHYeCKOIO
armapara KAGCCUYECkot INexmpodunamury 0e3 MpUBJIeYEeHUs] BEPOSITHOCTHOIO OIUCAHUS
C JIEZKAIIM B €r0 OCHOBE NPUHUUNOM HEONPEICAECHHOCTTIU.

Bropas m3 paccMOTpeHHBIX B pasdene 5 IpobJIeM HEIMOCPEICTBEHHO MPUOJIMKEeHA K
"naboparopromMy" ypOBHIO, HO NPHHIUIIKAIBHO HHTEPECHA TE€M, YTO OTKPBIBAET BO3MOZK-
HOCTHh PEHTTeHOTPA(PUIECKOrO HUCCAETOBAHUS KPUCTNAAAUNECKOT PEULemKky MeToIoM Ju-
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ppaxmomempuu KoOPOUHGUUOHHBLL cep. DTOT MeTO, OOBIYHO HCIOJIb3YETCS IIPU HC-
CJIeIOBAHUN T'a30B, KHJKOCTell n aMopdHBIX BemecTB. B ornuune ot mudpakToMerpun
KPUCTAANUNECKUT NA0CKOCTE, STOT METO/ MTPUMEHUTETbHO K KPHCTAJIMIECKAM MaTe-
puaJiaM OTKPBIBAET, JIOHOJIHUTEILHYIO BO3MOZKHOCTb U3y4aTh 0 U3MEHEHUIO PACIIOJIOKE-
HUIl aTOMOB K00PIUHAUUOHHLLL Chep XapaKTep HAPYIIEHUH KPUCTA/LIMICCKON pererku
1pU pocTe KpucraJjjia, ero jedopmanusax, mjiaBjieHud U T. 1. B 00J1aCTIX, 3aHUMAIOIIMX
HECKOJIbKO MeKaTOMHBIX paccTosdHuil. Takas BO3MOXKHOCTD IMEPEBOMUT KCIEPUMEHTATb-
Hble uccyieIoBanus (a30BbIX H CTPYKTYPHBIX IpeBpaleHnii Ha Oosiee TIyOOKMiT yPOBEHb.

Haxkonen, kaxKymascs Tpu3eMIeHHOCTb TepMOIMHAMHYECKUX MpobJeM ajiMasa, pac-
cmorpenubix B Pasdese 6, okaspiBaeTcs BeCbMa MHTEDPECHON MpU mepeHoce ux B OoJiee
oT/laJieHHbIe 00JIaCTH HAyKHW, HalnpuMep, B HaykKy o Kocmoce, Tak Kak OTBedaer Ha Ta-
KHue, HallpuMep, BOIIPOChl — Kak Oyjer jauddepeHupoBaThCcsa TBepaas U KujaKas das3a
YIJIEPOJIa B OCTBIBAIOIIEM ¢/Ip€ YITIEPOJHOIO0 KOCMHYECKOrO Tesa, a UMEeHHO, 9TO OyaeT
BBIKDUCTAJJIM30BBIBATBCA — ajMa3 uian rpadur, u OyayT Ju KPUCTAJLIB TOHYTh B COD-
CTBEHHOM KUJIKOI (pase, T. €. CKAIIMBATHCI B IIEHTPE s/ipa, Wid, HA000POT, BCILIBIBATD,
00pa3sys aJIMa3HYI0 Wan rpadpuToBYIO KOPKY, H0I00HO JIbIAY B BoJAe? DTO OYEHb HHTEPECHO
B CBeTe MOCJIeTHUX CBe/IEHUil 00 OTKPBITUN YIOMSIHYTHIX YUCTO YITIEPOTHBIX KOCMHIECKIX
tes. KeraTn, aBTOpoM ¢ COTpYTHHKAMU CBOEro OTjeJa, OB OTKPBITHI 00pPa30BaBIINECS
B pe3yJbTaTe YAapHO-BOJHOBOTO CHHTe3a YIVIEpOJHBbIe MOPQOIOorniecKne odbpa3oBaHUd,
COCTOdIIMe U3 HAPYZKHOU ajIMa3HO# 000/104KM U rpaduToBOIO sjipa, 4T0, Ka3aJ/loChb Obl,
HPOTUBOPEYUT OOMXOHOMY HPEJICTABJICHUIO O rpapuTU3ANUA AJTMA3A.

Aivasnas pemterka o0/1ajaeT aHOMasIbHBIM HOBejenueM reiioéMkoctu Cp(T) B BbI-
COKOTEMIIepaTypPHOl 00J1aCTH, KOTOPOEe He MOXKET OBbITh OObICHEHO € IIOMOIIBIO TEOPUii,
HOCTPOEHHBIX HAa OCHOBE MOJIEJH YIPYTOro TBEPJOro Tesa, KaK COBOKYIHOCTH HE3aBUCHU-
MbIX WM YaCTHYHO CBS3aHHBIX ocyuansmopos (ebat, Dunwmetn, Bopn, Baskmen n
ap.). Pazpaborka ajabrepHATUBHON TEOPUHU TEIIOEMKOCTH HA OCHOBE NOMENUUAAOE MENHC-
AMOMHBLT 83aUMOJelcmMEU TTO3BOJIIIA PEIIUTH HE TOJIBKO MPOO/IeMY aHOMAJILHON TeILI0-
EéMKOCTHU aJIMa3a, HO H MOJTYYHTh TEOPETUIECKOe OMUCAHTE AHOMAIbHBIX MHKOB HA KPUBBIX
rerioéMKocTu Ge u Hf | KoTopble He MOTJIM OBITH O0bSCHEHBI HUKAKON Teopueii, mpe/iro-
Jlararorneil ryKoBCKHil 3aKOH CUJI, 100 HUKaKas CyHepHO3HUIs SHHINTTeRHOBCKUX (DYHKITHIT
He JIa€T KPUBOIl ¢ MAKCUMYMOM.

Yuér anomasibHOCTH 1OBetenust reiioéMkocti Cp(T) mo3Bosmt 6ojiee TouHO paciud-
POBATH FKCIEPUMEHTAIbHbIE JAHHBIE IO IJIaBIEHUIO aaMa3a u rpaduTa B BEICOKOTEMIIepa-
TypHoii (6osree 4000 K) obacTu U MUPOKOM JUANA30He JaBieHuil (0T aTMocdepHOro 10
necatkoB I'Ila). Temmeparypa B 9THX SKCIEPUMEHTAX OMPEIEIISIETCs KOCBEHHBIM MYTEM C
nomotipio coornomenust Q = €, dT, B koropom u ucnosib3yercs byuxuus Co(T). Takas
paciudpoBKa IKCIEPUMEHTAJIbHBIX JIAHHBIX, IOJIYYEHHBIX aBTOPOM OT SIIIOHCKOI'O UCCJIe-
nosatensd M. Togaya, nokazasa, 9TO JUHUM IJIABJIEHA ajJMa3a Ha P, | -ImarpaMMe UMeeT
HOJIOZKUTETbHBII HAKJIOH, T. €. TBEépAad da3a — ajMa3 uMeeT 0oJiee BBICOKYIO IMIOTHOCTD,
9eM ero KHJIKOCTb.

[Ipu sToM ajiMa3Hast penieTka Hnpejcrapister nHTepecHeiinmit MoJie/IbHbI 00 beKT J1jis
TEOPETUIECKOr0 U3ydeHusi HPOOJIEMBbI IIePexX0/ia BemecTBa U3 KPUCTAJLIMIECKONO0 COCTO-
sSHUS B YKUJIKOE, & UMEHHO, 1IpOoD/ieMbl aTOMAPHOM KapTUHbI BOBHUKHOBEHUS CKPBLIMOL
menaoms, TABIEHUT U cKa4koobpasrnocmu nepexoda B KUAKYI0 a3y B OJTHON TeMIepa-
TYPHOII TOYKe — B TOYKE TeMIEePaTypbl IIJIaBIeHHI.

B 9TOM MOHOATOMHOM O6'beKTe C YUCTBIMHU KOBaJICHTHbBIMHU CBA34AMU IIOTECHIMAJIbLI ME2K-
ATOMHBIX [TAPHBIX U IPYIIIOBBIX B3auMmo/eiicrsuit He "3amazanbl" mocroponnumu 3 dek-
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TaMHU, 9TO HO3BOJIM/IO YCTAHOBUTH MOTEHITUAJ I'PYIIIOBBIX B3aUMOAEHCTBUI B otcudkof
dasze 1 CKAYKOOOPA3HBIN [TEPEX0/T CO cKpuimoti meniomot IIaBIeHHd B eIMHOI TeMIre-
paTypHOIl TOYKe ¢ HOTEHINAJIA B3aUMOJICHCTBHI B kKpucmasisuveckol gasze Ha MeZKATOM-
HBI{T TIOTEHINAJ B oicudkocmu. Ilpu aTom okazanocs, 4ro scudkas dasza — 310 Kaacmep-
HaA CUCTEMa, HAXOJAIIASLCS B MOCTOSHHOM KPIW-KOHPOPMAUUOHHOM TTPeodpa30oBaHuu C
COXPaHEHHEM CPeJIHEer0 KOJINIeCTBA OOPBIBAIOIIUXCS U COEIUHSIONUXCS MEHCKAACTEDHHLT
U 6HYMPUKAGCTEPHUL CBsI3€il, 910 0ObICHAET n0dsustchocms (TEKYIecTb) U OHOBDE-
MEHHO C6A3H0CMb KHUJAKOH (a3pl. VIMEeHHO 3TH OCOOEHHOCTH KHIKOIO COCTOSHHSI, KaK
KOHOEHCUPOBAHHOZ20 COCTOSHUS BENECTBA, OTJIHIAIOT €ro OT IIOPOIIKOOOPA3HOI'O COCTOSI-
HUsl Pa3po0IEHHOIO KPHUCTAJ/LIa ¢ OOOPBAHHBIMHU, HO HE HAXOISIIUMUCS B ITOABUZKHOM
paBHoBecun "oOpbiB—CcoeauHenne" CBSI3sSIMU.

* ok %k

QopmupoBaHue CoJIepKaHUsS IPEJICTaBIeHHON MOHOI'PaUU OCHOBAHO Ha OTPEIAKTHU-
POBAHHBIX U JIOIOJIHEHHBIX MaTepuaJjax OmyOJIMKOBAHHBIX CTaTeil, pacCMaTpUBAIONIUX U3-
OpaHHBIE aBTOPOM HpobJIeMbl Teoperndeckoit pusuku. Camo ke u3dpanue mpod/IeM BO3-
HUKJIO KaK U3 CyObEeKTUBHBIX MHTEPECOB U MPUCTPACTUIl aBTOpA, TaK U W3 BOIIPOCOB,
COBETOB U UJIeil YMHBIX M aBTOPUTETHBIX JIIO/ICH, BCTPETUBIINXCA Ha €ro Hay4IHOM IIYTH.

Oro akagemuku AH Ykpauust 1 AH CCCP Asnekcannp Cepreesud /IaBbiioB (ero Bo-
IIPOC, OIPE/ICTUBIINI HAIIPABICHUE TOMCKOB — KaKasl JI0JI MACChI JIEKTPOHA COJIePZKHUTCS
B ero noste 7), Ocran CrenanoBud [lapaciok (ero coBer — si3blK KOHKPETHOil HAyKH, 9TO
yTh K HOHUMaHUIO HOBBIX uJeil !), Bukrop Oummnanosua Kononenko (ero mosuipst —
Jcceprais, 310 0obekrusHoe Juio yuaenoro !), FOpuit AsiekceeBna Murpormosibekuit (ero
HAITyTCTBHE — He OOATHCsI ONUOOK, UX AHATU3 U HCIPABJIEHIEe 3aJI0T IBUZKeHHs BIepé !).

Ocoby1o 61aroJapHOCTh ABTOP CUYUTAET CeOs OOSA3aHHBIM IIPUHECTH COTPYIHUKAM Ka-
deapor "Teopun oraocurensuoctu' Kazanckoro Yuupepcurera u B IEPBYIO OY€pE/Ib 3a-
BetytonuM 31oit kadeapoit npod. Biragnmupy Pomanosuuy Kaitropomosy u npod. Ace
BacuibeBue AMunoBoii, a takxke Hoiae npod. Asekceio BacuibeBuay 3axaposy, ObiBiie-
MY B IIEPHO/] HAIIIET'O COTPYIHUYECTBA eIé acCIupPaHTOM. DTH JIOIU U UX YHUBEPCUTETCKUE
KOJLJIETH, HAaX0/IsICh B CTEHAX, IJie Pojuiach HeeBK/nmoBa reomerpus H.U. JlobadesBckoro,
u paboras na kadejape, ocHoBanuoit A.3. IleTpoBbiM, CBOUM MHTEPECOM U HOJJIEPAKKOIT
CBHITPABIIIE HE TOC/IEHIO POJIb B PA3BUTHH WJIeH, HAIIEIIINX CBOE BOILIOIIEHUE B pa3pa-
borkax m nyosukanusx asropa 1o Teopun [losisi, 00/1a/1a10T HEIO/JIE/JIBHBIMUA U HE OY€Hb
JaCTO BCTPEYAIONIMMUCS B HAYKe JOOPOKEIATETbHOCTHIO U OT3bIBUMBOCTBIO.

3a 6eCKOpPBICTHYIO MOMOIIL aBTOP IJIYOOKO MpHu3HaTe eH Kaula. ¢pu3.— Mar. Hayk Cep-
reio EBrenneBudy BaBmioBy — cBoeMy KOMIILIOTOPHOMY Typy, Ha HPOTSIKEHUU MHOTI'UX
JileT 00eCcrednBaONeMy HAyIHbIE M3bICKAHUSI aBTOPA KOMIIBIOTOPHBIM COHPOBOK/IEHUEM
(mporpaMMHOe obeciiedeHne, OCBOEHHE HOBBIX KOMIIBIOTOPHBIX [IPOIPAMM, PEMOHTBI U BOC-
CTAHOBJIEHHE DYXHYBIIeli TeXHUKH), 6e3 KOTOPOro ObLIO Gbl COBEPIIEHHO HEMBICTHMO I10-
JIydeHue U MaJIoi JIOJIUM Pe3y/IbTaToB, MPEeJ/ICTaBJICeHHBIX B MOHOTpadUH.

BeckopbicTHOCTD M 10//IepKKa HA HAYYIHOM IIOIPHINE MOTYT OBITH OIIOCPEICTBOBAHO
010/1aroaPeHbl TOJIBKO COOCTBEHHBIM OTHOIIEHUEM K HOO00OHBIM CHTYAIUsIM, 9YTO HA PO~
TAKEHUHU BCeil CBOEH HaydHON JIeATEeJIbHOCTH CTapaJICd JIeJaTh aBTOP, 1IOMOrad JeJ0M,
coBeTamMu U MPO(ECCHOHAJIBHBIMU BO3MOKHOCTIMU OOPAITAIONUMCS K HEMY JIFO/ISIM.

* ok %k
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OCHOBHBIE CBOMCTBa HEHTPAILHOIO 3apsiia
KaK pemtenne ypaBaenns AV = V( AH)

1 IlocranoBka 3aga4n.

uddepennuaibubie onepaiuu 4-poropa u 4-juBepreHiuu HaJl, 4-BEKTOPHBIM 110-
rennuaniom A* = (¢, A) obpasyror Temsop Fy = (E, B) u ckaaap A* = %G
(1,v=0,1,2,3), . e. Tpu moJis:

(8 B, G ={ 60— 24 xA).(2 0+ A} (1)
e cot” "ot ’

LIePBbIE JIBA U3 KOTOPHIX COOTBETCTBYIOT IKCHEPUMEHTAJIBHO HAB/IIOJAEMbIM BEKTOPHOMY
E (sseKkTpudeckoMy) u MCeBAOBEKTOPHOMY B (MarHuTHOMY) 1OJISIM

0
FE =— ——A, 2
¢ - 3¢ (2)
B= xA, (3)
a TpeThbe

.0
G=i(—¢+ A), 4
(co+ 4) (@)
— MHIMOg CKAJISIPHOE IOJIe (3mech oboznadenue “G 7 or Gauge field — kamubpoBOIHOE
nosie, 4 = —1 ), 9KCIEPHUMEHTATBHBIX TOKA3aTEeIbCTB CYNeCTBOBAHUS KOTOPOIO MOKA He

Haiineno. Beenenune koddduinenra ¢, T. . MHEMOCTH II0Ji, OBLIO CAe/JTaHO aBTOPOM IIO
JIBYyM HPHYIHMHAM: BO-IIEPBBIX, HMEHHO 9TO [O3BOJIN/IO HOJIYYUTh BCE CONIACYIOMUECS ¢ IKC-
HEPUMEHTOM pelleHus, KOTOpbie Oy/lyT PacCMOTPEHbl HUZKE, U, BO-BTOPbIX, 10 aHAJIOIUU
¢ 00O3HAUYEHNEeM CKaJISIPHON KOMIIOHEHTHI ict 4-BEKTOPHOTO IICEBI0EBKJIHI0BA IIPOCTPAH-
CTBa, B KOTOPOM, COOCTBEeHHO, U "paboraer" smekrpoaunamuka MakcBesuia.

B cuty pesaTUBHCTCKOII MHBAPHAHTHOCTH, a TaKzKe HEHAOIIOIAeMOCTH B SKCIEPUMEH-
Te nosisi (4) B 9JeKTPOJMHAMEUKE OOBIYHO HCIOJIb3YETCs YCJIOBHE I'DAMEHTHON HHBAPHU-
QHTHOCTH, U3BECTHOE KakK KaJinbposka JIopenna:

WAV =0, (5)

KoTopas (bakTUIecKn UCKIovaer moie G(4) u3z reopuw.

Onmako, kamubpoBka Jloperna (5) He sBISETCA 3aKOHOM, a MpeCcTaBIsger coboi 1o0-
IIyIeHre, YIpoIaoliee MoJIydeHne onpe/ e/ eHHbIX (bU3HIHBIX pelneHuii (Hampumep, 1jist
TOKOB ¥ 3apsi/I0B) IPU UCKJIIOYeHUN HeDU3UIHBIX, YTO, €CTECTBEHHO, IIPUBOIUT K IIOTEPE
gactu OBIIET'O pemtenuns. B cBa3u ¢ 9tum B pabore craBurcs 3aa4a 00/1ee jieTaabHO
HCCJIEIOBATD, YTO UCKJII0YaeTcst (WIu Tepsgercal) B 9JeKTPOIMHAMEKE B CBSA3H C HCIOJIb-
30BaHUEM KaJuOPOBKHU (5) M HACKOJIBKO 3HAYMMBL M (DU3UUIHBI STH IOTEPU.

B.JT. Andpees, OcHOBHBIE CBOHCTBA 3JIEMEHTAPHOTO IeHTpasibHOro 3apsna //Hoseiimue mpobieMb
reopun nojia (Ilox pen. A.B. Amunosoit) — Usa-so Kaszanuck. yu-ra, Kasaub, 2006, 7. 5, ¢.7-13.
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2 llenTpaJibHBIA 3apda]d , KaK pelieHne YpaBHEHUd

A= V(AR

DJIeMeHTaPHBIN JIEKTPUUIECKUl 3aps/ ¢ B 9JEKTPOJUHAMUKE TPAKTYeTCs KaK 3aps/l
TOYEYHOrO 0ObeKTa (HOCHTEs 3apsi/ia), TOPOXK AUl MOTeHIMAJbHOe 1oJ1e Buga ¢ =

q/r u, coorBeTcTBEHHO, 1eKTpUdeckoe nojge E =— ¢ = (q/rde,.
KysionoBckuit norenmuma/ Moxker ObiTh mojaydern u3 "mycroro" moss 4-moreHimasia
A" = (¢, A) xax pemenne BoaHoBoro ypapaenus AY = 0 B cdepuueckoil mocra-

HOBKe. /leficTBUTENIBLHO, MOCIe IBOMHOIO HHTErPHUPOBAHKUS JAHHOIO YPABHEHUS IIOJIYYaeM
b =Cy/r, A=0(0<r < o0), yro MOXKeT ObITH OTOXK/IECTBJIEHO ¢ "Hab/omaemoit" | 1. e.
C HOTEHIUAJIOM JIEKTPUYECKOro 3apsija. OHAKO, OTOXKIECTBIEHUE KOHCTAHThl HHTEIPU-
poBaHuUsl C JIEKTPUUCCKUM 3apsoMm, T. €. C; = ( , 1m0 OOJIBIIOMY CUeTy, HApyHIaeT Kak
HaJYaJIbHBIE YCIOBHUSI, TAK U 3aKOH COXpaHEHHs CyMMAapPHOI'O 3aps/ia, Tak Kak B 'mycTom"
T. e. 0e3 MCTOYHHKOB, I[OJIe€ IOSBJISETCS HEHYJIEBOH HMCTOYHHK ¢ HECKOMIIEHCHPOBAHHBIM
zapsagoM. K romy ke, morermuan ¢ = q/r pacxoaurcs B HYJIE.

B obiem ciyuae, T. e. nupu
WAR =0, (6)

BOJIHOBOE ypaBHeHue 4-norennuasia AY B 0TCyTCTBHE UCTOYHUKOB OyJIeT UMETh BHJL
(VY] u
A= V(AN (7)

eitcrBurenbho, nogcranoska (2)-(3) B ypasuenus Makcsesuia:

E=p, (8)
e xB-2p=j (9)
i "mycroret" , T. e. mpu P =0 um 5 = 0, gaer
- ci;tz o+ c?at (c?at ¢+ A4)=0, (10)
2A—%A— (% A)=0, (11)

T. €. TO 7K€ ypaBHEeHHUe, 4To U ypaBHeHue (7) B KOMIAKTHON 3allUCH.

B ypasuenunu (7) npaBast gacth npejcranisier coboii GyHKIMIO HCTOYHUKA KAK 4-/1H-
Bepreunuio "mycroro" mos  AM = 0, uro upu pemtenun B cpepuueckoit MOCTAHOBKE
IpeIIIo/araeT BO3MOKHOCTD IOy YeHHs 3apsaaa u3 "mycToTsl'" | T. e. HeIIOCpe CTBEHHO U3
noneit @ = F(t,r) u A =u(t,r)e, 4-morennuana A* = (¢, A).

Jist cnaraeMeix B (4) npumeM, 910 B 00LIEM CJIydae

o, 1.
G ¢=cfen=0, (12)
A=K-t1(®)n()=0. (13)

Torya pertenue ypauenus (7) B HENOIBUZKHOI cucTeMe oTcdera Oyaer uMerh B (6e3
ydera 3anasapiBanus /¢ <<t ):

dr Ci_ ECZr(t) +Cy(t) (14)

__ 1. ar 2 _ 4
¢ = CK T(t) ) 2 ) r “n(r)dr :
14



A=[%K-T(t) Orr n(r )dr +Ci§t)]er. (15)

Kak Buano u3 mosydensoro perrenus (14)-(15), B 1omosiHenne K pacxoisieMycs mo-
reanuaay Ci/r, KOTOPBIl OOLIMHO HOIYYAIOT IPH PEHIeHuH C(hepuuecKu-CAMMETPUIHOIO
BOJIHOBOI'O ypaBHEHHMs 1IpH KajauOpoBke (5), CyHmIeCTBYIOT HECKOJIBKO JIONOJIHUTEIbHBIX
BbIPAKCHUI, KOTOPBIE, KaK OyleT NOKa3aHO HUZKE, IIPEeJICTABIAIOT OO0 NPUHIMINAILHO
BasKHbBIE 60AHOGHIC XaPAKTEPUCTUKHU HEHTPAJLHOIO 3apsija.

JI/1s1 KOHCTAHT MHTErpUpPOBAHUS, OIpPEIEIIeMbIX U3 HEKOTOPBIX HAYAJbHBIX YCJIOBHIi,
Bpemenno npumeM C; = 0,C; = 0,C3 = 0 u Haiiem ycaoBus, Ipu KOTOPBIX BbIPAaKEHHE
(14) maer kysoHOBCKuit nmorennuas Henysresoro 3apsaa (Q =0), © e.

r r
q):—%K-T'(t) d—r2 rn(r)dr Q (16)
o " o r

13 (16) caexyer, aro B ciydae riajgkoit dbyuxmun N(r ) Oyger umerb MeCTo HYJIEBOE
snauenue Jyis N(r), aro we yaossersopser yciaosuto (13). [Tosromy Henysiesoii pesysnbrar
MOZKHO HOJIYYUTDb, HAIIPUMED, IPH yCJIOBUM

A=K -1(t)-d(r—r,). (17)
B stom cayuae Tpebyemoe perrenne (16) Gyaer umerb BHI
1., .r?
¢:—EK-r(t)?°+C4(t), (r>r,>0), (18)
;
AZK-T(t)ﬁer, (r>r,>0). (19)

Takum 00pa3oM, Jyisi OJIyYeHHUsI HEHYJIeBOIO KYJIOHOBCKOro moreniuaia (16) u3 pe-
menus ypasuenns (7), Kak cjaeayer u3 (18) Z0/KHBI BHIIOIHITHCH J1BA IPHHIUIAATLHBIX
TpebOBaHUSI

ro>0, (20)

T(t) = 0. (21)

Yeaosue (20) aBTOMATHYECKH HCKJIIOYAET PACXOJUMOCTH B HyJe SHEPIHU 3apsaia B
KJaccuieckoii Teopun Maxkcpesna 6e3 mpubjiedeHus ''MepeHOPMHPOBOYHOIO' ammapara
KBAHTOBOM 3/1exTpoaunamukn. Pemenue (18) maer Q 12 u, ciegosarenbno, npu Fo =0
oyuem umerb Q(r, =0) =0, 1. e. B ciiydae TOUYEUHOIO 3aps/ia, IOCIEIHUI TOXK I€CTBEHHO
OyJleT paBeH HYJII0, 4TO HPEJICTAB/IACTCA IPUHIUIUAIBHBIM (DUBNIECKUM PE3YJIBTATOM,
HCK/TIOYAONIUM OJHY N3 HEPEIIeHHBIX TeOPeTHUECKHX MpobeM — IIpobJIeMy pacXou-
MOCTH 3HEpPrud 3apsia. JTa mpobjeMa, KakK H3BECTHO, IepeKodeBasia U3 KJIAaCCHIECKOI
9JIEKTPOJIMHAMUKHU B KBAHTOBYIO, /1€ (PEHOMEHOJIOIHIECKUE POLE/LYPbl HEPEHOPMUPOBOK
B KOHEYHOM CYere TaKyKe He JIaJii OXKUJAeMOro pesy/ibrara, nepeBejsd HpobJjemMy mnepe-
HOPMHPOBKH SHEPIUH B 1IPOOJIEMY HepeHOPMUPOBKH 3apsiia [1].

Ycaosue (21) BBIIOTHSIETCS IPH

() =iexp (iwt), (22)

— dyuknusg T(t) g01KHA OBITH IIEPUOIUIECKON H3-33 HEOOXOMMMOCTH COXPAHEHHUS II0-
CTOAHCTBa peleHusd JAJjid IIPOU3BOJIbHOI'O IIPOME2KYTKa BPpEMEHU. HpI/I lepexo/e u3 Hello-
JIBUZKHOR CHCTEMBI OTCUYETa Sg B CHCTEMY S, ABHKYIILYIOCS CO CKOPOCTHIO V B HAIlpaBJIe-

nnu X, pyukmug T(t), B cuny peagrusucTckux npeobpasosanuii t =y (t — x - v/c?) un
W =YW, = W, npeobpasyercs B
T(t) =iexp[iy(ot—kx)], (23)
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rjie
k= (0/c?)v. (24)

Tak kak K = 21/, 10 umeem
A = 2nc?/wv. (25)

I[Ipencrasrenne (22) mossosser 3amucath (18)-(19) kak

1 ) r
o= c Wo K - exp (i wot) ?0 : (r>r,>0), (26)
r2
A =K exp (i wt) r—g ér (r>r,>0). (27)
B sTom ciryuae ssnekrpuyeckoe nmone E =— ¢ — 0dA/cot Gyner umerb Bu
2 r§ _Q .
= Wo K - exp (i wet) = 2= exp (iwot) ey, (r>r,>0). (28)

rje Koo duupenr npouopuroHaabaocru K = %(C/ Wo) Q/r2 u, ciaepoBaTenbHO:

1Q
5=

¢ = exp (i wot), (r>r,>0) (29)

A= (c/ooo) exp (i wet) e , (r>r,>0). (30)
Torja, npupaBHUBas B pelIeHUN (14) KOHCTaHTy marerpupoBanust C; = Q |, mosryaum

E = % er+ %exp (iwt) er , (r>r,>0). (31)
910 00beauHdaoT "Kiaaccudaeckue" u "KBaHTOBBIE'" IpejCcTaBIeHUsS O CBODOIHOM 3JIEK-
TpOHe, KaK 0 "KopmycKyJie" ¢ IOCTOSHHBIM 3IeKTPUIECKHM II0JIeM MeHTPAJIbHOIO 3a-
paga E(r) u saemenrapHoii wacTuie, 06Ja aleil rapMOHIIECKIM K TPOMATHATHBIM
nosem E(r, t)(28), koTopoe B ABUAKYIIEHCs CHCTEMe OTCIeTa COMIACHO (23) XapaKTepusy-
€TCd BOJIHOBbIM BEKTOPOM k, IIPOIIOPHUOHAJIBHBIM CKOPOCTHU JABUZKCHUA V. ECJII/I Telepb
BOCIIOJIb30BATLCH KBAHTOBLIM COOTHOIIEHHEeM MC2 = W, TO IpH IO/ICTAHOBKE B (25) MblL
noayauM A = h/mv, T. e. JyiuHY BOJIHBL Jie Bpoiiyisg, KoTopas, B CBET€ NPUBEIEHHBIX BbI-
e BBIKJIAJI0K, IpeJcTaBager coboil pengruBucrckuii addexr BoaHosoro "ciaema', Bos-
HUKAIOIIEro MpH JABUXKEHUH 3apsjia u ucdesaotiero npu V = 0. Takum obpasom, cyrybo
KBAHTOBbBII 3(EKT OIKUCHIBACTCH B paMKaX KJIACCUYECKON 3JIEKTPOMHAMUKH.

Hakowuern, nosarass B (15) xoucranry uurerpuposanus Co(t) = —(i/2)(c/wo) Q
exp(iwot), B (14) 6yxmem umers Co(t) = (1/2)cQ - exp (iwot) u, ciiemoBaTenbHO, 1EH-
TpajibHOe perrenne ypasHenus A = V( AM) Gyzer coorBercTBOBaTbL 06pPA30BAHUIO

3apaa0B (E)-mapamu u3 "mycroro" mons 4-morennuasa A* = (¢, A), uro cormacyercs c
3aKOHOM COXPAHEHUsI 3aPsJI0B.

3 MaruuTtHplii MOMEHT 1 COIH IEHTPAJILHOI'O 3apd/aa.

Orcyrerue pacnpocrpanenus: Boabl T(t) = i exp(iwot) (22) B mpocTpancTse, T. e.
OTCYTCTBHE IIepEeHOCa HEPIuH, U BO3HHKHOBeHHe "ciea" 3Toil BOIHBI TOIBKO, KaK peis-
TUBHCTCKOrO 3ddexTa, Upu JBUKEHHN [EHTPAIBHOIO 10151 (28), KaK 1eJ0r0, BO3MOKHO
B JIBYX CJlydasx: BosiHa (22) gBisiercs cTosideil, T. e. € NPOCTPAHCTBEHHAsS YaCcTh JIOJIZKHA
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coJiepzKaTh CyMMy pajuasibHbix BoH Ap - T(t) = i exp (iw.r/c) ( smecs r/c =t, A,
AMILTUTY/IBI ), UK JKe BOJIHA (22) sBJseTcs 3aMKHYTON Ha camy cebs BOJHON BpAIEHUS.

Crosiyast MpOCTPAHCTBEHHAsT BOJIHA He OYIET yIOBJIETBOPSITDH MOIYYEHHOMY PelIeHnIo
ypasuenusi (7), rak Kak yciaosue (17) mpesparmaer dbyukmun ApT(t) = iexp (i wor/c)
LUpHU LOCJEAYIOIeM UHTerpupoBaHuu B nocroguuble sesmauabl ApT(t) = 1exp (i wro./c),
KOTOpbIE POCTO BOMIAYT B KO3 Duipment K.

B cityuae ke Bosinbl Bpatienust GyHKIs (22) MOKET pACCMATPUBATHCS KAK BPAIIEHHE
IOJI Ha HEKOTOPOM pajuyce R co ckopocTbio cBera C = WoR. Tak Kak cKavoK JauBepreH-
mun A (17) npoucxonut Ha pajmyce o , TO JOTUIHO NPUHATH R = Iy,

Torya Hasmaune B periennn ypasuenust (7) HEHYJIEBOI'O BEKTOPHOIO norennuasia A (27)
JIOJIZKHO MPUBOJIUTH K HEHYJIEBOMY MarHUTHOMY 110110 B = X A. Tak kak B peuieHun
(19), (27) umeem A = (Ar, Ay =0, Ag = 0), u, ciegoBaTeIbHO,

A= %Q fo exp (i wot) , (32)

TO, COOTBETCTBEHHO,
1 0A; 16A

= . €p
rsind o¢ rae ¢

JIBu2KeHue CO CKOPOCTHIO CBETA HE MOZKET ObITDH HPEJICTABJIEHO IAPOBbIMU (DYHKIUSAMU,
TAK KaK OHO HE MOXKET ObITb Pa3/I0KEeHO Ha KOODJMHATHbIE COCTaBJsionme. 1loaromy
IyremM 1oBopoTa oceit HallpaBJICHHUE JIBU2KEHU A BOJIHbI MO2KET 6bITb 3a/1aHO TOJIbKO OJHHNM
u3 2-x (¢ wim 8) mampasienuii u, ciemoBaTeabHO, mepeMennas ¢ B (32) Moxker ObITDH
oIpejiesieHa KaK

(33)

t= (ro/c)(¢ +2mn), wpu 6=0 (34)
(ro/c)(8 + 21mn), wpu ¢=0,

qTO JaeT TaKzKe

0¢ = (c/r,) ot (35)
06 = (c/r,) ot . (36)

[Moxcrasuss (32) u (34)-(3 (33), nostyunm

B=—1r

6) B
Q
20,3

ie exp (i wot) eg + 1 ro 93 exp (i wot) eg . (37)

2

Tak kaxk B W/r3, 1o MarauTHbiii MoMenT | Gyner paBen

1
u—— rQ—— §rer¢=ue+u¢, (38)

sin 9
OTKY/Ia IPU IPOU3BOJILHO BHIODAHHOM HAIIPABJIEHUHU OCEfi IPOEKIHsl MAIHUTHOTO MOMEHTA
Ha OCb Z OyjieT paBHa MOCTOSHHON Bemdue (!):

. 1
Uy = — Mg smeziroQ:Const. (39)

[losrydgennblii pe3yabTaT MOXKHO COHNOCTABATH C KBAHTOBBIM MArHUTHBIM MOMEHTOM
9JIeMEHTAPHBIX YaCTHUIl. DKCIEPUMEHTAIbHOe 3HaYeHHe MAarHUTHOT'O MOMEHTa |, dJ1eMeH-
TapHOTO 3apsijia €, JEKTPOHA 0Oe3 MOIPABOK BBICIIErO IMOps/IKa paBHO MarHeTOoHY Bopa

1 &
= € = S, 4
Ko = o mec ™ myc (40)
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OTKy/la upu cpaBaenuu ¢ (39) caemyer

Mo = , (41)

o
(]

S = , (42)

TS

YTO COOTBETCBYET KOMITOHOBCKOMY PaJUyCy W CIHHY 3JeKTpOHa. TakuM oOpa3oM Iojie
3aps/ia, MOJy9IeHHOe TpH pelenun ypapaenus (7), 00Jagaer MOCTOSHHBIM COOGCTBEHHBIM
MArHUTHBIM MOMEHTOM M CIIMHOM, KOTOPbI€ MOI'YT ObITh IOCTaBJIEHbI B COOTBETCTBUE H3-
BECTHBIM KBAHTOBBIM XaPaKTEPUCTHKAM JIEMEHTAPHOI'O 3aps/ia — Marierony Bopa u cuu-
Hy 1/2, 970 10 CHX 0D CYUTAIOCH He MOJTAIONIEMCS OMUCAHUIO C TO3MUIUI KIACCHIeCKOIT
dbu3uxm.

Crmcok aurepaTyphl

[1] P.II. ®etinman. Teopus dynmamentaabubix mpomeccos. M., "Hayka' | 1978.

KOMMEHTAPUI K CTATHE

UccaenoBanue pemennit B reopun Makcsesuia 0e3 "kaymbposku Jloperna" o0ycios-
JIEHO CMPaHHbLM COCTOSHAEM BEJIMKON Teopuu, KOTopas 6e30MrO0THO OMUCHIBAIA BCKO
9JIEKTPOJIMHAMUKY, HO HE OMHUCHIBAJIO €NUHUYHbBINA 3apsl, [BHUKEHHE KOTOPOro u o0y-
caaBauBaeT Bee 3(hdeKTh 3TOro, MO-CyMeCTBY, IEPBUIHOIO (HAPSLY ¢ PABUTAIIHOHHBIME
sddexramn) nposiBiennsi MmarepuasgbHocTu gusuueckozo Mupa.

O06111en3BeCTHO, YTO 3APA, B 94eKMPOOUHAMUKY BBOJUTCA KaK HEKOe DE3CTPYKTYP-
HOe 0Opa30BaHUe HYJIEBOI0 pa3Mepa, Hecylee Ha cebe IeHTPATbHO-CHMMETPHIHOE JJTeK-
TPOCTATUIECKOE T0JIe, CXOAMAIIEECs B HYJI€ U, TeM CAMbIM, OIPEeIe/isisd PACXOIATILYIOCS,
T. e. GECKOHEUHYI0, 9HEPruro (Maccy) moJsd 3Toro 3apsiia. Takum ob6pa3oM, B a4ekmpo-
JuHaAMUKY ATIPUOPH 3aKJIA/bIBAJIOCH IPOTHUBOPEYHE, HOIBITKH IPEOI0JIEHIsT KOTOPOIo ¢
HOMOIIBIO PA3JIMYHbIX KAJINOPOBOYHBIX 1IPUEMOB HU K YeMy He mnpusesu 1.

Ha camom xe nese, aaexmpodunamura Makceeara He COTEPKUAT YKA3AHHOTO W IPYTUX
IPOTUBOPEYHii, KOTOPBIe, KAK MMOKA3aHO B MPEJCTABICHHOl paboTe, BOSHUK/IN BCJIEICTBUE
UCKJIIOUeHUus u3 Teopun rperbero (1) — asekmpockaraprnozo moss.

Okaszajsioch, 4t0 ypaBHeHus Maxkcsessia cojepxar (1) 4-auBeprenrnoe cKajasp-
Hoe nojte A = (0¢/cot + A) 4-norenumana A = (¢, A), koropoe B cuity rpaju-
eHTHOIl MHBAPUAHTHOCTH C IOMOIIBI0 Kauubposku Jlopenma A" = 0 (cupasemBoit
JUTst TOJTeit ¢ 3apsiiaMu 1 ToKaMu) (bakTudeckn ObLIO HABCEr[a UCKII0YeHO u3 Teopun. B
TOM 9HCJIe U IpU onucaHuu "mycroro" mMEeHTPaJbHOIrO BOJHOBOIO IIOJIsS 4-TIOTEHIHAIA,
AH = (¢, A), obpa3ymomiero, Kak HOKa3aHO B KOMMEHTHPYEMOIl pabore, JMHAMUYECKH
YCTOWYUBYIO KOPILYCKYJISIPHO-BOJIHOBYIO CTPYKTYPY JIEMEHTAPHOIO 3apsi/ia.

Jst BbisicHenusi, 410 Tepsiercs upu 3amene yciaosus AM =0 ma  A* = 0 60
HCCJIeJ0BAHO PellleHre BOJTHOBOIO ypasHeHus obmiero sumza A = V( ,AM) moiydato-
merocs u3 ypapHenuii MakcBesuia. Pemenne B cepudeckoii MOCTAaHOBKE MOKA3aJ0, ITO
yuaer monsa  (AY = 0 opu yciosun A = K - 1(t) - 3(r — rp), T. e. npu HaIU4YHe [H-
HAMUYECKU CTaOU/ILHOIO Pa3pbiBa JIMBEPreHIMU 110/1s1 BEKTOpHOTO norennuasaa A(r, t) mo
chepe S(rp), UPUBOAUT K OLMCAHUIO LEHTPAJILHOIO 10/ 3apsija ¢ HePaCXOadIIencs
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B HyJle dHeprueil, KOMITOHOBCKUAM paJInyCcOM, AeOPOMII€BCKUMHU BOJIHOBbBIMH CBOW-
CTBaMi, MArHUTHBIM MOMEHTOM (DaBHBIM Maruerony Bopa, ecim eJuHWYHBIH 3apsi
IPUPABHATH 3aps/y JI€KTPOHA) U MOJOBUHHBIM CIIMHOM:

10 .
¢=$+§$e"*’t, (r>r,>0), (1-K)

= % (c/w,) % elte, (r >r,>0), 2-K)

orkya vjekrpuueckoe F = — ¢$—0A/C0tu marnutHoe 11016 B = X A 1leHTpaJIbHOIO
3apsia UMET BUJL

96r+geiwter1 (r>r0>0)1 (3_K)

E={E(r), E(r,t)} = r2 r2

B(r,0,¢,t) = %(He eo + Ug e¢)e“*", U, = %roQ =Const, (r>r,>0), (4—K)

1 Q int
- e ,
2r,r

Takum oOpa3oM, 0oka3aJjoch, 4T0 Teopus MakcBeJsiia onuchiBaeT HEHTPAJIbHbIN 3a-
psiJl, KaK JIMHAMHYECKOe 00pasoBaHHe U3 3JeKTpudeckoro (Bekropuoro) E = (— ¢ —
0 A/cot), marnurnoro (ncesigoBekropuoro) B = (1 X A), a Tak)Ke 3JEKTPOCKAIAPHOIO
G = i(0¢/cot+ A) = 0 moseii, obpazoBaHHbIX AudepeHIHATBHBIME OepAuaMU 4-
poropa u 4-muBeprennuu Hax "mycrbiM" mosiem 4-BekToproro morennuasa AH = (¢, A),
KaK IepBUYHOIl Cpe/bl, JieKallleil B OCHOBe 00pa30BaHUs II0JIeil, 3apsi/IOB H TOKOB.

G=i(0p/cot+ A)=-— A=0, (r>r>0. (-K)

[Tosromy KOMMeHTapuil K JAHHOU CTaThbe MOXKET ObITh JIOIOJIHEH aHAJIU30M B3aMMO-
CBA3H HOJIyYeHHOIO OIMCAHU [0/I KYJIOHOBCKOIO 3aps a ¢ omucanneM B pabore @ noja
3apsa, obpasytorerocs u3 "Pusuueckozo saxyyma':

Er + [Ep,e(t)1 Re Bpxe(t)] =

€o

1 _
= et %(ep+ee), E“—;’(eree) e, (r>r,>0). (6—K)

Y

CpaBHeHHE Pe3yJIbTaTOB IMOKA3bIBAET, 9TO 00a pelneHus 00beunsor "Kiaccuaeckue"
u "kBaHTOBBIE" IpEJCTaBICHUS O CBODOJHOM 3JIEKTPOHE, Kak 0 "kKopmyckymae' c¢ mo-
CTOSTHHBIM 3JIEKTPUYECKUM IIOJIEM U JIeMEHTapHOl dacTuie, 00Ja aomieil BOJTHOBbIMU
cBoifcTBAMM — IapMOHHYECKHM 3/I€KTPOMArHUTHBIM mosieM, T. e. upu AY = 0 pe-
menue BoJaHOBOro ypasmenus AY = V( ,AY) onucelBaer cmamuueckoe U 604HOB0E
{E(r), E(r, t)} ssiekrpudeckoe 1oJie HeHTPaIbHOrO 3apsijia, IOYTH COBIAJIAIOIIEE ¢ AHAJIO-
ruanbiM nojem {E(r), E(p, 0, t)}, noaydennoro us " gusuneckozo sarxyyma' , 410 packpbl-
Ba€T BHYTPEHHIOIO CBA3b MaKCBeﬂﬂOBCKOﬁ QJIEKTPOJUHAMUKHN C OITUCAHUEM HallPAZKEHHO-
1ebOPMIPOBAHHOIO COCTOSHMS CIUIOMHOI 4-MepHoil cpeapl B pabore [,

OCHOBHOe pa3/ndne 3aK/JII0YaeTCs B TOM, 9TO 1m0 MaKCBeIOBCKON TEOpHU CKaJIsp-
Hblii @ u BekTOpHBI A morennmassl, T. e. 4-norenmuana A* = (¢, A) B npocrpancTBe-
BpeMeHuU MI/IHKOBCKOFO, ABJIAIOTCA AKCUOMATUYECCKUMM IIOHATHAMU SJICKTPOJIUHAMU-
k. B pabore ke @ 4-norennman A* = (¢, A) onpesensiercs Kax IMOTOK ILJIOTHOCTH
SHEPruu HANPIKEHHO-Te(OPMUPOBAHHOTO COCTOSHUSA 4-MepHOil cpeapl — "dusuuecko-
20 saxyyma" | T. e. B 9TOM CJiydae pacKpbiBaeTcs OoJiee (yHIaMeHTATbHAS MOIOILIEKA
BO3HUKHOBEHHUS 3JTEKTPHIECKUX CBOMCTB (hU3MIECKOrO MPOCTPAHCTBA.
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Kak ussecrno Bl B oproroma/ibhoii cucreme Koopauuar 4-MEepHOIO 1IPOCTPAHCTBA
Muuxkosckoro R¥TH{ct, X, y, z} 4epes HauaI0 KOOPAMHAT IPOXOIAT YeTHIPE 3-MEpPHBIX II0JI-
npocrpanctsa (runepmiockoctn) Ry = {Ro, R1, R2, Rs}. 910 Rg = R¥*? « {0,%,y, 2}
{r, ¢, 0} (TpexmepHoe HemojBH:KHOe BO BpeMmenu '"spatium vulgaris" — mpocTpaHCTBO
obbiknosennoe) u Ry = R*1 = {ct,0,y,2}  {(p,0)y,, ct}, R, = R¥{ct, x,0,2}
{(p, 8)zx, Ct}, Rs = R®* = {ct,x,y,0}  {(p, B)xy, Ct} — B3aumHO OpTOrOHA/ILHBIE TPEX-
MEpHbIE HUJIMHIPUYECKUE TIOAINPOCTPAHCTBA, UPEJACTABIAIONMNE CODON COOTBETCTBYIONME
koopaunarueie mwiockoctu {Y, 2}, {X,z}, {X,y}, nepemeniaromuecss Bo Bpemenu (T. e. 1o
MHHIMO# KoopuHaTe t, OpTOrOHAIBHOMN KaZK IO U3 STUX ILIOCKOCTEli) CO CKOPOCTHIO CBeTa.

Pemmenue B padore P s BOJIHOBOIT KOMIOHEHTBI 3JIEKTPUUECKOIO 3apsila XapaKTe-
pusyer cdeuzosvie €°(e, + €5) u pescescrue €°(e, X €5) ex KoaebaHus 1IOCKOCTET
(P, 8)xy.yz.2x B nonupocrpancrsax {R1, Rz, R3}, 4ro obbsacusier Habaomaemyro nonepeu-
HOCMb SMTEKTPOMATHUTHBIX KOJIEOAHMIA.

ObocHOBaHUE nNONEPEYHOCTNU SMEKTPOMATHATHBIX KOJIEOAHHH MOXKHO IIOJYYUTH B

MakcBeJIJIOBCKOI  9JIEKTPOJIMHAMUKE, eciu BoJiHOBoe ypaBHenue AM = 0 jyis no-
asi 4-norenmmana A* = (¢, A) passioxuTh 10 derbipeM runeprnosepxmocTsm RZYD =
{R1,R,,R3} u R®*% = {R¢} xax cymmy ypasnenumii
92 9°
— +— - , Ri < {ct,0,y,2},
(33+ = ) (303 =0, Ry = {.05.2}
92 92 02 1. 1
~—— t = ’ R And Ctl 101 ’
(5 * oz czatz)(3¢3 A) = 2 = ct.x0,2}
92 92 92 1. 1
—t = 55 -A)=0, R; < {ct,x,y,0},
(axz ayz Czatz ) ( 3 (I) 3 ) 3 { y }
92 92 92

W+6y2 622)( b, A) Ro = {0,x.y,7},

Takoe pasIoxkKeHHe NPUBOIUT K HAIVIAIHOMY J0KA3aTEJILTBY OTCYTCTBHUS GOAHOG020
npouecca s runepiiockocrn R3O = Ry = {0, X, Y, z}, B koTOpoil HeT KOOPAMHATHI Bpe-
MEeHH, I HAJWIId 604H06bT ABJIeHIH TOAbKO B runepiiockocrax RZ* = {Ry, Ry, R3},
T. €. B COOTBETCTBYIOIIUX MJIOCKOCTaX koaebanus {Yy,Z2}, {X,z}, {X,y}, uro u obbsic-
ager aKT nonepeuHocmu SJeKTPOMATHUTHBIX BOJIH, T. K. B INIOCKOCTSX BO3MOKHBI
TOJIBKO nonepevwnvle KOIebanusd, a npodoabhas KOMIIOHEHTa, PACIPOCTPAHAIONICHCT BOJI-
HbI, HOpMaJ/ibHas K Kaxkjoii u3 miockocreit {Yy,z}, {X,z}, {X,y} B runepiiockocrsx
R2*! = {Ry, R,, R3}, nanpasiena mo Tperbeii (1pocTpancTBeHHO HeHabIII01aeMoil) KO-
opAuHATE — 10 OCU BPEMEHN.

Ce10BaTeIbHO, NONEPEUHOCTIL SJEKTPOMATHUTHONR BOJIHBI M OTCYTCTBUE Yy Heil Ipo-
JIOJILHOM cocTaBdiomeil apiasgerca 3¢p@deKToM pacupocTpaHeHns 10/ 4-I0TeHInAIA
A" = (¢, A) B 4-npocrpancrBe MHUHKOBCKOrO.

[TosTromy onucanue HEHTPAJIBHOIO 3apsija B MaKCBeJIOBCKOI TeOpuH, KakK pPeleHue
ypasuenust AY = V( LAY), HosHOCTBIO coriacyercs ¢ TpebOBAHUEM NONEPeYHOCTNU
BOJIHOBOW KOMIIOHEHTBI.

JIumepamypa
WPp.II. Petinman. Teopusi bynmamenrambpubix mporeccos. M., "Hayka" | 1978.

1B, JT. Andpees, dbdexrr HANpszKeHHO-1eOPMUPOBAHHOIO COCTOSHHS W KUHEMATHKH JIBUZKCHHH 4-
mepHoii cpespt./ / Jokuaxn na Mexunynapoauoit kondepenuun "Petrov-2010 Anniversary Simposium on
General Relativity and Gravitation" , Kazaub, 2010 r. (cM. HaCTOSILY10 MOHOrpaduio).

BIB.A. Jy6posun, C.II. Hosuxos, A.T. Pomenro. Cospemennas reomerpus. //"Hayxa" , Mocksa, 1979.
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[Tapajgoke "m = %mo” 1 cjaadble
B3aNMO/IEHCTBIS B 9/IEKTPOIMHAMUKE
Maxkcsenia

1 IlocranoBka 3aga4n.

B pabore |1]| nokaszano, uro auddepennnaibabie onepaiun 4-poropa u 4-uBeprex-
mun HaJt 4-BekTopHbIM norennuaiom AH = (¢, A) obpasyror Tpu moJs:

(B, B), 10} ={(~ 6= DA, x4), (20+ A}, )

IepBbIe /[BA U3 KOTOPBIX COOTBETCTBYIOT SKCIEPUMEHTAIHLHO HAOIONAEMBIM BEKTOPHOMY
E (s7eKTpudeckoMy) U MCEeBIOBEKTOPHOMY B (MArHUTHOMY) HOJISIM, & TPEThe — MHHMOE
ckasigproe nojie G upusojur upu peumenun ypasumenus AY = V( AY) k nosyue-
HUIO 110JIsI IEHTPAJIBHOIO 3apsi/ia ¢ HEPACXOJAINIUMCS B HYJIe MOTEHIMAIOM, MATHUTHBIM
MOMEHTOM H CIHHOM 1/2. DTO MO3BOJAET CTABUTH MOCITIEAYIONHE 33/a4l, B YaCTHOCTH,
HCCJIeI0OBAHIS CBOWCTB MOJIeil ABUZAKYINErocs 3apsia ¢ yaeroM moss G.

2 llojse G = i(% ¢ + A) aBukyimerocsd 3apgaaa .

Jlopenuesbl npeodpaszoBatnust KoMioHeHT 4-norennuasa AM = (¢, A) u 4-oueparopa
W= (0/cot, ),1.e.d =y[d—(vA)c], A =y[A— d(v/c) + (y — 1)(vA) v/V?],
=[—vy (8/0x + (v/c?)d/dt),—a/0y,—0/0z], d/cot = y[(v/c)d/dx + d/cdt] upn
nepexoyie monst Eo(By = 0, G, = 0), HaxoAsImerocs B CHCTEMe 0TCYeTa Sy , B IBUKYIILYFOCS
cuCTeMy OTCYeTa S MPHUBOJAT K BOSHHKHOBEHHIO 1OJI€HT |2]:

1 C 1
E —YEo_(V_l)(EUEo)ﬁv, Y= TR (2)
1

B=-y(vxB), 3)
G=G,=0=inv. (4)
B ciyuae rageseesbix upeoopasopanuit @ =¢—(vA)/c, A = A—¢(v/c), = |,
0/cot = 0/cot nosme E,(B, = 0,G, = 0) upu mepexoje u3 CHCTeMbl OTCYeTa S, B

JIBUZKYILYIOCS CUCTeMy OTcdeTa S Ipeobpal3yercs B IOJIs
E=E,, (5)

B.JT. Andpees, Crabble B3anmMozeiicTBus B 3nekrpoanHamuke Makcsesia //Hogeiimme nmpobreMbr
reopuu noja (Ilog pex. A.B. Amunosoit) — Usn-so Kasanck. yu-ra, Kasanb, 2006, T. 5, ¢.14-20.
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1
B=—_vxE,, (6)

G=i(iv o), (7)

T. €. P JBUXKEHHHU LOJs Kyaonosckozo 3apsita E, = (9/rder, (B, = 0, G, = 0) co
CKOPOCTBIO V BOKPYT HEro MHyIupyeTcs, KpoMme maruurnoro B = — (v/c)(q/r?)(e, X e;),
TaxzxKe ckagagpuoe noxe G = i(v/c)(q/r?)(ey - er).

IIpu sopennesbix npeobpasoBanusax KuHemarudeckas jgobapka G = (i/¢)(v - E,) Bxo-
JUT B cOCTaB daeKTpmdeckoro nond (2) xkak E = YE, — (y — 1)(G/i)(c/V?)v B anepee-
MUNECKU IKEUBAAEHMHOM C TAJUIEEBBIMU PEOOPA30BAHUSIME BUJIE, TaK KAK IJIOTHOCTH
sueprun nosieit Ey (B, = 0,G, = 0) B aBuxKyuieiics cucreMe orcuera HpU JIOPEHLIEBBIX
1peodpa30BaHUsAX PaBHA

1 W 1 1
= __(E?+B?+G) =L J[{E2—(Z0v - EN)Y+ (v =< E.)>+
ULor 8T[( G?) 8T[[{o (CU o)} (CU 0)-+0], (8)
a HpI/I raJinJieeBbIX
U :—1(E2+BZ+GZ):—1[E2+(Ev><E)2—(Ev-E)2] (9)
Gal ~ gn 8n- ° ‘¢ ° c or

gro coorsercryer Upor = Y2Ugal.
B nocijejnem ciydae uMIy/IbC nos Eo JBUZKYIIErocs KyJIOHOBCKOI'O 3apsjia PaBeH

1 v 1 v
Pgal — ? Sdv =2 (UGaI - Uo) dv — = 4— ( + Gz)d —2 =
1 1 1 4
=1 [(EUxEo)Z_(C E,)? ]dV——(3 émo)UZmov, (10)

e my = ﬁ E(Z)dV — Macca nokod nousd E,.

I3 (10) caeayer, 9T0 B 3JEKTPOJMHAMIKE MAJBIX CKOPOCTEH, T. €. B TaJIUIeeBOM MPH-
GunzKeHun, uck/ouenne nosist G 13 Teopuu HPUBOAUT K H3BECTHOMY HapajoKey M = 5 M,
JIJIsI MACChI TIOKOst My 1oJist By aBuzKyIerocst 3apsja, T. €. K MoTepe CJaraeMoro (—% m,).
D10 M0Ka3bIBAET, 9TO B MaKCBEIOBCKON 3JEKTPOJMHAMHUKE BCErJa, T. €. KaK IPH JIO-
PEHIIEBBIX, TAK U [PH TAJNIEEBLIX MPEO0OPA30BAHMUIX JIBUZKEHUs YJTEKTPIHICCKOTO TOJISA U3
OJTHO¥ HHEPIUAIBLHON CHCTEeMBI OTCUeTa B APYTYIO, IPUCYTCTBYET CKAIsIPHAS KOMIOHEH-
Ta G =1 (%v - E,) B KauecTBe KHHEMATHIECKOTO (D ]heKTa aHAJIOIMYHO KHHEMATHIECKOMY
MarautHoMy 3ddexkry B = —(%v x E,).

3 XapakTep B3aUMMO/IeiCTBUS 3apd/J0B C YUY€TOM MOJIisd

CkaJtsapnoe noste G = i(v/¢)(q/r?)(ey - er) aBuyuierocs xyaonosckozo (¢ = q/r)
3aps/ia npeacrapiaser coboit norennuas G = Qg pacupegesenus 3apsja B IPOCTPAHCTBE,
KOTOPBII B HAIIDABJICHUN ABUKEHHA 3apgana umeer (%)-IumoJbHbI B :

. \Y) . \Y
b = I%E(e\,-er) = |%Ecos¢cose, (11)

22



rpa/JlueHT KOToporo, B CBOIO odepedb, Oolpe/ie/ideT BTOPUIHOEC BEKTOPHOE (CI/IJIOBOG) 1oJie

qro npu nojcraHoske (11) maer
oov 1
EG:—quE _rz(ev'er):

B \'% . .

=—iK % c (2cosBcosd e, +sinBcosd ey + cosBsind ey) , (13)
rae K — koadduruenT mponopiuoHaJIbHOCTH ¢ pa3MepHOCThbIo aaunbl, T. e. [K] = [L],
IepeBOIANIHI pa3MepHOCTh 110/ Eg B pa3MepHOCTh 9/IEKTPUIECKOro Mo/, MakcuMaib-
Has BeJIMYMHA 3TOrO IO/ COOTBETCTBYET HallpaBlIeHH0 IBuxkeHus e, = e, (0 = ¢ = 0)

U paBHa 3HAYCHUIO

o qV
Ecg=2IK = —¢,, 14
G 3 ¢ v ( )
win, oboznadas 2K = | — xapakrepubiii pazmep (mwredo) aumoss, OygaeM UMeTh
.1V
Ec=i0— —-e,, 15
G qr3 Cc v ( )

uTerpas B3anMOAeHCTBIS ABYX KyJIOHOBCKUX noueii Eqp = Egp = 0/r? pasen

U= & EnEpdv =8 (16)
q AT 0102 r .
Hng nByx noseit Egy; u Eg, Buma (15) unrerpas B3aumoseiicTBus 6y/1eT paBeH
1 02 1 v2
Us=— EgEgdV="C=-6_—, 17
G AT GlL-G2 r r3 C2 ( )
re 0003HAYECHO
1 12 v2 1 v2
2 _ +i2.2 —
=-1°0°" 5 5 =—-6—= — 18
qG 3 q r2 C2 r2 C2 ( )
U, COOTBETCTBEHHO:
1
G =21%? (19)
3
— mapaMeTp CBs3H ¢ pa3MepHOcTbIo [G] = [erg-cmd], koropas coBHa aeT ¢ pa3MepHOCTHIO
KOHCTaHTHI c/1aboro B3aumoseiicreus. [Ipunumas | 107 cm (xapaxTepubiii pasmep s

craboro Bammoseiicteua) u 42 = €2 = 0,23-107® 1072 erg - cm , 6yaem mvers G
1074 erg - cm3, . e. BesIMUHUHY, COLJIACYIONLYIOCH C BEJIMYMHON KOHCTAHTBI CBSA3U CJAOOr0
szanmoyeiicrsus G = (1,435 0,001) - 107%° erg - cm?® |, oupejiesieHHOl 110 BEPOATHOCTH
pacnaga mioona [3|. Torma, Gepst 3a ocHOBY 3KcmepumenTtasboe 3nadenue G (3], u3 (19)
noyunM 12 =3-1,43-107%9/0,23-107% =1,86-1073° cm?, . e. | = 1,36 - 107%° cm.

Jl1s »s7eKTpoHa BeJMYMHA TaK Ha3bIBaeMOro "Kiaccmaeckoro pagmyca' g =
e?/mec? = a( /meC) = 2,82-1078 e¢m (a = 0,73 - 1072). Eciin 1peilooKUTh, 4TO
BesimunHa | npejcrasisier coboit aHaIOr BeJMYUHBL Fe Jyist 3apsijia ¢ Maccoit Mg , Jyjis

KOTOPOI'O HOJIy4eHa KoHcranra G, T. e. 94T0

| =e*/myc® = a( /myc), (20)
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TO MO2KHO OLIPpE/IC/INTDH mq N3 COOTHOIIICHUA
my = (re/)me = (2,82 -107%%/1,36 - 107°) m, = 207 m, . (21)

D10 JJaeT BeJIMUUHY, COOTBETCTBYIOLIYIO Macce MIOOHA, 110 Paclia/ly KOToporo u Obljia olpe-
nejena B 3] koncranra G. CiieoBaresibHO, 9Ta, KOHCTAHTA AHAJIMTHYECKH OLPEIEIIseTcst
KaK

1 1
G= §e2 a?( /myc)? = §e2 1. (22)

4 YpaBHeHHe ABIKEHNd 3apgaa0B ¢ ydeToMm mojig Eg .

Nnrerpan (17) owmmuaaercst ot uurerpasa (16) B3auMoIeHCTBIS KYJTOHOBCKUX MOJIel
HAJTIIHEM MHOXKHATeNS 12 = —1, 4To m3MeHdeT 3HaK B3aHMOJAEHCTBHS IO CPABHEHHIO C
OOBIYHBIM, & UMEHHO, 3aPsi/ibl C OJHOUMEHHBIMU 3HAKAMHU Oy/IyT HCIBITHIBATH TPUTIZKE-
HUE, a C PA3HOUMEHHBIMHU, COOTBETCTBEHHO, OTTaJKUBaHuEe. B TO ke BpeMs KyJOHOBCKOE
B3auMojieiicTBIe 3aps/i0B (1 U (2 , T. €. Mexk/1y noJsamu Eg u Eqp | Oyjier coxpansgrbes, a
B3aMMO/IeiicTBIEe MeK/ly MOJIeM JIUIOJS IepBoro 3apsana Eg; u KymonoBckum nosem Eg)
BTOPOIO 3aps/ia Oy/eT OTCYyTCTBOBATh, TaK Kak Ipou3Bejenne Eg; n Eg, Oyjier MHUMBIM.
[Torennuasibnasi ueprusi B3aumoieiicrust novieit Eq u Eg 3apsigos (; = 1 u ¢ = %1
Oyzer oupeenarbes narerpasamu (16) u (17) xax

1 v3(r)
s ¢

L
U==_ G (23)

B srom ciydae JuHaMuKa JiBUZKEHUs OYJIET OUPEIE/IsIThCS CYMMOM CHJI B3auMOJIeii-
CTBUSL

F=— U=F,+Fg. (24)
Jng akcuanbHOU cocraisromeii (e, = ey)
_ %02
Fq - 7ev 1 (25)
1v?2 1v? 1 1dv
QG V212 21 1Pdv
=~ lgw T3ara e (26)
Tak kak d q 1
\
F = — m = 3m e 1 = o o5 7 1 27
dt(y qU) =Y 9 4t ev Y T—vijc (27)
TO mocse moacTaHoBKu (25)-(27) B (24) ypaBHeHHe IBHKEHUS 3aMUIIETCS KAK
dv _3 0102 V212 21 12dv
mg — = — (1 =+-=—— ) 28
9 dt r2 2 r2 3c2rdt)e" (28)
1, OKOHYATEJILHO,
vZ |2 vz |2
md_U:y—s(l1Q2 (1_(;_2§) oo = Bl (1_(;_2'?) .
tdt re (1_2 —3m—1Q1QZ 1P rz ( 3 200 1 12,
3y 9 r2 c2r Y 3 r myc? r?
(29)
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Bpamaresbaoe JiBuzKeH#ne 0JHOIO 3apsi/ia OTHOCUTEIBLHO JPYIrOr0 ¢ OKPYZKHON CKOPO-
CTBIO ¥; O0yCIaBIUBAET BBejleHUe eHTpobexkHol (centrifugal — c.f.) cub

2

v
Fc,f,:m%er,m=qu,y: VE=VE+ V2, (30)

1—v2/c?’

9TO IIpUBOJUT K CyYMMeE CHJI

TpeboBanue coxpaneHuss MOMEHTA BpaleHUA MgVl = MgVolp = Const s npous-
BOJIbHBIX HaYaJIbHBIX YCJIOBU V1o U g UPUBOAUT K Vi = Vg rO/ I, T. €. B3TOM CJIy4ae 6ygLeM
AMeThb Vf/ r= Vfol’g/ rs U, COOTBETCTBEHHO, YpaBHEHHUE IBUKEHUI 3aPAJ0B OTHOCUTEIHLHO
Apyr Ipyra (663 ydeTa CIHH-OPOUTAJIHLHOTO BBaI/IMO,ZLefICTBI/IH) OyJeT uMeTb BHU]L

010 V2 v3,r3
dv_ U (1= ) +Yme =57 3
Mot = s_2Gg 1 P v 32)
V=3 me e

[Tosmygennsie ypasuenus (29) u (32) m03BOJAIOT HPOAHAJN3UPOBATH BKIAT 1m0 Eg
B OTHOCHUTEJIbHOE JIBUZKEHUEe 3aps/ioB. Tak, Jijii OJHOUMEHHBIX 3aps/I0B B YPaBHEHUU
(29) Bo3MoOkHO paspbiBaOe pemienue (dv/dt — ©0) ¢ mocsenyomuM U3MEHEHHEM 3Ha-
Ka B 3HAMEHATeJe, T. €. C U3MeHeHHeM OTTajKuBaHus (+) OJHOMMEHHBIX 3aps/I0B HA UX
uputsizkenue (—) 3a cyeT U3MeHeHHsl 3HAKA B YUCJIUTeJe Wi B 3HaMeHarene. [Ipu B3au-
MOJICICTBIN PA3HOMMEHHBIX 3aps/I0B ypaBHeHnue (29) He uMeeT pa3pbIBHOTO DEIIeHH,
TAK KaK 3HaMeHaTe b Beerja nojioxureaed. OJHAKO M3MEHEHUE 3HAKA B3aUMOJIEHiCTBUs
B 9TOM CJIyYae TAKKe BO3MOZKHO 3a CYeT M3MEHEHHsl 3HAKa B ducjuresie. Bpejenue neH-
TPOOEKHBIX CHJI B ypaBHeHHU (32) HPUBOIUT K erie OOJIbIIeMY YCJIOXKHEHUIO KapTUHDI
JIBUKEHUS] 3aPSA/I0B B 3aBUCUMOCTU OT HAYAJBHBIX YCJIOBHIA.

0.2

vic

rire

Puc. 1 Puc. 2

B kauecrse npumepa Ha puc. 1 U puc. 2 IpUBEIEHbl Pe3yJbTaThl YUCJICHHOIO PeHICHId
JIBYX HPUHIMIMAJIBHBIX 33/0a4: 1) CXOK/IeHUe B OJHON TOUKe 2-X PA3HOMMEHHbIX 3aps/I0B
IIPU AKCHAJBHOM JBHZKeHHH (mpobsiemMa SHeprud aHHUTUJSIIUK) U 2) BBIOPOC 3apsia ¢
YCJIOBHO YCTONYUBOI (MeJIEHHO YMEHbBIIAOMIECs M0 Cupaju) OpOUTBl B CTOPOHY OT
IIPOTUBOIIOJIOKHO 3apsizKeHHOro neHTpa (B-pacman).

Yucsennsie pemtenust ypasaenuii (29) u (32) B egumumax Mg = 1, ¢ = @2 = 1,
c=1,v=v/c,| =1, r =r/rg Bblo/iHeHbl Ha HEPCOHAJBHOM KOMIbIoTepe Pentium-4 ¢
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HOMOIIBIO HporpaMmHoro obecuedenust "Matlab 7.0" u npeacrapisror coboil ciempyronue
Pe3yJIbTATHI.

1. Ilpn magaspHoit sueprun W < 2/ 9HCTO KyJTOHOBCKOE NPUTAZKEHHE IBYX IPOTH-
BOIIOJIOZKHBIX 3apS0B HE3aBUCHMO OT HAYAJbHBIX YCJIOBUN IPHBOIUT K CKOPOCTH CTOJIK-
HOBEHHsl, PaBHOM ckopocTu cBeta (cM. dha3oBbie kpusvbie I PaUaJbHBIX CKOPOCTEl B KO-
opauHaTax V — I Ha puc. 1), T. €. 3HEPrusl CTAJIKUBAIONUXCS 3aps 0B YMy C2 - oo, Vuer
cJaboro B3auMoOJEeHCTBUs, T. €. pelieHne ypaBHeHus (29), MOKa3bIBAET, YTO [PH TEX 7Ke
HAaYaJIbHBIX YCJIOBUSAX 3apsjl (p; BHAYAJE PA3roHserTcs (B CUJTYy KYJIOHOBCKOTO IPUTSIZKe-
HI), HO IIOCJIE PEOJIO/IEHNS IOPOrOBOrO PACCTOAHNUA I(4) (=), IPH KOTOPOM H3MEHSIETCSI
3HAK B3auMMO/IefCTBUSI, eI'0 CKOPOCTh HAUYMHAET 11a/IaTh U 1IPU CTOJIKHOBEHUU C 3aPs/IOM (1
B Touke I = 0 craHoBuTCs paBHOIl HY/II0 (M. Ba30BbIE KpUSHIe 2 PAIUAIBHBIX CKOPOCTET
Ha puc. 1), T. e. B 3TOM Ciyuae YMy €2 - Mg C%, 9TO B CyMMe ¢ MacCoit I0KOost My C2 BTOPOTO
3aps/ia MPUBOJIUT K SKCIIEPUMEHTAIHLHO HAOJIF01aeMOii BeJindne SHepruu (pOTOHOB, 00pa3y-
FOIIUXCS TP AaHHATUIIAIAA 3TeKTPOH-IIO3UTPOHHOf mapel €~ +e* — hvy +hv, = 2m, ¢2.

2. Pemenue ypasnenusi (32) /it pa3HOUMEHHBIX 3aPsi/IOB IOKA3bIBACT (CM. Mpaexmo-
DU JIBUKEHUSI B IOJIAPHBIX KOOPAMHATaX I — ¢ Ha puc. 2), 4T0 1aIeH1e OTPUIATEIBHOIO
(LOJIOZKUTEJIBHOIO) 3apsi/ia Ha MOJOKHUTEIBHO (OTPUIATEIHHO) 3apPsAZKEeHHBIH HEHTP B 00-
nacta | upu HamIuy MeHTpOo6eKHOM CUJIBI IPUBOIUT K BBIOPOCY IIAIAOIIEr0 3apsi/ia

B OOpPATHYO OT IEHTPa CTOPOHY.

Takum oOpa3oM, HAIUYKME y ABUKYIIErocd 3apsia ckaagpaoro noug G = (i/¢)(v- Ey),
Hapsy ¢ KysaoHoBckuMm FEy u maraurabiv B = (—1/¢)(v X E,) nossivu, o0ycjiaBinBa-
er csabble B3aMMOJEICTBYs, N3BECTHDIE JI0 MOC/IEIHEr0 BPEMEHU TOJIBKO KaK IIPOSIBJICHUE
HEKUX KBAHTOBO-MEXaHMYECKUX HPONeccoB. [lojyuennple aHajnTuIecKue ypaBHeHusl JIB1-
JKEeHUS 3aps/I0B, YIUTHIBAIOIINE 9T B3aUMO/IEHCTBHUSI, JAIOT PEIeHnsi, COOTBETCTBYIOIINE
HaO/TI0TAEMBIM B 9KCIIEPHMEHTE.
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[3] Roos M., Sirlin A. // Nucl. Phys., B29 , 296 (1971).— Ilut. mo xH.: [.®paysudensaep, D.Xeniu.
Cyb6aromuas dwusuka, M., Mup, 1979.

KOMMEHTAPUI K CTATHE

Kak nokaszano B pabore M, sjexrpoannamuxa Makcsesnia coaepxuT 4-uBeprenTHoe
anexmpockanraproe nose G = i(% b+ A), koropoe B cujly I'PaJIMEHTHON MHBApUAHT-
HOCTH ¢ HOMOIIbI0 Kagubposku Jlopenna | A* = 0 (cupasemBoil TOIbKO st moJteit ¢
HCTOYHUKAME — 3apsAaMi i TOKaMi) ObLIO (haKTHIeCKU HABCErIA HCKIIIOUYEHO U3 TEOPHU.

HarssgHo ¢MbIC/T TAKOTO UCKJTIOUEHUsT MOZKHO HOHSTD, IIPE/ICTaBUB omucanue Hbioro-
HOBOW METAHUKY B HEKOM CKAGAAPHOM, HAIPUMED, TEMIEPATYPHOM WJIM I0/I€ JIaB/ICHUS.
Ecan 910 mosie mockoe mjin HE3HAYUTEJIBHO HEeOJHOPOJHOe, T. €. JOIyCKas, 9TO B Ta-
KOM T10JI€ TeJjIa, B3auMO/IefICTBYIONIME 110 3aKOHAM MEXaHUKHU, CYHIECTBEHHO HE U3MEHSIOT
cBouX CBOHCTB (bOPMBI, ArPEraTHOrO COCTOSHUS U T. I.), TO B 3TOM CJIy4ae CKaJSAPHOE
0Jie MOYKHO HCKJTIOYHTH (T. €. KAJMOPOBATh HA HYJIb), YTO OOBIYHO U JeJaeTcs Mpu
paccMOTpeHUH JBUZKEHUH u B3auMoseiicrBun yrux reji. OHAKO, €CIU CKAAAPHOE TIOJIEe CY-
IIECTBEHHO Heo0HopodHoe, HaupuMep, 00pa30BaHO CHUJAbHBIMU JIOKAJIbHBIMUA HCTOTHUKAMH,
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KOTOPbIMU MOI'yT 6bITb CO6CTB€HHO B3aI/IMOﬂeI71CTByIOH_H/Ie TeJia, TO 9TO MOKeT IIPpUuBeCTU K
U3MEHEHHUIO XapaKTepa UX B3aumMmoeiicTBuii u apuzkenuii. Cire0BaTe/IbHO, JITsi TPABH/Ib-
HOT'O ONMCAHUS HMOBEJEHUsT TeJ TAKOe I0JIe HeJib3sl MPUPABHUBATD HYJII0, TaK KaK B 3TOM
cllydae TaKoe OMUCAHUE OKAXKEeTCsl (DU3MICCKH HeaTeKBATHBIM.

TO 7K€ CaMO€ OTHOCHUTCA U K JICKTPOAUHAMUYICCKUM I10JIAM.

Yyer HEHYJIEBOTO CKAAAPHO20 NEHTPAJIBHOIO IOJIsi B CIPYKTYPe 3apsijia IMOKa3blBa-
er, 4TO NPU HEPEJATUBUCTCKUX 20AUACEEVLLT NPEODPA3OBAHUIX JIBUKYIIUICS 3apsil,
a TOYHee, JBIZKYyIIeecs BMecTe C HHM ero 3jexTpudeckoe moiae E = (q/r?)e, obpasy-
er BOKPYT cebsl iBa, a HE OJHO, KaK MPeJICTaBJIAIOCh paHee, KHHEMATHIE€CKHUX IIO-
Jg — Marautaoe B = —%v x E = —(v/c)([@/r?)(ey X €;) u MHUMOE 3JEKTPOCKAIAPHOE
G = i(%v- E) = i(v/c)(9/r?)(ey - €r), Mamemamu4ecky CUMMEMPUYHHT OTHOCUTEIHLHO
3HAKOB BEKTOPHOTO (X) u cKajsipHOro (+) YMHOXKEHUs €JJMHUYHBIX BEKTOPOB €, U €.

MuuIMOCTB 3JIeKTpocKaasspHoro noys G He HeceT Ha cebe KakKOi-ambo "Mucruaeckoi"
HAIPY3KH, a XapaKTepU3yer JIHIIb MPOTHBOMOIOKHYO (BCIeICTBIHE U3MEHEHUsT 3HAKA 13-
3a 12 = —1) HAPABJIEHHOCTH CHJI 10 CPABHEHHMIO C 3IeKTPUICCKUMH DU B3aUMOefcTBIN
OJHO3HAKOBBIX (MIPUTS>KEHUE) U PA3HO3HAKOBBIX (OTTAJIKHBAHUE) 10J€il, a Tak-
K€ OTPHUITATEIbHBIN 3HAK Y9HEPTUM 11015, KOTOpas HPOHOPIMOHAIbHA KBaJAPATY 110JId,
T. e. pemmunne G2 < 0. [IpmMepoM CyIecTBOBaHHS B IIPUPOIE HOJS C AHAJIOTHIHBIMH
CBOMCTBAMU SIBJISIETCS] MHUMOE I0JI€ IPABUTAIIMOHHONO 3aps/ia (IPABUTAIIMOHHON MacChl),
obecreynBaoIee, B OTINIAE OT JIEKTPUIECKUX B3aMOJEICTBUIl, MPUTIXKEHNE OIJHO-
MMEHHBIX 3apsi/I0B (II0JOKUTEIbHbIX MACC) i OTPUALATEIHHOE 3HAUYCHHEe SHEPrum co0-
CTBEHHO I'PABHTAIMOHHOIO 110J1s1 (¢ moceuuM (akrom croskHyscs eme cam Jx. Make-
BeJLT IIPH MONBITKe "MaKcBeamsamun” TeopuH rpaBuTanma 1),

Kak nokasano B paccmarpupaeMoil pabore, moae G = i(%'v - E) B HegBHOM Bujie
IPUCYTCTBYET B COCTAaBE JEKTPUIECKOTO OIS MIPH A0peEHUesbir npeobpaszosanusx. [1pn
epexo/ie K MPeJesly MaJIbIX CKOPOCTEH, T. €. K Hepessmusucmekum npeodpadosaHuim,
9TO 1OJIe pUuodpeTaeT ABHBIA Bl U JOJIXKHO YYUTHIBATHCA B 0011eM Gajiance dHep-
ruif, IPUMEPOM Yero CJIyzKHUT IMUPOKO U3BeCcTHbIT napadorce "4/3 my" Abpazama—/lopenua,
paspelreHe KOTOporo MpuBeieHo B TaHHON pabore.

Kax ciaemyer us crareit JIx.Tomcona (1881)B1 M.A6paxama (1902, 1903)451 X_Jlo-
penna (1904)1® cyrb sroro napajokca sakiiouaerca B TOM, 4TO Macca (Heprus) nois
E, (B, = 0) 3j1eKTpUYeCcKOro 3apsijia, Koropas B co0cmeenHoti cucreMe orcuera Sy paBHa
Macce moKos My = iy E2dV (ne uyrarh ¢ Maccoil MOKOs COOCTBEHHO SJIEKTPUUYCCKO-
ro 3apsijia, B YaCTHOCTHU, JEKTPOHA M), MPU pacdere UMIYJIbCA STOrO IOJsI B CJIydae
JIBUZKEHUS 3apsia ¢ JI00oi, Jayke MUHIMAIBHO BO3MOKHOIT CKOpoCcThio V > 0, mpu HEpe-
JISTUBUCTCKUX (20AUi€e66/T) NIPEOOPA30BAHMUIX OKA3bIBACTCs PABHOI 4/3 My.

DTOT Ppe3ysbTarT O00CYXKaJi MHOTHE aBTOPUTETHbIE ydeHble, Hamnpumep, M.Jlay>
(1911)[1) B.ITayan (1921)8 P.Bekep (1933)F, @.Popiuu (1960)19 P.Deitnvan (1961,
1964)1112 i npyrue.

B patorax % namo o6bacmenme posHumkHOBeHma Bemmummbl 4/3 BMecto 1. Oxasza-
JI0Ch, 4TO HCIOJIb30BaHue B pacuerax P78 mepemsruBucTcKkm npeobpasoBanHOro MmO/
E, (B, = 0) upuBojuT B BbIPAXKEHUH JIJI UMIIYJIbCA STOIO 10Ji K MOTEPE JOHOJIHUTE b
HOI'O CJIaraeMoro (—%v- E,). B ciyuae e uCHo/Ib30BaHUs PEIATUBUCTCKHA 11PEOOPA30-
BanHoro noss E, (B, = 0) upu mepexoje oT peJssTHBUCTCKOTO 3HAYEHUs UMILYIbCA K €ro
HepeTATHBICTCKOMY TIpejeTy Ipa V2 2 yHOMSHYTOE CIaraeMoe COXPAHAEeTCs.

Jpyruvu cioamu, coraacao 2% g moayduenns npaBHIBHOIO pelieHms HeOGXOIN-
MO MCIOJIb30BATh B pacuere PeJaTUBUCTCKUE Peodpa30BaHust HOJIEHl U TOJBKO I10C/e
HOJIyYeHUs] KOHEYHOI0 PEJIATHUBUCTCKOTO PE3y/IbTaTa MOXKHO OCYIIECTBJIATH II€PEX0 K
IpejieTy MaJBIX CKOpocTeli V2 €2, Ipu KOTOPOM B BBIPAsKeHHH JIs HMITYJIbCA COXPAHs-
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eTCsd CJIAraeMoe —%WOV/C2 (3mecn o 191: Wy = m,c?), kotopoe oTcyTeTByeT npu rajmie-
eBbIX mpeobpasoBanugax. Kak nonumars (!) u yuursiBaTh HecymecTBymoiee B hopmy-
JIAX HEPEAAMUBUCMCKOT FTeKTPOINHAMAKA 3TO JOMOJHUTEIBHOE ClaraeMoe, peajibHO
BO3HUKAIOIIEe [IPU JIBIKEHNH 3aps 108, aBTopsl ucciaemopannii 2% orsera me masm.

B kommenTupyemoit pabore sueprusi (Macca) cKaJgsipHOro moJs G JABHZKYIIErocs 3a-
psijia (3apszKEHHOIO 1apa) DU 20AUAEEEHIT TIPEOOPA3OBAHUSX PABHA TOYHO OTPHIIATEI b
Hoit Besimunne (—1/3my), 1. e. Macca MOKOS CyMMapHOI'O 3JIEKTPUIECKOI0, MAIHUTHOI'O
1 3JIeKTPOCKAJIAPHOIO IOJIS IIPU ABUXKEHHUH 3apsa OCTAeTCS HEeM3MEHHOH M pPaBHOI
%mo - %mo = m,. Takum obGpa3om, mokazaunas B paborax (219 meobxommmocTp BBI-
yuraHus Beanduabl 1/3 My, Koropasi 00pa3yercss Ipy B3siTUM MHTErpajia 10 00beMmy OT
BbIPAzKeHU s (% v+ E)?, B nacrosueit pabore 06bacHgeTCa TeM, 9T0 (PU3MICCKOH IPHIHHOM
nosiBjienust Bejguunnbl (—1/3My) 1pu JBM2KEHUU 3apsijia ABJISETCHA CylIeCTBOBAHUE TPe-
THEro, paHee He YIUTBHIBABIIEOCS B TEOPETUIECKOI U IIPUKJIATHON 4eKMpoduHamuKe, HO
IPUCYTCTBOBABIIETO B ypaBHeHHAX MakcBesaa, cKaagpHoro moiag AM, HcKmodeHHOrO
13 Teopun KAIuOpPOBKOIL (T. e. uckyccrBennsiM npuemom) AH = 0.

Onnako, 6ojee dPyHZAMEHTATBHBIM, 4YeM perienue mnapajokca "4/3 my", cuen-
CTBHEM CYIIECTBOBAHUS CKAJAPHBIX 10Jieli G ABUKYIIMUXCH 3apsi/[OB SIBJISIETCS] BO3-
HUKHOBEHHE 400020 630UM00eliceus, TPOIBIAIONErocs Mpru OOJBIINX CKOPOCTAX WJIN
Ha MAaJIbIX PACCTOSHUSIX C COOTBETCTBYIOIIEH IIO Pa3MEPHOCTH M YHCJIOBOMY 3HAYEHHIO
KOHCTAHTO CBSA3M, YeM PaCKpbIBaeTcs (pU3nIecKas MPUINHA B3aMMOCBA3U SJIEKTPOMAr-
HUTHOI'O U ¢J1abOro B3aMMOJIEHCTBUsI, YCTAHOBJIEHHOIO B KBAHTOBOW T€OPUU 110 KOCBEHHbBIM
9KCIEPUMEHTAJIbHLIM JIAHHBIM.

Habaomaembie 3ddekTol caabozo ssaumodeticmeus, Takue, HaIpUMep, KaK pas3JieT
(pasaesienne) paHee CBA3aHHBIX MeK Iy CO00ii pPA3HOMMEHHBIX 3aPSI/I0B CJIEYIOT U3 Mpsi-
MBIX pacdeToB. OKa3aJIoch TaKkKe, UYTO CAGObM 63aumodeticmeuem OO bICHIETCI BbIIeIe-
HUE CTPOrO OIPE/IEJICHHON SHEePTUN aHHUTUIAINNA, PABHONH TOJBKO CyMMapHOl dHEP-
FUM MOKOS JIBYX B3aMMOAECHCTBYIOIIMX YaCTUL, IIPU MCKJIIOYEHUH HPUOOPETEHHON ITUMU
4aCcTUIAMUI KHTHETUYIECKON YHEPrum.

[IpuBeleHHBIX Pe3yJIbTATOB BIIOJHE JOCTATOYHO /IS IOATBEp:K/IeHUs HAJAIASA B
MaKCBeTOBCKOI 97IeKTPOINHAMUKE TPETHEro — 2AeKMpockaiipHo20 MO, MOTePAHHO-
ro IPU UCIOJIb30BaHuK KaJauOpoBku JIopeHna He Kak YCJIOBUS WM MOIMYMIEHUS Jijis
HEKOTOPBIX KOHKPETHBIX CJIydaeB (HALPUMED, /I OHMCAHUS [OBEJEHUs HOJIEeil ¢ UCTOY-
HUKaMH), a KaK Bceobiero TpeGoBaHus.

1 makomer, emé OJHHM HHTEPECHBIM, He PACCMOTPEHHBIM B paboTe, HO YMECTHBIM
YIOMHHAHUS B KOMMEHTapuu, mposiBienneM B Ilpupome "morepsuuoro" moss sBiastorcs
3 deKThl, BO3HUKAIOLIME DU CYIIECTBOBAHUU nepemerno2o B0 Bpemenn nosig G(t).

Tak, ec/iu MOTEHIMAJ HEIOABUKHOIO IEHTPAJIBLHO-CUMMETPUYHOTO 3aPsi/ia, H3MEHsIeT-
Csl BO BpeMeHH, Halpumep, 1upu rnepemernnom s3apsje ((t) cdepuyeckoit 06009Ku paiu-

yca R, sjekrpumyeckuii moreHnmas Koropoii B sroM caydae umeer sug ¢(t) = q(t)/r,
(A=0,r=R), to none G(t) = idp/cot =i G(t)/r B oruame OT S7TEKTPUIECKOTO OIS
E(t) =— ¢ =q(t)/r?, 6yger o6paTHO IPONOPIHOHATBHBIM PACCTOSHAIO B IIEPBOii CcTe-

IIEHN, a He KBAJIPATy PACCTOAHUS, T. €. IPU Hajgudun npuemHuros nojs G(t), ono dyaer
PErUCTPUPOBATHCS HA PACCTOSIHUSAX, HA KOTOPBIX djieKrpudeckoe noje E(t) nepesapexka-
eMoii cepbl CTAHOBHTCS yrKe HCUe3aiomie MaJbiM. [Ipu 9ToM, IMIOTHOCTH SHEPIUU MOJIst
G(t) menmoaBuzKHOI cdepsl Gyner ompenenaTbesa Kak Ug = G2(t) = —¢?(t)/r?, ©. e. Gyzer
OTPULATEBHON B OT/INYHE OT MOJIOXKUTEJbHON IIOTHOCTH SHEPIHH 3JEKTPUIECKOTO
noa E(t), pasnoit Ug = E2(t) = ¢2(t)/r*. CuenoBaresibno, pajuaibHblil IOTOK ILJIOTHO-
cru sueprun S(G2) — Ug  —G?/rie; Oyiaer manpasien 110 —ey, T. €. K UCTOYHUKY
nosg G(t). Dt1o coorBercTByer "oTKauke" SHEPrUH U3 OKPYKAMOIIErO MPOCTPAHCTBA B
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ormuue or noroka S(E?)  — (Ug  +02%/r°e,, nanpasiennomy 10 +ep, T. €. OT HCTOY-
HHUKa, 94T0 cooTBercTBYer "3akauke" sueprun mons E(t) B okpyzKaroliee IpoCTPaHCTBO.

"Orpunarenpupiit”" moTok mwiorHocru suepruu nosg G(t) upeacrapiser coboii JOBOIb-
HO HeoObIuHOE sByieHne. OTHAKO, eCJIH MPEIIOI0KATh BO3MOKHOCTD CYIIECTBOBAHMS MK
HCKYCCTBEHHOIO CO3JIaHUs NPUEMHUKOS, PEArnPYIONUX Ha TMMOTEPI0 YHEPIUU LPU B3au-
mozeitcrsun ¢ nojem G(t), To Bosnukaer (miam cyrecrByer 7) BO3MOKHOCTH BO3JIEHCTBHSI
(nepegaan undopmaun) ¢ nomompio nouas G(t) va npuemnur nyrem orbopa sueprun
(KaK W3BECTHO, BCe CYIIECTBYIOIIUE npuemHbie ycmpolcmea paboTalOT HA MOJLY YE€HUN
SHEDPIUH OT Nepedamyuka, TeHePUPYOIIEro SHEPIuio).

Jljist ycTaHOBJIEHUsI PEAJIbHOCTH CYIIECTBOBAHUS TAKOTO sIBJIEHUSI CJIEJAyeT 00paTUTb
BHUMAHUE HA, B3aUMOJIEHICTBIE OO'BEKTOB, B KOTOPBIX IIPOUCXO/ST HPOLIECCHI ¢ U3MEHEHUEM
ssekTpudeckux norennuanos Q(t), a e ¢ aBuzkenueM 3apsijioB (TOKOB).

Hampumep, pedb MOXKeT WATH O HEepeMEeHHBIX 3IeKTpPOIoTeHnanax, "paborarommx"
KAK BHYTPH OHOJIOIHTIeCKUX O0BEKTOB HA KJIETOTHOM YPOBHE, TaK, BO3MOXKHO (7), 1 MEZK Iy
opranusMamu. K nocsesneMy MOXKHO OTHECTH 2UNHOMUYECKOE BO3JIEHCTBUE B XKUBOTHOM
MUPe, IPU KOTOPOM IOJABJICHHE BOJIU Y KEPTBbI MOXKET ObITh 00'bsICHEHO B3aMMO/IeHCTBU-
em nouist G(t) xuimpuka (rUIHOTH3EPA) ¢ NPUEMHUKOM HTOTO TI0JISL Y KePTBbI (IHITHOTH-
3UPyeMOro oObeKTa), T. e. myreM oT6opa ":Ku3HeHHOI" SHepruu Mpu COOTBETCTBYOMIENT
Hacmpolike TOTEHIUATIOB M032a (WU MeAG B T€JIOM) XUITHAKA U ZKEePTBHI.

B sToM ciydae BHOJHE peasibHO CO3/JaHHE TEXHHYECKHX YCTPOWCTB, IeHEPHPYIOIIHe
nojie G(t) 60JbIIOiT MOIHOCTH, CIIOCOOHBIX BBOJUTH B CTYIOP Y€JI0BEKA, OCTAHAB/IUBATH
paboTy MexaHu3MOB U HPUOOPOB.
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Pacupocrpanenne n3inydenusi
nosieit £, Bu G B npocTpaHcTBe

1 IlocranoBka 3aga4n.

B |1, 2| nokazano, 4ro auddepennuanbhbie onepanuu 4-poropa u 4-jauBepreHnuu
Ha/[ 4-BeKTOpHBIM norennuagom AM = (¢, A) obpasyror Tpu mnoJis:

(B, B), 10y ={(- o— DA, x4), (26+ A}, )

IIepPBbIE JIBA U3 KOTOPBIX COOTBETCTBYIOT SKCIEPUMEHTAIHLHO HAO/I0aeMbIM BEKTOPHOMY
E (s7eKTpudeckoMy) U MCEeBIOBEKTOPHOMY B (MArHUTHOMY) HOJISIM, & TPEThe — MHHMOE
ckaJjiipHoe 1ojie G, ydyer KOTOPOro Oupe/e/iserT HaJIuuue y JBUZKYIIEerocs 3apsijia Hapsi-
jy ¢ kyjaoHoBckuM Ey u marautabiM B = (—1/¢)(v X E,) noJisiMu, TakzKe CKaJsgpPHOTO
noiast G = (i/c)(e- E,), 4ro jiaer OCHOBaHME UCCJIEA0BATH 3aKOHOMEPHOCTH PACIPOCTPA-
HEHHUS B [POCTPAHCTBE M3JIyYeHHS YKA3AHHBIX JIEKTPOIMHAMUIECKUX MHOJIEH YCKOPEHHO
JIBUZKYIIUAMCST 3aPSIJIOM.

2 Pacupocrpanenne n3iay4denud nojeii £, Bu G.

Y6eauTebHBIM JOKa3aTenbcTBoM dbusnanocta ycnosug AH = 0 B simexTpoguna-
muke Makcsesia 6e3 "kaguOpoBku JIopeHna' Moo Obl CcTaTh YCTAHOBICHHE HAJIAYHS
sHepreTudeckoil KoMnonentsl ot G =1 AM (kBagpar TOro MO COOTBETCTBYET OT-
PUIATEIHHON IJIOTHOCTU SHEPIMU) B CYyMMAPHON SHEPIUH PACIPOCTPAHSIONMXCS B 1PO-
crpancrBe noseit £ u B, nu31ydaeMbIX YCKOPEHHBIM 3apsaioM coBMecTHO ¢ mojem G = 0.

Kaxk u3BecTHO [3]| , MHTEHCUBHOCTD M3JIyYeHUsT HA PACCTOSHUU I B TesecHbiii yroa dQ
OIIPEJIESISETCH IIOTOKOM Syaq H3/Iy9IaeMOl SHEPIUU KaK

dl = Srader rde ) (2)

Bekrop Ioitnrunra upu asuzxenun nouas E, = (q/r?)e, co ckopocrbio v 6e3 yuera
noJsisi G pasen

y? 1 , C2 1 _,c?
Y CoxE)2—v=—-B2"v.
GV Bo) Gz v =Bz (3)

C yueroMm nosig G oTOK 3HEpruu JABUXKYIerocs mnojs E, Oyaer uMerb BUI

c
S—E(EXB)—

_ 1 2y €

B.JT. Andpees, Pactipocrpanenne uznydenus noseit E, Bu G B npocrpancrse //Hoseiime npobieMbr
reopuu nosa (Ilog pex. A.B. Amunosoit) — Usn-so Kasanck. yu-ra, Kasanb, 2006, T. 5, ¢.21-25.
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U, CJIeJIOBATEIBLHO, TIOTOK U3JIydYeHus OyaerT paBeH

1 c?
Srad = E(Bgad + G?ad) ﬁ v. (5)

Jlng m3myqaromero 3apaa, IBUZKYIIEroCsa ¢ YCKOPEHHEM, 3aIIa3/bIBAIONIe IIOTCHIA-
ael (¢, A) =F(t) ,tmet =t—r(t)/c, paBub [3]:

q _
=iy = G gev e ©)
A=%%(1—%ev-er)_lv. (7)

Ucnonb3yst upencrasiaenue (1), nocse nogcranosku (6)-(7) noayuum pis E, B [3]:

_ 9 v v v -3
E = ﬁ(l_ C_z)(er - E ev)(l_ E €y er) -

1 v B
_?— 2 © x[(er — < ev) xal(l— e er) 2, a = dv/dt, (8)

B=e XE (9)

1, COOTBETCTBEHHO, B HallleM CJiy4dae IJid G 6y'ZLeM HNMETDb:

1 v v? Vv _
TG = _%[(1_Eev'er) + C_z(ev'er)z](l_gev'er) 2+ (1 _ev er) "€r. (10)

rc2

HO.He U3JIyYeHHudA Ha AaJICKUX PACCTOAHUAX Olipede/deTCd BTOPbIMHU Cllal'a€MbIMH B
(8)-(10), KOTOpPBIE POHOPIMOHAIBHBI YCKOPEHUIO @ u 1/ (110CcKoe 10J1e), a MMEeHHO:

1 v v _
Brag =~ Secxl(er—>e)xall—>ev-e)™, (11)
Brad =er X Braq, (12)
1 —2

[ToacraBiisist mMoJydeHHbIE BBIPAXKEHUS B (5), a 3aTeM B (2), IOCJI€ WHTEIPUPOBAHIS
HOJLy9UM JIJIsi MHTEHCUBHOCTH U3JlydeHus dj1ekrpomarauraoro (E, B) mous [3]:

q2a2

=1, (14)

I = 2
EB = 5

3
a I MHTEeHCUBHOCTH H3JydeHus 1noyd G, COOTBETCTBEHHO,

q_ 1

1

IG = § 3 5 Io . (15)

31echb HEOBXOMMO IIOUEPKHYTh, YTO DPEIIeHUue 3aJa4u LUPU IIPOM3BOJBHOM 3HAUE-
Huu nosst  AY = 0 He HPUBOAMT K M3MEHEHUIO M3BECTHBIX DELICHUH Jist M3JLyYeHus]
SJIEKTPOMAT'HUTHOI'O mosis, moydaeMbIX MpH HCIOJIL30BAHUKM KauOpoBKHU JIo-
peana A" = 0, o gem cBugerenscryor ¢-asr (11), (12), (14). B mamnom ciaydae
OTKa3 OT KaJuOPOBKH JIOpeHIa IPHBOAUT TOIBKO K MOJIYUEHUIO JOMOTHATETHHOTO Pelle-
uust (13), (15) ayst pamee ne pacemarpusasierocss CKAJIAPHOIO noust (10) 3apsina,
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koropoe B cuiy yciaosusi  AM = 0 npocro "3amyssiiocs", B ¢BA3M € UeM U3JIydeHHe
9TOrO I0JIsl HUKOT/IA HEe OIHUCHIBAJIOCH.

Bzanmocss3bp wnTeHCHBHOCTH lg g ¢ 9Heprueii Eg g(t) moToka mjisi BEKTOPHOTO IO-
7 (B JAHHOM CJIydae — 3JeKTPOMATHUTHOIO) ONpeIessercs OOBIYHOM MPOU3BOIHON
le g = dEg g(t)/dt. [Tosromy mjist noToka ¢ mocrosiuuoit naTencuBuocTbio lg g = Const |
onpejiessieMoit uepe3 kosimdectBo sneprun AEg g(t) 3a KoHeUHBIH TPOMEKYTOK BpeMeHU

At, byjiem umerb
IE,B = AEE'B(t)/At . (16)

st ckastsipaoro moJis (B JaHHOM ciiydae Jyist 110Jist G) B OTiIMdue 0T BEKTOPHOIO 10JIst
nHTeHCUBHOCTH |G noroka sueprun Eg(X(t)) onpejeisiercss KOHBEKTUBHOM 11POU3BO/HOMN
[4], 1. e. I = dEg(X(t))/dt = v Eg , v = 02/0t. D1a 0COGEHHOCTH PACIPOCTPAHEHHS
CKAJIZAPHOTI'O nosst 371eKTpOAnHAMIYECKOTO [TPONCXOXK IEHNS, HACKOIbKO U3BECTHO
aBTOPY, BOODIIE HUKOTJA HE PACcCMaTPHBAJIACh, OYEBUIHO, M3-3a TOTO, YTO H3JIyUIEHUE
nenysesoro nojist G =1 ,AM nukorga e usygasocs B cuiy kauuoposku AH = 0.

B ciygae o/HoMepHOro noToKa (IJI0CKOE 10J1e), PACIPOCTPAHSIONIErOCst CO CKOPOCTHIO
V = ¢ B HampaBJjieHnn X = Ct nMmeem

dEg(x(t))/dt = cdEs/0t, (17)
410 nocje uarerpuposanus mo t = [0, T] maer
Ec(X(t)) = cT 0Eg/0x (18)
¥ TI0CJI€ MOBTOPHOIO MHTEIPUPOBAHIS MO X COOTBETCTBEHHO MOJIY UM
(x/ct) Eg(x(t)) + C, = Eg, C;=0. (19)

3a koHeuHbIil npomexxkyTok Bpemenun At = t; — t, KOJIUIECTBO SHEPIUH MOTOKA CKa-
JISPHOI'O 110J151 OIIPEJIeJINTCH KAK CPeJiHssl BeJMINHA

S OUED[ES (X(t2)) — Ea(x(t)] = 26 (20)

U, CJIeJ0BATE/IbHO, MHTEHCUBHOCTD 1OTOKA CKAJISPHOIO 10Jist OYy/IeT OLUpPEeIe/IsaThCs Yepes3
KoHeunyto pesmunny sHeprun AEg(X(t)) 3a koneunslii orpe3ok Bpemenn At kak

Ic = %AEG(X(t))/At = % (cT/X) AEG/At (21)
[Ipupasuusas unrencusunoctu (14) u (16), moxyanm
AEe 5 = 1At (22)
H, COOTBETCTBEHHO, u3 conoctasienus (15) u (21) Oymem nmers
NEg = —1,At - x/cT . (23)

TakuM 06pa30M, JBa CIaraeMbIX SHeprud u3aydenus (22) u (23) oupenesasior Hab/IO-
naemyto (observable) B Touke X = Ct sHepruto usnyuenust AEqs B BUjie CyMMbI

AEgs = AEg g + AEg = IoAt (1 — x/cT) . (24)

[Tostyuennoe Boipaxkenue jijisi AEqps npesicrapiisiior coboit 3aKOH paclupocTpaHeHus B
IPOCTPAHCTBE (HA JAJIEKUX PACCTOSHUSX) SHEPIUH M3JLy9eHUsT 110JIst 3apsi/ia, JBUZKYIIErO
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¢ yckopenueM. Ecimm npejicraButh suepruio AEg g , 6e3 norepu o0IHOCTH, KaK YHEPIHIO
myra 13 N MOHOXPOMATHYECKHX KBAHTOB cBera hv,, T.e. Kak AE, = 1,At = nhv, , a TakKe,
coorBeTcTBeHHO, AEgps = Nhvgys , 1 conocTaBurh Bemunny CT = R ¢ nocrosuHoi Xab0.1a
H xak R = cH ™! ( pasmepnocts [H] = [T 1] ), To ¢ yuerom X = ct Beipazkenue (24) Gyaer
UMEeTh BHJ SKCIEPUMEHTAJIbHO HADJII0AAeMOro 3akoHa Xabbua "mokpacuenust” cBera

Vabs = Vo (1 —HY) . (25)

[Ipu srom cjejiyer obparuTh BHUMaHUe Ha ODECIeYMBAIONIUN BbIIIOJHEHUE 3aKOHA Xab-
Gs1a npaBuiIbHBIE (OTpUIATENLHBI BeaegcTBue 12 = —1) 3nak smeprum (23), KoTOpBIil
BO3HHMKAET 1P BO3BeJIeHUs B KBaApaT mojis G.

Takum obpaszom dakxrt "mokpacHeHHs" CBETa MOXKET CJIYKUTh J0KA3aTEILCTBOM IIPH-
cyrcrsug B IIpupoge nona G =1 [ A¥, X0oTd 9T0 U He HCKJIIOYaeT BO3MOYKHOI'O BJIMAHUS
KOCMOJIOIMYECKOr0 (pakTopa HA M3MEHEHUE SHEPIMH U3JIyYeHUs [IPHU PACIHPOCTPAHEHUH
HOC/IEJTHETO B IIPOCTPAHCTBE.
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DopmbaxTop 3apsijia, Kak KHHeMaTnIecKuil
3 pexT B3anMoIeiicTBISA

1 IlocranoBka 3ajJa4n.

B pab6orax [1, 2| nokazano, uro muddepeniuaababe onepanun 4-poropa u 4-ausep-
reniun Haj 4-ekropubiM noreriuaiom AH = (¢, A) obpasyror Tpu 1oJis:

(B, B), 16y ={(— 6— DA, x4), (26+ A}, ()

IepBbIe /1Ba W3 KOTOPBIX COOTBETCTBYIOT IKCIEPUMEHTATBHO HADIIOIAEMbIM BEKTOPHOMY
E (sekrpudeckoMy) U NCEBIOBEKTOPHOMY B (MarHuTHOMY) HOJISIM, & TPEThe — MHHMOE
ckaJsiggproe nosie G npusojautr upu pemenun ypasuenunss A = V(. AY) k nosydenuo
1OJI1 HEHTPAJIbHOIO 3aps/la € HEePACXOJAIUMMCS B HyJIe MOTEHIMAJIOM, MAIHUTHBIM MO-
merToM u cimHoM 1/2. Kpome toro, moie G nBuxkymierocs 3apsia, 1. e. G = i(%v - E),
IpEeCTaBIgeT cODOI IMOTEHIHA, IPAJUEeHT KOTOPOTo 0Opa3yeT BTOPHYHOE 3JIEKTPHYIE-
ckoe jumnosbroe nose Eg [2] . Bsaumoaeiicrue noseit Eg aByx 3apsijioB Mexky coboit
XapaKTEePU3yeTCsd HAPAMETPOM CBSI3M, PA3MEPHOCTh U BEJUYMHA KOTOPOI'O COOTBETCTBYET
KOHCTaHTE ¢J1a00ro B3aumoeicrsus. CoOCTBEHHO B3auMO/IEHCTBUE OTINIALTCS TEM, YTO B
ciy i2 = —1 pasHOMMeHHbIC 3apAIbl OTTATKHBAIOTCA, & OJHONMEHHDIC — IPUTATHBAIOTCA.

YpaBHeHHe aKCHAJTBHOTO BUKEHHUs 3apsI0B IPH KYJTOHOBCKOM B3aUMOJIEHCTBHE MMe-
eT BH/I

dv _ 300
mq a =Y 7 €y . (2)
a ¢ yuerom noas Eg [2]:
v |2
do_aqee U7 a @

1 |2 €y . (3)

“dt  r2 2 010p
3 - .
(y 3

YTO MPUBOJIUT K CYNIECTBEHHOMY H3MEHEeHU0 KNHEMATUKY JBUZKEHNUS 3aPs/10B Ha OJIH3KIX
paccrostuusx B obsactu | (34ech V u I — Tekylpe 3Ha4eHus PAJIUAIbHON CKOPOCTH 1
paccrosuns Mexky sapsaam, Y = (1 —v2/c?)™Y2 q;, q; — sapsubl, Mg — Macca 3apsia,
| — upuBeenHblil TApaMerp c1aboro B3auMoAeHCTBUS.

XapakTepHoii 0COGEHHOCTBIO YpaBHeHUs (3) SBJISIETCsI TO, YTO BKJIAJ] B3AUMO/IEHCTBHSI
nosieit Eg 1719 OTHONMEHHBIX U PA3HOUMEHHBIX 3aps/0B He cuMmMeTpudeH. [Ipu B3anmo-
JeHCTBUM PA3HOMMEHHBIX 3aps/IOB 3HAMEHATE/b B ypaBHeHUH (3) BCerja HOJIOKHUTEIEeH.

B.JT. Andpees, @opmbakTop 3apsna, kKak KuHeMarndeckuii sbdexr Baumoneiictsust //Hoeiinmue
upobiembl Teopun nojis (Ilox pex.A.B.Amunosoii) — U3xa-so Kazanck. yu-ra, Kazaunn, 2006, 1.5, ¢.26-32.
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OfHako 32 cuer M3MEHEeHHs 3HAKA B YHUC/AHUTEIe HPH HEKOTOPOM 3HA4eHH: vy (=) |
BO3MOKHO H3MEHEeHHe 3HAaKa B3aUMOJEHCTBHUS, T. €. W3MEHEHHe B3aMMOIECTBHS Pa3HO-
IMEHHBIX 3apsa0B ¢ npurszkenus (—) Ha orrankuBanue (+), B pesyjabrare 4ero o0b-
SICHSIFOTCsI TaKHe HaO/IIoaeMble SKCIePUMEHTAIbHO sBIeHUsI, KaK [B-pacmal, T. e. BBLIET
OTPHUIATE/ILHOTO 3aPsijia U3 1I0JIOKUTE/IbHO 3aPIZKEHHOIO $1/[pa, UJIM BbIJIEJICHUE SHEPIUU
AHHUTUJIATAN, O'PAHMYEHHON CyMMapHoOi Maccoii mokos 2 My ¢2 |2,

JIs1s1 OIHOMMEHHDBIX 3aPsA/10B, KPOME OTMEUYEHHOI'O BBIIIE BO3MOXKHOI'O U3MEHEHUs! 3Ha-
Ka B JHCIATesNe B 0obacTH I |, B ypaBHeHnun (3) BO3MOXKHO pa3pBIBHOE DEINEHHe
(dv/dt - oo0) ¢ mocienyromuM H3MEHEHHEM 3HaKa B 3HaMeHaresne. PasimuHas KoMOu-
HalMs HAYAJIbHBIX YCJIOBUI IPUBOJUT K CJI0KHOW KAPTUHE JIBUKEHUS 33 CUET N3MEHEHUsI
3HAKOB B 3HAMEHATE/I€ U YUCJUTE/Ie, Pe3y/JIbTaTOM KOTOPbIX MOXKET ObITh MU3MEHEHUe OT-
rajkuBarus (+) OJHOUMEHHBIX 3apsiJIOB Ha UX HpuTszkeHue (—) ¢ BO3MOKHBIM HOCJ/Ie/1y-
IOIUM H3MEHeHHeM 3HaKa Ha MPOTUBOIMOJIOKHBINA U T,

CpaBuenune pemnrennii ypasuenuii (2) u (3) 1y1s EMIyI6cOB (CKOPOCTeit) 30HAUpPYIOMIeit
YACTUIBL TTO3BOJISIET 110 UX PA3JIMYUI0 HEIOCPEJICTBEHHO HIPOC/IE/UTD 3a Uu3MeHeHneM -
dekTuBHOrO MHOTEHIMAJA U IPPEKTUBHOIO 3aPsijia, T. €. 38 UBMEHEHUEM IAEKMPUUECKO20
dbopmdakropa (B3auMojeiicTBIe 3apsilOB ¢ MATHUTHBIME MOMEHTAME B JIAHHOM CJIydae
HEe YYUTHIBAETCs) IPH AKCHATBHOM B3aUMOJIEHCTBUH JIBYX 3apSA/I0B, YTO U SABIAETCS HPE]i-
METOM HCCJIeIOBAHUI HACTOSIEl pabOTHI.

2 ®@®opmdaKTOphl PN B3aNMOAECTBIN PA3HONMEHHBIX

3ap4/10B.
Yucrennsle pemenns ypasHenuit (2) u (3) B equunmax Mg = 1, [o1] = 92| = 1,
c=1,v=v/c,| =1, r =r/l sonosHensl Ha IIEPCOHAILHOM KOMIboTepe Pentium-4 ¢

HHOMOIIBIO HporpaMMHOro obecredenust "Matlab 7.0".
Ha puc. 1,a mokasanbl dpa30Bble KPUBbIE PAJIHAILHBIX CKOPOCTEH COMMKEHHS Pa3HO-
MMEHHBIX 3aps/0B: KpUBbie [, 2 — NpH B3aMMOJEHCTBAN 10 ypaBHEHWHIO (3) U KpUBbIE

1’, 2’ — npu KyJOHOBCKOM B3amMOJeHCTBUH (2) MpH PA3TUIHBIX HAYAIBHBIX YCIOBHIX
(HaganbHOE paccrosinue Fo = 5 — kpusble 1, 17, 2, 2’ u Hadauabubie ckopoctu Vo = 0
— kpusbie 1, 1, Vo = 0,99 — xpusbie 2, 2’ ). Kak BHJIHO W3 I[OJIyYEHHBIX DEIICHHI,

JIUISL 9UCTO KYJOHOBCKOTO HMPHUTSIZKEHHS JIBYX MPOTHBOIOJIOXKHBIX 3apSI0B HE3aBHCHMO OT
HAYAJIbHBIX YCJIOBHUiI CKOPOCTH COJIMMKEHUsI CTPEMUTCS K CKOPOCTH CBeTa. Yder caboro
B3aUMOJIEHiCTBHsI, T. €. pelleHne ypaBHeHHs (3), MOKa3bIBAeT, YTO MPU TeX Ke Hadajlb-
HBIX YCJIOBUSIX 3apsi/| (p BHaYaJse PAa3roHsieTcst (B CUJLy KYJOHOBCKOIO HPUTSZKEHUS), HO
110CJIe LPEOJI0JIeHHs 11I0POIOBOI'0 PACCTOAHMS F(4) (=) , IIPH KOTOPOM M3MEHSIeTCs 3HaK
B3aUMOJIEHICTBUSI, €0 CKOPOCTh HAYMHAET HAJaTh W HPU CTOJKHOBEHUU C 3apsjioM (; B
touke I = 0 cranoButcs paBHOii Hya0. Kak cienyer u3 ypasHenus (3), cMeHa 3HAKA
B3aUMOJIEfICTBUS IPOUCXOIUT HA PACCTOSHUAX I(+) (—) Ipu (1— ‘é—;:—zz) < 0, 3aBuCAMUX OT
HAYAJIbHBIX YCJIOBHIA.

Ha puc. 1,6 nias 1ex ke HaYabHBIX YCJIOBHIl IIPUBEJCHBI PACYETHBIE KPHBBIE (-
dexruBnbix norennuasoB U(r), KOTOpbie ONPEILIAIOTCS HEMOCPEJICTBEHHO U3 PEIIeHust
ypasrenus (3) (Ha perrenue mo ypaBHEeHHIO (2) st KOHTPOJISA HAJIOKeH "crangapTHbLil"
norernuas U(r) = 1/r, koropslii To4HO coBHajaer ¢ pacieTHbiM ). Kak ciemyer u3 pu-
CYHKA, BC/JIEJCTBHE M3MEHEHUH 3HAaKa B3aUMOJIEHCTBHUSA MO MyTH COJUKEHHS 3apsaI0B IO-
TEHIUAJIbl IPUHUMAIOT S-00pa3Hblil BUj U 1npu OOJIbIIEHl HAYaJIBHONW CKOPOCTH JIOJIbIIE
ocrarorcs "npuBsizabiMu' K KYJIOHOBCKMM 3HAYEHHSIM, T. €. C YBEJHYCHUEM HAYAJIbHOMN
CKOPOCTH JTOJIbIIIe COXPAHSETCS WHEPIHsA KYJIOHOBCKOIO B3aMMO/IeiiCTBHSI.
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M3menenne cobCTBeHHO afiermuenoli BeJMYUMHBl 30HIAMPYEMOrO 3aps/la-MUIIEHN
qi(r) = p(r)dV no mytu cOmmKeHus ¢ 30HAUPYOMUM 3apsaaoM O, = 1, ompemessier-
ca u3 coornomenus: q/r = U(r) miag perrenus ypaBaenus (3), OTKy/a, COOTBETCTBEHHO,
IIOTHOCTE 3(deKTUBHOro pacupenenenud 3apana p(r) = # dg/dr GyayT umers Bu,
Hpe/iCTaB/IeHHbIl Ha puc. 1,6.

Hakownen, na puc. 1,2 juis Tex »Ke HadaJIbHbIX YCJIOBUII IOKa3aHO U3MEHEHUE BO BpeMe-
uu afppexmuenoti Besmannbl 3apsios (), paccroanus mexx iy 3apsagamu F(t) u ckopocreii
commkenns V(t).
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®opudakTop 3ommupyemoro 3apaga F(g%) (3mech obosmageno g2 = (pg — p)? ,
P = MgV (1 — v3/c?)™Y2 — ummysbe 3apsia IpH KyJOHOBCKOM B3aMMOJIEHCTBHE 13

pemenus ypasaenus (2), p = mgVv(1 —v2/c?)™Y2 — 10 xe u3 pemenus ypapuenus (3) )
JJIsl AKCHAJIBHOIO COJIMZKEHUS 3aPsI/I0B MOZKHO OLPE/IEJUTh HEIIOCPEICTBEHHO KaK OT/JIMIUE
BeJMYUHBL §° (B esuHuIAX Pei) OT 1 10 MyTH JBUZKEHHs 30HUPYIONIErO 3apsijia, T. €. KaK

F(©%) =1— (pa — P)*/p3 =1—9°/p% (4)

9TO ¢ XOPOLIMM IPUOJIMKEHHEM cooTBeTcTBYeT (CM. puc. 2, Kpupasi 2) IMIIMPHYECKOIT
3aBACUMOCTHU BHJA

F@) =[1+kg]™} k=1/4. (5)
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[Ipu yBesimyeHun CKOpPOCTHU JIO JOCTUZKEHUS YCJIOBUS, KOTJIA p2 = pP-Pa , OylleM umernb
(Pl — P)? = (p% — p?), uTO MO3BOIACT TIpeACTABUTL HOPMGAKTOP KaK OTHOMIEHHe KBaJl-
PATOB UMITYJIbCA MO IyTH JBUKEHUS 30HUPYIONIEro 3apsijia Mpu ucciepayeMoM (3) u Ky-
JIOHOBCKOM (2) B3aUMOJEHCTBUSAX :

F(9%) =1— (5 — p*)/pe = P°/p%y (6)
9TO COOTBETCTBYET (CM. PHC. 2, KpuBas 1) SMIHPHIECKON 3aBUCHMOCTH
F() =[1+kg¥? k=1/2, (7)
COBIIQJAIONIEN C T. H. JMIOJbHON AlIPOKCUMAIMEH SKCIEePUMEHTAJIbHbIX JIAHHbIX:
F(02) = [1+Kex 03] 2 Kex = 1/0,71 (GeV /)2, (8)

Eciin popmdakTop onpejesdars jiisd O0JIbIIUX CKOPOCTE, IPU KOTOPbIX PAKTUYECKT
na seem nytu (1—v3/c?) = (1—v2/c?), 1. e. korya 308 upylonumit 3apsi1 Gy1eT M0X0UThH
O04YeHb OJIM3KO K TOUYKe BCTpedH 10 '"MOYTH KYJTOHOBCKOMY' IMOTEHIHA/Iy C IOC/Ie/IyIoIei
Pe3Koii moTepeii CKOPOCTH U HEPIUH, TO BMECTO (4) MOXKeM 3amucarhb

F(0%) =1— (Va — V)*/V . (9)
1
s |
5 i-"_i_".-_—.——__._ __‘______' 43
e} P
HH -\_\_"“—\.l:___é_
RN
ke, =T T e———
& T Eq.(8)
2 —Eqd4)
=L = Eq.(5)
34 - Eq{9)
=B . Eq.(10)
""-a..____
-4
" 20 40 &0 80 100
g2
Puc. 2

B srom ciygae ¢ 6010l crenenpio coruacust (M. puc. 2, kpusas 3) dopmbakTop
OIUCHIBAECTCS SMIUPUIECKOIT (hopmy ot

F@*) =1+ (va—Vv)2. (10)

U3 cpasuenust (7) u (8) cie/yer, 9T0 COOTHOIIEHHE HPUBEIEHHBIX W IKCIIEPUMEHTAJ b
HBIX €JIMHUIL cocTasiser seauuuny §2/92, = 2,82, 1. e. Kex = 2,82k , u, ciieoBaresibho,
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ypasnenne (7) B koopmunatax g5, = g%Kex/K, 1. e. F(g2) Gymer conagars ¢ (8) , uro
HAIVIAIHO BUIHO W3 puc. 2, e Bee (hopMbaKTOpPhI MOCTPOCHBI B KOODAMHATAX (2.

Bce Tpu mpe/icTaB/IeHHBIX BBINIE THUIIA 3aBUCAMOCTEH I 3JeKTpHuIecKuX (hopMbak-
TOPOB M3BECTHBI U3 YKCIEPHUMEHTOB 110 PACCESTHUIO SJIEKTPOHOB HA MPOTOHAX (CM. 0630p B
monorpadusx 3], [4]). Dru 3aBUCHMOCTH HBITAIOTCH OOBICHUTH PA3IUIHBIMU CTPYKTYD-
HBIMH OCODEHHOCTSIMHU 30H/IUPYEMOI'0 3apsijia, a uMeHHo, B nepsoM caydae (F(g2)  1/g?)
"pazMazaHHOCTL'" 3apsi/la IPUIUCHIBACTCS ME30HHOMY 00JIaKy (MOJIe/Ib BEKTOPHOM JI0OMU-
nanTHOCTH), Bo BTopoM (F(g?) 1/9%) — Kak Mojeqb CMeIAHHBIX H30BEKTOPHOTO H
U30CKaIsIPHOTO (DOpMMAKTOPOB € HAUIYUNIUM SMIUPUICCKIM OIMMCAHUEM B BUJIE TaK Ha-
3bIBAEMOM JIUIIOJIbHOM anmpokcumaluu. V, HaKOHEIl, B TPeTheM CJydae — KaK MOJE/Ib
HEYLPYTOro pacCesiHusl Ha TOYEYHBIX BHYTPHHYKJIOHHBIX paccemBare/six (IraproHax).

Kaxk cjiejyer u3 npuBeJeHHBIX PACYETHBIX PE3YJITATOB, BCE EPEUUC/IEHHbIE BbIIIE U3-
BECTHbIE U3 SKCIEPUMEHTOB OCOOEHHOCTH PACCesSHHsI SJIEKTPOHOB Ha MpoToHAX (6e3 ydera
CIIMHA W MATHATHBIX MOMEHTOB) OMHCBIBAIOTCS B PAMKAaX KOMOMHHDOBAHHOIO B3aMMOIEii-
crBud Ky/aoHOBCKoro Ey u "cinaboro" Eg mnojeit 3apA70B, T. €. ¢ IOMOIIBIO yPaBHEHUS
(3), 1, MO-CyIIECTBY, MPEJACTABIAIOT CO00il KuHemamuueckue fpermo, ITUX B3AUMOIEi-
crBuii. Hanbousiee ybex qaomum B TAKOM BbIBOJIE siBJIsieTcst pe3yabrar (9), 00 bscHAommit
"maprouHbIil 3dext" mpocTo yBeanUeHneM HAauaAIbHOW SHEPIHH 30HIAPYIOIIEro 3apsa,
IPH KOTOPOM 30HIUPYEMbIil 3apsi/-MUIIEHb CTAHOBUTCS MOYTH TOYCTHBIM.

—f 1= AN E
t2=0211

0.5

17 18 19 20 21 22

Puc. 3

K ckazaHHOMY BbIIIIe CJie/lyer J100aBUTh, 4TO, UCHOJIb3Ysl ypaBHeHHE (3), MOXKHO 110JIy-
YUTH T€ K€ CAMbI€ PE3YJIBTATHI 110 XaPAKTePUCTUKAM dJIeKTpuIecKux (popmparTopos iry-
TeM MPSIMOTO MOJIETUPOBAHNUS SKCIEPUMEHTOB [0 PACCESIHUIO MIyIKOB 3aps/I0B HA 3aps/ie-
MUIIIEHHU, XOTs 3TO bosiee TpyaoeMko. Ho, nanpumep, mpu uccieJ0BAaHIE CIIEKTPOB paccesi-
His, 00pa30BaHus PE30HAHCOB U T. . TAKOIl IO/IX0/ ABJIAETCA HAMOOJ/Iee Pe3yIbTATUBHDIM,
TaK KaK MO3BOJISIET HE TOJIBKO yCTAHOBUTDH B3aMMOCBS3b SHEPIeTHIECKUX [TAPAMETPOB 1y Y-
Ka C XapaKTePHBIMH OCOOEHHOCTSIMHU CIEKTpa, HO u "Booumio" B mporecce perieHust 3a-
Jadn HaOJII0IaTh HA SKPaHe KOMIbIOTepa MeXaHH3M 0Opa30BaHus STHX 0COOeHHOCTei [5].

s mpeacTaBieHns O BO3MOYKHOCTSX TAKOI'O MOJIETHPOBAHUSA HA puc. J HMPUBEICHO
perenne (He paccMaTpUBaeMOe B HACTOsIEH paboTe) B BHJE CIEKTPa PACCESHUSI Y3KOIO
nyuka 3apaaoB (400 mr.) Ha 3apsae-muiienu. U3 pucyHka ciejgyer, 910 KpoMe KPHBOM
YIPYTOro paccestHus HaOJIIOIAIOTCS XapakTepHbie muku "'pesonancos" wa (one crnekrpa
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TaK HA3bIBAEMOI'0 HEYIIPYIOI'0 PACCEsHUsI, XBOCT KOTOPOI'O BBIIOJIAXKMBACTCHA K HEKOTOPOI
HocTosHHON BesmunHe. C pOCTOM SHEPIHH IIyYKa 30HIUPYIONMX 3aps/I0B BHICOTA MHKA,
VIIPYTOTro paccesHusa u "pe30oHaHCHBIX' MHKOB yMeHbIIaeTcd. Bce 3Tu 0coOeHHOCTH, KaK
U3BECTHO, XapaKTePHbI /IS SKCIEPUMEHTAJIBHO HAOII0JAeMbIX CIIEKTPOB PACCesSHHUS.

B saksouenne ciepyer orMerurb, 4ro ypashenus (2)-(3) me "pasmmuaior” crpyk-
TYPbl YaCTHIL, HECYIIUX 3apsiibl. [[09T0My KpuUBble U3MeHEeHUs BeJUUnHbl 3(PPEKTUBHBIX
IOTEHIUAJIOB (MM 3aPsiJI0B) MOI'YT ObITh DABHONPABHO OTHECEHBI KaK K JIBHIZKYIIEMYCsI
(B0HIUPYIOIIEMY), TAK U K HEIOIBH:KHOMY (30HIMNPYEMOMY) 3aps/ly, XOTs TPaJUIHOH-
HO HEeM3MEHHBIM IIpPHHHMAaeTcs "mpoOHbIi" | T. e. 3oHaupyfomumii 3aps. [Ipu pemenun B
cucTeMe HeHTpa WHepHUU (DYHKIMOHAIbHbIE 3aBUCUMOCTH (D MEKTUBHBIX 3aPsi/I0B 101K~
Hbl ObITH OTHECEHBI Cpa3y K 0DOMM 3apsijlaM, TaK KaK OHU HEPa3JIMYUMbl 110 BCEM Hapa-
MerpaM, T. €. (PYHKIUU KaxkJI01r0 u3 3pMEeKTUBHbIX 3aPsi/ioB MOI'YT ObITH 11OJIy4Y€Hbl KaK
) = 2[F(@) - F(@)]*? (31ech F(q) = 1). B sTom caryuae rpannia usmenenus 3uaxa ()
OyIeT MpeACTaBIaTh COOOil IPaHUILY IEPEX0/a BEJIHYNH 3apaI0B B MHUMYIO 00J1aCTh, 9TO
obecrieunBaeT U3MEHEHHe 3HAKA B3aUMOJeHCTBUs (IIPUTSIZKEHHUsT HA OTTAJKUBAHKE).

C sapyroit cropoHbl, yka3aHHble (DYHKIMOHAJIbHbIE U3MeHeHusT YD PEKTUBHBIX 3HAUYE-
Huit 3apa08 (r) MOKHO MHTEPIPETHPOBATH HE KaK CYIIECTBOBAHME NMPOCTPAHCTBEHHBIX
dbopmdakropos ("pasmaszanuoctun" 3apsoB), a KaK W3MeHeHHsI BO BpeMeHn 3 dekTuB-
HbiX BeuduH ((t) KyJOHOBCKHX (TOYEUHBIX) 3aps/0B B 3aBUCHMOCTH OT MX B3aUMHOIO
paccrostHusg U cKopocTu cOmumkenus (cM. puc. 1,2). Ilpu Takoii WHTepHpeTanmuu IOJIy-
YEHHbIE YKCHEPUMEHTAJBHBIE Pe3yJIbTaThl MOXKHO OTHECTH K B3aUMOJIEHCTBUIO BHEITHHX
KUHEMAMUNECKU NEPEMEHHVLT TOJIEH 3apsJIOB, MoJaras, 4To BCe CTPYKTYPHbIE OTJIMYUSI
HOCTIeTHUX JIeKAT B UX "BHyTpeHHuX' 00JIaCTAX, HEJOCTYIIHBIX IPHU MPOBEIEHUH JAHHBIX
SKCIIEPUMEHTOB.

BreiBoapbl.

Bropudnoe siekTpudeckoe qumobHoe mose Eg | mpeacTaBisgroniee rpaJHeHT CKasIp-
HOiT KoMmoneHnTel G = i(%’u - Ey) mons nBHKyIerocd 3apsjia, BO3HUKAIOIIEeH B KadecTBe
KHHEMaTU4IecKoro pdexkra aHaJIornaHo KuHeMaTrudeckomy 3(pdekTy MariuTHoil KOMIIO-
HeHThl B = %v x Eq upu JBUZKEHUU CO CKOpOCTbIo v 1ous Eq = (q/r?)er nenrpaJjibHo-
ro 3aps/a, MPUBOIUT K H3MEHEHHI0 KYJOHOBCKOIO B3aHMOIEHCTBHSA 3apPsI0B HA MAaJIbIX
PACCTOAHUAX. DTH U3MEHEHHs CO3/A0T /IS TOYedHOro 3apsgaaa dpderT "pazmaszaHHo-
ctu', T. e. pacIpee;IeHHOTO B IPOCTPAHCTBE 3apsija, XapaKTepH3yeMOoro TakK Ha3blBa-
eMbIM (hopmparmopom. Paccauranupie sjieKTpudeckue Gopm@parmopv, UpU B3aUMOIEii-
CTBUM PA3HOMMEHHbBIX 3aPs/I0B 110 CBOMM XapaKTePUCTHKAM M OCOOEHHOCTSIM IIOBEICHUS
LpY Pa3/IMYHBIX IIapaMerpax PacCesiHusl COOTBETCTBYIOT SKCIIEPUMEHTAILHO PErUCTPUpPY-
eMBIM (hopmParmopam TPOTOHOB MPU UX 30HIUPOBAHUU JEKTPOHAMU. DTO IO3BOJISIET
KOHCTAaTHPOBATH, ITO HAOIIOAAEMBIil 3TeKTpUIecKuil dopmgarmop IpoOTOHA HE UMEET OT-
HOIIEHUsI K COOCTBEHHO CTPYKType YaCTHUIlbl, a IHpejicTaBisger coboi kuHemamuueckul
aperm KOMOMHHUPOBAHHOIO B3auMozelicTBus Ky/aoHosckoro Ey u "ciaaboro" Eg moseit
TOYEUHBIX 3aPSA0B HA OJIM3KHMX PACCTOAHUIX.
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Paznes 2.

MOJIEJIDb MHBEPCHO-COITPAZKEHHDBIX
[TPOCTPAHCTB 9JIEMEHTAPHBIX

[TPOCTPAHCTBEHHO-BPEMEHHBIX
OB'bEKTOB
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M uBepcHO-conpsizKeHHbIE TPOCTPAHCTBA,
KaK MOJIEJIb CTPYKTYPHI
3JIEMEHTAPHOTO 3aps/jia

1 IlocranoBka 3aga4n

Pemenue B 1] ypasuenus A’ = V( AY) mis komnonent 4-norennuana AY = (¢, A)
B IEHTPAIbHO-CUMMETPUYHON II0CTAHOBKE MMEeT BU/L:
Q, 1Q i
=4+ ——e , r>r,>0 , 1
24 28 (r>r,>0) )
— i Q int
A= 5 (c/wy) 2 e e, (r>r,>0). (2)

Huddepennnanbupie onepanuun 1 0/C0t , coorsercrenno, nag ¢ (1) u A (2) gaer
ssekrpudeckoe noje E =— ¢p—0A/CcOt B cobcrBennoii cucreme orcyera HEHTPAJIbLHOIO
3ap41a B BHJIE

— Q Q int -2

Porop Bektoproro norenruaia A (2) maer marautaoe moie B = X A B co6cTBEHHOI
cHCTeMe OTCUeTa NEeHTPAIbHOro 3apgjia B Buge B = [/ r3 roe Y — MATHETHBIH MOMEHT,
BeJIMYKMHA BEKTOpa KOTOporo pasHa || = 3Ho , Ho = Mz = %rOQ (ipu Q = €, u

ro = /mMyC BesmunHa Po — Marseron Bopa), t. e. mose

\/§ 0
_ No & int -3

B_T 3 e rot ey , B r. (4)
Haxonen, onepaiun 0/c0t 1 = (0,/C)? %er, coorsercrBento, Hajg ¢ (1) u A (2)

naoT ckassgphoe nmoie G = 0p/cot+ A B coOCTBEHHOII cucTeMe OTCYeTa IEHTPAIBLHOIO
3apsja B BHJIE
1 Q . _
G=—- —~¢"t, G r (5)
2 Ior
Peniennn ykazaHHOTO Bbillle YpaBHEHUS IIPU YCJIOBUM 1OJIYUYEHUS HEHYJIEBOI'O 3apsijia
Q = 0 mpuBouT K pazaerenmio npocrpanctea U = X3 na ape obmactu (fp < r < o0) u
X (0<r =r,), 1 e. K 00pa30BaHUIO ABYXKOMIOHEHTHOIO IIPOCTPAHCTBA,

U=X  X={0ro][r, o)} (6)

B./[. Andpees, IHBepCHO-CONPS?KEHHBIE TPOCTPAHCTBA KAK MOJEIh CTPYKTYPbI 9JIEMEHTAPHOTO 3apsi-
na //Hoseitue upobsembt reopuu noss (ITox pea. A.B. Amunosoit) — Usu-so Kazanck. yu-ra, Kazanb,
2006, T. 5, c.33-44.
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CHEIIJICHHbIX ITOJIIPOCTPAHCTB

X =(,r,], r X, (7)

X=1]ry,, o), ro X, (8)

XnX = , XnX = S(r), 9)

e So(r,) — cdepa pammyca r,. Ilpu o =0, T. e. B crydae 2U — U, peleHne ypaBHeHH
A" = V( ,AY) gaer () =0, 9TO CBUIETENBLCTBYET O HEBO3MOXKHOCTH CYIIECTBOBAHUA

zapsios B8 OJITHOKOMITOHEHTHOM upocrpancrse.

Tak kax pemenne (1)-(2) ornocurcst TobKO K BHemHed obsactu X(fp < r < o0),
TO MPEJICTABJISIETCS JIOTUYHBIM BBINOJTHEHIE PEJIATUBUCTCKOTO TPEOOBAHUS CYIIECTBO-
BaHus (DU3MUECKU PAGHONPAsHHLL pemenuit (popmunsapuanmuocmu) s "HabIogaTe-
Jeit" | HaXo/SIUXCs 110 Pas3sHyo cTopony rpaHunbl XN X |, T. e. B obsactax X(r, < r < oo)
uX 0<r =r,).

[Ipu cdepuveckn cuMMETPUYHONW HOCTAHOBKE 3TO TpeboBaHue HpocTeiinuM odpa-
30M BBIIOJIHSETCS JIJIsi [IPOCTPAHCTBEHHBIX KoopiauHar X = {Xg, Xz, X3} Xux =
{X1, X, X3} X , cBA3aHBIX MexKIy co00i KOH(MOPMHBIM Ipeobpa30BaHHEM HHBEPCUU
OTHOCHTEJIBHO cepbl Sy C PAJTUYCOM Ty KaK

2 2
I r
X =X r—; : r= (X)?+ X)?+(X3)?, r= r—o (10)
1, COOTBETCTBEHHO,
r2 r2 r2
X=X _ 0o =X — , r = 0 s (].].)
(r)3 r r

9TO COOTBETCTBYET 0OPA30BAHUIO MHBEPCHO-COMPSZKEHHBIX HOAIpocTpancTs (7)-(9) aByx-
KOMIIOHEHTHOT'O IPOCTpaHcTBa (6).

B sTOoM ciydae JABYXKOMIIOHEHTHOe NPOCTpaHCTBO 2U dABIgeTca MPOCTPAHCTBOM C
(pUKCUPOBAHHBIM M0JIOKEHUEM [eHTpa B Touke I = 0 u HEHyJIeBBIM PaJInyCOM WH-
sepcun Iy > 0 (upu ro = 0 Gyaem umers 2U(r, = 0) = U, T. e. 0JHOKOMIIOHEHTHOE
"mycroe" MPOCTPAHCTBO), a HHBEPCHO-COLPSIZKEHHbIE IOIIIPOCTPAHCTBA (MHOXKecTBa) X
1 X PaBHOMOIIHBI B CHIy OfHO3Ha4HOrO coorBercrBus (10)-(11) mrst Becex 91eMeHTOB,
Bxoadamux B X u X. DTU CBOUCTBA OLPEJICTAIOT NPOCMPAHCMEEHHY10 OTHOCUTETHHOCTD
MHBEPCHO-COIPsZKEeHHbIX 1TpocTpancTB X u X, 1. e. HabJogare/ib A | HaxO/[dIIuics B
noaunpocrpancrse X , comracHo coornomenusiM uusepcun (10)-(11) Oyzer Bugers cBOi
MUP TOYHO TaKKe, KaK U HalJ/iojare/ib A, T. €. ero HpocTPaHCTBO Oy/leT TaKzKe yXO/UTh
B OeCKOHeYHOCTH (T. e. mocie mepexofa HabmogaTeas u3 X B X — [OCJIe MHBEPCHU
A - A touke r = 0 Gyger COOTBETCTBOBATH ©O) U OH TakKKe OyJIerT HabJIIOJAaTh HeKHil
cepudecknii 00bEKT pajmyca Fo.

st ostydenust B obstact X (pusuvecKux penieHuit, MHBepCHO-COLPSZKEHHbIX pellie-
ausiM (1)-(2), meobxoaumo, Kpome Hpeodbpa3oBaHusl NPOCTPAHCTBEHHBIX KoopauHaT (10)-
(11) npu mepexojie u3 OAHON 00JACTH B APYIYIO, HANTH COOTBETCTBYIONLYIO IPYIILY Hpe-
obpazoBanuii pu3mIecKux CBOMCTB paccMaTpuBaeMoro o0bekTa (B JAHHOM CJIydae —
9JEMEHTAPHOTO 3aps/ia), KOTOPble XapaKTepu3yIT 3T0T 00beKT B obract X.

Takuvu dusmdeckumu cBoiicrBamu siBisiiorcs: 1) obuagaomuii B obiaacru X nosem
KYJIOHOBCKOI'O HMOTEHIMAJIA dIeKTpudecKuit 3apsia Q, paBHbIil 3apsi/ly JIEKTPOHA €5 U Xa-
paKTepu3yeMblii KOHCTAHTOl B3aumMojieiicTBus O; 2) obIaJaomas moJeM HbIOTOHOBCKOTO
norernuaia (KyJIOHOBCKOTO BUja) Macca M, paBHas Macce 3JIEKTPOHA My U XapaKTepH3y-
eMasl KOHCTAHTOW B3aWMOJIEHCTBHsI — IPABUTAIMOHHON MOCTOSHHON I M, HAKOHEI, 3) MO-
MEHT BpAlleHUs] — CIUH % , IPUBOJAINNNA K HAJUYUIO y 3apsijia MArHUTHOIO MOMEHTA,
Ho = 3 €ofo, tiie o = /mc.
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B cBsi3u ¢ uzjio)keHHbIM B paboTe CTaBUTCH 3a/@ada HAWTH JiJid HEePeYUuc/IeHHbIX (u-
3UYECKUX XapPaKTEePUCTHK TaKHe Mpeodpa30BaHUs, KOTOPbIE IO3BOJIMIN Obl O0beJIMHUTH
pelieHnss B MHBEPCHO-CONPszKeHHBIX obacTax X u X B (PU3HIECKYIO MOJETb CTPYK-
TYPBI 9JEMEHTAPHOTO 3apsjia, CBOMCTBA KOTOPOTO COIVIACYIOTCS C SKCIEPUMEHTATbHBIME
JIAHHBIMU.

2 @u3suveckue CBOIICTBA MHBEPCHO-CONPSAXKEHHBIX
noanpocrpauctB X u X

2.1 KopnyckynagpHo —mnoJieBas CTPYKTypa u '"To4edHOCTh"

3apsaa
Kax 6bL10 cKa3aHo Bbllle, pemrenue ypasuenus AY = V([ AY) npu yciosun
noJtydenust HenyseBoro sapsaga Q = 0 npuBoaur K 00pa30BaHUIO O0bEKTA, IIPEICTaB-

Jisiomero coboit aByxKomionenTHoe npocrpanctso 2U (6), obsaaromiee cBOHCTBOM HH-

.

BEPCHOIl IPOCTPAHCTBEHHON OTHOCHTEbHOCTH MexKy BHemHeil X (nazosem "mosieBoit")
u BayTperneit X (HazoBem "KopiyckyasgpHoii") obmactamu. Takoit 00beKT MOKeT ObITh
OXapaKTepu30BaH KaK KOPIYCKY/ISPHO-II0J€BOe 00pa30BaHIUe.

Tak kak rpanuna X n X = Sy(r,) (6) xapakrepusyercst pajguycom Fo , KOTODbIH B
pelreHnn yIoMsiHyTI'O YPaBHEHUsI OLPEJIE/ISeTCsl BPAIIEHUEM I0JIsi CO CKOPOCTHIO CBETa, 110
cepe paguyca ro = ¢/We = /MC, 10 11 TAKOrO Cyryd0 peasiTUBUCTCKOIO 00pa30BaHus
BeJIMYMHA JIIOOOTO MHTEPBAJIA MEXKIY COOBITUSIME U3MEpPEHUs JIUHBI AYTH OKPYZKHOCTU
B Toukax (ti,01) u (t,0,) Gymer pasua (ASy—1)? = (CAt,—1)?> — (rA8,-1)? u Tak Kak
At,_; = rAB,_;/Cc, To uHTEpBAJI MEXK/y HPOU3BOJHBIMU TOYKaMH Ha CGepe pajmyca
I, = /Wy upu Ji0bOM vucse 00OpOTOB OyIeT Beerga ¢BerouogodHbiM, T. €. ASy—; = 0.
D10 u3BeCTHBIN 3GMEKT PEIATHBUCTCKOIO COKPAIIECHHSI JITIMHBI OKPYKHOCTH (CTSArHBAHUS
B TOYKY) [PH COXPAHEHWHU JJINHBI JHAMETpa BPAIIAMOMNIErocst Kpyra. Ipyrumu cioBamu,
BHYTpeHHss 06/1acTh X 3aMBIKaeTcd , T. €. JIoDoe JIuaMeTpabHoe cedeHne dToil 0bracTu

1t HabrroaTess OyIeT MpecTaBIaThcs TOYKOM (puc. 1).

nonrelativistic

[
[
1

3 1 K*=1/R* - = = = relativistic
4

K=1/R

Puc. 1

Takum obpasom, 1moJjieBoe 00pa3oBaHue, OrPAHMYEHHOE TTOBEPXHOCTHIO TPOU3BOJIHHOTO
paiauyca Fo = /MC, 110 KOTOPO#i HPOUCXOAMT BpalleHue 00pa3yIolero 3Ty I0BePXHOCTD
IOJIST CO CKOPOCTBIO CBETA, SIBJIgeTCA 4-MepHOil TOYKOIl TPOCTPaHCTBEHHO-BPEMEHHOIO KOH-
THHUYMA, pa3Mep MPOCTPAHCTBEHHOII KOMIIOHEHTHI KOTOPOil HEBO3MOXKHO U3MEPUTD. DTO,
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B CBOIO OY€pejib, IIPUBOJAUT K PABHOIPABHOCTU BCEX TOYEK HOBEPXHOCTH So(Fo) U paBHO-
IIPABHOCTU HAMPABJICHUI UX JBUZKEHUs 110 TOIl MOBEPXHOCTH (KBAHTOBO-MEXaHHIECKUM
aHAJIOOM TAKOro O0beKTa sBJiseTcsd, Hampumep, porarop ¢ (21 + 1) sHeprermuecKumu
YPOBHSIMH B S-COCTOSHHH, T. €. IMEHTPATbHO-CHUMMETPUIHBIII OOBEKT C OJHOKPATHO BBI-
poxjentbiM ypoBaeM | = 0, npu KOTOpOM BCe HalpaBJIeHUs, MPOXOJIAIIME Yepe3 HAYAI0
KOODJIMHAT, SIBJISIIOTCS. PABHOBEPOSITHBIMH ).

Eciu caurarh, 94T0 BpaleHue moJist 0T rpaHulbl So(Fy) pacnpocrpaHsercs Kak BO BHYT-
PEHHIOI0, TAK U BO BHEIIHIO 00JIACTH, TO JIOMYCTHMO HPEIIOJI0KHATD, ITO JIF00asd TOUKa,
JIeKalasi B IJIOCKOCTH JIIO0Or0 JHaMeTpabHOro cedennss Ha paccrosann 0 < r < r,
BpAIAeTCsi ¢ OKPYKHOIT ckopocTbio V. = (C/fy) - ¥ , uro, B cuity upeobpasosanuii (11), Bo
BHeIHeil 0bjiacT Oy/IeT COOTBETCTBOBATH MHBEPCHO-COIIPAZKEHHOMY BPAIIEHUIO B JIFOOOM
HEHTPAJIBHON IJIOCKOCTH ¢ OKPYZKHOiT CKOpocThio V = (Cry)/T. B s10oM ciiyuae pajuyc Kpu-
Bu3nbl R u cobcrBenno kpususna K = 1/R auamerpa/bHOro cedeHus rUIepIOBePXHOCTH
2U Gyzmer IMeTb BHJ, 3aBHCHMOCTH, IpecTaBIeHHON Ha puc. 1, T. e. 2U 6ygeT coCTOATH
u3 3amkHyToii (X ) u pasomknyroii (X) obsacreit. [Ipu srom ciepyer odparurh BHEUMA-
HIe Ha PEeJSTHBUCTCKOE MCKAXKeHHe KPUBU3HBI J[BYXKOMIOHEHTHOro npocrpancrsa 2U B
paiione rpanunpbl X N X | KOTOpas caMa MPEBPANIAETCd B TOUYKY, TakK Kak 37ech R — 0 u
K - *+oo.

2.2 IaBepcHO — conpsizKeHHbIE 3apAabl 1 KOHCTAHTHI
B3auMO/AeiiCTBUSA

st Toro, 4robbl YCTAHOBUTH, KaK IIPEo0pa3yeTcs HpPpU MHBEPCUU BEJIUYMHA HJIEK-
Tpudeckoro 3apsjaa Q —» Q , BOCHOJIB3yeMCs KBAHTOBBIM PEJICTABJIEHUEM e2=aqa ¢ JLJIsT
MHUHHMAJIBHOTO 3aps/ia € (T. e. 3aps/ia JIeKTPOHA) U MpeJcTaBieHneM o Kak Fo = /myC.

Cobersennag sueprusa nona E, = (Q*/r?) e, nenTpambHoro 3apsaia (3JeKTpoHA) B
obmactu X mpu ro = /MyC Gyaer paBHa

1 1 1
—  E2dV == =Zam,c?, o <r< oo, (12)

w
o8m o, ° 2r, 2

T. €. HOJIEBasi MACCa IEKTPUIECKOrO IPOUCXOK IeHus cocrasiser 1/(2-137) obieit macceo
sekTpona. Eciu B kKadecTse I, npunsaTh Bejinduny "kjpaccuaeckoro' pajmyca 3/1eKTpoHa,
T. e. b, = O /2MyC, TO BCs Macca 3JeKTpoHa Oyjer 06pa30oBaHa JEKTPHIECKIM [T0JIEM
3aps/ia, a Macca KOPIYCKY/ISIpHON dacTtu Oymer orcyTcTBoBaTh. OMHAKO, TaKas MOJENb,
KaK M3BECTHO, 0 MHOI'MM HpHYHHAM OKa3a/Jach He paboTOCHOCOOHOM.

Obparumcst Terepb K IpaBUTAIMOHHOMY [OJIFO 9JIEKTPOHA, MACCa KOTOPOIo paBHa My:

m
Go:_nr_zoery lfh=r<oo. (13)

Obo3HaYNM KaK 3apsJ PABATAIMOHHOIO IIOJIS BhIParKeHHe
Vv__
g=in*?m,, i= -1). (14)

Torga, mo aHAJOTUU C JIEKTPUIECKUAM 3aps oM e =a C, 'PaBUTAIMOHHLII 3apsl
MacChI My MOXKHO BBIPa3uTh KaK 92 =Y C, rje KOHCTaHTa I'PABUTALMOHHOIO B3auMO/Ieil-
CTBUsI paBHA

y=i’nm?/ c. (15)

[Ipu sroM HEOOXOJMMO MMETh BBU/LY, YTO Jijis IPOU3BOJIbHON Maccel M = n - mg
BeJIMYUHY N IPEeJCTABJIAI0T CODOi JII0ObIe BElleCTBEHHbIE YHCIIA, JIeJKAlllue B JUAIla30He
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0 < n < oo, 4ro OTIMYAET OT HPOU3BOJBHOIO dIEKTpHIecKOoro 3apsiga Q = N - e |
rie BeauduHbl N SIBISIOTCS TeIbIMU (HATYDATbHBIMU) YUCJIAMHE, JIEXKAINIUME B JIHAIA-
some 1 < N < oo. Cuemoparensno, gy = NY°M = n*2n-m = n . g, u Torua
B3auMojieiicTBe Macc M u M OyaeT craHIapTHO OLpPEIeIIThCA I'PABUTAIMOHHONW CHJION
F=(@wm- gm)/r2|v|—m er =—n(M - m)/r2|v|—m €r

3/1ech TakzKe HeOOXOIMMO OLPEJIETUTHCS C BEJUYUHON I JI/Isi TPABUTAIMOHHOTO T10-
ast (13), Koropast JJisi SJIEKTPHYECKOIO IOJIsi PACCMATPUBAEMOIO 3JIEMEHTAPHOIO 3apsi/ia
paBHa I, = /MC u xapakrepu3yer rpanuiry X N X pa3jeeHus JIBYXKOMIOHEHTHOTO
npocrpancTsa 2U ma "mosesyio" u "KopmycKyaspHyIo" 06JacTH 9TOro 3apdia.

HauGoJ1ee mpreM/IeMbIM HPe/CTaBIsSeTCs JI0IYCTHTh, 9T0 nHpocrpancTso 2U Briiouaer
B cebsl 110/1e TPABUTAIMOHHOTO 3apsi/ia B TEX Ke rpaHunax, T. e. "mojesas" u "kopiycky-
JsipHast” 0bJracTu COBIAIAIOT Jijist 0OOMX THUIIOB 3apsi/I0B. B poTuBHOM Ciry4ae Oy/1yT BO3-
HUKATH JOMOJTHUTETbHBIE TPOOIEMBbl ¢ OMUCAHIEM CAaMOCTOSTETbHBIX ITPOCTPAHCTBEHHBIX
o0JtacTeil, CBI3aHHBIX C MPOSBJICHUEM 3IEKTPHUICCKUX U I'DABUTANUOHHBIX CHI U "TIPH-
BsA3aHHBIX' K OJHOMY M TOMY 2Ke 00bekTy. B ¢Bs3u ¢ 3rum B Hacrosieit pabore Oyger
paccMaTpUBaTHCS BAPUAHT, KOTJIA I'PABUTAIMOHHOE OJIE 3/IEMEHTAPHOIO 3aPsi/ia JIEKUT B
TeX Ke 'PaHUulax, YTO U JIEKTPpUIECKOe, T. €. JIJid 110JId (13) Takzke umeem Fo = /mc, uro,
eCTeCTBEHHO, He UMeeT HUKAKOI'O0 OTHOIIEHUS K MIBAPIIIINILI0BCKOMY I'DABHTAIHOHHOMY
paamycy Macchl M.

Toryma cobcTBeHHAs SHEPTHs MEeHTPAJbHOTO noJst Gy (13) Oyaer ompeesaTbest aHa-

aoruano sueprun noJst By (12) u B obsacru X upu ro = /myC Gyaer paBHa
— 2 4\ — _1 o__1 3
Wg—g GodV——r———ymoc ——E(nc/)mo, h<r<oo. (16)

Tenepb MOzKHO 00PATUTHCH K JIEKTPUYECKON U I'PABUTAIIMOHHON SHEPIUU BO BHYTPEH-
Heil, 1. e. Kopuycky/sipaoit obuacru. o awasorun ¢ (12) st SHEPIUM JIEKTPUIECKOTO
nosig B obsactu X OyjieM UMETh

W. =

s =-amc®, 0<r <r,, (17)

N =

rjie 0 — HMCKOMas MHBEPCHO-COINPAZKeHHas KOHCTaHTa B3auMo/ieiicTBus B obyactu X .
CooTBeTCTBEHHO, JIJ/Isi TPABUTAIMOHHON cocTaBIdronieil B obaactu X Oy IHM

W

1
g=§ymoc2, 0<r <r,, (18)

rje Y — MCKOMasi MHBEPCHO-CONPSIZKEHHAsl KOHCTAaHTa B3auMozeiicrBus B obactu X .

Tenepb He0OX0MMO YCTAHOBUTH 3aKOH IIpeoOpa30oBaHus KOHCTAHT A my B O u Y .
[Ipeamosnarass, 910 Besg Macca Mg COCTOUT TOJBKO U3 I'PABUTAIUOHHON U JEKTPHIECKOIT
COCTABJILIONINX, T. €.

(We + W) + (Wy + W, ) = % [(a+a)+(y+Yy )Ime®=myc?, (19)

MOKHO HIPHUITHU K 3aKJIYEHUI0, ITO Npocmetiiuumy COOTHOIEHUSIMU MeXK/y dJIeKTpuie-
CKUMH U I'PDABHTAIMOHHBIME KOHCTAHTAMU B3auMOJeiicTBUs BO BHelHeil X U BHyTpeHHei
X obmactsax, yaosiaersopsiomumu (19), SBISIFOTCS COOTHONICHHUST

a+a =1, wm o =1-—aqa, (20)

vy+y =1, wm y =1-vy. (21)
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B srom cityuae, ucnosib3ys it BHelHel obsiact X 3HAaYeHUs: KOHCTAHT B3aUMO/Ieii-
crBug o0 = €*/ ¢ = 0,73-102 uy = i2nm3/ ¢ = —0,17 - 107*, ana BHyTpenneit
obmactn X Oymem mvers O 0,9927uy =1—y 1,n =y c¢/m2=(c/m2+n)
3,8-10% cmi/2 - cex® 0,57 -10% n . Cie1oBaTe/IbHO:

y:a:a :y = 107%: 107%: 1: 1, (22)

9YTO COOTBETCTBYET COOTHOIIEHHSIM KOHCTAHT I'PABUTAIIMOHHBIX, 3JIEKTPOMAIHHUTHBIX MU
CUJIbHBIX B3auMozeicrsuii. [Ipu 31oM cuiibHbIE B3aMMOALHCTBUS XapaKTepU3yIOTCs ABYMsl
LHPAKTHIECKU OJMHAKOBLIMU 110 BEJIMYUHE KOHCTAHTAMU, OTHOCSIIUMCS K B3aUMOIEHCTBUIO
3apsizkeHHbIX (O ) 1 He3apsizKeHHbIX (Y ) 00bEeKTOB, 4YTO U HADJIIOAAETCH B IKCLIEPUMEHTE.

[TostyyeHHBIE COOTHOIIEHMS JIJIsi KOHCTAHT B3aMMOJIEHCTBUS IIO3BOJIIOT OIPEILTHTh
BbIPazKeHUs JIJIsl MHBEPTUPOBAHHBIX 3apSJIOB :

e)Y=a c=(a/a)e*= c—e?, wm e*+(e )= c, (23)

@)Y=y c=(/Vg= c+nm’, wm ¢’+ (@) = c. (24)
31ech, mpaBaa, "mo-ymordanmio’ 3aJI02KEeHO ele OJHO TOHKOE IIPE/INOI0KEeHIEe O TOM,
qTO Jjie IPABUTAIMOHHBIX CHJ JefICTBHEe ¢ U CKOPOCTb PACIPOCTPAaHEHUS Cq He OTJIHYa-
I0TCsl OT n C AJjs JIEKTPOMArHUTHBIX CHJI. O;LHaKO, u3 jouyuieHusd rg = rp = /mc
CJIEJLy€eT, 9TO 9TO COOTHOLIeHUE OyaeT BBIIOIHATHLCH upu ¢ = K 1 Cg = KC (3zecs K —
MOCTOAHHBI MHOKUTEND), T. €. ¢Cq = k? C. B macroguieil pabore npuanmaercs K = 1.
Torna Tax Ha3bIBaeMble NAGHKOGCKUEe equHuibl Maccel Mpy = ( ¢/N)Y2=2-.10"% u
mumanst lpy = ( n/c3)¥2 =1,6-1078cm |, He cogepzKanine HIKAKON IPUBI3KH K H3BECTHDIM
dusnyeckum ob6bekTaM, IPUOOPETAIOT 3HAYEHUS PeaIbHbIX BeJIMYUH [IPU 3aMeHe 2pacu-
mayuonnotl nocrosHuol N = 6,67 - 1078 cxm3/2 - cex? na ed "unsepcro-conpasicernyio"
BEJIMYHUHY ) 3,8-10% em®/2 - cex?:

me, =( ¢/n)Y?=0,91-107%2 = m,, (25)

oy =( n /Y2 = /mec=382-10""cm = Mg, (26)

T. €. COOTBETCTBYIOT MACCe U KOMITOHOBCKOMY PAJUYyCy IAEKMPOHA.

Hakomell, HHBEPCHO-CONPI?KEHHbIE IIOTEHIMAJbI I PACCMATPUBAEMOIO JJIEMEHTAP-
HOTO OObEKTA, KOPIYCKY/IAPHO-IIOeBasd CTPYKTYypa KOTOPOIO XapaKTepU3yeTcs COOTHO-
menneM o = /MC, OyyT OnpeJeasaThCs B3auMOCBsI3aHHbIMU 3apsijgamu (23)-(24) u un-
BepCHBIMU peodpaszoBanusivMu koopaunar (10)-(11).

Tak MHBEPCHO-COLPSIZKEHHBIE MOTEHIUA/IBI JJIEKTPUUECKOTO 3apsijia Oy lyT UMETh B/

d=—", e=(@O¥, r=r<e, (27)
e €
bo=—r =—(@/0) Sr, e =(a Y =1166e, O0=<r <f. (28)
0 0

['paBuranuonubie MOTEHIMABI OY/IyT IPeOOPA30BbIBATHCH aHAJOIUYHO

bg=—=>, g=( )’=in"’m,, ro=<r<oo, (29)

¢g:?—zr =—(v/v)1’2%r, g =(v 9¥?=24-10%g, 0<r <r,. (30)
(0]

(0]
Takum 00pa3zoM HOTEHIUAJbI JJIEKTPUIECKOIO M I'PDABUTAIMOHHOIO 110Jiell B 00JiacTu
X umeror KysnoHoBckuit Bui, 1. e. U 1/r.
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nonrelativistic

Ro
—12} . - = = . relativistic

Puc. 2

CrenoBarenbho, npeobpasopanue (10)-(11) mepeBoauT 5Tu HOTEHIUATIB B HHBEPCHO-
conpsizkennyio ¢popmy U (1/r3)r (puc. 2, ciiomubie kpusbie). [Ipu sT0M yBemuenne

KPUBH3HBI IpocTpancTBa (puc. 1) ¢ npubiuzxkenuem K rpanune fp = /MC 3apsiia HCKa-
Kaer "crangaprHblii" BU nMOoTeHIMAM0B (pHC. 2, MYHKTUPHBIE KPUBBIE), 00pa3ysi HOTEH-

IHUAJIbHYIO dMbl Ha HEKOTOPOM PACCTOAHHUHU IIO obe CTOPOHBI OT I'PAHMIIBI.

2.3 MHWuBepcHO — conpsa>kKeHHBIE MACCHI

3 (12), (16) u (17)-(18) caeayer, 9ro Macca eHewHuL MO 3apaia U Macca ero
KOPNYCKYAAPHOT 9aCTH DABHBL

M:%(a+y)mo, (31)

M :%(a +y)m,. (32)

CrieoBaTe/IbHO, B pacCMaTpUBaeMOM CJaydae MHBepTUpoBanue Macchl M u3 obsactu
X B maccy M objsiactu X Oyaer onpeaeasaTbCsad COOTHOIIEHUEM

M/M=(@ +y)/(a+y). (33)

2.4 HNMuBepcHoe nmpeobpa3oBaHME CIIMHA

Paccymorpum mpocreiimmit mpuMep BpalieHus KoJiblia. Ero cnuu paBen s — 1 He3a-
BHCHMO OT TOTO, B JABYMepHOM X? HIH TpexMepHoM X° IIPOCTPAHCTIBE 3TO KOJBIO HAXO-
aurcsi. Ecu Bpamaioneecss KOJIbIO HAXOJAUTCH B JABYMEPHOM HPOCTPAHCTBE, TO €r0 MH-
BEPCHUIO MOXKHO OCYHIECTBUTH TOJbKO OTHOCHUTEIbHO JIMHUU, B YACTHOCTU, OTHOCHUTEIHHO
OKpYyzKHOCTH. B 3TOM ciiydae Jierko OOHApPYKHUTh, UTO BEeJMYWHA CIIHHA BEKTOpA Bpallle-
HUSI OCTaeTcda mpexkHeil, T. e. S = 1. /Ipyroe mesio, eciim KOTbIO HAXOIUTCS B TPEXMEPHOM
IpPOCTpaHCTBe. B 3TOoM ciiydae HEOOXOIMMO HMHBEPTHPOBATH KOJIBIIO OTHOCHTEIBHO I'pa-
HU4HO# 1oBepxHocTu X N X | B 4aCTHOM CJIydae 3TO MOXKeT ObITb IOBEPXHOCTH C(epbl
(KaK, HAIIPUMED, B HAIIEM KOPILYCKYJISPHO-IIOJIEBOM [IPE/ICTABICHUH ) WK [JIOCKOCTh ([IPH
r, - ©0). Takag omnepanus npejcraBisger coboil "BeIBOpauYnBaHUEe HAX3HAHKY' MJIOCKO-
CTU BPAIIEHUs KOJIbIA, COBMENEHHON (MM MapaJiIebHON) ¢ OJHON M3 KOODJAMHATHBIX
IJIOCKOCTEl, HHBEPTHPOBAHUEM IIPOEKIUil 9TOr0 KOJIBIA, JEXKAINX B JBYX JIPYTUX KOOp-
JIMHATHBIX IJIOCKOCTX, u3 X B X — JIpyIUMHU CJIOBAME KOJIbIIO HEOOXOUMO ITPOBEPHYTH
BOKPYT JIEXKAIIUX B €€ IJIOCKOCTH JIBYX HEPIEeH/IUKY/ISAPHBIX JTUAMETPOB.
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Obo3HaunM Bpamaoeecs B HOAIPOCTPAaHCTBE X 2U ¢ OKpYKHOIl CKOPOCTHIO U
KOJIbI0, Kak KoHTYp (a,b,C, d) + W, e W = r X v — aKCUAJbHBIA BEKTOp, OPTOro-
HAJIbHBI [UIOCKOCTH KOHTYPa, 3HaK () — mpaBoe Bpalenue, Touku a—C u h—d spisrorcest
KOHIIAMH B3aMMHO IE€PIEeHIUKYISIPHBIX AuamMerpoB D KoJbla u, CIeJ10BaTeIbHO, IIHHA
ayr (ab+bc +cd +da) =nD.

CoBMecTuM 110cKOCTh KOHTYPa (@, D0, ¢, d) ¢ miockocrbio, napaJiie/bHoli, HalpuMep,
KOOpHATHOHN 110cKocT {XY}, siexkalieit Ha paccrosaun h = 0, a KoopauHATHBIE ILJIOC-
koctu {yz} u {zZX} upoBeaeMm, COOTBETCTBEHHO, Yepe3 auamMeTpbl @ — C u b — d Tak, 4ro
ax=+D/2,y=0,z=h),c(x=—-D/2,y=0,z=h)ub(x=0,y=+D/2,z =h),
dx=0,y=-D/2,z=h).

Wuseprupyem kouryp (@, D, ¢, d) ornocuresnsro miockocru {Xy} u3 noanpocrpancrsa
X{xyz} B mogmpocrpancrso X {Xy z }(3uece {Xy z } = {xy(—2)}), nis gero nocrpo-
UM TIPOEKINH KOHTYpa Ha 1mnockoct {yz} u {zX}. D1tu npoeknun Oy1yT UMEeTh BUJI CBO-
eHHBIX OTpe3KoB: Ha Inockoctu {yz} sro (d,a,,b) (b,c_,d) u ma mrockocru {zX}
— (a,b,,c) (c,d_,a), koropbie MOryT ObITH 0003HAYEHbI KAK CJIOKEHHBIE IIOL0JIaM
kourypst (d,a,,b,C )y, u (a,b,,c,d_),x, rue uukuue unjexcer (+) u (—) coorsercrny-
10T PACIOJIOKEHUIO TOYEK Ha HOJIOKHMTEILHON 1 OTPUIATE]IbHONH CTOPOHAX KOOPIMHATHBIX
ILIOCKOCTedi (B COOTBETCTBHU ¢ HAIPABJIEHHEM OCeii).

[IpeobpazoBanue Mo IydIeHHBIX TPOEKIUi KOHTYpa u3 X B X OyJIeT COOTBETCTBOBATH
oTpazKeHuro myreMm 1oBopota miockocreit {yz} u {zx} orHocurennHo oceii Y u X. B pe-
3yJibrare Oy/ileM UMeTb

f:(d,a,,b,c )y, - (d,a_,b,c,)y,
f:(@,b,,c,d ). > (@ ,b_,c,d,); «x

Tak Kax KOHTYp OpHEHTHPOBAH IMOPAIKOM cjeaoBanus Touex (a, b, ¢, d), ro Boccranos-
JeHne KouTypa B mwiockocrn {X y } momupocrpancrsa X u3 npeodpa30BaHHBIX MPOCKIMA
IPUBOIUT K CJICLYIONICH KApTHHE :

(a,b_,c,d)), «x a,b,c,d); +0w =—w,

d,a_,b,c)y: (d,a,b,c),=[@a,b,c,d)+n],
[@,b,c,d)+n]p+n=(@,b,c,d)+2T=+0 =—W.

M3 upusegenHoro cjiejyer, 4ro upeobpasopanue u3 X B X kourypa (a,b,c,d) as-
JisleTCsl HellpepbIBHBIM oToOpazkeHueM B KoHTYp (@ ,b ,C ,d ), koTopoe BKitouaer B cebs
ase onepanuu: 1) "paccioenue” mpoobpasa (KOHTypa) Ha JBa MOIyIpoobpasa (HUKHUE
MHJEKCH 1 1 2 ), JIeXKaImuX B OJHOMN IJIOCKOCTH, HO CO CMENEHHBIMU OTHOCHTEIbHO JPYT
apyra Ha 180° opHOMMEHHBIME JHaAMeTPaMu, U 2) HOBOPOT OJHOIO U3 HOJIyPOOOPA30B
Ha 180° , 1. e. CKpy4YMBaHUEM [POCTPAHCTBA Ha yroJ 2T BOKpyr ocu Z (Z ) juisi coBMe-
IIeHUs OJIHOMMEHBIX TOYeK KOHTypa. lIlpum 3ToM HampaB/eHue aKCHAJILHOIO BEKTOpa O
CTAHOBUTCS IIPOTUBOMOJIOKHBIM HCXOIHOMY BEKTOPY (.

Tak Kak IO IIOCTAHOBKE 3aJ1a4i PacCMaTpPUBAEMbIil KOHTYD IpeICTaBgeT coboil Kpy-
roByI0 OpOUTY BpalialoNuxcs To4Yek B X, TO 1npeoOpa3oBaHue 1ot opouTsl B X Bjeder
3a cO0Oil yBe/iMYeHUe IyTH JIBUKEHUS KayK/JI0# TOYKN OpOuThl HA 21K, , T. €. YBEeJUIeHue
nepuoja Bpartenus 10 41N, Torga, ecou cnui KoaTypa B X paBedn S = = h/21 |, to B
X on craHoBuTcd paBHbM S = h/(21 + 2m) = %

Ananurnyecku moaydenne GpyHKIME BPAIIEHUS C MOJIYIEIbIM YIJIOM, T. €. CIUHOPHOM
bynxuun P = ' @42 pyeiomeit nepuos 41N, upejcras/isger coboil ussaeuenue Keao-
Pammo20 KopHa w3 06branoil pynkuun Bpamenns Z = @2 (k =0,1,...n—1; n = 2),
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T. e. (2)Y? = e™ke®/2 = (£1)e'%/2 yro cooTBercTBYET MHBEPTHPOBAHUIO AKCHAIBLHOIO
BekTopa 3 X B X . K cioBy, monyuenune g 3J1eKTpOHA CIHHA S = % IpHU perrre-
Hun ypaBHeHus Jlupaka dakTuuecku gBisgercd He pe3yIbTaTOM YIOBIETBODEHUS Tpe-
OOBAaHUSAM JIOPEHII-MHBAPHAHTHOCTU TPAHC(HOPMAIIMOHHBIX CBOMCTB JUPAKOBCKOI BOJHO-
Boit byHukIpy P (Kak 0OBIYHO TPAKTYETCsI), a, HA0OOPOT, pe3yabraToM a Priori 3a/10KeH-
HOIT (B HesiBHOU bOopMe) B JMPAKOBCKOE ypaBHEeHHe CHMHOPHON dbyHkuuu ) = (2)1/ 2 npu
"smHeapusaiuu' onepaTopa YHEPrUu MyTeM U3BAECUEHUA U3 HETO K6adpammozo kophsa (c
IIOMOIIIBIO 4-PATHBIX MATPUIL), KoTopas (DYHKIWs) U yIOBIETBOPIET YKA3AHHBIM BBIIIE
TpeOOBaHUAM JIOPEHI-MHBAPHAHTHOCTH.

Taxkum 06pazom omneparysi npeobpasoBanusi KoHTypa Bpaimenust u3z X B X (6e3 pas-
PbIBa KOJIbIIA) COOTBETCTBYET TOIOJIOIMYECKO OLEPAIUK 110JLy YeH sl JBOITHOI HelpepbIB-
HOU [ET/IN Iy TeM CKPydYuBaHus KOJbla B ""BocbMepKy'" ¢ OC/IeYIOmuM ee CKIIa/ bl BAaHHEeM
OTHOCHTEIHHO MOIMEPETHON OCH CHMMETPUH (B TOHOJOMHYECKON TEPMUHOJOIHU FTO COOT-
BETCTBYeT YBEJMIEHUIO MOPSIKA 3AMKHYTOI KPUBOUl OTHOCUTEIBHO BHYTPeHHEl TOUKM ¢ 1
10 2 —cem. B.A. [ly6bposun u dp. CoBpemennast reomerpust, M., Hayka, 1979). Takas du-
rypa UMeeT B 2 pa3a MeHbIIUH MOMEHT BPAIIECHUs, YeM OJMHAPHAs IeTJist (MM KOJIbIO),
TaK KaK IIPU OJJHOM M TOM K€ PaJuyce y JBOWHON neT/iu BiBoe DOJIbIIAs JIJINHA, OKPYZKHO-
CTHU, TPUXO/IAIIAACT HA OJWH MOJTHBII 060POT, 9TO COOTBETCTBYET MPOEKINH HA 3-MepHOe
IPOCTPAHCTBO MOJIHOTO 000pOoTa Ha yroa 41 B 4-MepHOM mpocTpaHcTBe. Harmsaano sto
COOTBETCTBYeT TPAeKTOPHUU JBUZKEHUS TOYKHU MO obpasyrommeil seHTo Médmyca.

CobcrBenno nuBepceus, Kak npeodbpasosanue Buga (10)-(11) He BHOCHT HUKAKUX JIOIIOJI-
HEHUI B PACCMOTPEHHOe Bbillle peobpaszoBanue, KPOMe COOTBETCTBYIOIIUX U3MEHEHUuil B
COOTHOIIIEHNE TPOCTPAHCTBEHHBIX KOODANHAT (M3MEHeHue KPUBH3HBI IPOCTpaHcTBa). Ilo-
TOMY MOZKHO KOHCTATHPOBATb, YTO, AHAJTOTHIHO PACCMOTPEHHOMY BBIIIIe, HHBEPCHOE Ipe-
obOpa3oBaHUe BEKTOPA BPAIeHUs B TPEXMEPHOM MPOCTPAHCTBE MPUBOIUT K CKPYIMBAHIIO
HPOCTPAHCTBA B 00/1aCTH MHBEPTUPOBAHUS M yMEHBIIEHUIO MOMEHTa Bpalienus ¢ 1 j10 % :

S :i(s—%). (34)

Takum 06pa30oM, B pacCMaTpUBAEMOI MOJIE/IN HAJIUIHE Y JJIEKTPOHA NOAOBUHH020 CITH-
Ha MOXKET TPaKTOBAThCA Kak "unsepmuposartoe epauwjerue’ 1oJIs M0 ABORHOIM meTiie.

3  HekoTopsble cjeacTBud Teopuu

Bce u3/0’keHHOE BBIIE OTHOCHTCS, B IEPBYIO O4Yepe/Ib, K OMHCAHUIO CBOICTB €~
MEHTapHOTO KOPIYCKY/ISIPHO-IIOJIEBOTO OECCTPYKTYPHOrO 00pa30BaHms, 00/IaIaI0IIero
HHBEPCHO-COLPSYKeHHBIMA (BHEITHUMH U BHYTPEHHHMH) 3JIEKTPUICCKHM U TDABHTAIU-
OHHBIM IOJISIME, SHEPreTHYeCKue (MaCCOBblE) H CHJIOBbIE (KOHCTAHTBI B3aHMOJIEHCTBUS)
XapPaKTEePUCTUKH KOTOPBIX COOTBETCTBYIOT XapPAKTEPHCTHKAM 3JIEMEHTAPHOIO 3apsijia —
9JEKTPOHA.

B3auMocBsi3b BHEITHUX (IOJIEBBIX) W BHYTPEHHUX (KOPIYCKYJISIPHBIX) CBOWCTB TAKOIO
00pa30BaHusl, OCHOBAHHAS HA OTHOCHTEJBLHOCTH (DEIATHBA3ME) HHBEPCHO-COMPSIZKEHHBIX
obJiacTeil JIBYXKOMIOHEHTHOro Hpocrpanctsa 2U, 103B0JM/Ia YBA3aTH BOGIUHO U3BECT-
Hble (pU3MIECKIe XapaKTePUCTUKU JIEMEHTAPHOIO 3apsi/la, HadlHast OT ""KOPILYCKYJIsIPHO-
BOJTHOBOI'O Jyasjm3Ma' ¢ OJHOBpeMeHHBIX TpeboBaHmeM '"TodednocTu' u KOHYAS IMTOJIO-
BHHHDBIM CIIHHOM.

Tem He MeHee, yCTAHOBJICHHBIE 3aKOHbI IIPe0Opa30BaHuii (bU3NICCKHX XapaKTEPUCTUK
MHBEPCHO-COLPSIZKEHHBIX 00JIACTel MO3BOJISIOT HIUPE B3MJISHYTh HAa BO3MOZKHOCTB OIUCA-
HUS JIPYTUX JEMEHTAPHBIX YaCTHIL.
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Hanpuwmep, pemtenne ypasuenus  AY = V( ,AY) |1] B nnimsapuaeckoit nocranos-
Ke OyJer uMeTh BuJ, aHajorudubiii (1)-(2) ¢ Toil Jaumb pasHunei, 9To KpyroBoe JBH-
JKeHHe IOoJIg 10 pajuycy Fo = C/W, OyaeT IpOMCXOJUTH B OJHON ILIOCKOCTH, HAIPHU-
Mep, mapaJsuiebHo IaockKocTH {XY}, a Mo HaIpaBJeHHIO OCH Z OyIeT COOTBETCTBOBATH
z = ct. Takum 0O6pa30M, pelieHre MOKHO IOCTaBUTh B COOTBETCTBUE ONUCAHUIO ILJIOCKOIO
KOPILYCKYJIsIPHO-TIOJIEBOIO 00pa30BaHUsl, JIBUKYIIEIOCH CO CKOPOCTHIO CBETa BJIOJIb OCH Z ,
T. €. er0 Macca MOKOs paBHA HYJII0. B cOOCTBEHHOIT cucTeMe orcdera 1oJie, BPAAoneecs
10 KOJIbIIEBOM opbute, OyeT uMmeTh ciua S = 1. B cooTBeTcTBHE C M3J/I02KEHHBIM B 1I. 2.1.
Takoe oOpa3oBaHme OyIeT IIpejcTaBasaTh coboil "Todednsrit" 00bEKT, TPAEKTOpPUS KOTO-
pOro B HAIIPABJIEHUU JIBUZKEHUs Oy/IeT HPsAMOil JIMHUEH, 3aKPYyYEHHON B CIIMPAJIb C [IArOM
(nymHO#t BotHbI) A = 2TC/Wq , T. €. 110 BCeM HPUBEJICHHBIM XapaKTEePUCTUKAM ITOT OObEKT
Oyuer coorBercrBoBarh dorony Yo(Mmy =0, s =1).

Paccmorpum mHBepcHBIE IpeoOpa3oBaHus XapakKTepucTuk ¢dorona. ObOo3HAYINM OIre-
parop mpeobpazoBanus Kak P . Torma paccmarpuBaeMas 3a7a4a OyIeT BBITISIETh KaK

P Yo(my,sy) =Y, (P -my,P -sy).

Ucnonbsya coornomenne (33) u (34), 6yaem uvers P -my =m, =0, P s, =s, =

Y
Sy - % = % = Sy, 4TO B IIeJIOM IIO3BOJISET 3allUCaTh KaK

1
P 'yo(myysy):yo:Vo(mv:015v=§)1 (35)

T. e. uHBeprupoBanubiii ("cKkpydenubiii" B 1BOiTHOE KOJIBIO cOracHo 1. 2.5.) dhoTon Y, 00-

JIaJaeT CBOMCTBaMu 0e3MaccoBOro HeiiTpuHo Vo | K aromy ciemyer 106aBuTh, 9T0 B JABOIi-
HOM KOJIbIIE Npu JBHzKeHuu 1o '"Bocbmepke' wgepes mosmepuoja MEHSeTCsi OPUeHTAIST
BHEIIHEHl CTOPOHBI KOJIbIAa Ha BHYTPEHHIOK, T. €. IPH UX CA0KEHHH 3JeKTPOMAIHUTHAS
daza 3a moJIHbBI Hepuo/i Oy/IeT CKJIaIbIBaThCs ¢ IPOTUBO(MA30il, 1aBas HOJIb, 00pa3ys TeM
CaMbIM HeHTpAJIbHYIO YaCTHUILy, YTO, COOCTBEHHO, U TPEOYeTCs J1Jisi HeTPUHO.

B kagecte jpyroro mpumepa pacCMOTPUM HHBEPCHBIE HPEOOpa30BaHUs XapaKTepHu-

CTUK YK€ CaMoro 3jiekrpoHa €,(mMe = 1,8, = %) B sTom ciydae paccMmarpuBaemast
3aa4a OyJeT BBIIVIAIETh KaK

P -e(Me,Se) =€, (P -me, P -S¢).
Ucnonssyst coornomenue (33), OyaemMm uMers :
P -me=m,=me(a +y)/(a+y)=

=me(0,9927 + 1)/(0,73-1072 — 0,17 -107*) = 273,1m = My,

a B coorBercTBUH ¢ (34) mosyanm

1
P Se=s,=s.— -z =0=5,
2
9TO B LEJIOM IIO3BOJIAET 3alliCaTb
P .e=¢e,=1"(My;=273,1m,,s; =0), (36)

T. €. HHBEPTHPOBAHHBII 3JIEKTPOH 00J1a1aeT cBoiicTBaMu TT—me30Ha (1) 1, ciie10BaTesbHO,
IOCJICJIHUIT B JJAHHOM CJIydae siBJISIeTCs He HePeHOCUYUKOM Mme30HH020 110Jst (" rszkesbit”
aHaJsior (poToHA), & HOCHTEJIEM ITOrO HOJIsl (AHAJION JIEKTPOHA).
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Kparkoe pe3iome

B pabore obocnoBana dpusnunocTb cyuiectBoBanus B [Ipupojie 00bekTOB, KOTOpbIE
001812107 CBOJICTBAME MHBEPCHO-CONPSIZKEHHBIX [POCTPAHCTB (KOPILYCKYJISIPHO-IIOJIEBBIE
o6pa30BaHusi), U MOJYYeHbl OCHOBHbBIE 3aKOHBI Mpeobpa3oBanus (bU3MIECKUX CBONCTB Ta-
KX O0BEKTOB U3 BHEIHUX 00Jacreil BO BHyTpeHHue U (min) o6paTHO.

Bce paccmoTpennbie B paboTe ciie/ICTBHS, BRITEKAIOIINE U3 TEOPUH, He MIPOTUBOPEYaT
U3BECTHBIM JKCIIEPUMEHTAJbHBIM JIAHHBIM U 3/IPABOMY CMBbIC/LY.

Wciioib30Banublil T€OPETUYECKUIT 110/X0J OTKPbIBAET IIyTh paccuera CBOMCTB /1€eMeH-
TapHBIX KOPIIYCKYISPHO-TIOJIEBBIX 00PA30BaHUii, 9TO MOKA3aHO HA MpPUMepe MPOCTEeHITnxX
JACTHII,

He uckimoueHa BO3MOXKHOCTBL, 4To u onpenenennbsie MEI'A—obbekTor Ilpupomsr mo-
CTPOEHbI 110 TUILY UHBEPCHO-CONPSI?KEHHBIX POCTPAHCTB, B KOTOPbIX (pusnyvecKue 3aKOHbI
cBsi3anbl Mexky coboit npununavu uasepcuoit OTHOCUTEJ/IBHOCT.

Crmcok aurepaTyphl

[1] Awndpees B.J[. O HekoropbIx pelmeHusXx B Teopun Makcseiana 6e3 "kaamGposru JIopeH-
na'" (Coobuenue 1: OcHOBHBIE CBOMCTBA 3JIEMEHTAPHOIO IEHTPAIbHOIO 3apsana). // Hoseitume npo-
6siembl Teopuun 10ad (ITox pex. A.B. Amunosoit) — Usn-so Kazanck. yu-ra, Kazaus, 2006, 1. 5,
c.7-13.

KOMMEHTAPHII K CTATBE

Pemenue B pabore M ypapmenus AY = V( AY) aaa xomuonent mnoss 4-
norermuana A" = (¢, A) B NneHTpaIbHO-CHMMETPUIHON [TOCTAHOBKE IIPH HCIIOJIb30Ba-
aun O-pyuknnn (u3-3a tpeboBamng (AY = 0) MaTeMaTHIeCKH MPUBOIUT K PA3/IETCHHIO
npocrpancrsa U = X3 ma nse obstacru X (I r<o)uX(@O<r o), T. €. K
obpaszosanuio jaByxkomuonenTaoro npocrpancrsa 2U =X X = {(0, ro], [ro, ©)} cuen-
jgernbix noganpocrpancrs X = (0,r,], r X u X = [ry,00), r X, jijisi KOTOPbIX
X nX =5(ry), rae S(r,) — cdepa paauyca ry.

IIpu r, > 0 pemtenue B padore M mpusonut k onncannto nentpaapaoro 3apsma Q = 0,
aupu rpb =0, . e. B cayaae 2U - U, pemenne maer Q = 0, 410 CBHIAETEILCTBYET O
HeBo3MozkHOCTH cymectBoBanus 3aps08 B OJJHOKOMITOHEHTHOM npocrpauncrse.

Tak kax pemenne B 1 ornocures Tospko K Bremueit obiaactu X(F, ' < 00), 10 mpes-
CTaBJISIETCs JTOTUYIHBIM, 4TO BHYTpeHHss obaactb X (0 <r lo), MATEMATHYECKH BbINA-
JTaromias U3 pelreHns, MOXKeT 3aK/II09aTh B cebe (pU3MIecKoe comeprKaHne, paBHOIEHHOEe
dusmaeckomy conepzkanuio BHemHedr obaactu X(f, F < 00), 1 TeM CaMbIM IIOJHOCTHIO
XapakTepu30BaTh (PU3MYECKUIT 00bEKT, B JIAHHOM CJIydae, HJIEMEHTAPHBIN 3/IeKTpUYe-
CKHIl 3apsiji, MPeJICTaB/IAONMi coboil moseBoe obpasosanue (nose 4-norennuaia AY) B
JIBYXKOMIOHEHTHOM IpocTpaHcTBe 2U = X X,

J11s1 onmcaHus CBOWCTB BHYTpeHHei 00,1acTH MOKHO KOHCTPYHPOBATH U HCCIEI0BATH
pasaun4dHbie Mojenn. Y B mpeacraBieHHoil paboTe aBTOp HadYaJ I C IpOCTeiilieil , a UMeHHO,
C MOJIeJIn, OTBeYAoIIel (hU3nIecKu JOrHIHOMY PEJIATUBUCTCKOMY TPEOOBAHUIO PAGHO-
npasrocmuy pemenuit s "Habogaresneit” | HAXOMANUXCS 10 PA3HYIO CTOPOHY IDAHUIIBI
X nX e Bobaactax X(rpb, r<o)uX (0<r Io,). Takomy TpeboBaHUIO Jiist
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MMPOCTPAHCTBEHHBIX KOOD/UHAT IIPOCTEHIIMM 00pa3oM OTBeYAeT KoHdopmHoe npeobpa-
sosanue unsepcuu ¥ =r2/r(r X ,r X) orocurensno chepnr S(ry) =X n X .

JLnsa nmorydenus B obstact X  (HU3NIECKUX CBONCTB, HHBEPCHO CONPS?KEHHBIX € (DU3H-
YeCKHMH CBOiicTBaMu o0acT X, TAKIMHI KaK I0Jie KYJTOHOBCKOI'O IMOTEHIHAIA JJIeKTPH-
4ecKOro 3apsia Q, paBHOIO 3apsijiy JEKTPOHA € M XapaKTepu3yeMoe KOHCTAHTON B3au-
mogeficteus of = €2/ ¢ = 1/137,036, u 1noJie HLIOTOHOBCKOTO HOTeHIuaIa (KyJIOHOBCKOTO
BHJIA) MACChl M, PABHOIT Macce 3JeKTPOHA Me U XapaKTepU3yeMoe KOHCTAHTON I'DaBUTa-
MEOHHOM B3amMoeiicTeua — mocTogrnoi Y = g2/ ¢ =0,17-107* (3aecn g = (—nme)Y/2,
N =6,67-10"8 cm®/2:cex? ), meobxommmo OLLTO HANTH HHBEPCHOE IIpeobpa3oBaHme KOH-
CraHT O 1 Y B COOTBETCTBYIOIIME KOHCTAHTHL O U Y .

Ucxopnst n3 MaKCMMAaJIbHO BO3MOXKHOTO 3HAYEHUd JI000i1 KOHCTAHTHI B3anMO/1eii-
crBust, paBHOTO 1 (1. e. KOIyla 9HEPIUsl B3aUMOJCHCTBUSI DAaBHA BCEH IHEPIUU B3au-
MOJEHCTBYIOIIUX noneﬁ), a TaKzKe W3 MNpPEJICTABJICHASI O MeHETUIECKON B3aMMOCBA3U I10-
jeit B obnactax X um X , ObLIa HCCIeJ0BaHa IIpocTeiilnas B3aMMOCBA3b O+ = 1l u
y +y = 1 koropasi HPpUBOJUT K PeaJbHbIM COOTHOLIEHUSM JijIsi KOHCTAHT, & HUMEH-
wo, (y : o :a 1y = 1074 1072 : 1: 1). 1o 103BOJIMIO 1O-
JIYIUTDBb BblIpazK€eHUd JIJId BEJIMYUH B MHBEPCHO-COUPAZKEHHBIX O6ﬂaCTHX JIEKTPUICCKUX
(e=(ac)’?ume = (a/a)? = 11,664e, T. e. €2 + (¢ )2 = ) u rpaBUTAIUOHHLIX
(@=in"’me=(y 0)*?ug =(y )2 =(y /y)"’g=11,706e, 1. e. g*+ (g )* = c)
3apg/I0B, a TaKXkKe Macc (9Hepruii) moJieil BO BHEIIHeli W BHYTpeHHell 00JACTSIX, MpH-
BOJISAIIUX K I1I0JIyYEHUIO CYMMAapHOO# BeJIMYMHbI, HODMUPOBAHHOI Ha MaccCy 3JIEKTPOHA
Me, Kak %[(0( +a)+(y+y)me = me. [lpu 310M COOTHOILIEHHE CYMMAaPHONH MACCHI
M sjeKTpuYecKoro u IpaBHUTAIMOHHOIO IoJeil BHemnHeir obsiactu X um Maccel M co-
HIpAZKeHHBIX ¢ HUMH II0JIeil BHyTpeHHell objactu X  OImpeessercs s dJeKTPOHa KakK
M/M = (a+vy)/(a +vy).

DTa MOJeJb BIEPBbIe MO3BOJIUIA JaTh onpeaesenne PU3MIECKOt TouKu (B OTiindne
OT MaTeMaTHYECKOI) B HPOCTPAHCTBEHHON Cpejie, KaK OObeKT, OrPAHUYEHHBIN pas3/ie-
.HHIOH.[GfI IIPOCTPAHCTBO Ha JABa UHBEPCHO COIIPAZKEHHDbBIX ITOJAIIPOCTPaHCTBA ITIOBEPXHOCTbLIO
paamyca I, = 0, 00pa30BaHHOIl JBUKEHHEM CPeJIbl Ha 9TOM PAJIIyCe CO CKOPOCTHIO CBeTa.
Kak 6yeT moka3zaHO B HOCJEIYIOMIX paboTax, Takoe japmzkenne B X" 2-mpocTpancTse
BO3MOKHO IIpu ero spamenun @ = r X v 8 X" lnpocrpancrse Bokpyr ocu e, X"
¢ yraoBoii ckopocTbio 0 = C/ry. Takoii o0ObekT i BHELIHero HadJ/iojare/is BCEraa,
T. €. HE3ABHCUMO OT BEJUYMHBI Iy, BBINJISJIUT TOYKOM, KOTOpas 00Jia/laeT Olpe/ieleHHOM
MaCCOii B OKPY2KAIOIIIMH €€ IIOJISIMUA. JTOT BBIBOJ IPEACTABIAET CYIECTBEHHO 3HATMMBIIT
dusnueckuii(!) pesynbrar, Tak Kak BIEPBbIe MOKA3bIBAET Da3JHUUe MEXKIY 2e0MEm-
puueckol Toukoit ro = 0, He "mecymeir" Ha cebe HUKAKUX CBOHCTB KPOME yKa3aHUS
"Mecta" B mpocrpaHcTBe, H usuveckol TOIKOM Fo = 0, obsamaromeil 3apsaoM, Maccoii,
MOMEHTOM BpalieHud v T. II..

JIlumepamypa

1 Andpees B./]. O nexoropbix pemrennsx B reopun Makcsena 6e3 "kamu6posku JTopema" (Coobi, 1:
OcHoBHbIE CBORCTBA 3JIEMEHTAPHOIO LEeHTPaJlbHOrO 3apsaa). // Hoseitue upobiuembr reopun noss (Ilog
pen. A.B. Amunosoit) — Usn-Bo Kaszanck. yu-ta, Kaszaub, 2006, 1. 5, ¢.7-13.
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Torosornueckuili aciexT
CUJIbHBIX B3aMMOICUCTBUI

1 IlocranoBka 3amadn

B paGore [1] mokazaHno, 9T0 TOMOJOrHIECKHUil OIX0/ K OMUCAHUIO CTPYKTYPBI SJIeMeH-
TAPHOTO 3apsia (JEKTPOHA), KAaK WHBEPCHO-COMPSIZKEHHBIX BHYTpeHHer0o X  (KOPIyCKy-
JgpHOro) u BHerrHero X (I0JIeBOr0) MOAIMPOCTPAHCTB JIBYXKOMIIOHEHTHOTO MPOCTPAHCTBA
2U0=X X ={0,r,],[ro, )} X® , casaubix Mexk1y co60ii KOHDOPMHBIM IPEOD-
pasoBannem unBepcuu = r2/r (r X ,r X,rpb = /MyC) ornocurebHO chepb
So(15) = X n X | upeacrapisgercss BecbMa KOHCTPYKTUBHBIM B ILJTAHE HMOCTPOEHUS MOJIE-
JIelt 37IeMeHTAPHBIX YaCTHIl ¢ HAOOPOM X OCHOBHBIX (DH3UIECKHUX CBONCTB, B TOM YHCJIE
CITEKTPa, Macc.

KoHCTPpYKTUBHOCTD 110/1X0/1a, 0OYCJIOB/IEHA TeM, YTO yKe Ha IIEPBOM JTalle MOJEJUPO-
BaHUs CTPYKTYPbI 3JIEMEHTAPHOIO 3apsijia OblIa YCTAHOBJIEHA B3aUMOCBI3b MEXK/y KOH-
crantamu tekrpoMaruuTbix (0 = €2/ ¢=0,73-107?), rpasuraunonnsix (Y = 9%/ c=
—Gm2/ ¢=10,17-10"*) u cumpubix (0 =0,9927 uy = 1) B3amvoseiicTBuil

o+a =1, wm o =1—aqa, (1)
y+y =1, wm y =1-vy, (2)
YHCTOBBIE COOTHOMIEHHA MezkKry Kotopeivu (Yt 0 1y = 107%: 1072: 1: 1)

COOTBETCTBYIOT IKCHEPUMEHTAJIBHO HAOJIIOIAEMbIM.

STO IIO3BOJIMJIO IIOJIYYUTDb BbIpazK€HUAd JIJid BE€JIMYUH MHBEPCHO-COILPAXKEHHDBIX JICK-
tpuuecknx (€ = (a ¢)Y2ue = (a /a)%e = 11,66 ) u rpasuranuonnnix (g = (y )2 =
int2m, ug = 11, 71e) 3aps/10B, a TakxkKe JJIg COOTBETCTBYIOIIUX MM MOTEHIIUATIOB
¢ 1/r Bo Buemneit X u ¢ r Bo BHyTpenneii X obsacTax.

Kpome 1oro, 66110 M0Ka3aHo, 4TO eJMHUIHASA MACCA JJIEMEHTAPHOIO 3apsi/ia, PeICTaB-
Jstiotast coboit cymmy nosteBoit (M) u kopuyckysispaoii (M ) cocraB/siionyx, BblpazkKaercst
aepe3 koHCTaHTH (1)-(2) Kak

m=M+M =-[(a+y)+(a +y )Im,, (3)

N =

a OTHOIIEeHUuEe MaCC IIOKOA MHBEPCHO-COLIPAZ2KEHHbIX moJieit 3apda paBHO
M /M = (a +y )/ (a+y). (4)

U, nakoHer, noJjiydeH 3akoH S = % (S — %) peodpa30BaHusl CIIMHA IIPU UHBEPCHUU.

B.JT. Andpees, Tomosiorndeckuit acekT CHIbHBIX B3auMoeiicTsuit //Hogeiimme npobiaemsl Teopun
noss (ITox pex. A.B. Amunosoit) — Usn-so Kaszanck. yu-ra, Kasanb, 2006, T. 5, ¢.45-49.
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[Tepeuunciiennble pe3y/ibTaTbl LHO3BOJIUIU ONUCATHL KAK CBA3aHHBIE PEOOPA30BAHMEM
MHBEPCUH TaKhe Mapbl YaCTHI, KaK (POTOH — HEHTPUHO H 3JICKTPOH — TT-Me30H C MOJIy-
deHHeM JIJIs IepBOil Mapbl HYAe6bir MACC TMOKOA U couHOB 1 u 1/2 | a jys BTOpoii, coor-
BeTCTBEHHO, Macc 1My u 273,1 M, u cimuos 1/2 u 0. Ilpu sTom Macca Mp= = 273,1m,
PACCUYUTHIBACTCH C IIOMOILBIO OIIPE/I€/IEHHBIX COOTHOIIEHU KOHCTAHT B3aUMOAEHCTBHS, KO-
TOpbIe (COOTHOIIEHHsI) XapaKTePU3yIOT HEKYIO KOPILYCKYJISPHO-IIOJIEBYIO CTPYKTYPY, HO-
JIYYEHHYIO B pe3y/ibrare 1Ipeodpa30BaHuil BHEIIHUX U BHYTPEHHUX II0JIEH MCXOMHOIO 3Jie-
MEHTapHOTO 3aps/Ia.

OHako, KpoMe MAacChl IMOKOS U3 STHX COOTHOIIEHHN He CJIe0BaJI0 HHKAKUX JIPYTHX
CBOMCTB TI*-ME30HA U, B LIEPBYIO 04M€PE/ib, CBOHCTBA CuAbHuL 63aumodeticmeud ("me30H-
ubix cui'"). B 10 ke Bpems, Kak mokasano B |1], crpykrypa ssekrpona "mecer Ha ce-
6e" BHerHuit (11071€B0#) oTennuan ¢ = e/r 3/IeKTPUIecKoro 3apsijia ¢ KOHCTAHTOI CBsI31
O, KOTOPBIi MpOsB/geT ce0s B 3JEKTPOMATHUTHBIX B3aUMOIEHCTBHUSX C aHAJOIHIHBIME
HOTEeHIMAIAME JIPYTUX YacTUIl, Haxomdmuxcsa B "Habmromaemoit" Bremueit obmactu X.
[Morennuman ¢, = € r /r§ 3aps/ia € C KOHCTAQHTOH cBaA3U O  CcuabH020 83aumodeticmeus
HAXOJMTCsl BO BHYTPeHHel (KOPIYCKYyJISpHOiT) obsracti X 3JIEKTPOHA M [IOITOMY HE HPO-
sapJiser cebs BO B3auMoeicrBusx ¢ "Baemnumu" o0beKraMu.

B cBs3u ¢ 3TuM BO3HHKAET 3adaua Halimu makoe npeobpa3osarue Cmpyrkmypol ucroo-
HO20 INEMEHMAPHO20 3aPAda 6 cmpykmypy T -me30Ha, B pe3ybraTre KOTOPOro (mpeob-
pa30BaHus) MOTEHIUAJT ¢ KOHCTAHTOIl O OKa3aJics Obl BO BHEIIHEil 00JIacTH U, CJieoBa-
TEJIbHO, MOI' B3aMMOAEHCTBOBATD ¢ TAKUMHU K€ HOTEHIUAJIaMU JIPYIUX JaCTHUILL

2 Omneparop npeobpa3oBaHUA MMy — Mg+
[Ipeobpaszosanue T : M - M MOKHO 3ammucaTbh Kak
m=Pm,, (5)

rie P olieparop 1npeodpa30BaHus UCXOJHON MacChl My B Maccy M, XapaKTepu3yoluii
M3MEHEHHEe COOTHOIICHUST KOHCTAHT B3aUMOJIEHiCTBIs BO BHYTPEHHEH (KOPILYCKYJISIPHOiT) 1
BHEIHe (110J1eBOi) 00/IACTAX UCCIIEAYEMOr0 CTPYKTYPHOIO 00PA30BaHUsL 110 CPABHEHHIO
C MCXOJHBIM MHBEPTHPYEMBIM oOpa3zoBaHueM. Tak Jijisd Macchl 3JeKTpOHA Oy/IeM HUMeTb

~ ~

m:Pm():PemO:mel (6)

P = P® = 1 — oneparop TOXKICCTBEHHOTO NIPEOOPA30BAHU, My — B JAHHOM CIydae
eUHAYIHAS Macca (3), MpeACTaB/IgIoNnas coboii HCXOAHOe HHBEPTUPYeMOe 00pa30BAHHE I
paBHasi Macce IeKTPoHa Me.

Macca T*-me30na Haxoaurest [1] ¢ momonpo oneparopa

P=P™ =(a +y)/(a+y), (7)

KaK R
m=P" me=[(a +y )/(a+y)]m=
=[(0,9927 + 1)/(0,73 - 1072 — 0,17 - 10*)]m, = 273,1 My = My . (8)

g

Paccmorpum, kak obpasyercs oueparop P™ .
B HCXOMHOl CTPYKType 3JeKTpOHAa 1 HMeer MecTo cooTHomieHue (4) Iasg Mace Io-
Jieit Bo BHemrHeM X W BHyTpeHHeM X MOJIIPOCTPAHCTBAX, KOTOPOe ODO3HAYMM KakK
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fi(F) =f(F),rme F ={a,y,a ,y }; a,y,a ,y — koucraursl B3aumoseiicrsus (1)-(2),
XapaKTepH3yIOIIHe COOTBETCTBYOIIUE IIOJIs.

Ecau B3gaTh Apyroii 3J1eKTpoH 2, CTPYKTYPY KOTOPOro OyIeT XapaKTepu30BaTh (pyHK-
mug f(F) = fe(F), To pasmuune B cTpyKTypax 1epBoro u BTOporo OyjieT onpe/eaaThes
oruomenuem To(F)/f (F) = P, xoropoe, cobcTBeHHO, n Oyaer IIPejcTraBIsaTh OLepaTop
npeobpasosanus CTPyKTypbl 1 B crpykTypy 2. Taxk Kak B JaHHOM HpuMepe CTPYKTypa
gacrul, Toxkjaecrsenta, T. e. T,(F) = F1(F) = fo(F), 1o umeem P = 1.

B ciryudae ke npeobpa3oBaHus 3J€KTpoHa B TH-Me30H coracHo (7) mmeem

PT = fu(F)/fe(F) = (o +y )/(a+y), 9)
otKy/a, 3uas 3uauenue To(F) (4), naxomum

fr(F) = F2(F). (10)

3 IIpeoGpa3oBaHmne CTPYKTYPbI 3J1€KTPOHA B CTPYKTYPY
MT"-Me30Ha

Ompenesmv npeobpasosanne T 1 fo(F) » f2(F) = f,(F) xax nosmopnyro (no He
obparnyto (!) mo ornomenuto Kk X X) umnsepcuro, KOTopasi TOMOJOIHIECKH IIPE/I-
craBjisier oTobparkeHue BHyTpenHeit obsactu X (r X ) B objacrs X (r X)
BHelnHero (Haburogaemoro) noganpocrpancrsa X o ("BbiBopaunBaHue HaumsHavky'), T. e.
X X X {fir -r,f:e e, firop-r,,f:my - m}.

[Ipu sTOM mpeobpazoBaHun cormacHo (8) umeem

f:m, - my=mg=, (11)

410, B iy o = /Mg C, Beder 3a cobOOi M3MEHEHHe Paiyca HHBEPCHH [o 1/m, ua
r, 1/m,, e

Tirg - rg=(My/Mp=)r,. (12)

Jlanee HeoOX0MUMO ycTaHOBUTH B3auMocBa3b Mexkay {r,e} X X u{re} X.
Bbyodem cuumamo, aro nupeodpaszoBanuio X — X COOTBETCTBYIOT OTOOPaXKEHUsI
2
r0

r
f:r ﬁr—T-exp(r—o), (13)

f:e - e =ie =11,664ie. (14)

CupaBeIyInBOCTD 3TUX YUCTO (HEHOMEHOAOZUYNECKUL YTBEPKIACHUN Ha dannom smane
MOZKeT ObITh JIOKa3aHa TOJIbKO 0T MPOMUEH020 1IPU 110JIyYeHUU [IPABU/IBHOIO KOHEYHOI'O
pe3y/bTraTa B pPelleHrH IIOCTaBJIeHHON 3a/a4i, YTO U OyJ/IeT IMOKa3aHO HHKE.

4 IloreHnmumaJj Me30HHBIX CHJI

[Ipu orobpakenun X — X BHemHss obiacrb X He u3MeHsiercsi (B Hee TOJIBKO
BKJIOUaeTcs obsacts X ). [Tosromy ssmekrpocrarnaeckuii moreniuan ¢ = e/r, coxpaHus-
MIMACA OT CTPYKTYPBI SJIEMEHTAPHOro 3apsaaa B obsactu X TH-Me30HA, OCTACTCA HEU3-
MeHHBIM. B T0 ke Bpemd, B obmactu X X y MTH-Me30Ha NOABIAIACTCA 00NOAHUMENDHbLT
KYAOHOBCKUT OTEHIUA

obn=¢ =e/r, (15)
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koropolit B "Habuiogaemoit" obiactu X mocie nogcranosku 3uadenuii © (13) u e (14)
OyJeT UMeThb BH]L

2

m,
2

m2

b, = (11,66i¢)

L exp[— (Mps/mg)—1. (16)
rs Io

Ha puc. 1 (xpusas U(r)) upuseien norennuan psaumogeiicrsus U = e ¢ mexiy
JIBYMS 00HOUMEHHBLMU 3APAIAMA. DTO HEPACXOMdIIuiicsa xopomxodeticmeyouuti IOTeH-
muas ¢ "amoit" Umin = (11, 664 ie)? exp(—1)/Tmin = —My 2/ 2,718 = —51, 35 Mos ( rae
Fmin = (Mo/Mp2) o = 1,4 - 10718 cm). danublii norenmuan onpeje/ser Cuiy

F,=— U=
_ (11,664e)> ma, r B r
= 2 m? [1 (mni/mo)r—o] exp [ (mni/mo)r—o]er, (17)

XapakTep KOTOPOil Ha PACCTOSHUSAX I = Fmin COOTBETCTBYET O4YeHb OOJIBIION (110 cpaBHE-
HUIO C 3JIEKTPOCTATHYECKON) CUNE NPUMANCEHUA, IEPEXOJIAIIEHT Ha PACCTOSHUX I < Fmin
B elre OOJIBIIYIO cuay ommankusanus (puc. 1, xpusas F(r)).

100

80

F(r)

u(r), Mev

u(r)

2 4 6 8 10
r, fermi

Puc. 1

[Tosry4geHnble mapaMeTpbl B3auMO/EHCTBHS TOJTHOCTHIO COBIA/IAIOT € SKCIEPHMEHTATb-
HO PETUCTPUPYEMBIMI XaPaKTePUCTHKAMU SIACPHBIX CUIT [2], BILIOTH /10 CBOICTBA HACHIIIIE-
uust. [Tosromy mmerorcsi Bce ocHOBaHMsI cauTaTh, 410 Bhipazxkenus (16) u (17) sBisirorcs
MOYHBLM TEOPEMUYECKUM OIIUCAHUEM CUALHBIT 63aumodeticmeutl kKak b dexTa nposiBie-
HUST ME30OHHBIT CUJL, BOSHUKHOBEHHE KOTOPBIX 00YCJI0BJIeHHO peobpasoBanusivu (11)-(14)
CTPYKTYPBI HCXOIHOTO J€MEHTapHOIO 3apsijia B CTPYKTYPY TH-Me30Ha.

Cumcok jurepaTrypbl

[1] Amndpees B./I. VlnBepCHO-COLPsIKEHHDBIE IIPOCTPAHCTBA KAK MOJE/Ib CIPYKTYDbL 3JEMEHTAPHOIO 3a-
psana // Hoseiitine npobiaemst Teopun nous (Ilox pen. A.B. AmwmHoBoit) — Usn-so Kasanck. yH-Ta,
Kazanb, 2006, T. 5, c.33-44.

. Ppayangeavdep, 3. Xenau. CybaTomHas husmka ,"Mup , CTp.).
2 I @ peavdep, 3. X Cy6 b M.,"Mup 1979, (736
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[loniepeunocTn SJIEKTPOMATHUTHDIX BOJIH,
1
CIMH 5 1 3apdal] 3 L g xak acbdekrn 4-mepHOCTH

IPOCTPAHCTBA~ BpeMeHI/I R3¥*1 = {R3*Y, R, R3*, RS}

1 IlocranoBka 3aga4n

Kak ussectro 1], B oprorosajibHoil cucreme KOOpAMHAT 4-MEPHOIO HPOCTPAHCTBA
Munxkosckoro R3*1 o {ct,X,y,z} depe3s Hauyas0 KOODIMHAT IPOXOUHAT YeMbpe TPex-
MepHBIX mogmpocTpancTsa (rumepmiockoctn) Ri {Ro,R1, R2, Rs}  R3¥*1. D10 Ry =
R3O « {0,X,y,z} (Tpexmepmnoe memompuzuoe "spatium vulgaris"(sam)— mpocrpan-
cTBO obbIKHOBeHHOE) 1 Ry = R?*! = {ct,0,y,z}, R, = Rt « {ct,%,0,z}, R3 = R?*! -
{ct, X,y, 0} — B3auUMHO OPTOrOHAJILHBIE TPEXMEPHBIE TIOAIPOCTPAHCTBA, IIPEJACTABIAIONINE
coboit coorBercrByionpe Koopaunarubie mwiockocru {Y, 2}, {X, 2}, {X, y}, uepememaioniu-
ecst BO BpeMeHu (T. e. 10 MHUMO{T Koopjuuare t, OpTOroHAIBHON KazKJIO0i U3 ITHX ILIOC-
KOCTeil) €O CKOpOCTBIO cBeTa. Jlerko Buierb, uro mepecedenuss R; n Ry < {ct,0,0,z},
R:i nR3 = {ct,0,y,0}, R, n R3 = {ct, x,0,0} coorBercrBytoT HalpaBIECHUAM IIEPEMEIIe-
HUs 110 COOTBETCTBYIOIIUM OCSIM KOOPJMHAT BO Bpemenu, a iiepecedenue Ry N Ry N Rz <
{ct, 0,0, 0} oupesessier cobcTBeHHO 0Ch Bpemenu t, B HalpaB/IeHuU KOTOPOI CO CKOPOCTHIO
cBeTa Lepemelnaerca wenodsuschas 6 npocmpancmee rouka {X =0,y =0,z = 0}.

Boanosoe ypasuenme AF = 0 ngg mona 4-moremmmana AM = (¢, A)  R3*L, pas-
J0¥KeHHoe 110 deTsipeM rumeprosepxHocTaM RZY1 {Ri, Ry, R3} n R0 = {R¢}, moxno
3alMCATh KaK

62 62 2
a2 o2 v

)(30.34)=0, Ri = {ct.0,y,7},

02 02 02 1 1
W+ﬁ_c26t2)(_¢’§

A)=0, R, = {ct,x,0,z}, (1)

92 092 1
ax " ayr czatz)( ¢,34) =0, Rs = {ct,xy,0},
62 62

(ﬁﬁ-ayz 622)( ¢ A)_O ROQ{O,X,y,Z}.

B srom cityuae ucxoanoe BosinoBoe ypapuenne AM = 0 Oyjger 06pa3soBaHO U3 CyMMbl
yPaBHEHU, PA3JIOKEHHBIX 110 3a/JAaHHBIM I'HIIePIIOBEPXHOCTAM. Takoe pas/iozKeHue 1puBo-
AUT K JIBYM BazKHbIM P€3yJibTaTaM:

B./I. Andpees, O6 onHOM 1LipejcraBjeHun jeKrpojuiamuku B 4-upocrpancrse Munkosckoro //o-
kitag, Ha XXI-it MexkayHnapoanoii mkoJsie-cemutnape "Ilerposckue dyrenus” 110 COBPEMEHHBIM IIPOOJIEMaM
TEOPETUIECKOM 1 MaTeMarndeckoit ¢pusuke, Kaszann, 2009
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1) K HATUIHUIO 60AH0GHLT sBjenuit nojs 4-norenmuana A* = (¢, A) R3*! tombko

B runepiiockoctax R?* = {R1, Ry, R3}, T. e. B COOTBETCTBYIOIIHUX NAOCKOCTMAL K0A€00-
nua {Yy, 2}, {X, 2}, {X,y}, oproronasbHbIX TpeTbeMy KOOPJUHATHOMY HAIIPABICHHIO —
oCH BpeMeHH, I MCKJIOYEHUIO 604106020 npouecca B rumepiiockoctn R3O = Ry =
{0,X,Y, 2} uz-3a oTCcyTCTBUS B 1I0C/I€/IHEll KOOPANHATHI BPEMEHU;

2) k gesenuto norennuanos ¢ u A no runepiiockocrsam Rj = {Ro, R1, Rz, R3} na
JpobHbie 1/3-49acTi 110 OTHOMIEHHUIO K UX [OJHOMY 3HAYEHUIO.

ITepssbiii pe3yabraT 00bACHSIET OOIMIEU3BECTHBIN (DAKT NONepeuHocmy JIeKTpoMar-
HUTHBIX BOJIH — B IJIOCKOCTSX BO3MOYKHBI TOJIBKO IIOIIEPEYHBIE KOJIeOaHUsI, a npodoss-
Ha4 KOMIIOHEHTA PACIPOCTPAHSIONIEHCS BOJIHbI, HOPMAJIbHAs K KaxKJIOW U3 IJIOCKOCTEl
{y, z}, {x, z}, {x, ¥y} B runepmiockocrax R?*! = {R;, Ry, R3}, nanpasjena mo Tperbeii
(MHEMOIT) KOOpJAHHATE — IO OCH BPEMEHN.

Takum 06pa3oM, nonepeuHocms MEKTPOMAIHUTHON BOJIHBI U OTCYTCTBHE Y Heil npo-
doavroti cocTaBiigionieil gapigercda 3¢ PEeKTOM PaCHpPOCTPAHEHUs II0Js YeThIPeXBeK-
topaoro norennunasa A* = (¢, A) R3*! B 4-mpocTpancrBe MunkoBckoro. B srom
COCTOUT OTJIMYME OT PACHPOCTPAHEHUs] BOJIH JjiepOpPMAlUU PA3IUIHBIX CPeJl, "BJIOZKEH-
upix" B 3-mepuoe "ob6piknosennoe" npocrpancrso R3T0 = Ry = {0,X,y,z}, e Bpems
IPUCYTCTBYET TOJIBKO B KAUeCTBE IMapaMerpa.

Bropoii pe3ysbrar — jnenenne noTeHnua oB ¢ u A 1Mo rumepIiocKocTsaM Ha 3 Ipo0-
Hble 1/3—4acTu mO3BOJIsIET 0OOCHOBATH BO3MOZXKHOCTBH CYIIECTBOBAHUS B OIPEJIETEHHBIX
YCJIOBHAX JIPOOHBIX 3apsi/IOB, KaK CJIEJICTBHSA CBOWCTB 4—1IPOCTPAHCTBA, YTO OKA3bIBAETCS
HEOOXOIMMBIM JIJIsl IOCTPOEHUSI CTPYKTYD JIEMEHTAPHBIX YaCTHIl, HALPUMED, B KBaPKO-
BOI MOJIEJTH 3aPsiZIOB JTEMEHTAPHBIX YACTHUI Ha OCHOBE TEOPETHKO-TPYIIOBOr0O MOAX0Ia, a
TaKzKe, KaK Oy/IeT MOKa3aHO HUZKEe, B MOJIEIH CTPYKTYDP JeMEHTAPHBIX YACTHUIl Ha OCHOBE
IPEICTABIeHUS HHBEPCHO-COMPSYKEHHBIX TPOCTPAHCTB.

B pabore craBurcs 3ajada MCCIEJI0BATH HEKOTOPbIE CJIEJACTBUS, K KOTOPBIM MOXKET
HPUBECTH [PEJICTABIEHUE IEKTPOJANHAMUYCCKHUX sIBJICHUIT B PA3JIOZKEHHOM 110 TUIEPILIOC-
KoCcTsiM 4—1ipoctrpancrBe MuHKOBCKOro. B KauecTBe HpUMEPOB UCCIIEYIOTCs CBOICTBA 110-
[IePEYHBIX BOJIH B MUIIEPILIOCKOCTSX, & TAKZKe BO3MOKHOCTD ITPHMEHEeHUsI APOOHBIX ITOTEH-
masioB @ u A B MOCTPOEHUU CTPYKTYP SJ€MEHTAPHBIX YACTHIL Ha OCHOBE MpPeICTaBIeHUSI
MHBEPCHO-COLPSAZKEHHBIX IPOCTPAHCTB.

2 CBoiicTBa IMOIEPeYHBIX BOJH B THIEPIIOCKOCTaX R?*!

CorlacHO TPUBEJIEHHOIO BBIIIE PA3JIOKEHUS BOJTHOBOIO YPABHEHUS NONEPEUHbLE
(cdsuzosvie niam KpyueHus, HO He PEAee6CKue) BOJHBI MOIYT CYIIECTBOBATH B OJHOM, B
ABYX WJIX B TPpEX I'UIIEPIIJIOCKOCTAX.

Ilycth paccMaTpuBaeMasd IONepedHas BOJIHA B J060il m3 rumepiockocrein R?*1
{R1, Ry, R3} aBisercsa Bosnoii epauwerus B mnockocrax {Y, 2}, {X, 2}, {X, y} ornocureanuo
OPTOTOHAJIBLHOIO HAIIPABJICHHS PACIPOCTPAHEHUS STHX ILIOCKOCTEll BIOJIb OCH BpeMeHH t,
T. €. BOJIHOf Kpyuenus 3-upocrpancts R**1 soxpyr ocu t (yiuneitnblii cdsuz B yKazaHHbIX
IJIOCKOCTAX Oy/IeT IPeICTaBasTh o0 6paujerue TOUeK IJI0CKOCTEH 10 JIMHUU CABUTrA HA
DECKOHEYHOM DaJIyce).

Bparenne B 4-mpocTpaHCTBE OTHOCUTEIHHO 4-if OCH OT/IMYaeTcs OT BpalleHus B 3-
[POCTPAHCTBE OTHOCUTEJILHO JIIO0OI TPOCTPAHCTBEHHON ocH (ILTOCKOe BpAIEHHEe) TeM,
9TO PAJIMYC-BEKTOP 3aMeraeT 3a OJMH MOJHbIH 0bopor yroa Q = 4T, a He 2T, Kak 1upu
IJIOCKOM BPAllEHUH.

B srom cayuae, xkeanm deticmeus h = Const umnysibca p = E/C Ha e quHu4HON jjiMHe
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nyru | — jpymunae okpyzxkuocru | = QR, 1. e. h = |E/c = QRp = Const, nopoorcdaem B
4-poctpancTse Ha paguyce R = h/Qp orrocurenbuo ocu t momenm umnyavea

Li=R:p=h/4n=1/2 . (2)

B mpoekmuu Ha mirockocru {Y, 2}, {X, 2}, {X, Y} cOOTBETCTBYIOIMUX TI'UIEPILIOCKOCTEH
yroJi moJtHoro obopora Q = 4T coxpaHsgeTcd, T. €. paJuyCc-BeKTOP 3a IOJHBI 0060poT
OIUCHIBAELT B 3aJIAHHON MJIOCKOCTH JBOWHYIO OKPYZKHOCTD (IIOMEPEYHO CI0KEHHYI0 BOCH-
MEPKY).

CuteroBaresibHo, pasioxkenubiii 10 ruuepiuiockoctsam {Ri, Ry, R3} momenrt L¢ Oyuer
COOTBETCTBOBATL CyMMe COOCHHE (AJANTHBHBIX) MOMEHTOB

Lu =1/2 (yp, —zpy) =1/2 Ri < {ct,0,y,2},
L = 172 (Xp; — zpx) = —1/2 (zpx — Xp;) = —1/2 R, <= {ct,x,0,z}, (3)
L = 1/2 (xpy — ypx) =172 Rs = {ct, X,y,0}.

TaknM 06pa3oM, B Kazk 10l n3 runepitockocteii R = {Ry1, Ry, R3} BosiHa Bpammenns
OTHOCHUTEIbHO HeHG0A100aeMOT B TPEXMEPHOM IIPOCTPAHCTBE och BpeMeHn t 1ozkHa 00./1a-
JaTh "BHYTpeHHUM'" MOMEHTOM UMILYJIbCA, T. €. cnuHom, paBabiM 1/2 . CiegoBare/ibHO,
CNUM, KAK HEKOEe KBAHTOBO-MeXaHu4deckoe "BHyTpeHHee CBOWCTBO 9/IEMEHTAPHBIX TaCTHUII,
B KJIACCHYECKOM OIHCAHUU SBJIAETCS apermom MPOABIEHUA 6PaULeHUA OTHOCHTETHLHO
ocu t B TpexMepHBIX Homupocrpancreax RZY1 RS*L

Kaxk cienyer m3 mpuBeIeHHOIO BbINIE, B 4-IIPOCTPAHCTBE MOLYT CYINECTBOBATH TPH
KOMOMHAIUU BOJIH 8PaAULEHUSA, 00JIAJIAIOIINX COOCHBIMU MOMEHTAMU, 8 UMEHHO:

1) BoJiHA, JIOKAJIM30BaHHAS B OMHOM U3 I'MIEPILIOCKOCTEH, uMeer cuud S = *1/2 u
HEOIIPEAEJIEHHOE NPOCPIHCMEEHH0e HAIIPABICHAe PACIPOCTPAHEHNSI — BOJIHA C/IBUIA
OezKHUT CO CKOPOCTDBIO CBeTa 110 OKPYZKHOCTH pajimyca R B m10cKocTu KoJiedaHusd;

2) BoJiHA, JIOKAJIN30BaHHAS B ABYX rumepiuiockoctsx Ry u Rz (mokamusanus B rumep-
mwiockocTsx Ry m Ry mimm Ry m Rz gosmkaa "racurh" B3aMMHO HPOTHBOIOJIOZKHBIE Bpa-
mieHust), OyeT PacHpoCTPAHSATHC B 2-X OPTONOHAJBHBIX JIPYr JApyry miockocrsx {Yy,Z}
u {X,yY} B HaupaB/eHUM JUHUU UX LEPECeYeHUs , T. €. 10 OCH Y, MMes CyMMapHbIA CLuH
s=1/2 +0+1/2 = ;

3) BoJIHA, JIOKATU30BaHHASI B TPEX runepiiockoctsax Ry, Ry, R3, 6ymer nmers cymmap-
welit ciue S =1/2 —1/2 +1/2 =1/2 wu jexarb B 3-X OPTOrOHAJBHBIX JPYT JIPYTY
winockocrsx {Y, 2}, {X, z}, {X, ¥}, uepecekaromuxcs B ToUKe BbIOPAHHOIO Ha4YaJ/a KOOP/IU-
var{X = 0,y = 0,z = 0}, & e. npocmparcmeenroe naupasjenue "pacupocrpanenns”
TaKOil BOJIHBI Oy/IeT COOTBETCTBOBATH HEIIOABUXKHOM B 3-IpoCcTpaHCTBe TOYKe ''Mmokos"
IpHu eé pacIpoCTPAHEHNN B €MHCTBEHHOM HAIPABJIEHUH, COOTBETCTBYIOIIEM Iepecetde-
o Ry n R, n R = {ct,0,0,0} — o ocu Bpemenu t.

[Tepeuuncsiennbie CBOMCTBA TPEX THUIIOB BOJHOBBIX 00pa30BaHUl COBIAJAIOT CO CBOW-
CTBaMU IMIPOCTERIINX JIEMEHTAPHBIX YacThl, — HefTpuHo (l-runepiyiockocTHas BoJHA,
ciue S = 1/2), dorona (2-runeprutockocrHas BoHA, ciud S = 1) u s1ekTpoHa (3-rumep-
IUIOCKOCTHAST BOJIHA, CiuH S = 1/2), KoTOpble B 9TOM HPEJICTABICHUN SBISIOTCI MOPOK-
JIeHHEM [POCTPAHCTBEHHO-BPEMEHHON CTPYKTYPhI 4-IIPOCTPAHCTBA, KAK COBOKYIIHOCTH e-
TeIpex Tpexmepnbix nognpocrpancts Ry {RE, RZ* R3* R3} = R

Takum 00pa30M, OOBEKTHI, OCTPOEHHBIE B 3-MEPHBIX HPOCTPAHCTBEHHO-BPEMEHHBIX
nomnpocrpamcreax {R3*:, R3*Y, R3™1}  R3*!, mo-cymecrsy, cocroar m3 mpocrpas-
CTBEHHO 2-MepHBIX [OIIePETHO-BOTHOBLIX CTPYKTYDP, PACIPOCTPAHSIONIINXCA OPTOrOHATb-
HO HeHabJIIoJaeMoMy HaIpaBJIeHHIO OCH BpeMmeHn t.

61



3 /Ipobuble 3apsgabl B CTPYKTypaxX 3JeMEHTapHBIX Ya-
CTHUIL B MO/I€JIM THBEPCHO-CONPA?KEHHBIX IIPOCTPAHCTB

Pemtenne B pabore 2] Bonnosoro ypasuenus AM = V(. [ AY) B cdepuueckoii mo-
cranoBke npu A = 0 HIPUBOAKUT K MOJIyYEHHIO IEKTPUICCKOIO OIS
_ o4 _Q Q :
E = ¢—0A/cot= Eer+ﬁexp(lwot) er , (r=r,>0) (4)

3JIEMEHTAPHOI'O MEeHTPAJIbHOTO 3apsiia

q=0 upur,>0,qg=¢€ upur,= /Mgy,

Q% = (5)

0 upu b, =0,
KaK 604106020 00pa306aHUA C HEIOJABUKHON B 3-IpocTpaHCTBe TOUKON "mokos" , Hepac-
XOJIdIIeiicsa B HyJle SHeprueii, MOJOBHHHBIM CIIMHOM M MAUCHUTHBIM MOMEHTOM, OOYCJIOB-
JIEHHBIMU 804H0T epauwsenus eXP (1 Wot).
Pemenue npu pasinoxennn (1) 4-norenumnasa (¢, A) na japobusie wacru ¢ (R**1) =
1/3¢ u A(R*1) = 1/3 A npusoaut X IpeACTaB/ICHUIO 3apaia B addumueno "paciien-
sennoM" 1o runepiockocraM R Bue

GR =2 01, (=123 (6)

1 1
Q=t§(q1+qz+q3)=t§(3 2 1 0)q. (7)

B Mo/ie/11 HHBEPCHO-COIPSIZKEHHBIX IIPOCTPAHCTB [3] Macca (SHeprus) sJeMeHTapHOro
3apsd/ia, IMpeJcTaBIsdIonas coboit cymmy mace mojieBoit M u kopmyckysrapuoit M coctas-
JIAIOIIUX, BbIpazKaeTCd 4Yepe3 KOHCTaHTbI B3aHMOﬂeﬁCTBHH, COOTBETCTBYIOIIUX JJICKTPU-
YECKHUX, I'PaBUTALUMOHHBIX U MHBEPCHO-COLIPAZKEHHBbIM UM 3apPA/J10B:

{y=9*/ c=—-Gm2/ ¢c=-0,1710"*, a=¢*/ ¢=0,73-107%y =1—-y;a =1—a}
- {g;e;9 ;e }, (8)

KaK
My = M+ M = [(@+y)+ (@ +y )]my. )

ATUTHBHOE PACIIEIUIeHHe IeKTPHIECKOro 3apsijia Ha 1/3-49acTu NPUBOIUT K pas/ie-
JIEHWIO SHepruu (Macchl) MoJIsd TaKzKe Ha 3 4acTH, T. e. akr "pacmiemenns’ 1moJis 3apsia
MOZKeT ObITh OXapaKTepU30BaH JPOOHOM 1/3-4acThi0 KOHCTAHTHI B3aUMO/IEHCTBHSE

cxi(R2+1)=%(l 0)a, (i=1,273). (10)

['umoresa ApOOHBIX, WM TPEXKOMIOHEHTHBIX, 3ap/0B CBOAUTCA K CJEIYIOMIEMY:
KaXkJ10e u3 ImoJieil, XapaKTepu3yeMoe COOTBETCTBYIOMUM 3apsaoM (KOHCTAHTOI B3au-
MojeiicrBust) u3 Habopa (8) 3-X KOMIIOHEHTHO, T. €. /Ul TaKuX HoJieii OyJer uMerhb
MecTo HabOP

Fi={ynanyi. o}, (i=1,23), (11)

rJe KaxK/jas u3 1-if KOMIIOHEHTBI COOTBETCTBYIOMIEH KOHCTAHTHI MOYKET HPUHUMATH BeJIH-
auny 1/3 win 0 OT HOJIHOrO 3HAYEHUS] COOTBETCTBYIONIEH KOHCTAHTHI.
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Torna B 3-KOMIIOHEHTHOM HPEJCTABICHUH CTPYKTYyPa MacChl jeKrpoHa (9) Moxer
ObITH OBITHL 3allMCaHa KakK

1.1 1 1 1 1 1 1 1 1 1 1 1
= JE+Z+No+E++)Yy+CE+_+Na +(Z+=+= =

E%[(a+y)+(0( +y)lm, =
E%[e2+92+(e)2+(9)2]-mo/ =M. (12)

B 3TOM K€ IpeacTaBIeHun OepaTop npeodbpa3oBanus M — Mpyx [3]

F’)\e”" = Mn+ = a +y (13)
Me a+y '’

C IIOMOIIBIO KOTOPOI'O olipeaesjadeTcd MacCCa T[i*MGBOHa KaK
Mpe = P~ me = [(0,9927 + 1)/(0,73- 1072 — 0,17 - 107*)] - m, = 273m,,  (14)
OyJeT UMeThb BH]L

s (G ¥3+ha +Griehy)_a +y
[(G+3+3)a+(3+35+3)Y] a+y

(15)

"Pacmemienne" 3apsi10B 1mo3BoJiger "KOHCTpyupoBaTh'  oneparopsl Hpeodpas3oBaHMii
JUIst OoJIee CJI0XKHBIX JIeMEHTAPHBIX YaCTHII.

Kak npumep, omepaTop mpeobpa3oBanus Me — My MOZXKHO IPEJCTABATH B CJIELYIOMIEM
BHJIE

My
me

[G+3+3a+GE+3+3)y]_@Ba+3y) _3(a+y)

pe-H = = Shd il
[G+3+0)a+(G+5+0y] Qa+2y) 2 (a+y)’

(16)
4T0 JaeT
m, =P " . m,= g[(o, 73.107%+1)/(0,73-107% = 0,17 - 107*)] - m, = 207m,. (17)
Torpa npeobpasosanue Me — My (17) MOKHO 3amucaTh KaK
PEH.me =P K. (PET . mg) = P . mpy = 207Tm, = my,, (18)

rie
F')\T[—>|J — 3 (a+y)

BECED) 1)

OTKY/Ia CJIeJIYeT, ITO OLePaToOp pe-H obpa3yercst I3 oIepaTopa pe- Iy TeM IIPeBPaIeHsT
IeJBIX coraraeMbix B 3Hamenatese (13) B apobusie T @ o - 2/3auf:y - 2/3y,as
gqucsuree myrem 3amenbl T 1 O - O, T. €. KOHCTAHTBl CHJILHOIO B3auMoJeiicrBus O
B CTPYKTYPE MCXOAHOr0O TTH-Me30Ha Ha, KOHCTAHTY 3JeKTPOMAIHUTHBIX B3aMMOJCHCTBUN B
KOHEYHOIT CTPYKTYpe HU-Me30Ha, TeM CaMBbIM MEepPeBO/isd U-Me30H B IPYIILY JIENITOHOB. Ec/iu
NPUHATH TaKZe BO BHAMAaHHe, ITO HHBepcHs O — O CONPOBOXKIAeTCs Mpeodpa3oBaHueM
crmHa coryacHo onepanusg uasepcun f 1 s - s = +(s—1/2) [3| kak P55 = (s, —1/2) =

1/2 = s, , TO cTpyKTYypa H-Me30Ha, IOJIy YeHHAs C IIOMOIIBIO peobpasosauust (17)-(18),
o0JtajiaeT BceMu HeOOXOIMMbIME KJIACCU(DUKAIMOHHBIME XapPAKTEPUCTHKAMHE.
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Takum 0b6pa3om, HPUMED C HOJyYEHUEM MACChl U CTPYKTYPbl HM-Me30Ha HOKA3bIBAET,
YTO XapaKTEePUCTUKH JIPOOHBIX 3aPAJIOB ¢ HEOOLO0OUMOCINGI0 U HENPOMUBOPEHUBO BIUCHI-
BalOTCd B M0deAb CTPYKTYP IJIeMEHTAPHBIX YaCTHUIL H( 0CHOGE TPEJICTABICHUI UHBEPCHO-
CONPANCEHHBLT NPOCMPAHCMSE. DTO MOATBEPKIAOT U He BKJIIOYeHHbIe (H3-32 HEOOXO/IH-
MOCTH JIeTAJIbHOIO M3JI0ZKE€HHsI) B HACTOSILYIO PAbOTy Pe3yJbTarbl, B KOTOPbIX HOJLYY€HbI
MacChl U CTPYKTYPbl JIPYI'HX 4aCTHIl, B COCTaB KOTOPbBIX BXO/AT COXPAHSIONIMECS 110/1-
CTPYKTYPbl C XapaKTepuCTUKaMu OAPUOHHOT'O 3apsi/id, CTPAHHOCTH U T. II..

4 BpIBoabl

[Ipescrasienue 4-mepuoro npocrpancrsa Munkosckoro R3*!, kak coBokynnocTn de-
ThIpeX mpexmeproir noanpocrpancts (runepmwiockocreit) Ry {Ro, R1, Rz, R3}, mo3so-
JIIeT B HEKOTOPBIX CJYYasgX IMO-HOBOMY IIPEJICTAaBUTh U O0bICHUTH OKpYzKatouit nac Mup
U, B YaCTHOCTH, IOJIYUUTD JOIOJHUTEIbHbIE CBEJICHUS O 3AaKOHOMEPHOCTSIX JI€KTPOINHA-
MHUYECKHX SBJICHUH, KOTOPbIe B MUKPO- U MaKpOMAaCIITadax MOI'YT HPOSBIATHCS B He3a-
BUCHMOM BH/IE B KaxKJ0M u3 nojupocrpancrs Rj  R3*L
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[1] B.A. Aybposun, C.I1. Hosuros, A.T. @omenko. Cospemennas reomerpusi. // "Hay-
ka Mocksa, 1979.

2] B./l. Andpees. O uekoropsix pemienusix B Teopun Makcsesia 6e3 "kaanbposku Jlo-
perna': 1. OcHOBHBIE CBOHCTBA JIEMEHTAPHOIO IEHTPAILHOrO 3apsia. // B ¢6. : Ho-
Beiiue npobsempl Teopun nosst (o pea. A.B. Amunosoit), 1. 5 — Uz, K'Y, Kazaub,
2006, c.7-13.

[3] B./Zl. Andpees. VuBepcHO-CONpPsizKEHHBIE HPOCTPAHCTBA, KAK MOJEJIb CTPYKTYDbI
sJieMeHTapHOro 3apsiia. // B ¢6. : Hoseitmue npobsemsr reopun nosist (Ilox pex. A.B.
Awmunosoii), . 5 — U3x. KI'Y, Kaszaub, 2006, ¢.33-44.

KOMMEHTAPHII K CTATBE

WHuTepec K pa3ioKeHHO pelieHnii B 4-MIPOCTPAHCTBE HA COCTABJILIONINE MO 3-MePHBIM
nomnpocrpancream R;  {R3, R3* RI™, R3*1} = R®*! umeer coeit npuummoii ma-
DJISITHYEO AHAJIOTHIO C PEIeHHsIMHE, OMICBIBAIOIIIMU OBEeHHEe 2-MePHBIX (IIJIEHOYHBIX) U
3-MEPHBIX CUCTEM B 3-MEPHOM HPOCTPAHCTBE.

JleficTBUTE/IBHO, HJIEHOYHBIE CTPYKTYPbl B 3-MEPHOM IIPOCTPAHCTBE, SIBJISIONUECS
OIPE/IEISIONIMME B IIOCTPOEHUH ODUOJIOTUIECKUX 00BEKTOB, (DYHKIMOHUPYIOT COBEPIIEHHO
OTJINYHO OT (PYHKIIMOHUPOBAHUS TPEXMEPHBIX, HAIPUMeD, KPUCTATINIECKIX CTPYKTYDP.

OODBeKTHI, MOCTPOEHHBIE B 3-MEPHBIX HPOCTPAHCTBEHHO-BPEMEHHBIX ITOIIIPOCTPAH-
creax {R3, R3™, R} R%*L, no-cymecrBy, Takike SBJISIIOTCS HPOCTPAHCTBEHHO
2-MEpHBIME, T. €. OIPAHUYEHBI IJIEHOYHBIMU CTPYKTYPaMu, OPTOrOHAJIbHBIMI HEHAOJIIO-
JaeMOMYy HalpaBjeHuio ocu Bpemenu {.

[IosToMy Takme 00bEKTHI MOTYT HAOJIIOAATHCA B 3-MEPHOM MPOCTPAHCTBE HAOJIIO-
JareJisd TOJIbKO IIPH B3aNMOAEWCTBUAX C IPYTHMHI 00bEKTaMHI TOTO YKe POJia, IIPH KOTO-
PbIX (B3aMMOJEHCTBHSIX) HPOUCXOJST IIPOIECCHI, BbI3bIBAIOIINE PEIHCTPUPYEMbIe MaKpPO-
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npubopaMu usiydeHue (LOIVIONEHHEe, OTPAKEHNE) CBeTa, JIBUKEHUE 3aPsijiOB, H3MEHEHHE
TEeMIIEPATYPhI CPEbI U T. II. BTOPUYIHbBIE SABJICHUS.

Mmenno ¢ takoii cuTyalpeil crajkuBaercs HaAOJJOaATE b B OKpyzKaolieir ero Bee-
JeHHOl, Haboaag [Ipupoay or 3/ieMeHTapHBIX JaCTHUI 0 FaJakKTHIeCKHX 00pa30BaHUil
10 PErUuCTPUPYEMbIM BTOPUYHBIM SIBJICHUSIM.

Ocraercs emnié 0JHO TPYAHOIPEACTABIMOE MaTepruaibHOe 00Pa30BaHue — ITO MPO-
CTPAHCTBEHHO J3-MepHble OObEKTbl, KOTOPble MOYKHO BbIJIEJUTH B IIOJIPOCTPAHCTBE
R3*0 - {0,x,y,z}, rue Bpems IpHCYTCTBYeT TOJIBKO B KadecTBe IApaMeTpa, a He IIpo-
CTPAHCTBEHHOIOI00HOIT KOOpAuHATHL Ct, T. €. 9TO HE 804HO6bIE OOBEKTH. BO3MOKHO, ITO
9TO TaK Ha3bIBaeMasi OGPUOHHAA MATEPUs, OUPEIE/IAIONas IPOMA/IHYI0 MACCy IOJIOZKU-
TEJILHOTO 3JIEKTPUYECKOTrO 3apsijia — NPOMOHG W €ro HeRTPAJIbHOTO U30TOHA — HEUMmpPoHa,
COCTABJISIONIMX OCHOBHYIO HAOJII0/IaeMy[0 ITPABUTAIMOHHYIO Maccy BceseHHOil.

Takum 0Opa3oM, XapaKTepu3ys pas3/jndnsg MaTepHaJbHBIX 00bEKTOB, IIOCTPOEHHBIX B
2-IpOCTPaHCTBEHHO-BPeMeHHbIX noaupocrpancrsax {RZ*!, R3* R3*1}  R3*lyu
3-mpocrpancTBerroM noanpocrpancrse RS0 R MokHO mCnOAB30BaTH OHpeese-
HUsl U3 HAYHO-CJIEHIOBOH TEPMUHOIOTHH TUIla " ceemonochas mamepus' , IpUMEHUTEIHHO
K [epBoMy BuY, U "memmuan mamepus" (T. . He U3JIy9AIONIAs] CBET) — KO BTOPOMY, [IPAB-
J1a, He 00s13aTe/IbHO IPUBA3bIBAs [OCJEIHION K HEeKoil rmobanapHoil "témuoit" marepun,
CYIIECTBOBAaHIE KOTOPOIii IMIMPOKO 00CYzK1aeMo B mocieanee BpeMsa. OIHAKO, caMa Hjes O
JIBY X-KOMIIOHEHTHOCTH 4-MEPHOTO (Pu3u4eckoz0 6aKyyma, 13 KOTOPOrO BO3HUKAIOT Ha-
bJirojlaeMble MaTepuaJibHble O0ObEKTbl U SBJIEHHSI, KOTOPble B CBOEl OCHOBE HecyT B cebe
JIBA Buga marepunm — aenmonnotl U 6apuortot, 3acayKUBaeT, 10 KpaitHeil mepe, mpo-
SIBJIGHUSI OIPEJIeJIEHHOIO HHTEPeCca.
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DJIeKTPOInHaMIKa B eskaudosom lIpocrpancrse —
Bpemennu B Moien HHBEPCHO-COIPSIZKEHHBIX
[IPOCTPAHCTB

1 IlocranoBka 3amadn

B paborax [1]-[4] onpenenena u mocsieoBaTebHO HCCIEIOBATACH MOJETD UHBEPCHO-
conpancennvir npocmpancmes (MCII) kak pasnesenne neHTpagbHOro mpocrpancrsa UN =
{0,00} X" ma upe obsactu 0 <'r o Fy I < 0O CLUEIICHHBIX LOAIPOCTPAHCTB
X =0,roJuX =[rg,0), e X X ={0r],[ro, =)} = 2U" X", 11g KOTOPHIX
r X,r X,r =ri/r, {x..,x"} =, x"} (r2/r?), X n X =S"(r,), re
S"1(ry) — (n — 1)-cdepa paguyca ro = Re = ¢/w;, 0y = (C/Re) - e, X" Xk>n,

[Ipu sTom B pabore [4] OBLIO yCTAHOBIEHO, YTO A0KAALHAA METPUKaA (3-+1)-MepHOro
npocrpancrsa-speMenn Xt apyxkomuonenrnoro oobexra U2 Bo puemineit X u BHYT-
perneii X 06/acTsX SIBJSIETCsI, COOTBETCTBEHHO, 1) nceedoesrkiudosoli ¢ MHTEPBAJIOM
ds? = c2dt? — (dx? + dy? + dz?), uHBapUAHTHBIM LPH A0PENUEEHT 1IPEOOPAZOBAHU-

X KOODJMHAT B HHEPIHMAJbHOIl cucreMe (IBH:KeHHE B HampaBieHHun ocu X): X =
[dx + (v/c)edt ]/ 1—v2/c?, cdt = [cdt + (v/c)dx )/ 1—v2/c?, dy = dy,dz = dz
u 2) eskaudocoti ¢ unreppajsom ds? = c2dt? + (dx® + dy? + dz?), unBapuaHTHBIM 1IDH
e6kAudoeuiz peobpasoBanuax kKoopaunar: dX = [dx + (v/c)cdt [/ 1+ v2/c?, cdt =
[cdt — (v/c)dx )/ 1+Vv2/c2, dy=dy,dz=4dz.

O6bekT ¢ Maccoii (sueprueii) mokost M, obuajgaomuii B obaacru X = [y, ©0) sopenye-
evim 4-mvmyascor (E =mc?/ 1—v2/c2, p =mwv/ 1—v2/c?), B obmactu X = (0, Iy
obsasaer esaudosvim 4-umnyiabcom (E = me?/ 1+v2/c2, p = mov / 1+v2/c2),
KOTOpBIe (4-MMITyJIbChI) CBsI3aHBI MeXKJly COGON HHBAPUATHON BeJIUIHHOlN (E,Cp)2 =
(E ,cp )? kak (E2 —c?p?) = (E 2 +¢?p ?) = (Mc?)?, . e. Macca mOKo M CcOXpaHAeTcs
1pH 1epexojie 00beKTa U3 OJ[HOW 00J1acTh B JIPYIYIO.

B o6enx obsracrax X = (0,r,] u X = [ry, o) 4-ckopocru (U® = cdt /dt ,u' =
dx /dt ) = (c,v)/ 1+v2/c2 u (U = cdt/dt, u' = dx/dt) = (¢, v)/ 1—v2/c? rakxe
06J1a1af0T OHOI 1 TOH 2Ke mHBapHaTHOH Beamuunoi (U °, u )2 = (U°, u')? = c2.

Takum 00pa3oM, peTaTHBHCTCKAas MeXaHukKa B ncesdoeskaudosom [TPOCTPAH-
CTBE-BPEMEHU (mexanuka CTO) nosyuwmia B eskaudosom [IPOCTPAHCTBE-BPE-

MEHU cBoe unsepcroe orobparKeHue B BUIE PEASITUBUCTCKON "eskaudosol" MexaHuKH.
Cutestyonium marom sijisiercsi orodpazkenue sjexrpoaunavuku Makcseia—J/lopenia
(T. e. snekrpomunamuku CTO) u3 ncesdoeskaudosa [IPOCTPAHCTBA-BPEMEHIU B

eskaudoso [IPOCTPAHCTBO-BPEMZ, aro u aBaserca 3amadeii HacToAmeil pabOTH.

B.JT. Andpees, daekrpomunamuka B eBkaugoBoMm [Ipocrpancrse — Bpemenu B MoOJesu UHBEPCHO-
compsizkeHHBIX mpocTpaHcTB //dokiman Ha XXI-it Mex qyHapoamoit mkose-cemunape "IlerpoBckue dre-
Hust" 0 COBpEMEHHBIM MPOOIEMAM TEOPETUIECKON n Maremarudeckoil dhusuke, Kazann, 2009
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2  DJIeKTPOJUHAMUKA B 1ce800€8KAUIOBOM 1
esxaudosom IIPOCTPAHCTBE-BPEMEHN

B coorBercrBun ¢ onpejesenuem 4-BEKTOPHBIX NCe8I0ESKAUIOSHL U e6KAUJO-
6LIT BEJIMYUH U COOTBETCTBYIOIIUX HPeoOpa30BaHUIl KOOD/MHAT, OCTABJIAIONMX HHBA-

PUAHTHBIME 3TU BEJNUNHDI, HUAKE IIPeICTaB/IeHbl OCHOBHBIE COOTHOIIEHNS W 3aKOHBI 3JI€K-
TPOAMHAMUKH B ncesdoeskaudosom u eskaudosom [IPOCTPAHCTBE-BPEMEHMN:

1) 4-BekTOpBI, 4-IOTEHIUAJBI, 4-0MEPATOPHI U UX PEJATUBUCTCKUE IIPeobpa3o-
Bauusg B X u X :

xt=(ct,z); A" = (9, A); xH=(t,z);, A¥=(d,A);
X2 = xMa, = ¢*t* — z?; XZ2=xMx,=c’t?+a?;
y=1/ 1-—v2/c?; v = (v« 0,0); y =1/ 1+v2/c?; v =(v\0,0);
Vv Vv
ct=y(ct—6x); ct =y (ct +EX);
v Vv
x=y(x—Ect); y =y, zZ =12 X =y (X —Ect); y =y, z =2,
Vv Vv
o=y (- -A; o =y @ +_A);
v Vv
AX=y(AX—E<|)); A=Ay A=A AX=y(AX—E¢); A=A, A =A;
= (0/0x%,0/0y,0/0z2); = (0/0x ,0/0y ,0/0z2);
uw=(/0t,— ); u = (0/0t ,+ );
uou= 0%t — 2= " H=62/0t2+ 2=

2) ssiekTpoauHAMUKA B 4-MepHBIX oOo3HadeHusaAX (&,&, = 1; Ho, M, = 1; C=1)

jn=1(n.7); ih=@®.7);
i2=p-3% B2=pei?
. 0p . . _0p
SR TR e =50 "
— 9TO 3aKOH coxpanenus 3apsja upu pjp=0u j, =0;
ud = (0¢/0t,— ¢); W =09 /0t .+ ¢);
09 09
L A H=_"7 .
WA=t A AT T A
— 910 3aKon HeupepbisHoctu upu AY=0n | AH=0;
%0 5 0 2
= — — = +p, = + =+
0%A 2 0%A
= _ — A=4+7: A = + 2A = +
o2 I ot 2 I
Ap=Ju+ u( VAY); A=+ uC VA )
Ay=]ju mpu A*=0; A, =], mpm LlA“=0;
A,=0 mpu A"=0, j,=0; A, =0 mpu ,AY=0, j,=0;
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— 9TO BOJIHOBbIC YpaBHEHUA C UCTOYHUKaMU (B BUAE 3apd10B U TOKOB) n 663 NCTOYHUKOB
(mycroe moJsie) mpu COXpAHEHHH HEPEepPBIBHOCTH, KOTOPbIe (BOJHOBBIE YPABHEHHS) MOLYT
OBITH JTOMOJTHCHBI YPABHEHUAMH C HAJUYHEM pa3pblBa B KadecTBe MCTOYHHKA BOJTHOBOIO

nprzkenusi, Hanpumep, npu A = F(t) - d(r —r,) [5] :
A= V( AY; mpu A" =0, j,=0;
Y=Y AN, upu  (AF=0, j,=0.

3) s/IeKTpOoaAMHAMUKA, BhIparkeHHas yepe3 norenuuanist (¢, A) < (¢ , A ) u one-

paropsl (0/0t,— ) = (0/0t ,+ )

0A 0A
E=- - — E =+ -
¢ ot ¢ ot
B = x A: B = — x A
—P at TP - P at —P
0B 0A 0B 0A
A T T XE_“LaTC’E_“L LTS
OF oF
X B =3y i B =0; x B —-@ s B 0;
., 0p _ ., 0p
c7 + ]+ =
I+ 5 =0 JFT:
F:q(E+v><B): F =q (F +vxB) =
0A
=q[(— <I>— )+v><( x A)]; =q [( <I>—a—t)—v><( x A,
4) TEH30p ITEKTPOMATHUTHOTO IOJIS
Fuv = HAV - VAH , F|JV = HAV - VAH )
Fw =—Fou; Fuu=0; Fuv Fvu, Fuu_o’

-Ex 0 -B, B, _ _

Fw= _E, B, 0 -B. _ (E, B);
—E, —-B, B, 0
0 -E, —-E, -E

_ E. 0 B, —iB, _ . .

Ffw= g -iB, o B ~ E 1B)
E, iB, —iB, 0
KOMIIOHEHTbI KOTOPOI'O PaBHBbI:

_0Ac_ 09 _0A, 0 _
T R TR
0A, , 3 _ oA, 9
Fpo= 22+ 1 =E; Fpp= =~ — —— =—E,;
T et oy Y T et dy y
_0A, 00 _ _0A, b _
FZt_W_'_a—Z_EZ’ 2= 35t 9z 2
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_0A« O0A, _ .
Dy T 9y Tax T e
_aAy_aAz__B_
yz_az ay_ X 1
_0A, O0A« _ .
T ex Ter oY

5) pengruBucTCcKas djekrpoguHamvuka (Y = 1/

w=10p,7);

V.
pP=y(P= 1

. \'
x =Y Ux= P
j :jy; jz:jz;
jE=ctpt—g =t =50 =0
Fo= FA — YAy
Fow==Fui Fpu=0;
E, = Ex;
\Y)

Ey:y(Ey_EBz);

m

x:BX;

y

B
B
B Vv

U MIPOBEPKA MOJICTAHOBKOH JaeT

\
z:y(Ez+EBy);

:V(By"'%Ez);

z:y(Bz_EEy);

L OA0A

Fry (ayx y)_|B
_O0A, aA
Fy2=_l(az Z)_IBX1
. 0A, aA
Fo = —i Ix X)—IB

1—=v/c?,y =1/ 1+v2/c?)

p=(p )
V- .
P =v( +EJX),
. \Y
x=v(Jx—Ep):
iy =1y J; =1z
ju2=02p2+j 2=Czp2+j2=ju2;
FW— “AV— VAu;
Fow = —Four Fpu=0;
EX: X1
\
Ey—y(Ey—EB)
\
Ez=v(Ez+EBy);
B, =B,;
— V .
By_y (By_EEz)!
\Y
BZ =Y (BZ+EEy);

(E7+E}+E?) — (B2 +B7+Bj) = (i +E} + EZ) — (B} + B} + BY),

(E2+E,2+E, )+ (B +B,2+B,) = (B2 +E? +E?) + (B +B,+B,),

Te. E?—B?=E*—

B? =inv u, coorsercrenno, E >+ B >=E ?+ B ?=inv.

Takum 0O6pa3oM, cucreMa ypaBHEHHUiT JTKTPOJMHAMUKN, HHBAPUAHTHBIX IIPU Nce600-
e6KAUd06bLL (JTOPEHIIEBBIX) U €6KAU0GHLE TPEOOPA3OBAHUSIX KOOPIUHAT U KOMIIOHEHT 4-
BEKTOPHBIX BeJUYHH, 00pasyercsa anddepeHua bHbIMI OMePAusIMI OJHOTO U TOIO 7K€
BUJIA HAJ[ TIOJISIME, COOTBETCTBEHHO, 4-noreHiuaios (¢, A) u (¢ , A ):

_ aAV

W axm
ox*  oOx¢  OxY

OFW _ 4m_. oj*

oxv cJ T9xH

_0A..
oxv '’

_aAv_aALl.
W gx m ox Vv
aFW+aFM+6FM:
ox A oxH®  oxV
oF W  4n .,  OjH
axv  cd
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3 OO6cyxaenne pe3yJabTaToB

[IpuBeennbie npeobpa3oBanus dIeKTpoauHaMukn Makcsesia-Jlopenna us ncesdo-
eskaudosa I[TPOCTPAHCTBA-BPEMEHU B unBepcHO-CONPsizKEHHOE ¢ HUM €6KAUIOB0
[TPOCTPAHCTBO-BPEMZ{I, nuBapuanrubie CBORCTBA KOTOPOI'O UCCJIEI0BAHBI B paboTe
[1], mokaszeiBator, uro cymecrByer (1o KpaiiHeit Mmepe, Teopernvyecku |) HEIpPOTUBOPEYN-
Bas 91eKTPOINHAMUKA, OTBEYAIOIIA BCEM 3aKOHAM PEISTHBUCTCKUX "eskaudosvix' mpe-
00pa30BHUI. DTO MOATBEPXK/IaeT CUMMETPHIO, B JJAHHOM CJIy4Yae — UHBEPCHYI0, HE TOJb-
KO IeOMeTPHH, HO B (PU3UYECKHUX CBOWCTB IIPOCTPAHCTBA-BPEMEHH BHEIIHEH U BHY TPEHHE
obsacreit 2-kommonentunix obbekros 2UMN = X X = {(0,r,],[ro, ©)}, K Kareropun
KOTOPbBIX MOI'YT ObITh OTHECEHbI IIPAKTU4YecKu Bce HadJojiaembie B [Ipupose dpusuveckue
00BEKTBI — OT JeMEHTAPHBIX YaCTHIL J0 COOCTBeHHO BceeneHHOil.

Ornuune "eskaudosoti" snexkTpomguHaMuku or '"ncesdoeskaudosold" Makcpesta—
Jlopenra, o0ycoBIeHHOE H3MEHEHHeM 3HAKOB KOMIIOHEHT "esraudosvir'" 4-BeKTOPHBIX
BEJIMYMH U 4-01IepaTOPOB M COOTBETCTBYONIUX 3aKOHOB PEISITUBUCTCKUX IPEOOPa30BAHMI
KOOPJMHAT 110 CpaBHEHUIO ¢ '"ncesdoeskaudosvimu'" , IPUBOAUT K MHTEPECHBIM (Du3nde-
CKHM CJIeJICTBHSIM.

Hanpumep, Hapsy ¢ TaKHMEI HECYIIECTBEHHBIMU, KaK HAIPaB/JIeHHe aKCHAIbHOTO BEK-
TOpa BpallleHus MAlHUTHOIO I0JIsI, KOTOPOE U3MEHSEeTCs 0 OTHOIIEHHIO K HAIIPABIEHUIO
TOKA C [paBUJIa Npasot pyku HA UPABUIO A€60U pyku (T. €. COBHAJAET ¢ HAIPABJICHUEM
JIBUZKEHHsI OTPULATEIBHBIX 3aPsi/IOB (JEKTPOHOB) B OTIMYHE OT IPHHSTONO B OObIY-
HOW JIEKTPOJIMHAMUKE YCJIOBHOTO MPOTHBOIOJIOZAKHOIO HAIIPABJIEHHS TOKA), HMEIOT MECTO
6oJiee 3HAYUMBIE PE3YJILTATHL.

Bo-nepspix, ocraerca B cusie 3akon coxpamenus pjy = 0wu j, = 0 zapana j, =
(P,7) nj,=(p,J ), araxke 3axoun meupepbisuocrn  AY =0n (AHY =0 noei
4-norennpaios AH = (¢, A) u A =(d ,A4).

Bo-Bropbix, B €6kAud060M HPOCTPAHCTBE-BDEMEHH WHBAPUAHTHOM sIBJISIETCS Be-
JUYNHA CyMMAapPHOM IIJIOTHOCTHA SHEPruil 3JeKTPUIeCKOr0 M MACHHUTHOIO IIOJei
-3 FoF W =E 2+ B 2 =inv B ommume 0T MHBAPHMAHTHOTO B MAKCBE/LIOBCKO{ 3JIeK-
TPOJMHAMUKE A0peHyesa (B CUILY ncesdoeskiudosocmuy MpOCTPAHCTBA-BPEMEHI) COOTHO-
[IeHW S —% FwFH = E? — B? = inv u, cienoBaresibHo, HEMHBAPHAHTHON B JAHHOM
cjlydae CyMMApHOI MJIOTHOCTHA YHEPTUiA.

B-tperbux, sopenuyesa cuna B objactu X oTIHYaercd OT CUIbI B obactu X Ipo-
THBOIOJIO?KHBIM HAIIPABIEHUEM JIBUKEHUS 3aps/ia OTHOCUTEIbHO SJIEKTPHIECKOrO W Mar-
HUTHOIO I[OJIEll B CHUJIYy COOTHOLIEHHH IPaJIeHTOB CKaJsgpHOro morennuana E = — ¢ u
E =+ ¢ wu poropoB BeKTOpHBIX HoreHnuajoB B = X Au B =— X A .39ro
HPUBOJUT K HALPABJIEHUIO jieiicTBust cuiibl F Kak npu jeiicrBun cujibl F Ha jiBuzKeHue
3apsAJI0B C IPOTUBOIOIOKHBIME 3HAKAMU.

Haxomnen, m3MmeHeHue 3HaKa IpajueHTa HoTeHIuaaa B coorHomenun E = — ¢ Ha
E =+ ¢ upusBomur g HoTeHIua a eaquHuaHoro sapgsga ¢ =q/r , g = pdv
B obstactu X (amasora ® =q/r, g = pdV B obsactu X) K TOMY, 94TO JIEKTPUIECKOE 110-
e E =+ _(q/r)=—(q/r ?)e, taxoro zapsja Oyjer IPATATABATE 0JIHO3HAKOBHIE
U OTTAJIKMBATh DPa3HO3HAKOBbIE 3apsaibl Kak F = (£q )E = —[(%q,) - (£q,)/1,3] e,
uF = (q)E = —[( )" (£0q,)/r,3] e. CrenoparebHo, BHOIIHIH HabIIOIATEND,
T. e. HabJoJaTe/lb, Haxoxdmmiica B obmactu X = [ro, ©0) 2-KOMIIOHEHTHOI'O OObEKTa

2Un = X X, Oyuer upejcrasiarh noje E B coberBennbix Koopiaunarax I = r2/r
kak E = —(q /r}) - r’e,, T e. Kak 10jie, B KOTOPOM TIPH yBeJMYEHUU DACCTOAHUs I
MEXKJIy 3apsijlaMi CuJla MPUTAXKEHU OJIHOMMEHHbIX U OTTAJTKUBAHUSA PA3HOUMEHHBIX

3apsII0B BO3pacTaeT KBaApaTudHO, a npu I - 0, Hao00poT, CUJIbI B3AUMOJAEHCTBHS 3aps-
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JIOB CTPEMSTCS K HYJIIO.

Takoe moBesenne 3apgaa0B (PaKTUIECKN B TOYHOCTH COOTBETCTBYET IIPEAII0IATraeMO-
MY B3aUMO/ICHiCTBHIO THIIOTETUYIECKUX KBAPKOB BHYTPHU aPOHOB C MOMOIIBIO "[JIIO0H-
Heix'" moJieit U MO3BOJIsIeT OObSICHUTH MEXaHW3M BbLIETa U PAa3/ieTa Pa3HOUMEHHBIX
3apgaaoB. Hanpumep, ecjiu cuutarb, 4TO POXKJEHUE IApPbl HPOTOH-AHTUIIPOTOH B Peak-
nuu coypapenust P+ pt - pt + pt + (pT + p7) upoucxomur Bo BHyTpeHueil (T. e.
eskaudosoti) obmactu X = (0, o] 0sHOroO U3 COYAAPAIONMXC HPOTOHOB, TO HOCJIE/LYIO-
il pa3Jjer 00pa30BaBIINXCA B 3TOi 00JaCTH PA3HO3HAKOBBIX 3apA0B U UX BBIXOJ, BO
BHEIIHIOW (T. e. ncesdoeskaudosy) obaactb X = [Fo, ©) MO MeXaHU3MY, H3JI0KEHHOMY B
pabote [4], Gyaer npoucxoauTh ¢ COXpAHEHHEM HPUOOPETEHHOTO MMILYJIbCA PA3JIETA.

B mesom, xapakrepusys HaJu4uue ~ HEIPOTHBOPEYUBON  TEOPUU  e€68KAUDOBH
[TPOCTPAHCTBA-BPEMEHU u cBsizanHbIX € 9TUM €6KAUJ-NHBAPUAHTHBIX MEXAHUKH
U 3IeKTPOJUHAMUKN, MOXKHO COIVIAaCUTbcd ¢ mpeanosokenneM Cruena BaitaOepra,
BBICKAa3aHHOTO B ero HobGemeBckoit teknun: ""Bo3MOXKHO, cyIecTByer IeJiblii MUP ¢ HOBOIt
GUBUKON ¥ HEOKMJAHHBIMU CTElleHsIMU CBOOOJIbI, & O0Ias TeopHusi OTHOCUTE/IbHOCTH He
SIBJISIETCS aJIeKBATHON CXeMOM Ji/1si HOHMMaHUsI (DU3UKK YTHX CTerneHeir cBodoapl".
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DJIEKTPOMAarHUTHbIE 1 I'PAaBUTAIMOHHbIE SBJICHUS
KaK 3P(eKThl HAIPAKEHHO-1e(POPMUPOBAHHOIO
COCTOSIHUS U KUHEMATUKU JBUYKEHNIT 4-MepHOl cpeIpl
B MOJI€JI NHBEPCHO-COIPSAXKEHHbBIX [IPOCTPAHCTB

ITocTranoBka 3aga4n

Peasibnoe, T. e. MaTepuaJjibHOE, N-MEPHOE POCTPAHCTBO MOZKHO LPEJICTABUTH KaK ab-
CTPAKTHOE METPUIECKOEe N-IIPOCTPAHCTBO, BCETrAA 3alI0/JIHEHHOE HeKOeil YHUBepCaJIbHOU
n-MepHoii dbusndeckoii cpeioit — cybemanyuets (cunonumbl: dbusndeckuii Bakyym, busu-
9eCKUil N-KOHTHHYYM, 3(DUp U T.I1.), CBOHCTBA KOTOPOIl OIPEIENsioT BCe HAOJII0IaeMble
B N-IPOCTpPaHCTBe (PU3MIECKUE ABJEHUSA U BO3HUKAIONINE B pe3yJIbTaTe STUX SBJICHUI
JIOKQJIM30BaHHbIE UJIM HEJIOKAJIN30BaHHble OO BEKTHI — TeJIa U MOJIH.

By (R By, By, Ry} = X371 31
v E{Ro, By, Ry, By} = X X“-)L ct X = (XUX®)

Ry={0,x %2z} Let
Bi={ectxy0}Llz
Ry={ct 0,3z} 1lx
Rs={ectx0,z} Ly

a)

o _00,>00,

T, T,=0 T, >T,

Puc. 1.

B pabore paccmarpusaerca R3*1 < {ct,x,y, zZ}-upocrpancrso (puc. 1,a), koropoe
B OPTOrOHAJILHON CHCTeMe KOOPAMHAT IPEJACTABIACT COOOH COBOKYIMHOCTL IPOXOMAIINX
depe3 HAYaI0 KOODIMHAT 4emuipér TPEeXMEepPHBIX MOJNPOCTPAHCTB (IHIEPILIOCKOCTEIH)
Ry {Ro,R1,R2, R3} = R**1 [1]. D10 Ry = R3*Y < {0,X,y,z} — tpexmephoe Hero-
JIBUZKHOE 11poCTpancTBo obbikHosennoe ("spatium vulgaris—.aamun.) u Ry = R**1

Hokaan wa Mexnyunapoanoit koudepenrwu "Petrov 2010 Anniversery Symposium on General
Relavity and Gravitation" 1-6 November 2010, Kazan, //Abstracts, I3x. Kazan.ys-rta, 2010, c. 27-29.
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{ct,0,y,2z}, R, = R « {ct,x,0,z}, R; = R?*! « {ct,x,y,0} — B3aumno oproro-
HAJTbHBIE TPEXMEpHBIe IMOAMPOCTPAHCTBA, IPECTABIAIONEe 000 COOTBETCTBYIOIINE KO-
opaunartubie mwiockoctu {Y,z}, {X, 2z}, {X,y}, nepememaroruecss Bo BpeMeHu (T. e. IO
MHUMOI# KoopauHaTe t, OpTOroHATBHON KazK/I0il M3 9THX IJIOCKOCTEi) CO CKOPOCTHIO CBe-
ta. Vcnoab3yercss Mojesib mHBepCHO-coupsizkeHubix npocrpaucts (MCIT) |2, 3|, B ocuoBe
KOTOPOIi JIEZKUT IPeJICTaBenue o HeHTpaabuoM npocrpancrse UN=12 =X, X } R"
(puc. 1,b), pasnenennom myrem spamienus 0 = (C/R)e, R" R"™! na e obuacru
O<r=ry))u(ro<r < oo) cuemnennbx noamnpocrpascrs X = (0,r,] u X = [r,, 00),
pasrpanudenubix (N — 1)-cdepoit SI71(r,) = X n X pamuyca r,b, = R = ¢/w,, T. e.
X X =U" mist koropsix r X ,r X,r =r2/r. Ilpu 3roM, KaK 10Ka3aHO B
pabore [4], B ciyuae 4-mepnoro npocrpancrsa-spemenn R3*1 = {ct, x,y,z} BHyTpeH-
Heg 00s1acTh 00/1a1aeT €6KAUJ0680T TPOCTPAHCTBEHHO-BPEMEHHOI METPUKON ¢ MHTEpBa-
oM ds? = c?dt? + (dx? + dy? + dz?), uHBApPUAHTHLIM IPH €6KAUJOGHLLL TIPEOOPAZOBAHIAX
koopauuar: dX = [dX +(v/c)cdt |/ 1+ v2/c?, cdt =[cdt —(v/c)dx |/ 1+v2/c?, dy =
dy, dz = dz (aBuzkenue B HAUpaBJIEHUH OCH X), 4 BHEIIHSAS — Ncesdoeskiudosol ¢ nH-
repsasiom 0s? = ¢?dt? — (dx? + dy? + dz?), uHBapUAHTHBIM LIPU A0PEHUEEHLT 1IPEOOPa30-
BaHUAX KOOPAMHAT B MHepIMaabHOil cucreme: dX = [dx + (v/c)cdt [/ 1 —v2/c?, cdt =
[cdt + (v/c)dx ]/ 1—v2/c2, dy=dy,dz=4dz.

B kauecTBe Modesu yHUBEPCAJIBLHOM CYOCTAHIMU, 3AMOTHAIONIEH paccMaTpuBaeMoe
4-MepHOe MPOCTPAHCTBO (pHC. 1,¢), UCCIeNyeTcs WAealu3upOBAHHAS ANPUOPHO €NUH-
CTBEHHAS CNAOWHAA, UIEATHHO Ynpyzas, 00HOpodHaA U u30mponHas 4-MepHas cpeja,
KOTOpas B JIOKAJIbHO ¥ 17100a/IbHO HETIOABU>KHOM 1 HeIe(pOPMUPOBAHHOM COCTOSIHUH,
XapaKTEePU3yeMOM SHEPreTUUeCKH HYJIEBbIM SHTPOLMIHO HEYCTOWYMBHIM PaBHOBECH-
eM Kak Sg = (Eo — Fo)/To=08Qo/To =0, (8Qo 0, To 0 —m e. cBOGOIHAS SHEPIHST
Fo paBua mosHoii sueprun Eg npu mysesoit remneparype T,), win kak S, = KInW =0
(T. e. mpu repmopuHamMuveckoii BepogrHoctu W = 1, coorBercTByIONIEH eduncmeento-
CMU UCXOIHOIO COCTOSIHUS), HE MPOsIB/IsSeT HUKAKUX (PU3MIECKUX (IpaBUTAIOHHbBIX,
9JIEKTPOMAIHUTHBIX, BOJHOBBIX U T. II.) CBOiicTB. [loTepsi paBHOBECHOTO COCTOsIHUSL CPE/Ib,
T. e. ckauek 0Qg — AQ; > 0, upubojur, Kax 3pdeKT JOMUHO, K HEOOPATUMOMY CIIOH-
TAHHOMY SHTPOMUIHOMY IEpexoy HOPAAoK(Sy) — Gecmopanok(S; > 0), 1. e. Kk ABu-
2KeHugM 1 gedpopManugamM, 3alyCKaIOIUIM IIPOIecC CAMOOPTraHu3anum S; - Sy < Sy,
KOTOPBI, COOCTBEHHO, W JIEKUT B OCHOBE MOJIYIeHHBIX HUKE PE3YIbTATOB.

CKpBITHIMU B HYJIEBOM COCTOSIHUU IIApaMeTPaMH CPE/ibl sIBISIOTCS MOIYJIHA YIIPY-
TOCTH [IPU Pa3JMndHbIX jieOpMalsiX U Olpeje/sieMasi YTUMUA MOJLYJISAIMU [PEJIEIBHO J10-
IIyCTHMas CKOPOCTh MepeMereHus CyOCTaHITNOHATBHBIX TOYEK CPEeIbI.

B macrosieit paboTe cTaBUTCS 3a/1a49a OIIPeIeIeHUsT HAIPSAKeHHO-1eOPMUAPOBAHHOTO
COCTOSIHUS W KHHEMATUKU JIBUZKEHHUN CyOCTAHIMOHANBHBIX TOYEK 0eCcKoHeuHO Maaot da-
CTUIbl YHUBEPCAJIBbHOM 4-MepHOil cpejibl U CBA3aHHBIX C ITUM 3(PPEeKTOB.

1 Ilepememenns, gedpopmanum u pu3mdecKnii
MAacCIITad MaA0T 9acCTUIbl 4-MepHOil cpebl.

1.1. Bpamenusa u nedopmanuu mMaa0t 9acTANbI 3-MEPHOIT cpeabl.

B mexanuke 3-MepHOIl CILIONIHOM Cpebl /15 OMUCAHUS TOBEJIeHN CPe/Ibl, KAK MaTepu-
AJIbHON CIJIOLIIHOCTY, BBOJUTCS MOHATHE OECKOHEYHO MaA0l dacTHlpl (B AajabHeilnem,
KaK COKDAIEHHe, — MaA0TU YaCUYb, WK, IPOCTO, YACMUYbL), KOTOPast DU JBUZKEHHN
Cpe/Ibl HCIBITHIBAET COOTBETCTBYIOIIIE IIepeMelleHn s, 10BopoThl 1 Jedopmanun |5]. [Ipu
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9TOM IOHATHE OECKOHEUHO MaA0T YaCTUIbl XapaKTepU3yercs YCJIOBHBIM MaciITaboM,
KOTODBIil (IpU HATHYKE MPeICTABICHUN O PeaJbHON aTOMHO-MOJIEKYJISIPHON CTPYKTYpe
CpeJIbl) OIPEJIEJISIeTCsST COBOKYIHOCTBIO JIOCTATOYHO OOJIBIIONO YHCJIA MOJIEKYT (ATOMOB)
AN 1, zannMamonux ¢pusudeckn 6eCKOHETHO MaJiblii 00béM AV |, KOTOPBI 10CTATOIHO
BeJIMK, 4TOObI COjlepzKaTh OOJIbIIIOE YUC/I0 MOJIEKYJ, U MaJl 110 CPABHEHUIO C 00JIACTHIO
3aMETHOI'O UBMEHEHUA MaKPOCKOIIMYECKUX IlapaMeTpPpOB CPpebl.

B 3-mepnom mpocrpaHcTBe 10JIOKEHUE B MOMEHT BpPeMeHU t OeckoHeuHo Mmanoti da-
cTuipl, Kak "To4ku'" KOHKDETHOH CILIONIHON cpejpl, B cucreme orcdyera S(O) 3amaercs
paJycoM-BeKTOpOM 7 1ieHTpa Macc O 3Toif JacTunpl B e COOCTBEHHOI cucTeMe OT-
caera S (O ), ycpeaHeHHbIM 110 (pusudecKu beckoneuno maiomy narepBay spemenn At.

Puc. 2.

Beckoneuno majioe nepeMenenne 4acTuiibl MOKET ObITh OIIPEIEJICHO 10 BeJUYUH Lep-
BOI'O IOPsi/IKA MaJIOCTH M3MEHEHHEM PaJMyCOB-BEKTOPOB T u T TOYKH A 310l wacrTu-
bl orHocuTesibHo cucreM orcuera S(O) u S (O) u usmenenuem paccrosuus O-0 = rg
(puc. 2,a) Kax

dr=drg +r =dro + WY+ |[dx, r]= u(r1t), (1.1)
rie dro = u(r,t) — nocryunarebHoe 1epeMenienre dacTuibl Ui = Vi dt, kak mesoro,
dX — BekTOp GECKOHEYHO MAJIOIrO HOBOPOTA Xki = % (0uj/0x—0uK/0x;) = % rotu = Wy dt
YaCTUIB, KaK aDCOJIIOTHO TBEPAOrO TeJja ¢ MIHOBEHHBIMH HAIpaBIeHHIME (€, €y, €;)
oceii Bpammenus, rjue Wyxj = 1/2 (0vi/0Xx — 0V /0X;), w = dx/dt = 1/2rot v :

0 Wz xy —Wy xz

(W) = —Wz yx 0 Wx yz (1.2)
U)y zZX —Wx zy 0

r ¥ — BekTop ckopocTu 4ucToi jgedopManun Exij = % (0uj/0xy + duK/0X;) vacTuupb:

8XX 8Xy 8XZ
SZX szy sZZ

1.2. Bpamenuns n gedpopmanum mMaaoti 9acTuilbl 4-MepHOIi cpeabl
B 3-mepHbIX nognpocrpancrsax Ry {Ro, Ri, Ry, R3} = R3*L,

IIpu onucanun yHUBepPCAJIBbHON 4-MepHOIl cpe/ibl HOHATHE DECKOHEWHO Ma.A020 Pa3-
Mepa YaCTUIlbl TepsieT BO3MOZKHOCTD JIazKe YCJOBHOI'O MAacHITaOMPOBAHULA, TaK KaK 3TO
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MoryT ObITh "beckoneurno maavie'" 00bEeMbl, HAMHOIO MEHBIINE €UHUIHBIX ATOMOB, /€~
MEHTapHBbIX YaCTHUIL U T. ., WA, HA000pOT, 06bEMBI KOCMOJIOITYECKIX Pa3MepOB.

Jlna uccneayemoii B mpejcTaBisgeMoil padoTe yHHBEpPCAJAbHOM 4-MepHOil cpejbl uc-
[OJTb3YeTCd MPUHIUINAIBHO APYTroil moaX0l — (PU3MIECKOro MACIITAOMPOBAHUS, OIIpe-
JiesisieMoro (pyHJaMeHTAJIbHBIMU XapaKTepUCTUKAMU — MPeaeIbHBIMU CKOPOCTH-
MM lIepeMelleHus cYOCMaHUUOHANDHOLT TOUYEK CPe/ibl U MPeAeJIbHBIMU MJIOTHOCTAMUA
SHEPIUH B PA3JIMYHBIX HAIPSIKEeHHO-/1e(OPMHUPOBAHHBIX cocTostHusX (puc. 2,b).

1.2.1. Ilepememnienue aedopMUPYEMOil Ma.40T TaACTHIIHI CILIOIIHON 4-MepHOil cpe/ibl B
R3*1 mpocrpaHcTBe MOYKHO HAIVISHO MpPEJCTABHTH, €CIH OMHCAHHE 3TOrO IIepeMeleHns
Pa3/IOKHUTh 110 4derhipeM 3-MepubiM nogupocrpancrsam Ry {Ro, R1, Ry, R3} = R+
IPOXOJISIIAM YepPe3 HA4aJ0 KOOpuHaT (puc. 3).

Ro=1{0,x, 3z} Let Ri={ectxy0}lz Ry={ct0yz}lx Ry={ctx0,z}Ly
ct ct
th_zx

Wxtz

wzJ.xt

Q

J—
z)={w - (inYZ’wa-ZX’ wzlxy), wt:(_wtixy+th_zx_wtlYZ)} >

= {wyitx_wzlxt: —Wx yt T Wzity> Wxitz _w}’llt}

t, Xy,

(0.p)=0
Puc. 3.

IIpuauMass BO BHHMaHME, YTO OLNEPATOPbl YACTHBIX MPOU3BOAHBLIX II0 KOOPJIHHATAM
B 3-MEepHBIX MOJIpocTpaHcTBax Ry {Ro, R1, Rz, R3}, coorBercrBenHo, paBHbI o =
0/0x; = (0/0x, 8/dy, 0/0z), , = 0/0x; = (0/cot, d/0y, 0/0z), , = 0/0%x; =
(0/0t, 0/0x%x, 0/0z), 3 = 0/0%; = (0/0t, /0%, 0/0y), a KoopjuHATHI MOIYT OBITH
obosnadenbl Kak Xj  Xy(Rn) = bk = {1,2,3}; v,u = {0,1,2,3}), 1. e. Ry =
{0,x,y,2} = {0,X1,X2, X3}, R1 = {ct,0,y,z2} = {X1,0,%2, %3}, R, = {ct,x,0,z} =
{X1,%2,0,%3}, Rz = {ct,x,y,0} = {Xy,Xz,X3,0}, 10, ucnonnzys (1.2) aias moampo-
crpacTB Ry {Ro, R1, R2, R} kak Wi av  Wav(RN), OyzeM uMerh 4-TeH30pbl YIJIOBBIX
ckopocreil maaoti dactuinpl B cobemeennoti cucreme orcuera S (O), xoropeie B R3*1-
LIPOCTPAHCTBE O0BLEAUHAIOTCA B CyMMAapPHbIHA 4-T€H30D BPalleHUs

() = Wav(Ro) + W (R1) + 0 (R1) + wx (R2) + wav(R3) =

0 0 0 0 0 0 W oy —0 w
_ 0 0 Wy Wy , O 0 0 o
0 —w; yx 0 Wx yz —W, vt 0 0 —0
0 Wy zx —Wx zy 0 Wy 2t 0 W 2y 0
0 —Wz tx 0 Wx tz 0 Wy tx —Wx ty 0
+ Wz xt 0 0 Wt xz + —Wy xt 0 —Wt xy 0 —
0 0 0 0 Wy yt Weyx O 0O
—Wx 2t —Wzx 0 0 0 0 0 0
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0 Wy tx — Wz tx —Wx ty+(*)z ty Wx tz — Wy tz

— —Wy xt + Wz xt 0 Wz xy =Wt xy —Wy xz + W xz (1 4)
—W; yt + Wy yt —W; yX + W yXx 0 —Wy yz + Wy yz ’
—Wx 2t + U)y 2t —W 2x T wy zx Wt zy — Wx zy 0
v — {L(q),(p):@a Qt,(x,y,z)}; Wyx = _{ L(q),(p):@, Qt,(x,y,z)}- (1-5)

Takum obpazom, 4-TeH30p BpallleHust HECKOHEeWHO MaA0T HaCTUIbI 4-MEpPHOU Ccpejibl
OIIPe I ISIeTCA:

1) weasuakcuarvrom BeKTOpoM Qi (xyz) TBepAOTEabHOrO (X,Y,Z)-npocmpancmeen-
1020 — W(xy,z) U t-KoArUuNHEAPH020 — Wt BPAIEHUS;

2) xeasunosaproim BeKTOpoM L e=o = (Lx, Ly, L;) ¢ ¢ npocmpancmeerro-
MU KOMIIOHEHTAMH OTHOCHTe/IbHO Haupasienuil (ex, ey, €;) oceil BpaileHusi, Oproro-
HAJBHBIX CMEXKHBIM NPOCMpPaHCMeeHHo-epemertbim IIockocTaM Kak Wy ({t, 2}, {t,y}),

{t,x} {t,z}) v 0, ({t, ¥y} {t,X}), 1. e. Bpamienus M0 ABOWHBIM (TEJIECHBIM) YIJIaM
©1 = (9, 9)x, ©2 = (¢, 9)y, O3 = ($, 9)..

1.2.2. B 3-mepHoii cpejie BekTop ckopoctu gedopmanun grad, W B (1.1) onpenessi-
eTCsi CAHMMETPUYHBIM TEH30POM cKopocTteit jedopmaliuii

(vij) = i(sij) (1.6)

rae (€ij) — Temsop jgedopMariuil, KOTOpble CBA3aHBL Y€Pe3 MOJYJIH yIPYTOCTH C ¢ Ha-
IPAZKEHUSAMH KaK Ojj = Ck'€k|, {i,j}=(, 2, 3), 1. e. B cobcmeennoti cucreme KOOp,ZLI/IHaT
— cucreme nokosi S°

0 0 0
CuxExx ny Exy Cyz€xz Oyx - x yz Oxy ex zx Oxzox Xy
0y — — 0 0 0
(Oij ) - nyeyX nySyy Cyz Syz - ny =y yz O)E)y =y zX 0%/2 =Yy Xy ' (1'7)
CZXEZX CZyEZy CZZSZZ sz zyz 0-zy ez 2x Ozz-2 Xy

B 4-mepHoii cpeje B jiekapToBoil cucreme KoopjauHar Ct,X,Y,Z kaxjas u3 oceit
HEePIEeHIUKYJIsIPHA HE KOOP/JAMHATHOW ILJIOCKOCTH, 8 KOODJAMHATHOMY 3-IIPOCTPAHCTBY
Ry (Ro,R1,R2,R3), T e. ct {0,x,y,z},x {ct,0,y,z},y {ct,x,0,z},z {ct,x,y,0}

[TosTOMY KOMIIOHEHTBI T€H30pa HAIPSZKEeHH (Cu/Ia, IPUIOKeHHAS K 9JIEMEHTY TOBepX-
HOCTH) 00 = C)‘p EAp , I,V =(0, 1, 2, 3) B cobemeennoti cucTeMe KOOpPJAUHAT {XO} Oyer
COCTOSITH M3 TPEX OJIHOHAIPABJICHHBIX 3JIEMEHTOB (T. €. HAIPABJIEHHBIX O OJHOI U3 oceit
koopauHar coorsercryomux gedopmanuit: £ = (Aly xy /Al /li+AlL 5 /1y), Exx =
(Al y /1 + Al Sl + Al /1) BT 1), HO ZeHCTBYIOMUX HA TPU PA3IHIHEE (B CHITY
4-MEepHOCTH) OPTOTOHATBHO PACIIOJIOKEHHbBIE TLTOCKOCTH (puc. 4):

0 0 0 0 0 0 0
(Ot xy,yz,zx)tt (Ot yz? Oy ty,zt)tX (Ot xz1 Ot tx,zt)ty (Gt Xy'? Oy tx,ty)tZ

0 0 0 0 0 0 0
(0.0 ) — (0 yz? 0-x Xy, zx)Xt (cx yz, zt ty)XX (Gx ztr 0-x tx,xz)Xy (Gx yts c)-x tx,xy)XZ
Hv (0’

0 zx? 0-y yz, xy))/t (0 zt 0-y yt, yx)yX (03 Xz, zt tx)yy (03 gt' 08 ty,xy)yZ
(0 Xy? 0-z zZX yz)Zt (0'2 ytr z zt, zx)ZX (02 Xt? z zt zy)Zy (OZ xy,yt,tx)ZZ
(1.8)

e HUYKHHE UHJEKCHI B pa3BepHyTOM Buje (1yist Gosbiieil busndeckoii HALISIHOCTH )
quTarorTcs Kak: 1) mameke tt = (t Xy, Yz,ZX) cOOTBETCTBYET HAIPABJIEHUIO TPEX HAIDS-
JKeHNil, BOBHUKAIONIUX IO/, JeficTBueM 1o ocu t Cuiibl Ha MJIOMAKN, HOpMaJibHbIEe K ocH {,
T. €. IePHEeHUKYJISPHO [IOCKOCTAM XY, YZ, ZX; 2) unjgeke Xt = (X yz;X Xy, ZX) coorBer-
CTBYeT HallPaBJIEHUIO JEeHCTBUS CUJIBL 110 OCH X Ha IJIONIA/IKU, HOpMaJibHble K ocu T, T. e.
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HEPIEHUKY/ISIPHO IIJI0OCKOCTH YZ U apaJlIeJIbHO IIOCKOCTIM XY, ZX, KazK/1asl U3 JIBYX I10-
CJIEIHAX OPTOTOHAJIBHBI, COOTBETCTBEHHO, ABYM ocsaM — (Z,t) u (Y, 1), u 1. 1. 1o aHajorun

C U3JIOZKEHHBIM.
1% L xy t1% t| &
: yz 1 zx
B y ﬁz ﬁx
y z

61 %1 yz t gt t
Oy %\t
b z %y |
y z

y
Puc. 4.

Takum obpazom, B orin4aue o jedpopMaluu 8% (Ro) Mma.a01 yacTuipl 3-MepHOIL Cpeibl
"oobikHOBeHHOTO" TpOCcTpaHcTBa Rp, Mastast yacruia 4-MepHOit cpejibl, KpoMe 00beMHOTI0
CZKATUS-PACTAKEHUS Ejj(i=j) U CABHUIA Eij(i=j) (CKAIIMBAHMUS HPAMBIX YIJIOB) HCIBITHIBAET
JIONOJTHATE/IbHBIE jledOpMallii, cojepzaliee cKaTue uid pacrskenne (€2 w T &y vz ¥

0 0 0
€ zx)tt B HADaBJeHUU ocu Bpemenn Ct, a Takxke cxkarTue-pacrskenue (€ ¢ + € )xx;
. u capuru (€2 L, + 89( Xy 5 -+ NPOCTPAHCNEEHHO-6PEMENHBLL 3-00BHEMOB AV3 =

AVt xy3fty.z3{tzx3 0OTHOcHTespHO mwiockocreit {t, z}, {t,y} u {t, x}.

R, ct R, ct
| Ah | Ah | Ah
T o — 1T |n T |
- —— L/ Z - L/
| 4 r | T % X
0 AT o AT ]
y/ A8 . AB
& =E (R /R)? &= y(R)r/Ro) 2
8¢q>= 8(I:;(I:;(RO)(F/‘RO)2r 8[‘1": grr(RO)(r/Ro)
b0 = 899(R0)(I‘/R0)2 Ry o0 = SGG(RO)("/RO)Z R, R, R,
Puc. 5.

1.2.3. degpopmayus m30TPOITHOrOo 4-MepPHOro oObeMa, HaXOIAIIErocsd B paeHo-
secrom cocrosianu B obsactu 0 < r < Ry 1moj geficTBueM cTamoOHapHO 00 beMHON| CHJIbI
MOZKeT ObITh Pa3JIOKeHa Ha Jehopmauuy, 3-MEPHBIX 00bEMOB COOTBETCTBYIOMIUX IOIIPO-
crpanctB Ry (Ro, Ry, R2,R3) — map B Ry = (1, ¢,0) u Tpu nuusapuyeckux odbema
B cooTBercTByomUX nojamnpocrpancreax (Ry, Ry, R3) < (ct,r,0)123 (puc. ) xak

€2(X*) = (&rr, Egg» €00)0 + (Etts Erry €00)1 + (Etts Erry €06)2 + (Ett, Erry €06)3 - (1.9)
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Torma aedopmanus E?j (RN) 3-MepHBIX 00BEMOB B COOTBETCIBYIOIIMX IOAIPO-
crpancTBax Ry (Ro, R1, Rz, R3) MoxKer ObITh HaiijieHa U3 peIIeHUs YPABHEHHUS paG-
HOBECUA

anj (RN)/an +f =0, (1.10)

st eMeriennii u (Ry), HCIOIb3ys ¢BA3b Opy = Adiv u+ 2 € :
(A+ W) graddiveu(Ry) + 1 2u(Ry) + f(Rn) =0, (1.11)

e fi = poa — cranmonapuas oobeMHast Cujia, NPUXO/AIIASCH HA €IMHUILY dSHeprum (Mac-
CBI) Po ; Oij — JIEMEHT TeH30pa HAIp:AKeHHil, paBHbIi Ojj = A&dij + 2MEj; A u 1 —
ko3bduruenter Jlama).

Ucnonb3ys BbIpazkeHnss KOMIOHEHT €jj B ChepHTIECKUX U UINHIPUIECKIX KOODIMHA~
Tax, HOJLyYUM
— i mapa B R B koopaunarax (r, @, 8):

Err = Err(Ro)(r/Ro)Z R E(p(p(Ro)(r/Ro)Z v Epp = EGS(RO)(r/Ro)Z ) (1-12)

rue Err(Ro): 0-rr(Ro)/Crr; E(p(p(Ro): 0¢<p(R0)/C¢<p; EGG(RO): GGG(RO)/CGG; Cr— (}\+2u)rr;

C(p(p = 0\ + 2“)(p(p; Cee = 0\ + 2“)99; r="r(xyz),6;
— s e apos B Ry {Ry, Rz, R3} B koopaunarax (' = Pixyy.(y.2).zx)» 81,23, Ct = Iy):

&t = €ut(Ro) I'/Ro, €pp = Epp(Ro)(r/Ro)z v Egp = EGS(RO)(r/Ro)Z ) (1-13)

e°(X") = [err(Ro), €9p(Ro), €96(Ro)] + 3 [Ext(Ri), €pp(Ri), €68 (RI)] , (1.14)

e €t(Ro) = 0tt(Ro)/Citt, €pp(Ro) = 0pp(R0)/Cyr, €60(Ro) = 09s(R0)/Coo, Ctt = (A+2)xt,
Cop = A+ 2W)pp, Coo = (A +2W)ep, p=T =1t = (0, Ry).

1.3. Macuirab maaoti 9acTuilbl 4-MepHOIi Cpe/bl.

Beckoneuno wmasbie 1moBOpoThl (1.4) Ma.nol dacTuupl, KaK MOBOPOTHI aBGCOJIOTHO
TBepAOro TeJa (puc. 2,b) ¢ yrioBoii cKopocTbio BpatieHus Wy = Vi /I = C/R, , 103B0JIsI-
er 0JHO3HAYHO YCTAHOBUTH MUHMMAJIbHBIA pasMep OFmin — KUHEMAMUYecky 00YCA06ACH-
noiti MacmrTab 6eckorHeuHo MaAoti IACTUIBI, UCXOAd U3 YCI0BUS JIJId MAKCUMAJIbHOM
TaHMeHIHAJIbHON cKOpocTH (Vi)max = Cr = C , Kak

Ormin = (R, Rp) = ¢ (L/wy, 1/0,), T e. ¢/ =Ry, ¢/w, =R,. (1.15)

Ha kunemarndeckoit rpanune R, beckoneuno manroti gacrunpt corsacuo (1.12)-(1.13)
JOCTUTAIOTCS MaKCUMaJIbHbIe Haupsizkenust (Jgedopmaiun) cpepl

Opv (Ro) = Cﬁ\e EAp(Ro) = [Guv]maw (1'16)

— "mpenen npounocTu" paccMaTpuBaeMoil 4-MepHOi Cpeabl B HAIPSKEHHOM COCTOSHHM.

Taxkum o6pasom, gBurkeHne 4-cpejipl (cMerienns u jgedopMaliu) IPUBOIUT KaK 1PO-
[eCC CAMOOPTAHU3AMUU K KUHEMAMUYECKU 00YCA0BAEHHOMY BBIICICHUIO MTE€PBUIHOM
beckoneurno manoti JacTunbl ¢ rpauiei 0rmin = (Rt, Ro), Ha KOTOpYIO HaKJ/IaIbIBAETCs
ycioBHe Opy < [0py]max IPeIeIbHOrO HaIpsAKeHHO-/1e(POPMUPOBAHHOIO COCTOSHHS, 4TO B
eJIoM U ompejenger dpu3dmdecKuii Macmrad Ma07 TaCTUIDL.

Corstacao CTO BbiesieHEBIT 00bEM, FDAHUYHBIE TOYKA KOTOPOI'O JIBUKYTCS CO CKO-
POCTBIO CBeTa, JijIsi BHEIITHETO HAOJIIOIATES Pe/IsITHBUCTCKU 3aMbIKAETCS /10 HYJIEBOTO
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pa3mepa, 1. e. Oyjger HabJIIOJATHC KaK mamemamudeckas Touka. OqHAKO, B OTJIMYHE OT
MaTeMaTHIeCKOro ciaydas, cama 'roduka' Oyger mpeacTaBiaTh COOOH uckastceHHble Ie-
peMereHnaMu 1 AeopManuaMu CKPBITYIO 6HYMperiot0 00JIacTb U 6HEUHEee OKPY-
JKaloIiee MPOCTPAHCTBO BBIIEICHHON Ma.A00 TACTUIBI, T. €. MPEJCTABIATDL HAJeJTeHHBIH
dusnyeckumMu cBoiCcTBAMU IMPOCTPAHCTBEHHO-BPEMEHHOI 00'beKT.

OObpazoBanue BBIJEJIEHHBIX ITPOCTPAHCTBEHHO-BPEMEHHBIX O0BEKTOB, KAaK IIPO-
IeCC CaMOOPraHM3aluM 10TePABIIeil paBHOBECHOE COCTOAHUE JIBUZKYIIEHCA MCXOIHOMN
4-cpe/ipl, IPUBOJIUT K IMMOHUZKEHUIO SHTPONUU OeCcrnopaaka cyOCTaHITMOHAJBHBIX TOUEK U
nepexojy ee (SHTPOIUN) Ha YPOBeHb Gecnopsaaka beckoneuno masvr dactun — "dusu-
YECKHUX TOYEK' Cpe/Ibl.

2 Jledopmanmorabie 3hPeKThl KakK
3JIEKTPOMATrHUTHBIE CBOIICTBA M@AAO0U TaCTUIHI

2.1. Cobomnas sueprus Ey, Hanpskenno-gedopMupoBaHHOTO cocTOAHUS (IIPH TeMIIe-
parype T = Const u surponuu S = Const) onpeessiercst Kax

1
[IOTOK IIJIOTHOCTU SHEPTUN hy,, = ASE,,, dim [2:cm/cex?] naupsxkento-
JniebopMupoBaHHOTO cocTosinus 4-mepuoit cpeapl YEPE3 eaunnunyio miomanaky AS B
pa3BepHyTOM BHJE Oy/IeT COOTBETCTBOBATH 4-TEH30pY

Cttsft Cix EEX Ctysfy Cts 8%2
Cuigsi CuxErx CxyEy Cietly
Cytely Cyx€ly Cyy€l, Cy.€7,
Caes Caxtlx Cyyer, ClLEZ

(h) = %AS (2.2)

Obpasyem 4-Ten3opublii 00beKT Ay Kak BHEIITHEe IPOU3BeAeHUEe 2ACKMPOMaZHUM-
nour 4-norenmuaros Ay = (Ag, A) u A* = (A%, A):

Ao AoAY AGAl AGAZ AGA®

_ A 0 Al a2 as _ AAY AAL A2 AAS
Aw) =, A A AR = R AAL AN AA
A AGAY AGAl AGAZ AgA®

(2.3)

U [OCTaBUM ero 3jieMeHThl B coorBercrBue vaemerntam 4-reazopa [IOTOKA TIJIOTHO-
CTU SHEPTUN (2.2):

Aw = hyy. (2.4)
Jlna numaroHaspHbIX diaemenTo HaxomauM AgAl = k2AS Cttsft = Atz, A AL
K2AS Cyx€2, = A2 u T 1., T e.
=xk ASCy: &y,
AX =4k ASCyx Exxr (2.5)
A, =xk ASCy, &y,
A, =xk ASC,; g,

rje K — koaddunpment nponopiuoHaibHOCTH.
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Pasmepnocth 3aekTpomarauTHoro norennuana dim[A,] = dim[(e-cm/cex?)?],
T. e. dim[Aﬁ] — dim[m - a] = dim[z:cm/cex?] = dim[hy], yaosrersopserca npu
dim[k] = dim[l], yro mo3BOJIIET OTOXKAECTBUTH 4-TEH30D IACKMPOMAZHUMHO20 4-
norennuaa ¢ 4-reazopom [IOTOKA [IJIOTHOCTU 9HEPI'MIU wanpskenHO-/18OpMU-
POBAHHOIO COCTOAHUSA 4-MEPHOMH CPe/bl ¢ TOYHOCTHIO JI0 YUCJI0BOIO HGE3Pa3MEPHOr0 MHO-
wurestst, a SJIEKTPOMATHUTHBIN [TOTEHIIUAJT cunrars IpOMOPIMOHAILHBIM
jgedopmanusaM (HaIpsizKeHusiM) 4-MepHO# CpeJipl.

2.2. Oyukuug gedopmaruu (1.9) masoi dacTuipl B 4-MEPHOM HPOCTPAHCTBE MOCJIE
cymmupoBanus (1.12)-(1.13) mo OJHOMMEHHBIM KOODHHATAM MOKHO MpPEICTABATH KaK
(1.14), =. e.

e°(X") = [err(Ro), €9p(R0), €96(Ro)] + 3 [Ext(Ri), €pp(Ri), €66 (Ri)] - (2.6)

B npoexmuu aedopmaiuii (Hanpskennii) Ha nabarodaemoe 3-mepHoe npoctpanctso X3
Koopaunara t npespaiaercs B napamerp, T. e. jgedopmaiun (HaupszkeHus ), Kak (yHK-
umu 4-x koopmuuar €°(X*) = f(ct,x,y,2) = f(ct,r,@,0), pasgensiorca na GyHKIIIO
BPEMEHHOIl KOOpAMHATHI Cl, KOTOpas IO OTHOIIEHHIO K YHCTO IPOCTPAHCTBEHHBIM IIO-
BopoTaM B X° mpejcTaBideT cKajagpHYO GyHKImo o, 1 Ha BEKTOPHYIO (DYHKIIIIO
T(r, 0,8) npocrpaHcTBEHHBIX KOODMHAT, YMHOKEHHYIO Ha (DYHKIMIO BPEMEHU, KOTOpasi B
CUJIy B3aHMOCBS3U lapaMerpa BpeMenn t ¢ t-kosjImHeapHBIM BpallleHHEM Wi (x.y,7) PAaBHA
f(t) = elot,

CrieoBaTe IbHO, IpPH IPOEKTHPOBAHHU HA 3-MepHOe IpocTpacTBo X3 dyHKmuit
T (Rn), npunaexkamnmux coorsercrBytomuM moanpocrpancrBam Ry {Ro, R1, R2, R} =
{Ro, Ri=1,2.3}, 6yzaem umers (puc. 6) :

p : RO - x31 f(RO) = f(o’ r,(P, 9) {fO = 01 f(r1 (pi e)} = f(r, (p1 e)!
p:Ri - X3 f(Ri) =Ff(t,p,0,00 {fo, F(p,8) - F(O)} = {fo, F(p,8) -},  (2.7)

x2cx? Xitle3+l
ct
- /| o, | > X2=(XUX*cx*!

A
 Apol o0

7 0 ¥y

Puc. 6

Takum obpaszom, mpoekmug jedopmanuii £2(X*4) na 3-mepHoe HpPOCTPAHCTBO Olpe/ie-
JIATCH KAK

p:e2(X*) - €9(t, X3) = [err (X3), £po(X3), €66 (X3)] + 3et(X3) + 3[gp(X3), €00 (X 3)]e™"
= 3 & + [(Err, €pg, €008) + 3 (Epps Eo0) eiwt] = {fe. Fro0) + Tooy(D}, (2.8)

rie f; = 3&¢(X3) — 1o OTHOMmEHHIO K YHCTO HPOCTPAHCTBEHHBIM IOBOPOTAM IIPe/-
crapaser B X3 cxaaapnyro byuknuio, a ey = [Err(X3), €5o(X3), €06 (X3)] u Fp 0y (t) =
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3[€0p(X3), €9 (X3)] €19t — Germopnvie byukuun mecdbopmanuii B COOTBETCTBYIONINX T0JI-
npocrpancrsax Rg u Rj, cupoextuposanubsie B X3.

IIpunumasg 3a ocuoBy B3aumocss3b Au(t, 1) = €,(t, 1) = f6)(X3) €'Y, 1ia BoieTCH-
HO beckoHeuHo Maaoti JACTUNLI 4-MEepHOH CpeJbl B IMPOEKIUMN Ha 3-MEPHOE MPOCTPAH-
CTBO 6y,ZLeM NUMETHb 3ﬂeKTpOMaFHHTHbeI IHOTEeHII 1 AJI

Au(t, 1) = {0u(r), [Area(r) + Ape(t, NI} = (¢, A). (2.9)

2.3. Daexrpuueckoe E u maraurnoe B 1noJjist obpasyrorcs myrem jauddeperipuaibHbix
ouepanuii Ha/i 1ojieM teKTpoMarauTHoro 4-norennuana Ay = (¢, A) xak

E=— ¢— = B= xA, (2.10)

IlepBoe ciraraemoe A g 0)(I') BekTOpHOI KoMonenTh! 4-norennuaa Ay (t, r), coorser-
crByloiee JiepopMaliuy MO IPOCTPAHCTBA R8+0 R3*! nponajaer juis 3/1€KTPUYECKOrO
¥ MarHUTHOIO 110Jeil Kak 0 A(rp0)(r)/0t =0 u xkax X A g0)(r) = 0.

CrenosaTennHo, HabmogaeMble B X° 3/IeKTPOMATHITHLIC SBICHH OTPAsKAIOT HAIDS-
senHo-edopmupoBannoe cocrosuue {3 &x, 3 (€pp, €08) €'} = {de(r), Ay (t, 1)} TOMD-
KO NPOCMPAHCMBEHHO-BPEMEHHBLL TIOAIPOCTPAHCTB Ri2+l R3*! uBobmactu 0 <r < R,,
Jyist KOTOPO#t onpesesenst Hanpszkennst (1.12)-(1.13), sromy Oyer coOTBETCBOBATD JIEK-
TPOMAIHUTHBINA 4-1IOTEHIUA

2

Au = ¢t(r) = ¢0RL0 ) A(p’e)(t, r) = (Ap, Ae) : % : ei“’t ) (2.11)

rie
¢, = k(AStCtt)ll2 3 01t(Ro)/Cit = 3K 01t(Ro), (2.12)
(Ap, Ag) = [BK, 0pp(Ro), 3Kg 0gs(Ro)] - (2.13)

2.4. Kak nokasano B pabore 3|, Buyrpenusiss obsacts 0 < r < R, moupenun HCII
obJiaaer eskaudosoli METPHUKOM, a BHellHssd Ry < r < oo — ncesdoeskaudosot. 1lpu
Iepexo/ie B HHBEPCHO-COIPSZKeHHY 0 BHEIITHIOKO 00J1aCTh C ncesdoeskaudosoti MeTPHUKOI,
ecraudos 4-exrop (Xo, X)— Xu—X*, (Xo, X)?— X, X" (Xo)?+ X? npeoGpasyercs B nces-
doeskaudos (Xo, 1X), orimyatonuiicss or 1mepBoro TeM, 4To ero KOHTP- U KOBApUAHTHbIE
KOMIOHEHTbI pazmuuaiorcs, kak X P=(X,, X ) u X, =(Xo, —X ), u Tem campiM KBajpar
ncesdoeskaudosa 4-BexTopa onpenenderca Kak (Xo, iX)2—=X ”X“:(XO)Z - X2

CrenoBaTeibHO, MpH IEPeXoje B HHBEPCHO-COIPSIKEHHYI0 BHEMIHIOW 00/1acTh
R, = r < oo ¢ yueroM 3akoHa HHBEPCHOIO HpeobpasoBanus kKoopauuar I = R2Z/r
JUISE 9JIEKTPOMATrHUTHOTO 4-1IOTEHIMAJIA TOJLY UM

R Rz .
A|J = q)t (r ) = (I)or_o ] A(p'e)(t, r ) = (Ap, Ae) * ﬁ " elwt y (214)

rie

b, =3K; Ou=-, (2.15)

2|0

(Ao, A)) = i[3K, Tpp(Ro), 3Ky  To(Ro)] =

=i (Fg—o(ep + eg), (2.16)
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Baecb Q — 1OCTOdHHAs BEJIMYUHA C PA3MEPHOCTBIO 3JIEKTPUYECKOIO 3apdjia IIpU
K, 0tt(Ro) = K,0p0(Ro) = Kg0gs(Ro) = K 0(R,) (B obmem ciyuae, ecmu K 0w(Ro) =
KpGPP(RO) = Kgy0g9(Ro), T0 Q; = Qp = Qqg;):

Q =3K 0(Ry)Ro, dim[Q ] =dim[(z - em®/cex?)V?], (2.17)

e K — kodddunuent, BK/IOYAONUNE B KayecTBe COMHOXKHUTEEH COOTBETCTBYIONIUE
MOJYJIH YIPYTOCTH U KOHCTaHTH mATerpuposamua, dim[K | = dim[(cm®-cex?/2)Y?);

=— — "dusnueckuit" (1. e. He apudmeTHyecKuii) 3HAK TEKTPHIECKOIO 3aps/a,
orpazkarollero sHak dediopmayut €;i=iy = - [€ja=jy| — Aedopmanun ornocurenbubix
VITMHEHWH BHEMIHEH 007acTH MaA0( JaCTHIbI, MPOTHBOIOJIOKHEIA 3HaKy — — (+)
(=) nedopmaiun BHyTpeHHeil 061acTH Y4aCTHIBI, COOTBETCTBYIOMUN pacTa:kenuto (+)
wian cxkaruio (—) Baosib 1-if ocu, M, KAK BHYTPEHHSS XapaKTepUCTHKa JedOopMaluu,
HE U3MEHSETCsd I[IPU OlepalisaX BO3BEJEHUsI B KBAJPAT WJIM U3BJIEYEHUS KBAJPATHOIO
KOPH#, KaK 1IDH TUX JKe OllepallusaX W3MeHsercs apudmernieckuil suax (%): (*)? =
(), (@2 =(xi= -1); e ()2 =1 — rapmoundeckas QYHKIUA BEKTOPHOLO
NoTeHIuaJIa YaCTHUIbI; (p(x,y),(y,z),(z,x) =r, G(X,y),(yyz),(zyx)) R;.

DTO MO3BOJIAET ONPEJETUTH JTEKTPHICCKOe W MArHHTHOE I0Jisi BHEIIHEH 00.1acTi
Ry =r < oo Bbijesennoit maaot dacrunpl yepes 4-norennuan (¢ , A ) kax

0A
E=- ¢ -4 = x4, 2.18
¢ cot ( )
B pe3yjabTaTe IJjid 3JIEKTPHICCKOTO IIOJd IIOJTYIHUM:
0 Q Q i
EF =— r ¢ (I’ ) - ﬁ Ap’e(t, r ) = ﬁ e + ﬁ elwt(ep + ee) = Er + Ep’e(t) . (219)

a JIJIsk MAHATHOTO IOJIS ¢ yI6TOM B3aMMOCBSI3H yIvia moBopora 0 ¢ BesmunHOil Wi, BXOs-
meit B pynxmmio €'t onpeensiemoit nepnosom 4TN 110JHOTO 060pOTa B 4-IPOCTPAHCTBE,
T. e. 20t = 0 + 41N win wt = %9 + 271N, COOTBETCTBEHHO, OYIeM UMETh

1 1 0 0
B(t,p)—E ><Ap,e—a a—p(pAe) %Ap e =
1 1 . el i0 1 ) eiu)t
=ZQR, ;i ;3q=6mﬂ—2ﬂ53q, (2.20)
1 1 eiwt 1 eiwt
ReB(t,p)= EQ RO'EFBt:EHtFBt, (221)

rje My — MArHUTHBIE MOMEHT B HallpaBJieHuu ocu Bpemenu Cl, paBHbiit

N oS

1
— — — 2 2 2 =
He = EQ Ro = Const, [ud = Hf x, T HE vz T HE 2x = Q Ry, (2.22)
Tak Kak HampapjeHme ocu BpeMeHnHn Ct memabmromaemo B X3, To |y mpencrabiasger
coboit "BHyTpenHuit" MArHUTHBIH MOMEHT, KOTOPBIH PU HAJOKEHUH BHEIIHErO0 MArHUT-
noro nousist Bz = (0,0, B; xy) Moxker ObITh 11€pEOPUEHTHPOBAH B IIPOU3BOJIBHO BLIOPAHHOE
HabarogaemMoe npocmparcmeernoe nanpasiaenne Z Kak Uy xy —» £ Hz xy-
[TostydeHHBIH pe3yIbTaT MOXKHO COMOCTABUTH ¢ MAPHUTHBIM MOMEHTOM o (MarHeToH
Bopa) aaexmpona €, , Kak 6eckoHeuno mMaioll 3aPA>KEHHOMN JaCTUIbL:
1 1 [
M= =zQ Ry = Ho =26 —— = S 2.23
2 2 "m,c myC (2.23)
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U, CJIeJIOBATEIbHO, B 9TOM ciiydae OyjeM HUMeTb

2
_h 0= =M Lot — gime?/ )t (2.24)

1
R, = -
° 2 4m’ R, ’

_—, :e, S:
moC Q °

Ilepuommieckas dynknus €'°' nmpu mepexoje U3 HEIOIBHKHON CHCTEMbI OTCUETa B
JBIKYILYIOCH peobpasyercs B dyukiuio '@k e k= (0/c?) v = 2mn/\ — Bou-
HOBOH BEKTOD M, cjlejoBaresibHo, A = 2Mc2/wv = 2mc? /mc?v = h/mv — jyimmHa BOJIHBI
de Bpotias, koTopasi nupeacrapisger coboi peaaruBucrckuii addexr Boanosoro "ciaema'
BO3HHUKAIOIIErO IPH JABUXKEHUM YACTUILI U ucde3atoriero upu V = 0.

Takum 00pa3oM, BHEHMIHAS 00J1aCTh 0eckoHewHO M0l JAaCTUILI 4-MepHOii cpejibl B
MIPOEKITNN Ha Ha0A100aeMOe 3-MEPHOE IIPOCTPAHCTBO 00/1a/1aT NOCMOAHH LM ITEHTPATb-
HBIM j1eKTpudeckuM nosiem FE,, a Takke OCECHMMETPHUYIHBIM 60AHO6bLM ITTEKTPOMAT-
HUTHBIM 110JIeM, 3/IeKTPUUecKast cocraiigiomas koroporo Ey o(t) pacnoaraercs komiia-
HapHO ILJIOCKOCTSM, OPTOIOHAJIBHBIM OcH Ct (€ = €, X €p), a MarHUTHAS COCTABJISIONIA
B (t,p ) — xommHeapHo ocu Ct.

CrienoBaTeIbHO, OECKOHEWHO MGAGA FACTUIA TPH OTOXKIecTBiennn (2.23)-(2.24) c
KCIEPUMEHTAIBHO HADJIIOLAEMON 2AEMEHMAPHOT JACTULEH — 2AEKMPOHOM 00 bEUHAET
"kaaccuaeckue" u "kBaHTOBBIE" IpEICTABIEHHS O CBODOIHOM IAEKMPOHE, KAK O 4ACTHU-
e ¢ nocmoAHHbM KYJOHOBCKIM SJIEKTPUYECKHM II0JIeM, ODJIaJafomeil TakzKe BOJIHO-
BBIMHU CBOMCTBAMH — 20PMOHUMECKUM STEKTPOMATHATHBIM IOJIEM, OCTABJIAIONEM IIPU
npuzkennn "caen" B Buzge BoHBL de Bpotias. DTH 1m0 B COOCTBEHHOI cHUCTEMe OTCUYera,
JIEKTPOHAQ BBITJIAJAT KaK

Er + [Ep,e(t)' Re Bpxe(t)] =

€0 & lu
r2 6 + r2 (ep + €p), e e € (2.25)

1, Oyaydn IKCHEPUMEHTAJIbHO HAOJIIOJAaeMbIMU, B HACTOSAIIee BpeMs OIMUCHIBAIOT-
Csl pa3leJIbHO, COOTBETCTBEHHO, KJIACCHYECKON (9JEKTPOTeXHUKA, PAJIUOTEXHUKA U T. II.)
U KBAaHTOBOM (,Z[I/ICerTHbIe dHEprerndeCKue ypoOBHU JIEKTPOHOB B aTOMaX, Mal'HAUTO-
ciHOBbIe 3(DMEKTHI, HOIAPU3AIUS JJTEKTPOHOB | T. JI.) JJIEKTPOAMHAMUKAMHU.
Pesysbrar (2.25) HOJIHOCTBIO COBLHAIAET C OLHCAHUEM IACKMPOHQ KAK PEIIEHHsT BOJIHO-
Boro ypasuenus A = V( AY) B nenrpasbHoil nocranoske npu yciaosun AY = 0,
T. e. 6e3 KaaubpoBKu Jlopenna [6]. Drum moaTBEpK TaeTCI TPABOMEPHOCTH OTOXK IECTBIIE-
Hust (2.4) 3JIeKTPOMATHUTHOTO 4-IIOTEHIAJIA ¢ TIOTOKOM IIOTHOCTH SHEPIHU HALIPSIZKEHHO-

J1ePOPMHPOBAHHOIO COCTOsIHUS 4-MEPHOMN CPeJibl, 4TO JIEXKUT B OCHOBE pernenus (2.25).

3 Kunemaruieckne 3¢dp@PeKkThl KaK rpaBUTAIMOHHBIE
CBOIiCTBA MaAA0U IACTUIBI

[Tonst ckopocTeil cybecmaHyuoHaAbHLLE TOYEK B 00beMe MaA0T JACTHIBI PacCMaT-
puBaemoit 4-MepHoit cpejipl, T. €. BO BHyTrpenneir objactu 0 < r < Ry, onpenensiorcs
4-renzopom Bpaiienus (1.4), a uMeHHO:

1) reasuakcuarvroim BEKTOPOM Qi (xy.z) L-KOAAUHEAPHO20 — Wi T TBEPIOTEIHLHOIO
(X, Y, Z)-npocmparcmeenrnozo — W(xy,z) BPAIEHU.

2) reasunoaaprwm BeKTOpoM L e=o = (Lx, Ly,L;) ¢ ¢ npocmpancmeernnvmu
KOMIIOHEHTAMH OTHOCHTE/IbHO Haupas/enuil (ex, ey, €;) Oceil BpalleHus, OPTOrOHAJIb-
HbIX CMEXKHBIM NPOCMpaHcmeenHo-epementvlm  1wiockocrasm  kKak Wy ({t,z}, {t,y}),
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wy ({tx} {t,z}) u 0, ({t,y} {t,x}), ©. e. Bpamenus 10 ABOHHBIM (TEJECHBIM) yIJIaM
O1 = (9, 9)x, ©2 = (9, 9)y, O3 = ($,9):;

3.1. IToas manzenyuaavbHur ckopocmet t-koaaumeapnozo u (t,y,z)-meep-
domeavHo20 8pauLeHus 80 BHYMpPeHHel u BHEWHET 00AACTNU MAAOT HACTIUUDL.

3.1.1. t-xoJl1MHEapHAA KOMIOHEHTa Wt (xy,z) OUPe/e/ideT BpalieHue Kax 10l cybcman-
yuorasvbrol Touku ¢ koopauHaramu (X,Y,Z) Ry Bo snympennet obnactu 0 < r < R,
M@A0T JACTUIBI OPTOroHAIBHO ock Ct B rumepmiockoctu (e, 8 X eg) e, 4TO B IpOeK-
nuu Ha 3-MepHoe npocTpanctso X2 6yjer co3/aBaTh TEH30PHOE 110J1€ MaAH2EHUUANLHHLT
(V1) ckopocreit (puc. 7,a) :

- ro_. ..
Vre:wtr6”=cR—6'J,u)t=u)0=c/R0,|:J. (3.1)
0
Xil Ct X X3 i
oo, X =(XUXY) A e, XP=(XUXY)
Z Ro \- Ro \.
0 0 0 14
Ve~ |~ Gle=" ~
X 1~ Ve D N <
V™" r°'|c|e’“1/r:k Q™ T
a) R b)
0 T r* 0 r
Puc. 7

IIpumvenss K mosio ckopocTeit Vi g mHBepcHOe peobpasoBanne I = R2/r | momydamm
obpa3 31oro 1oJjs Bo exewHed obiactu Ry < r < oo masioif yacTuiipl, a UMEHHO, T€H-
30pPHOE 110JI€ MAH2EHUUGALHOLT CKOPOCTel, co3/iaBaeMoe t-KOoJIJIMHeAPHbIM BpalleHneM Wy

RZ . R, i
VTe:wtr—oé'J:cr—‘)é”,wt:wozclRo. (3.2)

3.1.2. 3-npocmparcmeernvlli NCeBLOBEKTOD W(x y z) OUPele/deT BEKTOPHOE 110J1€ 1MaH-
2EHUUANLHBLT CKOPOCTEll BpallleHus Uy CYOCMAHUUOHANbHLL TOYEeK BHYTPeHHell obacTu
0 <r = Ry M@0t 9acTHIBI B IJIOCKOCTU, OPTOTOHAJIBHON M2HOGEeHHOMY HAIPABICHUIO
npocmpancmeennoti ocu meepilomesvHo2o BPALEHUA €, = ey X ey B X3 1o mwiockomy

yriy ¢ (puc. 7,b), kax

Ve =WX71, 1r=re(l)

rdec(t -
vrq,:id;():wreq,, ve= v, =or, (3-3)
. 1d .
er(t) = ex coswt+ e, sinwt, ey(t) = o aer = —ex Sinwt+ e, coswt,

u, COOTBETCTBEHHO, BEKTOPHOE IIoJ1e TaHI'€HIINaJIbHDBbIX CKOpOCTefI HHBEPCHO-
meepdomenvroeo  (MIHOBEHHO — ILIOCKOIO) Wiy BPAlEHU cybCmaryUOHaAALHHLT
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TOYEK Cpe/ibl BO BHemHel obsiactu Ry < < oo:

R2 R R c
— 0 — 0 — _ o __

UV, g =Wo—€p =C—ep =0 R, ey, W =Wg— = —. 3.4
o o€ =C € o il (3.4)

3.2. Iloas paduasvrvlxr yckoperuti 60 eHYmMpeHHeT U 8HEWHEU

obaacmu Maaoli wacmuyol

['paguentsl 1oJ1eii TaHreHIUAJIBHBIX CKOpPOCcTeil Vi g 1 V| g OIPeie/IsSioT eHTPAJIbHbBIE

1OJI4 PAJIUaJIbHbIX YCKOPEHUN

2

C
0
— — A2 RO
grad, Vg =—C V. g=C¢C 2l (3.6)

KOTOPbIE LOPOKJIAIOT, B KAUeCTBe peaKluu, 10/ IPOTUBOMOJIOXKHO HAIllPaBJICHHBIX
UHEPUUOHHLLL YCKOPEHUH (JIJIT PACIIOIOKEHHBIX B 9THX MOJsIX Macc) (puc. 8,a) :
— 1eHTpobeKHBIX BO BHyTpeHHeil obactu 0 < r < R,

C2
ar(Vig) = —grad, Vi g =+ R e, = Const, O<r=Ry), (3.7)

0

— HEHTPOCTPEMUTEIbHBIX BO BHelHel objiactu Ry < r < oo

> Ro
a,(V; g) = —grad,V, g = —¢? 2l (Ro =r < o00). (3.8)
X3 ot Xi A B
A e, XP-(XUXY) A o, XT=XUXT
Z R, \- R, \'
@
E‘l}f 0 [Z] 5 . 2‘1‘1-/ 0 v
% a
a7 X | — 7 x \ —
ar(Qp)~r
ar(V, ”0) Const R ™ R,
0 T : r* 0 r Fr*
a) ﬂ/ b)
(V ”0)""‘_1/1' aI'(U”q))N —1/1‘*3
Puc. 8

Huddepennuposanue ckopocreii meepdomenvrozo Bpamenus: cpeapbt (3.3)-(3.4) mo
Bpemenn t (rae Oey(t)/0t = —w(ex coswt + ey sinwt) = —wele, = —we(t) =
—e'“t | vi) gaer yckopeHne B MIHOBEHHON IJIOCKOCTH BpalleHus (er X €p) €y
¢z r

2
= —vee' vy = —wirePle, = — = R—e"*’ter = —¢er(t)
(o] (o]
(3.9)

d’UT o _ v aeq)(t)
dt ~ ® ot
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2R2
: F\;O er(1),
r
(3.10)
U, COOTBETCTBEHHO, IPOTUBOIOJIOZKHO HAIIPABJIEHHBIE UHEPUUOHHbIE YCKOPEHUS B ILJIOCKO-
CTU BpallleHus MaJioil dacruisl (puc. 8,b):
— 1eHTpobeKHBIX BO BHyTpeHHeil obactu 0 < r < R,

dv‘[’ [0) ae¢(t)
gt e ap Vet

2 D2
ot cRoekot cR, cc Rz .

= + Oelwter:+

rVe =

C2 r ot Vrz
acs(vr 9) =+ 5 eV e =+ T er(t), (0<r=R,), (3.11)

0 I?0
— [EHTPOCTPEMUTETbHLIX (unsepcno—uenmp06ewcnmx) BO BHemIHei obytactu Ry < r < oo
2 R2
c° R
r3

it , — ¢’ Rg

ac.f.(vr ¢) =
3.3. I'pasumayuonroe noae maroth LacmMuLbt.

BBopst Ge3pasmepubiii koaddunuent nponopuuonaasnoctn Y (dim[y] = dim[1]),
BHEIIIHee T0JIe PAIHAIbHBIX uHepyuonnor yckoperuin a, (Vi o) (3.8) MOxKHO oTOXKIECT-
BUTH C [IOJIEM, CO3/IaBaeMbIM IeHTPaJIbHON Taroreromei maccoit My Kak

R M
Gg=va(Vig) =—Yy r206r=—%er, (Ro=r<o0). (3.13)

T. e. ecyiu rpaurupyiomas B obsactu X (R, < r < o0) macca

2R R2 S
2=y —2wiR,, (NMMy=YyCRy =Y —

2 — 2
- . 17 URe, S=4TR]), (3.14)

M, =y
cozjlaeTca 1ojieM paguaababix yekopenuit a(R,) =y w2 Roe, na paanyce R, .

Yuciennoe 3Hadenue Koddduimenta Y MOKeT OBbITh OIIPeJIeIeHO, €CJIH IIPecTa-
BUTb I'DaBHTAlMOHHOe B3aumojeiicrsue Fq = —nM; M/ rle, macc M, 7 M; kak Fy =
02 gllrf/er , T. €. KaK B3aUMOJICHCTBUE 2pasumMalyUOHHbL 3apdaioB (1— ——an: N1 0m
u go= —NMy= Ny0m, e gZ=—nM2=—y ¢, My= me= 9,11- 10728 2, n;=M;/M,,
nN,=My/M,, n = My/M, — J060e BemecTBenHOe Yncao B jauanaszone 0 < N < oo (B
OTJINYHE OT IMPOU3BOJIHHOIO JIeKTpUIecKoro 3apsaaa Gy = NQe , rme N — mesoe qmciio,
Je = €). Torma Gyaem nmeThb

2 2 2
=MMe Mo _ _On —_ O MeC_ Ry _ 175,49~ (3.15)
c°R, c c meC Rk
e R, = Rk = /m¢C — cormacuo (2.24) xomnmonosckut pamuyc saekrpona, Ry =
— YRk =nme¢/c? = —g2/mec? = 0,675 107 cm — "rpasuramumonnbiii" pajmyc dmek-
TpOHA, AHAJOIHMYHBI "KiaccmaeckoMmy' paamycy 3/eKTpoHa Re— q(f/mec\z/ = aRk, B
KOTOPOM 3apsiJi 9JIEKTPOHA (e 3aMEHEH €ro I'PaBUTAIMOHHBIM 3aPsiIOM Jm= —_nme.

B srom npejcrasienuu sequunna Y = 0,175 - 1074 (3.15) asistercs GespasmepHoii
KOHCTaHTOl B3amMojeiicteus (koadduyuenmom ysaeuenus B nose yekopenuii a, (Vo g))
2PABUMALUOHHDLT 3aPAI0B, AHAJOIMYHON KOHCTAHTE B3AUMOIEHCTBHS IACKMPUIECKUT 3a-
paaoB o = 1/137,04. Coornontenne srux Koncraur pasHo Y/o = Ry/Re = 2,4 10743,

Eciu zabbaosckuti pasmep Beesennoit Roo = 2,2:10% ey npunsars 3a rpaBuTalnonHblit
paauyc Beenennoit Ry(eo), T0 npupasausasi ero B (3.14) Beaunuune Y Ry = Ry(oo), M0y anM
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Mo, = 3-10°°2 — Bejmuuny Macchl IPOCTPAHCTBEHHOM cpeibl BCeIeHHol, 4To IPUBOIUT
K NIPEICTABJICHUIO 2PaGUMAtuoHHoT nocmoAarHot B BAAE TOXKICCTBCHHBIX COOTHOIICHUNA

N= ¢

Mo me > =6,67 10 %cm®/2 - cer?. (3.16)

Macca Moo, oTHecenHasg K 00beMy Veo = 4/3TR2,, coorsercrByer dpudmanosckoti
IIOTHOCTH o = 0,7-107%% 2/cm3, uT0 npu M3BECTHO CKOPOCTH PACIPOCTPAHEHUS TIOTIe-
pedHbIX KOJIeOAHUSX Pu3uveckozo 6aKyyma, T. €. CKOPOCTH CBETa

C= Ko/ o =3-10%cn/cex,

JlaeT MOJIYJIb YIPYTOCTH MPH MOHEePeYHbIX KoebaHusx (MOLY/Ib ¢IBUTA) (husuneckozo 6a-
Kyyma BcemeHHOl, paBHBIM

Ko =€ o =0,6-10" %I"/cm?

Jlnst cpaBHeHusi: MOJy/b ynpyroctu crajgu — Epe = 2 - 10°xI/em?, naornocts —
Fe = 7,82/cm3, ckopocTh 3ByKa — Vie = Epe/ e =5-10° cum/cex .

3.4. UnesepcHo-uenmpobestcroe noae mMaaoti 4acmuyst.

ITosie unepuuonubIxX yckopenuit a, (v, ¢) (3.12) unsepcro-meepdomenvrols BpaieHuit
I (3.4) cpejibl, KaKk CHJIOBOE TOJIe, CO3/[aBaeMoe IeHTpaIbHoil Maccoit M B nuockocmu
spawerus (er X ep) €yt

2 (V Ro)

Ger = ec(t) = e, (Ry<r <oo).. (3.17)

(nM)?2/c?
ri
MEHsIeT HallpaBJIEeHUsI YCKOPEHUs BO 6HewHel 00/1acTu MaA0l YaCTUIBI OTHOCHTE/IHLHO
HallpaBJIeHUus BO sHympenHel 0bacTu.

[Toste Ge (3.17) coBmecTrO ¢ rpaBurannonubiM nojem Gy (3.13) meiicrByer Ha mpob-
HYI0O Maccy M ¢ paJnaJibHOIl MPUTATUBAIOIIEN CUIOI, paBHOI

mM

7y (L +

2 -
M e Rosr <o), (319

KoTopas OyJeT OTK/JIOHSATHL JIyd CBeTa U CMeIlaTh I[EepPUre/uil SJUITHIeCKUX OpOUT
apajorudno pemennto IBapmmumiabga B OTO s aBuzkeHus] B I10JIe HEHTPAJIbHOI
MAaCCBI.

BriBoapbl.

W3 nostydeHHbIX pe3y/ibTaToOB CJle/lyeT, 4YTO 3JIE€KTPOMArHUTHBIE U T'PAaBUTAIIOH-
HBI€ siBJICHUS B MOJEJIN UHBEPCHO-COLPSKEHHbIX POCTPAHCTB sBJIsIOTC 3 pekTamu,
COOTBETCTBEHHO, HANPAHCEHHO-0ePOPMUPOBAHHO20 COCTOSHUS U KUHEMAMUKY TBUZKEHUS
YHUBEPCAJIBHOM 4-MepHOI cpe/ibl, 3all0JHAIONEl 4-MepHOe MPOCTPAHCTBO.

Jsumxkenns u gedpopmamun NCXOJTHOI 4-Meproii cpepl IpuBOAAT K €8 auc-
KPeTUu3aliu|, T. €. Pa3JIeIeHuI0 Ha IAEMEHMAPHLE TTPOCTPAHCTBEHHO-BpEeMeHHbIe 00b-
eKTbl, 00JIaJIAI0NIe MACCOM 1MOKOS M I'PABUTAIIMOHHO-3JIEKTPOMAIHUTHBIMU CBOCTBAMH,
KOTOpbIE MOI'YT ObITh IIOCTaBJIEHbl B COOTBETCTBHE IPOCTeHlell 3apsAaKeHHON YacTule
MUHUMAJIbHOI MacCOil OKOA — 3JIEKTPOHY.
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O060061mast Moy 9eHHbIE PE3YJIbTATHI, HEOOX0JIUMO OTMETUTh, YTO B paboTe He NPUBEIeH
aHaju3 Oosiee ca0KHBIX jgedopmarnuii, Bxogagmux B 4-teazop [IOTOKA IIJIOTHOCTU
SHEPTUI (2.2) nanpsizkeHHO-1eOPMUPOBAHHOIO COCTOSIHUS, HAIPHME]D, CMellaHHBIX
HOPMAJIbHBIX JIe(DOPMAIIU C IIOBOPOTOM, KOTOPbIE IIPH MWHBEPCHOM IMPEOOPA30BAHUU 7.0~
d06Us ¢ NOBOPOMOM BO BHEIIHIOIO 00/1aCTh IPUBOAAT K 00OPA30BAHUIO ME30HHOI'O IMOTEH-
IUAJIa CUALHOIT B3auMogeiicTsuil B Buje |7|:

ma2..
2

T L exp[— (M /mo)— ]

¢ = (11,661i¢e) r—g ro

0

DTO HEPACXOJLAIUNC KopomKkodeticmeyrowul norennua, 00/1a al0Muil MOTeHIUAJ b
Hoit "amoit" Umin = endr = (11,664 ie)?exp(—1)/rmin = —m;c?/2,718 = —51,35
Mbs6 1pu B3aumMOJIEHCTBUE MKy IBYMS OJHOUMEHHBIMU CUAbHOLLMU 3aPAIaMA €y =
(1/a—1)Y?ie = 11,664 ie (3mech min = (Mo/Mya) 1o = 1,4-1072% cp, 1o = /myc =
3,86 - 107 cm) u onpegensier custy Bzanmoseiicrsus F(r) = — U, xapakrep KOTOPOit
HA PACCTOSIHUSAX I = Fmin COOTBETCTBYET OYeHb OOJIBIION (110 CPABHEHHIO C JIEKTPOCTA-
TUYECKON) CUAE NPUMANCEHUA, TEPEXOAIIEH HA PACCTOAHUAX I < Fmin B elle GOJIbIIYIO
CUAY OMMANKUBAHUA, ITO TOJTHOCTHIO COBIIAIAIOT C SKCIIEPUMEHTAJIHLHO PErUCTPUPYEMBbI-
MHI XapaKTePUCTUKAMH SA€PHBIX CHJI, BILIOTH JI0 CBOWCTBA HACHIIIEHUS.

[Torennuas ¢ cBsa3an ¢ 0Opa3oBaHKEM MPOTOHA, KOTOPBIH COBMECTHO C 3JIEKTPOHOM
obpasyer HeliTpaJsibHbINH BOZOPOX, win ero "uasepcubiit! anasor — HelTpoH .

Jpyrue npocrpaHcTBeHHO-BpeMeHHble 00beKThl ((DOTOHBI, HEHTPUHO, ME30OHBI, S/APA,
aTOMBI, HOHBI, MOJIEKYJIBI, ILJIa3Ma, Ta3bl, KIKOCTH, TBEPIble AaTOMHO-MOJIEKY/ISIPHBIE Te-
J1a, HeTPOHHAsI MAaTepUsl U T. JI.) 00Pa3yIOTCsa KAK Pe3yJIbTaT B3anMOIeHCTBIS IePBUTHBIX
YACTHI[ ¥ TEM CAMbBIM OIPEIE/ISIOT BCE pa3zHoOOpasue CyInecTBOBaHUs BemecTsa BO Bee-
JICHHOW.

B pabore Tax:ke He pacCMaTPUBAIUCH CBOHCTBA KBa3ULO/IAPHOIO BeKTopa L )=,

00pa3yIoIero COBMECTHO € KBA3HAKCHATBLHBIM BeKTOPOM Qt (xy.z) 4-Temzop (L, Q) (1.5),

D' Hetwmpon, xax "wasepcmbriii" amaszor atoma eodopoda B "smemenraprOi" IaHeTapHOi Moe-

au Bopa MOXKHO MONYyYWTHh W3 MPEACTABICHWsT 00 WHBEPTUPOBAHUU IAEKMPOHE ¢ OOPOBCKON OpOUTHI
Reor = O 2Rg , mexameit B obimactu X = (Rg < r < o0) ¢ (pU3HICCKAME XaPAKTEPUCTHKAMI
nons {& = (o ¢)¥2; a = 0,0073}, na uHBEpPCHO-COUPsNKEHHYIO OPOUTY Rgop, J€XKAIIYI0 B 06IACTH
X =(0<r <Rp) c pusuieckumu xapakrepucrukamu nois {€ = (o c)/2=11,66e;a =1—a=
= 0,9927}, rue paauyc Rg = 0°Rpor mpecraBisger coboit pamuyc uaBepcuu Ro = Rjny cucrembr npu
3aKone uHBepcHoro npeobpasosanus (02/€)(e /A 2) - RgorRgor = R3 (T. €. ¢ yuerom umBepcuu mosteit
{e,0} {e ,a } B ommune unBepcHoro npeobpazopanmsa (r-r ) = Rz, "mycroix" obmacreit X X ),
orkyna Rg,, = 0.085Rg = 0,045 - 107* Rgor = 0, 24 depmu.

Ha 6oposckom paguyce Rgor sueprust csszu Ry (punbepr) pasna Ry = — % e?/Reor = —13,6 96 =
= —2,65-10"°m, u, COOTBETCTBEHHO, /I MHBEPCHO-CONPAYKEHHON 00/IacTH OyIeT UMeTh MECTO COOT-
nomenne Ry = — 3 (a/a )e 2/Rg,, = — 5 €%/Rg,, = Ry/0.045-107% = —5,9 me.

OpbutanpHas CKOPOCTh IBUKEHHS IJIEKTPOHA Ha OOPOBCKO opbuTe Rpor BOKpPYr NMpPOTOHA pAaBHA
VBor — QC (Ha pammyce maBepcun Rp ckopocrb paBHa Vg = C), 9TO B MHBEPCHO-COIPSI?KEHHON 00-

jgacru Ha paguyce Rpg,, JO/KHO COOTBETCTBOBATH CKOPOCTH Vg, = O C = 0,9927c. Torma siex-
TPOH, MHBEPTHDOBAHHDIA Fa TaKyio opbuty, Oymer obmamarh maccoit m, = me/ 1—(v /c)?2 =

=me/ 1—(a)2= me/ 0.0145 = 8,3 M¢ u, cIen0BATEILHO, OKOHIATETHLHO MACCA CHCTEMBI NPOMOH —
aaexmpor (MHBEPTUPOBAHHDIA HA HHBEPCHO-COLPSZKEHHYI0 opoutry Rg,, ) ¢ yuerom snepruu cssasu Ry
Oyzner paBHa:

m=mp+m,+Ry =(1836,16+8,3—5,9)- me =1838,6me =my, .

YaurbiBasi, 9TO COMIACHO [2] IpU MHBEPTHUPOBAHWHU CIUH 3JeKTpoHa S = 1/2 mpeobpa3dyercs Kak S =
= +(5—1/2) = 0 (busuuecku 310 COOTBETCTBYET BLIOPOCY UJIU LIOJIOLIEHUIO HEUMPUHO), TO LIOJLY YCHHBIE
cymMmapHble xapakrepuctuku S = (Sp = 1/2) + (s, = 0) = 1/2, q=(gp = 1) +(ge = —1) = 0,

M = My, HOJHOCTHIO OTBEYAIOT XaPAKTEPUCTUKAM HEUMPoHa.
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[0 COCTaBY CBOUX KOMIIOHEHT HAIOMUHAIOMUN 4-T€H30D 3AEKTPOMAIHUTHOIO OJIS
Fw = (E, B). YuursiBas, 910 Qt (xy,7) OUpeIeIseT HHePIHOHHbIE CUIbL (IeHTPOOeKHbIE
M IDABUTAIMOHHBIE), OOYCJIOBIEHHbIE BpAIlleHHeM CyOCTAHIMOHATIBHBIX TOYEK MPOCTPAH-
CTBa, MOXKHO IIPE/ICTABUTH 9TH CUJIbI HEKUM 2Pa6UuUdUHAMUYECKUM AHATOTOM CHJI, OIIPe/ie-
JISIEMBIX aKCHAJIBHBIM BEKTOPOM Ma2HumHo20 1mojs B, u, ciegoBare/ibHO, B 9TOM CJ1ydae
BeKTOP Lp g)=0 MOKHO COIIOCTABUTH C BEKTOPOM adaexmpuyeckozo noid E. Bosmoxno,
9TO 9TAa AHAJIOTHS HO3BOJIMT JOIOJHATH TEOPETUIECKYIO0 KAPTHHY B3auMOJIEHCTBHI 2pa6u-
MAYUOHHBLL 3aPAT0B HOBBIME 3(peKTaMu, KOTOPbIe MOTYT HAUTH CBOE IKCIEPHMEHTAIb-
HOE IOJTBep:K/IeHNe B HAOJIIOIaeMbIX sSBJIeHUSIX [Ipuposst.
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[TPUJIOZKEHNE

HedopmanmoHHO-KTHEMATUYECKAad CTPYKTYpa
JIEMEHTAPHBIX YACTUI]

Wes o npupoie HAOIIOTAEMbBIX sBJICHUN U MaTepHAJIbHBIX 00pPa30BaHUil KaK IMOPOZK-
JICHW#l JTBUZKEHUAMHU U JedopMalusaMi HEKOil yHUBepCAaJbHONW CpeJibl, 3aloHSomel 4-
MEepHOe IIPOCTPaHCTBO BceesleHHOI, M03BO/ISIET MOCTPOUTHL CXeMy 00pa30BaHUs U3BECTHBIX
SJIEMEHTAPHBIX YACTHUIL ucxoast u3 cTpyKTypbl MATpuIl JiBukenuit Wyy 1 HAPsi-
xkenuit (nedopmanuii) O)y BbIIEJEHHO 00JacTH 4-CPeJibl, T. €. KaK HeKue 00pa30oBaHusi
suga{o,w} = {ZQ,=Q}, rue pedopmanuonHas kKomuonenra O olpeae/asseT COBOKYII-
HOCTB 3aps1/10B 2Q (9JIEKTPUIECKUX, ME30HHBIX, ODAPUOHHBIX, JIEITOHHBIX), & KOMIIOHEHTA,
JBIZKeHHH () XapaKTepu3yeT BHYTpeHHHe JBuKeHnsd 2Q (CHUH U YeTHOCTb, T. €. COOTBET-
CTBYIOIIUE BPAIIEHHs U UMILYJIbChI) 9ACTHIL.

B rakom npejcrasiennn Marpuily Hanpsixkenuii (gedbopmanuii) 4-cpejpl

(o7 wy.yz.zx)tt (o7 yz108 ty,zt)tx (e .2ty (o7 xy109 tx,ty)tZ
(0—2 yz?
(0-)(/] zx1 0)9 yz,xy)yt (0)9 zt 03 yt,yx)yX (0)9 xz,zt,tx)yy (0)9 zt 0-)(/] ty,xy))/Z
(Og Xy 02 zx,yz)Zt (02 yt O-g zt,zx)ZX (02 Xt? O-g zt,zy)Zy (02 xy,yt,tx)ZZ
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0 0 0 0 0 0
c).0 — O-x xy,zx)Xt (Ox yz,zt,ty)XX (Gx zty O-x tx,xz)Xy (Gx yt? O-x tx,xy)XZ
Hv -



MOZKHO IIPEJICTABUTH KaK CyMMYy HalpsizkeHuii (edbopmanuii), KOropbIM MOKHO HOCTABUTh
B COOTBETCTBHUE PA3JIUYHBIC 3apA/bl, IPUCYIINE JICMEHTAPHBIM YaCTUALAM, & UMEHHO:

(0-9 xy,yz,zx)tt 0 0 0
(i) 0 (Gg yZ,Zt,ty)XX 0 0 0 +
0 0 (Oy xz,zt,tx)yy 0
0 0 0 (02 xy,yt,tx)ZZ
0 (0-9 yz1 O-S ty,zt)tX (0-9 Xz 0’? tx,zt)ty (09 Xy O-S tx,ty)tZ
i) O 02 xy 2t 0 0 0 .
( y zx? y yz, xy)yt 0 0 0
(Gz Xy z zX yz)Zt 0 0 0
0 0 0 0
+ (i) 0 0 0 (02 zty 0-2 tx,xz)Xy (02 ytr 0-2 tx,xy)xZ N
0 (Oy zty 0-y yt, yx)yX 0 (Oy zty y ty,xy)yZ
0 (Gz yto 0-z zt, zx)ZX (00 xt? z zt zy)Zy 0

- ZQ =g+ (LE LY) + B,

IJle COOTBETCTBYIOIIUE CIAraeMble OIPEIEIA0OT MoTeHIua bl reKkrpudeckux — (q+,q7),
nenrornbix — (Lg, Lg), mesommbix — (L7, L)) u Gapuonmbix — (B, B™) 3apsaos sie-
MEHTAPHBIX YaCTHIL

st HarsigaHocTy ny100CTBA 1MOCAE/YIOIEro MaHUIL IMPOBAHUS COCTABAMY 3aPs10B
B KOHKPETHBIX CTPYKTypaX 4acTHIL BeCh HAOOP 3aps/I0B MOXKHO IPEJACTABUTH B BUJIE CYM-
MUPYEMOil MATPUIHON TAOJIHUIIBI:

1 0 1 0 0 —i 0 —i
2Q=q g _; *Lke g 3 *huj o *B 4 o =

" +Lg —i(BT+L))
iB*+L0) o +Ly

MOJLYJIH CJIATAEMBIX KOTODOIl PABHBI MOLYJISIM COOTBETCTBYIOMHX 3apaaos (, Le, L, u B.
CoOTBETCTBEHHO, MATPHUILY BUKEHUI (BpalieHuii)

0 U)y tx — Wz tx W ty_thy Wx tz_wy tz
Way = —Wy xt Wz xt 0 Wz xy =Wt xy —Wy xz + Wt xz ,
—Wz yt + Wy yt —Wz yx + W yXx 0 —Wt yz + Wy yz
—Wx zt+ Wy zt —Wt zx + Wy zx Wt zy — Wx zy 0
MO2KHO IIpeJACTaBUTL KaK CyMMY CJlal'a€MbIX:
— KBa3WIOJSAPHBIX UMITYJIbCOB P (crun J = i%, gerHoCcTh P = —1)
0 Wy tx —Wz tx Wz ty " Wx ty Wx tz — Wy tz
— —Wy xt + Wz xt 0 0 0
(e +p)=E o+ e 0 0 0 -
—Wx zt+ Wy zt 0 0 0
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0 Wy tx Wz ty Wx tz 0 Wz tx ~Wx ty Wy tz

_(.l)y xt 0 0 0 (.02 xt 0 0 0
&) e 0 0 0o TE o . o 0 0o
—Wx 7t 0 0 0 U)y zt 0 0 0

— t-KoJuIMHUAPHBIX BpaleHuii W (cimu J = i%, gerrocts P = 0)

0 0 0 0

W =+ 0 0 —Wt xy Wt xz
0 W yx 0 —Wt yz '
0 —Wt zx Wt zy 0

— (X, Y, Z)-1pOCTPAHCTBEHHBIX (TBEPAOTE/IBHBIX) BPALIEHUH Wyy, (crun J = i%, YETHOCTD
P =+1)

0 0 0 0
— 0 0 W Xy _wy Xz
Wryz = + 0 —Wz yx 0 Wx yz ’
0 (.l)y ZX _wx zy 0

T. €. KaK

ZQ = Z(p+)" + Z(p-)T + Z(W)T + Z(0yy2)™ =

_, b0 o100, 0 =i _
=P+ g -1 TP- o 1 vz i t i o0
—  P+Fp- —i(Wxyz + )

I((*)xyz + wt) —P+ —pP-

O0be s TaO U 3aps10B 2 Q u ABUzKeHn 2.Q, MOJyIUM IPE/ICTABICHHE O CTPYK-
TYype HAUPSZKEHHOIO COCTOSHUSI M BHYTPEHHEl KHHEMAaTHKH JIBUKEHHUI BbBIIEJICHHOTO 3a-
PSa0BO HEUTPAJIBLHOrO U COMHOBO HYJIEBOTO IIPOCTPAHCTBEHHO-BPEMEHHOIO T'PaBU-
THUPYIOLIEro B CUJIYy HAJHYHs t-KOJJIMHUAPHOIO BpAIleHus W¢ (CM. OCHOBHOI TeKCT CTa-
ThU) TUOOTETHIECKOTO o0bekta © = {ZQ, ZQ}, koTopbiit MOKHO 0OpasoBaTh U3 BCEX
BO3MOXKHBIX JIBUKEeHUI u Jedopmalinii JIOKaJIN30BaHHOW 00/1aCTH UCXOHOM 4-cpejib:

o— Q"+ Le —i(BTHLY)  petpo (0 + @)
i(B* + LJ) q- + L. ’ I((JL)xyz + W) —P+ — p-

Pazjmunbie komOuHanuu Jedopmanuii (3apsiioB) U BHYTPEHHUX JIBUZKEHHH (CyMMBbI
MOMEHTOB BPAIleHHI Wyy, U Wy, OIpejesdionue cnun J = wayz + Z Wi, ¥ CyMMBI KBa3H-
MMITYJIBCOB Pas, ONIpesesistiontue yemnocms P = (—1)*P+) pxoagimux B MCXOAHBIH 00bEKT

0 = {5Q, ZQ}, 103B0JSIOT HOCTPOUTH CTPYKTYPbI 3JEMEHTAPHBIX YaCTHII, 06,13/1I01111e
BCEMU CBOWCTBaMU, (DUKCUPYEMBIMEU B 9KCIEPUMEHTE:

g+ Ly 0 p+r+p- —i(0+wy)
iBT"+L}) g +L; ' (W, +w) —p+—p-

(qg*+qg =0,B=+1, L +L;=0,L,=+1,)=(/2—-1/2+1/2)=1/2,
P = (—1)Zpi=0 — +1);

n=

" +Ly —i(BT+L)  pstp- —i(0xy + o)

- +Ls 7 i(0+w) 0—p- ’
(q*+q"=0,B=+1, Ly +L, =0, L,=+1,3=(1/2—-1/2+1/2) = 1/2,
P =(-1)%+=1=—1);

n=
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ot = ¢*+L; O p- O |
iB*+L;) 0 ' iw —p-

(qg*=+1,B=+1,L}=+1,L,=+1,3=1/2, P = (-1)*=0=+1) ;

__ 0 —i(B +Ly) ps O

= 0 g +LD 7w 0
(g =-1,B=-1,Le=-1,L,=-1,J=1/2, P = (-1)*="1=-1);
o = 0 0 P+ —iWg
T 0q+L; ' 0 —p.
e+_ q++|_;- 0 p— _iU)t )
- 0 0’ 0 —p. °
(g = 1,B=0,Lf==%1,L,=0,3=1/2, P = (-1)™==0=+1);

__ Lyet=0 —i(BT+L;)e=0 p. 0

Ho= 0 o~ +Lg oy —pe
u+ — q + L+ 0 _ p- _i(.l)t - i(-oxyz .
iB*+L})- e"*’t =0 Ly e9'=0 " iwy, —p— '
(q)= 1, B= e, ZLy==*1+e, L, ==%e, J==x1/2, P = (-1)*==0 =
o = Leet= 00 0 0
¢ 0 0 ' iwg, O
Ve = 0 0 0 —iWyy,

0 L,-et=0 ' 0 0 ;
(g =0,B=0, LE=xe® |, =0,J==+1/2, P = (-1)™+0=+1),

v = 0 —i(B™+L,) et = 0 0
KT 0 ' iy O
v = 0 0 0 —iwkgs .
T BT +LY)e'=00 ' 0 0 ’

(g =0, B*=xe, LF=0, L¥ =+, J=%1/2, P = (—1)™0=+1);

_ (@F+LE)-et=0 0 2p.  —iwg-€Ot=0
Ye = 0 0 " 2iyy, 0 '
_ 0 0 B 0 2wy,
Ye= g (Q +L,)-e“'=0 "' iw-e“t=0 2p_ :

(g ==, B*=0, LF =+, L*=0, J = +1+elt, P = (-1)™=2=+1);
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+ q"+Lg 0 P+ +P-  —iWf — iy,

iB* et =0+iL}; 0 ' iy, + oy, —p-—
= 0 —iB™ et = 6 — IL; p+ +p- _iwxyz .
0 q + L ’ 10 —P+ ’
(g ==1, B* = del0t Ly ==+1, Lﬁ =+1,J=0,P =(-1*+~1=-1);
0 q_+ + L 0— iLL_1 p+ + 2p— —i(W; + 2Wyy7)
0+ ILJ 0"+ L (W + 20xy;) —(p+ +p-) ,

(g =0,B*=0, 5L¥=0,3L¥=0,J=0,P =(-1)+=L=-1);

[IpuBenerHble CTPYKTYpPHBIE CXeMbl OCHOBHBIX 3/IEMEHTADHBIX YACTHUI] HEIMOCPe/I-
CTBEHHO (OPMUPYIOTCS U3 HAYaJIbHON peakiuu paciajia HpOCTPAHCTBEHHO-BPEMEHHOTO
oobekra = {ZQ,ZQ} . Dror 00bEKT MOKeT pacuacTbes Ha netdmpon N (ciun J = i% ,
gernoctb P = +1) u coorsercrsyiomuit ocratok ( °—n) xak ¢ - [n+( 2=n)], = e.

q"+Lg 0 pr+p-  —i(0+wy)
iB*"+L)) g +L; ' i(Wxy:+W) —p+—p-

0

~n+(%=n)= +

0 —i(B™+L,) 0 —i(wxy; +0)
0 0 "0 0 '

¢ HOCJIeAYIONIMM PACHagIoM Hetmpona 1o cxeme N — p* +e~ + Uy

+

h= OTFL 0 PP —iw .
IB™+L1) g +Lg ' (kg +0) —P+—p-
o g*+Ly 0 p- O

-pT+e +V= D - - +
P e i(B*+L7) 0 ' o —p-
0 0 De  —iO Le-e®t=0 0 0 0
=+ _ _ + .
0 q + Le ’ 0 _p+ 0 0 ’ wayz O

3xech anmunetimpuro Ve HeceT Ha cebe TeNTOHHBIN 3apaf L - e'“t = 0 (rapmomnme-
ckuit, T. e. cpeguuii Bo Bpemenu HOJIb — 0(Le)), KOTOPBIiT sIB/IsIeTCS PE3YJILTATOM PeaKIiuu
caaboro B3auMozeiicTBus MexK 1y Jenronbivu 3apsiiamu (Lo + L), npusosieii Kk usiy-
YEHUIO SHEPIHU FAPMOHUYECKOro 10t Le-€'°t B BujIe anmunetimpuno, yHOCSIIEr0 MOMEHT
(cimn) J = i% BpaIeHus Wyyz, U paclajy HeHTPOHA HA IIPOTOH U 3JIEKTPOH.

O6bexT ° MOKeT, Kak aTbTepHATHBA, PACHacThCd Ha anmnunetimpon N (crmm J = i% ,
gernocts P = —1) u ocrarox ( ° — ) kax
0 | H4 ( 0_ fi) = qr + L; —i(B™ + L;) p+ +p- _i((-*)xyz + W) +
¢+l 7 i0+w)  0—po
0 0 0 0

_i(B_ + L;) O ' i(.l)xyz _p+ '
C MOCJIEIYIONIUM PACIAI0OM GHMUHEUMpPoHa Mo cxeme N - p~ + " + Ve
" +L —i(BT+L,)  pr+p- —i(Wxyz + W)
q- + L, ' 100¢ —p-—
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0 —i(B~ +L;) p+ O

S p +et+V = 0 0+ Lo e 0 +
gt+L, O p—  —iwg 4 0 0o _ 0 —iyy;
0 0’ 0 -—p- 0 Le-€t=0 " 0 0

OjHAKO, KaK C/IejyeT U3 IPHBEICHHOTO, CXeMBl paclaia O He CHMMETPHYHBI — Pac-

naJ ¢ 00pa3soBaHUEM HEUMpPoOHa COIMPOBOXKIAETCS OTAEJIeHHEM OAPHOHHO-MIOOHHOI'O 3a-
paga (B™ + L) upu yuactuu ToJAbKO BpamieHuil Wxyz , B TO BpeMs Kak pacuaji ¢ 00-
pa3oBaHUEeM GHMUHETMPOHAE COIPOBOKIACTCA OT/Ae/IeHueM OAPHOHHO-MIOOHHOIO 3apsijia
(B™ + L)) mpu y9acTHE He TOJIHKO BPAITCHHI Wxy,, HO M KBA3HAMITY/IbCa P , T. €. hyHK-
IIOHAJIbHAA BEPOATHOCTb pachaja ° IO HepBoil cXeMe B JBa Pa3a BbIIIE BEPOSTHOCTH
paciaja [mo BTOPOIl cxeMe, a SHEPreTHYECKH 3TO pa3/indhe BepOATHOCTEd Oyaer ompe-
JeJIATHCH PA3/IMYIeM SHepPIUil Pa3pyLIeHHd CTPYKTYPhl O CABHIOBBLIME J1eOpMAIMIME
(BCJIEACTBIE HPUJIOXKEHHST MOMEHTA IIPH BPAIIEHHN Wyy,) WK ILyT€M CYMMAPHbLIX CABH-
rosoix Jedopmanuii u gedopmanuii paspbiBa (T. €. BCJIEJACTBHE HPUIOKEHHS HE TOJBKO
MOMEHTa [IPU BPAIIEHNH Wyy,, HO U IPOJOILHOTO YCHINS IPH HAIHYIHe HMIyibea P ). Kax
CUMTAETCS B COBPEMEHHBIX TEOPUSX, Pa3/IMuie BepOATHOCTEH 0Opa30BaHUs GEU,ECME0 —
anmueeuwjecmeo cocrasiser  10%. VIMenHO 3TuM pasimumeM BepOATHOCTEH pacuaja O
B paccMaTpuBaeMoil Teopur 00bsACHSIETCsl HECUMMETPUIHOCTD PACHPEIEICHUS GEULECTNEO0
— anmueeuiecmeo B HabJogaemoit BeesieHHOIR.

Takum 06pa3oM, OCHOBHBIE (mMoM0o00pa3youjue YaCTHIBL 6EULeCMEa HEIIOCPEICTBEH-
HO (POPMUPYIOTCS U3 HAYAJBHOI peakiuy paciiaja IpOCTPAHCTBEHHO-BPEMEHHOIO 00beK-
ta % - [n+( °—n)] ¢ nocaenyomumu npeodpazopanuayMu N — P+ e~ + Ue.

JasibHeiiime 3/1eKTpOMarHUTHbIE B3aUMOJIEHCTBUS 3aPs/I0B, COIPOBOXK IAIONIUECH TOD-
MO3HBIM M3/Iy4€HHEM 2Y-KBaHTOB: €~ +€e~ — e~ +e~ + 2y, p* +p* - p* +p* + Xy,
— NPUBOAAT K peakiusaM (HOTOPOXKICHUe-aHHUTHIANUS Iap “YaCmuta-aHmusacmuia:
y+y et+e7,y p"+p7, upeaknuam obpasopanud M-Me30H0B: PT+pT - T +17,
MU-ME30HOB U MIOOHHBIX Heiirpmmo: 5 — U + Vy, T — U~ +V, u T. 1., IpUBeJeHHBIM
HUZKeE.

B ocHOBe cxembl aHHU2UAAUUY T OOPATHONO HPOIECCa — POHCOeHUA NaP JTeKAT 3A-
KOH COXPAHEHWNA dusudeckux BEJIMYIMH, a umenno, Jiro0ble TPOTHBOIIOIOZKHBIE
110 3HaKy oauHakoBble dbusmdeckue BEJINYNHDBI npu coenunenun (busnaeckom cym-
MHUDOBAHHHI) He MpOmagaiorT (T. e. He MPeBPAIAIOTCS B apudMeTHIeCKuil HOJb), a Ipe-
BpAIAIOTCA ¢ MOMOIIBIO onepatopa ! B rapMonmUeckuit (1. e. cpejHuil BO BpeMeHn
— 60An0601, UM NoAe6oll) HOMb, Kak, Hanpumep, (6% +€7) = (e* - et +¢7 - ei0t) =
0(e*) +0(e™) = 0(e*) = 0 u, COOTBETCTBEHHO, ¢ IOMOIIIBIO OllEPATOPa pasjenenus e '@t
oCyIIecTBIIsIeTCs OOpaTHBIH mporece e 19t 0(e*) = e* +e™.

Harnsgaao ¢dpusuky Takoro mporecca MOKHO IIPEJCTABUTH Ha MOJEIBHOM IIPHMEpE
TOPLEBOIO COy/JlapeHud ABYX KOJUJIMHUAPHO ABUZKYIIUXCA OJUMHAKOBBIX (HO JJIMHE 1 110-
IIEPEYHOMY CEYEHHUIO) YIPYIUX CTEPKHEi, KOTOpbIe HOCIe COYIapEeHHsl IJIOCKIME TOPIa-
MH COeJMHSIOTCsT (HAIDHMED, ¢ MOMOIIBIO MATHHTHOIO 110JIsl, €CJH CTepxKHEu (heppoMar-
HUTHbBIE) B €JMHbIN CTeP:KeHb JBOWHOW JIHHBI. B 9TOM ciydae IeHTp WHepIud Oyaer
UMEThb HYJIEBOIl UMILYJIbLC, B TO BpeMs KaK B OObeJIMHEHHOM HEIOJABUKHOM CTepKHe Oy-
JIYT PACIPOCTPAHATHCS B IIPOTUBOIIOJIOZKHbBIE CTOPOHBI IIPsiMble U OTPazKeHHbIE 0T CBODO/I-
HbIX KOHIIOB MUMILYJIChl YUPYI'UX KOJIeOAHUN LPOJIOJIBHOIO CHCAMUA U PACTNAHCEHUA, T. €.
(+1) p1 + (=) p2 = py - €t + p, - €9t npencrasisomue cpenuii BO BpeMeHn rapMo-
uuvyeckuit Hob 0(%p) = 0 (31ech u manee oneparop (£1) ucnonbsyercst st GUKCHPO-
BaHUs HaIpPaBIeHHS BEKTOpa B OTIMYME OT apudMeTHIeCKOro 3Haka "x" — ciao:keHus-
BelauTadus). Ilpu cHATUN Cuibl (IPH OTKJIFOYEHHH MATHUTHOTO IOJIs), YAePKUBAIOIIEil
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CTEPKHU B KOHTAKTE, UMIIYJIbCbl YLUPYI'UX KoJieOauuil upu pasjiejleHuud 00'beJIMHEHHOIO
CTEP:KHS, PEBPATATCA B MPOTUBOIOJIOXKHO HAIPABJIEHHBIE UMIY/IbChI JIBUKEHHSA COY/Ia-
PUBIINXCS CTEP/KHEH, 9TO IPUBEIET K Pa3jeTy MOCTIeIHUX B IPOTHBOIIOIOKHBIE CTOPOHBI
KaK e '9t. 0(xp) = (—1)p1 + (+1) po. [Ipu 5TOM BesHYMHA HAYAIBLHBIX HMIY/JIBCOB CO-
VAAPAIONIUXCs crepzkueii (6e3 ydera JUCCHIIATHBHBIX HOTEPh IIPU YIPYIHX KOJIeOaHMsIX)
1OCJI€ UX BPEMEHHOH OCTAHOBKHM COXPAHUTCS 1IPU Pa3JjieTe.

1. Topmosnoe n3irydenune Y-kBanToB 3jeKTpoHoM (+1) €7 B TopMO3siiem 1oJie BeTped-
HOro sjgekrpona (—1)e~.
e"+e e +e +(YetVe):

_ e O 0 P+ (0 + Wyyz)
(+)e + (-De = 0 g +Lo ' ity “p. +
+ 0 0 _ p- _iwxyz .
0 g~ +L; ' 1(w+wxyz) —p-

- (e +(+he + (+Dyve+ (Ve =

0 0 0 0 + 0 0 0 —iw +
0 go+L; " iw O 0O go+L; " 0 O

0 (0 +L,)-e“'=0 " jw-e9t=0 2p_
(F + L) . eot=0 0 2p.  —iwg-e¥t=0
0 0 ' 2iwyy, 0

2. QoropoxK/ienne (AHHUTUIISIIIUS) APl JIAEKMPOH-NO3UMPOH Y-KBAHTOM B JIEKTPO-
MATHUTHOM 1OJIe (T. €. B 110Jie BCTPEYHOrO Y-KBAaHTA).

(Ye+VYe) € +e':

B _ (E+LE).et=0 0 0 —2iwyy,
(+1) Ye + ( 1) Ye = 0 0 ' i givt — 2p— +
(F +LE) - evt=0 0 2p.  —iw-e9t=0
0 0 ' 2ityy, 0
_ + 0 0 p+  —i(wy + wxyz)
+1)e” + (—1)e” = _ o, . +
( ) ( ) 0 q + Le |wxyz _p+
qgt+L; O p— —iWyy;

=+ .
0 0 7 (0 +Wyyy) —Pp-

Kak cieayer m3 mpuBeJeHHBIX HIKEe HPHMEPOB, Bce pa3HooOpasme '"OOBIYHBIX" H
HEOOBIYHBIX YACTHUI, MPOMeKyTOUHbIX "pesonancoB", "daiipbomoB" u T. 1. cBOgUTCH K
TOIH WM WHOW KoMOuHaruu jedopManuonabix 2Q u KuHemarndeckux 2.Q 37eMeHTOB
(o6obmrenHOe 0b03HAaTeHHEe — A ) HCXOMHOTO MPOCTPAHCTBEHHO-BPEMEHHOr0 00beKTa  °
IIyrTeM ux obMeHa: (Al + A2 + A3) + (A4 + A5 + AG) (A4 + A2 + AG) + (Al + A5 + A3),
obsedunenu-pazdesenun:(A1+A)+(Az+Ay) (Ar+Ax+Az+A,) MeK/ly YaCTHIIAMHE, &
TAaKzKe PEIINKAIMA [1aD AEMEHM-GHMUINEMERM WIH, B TEJIOM, YACMULG-GHMUYACTIUYE:
A - AL+ (AL +A)).
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[Ipu sTOM KHMHEMATHYECKHE JEMEHThl 2Py BHYTPEHHUX J[BUKEHHH 00beKTOB (da-
CTHUI[) MOTYT MPEBPAINATHCsSI BO BHEIIHUE HMITY/JIbChI (KOJHMIECTBO JIBHZKEHHs) P = MV
B3aMMO/IEHICTBYIONINX YACTHI[ I HA00OPOT, TeM CaMbIM MeHsSIs CYMMapHYI0 BHY TPEHHIOIO
YemHocms 9acTUIl B PEaKIIUU B3aUMOIEUCTBIUS U CO3/IaBas BHEIIHUI NMIY/JIbC pPa3Jiera
HPOTUBIIONO/IOZKHO 3aPIZKEHHBIX YACTHIL.

3. Peaxkmus B3auMoielicTBUsT NPOMOHO6 BO BCTPEUYHBIX MyYKaX, T. €. C IMPUJIOKEHUEM
BHEIIIHErO UMILYJIbCa P, KOTOPBIl B peakuuun penaukayuu P- — p* + (p™ + p~) npeobpa-
3yeTcd BO BHYTPEHHUU MapaMeTp “emmuocmu 00Pa3yIomerocs aHmunpomona.

PrHP AP - pTHPTH(PTHPT) - pT P+ Iy

+ Ayt . qgt+Ls O p- O
(FDP"+ (P 4P im0 0 e p *P

qgt+Ly O p- 0
iB*+Ly) 0 ' iw —p-

- (FDpTH )P +H(pT+p) =

qgt+L; O p- 0 +
iB™+LJ) 0 ' iw —p-
o"*+L 0 p- O
iB™+Lj) 0 ' iw —p-
qgt+L; O p- 0 +
iB*"+Ly) 0 ' oy —p-
L 0 CiBTFLY)  petpo O
0 q- +L; ’ 100¢ —p+

4. Peakiusi aHHUTUJISIIAU NPOMOH-GHIMUNPOMOHHOT 11apbl, HIPUBO/IIIAs K 00pa3oBa-
HHUIO 9JIEKTPOMAI'HUTHOI'O 110JId, U3J1y1a€MOI'O B BU/E y—KBaHTOB.

P"+PT - Ve
+ _ - — q+ + L; 0 pP- _i(-oxyz
GDpr+ (e = i(B™ + L:) 0 ' i+ iy, —p-
0 —i(B™+L,) P+ + P —iWyy,
0 q- + Lo B [T [N o
(@ +L}) -et=0 —i(B™+ L) et =0 20— +ps —2iyy,
T iBTHLY) et =0 (T +Ly) e9t=0 7 2i(W+0x) —2p-
(0 0 p+ O

0 0 ' 2, 0 Y
5. Poxienne M- me30106 B peakuuu anauruisanu P +p~ - T+, ux nocjeryro-
MMl pacaj Ha MI0OHbL I MI0OHHbLE Hetdmpuno TTF — U+ +v, T - U +\7u U JaJbHel-

il pacmas M0oH06 Ha CTaOWIbHbIE JacTuupl B — €7 + U, +Ve u U~ - e~ + v, + Ve
pr+p- mt4+mn

+ _ _ q+ + L;- 0 p_ _iwt - iwxyz
+1 + (-1 +p= H + + L +
L 0 Si(BTHLD)  patp i
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q"+ Ly 0 P+ +p- —iwp — gy,

T BT et =0+4i0LY 0 7 iy, + iy, —p_ +
0 —iB~-e“t=0—iL; P+ +p- —iwy _
o yz — ot .
0 q- +Lg ’ 0N —p+ T
- P+
N L} .elot=0 —iB~.et=0-— il P+ + P —ilyy,
- 0 q- +Lg ’ W —p+
R Ly -e“'=0 —i(B™+L,)-e“"'=0 p+ 0 .
0 q- +Lg boiwe —pa
0 0 0 —iwky, _
i(B*+Lp)-e®t=00"'0 o0 PT
=y + Vet p;
H™ - e +v, + Ve
S_ Lre9t=0 —i(BT+Ly)e=0 p. 0
H 0 g +Lg Yoy —ps
0 0 p+ 0
T 0 go+Ly i —ps
0 —i(B~+L;)-e®=0 0 0
0 0 " iy, O
+ L: : ei‘*’t = 6 0 0 _iwxyz —
0 0" 0 0
e +v,+Ve;
LI VR VAT
= q+ + L_; O _ P+ + p- —iwy — i(-l)xyz
iIBY-e'=0+iL] L;-e“"=0 " iy, + i0xy; —p—
= q"+Lg 3 0 3 P W — 1Wyy, +
iBT+L)-e'=0 Ly -e“"=0 " liwy, —p-
0 —i(B™+Ly) e“=0 0 0 _
T 0 g, 0 T PT
=p "+ v, +p;
P - et + v+ Ve
+ _ q+ + I—;-_ _ O _ pP- —iwy — i(JL)xyz
HOZ i@+ eot=0 Ly eot=0 ' iy, —p_
qgt+Ls O p—  —iwg
- o 0' 0 —-p.
) . -E) - __ O ’ O _I(.l)xyz +
i(B"+L;)-e“=0 0 0 0
0 0 o 0 _
+ . — ) =
Ly -e“'=0 0 ' iwx, O
=e" + V, + Vg



6. ObpazoBanmue n%-mesona B peakuyuy aHHUruIAnuu P +Pp~ u ero gasabHeiimuii pacnai
Ha CcTabHIbHBIE YacTunsl T° — (e¥ +e~ +vY).
p*+p -0 et +e +y

N _ qgt+L; O P W — 1Wyy,
PPEP S BT+l 0 7 iy —p- "
+ 0 —i(B™ + LJ) ) P+ +p— _i(-oxyz
0 q + L. "0+ iy, TP+
gt +Ly 0-—iLy Pr +20-  —i(0f + 200xy;)
0 + iL:l- q_ + Le_ ' i(wt + wayz) _(p+ + p—)

qgt+Ls O p—  —io)
T 0 0 20y —p
0 0 p+ O
+ +

0 g-+L, ' iw —p+
@ +Ly)-e“=0 —i(B+L;) e®t=0 p_ —2in,
i(B*+L) e9'=0 (q"+L;) =0 ' 0 0
=m'+et+e +y,.

7. Pacnman MO-mesona na 2 y-xeanma.

0 T+ Ly 0-— iL, P+ +2p-  —i(we + 20yxy;)

Q0
U704 gL i@t 200:)  —(pe +p-)

S0 (@ +LI)-eet=0 ' 0 0 *

(@ +Ly)-e“'=0 0 p+p-  —iee

i(B*+L7) €9t =0 0 ' i(w+20y,) —p- P=
=yp+yp+p'

Bsanmogeiicrsae T~ + p* - KP g + A% Moxer TpakToBaThCsl KaK peIUIMKAIMOHHAS
A; - A+ (AL +A)) peakius T~ —me30Ha HA npomone ¢ 00pa30BaHHEM IPOMEKY TOUHBIX
gactun, — K-meszonoe u zunepornos N°, =0 = A°+m°, Q~ = =0+n~ = =~ +n°, nanpumep,
C HYJIEBBbIM JIEKTPUYECKUM 3apaaoM Kak T +p* - {n- +[(MT +n7) + (M + 1) +
(M +n)+. . }+p" - Kg={n"+@ +n)+ @ +n")+...+n*}+(A° 20 =% =
{p*+n"+ (T +n")+..} uam ¢ OTpUIATENBLHLIM JIEKTPUICCKIM 3apaI0M Kak T~ +p* -
{n+[(M"+n)+ (M) + (M +0T) + LT - KT ={nT (T 1)+ (7 +
m)+.+M +n1)}+ (", ==, Q) ={p"+n +(M"+n)+...+MT" }ur x.

Peakiuu poxienus-pacuaia 2uneporos u K—me30n06 0TIMIatoTcst OT MPE/Ibl Ly IIHX
HOSIBJIEHUEM HEKOI'O CHENU(MUIECKOro CyMMApPHO COXPAHAIONIErOCs CBOMCTBA YKa3aHHBIX
YACTHUIl, Ha3bIBaeMoro "cmparmnocmoio" .

V3 mpuBeIeHHBIX HUZKE CXeM CJIeJYeT, UTO BBLAEJUTD XapaKTepucTuky "cmparnnocmos"
KaK HEeKOe (DU3MUYECKOE UJIU CTPYKTYPHOE CBOMCTBO 4acTull, MOXKHO, ecjin K—Me30HbI u 2u-
NEPOHbL IPEJCTABUTH B BUJIE CTPYKTYP € HAJIMYUEM Y HUX, COOTBETCTBEHHO, K—Me30HHOT0
u 2unepornozo axep u "moasemeHHbIX" K HUM T-Me30HHbLT KOMIIOHEHT.
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Torma "emparnnocms" S = x£1 K—Me30HOB OYyAET KOAUUECNMBEHHO U IAEKMPO3HA-
K060 COOTBETCTBOBATDL CJUHUYHON TH-mesonnoti Komnonente, "noasemennoit" x K-me-
sognoMy aapy (T ,m°). [Ipu TakoM IpejcTaBieHHH IPHPOABI "cmpannocmu' peaxius
K® KO orpazkaer pokupoBKy 3apsaioB K-Me30m0ro sapa u "mogsemennoro” Me30Ha
kak [(M™, M) +n*]  [n™ + Mm% n™)].

Jedpopmarmonno-kunemarudeckas crpykrypa (K° KO9)-mesonos (ciun J = 0,
gernocth P = —1, ¢crpannocts S = +1) u cxemnt pacnagos K2 - m0+ 1+ % K2
n+nt+n K? - m°+mu 1 1 moryr 6uITh B mepBOM IPUOGIIIKEHNE HpeICTaBICHb
B BH/IE

2-(*+Ly)  0—il; . gt +L7 0

0= 0+ily  3-( +L7) 0 0~
P+ + p-— —i(w + 20yy7) + 3p— 0
i(wt + 2('\)xyz) _(p+ + p—) 0 0

3-(q"+L) 0—iLy 0 0
70 0+iL 2-(q” +L;) 0 g-+L, ’
P+ +p- —i(W¢ + 20xy7) + 3p— 0
i(wt + wayz) _(p+ + p—) 0 0
Kg — 3 q_ + L7 O—iL; 3. . P+ + 2p— —i(w + 20yy7) .
0+ IL+ qg +L, ’ (W + 20xyz)  —(p+ +p-)

Ko ml+n0+n® o+t 4O

g-+LS 0-— iL, P+ +2p- (0t 20y,)
- O+iLy q +Lg ' i(0+20x,) —(p++p-)
L FLe 0-iLy P+ 2 (0 + 20xy2)
O+iLy g7 +Le ' i(@c+20x,)  —(p++p-)
q"+Ly 0—iL; P+ +2p— —i(0 + 2Wxyz)  _ o 0 0
-~ e I =M+ 1+ o
0+ |I—u q + I—e |(wt + 2('\)xyz) _(p+ + p—)
§ 0-— P+ +2p— —i(0W¢ + 200xy7) +
0 g+ I—_ T+ 20xyz) (P +p-)
0]_ + I—+ 0 P+ + 2p— —i(w + 2('\)xyz)
0+ |L+ 0 ’ i(wt + 2('\)xyz) _(p+ + p—)
q"+Ly 6—iL; pr+2p-  —i(@+2042) . o
Aail + a— — 0 =n +T1 + 7
0+ IL|_1 q + I—e |(wt + wayz) _(p+ + p—)

Kg - KE—»HO+HO:

2. +Ly)  0—iL; L gt+Ly 0

KO = 0+iLy  3-(a”+L) o o'
S 3. . P+ +p- —i(0: + wayz) + 3p- 0
(0 + 2('\)xyz) —(p+ +p-) 0 0
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, L] 0-iL; , 00
KO = 0+iL) g~ +Lg 00"
- ) p++2p— _i(wt'*'zwxyz) + p- 0
I((Jot"'zwxyz) —(p+ +p-) 0 0
q_++_Lg“ 0—ilL, _p++2p_ —1(W; + 2Wyy;)
O+ilL; g +L; ' i(we+2wx.) —(p++p-)

qg"+L; 0—iL, P+ +2p— —1(0¢ + 2Wxyz) 0 0
TR +p=m+ T +p.
0+ IL“ q- + L, i(we + 200xyz) —(p+ +p-)

CoorBercrBeHHo, 3apsaa "cmparnnocmu" 2uneponos MoOzeT OBITH OIpejeseH MO KO-
JINYECTBY U SJEKTPUIECKOMY 3apsjy "HoABEeIIeHHBbIX" T-ME30H068 K HYKAOHHOMY SLAPY
2UNEPOHA.

Tak A%2unepor — p*+m~" wm A° — n+1° = p* + (e~ +V+n°) umeer 1-me30unbIii,
T. €. €AUHUYHBINA (OTPHUIATEIbHBII — MO JTeKTPpUIeCKOMY 3apsiity € "moasemteHHOR"

rpymmbt) 3apsg "empannocmu" S = —1. B srom mpejcraBienun jedbOpMaImOHHO-
KnHeMaTHaeckasa cTpykrypa A’—zunepona (cmmm J = %, gerHocTb P = +1, crpaHHOCTD
S = —1) u eé pacuay no cxeme A° - T~ + p* MoryT ObITH OlUpe/E/IeHb KakK
A= gt +L; —iBT.et= 0— iL, P+ *p- —iw; — 2iwyy; -
l(B+ + I—:) q + I—e_ boiwy + 1Wxyz _(p+ + p—)
~ 0 —-iB™- e_"*)t 29 —iL, ’ p+.+ P—  —iyy, +
0 q +Lg [ON —p+

. . +p=m +p"+p
+ + ’ '

iB*™+L7) 0 10xy7 —p-
rjie, KaK M Bbillle, P — BHEIIHUIl UMIIY/IbC PA3JIETa 00PA30BABIIUXCH [IPOTHUBOIOJJIOXKHO
3apAKEHHBIX, T. €. B3AUMHO IIPATATUBAIONINXCA, YaCTUIL Paclajgd, KOMIECHCUPYIOIMUNA 13-
MeHeHre CyMMapHOT'O UMITYJIbCa BHYTPEHHUX JIBUZKEHUN HCXOTHOU CTPYKTYPHI.

"Cmpannocms" Z0—2unepona —» A° + 10 = p* + (M~ + n°) mmeer 2-mesonmmIi, T. €.
JBOMHOM (oTpuIaTe/IbHbIH — 110 3JEKTPUIeCKOMY 3apsiay T "noasemeHHoit" rpyuib)
3apsa S = —2, a Q" —aunepor —» =0+ = (A°+nO)+n" = AN+ )+n0=="+n" =
=pt+ (M +n%+7"") umeer 3-mesonusii, T. e. TPOHOM 3apsay S = —3.

Tak Kak cBOOOIHBIE HYKAOHbLL U Tl-Me30Hb, JIUIIEHB " cmparnnocmu' | T. e. He HUMET
"moxBemreHHBIX" K HUM TI-Me30H06, TO TIpHu pacuajie "cmpannoir' dacTui, B pe3yabraTe
9ero 00pa3yroTcs TOMBKO HYKAOHbLL U Me30Hbl, UCXOaHas cymMapHas "cmpannocmo" He
COXPAHSIETCs, T. €. HAPYIIAeTCs 3aKOH COXPAHEHUSI.

[IpeacraB/ieHHbIE CXEMbI HOCTPOEHUs] CTPYKTYP JI€MEHTAPHbIX YACTHUIL U UX B3aUMO-
IpeBpaIeHnil MOKA3bIBAIOT, YTO KOHIEMIUs BO3HUKHOBEHHUSI BelecTBa U3 Jedopmupye-
MOl B JIOKAJIbHBIX 00JIACTIX MaTepHaJbHO#l 4-cpejibl, 3amosHsioneil Beenennyio, mo3Bo-
JISIET OIIePHPOBATH OIPAHUYEHHBIM KOJHYECTBOM 3JIEMEHTOB jeOpMaIiii 1 BHYTPEHHUX
JIBUKEHU 4-CpeJibl, KOTOPble MOXKHO "BjIOKuUTH" B HEKHil yCJOBHO MCXOOHBIN IUmore-
THUYECKHUil 1pocTpancTBeHHO-BpeMenHoro oobekt 0 = {ZQ,ZQ}, u3 KoTOporo MoxHO
LOCTPOUTH CITPYKTYPHbIE CXeMbl BCEX HAOJIIOJAEMbIX B IPUPO/IE JIEMEHTAPHBIX YACTHIL,

Hanuune ¢usndeckn HEIPOTHBOPEYUBBIX CTPYKTYP SJI€MEHTAPHBIX YACTHIL, IIOJTHO-
CTBIO BIIMCHIBAIOIIUXCA B CYIIECTBYIONHE TEOPETHKO-IPYIIIOBBIE KIACCH(MDUKAIMOHHBIE
CXEMbI, OTKPBIBAET IyTh pPelleHus] TPOOJeMbl MACC, T. €. YHEPreTUIECKOTO COJIEep-
JKaHUs BHYTPEHHUX JIBUKEHMIT U JedopMaluii B JJOKAJIM30BAHHBIX 00beMax 4-Cpeibl.
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Pazen 3.

KOCMOJIOT' N4
B MOJIEJIN NTHBEPCHO-COITPAZKEHHBIX
[TPOCTPAHCTB ITPOCTPAHCTB
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IIpocTpancrBo-BpeMs B MoJjien
MHBEPCHO-COIPS?KEHHBIX ITPOCTPAHCTB

1 IlocranoBka 3aga4n

B paborax [1]-|3] oupenesiena n mocsies0BaTesIbHO HCCIEA0BAIACD MOAEID UHBEPCHO-
conpancennox npocmpancmes (MCII) — pasznesnenne nenrpasbHoro npocrpancrsa UM =
{0,00} X" ma ase obmactu (0 <r  ry) u(r, I < o0) CHEIJIEHHBIX HOIIPOCTPAHCTB
X =(0,r)] u X =[ro,) kak X X = {(0,r,],[ro,o0)} = 2U" X", 11 KOTOPBIX
r X,r X,r =r¥r, {&.,x" = 30X (2/r?), Xn X o= S"Y(r), e
S"1(r,) — (N — 1)-cdepa paguyca Iy .

[TocrysupoBanue B moueu MUCII Bpamenus 0 = (C/R.)e, xn XK= pu-
BOJUT K ODOCHOBAHUIO BBEJIEHUSI OPTOrOHAILHONW K 7MpoCmpaHCmeeHH M KOOPIHHATAM
(x},...,x") ¢ HampaBieHHEM OpTa € {e1,..., en}, KOJJIMHHADHOIO IICEBIOBEKTOPY
ppamenusg Wy = (C/R;) e, e X", ksasunpocmparcmeerntol KoopauHaThl Ct cuH-
XPOHHOI'O COOCTBEHHOIO BpeMeHu U, KakK nocmoaHHo udmeHmouelca, TeKyieil B 0JHOM
HAIIPABJIEHUU BEJIMYMHBI. DTa BeJIMUUHA MPONOpIroHaibaa yriy Q = Ct/R, 3ameraemomy
IIOCTOSIHHO BpamawomumMcs pagrycom-sektopon R ey (3zece RM™ ! oxmo-
MepHBII 1mpoobpa3 mpocrpancrBa U", kak orobpazkenme T : U™ - R{"}‘:’l), 9TO 3a/1aeT
BpeMennoii macmrad t = NAt muposoii unnn BesuunnHoil nepuoga At = 1/w u namnpas-
jenne "crpesipt”! Bpemenu t mampassienueM Bpaiienus 'BunToBOR" ocu *+W¢ e,  er.

Opxnako, genomenorozuueckoe spegaerane Bpemernu B mogean UCII B orimdne oT BBe-
nennst Bpemenu Kak nepsuywnozo noustusa B reomerpun [IPOCTPAHCTBA-BPEMEHIN
MUHKOBCKOIO, He ABJIAETCA akcuomamuyeckum — B Monenaun UCII nepsuumvim B OIpe-
nenennn Bpemenu ssiaserca BPAIIIEHUE we  X". IlostoMmy ompesenenne reomerpun
[TPOCTPAHCTBA-BPEMEHU B nomupocrpancreax X u X Tpedbyer 0ojiee TOYHOTO
00OCHOBaHMsI, YTO M CTABUTCS B KQUECTBE 3a/la4d HACTOAIIEH paboThl.

2 IIpocTpancTBO-BpeMs B MHBEPCHO-COIPSAXKCHHBIX
obJjiactax X* u X

[IpeacraBum N-mepuoe nenrpasibioe npocrpancrso UM = {0,000} X" kak obpas 1-
MEpPHOTO JimHefiHoro N-mapamerpudeckoe muoxectsa RIM =1 = {0, 1y, ..., Fw}, nue Touxa
ro<, ..., x")  RM™-! — npoobpas Beex rouex mpocrpancrsa UM, JesKAIEX HA PACCTOS-
muu r = [Z;()4Y2(j =1,...,n) or nenrpa O" = (x! =0,..,x"=0) X"

B./I. Andpees, IIpocrpaHcrBo-BpeMsi B MOJIEJIM UHBEPCHO-COLPszKeHHbIX npocrpancrs //Iokian na
XXI-it MezkayHapoasoii mkoJie-cemunape "I[lerposckue yrenus" 110 COBpeMeHHbIM IIPOOJIEMaM TEOPETH-
9ecKoil m Maremarndeckoit ¢pusnke, Kazann, 2009
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Bpauuenue ¢ yriosoii ckopocrbio e,  RM ornocuresbno nekoroporo nenrpa O"
X" coorsercrsyer nepememenno oukn I R B npocrpancrse (N + 1)-meporo aucka
Dint+1-2  pint-1 4 npapamerpuueckoii gyre SM=1 = s e, DM*1=2 xpvroBoro
IepeMeIeHns CO CKOPOCThbIo Vrer = Wr(e, X e,). Tak Kak dyHmamMenTaabHOE CBOICTBO
pu3nIECKOro MpPoCTPAHCTBA OI'PAHUYUBACT BEJIUYUHY CKOPOCTHU IepeMelleHust To4eK I
R pavkamu 0 < v < €, 10 CyliecTByer 1 orpaHndenue na paauyc spauenns F < Rg =
cc/w. Caenosarenbuo, B upocrpancrse U" = {0, co} ecrecrBerrbiM 00pa30M BblI€/Is€TCS

obracte (mogmpocrpancteo) X = (0 < r =< R(), B koropoii V; = wr = cr /R; nu,
kak gomnosHerne K U™ = {0, 00}, obnacts (R < r < o0) = X = U" — X | B KoTOpOIi
v; = WR2/r = cR./r (B cuay umsepcuoii ceasu I = R2/r B mogein HUCII), aro B

eJIoM 00pasyer 00beKT, HMPEJICTABIMIONUI 2-X KOMIOHEHTHOE N-MEPHOE MPOCTPAHCTBO
2U" X" uuBepcHO-cONpAKeHHBIX nopupocrpancrs X X = 2UN,

Coornomenne I = R2/r — 310 ypasuenme suia y = 1/X, KoTopoe mpH IoBOpoTe oceit
koopauHaT (X,Y) Ha 45° mpuBOIUTCA K BHLY X2 —Y? = 2, T. €. COOTBETCTBYET yYPABHEHHIO
r2+(ir)>=2R? , e r 2 = F=1(X N2 — n-cepa S"(r) XM (n-nosepxnocts
nosiozkuTeIbHON Kpususnb) u (ir)? = ;-nzl(xj)2 — n-ncesiocdepa SM(ir)  XK" (n-
IIOBEPXHOCTH OTPHUIATEJIbHOI KPUBU3HbI).

CiemoBaTebHO, TpaeKTopusd S, KayKIoW TOYKH I RM-1 g ofmactu X =
(0 =r = R,) npeacraiasger coboii N-mapaMeTpUIECKy O AYry KPYrOBOIO IepeMeIleHust
St-l =35 e =@nN +Ad) - r e DM*1-2 (350ch N — unciio nosnbix 060poToB,

ec R DML yanpasienuse yriosoro mepemenienus todex r R pokpyr
ocu Bpamenus e, = (er X ) D=2 4 e ppencrasiasier ssement N-cdepsr
S"(r) XM qman =1 ayras, = S coorsercTByer myre okpyxmoctn (1-Mepmoit
cdeprr), aaa N = 2 ayra s, = S ~1 npencrapnger snement 2-mepHoit mosepxHOCTH cbe-
pbl, a s N = 3 — szement S 1 3-yepuoii nosepxnoctn (runepnosepxunocru) 3-cdepbi.

B o6actu X = (R; < r < o0) rpaexropus Sy kaxa0i roukn r R upencrasis-
er coboii N-apaMeTpUIecKyio JIyry ruinepoonaeckoro (ICeBIoKpyroBoro) nepeMenieHus,
T. e. aement N-ncesgocdepsr ST(ir) XM g n =1 ayra s, = ST coorBercrayer
l-MepHO# JyTe MCeBIOOKPYKHOCTH (TEmepGoms), aaa N = 2 ayra S, = S2-1 mpen-
CTaBJISIeT 3IeMEHT 2-MepHOil moBepxHocTH mcesaocdepsl S2(ir), a mra N = 3 — sreMenT
Sr1 punepunosepxnoctu 3-ncesocdeps S3(ir).

Takum obpazom, npocmparcmeentas merpuka obsiacreit X u X Oyjer xapakTepuso-
BaTbCs SJIEMEHTAMU I TIHBI

n n
d?= (@x¥? r2= (¥ 0=sr =R, (1)
Jj=1 j=1

d?=— (@) (ir’= (), Resr=<oo. (2)
i=1 i=1

Kaxmaa Touka r R™ =1 nommmo IPOCTPAHCTBEHHOI KOODJAMHATHI 00JIATaeT erne
OJIHUM CBOMCTBOM — OHa D€30CTAHOBOYHO IE€PEMEeIAeTCs 110 JIyTI'e OKPY?KHOCTU Sy BOKPYT
ocu Bpamenns ey, = ( e X e) B Haupasiaenun e R o UM X¥N Koneunas
BeJIMYNHA CMEIeHHs IPOIOPIUOHATbHA paauycy I U BeJUYIHHE yriaa moBopora ¢, T. e.
paBaa AS, = rd. B srom ciyuae npoiigeHupiii myrh AS, u pajuyc I Bpaliaroeics
TOYKH OY/IyT CBA3aHbI MEK/Iy CODOI €IMHON BEJIMIMHON — YIJIOM IIOBOPOTA

d = 2N + Ad = As,/r = Asg/Re = ¢, (3)
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KOTOPBIH HE 3aBUCHT OT 3HAYEHHMH PaJAuyca I 1 MOKeT ObIThb OLPEIEJIECH YIJIOM HOBOPOTA
¢, na dpuxcuposannom paamyce R¢ , rie vy = C.

CoiesoBarenbHO, yriaosoe cMemenne todek r R™ mossosser oxapakrepusoBarh mo-
JIOZKeHUE KazK/10ii TOYKH I 0JJMHAKOBOI BeJIMYNHON ¢, KOTOpast MOXKeT ObITh HCIOJIb30BaHA
KaK keasunpocmparcmeennas (N + 1)-s KoopuHaTa, OTIMIAIONIAACS OT HPOCTPAHCTBEH-
HBIX KOOP/JMHAT T€M, 9TO OHA B CHJIy HEIPepbIBHOCTU Bpalienus e, — Const upeacras-
JsieT cobOoil HEIPEPHIBHO M HAIIPABICHHO H3MEHSIONYIOCs (yBeJIMIMBAIOILYOCS ) BEJINYUHY.

Pasmeprocts yriioBoit Besmauabl § (3), kak (N+1)-if KoOpAUHATEL, MOKHO COIJIACOBATH
C pa3MEepHOCTHIO MPOCTPAHCTBEHHbIX KoopauHar dim[l], ecin yMHOXKHUTDL Ha IOCTOSHHBIIA
pa3mepubiii Koadppunuent ¢/21MwW = R/21 = Const, . e.

c , .
T ¢=ct, dimll], (4)

rjie OyjeM uMerTh

t= = {—o0,.., 00}, dim[q, (5)

¢
21w
T. €. yroJ moBopotra @, BbipazkeHHblil B pasmeproctu Bpemenu dimit].

B rakom mpencraBiennn Benmuuaa Ct, kak (N + 1)-9 — xsasunpocmparcmeen-
naa Koopmumata X° = Cte (xter,...,X"e,), COBMECTHO C NPOCMPAHCTEEHHDL-
mu xoopaunatamu (X1, ..., X") obpasyer (n + 1)-mepuoe IIPOCTPAHCTBO-BPEMSI
XM = Ix0, (X}, ..., xM}, B KOTOpOM COXpamsomelics Kpajparnuuoii hopmoil Oyier
NPOCMPAHCMBEHHO-8PEMEHHOT THTEPBAJI

ds? = {dx°, (dx?, ..., dxM)}2. (6)

st obmacreit X u X B3aUMOCBS3b MEXKIY K6G3UNPOCTMPAHCIMEEHHbLMY KOOPITHA-
tavu X © n X° memsBecTHA M, MCXOAA U3 MHBEPCHON COMPAKEHHOCTH NpPOCTPAHCIGEHHOLT
koopauHar B X u X, MozeT ObITh HpejcTaBieHa B AByX BapmanTax : X © = R2Z/x°
wim iX % = RZ/X%. dru sapuanth (kax ypasmenue Xy = 1 upm nosopore oceii Ko-
opmunar (X,y) na 45°) npusoasarca k suay (X°)2 — (X %) 2 = 2R2 (runepbosia) ujmn
(x%)? + (x %) 2 = 2R? (0Kpy:KHOCTDL), T. €. B IIEPBOM CJIydae OJHA U3 KOODJHHAT Oy-
ner mammoit : X° = ct, X ® = ict, a Bo BTopoM — 06e KOOpIUHATEI JeHCTBATEIbHBIE :
xX=ct, x%=ct.

Torpa, ucnonnsys (1) u (2) u npunnmas s uepsoro sapuanta XX =ctu x ® =ict,
HAXO[UM NPoCmpancmeenio-epementoti uarepsai (6) mis obracreit X n X:

ds 2= —c2dt 2+ (dx1)%, j=1,..,n, (7)
j

ds? = c2dt? —  (dx})?, j=1,..,n, (8)

J
1/2

rie 6yzem mvers d(x%,...,x™)/cdt = th® = v/c , cdt/ds = ch® = (1 —v2/c?) ", uro0
oIpeJieIgeT ncesdoeskAudosocms IPOCTPAHCTBAa-BpeMeHn B obactax X u X.

CaepoBareibHO, B A0KaAbHOU cucteMe (T. e. 6e3 ydera HEHTPOOEKHbBIX U IEHTPO-
CTPEMUTEIBHBIX YCKOPEHUil, 0OYCJIOBJIEHHBIX, COOTBETCTBEHHO, CKOPOCTSIMU Vi = ®F
u Vi = WR2/r |2|) merpuka (3+1)-mepnoro upocrpauncrsa-spemenn X3! obsacreit
X u X cornacuo (7)-(8) mpencrasiser coboit merpuky CTO, KoTOpasi ompeesiercs
IPOCTPAHCTBEHHO-BPEMEHHBIMU MHTEPBAIAMU

ds 2= —c?dt 2+ dx 2 +dy 2+dz 2 = —c2dt * + dp 2 + p 2dQ?,

(9)
(p?=x2+y?+2z2 dQ? = Sin? dd? + d6?),
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ds? = c?dt? — (dx? + dy? + dz?) = c2dt? — (dp? + p?dQ?),
(10)
(P2 =x%>+y?2+7z2, dQ?=Sin%0d¢? + de?),
— npocmpaHcmeenronodobnvm BO BHYTpeHHeil obsactm X  u 6pemenunodobHvim BO

BHeIIHelr oOjiacTu X, HHBAPUAHTHBIMU IIPU JOPEHUEEHLL TPEOOPA30BAHULAX KOODIUHAT
B HHEPIUAJBHON cucTeMe (JBUKEHUE B HAIPABJIEHHU OCH X):

:x+(v/c)ct, ct:Ct+(V/C)X, y=y . =g (11)
1—v2/c? 1—v2/c?

[iiobaibiast MeTpUKa [EHTPAJIbHO-CUMMETPHYHOro (3+1)-MepHOro mpocrpaHcTBa-
spemenn X3+ obsacreit X u X Gyjer onpeesarsea HaJnuueM H0J1eil paJiaJbHbIX 1eH-
mpobesicnvir a, = Wr e (0 < r < R) u yenmpocmpemumenvnvs ar = —V2/Re, =
—C’R/r?e, (R < r < o0) yckopeHnii, 06yCJIOBICHHBIX, COOTBETCTBEHHO, CKOPOCTSIMH
vV, = Or uVy = 0R2/r [2]. Oto npusomuT K u3menenuto Merpuku 6s?  3T2 — 3X? na
0s2 3T 2—0X2=(NT)?— (€6X)?, rue A u & — pagnanbusie Gyukuun or ay = F(r),
cBsi3b Mezk /1y Koropeimu A& = Const cieyer u3 yeaosust AST - §8X = Const (kax st
ypaBHeHHIi Bujia X2 —y2 =2 < Xy = 1).

Hanuame paanaibHBIX YCKOPEHHIT TOYeK MPOCTPAHCTBA JTOJZKHO OTPAZKAThCs HA U3-
MeHennn MeTpukn Kak 0T = [1—(1/c¢?) a,dr]dT [4]. CregoBaTennHo, ¢ TOTHOCTBIO /10
IIOCTOSTHHOTO MHOYKHTe s (1. €. mosarast A - § = 1) umeem

1
}\=1—C—2 ardr, (12)
— 1 -1
E=[1-5 adr]?, (13)
B obmactn X @ ’r dr = %wzr 2 = %Cz(r 2/R?) u, cOOTBETICTBEHHO, B obiacTi X:

(—Cc?R/r?)dr = c?R/r.
[oacrasnss B (12)-(13), a 3arem B (9)-(10), Haxoaum ajist obsracra X :

ds 2 = —A%c%dt >+ &%dr >+ r %dQ* =
=—(1-r?%R*+ %r RN At 2 +dr 2/(1—r 2/R*+ %r RN +r 2dQ? =
=—(1—-r?2/R)cAdt>+dr /(1 —r 2/R?) +r 2dQ?, O<r =R), (14)
1, COOTBETCTBEHHO, i obaactu X:
ds? = A%c?dt? — &2dr? — r3dQ? =
= (1 —2R/r + R?/r?) c?dt? — dr 2/(1 — 2R/r + R?/r?) — r 2dQ? =
= (1 —2R/r)c?dt* — dr?/(1 — 2R/r) — r?dQ?, (R<r<oo). (15)

Takum 006pa3om, MbI moJjydaeMm 2400a4bHYy10 "BHyTpeHHIO" 1 "BHemHION" mBapii-
IIJIBIOBCKYI0 METPHUKY MpOCTpaHcTBa-BpeMenu [4] s obnacreit X u X Opu HCIOIB30-
pamnu mepporo papuanTta (X° =ctu X ° = ict ) mEBepcHOll CBA3M KOODAMHAT BPEMEHH.

Bropoit BapumanT B3amMocsas3u KoopauaaT spemenn (X° =ctu X ° = ct ) cosmecTHo
¢ (1)-(2) upuBosuT B MHBEPCHO-COUPSIZKEHHBIX 00sacTsix X u X K MHTepBaIaM

ds?2=c%dt?+ (dxJ1)? j=1,...n, (16)
j
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ds? = c2dt? —  (dx})?, j=1,..,n, (17)
j
rme d{x %,...,x "}cdt =1tgd = v /c, cdt /ds = cos® = (1 + v 2/¢®)"V2 u, coorser-
creenno, d{x!, ..., x"}/cdt = th® = v/c, cdt/ds = ch8 = (1 — v3/c?) V2

ds2= cdt?- dx2

\\ c-dv x| ¢t
N

CH OV Ny

ds*?= cdt*2+ dx*?

"y

ct* X

Puc. 1. TlceB1oeBK/IM/IOBO U €BKJIMJ/IOBO IIPOCTPAHCTBO-BPEMS B MOJIeJIH
MHBEPCHO-CONPSAKEHHBIX IPOCTPAHCTB.

CrenoBaTebHO, ToKaIbHas MeTpuka (3-+1)-meproit BuyTpenneii obmactu X = (0, R¢]
onpejiesisieTcst corimacHo (16) mpocTpaHCTBEHHO-BPEMEHHBIM HHTEPBAJIOM
ds?=c%dt?+dx ?+dy >+dz > =c?dt 2 +dp 2+ p 2dQ?, (18)

MHBADHAHTHBIM MPH MPeoOpPA30BaHUAX KOODAMHAT B MHEPIUAJILHON cucTeMe (/IBUZKEHIe
B HAIPABJIEHUH OCH X ):

« = X + (v/c)ct , ot = ct — (v/c)x ’ y =y | ; =7 (19)

1+v2/c? 1+v2/c?

T. €. OpejcTaBisieT cobol MeTpuky (3+41)-MepHOro eskaudosa MPOCTPAHCTBE-BPEMEHN
X3*1 = {ct,(X,y ,z )}, a merpuka Bmemmeii (3+1)-mepnoii obmactn X = [Rg, ©0)
cormacuo (17) — ocraerca meTpmkoii ncesdoeskaudosa mpocTpancTBa-ppemenn Xt =
{ct,i(X,y, 2)}, roxuecrBennoit (10) (Puc. 1).

Jlerko Bujiersb, uro merpuka (18) u npeobpasosanus (19) obpamaorcs B Merpuky (9) n
npeobpazosanus (11) mpu 3amene C — iC, 4T0, cCOBCTBEHHO, OTpazKkaeT (byH/IAMEHTAIbHY O
B3aMMOCBA3b ncesdoeskaudosa u eskaudosa [IPOCTPAHCTBA-BPEMEHMN.

B mpegesne masbix ckopocteil (V << €) mpeobpazoBanusi koopauuar (19), Kak u mpe-
obpazoBanus (11), nepexoidar B 2aauaeeswv, 1. e. X =X +Vvt, t=t,y=y,z=12.

['obasibnasi Merpuka BHYTpeHHeil obsactu X € A0KGADHOLM TPOCTPAHCTBEHHO-
BPEMEHHbIM e6KAUdo6bM uHTepBaIoM (18) m nosieM neHTPOOEKHBIX YCKOpeHHil Oyjer
ONpeesiIThCs 110 anagoruu ¢ (14) Kax :

ds 2= (1—r 2/R?+ 1r 4/R%c2dt 2 +dr 2/(L —r 2/R? + Ir 4/R*) +r 2dQ? =
(20)
=(1—r?/R?)cidt? +dr 2/(1 —r ?/R?) +r 2dQ?, O<r <R).

3 OO0cyxaeHne pe3yJabTaToB

AHaM3upys MOJyYeHHBbIE PEe3yJbTAThl MOYKHO KOHCTATHPOBATH, UTO €CJH B OCHO-
Be 00pa3oBaHMs 2-KOMIIOHEHTHBIX obbekros 2UN = X X = {(0,R],[R¢, o)} Jte-
JKUT aKCHOMATU4IeCKoe yTBep:kieHue o [Ipupoje, kak popme cymecrBoBaHust N-MEePHOIO
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[TPOCTPAHCTBA X" XK=N " ppiesaennnoro nyrem ero BPAIIEHNUS ® X" B
IpOCTpaHCTBe Gosbirelt pasmepuocTr XK™" To maHHOE N-IPOCTPAHCTBO IPHOOpETAET
npocrpancrsenno-ppeMennyto (X"*1) kpasureomerputo ncesdoeskaudosa u (wn) esxau-
dosa BUJA, B KOTOPBIX BpeMs, Kak 9/ieMeHT TaKOil TeOMETPHH, SB/IAETCI He aKCHOMATHYIe-
CKHUM HOHSITHEM, 8 6MOPU4HOT XapaKTePUCTUKON (DyHIaMeHTaIbHOTO cBOicTBA [Ipupoipt
— BPAIIIEHI 4.

@akropom pazjesienus npocrpancTBa X" Ha JiBa MHBEPCHO-COIPSIZKEHHBIX TIOJIIIPO-
crpactBa X = (0,R;] u X = [R(, 00), cosnmarouum rpanuiy mo pamuaycy R, = ¢/w
MeXKJIy BHYTpeHHeil u BHerrHeil obsactaMu npu Bpamennn W X", gBiasgercs orpaxu-
YyeHue CKOPOCTH liepeMellleHusl TOYeK IIPOCTPAHCTBA BEJUYMHON V < C , KaK lipejieJia
6e3pa3pBHIBHOIO CMEIEHUs] TOYEK IIPOCTPAHCTBEHHOI cpejibl (Du3MIecKoro BakyyMma).
Cire1oBaTeIbHO TIOCTPOCHUE NPOCMPAHCMEEHHO-BpeMeHHbLr TeomeTpuit B mojenu HCIT
He TpedyeTcs IpuBJedeHns N30bITOYHBIX [IPEJICTABICHAN O CKOPOCTH MEPEIadu CBETO-
BOro curuasa (T. e. BBoAuMOIl npu crangapraom nocrpoennu CTO He reomerpuyeckoit
(KMHEMATHYECKOIT ), & (PUBUIECKOH CyOCTAHIMHE — BOJIHBI IOLEPEYHbIX KOJICOAHUST SJIEK-
TPOMArouTHOI'O 1IOJIA, YTO CTaHOBUTCA HeO6XO,H,I/IMbIM TOJIBKO IIPpHU OIIMCaHUU SJIEKTPOan-
Hamukn B X3+,

[106a1bH0 reoMeTpHs IIPOCTPaHCTBa-BpeMenn BHerrHell obaactu X = [R¢, ©0) coor-
BETCTBYET M€OMETPHUHU MPOCTPAHCTBA BOKPYT TATOTEIONEil MAacChl, T. €. MOJIO IEeHTPOCTpe-
MHTEJIbHBIX YCKOpeHuii ¢ uarepsasoM (15). Ilpu 9TOM JIOKATBHO Ta TeoMeTpHs BCera
nceedoesraudosa (reomerpusi CTO) u epemenunodobna. CienoBarebHo, TaK KaK K Ka-
TErOpuHu 2-KOMIOHEHTHBIX 00bexToB 2U" pas/m4noil N-MepHOCTH MOIYT GBITH OTHECEHbI
npakTudeckun Bce mabsogaembie B [Ipuposae dusndeckne 00beKTbI — OT JIeMEHTAPHBIX
JACTHUIL JI0 KOCMOJIOTHIECKUX CTPYKTYDP, TO B3aMMOJIEHCTBUS TAKUX OOBEKTOB MEZK/LY CO-
Goit cBomMu BHemHUME 06gaCTAMA ((DU3HIECKUMU TOJISIMA) MOAYUHSIIOTCS MPUHIUAILY
MPUYNHHOCTHU, KAK B3aUMOCBSI3M BO BPEMEHH: MPONLIOe — HACTOosIee — OyyIiee.

Oanako, 0ocobblit mHTEPEC IpejicTaB/iseT coboit reomerpust BHyTpenuneit obactu X =
(0, R¢] 2-koMIIOHEHTHBIX OO'BEKTOB — terra in-cognitus COBPEMEHHOI HayKH.

['nobanbio 910 MOryT ObBITH TeoMerpuu ¢ MeTpukamu (14) mmm (20), 1yst KOTOPBIX
BO3MOXKHBI J[BA BapHAHTA /A0KAALHOLL TEOMETPUIl — 3TO nce6doeskaudosd TeOMeTpus
c npocmpancmeentonodobvm uHTEpBAIoM (9) U e8KAudo6a TeOMETPUsT IIPOCTPAHCTBA~
BpeMenu ¢ unrepsagom (18).

B nepBowm ciydae Touku ncesdoeskaudosa mpocrpaHcTBa-BpeMenn obiactu X JiezxKar
B cekTope "mpuumnnoii HemocrynHoctu Bo Bpemenu' (T, X)-amarpaMMbl, HO CBSI3aHBI
MezKJIy CcOOOi IPOCTPAHCTBEHHON KOOPJIMHATOW OAHOBPEMEHHOCTH. DTO IPHUBOJIUT K
HEOIPEJICJIEHHOCTHU IPEJICTaB/IeHnt 0 (PU3NIECKUX MPOIEccax BO BHyTpeHHER objactu 2-
KOMIOHEHTHOIo 00bekTa 2U™ 1 uX CBA3M ¢ IIPOLECCAMi BO BHENIHeil 00JIacTH.

Bouiee npeckasyembl cBoiicTBa egkAudosa npocrpancrBa-spemen (18) Bo BHy TpeHHeit
obmactu X BO BTOPOM CJIydae. 37eCh KHHEMATHKA CJIeIyeT U3 COOTBETCTBYIONIUX MPeod-
pazoBanuii (19). Tak, dukcupyemas HEIOIBHKHBIM HAOIIOIATEEM IO CBOUM dacam AT
pesqnanaa At B BuKyteiics cucreme corsacuo (19) ompemensiercst Kax

AT
1+ v2/c?

T. €. ABU2KYIIUECH OTHOCUTEIHLHO HAOJII0IaTe s 4achl UayT ObIcTpee, Tak Kak (At =
AT ) < (At =ZAT), tne AT 1/w0 u AT  1/0, u, cienoBaTesbHo, 0 = W, YTO
OTJINYALTCHA OT AOPEHUEEA 3aMEIJIEHUS X013 4acoB BO BHemrHeil obsactu X = [Rg, 00),
caeayromero u3 (11):
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At=nAtche= 20 (22)
1—v2/c?

Anasorundso oOCTOUT /110 ¢ U3MEHEeHUueM JTHHBI MepHoro crepxkusg AL, KoTopbiM u3-
Mepsierca coberpennoe paccroguue Al = ZAL B HenoABUzKHOM cucTeMe H, COOTBETCTBEH-
o, Al = ZAL B asmxkymeiica. Eciau Bo Bremneit obnactu X = [R¢, ©0) B coorBeTcTBUI
¢ (10)-(11) umeem

AL =AL/ch8=AL 1-—v2/c?, (23)

. e. AL < AL — aBumkymuiics crepzKeHb, U3MepsieMblil HelloBUKHbIM Ha0JI10/1aTe-
JIeM, TIPH A0PEeHUest. TPeodpa3oBaHusIX COKpAIaercs, Toria Kak cormacuo (18)-(19)
IIOJTY YUM

AL = AL /cosb=AL 1+v2/c? (24)

u, cienoBaresibio, AL > AL — aBuKyimuiica cTepKeHb B e6K.4UJ060M IPOCTPAHCTBE-
spemenn (Bo BHyTpenHe# obuacru X = (0, Rc] ), usmepsiemblii HemoaBuKHbIM HaOJIIO-
jarejieM, yaJINHHIAETCS.

Haxkomner, B T0 BpeMsi Kak 3aKOH CJIOXKEHUsI CKOPOCTEHl 1pU A0peHuesulT Tpeodbpa3oBa-
HuAX BO BHemnHeil obiactu X = [R¢, 00) umeer Buj

v= v <cC (25)
1+vV/e2™ 7
B obstactu X = (0, R;] o u3Mensiercs Ha 3aKOH
v +V

=_—  — gpuycaosuu V (X ) =c, 26
1=y v @ wuy (X) (26)
e V u V. — cKOpoCTh ABHKYIIEHCca cucTeMbl S M S OTHOCHTEIbHO HEIOABHKHOM
cucreMbl S u S HabJrOAATE A, COOTBETCTBEHHO, B obyactax X u X ,V uV — CKOPOCTH
TOYKH B JIBH2KYIONIUXCS CHCTeMaX S M S ,V UV — CKOPOCTH TOYKH B CUCTeMax S u S .

[Ipu srom eciu yciaoBue V < C B (25) sIBJISI€TCS TEOPETUUECKUM CJIEJCTBUEM 3aKOHA
caoxenusi ckopocreii B obactu X = [Rg, ©0), 1o ycaosue V (X ) < ¢ B (26), ounpe/e-
Js1eMoe (PUBMYECKUME CBOWCTBAMM HPOCTPAHCTBA, ABJIAETCS TOJBLKO TPeDOBAHUEM CyIie-
crBoBanus ckopocreil B obnactu X = (0, R¢] npu Hajuuuu BO3MOXKHOCTH HPEOIOIEHU
cornacHo (26) sroro mpejena, T. e. JOCTHXKeHUs CKopocTeit V. = (C+dV ) > ¢, uro B
YIJIOBBIX HpejcraBienusx coorsercreyer tg (45° +88) =v /c = (1 + dv /c).

[Tpeomosienne yKa3aHHOIO Hpeesa JOMKHO IIPUBOAUTL K HAPYIIEHUIO (pU3UIecKo-
IO YCJOBHUs CYIIECTBOBAHUs JIBUZKYIIeiicss TOUkHM (M o0bekTa) B Hpejesax obJactu
X = (0,R¢], 4T0 MOXKHO MpeJCTABUTH KAaK BBIXOJ IBHZKYIIEiics TOUYKH (Hau OObeKTa)
3a upeennl BayTperneii obaactu X = (0, R¢] Bo BHemH010 06acth X = [R, o). ['pa-
(buyecKn 3TO COOTBETCTBYET HAJIOKEHUIO JuHUU cKopocTd u3 (Ct , r )-amarpaMvbl Ha Op-
TOrOHAJIBHYIO (T. €. pa3zBepHyTyio Ha 90° BesiencTBIE COOTHOIIEHUI MeK Ly KOOD/MHATAMI
ct =R%/ctur =RZ/rsuray = 1/x) (ct,r)-mmarpammy xak v /¢ = (L +3Vv /c) =
tg(45° +930) - v/c =th[(45° +86) —90°] = (1 —dV /c) (Puc. 1).

B pesy/ibrare mpu BbIXOJE TOUKH (WM 0ObEKTA) U3 BHYTpeHHel obgactu X BO BHeIII-
Hiolo X OyJ1eM uMeTb

V=Cc—dV , (27)

T. e. upu 0V - 0 ckopocTb Toukn Kak B X , Tak u B X Oyaer crpemurbes K (V ,V) — C.
B srom ciiydae mpocTpaHCTBEHHO-BPEMEHHAsI CHCTEMa, WHBEPCHO-COIPSI?KEHHBIX IIPO-
crpancts 2UN = X X yHKIHOHMPYET TaAKHM 00Pa30M, UTO OOLEKTHI 3 BHYTPEHHeil
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obiactu X moryt "mepeckounTh" BO BHEITHIOI 00siacTh X, B TO BpeMs Kak OOpaTHBIIT
[epexo/l U3 BHeIHeil 00/IaCTH BO BHYTPEHHIOIO HEBO3MOYKEH H3-3a HEIPEOIOJTUMOCTH TEO-
PeTHIeCKOro orpanudenns V < C B (25).

Bo3moxkHOCTD, 1peojoieHus orpanndenus V. < C B obsactu X NPHUBOAUT K HHTE-
PECHBIM CJICJICTBHSIM, OTPAKAIONMM (DU3NUIECKYIO B3aMMOCBSI3b BHYTDEHHEl W BHENIHENT
obsiacreit 2-kommonenTHOro oobekta 2UN = X X, Kak 1esoro.

Tak, eciu npussarb, 9ro B objgactu X = (0,R.] B kauecTBe JBUKYIIUXCS CHCTEM
BBICTYIIAIOT HEKOTOpbie 00beKTol {M;, M,, ..., My} X , 1o 0bbekT M | obsamaommuit
Maccoii (sHeprueil) HOKog M , JT0JZKeH 00J1aIaTh UMITYTHCOM

dz m v
p =m =, (28)
dt 1+v2/c2
7 dHepruen
dt m c?
E =m =, (29)
dt 1+v 2/c?

KOTOpbIe 00'bejleHeHbl B e6kAudos 4-umiyibe (E ,Cp ), uHBapuaHT KOTOPOro paBeH
(E ,cp)*=E?+c%p?=(m c??, (30)
OTKY/Ia TAKJKe CJIeLyeT HHBAPHAHTHOCTH eskaudosoli 4-ckopocru (U ® =cdt /dt ,u' =
dz /dt )= (c,v )/(L+V 2/c®)Y? xax
(u®uh?=c. (31)
[Ipu "unepeckoke" (r. e. mpu ckopoct V. = €+ 0V ) u3 obractu X = (0,R.] B 00-

nactb X = [R¢, 00) esxaudos 4-umnynnce (E ,Cp ) npeobpasyercs B Loperyes 4-UMIIYJIbC
(E,cp) ¢ coxpaneHneM WHBAPUAHTHON MACChl (SHEPIUH) MOKOs M = M Kak

fiv(X)-v(X) (mc?)?=(E*+c%p?) - (E?—c?p’) = (mc?)?, (32)

e E = mc?/(1 —v3/c)Y2 p = mou /(1 —v3/c?)Y? v = ¢ — 3V, 9TO HPHBOIUT K
3aKOHY COXpaHeHHsl Macchl (Hepruu) 1okKod B 2-komuonenTHom oobekre 2UMN =X X

KaK IeJOM, T. e. KaKk CyMMbl Macc oobekToB {my,...,my} X mw{m,....,mg} X
BO BHYTpEHHEll u BHeIIHel 00/1acTsax
N K
Mc®=  m;c®+  mic®=Const. (33)
j=1 i=1

Takas curyanus MOxKeT UMeTh peaJsibHoe Mpossienue B [Ipupose. Eciu B objiactu
X = (0,R¢] cymectBytor nsmxkymuecs o6bekTsl {M;, M,,..., My} X ;| T0o BO3MOXK-
HOCTb UX BBIXOJIa IIPH JOCTHUKEHHH CKopocTeil V. =C+0dV  C 3a mpeaesnl obmacta X
BO BHELIHIOIO 00J1acTh X €O CKOPOCTAMH V = C—0V  C, OJIM3KUMHU K CBETOBLIM B CHILY
OV C, MOXKeT ObITH COIOCTABJIEHA C CYIECTBOBAHUEM U (DYHKIIMOHUPOBAHUEM B KOC-
MOJIOI'MYECKHX MaciiTabdax aKTHUBHBIX sjiep I'aJaKTUK, KBa3apoB U JIp., & B CyOATOMHbBIX
Macmrabax — ¢ Ipeodpa30BaAHUSIMHI dJIeMEHTAPHBIX YaCTHIL, HAIIPAMED, ¢ MHOXKECTBEHHOI
reHepanueil u T. II..

[eiictBurenbho, Beixos 00bekToB {My, M,,...,My} X 3a mpeznenst obmactu X
BO BHEHIHIOIO X C OKOJIOCBETOBbIMHU CKOPOCTAMMU IIpeAcCTaB/ideTrcd OJHHUM U3 BO3MO2KHbIX
MEXaHU3MOB, C IIOMOILIbIO KOTOPOI'O MOXZKeT 6bITb O6'])HCH€HO BOZHUKHOBEHUE B KOCMUYE-
CKHX JIy4ax 4acTull (IPOTOHBI, O-9aCTHUILI U GOJIee TsKesble sjipa BILUIOTH 10 KeJe3a),
YCKOPEHHBIX J10 (haHTACTHIECKUX YHEPIHil, HAIPUMED, OTJIeIbHBIX IPOTOHOB (IHEPTHUs MO-
ko 1 I's6) no smadenuit 10 ['9B (g cpaBHeHus, caMble MOIIHbIE COBPEMEHHbIE
YCKOPUTEJIM PA3IOHSIIOT YaCTUIlbl /10 HEPIuit 103196, a BBOAUMBIH B 9KCILIYaTAIUIO
kosaitiep — 0 108 I'sg).

110



Cramcok aurepaTypbl

[1] Andpees B.J[. lHBepCHO-CONMpPsIZKEHHbBIE MPOCTPAHCTBA KAK MOJEIb CTPYKTYDBI JJIe-
MeHTapHOro 3apsija // Hoseiimme npobiempr Teopun nods, 1. 5, (Ilox pex. A.B. Amn-
HoBoit), Kazaub, I131. Kas['V, 2006 r., c¢. 33-44.

[2] Andpees B.J[. B3aumocBsi3b IHEHTPOOEKHBIX U I'DABHTAIMOHHBIX CHJI B HHBEPCHO-

conpsizkeHHbIX npocrpancrsax. // Hoseiimme npobiemsr reopun nosst 2005-2006, 1.6
(mox pex. A.B. Amunosoit), Kazanb: 31, Kas['V, 2007 r., ¢.66-76.

[3] Andpees B./[. CoiicTBa MOI€e/IM HHBEPCHO-COLPSIZKEHHBIX TPOCTPAHCTB B KOCMOJIOTU-
geckoMm Maciitabe // Hopeitmue npobsembr reopuu mosst, 2007-2008 (1. 7), (mox pe.
A.B. Amunosoit), Uzn. Kasl'V, Kazaus, 2009 r., ¢.47-54.

[4] Toamen P. OrnocuresnbHOCTH, TepMoguHaMuka 1 Kocmosorust. // "Hayka M., 1974.

111



CoiicTBa MO/ NHBEPCHO-COIPSIzKEHHBIX
IIPOCTPAHCTB B KOCMOJIOTUYECKOM MAaCIITade

1 IlocranoBka 3aga4n

B ocHoBe mccseyemMoil Mojgesnn JIeXKUT HCHOJIb30BaHHast B pabore [1| crpykrypa
unBepcHo-coupsizkeHublx X = (0, ry] u X = [ry, 00) (uom, jyist yio6crBa B KOHKPETHBIX 3a-
Jadax, B IpoTUBONONIOKHBIX 0603nadenusx X = (0,r,] u X = [ry, ©0)) moampocrpancTs
apyxxommonenTHoro mpocrpaictsa U = X X = {(0,r,],[ro, o)} = X3, cpasanmpix
MezK, 1y coboit KondopMHBIM npeobpasoanneM unsepcun I =r2/r (r X ,r  X,r, =

/Mg C) orrocureibHO cepbl So(rp) = X n X .

Bribop jannoit Mosiesin 00yCJIOBIEH TE€M, 9TO YK€ Ha HEPBOM dTalle MOJEJTUPOBAHUST
9JEMEHTAPHOIO KOPIYCKYJISIPHO-TIOJEBOr0 obpa3oBanus (Macmrab KBAHTOBOIO YPOBHS)
ObLIa YCTAHOB/ICHA B3aMMOCBA3b MEKIy KOHCTAHTAMH 3JeKTPOMAarHHTHHIX (O = €2/ ¢ =
0,73 - 1072), rpasuramuonnnix (Y = g2/ ¢ = —nm2/ ¢=10,17-10"%,n = 6,67 - 1078
em®/2-cex? ) u cnbabix (0 =1—a=0,9927uy =1-—y =1) szaumoseiicruii.

DTO JaJ0 BO3MOKHOCTH, C OJHOW CTOPOHbBI, HANTH HOBbBIE IIOAXO/JbI K IOCTPOEHUIO
CTPYKTYpP 3JeMeHTapHbIX dacTul] [1], a ¢ Apyroii, 060CHOBATH MHBEPCHYIO COIPSZKEH-
HOCTH MEHTPOOEZKHBIX W TPABUTAIMOHHBIX CHJI B HHBEPCHO-CONMPSAZKEHHBIX MPOCTPAHCTBAX
(UCII) [2]. Ilocrenmee BBIXOMUT 33 PAMKHI CBOHCTB TOJBKO T€MEHTAPHBIX 00PA30BAHMIL,
TAaK KaK I'PDABUTAIMOHHBIE CHJIbI HMPOSBJIAIOT ce0si B IEPBYIO O4epe/b B KOCMHYECKUX U
KOCMOJIOTMYecKuX Macirabax. [losromy B Hacrosimeil pabore craBuTcs 3ajava UCC/Ie-
JIOBATh CBOICTBAa MPOCTPAHCTBEHHO-BPEMEHHOIO 0Opa30BaHUsl, MOCTPOSHHOIO HA OCHOBE
mozaenu M CII kocmomorndeckoro Maciraba u KOTopoe MOKHO ObLIO ObI OTOXK/IECTBUTD C
nabmogaeMoit Beenemnnoii.

2 T'eomerpus, merpuka u pusmdeckme cBoiicTBa Bce-
JeHHoll Ha ocHoBe Mmojeaun MCII.

2.1. OOmEenpuHATOE B HACTOSIIEE BPEMsi IIPEJACTABICHIE O TeOMeTPUU HADJII01aeMOii
Bcesiennoit ocHoBaHO Ha HpeJIIOIOKEeHUH 00 OJITHOPOJHOCTH U M30TPOIUU HADJIIOLAEMOr0
TPEXMEPHOrO IPOCTPAHCTBA. [€OMETPUH TAKOI0 MPOCTPAHCTBA OTBEYAET 3aBEJIOMO H30-
TpomHag TuHeprosepxaocTb S° 3-cdepn (wmm 3-mcesnocdepsl), TOTPYKEHHON B “embi-
pexmeproe TpocTPaHcTBo [3]. BBemenne B KazK 10l TOUKE TUNEPIOBEPXHOCTH CUHIPOHHOZ0

B./l. Andpees.CBoiicTBa MOJEIN MHBEPCHO-CONMPSA?KEHHBIX TIPOCTPAHCTB B KOCMOJIOTUIECKOM MACIITA-
6e/ /Hoseitue npobsembl reopuu noJist, 2007-2008 (1. 7), (uox pes. A.B. Amunosoit), 3x. KasI'y, Ka-
samb, 2009 1., c.47-54.
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cobCTBEHHOrO BpeMmeHu t, Kak OpTOroHaJIbHOM K ocsiM X, Y, Z, U KoopjuHatsl ICt, mepeso-
AT IPOCTPAHCTBEHHO-BPEMEHHYIO IeOMeTPUI0 BceeleHHnoil B reoMeTpHio 4-MOBEPXHOCTH,
IOTPYKeHHYIO B NATNUMEPHOE TIPOCTPAHCTBO [3].

I'mnepnosepxmocts S 3-cdepnr pagmyca R (mmm 3-mcesmocdepnt paauyca iR), T. e.
S3(R) X* — 310 nenTpasbHO cuMMeTpuydHas obiacts ¢ nenrpom O%  X* jrexanem 3a
npejiesiaMu 3Toif obsiacTi Ha paccrognnu R.

Vpasuenue 3-cepbl OTHOCHTEIbHO Hauasa Koopaunar O X4 umeer Bu

x> +y?+72+u? =R?, (1)
DJIEMEHT JIJIMHBI B 4-1IPOCTPAHCTBE PaBEH
dI? = dx? + dy? + dz® + du?. (2)

[Ipoekus 3-cepnr S3(R) na Tpexmepnoe npocrpancrso X° B HAIPAB/ICHIN OHOM U3
oceil KOOPJIMHAT, HAIIPUMeD, OCH U, T. €. TpH 0TOOpayKeHUH OPTOTOHAJBLHOTO MTPOEKTHPOBa-
map  u:S3(R) - D3(R) X3  {x,v,z,u} - {X,V, z}, HCK/TIO9aeT 3Ty KOOPIHHATY
IyTeM 3aMEHbI

u? =R — (xX* +y* +2%), (3)

(xdx + ydy + zdz)?
2= (4)

T R2— (X2 +y2+72)’
a0 nepesout Toukn 3-cepnt S3(R) X4 B rouxu mapa D3(R) X3 (amasor 2-mepnoro
aucka D3(R) X2 — upoexiuu 2-cepnt S?(R) na miockocts X?), rje sjeMenT Ji/imHbl
OyaeT paBeH

du

(xdx + ydy + zdz)?

2 — Ay2 2 2
dl* = dx* +dy- +dz +R2_(X2+y2+22)’

(5)

i B chepudeckux Koopaunarax r, 0, ¢ :

dr?

2 —
d 1-r2/R?

+r?dQ?, dQ?=Sin’0d¢*+de*, 0 r R. (6)

31ech pajuyc R gBiserca yzke mapaMeTpoM, BIHAONNAM, B 3aBUCHMOCTH OT PACCTOAHHAA I
om mouku nabarodernus, Ha MEeTPHKY IPOCTPAHCTBA, 3aKaodenHoro B mape D3(R) X5,

OroxecrBum enympenmroro obsiactb X = {0,R} X3 1ByXKOMIIOHEHTHOIO 1pPO-
crpancra U = X X = X3 ¢ oobemom mapa D3(R) X3, Torua enewnss obiacrb
X = {R,o0} X3, unsepcno-conpszxkennas oosacru X = D3(R), 6yzer caszama c
nocyieneii mpeobpasopanneM nHBepcHd Buia F = R2/r (smec ¥ X, r  X) ormocu-
rebHO cheppl S(R) = X n X . CreoBare/ibHO, 37€MeHT JTMHBI B 3TOH 00gacTu OyaeT
UMETh BUJL

(R/r ) 2 270 2402
di2=—~—"~ _dr?+ R¥r “dQ*, R r . 7
1— (R/T )2 «° ™)
O6macts D3(R) X3 gpngercda meHTPaTbHO CEMMETPHYHOI OTHOCHTEIBHO TOUYKH

O3(x =0,y =0,z=0) = 03(A) X3 — mpoeknum Ha TpexMepHOe IPOCTPAHCTBO X°
2106071, IPON3BOJILHO BHIOPAHHON Ha 3-moBepxHOCTH ruiepcedepst S3, mouku nabardenus
A(x=0,y=0,z=0,u).

Haxoxienne B rouke Hauaja xoopaunar O3(A) X3 1060t Touku nabioneHus
A(X,y,z,u) S3(R) X% mpoektupylomeiics o oJHOI U3 4-X oceii, HAIpHMep, O och U
Ha TpexXMepHOe MPOCTPaHCTBO X5, 00bACHAETCS BO3MOMKHOCTBIO IIPOH3BOIBHOTO BBIOODA,
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HAILIPABJICHHST OCeil OPTOHOPMUPOBAHHOIO Dasuca {ex, ey, €z, ey} B TOUKe HAYAIa KOOD/IU-
nar O*  X* myrem mosopota  : {ey, ey, ez, e} — {ey, ey €z, e.;;  AXYy,z,u) -
AX =0,y =0,z = 0,Uu) ¢ mocjaeayrIuUM IPOEKTHPOBAHUEM [ u: SR -
D3(R); A(X =0,y =0,z =0,u) - O3(x =0,y =0,z =0) =03(A).

CuteioBaTesibHo, kaotcdvili HAGIIOAATEIb, HAX0AACh B 410001 Touke A(X,Y,Z,U)
S3(R)  X*, seibpannoii 3a Hauaj10 orcuera (Touky Habsojenus) kaxk A(X = 0,y =
0,z = 0,u), B upoekuuu p U Ha Tpexmepnoe mpocrpancrso X° Gyuer ecezda Bu-
netrb ceba B "mentpe" O3(A) X° mabuaromaemoii mm BeereHHOI ¢ IPOCTpaHCTBEHHOM
reomerpueii (5)-(7), "ropusontom Bumaumocrtu" pajgumyca R u yxomgmeii "3a ropmsont"
6eCKOHe“IHOCTbIO. STI/IM IOATBEP2K1a€TCA HEBbIACJICHHOCTD (paBHOHpaBHOCTb) IIOJIOZKECHUN A
jo6oro Habmomareas s S3(R)  X* u usorponnoctrs Hab/IIOAAEMOI0 UM HPOCTPAHCTBA.

2.2. Hasmuune B KaxKj0if TOYKE I'MIIEPIIOBEPXHOCTH CUHIPOHHO20 COOCMEEHHO20 Bpe-
MeHH 1, KaK OPTOTOHAIBHOM K ocaM X, Y, Z, U KoopanHaTsl ict, B mpoekun 3-cdepsr S3(R)
HA TpexXMepHOe MPOCTPAHCTBO X3 (T. e. IpU UCKITIOUEHOMN 4-if TPOCTPAHCTBEHHOI KOOD/IH-
Hare U) olpejeisier IPOCTPAaHCTBEHHO-BPEMEHHYIO reoMerpuio BeesieHHOM Kak wembipex-
meproe mpocrpancrso-spema D31 X3*1 ¢ merpukoii, xapakTepusyemoit nHTEpBAJIOM

dr?
ds? = dt? —dI> = dt? — ——-— — r?dQ? (8)
1—r2/R?
KOTODBII M3BECTeH KaK MHTepBaa cmamuveckot "Beenennoir Ditnmreiina.

OnpesenuM Hampap/eHHe OCH BpeMeHH t, T. e. opT eg X3*+1 kax HampabieHme
ncepoBekTopa Bpamenusa W = (C/R)et, oproroHaIbHOrO MPOCTPAHCTBEHHBIM OPTAM:
er  {ex, ey, e;}. D10 upeanosaraer 3aanue Hanpasaerus 'crpesb” Bpemenu t nanpas-
JICHHEM BpalleHud Wy U oupeaeaenue epemenndzo npomescymra At = t;—1tg, upourequrero
B JIAHHO TOYKe ¢ HadaJa orcuera typ = 0, Kak BeJMYHHY, NPOMOPIMOHAILHYIO EHTPAJIb-
HOMY YLy moBopoTa (27N + () IpoH3BOJBHOrO aumaMerpaibHoro cedenns D?(R) et
mapa D3(R)  X3*! pokpyr 4-it ocu t Kak

At = (2nn + @) R/2nc = (n + @/2n)/ W, . 9)

Takum o00pa3oMm, ecam cYuTaTh 6pems '"Kak 0coOyio, BBIJIEJEHHYID KOMIIOHEHTY
npocrpancTBa-pemMern’ (3], TO, HAPALY € AUHETHOIM NEPEMEUWECHUEM, Y2A080€ NEPEME-
wenue (BpallleHne) IEePEeXOAUT B Pa3psll aKCUOMOMUYECKUT TOHITHI, JIEXKAIUX B OCHO-
Be MEPBUYHBIX CBOMCTB OKpyzKawouero Mupa: npocmparcmeoobpasyrousut BeKTop I u
6PeMA0OPA3 YU TICEBIOBEKTOD Wt.

INocrynuposanue B Monenu MCII Bpamenus 0y  {ex, ey, e;}, 06pa3yomiero oTHo-
curenbho nenrpa O%  X* B mo6om 1mrockom (HopMaabHOM ocH t) cedeHnHu IoJIe oKpyic-
nowx ckopocteit V¢ = (C/R) - r ¢ rouek mpocrpaHcTBa (WM BaKyyMa, KaK MPOCTPAH-
CTBEHHOIT CPe/Ibl — T. €. NePeuwHOT MaTepuH ), IIPUBOJUT K ODOCHOBAHUIO €CMECMEEHHO-
20 Boijesenns runepcdepsl S3(R)  X* pamuyca R, kak o6j1actu, B KOTOPOH 0KpYIHCHAA
ckopocthb pasHa V¢(R) = ¢. O6parHoe yTBepKAeHHne: OTCYTCTBUE HydameHnmanbHozo
ceoticmea okpyzkaworiero Mupa — epawenus (1. e. Wy = 0) BeJer K uckatouenuo 603-
mootcrocmu obpazosanus HabmozaeMoil Beenennoii, kak rumepcdepsr S3(R).

2.3. Tlojie OKpysKHBIX cKopocteil Vi nopoxiaer B ruiepcdepe S3(R) noue yenmpo-

cmpemumenvnnz (C.p. — centripetal) yckopenuit acp = —®2R er, KoTopoe Bo3eii-
CTBYeT Ha NIPOOHYIO MaTepUAILHYIO YACTHUILY B PaJUAJbHOM, T. €. HOPMAJbHO rumepcde-
pe, HAIPABJIEHUH C HHEPIHOHHBIM — uyenmpobescnom (C.F. — centrifugal) yckopenuem
acs. = —acp = WR er = ar, rie R X* ().

[Ipu orobpaxenun p U : S](R) - D3(R); {ex, €y, €2, eu, et} - {ex, ey, €z, e}
waoicdoe HopMasbHoe ocu t amamerpasbnoe ceuenme D?(R) ey mapa D3(R), B cuy
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et  {ex ey, e;} Takke Oyjer Bpamarscs ¢ yriosoit ckopocrsio Wy = (C/R) er. Cienosa-
TeIbHO, B 9TUX CEYeHUAX B paduasvrom (OTHOCHTENbHO atob0z0 w3 S°(R) Habaogaresns,
Haxo/dAMmerocsa B Touke Habmonenus O3(A) X3) HAIIpaBJIeHUU Oy/IeT HaOII0IaThCs IIPO-
exnms mous yekopenuit ag Ha D?(R), T.e. p u:S}(R) - D3(R) - D?(R); ar —
ar = ar C0s 0 = ar /R (31ecy o = (0, 21) — nenrpanbubiit yron B D3(R)), kax

ar = Wrey, r D?(R) D3R), 0 r R, (10)

win B o6obeme mapa D3(R) B Bujie 11apoBoro TeH3opa yeHmpobescHolT yCKOpeHuii a(r)éj.

HaJII/ILII/Ie PaauaJ/JibHOI'O YCKOPpE€HUA TOYEK IIPOCTPaHCTBa JA0JI2ZKHO OTPazKaTbCd Ha W3-
MEHEHMM METPMKM TOJILKO B I[IOKA3aHUU 4YacoB Had/IIOjaTe s, a MMEHHO, Kak 0T
(1- % a;r)ot wmm 672 (L—a,r+ % a2r?) 8t?, uro npu mozcranoske ar = W2r = (¢/R)?r
npuBoauT (mpeneOperas B OKPECTHOCTH TOYKU HAOIIONEHMS CjiaraeMbiM BTOPOTO II0-
psiJIKa MaJIOCTH, HO, KOHEYHO, IOMHs 0 HeM B objacru I R) K uHTEpBaLy BH/A

ds® = (1 — r?/R%) dt* — —r¥dQ*, 0 r R. (11)

1—r2/R2

K sromy ke BHJIy MOXKHO HPHIATH JPYTHM IIyTEM, €CJIH OIPEJIEJUTh B HHIOTOHOBOM
IpUOIMKEHIH OPOUTY JIBUZKEHHS MATePUAJIbHON YacTUIBI B HNEHTPAILHOM I0JIE C IEeH-
TpobekubiM yckoperueM (10). Takas opbura GyJeT cOOTBETCTBOBATH OPOUTE /IBUZKEHHS
MaTepraJabHOil yacTuipl B Merpuke (11) 3.

[Tosrydennniit naTepBas copmnajaer ¢ uarepsajgoMm merpuku "Beenennoit qe Currepa”
i ¢ uHTepBaJOM "BHYTpeHHero'" perreHus MIBAPIIIILIOBCKON 3amauun [3], eciu B cpas-
HUBAEMbIX BbIPazKeHUSIX OTOXKJIECTBUTH MeKy co00il (pusmueckuii cMbIcyg paauycoB R,
BXOJAIIMX B 3TH HHTepBaJbl. Torna, npuHuMas BO BHUIMAHUE H3JI02KEHHBIH BBIIIE CIIOCOD
npeobpaszoBanust nurepsasa (8) B (11), MoxxHO KoHCTaTHpOBaTh, uTo "Beenenunas ne Cur-
repa' — 310 "Beestennas Ditainreiina |, epawarousascs B 9eTbIPEXMEPHOM HPOCTPAHCTBE
omHocumenvHo ocu epemeny Kak @y X3 X3+

B merpuke ¢ uaTepBaiom (11) umeer MecTo HPOMOPIUOHAIBHOE PACCTOSHUIO KPACHOE
CMeweHLe IaCTOThE CBeTa [3], moaTBep:K 1aeMoe SKCIepUMEeHTAIbHO 3aKOHOM Xab01a. [Tpu
9TOM B OKPECTHOCTH TOYKHU HAOJIIOJEHKS BBIOJIHSIETCsI yesioBue nepexoja B merpuky CTO
(upu r — 0 umeem V¢ - 0,8, — 0), a TakkKe COXpaHSETCs U30TPOIMHOCTH IPOCTPAHCTBA
— OJIMHAKOBOCTH PAJIMAJILHOIO pacupejesienus 8,  F u3 410001 TOYKH HADJIIOJEHUS, ITO
MOZKHO COOTHECTH C IKCNEPUMEHMANDHO HaOA00aemOol B IPOU3BOJBHON TOUKe HADJIIOIE-
HUSI PaJUaJbHON 3aBHCHMOCTBIO YaCTOThI CBeTa OT OTAAJEHHBIX HCTOYHHUKOB.

2.4. Unrepsan (11) oTedaer pemenmo a1d BHyTperneii obmactn X = D3(R) X3
(1. e. obsacrTu, B KOTOPOil HAXOAUTCS HADJIIOIATE/b) JBYXKOMIOHEHTHOIO IIPOCTPAHCTBA
2U=X X ={(0,R],[R, o)} = X3 unsepcuo-conpszxennnx nogipocrpancts X u X .
B stom ciiydae BHemiHss IO OTHOLIEHUIO K HabJogares o o0aacTb X X3 Gymer o6-
JaJIaTh TeOMETPUYECKUMH U KHHEMATHYEeCKHMH CBOMCTBAMHU, OIpeIeIseMbIMU 3aKOHAa-
MH HHBepCcHOTo comnpszkenna I = R2/r. Takum cpoiicTBaMu aBiageTcsa: 1) IpocTpa-
crBeHHast OECKOHEYHOCTD (OTKPBITOCTD) GHewHel 00JIACTH, 2) 10J1e OKPYAHCHHLL CKOPOCTET
v, = cR/r c(R r ©0), MHBEPCHO-COLPHAZKEHHOE 1I0JII0 0KPYNHCHHLLT CKOPOCTEi
vi =(/R)r c¢(0 r R) Bo suympenned obaactu, u 3) M0JI€ PATHATBLHBIX GEHIMPO-
bestcHbLr YCKOPEHHH A f, = VTZ/ R e, B mpou3BOIbHOM JHaMeTpaJIbHOM CeUYeHHH 00JIACTH
X X3, KoTopoe BO3/eHCTBYeT Ha MPOGHYIO0 MATEePHATBHYIO YaCTHILY C UeHmMpPOCmpemi-
MEALHULM YCKOPEHHEM Gcp = —dcf. = @, , PABHBIM

a,=—CcR/r?e,, (R r o0) (12)
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T. €. HAIIPABJICHHE PA/IUAJBHOIO YCKOPEHHsI MATEPHAIBHON YacTUILbl BO 6HewHed (OTKPbI-
Toit) obacTu Gy/eT IPOTUBOMOJIOXKHBIM HAIPABIEHUIO BO 6HYmMperHeld 00JACTH.

BaMeHss paanyc I Ha HHBEPCHO-CONPSZKEHHY 0 BeJTMIUHY I U IPUHUMAsT BO BHUMAHIE,
9YTO HAJMUYHe YCKOpeHHus Oyjer orpazkaTbcsd B mHTepBaje Kak 0T (1 — %arr ) Ot win
T2 [L—ar + %(arr )?]0t2, upu noxcranoske @, = C?’R/r 2 mosyunM uHTEpBAI B
oTKpbITOil obstactu X X3

(R/r )
1— (R/T )2

dez, R r oo,
(13)
DTOT HHTEPBAJ OIpe/ie/IsgeT MeTPUKY IPOCTPAHCTBA, IIPEICTAB/ISIONEro co0oil MpoeK-
nmio runeprosepxaocta S 3(R)  X* ma tpexmepnoe mpocrpanctso D 2 = X3 — D3(R) =
X, oKpyzKaoliee TpaBuTHpYIoNTyio, B cuiy (12), maposyto obmacts D3(R) = X X3,
[Tostst yekopennii (10) B merpuke ¢ unrepsagom (11) u yckopenuit (12) B merpuke c
unrepBaiom (13) GyayT cosgaBaTh, COOTBETCTBEHHO, KpAcHOe U (Huoaemosoe cmeuenue
JaCTOTHI CBETA OT OTJIAJEHHOro oObekTa. CjeaoBaTe/bHO, [0 HAIPABIEHHIO CMENeHHs
JaCTOTHI MOXKHO OIIPENE/NNTh, B KaKOil — samrxuymott X mwam omxpuimott X obgactu
HHBEPCHO-COLPSIZKeHHbIX noanpocTpancts X X = X3 pacupocrpansercs CBeT B Ha-
npaBiieHnn HabJogaTe s, Haxo/sierocs B Touke nabumogenns O3(A). Ecuu ke oobekr
D3(R) Gyzer nabiogarbes u3 ero sremneit obsacru X ¢ merpukoit (13), To nsiyua-
eMBIil C €ro IMOBEPXHOCTH CBET OYIeT HMeTb KpacHoe CMeujeHue, a PeaJbHBII yIIOBOi
pa3mep 0ObeKTa OyIeT HCKaKaThCsd (ymenvuamoves) Merpukoit (13) obpaTHo mpopiiuo-
HAJTBHO PACCTOAHMIO OT Habmiogaresns g0 rpamunsl obmacta D3(R), 1. e. nabarodaeman
yIJIOBasi CBETUMOCTb 00'beKTa OyJ/ieT MHOI'OKPATHO BO3PACTaTh.

ds?=(1—-R/r + %Rzlr 2)dt? — dr 2— R?*/r

3 3akJjiroueHue.

Paccmorpennasi kocmosiorudeckasi Mojiesib MCII orimgaercst OT CymecTBYIOMIMX TeM,
gyro pajuyc "kpusususl" R He 3ambikaer Bcesennyio B 3-cepe S3(R), a pasiesser
npocTpancTBo X3, B KoTopoe cupoekTupoBana 3-cepa S3(R) B BiIe IIapoBoro mpocTpaH-
crea D3(R), na Gpu3sIIecKn 63aUM0C6A3a1HblIe THBEPCHO-CONMPSKEHHBIE TI0IIPOCTPAHCTBA
X u X no chepuueckoii rpannne S?(R) =X n X .

Cobersenno dusunueckuii akt obpasosanng runepcdeps SS(R) B mogean UCII o6y-
cJIOBJIEH (byHAMEHTAIBHBIM CBOWCTBOM CyIecTByfomero Mupa — BpalieHuem ¢ =
(c/R¢)e; mpocrpancreennoro 6asuca {e, ey, €,} oTHOCUTEIbHO 4-if OPTOrOHAIBLHOII OCH,
T. e. HAJTMYHEM BPEMeHH.

Kaxk mokaszaHo B [2]|, HHBEPCHO-CONPSIZKEHHBIE OBIACTH JIBYXKOMIIOHEHTHOTO MPOCTPAH-
crBeHHOro obpaszoauust MCII obmagaor Maccamu (3HEprueii) HpOCTPAHCTBEHHON Cpe-
JbI — BaKyyMa, CBA3QHHBIME MexK1y coboit kak NM = 1N M = ¢?R.. CienosaresbHo,
B dunamuneckol xaprune dR(t)  dM(t) moskna mMerb mecro B3ammocBasb R(t) =
N M (t)/c? + Const = ¢/w(t) + ¢/, 9TO ompeeseT BO3MOXKHOCTD CYIIECTBOBAHHS MC-
xomuoro coornomenna NM(0) = n M (0) = ¢®?R.(0) u maganpHOI Macchl (SHeprum)
Bcesennoit NM(0) +n M (0) = Const.

Junamuka 0Opa3oBaHUst U Pa3BUTUsl PaccMaTpuBaeMoii Mojen BeesenHoit BO Bpe-
MEHH BO3MOXKHA TOJIbKO P HAJHYAU JUCCHIATHBHBIX CBOHUCTB Y HPOCTPAHCTBEHHOIT
CpeJpl, YTO HPHUBOAUT K (DYHKIUOHAIBHON 3aBHCHMOCTH OT BpeMenu Benudna R(t) u
We(t) = ¢/R(t). Ecn BakyyM HaJIeJuTh CBORCTBAME KUJIKOCTH C BS3KOCTBIO M, TO HC-
H0JIb3Ysl THJIPOJIMHAMUYECKYIO MOJENb |4], MOKHO MOJyYUTh YHCJIEHHOE DeIleHHe, Olli-
chiBalollee JIMHAMUKY u3MeHenus rpanuiipl X N X . B obiiem ciydae perierue 1mpuBouT
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K II€epBOHa4Y1aJIbHO yCTOﬁqHBOMy B Te4eHUue OI'PaHUYCHHOI'0 OTPE3Ka BpeMEHU COCTOAHUIO
R(t) = R(0) = const ¢ mocieayomuM pe3KUM PaCIIHpEHHeM IPAHHUIBL 10 MAKCHMY-
Ma R(t) -» Rmax ¥ 3aKIIOYATENBHBIM CIagoM Opu T — ©0 10 HEKOTOPOro MHHHMYMa
R(t) - Rmin  R(0).

Tak Kak Macca COOCTBEHHO MPOCTPAHCTBEHHOI cpe/ibl, 3akaouennas B oobeme D3(R),
JIOJIZKHA HAXOJMThC B TON WM WHOI 3aBucumMoctu ot pajuyca R(t), To BosHukaer Heob-
XOAUMOCTb PpaCCMOTPEHUA HECKOJIbKUX BO3MOZKHbLIX CHEHAPUEB PA3BUTHUA ,ZLaHHOfI MOJAeJIn
Bcesennoii.

Fymagan . A & O.p0

Puc. 1. Innavmuka pa3Butusg BceseHHOM 110 MOJe/ I NHBEPCHO-CONPIZKEHHBIX
npocTpancTB a1 Bapuanta NM () = ¢?R(t), p(t) M (t)/R3(b).

Tlig M = Const upu R = f(t) oobem D3(R) Gyumer secru cebs Kak ynpyeoe Teso ¢
usMensomeiics wiornocreio P(t)  M/R3(t). Oanako, MexaHU3M BA3KOINO TDEHHUS, HPH-
BOJAIIMII K BbIAeJgeHnio sueprun auccunanun Q(t), T. e. M(t) = Mc? — Q(t) = Const,
HCKJII0YaeT yIpPyroe MOoBejeHne IPOCTPAHCTBEHHO CPe/Ibl.

s M = Const upu R = f(t) B3aumocBsi3b u3MeHeHUsI MACChl ¢ U3MEHEHHEM pa-
JIIYCa TEOPETUYECKH MOXKET OCYIIECTBIIATHCs 10 aByM Bapuantam: 1) M(t) PR3(t),
p = Const u 2) NM(t) = c?R(t), p(t) M(t)/R3(t). Cam uponecc npupawenus mac-
CBl IpOCTpPAaHCTBeHHO cpeasl B obbeme D3(R) 06yc/oB/eH BO3MOMKHOCTBIO "Tepekad-
k" maccel M — M u3 umBepcro-conpsizkennoii obaactu D 3(R), a nomepa — Toii xe
"mepekaukoit" M - M B oOpaTHyI CTOpOHY H BblaejeHuneM 3Heprun auccunanun Q(t)
C HpeBpaIleHueM I0CJIeHeil B MacCy BEIECTBA U U3JLyYCHUSI.

[TepBbiit BapuaHT pUCyeT CJIEAYIONLYI0 KapTUHY Pa3BUTHs COOBITUI: IIPU yBEJIUIEHUN
"pamuca Beenennoit" mo makcumyma R(t) - Rmax mpoucxomur pocr maccet M(t) —
Mmax, cmerstonumces npu R(t) - Rmin Makcumaabhoii morepeit Mmaccol 10 M (1) » Mpin
M MaKCHMaJbHBIM BblaestenneM sueprun guccunammd Q(t) = (MmaxC? — M (1)¢?) — Qmax
C COXpaHEHHEM B TE€YEHHE BCEIrO BPEMEHH IOCTOsiHCTBa 1ioTHocTH P = Const.

Bropoit BapuaHT orjindaercs tem, 4ro, Hapsy ¢ norepeit maccet M(t) - Mpin upu
ymenbiennn pajguyca 10 R(t) — Rmin, KBaapaTuaao pacmem naommocms Cpeabl 10
P(t) - Pmax IPH OJHOBPEMEHHOM COXPAHEHHU TEH/ICHIUN YBEITMICHUS BbIIEISIeMON THC-
cuntatuBHOit sneprun Q(t) - Qmax (puc. 1).

3aBUCUMOCTD BA3KOCTH [ OT IUIOTHOCTU P JIOJZKHO HPUBOIUTH K OTEPE yCTONIMBOCTH
JIBUZKEHUS CPeJIbl IIPU HEKOTOPBIX KPUTUIECKUX 3HadeHusAX [[U] < [p], uro maremaruyecku
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OIUCHIBAETCS KaK OM@ypKaluu POKJIEHUs IUKJIOB C HOSBJIEHUEM aTTPaKTOPOB, T. €. 00-
pa30BaHUS JUHAMHAYECKN YCTOWYHUBBIX WU HEYCTONINBHIX obsacTeit  Dp=1 . S3(R).

Breipenstomasics sueprug auccunanun Q(t) MoxKer ObITH OTOXKIECTBIEHA WK C H3JIY-
gennem Q(t) = V, IpeoOpa3yoIuMcsa B dJIeMeHTapHbIe YaCTUIBI, WX CPa3y C dJe-
MeHTapHbIMU dacTuiamu u udjrydenunem Q(t) = mc? + V, KOTOpbie Ha (POHEe 110JIsd
yekopenuit (10) MOryT npeBpaTuTbCs B C6A3aHHYI0 COOCTBEHHBIMU (9JIEKTPOMAIHUTHBIMY,
CUJIBHBIMU, I'DABHTAIMOHHBIMU) IOJISIMU MACCY 2PAGUMUPYIOULE20 BEIIECTBA, CIIOCOOHOIO
00beIMHATRLCS B ellle 0DoJiee CI0XKHbIe 00pa30BaHUuA ¢ COOCTBEHHBIMHI TEPMOIMHAMUIECKH-
MU CBOHCTBAMHU U YPaBHEHUSIMU COCTOSHUSI.

Bce usziioxkennoe Boitie pucyer "komdopTHyio" 9BOJONMUOHHY IO KAPTUHY (DU3HIECKOTO
pasBuTud Mojen BeejieHHOM 0e3 CHHIYJISPHBIX COCTOSIHUM U ¢ BO3MOYKHOCTBIO HOCTPOE-
HUS PEeaJIMCTUYHBIX ClieHapueB oOpa3oBaHus HADJ/IIOJAEMOI0 BEIIECTBA U U3J1yYeHHS.
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KOMMEHTAPHUI K CTATHE

Pacemorpenne mompesmn UCII B kocmonozuvweckom maciirabe B OTIAYHE OT MaCIITa-
0a JIeMEHTAPHBIX KOPNYCKYAAPHO-NOAEEHT OOBEKTOB HESBHO IOPa3yMeBAaeT HAXOXK-
JneHne Habadamens BO 6Hympennel 0DJACTH JIBYXKOMIIOHETHOTO IIPOCTPAHCTBEHHO-
BPEMEHHOTO 00pa30BaHmsA, KOTOPOEe B JAHHOM CJIydae MoJpasyMeBaeT Hab omaemMyo Bee-
JIEHHYTO.

DTO BHOCUT NPUHIUIIAAIBLHOE pa3/ndne B (pyHKINOHAIbHBIE CBOICTBA (DPU3UIECKOTO
Habarodamens.

Tak st Habarodamens SIEMEHTAPHOTO KOPNYCKYAAPHO-NONEB020 O0bEKTA — JIBYX-
KoMIoHeTHOro mpocrpancrsa U = X X rpamuna I, gBjIsgercs BHEMIHEH CTOPOHOI
cepnot So(1p) = X n' X u npu uneepcrom nepexoje wabatodamens U3 BHENIHEH 061acTh
X = [ro, 00) B0 Buyrpennioo X = (0,r,], nociennsss uneepmupyemcs B LOJUPOCTPAH-
CTBO [Fo, ©), B KOTOPOM I'pPaHula Fy Oyger oudrTb HAOII0AATHCA KaK BHEIMHAS CTOPOHA
chepor So(10) = X n X . CuleoBaresibHO, 3j1eMEeHTaPHbLI KOPNYCKYAAPHO-N0AEE0T 0OBEKT
BCeryia oOpalleH cBoell BHELTHEN — 1046601 CTOpOHOI K dpu3nmdeckomMy Hab.i10damenio,
KOTOPBII [TO3TOMY MOZKET Ha0JII0/IaTh OECKOHETHOEe MHOYKECTBO TAKHX OObHEKTOB.

B 1o ke Bpems, s Habarodamens ITPOCTPAHCTBEHHO-BPEMEHHOIO 00pa30BaHUSA KOC-
MON02UNECK020 MaciiTaba, Kak Habsojgaemoit Beesiennoit, rpanuia o Oyjer Had/101aTh-
csl Kak BHYTpeHHds cropoHa cdepbl So(rp) = X n X | tak Kak nabarodamens BCerma
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naxoaurcs B yenmpe ¥ = 0 suympenned obaactu X = (0, ry] ABYXKOMIIOHETHOI'O TIPO-
crpaicTBa Ue = X X ¥ IPHHIUIHAIBHO He MOMKET JOCTHYb TPAHHIBI Iy U IepeiiTh
BO sHewHio obaactb X = [Fy, ©0), T. e. 3a npejebl BeesreHHoi.

Takum obpaszom, dusmdeckuii Habirodamessy BUIAT IEpesl cOOOUH HepapXuIecKyio
kapruHy BcejieHHON, KOTOPYIO OH JIOJIZKEH MHTEPIPETUPOBATH 110 OJIHOMY U3 BApUAHTOB:
1) 2U =2Us, . e. kaxk Beenennyto B mojiesu OTO, 10JIHOCTBIO COCTOSAIILYIO U3 Pa3-
JIMYHBIX KOMOMHAIMH (CyMM) MpPOCTPAHCTBEHHO-BPeMeHHbIX 00bexToB 2U B BujE KOp-

mycKya u ux moneit, 2) . 2U ?Uss — Kak BcesleHHy10, BMEIAIONIYIO B COBCTBEHHOE
IIPOCTPAHCTBO 3Ty CYMMY IPOCTPAHCTBEHHO-BPEMEHHBIX 00beKTOB (MOeab Houtomona),
wim, Hakonen, 3) . 2U 2Uso, 2Ueo — 2U = | m e. kak Bcestennyio, u3 yacru

COOCTBEHHOIO IIPOCTPAHCTBA KOTOPOil (DOPMUPYIOTCH NPOCTPAHCTBEHHO-BPEMEHHbIE 00b-
extbl 2U  (momesns UCIT).
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Bpaienue B Mojie/in MTHBEPCHO-COIIPSIZKeHHBIX
IIPOCTPAHCTB, KaK oToOpakeHue "ocu BpemeHn"
Ha, 3-MepHOe ITPOCTPAHCTBO

1 IlocranoBka 3aga4n

OO01enpuHsITOE B HACTOAIIEE BpeMs IIPejcTaBaeHne o0 reomerpun HabJomaemoit Bee-
JIEHHOIl OCHOBAHO Ha IOJIOKEHUU 00 OJHOPOJHOCTH M U30TPONUU HADJIIOIAEMOr0 mpex-
MEPH020 IIPOCTPAHCTBA, KOTOPOMY oTBedaer runeprosepxuocts S3(R) 3-cdepnl pajmyca
R (mwnu 3-ceBmocdepsl paauyca iR), HOrpYyKeHHOI B uemuvpermeproe IpoCTPAHCTBO KaK
S](R) X* < {X,y,z,u}, rae R(X,y,z,u), R? = x?> +y2 +z2 + u? [1].

Kaxk nokazano B pabore |2| mozesb naBepcHo-conpsizkenbix X = (0,r,Ju X = [ry, 00)
HOIPOCTPAHCTB JABYyXKoMIoHenTHOTO npocrpancrsa 2U=X X ={(0,r,],[ro, o)} =
X3 casanbix Mex1y coboit konbopmubiM npeobpasosanuem unsepcun I = r2/r (r
X, r X) ornocurensno cdepbl So(ro) = X n X , mospossger o0bICHUTL 00pa30BaHme
Ppusunecru BpraeseHHol 3-cheper S3(R)  X* kak KunemaTndecKuii 3¢peKT BpalieHns
w=(c/R)e, {ex, ey, e;, ey}

Heitcreurebno, npoexmus 3-chepor S3(R) X4 = {X,y, z,u} na miockoe rpexmep-
noe npocrpancTso X° = {X,y,z} B nampasjaenuu oaHOII U3 oceil KOOPAMHAT, HAIIPUMED,
ocH U, T. e. IpH 0TOOpasKeHI: OPTOroHaJbHOro mpoekTupoBanua P U (S3(R)  X*4) -
(D3(R) X3) {xv,z,u} - {x,y, 2}, nepesomur Touxu 3-ceprr S3(R) B TouKH mapa
D3(R) (mo amamorum ¢ 2-mepupiv auckom D?(R) X2 — npoexmnueit 2-cdepsr S2(R) X3
Ha miockoctb X2 ). B arom ciayuae pajguyc R sapjisercs yie mapaMerpoM, BAHSIOUTUM,
B 3aBHCUMOCTH OT PACCTOAHUsI I OT TOYKU HAOJIIOJEHUs, HA METPUKY IIPOCTPAHCTBA, 3a-
kirodennoro B mape D3(R) X3, koropas npejcrasisier coboil HPOCTPAHCTBEHHYIO KOM-
nonenty Merpukn "Beemennoit Dumreiima" [1, 2|. IIpu stom nmentp mapa O3(x = 0,y =
0,z = 0) X° mpexacraBigeT cobol HPOEKIMIO Ha TpeXMepHOe HPOCTPAaHCTBO X° JIio-
60ii, IPOM3BOJILHO BHIOPAHHOI 33 HAYAI0 oTcYeTa Ha 3-nosepxuoctu runepcdepst SS(R),
toukn nabsogennsa A(X,Y,z,u) = A*0,0,0,u = R) - A3(0,0,0) = O3(A) B naunpase-
nnu U Ra , 7. e. mabuiogaresn, naxoadach B Joboit Touke A(X,Y,z,u)  S3(R) X4,
BRIOpaHHOil 3a Hadaso orcuera A*(0,0,0,U = R), B IpoeKIuyu Ha TpexMepHOe IPOCTPAH-
ctBo X3 6ymer Bcerna Bujerhb ceba B "mentpe" O3(A) X3 mabaromaemoii M Beesrennoit
D3(R) X3 ¢ "ropusonTom Bujmmoctu" pajuyca R. DTHM 101TBEPAIACTCS HEBbIIE/ICH-
HOCTH (PAaBHOIPABHOCTD) IOJIOKEHUs J1I000r0 Habsroaressi A, HAXOJSAIIErocst Ha TUIIep-
nosepxnoctu S(R) X4,

B.J[. Andpees. Bpaluenue B MOJIe/ 1M MHBEPCHO-COIP?KEHHBIX [IPOCTPAHCTB, KaK orobpazkeHue "ocu
Bpemenu" Ha 3-mepHoe npocrpancTso //Hoseiimme mpobiemsr reopun mois, 2007-2008 (1. 7), (mox pes.
A.B. Amunosoit), 3. Kasl'y, Kazaub, 2009 r., ¢.55-63.
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BBejienne B KaxKj0it TOUKe 4-IPOCTPAHCTBA CUHIPOHH020 COOCTBEHHOIO BpemeHu t,
KaK OpPTOrOHAJbHOII K ocaM X,Y,Z,U KoopauHaTbl ICt, IepeBOAUT IPOCTPAHCTBEHHO-
BPEMEHHYI0 reomerpuio Beenennoit B reomerpuio 4-MepHOil IMIMHIPHYECKON JIOBEPX-
HOCTH, IHOIPYZKEHHYI0 B namumeproe npocrpancrso X+t = (XN=4  Xi= -1) o
{X,y,z,u,ict} [1]. B mpoexuun na X3*1 = (X3 X < {(x,y,z),ict}, . e.p u:
S$**Y(R) - D¥*HR) X3 {(x,y,z,u),ict} - {(X,y,2),ict}, sTo ompexnenser
npocmpancmeenno-epemennyto Merpuky "Beesennoit Dumreitna |1].

IToctynupoBanme B KOCMOJOTHIECKOH MOJETH  UHBEPCHO-CONMPANCEHHBIL NPO-
cmpancme (MCIT) |2] Bpamenns oy = (¢/R)e, X* w¢ X°, co31a101I€T0 OTHOCHTENILHO
nenrpa O*  X* nose oxpysicnoir (Tanrenumasibubix) ckopocreit Vy = (¢;/R)-r ¢ To-
4eK HpocrpaHcTBa B JI000M 1tockoM cedennn X2(0%4)  X* upuBoaur K 060CHOBAHUIO
dusmaeckoro soieienus rutepedepsr S3(R) X4 kak ecmecmeenmo obpasoBaHHOi
3-MepHOii 061acTu B 4-MEepHOM IIPOCTPAHCTBE, B KOTOPOil Ha pajuyce R ¢ okpyzKHas
ckopoctb V¢ (R) paBha ckopocru cBera | ¢¢ |= C.

TeitcrBuresbno, upu Wy = (C/R)e,  X? paanyc-Bektop R(X,Y) ¢ = %(R X ),
R? = x? + y2 = Const onuceiBaeT co CKOPOCTBIO CBeTa 1-MepHyIo JIMHUIO (OKPY#KHOCTD)
paauyca R B 2-mpocrpancrse X2, obpasys B obinactu r = (0,R) muck D?(R)  X2; npu
we = (¢/R)e, X paguyc-sektop R(X,Y,z) &, R?> = x?+Yy?+72 = Const onucrisaer
2-MepHyIo JuHIO (cepHIecKyio IoBepXHOCTD) paauyca R B 3-mpoctpancse X3, o6pasys
B obmactn r = (0,R) map (3-mepuoiit auex) D3(R) X3 mpu wy = (c/R)e, X*
paauyc-sekTop RH(X,Y,Z,U) @, R?2 = X% +y2+ 72 + u? = Const onucsiBaer 3-MepHyIO
JMHKIO (THIEPIOBEPXHOCTD 3-cdepnl) pajnyca R B 4-poctpancrse X*, 06pasys B obmacTu
r = (0,R) runepmap (4-mepnsrii auck) DY(R) X4

IIpoexmusa 3-cheper S3(R) Ha TpexmepHoe IpocTpaHCTBO X° 06pasyeT deyrkomno-
nenmmoe npocrpanctso 2U = X X = {(0,R],[R, o)} = X® mHBepcHO-CONPAKEHHBIX
noanpocrpancts X u X , pasrpannuenneix cdepoit S2(R) = X n X — "ropusonrom
suaumoctn" nabiogarens A, naxongameroca s rouke O3(A) X (0,R] X3,

N3 pmanHoro obocHOBaHMs Cjiejlyer OOpaTHOE yTBEP2KIAEHUE: OTCyTCTBUEe (hydamer-
maavrozo ceoticmea OKpyzKatomero Mmpa — epauwjenus 4-mpocTpamcTsa X4, T. e. mpu
W X% =0, BefeT K HCKIIIOUCHIIO BO3MOKHOCTH 06pa30Banus HabIogaeMoil BeeaeHHOI,
KaK (usuyecky BBLAEIEHHOI, 1. . He "Hapucosannoii pykoit" , runepcdepsr S3(R) X4

Beesienue cunzponnozo cobcmeentozo BpeMenn t, Kak OpTOroHaIbHOI K ocsim X, Y, Z, U
KOOpiHATHI ICt, ¢ O1pe/ie/IeHneM HallpaBJIeHUsI OCH BPEMEHH, T. €. CeBI0IPOCTPAHCTBEH-
Horo opra ie;  {ey, ey, €, }, Kak HampasJieHus IICeBJI0OBeKTOpa Bpamenud Wy = (C/R)e,
e = ICt, mpeamosiaraer onpejejeHne BpeMEHHOro mpoMexkyTka t = t; — tg, mpore/mrero
B JIAHHOI TOYKe ¢ HavaJ/a orcyera tp, KAK BeJMUYUHY, HPOIOPIUOHAIBHYIO HEHTPAJIBHOMY
yriay mosopora Q = (41N + @) 4-upocTpaHcTBA BOKPYD HAlPDABJIEHUS €, 1€ C YIJIOBOW
ckopoctbio ® = /R, 1. e. t = Q/w. B npoekiuu na X3*! < {(e, ey, €,),iec ey},
rie Wy = (¢/R)e, e X3, 9TO IPHBOAUT K IPOCTPAHCTBEHHO-BPEMEHHOII MeTpH-
ke "Beemennoii me Currepa'[l], kak Bpamatomeiics BOoKpyr ocu Bpemenu '"BceseHHOIt
Dumnreiina'[2].

B raxom npencrasiennn BPEMSI, kax 4-a xoopaunara X* = ict na "kBasureomerpu-
4ecKOM si3biKe npocrpancTBa Munkosckoro" |1], npuobperaer sicubiit pusnaeckuit CMbICI
— 3TO, B OTJIHYHE OT IPOCTPAHCTBEHHOII KOOPIMHATHI, IOCTOAHHO M3MEHSIOINASACT —
MeKYw,as B OJHOM HAIPABIEHUH BeJMUYMHA, MPOIOpIMoHaibaas mytu (ayre) Q- R = ct,
IPOXO/IMMOMY CO CKOPOCTBIO CBeTa C IIOCTOSHHO BPAIIAIOIMUMCS PAJIILYCOM-BEKTOPOM
R €y, 4TO 3ajiaer BpeMenHoil MacmrTad t = NAt MuUpOBOIl JIMHUU BeJIMYUHON Iepu-
ona At = 1/w; u nanpasisenue "crpesb" Bpemenu t HanpabieHuem BpalleHusi "BuH-
ToBOii" ocu Wie,. g 3-meproro mabmomarens A, ecezda Haxoasmierocs B "menTpe
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03(A) X3(A) mabaromaemoii umM 3-MepHoit BeesienHol, HalpaB/ieHue 1CeBIOBEKTOPA
Wt X3(A) 6yner mHeHaba0gaeMbIM, KaK Halpabienne 4-ii koopamuarel B X3+, me
BXoIAmIeil B Haba0maeMoe mpocTpancTso X3(A) X3+

B cBs131 ¢ n3/10:KeHHBIM BO3HUKAET BOIIPOC O BO3MOYKHOIT B3AUMOCBSI3H 8PEMA0ODPA3YI0-
wie20 "BpoK 1eHHOr0" t-KOJUIMHHAPHOIO BpallleHns Wy ¢ HaDJII0JaeMbIM B 3-MEPHOM IIPO-
crpancrse X3 0ObIYHBIM (KnHEMATHYIeCKUM) BPAIIEHuEM W(xy 7) = riz(r xp) X2 X3
HccaeoBanue 3T0oro BOIPOCA U SIBJISIETCs 3a/a4deil HacTosed paboThl.

2 Bropu4Hble IIPOCTPAHCTBEHHO-BPEMEHHBIE OOBHEKThI
B MPOCTPaHCTBe-BpEMEHU HaDJIIoIaTessd

JlomyctuM, uto Kpome rumepcdepsr S3(Ra) X* nabmomarens A ¢ epemaobpa-
3YuuM IICEBIOBEKTOPOM t-KoJummHHapHOro BpamieHuns Wy = Wae,  {(0,0,0), wae,
iecta, wa = C/Ra = Consta moryr cymecrBoBars N = 1,2, ... "Bropuunbix" 3-cdep
S3(Ry) X4, S3(Rp) n S](Ra) = , y xoropuix Of S3(Ra), Wyn)y = Wney
{(0,0,0),0ne, ienytn, Wn=12.. = c/Rn = Consty, R, < Ra, Wn > Wa 1, B 0bimiem
ciayuae, {(0,0,0),0nex}n {(0,0,0), wae, }a.

Torma mabmonarens A, Haxondack B aboti Touke A(X,Y,Z,U)  S3(Ra)  X*, BoiGpan-
Hoit 3a nauaso orcuera A*(0,0,0,u = R)a, B HPOEKIMU HA TPEXMEPHOE 1IPOCTPAHCTBO
X3 X% B nanpasiennn U Ra B cobcTBenHOI cucreme orcuera {(ex, ey, €;), ieta =
X3*1(A) 6yner sugers ceba B "nenrpe" O3(A) D3(A)  X3(A) mabmaromaemoii um Bee-
JIEHHOI1, a IpOeKIuu 0003HaAYEHHBIX BhIIIe 3-chep, HEIOABUKHBIX OTHOCUTEIBHO €ro CH-
CTeMbI OTCYETa, U MIPOEKIINH UX [ICEBI0OBEKTOPOB BpallleHus W, Oy/IeT BUJIeTh Kak P Ua :
S*(Rn) - D3(Rn) X¥1(A);  wn{(0,0,0), ex}n — wn{(axex, Oyey, 0z€;), Oteypa =
{Wxyn Omnta  X3H(A), e Oxyzt 1 — Hanpas/sionue KOCHHYChI B CHCTEME OT-
cuera Habiogarenss A, 1. e. B oprobasuce {(ex, ey, €;), €, lei}a.

CnenoBaresbHo, Habmiomareab A, Haxoddch B Touke mabmiogenma O3(A) =
0(0,0,0)a D3*(Ra) 6yaer Buzers 3-mepuble o6bektel D3(R,) ma paccrogmmax L, =
(X2 +y2+ Zrzl),lA/2 > Ry, (T. e. B30usi1 HA 00€KTHI CHAPY2KH) 10 uX MeHTPOB O (Xn, Yn, Zn)A-
DT 00beKTbl Oyayr obsaJaTb KOMIOHEHTAMH Wpn = Wn(Ote, ie)a, KOTODBIE
ONPEJIEJISIIOT X0/l MX CODCTBEHHOI'O BPEMEHH B CHCTeMe oTcdera Haburozaresns: (B
npocrpancree-spemenu X3T1(A) ) kak At,(A) = AQ/(0O - Wn)a, U TPOCTPAHCTBEHHBIME
KOMIIOHEHTaMU W(xy.z)n = Wn(Oxex, Ay ey, Oz €7)a, T. €. 000L4HbLMU BPALIEHUAME W(xy,7)n
X% X3(A) B 3-MeproM mpocTpancTse BOKpPYT cBoux neHTpoB O (Xn, Y, Zn)a  X3(A).

Tpebyerca ycTaHOBHTD, KaK Oy/ayT CBA3aHBI MeK1y cO00il BeTHIHHBI Win U W(xy,z)n
UPH yCJIOBUH Wp=12. . = CONSth=17 .

2.1. Paccmorpum, 910 JIOJIZKEH BHJIETH B CBOEH cucreme orcuera Habogare b A, na-
6J110/1a4 33 HEMOABUXKHBIMHE 1 ABUKYMTIMICS co ckopoctsamu V,, oobekramu D3(Rp)
X3*1(A), y koroporo (ey)n  (€w)a -

Jlna ymobcTBa aHaan3a MOXKHO NHPHHATH yrog AQ paBHBIM OJTHOMY ODOPOTY IICEB-
JIOBEKTOPOB Wa€p U Wn€, U OIEPpUPOBATH BeJUYNHAMU OTHOCHUTEIBHBIX BPEMEHHbIX
UHTEPBAJIOB, OTHECEHHbIX K MHTEPBaJly CODCTBEHHOI'O BPEMEHU B CHUCTeMe OTcuYera Ha-
ouoparens A, . e. ATa = AtA/Aty = 1, AT, = At /Aty = 1/ , < 1, tae

n= (A)n/(A)A = 1/(Rn/RA) > 1, Rn/RA <1

OueBmHO, 9TO BpeMd HemoapuzkHoro oobekra D3(R,) B cucreMe orcuera HabmOTA-
Teqss A Oymer marum ObICTpee, deM COOCTBEHHOe BpeMs HAOJIOmaTessl B IPOCTPAHCTBE-
spemenn X3H(A), 1. e. AT, < 1, tax kak At, < At Beiejcrsue O, > 0a upu R, < Ra.
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B gBmKyIemMcs ¢ OpHEHTUPOBAHHOI (JJIst YIIPOIIEHUsS aHAJIM3a) [0 HAIPABICHUIO
ocu X ckopoctbio V = V (ex, 0,0)a = dx/dta oTHOCHTEIHLHO CHCTEMBI OTCYUETa HADJIIO-
narens A oobexre D3(Rp) xom Bpemenn AT , m3MepseMblil HabmogaTeaeM A 1Mo cBonM
qacaM, CHHXPOHI3HPOBAHHBIM C HEIOIBUKHBIME dacaMu obbekTa D3(R,), 6yaer, cormac-
HO JIOPEHTHOBBIM IIPEOOPA30BAHUAM, 3aMeJISIThCd 110 CPABHEHHIO ¢ XOA0M BpemeHn AT,
B COOCTBEHHOI cucremMe orcdera N-ro 00beKTa Kak

AT, AT,

AT = ——— =3/—_| (1)
1—(V/c  1—th?e

rje 8 = (—oo, +00) — napamerp ckopocru (runepbosmueckuit yros Mexy ocbio t u t),
the =V/c = (0,%1) — runepbosimuecKuii TAHIEHC.

B sTom ciydae memsmensiomasics Beananaa AT, coOOCTBEHHOI'O BpeMeHH 00beKTa CBS-
3aHa ¢ m3MepseMoil HabmomgareneM A BennauHoin AT COOTHOIIEHHEM

AT? = (AT )* — (AT )? th?6 = Const, (2)

KOTOpO€ TO2KAECTBEHHO KBa/JPAaTHYHOMY COOTHOIICHUIO I‘I/IHep6OJII/I‘{eCKOI71 reomMmeTpuun
IICEBJOEBKJIN/I0Ba IIPOCTPaHCTBA

1= (AT /AT,)? — (AT /AT,)? th?6 = ch?8 — sh?0 , (3)

rae AT = AT, - chd = ATy — npoekius nnreppaia BpeMenn AT JBHKYIIErOcsa 00bLEKTa,
Ha OCb ICta cucTeMmbl orcyera HabaomaTesns A, 9TO MO3BOJISET ONPEIEJUTh BETUIHHY
AT, - sh6 = ATy kak npoeknuo uHTepBasia BpeMenu AT, HA HAUPaB/ICHHE JIBUKEHUS
— 0Cb Xa B JlaboparopHoii cucreme, T. e. Kak (ATyk,0,0)a. Takum obpazom, uHTEpBaAJ
Bpemenn o0bexTa D3(Rp) MOXKHO IIpeacTaBuTh, Kak 4-BeKTOPHYIO BEJTHTHHY

AT = {i(A1y, 0,0), AT}, (ATH)? = At? = Const. (4)

C yderoM HOCTYJIMPYeMOii B3auMOCBsI3u o = 1/AT, 910, B CBOIO 04€pe/ib, 103BOJIAET
OLpENeNUTh ¢ U x KaK KOMIOHEHTHl 4-MepHoil Besmunabl M = {( «,0,0), ¢} =inv.

Tak kax ATy = AT[1 — (V/Q)) Y2 =21/ 4, re. =1UNAT =5 I/AT, = o, 10
OY€BH/JIHO:

t= o 1—(V/c). (5)

CileoBaTe/ibHO, HPOEKIHA  HA OCb €yt  1€mA 6PeMA0OPA3YIOUE20 1ICEBIOBEKTOPA

o aBmyiercs oobexta D3(R,) B cucreme orcyera nabionarens A 6yjger MeHble, yem

B cobcmeennol (HEMOIBUZKHOI) cucTeMe oTCYeTa 00bEKTa, UTO COLIACYeTCd C pPe3yJib-

tratom (1) samedaerus HABIIOIAEMOrO X0 BPEMEHH (YBEAUNEHUE UHMEPEAAL BPEMEHU
ATt).

HaJjiee u3 ycjioBust
( H)2:{( X,O,O), t}2: )2(+ t2: (%:invi (6)

HAXOJUM IPOEKINI0 x Ha Hampabenue apuxkenus V =V (ex,0,0)a, T. €. 0bviunoe epa-
wenue x = (Ryx % €)/R2, BOKpyr ocu X B 3-Mepuom npocrpancrse X3(A)  X3*1(A)
nabJsonarensa A:

V/c V
1—(V/c)? c
Taxkum obpasom nosiyuaem npoekuun ¢ = (Rer X ¢r)/R3; na ocb ey iega 1

x = (Rux X ct)/R2, Ha ocb ey €(x)A; UTO 1I03BOJIdeT 3aucarb M B 1CeBIOBEKTOPHOM
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"cnupanrvrom" oprodasuce {epx = (Rox % ¢r)/CRyx, €ny = (Ruy % ¢1)/CRyy, €z = (Ryz %
ct)/CRyz, ent = (Rut % ¢0)/CRyi}  {ex, €y, €z, et}a Kak

H :{( x 0, 0); t}: x€ox T 0+0+ teur. (8)
HpI/IHI/IMaH BO BHI/IMaHI/Ie, qT0
t = ¢/Ryt, x = C/Ryx, 0o =C/R,, (9)

I0CJIe TOJCTAHOBKH B (6) mMOJIyInM
Ry = ——— = Const. (10)

Bripasum unrepsast spemenu ATH B oprobasuce {(€px, €uy: €wz)s €ot}, HCXOLS U3 yCIIO0-
pua (ATH)? = At2 = Const.

Tak kak KoMmmonenra = L/ATy = o[l — (V/c)?]M? Ll o = 1/AT,, 10 Oysem
UMETh A A
1, 1,
= e % = T e e e/ R (11)
U U3 yCTOBUS
2 _ 2 _ A2 2 _ ez 1 _
(AT = {(ATux, 0,0), ATy} = ATy, + AT = ATy = — = inv, (12)
[0}
caemyer
. AT, (V/c) . A1, (V/0)
AT, =]l——€ =1 ——(R, X c /CR y 13
WX 1— (V/C)2 WX 1— (V/C)Z( WX r) WX ( )

YTO OTparKaeT IOCTYJHpyeMoe MpejcTaBjieHne o cBsa3u "ocu epemenu' ¢ BpaleHHeMm
(Rux < ¢r) spemaobpasyrowezo "cnuparvrozo" 4-sekropa M (8).

Takum obpa3om, unTepBas Bpemenu ATH jaBukyierocs obbekra B oprodasuce
{(ewx, €wy: €wz)s €ut}a cucrembr orcuera HabJogaTess A UMeeT BuJ

ATIJ = ATo{i(axewx, 0, 0), atewt} = {ATQ)X’ AT&)t}A . (14)

2.2. [losrydennble pe3yabTaThl MO3BOJISIET MEPEHECTH UX Ha CJIydail HabIf0/[eHIs Hemo-
JBUZKHBIX O0THOCHTEbHO Hab/onaresns A oobexro D3(Rp), v koropbix (eut)n  (€ut)A-

HeiicrBuresnbho, nojacrapiss (5) u (7) B (6), moayuum Kpajgparudsoe 1udaropoBo
COOTHOIIIEHNE

1=( o/ o)+ ( «/ o) =cos’d+sin’d, (15)

re = o0sP u 4 = H(V/c) = ,sind. B srom cayuae ¢ npeiacrabisier Tpuro-
HOMeTpUIecKuil (B ommmane oT runepboabaeckoro 8) yroa mMexay ocbio (eyt)n 1 (€xt)a,
OIpe/IesIsieMblil CKOPOCThIO V/C OTHOCHTEIBHOTO JBUKEHHS CHCTEM OTCUYETa.

IIpu mepexosie K HEHOIBHKHBIM OTHOCHTeNbHO Habmonarens A oobektam D3(R,), y
KOTOpbIX (eut)n  (€wt)a, yros @ Oyjer Takzke HPeACTABIATH CODOI yros MexKy OCAMU
(ewt)n 4 (eyt)A, KOTOPDI 3aBUCUT y2Ke HE OT CKOPOCTH OTHOCHTEILHOIO JIBUYXKEHUS, 8 OT
B3aMMHON HeNapaJlJIeIbHOCTH ITUX OCEH.

Takum 06pa3oM, B HPOEKIUH Ha TPEXMEPHOEe MPOCTPAHCTBO-BpeMsl HaOJIIOIATe st
X3*1(A) sti 06beKThI GyayT 06/1aJaTh OOBIYHBIMU BPANIEHAAMA  (xyz) = oSINQ, a
TaKzKe KOMIIOHEHTaMU t = o CO0S @, Koropbie oupejeasior xoj Bpemenu Aty = 1/
9TUX 00'BEKTOB B cUCTeMe orcyeTa HabJogaress A.
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13 1101y 4eHHOI'O CJIeJLyeT, YTO ecjiu HpoeKiust x Ha npocrpancrso X3(A) Gyier cos-
IaJaTh C JIydeM 3peHus Ha 0O0beKT, TO HabsrogaeMblii paauyc Ryx = ¢/ x = Ro/siné
OrpaHUYMBAONIEH ero MOBEPXHOCTH ¢ yBeJudeHneM yria ¢ OyaeT yMeHbIIAThCa ¢ 00 J10
R,, a yrioBas CKOpoCTh BpallleHust — yBeaunuuBaTbesa ¢ 0 10 . [Ipu HecoBmaaenun Ha-
IpaB/IEHUsT IPOEKIUU  x C JIy4eM 3PEHUs U IIPU HAJIMYUK y HaDJII01aeMOro o0bekra J10-
IOJTHUTE/ILHOIO KHHEeMATH4IecKoro spamenus B X3(A), He COBIIAIAONIET0 ¢ HAIIPABJICHAEM
BpAIllEHUsI IIPOEKIMKN  x, Hab/ogaTeb A OyaerT BUAeTh HEPUOAMIECKH H3MEHSIONUACs
nonepednblii (K Jyay 3penusi) pazmep R(t) = 1/ 4(t) obbekra u cBA3aHHOE ¢ ITUM U3-
MeHEeHHe MHTEHCHBHOCTU HCXOJMAIIEr0 OT HEro M3/Iy4eHHs.

3 Ilongarme maccel B mogeaun UMCII

lI3BecTHO, 4TO IpaBUTAlMOHHAs Macca M CBsg3aHa C YIVIOBOW CKOPOCTBIO W = Vi /T
OpOUTATBHOIO BpallleHusl Ha pajuyce I pacupeieIeHHbIX BOKPYT Heé mace (M moJieil)
coornomenuem W2 r* =nNM mwmu V2 r =nM (N — rpaBuTanuonnas MOCTOSHHAS).

OroxpecrBiss Besmauny 0 = V¢ /r = Const ¢ o = /Ry = Const , e Ry, =
Ct AT, u 0bosnadass M = M, , B cortacuu ¢ 4] moxkem 3anucars

m
Arozn — .
CT

(16)

I[Ipunuvag Bo BHEManHe, 9To cormacho (12) (ATo)? = (ATH)? = {ATyx, ATt} = inv,
MOZKHO [10JIOZKHUTh, 9TO B BbipazkeHuu (16) nMeHHO Macca My TaKzKe siBJISIETCs HHBAPUAH-
TOM COOTBETCTBYIONIEN 4-BeKTOPHON BEJIMYMHBI

. 3 At
mlJ = {mwh 1 (m(.OX ' 01 O)} = TTO {AT(.Ot! Awa} ' (17)

DTO MO3BOJISIET MOJYYUTH COOTHOIIEHUsI, KOTOPbIE PACKPBIBAIOT CBSI3b U3BECTHBIX 3a-
BUCUMOCTel n (DU3UYECKUX HMOHATUH C XapPaKTEPUCTUKAMU OO'bEKTOB, MOCTPOEHHBIX MO

moznenu UCII :

3 2 3 2
c; AT c .
m = (= mg e = SAR o S gy (s)
n N o
1—(V/c) 1—(V/c)
Taxuyy oGpasom, rpaBUTAMOHHAS MACCa Mo, KOTOPasd CO3JAET IPABUTAIMOHHbL 3a-
psa g =  —N My, upejcrapiser codOil nHBapuaHT 4-BeKTOPHON BeJmuuubl MM, ckasaphan

KOMIOHeHTa KOTOpoit My = B My (B = [1 —V2/c?]7Y2 ) onpesensier noanyio suepruro
E = My €% mwam nvmyase Pp = E/C = MyC B HaIpaBJIeHHH OCH BpeMeHH 1, a eexmopras
KOMIIOHEHTa, — UHEPUUOHHas Macca Myx = B My (V /C) oupeseiisier BeJMUYMHY KOJIHYe-
crBa JBuzKeHust (uMmiryJbc) B upocrpancrse {X, Y, Z} B kadecrBe Kodbdunmenta unep-
YUOHHO020 COUPOTUBJICHUS JBUXKEHUIO KaK Px = MyxC = B MyVy. IIpu V. = 0 ckaasprasn
(3HEProoIpe/IeJIIoNiasi) KOMIIOHEHTa MACChl CTAHOBHTCS PABHON Macce 1OKost My = iNv,
a UHEPUUOHHAA — DPABHOM HYJIO, T. €. B OTCYTCTBUE JBUKEHUSI HE MPOIABJIIET ceDs.

Bce u310:keHHOE [O3BOJISIET CAEAYIONMM 0Opa30M OIIPEIETUTL MOHATHE MACCHl B MO-
nemu UCII -

1. I'pasumayuonnas Macca My 1pejcTasisier coboil Sepruio MyC?, BIOKEHHYIO0 B 00-
pasoBanue 3-chepn S3(R) X4, npoexrupyemoit na 3-upocrpancrso X3 B Bujie 00beKTa,
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D3(R), BHemHee IPOCTPAHCTBO BOKPYTI' KOTOPOIO IIPEACTaB/geT coDOil HeHTPaIbHOe IPa-
BUTAIMOHHOE Tosie [2|. JIpyruMu cioBamu, 9TO SHeprusi, paBHasg paboTe, 3aTpaveHHOI
Ha (popMupoBaHuUe CBA3aHLIX MEZKJLy CO00I KOH(MOPMHBIM IIPeoOpa30BaHueM UHBEPCHH
r =R?/r(r X, r X)ussepcao-conpszxeauabix X = (0,R]uX =[R, o) moa-
HPOCTPAHCTB JAByXKomuonentHoro npocrpancrsa 2U =X X = {(0,R],[R, o)} = X3,
"craruBaembix" coepoit S(R) = X n X, obpazoBaHHOl t-KOJIMHUAPHBIM BpAIEHUEM
Wt = (¢/R)e, e = ict {(X,y,2), ict}.

CremoBaTeibHO Macca M, (SHeprusa MoC? ) paccocpesoToueHa BO BCeM IPOCTPAHCTBe
2U B Bujie Macchl (3Heprum) rpaBuTanuonnoro moidg B X = [R, 00) n macco (smeprum),
cocpeporovyennoit B X = (0, R][3].

2. Unepuyuonmnas macca Mgy, 3aBUCIIAs OT CKOPOCTH, IpejcTaBiser coboit Kodh-
dbunEenT IPOHOPIHOHAIBLHOCTH (MHEPIMOHHOCTH) B OUPE/IEICHUN KOJMYECTBA JIBUKEH U
P = Myx C. [TosTOMYy M3MeHeHHe CKOPOCTH JBHZKEHHsI MACChl Mgy, T. €. e€ YCKOpeHue, CO-
OTBETCTBYeT BO3HHKHOBEHHIO JOMOJHUTENILHOrO Bpamenuss x = o(V/C) (7) mo nampas-
stenuio jpizkennsi oobexra D3(R), 1. e. Bcero upocrpancrsa 2U(D%) = X (D%) X (D3),
9TO HPUBOJUT K BOSHUKHOBEHUIO CHJIBI conpoTuienus (maepuuun) F = cd(myy)/dt. Ha-
[JISTHO 3TOT 3P DEKT aHAJOTUUEH COMPOTHBICHUIO NPodosbHOMY 08UHCEHUIO CTUPATHHOTO
OCEBOI'O CTEPXKHsI IIPU PACKPYYUBAHUU BOJIYKA (IOJIbI).

4 BpiBoabl

[Tocrynupoanue B momenu MCII B KadecTBe HEPBUUYHBIX GKCUOMOMUYECKUT TTOHSI-
THI NPOCMPAHCMB000pa3yowezo BeKTopa I u epemsobpasyrousezo t-KoJLJIMHUAPHOTO 1ICEB-
josekTopa W nossosider upu yciaosuu {(0,0,0), wne, Tegmy} {(0,0,0), 0ae, ieyay}
IPeJICTABUTD 6PAUEHUA W(xy z)n=1,2,... HADII01aeMbIX BO Beesiennoii o0bekToB D3(Rn:1,2,m)
KaK Npoerxyut ICeBIOBEKTOPOB Wyn=1,2,..), T. €. cOOCTBeHHBIX "oceil BpeMeHH" 3THX 00Db-
eKTOB, Ha IpocTpaHcTBo-BpeMs X°*1(A) mabmogarens A. DTo, B CBOIO O4epe/ib, JaeT
BO3MO2KHOCTHb YCTAHOBUTH COOTHOIICHUA MaCIHTa6OB u O6'beKTI/IBHbIe 3HAYCHHUA XOda 606-
cmeenno20 epemeny NTn=1 o, KazKJIOI0 U3 TAKUX 00BEKTOB.

BosmozxuocTs cymecrsoBanus nupoeknuii (4), (9) t-KO/IMHHAPHOBIX [CEBIOBEKTOPOB
Wt(n=1,2,..) Ha JeHCTBUTEIbHOE IIPOCTPAHCTBO X3(A) X3+1(A) mabmomaTens A Kak
W(x,y,z)n=1,2,... AMeeT IIPUHIUINAJbHOe 3Ha4enne Jid Mofean M I, tak Kak 9T0T 3 dexT
IIPOBEPSIEM KCIIEPUMEHTAJIbHO.

HeiicrBuresnbHo, ormedenusiii Bbie (. 2.2.) ahdexkr BO3MOKHOIO MepruondecKoro
M3MEHEHHsI [IOIEPEYHOro (K JIydy 3peHus) pasMepa HEHOIBUAKHBIX B CHCTeMe HaDJIo1aTe-
11 06bekToB D3(Rn=12.), ¥ KoTopHIX (€ut)n  (€wt)a, I CBA3aHHOTO ¢ 3TUM 3hdeKToM
n3MeHeHHe C BBICOKOH CTENeHbI0 MEePUOAMIHOCTU HHTEHCHBHOCTH HCXOSINEr0 OT HEero
u3jtydenust (cBera, paJiMOBOJIH | T.I1.), peajibHO Habromaercs Bo BeesenHoit — 910 Tak
HA3bIBAEMbIE NYAbLCAPDL, HPUPOIA KOTOPDIX JI0 CUX IIOP HE HAXOAUT CBOEI'0 OKOHYATEJILHOI'O
oObsicHenusi. B paccmarpuBaeMoil Mojiesin 3T0 siBjieHure 00yCJI0BJIEHO TOJIBKO 3hdexTom
npoekmuii 4-MepHBIX Bpamennii 00bexToB D3(Rp=12 ) Ha HpocTpancTBO-BpeMsa HabII0-
JaTess, a He IPOUCXOJANIIMA HA HUX (DU3UIECKUMHE IIPOIECCAMH.

13 (1)-(5) Takzxe caeayer, 9T0 y ABUZKYIIErocs (B HEIOJABUKHOI CHCTEMe OTCYeTa Ha-
omomarens A) obbexta D3(Rn=12,.), nocrpoennoro no mojeau MCII, ne toibko 6yaer
samedaamocs epems (cormacao CTO), HO TakzKe MOJMKHO HABJIIOIATHCS 0CE60€ 6PaULe-
nue x = V/c (7) no nanpasienuio aBuzKenus (BIosb och X). [ 06beKTOB KocMmde-
CKHX MAacIITaboB 3TOT 3hPeKT BHIAETUTH HEJEIKO W3-33 MAJIBIX CKOPOCTell W HAJIOZKEHUS
JIPYIUX KHHEMAaTHIeCKHX (DAaKTOpOB — COOCTBEHHBIX BpAIEHHIl, IBUKEHHI 110 KPHBOJIH-
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HEIHbIM TPAEKTOPUSM U JIp.. B TO ke BpeMms, jijisl 3jIeMeHTApHbIX 00'beKTOB, 0OpPa30BaH-
HpIX 10 Mogenu MCII 3], namnoe sgBaeHHe MOYKET HAOIIOAATHLCS B YHCTOM BHJE U OHO
JefiCTBUTEIbHO HAGJIIONAETCS B BUJE CNUPGALHOCTIYU — OTHON W3 KBAHTOBBIX XapaKTe-
PUCTHK COCTOSIHUSI JBUZKYIIUXCS SJEMEHTAPHBIX YACTHI, OIPeJIesseMOil KaK MPOeKIHsI
CIIMHA YACTHIBI HA HALIPABJICHUE €€ JBHUKeHUs (HA MMILYJIBC).

[Tokazare/ibHbIM B 3TOM OTHOIIEHUM IIPEJICTaB/IseTCd Upumep ¢ Heiirpuno. Tak, co-
riacHo (1) u (5), B cucreme orcuera HabJIOAATEs] 6PEMA JBUKYIIEHCS 9aCTHIBI HPU

V -c
V - € ocranaB/JuBaercd (T. €. HHTepBaJl BpeMCHH AT — oo BCJjaeacTBsue TOro, 4To

¢ = 1—(V/c)? =00 ), a HeHabJIOgaemMas spemAoopasyrowas t-KoTMHIADHAS

kommoneHTa €yt {(0,0,0), eyt Iet} mpeBpamiaercs B HaGIIOOAEMYIO B JeiCTBU-

_ V -cC
TEJIbHOM 3-MepHOM HpocTpancTBe KOMIOHEHTY x = (V/C)eyx ——  eyx ¢ pukcupo-
BaHHO (He M3MeHsoleicst B J1I00bIX cucremMax orcdera npu V = C) cnupaibHOCmvblo —
npodosvHotl NoAAPU3auUeT JACTUIBI. DTO COIVIACYETCS C IPEJICTABICHUAMI TEOPUU Npo-

00ADHO NOAAPU3OBAHHHLL HEHTPUHO (AaHTHHEHTPHHO).

Haxomnen, 3ananue nampasiienus opToB {(€yx, €uy, €vz), €ut} HALpaBieHHeM "BpOXK-
sgennoro"  epemsobpasyrowezo t-xosumuuapuoro spamenuss A = {(0,0,0), eyt iei}a
B upocrpancrse-ppemenu X3+T1(A) nabiiogareis 00yc/aBnBaeT aCHMMETPHIO 10 OTHOLIE-
HUIO K JIEBOMY—TIPaBOMY *Wn=12 . cobcmeennomy d-spamennio oobexTos D3 (Rp=12.) B
X3*+1(A). CrneoBaresbHO, IPOCTPAHCTBO-BpeMs HabmogaeMoil Beesennoii He obaamaer
CBOMCTBOM 3€pKAAbHOU CUMMEMPUL, ITO BO3SMOKHO OObICHSIET IPHYNHY ACHMMETPUN
pPacupOCTPAHEHHOCTH BEIECTBO — AHTHUBEILECTBO B IIpupoie u gazke Takue sK30THIe-
CKHUe siBJIEHHSI, KAK HECOXPAHEHME YETHOCTH B CJIadbIX B3aUMO/IEHCTBHSIX.

Cramcok aurepaTyphl
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[2] Awndpees B./I. CpoiicrBa MOJEIIM MHBEPCHO-COLPSZKEHHBIX [IPOCTPAHCTB B KOCMOJIOIMYECKOM MACILTA~
6e // Hoseiiuue upobsembt reopuu 1ous, 1. 7, (nox pea. A.B. Amunosoit), Uzn. Kas['V, Kazaub, 2008
r. (B nevarn).

[3] Andpees B. /. lnBepcHO-COUPsizKEHHbIE IPOCTPAHCTBA KAK MO/E/1b CTPYKTY Db 9/1EMEHTAPHOIO 3apsiia
// Hoseiiluue upobsiembl reopuu unous, T. 5, (Ilox pex. A.B. Amunosoit), Kazaus, Uzn. Kas['V, 2006
r., c. 33-44.

[4] Awndpees B./I. BzaumocBs3b LeHTPOOEXKHBIX U IPABUTALUMOHHBIX CHJ B HUHBEPCHO-COLPH?KEHHBIX
npocrpascrsax. // Hoseiimme npobiembr Teopun nosst 2005-2006 (mox pexn. A.B. AmwHOBOIA), T. 6,
Kazanb, U3a. Kazl'y, 2007, c.66-76.

KOMMEHTAPHUI K CTATHE

OOBbEKTUBHOCTD OJIHOPOJHOCTH ¥ H30TPOIHHOCTH HADJIIOIAEMOr0 KOCMOJIOIHIECKOIO
mpexmepHozo IIPOCTPAHCTBA, KOTOPOMY OTBedaeT zunepnoseprrocms SS(R) 3-cdepsl pa-
auyca R (wmu 3-niceBnocdepsl paguyca iR), morpyzkeHHON B wemuvipermeproe TPOCTPAH-
CTBO, IPUBOIUT K 0BOCHOBAHUIO (usuveckozo Bbiaerenna rumepcdepsr S3(R) X4 B
moueau MCII mocrymupoBanuem t-kosumauaprnoro spamenus Wy = (C/R)e, lex <
ict  {(X,y,2),Iict}, kak axcuomamuueckozo MOHATHUS, OLPEIEJSIONIEr0 OJHO U3 OCHOB-
HBIX CBOHCTB (HApsily ¢ IPOCTPAHCTBEHHOI MPOTSIKEHHOCTHIO) MCXOMHOM npupodoobpa-
syroweti Cpespl — TeYEHHsT CUHIPOHH020 cobcmeentozo BpeMeHn t B 1000ii TOUKe BbIjie-
JeHHON BpamenueM W; rumnepcdepsr S3(R).

B kommentupyemoit pabore mokasaHo, 4To 1npu Hajgudue N 00beKTOB ¢ COOCTBEHHDI-
mu "BmopoxxennbiMu" OGasucamu {(ex, ey, €;),ler  extn  {(ex, ey, €),le €utA n,
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(busnuecKn OpUeHTUPOBAHHLIMU HAlIPAB/ICHUEM COOCTBEHHbBIX BpalleHuil Wyny, BO3MONKHO
HaOJII0/leHIe NIPOeKIil oceil BpeMeHU eyn)  €y(n) Ha IPOCTPAHCTBEHHbIE HaIlpaBJeHUS
(ex, ey, e;)a cucremsl orcuera HabsonarTeas A Kak IPU JABUXKEHHHU, TaK U IIPH J1e30PUeH-
Tanuu HaOJII0IaeMbIX ITPOCTPAHCTBEHHO-BPEMEHHBIX 00bEKTOB.

Oddexr npoeknun oceit BpeMEHU €yn)  €y(n) Ha HAIPaBJICHUE JBUZKEHUS MOZXKET Ha-
OJIT0/IaThCS IpU OOJIBIIUX CKOPOCTAX O0beKTOB CyOATOMHBIX pasmepos. [Ipoexiius
JIe30PMCHTUPOBAHHBLIX OCeil BpeMEHH €yn)  €ya) HeMOABMXKHBIX U/lM MEIJIEHHO JBU-
KYIIUXCa 0ObKTOB Ha IPOCTPAHCTBO HabJoaaTe s A, HA000POT, MOXKET HabJIIOIATHCS
JIII KPYITHOMACIOTAOHBIX CTPYKTYP KOCMUYECKHUX Pa3MEPOB.

OzHako, IpuJaHue BPALICHHIO €y(n)  €y(n) A0COIIOTHOIO 3HAUYCHUS KAK eIMHCTBEHHOI'O
dakropa, oupe/ie/sdoiniero Bce HabJIo/aeMble BpalleHus IIPUPOJIHBIX 00EKTOB, HEBEPHO.

Paccmarpusas okpyzkatoniyio Beejiennyio, kak 4-MepHbiit MUD, 3a110JIHEHHbIIT TCXOI-
HOI1 4-MepHOil cpejioit — dusuueckum 6arxyymom, ABUKeHud 1 gedpopmManum KOTOPOro
HPUBOJAT K BOSHUKHOBEHUIO BCEX MAaTEPUAIbHBIX IPOCTPAHCTBEHHO-IIOJIEBLIX 00bEKTOB OT
KOCMOJIOTHYECKHX JI0 CyGaTOMHBIX Macirabos D, cieiyer nMeTs BBH/LY, 4TO ABUMKEHUS
n gaedopMaruu BbljieJIEHHOIO 00bEéMa 4-cpejibl MOPOXK/IAI0T B 00IIEM cjiydae 4-TeH30D
BpallleHA s

0 wy tx — Wz tx —Wx ty + W, ty Wx tz — wy tz
(w)\ ) — _wy xt Wz xt 0 W Xy Wy Xy _wy xz F Wt xz
v) =
—W; yt + Wk yt —W; yXx + ¢ yXx 0 —W¢ yz + Wk yz
—Wx ztF Wy zt —Wt zx + Wy zx Wt zy — Wx zy 0
0 U)y tx  —Wx ty W ty 0 —Wz tx _U)y tz Wx tz
_wz yt 0 0 0 _wx zt 0 0 O
0 0 0 0 0 0 0 0
+ 0 0 Wz xy —Wy xz + 0 0 Wt xy Wt xz
0 —w; yx 0 Wx yz 0 W yx 0 —Wt yz
0 Wy zx —Wx zy 0 0 —Wt zx Wt zy 0

3 Bcex Bpamenuii, BXoasgmux B 4-TeH30op (W)y), TOJBKO BpaIlleHHe BOKPYTD OCH
let X3, a umenno

0 0 0 0
- 0 0 —W x Wt xz
Wy = (¢/R i y
t ( )ew €t 0 W yx 0 —0)¢ vz
0 —W¢ zx Wy zy 0

B Mojiesin UCII nmpuHaTo 3a 6pemaobpasyowee, 9T0 OObEKTUBHO CBA3AHO C NPOCMPIH-
cmeennotli HeHABII0IAeMOCTBIO ST0I0 JBUkKeHHd B X°, HO C peasibHbIM BOCHPUATHEM
xona BpeMmenn.?) OcrajibHble BPAIIeHHs, BXOJMIINE B TEH30D Wy, OTHOCATCS K HE3aBH-
CHMBIM OT W; meepdomenvroim (IIOCKAM WIH MTHOBEHHO-IIZIOCKHM) BPAIIEHHAM W(x.y.z)

Dem. macrosimyio monorpaduio, crarbst "DIeKTpOMArHUTHBIE U MPABUTAIMOHHBIEC SBJICHIA KAK (-
dexThI HAPSKEHHO-1e(DOPMUPOBAHHOIO COCTOSIHUS 1 KWHEMATHUKHU JIBUKEHUN 4-MEDPHOM CPEIbI B MOIEIN
MHBEPCHO-COLPSA2KEHHbIX IIPOCTPaHCcTB".

Dem. macrosmyo MoHorpadumio, crarbs "IIPOCTPAHCTBO-BPEMsl B MOJEIN HHBEPCHO-COLPHZKEHHBIX
npocrpancrs".
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B X3 u Bpauwenusiv, obpasyommum keasunoaipreti sektop Lgg=o = (Lx, Ly, Lz) ¢
C MPOCMPAHCMEEHHbLMYU KOMIIOHEHTAMI OTHOCHTENBHO HampasieHuil (e, ey, e;) oceii
BpAIICHUS, OPTOTOHAJBHBIX CMEZXKHBIM NpPOCTMPAHCMEEHHO-GPEMEHHbLM TLIOCKOCTIAM KaK
wx ({tz}{ty}), o, {t.x} {t,z}) u 0, ({t,y},{t,X}), © e. Bpamenus no ABOHHBIM
(renecubiv) yriaam O1 = (¢, 9)x, ©2 = (b, @)y, O3 = (9, 9)..

Bsaumocssisb (16) ckopocru redennst o = 1/AT, cOOGCTBEHHOIO BPEMEHH BbIJIEJICH-
HOT'O IPOCTPAHCTBEHHO-BPEMEHHOI'0 OOBEKTa ¢ €ro MacCoil HMOKOs My 3aMbIKAE€T B MO-
nequ UCII npobiemMy B3aMMOCBS3U MPOCTPAHCTBEHHO-BPEMEHHBIX M I'DABHTAIIMOHHBIX
cBoiicTB 06beKTOB BeeslenHol: MeaJI€HHBII X0, COOCTBEHHOIO BPEeMEHU CBU/IETE/ILCTBY-
er 0 0DOJBIIMOI Macce IMPOCTPAHCTBEHHO-BPEMEHHOI'0 00bEKTa, IOCTPOEHHOTO 110 MOJIEJIH
HCII, v naobopor.

[lepenoc unsapuanruoctu 4-umiyiabca PH = {E/c, i(px, py, P2)}, (P*)? = mic? = inv
Ha HHBAPUAHTHOCTH 4-Maccel MM = {Mgy, 1(Myx, Myy, My2)}, (m*)?2 = m2 = inv, kax me-
PBI UHEPUUOHHOCTU TPABUTUPYIOIIEH SHEPTHH, II03BOJIAET IMOAOUTH K PEHICHUIO ITPOOIeMBI
UHEPUUY C MO3UIUN JUHAMUIECKOTO B3aUMOJIEHCTBHS BbIAEJICHHOIO SHEPrOCOIEPKAIIETrO
o0beMa ¢ OKPYZKAIOIIEH cpepoit — Pusuveckum 8aKyYMom.
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BzanmocBsa3b HeHTpO6e}KHbIX 1 I'PaBUTaIIMOHHBIX CHJI
B NHBEPCHO-COIIPAZKEHHDBIX IIPOCTPaHCTBAX

1 IlocranoBka 3aga4n

[Hurara uz A. dnwmedna |1]: "... reopus (umeercs sy OTO, B.A.) Bo3Hukia Ha
OCHOBE YOE€ K JIEHU S, 9TO IIPOIIOPIUOHAJIBHOCTD UHEPTMHOT U MANHCEAOT MACC ABJIAETCS TOYU-
HBIM 3aKOHOM IIPHPO/LL... HarasaHo 31y rumoresy Mo:KHO cOPMYIUPOBATL TaK: HAOJIIO-
JlaTeNlb, HAXOMANMIICS B 3aKPBITOM SINUKE, HUKAKAM CIOCODOM HE CMOYKET yYCTAHOBHUTD,
HOKOUTCS SIIIUK B CTATUYECKOM I'DABUTAIMOHHOM I0JI€ WJIM K€ HAXOJUTCH B MPOCTPAH-
CTBE, CBODOJIHOM OT IPABUTAIMOHHBIX HOJIEIl, HO JBUKETCS C YCKOPEHHEM, BbI3bIBAEMbIM
IPUJIOYKEHHBIMH K SIIUKY CHJIAMHU (2unomesa skeusasenmuocmu)... .

V3 muckycenit mo OTO gaBHO HM3BECTHO, YTO IIOJIE YCKOPEHHs, CO3JaBAE€MOE HbIO-
roHoBOil cmioit Fy = d(mw)/dt, u nenTpajbHOE IOJE I'PABUTAIMOHHBIX YCKOPEHMIA
Gm = — dv = —(NM/r?) e, cunpl Taxectn Fry = MGy, He MOTYT OBITH SKBUBA-
JIEHTHBIMHU HE TOJIBKO B IEJIOM, HO JIazKe B TOYKe (JOKAJIbHO), TaK KaK 11ePBOE HOCTOSTHHO
¥ IAPAJIEJIbHO CKOPOCTH, a BTOPOE HEOJHOPOIHO (JIMBEPIEHTHO), YTO MOXKET YCTAHOBHUTH
HaOJIFOAaTEIb € OMOIIBI0 COOTBETCTBYONUX IPUOOPOB MM COOCTBEHHBIX ONLYIIEHHHA —
IpH CBOOOIHOM [AJIEHUH B EHTPAILHOM IPABUTAIIMOHHOM I10JI€ OH OyIeT OllyIaTh HEPaB-
HOMEPHBIE II0 BBICOTE TeJIa HOMEepPevYHOe CKATHE U IPOI0JbHOE PACTIKEeHHE.

Jpyroe neso — noste nonepeunus yeckopenuii nenTpobexkHoii (centrifugal — c.f.) cuibt
F. . = m(V?3/R) er : nabiiogaresb, HAX0A8Ch B 3aKPLITOH Kalcy/e neHTpudyru Oyier
HACIBITBIBATD AECTBHE WHEPIUOHHOW CHWJIbI, HA IMEPBBIA B34, HE OTJUYAMONA OT mHeii-
CTBUs TPABUTAIME. DTO [OJI€ B OTJIMYHE OT HOJIs YCKOPEHHSs, CO3aBaeMOr0 HbIOTOHOBOM
cuinoit Fry = d(mw)/dt, Takzke HEOIHOPOIHO, TAaK KaK MMeET HEHYJEBYIO JUBEPIreHIUIO.
OJiHaKo, JUBEPreHis TOro 10Jis nocroguua (B ormaune or  1/r3 rpasuranmonnoro
110J151), & HOIEPEYHAs] HEOJIHOPOIHOCTD BJIOJIb HALPABJIEHHUS CHJIbI IPOTUBOIOIOKHA HEOJI-
HOPO/IHOCTHU I'PABUTAIIMOHHOIO OJIsl, T. €. IIPU CBODOJHOM MaJIEHUU B HEHTPOOEKHOM 110JIe
HabJIf0aTe b OYIeT OIYIATh MOIEePEeYHOe U IPOIOILHOE PACTIKEHHE.

Tem He MeHee, onpejiesIeHHAs CBI3b MEXKJLY UeHMpPobescHol U 2pasumatuorHot CiIa-
mu cymecrByer. Hanpumep, B orindune or HbIOTOHOBOM cuiibl Fy, OTHOCAIIEHCS 110 THILY
KOODJIMHATHBIX IPeobpa3oBanuii K eexmopam (Tun BekTopa ckopoctu dz/dt — u3me-
HEHUE BeKTOPHOI BeJIMYNHbl BO BpEMEHH ), rpapuTanuontas Frym u nenrpodexnast Fi ¢,
CHJIBI OTHOCATCA K Koeexmopam (Tun rpagunenta dyukmum 0F(X)/0X' — mamenenne
CKAJISIPHOI (DYHKIMH B MPOCTPAHCTBE).

B.J[. Andpees. B3aumocss3b HeHTPOOE2KHBIX U IPABUTALMOHHBIX CHJI B MHBEPCHO-COLPAZKEHHBIX IIPO-
crparcrBax //Hoseiimue npobiemst reopun nossa 2005 — 2006 (ITox pexn. A.B. Amunosoit) — H3x-so
Kazanck. yu-ra, Kazans, 2007, . 6, c.66-76.
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JleiicTBuTe/IbHO, I'PABUTAIIMOHHAS CUJIA

Fom =—m ¢p =—m (@O M/rd)e, (1)

olpejie/isieTcsl TPAAMeHToOM norennuaia Gy = —nNM/r.
WNueprumonnas mnenTpobexkHas cuna Fgg mpeacraBisgeT cobOil 0OpaTHYIO peaKIUio
Ha [EHTPOCTpeMuTeabHyIo (centripetal — c.p.) cuny Fep. = —Ma,(S), koTOpas BO3HU-

KaeT IIPH JIBUXKEHHH ITOJIOKHTEJbHOI Macchl M mo KpuBosuHeiHo# Tpaekropuu S(I,t)
co ckopocrbio v(S) = dr/dte (t) + rde (t)/dt = v (S) er(t) + Vo(S) e4(t) u "sacras-
jsier'" mMaccy M OTKJIOHSATHCA OT MPSIMOJIMHETHOrO IIyTH B CTOPOHY HEHTPA KPUBHU3HbI
K(s) = |d?r/ds?| = 1/R?(s) rpaexropuu paauyca R(S) ¢ paauaibubiv yckopenueMm a(S).

LlenTpobexknas cuia Fg ¢ B TOUKE S TPAeKTOPUHU 3aBHCUT TOJIHKO OT BEJUYUHBI TAH-
FeHIUATbHOII CKOPOCTH V¢(S), a TakKe pajuyca KpUBU3HBI TpaekTopuu R(S) u mpu xpy-
rosom asuzkennn vg(S,t) = rde (t)/dt = wrey(t), (3zech er(t) = ex cOSWt+ e, Sinwt =
e er, ep(t) = 2 der(t)/dt = —e, Sinwt+ e, coswt = ietey ), Oyaer sasucurs or rpa-
JAUEHTA CKOPOCTH 110 PAJUyCy KPUBHU3HBLL B NAOCKOCIU BPAILEHUs, T. €. B LIEHTPAJIbHOM
npocrpancree R? X3 mostokuTebHON KPUBU3HBI, KAk

OJeg(t :
F.f =—F., =— 960 _ mgreot | or=
ot
. V2
=+mw’re“te =+m T¢ er(t) ep(t), (2)
rae Oep(t)/0t = —w (ex coswt+ e, sinwt) = —wete = —we(t) = —e“ v,

Dra cujla He 3aBUCHT OT TOIO, KaKuM 00pa3oM @usuvecky oOpasyercss KpUBU3HA B
JE060M TOUYKE S TPAEKTOPHUHU — ITO MOKET ObITh KECTKUIT KPUBOJIMHEHHbIH 2K0/100 (MCKpUB-
JIEHHOE IPOCTPAHCTBO), IO KOTOPOMY JIBUZKETCS TEJI0, ITO MOKET OBITh HUTh IIOCTOSAHHON
IJTH MEHSIOMIeNHCs JJIMHDI, 3aKPeILIeHHas OJHIM KOHIIOM Ha JBUKYIIEMCS TeJje, a IPYTUM
B HEKOTOPOIi HEIOBUKHON TOYKE, 9TO BOOOIIE MOMKET OBITH HPOU3BOJLHO OTKJIOHSIEMAs
peakTUBHAsL CTPYsl, MEHSIOIIas HallpABJIEHUE TPACKTOPUU JIBUKEHUS TeJIa, U, HaKOHEI,
9TO MOXKET ObITh BTOPOE TEJIO, UMEOIee I'PaBUTAIMOHHbIH 3apsi Macchl M.

Takum 00pa30M, B JJAHHOM CJIy4ae Mbl BCTPEYAEMCsl C IOHATHEM MOMEPEYHOTO YCKO-
PEHUs MACChI, 3aBHCAIIEI0 OT KPUBU3HbBIL MpPackmopuy, 1 BEJINIAHBL Npodosbhoti cko-
pocmu, JIBUZKEHHS TeJla 110 3TOI TPAEKTOPHH, YeM OTJUYAeTCA OT IMPOA0JbHOr0 yCKOpe-
HUS, KOTOPOE HE CBA3aHO C KDUBU3HOM TPACKTOPUM U BEJIUMYMHON CKOPOCTHU JIBUZKEHUSI,
a 3aBHCHT OT deticmeytowel Ha Maccy cuav, FNy v, u3MeHdomei CKOpOCTh JIBHKEHHS
BO Bpemenu Kak a = dv/dt = Fy/m.

B mpeacrapiennoii pabore craBuTcd 3aja4a 000CHOBATD 2eHEMUUECKYI CEA3H MEXKILY
UHEPUUOHHOT UeHMPObeXcHol U 2pasumatuoHHoT CHJIaAMHI BCJIEICTBHE HX KOGEKMOPHOT
UPHUPO/IBI U YyCTAHOBUTH AHAJUTUYECKUI BUJ| 9TOH B3aUMOCBS3U.

B kadecrBe paboueil Mojesn paccMaTpuBaeTcs onucanHoe B pabore |2| meHTpaibHO-
CUMMETPUYHOE IAEMEHMAPHOE KOPNYCKYAAPHO-NOAEE0E 00pA308aHUE WHBEPCHO-COIPSI-
JKeHHBIX BHyTpeHHero X (KOpIyCKy/IspHOro) u BHelrHero X (IoJeBoro) momnpocTpaHCTB
npyxkoMmmonenTHoro npocrpancta X X = {(0,1,],[Fo, @)} X3, cBA3aHHBIX MexKILy
coboit KondopMHBIM Hpeobpasosannem masepcun I = r2/r (r X ,r X)) ornocu-
TeJibHO chepbl So(rp) = X n X .

Bribop jtanHoi Mojiesin 00YCJIOBJIEHA TEM, 4TO YzKe Ha IEePBOM dTalle MOJEJTUPOBAHUST
CTPYKTYPBI 3JEMEHTAPHOIO 3apsjia ObLIa YCTAHOBJIEHA B3aUMOCBSA3b MEXKJy KOHCTAHTA-
MHI 3JTeKTpOMarHUTHBIX (O = €%/ ¢ 0,73 - 1072), rpasutamuonnsx (Y = g2/ ¢ =
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-nm2/ ¢ —0,17-107* rae n 6,67-10"8 cm/2 - cex?, my, = 0,911-107%"2) u cuib-
mpx (@ 0,9927,y =1—-y 1,n =y ¢o/m2 3,8:10% cm®/2-cex® 5,7-10%n)
B3anMO/IENCTBHAI

o+a =1, wm o =1—a,

(3)
y+y =1, wm y =1-vy,

YHCJIOBBIE COOTHOLICHH: Mexk ity Kotopeivu (Y ta: 0 1y = 107%: 1072: 1: 1)
COOTBETCTBYIOT 9KCIEPUMEHTATBHO HAOJIIOAeMBIM.
DTO MO3BOJIUIO MOJIYIUTH BBIPAYKEHUs [T BEJUIUH WHBEPCHO-COMPSIZKEHHDBIX JJICK-

TpUIECKHUX
e=(a c)?, e =(a /a)%e 11,66e (4)

U I'paBUTalUOHHBIX

.\/

v___ _
g=( o= =nm,, g = nm 2,4-1022\/ﬁmo 11,71e (5)

3aps/I0B, a TaKzKe J/Isi COOTBETCTBYIONIUX UM moTeHuaaoB B X u X o00JacTdgx:

e r e
¢e:_F’(ro<r<°°); ¢e:—eﬁ=—§w§r,(0<r<r0); (6)
[0}
_9 . _.r_9 o
¢g—F, (ro<r<oo); b, =9 E—?mor, O<r <r). (7)
[0}

UccneioBanie HHBEPCHO-COMPSIZKEHHBIX I'PABUTAIIMOHHBIX TOTEHNIUATIOB (7) MOJI0KEHO
B OCHOBY peIlleHHsI 1IOCTaB/JIEHHOW B pabore 3a/1a4u.

2 I'paBuTammoHHas 1 MEeHTPOOEXKHAS CIJIbI
B MHBEPCHO-COIIPA2KEHHbIX IIPOCTPAHCTBAaX

Moiesib MHBEPCHO-CONPSAZKEHHOIO MOJIEBOI0 0OPA30BAHUs, KAK JIBYXKOMIIOHEHTHOI'O
npocrpancTa X = 2U X3 (X n X = Sy(r,), ro = ¢/w,), onpenensercs
B 0buiem ciydae BpamenueMm (0, 0¢) = Wo(ew,€t), Wo = C/Fy cybCcTaHIMOHAJBHBIX TO-
gex oxnomepnbix (X1 X' = {(0, r((,l)], [rél), )} X3 asyxmepupix (X2 X% =
{(0, r? 1, [r(()z) , 00)} X3 wam rpexmepunix (X 3 X2 = {(0, r$ 1, [r((,3) ,00)} X3
uneepcro-conpascennoir (I = r2/r) moaIpocTPaHCTE BOKPYT IIPOCTPAHCTBEHHBIX (€
{X,¥,2}) u Bpemennoii (¢; t) oceii. Bpamenue cyOCTraHIHOHAILHBIX TOYEK B ITHX IO/I-
IPOCTPAHCTBAX OyJeT XapaKTepU30BATLCS MOJIEM OKPYZKHBIX CKOPOCTei

(Vg eyayVo ) =(@XT e, 0 T )=(ior e ey, wr)=
c c
=(r—r6¢(t),r—r), O<r =r), (8
0 0
2 2 2 2
r r N r
(v (xy.z)r 8 ¢) = (W % ?Oer, wt'?o) = ('U)o?oemtedn wt?o) =

= (c-2 eq(®), €2, (h=r<e). (9

[peacrasum mons ckopocreit (vg, Vg ) X u (vp, Vo ) X Kak eexmopnoili u
ckansproti norernmuaibl (A, ¢ ) X u (4, ) X kunemaruyecku 00YCJIOBJICHHBIX
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Xi z ) * X?:l ct 3 *
A >, ){{ =(XUX™*) A |y, %(\' =(XUX™*)
Z Ro \
0 T
Ue—"“' y
—f-’/
X | Ue
Ug;kwr* Ug,”“l/r 'U;NI‘* Ue~1/l'
R, R,
0 I* r 0 r* r

Puc. 1. TTons okpyxubIx ckopocreil (vg, ve) u (Vg 1 Vo t) CYOCTAHIIMOHAIBHBIX TOYEK
py p o0 Vo ot y
aByxkomuonenTHoro npocrpancrsa (X 3 X3)  X8+L,

(B ITaHHOM CJTydae BpalaTelbHbIX) CHIIOBBIX noseit G, u Gy B ognomeprnom N = 1 (crep-
JKeHb, HUTH U T. II.), AByMepHOM N = 2 (uck) u TpéxmeproM N = 3 (map) mpocTpaHCcTBax,
T. €. OJIell UHePUUOHHLLE PAJUaJbHBIX YCKOPEHUM, KOTOPbIe MOIYT ObITh ONpPEIe/eHbI
Kak

0A
G ==-—> (¢ 0), O<r =r,), (10)
0A
Gr=—ﬁ—(—c r ), (ro=r<oo). (11)
Hogncrapass (8)-(9) u yuursias, uro 0ey(t)/dt = —e'“t vy (2), maxomum
0A _ Oey(t) _ it — 2 it _Czr ot ,  — V¢2
B TR S v Vo' rVy =+ gl e%er = o r—oe"0 er = +r—er(t),
cr c?
-(c ,¢)=c rvy=Cc ,— =+ —¢ =Const,
Io o
0A dey(t) ot ro iwt Clo c’r?
- =—y = Vg€ Vg = e — = ),
ot ® ot ¢ "r r3 er (D)
cr c2r
—(—Cc rd)=c ,vg=cC rTOZ_ r20 €r,
aro st nosteii (10)-(11) okonvarenbHo gaer
R ¢ _
(o] (o] (o]
c’r? . cr
G, =— 30 ot r-20 er = Ger .+ Gy, (ro=r <o), (13)

TaknM 06pa3oM, JIBYXKOMIOHEHTHEIH 06bekT 2U = X X, HOpOKJIeHHBI Bpalie-
HUEM CYOCTaHIIMOHAJIbHBIX TOYEK HMHBEPCHO-COIPAZKEHHBIX IIPOCTPAHCTB, COJEPXKHUT pa-
quanbable Tond G, n Gy unepyuonHolr YCKOPeHni, HAllpaBIeHHBIX OT IeHTpa K IDaHU-
e ro = ¢/Wy U, COOTBETCTBEHHO, U3 OECKOHEYHOCTH K TOW Ke rpaHuie Fo, HA KOTOPOW
G, (ro) + G (r,) = (2¢2/ry — 2¢2/1,) e, = 0.
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b e, X'=(XUX) A (e, XP=(XUXY
~
a ,_/"_y
V X | Ue
a?(i)ék) = Const R
r 0 > r
ar(¥p )~ -1/r* ar(Vg)~ -1/12

Puc. 2. lona pajmanbubix ycxopenuit (@, = dvg/dt, ar = dvg/dt) u (a, =C Vg,
ar =C Vp) CyOCTAHIMOHAILHBIX TOYEK JIBYXKOMIIOHEHTHOI'O MTPOCTPAHCTBA

(X 3 X3) x3+1‘

B nossix G, (12) upobnast yactuna Maccbl M B rouke I upu koaddunuenre yBiedeHus
kK =1 (1. e. mpu KeCTKOii CBA3M C MOJEM YCKOPEHHUil CyOCTAHIMOHATBHBIX TOYEK) Oymer
HCIBITBIBATD JefiCTBHE paduaibhoir , HAIPABJIEHHON OT IIEHTPA, CHIT

F,=mG, =mvye  vy+mc (v, =

. E
=py et Py + — =
c
2 r c?
:+mr—'—er(t)+mr—er:Fc.f.+ng O<r =r,), (14)
0 o} 0

— coberBeHHO yermpobestcnot cunbl Fog = M Ge g, = Py giot r¢¢ U 2padueHmmotl CHIbI
F,=mG,=(E/c) by =Const: e (B TanHOM CTyuae MOCTOAHHOL, He 3aBUCATIEH OT
paccrostuust I 1o nenrpa ¥ = 0), Bo3HUKAOMIE B 110J1e BpaleHus CyOCTaHIIMOHAIBHBIX
rouek npocrpancrea X (0 <r =r,) Bokpyr ocu t.

[Tons Gy (13) B o6mactu X(r, < r < 00) GyayT JeiicTBOBATH HA IIOMEIIEHHYIO B TOUKe
I TpOOHYIO YaCTHILYy MACChl M ¢ HAIIPABJIEHHON K HEHTPY, CHJIOi

F,=mG, = mvee™ ,ve+mc ,vp=

. E
_ t _
—p¢e"” r¢¢+? r¢6_
2 2 2
cor cor
=—m-gte()-m-—7zte =Fer +Fg,  (fo=r<oo), (15)
KoTopas cKiaaapiBaercda u3 "unsepcro-uenmpobescrot" (C.F ) cumsl Fog =M Geg . =

Py € by u obparnoii epaduenmmoti cuiet Fy = m Gy = (E/C)  $p, BozHUKAIOMIEIH
B 1I0JIe BpalleHus BOKPYr ocu T cybecranimoHabHbIX Touek nojpupocrpancrsa X 2U.

[Tocneausiss MoKeT OBITH OTOXK/IECTBJIEHA C CHJION B3aUMOEIHICTBHS MAcChl M ¢ BHEII-
HUM 2pasumatuothonm moiaeM Gy = — ¢y, co3maBaemom Maccoii M:

nM nM

Fom =mGy =—m ¢M=_m7er @mGg; ¢M=_—’ (I’OSF<°°), (16)

T. e. ecyiu rpaButupyiomas B obsactu X (o < r < oo) macca

c?r r2 r2 S
° 2r0:—ﬁoac,p,(ro), (anchOZngro, S=4mnr2), (17)
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COBJIAETCA 110J1eM PaTuadbHBIX yekopenuit a(rp) = W2 Fpe, cybeTanalmoHa bHbIX TOUEK
IEeHTPaJIbHOTO Ho/pocTpancTBa X Ha cdhepe S pammyca I .

CresoBaTeIbHO, CyMMAPHYIO PAIHAIbHYIO CHIY TaroTeHns (15) MOXKHO HpeICTaBUTh
KakK JefiCTBYIONYI0 Ha HPOOHYIO Maccy M, ABHKYILyIOca Bo enewned obaactu X (Mo <
I < o0) jByxKoMIOHEHTHOrO 00bexTa 2U, obsaaromero maccoit M = c?ro/n (17):

2
—m nM (1+r]M/c

2 . Jer, (I <r <o), (18)

F.=Fyw+Fcs =—m r]r—l\z/l (1+%)6,— =
Dra cwia Oyger OTK/JOHATH JIyd CBETa U CMEMATh MEePUTe/IHil JIUITHIECKUX OpOUT
anajiorndno penrennto [Isapumuiabna 8 OTO ajis iBuzkenust B 10/1€ MEHTPAJIBHONR MACCHI.
Ilo amanoruu, zpaduenmnyro cuny Fy = m G, (14) MOXKHO MpEJCTABUTH KaK CHITY
B3auMo/IeiicTBus Macchl M ¢ "unsepcro-zpasumayuornuim' | T. €. AHMULPAGUTNALUOHHBLM
noJeM, co3gapaemMom maccoit M Bo BHyTpenneil obsacru X (0 < r < r,) ABYXKOMIIO-
HEHTHOI'O 1IPOCTPAHCTBEHHO-BpeMenHoro obbekta 2U = X X:

nM
FmM:mGg:+m7er:Const, O<r =ry). (19)

(0]

[Tpencrasienune HabsroaeMoit Beesennoit, kak obsacru X (0 < r < Ro) JBYXKOM-
IIOHEHTHOI'O [POCTPAHCTBEHHO-BpeMeHHOro oobekta 2U = X X KOCMOJIOIUYECKOIO
maciraba [3], obpasoBannoro spamienuem (0 = 0, 0;) (oTcyrcTBHE NPOCMpPArCMEErH020
Bpatienust W = 0 obycaBanBaercst HAOJIIOIaeMOil H30TPOMHOCTHIO BeeeHHOM), T. e. Kak
00/1aC¢Th, B KOTOPOIl IPUCYTCTBYET H30TPOIHOE (OTHOCHUTENHHO JIIO00I TOYKH MPOCTPAH-
cTBa) moje yckopennit Gy = (c?/Rw)er = (NMw/R2)e, = Const & (12), npusoaur K
OTPAHMYCHUIO MAKCUMANOHO20 PAJUYCA JEHCTBUS CUJI MAZOMENHUA MEXKLy MACCAMH BO
Bceenennoit yciosuem

M c? P SE—
Fin=—m L —— e =0, Max = r-o'Roo:ﬂz

2
Ihax Reo

M Me, (I <r <oo0),

(20)

(]

e Reo =2 - 10%cm — zabbaoscruti pajnyc Beenennoit, Mo = C?Roo/N, o = NM/c?.

Tax, as cpejneit Maccnl ckomienns raqakruk M = 101 -M  (r, = 10%cm), yenosno
COCPEIOTOYEHHOI B IEHTPE, PAINyC JeiiCTBHs CUT TaroTenns upu ycaosuu (20) cocras-
ageT Mmax  107% - Ro  10%2cm, uTo cooTBeTcTBYeT HAGJIIOJAEMOMY XapaKTEPHOMY
pazmepy 00J1acTH, 3aHIMAEMON CKOILIEHHEM.

Takum 006pa3oM, reHeTHYeCKast CBSI3b UEHMPOOEHCHHT U 2PABUMAUUOHHBIT CUJT 3a-
KJII0YAeTCs B UX HEPBOIPHUYNHE, & UMEHHO, B MOCTyJIupyeMoM wmo/esbio M CII Bpate-
HUU CyOCTAHAIMOHAIBHBIX TOYEK HPOCTpaHcTBa B 001acTax X (HOAIPOCTPACTBO HOCTO-
SIHHO#T TO/T02KuTeIbHOI KpuBu3ubl K = + 1) u X (moampocTpacTBo MOCTOSHHON OTPHITA-
TesbHOM KpuBu3Hbl K = — 1), 0o6pa3syomeM M0Jist UHBEPCHO-CONPANCEHHHLL OKPYZKHBIX
CKOpoOCTeii, MOPOKIAIONIUX MO/ PAUaJIbHBIX YCKOPEHU, B KOTOPHIX MACCa 1M HCIbI-
TBHIBAET JIEHCTBUE JIBYX THIIOB UHEPUUOHHHLET CUT — UEHMPOOEAHCHDIT U 2PABUMAUUOHHDLT.
Bcé s10o nossossier nurepnperuposars cuibl (14)-(15) kak cyrybo kunemamuueckue -
bexThl 1BUZKEHUIT MATEPUATBHON CPEIbI, 3AMOTHSIONEH 4-MepHOe IPOCTPAHCTBO-BPEMSI.
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3 3akJrrodeHue

[Tosrydyennbie pe3yJibTaThl O €IUHONU MPUPOJE 2PABUMAUUOHHBIL T UEHMPOOEHCHDLT
CUL, CBI3aHHBIX MHBEPCHBIM 11pe0Opa30BaHKeM I10Jieil BpallleHUuil BOKPYT JIeHCTBUTEIb-
HbIX (pocrpancrBenHbix — {X,Y, Z}) u muumoii (Bpemennoii — {t}) oceit, craBsr ouepe-
HOW BOLIPOC: 9TO K€ IIEePBUYHO — TPABUTALMS, KaK HEKoe in-cognoscibilis (nenosnasa-
emoe — aam.) hyHIaAMEHTATbHOE CBOMCTBO MaTepuu, Wid HEHTPOOEeXKHbIe MHEPIMOH-
HbIE€ CHJIBI t-K0A44UHUAPHO20 BPATIEHNS, KAK MPOSIBJICHIE COMPOTUBICHHS IPOCTPAHCTBA-
BpEMEHH N3MEHEHUIO HAPABJIEHUS JBUKeHUs !

Qusnyeckasi HALISIIHOCTH JaeT BCe OCHOBaHUs npuaarTh "npsambeim" u "uHBEpCHO-
CONPSIZKeHHBIM" TIEHTPOOEXKHBIM CHJIaM 11pu meepdomenviom u t-Kosruruaprom Bpa-
MIEHUSIX AKCHOMATHIECKH MMEPBUYHYIO POJIb B pACCMaTpUBaeMoil mpobieme.

IToss yexopenmit (12)-(13), mpeacrasmsior coGoit emumoe obpasosame G, GM p
OJTHOMEPHBIX, BYXMEePHBIX I/ B TPeXMEPHBIX JBYXKOMIOHeHTHEIX X X = 2U  X3*!
UHBEPCHO-CONPANCEHHHLT ToApocTpancTBax. [lojydennble npu TakKOM HpECTABJICHUN
AHAJTUTUICCKIE COOTHOIIEHUS IIPUOOPeTaioT (PU3NIECKYIO HATVISITHOCTh U MOTYT CJIYZKUTh
JIJTsI TIOCTPOEHUS PA3IUIHBIX KOPIIYCKYJISIPHO-TIOJIEBBIX U IIPOCTPAHCTBEHO-BPEMEHHDBIX MO-
Jiesieit, KOTopble MOKHO HAOJII0AaTh B PA/IHAJILHO-CTEPXKHEBBIX, INCKOOOPA3HDIX, IIAPOBBIX
W KOMOMHUPOBAHHBIX IEHTPOOEKHO-TPABUTAIMOHHBIX CTPYKTYpPax.

Hanpumep, B kocMudeckux Macirrabax 9T0 Pa3/IMYHOIO BHJIA TAJAKTHKH C PACIOJIO-
skeHHbiMu B 00J1actu X (Fo < I < 00) uX yC/JIOBHO OJJHOMEDPHBIME CIIUPAJIbHBIMU PyKaBaMU
B IJIOCKOCTH BPAIIEHUS, EHTPAJbHBIM MMAPOBLIM 3BE3HBIM CKOILIEHUEM U O€33BE3IHBIM
anpoM (1. e. obmactio X M0 <r <r,) — mareMaTmaecKuM amazoroM "rmasza' armo-
cepHOro MUKJIOHA, U3 KOTOPOii IeHTpoGezKHbIe CHIbl (14) BHITECHUIH BCE TOCTOPOHHEE
Macchl ;1 Mp ), 383/l € UX IJIAHETAPHLIME CHCTEMAMU H T. JI..

B kocmoisiorndeckom Mmaciirabe, ecju 1pejcTaBuTh HabJI0jaeMyio Beejiennyio, kak
sayrpennoro obsacts X (0 < r < Rg) asyxxomnonenrnoro 2U = (X 3 X3) Xx3*1
UHBEPCHO-CONPANCEHHO20 TTPOCTPAHCTBA, (THIEPIOBEPXHOCTH), TO U30TPOIHOCTH HaBIIO-
naeMoit BeenenHoil uCKII09aeT HAJIUIHE npocmpancmeennozo Bpamenns O = 0, T. e. |
obpasyrorero mose yenmpobestchonx yekopenuit Geg, (12). B stom ciaydae B obiaacru
X ocraercss U30TPOIHOE, OJIMHAKOBOE B JIIOOO0H TOYKE MPOCTPAHCTBA 2PG0UEHIMHOE 110~
ae Gy (12) pajuanbubx, HanpasieHHbX or "Habmojare/s" yCKopenuii, BO3HUKAIOUIIX
B I10JIe BpallleHus W¢ CyOCTAHIIMOHAJBLHBIX TOYEK MPOCTPAHCTBA BOKPYT ocu t. DTo mose
OIIpeJIeJIIeT BEJTHINHY KOCMOA02UYecKoT nocmoannot /\, obecrednBaroieii 3aMKHYTOCTh

Bceestennoit 8 OTO :
Gg

NMMo  RZ,

0,25 10fcn2, (21)

ITone ycxopennii Gy = ¢?/Ro = Const (12) n0/ku0 6bITh HAGIOAAEMBIM: TOU-
Ka, JieXKalas 10 Jydy 3peHust Ha paccrosnun R; or so6oii Toukn O nadasa orcue-

Ta, casuHercd 3a Bpemsa At ma mmny Ar jgo paccroanua R; = Rp + Ar co ckopo-
cteio Ar/At = (¢2/R.,) At. Torna Touka A, jekammas 10 JIydy 3peHH HA PACCTOSHHM
Ra = n-R; (n = Ra/R;  [1,...,00)), 332 570 2Ke BpeMsl CABHHETCH JI0 PACCTOSHUSI

Ra = Ra +NAr = Rp + (Ra/R;) Ar ot touku O ¢ j1y4eBoit CKOPOCTHIO

c2 At (Ar/R,)

Reo At
e H = (Ar/R)/At = (¢?/R.)/(Ri/At) 1/T. = Const (dim[H] = dim[1/t]),
€ = Ar/R; — orHocuTebHad AedopMalusd pacCTOSHUNA MeXKy TOYKAME [POCTPAHCTBA,
1. e. H = &/At — ckopocTh OTHOCUTEILHOH JiehOPMAIUU TPOCTPAHCTBA, 110 JIy4y 3PEHMUs,
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Teo = ¢/Ro — Hekasi yCJIOBHasl BeJIMYWHA, HPUHUMAaeMasi 3a "BpeMsl CyIecTBOBaHus"
Beesennoit (mpu R;/At = ¢ — ckopocthb pacnpocrpanerus (hponta aedbopmarunm).

Takum obpasoMm, HabomaeMas ckopocth V(R) s s1t060ii Touku, Jiexkalieii Ha pac-
croganu R or mabsromaresist, IpOMOPIUOHATIbLHA STOMY PACCTOSHUIO U, BBIPAKEHHAs te-
pe3 napamerpbl noias Gy, upejcrasiager coboit zabbaosckyro ckopocth "pasberatns
lFanakruk. [Ipu srom 3akon ckopocreit V(R) = RH ne rpebyer npuB/iedeHust rumnoresbl
"Bosbimoro Bapeisa" 1, as1st KOTOpOii cylecTByer Hepaspermnmast npobieMa Guauieckozo
cocmosanus ucxoauoit cunryaspraocru ("Hauana Bpemén") u orcyrcrByer o0bsicHeHUe
IPUYMHBI HAYAJIbHOI'O pacmpenesieHus ckopocteil. B paccMarpuBaeMoM 2Ke cirydae
9TO pacupejie/ieHne 3a/102KeH0 B KHHeMaTHIeCKOolt ocHose cyniecrsosanug nojis Gy , a
1pobJieMa CHHTYJISPHOCTH OTCYTCTBYET.

NeiicrBurensno, u3 V(R) = dR/dt = RH cueayer: R(t) = R(t,) - e «HOt yyy
R(t) = R(t,): et (mpg H = Const u t, = R(t,)/c — magaso orcueTa), T. e.
paccTosiHme MeXKIy JABYMsl TOYKAMHU IIPOCTPAHCTBA Beerja KoHedHO, Tak Kak R(t) — 0
TosbKO 1ipu (t — t;) —» —00, u, cjejoBaTe/IbHO, IPOCTPAHCTBEHHAS] CUHTYJISIPHOCTDH B
JII060it MOMEHT BpeMeHu t > —o0o mCKIroYaeTcs.

Tak, eciau npunarb H = ¢/R = 1/(15-10°) nem ™, e Reo = cH™1 = 15.10° cs..em
— coBpemenHbiii "ropuzont" HabsroneHus: (yciaoBubiii "pamuyc Beenennoit" , Ha KO-
topom V(Re) = C), To mpu t-y = (t—1t) = —1/H = =15 10° sem nmveem
Reo(t—) = Rooe™t = 15.10%/2,718 = 5,5 10° ce..sem, T. e. TOUKA, JerKamias Ha HAOJIIO-
naemom "pagumyce Beesmennoit" , 15 muip. Jier Has3aj Oblia Ha paccrosnum B € = 2,718
pa3 MeHbIeM coBpeMeHHOro R 1 jiBurasiachk or Reo(t—p) /10 Reo(tH) B TeueHue Bpemenn
ty = (t—t,) = 1/H = 15-10%1em co cxopoctbio V(t) = HR(t) = HR (t_y)-em (%) < ¢,
a TOYKa, Jiexkapimas Ha '"pamguyce Beenmennoit" Roo B MOMEHT M3/1ydUeHHsS CBETOBOIO CHI-
HaJ1a, yuuia 3a Bpems ty 3a "ropusont Beenennoi" ma paccrosaue Roo(ty) = 2, 718 R,
T. €. B € = 2,718 pa3 Gouibiiee HaO/IIOH2eMOI0 Reo.

Haxonen, u3 npeicrasiaenns H = e/At = 1/(15 - 10°) sem ™! = Const caeayer, uaro
ornocure/ibHOe cmernenne € = Ar/Ry iByx rouek, JiexKaimux Ha paccrosaun Ry apyr or
Jpyra coctapiasger (% 3a mapd. aem.

OueBu/iHO, uTO B ManHoii Mojean (6e3 "Bosbmioro Bapeisa') Bpems ty He mMeeT HuKa-
KOro oTHOIeHus K "Bpemenu cymniecrBoBanus To, Beemennoii, a coorsercTByer BpeMeHu
[IPOXOZK/IEHUsI CBETOBBIM CHI'HAJIOM PACCTOSIHUS OT TOYKH, HAXO/UBIIEHCs Ha ''mopu3oHTe
Bceesennoit" , 10 Toukun Habmaomenusa O.

Ioacrasus B (17) snadenue o = 2-10% cm = Res (wabbaoscruti pasvep Beesennoii),
MOZKHO HOJIYIATH BeJHIHHY Moo = 3-10% 2 — rpasuranumonnyio maccy Beerennoii. 1 ec-
Jin cuntarb 00beM Voo HAOJIIOIaeMOl Beestlennoit cpepuueckum, T0O IOTHOCTh MacChl Moo
cocrasutr ppuiomanoscroe B OTO 3nauenne o  1072° 2/cm®, 4T0 MOMKHO CUMTATD 1JIOT-
HOCTDBIO 9HEPrun ( oo C2) MAMEPUAALHO20 TPOCTPAHCTBA, 3AK/IIOUEHHOTO B 00béMe Voo.

Tak kak Bce MUMPHI MOIYUCHBI U3 NPOCMPAHCINGEHHOLL T PUSUYECKUT XaPAKTEPH-
CTHK JBYXKOMIOHeHTHOro mpocrpancTsa U X3*1) xax TakoBoro, To pedun maer o Macce
(sueprun) u maoraocru umenuo [IPOCTPAHCTBA, a ne cOBOKYIHOCTH MaCCHBHBIX W
PACCesiHHBIX TeJI M Pa3JIMYHbIX BUJIOB Hepruu Bo Bceesiennoii. B aTom caydae wabaro-
daemvle BEIECTBO W 110JIsi B BHJIE I'aJIAKTUK, 3BE3J[, TYMAHHOCTEH W Pa3/JUIHBIX BUJOB

1) Hajuuue nabuosaeMoro Bo Beesiennoil paBHOBeCHOro "pesiuktoBoro” usiyueHus ¢ 9epPHOTEIb-
HoOI Tremueparypoit 2,7 K, rpakryemoit B Teopuu "Bosbinoro BapeiBa" kak ocraTouHasi remieparypa
aInabaTUIeCKOrO OXJIAXKIEHUS TIPU PACHIHPEHUH TePBOHAYAILHO ropsa4deii BeeleHHOW 0T HEKOTO cuH2y-
AAPHOZ0 BBICOKOTEMIIEPATY PHOTO 00beMa, HAXOAUT CBOE 00bACHEHUE U3 WHBIX MPEACTABJICHUN (CM. B
Hacrosueit monorpadpuu: B./]. Andpees. Harpes xosionnoii Beesiennoit kak ajibrepaaruba "BoJibimomy
Bapoisy").
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u3JIydeHunii, cocrapiugomue 1o ceoeit macce  1+5% or Moo, npeacraBiagior smopusoie
B 061acTh (0, Roo]  2Uco OOBEKTHI 9BOIONHI MAMEPUAALHO20 TIPOCTPAHCTBA-BPEMEHH,
a "memocramomaga" ckpbimas Macca, aKTHBHO pa3bICKHBaeMas acTpPOMU3UKAMH, — 3TO
sHeprus (Macca) ICKPHUBJIeHHOTO BpamenneM 0; X°  X°3*! npyxxommonenTtroro mpo-
crpancTBa “Us = {(0, R ], [Reo, )} X3 X3*+1,

Buadyernss Mo 1 Reo MO3BOJIMIOT ONPEAESUTD CBSI3b BJIMYUHBL 2PA8UMAUUOHHOT T10-
CTOSIHHO#I N ¢ Maccoii u pa3mepom Bceesiennoit B Bujie

Roo _

r]=M—C2=6,67-10 8 emlz - cex? (23)
a TaK Ha3bIBAEMbBIE NAGHKOGCKUE ejunuibl Macchl Mpp = ( ¢/N)Y? = 210752 u s
oy = ( n/c®Y? = 1,6 - 107%3¢cm , ne comeprkaliue HUKAKON HPUBS3KH K M3BECTHBIM
dbusnueckum 00beKTaM, IPH 3aMEHEe 2pasumayuoHHoll MOCTOAHHON N Ha eé "uneepcHo-
conpaoicennoe" snagenne | = 3,8-10%" cm3/z2- cex? [2] mpuobperator XapakTep peajbHBIX

BEJIMYUH :
my, =( ¢/n)Y?=0,91-107%2 =m,, (24)
o, =(n /2= /mec=3,82-10"cn =Ry, (25)

T. €. COOTBETCTBYIOT MUHUMAJIbHON HAOJIIOIAEMOM Macce 1OKOf — Macce JIEKTPOHA
U ero KOMNIMOHOGCKOMY DPAJUYCY, Y€M MOATBEPKIAETCS (DU3HUHOCTH MOJIETH UHEPCHO-
CONPANCEHHBIL NPOCMPAHCING TIPU OIUCAHUU CTPYKTYPBI MPOCTERIIEr0 KOpnycKyAApHO-
noAe6020 00'bEKTA — JIEMEHTAPHOIO 3aPsi/Ia.

SDiementapuo npeobpasys (24) x sumy N = ¢/m2 = /mec - c2/me = Ry c2/me,
OyJieM UMeTh

n :&C2:3,8'10376M3/2'C€7€2, (26)
Me

T. €. AHAJIOD BbIpazKkeHusi (23) i 2pasumayuorHot MOCTOSTHHOM N .

[Tostarasi, 9To 9Ta, AHAJIOIUS PACHPOCTPAHSIETCs Ha IpeobpasoBanue BolpaxKenus (23)
K BIIY N = Reo /Moo =  00/MooC 2/ Moo = o C/MZ, i0yunm em@ ogny dyHjameH-

TAIBHYIO KOHCMAHMY, COMPIKEHHYI0 ¢ nocmoannot [lnanka = M CRk, a nmenHo

2

w=MacR = Mo = Mo Reo 72 g 8.10% . cu/een, (27)
Me RK

IPEJCTABIISIONLYIO  COO0IT NOCMOAHKYI0 TTIODAJBHOIO MOMEHMA UMNYALCL 6PAULHUSL

Joo = K o rpaBuranmonnoii Maccsl Mo, Bceesiennoii.

TakuM 06pa30M, COBOKYIHOCTDL cooTHOIIeHHH (23)-(27) ompeesser B3auMOCBs3b (hu-
3UYECKHX XaPAKTEePUCTHK MPOCTEHIIero KopnyckyAapHo-nose6020 00beKTa — SJIeMEHTAp-
HOTO 3apsijia i KOCMOAO2UYecko20 00beKTa — HabJogaeMoil BeeteHnoi.

B 3aKJIIOYEHHUEe MOZKHO KOHCTATUPOBATb, YTO JAJId OKOHYAaTE/IbHOI'O pellleHnd Hp06ﬂeMbI
2PasUMaUUA — UHEPYUs TPeBYETCsl TeOpHsl IIPOCTPAHCTBA-BPEMEHH, KAK MATE€PUAIbHOMN
Cpeapl, CO3/AIOMIeii MHEPTHOE CONPOTHBICHAE H3MEHEHHIO HANIPABJIECHUS I CKOPOCTH
JIBUZKEHUsI MACChl (SHEPIHH).

Cuucok jurepaTrypbl
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KOMMEHTAPHII K CTATBE

Bompoc o npupoje rpaBUuTalnOHHBIX U HHEPIUOHHBIX CHJI, HaunHas ¢ pabor HproToHa
U JI0 CErOJHSIIHEr0 JHs OCTAaeTCd OTKPbIThIM. KpacuBas miaest Ditainreitna o0 sddexre
IPABUTAIIMN KAK [IPOSIBJICHUN KPUBU3HBI (F€OMETPHU) IIPOCTPAHCTBA-BPEMEHH, CBO/SIA-
sIC K JIOKAJIbHOH 9KBUBAJIEHTHOCTH MHEPIMOHHLIX U I'PABUTALMOHHBIX CHJI, IIPUBOAUT K
HOJHOMY OTKa3y OT (PM3HKH IPABUTAIIMOHHBIX SABJIEHHI B IOJb3Y YHCTON MeOMETpPHH U,
KaK CJIeJCTBUE, K OTKA3y OT HOHATUS COXPAHIONIEr0Cs 4-HMIIYJIbCa TPABATAIMOHHOIO [10-
JIsl M3-38 HEBO3MOXKHOCTH JIOKasm3anuu ero (nosst) sweprun. Kak ormeuan JI.T'uiasbepr,
"310 00CTOATEILCTBO siB/IsieTcs XapakTepuoit yeproit OTO". B koneunom urore npuposia
rpasutaiuonubix cuyi B OTO cBogurcst k hopmyste "macca MCKPUBIISET IPOCTPAHCTBO, a
KPHUBHU3HA OIIPE/IE/ISeT TPACKTOPHIO JIBUKEHHS MACChl".

B koMmMeHTHpYEMOIi paboTe MOKa3aHO FreHEeTUYECKOEe pa3/indme MezKIy AByMs "HHep-
MUOHHBIME"  cuiaMu — ubtomonosott Fy = Ma u uyenmpobeocnoti Fog = May, rue
ay=dv/dtua, = (E/m, = (V3/r)e,. 10 pasiumune 3akiaouaerca B Tuie co-
nuporussienns (T. e. WHEPIUN) M3MEHEHHUIO CKODOCTH JBHXKEHHsI — B LIEPBOM CJIydae
510 "comporupienne’ W3MEHEHHIO BEJIMYUHBI CKOPOCMU BO BPEMEHU (yckoperue, Kak
H3MeHeHe BEeJIUMYUHbI 6eKmMopa CKOPOCTH BO BPEMEHH, [0 BUY KOOPJAMHATHBIX MPE0D-
pa30BaHUil OTHOCUTCS K 6EKIMOPAM), & BO BTOPOM — U3MEHEHUIO HAIIPABJIEHUS 6EKMOpa
cKopocmu B MPOCTPAHCTBE (yckopenue, KAK TPASUEHT TPACKTOPUH JIBUKEHHS 110 Pa-
JILYCY KPHBU3HBI, 110 BH/Ly KOODJMHATHBIX IIPEOOPA30OBAHUIT OTHOCUTCS K KOBEKMOPAM ).

Taxske Kax u yewmpobesicnas, epasumayuonnas cuia Fumy = Mag = m(—nM/r?),
sByigercs 'rpaaueHTHOR" , y KOTOpOil moJie yckoperue IpeacTaBiserT coboil rpaaueHT
paclpejieleHus] CKAJSPHOIO I'DABUTAIMOHHOIO moTeHnumajaa ¢g = NM/r kak a; =

rdg = —NM/r?) . e. 10 BULY KOODIMHATHBIX NMPEOGPA3OBAHUI OTHOCUTCH K KOGEK-
Mopam W, CJIeJJOBATE/IbHO, TEHETUYECKH 3Ta CUJIa HOJA00HA UeHmpobesrcHo.

OT reHeTHYecKOro 1mo00us, JI0 OTOXKIECTBIEHU] TPAPOABI 00EUX CHJI OCTAETCs OJIUH
TOJILKO IIAT, eCJU HANTH B3aHMOCBA3b MEXKJY IOJIEM UEeHMPoOestCHbL CKOPOCTell Vi =
(c/R) - r u nonem epasumayuornozo norennuana Pg = NM/r.

TakuM 1marom siBUJIACH MOJIEJIb HHBEPCHO-CONPsizKeHHbIX pocrpancts (M CIT) kak pas-
jesenne nenrpaabioro npocrpancrea U = {0, 00} na jse obsmacru (f, r < 00) u
O<r Ip) cuemwiennbix noanpocrpancrs X = (0,r,] u X = [ry, ), 7. e. obpa3oBa-
HIe JBYXKOMIIOHeHTHOro mpocTpancrsa U = X X | a1 koToporo r X,r X,
r =r2/r, X nX =84r), rae SH(r) — (n — 1)-cdepa pagmyca .

O6ocHoBaHHEM fusuveckozo pasaeleHns IeHTpaabHoro mpocrpancTsa X° = {0, co}
H3, MHBEPCHO-COIPAYKEeHHbIe BHYTPeHHIoo u pHemnion obractu X X = 2U X3 gapu-
Jioch nocrysuposanue B mojean UCII t-koaruneaprozo spamenus O = (C/Rc)e, X"
XM= o6pasyolero mose okpyscrolr (TAaHTeHIUATIBHBIX) cKopocTeil Vy = ¢ F /R, €
TOYEK HPOCTPAHCTBA B Mo0oM mmockom cedennn X2 X = (0,r] u vy = ¢;R/T ¢ (B
CILTY HHBEPCHOII conpsazKenHocT I = r2/r) B mobom mrockoM cedennn X2 X = [r,, ©0),
rie rpannna o = R = ¢/Ww¢ coorBercrByer npeaesbuoii okpyscrot ckopocru V¢ (Re) = C¢
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JIBUZKEHUS TOYEK IPOCTPAHCTBA, T. €. CKOPOCTU cBeTa | C | = C.

B deTpIipexMepHOM MpPOCTpPaHCTBE-BPeMEeHH O00pa3yIOTCs IOJIA CKOPOCTEil IBYX THIIOB
— BEKTOPHOE II0jIe TAHIEeHIHATbHBIX (OKDPYKHBIX) CKOPOCTeil Ur ¢ x3 meepdomenvnozo
BpaIlleHls] OTHOCUTEIbHO JefCTBATEIbHBIX (IIPOCTPAHCTBEHHBIX) OCEH M TEH30PHOe MOJIe
TAHTMEeHIIMAJbHBIX CKOPOCTEN BpaleHnd V; ¢ OTHOCUTEJIbHO OCu BpeMeHnu I, nmerorue cBoi
MHBEPCHbBII aHAJIO B MHBEPCHO-COIPHAZKEHHON 00/1aCTU JIBYyXKOMIIOHEHTHOI'O 1POCTPaH-
crea 2U = X X u HOpoIAIONIAe HOJIsS MHEPHUOHHBIX YCKOPEHHIl JBYXKOMIIOHEHT-
HOTO IPOCTPAaHCTBEHHO-BpeMeHHOro o0bekTa 2U JIBYX BHIOB — BO BHYTpPEHHEH 00JacTH
X = (0,r,] nHampaBieHHbIE OT IEeHTpa K BHEIIHel rpaHune fp, U BO BHeIIHeil obaacTu
X =[r,,o0) HaupabjieHHbIe U3 ODECKOHEYHOCTH K IEHTPY, TOYHEe, K rpaHune o .

[Tepsbie cozgator cobcrBeHHO uHepuuoHHbie yewmpobeschove Feg B X = (0,r] u
unsepcho-yenmpobestcnoe Feg B X = [Iy,00) CUjibl, a BTOPbIE — 2pa8UMaUUOHHVLE
(nnu uneepcro-yenmpobesicrole OTHOCUTETbHO ocu Bpamierus t) Fry B X = [F,, 00)
U aHMUZPasumayuorhse (I 4enmpobeschbie OTHOCUTENbHO ocu Bpamienus t) F , B
X =(0,r,] cubr:

(Fes, Fram) s O<r =r,),
(Fcs ., Fam), (ro <r < o0).
Takum obpasomM, Bo3Bpaimasich K ¢gopmyauposke B OTO — "macca uckpusiiser mpo-

CTPAHCTBO, & KPUBU3HA OIPEJIE/IsieT TPACKTOPUIO ABUKEHUS MACCHI' | MOXKHO MPEJTOKHUTH
JIPYTYIO TPAKTOBKY IPUPOJIbI 2PABUMAUUOHHHLT CAT HA OCHOBE YCTAHOB/JIEHHOW B KOMMEH-
THPYeMOil pabore ux o0IIeil TPUPOJIBL C UEHMPOOEHCHVLMU CrIaMu corytacHO moaean U CIT
— JIBUZKEeHHE CyOCTAHIMOHAIBHBIX TOYEK HPOCTPAHCTBA ((Pusuueckozo 6aKyyma) co3iaer
KOGEKMOPHbIE IO HHEPIIMOHHBIX YCKOPEHUil, B3anMO/IeiCTBIE ¢ KOTOPBIMHU OIPe/IeIsIer
TPACKTOPHIO MEePEMEeIeHu MACCHI.

CobcrBenno xe maccel My (1, ...,N - ©0), KaK JOKAJTM30BAHHbIE B JIBYXKOMIIOHEHT-
upix npocrpancrsax 2U, = (X X ), 00beKTbl, reHeTHdeckn o0pasyoniue coOCTBEeHHbIe
110JId MWHEPIHUOHHBIX yCKOpeHI/Ifl, 1pu B3aI/IMO,ZLeI71CTBI/II/I C aHAJIO'MYHbIMU IIOJIAMU JAPYTIUux
00BEKTOB MOPOK/IAI0T IPABUTAIMOHHYIO CBS3b MEXKIY CODOIi.
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Paznes 4.

KOCMOT'OHNA I HEBECHAA MEXAHUKA
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O HeKOTOpbIX AP deKTax B3auMOoIeliCTBUS
PA3HO3HAKOBBIX I'PaBUTAIIOHHBIX MaCC

1 Bsenenne

Hakoruienune HOBbIX 9KCIIEpUMEHTAJIbHBIX (DAKTOB, OCOOEHHO B acTPO(U3UKE, TPYIHO,
a WHOIJIA COBEPIIEHHO He MOJIAI0NIMXCs 00'bICHEHUIO C MO3UIUN U3BECTHBIX (DU3MIECKUX
3aKOHOB (BBGB,HHbIe A TaJIJAKTUYCCKUE ACCONHUAIUN C MOJIOKATEJIbHON ITOJTHOW SHEpruei,
B3PBIBBI $/1ep TaJaKTUK, BLIOPOCHI CI'YCTKOB, CTPYH U 3BE3/IHBIX I'PYIII U3 fJiep TaJaKTUK,
SHEPrusi PAJUOTAJAKTUK U KBA3apPOB, BCIBIIIKK CBEPXHOBLIX, TEMHAs MATepUsi B IEHTPE
3BE3/IHOI'O CKOILJIEHUSI M T. JI. W T. II., 3aCTaB/IsIeT UCKATH OTBETHI HA mocTaBiennbie [Ipupo-
JI011 BOIIPOCHI KAK € TIOMOIIHIO HEOPAUHAPHDBIX THIIOTE3, TAK U C IIOMOIIHIO HOBBIX IO/X0/I0B
K aHaym3y "crapbix' niei.

OjiHolt M3 TaKKUX Heil saB/sgeTca TIIoTe3a cylecTBoBanusd B IIpupose orpunaresin-
HbIX I'PABUTAIMOHHBIX MACC.

Kak u3BecTHO, BO3MOXKHOCTH CYIIECTBOBAHUSI CBOOOJHBIX YACTHI] C OTPUIATEIHHON
SHEeprueil oupeneadercd PaBHOLUPABHOCTBIO JIBYX PeLIeHUR JJisd 3Hepruu, CBA3aHHOM C
HMITYyTbCOM U Maccoil kKak E = #¢  p2+m2¢2, wam B mokoe — E = #+mc?, orkya
cieayer, 9To 3HaKu (%) MOMKHBI OBITH OTHECEHbI HEIHOCPEJICTBEHHO K 3HAYEHHIO MACChI
M. JlupakoBcKas TpaKTOBKa OTPUIATEJHHOII MacChl, KaK IOJOXKHUTEILHOW BEJTUYUHBI C
IIPOTUBOIOJIOKHBIM "0ObraHOMY " asexmpuueckum 3apsiioM (JEKTPOH  HO3UTPOH), 110-
KpaiiHeit Mepe, HeJJOCTATOYHO JIOTUIHA, TaK KaK JijIsi O0bsICHEHUST CyTIy00 MEXaHUYECK020
COOTHOIIIEHUST TPeOYeT MPUBJICUCHUS IMEKMPUIECKUL CBOHCTB Macchl (dueprum). Jlornd-
Hee, OCTaBJIAS B CTOPOHE 06Y3HAKOBOCb INCKMPUYECKUT 3apAJ06 JIJIT TPABUTAIMOHHO
00HO3HAKOGHLLL MACC KAK BBIIIOJIHEHUE TPeOOBAHUN 3a4K0HO6 CUMMEMPUL, 3HAK MACCHl Ha
9TOM K€ OCHOBAHUU CBS3AaTh C €e (PyHJIAMEHTAJbHBIM CBOWCTBOM — I'DABUTAIMOHHBIM
B3aUMO/IEHCTBAEM.

[TpobJiembl, cBs3aHHbIE C 9TO Mjeeil JaJeKO HEe TPUBHAJIbHBI — HaJMYNe PA3HO3HA-
KOBBIX I'PABUTAIMOHHBIX 3aPs/I0B B KOpHE MEHAET BO3MOKHOCTH OIUCAHUS I'PABUTAIMH
¢ momornipio OTO, Tak KaK 3aTparuBaeT He TOJbKO IPeJCTaBICHUs O PEMAHOBOW MeTpH-
K€ IPOCTPAHCTBA-BPEMEHU (4eThIPEXMEPHOIO HPOCTPAHCTBA IIOJIOKUTEJIbHON KPUBU3HbI),
KaK CHHOHHUME I'DABUTAIMH, HO ¥ IPUHIUI YKBUBAJECHTHOCTH I'PABUTUPYIONIMX W UHEPT-
HBIX MaCC.

Hexkoropbie a¢pdekTs rpaBuCTATUKY PA3HOUMEHHBIX I'PABUTAIIMOHHBIX 3aPSI0B Pac-
cMaTpHuBAJICh B paborax [1-3|. B mpearaemoii pabore Jannas npobyema B TOil ke rpa-
BHCTATUYIECKOIl IOCTAHOBKE aHAIU3UPYETCA Ha IpeaMeT (PU3UIHOCTU KaK CyIIecTBOBa-

B.Jl. Andpees, O HexoTopbix 3ddeKkrax B3aUMOJEHCTBHSA PA3HO3HAKOBLIX T'DABUTAIMOHHBIX
macc/ /Hogeiimme npobmiembr Teopuu nosst 2005 — 2006 (Ilox pen. A.B. AmunoBoit) — U3za-so Kasanck.
yH-Ta, Kazanb, 2007, T. 6, ¢.57-65.
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HUst OOBEKTOB C OMPUUAMEALHOT 2PABUMAUUOHHOT MACCOH, TAK U HEKOTOPbIX CJIEJICTBUI,
BBITEKAIONIUX U3 HaJU4hs TaKuX 00bekToB B IIpupose.

2 Macca KaK 3ap4/ B I'PaBUTAINOHHbBIX
B3alMO/JEeCTBUAX

Toueunas macca M obJ1a/laeT IPABUTAIMOHHBIM [10JIEM, HOTEHI[MAJ KOTOPOI'O PaBeH

m
Om=—n—, (1)
r
rae | — rpaBATAIMOHHAA IIOCTOSHHASL.
['paguent or (1) gaér rpaBUTAIMOHHOE TOJIE

m
Gn=— dm=—"nN=

2 er (2)

obecriednBaloiiee HbIOTOHOBCKOE B3aMMO/IEiCTBUE MeXK /1y TodedHbIMu Maccamu M u M ¢
cuJioi

mM
[IpencraBum (1) u (2) KaK DOTEHIUAT M [OJI€ HAPSIZKEHHOCTH IPABHTAIIMOHHOTO 3a-
psijia Gm , PABHOIO v
gm = —NmM, (4)
T. €. KaK g
m
by =" (5)
Gm=— §=2 (6)
m — g 2 €r

Torpa cuta B3anmoeiictBus (3) macc M u M| pacioOKeHHbIX Ha PACCTOSHUH I JIPYT
oT Jipyra, Oyjer paBHa
OmIm mM

Fom =0m Gm = r2 er =—1 r2 €r, (7)

IJie TPABUTAIMOHHBIN 3aps/i §n HPOU3BOJIbHON Macchl M paBen
v__
gv = —NM =(M/m)gn . (8)

Tak Kak MHHUMAaJbHOW KBAHTOBAHHOI BeJMYMHBI MACChl (SHEPruM) 10 Beeil Bu/Iu-
MOCTH He cymiecrByer, To M/m — jiro6oe BemecTBeHHOe YHUC/I0, JIeXKallee B Ualla30He
0<|M/m| < co.

Dueprug nonga Gm 3apsaia gm =% —Nm:

1

_ 1 1 (Em)?
- 8m

GndV =—2n-"——" (9)

U
g 2 ro

o
Oy/ieT OTpULIATEIbHA HE3ABUCHMO OT 3HAaKa 3apsija (Macch) (¢ 9TuM (haKTOM CTOTKHYJICST
emte cam Jorc. Makcsean 4], aro ero odenp 03a1a91i10 U 3aCTABUIIO OTKA3ATHCS OT MJIEU
"MakcBeJm3anun' rpaBUTAIMN) B OTJHYHE OT SHEPIUH IOJIsl JIEKTPUIECKOro 3apsi/ia (,
KOTOpas IOJIOKUTEJIbHA /I 3apsia JTI000r0 3HaKa:

1% 1 (x9)?

8m |, 2 1
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KaK U3BE€CTHO, MHTEHCUBHOCTDb HU3J1Iy4YC€HHA IIJIOCKUX 3JI.-M. BOJIH JICKTPUICCKHUM 3apPi-
JIOM (], JBHKYIIUMCS ¢ YCKOPEHHeM @, paBHa [5|:

=" =21 (11)

e AE — sueprus, nepeHocumasi 3/1.-M. BOJIHAMH 34, BPEYys At.

Toryta, o anajoruu, usjydaembie 3apsjoM Jm = £  —I M rpaBUTallMOHHbIE BOJIHbI
OyuyT 00/Ia/IaTh MHTEHCUBHOCTBIO lg AE a%g? a2 (—nm?) u, cienoBaTe/bHO,
"Hectu Ha cebe" orpmmaresbHbI MOTOK Heprun AE < 0 .

CureioBaTeIbHO, TEJIO HJIH CHCTEMA, M3JIydaromine I'DaBUTAIMOHHbBIE BOJIHBI OYIyT
IIOTJIOIATE OJIOKUTEIbHYIO SHEPIUIO (MacCy), a HOTOK M3JIy9aeMOo# BOJIHbI OyjieT OT-
O6upaTrs SHEPruio y uperpajpl (Wi JaT9uKa), HAIPUMep, CHUZKATH TeMIEePaTypy Cpe/ibl,
YMEHbIIATH CKOPOCTh XUMUYECKUX PEAKIMil i OMOJIOMMIEeCKYI0 aKTUBHOCTH, BO3MOXKHO,
IOHUZKATH SHEPIUIO FJEKTPOHOB Ha Pa3pelleHHbIX opOuTax (morepst yCTONYUBOCTH [BH-
JKeHUs) U T. II., YTO IPUHIUIHATBHO OTINIAETCS OT SJIEKTPOMATHUTHON BOJTHBI, KOTJIA [O-
JIOZKUTE/IbHASI SHEPIUs U3/1yYeHUsl TIEPeaaeTCs pernaTcrBuio. [1oaromy eciiu jierekTopbl
Oy/lyT HACTPOEHbI Ha IIOTJIOIIEHUE, a HE HA MOTEPIO YHEPIUH, TO Pe3yJbTaThl IKCIIE-
PUMEHTOB 110 PErUCTPAIUU I'PABUTAIMOHHBIX BOJIH OY/LyT OTpULATE/IbHBIMU. BO3MOKHO,
IMEHHO STUM O0bACHSAIOTCI HEyAaud B 0OHAPYZKEeHIH I'PABUTAIMOHHBIX BOJIH B COBPEMEH-
HBIX SKCIEPHMEHTaX, [0 KpaiiHeii Mepe, aedOpMAIMOHHBIX, B KOTOPBIX OXKHIaeMble 3(-
bexror (£€)? < (£0)> +E (€u 0 — gedopManusa u HaIpszKeHHe) MPeIIIoIaraioTcs
SHEPIeTHYECKH MOJOXKUTEIHbHBIMU.

Pacemorpum ciiejicTBust, BBITEKAIONIUE U3 PE/IIOJI0KEHUsT O CYLLELTBOBAHMM B [Tpu-
poJie pa3sHOUMEHHBIX MAcC, T. €. FPABUTAIMOHHBIX 3apsaioB £(0m =x —nm.

1. B cBa3u ¢ teM, uro sueprug (9) mons Gm (6) Oymer orpumaTenbHON He3aBUCH-
MO OT 3HAKa IPABHTAIMOHHOTO 3apsiia (MACChI), HEJIb3s OMNPEJIEJUTh 3HAK MACChl MO ee
I'PABUTAIIMOHHOMY W3J1yYEHHUIO.

2. [Moxcrasass B (7) orpunareababie 3apsibl §m 1 gm , HAXOAUM

=gm)(=gm) _ mM
e T

FmM = €r, (12)
T. €. OTpULIATEJBbHbIEC 'DABUTALIMOHHDBIC 3apAdAbl IPUTATUBAIOTCA MEK/LY CO6OI71 TaK 2Ke,
KaK W I1O0JIO2KUTEJIbHbIE MEZKY CO6OI71.

3. ZL.T[?[ B3aHMOﬂeﬁCTBHﬂ (7) Pa3HOUMEHHDbIX 3apP4d10B _gm n +g|\/| 11OJIy YUM

— (_gm3-2+g|\/|) M er, (13)

er =110

T. €. MacChl ¢ PA3HOMMEHHBIMU I'DABUTAIIMOHHBIMU 3aps/iaMu Oy/lyT OTTAJIKNBATHCH
JIPYT OT JIpyTa, YTO HPUHIUIHNAJIBHO OTJINIAETCH OT IIPOTUBOIIOJIOKHBIX JIEKTPUIECKUMUX
3aps/I0B, KOTOPBIE MPUTITUBAIOTCI MEZKLy cODOil.

Tot dakT, 4TO JIyd cBeTa UCKPUBJ/ILETCS MIPH ITPOXOXKICHUNA BOJIU3U MACCHBHOI'O TeJja C
[OJIOYKUTETbHBIM I'PABUTAIIMOHHBIM 3aps0M, Harpumep, CoJTHIIa B CTOPOHY OJIOXKATE Tb-
HOIl KpUBU3HBI, T. €. MPUTATUBACTCI, TOBOPUT O TOM, YTO YHEPrus JIEKTPOMATHUTHOIO
u3jIydenus umeer TOT ke, 9ro u y CoJIHIA, HOJOKHUTEeIbHbII I'PABUTAIMOHHBIN 3apsi/l.
CrieioBaTe/IbHO, CBET, M3JIyYaeMblil € IOBEPXHOCTH MAaCCHBHOIO Teja OMmpulamenvrol
Mmaccol, Oyer roayberb 3a CYeT IPABUTAIMOHHOTO (HuoAemo6o20e cMeuLeHUs MaKCHMY-
Ma MHTEHCUBHOCTH HENPEPBIBHOTO CIIEKTPA B OTJIMYWE OT TMOKpPACHEHUs CBeTa 3a CUeT
I'PABUTAIIMOHHOI'O KPACHO20 CMEULeHUEe 1IPU U3J1yYeHUU C LIOBEPXHOCTH MACCHUBHOI'O TeJia
NOAOHCUMEALHOU MACCHL.
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3 /IBy3HakoBasg MHepTHad Macca
BO 2-M 3aKOoHe HbroToHa

PaccMorpum B3auMOCBs3b I'DABUTAIMOHHONR MACChl, 00/1a/1a01el JIBY3HAKOBBIM I'Da-
BUTAIMOHHBIM 3ap4J/I0M, ¢ HHEPTHON MacCCOM, BXOJAAIEed B BbIparKeHHUE JJId CHUJIBL:

F=—=—‘"=—_— = mya, (V C). (14)

Ecin B gamHoe BbIpaKeHHE HOACTABUTH OTPHIATEILHYI0O Maccy (—M), TO mosydmm
F = —ma , 1. e. nanpasaenue cuave 0yoem npomusonosoHCHuLM HANPLEAEHUI YCKO-
PeHUA OAA NOA0KHCUMENLHOT Mmacchi. [IpaBOMEPHOCTH ITOr0 BHIBOJA MOXKHO HPOBEPHUTD,
oupe/lesids HalpaB/JeHue YCKOPEeHUd U CUJ/Ibl IIPU I'PABUTALMOHHOM B3aUMOICHCTBUM JIBYX
rest. [IpupaBauBanus Beipakenus (14) u (7), HAXOAUM, YTO IPU B3AUMOIEHCTBIH MEZK Y
cO0O ONHO3HAKOBBIX, KAK HOJOKHTEJIbHBIX, TAK ¥ OTPUIATEIbHBIX, MACC HAIPABJICHUE
yexkopenns a = —NM/r?e, u cuibl TaxkecTn (npumastcenue) octaeTes oJuHaKoBbIM. [Ipu
BzanMo/eficruun pasHouMennbix mace (13) manpasienne yckopenns a = +NM/r?e, u
IPABUTALMOHHON CUJIBI OMMAAKUGAHUA TAKAKE COBIALACT U HE 3ABUCUT OT TOIO, KaKas U3
JIBYX B3aMMOJEHCTBYIONIX MACC UMEeT MOJIOKATEeNbHbI Win orpunare bublii 3aak. Cie-
JIOBATEJIbHO, HAllpaBieHne Ciibl B (14) He 3aBHCAT OT 3HAKA MACCHl W, TAKAM OOPa30oM,
2-it 3axon Hbiorona upu najuuuu B IIpupoje pasHO3HAKOBBIX MACC J0JIZKEH UMEeTh BUJL

d
F=_lxm|v. (15)

Tak kaxk F = dp/dt , To umnynbc p u MOMeHT uMIyJibca J = 7 X p TaKzKe He JTO0JIK-
Hbl 3aBHCHTH OT 3HAKa IPABUTAIMOHHOIO 3apsja, T. €. OyIyT OHpeesaThCs MHePTHHIMI
CBOIICTBaAMH MAaCChbl KakK

p=|xm|v, (16)

J=|lxm|wr?, (17)

T. €. I/IHepTHaﬂ Macca, KaK M€pa UHEPTHOI'O COIIPOTUBJICHUA JABU2KCHUIO B HallpaBJICHUU
CKOpOCTH, ABJIgeTC aOCOJMIOTHON BEJIMYMHON IDABUTAIIMOHHON MACCHL.

B 3TOM C/Iyuae BBIIIOJHSAETCH YCA0GUE HENOOGUNCHOCTIU UEHINPA UHEPUUL B3aMMO-
neficrByromux Macc Myp + My = M Ha paccrosgauu rp = (My/M)R u r, = (M /M)R or
COOTBETCTBYIOLIMX MacC HE3aBUCUMO OT paccrodnusd R = rip + r, mex)ly HUMU U 3HAKA
MX IPABUTAIMOHHBIX 3aps/0B, YTO HAPYIIAETCS B HPOTUBHOM ciydae [3|, 1. e. 6e3 ydera
(15).

B 1o Ke BpeMsi, Macca, Kak Mepa KOJIMYecTBa MaTepun (B BU/e BelecTBa u (Ujim) 11o-
Jis1), BXOASAIIAs B OPEAeJIEHIEe SHEPTrUn, COXPaHsieT 3HAK CBOEr0 'PABUTAIMOHHOTO
3apgaaa:

(m,) c?

1
E:imczzﬁ:(imo)c2+§(imo)v2, (v<<o). (18)

4 JIBy3HaKOBasg WHEPIIMOHHAd MaccCa
B IIEHTPOOEKHOIi cuJie

[Ipu aBUKEHMM LOJIOKHMTEJIBLHOW MACChl M 10 KPUBOJIMHEHHON Tpaekropuu S(r)
C UIOCTOAHHON WM [EePEeMEHHON 1IPOJOJIBHON CKOPOCTBIO Us BO3HHUKAET IlOLepedHoe
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(mopMasbHOE K TpaekTopuu) yckopenue ar(S) = —V2/R(S)er B CTOpPOHY lEHTpa Kpu-
su3ubl K(S) = |d?r/ds?| = 1/R(S) paauyca R(S) n cOOTBETCTBYIONAA TOMY YCKOPEHHIO
yenmpocmpemumenvrasn (centripetal — c.p.) cuna Fep. = m ar(S), koropas "3acrasisger"
Maccy M OTKJIOHATBHCS OT HPAMOJUHEHHOrO IyTH U JABUTATHCA 110 3aJaHHONR KPHUBOJIH-
HellHOl TpaekTopuu. Peakuyuel Ha 3Ty CUJLYy SABJISETCS TPOTUBOIOJIOKHO HALPAB/IEHHAS
MHEePIUOHHAs yenmpobescnas (centrifugal — c.f.) cua

mv?
R(s)

F.s =—ma,(s) = R, (19)
riae Vs = (Vo/Ro) - R(S) = wo(S) - R(S); wo(S) — MruoBeHHAas yryioBas CKOPOCTH OTHOCH-
TeJIbHO TeHTPa KPUBU3HBI B TOUKe S TPAEKTOPHUH.

Kaxk cieyer 3 npuBeJeHHOIO Bbipazkenusd, cuaa (19), meficTByomnas Ha Teao ¢ Mac-
coit M, He 3aBUCHUT OT TOI'0, KAKUM 00pa3om busmyeckun obpasyercsd KpuBH3HA B JI000iT
TOYKE S TPAEKTOPUU — ITO MOXKET ObITh YKECTKUNU KPUBOJMHENHHbIN 2K0J100, 110 KOTOPOMY
JIBUZKETCS TeJIO, 3TO MOYKeT OBITh KeCTKas WM MEeHSIOmasd JIHHY HUTb, 3aKpeIIeHHas
OJTHUM KOHIIOM Ha JIBHZKYIIEMCs TeJle, a JIPYTUM B HEKOTOPOil HENOJABUZKHON TOUKe, ¥, Ha-
KOHEII, 3TO MOZKeT OBITb BTOpPOe TeJsI0, MMeIoIee IPaBUTAIMOHHbIN 3apsa Maccel M. Ilpn
9TOM BeJMYMHA Macchl M He BimsieT Ha BeJUYUHY HEeHTPoOexKHOi cuibl Fg¢ (ona Bins-
eT OIOCPEJACTBOBAHHO HA BEJMUUHY PABHOBECHOIO paccrosums Rm—m = NM/VZ mexy
maccamu, Korja Fog = Frm).

Takum 06pa3om, B (19) Mbl BliepBble BCTpEYAeMCsl ¢ MOHATHEM IOIE€PEYHOr0 yCKOpe-
HUS MAacCChl, 3aBHCAINET0 OT KPUBU3Hb, MPAEKMOpuL U 0T npodosbHot CKOPOCU TBUKe-
HUSI TeJIa 110 ITOI TPAaeKTOPHH, a He 0T dedicmeyoulet; Ha TEJIO CUAbL, TeM OTJIMIALTCH OT
MMPOJOJIBHOTO YCKOPEHUS, KOTOPOE HE CBSI3aHO C KPUBU3HOI TPACKTOPUH U CKOPOCTHIO
JIBUZKEHUSI, & 3aBUCUT OT 0eticmeyow,eti Ha MacCy CuAbl B HAIIPABJICHUU JBUKCHUS.

B paccmarpuBaemoii B HacTosieii pabore mpobsieme HaM HEOOXOIMMO OIPE/Ie/HUTh,
KaK J0JIKHA BeIpazkarbesd B (19) nBysnakosast macca =M, T. e. Oyzer ju 910 Kak B (15)-
(18) abcosroTHOl BeJMIUHOM, MM 2Ke HeOOXOMMO YYUThIBATH 3HAK Macchl. [lo-apyromy,
B KAKOM HANPasAeHuy Oyaer AefiCTBOBATH CHJIA, PEAKIMH HA U3MEHEHHE HAIPAB/ICHUS
CKOPOCTH TIPH JBUZKEHUU NOAOHCUMEALHOT U OMPUUAMEALHOT MACCHI IO OJHON U TOW 2Ke
TPaeKTOPHH.

Herpynso nokasarb, 4ro B orindue oT cuiibl (14), KoTopas paBHA W3MEHEHUIO M-
nyJbCa BO BpPeMeHU, uHepiuoHHas cuwia (19) cooTBeTCTBYeT rpajueHTy IHepruu
E = mc? B npocrpancTse (110 paauyCcy KPUBH3HbI TPACKTOPUH):

0 m, 2

-7 7o+ - 2
OR 1—v2/¢2 RTOR R

1 1
(Mo ¢+ - myv?) er = = M,

Fc.f. = _(_ R 2 2

a—R V

[Moacrasias V = (Vo/Ro)R , 6ynem nmers v2/0R = 8 (Vo/R,)?’R?/0R = 2 (Vo/R,)’R =

2Vv2/R | uro OKOHYATEILHO NPUBOMUT K Bhipaxkenuio (19). Vuurbisag, uro E = +mc?,

MBI IIOJIYYUM

P = (xm) v2
cf. — R

Pacemorpum coesicrBust, Boitekatomme u3 (20), Ha npuMepe BpaieHus Macchl %M
BOKpyr =M, npunumasz M|  |m|.

Jlnsg caydgas +m u +M oTBeT u3BecTeH U3 SKCIepuMeHTa — Macca +M ordpachiBaeTcs
MHEPIMOHHO CHJION OT MeHTPaJIbHON Macchl +M ¥ Ipu JO0CTHZKEeHUN PaBEHCTBA IPABUTA-
IMOHHOMN ¥ IEHTPOOEKHOI (MHEPIMOHHOIT) CHJI 9TO HPUBOAUT K 0OPA30BAHUIO YCTORYUBOI
CHACTeMBI JIBYX TeJl.

€R (v ©o©). (20)
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st carygast —m u —M skcuepument ue usecren. Onako u3 (20) caepyer, 410 uHEp-
[UOHHAA CUJIa Oy/IeT UMETh IEHTPOCTPEMUTEIBHOE HAIlPaBJIeHUE, T. €. IIPU JBUZKEHUH
10 KPUBOJIMHEIHHOI TpaeKTOPUU OTPUIATEIbHAA Macca Oy/IeT IPUTATUBATLCS K EHTPY
BpameHus (Hamnozobue JBuzKeHust 06JakoB B armocdeprom mukiaone !). Torga cucrema
—Mm u —M 101 sieficTBUEM TPUTATUBAIONIEH I'PABUTAIIMOHHOT (12) 7 HAIIPABJIEHHON K IIeH-
Tpy uHepuuouHoit (20) cuil coibeTcs B eMHYI0 OTpHIaTeabHyI0 Maccy —(m + M).

Eciu Mbl umeem ciaydait —m u +M | to corutacuo (13) 911 Macesl Oy/ayT rpaBuTaiy-
OHHO OTTAJKMBATHCH. 10r/7a Ipu OTPUIATETHHOM 3HaKe MacChl —M WHEPIUOHHASA CUIA
(20) Gymer HampaB/ieHA K LEHTPY U MU JOCTHZKEHHH DABEHCTBA C OTTAJKUBAIOLIEH
IPaBUTAIMOHHOI cuitoii (13) npuBeer K 06pa30BaHUIO yCTOWYUBON CUCTEMBI JIBYX TeJI.

Haxkownern, B ciaygae +m u —M st maccsl coryacto (13) takzke 6yayT rpaBuTanuoH-
HO OTTAJIKABATBHCH, HO [IPH IIOJIOKUTEJHLHOM 3HAKe Macchl +M unepiponnas cusa (20)
Bcera OyjieT IMEeHTPOTPOOEXKHOII, T. e. ee HalpaB/ieHHe OyjeT COBIAJIATh C OTTAJIKH-
Bamo1ueil rpasuranuonHoil cuoit (13), yto mpuBejser K pasjery macc +m u —M.

Takum obpazom, HAJIUIO HECUMMETPUIHOCTh [IpUpo/ibl OTHOCUTEILHO CHCTEM U3 I10-
JIOXKUTEJIbHBIX U OTPHUIATEIHHBIX MaCC.

Ha acummerpuio orpunare/ibHbIX U IMOJIOKUTE/IbHBIX I'PABUTAIMOHHBIX MAacC 0OpaTuI
HuManue emie JI. Bpuaatoan |3|: noanas macca (Macca rera+-Macca ero rpaBUTAIIMOHHOTO
TIOJIsI) NOAOAHCUMEADHOZ0 2PABUMALUOHHK020 34PAOG OTPAHUYIEHA HEKOTOPOIl KPUTHIECKOIT
BesinanHOM +M < +Mpax , JOCTHKEHIE KOTOPOI IPUBOJIUT K IPABUTAIIMOHHOMY KOJLIall-
Cy, B TO BpeMs, KaK 0Af% OMPuyamesvbHoti MAcch, TAKOTO 02PAGHUYNEHUA HE CYULECTBYEem,
T. €. 110 abCotoTHOI Bestmunbe |—M| - 0o | 410 roBopuT 0 BO3MOKHOCTH CYIIECTBOBAHMSA
B [Ipupo/ie KOMIAKTHBIX C8EPIMACCUSHBLL 00BEKMO6 C OTPUIIATEIBHON MacCCOii.

5 KomnakTHbBIE 1T II0JIY KOMIIaKTHbBIE
ABY3HAKOBbIE€E MaCCbI

VI3 m3/10:K€HHOTO BBIIIE CJeyeT, YTO JBY3HAKOBbIE I'DABUTAIMOHHBIE MACChI, MOTYT
cobupaTbcd B 00H03HAKO8be Ta3000pa3HbIe, MbLIEBbIe, XKIJJIKIE, TBEP/IbIe TeJIa, UMEIOIIe
HOJIOZKUTE/IbHBIN WJIM OTPULATE/IbHBIIT 3HAKN I'PABUTAIMOHHBIX 3aPsI/I0B. Y/aJeHHbIH Ha-
OJ110/1aTe/Ib MOZKET OIIPEJIe/IMTh 3HAK UX IPABUTAIMOHHOIO 3apsijia TOJIbKO 110 UX JIBUZKE-
HUIO U B3aUMOJICHCTBHIO JAPYT C JPYTOM.

Jlunamudeckas cucTeMa OJJHO3HAKOBBIX MACC, KaK U3BECTHO, 00/1a/1aeT OTPULATE/IHHO
nostHoit sueprueit T +U < 0. Cucrema u3 pa3HO3HO3HAKOBBIX Macc OyjieT 06/1a1aTh 010~
kuTeabHoi nosHoit sueprueit T + U > 0. [Tosromy cMech pa3HO3HAKOBBIX MaCC JIOJIZKHA
pacc/lauBaThCs Ha OJIHO3HAKOBBIE COCTABJILIONINE, KOTOPbIe Oy/yT pas3jierarbcs Jpyr OT
JIPYTa C NOAOHCUMEALHBIM YCKOPEHUEM.

[Ipu onpee/IeHHBIX YCIOBULAX, HAIIPUMED, B c(pepHUIecKH CUMMETPHUIHOM CJIydae, MO-
IyT 00pa30BBIBATHCS JBYX3HAKOBBIE KOMIIAKTHBIE TeJIa, COCTOSIINE W3 ILIOTHBIX (yCTOli-
YUBBIX BCJIEJACTBUAE COOCTBEHHON OJJHO3HAKOBOCTH) siipa —M u BHemtHeil 0bosiouku +M
(nin, Haobopot, +M u —M ). Takue res1a MOryT CyIECTBOBATH, KOIJia COOCTBEHHBIE IDABU-
TallMOHHbBIE CUJIbI HPUTsIZKeHUs Macchl +M yaepKuBaiorT oT pa3Jiera BHEIIHIOI 000/104KY,
IPEBOCXO/IA CUJIBI OTTAJKUBAHUSA MACChl —M spa.

BosMoxkHO 1pejcTaBuTh TaKzKe MHOIOCJIOWHBIE OOBEKTBbI, HAIIPUMED, TBEPAYIO ILIa-
HETY II0JIO?KUTE/IbHOII MacCChl, MOKPBITYIO TOHKHM CJIOEM ra3a ¢ OTPUIATEJbHOIl Maccoii,
KOTOPBIil, B CBOIO O4Yepe/ib, YIEPKUBAETCS Y IIOBEPXHOCTH MOIIHBIM BEPXHUM CJIOEM ILJIOT-
HOIT aTMocdepbl ¢ HOJ0KUTEJIbHOW MACCOM.
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CymiecTBoBaHUE 2PaB8UMAUUOHHO 08YT3aPAJOSHT TeJl JOJIZKHO TaKrKe HPUBOAUTH K
uHTepecHbIM 3ddexTam:

1) cymmapuas Habatodaemas TPABUTAIMOHHAS Macca Tesia OyIeT paBHA PA3HOCTU MAaCC
ero komrnonenr My = (M — m), . e. B 5TOM ciydae Oyaer CyIIeCcTBOBATH CKPbIMaAsS TPa-
BUTAIMOHHO CKOMIIEHCUPOBAHHAs Macca, Jijist Koropoir p = [M|v + |m|v = Myw;

2) HOJIHBI MOMEHT HMMILY/IbCA TeJia OyJeT PaBeH CyMMe MOMEHTOB KOMIOHeHT — J =
Im +Im = KmIm|omRZ, + kpm[M|omRZ, = Jo = ko Mo woR2 (316ch Kk, 00 , R — K03¢>-
unmeHTH PaINAJIBLHOIO PACIPeIe/IeHAs ILIOTHOCTH, YIJIOBbIE CKOPOCTH M PAINyChl MACC,
COOTBETCTBYIOIIUE HHEKCAM), T. €. Y BpallaoIierocs Teia ¢ maccoit My = (M —m) Gyzaer
CYIIECTBOBATH CKPbIMbLT MOMEHT, BPAIIECHUS;

3) Mezkjy BHYTDEHHEH MOBEPXHOCTHIO BHeENIHeH Macchl (000JI0YKH) W HOBEPXHOCTHIO
IIPOTUBOIIOJIOKHO 3aPszKEHHOIO siipa B cuity (13) He JOJIZKHO CyIIecTBOBATh KOHTAKTA,
T. K. IPU YMEHbBIIIEHUH PACCTOSHUS CUIa OTTAJTKHBAHUSA CTPEMHUTCA K OECKOHETHOCTH, T. €.
Oy/leT OTCYTCTBOBATH TPEHHE CKOJIbKEHHS, UTO, B CBOIO OYepe/b, HPUBOIUT K HOBBIM
CJIEJICTBUSIM, HALIPUMED, &) IDAHUIA Pa3jiesia He JIOJKHA HPOIYCKATh MOLHePeYHble YIIPY-
rue BOJIHBI, 0) JBUZKEHHE MACCUBHOM aTMOChepbl, PA3/IeJIeHHOIl ¢ IIOBEPXHOCTHIO [IJIAHEThI
TOHKHMM CJIOEM T'a3a C OTPUIATEIbHON MACCOil, Oy/1eT He3aBUCUMO OT JIBUZKEHUs COOCTBEH-
HO ILJTAHETHI, B) sIJIPO C IPOTUBOMOIOKHBIM IPABATAIIHOHHBIM 3aPSIOM MOKET BPAIIATHCS
CO CKOPOCTBHIO, OTJIUIHON OT CKOPOCTH BPAIIEHHS TEIA B IEJIOM;

4) 130BITOK IMOJIOZKUTEIbHOI MaCChl BHEIIHe KOMIIOHEHTHI B BHAe HAOIIOIaeMoil Mac-
cbl Mg J1011yCKaeT CynecTBOBaHUS BPALIAIOIIMXCST BOKPYT HEE MEHBIIUX 110 BeJIMYUHE MaCC
My, My 1 T. JI. TOTO Ke 3HAKA, YIePKUBAEMBIX Ha OpOUTE IrpaBUTAIMOHHBIME custaMu (7), B
TO BpeMsI KaK BOKPYT OTPHIATEIbHOI Macchl —M, Bpalaonuecss MacChl TOrO Ke 3HaKa Ha,
YCTOHYUBBIX OPOUTAX CYIIECTBOBATDH He MOIYT (rpaButaruonnas (12) u uneprnuonnasi (20)
CUJIBI HAIPABJIEHBI B OJIHY CTOPOHY — K MEHTPY Macchl Mg);

5) U3 BPAIIAIONMXCS OTHOCHTEJIBHO JPYr JIPYyl'a OTPUMATEJBHBIX MAaCC BO3MOZKHO
00pa30BAHUE INEKMPUYECKU 00HO3APAOHO20 GEULECMBG, COCTOSIIETO W3 ATOMOB C OJHO-
MMEHHBIMH JIEKTPHICCKUME (OTTAJIKUBAIONIUMHUCS) 3apsi/laMi, HAIpUMED, —( sijpa u
9JIEKTPOHOB, y/IepKUBAEMBIX OT pasjeTa obpaTHoi "merTpobexkHoit" cmiioii, u, Ha0bopOT,
BO3MOZKHO O0DPA30BAHUE IACKMPUUECKU HETMPANDLHOZO CEEPINAOTHOZ0 BEULECTNEA, COCTO-
SIIErO U3 JIEKTPUIECKH PA3HOUMMEHHO 3aPSZKEHHbBIX, T. €. B3AMMHO IIPUTITHBAIOIIIXCS
+( s1/ipa ¥ JIEKTPOHOB, YJIEPKUBAEMBIX OT CJUSTHUSA IIPEIEJIOM OKPYZKHOMW CKOPOCTH Bpa-
HIEHUs] IPU KOHEYHOW BEJIMYMHE MOMEHTa UMILYJIbCA.

Cy1ecTBoOBaHUE 2PasUMayUuOHHO 08YL3aPAI0GHIL TET MOXKET IPUBOIUTD K PABTHIHBIM
BH/IaM HEYCTONYIMBOCTH, KOTOPbIE OYIYT MPOABISITHCS IPHU OLPEIeTeHHBIX COOTHOIIEHN-
sIX MACC s1/{pa ¥ BHEIHeH 000JI0UKHN KaK: a) 11a/IeHME BHEIIHEH, HalpuMep, M0JI02KATEe/IbHON
I'PaBUTAIMOHHOM MACCHI 1O/ JIEHCTBUEM COOCTBEHHBIX I'PABUTAIMOHHBIX CHJI IIPUTSZKEHUsI
HA [IPOTUBOIOJIOKHO 3aPsAZKEHHOE, T. €. OTTAJKUBAIOIIEE, /PO ¢ 00PA30BAHUEM ILJIOTHOMN
06OJI0UKE BOKDYT sI/Ipa M BO3MOXKHBIM HOCTEAYIONmM c¢O6pocoM (pasieroMm) 06OJOUKH B
IPOCTPAHCTBO CHJIAMHI OTTAJKABAHUS PA3HOUMEHHBIX MACC MIN YePe 1y OIIMCS IBHKEeHNI-
eM obosoukd "K siipy ot sapa'; 6) ucredenue, pparMeHTAPHBIN WK MOJTHBIA BHIOPOC
MaTepua/ia sjapa BCIeJACTBHE "PacHeHTPOBKU' pPa3HOMMEHHBIX MAaCC ODOJOYKH W siJIpa,
IPUBO/ISAIIEH K HOSIBJICHHIO HENEHTPAJIbHBIX CHJl czkaThst (3bdEKT BblIABIMBAHNS MACTbI
13 TIOOMKA) U Jp..
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6 3akJ/IroueHune

Kak Hu yauBuTe/ibHO, HO (paKTHIECKH BCE OTMEYEHHBIE BBIIIIE CJICJICTBUS CYIIECTBO-
BaHMsI JIBY3HAKOBBIX I'DABUTAIIMOHHBIX MaCcC MOXKHO HabJojaTh B [Ipupose, Tounee, mpak-
mosambs HabA0AAEMBIE ABAEHUSA C NO3UYUT IMUT CALOCMEUl. ITO OTHOCUTCS, B MEPBYIO
ouepejib, K acTpodusndeckum obbekraM — K cOpocy 000/109eK CBEPXHOBBIMU 3BE3/IaMU,
BBIOpOCaM CTPYil WJIM CI'YCTKOB MATEpUU U3 sJep raJlaKTHK, paclajly 3Be3JHBIX acCOIU-
aruit, 001aJa0MINX IOJIOKHUTE/ILHOM MOJHOI SHeprueil, HaJIH4Yne TEMHBIX MAaCC MaTepHU
B IEHTPaX TraJaKTUK, OKPYzKeHHe raJJaAKTUK HAMHOI'O IIPEBOCXO/IAIIEH O MPOCTPAHCTBEH-
HBIM pa3Mepam ¢j1ab0 CBeTsIIelcs cpeoit, pa3jer rada ¢ HOJOKHUTETbHBIM YCKOPEHHEeM
U3 B3PbIBAOHIUXCA I'aJ/IaKTUK W T. II. (OHI/IC&HI/IG ITUX O6'beKTOB U sIBJIEHUI HIMPOKO U3BECT-
HO M MOXKHO HaiiTh, HampuMep, B Kaure [6] u ap. ucrounnkax). Bo-Bropyio odepesb, 510
OTHOCHTCHA K BO3MOYKHOMY CTPOEHHUIO KOMIIAKTHBIX TeJ — sJiep FaJlaKTHK, 3Be3/l, ILJIaHeT
U T. JI., 00JIaJAI0INX HEOOBIYHBIME (PU3UUECKUMHU U KHHEMATHIECKUME CBOMCTBAMH.

Takum obpazom, paccMOTpeHHbIE B paboTe cjieJicTBus cyliectBoBanus B [Ipupoje ma-
TepUU B BU/IE TIOJIOYKUTEJIbHBIX 1 OTPUIATEIbHBIX I'DABUTAI