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1 Jleknusa I

[Tons, Jlarpamxuans:, Y paBHEHUs IBUXKEHUsI, 3AKOHBI COXPAHEHUS,
KsauToBanue

CoBpemenHas Teopusi GyHIaAMEHTAJIbHBIX B3aUMOIEHCTBUI €CTh TeOpus KBAaHTO-
BaHHBLIX NoOJiel. [TaBHBIM OOBEKTOM KBAHTOBON TEOPHUHU IIOJIS SIBJISETCS KBAaHTOBOE
ToJIe.

1.1 Ilons

Ilone aBnsercs mHaubosee GyHIAMEHTAIBHON M YHUBEPCAIBHON (POPMON MaTepuu m3-
BECTHOI B HACTOSIIEe BpeMs, KOTOpas ONUCHIBaeT CHUCTEMY C OECKOHEUHBIM YWCIIOM
creneHeit ¢cBo6ombl. OHO MOABIAETCS YXKe B KIACCUUECKON (PU3UKe MPHU OMUCAHUU Ieli-
CTBUS ABYX MCTOYHUKOB Ha paccrosanu (cM. Puc.l). W3-3a kxoHeuHO# ckopocTH me-
penaun B3amMONENCTBUS, OTPAHUIEHHOTO CKOPOCTHIO CBETA, NCTOYHUKN HE IYyBCTBYIOT
Opyr npyra HememieHHo. CyOGcTaHIus, HeCyIlas B3aUMOIEHCTBIE HA3BIBAETCS IOJIEM,
BBenenubiM Maidikiom Papaneem B XIX Beke.

o @ o

Puc. 1:

KBaHTOBOE mOJIE FBIISETCS CUHTE30M KJIACCUUECKOTO 3JIEKTPOMATHUTHOTO TOJIS
dapames-MaxkcBena u 1MoJIsi BEPOSITHOCTEH HEPEISITUBUCTCKOW KBAHTOBOW MEXaHUKM.
KBanToBoe mnosie siBiisieTcst €quHBIM 00BEKTOM, 3aMEHSIOIIINM TIOJIsT U YaCTHUILI B KJIac-
cuueckoit ¢usuke. OmHO TOJIE JAHHOTO COPTA, SBIAICH PYHKIUEH MPOCTPAHCTBEHHO-
BPEMEHHOI TOUKM Z,, ONUCHIBAET BCE YAaCTHUILI JaHHOTO copTa BO Bcemennoii.

Konnenmus kBaHTOBOTO TOJIsS TO3BOJITET HAM ONUCHIBATHL CUCTEMBI C HECOXPaHSI-
FOITUMCST YKMCJIOM YaCTUIl W TEPEXONbl OMHUX YACTUIl B APyTue. OJIeMEHTApPHBIM aK-
TOM B3aMMOMIENCTBUSI CTAHOBUTCS B3aWMOIENCTBUE HECKOJIBKNX KBAHTOBBLIX IOJEN B
IIPOCTPAHCTBEHHO-BPEMEHHOI TOYKE, B TO BPeMs KaK OOLIUHBIE KJIACCHUYECKIEe ~ CHIIBI’
OKa3BIBAIOTCS BTOPUYHBEIM 3PhHeKToM 0OMeHa TPOMEXYTOUHBIMU TIOJISIMU.

MatemaTuuecku 1moJjie sSBiIseTCS MPAMBIM 0000IIIeHneM TOYKU. B ciaydae moms Mbl
nMeeM OeCKOHEUHYIO M HENPEPBIBHYIO CUCTEMY TOUeK ¢ OECKOHEUHBIM UMCJIOM CTETeHen
cBOOOMHBL.

1.2 JlarpaHXXuaHbI

B nmanpreimmem Mbr paccMOTpUM TaK HA3BIBAEMBIN J'Ial"paH}KeBI:Iﬁ IIOOXOHO B KBaH-
ToBOI Teopuu mojis. OH CTPOUTCS B IOJHOW AHAJIOTHHU C OOBIYHON JIATPAHKEBON Me-



XaHUKO# Touku. [maBHYI0 poib urpaer jarpaHxesBa dyskmus L(t) , koropas B
IEeVCTBUTELHOCTH SIBIASETCS PYyHKIMEH NMHAMUYECKNX NEPEMEHHBIX U €CTh CyMMa IO
BCEM TOUKAM CHCTEMbI. B ciiyuae Teopuu mojist 3Ta CyMMa 3aMeHseTCsI NHTErPaJIoM 10
npoctpascTBy. COOTBETCTBHUE € KIIACCUIECKON MEXaHUKOW nmokasano B Tabmurme 1.

Tabmuma 1.
T.qua [Tose
T, 1 :Nl, 2,...,.N o(z,)
L(t) = ¥ L£(a) Lit)= [ dzL(z)
=1 space

t2
A= [L(t)dt A= [ Litydt= [ d*zLl(z)

t1 time space—time

HeiicTBue A TOrma CTaHOBUTCS WHTEIPAJIOM OT JIATDAHKEBOI IJIOTHOCTHU IO BCEMY
IPOCTPAHCTBY-BPEMEHH. JlarpaHXkeBa IJIOTHOCTh, OOBIYHO HA3BIBa€Mas MPOCTO Jia-
TPaHXKMAHOM, YIOBJIETBOPSET CIEAYIOIIMM TPeGOBAHUSM:

1) Jlopenn (Ilyankape) mHBapMAHTHOCTbL. OJTO €CTh (u3nueckoe TpeGOBaHIe
MHBAPUAHTHOCTU YPABHEHWI MBIKEHNUS , TIOJyUYEHHBIX U3 JIArDAHKUAHA (CM. HUXKE Y.
(1.1)), mo OTHOIIEHNIO K M3MEHEHUIO CHCTEMBl 0TCYeTA. JTO O3HAUAET, UTO JarpaH-
XKWaH, Oynyun (yHKIWeHl IoJjlell W UX MPOW3BONHBIX, He 3aBUCUT SBHBIM O0pa3oM OT
x:

L(z) = Llp(x), 0p(), -..]-

JIopeHI-nHBAPpMAHTHOCTH O3HAYAET, YTO

L(a") = LI¢'(a"), 0¢'(a"), .. ] = Llp(x), 0p(2), ...] = L (=),

T.e. L(x) ecTh cKasgp, B TO BpeMs KakK IO MOTYT NPUHAMLIEKATH K PA3THIHBIM
TMpencTaBIeHUIM TPYNIel JIopeHIa, HanpuMep, CIMHOPHBIM, BEKTOPHBIM U T.II.

2) JIokanbHOCTB. DJTO €CTh MOCTYJIAT, KOTOPHIN IPOBEPSIETCS SKCIEePUMEHTATHHO.
o cux mop MBI He UMeeM CBUIEeTeNNbCTB oTKaoHeHus oT jJokaabHoi KTII. JlokamsHOCTH
L(x) 03HAUAET, UTO OH CONEPKUT KOHEUHOE UYUCIIO YACTHBIX IPOM3BOMHBIX OT MOJIEHL.

3) CooTBeTCTBHUE C KJIIACCHYECKON MEXAHUKON. Y PABHEHUs ABUXKEHUS KIIAC-
CHUYECKO MEXaHUKH! COMEPXKAT BTOPBIE MMPOU3BOMHBIE IO BPEMEHU. OJTO 03HAUAET, UTO
JarpaHXWaH NOJKEH 3aBUCETh TOIBKO OT MEPBBIX IMPOU3BOMHBLIX T0JIEl, YTOOB UMETH
IpaBUJIbHBIE YDAaBHEHUA NBUXKEHUS, T.€.

L(z) = Llp(x), dp(z)].

4) YHATAPHOCTb. OTO €CTh CBOUCTBO S-MATPUIIbI, BEITEKAKOIIEE U3 TPeOOBAHNS
COXpaHEHWS HOPMBI BEKTOpPA COCTOSHUSA. Y HUTAPHOCTH O3HAUAET, UTO JIarpaHXWUAH
NOJIXKeH OBITH NefCTBUTEIBHON (SPMUTOBOM ) DYHKIMET, KOTOPast NaeT AeiCTBUTEIbHBIE
(SpPMUTOBEI) TUHAMIYECKUE WHBAPUAHTHI, TUIA SHEPIUY, UMITYIbCA U T.I.

Cnenyer 3aMeTHUTh, UTO JarpaHXUaH OMpenejeH He OOHO3HAUHO. K HeMy MOXHO
n06aBUTH MOJHYIO TPON3BONHYIO TPOU3BOIBLHON DyHKIINN

Lo L =L +0,F"
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6e3 usMmeHeHus neiictBus, T.e. A’ = A, u, cremoBaTenbHO, YPABHEHUN IBUXKEHUS.
CTporo roBopsi, 3TO CHPABEIJINBO, €CIIN TPEHEeOPeUb TOMOJIOTUUECKN HETPUBUAIIBHBIMA
BKJIQJaMW, WAYIIUMEA U3 TPAHUYHBIX YCJIOBUI. OJTO CBONCTBO WHOTA UCIIOJIb3yeTCs
IJ1sl TOro, 9TO0BI BEIOpATH JIarpaHxkuaH B Haubosiee ynoOHOM BuIe.

1.3 YpaBHeHUus OBUXECHUS

Y paBHEHUS ABUKEHUS MOTYT ObITH [OJIyYEeHBI U3 JATPAHKIAHA C IOMOIIbI0 IPUHIAIA
HANMEHBIIIETO NEMCTBUS, KOTOPLI YTBEPKAAET, YTO BO BPEMS NBIKCHUS KJIACCH-
9eCKOIl CUCTeMBI, NefiCTBUE BIONb yTH ABUXKCHUS NPUHAMAET HAWMMEHbIee 3HAYCHMUE,
T.e. 0A = 0. JI79 HaXOXKIEHWS COOTBETCTBYIOIINX yPABHEHUI, PACCMOTPUM BapUa-
o modst du;(x) Takywo, uro ou;(x) = 0 ma rpamune. Torma ypasuenue 0A/du; = 0
NPUBOANT K yPABHEHUIO NBIXKeHus Jiaepa-Jazpanica

oL 9 oL
Sui(x) " 80,ui(z)

=0, (1.1)
roe 0, = 0/0x,,.

1.4 JIuHaMu4ueckKne MHBAPUAHTHI

Y paBHEHNE OBUXKEHUS MO3BOJISIOT HAM CKOHCTPYHPOBATH MUHAMUYECKNE WHBAPUAHTEL,
T.e. HE 3aBHUCSIINE OT BPEMEHM BeJINYNHBLI, TaKWe KaK DHEPrus, MMIYJIbC, YIJIOBOI
MOMEHT, 3apsI ! T.II.

Paccmorpum Bapuamnmio d £ cOOTBETCTBYIOIIY IO TPe0bpa30BaAHUIO TOJIA U; — U; +0U;
C HEU3MEHHEIM TIOKa apryMeHTOM T,. Vmeem

oL oL
0L = —ou; + ——3(0,u).
5’[1,2' ! 58”’&1 ( a Z)
ICIOJIb3YSl YPABHEHNUS NBIZKEHUS IJIs IEepBOTO WieHa M TOT (BakT, uTo 00,u; = 0,0u;,
HAXOIUM

oL oL
Wrak, okoHUaTETBHO TONIyUaeM
oL

Paccmorpum Temepsb riiobalibHOE IpeoOpa3oBaHue 0u; = 1" Tizuj, Tie mapamMeTpsl
a® = const m T® cyTh TeHepaTOpHl mpeobpa3oBanus. Torma

5L = —atd,j",

rnme ToK j#* ecThb

jhe = —iiT@.uj_ (1.2)



Ecnu £ uuBapuanTen, t.e. 6L = 0, TO uMeeM COXPAHSIOIINECS TOKA
o
03" = 0.

Beps muTerpan mo Bcemy mpocTpaHCTBY, HMOJIyYaeM
3.9 .04 v
/ da(57 =V i) =0

—ra . o
Ecan ] ucue3aeT Ha IIPOCTPAaHCTBEHHOU 66CKOH€“IHOCTH, TOr'Oa YJI€H C IIOJIHOU IIPO-
M3BOOHON MCUE3HET U MBI IpuxXoouM K

d 3 ,..,:0a _
= [ & @ =o,

T.e. 3apsam
Q" = /d%joa(?,t) (1.3)
coxpaHsgeTcs
dQ°
—o. 4
i = (1.4)

OTo ecTh Teopema Hetep.

1.5 Teopema HetTep

[IycTh meiicTBUe MHBApMAHTHO OTHOCUTEILHO HEKOTOPHIX S-TIapaMeTPUUeCcKuX mpeobpa-
30BaHUIN

ui(z) — ui(z") = Ui(z,w), mapaMeTphl

{ T, =z, = fulz,w), w, k=1,2,...,s

Tak 9To 0A = 0.
Torma cyIecTByOT § MMHAMAYECKNX NHBAPUAHTOB

dC
Ck = /d33}'@2($), d—tk = 0, k= 1,2, ey S,
roe
o = O£ (GuXr — W) — XPL (1.5)
k 58“’11,2 vk 1, k~
Oft(z,w) oU;(z, w)
Xﬂzi’w_ v, :7"‘}:‘ .
e T e (1.6

[pensinymmii ciayuait (yp.(1.2)) cooTBeTcTBYeT Mpeobpa3oBaHueM BHYTPEHHEH CUMMe-
TpHUM, KOrOa
Xr=0, Oy=7ji, Ck=Qs.



1.5.1 IIpumep 1: Tpancasnus

ui(z') = ui(z), ¥, =0, C,=D,.

7

ro__ [ —V —
{xu_mu_i_ww Xk_(sk’ Gﬁ_T#a

3,H8Cb T# n PV €CTh TE€H30pP SHEPIrun-mMIIyJabCa U 9€ThIPDEX-UMITYJIBC, COOTBETCTBEHHO.

TW/(‘C) = 5;Lu.auui_gw/£7
i
P = / BT (7, 1). (1.7)

Coxpanenne umnynsca PY(t1) = P¥(ly) cinemyer W3 MHBapHMAHTHOCTH JlarpaHxuana
otHOCHTENBHO Tpaucsauun L(z 4+ w) = L(x).

1.5.2 TIIpumep 2: JlopeHmeso BpallieHue
l‘; =z, + 5L,u1/xua Xlgpa) = ;L'Uéle — .’E‘O&g,
ui(@') = Ay (@)0 Ly, O = Ay,

3mecs Al (P9) sapmenT oT crMEA TOMS. CoxpaHSIOIIAACS BEIMUNHA Teleph- 9TO MOTHBIT
YT JIOBOII MOMEHT

oL
MT(pU) — Poy .0 _ A% . P
504, (0ujz” — 0%u;z”)
0L itpo
+ L(zg°" —27¢"") — mAf(p Ju,. (1.8)

[Mocnenuuit unen ects comE-Tenzop S7P7),
[IpounmiocTpupyeMm 5Tu 00IIUE BBIPAXKEHUS HA HEKOTOPBIX IPOCTHIX IIPUMEPAX.

1.6 HWMmmrocTpanus
1.6.1 IIpumep 1: Ckanspusbie moJs

Jlarpanxmuan, 0061a0aIOIIUI BBIIIE TEPEUYNCIEHHBIMEU CBONCTBAMMU, sl HeHCTBUTEIb-
HOTO CKaJIIPHOTO TOJISI UMeET BU

m2

1 2
L = 50up()0"p(x) — —-¢"(2). (1.9)
[TepBrritl unen 30ech €CTH KHHETUUECKAsT DHEPT U, a TIOCTETHUH - MaCCOBBIHA UJIeH. Y paB-
HeHUe ABUXeHUs, ciaenyworiee u3 (1.9) ects xopormio uzBectHoe ypasHenue Kireitua-
TI'opmona
(0~ m?)p(z) =0, (1.10)

—32
e MBI MCTIOJIb30Bann o6o3Hauenne 0 = —9? = —02 + 9, .



[Tocrpoum Teneps nuuaMuueckue naBapuanTer (1.7):
™" = 0%y — g"L,
.2
T = H=1_1[p +(v>(p')2 + m2¢?],
Pt=—  [T%T = — [ ¢ OFpd T,

Tlle TOUYKa O3HaYaeT MPOU3BONHYIO IO t.
s pemenus ypaBHeHus Kieitna-1'opmoHa mose3Ho mepeiiTu B UMITYJIbCHOE TIpe-
crasyienne. Cosepinas Pypre-npeobpazoBanue, mMOIydIaeM

rae ¢(k) yooBIeTBOpseT ypaBHEHUIO
(k* —m?)@(k) = 0. (1.11)

Pemrenne yp.(1.11) ects

(k) = V2mo(k* — m®)p(k),

—2
rae ¢(k) ects npousBombHas byHkuus k, ¢ ko = £V £ + m?. IBa BO3MOXKHEIX 3HAKA
KBaIPATHOTO KOPHS COOTBETCTBYIOT ABYM JIMHEHHO HE3ABUCUMBIM PEIIEHUSIM

p(z) = 9" (z) + ¢ (2) (1.12)

TAaKM YTO
+ d4k :I:zkw6 k 2\ ~+ k ko = \/?2 2
¥ (33) 27‘(‘ 3/2 € ( )(P ( )7 0=+ + m=.

Beps unTerpan no kg, monyuaem

1 d? —
@) = G | e e (B, (1.13)
C mepeompeneeHueM ai(?) = ¢*(k)/v/2ky. Tenepb YeTHIpEX-UMITYJILC NPUHUMAET
BILIL

pr = / TG 7 = / dE ket (B)a (F) (1.14)
WJIM, €CJIM BOCCTAHOBUTD NI€PBOHAUAJIBHELI MOPSIOK COMHOXUTEe],
= L
/dkk“[a Yo~ (B) +a=(F)at (%)) (1.15)
Teneps MOXHO RATh HHTEPIDETAIII0 Ko3(hdunuerTam ai(?). Kax cnenyer u3 yp.(1.15),
npoussenenue at( £k )a” (k) uMeeT CMBICI IIOTHOCTH YACTHI] ¢ UMIYILCOM K U DHEp-
rueit kg. MBI yBuANM, 9TO TIOCTIE KBAHTOBAHMUS, ai(?) CTAHYT ONEPATOPAMU POXKICHUS

(YHUUTOXEHUS ), ¥ UX IPOM3BENEHNE - OMEPATOPOM UMCIIA YACTHI[ C TAHHBIM MMILYJIb-
COM.



1.6.2 IIpumep 2: BekTOpHbIe NOJIsS

JlarpaHXmuaH ¢ y4eTOM 3aMeJaHus Ha CTP. 4 MOXeT OBITH BLIODAH B BUIIE

L= —iFW(x)F‘“’(x) + m;UN(m)Uﬂ(x), (1.16)

roe F,,(z) = 0,U,(z) — 0,U,(x).
CoOTBeTCTBYIOIIEE YDABHEHNE IBUKCHUS

O, F"" — m?U* = (O — m?)U* 4 0*0,U” =0 (1.17)

Ha3bIBaeTCsa ypasHeHueM IIpoka. Brrumcnsas mpoussomuyio ot yp.(1.17) mo orHome-
HUIO K 0, MBI IIOJIyIHM YCJIOBUE

8, U" =0, (1.18)

kKoTOpoe HaswiBaeTcs yciosuem Jlopeumna. Taxum o6pazom, ypasuenue [Ipoka skBuBa-
nenTHO ypaBHenuio Kneitna-I"opnona c¢ ycimoBuem Jlopenma. CriemoBaTelibHO, PeIleHust
ypasaenus (1.17) coBmanator ¢ pemennsivu (1.12), (1.13)

Uulz) = Ulj(x) + Uu_(ac), (1.19)
—
Uj (z) = 1 dk :tika:I:(?)

G ) ok
IUTIOC YCJIOBHE

koUs () = kaU*™(F), n=1,2,3, (1.20)

YeThIpex-UMITYJIbC U CIUH-BEKTOP IJis NeHCTBUTEIHLHOTO BEKTOPHOTO MOJISI PABHEL (CP.

yp-(1.14))

P = — [dRRUHE (R,

= +,= -
S = i [dR T () < T (F)] (1.21)
rJle CTPEeJIKA 03HAUAET TPEX-BEKTOP, a CIIMH-BEKTOP ompeneeH Kak S¢ = e [ d?S},’C.
Kax cnenyer u3 yp. (1.21) P” He SBiIs€TCs TOIOKATENBHO ONPENEIEHHBIM U3-33 CUTHA-
Typhl IPOCTPaHCTBa MUHKOBCKOTO, B TO BpeMs KaK IOJOXKHUTeIbHAs ONPeNeleHHOCTh

ravunbTornana (PP) aBnsercs HeOOXOMUMBIM YCIOBIEM yCTONUMBOCTH KIIACCHIECKOI
cucremsl. OmHAKO, MBI €llle He ucnonb3oBanu ycaosue (1.18). Iloncrasmas yp.(1.18) B

yp-(1.20), Haxomum
_y =TT - %(?ﬁ)(?ﬁ).

Ora dopMa momxHA OBITH OUATOHAJM30BAHA, UTO MOXHO CHOEJaTh IIyTeM BBENCHUS
JIOKQJILHON CUCTEMEI OTCUETa

50 (7)), (1.22)



rmae BEKTOpa IOJJIAPpUu3alun ?Z HOPMUPOBAaHBI YCJIOBUEM

_>
k
(?171) = 0jj, s = \:k_|

Yp.(1.22) Beger x —U,U* = apa,, n =1,2,3, rax uro yp.(1.21) npuruMaer Bun

n

P’ = / ARk S (o (K )a; (F)]
- %/d?k"Z[ag(?)an(?) +a; (F)a (F)],

KOTOPBII Tenepsb OUeBUIHO TOJI0XUTEIBLHO onpeneen. OmMHAKO, €CIu paCCMOTPETH TTPO-
eKIINIO CTIMH-BEKTOPAa Ha HAMPaBIIEHNE UMTYJIbCa, TO OH OKa3bIBAETCSI HEIMATOHAJILHBIM

Sy ~ ilaf (K)ag (F) — af (K )ag (F)], (1.23)

Ienasi MHTEPIPEeTANo He CTONb Npo3paunoi. [lns nuaromanmsamumm yp.(1.23) Boc-
TOIb3yeMCS JTUHEWHON MOACTaHOBKOMN

L _ bty L _bE—by

a;j \/§ ’ Gy = ﬁ:

1 OKOHYaTEJIbHO IIOJy4YUM
1
P = 5 [dR R Sl (R )b (F) + b ()b (F))

—

Sy~ bt (R )by (F) — b5 (K )by (F)]. (1.24)

Teneph MHTepIpeTanus CTaHOBATCA acHoit. Hampumep, bf b, ecTs mmoTHOCTDL da-
CTUIl C UMIIYJIbCcOM Kk , DHepruei ko u nmpoekiuei cnuia +1. B neficrBuTenbHOCTH, bli,Q
COOTBETCTBYET IUPKYJISIPHON TOJIIPU3AINN, B TO BpeMs Kak an - nmuHenHOW. BBuUmy
orcyTcTBus uneHa b3 by B yp.(1.24) oH cOOTBeTCTBYeT HyseBoil mpoekiuu cnnHa. Ta-
kM 00pa3oM MBI 3aKJII0YaeM, 9YTO BEKTOPHOE TIOJie ¢ HEeHYJIeBOI MacCOl ONUCHIBaET
YaCTULBI C TPeMs BO3MOXHBIMU MPOEKIASIMU CiuHa paBHbIME +1, 0, —1.

1.6.3 IIpumep 3: CumHOpPHEBIE MOJIsA

B sTom ciiyuae marpaHXuaH nUMeeT BUI

L= E(x)ify“auw(x) — map(z)(z) (1.25)
U NPUBOANT K YPABHEHMIO IBIKCHNS, KOTOPOe €CTh ypaBHeHue Impaka
(i0 — m)y(z) = 0. (1.26)

Bnmecs 0 = y*0,, " ectb 4x4 marpuna Hupaka. CnmeOpHOe mOIE 1, (%) SBISETCS
cTonbnoM

)
YO =1 @) |
(z)



a ero compsxennue - cTpokoit. (x) = ¥ (2)7°, roe ¢ osravaeT 3pMuUTOBOE COMpSIKeE-
HIE.

HunaMuueckue "HBApUAHTHI 3[IECh TaKxke narorcs Teopemoir Herep. Ten3op suepruun-
UMILYJIbCA, 3aPSKEHHBI TOK W T€H30D CIMHA PABHbBI, COOTBETCTBEHHO

T(@) = L[ - 0Ty

Jh(z) = Py, (1.27)
§T(z) = %E(VTG’“’JM“W)% UWZ%[V“W"]-

st pemmenns ypapaenus Jlupaka nepeiineM K UMIIyJIbCHOMY IpPENCTaBIeHN0. Takxe
KaK 1 B O0O30HHOM CJIy4ae, CYIIIeCTBYIOT IBa PEeIIeHNs

IRRIERY . J—

e ¢* () ymoBneTBopseT ypaBHEHMIO

(m £ p)y*=(P) = 0. (1.28)

B cucreme nokost P = 0 5T0 OPUBOIUT K

(7 + I)$=(0) = 0.
Bri6upas npencrasienne v MATPHUILL B BUE

1 1

-1 1

TIOJIyYaeM CIIemyIolnne AByX-IIapaMeTpUUecKue pereHus i O0OuX CIydJaeB

%7 (0) = c1010 + 02520“
Ya(0) = 3030 + Cadsa- (1.29)

3mech o €CTh CIIMHOPHBINA WHAEKC, npoberatoruii 3uauenus ot 1 mo 4, a d;, eCTh CUMBOJI
Kponekepa.

CremoBaTenbHO, CYIIECTBYIOT IBa HE3aBUCUMBIX pernerus yp.(1.28), koTopsre sBis-
IOTCA OBYMS CIMHOBEIMU COOCTBEHHBEIMU COCTOsHIAME My ¥+ and ¢~ . Ina mepexona
IPOU3BOILHOMY MMILYIIbCY CIEIyeT COBEepIIUTH mpeobpasoBanue Jlopenna B yp. (1.29).

Beenem mapy Taxux HOPMUDOBAHHBIX pellleHuil ypasHenus upaka (1.28):
vEE(P),  s=1,2; a=1,2,34

o

U CONpsiKeHHEIe UM v)*F (') onpeneneHHbIe Kax

v (7)) = (02 (7))



C yCJ0BUEM HOPMWPOBKUI
v (P g™ (7)) = 677

Torna OJIs IIPOU3BOJIBHOI'O PEIIIECHUA MMEEM PA3JIOKEHUEC

va (P) = 2 v (P)a (7). (1.30)

s=1,2

[oncrasuss yp.(1.30) B yp.(1.27), nonyuaem
=3 [ a7 Ylar* (P)or (7) - 0 (P)ad (D)) (131)

3aMeTUM BaiKHOe OTJINUNE B 3HAKE BO BTOPOM WIEHe IO CPABHEHNUIO ¢ GO30HHBIM CITy-
gaeMm (1.14). TaMunbTOHUAH OKA3BIBAETCS HE MOIOXKUTEIHHO OMpeneeHHbIM. UT0o6bI
n36exaTh 5TOro Tpebyercs mpaBuibHas npouenypa ksanrtoBanus (Pepmu-Ilupaxa),
obcyxmaeMasi HUXKe.

Ins wnTepnperammn kodddumuenTos al (') momesno Takxe paccMOTDPeTh CITIHO-
BBIC€ IIPOEKIINY U ONEPATOPHI 3apsana:

Ss —[a1 a; —aytay; +ai"al — a3 ay],
/ ved® = [dP Ylarta; +a; o) (1.32)

Tenepb mHTEpIpeTAIWsS CTAHOBUTCS IPO3PAYHON, KaK B MPEOBIMYIINAX CIIydasx.
Mur BumuM, uTo mosie [lupaka ONUCHLIBAET 3apsSXKeHHBbIE YACTUILI C IBYMS IIPOEKIIN-
SMU CIIUHA paBHBIMEU +1/2.

1.7 KsBauToBaunue

Crenyroluii mar Hallleil TporpaMMbI €CTh MPONEAypa KBAaHTOBAHUS, MO0 MBI 3HAEM,
YTO HA MaJbIX paccTosHusAx I[Ipupoma obmamaeT KBAaHTOBBIMU CBOlicTBaMu. KBaHTOBa-
HHEe B TeOpUH IOJIsl eCTh 0000IIIeHNe 3TO MPOIeNyPhl B HEPEJISITUBUCTCKON KBAHTOBOM
Mexanuke N gactun npu N — oo.

Haunem ¢ paccmoTpenust Hanbotee TOMYJISIPHON MOOENN TMPSIMO CBSI3aHHON CO CBO-
O0MHON Teopueil MO, & UMEHHO, ¢ TAPMOHINYECKOTO OCIUISITOPA.

1.7.1 TlpencraBiieHue uuces 3anosaHeHus (”BTOPUYHOro” KBAHTOBAHUS)

[NaMunbTOHMAH TAPMOHUYECKOTO OCIHMJLIATOPA, KOTOPBIM BXOmuT B ypasHenwue [lIpe-
OUHTEpa, UMeeT BUI

1
H =0 +w¢), (1.33)

TIe p U ¢ CYyTh UMIIYJIbC U KOOPAWHATA, COOTBETCTBEHHO. Peras ypaBHeHUe Ha cOO-
CTBEeHHOE 3HaUeHUe

Hpp = Enthn,

12



Mbl HaxonuM crekTp F,, = hw(n+1/2). CobcrBennble MYHKIMN CBA3AHBL IPYT € IPYTOM
IeiicTBIEeM HEKHMX ONepaTopoB a’ u a

=vn+ hpn—l—la awn = \/ﬁlﬁnfla
rme
W, ip
a” =4/-(q

OOBIYHO HA3BLIBAIOT IOBBIIIAIOIINM 1 IOHUXKAIOIITIM onepaTopamMu, COOTBETCTBEHHO, a

7
G M D CYyThb ONEPaTOPH KOOPAUHATHI U UMIIYIbCA B HEKOTOPOM TpencTaBiieHnn. MoxXHO
TaKXe OMpenejuTh U BaAKyyMHOE COCTOsiHUE )y Kak ady = 0

OmnepaTopsl ¢ W @ NOMUUHAIOTCS CIEMyIOIIel anrebpe

aat =n+1, ata=n, [a,a"]=1,
[a,a] =0, [aT,a™]=0, (1.34)
rae Ay, = ni,. [aMIIBTOHNAH MOXKHO BHIPA3UThL Yepe3 3TH OIepPaTOpPEI
H —

2(aa +ata) =w(n+1/2).

(1.35)
B cuny skBunucTaHTHOCTH CIIEKTPA, MBI MOXKEM Tellepb NHTEPIPETUPOBATH ONePATOPEI
CITenyIoIImM 00pa3oM:

a™ - omepaTop pOXKIEHUs KBAHTA

7
a - onnepaTop YHUYTOXCHUA KBaHTa
7 - OmepaTop YHCJIa KBAHTOB

CrnenoBaTenbHO, JTI000€ N-4aCTUIHOE COCTOSTHIE MOXKET OBITH MOJIYYeHO AeiCTBUEM Olle-
PaTOPOB POXOEHUS HA BaKyyM

+\n
ty = (C\L/% o-

B ClIy4dae N OCHUJIIATOPOB TaMMJ/IbTOHAAH €CTh IIPOCTO CYMMa TaMMWJIBTOHUAHOB WH-
AUBUOYAJIBHBIX OCOUJIIATOPOB

2

N
:ZHk:Zw
k=1

k(o ax +1/2),

(1.36)
B TO BpeMs Kak ajredpa onepaTopoB NPUHUMAET BUI

+1_ _ + 47
[ag, ;] = Oty [ak, ] =0, ag,a]] =0. (1.37)
TaxmM 06pa3oM, TPOM3BOILHOE KBAHTOBOE COCTOSHIE MOXKET ONMCHIBATHCS TAK Ha3bI-
Ba€eMBbIMU 4YNCJIaMM 3allOJIHEHUI, T.€. YnNCJIaMHA

, VKa3BIBAIOIIINMHI CKOJIBKO OIePaTOPOB
POXIIeHNS NAaHHOTO COPTa NENCTBYIOT HA BaKyyM

w(nla L 1<11:£N[ \/— ]¢0

13



OTo npencrasienne Ha3BIBAETCS MPEACTABICHNEM YNCiIa 3anoiaaeHus (uiu do-
KOBCKNM HpeHCTaB.HeHI/IeM).

[TokaxkeM Temepb, YTO CKAJISIPHOE IIOJIE, YIOBJIETBOPsIOIlee ypaBHeHunio Kinsiina-
[opuona, skBuBasieHTHO Habopy ocummisTopos (1.36). Paccmorpum 3-meproe Pypre
npeobpa3oBaHUe

- -
ult, @) = [dR[eF Tat, By +e F T, B)).

_)
Torna ypasuenue Knsitna-T'opnona naet ypasrenune nsmxkenus mis a(t, k)
a(t,F)+wla(t, K) =0,

—52
rae acToTa wi = k +m?. Ho 5To ecTh He UTO WHOE, KaK OCHIIIATOPHOE YPABHEHHE.
Ecnu MBI Temepb moMecTuM cucTeMy B 7 ammk” oobemoMm V = L3 ¢ mepuommueckmMu
TPAHUYHBIME YCIIOBUSIME, MBI TIOJIYYUM NUCKPETHBIA HAOOP BO3MOXKHBIX 3HAUEHUN MM-

MyJIbCa,
2 27 2T

_>
k‘ (’l’Ll, Na, ’I’Lg) = {f’l’bl, fnz, fng} .

- .
Ka}KHOMy 3HAUEHUIO K n COOTBETCTBYET OCHUJLJIIATODP C YaCTOTOU

2 2 472( 2 2 2)

Taxum ob6pasom, moste, ynoBiaeTBopsoliee ypaBaenunio Kiaiitna-I'opmona, coorBeTcTByeT
HAOOPY OCIUIIIATOPOB, IOMEYEHHBIX TPEeMs IEJILIMI YUCIIaMU 71, Ng, N3. Ilepexom k Gec-
KOHEUHOMY Tpeneny L — 0o 03HaYaeT, 4TO Bce CYMMBI THIa Kak B yp.(1.36) cTanoBsTCS
MHTETPAJIaMi, a ONePaTOPhl IEPEHOPMUPYIOTCS COTJIACHO NMPAaBUIIAM

21\ 3 — L3 — = 2m\?% —
— dk — | Okw - — .
(L) ;%/ , (%) w = 8K —F, an—>(L> a(R)
Kommyrarnuonssie coorromenus (1.37) IpuHIMAOT BU

) a (

CremoBaTensHO, KBAHTOBAHME O3HAUAET MEPEXON OT moselt u(x) K omepaTopam
u(z) mefcTBYOIIMM Ha BEKTOD COCTOSHUS 1. KOMMYyTannoHHBIE COOTHOIIEHUS IS
0mepaTopoB () caemyeT U3 cOOTHoIneHuit niis onepaTropos a’ u a (yp.(1.38)) u GynyT
IOJIYYEHBI HM2KE.

_)

la(F o - > -

D=6k =T), [a(F),a(T)] =0, [a*(F),a*(T

NH=0. (138

1.7.2 Kamoumueckoe KBaHTOBaHUE

OTa cxeMa KBAaHTOBAHUS OUE€Hb €CTECTBEHHA C TOUKM 3DEHUS KJIACCUUIECKON MEXaHUKU
B paMKaX TaMWJIbLTOHOBOW (opMynupoBKu. B kaHOHmMYeCKOM (OpMaiim3Me OCHOBHBIMU
TepeMeHHBIMHT SIBIISIOTCS 0000ITIeHHAs] KOOPOUHATA ¢ U 000OINEHHBIN UMITYIbC P

_0L 0
"Tee o

14



[aMUIBTOHOBBI ypaBHEHUS IBUXKEHUs [IJIs HEKOTOPOU NUHAMWYECKON MePeMEeHHOM
A(p, q) nmeroT Bun

ddin,a) _ {A, H}, (1.39)
dt
rae ckooka IlyaccoHa ecthb
dadb  Oa 0b
b= — 1.40
{a.0} 0q0p Opdq (1.40)
HJISI OCIIUJIIIATODPA
1
H=3p+w'¢"), {ep}=1, (1.41)

TaK 4YTO YPaBHCHUE OBU2KCHUA €CTh

q={q,H}=p, p={p H}=-w%
X peimenme MOXKeT GBITH BEIPAXKEHO B TePMUHAX OBYX bymkmmit alF)(1):

aM (1) + a2 (1) w

T Pl = (@M (t) —aD(1)),

2
re a®) (t) momunHAIOTCS ypaBHEHHAM

q(t) =

a®) (t)= +iwa® (t)

C pelreHneM |
a®) (t) = a®) (0)eF.

[ocne unentudukamun ot) = at, a(~) = a, yp.(1.41) mpuanmaer Bun

_ Y+ ot )
H = 2(aa +a"a), {a,a }— i (1.42)

Kanonnueckoe kBaHTOBaHWE MOXeT OBITH TeNmeph MPOW3BENEHO COTJIACHO CIIEMYTO-
IIIEMY TIOCTYJIATY KAHOHUYECKOTO KBAHTOBAHUS: 6CE QUHAMUUECKUE NEPEMEHHDLE
(q,p,a,a™, H, u m.0.) geagiomes onepamopamu, 0etdicmeyiowums wa 604H08Y10 Hymk-
YU P € KOMMYMAYUOHHBIMU COOMHOUWEHUIMY NOAYUGEMBLMU NOOCTMAHOBKOT

1
{(L, b}classical — {aﬂ b}quantum = ; [0’7 b] :
Torna ypasuenus nuxenus mis oneparopa A (1.39) npunumaroT Bum

dA

i = [4H], (1.43)

IpuYeM KOMMYTATOPHI PABHBI

lq,p] = 1, [a, a+] =1.

15



1.7.3 PensTuBucrckasg cxeMa KBAHTOBAHUSI

B narpaHxeBoM MOAXO0/E KBAHTOBAHUE MOXKET OBITH MIPOU3BENEHO MOIHOCTHIO B JIOPEHII-
KOBapMAHTHOM Bume. IIOCTyjIaT KBAaHTOBAHMSA B HTOM CiIydae eCcTh: Bce dunamu-
YECKUE NEPEMEHHBIE BLIPANCAIOMCT UEPES NOAEEBIE ONEPAMOPLL U;i(T) MeEM Hce CaMmbim
nymem KoK U 8 KAGCCUUECKOT MEOPUU NOAL C YUeMOM KOMMYMAYUOHHDIT COOMHO-
wenuti (onpedesennvir wuxce). Hampumep, IiIs CKaISPHOTO MOJS YETHIPEX-MMILYIIBC
naercs dopmymnoit (1.14), rme a*( k') cyTs omepaTopsr.

Ins Toro, YTOOL! HAiTH GU3MUECKHTT CMBICT TOTIEBLIX OMepaTopoB U™ (z) uin ai(?),
PacCMOTPHUM TPaHCHOPMAIMOHHEIE CBOICTBA HTUX ONEPATOPOB HOM NEHCTBUEM IDYIIILL
TPaHCIAIUN

u'(7) = u(z — w) = U (w)u(2)U(w). (1.44)

Bnecy U(w) = ef»*" ects omepatop Tpancnsamuu, P, ssnsercs remepatopom. Wndu-
HUTe3nManbHas ¢dopMa yp.(1.44) ects
Ou(x)

“an = @) Pl (1.45)

41O ecTh 0606enHue yp.(1.43). dns ®ypbe KOMIOHEHT 5TO BeleT K

koot () = F[at (%), P.]. (1.46)

PaccmoTpum cobcTBennsIil BekTop @,

P,®,=p,®,.
Torma u3 yp.(1.46) monyunm
Pt (B)®, = (p+ k)ua* (E)®,,
P (k)2 = (p—k)ua (k)P
CrnenoBaTenbHO .
(k)P = ®piy, k> =m’

Taxum 06pa3oM, MHTEPIPETALUs OIIEPATOPA ai(?) OYEBUIHA;

at (?) €CThb OIIEPATOpP POXKACHNS YACTHULLI ¢ UMILYILCOM F 1 maccoit m.

a” (k) ecTb omepaTop YHUUTOXEHWS YACTHUIBL ¢ UMIYILCOM K ¥ Maccoil m.
Amnamorumuno,

ut(z) ecTh OmepaTOp POKIEHUST YACTUIBI MACCH M B TPOCTPAHCTBEHHO-BPEMEHHOI
TOUKE T,

u~ () ecTb onepaTop YHUUTOXKEHNS YACTHUI[BI MACCHL 11 B TPOCTPAHCTBEHHO-BPEMEHHOI
TOUKE T, .
B cuny mpunmuna seompeneseHHOCTH MBI 3HaeM JIMOO TOJIOXKEeHUe, JTu00 MMIYIIBC Ya-
crunsl. BakyyMHOE COCTOSHUE ONpenenseTcsa Kak

a (

)b =0, @t (F)=0, @by =1.

16



Torna NIPOU3BOJIBHOE S-YaCTUYHOE COCTOAHNE €CTh

o, = / dley...dB, FOi)(B ot (B)...af (R ) o, (1.47)

21

rmoe FS Ha3bIBAETCs BOJIHOBOU (byHKumeﬁ CUCTEMBI S YaCTHUL B MMIIYJIBCHOM IIDE€OCTa-
BJICHUN. IIJISI J11060r0 cocTogHus MBI nMeeM PokoBCKOe npencTraBIeHNE

® = Z b,
rue &g 3anaéres yp.(1.47).

1.7.4 Tunbl KOMMYTAONOHHLIX COOTHOHIEHUN

HOJIy‘{I/IM Tenepb KOMMYTallMOHHBIC COOTHOLICHUA MEXKOY OIlepaTOpaMM B KOODOUHAT-
HOM IIpE€OCTaBJICHUN. Cornacuo o0IITIM IIpaBUIaM UMEEM

{ui(2), ui(y) g = [wal@), u;(Y)]ly = Aij(2 —y), (1.48)

rne 3HaK " F’ cooTBeTcTBYyeT boze m depmu ciiyuasm, COOTBETCTBEHHO.
Inst ckanspHbIX nojeit umeeM yp.(1.38)

a (%), a* (@) = 6(F — 7).

_>
Beps unTerpan mo d k d¢ ,monydaem

d? d? eilay—kz) {[,] _ 5}

1
mwfﬂrﬁ%
— 27r3f k‘ d? (k‘ ?)ei(qy—km — 3f 2k0 ilc(y—m)

V2ko V290
= %D_ r— y)a
re MBI BBeIn 0003HAUEHUE
_>
1 Ak ira—y) _ 1p- ;
2 ek(z-y) — 2 —z) =D (z —v). 1.4
| 5, -D~(y—2) =iD* (@~ y) (1.49
Temepsb
[u™(2),ut(y)] = —iD~(z—y),
[wh@),u"(y)] = —iD"(x-y), (1.50)
[u(z),uly)] = —iD(z —y),
raoe

D(z-y)=D"(z—y)+D (z—y)= @ ke ™MTVe(ko)o(k? — m?),
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o 1 ky>0,
e(ko) = { 1 ky<O.

[Tomyuenubie KOMMYyTaTOPHI 06J1AAI0T OUEHB BAXKHBIM CBONCTBOM JIOKAQJIEHOM KOM-
MYTATHUBHOCTH, 3 UMEHHO

[u(z),u(y)] =0, mpu  (z —y)% <0,

YTO OTPaxkKae€T NPUIYNHHbIC CBOWCTBA HE3aBUCUMOCTH ABYX COOBITHI CBSI3aHHBIX IpocCT-
paHCTBeHHO—HOI[O6HO MHTEPBAJIOM.
B ClIy4dae 3apsA2K€HHBIX MAaCCUBHBIX BEKTOPHBIX noJjien KOMMYTaTOp UMeeT BUL

oy (K, a5 ()] = 8umd (K — 7). (1.51)

OTo npuBOoOUT K

U= (F), Ut ()]
U (), Ut (D) = —Ehas(F - 7).

B xoopamHaTHOM IPOCTPAHCTBE UMEEM

1 0

U @), Uu9)] = (9w + 25 5 5

)iD(z — y) (1.52)

¢ Toit ke camoit dhyukuuneit D(z — y).
B ciyuae COMHODHBIX IOJIeHl cienyeT He 3a0BIBATH MPOGJEMY C IOJOXKHUTEIBHOM
OIpEeNIeTIeHHOCTHI0 HHepruu. Yersipe-ummynsc B oToM ciydae (yp.(1.31)) umeer Bun

P =5 [ a7y Sl (Pa, (7) - a; (7)af (7))

TaK YTO MBI BBIHY2KJIE€HBL BbIGp&TI) AHTUKOMMYTHUIIMOHHBIE COOTHOIIEHUA BMECTO KOM-
MYTalOI1OHHBIX

;= (F), a7 ()]s = 6:0(F — ), (1.53)

YTO NIPUBOOUT K YETBIPDEX-UMITYJIBCY
P = [ amp Sl (P)e, (F) + af (B)a; (7)) (1.54)

Tereph MOJIOKUTEIbHO onpenesienHoMy. AntukommyTrarop (1.53) Pepmu Tuna u npu-
BOMUT K CIIEAYIOIIEMY aHTUKOMMYTATOPY IJIs CITHOPHEBIX OMEPATOPOB B KOOPAWHATHOM
NIPOCTPAHCTBE

(), Bw)] = Sz — v), (1.55)

rmoe
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1.7.5 HopwmanbHOe mpou3BeneHUe

3HaHNe KOMMYTAIMOHHLIX COOTHOIIIEHU TIOMOTaeT HaM ONPENeIUTh TaK HA3bIBAEMYIO
HOPMaJIbHYIO (DOPMY OIEPATOPOB, UTO SBJSETCS TOJIE3HBIM TPU BLIYUCIEHUN MATPWU-
HBIX HJIEMEHTOB.

HopmanbHas ¢popma onmeparopa 3To Takas (popma, KOria BCe OMepaTOPhI POXKIe-
HIA @' CTOAT ClleBa OT OIepaTOpoB YHUUTOXeHUs ¢~ . OHa 0003HAUAETCS IBOCTOUMEM:
. ... .. Hampumep, nmpousBeneHune OByX ONMEpPaTOPOB €CTh

w(@)u(y) = v (@)u’ (y) +u" " (@)u (y) + v (2)u" (y) + ' (2)u (y).
Torma HOpMaIBLHOE TIPOM3BENEHUE OMPENesIeTCI Kak
ut(@)u(y) = u T (@)u(y) + ot (@)u (y) el (y)ut (@) +Fu (@)u (y).

Taxum obpazomM,
u(z)u(y) = u(z)uly) : —iD" (z —y).

HpI/I BBIYUCJ/IEHUN MaTPUYHBIX 3JIEMEHTOB S—ManI/II_IbI nMeeM

TaK 49TO BKJ/Iad OAaIOT TOJBKO KOMMYTaTOPHI.
OO6BIYHO TPUHUMAIOT CIEOYIOIINNA MOCTYIaT: Bce nmHamMmueckue mepeMeHHBIE 3a-
MICBIBAIOTCS B HOpMaJibHO# dopme. Hampumep,

L= % 1 Opp(z) 0" () - ey ©*(x) -

)k %k 3k >k %k %k k %k %k sk Xk
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2 Jlexmmusa 11

HenpepriBabie cummerpun, I'mobansubie u Jlokanpuasre Cummerpun,
KanubpoBounsbie mosis.

[Tepeiimem Temepb K KOHCTPYHPOBAHUIO B3auMOAelCcTByIomux mnojeit. Hampasmsio-
mias unes: ¢hopMa B3aMMONEHCTBUS OIpenesiseTCs MPUHOUIIAMEN cuMMmeTrpun. Jla-
T'PaHXWAH CTPOUTCS TaK, YTOOBI OH OblJ1 NHBAPUAHTEH OTHOCUTEIbHO TPEe0OPa30BaHNUS
1oJIell OIpenesieHHbIX I'PYII CUMMETDUM.

2.1 HenpepbIBHbIE CUMMETPUN.

[TpeobpazoBanuss MOryT ObITH NUCKPETHBIMU U HeNnpepbiBHbIMU. [Ipumepamu muc-
KPETHBIX 1Ipeobpa30BaHuUll, UTPAIOIINX BAXKHYIO POJIb B (U3UKE MOTYT CIIYXKUTh
P - oTpaxeHue TPOCTPAHCTBEHHBIX KOOPOUHAT & — — T : Pp(@,t) = o(—7,1),
T- orpaxenue Bpemenn t — —t : Tp(@,t) = (7T, —t),
C' - 3apsmoso-conpsikenne: Co(x) = ¢*(x).
®ynnamenTanbHbeIM cBoicTBOM joKaabHOU KTII sBnserca C PT - nHBapUaHTHOCT®.
Unes cuMMeTpum sBJISETCS SBISETCS BEChbMa TPUBJIEKATEIBHON ¥ BIOJHE €CTe-
cTBeHHOI. MBI CTAJIKMBAaeMCs ¢ Hell TOBCIOAY B HpUpOme. YesoBeuecKoe Tejo, IO
KpailHell Mepe CHApyXW, JIeBO-IIPABO CHMMETPUYHO. XOPOLIO U3BECTHHIE CHEXWHKN
(Puc.2) uaBapuaHTHBI OTHOCUTEIBHO 1) OTPaXKeHuil B ¢¢' IIOCKOCTH, ii) BpAIlleHUN Ha
yron 2k, rne k ecTsb nemoe amcio.

Puc. 2:

Ecau paccMOTpeTs MHOTOYTONBHUK (N-YTOJIBHUK), TO OH OKAXKETCS MHBAPUAHTHBIM
OTHOCUTENILHO Bpallennii Ha yron 2k . Korna n cTpeMuTcs K GECKOHEUHOCTH, MBI TI0-
JIy4aeM MHBAPUAHTHOCTH OTHOCHTEIILHO MTPOM3BOJIBHOTO BPAILIEHNUS, T.€. MbI IPUXOIUM
K HENPEPBLIBHOI cuMMerpun, HassiBaemoil U(1) nHBapMaHTHOCTHIO.

20



2.2 TI'noGanbHBIE CUMMETPUU
2.2.1 T'no6anbuas U(1l) cummerpus

I'pynna U(1) ects rpynna 1x1 MaTpuIl ¢ eINHUYIHBIM I€TEPMUHAHTOM, T€. MOMPOCTY
dazoBbix hakTopoB Buma €'“. OUeBUAHO, YTO

eiaez’ﬂ — eiﬂeia’
Tak 4TO rpynna - abenesa. [IpeobpazoBanue mosei momn OeHCTBUEM TPYIIIBI BBITJISIIUT
cllenyoimmM o0pa3oM
U(@)p(z) = e*9p(a), (2.1)
TIe (@ eCTh NEeNCTBUTEIbHBIN MapaMeTp, He3aBUCUMBIA OT X, a () eCTh 3apsam TOJs @,
reHepaTop NpeoOpa3OBaHUS.
Jlarpamxuan
L= 0,0 0"p —m*p*o — Ag*p)” (2.2)
OYEBHMIHO WHBApUAHTEH OTHOCHTENbHO Tpynmsl U(1). OH comepXuT TONBKO maphl ¢* .
Hereposckuit Tok (1.2) mpu sToM umeer Bug (0 = iayp)
ik P+ oL p* = —i(0"p o — 0"py").
00,p 00,,0*
Komnnekcubre momns ¢*, ¢ MOTyT OBITH 3aIIMCAHBI B TEPMUHAX OeHCTBUTEIBHBIX KOMIIO-
HEHT

"=

1+ ip2 o = ©1 — 12
V2 V2

Torna narpamxmuan (2.2) npuHEMaeT BULI

1

1 m2 A
L= 5(%%)2 + 5(%02)2 - 7(% +¢3) — Z(w? + ¢3)°. (2.3)

OH mHBapUMaHTEH OTHOCUTEIHLHO BPAIIIEHUS

Y1 = P = cosa @) —sina @,

0y — oh = sina p; + cos a s.
Hnsg o < 1

S011:§01—04902, 4,0'2=§02—|—o:901.

L 0 -+
— ot o _
dp; = 1oty pj, t ( i 0 )

CoOTBETCTBEHHO,

HerepoBckuii TOk B 3TOM ciiyuae ecTh

gt = —10" 1 (ipg) — 0" pa(—ip1) = 0" prp2 — a1 (2.4)
BaMeTuM, 4TO MO 1 U Py BHIPOXKIEHB: M2 = m3 = m?. DTo ecTh TUMUIHOE CJIe]l-

CTBUE CHMMETPHUHN, XOTs U He HeoOXOOMMOe, KaK MBI YBUIUM IIO3XKeE.
Hpyrum mpuMepoM MHBAPUAHTHOTO JIAr DAHXKMAHA CIIYXKUT

L = iy dutp — mn). (2.5)

B sToMm ciiyuae TOkK mmeeT BUI

G =i (x)yHep.
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2.2.2 Tno6anbuas SU(2) cummerpus

I'pynma SU(2) ecTs rpynna yHUTApHBIX 2X2 MATPHUI C €INHIYHLIM NeTEPMUIHAHTOM
Ula) = ™™, (2.6)

rae resepatopel 7% (a = 1,2,3) ects T% = 72/2, 7% - marpuns Hayau

, (01 o [0 —i s (10
T‘<10’T_z'o R (i

B CHIJIYy HEHYJ/IEBEIX KOMMYTAaTOPOB
a b1 __ - _abcrpc
[T°, T"] = ie"°T,

rie €% ecTh MOMHOCTHIO AHTUCUMMETPUYHEIN TeH30p, €23 = 1, rpynma SU(2) saBnsercs

HeabeseBoll T'PYINON.
o 1
PaCCMOTpI/IM nyﬁneT 2 CKaJISIDHBIX TIOJIEN © = ( z ) , rae ()01,2 CYTb KOMIIJICKCHBIE
2

nonsi.  Conpsixennwie nons ecth @ = (i, ¢3). Torma nmpeobGpasoBanue moneir 1o
nefictBueM rpynust (2.6) umeeT Bun

o= Up= e [
(,0+I — QO+U+ — (‘0+6—1a T .

Bamernm, uro UTU =1, te. TT =T.
JlarpaHXuaH, MHBAPUAHTHBIN OTHOCHTENBHO rpynnsl SU(2), BeIrasauT kax (2.2)

L =0upt0"p —m’o o — Me o). (2.7)
HOns o <1 d¢; = ia*(T*);j¢;, Tax 9T0 HeTepoBckuil Tok (1.2) ecTsb

0L i oL ai
! +(_90+]Tj ) =

JH =i i Pt _z
00, 00Lp; 2

(0" oV p; — O T ™).

OngaTe cuMMeTpus TPUBONUT K BHIPDOXKIEHHOCTHU TOJEH Q1 U Po. OTO IPOUCXOMUT
TOJILKO €CIIM CYILeCTBYeT eNMHCTBEHHOe HeBLIPOXKIEHHOe Hu3Illee dHepreTHUecKoe CO-
CTOSTHUS - BaKyyM. B Hamem ciydae ¢; = @9 = 0.

2.2.3 T'pymma SU(N)

EcrecrBennsiv o6061enneM rpynnsl SU(2) ssnsercs rpynna SU(N). Oma uacto uc-
TOJIb3yeTCsl B QU3WKE YACTUIl, U MBI PACCMOTPUM 31eCh 00IIre CBOMCTBA STOW T'PYITH.

Ipynna SU(N) ects rpynna NxN yHUTADHBIX MATPUIl C €AMHUYHBIM I€T€PMUHAH-
TOM:

UeSUN), UtU=1, detU=1.

Yucino rernepatopos SU(N) ecTh 4nciio DeifiCTBUTENBHBIX TapaMETPOB, XapaKTePUu3yo-
mmx obiryto SU(N) marpuny. B obmem cayuae NxN matpuna nveer 2N? neficTsu-
TeIbHLIX mapaMmeTpoB. YcioBue UTU = 1 maknaneisaer N2 orpanmuenuii, a yciaoBue
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detU = 1 mobasmiser emre oguo orpammuenme. Mroro momyuaem N2 — 1 cBoGomHBIX
napaMeTpoB, 4To naet uncio remeparopos rpynmsl SU(N). O6eranas napamerpusanust

umeer Bun (2.6)
N2-1
U=expli Y o"T"]=exp(ia®T?), (2.8)
a=1

rme T* cyTs reHepaTopbl. OHEM 0671a0aI0T CIEOYIOIINIMEI CBOACTBAMU:

U™l =U" :exp(—ia®T?) = exp(—ia®T %) = T = T+,
detU =1:detU =expTrInU = exp Tr(ia®T*) = TrT* = 0.

Marpuust 7% npunannexar x anre6pe JIu rpynner SU(N) ¢ kxommyTaTopom
[T, T = ife®°Te, (2.9)

rae f% (umcma) HA3EIBAIOTCA CTPYKTYPHEIME KOHCTAHTAMH IPynmbl. OdeBHIHO, UTO
fo¢ - agTHCHMMeTpHUHLL IO nHAeKcaM. Habop umcen f9¢ mOMTHOCTBIO XapaKTepH3yeT
rpynmy.

3aMmeTuM, 4TO 10 cuX IOp MbI roBopmiu o Habope N2 — 1, NxN marpun 7% Onn
u3BeCTHEI Kak reHepaTopsl rpynnbl SU(N) B pyHAaMEHTAILHOM MPEACTABICHUN.
Onnako, mo6oit Habop N2 — 1 6eccnenoBbIX 3PMUTOBLIX MAaTPUIl, KOTOPHI yI0BICTBO-
psier anreGpe Jlu (2.9) Taxxke NpeACTABIISET TPYIIY.

Paccmorpum N koMmiekcHBIX 1odieit ; (i = 1,2, ..., N) 06pa3yommx BeKTop

®1
YN

Ero SU(N) npeo6pasoBanue ecTb

p—=¢ =Up

nJIN B KOMIIOHEHTaX
A & /IS — i ~aaNT
i — 0; = Ui py; dp; = i(a"T*)] ;.

N moneit, mpeobpa3yooluxcs TakuM 06pa3oM, Ha3BIBAIOTCS IPeoOpasyIoIIUMUCT IO
dyunamenranbaomy npencrasiieHuio rpynnel SU(N), u o6osnauarorcs kax N.
Komnnexcro conpsikenHoe nojie ) nmpeobpasyeTcs Kak

w; = ¢ =U7 5.

Ecnu cpenars TpaHCIOHMPOBaHUE, T.€. 3aMUCATD IOJIE () KAK CTPOKY, IIOJIYIUM SPMU-
TOBO CONPSIXKEHHOE TI0JIe

(e5)" =1

]
npeobpa3yrorreecs Kak

§0+i — g0+z’l — g0+j(U+)§-.
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N noneil, npeobpa3yOIIIXCcs TaKUM IyTeM, Ha3bIBAaIOTCA IpeobpasyIoluMucs 110 Co-
npsKeHHOMY (pyHIaMeHnTanbHOMY npencrasseHuio rpynnst SU(N) u o6o3naua-
forcs kak N.

KomM6unrupys dynnaMeHTaaIbHOE MPEeaCTABIEHUE C €r0 COMPSAKEHHBIM, IOy YAM TIPsi-
MOe (TEeH30pHOE) IIPOM3BeeHNe NPeAcTaBiIeHnil, koropoe ectb NxN marTpuna

. _ 1. 1 .
(p®X") = wix™ = (oix™ — Lolorx™) + 0 oex . (2.10)
Ecau B3a1s cnen yp.(2.10)

Trip®x") = eex ™,

MBI HaiilleM, 9TO TepBEIil UjleH ecTh GecciemoBas Marpuua ¢ N2 — 1 HezaBUCHMEIMT
KOMITOHEHTaMU

. 1
M = pix™ — ~ orx ™,

d OCTaBIIasiACA MaTpHUIa ONAT'OHAJIbHA W MMEET OOHY KOMIIOHEHTY
S = ot
1 N 2

[Tome3no mpencTaBuTh Kak MaTpuitkl M u S mpeoOpa3yoTces mof JefiCTBIEM T DY

SU(N). Nmeem
) ) ) 1 .
M = (M)} = Ui "™Uy? = 6 Ugpix " UE.
Wcnonb3ys CBONCTBO YHUTAPHOCTH, 5TO HAET
. 1
(M’){ = Uil%XerUTJﬁ] - Nfsg(ﬂlXH-
nJINn B ManI/IqHOM BUIE

M — M =UMU",
S— S =8. (2.11)

N? — 1 He3zaBUCHMBIX KOMIIOHEHT MATPUIILI Mf Ha3BIBAIOTCS TPE0OPa3yIOIIIMUCS IO
npucoenmHeHHomy npencrasaenmio rpynnsl SU(N) u o6oznauatorcs xax N? — 1.
Ocragiascs KOMIIOHEHTa Sf nHBapuanTHa oTHOocuTenapHO rpynnsl SU(N), ona mpe-
obpasyeTcs Kak CHHIJIET 0003HaUaeMbIi Kak 1.
Takum 06pa3oM MbI TPOAEMOHCTPUPOBAJIN 3aKOH IEKOMIIO3UIIAY, CIIPABEIJIMBBIN I
mo6oit rpynmer SU(N)
N@N=N-141

3aMeTuM, 9TO eciu MBI nneHTHdUIEpyeM f%° ¢ anementamu N2 —1x N? —1 MaTpumsl
Tb
b (b
f ® = Z(CF )ac
to matpuisl T° 6ynyT reneparopamu rpynnst SU(N) B npucoennnenHOM TpencTasiie-
HUM.
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2.3 JlokanbHBIE CUMMETPUU U KAJINOPOBOUYHBIE TOJIs
2.3.1 JlokxanbHBIE CHMMETPUN

JlokanbHBEIE cmMMeTpunm B Teopuio moss Obim BBemeHBI SlHrom m Mummcom B 1954
rony. OHE 3amyMananch HaI T€M, YTO HPOU3OUMET, €CIIN PA3PEIINTh JOKAJIbHBIE IIpe-
00pa3oBaHUs CUMMEeTpPHUil, T.e. €ClIu MapaMeTphbl TPYHIBI CUMMeTpun ® 3aBHUCSAT OT
MPOCTPAHCTBEHHO-BPEMEHHOW TOUKM

a® = o*(x).

[Ipeobpa3oBanus
o(z) = ¢'(z) = Ulz)p(z) (2.12)
Ha3bIBAIOTCSI KAJINOPOBOYHBLIME NPeoOpa30oBaHUSIMMU.

OTOT mar oka3eIBae€TCs HETPUBUAJILHLIM. KuWHeTHMUeCKUil UjieH B JIarDaHXKUAHEe He
aBJsieTcsl 0ojlee MHBAPUAHTHBIM. YUTOOBI 5TO yBUOETH, pacCMOTPUM N-KOMIOHEHTHOe
IUPAKOBCKoe nose Y B hynnamenTaiabaoM npencrasienun rpynnsl SU(N). Kuneruue-
CKull 4jieH BermeT ce0s Kak

Ez’y_uauw — U+ ()ir"0,(U(z)y) =
= Pi(UTY*U) 0,9 + YU iy (8,U)y
——

Ay

[Tocnenuee cnaraemoe 310 mobGaBKa, KOTOpas OelaeT JarPaHXWaH HEMHBAPUAHTHBIM.
Y06l M36€KaTh 3TOrO, BBeJeM T.H. KOBAapMAHTHYIO NIPOM3BOIHYI0 D), ompeneneH-
HYyI0 TakuM 00pa3oM, 9TOOBI KWHETHIECKUAN UJIeH CTaJl NHBAPUAHTHBIM

Yin* Dyp = §'in Dy = Yin Dy (2.13)
Yp.(2.13) onpenensier mpeobpazoBanue D,
J'iy" D' = YUt iy DUy E i Dy,

CnenoBaTenbHO
D, =UD,U* (2.14)
nan

(Duw)l =UDyy. (2.15)

2.3.2 Kaan6GpoBo4YHEIE MOJIs

BBons pasHOCTH ABYX MPOU3BONHBIX
V,=0,— D,,
HOJIy4aeM C moMoLbo yp.(2.14), (2.15)

(8, — DY = 3,0 —UDutb = ,Utp + Udyth — UD, 1
=U(@0u — D) + 0,U%.
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cjieaoBaTeJIbHO

(O — Du)lwl = [U(0u — Du)U+ + (auU)U+]¢-

OTo maer 3akoH MPeobpa3OBAHUS Vi
Vo =UV,U" + (0,U)U". (2.16)

[Tepseiit unen B yp.(2.16) 5T0 XOPOIIO U3BECTHOE MPUCOEANHEHHOE TpeacTasienue (2.11).
Ono MOXeT ObITH pa3noXkeno 1o remeparopam Vy, = VT, Bropoii 4ien Takxe MOXeT
OBITH pa3noXKeH 1o remeparopam Kax C;T.

Takum 06pa3oM, MBI npuxomuM K N2 — 1 xaau6poOBOYHBIM TIOJISM Vi mpeobpa-
3YIOIIUMCS TI0 TIpUCoenuHeHHoMy npenctasienuto rpynmsr SU(N).

Tenepb MOKaTHLHO MHBAPUAHTHBIN JarpaHXKUAH M1 HEPMUOHOB B (hyHIAMEHTATh-
HOM IIpenCTaBJ/ICHUN NIPDUHUMaAET BUL

Lr = Piy"Dyp —myp (2.17)
Vi du1p — mpyp — ipy* VT

7 CONMEPXUT B3amMonencTBue. HaMm Heob6xXonuM Takxke KWHETUUECKWH UJIeH [T TOJIei
V,, KOTODPBIN TOXE HOOJXKEH OBbITh KaJMOPOBOYHO MHBAPUAHTHBIM. YUTOOBI HAWTH €r0

[73] ’
paccMOTPUM KOMMYTATOP OBYX KOBAPUAHTHBIX MPOU3BOIHBIX

[D,,D,| — [D;, D)|=U[D,D, - D,D,JU".

v

IHelicTBys Ha HEKOTOpOE TIOJIE ), NMeeM

[DN’ Du]"/J = D,u(Duw) - DV(DHlb) =
-0V, =0V, = [V, Vi)Y = =G .

Cornacuo yp.(2.14) u (2.15) Ten3op HampspkeHHOCTH () 007ALAET CIETYIOUIMN
CBOMCTBAME TIPEOOPA30BAHMS

G = Gy = UG, U™

Takum 06pa3oM KMHETHUECKUI WileH MHBAPWAHTHBIA oTHOcHTenbHO Tpymubl SU(N)
eCcTh

1
Lounge = 55T (G G"), (2.18)

rZie g €CTh YHCIIO, BBEIEHHOe /Ui IPABUIbHOM HOPMUpPOBKU (cM. Huxke). VHBapuamT-
HOCTB Lggyge CTEOyeT U3 CBOHCTBA MaTPHII:

Tr(G,G") = Tr(UGUUG"U*) = Tr(UTUG,,G") = Tr(G,,G").

PaccmoTpuM Temeps B3amMMONENCTBHE CO CKAJSPHBIME MOJjsAMu. Pement cremyro-
IUii: TMONCTAaHOBKAa KOBApPUAHTHOI NMpom3BomHOi [, BMecTO 0, B II06AIBHO MHBAPHU-
AHTHBII TarpaHkuaH, HanpuMmep, (2.7).

L, = (D,®)*(D"®) — V(d+ ). (2.19)
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Yp.(2.19) oueBunHO KaIMOGPOBOUHO-NHBAPUAHTHO.
3amerum™m, uro V), = V;T“. To xe camoe crpaBenyinBO 1 171 TeH30pa Gy

Gu =0,V T = 0,ViT — VIfV,f[T”, T =
= (0,V2 — o Vi — if“bCVLfV,f)T“ =G, T
[Tepeonpenensas nomnsa Vi = igAf , umeem

1 v 1 a vb arb 1 a va 1 a va
2—g2TT(GNVGM ) = 2—g2ijG“ T?"(T T ) = 4—920“1}GH = _ZFIU’FN s

roe

a - a a a a abc Ab pc
Gy, =igF Fi, = oA, — 8,,Au +gf ANAU

iz

1 MBI Y4J/IN OGLI‘{HyIO HOPDMUDPOBKY I'€HEPATOPOB B (I)yHIIaMeHTaJI])HOM npencTraBI€HNN
arb 1 ab
Tr(I°T") = 6%,

OxonuarensHo, narpanxkuad (2.17), (2.18) u (2.19) npunumaer Bun:

1
Lyguge = —ZFﬁuF“m, (2.20)
Efermion = E(w"@u - m)w + gE’Y“AZ ?1/%
Localar = [(8u — igAZTg)@F[(@“ +igA"MTg)P] — V(q>+(1)).

Nnmeem clleaymmue 3aMedaTe/IbHbIE CBOICTBA:

i) Enunas xoHcTanTa cBs3H ¢ ;

ii) HeabeneBsl KaanOpOBOUHBEIE TEOPUN HEJMHENWHBI, T.€. CONEPXKAT CAMONENCTBUE
KaJTnOpOBOYHBIX TMOJIEll €CTECTBEHHBIM 00pa30M.

iii) KanmubpOBOUHBIE OIS GE3MACCOBBI, MACCOBBII UJIeH HAPYIINII GbI KATNOPOBOUHYIO
WHBAPUAHTHOCTb.

2.3.3 3ameuaHue 0 KBAaHTOBAHUUN KAJINGPOBOYHLIX IIOJIEN

WNwmes narpamxkual KaJuOpPOBOYHBIX TOJIEH, MBI MOXKEM MTPOKBAHTOBATH €0 COTJIACHO
obumm npaBmitaM. OmHAKO, IpsSMOe KBAHTOBAHNE CTAJKUBAETCS C HEKOTOPBIME IIPO-
onemamu. YToOBI yBUIETH 5TO, PACCMOTPUM KaHOHUUECKOe KBaHTOBaHume. (0OOIIIEeH-
HBIl KAHOHUYECKU UMIYJIbC B COOTBETCTBUM ¢ yp.(2.18) umeer Bun

0L

a a

.
Pu= 50,45 ~ "o

CrnenoBatensho p§ = F§, = 0. B To e BpeMs, MBI XOTeIH GBI COXPAHUTD OOBITHBIE KOM-
MyTalnOHHEIE COOTHOIIEHN [¢, p| = 1. OueBunno, MBI nMeeM mpoTuBopeune. [Ipuunza
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B TOM, 4TO jarpasxuaH (2.18) ssusercss cuurynspaesiM, A He uMeeT KAHOHUYECKH CO-
TIPSKEHHOTO MMITYJIBCA, 3TO He €CTh NUHAMWYECKas TepeMeHHas, a SABJISeTCS CBA3bIO U
MOXKET OBITh yCTPaHEHA U3 yPAaBHEHU.

Paccmorpum ypaBHeHue OBUXKeHUS [ KaauOPOBOUHBIX 1ojell (abesieB ciryuaii)

0A, + 8,(8,4,) = 0. (2.21)

[Ipomssons xanubpoBouyHOoe npeobpasoBanneA, — AL = A, + 0,f, MBI BUMM, UYTO
IIPONOJIbHASL YaCTh BeKTOPHOrO moist 0, A, = x () He nHBapmanTHA, HO IPEOGpPa3yeTCs
Kax
X=X =x+0f
1 MOXkeT ObITh MCKmoueHa BeibopoM 0°f = —x. Taxoil BbIGop kamubposku 0,4, =
X(z) = 0 HaseBaeTcs kanubpoBkoil JIopeHia.
Taxum 06pa3oM, KaIuGPOBOTHOE TIOJIE MOXKET OBITH Pa3elieHo Ha, IBE YaCTH

— At l
A=A+ A,

rme Gusndyeckme CTerneHu CBOOOMBI aCCOIMMUPOBAHBI C MOMEPEYHBIMU MOMAMU, VIOBJIE-
TBOPSIOILIUME YPABHEHUIO
(gu® — 0,0,) Al = 0. (2.22)

Nuddepennuanpueri onepatop B yp.(2.22) K, = g,,0° — 0,0, He mMeer 0GpaTHOTO,
HEeOOXOMUMOTO [JIsl PEllleHusl. JTO eCTh APYTOil acleKT TOW ke mpob/ieMbl. 3aMeTuM,
YTO TAKOil MPOOIEMBbI HET B ClIyuae MACCUBHBIX BEKTODHBIX MOJIEl Giaromaps Macco-
BoMy ujieny. Y'p.(1.22) cunrynsapuo B npeneie m — 0 .

Pemenne yka3zanuoit mpobiieMbl TOCTUTAETCS CJEAYIOIIAM IIyTEeM: BBEIeM HapyIia-
IO CUMMETPHUIO 4JIeH, 4TOOBI CHATH BBIPOXKIEHUE JIarPAHXKUAHA

1 1
L”—+L::—ZEWFW“—§&QMA0{ (2.23)

roe o ecth uncio. Torma yp.(2.20) npuumaer Bun

Wﬂw—é@@mzﬂmﬂ+u—éWAwozo (2.24)

u BefieT K
09" A, = Oy = 0. (2.25)
Nuddepennuanabubiii oneparop B yp.(2.24) Teneps ecTh
1
Kf[;, = K, =g,0+(1— a)auay.

Ero ®ypre-o6pa3 umeet Bun

uv

1 1
2 _ 1.2 ptr 2 pl
glﬂfk — (1 - a)kuk,, =k P,uu — a]{) P
roe
kuk,
k2’

kyuk,
k?

tr __ U
Puy_gul/_ P;u/_
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CyTh COOTBeTCTBYyoIIME mpoekiuu. OOPaTHLIN OMepaTop Tenephb CYIIeCTBYET

1 d
-1 _ ~ ptr Y i _
}(NV —-k2liw'+'k2fly, dl—-a.
D710 mo3BoiseT HaM pernuTh yp.(2.24), ucnonsdys Gypbe-nmpeobpazosanue. Jlumarona-
JIM3aIns Termepb MOXET OBITh JOCTUTHYTA TEPEXOIOM B JIOKAJILHYIO CUCTEMY OTCUYETa

Af(?) = elﬂali(%)) + eiaét(?) + eiagt(?) + eZaOi(?), (2.26)
C KONHAyTauHOHHbHAH COOTHOIIIEHUSIMHI B BUIE
_ = —
la, (K),a(T)] = gud(K — 7). (2.27)

OrMmernM ”HempaBUIbHBINA" 3HAK KOMMYTAaTOpa M do (nHneduHuTHAA MeTpuka). On-
HaKo, 6maronaps ycimoBuio Jlopenma

- - - -
K |af (k) — koagf (k) =0, K| = ko,

u, cjiengoBaTeJIbHO,

I
Qs Gz = Qg Gy

n, TeNIcaRHﬂNL quTJpeX-HNHUUHﬂ?COHer{HT TOJIBKO BKJIaL HOHepeq}HﬂX KBAaHTOB
— = =
_ + -
P”_/dkk”Zas(k)aS(k). (2.28)
s=1,2

Yp.(2.28), oueBuaHO, IOIOKUTEIBHO ONPeNeseHHO. Y P.(2.27) npuBoouT K Cleayoimemy
KOMMYTATOPY TOJIell B KOOPOAWHATHOM TTPOCTPAHCTBE

[Au(z), Ay ()] = iguwD(x —y),  (d=1). (2.29)

2.3.4 Tlons myxoB
Cutyanus sBisercs 6osee CI0XKHOI B HeabeneBoM cirydae. Yp.(2.25) 3mech umeer Bun
D*9,x* =0 (2.30)

unu
Bzxa + gf“bcAzauxc = 0.

CnenoBaTenbHo, Temeps Hejb3st mojaoxuTh mojie X = 0. Owno Gymer BoCCO3HmAHO ue-
pe3 B3amMomelcTBUE C APyruMu mojisiMu. KOHEYHO, MOXHO UTHOPUPOBATH ) -TOJIs
B KOHEUYHBIX COCTOsiHUSAX. HO Kakx mckiaounTh Hedu3mueckue BKJIALbI X-TIOJEH B me-
Tasx? OJeraHTHBIA CIOCO0 perreHus 3TOi mpobieMbl ObuT Tpemioxken PaimeeBeIM 1
[TomoBbiM. Onm BBenm T.H. AYXOBBIE T0Js %, yIOBIETBOPSIOIINE TOMY YK€ CAMOMY
ypasreruio (2.30), Ho o6nanawome depmu-cTaTUCTUKON

Lohost = D, ET0"E°. (2.31)

OTo mosne TMOSABLEeTCA TONBKO B meTisax. bnaromaps depmum-crarucTuke, BKIIaI
MYXOBBIX TIOJIEll UMeeT MOTMOJIHUTEBHBIN 3HAK - B KaXKIOW TeTJIe W COKPAIIIAeT BKJIA
X-TIOJIEN, BOCCTAHAB/INBAs YHUTAPHOCTh B GU3MYECKOM MOANPOCTPAHCTBE.
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2.3.5 BPCT maBapmaHTHOCTH

MoxHO 3a1aThCSI BOIPOCOM: UTO MPOUCXOOUT € KaINOPOBOUYHON WHBAPUAHTHOCTBIO TIO-
cJie Bcex 9TuxX neprypbanuit? K cyacThbio, OTBET CIEOYIOMINiA: aMINTUTYILI BCeX hu3u-
YEeCKUX TPOIECCOB OCTAIOTCS MHBAPUAHTHBIMU. KpaTdaiimmii myTh TPONEeMOHCTPHUPO-
BaTh 5T0 ecTh T.H. BPCT-unBapuanTHOCTE. OKa3bIBaeTCs, UYTO MOJIHBIN JIarpaHXKXUAH

L= ‘Cgauge + *Cgauge—fizing + Eghost (232)

nHBapuanTeH oTHocutenbHo BPCT mpeobpasoBanus
a a a 1 a a 1 aoc (&
0AS = X\TDyE, 667 = —aﬁauAu, 6¢" = —2gf bextebee, (2.33)

TJIe A eCTh TOCTOSHHBI AaHTUKOMMY TUPYIOIINHN apaMeTp, a . eCTh nmapameTp ¢ukca-
1 KaanOpOBKM.
BPCT unBapumaHTHOCTH 5KBHBAJIEHTHA OOBIYHON KAJIMOPOBOYHON MHBAPUAHTHOCTH
B (DU3MUYECKOM CEKTOpe € IapaMerpaMu KaJaubpOBOYHOro mpeobpasoBanus w?(zr) =
ATEY (). OTo nmo3BONET MOKA3aTh KAJIMOPOBOYHYIO WHBAPMAHTHOCTH (DU3MUECKUX AM-
IJIATY]I.
ok k ok ok k ok k ok ok k ok k k k k ok
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3 Jlexmusa I11

CrnoHTaHHOE HAPYIIEHUS CHUMMETPUM, | 0JIICTOYHOBCKUE YACTHUIIHI,

OddexT Xurrca.

3.1 ChnoHTaHHOE HapyIll€eHNEe CUMMETPUN

Hapymenue cuMMeTpun HHOTIa UTPaeT He MeHee BaXKHYI0 POJIb, YeM CaMa CUMMEeTPH.
Permtag ypaBHeHns: IBIXKeHNs, KOTOPBIE IBIAIOTCA Iu(epeHnnaIbHLIMI Y PaBHEHIAM,
OPUXOOUTCA HAKJIANBIBATH TPAHWYHBLIC WM HAYAJILHBIE YCIOBUA. [lyCTh arpaHXnaH
MHBAPUAHTEH OTHOCUTEILHO HEKOTOPOI IPYIIBI CUMMETPUA. A Kak HAYaJLHBIE yCJIO-
Bua? CyllecTBYIOT pa3/IMYHbLIC BO3MOXKHOCTH. [IOTEHIMAI MOXET HMeTh CUMMETPHY-
HBIC WJIY HeCMMMETPUYHBIC MUHUMYMBI, OHM MOTYT ObITh YCTOMYMBBIMU WJIM HEYCTOI-
yuBbiMu (cM. Puc.3).

Symm.
[Unstable]

U*S‘yrmm. Asymm. 0 Asymm. [Stable ]
L-R Symmetry L-R Symmetry

Puc. 3:

ConoHTaHHOE HApPYIIEHWE CUMMETPHUHN 03HAUAeT HECUMMETPUYHOE T'DAHUYIHOE
(HauaIBHOE) YCIOBHME MPU CUMMETDPUUYHOM Jjarpanxuane. HeobGxommmoe ycroBue [iist
9TOTO €CTh BBHIpOXIeHUWe BakyyMma. I[louemy Bakyym crtons Baxken? IloTtomy, uto B
KTII wacTuusr ecTh KBAaHTOBBIE (DITYKTYAINH OIS  BOKPYT HU3IIIETO SHEPTETUIECKOTO
cocrostHus (Bakyyma). ITocTosiHHOE 3HAUEHNUE MOJIsl, COOTBETCTBYIOLIEE BAKYYMY HA3bI-
BAeTCs BAKYYMHBIM OXUIAHUEM WM BaKyyMHBIM cpemHuM. Kak BakyymHOe cpemHee,
Tak u Bun QIIYKTyaunii BOKPYT HETO ONPENeIsieTCs JIarPaHKXuaHOM L.

YTo0bI ONpenennTh CIEKTP YACTHUI] HYXKHO PA3JIOKUTDH IMOTEHINATI BOKPYT €r0 MU-

HIMYMa,
V(QOZ) = V(@OiO) + z g;/l ‘%:%’o ((pi - SDiO)+
7

2
+ %22]: agi(;;j |pi=pi0 (i — ®i0) (p5 — Pjo) + ..
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Hamnee, niis HAXOXKIEHUS CIIEKTPA YaCTUIl, HYKHO IUArOHAJIN30BATH MAaCCOBYI0 MaTPHUILY

o 627‘/|
1y (')gozago] Pi=pio*

3.1.1 CnouTaHHOe HapyHIEHUS NUCKPETHON CUMMETPUN

(3.1)

PaccmoTpum marpanxuaH nefiCTBUTENHHOTO CKAJISIPHOTO MO, 0618 a0l TUCKPeT-

HOII CUMMeTpHeil ¢ — — :

_1 2 m22 Ay
['—5(8;#3)_7 a7

Korma m? > 0 u A > 0 morennuan umeer mMuuMyM @y = 0 (Puc.

MaTpulla nMeeT BUIO

82V| 9
——= |p=g = M".
92 '
A v
A cn2 n2y?
T @*-n%)
# @, ¢
0 4
I
m? s A }AV-—
2 et \ / A
0 m2 a0 -n n
a) ’ b)
Puc. 4:

CI/ITyaIII/IiI MEHAEeTCa, KOor'oa m2

HOJIy YUM
VE?2 2
F?=7?% - m? v:£:#>1,
m

YTO O3HA4YaeT, YTO CHEKTP YaCTHUl COOEPXKUT TAaXMOHHOE COCTOAHUE.

< 0. IlogcraBnss B 3TOM ciydae m

(3.2)

4a) m MaccoBas

2 5 m2

Onnako, sToT

BBIBOJI OCHOBAH HA HEYCTOWYUBOM Bakyyme g = ( . CyliecTByIOT u Opyrue pereHus

m 0*V 0

V=0 = P12 = :l:x, a—(pZLp:(pl’Q = 2m”.

[Torennuan B 5TOM Cilyuae MOXeT ObITh MEPENUCAaH KAK
m
V(o) = 2 (02 — n?)? _m
(o) =7 =), n="x
I IMeeT [BA yCTONUMBBIX MUHHMYyMa (1 o = £n (Puc.4b).
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CrnonTanHOE HapyIIEHNEe CUMMETPHM COOTBETCTBYET CHMMETPUYHOMY JIATrDaHKI-
any L(¢) = L(—¢), HO HecummeTpuuHOMy Bakyymy vac(yp) # vac(—¢). Buibupas
HECMMMETPUYHBLIA BAKyyM U CABHUTas II0JIE O = 1) + ), MBI TI0JIy4aeM JarPaHXKMUaH

L(x) = %((%x)2 — MPx® = gy’ — %x‘*, (33)
KOTOPBII He 00jIaziaeT OYEBUIHON CUMMeTPHENl M ONMCHIBAET YaCTHUIY C MACCOM V2m.
EcrecTBeHHO BO3HUKAET BONPOC, BO3MOXHO JIM BOCCTAHOBUTH CUMMETPHUIO IIyTE€M
TYHHEJIBHOTO TIepexona M3 OOHOW sIMbI B Npyrywo. [lis oTBeTa Ha 5TOT BOIPOC HYXKHO
BBIUUC/IUTH AMIUIATYAY TYHHEIBLHOTO MEPEeXofia, KOTOopas MpOoHopIuoHaibHa exp(is),
roe S ecTh OelicTBUe BOOJIL NMYTHU Iepexome. OTO NefCTBUE YNCTO MHUMOE U CTpe-
MUTCS K O€CKOHEUHOCTHU KOTAa 00beM V' — 00, TaK UYTO BepPOSITHOCTH TYHHEJTUPOBAHUS
crpemutTcs K Hymo. CaenoBaTenbHO, BOCCTAHOBIEHNE CUMMETPHUU BO3MOXKHO TOJIBKO B
MaJIeHbKIX 00/IaCTIX.

3.1.2 CpnoHTaHHOE HAPYIIEHNE HEIPEPLIBHOW CUMMETPUN

Puc. 5:

3pmech MBI CTalKMBaeMCs ¢ HOBBIM siBieHumeM. Pacemorpum mis mpoctorst U(1)
MHBAPUAHTHBII JIarDAHKIAH

L= 0,0 0" 0 =V (¢"p) (3.4)

WIH B TEPMUHAX MeHNCTBUTEILHBIX IIOJIEeH

1 1
L= 5(3u901)2 + 5(3u902)2 — V(] + ¥3). (3.5)

[Torentuan V momxeH O6bITH OTpaHUYEH CHU3Y U UMeTh HuU3IIee cocTosHue. BriGepem

€ro B Buie
2

m A
V= 7(% + ¢5) + 1(90? + ¢3)%. (3.6)
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Torma y Hac onsaTh €CTh OBE BO3MOXKHOCTH:
i) m?, X\ > 0. llorennuan nokazan va Puc. 5. Ero MuruMyM MoXeT GBITH MOTyueH U3

ypaBHEHUN
— = A1 (@ +¢2) =0
Er m*p1 + A1 (97 + ¢3) ;
ov
9on m*ps + A2} + ¢3) = 0. (3.7)
©2

EnmncTBenHOE pelieHme ecTh @19 = @oo = 0. Cummerpus ve Hapyiena. Kak u panee,
MBI UMEEM BBIPOXKIEHHBIN CIEKTP

mQ(SDl) = mQ(%) =m?.

2

ii) m? = —p? < 0, A > 0. [lorennuman Teneps BHINIAAUT Kak MHO OyThiTKE (cM. Puc.

et
oty A
AN e
AN Yo
NSO
0.3,'#\ ':a'u'g‘

Puc. 6:

6). Ypasuenue (3.7) B 9TOM CjIyuae UMeeT IPYIoe DEIeHue

12

2 2 2
—|— = = —.
¥10 T P20 \

["eomeTpuyeckn 5TO eCTb TOUKH, JIEKAIINe HA OKPYXKHOCTU PALUYCOM U B INIOCKOCTH
(p1,02) (em. Puc.7). Pusmuecku, HeHyIeBOE BAKyyMHOE CPEIHEE IOJS (¢ COOTBET-
CTBYeT KOH/ICHCAIIWH TIap, TaK YTO BaKyyMHBIN KOHIEHcAT < ¢*¢ >= v? # (.

Mer BummM, uTo BakyyMm Gojee He siBisieTcsl enwHcTBeHHBIM! ['pynna cummerpnu
O(2) npeobpasyer OmHy TOUKY HA OKPYXKHOCTH B Apyryo. MOoxHO BHIGpaThH II06YIO
TOUKY, HAIIPUMED, Q19 = v, P9 = 0 WK P19 = Yoo = v/V/2, 1 T.1I.

Maccosas marpuna (3.1) umeer Buz

dade = 2A010s, 55 =~ + AP + ¢8) + 2001,
o = =i + A} + ¢3) + 228,
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dlam
N

Puc. 7:

st ee muaroHasu3anuy BEIOEPEM OIMHO U3 TOJIEH, (01) WK (Pyy, PABHBIM HYJIIO, CKAXKEM

10 = v, o = 0, Torna
22?2 0
e (200, o5

Takum 06pa3oM, MOJE ) = @1 — ¥ COOTBETCTBYET YacTHIE ¢ Maccoit m? = 2\v? =
2442, B TO BpeMs KaK II0JIE ¥y = (g OKA3hIBAETCs GE3MACCOBBIM. Pe3ynbTaT He 3aBUCHT
OT BBIOOpa BaKyyMHBIX cpenHuX. s mo6oif TOYKN HA OKPYXKHOCTH IHOCIIE NMATOHA-
JIN3aIAN BBIBOL OYyIET TeM XKe CaMbIM.

JlarpamxuaH B TepMUHAX HOBBIX MOJIEHl TPUHUMAET BUL

]. 1 ! ! ! A ! 1
L= 5(0u90£)2 + 5(3us0'2)2 — Mo = Mg (o + p5) — 1 4 ) (3.9)

O(2) cummerpus Gomee He oueBumHA. OHA CHOHTAHHO HAPYILEHA.
PacemorpuM npyryio napamerpusaiuio U(1) momenu. Eciu sanucars KoMiiekcHoe
10JI€ B TOJISIPHBIX KOOPIMHATAX

p(z) = ﬁp(x)em)- (3.10)

TO IIPOU3BOOHAA CTAHOBUTCA

Byp(x) = %eww [0,0(x) + i0,0(x)p(x)],

TaK 49TO JIaTPaH2XKHNaH HpI/I06peTaeT BUL
1 1
L= 5(0up)* + 50 (040)* = V(6?), (3.11)
raoe

A A A
V() = —pp* + 5p' = (0" = v?)* = S0t (3.12)

4 4 4
Mer BunuM, uTo mose f Mcue3aeT M3 MOTEHNMAa. OTO ecTh mpossienue U(l) cum-
MeTpun. s HaAXOXITEHUs MACCHI YaCTUNBI, COOTBETCTBYIOIIEH ~ paanalbHOMY OO

p(x), pasnoxuM moTeHnuAI BOKPYT MUHEUMYMa py = v. [lomyunm
plz) =v+n(x),  m)=247

B TO BpeMs Kak my = () m3-3a OTCYTCTBUS KBAAPATUIHOTO TO f UjleHa B JIarpaHXKUaHe
(3.12).

MTak, OKOHUaTeILHbIN BEIBOM Cilemytomuii: cnekTp mMonesu (3.5) npu m? = —p? < 0
COCTOUT M3 IBYX YACTUIl, ONHOW MACCUBHOHN M OmHOI 6e3MacCcOBOIA.
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3.2 T'onacTOyHOBCKHME YAaCTUIIBI

[TpucyTcTBUEe 6€3MaCCOBBIX YACTHUI] HEe €CTh MeJI0 CJIydas, HO eCTh 0bllee CBOWCTBO
n3BecTHOe Kak Teopema l'onmmcToyHa, xKoTOopas yTBepXKmaeT, UTO KOTna TI106aiIb-
Has HellpepbIBHAS CUMMETpPHUs CIOHTAHHO HapyllleHa, CyIlecTByeT Habop 6€3MacCOBBIX
yacTull (TOJIACTOYHOBCKUX GO30HOB) B KOJIMUYECTBE, PABHOM UYHC/Iy HAPYIIEHHBIX Te-
HepaTopoB. PaccMoTpuM Tenmepb 0000IIIeHTE STOTO pe3ylibTaTa Ha ciaydail HeabelreBoi
CUMMETPUMN.

3.2.1 SU(2) cummerpus

[ycts ¢ = ( 221 )eCTB komiutekcHbiil ny6ner rpynnst SU(2). Torma SU(2) unsapu-
2

AHTHEIN JarpaHxXMnaH €CTb
L=0,070"0 - V(pTp). (3.13)
Ecnu BeI6paTh moTeHIIAN KaK 1 paHee B BUIE
V =—p2(p"p) + MeTp)?
TO MUHUMYM OOCTUTAETCA, KOT'Oa
ot = p?/2) = 02

Bei6upas napamerpusanuio B gopme (3.10)

o(x) = ﬁe—L < H(®) 40 ) (3.14)

Oup(x) = %6_5“ {( 8uhof(x) ) 1 avuga ( H(x())+v >}

3.14) mbr umeem 4 neficTBuTenbHLIX moss: £ a=1,2,3 u H.
3) Tenepn npuobperaer Bum

Oy 9aeM

3amMeTuM, 4TO B yp.
Jlarpamxuan (3.

;_A/\

L = %{O&H i f (0, H + v)r }
» {( )H“qu“(mxg%)}_wmv)
= Lo + 0.9 L v 1) (3.15)

Ot1o BRINIAOUT Takxke Kak B ciyuae rpynnel U(1), HO Tombko Tpu mons &% (a =
1,2,3 B rpymme SU(2)) Teneps okasuiBaroTcs 6e3maccosbivMu. H () mpuobperaer Maccy
u nepsoHadasnbHas SU(2) cummerpust Gosee He OYEBHIHA, HO CTAHOBUTCS ~ CKPHITOM”
cuvmMeTpueii. Hucimo 6e3MaccoBBIX TOJEN B O0IIEM CiIydae HaeT
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Teopema IN'onacroyna: Cywecmsyem cmoavko 6€3MacCOB8bLLT 2040CMOYHOBCKUL
6030108, CKOADKO CYWECMBYEM HANPaBaerul 8 npocmpancmee noaet @; (BHympen-
HeM MPOCMPaKcmae), 6004b KOMOPLIT 6GKYYM 6bIPOHCIEH, M.e. He eJUHCMEEHEN.

PaccmoTpum npeobpa3oBaHue BakyyMa, TeHepUPYEeMble HEKOTOPBIME 3apsaamu (%,
a=1,2,...,N. Ilycts

Q|0 >#0, k=1,2,...M (HapyIleHHbEIe TeHEPATOPLI),
Q"0>=0, n=M+1,..,N (HeHAPYIIEHHBEIE T€HEPATOPHI).

Cornacuo teopeme Herep (yp.(1.40) u yp.(1.14))

Q=0 =i[H,Q".
CiremoBaTeabHO
[H,Q]]0 >=0
nim
H(Q0 >) = Q*(H|0 >). (3.16)

Ypasuenue (3.16) osnauaer, uro mis moboro k = 1,2, ..., M cocrosuue QQ*|0 > Bbipo-
XKJIEHO C BaKYyMHBIM COCTOsiHEEM |0 >, T.e. COOTBETCTBYeT GE3MaCCOBLIM BO30YXKIie-
HUSM, HA3BIBAEMBIM TOJIICTOYHOBCKUME 0030HaMU. [[03TOMY 4mCI0 TONACTOYHOBCKUX
0030HOB paBHO M, UnCy HapYIIEHHLIX T€HEPATOPOB.

Crenmyer cmenaTh OBa 3aMeUYaHMs: 1) YHCIO HAPYIIEHHBIX TEHEPATOPOB 3aBUCUT
OT BLIOOpA MPENCTABIECHNUI CKAISPHBIX IOl ii) B ciyuae (epMUOHHBIX T€HEPATOPOB
(Q* cooTBeTCTBYIOIIAsA YacTuLa OymeT hepMUOHOM. OTa BO3MOXHOCTH PeaU3yeTcs B
CyIePCUMMETPUYHBIX MOIETISIX.

YT06bI 0CO3HATH HEOOXOMUMOCTH 6€3MAaCCOBBIX YACTHI[ B CJIydae CIIOHTAHHOTO Ha-
pYIIeHUs CUMMETPHUHU, OCTAHOBUMCS Ha HEKOTOPBHIX CBOMCTBAX TOJIICTOYHOBOCKUX 0O0-
30HOB. PaccmoTpuMm mpeoGpa3oBaHue HEKOTOPOTO BEKTOPA COCTOSHUS TON NEeHCTBUEM
TPYNIBI CUMMETPUN

¢°Qo(F) >= |a(F) > +iaQ|af

rae () ects reHepaTop. Ilycts .
Qla( k) >~ v, (3.17)

rae v = 0 COOTBETCTBYET CUMMETPUUHOMY COCTOSHUIO, a v # () 03HAYAET, UTO COCTOS-
HIle HEeMHBAPMAHTHO OTHOCUTEJILHO I'PYNIBI TpeoOpasoBanmii. [lockombky

Q= [ dsj(@),
MOXHO HAWTU MATPUYHBIA 3JI€MEHT THUIIQ,
< 0)j*(z)|a(F) >~ v - k",
Buruuciss mpou3BonHyo, HAXOMUM

< 00,j"(z)|a(F) >~ v - k2 (3.18)
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Onnaxo, cormnacuo Teopeme Herep, Tok momxen coxpausrscs, T.e. J,j¢(z) = 0. Urobst
u36exars nporusopedns ¢ yp.(1.81), Mbl nomKHEL 1160 n0M0XKUTH v = () (HEeHApYIIEH-
Has cummerpus), 6o v # 0, #Ho k* = m? = 0 (ronmcroynosckuit 6o3om). Cremnosa-
TEJILHO, €CJIIN CUMMETPUs HapyllleHa, 6e3MacCOBbIe YACTUIIBL ¢ Hen30eXKHOCTHIO TOsABIIS-
F0TCH.

ITpumep: U(1) nun SO(2) cummerpus.

Cornacao yp.(2.5) Tok umeeT Bun

J* = 0%p102 — 0201
Eciu < ¢; >= v , TO MOXHO NPOM3BECTH CABUT (1 = ¢} + v, Tak uro < ) >= 0.
Torma Tox cTaHOBUTCS pPaBeH

J* = —vd"py — 010" P2 + 0" . (3.19)

Boruuciss MaTpuUHBIA 3JIEMEHT MEXIY BaKyyMOM U OMHOYACTUYHBIM COCTOSTHUEM, MBI
BUANM, YTO €UHCTBEHHBIN BKIIAI UAET OT NepBOro wieHa B yp.(3.19)

< 0]7*(2)|a2(F) >= —v < 0|0,0sas(F) >= —viktete.
Taxkum obpazom - '
< 010,5"(2)|as(F) >= vk2e™*=,

CnenoBarensuo, unu v = 0 u my = my = m, wim my; # 0, m my = 0, uTO COOT-

. = —
BETCTBYeT CIOHTAHHO HADPYIIeHHON cummerpun, puuem, ag ( k )|0 >= |as( k) > ecTs
TOJIACTOYHOBCKUI O030H.

3.3 OddpexkT Xurrca

3.3.1 ChonouTaHHOe HapyIIEHHE JIOKAJLHOIN KaJMOPOBOYHON WMHBAapPUAHTHO-
cTH!

Paccmorpum Teneps siBienue, HaspiBaeMoe 3¢ dekToM XUrrca - nosiBjieHre MacChl y
KaIuOpOBOYHOTO O030HA KAK pe3yabTaT CIIOHTAHHOTO HAPYIIIEHUS CUMMETPUN U UCUe3-
HOBEHHE TOJIICTOYHOBCKUX OO30HOB.

Pacemorpum cHauana abernes cimydail, a uMeHHO nokaiabHyo U(l) nHBApHAHTHOCTS.
Jlarpanxmuan

]' 14 * * *
L=—1Ful" +Dyp" Do + 12 o — Mp*p)® (3.20)
MHBAPUAHTEH OTHOCUTEIBHO JIOKAJIHLHOTO (Ha30BOTO Mpeobpa3oBaHUs
o — ¢ =Wy, (3.21)
1
AN — AL = AN —+ ga“(l/(l')

CxamnspHBIN TOTEHNINAJ BRIPOXKIEH, IPUUYeM MUHUMYM OaeTcs (GopMyoi

) ’1)2 /'1'2
lpol” = 9 T 9y
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Caeuras nose @, BeIGEpeM CIeIyIOILyi0 TapaMeTPU3alnio

o(z) = \%(n(x) + )@/,

Kanu6posounoe npeobpaszosanue (3.21) Tenepsb BHITIAIUT KaK
O(z) — 6'(z) = 0(z) + va(z), (3.22)

rae 0(x) ects ronmcroyHoBckuit 6030H. CorsacHo yp.(3.22) MOXHO BBHIOPATH Kaju-
OpoBKy (OHa Ha3BIBAETCs yHUTApHOU kamubpoekoit), rme €'(z) = 0, T.e. «(z) =
—0(x)/v. Torma ronacToyHOBCKUi GO30H MCUE3AET, YTO O3HAYAELT, YTO OH HE eCTh (Pu-
3UYECKaAs 4AaCTULA. YUTO e NPOMCXOMUT B DTOM CJIydYae CO CTemneHbio cBobombi? Ils
OTBETA HA 3TOT BOMPOC ONpenenM HOBBI HAOOD mOjeln

@ (n(z) +v),

S

€ o(z) =
Bu(z) = A, — =0,0(x).
[Tpow3BomHbIE TPUMYT BUI
(Dup)' = UDyp = e P J5[0un(x) — ieBy(n + v))e?’”,
F,UV(A) = a/LAV - 31/14“ = 8,uBu - aqu = F,uu(B),

a JarpaHXxmuaH mpeobpa3yercs B

1 1 2 A
L = —ZFW(B)F’“’(B) + §|8un(a:) —ieB,(n+v)]> + %( +v)? — Z(n +v)?
1 1 1
== _ZF/LV(B)F“U(B) + §(au77)2 - /1’2772 + §(€U)2B“Bu
1 1
+§€2BMB“77(2’U +1n) = Ao’ — Z/\774. (3.23)

OTOT JmarpaHX)muaH OMUCHIBAET MACCUBHOE BEKTOPHOE TIOJe ¢ Maccoit Mp = ev u
MaCCHUBHOE€ CKaJIsiPHOE TIOJIE 1) C MAaCCOoil m, = V2. Taxum 06pa3om, BMecTO Ge3mac-
COBOTO CKaJIsipa (TOJIICTOYHOBCKOTO GO30HA) MBI IMEEM TPETHIO (IPONONIbHYIO) CTEIeHb
€BOOOMBI BEKTOPHOTO mOjsA. OTMETUM COXpaHEHWe YHC/ia CTermeHeidr cBOOOmbI: 2 meii-
CTBUTEJIbHBIX CKAJSIPHBIX OIS (@1, @) unu (7, #) mmoc 2 noispusannu 6e3MaccoBOro
doTona TpoTUB 1 HEACTBUTEILHOTO CKAJISPHOTO MONS XUTTCA 7) IITIOC 3 TMOASIPU3AIUN
MAaCCUBHOT'O BEKTOPHOTO 1oJisd, T.e. 2+ 2 = 3+ 1. ['onacToyHoBckuit 6030H ” chenaeTcs’
BEKTOPHBIM IOJIEM, KOTOPOE P! 3TOM IpuobpeTaeT Maccy.

[TocMmoTpuM Temeph KakK TO XKe SBJEHIE UMeeT MEeCTO B HeabeJeBOM CiIydae, KO-
TopHEIil oueHb Omu3ok Kk Cranmapraoit Monenu. Pacemorpum SU(2) mHBapMaHTHOCTS.
Bribupas ckanspHbie oI B IyOJIeTHOM NMPENCTABICHNN, MBI TIOJIyUYaeM 3HAKOMBIN J1a-
TpaHXWUaH

L= —%F;VF‘“’“ + D, ®"DtD — V(D1 D), (3.24)
rae
V(®1®) = — 2@t d + A(@TD)%,  p? A > 0.
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B yauTapHOii kaqubpoBKe MOXHO ONPENeInTh

joe 0
q)(.??) = %6 v v )

H(z) +
V@) =002 =5 )1, ).

B, =U"'AU +U~'8,U.

ﬂarpamlelaH opu 3TOM IMeeT BUI

1 a va
L =[D,®"D"® + @' ® — \('TP')* — 7 Fu(B)F"*(B) (3.25)

OngaTte romacToyHoBcKue 6030HEI £ ucuezaor. OxoHUaTeTbHAsS HOpMa JarpaHKUAHA
eCTh

1 1 1
L= —3FL(BIF"(B)+5(0,H) — "H’ + (gv)’BjB*  (3.26)
1 1
+ §g2Bl‘jB““H(2v + H) — \H? — ZAH‘*.

Om onuceiBaeT TpUNIeT MACCUBHBIX BeKTOPHBIX nosed B (a = 1,2,3) ¢ maccoit Mp
= % gU I MACCHBHOE cKasgpHoe noje Xurrca H ¢ Maccoit my = v/2p. OTMeTuM onaTh
COXpaHeHUe YUCa CTelleHell CBOOONEI.

CnenoBaTenbHO, B pe3yiabTaTe MBI He UMeeM 0e3MaCCOBBIX TOJIell B (GU3MIECKOM
CIIEKTPe: TOJIACTOYHOBCKUE 6030HBI ” CHeNat0TCs” BEKTOPHBIMU MOJISIMHE, IIPEBPAIIIAICh B
UX IPONOJIbHBEIE KOMIIOHEHTHI. (OCTAOIAsCs CKAISPHAs YaCTULA MACCUBHA U OOBIYHO
Ha3BIBAETCSI XUTTCOBCKUM G0O30HOM.

B Tounoctu sTor sddext mmeer mecto B CrammaprHoit Momenu, rme W u Z -
6030HBI TPIOOPETAIOT CBOU MACCH B Pe3y/IbTaTe CIIOHTAHHOTO HAPYIIIEHUS CUMMETPUN
C TIOMOIIBI0 ONMUCAHHOTO BBIIIE MEXAHW3Ma. OJTO €IWHCTBEHHBLIN W3BECTHBLIN HA CEro-
OHSITHANA OeHb MeXaH!3M, KOTOPHI JaeT MaCChl KaJunOpPOBOYHBIM 0030HAM, COXPAHSIS
B TO Xe BpeMs KAJIMOPOBOUYHYI0 MHBAPUAHTHOCTHL. (CoxpaHeHue KajauOpPOBOYHON KOBAa-

PUAHTHOCTH UI'PAET KIIOUEBYIO POJIb B IEPEHOPMUPYEMOCTH TEOpUH (CM. HUXKE).

)k %k ok k ok ok ok ok ok ok ok ok kk
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4 Jlekuus IV

BzaumonetictBue, S-marpuma, Teopus Boswmymenunti, [Ipasuna Petin-
MaHa.

o cux mop MBI pacCMaTPUBAJIN TOJIBKO T€OPHUIO CBOOOMHBIX MOJIell. Y paBHEHUS IBU-
JKeHNs ObLIN JIUHEeMHBIMU U UX pelleHus, YIOBJIEeTBOPSIIOIINE IPUHINIY CYIePIO3ULINY,
O miockuMu BojiHaMu. Koadduinuentsr Pypbe-pas3iioxkenns ObLin KBAHTOBAHBL.

4.1 BisaumMmonencTBue

Kax BBecTu B3amMomeiicTBue KBAHTOBBIX mosieii! BaammoneiicTBue o3HauaeT HelIWHEl-
HOCTb YpPaBHEHUI OBUXKEHUs, KOTOpas, B CBOIO O4epelb, O3HaUaeT IPUCYTCTBUE NOJIH-
HOMOB BBICIIIETO IOPSIKA B JarpaHxkuaHe. UTO NMPOUCXONUT IIPU 3TOM CO CBOOOTHBIMU
COCTOSIHUSIMU, KOTOpbIEe SBJISIOTCS COOCTBEHHBIMU COCTOSHUSIMU CBOOOOHOTO TaMUJIb-
rounana? CylecTBYIOT IBE BO3MOXKHOCTH: 1) CuiibHAs MedOpMAIs CIIEKTPa: HOBBIE
COOCTBEHHBIE COCTOSIHUS, HOBBIE DeIleHWs YPABHEHW NBIKEHWs, W T.I.; ii) ciaabas
nedopmarus ¢cBOOOMHON Teopuu, T.€. cilabas mepTypobarnus cBobomHOro nBumxkeHus. [lo-
CTeOHsSS CUTyalllsl CUMBOJIMUYEeCK TOoKa3aHa Ha Puc.7. OHa OCHOBBIBAETCS HA CJIEOYIO-
iell TUIIOTE3€: CYyLIeCTBYeT Ipenes ciaaboll CBA3M W PA3JIOXKeHUe 110 TEOPUU BO3MY-
wiennit. Eciu 3T0 Tak, TO Teopus BO3MYILEHUN HaeT HAM, KaK B KBAHTOBOW MEXaHUKE,
PeryaspHBII ciocO0 IOCTPOEHNS aMIINTYI PACCESHUS.

interaction region

N e
free particle free particle
Puc. 8:

4.1.1 IIpencraBieHue B3amMOOENCTBUSI

Paccmorpum ypasuenue Hlpenuurepa mis aMIInTyabI

0
Z—lgit) = Hp(t)
C pellleHEeM
)(t) = e, (4.1)

rae @ - xoHcTaHTa (He 3aBUCAINAS OT BpeMenu). I B3aMMONEHCTBYIOIIEH CUCTEMBbI
ypasuenue [lIpenunrepa ects

0 (t)

]

= (Ho + Hp)y(t).
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Pemenne Teneps naercs yp.(4.1), onnako ® He sBisiercs 60osiee KOHCTAHTOM, & yIOBIIe-
TBOPAET YPaBHECHUIO

Za(I)(t) — 6iH0tHIe—iH0t(I)(t)’
ot
0D ()
ot
rme Hi(t) = [dZH(x) ecTh raMWIbTOHNAH B T.H. TPEACTABJICHUM B3aWMOJIEH-
cTBus. Yp.(4.2) naswiBaercs ypasuenuem lllpenunrepa B npencrasieHun B3auMomeii-
CTBUSL.

niim

— Hy(1)®(1), (4.2)

Isist ompenesnienuss CpegHero 3HAaUYEHUs JIIOO0ro oneparopa B MOXHO HOJIB30BATHCS
kak mpenctasinenueM llIpenuurepa, Tax u mpencTaBieHUeM B3aMMONEHCTBUS.

B, =" () By(t) = @ ()™ Be™ " 0(t) = " () B(t)2(t).

4.2 Marpuna paccesHus (S-maTpuna)

[IpennomoxumM, uTO B3amMoOmeicTBUe anmabaTudecKu ucuezaeT npu t — +oo. Torma
S-maTpuia ompenenaseTcs Kak

®(00) = SO(—00). (4.3)
S-maTpuia, Kax onepaTop, XapakTepu3yeTcs CBOUMHU MATPUUYHBIME DJIEMEHTAMMA
Sap =< B|S|a >,

rae o > u < (| cyTh HauajbHBIE U KOHEUYHBIE COCTOSHUS, COOTBETCTBEHHO. BeposT-
HOCTB mepexona P maeTcs KBagpaToM MOmyns sneMeHTa S-mMaTpuusl P~ [S,s[2,

Y06kl HAITH ABHOE BHEIPAXKEHHE I S-MATPHUILI, PacCMOTpUM ypasHenme Illpe-
nuarepa (4.2) nmo reopum Bo3MyieHuit. Jliist 9TOR menu onpenesuM CHavasla KOHEYHO-
BpeMeHHOI onepatop S(t,ty) Takoil, 4To

B(t) = S(t, ) (to). (4.4)

[Toncrasisis ero B yp.(4.2), Haxonum
S(tto)—l—z/H )dt' + (— /H dt/H (#")dt" + .. (4.5)

rne H(t) = H;(t). Paccmorpum 0651aCTh MHTEIPUPOBAHUS BO BTOPOM CJIATAEMOM B
yp.(4.5). Ona nokaszana Ha Puc. 9a (3amITpuXOBaHHBIN TPEYrONbHUK). VI3MeHss mops-
IOK MHTeTPUPOBAaHM, MBI MOXeM IlepelucaTh IOC/IeNHee claraeMoe Kak

j dt" /t dt' H(t")H (t")

tO "
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r=t" =t

Ht)EI(E") H(t")H(t) t

Puc. 9:

UK, TIePEeONpeesss MePEeMeHHbIE,
t t
/ dt’ / dt"H(t")H (),
to t

YTO COOTBETCTBYET OOJIACTM WHTErpUpoBaHuUs, mokazauuoit Ha Puc. 9b. Cymmupys
IIBa BBIpAXKEHUS, HAaXOOUM

s - (_;)Qt/dt/ t/dt"H(t')H(t")+’/dt"H(t”)H(t’) (4.6)

To, uro crouT B QUrypHBIX CKOOKAaX, HA3LIBAETCSI XPOHOJIOTMYEeCKUM uian T-mpon3-
BEIIEHUEM U OTPENeIseTcs Kak

T{H(t’)H(t")}={ gg))g(é; izi : (4.7)

CnemoBaTenbHO, BO BTOPOM TOPSIKE BKJIA B S-MAaTPHUIy MOXKeT OBbIThH 3aluCaH Kak

S, = (_;) / dt, / dtsT{H (1) H (t)}. (4.8)

O600111eHTEe HA, BHICIITNE TOPSIIKA OYEBUIHO.

S=35"5,, (4.9)

n

S, = (_"'!)n [ dtr... [ dT{H (). H ()

dopmanbro cymmupys (4.9), momysaem

S(t,to) =T {exp[—i/tH(t)dt]} =T {exp[—i/tdt/d?’r'{(x)]}.

to to
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B cnyuae, korma B3anMoneiicTBIe He COOEPXUT MPOU3BOMHBIX, CYILIECTBYET ITPOCTOE
COOTHOITIEHUE MEXNIy TaMUJIbTOHUAHOM M JIAaTPAHXMWAHOM COOTBETCTBYIOIIEH TeOpUN
ToJIst

Hi(t) = —Ly(t) = — / 47 L1().

C IIOMOIIIBIO 3TOT0 COOTHOIIICHU 1 6ep51 mapenes t— o0, to — —0Q, II0JIy4aeM OKOHYaA-
TEJIbHOE BBIDAXKCHUE OJIA S—ManI/I]_IbI

S = S(o0, —x) = Texp[z’/d%ﬁﬂx)], (4.10)

KOTOpOE CIPaBemJiuBo U B obeM ciaydae. Yp (4.10) ompenesnser narpaHxkeBy TEOPUIO
BO3MYIIIEHUI.
HamoMHUM HEKOTOpBIE CBOWCTBA S-MaTPHUITHL:

1. PexsTUBUCTCKAas MHBAPUAHTHOCTb. B cuiy yp.(4.10) ona sBasercs cinen-
cTBueM JIOpeHI-MHBApUAHTHOCTH JIar PaHXKMaHa, 0OCYX1aeMOIl BBIIIIE.

2. IlpnumHHOCTH. DTO CBOWCTBO CIENyeT U3 IPUUNHHBIX CBONCTB pyHKINu | puna
WU TIPOMAraTOPOB CBOOOMHBIX TIOJIEIA.

3. Yuurapuocts. (CoxpaHeHne HOPMbI BOJTHOBOH (DyHKINH).
®*(00)P(00) = P*(—00)P(—00).
st S-MaTpuIsl 5T0 BemeT K
STS =88t =1,

7 O3HA4YaeT, YTO JIarPAaHXKWAH NOJKeH OBITh dPMHUTOBON (PyHKUIWEN TOJeii, T.e.

LT =L

4.3 Teopus Bo3mylienuin

Teopust Bo3amy1enuit crpourcst #Ha ocHose yp.(4.10). Mol tarpan)uas neauTcs Ha
IIB€ 9aCTU

Liota= Lo+9Lr, (4.11)

roe Lo - 5To cBOOGOOHBIA JarpamxkmuaH, a L; - B3amMmomeiicTsue. KoHCTaHTa CBA3M
g OmpemeNisgeT CHJIy B3aUMONEHCTBUS W CIIyKAT IApaMeTPOM pa3ilokKeHus. Pemenue
yp-(4.2) MoXkeT GbITH MPENCTABICHO B (HOPME CTEMEHHOTO Pa3JI0XKeHUsI

> 1
Slg)=1+> E/dxl...dxng”Sn(xl, ey T, (4.12)
n=1"""

roe
Sn($1, ,.’En) = ZnT(,C[(l'l)[,[(l'n))

Hns Berancienus S,, paccmorpumM T-mpoussenenue 6ojiee BHUMaTEIbHO. BcmoMHMM
HOpPMAaJIbHOE TTPOU3BeIeHNE IBYX ONEPATOPOB

A(z)B(y) =: A(z)B(y) : +A(x)B(y)-
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[Tocnenuuit uneH OOBIYHO HA3BIBAETCS HOPMAJILHBIM CIIAPUBAHUEM U SIBJISIETCS C-
qucsiom (He omeparopoMm). T-mpomsBeneHue MOXeT ObITH BBHIDAXKEHO B TepMmHAaX N-
Ipou3BeNeHN

A-B, z°>4° :AB:+AB
T(A(x)B(y)):{B-A x0<30 :{:BA:-i—BA

3amerum, uto : AB :=: BA :, clienoBaTeabHO
T (A(z)B(y)) =: A(z)B(y) : +A(x)B(y),

rmae
S — A(z)B(y), 2°>14°
A(r)B(y) = { WA(%; 20 < zo

HA3bIBAETCS XPOHOJIOTMUYECKUM CIIAPUBAHUEM (C-IUCIIOM).
IaBaiiTe HaiineM XPOHOJIOTMYECKOE CIAPMBAHUE I CKasspHOro nojs. Coriacuo
yp-(1.50) nmeem

o(@)e(y) = —iD™ (z — y)O(z° — y°) +iD* (z — y)O(y° — 2°) = —iD(z — y),

rue D(x) ects npuunanas dynkuus ['puna.

st cBenenust T-nipon3BeneHusi HECKOJIBKIAX ONEPATOPOB K N-IPON3BENEHNIO, MOXET
OBITH TPUMEHEHA CIIEAYIOIas TeopeMa:

Teopema Buka:

1. Ilpouzeedenue n AUHETHBIL ONEPATNOPOE PABHO CYMME HOPMAALHBLT NPOU3EeJe-
HUtl 9MUT ONEPAMOPOE CO BCEBO3MONCHBIMYU CNAPUBAHUIMU, 6KANUAL UAeH €3 cnapu-
6aHUA.

2. T-npouzsedenue n AUHEUHBIT ONEPAMOPOB PABHO CYMME HOPMAALHBIT NPOU3-
gedenuti aMuL onepamopos CO B6CEBO3MONCHBIMYU TPOHOAOLUUECKUMY CNAPUEAHUIMU,
BKAN0UGT UACH OE3 CNAPUBAHUA.

YT06b1 TPOMILTIOCTPUPOBATE ATy TEOPEMY, PACCMOTPUM IPOM3BENEHUE UYETHIPEX
OIIePaTOPOB:

AfAA, = T AAAAL L + 3A1|_A‘2A3A43 + :f\\lA_21A3A4:
TIAAAALL + TAAAALL 4 TAMAAL
+ :AIAQAIi?: + AAAA, + T AAAAL

+ A1A2A3A4 .
[l

B cniyuae T-nipousBenenusi, Bce ctapuBaHUs CIEIYEeT 3aMEHUTH XPOHOJIOT MIECKUMHU CIIa-
PUBaHUSMM.
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4.3.1 IlpuuwmnHbIle QyHknuu I'pmHa CBOGOAHLIX TOJIEH
PaccmoTpum cBOGONHBIE YpAaBHEHNS OBUXKEHWUS B MPUCYTCTBUU UCTOUYHUKA
(@ —m?)p(z) = —J(2), (4.13)

rae J(z) ecTh BHEITHUI UCTOYHWK CKAJSPHOrO HOJis. Pemrenne Moxer GbITH HalIEHO
¢ nomotbio ¢yukiun ['puna

o(z) = /dyG(fc -y)J(y),
rae dyukuus ['puna G(x) ynoBneTBopseT ypaBHEHU
(0 — mQ)G(a;) = —6(x). (4.14)

Pemenue yp.(4.14) MoxeT GbITh HANNEHO B MMITYJILCHOM MPENCTABJICHUN

Gl) = — / e (4.15)

Q2m)*t) m?2—k2

=2
yp-(4.15) comepxur momioc upu kg = £\ m? + k . D10 03HAUAeT, UTO MBI HOJIXKHBIL
OIpPENeNNTh KOHTYDP MHTErPUPOBAHNA, YTOOLI M30€KaTh 0M0ca. ONHAKO, pa3IMdHbLIC
KOHTYPHI HHTETPUPOBAHNS IIPUBONAT K PA3INUHBEIM cBoiicTBaM (dyHkumit ['puna. IIpn-
ynHHAg QyHKIMS ['puaa
D(z) = ©(2°) D™ (z) — ©(—2") D" (x)

COOTBETCTBYeT ClleAyloleMy BbIOODY KOHTYpa MHTETrPUPOBAHUS

. 1 e—ikm .
D*(z) = (2ﬁ)4/m2_k2 —d'k, e +0. (4.16)

nokazanHoMy Ha Puc. 10. Ilpuunnnsie ¢pyuknun ['puHa 0711 CHUHOPHOTO M BEKTOPHOTO

Puc. 10:

TOJIell CTPOSATCS B TOJHON aHasoruu ¢ yp.(4.16)

(o(0) = 0+ m)as DF(0) = o [ gy )

(2m)4 ) m? —k? —ie

Dy, () = (g + 6;,‘162”)D0(x), m#0, (4.18)

0,0,
62

D;,(x) = (gu + d))D¢(z), m =0. (4.19)
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4.4 TIIpaBuna ®erramana

4.4.1 IlpaBuna ®emHMaHa B X-IIPOCTPAHCTBE

S-MaTpUUYHBIE 5JIEMEHTHI B TEOPUU BO3MYIIIEHUH MOMYCKAOT BeChbMa HaTJsSaHOe Tpadu-
yeckoe TPeNCcTaBeHne, n3BecTHoe Kak mpaBmiio Peitnmana:

IMpumep 1. Lr=-X:¢'(z):

S — MaTp. dIEeMEeHT

IIpomIaraTop,
BHEIIIHSS JINHUAS

BEPIIUHA

['paduueckoe mpencrasiieHme

S () = —i\: ¢'(2) : A4 x
S (z,y) = PNT{: ¢*(z) = 9 (y) 1} (reopema Buxa)
= 22?1 p*(2) ¢ (y)
R
+16:2X%p(z) ¢ (y) : ¢°(2)$* ()
242 2 2 2 : ’
+72i X (p(2)e(y))? = ©* ()¢ (y) x>©<y
+96:2X%(p(2)9(y))* = () (y)
X y

Mger npuHsaIu BO BHUMaHue KOMOMHATOpPHBIE (DAKTOPHL. ['padmyeckue npaBmiaa MOTYT
OBITH UCIOJB30BAHBI IS TOCTPOEHUS S-MATPUUHBIX JIEMEHTOB 6€3 UCTIOJIb30BAHUS Te-
opeMbl Buka. OG6BUHO ropas3no ymoOHee puCOBATh rpaduku, TPUHUMAsS BO BHUMAHUE
CUMMETPUIHbIE (PAKTOPHI.

ITpumep 2. QED Lr=e: ypyrA -
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P(2)Y(y) And )-c—«\;y MIpOIaraTop,
Au()A(y) & N { poIaraTop,
GEVMA;W g ) BEPIIIITHA

ie ) x

Paznuunbie Tunsr noseit 06619HO 0603HAYAIOTCS PA3IUUHBIME TunaMu Juanii. CTpenka
Ha CIIMHOPHON JIMHWM Pa3IndyaeT OIepaTOPHL ¥ 1 1.

ITpumep 3. Teopus Sura-Munnca
1 Al Al abc Ab pc 2
L:_Z[a“ 4~ 0,AL + gfe AL AL
A A FNPAL:
S A5) S :
ayv
gfieAALD, AL e
L igfabc
b, c.v
b,].L cv
. be Lade
g2 fabe Ab AS fade A4 AC & g’ f
d.n ey

HepeqepKHyTa,ﬂ JINHNA O3HAUa€T IMPOU3BOOHYIO B COOTBETCTBYIOLLIEM JIal' DaHXKMaHE.

4.4.2 IIpaBmia ®eitHMaHa B P-IIPOCTPAHCTBE

Wuorpa 6omee ymoOHO MPONM3BOOUTH BHIUNCIIEHUS HETIOCPENCTBEHHO B P-IIPOCTPAHCTBE.

st BBIUMCIIEHUST MATPUYHOTO DJIEMEHTA HYXKHO MOMECTHUTH S-ONepaTop B OOKIIAIKM
BEKTOPOB COCTOSHUS

B n-om IIOopsda0Ke TeOpuun BO3MyU_IeHI/II71

Sn = Z/dxl---dan(xl, ooy @) U () (24) o

Taxum 06pa3oMm, aMIIUTYNa TPOMOPINOHAIHHA,

M~ @ (). ui(xg)... t @ k..
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Paspmenss u;(r;) Ha mBe WacTh u; = u;] + u; W NPUHUMAs BO BHUMAaHUE CBOHCTBA
BaKyyma
u Py =0 =dyut,
NPUXOIUM K BBIBOTY, 9T0 M # 0 TOMbKO eciu Bee u™ COKpAIaloTes ¢ COOTBETCTBYIO-
mmMn ot u3 yp.(4.20), o6pa3ys koMMyTaTophl. VHaue, OHI HMOmEHCTBYIOT HA BaKyyM
U IaOyT HyJIEeBOH pe3yibTat.
Wcnonb3ys obiree Buipaxenne mis Pypbe-obpasza

) = e | €7 v @t ()T (a.21)

rre koadbdurments v () 3aBucaT oT pacemarpuBaemoro mons (cp. yp.(1.13), (1.19)

u (1.30) u npuHEMas BO BHMMaHHME KOMMYyTaluOHHBIE cooTHOeHus, yp.(1.38), (1.51)
u (1.53), OKOHYATEIBHO HOJIydaeM

Mo~ [T em e e (k) L (@) e (k)

o
in—particles out—particles

K(z1, ..., xp)dzy ... dTy, (4.22)

rae kodbduunentaas bdyuakuus K (21, ..., L) €CTh IPOU3BENEHIE COOTBETCTBYIOIIMX D-
dyukuuii. Beraucnss unterpan mo {dr} mbr nomyuaem cseprky Pypbe obpasos De-
dyHKTINI.

OnucanHas BBHIIIIE TPOIEOYyPa MPUBOMUT K CIIEOYIOIIAM MPABUIAM BBEIUUCICHUS Ma-
TPUYHBIX 3JIEMEHTOB B HMITyiIbcHOM mpocrpaHcTBe (IIpaBunam ®Peitamana):

1. HapucoBaTs cooTBeTcTByIOIINE HETHMAHOBCKIE NUATPAMMEI, IPDUHUMAs BO BHU-
MaH7e BCce TOMOJOTTYeCKN BO3MOXKHEBIE KOHbUrypanuu (Teopema Buxa);

2. BBecTu nMnynbCHYIO IEPEMEHHYIO, COOTBETCTBYIOLILYIO KaXKIOW JINHUN JUAT PAMMBI;

3. Kaxnas BHeIIHss JMHWS, COOTBETCTBYIOIIAS HAYAILHOMY (KOHEUHOMY) COCTOs-
HUIO aCCOIUUPYeTCs C

(21) v, (Fin) (1) 0 (T gur)-
4. Kaxnas BHYTpPeHHSS JIUHUS C UMILYJIbCOM ¢ €CTh
(2m) " Dgg(a)-

5. Kaxnas Bepiiunna maet
i9Qa(2m)*6 (> mi),
rZie g eCTh KOHCTAHTa CBsA3M, () eCTh MaTpuna (OnepaTop) u3 COOTBETCTBYIOIIETO
JarpaHXuaHa, a BCEe UMIYILCH P; CUMNTAIOTCS BXOMAIIMMI UMITYIbCAMMT;

6. IIpomnTerpupoBaTh 1O BCEM BHYTPEHHUM UMITYIbCAM;

7. B cnyuyae ®epMu-noneil yuecTs HOMOIHUTENBHBIN MHOXUTENb (—)¢ | TOe ¢ €CTh
YNCI0 3aMKHYTHIX (DePMUOHHBIX IIETEJIb;

8. IlpuHsATH BO BHUMaHWE CUMMETPUNHBIN (HAKTOP.
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4.5 WnnocTpamus

IIpumep 1. Ckangpuble moss Lr=-X\:¢x):
B sTom cniyuae
v (7)) = v (F) = (2po) >,
D(q)=t——"15—, Q=1

i m2 _ q2 _ Z'€7
Paccmorpum aMonuTyny nByX4aCTUYHOTO YIIPYTOTO PACCESHUs BO BTOPOM ITOPSIKe
Teopuu Bo3MyIleHnii. PeftHMaHOBCKIE MUarpaMMbI moka3aHsl Ha Puc. 11. PacemoTpum

a) b) c)
Puc. 11:

MeTaIbHO BKJIAN NUArpaMMbl, mokazanHou Ha Puc. 1la. CorjacHO OMMCAHHBIM BHIIIIE
npaBuUiiaM, UMeeM

11 4 11 ’
M, = [(27) "2k} 2k92k52k]) ~/* = / d*q: / diq

i2m)t) mr—@ —ici 2m) ) m2— ¢ —ie
- 41
PN 2m)%6 (k1 + ks — 1 — @2)0(q1 + g2 — ks — k4)m (4.23)

Boruucisis mHTErpasi ¢ IOMOLIBIO § -QyHKIUM 1 cobupas Bce (GakTOPHI, MOIydIaeM U3
yp.(4.23)

_ /\_2(5(k1+k2—k3—k4) 1 d4q

2 J16k0Kk0K0KY  (2m)° / (m? = ¢*)(m? — (¢ — k1 — k2)?)

Mur O6Cy,HI/IM BBIUUCJ/IEHNE OCTaBIIErOCsa MHTErpaJia II032Ke. ITonnwrit BKJ/Iad BO BTOPOM

M,

IOpsAOKe OaeTcCs CyMMOM

M® = M, + M, + M.,.

IIpumep 2. KOl
1 A _
L= —3Fu+9(0 —m)y + ey Ay
Fu = 0,A, — 0,A,, 0=1"0,. (4.24)
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CoorBercTByiomine npasuiia GeiHMaHa UMEIOT B

9JIEKTPOH B HAaYaJIbHOM COCTOSAHUU
9JIEKTPOH B KOHEYHOM COCTOAHUU
IIO3UTPOH B HAYAaJIbHOM COCTOSHUU
IIOBUTPOH B KOHEYHOM COCTOAHUU
q)OTOH B HaYaJIbHOM MJIN KOHEYHOM

COCTOSHIN C MOJIIPU3ALuel €,
IPOTaraTop dJIeKTpoHa 1 — 2

(unu nosurpona 2 — 1)
pacupocTpanenue ¢poTOHA

u3 4 B v (kanubposka Peitnmana)

Bepmuna p

IIpumep 3. Teopus SAura-Mumnca
1 a 1a 1 a\2 ca a
L - _ZFNVFNV - %(({%Au) - DU§ 8N€ ,

F;V = 0,4, — 8,,AZ + gf“bcAZAﬁ, (4.25)
—a —a abeEd ac
Dué = /.t§ + gf b 5 Au-

Bropoit unen B yp.(4.25) ecTh unen ukcupyommii Kaau6posky, a £ CyTh AYXOBBIE
nosis. PefiHMAHOBCKIE MPaBUIIa, COOTBETCTBYOLIME yp.(4.25), nmeror Bua
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. —(1=a)kuky /K
BexTOpHEI IIpomaraTop a,pu b,v Ty 690 2 (—a)kyky/

m:- i (2 ) k2+i€
k
H d - b .1 Jab
ponararTop IoJIeoyXOB p Y on)T K2 rie

TpoitHas — BepIIMHA igf®(2m)*6(p + k + q)-
[(p - k)ﬂguu + (k - Q)ugup+
(g — p)ugup]
YeTBepHas — BepUINHA —1g2{ £ % (9,1, 900 — GuoGup)
cp do + mepectanoBku} - (27)*6 (3 p;)
ap
g .
BekTOpHO — MyXOBas BEPIINHA kMg Lg g, (2m) 45 (k + g + p)
7
b N

4.6 BeposaTHOCTH PU3NIECKNX IIPOIECCOB

OmnuceiBaeMasl TEXHUKA II03BOJISIET HAM BLIUNCIITH AMIIJINTYOBI BEPOATHOCTHU PA3JINY-
HBIX IIPOIECCOB

* ! !
®5,5®, =0(>_p—>_1)F(p,p).
H.Hﬂ BBIUHNC/ICHUS BEPOATHOCTHU MBI OOJI2KHBI B34ATh KBadpaT MOOYJ/IA aMIIJIUTYObL
2
@758,
_— Y

W =
o, @,

2m) VT § — NNE(p,p) % 4.26

(2m) Qo= IF(p,p) (4.26)
6(0)

Omna nponoprmonaibaa §(0) = (2m) *VT u cTpemutes k 6eckoneunocTn.OmMHAKO, MBI

MHTEPECYeMCsl BEPOSITHOCTBHIO TPOIECCa, KOTAa B HAYAIBHOM COCTOSHUM MBI UMEEM S

YJaCTUI C UMIYIbCAMH K 1,...,Kk, 1 KBAHTOBBIMU YHUCIAMH 07, ...,0; & B KOHEYHOM CO-
CTOSTHUAN ﬁl, jr B €IMHWUYHOM O0OBbeMe B eNMHUILY BPEeMEHU:

w= 2m)* *ny..ng|[F(p, P26 p = > p')dps...dp;, (4.27)

Te Nj...Ng €CTh CPpelHee YNCJIO0 YaCTHUIl B HAYAJILHOM COCTOSIHUHM B €QUHUYHOM OOBeMe.
Amvnnmryna takoro npouecca F(p,p') Boruucasercs no npasunam Peiinmana.

4.6.1 JIByX-yaCTUYHOE pacCEesHUE

Paccmorpum nByx-uactuusoe paccesuue (s = r = 2). 3amerum, uro w # 0 naxe, eciu
S =1, T.e. B orcyrcrBun B3anmoneiictus (cM. Puc. 8). Uro6el Bhimenuts sdbexT
B3aMMOOENCTBUS, pACCMOTPUM MATPUYHBIN 3JIEMEHT

o (S=1)P ..

Do
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Omnpemenum amMuauTyny paccesHusi (OrpaHmduM ce0si CKAJISPHBIMM YACTUIAMU IJIsI
IPOCTOTHI)

®yar (B1)ay (B3)(S — V)ai (k)as (ks) P =

-84 (p1+pa—k1—ks)
=1 ki, ko).
QW\/p(lJpgk(l)k(z) f(pl,p2a 15 2)

OddexTusHOE MUDGDEPEHITMATBLHOE CeUeHNe COrIacHo yp.(4.27) umeer Bu

dp1 dpz

Okoko(s( )(pl +p2 - kl - kZ)

do = (27) nan|f|2

Vuterpupys 1o pi, ph, MbI IIOITydIaeM BEPOITHOCTH PACCESHHS B TeIECHBIH yroi df)

do _ Do (' )

A% p[(r")2Q0 — (P’ Q)] 71

TOe MBI UCIOJIB30BaJIN 0003HAUECHUSI

, - =
=7, B=7 =P 0 =P G=F + k.

[TomHOE ceuenue maetcs GopMyIoOi

(4.28)

do
= [ a2
g 4/ a0

4.6.2 JIByX-4aCTHUYHBIA pacmamn

Ipyroit mpuMep €CTh OBYX-4acTHYHBEIN pacman (s = 1, r = 2). CuMBOIMYECKH OH
nokas3aH Ha Puc.

Puc. 12:
BeposTHOoCTh pacmana paBHa
w=2Tn——m k —p1 — p2). 4.29
2po 2p12p2 i 1~ P2) (4.29)

II71st HaXOX MEeHWS TIOJTHON BEPOSITHOCTHU MBYX-UYaCTUYHOTO PACTIANa HYXHO TTPOUHTET PU-
poBaTh 10 17{ u 172) Pesynbrat umeer Bum:

Wtot =

T 2M2 /dQ|F (k, )2, (4.30)
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2 _ ag2 2 2 (m3 —m3)?
rne 4k° = M? — 2(m{ + m3) + “—5z*~. BepoaTHOCTH pacmajia ompenesnseT TMOTHYIO

IINPUHY KaK CYMMa IIapIUAJbHBIX IIUPUH

Wiop = Lyor = Z ;.
i

B cBo1w0 ouepens, BpeMs XKU3HU YACTUIBL onpenensercs Kak 7 = 1/Tyy unu f/Tyyy ecin
BOCCTAHOBUTH KOHCTAHTY Ilnanka.

)k ok >k ok ok ok ok ok ok ok ok skk
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5 Jlexkimua V

Panuamnmonusie [lonpasku, [lepenopmuposka, [locTpoenune kBaHTOBOIO-
JIEBBIX MOIeJen

DeTHMAHOBCKHE IIPABUIIA IIPEOOCTABIIAIOT HaM IPOCTOR AJITOPUTM BLIUUCICHUS DITe-
MEHTOB S-MATpPHUIBl IJIS PA3JIMYHBIX IPOIECCOB. BRICIINe HOPAOKNA PA3JIOXEHUS II0
TeOpUuY BO3MYLLEHUI OOBIYHO HA3BIBAIOT PANMAIMOHHLIMI IIONpPaBKamu (BCien 3a
KBH). Oxka3bIBaeTcsi, 4TO PAMUANMOHHBIE TOMPABKA MOTYT OBITH BBIUYUCIEHBI HE IS
BCAKOI'O JIarpaH2kKHNaHa, 4YTO IIPUBOOAUT K OOBOJIBHO 2XKECTKUM OI'DAHUYECHUAM Ha BULO
B3alMOIeCTBHS.

5.1 PanmanmoHHBIE MTOITPABKU

Paccmorpum ammmuryny xommronoBckoro paccestaust B KOJI. I'paduueckun ono moka-
3aHO Ha Puc. 13. B Teopun Bo3MyIlleHUIT aMIINTy oA UMeeT BUI CTEIEHHOTO pa3jioxe-

Puc. 13:

HIS TI0 TTapaMeTpy o = €2 /AT, NOCTOSHHOM TOHKON CTPYKTYDHI,
M = aM; + o* My + ... (5.1)

PaccmoTpum Bksian B M, OT nepBoil muarpammsl ¢ meriein ~ o (cm. Puc. 14).
Cornacuo npapunam PeiifHMaHa UMeeM HHTErpas

[ d*qSplyu(m + @)y (m+ G — )]
L.,(p) = / [m2 — ¢|[m? — (q — p)?] .
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Puc. 14:

PaccMorpuM ynbTpaduosieToBoe nosenenne 5Toro uaTerpana (¢ — oo). g g > m, p
MBI UMeeT IpyOyIo OIEHKY

A dba o? A g4 A
/ %:/ —fN/ dg® ~ A? = co.
(4°) q
3pmecs A ects mapamerp ynbrpaduoneroBoro obpesanus. B mpemene A — oo umeem
PaCXOAUMOCTD, HA3BIBAEMYIO YIbTPAGUOIETOBON PACXONUMOCTEI0. Bosee akkyparTHoe
(ka6 POBOYHO-UHBAPUAHTHOE) BBIUUCIICHUE 1AeT
A2
Lw(p) = (guwP” — pup)[In ) + KOHEUHasl 4aCTh). (5.2)

Tax uTo aMmIuTyna KyJIOHOBCKOTO PACCESHUS €CTh

A2
M(...) = aR; + o*[aR; In o + Ro| + ..., (5.3)

roe Ry u Ry cyTh HEKOTOpBIe peryispuble (nmpm A — 00) GYHKIUN UMIYILCOB, (v -
KOHCTAHTA CBS3H, & G - HEKOTOPOE YNCJIO.

5.1.1 Tlonspu3anus BaKyyMa

[TosBienue pacxomsierocs BKIIaAa €CTh OCOOEHHOCTH KBAHTOBOW Teopuu monis. Ero
TIPOUCXOXKIEeHNEe CBA3aHO cO cBoiicTBaMu BakyyMa. Bakyym B K'TII He ecTs mycToe mpo-
CTPAHCTBO. OTO €CTh (PIYKTYUPYIOIIas Cpena, rae MPONCXOOUT POXKIECHUE U YHUUTO-
XKEHUE BUPTYAJIBHLIX YACTUIl, BBI3BIBAS TOJISIPU3ANNIO CPeabl. O(PGeKT MOIIpu3aInm
BaKyyMa BUPTYAJbLHBIMU MapaMu MOKa3zaH cuMmBoiaundecku Ha Puc. 15. On npusomut

Observed
Charge

Puc. 15:

K HEHAOII0IaeMOCTH ~'TOJI0or0” 3apsma. Mbl He MoxeM n30eXaTh B3aWMONEHCTBUS C
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TMOJIIPU30BAHHON cpemoii. 10, 4TO MBI BuOUM, ecTh 3h(eKTuBHBIA 3apsn. Pa3nuina
MeXIY TOJIBIM 1 3((HEeKTUBHBIM 3apSI0M IPONOPHUOHAIbHAS 3DDEKTY MONAIpU3anAN

2
/-\_/—Q/\ Nalnéz_)m
P

3amMeTuM, YTO pACXOOUMOCTh UMeeT TOT Xe BUM, 9TO U B yp.(5.2), T.e. BO3MOXKHO MO-
XKeT ObITh TOTJIOIIEHA B TePeonpeneeHnun 3apsia.

5.2 IlepenopMmupoBka
5.2.1 Wpes nepeHOPMUPOBKM

B sTom Kak pa3 m cocTouT uiesi nepeHopMupoBKu (mepeonpenenenus). Homycrum, uro
TOJIBIN 3APSI Qpgre CUHTYIIsIpeH (GECKOHEUEH), B TO BpeMs KakK HabI0maeMblil 3apsi
Qiobservable KOHEUEH, U TTONPOOYEM BBHIPA3UTDH BCE BEJIMUMHBI Y€PE3 (opservable -

Bribupas ronyio KOHCTAHTY CBSI3U B BUIE

A2
Qpare = @+ za% In — t (5.4)

Ile (@ eCTh MEePEHOPMUPOBAHHEIN 3apsf, MepenuineM aMmiunTyny (5.3) cremyromunm
obpazom .
M(...pgre...) = M(...a...) =
= Ry +o?[aR In 4 + Ry + wln i)+ ..

Bribupas Tenepr mapamerp x Tak, 4ToObl M Oblaa KOHEUHOH mpum A — 00, HalmeM,
YTO X = —a, T.e.

2
M(..a..) = aRy + o2[aR; In %2 A (5.5)

Teneps BrIpaxkeHUe O aMIJIUTYOLI KOHeUHO. Ha mepBrIil B3TISO OHO COMEPXKUT
HOBBIil TAPAMETD, [, UTPAOIIUI POIb TOUKYN HOpMuUpOBKU. OnHaxo, cormacHo yp.(5.4),
3apsan Takke 3aBuCUT OT f: « = a(p). OHM cokpamaloT Apyr apyra, T.e. 9Ta 3a-
BUCUMOCTH SIBJIsieTCs (GUKTUBHON. Pusnueckuii pe3yabTaT He 3aBUCUT OT L. MoxkHO
BRIOPATH JTI000E yIoOHOe OmpemesieHne KOHCTAHTHI CBSI3W. OTO YTBEDPXKIEHUE CJIedyeT
73 PEHOPM-TPYNIOBO MHBAPUAHTHOCTH, KOTOPas COCTaB/IsAeT OCHOBY MeTONA PEHOPM-
TPYNIBI, UCIOJIB3YEMOI0O s YIYUIIeHUS TOBEeNeHNs PA3IOXKEHN TeOPUN BO3MYIIIEHUH.

BosuukaeT pe3oHHBIN BOIIPOC: BCETIA JIM BO3MOXKHO HOTJIOTUTH 0€CKOHEUHOCTH B IIe-
peompenesenue 3apsanoB? Bce U aMIIuTynbl CTAHOBITCS KOHEUHBIMU OMHOBPEMEHHO!
II7g oTBeTa Ha 3TU BOIPOCH. HeoOXoouMo Ooslee IIy0OKOe IMOHMMAaHNe IIPOIeNypHI Iie-
PEHOPMUPOBK.

5.2.2 IlepenopMupyeMoCTh

Paccmorpum nponsBonbayto nuarpammy Peitamana G, (Puc. 16) u monpoGyem ompene-
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Puc. 16:

JUTh PACXOOUTCS JIX OHA YAbTPaduoIeToBO Uiau HeT. s 5TOT0 MBI MOIXKHBI IIOICYH-
TaTh YUCJIO CTeIeHel NMIIYIbCa B MOABIHTET PATBHOM BBIPAXKEHNN: KaXKIas BHYTPEHHSIS
IeTs IPUBHOCUT WHTErPUPOBaHUe d'p, 4TO maeT 4 CTeNeHN MMITYIbCa | KaxKIas IPo-
W3BOMHAs B BEPINWHE HAaeT UMIYJIbC B P-TIPOCTPAHCTBE, T.e. 1; Kaxmnas BHYTDEHHSSI
NUHWS [aeT MpONaraTop, KOTOPHI BemeT cebs Kak p't/p®, T.e. 1, — 2 - CTeNEHU WM-
nynbca, rae r; = 0,1,2 nasg pasnuuubix nojeir. Cobupast Bce 5TU CTENeHU BMeCTe, MbI
HOJIyuaeM BeJIMUYNHY, Ha3bIBAEMYI0 MHAEKCOM auarpamMwsl (YP)

w(@) =4L+ > 6+ > (n-2), (5.6)

vertex internal lines

rae L ecTh 9UCIO TeTeNb, a d, €CTh YNMCJI0 MPOU3BOMHBIX B BEPIIUHE ©.

OrcyrcrBue yapTpabdroIeTOBLIX PACXOMUMOCTEl 03HauaeT, uTo w(G) < 0. OmHako,
cienyeT OBITH OCTOPOXKHBIM. MOTYT CYIIIeCTBOBATH TONPACXOMUMOCTH TUIA, MOKA3AH-
vbIX Ha Puc. 17. IlosTomy HeobxommMoe yCIoBUEe KOHEUYHOCTH €CTh

ne

Divergent
—=
subgraph

JJ

Puc. 17:

w(r}/z) < Oa vf)/z - Ga

TIe 7y; CYTh BCe BO3MOXHBIe moarpadsr rpada G Bkimouas cam rpad G.

Omuaxo, cyiecTByeT ropasmo 60iiee IPOCTOH coco6 OTBETa Ha TOT e BOMpoc 6e3
HEeOOXOMMMOCTH aHAIM3NPOBATEH BCe AuarpaMMbl. OH MOXeT OBITH TOJIYUEH MPIMO U3
BU[A JIArDAHKUAHA.

Beenem Benuuuny, HasbIBaeMylo MHAEKCOM BepiumHbl (YD)

wvzéu+bv+gfv_4; (5.7)
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rae 0y, by U f, - 9UCIA IPOM3BOAHBIX, BHYTPEHHUX 0O30HHBIX M (HEPMUOHHBIX JIMHUIL,
coorBercrBenHo. Torna munekc auarpamMer (5.6) MoxkeT GBITH 3AIMMCAH KAK

w(G)= > wy+4, (5.8)

vertexr

rze Mbl UCHOJIB30BaIu TOT GakT, uro 06bruuo 71(boson) = 0 u r;(fermion) = 1.

Ypasuerue (5.8) roBopuT HaM O TOM, 4TO KOHeUHOCTH (w(G) < 0) MoXeT mMeThb
MecTo, ecinn w, < 0. [lepen Tem xak chopmynupoBaTs o6Lee yTBepKIEHNE, KOIA 9TO
IIPOUCXOOUT, AABAITe PACCMOTPUM HECKOJILKO IPUMEPOB.

5.2.3 IIpmmep: L;= —\¢*

B stom cnyuwae 6, = 0, f, = 0,w, = b, — 4. Curyanus unmocTpupyercs Ha Puc.
18. 3mech crtommHas (IITPUXOBAHHAS) NUHUS 0003HAYAET BHYTPEHHIOK (BHEIIHION)

Puc. 18:

YaCTUIy, COOTBETCTBEHHO. MBI BUIUM, UTO CYIIECTBYEeT OTPAaHUUYEHHOE UUCJIO PAaCXoO-
OAIIIXCSA CTPYKTYP B Teopuu ¢, DTo BaKyyMHBLIE Tpabbl, IByX- I YeTHIPeX-TOUCUHBIE
dyuxnuu. Bcee ocTanbHbIe nuarpaMMbl, uMeloiire 6osee ueM 4 HOTH CXOMSATCS.
[Tosne3no BBecTH ompeneneHre MaKCUMAJIbHOTO WHIEKCA BEPIITUHBI, KOTIa BCE JTMHUN
SIBJISIIOTCS BHYTPEHHUMMK. 1 0Ta BCE TEOPUHU MOTYT OBITh K/IaCCUMUIMPOBAHBI COTJIACHO

3HQUEHUIO W, ** :

< 0 CynepnepenopmupyeMmble HeT pacxomsiimxcsi CTPYKTYP
Wy = 0 IlepenopMupyembie Koneunoe uncio pacxomsmiuxcss CTPyKTYP
> (0 Henepenopmupyembie Beckoneunoe 4mcio pacxXomsiuxcs CTPYKTYP

Tonbko N MepBHIX OBYX TUIOB TEOPUH MBI MOXKEM CIPABUTHCSA C YIbTpadUOIeTO-
BBIMHU PACXOOUMOCTSMHU B Teopuu Bo3MyleHuit. CupaBemiuBa cjenyiolas TeopeMa:
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Teopema: B w0601 nepenopmupyemoti meopun 6ce yabmpaduoaemoswvie pacrooumo-
cmu mo2ym 6bimb no2aouwenbl 8 nepeonpedeserue (NepenopmMuposry) KOHeuHo20 4~
CAG NAPAMEMPOB: KOHCMAHMA CBA3YU G;, NOAET ©; U MACC M.

Wruaopupys BO3MOXHBIE CMEIIINBAHUS, TU IEPEHOPMUPOBKY OMUCHIBAIOTCS CIIEMYTO-
mmMu popMynaMu

gZBare = Zgi(gama )gzv
gojB‘”"e = Zy(g,m,...)p; (5.9)
mP"¢ = Zn.(g,m,...)m;.

Yp.(5.9) Ha3BIBAIOTCS yCIOBUSMY MYJIBTUIIMKATUBHON MMEPEHOPMUPOBKH.
Takum obpazom, s TOro, 4Tobbl Teopus Oblja MEPEHOPMUPYEMOI, HeOOXOMMMO
91008 Wy ™ < 0. OT0 TpeboBaHMe MOXKeT ObITH NepedOPMYINPOBAHO B TEPMUHAX Pa3-
MEPHOCTEM.
PaccmoTpuM mpoM3BONIBHBIN UieH JarpaHXKMaHA B3aUMONEHCTBUsI, KOTOPBLIN €CThb
IPON3BENEHNE TI0JIEBBIX ONEPATOPOB W MX MPOU3BOMHBIX

= gH 0i(z)0p;(z (5.10)

HeificTBUE €CTh UYeTHIPEX-MEPHBI WHTETPaJl
A= /d%;c(x). (5.11)

IaBaiiTe momcunTaeM pasMepHOCTH mapamerpos B yp.(5.10), (5.11). Ilockombky meit-
cTBEE 6e3pa3MepHO (MBI UCIOIB3yeM eCTeCTBEHHbIe eNUHULEL i = ¢ = 1)

[A] =0,

TO Pa3MepHOCTh KOHCTAHTHI CBSI3U BBIpakaeTcs dopMmynoi [g] = —w®

Mmaccel). Torma ycaoBue mepeHOPMUIPYEMOCTH MOXKET OBITH 3aIMCAHO KaK

(B enuHHIAX

[lepenopMupyemMocTs : [g] > 0. (5.12)

HOCMOTpI/IM, KOr'la 95TO YCJIOBHE€ BEINIOJIHACTCA.

5.2.4 MWMnmocTpanns

Lo = g, [W]=1=[\=0, R
»CQED = 61/}’}/“ ,ﬂ/), \ [Au] =1, [1/1] = 3/2 = [6] =0, R
Longe = —1F2, = 10,48 — 0,48 + gf ™ ALA] [A,]=1=[g] =0, R
[qukawa - yd)gpd)a [(P] = 17 [17[)] = 3/2 = [y] =0. R
Urak, BCce 5T MOmenu mepeHOPMUPYEMEL.

L=-he’,  [=1=[=-2 NR

L=Govby, [ =3/2=[G] = -2, NR

L=rP0Vy, []=3/2, Vi]=1=[s]=-1, NR
L=v0,v"y, [pl=1, [Y]=3/2=[]=-1. NR
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Bce sru Mmomenu, Hanporus, HemepeHOpMupyeMbl. OTMeTHM, YTO OHH BKJIIOUAIOT
ueThIpex-(hePMUOHHOE WM TOK HA TOK B3aMMOLENCTBHE.

BriBon crienyommuil: euHCTBEHHBIME IEPEHOPMAPYEMbBIMU B3AUMOAEHCTBUAMMY SIBJIISI-
I0TCH:

i) p* BraumoneiicTue;

ii) I0KaBCKOE B3aMMOLIENCTBHE;

iii) KanuGpoBouHoe B3ammozeiicTBue
Teopus ¢® cynepnepesopmMupyema.

Ecnn o6paTnTh BHIMaHNe HA CIIH YACTHUI, YIACTBYIOIINX BO B3ANMOIEHCTBUN, TO
OH TaKXe CWIBHO orpaHmueH. [lepeHOpMUpyeMEIe B3aNMONEHCTBUS COOEPXKAT TOJIBKO

nons couba 0, 1/2 u 1. Bee monenu co cnmuom 3/2, 2 u T.1. — HemepeHOPMUDY-
eMmbl. IloclnemHEIM BKJIIOYWAIOT TakKxkKe M TpaBUTAlMio. T.e. KBaHTOBas I'DABUTALAL —
HeIepeHOPMHUPYeMa.

[Tockompky MBI He 3HaeM, KaK OOpaIlaThCS C HEIepeHOPMUPYEMBIME B3auMOIIEH-
CTBUSIMHU U3-33 TOTO, YTO yIbTPa(UOIeTOBBIE PACXOOUMOCTH He MOANAI0TCSI KOHTPOJIIO,
OCTAIOTCS JIUINb TPU TUIA B3AUMONENCTBUI, U3 KOTOPLIX MOXHO OcTpouTh CTanmapt-
Hyo Momenb, a uMeHHO ¢, J0KaBCkoe I KaauOpOBOYHEIE B3aMMOMCHCTBUA CO CKAJIAp-
HBIMU, CITHOPHLIMA U BEKTOPHBIMU YACTUIAMI.

Cnenyet cmenaTh 3aMedYaHTe OTHOCUTEBHO BEKTOPHBIX Tojieit ¢ M # (. BcmomuuMm
BHUJ IIpONAraTopa MAacCCUBHOTO BEKTOPHOTO MOJIS

-gu_k ku/M2
Viby = 5\42—22—i6.

OH maet r; = 2, 94TO BeleT K HENEPEHOPMUPYEMOCTH. EIMHCTBEHHBIN M3BECTHHIN CIIO-
co6 m36exaTh HTONW TPYMNHOCTU €CTh CIOHTAHHOE HapYIIeHWe CuMMeTpuu. B sTom
cIydae

g = (1= )b b 4

M? — k2 — e '
[TosToMy 7; = 0 I Teopus OKa3LIBAETCS MePEHOPMUPYeMOil. DTOT MeXaHI3M MCIOIb3Y-
etca B CtannapTHoit Monenu 1,s TPUIAHUS Macc TPOMEXYTOUYHBIM BEKTOPHEIM 6030-
HaM 0e3 HapyIlIeHNs IepeHOPMUPYEMOCT.

V.V, =i

5.3 IlocTpoenue Monenen

Mgl uMeeM Tenepb B CBOEM DACHOPSIKEHUH BCe Heo6Xommmoe miis nocrpoenus Cras-
naprrOil Momenu GyHIaMeHTaIbHBIX B3auMoneinicTuil. Yerwipe (yHIaAMEHTAIBHBIX
CUJIBL B IPUPO/E ONUCHIBAIOTCS B TEPMUHAX JIATPAHKEBON KBAHTOBOI T€OPUM IO (CM.
Tabmuuy 2).

KBanToBas rpaBuTanus He MOCTPOEHA B HACTOSIIMI MOMeHT. V3BecTHbE Bepcum
Teopun HemepeHopMupyeMmbl. ONHAKO, CYIIECTBYIOT HOBBIE WIEH, CBSI3aHHBIE C CyIEp-
CUMMeTpUell, TEOPUY CYIePrPABUTAIINN, KOTOPBIe NMetoT jyuiiue YD cBoiicTBa. DTOT
BOIPOC HAXOMUTCS TOJ IPUCTAIBHBIM BHUMAHUEM U U3YJYeHUEM.
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Cuer Monens Cummerpust Cnektp [Tepenopwm.
CunbHere KsanroBas SU(3) xanubp. wmaccusHsle, cuius 1/2  Ila
Xpomo- HEHADYIUIEHHAs KBapKH
Huuammka, 06e3maccoBele, ciuH 1
(KXI) TJTIOOHBI
Cnabere n I"mamoy- U(1) xkamubp.  MaccuBHbIe, ciue 1/2  [a
OnexTpo- BaiiuGepr- HeHapylIleHHas KBapKW ¥ JIENITOHEL
Maruuraeie  Canam SU(2) xanubp. wmaccuBHble, cuuH 0
(I'BC) CIIOHTAHHO XUTTCOBCKUE GO30HBL
HapyIIeHHas Oe3maccoBbIit, cniuH 1
doTon
MAaCCUBHBIE, CINH 1
TPOMEXYT. O0O30HBI
I'paBuramns  O6mas SL(2,C) 6e3amaccoBble, cuH 2 Her
Teopus Kaauobp. T'PaBUTOH
OTHOCHUT. BCE€ YaCTHUIbI
Tabnuna 1:

5.3.1 Koueunnie Teopun

JI1060TILITHO, BO3MOXKHO JIM TOCTPOUTH KBAHTOBYIO TE€OpHUIO HOJs 6e3 yinbTpaduosieTo-
BBEIX PACXOOUMOCTEH, T.e. KOHEUHYIO TEOPHIO IOJs 6e3 pacXxomuMocTeil, 6e3 mepeHop-
MUPOBOK # T.H.7

Y nuBuTenbHO, HO OTBET HoOJOXuTeNeH. Hampasisioias umest cBsi3aHa ¢ Kajaubpo-
BOUHBIME TOJIIMU. BcemoMHEUM 3ddexT monspusanuu Bakyyma. (OKasbiBaeTcCs, YTO B
TO BpeMsl KaK TOJIsI MATEPUN MPUBOMAT K SKPAHUPOBKE TOJIOTO 3apsiia, KaTuOPOBOUHBIE
[OJIs. TIPUBONST K AHTUAKPAHWPOBKE, T.e. IIPOM3BONSIT HPOTUBOMOJIOXKHBIN 3GhdEKT.
PaccmoTpum paguanuoHHbBIe TOOPABKK K IIPONATaTOPy CIUHOPHOTO mosis. OmHomeTIie-
BBI€ MuUarpaMMbl mokaszaubel Ha Puc. 19. IlepBas mmarpaMma cOmepXWUT BUPTYaJIbHOE

-+

Puc. 19:

KaJInOpOBOYHOE II0JIe, B TO BpeMs Kak BTOpas - BUPTyabHOe cKalsgpHoe none. Kaxnas
73 QuarpaMM PACXOOUTCS, OMHAKO WX CyMMma KoHeuyHa. (CoOkpallleHme pacXOmumMOCTel
MIPOUCXOMUT, €CJAW KOHCTAHTHI CBSI3M PABHBL. [[PyruM IpPUMEpOM COKPAILIEHUs PacXo-
OUMOCTEN CIIYKUT ITPONAraTop KaJubpoBOUHOTO nojs. [{umarpaMMer moka3ansl Ha Puc.
20. OnHomeT/ieBbIe PaAUANMOHHBIE TOMPABKY PACXOMSTCS U ITPOMOPINOHAIBHEL

11 2
InA?(=N - =
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Puc. 20:

roe N coorBercrByer kKammbposounoit rpynme SU(N) u ny ects unmcino ¢epMuoHOB B
dynnamenTaabHOM npencrapirenuu. CokpallleHne pacXonUMOCTel nMeeT MecTO, KOraa

11 33
ng=—N, (= o SU(3)).

2 2
Herenoe uucio ¢pepMuoHOB BRITTISAOUT HEGU3UIECKUM, OMHAKO 3aMeTUM, 4TO 1 Maiio-
panoBckuit epmuon (C1) = 1)) 3acunThBaeTCs Kak 1/2 qupakoBCKoro hepMmoHa,
11

?N OupakoBckuX ¢epMuonoB = 11N MaiopaHOBCKUX (hepPMIOHOB.

MaiiopanoBckue epMuUOHBI SIBISIOTCS HEOOXOMMMBIM UHT PEIMEHTOM CYIEePCUMMET DU,
CUMMEeTPHH, KOTopas TpanchopMupyer GepMUOHBI B 6030HBI 1 HA0OOPOT. DTa CHUMMe-
Tpus Tenepb UCIOIb3YeTCs it nocTpoenus: 0606ienus Crannapraoir Monesnn.

[TepBas koneunast uernipexmepHas KTII 6vuta mocTpoeHa B pamMkax CymepCHMMe-
TPUYHBIX MOfeJiell. DTo Tak HasbiBaeMass N=4 paciupeHHas CylnepCuMMeTPUYHAS T€O-
pus dura-Munmica. K coxanenuio, ona He MOXeT OLITH NCIOJIb30BAHA, IJISI IOCTPOCHMS
PeATTUCTUYECKON MOMEIN M3-33a HEYNOBIETBOPUTEILHOTO cocTaBa mojei. [lo3xe Gbimn
mocTpoeHbl N=2 u N=1 cymepcuMMeTpUUHbIE MOIEIN TaKXe CBOOOMHBIE OT YIbTpa-
duomeToBEIX pacxomuMmocTeit. [locimemnme Momenu MPemOCTABIISIOT HAM BO3MOXKHOCTH
MOCTPOUTH KOHEUHYIO peaucTuuHyio Teopuio Bemukoro O6nenuuenns.

Koneunbie Mmonenu He TpeOyIOT TPOLELYPHl TEPEHOPMUPOBOK. OHUM HE MMEIOT MPO-
671eM Ha MAJIBIX PACCTOSHUAX (BOMBIINX MMIIYILCAX). DKCTPEMUCTCKAS TOUKA 3DEHUS
COCTOHUT B TOM, UTO MPUPONA OMUCHIBAETCS KOHEUHBIMU Teopusamu. CyIecTByeT OYeHb
OTpPaHUMYEHHOE YHCJI0 Momeseil Takoro copta. OHu 00aHal0T 3aMeuaTeIbHBIMI CBOII-
CTBaAMMU: e€OWHAd KOHCTAHTAa CBI3U, (PUKCUPOBAHHOE UNCIIO MOKOJIEHUH, (PUKCUPOBAHHBIN
HaOOp XUTTCOBCKUX IIOJIEI.

5.4 3akirounmTesibHbIE 3aMeYaHUuA

Mu1 mpencTaBuIM 30eCh CXKATOE M3JI0XKEHNE OCHOBHBIX IPUHIIATIOB KBAHTOBOW TEOpPUU
moJisi. OTO ecTh GopMaau3M, HeoOXOMUMEIA s mocTpoenuss CranmapTHoit Momenu
dyHIaMeHTaIbHBIX B3auMoneiicTBuili. CoBpeMeHHBIe TIONBITKY BHINTHU 33 pamku CTaH-
napTHoit Monenu Takxe npenIpuHIMAIOTCS B KOHTEKCTe KBAHTOBOU TEOPUU IOJIs. DTO
ecThb Teopuu Benukoro O6benuHenns, KOTOpble 00bEOUHSAIOT CUIbHBIE B3ANMONENCTBUS
BMeCTe C dJIEKTPOCIabbIMu, cynepcuMMeTpudHbie 06001enus Crannaptaoit Monenu u
Teopuii Benukoro O0wbenuuenus, u, HAKOHEI], TEOPUU CYNEePTPABUTAIUN, HAIETCHHLIE
Ha BKJIIOUEHUE T'PABUTAINH B OOIIYI0 YHUBEpPCAIbHYIO cxeMy. KBaHTOBast Teopus moss
obertraeT OBITH HambOJEe eCTECTBEHHBIM (POPMAIM3MOM JIsl HAJbHEWIero pa3BUTUS
Teopuy YaCTHIl.
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B mocnennume romer mosiBuinCh HOBBIE uaen. Briciine pa3mMepHOCTH MPOCTPAHCTBA-
Bpemenn, unen Kaynb-Kieiina mosmyuuin HOBOe POXIEHWE B paMKaX CyleprpaBuTa-
nuu. FEie 60siee PeBOIONMOHHBIM SIBJISIETCS PA3BUTHUE TEOPUHU CYNepCTpyH. B sTom
nonxone nokanbHas KTII Beicrynaer B KauecTBe HU3KODHEPreTUYIECKOro (HA GOJIBIINX
paccTosHUSX) npenesia GyHIaMeHTAIBHON HeJIOKAIBLHON TEOPUU, TEOPUU CYIePCTPYHBI,
IPeTEeHNYIOIIell HA POJIb OKOHUATENbHON Teopun Bcero cyiiero. OmHAKO, axe B 3TOM
cayugae K'TII ocTaeTcs rimaBHBIM WHCTPYMEHTOM ONUCAHUS (PU3UKU HUXKE IITAHKOBCKON
ITKAJIBL.

ok sk ok %k k ok ok ok ok kK ok k ok ok k
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