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AHHOTanuga

[Ipemnaraercsa onmcanme CTPOSHWS MATEPUU U MUPA HA, OCHOBE W3-
MEeHeHUs JefiCTBIe-INTEeTHHOCTh. JIJIsT ero rapMOHUK BBOIUTCH MOHSI-
THEe MEeCTa W TPOCTPAHCTBEHHBIe oTHoITennd. [lokazano Kak Mup BO3-
HUKAeT W3 BHEMPOCTPAHCTBEHHOTO TITyMa, W Pa3BUBAETCS JI0 HAJIITYM-
HOTO MPOCTPAHCTBEHHOTO CTpoeHusi. CKPBIBAIOMIASICS 33 KAXKYIIIMCST
MTYCTHIM TTPOCTPAHCTBOM CpPeJla, MMeeT OTPOMHYIO MJIOTHOCTH W SIBJISIET-
Cd TPUINHON 3JIEKTPUIECKOTO W T'paBUTAIMOHHOTO moJjeit. [Ipexmosta-
raercs Hajandre 6@CKOHEYHON e B3ANMOCBI3aHHBIX U YIIPABIIEMbBIX
MupoB. ObbsicHseTcs crpoenne dactuil. [lokazano, 9To U3 3TOro Mpe/i-
CTaBJIEHUST MOTYT OBITH BBIBEIEHBI TEOPUM COBPEMEHHOM (hu3mKm.

BBeagenue. Mup namenenmii

K konmy 19 Beka B (pU3UKE HCIOTH30BAINCH, KPOME aOCOTIOTHOTO BpeMe-
HU, TPU OCHOBHBIX MOHSTHS: TEJIO, T0JIe U MPOCTPAHCTBO. Tesa JIBUKYTCS B
MPOCTPAHCTBE, CAYXKAT UCTOUYHWKAMU TOJIell W 9epe3 HUX B3aNMOJEHCTBYIOT
¢ apyrumu teaamu. Tena u MO HAXOAATCS B MyCTOM IIPOCTPAHCTBE, KOTO-
poe He MaTepHaabHO, HO UMeeT CBOMCTBA: GECKOHEUHOCTD, TPU M3MEPEeHUs I
paccroguug. Kpome toro, naunnasg ¢ ekapTa, Opeaioaragoch, 9To B Ipo-
CTPAHCTBE MMeeTcst HeHabmomaeMast cpega — sdbup [1], B KoTopom H0KHbI
MMPpOUCXOAUTDH BCE dABJIEHUA: TTOJIA — BOJIHBI, a TeJla — OCO6GHHOCTI/I CTpoeHudg
WIN JIBUKEHUs (HAmpuMmep BUXpH). Bee wactu marepun 00Jaa0T SHEPrH-
eif, KOTopas CBg3aHa CO BPEMEHeM, KaK CIOCOOHOCTH COBEpIIAThL PaboTy —
U3MEeHATH cocTosiame. Cr1e10BaTebHO OHA €CTh XapaKTePUCTHKA N3MEHEHNS.

K nmagasny 20 Beka omnbIT, & 3aT€M TEOPUs, HAILIA HECOOTBETCTBUS W IIPO-
THBOPEYHsT B TOH KapTuHe Mupa [1]. DTo MpuBeso K CO3MaHUIO IBYX HOBBIX



MEeXaHUK: TeOpHH OTHOCHTeIbHOCTH |2, 3| m KBamHTOBOI [4, 5|. B Hux mpex-
Jie 96TKYe MOHATHUS TeJI, BOJIH, MOJIell U MPOCTPAHCTBA CTAJIN PACILIBIBATHCS,
nepecekaThCd M B3aUMOJEHCTBOBATH MexKay coboii. [lorsrue acdupa ObLTO
IPU3HAHO OMIMGOYHBIM, T. K. €r0 TeOpuH mpoTuBopeunnn onbity |1, 2|. O-
HAKO €ro MBITAJIUCH U TO-TMPEXKHEMY MBITAIOTCI BO3POIUTD.

[Tpono/rkenre MONBITOK BO3POANTH H(PUP CBA3AHO ¢ OCOOBIMU U HEIPH-
BBIYHBIMHI XaPAKTEPUCTUKAME, KOTOPHIMI HOBBIE MEXAHUKHU HAIE/ISIIN TYCTOe
IPOCTPAHCTBO. DTH XapaKTePUCTUKU OOJiee COOTBETCTBYIOT Cpejie, UeM 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 KOJTEOAHUSIMU, BUPTYAJIbHBIME 9aCTUIAME W BCILIECKAMU YHEPTHMH.

MexaHukn DiHINTeHA 1 KBAHTOBAad JOCTATOYHO XOPOIIN /I OTMUCAHUS
pe3yabTaToOB ONBITOB M HAOJIIOIEHHIT, HO UX OCHOBAHHUS JI0 CHX IOP OCTAIOTCS
HesSICHBIMU. BO MHOTOM 3TO CBS3aHO ¢ MHAYKTUBHBIM IYyTEM pPas3sBUTHSA (HU3H-
KU — OT HaOJIIOJeHNsST OOBIIEHHBIX SBJIEHUIT K MPOCTHIM 3aKOHAM JIJIsT HUX W
JaJIbHelTee Moce10BaTeIbHOE YCIOKHeHNe 3aKOHOB (TeopHil) 1o Mepe pac-
IITUPEHWST OMBITHBIX 3HAHUN, COMPOBOK TAOIIEECS] POCTOM WX OTBJIEUEHHOCTH.
OtrBiieuéHHBIE OPY/IUsS MO3HAHUS (CUMMETPUHU, TPYIIIBI, CIOXKHBIE TPOCTPAH-
CTBA) MO3BOJISIIOT YBHJETHh KAK-ObI CBEPXY HM3JATH OOIIHE 3aKOHOMEPHOCTH,
HO He JOCTATOYHO YIUIYOJISIOTCS B UX OCHOBBI. ()JIHAKO 9TU HESICHBIE OCHOBA-
HUST OCTABJISIIOT B (DU3NIECKUX 3aKOHAX CBOW CJIEJIBI. DTO IHEPTHUsl, [eiiCcTBIE,
BpeMsi, TPOCTPAHCTBO.

B dusuke Bcé cymecrsyiomee (Bcé) ecth mMarTepus, a Bce eé 4actu 00-
JMAJAI0T SHEPrueil, KoTopasl IBIIeTCs MepOoil CIIOCOOHOCTH BBIOJIHATH pabo-
TY — U3MEHATh cocTosgHue. [[03ToMy dHeprus, Kak coaepKamiascsa BO BCEM
XapaKTEePUCTUKA U3MEHEHUsI, TIEPEeHOCUT HA HEero cBoio BceobmHocTh. Torma
Bcé ects m3menenne. OHO WMeeT JiBe COCTABJISONINE (BEINUNHY, TTHTEb-
HOCTB) W HE CBOJUTCS K 4eMy-Jubo JAPYyromy. 3aMeHa OJHON BEeJTUIHHBI N
JUTATETBHOCTH Ha JAPYTYIO JIUIIb MePEBOIUT OTHO U3MEHEHHe B JIPYToe.

YT00OBI cpaBHUBATH M TEM CaMBIM MEpPHTb H3MeHEeHHe, HYZKHBI 00pa3Ilbl
u crocod cpapHeHnst — mMepa. Oaua obpaser 6epércst 3a YCJIOBHO MOCTOSTH-
HBIT HYJIh Ben4auHbl. /pyroit — 3a ycaoBHyO eanuuity. Beribop HEKOTOPOTroO
crrocoba COIMOCTABICHHS JTIOOOT0 M3MEHEHHS C STHMH o0Opas3mnaMu JaéT ero
YUCTEHHYI0 XapaKTEePUCTHKY M IO3BOJIET MepuTh m3MeHeHue. llepexom k
JpyruM obpasIaM, BO3MOKHO He TOCTOSHHBIM OTHOCHTEIBHO HMEPBBIX, MEHSI-
eT M3MePEeHHOe W3MEHEHHUE MOJTHOCTHIO, HO OCTAB/ISIET er0 W3MEeHEHUEM.

Bcé — macmirabno maBapuanTHO. OHO He mMeeT B cebe KaKuX-JIruh0



BBIZIEJIEHHBIX BeJIMYUnH u gjauteabHocTeit. Ho BeiOpaB 110060it obOpaser n3me-
HEHWsI B KadeCTBe HYJIsl, MOYKHO yTBEpPK/JIaTh, 9TO OTHOCUTEIHLHO Hero Bcé
COCTOUT U3 CYMMAapHO CHMMETPHUYHBIX CTAIMOHAPHBIX MOBTOpOoB. Hynmb, Kak
AX CpeJIHAd JIMHUA, CTAHOBUTCH €JIMHCTBEHHOI COXPAaHAIOIIEHCA BETUIAHOM,
OTIPEIETSIONIEH TYCTOTHOCTh BCEr0 — OTHOCUTEJIBHOCTh MYyCTOTHI. Hecta-
IIMOHAPHOCTH (TOYKE OTHOCHUTEJIbHAS) BO3BMOYKHA JINIIH BPEMEHHO, KAaK JacT-
Herit coygait. Ho u3 atux ciaygaes cocroutr Beé. DTo BBIparkaer Bceobiree
MMOCTOSHCTBO MMEPEMEH.

Beckoneunoe pasznoobpasue moBTopoB Beero y1o6HO U TPUBBIYHO OMUCHI-
BaTh OECKOHEYHBIM HAOOPOM TapMOHUK BCeX YAaCTOT, aMILTUTYH U (has.
T. k. Bcé macmrabio uHBapuaHTHO, TO HET OCOOBIX TAPMOHUK CO CBOWCTBA-
Mu, OTAnIHBIME OT Jpyrux. [Ipencrasmenne Beero ¢ momomnibio rapMoHUK He
ecTb pasyoxkenne Pypbe, KOTOpOe TPUMEHHMO TOJBKO K OTHOI ONpeIe/TéH-
HOIT meproanIecKoit PYHKIUN BpeMeHH, BO3MOXKHO ¢ OECKOHEUHBIM B IIpe/ieie
nepuogoM. Tpedyercs GecKOHEUHOe MHOKECTBO TAPMOHHUK KarKI0il 9acTOTHI.

B m060it rapmonuke Bcé mpenacraBigeHO MOJHOCTBIO. HacrTora n
aMILINTYAa 337ai0T eé macmTad. /Ipyrue rapMOHMKEM ¢ MeHbIeil 4acToToi
B CyMMe€ COCTABJISIIOT €€ CPEJIHIOI0 JIMHUIO, TPUHSATYIO 3a HYJIb OTCUYETa, a C
OoJIbINelt — mIyM KoJIeOaHUil, KOTOPBI B TEOPUU BEPOSITHOCTH OIMCHIBACTCS
IpPOM3BEICHUEM CJIYUANHON aMILTUTYIBI Ha ONpeIeIEHHOe KoleDaHue.

O011ne BHIBOJBI O CTPOEHUU MaTEPUN

OrHOCUTETLHO JTIOOBIX TapMOHUK Beé He mycro m nepemenno. Ho st
KazKJIO TapMOHUKHU HaliI6TCs TpOoTUBO(A3Has eif U UMerolasi TaKue yKe aM-
nauTyay U 9actoTy. [Toaromy cymma Bcex rapMoHUK paBHa HYymT0. Cremo-
BaTeJIbHO CyMMapHO Bcé mycTo m TeM MOCTOAHHO, HO HMPOABISIETCS Uepes
JACTHYIO MEePEeMEHYUBYIO MOTHOTY. BCé ecTh HMYTO, HO ABJIAETCA KakK
HEYTO.

JIiobast wacTh Becero mpoTuBomnosiozxKua BCeMy OCTaJILHOMY, T. K. UX CyMMa,
ecTb myctoe Bcé — onm paBHBl 1o BenmumHe. Jliobasg gacTh mMeer HYJIb,
KOTOPBIit ecTh Beé. CrmeoBare/ibHO 4aCTh COAEPIKUT IIEJI0€ CO BCEMU ero
JACTAMHU, BKIIOYAS ceOsI, BMECTe C MX MPOILIBLIM, HACTOAIIAM U OYIYIIIHM.

9T0 JIOrNKa GECKOHEYHOCTEHN, OTINYHAST OT OOBIYHONH KOHEYHOH JIOTH-
KW, TJIe 9aCTh MEHbINe 1e0T0. TakKuMu »Ke CBOMcTBaMU 00J1aJal0T B MaTe-
MaTHKe 6eCKOHeUHble MHOYKECTBa. B HUX MOKHO BBIJIETHTD JTIFOO0e KOHETHOEe
WM GECKOHETHOE THCIIO MOJAMHOXKECTB, H30MOPMHBIX (TOXKIECTBEHHBIX) BCE-
My MHOXKeCTBY. KaxKaoe m3 HUX HMeeT CBOM H30MOpQHBIE cede MOIMHOMKe-
CTBa, a 3HAYUT COJEPKUTCS B cBoeil vactu. MoxKHO /1e/IuTh OECKOHEYHOCTH
Ha OECKOHEUYHBIE YACTH ¢ COOCTBEHHBIMU OECKOHETHBIMU YaCTIMU, PABHBIME



HAYAJHHOW DECKOHETHOCTH W COJEPIKAIMUMHA €.

B s11060it GeckoHewHO abesieBoii rpyIie Mo CJI0KEeHUIO /YMHOKEHUIO CyM-
Ma /TIPOU3BeIeHNe BCEX SJIEMEHTOB TPYIIbL €CTh HY/Th /€ IHHUIIA, COIEPIKATITHIE
BCe 37eMeHThl. Bea GeckonedHas rpynmna cyMMapHO YMEIIAeTCsS B OJTHOM dJ1e-
menTe. JIr060M 3/IeMeHT TAKOH I'PYMIBI COAEPKUT HY/Ib/eIUHUILY, & ¢ HUMH
BCe€ 3JIEMEHTbBI, BKJIIOYasd Ce6ﬂ. H&HpI/IMep TaKUMU ABJIAIOTCA T'PYIIIHI YHUCEJT
(IeJIhIX, BEIIECTBEHHBIX, KOMIIJIEKCHBIX ¥ JIP.), MMEIOInX B cebe HyJIb /Wi
eJMHUILY C CUMMeTpHUeil OTHOCUTETLHO HUX.

MHOKecTBO TAPMOHUK OJHON YacTOTHI 00pa3yer abeseBy IPYIIY IO CJI0-
kennto. OHa JByMepHa —/IBe aMIUIUTY bl (MHOKUTEH TIepej], cos wt U sin wi,
W aMIUIATYIa W HadadbHas dasa). DToil TPYHIbl J0CTATOYHO JJist BhIPa-
JKeHUST YKa3aHHBIX BBITIE CBOWCTB Bcero, HO HEIOCTATOTHO JJIsT €10 TOJTHOTO
OMMUCAHUS, KOTOPOe TPpeOyeT TPEXMEPHOTO ceMeiCTBa IPYNI FapMOHHUK BCEX
YaCTOT, HE COCTABJISIONIETO T'PYIIIY.

T. K. beckoHeIHOE MHOXKECTBO MOXKHO Pa30UThL Ha, 000 IUCTIO H30MOPdh-
HBIX eMy TIOJIMHOXKeCTB, TO Bcé pa3ioknmo Ha Jr000e KOJTUIecTBO CBOUX KO-
nuii. Bcé 6eckoHeYHO meJmMO HA CBOUM MOBTOPHI. Beé mycro, HO obJia-
JlaeT OeCKOHeYHOil SHeprueil, Kak OeCKOHEUYHbIN HADOP TapMOHHUK BCEX YaCTOT
n ammauTya. Jliobasg ero dacth, Kak comepxkarias Beé, Toxke nmeer Gecko-
HeUHYIO SHepruio. HacTh BjajeeT OeckoHedHOll Heprueii Bceero.

Bcé ecth HEmposiBIIEHHOE COCTOsTHUE (HesiBb, Xa0C), W3 KOTOPOTO MPOsIBJIs-
0TCst (POYKIAIOTCS) YaCTHBIE MUDHI (IBb, KOcMOC). VX MHOXKeCTBO 1 pa3Hoo6-
pasue beckonedno. Harmr Mup ecth onH 13 GECKOHETHOTO MHOYKECTBA MUPOB.
On BpeMeneH u nepeMeneH. Ero ocoObie cBOMCTBa JTOTHYECKU HE BBIBOIUMBI
MOJTHOCTBIO U3 OOIIMX COOOPaKeHUil, XOTSI U Hepa3PBIBHO CBI3aHBI ¢ HUMH.
Hamr Mmup mo3naérces, OTTaJIKUBASICH OT YACTHOTO OMBITA HATIIEH YKU3HU B HEM.

l'apMmonuKka JeiicTBue-3Heprus

Bo BBemeHnn npeamokeHo MOBTOPHI M3MEHEeHMIi MPeICTaBIAThL OeCKOHed-
HBIM MHOXKEeCTBOM T'apMOHHUK. ypaBHeHI/Ie rapMOHUKH W €ro penieHue eCTh
§=d*s/dt> = —02s,  s(t,p) = Scos(Qt + @) = ReSel+e),

Kosebanne s(t) xapakrepusyercst gactoroii 2 u ammintynoit S. Hauain-
Has asza p ecTh CABUT KOTeOaHUS BO BpeMeHH. Tak JBe TApMOHUKH C OJH-
HAKOBBIMU () 1 S, HO Pa3HBIMU (¢ SBJSIIOTCS COBIAIAIONIUME KOJTEOAHUIMI,
KOTOpbI€ CABUHYTHI 110 (1)336. B TAaKOM K€ COOTHOIMICHNU HAXOAATCA ABa OJdU-
HAKOBBIX Tejla B pa3HbIX MecTaX MPOCTPAHCTBA. 1. 0. HAYAJIbHYIO (hpa3y MOXK-



HO HAa3BaTh MECTO TAPMOHUKHU. Brejenne Mecta BO3MOXKHO JIUING TIPH €10
MeJJIEHHOM u3MeHeHun ¢ << {1, nHave MOHSITHe MecTa, paciibiBaercs. [lepu-
O/l TADMOHUKH CTAHOBUTCSI KBAHTOM BPEMEHU.

Emé nBe BeTMYINHBI XapaKTepU3YIOT TAPMOHUKY KaK MeI0e. DTO JIBUKY-
mas ed BHyTpeHnHaAs sHeprud )2S? u mpeacTaBIgONNil eé BOBHE MMITYIbC
QS. Ho QA ecth sHeprust KBaHTa OCIUJLIATOPA, YJIaCTBYIOIas B OOMeEHe.
Ecnun n pist rapmonuku caurtarh (1S sueprueii, 7o S J0IKHO OBITH aMILIN-
TYI0# JeficTBUs, a § — OTPUNATEIbHBIM JIeiCTBHEM, UTOOBI €ro CKOPOCTHb
e = § OBLIA KOJIEeOJIIoIeicsS dHeprueil 1 cOOTBETCTBOBAJIA OOBLIYHON CBA3M
SHepruu ¢ aeiicreueM. T.0. UMIYIbC TADMOHUKH SABJSIETCS €€ BHEITHEl SHep-
r'ueii, yqacTBYOIeil BO BHENTHUX B3anMmoeiicTBusx. Obpasyercss rapMOHUKA
" neitcrBue-sHeprus | cokpaménuo raH (I'), a mepemenHoe jeficTBrIe cTaHO-
BHUTCSI OCHOBOI BCEr0 CYIIECTBYIOIIETO.

[Tocne BBIIEIEHNS JTIOOOH YACTOTHI TIYHOB, €€ MOYKHO B34Th 33 €IHMHUILY
m3Mepenng () = 1. D910 genaer Bpems Ge3pasMepHbIM t = () a SHepruum u
JIEHCTBUIO JTAET OJNHAKOBBIE PA3MEPHOCTH.

s =25, cost+ Sysint = S cos(t + p) = ReSe' %), (1)

rae S. = Scosp, S; = Ssinp.

CABUHYTHI HA TOOOOPOTA TJI3H C MECTOM ¢ £ T eCTh HPOTUBOTIIH
(IT). B mecre @ OH mpejcTaBieH KaK [I9H ¢ OTPUIATETHHON aMIUIHTYION
(—95). C BBesieHHEM TPOTHBOTIHOB MHOYKECTBO MECT JIEJTUTCS Ha COOCTBEHHO
pocTpancTso || < m/2 u 3epkagbHOE TPOTHBO-TPOCTPAHCTBO /2 < || <
7, B Kotopom I' u II B3auMHO 3aMeHSAIOTCSA. DTH MOHATHS OTHOCUTEIBHBI JITsT
KazKJI0T0 T9HA. Bee TIdHbl ¢ MecTaMu, OTIHIHBIME OT €r0 MeCTa MeHee, IeM
Ha 77/2, BXOJAAT B €ro NpocTpancTBo. OcraabHble — B IPOTHBO-ITPOCTPAHCTRO.
Cymwma 14T gaér nyseBoe kosebanne. Ho cavu ' u I1 mpu 3TOM He ncues3aror,
a CKPBIBAIOTCST, COXPAHSIs CBOIO SHEPTHIO.

IIIlym 1 HaammyMHble TO9HBI

CrenymoomuM maroM B u3ydeHun Bceero spisiercss BHIOOP OECKOHEYHOTO
MHO>KECTBA TApMOHHUK OJHOI YacTOTHI. /[T HUX TApMOHWKHN C MEHBIIe
JACTOTON OIMHUCHIBAIOT WX CPEIHIO JUHUIO, B3ATYIO 3a HAYAJIO OTCUETA, a C
O6IbIIIelt — UX MOJIYJIAINIO, KOTOPYIO HAIO0 YIATHIBATH 0CO0O.

Kostebaune mpegctaBuMo Kak caydaiiHas BeJndnHa (CILyBeJ) ¢ BeposiT-
HOCTBIO €€ HADJIIOJIeHUsI, PABHOI OTHOIIEHWIO BpeMeHU MpeObIBaHUs ITO Be-



JMYWHBL K mepuoay kosebanus. Torma K cymMMe TapMOHUK MOJLYJISAIAN TTPH-
MeHHMa IeHTpasbHasl pe/iebHas TeopeMa JIsmyHosa [8], coracro Koropoii
OECKOHEUHAs CyMMa CIYBE ¢ JIIOOBIMI BEPOATHOCTHBIMA DPACIIPEIETCHISAMA
CXOATCA K pactpeenennio Laycca. Moayigiyst CTAHOBATCA PABHOBECHBIMA
GAyKTyanmusaMu — MIyM Ha BBIOPAHHON YacTOTe.

Beqmunna MOIYIANMM HEONPEJETCHA W MIYM HMEET OeCKOHCIHBIH pas-
6poc. Ho pacnipenenenne Faycca Geckonewno gemmmo |9, 10]. Torma sra Gec-
KOHETHAS HEOMPEIETEHHOCTh 3aMEeHSACTC OCCKOHEYHBIM MHOMKECTBOM He3a-
BUCHMBIX NIYMOB C JTIOOBIMH KOHEUHBIMHA jucrepcusamu. OIUH U3 HAX €CTh
HOCHTETb Hamero Mupa. Iucnepcus (S?) samaér macmrab myma. Eé me c
9eM CPABHUBATH, HO MOYKHO B3sITh 33 ¢MHUILY U3MEPEHUST aMILIUTY/L TIAIHOB
(S%)1/2 = 1. T. o. n3 6eckonedanoro Beero 6epércst GeCKOHEWHO Majlas 9acTh,
KOTOpast JIsl HAC OCTASTCs OECKOHETHOI.

CraruoHapHBIii CIYBET JOIKeH IMETh KAHOHIYECKOE PA3IOKEHHE TI0 Tap-
monukaMm [9, 10]. B wém ammiuryapr S, n Ss rapMoHuK (1) ecTh CIyBesbl ¢
HyaeBbiMu cpeganvu (S.) = (S5) = 0 U OAMHAKOBBIMH DPACIpeIeJeHusIMH
Taycca. U3 epqunuanoctu quctepenu mywma ciaeayer (S?) = (S?) + (S?) =1,
um (S?) = (S?) = 1/2. Toraa MJIOTHOCTH BEPOATHOCTH B HIyMe

Pe(S,, S,) = (1/m)e 5", §% =52+ 52 (2)
[Tepexozst k pacnpenenenuto P¢(S, ) npu S > 0, moayaum
P*(S,¢) = (S/m)e™™, ol <. (3)

DTO pacmpejiesieHne paBHOMEPHO 10 MeCTY ¢. B HEM HET MpOCTpaHCTBEHHDBIX
OTHOIIIEHU I KpoMe OJHOMEPHOCTH.

3 omnomeproro (1m) nryma n 6eCKOHETHON JEJIUMOCTH PACIPEIeTeHnsT
laycca cioeayeT pacmpejeneHne 3M IyMa, COCTOSIIEr0 U3 OJMHAKOBBIX CITy-
Bern S;, j = 1,2,3 co cpeaunmu (S;) = 0 u qucnepcusimu <S]2) =1
Pe(S,0) = [Tomy PE(S505), Pe(Sjn5) = (S/m)es.
3necw BBesensl BeKTOpsl S = {S;}, ¢ = {p,}, 5; >0, |¢;| < .

OHOTO IITyMa HEJIOCTATOYHO, YTOOBI 00PA30BAJICA U CYINIECTBOBAJ CJIOXK-
HBII U yIopsioueHHbIl Mup. Mup — HaAgNIyMHOE CTPOEHUE, COCTOSIIee
N3 HAJANIYMHBIX TJ9HOB, KOTOPBI€ JOJI2KHbI 6bITb CHOCO6HBI K O6'be,ZLI/IHeHI/IIO B
DoJIee CJIOKHBIE MHOTOYPOBHEBBIE M PA3BUBAONINECS CTPYKTYPbl. OHI MOTYT
MOSBUTHCS W3 TIYMAa, €CJIH €ro YpOBeHb MOHU3UTCS, a He Bce (DayKTyarun
YCIEIT K HEMY TOJCTPOUTHCS U COXPAHSITCS KAK HAJIITYMHBIE TIIHBI.



Ecnu penakcanus Bemka, TO CyHMIECTBYET TOJIBKO TIyM, B KOTOPOM HE MO-
JKeT OpITh Mupa. Ecan pesakcanust Maja, TO IPH YMEHBITCHUH IIyMa YacTh
dbaykTyanmii cTaHOBUTCA HAMIIYMHBIMA TA3HAMHU. T. K. aMIUIATYIBI [I9HOB
OTCUNTBHIBAIOTCA B €IMHHUIAX YPOBHS IIYMa, TO 3TO BLINVIAIUT KAK UX YBEJH-
YeHHe — BbIJIEJICHNE HAJIIYMHON SHEPIUH MUpPa. JTO eCTh poxKjiaeHue (mpo-
SIBJIEHIE) MUpPa U3 MyMa (Xaoca, HesiBH, HEOBITHS W T. 11.). AMIUTHTY/IBI HaJl-
NIYMHBIX TJISHOB HE NMPEBHINAOT HAYAJIbHbBI YPOBEHb TTyMa, a WX pa3Mep-
HOCTD OIIPEIETAeTCS HATHIHeM Hepa3pyllaeMbIX IIyMOM Koppesdanui. Mup
HE CO31aéTcd, a MIPOABJIIETCI U3 mepBoIryMa-xaoca. [loctogucTso mry-
Ma ObecHednBaeT Pa3BATHE MUPA C COXPAHEHHEM €ro SHepPTruu. Y BeJTudYeHne
HIyMa BBITISIAT KaK YMEHbIICHHe aMILINTY/L [I9HOB W TOTIOIEHNe Ha Iy M-
HOlt sHeprum Mupa. Mup morpyzkaercs (BO3BPAIIAETCsI) B Xa0C.

Ecmu uMerorcst TpéxMepHbie onpeaeaéHubiii risa (1) u mym (2), 1o ux
COBMECTHOE pacIpe/ieJeHne, NMeIolee Cpe/IHIe aMILTATY/Ib TIsHa S.;, S i
JIACIEPCHIO IIIyMa, CTAHOBUTCS PACIHPEAeIEHNeM HAAIIyMHOTO TI3Ha

3
P"(S.,8:) = [[ P (Se» Ssi)s PJ(Sej Ssy) = (1/m)e™™. (4)
=1

Baecs S. = {S,;}, Ss = {Ss;} — cayuaiinbie BeKTODHI, 5]2 = SCQJ + 5’3]-,
S; = S¢j — S;j, Sosj = S;; — S5j — UeHTpUpOBaHHBIE CayBebl (dIykTya-
). JIjis 5TOro pacupe/eneHns yCIoBUe CTAIMOHAPHOCTH CIyBesT (HyJTeBbie
CPeJIHIEe W OJMHAKOBBIE TUCTIEPCUH) He BHIMOTHsAETCA. OTCIoNa CIeIyeT, 9To
pacupenesieHusl HAAIIYMHBIX TI9HOB HECTAIMOHAPHBL.

YTo6bl HAfiTH TPOCTPAHCTBEHHOE PACIIPE/IEIeHNE HAJI0 MEPEiiTH K mepe-
mennniv S; u @;, kak mpn sesone (3): Pi(Sj,¢;) = S;P; (S, Sy), e

S.; = Sjcosj, Ssj = Sjsing;, 5”? = SZ + S%;. Bomarcs

¢j = arctg(Ss;/Se;), ¢ = 05 — @5, S = S5 — 5j, (55) = Sjcos ;.
[TokazaTe b SKCIOHEHTHI, OMYCKast 3HAYKH J,

—{..} = 5%cos? p — 255, cos p + 5% + S2sin’p — 255, sin p + S?
= 52+ 8% — 25(S.cos ¢ + S sin p)

= 5%+ 5% —25S5(cos g cos ¢ + sin gsin ) = 5% + 52 — 255 cos
— 524+ 52 — 288 +285(1 — cosp) = 52 4 45Ssin?(¢/2).

mmr —{...} = 52+ 52 — 285 cos p + S? cos? p — S? cos?

= (S —(9))? + S?sin? p.



ITpocTpaHcTBEHHOE pacnpeelieHe HAANTyMHBIX T/I9HOB

HP_]F (55, %5),
PI(Sj,45) = (S;/m) exp{—8;" — 48,5, sin®(¢;/2)}
= (5;/m) exp{—(S; — (5;))* — S} sin” @;},

rie S ={5;},5; > 0,¢ = {¢;},|¢;] < 7. 3aecs BeImncansbl 1Ba BUIA OIHOTO
pacHpe/eJIeHust ¢ Pa3HbIME CpeHIME aMItuTyamu S;, (S;) u pasnoii mupu-
noit. Illupnna 3aBUCAT OT PACCTOSHUS ; 0 MeHTpa. Boamsn mero |¢;| < 1
u pacrpe/iefenue rayccoo ¢ mupunoii 1/S;. [lpu ynaaenun mupuna pacTer.
Pacnpeznenenne ciauBaercs ¢ mymoM mpu (S;) ~ 1.

ITpu Goabmioii HAAIITYMHOCTH TI9HOB Sj > 1 310 pacmpemenenne
y3Koe, T. K. S;sin @, Gpictpo pactér ¢ ;. Moxkno 6parh |p;] < 1. Onyckast
SHAYKM j, 3allUIIeM MOKA3aTelb SKCIOHEHTHI
52 4+ 458 sin?(p/2) = S% + 5542,

(S —(8))2 4 S?sin® p = S — 258 cos 4 + S% cos? ¢ + S%sin”
— §24+82-255+4255(1—cos §) = (S—85)2+255(1—1+p/2) = 52+ 552
Torna

3
. ; ; S; : 5 .
PF(Sa 90) = HP]F(S]a 90]')’ PjF(SjaQOj) = ?Jexp{—S? - S]SJSOJQ} (5)

Jj=1

Pacnpenenenne HaANIyMHBIX TIHOB TOJBKO MO MECTY HAXOAWTCS TPH-
OJIMKEHHBIM HHTErpupoBanueM (5) Mo aMIUIUTYjIe, TIPH KOTOPOM OCHOBHOI
BKJIaJl B HHTerpaJ garor S; ~ S;:

P =TI PG, Pro) = hen-8L ()

rae |S;] > 1. T. x. mmpuna pacnpesenenns (p3)12 ~ 1/5;, 1o émkocrn
MPOCTPAHCTBA JIst TBHOB ~ S PACTET ¢ NX aMILIHTYI0M.

KsanT peiictBus. 1M 1190 ecTh onpejenéuanoe konebanue (1), pasmbi-
Toe exummansM mryMoM (3). Heonpegeméunocts ero ammmaryas (S2)1/2 = 1.
Bepumuabl JBYX pacipesieieHuii PasinuanMbl, CJIM CPEJIHUE aAMILIATY/IBI OT-
amaatores 6omee wem na AS = 2. Ounm kBanTyiotcs ¢ kBanTtom 2. Tora



cpejHue 3HAYEHUs] aMILIUTY/ KoJledannii Ha (poHe nrymMa COBIAIAI0OT ¢ YPOB-
HAMH SHEPIUN KBaHTOBOTO ocmuaaaTopa S = 2n + 1 = (n + 1/2)A, e
n — nemoe uncao. T. o. mocroguuas Ilnanka h ecTh yaBOeHHAs CpejHe-
KBaJIpaTUIHAS aMILTATyaa IymMa h = 2. OnHako Hepa3IuduMOCTh OTU3KAX
0 AMILTATY/IAM TIPHOB JIUIIL BHeMTHAS. OHU BIOJHE PA3JIAIAMBL IO CBOUM
CPeJIHUM 3HATEHUSIM.

IIpocTpancTBO 1 cpesa Mupa

CramuonapHbIii ITyM Ha, BEIOPAHHOI OCHOBHOIT acToTe rapMoHUK ) = 1,
OTMCHIBAELTCS TAYCCOBBIM pacipezienerneM (2). B cuny 6eckonedHOil 1emvo-
CTH OHO TMPEJICTABUMO MHOTOMepHBIMU Kojiebanusivu. VIx ognomMepHbie YacTu
00pa3yIoT M3MepeHus: TpocTpaHcTBa MecT. IlycTh cocTaBigioniee X MHOZKE-
CTBO IJI9HOB Ha3bIBAETCHd M3MeP.

OHako cTanmoHAPHO TOJILKO Bcé, a Jirobble ero 4acTh HeCTAIMOHAPHHI.
HecranmonapHuocTh 1iryma BeJIET K OTJIMYHUIO €0 PACIPE/Ie/IeHusT OT TayccoBa
W, KaK CJIeJCTBUE, K W3MEHEHUIO cpeannx BequanH. OOpa3yoTcst OTIHIHBIE
OT HyJIS CpeJHue aMIUIUTYIbI U KOPPEIAIMOHHbIEe CBA3U MeXKIy U3MepaMu.
Ecmu BHYTpH KazKJa0TO W3Mepa BBHIAEIATH MPOTUBOIIH JAHHOTO TIdHA, TO
MeKIy HUMH TaKKe JOJZKHBI OBITh Koppesanun. VIx Hadop

(Si8j), (S75j), (Si S Sk), (8 8i'8;), (S;8i'S}h), ..., (7)

e S].F n S]H — aMILTATYIbI TI9HOB B IIPOTUBOIIPHOB m3Mepa j. Habop Koppe-
JISITIAIT 3aBUCHT OT MCKayKeHWsI PABHOBECHOE pacrpejesenue [aycca u mveer
DEeCKOHEYTHOe MHOYKECTBO BAapPWAHTOB, W3 KOTOPBIX HAJI0 BBHIOPATH COOTBET-
CTBYIONTAI HAIIEMY MHPY.

Ha mepecTpoiiky pacmpeneeHns MeHSIOIMErocs MIyMa BIUSIeT CKOPOCTD
perakcarnun ero GayKryanuii. Ecam oHa Beqnka, TO pacupeaeaeHne MOKHO
CUYUTATh KBA3UCTAIIMOHAPHBIM T'ayCCOBBIM C NMEPEMEHHBIMU CPEeIHUMHA. ECJII/I
peakcaius MaJja, ToO M3MeHeHne Pacipee/IeHnst OTCTAET OT CPEIHErO YPOB-
He myMa. [Ipn ocmabaennn myma 1 Majoi pegakcaluid 4acTh (hIYKTyarni
cTaporo myma coxpangercd. OHE CTAHOBSATCS HAIITYMHBIMH TIdHAME, pa3-
MBITBIME HOBBIM ypoBHeM mryma. Ha Hux mepenocsatest Koppensmun (7). Awm-
MJIATYObl HAANTYMHBIX TZI9HOB HE NPEBBITITAIOT HavaJbHBI YPOBEHL ITyMa, a
UX Pa3MEPHOCTH OIPee/IsieTCs HAJIMYueM Hepa3pyllaeMblX ITYMOM KOppeJis-
nuii. Mup He co3maércd, a MPOABIAAETCH U3 MEPBOIITYMAa-Xaoca.



Koppensiinu Mek 1y rasHaMu pa3HbiX U3MePOB WM MK /1y TJIHOM U TPO-
TUBOTJIPHOM OJIHOTO M3Mepa UMEIOT OJHY NMPUYNHY W KAYeCTBEHHO IOXOXKH.
Mx MOXKHO B34Th OJWHAKOBBIMH. TOrJa Mpearmo/araeTcs, 9To CYIIeCTBOBA-
HUEe HAIIero IpOCTPAHCTBEHHO OJTHOPOIHOIO TPEXMEPHOTO MHpa C CHMMET-
pueit MexKIy TIHAME U IIPOTHBOTIIHAME O0ECIIeUNBAIOT OJMHAKOBBIE CBA3M
[JIPHOB Pa3HBIX M3MEPOB, KOTOPHIE MOTYT MEePeKJIYAThCS Ha CBA3W TI9HA W
MPOTHUBOTIIHA OJHOTO n3Mepa. OHM MPEACTABIAIOTCA KaK HAJWYHE Y TI9HOB
JIBYX CBOOOTHBIX CBA3€ll JIJIsT COeIMHEHHS ¢ TAKUMHE K€ CBA3AME TJIPHOB JIPY-
IUX U3MEPOB MU ITPOTUBOIJIPHOB CBOETO M3Mepa, I/e YIacCTBYIOT 00e CBI3M.

CryuaitHble aMILTUTY/THI SjF n S]H M3MEPOB j U3 pacipe/eaenus (5) MOXKHO
3amnmcaTh B BUJE CYMMBbI TITyMOB. [Ipn 3TOM mapHbie KOppessinn Mexxay 1
rmeavm 'Y Bxoggmmvm B 3Mm e [ 10MKHB OBITH 0OMEHAMHI aMILIATY I,
COXPAHAIOMIMMHI UX CYMMBI.

3
S5 =5+ e+ 950> miiSE, i = —mis. (8)
=1

K HuM mobaBisiorca ypaBHEHUS M1 AMILTATY 1M TI9HOB U MPOTHBOTIIHOB
OJIHOTO U3Mepa, 00eCIeInBaOIINe COXPAHEeHWe CYMMbI aMILIUTY TPUA MapHBIX
oOMeHax W yUHWTHIBAIOIINE MapHOCTH CBsI3eit

Sj =8; +e+g(m+0,)S;S), Si =S +e;—g(n; +0,)S; 55 (9)

31ech €; — obIIWit 11 TA9HOB W TPOTHBOTIIHOB eWHIIHBIIT TITyM n3Mepa. J,
Nji — eIUHUYHBII MIyM oOMeHa aMILTHTYJAMH MeKIy II3HAMU Pa3HBIX U3-
MepoB, 7); U 0; — eJUHUYHBIe IIYMBl OOMEHa AMILTHTYIAMH MeXKIY IJI9HOM
U IIPOTHBOTIPHOM OTHOTO U3Mepa, ¢ — KO3 MUIIMEHTHI CBI3U MKy TIdHa-
MW Pa3HBIX U3MEPOB WM MEKJIY TJIPHOM W MPOTHBOTIIHOM OIHOTO M3Mepa,
KOTOPBIE DEPYTCsT OIMHAKOBBIMU.

[Ipu ocnabiaeHne myma mepBbLIME JOJTKHBI IIPOSIBISIOTCS C1ab0 HAIITY M-
mple 1M rmvEsl [, co3maromme 1M IPOCTPAHCTBO IMISHOB MAaJoil 8MKOCTIH.
3areM Ha X OCHOBe MPOSABISIOTCA 2M r3Hbl 12 = [1gllg, 1M maper v; =
F}gﬂ}g u3MepoB j = 1,2 w ux 2M cymMmbl vy, (31ech w0 gasee mocieHsst
g-CBsI3b COeMHsIET MOCAeTHUI u mepBbiii TazHb.) OHE 06pasyorT 2M mpo-
CTPAHCTBO IVI9HOB U IBa 1M HpocTpaHCTBa Hap v;. JampHeiimee ociabienne
IIyMa BBI3BIBACT NPOABICHUE 1M map v; = F}gﬂ}g n3mepoB j = 1,2.3, 2m
ViVk, Vj, = F}gH}gl"}ggH}Cg, 3M Vi3, vig3 = [igllgTaglliTiglllg u Gomee
JUIMHHBIX COYETAHUI. DTOT MPOIECC MOKET MPOJOIKATHCA U JAJbINE, 00pa-
3yst MUPBI OOJIBITUX Pa3MepPHOCTEIl.
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ITpocTpancTBO Harero Mmupa nvmeer Tpu u3Mepenusi. OHO OTHOPOIHO,
M30TPOIHO U 3aMKHYTO Ha cebe — MecTa ¢; = £ coBnaJaloT. I1snnr obpa-
3YIOT €r0 MaTepuaTbHbIe TOYKHU, U3MEPHl — abCOTIOTHBIE ocH. OTHOCUTETHHO
JIOOOT0 MeCTa ero MOXKHO MPEJICTABUTh, KAK COCTOSINEe U3 COOCTBEHHO TPO-
CTPAHCTBA MUPA U 3¢PKAJTHHOTO eMy MPOCTPAHCTBA MPOTUBOMHUPA, B KOTOPOM
[JI9HBI U TPOTHBOTIIHBI B3ANUMHO 3aMeHeHbl. Mup TOJIBKO KaryKeTcst DeCKOHe -
HBIM TIPpW HAOJIIOEHUH W3 er0 MaJIoil 9acTh 3a MaJioe BPeMs.

CoxpanéHuble (DIYKTYAIUN BBIIETIIOTCS W3 MTyMa, KOT/Ia UX aMILTUTY/TbI
DoJIee YeM BIBOE MPEBBIMIAIOT er0 CPEIHIOn aMILTUTYLy. Bo3aMoKHO KaxkKmoe
YMEHBIIIeHNe TyMa B ~ 2 pa3a COMPOBOXKIAETCS 00pPa30BaHuEeM HOBOI CTYyIIe-
HU HAJITYMHBIX [JIP9HOB U3 COXPAHEHHBIX (DJIYKTyalnilt mpeablayeii. 31ech,
B oTaM4Ke OT mepporyMma (2, 3), durykryamun 1mymMa WMeT MecTo W IITH-
puny ~ 1/S, rme S ~ 2" — uxX aMIIATYIa, CyMMapHAasi MO BCEM CTYIEHSIM
HA/IMTYMHOCTH, 1. — YHUCJIO CTYIeHei.

[IpocTpancTBeHHAST HEOMpenenéHHOCTh TIPHOB A¢ = SA¢ ~ 2. Oun
BHEIITHE HEe Pa3/IMIAIOTCsI, eCJIN PACCTOSTHUE MeXKJy uX HeHtpavu r < 2. B
9TOM CJIydae BMECTO YacCTOKOJIA TJIPHOB CTYMEHb COCTOUT W3 WX TLIATO, HAJL
KOTOPBIM (DIIYKTYHpyeT Tekytuit irym. [IpocTpancTBeHHOE TOCTOSTHCTRBO CTY-
NeHN BeJIET K eé He3aMEeTHOCTH, a SHEPTHs MOYKET OTCUUTHIBATHCS OT dHEP-
TeTHYECKOTO YPOBHA CTYMEHU. 3aMETHBIMU OCTAIOTCA TOJHKO BO3BBITIICHUS
HAJT Heil. DTO TeKyIuil TIyM ¢ JIUCIepCHeii, B3ATON 3a eINHUILY AeHCTBUSI, U
HA/IITyMHBIE TPHBI, 00PA3yIoIIie CTPOeHe MUPA.

JL1st oneHKYM uncsa crymeHeit ocrab/ieHust ryMa, BO3bMEM PaInyC BCeJIeH-
Hoit ~ 10*" merpa. Pasmep rasma me 6omee paamyca saektpona (< 1072 m
[11], em. "Hactune"). Ecin BeesleHHAS 3aHUMAET BCE MTPOCTPAHCTBO MECT, TO
Ha KazKJo#l ocH MozKeT moMecTuThbca He MeHee 10%° rmsmos. DTa ommomep-
Hasi 6MKOCTh TIPOCTPAHCTBA MPOTOPINOHAIBHA, AMILTUTY/IE TA9HA S B eUHU-
nax myma (6). Torma S > 10% ~ 2193 yuu wncno cryneneii nagmyvuocTn
n 2 163 upu yIBOEHUH aMIUIMTY/I OT CTYIeHH K cTymeHu. Ecnn ceifuac mym
~ h = 10"%" sprc, To maaTo EMeeT aMILIHTYIy Sy = 1022 spre.

Hamr mup pacmnostozken Ha MOTIHO#, HO He3aMeTHOI JI71 Hac ocHOBe. DIyK-
Tyalliy ero myma JafoT HyJeBble Kojebanus "dusndeckoro Bakyyma' , Has
KOTOPBIMU BBIJIEJISIIOTCST OTHOCUTEILHO PEIKNEe FaCTUIBI. ITH (DIYKTYyAIlnn
IPOCTPAHCTBEHHO PA3TIUYUMBI, B OTJIMYHE OT TMEePBOITYyMa. XOTs YACTHIIHI 3a-
METHO Pa3MBITBI MIYMOM (KBAHTOBasl HEONPEIETEHHOCTD), OHE UMEIOT MpPO-
CTPAHCTBEHHOE PACIOJIOXKEHUE.
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BzanmoaeiictBue ria3HOB

Koppensanuonnas g-cBsa3b (8, 9), 00beuHsst OTHOMEPHBIE TIIHBI B TPEX-
MepHBIE CO3AET OCHOBY HAIero mpocrpancTa. Ho aToro HemoctatouHo s
CYIIECTBOBAHUS CJIOKHOTO Mupa. Tpedyercss B3auMoJIeiicTBIHE MEXKYy 3M Il
SHAMU, TIO3BOJISIOIIEE UM 00PA30BBIBATH BCE H0JIee KPYITHBIE COeTMHEHNST. DTO
Jle/1aeT B3aMMOAECTBUE TAYHOB Yepe3 IMIyM.

[s1 ecth onpenenénnoe KomebaHme, HAXOIAIIEECS B TIIyMe U 3aBHUCIIEE
ot mero. [IpucyrcTBue apyroro riadua BOJTH3M MEPBOTO MEHIET MIYM W TeM
BJIMSIET Ha TepBbIil raH. Ompene/sonuMi TapaMeTPaMy TI9HA, STBJISTIOTCS
ero Jactora ) m aMIIuTyaa S, a MECTO ( BBIPAYKAET OTHOIIEHUE K JIPYTUM
rpHam. Clle0BaTeIbHO BIMSIHAE MIYMa OINMCHIBAETCSH MPOU3BOLHBIMI () W
S. Ho coxpaHeHne risHa Tpebyer nocrosacTBa 2 1 S. Ilpu crabom BAuSHUN
BO3MYIIEHUS CPEJIbI, IX U3MEHEHIe MOYKHO TIePeHeCTH Ha MepeMeleHne TI9Ha
Q) = . Torna B3aNMOJEHCTBIE IIHOB BBHIPAKAETCS UX YCKOPEHHEM.

[Ipu 3amamuHoit gacrtore rdua (2 = 1, ero ycpegHEHHOE BIUSIHUE OIpe-
Aensiercs cpeneit ammanTynoit S u Bhipaskaerca dynkmmeir U(S). Ecin S
HOCTOSHHO, TO CPEJIA TIOCTOSIHHA W IPYTOil TI9H B Hell He MeHsIeTCs. YCKOPSIeT
[JI9H NepeMeHHOe BAUSHUE cpebl. [/ BO3MEeHCTBYIONEro rdHa ¢ MOCTOSTH-
HBIM BO BPEMEHU DACIPEICTEHUEM, 9TO CBOJUTCI K BIUSIHHUIO TpajaueHTa U:
¢ = —0,U, mm U + ¢*/2 nocrostuno. Ciaenosarensno dynkuus U(S) ectn
MOTEHITNAJ BO3AEHCTBUS II9HA HA JPYTOiil T9H Yepe3 IIIyM.

Ecnn mam mup obpazoBasicd U3 HAYAJIBHOTO IIyMa TMPHU €ro ocaabJIeHun
¢ coxpaHeHueM (DIYKTyaruii, TO OH COCTOUT W3 OCHOBBI C aMILTUTYI0# Sy U
BO3BBITIAIONIIIMUCS HAJT Heil PA3TUIUMBIMU MeZK/y OO0 YacTIMU T/IIHOB C
ammarygamu Sy 1 S = Sg+S,, S = Sg+S,. [Tpu Sy > S, U(S) pasnaraercs
B psag U(S) = U(Sy) + UsSy + Uss Sy + ...,
rie Ug = dsU(S = Sp), Uss = dZU(S = Sp) — npoussoausie. Buibop U(.Sy)
3a mHagasto orcaéra U(Sy) = 0 maét

U(S) = U(S,) = UsS, + UssS2/2 = U,(S,) + Ua(S.), U, > Ug, (10)

riae mManocts Ug /U, ceazana ¢ manoctbio S, /So.

[Tocie BBeeHUS IPOTHBOLIPHOB I COOTBETCTBYIOIIET0 YMEHBIICHUS IIPO-
cTpaHcTBa MecT BaBoe 10 || < 7/2, avmauTyna S, CTAHOBUTCS IS TPOTHRO-
rJpHO0B orpunareabHoil. Terneps nmorennuas cocront u3 neuérnoit U, = UsS,
u uérnoit Ug = UsgS2 /2 no avmamTynam dacteii. Ero 3aBHcnMocTh OT MecTa

 HAXOJUTCS W3 PACHpEeTeHns Ta3Ha (5), KOTOPOe MeHsIeTCs Ha
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P8, %) = Py (Sujs ) = (So/m) exp{=5; — ¢},
e ¢; = Sop;. loce 3amenst p; Ha @; © PJ(Syj, ¢5) = P} (Suj, $;)/So umn
3
L& ° L o r ° 1 20 °q
P'(Su, ) = [[ P/ (S 85): P (Sujs 65) = —exp{—5,; — éj},
=1
rae gu - {Suj - S;j}a ¢ = {¢j - ng}, ng - 5095]"
HpOCTpaHCTBeHHaH YaCTh paclipedesjieHnud 3alliChIBaeTCdA Yepe3 aMIIJIUTYIY

So OCHOBBI, & AMILINTYIHAS 9aCTh — Yepe3 BO3BBINNEeHNE S, HaJ Heil.
Cpenane aMILTHTY/IBI TI9HOB 1"} OepyTcs OAUHAKOBBIME Sy = Sy, A PY(S., @)

MeHnsiercst Ha pactpejenenne PU(S,, (;,’)) aMIUTATYIBL S,y = Syu1 + Sua + Sus:
P'(S., @) = / / Pl (Sut, 1) Py (Suzy 2) Py (Su — Sut — Suz, 03)dSu1dSus

= // eXp{_Sﬁl - 532 - (Su — Syt — Su2 — gu)Q o qu}dS“ldsuz’

rie ¢° = % + ¢2 + ¢§ OCHOBHO{I BKJIaJ B HHTEIPAT AT Sy ~ S, H
Sua ~ S_y, T/ie SKCIOHEHTA HAMOO/TBITAST, & ¢ W3Menenue nanvenbimee. Torta
PF(SM ¢) o eXp{_<Su o SF>2 - ¢2}’

rie Sp = 35, — CpejHss aMILIMTYIa 3M IVIEHA, ¢ — DACCTOSHUE OT ero
nenTpa. IIpocTpaHcTBenHOe pacHpeieseHne

Tenepr pacnpenesenue TpEXMEPHOTO TAdHA
PY(S,, @) = 7 2exp{—(S, — Sp)? — ¢2}, PU(¢) =n 32 .  (11)

[TpocTpaHCTBEHHOE PACHpeeIeHne IMOTCHIMAIA BO3ACHCTBIA Yepes3 IyM
OTPEIEIACTCS TPOCTPAHCTBEHHON 3aBUCUMOCTBHIO CPEIHEH aMILINTYIbl TA3HA,
T. €. ero YCJIOBHBIM CpeTHuM Jjisi pacrpeenenus (11)

U(@) = U(S)I6) = | U(SIP (S, $)dS.
0
T. K. ocHOBHO#I BKJIaJ B HHTerpaJ jaarnT S, ~ Sp, TO

U(¢) ~ U(Sr)r2e / e 548, = U(Sp)n—2e".

—00
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Ucnonp3ys (10) mosydnM mOTeHIMAN BO3AeHCTBUS IIPHOB Yepe3 IIyM

o o o

U(}) = Uy (@) + Ua(d), Uy(d) = v, Ua(@) = Ge™, ¢ = Spp,  (12)

rae vy = ’yuS[‘, G = GUSI%, Yu = 7T73/2US, Gu = 7T73/2U55/2, ‘(,5‘ S 7T/2.

Konebanusi rjjpHOB B3anMOIEHCTBYIOT TOJILKO MECTHO, TPU COBIIAJICHUE
ux da3. Ho cam rapu cocrout u3 onpenenéHubix Koaebanuit (1), pasmMbIThIX
mymoM (3) 1o pacupenenenns (11). TIpocTpaHcTBeHHOE pacIpe/eeHue To-
renrmasa (12) cBS3aHO ¢ STUM Pa3MBITHEM, T. €. onpeeasgercs mrymom. Cie-
JOBATEIBHO II3HBI B3aNMOAENCTBYIOT IIOCPEACTBOM myma. /leiicTByer
JKe TIOTeHINAJ He Ha IIyM, a Ha ONpejesIéHHoe KotebaHue riapHa (IeHTp pac-
NpeJIeJIeHNst), U YCKOPSIET ero.

BHAKN MOCTOSHHBLIX BO3ILIHCTBUA 7, G, OIPEIeIsaioT ero Kauectso. Ecan
Yo > 0, TO TI9H OTTAJIKHBAECTCH OT [I3HA M HPUTATUBACTCS HPOTHBOLIIHOM.
Ecm G, > 0, To 1106ble TA3HBI U TPOTHBOLISHBEI OTTAJKHUBAIOTCA. TaKme
3HaKNW COOTBETCTBYIOT HAIEMY YCTOWYIMBOMY W Pa3BUBAIOMIEMYCS MUDPY.

Paccmorpum omHOMEpHOE Y-B3aMMOIENHCTBUE TPEXMEPHBIX TI9HOB
I'® ¢ paBHBIME TI0 MOJYTIO aMILTHTYIaMi Sp. B maibHeiimeM omucaHUN B3a-
IMOJIEHCTBHIT HUCIIONB3YIOTCS CAeAyInre 0003HATEeHN

Ur)y=e", fr)=rU f(r)=1=2r)U, fu.(r)= (4r*—6r)U. (13)

BzaumopeiictBue aByx radHosB [ n ['s.

Jlnst ux onucanust BHIOpaHa CHCTEMa OTCUYETa, B KOTOPOIl JBUKEHHE CHM-
MeTpudHO. MecTta TJI39HOB @1 U 9 = —@1, ¢ = P1— 9. [loTennuast B3anmoieii-
crust (12), 3anucanubiii B enuanmax v, ecrb £U, tne U = e~%". BepxHnit
(HMzKHUIT) 3HAK OTMedYaeT B3aMMOJEiCTBHE TIH-TIAH ([I3H-TTPOTHBOTIH).
JleficTByIomue HA TI9HBI YACHJIbI — YjeJbHbe (HA €IUHUILY AMILTATY/IHI)
cunbl fi = —fo = FdgU = +2¢U. Ypasnenue apuxenns (ypaBuK)
¢ =2f1 = F2dyU = +4¢U. ‘

T k. 6 = dyl(8)2/2, 10 ()22 42U = F, (¢ = 2(E T 2U),
rae E — yaenannast nmosnast SHEPrus OTHOCUTEILHOTO ABUKEHUA TIASHOB.

OrrankuBaHue radH-radH. Ecin 0 < E < 2, To IpH BCTPEIHOM JIBH-
JKeHUHM MMeeTCsl OTpaykKeHhe B TOYKe MOBOPOTa. /IBa OJMHAKOBBIX IJI9HA HE
MOTYT OBITH B OJHOM MecTe (COCTOsSIHHM). DTO CBOiicTBO depmmonos. Ono
00YCJIOBJICHO Y-OTTAJIKUBAHUEM NPH JOCTATOIHO MaJIoii sueprun E.

ITpursa>keunune roga-nporuBoradH (magrtauk ['Il). Ecan —2 < E < 0,
TO B moTennuaJe U cymecTByeT HelTuHeWHbI MATKII MagaTHuk. [Ipn F + 2 < 1
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n ¢? < 1 on qurHeeH ¢ = —4¢ ¢ 9aACTOTON W., = 2 WIN
Y

w, = 2912, (14)

BzaumopeiictBue nByx magaTHukoB ['11
[Iycts mmeerca aBe mapbl TadH-poTuBOTARH ['111; n ['5115 ¢ paBHBIMET TIO
MOJIY/TI0 aMILTUTYIaMHU TA9HOB. B paccMaTpuBaeMoM I HUX OJHOMEPHOM
JBWKeHnH ux Mecta ¢, ¢l ¢b | A, Brogarest pasnoctn mect B mapax
& =¢f — Pl & = @ — ¢l u paccrosinue r Mexk Ly HeHTpamu map.
JelicTBytomue Ha TIHBI YACWIH B efuaunax 27 (12) 3amuceiBaiorcs B
coorBeTcTBUE ¢ 0bo3HATeHUsIMHU (13)
fL=—F(@ — @) + f(o1 — &) — fldr — &%),
M= F(eh = @) — (o1 — b5) + fo1 — ¢5),
fo = —f(¢7 — ¢h) + f(&1' — ¢5) — f¢h — ),
fal = f(o1 — ¢5) — f(o) — ¢3) + f(dh — ¢).
VpaBmx B equHumax 2y = w? /2 (14)
S =f1 = fi'=—F&) + flr+ (& —&)/2) = f(r+ (& +&)/2)
— f(&) + f(r— (& +&2)/2) — fr— (& —&)/2),
So=fy — it = —fr+ (61— &)/2) + f(r — (&1 +&)/2) — f(&)
— fr+ (& +6)/2) + fr — (& —&2)/2) — f(&),
27“-f1 Jrf1 f2 f2 =—f(&) + fr+ (& —&)/2)
—flr+ (& +8&)/2)+ f(&) = fr— (& +&)/2) + flr— (& —&)/2)
+ fr+ (& —62)/2) = fr — (§1+82)/2) + f(&) — f(r + (&1 +62)/2)
+ fr— (& —&)/2) — f(&) =
=2[f(r+(&—=&)/2) = f(r+(&+&)/2)— f(r—(&+&)/2)+ f(r—(&—&)/2)].
[Tpu || < 7 yACHIBI pA3TATAIOTCS B PSIJ IO CTEMEeHIM & J10 £3. Vemonb3ysa
0603HaquHﬂ f - f(r)7 fT‘ - fr(/r)’ fT’T’ - fT’T’(T) H3 (]‘3) n fT’T’T’ - dT‘fT’T’(T)7
YPJBIZK 3aIACHIBAIOTCA KAK
él = _2<§1 _g%) _'_fr(gl _§2> +frrr(£1 _§2>3/24_ fr(él +§2) - frrr(gl +£2>3/24
= —2(&—&)) —2fr6o— frr (6 + 3676+ 36163 +65 — €5+ 3636, — 36163 +63) /24
= —2(& - &) - 2f,6 — frr(37& + €3)/12,
§o = —2(& — &) — 2,61 — frrr (36361 4 €7) /12,
P = frr(& — &)?/4 — frr(§1 + &)* /4 = — frr&a&o.
Torna
§1 = _2<§1 - g%) - 2f7’£2 - frrr(3§%§2 + £§>/127
§o=—=2(& — &5) — 2fp&s — frrr (38361 + €7)/12, 7 = —fr&ao
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T. K. 7 MeHsIeTCst BO BTOPOM TIPUOJIMZKEHUH, TO €10 W3MEHEHUEM B YPaBHEHUSIX
Jist £ u & mpenedperagoch ¢ caMoro HadaJia.
IlepBoe npubsim>kxenune (auHeiiHoE)
B mmeitHOM MPHOTHKEHEH yPABHK
§1= 26 —2[:&, &= -2 25, 7=0.
B mepemennnix {1 = (§; & &) momyqaem cobcTBeHHBIC KOTeOaHNS
Eo= 26 — 20,6 F (264 20,6) = —2(1 £ f,)(& £ &) = —2(1 £ f,)éx
¢ cobeTBeHHBIME YacToTaMu w3 = 2(1 =+ f,) B eauHEIAX ng /2, tae f, OmucH-
BaeT BaugHue cocemaueit mapol. T. K. f, <0, To wy < w_.
Eciu mapsr komebmorea B dasze & ~ & u r? > 1/2, 1o yacuia MeHbIIeeT
¢ paccrosguueM. [lapa mpurtsaruBaer OJMKHUN K Heil TJ9H JPYroil mapbl u
OTTAJIKMBAET JAJbHUI, HO cl1abee — mapbl MPUTATHBAIOTCS.
Ecim xomebanusa nporuBodasHbl £ ~ —&y, TO IMapbl OTTATKHBAIOTCS.
Bropoe npubauxkenue (HesnHeiiHOe)
B menuHeiHOM MPUOINKEHUH HAXOIUTCS H3MEHEHHEe PACCTOSHUS MEXK Ly
napamvu ']

P = —fr&i&s = — frr(E2 — €2)/4, (15)

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

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

= (af —a’ + a’lcos2dP, —a’ cos2P_)/2.

Be3 yuéra BTOpBIX TapMOHWK (MMOCJIe yCpeIHeHWs 3a Mephoi KosaebaHwuii)
yacuiaa meajieHHoro B3aumMoneiictBug map ['II ectn

f=—f(ad —a®)/8 (16)

U3 (13) f, = 2r(2r® — 3)U wmensier 3nak npu 1> = 1§ = 3/2.

Ecin napst 'l kone6mores nporusodasao a> > a?, ro f > 0 npur > rg
(ortankupanue map) u f < 0 npu 7 < ry (IpUTAZKeHHe Tap). rp — TOUKa
HeycroitanBoro pasuosecud. Ecau mapot [l kose6mores codaszno a? < ai,

TO g — TOYKa yCTOfI‘{PIBOFO paBHOBeCHUAI.

Matepus Mupa, 1eib MIPOB

[nsabl 1 mpoTuBOrIRHBL Y-B3auMmo/eiictBueM coeauusiores B ['TI-mapbr
34113 | xoropeie obpasyior I'Tl-cpemy. Ormocurensusiit casur 1° u 113 B
nape onpeje/sier MoJAsIPU3aINI0 STONH CPe/Ibl.
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Kpome I'l-nmap cymecrsyer MHOXKeCTBO ojHOMecTHHIX nap v; = [';gll;g
M3MEPOB j, CBSI3aHHBIX KOPPEJSIIIMOHHBIM B3auMogeiicTeiem (9). D1o Heii-
tpuno (cM. "Hacrunpt"). OHE UMEIOT CPEJHIO HYJIEBYIO AMILIATYLY U HE
YYIACTBYIOT B 7Y-B3aUMOJIEHCTBUN.

T. 0. MaTepuga HaIllero Mmupa B 0OCHOBHOM cocTaBieHa u3 ['II-map u meii-
tpuno. Eé mmorHoCcTh p He Mmenee miaorHocTH ['Tl-cpenpr. Ona omnenuBaeTcs
uepes maccy ['Tl-napwr (~ macch mefitpuno 10737 xr — cm. "Hacrunp") u
paccTogHIe 1 MexkIy HuME (He Gosee pasMepa saekTpona ~ 10722 m). To-
ria p 2 10% kr/mM3, 910 MHOTO GOJIbIIE MIOTHOCTH Aep aTOMOB. [LT0THOCTD
BEIECTBA BO BCETCHHOM onennBaerca B ~ 10720 kr/m3. Pasuuna na 55 nopsi-
koB uan Oosiee. Ho ['TI-cpega TOIbKO BO3BBINIAETCS HAJ, BEpXHEll CTYINEHBIO
OCHOBaHWS, KOTOPpast cama OoJtee vem Ha, 49 mopsiIKOB OOJIBITE COBPEMEHHOTO
myma ~ h. Torma Bcs m3BecTHas HayKe SHEPIUS-MAcCca HHUUTOKHO MAJa II0
CpPaBHEHUIO ¢ SHEPrueil eé oCHOBBI — pa3HuIa npepwimaer 100 mopsagaKoB. ITo
He CYNTasg OECKOHEUHYIO SHEPIHUIO IIyMa.

IHerrs mupos. Ilpejacrasienre Becero rapMoHnkaMu He UMeEET BbIJIEICH-
HBIX 9aCTOT. B KayKJ0M MHOYKEeCTBe TapMOHUK JIIO0ON YacTOTHI, B3TOH 3a
equaUIy 2 = 1, rapMOHUKHN OCTAJBHBIX YACTOT TIPEJICTABICHBI WU MTYMOM
(mpm ©Q > 1) win memmennsiM u3Menenuem (mpu @ < 1). U kaxzoe ta-
KO€ MHOKECTBO TAPMOHHK JIPYTHX YACTOT SBJISETCS OCHOBOM TSI OMMCAHHS
Kakoro-mn6o mMupa. Torma mMmeercst CBsI3h U B3aWMHOE BJIMSTHUE MHUPOB Pa3-
HBIX OCHOBHBIX YaCTOT. TaK B MeJJIEHHOM H3MEHEHNe XapaKTePUCTUK HATIIEero
MUPa eCTh BKJIAJ BO3IEHCTBUIT MeIeHHBIX MUPOB ¢ () < 1, a B 1ImyMe CKPBITO
BusgHUE OBICTPHIX — ¢ 2 > 1. IlomobHBIM 0O0pa3oM M HAII MHP JIeicTBYeT
Ha JIpPYTHe MHPBI. DTa CBA3b MPOUCXOIUT HA YPOBHE OJHOMECTHBIX TI9HOB M
yepe3 HUX PaCIPOCTPAHSIETCS HA BCE OCTAJbHBIE YPOBHH, BILIOTH 10 TE.

Mupsl Ha pa3HBIX OCHOBHBIX 9acTOTAaX MOM00HBI, HO HE TOYKJIECTBEHHBHI.
Y HUX MOXKEeT OBITH OJMHAKOBOI CKOPOCTH IBOJIIOIIH, U3MepsieMasi B ePHO-
JIaX CBOMX OCHOBHBIX YACTOT, HO pa3Hasg OTHOCHTENbHASI CKOPOCTh. MHUpHI ¢
OOABIIIMHI YaCTOTAMHU MEHSIOTCS ObICTpee MUPOB MeHbIHNX YacToT. Cremyer
OKIJIATD, UTO OHH DOJIee IIPOABUHYTHI B CBOEM pa3BuTuu. Torna B KarxKyInx-
Csl CTy9IalHBIMUA M3MEHEHUsIX CKPBIBAETCS BJIMSHUE 0OJIee Pa3BUTHIX MUPOB,
a MeJJIeHHbIe M3MEeHEeHUsI CBI3BIBAIOT ¢ MeHee pa3BuThiMu Mupamvu. Cirydaii-
HOCTH CTAHOBHUTCS HEMO3HAHHON HEOOXOIMMOCTHIO.

IITym He ecTh GecHOpPSIOK, XOTS MOMUMHSAETCS paclipeaeaenuio Layc-
ca, IPUMEHIEMOMY ISl OMUCAHUS CYYalHBIX BeJIMYNH B HU3IIEM PABHOBEC-
HOM cocTostHnn. OH TOJBKO KaryKeTcst OeCOPsIOIHBIM W3-33 HEJ0CTATOTHO-
CTH BPeMeHHOrO pa3perieHusi, He MO3BOJISIIONIEr0 3aMeTHTh OBICTPHIE BJIUsI-
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HUA MUPOB C 6OHBLHHMH OCHOBHBIMU YaCTOTaMHU.

Mup ectb HaJIIIIyMHOE CTPOEHHE, COXPAHSIONIEe CBOIO HEPABHOBECHOCTb.
OHako HepaBHOBEeCHasl 3aMKHYTas CHCTEMa CO BpeMeHeM Hem30eKHO Iepe-
XOJUT B PABHOBECHOE COCTOSTHUE U OCTAETCS B HEM HABCEraa. DTO MPOUCXOTUT
13-3a TOTO, UYTO MOJJIep:KaHue OECIOpsIKa paBHOBECHS U petakcanus OayK-
Tyaluii ONpeaesITIOTCa OJHUM MeXaHu3MOM. UTOOBI MWD CYIIECTBOBAJ U He
peslakCupoBaJI K PAaBHOBECHOMY TITYMY, OH JT0JI?KEH ObITh OTKPBITOH CHCTEMOI
C BHEIITHUM B3aUMOJIHCTBUEM, TTOIAEPKUBAIONINM €r0 HAAIMTYMHOCTD. TakuMm
CBOICTBOM 00./1aaf0T *KHUBBIE CyIIecTBa. Ero mazke MOKHO B34Th 3a UX OIIpe-
nenenne: 2KU3HB €CTh CIIOCOOHOCTH IMMOCTOSHHO MO/IIeP:KUBATH HEPABHOBEC-
HOe COCTOsTHHWE B paBHOBeCHON cpeze. [Ipu 3Tom moHsiTHE YKU3HU PaCITHPSsI-
€TCd U MMO3BOJIAET HAa3bIBATH KUBBIMH HE TOJIBKO MOJIEKYJIAPHBIE OPTraHU3MbI.
Nexong w3 3TOTO ompeie/ieHus W JPEeBHUX CKa3aHWil, T/Ae BCEJTeHHAs JacTo
IPEJICTABIAETCS B 0Opase JepeBa, X KUBOTHOTO WK Jaxe desoBeka (Ilypyra
¥ JIp.), MOXKHO TIPE/IIOJIAraTh, YTO HAIl MUP ABJISAETCH YKUBBIM.

Ecim mamr Mup ecth »KHUBOE CYIIECTBO, TO MOJ00OHBIE €My MUPHI Ha JIPY-
T'MX OCHOBHBIX YaCTOTaX TOXKE€ KNBBHIE. OHI/I COCTABJIAIOT ITOCJIEIOBATEJIBHOCTD
CBA3aHHBIX BBaI/IMO,ZLefICTBI/IeM KUBBIX MUPOB C Pa3HbBIMU YPOBHAMU M CKO-
pOCTAMHU pa3BUTHA. Bojee ObICTpble U MPOJABUHYTHIE MHPHI MOTYT BOCIIPH-
HIMAaTh, OTCJIEXKUBATh U YIPABIATH KU3HBIO OOJiee MeJTEHHBIX MHUPOB, He
MO3BOJISISI UM TIOTPY3UThCs B Hecropsiiounbiii mym. T. 0. JIo/IZKHA CYIIeCTBO-
BaTh OECKOHEYHAas MeNb >KUBBIX yIPABJIIEMbBIX MUPOB, B KOTOPO HAII
MUD dBJIAETCA OJHUM U3 e€ 3BEHbLEB. TOJIbKO TaKasd KUBasd U YIIpaBJIdeMad
Ielb B3aMMOCBSI3aHHBIX U MOJOOHBIX MHPOB PA3HOIO YPOBHS PA3BUTUSA CIIO-
cOOHA TOCTOSHHO TO/IEeP:KUBATH HEPABHOBECHOE YVIOPSIOUYEHHOE COCTOSTHHE
OT TOTPY:KEHUsI B pABHOBECHBIN Xa0C. DTO MEeMb BEYHOUN >KU3HU.

IToagpuzaiug

3M T/I9HBI ¥ TPOTHBOTIIHEL Y-B3auMoeiicTBueM coeanusaiored B ['Tl-mapsr
34113, ciocobubie 06pa3zoBbiBaTh yeroitansyio ['Tl-cpery. B meit v-p3ammoeiicTsie
CMeIaeT TJIHBI Map ¥ MeHsieT paccrosinue Mexkay napamu. CaBur riapna u
IPOTUBOT/IdHA B TTape OINpPEIe/IsieT TMOISTPU3ANNIO CPEIbI.

Kaxapiit ripu mMeT onpeaeaéHHOe MeCTO TOJIbKO B cpeaneM. Ero pac-
npenenenne (5, 6) pasMbITO IO MecTy ¢ aucmepcueit (¢?) = 1. B stom mryme
Masioe pazzaesenne I'° u [1° BHentHe He BbIZeIdeTCs, HO OHO €CTh KaK Cpe/i-

Hsis BestmanHa. A 6oJsIbIIe W OBICTPhIe N3MEHEHHUs MIyMa P YCPeIHeHne 3a
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OTHOCHTEJILHO MeJJIEHHbIE BPEeMEHa TepeMeIeHuil TJ9HOB B3aUMHO YHUYTO-
JKAIOTCS M CTAHOBSATCS HE3aMETHBIMH, HE MeIlas COCTaBJIATH JIJI CPEJIHUX
BITOJTHE OMpEJICTIEHHBIe COOTHOTICHUS. BecKOHeUHAas SHEPTHS ITyMa SIBISIETCS
HEOOXOJMMBIM YCJIOBHEM CYIIECTBOBAHUS KOHETHOU MOISPU3AIMEA CPEIBI.

TouHoe paccMOTpeHUsT TUHAMUKI BO3MYIIIEHUN B TAKOH Cpeie HeBO3MOK-
Ho. Hy>xHbI yrporénnsie npudmKEnubie moaxoabl. OHUM U3 HUX STBJISIETCS
YUIET B3aUMOJEHCTBUST TOJILKO C OJIMKAMIIIMMU COCEISIMU U PA3/IOKEHHEe M0
crenenn Bo3MymeHus. [[oayduTh yao0BIeTBOPUTETBHBIE PE3YIBTATHI MOYKHO
B JIMHEITHOM MPUOJTMKEHUN C HEKOTOPBIMU HEJTHHEHHBIME JTOTIOTHEHUSIMU.

Paccmorpum ognopomnyio ['ll-cpemy, 3aHUMAIONIYIO BCE TPOCTPAHCTBO
MecT Ta3HOB. [lycth ona cocrout u3 ['ll-map, comep:Kkaimx T/IHBI C OJIH-
HAKOBBIMU CPEJIHUMU aMILINTYJaMu. B HEBO3MYIIEHHOM COCTOSTHWH TJI9H U
IPOTUBOTIFH B Mape COBMENIEHBI, a B BO3MYIIEHHOM — pa3jeseHbl. 3a ab-
COJTIOTHBIE KOOP/IMHATHBIE OCH TPEXMEPHOTO MPOCTPAHCTBA OEPYTCS M3MepPhI
(8, 9), a mosmyuenHoe OObeIUHEHNE CBI3aHHBIX MagsTHUKOB ['TI, o6pasyoriee
MPOCTYIO PEerméTKy Kyba, ucrosb3yercs s onucanus ['TI-cpeapr.

B npocroit permérke kyda ['TI-mapsr 3anumaior ero Bepruubl. Boiaennm
ochb | (MPOJOIBHYIO), BIOJb KOTOPOH IJPHBI CMEIIAIOTCS MPU B3aMMOJIeii-
CTBHH, U JIBe IomnepedHsie ocu j, k. PaccmarpuBaemas napa 'l momeraercs
B Havano orcuéra. Ha meé BosmeiictByior 6 coceanux map I'Il; (mo ase ma
KazKJIOi OCH), HAXOJSIIIXCS Ha PACCTOSTHUM T OT eé menTpa. Homepa nx mecr
7.k, =0,%1. [Ipoeknuu Ha och [ MecT TJIPHOB ¢]Fkl U POTUBOTIHORB (;S?kl B
['TI-nape pacnoJyioyKeHbl CHMMETPUYIHO OTHOCHTEILHO e€ nenTpa. VIx paznocts
(momspmsanus) &ip = ¢y — diy <K 7. V3venenne r mpu B3amMoeiicTBIE
nMeeT 2-if mopaIoK MaaocT (15) u yureHO Kak HequHeiiHas T00aBKa.

W3menenne moIgpu3aIud OMpPeIe/seTCs MOTEHITNATAMA Y-BO3IeiiCTBUS
(12) ma rapn U = U§ 4 Ujy, w nporusormen UM = Ugl + Ujy, » TTl. Onm
cocToAT M3 BozaeiicTeua coceneit o mape Ul = Ul m rasnos cocemnnx map
U]kl U]kl UJM, U]kl U]kl U]kl 31ech nepBblil BepXHUIT 3HAUOK OTMe-
qaeT TI3H, HAXOMAIIUKACS MO, BO3AeiCTBUEM, a BTOPOl — BO3IEHCTBYIOIIUIA.

ITorenmuan B3auMmoneiicteuga B I'II-mape UOF = —76*52 OIpeIegeT CHIbI
Ha N fj = —0:U) = —2y&e €~ —2796(1—€2) u nporusorgen fil = —fT.
Onu pasiokeHsl 10 53. OcraJibHbIe CUJIBI OEPYTCsT THHEITHBIMI.

[orenmuansr Ul ki B ULl — 6amskume mo BeqMYHHE W pa3HbIe MO 3HAKY:

U = ]kz(f fykl) sz(f) Eix10¢ ]kz(f §iwe=0), 0O =0/,

Uit = Uit (€ + &) = U]kz(ﬁ) EmiOeUj (€, Eim = 0),
ngz Ujk U]kl = —26u0Uj, skl 26 i = 0)-
T. k. MecTo TipHa @1 = £/2, To Ha Hero JeficTByeT cuia —8¢FU = 285U].Fkl.
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N3 cummverpun pemérku u pacnosozxkenus r3uoB B ['Tl-mape ciepyer, uro B
JINHEWHOM TPUOJIMKEHUH Ha TPOTUBOTIRH JeiicTByeT oOpaTHas cuia. Torma
cuna BozfeiicTsua mapsl [l Ha cMmemmenne § ecTsb &;pFir, IO

Fy = 8 Uj (€ = & = 0) (17)

ABJIZETCI YETHOM Mo KaxKaoit ocn: Fiyy = F_qp, .. ..

Teneps MeHSIONMAA HOTSIPUIANUIO CIIA C YIETOM I6THOCTH Fji ecThb
f= —475(1 — &)+ 3 S,

ijl Eira it = [(100 + &= 100)F100 + (€010 + €o-10) Fo1o + (€oo1 + Eoo—1) Foo1]-
Hepexo;gﬂ K pa3HOCTHbIM MPOU3BOJIHBIM BJIOJIb Kax/10it ocu ¢ = j, k, [

0ifip =86 —& 67 =0i&1yp—0il1p= (&1 —&) — (E—E1) =&+ 61— 2,
HOJTY UM

f=—479¢(1 = &%) + [Fio0(03 + 2) + Foro (05 + 2) + Foor (67 + 2)J¢.

Yrobsr HaiiTn Fj; ncnonap3yem morennuass (12). s momepedHsix oceit

Utgo = v exp{—7* — (&0 — £)?/4},

OcUtgo = (€100 — &) exp{—1? — (&100 — £)*/4}/2]g100=0

= —q€exp{—r?—E2/4}/2,  Fioo = —4y0e[€ exp{—r? =2 /4}]emo = —dye ",
Takxke Fy9 = Floo. g npomoanHoit ocu

Usor = 7 exp{—[r + (o1 — £)/2]*},

OcUgor = Y[r + (€oor — €)/2] exp{~[r + (o1 — £)/2]*}egp1=0
=(r—§/2)exp{—(r—£/2)%}, Foor = 870[(r —5/2) exp{—(r —£/2)*}e=

= $9[=1/2+ (1 — £/2 expl—(r — £/2)} ez = 41277 — L)e

Tenepn [ = 4y[—(1 — 52) e (07 + 05 +4)+ (22 = 1)e™” (52 + 2))€.
Memsis oGo3nasenns Ha w? = 4y, U = " f=(1—2r)U u3 (13, 14) u
BBOMS ¢* = WU, ¢ = 2fr = (2r% — 1) , TIOJTy9IM
f=1-(W+4c - 20l) + w2§2 (02 + 07) + coTIe.

Haiiném Bausiaue namenenns paccrosaust h mexxay ['TI-napamu nmpoaosb-
HOfi och Ha moststpu3anuio. /Iy 5Toro BMecto paBencTsa Foop = Foo_1 = ¢ ()
HAJ0 B3ATb Foor1 = ¢ (r+hy1)2) = ¢ (r)+d, ¢} (r)hiijo. Torna B BeIpazkeHumn
s cubl f craraemoe (o1 + Eoo—1) Foo1 MeHseTCST HA
&oo1 Foor + &oo—1Foo—1 = (Eoo1 + &oo—1)c7 (1) + drci (1) (Eoo1 P2 + Eoo—1h—1/2)-
3ech mepBasi CKOOKa MPUBOANT K TOJYy9IeHHON BoITe hopmyne [ = ..., a
BTOpPas, YIUTHIBAA TJIAJKOCTH i, IPeodbpa3yercs B PA3HOCTHBIE TIPOU3BOIHbBIE:
§oo1hi2 + Eoo—1h—1/2 = [€o01(h1 + ho) + Eoo—1(h—1 + ho)]/2
= [o01h1 + Eoo—1h—1 + ho(Eoor + Eoo-1)]/2
— ({62 + 2)(€h) + h(5F + 2)€]/2 = [2(ER) + ho2E + 4€R]/2, h = ho.

1o BRIpazkeHne, yMHOKeHHOE Ha d,.c7 (1) mobasasgercsa K cuie f.
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Bausuue £-nosist nonsipusanyun Ha paccrosiane mexkay ['TI-mapamu Bbramc-
asiercst u3 B3aumogeiicteus magraukos [Tl (15) # = —f,,.&& (B ennanmax
27). OHO cOCTOUT W3 JBYX OJMHAKOBBIX, HO MPOTUBOIOJOKHBIX YCKOPEHUI
nap. CraegoBarenbHO cMerienne a Buiaenaennoit napol [y mpu Bo3aeiicTBun

coceHuX map Haxomutesd u3 G = [r.&(Eoor — 00-1)/2 = frrl0i€ = [1+01€%/2, a
n3Mmenenne paccrosiaust mexkay ['Tl-mapamu h = §;a mMoguYMHEHO ypaBHEHUIO
h = [+07€2 /2, MM B OGBIYHBIX €IMHATIAX: h = wgffrr51§2/4 = —d,c}(r)6,E%/4.
_ Tenepn ypasuenus nongpusanun u necdopmanun ['I-cpepr

€ = [~w§ — (07 + 0F) + ¢{O} + wi€E + dncf[67 (Eh) + hOFE + 4EN] /2,
h=—d6e% /4, W= w2 4t =2, =W, ¢ = (2r* — 1),

3/ech Wi — KBaJpaT YacTOTHl JMHEHHOTO KojleOaHus TJ3Ha U MPOTUBOTIIHA
B ['Tl-mape ¢ y4érom BJIMSTHUS COCEIHUX Tap, w3 — TO e JIjIs KoJiebanuii B
magrauke ['TT (14). Munyc nepes ¢ o3nauaer oGpaTHBIl MONEpeuHbIl Tepe-
HOC BO3MYTIEHHS, & ILUTIOC TIEPEJT 7 — MPAMOI TTPOJTOTHHBI.

KadecTBeHHOE pasimyne MOMEpPevTHOro W MPOI0JTHHOTO MEPEHOCOB OIpe-
JIeJISIeTCsT 0CODEHHOCTSIMH B3aMMOAEHCTBUN TI9HOB MO STUM HAIPABIEHUSIM.
Baoans npoxoabhoit ocu cocempane ['I-mapwr pacoioykeHbl Ha pacCTOSTHAE ~ T
Mexkay HuMu. CMeImeéHHblil TI9H OHONH W3 HUX MPUTITHBAET MPOTHBOTIIH 1
OTTAJIKUBAET TJI9H JPYTOil Maphbl, cO37aBasd B Heil cMelneHnne, moa00HOe CBO-
eMy, U MepenaéT Tyda JacThb cBoeil sneprun. OOpa3yercda MpsSMOil epeHoc.
Bronb momepedHbIX oceil MpOeKINKU CMeIleHnit II9HOB Ha OCh MOJIIpU3aIlun
COBMEIAIOTCSA. 37AeCh CMEMEHHBIN TI9H TaKyKe MPUTATHBAECT MTPOTUBOTIIH U
OTTAJKWBAET IJI9H JAPYTOil Taphl, HO BHI3BIBAET IIPU STOM CMellleHne, obpaTHoe
cBoemy. HampaBieHus moasipu3aiui y COCeTHUX IO MOMEPEeIHbIM OCSIM TIap
CTAHOBATCS MPOTHBOMOJOXKHBIMU, UTO HAaéT ['[l-cpeme HamMeHBIIYIO dHEp-
ruio. Ilommepeuno-moaocuaga nmoagpusaiuga I'II-cpeabr yauTsiBaeTcs m3-
MeHeHUeM 3HaKa Mepe c2:

€= [—wp, + A7+ 6) + 67 + WiE?)E + do 67 (Eh) + hoTE + 4€R] /2,
h = —d,c}0PE% 4, w2 = wg —4c* —2c7, = ng, = (2r* -1 (18)

ITpubankeHne CILJIONIHON Cpeabl MOTYJIAeTCs 3aMeHON pa3HOCTHBIX
IPOM3BOIHBIX HA YACTHBIE /IS HEMPepPBIBHLIX (byHKIMiA &, h

€ = [~wl + w2 + (07 + OF) + FOF)E + d,cf[0F (Eh) + hOFE + 4€D) /2,
h=—d, o}, w2 = w2 —4c® — 26} (19)

Yro0bI HaliTH BEKTOPHOE ypaBHeHUe mojgpusanuu npu h = 0, 3ame-
HUM abCOJTFOTHBIE OCH-W3MePHhl Ha, COBMA/IAIONINE C HIMH YCJIOBHBIE OCH KOOD-
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JIMHAT, KOTOPBIe 00pa3yioT cucremy orcaéra. OT Heé MOKHO mepeiT K JT000it
JIpyTOii, cTaBIiieil Tenepb OTHOCUTEILHON, cucteme orcuéra. ['[I-cpena mpu
sTOM ocTaéTcs abcomorHoit. Beeném Bekrop monsapusamuu € = {&;, &, &, }-
Bropsie mpousBoHbie 8]2 + 07 3aMEeHHM HA TOTEPETHYI0 YACTH JTAILTACHAHA
A; = —rotrot, a 97 — ma npogombuyio A; = grad div. Torga u3 (19) caemyer

£ +win€ = AL+ AL+ wIEE. (20)

JleBas 4acTh ypaBHeHHs omnuchiBaeT Kosebanusa B ['II-mape, a mpaBas — ux
MePEHOC W BIUSHUE HeTnHeHHOCTH. Pa3IoKuM ero Ha OTIe/IbHBIe YDABHEHUST
Kueitna-®oka-Topaona (ypK@T') [13|-{15] mast momepedansix &, u mpogoJib-
ubIx §; noJieit § = &, + £, CBA3aHHBIX TOJIBKO HEJTMHEHHOCTHIO

ét,l + wzmét,l = CilAét,l + w3§2€t,z- (21)

Boanbsl noagpusanun

ducnepcuoHuoe ypaBHeHue (JUCILyp) BOJTH B PEIIETKE BBIBOIUTCS
u3 JnuHeliHoil yactu ypasuenus (18) mocsie mojcTaHoBKYU & B BUJE TAPMOHHU-
K §(x,t) = Rely exp{—iwt + iqx}], tne q = {q¢;, ¢, ¢} — BOIHOBOIT BexTOD,
x = {j,k,l} — xoopnuuara B HOMepax ['TI-map. Torma u3 £ = —w?¢,
B2 = bt + bt — 2 = (€9 + e 19— 2)¢ = 2cosq — 1)€ = —4¢ sin*(q/2)
CIAEIYIOT JTUCILYD &-BOJIH B BEKTOP IpynmnoBoii ckopoct dgw = V = {V}, Vi, Vi }

w? = w2 + 4c%[sin®(q;/2) + sin®(qx/2)] + 4cf sin?(q;/2), (22)
wh, =w? —4c® =2}, Vi = (/w)singjp, Vi = (¢ /w)sing.
13 Hero B MpuOJIM>KEHUN CIJIONTHON Cpeabl Cjeayer

W =w, (g ) Had, Vie=gp/w, Vi=dajw  (23)

rie x = {j,k,[} Temepb HempepbIBHbIE KOODIWHATHI B €JIUHUIAX PACCTOSI-
aus mexry ['Tl-mapamu. Tlocite pa3zioxkenust Ha oTae/bHbIE YPaBHEHUS JIJTst
nornepevHbIx &, U IPOJOABHBIX &; BOJIH MOJYyYnM

2 2 2 9 2 _
Wiy = Wy, + iy Vii= Ct,th,l/Wt,la G = C. (24)

2 .
w;, OIpenenseT paclpocTpaHeHne BOTH u cocTosame I'TI-cpempr:

Eciu w2, > 0, To B Bostne nputsaxenne 12 u 112 sayrpu TTl-napsr mpe-
00J1a1aeT HaJ| MPUTSIKEHUEM COCEHUX Tap. JacTh SHEPTUU BOJHBI OCTAETCS
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B Tape, a OCTaJbHOe Mepemaérces cocelsiM. BosTHa 3aTyXaer ¢ PacCTOSTHUEM W
sapysercs maccusHoii. ['TI-cpena nogobna TBépomy Teny — I'II-TBepab.

Ecmn w2, = 0, To mputszkenne [° u II° B mape ypaBHOBENIeHO MpHUTS-
xeHneM coceeit. Obpasyercs 6e3pa3IntdHOe COCTOSHIEe — I'PAHUIA PACIIAIA
napbl. Bes sHeprug BOTHBI 3aK/TI0UEHA B IEePeHOCe — BOJTHA HE MMEET MACCHI.
Venorue w?, = 0 gaér rpanudnoe paccrosuue mexiy ITl-napavu ry ~ 1.6.

Eciu w? < 0, HOo HeMHOro0, TO paspylienue HekoTopbix ['TI-map u mocJie-
naytomas mepecrpoiika ['Il-cpeasl yBemumdauBaioT r, jgeas TPAHUIY PacIaia
YCTOWYHBON K MaJIOMy YMEHBIIEHUIO pACCTOSHUA Mexkay mapamu. Odpasy-
eTCs OTHOCUTETHHO HEeDOJBINOe KOJUIECTBO CBOOOIHBIX TJIPHOB H IIPOTHBO-
IJI9HOB, KOTOPhIe CTAHOBSIITCS OCHOBAMU dJieMeHTapHbIX dactuir (cm. "Hacru-
upt"). OTKJIOHEHWE 7o —7 OTpe/Ie/IsieT MII0THOCTh YHCJIa JACTHUIL BO BCEJIEHHOM.
T. K. ora MHOro Menbire mwioTHoctu ['II-cpensr, To ro — r < ry.

Ecmn w? < 0, To mpeobmamaer nmputszkenune cocequnx ['Il-map. JTioGoe
Majoe Bo3mytnenue paszpyiraer ['TI-mapel. I3 rasHOB 1 TPOTHBOIIHOB 00-
pasyercst nogobras maasme cpeaa — I'II-mma3zma. Ona He rogurest 1st 00-
pa3oBaHus B HEil yIOPSIOYEHHOTO MUPA.

Besmaccosast BOJHA onuchiBaercs ypasnenusavu (18, 22) npu w? = 0:

& = (8] +67) + Wi, wf =4 sin®(;/2) + sin®(a/2)],

& = (0} + w28, wi = Acisin®(q/2), (25)
Vik =sin(gjr)/Mi, Vi =sin(q)/M,.

~

3nech My = wy/ Au M =uw / cl2 MOHNMAIOTCST KaK MACChI JIBUKYIIUXCS KBaH-
TOB COOTBETCTBYIOIINUX BOJIH, UMEIOIINX YACTOTH Wy, U w;. OHU CBIA3BIBAIOT
ckopoctu V' = {V}, Vj, Vi} n umnynascer ¢ = {q;, ¢4, ¢} KBaHTOB.

CKOpOCTH BOJIH HE TMOCTOSTHHBI

c*(sin® g; + sin® g,
4[sin®(q;/2) + sin*(g/2)]’

VE=VI+V2= Vi = ¢ cos(qi/2). (26)

Onm MensoTCS OT ¢ Wi ¢ Ipn ¢ = q = 0 mm ¢ = 0 110 c/\/§ WiIn cl/\/§
npu ¢; = g = £7/2 wm ¢ = /2.
B npubinzkennu CIIomHol cpejbl u3 (21, 25) cieyioT BeKTOPHbIE ypaB-
HEHUS C MMOCTOSHHBIMIA CKOPOCTSIMH BOJIH U JIUCITY P
£ = —c*rotrot &, + wiﬁgﬁt, divg, =0, wy =cq, Vi =c, (27)
& =i graddivg, + wiE?€;, rotrot & =0, w = aq, Vi=q.
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DJIEKTPUIECKOoe II0JIe

Ilose mongpu3anuu BOKPYT TAdHA NpHu w,, = 0. Ilycts B I'll-cpeme
nocepeune Mexkay I'Il-mapamm HaxoauTcs AoMOIHAUTenbHBIH TasH '3, Ero
norennuaabaoe mose U, pasmoxkenns (12) meifctByer Ha OJamKHEE K HeMy
napbl U CO3/MaéT B Cpejie BO3MYINEHHYIO T/IPHOM o0jacth. [Tocie nepexos-
HBIX TIpoleccoB BOMu3M I3 obpasyercs maccubHOe &-mojie (CM. criejl. pas-
Jies) W TOCTOsSIHHOe pajauaibhHoe nose {(R), rme R — paccTosHue OT IeH-
tpa ['*. B npubmmkenun crmomuoii cpeapl £(R) HAXOIUTCA W3 ypABHEHHS
(27): grad div &, = dr[R?dr(R?*¢)] = 0. Ero y6siBalomee ¢ paccrosuuem R
pemenue ecth £(R) = e/R?. Koneunblii BHyTpeHHuil pajuyc noas obyc/iaB-
JINBAET €ro KOHEYHYIO SHEPIHIO.

¥YpaBuenus MaxkcBesia

B mpubmuzkennu CIOMHOM Cpepl st 6€3MacCOBOrO MOMEPETHOTO MO

€ = ¢, nuneiinast yacth ypasuenust (27) ectb £ = —c*rotrot €. T. k. € Toxke
IOTIEPEYHBIIT BEKTOP, TO €r0 MOYXKHO 3aIMCATh KAK POTOP BEKTOPHOM (hyHKIIH
& = crotb. Torma £ = crotb, b = —crotg, divb = 0. OrcyrcrBue

OPUYMH s BBeJeHus b-3apsiaa nmo3possger 3anucath divb = 0. [loryuennas

CHCTeMa YpPaBHEHU

€=crotb, b= —crot¢, divé=divb=0

cOBMaaeT ¢ ypaBaeHusimu MaKkcBesia B OTCYTCTBHE 3aPSIIOB U TOKOB.
Bapstanamu B ['TI-cpene aBASIOTCS OTHEIbHBIE TIIHBI WK TPOTHBOTIIHBI

c mosiem £(R) = e/ R?. Oto nose Kymnona o Teopeme o museprennun Laycca-

Octporpaackoro npuBoauT K 3akony [aycca: [ns mamoit cdepsl paanyca R

HHTerpaJs 1mo eé oobémy ot div € paBeH HHTErpaJy Mo e€ MOBepXHOCTH OT £T

4 4
gﬂ'Rs divg = /div EdPr = f&ndzx = AT R*¢(R) = 4me = 47T?7TpR3,

rjie N1 — BHEITHsIsT HOpMaJib cepbl, p 00bEMHAs IOTHOCTH 3apsijia B cdepe.
Orciona divE = 4mp. U3 ypaBHenus HempepbiBHOCTH p + divj = 0, e
BBEJIEHA IJIOTHOCTH TOKA j, CJIEIyeT divé =dnp=—4Andivjm &€ = —4nj.

B snuneitHOM mpuOIMKEeHUN ypaBHEHUS TOJEHl CKIAIBIBAIOTCS B YpaBHE-
HUA MaKCBeﬂﬂa JJI HaHpH)KéHHOCTI/I JIEKTPUIECKOT'O TTOJIA 6 U MHAYKIOUU
MArHUTHOTO ITOJIA b Ipu HaJIn4dIne 3apgAJ10B U TOKOB

£ =crotb —4nj, div€é =4mp, b= —crot€, divb=0. (28)

MrTak HaIpA>KEHHOCTD JIEKTPUYECKOTO MOJIA MOYKHO OTOXKIECTBUTH
¢ Jacthio noaspusamnuu ['Tl-map, BKIIOYaiONeid MOCTOSHHOE W MOMEepPedHoe
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6e3maccoBoe £-mosist. MaruuTHoe 1moJjie XxapakTepusyeT UX U3MeHeHHe BO Bpe-
MEHU W He SIBJISIETCS OCHOBOTIOJIATAIOIINM, HECMOTPSI Ha CBOE yI00CTBO B
npuMeHeHHsaX. Ero MoxkHO 6e3 ymepOa 71 cMBICIa yOpaTh U3 HA3BAHUS IO-
JIsl, OCTABUB TOJILKO MIpUIararebHoe "sekrpudeckuii: s1eKTpudeckoe mosie
(371eKTpOTIOIe) U SJIeKTPUUIECKast BOJTHA (3JeKTPOBOJIHA). Bompoc o mpogoib-
HOI JacTu &-TOJIST PACCMOTPEH B CJIEAYIONIEM pa3Jiesie.

DJIEKTPOBOJIHA eCcTh He3MaccoBas monepednast {-Bosia. OHa, COMEPKUT
JIBe MpOTHUBOMa3HBIE COCTABIAIONe. Eé mmmHa BOTHEI A > 4 B eIUHHIAX
paccToanuit 1o Mexkay mapamu. Ecam rg ~ 10722 M (OnBITHBI pa3mep 371eK-
tpona [11]), To A > 4-1072% m, a gactora Boabl Menee 10%° ', Eé rpynmosas
CKOPOCThH (26) MeHsIeTcst OT CKOPOCTH CBeTa ¢ JJIsl JJIMHHBIX BOJIH JI0 ¢/2 TIpH
A = 4. Ho npezen crutonmHoil cpespl (26), B KOTOPOM OHA TTOCTOSTHHA, OXBa-
TBHIBAET BCE HADIIOTAaeMbIe BOJTHEI.

[Tongpu3amus nMeeT IOIEePEYHO-IIOJIOCHOE CTPOEHUE — UYepPeI0BAHNE
HAIIPABJICHU TOMSIPU3AINN B IIOCKOCTH, OPTOTOHATBHON HAIPABICHHUIO IO~
qsi. Paccrosinme mexay mojiocaMu paBHO PACCTOSTHUIO MeyKIy 3(UpoHaAMU
ro < 10722 M. DTO cTpOeHue TepeHoCHTCs Ha JIeKTPOTIOe 1 3JIeKTPOBOJIHHI.
[Toste Kysiona ecth cymMMma MPOTUBOIOJIOXKHO HANPABIEHHBIX W TTOYTH PABHBIX
0 BEUYNHE PAIHATBHBIX MMOJIeil.

HamryMubie rIsHbr IMEI0T pactpesienenne (11) ¢ mpocTpaHCTBEHHOM /THC-
nepcueii {(¢?) ~ 1, koropas jaér mrym mojgpusanum 0 ~ 1, HAMHOrO
MPEBBITIAIONINI BeJIUNIUHY d1eKTporos. Ho sror mymubiiit ¢pon He3ameTeH,
IMOCKOJIBKY TPOTUBOIIOJIO?KHBIE (I)J'IyKTya]_[I/II/I B3aNMHO YHUYTOXKAIOTCA YCPe-
HeHHeM IIPH HAOTIOIEHUH 33 BpeMeHa MHOIO OOJBIINEe UX ITHTeTLHOCTEI .

Hamr Mup MoxkeT cymecTBoBaTh ecam paccToguusd Mmexmay ['ll-mapamvm
7 = T BBIIEPKAHDBI ¢ OTPOMHOiI TOYHOCTHIO, 00ECIIeUNBAOIIEH UL TeOMeT-
pudeckoe ocaabienue noasgpusanun B npocrpanctse. B TTI-reepau (r > rg)
moJie — MaCCHBHOE W OBICTPO 3aTyxaeT C yaajeHueMm or mcrounuka. B ['TI-
wiasme (r < rg) yCToiunBag MOJIApPHU3AIUS HE BO3MOXKHA. [ paHUIA MeKLy
HUMHI €CTh cpeaa Hamrero mupa. OHa, KaK HOCHTETb 3JeKTPOIO/Is, MOI00Ha
runorerndeckoMy upy lexkapra. s Heé MOXKHO OCTABUTH 9TO HA3BAHIE
acpup D, a ed reMenTs Ha3BaTh 3PUPOHbI 39— 3413 mpn r = ry.

Tpyano npeacTaBuTh BO3MOYKHOCTH TMOCTOSIHHO TOJIAEPKUBATH B HaIe
BCEJIEHHON Takme ocoOble YCIOBUsS. BoJiee eCTeCTBEHHO MPEeIIOJIOKHUTh, ITO
3¢dup ecthb 3-MepHasd MOBEPXHOCTH B 4-MEPHOII cpee, pa3aeadioas
['[I-mna3zmy n I'll-TBepap. Takasg mOBepXHOCTH MOXKET BO3HUKATH, N3MEHSIT-
Cs1, COXpaHsist CBOE KadecTBO, W mponagarh. CpaBHEHHWE ¢ YBOJIONME Harmei
BCEJIEHHON MPUBOIUT K MPENOJIOKEHNI0 0 (pa30BOM mepexose 4M Cpenbl u3
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IJ1a3Mbl B TBepPAb, KOTOprﬁ HAQUYWHAELTCI OT TOYEHHON 3aTpaBKU W IPOAOJI-
KaeTCd yBeJIMYeHueM FpaHI/I‘{HOﬁ ITOBEPXHOCTH. ,H.HH Heé eCTEeCTBEHHO MMeTh
MEHSIONIYIOCS BO BPEMEHH KPHBHU3HY, KOTOpas MOYKeT OBITh IpeICcTaBIeHA
KOCMOJIOTHYECKOfi TTOCTOSHHOM [12] B ypaBHEHHSAX rpaBuTanuu DiiHIITeHHA.

MaccuBHoOe 110JIe

BeamaccoBoe -11o1e (31EKTPOIIOIIe) CYIECTBYET, €CTH PACCTOSHUE * MeZK-
nay [Tl-mapamu obecmeunBaer cymiectBoBanue pupa r = rg, wy,(rg) = 0.
[Tpucyrcreue jgonojuutensuoro razua [P (uwam 113) menser r. B cocemmem
3upoHe OH MPUTATHBAET MPOTHBOTIIH W OTTAJKUBAET TIdH. Kcam cura nx
B3aMMO/IeiiCTBIsT YOBIBAET C PACCTOSTHWEM, TO TPUTSKEHNE CUJIbHEE OTTaJ-
KuBaHus. biamxkaiinme 3(pUPOHbI CABUTAIOTCS K TISHY, PACTATHBAs 3a cODOii
sup m 06pasys 06JaCTh paspeKenus, B KOTOPoil r > rq, w2, > 0. 13 cnu-
MeTpuu cdepbl {-110Jie B HEil MOYXKET OBITh TOJHKO PaJIMaJIbHBIM C JIOTIOJTHY-
TeJILHBIM T9HOM B TeHTpe. CraTnka 3a1adu TpeOyeT JITOOBI MOJISTPU3AIUsT
cozepxkaJia nosie Kysiona &, u cranmoHapHbie 1M0Jisi KoJiebanuit B apupoHax,
IMeoINe MoIepedHyto & 1 Mpoaoabhayio & dactu: £ = . + & + &.

CymecTBoBanme 1o/eit BOMM3M rsua I'® 3aBUcAT OT HAIMYNs UX HCTOYHHI-
KOB. VICTOYHHK IMOCTOSHHOTO TOJIST — CPEIHsS aMILTATYIa TadHa. JI1a cramu-
OHAPHOTO MOJIsT — pacrpesenenne myma B radue (5). OHO MpecTaBIeHo Kak
CIydaifHbie TepeMelenns aMILIATY/Ibl, uMerorire ""Bparnenne" BOKpPYyT 1eH-
Tpa I9HA U pajuaibHoe "IBuzKenne" | 4To BBLI3BLIBAET IMOJO00HLIE MOIEPEYHOE
1 IpomoabHoe moss. ChaydaiiHble BOJTHBI MOIEPEYHOr0 MOJIsI, BPAIAgCh 10
cdepe BoKpyT '3, craHOBATCA CTAIOHAPHBIM HAO0POM CIYUAHHBIX CTOSINX
BoJTH. [IpomoibHBIE BOIHBI, ABUTASICH TI0 PAIUYCY, HE SABJISTIOTCS TAKOBBIMU W
He BJIUSIIOT Ha MeJJIeHHbIe HAJIIYMHBIE TTPOIECCHI.

Ecin npeanosarars, 9To Bee noJisg noasipusanuu ['TI-cpempr obycoBiie-
HBI HAJTHIHEM YaCTHUI], IMEIOINX B CBOCH OCHOBE TI3HBI WIN IIPOTHBOTIIHEL,
TO OCTAIOTCA JIBA BHUIA MOJIEH: MOCTOSHHOE &, M CTAIMOHAPHBIX MTOIMEPEYHBIX
KoJiebanmii &;, KaK MacCHUBHOE BOJIM3M TIJdHA, TaK U O6€3MaccCOBOE BJIAJH OT
Hero (momepedHast 31eKTpoBosHA). OJHAKO He WCKJIOYEHO CYIeCTBOBAHNE
POIOJILHOTO OIS & OT APYTUX UCTOYHUKOB W MPUUNH.

Korma I'® npuzkercs, &-m01sg BOKPYT TA9HA HepecTaioT OBITH CTaIHOHAD-
HBIMHI U TOJBKO paJuaabHBIMA. X ITHHAMEKY yI0OHO pacCMaTpUBATh B CBSI-
3aHHOIl ¢ JacTHuIell cucremMe OTCYETA, WCIOJL3YsT YPABHEHUE JIsT MeJJIEHHO
MEHSTIOIIENHCsT BO BpeMeHn aMIInTyabl. OCTaBisiss MPUOINKEHHO JIUTITH Pa,Iu-
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aabHoe TosTe BeeM & (X, 1) = Re[(x,t)e~“m ()] TIpeneGperas ¥, oIy aIM
& & — (20w + w2 ap)emt,

B menuneiinoit wacrtu (21), 6e3 yuéra BTOpPbIX TAPMOHUK (YCPEIHEHUEe O
nepuoy KoneGanmit), samumem 2 = [1)|2/2. TpeneGperas muddepennmupo-
BAHUEM Wy, (X), 3 (21) BBIBEIEM ypABHEHUE JJIS AMILTATY/IbI

it = AG/2m 4 CPE/2, M=/, (20)

rie m — macca &-moas. OHa, BMecTe ¢ w,,, MeJIeHHO MeHSIeTCS B IPOCTpaH-
ctee BO/m3n I3, M3meHennmem CKOpocTH ¢ Tpenebperaercda. B moxosmieiics
cucTemMe KOOpJAWHAT 1/1 3aMeHsieTcst Ha dy) = 1/1 + V grad ¥, e V. — BekTOp
CKOPOCTH YacTHIbl. Ho mpu MamoM V' BTOPBIM WIEHOM MOXKHO MpeHeOpedb.

Ecnn 3aMeHNTh mepeMeHHYI0 B IIPOCTPAHCTBE MACCY HAa HEKOTOPYIO IIO-
CTOSIHHYIO M, TO MOJIyunM Heqaunelinoe ypasaerue IIIpénunrepa (ypIII) [5]
B ODBITTHOM JIJIsl HEPEJISITUBUCTCKOI KBAHTOBOW MEXaHWKE BH/JIE

—ip = A /2m + w2 | *p/2. (30)

B kBanToBoii mexanuke yplll onuceiBaer namenenue BOJTHOBOM (DYyHKITHH.
3/1ech 9TO ypaBHEHNE JUHAMUKHI aMILTATY/bI TIOMEPEIHBIX KOJIe0anuit &-1moJist
B OmmKaiimieit K rauy obsactu. VX TOXKIeCTBEHHOCTH BO3MOYKHA, €CTU ITO
M0JIe COCTABISIET OCHOBY JBUKEHUS JacTullbl. Torna BosiHOBas (byHKIms
SIBJISETCS KOMILTEKCHOM aMILTUTYION MACCUBHBIX MOMEPETHBIX KOJIEOAHUI IO~
Jgsipusarnun 3OUPOHOB BOKPYT TIAYHA, a MACCA YACTUIBI — XapaKTepPHOil
Maccoit m moJjisg 3TuX KoJjiebanuii. B KadecTBe Heé MOXKHO HAIPUMED B3Th
HaUGOJIBIIYIO MacCy TONepedHbIX &-Kojlebanuii 1m = max w,,(R)/c?, noctu-
raeMyio B OJTMKAMIINX K TJIPHY dPUPOHAX.

B zamucu ¢ = |¢]e!® uepes momynb || u dbasy ® Bummno, uTo || ecTh
BEIECTBEHHAST aMILIUTY/Ia MaCCUBHBIX &-Kosiebanuii, a ¢pa3a BOJTHOBOI (DYHK-
nun (JeficTBre 9acTHIB) — UX OTHOCHTEIbHOE MeCTO.

Cuwnrast 9acTUIly BOJTHOBBIM MAaKETOM C YaCTOTOH W,,, YCJIOBHE MAJOCTH
V' samummem Kak w,, > V/L, tne L ~ 1/q — pa3mep nakera, ¢ &~ w,/c —
ero BOTHOBO# BekTOop. Torma V' < ¢ ecTb 0OBIYHOE YCIOBHE MPUMEHUMOCTH
yplIl. Ho 31ech oHO BBIBEJEHO JPYTUM ITYTEM.

T. 0. BHyTpU YaCTHII JeiicTBIE MOJIs TJI9HA MTPUBOINAT K (DA30BOMY Mepe-
xoay adupa B cocrosinne ['II-TBepan n Bo30yKIeHUIO TaM MaCCHBHOIO TTOJIST
HOMEPETHBIX KOJIeOAHU MOIIpu3aIinm, JA0Mero yactunam maccy. [loxoxee
SIBJIEHUE, KOTJa MACcCa YACTUILI OMPeIe/seTcs BIUSTHIEM OKPYIKAIONEero eé

27



MOJIsI, UMeeT MecTO B (pu3nuke TBEPIOrO Tead. JJIEKTPOH B KPUCTAJLIE CBO-
UM TI0JIEM TIOJITPU3YeT PEMIETKY KPUCTAJIa U BO30YKIAeT B Hell KojiebaHus.
Obpasyercst kBasznuacTuiia — nosstpon Ilexkapa [16], addexkrunas macca
KOTOPOTO MOXKET 3HAYUTETHHO MPEBBINIATH MACCY JJTEKTPOHA.

IloTrennmansHag 3Heprusd BxoauT B yplll gepes wenuneitnocts. [Iycrs
AMILIUTYIa 1) UMeeT jBe 9acTu 1) = ) + 1y, Torma ¢? = 2 + 2919y + 3.
Heymuneiinocrs B yplll st ¢ pasbusaercs Ha camojeiicTBie ~ 17, B3auMo-
neiictere ~ 2ty 1 Bo3meiicTBIe ~ 5. Ecmm 1) < 1)y, TO 0cTadTCAa TOMBKO
BO3/IefiCTBIe B BUJe MOTeHIaTa BremHero mosa Uiy, U = —w2[ihs]?/2.

3a kBaHT {-KoJebaHmit OepéTcd KoebaHne ¢ aMILTUTYI0H ¢ = 2 B e/i1-
HUIAX AMILIATY/IBI TIIyMa, 9TOOBI ero BHEIIHssl SHEPrust ObLia Yw,, = hw,
npu i = 2. TTockonbky [1)| < 1, To ero sHeprust B 0MHOM 3(hpHpPOHe He JTOCTH-
raeTcs, a pacrpejeneHa BOKPYT T/I9HA — KBAHT KOLTEKTHBEH.

[Ipu ABUKEHUU YACTHUIBI TIEPEHOCUTCS BHYTPEHHSS SHEPTUS] MACCHBHBIX
&-xomebanmii w2 |1 |%. Eé pacnpenenenne mponopnuoHanbuo || n noxanneno
YDPaBHEHWIO HenpepbiBHOCTH, KoTopoe caeayer w3 yplll (30). TIpu HopMupos-
Ke Ha eJMHUILy obpa3yercst Kak-Obl "BepositHocTHOE pactupenenenune. Ho aa-
CTHIA HejleMMa — eé HeJlb3st Hab/IoaTh o yacTsM. Tereph [1)|? npeacras-
nsteTcs "IMTOTHOCTBIO BEPOITHOCTH OOHAPYYKEHUS YACTHII , KAK IIPUHATO B
KBAHTOBOII MeXaHWUKe, a He pacipe/IeeHneM BHYTPEHHel SHepTruu morneped-
HBIX MACCUBHBIX &-KOJiebaHnii BHYTPU HeE, KaK MOJIYYeHO 37eCh.

JIBu>KeHMe 9aCcTHUIIB eCTh MepeMeIIeHne e€ TI9HA BMECTe ¢ OKPYKAIOIIIM
&-mmostem. OTaEIBHBIN TI9H, IBUTASICH MeZK 1y d(PUPOHAME, TPUTIATHBAET TPO-
THUBOLIYH 3(PUPOHA U OTTAJIKUBAET ero riad3H. C IpoTHBOrIIHOM OH 00 THHSI-
eTCs B HOBBIi 3pUPOH, & 0OCBOOOIUBIIAIICS TIYH 3aMEHSeT ero B JBUTAIONIeiCs
JACTHUIE U MOIIEP:KUBAET YCIOBHUS IS CYIIECTBOBAHUS MACCUBHOTO &-TOJIA.
T. 0. ABUKEHMNE YACTHUIHI €CTh TIEPEHOC BO3MYIIECHUS.

JIBU>KeHne JacTuihbl C JIF00Oil CKOPOCTHIO MOXKHO CYUTATh PACIPO-
CTpaHEeHHeM BOJIHOBOTO TakeTa (WM KBAHTA BOJIHBI) TONEPEYHOro mous &,
KOTOpBIN OepéTca Kak Habop OMM3KHUX O cHeKTpy BoJiH. HampaBrienme mo-
JISTPU3AINN 33aET MPOIOIBHYIO OCh [. [TakeT ABUKeTCS MOMEpPEK ITOH OCH B
mockoctu jk. Tlose 3anuceiBaeTcs B Buje KojebaHusi Ha cpejHeil dacTore
nmakera w(q) ¢ MeIJIEHHO MEHSIOIECsT aMILTHTY/I0ii 1)

&, t) = Re[b(x, 1)ei®] = vei® /2 + ke,

rie & = —wt+qx — dasa, v = {j,k}, 9 = {¢;, ¢}, kc o3HaTaeT KOMITEKC-
Hoe conpsizkenne. Torma npenedperas v : 26 ~ —(2iwt) + w?)e'® + ke.

B nipubvKeHn CIIONTHON Cpeibl 28]25 = 8?1# + 2iq;0;1 — qflp + kc.

Tax ke s ocu k. B HeJlmHeiHOW 9acTh TapDMOHUKY HE YIUTHIBAIOTCS.
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8E3 = 3e® 4 2% et® + ..~ 3| |*e® + ke.

Teneps B (19) —2iwt) — w2 + w2 =

0% + OF + 2i(q;05 + qrOk) — 47 — il + 3w2[Y[*)/8.

[Toce coxpamenns, BeaeacTsie auemyp (23), ocraéres

—2iwt) = [(0F + O) + 2iw(V;0; + Vi) + 3wi|1|*)/8,

rie V = (¢?/w)q — Bekrop rpynnosoii ckopoctu (23). Brojst Maccy JBUKY-
ueficst wactunpt M = w/c? u nannacuan A = 6]2» + 02, 3anmmrem

—idyt) = (A/2M + 32| /8)0, dpp =4+ (Vgrad)y. (31

3/1eCh UMEIOTCS JIBA JIBUKEHUS: TaKeTa (TACTHUIIBI) KaK [EJI0r0 CO CKOPOCTHIO
V u Bayrpennee. OOBIYHOE B JIMHEHHOM MPUOINKEHUH PACILIBIBAHIE BOJTHO-
BOTO MAKeTa, CTabUIN3UPYETCs TPH YIETe HEJTMHEHHOCTH. DTO ypPaBHEHNE MTPU
wm =0, M =q/c, V=q/M npuMeHIMO K ONHCAHUIO JBUKEHHUS (DOTOHOB.

Brons ¢ = Re(We®), rae & = —wyt + qyX, 3anumen MeIeHHBIH THC-
nyp wy = Vqy + q?p /2M + U, B KOTODBIii BBEJIeHA TOTEHITHAIbHASI SHEPIHSI
U Bo BHemueMm mojie. OH OMUCHIBAET CBSA3h YHEPTUU, UMITYIBCA U CKOPOCTH
qacTunsl (KBaHTa BOTHB). O, — dasa ammmTyasr (B KBAHTOBOI MeXaHMKe
9TO JIEHCTBIE YaCTHIIBI), CTAIIHOHAPHOCTH KOTOPOil MIPH BAPHUPOBAHNUHI OIIpe-
JeNsgeT IBHKEeHHEe MaKeTa — HPUHIUI HamMeHbInero aeiicreus. Pasa
BO3HUKJIA KaK CJI€JCTBHE IMOJEeBO MPUPOILI YACTHUI, BKIIOUYass (DOTOHBI U UC-
KJrouast HedTpuno. T. 0. OCHOBOM JIJIst UCTIOIHL30BAHUS TIPUHIIAIA, HAWMEHb-
mero JefcTBUs SBJIsgeTcs E-10J1e MoJIgpu3aiun dpupa.

B comyrcrmytomieit nakery (wacrume) cucreme orcuéra Vo= 0. Torma
q=0,w=wy, M =m u ypasueuune (31) nepexomur B yplIl (30) ¢ m = m.
Macca IBUKYIIEHCS JacTUIBI YMEHBIIACTCS 10 MACCHI MOKOsS. OHU CBS3aHBI
mucmypom w? = w2 + ?¢? = w2 + wV?/2 =w? /(1 —V?/c?), mm
M? = m?/(1 — V?/c*). 1o u3BecTHOE COOTHOMIEHNE MACC MEXaHWKH DiH-
mrreiina [2| mostyveHo 3/1ech W3 paccMOTpeHusi BOJH B adupe.

Orcroga Tak:Ke CaeayeT 3aMeljIeHne X0Ia BPEeMeHHU IBHKYIIErocs Teja,
ecIM TeJO0 MOHMMATh KAaK BOJIHOBOII maker. /I BBegeHHsS BpeMeHH HAJO
IMeTh 0Opa3ser JIUTETLHOCTH, CpaBHEHHe ¢ KOTOPBIM U JaéT Bpemsd. B BoJ-
HOBOM TMakKeTe 00pa3ioM siBjsieTcsi epuoj, Koiebanuit T = 27 /w njs asu-
Kyterocst resia u 1, = 27wy, 17st nokosimerocst. [Tist 06oux Test BpeMeHa B
eIMHUTIAX CBOUX MepuoioB coBnagatot t /1 = t,,/T,,. Ho B obmux mag oboux
TeN eIMHANAX OHM pa3amuaiorcs t = t, T /Ty, = tywm/w = ty(1 — V?2/2)Y?
TakK Ke KaK B MeXaHUKe JUHINTeiTHa.

[TostyueHHbIE pE3YIBTATH OTIIMYAOTCS OT IIPUHSITOTO B COBPEMEHHOI KBaH-
TOBOI MeXaHUKe To/IKOBaHus cBsi3u ypapuenuit [[Ipéaunrepa u Kieitna-®Poxka-
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Topnona, npu koropom ¥YpK®T' gapiisiercst peisiTHBUCTCKIM 0000ITIEHUEM Hepe-
asrusrcTckoro yplll, npumensiembiv K BostHOBON dyHKIMn. YpK®T (25)
eCTh TOYHOE BeleCTBEHHOe YpaBHEHNE /I BEIMECTBEHHOTO BEKTOPA MOIIPH-
sanuu 3bupona. Ypll (30) ectb yopoméHHOe KOMILIEKCHOE YDABHEHUE [Tt
CKATSIPHON KOMILIEKCHOM aMILTATYIbI 3TOUH MOJApH3alnn. PensaTuBUCTCKIM
obobmernem YplIII ssstercst (31).

JIBurkeHne 9acTHIBI €CTh MepeMeIeHne e€ riayHa BMecTe ¢ OKPYyKAIOIIM
&-moneM. OTaenbHBIH TI9H, ABUTASICh MEXKY 3DUPOHAME, TPUTATUBAET MPO-
TUBOLIYH 3(PUPOHA U OTTAJIKUBAET ero riad3H. C IpoTHBOIIIHOM OH 00HEe THHSI-
eTCs B HOBBIi 3(pUPOH, & 0OCBOOOIUBIIAIICS TIYH 3aMeEHSeT ero B JBUTAIONIeiCs
YACTUIE W MOJJIEPXKUBACT YCJIOBUS JIJIsi CYIIECTBOBAHUST MACCUBHOTO &-TIOJIS.
T. 0. ABUKeHUE YaCTHUIbI €CTh IMEePEHOC BO3MYIIIEHUS.

Ilosie Tarorenuga

Yéruas qactb Ug morennuana B3anmMozeiictsus depes nrym (10), Heemor-
pst Ha cBotO cabocTh (Ug < U,), BBI3BIBAET OTTAIKHBAHNE JIIOOBIX [IIHOB I
cO31a6T HEKOTOPOe OUYeHb caaboe JaBieHue B dQmee.

HeomnopomgaocTu pacmoiozKeHnss HEKOTOPBIX 37eMEHTOB B dupe n HeiT-
pe Co3IaI0T HeOTHOPOAHYIO AedopMaliuio 3Toi cpeabl. [IycTh B adupe pacio-
JIOZKEH JOTOJHUTENbHBI 3bupon 3¢ (nan Heiirpuro). O orraskuBaer 6JIv-
JKaiimme 3(OUPOHBI, KOTOPHIE TepeIaloT OTTAJKUBaHIe Aabine. PaccrosHue
MexxIy dhuponamu r Mensgerca Ha r + h, h < 0 — 3dup cKkumaerca 3a
CYET pACTSKEHHS B IEeHTpe OTTAIKuBaHuA. [Ipn 3ToM 00BEM C:KATHUST MHOTO
boJbIe 00bEMA pacTsayKenus. VI3MeHeHne paccTOSHIS ABIeTCsI BEKTOpoM h,
HAITPABJIEHHBIM TI0 PAJIUYCy OT 00bekTa Biausinusd. [Tose nedpopmanuu spupa
OTIpeIesIsieTcst CyMMOit (HHTErpajoM) 3TUX BEKTOPOB.

Takum ke cBOHCTBOM 00/1a/1aeT TOJe TATOTEHWST B TEOPUU DifHIITeiHa,
[3]. 1Ix MOKHO OTOXKIECTBUTD, €CJIU 3a MOTeHNuA 1o/ B3aTh h. Tormna mo-
Jie TATOTEeHHd ecTh 4dacTh aedopmamnum 3dupa. ITO MOATBEPKIAET
METpUYIeCKUil XapaKkTep IpaBUTANN DIHINTEHHA 1 1aéT eMy 000CHOBaHME.

DIEeKTPOBOJIHBI U YACTHUIILI B MOJie TaroTeHud. Ix cBoboaHoe 1BH-
JKeHMe OTHOCUTEIHHO Y(pupa ecTh MepPeHoC BO3MYIIEHUsT &0, 3aBUCSIITHIT
OT PacCTOSHUI MexK 1y abuponamu r; = r+ h; BI0Ib oceii-uaMepoB i = j, k, [.
B cxkaTom adpupe coceannm 3pupoHam nepeaaérces 60abIe SHEPTUT, ITO YBe-
JINIUBAET CKOPOCTH MEPEHOCA.

BekTop ckOpoCTH 371€KTPOBOJIHBI C MEHSIET CBOW BEJIMYWHY W HAIMPaB/Ie-
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Hrie. BMecre co CKOPOCTHIO MEHSIETCST YaCTOTa JIEKTPOBOJIHBL. B 0HOMEpHOM
cayaae w(r + h) = c(r+ h)g = (c+d.c- h)qg = w(r)[l + (d.c/c)h], c = ¢;(r).
T. k. d.c < 0, TO CKOPOCTH W YACTOTA JTEKTPOBOJHBI B TOJ€ TATOTEHUSI
(h < 0) pacTyT. DIEKTPOBOIHA YCKOPSIETCSI B CTOPOHY OOJIBIIETO OIS

JIBuKeHne n CBONCTBA YACTHUIBI, KAK MaKeTa MOMEPETHBIX BOJIH, OIpe/Ie-
astiorest ypasHenuem (24) w? = w2, + ¢, B KoTOpOM HYacToTa KoJebaHuii
B adupore (18) w? = w? — 4¢® — 2¢]. B cxarom marorennem sdupe, 1mo
CPABHEHHUIO C HECXKATHIM, YaCTOTHI W,, U W BMECTe C MACCAMU JACTHUIBI B
MOKOe M = wy,/c® u apukennn M = w/c? cTaHOBATCA MEHBIIE a CKOPOCTD
V = *q/w u ortHomenne macc M?/m? = w?/w? = 1+ ®¢*/w?, Gonbme.
BekTop ckopoct V MeHsieT CBOW BeJIMYNHY W HATPABJIEHUE.

T. k. yckopeHue 3JeKTPOBOJIHBI UJIA YACTHUIBI TPOTIOpIOoHaabHo grad h;,
TO h feiicTByeT Kak BEKTOp MOTEHIHAA OIS TATOTEHUS, UMEIONHil Tpu ma-
pametrpa h;. OH MeHsIeT MeTPUKH KayKI0# OCH, & depe3 HUX KPUBU3HY MPO-
CTPAHCTBA W METPHKY BpPeMeHH, ompesenseMyo dacrtoroii w(h) BoaHOBOrO
nakera. Ecm #e 3amedars 3pup, TO IBUKEHNE 3JIEKTPOBOTHBI WIH TACTHIIHI
IPOMCXOIUT KAK-OBI B KPUBOM ITYCTOM MTPOCTPAHCTBE-BPEMEHH.

YpaBHeHUsI 1MOJIsT TATOTeHus: B 3dupe MoKHO HaiiTn. OnHAKO W3-3a €ro
caabocru (10) cCKOPOCTH MepeHoca MoJisk TATOTEHUsT o KpailHe MaJia Mo CpaB-
HEHUIO CO CKOPOCTBIO ¢BeTa ¢ : 02/c* ~ Ug /U, ~ S, /Sy < 107,

Hedbopmanus 3dupa h nmeer nBe vactu, 00yCJIOBIEHHBIE ABYMs MPUUIN-
HaMu. 9710 hg, mopoxkaéanas uérHoit dacThio Uy MOTeHIMAaIa B3anMOeii-
crBust TI3HOB depe3 myM (10), u he, HemHeHHO TOPOKIEHHAS TTePEMEHHBIM
snekrponosiem € (19). Vx coornomenne s dacrur (cm. "Cpena mupa')
hg < he < &:  hg/he ~Ug/U,, he/E ~ &/r. Manocts hg obycaaBiuba-
eT U3BECTHYIO CJIADOCTh TATOTEHHUsI, KOTOPOE TOJBKO JJIT O'POMHOTO U JJIeK-
TPOHEHTPATHHOTO MHOYKECTBA TACTHIL CMTOCOOHO CO3/IaBATh 3aMeTHbIE MOJIS.

Cornacho ypasuernsim (19) hg-1osie BJausieT Ha 3J€KTPOBOJHY W MOXKeT
IEPEHOCUThCSA BMecTe ¢ Heit. Ho oHo kpaiine mano. A menuneiinocts (19) mpu-
BOJIUT K 3aBUCHMOCTH TIEPEHOCUMOTO OIS OT MapaMeTpOB MepeHOCATIe ero
9JIEKTPOBOJIHBI, UTO 3aTPYAHAET TIPEICKA3aHIe UTOra STOro MepeHoca. Toraa
HaboaBIasicss B onbitax [17] "rpaBurammonnast BOJIHA, COMPOBOXKIAeMAast
3JEKTPOBOJIHOI" , eCcTh HEOTAeaNMMOe OT 3JIeKTPOBOIHE he-miojie. Ero Oymer
OYeHb HEMPOCTO CBS3ATh C TPABUTAIMOHHBIME BO3MYIIEHUSIMU, KOTOPHIE CO-
POBOXK/TAET HTA HJIEKTPOBOJTHA.

BerecTBo gBIS€TCSA 971K TPOHERTPATBHBIM JIAIITH JIIST TIPOCTPAHCTBEHHBIX
pasperniienuii MHOTO GoJIbIIIe pa3mepa aTomoB. Ha menbrmmx macmrabax Bce-
I CYMEeCTBYIOT CHUJIbHBIE IEPEMEHHBIE 3JIEKTPONOJIsi. A TaM rjie HeT YacTHI
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00s13aTeTHHO TMPUCYTCTBYET PEJIMKTOBOE m3jaydenne. OHU BIOJHE CIIOCOOHBI
nepecTpanBaTh CO CKOPOCTBHIO CBETa MOJIA TATOTEeHUA ABUKYHIUXCA MaCC, 9TO
SIBJIETCS HEOOXOIUMBIM YCJIOBHEM TPHU BBIBOJE TEOPUU TPABUTAIMH DifH-
mreiiHa. ['paBUTOHBI, KAK MEPEHOCYUKU TOJIS TATOTEHUs, HACTOIBKO CIa0BI,
YTO UX MOXKHO HE YIUTHIBATH. B UTOre OCTaéTCs KBA3U-MOCTOSHHOE MOJIe Tsl-
roremnd MaCCHUBHBIX TeJI, KOTOpO€ MpHu WX ABUXKEHUUW HaJ/J0 NOAINPaBUTH Ha
HEJIMHEHHYIO MTePecTPORKY 3JIEKTPOIIOIEM.

['paBuTanmumonnoe mojie ¥ Macca TeJ MPOMOPIUOHATBHBI YUCTY JACTHIL B
aux. OTciona caeayeT mpomopIUOHATLHOCT WHEPIIMOHHONW W IPDABUTAIIMOH-
HOI Mace, WM X PABEHCTBO B COOTBETCTBYIOINEH cUCTeMe eTUHUIIL.

O‘leHb CUJIBHOE II0JI€ TATOTEHHdA BBI3bIBACT 3HAYUTE/JIBHOEC YMEHBbIIIeHUe
paccrosiHust MexKay ddupoHamu, Beayiee K da3zoBomy nepexojay 3dupa B
['[I-mna3zmy. B meii HeT mosg moggpus3anuu, cIeI0BaTeTbHO OTCYTCTBYIOT
9EKTPOBOTHBI M YACTHUIBI. JTA OOJACTH BLITVIAIUT KaK 4dépHasd gpipa. To-
r/1a MOKHO HPEIIOJI0KATh, YTO Y€PHBIE AbIPBI ecTh obaacTu ['TI-mma3mer,
obpazoBapiinecs B apupe 1o/ JIefiCTBUeM CHJIBHOTO MOJIsT TITOTEHWSI.

YHacTuib!

OCHOBHBIMU 3JIEMEHTAMU HAIIETO TPEXMEPHOTO MUPA SBJISIIOTCS 3M T/TIHBI
'3, II* u 1m mapsl v;, KOTOpbIE COCTABJIEHB W3 1M [I3HOB Fjl., Hjl., COeTMHEH-
HBIX 0OMeHHBbIME g-cBsa3simu (8, 9). CroiicTBa 1M MI9HOB M HUKHUX KBAPKOB
[18, 19] coBnanaror, ecu nBeta KBapkoB [20, 21| 0TOXKIECTBUTH ¢ H3MEPAMH.
Torna HU>KHHUE KBapKH d; eCTb IPOTHBOTIIHBI Hjl., HUKHIE aHTUKBAPKU
— TJI9HBI F}, MBEeTa KBAPKOB — m3Mephl j = 1,2, 3, OTBeTCTBEHHBIE 3a Pa3-
MEPHOCTH HAIITEro MpoCTPAHCTRA.

B azporax [22] kpapkn csizanmr rmoonamu [21] rakske, kak T'j u II} crs-
sanbl oOMeHHbIMHI g-cBst3svu (8, 9) B [, I1° n v;. CoregoBaTebHO TUIFOOHBI
ecTb g-cBa3u. Ho, B 00mmem ciiydae, oHM He KBAHTBHI BOJH. BomHa ecTh mepe-
HOC 4Yepe3 COCeIHHe TOUYKH. A B MIyMe MHOTOMEPHBIX g-CBs3eil KazKIblit F}
cBsI3aH cpasy co Beemu [ j- 31ech HeT BoH. TPExXMepHbIe TII9HBL SBIISIOTCS
uCKTI0UYenneM. B HuX Bce F} OKAa3BIBAIOTCS COCEJSIMU, 9TO MO3BOJISIET BBECTH
npejcTaB/JIeHne O TJIFOOHAX KaK KBAHTaX BOJH B ''MBeTOBOM mpocTpaHcTBe'.

Avmmaryast I'® u 113 Brpoe Goabme ammautyd [ u 1T, uto copnamaer c
COOTHOIIIEHUEM 3aPs/I0B JIEKTPOHA U HIKHUX KBapKOB. Ecu 3apsaapl yacTuiy
OIPeJIENISIOTCS AMILINTYaMU TJDHOB, TO 3JIEKTPOH e~ B cBoeil ocHoBe O
nmveer porusoraeH 113, a mosutpon et — rvm oF = 3. T9HBl Jal0T UM
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JIUTITH TOYKY MPEOBIBAHUSI, & CTPOEHNE YACTHIL OMPEIEISETCsT OKPY KAIOIIIMI
ux aopamu I n I} u3 &-mosteii, HAJENSIOMUX TaCTHIIBI MACCOIi.

Onmomectusre mapsr v; = Ijgglli m3mepos j=1,2,3, u3-3a ux mpornu-
BO(A3HBIX KOJEOAHUIl, ABIAIOTCA Ge3aMILTUTYIHBIMA dYacTuiamu (6e3 3a-
psijia), HO ¢ BHYTpeHHeil sHeprueit Kosebanmii. K Hum HaI0 106aBUTH 2M
VilVk, Vji = Flgﬂlgf 1glllg, 3m vigus, Va3 = TiglligligIIiTiglllg u Gonee
JUITMHHBIE coueTanusi. MeX 1y HUMU JOJIZKHBI OBITH EPEXO/Ibl Ha, OCHOBE PEeaK-
nmuii oOMeHa g-CBA3IMU, BEIyIIHe K YCTAHOBICHUIO JETAJTHHOTO PABHOBECHSI.
T. K. ¢ pocTOM JIIUHBI Tieneil pacTéT BePOSITHOCTb WX pachmaja, TO Hambosee
YCTOHYUBEI OTHOMECTHBIE V; U WX COUCTAHUS VjVy, V1VoVs. EIUHCTBEeHHBIME
JaCTHIAME, Ha KOTOPBIE OHU TTOXOXKH, sIBJIsIIOTCs HeWTpuHO [23]. Toraa me-
pexosaMu MezKLy HUMH MOTYT ObITh HEfiTpHHHBIE OCIMLIsINN [24].

| i S)éi Fjl- MOKHO TIPEJICTABUTH UMEIOIINM JBe CBOOOTHBIE g-CBA3U JIJIS B3a-
UMOJIEHCTBHIT ¢ TAYHAMHU JPYTUX U3MepoB. Ecam cuuTarh, 94TO BO B3aUMO-
JIEHCTBUYM ¢ TMPOTUBOTIFHOM CBOETO U3Mepa YYacTBYIOT 00e CBI3U, TO ITO
Oy/leT COOTBETCTBOBATH MPEJICTABIEHUSIM O B3aUMOJEHCTBUSX MOCPEICTBOM
r1f00HOB. [Tapbl rI9HOB PAa3HBIX U3MEPORB, CBSI3AHHBIE OJIHO -CBA3bI0, UMEIOT
V/IBOEHHBIE AMILIUTY/IBI U JIBE CBOOOTHBIE CBsi3u. OHU TOX0KW HA AHTUKBAPKH
d; ¢ IBOMHBIM 3aps oM. DTO BEpXHHUE KBAPKM U = gF]HgFJ g =dj1d;
I UX aHTUKBapKHU U; = gHj+1gHj_1g =dj1dj_1.

[TostyuenHble codeTaHnsi OMHOMECTHBIX TJ9HOB (KBapKOB) BMecTe ¢ (oTo-
HaM® -y 00pa3yioT MepBoe MOKOJIEHNEe YACTHIIL;

d; = Hjl-, d; = F}, uj = gFlﬂgF; 1g, ﬂj = gH}HgH; 19, Vj = FlggH},
et =0+, Of =Tigligllg, O = Migllygllig,
Oun camble JIETKUE W He PACTATAIOTCS.

HeiitpuHO M OCHOBBI 3JEKTPOHA COJEPZKAT HAWMEHbIIee YUCTO CBSI3aH-
HBIX TJTIOOHAMU KBAPKOB. DTU -CBSI3W MTEPBBIMU BBIJIEJIAINACH W3 CJIA0EIOIIEro
myma. VX cujia cOOTBETCTBYET YPOBHIO MIYMa MPU UX POYKICHUU U STBJISIET-
¢ HanbOIbIIell cpe/ii OCTAIbHBIX B3auMojeiicTBuil. [ToaTomy, Kak moka3aHo
B KBAHTOBOIl XPOMOJWHAMUKE, OHU MPAKTUIECKH He OBIBAIOT CBOOOTHBIMH,
oObeInHss KBAPKH B 3aMKHYThIe coennuenus. B (8, 9) 1o mpesacraBieHo
HaPHBIMU KOPPEJIANUsIMU, JatonumMu juaeitabie g-csasu. Ho B KX/I rmoon-
Hble B3aMMOJIeHiCTBIST HeJIMHEHbl 1 TpeOyoT yuéra koppessiunii (7) Gosee
BBICOKOTO MOPSIJIKA.

Crefyomumu mo TOpsIKy UIyT OOMEHbI MEXKIY §-CBA3AMU (TJII0OHA-
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vn). st ux yaéra B (8, 9) 106aBAAIOTCS TPON3BEIEHNUS TITYMOB

3 3
;=5 e +95 D mi(l+ g0 D Tymia)St s T = ~Thg-

i=1 k=1
ST = ST+ ¢+ gln; (1 + g17;6;) + 0;(1 — gujm;)]STSH, (32)
S =S 4 ¢; — glnj(1 + gi730;) + 0;(1 — gurym;)] ST S,

31ech Tijk U T; — €IUHIYHBIE ITYMBI 0OOMeHa MexKTy rmoonamu. [Ipu cuib-
HOW HEJTMHEIHOCTN ¢ ~ ¢ CyIIecTByeT OOIbITas BEPOSITHOCTh CKOPOTETHOTO
pa3pbiBa ¢-CBsi3eil ¢ BOBMOXKHOCTBHIO UX TEPEK/JTI0YeHUs] HA JIpyTue KBapKH,
UMEIOIINe B 3TO BpeMd M B 3TOM MecTe TaKhe Ke BPEMEHHO pPa30pBaHHBIE
g-CBSI3N.

Cienyromime mOKOJeHUs 00pa3yiorT 6ojee TaKETble YaCTUILI ¢ BHYT-
PEeHHUM TPOCTPAHCTBeHHBIM cTpoeHneM. COTJIACHO JAHHBIM O CTPOEHUU Ha-
cruig [25], Bce OHM BKJIIOYAIOT B ce0si KBAPKH, HO MMEIOT HAMHOTO GOJIbIIHE,
JeM y HUX, Macchl. Cle1oBaTeTbHO KBAPKU COCTABJLIIOT TOJTBKO UX OCHOBY
O, KOTOPYI0 HEOBXOANMO JOTOJHUTE UX OKpy:kerueM (I, 1Bop).

KBapk-TimiooHHBIE OCHOBBI MOTYT OBITH J1I000# miunabl. Ho ¢ eé pocrom
pacTéT BepOsSTHOCTH pa3pbiBa OJIHON U3 g-CBs3eil U pacnaja OCHOBBI. B mep-
BOM TIOKOJICHUU TPEJICTABICHBI YACTUIBI C HAUMEHBITUMU 3aMKHYTHIMH OC-
HOBaMH, B KOTOPBIX CJy4aiiHble Pa3pbIBbl CBA3€il BOCCTAHABJIMBAIOTCA B TOM
JKe OCHOBe. /Ipyrue OCHOBBI, UMeIONIHe OOIBIINE JITUHBI, PACTATAIOTCS.

Heiirpanbubiit mon nveer ocioby 00 = uii + dd, cBojgamyocss K mape
3 113 u aBopwl, comepxKamue HeliTpuro. Ero cymecTBoBaHme MOIIePKIBa-
eTcsl peakIusiMu OOMeHa MKy HUMH C Tepeckokamu ¢-cBs3eit. OH ecTh
JIMHAMUYECKU U CTaTUCTUIECKNH 00beKT B HEHTPUHHOI YacTn ero aBopa, K
KOTOPOIi eTié HaI0 T00aBUTH £-TBOD, MAIONINIT MHOHY Maccy. Takyio ke OCHO-
Ba UMeeT HeiiTpoH O,, = udd = v;;. Bo3amozxKHO Bce HeliTpaJIbHbIE YaCTUITBI
UMeeT OJIMHAKOBBbIE OCHOBBI M3 CBSI3AHHBIX MOJISIpU3AIMeil IJd9Ha U MPOTHBO-
ripna [3ETT3( pacnosioskeHHBIX Ha pacCTOsHIE GOJIbIIeM PACCTOSHUS MEZKLy
3bUpOHAMI) U pa3HBIE JIBOPBI, ¢ KOTOPBIMU CBsI3aHbI X pasananst. [Tomoxkmu-
teabuptit mon mt mveer ocrosy OF = ud = O}, copmaaomyio ¢ 0CHOBOI
no3uTpoHa. Takme yKe OCHOBBI UMEIOT BCE MOJIOXKUTEJbHBbIE YacTHUIbI. /1
OHU PA3HATCSI TOJTBKO JBopamu. OTpuiiareabHbIe YaACTUIIBI UMEIOT OCHOBY
sstekTpora O ¥ pa3Hble JBODHI.

ITporon nmeer ocnosy O, = uud = I'1gl'ygl3gT1g1l g = Of v. Ona cio-
JIUTCS K OCHOBE MO3UTPOHA, CBA3AHHON C HEHTPUHHBIM JBOPOM DPEAKITUSIMU
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obMeHa. DTO OTParKaeTcss B PeaKIusiX ¢ y9acTHeM MPOTOHA, KOTOPbIE 0Dsi-
3aTeJILHO COIep:KaT HelTpuHO: pr = et2u, pv = net,pe” = nv,n = pe .
[Iporon He crarmdeH, a AuHamMu4eH. [[puuuHy ero ycToiumBOCTH HAJIO HUC-
KaTh B CTPOEHUHU JIBOPA U PEaKNHUAX BHYTPHU HETO.

MmeroTcs aBa B3anMOIEHCTBUS T/IPHA ¢ OKPYIKAIONIEH Cpeloii: Y- MOTeH-
mman (12), npuBomsmuii K {-MOMIO W JAONMIA MacCy YacTHIAM, a TaKKe
CBsI3BIBAOIINIT TdHBI g-06MeH (32). Bausiuue nepsoro mpeobiamaer B au-
pe, a BToporo — B HeiiTpe. IIpu g-o6mene rasna I'® ¢ meiirpuno 1v° = [P ggll?
(32) mogiB/IsIeTCST BO3MOYKHOCTH CMEHBI UX MECT, UTO BBI3BIBAET CJIydYaifHbIe
nepeMeIeHns TIYHa B HelTpe.

[Tpwunny pacma/ia 1 Macc TAKEIBIX YACTHUIL CJIEJlyeT UCKATh B UX JIBOPAX.
Bo3MoKHO TOBTOPHBIE TPOXOZKJICHUST TJIPHOM OJHOTO W TOTO YK€ MeCTa, MOT'yT
YBEJIMIUBATH PACCTOSIHUE MeKIy dDUPOHAMEH 0 HEKOTOPOTO PaBHOBECHOIO
3HAYEHHUSA W TeM IPUIABATH YacTHIE OOIBIIYIO, YeM Y MO3UTPOHA MACCY.

[mooHHBI g-00MeH MPOUCXOAUT HPHU JOCTATOIHON /I HEro ILTOTHOCTH
YUCIa HeWTPUHO B TPOCTPAHCTBE. Kcjn 3Ta NI0THOCTH YMEHbBINAeTCs, TO OJIH-
JKaffimast K TJ9HY U CBs3aHHAs C HUM YaCTh HeWTpa COXpaHsSeT HadaIbHbIE
JIOTHOCTH U g-0OMenbl. OOpa3yercst enHasi CHCTeMa, KOTOPasi MOYKeT ObITh
yCTOWIMBO. Biy:KmaHug riasHa CTAHOBATCA OTPAHUYEHHBIMH B HPOCTPAH-
cTtBe. Bo3MOXKHO Tak poKIaauCh TPOTOHBI U HEHTPOHBI HMPU YMEHBITEHUN
IJIOTHOCTU YUCJIa HEHTPUHO B PACHINPAIOLIECA BCeJIeHHO.

U3 onbiTor [26] ciegyet, 9To HYKJIOHBI HMEIOT MOXOXKHE MPOCTPAHCTBEH-
HBbIe PACIpeIeeHNs MIOTHOCTeH Macchl u 3apsiga. OHu yOBIBAIOT OT Cepi-
nesunBl pazmepoMm ~ 1071 M 10 rpanuner ~ 107 M, 9TO MHOrO GOJIBIIE
paccrognuii Mexkay sduponamu r ~ 1072 m. IIpemonoKuTe bH0 9TO ecTh
JacTh JBOpa HYKIOHOB. B mpoToHe 3apsa He HAXOAWTCA B €ro IeHTpe, a
pacupe/iesied 1Mo 00bEMy Ha, PACCTOSTHUAS OT IeHTpa MHOTO Oosibiue r. B Heii-
TPOHE UMEIOTCST 00JIACTH TOJIOKUTEIHHOTO W OTPHUIATEIHHOTO 3apsiia. 3Ha-
YUT OH COMEP:KUT TJIPH W TpOoTUBOIIH. Ha 3T0O yKazbiBaeT Tak:Ke pacrmal
HefiTpOHA HA MPOTOH, JEKTPOH U AHTHHEHTPUHO (HEHTPUHO).

Bce Ttgaxkéjple 4acTUIbI OIMMUCHIBAIOTCH II0 CXEME OCHOBa-aBOP. lx
OCHOBBI COCTaBJIEHBI M3 TJIPHOB WJIM/U TPOTHBOTIIHOB. BBOINTH TsIKEJbIE
KBapK# HeT HeoOXxoaumMocTH. JIocTaTouHO TPEX KBAPKOB (HUKHUX) M WX aH-
THKBapKOB. Pas3mumyns 4acTuil CBI3aHbl CO CTPOEHUAME JIBOPOB. BO30HHI c1a-
60ro B3aUMOJEHCTBUS W ME30HBI He BBIAEISIIOTCI U3 APYTUX YaCTHUIl, KpOMe
CBOET0 yYacTUs B oOpa3oBaHUU saepHoit maTepun. CTpoeHHe MIOOHOB U Ta-
OHOB HE MMeeT KaYeCTBEHHBIX OTJIUYUI OT CTPOEHUs aJIPOHOB.

JIBOpPBI HYKJIOHOB CYIIECTBYIOT BMECTE C OCHOBAMHU OT WX POXKJEHUS B
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COOTBETCTBYIOIEE BpeMsi Pa3BuTHs BeejaeHHONH. OHU JTOKHBI HECTH B cebe
OTTeYaTOK Cpebl TOro Bpemenu. Ceifdac OHU SIBJISFOTCS TEPEXOTHON 00.1a-
CTBIO OT OCHOBBI Uepe3 OCTATOK CpeJbl UX POXKJIEHHS K COBPEMEHHOil cpe-
Jle BCeJIeHHOI, cKpbIBatomuiica 3a "mycreim" mpocrpancTBoM. HeilTpunubIe
JIBOPBI JIPYTHUX TAXKETBIX YACTHUIL OMPEIAETSIIOTCS YCIOBUSIMU UX POXKICHHUS B
COOTBETCTBYIOIINX PEAKIIHAX.

190 u MpOTHUBOIIPH JIUITH YCJIOBHO WMEIOT OJHO MECTO, & MO CYTH OHU
eCTh TJI9HBI PA3HECEHHBIE HA MOJOBIUHY MPOCTPAHCTBA (MOI060poTa 1o dhaze).
Eciu cpenpl B 9THX MecTax pas3Hble, TO B3aUMOJIEHCTBUE TIYHOB ¢ HUMH TOXKE
OyaeT pa3HbIM. Torma m 9acTUIbl, OCHOBAHHBIE HA TAKUX [VIPHAX MOTYT OBITH
pasubivu. T. K. MPOTOH ¥ AHTUIIPOTOH OCHOBAHBI HA T/I9HE W MPOTHBOTIIHE,
TO TOJTHOW CUMMETPHUH MEXK/Iy HUMHU MOYKeT W He OBITh.

B wactumnax ¢ gopamn pazaunuue (pepMHOHOB 1 H030HOB yCJIOBHO.
Ctporo (bepMuHOHAMHE SBISIOTCS TOJTBKO T/I9HBI BCIEJICTBHE UX Y-OTTAJTKHBAHUS
(12), HE MO3BOJIAIOIIETO UM OBITH B OJHOM MecTe. BO30HAME SIBJISIIOTCS TOJTh-
KO KBaHTHI BOJIH, T. K. OHU CBODOIHO TIPOXOIAT OJIMH CKBO3b Jpyroit. YacTu-
IbI, COJepzKaIe TJIIHBI U &-T10JIs, He MOT'YT OBITh TOJIHKO (bepMHOHAMU UJIN
0030HAMM, XOTST BO3MOYKHO TIpeobJialaHie TOTO MJIM WHOTO CBOWCTBA.

Cuun. OcHoBHOE KomebaHue ¢ e IMHUYHON YaCTOTON B PA3MBITOM TIYMOM
JIBYMECTHOM WJIH TPEXMECTHOM rdHe (5, 6) MOXKHO MPEJCTABATH KAK BPAIIE-
HUE TIIyMa CO CKOPOCThIO ¢ = 1 B mpocTpancTBe MecT. C HUM CBsSI3aH MOMEHT
Bpalenusi J BOKPYT OCH, MPOXOJAIIE depe3 ero meHtTp. Kciam ammanTyga
rapHa S, To paamyc Bpamenns ~ 1/Su J ~ Sp - (1/S) ~ 1 = h/2. Torga
Pa3MBITOE IIIYMOM OCHOBHOE KOJIeOAHNe TJI9HA SBJISETCS IPUINHON criuHa 1 /2
BO BCEX YACTHUIAX, KPOMe OJHOMECTHBIX KBapKoOB. JIpyrume 3HadYeHUs CIIHHA
SIBJISIFOTCS TPOM3BOIHBIME OT HEero. 1. 0. Haauuue cruuHa 1/2 u cBoiicTBO OBITH
epMHUOHOM NMEIOT PAa3HBIE TTPUIHHBI.

O 6o3onax Xurrca u HamOy-Tonacroyna. /[ns ux cymniecrBoBanus
TpeGyeTcsa OTpUIATeNBHBI KBagpaT Macchl w2, < 0 M oueHb GOJBIION ero
HeJMHeHHbI pocT ¢ yBemmdaenneM "mong Xurrca'. Oxmnaxo npu w?, < 0 aup
nepexoauT B ['TI-mmra3my, B KOTOpOit HEBO3MOXKHBI MOJISIPU3AIIIS 1 MACCUBHbBIE
&-miogist. [ToaToMy COMHHMTEIHHO CYIECTBOBAHUE YKA3aHHBIX ODO30HORB.

Boiee ecrecTBeHHO TPEIIOKUTH APYroil HCTOYHUK MAaCC YacTHIL DHEp-
IS TIOKOS MACCHBHOH BOJHBI MC’ = W, €CTh HMIYIbC KOJeOAHHA TIIHA
u poTHBOrA3HA B ['Il-mape ¢ y9IéToM BIMAHHS COCEHUX MAp, a w2, — ero
BHYTpeHHss Heprugd. OHa CKJIaJIbIBA€TCSI W3 BHYTpPEHHEHl dHepTruu wf/ KO-
Jiebanust cBoboHoro MasgtHuka ['Il u ymenbInamoliero eé BiIusSHUs cocejiei,
BBIPAYKEHHOTO B BHJIe TiepeHoca. [Ipn 6oIbIIOM mepeHoce BCs SHEPTHsST MasiT-
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nuka ['TT moxker yHocuThest w3 ['TI-mapwi, oOpa3yst BOJIHY C HYJIE€BOW Maccoi
nokost. IIpu MajoMm mepeHoce pacXomyeTcss TOJHKO YaCTh ITOW SHEPTUH, W
BOJTHA OCTAETCS MAaCCHUBHOI. Ecm Macchl YacTUIl ONpeIe/Iai0oTCI MACCUBHBIM
§-1o/1eM, OKPYZKAloIIIM HX OCHOBBLI, TO BCe OHHU CBS3aHBI C YaCTOTOH w, U
BeIpazkafoTcd depe3 Heé. T. K. w, ecTb HanOOJIBIIAA YAaCTOTa KoTebaHuil T3-
noB B ['Tl-mapax, To CBs3aHHAS C HEIO Macca m., = w.,/c? Toxke HanGOIbIIASL.
Ho ona negocrmxkuma u3-3a orcyrcrsus map Bue ['I-cpegni. T. 0. Bce maccn
YACTHUIL CBA3AHBI C 9aCTOTOH W, JTUHEHHBIX Koebanuii magrunka ['I1.

OneHnka BeJIMYUMHBI OCHOBHOI YACTOTHI. 3a HAINIYMHYIO SHEPIHUIO
r19Ha GepéTes obBIYHOe 3HaueHNe Hepruy KBapka ~ 107! 9B, koTopoe cun-
TaeTcss TMOpsiaKa SHEepPruu Tryma. Ho TIym BO3BBIMIAETCS HaJ, MJIATO OCHO-
BaHUs, KOTOpoe Ha ~ 46 TOpsiIKOB ero moiHee. Torga U3 SHEPruu IdHa
hQ = 7107150 ~ 10% 3B caemyeT oneHKka 0CHOBHOI gacTOTH w ~ 10%° T'm.

Ddup abcoOTEH TOTOMY UYTO HAXOIUTCS B aOCOTIOTHOM ITPOCTPAHCTBE
MecT 113H0B. Ho HaOMI0OAaTE s WM MTPUOOP MOTYT JABHUTATHCA TOJIBKO C CO-
CTABJISIONINME TeJIa JaCTHIIAME, KOTOPBIE SIBJISIOTCS BO3MYIEHUSIME pupa.
B compoBokgaroreit ux cucremMe OTCYETA T'PYIMIOBas CKOPOCTh MaCCUBHOM
BOJIHBI BMECTE C MMITYJILCOM KBaHTa (BOJHOBBIM BEKTOPOM) CTAHOBSITCS HY-
JIEBBIMH, a YaCTOTA U MACCa YMEHBIINAIOTCA 0 3HAUYEHHIT COCTOSIHUSA TMOKOS.
CKOpOCTH W UMIYJIbCHI KBAHTOB JAPYTHX YACTHUIl, BKJIIOYAd (POTOHBI U HC-
KJI0Yast HEHTPUHO, OTCUYNTHIBAIOTCS OT HYyJsI. T. €. CKOPOCTH YaCTHIIHI BCETIA
MeHbIIle TPeIebHON CKOPOCTH TepeHoca (cBera), a CKOPOCTh (DOTOHA PaB-
Ha eii. CirienoBaTebHO B 000 ABUKYIIEHCS ¢ HADIIOIATEIEM CHCTEME OT-
cYéTa CKOPOCTH CBeTa MOCTOSIHHA U BCe (PU3MIECKHE IPOIECCHl MPOTEKAOT
OIMHAKOBO — JIBU2KEHNE OTHOCUTEJIbHO. AOGCOMIOTHOCTL 3(PUPa CKPHITA
33 OTHOCHUTEIBHOCTBIO (PU3NUECKHUX CHCTEM OTCUETA.

ITose TaroreHUs OTHOCUTENBHO. MaccuBHBIE TejIa SIBISIFOTCS BO3MY-
MEHUSIMI aDCOJIFOTHOTO 3(Upa, a MO TATOTEHUST MOACTPANBAIOTCS MO, UX
JIBUKEHIE ¢ TIOMOIIBIO eKTPOIOo/s. Bech 3TOT mpoIecc OTHOCHTETEH, UTO
MO3BOJISIET UCIOJIH30BATh TEOPUIO TPABUTAIME DWHIITEIHA.

HeiiTpuao abCcoOMOTHO, T. K. COCTOUT JIUIIb U3 TApP TISHOB U TPOTH-
BOIJIPHOB 0e3 y4dacTus {-T0JIsT U He sBJsieTcs Bo3MylnenneM 3dupa. DdHeit
abCoOJIIOTEeH KaK cyMMa abCOJIIOTHLIX HeilTpa u 3pupa. T. 0. HeliTpuHO B-
JIIeTCs TpecTaBUTeIeM abCOMIOTHOM Cpeibl B HAIIIEM OTHOCHTETHHOM MHpe.
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Cruxunm 1 ypoBHU MaTepuun

CocrostHue cpejipl Hatero Mupa (3hupa) 3aBUCAT OT PACCTOSTHUIT MEXK LY
upoHaMu U UX MOAIpU3ANUU. B HEBO3IMYIIIEHHOM COCTOSHUM, KOTJIA OIS~
pusaiyst 3PUPOHOB OTCYTCTBYET, TJIIHBI U MPOTUBOIVIIHLI B HUX HAXOJATCS
B oaHoM Mmecte. VX cymwma, mpu paBHBIX CPEIHUX AMILIUTYIAX, SBJISETCS
MIyMOM C yJIBOEHHO# Jucriepcueil, KOToOphiil pacioioykeH B Mecte 3(UPOHOB,
UMeeT UX TMPOCTPAHCTBEHHBLIN pa3Mep W BO3BBINIACTCS HAJ OOIIUM ITyMOM
MHIpa. DTO COCTOSTHUE He UMeeT CTPYKTYPBl Kpome pasmMepa. U3 obmenpuns-
THIX cTUXHUii (OrOHBb, BOJA, BO3AYX, 3eMJIsT) eMy OOJIbITE BCETO COOTBETCTBYET
OeccTpyKTypHasi CTUXHsI OTHdA. B BO3MYHIIEHHOM COCTOSTHUM 3(UD SIBIASIETCS
npomekyTounoit cpegoit mexay ['TI-mra3zmoil, Kak MOHU30BAHHBIM T'a30M, U
['TI-tBepanio. Torma emy coorBercTByeT ctuxus Boabl. Ocraérea ['I-mrazmy
u ['lI-TBepap OTOXKIECTBUTH CO CTUXUAMHI BO3IyXa W 3€MJIH.

OkoHuaTeIhHOE COOTBETCTBUE COCTOSAHUI 3Upa M CTUXMIA:

[ITym ectwh oromb, nmosspuzoBanubiii 3pup — Boja, ['[I-mrazma — BO3IYX,
['TI- TBepab — 3eMurs.

[IIyMbl OBIBAIOT pa3sHBIMH. DTO Bceobmuii 1rymMm Bcero, HeompemenéHHOM
IIyM Ha OCHOBHOMH € MHUYHOIT yacToTe (cymMMa Kosebanuii 6GIbIIX JacToT),
ero OecKoHeuHOe pa3dMeHne Ha He3aBUCUMBIE MTYMbI KOHEYHBIX TUCIEPCHii,
X W3MEHEHWEe BO BPEMEHH JI0 COBPEMEHHOrO MyMa W TMIYM CYMMBI TJ9HA U
NpPOTUBOTPHA B 3puponax. KaxkagoMy u3 HUX MOYKHO IMOCTABUTH B COOTBET-
CTBHE CBOIO 0COOYIO CTUXHIO OTHs. Tak yTBepKIaeTcsd pa3HooOpa3ume OrHs.

YuréMm, 4To myM He OeCopsIOUeH, a SBIIETCS MPOBOJIHUKOM B3aMMHBIX
BJIUSHUN HAIIETO MUPa W JPYTHX MHUPOB. DTO TMEPEHOCUTCS HA CTUXUIO OT-
us. [Ilywm gBisiercs o0cHOBO# U3 KOTOPO#t POXKJIAIOTCS MUPBHI U B KOTOPYIO OHU
BO3BpAIIAIOTCS. Uepe3 OroHb MoJIepKUBACTCS HAJIIITYMHOCTH MUPOB, CBsI3aH-
HBIX B eJUHYIO TleNb CYIEeCTBOBAHUS U KU3HU. Uepe3 IMyM OCYIIeCTBIIeTC s
B3aMMOJIeIICTBIE BHYTPH KayKJIOTO MUPA. ITO OCHOBOIIOJIATAIONIEE 3HAUCHIE
IITyMa TEepPeHOCUTCS Ha CTUXUIO OTHd. 1orma CcTUXwWs OrHA €CThb OCHOBA
MaTepuu U MUPOB, HEOOXOIUMOE YCJIOBUE UX CYIIECTBOBAHWS W PA3BUTHUSI.

[TpoBenénnoe mccaegoBaHNe CTPOCHHST HAIETO0 MHPa TO3BOJISIET BbIJIe-
JINTH CEMb YPOBHE MATE€PUU, U3 KOTOPHIX KAXKJbIl CJACIYIONIHl SBIsSIeTCS
OCHOBOI W MPUYUHON NpeblIyIIero:

1. ITmoTnas marepus: 3BE3MBI, MJIAHETHI, MPEJIMeThl W TeJa TOCTPOEHBI U3
MOJIEKYJ/T, MOJIEKYJIBI — W3 aTOMOB, aTOMbI — U3 YACTHII.

2. Tloste mostpusaruu 3¢upa. OHO COCTOUT U3 MACCUBHOW YACTH BHYTPH Ha-
CTUI 1 6e3MaCCOBOT0 MEKTPOIoIst. OHU ONpPee/soT MIOTHYI0 MaTePHIO.
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3. [Mone nedpopmarun acpupa: CBoiicTBa MoJIel MTOIAPUIAIUHT 3ABUCIT OT PAC-
cTosTHUIT MeXK 1y dpuponamn — MeTpuku 3upa, BKIIOYAs M0/ TATOTEHUS.
4. Dduponsr: Paccrosune mexxay ahpupoHamMu oOYCIOBIEHO HX B3auMOJeii-
CTBHEM Yepe3 IIyM.
5. TpéxmepHble TI3HBL DMOUPOHBI €CTh Hapa TPEXMEPHBIX TI9HOB U MPOTH-
BOTJI9HOB, C KOTOPHIX HAUMHAETCS HAIE TPEXMePHOe ITPOCTPAHCTBO.
6. Oanomepubie TI9HBE: TpEXMepHBIe TI9HBI COOPAHBI U3 OJHOMEPHBIX TI3-
HOB, CBSI3AHHBIX KOPPEIAMMOHHBIMI §-CBA3SIM.
7. Men — Bcé, xkoropoe Huuto (ITycrora, A6comor, Enunoe, Hesbipasmmvoe,
...), O0beIuHSONIee ObITHE W HeObITHE. B HEM BCe MUPBI, BKJIIOUASI HAIIL, CBS-
3aHbl B €JUHYIO CaMOYIIPpaBJIAEMYIO IEMH BEUYHOW »KNU3HU.

[Toxoxkue ypoBHU NPUHSTHI B 930TEPUKe U T€OCOMUH JIJIsT OMUCAHUS CTPO-
eHusl desoBeka [27]:
. @usnueckoe reso(Crxyma mapnpa).
. Ddupubiii gBoitauk (JIunra mapupa).
. Acrpassroe teso (Kama-soka. sKuBoTHAST TyTIa).
. MenTanbHOe Teso (HU3IMi yM, paccyIoK).
. IIpuannHoe Teo (KapMUYecKoe, BBICIITHI yM).
. Teno 6mazxencrsa (Byyixu, npocBeT/ieHne, TyXOBHAS JTYIIA).
. Arma (Arman ecth Bpaxman — BeuHast, HeH3MeHHAs JyXOBHAS CYIIHOCTb,
oco3HAIIH ADCOTIOT, KOTOPHII 0TOXK IECTBISETCS 3eCh ¢ ADCOJTIOTHBIM ObI-
tieM — Bpaxmanowm).

~N O U = W N~

Tornma:
1. IlnoTHOE TETO CTPOUTCS W3 YACTHIL.
2. Ddupnoe Temro — mose monagpusanuu puponoB. OHO obecrednBaeT u

OTpeiesisieT TIOTHBIE Tea.

3. AcrpasbHoe Tesio (xkenanuii) — nedopmarst sdupa. 2Keranns npursaru-
BatoT. TakzKe JEeHCTBYET MOJIe TITOTEHUS.

4. Menranbaoe teno — 3huponsl. OHE 33Ja10T cxeMy (MaTpHILy) JJIs T0-
CTPOEHUS CJIEIYIONNX YPOBHEI.

5. [IpuumnaHOE TET0 — TPEXMEpPHBIE TJI9HBI, B3aNMOIEHCTBHE KOTOPHIX OIpe-
JIeJISIeT CTPOEHUE U JIBUKEHUE MUPA.

6. Teyso GJrakeHCTBa— OJHOMEPHBIE TJIIHBI, KaK OCHOBHBIE CTPOUTEIHHDBIE
KUPIUIAKA MUPA.

7. Arma— Bcé, KoTopoe HIYTO.
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Nrorn

B ¢dusuke cymecrByer mpeacrapiaenwe o "reopum Bcero" Kak Imend, K
KOTOPOIl HAJ0 CTPEMHTHCS depe3 000OINeHne U O0beINHEeHHe yKe U3BeCT-
HBIX TeOPHil B3aMMOJIEiCTBII 1 CTPOeHWsI MaTepuy (CyNIeCTBOBAHNST YACTHIL).
[Ipenmaraemast 31ech pabora TakyKe CIeMaHa PaAId STOW MEJIU C HAIEXK IO
Ha eé JOCTUIKEeHWe, HO JAPYyTuM myTéM. BMecTo majibHeiTero orpaevdennss u
YCJIOXKHEHUST MATeMAaTHIeCKAX OpPYIUi HCCIeI0BaHIi, YIIOp CaeMaH Ha MOUC-
Ke OTHOCHUTEJBHO MIPOCTOr0 OCHOBAaHUSA (DU3UKM.

Taxkoit BEIOOpP TpedyeT COOTBETCTBYIOIIETO €My Ha3BaHUs MpeJIaraemMoii
31ech Teopun. OHO IOKHO OBITH MOXOXKEe Ha, OOIIENPUHSITOE Ha3BaHue "'Teo-
pust Bcero'" u oTmYaThes OT Hero. Takumu cBoiicTBaMu 00/1a/1aeT BhIpazKe-
e maHopusi. OHO COCTaBJIEHO M3 JABYX JpPEBHErpedecKux caop: "mam" —
Bcé  "reopuga" OT KOTOpOro B3dTa BTOpas IOJOBHHA Ha3BaHHA. B mpose-
JIEHHOM WCC/IeIOBAHUN TOJTHKO HAYATO BXOYK/IEHUE B OONMUPHYIO 00IACTh ITOi
teopun. Ha ocHOBe mpocTelmux TOCTYIHBIX MOJeIeil Mpe/1araloTcss OCHOBBI
HAHOPUH C HAJEXKONM Ha WX JIAJbHEHIyo 0ojiee MOJTHYIO Pa3padoTKy.

Haugaso paGore mosaraer yTBepzKaeHHe O BCEOOIITHOCTUA dHEPTHUH, I10-
HIMaeMOll KaK CKOPOCTh M3MeHeHus. lI3Menenne, mpeacTaBieHHOe depes me-
peMeHHbIe JeficTBUe- I TUTETHHOCTh, TPUHUMAETCS 38 OCHOBY BCErO CYIIETO.

CranuonapHbie MTOBTOPHI M3MEHEHUST BHIPAYKAIOTCS Yepe3 TapMOHUKH, JJTsT
KOTOPBIX BBEIEHO MECTO. ['apMOHWKa JeliCTBHe-IHePIrus Ha3BaHa TJ9H, a
npoTuBoda3Has eif — IPOTUBOTAIH. ['apMOHIKA CTAHOBUTCSA OCHOBHBIM 3.J1€-
MEHTOM [IJTSI OMUCAHUS MaTepPUd U 3aMeHAeT MAaTePUATbHYI0 TOUKY.

Bcé cymectsytomee (Beé) mpeacraBieHo B MHOYKECTBE TAPMOHUK OJIHOI
JacTOThl Yepe3 WX CpeHIon JuHuio n myMm Kojebanuit. IIlym Gepércs 3a
OCHOBHOE COCTOSIHHE HAIEero Mupa.

YeroitumBas CTPYKTypa MHpa MOCTPOEHA U3 HAIINIYMHBIX TI9HOB, KOTO-
pble BO3HHKAIUA HPU OCJa0JTeHHH IIyMa C COXpaHeHHeM ero (hJIyKTyaruii.
Koppenganuit Me:kay mnpezxKiae He3aBUCUMBIMH IIYMAMHU pPa3HBIX U3MEpeHui
MPHUBEJN K CYMECTBOBAHUIO TPEXMEPHBIX TIoHoB [° m mpormsormsmos 113,
COCTaBJIEHHbIE U3 OJJHOMEDHBIX Fjl- u Hjl- pa3HbIx m3Mepennit j=1,2,3 a Tax-
JKe OJITHOMECTHBIX Tap F}Hjl- KayKJI0T0 M3MepeHusi. [ I9HbI F} TOXK IECTBEHHBI
HIKHUM KBapKaM d;. CBA3H MexKIy H3MepeHUsMU H3BeCTHB KaK IJTIOOHEL.

BzaumogeiicTBue ra3HOB depe3 IryM 00YCIaBIMBAET MOsIBJIEHUE T0-
JIsT TIOJISTPU3AINHT, BKJIIOYAsT W3BECTHOE 3JIEKTPOTIOJIE U TOJIST TATOTEHHSI.

TpéxmvepHoe MPOCTPAHCTBO HAIIETO MHPA €CTh MPOCTPAHCTBO MECT
ra0B. OHO OrpaHWYeHHO, 3aMKHYTO Ha, cede W MMeeT MaTepUaThHOE OCHO-
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Banne. Cpesia HAIIero Mupa COCTOUT U3 OCJIAOJIEHHOTO MyMa, Ha Iy MHOT'O
OCHOBaHHNAd N BO3BBLINIAIOIINUXCA HaJd HUM qgacTei HaAITYMHBIX TI9HOB.

HaiimryMHBIE TaCTH OJIHOMECTHBIX TVISHOB (KBAPKU) COOPAHBI B 3JIEMEHTHI
cpeabl U OTAedbHBbIe dacTHuibl. CBa3aHHbIe ~y-B3auMozeiictuem ['II-mapbr
coctaBuu TBEpAYIO cpeay I'TI-TBepap, a HecBI3aHHBIE — ILTA3MOOOPA3HYIO
I'lI-nmazma. Tlepexomnasi MeKjy HUMH Cpejia €CTh OCHOBA HAIEro MHPa
acdup (D). Ou cocronr n3 spuponos 3 —['Il-map. Ipyrast qactb cpeabr co-
crapieHa w3 HeHTpuHO U HazBaHa HelTp (V). Ux coBokymHOCTH — 3chHEIH
(9N). IIpeanonaraercs, uro 3(bUp €cTh 3-MepHasi MOBEPXHOCTh B 4-
mepuoit I'lI-cpene, pasznensgiomasa 4m ['[I-mnazmy n ['II-TBepan.

Tpéxmepunie cocrosinust ['TI-mrazmer u I'T-TBepau npeacrasiens B 3¢u-
pe peJKuMu BKparieHussMu. dépubie Abipbl coctodT u3 ['I-mna3mbr, a BHyT-
pu dactui npucyTcTByeT ['II-TBepap.

[Ipennoxkena Momesab cpeibl Hamrero mMupa. HailiieHbl ypaBHeHHS JIWHA-
MHUKH €€ MOJSPU3AINT U JUCIEePCHOHHOe. BOTHBI IMEIOT MOIepevdHyo U Mpo-
JIOTBHYIO coctas/sifone. Ho mpomosbHas BOTHA HAMHOTO cjiabee momneped-
HO¥T 13-3a OoJiee CJ1a00T0 UCTOYHUKA BHYTPHU YACTHUIL U €if MOXKHO TpeHedpeyb.

[Toydeno, 9To 3JTEKTPUUECKOE MOJE eCTh MO Isipu3anus 3HpupoHoB.

Bokpyr rasHoB B adupe cymecTByer £-1oJ1e MOASIpU3aIuu 3OHUPOHOB, KO-
TOpOe BXOJIUT B COCTaB YACTHUIl. BOIM3M HUX pacCIOOXKEHBI CTAIMOHAPHOE
norepevHOe MACCUBHOE £-TI0JIe, Jlafolnee dactunam macey. /lasee pacmosio-
JKEHO KYJIOHOBO 3JIEKTPOIIOJIE.

JLnst iBuzKyIeiicst 9acTuIlhl JUHAMHUKA, -TI0JT51 ONMMMCHIBACTCS yPaBHEHUEM
Kneitna-®oxka-l'opgona. [Toce mepexoga K aMITATY THOMY OMHCAHUIO OHO 3a-
MeHsgeTcs Ha ypaBHenue IlIpéaunrepa. BomHoBas yHKIud ecTh aMILTH-
TyJAa KoJiebaHuil TI9HOB B 3(UpOHe. 3alMCAHO YpaBHEHHNE BOJTHOBOTO ITAKETA
MACCHUBHO BOJIHBI TIOJISIPU3AINN, CIPABEIMBOE st JIIODOH €ro CKOPOCTH.
Crestan BBIBOJL O TIOJIEBOIT MPUPOJIE MACCHI U JIBUYKEHUS TEJT.

ITone Tarorenus sBisgercsa ofHON u3 uyacreil mons gedopmaiuu (Mer-
puku) supa. Ero moreHuan onuchBaeTCs N3MEHEHHEeM PACCTOSHUS MeK Ly
apuponamu. ITokazano pacmpocTpaHeHHe 3JeKTPOBOJTHBI U YACTHIL B HEM.
Bosabr TsroTenust CymecTByIOT, HO UX BJIMSIHEUE TPeHeOpeknMo Masio. Ocra-
€TCsI TOJIBKO BEKTOPpHOE II0JIe TATroOTeHUud TeJI, KOTOPOE NpPpUu HUX ABUXKEHUU
MePECTPANBALTCS C TIOMOIIBIO JJTEKTPOIIOJISI.

Tpéxmepuble el [P 1 mpotuBorans! [I° cocTaBaSIOT OCHOBY TTO3HTPO-
Ha 1 371eKTpoHa. [lapsl omnoMepnbix rasuos I';II; ecTh amexTponnble Heii-
TpI/IHO; BePXHI/Ie KBapKu U‘j COCTaBJIEHBI U3 IMap I'IDHOB WJIN MTPOTHUBOTAIHOB
uj = djp1dj—1,u; = dj1dj—1. Bee, xpome ¢orona, 4acTUIBI IEPBOrO MO-
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KOJIEHUsI TIOCTPOEHBI M3 TAIHOB. B cTpoeHme mo3uTpoHa u 3JIEKTPOHA
HAJI0 BKJIIOYUTH JIBOPHI U3 MOJIEH MOJIAPU3aIu 3(PUPOHOB.

Bce MmaccuBHBIE YacTHIIBI, KpOMe HEHTPHUHO, COAEpzKAT JIErKHe OCHOBBI
I OKPYZKAloIne UX MAaCCHBHBIE ABOPBI, KOTOPbIE COCTOST U3 IOJeil MOJIs-
pusanuu 3UpPoOHOB U HEHTPUHHON YacTu. /IBOPHI TOMTOKUBYIIHX MPOTOHOB
COXPAHSIOT OTIEYATOK CPeJIbl BCEJCHHOM, ObIBINEH MPH UX POZKJICHWH.

Ha yposue rmsnoB mup abcosmoren. OTHOCHTENIHHOCTH HAYMHAETCS HA,
YPOBHE YACTHUIl, KOTOpPbIe, KpOMe HEHUTPHHO, BMECTE C OKPYKAIOIMUMHI UX
HOJISIMHU  SIBJISIIOTCS TTEPEHOCUMBIME BO30Y:KIeHuAMHI bupa. Heiirpuro ao-
COJTIOTHO. Ddup u HEHTp abCOTIOTHHI.

[Tokazano cooTBeTCTBHE YeTHIPEX cTUXWiT Mupa u cocrosuuii ['TI-cpespr.
[TpemioxKeHO BHIIEINTH ceMb ypoBHeit MaTepun (Bcero), Koropbre coBmaiaoT
C YPOBHSIMHU CTPOEHHUS UeT0BEKa B ApPEBHe-UHIMINCKUX YUEHHSX W COBPEMEH-
HOII 930TEPUKU.

HeobxoauMbIiM yCI0BHEM CYIIECTBOBAHUS W PA3BUTHUS SBJIg€TCS OECcKo-
HEeYHad Melb B3auMOIefiCTBYIOMINX >KUBBIX MHUPOB.

Taxum 0oOpa3oM Moka3aHo, 9TO TEOPUH COBPEMEHHO (PU3NKKU MOTYT ObITH
BBIBE/IEHBI U3 TMPEJCTABJIEHNST BCErO CYIIECTBYIOIMErO B BUJE MEPEMEHHOTO
JOeCTBUS.

JlaHHBI TPENPUHT SBJISETCS Tepen3IanneM npenpuHTa 28|, B KOTOpHIi
6BIJII/I BHECCEHbI UCITpaBJIC€HUA, YJIYUYIICHUA U JOITOJITHCHU .
A. H. TTan, Hawana manopun.
Preprints.ru. https://doi.org/10.24108 /preprints-3112211 (2021).
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