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CuMHTE3
NpenonaraeTca popmannsmM MaTepuasbHOro noss, OTAesibHble peleHus
KOTOoporo BbISABNAOT KBAaHTOBbIE hopMbl rpaBuTauun,

3/1IeKTPpOMarHeTn3ama, CUAbHOro 1 cnaboro B3aMMOAENCTBUN, a TakKXe UX
KBAHTOBYK 3anyTaHHOCTb. [loslydeHbl BbIBOAbI MNOCTOAHHOM TOHKOWM
CTPYKTYpPbl B BWUAE LEJIOYNCEHHOr0 OTHOLUEHUs, pacyéTa Macchl
3/1IeKTPOHa UM ero cnumHa. B kocmonorum paspewatotcsas npobaemsl
CUHTYNAPHOCTX, ©GapUOHHOM aCUMMETPUU, MNPOUCXOXKAEHUA <KTEMHbIX»
ABJIEHUN.

MocTynaTt

Mup paccMaTpuMBaeTCAa KakK HernpepbiBHbIA, OOHOPOAHLIA N WN30TPOMHLIN
KOHTUHYYM MaTepuu-npoCcTpaHCTBa-BpeEMEHU UK Kak 6eckoHe4yHoe none
NJOTHOCTU SHEPTUN.

AkcuomMma

Mone gasndeTca BOJIHOBbLIM. OgHoOpoAHAdA M W30TPONHasa MaTepuanbHas
HernpepbIBHOCTb HUKaKOW ONCKPEeTHOCTN HE AO0MNyCKaeT.

NMnaHkoBCKas MaTeMaTuKa, Kak HoBoe auddepeHumnanbHoe
MCUYUCNIeHue

B Ka4yecTBe BOJIHOBON METPUKU NATUMEPHOr0 KOHTMHYYMa NPUHUMAIOTCS
BeNN4YnHbI «EcTecTBeHHON Cuctembl EanHny MamepeHna» Makca lMnaHka,
Bblpa>XeHHble B eaunHunuax «WMHTepHaunmoHanbHon Cucrtembl». ABNAAACH
NpAMbIMM  AepuBaTUBaMU TpPEX QyHAAMeHTaslbHbIX KOHCTaHT, 3TWU
BE/INYUHbLI IBHO CBSA3aHbl C MapaMeTpuyecKumMm ocobeHHOCTAMM MuUpa.

B cBA3M C 3TON MeTpuKOM hopMasibHOEe onNnncaHue egnHoOro nong Tpebyer
cneunanbHOro  pasgena MaTemMaTukun.  CyuwecTsylowmnm  annapart
anddepeHunanbHbIX NCHYUCAEHUA KBAHTOBOM MEXaHUKW N KBAHTOBOW
Teopunm nonsa npencraBnsgeTca HeaaekBaTHbIM. HOBYKW MaTemMaTUKy
Ha30BéM «[1naHKoOBCKOW». Eé akcMoOMaMK ABNAIOTCSA:

Akcuoma 1

KBaHT 3Hepruu, $BNAACbL OCHOBHOW €JWHULEN WU3MEpPEeHUs Mons
NJOTHOCTWU 3HEPrun, 3KBUBAJIEHTEH MO CTPYKType pacyéTtoB [lnaHka
€CTeCTBEHHbIM efuHuLaM pacCTossHUA W BpemeHW. [MoaTBep>XOeHUEM
3TOro SBNSIETCS TO, YTO CaM aBTOpP BBEJI MOHSATUE CUCTEMbI, rae BCe
CyleCcTBylOLWMNE KOHCTAHTbl pacCMaTpMBalOTCA B KayecTBe eguHuy
n3mepeHns! DTN BeJIMYUHbI He CBSI3aHbl C MNOHATUEM (PUINYECKOWN
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ONCKpeTHOCTNn, - 4dBNAAOTCA MacwTabHbIMM eanHnLaMnU  BOJTHOBbIX

napamMeTpoB.
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CnencTtBmeM 3TOM aKCUOMbI SIBNSIETCA YTBEPXXAEHWUE: pa3Mepbl, MeHblUe
€CTEeCTBEHHbIX eOuHuL, B MUpe He cyulecTByloT. Habopbl KOHCTaHT,
NCMOJIb3yeMble 0N UX PACYETOB, YMC/IEHHbIX OeBUaLWA He AoMnyCcKatloT,
SABNSIOTCS MEPHbIMW KBaHTAMW, - HeAeNUMbIMU BenndynHamu. o3Tomy
Takoe siBJIeHMEe KaK CUHIYNSPHOCTb ClieaAyeT pacCMaTpuMBaTb KakK YUCTO
MaTeMaTuyeckoe AonyuieHnex*,

AKkcuomMma 2

Bce moneBble NapaMeTpbl ABNSATCA LENOYUCNEHHbIMU B €CTEeCTBEHHbIX
Be/INYMHAX. DTO cnegyeT U3 TOro, YTO BEJIMYUH MeHblle NJAHKOBCKUX He
cyllecTByeT.

(annlpJ’ Tn:ntp),(En=n€p)n€ N’“SHSN’"“"}
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Axkcuoma 3

Bce napameTpbl 0OAQHOM MNOJIEBON CUCTEMbI MMEKT efWHOEe KBaHTOBOE
4yucnio «k», CBAA3aHHOEe CO cneunPUKon WUCTOYHUKaA nonsd. Hanpumep,
bapnoH, NenToH, NnaHeTa, 3Bé€34HasA cMcTeMa N Tak ganee.
(Lk=klp]||-(T=ktp]|F(E=k£p]kzconstEN

3]
CnepncrtemeM  aBNSIeTCA  yTBepXAeHue, 4YTO BCe (QyHOaAMeHTallbHble
KOHCTaHTbl  MOXHO  Bblpa3nTb  OeCKOHeYHbIM  KoJaM4YecTBOM  (n)

napamMeTpoB, NpPU YCJIOBUU, 4TO BCE€ OHW KpPaTHbl OOHOMY KBAHTOBOMY
yncny «k» ** CTpykTypa Mmpa KBas3udpakTasabHa.
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MpencTaBneHHble Bblpa>keHus ABNAOTCA HarasoHbIMK
NOATBEPXKOEHUAMM TOro, 4YTO KOHCTAHTHOE OMnucaHue Mupa SABAAETCA
OTPakeHMeM ero napameTpuyecknx unn Pusndyecknx CBOWCTB. [naBHoe
N3 HUX YTBEPXKAAEeT: MUHMMaJIbHO BO3MOXHanA (pU3NYecKas TouKa UJn
TO, 4YTO Mbl CYMTaeM BeLLEeCTBOM, - 3TO 00JlacTb MaKCUMaNbHO
[OMNYCTUMOW MJIOTHOCTU BOJIHOBOW JHEpPruu, uMelowas paguyc,
pPaBHbLIA eAMuHMLUE PACCTOSHUA, U, KaK cJieacTBue, MOJIHYIO dHEepPruio,
PaBHYIO eCTECTBEHHOM eAuHMLe.
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CNUH-UMNYNbCHbIW KBAHT 3HEPruum - MaclTabHbIA 3N1eMeHT
efuHoro nonna

KoHcTaHTa Makca [lnaHKka B wuHTepnpeTtauun [lona [dunpaka asnseTcs
cneyndumnyeckon. OHa NoKa3biBaeT AUCKPETHOCTb 3HAYeHUW >3Heprum u
CBs3aHa C 3NeKTpoMarHeTusaMoM. [Mo3ToMy eé 0CobeHHOCTb yKa3blBaeT
Ha napaMeTpuyeckylto KOrepeHTHOCTb rpasmTayuu n
3/IeKTpoOMarHeTusma.
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NpueenéHHoe MakcoMm [lnaHKOM ypaBHeHMe KBaHTa 3Heprum (1)
yKa3blBaeT Ha CBA3b 3Heprum wumnynbca (G) ¢ sHeprnen MOMEHTa
mmnynbca (h), peanmsyemMyro Ha CBETOBOM KOHyce (c), dTO
NpeacTaB/fAeTCA HeBEepoOATHbIM. 3TU reoMeTpoguHaMmMyeckmne QopMbl
paccMaTpuMBalOTCA COBPEMEHHOW HayKoOM HeaaAWUTUBHbIMWU. EWE oaHUM
BbIBOAOM ABSAETCA TO, 4TO APYrnx reoMeTpoamHaMnyeckux ¢opm B
npupone He Habnwpaetca. CywecTBYIOT TOJIbKO [ABe BOJIHOBbIE
KOH(urypaumm:  umMMNysabCHas WAKW  pagaunanbHO-ANCCUNATUBHAA U
CMUHOPHAA NN LUKINYeCKM-3aTyxXatoLwas.

Mpn OTCYTCTBUM MOTEPb 3HEPrMMm B KOHTUHYYME U CBA3aHHOW C 3TUM
BCeobOuLen MWHNMAaNIbHOCTbIO nencTeus nx HernpepbiBHOE
COCyleCTBOBaHME BO3MOXHO TOJIbKO TMPWU HaJIN4Yuu HenpepbIBHOMO
npeobpa3oBaHnsa OAHOWN GopMbl B Apyryt. Tosbko ¢ abCcostoTHbIM
banaHCcoOM 3Heprunm guccunayunsa m 3aTyxaHue mncyesarT. DHeprusa nons
Be4yHa N beckoHe4yHa. MoHMMas, 4TO BCE 3TO MOXKET NPONUCXOOUTb TOJIbKO
B npepenax eaMHoMm (opMbl, MOXHO NpensioxuUTb chegylouiee
banaHcoBoe ypaBHeHMe:

A
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iéi hneekT guccnnaumm sHeprmm NMnNynbca;

F6, - nedekT 3aTyXxaHUa SHepPrun cnnHa.

34ecb paccMaTpuMBaeTCA KMHETUYeCKas 3Heprusa uam 3KBUBaleHT MaccChl
NOKOA MaTepuasbHON TOYKN, YNOMAHYTON B AKCMOME 3, U CMNUH, PaBHbIN
Y%2h. O HEM bypeT ckaszaHo panee. NMonHada aHeprusa 3Toro obbegnHeHUs
paBHa 2. BTopas eavHuua npencrtaBniseT CyMMy NOTEHUMANIbHON SHEPrnum
rpaBuTaunm U CrivHa.

B naTumepHOM aHasore npoctpaHcTea lepMaHa MMHKOBCKOIro, NMPUHATOM
B KayecCcTBe aHa/IMTUYECKON OCHOBblI KOHTUHYYMa, KaKaas n3 atux Gopm
AOoMXKHa 6bITb CBfi3aHa C pa3HbiIMKM HabopamMu ruMNepnoCKOCTEN, 4TO
OoTpakaeT UX HeaAANTUBHOCTb.  Ha3Basa 3Ty KOMMNO3ULWUIO KBAHT €g,.
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[lB€ KOMMOHEHTbl 3TOr0 KBAaHTa WMET BEKTOPHbIA WIN TEH30PHbIN
XxapakTep. MNynbc - 3TO TEH30p MNepBOro paHra (BeKTop), a CAUH -
BTOporo. PaHee BbisiBNeHHoe TpeboBaHMe 4acTU4YHOro npeobpa3oBaHusA
Nx 3Heprumn (8) moapasymeBaeT KOJIMHEAPHOCTb BEKTOpPa WUMMyJibCa C
NceBAOBEKTOPOM crnHa. COOTBETCTBEHHO, BEKTOPHAA CyMMa KOMMOHEHT
LOJKHA PaBHATbLCSA HYJO, OAHAKO, BEKTOPHO-paduasbHass CUMMETPUS
FPAaBUTALMOHHOM YacTM KBaHTa €5 W OPTOroHajsbHas acUMMeTpus
CNMHOBOW HE MOryT He MnpuBOAUTb K HEKOTOPOMY HapyLUeHWUto
KOJIMHEAPHOCTN NN K aedekTy 6anaHca B Nosb3y SHEPrMU rpaBuTalmu.
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«5» — 3TO He NpocTo "nedeKkT", a eANHCTBEHHbIN NCTOYHUK MaCChbl MOKOS
KBaHTa €g,. OH MMeeT reoMeTpuyeckoe MnponucxoxngeHme m He TpebyeT
BBeOEeHNS BHeELWHUX nonen (mexaHnsm lMutepa Xurrca) nam nogroHOYHbIX
NnapamMeTpoB. Macca 4acTuubl onpenenseTca BeJIMYUHOMN HapylleHus
KOJIMHEApPHOCTU (Hanu4ma yrnaa) Mexay TeH3opaMu UMNYJbCHOM W
CNMHOBOW KOMMOHEHT. OHO NOCTOSAHHO. BbipaxeHue (10) - 3To Takxe
ypaBHeHMne hunusnyeckoro Bakyyma, camomn o6 bEMHOM YaCTK HaLIEero Mmpa,
n3y4yaemomn B Ha4vasie npownoro seka lNMonem Aunpakom.

JleHTa ABrycta ®epaumHaHpa Méebuyca

®opmon, cCnocobHOM BbIPa3nUTb CBA3AHHOCTb [ABYX HeaaoUTUBHbIX
BENINYNH, ABAsfeTca neHTa Mé6buyca. [MonpobyeM npuMeHnTb €€
BJIOXKEHMne B NATUMEpPHoOe MPOCTPAHCTBO KOHTUHYYMa. OHo
opMannsyeTcs Ha PaKTOP-NMPOCTPAHCTBE YEeTbIPEX KBAaAPATOB:

M=[0,1]x[0,1]/
rae oTHOLWEeHNe 3KBMBAJIEHTHOCTW 3a4aéTca cnenyowmm obpasom:
0,t) [1,1—t|t€[0,1]

)
)

P

(
{

PucyHok 1 JleHTa Mébuyca
TonosiornyecKkue UHBapuUaHThbI:

dyHOameHTanbHas rpynna m,(M|=Z

dnnepoBa XxapakTepucTmka x| M|=0



Nepsbiit knacc LWTugens-yntHu (HeopreHTMpyemocTs) w,(M|=0€H' (M, Z,|

YpaBHeHue napameTtpusauum 5D nentbol Mébuyca
| 1

R, cosO

1+ECOSQ
2 2

R sin0

w 0
1+—cos—
2 2

MnlOmB}: %Singcos B

% sing sinf3
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roe:
R,=nl,n€Nnx>1 KBaHTOBaHHbIN pagnyc cpefHen JINHUN NeHTb;
0e[0,2r| - yrnoBas KoopAnHaTa BAOJb SIEHTbI (MOSHbBIA 060pOT);
we|—1,1] - KOOpAMHaTa Nonepék NieHTbl, eé WMpNHa HopMMpoBaHa |—1,1];

BER - Yros, KOANPYOLWNN KannbposBoyHyto cuMmmeTputo SU (2)

% - NATas KOOpAWHaTa, CBA3bIBAeT TOMOJIOrMI0 C KBAaHTOBaHMEM 4epe3
HOMEep SHEepPreTU4eCcKoro ypoBHs n.

MowaroBoe ob0bACHEHME NapaMeTPUYEeCKUX KOMMOHEHT:

KoMmnoHeHTa 1 (X KoopanHaTa)

X=R,cosb

1+9cosg
2 2

B MAOCKOCTU (xy) m obo3HavaeT e€ nepekpydmBaHue npu 60:0-2m,C
N3MeHeHNeM 3HaKa = 3TO COOTBETCTBYeT rnpeLeccum crnrmHa Ha 180®

onucbiBaeT 6a30BYyI0 OKPY>XKHOCTb C pagnycoM Rn NeHThl

KoMmnoHeHTa 2 (Y KOOpAnHaTa)

Y=R,sin0 aHanorn4yHo X. Ho gna ocum Y. dopmupyeT BMecTe C X

1+9cosg
2 2

6a30BYy0 OKPY>XXHOCTb, KOTOpas Nepekpy4YmBaeTcs BAOJb ©.
KomMmnoHeHTa 3 (Z KoopanHaTa)

.0
=%sm§cosﬁ HOpMUPYeT LWNUPUHY SIeHTbl W/2, 0603HavYaeT nepekpy4mBaHue

Ha 21, npoxoaunT oT 0 Aol n obpaTtHo o 0, co3maéT n3rnd nnm CBEPTKY. cosf
BBOAMT KambpoBo4vHyto cummeTputo SU (2).

KoMmnoHeHTa 4 (W kKoopanHaTa)

w . 0 .
=Esm§smﬁ gononHgaeT Z  KoopAauHaTy, dopMupysa  OByXMepHoe

rnonepeyHoe ceyeHme N TONLWMHY neHTbl B 4D nognpocTpaHcTBe.



KomMmnoHeHTa 5 (V KoopanHaTa)
w o o
= Knio4eBon KBAaHTOBbIN 3/IEMEHT:

MacwTabupyetca obpaTHO NPONOPLUNOHAILHO HOMEPY YPOBHS N;
npn n=1: V=w — MakKCuUMaJsibHOe BINSAHNE NOrnepeyHon KoOOpANHaTbI;

npn n—>w: V-0 — KBaHTOBbIE 3P EeKTbl 3aTyXaloT, JIeHTa CTAaHOBUTCSH MNOYTH
NJOCKOW

dusuKa npouecca KoppensumMM UMNYJIbCHOW U CNUHOBOM
KOMMOHEHT

JleHTa aBnseTca popMasibHbIM NpencTaB/IEHUEM CNIOXXHON MaTepunasibHOW
BOJIHbI,  BKJIlOYaAlOLWEN  UMMYAbCHYIO M CMWHOBYKD  KOMMOHEHTHI.
NmnynbcHas KOMMOHEHTa npuBsA3aHa K HEeOPUEHTNPOBAHHOWN
NOBEPXHOCTU NN K CpefHEeW JINHUN JIeHTbl, 4TO MNO3BOJISEeT NrOBOPUTbL O
beCcKOHe4YHOCTM BOJIHbBI B MNPOCTpPaAaHCTBEe U BO BpemeHW. CnnHoBasd
KOMMNOHEHTa npmesA3aHa K KpOMKe NIeHTHI. OHa ABnaeTCH
ncesaoToponganbHOW Crnvpanblo, 3aMKHYTOW HaL CpefHen JINHNEN 1
no3ToMy saABnsaWencad becKkoHe4YHoOW BO BPEMEHMU, HO OrpaHUYeHHOW B
NPOCTPaHCTBE TOpa VAW LUMPUHbI NEHTHI.

AMNANTYObl KOMMNOHEHT OAVWHAKOBbI, MPONOPLUOHaJIbHbI pacrnpenenéHHoun
Ha MOBEPXHOCTU MAOTHOCTU 3Heprun. CoOOTHOLIEHNEe YCNIOBHbIX pagnyCcoB
cpefHen NNHUN N KPOMKW YKa3blBaeT Ha 3HayYeHue 3pPpeKTUBHOro CrnHa.
3a OAWH MOJHLIA LUK MMMNYJNbCHOW KOMMOHEHTHLI, CMMHOBasa coBepLllaeT
NV MOJIOBMHY LMKJIA, TO €CTb 3PMEKTUBHbIN CMUH €5, paBeH Y2h. Kpome
TOro, NCeBOOBEKTOP CMWHA Ha KaXXAOM CBOEM MOJIHOM UWUKJie MeHdAeT
HanpaBJsieHune Ha MPOTMBOMOJZIOXKHOE, TO  eCTb npetepnesaeT
HenpepbIBHYO KPYroByto npeueccuto. lNonHaa aHeprna cnuHa pasHa 1.

Ewé omHMM npuMeyvaTesibHbIM CBOMCTBOM JieHTbl Mébuyca
ABNAETCA eé 3epKaJibHas CUMMeTpuAa. B 3epKaslbHOM OTpa>keHuu
neHTa v ¢pu3ukKa, CBA3aHHAA C HeHW, abCoNIIOTHO UAOEHTUYHLbI, a 3TO
3HA4YMUT, YTO Mbl MO>KEM FrOBOPUTb O MaTepun U aHTUMaTepun!

KoMNoHeHTbl eAUHON BOJIHOBOWU (PYHKLUM

YKa3aHHble B QopmMmyne (11) napameTpbl ABAAIOTCA creynpunyeckum
onpeneneHneM KBaHTa €g WAN MNpPoOCTENWEeNn MaTepuasbHOM HacTuubl
Hallero Mmpa, xXapakTepusyemonm nATblo NapamMeTpaMu, CNOoCobHbIMM B
TOW NN NHOW Mepe BAUATb Ha B3aUMOOEeNCTBUS.

Hanu4yme B nNapameTpax JNeHTbl KBAHTOBOro 4ucsaa «Nn» TrOBOPUT O
MOOaJ/IbHON CTPYKTYype BOJIHOBOM (PYyHKLUUU. FeOMeTpUYeCcKn 3TO MOX0XKe
Ha NnocCNefoBaTesNIbHOCTb BJIOXKEHHbIX Apyr B Apyra 5D dusnyeckn
CBAA3aHHbIX (pa3-cep C pagvasbHOW NMepuogu4yHOCTbIO, PaBHOMN eauHULEe
ONMHbL. [IOBEPXHOCTHasa TMJOTHOCTb 3JHEPrmm Takux cgep C Yy4ETOM
KBaHTOBON onpenenéHHoCTn U CBA3aHHOCTW NapaMeTpoB onpepesifseTcs
cnepyrouwum obpasom:
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Mon mNOBEpPXHOCTbI nNnoapa3ymeBaeTcs dusndecknn ob6bLEM, paBHbIN

npounsseneHuto naowann cpepbl U eANHULbI PACCTOAHUA. 9Ta NJOTHOCTb
OTHOCUTCS K MOJIHOWN SHeprmm rpasmtTauynn.

|
max|

Y CNMHOBOM KOMMNOHEHTbI eCTb CBOA cneunduka. CyTb eé€ 3akiyaeTcsa B
TOM, 4YTO Ha Heé oOKa3blBaeT (popMasbHOE BAUSAHWE NATas KoopAuHaTa
neHTbl Mébuyca (11), yka3sbiBawowas Ha COOTHOLUEHME LINPUHbI JIEHTHI
(rnaBHOW XapakKTepuCTUKM CMUHA) W pajuyca e€é cpenHen JNuUHUK
(rnaBHOM XapaKTeEPUCTUKN UMNysbca). DTO TOT (PaKToOp, KOTOPbIN 3afa€eT
YPOBEHb CUHXPOHU3AUUM [OBYX KOMMOHEHT: rpaBuTaunmn-mMmnynbca Wu
3/IeKTPOCTaTUKN-MOMEHTa uMnysabca. [llonaratw, 4HTO 3TO UW3BeCTHas
KOHCTaHTa TOHKOW CTPYKTYpbl, onpegenswowas 3apsan «EctecTBeHHON
Cuctembl EonHnL».

V:EZ(X:L
n 137
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N3 3TOro cCooTHOWEHUA cnenyeT: 3/IeKTpocTaTn4yeckoe nose nMmeeT CBOW,
OT/INYHBIA OT rpaBuTaumoHHoro, Habop 5D cdepuyveckux m™oga,
COBMELLEHHbIX C rpaBuUTauMOHHbLIM pAgoM. EomHoe CnMHO-MNyJsibCHOe
none, dopmManm3oBaHHOe C MNOMOLLbO neHTbl Mé6buyca, npeactasnseTr
3aMyTaHHOCTb rpaBuUTauunM N 31eKTpoOMarHeTnuiMa. 3Ha4YeHUs MNJIOTHOCTU
SHEepPrum 3IeKTpoCTaTNYeCKMX Mo onpenenseTcsa COOTHOLWEeHNeEM:

n137hv, 1 hv, : |
lz[]s:ps: ) = : 3°< hVPnGN,'{]_SnSNmaX}
4n(n1371,[1, n137 4ml, n137
114

9TO YypaBHEHWEe TMOoKa3blBaeT, 4YTO 3SEeKTPUYECKUA 3apsal HEKOTOPbIM
obpa3oMm cBfA3aH C MNONHOW 3Hepruenm 137 >3HepreTUYecKux YypoBHEWN,
Torga Kak macca 3apsaja cBsizaHa JuUWb C O4HUM, NepPBbIM YPOBHEM:

137
q. D khv,=9453hv,m, e,

k=1

|15

MNOTHOCTbL 2Heprun 3apana paBHa HEBepOFITHOIZ BEJINHNHE!

3-9453hv
=——————L2=21x10"" Zorc/ m’
47(137-1)|
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Pqe

9To Ha 8 nopsagkos 6Oonbwe npegnenbHOW MNAOTHOCTU  SHEPrum
rpasutayuun (6).

EonHas (pyHKLI,VIFI MAOTHOCTU >3HEPrnun npenctaByadeTcd B BuUae AOBYX
HeaaAUTUBHbLIX KOMMOHEHT. Eé MOXHO cYMTaTb oHepreTn4ecknMmMm noJsyiemM
SJ1EKTPOHA-NMO3NTPOHa.
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9T0 BblpaXXeHne 3anyTaHHOCTW rpaBnTaumnn m BJ'IeKTpOMaFHeTI/IBMa!

KBaHTOBas ¢opma 3akoHoB Mcaaka HbloTOHa M AnbOepTa
JUHLUTEenHa

EovHoe none MoXeT pacCcMaTpuUBaATbCHA KaK rpagueHTHOe B OTHOLUEHWUU
MJOTHOCTMK SHeprumn. OCHOBHbIM BOJIHOBbIM ypaBHeHunewm,
npencTaBnsloWMM pacnpenesieHne nNJAoOTHOCTU rpaBUTaALMOHHON SHEPrunmn
O4HOWN KBAHTOBOM eANHMNLbI MacCbl, ABASETCA caefytouliee ***;

1
l/Ji:pn:EgpnGJ\ISZVmax
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CoOoTBETCTBEHHO, rpagmneHT MAOTHOCTN FpaBMTaLLMOHHOIZ Heprmn
npencCcTtaBadAeTCcd TakK:

~ |1 . (1 1 - 1
B :v S 2= f—-—|= -
(p[r) Vi l, N PR nin+1|
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rge & - e,ﬂ,I/IHI/I‘-IHbIIZ BEKTOP paAMaJibHOIo HarnpaBJeHNA r.
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B KOHe4YHOM uTore nosy4mnocb ypaBHeHume cunbl caaka HbIOTOHaA, HO C
pagukKasbHbiM OoTan4YmemMm. Mbl paccMaTpuBaeM MarTepuasibHoe noJsie ¢
orpaHu4YeHNeM CKOPOCTH BOJIH «C». IHTepeCHbIM ABNSETCH TO, 4TO 3Ta
¢opmyna pencrteyeT Ha BCHO rnybmHy nons, — [oO OOAHOW eAVHUUbI
paccTtossHua (n=1)!

Tak >Xe MpPOCTO MOXXHO MPOBEpPUTb KOBAPUWAHTHOCTb MO OTHOLUEHUID K
Obwen Teopunm OTHOCUTENIBHOCTWU, YYUTbIBas €AVWHCTBEHHOE YCJIoBUeE:

KBaHTOBOE 4ucno n>1. Ha 3ToM mMacwTabe MpoCcTpaHCTBO [epMaHa
MMHKOBCKOIo npenctaBndeTCcs NPpakTN4YeCckn nNIoCKUM.

_8nG . 2
w 4 TuvTuv_dlag(pC ’p’p’p)uv

c
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N3 ypaBHeHMs (12) nNNOTHOCTb J3HEPrMm u JaBaeHuMe rpasuTauLnn
SKBUBAJIEHTHbI N PaBHAITCA:

G
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NMopcTtaBnsieM 3TU 3HA4YeHUSA B ypaBHEHMe DMHLWITENHa M Mnojly4yaeM BcCe
KOMMOHEHTbI TEH30pa.

p

8nG ., 2 8nG 2
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00 C4 pC r lp rr C4 pC grr rlp grr
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Mony4yeHHble KOMMNOHEHTbl UMEKT Pa3MepPHOCTb, cooTBeTCcTBYtoWY OTO.

O4yeHb CWUIBLHO YyrMpouweHbl ¢GopMann3MOM KBaAHTOBOro nonsd, — Ao
MI1aHKOBCKOI O 3Ha4YeHn4d ONNHbI. He coaoepXxat MPU3HaKoOB
CUHTYNAPHOCTU, — AOCTUIraldT MaKCMMaJZIbHOIro 3Ha4deHUda npum pagumyce,

paBHOM 1. [MNOTHOCTb HEPrnnN COAEPXUT NPU3HAK BpaLLeHusa (1/r) *++*,

CTpykTypa e€AMHOro nons ecTecTBeHHbiIM o06pa3om nopoxaaeT
rpaBMTayMoHHOE nose, oTeeyvatouwee Obuwen Teopuun, n cogepXxunT B cebe
npeackasaTtesibHble PaKTopbl 415 aCTPOPM3UKMN.

BoiBoa: n Teopusa Wcaaka HboToHa, n Teopua Anbbepta IMHWTENHa
TepswT cBOu dpyHOaMEHTaIbHbIN XapakTep, CTaHOBATCA

SMEPOXKXEHTHbIMN MO OTHOWEHWNIO K €edUHOMY TMOJII0 MJIOTHOCTU 3HEPrnn
*kk

3ﬂeKTpOH-I103MTpOH

DNEeKTPOH WM  MNO3UTPOH OT/IMYAlOTCA TOJIbLKO NO  HamnpaBJIeHWUIO
ncesAoOBeKTOpa CMUHA OTHOCUTEJsIbHO BeKTopa uMnyJsbca. YC/O0BHO
NPUHUMaeM: Yy 3JIeKTpPOHa MNCeBOOBEKTOP HamnpasBJlieH MPOTUB BEKTOpa
MMNynbca, a y NO3UTPOHA, — MO BEKTOopy mMmnynbca. Apyrux oTAnYun
HeT, MO3TOMY [aJjiee Mbl MPUMEHAEeM TEepPMWUH 3SNIeKTPOH-MO3UTPOH. WX
HeNb3sA pacCcMaTpuBaTb KakK MaTepuasibHYD W aHTU-MaTepuasibHYylo
4acTuubl. OHK obe ABNATCA MaTepuasbHbiMU. ModemMy? CTaHeT NOHATHO
N3 falibHENLero n3noxXeHus.

Onsa OCHOBHOW 3apsaAgoBOM MOQAObl 3/1€KTPOHa-NO3UTPOHA COOTHOLUEHMe
(13) wmeeT npuHUMNManbHOe 3HadyeHMe. OHO B paMKax KBaHTOBON
onpenenéHHoCTM rMnapaMeTpoB [AOJIKHO COOTBETCTBOBATb CTEMEeHMU
KOrepeHTHOCTU CNMHOBOW N MMNY/bCHOW KOMMOHEHT KBaHTa €y, KOTOpas
CBfi3aHa WMEHHO C TMOCTOSHHOM [Oupaka, — XapaKTepUCTUKOW
3N1eKTpnYeckoro nons,, o6pa3oBaHHOro eAUHUYHbIM 3NEeKTPUYECKUM
3apsaaoM. B du3mke >Ta BenMYMHaA Ha3blBaeTCHd MOCTOAHHOW TOHKOW
CTPYKTypbl. OHa 6blna onpeneneHa B onbiTe, a 34eCb OHa MOJslydYeHa Mo
COOTHOLLIEHUIO OBYX KBAHTOBbLIX 4YMcen.

3apan 3/1eKTPOHA-NO3UTPOHA

B «EcTecTBeHHOW Cucteme EAVMHML» N NOCTOAHHASA TOHKOW CTPYKTYPbI, 1
3apsaf 3N1eKTPOHA-NO3UTPOHA PaBHbl 1, MO3TOMY Mbl MOXEM COCTaBUTb
cnenylwoliee  COOTHOLIEHWEe  MPONOpPUUOHANIbLHOCTU  Pa3MeEPHbIX U
6e3pa3mMepHbIX BENYNH:
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Kak MO>XHO 3aMeTUTb, NoJjlyd4eHa MoCToAHHasa TOHKOW CTPYKTYpbl B BUAeE
OTHOLWUEHNA LesiblX HaTypaJibHbIX 4Yuces, OTBeYawluMXx rnapamMeTpam
3/1eKTPOMaArHUTHON KOMMOHEHTbI. Bonbdranr Maynm n Aptyp 344NHITOH
Oblin B CBOMX OYE€Hb AOArMX W He AO0CTUrWMxX ueam nouckax
LLeSI0OYNCNEHHOr0 3Ha4YeHnsa abCcoNOTHO Npassbl.

B BennmunmHax WHTepHauumoHanbHoM CucTeMbl 3apsg 3J1IeKTpoHa-
NO3NTPOHA MOXXHO Bblpa3nTb Yepe3 MNIaHKOBCKUN 3apsaa:

e,=v4mehc

27|
e=e, F17=Ja4nsohc
28]

DNeKTpMnYecKkasas TMOCTOSSHHAs €o SABAAETCS MNPOCTbIM KO3 PNLUNEHTOM
nepeBoda eAWHUL, U3MEPEHUSs, TakKUM XK€, KaK B TeH30pe DWNHLWITEWHa
Bbipa)keHune (8nG/c4).

B HaTypanbHOM psny 4ncen tpebyemoe COOTHOLIEHME TOHKON CTPYKTYpPHbI
NN MNapaMeTPOB 3/IEKTPOMArHUTHbIX MoA 6ecKoHeyHoe MHOXXEeCTBO.
DNeKTPOMarHUTHOE TMoJie TakK »>Xe MNpakTu4eckn 6OeckoHe4yHOo Kak
rpaBUTaLMOHHOE.

o
1370
29

Bce mMoabl 371eKTPOMArHNTHOroO MnoJsis MMeKwT OOHO N TO >e KBaHTOBOe
4yncno 137, 4To OaéT noaTBEpPXXAEeHNe BbIBOLOB, HO NMOJIHOCTbIO N3MEHSAET
cogep)xaHue HepaBeHCTB [O>xoHa benna. Jliobble nmameHeHusa nona B
O4HOM MecTe Bcerja CBsi3aHbl C U3BMEHEHNSMU B APYrOM, — KBAHTOBbIN
NopAnoK wuMAM 4ncno «k» HapywmTb HeBO3MOXHO. OHO AaBNAseTCH
KOHCTaHTOMN.

0eN<N, ..

deHoMeHO0rn4YecKkn 3/1eKTPOH-NO3UTPOHHAS napa Bblpa>kaeTcs
narpaH>XmnaHoM:

L

e =iy 8, ~m Y= B YU A~ L F L F g T U g L

e 30)
6

roe:

Y - CNMHOPHOE nosie [lupaka, onuchbiBaloLlee 31eKTPOH-NMO3UTPOHHYO Napy
KaK YaCTULYy N aHTUYaCTULLY C pa3HbIM NCEBAOBEKTOPOM CMNNHA;

g=y'y’ - conpsKEHHOE CMNHOPHOE MoJe;

y* - MaTpuua [upaka, rae (u=0,1,2,3), ynosneTsopsiowiee |y*, y*|=g";
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m, - MaccCa 3J1IeKTPOHa;
e - 3JIeMeHTapHbIN 3apag;

A, - NOTeHUMNan 31eKTPOMarHUTHOrO MNos, YeTbIPEX-BEKTOP;
F,=0,A,—0,A, - TEH30pD 3/IEKTPOMarH1THOr o NnoJis;
Jumn - KOHCTAHTa 3(PHEKTUBHON aHHUrMAALUN ¢ ¢ "

¢, - BCNomoraTesibHOe noJie ABYX(POTOHHOIr0 BbiXoAa.

TeH30p Heprum 3J1IeKTPOMArHUTHOro Noss

B NPUHATBIX, KBAHTOBbIX eanHnLUax n3mepeHuns TeH30p
3N1EeKTPOMAarHUTHOrO MO CTAaTUYECKOro 3apsaa 31eKTPOHa-No3NTPOHa B
chepnyecknx KoopanHaTax uMeeT caeayroLlmnin Bua:

Frt:%a\/g-rl—thr:—Fr,F%:Fw:O
31
roe:
F - TeH30p 3Heprun;
r - paanyc coepruyeckon Moabl;
t - nepuopn cnMHOBbLIX KosiebaHMn Moabl;
¢ 6 - yrnosble KoOOpAMHATbLI CPEPUYHECKON CUCTEMBI.
BekTopHbIn noTeHUnan B Kannbposke A=0

A :Eo( L .l
oy 137 r
32]

Mone He 3aBUCUT OT MacChbl HYacTuULbl. TO OTpa>XaeTCd B Tonosaorn4eckom
pas3aeneHnn asHeprnn mnmrnyabCa M sHeprmm MOMeHTa MMnNyJibCa.

Macca 3/1eKTpOHa-Nno3uTpPoHa

B paMKax mnapamMeTpuyeckom TOMOJIOrMM JIeHTbl BEKTOP WMMysbCa W
NCeBOOBEKTOP CMMHA KOJIJZIMHEApPHbl N HamnpaBfieHbl 1Mo HaBCcTpeyy apyr
apyry, nméo B oaHOM HanpaBsieHMN. Kpome TOro, OHW 3anyTaHbl WUAn
CKOppesiInpoBaHbl Tak, 4TO MNONOXKNTESIbHbIE AeBNaLUN 3HAYEHUSA SHEPrum
OLHOro, COMNPOBOXAAaeTCsa oTpuuaTesibHbIMM AeBuaunusaMn  3HaYeHUs
SHeprum BToporo. Cymma pesmaumim paBHa HYJO, 4TO COOTBETCTBYeET
OTCYTCTBUIO gMUCCUMALMN N 3aTyXaHU4 (8). MexaHN3M Koppensaunm cea3aH
C «3aKOHOM MeTpuyeckon onpenenéHHoCcTn U napamMeTpu4ecKomn
CBSAA3@aHHOCTU CUCTEM», a TaKXe C 3aKOHaMM COXPaAHEHWUSA 3SHepPrum wu
MWUHNUMaNIbHOCTN OENCTBUS.

EcTb ewé oAaHa KOMMOHeHTa 3Heprum - rnpeueccus. OHa wuMeeTt
NOCTOSAHHOE 3Ha4yeHue, SBNAETCA OPTOroHaslbHbIM [OMOJIHEHNEM K
TEH30py 3Heprum cnmHa. Eé mopynbHOe 3HavYeHMe He3HauyuTesNbHO, Tak
KakK reoMeTpoguMHaMmKa MNpakKTUYECKN JIMHENHas, pacTsHyTas Ha BCIO
OKPY>XHOCTb CpefHeln NMHUN NeHTbl 137, 1 No4YTK CcoBNafaeT C BEKTOPOM
nMmnynbca. OAHaKO, MMEHHO €& BJ/INAHUE Ha KOJIMHEApPHOCTb MOXHO
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CYNTaTb >SHepreTu4eCcKMM 3SKBUBAJSIGHTOM MacCChbl 3JIeKTPOHa-NMpPOTOHA.
MaTeMaTn4ecku oOHa onpependaeTca SPEPEKTUBHLIM YrjoM HaKJIOHa
nceBOOBEKTOpPaA CMUHaA K BEKTOPY MMNynbca.
1 » 1 2 23
SMmC=5m,c 66 10 " pao

33
N3noXXeHHbI npuHUMN onpefesieHNns MacCbl 4YacTuubl MO3BOJIAET
FOBOPUTL O peleHnn npobnemsl nepapxmm Mmacc s BCcex opyrux 4actul
CtaHpapTHOW Mopenu. TakXe OH pewaeT npobnemy TEMHOW MaTepuwu.
NMnaHKOBCKaa Macca KBaHTa €g, ABJIAETCA TEMHOWN CTOPOHOW (PU3NYECKOTrOo
BakyyMa (10), npossnsemon B MacwTabax BceneHHOM TONbKO B BuAe
rpaBuTaLun.

CunbHOe M 3neKTpocnadoe B3aMMOAEenCTBUA

B pacCMOTPEHHON CTPYKTYype YPaBHEHUA [O0BOJIbHO OYEBUAHBLIM KaXKeTCs
onpefeseHne CUNLHOro n crnaboro B3aumopencteun. dopmyna lMcaaka
HbtoTOHa no3BoJsiseT onpenesqnTtbe cnny B3a|/|MO,E|,eV|CTB|/|F| OBYyX KBaHTOB
MacCbl Ha OVUCTaHLUWUW, PaBHOW eauHULLE.

mi )
FGZGI—2 10"H

p

To e oTHOCUTLCA K ypaBHeHuto LLapna OrocteHa ae KynoHa.

2
F,=k—>— 10"H
11371,

HanpgeHHble BeNNYUHbLI MO3BOJIAT, NMPEANnOSIOXUTb, YTO MMEHHO TaKue
CTPYKTYpPbl pPacy4é€ToB COOTBETCTBYIT paccMaTpuMBaeMbiM ¢(opMam
B3anmogencrtema. O6ba Buaa B3aMMOOENCTBYIOT C MOMOWbio oOMeHa
KBaHTaMM 3Heprun. Ha MasblX pacCTOAHUAX OHWM MOryT TMPUHUMATb
bopMbl rPaBUTALLMOHHDbIX FAILOOHOB V1M 3J1IEKTPOMArHMTHbIX O0O30HOB
W n Z. OnpepneneHne TpebyeMbiXx pacCTOAHUIA U I/1IEMEHTOB SABASETCH
oOHON 13 06WwKMX 3a4a4 KBaHTOBOW XPOMOOUHAMUKMN.

dopmMasibHasA pPeBoJIIOLUA B KOCMOJIOrUM

BHeWHAA CcMMMeTpus BHYTpPEeHHE aCMMMETPUYHOro KBaHTa €g WMeeT
naNeko uayuime cnenctBms B KOCMOAOrMu. TeH30pHble KOMMOHEHTHI
«KBaHTa» N «aHTU-KBaHTa» B 3epKaJibHOM OTpa)KeHUn neHTbl Mébuyca
HanpaBJieHbl B MNPOTMBOMOJIOXKHbLIE CTOPOHbI. A 3TO 3HAYMT, 4YTO WUX
B3aMMOOENCTBME MNpencTaBAsaeTCs KakK aHTUrpaBuTauuss M aHTuU-
3N1IeKTPOMarHeTn3M. AHHUIUAALNA MCKAlo4YaeTca. Ho Torga Hawa
BceneHHas penuTcs Ha ABa MUpa: MUP MaTeEpUn U MUp aHTUMaTepuun. B
CBSAA3W C 3TUM CTAHOBUTCA MOHSATHbLIM, MOYEMY 3/IEKTPOH M MNO3UTPOH
OTHOCATCA K  MaTepuasbHOMy  Mupy! Nx  uMnynbCHble  1UAn
rpaBUTAaUMOHHbIE KOMMOHEHTbl OAWHAKOBbI, OHW MNPUTArMBAOTCA U
MNO3TOMY MOryT aHHUTNNPOBATb.

MNpepnaraeTcsa peHOMEHO/IOrNYeCKn narpaHXXmaH Takon BceneHHon

12



32|
£0=7(0,0,+310,0,F -4 (0}, [ -2 [0t~ [ -2,

9 \“uaAl
roe:

A>0 - KOHCTaHTa aHTuUrpasuTaunm mexay MupoMm matepun @, 1 MUPOM
aHTUMaTepuun Dy;

A - MacwTtab, GeHOMEHONOornM4YecKnun napamMeTp MuUpa, BO3MOXKHO
KBAaHTOBAA KOHCTaHTa k;

v - NNIOTHOCTb 3Heprun Bakyyma (10) mexxny knactepamu.

A o o
E‘I)M‘I)A - oTpuuaTenbHoe faBsieHne, PaKToOp YCKOPEHHOro paclumnpeHuns.

O4yeBMAOHO, TaKOW MUP NO copepxaHuto aenntca B cpeaHeM 50% Ha 50%.
Mpwn 3ToM Hanbonee BepoATHO BECKOHEYHOE MHOXXECTBO NepeMellaHHbIX
K/lacTepos, AKTUBHO yoanaoLwmxcs apyr oT apyra n3-3a
AaHTUrpaBUTaALMKN, U TaKXe aKTMBHO CXMMaWMUXCa OT CcobCTBEHHOMN
rpasutayumn. CxaTme KnacTepoB A0 MNpenesibHoOW MNAOTHOCTU 3Hepruu,
CONpoOBOXOaeTCH ovyepenHbIM 3/IEKTPOH-MO3UTPOHHbIM
AHHUTNMNALUNOHHBIM  B3pPbIBOM, B pe3yJibTaTe KOTOPOro BO3HMKAIOT
MaTepnsa N aHTuMmaTepusa. OHM B o0o4YepenHOM pa3 pasfeTarnTca wu
nepepacnpenensioTcs B CylecTByOWMX N ob6pa3oBaBLUINXCA KJlacTepax.
N Tak po 6eCcKoHe4YHOCTW B MPOCTPAHCTBE M BO BpeMeHW. BceneHHas
Noxo)xa Ha OeCKOHe4yHyl 4epeny JIoOKaJibHbIX B3PbIBOB W JIOKaJbHbIX
KOHAEeHCauunn.

Mpn 3ToM 6o0nbWas 4YacTb MaTepPUM KU aHTUMATEPUU UMeeT TEMHYIO
opMy, 3KBMBAJIEHTHYIO WMMYJIbCHOMW KOMMOHEHTE WAM MNJIAHKOBCKOW
Macce, CKpbITOM B KBaHTe ¢€g. Macca wnam 3KBUBANEHT MaccChl
3/IeMEeHTapPHbIX YacCTul, COCTaBNsAeT MaJyldo 4acCTb, 3HEPrms KOTOpPOW
cornocTaBMmMa C MaCCOM KBaHTa €g,. [lpennaraetca KBaHTOBAHHbLIN
narpaH>XvuaH TEMHOWN MaTepun:

1 > 1 20 —
LBM_E(apX) —Eme +\/—g

33

X2€R—(9j—§X

p

roe:
0=10"* - paCY4€THbI NapaMeTp MaccChbl KBaHTa €ch,
m, - eAVHNLLA MacChbl, M1aHKOBCKas BENNYMHA;

& - KOHCTaHTa CBA3U C KPUBU3HOWN R;

™M
S

I - MaKCMaJibHasA NMJIOTHOCTb SHEPIrn noJid,

X - nose, CKpbITOM B KBAHTE €.,,CYMMapHON SHEPrnm nMmnybca.

= W

NpencTtaBneHHbIE NarpaH>XXwnaHbl ABNAOTCA 3P PEKTUBHBIMNA "
dbeHoMeHON0rn4eCKNMn, HO NpU 3TOM He BCe UX MapaMeTpbl ABNAKOTCA
cBoboaHbIMU. MHOrme BKAOYEHbl B «EcTecTBeHHyo Cuctemy EanHunu
N3mepeHuna».
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KoHCcTaHTa aHTurpasmtaumm A MNOKa OCTaéTcsa (PeHOMEHOJIOrnYyecKnm
napamMeTpoM, OAHAKO €é 3HadyeHume MoxeT ObiTb onpeneneHo wus3
KOCMOJIOrm4eckmnx HabnwogeHnn (TeMmn yCKOPEHHOro pacwupeHus). Onsa
cneunanucTta B obaacTuU KOCMOJIOFTUM U KBAHTOBOW rpaBUTaLUM TaKoOW
Habop slarpaH>XXMaHOB BMeCTe C U3J/IOXKEHHOW B TEKCTEe TOMoJIornm4eckomn
MOoLeNbio NpefcTaBssgeT HeNMpPOTUBOPEYMBYIO aJibTEPHATUBY CTaHOAPTHON
ACDM, npepnckasbiBalowWy OTCYTCTBUE CUHTYNAPHOCTUM U OaloLLyto
MeXaHU3M MPONCXOXKXAEHNSA TEMHON MaTepuUn.

MepcnekTuBbl MaTeMaTusauum XpoMoaouHaAMUKH

Bce ¢dopmManbHble 3MNMpUYECKME OLEHKW 3SNEKTPOHA, BbiBEAEHHbIE W3
NnapamMeTpoB JseHTbl Mé6buyca, ykKasbiBalOT Ha TO, 4TO Bblibop 3TON
Tononornyeckonm urypsl 6611 NnpaBubHbIM. CnegoBaTeslbHO, BCe gpyrme
3/IeMeHTapHble 4YacTuubl «CTaHpapTHOM ™Moaenn» MOXHO 6ypeT
dopmMannsoBaTb C TMOMOLWLLIO 3TOW >Xe JIeHTbl B MHOXXeCTBEHHON
3anyTaHHOCTU. Ho 3To ByaeT pacKpbiTO B paMKaX APYron cTaTbW.

3akKnvyeHue

NpepnoxxeHHasas  KoHUenuua eauHOro noasg MNJIOTHOCTU  3Hepruwm,
6a3upyowanca Ha «EctectBeHHonm Cucteme» Makca lNnaHka U nocTtynarte
O HenpepbiBHOM, OAHOPOAHOM W W30TPOMHOM KOHTUHYYMe MaTepuu-
MPOCTPAaHCTBa-BpeMeHN, nossonsfeT no-HOBOMY B3rNAHYTb Ha
pyHOaMeHTalbHble OCHOBbLI COBPEMEHHOU (PU3UKMN.

baszon npepnoxeHHon paboTbl saBnfeTca  QOPMYSIMPOBKA «3aKOHa
MeTpU4YeCcKon onpenenéHHoCTU U CBA3AHHOCTWU MapaMeTpoB», COrJlacHoO
KoTopoMy nobon pnsn4ecknin napamMmeTp CUCTEMbl KPpaTeH LesioMy Ynucnay
NNaHKOBCKUNX eanHuU. oT0T 3aKOH orpaHunymeaeT MacwTab
NPUMEHNMOCTHN npuHUmMna HeonpeaesiéHHOCTH FenseHbepra n
«HepaBeHCTB» benna, paspewas TeM caMbiM OaBHUA CNOp DUHLWITENHa ”
Bopa B Nosnb3y geTepMnHmM3IMa INHLWTENHA: «bor, BC&-Takn, He urpaeT B
KOCTU>.

CuHrynapHocTtb B OTO obbsaBnseTcs MaTeMaTUYeCKMM NpeyBesIn4YeHneM,
eé MecTo 3aHuMaeT obnactb npenesbHOM MAOTHOCTUM JSHEpPrmm ¢
FOpPU3OHTOM CObbITU, onNnpefensemMbliM pagnycom LWBapuwmnnbaa.

Knio4yeBbiIM TOMONOrMYECKUM pelleHneM CTaHOBUTCHA JsieHTa Mébuyca,
reomeTpus KOTOpoun €CTeCTBEeHHbIM obpasom obbveaunHsaeT n
CUHXPOHM3NPYET HeaLAUTUBHbIE UMMYJIbCHYIO U CMUHOBYIO KOMMOHEHTHI.
Ha eé& ocHoBe BnepBble MOJIy4YEHbl aHaJIMTUYECKMEe Bblipa>KeHusa [
MNOCTOSAHHOM TOHKON CTPYKTYpPbl N 3apsfa 3/1eKTPOHa-No3nTpoHa 4epes
Lenble 4Yucna, 4TO YKa3blBaeT Ha TOMoJsiormyeckoe, a He CcJydaunHoe
NPONCXOXKOEHNE DTUX KOHCTAHT.

B Kocmonorum 3epkasnbHas cuMMmeTpusa sieHTbl Mébuyca npenckasbiBaeT
paBHOe CylecTBOBaHME MUPOB MaTepUnN N aHTUMATeEPUn C SPPEKTUBHOMN
aHTUrpaBuTaumen Mexay HUMM, 4HTO0  0O0bACHAET  YCKOpPEeHHoe
pacwmnpeHne BceneHHon 6e3 npusnedeHusas ACDM. TémHasa ™MaTepus
NMHTeprnpeTnpyeTCcs Kak CKpblTasd rpaBuTauMOHHAsA SHEPrns B KBAHTE €.
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Taknm obpasom, Teopun HbIOTOHaA M DUHWTEWHA, 3NEKTPOANHAMUKA W
KBaHTOBAasd MexaHWKa TepsalwT CBOWM dQyHOaMeHTaslbHbIA XapakKTep,
CTAHOBSACb  J3MEPAXXEHTHbIMW  CNeacTBUSMUM  eAUMHOro  BOJIHOBOIO
ypaBHEHNA MATUMEPHOr0 KOHTUHYYMa.

MpennoxeHHbIN ¢GopMasn3M He TOJIbKO YCTpaHAeT cyuwecTeylowme
npoTuBopeyns Gusnkm (CUHrynapHocTb, npobnema Habnwpatens,
JIOKaNbHOCTb), HO N 3a4aéT HanpaBneHue ang byayuwen matemaTulaynm
KBAHTOBOMN XPOMOANHAMUNKWN Yepe3 MHOIMo-MogasibHble 3anyTaHHbIE JIEHTHI
Mébuyca. JKCnepuMeHTasibHas npoBepka npencKka3aHHbIX
LLeNI0OYNCNEeHHbIX COOTHOLWEHNN AONA MOCTOAHHOW TOHKOW CTPYKTYpbI
CTaHeT pelwalwmm TeCTOM NpenlIoXEeHHON Napagurmel.

NMpenpnaraeMblie 3KCNepPUMEHTbI
Nel. NMpoBepka npeacKkasaHMA NOCTOAHHOU TOHKOW CTPYKTYpbI

YTo npoBepsaeM: NMoslydYeHHOEe aHaIMTUYECKOE Bblpa)KeHNEe KOHCTaHThI «
a=1/137 = 0, (00729927)

CODATA paér:

a = 1/137,036.

Pa3Hunua: 0,026%.

Kak npoBepuTb: WCMNOJIb30BaTb 3KCNEepUMMEHT NO  aHOMaJibHOMY
MarHUTHOMY MOMEHTY 3J1IeKTpoHa (g-2) — caMbil TOYHbLIN MeTon
n3IMepeHna o Ha cerogHsa (To4HoCTb ~1071°). Ecnm nocne y4éTa BCeX
nonpaBoK K3/l 3HavyeHne o cncteMaTnu4ecky cMelleHo B CTOpoHy 1/137 —
3To OypeT cCcepbé3HbIM yAgapoM Mo CTaHOapTHOM  MoAenun un
noaTBep>XXAeHMeM NpensioKeHHON TOMNoJIornyeckomn opmybl.

Fne penatb: nabopatopum c yctaHoBkamu Tuna LKB (Mapwux), NapBapa
(Fabpwuaze), UW (BalmnHITOH).

Ne2. MOUCK NNeHTOYHOM TONOJIOrMM B pacnagax 4acTuu,

YTo nposepsieM: MoAOeNb, COrJaCcHO KOTOPOW 3SNEKTPOH-MO3UTPOHHAas
napa — 3TO He To4YeyHasa 4acTuua, a BO3OYyXOEHHOE COCTOAHME NEHTbI
Mébunyca Cc KBaHTOBbIMM 4mcnamu (n=137, k=1). OTcioga cneacTBue:
AHHUTNNALUNA «e*e™» [OOJIKHa MPOoSABNATb YIr/i0OBble aHOMasiMn, CBA3aHHbIE
C Tonosormn4yeckomn pasonm beppun.

Kak npoBepuTb: B Konnangepax (Hanpumep, B3MM-2000, DA®NE, Super
KEKB) npoBecTn npeumsmoHHOe WU3MepeHue YyrjaoBoro pacnpepesneHus
raMMa-KBaHTOB npwv AHHUTMNAUNN «etey. CtaHpapTHas K31
npencka3biBaeT [Jlagkoe pacnpepeneHune (sin?0). Mopgenb K3-3a
CNUpasbHON KPOMKW NeHTbl Mébunyca npepnckasbiBaeT MOOYyAALUIO 3TOro
pacnpenesieHns C MNepuoaoMm, KpaTHbIM T/2, U 3aBUCUMOCTbIO OT
CMUPANbHOCTU MY4KOB.

Foe penatb: NAD (HoBocmbupck), LNF (PpackaTtu), KEK (Llykyba).

MporHo3: npun cTaTucTuke >10° coBLITUA MOXKHO OOHaApPYyXUTb
OTKJIOHeHune ~107-107% oT K3 /.
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Ne3. (aMOuumosHbIn) NMOUCK aHTUrpaBUTaLUMM MeXAYy MaTepuen u
aHTUMaTepuen.

YTo npoBepsieM: Te€3MC U3 KOCMOJIOrMYEeCKOW 4YacTu, 4TO B3aUMoOLencTBme
KNaCTepoB MaTepunm M aHTUMATepun OaET oTpuuaTesibHOe LaBJIeHne 1n
aHTUrpaBuTaumnio (KOHCTaHTa A B narpaHxuaHe L..).

Kak npoBepuTb: MNOUCK KOCMUYECKUX obbekToB unnam obnacren,
cogepXxawmx HeobbACHMMbIE aHOManUn. 9BHOE yaasieHne KOCMUYECKUX
061beKTOB OT 6/IM3KUX BUANMbBIX LLEHTPOB NPUTSAXKEHUSA, BNAOTb A0 YH[.

MpuMmeuyaHusna

* 3Ta MbIC/b BblCKa3biBaslacb camum lNnaHkoM (1899) n noaTeepxaasiach
B paboTtax bappoy (2002) n »Xambambekosa ¢ HApyamHbim (2019).
Nntepatypa 1, 2, 3, 4.

** MpuHUMn HeonpenenéHHocTn BepHepa [en3eHbepra B paMKax

«3aKOHa MeTpUYeCKOM CBA3AHHOCTM MapaMeTpoB» KaXeTcd He

oTBeyvaowmm MacwTabam kKBaHTOBOW 06nacTu. B KBaAHTOBbLIX eAMHMLax

COOTHOWEHNe HeonpenesiéHHOCTN UMeeT CTporo onpegenéHHoe

3HaYeHue.

m,?
p

1
‘1l =—nh
P2

Bce (duisndeckne BennMYMHbI CUCTEMbI KpaTHbl €OUHOMY LEesIoMy 4Yucay
«k»., B paHHOM KOHKpeTHOM cny4ae k=1. [loaToMy noOHATHE
dpyHOoaMeHTaNbHOW HeonpenenéHHocTn TepsAeT cMmbica. [MpousBeneHue
COMPSAXEHHbIX BEJANYMH CTAaHOBUTCA CTPOro AeTepPMUHUPOBAHHLIM,
NPUHUMAA MaTeMaTuU4YeCKu CTporne KBaHTOBaHHble 3HayeHUdA. Ha
MaclTabax KBAHTOBOW MEeXaHUKN (1020:1p) npuHUMN OOJI>XKEeH
ANEeNCcTBOBaTb, TaK KaK BOJIHOBble CBOMCTBaA YacTuy CTaHOBATCA
CYLLEeCTBEHHbIMN.

B oTHoweHun «HepaBeHcTB» [IoHa benna. OHM NOCTpPOEeHbl Ha
HenoJsIHOM 3HaHuMKM 0a30BbIX yC/0BUA. B pamkax cpopMynmnmpoBaHHOro
3aKoHa cyullecTBYyeT >XECTKaa Koppenfumsa BCeX napamMeTpoB CUCTEMbI.
NMosToMy, Kakme 6bl MPOCTPAHCTBEHHO-BPEMEHHbIE MapaMeTpbl OHa HWU
nMmesia, MepHble 4ucsa BCeX eé rnapamMeTpoB Bcerja OOHU N Te Xe.
deTepMUHN3M cnuctem abCoNoTHLIN, He 3aBUCUT OT BpeMeHU. I3MeHeHune
n n3MepeHune 4yero-To B OAHOM MecTe bynert BCcerpga
KoppecnoHOUpoBaTbCA C USMEHEHNEM U U3MEPEHNEM 4Yero-To B APYrom.
®akTop 3anyTaHHOCTU 4BJAETCA C/efCcTBUEM [AeTepMUHUPOBAHHOW
onpenenéHHoOCTM U CBA3aHHOCTM.

OBaguatTnnetHnn cnop Hwunbca bopa wu AnbbepTa 2SMHWTEWHa nMopg
Ha3BaHMeM «bor He urpaeT B KOCTWU», OYEBUAHO, pelaeTcd B MNOJb3y
DHWTEenHa. «HeonpenenéHHOCTU WM OTCYTCTBME JIOKaJIbHOCTU» B
KBaHTOBON MexaHWKe — 3TO BCero Nnb NposiBieHUsa BOJIHOBbIX CBOWCTB
MaTepun.

**k CaxapoB (1967), BepnuHae (2011) n AkobcoH (1995) pa3suan npeto o
TOM, 4yTO rpasmTayuns He dbyHOaMeHTabHa, a ABAETCA
NWHAYUMWPOBAHHbLIM 3dppeKkToM. JInTtepaTypa [5,6,7].
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*kxk Teopnsa dnHwWTenHa-KapTaHa, pa3sBuTtasa B pabotax KapTtaHa (1922),
Knébna (1961) m Xena ¢ coasTopamm (1976), ycTaHaBaMBaeT, HTO
Kpy4YeHne npoCTPaHCTBA-BPEMEHN MOPOXKAAETCA CMUHOM MaTepuu.
NntepaTtypa [8,9,10].

k¥t CBA3b reomeTpuydeckon asbl beppu ¢ Tononorven neHTbl MéBuyca
3KCNepuMeHTaIbHO NPOAEMOHCTPMpPOBaHa B ONTUYECKUX
MUKpope3oHaTopax (Saito et al., 2023), a TeopeTudeckne momenn (Al
Yaquob, 2026; Flouris et al.,, 2022) noka3biBalOT, 4TO CNUH Y
ecTeCcTBeHHbIM 0Opa3oM BO3HMKaeT W3 Takow Tonosaormn. JintepaTypa
[11,12,13].

*Rk¥kk CornacHo runotese CmonuHa (2014) v pabote buHpepa (2002),
NOCTOAHHAA TOHKOW CTPYKTYypbl MOXeT OblTb BblpakeHa 4epes
LLeNloYNCNeHHble Tonosiornyeckue napameTpsol. JintepaTtypa [17,18].
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