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WNccnepyetcs Hapywenne T-nHBapuaHTHOCTU ANSl BEPOSITHOCTEN (hIEBOPHbLIX MEPEXOLOB 1 MEPEBOPOTa Cru-
Ha HEATPUHO B MJIOTHOM BELLECTBE W 3/1eKTPOMArHUTHOM nose. [1ockoNbKy 3N1eKTPOMarHMTHOE MoJsie U Mo-
TeHLManbl B3aVMOAENCTBNS CO CpeAoli BXOAST B BOJIHOBOE YpaBHEHWE HEATPUHO, paccMaTpuBaemasi Mo-
JeNb SIBASIETCS Teopuell C HapylleHWeM JIOpeHLU-UHBapuaHTHocTu. [ns Takmx mopeneli He BbIMOJHSOTCA
ycnosusi CPT-Teopembl 1 HapylieHne T-nHBapraHTHOCTY He 0bs3aTeNbHO SIBNSIETCS CIEACTBMEM HapyLUEHUs
CP-nnBapuanTtHocTu. MMonyveHo gocTaTouHoe ycnoBme HapylueHnust T-rHBapUaHTHOCTU, N3 KOTOPOro Crefyer,
4YTO MpuUYMHON T-HapylueHnsi MOXeT OblTb He TONbKO Hanu4due otauyHoi ot Hynsi CP-napywatoweii casbi
B MaTpuLe CMELLUNBaHNS, HO U OLHOBPEMEHHOE BAVsIHUE Cpefbl U 3NeKTpoMarHuTHoro noas. MNonyyeHbl Bepo-
SATHOCTW CNUH-PIeliBOPHbBIX MEPEXOLOB HEATPUHO B MOZeN Tpex (hieliBOPOB C yHETOM HaaM4ms y HeliTpruHO
AMaroHasbHbIX MarHUTHbIX MOMEHTOB U B3aUMOZLENCTBMS CO CPEAO TONbKO Yepes HellTpanbHble Tokn. Ha ocHo-
BE SIBHOrO BUJa BEPOATHOCTEl CeNaH BblBOJ, 4TO BEPOSTHOCTU NEPEXOAOB AJsi MPaBblX aHTUHEWTPUHO B cpeae
U3 aHTUYaCTWL, OT/INHAIOTCA OT BEPOSATHOCTEN MEepPexofoB ANS JIEBbIX HENTPUHO B Cpefe M3 YacTul, TOJIbKO
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1. BBEAEHUE

Kak xoporio u3BecTHO, Teopuwu, JexkKamime B OC-
HOBE BCEX WU3BECTHBIX Ha JIAHHBI MOMEHT (usnye-
CKUX sIBJIEHUIA, SIBJISIFOTCSI JIOPEHII-UHBAPUAHTHBIMU []
B coorBercrBun ¢ CPT-teopemoit, mocie mposese-
HUs 3aPsIOBOTO CONPSI?KEHNS, IPOCTPAHCTBEHHOTO OT-
paeHusi U OOpallleHUsl BPeMeHH Jiobasi JIOKaJIbHAasl
JIODEHII-NHBAPUAHTHAS TEOPHUS C IPMUTOBBIM TaMUJIb-
TOHUAHOM IIPUHUMAET HCXOJHBINA BHUI [E,E] NuBapu-
AHTHOCTB 10 OTHOIIEHWIO K 3TUM 2Ke IIpeobpa3oBaHu-
sIM, TIPOBEJIEHHBIM TI0 OTJEJIHbHOCTH, 3aBUCUT OT THIIA
paccMarpuBaeMoro BsammogmeticrBus. Hampumep, us-
BECTHO, YTO 3JIEKTPOMATHUTHOE B3aMMOJIEHiCTBHE Xa-
pakTepusdyercd HagumumeMm P-cummerpun. B ciabom
B3aMMOJIEHCTBUN, KaK OBLIO IIPEICKA3aHO TEOpPeTHIe-
CKU [E] U BCKOPE IOJITBEPKIEHO SKCIIEPUMEHTATBHO [E],
P-uHBapuaHTHOCTBH HAPYIIAETCS U COXPAHSETCSI TOJIBKO
CP-unBapuanTHOCTh. BrocsreicTBun 0Ka3aioch, 9TO

* E-mail: lobanov@phys.msu.ru
** E-mail: av.chukhnova@physics.msu.ru
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He TOJBKO P-cummerpusi, Ho u CP-cummerpusi Ha-
DPYIIAIOTCS B 9KCIIEPUMEHTAX C yJacTHEeM KAOHOB [ﬂ]
u B-mesonos [f,§.

WccnenoBanue CBOUCTB JUCKPETHBIX CUMMETPUI
MOXKeT OBbITh BarKHO [IJIsi [TOHMMAHUs SBOJIONUN Bee-
JIeHHO#, Tak Kak 0Oe3 mapymenuss CP-uaBapnanTaOCTH
HEBO3MOXKHO  OOBSICHUTH  ACHMMETDPUIO  BEIIeCTBa
U aHTHUBENIECTBA [H] Kak wusBecrHO, HapyIenue
CP-uHBapumaHTHOCTH HMeEeT KBapKOBOM
CeKTOpe U 0OYCJIOBJIEHO HAJIMYMEM KOMILIEKCHBIX 3JIe-
MEHTOB B Marpuie cMmemmuBanust Kabnboo—Kobasimim—

MECTO B

MackaBbl |E] Marpuitly CMemmMBAHUS JUPAKOBCKUX
depMUOHOB yJI0OHO TAapaMeTpU30BATh TPEMsl yTJIaMu
u omuoit CP-mapymaromieii ¢daszoit. IIpu stom CP-
HAPYIIEHUE ONpeIe/sieTCs HHBApUaHTOM ZpJjickor [@]
Tem me menee napymrenust CP-unBapranTHOCTH 38 CI€T
MHHMMON YaCTH MATPUIIBI CMEITUBAHUS JIJI KBAPKOB
OKAa3bIBAETCsl HEJOCTATOYHO JIIsi OOECIIeUeHUsT CyTIie-
CTBYIOINEH AaCHMMETPHUU BEIeCTBA W AHTUBEIIECTBA
BO Beestennoit (cMm., Hampumep, [@—@])

B IOIIOJTHUTEJILHOTO
CP-mapyImennss MOXKHO PACCMATPUBATH  ITPOIECCHI
¢ yyacTtueMm HelTpuHO. Ha JaHHBIE MOMEHT He JIOKa-

Ka4decTBe HNCTOYHUKA

3aH0 Hajmuue orTiamaHOu or Hyns CP-mapymaromeit

daser B Marpure llomrekopso-Maku—HakaraBbi—
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Cakarbl [@, E], OTIPEJICSIATONIEH  CMEITUBAHUE JIeTI-
ToHoB. Hasmume Ttaxoii ¢dasbl HOIXKHO NIPUBOIUTH
K HapylIeHuto T-MHBapUAHTHOCTU BEpPOSITHOCTEH Oc-
MWLM HeATPUHO B BaKyyMe (CM., HAIIPUMED, [ﬂ])
Onnako TaKoit HapyIICHUsT
T-nHBAPUAHTHOCTH JIayKe JJIsi HEHTPUHO, ONMUCHIBAE-
Moro B pamkax CTaHIapTHOI MOJEIH, OKasblBaeTCs

He ¢/IMHCTBEHHO BOSMOXKHDBIM. B pa60Te [E] MBI IIOKa-

MeXaHNu3M

3aJIM, 9TO B MOJIEIN NBYX (hJIEHBOPOB MOXKET BOZHUKATH
T-mapyiieHue 3a cyeT BJIUSIHUSI BHEITHUX YCJIOBUIA,
€CJIM pacCMaTpuBaTh B3auUMOJICHCTBUEC HEUTPUHO O/I-
HOBPEMEHHO C JIBUZKyIIeica WIN NOJAPU30BAHHON
CpeJoit W IJMEKTPOMArHUTHBIM mosieM. [Ipm srom cia-
raeMble, Xapakrepusytoriue T-HapyieHne, BOSHUKAIOT
yKe IPU PACCMOTPEHUH JOCTATOTHO ITPOCTON MOJIENH,
a UMEHHO, B3aUMOJICHCTBUA HEUTPUHO CO CPEIOii uepes
HelTpajibHble TOKU U C 3JIEKTPOMAIHUTHBIM ITOJIEM
C YYETOM TOJIbKO JUArOHAJBHBIX MATHUTHBIX MOMEH-
T0B. CTOUT OTMETUTH, ITO B MOJIEJN ABYX (DJIEHBOPOB,
PACCMOTPEHHOII B pabore [@], MAaTPHIIA CMeIlnBa-
HUsI SIBJISIETCS JIEACTBUTE/IbHON, BCJIEJICTBUE YEro
napymrenne T-uaBapuanTHOCTH B (DOPMYJIaX JJIs BEPO-
SATHOCTEH MOYXKeT OBITH OOYCJIOBJIEHO HCKJIIOYUTETHHO
BJIMSTHIEM BHEITHUX YCJIOBUI.

Wcxons m3 xapakrTepa CMeNIUBaHUsI B BeIIECTBE,
aBTOPBbI paboT, B KOTOPBIX paHee MCCJIeI0BaIach BO3-
MOXKHOCTH T-HapyIienuss B Mozienn ABYyX (JIEHBOPOB
(cM., HATIpEMED, [@«@]), clesIa 3aKII0UeHUe, ITO
TaKoe HapylleHne HeBO3MOXKHO. OJIHAKO 3TOT BBIBO/I
CIIPABEJJIUB, TOJIGKO €CJIM HEHTPUHO PACIPOCTPAHSIET-
cd B HEmOABUXKHOI cpere. [Ipuanunmanbaoe oTntdne
HCCJIEyeMOTO HaMU CJIy4asi COCTOUT B TOM, UTO ydIer
JBUYKEHUS WM TOJISIPU3AINANA CPEIbl TPUBOAUT K IIO-
SIBJICHUIO KOPPEJISIIIT MEYXKy OCIILIANNSIMA U TOBO-
POTOM CIIMHA HEATPUHO, BCJIEJCTBHAE YErO HEJIb3sl Pac-
CMaTpUBaTh TH MPOIECChl He3aBucuMO. Takum obpa-
30M, HEJIOCTATOYHO DPACCMATPUBATH (DJIEHBOPHBIE OC-
MUJLISIIAN, HE YIUThIBash BO3BMOXKHOCTD ITOBOPOTa CIIU-
Ha HeTpuHO. PaccMaTpuBaeMblil HAME CJIydail sBJIsIET-
cst 6oJtee OOIIM, 9eM UCCJIeIOBAHHBIN B YKA3aHHBIX BbI-
mre paborax. [losTomy mpoTuBopednst MEXKIy HAITIMI
pe3y/ibraTaMu U BBIBOJAMMU, CJIeJIAHHBIME JIJIsi HETpuU-
HO B HEIOJBUXKHON cpejie, He BO3HUKAaeT. B wacTtHOCTH,
M3BECTHOE YTBEPKIEHUE O TOM, UTO HAJUINE B3AMMO-
JeficTBUA CO CpeJloil TOIbKO 4epes3 HedTpasbHble TOKU
HEe MeHsieT KapTUHY OCIUJLIAIINN, He BBIIOJIHSAETCS JIJIst
JBUKYIIEHCs UK TIOJISIPU30BAHHON cpeibl (CM., Haupu-
sep, [23))-

Pesynbrarsr, nostydenubie HaMu B paboTe [@] B MO-
Jemu AByX (hJIeHBOPOB, MHTEPECHO OOOOIIUTDH JIJIsT pe-
AJMCTUIHON Mozesan Tpex dueiiBopos. Kak yxke ro-
BOPMJIOCH, 9JIEMEHTHI MATPUIIBI CMENTUBAHUS HEATPUHO
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B MOJeJTH TPeX (DIefilBOPOB MOTYT COMEPIKATH MHIMYTO
qacTh. Takum obpazoMm, T-HapyIIeHe MOXKET BO3HUK-
HYTh Jla’Ke B CJIydae OCHUJLISIIII HEATPUHO B BaKyy-
ve. OHAKO IIPYU HAJUYUU BHEITHUX TOJIEH U IMOTEHIN-
AJIOB B3aUMOJIEIICTBUsI C BEIECTBOM B OOIIEM CiIydae
TaKKe BO3MOXKHBI KOPPEJISIIIUU MEXKLY JIByMsl TUIIAMUI
T-mapymaromux BKJIaI0B. B pabore [@] OBLT crenan
BBIBOJI, ITO BEPOSITHOCTH MEPEXOI0B HEHTPUHO B Cpeie
13 YaCTHIL OTJIMIAIOTCSI OT BEPOSITHOCTEN [IePEX0JI0B aH-
TUHEATPUHO B CPEJle N3 AHTUIACTUIL IIPU TOM K€ JIEK-
TPOMATHUTHOM IIOJI€ TOJBKO 3HAKOM 1-HAPYIIAOIIErO
CJIATaeMOro. TOT BBIBO/L CJIEJLyeT U3 SIBHOTO BHJIA BEPO-
SITHOCTEH 1Tepexo/0B B MoJiesin JiByX ¢eiiBopos. [Ipu
9TOM HCCIIeayeMas MOJEIb sBJISEeTCA Teopueil ¢ Ha-
PYIIeHeM JIOPEHII-UHBAPUAHTHOCTH U, CJIeJI0BATE/IbHO,
JIIst Hee He BhInoJHstoTcst yesoBust CPT-reopembr. Ta-
KUM 00pa3oM, B MOJIein TpexX (hJIeiBOPOB CBOMCTBA JIUC-
KPETHBIX CHMMETPHIT BEPOATHOCTEN TPEOYIOT TOTOJHU-
TEJIbHOTO UCCJIE0BAHUSI.

B macrostmeit paboTe mosryueH SBHBIH BUJI BEPOST-
HocTeil crmH-(DIeBOPHBIX MEPEXOIOB B MOJEIN TPEX
dureitBopos. [Lj1st riccieioBaHusT CBOMCTB BEPOSITHOCTEH
[I€PEXO/I0B AHTHHEUTPUHO IETATBHO OIMCAHA [TPOTIE/LY-
pa moJiydeHus 3TUX BeposgTHOCcTei. B pesymabrare oka-
3bIBAETCSI, UYTO, KAK U B ciiydae JBYX (DJeilBOpoB, Be-
POSITHOCTH TIEPEXOJIOB IIPABBIX AHTUHEHTPUHO B CpeJie
13 AHTUIACTHUIL TP HAJIIIUH JIEKTPOMATHATHOTO TTOJISt
OTJINYAKOTCS OT BEPOSITHOCTEH IIePeX0/I0B JIEBbIX Heii-
TPHUHO B CpeJie U3 YaCTUIL TOJbKO 3HAKOM COOCTBEHHOI'O
BpPEMEHN.

2. YPABHEHUE 5BOJIIOIINN HENTPUHO

BzaumogeiicrBre ¢ BermecrBoM OOBLIYHO OIUCHIBA-
eTCsi ¢ UCIoJIb30BaHueM 3G @EKTUBHOTO MTOTEHITHAJA,
CBSI3aHHOI'O C YIPYTMM PacCesiHUEM HEWTPUHO BIIEpe]]
na dbepvmonax cpeapt 23] (em. raxoxe P4, RH). st
TOro 94TOOBI ONMCATH B3ANMOIEHCTBUE C SJIEKTPOMAr-
HUTHBIM TI0JIEM, MOYKHO HCIIOJIb30BATH METO/I,
BaeMbIil KapTuHOit Pappu [@] TTockonbky mHeitTpu-

Ha3bI-

HO TIpEJCTaBjseT co00#l HEHTpaIbHYIO YaCTUILy, B3a-
UMOJIeiICTBAE HEHTPUHO C 3JIEKTPOMATrHUTHBIM ITOJIEM
HE sIBJISIETCS] MUHUMAJIbHBIM [@] Boutee Toro, B 0bmem
cIydae CJIeJlyeT PACCMaTPUBATH HE TOJBKO JUATOHAIIb-
Hble MATHUTHBIE MOMEHTBI, HO W TEPEXO/IHbIC MATHUT-
HBIE ¥ 3JIEKTPUYECKUE MOMEHTHI [@, @]

Hawubosee obmmuit Bu ypaBHEHUsI, OMUCHIBAIOIIETO
KaK (bJIeBOPHBIE OCIUJUISINN, TaK U MOBOPOT CIIMHA
HEATPUHO, B3aUMOJICHCTBYIONIEIO C BEIICCTBOM U JICK-
TPOMATHUTHBIM [TOJIEM, OBLT HAIeH B paboTe [] Kaxk
u B pabore [@], MBI OyJIeM IpejrnojaraTb, 9YTo B3au-
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MOJEUCTBUE CO CPeNOil NMPOUCXOAUT dYepe3 HehTpasib-
HBIE TOKH, ¥ OyJIeM yYUTHIBATH TOJIBKO JUArOHAJIbHBIE
MarHUTHbIE MOMEHTBHI Heiirpuno. [locseanee mpub.iu-
JKeHue O0yCJIOBJIEHO TeM, 9T0 B paMkax CTaHIapTHON
MOJIEJIM TIePEeXO/IHbIE MOMEHTHI I0/IaBJIEHbI 110 CpaBHe-
HUIO C juaroHajbHbiMu 3a cuer GIM-mexanusma [@]
B stom ciyuae momudurinuposannoe ypasuenue lupa-
K& BBITVISIUT CJIEIYIONNM 00Pa30M:

. 1 1 o
(17“8#]17M—5 ’}/#fl(LN)(1+')/5)H*5 F* JWMd)W(z)
=0. (1)

Saech I — eamnnanast MaTpuIa pasMepHOCTH 3 X 3,
M — maccoBasi maTpuria HeiiTpuno. B3anmo/eiicrsue
C BEIIEeCTBOM OIpeessercs 3DGEKTUBHBIM TOTEHIIN-
ajoM f, ', KOTOPBI MOKeT OBITb BBIDasKeH depe3
4-BEKTOPBI TOKA jﬁi) " TIOJIAPU3AIAN /\ff)
cpenst (i) [B3,BY|. B coorsercrsuu ¢ npunsiroii B pyc-
CKOSI3BITHBIX MOHOTPAMUAX TPAAUIUENH, MBI HCIIOJIhb-
syem ompenenenne 70 = —iy?yly2y3 (cm., mampm-
wmep, [B4,BH]). Bsaumoseiicrsue ¢ snexrpoMarauTHBIM
rosieM F'MY ocylecTBIIsIeTCs 3a CYeT HAJIWYHAA y Heil-

KOMIIOHEHT

TPUHO AHOMAJILHOIO MATrHUTHOrO MoMeHTa. OTMmernwm,
qro B pamkax CTaHIapTHON MOJe/ Il B IEPBOM IPUO.IU-
JKEHUW MaTPUIA JTUArOHAJBHBIX MATHUTHBIX MOMEHTOB
mefitpuao My mpomopnmoHasbHA MaCCOBON MATPHUIE
HEHTPUHO W MOXKeT OBITh IpeicTaBjeHa B Buie M.
Bripakenune mjst koaddurmenta [ig XOPOIIO U3BECTHO
u GbL10 moTydeno eme B pabore [R9).

MBI nCIIOJIB3yeM MOJIEJIb, JOITYCKAIOITYI0 KBAHTOBO-
[10JICBOE OIIMCAHUE OCHMJIIALIMNA HEHTPUHO U IIOBOPOTA
crimaa. [logpobHoCTH TTOCTpOEHUsT MOJIEIN B BaKyyMe
MOXKHO HaiiTu B paborax [, @] U3 pesyabTaToB 91X
paboT clie/lyeT, 9TO BMECTO KAHOHUYIECKOTO HMITYJIHCA
JI7IST ONMCAaHUsT HEHTPUHO MOXKHO HUCIOJIH30BATH KUHE-
THYIECKUN UMITYJIbC, CBA3AHHBIN CO CKOPOCTBIO YaCTHU-
upl. [Ipu 9T0M 4-cKOpOCTH YacTHUITH U MOYKHO BHIODATH
OJIMHAKOBOM JIJIsT BCEX MACCOBBIX COCTOSHUI, ITO TI0O3-
BOJISIET OIIPE/IEJINTH MOHSITHE COOCTBEHHOTO BPEMEHU T
HEUTPUHO.

s HeRTpUHO yIABTPAPETATUBUCTCKUX SHEPIU
BIIOJTHE CIIPABEJJINBO ONHMCAHNE B PAMKaX KBa3WKJIAC-
CHYIeCKOro mpubJmkenns. PaccmarpuBas KOODAUHATY
MIPOCTPAHCTBA COOBITUI ¥ KaK KOOPJAMHATY HEHTPHUHO,
MBI MOXKEM WCIIOJIb30BaTh COOTHOIeHne x# = Tut.
Takum 06pa3oM, IBOJIONUS HEUTPUHO OIPEIEISICTCS
TOJTBKO COOCTBEHHBIM BpEMEHEM,
¢ JIMHOM 1Ipobera L cOOTHOIEHNeM

7 =L/ul. (2)

KOTOpO€ CBA3aHO

Y00l onmcaTh IBOJIONUAI0 HEATPUHO, BBEJIEM KBA3U-
KJIaccuyeckue BoJHOBbIE GyHKImu ¥ (7T), KOTOPbIE siB-

JISTIOTCS 1 2-KOMIIOHEHTHBIME 00HEKTAMH, YIOBIETBOPSI-
10T ycsoBuio YHu, W (1) = W(T) n ABIAIOTCS pelleHns-
MU KBa3UKJIACCUIECKOTO YPABHEHUS SBOJIONHHU, TIOJTY-
gernoro n3 ypasnenus ([I):

(ﬂl diT - f)y'/(T) = 0. (3)

B ypasnermmu (f])

1 1
F=M+ 5 (fPu)l+ 2 RyIy*y7 sy, -
- Md’y5’7# *F;u/uya (4)

e *F,, = —eMYPAF /2 — Tenso AJIbHBINA TEH30-
b p )

Py JEKTPOMATHUTHOIO I0JIsI. 3J1€Ch MbI UCIIOJIb3YEM

cJIeIytorye 0603HAYCHUST:

s uo (fMNu) — fng)
T V™2 = (F)2 (5)
Ry = \J({Du)2 — (j)2,

C momorpio oneparopa ssosoruu U (7) perenue
YpPaBHEHUS (E) B JIIOOOH MOMEHT BPEMEHH MOYKHO BBI-

pas3uTh Yepe3 BOTHOBYIO (DYHKIMIO HEHTPUHO B HATAJb-
HBIT MOMEHT BpemeHu ¥j:

1
vV 2U0

Torma 3aBucsme OT BPEMEHH MATPHUIIHI ILJIOTHOCTH
HEHTPUHO OMPEIETIAIOTCH CACIYIOMNUM 00Pa30M:

¥(r) =

U()%. (6)

pa(T) = 4_110 U(r)(v"uy + 1)1 =75 PeU (1) =
= S U0+ DPVT(), (1)

rae P§ — mpoekTop Ha cocTognue ¢ daeiBopoM Heil-
TPHUHO v, S — 4-BEKTOp HAYAJIBHOI NOIAPHU3AIIN Heil-

TPUHO, Péa)

TpUHO ¢ PJIeHBOPOM (v B 4-BEKTOPOM IOJIAPU3AIINH S .

— IIPOEKTOP Ha HadaJIbHOE COCTOAHUE Hel-

Bepostroctn cima-GbaefiBOpHBIX EPexo10B HEHTPUHO
3a/1a10TCA U3BECTHBIM BEIPasKeHIeM [BS

Wasp = Tr{pa(r)pl(r = 0)}. (8)

Pasymeercs, asubiit Bug marpunst U(7T) yaaerca no-
JIyIATH TOJIBKO B HEKOTODPBIX YACTHBIX ciaydasx. Jlms

paccMaTpuBaeMoil HaMH 3a/lauM SBHBIM BU/I PeIleHns
MOXKHO HANUTH J1a2Ke B MOJIEIN TpeX (hJIeHBOPOB.

3. HAPYIIEHUE T-CUMMETPUN
B OCIIMJIJIAIINAX HENTPUHO

Bynem uccnenosars T-napytnenune Ha ocHOBe hop-
MYJIBI 71T BEPOATHOCTEH (E) B CJIydae MOCTOSTHHBIX Xa-
PaKTEPUCTHUK CPEIbI U JEKTPOMATHUTHOTO 01, Ecm
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HEATPUHO PacIpOCTPaHdAeTCs B IIEPEMEHHOM 3JIEKTPO-
MarHUTHOM IIOJIE€ WJIM HEOHOPOJHOW cpeje, To ¢dop-
MaJibHAs CHMMETPHUs 110 OTHOIIEHUIO K OIepaIuu 00-
paliennsi BpeMeH! OYEBUIHBIM 00PA30M HAPYIIAETCs
(M., HApUMED, [@]), TaK KaK HadaJIbHOE U KOHEYHOE
COCTOSTHUSI CUCTEMBI COOTBETCTBYIOT PA3HBIM BHEITHUM
ycnoBusaM. [lockonbky B 00IeM citydae pe3ysIbTaT 3a-
BUCHUT OT IIOBEJIEHUS IIJIOTHOCTU BEIECTBA M XapaKTe-
PUCTHUK 3JIEKTPOMATHUTHOTO TI0JISA, JOCTATOYHO CJIOXK-
HO B 9TOM CJIydae Pa3/ieJuTh T-HapyIeHne BCJIeICTBIE
CUMMETPHUHU B3aNMOCHCTBUA U HAJIMYNE HEYCTHBIX 110 T
BKJIQJIOB, OMPEJIEISIeMbIX BbIOOPOM KOHKPETHOTO IIPO-
bura mosteit m noreHruason. Vcxosg w3 aHAJIOTUY-
HBIX COOOparKeHUil, HAYAJbHOE U KOHETHOE COCTOSHUST
HEATPUHO MBI OIIUCHIBAEM B TEPMUHAX KBAHTOBBIX YH-
ceJI, COOTBETCTBYIOIIMX OJTHUM M TEM K€ OIlepaTopam
HaburrofiaeMbix. B 9acTHOCTH, [T YIIBTPAPETIATHBACT-
KHUX HEHTPHUHO €CTECTBEHHO pacCMaTPUBaTh HadaIbHOE
W KOHEYHOEe COCTOsIHUS HEUTPHHO, COOTBETCTBYIOIIUE
COOCTBEHHBIM BEKTOpaM oreparopa cimpasbaoctu. Co-
OTBETCTBYIONNIT 4-BEKTOD TOISTPUIAIINT HEUTPUHO 3a-

)

PacemarpuBath 3amaty, B KOTOpPOil HavaJbHOE M KO-
HEYHOE COCTOAHHS 33JIal0TCH PA3HBIMHU OllepaTOpPaMH,

JIaeTCsd BbIpazKEeHUEM

u

(9)

s = {ul,uo

TaKKe BO3MOYKHO, HO, KaK M B CJIydae HEeOIHOPOHBIX
noJel, BO3HAKAIOMUIT B 9TOM CJIydae HeUYeTHBIN 10 Bpe-
MEHU BKJIAJ| B BEPOATHOCTSAX MEPEXOJIOB YKe HE CBUJIE-
TesibeTByeT 0 T-HapyllleHnn, CBA3aHHOM C CUMMeTPHeil
B3anMO/IeICTBUS.

B pab6ore ] OBLTIO TOJIyIeHO 00Iee BBhIPAYKEHUE
JIJIST BEPOSITHOCTEN CHUH-(DJIEBOPHBIX [1€PEX0I0B Heli-
TPUHO B ITOCTOSTHHOM 3JIEKTPOMATHUTHOM TIOJIE U B Be-
MEeCTBE, XapaKTEPU3YIOMIEMCsT MOCTOSTHHBIMEI CKOPO-
CTBIO U TOJIsIpu3alueii. dra (opMysia sBJISIeTCs CJIel-
cTBUEeM pasziioskeHus Bbipaxkenust (F) B pag ma oc-
nose (opmysnl Beiikepa—Kemmnbemna—Xaycmpopda [@]
U UMeeT BU/I

Wiy = » Tr{e_in’Péa)eiTF’Péﬂ)(Vuuu + 1)70} =
n=0
e Dy — PO,
Dy =[F, ,Péa)], (11)
Dy = [F,[F, P,
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31ech P((,a) u Pé’ﬁ ) IIPOEKTOPHI HA COCTOSTHUS C OIIpe-
JeJIeHHBIM (DJIeTBOPOM U TOJIAPU3BAIIHE, KOTOPBIE MO-
ryT OBITH IIPEJICTABJIEHbl KaK [IPOU3BeIeHus (JeiBop-
HOro IpoekTopa Pf 1 cImHOBOrO mpoeKTOpa

Car Gp = £1, (12)

(1= Ca7 Yush),

DN | =

rue sg — 4-BeKTOp, OIPEJIEISATONIII TOJIAPU3AIIIO HEeHl-
TPUHO.

Hapymenne T-cumMerpun BO3MOXKHO TOTIA U TOJIhb-
KO TOTJIa, KOI'J/la KaKue-mbo cjaraeMble HeYeTHOM 110 T
crenenn B sepakennn (L) ommmumer or  myms
TlockosibKy JIMHEHHBIT TO 7 WIEH TOXK/IECTBEHHO
paBeH HYJIIO, JOCTATOYHBIM YCJOBHEM HAPYIIEHUS
T-cummerpun  sgBisieTcd OTJIMYWE OT HyJIst dJIeHa
TpeTbeil CTemeHn MO 7. B BaKyyMHOM CJIydae 3TO
YCJIOBHE MOKET BBIIOJIHATHCS, TOJBKO €CJIM MaTpU-
1a CMEIMIMBAHUS HEUTPUHO COJEPKUT KOMILJIEKCHBIE
asleMeHThl. B obmeM cirydae B3anMOmeiCcTBHE CO Cpe-
JIOl U 3JIeKTPOMArHUTHBIM II0JIEM MOYKET ITPUBECTU
K HAJIMYMIO HETPUBHAJIBHOTO K03 duImenTa mepes 7
nmaxke torga, korma CP-mapymaromas dasa B maTpurie
CMEITUBAHUS PABHA HYJIIO.

4. IBHBI BUJ BEPOSITHOCTEN
B CJIVUAE TPEX ®JIEIBOPOB

B ciyuae, ecomm B3anMomeiicTBr€ ¢ BEIECTBOM OCY-
MIECTBJIAETC TOJILKO Yepe3 HelTpasibHble TOKH, & B3au-
MOJIEfICTBHE C JIEKTPOMATHUTHBIM TIOJIEM OIIPEJIesIsieT-
cd InaroHaJbHBIMI MOMEHTaMH HEHTPUHO, MATPUIHYIO
SKCIOHEHTY

U(r) =e 77 =

2

— Mgy *FWU”) } (13)

1 1
= exp{—iT(M + 3 (M) + 3 BRIy s by, —

MOZKHO 3alliCaThb B dBHOM BU/JIE

1 1

(mi + = (f(N)U) - = QRZ)} X
2 2

X P(1 = (P yst),  (14)

rie Pi — IIPOEKTOP Ha COCTOSIHUS C OIIPEIeJIEHHON Mac-

coit m; (i = 1,2,3). B Beipasxenun ([[4) ncnommssyiores
0003HaYeHIA
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ut (f M) — FOB 2y *FH Y

DS

R;

)

IJI€ j4; — JMATOHAJIBHBIE MATHUTHBIE MOMEHTDHI HEHTPH-
HO. 3alliCh OIEPATOPA YBOJIIOIUN B BUJIE (@) OKa3bIBa-
eTcd BO3MOXKHA, TAK KaK MACCOBAd MATPHIA W CIIIHO-
BBIi IPOEKIMOHHBI onepaTop (1— (v, st') /2 Kommy-
TUPYIOT ¢ onieparopoMm F. JleiicTBUTeIbHO, CIecTBIeM
OIIpe IC/ICHUS (E) ABJISICTCS TOZKJICCTBO

1 * v o
v (w 3 Rys™NH — iy, *F* Uv) (1 = ¢i7°7087)

1
=3 GRi(1— Gy yust), (16)

KOTOpOEe BMecTe ¢ CooTHOmeHmsivu MIP? m;P?
1 MyP? = 1;]P* mo3BoJIsieT epenucaTh MATPUTHYIO SKC-
nonenry B suze ([14).

Takum 0b6pazom, BEPOATHOCTH CHIUH-(DIEHBOPHBIX
[1€PEXO0JI0B 3aIaI0TCsI COOTHOIIIEHUEM

1 .
Wasp = ) Ze_w(mi_mj) %
]

~ Z TG Ri—C i R;)/2 Tr{[Pi[Pa[PjTPﬂT} X
CisGy
1 o

x 7 Tr{(1 = G us) (1 = Cay*7057) X

X (1= s (1 = (a7 7p80) (au™ + 1)}, (17)

rJe y4TeHO, 9TO CJIeJl NPSMOTrO IIPOU3BEJICHHsT MaT-
PUIl BBIYUC/IAETCS KaK NPOM3BEJCHUE WX CJIEJIOB:
Tr{A® B} =TrA Tr B.

[Ipu BBIMECIeHME ciiejia MaTpul, J{upaka BazHO,
4TO Havaj bHass M KOHEYHad MOJIAPU3AIMA HefiTPUHO
XapaKTepU3yIOTCs OIMHAKOBBIMA (¢ TOTHOCTBIO JI0 3HA~
Ka) 4-BeKTOpaMu sj:

i Tr{(1 — G ust) (1 = Car 7o sF) ¥
X (1= 7 0 (1 = Cev™vps0) (mut + 1)} =
= (1 + CaCB) X
X (1= CalCi(s0si) + Ci(s0s5)) + Gi¢j(siso)(s5s0)) +
(1= Cas)Gi

p
o

A= (sis5))-

Ecim HagaabHOe 1 KOHEYHOE COCTOSTHIS XapaKTepusy-

X (—(5:50)(5150) — Calepprst s (18)

IOTCH PA3HBIMUA BEKTOPAMU TIOJISIPU3AINN, TO BBIPAYKe-
Hue 1yia ciaena marpur Jupaka Oymer mMmeTh Oostee

V)R — (7002 4 42 (e *For Fpu) — dpas(F OO0 Fpu),
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CJIOZKHYIO CTPYKTYPY, I€M BbIDAKEHUE ) IIpu srom
B BBIPAXKEHUSX JIJIsI BEPOSITHOCTEN MOSIBSITCSI JIOTIOJIHU-
TesbHbIE T-HedeTHBIE caaraeMble. Kak yKe yKa3bIBa-
JIOCh, TIOSABJICHUE 9TUX CJIATAE€MBIX OOYCJIOBJIEHO BBIOO-
POM HadYaJIbHBIX YCJIOBHII, HO HE OTparKaeT CBOICTBa
CUMMETPHUH B3aUMOIEHCTBUS.

st 3anmcu uTOroBbIX (bOPMYJT BBegeM 00O3HaTe-
HUs [T BEIECTBEHHOW W MHUMOW YaCTH BXOJAIIETO
B BbIpaskeHMe (E) ciiesia pJIEHBOPHBIX MaTPHIIL:

Tr{PPPITPAT} =
= To{PUTPUPIUTP U} = U Uo iU Usi =

= Rijap +1ilijas, (19)

rje Rijop — BEIIECTBEHHAs d4acTb cilefa, Iijaa
MHUMasd, IpudeM Rijag = Rjiag, & Ljiag = —Iijos
(em. [L7]). B srom Beipakenun P§ u P; — mnpoekro-
pbl Ha JIefiBOpHBIE COCTOSTHUSI BO (DJIEHBOPHOM TIpEJI-
CTABJIEHUN, KOTOPBIE CBSI3aHBI C UCIIOJIb30BAHHBIMU Ha-
MU paHee IPOEKTOPAMU B MACCOBOM IIPEJICTABJIEHUU CO-
OTHOIICHUSIMU

Pe =U'PSU, PP =URYU,

rime U — marpura cmermupadust [loarekopBo—Makn—
Haxarapoi—Cakatsl, a U,; — €6 MAaTPUUIHBIEC 3JIEMEHTDI.

Takum o6pa3oM, BEpOATHOCTL ITepexoia 6e3 MoBo-
poTa CIUHA 33/IaeTCs BhIPAYKEHHEM

R; .o R
W, = Z Ui | Us: 2 (cos2 TT + sin® TT (sosi)Q) +
+2 Z(Rijaﬂ COS(mj — mi)T — Iz’jaﬁ Sin(mj — mZ)T) X
i<j
RjT

sin

RiT RjT . RiT
X (COSTCOST + sin 5 (sosi)(sosj)) +

+2(, Z(Rijaﬂ sin(mj —m; )T+ Iijap cos(m; —mi)T) X
i<j
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HapyweHune T-cummeTpun B oCcUUNNALUSAX HEATPUHO

a BEPOATHOCTDH IIE€pPexo/a ¢ IePEeBOPOTOM CIIMHA — BbI-
paxKeHUEM

iT

W = Z |uia|2|ui5|2 (1 - (Sosi)Q) sin® +
+2 Z(Rijozﬁ cos(mj —m;)T — Iijap sin(m; — mi)/r) %
i<j

X sin 71 7 sin 73 7(=(sis;) — (siso)(sjs0)) +

+2<a Z(Rijaﬁ Sin(mj 7mi)7'+1ijag COS(mj 777%)7’) X
1<J

wov p.oA
(€pvpr st sisqu

). (21)

. R, . R;
X 8in — 7sin — 7
2 2
B BbIpaxkeHun mjisi BEpOsSITHOCTEH TepexojioB 6e3 me-
peBopota cnuHa T-HapyIIeHHe OmpeeasieTcss TOJb-
Ko MumMoil wacteio crena (L), T e. ummsapmanTom
Apickor lijap. OJHAKO B BBIPAKEHUSAX IS IIEPe-
XOJIOB C WM3MeHeHWeM crupajbHocTn B T-HapyrieHue
TaK»Ke BHOCAT BKJIQJ[ CJaraeMble, [POIOPIMOHAD-
Hble BeIeCTBEHHO dYacTu cieja () U BeJUYNHE
BV oPy A
€uvprS; Sy 8pu”. MHOKHUTEIN TAKOro JKe THUIla olpe/ie-
gsyin T-wapymenune B mozenn AByx dureiiBopos. [lo-
cJejiHee BBIPAYKEHNE MOYKHO MEePEucaTh, UCIOJIb3Ys
TpeXMEepHbIE BEJIMUNHBI, KOTOPbIE OIPEJIE/IEHBI B JIabO0-
PATOPHOI CUCTEME OTCUETA:
oV oP oA
Caluvprll 508; 85 =
Bj — i 1
—gg i L

Fim Ty ([0 f1(wB — [uxE)). (22)

Snecs E;, B
1 MarauTHOTO moJieit, f — mpocrpancrBennas JacTsb 4-

HaIIPAZKEHHOCTH  JJIEKTPHIECCKOI'O

HOTEHIIMAJIa B3aUMOJCHCTBUA CO CPeoid,
olpeesnaeTcs

KOTOpast
cpeabl  Kak
mesioro m ee moaspm3anmeit. Kaxk m B Momeanm IByX

CKOPOCTBIO  JIBUKEHUST

GbJ1eftBOPOB, COOTBETCTBYIOIIEE CIaraeMoe He PaBHO
HYJIIO, KOTJ[A BBIJIEJICHHBIC HAIPABJICHUs, XapaKkTe-
pU3yIoIye Cpejy U TOJie, PA3JIUdHbl U OTIXIAIOTCH
OT HAIpaBJieHUs CKOpocTu Hedrpuno. [Ipu arom s
MTOKOSITIEHCST  HENOJISIPH30BAHHON — CPeJIbl  BBIparKe-
mue (R2) obpamaercs B mys.

JleBast 9acTh BBIpAKEHU (@) [IpeJICTaBIsIeT coDOM
JIopeHneBcKuii ckajap. [loaromy juis mepexosa B cu-
CTEMy OTCUEeTa, TJIe CPEJIa HEIOJIBUXKHA, CJIEYeT IMpe-
obpasoBaTb 4-BekTopnl ut, s, s u s;‘. [Tockombky
HEHTPUHO MMeeT MACCy, B yKa3aHHON CHCTeMe OTCaeTa
4-BEKTOD MOJISIpU3AIUN Oy/IeT OTIMIATHCS OT Sfy , OIIpe-
JIEJISIEMOTO BBIPAsKEHUEM @, a 3HAYUT, HEe OyJeT OIu-
CBIBATH CIHPAJbHOE COCTOsiHUE HefTpuHO. Takmm 00-
DPA30M, BEPOSITHOCTH, MTOJIYIYEHHBIE U3 BBIPAYKEHUN (E)

n (@) IIEPEeXOIOM B CHCTEMY IOKOS CPEIbl, OyIyT OT-
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JIMYAThCA OT BEPOATHOCTEI IIePEeX0I0B MEK/IY COCTOSI-
HUSAMH HEHTPUHO C ONPEJIEJIEHHON CIIMPAJIbHOCTHIO.

Ecam mooskuTh 3HavMenne IMOTEHIUATA, B3aNMO,Ieli-
CTBHASL W TEH30Pa JJIEKTPOMATHUTHOTO IOJsI PABHBI-
MHJ HYJIIO, TO BEPOATHOCTH, OIpejessgeMbie hopMyia-
MU (@) u (@), B YJIbTPAPEIATUBUCTKOM IIPUOJIMKE-
HUW HE MPOTUBOPETAT OONIEN3BECTHBIM BBIPAYKEHUSM
(M., HAmpUMeD, ]) BeposaTHOCTD TI€peX0JI0B ¢ I0-
BOPOTOM chmMHa HelTpuHo W_ B BaKyyMe OKa3bIBaeT-
Csl paBHOM HYJIIO 115t JII0OBIX (hiteiiBopoB. Bua dopwmy-
Jbl jtst W, Moty YeHHbIiH 13 (@) IIpU IIepexone K Ba-
KYYMHOMY CJIy4alo, OTJIMYAETCS OT CTAHJAPTHOIO M3-
3a TOTO, YTO JIJIsi ONUCAHWA OCIWJLISITIANA MBI ACIIOJTb-
3yeM He KAHOHWUTECKHI MMITYJIhC, & KBAHTOBOE JIHCJIO
uM, nMeroree B BakKyyme cMbics 4-ckopoctu. Kak mo-
kazano B pabore [[LI]|, BbiGop Takoro kBamTOBOrO HHC-
JIa JIIST OTIMCAHUS PACIIPOCTPAHEHNUsS] HEHTPUHO BO3MO-
JKEH W B CIydae HaJudus B3aUMOJIEHCTBHUSA CO Cpe-
JIOfl M 3JIEKTPOMATHUTHBIM IOJIEM. B 3KBHBaJIEHTHO-
ctn (hOpMyII, BBIDAYKEHHBIX U€PE3 YKA3AHHBIE KBAHTO-
BBIE YHCJIA, HANOOJIEE JIETKO YOeIUTHCS B MOJIENTN JIBYX
daeitBopoB. /I 9TOTO AOCTATOYHO MPOBECTU 3aMEHY
bl = [ul(m1 + ma)/2.

WuTepecHo OTMETUTH, UTO BKJIAJL, HAPYIIAIOIIHI
T-uHBapUaHTHOCTDL BCJEJICTBUE BJUAHUSA BHENTHUX
YCJIOBUI, HE CONEPZKAT 3aBUCAMOCTHA OT MHUMON 9acTH
MaTPHIBI CMEMIUBAHUA, & OIPeJeIdeTcsd TOJbKO ee
JeficTBuTebHON vacThio. VIMeHHO 3TOT (haxT ABIs-
eTCsl IPUYWHON TOTO, 9TO B MOJEIN ABYX (PJIEHBOPOB
T-mapyrmenne TakzKe TPUCYTCTBYET.

B mosydenHbIx HAMEU BEPOATHOCTAX T-HapyIIeHHe
3a CYeT BJMAHUS BHEIIHUX YCJIOBUN IIPUCYTCTBYET
TOJIBKO B BEPOATHOCTSX II€PEX0/IOB C IIEPEBOPOTOM CITH-
na. TeMm He MeHee 3TO ABJIAECTCA HE OOIUM CBOHCTBOM
TAKOTO TUIA HAPYIIEHUS, & CJACJICTBUEM BBIOOpA Ha-
MH YHPOIIEHHOIT MOJIEJIN B3aUMOJEUCTBUA CO CPEJIOi.
Kax nmokazano B pabore [@]7 IIPU HAJIMYINU B3aMMOJIEM-
CTBUsI CO CpeJIOil depe3 HelTpaJibHblE U 3apsKEeHHbIE
TOKU MPUCYTCTBYIOT KOPPEJISIINI MK Ty (hJIeHBOPHBI-
MU OCHWIJIAIMAMUA U IIEPEBOPOTOM CIIMHA HEHTPUHO.
Takum 06pazoM, MOKHO OXKHUJIATh, UTO IIPU yUIeTe B3a-
UMOJCHCTBUA HEUTPUHO C 3JEKTPOMATHUTHBIM IIOJIEM
U CpeJoit 00IIero Buga BEPOATHOCTH (DIICHBOPHBIX IT€-
PEXOJIOB C COXpAaHEHUEM TIOJIAPUIAIINH TAKKe OY/IyT CO-
Jnepkarh T-HapyIIaonme ciaraeMble, 00yCIOBICHHBIE
BJIUSHUEM BHEITHUX yCJIOBUI.
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5. AJNCKPETHBIE CUMMETPUN
BEPOATHOCTEMN IIEPEXO/IOB

B kBasmkiraccmaeckoM TPUOIMZKEHUU OIEPAIAN
T-orpakeHuss COOTBETCTByeT U3MEHEHHME 3HAKa COD-
crBeHHOro Bpemenu 7. Oneparust P-orparkeHusi sijisi-
eTCsl XOPOIIO OIpeJieSIeHHON (hopMaJIbHOI orepariueii,
[IPOBOMMOIT HaJT KBAHTOBAHHOW BOJHOBOW (yHKIHE
gactunpl.  OjHako 6ojiee WHTEPECHO HCCJIEI0BATDH
CBOICTBA CUMMETPUU WMTOTOBBIX BBIPDAXKEHUI I Be-
POSATHOCTEl, KOTOPBIE MPEICTABIISIIOT CODOI HAOIIONA-
eMble BeJIMYMHBI. KKaK X0opoIo n3BecTHo, P-orpakeHnue
[IPUBOJIUT K U3MEHEHUIO 3HAKa IOJISIPU3AIMNA TaCTUIBI
B BBIpasKeHHsIX Jylsl BeposirHocTeit iporieccos (em. [fl]).
CrenoBaresibHO, B Ka9eCTBE MPOIEeLypbl P-orpakenus
MOXKHO PacCMaTpUBATh M3MEHEHUEe 3HAKOB Qéa) u Céﬁ ),
OTIPEIEJIATONINX HAYATBHYIO U KOHEUHYIO [TOJIAPU3AIIT
wefirpuao. Oneparnuio 3apsioBOTO COIPSKEHUSA CJie-
JIyeT IPOBOJUTD JIJIsi PEIIeHUil BOJHOBOTO YpPaBHEHUsI,
OIHMCHIBAOIIErO JBOJIIOIUIO HEATPUHO (El)7 OOBIYHBIM
obpazom [ (em. maxoxe [B4]). Pusmueckmii cumbrcn
9TOI oleparyuu IIPOCT: BMECTO HEHTPUHO MBI HCCJIE-
JIyeM aHTHHEHATPUHO, & (POHOBOE 3JIEKTPOMATrHUTHOE
[oJie U XapaKTEPUCTUKHU CPeIbl OCTAIOTCS HEN3MEH-
woivMu. [Ipu sTOM cucrema, mosydeHHas B pe3ysibrare
YKa3aHHOT'O BBIIIE TPEOOPA30BAHNUST, OTIIMIAECTCS OT UC-
xoHoft. B ypaBnenun @) B pe3ysbrare C-conpsiyKenns
MEHSIeTCsI KUPAJBHBII IPOEKTOP, 3HAKU MOTEHINAJIOB
B3aUMOJIEICTBUSI C BEIIECTBOM U 3HAK MArHUTHOI'O MO-
MeHTa. B Mogenun Tpex ¢JieiBOpOB B 3TOM ypaBHEHUU
TakykKe HEOOXONMO C/e/IaTh KOMILIEKCHOE COIPS?Ke-
nre GIIeHBOPHBIX MATpull. B pesyiabrare IMoc/e/ e
omepaluu MeHsleT 3HaK MHUMasl JacTb CJIeJIa (E)7
BXOJIAIIETO B BBIPAXKEHUS [IJIsi BEPOATHOCTEH. B BbI-
PaXKEHUAX JIJIsi BEPOSITHOCTEH IIEPEXOJIOB 3apsi0BOe
COTIPsIZKEHUE TIPUBOJUT K CJIEIYIONUM U3MEHEHUSIM.
Bo-mepBpIx, MeHsIOTCS BCe 3HAKM MATHUTHBIX MOMEH-
T0B. BO-BTOpBIX, OIHOBpEMEHHAS 3aMeHa KUPAJIHLHOTO
[IPOEKTOPa U 3HAaKa MOTEHIINAJA HTPUBOJIUT K CJIEJIy-
IOMEMY TPABUJIY: KOTJA ITOTEHIIHAJ BXOAUT B BEKTOD
crmHa s!', 3HAK €ro He MeHseTCH, B IPOTHBHOM CJIydae
HEeOOXO/IMMO U3MEHUTH 3HAK IOTEHIMaJa. B-Tperbux,
MEHSIIOT 3HAK BEJINIHUHEI ;j03.

Pasymeercst, T1OJIy4eHHbIE HaMH  BEPOSTHOCTH
HE SABJIAIOTCS WHBApUAHTHBIMU oTHOCUTenbHO CPT-
peobpa3oBaHUsi, TPOBEJICHHOTO TOJHKO JJIsi BOJTHOBOA
GYHKIME HEATPUHO TPHU TeX KE BHENIHUX YCJIOBUIX.
Kak 6b110 ckazaHo BbIlle, UCCIeyeMasi MOJEb sIBJIsl-
eTCs Teopueil ¢ HAPYIIEHUEM JIOPEHI-MHBAPUAHTHOCTH
@«@] CaenoBaresibno, CPT-reopema He npumMeHu-
ma. CTOUT OTMETHUTH, 9TO B KBAHTOBOW TEOPUU TIOJISA

C-, P- u T-oneparun onpenessroTcs s OIepaTopoB
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POXKJICHUST W YHUYTOXKEHUsI B BOJIHOBBIX (DYHKITUSIX
KBAHTOBAHHBIX T10JIel (CM., HAPUMED, [@]), IO3TOMY
JIOCTATOYHO CJIOKHO ODOOIIUTH WX Ha KJIACCUIECKOE
(bOHOBOE TEKTPOMATHUTHOE TI0JIE, OIPEIEITeMOe TEeH-
30poM MY a TakyKe Ha IMOTEHIINAJ B3aWMOJIEHCTBUSI
¢ BEIIECTBOM f,SN). COOTBETCTBYIONIME  CJIaraeMble
B ypasuennu ([l|) saABasIOTCH  pE3yIBTATOM peJIyK-
UU  PaJUaIlMOHHBIX [OMPABOK ¥, CJIEI0BATENHHO,
B3aMMOJEHCTBUE C STUMHU IOJSAMA HE SBJISIETCS MU-
HAMAJIbHBIM. VIMEHHO MO 3TOH NpUYMHE HE YAAeTCs
0000IIUTh JUCKPETHBIE TPeoOpPa30BaHWs HA CJIydail
MoOJleJIell ¢ HapyUICHHOU JIOPEHI-UHBAPUAHTHOCTLIO
TaK Ke M3SIIHO, KaK YJIAJ0Ch 3TO CIAENaTh ¢ TIOHATHEM
JIOPEHI-UHBAPUAHTHOCTH B OJjiecTsieil pabore [@],
I7le pacCMaTPUBAJIOCh MUHUMAJbLHOE B3auMOJIeiicTBIE
9JIEKTPOHA C BHEIIHAM 3JIEKTPOMATHUTHBIM TIOJIEM.

O/1HaKO MOCKOJIbKY MPUPOJIa KOHJIEHCATOB U3BECT-
Ha, MBI BIIOJIHE MOXKEM HCCJIeJOBAThH IIOBEJICHIE Heil-
TPUHO B CPeJie, COCTOSIIEH N3 aHTHIACTHIL, He 00001Ta st
nousitust C- u P-onepanmii jyist BHemHuUX moJieit. Bugy
MOTEHINAJIOB B3aUMO/ICHCTBIA C BEIIECTBOM HU3BECTEH
(cM., Hanpumep, [@]) JleTaJbHBIA BBIBOJT 9TUX BbIpa-
JKEHUN JuId ciydas ABUXKYIIEHCS U IOJIAPU30BAHHON
cpezbl 1aH B pabore [@] AmnajlornaapiM 06pa3oM BbI-
BOJI TIOTEHIINAJIOB B3aUMOICIICTBASA MOXKHO BOCIIPOU3BE-
CTH JIJIs CPEJIbI, coCcTosAMIel n3 antTudactutl. [Ipn sTom
3bPEKTUBHBIN TOTEHITNAJ B3aUMO/IEHCTBUA HEHTPUHO
CO CpeJIoit, YaCTUIIBI KOTOPOU XapaKTePU3yIOTCd OIIpe-
JICJIEHHOM ToJsApu3alineil, TOJIbKO 3HAKOM OTJIUYaeTCs
OT IIOTEeHIHaJIa B3aMMO/IefiCTBUS HEHTPUHO C aHTHUYa-
CTHUIIAMU IIPOTUBOIIOJIOXKHON TTOJIAPA3AIIAN.

Temepb paccMOTpUM B3anMOJEHCTBIE AHTUHERTPH-
HO CO CpeJioii, cocrosmeil n3 anrtuyactuil. Jas Toro
9TOo0OBI HAIMM COOOpazkeHusl ObLTH OoJiee TPO3paATHDI-
MM, CHAYAJIA PACCMOTPUM JBa JACTHBIX cirydasd. [lomy-
9UM BEPOATHOCTHU II€PEXOJI0B aHTUHEHTPUHO, PaCIpO-
CTPaHSIONIErocsl B Cpejle, COCTOosIeil 13 aHTUYACTHUIL,
B CjIydYae, ecji 3JEKTPOMAarHUTHOE II0J€ OTCYTCTBY-
er. /g Toro 4TobbBI 3ammcaTh BEPOATHOCTH IS AH-
TUHEHTPUHO TIPABOI MOJISIPU3AINN, HEOOXOTUMO HU3Me-
HUTH 3HAKN HAYAJIbHONU W KOHEYHON MOJIApU3ANnil Jac-
THUIIBT C(()a) — —C(()a) n C(()B) — — é’ﬁ), 3HAKN BCEX MHO-
xuTeseil I;jo8, a TakkKe 3HaKn ffLN) 110 TPaBUILY, yKa-
3aHHOMY BBIIe. KcIu Ipu 9TOM Cpejia COCTOUT U3 aH-
TUYACTHUIl, HY2KHO eIlle pa3 U3MEHUTh 3HaK IIOTEeHIHA-
Ja fP(LN
moctu. B pesysbrare 9mux mefCTBUIl MBI TOJIYYIAM HC-
XOJTHBIE BEPOATHOCTU. TakuM 00pa3oM, B MOJEHN TPeX
GbI1eitBOPOB JIeBbIe HEHTPUHO PACIIPOCTPAHIIOTCS B Cpe-

Be3/ie, rJe 3TOT IIoTeHIIuaJI BXO/JUT B BEPOAT-

Je, COCTOoAIIeil N3 YacTull, TaK Ke, KaK IIpaBble aHTHU-
HEUTPUHO B Cpe/ie, COCTOLAIICH N3 aHTUYACTHUII.
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Tenepsr paccMoTpuM B3anMMOIEHICTBIE AHTHHEHTPH-
HO TOJILKO C 3JIEKTPOMArHUTHBIM T10j1eM. /Ij1s1 Toro uTo-
OBl ONMCATDH JBUKEHNE aHTUHEHTPUHO, Tpedbyercs u3-
MEHHUTb 3HaKHM BceX MHoxKutTeneit I, M 3HaKH Mar-
HUTHBIX MOMEHTOB HeiTpuuo. M3 BUIa MOJIYUIEHHBIX
TAKUM OOPA30M BBIPAKEHUN CJIE/IYET, 9TO B IJIEKTPO-
MarHUTHOM II0JI€ JIeBble HEATPUHO PACIPOCTPAHAIOTCS
TakK ke, KaK Ipasble anTuHeifiTtpuno. Kak u B mMozmean
JBYX (DJIEHBOPOB, MBI MOy ININA, UTO, JIJIST TOTO ITOOBI
BEPOATHOCTH IIEPEX0JI0B COBIIAJIM C MCXOJHBIMU, HAJO
He TOJIBKO crenaTh C-conpsizkerne, HO U M3MEHUTH TI0-
JITPU3AIAIO YACTHIIBI, T. €. ¢eJaTh P-orpaxkenne. Ecm
JIJId B3aMMOJIEMCTBUS HEHTPUHO C BEIIECTBOM aHAJIO-
TUYHBIA PE3y/IbTAT ObLI BIIOJIHE OXKUIAEMBIM, TaK KakK
ciaboe Bzanmogeiicreue CP-yeTHO, TO JijIsi HEHTPUHO,
YYaCTBYIOIUX TOJBKO B 3JIEKTPOMArHUTHOM B3aMMO-
JeHCTBUN, TaKO pe3yJbTaT BO3HUKAET UCKIIOYNTEIIb-
HO TOT/a, KOIJIa MBI pacCMaTpHUBaeM YacTHUILy, UMeIo-
mnyio 6oJiee ojHOrO (hJreiiBopa.

B sroit paboTe MBI MOJYYMIH BEPOITHOCTHU CITHH-
GbIIeBOPHBIX TIEPEXOJIOB JIJIsT HEHTPUHO, PACIpPOCTpa-
HAIONIETOCd B BEIIEeCTBE M 3JEKTPOMATUHUTHOM IIOJIE.
Jlis HATJISTHOCTH MBI yUJIU TOJBKO JIHATOHAJIHHBIE
MarHUTHbIE MOMEHTHI U B3aUMOJEHCTBUE C BeIeCTBOM
qepe3 HelTpasbHbIe TOKUA. B 9TOM ciiydae 3aMena Heii-
TPUHO HA AHTHHEHTPUHO W (DEPMHUOHOB CPEIbl HA UX
QHTUYIACTHUIIBI CBOJIUTCS K OllepallfsiM, OIIMCAaHHBIM BbI-
me. Ilpu sTOM OKas3bIBaeTCS, UTO JIeBble HEHTPUHO
U IpaBble aHTUHEHTPUHO PACIPOCTPAHAIOTCA Pa3Iind-
HbIM 0OpaszoM. OJIHAKO MCXO/HbIE BBIPAYKEHUsI MOYXKHO
BOCCTQHOBUTD, €CJIM W3MEHUTb 3HaK T, YTO COOTBET-
crByer T-orpaxkenuro. Eme pa3 momaepkneMm, 9T0 1O-
JIYYEHHBIl pe3yJsibTar He siBjisiercsi ciejgcrsueM CPT-
TeopeMbl, TaK KaK MBI pacCMaTpUBaeM MO/IeJIb C HAPY-
IIeHueM JIOPEHII-UHBAPUAHTHOCTH.

6. SAKJIFOYEHUNE

B pabote uccienosano T-wapyiienue st BEpOSIT-
HOCTeH crnH-(DJIEHBOPHBIX MIEPEXOI0B HEUTPUHO B Cpe-
Jie M 9JeKTPOMATHUTHOM ITOJIe B MOJENHN Tpex QJieii-
Bopos. Ilokazano, UTo Takoe HaApyIIeHNe MOXKET ObITDH
0OYCJIOBJIGHO HE TOJILKO HAJUIHEM MHUMON YacTh
B MATpUIE CMEIUBAHUSA, HO U BJUAHUEM BHEIIHUX I10-
JIeit M B3anMOJeHCTBIEM ¢ BemecTBOM. [Ipm sTom i
HpocTeieil Mojen, YYUTHIBAIOUIEH B3auMoJieicTBIe
CO cpeJlof yepes3 HelTpasbHbIe TOKI U B3anMOAeHCTBIe
3JIEKTPOMATrHUTHOIO IOJIA C YY€TOM TOJIBKO JIMaro-
HaJLHBIX MATHUTHBIX MOMEHTOB, T-HapyIaioIme cia-
raeMble 3a CYeT MHUMOU YaCTH MATPHUIBI CMeEIIuBa-
HUS OMPEIEeISIIOTCS WHBApUaHTOM SIpJcKor, a Hapy-
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[IeHNe 33 CYeT BJINAHWS BHEIIHUX YCJIOBUU OIIpejie-
JISIETCsI BEKTOPHBIM IIPOU3BEIEHUEM ITPOCTPAHCTBEHHOMN
JacTU MOTEHIHAJIA B3AUMOJEHCTBUASL CO CPEeJoil 1 Ha-
[IPSI?KEHHOCTEI TI0JTelt, YMHOKEHHBIM HA BEIIIECTBEHHBIE
YaCTU YeTBEPHBIX KOMOWHAIWIT 3JIEMEHTOB MATPHUIIHI
cMmernmuBaHust. [lokaszaHo, 4To B Mojenun Tpex dJreii-
BOPOB, KaK M B MOJEIN ABYX (JIEHBOPOB, BEPOSATHO-
CTH TIEPEXOJIOB [IJIsi TPABOI0 AHTHHEHTPUHO B CPEJIE,
COCTOsIINEl U3 aHTUYACTUIl, U JJjIsl JIEBONO HEATPUHO
B Cpejie M3 YACTHUIl [IPA HAJUIUU MOCTOSHHOTO 3JIEK-
TPOMATHUTHOTO TIOJI PA3JIUIAIOTCH TOJBKO 3HAKAMUI
T-wapymatonux cjaraeMbix. OOHapy KeHHBI Mexa-
HU3M HapylleHusi T-MHBAPUMAHTHOCTHU 33 CUET HAJIUIUSI
[TOCTOSIHHBIX BHEIIHUX YCJIOBUIl NPUHINANNAAILHO Ba-
JKEH, TaK KaK IPUBOJUT K IMOsIBJIEHUIO T-HAPYIIAOIINX
BKJIAJIOB Y2Ke JIJIsI JIOCTATOYHO [IPOCTHIX CUCTEM, XapaK-
TEPU3YIONIUXCS MMOCTOAHHBIMA TApaMETPaMU, HO IIPHU
9TOM He TpeOYeT BBEIEHUS JIOMOJTHUTEIbHBIX TaACTHUIL
WA HOBBIX THIIOB B3aMMOJIEACTBUS, T.€. CIPaBeJJINB
JIJIsE YACTHIL, ONMMCHIBAEMBIX B paMKax CTanmapTHOM MO-
JICJIH.

BaaromapaocTu. ABTOpBI BhIpaxKaioT 6Gjaromap-
mocrs A.B. Bopucosy, N.I1. Bonobyesy u B.H. 2Ky-
KOBCKOMY 3a ILJIOJIOTBOPHBIE O0CY K ICHMUS.

®dunancupoBanue. Pabora A.B.Y. pbimosieHa
npu mogaepkKe PoHga pa3BUTHA TEOPETHIECKON (hu-
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JIMTEPATYPA

. P. A. Zylaet al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2020, 083C01 (2020).

W. Pauli, in Niels Bohr and the Development of
Physics, McGraw-Hill, New York (1955).

R. Jost, Helv. Phys. Acta 30, 409 (1957).

T. D. Lee and C. N. Yang, Phys.
(1956).

Rev. 104, 254

C.S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes,
and R. P. Hudson, Phys. Rev. 105, 1413 (1957).

J. H. Christenson, J. W. Cronin, V. L. Fitch, and
R. Turlay, Phys. Rev. Lett. 13, 138 (1964).

B. Aubert et al. (BABAR Collaboration), Phys.
Rev. Lett. 93, 131801 (2004); arXiv:hep-ex/0407057.

Y. Chao et al. (Belle Collaboration), Phys.
Lett. 93, 191802 (2004); arXiv:hep-ex,/0408100.

Rev.

. A. J1. Caxapos, [Tucoma B 2KQT® 5, 32 (1967).



A. E. Jlobanos, A. B. YyxHoBa

MITP, Tom 162, BhIm. 3 (9), 2022

10

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

. M. Kobayashi and T. Maskawa, Prog. Theor. Phys.
49, 652 (1973).

. C. Jarlskog, Z. Phys. C 29, 491 (1985).

M. Fukugita and T. Yanagida, Phys. Lett.B 174, 45
(1986).

M. Trodden, Rev. Mod. Phys.
arXiv:hep-ph/9803479.

71, 1463 (1999);

S. Davidson, E. Nardi, and Y. Nir, Phys. Rep. 466,
105 (2008); arXiv:0802.2962 [hep-ph)].

B. M. ITonrekopso, 2KDT® 33, 549 (1957).

Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor.
Phys. 28, 870 (1962).

C. Giunti and C. W. Kim, Fundamentals of Neutrino
Physics and Astrophysics, Oxford Univ. Press, New
York (2007).

A. V. Chukhnova and A. E. Lobanov, Phys. Rev. D
105, 073010 (2022); arXiv:2203.06426 [hep-ph].

V. A. Naumov, Int. J. Mod. Phys. D 1, 379 (1992).

E. Akhmedov, P. Huber, M. Lindner, and T. Ohls-
son, Nucl. Phys. B 608, 394 (2001);
arXiv:hep-ph,/0105029.

S. T. Petcov and Ye-Ling Zhou, Phys. Lett. B 785,
95 (2018); arXiv:1806.09112 [hep-ph].

A. E. Jlobanos, A. B. Uyxuopa, Bectunuxk MIVY,
cep. 3, dbusuka, acrpon. 58(5), 22 (2017).

L. Wolfenstein, Phys. Rev. D 17, 2369 (1978).

P. B. Pal and T. N. Pham, Phys. Rev. D 40, 259
(1989).

J. F. Nieves, Phys. Rev. D 40, 866 (1989).
W. H. Furry, Phys. Rev. 81, 115 (1951).
W. Pauli, Rev. Mod. Phys. 13, 203 (1941).

K. Fujikawa and R. E. Shrock, Phys. Rev. Lett. 45,
963 (1980).

. R. E. Shrock, Nucl. Phys. B 206, 359 (1982).

372

30

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

. A. V. Chukhnova and A. E. Lobanov, Phys. Rev. D
101, 013003 (2020); arXiv:1906.09351 [hep-ph].

S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys.
Rev. D 2, 1285 (1970).

A. E. Jlobanos, JAH 402, 475 (2005).

A. Studenikin and A. Ternov, Phys. Lett. B 608,
107 (2005); arXiv:hep-ph/0412408.

B. B. Bepecrenknit, E. M. Jludmwur, JI. II. Ilnra-
eBckuii, Keanmosasa saexmpodunamura, T. 4, Hayka,
Mocksa (1989).

H. H. Borosio6os, /1. B. Illupkos, Bsedenue 6 meo-
puto keanmosarnnuxr noael, Hayka, Mocksa (1973).

A. E. Lobanov, Ann.
arXiv:1507.01256 |[hep-ph].

Phys. 403, 82 (2019);

A. E. Jlo6anos, TM® 192, 70 (2017).

J. von Neumann, Nachrichten von der Gesellschaft
der Wissenschaften zu Goéttingen, Mathematisch-
Physikalische Klasse 1927, 245 (1927).

A. V. Chukhnova and A. E. Lobanov, Eur. Phys. J.
C 81, 821 (2021); arXiv:2005.04503 [hep-ph].

J. E. Campbell, Proc. London Math. Soc. s1-28,
381 (1896).

E. V. Arbuzova, A.
E. M. Murchikova, Phys.
(2010); arXiv:1507.01256.

E.
Rev.

Lobanov, and
D 81, 045001

H. A. Kramers, Proc. K. Ned. Akad. Wet. 40, 814
(1937).

S. M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev.
D 41, 1231 (1990).

D. Colladay and V. A. Kostelecky, Phys. Rev. D 55,
6760 (1997); arXiv:hep-ph/9703464.

S. Coleman and S. L. Glashow, Phys. Rev. D 59,
116008 (1999); arXiv:hep-ph/9812418.

P. A. M. Dirac, R. Peierls, and M. H. L. Pryce, Proc.
Cambridge Philos. Soc. 38, 193 (1942).

A. E. Jlo6anos, Uss. By3os, @usuka 59 (11), 141
(2016).



