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CuHTe3

Mpepnaraetca ¢opmanmaM MaTepuanbHOro nonA, OTAeNbHble peLleHUAa KOTOpPOro
BbIAABNAIOT KBaHTOBble GOpPMbl rpaBUTaLmm, anekTpomMmarHetmamMa, cunbHoro n cnaboro
B3aMMOAENCTBMIN, a TakKXke UX KBAHTOBYK 3anyTaHHOCTb. [lonydveHbl BbiBOAbI
MNOCTOAHHOW TOHKOW CTPYKTYpbl B BUAE LENOYNUCIEHHOINO OTHOLLUEHNA, pacyérta Macchl
aNeKTpoHa W ero cnuHa. B kocmonorum paspewarotrca nNpobneMbl CUHTYAAPHOCTH,
6apMOHHON aCUMMETPUN, MPOUCXOXKAEHUNA «TEMHbBIX» ABNEHUN.

Moctynar

Mup paccMaTpuBaeTcs KakK HernpepbiBHbIA, OAHOPOAHLIA U M3OTPOMHbLIA KOHTUHYYM
MaTepUn-NPOCTPaHCTBa-BPEMEHU UNU Kak 6ECKOHEYHOE MOo/e NNOTHOCTU SHEPTUN.

Axkcuoma

Mone aensetcs BonHoBbIM. OQHOPOAHAA WU MU30TPOMHas MaTepuanbHas HENPEpPbIBHOCTb
HUKaKOW AUCKPETHOCTU He A0MNyCKaeT.

NMnaHKkoBcKaa MaTeMaTuKa, Kak HoBoe .qud)q)epeHu,Maanoe ncuyucineHue

B kauecTBe BO/THOBOW METPUKU MNATUMEPHOrO0 KOHTUHYYMa MPUHMMAtOTCA BE/IUUYUHDI
«EctectBeHHoOn Cuctembl EgunHunuy WM3mepeHuma» Makca [lnaHka, Bblpa>keHHbie B
eonHuuax «MHTepHaymoHanbHoM CucteMbl». ABNAACb NPAMbIMKU AepuBaTUBaAMU TPEX
dyHOaAMEHTaNbHbIX KOHCTAHT, 3TU BEMMNYMHbLI ABHO CBA3aHbl C NMapaMeTPUUYECKUMU
ocobeHHOCTAMU MUpa.

B cBA3K ¢ aTOM MeTpumkKon popManbHOE onmucaHme egquHoOro nosna Tpebyert cneymnanbHOro
pasnena maTtematuku. CyuiecTByrowmMn annapaTt gunddepeHumanbHbiX UCUYNCTEHUN
KBAHTOBOM MeXxaHUKU M KBaAHTOBOM TeOpUM MonA NpeacTtaBnAeTca HeaneKBaTHbIM.
Hoeyro MaTteMaTnky Ha30BEM «[1naHKOBCKOM». EE akcmomaMu ABNAKOTCA:

Akcroma 1

KBaHT QHEeprmnnm, ABNAACb OCHOBHOW eanHULEN n3mMepeHnAa nosAa NNoTHOCTN 3Heprun,
OKBUBA/IEHTEH MO CTPYKTYype paCL-IéTOB MnaHka ecTeCTBEHHbIM egUHMLAM paccToAHNA U
BpeEMEHMN. rlO,D,TBep)K,D,eHVIGM 9TOro ABnAeTCcA 10, YTO CaM aBTOpP BBE/N NOHATME CUCTEMBDI,
rae Bce CcywecTByOoLLMEe KOHCTAHTbl paccMaTpmMBaOTCA B Ka4vecTBe e4QUHUY u3MepeHu,q!
OTKU BENNYUHbLI He CBA3aHbl C MOHATUEM (1)VI3VILIGCKOI7I ONCKPEeTHOCTn, - ABMAKOTCA
MacLwTabHbIMU eAMHNLAMUN BOTHOBbIX napaMeTpoBsB.
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Sp: F = lp= g = tp: g (1)

CnencTBMeM 3TOW aKCUOMBbI ABNAETCA YTBEPXKAEHWE: pa3Mepbl, MEHbLLE eCTECTBEHHbIX
eanHuL, B MUpe He cyllecTByroT. Habopbl KOHCTAHT, UCMOMb3yeMble A4 UX PacyEToB,
UMCNEHHbIX AeBMaALUN He O0MNYyCKaloT, ABNAOTCA MEPHbIMU KBaHTaMW, - HeAENUMbIMU
BenMumMHaMu. NoaToMy Takoe ABNEHME KaK CUHTYNAPHOCTb C/ieayeT paccMaTpmBaTb Kak
YMCTO MaTeMaTMueckoe AonyLieHue™.

Axcuoma 2

Bce nonesble napaMeTpbl ABNAKOTCA LeNOYNC/TIEHHBIMU B ECTECTBEHHbIX BE/TMYNHAX. 9710
cnenyet u3 Toro, 4Tto BeMMYMH MeHbLUE NMaHKOBCKUX B MNPE HE CYLLLECTBYET.

(L, =nl,), (T,=nt,), (En=ng) neN{l<n<Nyg} (2)

Akcuoma 3

Bce napaMmeTpbl OOHOM MNONEeBOW CUCTEMbI MMEIT €OQWNHOE KBAHTOBOE YMCAO «k»,
CBA3aHHOE CO CI'IGLI,VId)VIKOVI MCTOYHMKaA nonA. HaanMep, GapVIOH, NnernToH, nnaHerTa,
3Bé3gHaA cucteMa 1 Tak ganee.

(Lk = klp) I+ (T = ktp) I+ (E = ksp) k =const e N 3)

CnepctBneM aBnAeTcAa yTBepXAeHue, 4To Bce PyHOaMeHTanbHble KOHCTaHTbl MOXHO
BbIpa3nTb 6eCKOHEeYHbIM KONM4YecTBOM (N) napamMeTpoB, MPM YC/IOBUU, UTO BCE OHMU
KpaTHbl 04HOMY KBAHTOBOMY uuncny «k» ** CTpykTypa Mmpa KBasudpakrasnbHa.

nkl, nkl,\’ ,
€= nkt gp - mp nkt - mpc k =const ne N'{l =n< Nmax} (4’)
p p
_ (nklp)3 B nklp5 B nkep B nkep . (nktp)2 )
(nktp)z(nkmp) (nktp)4(nk5p) b c? (nklp)2

MpeacTaBneHHble Bblpa>keHUs ABAAKTCA HarnAgHbIMU MOATBEPXKAEHUAMMU TOro, 4TO

KOHCTAHTHOE OMNMucaHme Mupa SBASAETCA OTpPakeHMEM €ero napamMmeTpuyeckux Wnm

éunsmuecknx cBomcTB. [nNaBHOE W3 HUX YyTBepXAaeT: MUHUMaNbHO BO3MOXXHas

dunsnueckan Touka unm To, UTO Mbl CUMTaAEM BELLECTBOM, — 3TO 06/1aCTb MaKCUManbHO

AONYCTUMON NNOTHOCTU BOJIHOBOW 3HEPrvuM, MMerLw,aa paauvyc, paBHbIM eauMHULEe

paccTtofaHusa, U, Kak cneacTeve, NONHYIO 3HEPrui, paBHYH eCTeCTBEHHOMW eauHuLe.
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CHMH-MMnyanHbIﬁ KBaHT 9HEeprmn - MacLUTabHbIN 3NeMEeHT e4MUHOro nonsa

KoHcTaHTa Makca lNnaHka B nHtepnpetauun MNona Oupaka apnaetrca cneyndpmryeckomn.
OHa noka3sblBaeT AMCKPETHOCTb 3HAYEHNIN SHEPTUM N CBA3AHA C 9N1IEKTPOMarHeTM3mMoM.
MoaToMy e€ 0co6EeHHOCTb yKa3blBaeT Ha NapaMeTpuYecKyro KOrepeHTHOCTb rpaBuTaymnm
M aneKkTpoMarHetnama.

ke, = khv, (7)



MpueegéHHoe MakcoM lNnaHKoM ypaBHeHMe KBaHTa aHepruun (1) ykasbiBaeT Ha CBA3b
aHeprun nMmnynbca (G) ¢ aHeprmen MoMeHTa nmnynbca (h), peannsyemyro Ha CBETOBOM
KOHyce (C), YTO npeacTaBnaeTca HEeBEPOATHbIM. DTN reoMeTpoamHaMuyeckme Gopmbl
paccMmaTtpuMBaroTCA COBPEMEHHOW HaykoW HeagauTuBHbIMU. EWE ooHMM BbIBOAOM
ABNAETCA TO, YTO APYrux reomeTpogmHammyeckmx Gopm B npupone He Habnrogaerca.
CywiecTBytOT TONbKO ABE BOJIHOBble KOHUrypauuu: MMNynbCHaa UNAM paguanbHo-
AnccunatmBHaa U CNMHOPHAaA NN LMKIMYECKU-3aTyxatoLas.

Mpu OTCYTCTBMM MOTEpPb 3HEPTUM B KOHTUHYYME W CBA3AHHOW C 3TUM BceobLLelN
MUHUMAaNbHOCTbIO AENCTBUSA UX HEMPEpPbIBHOE COCYLLECTBOBaHWE BO3MOXHO TOJIbKO
npu Hann4ynMmM HenpepbiBHOro npeobpaszoBaHus oaHol GopMbl B Apyryto. Tonbko C
abcontoTHbIM 6anaHCOM 3HEPTUKN AMUCCUNAaLMA N 3aTyXxaHWe ncuyesarT. DHeprua nona
Be4yHa n 6eckoHeuHa. [ToHMMaA, YTO BCE 3TO MOXET NMPOUCXOANTL TONbKO B Nnpenenax
eanHOM GOpPMbl, MOXKHO NPEANOXUTb cnepyoLlee 6anaHCOBOE YpaBHEHME:

1 ) 1 —
‘Empc + 6i| A ’Ehvp + 6,

Ue, (8)

roe:
+6; AedekT auccnnaunm aHeprum nMnynbea;
+4, — nedekT 3aTyxaHuA aHEPrnm CrmHa.

3p0ecb paccMaTpuBaeTcA KMHeTMYeckaa 3Heprva MAmM 3KBMBANEHT MaccCbl MNOKOA
MatepuanbHOM TOYKW, yNnoMaHyTon B AKcMoMe 3, U ChiuH, paBHbIn 2h. O HEM bByaeT
ckazaHo panee. [lonHasa 3aHeprua atoro obbeamHeHuA paBHa 2. Brtopaa eauHuua
npeacTasnifaeT CyMMy NOTEHUMANbHOM SHEPTUKM rpaBuTaLmm U cnmHa.

B natumMepHoM aHanore npocTtpaHcTea lepMmaHa MUHKOBCKOro, MPMHATOM B Ka4vecTBe
aHaNNTNYECKON OCHOBbI KOHTUHYYMa, KaXkgasa u3 atux ¢opM [oskHa 6biTb CBA3aHa C
pa3HbiMM HabopaMn rMNepnnocKoCTeN, UTO OoTpakaeT Ux HeagAMTMBHOCTb. A Ha3Ban

3TY KOMMNMO3NLIUKO KBAHT EGh.
ecn D |myc?| A|Av,| U 2¢, (9)

[1Be KOMMOHEHTbI 3TOr0 KBaHTa MMEKT BEKTOPHbIN NN TEH30PHbIN XxapakTtep. MMnynbc —
3TO TEH30pP NEPBOro paHra (BeKTop), a cnmH — BToporo. PaHee BbifiBieHHOEe TpeboBaHUe
yacTu4yHoro npeobpasoBaHuA Ux aHeprum (8) nogpasymMeBaeT KOJIMHEAPHOCTb BEKTOPA
MMNynbca ¢ NceBAoBEKTOPOM cnmHa. CooTBETCTBEHHO, BEKTOPHAA CyMMa KOMMOHEHT
OO0/KHa paBHATbCA HY/HO, 04HAKO, BEKTOPHO-paananbHaa CUMMETPUA rpaBUTaLMOHHOMN

4YacTu KBaHTa €gp W OPTOroHasbHas acCUMMeTPUA CMMHOBOW He MOTYT He MPUBOAUTL K
HEKOTOPOMY HapyLleHUI0 KONMHeapHOCTU unu Kk aedekty 6anaHca B Nosb3y aHEPrum
rpaBuTaLmu.

-

ngl = gpi + gps = 6i (10)

«ci-» — 370 He npocTo "aedekT", a e4UHCTBEHHbIN MCTOYHUK MacCbl MOKOA KBaHTa €.
OH uMeeT reoMeTpmyeckoe npomncxoxgeHne n He tpebyeTt BBeAEeHMA BHELLUHUX NONEN
(MexaHnam [Mutepa Xwurrca) wAM MNOAFOHOYHbLIX MapameTpoB. Macca 4acTuubl
onpenenaetcA BeIMYMHOM HapyLUeHWA KOAMHEeapHOCTU (HanuumAa yrna) mexay
TEH30paMM UMNYNbCHOM N CAMHOBOW KOMMNOHEHT. OHO NOCTOAHHO. BbipaxeHue (10) —
3TO TakXe ypaBHeHue PpM3nYecKkoro Bakyyma, camonm o6 bEMHOM YacTm Hallero Mupa,
n3yvyaeMon B Havane npownoro seka lNonem [inpakom.



JNenTta ABrycta ®epamHaHaa Mébuyca

dopMon, cnocobHON BbIPpa3nUTb CBA3AHHOCTb ABYX HeadAUTUBHbIX BEMYUH, ABNAETCS
neHta Mébuyca. lNMNonpobyeM NpUMEHUTb €€ BNOXEHUE B MATUMEPHOE MPOCTPAHCTBO
KOHTMHYyMa. OHo popManunayeTtcs Ha GpakTop-NPOCTPAHCTBE YETbIPEX KBAAPATOB:

M =[0,1] x [0,1]/~
rae oTHOLEeHMe 3KBMBaNeHTHOCTMN 3a4aéTcA cnegyroinm 06pa30M:

(0,)~(1,1—t) te[0,1]

@

O
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PucyHok 1 JleHta Mébuyca
Tononornyeckue MHBapuaHTbI:
dyHpameHTanbHas rpynna iy (M) = Z
dnneposa xapakTtepuctmka y(M) = 0
Mepsbii knacc LUtndena-YutHu (Heopunentupyemocts) w; (M) =0 € HY(M, Z,)

YpaBHeHue napamMmeTpusauum 5D neHTbl MéBUuyca
R, cos 6 <1 +2 9)_
n COS > cos >

) w 0
R, sin @ (1 + icos 5)

d cos 8 (11)

7]
Mn(Gwﬁ') = ?Sinz
w 0
2 Sin 2

sinf8

()
n

roe:

R, =nl, n€N n = 1KBaHTOBaHHbIN paANyC CPEAHEN IMHNN NIEHTbI;
0€[0,21] — yrnoBasa koopauHaTa BAOMb NEHTbI (MO/HbIN 060pOT);

we[—1,1] - koopanHaTa Nnonepék NeHThl, eé LMpuHa HopMmnposaHa [—1,1];
B € R —yron, kogmpyrowmm kanmbpoBo4Hyto cummeTpuio SU (2)

w
P nATaA KoopagumHata, CBA3blBaeT TONO/IOrTMKO C KBaHTOBaHMEM 4Yepe3 HoMep
QHEPIreTn4ecKoro ypoBHsa n.



MowaroBoe o6bACHEHMe napameTpmnyecCKmx KOMNOHeHT:

KoMnoHeHTa 1 (X KOOpAmHaTa)

(0] (2]
X=R,cos0 |1+ — €0S—) onucbiaet 6a30Byt0 OKPY>XHOCTb C pagumycoM Rn fieHTbl B
MJI0CKOCTHU (Xy) M o6bo3Ha4vaeT e€ nepekpyynBanme npun 8:0 — 27, ¢ USMEHEHMEM 3HaKa *
3TO COOTBETCTBYET Nnpeueccum cnnHa Ha 180°

KomMmnoHeHTa 2 (Y KOOpAMHaTa)

. 6
Y=R,, sin 0 (1 +§cos 5) aHanorn4yHo X. Ho gna ocn Y. ®opmupyet BMecte ¢ X 6a30ByHO
OKPY>KHOCTb, KOTOpas nepekpy4nBaeTca BAob O.

KoMnoHeHTa 3 (Z kOOpanHara)

w . 6
Z=;sm5cosﬁ HOPMUPYET LUMPUHY NeHTbl T/2, o6o3HayaeT nepekpyyMBaHue Ha 2T,
npoxoant ot 0 mol m obpatHo go 0, co3paért m3rmb wunm CcBEPTKY. cosf BBOAMUT
KanmbpoBouHyto cummeTputo SU (2).

KomMnoHeHTa 4 (W KoopguHaTa)

w . 0 .
W=; sm;smﬁ pononHaet Z koopanHaty, bopMupya AByXMepHOE nonepeyvyHoe ceyveHne n
TONLWMHY NeHTbl B 4D nognpocTpaHcTBe.

KomnoHeHTa 5 (V KOOpAnHaTa)
w - [
V=; KnroyeBon KBaAHTOBbIV 3/1EMEHT:

MacLTabupyetca obpaTHO NponopLUMOHanbLHO HOMEpPY YPOBHA Nn;
npwn n=1: V=t — MakcmMasnbHOe BNNAHMNE NONEPEeUHON KOOPAMHATbI;

npu n>o: V>0 — KBaHTOBbIE 3P PeKTbI 3aTyxatoT, IeHTa CTAHOBUTCA MOYTK M/IOCKOMN

Pusuka npouecca Koppenauum VIMﬂyanHOl\;I 1 CMUHOBOW KOMMOHEHT

NleHTa ABnseTca ¢opMasbHbIM NpPeacTaBNeHUEM C/OXXHOW MaTepuanbHOM BOSHbI,
BKMOYAIOLLEN WMMMNYNbCHYHD U CMUWHOBYH KOMMOHEHTbl. VMMynbcHaa KOMMOHEHTA
npuveA3aHa K HEOPMEHTUPOBAHHOW MOBEPXHOCTU UMW K CPEOAHEN NUHUW NEHTbl, YTO
no3BonsAeT roBopuTtb O OGECKOHEYHOCTW BOJIHbI B MNPOCTPAHCTBE M BO BPEMEHM.
CnuHoBas  KOMMOHEHTa npuBA3aHa K  KpoMmke neHtol. OHa  ABnAetcs
rnceepaoTopomnaanbHOM cnupanbio, 3aMKHYTOW Hapn cpeaHen /UHUMENW U MO3TOMY
apnawowenca 6ecCKoHeYHoOM BO BPEMEHWN, HO OTPaHNYEHHOW B MPOCTPaHCTBE TOpa UIu
LIWNPUHDI TEHTBI.

AMNAUTYObl KOMMOHEHT OA4MHAaKOBbI, MPOMNOPLUMOHAaNbHbl pacrnpegenéHHon Ha
MOBEPXHOCTM MNOTHOCTU 3HepPrmmn. COOTHOLLUEHME YC/IOBHbIX pagnycoB CpeaHen NMMHNN
M KPOMKM yKasbiBaeT Ha 3HauyeHue 9dOPeKTUBHOro cnmHa. 3a OAMH MNOJIHBbIA LUK
MMMYNbCHOW KOMMOHEHTbI, CNIMHOBAA COBepLUAeT /UWb MOMOBUHY UMKNa, TO e€CTb
3O PEeKTUBHbIN CNUH € PaBeH 15h. KpoMe TOro, nceBaoBeKTOpP CMMHA Ha KaXAoM
CBOEM MO/IHOM UWKAEe MeHAeT Hanpas/eHne Ha MNPOTUBOMOAOXHOE, TO €eCTb
npeTepneBaeT HENPEPbLIBHYH KPYroByto npeueccuto. [lNonHaa aHeprua cnmHa paBHa 1.

Eweé ogHMM NnpuMeyaTeibHbIM CBOMCTBOM NNeHTbl MéBuyca AaBnAaeTcsa eé 3epkanbHas
cuMmMeTpua. B 3epkanbHOM oTpa)keHUMW neHTa U ¢u3ukKka, cBA3aHHaAA C HewW,
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abCcoNTHO UAEHTUYHbI, @ 3TO 3HA4YUT, YTO Mbl MOXXEM FOBOPUTb O MaTepuu u
aHTUMaTepum!

KoMnoHeHTbl eauHOU BONHOBOW GYHKL UK

YKkasaHHble B dopmyne (11) mapameTpbl aBnAOTCA crneynduyeckmm onpeneneHmnem

KBaHTa €gp WMV NPOCTENLLEN MaTepuanbHOM YacTULbl HaLLIero M1upa, XxapakTepnsyeMomn
nATbIO NapamMeTpamm, cCNocoBHLIMU B TOM UNU MHOW Mepe BNATb HAa B3BaUMOLENCTBUA.

Hann4yune B napameTrpax NeHTbl KBAHTOBOIO YMCAa «nN» rOBOPUT O MOAANIbHOW CTPYKType
BO/THOBOW PYyHKUMU. [eoMeTpruyecKkn 3TO NOXOXKe Ha NOoCNeaoBaTeNbHOCTb B/IOXKEHHbIX
opyr B gpyra 5D ¢unanueckm ceasaHHbIX pas-chep ¢ pagnmanbHON NEPUOANYHOCTBIO,
paBHOM eauHMUe A/NHBL. [TOBEPXHOCTHAA MNAOTHOCTb 3HEPrnm Takux chep C Yy4ETOM
KBAHTOBOW onpenenéHHOCTU M CBA3AHHOCTW MapaMeTpoB onpeaenaeTca cneayroumnm

obpasoM:
ne &

471l

_ P _
47T(nlp)zlp

l/)i = pn (o¢ " TlEN,{l SnSNmax} (12)

3| m
3| -

3
p
Moa noBepxHOCTbIO NoapasyMeBaeTcA ¢GU3MUecknin 06bEM, paBHbIM NPONU3BEAEHUIO

nanowann cd)epbl M egnHnLUbl pacCToAHUA. OTa NNOTHOCTb OTHOCUTCA K MONTHOMN SHEeprmm
rpasmtaugmnun.

Y cnMHOBOM KOMMNOHEHTLI €CTb cBOA cneundumnka. CyTb e€ 3aknroyaeTca B TOM, UTO HA HEé
okasbiBaeT ¢dopManbHoOe BAWAHWME NATasa KoopauHata neHTel Mébuyca (11),
yKasblBatollaAa Ha COOTHOLLUEHME LUMPUHbI NEeHTbl (FMaBHOM XapakKTePUCTUKN CMUHA) K
paguyca e€ cpeaHen NMHUK (TNaBHOW XapakKTepPUCTUKM MMNynbca). 3T1o TOT ¢dakTop,
KOTOpPbIM 3a4a€T YPOBEHb CUHXPOHMU3AUMKM ABYX KOMMNOHEHT: rpaBmTauumn-mMnynbca m
3N1eKTPOCTaTUKN-MOMEHTa uMnyneca. lNonarato, 4TO 3TO N3BECTHAA KOHCTaHTa TOHKOW
CTPYKTYpbl, onpegenatow,ana 3apag «<EctecteeHHon CuctemMbl EamnHm».

w 1

= — = = — 1
V=y=e=137 (13)

N3 3TOro cooTHOLLEHUA crieayeT: aneKTpocTaTuyeckoe Nosie UMeeT CBOM, OT/INYHbIN OT
rpaBuTaUMoHHOro, Habop 5D cdpepuyeckmx Moa, COBMELLEHHbIX C FPaBUTALLMOHHBIM
pagoM. EonMHoe cnuHO-UMNynbCHOe none, GopMann3oBaHHOE C MOMOLLbI JIEHThI
Mébuyca, npeacrtaBnseT 3anyTaHHOCTb rpaBuUTaLmM U aneKTpoMarHeTnama. 3HaueHus
NIOTHOCTU SHEPTUM BMTIEKTPOCTATUUECKMX MO, ONpeaeseTca COOTHOLLEHUEM:

n137hv, 1 hv, 1
= — . X
an(n1371)°1, 137 4mly  n137

Y = pg hv, n € N,{1 <n < Ny} (14)

OTo ypaBHEHME NOKa3bIBAET, UTO INEKTPUUECKNI 3apsaa HEKOTOPLIM 06pa3oM CBA3aH C
nosnHon aHeprmen 137 aHepreTMUYeckMx YpOBHEN, Torga Kak Macca 3apaga cBaA3aHa
NNLWb C O4HWUM, NEePBbIM YPOBHEM:

137

qe~ Z khv, = 9453hv, mg~g, (15)
k=1

MnoTHOCTL QHEpPrmm 3apAga paBHa HeBepOFITHOl\/'I BENMNYUNHE!



_3-9453 hy,

=———F =21 x 1012 [x/m3 (16)
4m(137 - 1)

pq&'
9710 Ha 8 nopAaKoB 60/blUE NpeaebHOM NNOTHOCTN 3HEPTUU rpaBuUTaLnm (6).

EonHan (I)yHKLI,VIFI NMNJIOTHOCTU 3HEPIrnn npeacrtaBndaeTtca B Bnae ABYyX HeagauUTUBHDLIX
KOMMOHEHT. EE MOXHO cuunTaTh OHEPreTn4eckKnM noneM aJ71eEKTpoHa-no3nNTpoHa.
" 1
is D — & N/
T n P 137n

310 Bblpa>keHne 3anyTaHHOCTW rpaBmnTaumn m SI'IeKTpOMaFHeTVISMa!

1
hvy, 3 ;(ep A ahvp) n€EN,1<n< Npax 7)

KBaHTOBasa ¢popma 3akoHoB Vcaaka HbioToHa U Anbb6epTta DMHLUTEMHA

EonHoe none MoXeT paccMaTpuBaTbCA KakK rpagMeHTHOE B OTHOLUEHUM M/IOTHOCTMU
aHeprnn. OCHOBHbIM BOJIHOBbIM YypaBHEHWEM, NpeAcTaBAAOLWMM pacrnpeaeneHme
NMJOTHOCTU FpPaBMUTAUUOHHOW 3HEPrnM OA4HOW KBAHTOBOW edUHWULUbl Macchbl, ABNAeTcA
cnepyrouiee ***;

1
wizpnzge‘p n €N < Npax (18)

CooTBETCTBEHHO, roragmneHT NJ1I0THOCTU FpaBMTaLLMOHHOVI QHEPIrnn npencrtaBnAeTcAa Tak:

-

ppim I R (1 1 ) R 1 (19)
= “'\=l=cr |- ——|=c 7 ——
“2) ™\, PP \n n+1 P" n(n+1)
roe (iﬁ) — eANHWYHbI BEKTOP PaaManbHOro HanpasieHus 7.
14
Ry=nl, > Unn+1)=R; n>1 (20)
3\m 3 m,m m,-m
p \ M p p Mp p Mp
=(2)=2 : -G 2P 21
o, (tf,) RZ <tgmp) R2 R2 (21)

B KOHe4YHOM uUTore NoNyynnocb ypaBHeHme cunbl Micaaka HbtoTOHA, HO C paguKanbHbIM
otnnymeM. Mbl paccMaTpuBaeM MamepuasibHoe rnosie ¢ orpaHu4eHueM ckopocmu
BOJIH «C». VIHTEpECHbIM ABNAETCA TO, UTO 3Ta popMyna AeNCTBYET HaA BCHO rNMybunHy nons,
— 00 oAHOM eanHNLbI paccToAaHKUA (n=1)!

TaK >Ke NMPOCTO MO>XXHO NMPOBEPNTb KOBAPUMAHTHOCTb MO OTHOLWUWEHUNIO K O6LLI,el‘/'1 Teopvlm
OTHOCVITel'IbHOCTVI, ydyntbiBaa €egUHCTBEHHOE YyC/10BMeE: KBaAHTOBOE YMNC/I0O N >> 1. Ha
3TOM MaCLLITaﬁe MPOCTPaHCTBO FepMaHa MWHKOBCKOTO npencrtaBnAeTcAa nNpakTtnyecku
MIOCKNM.
8nG ) )

Gy = i Ty Ty =diag(pc®,p,0,0) 4y (22)
N3 ypaBHeHMA (12) NAOTHOCTb 3HEPrUM W AaBNeHWe rpaBuUTaunuuM 3KBMBANEHTHbI U
paBHFII-OTCFI:

&

—  p=pc? (23)

p =
4717"15

MoacTaBnsieM 3TW 3HAYEHUA B ypaBHEHME OMNHLITENHA U Mony4YaeM BCE KOMMOHEHTbI
TeH3opa.



8nG 2 8nG 2

Goo = C—4pC2 = @ Grr = C—4pczgw = @grr (24)
8nG ., , 2r - 2r
Ggg = " pcer =T Gpp = Ggg SN 0=l—sm 6
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MonyyeHHble KOMMOHEHTbl WMET pa3MepHocTb, cooTBeTcTBytowyto OTO. OueHb
CUNbHO ynpoLleHbl ¢opManM3MoM KBAHTOBOrO Mons, — A0 NJaHKOBCKOIO 3Ha4eHus
ANVHbL. He copepxkaT NpU3HAKOB CUHIYIAPHOCTU, — [AOCTUratdT MaKCUManbHOro
3HaYeHus Npu paguyce, paBHoM 1. [NOTHOCTb 3HEPTUM COAEPXKUT NPU3HAK BpalleHnn
(1/r) *xxx,

CTpyKTypa eaAnMHOro nonAa ectecTtBeHHbIM 06pa3oM nopoxkaaeTt rpaBuTalMOHHOE None,
otBevarouwee O6wen Teopuun, n cogepxunt B cebe npeackasartesibHble pakTopbl ANA
acTpoPpunanku.

BoiBoa: n teopus Mcaaka HbroToHa, n Teopma Anbbepta DMHLUTENHA TEPAKT CBOM
dyHAaMeHTanbHbIN XapakTep, CTAaHOBATCA 3MEPAXXEHTHbIMU MO OTHOLLUEHUIO K €ANHOMY
MOS0 NOTHOCTU SHEPTUN ***,

ANeKTPOH-NO3UTPOH

ONeKTPoOH M MO3UTPOH OTAMYaOTCA TOMbKO MO HanpaB/EHMIO NCEeBAOBEKTOPa ChNMHa
OTHOCWUTENbHO BeKTopa MMMy/nbca. YCNOBHO NPUHUMaEM: y 3/1eKTpoHa MNCEBAOBEKTOP
HanpaBneH NPOTUB BEKTOPA UMMynbCca, ay No3nTPoHa, — No BEKTOPY UMNynbca. [Apyrux
OT/INYNIA HET, NOSTOMY Aanee Mbl NPUMEHAEM TEPMUH 3NEKTPOH-NO3UTPOH. VX HENb3A
paccMaTpuBaTb Kak MaTepuanbHytd W aHTU-MatepuanbHyto 4yactuubl. OHM o06e
ABNATCA MaTepuanbHbiMU. MoueMy? CTaHET NOHATHO U3 AaNbHENLLETO U3/TOXKEHUS.

[lna OCHOBHOW 3apsAo0BOM MOAbl 3/1IEKTPOHA-MNO3UTPOHA COOTHOLIeHMe (13) umeer
npuHumMnmuanbHoe 3aHadyeHne. OHO B paMKax KBAHTOBOW onpenenéHHoCTV napaMeTpoBs
[0/1>)KHO COOTBETCTBOBATb CTEMEHW KOr€PEHTHOCTU CMIMHOBOW U UMMY/NIbCHOM KOMMOHEHT

KBaHTa €;p, KOTOpaA CBA3@aHa MMEHHO C MOCTOAHHOW [lnpaka, — xapakTepuUCTUKOM
aneKkTpuyeckoro nonda, obpaloBaHHOrN0 e€AWHUYHBIM 3N1eKTPUYEeckMM 3apagom. B
dn3nKe 3Ta BeMUYMHA Ha3blBAeTCA MNOCTOAHHOWM TOHKOWM CTpykTypbl. OHa 6bina
onpepfesneHa B onbiTe, a 34eCb OHAa MNoslydeHa N0 COOTHOLLEHMIO ABYX KBAHTOBbIX YUMCEN.

3apan 3neKTpoHa-no3uTpPoHa

B «EctectBeHHOM Cucteme EamHMU» M NOCTOAHHaAA TOHKOW CTPYKTypbl, M 3apag
9NeKTPOHa-No3UTpPOHa paBHbl 1, MNO3TOMYy Mbl MOXEM COCTaBUTb creayloLliee
COOTHOLUEHME NPOMNOPLMUOHANBHOCTN Pa3MepPHbIX N 6e3pa3MepHbIX BENUYUYMH:

kl 1
2 —_P _
e; oca—nlp 137 (25)
e, xVa (26)

Kak MOXHO 3aMeTuTb, Nony4yeHa NOCTOAHHAA TOHKOW CTPYKTypbl B BUAE OTHOLUEHMUSA
Lenblx HaTypanbHbIX 4YMCen, OTBeYalLlMx napamMeTpaMm  31eKTPOMarHUTHOM
KOMMOHEeHTbI. BonbdraHr Maynu n Aptyp S4ANHITOH 6bI/IM B CBOUX OYEHb OONTUX U He
LOCTUTLLNX Lenn nomckax LLenovYncieHHoro 3HavyeHmns abcontoTHO npasbl.

B BennumHax WNHTepHaumoHanbHon CucTeMbl 3apan 3/1eKTPOHa-Mo3NUTPOHa MOXHO
Bblpa3nTb Yepes NIaHKOBCKUIA 3apAaa:



e, =\ 4meohc (27)
e=e,- ’%7 =/ admeyhc (28)

dnekTpunyeckan NOCTOAHHAA €, ABMAETCA NPOCTbIM KO3PpbNLMEHTOM NepeBoaa eanHNL,
M3MepeHUs, TakUM Xe, Kak B TEH30pe DiHLITENHa BbipaxeHue (8tG/c?).

B HaTypanbHOM psgy uucen TpebyeMoe COOTHOLUEHWE TOHKOM CTPYKTYpbl WAU
napamMeTpoB 3/1€KTPOMarHUTHbIX Mo GEecKOHeYHOe MHOXECTBO. O/IEKTPOMArHUTHoe
nosne Tak >e npakTtnyeckn 6eckoHeuYHo Kak rpaBuTaLMOHHOE.

o
1370

Bce moabl Q/IEKTPOMaArHMTHOro nonAa MMerT O4HO U TO XXKe KBaHTOBOE YMNCNO 137, utO
naer noareep>XgeHne BbiIBOAOB, HO MOJ/IHOCTbHO U3MEHAET coaep>XaHme HepaBeHCTB
O>xoHa benna. Jliobble KM3MeHeHWa nonAa B OOAHOM MecCTe Bcerga cBfA3aHbl C
N3IMEHEHNAMU B APYIOM, — KBaAHTOBbIN nopAaaoK nam 4v4ncno «k>» Hapywmntb HEBO3MO>XHO.
OHO ABNAETCA KOHCTAHTOMN.

ogeN < Nmax (29)

PDEeHOMEHOMOrMYecKkn O/IEKTPOH-MO3UTPOHHAA Napa Bblpa>kaeTcAa narpaH>XmaHoMm:

. _ 1 _
Lo-e+ = l/)(l)/“a‘u - me)lp - el/)]/“l/JAu - ZF;'WFMV + gannlplpq’)y + (30)
rge:

Y - cnuHopHoe none [upaka, onucbiBatoLLEee 3/1EKTPOH-MO3UTPOHHYH Napy Kak YacTuuy m
aHTM4YacTMLYy C pa3HbIM NCEBAOBEKTOPOM CMUHa;

ll_) = 1[)*)/0 - COnpAXXEHHOE CMMHOPHOE None;

y# - maTpuua [npaka, rae (u=0,1,2,3), ynosnetesopsatuiee {y#, y#} = gh;
m, —Macca 3/1eKTPOHa;

€ — 9/IeMeHTapHbIN 3apAag;

A

u= noTeHumnan anekKrpoMarHMTHOro norsiAa, “IeTpréX-BeKTop;

E, = 0,A, — 0,A, — TEH30p 3/1EKTPOMAarH1MTHOrO NoJA;
Jann — KOHCTaHTa 3G HEKTUBHOM aHHUrUAALMK e et - yy;
¢, — BCromMoraTenbHoe nose AByxGOTOHHOIO BbIXOAA.

TeH30p QHeprmn ANeKTpoMarHMTHOro nonA

B npuHATbIX, KBAHTOBbLIX eAuHULIAX WM3MEPEHMA TEeH30p 3N1eKTPOMAarHMTHOro nons
CTaTUYEeCcKOro 3apsaga 3/eKTpoHa-no3uTpoHa B chepuyeckmx KoopgumHatax uMeet
cneaywLuimn BuAa:

F e 1 1
= — R
Tt 2 137 12

Fop = =Fp¢ F9¢=F¢)9=0 (31)
rae:
F — TeH30p aHepruu;

r— pagunyc chpepmyeckom Moabl;



t - nepuon cnMHOBBLIX KoNnebaHUn Moabl;
¢ 6 —yrnoBble KoopanHaTbl CHeprUUYeCKON CUCTEMBI.

BekTopHbIM noTeHuman B kanubpoeke A; = 0

e 1 1 32)
— m — - —
r 137 | r

AO =
[Mone He 3aBMCUT OT Macchbl YyacTuubl. 3710 OoTpa>kaeTcAa B ToOnosiorm4yeckKoMm pa3geneHnm
QHeprnnm nMmnynbca n aHeprmn MOMeHTa NMNynbca.

Macca ANIEKTPOHa-NOo3NTPOHA

B pamMkax napamMeTpmyeckow TOMOSIOrMW NEHTbl BEKTOP WMMMysbCca M MNCEBAOBEKTOP
CNVHa KONMWHeapHbl U HanpasneHbl NM60 HaBcTpeyy Apyr apyry, nméo B O4HOM
HanpasneHun. KpoMme TOro, OHM 3anyTaHbl WAN CKOPPEeNnpoBaHbl Tak, 4TO
NONOXUTENbHbIE  AeBMaLMM  3HAYEHUA  IHEeprmm  OoJHOro, CONpPOBOXAAETCA
oTpuuaTenbHbIMU AeBMaLMAMUM 3HaYeHUA aHeprum Btoporo. Cymma gesmaumim paBHa
HYN, 4YTO COOTBETCTBYET OTCYTCTBMIO Auccunaumm m 3atyxaHua (8). MexaHuUsMm
KoppenAauuun ceadaH ¢ «3aKOHOM MeTpUYecKom onpenenéHHOCTU N NapaMeTpnYeCcKom
CBA3aHHOCTU CUCTEM», @ TakXKe C 3aKOHaMM COXpaHeHUsa IHEePrmMm M MMHUMaNbHOCTH
oencrTeus.

EcTb ewé ogHa KOMMNOHeHTa aHeprum — npeueccuna. OHa MMeeT NOCTOAHHOE 3HaYeHue,
ABNSAETCA OPTOroHanbHbIM AOMO/IHEHMEM K TEH30py 3Heprum cnuHa. E€ mMoaynbHoe
3Ha4YeHMe He3HauuTesbHO, Tak KakK reoMeTpoaAuMHaMmKa MNpakTUYecKu JNMHenHas,
pacTaHyTaAa Ha BCH OKPY>XXHOCTb cpegHeln NuUHUM neHtbl 137, U NoYTM coBnagaeT c
BEKTOpPOM mMnynbca. OgHako, UMeHHO eé BIMAHNE Ha KOIMHEAPHOCTb MOXHO CUMTaTb
9HepreTU4YecknMM IKBMBA/IEHTOM MacChbl 3M1eKTPoHa-nNnpoToHa. MaTeMaTuyecku oHa
onpepensietca 3pdEKTUBHLIM YI/IOM Hak/NoHa MCeBAOBEKTOpPaA CMNWMHA K BeKTOpy
UMnNynbca.

1 1
Emec2 = Empcze 6~10"23pagp (33)

MN3n0>KeHHbIV NPUHLMN onpeaeneHmna MacChbl YaCcTULbl MO3BONAET FOBOPUTL O PELLEHUM
npobnemMbl nepapxmm Macc gna scex gpyrmx dactmuy CtaHgaptHom Mogenu. Takke oOH
pewaet npobnemy T€MHOM MaTepun. [NnaHKOBCKaa Macca KBaHTa €y ABNAETCA TEMHOM
cTopoHomn dmsnueckoro sakyyma (10), npoasnaemon B MacLutabax BceneHHOM TONbKO B
BMAE rpaBuTaLmn.

CunbHoe n anekTpocnaboe B3auMmoaencTBuna

B paccMOTpeHHOM CTPYKTYype ypaBHEHMIN AOBO/IbHO OUEBUAHBIM KaXkeTca onpeaeneHne
cunbHoro wmn cnaboro B3aumopgenctBun. Popmyna lMcaaka HbloTOHa no3BonAaer
onpeaennTtb CUNy B3aMMOAEMNCTBMUA ABYX KBAHTOB MacChbl Ha AMCTaAaHUWUW, PaBHOW
eanHunue.
2
m
— P __1042
Fg =G ~10"H
P

To >xe oTHocuTbCA K ypaBHeHuto Lapna OrtocteHa ge KynoHa.

10



eZ
E, = k—2~1037 H

(137-1,)
HanpaeHHble BeNMYUHbI MO3BOMAKT, MPEANONOXUTb, UTO MMEHHO Takue CTPYKTYpbl
pacuyéToB COOTBETCTBYIT paccMaTpmBaeMbiM popmam B3ammopencTtemsa. Ob6a Buaa
B3aMMOAEMNCTBYHOT C MOMOLLbI 06MeHa KBaHTaMu aHeprmn. Ha Manbix paccToAHMAX OHU
MOTYyT MNpUHUMaTb GOpPMbl FPaBUTALMOHHBIX [NHOOHOB WX 3NEKTPOMArHUTHbIX
6o030HO0B W 1 Z. OnpegeneHune TpebyeMbix pacCTOAHUN 1N 3N1IEMEHTOB ABMAETCA OAHOW
M3 06LMX 38484 KBAHTOBOW XPOMOANHAMUKMU.

CDopMaanaﬂ peBonoLnA B KOCMO/TONMn

BHewHAA CMMMETpUA BHYTPEHHE aCUMMETPUYHOIO KBaHTa €54 UMEET Aaneko nayuiune
cneacteMAa B KOCMO/MOTrnMn. TeH30prIe KOMIMOHEHTblI «KBaHTa» WU «aHTU-KBaHTa» B
3epKabHOM OTpa>XeHUWM NeHTHI Mé6V|yca Hanpae/ieHbl B MPOTUBOMOJ/IO>XKHbIE CTOPOHbLI. A
3TO 3HA4UT, YTO UX B3aUMOAENCTBUE npeanctaBnAaeTca Kak aHTurpasutauma m aHTU-
SﬂeKTpOMaFHeTMSM.AHHUI’UﬂHuUﬂ ucksrodaemces. Ho torga Hawa BceneHHas genntca
Ha gBa Mnpa: MMp Matepunmn mn MMp aHtTnMaTtepuin. B cBA3K C 3TUM CTAHOBUTCA NOHATHbLIM,
noyemMy aJ71EKTPOH N MO3BUTPOH OTHOCATCA K MaTtepmnanibHOMY MVIpy! Nx nMMnynbCHbIE UM
rpantTalbMOHHblE KOMMNOHEHTblI OAMHAKOBblI, OHW MNPUTATNBAKOTCA WU MO3TOMY MOTYT
aHHUrMnNmMpoBaThb.

Mpepnaraetca peHOMEHONOIMYECKMI narpaH>XnaH Takon BceneHHoun

1 2 1 2 A A A
Lo =5 (0uPn)" +5(3u®a)" — g (@F —v? —Z(@F -2 - 0h@7  (32)

roe:

A > 0 - KOHCTaHTa aHTUTPaBUTALUM MEXAY MUPOM MaTepun ®,, 1 MUPOM aHTUMaTEPUY
Dy;

A - MacwTtab, peHoOMeHONOrn4Yeckn napamMeTp Mmpa, BO3IMOXKHO KBAHTOBAA KOHCTaHTa
K;

U — NIOTHOCTb 3Heprun Bakyyma (10) mexxay knactepamu.
A 22 12
. dpy P4 — oTpuuatenbHoe gasneHne, GakTtop yCKOPEHHOro pacLUMpeHmA.

OueBUaHO, TaKOM MUP NO coaep>XaHuto aenmntca B cpegHeM 50% Ha 50%. [Mpu 3aTOM
Hambonee BepoATHO GECKOHEYHOE MHOXXECTBO MepeMellaHHbIX K1acTepoB, aKTUBHO
yoanarowmxca gpyr ot gpyra n3-3a aHTurpaButaunm, 1 Takke akTUBHO CXXMMaKLLMXCA
oT cob6cTBEHHOM rpaBuTayumn. Cxartne KnacTepoB 40 NpeaenbHOW NMAIOTHOCTU SHEPTUMN,
conpoBoXgaeTca ovepeaHblM 3NEKTPOH-MO3UTPOHHbBIM aHHUTUNALWOHHBIM B3PbIBOM, B
pes3ynbTaTe KOTOPOro BO3HMKAaKT Matepusa U aHTumatepua. OHM B ouepegHon pas
pasneTtatoTca M nepepacnpenensatoTca B CyLLECTBYHOLMX M 06pa3oBaBLLUNXCA KriacTepax.
N Ttak o 6eCKOHEYHOCTM B MPOCTpPaHCTBE M BO BpeMeHW. BceneHHaa noxoxa Ha
6eCcKOHeUYHY Yepeny NoKanbHbIX B3PbIBOB M 1I0Ka/bHbIX KOHAEHCALUN.

Mpu aToM 6onblwas 4acTb MaTepum U aHTUMaTepum UMeeT TEMHYH dopMmy,
9KBMBANEHTHY UMIMYNbCHOM KOMMOHEHTE UM NN1AaHKOBCKOM Macce, CKPbITON B KBaHTe
€gn- Macca nnmn akBMBaneHT MaccCbl 3/IEMEHTapPHbIX YacTUL, COCTaBNAET Manyto YacTb,
9Heprma KOTOpoM comnocTtaBMMa C MacColn KBaHTa €gj. [peanaraercAa KBaHTOBaHHbIN
narpaH>xmaH TEMHOM MaTepun:

11



1 2 1 Ep
Lpy = E(a#x) - Emgxz +.J/-g <X2€R - 9§x> (33)
roe:
6 = 10723 — pacu&THbI NapaMeTp MaccChl KBaHTa €gp;

mp —eAunHunua Macchol, nN1aHKOBCKaA BENMNYNHAE,;

& — KOHCTaHTa CBA3M C KpUBU3HOM R;

£
l_?z’)_ MakcumMasibHaAa NIOTHOCTb SHEPIK NOJA;,
(4

X —none, CKPbITOM B KBaHTE €;;CYMMapHON SHEPTUN MMNYbCa.

NMpenctaBneHHble narpaH>XxXuaHbl ABAATCA 9PDEKTUBHBIMU U GEHOMEHONOTMYECKNMU,
HO MNpu 9TOM He BCEe WX MapameTpbl ABnArTcA cBob6ogHbIMU. MHOrMe BK/AKOYEHbI B
«EcTecTBEHHYIO Cnucrtemy EanHuu IamepeHus».

KoHcTaHTa aHTUrpasutaumm A noka octaétcA $PeHOMEHONOINMYECKNUM MapaMeTpom,
04HaKO eé 3HauyeHme MoxeT OblTb onpeaeneHo M3 KOCMOOrMyeckux HabnrogeHumn
(TeMn yckopeHHoOro pacwwupeHua). Ona cneunannucta B 06/1aCTUM KOCMOMOTUN U
KBAHTOBOW rpaBuTauum Takon Habop narpaH>XXMaHOB BMECTE C U3MOXXEHHOW B TEKCTe
TOMOMONMYECKON MOLEeNbl  MNpeacTaBAAeT  HEeNpoOTUBOPEYUMBYHO  anbTepHaTUBY
ctaHgapTtHon ACDM, npeackasbiBaloLyrd OTCYTCTBME CUHIYNAPHOCTM W AatoLLyro
MexaHWU3M NPOUCXOXKAEHMNA TEMHOW MaTepun.

nepCI'IeKTVIBbI MareMaTulauumm XpOMOAMHaMMKM

Bce dopmManbHble aMNIUpUYECKME OLEHKM 3NEeKTPpOHa, BbiIBEAEHHbIE M3 MNapaMeTpoB
neHTbl Mébuyca, yka3biBalOT Ha TO, UTO BbIBOP 3TOM TOMONOrMYeckom ¢urypbl 6bin
npasunbHbiM. CnepoBaTtenbHO, BCE ApPYyrMe a/eMeHTapHble 4vacTtuubl «CTaHpapTHOM
Moaenu» MoXXHo byaeT popManmaoBaTb C MOMOLLbIK 3TOW XKe NEHTbl B MHOXXECTBEHHOM
3anyTaHHOCTU. Ho aT0o ByaeT packpbiTO B paMKax Apyron ctatbu.

3ak/nouyeHue

MpepnoXeHHasa KOHUEMNUMA eaMHOro nonA MAOTHOCTUM 3Heprum, 6asmpyroulaaca Ha
«EcTtecTtBeHHOM Cncrteme» Makca lNnaHka n noctynarte o HeNpepbIBHOM, OAHOPOAHOM U
M3OTPOMHOM KOHTUMHYYyMe MaTepum-npocTpaHCTBa-BPEMEHW, MNO3BOMAAET MNO-HOBOMY
B3rNAHYTb Ha dyHAaAMeHTanbHble OCHOBbl COBPEMEHHOW PU3UKMU.

Bbazon npepnoxxeHHon paboTbl ABnAeTca ¢GOpPMyNIMpPoOBKa «3aKoOHa METPUYECKON
onpefenéHHOCTM W CBA3AHHOCTM MNapaMeTpoB», COrMacHO KOoTopoMy nto6omn
dn3nYecKknn napamMeTp CUCTEMbI KpaTeH Le/IOMYy YMCAY MNAaHKOBCKUX eguHuL. IToT
3aKOH OrpaHumuymBaeT MacwTab nMNPUMEHMMOCTM NpuUHUMNA HeonpeaenéHHOCTMU
len3eHbepra n «<HepaBeHCTB» benna, paspelwiana TeM caMbliM AaBHUIMN cnop SWHLWITENHA
1 bopa B Nonb3y geTepMmMHMU3IMa AnHwTenHa: «bor, BCé-Takm, He UTpaeT B KOCTU».

CuHrynapHocte B OTO o6bABnsercs MatreMaTUYecKMM MNpeyBennvyeHueM, eé MecTo
3aHuMaeT obnacTtb npeaesnbHOW MJIOTHOCTU 3HEPrMNM C TOPU3OHTOM cobbiTun,
onpeaensaeMbiM pagmnycom LBapuywmnbga.
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KnroueBbiM TOMOMOMMYECKNM peweHneM CTaHOBUTCA JEeHTa Mé6myca, reomMeTpumAa
KOTOpOIZ €CTeCTBEHHbIM 06p830M obbvegnHaeT u CUHXPOHU3NPYET HeaaaUTUBHbLIE
MMNynbCHyro U CNMHOBYHO KOMIIOHEHTDI. Ha eé ocHoBe BnepBble MOMYyYEHDI
aHannTnyeckKkne Bbolpa>xeHmna gnA MOCTOAHHOM TOHKOM CTPYKTYpPbI 1 3apAaaa 3/1eKTpOHa-
NMO3UTPOHA 4Yepes uenble Yyncraa, YTo yKka3biBaeT Ha Tononornm4yeckoe, a He CﬂyHaVIHOG
nponcxoXxaeHne aTnx KOHCTaHT.

B kocMonorum 3epkanbHaa cUMMeTpusa neHTbl Mébuyca npenckasbiBaeT paBHOe
CyLleCcTBOBaHME MUPOB MaTepunm m aHtumatepmm ¢ 3dPEeKTUBHOMN aHTUTpaBUTaLLMEN
MeXxay HUMK, UTo 06 bACHAET YCKOPEHHOEe paclumnmpeHne BceneHHon 6e3 npuBneyeHus
ACDM. TéMHaAa MaTepua MHTEPNPETUPYETCA KaK CKpbiTad rpaBuTaLMoOHHasa 3Heprmsa B

KBaHTE Egp.

Takum o6pa3oM, Teopum HbOTOHaA M DUHLWITENHa, 3NeKTpoAMHaAMMKa U KBaHTOBAas
MexaHuKa TepslT CBOW dyHAaMeHTaNbHbIA XapakTep, CTAaHOBACb 3MepA’KeHTHbIMU
cneacTBMSAMM €AMHOTO BO/THOBOMO ypaBHEHUA NATUMEPHOTO KOHTUHYYMa.

MpennoXeHHbIn GOpManmM3M He TONbKO YCTPaHAET CyLLEeCTBYHOLME MNPOTUBOpPEYUMUA
én3nkn (cuHrynapHocTtb, npobnema HabntogaTtensa, NokanbHOCTb), HO W 3afdaér
HanpaBneHue gna 6yaywen MmateMaTm3aLmm KBaHTOBOM XpOMOAMHAMUKN YepPE3 MHOTO-
MoganbHble  3anyTaHHble neHTbl Mé6uyca. JOkcnepuMeHTanbHas  npoBepka
npeackasaHHbIX LEeN0OYNCNEeHHbIX COOTHOLLIEHUM ANA NMOCTOAHHOWM TOHKOW CTPYKTYPbl
CTaHeT pellaroLwmM TeCTOM NpeaoXKeHHON napaaunrMl.

I'Ipe.qnaraeMble AKCNEepuMeHTbI

N21. MpoBepkKka npeackazaHUA NOCTOAHHOW TOHKOW CTPYKTYpPbI

Y10 NnpoBepAeM: NnoNy4YeHHOE aHaNUTUYecKoe Bblpa>keHne KOHCTaHTbl a
a=1/137 =0, (00729927)

CODATA paeér:

a=1/137,036.

Pa3Hunuya: 0,026%.

Kak npoBepuTb: UCNOMb30BaTb 3KCMNEPUMEHT NO aHOMaNlbHOMY MarHUTHOMY MOMEHTY
9NeKTPOHa (g-2) — caMblil TOUHbIA METOA U3MEPEHUA O Ha CErofHA (ToUHoCTb ~107'°).
Ecnn nocne yuyéta Bcex nonpaBok K3 3HayeHMe d cUCTEMATUYECKU CMELLEHO B
cTopoHy 1/137 — 310 6yaeT CepbEé3HbIM yaapoM Mo cTaHOapTHOM Moaenn wu
noaTBepP>KAEHNEM NPEANOXXEHHOW TONONOrMYECKOM GOpPMynbl.

lne nenatb: nabopatopun c yctaHoekamu tmuna LKB (Mapwux), lNapeapa (Mabpuase), UW
(BawmHrToH).

N22. NMonck NneHTO4YHOM TONOJ/IOrMM B pacnapax yacTuy,

YTto npoBepsaeM: Moaenb, COrMacHO KOTOPOM 3M1EKTPOH-NMO3UTPOHHAA napa — 3TO He
ToyeyHada 4yacTmua, a BO3Oy)XAEHHOE COCTOAHWE fNeHTbl Mébuyca c KBaAHTOBbIMU
ymucnamm (n=137, k=1). OTctoaa cneacTBMe: aHHUITUAALMA «e*e”™» A0MXKHA NPOoSaBAATb
yr10Bble aHOMasMmn, cBA3aHHble C Tononornyeckom ¢pason beppu.

Kak npoBeputb: B Konnamgepax (Hanpumep, BOIIlM-2000, DAONE, Super KEKB)
NPOBECTUN NpPeLn3noHHOE M3MepeHue YrNoBOro pacnpegeneHnsa raMmma-KBaHTOB Npwu
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aHHUrMnaumn «e*e™». CrtaHpapTHaa KO[ npeackasbiBaeT rnagkoe pacnpepeneHue
(sinze). Mopgenb w3-3a cnupanbHOM KPOMKWM neHTbl Mébuyca npenckasbiBaer
MOoAOynALUMKO 3TOro pacrnpeneneHna ¢ nNepmoaoMm, KpaTHbIM T/2, 1 3aBUCUMOCTbIO OT
CNUPanbHOCTU MYy4KOB.

loe penatb: MAD (HoBocubupck), LNF (Ppackatun), KEK (Lyky6a).

MporHo3: npu ctatcTmke >10° CoBbITUIN MOXKHO 0BHAPY>KMUTb OTKIOHEHME ~107°=107° oT
K.

N23. (aMm6buumno3HbIN) Nonck aHTUrpaBUTaLMnM MeXKay MaTepren n aHTuMmartepuen.

Yto npoBepAeM: Te3NC N3 KOCMOIOTMYECKOW YacTu, YTO B3aMMOAENCTBUE KNacTepoB
MaTepun n aHTUMaTepumn f4a€T oTpmuaTenbHoe AaB/ieHNe N aHTUTPaBUTaLMIO (KOHCTaHTa
A B narpaH>xuaHe L,_).

Kak npoBepuTb: NOUCK KOCMUYECKUX 06BEKTOB unm obnacten, coaep Kallnx
Heob6bACHMMbIE aHOManuu. ABHOe yaaneHMe KOCMUYECKUX 06BEKTOB OT 6AM3KUX
BUAMMBbIX LLEHTPOB NMPUTAXEHWNA, BNNOTb Ao Y/.

NMpuMeuaHusa

* OTa MbicNb BbicKa3biBanacb camMuM lMnaHkoMm (1899) n noareep>kganacb B paboTax
Bappoy (2002) n )KambanbekoBa ¢ ApynuHbeiM (2019). Jlntepatypa 1, 2, 3, 4.

**  [lpuHuMn HeonpegenéHHoctn BepHepa [lenseHbepra B paMkax «3akoHa
MeTpUUYECKOM CBA3aHHOCTM NapaMeTpoB» KaXeTCcA He oOoTBedarlmMm Maclitabam
KBaHTOBOWM o6nacTtu. B KBaHTOBbIX eAMHML,AX COOTHOLLEHNE HEONPEeAEeNEHHOCTM NMeeT

CTPOro onpenenéHHoe 3HaYeHme.
l 1
p
m — - l — _h
( ptp> Pon

Bce ¢pusmnuyeckme BeNUUYMHbI CUCTEMbI KpaTHbl €4UHOMY LefioMy yuncny «k». B gaHHOM
KOHKpeTHOM cnydae k=1. lNoaToMy noHATME dyHAaAMeHTanbHOMW HeonpeaenéHHOCTU
TepAeT cMbicn. [lpomnsBegeHne COMPAXKEHHbLIX BeIMYMH  CTaHOBUTCA  CTPOroO
0EeTEPMUHUPOBAHHbBIM, MPUHMMAA MateMaTU4Yeckn CTporme KBaHTOBaHHbIE 3HAUYEHUs.
Ha MacwTtabax KBaAHTOBOWM MexXaHUKU (102°-lp) NPUHLUMN OO/KEH OENCTBOBATb, Tak Kak
BOJ/IHOBblE CBOMCTBA YaCTUL, CTAHOBATCA CYLLLECTBEHHbIMMU.

B oTHoweHnn «HepaBeHcTB» [>xoHa Benna. OHM NOCTpoOeHbl Ha HEMOMIHOM 3HaHUU
6a30BbIX ycnoBui. B pamMkax coopMmynmpoBaHHOro 3akoHa CyLLECTByeT >EcTKas
Koppenauus Bcex napamMeTpoB cucTeMbl. [103TOMy, Kakume O6bl MPOCTPAHCTBEHHO-
BpeMeHHble MapaMeTpbl OHa HU MMesia, MepHble Yncia Bcex eé napameTpoB Bcerga
OAHU U Te Xe. [leTeEPMUHU3M CUCTEM aBCONOTHbLIN, HE 3aBUCUT OT BpEMEHU. MIaMeHeHne
N WU3MepeHMe 4yero-To B OAHOM MecTe OyaeT Bcerga KoppecnoHAupoBaTbCcA C
M3MEHEHNEM U U3MepeHMeM 4ero-to B apyroM. dakTop 3anyTaHHOCTU sBMAAETCA
cneacTBMEM AETEPMUHMPOBAHHOM oNpeaenéHHOCTM U CBA3AHHOCTMU.

OBapuatnnetHun cnop Hunbca bopa n AnbbepTta SMHWTENHA Noa Ha3BaHMEM «bor He
urpaet B KOCTU», O4EBUAHO, pelLuaeTca B nofib3ly OMHWTENHA. «<HeonpeaenéHHOCTM W~
OTCYTCTBME NOKaNbHOCTM» B KBAHTOBOM MeXaHUKe — 3TO BCEro MMlb NPOABMNEHMUSA
BO/THOBbIX CBOMCTB Martepun.
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*** CaxapoB (1967), Bepnuuge (2011) n AkobcoH (1995) pa3Buam maeo o TOM, 4TO
rpaBuTauma He @yHOaMeHTanbHa, a ABNAeTcA UHAYLUMPOBAHHLIM 3ddEKTOM.
Nutepartypa [5,6,7].

**** Teopua AMHWTEMHa-KapTaHa, pa3sutas B paboTtax Kaptana (1922), Kuééna (1961)
n Xena ¢ coaBtopamu (1976), yctaHaBnNMBaeT, UTO KPy4YeHMeE NMPOCTPaHCTBaA-BPEMEHN
nopoxxgaetca cNMHoM maTtepun. Jlntepatypa [8,9,10].

****x%x  CBA3b reometpuyeckom ¢a3bl beppu ¢ Tononornmenm neHtbl Mébuyca
3KCMepuMeHTanbHO NPOAEMOHCTPMPOBAHA B ONTUYECKMX MUKPOpPEe3oHaTopax (Saito et
al., 2023), ateopetnyeckme moagenu (Al Yaquob, 2026; Flouris et al., 2022) noka3biBator,
4TO CcnuUH %2 ecTecTBeHHbIM 06pa3oM BO3HMKAET M3 Takon Tononoruu. Jlutepartypa
[11,12,13].

***xx*%%* CornacHo rmnote3de CMonuHa (2014) n pabote buHpepa (2002), nocTtoAHHaA
TOHKOW CTPYKTYpbl MOXeT ObiTb Bblpa>keHa 4epe3 LefoYnCeHHble TOMoorMyeckue
napametpesl. Jlnutepatypa [17,18].
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