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Cunres

Ennnbiv mostem gBgeTcs MATUMEDPHBIN HEITPEPBIBHBINA, OJHOPOIHBIN M U30TPOITHBIN KOHTH-
HYYM MaTepUHU-TIPOCTPAHCTBa-BpEMEHN, TTapaMeTPhl KOTOPOT'O ONPEIE/IAIOTCI CJIeIYIONTIMA
aKCHOMaMU:

Axcuoma 1. Teopernuaeckoit ocHOBOI o1 siByisteTcst Ecrectennas Cucrema Epuauin, mpe-
snoxxenHass Makcom Ilnankom. Ona dyHIaMeHTAIBHO CBsI3aHa ¢ PU3NIECKUMU CBOHCTBaMU
KOHTHUHYYMa, pAaCCMaTPUBAEMOTr0 KaK I10J1€ TJIOTHOCTU HEUCUYEPIIAEMOr0o KOJIUIECTBA SHEPTUN.

Axcuoma 2. Ousmyeckn B paMKax IPEJI0KEHHOTO KOHTHHYYMa JIOIYCKAeTCsl JIUIIb JBE
reoMeTpoIMHAMIYeCKe HEKOMMYTATUBHBIE (DOPMbI: UMITYJIbCHAS ¥ MOMEHTHO-UMITYJIbCHAS,
BCTPEYAIOIUecd B IIPUPOJE BCETIa B Iape.

Axkcuoma 3. [lapHocTb WM 3aIyTaHHOCTH PACCMATPUBAEMBIX (DOPM IPEJICTABIISAETCA B BU-
Jie TOIOJIOTUU TsiTuMepHOi JieHThl ABrycra @epannanga Méduyca nin B Buje Gh-KBanTa
SHEPTUN.

Axkcuoma 4. B cBazu ¢ dpopmasmsmom JsrenThl Mébuyca emHoe 1mojie mpeIcTaBIsgeTcsi Kak
3aIlyTaHHas ¢ 9JIEKTPOMArHETU3MOM I'DABUTAIMIOHHAS BOJTHA.

Axcuoma 5. CuibHBIM B3anMojielicTBIEM sBJjsieTcs rpaputaius Mcaaka HeioTona Ha pac-
CTOSTHUHU B 2 €CTeCTBEHHBIE eIUHUIBI JIUHBL. Ca0bIM B3aUMOIEHCTBIEM SIBJISIETCS JJIEKTPO-
cratuka [Hlapas Kymona vHa paccrosuun 2 X 137 ecTecTBEHHBIX €JIMHUIL JIJITHBI.

Axkcuoma 6. Enmraoe mosie mMeeT eIHYIO MOJAJIBHYIO CTPYKTYDPY, N€OMETPUYECKH ITPE/I-
CTaBJIEMYIO B BHJI€ BJIOYKEHHBIX JIPYT B Jpyra cdepornogobHblx NATUMEpPHLIX (a3 ¢ reo-
MeTpOoMHAMUKOI JieHThl Mébuyca. luddepentinan pajgnycoB paBeH eCTeCTBEHHON e/IMHUTIE
JIJTUHBIL.

Axkcuoma 7. Ilpocreitmieit qactureit Mmarepun B aHTPOITHOM ITOHUMAHUN ABJISIETCS TIepBast
Moj1a-daza Mo, IIOTHOCTb SHEPTUU KOTOPOW NMeeT MaKCHMAJILHO JIOMYCTUMOe 3HaYeHNe,
a CriuH paBeH 1/2 — 110 COOTHOIIEHHIO YCIOBHBIX PaJIyCOB KPOMKH 1 CPEJTHEIH JINHUN JIEHTHIL.

KBaHTOBOE McumnciieHue

DopmaIbHOE OIUCAHUE €JIMHOTO 10/ TPeOyeT CleluaIbHON MaTeMaTKu. 1 Ha3BaJI €€ KBaH-
TOBBIM ucuncjenneM. CyrnecTByOmMuil (pUsnKo-MaTeMaTUIeCKil almapaT Ha KBaHTOBOM
ypoBHe He npuMmeHuM. [locTyraraMu 3TOro UCYUCTIEHUS STBJIAIOTCH:



Kpanr QHEPI'UM 5KBHBaJICHTEH €CTECTBCHHBIM €AMHUIAaM PaCCTOAHNA U BPpEMEHHU.

e [hG [hG
€p: Ele: gxtp: ? (1)

Bce mapameTpbl SIBJISIOTCSI 1I€JIOUNCIEHHBIMEI B OTHOIIIEHUN K €CTeCTBEHHBIM eauauaM. Cire-
CTBUEM SIBJISIETCSI YTBEPKJIEHNE: pAa3MePhl MeHbIIIE eCTECTBEHHBIX €JIMHUI] B IIPUPOJIe HE Cy-
mectByeT. Pacuérabie Habopbl (hyH/1aMeHTaIbHBIX KOHCTAHT JieBUaIuu He jonyckaior. CuH-
I'YJISPHOCTD ABJIAETCS MAaTEeMaTUICCKUM IpeyBeIndeHrneM .

L,=nl, 1T,=nt, E,=neg, n € N < Nyax (2)
Bce nmapamerpbl 01HOIl CBSI3aHHOM II0JIEBOM CHCTEMBI UMEIOT OJUHAKOBOEC KBAHTOBOE HUUCJIO.

CresncrBueM sIBJIsieTcst yTBEepKIeHNe: (DYHIaMEHTAIbHbIE KOHCTAHTBI MOXKHO BBIPA3UTH Oec-
KOHEYHBIM KOJIMYECTBOM I1apaMeTPOB, IIPU YCJIOBUU, YTO BCE OHU COJIEPKAT OJIHO KBAHTOBOE

qucsio **,
Ly=kl, v T=kt, IF E=ke, k€N < Nyax (3)
ki, kL, 5

c= k_tp’ Ep = mPW = myc (4)

ki3 kI3 ke, ke, - kt?
G=-—2 - =_—"P2  f[m,=-L="_"" [cN< Ny (5)

ktZkm,  ktike, P2 kI2

nm,c® = ne, = nhy, (6)

cI)yHKI_[I/ISI I‘paBI/ITaHI/IOHHOf’I KOMIIOHEHTBbI €¢IM1HOI'O II10JIA

Eunoe mose MoxKkeT paccMaTpUBaTLCA KaK IPAIUEHTHOE B OTHOLICHUHU ILJIOTHOCTU SHEPIUH.
OCHOBHBIM BOJIHOBBIM yPaBHEHUEM, IIPEJICTABISIONIMM PACIPe/IeIeHUe INIOTHOCTH, ¢ yIETOM
MeTpI/I‘{eCKOﬁ CBA3aHHOCTU HapaMeTpOB I10JIA O,Z[HOI';I KBaHTOBO CANHUIIBI MaCCbI, ABJIAETCA
caeyromee
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nmy, - 1 ep -l 1 1 ep-l 1
R v AL R R R Y e _trp 8
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B koneunom urore nosyunsiocs ypasuenne Mcaaka HpioTona, HO ¢ pajluKaJIbHBIM OTJIMIHEM.
Mps1 pacecmaTpuBaeM MaTepHAJIbHOE TIOJIEe ¢ OTPAHIMYEHNEeM CKOPOCTH BOJIH C.

Tak ke MPOCTO MOXKHO MTPOBEPUTH KOBAPUAHTHOCTH 110 oTHOIeHuto B O6teit Teopuu OTHO-
CUTEJIbHOCTHU, IPUMEHSs €JIMHCTBEHHOE YCJIOBUE: KBAHTOBOE YUCJIO 110Jid 1 > 1.

&G )
Guw = =5 Tw, T = diag(pc®,p,p, p)w (11)



U3 ypasuenus (7) mIOTHOCTH SHEPTUU U JIABJICHUE TDABUTAIMUA PABHBL:

_ _%p )
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p
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HO,ILCT&BJIHGM 9THU 3HaYECHUA B YPABHEHUE DitHITEliHA 1 IIoJIy9a€eM BC€ KOMIIOHEHTBI TeH30pPa.

81G 2r 81G 2r
GOO = " p02 = -, Grr = 1 pczgrr = 57 Grr (12)
C lp C lp
81G 2 2
Gy = L4p02r2 = l—r, Ggp = Goysin® 0 = T sin2g
C D P

[TosryueHHbIE KOMIIOHEHTBI UMEIOT pa3sMepHOCTh, coorBercTByonryio OTO. Odenb cuibHO
YIIPOLIEHBI (POPMAJIU3MOM MATEPUAIBHOTO T0JIsi — JIO0 [JIAHKOBCKOIO 3HAYeHUs JI/InHbI. He
cojiepyKaT MPU3HAKOB CUHTY/ISIPHOCTH — JIOCTUTAI0T MAKCUMAJIBLHOIO 3HAYEHHS [P PAJINYCe,
pasroM 1. [lioTHOCT 9HEpruuM Cofep:KUT Npu3HaK BparieHus (1/r) ¥4,

MoanbHas CTPYKTYpa €IMHOTO MOJIsi €CTECTBEHHBIM 00Pa30M IOPOXKIaeT TPABUTAIIMOHHOE
noJte, orBevaroriee Obmeit Teopun, u comepkuT B cebe mpecKaszaTe/bHble PAKTOPHI JIJIs
acTpOU3UKH.

BuiBoa: u teopus Vcaaka Heiorona, n Teopus Anpbepra DitHITeitHa TepsaoT ¢Boil ¢dyH-
JIAMEHTAJIBHBIN XapaKTep, CTAHOBATCA IMEP/PKEHTHBIMHU 110 OTHOIIEHUIO K €JIUHOMY IIOJIIO
IJIOTHOCTH 3Heprum ***,

Ksant suepruun Gh

B narumepnsbrit anasior mpocrpancTsa ['epmana MUHKOBCKOIO, IPUHSITHIN B KadeCTBe aHaJIH-
TUYIECKON 0a3bl KOHTHHYYMa, jJeHTa Meébnyca JIerko BKJIa IbIBACTCA U HE UMeeT IepecevueHnii,
pacIoJIOXKeHa OJJHOBPEMEHHO BO BCEX THIIEPILIOCKOCTAX. 1loaTomMy oOpas BOJIHBI, COOTBET-
CTBYIOIIHUI €, TOIyCTHM, HET 3aIIPETHHIX HalpaBjeHuil. [IatnMepras MaTpuIia JIEHTHI UMEET
CJICJIYIOIAT BUJ:

0
M,(0,w) = | R, cosb 1—1—%(}085 :
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R,sinf |1+ — -,
sin +20082

0
% sin 3 cos @,
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o R, =nl,,n €N, n>1— KBaHTOBaHHBIN PaJUyC CpeJHel JINHUN JEHTHI;

rIe:

0 € [0,27] — yrioBast KOOpJIMHATA BJIOJIb JIEHTHI (IIOJTHBIH 000pOT);

w € [—1, 1] — Koop/mHaTa TOYEK KPOMKU JIEHTBI, €6 [UPUHA HOPMUPOBAHA;

¢ x R — yroJi, KOIUPYOIN KaJIUOPOBOYHYIO CUMMETPHIO CIIMHOBOI OpHUEHTAIUN

SU(2);



[ ] % — IIdTasd KOOpAuHaTa, CBA3bIBa€T TOIIOJIOI'NIO ¢ KBaAHTOBaHUEM Y€PE3 HOMED IHEPIe-

TUYECKOT'O YPOBHH M.

[leomeTpogmHAMUKA HA JIEHTE MTPE/ICTABIISETCS CIeTYIOMNM 00pa30M: UMITYJIbCHAS BOJIHA I'Pa-
BUTAIMN CBA3BIBAETCS CO CpeJIHEll IMHUEH JIEHTHI WK C [IapaMeTPOM 7 — KBAHTOBBIM YHCJIOM
pajmyca Moabl (JBa mepBbix wiena Marpuibl (13)). Tak Kak mIocKocThb JIEHTBl HEOPUEHTHU-
poBaHHasl, HE UMEIOIAsi TPAHUIILI, BOJTHY MOYKHO CUUTATH OECKOHEYHON U B IPOCTPAHCTBE, U
BO BpPEMEHH.

CrnuHoBas BOJIHA CBsI3aHAa ¢ KDOMKOI1 JIGHTBI; OHA, B IIPOIECCe JBUKEHIA COBEpIIaeT Iepecede-
HUE KPOMKH WJIM BpAallleHue BOKPYT cpefHeil muaun u npeneccrio. C Hell CBI3aHO KBAHTOBOE
quesio w (TpU MOCsIeAHNX Tapamerpa mMarputbl (13)) — mwmpuna jenrsl. JIjmHa KPOMKE B
J1Ba paza 6oJIbIIe JIMHLL CPejIHeil JTMHUHT, II03TOMY 32 OJUH 000POT UMILY/ILCHOI BOJIHBI CIIH-
HOBas BOJIHA COBEPINAET BCEro MOJI-000pOTa. DTO ABJIACTCS IPU3HAKOM IIOJIYIEIOTO CIHHA
:+h. Cucrema 3aryTana OQHIM KBAHTOBLIM UnCI0M 1. IIpn n = 1 mostytaeTcst KBaHT SHEPIHH,
KOTOpBIit g HazBaa Gh ¥,

Y JIeHTBI eCTh €eII¢ OJHO OYe€Hb UHTEPECHOE CBOWCTBO: B €€ 3ePKAJLHOM OTPaXKEHUN CTPYKTY-
pa abCOJIIOTHO MJIEHTUYHA, TO €CTh IeOMETPOINHAMUKA OJIHON SIBJISAETCH CUMMETPUIHON I10
OTHOIIIEHUIO K NeOMETPOINHAMIKE JAPYToii. MOXKHO TOBOPHUTH O 1oJIe U aHTHIoe!

3apsd 3J1IeKTPOHA-IIO3UTPOHA 1 TOCTOSHHASI TOHKOI CTPYK-
TYyPBbI

DJIEKTPOH U MO3UTPOH OTANIAIOTCSA TOJBKO IO HAIIPABJIECHUIO IICEBIOBEKTOPA CIIMHA OTHO-
CHUTEJIbHO BEKTOPa UMITYJIbCA. YCJIOBHO IPUHUMAaEM: Y 3JEKTPOHA IICEBIOBEKTOD HallpaBJIeH
MPOTUB BEKTOPaA MMIIYJIbCA, & Y TO3UTPOHA — KOJIIMHEApPEeH BEKTOpPY uMIry/bca. JIpyrux or-
JIMYUIl HET, II09TOMY JlaJjiee Mbl IPUMEHSIEM TEPMUH <«3JIEKTPOH-TIO3UTPOHY.

Paccmorpum senTy Ha cdepe npousBosbHOro paguyca R, = nl,. [lng Heé XapaKTepHBI 1Ba
napaMeTpa, OlpejesdeMbIX JIBYMs KBAHTOBBIMU UMCJIAMUT:

® 71 — HOMEP MOJIbI, OIPEIC/ISIONNN Pajuyc cepbr;
e k — mumpuHa JIeHTBI (), HOPMUPOBAHHAS CJIEJYIONMM O0PA30OM:

w:jzlrv%
nl,

[t OCHOBHOW 3apsI0BOMl MOJIbI 9TO OTHOIIIEHWE MMeeT PUHITNITNAJILHOEe 3HaYeHue. B
paMKax KBaHTOBOIl ONpeneIEHHOCTU IapaMeTpPOB OHO JIOJZKHO COOTBETCTBOBATL TOI
qacTu Heprun (GGh-KBaHTa WM JIEHTOYHON TOIOJIOIUH, KOTOpas CBA3aHA HMEHHO C
nocTosiaHoi [lytaHKa mim ¢ sHepreTUvecKoi XapakKTepuCTUKON 3JIeKTPUIECKOrO I0JId,
00pa30BaHHOIO EJIMHUIHBIM JICKTPUIECKUM 3apsjioM. B dusnke sTa BestmynHa Ha3bI-
BAETCs MOCTOSIHHOM TOHKON cTPYKTYphl. @ &~ 1/137. Ona Gblia onpejiesieHa SKCIepH-
MEHTaJIbHO.

31ech OHa IOJIYYAeTCsl UUCTO MaTeMATHIECKH II0 COOTHOIIEHWIO KBAHTOBBIX UHCEI
n = 137, k = 1 neursr Mébuyca. B EcrecTBennoii cucreMe eJMHUIL U TOCTOSHHAA
TOHKOH CTPYKTYPBI, ¥ 3apPsijl 3JIeKTPOHA-IO3UTPOHA PABHBI 1, TO3TOMY MBI MOYKEM CO-
CTABUTH CJIeYIOIIee COOTHOIIEHUE ITPOITOPIIMOHAIBLHOCTH Pa3MEePHBIX U Oe3pasMepHbIX
BEJIMINH:

9 kl, 1

e XX =—

S 15
p nl, ~ 137 (15)
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ep o Vo (16)

Kak MoxkHO 3aMeTUTh, MOJIyU€HA TOCTOsIHHAST TOHKOW CTPYKTYPBI B BUJI€ OTHOIIEHUS
IIEJIbIX HATYPAIbHBIX YUCE]T, OTBEYAIONNX KBAHTOBBIM ITapaMeTpaM 3JIeKTPOMArHUTHOMN
KOMTIOHEHTHI JieHTbl Mébnyca. Bonbdranr [aysmm u Apryp D1uHrToH OBLIH B CBOUX
IIONCKAX abCOJIFOTHO IIPABHI.

B Besmmunnax I/IHTepHaHI/IOHaﬂbHOﬁ Cucrembl 3apda 3JIEKTPOHA-IIO3UTPOHA BbIpazKaeT-

e, = \/4meohe (17)

1
e=ep- WiET; = Va/4reghe (18)

DJIeKTprYecKas MOCTOAHHAs sIBJSETCS MPOCTHIM KO MUIIMEHTOM Ie€PeBOJIa €TUHUIL

n3MepeHnd, aHaJIOr'MIYHbIM MHO2KHUTEJITIO 8;T—4G B TeH30pE OUHINITEHHA.

Cd 4epes IJIaHKOBCKUH 3apsii;

B narypasbnom pgiy uuces TpedyemMoe COOTHOIEHNE TOHKON CTPYKTYPBI WIN ITOCTIe-
JIOBaTe/IbHBIE ITapaMeTPhl JEKTPOCTATUYECKIX MOJI MOYKHO HANTH NMPaKTUIECKH Oec-

KOHEYHOEC MHOZKECTBO: o

- <
= o, 0 €N < Npax (19)

S.HGKTPOMaI‘HI/ITHOG II0JI€e TaK 2K€ IIpaKTU1IeCKHA 6eCKOHeqHO, KaK 1 I'pPaBUTaIlMOHHOE.

D eHOMEHOJIOTTIECCKI QJIEKTPOH-IIO3UTPOHHAaA ITapa BbhIpazKaeTCd JlarpaHzKHNaHOM:

o _ 1 ) _
Lot = w(l’wau - me)l/’ - €¢7“¢Au - ZFMVFM + gann¢w¢7 +e (2())
rie:

— 1) — cnunopnoe 1ojie Jlupaka, omuchIBaIoIee JIEKTPOH-TIO3UTPOHHYIO ITapy Kak
YaCTUILy U aHTHIACTUILY C PA3HBIM IICEBIOBEKTOPOM CIIMHA;

— 1p = 0 — conpsxénnoe crmHOpPHOE THOIE;

— o — marpunst Jupaka (p = 0, 1,2, 3), ynosaersopsiomue {y*, 7"} = g,
— M, — MAacca JIEKTPOHA;

— € — BJIeMEeHTapHBIN 3apsi];

— A, — TIOTeHIMAT 3JeKTPOMATHUTHOTO HOJIs, YeThIPEX-BEKTOD);

- F,, = 0,A, — 0,A, — Ten3op 3JIeKTPOMArHUTHOTO TIOJIS;

— Jann — KOHCTaHTa 3P PEKTUBHON aHHUTUIIAINA e e — Y7;

- qf),y — BCIIOMOI'aT€JIbHOE II0JI€ ,HByXCbOTOHHOFO BbIXO/IA.

TeH30p HEPIun! JJIEKTPOMAardmTHOI'O I10JIA

B npuHSATBEIX KBAHTOBBIX €JIMHHUIIAX M3MEPEHUs] TEH30D JIEKTPOMATrHUTHOTO IIOJIs CTa-
TUYIECKOTO 3apsijia JIEKTPOHA-TIO3UTPOHA B C(HEPUIECKUX KOOP/IMHATAX UMEET CJIEJLy-
IOIIUIT BUA:
e
Frt = ") [0 ¢
T

1
=,

Ftr:_Frt7 F9¢:F¢>9:0 (21>
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rIe:



— F — TeH3op sHepruu;

— r — pajauyc chepuaecKoir MOJIbI;

— { — TepuoJ| CIIMHOBBIX KOJIEOAHUN MO/IbI;

— ¢,0 — yrioBble KOOpAUHATHI c(PePUICCKON CUCTEMBI.

Bekropusbiit norennuasn B kKaaubposke A; = 0:

(22)

= =
W
3
= | =

IToJie He 3aBUCUT OT MaCCHI JaCTHUIIBI. T1o OTpazKaeTcCsdA B TOIIOJIOTUIECKOM pPa3/IC/ICHUN
QHEPIruu UMIIyJIbCa XU SHEPIruu MOMEHTa HMIIYJIbCA.

Macca 3jieKTpoHa-no3uTpoHa Ha JjeHTe Mebuyca

B pamkax napameTpuyueckoit TOIOJIOTUH JIEHTBI BEKTOP UMITYJILCA U TICEBIOBEKTOP CIIU-
Ha, KOJIJIMHEapHBI W HallpaBJeHbl JIMOO HaBCTpedy JPYT JAPYTY, JuOO B OJHOM HallpaB-
JICHUN. KpOMe TOro, OHM 3allyTaHbl WJIM CKOPPEJIMPOBaHbI TaK, 9YTO IIOJIO2KUTEJIbHbIE
JIEBUAINN 3HAYCHUST SHEPIUH OJIHOTO COIPOBOKIAIOTCS OTPHUIATEIbHBIMU JICBHAIIHS-
MU 3Ha4YeHusd sHepruu Broporo. Cymma sHepruii paBHa Hy/I0. MeXaHn3M Koppeadimn
CBsI3aH C 32KOHOM METPUYECKON OIPEIEIEHHOCTH U TapaMEeTPUIECKOH CBI3aHHOCTH CU-
CcTeM, a TaKzKe C 3aKOHaMM COXPaHCHUA IJHEPIU U MUHUMaJIbHOCTHA ,Z[eI';ICTBI/IH. O,ZLHaKO
TaKoe COOTHOIIEHUE TIPE/IIIOIAraeT UIeaJbHyIo JeHTy. PeajlbHo cama TOIOIOr s JIEHTHI
He JIONYCKAaeT e€ mapaMeTpudeckoil mieammsanun. [IceBnoBeKTop crmHa 00A3aTeIbHO
KOJIeOJIeTCsT OTHOCUTE/ILHO CPEJIHEHl JIMHUK JIEHTBI, OCOOCHHO B CBS3H C IPEIECCUEH.
1o KoJiebaHne B apaMeTpax MepBoil MOJIbI 3JIEKTPOMATHUTHON BosiHbL (137) win cob-
CTBEHHO 3JIEKTPOHA-IIO3UTPOHA MU3EPHO, HO UMEHHO OHO OIIPEJIE/IAET €ro MAacCy WJIH
JnedekT Dalanca SHEPrum.

1 1 1
(57’1]262 + 523) - (§hl/p + (557,> = 5@ = §m602 (23)
1 1
§mec2 =0, = §mp02(1 — cosf), 0 ~ 107" pan (24)

OTcrona nosydaeM OTHOIIEHHE Mace me/m, ~ 4.2 x 10723, 4ro coorBercTByeT yrity
0~ 1.3 x 107 pasu.

(DOpMaJIbHaSI peBoJIIOIINA B KOCMOJIOT'N

OueBnynas cummerpusi Gh-KBaHTa SHEPIUU UMEET JAJIEKO HMJIYIIUe CJIEICTBUS B KOC-
MoJioruu. TeH30pHbIe KOMIIOHEHTBI «KBaHTa» U «aAHTH-KBaHTa» YHEPIUHU B 3ePKAJILHOM
OoTpaKeHuu JIeHTbl MEéOnyca HaIpaBJIeHbI B IIPOTUBOIIOIOXKHBIE CTOPOHBI. A 9T0 3HAYHT,
YTO UX B3aUMOJIEICTBHUE IIPEJICTAB/ISIETCS KaK aHTUI'PABUTAIUS W aHTUIIEKTPOCTATH-
Ka. Araurmisims uckiaodaercs! Ho Torma mama Beemennast mennrest Ha aBa MEpPA:
MHUDP MaTepuu u Mup antumarepuu. [Ipemsiaraercs dpeHOMEHOIOTMYECKNIT JTarpaHKIaH
Takoit Bcesrennoii:

A

1 1 A A
['+— = 5(8M@M)2 + §<au(1)A)2 - Z((D?\/[ - U2)2 - Z((I)i — U2)2 - —

el (25)

rIe:



— A > 0 — KOHCTaHTa AaHTUTPABUTAIME MeXKjy Mupom marepuun Py, u MUpOM
anTuMarepuu P 4;

— A — macmTab, heHOMEHOJIOITIecKuii mapaMeTp MUpa;

— U — IUIOTHOCTb SHEPIruM BaKyyMa MeKJy KJjacTepaMu, (peHOMEHOJOIMmYecKuit
napameTp, B upeese @y 4 — v;

— é@?wq)ix — oTpHIlaTe/IbHOE JaBjieHne, GpaKTop YCKOPEHHOI'O PACIITHPEHUS.

Ouesnano, MUp 10 cojepxkannio geaurcea B cpeanem 50% na 50%. Ilpu arom nanbosee
BEPOSITHO HECKOHEYHOE MHOYKECTBO IIepPEeMENTaHHbIX KJIACTEPOB, AKTUBHO YIAJISIONTNXCS
JIPYT OT JIpyTa, U TaKKe aKTHBHO CXKUMAIOIIUXC OT cOOCTBeHHOM rpaBuTtaiun. CxkaTne
KJIacTepa 0 MIPeIe/IbHOM IJIOTHOCTH SHEPIUU COIIPOBOXKIAETCS OUE€PEIHBIM B3PBIBOM,
B pe3y/bTaTe KOTOPOTO BO3HUKAIOT Marepusi U aHTuMarepusi. OHH B OvUepesHoOl pa3
pas3IeTaloTCd W Iepepacipeie/IaioTcd B CYIMECTBYIOMNX 1 00pa30BaBINXCS KJIacTe-
pax. U Tak 10 6ECKOHEYHOCTH B IIPOCTPAHCTBE W BO BpeMeHHU. BcejleHHas mOX0xKa Ha
OECKOHEUHYIO Yepely JIOKAJIbHBIX B3PBIBOB M JIOKAJIBHBIX KOH/IEHCAIIHI.

[Ipu sToM OoJiblllasi YacTh MaTepud U aHTHMaTEPUU UMeeT TEMHYIO (OopMy, SKBHUBa-
JIEHTHYIO KHHETUIECKON SHEPTUH IIJIAHKOBCKON MacChl, CKPBITYIO B (Gh-KBaHTe MJIN B
siente Mébuyca. Macca nim SKBUBaJIEHT MACChI 3JIEMEHTAPHBIX YACTHUIL COCTABJISIET Ma-
JIyIO HaOJIIOTaeMyI0 HaMU YacTh BeliecTBa u u3aydenunit. [Ipegnaraerca 3 deKTUBHBIIM,
KBAHTOBAHHBIN JIarpaHKUaH TEMHON MaTepuu:

| 1
Lou = 5(0,X)? = 5m2 X + EX°R — B%’X (26)
p
rue:
- pB= % — 6a3uc KOHCTAHTHI TOHKOW CTPYKTYPHI;

— M, — eIUHUIIA MACChl, INITAaHKOBCKasA BEJINYINHA;
— ¢ — KOHCTaHTa CBSI3U C KPUBU3HON R;

- j—g — MaKCHUMaJIbHasd ITIJIOTHOCTDb dHEPI'UU I10JIA]
P

— X — mnoste ckpbiTOit B Gh-KBaHTe CyMMapHO SHEPIUU UMITYJIHCA TTPOTOMATEPHUH.

[IpencraBiennble JarpanKuaibl ABISIOTCA 3POEKTUBHBIMEI U (PEHOMEHOJIOTTICCKUMU,
HO HE BCE UX MapaMeTpbl ABJISI0TCA cBOOOIHbIMU. MHOrne BKIoUeHnbl B EcrecTBennyio
Cucremy Emmann smepenns.

Koncranra anturpasuranyn A moka octaérest (eHOMEHOJIOTUIECKUM TapaMeTpPOM, O/1-
HAKO €€ 3HAUCHUE MOYKET ObITh OIPEEIEHO U3 KOCMOJIOIMYECKUX Hab ro/ieHuii (Temin
YCKOPEHHOro pacimpenus). g crenuanucra B 00JIaCTH KOCMOJIOTUM U KBAHTOBOM
FPaBUTAINN TAKOI HAOOD JAarpaHKMAHOB BMECTE C M3JIOXKEHHOI B TEKCTE TOMOJIOTTYe-
CKOIl MOJIEJTBIO TIPeJICTaBJIsieT COOON HEePOTUBOPEYNBYIO aJIbTEPHATHBY CTAHIAPTHOM
ACDM, npecKa3bIBAIOILY 0 OTCYTCTBUE CUHTYISPHOCTH U JIAIONLYI0 MEXAHU3M ITPOUC-
XOXKJIeHUs TEMHON MaTepuu.

HepCHeKTI/IBbI MaTeMaTu3aluum XpoMOJNMHAMHNKN

Bce dbopmasibiblie sMImpuaeckne oeHKN 3JeKTPOHa, BbIBEICHHBIE U3 TTapaMeTPOB JICH-
Thl MéOnyca, yKa3bIBAIOT HA TO, YTO BBIOOD 9TON TOMOJOTHYECKON (DUTYpPBI ObLI ITpa-
BuibHBIM. CJIeI0BATE/ILHO, BCE JIPYTHE JeMeHTapHble YacTuilbl CTanIapTHON MOJIe/TH
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MOKHO OyjieT pOpMaIM30BATH C IIOMOIIBIO TOH Ke JICHThI B €IMHUYHON U B MHO-
JKecTBeHHO# 3amyTanHocTu. Ho 310 OyaeT packpbITO B paMKax JIPYTroil CTaTbU.

SaKJII0uYeHue

[IpeitozKeHHAsT KOHIIETIITIST €TMHOTO TI0JIsI IIJIOTHOCTU dHepruu, bazupyiorasics Ha Ecre-
cTBeHHO# cucreMe ejqunnt] Makca [[anka u nmocry/iare o HEIIPEPHIBHOM, OJTHOPOTHOM
W M30TPONMHOM KOHTHHYYME€ MaTepUN-TIPOCTPAHCTBA-BPEMEHN, TO3BOJIAECT ITO-HOBOMY
B3IVIIHYTh Ha (PYHIaMEHTAJIbHbIE OCHOBBI (DU3UKHU.

Bazosoit ocHoBOiT paboOThI sABJIsIeTCs (POPMYTHPOBKA 3aKOHA METPUIECKON OIIpeIeIeH-
HOCTHU W CBA3aHHOCTU TIAPAMETPOB, COIVIACHO KOTOPOMY JII000I (hU3mYecKuil mapamMerp
CUCTEMBI KpaTeH IIeJIOMY YHCJIY ITJIAaHKOBCKHX €JIWHHAII. STOT 3aKOH yCTpaHAdeT KazKy-
Hrytocs GpyHIaMEeHTaJILHOCTD TPUHITHIIA HeollpeieaéaanocTu [eiizendbepra n HepaBeHCTB
Benna, paspemast gaBauit criop ditummreitna u bopa B mosib3y nerepmuamsMa: «bor,
BCcE-Taku, He urpaer B koctuy. Cunryaspaoctb B OTO 00bsiBisgeTcss MaTeMaTuIeCKuM
IpeyBeIMIeHneM — €€ MeCTO 3aHUMaeT O0JIACTb MPEJETbHONU TJIOTHOCTU SHEPTUH C
TOPU30HTOM, OIpejie/isieMbiM pajimycoM [IIBaprmmibia.

KitfroueBbIM TOMOJIOTHYIECKUM pelteHneM CTaHOBUTCS JieHTa Médbumyca, reoMeTpust Ko-
TOPOIi €CTECTBEHHBIM 00Pa30M 0ObeIuHsIeT HEKOMMYTATUBHBIE UMITYJILCHYIO M CIIMHO-
BYIO KOMIIOHEHTBI. Ha €€ ocHOBe BIIepBBIE MMOJIYUEHbI AHAJTUTHIECKUE BhIPDAYKEHUS JIJIsT
IOCTOSTHHOW TOHKOW CTPYKTYpbI (v = 1/137) m 3apsiza 9JeKTPOHA-TIO3UTPOHA YePe3
IeJble 9Hcjia, 9YTO YKA3bIBAET Ha TOMOJOTUYECKOe, & He CIydailHOe ITPOUCXOKIEHNE
s1ux KoHcTaHT. O6parum BHEManue, uro 1/137 = 0,0072992700729927 ... — uucro
HepuoInIecKast Jpodb, HAYMHAOMIAACS ¢ TEPBOI M PHI, YTO MOIIEPKUBAET €& apud-
METUYIECKYIO BBIJIEJIEHHOCTD.

B kocmostormueckom Maciitabe 3epKajbHas cUMMeTpud JieHTbl Mébmyca mpeackas3bl-
BaeT paBHOE CYIEeCTBOBAaHNE MUPOB MATEPUHU U aHTHMaTepun ¢ 3pHEKTUBHON aHTH-
rpaBuTaIueil MexKJIy HUMH, 9TO O0bsICHsET YCKOpeHHoe paciiupenne Bceesennoit 6e3
npusjiedenuss ACDM. Témuast Marepust UHTEPHPETUPYETCA KAK CKPbITasi KHHETHYIe-
ckag sueprus B Gh-KBaHTe SHEPIUU.

Taxum obpaszom, Teopun HbroToHa 1 DitHINITEIHA, 9/IEKTPOINHAMIKA 1 KBAHTOBAsT Me-
XaHUKa TePAIOT CBOI (DyHIaMEHTAIbHBIN XapaKTep, CTAHOBACH SMEP/IKEHTHBIMU CJI€/I-
CTBUAMHU €JMHOTO BOJTHOBOTO YPaBHEHUS MATHMEDPHOTO KOHTHUHYyMa. lIpeamokeHHblii
dbopmasm3M He TOJBKO yCTpaHsET CYIIECTBYIONINE MTPOTHBOPEUNs (CHHIYISIPHOCTD,
npobsieMa HabJIOaTe s, JIOKAJIBHOCTD), HO M 3a/aéT HAIlpaBJIeHue Jisi Oyayineii Ma-
TeMaTUu3allui KBAHTOBOI XPOMOJIMHAMUKH Yepe3 MHOIOMOJAJIbHBIE 3ally TAHHBIE JIEHThI
Mébnyca. DkcrepuMeHTaIbHAST TIPOBEPKA MPEICKA3AHHBIX ETOINCIEHHBIX COOTHOIIIE-
HUHA 11714 IIOCTOAHHON TOHKOW CTPYKTYPBI CTAHET PELIAIONIUM TeCTOM IIPeII0KeHHOMN
apajiurMbl.

ITpumevanus

* D1a Mblcab BbicKasbiBasgach camuM [lnankom (1899) u moarsep:kanacs B paborax
Bappoy (2002) u Kambaitbekosa ¢ Apymunbiv (2019). Jlureparypa 1, 2, 3, 4.

** Tlpunnun neonpenenénnoctn Bepuepa [eiizenbepra B pamMkax 3akoHa MeTpHUE-
CKOl CBSI3aHHOCTHU I1apaMeTpPOB HE COOTBETCTBYeT MaciiTabaM KBaHTOBO# obsactu. B



KBAHTOBBIX €JUHUIAX COOTHOIIEHWE HEOITPEJIEIEHHOCTH UMEET CTPOro OIpee/IEHHOe
3HaYEHHE:

l 1
i) o
p

Bce dwusnueckne BeIMYIMHBI CHCTEMBl KPATHBI €/IMHOMY IiejioMy [uciy k. B mannom
KOHKpeTHOM ciiydae k = 1. [lostomy nonsarue dyHIaMeHTAIbHON HEOIPEIETEHHOCTH
TepsieT cMbIci. [IponsBe/ieHne conpsaKEHHBIX BEJIMYNH CTAHOBUTCS CTPOT'O JI€TEPMUHU-
POBaHHBIM, IPUHUMAs MaTEMATHIECKH CTPOI'Me KBaHTOBaHHbIe 3Ha4YeHndA. Ha maciira-
6ax kBanTOBON Mexannku (102°],) mpUHIMII MOXKET JeficTBOBATH, TAK KAK W3MEpPEHUsI
C TIOMOIIBIO CYMIECTBYIONINX TPUOOPOB BHOCAT HEONPEIETEHHOCTb.

*** B ornomenun nepasencrsa Ixona Bemna. OHO OCTPOEHO Ha HENOJIHOM 3HAHUN
6a30BbIX ycsoBuil. B pamkax chopMyiMpoBaHHOIO 3aKOHA CYIIECTBYET KECTKAsd KOp-
peJIsIus Beex mapaMeTpos cucteMbl. [loaToMy, Kakue ObI IPOCTPAHCTBEHHO-BPEMEHHDIE
nmapaMeTpbl OHa HU UMeJjia, MEPHbIE YUC/Ia BCeX e€ ImapaMeTpOB BCerja OJIHU U Te Ke.
JleTepMuHU3M cECTEM abDCOJIIOTHBIN, HE 3aBUCUT OT BpeMeHu. 3Menenne u uamepenue
YEero-TO B OJHOM MeCTe OYIeT BCeria KOPPECIOHINPOBATHLCA ¢ U3MEHEHUEM W M3Mepe-
HUEM 4ero-To B JipyroM. GakTop 3allyTAHHOCTU SIBJIAETCS CJIEJICTBUEM JIeTEPMUHUPO-
BaHHOI OIPEJIEIEHHOCTH U CBI3aHHOCTH.

Hsagnarmiernauit ciop Hunbca Bopa m Anpbepra DitHmireitHa 1101 HasBaHumeM «bor
He UTrpaeT B KOCTH», OUEBHUIHO, PEIaeTcs B MOIb3y JitHiTeiina. «Heonpeaenéanoctn
U OTCYTCTBHE JIOKAJIHHOCTH» B KBAHTOBOH MeXaHUKE — 9TO BCErO JIUIIb OIPOMHBIM
pas3dpoc B M3MEPEHUsIX U HEeTOUYHAsl MHTEPIPETAIUs Pe3y/IbTaTa.

ik Caxapos (1967), Bepaunge (2011) u fkobeon (1995) pasBmim maeo O TOM, 9TO
rpaBuTaius He pyHIaMeHTaIbHA, & sIBJIgeTCd WHYITUMPOBAHHBIM 3 dekToM. JIuTepa-
Typa b, 6, 7.

Rk Teopust Ditnmreiina—Kaprana, passuras B padorax Kaprama (1922), Kub6.a
(1961) u Xens ¢ coasropamu (1976), ycraHaBamBaer, 9TO KpydeHHE IIPOCTPAHCTBA-
BPEMEHH TIOPOKIaeTcst ciuuHoM Matepun. JIureparypa 8, 9, 10.

ekt Ceasb reomerpudeckoii dasnl Beppu ¢ Tononorneii menrsr Mébuyca skcrepuMen-
TaJIbHO MIPOJIEMOHCTPUPOBAHA B ONITUYECKUX MUKpope3oHaTopax (Saito et al., 2023); a
reoperudeckue mogean (Al Yaquob, 2026; Flouris et al., 2022) nokasbiBaior, 9T0 CIivH
1/2 ecrecTBeHHBIM 00Pa30M BO3HUKAET U3 Takoii Tonosoruu. Jlureparypa 11, 12, 13.

ki Coracuo runorese Cmonmaa (2014) u pabore Bunnepa (2002), mocrostaHast
TOHKOJI CTPYKTYDPBI MOYKET ObITb BBbIpazKeHa depe3 IEIOUHCICHHBIC TOMOJOINIECKHe
napamMeTpsl. JIuteparypa 17, 18.

DKCIepUMEHTEI

Nel. IIpoBepka npeackazaHus NOCTOAHHON TOHKOW CTPYKTYPbI

Yro npoBepsiem: [lonyuennoe aHaTUTUIECKOE BIPAXKEHUE KOHCTAHTHI

1 1
e 0\ 3= = V/0,(00729927), v ox € o oo = 0,(00729927)

CODATA paér 1/137,036. Pasuuna: 0,026%.



Kak npoBeputsb: llcnob30BaTh 9KCIIEPUMEHT 110 AHOMAJIBHOMY MAarHUTHOMY MOMEH-
Ty 3JEeKTPOHa (g-2) — caMblil TOYHBII METOJ M3MEPEHHsI (v Ha CEerofHs (TOIHOCTH
10719). Ecsm mocsie yuéra Beex monpasok K/l 3HaueHne v cCHCTeMATHIECKH CMEIEHO
B cropoHy 1/137, 310 GyjeT cepbE3HBIM YIapOM MO CTAHAAPTHON MOJEIN U MOJTBep-
JKJIEHUEeM IPEeJIJIOZKEHHO TOIIOJIOrnYecKOil (hOPMYJIBI.

I'ne pnesnars: Jlaboparopuu ¢ ycranopkamu tunia LKB (ITapux), Fapsap (I'abpuaze),
UW (Bammsrron).

Ne2. Tlouck HapyllleHUsI ITPUHIIUAIIA HEONPeJIeJEHHOCTI Ha ILJIaH-
KOBCKHIX MaclITadax

Yro npoBepsieM: Y TBepK/IeHU€, ITO IPU U3MEPEHNUN B €CTECTBEHHBIX eUHHIAX (1), t), &)
[IPOM3BEJICHNE CONPSIKEHHBIX BeJMuInH AT - Ap CTAHOBUTCS CTPOrO JAeTEePMUHUPOBAH-

l 1
(mpt—p> . lp = %h
P

Kak mmpoBeputh: Ilcnob3oBaTh HaHO-MeXaHUYeCKHE OCIULIATOPBI I OPITTOBCKHE
KPUCTAJLJIBI C KOMOMHUPOBAHHBIMU ONITUIECKUMU U PEHTTEHOBCKUMU n3Mepenusamu. 13-
MepSITh TIOJIOXKEHHE ¥ UMITYJIbC CHCTEMBI C TLIAHKOBCKON TOYHOCTBIO (ceidiyac HeBO3-
MOXKHO HAIPSIMYIO, HO MOYKHO Yepe3 KOCBEeHHbIe Koppessiun). Bosee peaibHO: aHa-
JIN3 y¥Ke CYMIECTBYIONINX JIAHHBIX 110 KBAHTOBBIM HEOIPEJIEJIEHHOCTSAM B CBEPXTEKYIEM
reJiun WM 003e-KOHJIeHCAaTaX — BO3MOXKHO, TPOSBIIAETCH <«U30BITOYHAS OIIPeeIEH-
HOCTB» IIPHU PEJIETbHOM OXJIa2K/IeHUH.

HbBIM:

I'ne pemars: Mucruryrsr kBanTooit Meteoposiornu (PTB Tepmanuns, NIST CIITA),
naboparopun ceepxrekydectu (Manuecrep, MIT).

IIporuos: IIpu cBepXHU3KUX TeMIIepaTypax U MPeIeIbHO TOUYHBIX U3MEPEHUIX MOZKET
O00HAPYKUTHCA HEU3BECTHBIN paHee Mopor hpJIyKTyaluii — JeBUAIUA OT MPEJICKA3aHNIA
leiizenbepra.

Ne3. Ilouck J1IeHTOYHOIiI TOIIOJIOTUU B paclajgax YacTHI]

Yrto mposepsiem: Mojiesib, coryiacHO KOTOPOH 3JIEKTPOH-IIO3UTPOHHAA Tapa — 3TO
HEe TOYEeYHas YacTHUIla, a BO30YKIAECHHOE cocTodgHue JeHTH Mébuyca ¢ KBAHTOBBIMU
ancaamu (n = 137,k = 1). Orcroga cieicrBue: aHHUTUIISATUSA €' €™ JIOJKHA TTPOSIBJIST
YIJIOBbIE aHOMAJINHU, CBA3aHHbIE C TOMOJIorndecKoi da3oit Beppu.

Kak mpoBeputsh: B kosunaiiiepax (manpumep, BOIII-2000, DANE, SuperKEKB)
IPOBECTH IIPEIU3HOHHOE U3MEPEHNe YIJIOBOTO PACIIPEICICHIS raMMa-KBAHTOB DU aH-
aurmaaman e e”. Crangapraas K91 mpejickaspBaeT TiaKoe pactpeenenue (sin? 6).
Monens u3-3a cnupaabHOi KpOMKHI JIeHThl Mébnyca mpeicKasbiBaeT MOLYJIAIIIO 3TOTO
pacIpeiesIeHust ¢ IEPUOJIOM, KDATHBIM 77 /2, 1 3aBUCUMOCTBIO OT CIIUPATLHOCTH 1Y IKOB.

I'ne penars: UAD (Hoocubupek), LNF (@packarn), KEK (Ilyky6a).

ITIporuos: [Ipu crarucruke > 109 coOBITHIT MOXKHO 06HAPYYKHUTDL OTKJI0oHeH#e ~ 10751076

or K9/JI.
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Ne4. TTouck aHTUrpaBUTAIMEA MEXK/Iy MaTepueii U aHTUMaTepueil
(amMOUIINO3HDIIA)

Yro nposepsiem: Te3uc n3 KOCMOJOTHYECKOI 4acTH, YTO B3aUMOJIEHCTBUE KIIACTEPOB
MaTepun 1 aHTUMaTepuu I[‘aéT OTpullaTe/JIbHOE JaBJICHUEC U aHTUTI'DaBUTAIIUIO (KOHCT&H—
ta A B narpamxuane L ).

Kak mpoBeputb: Ilonck kocmutdeckux 06beKTOB M 0bJIacTeil, coaep:KaIux HeoOb-
SICHIMbIe aHOMAJIMH. ZIBHOE yaajieHne KOCMUYECKHX OOBEKTOB OT BHIMMBIX IEHTPOB
HIPUATSKEHHSI.
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