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CuHTES3

MpepnaratoTca kKoHuenuusa n GopMann3M eauHOro MatepuasnbHOro noss, OTAefbHble
peLleHns KOTOpOoro ABNAKOTCA KBAaHTOBbIMM GpopMaMu rpaBuTaunm, 3neKTpoMarHeTnaMma,
CUNbHOroO U cnaboro B3aMMOAENCTBUIN, a Takxke UX 3anyTaHHOCTU. [puBoaATCA NPUHLUMUNLI
dopManbHOM OLEHKN MacCbl 3NEKTPOHA, ero CrmHa 1 NOCTOSSHHOM TOHKOW CTPYKTYpPbl B BUAE
L,eNIoYMCNEHHOro OTHOLWEeHUA. B kocMonorny npeanaratotca KBaHTOBbIE peLleHns Npobiem
CUHTYNSAPHOCTN, 6APMOHHON aCUMMETPUN, MPOUCXOXKAEHNA «TEMHbIX» ABNEHUNA.

MocTtynar

Haw Mup paccmaTtpuBaeTcs Kak HEMpPepbiBHbIM, OA4HOPOAHbLIA N U3OTPOMHbLIA KOHTUHYYM
MaTepumn-NpocTpaHCTBa-BPEMEHU NN KaK eg4UHOE noJie N10MmHOCMmuU aHepruu.

Akcunoma

B cBA3M Cc HeNpepbIBHOCTbIO, O4HOPOAHOCTLIO U M30TPONMEN MUpa, AMHAMUKA MaTepumn
orpaHu4MBaeTcs eqUHCTBEHHO-BO3MOXHOMN popMOoi Bo/IHbI. COOTBETCTBEHHO, NOKabHas
NNOTHOCTb 3HEPrnMM nona cBsi3aHa c napameTpamMu a3 eanMHOM BOMHOBOU YHKLUMK
KOHTUHYyyMa.

NMnaHkoBcKaa pm3unka

dyHaaMeHTanbHOM OCHOBOW GU3UKKM eanHoro nons Aenserca «EctectBeHHas CucTtema
EonHuu N3mepeHua» Makca lNnaHka, ABHO yKa3blBatoLlasa Ha NMPAMYH 3KBMBANEHTHOCTb
MNN OTHOCUTENBHOCTb NapaMeTpPoOB MaTepuin, NPOCTPaAHCTBA N BPEMEHM.
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ABnAaacb nepmBatuBaMu TPEX GyHAAMEHTaNIbHbIX KOHCTAHT, 3TU €AUHULLbI MHBAPUAHTHbI, -
Tak>Ke ABNATCA KOHCcTaHTaMu. lNMNocTpoeHHada Ha HUX dU3KMKa Nogpa3yMeBaeT creaytolee:

Axkcunoma 1

Pa3aMepbl, MeHblUe eanHUL, «EcTecTBEHHOM CUCTEMbI», B NPUPOAE HE CyLlecTBYOT *. OHU
npoTMmeBopeyaT KOHCTaHTHOM KapTuHe Mupa (1). B cBsA3M ¢ 3TUM BCce NoneBble NapaMeTpsbl
ABNAOTCA LLENOYNCNEHHBIMN.

(Ly=nl,), (T,=nt,), (En=ng) neEN{1<n<Nygl ()

MpnHATOE B COBpEMeEHHOMN Hayke aundpdepeHumanbHOE WUCUUCNEHUE, UMEET HUXKHIOH
rpaHuLy 3Ha4yeHU B BUAE MNAaHKOBCKUX BenuuumH. OuddepeHuyman, «cTtpeMawmmnca K
HyntO», He MOXeT eé€ npeopgonetb. [NponsBogHblie NepBoro n 6osee BbICOKOro nopanka
HeonpenenéHHbl, UX crieayet 3aMeHUTb KOHEYHbIMWM Pa3HOCTAMM MO LENOYNCIEHHBIM
mogaM. B MakpockonuyeckoM aHanuse agunddepeHuMmanbHOEe MUCUYUCNEHWUE BMOJMHE
npnemMneMo, Tak kak ni1aHKoOBCKME BETMYNHBI HA GOHE aHTPOMHbIX BEIMYNH YPE3BbIYANHO
Marbl.

Axcuoma 2

Bce nonesble napaMeTpbl OTAENbHbIX CUCTEM OTHOCUTENbHbI! I3MeHeHMe O4HOro U3 HUX
TpebyeT NponopuUMOHaNIbHOIO U3MEHEHWNA APYIUX:

L=z DL}F{T=mxDt,} F{E=(xDe,} neEN{I<N<Npg)  (3)

OTHOoCcuTenbHOCTb MacwTabHbiX eguHuy, ¢opManbHO NoATBEpPXXAaeTca TeM, UYTO BCe
dyHOaMeHTaNnbHble KOHCTAHTbl MOXXHO BblPpa3nTb NMpakTnyecky 6eckoHeuHbIM (n) Habopom
eonHoobpasHbiXx NnapaMeTpoB **. CTpyKTypa Mupa ppakTtanbHa.

n €N, {1 <n< Nyl
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AxcuomMma 3

Bo3MoOXXHOCTb MacLuTabupyeMoro Bbipa>keHns MeTpukm Mupa (4) noaTBep>kaaeT TakxXKe To,
YTO ero HenpepbIBHOCTb, OAHOPOAHOCTb U M30TPONMA fiexxaT B OCHOBE ero Bceobuiero
BO/THOBOro egnHoo6pasua.

AxkcunomMma 4

MpenenbHO gonycTtMoe 3Ha4vYeHue NAOTHOCTUM 3HEPTMM CBA3AHO C BO/THOBOW ¢a3omn, Bce
rnapaMeTpbl KOTOPOW paBHblI eANHMLAM (HUXXHAA rpaHnua anpdepeHUNpyemMocTu):
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Mo aHanorum c npeactaBneHmnamm «KBsaHtoson Teopuu MNMona» aty paszy MOXKHO CONMOCTaBUTb
C MaTepuanbHOW TOYKOW, B3aMMOOenNcTBMe KoTopon ¢ cebe nogobHbIMM ob6bekTamMu
OCYLLLECTBNAETCA Yepe3 Cynepno3mnLmo MakKpOCKOMMYECKMX BOMH NN B TEPMUHAX TOW Xe
Teopuun, - Yepes3 B3anMMO4ENCTBNE CUMTOBLIX MOJEN.

AxkcuomMma 5

KoHcTaHTa Makca lNnaHka B nHTepnpetauun MNMona Aupaka asnsaetca cneundumdveckomn. OHa
nokasblBaeT AWCKPETHOCTb 3HAYEeHWN JHEPrMm Kn CBA3aHa C 3NEeKTPOMarHeTU3MoM.
MoaTtoMy eé dpakTanbHaa ocobeHHOCTb yKa3blBaeT Ha NapaMeTpUYeCKyo OTHOCUTENBHOCTb
3HEeprum rpaBuTaumnm U aneKTpoMarHeTnama.

|km,c?| = |khv,| keN (6)

AxkcunomMa 6

NHTepBan cobbiTMA eAMHOro NONA BbipaXkaeTca yepes3 eaAnHuLbl n3MepeHna «EctecTBeHHOM
Cuctembi» (2).

Ona conpAXeHusa eguHULbI MaTepun C eAnHULAMWU PacCTOAHUA MPUMEHAEeTCA paguyc
Kapna lWWeapuwwnnbga gna eguHnYHoOM BonHoBowW pasbl (5), conocTtaBMMOM ¢ MatepuanbHOM
Toukomn, obnapatoulen npenenbHOM MNIOTHOCTbH SHEPTMM U NNTAHKOBCKOWM MacCoun:

2Gm, 1
=g = 2L, - 1, = 575 (7)
Gm,,\>
85 = ~(t0)" + By + By + 2, + (L32) ®)

MO>XHO 3aMeTUTb, UTO Ha 6a3e NATUMEPHOTro aHanora npoctpaHcTea lfepmaHa MMHKOBCKOTO
3TO ypaBHEHWE NpeacTaBnaeTCca B BUAE KBagpaToB TPEX OPTOrOHaNnbHbIX paanyc-BeKTOPOB,
OBa U3 KOTOPbIX (BPEMEHHOW N MaTepuasnbHbli) OAHOMEPHbIE U OAMH (MPOCTPAHCTBEHHbIN)
TPEXMEPHbIN:

2 2 2 2 2 2 Gmy, 2 2
_(tpc) =T (lpx +lpy + lpz) =1 < 2 ) =T 9)

ot pagnycbl HEKOMMYTaTtuBHbI, MO3TOMY NHTEPBAa/ cobbIiTUsA cnenyet onpeanenAtTb B Bnae
KBaTtepHMoHa:

As = iry + jr + kry
k=ij#ji=-k i?=j2=k*=-1 (10)

MHKMMble eanHmubl KBaTEPHMOHA anreﬁpal/ll—leCKVI TOKOEeCTBeHHbI MaTpuuaMm BOﬂbq)raHra
I_Iaynl/l C TOYHOCTbIK 00 MHOXWUTENA.
e = —iO’l e, = —i0'2 €3 = _i0-3 (11)

OT0 cBA3biBaeT ero ¢ anrebpon Yunbama Knudpdoppa wn ypaBHeHuem [llona [Oupaka,
dopmMann3m KOTOpOro B HOBOM TpakToBKe ByaeT npeacTaB/eH ganee.
CNUH-MMNYNbCHbIA KBAHT 3HEprum

Mpueen€HHbIN MakcoM lNnaHKoM pacuyéTr KBaHTa aHepruun (1) ykasbiBaeT Ha GU3NYECKYIO
CBA3b 3Heprum mmnynbca (G) ¢ aHepruenm MoMmeHTa wmmnynbca (h), peannsyemyro Ha
CBETOBOM KOHYyce (C), UTO npeactaBnaercA HEBEpPOATHbIM. OTW reoMmeTpognHaMmyeckme
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dopMbl paccMaTpuBaloTcA Haykom HeaaaUTUBHbIMU UMW B BOJIHOBbIX TEPMUHAaxX He
cnocobHbIMM K cynepno3uumnn. Ewé oaHMM BbIBOAOM sIBASETCA TO, UTO Apyrux ¢op™ B
npupoae He Habnopgaetca. CyLlecTBYHOT TO/IbKO OBE:

e [luccunaTtmBHas, - pagmanbHO-UMMYyNbCHas.

e 3aTyxawLias, - MOMEHTHO-UMMY/bCHaA.

feoMeTpuueckn pguccunayma BbIrMAAUT Kak 6eCKOHeYHoe YBEeNMYEeHUEe paamanbHbIX
napameTpoB BO/IHOBOW chepuyeckon dasbl, a 3aTyxaHue, Kak HeNMpepbiBHOE 3aMegieHne
BpalleHUA Takon >e ¢a3bl B CBA3M C OECKOHEYHbIM yBenmMyeHnem eé papguyca. [lpu
OTCYTCTBMM MOTEPb 3HEPIMM B KOHTUHYYME WMX HEeNpepbiBHOE COCYLLECTBOBaHWE WUAU
YCTOMUMBOCTb M MapaMeTpuyeckun onpeaenéHHas d¢aszoBaa nocnegoBaTenibHOCTb (4)
BO3MO>KHbI TO/IbKO MNPU YCNOBUM HEMpPEPbIBHOTo Npeobpa3oBaHna ogHon GopMbl B gPYryto.
Tonbko c abcontoTHLBIM 6anaHCOM NOKaNbHOW 3HEPTUM AUCCUNaLna 1N 3aTyxaHne ncuesator,
reoMeTpoamMmHamMmkKa OCTaérca HeM3MeHHOW. «MaTepunarnbHbie TOUKN» U UX NOJA OCTaAKTCA
BeYHbIMU. [TOHMMaA, 4YTO BCE STO MOXET MPOUCXOOUTb TO/MbKO B MacwTabax MpUHATbIX
eaNHNL U3SMEPEHNA, MOXXHO NPeanoXXnTb criegytolee 6anaHcoBoOe ypaBHEHMUE:

Ueg, (12)

1 5 1 _
|§mpc 1 6| A |§ hv, + &

roe:
+46; - nedekT guccmnaymm aHeprum UMMy nbCa;
+4; — nedekT 3aTyxaHUA IHEPTUM CNIMHA.

3p0ecb paccMmaTpuBaeTcA KMHeTM4yeckaa 4acTb 3HEPruu UAUM 3KBMBANEHT MacChbl NMOKOA
MaTtepuanbHOW TOYKKU, ynoMAHyTOM B AKcuoMme 4, 1 e€ cnuH, paBHbi Y2h. U TOT, n gpyromn
napamMeTp umeloT apPekTnBHbIM cMbicn. O HEM ByaeT cka3aHo ganee no TekcTty. A Ha3Ban
3Ty KOMMO3ULUUIO €g;KBAHT.

[MTonHaAa aHepruAa 3Toro KBaHTa paBHa 2. Btopaa eaMHuua — 3TO NOTeHUManbHaA 4acTb
3Heprum aByx KOMMOHEHT (cymMMa moaynen gedpektoB 12), pacxogyemas Ha BOCMOJIHEHUE
ouccumnayunm n 3atyxaHua nnm Ha ceobogHoe, MHEPLUMOHHOE ABMXKEHME KBAHTA.

B nATUMEPHOM aHa/iore npocTpaHCTBa FepMaHa MWHKOBCKOrO, NMPUHATOM B KayecTBe
aHanNTNUYECKON OCHOBHDI KOHTUHYYMa, Ka>XaaAa N3 3TUX CI)OpM [oMmkHa O6blTb CBA3aHa C
Pa3HbIMIN Ha60paMl/I FMHepHﬂOCKOCTeVI, 4YTO OTpa>kaeT X HeaagANTUBHOCTb.

€cn D |mpc?| A |Rvy| U 2¢, (13)

O6e KOMMNOHEHTbI 3TOr0 KBaHTa UMEKT TEH30PHbIN XapakTep. IMNynbc —3TO TEH30P NEPBOTo
paHra, a cnuH — BTOporo. PaHee BbIABNEHHOE ycnoBue cTabuIbHOCTU MNN YaCTUYHOIO
npeobpa3oBaHMA WX 3HEPrMM noapasymeBaeT, B paMkax MPUHUMNE MUHUMAaNbHOCTU
OENCTBUA, BCTPEUYHOE HanpaBneHne U KONMHeapHOCTb 3TUX TEH30POB.

CoOTBETCTBEHHO, BEKTOPHAA CyMMa KOMMOHEHT C YUYETOM UX SHepreTuvyeckmnx aedpekros
[OMKHA PaBHATLCA Hy/M0, O4HAKO, BEKTOPHO-paguanbHas CUMMETPUA rpaBUTaALMOHHOM
KOMMOHEHTbI KBAHTA €5 M OPTOrOHaNbHaA aCUMMETPUA CMMHOBOW HE MOTYT HE MPUBOAUTL K
HEKOTOPOMY HapyLLUEHUIO KONIMHEeAaPHOCTU UMK K eLé ogHoMy AedekTy 6anaHca B MoNb3y
3Hepruu rpaBmTaLumn, - yCTOMYNBOCTb CUMMETPUM BbilLe YCTOMYNBOCTU aCUMMETPUN.

E_)Gfl = g_)pi + gps = 6i (14’)
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OTO Bblpa)keHue fABMAeTcA ypaBHeEHNEM PU3UUECKOro BaKyyMa, caMon 06 bEMHOM YacTu
Hawero Mupa, usyvyaBlienca B Hadane npowsoro Beka [Monem [AupakoM. Takxe 3TO
€ANHCTBEHHbIN WCTOYHMK MaccCbl MOKOoA KBaHTa €. OH MMeeT reoMeTpuyeckoe
npouncxoXxaeHme n He TpebyeT BBeAEeHMA BHELLUHUX Nonen (MexaHnaM MNutepa Xurrca) nnu
nepeHopMMpPOBOK. Macca yacTuubl onpegenseTcs BE/IMYMNHON HapyLleHus
KONNTMHEAPHOCTU WMMYAIbCHON W CAOMHOBOW KOMMOHEHT. OHO MOCTOAHHO — Macchl
HenaMeHHbl! PelnaeTtca npobnema rpagaumnm Macc aneMeHTapHbIX YacTull.

Megp =My " Oy Ogn = const (15)

roe: Ogn Yron HapyweHWa CNUH-UMMYNbCHOW KONNMHeapHocTU. [na anekTpoHa 3Ta
BeNMUMHa nmeet nopaaok 10723 pagnaH. AHanuTMueckoe onpeaeneHne 3Toro yria noka He
ACHO.

JNleHta ABrycta ®PepamnHaHpaa Mébuyca

KBaTepHMOHHLIN MHTepBan cobbiTna (10) npeactaenser cobon anrebpanueckyro popmy
neHTbl Mébuyca, UbAa BONNTHOBAA aHanorua packpbiBaet 06LLy0 GU3NKY MUKPOMPOL,ECCOB
NATUMEPHOro KOHTUHYYMa U NMOMA NAOTHOCTU SHEPTUN.

Tpn MHUMblE €AVMHMULbI MHTEpPBana COOTBETCTBYHOT TPEM AMHAMUYECKUM aHaNoraM feHTbl:
UMNYNbCy, peann3dyemMoMy Ha cpeaHen NMHUU, CMINHY, peann3yeMoMy Ha KPOMKE IeHTbI, U
npeLeccumn cnuHa, cBA3aHHOM ¢ 0cob0ol reoMeTpuen KPOMKIN NeHTbl. HEKOMMYTaTUBHOCTb
KBaTEPHUOHHbIX eQUHWUL, OTpakaeT HeaaAUTUBHOCTb NIEHTOYHbIX KOMMNOHEHT. MHUMOCTb
eaVHNL, COOTBETCTBYET HEOPUEHTMPOBAHHOCTN NOBEPXHOCTU NIEHTHI.

MpuHAaTbIM 6anaHc aHeprum (12,13) nnm npegnonoXxXeHne o CyL,ecTBOBaHUM KOMMNO3UTHOIO
KBaHTa €gp, TPEOYET onpenennts popmMy Koppenaumm HeagonNTUBHbBIX BENUYNH UMNYbCa U
CNMHa, - UX aMNMpMUYeckoro paBeHcTtBa (6). C uento pelleHUs 3TOM 3agayn, MPUMEHUM
dopMy MaTepumanbHOM BOMIHbI B BUAe NeHTbl Mé6buyca, BNOXEHHOM B NATUMEPHOE
NMPOCTPaHCTBO KOHTUHYYMa, akUeHTUPYA BHUMaHNE Ha MHTepBarsie cobbITUA.

B TakoM npocTpaHcTBe IeHTa peanmayeTca Ha paKTop-NpoCTPaHCTBE YETbIPEX KBAAPATOB:

4
M = U([O,l] x [0,1]) /~
k=1

rae oTHoLLEeHUe «~» 3adaértca crieayrowmM obpasom: (0,1),~(1,1 — 1), T € [0,1]

(LA

(

PucyHok 1
JleHTa Mébuyca - KBaHT €,



Tononoruyeckue MHBapUaHTbl IEHTI:
e ®dyHpaMeHTanbHaA rpynna (M) =27
e DlnepoBa xapakTepucTmKa x(M) =0
e T[epsbin knacc Wrndena-Yutin w, (M) #0 € HY(M, Z,)

YpaBHeHue napaMmeTpusauum 5D neHTbl MEBUycCa

— ZD- 0 —
R, cos 0 (1 + ?cosz)
] () 0
R, sin@ (1 +5cosz)
w 0
M (n1,0mp) = 5 sinzcos (16)
w 6
ismismﬁ
(0}
L n m

loe naTb I/I3MepeHI/Il\/'1 npeancrtas/ieHbl Tak:

n-l, =R, n€N n=1mMacwrabnpoBaHHbIN Paanyc CpeaHEN IMHUN NIEHTI;
6€[0,2m] — yrnoBas koopanHaTa BAO/b CpeaHEN NMUHUM NEHTbI (MOJIHbIA 060pOT);
we[—1,+1] - koopanHaTa nonepék feHTbl, eé LWMpUHa HOPMUPOBAHaA;

B € [0,21] — BHYTPEHHMI NapaMeTp KBaTepPHMOHA, 3KBUBaANEHTHbI MaTpuue SU (2):

[{Q(ﬁ) = COS% + singﬁ} (D =vei+vyj+v,k} {v:+V2+v:= 1}] ~(§3 = SU(2)

[ reomeTpuyeckmn NnponopLmoHaneH OTHOLWEHMIO KOHCTaHTbl CKpPYTKK (1, 2, 3, ...) K pagnycy
cpenHen NMMHNUKN: YEM MeHbLLE pagunyc, TEM KOpo4de CpeaHAa NMHNA, TEM Kpy4e Yyron CKpyTKu
Ha eAMHULY €€ ONUNHDbI.

MAaTaAa KOMMNOHEHTa MNapaMeTpu3auum neHTbl MMeeT 0cobbii cMbicn. OHa nokasbiBaeT
COOTHOLLUEHNE nepuoaoB konebaHuUM CKOppPenupoBaHHbIX CMAMHOBOW U WMMY/bCHOM
COCTaBNAKWMNX €ANHON BOTHOBOM ¢a3bl. TeoOpeTUYeckM OHWU AOMKHbI OblTb pPaBHbIMU
eanHuLaM, NO3TOMY M STOT NapaMeTp /IeHTbl Ao/KeH 6bITh Tak>ke paBeH eguHuue. OgHako,
ecTb pakTop, CNOCOBHbIN HApPYLLUUTb 3TO COOTHOLLEHMe. DTO nNpeLeccma cnmHa, cBA3aHHas
C reoMeTpuen neHTbl. EE akcranbHbI BEKTOP OPTOroHaneH akcuanbHOMY BEKTOPY CNMHa.

B cBA3M c reoMeTpmen NeHTbl, yCpeaHEHHbIE ANNHbI CPpeaHEN NMUHUN U KPOMKU OTHOCATCA
kak 1/2. lMoatoMy 3PPeKTUBHLIM CMNUH NeHTbl Kak Gu3ndeckorm eauHuubl paBeH 1/2
(pepMmnOH), a NONHBIN CMNH Ha KPOMKe NeHTbl paBeH 1 (6a3nc anekTpnyeckoro 3apaaa). OH
peann3yeTtca Ha pa3BopoTe 4T MU3-3a NpeLeccun, To ecTb ero LMKN 3aBepLiaeTca nocne
OBYX UMNY/NbCHbIX NEPMOA0B.

B abcontoTHbIX BENMUMHaxX BCce napaMeTpbl NpPeLeccun UaeHTUUYHbI napaMeTpaM crnuHa.
OpaHako, NpeLeccUoHHble BCTaBKM BPEMEHU He MOryT He BHOCUTb HEKOTopble AedeKTbl B
CrnuHOBbIe B3amMopaencTBua. Ecnm cnuH paccMatpuBaTbh KakK TMPOCKOM, TO npeleccus
npencTaBfseTca Kak BHellHee BO34elcTBMe, BCTpeyatollee conpotmeneHue. VMIMeHHo aTo
MOXeT 6bITb MPUYNHON MOBTOPAKOLLEroca HakonneHHoro aedekra, paBHoro 137 eaMHunuam



BpeMeHU nnmn 137 kBaHTaM aHepruun. lNpeanonarato, MMEHHO Tak MNOABNAETCA KOHCTaHTa
TOHKOW CTPYKTYpPbI, ABMAIOLLAACS aHaNnormen afnekTpmMyeckoro sapaaa:
w ty 1

n 137t, 137

a (17)

dusuka npouecca Koppensaymum MMNynbCHOU U CIMHOBON KOMIMOHEHT

JleHta AaBnsetcs ¢opManbHbIM UM  TFEOMeTPUUYECKMM nNpeacTaBNeHUEM  C/OXKHOMN
MaTepuanbHOW BOJIHbI, BK/AKOYAKOLWEN WUMMYNbCHYHO WU CMUHOBYH KOMMOHeHTbl. MepBasn
CBfi3aHa C HEOPUEHTMPOBAHHOM NOBEPXHOCTbIO UIN CO CPeaHEN NNHUEN NEHTLI, a BTopas
CBfI3aHHAa C KPOMKOW UNN CO CKPYTKOM NeHTbl. Pa3oBas CKOPOCTb MMMY/IbCHOWM N CMMHOBOM
KOMMOHEHT oAMHaKoBa (C), oAHaKO M Ta, U Apyraa Tononorndeckn pasaenersl. Kaxxagasa ns
HUX peanunuayeTcs B pa3Hbix Habopax rmnepnnockocTen UM YeTblpéX KBaapaTtoB ¢akTop-
npocTpaHCcTBa eanHOM NeHTbl Mébuyca.

AMNAUTYAbl KOMMOHEHT OAWHAKOBbLI, MNPOMOPLMOHANbHbI MOBEPXHOCTHOM M/IOTHOCTMU
3Heprum neHtbl. COOTHOLLEHWE YCMOBHbIX AJIMH CPEAHEN NUHUN N KPOMKU yKa3blBAeT Ha
3Ha4veHne adpdPeKTUBHOTO cnmHa. YCNOBHLINM pagnyc KPOMKKU B ABa pas3a 6onblue pagnyca
cpeaHen NMHUK. 3a OAWH MNOMHbIN LMK UMMY1bCHOW KOMMNOHEHTbI, CMMHOBAaA coBepLUuaeT
NNLWb NOTOBUHY LMKNa, TO eCTb 3P OEKTUBHbBIN CMNUH €, paBeH Y2k -bepMuoH!

YpesBblYaMHO MHTEPECHOW CTAHOBUTCA eLlE oaHa 0COBeHHOCTb NeHTbl Mébuyca. MonHbIn
LWMKN CNWHa [O0/IKEeH COMpPOBOXAATbCA MOMHbIM MPELECCUOHHBIM LUKNOM, - 060pOTOM
CMWUHOBOTO NCEBAOBEKTOPA B NEPMNEHANKYNAPHON K UMMY/bCY NIOCKOCTU (MONEPEK NEHTDI).

Ecnn mMnynbc n CNnH accounmpyroTca ¢ rpaBuTaumMen U ¢ 31eKTPOCTaTUKOU, TO C YeM
LOMKHa accoummpoBaTbCa Npeueccua cnnmHa? OHepreTMYeckm oHa 3KBMBaANEHTHa CMNMHY,
NO3TOMY MOXHO MpPeanonoXuTb, 4YTO €& creayeT accoummpoBaTtb C MarHeTusmom!
Mpeueccna cnuMHOBOro TOKa CO34aET cTaTM4Yeckoe MarHUTHOe Mnone, aHOMalslbHbIN
MarHUTHbIM MOMEHT (g-2). leoMeTpnUYEeCcKM MarHMUTHbIN MOMEHT cOBMNagaeT CO cpenHeun
NMHUEN CMUHOBOIO NceBaoTopa (pacTAHyTaAa Ha cpefHen NUMHUKW 3aMKHYyTaa cnmparsnbka
npeveccupyrouiero cnmHa). Noxoxke Ha UHAYKLMNOHHYIO KaTyLLKy!?

PucyHok 2
Mpeueccuna cnnHa Ha neHTe Mébuyca

B cBA3M ¢ M3N0XEHHbIM, MOXKHO cAenaTh BbiBOA: NeHTa Mébuyca — aTo ngeanbHasa Moaesb
npocrtenwero epMmnoHa, - aNeKTpoHa Uau No3UTpoHa.



Ymcto d¢opmanbHO, pacCMOTPEHHYHO MOAeNb MOXHO MNpeactaBuTb B BUae TPEX
HeanOWUTUBHbIX pagnyc-BEKTOPOB, CBA3aHHbIX ABYMA naeanbHbIMU CUMMETPUAMMN:

1. TeH30pa aHeprnm nMnynbca, NepBbi paHr, peaan3yeTca Ha cpeaHen NUHNN NIEHTDI.

2. TeH30pa 3Heprum crnHa, BTOPOM paHr, peanna3yeTca Ha KPOMKE fIeHTbl, KO/IIMHEapeH
BEKTOpPY uMnynbca (cumMetpua 1).

3. TeH30pa aHeprmm cNMHOBOW NpeLEeccunn, BTOPOW paHr, peasnndyeTcsa Ha OKPY>KHOCTH
ncesgoTopa WM Ha CKPYTKe JIeHTbl, OPTOrOHasneH akcuasbHOMY BEKTOPY CMMHAa
(cummMmeTpma 2).

Mpn B3aMMOOENCTBUU KBAHTOB €;y, CUMMETPUWU, HE MOTYT He Hapywatbca. [pu aToMm
dopMarbHble 3HA4YEeHMA HapPyLEeHUM HE MOTYT He BbITb CBA3aHHbIMKW C 0BLWLMMM 3aKOHaAMU
nnaHKoBckon ¢uaunkm (noctynatbl 1-6). NMoatomy 6a3unc KX HeobxoamMo nckatb MMEHHO
34€ecCb.

YpaBHeHuA [iInpaka B KBaTepHUOHHOU anrebpe neHTbl Mébuyca

[Be HeagAUTUBHblE KOMMOHEHTbl KBaHTa €g; - WUMNYAbC U CNWH, $OpManbHO (4YMCTO
reoMeTpmyeckmn) cooTBeTCTBYIOT ABYM cnuHopaM lepMaHa Benna B npepcraeneHunmn MNona
Owvpaka.

MHUMble eguHuLbl KBaTEPHMOHA MHTepBana cobbiTnAa anrebpanyeckm TOXOECTBEHHDI
MaTtpuuyam Bonbdranra lNaynn ¢ TOYHOCTLIO 40 MHOXMUTENA.

61 == —iO’1 62 S _io-z 83 == _i0-3
001 0 =i /10
"1_(1 0) "2_(i 0) “3_(0 —1) (18)
eje, =e; e,e; =—e3; el=eli=e2=-1

OT0 cBA3bIBAaeT MHTepBan cobbiTus ¢ anrebpon Yunbama Knnupdopaa n ramma-matpmyamm
Mona Oupaka B npeactaBneHuun N'epmaHa Benna:

y° = ((I) (I)) yi= (_Oei f)l) i=123 (19)
lamMMa MaTpuubl yaoBnetBopaAroT anrebpe Knudpdopaa:
vy =viyY +yv'yt =291, (20)
roe:
* g,y —MeTpuKa npoctpaHcTBa MMHKOBCKOrO;
e [,-diag 4l egnHnunaa matpuua Benna.

Torpa ypaBHeHMe [upaka B KBaTEPHUOHHOW PopMe feHTbl Mébuyca MMeeT cneayroLni
BMA:

(iy*9, —m)yp =0

loe:

) — 4YeTbIPEXKOMMOHEHTHbIN CcNMHOP [upaka, 3KBMBANEHTHbIK OBYM CUMMETPUYHbLIM

OBYKOMMOHEHTHbIM crnnuHopaM Bennsa: nesomy n npasomy ¥ = ://jL , NEBbIN CMUHOP — 3TO
R

CrNMHOBAasi KOMMOHEHTa NeHTbl MéBuyca, a NnpaBbii CAMHOP — 3TO UMMY/bCHAas KOMMNOHEHTA;
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]/M —ramMmma-MaTtpuubl, NTOCTPOEHHbIE Ha KBATEPHUOHHbLIX eANHUNLax;

1 0 .. . .
6# = (— ' a V) - YUETbIPEXKOMMOHEHTHbIN TPaANEHT OENCTBUA,
C

m= (mp . HGh) - Macca €g;,, onpeaenaemMas yrniomM HapyweHUsa KONIMHeapHOCTU TEH30POB
3HEPrMmM UMMynbca n cnuHa.

[na npoBepkn NONYYEHHOrO COOTHOLLIEHMA BO3BEAEM B KBagpaT HalWAeHHOe ypaBHeEHUE
Ounpaka ¢ y4€TOM HEKOMMYTaTUBHOCTM €ro KOMMOHeHT. [lonyumm ypaBHeHue KnenHa-
lopgoHa:

(O+m)yY = 0= E? = p?c? + m?c* (21)

BoiBoAa: CDOpMaI'IVISM Mona ,D,MpaKa ABNAeTCA SMepa>KeHTHbIM cnegcTteBneM KBatTepHUMOHHOTO
Bblpa>eHnAa nHTepBana cobbiTnA B nNATUMEPHOM MPOCTPaAHCTBE €4MHOIo nNosnAa NJAOTHOCTU
SHEeprmnn.

EanHaa BonHoBasa GyHKUMA

YKa3aHHble B popMyne (16) napamMeTpbl ABNAKOTCA cneundmnyecknm onpeaeneHMeM KBaHTa
€cr, WIW MpocTenen maTtepumanbHOW YacTuubl Hallero Mmpa, xapakrepusyeMon MNATbH
napamMeTpamm, cnocobHbIMU B TOW NN UHOW Mepe BAMATb Ha B3anmoaenctema. Hanpumep,
addekTUBHbIM cnnH 1/2 onpepenser 3Ty 4yactuuy Kak ¢$epMUOH, 3apsan KOToporo
3KBMBAa/IEHTEH LLE/TOMY CMUHY M CKOPOCTW CBETa.

Hanunune B napameTrpax NeHTbl KBAHTOBOrO 4Mcsia «n» rOBOPUT O MOAANbHOW CTPYKType
BONTHOBOM GyHKUMU. [eOMETPUYECKN STO MOXOXKE HA NOC/IEA0BATENIbHOCTb BIOXKEHHbIX APYT
B apyra 5D da3-cdep c pagumanbHOM NepuoOAUYHOCTbHO, PaBHOW efuHULE ANUHDI.
MoBepxHOCTHAA MNNOTHOCTb SHEPTUKM Takux chep ¢ y4ETOM KBAHTOBOM ONMPeaenEHHOCTU U
CBA3AHHOCTM BOJIHOBbIX MNapaMeTpoB oOnNpepenseTrca pAas rpasButaumm  Crnenyrowmm
obpasomMm:

ne Sp

41l

_ P _
47T(7’llp)2lp

p

S|r
S|r

3
P
Moa noBepxHOCTbO noapaslymeBaeTca ¢puU3NYecKMit 0O6BEM, paBHLIN MPOU3BEAEHUIO
nnowanun cdepbl N eAMHULI PacCTOAHUA.

OTO ypaBHEHME OTHOCUTCS K MOJIHOM 3HEPTUM MONA rpaBUTaUMmM MaTepuanbHOM Touku (5).
Eé 3HaueHne cBsAI3aHO C NpakTn4yeckn 6eCKOHEYHOM CYMMOM rapMOHUYECKOro paaa:

Nmax
1
Eg=¢p- z n ~ Sp(ll’l Nmax +7) (23)
n=1

roey = 0,57721 - noctoaHHan J/leoHapaa Ouinepa — J/lopeHuo MackepoHu.

Ecnu B3aTb MacLuTab KBaHTOBOM MexaHuku (102° l,), To cymma pana 6ynet ~ 46,052 +y ~
46,629. To ecTb, NONHasA 3HepPrMAa rpaBUTauUMM MNAaHKOBCKOM Macchbl Ha MaclwTabax
KBaAHTOBOW MexaHUKM ByaeTt paBHa TOUHO 47 KBaHTaM, - APO6HbIe NPpMBAnXKEHNA — 3agaHHan
HeonpeaenéHHoCcTb NorapudMmMpyemMom cyMmmel (23).

Y CNMHOBOM KOMMOHEHTbI eCTb CBOSA cneunduka. CyTb €€ 3akito4aeTca B TOM, UTO Ha eé
3Ha4YeHMe okas3blBaeT BAUAHWE MATaA KoopauHaTta neHtbl MéBuyca (16), - COOTHOLUEHMUE
LLUMPWHBbI NEHTbI (TNaBHOW XapakTePUCTUKN CNUHA) U paanyca eé cpeaHen NNMHUKU (TNaBHOM
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XapakTepUCTUKMU nMnNynbca). 3To TOT XpOMOAMHAMUYECKMIA NMoKa3aTenb, KOTOPbIM 3a4aéT
YPOBEHb aCMMMETPUN ABYX KOMMOHEHT: rpaBUTauMmn-mMnynbca n 3NeKTpocTaTUKM-cnmHa
npu B3ammopgenctBuu. [lonarato, 4TO 3TO WM3BECTHAA KOHCTaAHTa TOHKOW CTPYKTYpbl,
onpeaenatwan 3apsag n3 «<ectecteeHHom CucteMbl EanHmnyy».

w 1

—_— ==
n 137

N3 aTOro cooTHOLUEHMA creayeT: anekTpocTatuyeckoe nosne MMeeT CBOWM, OT/IMYHbLIM OT
rpaBUTaLMOHHOro, Habop 5D chepryecknx Mo, COBMELLLEHHbIX C TPaBUTALLMOHHbLIM PSAAO0M.

(24)

[MnoTHOCTb QHEPINN 3NEKTPOCTAaTUYECKNUX MO onpeaenAaeTca COoOTHOLLEHNEM!

_ n137hv, _ 1 hv,, _
2 3
4m(n137L,)°1, ™37 4wl

OTO ypaBHEHME MokasbiBaeT, UYTO 3/IEKTPUYECKUM U MarHUTHbIM 3apAabl HEKOTOPbIM
06pa3oM cBsizaHbl C NOHOM aHepruen 137-Mu CNMHOBLIX YPOBHEN, TOrAa Kak Macca 3apaaa
cBsi3aHa NLLb C O4HUM, NEePBbIM YPOBHEM IPaBUTALLMOHHOM KOMMNOHEHTbI (12):

1 ahv,
_Em n€N,{1<n< Npgyl (25)
p

Ys = ps

137
Ge~qu~{hv, - > k= (hv,-9453) (26)
k=1
NMpepgenbHaa NNOTHOCTb SHEPTNUK 3apAL0B paBHa:
39453 hv
= P — 407 x 107 Ix/m3 (27)
q 3
4m(137 - 1))

OTO Ha 6 NOpAAKOB MeHbLUEe NpeaesibHON NAOTHOCTM aHeprum rpasutaumm (5)

MpnHMMaa BO BHMMaHWE MNPELECCUID UM MArHUTHYKO KOMMOHEHTY, egunHaa ¢GyHKuuA
NNOTHOCTU 3HEpPrun npeacrtaBnAeTcaA B BuMAe TPEX HeaaouTUBHbLIX KOMMOHEHT: ABa
OpPTOroHasbHbIX CMNUHOBbLIX 3N1eMeHTa (HeagaUTUBHOCTb - 3anpeT Bonbdranra lMaynu) n
nmnynsc!

E€ MOXHO cuuTaTb 3HEPreTUYECKMM MOJIEM 3/1IEKTPOHA UMK aHanorom narpanxwuaHa Gh
KBaHTa.

2 1 1 1
w3 | fp)i A “h”v)s 36 “f%)a] = (281 A ahvys A ety | (28)
nEN,1<n< Nygy
roe:
® |—uMMNynbC;

® S —CIMUH;
e (O-npeueccwusn

KBaHTOBasa ¢opma 3akoHoB Mcaaka HbroToHa n Anb6epta AMHLWITENHA

EavHoe none MoxeT paccMmaTpuBaTbCA KakK rpagMeHTHOe B OTHOLWIEHWW MNOTHOCTMU
aHeprmn. To eCcTb B3aMMOAENCTBME CBA3AHO C cCynepno3uunen nmanm BeKTOPHOM CyMMOU
rpagveHToB.
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OCHOBHbIM BOJIHOBbIM ypaBHEHMEM, TMpeacTaBALWMM pacnpeaneneHme MNNoTHOCTU
rpaBUTaLLMOHHON 3HEPIUM OAHOW KBAHTOBOW eAMHMLbI Macchl, ABNAETCA cneaywllee (22)

*k ke

1
l/)izpnOCEEP nEN < Npygx (29)
COOTBETCTBEHHO, rpaAMeHT NIOTHOCTM rPpaBUTALMOHHOM SHEPrUK NpeacTaBnAeTca Tak:
H
- l 1 1 1
:Vlm._ngf’.(__ ):g;.— 30
?(-) Yy L P \n n+1 PP nn+1) (30)
roe (iﬁ) — eIMHWNYHbBIV BEKTOP PaAManbHOro HanpaeneHusa .
14
Lnn+1)=R: n>1 (31)

B pesynbTtate paclundpoBkm KBaHTa a3HEPTUN, NOACTAHOBKM €AVUHULbI PACCTOAHUS B YNCNUTEND
M B 3HaMeHaTenb, U Nepexoaa Ha Moay/bHble BEIMUYMHbBI MO/ly4YaeM creaytoulee:

:@)ﬂ*( b >.mp'mp:(;._mv'mp (32)
14

Rz~ \zm,) ~ RZ RZ

@

| ()
3TO ypaBHeHI/Ie CHnNnbl rpaBI/ITaLI,IAI/I I/IcaaKa HbI'OTOHa, HO C pa,D,MKal'leblM oTIndmem. Mbl
paccMaTpmnBaeMm MatepmanbHoOeE nosie ¢ orpaHNYeHMEM CKOPOCTWU BOJIH rpaBmtauinimn «C».

MHTepecHbIM ABNAETCA TO, UYTO 3Ta GopMyna AEeNCTBYET Ha BCHO rMybuMHY nons, — A0 O4HOW
eanHunubl paccToaHua (n=1) n 4o 04HON NN1aHKOBCKOM Macchl mp!

Tak >ke NPOCTO MOXHO MPOBEPUTb KOBApPMAHTHOCTb MO OTHOLWEHU kK «O6uwen Teopumn
OTHOCUTENBHOCTU», YUUTbIBAA €AMHCTBEHHOE YCNOBME: KBAHTOBOE umncno n > 1. Ha atom
MacLiTabe npocTpaHcTBO [epMaHa MMHKOBCKOro NnpeacTaBnAeTcsa NpakTMYecky NNOCKNUM U
TeH30p AnbbepTa OMHLITENHA MMEET KNacCu4veckni Bua;:
8nG
— — ; 2
G =3 T Ty = diag(pc®,p,p,P) (33)
N3 ypaBHeHUs (22) NNOTHOCTb 3HEPrUN U AaBNEHWE TpaBUTaALMUM IKBUBANEHTHbI WY
paBHAKOTCA:

&

L—  p=pc? (34)

p =
4711‘15

MoacTtaBnseM 3TUM 3HAYeHUA B ypaBHEHMe OWHLUTEMHaA W MNoslydyaeM BCE KOMMOHEHTbI
TeH3opa.

G 8nG 2 G 8nG 2 35)
00 = .z PC" = rr = .z PCYrr = Grr
c rl, c rl,
8nG T - 2r
Ggg=c_4pC r =T Gpp = Ggg Sin 9=l—51n 0
p p

Mony4yeHHbIE KOMMOHEHTbI MMEIOT pa3dMepHoOCTb, cooTBeTCcTBYOLLYO OTO. OuyeHb CUAbHO
ynpouieHbl $opMann3MoM KBAHTOBOro NonfA, — A0 MJaHKOBCKOro 3HayeHua anunHbl. He
copep>XkaT NMPU3HAKOB CUHIYISPHOCTU, — [A0CTUraldT MakKCMManbHOro 3HauYeHuA npu

paguyce, paBHOM 1. [M/TIOTHOCTb S3HEPTUU COAEPXKUT NPU3HAK BpaLlLeHna (1/r) ****,
11



CTpykTypa €OouHOro nonAa ecTecTBeHHbIM 06pa3oM nopoXaaeT rpaBUTaLMOHHOE TMone,
oTtBevatouiee O6wen Teopun, n copmep>xxmt B cebe npegckazaTesnbHbie ¢dakTopbl ANA
acTpodunsunku.

BoiBoa: n teopua Kcaaka HbroToHa, n Teopua Anbbepta DMHWTENHA TepAOT CBOW
dyHAaMeHTanbHbIN XxapakTep, CTAHOBATCA 3MeEPA>KEHTHbIMU MO OTHOLLUEHUIO K eQUHOMY
MosIt0 NAOTHOCTU 3HEPIUN ***,

KeaHTOBasa ¢opmMa 3akoHa LLlapna OrrocTteHa ae KynoHa

BonHoBaa ¢yHKUMA CNMHOBOM KOMMOHEHTbl €4WUHOro nona MoXeT ObiTb paccMOTpeHa B
dopMe rpagmeHTa NAOTHOCTU CNMHOBOM aHeprum (16):

" n137hv, 1 ahc EN<N (36)
(n) = = —" n =
T an(137a)’, oAl "
_p E,’ . ahC(l 1 )_é ahc 1 37)
by = Vs \ )= gz v 1) T am Batr D
roe (iﬁ) — e[VIHNYHbI BEKTOP PaAManbHOro HanpasneHua 7.
14
Bn(n+1)=R: n>1 (38)
|l7 | _ ahc 39
Vsl = 4TR2 (39)
«Q» 3KBUBANEHTHA KBaApaTy 3apsAaa 3N1eKTPoHa Yepes NNaHKOBCKMI 3apag,
e? = aq} (40)

hc
MoaToMy KOHCTaHTy KynoHa MOXHO Bblpa3uTb Tak: k=q—2. Toroa nepeBof rpagmveHTa
P
SHeprumn B KyIOHOBCKYO CUY AACT CieayloLLee BbipaXeHue:
v hc e? ke-e 41)
en = 35 " p2 - "o
dp R3 R3
Kak MOXXHO 3aMeTUTb, MOMy4YeHO TOUYHOE BbipaXKeHne cunoBoro 3akoHa KynoHa ana sapagos
anekTpoHoB. OcTanocb paccumMTaTb SMeKTPUYeckyto nocTofHHy. OHa, B paMkax
NPUMEHEHHOrO NNaHKOBCKOro dopManuaMa, aBnAeTca QYHKLMEN KBagpaToB 3apana
3NeKTPOoHa M NNaHKOBCKOro 3apaaa.
2 2
dp e

o = 4mthc - dmtahc (42)

KBaHTOBbIE ¢OprI CU/IbHOIoO " aneKTpocnaﬁoro B3aMMoaencTBun

B paccMoOTpeHHOW CTpyKType ypaBHEHWUI O0BO/IbHO OYEBUAHbBIM Ka)keTcA ornpepeneHue
CUNbHOIO U 3anekTpocnaboro B3ammogencteun. Popmyna Mcaaka HbroTOHaA nos3sonser
onpeaennTb CUNy B3auMoOAeENCTBMA ABYX KBAHTOB MacChl Ha AUCTaHLWN, paBHOW eguHULE.

m
F, = G—2~10*2H (43)
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To >ke oTHOocUTbCA K ypaBHeHMto Lapna OrtocteHa ae KynoHa ana AByx 3apAaao0B 9/1eKTPOHa-
no3nTpoHa.

eZ

F,=k———~10°"H (44)
(137-1,)

HanaeHHble BENNYNHBI MO3BONAIOT, NPEANO/IOXUTb, YTO UMEHHO Takne CTPYKTYpPbl pacyYEToB
COOTBETCTBYIOT paccMaTpuBaeMbiM popMaM B3aNMOLENCTBUA.

Mpn 3TOM rpagneHT NIOTHOCTU SHEPTUKN rpaBmUTaumMm Ha MaclwTabax 6 TIM3KUX K eAUHULLE Ha
nATb NopAakoB 6Gonblie rpaguveHTa MJOTHOCTU SHEPrum 3nekTpoMarHetuama. loatomy
rpaBUTaLMOHHYHO CBA3b KBAHTOB MOXKHO acCOLMMPOBaTb C IMIIOOHHOMN, a 3N1eKTPO-(YCNOBHO
W) - MarHuTHy1o-(ycrioBHO Z), - c 6030HHOMN.

Martepusa - AHTUMaTepua

Eweé oaHMM MHTEpPECHbIM CBOWMCTBOM NeHTbl Mébuyca saBnaetrca 1o, UTO B 3epKasibHOM
OTpa>XeHUn M reomeTpuyeckn, U GM3NUYECKN OHa CUMMMETPUYHA. TO eCTb Mbl MOXEM
roBOPUTb O Matepmm — aHTUMaTeEpPUM.

PucyHok 3
3epkanbHas cMMMeTpMA aCUMMETPUUHBbIX 3/IEMEHTOB MaTepum U aHTUMaTepum

rlpe,D,ﬂO)KGHHbIVI PNCYHOK NoKa3biBaeT, YTO BCE TPUN TEH3O0PHbIE KOMMOHEHTbl KOMMNO3NTHbIX
KBAHTOB 3HEpPrmMn HanpaBneHbl CTPOro B MNPOTUBOMO/IOXXHbIE CTOPOHLI. To ecTb wux
B3aMMOAENCTBME A0/IKHO BbITb aHTUNCUMMETPUYHbIM!

® UNMNYyNbC-aHTUNUMNOY/NbC, TPaBUTaALUMNA-aHTUTPaABNTaLLNA,
® CMNWUH-QHTUCMNWH, 3NEKTPOMArHeTn3M -aHTU3NEKTPOMArHeTn3M.

AHHUITMAALMNA HEBO3MOXHA MOTOMY, YTO HEBO3MOXHO COCYLLLECTBOBAHME B O4HOMN TOKaL UK.
Matepua n aHTMMaTepmsa 4ONXKHbI HENPEPBLIBHO yAaNATbCA APYr OT Apyra. Hawa BceneHHas
AEeNuUTCA Ha ABa MUpa: MUP MaTeEPUM M MUP aHTUMaTepPUn. B HUX BONHOBbIE MUKPOMPOLLECCHI
aHTUCUMMETPUYHbI, CYyNnepno3nLmna NckoueHa.

B cBsA3M c 9TUM CTAHOBWUTCS MOHATHbIM, MOYEMY 3/1IEKTPOH M MO3UTPOH OTHOCATCHA K
MaTepunanbHoMy Mupy! MIX MMNynbCHble KOMMOHEHTbl HamnpaBAeHbl APYr Ha Apyra, OHW
NPUTATMBAOTCA M MO3TOMY MOTYT aHHUTUIMPOBATb.

PeBonouuna B KOCMONOrMn u npoucxo>xaneHue TEMHOM MaTtepun

QueBmaHoO, Takom MUpP Mo codepXXaHuo aenntcsa B cpeaHeM 50% Ha 50%. lNpu atom
Hanbonee BepoATHO 6€CKOHEYHOEe MHOXECTBO MNepPeMELLlaHHbIX KNacTepoB, aKTUBHO
yaanawnwmxca gpyr ot gpyra n3-sa aHturpasutaunm, n Takxke akTMBHO CXMMaloLWmMxca oT
cobcTBEHHOW rpaBuTauuun. Cxkatue KnacTepoB A0 MNpeaesnbHOW MNAOTHOCTU 3HEPTUNn,
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conpoBoXXpaetcA 9NEeKTPOH-MO3UTPOHHBIM AHHUTUNAULMOHHBIM B3pPbIBOM, B pe3ynbrTaTte
KOTOpPOIro BO3HUKAKT Matepma n aHtnMmartepuma.

OHM pasnetatoTcs M NepepacnpenendAtoTcs B CYyLLECTByWOWMUX U obpa3oBaBLUMXCHA
knacTtepax. M Tak o 6eCKOHEeYHOCTU B MPOCTPaHCTBE U BO BpeMeHU. BceneHHas noxoxa Ha
H6eCKOHEYHYI uepeay NokanbHbIX B3PbIBOB M MOKaNbHbIX KOHAEHCaLUU. BO3MOXHO, nmMeeT
BUA AMHAMUWUYHOWM NeHbI, FOe Ny3blpy CX/IOMNbIBAKOTCA U HaaQyBatoTCS.

Mpepnaraetca GeHOMEHONOrMYECKNN narpaH>XuaH Takon BcenernHom

L, = %(aﬂcb,v,)2 + % (8,®,)" - % (DF —v?2)? — %(Cbﬁ — )2 — %CD,ZV,CDE, (45)
roe:
A > 0 - KOHCTaHTa aHTUrpaBUTaLMM Mexay MUPOM Matepun @, 1 MUPOM aHTUMaTepun ®,;
A-mMacwTab, PeHOMEHONOrMYecKknin napamMeTp MmMpa, BO3MOXHO KBAaHTOBaA KOHCTaHTa k;

U — NIOTHOCTb 3Heprum Bakyyma (10) Mmexxay knactepamu.
A 22 12
. dpy P4 — oTpuuatenbHoe gasneHne, GakTtop YCKOPEHHOro pacLUpeHmA.

KoHcTaHTa aHTUrpaButaunm A noka octaérca eHOMEHONOTMYECKMM NapaMeTpoM, 0gHaKo
€é 3HaueHume MoxeT O6biITb OnpeneneHo M3 KOCMOMOrMyeckux HabnwgeHun (Temn
YCKOPEHHOro pacLlumpeHmsa).

I'Ip|/| aToM 60/bllas 4yacTb MaTepumn U aHTMMatTepmn CKpbiTa B BakyyMe, NMMeEeET TéMHyI-O
d)OpMy, 9KBUBANEHTHYIO MMHyﬂbCHom KOMMOHEHTE MMM MNNAaHKOBCKOW Macce, CKprTOl\/'I B
KBaHTE €gp. Macca nnm sKBMBaNEHT Macchl 9NneMeHTapHbIX 4YacTumLl cocCTaBnAeT Manyro
4acCTb, 3HeEpPrma KOTOpOVI conocTaBMMa C MacCOM KBaHTa WAun ONEeKTPOHa-NMNO3NTPOHaA.
I'Ipep,naraeToﬂ KBAHTOBAHHbIN narpaH>xuvaH TEMHON MaTtepmnn:

1 2 1 Ep
Loy = E(aux) - Em,%,xz +./-g <x2§R — 9§x> (46)

roe:
0 = 10723 - oLLeHOUHbIN NapaMeTp MacChl KBaHTa €gy;
My, — eAVHMLA MacCbl, MNaHKOBCKasA BEMUMHA;

& — KOHCTaHTa CBA3M C KpMBU3HOW R;

£
l_?z’)_ MakcumMasibHaAa NJAOTHOCTb SHEPINK NOJA;
(4

X —none, CKPbITON B KBAHTE €;,CYMMapHON 9HEPTUN UMMy bCa.

OCHOBbI KBAHTOBOM XPOMOANHAMUKMU

Mown no3HaHMA B 06nacT COBPEMEHHOM XPOMOANHAMUKN CUNBHO OrpaHnU4YeHbl, N03TOMY A
nonbiTakoCb NPEAsoXNTb cneumanmucTtaM OCHOBbl MOEW TMMNOTeE3bl B MPUMEHEHUN B 3TOM
obnacTu.

OueBnaHO, BCe cyulecTByroLMe GpopMbl «CTaHAAaPTHON MOAETN» MOTYT BO3HUKHYTb TO/IbKO
B 06/1acTaAx, rae nNnoTHOCTb aHeprun 6am3Kka K npeaenbHoMy 3HadveHuto (5)(27), To ecTb Ha
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onctaHumax 6nnM3Kux K eamHuue paccTtoAaHuA. 3aecb rpaamMeHTbl NMIOTHOCTU 3HEPrnm
MMMynbca U MOMeHTa MMNYyNbca NONyYatoT CBOUM MakCUMYMbl A0 Y2 NNaHKOBCKOW eaAunHULLbI
SHEpPrnmn Ha eanHMLy paccTtosaHusA. MNpy 9TOM rpagmMeHT NIOTHOCTU 3HEPrnn MMNynbca no
Mepe cbnmXKeHMa KBAHTOB HapacTaeT CyLlecTBEHHO ObicTpee rpagneHTa MnI0THOCTU
cnuHoBoW 3Heprun. Cuna rpaBUTauMoOHHOro nNputaxeHus (43) Ha 5 nopaakoB 6onblue
anekTpocTatuyeckon cunol (44). NMoatoMy, BO3bMy Ha ceba cMenocTb yTBep>XKAaaTb, UTO
cunbHoe n anekTpocnaboe B3aMMOAENCTBMNA HE CBA3aHbl C KAKUMU-TO GyHAAMEHTaNbHbIMU
nonamn. 910 GOpPMbI rpaBuUTaLMM U 3M1eKTpoMarHeTuamMa Ha O4YeHb Manblx MacwTabax,
6nn3knx K 1.

NMpuHMMana BO BHMMaHME TOMOMOrMYECKYHD OCHOBY 4acTUL W UX MNONEen, MOXHO
NnpeanonoXmnTb, YTO C/IOXHbIEe 3/M1EMEHTbl MaTepuu: HEWUTPOHbl, MPOTOHbI W Apyrue,
coaepxkallue B CBoel CTpykType aABe 1 6onee yacTtuu, obpasyrotca NyTéM cueneHna unm
3anyTbiBaHWA OAMHOYHbIX NeHT Mébuyca Unu, Kak 3To yKkasblBanocb paHee, 3N1eKTPOHOB -
NO3MUTPOHOB.

KoHdalHMeHT

B obnacTtun npegenbHOM NNOTHOCTM 9HEPTMn 5D CNUH-UMMYNbCHBIE BO/HbI ABYX KBAHTOB €4p
(anekTpoHa 1 NO3UTpPOHa) MOryT NPONTN cBoeobpa3Hoe Cynepno3nLMOHHOE CANAHUE UMK
cuenneHne CBOUX NEHT NyTEM COBMELLEHMA MO OAHOMY U3 CBA3AHHbIX C rpaBuTauunen
KBagpaTtoB dakTop-npocTpaHcTBa (16). Takoe cuenneHne MOXKHO naeHTudMLmMpoBaTb Kak
rnrooHHoe. To ecTb KOHdaAMHMEHT — 3TO He OB6MeH rnoHaMWu, Kak 3TO TpakTyeTcA B
ctaHgapTtHon KX[, a 9HepretMyecku ycToMumMBasa Cynepno3muma rpaBUTaLMOHHBIX
KOMMOHEHT ABYyX U 60nee KBaHTOB €p.

CyMMa 3Heprum CnmBLUMXCA KBaApaToOB HE MOXET MPEBbICUTb OAWUH KBAHT (ep), noaTomy
YacTb QHEPrUM — BTOPOWN KBaHT (ep), ocBoboxxpaetca. MIMEHHO ero MOXXHO COOTHECTU C
rMOOHOM. OTO TOT caMbii aedeKkT rpaBuTauum, KOTOPbLIM AOSKEH YpaBHOBELUMBATbCH
nAedekraMm OBYX CMUHOBBIX U ABYX MPELECCUOHHbIX KOMMOHEHT B3aMMOAEMNCTBYHOLLMX
kBaHTOB. OHM MoauuHAKTCA NpuHUMNny 3anpetoB [laynu. Bce mx akcmanbHble BEKTOPbI
OO/MKHbl  6blITb OpTOroHanbHbIMW. [lepexod K B3aMMHOWM OPTOrOHasIbHOCTU YeTblIpEXx
aKcuanbHbIX BeKTOpoB TpebyeT 3aTpaT 3Heprun. OTO0 M ecTb AedekT CMUHOBOW U
npeueccumoHHom 3aHeprun - W, Z 6030Hbl. B3anMHaa OpPTOroHanbHOCTb YeTbIpPEx,
nepBoHayanbHO KOMMMHEapPHbIX BEKTOPOB CO34a&T anekTpoMarHutHyto (+) cummetpuio,
onpeaenarLwyto 3apagoByto eanHmuy KX, - 6ecuBeTHOCTb, MPUCYLLYHO TakoOMy BUMHapHOMY
6030HY KaK PpOTOH.

Takolh MexaHW3M KOHpaMHMeHTa MOXXHO NpeanoXxuTb Ana 6osee CrOXHbIX 4YacTuu,
HanpuMmep, ons KkBapkoB 1 6apuoHoB. MNMpuHUMN 3akntoyaeTcs B TOM, Tpu neHTbl Mébuyca
MoryT 6bITb GOpManibHO COBMELLLEHbI Ha YeTbIpEX KBaApaTax ogHoro ¢aktop-npocTpaHcTBa:

Nenta | Q1 | Q2 | Q3 | Q4
A Q1 | Q2 | Q5 | Q4
B Q1 | Q3 | Q4 | Q2

C Q1 | Qs | Q2 | Q3
Tabnuua 1

15



Keagpat Q;HenoABu>XXeH Yy BCex TPEX JIEHT — pe3ynbTaT COCTOABLUENCA Cynepno3nLmm
rPaBUTALLMOHHbLIX COCTaBAAKOLMX WU NEPECTaHOBKM CMNUH-NPELECCUOHHbIX KOMMOHEHT.
Takke 310 ocb noBopoTa. NMpn 3TOM pe3ynbTaT NepecTaHOBKM MOXET ObiTb TONbKO B BUAE
TpeyronbHuka (3anpet MNaynn):

2T 2T 21
Qz?_’Q3?"Q4?_’Q2 (47)

Bce Tpu neHTbl 9KBMBANEHTHbl, - HW OAHa He BblaeneHa. becuBeTHOCTb BbiTekaeT U3
reoMeTpun -NoMHbIN LKA 2Tt TOXXAECTBEHEH cyMMe pa3 06xoaa. BoamMoykHadA nepecTaHoBKa
TPU U3 TPEX CMUH-NPELECCUMOHHbIX Ayn/aeToB paBHO 6. MOXHO TpakToBaTb Kak LUECTb
kBapkoB. O6beanHEHME TPOeK KBApKOB B paMKax 3/IEKTPOMarHUTHOW CUMMETPUU UN
anekTpocnaboro B3auMmMoaencTBMA 4aéT HEMTPOH U NMPOTOH.

TaknuM o6pa3oM TpeyrosbHas CMMMeTpUA NeHT Ha 6ase rpaBUTaLLMK peLlaeT BCe BOMPOCHI
obpasoBaHunA 6apnoHoB. Bcé peluatoT rpaBuTauma U 3/1IEKTPOMarHeTu3M.

AcuMnToTnueckasa ceobopa

MepBble MoAbl BOTHOBOW QYHKUUM WUAN KBaHTbl €;; (28) 310 obnactm eanmHoro nona c
npegenbHO AONYCTMMOW MN/IOTHOCTbKO 3HEPruu, rae rpagveHT MAOTHOCTUM Mcuye3aer.
MpocTpaHCTBO 1 BpeMsA nosy4vatoT NpeaenbHo A4onycTuMble napaMeTpbl. Bo3HukaeT pakTop
acuMnToTMyeckom csoboabl CyLLeCTBOBAHMA YacTul,.

LiBeT KaK Tonosnorua KpoMku nieHTbl Mébnyca

ﬂpep,nonaram, 4YTO B paMKax paCCManMBaeMOVI MoAaeNnn Tpu UBeETa CTaHﬂ,apTHOVI KX
COOTBETCTBYHOT TpéM BO3MO>XHbIM BapuaHTaM OopmeHTaumnm akCcmanbHbIX BEKTOPOB CIMWMH-
HpeLLeCCMOHHOVI napbl OTHOCUTE/IbHO HaMnpaB/1€EHMA BEKTOpa MMNyJ/ibCa. KpOMKa NEeHTLbI
Mé6myca MOXKeT 6bITb 3aKpy4yeHa TpeMA cnocobamu, CcOoOoTBETCTBYHOLLLUMU TpéM KOPHAM
KBagpatHbIM N3 eanHWLbl B MTOCKOCTU MNMpeLeccunun.

2

wy, = eG™K) e (01,2} (48)

9T Tpn KoOHbUrypaumnum HeagouTuBHbI (3anpet MNaynn), HO B paMKax KOHPaMHMeHTa TPEX
NEHT UKW NPW COBMELLEHMM Nap KBagpaToB 04HOro ¢gakrtop-npocTpaHcTBa NeHT Mébuyca
CyMMapHasa aCUMMeTpuna KPOMOK NePEXOANT B CUMMETPULO, KOTOPYH MOXKHO OTOXAECTBUTb
c 6ecUBETHOCTbIO cTaHaapTHoOM KX/.

Narparxman KX,

EonHoe BonHOBOE ypaBHeHWE MAIOTHOCTU SHepruu (28) nonA KBaHTa €, COAEPXKUT TPU
KOMMOHEHTbI, ABMAKOLLMECA, KAaK Mbl BbIACHWAW, B TPEX TOMONOrMYECKM onpeaenéHHbIX
KOHbUrypaumnax, TpemMa LBETOBbIMU 3apAAaMm, MOXKHO cHMUTaTb narpaH>kxnaHom KX[.

Lyxn =*s (W§ ANPS APy c € {r, g, b} (49)

roe: *g — NATUMEPHbIN; C — OPUEHTaLMA KPOMKM NTIEHTHI, LBET; (N=1) — nepBad Moaa eauHOM
BO/THOBOM GYHKUMMK, Npenesn NIoTHOCTU SHEPTUN.

Kak cneactBue, 6apnoHHbIA cuHrNeT (3x3 KBaHTa €;;) — 9TO ABa 06beAnHEHUS (MPOTOH,
HENTPOH) TPEX LBETOBbIX TPMAaL NN KBAPKOB:
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L6apnox—1 =*g [Uce{r,g,b} W’f APs A ¢§}n=1] (50)

[MepecTaHOBKKM TPEX LBETOB MO TPW AalOT LWECTb KBAapKoB, 4To cooTBeTcTtByeT SU (3).
MpeactaBneHHOE ypaBHeEHME He TpebyeT kKanmbpoBoUHbIX NoNnen u reHepaTopoB SU (3) kak
nepBuYHbIX 06bEKTOB. BCE cBA3aHO c Tononormnen neHTol MEBNyca.

JnHamunka npoueccos, Kak 3To cnenyeTt U3 npeablayLero Tekcta pernaMeHTMpoBaHa AByMA
3akoHamu: rpasuTaunn Mcaaka HetoToHa 1 anekTpoctatukm WWapna Ortocta ae KynoHa. Nx
KBaHTOBble GOpMbl NpuBeaeHbl paHee (32, 41). YpaBHeHuMA XKo3eda Jlyn JlarpaHyka cTpoaTca
B paMKax aunddepeHUManbHOro WUCUYUCNEHUA, KOTOpOoe B KBAHTOBOW ¢GU3MKe UMeeT
orpaHunuyeHune. lloatoMy amHamumueckme npeobpaszoBaHune narpanHxmaHa KX (50) He
BO3MOXHbl.

3ak/roueHue

MpeanoXeHHaa KOHUENUMA eaAMHOro nosa NAOTHOCTWM 3Hepruun, 6asmpyrowiaaca Ha
«EcTtectBeHHOM CucrtemMe» Makca lnaHka v nocTtynate 0o HeENPEPbIBHOM, OAHOPOAHOM W
M3OTPOMHOM KOHTUHYYME MaTepumn-npocTpaHCTBa-BPEMEHWN, MO3BOMAET MO-HOBOMY
B3r/M1AHYTb Ha PyHOAaAMEHTalbHble OCHOBbI COBPEMEHHOW PUINKN.

Baszon npepnoxeHHon paboTbl ABnAetcA ¢dopMynnpoBka «3akoHa METPUYECKOW
onpenenéHHOCTN N CBA3AHHOCTM NapaMeTpoB», COMMaCHO KOTOPOMY Ntobon dpusmueckni
napameTp CUCTEMbI KpaTeH LLe/IOMYy YMCY NNaHKOBCKUX €AUNHUL,. DTOT 3aKOH orpaHnymBaeT
MacwTab NpUMEHMMOCTM NpUHUMNa HeonpenenéHHocTu lemseHbepra n «HepaBeHCTB»
benna, paspewas TeM camMbiM gaBHUN cnop OMHLWTENHa 1 bopa B Nonb3y AeTepMnHM3mMa
OnHwTenHa: «bor, BCé-Taku, He UrpaeT B KOCTW».

CuHrynapHocte B OTO o6baBnAercaA MaTeMaTUUYeCKUMM MpeyBe/IMYEeHMEM, €€ MecTo
3aHMMaeT o6nacTtb nNpeaenbHOW MNAOTHOCTM 3HEPTMM C  TOPU3OHTOM  COBBLITUN,
onpepnensembiM paguycoM Kapna LWeapuywunbaa.

KnroueBbiM TONOMOTMYECKNM peweHneM CTaHOBUTCA JIEHTa Mé6myca, reomeTpuA KOTOpOVI
€CTeCTBEHHbIM o6pa30M o6beanHsET " CUHXPOHU3NPYET HEaaOANTNBHbIE UMNY/TbCHYO U
CMMHOBYHO KOMMOHEHTDI. Ha eé ocHoBe BnepBble NnosyyeHbl aHanINTU4YeCKmMeE Bblpa>KeHNA
ONA NOCTOAHHOM TOHKOM CTPYKTYpPbI 1 3apAga 3N1eKTPOHaA-NMNo3nMTpoHa 4yepea uenbvie 4nmcna,
YTO yKa3bliBaeT Ha Tonosornyeckoe, a He cnyqaﬁHoe npomncxoXxgeHme aTux KOHCTaHT.

B kocMonormu 3epkanbHaa cuMMeTpuA nNeHTbl MéE6Guyca npeackasbiBaeT paBHOE
CyLLeCTBOBaHME MMUPOB MaTePUM N aHTUMaTepun ¢ 3P PEeKTUBHOMN aHTUTPaBUTaALMEN MEX DY
HUMUK, 4TO 06DbACHAET ycKopeHHoe pacwunpeHne BceneHHon 6e3 npuenedveHus ACDM.
TEMHaA MaTepusa MHTepPNpPeTUpyeTCcsa Kak CKpbiTaa rpaBUTaLMOHHAaA SHEPTUA B KBaHTE €gp
WKW B NNIOTHOCTWN SHEPTUKN BaKyyMa.

Taknm o6pa:30M, TEOPUN HbtoToHa K 317IHLIJTel\/'IHa, aNneKTpoanHaMmkKka n KeaHToBad MexaHUKa
TEPAKOT cBOM (I)yH,D,aMeHTaﬂbeIVI Xapaktep, CctaHOBACb aMepAa>XeHTHbIMMU CcnegcTtBMAMU
€ANHOIro BO/IHOBOIo ypaBHeHUNA NATUMEPHOIo KOHTUHYYMa.

MpennoxeHHbIN GOpManmM3M He TONbKO YyCTpaHAEeT CYLLECTBYOLLME NPOTMBOPEUNA GU3UKMU
(cuHrynapHocTb, Nnpobnema Habntopgatend, NokanbHOCTb), HO WU 3a4aéT HanpaB/eHMe anA
byaywien MateMatmsaumm KBAHTOBOWM XPOMOAMHAMUKM 4Yepe3 MHOro-mofasbHble
3anytaHHble fleHTbl Mébuyca. 3IkcnepuMmeHTanbHas MNpoBepka  NpeackasaHHbIX
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LEeNOYNCIEHHbIX COOTHOLLUEHUN A1 MOCTOAHHOW TOHKOM CTPYKTYpPbl CTAHET pelualoLlmnm
TECTOM NpeasioXKeHHOMN NapaaurMsl.

I'Ipe.qnaraeMble AKCrNnepnuMeHThbl

N21. NMpoBepkKa NnpeacKkazaHUA NOCTOAHHOMW TOHKOW CTPYKTYpPbI

YTo npoBepAeM: NonyvyeHHOe aHaINTUYECKOE Bbipa>keHe KOHCTaHThbl a
a=1/137 =0, (00729927)

CODATA paér:

a=1/137,036.

PasHuua: 0,026%.

Kak npoBepuTb: Mcnonb3oBaTb 9KCMEPUMEHT MO aHOManbHOMY MarHUTHOMY MOMEHTY
3/1EeKTPOHa (g-2) — caMblh TOUHbIN MeTod U3SMEePEHUNA A Ha cerogHa (TOYHOCTb ~107"°). Ecnm
nocne y4érta Bcex nonpaBok K3/] aHaueHue a cmcteMaTM4yeckn CMeLLeHO B CTOPOHY 1/137
— 970 Oyner cepbE€3HbIM KOHTPaApryMeHTOM CTaHAapTHOM MoAenn M MNOoATBEPXOEHUEM
npeano>XXeHHOM TONoMorMyeckom Gopmynel.

lne penatb: nabopatopun ¢ yctaHoekamu Tuna LKB (Mapwx), Napeapa (Mlabpunase), UW
(BawmHrToH).

N22. NMonck NeHTOYHOM TOMOJ/IOrMKM B pacnapax yacTtuy,

Yto npoBepAeM: MoAeNnb, COrMacHO KOTOPOM 3MEKTPOH-NMO3UTPOHHAs napa — 3TO He
Toue4yHada yacTtuua, a Bo3by>KaéHHOe COCTOsIHUE NeHTbl MéBMyca ¢ KBAHTOBbLIMW YMCNaMun
(n=137, k=1). Otcloga cneactBmMe: aHHUTUAAUMA «e*e™» [onKHa MNPOoABMAATb YrNoBble
aHoManuun, cBfi3aHHbIe ¢ Tononormndyeckon dasom beppu.

Kak npoeeputb: B Konnamgepax (Hanpmumep, BOMMM-2000, DA®NE, Super KEKB) nposecTtu
nPeun3noHHOE N3MepeHMe YrMoBOro pacrnpeneneHna raMMa-KBaHTOB MPW aHHUTUAALUMK
«e*e”™». CtaHpapTtHaa KO/l npeackasbiBaeT rnagkoe pacnpeneneHue (sinze). Mopaenb n3-3a
cnmnpanbHOM KPOMKM NeHTbl MEBMyca npeackasbiBaeT MOAYAALIMIO 3TOTO pacnpeaeneHus c
nepuoaoM, KpaTHbIM Tt/2, 1 3aBUCUMOCTbO OT CNUPanbHOCTU MYYKOB.

lne nenatb: MAD (HoBocnbupck), LNF (PpackaTtn), KEK (Llyky6a).

MporHo3: npu ctatnctuke >10° cobbITUII MOXKHO OB6HAPY>XKUTb OTKNOHeHue ~107°=107° ot
Ko4.

N23. (am6uumosHbIN) Mouck aHTUrpaBUTaLLUM MeXXAy MaTepuen u aHTuMmartepmen.

YTto npoBepAeM: Te3UC M3 KOCMOMOrMYECKOW 4acTW, UYTO B3aMMOAENCTBME K1acTepos
MaTepuun U aHTMMaTepumn aéT oTpuuaTenbHoe AaBneHne N aHTUrpaBuTaumnio (KoHcTaHTa A
B narpaHxuaHe L,_).

Kak npoBepuTb: MOUCK KOCMUYecKMXx 0O6bekToB wuam obnacten, coaep>xalmx
Heob6bACHMMbIE aHOManuUu. ABHOE yaaneHne KOCMMUUYECKNX 06BEKTOB OT 6/IN3KUX BUANMBIX
LEHTPOB NPUTAXKeEHMA, BNIOTb A0 Y/.
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MpuMmeuaHua

* Mbicnb 06 OTCYTCTBUMN pa3MepoB MeHbLLE MNIaHKOBCKNX BbiCKa3biBasiacb caMuMm lNnaHKoM
(1899) n nogTeepxxpanachk B pabotax bappoy (2002) n XXambanbekoea ¢ ApynuHbiM (2019).
Nutepatypa 1, 2, 3, 4.

** MMpuHUKMN HeonpenenéHHocTn BepHepa len3eHbepra B paMkax «3akoHa MeTpUYyeckon
CBA3aHHOCTM NapaMeTpoB» KaXkeTcAa He oTBevarowmM mMacwtabam kBaHToBOW obnacTtu. B
KBAHTOBbIX €AMHULLAX COOTHOLUEeHWE HeonpenenéHHOCTU MMeeT CTPOro onpenenéHHoe
3Ha4eHue.

L, 1

<mp tp> b= 2

Bce ¢umsmyeckne BeNMUYMHbBI CUCTEMbI KpaTHbl €OMHOMY LenoMy uucny «k». B gaHHOM
KOHKpeTHOM crniyvae k=1. [NoaToMy noHATME dyHAAMeHTaNbHOM HeoNpeaenEHHOCTN TepAeT
cMbicn. NponseeneHne CONPAXKEHHbBIX BEMMYMH CTAHOBUTCHA CTPOro AETEPMUHUPOBAHHbBIM,
npMHMMaa MaTeMaTu4yeckn CcTporme KBaHTOBaHHble 3Ha4veHMA. Ha MacwTabax KBaHTOBOW
MeXaHUKU (102°~lp) nPUHUMN [o/KeH AencTeoBaTb, TakK KakK BOMTHOBblE CBOWCTBA
3/1EMEHTapHbIX YacTUL, CTaHOBATCA cyuiecTBeHHbIMM. OueBuaHO, npuHuun BepHepa
len3eHbepra ABnsaeTcA TeOpPeTUYECKUM MNOATBEPXAEHMEM BOJIHOBOWM NpMpoAbl HaLIero
Mupa.

B oTHOwweHMN «HepaBeHcTB» [>koHa benna. OHM NOCTpOEHbI HA HENO/THOM 3HaHMM 6a30BbIX
YC/NOBWUW, HO ageKkBaTHbl HacToALWlEeW napagurme. B pamkax chopMynmpoBaHHOro 3akoHa
CyLlecTByeT >XEcTKaAa KoppenauuAa Bcex napamMeTpoB cucTtembl. [losToMy, kakume O6bl
MPOCTPaHCTBEHHO-BPEMEHHbIE MNapaMeTpbl OHAa HW WMeNa, MepHble 4ucra BCex eeé
napamMeTpoB Bcerga ooHW U Te Xe. [JeTepMMHU3M cucteM abContoTHbIN, HE 3aBUCUT OT
BpeMeHU. WM3MeHeHMEe U1 n3MepeHMe 4ero-to B O0OAHOM MecTe Oyager Bcerga
KoppecnoHaMpoBaTbCA C M3MEHEHWEM U U3MepPeHMeM u4ero-to B gpyrom. Pakrtop
3anyTaHHOCTM  ABNAeTcA CNeacTBMEM  OETEPMUMHUPOBAHHOM  OMPeAEenéHHOCTU U
CBAA3AHHOCTMW.

OBaguatnnetHmin cnop Hunbca bopa u Anbbepta OMHWTENHA nog Ha3BaHMeM «bor He
nrpaet B KOCTU», OUYEBUAHO, pellaeTcsa B Monb3y IWHLWITEeNHa. «HeonpenenéHHocTn ©
OTCYTCTBME /TOKANbHOCTN» B KBAHTOBOM MEXAaHNKE — 3TO BCETNO NINLLb NPOSAB/EHMNA BOTHOBBIX
CBOWCTB MaTtepun.

*** CaxapoB (1967), Bepnunge (2011) n AxkobcoH (1995) pas3Buam maerd 0 TOM, 4TO
rpasutauma He dyHOoaMeHTanbHa, a ABAAeTCA MHAYyUUpoBaHHbLIM addekToM. SlnTepaTypa
[5,6,7].

**** Teopua InMHwWTenHa-KaptaHa, passuTtasa B pabotax KaprtaHa (1922), Knééna (1961) un
Xena c¢ coaBtopamu (1976), ycTaHaB/nIMBaEeT, UTO KPy4yeHWe MNpOoCTpaHCTBa-BPEMEHU
nopoxaaerca cnnHom matepun. Jlntepatypa [8,9,10].

***x**%  CBA3b reomeTpuyeckon @¢asbl beppn ¢ TOmonornen neHtbl Mébuyca
3KCMepuMeHTanbHO NPOAEMOHCTPMUPOBaAHA B ONTUYECKMX MUKpOpe3oHaTopax (Saito et al.,
2023), a teopetnueckune moaenm (Al Yaquob, 2026; Flouris et al., 2022) noka3bliBatoT, YTO
CNUWH Y2 ecTeCcTBEHHbIM 06pa3oM BO3HMKAET U3 Takol Tononorun. Jintepatypa [11,12,13].
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****x** CornacHo rmnote3e CMonunHa (2014) n pabote buHaepa (2002), noctToAHHasA TOHKOWN
CTPYKTYpPbl MOXET 6bITb Bblpa>keHa 4epe3 LeNoUYncneHHble TOMosiorMyeckme napamMeTpbl.
Nurtepartypa [17,18].
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