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AHHOTanusa

[Ipemnaraercsa onmcanme CTPOSHWS MATEPUU U MUPA HA, OCHOBE W3-
MeHeHUud JeficTBre-JINTeT-HOCTb. s ero rapMOHUK BBOIUTCS MOHS-
THE MeCTa W MPOCTPAHCTBEHHBIE OTHOIIEeHUs. [[0Ka3aH0, KaKk MUP BO3-
HUKAET U3 BHEMPOCTPAHCTBEHHOTO IIyMa U PAa3BUBAECTCS O HAJIIIYM-
HOTO MPOCTPAHCTBEHHOrO CTpoernst. CKPBIBAIOMIASICS 38 KaKyIIIMCST
MYCTBIM MTPOCTPAHCTBOM CPe/la UMeeT OTPOMHYIO IMJIOTHOCTE W SIBJISET-
CsT TPUYMHOM 9JIEKTPUIECKOTO U MPABUTAIIMOHHOTO moJieil. Q0 bsicHsIeT-
ca ctpoenne yactuil. [lokazamo, ITO M3 9TOTO MpEICTABIEHUS MOTYT
OBITH BBIBEIEHBI TEOPUN COBPEMEHHOU (DU3UKU.

BBenenue

JIaHHbIH TPENPUHT ABJSETCS HOBOI pelakiueil nmpenpunta [27|, B KoTO-
phIit OBLIM BHECEHBI MCIIPABJICHUS, YIYUIIEHUS] U JOTOJTHEHUSI.

K konmy 19 Beka B (busnKe MCIOIH30BAINCH, KPOME aDCOJIIOTHOTO BpeMe-
HU, TPU OCHOBHBIX MOHATHUS: TEJIO0, MOJE U MPOCTPAHCTBO. Tera IBUKYTCS B
MPOCTPAHCTBE, CAYXKAT UCTOUYHUKAMU TMOJel W 9epe3 HUX B3aUMOJAEHCTBYIOT
¢ apyrumu TemaMu. Tema m mossd HaXOMATCS B MyCTOM ITPOCTPAHCTBE, KOTO-
poe He MaTepuasbHO, HO UMeeT CBONCTBA: OECKOHEYHOCTh, TPU U3MEDPEHUs U
paccrosuus. Kpome toro, naunnasi ¢ /lekapra, mpejmnoJiaraaochk, 9To B MpoO-
CTpaHCTBE MMeeTcst HeHabomaeMast cpega — sdbup [1], B KoTopom H0KHBI
MPOUCXOIUTH BCE SIBJIEHHS: MOJsI — BOJIHBI, & TeJla — OCOOEHHOCTH CTPOEHU
WIN JIBUXKEHUs (HAmpuMep BUXpH). Bee wactu marepun 06Jaa0T SHEPrH-
eif, KoTopasi CBsi3aHa CO BPEMEHEeM, KaK CIIOCOOHOCTh COBEpIIaTh paboTy —
u3MeHsATh coctosiane. Cre0BaTe/IbHO OHA €CTh XapPaKTEPUCTUKA N3MEHEHMUSI.

K nmagasny 20 Beka omnbIT, & 3aT€M TEOPUs, HAILIA HECOOTBETCTBUS W IIPO-
TUBOPEYUs B TOH KapTuHe Mupa [1]. DTo mpuBeso K CO3JAHUIO JBYX HOBBIX



MEeXaHUK: TeOpHH OTHOCHTeIbHOCTH |2, 3| m KBamHTOBOI [4, 5|. B Hux mpex-
Jle 4ETKUE MOHATHS TeJI, BOJIH, TOJIel W MPOCTPAHCTBA, CTAJN PACILIBIBATHCS,
nepecekaThCd M B3aUMOJEHCTBOBATH MexKay coboii. [lorsrue acdupa ObLTO
IPU3HAHO OMIMGOYHBIM, T. K. €r0 TeOpuH mpoTuBopeunnn onbity |1, 2|. O-
HAKO €r0 IBITATNCH U IMO-TIPeXKHEMY TBITAI0TCSI BO3POIUTD.

[Tpono/rkenre MONBITOK BO3POANTH H(PUP CBA3AHO ¢ OCOOBIMU U HEIPH-
BBIYHBIMH XaPaKTEPUCTHKAMHU, KOTOPHIMU HOBBIE MEXAHUKN HAIEJISIN TYCTOe
IPOCTPAHCTBO. DTH XapaKTEPHUCTUKH 00Jiee COOTBETCTBYIOT Cpele, JYeM IIy-
crore [6]. TIpuTsizKenne, mMpuUCyIee BCEM TejlaM, MOJSM W SHEPTUSIM, MeHs-
er "mycrory" , KOoTOpas Ternepb BIUSET HA JBUMKEHHE JPYTUX Marepuii [3|.
"TTycrora" npexacrabisiercst "dusmaeckum Bakyymom" [7] ¢ HeycTpaHUMBIME
HYJIEBBIMU KOJIEOAQHUSIMU, BUPTYAJbHBIMI YaCTUIIAMHI ¥ BCILJIECKAMU SHEPIUH.

Mexanuku DHIITeHA U KBAHTOBAas JOCTATOYHO XOPOIIH /TSI OMUCAHUS
Pe3yIbTATOB ONBITOB M HAOIIONEHMIA, HO UX OCHOBAHHUS JI0 CHX MOP OCTAIOTCS
HesSCHBIMHA. BO MHOTOM 3TO CBSI3aHO C MHIYKTUBHBIM IIYyTEM pa3BUTHS (hu3n-
KU — OT HabJII0/IeHNsT OOBIJEHHBIX SIBJIEHUI K MPOCTHIM 3aKOHAM JIJIsT HUX U
JaJIbHelTee Moce10BaTeIbHOE YCIOKHeHNe 3aKOHOB (TeopHil) 1o Mepe pac-
NIUPEHUsT ONMBITHBIX 3HAHUI, COMPOBOXK IAIONIEECS POCTOM UX OTBJIEUYEHHOCTH.
OtrBiieuéHHBIE OPY/IUsS MO3HAHUS (CUMMETPUHU, TPYIIIBI, CIOXKHBIE TPOCTPAH-
CTBA) MO3BOJISIIOT YBHJETHh KAK-ObI CBEPXY HM3JATH OOIIHE 3aKOHOMEPHOCTH,
HO HE JIOCTATOYHO YIIyOJIstoTCst B X 0CHOBBI. OIHAKO 9TH HesICHBIE OCHOBA-
HUST OCTABJISIIOT B (PDU3NIECKUX 3aKOHAX CBOM CJIEJbI. DTO SHEPIHs, JeiicTBIE,
BpeMsi, IPOCTPAHCTBO.

DHeprus COMEpP:KUTCI BO BCEM. ZIBIASICH XapaKTepUCTHKON H3MEHEHHS,
OHA MEepPEeHOCUT Ha HEero CBOI BCEOOIIHOCTDL. TOTIa MOXKHO YTBEPXKIATh, YTO
BCE ecTh uamenenne. OHO UMeeT JIBe COCTABJISIONNE (BeTHINHY, JITHTEb-
HOCTh) W HE CBOJAUTCS K 4eMy-Jnbo JApyromy. 3amMeHa OJHON BEJWIWHBI HJIH
JUINTETLHOCTH Ha JAPYTYIO JIUIIH MEPEBOIUT OJHO U3MEHEHUE B JIPYTOE.

Y10o0BI IMETH BO3MOXKHOCTH CPABHUBATH U T€M CAMBIM U3MEPATH H3MEHe-
HHe, HyXKeH ero obpasel], ¢ KOTOPBIM MOYKHO CPaBHUBATDL, U CIIOCOD CpaBHe-
Husd. 910 Jaét mepy. OanH obpa3er] BeTHIHHB 0epeéTcda 3a YCJIOBHO MOCTO-
STHHBIT HYJIb — HaYaJI0 CUCTeMbI OoTcYéTa. /Ipyroit — 3a yC/JIOBHYIO €JIMHUILY.
[Tepexo K apyrum obpasiaM, BOSMOKHO HE TIOCTOSTHHBIM OTHOCUTEIHHO Tep-
BBIX, MEHSET U3MepseMoe M3MeHeHHe IMOTHOCTHIO, HO OCTaBJIsSIeT ero n3MeHe-
aueM. O6pa3zer JIHTETLHOCTH, ¢ KOTOPBIM CPABHUBAIOT JAPYTHe U3MEHEHMHS,
oIlpeJieisieT BPeMs: TaK0e-TO M3MEHEHHEe COOTBETCTBYET TAKOMY-TO KOJTHUe-
CTBY 00pa3IOB, UM TAKOW-TO €ro J4acTH.

Bceeobumuii Mup u3menennii (MeH) cam 110 cebe He WMeeT KaKhuX-JH00 Bbi-



JIeJIEHHBIX BEJINYWH U JaATeabHocTeir. Ho mocse Beibopa HYJIsT MOXKHO yTBEP-
JKJIaTh, 9TO OH COCTOUT W3 CTAIIMOHAPHBIX MOBTOPOB, T. K. TOJHKO OHH Ja-
0T MOCTOSHCTBO mepeMen. Hynb, Kak cpeHsist JTUHUS TOBTOPOB, CTAHOBUT-
Cd eIMHCTBEHHOU COXPAHLIOIIeHCca BeJIUUYUHON, ONpeIesISomleil TyCTOTHOCTh
Bcero. HecrammonapHoCTh BO3MOKHA JIUITb BPEMEHHO, KaK YaCTHBIN CIydaii.

Beckoneunoe pasznoobOpasue MOBTOPOB MeHa, yI00HO W MPUBBIYHO ONKUCHI-
BaTh OECKOHEYHBIM HAOOPOM FapMOHUK JTIOOBIX YACTOT, aMILIUTY/ 1 (Das.
N3-3a oTCYyTCTBUS KaKUX-TUOO BBIIETEHHBIX BEIUYUH WX JITATETHHOCTEM
MeH MacIITabHO WHBapuaHTeH. B HEM HeT 0cOOBIX TapMOHHK CO CBOWCTBA-
MU, OTJUYHBIME OT ApYyTuX. [IpeacraBienne MeHa ¢ TOMOIIBIO TApMOHUK He
ecTh pasyoxkenne Oypbe, KOTOPOE MTPUMEHNMO TOJBKO K OIHOI ONMpere/IéH-
HOIl MepHoOANYIecKOil PYHKIINN BPEMEHH, BO3MOYKHO ¢ ODECKOHEUYHBIM B TTPeIe-
Jie mepuoioM. MeH ecTh 6eCKOHEUTHOe coueTaHne MHOKECTBA TAKUX (DYHKITHIA.
CooTBeTCTBEHHO TpeOyeTCs He HaDOP TApMOHHK, B KOTOPOM KaKIVI0 YacTOTY
nMeeT TOJBKO OJIHA FapMOHHKA, a OECKOHEYHOe MHOYKECTBO TapMOHHUK KazK-
JIO 9aCTOTHI.

B n1060it rapMOHUKe MpeicTaBJIEH BECh MEH: acToTa 1 aMILIUTY/Ia
3a1al0T eé Macirrad. /Ipyrue rapMOHUKU ¢ MEHbIIE 9acTOTOil B cymMMe Co-
CTABJISAIOT €6 CPEHIO0 JIUHUIO (IPUHUMAEMYIO 33 HYJIb OTCYETA), a ¢ GoIbieit
— IIYM KOJIe0aHUii, KOTOPBI B TEOPUH BEPOATHOCTHU OIHCHIBAETCSA ITPOU3BE-
JICHWEM CJIyYaifHOll aMILTUTY/Ibl Ha ONPeIeIEHHOe KoJieDaHme.

Orcrona caeayior obmiue MeTtadpn3ndecKrue BbIBOIBI:

OTrHOCHTETHLHO JIFOOBIX TADMOHUK MEH He TyCT U mepeMenen: st KaxK 1oif
rapMOHUKH HalIETCI TapMOHUKA, KOTOpas Ko1edaeTcsa ¢ Heil B mpoTuBodase
I UMeeT TaKuhe yKe aMILTUTYAY W JacToTy. [losaromy cymma Bcex rapMOHUK
paBHa Hy;T0. Torma B 1mMeJI0M MeH IIYCT W TeM TOCTOsHeH. Bceobiast mycTor-
HOCTH MPOSIBISIETCS YePe3 JacTHYIO MepeMeHdInBYo moaHoTy. Becé ecTh HU-
4TO, HO ABJISETCH KaK HEYTO.

JIrobast 1acTh MeHa, KaKOi-Obl MaJIolf OHa He Ka3aJach, TPOTHBOMOIOKHA,
BCEMY OCTAJILHOMY, T. K. HX CyMMa ecThb Iyctoe Bcé. CiieoBaTe/lbHO OHA 110
BeJIMYMHE paBHA BCceMy ocTabHOMY. JI100asg 1acTh nMeeT Hy b, KOTOPHIi ecTh
Bcé. Torga 9acTh COIEP>KUT IEJI0e CO BCEMU e€ro YacTaMU, BKITasa cedst,
BMECTE C WX MPOIILIBIM, HACTOSIIAM U OYILYIIAM.

Takumu Ke cBoiicTBaMH 00J1a1al0T B MaTeMaTHKe OECKOHEUHBIE MHOZKe-
cTBa. B HUX MOYKHO BBIJIETUTD JI000€ KOHETHOE WU ODECKOHETHOE THCIO0 MOI-
MHOKECTB, H30MOP(hHBIX (TOXKIECTBEHHBIX) BCeMy MHOXKeCTBY. Kaxkaoe us
HIUX HMeeT CBOM MOJAMHOYKECTBA, N30MOP(MHbIE MHOYKECTBY, a 3HAYUT COMEp-
KUT ero B cede. MoXKHO IeanTh O0eCKOHEYHOCTH Ha OECKOHEYHBIE YACTH C



COOCTBEHHBIMU OECKOHEYHBIMHU YaCTIMU, W30MOP(MHBIMUA HAYAJIHLHON OecKo-
HEIHOCTH. DTO JIOTUKA OECKOHEYHOCTEel, OT/IndHast OT OOBIYHOI JIOTHKY
KOHEYHOT0, TJIe YaCTh He MPEBOCXOIUT IEIO0rO0.

B mo6oii 6eckonedHOi abeeBoil rpyIe Mo CI0KEeHUI0 /YMHOKEHUIO ¢ Ha-
JTMYUeM HyJisl /€ JUHUIBI CyMMa/ TPOU3BEIEHIEe BCEX JIEMEHTOB IPYIIBI €CTh
HYJIb/€IMHAUIA, KAK UX OTCYTCTBHE (KPOMe HYJIsl /e IMHUIIBI ), COeprKaliee Bee
37eMenThl. Best GeckoHedHast Tpya CyMMapHO YMENAaeTCsl B OTHOM HYJIEBOM
WU eIUHUYIHOM dJIeMeHTe. B 4acTHOCTH TaKWM CBOWCTBOM 00JIAAI0T Pa3HbIe
MHOKECTBA duce (METbIX, PAIMOHATBHBIX, BEIIECTBEHHBIX, KOMILIEKCHBIX
JIP.), BKITIOYAIONUX B ¢e0sl HyJIb U /UJIH eJUHUILY ¢ CAMMETpPUeil OTHOCHTeIbHO
HUX.

MHoKecTBO TAPMOHUK OHON 9acTOTHI 00pa3yer abesieBy IPyIIy 1O CJI0-
xkenuto. OHa JBYMepHA —/IBe aMIUIUTY/IbI (MHOKHUTEH TIepej], cos wt U sin wi,
WM AMILUTATY/IA U HadasibHast (aza). DToil rpymIIsl JOCTATOUHO JIJI BhIpAaKe-
HUS YKA3aHHBIX CBOUCTB MEHA, HO HEJOCTATOYHO JIIS er0 MOJTHOTO OIMCAHUSI,
TPeOYIONEro TPEXMEPHOTO CeMeiicTBa IPYIIT TAPMOHUK BCEX YACTOT, KOTOPOE
y7Ke He COCTABJISIET T'PYIIILY.

BeckoneunocTh obycaaBimBaeT elé jaBa CBOWCTBa MeHa. 1. K. OeCKOHed-
HOEe MHOYKECTBO MOXKHO Pa30UTh Ha JIF00OOEe, BILIOTH /10 DECKOHEUHOTO, UHCJIO0
N30MOP(MHBIX €My TOAMHOYXKECTB, TO MEH PAa3J0KHUM Ha JI000e KOJTHIeCTBO
TOYHO TAKWX Ke He3aBHUCHUMBbIX MeHOB — llejioe BeCKOHEeYHO AeImMO Ha
MOBTOPHI caMoro ceds. Men B 1ie/10M 1mycT, HO 0018/ 1aeT HECKOHEYUHO SHEP-
rueil, Kak OeCKOHedYHbIiI HaOOP rapMOHHMK BCEX YacTOT W aMiIuTyl. Jliobas
ero 9acTh, KaK COJIEPZKAINas BCE, TOKe uMeeT HeCKOHEUHYI0 dHepruio. JacTh
BJIQJIeeT dHeprueii Bcero.

MeH ecTh HEPOSIBJIEHHOE COCTOsTHUE (HESABD, Xa0C ), U3 KOTOPOTO MPOSIBIIS-
I0TCsT (POZKIAIOTCST) YaCTHBIE MPOSIBJIEHHBIE MUDBI (sIBh, KOCMOC). VX MHOMKe-
CTBO M pa3Hoobpasme deckonewno. HaiiayTcss Muphl ¢ JIOOBIMU CBOWCTBAMU.
Hamr Mup ecth onmuH n3 G€CKOHEUHOTO MHOXKeCTBa MUPOB. OH BpeMeHeH u
nepemenet. Ero ocobpie cBOWCTBA JTOTMYECKW HE BBIBOAUMBI MOJTHOCTHIO U3
o0IHX cooOpasKeHuil, XOTd W HEePA3PBIBHO CBA3aHBI ¢ HUMHU. Ham mup mo-
3HAETCSI, OTTAJIKUBASICh OT YACTHOTO OIBITA HAIIEH YKU3HU B HAIIEM MEDe.

B meraduzuke stu BeIBOALI He HOBBI. Ho 3/1ech oHM mosyuensl u3 (pusn-
YeCKHUX COOOparKeHMil.



l'apMmoHuKka JelicTBue-3Heprus

Bo BBemeHnn npeaokeHo IOBTOPHI U3MEHEeHMIi MpPeICTaBIAThL HeCKOHed-
HBIM MHOYKECTBOM TFApMOHHUK. Y paBHEHHE TapMOHHUKH U €0 PelleHne eCTh
§=d*s/dt> = —02s,  s(t,p) = Scos(Qt + @) = ReSel+e),

Kosebaune s(t) xapakrepusyercss gactoToii ) (CBOHCTBO MeXaHUIeCKOi
CHCTeMBI, MOJIepKuBatomieii Kosebanne) n aMIumTyaoi S (ero WHTEHCHB-
HocTh). Hauanbhast daza ¢ Jaér ¢aBur KouebaHus BO BpeMeHH. Tak JBe
PAPMOHUKHU C OJMHAKOBBIME ) U S, HO PasHBIMU ¢ (1, P2) MPEICTABISAIOT
co0oii JIBa COBIMAIAIONINX KOJIeOaHUsI, KOTOPhIE CABUHYTHI 1O (pa3e Ha Y1 — Ps.
B takowm ke cOOTHOTITEHNN HAXOAATCS JBa OJIMHAKOBBIX TeJIa B PA3HBIX MeCTaxX
npoctpancTBa. T. 0. HaYAJIBHYIO (ha3y MOKHO HA3BATH MECTO TAPMOHUKM.
JIBuKeHne rapMOHUKH B MIPOCTPAHCTBE MECT CO CKOPOCTBIO () COOTBETCTBYET
N3MEHeHHIO YAaCTOTHI Ha 3Ty CKOPOCTL. JIpyras rapMoHHKa ¢ 9acTOTO g
JIBUKETCsT OTHOCUTEIHHO TePBO CO CKOPOCThIO §2; — ().

Bgenenne mecta BO3MOXKHO JIMIIH TIPH €TI0 ME/IJIEHHOM U3MeHeHnn ¢ << €.
Ecnun ¢ ~ (), 10 moHsTHE MecTa PACIIBIBAETCS — B TpPejie/ie TapMOHUKA 34
CBOIi IepHOJ yCIIeBaeT MPONTH BCE MPOCTPAHCTBO MecT. Eé mepmoa craHo-
BUTCS KBAHTOM BPEMEHHU, OTPDAHNINBAIOIIEM IIPUMEHEeHHEe He TOJIBKO Bpe-
MEHHBIX, HO U IPOCTPAHCTBEHHBIX OTHOIIEHMIA.

N3 Q) u S cocraBasiioTcst eImé JiBe BeJTMIHHBI, XapaKTePU3YONne rapMo-
HUKY KaK I1e/0e. DTO UMITYJIbC TapMOHUKH )5S, TpeIcTaBIsIoNnii €€ BOBHE, U
JBUZKYTas eé BHyTpeHHAd sHeprusd (BHyTaH) 252, B KBaHTOBO# MeXaHHUKe
Qh, roe h — kBaHT geiicTBuga [L1anka, ecTb SHEPTU OCIUILISITOPA, YIACTBYIO-
mag B ooMene. Eciu tak Ke /719 rapMOHUKH MeHa CIUTaTh (1S sHeprueit, To
S mo/KHA OBITH AMILIUTYION JAefiCTBUsI, a S — OTPHUIATETHHBIM JIeiCTBHEM,
9TOOBI €r0 CKOPOCTh € = § ObljIa KoJedIoIeiicss SHeprueit u COOTBETCTBO-
BaJIa OOIMIENPUHATON CBSA3U dHEpruu ¢ AeiicrBueM. T.0. HMIIYIbLC TapMOHUKH
ABJISIETCsI €6 BHEITHel dHeprueil (BHEIH), YIACTBYOIIAs BO BHEITHUX B3a-
nmoeiictBugx. Obpasyercs rapMoHuka ' meiicTBue-sHeprus', COKpaIEHHO
raeH (I'), a mepemenHoe JeiicTBHE CTAHOBUTCST OCHOBOM BCETO CYIIECTBYIO-
IIero.

[Tocsie BBIZIEIEHUST JIFOOOW YACTOTHI TI9HOB, €€ MOYKHO B3SITh 32 €JIWHUILY
m3Mepenng () = 1. D910 genaer Bpems Ge3pasMepHbIM t = () a SHepruum u
JIEHCTBHUIO TAET OJNHAKOBBIE PA3MEPHOCTH.

s = S.cost + Sysint = S cos(t + ) = ReSe'"+9) (1)

rae S. = Scosp, Sy = Ssing.



[nsH ecTh wacTh MeHa, BblJIeJIEHHAs W3 1eJ10r0. Boijesenue dactu Ha-
pymraer eauHcTBO. /[jisi ero BoccTaHoBIeHUsT TpebyeTcs MexK Iy dacTtbio
u e 11 BBoguTh cBsi3b C: [I=Y+C+(I[-9-C). [Ipu s3T70M YacTh 3HAET
JIUIIB CBA3b U TepseT 3HAHUE ME0T0, CKPBIBAIOIIETOoCs 7T Heé 3a 3TO CBI-
3b10. HacTh U CBSA3b COOTHOCUTETbHBI — U3MEHEHHe OJIHOI COMPOBOMKIAETCS
N3MEHEeHueM JpPYyro.

Hanpumep npyKuHHbIH MasiTHUK. B HEM ecTh Kosrebumommasicst 9acth (Mac-
ca, TeJI0) U TMPYKUHA, CBA3BIBAIOIIAS €€ ¢ OCTATBHBIM HEBEJIOMBIM €if MUPOM.
[IpykunHas CBA3b OMpPeIeIseT Bce CBONCTBA KOJEOAHNS U SIBJISIETCS €ro JIBU-
raresieM. TakyKe TJ9H MOJ00HO TPYKAHHOMY (WU JIPYTOMY) MASTHUKY €CTh
U3MeHeHue, MoJAePKUBaeMoe M3BHE Yepe3 CBs3b, KOTOpasl eCTh JIBUTATE/hb
T9HA, COKPAIEHHO IBUT.

CaBuHyTHII Ha TOJOG0OPOTA TIH C MECTOM ¢ & T ONpeaeaseTcs Kak
nporusorgaH (II). B Mecre ¢ oH TpeacTaBasgeTcs Kak TIA9H ¢ OTPHIATE b
Hoii ammtutyaoit (—S). C BBejeHHEM MTPOTHBOIJIBHOB MPOCTPAHCTBO MECT
JEJTUTCST Ha COOCTBEHHO HPOCTPAHCTBO |p| < 7/2 u 3epKajbHOE ITPOTHBO-
npocrpanctBo /2 < |¢| < w, B koropom I u II B3auMHO 3ameHstOTCS. DTH
MOHSATUST OTHOCUTEILHBI JJIsT KazKJI0r0 TJdHA. Bee IPHBI ¢ MecTaMu, OTJIHY-
HBIME OT €r0 MeCTa MeHee, UeM Ha /2, BXOJAT B ero mpocTpancTBo. Ocramb-
Hble — B IpoTUBO-TIpocTpancTBo. CymMma 14 I" maér mymeBoe kosnebanue. Ho
cavu [' u [T mpu 9TOM He MCUE3AI0T, 8 CKPBIBAIOTCS, COXPAHS CBOIO SHEPTHIO.

I[MTym u HaAIITyMHBIE T9HBI

O BceobIeM Mupe U3MeHeHUk OOJIBIIe HeIero COOOIUTh, KpoMe yiKe IIPH-
BEJIEHHOTO BO BBeJeHHH. UTOOBI MMETh BO3MOXKHOCTH JIejIaTh Oojiee coiep-
JKaTeJIbHbIe YTBEPKIEHUST TPeOYeTCsl BBOAWTH OTPAHWYEHWSs, BBIIEISAIONINE
13 IEJI0T0 HEKOTOPYI0 ero 4acTh. [IepBbIM OrpaHWYeHreM CTAaHOBUTCS BbI-
O60p OECKOHEYHOr0 MHOYKECTBA TapMOHUK OJHON YacToThl. J[1g HEUX rapMo-
HUKH C MEHBIIell JacTOTON OMUCHLIBAIOT UX MEPEMEHHYIO CPEIHIO JTUHHIO, a
¢ O6sbtTeit — ux Momysrsanuio. CpeaHsis JTUHUS KOJIeDaHU TapMOHUK OepeT-
Cs 32 HAYAJIO OTCUETa — CTAHOBUTCS HYJIEM, a MOJIYJISIIAU HAJI0 YIUTHIBATH
0c000.

Kosebanue MOXKHO MPEJICTABUTH KAK CIYUARHYIO BEJIUIUHY (CJLyBeJI) C
BEPOSATHOCTSIMHU, PABHBIMH OTHONIEHUIO BPeMeHHU MpeObIBAHU dTOH BEJTMYIH-
HbI K Mepruoay Kosebanust. Tormga K cymMMe TapMOHHK MOIYJISIAW MTPHMe-
HUMa [eHTpaJbHas MpejeabHas Teopema JlsmyHosa [8|, cormacHo Koropoii



OeCKOHEUHAst CyMMa CJIYBEJI ¢ JIIOOBIMU BEPOSTHOCTHBIMU PACIPEIEIEHUSIMU
cxomuTest K pacupeenennto Laycca. Moy isiyst CTAHOBATCS PABHOBECHBIMU
dbaykryarmusvu (IIryMoM) Ha BBIOPAHHON YacToTe.

Benumunna momynsiun moxker ObITH Ji000it. Ho pacmnpenenenmne [aycca
beckoredno geaumo [9, 10| u mpegcraBuMo Kak cymMMa JTIOGOT0 YHCIa He3a-
BUCHMBIX PABHOBECHBIX CryBesI. Toraa GeCKOHeUHAs HEOTPEIETEHHOCTh BEJIN-
IUHBI MOJLY/ISAINY 3AMEHsIeTCsT OECKOHEUHBIM MHOYKECTBOM TITYMOB C JIIOOBIMI
KOHEUHBIME JuctepcusMu. OJIMH U3 HUX SBJISETCS HOCUTEIeM HAIIero MUpa.
Jucnepens (S?) 3amaét Macmrab nrymMa, KOTOPBI BRIPAZKAETCS CPETHEKBAI-
paTmaHBIM oTKIoHenueM (S2)1/2. Ero me ¢ 4eM cpaBHEBATE, HO MOYKHO B3ATh
3a eMHNILY M3Meperust aMIInTy L rianos (S2)1/2 = 1. T. o. n3 Geckoneunoro,
C HalIell TOUKM 3PeHHusl, BCEOOIIEro Mupa n3MeHeHnit 6epeTcs ero 6eCKOHETHO
MaJIast 9acTh, KOTOPas /I HAC OCTAETCS TO-TIPeXKHEMY GECKOHEUHO GOJIBIIO.

CranuoHapHBIii CTyBeJT J0IKEH UMETh KAHOHUIECKOE PA3IOKEHHe 110 Iap-
monmkaMm [9, 10]. B wém amrmiuryasr S. u Ss rapMoHuk (1) ecTh cIyBesbl ¢
HyaeBbiMu cpeganvu (S.) = (S5) = 0 U OAMHAKOBBIMH DPACIpeIeJeHusIMH
Taycca. U3 equnnunoctu jgucnepcun myma ciaenyer(S?) = (S2) + (S?) =1,
um (S?) = (S?) = 1/2. Toraa MJIOTHOCTH BEPOATHOCTH B HIyMe

Pe(S,, S,) = (1/m)e 5", §%=5%+ 52 (2)

[Tepexonst k pacmpesenenuto mo S, ¢ : P¢(S, ¢)dSdp = P¢(S., S5)dS.dSs npu
S > 0, moayaum .
Pe(S, ) = (S/m)e™™", ol <. (3)

DTO pachpeieneHne paBHOMEPHO MO MecTy . B ogHOMepHOM IirymMe HeT
NIPOCTPAHCTBEHHBIX OTHOIIECHUIA.

[TepBoe mpocTpaHCTBEHHOE CBOWCTBO MOSIBJISIETCS TIPH MTEPEX0/ie OT OHO-
MEPHOTO TITyMa, K MHOTOMEPHOMY, HCIIOJIb3Ys CBOWCTBO DECKOHETHOW JTeTMMO-
ctu pacupenenenus [aycca. /I nmosydeHus TpéxXMepHOTO MIyMa CIyBeT S
pa3buBaeTcd Ha CyMMYy TPEX He3aBHCUMBIX OJMHAKOBBIX CIyBesloB S; ¢ Hy-
JIeBBIMH CpesHuMU: S = Z?Zl S, (S%) = 3(S7), (S;) = 0. Ecam ocrasurn
JJIA IIyMa KazKJIoro U3MepeHud JTUCIHePCUI0 <S]2) = 1, To pacupenesesne
TPEXMEPHOTr'O OIyMa

Pe(S,0) = [[ Pr(Si ), P{(Sj.5) = (S;/m)e5. (4)

J=1

3nech BBemens! BekTopsl S = {S;}, ¢ = {p;}, S; >0, |¢;| < .
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OHOTO TITyMa HEJOCTATOYHO, ITOOBI 00PA30BAJICS W CYIIECTBOBAJ CJIOXK-
HBIIl 1 ynopsijioueHublii Mup. Mup — HaAIIyMHOE CTPOEHUE, COCTOSIIIee
13 HAJIIYMHBIX TI9HOB, KOTOPBIE JOJAKHBI OBITH CIOCOOHBI K OOHEIMHEHUIO
B 00JIee CJIOKHBIE MHOIOYPOBHEBBIE U Pa3BUBAIONIMECS CTPYKTYpPbl. OHI MO-
IYT MOABUTBCA U3 IIYyMa, €CJIH ero YPOBeHbL MOHHM3UTCA, a (DIYKTyalud He
yCIieroT K HEMY MOACTPOUTBHCA WU COXPAHATCA KaK HaANTYMHbBIE TI3HbI. CKO—
POCTH PETAKCAIN CTAHOBUTCS OTPEIESTIONINM MapAMETPOM CYIIECTBOBAHUST
1 cBoiicTB Mupa. Eé BpeMa 1aéT BepXHUil IpesesT BpeMeHH ero *KU3HH.

Ecin perakcanms BeJIUKa, TO CYIIECTBYeT TOJLKO IIYM, B KOTOPOM He
MoxKeT ObITh Mupa. Ecn perakcamnus MaJia, TO IpH YMEHBIIEHAH IIyMa ero
60.HBH_H/Ie d)ﬂyKTya]_U/II/I CTaHOBATCA HAQJANTYMHBIMU TJA9HAMMU. T K. aMIIJINTYAbI
TJ9HOB OTCYUTBHIBAIOTCA B €IMHUIIAX YPOBHA IIyMa, TO 3TO BBITVIAJAUT KaK HUX
yBeTUUeHne — BBIJEIeHAe HAJIIYMHOIl SHePruu, KOTOpas CTAHOBUTCA SHEp-
rueit Mupa. TO eCTh poKjeHue (MPosSBIeHHe) MUPA U3 IMIyMa (Xaoca, HesBH
u T. 11.). [ToCTOSHCTBO HIyMa 0GecIeunBaeT pasBUTHE MHUPA C COXPAHEHHEM
B HEM dHEPIruun. yBeﬂI/IquI/Ie ImyMa BBITVIAAAT KaK yMEHbIIEeHUuEe aMIIJIUTY/I
IJI9HOB W TOTJIONIEHNe HAIMYMHO SHeprun Mupa. Mup morpyzxkaercst (Bo3-
BpAIaeTcst) B Xaoc.

[TycTh UMEIOTCA TPEXMEpHBIe TA3H U IIyM. AMILTUTYAB KOJTeOAHUHA II13-
Ha S.; n Ss; 6epyrces u3 (1), a pacmpemeseHns aMIUTHTY myma — u3 (2).
IIx coBMecTHOe pacmpe/ieienne, NMeloniee CpeHne aMIanTyiasl S, Sg; 1
JIICTIEPCHIO TIyMa, o0pa3yeT pacmpenejieHne HaAITyMHOTO TA9HA.

3 °
P'(S,8.) = [[ P (Sej. Sei). Py (Sej, Suj) = (1/m)e . (5)

j=1

sy
Sej = Se; — Sej, Ssj = Ssj — Ssj — uenrpupopanuble caysens (baykTyanun).
JIJ1st 9TOr0 PACTIPEJIeIeHNs YCIOBUE CTAIMOHAPHOCTH CIyBeT, KOTOPOEe COB-
MaJaer ¢ YCJAOBHEM KAHOHHYIECKOTO DA3IOKeHUs (HyJeBble CPeHUe U OJid-
HAKOBbIE JucHepcun), He BbinosHserca. CregoBareibHO PACIpeIeIeHns
HAJIIYMHBIX TJ9HOB HECTAIIMOHADHBI.

YTo6bl HAfiTH TPOCTPAHCTBEHHOE PACIIPE/IEIeHNE HAJO MEPEiiTn K mepe-
MeHHBIM S U ;, Kak npH BeiBoje (3): PJ (S}, ¢;) = S; P} (Sej, Ssj),
Sej = Sjcospj, Sg; = S;sin ;. ) . B
Pj(Sj.5) = (8;/m) exp{—(S; cos p; — 5¢;)* — (5 sinp; — Sy;)*}.
BBO,Z[I/ITCH SJQ = Sczj + 52 Scj = Sj C?S (ﬁj, Ssj = Sj sin (ﬁj,

31ech S, = {Scj}7 S, = {Ssj} — CJOyYallHbIe BEKTOPHI, 5]2 = 502] + S

577

@; = arctg(Ss;/Se)), G5 =5 — 5, Sj =S — S;, (S;) = S cos §;.
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[Tokazaresn SKCHOHeHTbI OIyCKast 3HAYKN J,

—{..} =8%cos? p — QSS cos p + S? + S%sinp — 285, sin p + S?
= 5%+ 5% - 25(S.cos p + S sin )

= 5%+ 5% —255(cos g cos g +sin gsin ) = 5% + 52 — 255 cos
— 524+ 52 — 288 +285(1 — cosp) = 52 4+ 45Ssin?(¢/2).

wim —{...} = 5%+ 52 — 28S cos p + S? cos? p — S? cos?

= (S —(9))? + S?sin® p.

IIpocTpaHCTBEHHOE pacIpe/ie/;ieHue HaAITyMHBIX TI9HOB

3
'S, ) HPJF 5,
=1

PF(Sj,65) = (S/m) exp{—8;" — 48,8, sin%(3;/2)}
= (S;/m) exp{—(S; — (S;))* — S} sin” ¢;},

(6)

rie S = {5;},5; > 0,¢ = {¢;},|¢;] < 7. 3aecs BeImncanbl 1Ba BUIA OIHOTO
pachpe/esienusi ¢ PasHbIMA cpefnumu amrumrysamu S;, (S;) u npocrpan-
cTBeHHBIME pasOpocavu. [TlupuHa pacnpeseeHnust 3aBUCUT OT PACCTOSHUS
¢; 10 ero nentpa. Béiusu mero |¢;| < 1 u pacmpesesnenue rayccoBo C IIn-
punoit 1/S;. llpu y1anenun o nenTpa MUpPHHA pacTéT. Pacnpenenenue ciu-
Baercst ¢ mrymom npu (S;) ~ 1, mm cosp ~ 1/5;. U3 myma soigesnsercs

Tosbko (S;) > 1.

Pacrlpe,ue.nerme HaJUIYMHBIX I'’IS9HOB TOJIBKO IIO MECTY HaXOJHUTCA

an/I6Jm>KéHHBIM NHTEeTPUPOBAHAEM 1'[0 AMILTUTY/IE

Pi(g fffPF S. p)d’S = H] 1fPF (55, ¢5)dS; _H] 1PF(‘PJ)

Pl (¢;) fPF S;,4)dS; = (1/m) fS exp{—(S; — (S;))* — S}sin® ¢; }dS;.

OCHOBHOI/I BKJIAJ| B HHTErPaJI JAI0T S ~ (S;), rme exp{...} Hanbobmras.
OO

Py (#3) = ((5;)/m) exp{ =57 sin® ¢5} | exp{—(5; — (57))*}dS;.
Tenepn

3
. . . S;
@) =TI FI2). Pre) = S exp(-82sn® )
j=1

[Tpu Gob1Iol HaNTyMHOCTH TI3HOB S; > 1 pacnpenenenne (6) y3koe,
T. K. S;sin¢; 6ercTpo pactér ¢ ¢;. Moxkno 6pars |¢;| < 1. Torza, omyckast
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3HAUYKU J,

52 4 455 sin%(¢/2) = 52 + S5¢2,

(S —(8))2 4 S?sin® p = S — 258 cos 4 + S% cos? ¢ + S%sin?

= 524 82-955+4255(1—cos @) = (S—5)2+255(1—1+¢/2) = 524 5542
Pacrpenenenus mepexoasT B

S e 5 .
P]F<SJ790]) = ?Jexp{_SJQ - 515]903}7 Pf(@]) = Wl—jgeXp{_SJQSof}a (7)

rae |S;] > 1. T. x. mmpuna pacnpesenenns (p3)12 ~ 1/5;, 1o émxocrn
TPOCTPAHCTBA [T TAIHOB ~ S PACTET € UX AMILUINTYIOM.

KpanTr peiictBug. OnHOMEpHBI INI39H €CTh ONpemeIéHHOe KOoaeOaHme
(2), paszmbiToe emHTIHBIM TIyMOoM (3). Ero aMmmnTyiHas HeonpeeéHHOCTD
(5§2)1/2 — |, BepumHb! ABYX pACIPEICTCHM PA3IMTHMEL, 6CIH CPEIHIe AM-
IIATYIBI OTyIngatoTest bostee, yem Ha AS = 2. OHM KBAHTYIOTCS ¢ KBAHTOM 2.
Torga cpeanue 3Ha9eHUsT AMILIATY L, Kosebanuit Ha hoHe NMrymMa COBIAJAIOT C
YPOBHSAMH 3HEPIHH KBAHTOBOTO ocrumiaTopa S = 2N +1 = (N +1/2)A, tae
N — nenoe uuciao. T. o. mocrogaHag Ilidanka h ecTh yaBOeHHas cpemgHe-
KBaJ[paTU9IHAS AMIUINTYIa Iryma asura h = 2. OmHaKo Hepa3ImduMOCTD
OIM3KUX 110 aMILIMTYAaM TI3HOB UL BHeNMHAss. OHU BHOIHE PA3IUIUMBbI
10 CBOMM CPEJHUM 3HAYCHUSIM.

IIpocTpancTBOo Mupa

Cramuonapuserii mrym (aykTyanuii gBura, Kak HU3IEe PABHOBECHOE CO-
CTOSTHWE, OTTUCHIBAETCS TayCCOBBIM PACIpeeIeHUEM MJIOTHOCTH BEPOSTHOCTU
AMILTUTYJ, TI9HOB (2). B cuay GecKOHeYHOl MeTUMOCTH OHO TIPEICTABUMO
MHOTOMEPHBIME KoJiebaHusaMu. VX ogHoMepHbIe 9acTu 00pa3yioT n3MepeHns
npocrpancTBa MecT (1). TIycTh MHOXKECTBO TI9HOB, COCTABISAIONIUX OTHOMED-
HYIO 9aCTh MHOTOMEPHBIX KOJIeDaHnii Ha3hIBAIOTCS M3MEPHI.

OHako cramoHapeH TOJIbKO BECh IMyCTON MeH, a JIIOObIe ero YacTh HecTa-
nuoHapubl. HectammonapHocTs nrymMa BeJET K OTJIMYHIO €r0 PpacipeIe/IeHust
OT TayccoBa M, KaK CIeJICTBHE, K M3MEHEHUIO CpeTHUX BenanH. OOpa3yoTes
OTJIMYHBIE OT HYJIS CPeJHUe AMILTUTYIbBI U KOPPEJIANUOHHBIE CBA3U MEKITY
n3Mepamu. Kcm BHYTpH KazKJI0ro u3Mepa BbIJIEISIThH MPOTHBOTIIH JTAHHOTO
IJI9HA, TO MEYK/Iy HUMH TaKKe JIOJZKHBI ObITh Koppe/snun. Ix madop

(8185, (558710, (818} k), (S 818}, (STSiS)h), - (8)
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rie S]r n S]H — aMILIATYABI TIPHOB U MPOTHBOTIIHOB U3MEPA J.

Ha mepecTpoiiky pacnpenesenus MEHSIIOIErocs IyMa, BJIUSET CKOPOCTh
perakcanun ero (pIyKTyannii K HOBOMY YPOBHIO IiyMa. Ecim oHa Bennka,
TO pACIpeeIeHIe MOKHO CIMTATH KBA3HCTAIMOHAPHBIM TAyCCOBBIM C Tepe-
MEHHBIMH CpeJHuME. Ecin perakcanus Masa, ToO W3MeHeHne PacpeIeTeHnst
OTCTAET OT M3MEHEHWsI CPeJHero ypoBHs mryma. [Ipu ocaabieHun nryma u
MAaJIOi peTakCaluy 9acTh 00JbIIUX (BAyKTyammii cTaporo nryma coxXpaHseT-
Csl ¥ CTAHOBUTCS HAIIYMHBIMU TISHAME, PA3MBITHIMA HOBBIM YPOBHEM IITy-
ma. Ha HuX mepeHocaTcs Koppessiun (8). AMILTUTY/IBI HAITYMHBIX TI9HOB
He MPEBHINAI0T HAYAIBHBIA YPOBEHD MIYMa, & UX PAa3MEepHOCTDH OIPeIeIsaeT-
Csl HAJIMIMEM HEpas3pyIIaeMbIX 1MyMOM KOPPEISIMOHHBIX cBazeii. Mup He
co31aéTCsl, a MPOSABJIAETCS U3 MEPBOIITYMa-Xaoca.

Koppensiiun Mezk 1y TISHAME Pa3HbIX H3MEPOB W MEKIY TIIHOM H TPO-
THBOTJIPHOM OJIHOTO M3Mepa MMEIOT OJHY NMPUIMHY U KAYeCTBEHHO MOXOXKH.
X MOXKHO B3ATh OJMHAKOBBIMH. TOTIa MpemoiaraeTcs, 9ro CyMecTBOBa-
HHUE HAIlero MpoCTPAHCTBEHHO OJXHOPOAHOIO TPEXMEPHOrO MHPa C CHMMET-
pueil MeXKIy TAIHAMH ¥ MPOTUBOTIIHAMHI OOECIIeUNBAIOT OJNHAKOBLIC CBAZH
Me¥K/Ly TAIHAMU PA3HBIX U3MEPOB, KOTOPHIE MOTYT MEPEKII0IaAThHCA Ha CBA3H
[J9HA ¥ MPOTHBOTIIHA OJHOrO m3Mepa. OHU MPEeJCTABIIIOTCI KaK HATHYNe
y TJI9HOB JBYX CBOOOJHBIX CBsI3€il JIT COEMHEHUsI ¢ TAKUMHU YK€ CBI3IMUI
[I9HOB APYTIUX M3MEPOB WM MPOTUBOIIIHA CBOErO M3Mepa, TAe YYaCTBYIOT
obe CBsI3H.

CuygaiiHble aMILIUTY/IbI S]r u SJH W3MepoB j u3 pacnpenesnenns (6) 3a-
MUCHIBAIOTCS B BUJE CYMMBI IIYMOB. [Ipw 3TOM mapHbIe KOPPETAIHOHHBIE
CBSA3M MeXKJy OJHOMEpPHLIMH TI3HAMH ['!, BXOZAIIMME B TpEXMepHbI TI3H
['® 0JI2KHBEL OBITH OOMEHAME AMILIATY/I, COXPAHSIONIMHA UX CYMMBL.

3
SJ,F = SJ.F +¢€ + gSjF Z njisf, Nji = —Nij- 9)

=1

K #um 100aBasgioTCs ypaBHEHUS IJI aMILINTY/I OJHOMEPHBIX TIIHOB W PO-
THBOT/IPHOB OJTHOTO M3Mepa, 00eCIeUnBAIOIINEe COXPAHEHHE CYMMbBI aMILTHTY/I
IpU TAPHBIX 0OMEHaX W YUUTHIBAIONINE MAPHOCTD CBSI3ei

31ech €; — OOIIHUil 11 TA9HOB U HPOTHBOTIAYHOB eUHIYHBIN IIyM H3Mepa j,
Nji — €JIMHUYHBII NIyM OOMeHa aMILTUTYJaMU MeXKJ1y TJ[9HAMU Pa3HLIX U3-
MepoB, 7); W 0; — eINHNIHBIE MIyMbl OOMeHa aMITUTYJaMH MeKIy TI3HOM
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W MTPOTUBOT/ISHOM OJIHOTO M3Mepa, ¢ — KOIMDMOUIMEHTHI CBSI3W MeKIy T/I9HA-
MU Pa3HBIX U3MEPOB WM MeYKIY TIIHOM W MPOTHBOTIIHOM OJHOTO M3Mepa,
KOTOpbIe DepyTcs OJMHAKOBBIMU.

[Ipm ocabaenne nryma mepBBIME JOZKHBI TPOSBISIOTCH 1-MeCTHBIE CJla-
60 HaUTYMHBIE TI3HBL [ cospatomue 1-MepHOe IPOCTPaHCTBO TIPHOB MATOi
8MKOCTH. 3aTeM Ha MX OCHOBE NPOSBJIAIOTC 2-MecTHbie rapHbl [2 = ['Hgllg,
1-mecTHbIE TApHI V; = F}gﬂ}g n3MepoB j = 1,2 1 uxX 2-MecTHbIE CYMMBI VqVs.
(3mech u gasee MOCAEIHAS (-CBA3b COEIUHSIET MOCTETHUN W TEpBBIH T13-
ubl.) OHE 06Pa3yIoOT 2-MepHOe MPOCTPAHCTBO TAIHOB U JiBa 1-MEpHBIX MpPO-
cTpaHcTBa map v;. JlanbHeiinee ociabieHne ITyMa BbI3bIBaeT MPOABICHHE
1-mecTHBIX nAp V; = F}gﬂ}g u3MepoB j = 1,2,3, 2-MecTHBIX V;Vy,

Vi, = F}gH}gF}ggH,ﬁg, 3-MECTHBIX ViloV3, Vg3 = [igllgTagIliTigITg u Go-
Jee JITMHHBIX COYETaHWil. DTOT MPOIECC MOYKeT MPOTOIKATHCA U TATbIIe,
00pa3ys MUPBI OOJIBIINX pa3MepHOCTEil.

ITpocTpancTBO Hamero Mmupa nMmeeT Tpu u3Mepernsd. OHO OJHOPOTHO,
M30TPOITHO 1 3aMKHYTO Ha cebe — MecTa ¢; = 7 coBmagaoT. OTHOCHTEh-
HO JII00OTO0 MecTa ero MOXKHO TPe/ICTaBUTh, KaK COCTOsINee W3 COOCTBEHHO
MPOCTPAHCTBA MUPA W 3€PKAJbHOIO €My MPOCTPAHCTBA MPOTHBOMUPA, B KO-
TOPOM TJI9HBI M MPOTHBOIIHBI B3aUMHO 3aMeHeHBI. Mup TOJbKO KazKeTcs
OeCKOHEeYHBIM TTpU HAOMIONEHNN W3 ero MaJoil 9acTH 3a Majoe BpeMs.

BzanmoaeiictBue ria3HOB

Koppensannonnas g-cBsa3b (9, 10), 00beuHss OJJHOMECTHBIE TISHBI B TPEX-
MEeCTHBIE CO37a6T OCHOBY HAIIero TPEXMepHOro mpocTpancTBa. OIHAKO 3TOTO
HEJOCTATOYHO JIJIs CYTIECTBOBAHUS CJIOZKHOTO U PA3BUBAIOIIErOCs Mupa. 1 pe-
oyeTcst B3auMOJIeiiCTBIE MeXKIy TPEXMECTHBIMU T/IHAMU, MO3BOJISIONIEe UM
00pa30BBIBATH BCE DOJIee KPYITHBIE CTPOEHUsI. DTy POJIb OepéT Ha cebst B3am-
MOJENCTBUE I'ZI9HOB Yepe3 ABUT. [ 19H ecTh MOPOXKAEHNE JBUTa, KOTOPbI
O/I/IEP:KUBAET €ro CYIIeCTBOBaHUE U OINpejiendeT ero cpoiicrBa. Ho n riodm,
OyayuM 9acThiO JIBATA, BJIWSET Ha Hero. Torga Apyroi riadH B BO3MYIIEHHOM
JIBATE TaKzKe Oy/IeT MEeHATHCH.

[an, Kak mesioe, onpesersiercss CBOUMHI 9acToToil () u ammanTypoit S, a
ero MeCTO ( BBIPAYKAET OTHOIIeHHe K JApyruM radHam (1). [IBur Biauser Ha
[JI9H Yepe3 JacTOTy W aMILTUTYAy. VX m3MeHeHHe OMHMCHIBAETCS MPOU3BOJI-
HbIMU Q n S HpI/I JOCTATOYIHO CJIa6OM BJINAHUMN ABUTA MOXKHO CUYUTATH, 9TO
i (T. e. S u () coxpaHseTcs, a 3MeHeHHe MePEHeCTH Ha ero MepeMerienie
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Q) = ¢. Toraa B BO3MYIIEHHOM ABHUIE [ISH YCKOPSIETCS.

[Tpu 3amanmHoit vacToTe radHa ) = 1, ero ycpeaHEHHOE BJIWSIHUE Ha JIBUT
ompeengeTca cpefHell aMITHTYA0i S U BhIpaxKaeTca dbynxmueit U(S). Ec-
7 S HOCTOSHHO, TO IBHUT IOCTOSHEH, W IPYTOH I9H B HEM He MeHIeTCH.
VeKopgeT TI9H mepeMeHHOe BAUSHue ABura. /ljig Bo3mefcTBYOmero riasHa ¢
HOCTOSIHHBIM BO BPEMEHH PacHpeie/IeHneM, 9TO CBOJNTCI K BIUAHUIO TPaIy-
enta U: ¢ = —0,U, mm U + (¢)?/2 nocrosimno. T. o. dynkmus U(S) ectn
MMOTEHIAJ BO3eiiCcTBUs I'I9HA HA APYTroil II3H Yyepe3 ABUr.

Ecnau mam mup 06pa3oBaicd U3 HAYAJBLHOTO IIYMa IIPH €ro OCJabaeHnn
¢ coxpanenneM (JIYKTYaluii, TO OH COCTOUT M3 OCHOBBI ¢ AMILIUTYIO0H Sy 1
BO3BBIIAIONIMMUCA HAJI HEell Pa3JIMYUMbBIMUA MeXKJ1y CODOI 4acTsaMu TI3HOB C
ammarygavu Sy, 0 S = Sy + Sy, S = So + S, (em. "Cpema mupa"). Ipu
Sy > S, U(S) pazmaraerca B pan
U(S) = U(Sy) + UsS, + UssS? +
e Us = dsU(S = Sy), Uss = dSSU(S = Sp) — mpousBojgHbIE. BBIGOD
U(Sp) 3a mauaso orcuéra U(Sy) = 0 maér

rie manocth Ug /U, cesasana ¢ Manoctbio S, /So.

HOC.He BBEJCHUA ITPOTUBOTAHOB N COOTBETCTBYIOMIEIO YMEHBIIIEHUA TTPO-
CTpaHCTBa MecT BiaBoe 110 |¢| < /2, ammanTyna S, CTAHOBUTCS /71T TPOTHBO-
IJI3HOB OTpHUIaTebHOM. Teneps morennuan cocrout u3 Heuérnoit U, = U, S,
u yérnHoit Ug = Usggi /2 no ammnTynam dacteit. Ero 3aBucuMocTh 0OT MecTa
» HAXOJIUTCS W3 PACIIPEJIEICHNs] TII9HA (7)(g KOTOpOE MeHSeTCs Ha
P (S],goj) PF<SUJ79003) = (So/m) eXp{ ¢2}
re ng] = Sop;. [locne 3amensr ¢; Ha gb] : (Su], gb]) f PI'(S.j,¢;)/So nm

3
o ° ° ° ° 1 o °
j=1

rae Sy = {Su; — Sui}, & = {05 — &}, &5 = S0
[TpocTpaHcTBeHHAs 9aCTh PacIpele/eHus 3alUChIBACTCS Yepe3 aMILIATYILY
So OCHOBBI, & AMILUIMTYJHASA 9aCTh — 4Yepe3 BO3BbIIIeHue S, HaJ, Heil.

Cpenane aMILTHTY/IBI TJI9HOB 1"} OepyTcda OIMHAKOBBIMUI Su] =S, aPr (S ¢)
npeobpasyercs K pacpenenenuio PL(S,, @) ammmryas Sy = Sy 4 Sus+ Sus
rmana 3.
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Pr(S,, ¢) = / / PF(Su1, d1)PY(Sua, 02) PY(Sy — Sut — Suz, ¢3)dSu1dS,s

= // eXp{—Sﬁl - 552 — (Sy — Sut — Su2 — §u)2 - QZQ}dSuldSuQ’

rie ¢° = % + ¢2 + ¢§ OCHOBHO{I BKJIaJ B HHTEIPAT AT Sy ~ S, H
Suz ~ S_y, r/le SKCIOoHeHTa Hanbobias, a eé usMenenne Haunvenbiee. Tora
PF(SM ¢) %771-_2 eXp{_<Su o SF>2 - ¢2}’ .

rie St = 35, — cpeaHsisl aMILUIATYAa TPEXMECTHOTO T/IeHA, ¢ — PACCTOSTHUE
orT ero merrpa. I[IpocrpancrBenHoe pacrpee/ieHne

o

PF(&)) = / PF(SU, ¢)dSu = 7T_2€_(£2/ 6_(SU_SF)2dSu.

— 50 o

Tenepr pacnpesesenne TPEXMECTHOTO TA9HA
P(Syd) =72 exp{—(Su — S1)* = 6%}, Pl(¢) =72, (12)

[TpocTpaHCTBEHHOE pacIpeeIeHie MOTeHINAIA BO3ACHCTBA Yepes3 IBUT
onpe/lesIgeTcs IPOCTPAHCTBEHHON 3aBUCUMOCTBLIO CpeJIHell aMILINTY/Ibl TI3HA,
T. €. ero YCJIOBHBIM CPeTHUM Jist pacupesenerus (12)

U(@) = U(S)I6) = | U(SIP (S, $)dS.
0
T. . ocHOBHOIT BKJIaJ B HHTErpasa JamT S, ~ St, TO

o w o

mwszw”e&/‘”&&W&zwaw%¢%
— 00

[ToxcraBus pasznoxkenue (11) mMogyIrM MOTEHIUAT BO3AEHCTBUS TI9HOB

4yepe3 JABUT

o o

o ° _ 92 ° _42 9 o

U(p) = Uy(9) +Us(9), Us(p) =7, Us(p) = Ge™”, ¢ = Sop,  (13)
rae v = 7,5, G =G,S% v, =7%2Us, G,=n">2Uss/2,
O* =@t + @3+ ¢3,  |p| < 7/2. Konebanus rasHoB B3aNMOIEHCTBYIOT TOTb-
KO MECTHO, TIpU coBIajenue ux das. Ho caM I3 cOCTOUT U3 OMpeIeTéHHBIX

kostebanuit (1), pazmbiTeix mymom (3) mo pacnpenenennst (12). IIpocrpan-
CTBEHHOE pacmpejesenne norennuaga (13) cBsS3aHO ¢ 3TUM PA3MBITHEM, T.
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e. ompeaensiercss mymom. CrieoBaTelbHO TO9HBI B3aNMOIEHCTBYIOT I10-
cpeJcTBOM IiryMa. JleiicTByeT ke MOTEHIIMAJ He Ha, TITyM, a Ha OIpPeIeeéH-
HOe Kosilebanue TadHa (IeHTP PACIIPEIeIeHNs), U YCKOPSIET ero.

SHaKN MOCTOSHHBIX BO3IEHCTBUL 7, (7, ONPEIENdi0T ero KauecTBo. Ecim
Yo > 0, TO TA3H OTTATKUBAETCS OT T/IPHA W MPUTATUBAETCA MPOTHBOTIIHOM.
Ecim G, > 0, To gr00ble TI9HBI W MPOTHBOTIIHBI OTTAJKWBAIOTCS. Takne
3HAKW COOTBETCTBYIOT HAIIEMY YCTOWIHMBOMY W Pa3BUBAIOIIEMYCST MUDPY.

T. k. y-norennnan U, aBusercs xanboasumym (11), To ncctemoBanme B3an-
MOJIeiiCTBHS IIPHOB HAUHEM ¢ Hero. PaccMoTpuM oHOMepHOE y-B3anmo/ieiicTBue
TPEXMECTHBIX I'TIHOB ['® ¢ PaBHLIMH 110 MOJLY/TIO aMILTHTYIaMu Sp. B omn-
CAHUM B3aMMOJIEHCTBUST UCIOJIB3YIOTCS CJeayIne 0003HaIeHnsT

Ury=e", fir)=rU0 f(r)=0-2r)U, fu.(r)=(4r*—6r)U. (14)

BzaumopeiicTBue aByx radHoB. /[1g omncanns B3anMOAEHCTBASI IBYX
TpéxMecTHBIX TIPHOB ['; u 'y BeIOpana cucteMa oTcuéTa, B KOTOPOii JIBUKe-
Hue cuMMeTpudHo. MecTta T/I9HOB ¢y U g, ¢ = @1 — ¢ = 2¢;. [lorenmmain
p3amvozeiicTeis (13), samncannniii B equamax v, ecth U(¢) = e .
BepxHunit (HI/I}KHI/If/'I) 3HAK OTMedYaeT B3auMoAdeiicTBUe IIdH-TI9H
(raaH-ipoTHBOTIRH). [leficTBY 0N HA TIHBI YACUIIbI — y/IeIbHble (Ha e/1i-
HUILYy aMIUTATYAB) CUibl fi = —fo = —d,U = £2¢U(¢). YpaBHeHHS OTHO-
CUTETHHOTO JIBIKeHUs (yPABUXK ) b =2f1 = +40U(9).

T. k. ¢ = ¢(t), 10 t =t(¢) m ¢ = dy(9)?/2 = —2d4U(¢). Torma
(6)2/2+2U(9) = E, (6)? = 2(E — 2U),

rie B — ynenpHasg momHas SHEPrus OTHOCUTETLHOTO NTBUKEHUS TIIHOB. Tod-
KI IIOBOPOTA, (b, HAXOAATCS U3 P(Gp,) = 01 B = £2e %, ¢2 = In(+2/E).

OrrankuBanme radH-radH. Ecn 0 < £/ < 2, TO PN BCTPEYHOM [IBH-
JKEHUU UMeeTCsl OTParkeHue B TOYKe MOBOPOTa. /IBa OJIMHAKOBBLIX T/9HA HE
MOTYT OBITH B OJHOM MecTe (cocTosiHum). DTo cBoiicTBO depmmonos. Ono
0OYCJIOBJIEHO Y-OTTAJIKUBAHUEM TIPHU JOCTATOYHO Majoit sueprun E. Cremo-
BaTETbHO TAIHBI — (DE€PMUOHBI.

ITpursa>keunne royu-nporuBoradH (maatHuk ['I1). Ecom —2 < E < 0,
To B morernuase U(p) cymecTByer HeJMHEHHbBIT MATKIT MasiTHUK C aMILIH-
TYIO# ¢p,. BOmM3M gHa norennmania ¢ < 1 npu E 2 —2 MaATHUK JHHeeH
ézé = —4¢ ¢ JacTOTOH W, = 2 WIN

wy = 2912, (15)

Magruuxk ['TIT
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JIBa rypua ['1, 1'2 u nporuorasu 11 ¢ paBHBIMEU 110 MOJLY/IIO aMILIATY/IaMA
NMEIOT MecTa @1, @ U ¢g. PasrocTn mect

¢12 = ¢1 - ¢27 ¢10 = ¢1 - ¢Oa ¢20 = ¢2 - ¢0-

[Torennuass Bo3jeiicTBus Ha uHux (13), B exuHUIAX Y

U, = 6*‘1’%2 — e*‘b%o’ Uy = 6*‘1’%2 — e*‘b%o’ Uy = —e*(b%o — e*‘b%o'

Cymma norennmanos U = Uy + Uy + Uy = Q(e—q% — e %0 — e‘¢§0).

Vacunnr f; = =0y, U; = —0,,U/2, j=1,2,0: f1 = 2p1ae 92 — 2¢p10e~ o,
fo = —212¢7% — 2650 %0, fo = 2p19e™ %0 + 2gppge %%,

YPIABUK C yquOM P12 = gblo — (o9 €CTH

¢10 = 2¢12€” iz — dproe” #lo — 2¢90€” ¢20

P20 = —2¢10e %2 — 2¢19e~%l0 — dghge™ %O b0 = 2¢10e~ %o + 2¢pape 0.
Ecmu ¢g < ¢g < ¢1 (IT mexxay T'l u T'2), 10 B mostnom norernuasie U BBITOJ-
HSIETCSL 1o > (o, oo M €912 < e 9T =%, Boamokno U<0 n cBS3aHHOE
cocrosiame (Magrauk IIT) mpu gocTaTodno Mamoii mosiHoit sueprun. B uém
BBIJIEJISIOTCS TPU YaCTH JIBUKEHUS TIIHOB:

[pu |10 < 1, II JIBUZKETCS BOIM3H F1 T. K. 37ech HeJIWHEHHBIE YICHBI
MaJibl, TO ¢10 ~ —4dro, ¢0 ~ 210, ¢20 ~ —2¢10, ¢2 ~ 0. II mpoxoaur
BOu3u I') B cocroguun nuHeitnoro magarauka 11 ¢ gacroToit w, = 2, a I'2
JIBUZKETCS IO uHepnun fo = 0.

[Ipu |poo| < 1, — smneiinniii magrauk oI, a ['2 aBuzkercs mo wHepium.
[Ipu ¢ = —d19, Il ABUIKeTCST MO0 MHEPIUM HA YHEPTETUUECKOM IepeBaJie
mexay ['y m I's.

T. o. gBu:kenne MmagrHuka ['III' cocTouT M3 mociegoBaTeIbLHBIX ITPOXOKIE-
unit magTaukoB ['111, I'5I1 n mepeBaa morenmuana mexxy HuMu. Ero mepuo
OIIEHUBAETCS BpeMeHeM MPOXO0:K/IeHHS ABYX TOUEK IMOBOPOTA U IepeBaJia, 4To
boJibIie Treproaa JuHeitnoro masitanka 1.

BzaumopeiictBue nByx magaTHukon ['1]

[Iycts nmeerca aBe mapbl TadH-poTuBOrARH ['111; n ']l ¢ paBHBIMET TIO
MOJIY/TIO0 aMILTUTYIaMHU TA9HOB. B paccMaTpuBaeMoM 1T HUX OJHOMEPHOM
npuzKennn ux Mecta ¢, ¢ @b ¢ BeogaTcs pasHocTH MecT B mapax
& = ¢ —oll, & = @) — ¢! m paccrogume r MexxIy HeHTpaMu map.

HeiicTBytomue Ha TIHBI yACHIb B eauaunax 27 (13) s3amuceiBatorcs B
coorBeTcTBUE ¢ 0bo3HAYCHUsIMU (14)
fi =1 — o) + f(h — d5) — (o1 — ¢5),
= f(o1 — o) = f(&1 — ¢h) + f(d) — ¢5),
fr = —f(d1 — ¢3) + [} — 03) — (85 — ¢3),
f2t = f(o1 — 03) — f(&1 — &%) + f(d5 — ¢3).
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Vpapux B equrumax 2y = w?/2 (15)
&)

=M —[=—f(&)+ [r+ (& —&)/2) — flr+ (& +&)/2) — [(&)
+fr—(¢§ 1 + 52)/2) fir—(& - 52)/2),
&=f1— flr+ (& —&)/2)+ fr— (& +&)/2) — f(&)
—f(r+ (51 i 52)/2) + fr— (& —&)/2) — f(&),
2 = fl + fi' = fo = ' = —=f(&) + f(r+ (&1 — &2)/2)
=+ (6 +8)/2) + (&) = fr— (& +&)/2) + f(r — (& — &)/2)
+ [+ (& —&)/2) = fir— (& +&)/2) + [(&) — f(r+ (& +&)/2)
- (61— £)/2) — (&) =
S (- (E1=6)/2) — F(rH (€14 6)/2)— F(r—(E+6)/2)+ F(r— (6= /2)].
[Tpu |¢| < 7 yacuabt pazaaraiorest B psii no crenensy € no £3. Mcnonnsys
obosnavemns f = f(r), f, = fo(r), frr = [or(1), frrr = frre(r) m3 (14),
yp,[[BI/I)K 3allUCHIBAOTCA KaK
§1 = —2(& =)+ (& —E) + frrr (61— 82)% /24— [ (E1+82) — frrr (&1 +E2)% /24
= —2(&— &) —2f&a— frer (3626436163 + 65 — 6] +3¢16, — 36163+ €3) /24
= _2<§1 - g%) - 2fr§2 - frrr(?’g%é? + ég)/127
o= —2(& — &) — 2fr&1 — [ (36361 + £7) /12,
= 2f + frr(gl - §2)2/4 - 2f - frr(gl + §2)2/4 = _frr£1£2-
Torma
&= =2(& = &) = 2frbo — frr (36362 + £3) /12,
§o = —2(& — &) — 2,61 — [rr(36360 +67)/12, 7 = —frr&ia.
T. k. r MeHsieTcst BO BTOPOM MPUOJIMKEHUH, TO €r0 M3MEHEHUEM B YPABHEHUSIX
ist £ u & mpenedperagoch ¢ caMoro HadaJia.
ITepBoe npubsm>kenune (auHeiiHoe)
B mumefinoM mpuOIMKeHIH yPIBIK
& =26 —2f&, &=-26- 2f;&, 7 =0.
Pemenne nmercst B Buge §; = aje” "
—wla; = —2a, — 2fray, —w?ay = —2ay — 2f,a;.
CobCTBeHHbIe YACTOTH B euHANAX W’ /2 ecTh wi = 2(1 F f,), mim
wi = WX(1F f). fr omucriBaer Busnme cocemmeii mapsr: f, < 0 mpur? > 1/2.
CobcTBeHHBIE YACTOTHI W4 COOTBETCTBYIOT COOCTBEHHBIM KOJEOAHUSIM B IIe-
pemerubIx {1 = (§1 £ &)
§o= =26 —2f:6 F (26 +21£:.61) = —2(1 & f,)(& £ &).
&4 KoebIIIoTCs ¢ MeHbITell 9acToToit w_, a £ — ¢ DoJIbIIeit wy .
Eciu mapst kKonebmorea B dase & &~ & n r? > 1/2, To yacuaa MeHble-
eT ¢ paccrogaueM. [lapa npurdruBaeT OJUKHMI K Heil TJPH APYroil mapsl u
OTTAJIKUBAET JaJbHUI, HO ciabee. [leHTpHI map cOMmzKaOTCS — mapbl MpH-
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TSITUBAIOTCH.
Ecyim napwr kostebsmiorest B mporuBodase & ~ —&;, TO Napbl OTTAJTKUBAIOTCS.
Bropoe npubauxkenue (HesnHeiHOe)
B menumHeitHOM TpHOIHKEHIN HAXOIUTCI U3MEHEHHe PACCTOAHUS MEKIy
napamu I'T1

P = —fr&i&s = — frr(E2 — €2)/4, (16)

rjie crpaBa CTOSAT perieHus rnepBoro npubsamzkenus. [loacrasiisis cobcTBeH-
HbIe TAPMOHUKHU B BUJAE {4 = a4 cos Py, Oy = wit + ¢4, momyanm

£ —& =a%cos? Py —a? cos® P = a? (1+cos2dy)/2 —a®(1+cos2d_)/2

= (af —a® +a% cos2®, — a? cos2P_)/2.

Vacnna B3anmozeiicrsus nap f = i = — f,, (a2 —a® +a% cos 2@ —a? cos2P_)/8.
Bes yuéra BTOpHIX rapMoHuK (ycpeaHeHue 3a Tepuoj KosebaHuil) yacuiaa
MeaJeHHoro B3anMmojeiicteus map ['1l ectn

f = _.frr(ai - az_)/8 (17)

U3 (14) f = 2r(2r® — 3)U wensier 3nak npu r° = 1§ = 3/2.

Eco maper 'l kose6mores npornsodasno a> > a%, o f > 0 npur > 7y
(orrankmsanme map) u f < 0 npm 7 < 71y (MpUTSKeHwWe Tmap). ryp — TOUKA
HeycroitanBoro pasuosecud. Eciu mapot [l kose6mores codaszno a? < ai,
TO 79 — TOYKA YCTOWIMBOTO PABHOBECHSI.

Cpena mupa

Pesynbrarhel, moydeHHBIE O B3aUMOJEHCTBUIO Uepe3 JIBUT, ITO3BOJISIIOT
IPOIOIKATh UCCTAETOBAHIE PA3BUTHUS M CTPOEHUs CPeIbl HAIIero Mupa. boi-
JIO TIOKAa3aHO, YTO MUP MO2KET BOSBHUKHYTH U3 Ha9aJIbHOT'O BHETPOCTPAaHCTBEH-
Horo nryma (2, 3) npu ero ociabsaennn ¢ coxpanennem duykryarmii. Coxpa-
HEHHBIE (DIYKTYAIMU BBIJIEISIOTCS U3 MIyMa, KOTJIa WX aMILIUTYIbl OoJiee
YeM BJIBOE MPEBBIIAIOT CPEIHIOI0 aMILTHTYAY IIyMa. BO3MOXKHO, 9TO KazK-
JIoe YMeHBIIeHne TIyMa B ~ 2 pa3a COIPOBOXKIAeTCs 00pa3oBaHHeM HOBOI
CTYNEHU HAJNIYMHBIX TJ9HOB M3 COXPAHEHHBIX (DIYKTYAIUil MpeiblLyeii.
3/1ech, B OTIMYNE OT BHEMPOCTPAHCTBEHHOTO MEPBOMIyMa, (hJIYKTYAIlnN Try-
Ma UMeIOT MecTo U mmpuHy ~ 1/5, rae S ~ 2" — ux aMIunTyaa, cyMMapHast
10 BCeM CTYIEeHSM HAIIIYMHOCTH, 1 — YUCIO CTYIIEeHEi.

[TpocTpancTBeHHAST HEOMpPeAeTEHHOCTh T9HOB Ap = SAp ~ 2. [nsubt
BHEIITHE He PA3/JTUYAIOTCHA, €CJTU PACCTOSHUE MeXKIy WX IeHTpamu 1 < 2. B
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9TOM CJIy4dae BMECTO YaCTOKOJIa TJIPHOB, CTYNEHb COCTOUT U3 UX IJIATO, HAJL
KOTOPBIM (DIYKTYHpYyeT Tekyiunit rym. [IpocTpancTBeHHOE TOCTOSTHCTRBO CTY-
HeHN BeJET K e€ He3aMEeTHOCTH, a HePTHsd MOXKET OTCUUTHIBATLCS OT dHEp-
reTHYeCKOro YPOBHA CTYIEHH. 3aMETHBIMHU OCTAIOTCA TOJBKO BO3BBIIIEHUS
HaJ, Heil. DTO TeKYIIHil MIyM ¢ AuCIepcueil, B3ATOH 3a eINHUILY JeHCTBUL, U
HA/IIITyMHBIE TPHBI, 00Pa3yIoIIe CTPOeHe MUPA.

MoxkHo cienaTh TPOCTYIO ONEHKY YHUCIa CTyHneHeil oc/abJIeHust MyMa.
Ceituac paamyc BceenHoit onennpaercsa B 1027 merpa. PasMep risna me 6osee
pajmyca 31eKTpoHa, KoTophiii Menbme 10722 m [11] (em. "Hactunst"). Ecmu
BCceJIEHHAsS 3aHIMAaeT BCE IIPOCTPAHCTBO MECT, TO BAOJb KaK IO IIPSIMOIl B Hell
MozKeT oMecTuThes ne Menee 10 rsnos, wiam 2> 10147 risnos Bo BeestenHoit.
Ilsist 3Toro Heobxomuma aMinTyga rasna > 104 ~ 2163 g equnnnax mywma,
9TO JAET YUCIO CTYMEHeHd HAINIYMHOCTH N 2 163 Mpu yABOGHUH AMILIATYL
OT CTyNeHH K cTylenn. Ecau ceituac mym ~ A = 10727 sprc, To mepBomutym
nMeeT amiuTyay So = 1022 spre. Takag mMomb cKpbiBaeTcs 3a "mycToToit"
HAIIEro MPOCTPAHCTRA.

Harmm mup pacrnosiozken Ha MOIIHO#, HO HE3aMeTHOI JI1st Hac ocHOBe. DJTyK-
Tyaliu ero myma JafoT HyJeBble Kojebanus "dusndeckoro Bakyyma' , Has
KOTOPBIMH BBIJAETISIOTCI OTHOCHUTETBHO pPeIKHe JACTUIBI. DTH (BIYKTyaIrun
IPOCTPAHCTBEHHO PA3JTUIYUMBbI, B OTJIUYUNE OT MePBOIIyMa. XOTS YACTUIHI 3a-
METHO Pa3MBIThI TMTYMOM (KBAHTOBasi HEONPEIETEHHOCTh), OHU HMEKT MpPO-
CTPAHCTBEHHOE PaCIHOJIOKEHHE.

[nsabl 1 mpoTuBOrIRHBL Y-B3auMmo/eiicteueM coeauusiores B ['I-mapbr
[3~II3, KoTopble MPH ONpe/IeIéHHBIX YCIOBUSAX CBA3BIBAIOTCA B YCTONUUBYIO
['TI-cpexy. OTHOCUTENBHBIN CABUT T/I9HA U IIPOTUBOIPHA B Iape OIpeaessaeT
MOJIIPA3AIAIO 3TON CpeJIbl.

Kpowme I'Tl-nap cymectsyer MHOXKecTBO ojHOMecTHBIX nmap v; = [';ggll;.
Sro ueiirpuro (cm. "Hacruup"). [Tyers cocraBiennas W3 HUX cpeja Ha3bl-
BaeTca HedTp N; msmepa j. TpéxmepHblii HEHTp IpeacTaBieH HX CyMMOil
N = Ni + Ny + Ns.

CocraBagomue HEATPUHO TASHBI U MIPOTUBOIIIHBI, KOJIEOISICH MIPOTHBO-
¢da3zHO0, B CBODOJHOM COCTOSIHUHM UMEIOT PaBHBIE 10 BEJIUYUHE W TTPOTUBOIIO-
JIO’KHBIE TIO0 3HAKY aMILIATYAel. HeliTpuHO, B cpeiHeM, HEHTPATbHB U yIaCT-
BYIOT TOJIbKO BO BeeobieM G-B3anmogeiictsre (13), KoTopoe HAMHOTO cirabee
v-B3anMoeiicreuda. B mongapuzosannoii ['II-cpeme ero Mo:KHO He yINTHIBATD,
HO B OTCYTCTBHH TOJAPH3AIUNA OHO MOXKET ObITh OCHOBHBIM.

T. o. MmaTepusa Harero Mmpa cocrasjeHa, B ocHoBHom, u3 ['Tl-map u
neiirpuno. Eé mmorHocts p #He menee mioraoctu ['TI-cpeansr. Oua rpy0o ore-
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nuBaercs uepes maccy ['Tl-napbl (mopsiika maccel Heiitpuno 10737 kr — cwm.
"Yactupl") u paccrosiaue r Mexkay Humu (He Gosiee pasmepa 3JeKTPOHA
~ 107* m). Torma p = 10% kr/mM>, 9TO MHOTO GOJNBINE IIOTHOCTH ATEP
aToMOB. [LTOTHOCTD BemecTBa BO BCeJIeHHOI omenuBaercs B ~ 10720 kr/m3.
Pasuuna ma 55 mopsgakos mwiun 6omee. Ho I'll-cpena TonbKo BO3BBINIaETCH
HaJ BepXHeil CTYIeHbI0 OCHOBaHWSI, KOTOpast cama bojiee dem Ha 49 1mopsiIKoB
DoJIbITIe COBpeMeHHOTO TiiyMa, ~ h. Torma Bcs n3BecTHast HayKe SHEPTHsI-Macca
HIYTOXKHO MaJIa 0 CPAaBHEHHIO C SHEprueil € OCHOBBI — PA3HUILA MPEBBIIIALT
100 mopsIaKoB.

Ilems mupos. [IpencraBienne MeH rapMOHHKAMU He KMEET BBIISTEHHBIX
qacToT. B KasKJ0M MHOYKeCTBe TApMOHWK OJHOM (B3sITOM 3a eMHUILY) 9acTo-
Thl () = 1 rapMOHHWKH OCTAJIbHBIX YACTOT MPEJCTABICHBI WM TIyMoM (Ipu
Q > 1) wm meyrenabiM u3MenenneM (mpu € < 1). U1 kaxm0e Takoe MHOXKe-
CTBO FapMOHUK JAPYTUX JACTOT ABJSIETCS OCHOBOII /1JIT OIMUCAHUSA KAKOTO-TH00
Mupa. Torma mMeercs CBA3b U B3aUMHOE BJIMSHHE MUPOB C Pa3HBIMU OCHOB-
HBIMU YaCTOTAMHU. T&K B MeIJIECHHOM HM3MEHEHUE OCHOBHbLIX XapPaKTEPUCTHUK
HAIEr0 MUPa eCTh BKJIAJ BO3JIEHCTBUI MeIeHHBIX MUPOB ¢ §) < 1, a B mry-
Me CKpBITO Biausiaue ObicTphix — ¢ §) > 1. [logobubeiM 0bpa3oM u HAIT MUD
JIeiCTBYeT Ha JAPYTHe MUPBI. DTa CBI3b MIPOUCXOJIUT HA YPOBHE OTHOMECTHBIX
[JIPHOB U Yepe3 HUX PACIpPOCTPAHSIETCS Ha BCe OCTaJbHbIE YPOBHHU, BILTOTH 10
MAaCCUBHBIX TeJI.

MI/Ipr Ha Pa3HBbIX OCHOBHBIX YaCTOTaX HO,Z[O6HI)I, HO HE TOXKIECTBECHHBDI.
Y HUX MOXKeT ObITh OJIMHAKOBOW CKOPOCTH IBOJIIOINN, W3MepsieMasi B TePHo-
JIaX CBOMX OCHOBHBIX YACTOT, HO pa3Has OTHOCHTEIbHAs CKOPOCTh. MUPH ¢
OOABIIIMHI YaCTOTAMHU MEHSIOTCS ObICTpee MUPOB MeHbIHX YacToT. Cremyer
0KHJIATh, UTO OHU DOJIee TPOJABUHYTHI B CBOEM pa3BUTHU. TOr1a B KarKyIIIX-
Cd CJIy‘laI';IHbIMI/I U3MEHEHUAX CKPBbIBaCTCA BJINAHUE 60.)'[86 Pa3BUTHIX MUPOB,
a MeJJIEHHbIEe U3MEHEHUA CBA3BIBAIOT C MEHee Pa3BUTBIMU MHUPaMH.

Mup ectb HaAIIYMHOE CTPOEHHE, COXPAHSIOIIEe CBOIO HEPABHOBECHOCTb.
OpHako, KaK HM3BECTHO, HepaBHOBECHAsI 3aMKHYTas CHCTEMa CO BpeMeHeM
HEN30eXKHO MEePEeXOIUT B PABHOBECHOE COCTOSHHE U OCTAETCSI B HEM HaBCe-
r1a. DTO MPOUCXOIUT U3-3a TOTO, UTO MOAAepKaHne OeCopsiIKa PaBHOBECHST
u pejlakcanus IyKTyauit onpeaesiiorcst OJHUM MeXaHu3MOM. YToObI HaJI-
IIyMHBI MHD CYIIECTBOBAJ U HE PETaKCHPOBAJT K PABHOBECHOMY IIIYMY, OH
JIOJIZKeH OBIThH OTKPBLITOH CHCTEMON C BHEINIHHM B3aHMOIECTBHEM, TOIIep-
JKUBAIOIIAM €TI0 HAIIIYMHOCTD.

Mupst pa3HbIX OCHOBHBIX 9aCTOTAaX COCTABJISIIOT TOCIE0BATEIHHOCTH CBSI-
3aHHBIX MHUPOB C PA3HBIMU YPOBHSIMH M CKOPOCTSIMU pa3BuTHs. B3anmoeii-
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CTBYS Me¥XKJIy cO00¥, OHM CIIOCOOHBI TOJIEPKUBATEH KarK/Iblil U3 HUX B HEPaB-
HOBECHOM HA/IIITyMHOM COCTOSIHUHU, HE TIO3BOJISAS UM MOT'PY3UThCS B OeCropsi-
Jounblit iryM. T. 0. T02KHA CyIIecTBOBAaTh DECKOHEeYHAasd IeNb CBI3aHHBIX
MUPOB, B KOTOPOl HAIl MUpP SBISETCSI OJUM U3 €€ 3BeHBEB. TOJBKO TaKasd
Ielb B3aNMO/IeHCTBYIOMUX TOMOOHBIX MHPOB PA3HOIO YPOBHS PA3BUTHUS CIIO-
cOOHA TOCTOSTHHO TIOJIJIEPYKUBATH HEPABHOBECHOE YIOPSIIOYEHHOE COCTOSTHUE
OT TIOTPYKEHNUS B PABHOBECHBIN Xa0C.

ITonsgapuzaiug

[ I9HBI T TPOTHBOTIIHEI Y-B3aNMOACHCTBIEM COeIMHIOTCS B maphl 13113,
KOTODBIE TIPH OMPEIEIEHHBIX (ITOKa HEN3BECTHBIX) YCJIOBHSIX 00pa3yIoT yCTOi-
YUBYIO cpedy. B Heil v-B3amMoeiicTBHe CMeIIaeT TI9HBI Map U MeHseT pac-
cTogune MexkKay mapamu. OTHOCHTENbHBIN CIBUT TUI9HA W HMPOTHUBOIIYHA B
nape onpejessier MoJAsIPU3aINI0 STON CPe/Ibl.

Paccvorpum ognopomnyio ['TI-cpemy, 3aHMMalOINIyi0 BCE TPOCTPAHCTBO
MecT raHOB. [IycTh ona cocront u3 I'Tl-map, comepkammux rI3HBI ¢ OJUHAKO-
BBIMH CPEJIHUMHU aMILTATYAaMHi. B HEBO3MYIIEHHOM paBHOBECHOM COCTOSIHUN
[JI9H U TPOTUBOLIYH B ITape COBMENIEHDI, a B BOSMYIIEHHOM — pa3IeaeHbl. 3a
KOODJIMHATHBIE OCH TPEXMEPHOTO TMPOCTPAHCTBA BO3bMEM m3Mepht (9, 10), a
MOoJIyYeHHOe 00'benHeHne CBA3aHHbIX MassTHUKOB ['II mcronb3yem iist orm-
canus ['TI-cpespr. ByyT ncnosib3oBansl Tpu Mojean pactosiozxkenust ['TI-map:
JIBE PEIéTKN Ky6a (Ipoctast, 00bEMHONEHTPUPOBAHHASI) U HEITPEPHIBHOE PAC-
npeeneHue.

Kazkaplit r19H uMeT omnmpeaeéHHOe MecTo TOTBKO B cpeaneM. Ero pacmpe-
nesenue (6, 7) pasmbito 10 Mecty ¢ aucnepcueii (¢?) = 1. Jlazke korja rsu
1 TPOTWBOTIIH COBMEIIEHbI, PA3HOCTh UX MECT MIYMHUT C y/IBOEHHON aucrep-
cueit (@' — ¢'1)?) = 2. Ha srom done mamnoe pazmenenue [ u I1° Bremmne
He BBIJIEISIeTCS, HO OHO €CTh KaK CPeIHss BeJndnHa. A GOJbINNe U OBICTPBIE
N3MEHEHUd IyMa [P YCpeIHeHne 33 OTHOCUTETLHO MeJIeHHbIe BpeMeHa Ie-
peMelreHunii TI9HOB B3aMMHO YHUITOKAIOTCS W CTAHOBATCS HE3aAMETHBIMHE, He
MeIasi COCTaBIATh JIJIsi CPEJHUX BITOJIHE ONpPEeIeJIEHHBIE COOTHOIIEHUS.

Tounoe paccMoTpeHust JUHAMUKN BO3MYIIEHNH B TAKOi cpeje HeBO3MOZK-
HO. Hy»KHBI yHpoIénabie TpUOTHKEHHBIE TOIXOIBI, OJHUM U3 KOTOPBIX SIB-
JIIeTCS YI6T B3AMMOIAEHCTBUAL TOJIBKO C OJMKARIIIME COCEIAMI U Pa3I0Ke-
HUEe 110 cTeleHn BO3MyIieHus. [losiydeHne KadecTBEHHBIX Pe3yJIhTATOB BO3-
MOYKHO y7Ke B INTHEIHOM MPUOJINKEHNH ¢ J0OABIEHNEM HY KHBIX HEJTMHEHHBIX
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JIOITOJTHEHUIA.

ITpocrasa pemérka Kyba.

B npocroit pemérke xkyba I'II-mapbl 3aHEMAOT ero BepHminHbI. Bbigess-
10TCs OCh | (IPOIOIBHAS ), BJOJIb KOTOPOii TIHBI AP CMEMIAITCs TPU B3a-
MOJIeiiCTBHH, U JBe Tonepednbie ocu j, k. PaccmarpuBaemas mapa 'l mome-
IAeTCS B HAYAJI0 CHCTeMbl orcuéra. Ha Heé Bo3meiicTByoT 6 coceqnux map
I'TLjj; (mo nBe Ha KaxK IO OCH), HAXOASIINXCS HA PACCTOSHHUN * OT €€ IeHTPA.
Nx mecta j, k, [ mpuanmaiot 3Hadennsa +1. [Ipoekmnun Ha och [ MecT MI9HOB 1
HPOTUBOLIIHOB B Hape ¢]rkl, ng]Hkl PACIIOIOKEHBI CUMMETPUIHO OTHOCHTETHHO
IPOEKITHH IeHTpa mapsl. VX pasnocts (moaspusanust) &y, = ¢]F'kz — gb?kl MaJsa
10 CPABHEHWIO C PacCTOsTHUeM r MeKay HuMmu. V3menenne r, cormacuo (16)
nMeeT 2-if MOpsiIOK MaJIOCTH W OyeT YITeHO KaK HeqnHeiiHas Jo0aBKa.

M3meHeHne MOMSpU3AIUN ONpeIe/IdeTca MOTeHIUATAMI ~Y-BO3AeHCTBUSI
(13) ma rmom U = Uy + Ujy, m mporusormen UM = Ut + Ukl B I'Ily. Oun
COCTaBJIEHBl U3 MOTEHIINATIOB BO3JEHCTBUil coceeil mo mape U0 U u co-
CeJIHUX TIap U]kl U]kl U]kl, U]kl U]kl U]kl 3/1ech TIepBhIil BepXHTit
3HAYOK OTMEYAeT TI9H, HAXOMATIUICS O/ BO3/eiiCTBIEM, a BTOPO# — BO3-
JEeUCTBYIONIHANA.

[Torennuas BHyTpeHHero B3anmoeiictsus B I'II-mape UOF = —76*52 ompe-
Jensger cuibl Ha TisH fi = —0:U} = —2v€e €~ —29£(1 — £2) u mpoTHBO-
ren fil = — 5. Oun pasnowennt qo €3. Ocrambubie cumbr GepyTest JTHHeii-
HBIMU.

[Morenmuaas ULL R UFH — 6JII/13KI/Ie M0 BeJIMYUHE W Pa3Hble 0 3HAKY:

U = ]kz(f fykl) U (f) &0 Uj, (5 Eim=10), 0 =0/,

Ut = U (€ + fgkl) U]kl(g) f]klaﬁ jkl 18, Em = 0),
Ujkl - Ujk U]kl - 2€]kl8§ gkl (f f]kl )
T. k. MecTo TipHa @1 = £ /2, To Ha Hero JeficTByeT cua —8¢FU = 285U].Fkl.

N3 cummverpun pemérku m pacrosozxkenus: r3uoB B ['[l-mmape cienyer, uro
B JIMHEHTHOM NpHOIUZKEHNN Ha MPOTHBOIIAH JeHCTBYeT MPOTUBOIIOIOKHAL
cuna. Torma neiictByromas Ha cMemenne £ cuia BozfeiicTBua mapsl [y
eCThb gjkl jkls roe

Jkl 885 ]st(ﬁ = fjkl = 0) (18)
SIBJISTETCS 96THOM 10 Kaxkaoit ocn: Fipy = Flqp, .. ..

Tenepb MeHAIOMAA TOIAPUZAIMIO CUIA C YIETOM IETHOCTH Fjjj; eCTh

f= _4"75(1 - 52) + Z]kl g]kl gkl

> ik Sim ik = [(&100 + f—loo)Floo + (8010 + €o-10) Foro + (§o01 + Eoo—1) Foou)-
[Tepexo/ist K Pa3HOCTHBIM ITPOU3BOIHBIM BJIOJIb KaxKJioi ocu 1 = 7, k, [
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012 =& — &, 076 = 0il1ja — 0l 1o = (&1 —&) — (E—E&1) =&+ 61— 2,
MOJLY M
f=—479E(1 = &%) + [Fio0(07 + 2) + Foro (07 + 2) + Foor (67 + 2)J¢.

Yrobsr Haiitu Fji ucmonb3yeM moTeHiuasl (13)
Ulgo = v exp{—1* — (€00 — §)*/4}, Torma
8£U1FOIE) = 7(&100 - f) exp{—r2 - <§100 - §)2/4}/2|€100=0
= —qEexp{—r?2—£2/4}/2,  Fipo = —470¢[€ exp{—1?—£2/4}]emo = —4ye .
g npyroit momepednoit ocu Fy1o = Fioo-
Jnga npoaoabHO# och
Usor = v exp{—[r + (&o1 — £)/2]*},
OcUsor = Y[r + (o1 — €)/2] exp{—[r + (o1 — £)/2]*}egp1=0
=(r—¢/2)exp{—(r—£/2)*},  Foor = 870[(r — §/2) exp{—(r —€/2)*}e=o
— 89[—1/2+ (r — £/2)7] exp{—(r — £/2)%} ez — 47(2r2 — 1)e™ = 47 £, (1).

Torma f = 4y[—(1 — €2) — e 7 (62 + 62 +4) + (2r2 — 1)e 7" (62 + 2))¢.
Mensst obosnaverms na w? = 4y, U = e, f, = (1 — 2r*)U w3 (14, 15) n
BBOMA ] = WU, ¢y = —w2f, = (2r* — 1)c}, nomyunm
f = (2 + A6 — 26h) + L2 — (8 + 6) + RIFIE.

Haiiném Baunsiaue namenennst paccrosaust h mexxay ['TI-napamu npoaosb-
HOIl ocu Ha moJigpusanuio. [Iast aroro BMecto paBeHcTBa Fyg = Fyo1 =
i (r) mamo B3sth Foopy = ¢ (r + hiip) &= ¢y (r) + docfy (r)harjs. Torma B
BeIpayKeHUn Jiist cuabl f cmaraemoe (o1 + Eoo—1)Foo1 MeHsieTcst Ha
&oo1 Foor + &oo—1Fo0—1 = (€oo1 + &oo—1)cfi () + drcfy (1) (€001 j2 + Eoo—1h—1/2)-
3ech mepBasi CKOOKa MPUBOANT K TOJYy9IeHHON BoITe hopmyne [ = ..., a
BTOpAast, yIUTHIBAS TJIAJIKOCTh h, TPeodpPa3yeTcst B Pa3HOCTHBIE TPOU3BOIHBIE:
§oo1h1 /2 + Eoo—1h—1/2 = [So01(h1 + ho) + Eoo—1(h—1 + ho)]/2
= [o01h1 + Eoo—1h—1 + ho(Eoo1 + Eoo-1)]/2
— [(87 + 2)(¢h) + h(5? +2)€]/2 = [07(6h) + hoFe + 4h)/2, h = ho.

D10 BBHIpazKeHne, yMHOKeHHOe Ha d,.cf) (r) mobasnserca k cuie f.

Bausuue £-nosist nonsipusanyun Ha paccrosiane mexk iy ['TI-mapamu Bbraumc-
asiercst u3 B3auMogeiicteus mMagraukos [Tl (16) # = —f,.,.£1& (B ennanmax
27). OHO cOCTOUT W3 JBYX OJMHAKOBBIX, HO MPOTUBOIOJOKHBIX YCKODEHUi
nap. CraegoBarenbHO cMelnenne a Boiaenennoii napsl 'y mpu Bo3meiicTBun
coceHuX map Haxomutesd u3 G = [r.&(Eoor — 00-1)/2 = frrl0i€ = [1+01£%/2, a
n3Mmenenne paccrosiaust mexxay ['Tl-mapamu h = §;a MogUYMHEHO ypaBHEHUIO
h = [r+07€% /2. Torna B OOBITHBIX €IHMHATAX
}%' =7 = ngrr@fz/‘l = _drcl21 (7’)5{52/4

Teneps ypaBHenus nonspusanun u gedopmarun ['TI-cpeabr
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§ = [wi — (67 + 67) + chof + wie?)S + dich[07 (€h) + ho7E + 4Sh] /2,
h = —d, it /4, w2 = w?+4d — 2, & = WU, ¢ = (2r* — 1)ch.
31ech w% — KBaJIpaT YaCTOTHI JIMHEHHOrO KOJIeO0AHUs TI9HA U TPOTUBOIIIHA
B ['[[-mape ¢ y9éToM BIUSIHUS COCETHUX Map, WA €ro yaeTbHasd BHYTPeHHII
SHEPrud (BHyTSH). wi — TO XKe IUId KoJiebaHuil B ¢cBOOOIHON OT BO3IEHCTBUIA
nape — magrauke [T (15). Munyc nepeji ¢ o3nauaer o6paTHbI ITOMepeTHbIi
IIePEeHOC BO3MYIICHNUS, & ILIIOC Iepes, 0121 — NPAMON IPOJOJILHBIN.
KauecrBennoe pasjimdne MOMepevHOTO W MPOIOILHOTO MEePEeHOCOB OIpe-
JIeJIgeTcsa 0COOEHHOCTSIMU B3aUMOJIEHCTBHIT TIYHOB IO STUM HAIPABICHHUIM.
Brons npomonnuoit ocu cocennmne ['I-mapnl pacmosokeHbl JOCTATOYHO da-
JIEKO — Ha paccTostaue r Mexay HuMmu. CMemEHHBIH TI9H OXHOW W3 HUX
NMpUTATUBaACT MPOTUBOTAIH M OTTAJKUBAECT TIDH ,Z[I)YFOI'/i Imapbl, CO3JaBasd B
Hell cMeleHne, MOJ00HOEe CBOEMY, W MepeaaéT Tylda 4dacTh CBOEHl dHeprum.
Ob6pasyercsa npsmoit mepeHoc. B1oib momepevdHbIX oceil MpOeKIul CMeIeHm i
[JIPHOB Ha OCh TOJIAPH3AINNA COBMEIIAIOTCA. 3716Ch CMENEHHBINR T/I9H TaKzKe
NMpUTATUBACT MPOTUBOIAH U OTTAaJIKUBAET TI9H ,Zprl"Of/'I IMapbl, HO BbBI3bIBAET
[pH 3TOM CMelleHne, obpaTHoe ceoemy. HampapiieHust moJisspu3aium y cocei-
HUX IO MOIMMEePEeYHBbIM OCAM Map CTaHOBATCA ITPOTUBOIOJJIO?KHBIMU, YTO ,ZLaéT
['TI-cpene manmmenbIryio 3Hepruio. Takoe crpoenue ['TI-cpeabr yanTwsiBaeTcs
M3MeHEeHNeM 3HAKa Tepejt cf:

€ = [~wp, + A0} +6) + 67 + i) + dycfy 07 (ER) + hOTE + 4€h] /2,
h = —d,c} 6724, WE = wi —4c? - 2c}, cf = wf/U, c = (2r* = 1)c.

: (19)

Be pemérku Kybda.

Yro0bl MpUOIM3UTHCS K CUMMETPUU Cepbl C COXpaHEHUEM TOYEUHBIX
B3aMMOJIEHCTBHIT, K perméTke Kyba J00aBJsieTcsi TaKkas »Ke MOJPeNIeTKa u3
BoceMu [TI-map Ha paccTosHun p = r/4/3 OT BbIIETCHHOI Taphl. DTO TOIAKHO
IPUBECTH K YMEHBIIEHUIO MOIMePedHOl CKOPOCTH, YBEJIUUYEHHIO TPOI0TbHOMN
1 U3MEHEHUIO0 YaCTOTHI w,, KoJaebaHuii B mape. Biusguue moapeméTkn BbI3bI-
BaeT 106aBouHyIo cuity fo = > 5 EixrFykr, tae J, K, L = +1 B exunnmax
p. C yaérom gérnoctu 1m0 Bcem ocsam Fpp = Fiyg un f, = Finy ZJKL EIkL
= Fin[(&nn+ &)+ (G- +Ea1) + G+ )+ (G +€6-1-1-1)]
= F111(53 + 2)[(&o11 + &o-11) + (§o1-1 + Eo—1-1)]
= Fin (07 +2)(0% + 2)(Soor + &o0-1) = Fin1 (05 + 2) (0% + 2)(67 + 2)&.
OcraBJisist TOJBKO BTOPHIE TTPOU3BOTHBIE TOIYIUM
fo = 4F111(0% + 6% + 07 + 2)¢E.
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[Torennman BozueiicTeust (13) MexIy rasHaMu

Uty = vexp{—2p" — [p+ (111 — £)/2]*},

OcUL (§111 = 0) = 7[p + (€111 — €) /2] exp{=2p* — [p + (111 — §) /2] }Her1—0
=(p —&/2) exp{—2p* — (p— §/2)?},

OUNL (€ = 11 = 0) = 7[=1/2+ (p — §/2)* exp{—2p* — (p — £/2)*}|e_o
(20— D2,

i = SagQUlrlrl (€ =& =0) =4v(2p* - 1)673’)2-

Torma f, = 167(2p — 1)e=37" (6% + 6% + 62 + 2)¢.

[Tepexoas k obosnadenuio mect ['Tl-map B eaunumax r 3amnumnem

{J.K,L}y =V3{j k,1}, 63 =62/3,..., p* =12/3,

fa=(16/9)v(2r> = 3)e™" (62 + 62 + 67 + 6)¢.

Beons w? = 4, U = e u3 (14, 15) u = 4(2r? — 3)c?/9 nomyunm

fo =207 + 67 + 0 +6)¢.

Teneph cyMMapHOE YCKOPEHME, BO3HUKAIONICE TPH BO3ACHCTBHU COCETHUX
['TI-nap aByXx pemérok Kybda

£ = [~w? —4c} + 2¢} + 6c2 + w2E% — (62 + 67) + 407 + 2 (02 + 0% + GP)]E.
Ecmu 31ech ¢} > ¢2, T0 monepednslii mepenoc 6yer 0OpATHBIM, B TPOTHBHOM
caydae npambiM. Oba clydas MOKHO OOLeJINHUTH W MPEICTABATH PAMbBIM
TOTIEPEYHBIM MEPEHOCOM, BBOJIS

2= |2 —cl = 4(2r* = 3)/9 — 1] = |8r* — 21|c2/9,

ch=ch +cE=[2r*—1)+4(2r* — 3)/9]c2 = (26r* — 21)c2 /9.

Torna ypaBHeHHe NOJAPU3AIME B IBOHHON penéTke Kyba

£ = [~wp, + w2 + 3(67 + 67) + chdTlE, (20)

wh, = w2 — 43 — 2, ¢ = |21 —8r7|c}/9, ¢y = (26r° —21)c; /9.

2=

HemnpeprsiBHOE pacnpenenenue mo cdepe.

[TonmocThio u3orponuyio mojenb ['II-cpeapl mosyanm, ecian Bce BIUSIO-
e Ha BbiAesaennyio ['Il-mapy coceam pacmonokeHsl BOKPYT Heé Ha cdepe
paguyca r. Ona Moxker comepxkatb N ~ 10 = 15 I'll-map, aro mpubdu3u-
TeJHLHO COOTBETCTBYET YHCIY cocelieil mpu IJIOTHOM yImakoBKe mapoB. Vx To-
YeYHOE PACIOJIOKeHNe Ha chepe 3aMeHsieTCsl HEMPEPBIBHLIM C ILIOTHOCTHIO
N/(4mr?).

Ha mampapnennyio Baosb ocu | mongpusanuio £ napel I'lly, Haxogsmeii-
csl B Hadase cucTeMbl orcuéra, ngeiicrByer ['I-cioit ¢ mongpusanueii (6, ).
Tak ke Kak JJsd peméTku KyHa M3MeHeHne MOTSPU3ANUN OTIPEIEeTSIeTCs M0~
TeHIaJaMu y-Bo3jeiicTeust (13), HO BMeCTO CyMMbI OEPETCsT MHTErpas Imo
MOBEPXHOCTH ChepHI.
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JleificTyrormias na & cuia
f=—4E6(1 =€)+ [dss(0.x)F (0, x)
3ammucana B JIUHEHHOM 10 & /1 npubanmzxkennn, coorsercTByomuM (18), rue
F(ea X) - 88§2UFF(9a Xag = 6(07 X) = O)
Buecs UTT(6, ) = ge ", g = Nvy/(4mr2), p* = r2 + b2 + 2rbcos b,
b=E&(0,x) =&, ds = r?sinfdfdy, 0 — yros ¢ ocbio [, Y — YroJ B IJIOCKOCTH
j, k, KOTOPBIil OTCYUTHIBACTCS OT OCH j. B 9THX ImepeMeHHBIX
F = 8gd2e " |,—o = —16gd,[(b+ 1 cos 0)e " ]y—g
= —16g[1 — 2(b + 7 cos 0)?]e " |p—g = 16g(2r*cos?H — 1)e"".
Obosnavas ¢ = cosf, r. = re, rs =rsinf, h. = ryc, hy = rysin 0, 3anumem
f=—4vE(1 — €2) + 16gr2e” f(2r — 1)dc f dx&(0, x)-

41

(Bummo, uro mpu 72 = 1/2 mIOTHOCTH CHIBI MEHAET 3HAK. DTO MPUBOIUT
K KA4eCTBEHHO PA3HOMY B3aMMOJEHCTBHIO CO CI0eM BOIM3U HONEepPeuHBIX I

TPOJIOJILHOIE OCeii. )
w/2 w/2

f §0,x)dx = [ [£0,x) +&0, 7 —x)ldx = [ [(he/r)?7 + 2]€(6, x)dx

—m/2 —7/2

7ghhﬂ$+m&wm+@w My

{ [(he/7)?07 + 2][(hs/7)?07 + 2]dx&i(0)

w/2

~ 2 6[ ((he/r)?07 + (hs/r)?07 + 2]dx&i(0) = w[(r2/2r*)(57 + 6%) + 2]&(6).

Brmech & (0, x) = [£(0,x) + £(0,m — x)]/2 — cpenHee 3HAUEHHE CMEIEHHUSI
Ha cdepe, mepeHecéHHOe Ha OCh k, 9TO HEOOXOAUMO JIJIsI BBEJIEHWST BTOPOIA
pasrocTHO# mpomssoHoit 7. &(0) = [£(6, x) + & (0, —X)]/2 — To e must
2. TIpou3BOIHEIE BBINIE 2-TO TOPSIKA HE YUHTHIBAIOTCS.

Tenepb obosmagas 0; = 07 + 52, 3aInIIeM

f(2r —1) dcf dx&(0, x) —7rf1 (2r2 — 1)[(sin? 062 /2 + 2]&(0)dc

-1

wj@ﬁ—l (1 - )52/2 + 2[a6) + & — O)]de

ﬂéfl 2r2 — 1)[(1 — ¢*)62/2 + 2][(r./r)?6? + 2]dc
0
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1
~mé [(2r2c? — D)[(1 — ¢*)67 + 2¢*07 + 4]de.
0

1 1
[ o= [(2r%c* = 1)[6} + 4 + (26 — 67)c*]de
0

0

2r2[(62 +4) /3 + (267 — 62)/5] — 62 — 4 — (267 — 62)/3
= 4(2r?/3 — 1) + (4r*/15 — 2/3)62 + (4r*/5 — 2/3)6}.
OxoHYAaTEeIbHO CUIIA
f=—4v(1 -6+ 8]\77(3*”2 2(2r?/3 — 1) + (2r? — 5)62 /15 + (612 — 5)67 /15,
Orcrofga cieayer ypaBHeHHe [JIsi TOJSIPU3AIMN, KOTOpoe MmomobHo (20) He
nMeeT 0OPATHOTO MOMEePETHOTO MEePeHoca,

€= [~wp, — Wi+ A7+ &) + cpofle, wh =) — 4 -2, (21)
3 = 2(N/15)w2|2r® = Blc, ¢y = 2(N/15)(6r* — 5)ci, N ~ 10+ 15.

Ypasuenus nossipuzanuu (19-21) oguHaKOBbIe, HO JJIsI PA3HBIX MOJeeil
['TI-cpeabr mMeroT pasHbie CKOpocTH mepenoca. ObIme ypaBHEHHST ¢ YIETOM
n3Menenusi paccrosnus Mexkay ['Tl-mapamMu nmeroT Bu

€= [wl, + (0] + 07) + 167 + w2EIE + do ] [07(ED) + h6TE + 4ER] /2,
h=—d, 26262 /4, W2 = w2 —4c¢® — 2¢], (22)

e 2 =c, d=c,i=1,2,3:

3 =wle™, & = (2r? — 1)c} — npocras peméTKa Ky6a,

c2 =121 —&?|c2/9, & = (26r% — 21)c}/9 — mBoiimag peméTka Kyba,

3 =2(N/15)|2r? — 5|c3, ¢ = 2(N/15)(6r? — 5)c3 — cdepa.
ITpubau>keHue CILJIONMIHON Cpenbl MOIYYAeTCsT 3aMEeHO Pa3HOCTHBIX

MPOM3BO/IHBIX HA YaCTHBIE JIJIS HENPEePbIBHBIX (byHknwmii &, h

£ =[—w? + WX + (05 + 07) + 7)€ + do i [OF (Eh) + hOFE + AER] /2,
h=—d,cGo}?, w2 = w2 —4c® — 26 (23)

m

Teneps crpoenue I'lI-cpeapl nposiBasieTcss TOABKO Yepe3 pas/imdus B 3HaUe-
HUAX CKOPOCTeil nmepenoca BO3MYIIeHUI.

Yro0bl HaliTH BEKTOPHOE ypPaBHEHUE IOJIAPU3AIUN BBEJIEM BEKTOD
€ ={&,&. &, } u yarém pazmnane momnepedHsix &, U HPOJOIBHLIX & moeii:
£ =& +&,divg, = 0, rot§, = 0. B nmamnacmane A = grad div —rot rot

BBIIEIAI0TCs Mpojioibhasg A; = grad div u monepeunag A; = — rot rot wacru.
Torpa u3 (23) ciemyer
E+wné = NE+ AL+ Wi (24)
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JleBast acTh ypaBHEHUs MOJsIpU3aIuu onuckiBaeT kosiebanus B ['Tl-mape, a
paBasi — WX MePeHoc W BJausHue HesJmHeiiHocTn. Ero pasioxknM Ha oTiae/b-
ubie ypasaenus: Kireiina-Poka-Toprona (ypK®T') [13]-[15] maa nomepednbix
&, W IPOJOMBHBIX &, MOJIell, CBI3aHHBIX TOJTHKO HETNHEHHOCTHIO

E+whé = A€, + W€, (25)

Bouanbl nosgpusanun

ducnepcuonnoe ypaBHeHme (IUCIYypP) BOJIH B DENIETKE BHIBOIUTCS
W3 JINHEHOI JacTn ypaBHenust (22) mocse MojCTaHOBKY & B BUJE TaPMOHH-
ki §(x,t) = Rely exp{—iwt + iqx}], rne q = {¢;, ¢, ¢} — BOIHOBOIT BexTOD,
x = {j, k,l} — koopaunara B Homepax ['Tl-map. Torma u3 £ = —w2,
026 = Gt + Gt — 26 = (¢ + e — 2)¢ — 2(cosq — 1) — —4€ sin*(q/2)
CIAEIYIOT JTUCILYD &-BOJIH U BEKTOP IPYIIOBoOii ckopocTi dqw = V = {V}, V;,, V/}

w? = w2, + 4c%[sin?(q;/2) + sin®(qx/2)] + 4cf sin?(q;/2), (26)
w2 :w3 —4c® —2¢], Vi = (Fw)singx, Vi=(c/w)sing.

13 Hero B mpuOAM»XKEHNN CILJIOMIHOW Cpeabl clieayeT

2 2 20,2 | 2 2 2 2 2

w® =wp, + (g +qi) + g, Vig=(c/w)gr Vi=(q/w)a  (27)
rae X = {j,k,l} renepb HempephIBHbIE KOODJAMHATHI B €INHUIAX DPACCTOSI-
aus mexry ['Tl-mapamu. Tlocite pazioxkenust Ha orae/bHbIE YPaBHEHUS JIJTst
nornepevHbix &, U IPOJOABHBIX &; BOJIH MOJIYyYNM

2 2 2 2 2 _
Wiy = Wy, + €y Vii= Ct,lqnl/wt,la G = C. (28)

Kpasipar uacToThl (yaenbHasd BHYToH) Kosebanuii B ['[I-ape w2, onpeenser
pacmpocTpaHenne BoJH u cocrosguue ['II-cpemsr:

Ecmu w? > 0, T0 B BOJIHE TpHTsKenwe radHa [° w mpormpormsma [1°
['TI-naper mpeobsiaiaeT HaJI NpUTSKeHUEM coceanux nap. [Ipm sTom vacthb
SHEPI'UU BOJHBI PACXO/yeTcs Ha KoJieDaHWs B IMape, a OCTaJbHOEe TepeaaéTcs
cocengaM. BoHa 3aTyxaeT ¢ paccTOgHMEM W Ha3biBaeTcsd MaccuBHOR. T. K.
w? > 0, To nocrogunoe £-mose orcyrersyer. I'Il-cpema BeméT cebsa mOT0GHO
tBépomy Teny — I'II-TBepab.

Ecmu w?, = 0, To nputszenue I3 u [13 B nape ypaBHOBeNIMBAETCS IPUTSI-
Kennem cocezieit. Obpasyercst 6e3pa3/naHOe COCTOSTHNE — IPAHUIA PACTIaIa
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napbi. Best sHeprust BOJTHBI 3aK/II0U€HA B IEPEHOCE — BOJIHA CTAHOBUTCS 0€3-
MaCCOBOIA. HOHBHHQTCH BO3MOXKHOCTH CYHIECTBOBaHHA IMOCTOAHHOT'O g—HOJIH.
Venosue w2, = 0 1aéT rpaHMYIHOE paccrosgHue ry Mexay ['Tl-mapaMu.

Ecmr w? < 0, HO HEMHOTO, TO pa3pymrenne HeKoTopbix ['Tl-map u moce-
naytomas mepectrpoiika ['Il-cpeasl yBemumdauBaioT r, jgeas TpPAHUIY Paclaia
YCTORYINBOI K MaJIOMy YMEHBIEHUIO PACCTOsTHUsT Mexkay napamu. O6pasy-
eTcst OTHOCUTEJLHO HEeDOJIHIO0e KOJUYECTBO CBOOOJHBIX TJIPHOB M ITPOTHBO-
[JI9HOB, KOTOPbIe CTAHOBATCS OCHOBAMHE dJIeMEHTAPHBIX dacTutl (cm. "JacTu-
pt"). OTKIOHEHUE 79— 1 OTpeIeIseT IIOTHOCTh YUCIA TACTHUIL BO BCETIEHHOM.
T. K. ona MHOro Menbire mwioTHoctu ['II-cpensr, To rog — r < ry.

Ecmu w? < 0, To npeobiagaer npursazxenue cocepnnx ['Tl-nap. Taxke
B OTCYTCTBHE BOJIH TaKasl HeENo/isipu30BaHHas cpeja Heycroitumsa. Jlioboe
Majoe Bo3mytnenue paszpyiraer ['TI-mapei. I3 rasHOB 1 TPOTHBOIISHOB 00-
pa3yercst Mojo0HAas TIa3Me CpeJia ¢ TeILIOBOi SHepruel (SHeprus JBUKEeHUsT
Ha TdH) |w?|/2 — TIl-mmasma. OHa He roauTes AT 00pa3oBaHusa B Heil
YIOPAJOYEHHOTO MADA.

Be3maccoBasg BoIHA ONUCHIBAETCS YPABHEHUSIMU, KOTOPBIE CJAEIYIOT U3
(26, 28) tpu w2, = 0:

& = [(0] +07) + w26, wf = 4c[sin®(q;/2) + sin®(qx/2)],
& = (767 +wh&,  wi = 4} sin®(q/2), (29)
Vik = sin(gje) /My, Vi = sin(q)/M,.

—

Bnecs My = w;/c* u M; = w;/c? MOHMMAIOTCA KAK MACCHI TBHZKYIUXCS KBAH-
TOB COOTBETCTBYIOIIUX BOJIH, HMEIOIIUAX YACTOTHI Wy, U w;. OHU CBA3BIBAIOT
ckopoctn V. = {V;, V},, Vi} n nunyascer ¢ = {¢j, ¢k, ¢} xBanToB. Maccer
TOKOS 1My = Wy, /€, My = Wy, /C? PABHBI HYJTIO.

CKOpOCTH BOJIH HE HOCTOSHHDI

c*(sin® g; + sin® g,
4[sin®(q;/2) + sin*(g/2)]’
Onm MensoTCS OT ¢ WM ¢ IpH ¢ = q = 0 mm ¢ = 0 110 c/\/§ WiIn cl/\/§
npu ¢; = g = £7/2 wm g = £ /2.

B npubinzkennu CIIoOMHOM cpejibl u3 (25, 29) cieyioT BEeKTOPHbIE YPaB-
HEHUS C TMTOCTOSHHBIMUA CKOPOCTSIMH BOJTH

£ = —crotrot &, + wiﬁgﬁt, divg, =0, wy =cq, Vi =c, (31)
él = ¢’ grad div €, +w§§251, rotrot§; =0, wy=¢qq, Vi=q.

VE=VI+V2= Vi, = ¢ cos(qi/2). (30)
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[TocTostHHOE TIOJIE TOJSPU3AINN MOYKET CYIIeCTBOBATH JIUIIH BMecTe ¢ He3-
MacCOBO# £-BOJIHOM, T. K. TOJbKO B Hell JOCTHKNUMa, HY/IeBasi 4acTOTa.

DJIEKTPpUIeCcKoe MoJie

ITone monspuzanmum BOKpyr radHAa. [lycts B ['[I-cpene mocepemune
mesk iy [Tl-mapamm HaxoauTes JOMOTHUTETbHLNH Tasn 2. Ero morennmans-
Hoe mose (13) meiicTByer Ha GimKaiflime K HeMy Mapbl U CO3TAET B Cpejie
BO3MYIIEHHYIO [IPHOM 00acTh. [Ipn 3TOM OCHOBHBIM OVHEeT MEpBBI IeH
U, pasnoxenns norenmuana (13). oz ero Bamstanenm Gomekaiimme x [ na-
PbI MMOJIAPU3YIOTCA, CO3JaBasd I'PaHUYHbIC YCJIOBUA OJId TIOJIA TMOJIAPU3alInN
cpeawr. Bramn or I'® ipnr w,,, = 0 obpasyeTcsi MOCTOSTHHOE PaINalIbHOE T0JIe
&(R), rome R — paccrosguue oT nentpa 2. B npubInzKeHnu CIUTOMIHOM Cpe-
nbl OHO HaxonuTea w3 ypasuenus (31): graddiv &, = dr[R2dr(R*¢)] = 0.
Ero yGwiBatomee ¢ paccrosanem R pemenne ectb E(R) = e/R?. Koneunbiii
BHYTPEHHU PaJuyc mojist 00yC/JIaBINBALT er0 KOHEYHYIO SHEPTHIO.

YpaBuenus MaxkcBesnia

B npubimkeHnn CILIOMIHONR Cpeabl I 0€3MacCOBOM MOMEPETHON BOTHBI
£ = £, mumeiinas actb ypasmenns (31) ects € = —c2rotrot €. T. k. € Toxe
MOTIEPETHBIl BEKTOP, TO €ro MOXKHO 3alHCaTh KaK POTOP BEKTOPHON (yHK-
mwn € = crotb. Torma € = crot b, b= —crot &, divb = 0. OrcyTersue
NPUIUH JIJIsT BBeJAeHus b-3apsiga mo3posier 3amucarh divb = 0. [Tonyuennas
CHCTeMa YpaBHEHU
€=crotb, b= —crot¢, divé=divb=0
COBIAIAeT C ypaBHeHUSIMH MakcBesia g 3JeKTPOMAarHUTHOTO IMOJs B OT-
CYTCTBHUE 3aPSII0OB U TOKOB.

Bapstnamu B ['TI-cpene saBISIOTCS OTHEIBHBIE TIIHBI WK TPOTHBOTIIHBI
c osiem £(R) = e/ R% o nosie Kynona o Teopeme o quseprennuu [aycca-
Octporpaackoro npuBoauT K 3akony [aycca: [ns mamoit cdepsl pagnyca R
HHTerpaJs 1mo eé oobémy or div € paBeH HHTErpaJy Mo e€ MOBepXHOCTH OT £T

4 4
§7TR3 divé = /div Ed’r = fﬁnd% = 47 R*’¢(R) = 4me = 47r§pR3,
rjie N1 — BHEITHsIsT HOpMaJib cepbl, p 00bEMHAs IOTHOCTH 3apsijia B cdepe.

Orciona div€ = 4mp. 13 ypaphenus HemnpepbisHOCcTH p + divj = 0, rae
BBeJICHA ILIOTHOCTD TOKA j, caenyeT div€ = 4dnp = —4Andivj u £ = —4rj.
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B swHeitHOM npubJivKeHnn MoJIst CKJIAAbIBAIOTCS W 00pa3yeTcsl cucTeMma
YpaBHEHUI

€ =crotb —4xj, divé =4mp, b= —crot€, divb=0. (32)

910 ypasuenust MakcBe/ia sl HAMPSIKEHHOCTH JJIEKTPUIECKOTO OIS &
U WHAYKIWE MArHATHOTO MOJS b B cpefie ¢ SIeKTPUIECKUMU 3apsaIaMu U
TOKAMHU, UMEIOTIIIMHI 00 BEMHBIE LIOTHOCTH P U j.

Vtak HAanpsa2kEHHOCTH JIEKTPUIECKOTO HOJIA MOXKHO OTOXK/IECTBUTD
¢ vyactbio nojspusanuu ['Tl-map, Bk/oualomeit nocrosnuoe &-moJje TI9HOB
U TOMEPeYHYI0 0e3MaCCOBYIO BOTHY. MarHuTHOE TOJIe XapaKTepu3yer mu3Me-
HeHue £-TI0JIT BO BPEMEHU W He SBJISIETCS OCHOBOMOJAraomuM. Ero MoxkHO
6e3 ymepba 1 cMbIca yOpaTh W3 Ha3BaHUA IMOJsI, OCTABUB TOJBKO IIPH-
narareabHoe "sekTpudeckuit”: smeKTpuuecKoe mosie (3JEKTPOIoe) U JIeK-
TpHUYecKas BOJHA (3JeKTPOBOJIHA). BOMpPoc 0 MpoaoIbHOl YacTu E-110J1sT pac-
CMOTPEH B CJIEIYIOIEM pa3/iee.

DJIEKTPOBOJIHA eCTh Oe3MaccoBas momepevnas &-BomHa. Eé mmmHa BOJI-
HHL A > 4 B eIMHANAX PACCTOAHHUIT 1y MexKay napamu. Eciu rg ~ 1072 m —
ONBITHBIN pasmep 3aeKTpona [11], To A > 4 - 10722 M, a 9acToTa BOJTHBI Me-
nee 1030 T (/11 MEHBIUX 7p FPAHUYHBIE TAPAMETPHI BOJH COOTBETCTBEHHO
n3MeHsaThest). Eé rpynmoBast ckopocth (30) MeHsIeTCST OT CKOPOCTH CBeTa ¢
JUTsT ITTAHHBIX BOJIH 110 ¢/2 mpu A = 4. Ho 1JIMHHOBOJHOBOI MIpejiest CIiIon-
HOli cpennl (30), B KOTOPOM OHA TMOCTOSIHHA, OXBATHIBAET BCE HADJIIOIAEMBIE
BOJTHBI.

Hapnrymubie rasHbl mMetoT pacnpesenenre (12) ¢ mpocTpaHCTBEHHOMN -
nepeneit (%) = 3/2 u mupumoit (¢2)Y/2 ~ 1. Eé yasoennoe 3uadenue 1aér
jgucriepcuto nossipusarnun ['-napel, win HeycTpaHUMBI HTIyM TOJIIPUI3a-
muu 0§ ~ 2, HAMHOTO TIPEBHIIAIOIINN BETHIHHY 31eKTponoia. Ho 3Tor mrym-
HBIiT (bOH He3aMeTeH, MOCKOJIBKY MPOTUBOMOIOKHBIE (DIYKTYAIIMH B3aUMHO
YHUYITOXKAIOTCS YCPEIHEHNEM MpU HAOJIIOIEHUH 33 BPEMEHA MHOTO 0OJIbIIe
AX JJINTEJIHLHOCTEIR.

Ham mup moxker cymiectBoBarh ecam paccrosuust mexay [Tl-mapamn
7 = Ty BBIIEPXKAHBI C OIPOMHON TOYHOCTHIO, OOECIIEUYUBAIONIEHl JUIIL T'eo-
METPHUECKOe IIPOCTPAHCTBEHHOE ocaabaenne monsgpusanuu. B I'll-reepan
(r > 7o) BOJHBI CTAHOBATCS MACCHBHBIMH U OBICTPO 3aTYXAIOT C YIAJEHU-
eM OT HCTOYHWKA, a TocTosiHaoe mose orcyrerByer. B I'l-mnasme (r < rg)
yCTOYMBasT MOJIAPU3ANKS He BO3MOKHA. TOHKAs TPAHUIIA MEXK/1y HUMU €CTh
cpena Harrero mMupa. OHa, KaK HOCHTENIb JeKTPOMOJIs, MOA00HA THIOTETH-
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geckomy 3upy lekapra. /st Heé MOXKHO OCTaBUTH 3TO Ha3BaHUe IpuUp 9,
a eé 3meMenTsl Ha3BaTh 3pupoHbI 3—131I13 mpn r = r.

Tpyano mpeacTtaBuTh, YTOOBI TaKhue OCOOBIE YCJIOBHS MOTJIH MTOCTOSHHO
HOIIePKUBATHCA BO BCEM IIPOCTPAHCTBE Hallleil He3aBUCUMOIT BcemeHHoit. Bo-
JIee eCTeCTBEHHO TPEJINOI0XKUTh, YTO 3(PUP eCTh 3-MepHas MOBEPXHOCTH
B 4-MepHOIi cpege, pazaensiomas [ TI-miazmy u I'Tl-tBepan. Takast moBepx-
HOCTH MOZKET BO3HUKATH, UBMEHATCA N MPOIadaTh, COXPpaHAAd CBOE€ Ka4veCTBO.
CpaBHeHHe ¢ 3BOJONHUEIl Halleil BCeJIeHHON MPUBOIUT K MPEINOI0KEHUIO O
dazoBoM mepexose 4-cpeipl W3 MJIA3MBI B TBEP/b, KOTOPBI HAYMHAETCS C
TOYEYHOTO 3aPOJILITIA U MPOJ0IKAETCI yBeIUIeHneM T'PDAHnTIHON MTOBepXHO-
CTH JI0 CMEHBI COCTOSIHWSI BCeil 4-cpeJibl W oOpaTHOro eé nBuzkenus. s
MOBEPXHOCTH TE€PeX0/ia €CTECTBEHHO UMETh MEHSIONLYIOCS BO BPEMEHU KPH-
BU3HY, KOTOPas MOXKET OBITh MpEeJCTaBJIeHA KOCMOJOTHYECKON MOCTOSHHON
[12] B ypaBHeHngax rpaBuTanuu DiHIITEHA.

MaccuBHBbIE ITOJIA

BesmaccoBast BoiHA CYIIECTBYET, eCIH PACCTOSHUE 7 MexKIy d(DUpPOHAMEI
He TPEeBBINIAeT KPUTUIECKOTO 3HAUEHHUsI, 00ECIeUNBAIONIEr0 HYIEBYIO JacTO-
TV Wy, Koaebauuii radHoB B adupone. [Ipucyrcreue B a3upe J0MOTHATETH-
noro rizua [ (wmu I13) menster 7. B coceganem sdbupone oH NpUTATHBAET
MPOTHBOTIIH W OTTAJIKMWBAET TI3H. KCam cnia ux B3amMOIEHCTBHST yOBIBAET
C paccTOsTHUEM, TO NMPUTIKEeHHe CUIbHee OTTAaJKHBaHUsA. Bimxkaiiimme >¢bu-
POHBI CABUTAIOTCS K TJIPHY, pacTaruBas 3a coboii adup u obpasys 0071acThb
pa3pezKenus, B KOTOpoit w? > 0.

B meit MoryT cymecTBoBaTh MOJIsT CTAIMOHAPHBIX TOMEPETHBIX W TPOI0Ih-
HBIX (OTHOCHTETHLHO pajmyca) Kosebammit & (R, t) = Re[h;,(R)e~“n Y rre
R — paccrosinue ot radna. [locTosimHoe paamajhbHOE TOJIe B 3TOH obaacTh
CYIIECTBOBATH HE MOXKET, T. K. Wy, ONpeaeaseT HUKHUN mopor dacToThl. Ha
OOJIBINMUX PACCTOSHUAX, TAE W, = 0 0CTaéTcs KYJIOHOBO IMOJIE.

Besmmuunsl mosteit B3N razHa 1P 3aBucAT OT WX MCTOYHHKOB. VcTOU-
HIUKOM TPOJOIBHOTO TOJIS SBISETCS aMILUIATYaa S,, BO3BBINIAIOIIEHCS HaL
mwiaro Sy wacru I : & ~ S, (em. "Cpena mupa"), a nonepeunoro— "Bpa-
menne" 1myma BOKpYT meHTpa riadHa. CKOpoCTh BpalleHns GepéTcs paBHO
emnHUYIHON dacTore ) = 1 oCcHOBHOTO KoJIeOaHWs TIAHA, paguyc — 1/5,
rie S = Sop+ S, & Sy — noJiHasg aMIUIUTYAa. DTO JAET MOMEHT WMITYJIhCA
1-5-(1/S) =1 = h/2, coorBercrBytomuii ciunay 1/2, W TOK aMIIATY/IbI
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Jj = S.8/(127/Sy) = SuSo/2m. Tlomepednoe 1oJie OIEHWBAETCST U3 YPABHEHUST
(32) Ge3 marmurHOrO MOMS & ~ QU ~ & = 4nj ~ 25,8) ~ So& > &.
MasocTh IPOJOJIBHOrO MO & MO3BOJIAET MM IpeHeOpedb U y4YUThIBATH
JINIIH TOMEePeYHoe moJjie & KaK MacCHBHOE BOJIM3M I[J9HA, Tak U Ge3mac-
COBOE BJIATH OT Hero (MoIMepedHasi 3JTeKTPOBOIHA). [IPOIOJBbHBIM OCTASTCS
TOJILKO KYJIOHOBO TOJI€ JIEKTPO3apsiJIa.

Crannonaprocts Koaebanmii & (R, ) o3HagaeT OTCyTCTBHE MepeHoca
& (R, 1) + w2 &(R,t) = 0, uto mpusomur B6MH3H [ K ypaBHEHHIO
dr[R™2dg(R*)e~m ()] = 0. Ecn npene6peds M3MEHeHHEM YACTOTHI Wy,
B IPOCTPAHCTBe, TO )y ~ R2.

Korna I'® asuskercs, £-Hos nepecTaioT OBITH CTAIMOHAPHBIMHA. JIiHAMM-
Ky ToJisg £-Kosiebanuit B apuponax yao0HO pacCMATPUBATH UCIOJb3Ys yPaB-
HEHHe JJIg MeIeHHO MEeHSIONUXCA BO BPEMEeHU aMILTUTYI, BBOJIS
£(x,t) = Re[p(x, t)e ). Torma, mpemeGperas 1, moIydnM
€ = (P — 2iwptp — wWiap)e Ot & —(2iwntp + wiah)e mt,

B nennneiinoii vacru (25), 6e3 yuéra BTOpbIX TapMOHUK (yCPeJIHEHHe Mo
nepuosy Kosebauuii), sanmumem &2 = [1]? /2. He yuurhiBast TakzKe IpOCTPaH-
crBerHoe quddepeHupoBanne wy,, 3 (25) BhIBEIEM aMILITUTYIHOe ypaBHe-
aue — 2w, = A + w2 |4[*4) /2, 13 KOTOPOTO B OTCYTCTBHE MPOIOTHHOTO
noJg div e = 0 mosryanm

—i¢:A¢/2m+w§|@/}|2¢/2, m = wn/c’. (33)

IJIe M — Macca MomepedHsIx Komebanuit. OHa BMecTe ¢ w,, MEHSIeTCsS B MPO-
crpancTse BOm3n 3. VI3MenenneM CKOPOCTH ¢, 371eCh MOYKHO TpeHebpedb.

Ecnn 3amMenuTsh mepeMeHHyI0 B IPOCTPAHCTBE MACCY HA, XapaKTEPHYIO 1O~
CTOSIHHYIO M, TO NoJydnM HeqwneliHoe ypasuenue [IIpénnurepa (ypIII) [5]
C BEKTOPHOII mepeMeHHOil. 3aMeHuB eé Ha ckastap, 3amumteM yplll B o6branom
JITST HEPEeJIATUBUCTCKON KBAHTOBOIT MEXaHUKE BHJIE

—ip = A /2m + w2 || *)/2. (34)

Bnamu ot '3, rne w,, = 0, MaccuBHBIe KoaeOaHHs JOJKHBI HEPeXOIUTh B
notepevHbie 0€3MacCOBbIE E-BOJIHBI.

B kBanToBoii mexanuke yplll onuceiBaer namenenue BOJTHOBOM (DYyHKITHH.
3/1ech 9TO ypaBHEHNE TUHAMUKYI aMILTATY/BI TIOMEPEIHBIX KOJIe0anmit &-1moJist
B OmmKaiitieit K rauy obsactu. VX TOXKIeCTBEHHOCTH BO3MOYKHA, €CTU ITO
M0JT€ COCTABISIET OCHOBY JIBUZKEHUs JacTUILI. Torna BOJTHOBYO (DYHKITHIO
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HAJI0 TIOHUMATh KaK KOMILJIEKCHYIO aMILIUTY/y MAaCCUBHBIX MOTMEPEIHBIX KO-
nebanuiit nmossipu3anuu 3OUPOHOB BOKPYT TIdHA, & MACCY TACTUIBI — KaK
XapakTepHYI0 Maccy 1m 3TUX Kogebanwii. B KauecTBe HEE MOXKHO HAIPHMED
B34Th HAOOJIBIIYIO MACCY TOMEPeTHBIX {-Komebammii m = maxw,,(R)/c?,
JIOCTUTAEMYIO B OJMKAUIINX K TO9HY (pUpOHAX.

T. 0. BHYTpU 4YacCTHIL JeiicTBHE MOJS T9HA MPUBOIAT K (PA30BOMY ITe-
pexoay adwupa B cocrosinne ['TI-TBepan n Bo30yXKI€HUIO TaM MAaCCUBHBIX TO-
MEePeIHBIX KOJTeOAHUIT MOTAPU3AIIH, TAIONINX YACTUIIAM MACCY.

[Toxozkee sBIEHWE, KOT/IA MACCA YACTHIIBI OTPE/IETSACTCS BIUSIHUEM OKDY-
JKAIOIIEro eé moJis, uMeeT MecTo B (hU3nUKe TBEPIOTO Tesa. DJIEKTPOH B KPH-
CTaJIIe CBOWM TIOJIEM TOJISIPU3YeT PeNréTKy KPUCTAJIa U BO30YKIaeT B Heil
kosebanmsi. Obpasyercst kBasnvactuna — moaspon [lekapa [16]. Ero omnpe-
Jengromas apuzKerne 3b@eKTHBHAS MACCa MOXKET 3HATUTETHHO MPEBHIIIAThH
MACCy JIEKTPOHA.

IloTrenmmmansHasg 3Heprusd BxoauT B yplll wepes wenuneitnocts. [Iycrs
AMILUIUTY/Ia 90 WMeeT JBe cocTapisiomme 1 = 1, + . Torma 1?2 = 2 +
2910y + w%. Hemuneitnocts B yplll ais ¢ pasdbuBaercs Ha camojeiicTBue
~ w%, B3auMoOjIeiicTBrEe ~ 211105 U BO3JEHCTBUE ~ w% Ecmu 1y < 9, TO
OCTAETCSA TOJIBKO BO3MEHCTBUE, UMEIOIIee OOBITHBIN BUJ] MOTEHIINAIA BHEIII-
nero mons Uiy, U = —w?[ih|?/2.

3a kBanHT {-Koy1ebaHmit OepéTcst KolebaHne ¢ aMILIUTYI0H ) = 2 B eIUHN-
aX aMIINTY/bI TITyMa, YTOOBI €ro BHENTHSIST dHeprus ObLia Yw, = hw,, npu
h = 2. ITockonbky |1 < 1, T0 ero sueprust B 01HOM 3bUPOHE He TOCTHTAeTCH,
a pacrpejieieHa BOKPYT TI9HA — KBAHT KOJLIEKTHBEH.

[Ipu ABUKEHUU YACTHUIBI TIEPEHOCUTCS BHYTPEHHSS SHEPTUs] MACCHBHBIX
é-konebanmii. Eé pacmpesenenne mponopinuoHATbHO [1)|? 1 mogauneno ypas-
HEHWIO HermpepbiBHOCTH, KoTopoe cieayer w3 yplll (34). Ilpu mopmuposke
Ha eJIMHUILY 0Opa3yeTcsi Kak-Obl BepOsATHOCTHOE pactpejienenne. Ho qacTuia
Hege nMa — eé Helb3d Hab/oJaTh 1o JacTaMm. Temeps || npeacrapagercs
IJIOTHOCTHIO BEPOSITHOCTH OOHAPYKEHWs] YACTHUIBI, KAK MPUHITO B KBAHTO-
BOii MeXaHWKe, a He paclpeeeHHeM SHEPIUH MOTMePeTHBIX MACCUBHBIX &-
KoJ1e0aHWiT BHYTPHU HeE, KaK TMOTYyIeHO 3/1eCh.

B zammcu ) = [)]e™ wepes moxyn || u dasy S Bumno, uto || ecth Be-
IeCTBeHHAS aMILTUTYAa MACCUBHBIX &-KosebaHuil, a ¢da3a BOTHOBOH (DYHK-
nun (JeficTBre YACTHIBI) — UX OTHOCHTENBHOE MECTO.

JIBUKeHne JaCTUIBI €CTh MepeMeIeHne e€ TI9HA BMECTe ¢ OKPYKAIOTIIM
&-mmostem. OTaEIBHBIN TI9H, IBUTASICH MeZK 1y d(PUPOHAME, TPUTIATHBAET TPO-
TUBOTPH 3(PUPOHA U OTTAJTKUBAET ero radH. C MPOTUBOTIIHOM OH 00'be THHSI-
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eTcst B HOBBIH 3(DUPOH, & OCBOOOIMBITUIICS TJI9H 3aMEHSIeT ero B JBUTAIOIIEHCs
YacCTule n noJIaep2KuBaeT YCJIOBUA IJId CYHIECTBOBaHUA MaCCUBHOT'O é‘—HOJIH.
T. 0. ABU>KEHNE YaCTHUIbI €CTh IIEPEHOC BO3MYIIECHUS.

JIBU>KeHrne YacTHuIlbl C JI000i CKOPOCTBIO MOXKHO PacCMaTPUBATD
KaK pPaCIpOCTpaHeHNe BOJTHOBOIO MaKeTa (MM KBAHTA BOJIHBI), KOTOPHIi Ge-
pércst kKak HabOp OJIM3KWX MO creKTpy BOIH. OHU 3aMUCHIBAIOTCS HA OCHOBE
(23) B BHIE HAIPABIEHHOTO BJOJIb OCH | KOJeOaHUs Ha IMEHTPAIbHOIl YacToTe
nakeTa w(q) U €ro MeJJIeHHO MEHSIOIIEHCS aMILTATY IbI
£(x,1) = Re[to(x, )e'®] = vei® /2 + ke,
¢ = —wt + gx, :L‘:{j,k‘,l}, q:{Qj’Qk‘aql}7 .
rie kc 03HavTaeT KOMILIEKCHOe conpsizkenne. Toraa, npenebperas i,

26 = —(2iwy) + Wih)e'® + ke, 2026 = P + 2iq; 0% — ¢ + ke.

Taxk ke s oceii k,[. B HenHeliHONR 9acTH paccMaTPUBAETCI TOIBKO CAMO-
JIeficTBIE W He VIUTHIBAIOTCS rapMOHUKH 2P, 3P.

85‘3 — ,¢363i<1> + 3w2w*ei¢ + ... = 3|’17Z)|2’¢6iq) + kJC.

Teneps B (23) —2iwt) — w2 + w2t =

207 + R 4 2i(q;0; + quOk) — @5 — Gl + (O + 2iqudy — 7 ) + 3w2 | [*1p/8.
[oce coxpamennst, BeaeacTeie aucyp (27), ocradres

—2iwy) = [2(9? + 8F) + O} + 2iw(V;0; + Vidy + Vid)) | + 3w2|¢[*1)/8,

rne V = {V,, Vi, Vi} — BexTop rpynmosoii ckopoctu. OTCioia B OTCYTCTBHE
MPOIOIBHOTO TMoJIs caeayer O =0 n ‘

—idyp = [(0F + 0)/2M + 3wl [* /8¢, dip =1 + (V;0; + Vi),

rie M =w/ c? — Macca IBWKYIIEHcsT 9acTHIIH.

J11s1 mepexosia K BeKTOpHoit hopme BBoAUTCH BeKTOp £(X, ) = Re[hp(x, t)e'®]
U MHIIETCS YpaBHEHNEe BEKTOPa aMILTUTYILL

—idip = (A/2M + 32|Y|*/8)y, dip = + (Vgrad)sh,  (35)

rie A — jamacnan. Jto ypasHenue npn wy, = 0, M = q/c, Vi, = q;r/M
NPUMEHNMO K ONUCAHUIO JBUKEeHUs (HOTOHOB.

Macca JBUKYIIUXCS KBAHTOB CBA3aHA ¢ WX MACCOH TMOKOS JUCIEPCHOH-
HBIM YDaBHEHHEM
wr=wi +23, V=7Aq/w, w=wl 4wV wr=wk/(1-V?/3),
W pn wy, # 0 0 M? = m?/(1 — V?/c?). D10 m3BecTHOE COOTHOMIEHUE
MacC MeXaHuKH DifHmITefiHa [2] mMoayueHo 31ech U3 PACCMOTPEHHS BOJH B
sdupe. Ipu V — 0 uMeeM w — wy,, dip/dt = 1) u (35) mepexomur B yplll
(33) st aBuUKeHHsT JacTHIl (KBAHTOB BOJIH) ¢ Maccoii (mokost) m. Ciemo-
BATEJIHHO MACCA U JBUYKEHUE YACTUIIBI ONPEEIAI0TCH OKPYZKAIIM UX
MaCCUBHBIM é‘—HOJIeM, AJIgd KOTOPOTr'O TI9H ABJIAETCA TOJIHBKO BanaBKOﬁ.
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[Tosry4uennbie pe3yabTaThl OTIMYAIOTCS OT TPUHITOrO B COBPEMEHHOI KBaH-
TOBOI MeXaHUKe To/IKOBaHus cBsi3u ypasuenuit [[Ipéaunrepa u Kieitna-®Poxka-
Fopmona, mpu koropom Y pK®@I' aBisgerca peassTHBUCTCKEM 0000IeHIEM Hepe-
ngaruBuctckoro yplll, mpuMeHgeMbIM K OMHOW ¢ HUM IepeMeHHOU# — BOJ-
HoBoii dbyukmun. YpK®@I' (29) ectb TOYHOE BEIIECTBEHHOE YPABHEHUE st
BEIIeCTBEHHOTO BeKTOpa nossipusannn sbupona. Yplll (34) ecth ynpomgén-
HOE KOMILJIEKCHOE YpaBHEHUE JIJId CKAJIAPHON KOMIIJIEKCHON aMIIJINTYAbl 3TOM
nosstpusaiuu. Pengrusncrckum obobmienuem YplIl swisiercst (35), ominyaa-
IOoIlleecsd OT Hero MOJIHOUW TMPOU3BOJHON IO BpeMeHU U MACCON ABUKYIIUXCI
KBAHTOB.

Ilose Tarorennga

Jledopmarnug apupa uMeer aBe NPUIUHBL. IDTO MOJgpH3anug dpupa &,
KOTOpasi MeHsIeT DAcCTosiHue Mexk1ay 3dupoHamu cormacHo (23), n uérHas
qacth Ug norennmana B3anvoeiicteus depe3 apur (11). Ecan moasipusamnust
apupononB orcyrcrByer, 10 octaérca Ug. [lpn Ug > 0 umeercss Bceobiee
OTTAJIKUBAaHUE, CO3IAI0IIEee YCIOBUS s TedOpMAIid HeiTpaIbHOrO dhupa
I pacmpocTpaHeHHs B HEM BOJH. UTOOBI MX HCCIEI0BATH OEPETCS MOIETh
sdupa kax B "Ilongapuzanusa cpeapr". HemongpusoBanubie 3pUPOHBI PACIIO-
JIOKEHBI Ha HEBO3MYIIEHHOM PACCTOSHUH T° OJWH OT JIPYroro u oOpasyroT
TPEXMEPHYIO Cpejy, 3a KOOPJAWHATHBIE OcH j, k, [, KOTOPOit OepyTcst nu3mMeps
(10).

DbupoHBI ABIAIOTCA TOUKAMHI TPOCTPAHCTBA. BEKTOP pacCTOIHUSI MK LY
HUME T — ero MeTpuka. /ledbopmarius, Kak n3MeHEeHIEe STOTO PACCTOSHUS HA
h, Mensier MeTpUKY, 1 €€ MoJie MOYKHO HA3BATH METPUIECKIM.

Pesymwprarom geiictBust morenmuasia orraakuBanust Ug sIBISIETCS YMeHb-
menue paccrostaus h Mexay apuponamu. [Tokazxkem sTo na npumepe. [Tycrn
B HEBOBMYIIEHHOM 3(DUpe ¢ PaCCTOTHIEM MKy (PpUPOHAMU 7 PACIOTOKEH
JIOTIOJTHUTETLHBIN 3DUPOH 3¢ (WM APYToil HeTpaTbHbIH 00HEKT) HA PACCTO-
stHun 7/2 o coceneil. OH ABASIETCS MEHTPOM CHMMETPHU M HermoJBHIKeH. B
pPaBHOBECHHU OCTaJIbHBbIE H(PUPOHBI 3, T1Ie | UX HOMEpPa, OTCINTHIBAEMbIE OT 3
BJIOJIb paJinyca, CMEIIAIOTC Ha PacCTosiHue ;. Binkaiimmii K 39 3pupon 3;
OTTAJKUBACTCS 110 1'/2+ay > 1/2, octanpubie — 10 (I—1/2)r+a;. PaccTosune
MexK Iy 3pUpOHaMI MeHsdeTcd Ha Ny io = ajp1 —ap < 01 110 =17+ hygq)o.
T. k. Bramm o1 3 3pup He BO3MYIIEH, T0 hyjp = — Y, hyp1/2. OTHOCHTEIB-
HOE M3MeHeHne MeTpuku ecth = (r + h)?/r? ~ 1+ 2h/r npu h < r.
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[Tpu h < 0 3cup cxxkumaercs. Takum ke CBOWCTBOM 00/1a1a€T MPOCTPaH-
CTBO C MOJIEM TSTOTeHHs (TATIOJIE) B TeOPUH IpaBHTANMN DifHmrreiina [3].
VX MOXKHO OTOXK/IECTBUTB, €CJU 33 MOTEHIWAT TATMOIS B3ITh U3MEHEHUEe
paccrostHus Mexkay dpupoHamu h B HEKOTOPHIX eqununax (cm. gaiee). To-
I/la TPaBUTAIsd €CTh YaCTHBIN caydait necdpopmamuu 3cdupa, a nmen-
HO €r0 cXKaThe MO/, AefcTBHeM YETHOW YacTHh MOTEHIHAJIa B3aMMOICHCTBHS
[JI9HOB Yepe3 JIBUT. DTO TMOATBEPKIAeT METPUIECKH XapaKTep IPaBUTAINN
QitHITeliHa U TaéT eMy 000CHOBAHUE.

DJIEKTPOBOJIHBI U YaCTUIBI B MOJI€ TAroTeHud. IX IBUKeHne OTHO-
CUTETHHO 3(pUpa ecTh NePeHOC BOIMYIIEHU -0, 3aBUCIIIII OT paccTos-
Hust 7 Mex 1y 3duponamu. B czkarom apupe coceanm acpuponam nepegaérest
DOJIBITIE SHEPTHH, 9TO YBEIUNINBAET CKOPOCTH TIepeHoca ¢ uan V — yowicTpsierT
saekTpoBosiHy win gactuiy. Ckopocrs gacturpt V. = V(r + h(z)). Yckope-
mne V = Vd,V = Vd,Vd,h = —dyu, tne u = —d,(V?)h/2 —norenmuan
JIeHCTBYIONEr0 Ha YACTHUILY TATHOJIA, KOTOPBIH B COOTBETCTBYIONIUX €TUHU-
nax mamepenus pasen h. st porona (ssekrpoBosinb) V' MeHsiem Ha c.

YpaBHEHUSd MO TATOTEHUS 3aBUCAT OT UCIOJIB3YEMOI TIPU UX BHIBO-
Jie Mojiesn 3upa. DTO CBA3AHO C TEM, UTO B3AUMOIEHCTBIE COCeTHUX IHupo-
HOB [0 TOTIEPEYHBIM U MPOJIOJIHHON 0CIM OTIHYAIOTCA KadecTBeHHO. Cocenn
0 OCH [ MIPOTHBOMEHCTBYIOT POCTY BO3MYIIEHUS U 3a0UPAIOT cebe JacTh ero
SHEepPruu, MOJIePKuBasi BOJIHY Tepenoca. A cocean mo ocsam j, k comeiicTBy-
0T eMy, TPWBO/sI K MEPeCcTpoiike permérTkun 3hupa B CTOPOHY YBEJTHIEHUS
MPOCTPAHCTBEHHOI CHMMETPHUH, €CJIM TOJBKO ITOMY He MPENSITCTBYIOT CHJIBI
~v-B3aumoeiictus. [lpu G-orrankuBanun 3HUPOHOB HAUTYUIIHE IS PAB-
HOBECHS YCJIOBHS UMeeT UX CGhepUIecKr CUMMETPUIHOE DPACIOJIOXKEHUe —
Bce cocemqHne dOUPOHBI HAXOAATCI Ha cdepe paamyca r Win OJU3KO K Heil.
DT0 MOXKeT OBITH COCTaBJIeHHAs] U3 JABYX KyOOB perniéTka mjnd HEMpPephbIBHOE
pacrpejesenne mo cgepe, 3aMeHSIIOIIee PENeTKy (PUPOHOB.

BoitiHag pemniéTka KyoOa.

B pemérke BbIgessiercst och | (MpoIosbHASL), BIOJIb KOTOPOil 3(bUPOHBI
CMEIAIOTCS MPU B3AUMOJCHCTBUN, U JBe Momnepednbie ocu j, k. Paccmarpn-
BaeMbIit 3(UPOH 3y TTOMeIIaeTcss B Havaa0 orcuéra. Ha wero aeiictBytor 14
3(UPOHOB, PACIIOIOKEHHBIX HA PACCTOSIHUE I OT HETO B JIBYX PENETKax Ky-
6a: 6 3pupoHoB (Mo JBa HA KaXKJIOH OCH) cOCTABJSIOT permérky 1. Emé 8
3)UPOHOB HAXOAATCA B BEPIIMHAX KyOa 2, TPAHU KOTOPOTO TEePeceKalT OCH
HA PACCTOAHEH 1 /v/3.

Cuauasna paccmorpum permérky 1. Koopamrarsr Bo3meiicTByomux -
POHOB 3, NUIITYTCA B eJIMHUIAX 1 1 1topsijike 3anucu jkl. IIpogosnbnoe cmernie-
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H1e 0003HAUEHO (jk;, HPHU ITOM Ggoo = @. Pasnocts cmemenuit by = aji — a.
KBaparsl paccrosiumii oT 39 J0 3k p?ko =r24 b?ko, Peox1 = (1 £ boos1)>

[Torennuan Bo3aeiicTBus HA 39 ecTh Uy (a) = ijl Uji. T. . Bo B3amMo-
NefiCTBUN YYACTBYIOT [JIPH U IIPOTHBOLASH 3(DUPOHA, TO MOTEHINAILI OTTA-
kupanns (13) yapansaorcs: Ujp = 2G exp{—p7y }-

Bosneiicrsyomas cuna fi = —0,U1 = > UikiOapiyy, T
OaPiro = —2bjk0, OapPioss = F2p00+1. Torma
fi= —2[ij Ujkobjko + Uoo1poo1 — U00—1P00—1]-

B muneitnom npubmmkennn upn || < v Ujgobjro = 2Ge*”ijk0,
Unox1p0041 = 2G exp{—r2F2rboo1 } (r+boos1) = 2Ge™" (r+bpos1 F2r2bgo+1),
f1 = —4G€_r2 [(aloo + a_100 — 2a) + (CL()l() + ap_109 — 2&)

— (2r* — 1) (ago1 + ago—1 — 2a)] = —4Ge (67 4 67) — (2r* — 1)57]a.

3/1eCh BBEJEHBI PA3HOCTHBIE MPOU3BOAHBIE KaK B (19). OKOHYATETHHO BKJIAT
3upoHOB perméTkn 1 B AEHCTBYONIYIO HA 3 CHIY

fi=[-02(0%+62) + 0%6?)a, of =4Ge™", 0} = (22 — 1)o?.

Buano, uro Bo3jeiicTBue cocezeit mo mornepedHbIM U TPOJIO0JIBHON OCIM OT-
JIMYIAIOTCS KAYeCTBEHHO — MMEETCS MOMePEedHasd HeyCTONIMBOCTD, CIIOCOOHAS
IEPEeCTPOUTH PenéTKy 1 (ec/in He YUUTHIBATH BIUSHUE JAPYTHX CHII).

Pacemorpum pemérky 2. Ha 3¢ geiictByror 8 acduponos 3,,, B yrmax
Kyba. x koopaunarer JK L numryrest B equHAIAX p = 1/ V3. Torenuna
BO3JleifcTBIs Ha BhIAeseHnbIi dbupon ecth Us(a) =Y ;. Uskr.

Ksaparsr paccrosiamii oT 99 10 3,,, B JHHEHOM TPUOINZKEHAN:

Prrar = (pEbyrs1)” + 20" =12 £ 2pbyrcar.
[Morenmuaner orrankusanus 3buponos Usrr, = 2G exp{—p3. }-
Uy =2Ge™ 3 ) e lexp{—2pbx1} + exp{2pb, i 1}].

BosneitcrBytomas cuia fo = —0,U; :
fo=—4Gpe™ 32 ) e ilexp{—2pbyx1} — exp{2pbyx_1}]
= 8GPZ‘3_T2 ZJ,K:ﬂ(aJKl + a1 — 2a).

Beojsgres pasHocTHble pon3Boaubie Kak B (19). Tormaa

foe”” J(8Gp?) = > sk—+1(@rK1 + ajk -1 — 2a5x0 + 2a;5K0) — 8a

= (07 +2) 22 k1 @rro — 8a = (0 +2) (0% +2) - _1y ajoo — 8a
= (62 +2)(62% +2)(62 + 2)a — 8a = 4(62 + 6% + 42),

eCJIN OCTABATH TOJBLKO BTOPBIC TIPOU3BOJIHBIC.

Bossparasich K paccTosinuio r = \/§p U PenéToOYHbIM MTepEMEeHHbIM J, k, [
B eJMHMIAX 7 3amminem 05 = 07 p° /r* = 67 /3, . ... Torma fy = 05(07 +03+67)a,
e 03 = 32Gr2e™" /9 = 8r202 /9.

CyMMapHas cuia BO3ACHCTBAA 3(PUPOHOB JBYX PElIéTOK
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f=Ffi+fo=1[0%6+ ) + 077]a, rae

0% =02 — 02 =4G(8%/9 —1)e™™ > 0, mpu 72 > 9/8, a

o? = 02 + 04 = 4G(26r2/9 — 1)e ™",

Ecim we yuntsiBaTh BiusHue 3(pUPOHOB Ha IMOMEPEYHON TLJI0CKOCTH j, k, TO
0% = 02 = 32Gr?e™" /9.

Yckopenne 3upoHoB 4 = fi + fo, a U3MeHeHHEe PACCTOSHUS MKy HUMH
(MOTEHIUAT TOJIST TATOTEHHS ) h = 8,3 : MOXYIMHSECTCS YPABHEHUIO

h = [0%(67 + 67) + o707 ]h, (36)

Mopaenp HEmpepbIBHOTO paclpeae/IeHns.

Ha Boigenennblit 3(bupoH, IMEIOMN CMeIeHne a BI0Ib IIPOI0JILHON OCH
l, BozneiictBytor N ~ 10 =+ 15 sduponon, paBHOMepHO '"pasmazaHHbIX'TO
cdepe pagauyca r u cMmeménubx Ha a6, x) Baoab Toit ke ocu. T. K. Bo B3a-
HMOﬂeﬁCTBHH Y9aCTBYIOT T9H U MPOTUBOTADH 3(1)I/IpOHa, TO NOTEHIIUAJIBI OT-
rankuanusg (13) yasansarores. [Torenruan Bosaeiicrsus Uy(a) = f Uds, tie
U = ge " — ero moBepxXHOCTHAS IIOTHOCTD, ¢ = NG/(27r%) — mocrosHHast
BozeitcTeus, p? = 12 + b2 + 2rbcosf — paccTogHme MeXIy IDUPOHAM,
b=a(0,x)—a < r, ds=r?sinfdfdy — snement miomau cepsi, § — yro
C OChIO [, X — YTOJI B IJIOCKOCTH j, k, KOTOPBIf OTCYNTHIBAETCS OT OCH J.

JleiicTBytommas Ha BbIIeTEHHBIH 3pupoH cuia fo = —0,U, = f fds, tne
f=0U=—=2(b+rcosf)U. Beoggarca obo3HaIeHIs
c=cosf, r.=rc, ry,=rsinf, h.=rsc, hs=rgsinf. Torma

1 ™
fo=—2gr%¢™"" [ dc [ dx(b+r.)exp{—b> — 2br.}.
1 _
Jluneitnoe npubamkenne mo b/r maér

foe” /292 = — fl dc f dx(b+re.—2br?) = fl dc f dx(2r? — 1)[a(0, x) — d
:7‘[1(2762 — 1)alc]T a0, x)dx — 4w (2r?/3 — 1)a.

Bungmo, uro npu r? = 1/2 cuna f Menser 3HaK.

™ /2 /2
J a®,x)dx = f/ [a(0,x) + a0, 7 — x)]dx = J; [(he/7)?0% + 2ay (0, x)dx
w/2
= bf [(he/7)?0F + 2][ax (8, x) + ax (8, —x)]dx
w/2

= bf [(he/7)207 + 2[(hs /)07 + 2]dxai(6)
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w/2

=2 6[ [(he/7)?07 + (hs/7)?0 + 2]dxar(0) = w[(13/2r%) (67 + 67) + 2]ar(0).

3necw ax(6,x) = [a(0,x) + a(f, 7 — x)]/2 — cpeanee 3HAUEHHE CMEIIEHHUSI
Ha cdepe, mepeHecéHHOe Ha OCh k, 9TO HEOOXOAMMO JIJIsI BBEJIEHWST BTOPOI
pasHoCTHO# TmpomsBoaHoit 07. ai(f) = [ax(0, x) + ar(f, —x)]/2 — 10 e mus
2. TIpOM3BOIHBIE BBIITE 2-TO TOPSAJIKA HE yIHTHIBAIOTCS.

Tenepn, obo3madas 07 = 05 + 0y, 3amuITeM
1
foe” J2gr% + 4m(2r2)3 — Da = 7 [(2r2 — 1)[(sin? 067 /2 + 2)a;(8)dc,

7 [(2r2 — 1)[sin® 062 /2 + 2][a;(0) + a;(7 — 0)]dc

ST

(2r2 — 1)[sin® 062 /2 + 2][(r./7)26? + 2]dc

c_

ma

(2r2c® — D)[(1 — )62 + 2¢267 + 4]de.

m™a

ma [(2r?c® — 1)[62 + 4 + (267 — 62)c?dc

= ma{2r?[(67 + 4)/3 + (267 — 67) /5] — 6 — 4 — (207 — 67)/3}

= mal4(2r?/3 — 1) + (4r? /15 — 2/3)67 + (4r%/5 — 2/3)67).

OkoHuaTeIbHO CUJIA, JEHCTBYONMAS HA BBIIEJIEHHBIH 3hupon

fo = 03(65 + 6%) + 03307, rae

02 = dmgrie="(2r? — 5)/15 > 0, mpu 12 > 5/2, a

o2, = dmwgre " (6r% — 5)/15, g = NG/(2mr?).

VYpaBHeHHe MOTeHIUATAa TATIONA coBnagaer ¢ (36), eciu o = 03,0, = 0y3.
3-3a pOTHUBOMOIOKHOTO BIUSHUS COCETHUX F(DUPOHOB MO MOMEPEUHBIM 1
MPOJIOJILHOM OCAM B 000MX MOJENIAX 02 <K 7.

N3-3a caaboctn B3amMojieiicTBHSI CKOPOCTH MEPEHOCA TOJI TATOTe-
HUdA KpaiiHe MaJjbl M0 CPABHEHHUIO CO CKOPOCTSIMHU ¢ U ¢; TIEPEHOCA MOJIsT
nomspusamuu (19): 02/c? ~ o /ct ~ G/7.

B npubinzKeHUn CILTONTHON CPeJbl PA3HOCTHBIE MPOU3BOAHbIE B (36) 3a-
MEHSIOTCS Ha, 9aCTHBIE, & IPH Mepexojie K BEKTOPHOI 3a1ucu, cMerienne 3hu-
POHOB BMECTE C TIOTEHITHAJIOM TATTOJSI CTAHOBSITCS BEKTOPAMHU, MOIIUHSTIO-

o oW o ..

IEMECS YPABHEHTIO
h = —o?rotrot h + o2 grad div h, (37)

r/le KOOPANHATHI 3allMCAHbI B €IMHUIIAX PACCTOSHUS MEXKIY dPUPOHAMH.
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[TocTostHHOE TSATIIOIE TOYEUHOIT MACCH B TPUOJIMZKEHUHT CILIOTITHOM Cpe bl
HAXOIUTCS U3 yCaI0Bus cgeputaeckoii cummverpun. HermonsukHoe paBHOBecHe
YCTAHABIMBAECTCSA KOTJIA HAIPAKEHHOCTH TATTONS MOIINHIETCS TeOMeTprde-
cKoMy ocnabnaennto ~ R™2, uma h ~ 1/R, rae R — paccroguue 10 Tea. ITo
COOTBETCTBYeT 3aKOHY TaroTeHuns HbroToHa.

Ternepn moJIe TATOTEHUS CKJIaIbIBaeTCst n3 Tpéx dacreit h = h;+h;+h,,,
rjie h; — monepeunoe nosie, h; — npojgonbHoe, h,, — Mmoje MacCUBHBIX TEJI.
Nx ypaBHeHnus

h, = 0®’Ah,, h; =o07Ah;, Ah,, = 47pn,
divh, =0, roth; =roth,, =0, (38)

€ pm — OOBEMHAS MIIOTHOCTH MACCH, Ry = |[hy ).

Hedbopmanus 3dupa h nmeer nBe wactu, 00yCJaOBIEHHBIE IBYMs MPUUIN-
HAMH. ITO hg, mopoxkaénnas 4éTHoii dactbio Ug HMOTeHIHasa B3amMOIeii-
cTBHsI TIdHOB depe3 aBur (11), u he, HeuHEHHO MOPOXKAEHHAS TePEMEHHBIM
snekrponosiem € (23). Ux coornomenne s dacrur (cm. "Cpena mupa')
ha < he <&:  hg/he ~Ug/Uy, ~ S,/So S 1070 he/E~&)r.

Masocth hg obDyciiaBamBaeT W3BECTHYIO CJIA0OCTH TSATOTEHUS, KOTOPOE
TOJBLKO TSI OTPOMHOTO U 3JeKTPOHEATPATLHOTO MHOYKECTBA, YACTHII CIIOCOD-
HO CO3aBATh 3aMeTHbBIE Mo, [Ipu 3ToM cOOCTBeHHASI CKOPOCTH PACIPOCTpa-
HeHus Ng-BOJH HAYTOXKHO Mana o2/c* ~ S, /Sy < 1070, Cornacno ypasne-
HusM (23) hg-T10J1e BJIWSIET HA SJIEKTPOBOJHY M MOYKET TIEPEHOCHTHCST BMECTe
C HeiA. HO OHO MHOI'O MEHBbIIIEe CO6CTB€HHOFO h,g—HO.HH BOJIHBI. A HEJIMHEHHOCTH
UX CBSI3W HPUBOJUT K 3aBHCHMOCTH HEPEHOCHMOTO TSATTOJS OT IapaMeTpoB
HEePeHOCAIeil ero 3MeKTPOBOIHBI, UYTO 3aTPYAHAET MPEICKA3aHue UTOTa ITO-
ro nepenoca. Torga uabmogasimasics B onbitax [17| "rpaButanuonnast BoJi-
HAa, COIPOBOXK TAeMast JIEKTPOBOHOI'" | €CTh HEOTIETNMOE OT JTEKTPOBOIHBI
he-nosie, koropoe OyJeT oueHb HEIPOCTO CBA3ATH C I'PABUTAIMOHHBIMU BO3-
MYIIEHUSIMHA, KOTOPBhIE COTPOBOXKTAET ITA JTEKTPOBOJIHA.

BerecTBo gBIsIETCS 3MEKTPOHEATPATBLHBIM JIUIIE I IPOCTPAHCTBEHHBIX
pas3pelnennii MHOTO GOJIBbINe pa3Mepa aToMOB. Ha MeHbIIHX Macmrrabax Bee-
I/Ia CYIIECTBYIOT CUJIBHBIE TepeMeHHbIe 3/IeKTporois. [Ipu aBukennn Bere-
CTBa OHU BITOJIHE CHOCO6HBI nepecTpanBaTh MOJIA TATOTEHUA HpI/I6JII/I3I/ITeJIbHO
CO CKOPOCTBHIO CBETA MOJI TEKYIIEee PaCIIpe/ie/IeHie BEIecTBa. JTO He TIePEeHocC,
a UMEHHO HeJMHeiHas mepecTpoiika. ['paBUTOHBI, KAK MEPEHOCYNKH TOJTBKO
IPaBUTAINHN, 37eCh CIa0Bl — HX MOYKHO He VUHTHIBaTh. B mTore ocraércs
obbIIHOE cTapoe mpurdaKeHme HbIoTOHA, KOTOpoe HaI0 MOANPABHTH Ha
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HeJIMHEHY 0 TTepecTpoiiky ajaekTponoeM. Y papraenne (38) cokparaercs 10
Ay, = 47 pp. (39)

O‘leHb CUJIBHOE TII0JIE TATOTEHHUA OTpazKaeT 3HAYUTE/JIbHOE YMEHbIIIeHue
paccTosTHust MexK1ay 3MUPOHAMH, YTO OJKHO BHI3BATH (DA3OBHII MEPEXO/I
adupa B cocroguue ['Il-mnasmel. B Heit Her moss moagpu3alliiu, CJegoBa-
TEeJIbHO OTCYTCTBYIOT 3JEKTPOBOJIHBI M YACTHUIBI. DTa 00JTACTH BBITISIAT KaK
yépHas Abipa. Torma MOXKHO MPeaNnooKUTh, 9TO YEPHBIE ABIPBI €CTh 00-
nactu ['TI-mna3mvbr, obpasoBasiuecs B 3upe moj JeficTBHEM CUIHHOTO MOJIsT
TATOTEHNA.

YacTuisl

OCHOBHBIMU 3JIEMEHTAMHU HAIEr0 TPEXMEPHOTO MUPA SBISIIOTCS TPEX-
mecrabre rpHbl [P TI° 1 oHOMECTHBIE MAPBI V), KOTODPBIE COCTABJIEHBI 3
OIHOMECTHBIX TI9HOB F},H}, COEJIMHEHHBIX OOMeHHBIME g-cBsazamu (9, 10).
MecTta rapMOHUK Fjl. u H} COCTaBJLIOT UX IPOCTPAHCTBEHHBIE KOOPIAMHATHI.

CroiicTBaMu, COBIAIAIONIMME CO CBOMCTBAMHU OJHOMECTHBIX TJIIHOB, 00-
nagaor HuKHWE KBapku [18, 19|, ecam mx npera [20, 21| oroxkmecTBuThH ¢
usmepamu. Torja HM>KHHME KBAapKH d; €CTh HPOTHBOTIHEI Hjl-, HUXKHUE
AHTUKBaAPKMN - TI9HEI Fjl-, nmBeTa KBapKOB - u3Mepbl j = 1,2,3, oTBeT-
CTBEHHBIE 33 PAa3MepPHOCTH HAIIero MpOCTPAHCTBA.

B azponax [22] kapku ceazamsr rmoonamu [21] raxske, kax I'; u IT; cBa-
sanbl 0OMenHbIME g-cBst3sivu (9, 10) B T3, I1% n v;. CiieroBaTesIbHO TUIFOOHBI
ecthb g-cBa3u. Ho, B obiiem ciiyvae, oHu He KBaHTHI BOJIH. BosHa ecTh nepe-
HOC 1Uepe3 COCeIHHme TOYKH. A B IIyMe MHOTOMEPHBIX g-CBsI3eil KayKIblIit F}
CBA3aH CPa3y CO BCEMH Fll# ;- 37ech HeT BOJIHBL. TPEXMepHbIe IJ9HBI SBIISIOT-
¢ UCKJTI0UEHNEM, B KOTOPBIX BCE Fjl. OKa3BIBAIOTCS COCEIIMU, ITO MO3BOISIET
BBECTH TIPeJICTABIEHNE O IVTFOOHAX KaK KBAHTAaX BOJIH B "'I[BETOBOM MPOCTPAH-
crBe'.

ObOMeHbI MeKIy Fjl- u 1"} Pa3HBIX M3MEPOB ¢ # j AT 6 ABYXIBETHBIX
r1I00HOB. OOMEHBI MeZK Ty Fjl. u Hjl. OJIHOTO U3Mepa, JAI0T 3 OECIBETHBIX IT0-
ona. OIHAKO B KBAHTOBOI XPOMOIMHAMUKE IPHHAMAIOTCS JIUIIH JIBA U3 HUX,
9TOOBI 00IIee YUCJI0 COPTOB IVIIOOHOB COBIAJIO C Pa3MEPHOCTHIO TTPUCOE V-
HEHHOTO TpejicTapiennst rpynibl SU(3), K kKoropoii nx npusssbBaior. Cuu-
TaeTCsI, YTO TPeTHil OECIBETHBIN TVIIOOH HE JIOJIZKEH HAOJII0JIAThCs Ha OIbITE.
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B ypasuenusx xe (9, 10) Tpu oOMena 1); €cTh JeHCTBYOIIIE B PA3HBIX H3Me-
pax He3aBucuMBbIe TITyMbl. OHE BCe TOKHBI YINTHIBATHCsI. He BUIHO MpUJnH,
YTOOBI OTKA3BIBATHCS OT TPETHEro OECIIBETHOI'O IUTI0OHA.

Avmmaryast I'® u II? Brpoe 6oabme ammautyn [ un IT1Y, uto cosmamaer
C COOTHOIIEHNEM 3apsI0B 3JEKTPOHA U KBAPKOB. Ecu smekTpudeckue 3apsi-
JIBI YACTHIL CBSI3aThH C AMIUIATYIAMU TI9HOB (M. "DurekTprdeckoe mose'"), To
HANPAIBAETCsl YTBePK/IeHNe: DIEKTPOH e~ B cBoeil ocHoBe (O ) mmeer
nporusormsn O = II3, a nosutpon e — rasn OF = I'®. CiegosaTenbHo
OHH coJepkKaT KBapku (HuzKHEHE). HO KBADKH HE JAI0OT UM MPOCTPAHCTBEH-
HOI'O CTPOEHHs, T. K. MECTa F} u Hjl. JTAlOT JIANIb TOYKY TpeObIBaHUSA. TOTbKO
B 9TOM CMBICJIE JIEKTPOH U MO3UTPOH MOYKHO CUHTATH OECCTPYKTYPHBIMH,
Kak ceiidac npuHaTO. [[pocTpaHcTBEeHHOE CTPOEHHME TUX HFACTHIL OTIPEIeIsI-
ercst OKpyzKalomumu ux asopamu I u I u3 {-moneit, KoTopbie Hamensior
JaCTHUIILI MACCOii.

Onmomectusre mapsr v; = I'jggll} m3mepos j=1, 2, 3, u3-3a ux mpornu-
BobasHBIX KOJIEOAHW, TPEJICTABISIIOT Oe3aMILINTYAHBIE YacTUIbl (6e3 3apsi-
J1a), HO C BHyTpeHHeii sHeprueil konebanuii. K aum Ha1o 106aBuTh 2-MecTHbIE
ViV, Vil = Flgﬂlgf 1910} g, 3-mecTHbIe Vi1ovs, Vigg = D19l gl LgIIATigTTig n
bostee JIUHHBIE coueTaHus. MeK 1y HUMI JO2KHBI OBITH MEePeXoIbl Ha OCHOBE
peaxiuii oOMeHa g-CBSI3MU, BeIYIIE K YCTAHOBIEHHIO JeTATLHOIO paBHOBE-
cus. T. K. ¢ pocToM JIUHBI IIeneil pacTéT BePOSITHOCTh WX paciajia, TO Hanbo-
JIee yCTOWIMBBI OTHOMECTHRIC V; U WX COUCTAHNUS V;Vy, Vilal3. EINACTBEHHLI-
MW YaCTHIIAMK, Ha KOTOPBbIe OHU MOXOXKH, aB/IstoTcs HefiTpuHo [23|. Torga
IEePeXOIaM MKy HUMHU COOTBETCTBYIOT HEHTPUHHbBIE OCIIHILIAmN [24].

| SY: Fjl. MOXKHO TIPeJICTABUTh UMEIOIINM JBe CBOOOIHDBIE §-CBI3U /1A B3a-
UMOJEHCTBHII ¢ TIPHAMH APYTUX H3MepoB. Ecium camTarh, 9TO BO B3amMO-
JIGWCTBUM C MPOTHBOT/IPHOM CBOETrO M3Mepa yJacTBYIOT 00e CBs3U, TO 3TO
Oy/ZeT COOTBETCTBOBATH IPEJACTABICHUSIM O B3AMMOJICHCTBUSIX MOCPEJICTBOM
r1F00HOB. [apbl TI9HOB pa3HBIX U3MEPOB, CBA3AHHBIE OTHONH §-CBI3bI0, UMEIOT
V/IBOEHHBIE aMILTATY/IbI U IBE CBOOOIHBIE CBsI3U. OHM MOX0XKH HA AHTUKBAPKU
d; ¢ IBOMHBIM 3aps oM. DTO BEpPXHUE KBAPKM U = gF]HgF] g =dji1d;
M UX aHTUKBAPKHU U; = gHj+1gHj_1g = dj1dj_1.

[TostyuenHble coueTaHnsi OJIHOMECTHBIX TJIPHOB (KBapKOB) BMecTe ¢ bo-
TOHAMH 7y, KAK KBAHTAMH 0e3MaccoBbIX £-BOoaH (29-31), o6pa3yioT mepsoe
MOKOJIEHNEe YaCTHIIL;:

d; =11}, d; =T}, u ng+1gT] 19, Uy = ng+1gH§ 19, v; = Liggll],
e+_ = O+ +ZL+_ OJr =Tlgligllg, OF = Tliglliglliyg, .
Onn cambre JIETKHE W HE PACTATAIOTCS.
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HeiiTpuno m OCHOBBI 3JIEKTPOHA COJEPYKAT HAMMEHBINEE YHCJIO CBSI3aH-
HBIX TJIIOOHAMU KBAPKOB. JTH ¢-CBSI3U MEPBBIMH BBIJIEIUINCH W3 YMEHbITa-
forerocs myma. VX cuia cOOTBETCTBYeT YPOBHIO IIyMa HPU UX POXKICHUN
U SIBJIsSeTCS HAMOOBIIEHl Cpean OCTATbHBIX B3auMogeiicTBuii. [loaTomy, Kak
MOKa3aHo B KBaHTOBOI xpomomunamuke (KX/I), oHu mpakTHuecKu He GbiBa-
10T CBODOIHBIMHE, OOLeINHsIsST KBAPKH B 3aMKHYThHIe coepuuennst. B (9, 10) sro
MPEJICTABIECHO MTAPHBIMUA KOPPEISAIUAME, JTAIONUME JuHeiinbie g-csa3u. Ho B
KX/I rmooHHbIE B3aUMOIEHCTBUS HETHHEHHBI 1 TPEOYIOT YI6éTa KOPpPeasaInii
(8) Gostee BHICOKOTO MOPSITIKA.

Cresyomumu Mo MOPSJKY UIyT OOMEHBI MEXKIY ¢-CBA3aMU (TJIH00-
Hamu). B (9, 10) n06aBiasorcs Mpou3BeIeHUsT MIYMOB, YIUTHIBAOIINE ITH
0OMeHHI.

3 3
i =S T&+95 D mill g Y mwm)ST Tk = T

i=1 k=1
S =S; €+ g1+ g1760;) + 0;(1 — aymy)]S; S5, (40)
Sit =S+ ¢ — gln;(1 + i730;) + 0;(1 — a7ym;)] S5 S5

31ech Tk U Tj — €TUHHTHBIE IIyMBI OOMeHa MeyK Iy MIIooHAMH. [Ipn cuib-
HOIl HETMHEHHOCTH ¢ ~ ¢ CYIIECTBYET OOJBIIAA BEPOATHOCTH CKOPOTEYHOTO
paspbiBa ¢-CBa3eil ¢ BO3MOKHOCTBIO MX TEPEKIIOYeHnsT Ha APyrue KBapKH,
VMEIOIIAE B 3TO BPEeMs M B 3TOM MeCTe TaKHe yKe BPEMEeHHO Pa30pBaHHbIe
g-CBA3H.

Cienyromime mOKOJeHUs 00pa3yiorT 6ojee TaKETble YaCTUILI ¢ BHYT-
PEHHHUM TIPOCTPAHCTBEHHBIM cTpoeHreM. COracHO MMEOIUMCS JAHHBIM O
cTpoeHnH YacTuIl [25], Bce OHU BKIIOYAIOT B ce0s KBAPKU, HO MMEIOT HAMHO-
ro 6osbIme, 9eMm y HuX, Macchl. CIe0BaTeIbHO KBAPKH COCTABIAIOT TOJIBLKO
ux ocHoBy O, KOTOPYIO HEOOXOAMMO JOMOJHUTH X OKpyzKeHuem (aBop /1).

KBapK-TTIOOHHBIE OCHOBBI MOTYT OLITH 060 mmuabl. Ho ¢ eé pocrom
PaCTET BEPOATHOCTD PAa3pbiBa KAKOii-1100 U3 BHYTPEHHHUX ¢-CBA3CH U pacia-
JIa OCHOBBI. B IepBOM TOKOJIEHUH TIPEICTABICHB YACTHILI ¢ HAMMEHBITHMA
3aMKHYTBIMH OCHOBAMH, B KOTOPBIX CIydaifHble Pa3pPBIBBI CBA3CH BOCCTAHAB-
JWBAIOTCS B TOH »Ke OCHOBe. JIpyrme OCHOBBI, MMeoIIne OOJIbITHe JIJINHBI,
pacnagaiorcd. V3 HIX HAMMEHBIIYIO JJIMHY UMEOT AByMeCTHbIe HeliTpu-
Ho v;; = I} gTjgT'}gll}g = uil, CIOHTAHHO PACTAJAIONIHECS HA OTHOMECTHBIE.
Takzke BO3MOXKHO CYIIECTBOBAHIE TPEX- 1 GOJIee MECTHBIX HEHTPHHO Vjjp . . .
C MOJIePsKaHueM JIeTaJIbHOTO PABHOBECHS MerKIy HUMH. [Ipumepamu Tako-
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o CymeCTBOBaHUA ABJJIAIOTCA TaCTUIIBI oe3 3apdia, HaduHad C MMMOHAQ 7T0 n

BKJIIOYas HEHTPOH.

Heiirpamsusiit muon mveer ocaoBy 00 = uti + dd, cBojgmyocs K mape
I3, II* u aBopHI, comepkamue HelTpuno v; = d;d;, v u vjg. Ero cymectso-
BaHUE MOJIEP:KUBACTCS peakiusaMu ooMena (40) MeKly HUME C TepecKOKa-
MU g-cBsi3eit. OH ecTh JUHAMUYIECKHUIT 1 CTATUCTHIECKUH 00BEKT B HEKOTOPOM
HEHTPUHHOM MHOYKECTBE, 00Pa3yIOIINM HEHTPUHHYIO 9acTh €ro JIBopa, K KO-
TOpoii emé Hajo j06aBuTh -aBop (33), marommii muony maccy. Takywo ke
OCHOBa MMeeT JIOITOKUBYIIUI H Oosee Taxkénblil meiitpon O, = udd = v;;.
OH oTIMYaeTcsa OT MUOHA TOJBKO OOIBIIMM ABOPOM. MOXKHO CUHMTATh, UTO
BCe HeHTpa/bHBbIE YAaCTUIBI WMeeT OINHAKOBBIE OCHOBBI W3 CBSI3AHHBIX
rnoJieM MoJgpU3alui Ti3Ha u nporusoraena 3¢ (oHu pacnosiozkensl Ha
paccrostuue GOJIbINe PACCTOSTHUSA MeKly (DUPOHAME), U Pa3HbIE TBOPHI, C
KOTOPBIMHI CBSI3AHBL UX pa3auuud. [10JOKUTeNbHBI MHOH T HMeeT OCHOBY
Of = ud = O, copnanawomyio ¢ ocHOBoil Mo3uTpoHa. Takme e OCHOBbI
NMEIOT BCe MOJIOXKUTEJbHBIE YAaCTHUIlbl. Il OHU pa3HATCS TOJBKO JIBOpa-
mu. OTpunaresbHbIe YACTUIBI UMEIOT OCHOBY 3j1eKTpoHa () U pa3Hble
JIBOPBI.

Cpean 4gacTHIl BBIIEIIETCI BeUYHBI HPOTOH. Ero ocHosa O; = uud =
['1gT9T 391 g1lig = Of v cBomuTCST K OCHOBE MO3UTPOHA, CBSI3AHHON ¢ Heii-
TPUHHBIM JTBOPOM PEAKIMSIMU OOMeHa. DTO OTPAKAETCS B PEaKIuaX C yda-
CTHEM IPOTOHA, KOTOPBIE 00g3aTe/IbHO COIepPyKAT HeliTpuHo: pr = e 2u, pr =
ne+,pe_ = nv,n = pe”v. [Iporon He craruyen, a guanamuded. [[puauny ero
YCTOWYIHBOCTH HAJI0 MCKATH B CTPOEHHH IBOPA U PEAKIUSIX BHYTPH HETO.

MmeroTcs aBa B3anMOIEHCTBUS T/IPHA ¢ OKPYIKAIONIE cpeloii: Y- MOTeH-
nuan (13), opuBoggmuii K {-MOM0 U JAIONMA MACCy YaCTHIAM, & TaKkKe
cBsi3pIBatoInii radHbl g-o6men (40). Bausiaue nepsoro mpeobiagaer B adu-
pe, a BToporo — B Heitrpe. Obmen tavma '3 ¢ meiirpuno 13 = [P ggll® cocronT
n3 oOMeHa IJIPHAMM, KOTOPBIil 1O CYTH HUYEro He MeHseT, U 0OMeHa TIdHA
C TPOTHUBOTIDHOM, MEHSIONIUM MeCTa IJPHAa W HeHTPpUHO, YTO MPUBOIUT K
CJIyYalHBIM IlepeMelleHudaM TA9HA B HelTpe.

[CroonubIit g-00MEH TPOUCXOIUT MPHU JOCTATOTHON JIJIsT HETO MJIOTHOCTH
qHCcaa HEHTPUHO B MPOCTPAHCTBE, KOTIA IBOPHI TIHOB MepecekarTcs. Fc-
JIX 9Ta TJIOTHOCTH MEHBIeeT, TO OJIuzKaiilias K TI9HY U CBA3aHHAA C HUM
JacTh HeiiTpa coXpaHseT ¢-CBA3b U HAYaJbHYIO IJIOTHOCTH. Obpasyercs eau-
Has CHCTeMa, KOTOopas MOXKeT OBITh ycToiumBoii. BayKaaHus radHa cTaHo-
BATCS OTPAHUYEHHBIMH B MPOCTpaHCTBE. [[OBTOPHBIE MPOXOKIAEHUS OIHOTO
U TOrO K€ MeCTa MOIYT YBEJIWYNBATH PACCTOSTHUS MeKIy PUPOHAMH 0
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HEKOTOPOT'O PAaBHOBECHOTO 3HAYEHUsI W TeM IMPHJIABATH YacTHUIE OOJIBIIYIO,
9eM y MO3UTPOHA MACCy. BO3MOXKHO TaK POXK/IAJIUCH MPOTOHBI M HEHTPOHBI
[IPU YMEHBITeHN U IJIOTHOCTHA YUCAa HEHTPUHO B PACIIUPAIONIENCI BCEJIEHHOM.

By KaaHus TI3HA CODIACYIOTCS ¢ OMBITAMu [26], U3 KOTOPBIX CJIEYeT,
YTO HYKJIOHBI UMEIOT MOXOYKHE MPOCTPAHCTBEHHBIE PACIpPEIeeHUs TIOTHO-
creit Maccwl m 3apama. Ounm yowIBalOT OT IeHTpa pasmepom ~ 10716 v 10
rparnnsl ~ 107 M, uTo MHOrO GOJBITe paccTOSHMIT MexKIy 3(hupoHaMm
~ 10722 y1. JIBOpEI HYKJIOHOB CYIIECTBYIOT BMECTe ¢ OCHOBAMHU OT HX POK/Ie-
HUS B COOTBETCTBYIOIIEE BPeMs Pa3BUTUs BeeaeHHONH. OHU TOMKHBI HECTH B
cebe oTImevaToK cpebl Toro BpeMenn. Ceiiaac OHU SIBISIOTCS MEPEXOTHONR 00-
JIACTBIO OT OCHOBBI Y€Pe3 OCTATOK CPEJIbI er0 POXKIECHUsI K COBPEMEHHOU cpe-
Jle BCeJIEHHO, cKpbiBafonuiicss 3a "mycreim" mpocrpancTeom. Heitrpunabie
JIBOPBI JPYTUX TAKEIBIX YACTHUIL ONPEIETSTIOTCS YCIOBUIMEI UX POYKICHUS B
COOTBETCTBYIOIINX DPEAKITHAX.

Bce taxkéjble 4acTUIBI OIMMCHIBAIOTCH II0 CXEME OCHOBa-aBOP. lx
OCHOBBI COCTABJIEHBI W3 TIIHOB W MPOTHBOTIYHOB. OCHOBA W3 HEHTPHUHO, €c-
JI1 OHA BO3MOXKHA, CYUTAETCA OTCYTCTBYIOWIEH, T. K. HE OTJIMYAETCA OT Heil-
TPUHHON YacTu aBOpa. BBOAUTH TsKE/IBbIe KBAPKU JJIsT OObSICHEHUS TSXKE-
JIBIX YACTHUI] HET HEOOXOAUMOCTH. JIOCTATOYHO TPEX KBAPKOB (HUZKHUX) U UX
AHTUKBAPKOB. Pazanmdus 4acTUI] CBI3aHbI CO CTPOCHUSIMH JBOPOB. BO30HBI
c1ab0Or0 B3aNMO/IEHCTBYST U ME30HBI HE BBIJIEISIIOTCS U3 JAPYTUX TACTHUIL, KPO-
Me CBOEro ydacTusi B oOpaszoBaHuu sigepHoit marepun. CTpoeHne MIOOHOB W
TAOHOB HE MMEET KAYeCTBEHHBIX OTIHMIHIl OT CTPOEHUST AJ[POHOB.

B wactumnax ¢ gopamn paziaunuune (pepMHOHOB 1 6030HOB yCJIOBHO.
Ctporo dpepMUOHAMY SIBJISIOTCS TOJBKO TIIHBI BCIEJICTBHE UX Y-OTTAJTKUBAHUS
(13), He MO3BOJIAIONIErO UM OBITH B OTHOM MecTe. Bo30HAME SBJISIFOTCS TOJBKO
KBAaHTHI BOJIH, T. K. OHU CBOOOHO MPOXOISAT OJUH CKBO3b ApyToil. YacTuisl,
UMeEIOTIHE B CBOEM COCTaBe IVIPHBI U £-TOJIsI, HE MOTYT OBITh TOJBKO (bepmu-
OHAMU WK DO30HAMU.

Cuun. OcHoBHOE KomebaHue ¢ e ITMHUYHON YaCTOTON B PA3MBITOM TIYMOM
JIBYMECTHOM WJIM TPEXMECTHOM rdHe (6, 7) MOXKHO MPEJCTABATH KAK BPAIIE-
HUEe TIIyMa CO CKOPOCThIO ¢ = 1 B mpocTpancTBe MecT. C HUM CBsI3aH MOMEHT
Bpalenusi J BOKPYT OCH, MPOXOJAIIE depe3 ero meHtTp. Kciam ammanTyga
rPHa S, To paguyc Bpamennus ~ 1/Su J ~ Sp-(1/S) ~1=h/2. T. o. pas-
MBITOE IIIyMOM OCHOBHOE KOJIeOAHUe TVI9HA SBJISETCS TPUINHOl ciuaa 1/2 Bo
BCEX YaCTHUIAX, KPOMe KBAPKOB M3-3a WX OJHOMECTHOCTH. /Ipyrue 3HadeHUS
CITMHA, SIBJISIIOTCSI TIPOU3BOIHBIMU OT HETO.

Hasmmawe crvia 1/2 w cBoifcTBO ObITH (DEPMHOHOM HMEIOT pa3Hble MpH-
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quHbl. K HEBO3MOXKHOCTH JBYM OJMHAKOBBIM YACTHIIAM OBITH B OJHOM CO-
CTOSTHUW TIPUBOJUT UX y-oTTajgkupanue (13). Ono mpucyie n HeHTpaIbHBIM
JaCTHUIAM, COCTABJIEHHBIM u3 HeilTpuno. He mmeqa 3apsga B cpeanem, OHH
ob0magaT MIAYKTYHPYIONIAM 3apa/I0M BCIEJICTBHE OOMEHOB MKy oOpasy-
IomuME uX ra3uoM u nporusorisaoM (10, 40). Torma Bce OCHOBBI 9aCTHIL —
dbepmuonbl 1 nmeroT crimu 1/2.

O 6o03onax HambOy-Tonacroyna m Xwurrca. /[jis ux cymiecrBoBanust
TpeGyeTcsa OTpUIATeNBHBI KBaJgpaT Macchl w2, < 0 M oueHb GOJBIION ero
HEJMHEHHBI POCT ¢ POCTOM BeMMYHHBI moas Xurrca. Opmako mpu w?, < 0
['l-napwor pacnamaores — 3hUp MepeXoauT B MJIA3MY U3 TPEXMECTHBIX TI3-
HOB W MPOTUBOIJIPHOB, B KOTOPOil HEBO3MOYKHA TIOJISIPU3AINASA U COOTBETCTRY-
formue eit MaccuBHbie £-1oJ1si. COMHUTETBHON MPEICTABISIETCS U CTOb O0/Th-
mas HeanHeiHOCTh. [[09TOMy COMHUTENBHO CYIECTBOBAHUE YKAZAHHBIX 00-
30HOB. Bosee ecTecTBEHHO MPEIJIOKUTD APYTOif HICTOYHUK MAacC YACTHII.

DHeprug-macca MOKOS MACCHBHO BOMHBI (33) mc® = w,, €CTb UMITYJIbC
(BHerH) Kosebauust rivHa W nporuBorapHa B [l-mape ¢ yyérom BiamstHus
coceiHUX Map, a w2, — ero BHyT3H (26). OH cKjIajbBaeTCa U3 BHYTIHA ng
kostebannst ¢Bobogroro mMastanka ['II (15) u yMeHbIIAOmero ero BIHsIHIS
cocesieil, BRIPAZKEHHOTO KAK BHYTSH mepenoca 4c¢? + 2¢7. [lpu Gombuiom me-
peHoce Bcg dHeprug MagraHuka ['II moxker yHocutbes u3 ['II-maper, obpasys
BOJTHY C HYJIeBOil maccoii mokosi. [Ipu majiom mepeHOCe pacXOmyeTcss TOJIb-
KO 9aCTh 9TOIl SHEPrum, W BOJIHA OCTAETCsT MacCUBHOI. Ecam macchl gacTu
OTIPEJIETISTIOTCST MACCUBHBIM E-TT0JIEM, OKPYZKAIOIUM WX OCHOBBI, TO BCE OHH
CBA3aHBI C 9aCTOTOM W, U BhIpazKaloTcd depe3 Heé. T. K. w, ecTb HaHOOIbIIasd
gacTtota Komebauuit rmyuoB B ['Il-mapax, To cBga3aHHasg ¢ Hel0 Macca KBaH-
Ta MACCUBHBIX BOJIH MOJSIPU3ANAN TOKe Hanboabmasa. Ho ona HemoctTuknma
n3-3a orcyrcrBusi nap BHe ['Tl-cpeapr. T. 0. Bce macchl 9acTwuIil CBA3aHBI C
4acTOTOM W, JUHEHHBIX KoJjiebanuit MagTauka I'I1.

OTHOCuTENBHOCTh ABUXKEHUs. Bce 4acTUIbl, BO3MOXKHO KpOMe Heii-
TPUHO, MOJIYYAIOT MACCy OT JIBOPA MACCUBHBIX CTAIIMOHAPHLIX KOJeOAHU 1
JIBUZKYTCS BMECTe C HHM, Kak BO30y:KaeHus 3pupa. Csa3anHas ¢ 3OUpoM
cucreMa orcuéra abcosmorna. Ho nadmogaresb nin npubop MOTYT JBUTATH-
CsT TOJTBKO C J9aCTUIAMK, W3 KOTOPHIX COCTOAT Teja. B cOmpoBOXKIAIOMIel nx
CHCTeMe OTCUETA TPYIIOBAsS CKOPOCTbh MACCUBHOI BOJTHBI BMECTE C UMITYJIb-
COM KBaHTa (BOJTHOBBIM BEKTOPOM) CTAHOBATCS HYJIEBBIMHE, & 4ACTOTA U MACCA
KBAaHTA YMEHBIAIOTCS 0 3HAYEHUN COCTOSHUS MOKOsI. CKOPOCTH W UMITY b
Chl KBAQHTOB JIPYTUX YACTHI[, BK/IOYAST (DOTOHBI, OTCIUTHIBAIOTCS OT HYJIS.
T. e. CKOPOCTH YACTHI BCETa MeHbIIe MPeIebHON CKOPOCTH TepeHoca (CBe-
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Ta), a ckopocTh ¢oroHa papHa eif. CemoBaTeabHO B 000 JBUKYIIEHCS
¢ HabJIoIaTe/IeM CUcTeMe OTCYéTa CKOPOCTh CBeTa HMOCTOSHHA U Bee (pu3n-
YEeCKHE MPOIECCH TPOTEKAIOT OAMHAKOBO. AGCOMIOTHOCTE 3(pUpa CKPLIBACTCS
34 OTHOCHTEILHOCTBLIO (DU3UIECKUX CHCTEM OTCUETA.

OneHka BeJUYMHBI OCHOBHOM YacTOTHI. 34 HAANIYMHYIO 3HEPLHUIO
rasHa GepéTcs OOIIENPUHATOe 3HAa4YeHWe 3Heprum Kpapka ~ 107! OB, Ko-
TOpOE CUUTACTCA MOPAJKA SHEPTrUuu 1niyMa. HO MIyM BO3BBINTACTCA HA IJIATO
ocuoBanus (cM. "Cpema mupa"), Koropoe Ha ~ 46 MOPSIJKOB €ro MOIIHEe.
Torna sueprusa rasua hQ = 7- 107190~ 10% 9B, yro 7aéT oneHKY OCHOBHOI
qacToTHl w ~ 1090 I'm.

Nrorn

B ¢dusuke cymecrByer npencrasienue o "reopun Bcero" Kak e, K KO-
TOPOW HAI0 CTPEMUTHCS Uepe3 0000IIeHne U 00heIMHEeHNEe YKe U3BECTHHIX
Teopuit B3anmoeicTBuit n crpoenust marepun. [Ipeaiaraemas 31ech pabora
TaKKe CJle/laHa pajii STOH IeJIn ¢ HaJeXK 0| Ha eé JIOCTUKEHNe, HO JPYTruM
nyTéM. BMecTo manmbHERIero OTBIeUYeHns U YCIOKHEHHS MaTeMATHIECKHX
OpyaMii MCCAeIOBAHUI, YIOP CAeNTaH Ha IMOUCKEe OTHOCHTENTHHO IIPOCTOr0 OC-
HOBaHUS (DUBHKI.

Taxkoit BEIOOpP TpedyeT COOTBETCTBYIOIIETO €My Ha3BaHWs MpeJiaraemMoii
31ech Teopun. OHO JTOKHO OBITH MOXOXKE Ha, OOIIENPUHSITOE Ha3BaHue "'Teo-
pus Bcero'" u oTIHYATHCA OT Hero. Takumu cBoiicTBaMHU 00J1a1aeT BhIpazke-
aue maHopus. OHO COCTABIEHO U3 ABYX JPEeBHErPEUeCKUX CI0B: "man" — Bcé
u "reopug" or KOTOPOro B3ATa BTOpasd MOJOBUHA Ha3BaHUS. B mpoBeIéHHOM
WCCIeIOBAHUN TOJIHKO HAYATO BXOYKJIEHHE B OOMIMPHYIO 00JACTH ITOi Teo-
pun. Ha ocHOBe mpocTeifinmx JOCTYITHBIX MOJIE/Iel CTaBsATC BEXU MaHOPUHN
C HAJIEXK/JION Ha UX JAJIbHEHITYIo DoJiee TOJHYI0 pa3paboOTKYy.

Hauamo paGore momaraer yTBepKiaeHne 0 BCEOOIITHOCTHA HEPruu, Io-
HUMAEeMOil Kak CIOCOOHOCTH COBEpIIAThH u3MeHeHus (pabory), T. e. OBITH U3-
MeHeHWeM, KOTopoe Mepeqaércest mpu ooMene (B3amMogeiicTsun). V3venenne
MpeJICTaBIIAETCA depe3 MepeMeHHble JeficTRIe- IIUTeIhHOCTh, 9TO JAET HaW-
boJtee o0IIIee ero BhIpaYKeHHe. JHEPTHsi eCTh ero CKOPOoCTh. Mepoit jinreb-
HOCTH BBICTYIIAeT BpeMs. Tak MOHMMaeMoe M3MeHeHHe IMPUHHMAETCS 33 OC-
HOBY BCEro CyIIero — Mup u3MeHeHuii (MeH).

CramuonapHbie MOBTOPHI BHIPAZKAIOTCS dYepe3 TrapMOHUKH. [apMOHUKA,
KpOMe YaCTOTHI W aMILIATYIbI, XapaKTepu3yercs 'HadagpHON (aszoit', Ko-
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TOpasi ecTh €€ OTHOCUTETbHOe MecTO. OHO MOI00HO MECTY Tea W HAIeJIsTeT
MHOYKECTBO TapMOHUK CBOIICTBOM OJIHOMEPHOI'O MPOCTPAHCTBA. ['apMOHMKA
JIefiCTBUe-9HEPTHS, ¢ TOMOIIHIO KOTOPOW CTPOUTCS TEOPHs, Ha3BaHA TAH, a
nporuBoda3Hasg eif — MPOTUBOTAIH.

B rosne mmeerca nBe sHepruu . BHelmHsAsS dHEpPrus, KOTOpas €CTbh M-
MyJIhC KOJIeDaHusl, CIIOCOOHA IepeaaBaThCsl APYTUM rapMOHUKAM TTPU OOMeHe.
Buyrpenusisi sneprusi mojaepkubaer Kojedanue. K€ MexaHusM BbIJIe/IsI€TCS
0c000, KaK JBUraTeab KOJTeDAHUs, I Ha3BAaH ABUT.

[Toce BBIIE/IeHUS TAPMOHHUK OJHON YACTOTHI, OCTATbHBIE TAPMOHUKH C
MEHBITUMHI JACTOTAMHU 33/IAI0T €€ TIePeMEeHHYI0 CPETHIO JTUHUIO, a ¢ OOIHITIMI
— MOJIYJISIIIAIO KOJIeDaHuil, WIn 1IyM Ha 3Toil dactore. Tenepb B rapMOHUKAX
J1000#1 yacToThl nipejcTanien Bech MeH. ITTym 6epércst 3a OCHOBHOE COCTOSI-
Hue Hamrero Mupa. OH BHe MPOCTPAHCTBA, HO COJAEPXKUT B cede ero 3a4aTKH,
BKJTIOYAS YUCTO U3MEDEHU.

YeroitanBas cTpyKTypa, HeoOXoauMas s CYIEeCTBOBAHUS MHUpa, 00pa-
3yercsl U3 HAAIIYMHBIX MI9HOB. [Ipesmoiaraercs, 4To HaAIMIYMHBIE TI9HBI
BO3HWKAJIM TIPW OCJTA0JIEHUN TIyMa C COXpaHeHWeM ero (hIyKTyamuii. JToT
MPOIIECC COTTPOBOKIAJICS 0Opa30BAHUEM KOPPE/ISINil MeXKIy MpexKjie He3a-
BUCHUMBIMH TIIYMAMU PA3HBIX U3MEDPEHUil U MPUBET K CYIIECTBOBAHUIO MHOTO-
MECTHBIX TJ9HOB. DIeMeHTaMH MUPA CTaId TPEXMeCTHbIe II3Hb [ u mporn-
pormaubl [I2, cocTaBaeHHbIe N3 OJHOMECTHBIX TISHOB F} " TPOTUBOTIPHOB H}
pa3HbIX m3Mepennit j=1,2,3 a TakyKe OJJHOMECTHBIE TTaphl Fjl- Hjl- Ka KJI0T0 u3Me-
penwnsi. [aHbI Fjl- TOYKJICCTBEHHBI HUKHUM KBapKaM d; — 9TO €JJMHCTBeHHbIe
KBapKW, U3 KOTOPBIX COCTABIEHBI BCe YACTUIBI. CBA3M MEXKIY M3MEPEHUIMU
U3BECTHBI KAK TTIOOHHI.

Kpowme B3anmoieitcTBuS MeK Ty OTHOMECTHBIMU TJ9HAMHE CYTIECTBYET B3a-
UMOENCTBUE TAYHOB Yepe3 ABUT. Kro noreHuas cocTonT u3 HeYéTHON n
JIETHON 10 aMILUIHTYIaM TI9HOB Yacreil. Heuérrast yactb (y-B3anmomeiicTnue)
00yCTIaBIUBACT TMOSBICHUE MO MOTTPU3ANNN, BKIIOYAST H3BECTHOE JTEKTPO-
noJste. YéTHAA 9acTh CTAHOBUTCS MPUIWHON TOJIST TATOTEHUS.

TpéxMepHoe IMIPOCTPAHCTBO HAIIETO MHPA €CTh IPOCTPAHCTBO MECT
ra0B. OHO OrpaHWYeHHO, 3AMKHYTO Ha, cede W MMeeT MaTepUahHOE OCHO-
Banue. Cpesia HAIIEro Mupa COCTOUT U3 OCTAbJIEHHOTO MTyMa, Ha Iy MHOT'O
OCHOBAHWS W BO3BBIMIAIOIINXCS HAJ[ HUM YacTell HAINTYMHBIX T[IIHOB.

HaiimryMHBIE TaCTH OJIHOMECTHBIX TVISHOB (KBAPKH) COOPAHBI B 3JIEMEHTHI
cpesibl U OT/e/bHBIe YacTullbl. CBa3anubie ~y-3aumogeiicrsuem ['TI-mapsr
coctapusin TBEPAYIO cpeay I'II-TBepab, a HeCBsA3aHHBIE — TJ1a3MO00PA3HYIO
I'lI-nmazma. [lepexoanast MeXy HUMHU CpeJla €CTh OCHOBA HAIEro MHPA.
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Kak wocurtenb sjnekTpomnoseit oHa mojyduia JIaBHO MPEJIOKEeHHOe JIJIs Ta-
KoOil cpenbl HazBanwe — 3cup (D). On cocrour u3 suponos (['Tl-map) c
OIIpeIeIEHHBIM PACCTOAHHEM MexKAy HuUMH. JIpyras dacTh cpejbl COCTaBJe-
Ha U3 HeiiTpuHO 1 Ha3BaHa HeWTp (V). IIx coBokymHocTh — 3cbueit (IN).
Bosmoxkuo acdpup ecth 3-MepHasg MOBEPXHOCTH B 4-MEPHOI cpee, pas-
nessroniast 4-mepubie ['-mrazmy u I'TI-TBepn.

Tpéxmepunie cocrosinust ['TI-mrazmer u I'TI-TBepau npeacrasiens B 3¢u-
pe peIKuMHU BKparaeHusaMu. Yépuble AbIpbl cocToaT u3 ['II-mma3mer, a BHyT-
pu dactui npucyTtcTByeT ['II-TBepap.

[IpennoxkeHa Momeab cpeiabl Hamrero mMupa. HaiineHbsl ypaBHeHHS JIWHA-
MUKW €€ MOJSTPU3AINT U JUCTIEPCUOHHOE. BOJIHBI UMEIOT MOTIepevyHyIo U Mpo-
JIOJILHYIO cocTapJistioniue. Ho mpooibaast BoJIHA HAMHOTO cjiabee moneped-
HOIT 13-3a OoJiee CJ1a00T0 HCTOTHUKA BHYTPU YACTHUIL U eif MOXKHO IpeHedpeUb.

BesmaccoBas momepeunast BoTHA MOJISPU3AIME OMUCHIBATCS YPaBHEHH-
aMu MakcBesia 71 3JIeKTPOMAarHUTHBIX BOJIH B mycToTe. Bmecte ¢ ypas-
HEHUEM KYJIOHOBOI YaCTH MOCTOSTHHOTO TOJIsi TOJISTPU3AIME BOKPYT YaCTHUIL
obpasyercst cucrema ypapHeruii Makcsesia. 9T0 MO3BOISET CAeIaTh BHIBO/I,
YTO JIEKTPUUIECKOE MOJIe eCTh MOJsIpu3alys 3PUPOHOB, & MArHUTHOE TO-
JIe — ero m3MeHeHne. DJIeKTPOMATHUTHAS BOJIHA €CTh IOIepedHas BOTHA
moasipu3anuu pupa.

Bokpyr riapnoB B adupe cymecTByer £-110J1€ MOJASIPU3AIIT YIPUPOHOB, KO-
TOPOE BXOJIWT B COCTaB YacTHUIl. BOJIM3U HUX PACIOJIOKEHBI CTAIMOHAPHOE
noriepevHoe MaCCUBHOE &-MOJIe, jJalolnee JacTuiiam Maccy. lasee pacroJio-
JKE€HO KYJIOHOBO 3JIEKTPOIIOJIE.

JInst aBUMKYyIIeicss J9acTUIBl JUHAMUKA E-TIOJST ONMUCHIBACTCA YpaBHEHH-
eM Kieitna-®oka-l'opnona. [Tocie mepexosa K aMITUTYIHOMY OIMUCAHUIO OHO
3amensieTcs Ha Heauneitnoe ypasuenue [[Ipéaunrepa. [Tokazano, 1¥To BOTHO-
Bag (PYHKIINS €CTh aMILIUTYda KojebaHuit ridHoB B 3upone. Y paBHeHue
JIJIST BOJTHOBOTO ITaKeTa MaCCUBHON BOJTHBI MOJISIPU3AIME TAET €ro IBUKEeHIEe 1
CTpOEeHHUe, YIUTHIBAOIIee CaMoIeiicTBIe BOJTHBI. JleaeTcss BBIBOI O MOJIEBOI
IPUPOJE MACChl U IBUZKEHUS TeJl.

ITone Tarorenus: (TdrmoJie) oOyCJIOBIEHO YETHOI 110 aMILIUTY/e Ya-
CTHIO TIOTEHINAJIA B3aAUMO/ICHCTBUS TJIPHOB Yepe3 JBHUT U SIBJISIE€TCS OJHOIN u3
gacreit mosist jecdopmarun (Merpukn) sdupa. [ToTeHIuan TATTOIsS ONUCHIBA-
eTcs U3MEeHEeHHeM pPAaCCTOAHUS MexKIay dduponamu. [lokaszaHo, Kak TATTOJIe
BJIMSIET Ha PACIPOCTPAaHEHHE JJTEKTPOBOHBI M YACTHIL.

Boaubl TSTOTEHUST CYIIECTBYIOT, HO W3-33 CBOUX HUYTOXKHO MAJIbIX Be-
JIMIUHBI U CKOPOCTH WX BJIMSHUE CTOJb ke MaJio. OcTaéres TOhKO MoJIe
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npurskeuud HboTOHA, KOTOpOE NpH JIBUKEHUN TEJT HAJIO TONPABUTH HA
ero HeJNHEHYI0 IepecTPORKY 3JIEKTPOIOJIEM.

Tpéxmectable TadHb [® 1 nporusormauel 113 cocTaBagioT 0OCHOBY MO3H-
TpoHa 1 3nekTpoHa. [lapel ogmomecTHbIxX ra3HOB I';II; ecTh snekTpoHHBIE
HeiiTpuHO. BepxHue KBapKH u; COCTaBJICHBI U3 Iap [JI3HOB WIH IIPOTHBOLI-
9HOB Uj = _chzj,l, Uj = dj41d;—1. Bee, xpome porona, 9acTUIBI IEPBOTO
MMOKOJIEHNS MOCTPOEHBI N3 KBAPKOB. B cTpoenune mo3uTpoHa u 3JIEKTPOHA,
HAJ0 BKJIIOYUTH ABOPHI U3 TOJIEH MOISIpU3AIUT 3HDUPOHOB.

Bce nmeromue Maccy gacTuiibl, KpoMe HEHTPUHO, cOmepzKaT JErKne oc-
HOBBI I OKPYZKaoIIie UX MACCHUBHBIE JABOPBI, KOTOPHIE COCTOAT U3 IOJIei
noJisipu3anuy 3(PUPOHOB M HEHTPUHHON dacTu. /[BOPHI JOJITOKUBYIIUX MTPO-
TOHOB COXPAHSAIOT OTHEYATOK CPEJIbl BCEJIEHHON, OBIBIIEH MPH UX POYKJICHUH.

YacTumpl BMeCTe ¢ OKPYXKAIOINUM HUX MOJEM SIBISIOTCSI MePEHOCHMbBIME
BO30OY:KAeHuAMHI 3bupa. OHI UMEIOT MOCTOSHHOE CTpOeHHe W He 00J1aJaroT
MOCTOSTHHBIM cocTaBoM. [l Harmeit BcemeHHOit 3up abcoT0TeH, HO TPOSIB-
JIdeTCda 9epe3 OTHOCUTEJIbHOCTh ABUZKEHUA U CTPOEHHUE MUPa, HEBO3MOXKHOE
0e3 ero CyImecTBOBAHMSI.

Ham mup, mama BcejieHHast He MOTYT CYIIECTBOBAThH caMu 1O cebe, Kak
HAJIIIYMHOE CTPOEHHe, BBIIEIAI0NIeecs U3 BCeOOBEMTIONEro xaoca. Heobxo-
JIUMBIM YCJTIOBHEM HUX CYIIECTBOBAHHUSA U PA3BHUTHUS ABIIETCS BXOXKIEHHE B
OEeCKOHEYHYIO IeNb CBA3aHHBIX M B3aMMOAEHCTBYIOMINX MUPOB.

Taxum o6pa3oM Moka3aHo, 9TO TEOPUH COBPEMEHHO (PU3UKKU MOTYT ObITH
BBIBEJIEHBI I3 MIPEJICTABIEHUs BCETO CYNMECTBYONIETO B BUE OTHOMEDHOTO U3~
MeHeHUsl TefCTBHe-IJINTETbHOCTD.

A. H. TTan. Hawana manopun. PREPRINTS.RU. 2021.
[Toura: panory@bk.ru
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