3ACTOU B TEOPETHUYECKOMW ®U3UKE U
ITYTHU BBIXOJIA U3 HETO. KBAHTOBAS
MEXAHUKA

HIunos I'.U.

BBenenue

[Ipouno moyTH CTO JIET CO BPEMEHU CO3JaHUSI OCHOBHBIX IOJIOKEHU COBPEMEHHOM KBAaHTO-
BOM TEOPHUH, HO JIO CHUX TOP MEXAY TCOPETUKAMH HIYT CIIOPHI O GU3HUYECKOM MPUPOJIE KBAHTO-
BbIX siBJIeHUM. B Havane 20 Beka Beaylre TEOPETUKU Pa3/ICIMINCh Ha JIBE TPYIIIbBI BO T1aBe ¢ A.
Oitamreitnom 1 H. bopom (cwm. puc.1) .
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Puc.1 Yuactauku 5-ro ConbBeeBckoro konrpecca B 1927: cropoHHuku A. DiiH-
mreitHa (B 1ieHTpe); cripasa croponHuku H. bopa

Touka 3peHust DUHIITEHA CBOAWIACH K TOMY, UTO KBaHTOBAasi MEXaHUKAa B COBPEMEHHOM €€ CO-
CTOSIHUM HE SBIIsETCS (PyHAaMEHTAIbHON TEOpHEH, TOCKOJIbKY B HEH MOTepsHO 00pa3HOE MBIII-
JIeHHe, TaKk He0OX0AUMOe U TOHUMAaHUs IMPUPOJsl U, KpOME TOTO, OHAa HE COIJiacyercs ¢ 00-
[IUM MPUHLHUIIOM OTHOCUTEIBHOCTH. A. DUHINTEHH MPUXOAUT K BBIBOAY, YTO KBAaHTOBAsi MeXa-
HUKA He MOXMCEM CAYHCUMb OMNPABHOU MOUKOU 01 OdlbHeliuie2o pazeumus ¢usuxu. B omxHON
U3 MOCJIeTHUX padoT, KOTOPYIO HEOOXOIUMO paccMaTpUBaTh Kak €ro «Hay4HOE 3aBeIlaHue», A.
OWHIUTEWH MUCca:

«Ewe 00HO nocneonee 3ameuanue. MOU YCUNUA NONOTHUMb 0OWYI0 MeOpur0 OMHOCUMENb-
Hocmu nymem 0000ueHus YpasHeHull spasumayuy Obliu npeOnpuHsamvl Om4acmu 6 Ces3U ¢
APEOnoNoNHCeHUEM O MOM, YMO, NO-8UOUMOMY, PAZYMHASL 00WAs PeNIMUBUCIICKAS Meopusi NOJiA,
B03MOJICHO, MO2IIA Obl Oamb KoY K 00/lee co8epuieHHol Keanmoesoi meopuu [1].»

Kak n3BecTtHO, A. DWHIITENH CYMTAN, YTO MPaBasi 4aCTh €ro 3HAMEHUTHIX YPaBHEHUM



Ry — %gik R =T, (@)

JIOJDKHA OBITh TEOMETPU3HMPOBAHA, TaK kK€ Kak M JieBas. Il0CKONBbKY B MHUKpOMEpE MCTOYHHKH ITOJIEH
MMEIOT KBAaHTOBYIO IPUPOY, TO, COrNIacHO A. DUHINTEHHY, TeOMeTpH3alys MaTepuH JOJKHA MTPUBECTH
K «0oJee cOBEpIICHHON KBAaHTOBOW TeOpHUW». OTH niew DiHITeiHa noaaepxkusan M. [lnank, I'. Jlo-
pewnt, 11. JlamxeBeH, KOTOPBI Ha3bIBAI OTKAa3 OT 0OPa3HOT'O MBITIUICHHUS B KBAHTOBOHM TEOPHH «MHTEIUICK-
TyalibHBIM pa3Bpatom», 3. lllpeaunrep, JI. [le bpoiins, I1. [upak u MHOTHE ApyrHe U3BECTHBIC (DU3HMKH.
[IpuBenem HEKOTOPBIE BHICKa3bIBAHMSI O KBAHTOBOM TeOpHUH HEKOTOPbIX HobeneBckux aaypeaTos.

«Keanmosas ¢usuxa cpouno Hyxcoaemcs 6 HOBbIX 00pa3ax u udesx, KOmopwvle MO2ym G03HUK-
HYMb MOAbKO NpU 21YO0KOM nepecmMompe NPUHYUNOS, IeHCAUUX 8 ee OCHOBEN.
Jlyn ne bpoiinb

«Keanmosas mexanuka, 3mo nOaHAS 3a2A00K U NAPAOOKCO8 OUCYUNIUHA, KOMOPYIO Mbl He NO-
HUMaem 00 KOHYA, HO yMeeM NPUMEHSMbY.
M. I'estn-Manu

VY AMBHTENBHO, YTO CO37aTelb KBAHTOBOU ayekTpoanHamuku I1.Jupak B pabore [2] murmrer 06
ec ypaBHeHUX (ypaBHeHMsX [upaka):

«IYpaeuﬂbezﬁ 661600 COCIMOUM 8 mom, UYmo OCHOBHble YPABHEHUA HeBEPHbl.»

U 310 mpoucxomut B TO BpeMs, KOra, Kak MOJIararoT TEOPETUKHU, TEOPETUUECKHUE PACUETHI, IPO-
BEJICHHBIE C HUCIOJIb30BAHUEM YPAaBHEHUN KBAHTOBOW JJIEKTPOAMHAMHKH, MOATBEPKIAIOTCS B
IKCIIEPUMEHTE C (haHTACTHYECKON TOYHOCTBIO - 10 BOCBMH 3HAKOB Tocie 3amsToi!  3mech Mbl
MMEEM SpPKUN MpUMEP, KOrAa SKCIEPUMEHT BBICTYNAET KaK KPUTEPHUIl MCTUHBI, HE SABJISISICH Ca-
MOM MCTUHOM.

Ecnm obpatuthest kK yaeOHMKAM 1O KBAaHTOBOM MEXaHHUKE, TO OHU OOJIbIIIE MTOXOXKH Ha CIpa-
BOYHHUKH IO METOJIaM MaTeMaTHUECKOW (PU3HUKH, YeM Ha (PU3NUYECKOE M3JI0KEHUE OCHOBHBIX I10-
noxxkeHnit Teopuu. [IpeHeOpekeHre K MHEHHIO cO3/arefield KBAaHTOBOW (DM3HKH B y4eOHUKaX
NPUBEJIO K TOMY, YTO COBPEMEHHOE MOKOJICHHE (PU3UKOB OTHOCUT OOCYXJIEHHE OCHOB KBAHTO-
BOW TEOPHH K «HEYMECTHOMY (HIOCOPCTBOBAHUIO» U IICTUITHUIO» TEOPETHKA, KOTOPBIA TpO-
OyeT TOBOPHUTH 00 3TOM, 3a «CTapylo KilaccHueckyro ¢pu3uky». He Hamo 3a0biBaTh, 4TO B KJlac-
CHYECKOH (PM3HKE €CTh MPOOJIEMBI, KOTOPBIE SBIISIOTCS OOIIUMHE JUISI MHOTHX TEOPWH, BKITIOYAs
KBaHTOBYIO Teopuo. K TakuMm mpobiieMaM OTHOCHTCS, HAllpUMep, OTCYTCTBUE B MIPHUPOJIE HHEP-
HaJIbHBIX cucTeM orcueTa [3]. Jlo cux mop He cymecTByeT pOpMYyIHMpPOBKH KBaHTOBOW MeXa-
HUKU B pEAbHO CYIIECTBYIOIIMX YCKOPEHHBIX CHCTEMax OTCYETa, B KOTOPBIX TOJS W CHIIBI
WHEPIIMU UTPAIOT ONIPECIISIONIYIO poiib [4].

B Hacrosmeit pabote OyAeT moka3zaHo, 4TO JIBE BeNMYaWIIne 3aragku (Ppu3uku - mpobiema
WHEPIMH U KBAaHTOBAasI MEXaHHMKa CBSI3aHBI MEXy COOOM, MOCKOJIBKY BOJHOBAsI QYHKIHUS | TIPH

reoMeTpHu3aly TEeH30pa MaTepuu [, B ypaBHEHUsX (1) oka3pIBaeTcs peaabHBIM IOJEM - IIOJIEM
UHEPIINH, TOPOXKIAFOIINM CHJIbI HHEPLUH B YCKOPEHHBIX cUCTeMax otcuera [3,4].

Haunnas ¢ U. HeioToHa, 0ojee TPEeXCoT JIET B MEXaHUKE BEAYTCS JUCKYCCUU O TIPUPOJIE CHUIT
uHepuuu. Tak e Kak U B KBAaHTOBOW TEOPHH, MEXaHHUKH JIESATCS HAa TPYIIHI C pa3HbIMU TOY-
KaM{ 3pEHUS B BOIIPOCE O TOM, PealibHbI WIIM (PUKTUBHBI CHIIBI MHEPIIUU. AHAIN3 y4eOHUKOB TIO
TEOPETHYECKOM MexaHWKe (a mX 0ojiee COTHM) MOKAa3bIBACT, YTO OOJIBIIMHCTBO aBTOPOB (TIpH-
MepHO 60 %) CUMTAIOT, YTO CHJIBI HHEPLUHU Hepeanvhsl [5]. Oxoso 20% aBTOPOB CUUTAIOT, UTO
cuiibl UHepHuu peanbHbl [6]. 10% cUUTArOT HEKOTOPbIC M3 CHJI MHEPIMU PEAbHBIMH (HAM H3-
BECTHBI 4 CUJIbl MHEPIUHU, KOTOpbIE NEHCTBYIOT B YCKOPEHHOM CHCTEME OTCUETa U OJHA CHJa
uHepuuu (cuiia Disepa), KoTopas AeicTByeT B MHepLUaIbHON cucteme otcueTa) u 10% aBTopoB
BOOOIIE 00X0AT Borpoc. It JoKaszarenbcTBa peasibHOCTH cuil uHepiuu M. [lnank ykasbiBaer
Ha npuHnun JamamOepa [7], koraa cuiibl HHEPIMHA B YCKOPEHHOM CHCTEME OTCUeTa KOMITCHCH-
PYIOT OOBIYHBIE HHIOTOHOBBI CHITBI, HAIPUMEP, B CBOOOIHO ManaronieM audTe DitHmTeiiHa. Ta-
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KO XK€ TOYKHM 3peHus npuaepxuBaics A. DiHmTerH u akagemuk JL.U. Cenos [6]. [Ipaktuku
CYUTAIOT, YTO ITOT BOIPOC UMEET HE TOJIBKO BAXKHOE TEOPETUUYECKOE 3HAUEHUE, HO U MPAKTUYE-
ckue caenctBus. BoT uto nuieT u3BectHbiid Mexanuk JI.b. Jlerencow [8]:

«Cmano ocobenHo 3amemuo OAHHOEe PA3HO2IACUe NO CYWECMBEHHOMY 80NPOCY O CULAX UHep-
Yuu: Ha nepevix 08YX Kypcax cmyOeHmo8 YUulu 6 meopemuyecKoll Mexanuke, 4mo Cuibl uHep-
yuu 808ce He CyujeCmeyrom, 4mo OHU JUUb 8000padicaembvie U 86005MCs 8 pacuem O0s Y00O-
cmea, omHI00b He 0y0yYU PeanrbHbIMU, Yo CULbl UHEPYUU YCTIOBHBII 2e0MEeMPUIecKuli 6eKmop,
mMamemamuyeckas uxkyuu u m.0. A yepes 200 6 Kypce meniosvix 0gueamenell ux 3aCmaeisiu
CKIaovi8ams Oeticmeumenvhvle 0A81eHUs napa Ha NOPULeHb ¢ Hecyujecmayloujetl CUloll UHepyuu
08UdICYWUXCSL Hacmetl, 4moobl NOIYYUMb UCMUHHYIO pe3yTbmupyrowylo cuny. Bcesakoe npene-
bpesicenue, 8caKull Hedoyuem Mol «808ce He CYUWecmeyIouell CUlbly Heu30eNCHo Hecem 3a Co-
001l NONOMKU, KPYULEHUsL U MOMY HOOOOHbLE PedibHble NOCIe0CBUSY.

1. OcoOeHHOCTH CHJI MHEPLUH

B oTiiune oT HEIOTOHOBCKHMX CHJI, CHIJIBI HHEPIHH He YOOBIeMBOPSION mpemvemy 3aKoHy Me-
xanuxu Hotomona [9]. OObIuHO B 3KCIIEpUMEHTE HAOII01aeTCs 4 BUIA CUJI MHEPIIMU U, B 00IIeM
cllyyae, ypaBHEHMs IBIDKEHHS MacChl 4 B NPOU3BOJIBHO yckopeHHoi 3D cucreme orcuera

3aIIMCHIBAIOTCA KaK

dv ou - I - do _,

p——=——— W —p[@[&T']] - 2u[&V'] - pu[— '], (2)

dt or dt

rae U - BHELIHAA [NOTEHIUMaIbHAs SHEPrus, W - MOCTYMATEIbHOE YCKOPEHHE, @ - YIIIOBask CKO-
POCTh BpallleHHs] CUCTEMBI OTcueTa, ' U V'=dr'/dt - paanyc BEKTOp M CKOPOCTb MacChl i

OTHOCHUTEJIBHO BPAIIAOIICHCS CHCTEMbI OTCUeTa. B ypaBHEHHSIX IBHKEHHS (2) TOYCYHOI MacChI
/L BCE CUJIbI, CTOAIIME B PABOM YaCTH ONPEAEAIOTCA KaK BHEITHUE CUJIbI, XOTS CHJIbI HHEPIIUN

NEHCTBYIOT OJJUHAKOBBIM 00pa30M Kak BHYTPH, TaK U BHE MEXaHUYECKOW cucTeMbl. AHanu3 Qu-
3MYECKMX CBOMCTB CHJI HHEPIMHU, BXOAAIIUX B ypaBHeHUs (2) , mokaseiBaeT, uto [9]:

1) 1Be cUIIBI
F=-tW u F,=-uldlor']] €)
MCHAIOT SHEPTUIO YaCTUIIBI B YCKOpeHHOﬁ CUCTEME O0TCUYETA U ABJIAKOTCA NOTCHIUAJIbHBIMHU

C CYMMAapHOW MOTEHIMAJIbHOW SHEPrUeu

Uy, =ufW - %[a??'lz; (4)
2) opHa cuia
F,=—ulor] (5)

MCHSCT DHEPIrrUI0 4aCTHUILBI, HO HE ABJIACTCA HOTCHHI/IaHBHOﬁ, ITOCKOJIBKY
rotfor']=2w+0

3) onna cuna (cwia Kopuonmca)

—

F, = —2u[&V'] (6)
HC MCHJSICT 3HepFI/II/I YJaCTHUILIbI.

B uwacTHOM Citydae, Korja TOYeyHas Macca 4 COBIamaeT ¢ HadajioMm O, ypaBHenus (2)
IPUHUMAIOT BUJ



V']. (7)

2. «Beapo Hb10TOHA» M 10J1€ CHJI HHEPIIUY B THAPOAUHAMUKE

[TpobnemMa cuit ¥ TIOJICH CHIJT MHEPIIMH B TEOPETUUECKON MEXaHUKE SBIISICTCS, TIOKAIYH, caMOit
CTapod M JNUCKYTHUPYEMOH 1O CHX IIOP, HAYMHAs C HBIOTOHOBCKUX BpeMeH. IIIUpoko u3BecTeH,
HaIpUMep SKCIIEpUMEHT IMOJ Ha3BaHHeM «Belpo HpioToHay, kona HaOIIOaeTcs M3MEHEHUE
reOMEeTPUYECKON (POPMBI MOBEPXHOCTH BOABI B BEAPE, KOTOPOE IBMIKETCS YCKOPEHHO - Bpalla-
€TCsl WJIU JABUKETCS OCTYNATEIbHO C MOCTOSIHHBIM yckopeHueM. Ha puc.la Beapo pacnonoxeHo
Ha rIaTdopme, KOTopasi IBUKETCS ¢ YCKOPEHUEM ¢ B OTPUIATENIbHOM HaIlpaBlieHUU ocu X . B
3TOM CJIy4ae Ha Ka)<Jbli MAJIbII AJIEMEHT KUAKOCTH C IIOTHOCTBIO p JIEWCTBYET IPABUTALMOH-

Hasl cuyia o , HalpaBJIeHHas BEPTUKAJIbHO BHU3, U cuila uHepuun — p\W , HampaBiieHHas B CTO-

POHY, MPOTHUBOIOJIOKHYIO YCKOPEHMIO ¢ IUIaT(OpMBI. Y paBHEHMs IBUKEHUS TUIOTHOCTU p B
CUCTEME OTCUETa, CBSI3aHHOM ¢ BEPOM, UMEET BUJ

dv ,
= = 5§ — oW. 8
pm P9 —p (8)

B pe3yibTaTe I[GﬁCTBHH IoJIs1 CUJI UHEPpIUU B o0BeMe BOJBI TNIOCKAsA MOBCPXHOCTb BOJABI pacCIio-

JIOKUTCS TIOJ YIJIOM & K TOPU3OHTAIBHOM MOBEPXHOCTH. YTOJI f HAXOIUTCS M3 ypaBHEHUS
a =-tg (W/g).

a) b)

¥

Z

e
//_——
P

.

| —— —
r

| s

IV

T

| A

Puc.1. H3meHeHue reoMeTpuu MOBEPXHOCTH BOJIBI: @) MPU MOCTOSHHOM IMOCTYIATEeIbHOM
YCKOPEHHUU Besipa; D) mpu BpallleHUH BeIpa C MOCTOSHHOW YITIOBOM CKOPOCTHIO

Ha puc.1b Benpo Bpamaercs ¢ MOCTOSHHOM YITIOBOW CKOPOCTBIO . YpaBHEHHS JBHIKCHUS
AKHUJIKOCTH B CUCTEME OTCUETa, CBI3aHHOU C BEPOM, UMEET BUJ
dv

pang—p[(?)[c?ﬁ']]. (9)



3neck — p[@[@T']] - uenTpoOeKHas cula HHEPIMH, @ - YIJIOBas CKOPOCTh BpALIEHHs BEIpa,
|F'|=r - pagumyc BEKTOp OT OCH BpalleHHs IO 3JEeMEHTa C IJIOTHOCThIO o . IlomHas sHeprus
IUIOTHOCTH p COXPAaHSIETCS

a)2 r2

,oT — p gz =const. (10)

Vpasuenne (10) sBisieTcsi ypaBHeHHEM Mapaboyion/ia BpaleHus, MOBEPXHOCTh KOTOPOTO M 00-
pasyet Boja BO Bpainatomiemcs Beape (puc. 1 b)). 3 ypaBuenwust (10) BUIHO, YTO C yBEIUYCHU-
€M YIJIOBOW CKOPOCTH BpAIllEHHsI BEPXHSS TOUKA IMapaboiIbl, KOTOpasi KacaeTcsi CTEHKH Belpa, u
€e HIDKHSISI TOYKA, Yepe3 KOTOPYIO POXOTUT OCh Z , YAAISIOTCS OT TUIOCKOCTH TTOBEPXHOCTH BO-
IIbl, KOT/Ia Beapo He Bpamiaercs. [1o3ToMy, pu yBeTHYEHUH YTIIOBOH CKOPOCTH BPAIICHUS MOXK-
HO YBUJIETH JIHO BE/Ipa WM YBUACTh, KaK BOJIa BEUIMBAETCA Yepe3 Kpaii Benpa. Bcee atu addek-
TBI IPOUCXO/IAT B pe3yJIbTaTe ACHCTBUS CHII MHEPIIUU HA 3JIEMEHTHI KUIKOCTH M TOBOPST O TOM,
YTO CHUJIbI HHEPIIMH — PEaIbHBIC CUJIBI.

2.1 «kMaKpoOKBaHTOBaHNE» B THAPOAMHAMHKE BPAIIAIOIIEHCHA JKHIKOCTH

IInorHocty cun uhepun — pW u — p[@[@F']] AeHCTBYIOT BHYTPH HIKOCTH, IOSTOMY MBI

JOJDKHBI OTHECTH MX K BHYTPEHHHMM cuiaM. B oOmem ciaydae, ypaBHeHus Oiinepa (8) u (9)
JIOJI’KHBI YYUTHIBATH €IIe OJHY BHYTPEHHIOIO CHITY

F,=-Vp, (11)

3aBUCSINYIO OT aBiieHus: P . Eciau npeanonoxuTh, 4To BEAPO ABMKETCS YCKOPEHHO U IPU 3TOM
BpaIllaeTCsl, TO ypaBHEHUS JABMKEHHUS KUAKOCTU PUOOPETAIOT BUA

w oo
pa=pg—pW—p[w[wr]]—Vp- (12)
Ecau ipu 5toM T’ # CONSt u @ # const , To ypaBHeHus apuskenus (12) 3anumryTcs Kak
W - da,
P =P~ PN —plolor]-2plavi]-pl==r1-Vp. (13)

Eme Gonee WHTEpPECHBI IKCMEPUMEHTHI, B KOTOPBIX TP BPAIICHUU BOJABI HAOIIOJAOTCS
«KBAHTOBBIC CTPYKTYPBI», KOTOPbIE MCHSIOT CBOM F€OMETPUYECKHE CBOMCTBA B 3aBUCUMOCTH OT
YIJIOBOM CKOPOCTH BpaleHus Bezapa (puc.2,3).

Puc.2. I3meHeHne reoMeTpuu MOBEPXHOCTH BOJBI MPU BPAIICHUU BEApa: CiIeBa — BUJHA MO-

BCPXHOCTH mnep60ﬂonz[a; CIIpaBa — BUAHO JHO BCpa.
5



Haunnast ¢ HEKOTOpPON KPUTHYECKOH YIJIOBOW CKOPOCTHM BpAIEHMs, B LIEHTPE BpAILCHUS
BO3HHUKACT mpey2oivHas cmpykmypa (puc.2 cripasa), KOTopas BeleT ce0sl yCTOHYMBO, €ClI YT-
JIOBasi CKOPOCTh BpAIlleHUs MOCTOAHHA. [Ipy yBennueHUH yriioBOW CKOPOCTH, «TPEYTOJIbHHUK»
CKa4YKOM TEPEXOHT B «KBaapaT» (puc. 3 ciuera). [Ipu nanpHeHIIeM yBeTUYEHUH YTIIIOBON CKO-
POCTH KBaJpaT MEPEeXOAUT B «IIATHYTOJIbHUK» (puc. 3 cnpaBa). Kpome Toro, HabGmromaroTcs
«KBAaHTOBBIE CIIOM» JKUIKOCTH, PACIOJIO0KEHHBIE B BUJI€ KOHIIEHTPUYECKUX OKPY>KHOCTEH BOKPYT
nentpa. Ha puc. 3 cnpaBa OHM OTMEYEHBI CTPEIKaMH. DTO «KBAHTOBAaHHUE» OOBSICHIETCS TEM,
YTO BHYTPU KUAKOCTHU JIEHCTBYIOT MOJS CHJI MHEPIMH, KOTOPbIE O0pa3yloT CTOSYHE BOJHBI
IUIOTHOCTU p , YTO U HAOJIOIaeTCsl B AKCIIEPUMEHTE. JIeHCTBUTENbHO, €CIM Mbl HAUMHAEM JIBH-

raTh YCKOPEHHO JIF000€ MPOTSHKEHHOE TEN0, TO BHYTPU €r0 BO3HHKACT IOJIE CHJI MHEPIHUH, O-
POXIEHHOE TI0JIeM HHepiuH [3].

Puc.3. YcroiiunBble « KBaHTOBBIC» T€OMETPHUECKUE CTPYKTYPHI B IIEHTPE W HA TEepUPepUuu
Bpamjarouierocs Buxps B seape HeroTona.

3. T'mapoamnaMuveckasi Moej b KBAHTOBOH TeopuH

Haj:[o OTMCTUTDB, YTO, BOJIHOBYIO (bYHKI.II/IIO ¥ B YPABHCHUUN ]_HpCI[I/IHI‘epa
0 B,
in—y+—Viy-Up =0 14
Fid 2 y-Uy 14)

cam O. Ulpeaunrep TpakroBan BHauyane kak «mosie matepun» [10]. [Ipu 3ToM oH mcxoamn u3
U3BECTHOI'O COOTHOILIEHHUSI

p=ey*y=elyl, (15)
r€ p - IUWIOTHOCTh 3apsKEHHOW MaTtepuu, € - 3apsif. JlelcTBUTENbHO, B JIEBOM YaCTH PAaBEHCTBA
(15) crout BosHe u3Mepsiemasi pusnyeckas BeIHMYMHA IUIOTHOCTh o . CripaBa Tak ke JOJDKHA
CTOATh M3MepsieMasl BeMYMHa, pe/ICTaBiIstonas co0oil nmpou3BeeHNe 3apsaa € Ha KBajapar
nons |y [*. TTockonbKy 3apsy € m3MepsieMas BEIMYMHA, TO BeIMUYMHA | [ oKHA GBITH H3Me-
pseMoil. DTO BO3MOXKHO, €CJIH I0JIe { MPEACTABIISAET CO00M HEKOTOPOE peanbHoe usuueckoe

none, kKotopoe A. Duinmrreiin HazBan ExunsiM [Tonem, «moka erie Heum3BeCTHOM mpupo st [11] ».
[ToueMy >ke TEOPETHKHU MPUHSIIN Yepe3 HEKOTOPOE BPEMsI KOTICHTareHCKYI0 TPAKTOBKY BEIUYH-
HBI

W (X,t) =y [ (16)



KaK TUIOTHOCTh BEPOSITHOCTH HAWTH YAaCTHILy B IAHHOW TOYKE X B JIAaHHBIH MOMEHT BPEMEHHU t .

OTBeT mpoCT — B TO BpeMsI HUKTO U3 TEOPETUKOB HE MOT yKa3aTh, C KAKMM peaJbHBIM (pusmue-
CKHUM TI0JIEM CBsI3aHa BOJIHOBAst (PYHKIHS y .

O6b1uno ypaBHenue Llpenunrepa (14) 3anuceiBaeTcs: B OlepaTOpHOM BUIE

= 2
Ey=Hy, A=-P 40, E-inl, p, —-in-"
24 ot oX,

rie E, p,, U - onepartopsl, neiicTByONIME Ha BOTHOBYIO (DYHKIIMIO i/ . DTH OIEPATOPBL, TaK K€
KaK M BOJHOBas (YHKIHMS i/ , HE U3MEPSIIOTCS B KCIIEpUMEHTE. TOJIbKO MO 3TOW MpUUYUHE YpaB-
HeHus [IpenuHrepa He MOTYT CUMTATHCS OKOHYATENFHBIMHA YPABHCHUSMHA KBAaHTOBOW (DU3UKH.

B nacrosiiiee Bpemsi B HAy4HOM JIMTEpPAType CYHIECTBYET 9 MHTepIrpeTalnnii KBAaHTOBOW Me-
xaHUKH [12], U3 KOTOPBIX caMOil MepBOil U caMOil OIHM3KOM K KJIaCCUYECKOW (PU3MKE MOSIBUIIACH
«TUIpOIMHAMHUYECKas» uHTepnperanus O. Manenynra [13]. On nepssiii mokaszan [14,15] , uto

3aKOH COXPaHEHHUs 3apsifa B dJeKTpoaruHamMuke Makcseina-JIopeHiia, 3arnucansslii B BUJIE ypaB-
HCHHSI HEMPEPBIBHOCTH TS TUIOTHOCTH (15)

%—’f+divj=0, j=pvV (17)

C IIOMOIIIBIO ITOACTAHOBOK

grady grady ™
Wy 7
C =hli2u=const

v =Cgrad In w*:C(

j , y*yV=C(y*grady —y grady™),
74

CBOJUTCS K JTUHEUHBIM ypaBHeHusAM lpeaunrepa i w u >

2 * 2
inY L ny—up=0, inY T Ay xiupr=o, (18)
ot 2u ot 2u

bonee mocnenoBarenbHBIM SBISETCS TOAXoa D. MajenyHra, B KOTOPOM «HE(PUINIECKAs
KOMIUIEKCHas! YHKIMS  BbIpaXkaeTcs 4epes JIBe AeHCTBUTENbHBIE: MIIOTHOCTH (15) u ckopocTh
V=VS/u, (19)

rae S - kiaccudeckoe neiicteue. [locne noacranoBku B ypaBHenue Illpenunrepa (14) BosHO-
BOM (DYHKIMHM |/ , 3aITUCAHHON B BUJIE

w(%,1) = /p(%,0) exp(iS(X,t) /) , (20)

u mwiotHocTH (15), monmyuum u3 (14)

—§w+ihia—pl/f—i(VS)zw—Ul//+£VZSl//+£ le (VS)y +
ot 2p ot 24 24 2u\ p
2 2 2
L ivzp V,_h_ ivp w=0 (22)
2u\ 2p 2u\ 2p

NI

2 2 2
- RS (S T (B A
ot 2u 2u\ 2p 2u\ 2p



vilp P M geg M lVp (VS) w =0. (22)
2p ot 2u 2ul\ p

[IpupaBHMBaHUSI pEANBbHYIO YacTh 3TOrO COOTHOLICHHS K HYJIO, HAXOJIUM ypaBHEHHE, M0100-
HOe ypaBHeHHUIO [ aMuIbToHa-SIk00u 11 QyHKIMM aeicTBUsS S

L (V8)®

F R +U+Q=0, (23)

rIe

_n ((w}z_ﬂj i (Ap <vmj_ WA Ay (24)

2ul\2p) 2o | Aulp 27 2u Jp  2u |yl
- KBAaHTOBasI MOTEHIIMANIbHAs! SHeprust. [IpupaBHUBasS MHUMYIO 4acTh (22) K HYJII0, UMEEM
%1 s Lwp)vs)=0 (25)
ot u 7

Wi, yautbiBas cootHornenue (19) , momyuaem u3 (25) ypaBuenue nenpepsiBHocTr (17) mist
TUTOTHOCTH p .

[Tpumenss xk ypaBHeHUsIM (23) onepaTop V/ M, v onsTh yauthiBas (19), momyyaeM ypaBHEHUS
JIBIDKCHUST «KBAHTOBOM JKUIKOCTHY, MOTO00HBIE THIPOANHAMUYECCKUM ypaBHeHUsIM Ditepa (13)

dv v
p—r=p| Zyyvi |=-Lvu-Lvo. (26)
dt ot 7 7

OdeBuaHO, uTO ypaBHEeHUS (25) u (26) UMEIOT BIOJHE KJIACCUYECKUI BUJ, €CIIM HE YYUTHIBATH
«KBAHTOBYIO» TOTCHIHAIbHYIO 3Hepruio (24). Ilpenmonaras, uto ypaBHeHHs (26) OMHMCHIBAIOT
JIBUJKEHUE KaIUTM «KBAHTOBOM JKMIKOCTH» B TPaBHTAIMOHHOM moje, Torna U =—-uMG/r u

ypaBHeHus (26) coBnaaaroT ¢ ypaBHeHHsIMU (9), ecin

Q= [* rr. (27)

Cnenys peaunrepy, OyaeM cuuTaTh, YTO IUIOTHOCTHh (15) ommchIBaeT 3apsHKEHHYIO YacTHILY
KaK KIYOOK «IOJsl MaTepuu», KOTOPBIHA, BOOOIE TOBOPS, SBISETCS MPOTSHKEHHBIM, JABMKETCS
KaK €IMHOE IIeJIOE B COOTBETCTBUU C ypaBHeHUsMU (4). Cokpaias B TIpaBOM W JIEBOW YaCTIX
ypaBHeHu# (15) mnoTHOCTh p ¥ ymMHOXkas (15) Ha 4, MOMyYuM ypaBHEHUS ABMXKEHUS MPOOHOM
(TOYEHHOM ) YaCTHIIBI

,ud—vz—VU -VQ. (28)

dt

Ecnmu mpennonoxxutk, yto ypaBHeHHUs (15) ONMUCHIBAIOT MPOTSHKEHHYIO Kallllo «KBAaHTOBOM
KHKOCTH», COCTOSILECH 13 MPOOHBIX YaCTHUI] C YPaBHEHUSIMU IBIKEHHS (27), TO TOTAA KJIACCHU-
4yeckuii 00pa3 MPOTSHKEHHON KBAaHTOBOM YaCTHIIHI TIPEICTABIIET CO00I aHCaMOJIb TOYEUHBIX Ya-
ctull. Benmmuuna B 3ToM citydae (16) MokeT ObITh MPOMHTEPIPETUPOBAHA KAK NAOMHOCHb 8EPO-
AmMHocmu, ONPEeNolias, HaupuMep, cpeiHee 3HaUYeHUE KOOPAWHATBHI, UMIYJIbCAa M SHEPTUU
MPOTSHKEHHOTO 00BEKTa Kak

<7(>sz7(de_[1//*1//de, (27)

<5>=jwr>dvzjy/*y/r>dv, (28)
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<E>=.[W(r)2/2y+U+Q)dV=jw*w(62/2y+u +Q)dV. (29)

Ecnm xe pacCMaTpuBaTh ¥ KakKk HEKOTOPOC PEaJIbHOC IOJIC, TO MBI TOJUKHBI IIPEIIOTIOKNUT, 4TO C
qaCTHHeﬁ CBsI3aHO TaKO€ IT0JIC, YTO:

1) oHO Bcer/a COMpPOBOKAAET YACTHUILY IIPH €€ JBIKCHUU;

2) CyLIECTBOBAHHUE ITOTO IOJISI IPUBOAUT K OTKA3y OT MOHSTHUS IPOOHOM YaCTHUIIBL:

3) y TonsA ecTh «COOCTBEHHAs» MOTEHIMaIbHAs dHeprus (27), Koropas OTIIMYHO OT HYIIs
Ja’ke TOTJa, KOTJa BHEUTHsIsS TOTeHIIMalIbHas SHeprust U OTCYyTCTBYeT.

4) W3 BCEeX U3BECTHHIX (DM3MUYECCKUX IOJICH HA POJIb TAKOTO PEATbHOTO OIS MOXKET MPETeH-
JI0BAaTh 110JI€ MHEPIIHH.

VYpasuenne lllpenunrepa (13) MOKET OBITH MOTYYEHO M3 KJIIACCHUECKOTO ypaBHEHUs (25a) my-

TeM (GopMalbHOW 3aMeHbl (GHU3MYECKHX BeauuuH X, P m E omepatopamu X, p==—iAV nu

E=(n*12u)V? +U, JEHUCTBYIOIIMMU Ha BOJHOBYIO (yHKUMIO i . B aTOM ciyuae, HaOmogaemble
cpennue 3HayeHust (27)-(29) MoryT ObITh PEICTABICHBI B BUJIE

<X>=<X>=[p*Xy dV , (30)
<P>=<p>=[y*(-inV)y dVv (31)
<E>=<H >=jl//*[—(h2/2,u)V2+U +Q)]wdV. (32)

B sTOM cMmbIciie ypaBHEHHS «KBaHTOBOW >KuAKocTW» (24), (25) u ypaBnenus lllpenunrepa
(17) mamyT ogMHAKOBBIE PE3YNIbTATHI P U3MEPEHUH CPEIHUX BEIMYHH (DU3HUYCCKHX Iapamer-
POB YaCTHUIIBL.

4. Onpenensilomasi pojb CUJ MHEPUUH B 00pPa30BaHMU CTAMOHAPHBIX
COCTOSIHMH B KBAHTOBOW TeOpPUH

[Ipu xBanTOBaHMU B Beape HproTOHA i1 CTAIMOHAPHBIX COCTOSHUM KUAKOCTH dHeprus (10)

COXpaHsieTCs, IPU 3TOM B YPAaBHEHHUAX ABWKECHUS KUIAKOCTH (9) rpaBUTALIMOHHAS CKOMIIEHCHPO-

BaHa cwiod nHepuuu. [lycTs ypaBHeHue (28) omuchIBaeT CTallMOHAPHOE COCTOSHHUE, TOTAa B
COOTHOLICHUU BBIMMOJIHAIOTCS, CJICAYIOIUEC COOTHOIICHU A

oS op 0
E=——=const, —=0, — U +Q)=0. 26
ot ot at( Q) (26)

C napyrodi CTOpPOHBI, JUIA  BOJOPOAOINOAOOHOTO aroMa ¢ TMOTEHIMATLHON SHEpTrueu
U =-Ze’/r ana cramuoHapHbIX opouT bopa BeINOIHAETCS cooTHONIEH!E [16]

E, =m’h*[2ur? —Ze* | r+Q=—uZ%e* | 2h°n* = const, (27)
rae |m| =0,1,2,..,n>0l+1,1=0,12... JlnaocHoBHOro cocrostarst M =0, moaromy
E = -Ze’Ir+Q=—uZ%"/2h*n* = const, (28)

OTKYJa CJIENYET, YTO KBAaHTOBAsI MOTEHLMAJIbHASI SHEPTUS TOJHOCTHIO KOMIIEHCUPYET KYJIOHOB-
CKYIO IOTEHIIUAIbHYI0 SHepruto (puc. 4). Ecnu B ypaBHeHusix (28) U =—Q, TO eqMHCTBEHHOMH
(U3MUEeCKH OCMBICICHHOM MOTEHIMATBFHONW PHEPrueil B ypaBHEHMSAX JBIWXKeHHUA (28) sBisercs
MOTEHLMAIbHAs SHEPTUSl HJIEKTPOMATHUTHOW CHJIBI MHEPLUUU. DTO O3HAYAET, YTO ypaBHEHUS
(28) 3amucaHbl B YCKOPEHHOW CHCTEME OTCYETa, a Mmpoieaypa MajenyHra COOTBETCTBYET Tepe-
XOJIy U3 MHEPIIMAIBHOW CHCTEMBI OTCYETa, B KOTOpOH 3anmucano ypaBHeHue lllpenunrepa (14), B
YCKOPEHHYIO CUCTEMY, I'IE JEHCTBYIOT CUJIbI HHEPLIUH.



Puc.4. Ha cTanuoHapHbIX OpOUTax KyJOHOBCKas MOTeHIManbHas sHeprus U = —Ze’ /1 ckom-
IIEHCUPOBaHa KBAaHTOBOW MOTEHUMAIBbHOU dHepruen Q

5. KanTtoBanue kak rupockonuveckuii 3Qpgexr

Maito kTo oOparag BHUMaHHE Ha 3KCIIEPUMEHTHI, KOTOPbIE JeMOHCTPHPYIOT KBAHTOBBIE IPO-
LIECChI B MAKPOMUDE.

a b
T
Do
1,,
o*

|

S 11

3

G

|
| N
|

L

Puc.5. KBanToBaHue HaKIOHA OCH BpallleHUs THPOCKOIA MTPH U3MEHEHUH YacTOThI BpallleHUS

Ha puc.5 npencraBiieH SKCIEPUMEHT ¢ TUPOCKOIIOM Ha IMAPHUPHBIX MMO/IBecax B TOYKax O u
O*. 'mpockon B BHJIE IIWJIMHAPA MTO/IBEIICH BEPTHKAIBHO M BPAIaeTCsl IPOTHB YaCOBOM CTpEdI-
K€ C HEKOTOpPOW 4acTOTOH @ (mosoxenue a)). IIpu yBenIn4eHUH 4acTOTHI BpaleHHs O0blIe He-
KOTOPOM KPUTHYECKOH > @'crit THPOCKON CKadKOM MEHSAET HANpaBICHHE OCHM BPAILCHHS Ha
yrojl ¢ TPOTUB YaCOBOM CTpeJKe OT BepTuKanu (mosioxkenue b)). [lpu nanpHeieM yBeanueHHH

4acTOTHI 50JIbIIIE HEKOTOPOH @ > @ crit OCh THPOCKOIA ONATH CKAYKOM MEHSET HalpaBJIeHHE OCH
BpAIIICHHsI HAa yroji2¢ 1O 4acoBOil cTpeinke (nmonoxkenue c)) [5]. Apyroit unrepecHslit GpaxT 3a-
KJTIOYAEeTCsl B TOM, YTO B IEHTPAILHO CHMMETPUYHOM TpaBHTAIIMOHHOM 1ojie ColHila Habuo1a-
€TCsl KBAaHTOBAHHE CPEIHUX PACCTOSHUN OT IeHTpa CONHIIA 0 TUTAHETHBIX OPOHUT U METCOPHT-
HBIX TOsicOB. Kpome Toro, HabiroqaeTcss KBaHTOBaHME HAKJIOHA COOCTBEHHBIX OCEH BpalCHUsI
IUTAHET K IIOCKOCTH 3KkBartopa CouHIa (Ha puc. 6 HAKIIOH OCEH OTCYUTHIBAETCS OT MEPIICH/IU-
KyJsipa K ttockocTr dkBaropa Cosaiia). KoHeuHo, 3T0 KBaHTOBAHHUE OTIMYIHO OT 00JIee «yImopsi-
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JIOUYEHHOT0» KBAaHTOBAHUS 3JIEKTPOHHBIX OPOUT B aTOME, MOCKOJIbKY MaTepuaibHbie OOBEKTHI B
COJIHEUHOM CHCTEME UMEIOT Pa3jIuvYHbIC MAacChl, HO, B JAaHHOM cllydae, BakKeH caM (haKT KBaAaHTO-
Banus. QDopmyna KBaHTOBaHHMs paccrosHuil =1 (N+1/2) Mmoxer ObITH mHONy4YeHAa W3
MOJTYKJIACCUYECKON Teopuu bopa 1Mo KBaHTOBaHHIO OPOUTAILHOTO UMITYJIbCA, C TOW JIMIIL OCO-
OEHHOCTbIO, UTO KOHCTaHTa I paBHa 0.2851 aCTpOHOMHUYECKHUX €HHUII.

r :ro(n+%), r,=0.2851 AU

n=4 n=6 nh=9 n=18
n=8 n=10 n=20 n=3 n=67 n=105 n=138

SRR

97.9° 283" 1235
|

JUp"erHidalgu Saturn Uranus  Neptune Plule

0 180 0 30 a0 30 120

Puc.6. KBanToBanue B COTHEUHOI CUCTEME

Bunumo, 6oree TouHbIE aCTPOHOMHMYECKHUE U3MEPEHHUs B OYyIyIlleM MOTYT BHECTH IMOMNPAaBKHU B
aCTPOHOMMYECKHE JJaHHbIE HA pUC.6, OCOOCHHO 10 HAKJIOHY OCEW BpalleHUs IUIaHET.

JIpyrum SIpKUM ITPUMEPOM KBAaHTOBAHUSI COOCTBEHHOTO BPAIICHUS MAaCChl OKA3BIBAETCS IKCITe-
pument Jxanubexona http://www.youtube.com/watch?v=GJlaK5JgTiQ (puc.7).

Puc.7. Dddexr Ixanubekosa: 1) raiika Bpamaercs 1Mo 4aCOBOH CTPENIKE U JBUKETCS BHYTPU
KOCMHYECKOT0 KOpabJyisi B HEBECOMOCTH; 2) COMPOTUBIICHUE BO3/yXa BHYTPH BBI3bIBACT MpeIiec-
CHIO BEKTOpa COOCTBCHHOT'O BpAIIICHUS Taliky; 3) B pe3yJsibTaTe raika, mpoaosnKas BpaIlaThCs 1Mo

4acoBOIl CTpelke, U3MEHsET HalpaBleHue BEKTOpa COOCTBEHHOro BpaeHus Ha 180°.
11


http://www.youtube.com/watch?v=GJlaK5JgTiQ

Hazno orMeTuTsh, 4T0 3T0 3 PEKT HE OMUCHIBACTCS TEOPHH TpaBUTALUU DUHINTEHHA, TTOCKOJIBKY
9Ta TEOPHs MUCIONB3YET B CBOCH OCHOBE CBOOOAHO Majaroniue U Th 6€3 COOCTBEHHOTO Bpallie-
HUS. 371eCh )K€ MBI IMEEM MacCy, KOTOpasi BpaliaeTcs, a He IPOCTO CBOOOIHO manaeT. Teopus
TpaBUTAIMU, B KOTOPOU CBOOOHO Majaromuii Ut uMeeT U CBoe COOCTBEHHOE BpalleHue, Obl-
Jla BIIEPBBIE MPEAIOKEHA aBTOpOM B pabote [18] u mpencraBiena Mupy kak mexanuka [lexkapra
[19]. B Takoii Mmexanuke 1000€ IBUKEHHUE CBOIUTHCS K BpalcHUIO. MaTeMaTHYeCKU ammapaT
MEXaHHUKH J[ekapTa U3JI0)KEeH B MaTeMaTHIeCKOi yacTu pabotsl [20].

6. 3aBHCHMOCTb MACChI OT YIJIOBOii CKOPOCTH

W3 KBaHTOBOW MEXAHUKHU U3BECTHO CIEAYIOLIEE COOTHOLIEHUE
2
u=holc, (29)

KOTOpPOE YKa3bIBAET HA 3aBUCUMOCTb MacChl KBAHTOBOW YaCTHUIIBI OT YyIJI0BOH CKOpOCTH @ . Ec-
71 BCIIOMHHUTb, YTO KOHCTaHTa /i TaK K€ 3aBUCHUT OT YIJIOBOM CKOPOCTH, TO OKa3bIBAETCA, UTO
Macca 4 3aBHCHUT OT KBaJpara yrioBou ckopocTH. B Mexanuke [lekapra macca 4yacTULbI onpe-

nensercss kak [20]

2g’™ i iTs
=|——<V. T, +T.T J—gdVv, 30
H Ivcz G ifmn st [ [V 9 (30)
rme Q'j =T'jndx"/ds - TeHsop yraoBoil CKOPOCTH BHYTPEHHETO BpAILICHHs (HAIIPUMEp, Hpe-

neccusi). @opmyna (30) mokassiBaeT, 4YTO Macca 3aBUCUT KakK OT KBaJpaTa YIJIOBOM CKOpPOCTH,
TaK U OT MPOU3BOIHOMN Vi oT ckopoct. YacTHbIM mpuMepoM Gopmynsl (30) oka3bBaeTCs 3a-

BHCUMOCTb MacChl MPEIIECCUPYIOIIETO TUPOCKONA OT YII0BOM CKOPOCTH mperneccuu [21]
1* = u(l— o’y 1sin? 8/ g cosh) , (31)

rae 6 - yron mpeneccuu, @,, = ulg/L - yriosas ckopocTh IPENECCHH.

4 METTLER PM400C

Puc.8. Tloreps Beca mpereccupyrommmM ruipoCKOTIOM

HpOCTOﬁ OKCICPUMCHT C HCIIOJIB30BAHUCM JJICKTPOHHBLIX BCCOB, MU30JIMPOBAHHBIX OT BHCIIHUX
atMocdepHBIX TOTOKOB (cM. puc.8), moareepxaaet hopmyny (37). Hanmpumep, B oqHOM U3 dKC-
MNEPUMCHTOB H UCXOJHBIMH SKCIICPUMCHTAJIbHBIMH JaHHBIMU
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0=30° |l=4cu a)np=0.5 06/cex, q=98lcmlcex,

MIOJTy9aeM XOpOIllee COBIAICHUE TEOPUH U IKCTICPUMEHTA.

9KCn

g, ~46362,  u*,  =46.30%0.07 c.

DKCHEPUMEHT, MPOBEACHHBIN Ha 0ojee TOYHBIX BecaXx MOXHO YBHJIETh Ha caiiTe
http://www.youtube.com/watch?v=nABni2d_wG4 .

7. 3aBHCUMOCTb TPAaEeKTOPUM JABHUKEHMS MacCChl OT YIJIOBOW CKOpOCTH
CO0CTBEHHOI'0 BpalleHUs

HcTopuyecku CIIOKUIOCH Tak, YTO TEOPHs ABMXKEHHS TBEpOro Tena Oblia coznana JI. Diine-
POM aKCMOMATHYECKHUM IyTeM 0e3 OCMBICTIeHUs ee Gpu3ndeckux ocHOB. B pesynbrare JI. Ditnep
U €ro MOoCJeI0BAaTEeIN OCTaBUIM 0e3 BHUMAHUS TaKUe BaKHbIE 151 (PU3UKU BOIIPOCHI KaK:

1) SBnstoTcst i yriiel Diiiepa caMOCTOSTEIbHBIMU KOOPMHATAMH, CBSI3aHHBIMHU CO CTPYK-
TypOil mpocTpaHCcTBa?

2) Ocraercs 11 MPOCTPAHCTBO TeopuH TBepAoro tena 3D mpocrpancrBom EBknmaa, wiu
OHO UMEET JIOTIOTHUTEbHBIC (BpallaTebHbIC) U3MEPECHHUS?

3) Coxpansiercs i NEPBbIA 3aKOH MeXaHWKH HbIOTOHA T TOYEK TBEPAOro Tea, Bpallla-
IOIIETOCs C MTOCTOSTHHON CKOPOCTHIO?

4) H3MmeHsieTcst I TPACKTOPHS [IEHTPa MAcC BPAIAIOIIErocss TBEPIOro Tesa M0 CPaBHEHUIO
¢ TesoM Oe3 BpateHus ?

OCHOBHBIE NMPAKTUYECKU 3HAUYMMBIE PE3yJIbTaThl AMHAMHMKH TBEPJIOrO Teja ObLIM IMOJyYeHbI
IIPU pELIEHNN ypaBHEHUN Diiepa
dP .5 = dL o0 o
H‘F[CL)P]:F, E'F[C{)L]:[rl:], (32)

KOTOpBIC, KaK U3BeCTHO [17], 3amucaHbl B YCKOPEHHO# CHCTEME OTCYETa, IKECTKO CBSI3AHHOM C

BPAIIAIOIIAMCS TBEPABIM TEJIOM M B KOTOPO# IEHCTBYIOT chjbl MHEpIHH [@ P] u MomenTs cun

unepiuu [@L]. B pe3ynbrare aeificTBHS MMEHHO 3THX JOMOIHHUTEIBHBIX CHJI U MOMEHTOB BO3-

HUKAIOT TaKUe SIBJICHUS KaK Mpereccusi U HyTalusi THPOCKOIOB, HAa0I0JaeéMble B JIaOOPaTOpHOM
chcTeMe OTcueTa. JTa CUCTEMa OTCUEeTa ONpeAesseTca Kak nHepuuaibHas. Takum oOpa3oM, Ha
UHEPIHUAIBHYIO CUCTEMY OTcyeTa (J1abopaTopuIo) CHIIBI MHEPIIMH HE JIeHCTBYIOT, HO HAaOII0AaTh
JeficTBUE CUJI MHEPLMH, HAXOIACh B MHEPLUAIBHOM CHUCTEME, MBI MOXeM. B pesynbraTe MbI
IPUXOJUM K BBIBOJIY, UTO /ISl ypaBHeHuUl (32) nepBblii 3ak0H MexaHuku HproToHa Hapymiaercs.
JleficTBUTENBHO, TIyCTh, HAIPUMEp, TIPaBble YacTU ypaBHeHUH (32) paBHBI HYIIO, T.€. Bpalllaro-
IIeecs: TBEP0e TEJIO CBOOOTHO OT BHEIIHUX CHJI M MOMEHTOB CWiI. B aToM ciydae, mpu omnpene-
JIEHHBIX HAYaJbHBIX YCJIOBHUSIX, Mbl MOXEM HaOJI0JIaTh YCKOPEHHOE IBMKEHUE LIEHTpa Macc
TBEPJOIO TeNa.

Ha puc. 9 mnpencraBieHsl TpaguKi KOOPIUHATHI U CKOPOCTH JBMDKEHUS IIEHTPA MAacC CHM-
METPUYHOT0, CBOOOJHOTO OT BHEIIHUX BO3JCHCTBUN I'MPOCKONA, KOTOpPbIE OBUIM MOJIyYCHBI U3
pemrenus ypaBuenuit Diinepa (32) [22] . U3 ypaBuenwuii (32) cpa3y BUIHO, IPU HAOIIOACHUH H3
MHEPIHUATBbHONW CHCTEMBl OTCUETA, MPaeKmopus 08UICEHUs epawjaroujeecs mena oyoem omiau-
yamuvcs om mpaexmopuu mena o6e3 8paeHus.

Takoe pa3nuume TpaeKTOPUl HE MOTIIO OBITH HE 3aMedeHo Ha ombiTe. Ha puc.10 cieBa u3006-
paxeHa pacueTHas (KpacHBIH 11BeT) U HaOmomaeMas (Oesblid IIBET) TPACKTOPUH TIEPBBIX aMepH-
KaHCKUX CITYTHUKOB U3 cepun Dkcmopep (Bcero Obuto 11 3amyckoB). OOBSACHUTH pacXokICHHE
nout B 1000 KM MeXIy TpaeKTOPUSAMH TaK HUKOMY U He yaaiock. HuKTO He oOpaTui BHUMA-
HUE, 4TO IIPU 3aIlyCKe BTOpas U TPEThS CTYNEHU pakeTsl FOnuTep Bpamanuce ¢ yrioBoW CKo-
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poctb 750 o60opoToB B MunyTy (puclO cnpasa). [losTomy, Ha MyTH pa3roHa pakeTsl, Korjaa 2 u 3
CTYIIEHU BpallaJiich, HEOOXOAUMO OBLIO MCIOJIB30BAaTh HE ypaBHEHUS! MexaHUkU HbioToHa mim
OWHIITENHA, a ypaBHEHUs Jinepa (32).

TPRADHK CHOROCTH LEHTRA MacC

Puc.9. YckopeHHoe aBMKEHHUE IIEHTPAa MacCc CBOOOIHOTO THPOCKOIIA TIPH €0 HYyTalluU: CJeBa —
TPAeKTOPHS LIEHTPA MACC; CIIpaBa — U3SMEHEHUE CKOPOCTHU LIEHTPa Macc

PakeTta HOnumep — C koHdburypauunmn IRBM

2-9 1 3-5 BpallaoLLMecs CTYNEHM

750
oBopoTos
B MUHYTY

Pacuethan

e—— HaBnwopaeman

Puc.10. Ilarunecstunernuit cexper Bepnepa ®@oH bpayHa: HapylleHHE 3aKOHOB MEXaHUKH
HrroTona u DitHmreitHa npu 3amycke Dkcmiopepos I, 11, 1 u 1.1

Osa25cm |
1 CTanbHbIX Wapa

27.000
0BOpPOTOB B MUHYTY

Cail

.—/‘

He BpallawlyuiEa

CTpoﬁ: B0/cek

Puc.11. Oxcnepument bproca ne ITansma
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Hapymienre 3ak0HOB HEpPENIITUBUCTCKONM MEXaHUKH ObLIM OOHApY>KEHBI B MPOCTHIX AKCIEPH-
menTax bproca ne Ilanpma (puc.11). OH cpaBHHBaN TPAa€KTOPUHU CTAIBHBIX IIAPUKOB JTUAMET-
poMm 2.5 cM, 3allyllIEHHbIX C OJMHAKOBON HA4aJbHOW CKOPOCTHIO U IOJ OJMHAKOBBIM YIJIOM K
MOBEPXHOCTH 3EMIIH, TIPH ATOM OJIUH IIAPUK BpaIIaJICs ¢ YTI0BOM ckopocThio 27000 060poTOB B
MHUHYTY, a Ipyroi ABUrajics 0e3 BpamieHus. B pe3ynprare sKCriepuMeHTa 0Ka3ajaoch, 4TO TPaeK-
TOpPHS BPAIIAKOUIErOCs AaPUKA MPOXOIUT BBIIIE, YEM Y HE BPAILAOIIEr0Cs, IPH 3TOM BpeMsl Ma-
JICHUS IIapUKOB ObUIO ONMHAKOBBIM. [Toka HUKTO HE Jaj aHAIMTHYECKOTO OMHMCAHUS IS 3TOTO
JKCIEPUMEHTA.

8. AHajlUTHYeCKOe ONMUCAHNE M0JIeil HHePIUH
W3 ypaBHeHwmit (2) BUIHO, YTO TPU W3 YETHIPEX CHUJI MHEPIIUHU CBsi3aHbl ¢ 3D BpamieHnem mare-
pUU U TOJIBKO cuja — pVV MOPO’KJEHA €€ MOCTYMaTeIbHbIM YCKOpeHHEeM. M3 pensiTUBUCTCKOM

(¢u3uKN U3BECTHO, 4TO ycKopeHrue W Tak jke MOYKHO paccMaTpuBaTh Kak BpallleHHe, HO TOJIBKO
B IPOCTPAHCTBEHHO-BPEMEHHBIX CKOpOCTSX. Hampumep, HEpeasiTUBUCTCKOE MOCTYyNAaTeIbHOE
YCKOPEHHOE JIBMXKCHUE BJIOJIb OCH X 3alHIICTCS KaK BpalieHue B miiockoctu X — Ct [10]

W, = dv(x) :Cdex (33)
dt dt

rac QX - Yyroj B IJIOCKOCTH X — ct. CJIG,Z[OBaTeJ'H:HO, CHJIBI 1 MOJIAA MHCPLUHN CBA3AHBI C YCThI-

pexMepHoi pupoI0it poctpancTBa-BpeMenn. MutepecHo, uro eme B XVII Bexe Pene Jlexapt
BBIIBUHYJI THIIOTE3Y, YTO JH000¢ (peaabHOoe) JBMKEHHE CBOIUTCS K BparieHuto [23] . AnanuTtu-
YEeCKOE Pa3BUTHE 3TOM THIIOTE3bl CTUMYJIUPOBAJIIO aBTOpa pa3BuUTh MexaHHWKy Jlekapra [19],
MIPEACTABISIIONTYIO CO00H YeTBepTOoe 00001IeHe MeXaHuKi HproToHA.

8.1 IToaist *HepUMU U Kpy4eHHe npocTpancTtea A3(3)

Campblii Ba)KHBIA BOIIPOC BCEX (PU3MUECKUX TEOPUH — KaKOBa T€OMETPHsI IIPOCTPAHCTBA COOBI-
TUH (MJIM IPOCTPAHCTBA OTHOCUTENIBHBIX KOOPJIUHAT) CUCTEM OTCYETa, B KOTOPBIX cHopMyIupo-
BaHbl YPaBHEHUS TOM UM MHOHN Teopuu. Hampumep, Mbl 3HaeM, 4TO ypaBHEHUSI MeXaHUKU Hpro-
TOHa WHBapuaHTHBI (pubamkeHHo [3]) orHocutTensHo 3D MHEpIUATBHBIX CHCTEM OTCYETA W
TEOMETpHsI IPOCTPAHCTBA B 3TOM ciiydae coBmnagaer ¢ 3D reomerpueil EBkinna. YpaBHeHus
PENATUBUCTCKONM MEXaHMKM CHELMAlIbHOM TEOPUM OTHOCUTEIIBHOCTH WHBAapUAHTHBI (MIpUOIH-
*eHHO [4]) orHocurenbHO 4D MHEpUMANBHBIX CUCTEM OTCYeTa. ['eoMeTpHs MpOCTPaHCTBA B
9TOM cilyyae okasbiBaeTcd 4D mnceBnoeBKINIOBBIM IPOCTpaHCTBOM MuHkoBckoro. KpususHa
reoMeTpun EBknnna 1 MUHKOBCKOIO, Kak M3BECTHO, paBHa Hym0. Ilockonbky 3D u 4D nnep-
[IAAJbHBIE CUCTEMBl OTCUETAa TMPEACTABISIOT COO0W HcaM3aInio, To, Kak oTMedan A. DHH-
IITEHH, «eOUHCMBEHHbII CNOCOO U30edcams MaxKou HepeanbHol éewu, KaK UHEepYUalbHAas CU-
cmema omcyema, s1811emcs 00was meopusi OMHOCUMENbHOCIU.

CoznaBasi pesIATUBHCTCKYIO TEOPHIO I'paBUTAlMU, A. DWHINTEHH UCIOIb30Bal IPOCTPAHCTBO
OTHOCHUTEJIbHBIX KOOPJAWHAT MHEPIHAIBHBIX U YCKOPEHHBIX CHCTEM OTCYETa, Y KOTOPBIX COO-
ctBeHHOe 3D BparmieHne OTCyTCTBYET (CBOOOJHO MAJAOIIMe B TPABUTAIIMOHHOM TIONE JHQTHI
0e3 Bpamenus). Kak oka3anoch, Takoe MpOCTPAHCTBO HACICHO CTPYKTypoi 4D mceBmopumaHo-
BOIl reomeTpuu. [10CKOJIBKY YCKOPEHHBIE CUCTEMBI OTCUETA B TEOpPUU DHHILTENHHA HE BPAIAIOT-
csl, TO KaKJas U3 HUX UMEET BCEero Juiib 4 creneHu cBoOoabl. [l onrcanus YCKOPEHHBIX CH-
CTEM OTCUeTa, CBSI3aHHBIX C JIM(TaMH DUHINTEIHA, TOCTaTOYHO YETHIPEX TPAHCISLUOHHBIX KO-
opauHaT X,y,z u ct. B obmewm cinyuae, 4D yckopeHHas cuctema orcdera umeer 10 cremneneit

CBOOOJIBI: 4 TPAHCIISAIIMOHHBIX, OMMMCHIBAEMBIX TOJIOHOMHBIMH KoOpauHatamu X,Y,Z,Ct u 6 Bpa-
IIATENIBHBIX, JJISI ONUCAHUSI KOTOPBIX HEOOXOIMMO HCITOJIh30BaTh 6 HETOJOHOMHBIX KOOPIMHAT

O O, Qg 6,0, 193 [10]. IMonsiTHO, YTO ¢ y4eTOM BpallaTeIbHBIX CTENCHEW CBOOOJBI, IPO-
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CTPAHCTBO OTHOCUTCIIbHBIX KOOPAWHAT IMPOU3BOJILHO YCKOPCHHBIX CUCTEM OTCUHCTA OTJIMYHO OT
MICEBAOPUMAHOBA MPOCTPAHCTBA TEOPUN DUHIITEIHA.

Jist Toro, 4To0bl HAUTH TEOMETPHUIO TPOCTPAHCTBA COOBITUI MPOU3BOIBHO YCKOpeHHOM 4D cu-
CTEMBI OTCUETA, MBI, B IEJarOTMYECKUX LENAX, PACCMOTPUM CHa4ajla IPOU3BOJIBHO YCKOPEHHYIO
3D cucremy orcuera. M3 ypaBHeHwHii (2) BHIHO, 9TO CKOPOCTH YaCTHUIIBI B YCKOPEHHOM CUCTEME
aBnsieTcss (QyHKIMEH 3X TPaHCHSUOHHBIX KOOPAWHAT X,Y,Z, 3X BpaIlaTelbHBIX KOOPAMHAT

@, ¢,, ¢, 1 BpeMeHu t. IlooTomy ommcaHue Cuil MHEPLHUH, NOPOXKIECHHBIX IOJSAMU MHEPLUH,

TpeOyeT BBEIEHUSI MPOCTPAHCTBA COOBITHIA, HA/IEJICHHOTO T€OMETpUEH aOCOIIOTHOTO Mapaliie-
mzma A,(3)[3,9]. B aT0ii reomerpun BparmaTenbHble KOOPAUHATEL @), @, P; PACCMATPHUBAIOTCS

KaK 3JIEMEHTBI MPOCTPAHCTBA, obpasyroue B Kaxmaoi touke M (X,Y,Z) 6a30BOro KoopauHart-
HOT'O TPOCTPAHCTBA BHYTPEHHEE MPOCTPAHCTBO (CIoii), 00pa3oBaHHOE BpalIATEIbHBIMH KOOP-
IWHATAaMH @, @,,®, [3]. IIpn TakoM moxxone B KIaCCHYECKOH MEXaHUKE YCKOPEHHOTO JBHIKE-

HHUA ITOSBJIISICTCS ABC MeTpI/IKI/I:
l) TPpaHCIIAOMOHHAsA METPUKaA
ds? = g,,,dx“dx” =n,ge".e®sdx“dx” (34)
a, B, y.=123 A B,C..=1, 2 3,

OIHKCHIBaIOMIAsi OECKOHEYHO Mayloe cMelleHne Hadana O yckopeHHo# 3D cucremsbl otcyera, B
o A
Ka4eCcTBE KOTOPOH BBICTYMAET TpUaaa € ¢ ;

2) BpamareabHas METpUKa
dr? =dy“sdy’e =T T wedx dx?, (35)

onuchIBarolas 6ecKoHeuyHO Majblii moBopoT 3D yckopeHHOi cuctemsbl orcyera. B cooTHore-
HuH (35) BeTMYUHBI

Tﬁa}’ = _Q"ﬁa’}/ + gaé(gay Q“ﬂ‘s?’ + gs,u Q“y&l’) ' (36)

onpenenstomue BpamieHue 3D yckopeHHOM CUCTEMBI OTCYETa, 00pa3yroTCs M3 KPYUCHHS
1
Qmﬂa;/ = Aﬁ[ay] = _EeﬂA(eAa,y - eAy,a) (37)

reoMeTpuu abCoIIOTHOrO napauienusmMa A4, (3). 3xnech
Aﬁa;/ = eﬂA eAa,y (38)

- cBs1sHOCTB reometpun  A,(3) . Bemmunny (36), gepes KOTOpyro 06pasyeTcst BpamatenbHas METPHKA

(35), B pabote [10] 6bL10 NpeIOKEHO HA3BIBATE MOPCUOHHBIM NOLEM.

[To ompenenenuro, reomerpusi obianaeT aOCOMIOTHBIM (AaTbHUM) MAPAILICITU3MOM, ECIH
TIOJTHBIN TEH30p KPUBHU3HBI IIPOCTPAHCTBA OTHOCUTEIHHO CBS3HOCTH (38) paBeH HYIII0, a UMEHHO

S%pm =2 A pip1+ 287 o1, Nipi = 0. (39)

[Mockonbky cBsizHOCTB (38) TpecTaBnsieTcs: B BUAE CyMMBI (CM. MaTeMaTHYECKYIO YacTh PabOThI

[10])
Aﬂg{y = Fﬂay + Tﬂay = eﬂA eAlx,}/ l (40)

rae
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1
Fﬂa}’ = Egﬂg(gaﬁ,y + gyr)‘,a - gay,b‘) (41)

-cumBoIbl Kpuctoddens. Ansrepuupys cootHomenue (40) Mo HIKHAM MHICKCAM M , TIOJY-

qum
A A
e"ws1 =T €% =0. (42)
YpaBHEHHUs JBUKEHUS IPOU3BOJIBHO YCKOPEHHOW CHUCTEMBI OTCYETA e cnenytor u3 (38) B
BHUJIC
de” dx”
LN, —e%=0. (43)
ds ds

CootHomenus (34)-(43) MOTHOCTBIO ONUCHIBAIOT CTPYKTYPY FeoMeTpUu A, (3).
[Moncrasnss (40) B (39) monyuum [10]

Spm =R pm + 2V, T %oy + 2T %o, T ®1pin =0, (44)
rne

R” s = 20, T i1 + 2151, T 1) (45)

- Ten3op Pumana npoctpancTa A;(3) u V- KOBapHaHTHAs IPOU3BOJHAS OTHOCHTEILHO CHM-
BostoB Kpucroddens (41). Ux dopmynsr (44) caenyer, uto npocmpancmeo A,(3) obradaem

pumarnoeoti Kpueusnoii (45) , NICTOUHMKOM KOTOPOil OKa3bIBaeTcss TopcHoHHoe moie 17, . B

CBOIO OYepe/ib, COTIIACHO COOTHOIIEHUIO (36), mopcuonnoe none onpedensemcs uepes KpyueHue
(37) ceomempuu  A,(3).

CornacHo A. DiiHIUTElHY, KpHBH3HA PuMmaHa mpocTpaHCTBa MOPOKJEHA B COOTHOILIEHUH (45)
TpaBUTAIMOHHBIM T0JieM (41). B oTcyTCcTBUM BHENTHUX TPABUTAIIMOHHBIX MMOJIeH, CUMBOJIBI Kpu-
cropdens (41) B 1ekapTOBBIX KOOpAMHATAX OOpAINAIOTCS B HYJb IN100aIbHO. YpaBHEHHS JBU-
keHus (43) B 9TOM cilydae MPUHUMAIOT BU]T

de®s _, dX ,

= a e = Qﬂa eA f 46
ds, s, 5 l; (46)
4
dZ ﬁ — Qﬁa =T’Ba}, dX , (47)
ds, ds,
rac
ds,” =17,,0x“dx” =17,58"0€%dx X", 77,, =77 =diag(l, 1, 1) (48)

a, pf,y7..=1,2,3, A, B,C..=1,23
- METpHKa IIOCKOTO MPOCTPAHCTBA.

C noMompio Tpuaasl €%, MoXHO mepexoauTs B COOTHOLIEHUAX (36)-(45) OT KOOPAMHATHBIX
MHJACKCOB «, f3,7... K JoKanbHbIM A, B,C...unnexcam. Hampumep, Topcuonnoe noine (36), an-

THCUMMETPHYHOE 10 HHICKCaM @ U [f MOXHO IPEJCTABUTh B BH/IC
A A
T By = aTﬁayeﬁB . (49)
Hcnonb3ys 3T0 CBOMCTBO, MOKHO 3alIMCaTh YpaBHEHUs ABUKEHUA (46) Kak
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A 4
de e g, e, _0hget,. (50)
ds, ds,

A
YuuteiBasg aHTUCUMMETpUIO T "B, 10 JIOKaNbHBIM HHAEKcaM A u B, pacnumem ypaBHeHHS
(50) moKOMITOHEHTHO

de® dx”
L =704, —e®, =04 e?,, (51)
d d
SO SO
de®, @ I g @ X @ A @ a0
3 =T (1)yd—e a+T (3)yd—e « = es + Qg ey, (52)
SO S0 s0
de® dx”
L =T0,, —e®, =%, e?,. (53)
ds, ds,
Beenem 00038aucHUS
dx” dx”
1 1 2 2
k(s)=Q%=TYe), —, 2(8)=Q% 5 =T, — (54)
ds, ds,

M BBEJIEM KacaTelbHBI BEKTOpP € = t =dX/ds k Tpaekropuu, HOpMaib €, =f U GUHOPMAJIb

€ = b, torma ypaBuenus (51)-(53) npunumarot Buj ypaBHeHuit @pene [24].

dt, _x(s)n, | (55)
ds

e~ k(o) + 2, (56)
ds

B o, @ B yen=123, (57)
ds

[IlecTs HE3aBUCHUMBIX ypaBHEHHH (55)-(57) OTHOCUTENBHO IIECTH HE3aBUCHUMBIX MEPEMEHHBIX
X,Y,Z,0,0, [3] npuBOAAT K ypaBHEHHSM ABIKeHUS Hadana O TPOU3BOJIBHO yCKOpeHHO# 3D
CHUCTEMBI OTCUYEeTa

d?x
~=x(s)n, , 59
g <, (59)

3
0% 9K8) (s, +x(s) 2(9)b, - (60)

ds ds
YmHoxast ypaBHeHHs (59) Ha LI ¥ mepexois K mapaMeTpy BpeMeHu t, Moxydum

yz—\t/:+yf%+yﬁw2:wf+ykvzﬁ. (61)

VYuuTeiBasg, 4To I - paguyc KpUBU3HBI KpUBOH, x =1/r u V=@I - opOuUTanbHas yriopas
CKOPOCTb, ITOJIy4UM

m Y = —ma{arl], (62
re lf1 =—uW wu IE2 =—ulo[or']] - cunsl uHEpIUH.
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A o
Taxkum o0OpaszoM, mopcuonnoe none T s, 6 ypasHeHusx 08uUdCeHUs NPOU3BOILHO YCKOPEHHOU
3D cucmemwvl omcuema noposcoaem nons uHepyuu.

9. Bpamenue u 1moJiss MHEPUUH KAaK NPUYUHA KBAHTOBBIX fIBJIEHUI B Me-
XaHHKE

Cpasy ormeTnM, HOBasi (pyHAaMEHTalbHAsI KOHCTaHTa — nocTosHHas [Imanka 7, koTtopas BXO-

JUT B YPaBHEHUS KBAaHTOBOW TEOPUH, UMEET Pa3MEPHOCTb YIJIIOBOTO MOMEHTA, T.€. CBS3aHa C

BpamienneM mMatepuu. C npyroit cTopoHsl, ppaHiy3ckuii Matematuk Onu Kapran Beickaszan ru-

MoTe3y, YTO BpallleHue MaTepUu MOPOXKAAET KpyuyeHUE MPOCTPAHCTBA. DTy TUIOTE3y aHATUTH-
4yeckH J0Ka3biBatoT ypaBHeHus (51)-(53), koTopbie onuchIBalOT BpalieHue yckopennoit 3D cu-

CTEMBI OTCUETA M COZIEPKaT TOpCHOHHOe mone T g, , ompenensemoe yepes kpydenue (37) mpo-
crpaHcTBa A,(3) . IIpenmonoxum, uto B ypaBHeHusx (51)-(53) kpuBusna Tpaekropun « =0. B
ITOM Clly4ae OCTarTCcs ypaBHeHuUs [3]

dt dn db
1) —==0, 2 “=wh, , 3 “=—@wh , =yV, 63
) ot ) el ) preia @ =y (63)
2 3
4)d—xz”‘:0 , 5) d—x;‘zo, |\7|:§:v:const,
dt dt dt

KOTOpBIE OMUCHIBAIOT COOCTBEHHOE BpamieHne yactuilbl. O603Hauas (popMaabHO) COOCTBEHHBIN
YIJIOBOM MOMEHT MAaTe€pUaibHOM TOUKHM, C KOTOPOM KECTKO CBsI3aH TpexrpaHHUK DpeHe, Kak
L=J@ , rae J -mMomeHT uHepiyu, U CYUTAsT €T0 IOCTOSHHBIM, ITOJIy4aeM BpallaTelIbHbIC YpaBHE-

HUS IBUKEHUSI CBOOOTHON OPHEHTHPYEMOM MaTepUalIbHOW TOUKU B BHJIE

d, =0, L,=Lt,, 2) an, =wh, , 3) ab, =—wn, , w@=yV.L=Jo=const. (64)
dt dt dt

3necy @ = yV - cOOCTBEHHAas yIiioBasi CKOPOCTh BpallleHus, KOTopasi, Kak 3To cienyer u3 (54) u

1)

(64), onpenensercs uepes kpydenne y(s) = Q% =T P ), dx” /ds,, T.e. uepes TopcuonHOE MO-
ne. M3 mocrynarenbHbIX ypaBHEHHH (63) clenyer, yTo yeHmp macc c60000HOU yacmuybl 08uU-
JHCemcst NPAMOIUHEUHO U PABHOMEPHO UNU NOKOUMCS, NpUdeM 0Cb 8paweHus aubo cosnaoaem c
HanpagieHuem CKOpocmu, 1ubo HanpasieHa npomuoNON0NCHO CKOpOocmuU. ITO KBaHTOBaHUE
HAIIPABJICHUSI OCH BpAIIEHHSA, KOTOPOE SBISACTCS CIEACTBUEM reomeTpuul A,(3), BIepBble

Ha0JII01a7I0Ch  pOCCUICKUM KocMoHaBTOM B. J[xanuGekoBbiM (cM. 3ddext [xannbexopa
http://www.youtube.com/watch?v=dL6Pt10 gSE ).

YT0 yX TYT rOBOPUTH O KBAHTOBOM TEOPHH, KOT1a B KJIIACCUYECKOW MEXaHUKE CYIECTBYET MPO-
Osema, KoTopasi He MMeeT OJHO3HAYHOI'O TOJIKOBaHMs co BpeMeH HproroHa. [IpuumHa Takoro
MIOJIOKEHHUS JIeJ, HA MOW B3TJIs, 3aKJIF0OYAETCS B TOM, UTO NMPHUPOJA CHJI MHEPLUH U, TeM Ooee,
II0JIE MHEPLUU BBIXOAAT 3a PAMKH KJIACCHYECKOW MEXAaHMKH, SBIISASACH NMPEAMETOM H3YyYEHUs
coBpeMenHoi Teopun noiisi [10] . [IpoBeneHHBIE aBTOPOM HCCIICAOBAaHHS MPOOIEMbI UHEPIIUU
IPUBEIH K BBIBOJY, YTO CHJIBI U NOJII MHEPLMHU CYLIECTBYIOT BO BCE PEATIbHBIX (U3NYECKUX CH-
cremax. Ho eciu cuiibl mHEpIUM ONM3KH K HYJIO B YCKOPEHHBIX (KBa3W)UHEPLUUAIBHBIX CHUCTE-
Max OTCYETA, MO NOJIA UHEePYUU OMAUYHBL OM HYJIA 6 IMUX CUCmemax u, 6 npocmeuuiem ciydae,
YOO0B1eMBOPAIOM TUHEUHBIM YPASHEHUAM KE6AHMOBOU MeXaHuxu, Hanpumep, ypaenenuio Llpe-
ounzepa [25].

10. Teopus ®usuyeckoro Bakyyma kak BbIX0J M3 KpU3Hca

[Ipomo 26 ner ¢ Tex mop, Korjga Oblia 3aBepieHa nporpamma Beeobmeil Teopun oTHOCH-
TENLHOCTH U Teopun Pusndeckoro Bakyyma (puc.12).
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http://www.youtube.com/watch?v=dL6Pt1O_gSE

Bceoblwan OTHOCUTENBHOCTE W Teopua dusudeckoro Bakyyma

Mporpamma Knudpchopaa - 3nHwTenHa | Mporpamma Baiin6epra-rnawoy-
Bceobuas OTHOCTENBHOCTE | XOKuHra--ButreHa
1 Dusnyecknin Bakyym s :
Shipov (1988 [ Teopua Bcero
ok (1989) | ~._ TeopusCynep- P
mm:f::lger:bgamua | e eIy hig
: ' Gréen& Schwarz others
| . -
Shipov (1984) : (1984-86) - (1995) gynep
Carmel | Teopus cTpyH O0BEANHEHNE
(1972) i Nambu, others Hawking
| (1970) , (1990)
YpaBHeHus ! By CraHpapTHas
rloneii UHepLuK | Mepsasn _ i Mopaenb
Penrose Shipov (1979) npo6nema ¢ Venetziano Glashow. others.
(1962) riTopan npobnew JIAHwTenHa| (1969) (1974)
[ e
SiiHwWTeiHa ' S,'hglp.:.;\; ¢ Mandelstam ell-Mann
Shipov (1976) (1958) Gell-Mann (1964)
: 3nekTpocnabble
Einstein (1953) 3auMogencTen:
(1928) i o . » Weinberg -
I < Salam
! Dirac (1926)  Fermi Feynman (1967)
Cartan _ | (1934) (1957)
(1927) Weitzenbock : Schrodinger
(1924) Cartan i (1926)
(1922) !
|
Ricci o | Einstein
Mapagurma (1895) i (1915) MNapagurma
Aekapra Cliford ¢ | 4 Maxwel HbloToHa
0 (1870) : (1864)
MEHTUPYEMAA Frenet & |
P Py (1849) |4 Nown MarepmansHaa Touka

marepuaribHas TodYKka

Puc.12. Pa3sutre napagurmel Jekapra

Ha puc.12 npencraBieHsl 1B HayYHbIC MApaIuTMbl - TapaaurmMa HeioToHa, B OCHOBE KOTO-
POi JIGKUT MOHATHE MaTePUATBHON TOYKH (B MpaBoii 4acTu), W napaaurma Jlekapra, 6a3u-
pyromascs Ha MOHSATHU OPHUEHTUPYeMOi MaTepuaibHoil Touku [10,26-28]. [Tox opuenTHpy-
eMOW MaTepuaibHOW TOYKOH MoApazyMeBaeTcsl pernep, B Hadase 0 KOTOPOrO0 HaXOIUTCA
MatepuanbHas Touka. [loaromy 3D MarepuanabHas TOYKa UMEET 6 CTEIeHeH CBOOOIBI U ee
JMHAMUKA OMHUCHIBAETCS IIECThIO KOOPAMHATAMU: TPEMS TPAHCIISIIMOHHBIMH KOOPIMHATAMHU
X, ¥, Z u tpems yrnamu ¢, @,, @, , ONPEIEIAIONIMMHA €€ OPUEHTAIHIO. 3amMeTuM, 4to 3D Ma-

TepHualibHasl TOUKa UMEET BCEr0 TPU CTETIEHU CBOOO/IbI, OMMCHIBAEMBIE TPEMSI TPAHCIISILIMOH-
HbiMu Koopaunatamu X, Y,Z. CoorsercrBenno, 4D opueHTHpyeMas MarepuasibHas TOYKa

umeer 10 cremeHeidt cBOOOMBI: 4 TPAHCIAIMOHHBIX, OIMUCHIBAEMBIX KOOpPJAWHATAMHU
X, Y,Z,ct u 6 BpAIllaTEJIbHBIX, OIMUCHIBAEMBIX TpPEMS MPOCTPAHCTBEHHBIMH YIJIaMHU

@,, ¢, ,@; ¥ TPeMs IPOCTPAHCTBEHHO-BPEMEHHBIMU yriiamMu 6, 6,, 0, .

Marematnueckuii anmapar 3D maTepualbHONW TOYKH OBLI BIEPBBIC pa3paboTaH ¢paHIly3-
ckuM mMaremaTukoM @pene [24] (cM. puc.12). U3 ypaBaenuit @pene caenyert, uto 3D opu-
EHTHpyeMasi MaTepHajbHasi TOUYKA OMKCHIBACTCS MIECTHIO YPAaBHEHHSMHU: TPEMs IIOCTYIIa-
TEJIbHBIMU M TPEeMs BpamiarenbHbIMUA. [Ipu 3TOM, B OT/IMYKME OT ypaBHEHUH BUKCHUS Me-
xanuku HeroToHa, ypaBHeHus 3D opueHTHpYyEeMOW MaTepUaIbHONW TOYKH COJIEPKAT TPETHIO
MPOU3BOHYIO TPAHCISALIUOHHBIX KoopauHaT mo Bpemenu [10, 29] . Tperbs mpou3BoaHas
OKa3bIBACTCSI OTIIMYHOM OT HYJISI TOJBKO TOT/IA, KOT/Ia OTIMYHO OT HYJS COOCTBEHHOE Bpa-
menue 3D opueHTHpyeMOii MaTepUaIbHOM TOUKH, ONpENEIsieMOe Yepe3 KpydeHue TPaeKTo-
pun. Kak M3BEeCTHO, TPETHIO MPOW3BOJHYIO COJCPXAT YpPaBHEHUS IBMKECHHUS YCKOPEHHOTO
U3JIY4aloLIero 3apsaa, mostromy B padote [10] ObuT caenmaH BBIBOJ O TOM, YTO YCKOPEHHbIl
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3aps0 usryyaem He moabKo 2NeKMPOMASHUMHOe noje, HO U MOPCUOHHOe noje (noie Kpyue-
HUS1), NOPOAHCOEHHOE CHUHOM IJIeKMPOHA.

['eomeTpryeckue MpocTpaHCTBa C TPAHCIALUOHHBIMU KOOPAWHATAMHU Pa3MEpHOCTH N,

Oazupyronmecs Ha MHOXKECTBE OPHUEHTHPYEMBIX TOUYEK, ObUIM U3Yy4EHBI UTABIHCKUM Ma-
tematukoM . Puuun [30]. OH nokasan, 4To Takue mpocTpaHCTBa 00J1a1al0T HE TOJIIBKO PH-
MaHOBOW KPHBHU3HOW, HO M Kpy4deHHEM, 00pa3yronuM TopcuoHHble mojis Puuun [10]. B
cBoto ouepenp ®. Kneitn, cnenyst DpnanreHckoit mporpamme [31], mpemioXuna CTPOUTH
TEOMETPUH HCXOJS M3 TPYIIOBBIX CBOWCTB MPOCTpaHCTBA. [ BOIIOLMIEHUS DpiaHreH-
CKOM mporpammsbl, J. KapTan ucnons3yer MoJBUKHBIN periep WIN OPUCHTUPYEMYIO TOUKY
[32]. On ke mepBbIif BRICKA3aJl THIIOTE3Y, YTO BpAIEHHUE MAaTEPUU MOPOXKIAET BOKPYT HEE
KpydeHue mpoctpancta [10], koTopoe B TEOpETHUECKOM (HU3UKE ceifuac Ha3bIBAIOT MOpPCU-
oHHbiM nonem. IIpocrelimeit reomeTpueid, 001a1ar0NIei pUMaHOBON KPUBU3HON U TOPCHOH-
HBIM ToJieM Puuum, oka3anoch MPOCTPAHCTBO aOCONIOTHOTO Mapajulein3Ma, KOTOpPOe U3-
BECTHO TaK ¢ KaK MpocTpaHCcTBO Baiinienbeka (cM. MareMaTnyeckyio 9acth padotsr [10]).

BepmuHon napaaurMel Jlekapra okasanuch ypaBHeHUs Pusznueckoro Bakyyma, KoTopbie
OBUIM HaWIEeHBI OCTIE TOTO, KaK ObLJIM T€OMETPU3UPOBAHBL: a) YPAaBHEHUS AJIEKTPOINHAMUKU
(mepBas npobOyiema DiinmreiiHa [33]) u 0) mpaBas yacTh B ypaBHEHHSX DHHINTEIHA (BTOpast
npobaema Diininreiina [26]).

Haubonee obuiast 3anuchk ypaBHeHHit @usnueckoro Bakyyma mpeacTaBisieTcst B CIMHOP-
HoM Bujie Kak [10]

V 41, =V0,040, = 40,041, — J10,1,0,, + 7O, 15l —

.
= 71,040, + Q1,04 + B1,1,0, — €L 141, (As.)

V4,0, = 70,040, — 0,041, = 0,1,0, + £0,1,1, —

= 71,040, + PL,04L, + OL,1;0, — Kl LL, (As+.2)

a,p..=01, jy.=01,

20 50 + Aepges =V Tyep (Bs+.1)

F + . F
CABCD - aCDTAB + 6ABTCD + (TCD )A TFB + (T bc )B' TAF -

- (TAB )CFTFD - (T+BA)DFTc¢ - [TABTCD]: V' peap (Bs.2)

AB..=01, B,D..=04,

e (Ac.l) U (Ac.2) - PACIIMPEHHAs CUCTEMA HENMHEMHBIX CIMHOPHBIX ypaBHeHuH [ eid-

3eHOepra, (Bo.1) - TOJHOCTHIO  TEOMETPU3UPOBAHHBIE (BKIIOYAS TEH30D DHEPIUH-
o o +

UMITyIbca T, ) YPAaBHEHHS DHHIITEHHA W (Bs .2) - TOJHOCTBIO T€OMETPH3UPOBAHHBIE

(BKJTFOYAst TEH30p TOKa J ) ypaBHeHus SIHra-Musica.

ACBD
o +
JIByXKOMITOHEHTHBIE CIIMHOPHI Z,, O, B O0OOLICHHBIX ypaBHeHUAX Ieif3enOepra (As .1)
N
U (As.2) 00pa3yioT 4X KOMIOHEHTHbIH cnuHOp /lpaka B OOBIYHOI KBAaHTOBOW TEOPHH.
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Onu npeodpasytores o D(¥2 , ¥2) menpuBogumomy npexacrasineruto rpynmsl SL(2,C). Cnu-
HOpHAas 3alKch ypaBHEHUM DHHIITENHA (és+ 1) COIEpPKHUT B NPAaBOil 4YaCTU F€OMETPU3UPO-

BaHHBIN TEH30p PHEPrUU-UMIYJIbCca | oTIpeieNIAeMBIH Yepe3 TeH30p KOHTOpcuH [ _; Teo-

ACBD °
N
MeTpuu A4 (6) . CnuHOpHHOE TpeNcTaBleHUEe ypaBHeHM SHra-Muica (Bs+.2) C KaJ'II/I6pOB0‘lHOI/I

rpynmoit SL(2,C) comepKuT B paBoil 4acTH TEH30p TOKa J OTIpeNIeTISIeTCSl Yepe3 TeH-

ACBD °

+ +
30p PHEPTUU-UMITyNIbCA | CormnacHo ypaBHEHHAM (As-.1)-(Bs.2) MBI MOXKEM paccMaT-

ACBD *
puBath Ou3ndeckuii BakyyMm Kak CIUIONMIHYIO Cpeay, 00JIaIaronlyl0 YIPYyTUMH CBOMCTBAMHU.
JIro60e BO3MYyILIEHUE TaKOH Cpe/ibl OMUCHIBAETCS COBOKYIHOCTHIO HEJMHEHHBIX CIMHOPHBIX
ypaBHeHu# ['eiizenOepra-OiiHmTeliHa-Aara-Musica. DTo OCHOBHBIC TOJIS, JUHAMUKY KO-
TOPBIX OnMUChIBaeT Teopust Pusznueckoro Bakyyma, mpudem, B o0IIeM ciiydae, «d1emenmap-
Has 4acmuya» onucvléaemcs cpasy écemu dTUMU ypaBHeHUsMHU. Eciu pumaHoBa KpuBHU3HA

dusnueckoro Bakyyma paBHa HyJIO, TO A7 TaKUX OOBEKTOB OCTAIOTCS JIUIIb YPABHEHUS

+ +
(As.1) ¥ (As .2), KOTOpBIC OIIMCHIBAIOT «nepsuynbie nois kpyuerus» [10].

10.1 O6Go0meHue BaKyyMHBbIX YpaBHeHH JWHIITeHHA
IlepBbIii TeopeTnueckuii pe3ynbraT ypaBHeHuid dusndeckoro Bakyyma - 3o 00001enne
BaKyyMHBIX ypaBHEeHUi OiiHmuTeitHa R, =0. JlelicTBUTENbHO, B BEKTOPHOM Oa3uce ypaBHe-

Hust Ouznueckoro Bakyyma nmpuHUMAalOT BUJ paCIIUPEHHON CHCTEMbI YpaBHEHUM DWHINTEN-
Ha-Slara Musuica [10]

Vel + T el =0, (A)
1

Rik_Egiksz T s (B.1)

C' o + zvlkT\}\m] + 2T jm =W ' (B.2)

i1 j!k'-':O!1|2131 a,b,C...IO,l,Z,s y

TPH 5TOM TCH30p SHEPIUH-UMITy/IbCa T, B yPaBHCHMSIX (B.1) nMeeT reOMEeTPUIECKYIO IPUPOIY
(peuienure BTOpoi mpobnembl DiiHimTelina [26]) n BbIpaskaeTcs 4epes Mojie TOPCHOHHOE TMOTE;
TCOMCTPHH 4 (g)  CACTYIOLIM obpazom

4

_ 2 i T T __
n” V{(V[iij]+Ts[iT'j|m]J 2%jm? (V[iTpn]”s[iTpn]} (65)

ABHCHUAX 21HI'a-VIXJIJICA . TCH30pP TOKa Ijkm TAKXC 'COMCTPU3HUPOBAH U BBIPAXKACTCS
By Slara-M B.2 J

Yepe3 TEH30p SHEPrUr-uMITysbca (65) (T.e. omsITh ke depe3 moie T'j, ) Kak
1
‘]iikm = Zg[k(iTj)m] _ngi[mgk]j . (66)

Tpebys cooTBeTCTBUS ypaBHEHU (A4), (B.1) u (B.2) ¢ BakyyMHBIMH YpaBHCHHUSIMH DWHINTEHHA,
MOy IHM

R, =0, (B.1%)
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Jlerko BHIETh, YTO B BaKyyMHOH Teopuu DHHINTEHHA HET ypaBHeHUH (A*) u (B.2*). Dro cBs-
3aHO C TEM, YTO B HEHW OTCYTCTBYET TOPCHOHHOE mosie T'jm. Eciu B ypasuenusx (A*),(B.1*) u

(B.2*) yctpemuth mosie T'jm K HYNIO, TO BCE ypaBHEHHs OOpAIIAOTCS B TOKAECTBA BUJA

0=0. [Toaromy ypaBHeHus (4*),(B.1*) u (B.2*) xa4yeCTBEHHO OTJIMYAIOTCS OT BaKyyMHBIX
ypaBHEHUW DWHINTEHHA U SIBJISIOTCS WX HETPUBHAIBHBIM 0000I1IeHHeM. B wacTHOCTH, Teopus
rpaBUTAllMK DWHINTEMHA YTBEPXKAAET, YTO TPABUTALIMOHHOE MOJIE MUCKPHUBISET MPOCTPAHCTBO.
Onnako B ypaBHeHUs1 DUHIITEIHA BXOAUT ToJibko 10 u3 20 komnoHeHT TeH3opa Pumana R jkm
a JUIs OCTAlbHBIX KOMIIOHEHT (IJ11 KOMIOHEHT TeH3opa Beiinsa C' jm) HUKAKUX ypaBHCHUH B

TeOpuu DUHINTEHHA HET. DTOro HEJOCTaTKa JHIIEHBI ypaBHeHUs (4), (B.1) u (B.2) , TOCKONBKY
. i
JUIsL KOMIIOHEHT Tensopa Beitst C' . cymectByior ypasHenus (B.2) pelleHHe CHCTEMBbI ypaB-

HeHul (4), (B.1) u (B.2) TO3BOJSET BHIYUCIHUTH SIBHBIM BHJ TEH30pa SHEPTHU-UMIYJbca (65) u
TEH30pa TOKa (66), CO3AIOUINX UCKPHUBICHHUE MPOCTPAHCTBA COOBITUH. B Teopum DifHiiTeliHa,
KaK M3BECTHO, TeH30p (65) 3amaeTcs pykaMu, a TEH30PHBIN TOK (66) BooOIie orcyrcTByeT. Crio-
co0 pelieHus: ¥ HEKOTOPbIe IPUMEPBI PACCMATPUBAIOTCS B MAaTEMaTUYECKOW 4acTH pabOThI aB-
topa [10]. Kaxmoe periecHre COAEPIKUT B KAUECTBE HCKOMBIX (DYHKITHIA:

1) KoMIOHEHTBI HETOJOHOMHOM TeTpajbl e";‘ , OMPECISIONICH METPUICCKUI TEH30p U

TPAHCISILHOHHYIO MeTpHKy ds?

ds? = g, dxX'dxK | g, =muetie, m =n® =diag(l-1-1-1). (67)

2) KOMIIOHEHTbI TOPCHOHHOTO MOMst T jm , ONPEIENSIONIHNe BPAaTebHYI0 MeTpUKy d7°
dr® =dy2dy®a = T 2T Pan dx*dx" . (68)
3) KommoHenTsI Tensopa Pumana R' ikm -

Hampumep, perrenne BakyyMHBIX ypaBHEHHH (A*),(B.1*) u (B.2*) s chepuyecku cUMMET-
PUYHOIO UCTOYHMKA (THIa peweHus HIBapumnnbpaa) NpuBoaAUT:

1) K TpaHCIAIMOHHON MeTpHKe (67) Buaa

-1

0 0
ds? = 1-2Y Je2a _|1-2Y0 | a2 _r2de? 1sin2 odo?):  (69)
r r
2) K BpamareabHoi MeTpuke (68) Buga
0y2 0 0 Yein2
de _ 2(‘{14) Czdtz _ 2(“1’ r) d¢92 _ 2(‘1’ I")Sln 19d¢2 : (70)
2r r r

3) K KOMIIOHEHTaM TOPCHOHHOTO mons T ' jk

p=-1lr, a=-p=a"1r, y=v°/2r% , ¥° =const, (71)

u=-112r+¥°/r?, a®=C14, ¢ =x*+ix3;
4) k tenzopy Pumana (TouyHee, K €ro HEMPUBOAUMOW KOMIIOHEHTE — TeH30pYy Beiisst)

VAN o/, (72)
0011 0011
31ech HCIONB30BAaHbl KOOPAWHATHL M O0O3HAYEHHMs, NMPUHSATHIC B CIMHOPHOM (opmanuime
Hrromena-Ilenpoysa [34].
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10.2 OGo06menne ypaBHeHMi 001IePeJIAITUBUCTCKON 3J1eKTPOAMHAMUKHI

ITouck KiaccM4ecKkWx ypaBHEHMM 3JIEKTPOAMHAMHMKHU CWIBHBIX IOJEH ObUI CTUMYJIMPOBAH
OTPAaHUYECHHOCTBIO JIMHEWHBIX YpPaBHEHUHN JJIEKTPOAMHAMMKU Makcseia-JIopeHna nossmu,
YIOBJIETBOPSIOIINX HEpaBeHCTBY [35]

3

e g g (73)
2 4
uc ds,

HepasenctBo (73) npuBOAUT HAC K CIIEAYIONIUM BBIBOJAM:
a) HEPEIATUBUCTCKUE YPAaBHEHUS KJIACCHMUYECKOM AIEKTPOAMHAMUKH HE MPUMEHHUMBI B CHIIb-
HbIX NoJsiXx E m H , Hapymaromux HepaBeHCTBO

2

4
E.H << 5 210 eo. CICE ; (74)
e

0) PEIATUBHCTCKUE YpPaBHEHHUS KIACCHYECKOW SJIEKTPOJMHAMUKH HE NPUMEHHMBI B CIIA0BIX
nomsix E u H , korma ckopoctu yacTuir craHOBATCS yabTpapensTuBUCTCKuME [36], T.e. koraa

V2
2

C

~1. (75)

Bwmecto ypaBHenuit Makcsemna-Jlopenua, B 1972 r. ObUIHM NpeAsiokeHbl ypaBHEHHS o0IIepe-
JATUBUCTCKOM AJIEKTPOIUHAMUKH [37]

Ric _lgikR = 8_7Z?Tik v Ty = peczuiukv p. =Z2es(r), (76)
2 He
2 _ i qyk _ i qyk
d ); i, dx’ dx _ e2 » dx’ dx | (77)
ds ds ds uc ds ds
Mo00HBIC YPaBHEHUSM TEOPUH TPABUTAIMK DUHIITEIHH, HO C METPUYECKUM TEH30POM
i €
i (X, K) =y "‘;aik , (78)

3aBHCSIIMM OT TMpPOOHOro 3apsiza Kk =e/u TouedHOi MpoOHOI dacThibl. B crabbix amekTpo-

MarHUTHBIX TOJIAX, YIAOBJIETBOPSIONINX HepaBeHCTBY (73), ypaBHeHUs mojis (76) mepexonsr B
ypaBHeHHs MakcBeinia, a ypaBHeHMs JIBuWkeHUs (77) B ypaBHeHMs JlopeHLla, KOHEYHO, C JI0-
0aBKaMH, KOTOPBIC MPOSIBIIAIOT CeOs1 B CHIIBHBIX AJIEKTPOMArHUTHBIX mojisix [36]. Perenus Baky-
YMHBIX ypaBHEHUH (76) MPUBOIAT K MOTEHLIMANaM, KOTopble oOoOmatoT noreHnuan Kymnona,
IIPU 3TOM OKa3bIBA€TCSl BO3MOKHBIM ONUCHIBATDH SJEPHBIC B3aUMOJEHCTBUSA (DyHIaMEHTaIbHBIM
obpaszom [38-40] , a He BBOIUTH sAZCPHBIC MOTCHIMAIBI PyKaMHU, KaK 3TO JIEJIaeTCsS B HACTOSAIICE
BpeMs.

YpaBHeHUS 00IIEPENITUBUCTCKON dMeKTpoauHamMuku (76), (77) oka3piBalOTCS YaCTHBIM CITY-
yaeMm ypaBHeHHi dusnyeckoro Bakyyma (4), (B.1) u (B.2). 910 000011eHNEe CBSI3aHO ¢ Bpallla-
TEIbHON MeTpUKOi (68), U3 KOTOPOI! ClIeayIOT BpallaTelbHbIE T€0e3UUECKIE
De' o odx
4T kela =

ds ds

0. (79)
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JleliCTBUTENBHO, albTepHANus ypaBHeHui (79) 1o uHIeKcaM | U K TPHBOIMT K ypaBHEHHAM

(A) cucrembl ypaBHeHnuit ®usuueckoro Bakyyma (4), (B.1) u (B.2). HepenstuBucrckas mpo-
CTPAHCTBEHHAs YaCTh 3TUX YPABHEHUN INEPEXOIUT B TEOMETPU3UPOBAHHBIC YpaBHEHU bioxa

ds e

= . - e -
H_Z_ﬂC[sH]=[sa)L], &, =——Hi (80)

2uc

JUTS 3apsiia Co CIIHHOM S =//2, 4To BHepBbIe ObUIO mokazano M. Iomaposckoit [25]. Ommo-
BPEMEHHO, U3 ypaBHeHHi (79) crenyroT ypaBHeHus (77) oOmIepensITHBUCTCKONM 3IEKTPOIMHA-
MUKH, ecIii BHIOpaTh Bektop €% = dX, /dS KacaTenbHBIM K MHPOBO JTHHHH.

10.3 BakyymHasi 371eKTPOAMHAMHUKA C MlepeMeHHbIM 3apsiioM

B ypaBHEeHHsIX 00IIEPENITUBUCTCKOM dnekTpoauHaMuku (76), (77) (Tak e, Kak U B ypaBHCHH-
sx MakcBemna-JIopeHiia) 3apsii 9acTUIlBl € SBJISIETCS MOCTOSHHBIM. Pemenne ypaBHennit Gusu-
yeckoro Bakyyma (4), (B.1) u (B.2) M03BOJIAIOT OMKCHIBATE SBJACHHS JIEKTPOJHHAMUKH, B KOTO-
PBIX 3aps] OKa3blBaCTCs IEPEMEHHOM BeanyuHOM. Hampumep, TEH30p >HEPruu-uMITYbCa,
HaWJeHHBIN U3 perieHus: ypaBHeHu# (4), (B.1) n (B.2) misi IepeMeHHOTO 3apsHKEHHOTO WCTOY-
HUKa C COOCTBEHHBIM BpAIllEHUEM, WMEET BUJI

iy
T, :% {—%razsinzx(pﬁ)z—‘i’orz(pﬁ)z LI, — 72 asinxep Im(1, M, p) | (81)

MIPU 3TOM TPAHCIISIITUOHHAS MeTpUKa (67) 3amuIIeTcs: KaK

ds? = (1—¥°(u)rpp)du?® + 2dudr + 2¥° (u)rasin® xppdudy — 2asin® xdrdy — (pp) "dx* —
—(P°(u)ra’®sin® xpp + r* +a*)sin® xdy? . (82)
3nech ‘PO(U) - (yHKIMS MCTOYHHMKA, 3aBUCAIIAs OT BpeMeHHM U um a = CONnst - mapametp

Keppa, onuceiBaroniuii BpameHue ucTrouHuka. Eciau npeHeOpeyb COOCTBEHHBIM BpalllCHHEM HC-
TOYHHKA U MOTPEeOOBATh COOTBETCTBHS METPHUKH (82) MeETpHKe, ITOJyYeHHON U3 PEUICHUS ypaB-
HeHuit (76) st cheprudecKy CMMMETPUYHOW CTallHOHAPHOM 3apspkeHHoW yacTuis [10]

2¢ 20 V!
ds® = (1+3—2C]02dt2 —(1+3—20j dr? —r?(d6? +sin? adg?), (83)
H ¢ H ¢

B KOTOpo# noteHuuan Kynon Q.= —Ze/r He 3aBUCHT OT BPEMEHH, TO I TeH3opa (81) momy-

qgacMm
) F () _
ij:pecljlm:—vr Ll <0, (84)
rae

2eZe(t) _e 2Ze(t)

re (t) = 2
HC c

# const (85)

- JIEKTPOMArHUTHBIH PAMyC (aHAJIOT FPABUTALIMOHHOIO paauyca Fy B TEOpUM DWHIITEHHA).
3anuceiBas INIOTHOCTh 3apsKEHHOM Matepun . B (84) B mpexene

r,(t) > r, =const, (86)
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noaydaem [10]

Ay 2
p=—25(7) = 5(r) = Zes (1) (87)
. 1ct

rne S(r) - 3D dyukuus Jqupaka u Ze =const. 13 (87) cieayer, 4T0 B 3TOM MPEISILHOM CITy-
yae B ypaBHEHUSX (B.]) KOHCTaHTa ONPEACIISICTCS Kak

8re
V=—
4

LC

YTO COBIMAJACT C MHOKHUTENIEM B ypaBHeHUsIX (76). [y mepeMeHHOro HCTOYHHKA TIOJIsl METPHKA
(83) mpuanMaeT Bu

: (88)

29, (1) 20, ()"
ds? =1+ 27 |2 |14 2| g2 v 2(462 4 sin? 6d?), (89)
Hoc? M2
B KOTOpOit 3D yacTh HEpENIATUBUCTCKUX ypaBHEHUH nBuxkeHus (77) 3anUIIeTcs Kak
y‘:j—‘t’ —eE + S{[vH1+5v}, (90)
C

TAC CKAJISIPHOC ITOJIC S OIMMPCACIIACTCS KaK

1 0Ze(t)  10¢(t)

r cot c ot

B sTOM cityyae ypaBHEHUE HENPEPHIBHOCTH /JI IUNIOTHOCTH 3apsijia HapyIIaeTcs, IPUHUMAs BU
e 1 aze()

‘urc ot

S:Ao,o:

(91)

8,(p ") = P~ Uy =—p (92)
LC

OmnbITHOE MNOATBCPXKACHUC BJICKTPOAUHAMUKU C NCPEMCHHBIM 3apAa0M Mbl HAXOJHUM B 3KCIIC-

pumenTtax Huxomnsl Tecna, mpaBaa B 9TUX HEPEIATHBUCTCKUX YKCIIEPUMEHTAX HAOIIOaeTCs U3-

MEHEHHUE TOJHOTO 3apsaa cepbl, KoTopas MpeacTaBiseT co0oil cucremy 3apsanoB (cm.puc.13).

3apspkeHHas cepa IpeIcTaBIsIeT cCO00M MpeeabHbIN Ciydail chepruIecKoro KOHIeHCAaTOpa Mpr

CTpEMJICHUH BHEIIHEN O0KJIa K1 KOHJIeHcaTopa K OeckoHeyHOCTH. Ecnu 3apsaute cdepy, To, Ha

g2

2
r

18Q(t)
Tre Ot

Q = const

Puc.13. CrkansipHoe (MOHOIMOJIBHOC) HU3yUYCHHE S CHCTEMBI 3apsiIOB
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paccTosIHUAX OT cdephl, ropasao OOIbIIEM, YEM €€ PaAuyC, CTaTUYecKoe moJje chepbl coBnaaa-
€T C KyJIOHOBCKUM TI0JIEM TOYEHHOT'O 3apsija, pacioioKeHHbIM B IIeHTpe cdepbl. Ecnu xe, cde-
pa pa3psiKaeTcsi Ha 3eMITI0, TO, KpOME TIEPEMEHHOTO KYJIOHOBCKOTO IOJISL, BHE CEpbl MBI OyaeM

HaOmoaaTh ckaysipHoe mosie (91). DTo M3NIydeHHE OTIMYAETCS OT BEKTOPHBIX TOJICH EuH
3NIeKTpoAMHAMUKN MakcBena-JIopeHia, moCKoIbKy MOHOIIOJIIBHOE H3JIy4eHHE CHUCTEMBI 3apsi-
JIOB O3HAYaeT M3JIyuyeHHWE HEKOTOPOW 4YacTH 3apsaoB. JlelicTBuTenbHO, B paboTe [43] moka3aHo,
YTO B CTAaTUYECKOM Tpezene (86) ckalsipHOe U3Ty4eHHE MPOINOPLHUOHATIBHO TNIOTHOCTH MaTepHH
B COOTHOIIEHUU (84)

F(t)

S~p, =—-2 ” ~Zed8(F) ~ Zey *y, (93)
vrI

riae | - HOPMUPOBAHHOE Ha €AMHUITY TOPCUOHHOE TMoJie (WU ToJie uHepiun). B ciydae, korma
3apsilaMy SIBISIFOTCST YaCTHIIBI CO CIIMHOM S = /i/2, HampuMep, 3J1eKTpoHbl, To U3 (93) crenyer,

YTO CKASIPHOE M3ITyYCHHE MPEICTABISET COOOW CIapeHHBIE AJIEKTPOHBI, TOJOOHBIE KYMEpOB-
CKHM I1apaM B TEOPUHU CBEPXIPOBOIUMOCTU. Takue «CBEPXIPOBOISIINE)» CKATSIPHBIC TOKH MOXK-
HO, MO-BUJIMMOMY, B MarudeckoM mape Tecna (puc. 14).

Puc. 14. Marnueckuii map Tecna: cnpaBa renepatop Teciia BHYTpHU KOpIlyca BKJIIOYEH; CJIEBA
BBIKJIIOYCH

10.4 CrauuoHapHble COCTOSIHHSI B BAKYYMHOI 3JIeKTPOANHAMUKE

WNurterpupoBanue ypaBHeHui aBuxeHus (77) B metpuke (83) MPUBOAUT K ABYM HWHTErpajiaM
JIBIDKECHUA 3apsia — e B IIOJ€ LHEHTPAIbHLIX CUI 3apsiia Ze.

1) 3aKOH COXpaHEHHMs MOJHOW SHEPIHHU JABMKYIIETOCS 3apsifa — € (JIEKTPOHA)

27e2 11" dx° 2ze2 1Y(. v\
E=u?1-—1= =uc’|1-=—-=| |1-—| =const; (94)
ucer ds uce r C
2) 3aKOH COXpaHEHHUs OPOUTATLHOTO MOMEHTA
L= gur? % = const, (95)

rae ¢ - asumyrtanbHblil yroia. CootHomenus (94) u (95) mokas3siBaloT, YTO B OOIEPEISATUBUCT-
CKOH AJIEKTPOJMHAMHUKE CYHIECTBYET YCKOPEHHOE JIBM)KEHHE 3apsiia ¢ COXPAHEHHUEM DHEPIHUH,
T.e. 0€3 M3IyuyeHHs JIEKTPOMATHUTHBIX BOJH. DTOT Pe3yabTaT MOKHO OOBSCHUTH TaK: YCKO-
PEHHOE JBIDKCHHE 3apsia MPOUCXOTUT B COOTBETCTBHM C YPaBHEHUSIMH reojae3ndeckux (77),
KOTOpBIE B MCKPUBIIEHHOM MapaMETPU3MPOBAHHOM PUMAHOBOM IIPOCTPAHCTBE SBIISAIOTCS OJHO-
BPEMEHHO KpaT4alimuMmu B mnpsMermyMu. CBOOOTHBIN 3apsi MPYU PaBHOMEPHOM U MPSMOJIH-
HEHHOM JBM)KCHUM HE M3JIy4aeT 110 TOM XK€ IpUYMHE. Ero Tpaekropus €cTb reone3sndeckas
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IUIOCKOTO TPOCTPAHCTBA, B KOTOPOM KpaTyauiei sBisercss mpsimMas JUHUS (OHA XKe IpsMeit-
mast). C apyroil CTOPOHBI, MOCTYNATENbHbIE YPAaBHEHUS IBMKEHHS 3apsja B BaKyyMHOH 3JI€K-
TPOIMHAMUKE CIEYIOT U3 ypaBHeHUi (79) u umeror Bun [36]
d2x' e _; dxldx* _, dx’
= E i« T xk—.
ds LC ds ds ds

(96)

Ucnonb3yst MmeTpuky (83), MOXKHO TIpecTaBUTh 3D HEPENITUBUCTCKYIO 4acTh ypaBHEHUU (96)
KaK

d’x* e_, . et . Ze*
y2 dtz :EE OO_/JCZT OO:?X — ?X :O. (97)
a,p..=1.2.3.

Ot YpaBHCHUS OIMUCBIBAOT KOMNEHCAYUro SﬂeKMPOMCZZHuWLHOIZ CUJIbl Kyﬂona

_Z¢? »
== xe,
"

F (98)
JeICTBYIONIEH Ha «IIpOOHYI0» 3apsKEHHYIO YacTHIy B YCKOPEHHOM CHCTEME OTCYETa , J/eK-
MPOMACHUMHOU CUTOU UHEPYUU
2
Fainer :_Zisxa’ (99)
r

KOTOpasi ToKajabHO paBHa cwmiie Kymona (98), HoO MpOTHBOMOJIOKHO €l HalpaBieHa. Y paBHEHUS
(97) cpaBeyIUBBI IJ1s AJIEKTPOHA, JABMIKYIIETOCS MO0 CTAllMOHAPHOW OpOUTE B aToMe, obecrie-
YUBas JIOKAIBHO BBINOJHEHUE MPUHININA CIEIUATbHON OTHOCUTEIBHOCTH. ODJIEKTPOH JBUKETCS
B KaX/10i Majoil 001acTH CBOEH MCKPUBJICHHOW TPAEKTOPUU «I10 MHEPLMU» HE U3Tydas IJIeK-
TPOMAarHUTHBIX BOJH. OmMO 00bACHAEem 3KCNEepUMEHMANbHbIL (PaKkm Cyuecmeosanuus cmayuo-
HAPHBIX 0pOUm 31eKmpoHos 6 amomax (nocmynam bopa) na ananumuueckom ypoene [10]. Ta-
KUM 00pa3oM, 3JIEKTPOMArHUTHBIE CHJIBI MHEPLMU UTPAIOT B KBAHTOBOM TEOpPUM CTAOUIU3UPY-
IOIYIO POJTb, 00pa3ys CTAIMOHAPHBIC COCTOSHUS, KaK 3TO MTOKA3aHO HA PUC.4.

10.5 DyieMeHTHI KBAHTOBAHMSI B BAKYYMHOM JIEKTPOJAMHAMHUKE

VYpaBHenus aBuxkeHus (96) 3anucansl B IPOM3BOJIBHO yckopeHHOM 4D cucteme orcuera. Ile-
pexon B (KBa3HM)MHEPLHUAIbHYIO CUCTEMY OIPEIEINAeTCs] OTCYTCTBUEM B HEHl CHJ MHEPLMH, YTO
AQHAINTUYECKU 3aIIUCBIBAETCS KaK

;o dx) dx*
T'k———=0. 100
o ds ds (100)
Pemrast aTo ypaBHenue, Haxoaum [10]
T = =T = T = =y (102)

T.e. TOJIe MHEpUUH B (KBa3W)MHEPLUAIbHON CHCTEME OTCUeTa OTIMYHO OT HYIIS, XOTS CHIIBI
MHEPLIUHU PaBHBI HYII0. B MPOM3BOIBHO YCKOPEHHOM CHCTEME OTCYeTa IUIOTHOCTh MAaTepuH B
ypaBHeHUsIX (B. 1) onpexaensiercs U3 cOOTHOIIeHus (65) B Buze

g"T. jm _ |
po— = im _ 29 {v T+ TITS } (102)
c2 c2 V2 [i Mm] sl Mm]

[oncraBnsas (101) B (102) mnosyuaer BbIpa)keHHME MJI1 IUIOTHOCTM MaTrepuud B (KBa-
3M)MHEPLHUAIBLHON CUCTEME OTCUETa
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(103)

Tenzop kpydenus Q'j, B obIeM ciydae, uMmeer 24 HezaBUCHMBIX KomroneHTsl [10], oxHako
B (KBa3W)MHEPIIUATLHOW CUCTEME OTCUETa Y HETO OCTaeTcs 4 He3aBUCUMBIX KOMIIOHEHTHI, 00pa-
3YIOIINX TICEBJJOBEKTOP

O =i om_h (104)

J 2 jins J

B cniunopHOM Gasuce nceBnoBekTopy h; cOOTBETCTBYET 4X KOMIOHEHTHBIN CIUHODP 41, [34]

hjeym:im( (=p)-(e=) (T_/f)_(“_f)j, (109
—@-p)+(a-n) (y-y7)-(u-p)
AB..=01, C,D..=01.
UYepes komruiekcHbii cimHop (105) mmotHocTs Matepun (103) 3anwumercs: kak
1 AC 1 i
= —_—— . :_7hhj y 106
p=——Flyct o p=——gh, (106)
a TEH30p PHEpruu-umMIysbca (65) B Buue
1 1 .
Toscen = | HasHon =% EacupHpoH (107)
HnIn
1 1 i
T ==|hh —=g.h'h |. 108
jm y ( j''m 2 g jm IJ ( )
Ecnu BekTop N, BpeMeHHII000€H, TO €0 MOXKHO MPEICTABUTD B BUJIE
hy =W =X, , (109)

e U U™ =1 u ¢(x') - ckanapuas yaxuus. IToxcrasnssa (109) B (108), nomyunm Ten3op

1 : 1
ij =;§02(X )(ujum _Egjm) ' (110)
OTKyHda
=— 2(x") . 111
P 2ch<0( ) (111)

B HepenatuBuCTCKOM TPHOIMIKEHUN NJIs ONMUCAHMS CTAllMOHAPHOW TUIOTHOCTH Matepuu (106)
yI00HO BBECTH KOMIUJIEKCHOE CKaJISIPHOE T0JIE i/ , HOPMUPOBAHHOE HA €AMHMUILY B CIIy4ae rpaBH-

THUPYIOIICH YaCcTUIIBI B BUJIC

e I 87
p,= 1y *y=pud(r), y(x')= So(x') | [y*pdv =1, v,== (112)
2uv,c c
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8e

1 i *
———p(x'), Jorwav=1, v,=>% . (@13
re

2Zev,c’

p.=Zey*y=2e5(F), w(X)=

PaBencTBa (3a uckimroueHrueM mociieanero) B cootHomenusx (112) u (113) coBnmagaror ¢ miot-
HOCTBIO Macchl U 3apsiia B KBAaHTOBOW TEOpHH, a TIoJie ¥ ¢ BONHOBOM (yHkuueit (20), ynosie-

TBOpsitomiel ypaBHeHusiM Lllpenunrepa (18). JleiicTBUTEIbHO, BO3bMEM KOBApUAHTHYIO TPOMU3-
BOJIHYIO OTHOCHTEIBHO cUMBOJIOB Kpucroddens or neBoil u mpaBoil 4acTu 3TUX ypaBHEHHM
(B.1). B pe3ynbTare MoayduM paBEHCTBO

Vi(R"‘—%g‘kR)zv VTH =0, (114)
OTKYZIa CIIAYeT 3aKOH COXPAaHEHHUS JJIsl TEH30pa SHEPTUU-UMITYJIbCa
VT*=0. (115)
[oncrasnss crona TeH3op sHeprun-ummynbscea (110), noxydaem
V.T* =V, pc’u'u* =0, (116)

MOCKOJIbKY Vigik =0 u BemoNHAETCS ycnoBHe HecxkuMaeMocTH V,p=0 s «uneanbHOR
KuakocTuy». Jlerko mokaszarh, uTo ypaBHeHus (116) pacnamarorcst Ha:
1) reoMeTpU3MPOBAHHOE YPAaBHEHUE HEMPEPHIBHOCTH

V.(pu')=0,(pu' )+ pu'"Tiy =0; (117)

2) TEOMETPH3UPOBAHHBIC YPAaBHEHUS, OJOOHBIC THAPOAMHAMHYECKAM YpaBHEHUSIM Diiepa

dU “ k m,.n .
p—+plmu"u" =0; (118)
ds
3) reoMeTpU3UPOBAHHOE YPaBHEHUE IS HEC)KUMACMOMN «HMICATBHOM KUIKOCTH
Vip=0,p=0. (119)

VYpasuenus (117) u (118) omuckiBaroT IBMKEHHUE KITYOKa OIS HHEPITUH, TNIOTHOCTH KOTOPOTO
omnpenensercss (B (KBa3u)MHEPIUAIBLHOU CHUCTeMe oTcueTa) cooTHomreHusmu (112) wmu (113).
[Tycts, Hanpumep, ypaBHenus (117) u (118) nBmwkenue 3apsaa. Torma B ciiaObIX 3JeKTpoMar-
HUTHBIX TIOJISIX ¥ JUIS TOCTOSIHHBIX 3apsinoB ypaBHenus (117) u (118) 3anumryres kak [44]

% Ldivi=0, j=(p.c. pv)=p. % 4=123,i=01,23  (120)
ot dt
dv, p e

« _Peer +EF V). 121

pe dt ’Ll( 0(0+C aff ) ( )

B yckopenHoli cucteme orcuera ypaBHeHus (121), npu IBHKEHHHM B LEHTPAIBHOM IIOJIE C IIO-
TeHIMaNbHOU 3Hepruen U = -7 e’ / I, IPUHUMAIOT BUJ
av
p.—-=-Levu-Levq, (122)
at  u H
rae Q - moTeHIMaNbHAs SHEPTUs HEHTPOOESKHOM CHITBI, KOTOpast, KaK MbI ITOKa3ali B pa3jenax 3

U 4, 1 eCTh KBaHTOBBII TOTEHIIMAJT, 00ECIECUYNBAIONINI CYIIIECTBOBAHNE CTAIIMOHAPHBIX OPOUT.
[Moatomy, ypaBuenus (120) u (122), ¢ werom (113), TOTHOCTHIO SKBHUBAJICHTHBI KBAHTOBBIM
YPaBHEHHSIM HEPEISTUBUCTCKON 3JICKTPOIUHAMUKH DJIEKTPOHA, JBHKYIIETOCS B HEHTPATHHOM
noJie 3apsiza Ze.
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O6pazyem u3 yeTbipex KoMrmoHeHT ciimHopa (105) miotHOCTH upaka

p= _iz,uAc':uAC < p,=e¥*¥=e(,1"+0,0"), (123)
148

rae

L o o ..

‘P:('Zj, Y*=(1“0"), a,p..=01, 7,7..=01
00!

- HOPMUPOBAHHBIE HA €IUHUITY KOMIIOHEHThI ciHOopa (105). Tornma ypaBHeHHE ABMXKECHUS Ma-

tepun (117) B ciuHOpHOM 0a3uce MOYKHO 3amucaTh KaKk

V(o) o Ve, =ev, 4 +V, 5%0%)=

—e((vV, ) + (VN +(V,,67)0" +(V 005" ) = (124)

:e{(Vﬁaz/’)z“ +(Vﬁala)lﬁ +(Vﬁ»a0ﬁ)0“ +(Vﬂaoa)oﬂ}—%(lﬁoﬁ -1, —lﬁoﬂ +z“la)=0.

OTH ypaBHEHUS pacnajaloTcs Ha YeThIpe ypaBHeHUs Jlupaka 11t CBOOOHON YaCTHIIhI

\% ﬂ»ala = 755 , V0555 = —%1” + KOMNIIEKCHO ~ CONPAJICEHHbIEe  YDABHEHUSL . (125)
+ +
11.YpaBuenus (Ag™.1) u (Agt .2) kak oGo0menune ypasnenus Jlupaxa-
I'eiizenOepra

VYpaBuenust Jlupaka, KOTOpbIE€ OMUCHIBAIOT JBUKEHHWE KBAHTOBOM 3apSKEHHOW YaCTHIBI CO
CIIMHOM S = h/2 BO BHCIIHEM 3JICKTPOMAIrHUTHOM I10JIC, UMCCT BU [

{7n(ﬁn _%Anj_lluc:|‘{l:0! ﬁn:_ihi' (126)

oX,
3nech
4
el =(;“j=‘l’<x, y,2,ct,8) = (1), y(1), 2(0).ct, V), 61) . 7)), (127)
Vs

a,B..=01, 7,7..=0,1

- YETHIPEXKOMITOHCHTHAsI BOJTHOBAsI (DYHKITHS, 3aBUCSIIAs OT YTIOBBIX MIEPEMEHHBIX U
v, Vs
Z, :( , o,=| . (128)
¥, 4

- IBYXKOMIIOHEHTHBIC CIIMHOPLI. YpaBHeHus (126) 001amaroT 1EnbIM PSIOM HEAOCTaTKoOB [2].
OHU HETIPUMEHUMBI B CHJIBHBIX AJIEKTPOMATHUTHBIX MOJIAX (74), IPUBOIAT K OECKOHEYHBIM Be-
JUYMHAM TpU pacueTax, UCKIIYAIOT MOHSATHE WHEPIMAIbHON CHCTEMBI OTCUeTa, Ha KOTOPOM
ocHOBa Teopus Jlupaka, JMHEHHBI OTHOCHTENBHO BOMHOBOW (yHkumu (127). [lostomy dupak
BbICKA3aJl MHEHHUE, YTO OHU «HEBEPHBI» [2].
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Wnest o ToM, 4TO KBAaHTOBBIC YpaBHEHUs JOJDKHBI OBITh HEIMHEWHHBI, npuHauiexut . MBa-
HeHKo [45,46]. BriocnencTBuu ota ujaes akTUBHO pasBHBaiach B. I'eli3eHOEproM ¢ cOTpyaHHKA-
mu [47,48]. BMmecTo CBOOOAHOTO OT AIICKTPOMArHUTHOTO B3aUMOJICHCTBUSI YpaBHEHUS Ui 4Ya-
CTHIIBI CO CITMHOM S = /1/2 (cBOoGOHOrO ypaBHeHus [upaka), B.I'eif3eHOepr MmpemioxKiI Hemu-

HefHOE CIMHOPHOE ypaBHeHHe uIs cruHa S = (2N +1) h/ 2, n=012... crenyromero Buna

{7kak + |27k}/5[\11*7/k}/5\{;]}1{; =0, (129)

rae | - dynnamenTanbHas JIMHHA, MPEICTABIAIONIAs cO00M (PEHOMEHOIOTHUECKUH (TI0IrOHOY-
HBI) mapamerp. DTOT MapaMeTp MOAOUpaeTCs TaKUM 00pa3oM, 4TOOBI pPEIIeHUs ypaBHEHHM
(129) 6pUTH corTacoBaHbI CO CIIEKTPOM MAcC JIEMEHTAPHBIX YacTUIl. YaCTHIIBI C IEIBIM CITHHOM

s=mh, m=1223... (6030ub1) B.[cii3eHOepr KOHCTPYUPYET U3 YACTHUI[ CIIMHA S = h/ 2, mno-
3TOMY OH CMEJIO TOBOPHJI, YTO BECH MAaTEPHATBLHBIA MUP MOXKHO ONKCATh YHUBEPCATBLHBIM CIIU-

HOPHBIM II0JIEM CIIMHA S = h/ 2, ucnione3ys ypaBuenus (129).

BwMmecto ypaBuenwmii I'eiizentdepra (129), npemaraercst UCIONIb30BaTh YPaBHCHHUS (XS+ 1) H
(+A5+ 2), KOTOpBIE MPEACTAaBIAIOT 000l yacTh ypaBHeHuH dusnueckoro Bakyyma. Ilostomy,
pelieHre ypaBHeHu Teopur @Puszndeckoro Bakyyma BKIIIOYaeT pelieHre ypaBHEHHI (XS+ ) H
(+As+ 22) Kak 4acTb IIOJHOIO PEHICHHUs CHCTeMbl ypaBHeHHMH I'eii3eHOepra-OliHiuTelina-IHra-
Muica (As.1)-(B. 2). Hanmpumep, peienue ypaBHeHuii (Ac.1)- (B, .2), PHBOJIAIIEE K METPUKE

+ + o 0
(83), IO3BONIAET 3amKMCaTh YPABHEHHUS (Ast.1) U (Agt.2) C yHkuuei ucrounuka ‘P moxer
OBITh ITPECTABIECHO B BUJIE HEJIMHEHHBIX CIIMHOPHBIX ypaBHEHHMH

wooo_ 29°-r) _
Vi F5p7 0% o =T Tz 0O (130)
v 1 .
Vi T2 %% 0 T T Op (13D)
2
w== 70" 744, (132)
e pe

rie a, =e°/hc ~1/137 - nocTosIHHAsA TOHKOI CTPYKTYpBl B A =i/ 4C - KOMIITOHOBCKAs JTHHHA

BosHBL. B ypaBHenmsx (130), (131) pyukmus ucrounuka (132) urpaer ponb GpyHIaMeHTaTBHON
JJIMHHBI. I[J'DI QJICKTPOHA, KaK JICTKO BUICTD, (byH,Z[aMeHTaJ’H:HaH JJIMHHA OKa3bIBACTCs paBHOfI

2
KJIACCHYECKOMY PaHycCy deKTpoHa I, =e?/uc” ~2.8-10 % cum.

Jns 3apsina Ze =const, obnamgaromuM cCOOCTBEHHBIM BpaIlleHUEM (CITMHOM) MeTpuka (82)
MOXET OBITh 3alKCcaHa Kak
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29°r 2¥°ra . :
ds’ =|1-—5————— |c’dt’ + —————sin’ Gcdtdp — 2asin® &drdg —
( r* +a”cos® 6’) r’+a’cos’ 0 v v

¥ora?
r’ +a’cos’ @

r’ +a’cos’ @
r2—2%¥°% +a%cos’ @

dr? —(r? + a® cos’ 0)d6? —[rz +a’+ sin’ 6’Jsin2 &do*, (133)

+ +
rae W° onpenensercs cornacho (132). YpaBHeHus (Ag*t.1) M (Ag+.2) s Metpuku (133) npu-
HUMAKOT BU/

V pil, =—HO,150, + 0,151, — ¥1,0,0, + 1,041, + f1,1,0,, (134)
V4,0, =70,0,0, — 0,041, — f0,1,0, —T1,0,0, + P1,0,41,, (135)
rac
N S ﬁ——ctgé’i 7z—iasin6?’0—2 a=rw-f
P Cacoso” 242 242 '
=Yp’p Y—M = +[r+‘1’°]'0—'5 ¢ =—iasing 22 (136)
/’l p p 1 2 ! 7/ /J 2 ! \/5 '
IIPH 9TOM €CTECTBEHHO M0JIaraTh
a=A= n . a37)
yre

Ecnu 3apsim Ze obparmaercst B HyJib, TO MBI HIMEEM, HEJTMHEHHBIC CITUHOPHBIC YPABHEHHSI TSI
I10JI1 HeﬁTpHHO, KOTOPOC NEPCHOCUT TOJIBKO CIIHH. I/ICHOHB?)YH BBIPAKCHUC IJId NMOTCHIUAIIb-
Holi sHepruu [44], naxoaum u3 meTpuku (133)

2 2 2
rr 27e
Ue:,uC (9 _1):_,UC 2 2 ne2 fe = 2 (138)
2 00 2 r-+a‘cos° 4 MC
ITpu ycnoBusix r>>a, cos@=1 sueprus (138) npuHumaer BUx
POl (A YR (139)
e 2 {r rr? © e
rac
2 2 2 2 2 A2
Uc T, Ze ucr,a” Ze“a
U,=—-—==——, Q =""—F5="—. 140
¢ 2 r r Q 2 rr* rr? (140)
Conocrassis napamerp Keppa a KOMITOHOBCKOH JuiMHE BOJHBI 1e Bpoitns a=A=n/uc,
MOJTy4YUM
ze* i’
T e .

Dta sHEprHs COBIAIACT C MOTCHIMAIbHOM sHeprun Manenynra (24) , eciu [44]
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27e? | |

r
V2+,uCZI’3 W= V2+r—z |1//|=O. (142)

N3 (141) BuAHO, 94TO «CIUHOBas» M00AaBKAa K KYJOHOBCKOMY TMOTEHIIMATY HOCHT KOPOTKOJCH-
CTBYIOIIMN XapaKTep W Ha PACCTOSHUSAX MOPSAIKA SIAEPHBIX HAYMHACT UTPaTh OMPEIEISIONIYIO
poiib (cM. puc. 15). B pe3ynbrare, Ha MaJIbIX pacCTOSIHUAX MEXY CIIMHUPYIOIIMMHU 4acTULAMU

Uer) ¢ u(r) ¢

IIpomon-3nexmpon ~
ITpomon-nosumpon

Topcuon-kyroroscras Kyronoacrasn
AOoMEeHYuAAbHAR IREPIZUA S— noMeHULAABHAA
{cos 8 =1) anepaua

Topcuon-KyAOHOBCKAA
Ryaonoecran ROMEHYUALbRAA IHEPZUA

— nOMEHUUALLHAAL fcosf=1)
snepeus

Puc. 1. TopcroH-KYJIOHOBCKHE B3aUMOJICHCTBS: a — MMOTEHIIMAIbHAS SHEPTHS B3aMOICH-
CTBUS DJIEKTPOHA C TIPOTOHOM IPH |re| / a=23.0; 0 - TO e ¢ TO3UTPOHOM

BO3HUKAIOT TOPCHUOHHBIC CHJIbI, JIOMUHHUPYIOIINE HaJ KYyJOHOBCKHMH CHJIAMH. DTH T€OpETHYEC-
CKHC BBIBOI[y HOI[TBep)I(I[CHBI MHOI'OYNCJICHHBIMU 3KCH€pI/IMeHTa.HBHBIMI/I JaHHBIMU B H,Z[epHBIX
mporeccax.

3akJIroueHue

BoabIMHCTBO BEayIMUX TEOPETUKOB CUUTAET, YTO OCHOBHOW MPOOJIEMON COBpEeMEHHOU (hu-
3UKH SIBIIICTCSI OOBEAMHEHHUE OOIEeHl TEeOpUH OTHOCHUTEIBHOCTH C KBAaHTOBOM MexaHUKOH. B
JTaHHOU paboTe Ha psiie IPUMEPOB MOKAa3aHO, YTO MOKHO 3aMEHUTH!

+
1) ypaBHEHUS KBaHTOBOW TEOPHH IOJIS 00OONIEHHBIMH ypaBHeHHAMH [ eiizenoOepra (Ag*.1) U

+
(Ast.2);
2) ypaBHEHHs ODWHINTEHHA M OOIIEPEIATHBUCTCKOM 3JCKTPOANHAMUKHN [33], 3aMEHUTH ITOJI-
HOCTBIO T€OMETPU3UPOBAHHBIMH YPABHEHUSMU (B, 1) ;
3) KkanuOpOBOUYHBIC YPAaBHEHHS TCOPUU SJIIEMEHTAPHBIX YACTHIl 3AMCHUTH MOJHOCTHIO T€OMET-
pU3UpPOBAHHBIMU ypaBHeHUsIMU SAHra-Musuica (ésA 2).

v + +
Takum oOpasom, cucrema ypaBHeHHH Teopun Pusmueckoro Bakyyma (Ag+.1)-(Bs.2) pac-

cMaTpHBaeTCsl HaMH Kak ypaBHeHus: eanHoil Teopuu Ions, koTopas o6beauHseT oOIIyIO TEO-
pHIO OTHOCUTEIBHOCTH DUHILITEHA C KBAHTOBOM TEOPUEH TMOJIS.

30.10.2014.
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