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dpenucioBue

Wsmaraemplii Huke MaTepuaJ IpeacTaBageT coboll CylieCTBEHHO PaCHINPERHBIN KOH-
CIIEKT JIEKIIHIT, YMTaeMBIX aBTOPOM Ha dusmdeckoM dakyabreTe ¥ paiabckoro Locymap-
cTBeHHOTO YHUBepcuTeTa, Hadnaad ¢ 1991 roma. OcHoBHAA 3amgada Kypca — MO3HAKO-
MHTBH CTYJIEHTOB — TEOPETUKOB C OCHOBAME COBPEMEHHOI KBAHTOBOM Teopuu mosid u du-
UKW 3JIEMEHTAPHBIX JACTHUI[. DOCKOJBKY CIema msanusa cTyaeHToB B Ypl'Y cBasana,
TJIaBHBIM 00pasoM, ¢ GpuU3nKOoil KOHIEHCHPOBAHHOIO COCTOAHUA, MEPE], AaBTOPOM CTOAA
HEMpOoCTad 3a7lada M3JIOKEHNA MaTepuasia B JOCTATOIHO KOMIAKTHOM W 3JIEMEHTAPHOM
Bume. B To ke Bpemd, 3amaveil Kypca ABJIAeTCA W3JIOKeHNEe HabOpa CBEIEHNI, KOTOPBIE
HeOOXOIMMO 3HATh, B HACTOHAIIee BpeMd, KaXkKIOMY IPAMOTHOMY TEOPETHKY, HaXkKe He pa-
boratomeMy B manHol obstactu. B msBecTHOM cMBIC/Ie, TaHHBI Kypc 3aBepinaeT obuuit
IUKJT MPEMOIABAHNSA TEOPETHIECKOH DUSUKH.

KpanToBas Teopua mosid ABIAETCA, HA CETOMHAINIHUN TeHb, Hambosee QyHIAMEH-
TaJIbHON Teopuell marepuu. B mocnemame mecaruaernsa B »TOi 00IaCTH HJOCTUTHYT BIIe-
YaTIANMIA Tporpece, KOTOPHI CBA3aH € MOCTPOEHHEM TOTO, YTO HAa3BIBAETCH “CTaH-
ITapTHON Momedab0” YacTHIl U WX B3amMomelicTBuii. B To xe Bpems, cOOTBETCTBYIONINT
MaTepuaJl ellle He OYeHD MINPOKO MW3BECTEH 3a TpeieIaMu cOoOIIeCTBA JOIell, HEMOCPe -
cTBeHHO paboraonux B ¢usnke gacturl. C Apyroit CTOPOHBI, HIEN W METOIBI KBAHTOBOM
TEOPUHN MO HAILIN OYeHb ITIPOKOE MPUMEHEHNE B TEOPUHU KOHIEHCHPOBAHHOTO COCTOA-
Hud, n Oe3 3HAHUA COOTBETCTBYIOMINX TPUHITUIIOB, TPYIHO 2 deKTUBHO paboTaTh B 9TO
obJTacTh, Ka3aa0Ch OBl TOCTATOYHO JAJIEKOI OT Kpyra HHTEPECOB TEOPUH 3JIEMEHTAPHBIX
JaCTHII.

Nmeerca mocTaTodno HOJIBITOE KOJTUIECTBO CTAHIAPTHHIX YIeOHUKOB KBAHTOBOR Te-
opun oA pasHoro yposa# [1] — [12]. OcobenHOCTHIO GOMBIMHCTBA W3 HUX (KpOMe, TI0-
KTy, TOBOJBHO CTAPHIX KHUT [5, 6]) ABIAETCA HOCTENOBATETBHOE TEIYKTHBHOE W30~
JKeHIe peaMeTa B paMKaX UAeoJornu, Hanbosee 6im3koil aBTopam. OTimdne TaHHOTO
Kypca COCTOUT B TOM, UTO 3[I€Ch MPUHAT CKOPEE WHAYKTUBHBIN METO, KOTAA OIHU M Te
e, 33a9aCTYI0, BOMPOCH M3JIATAIOTCA PASTHIHBIMI CIIOCODAMHE. DTO BEIET K HEN3DEKHBIM
MOBTOpaM, HEKOTOPOMY pas3Hoboi B obosHadeHnax u T.1. OmMHAKO aBTOPY MpEeICTaBJIA-
eTcd, 9TO Takoil momxon Oojiee TOJIE3€H ¢ TOUKH 3PEHNA 3HAKOMCTBA C pasHOObpasueM
ueit 1 METONOB, NCIOTB3YEMBIX IIPH PEIIEHNNN PeadbHBIX 3a1a4. [lag monuManusa 60ab-
nrefi 9acTu Kypca Tpedyercd 3sHaAHUE OCHOB KBAHTOBOW MEXaHUKHU U CTATHCTHIECKON du-
3UKH. JEKOTOPBIE HYKHBIE TIOIXOIbI, HE M3JIarafollnecs B TPAAUIMOHHBIX Kypcax KBaH-
TOBOI MEXaHWKW M CTATUCTUYIECKOW pusuku, OynyT obCyXKIEHBI IO X0y [EJA.

Dpu HANMWCAHUHW HAHHBIX JEKIUA aBTOP B HAMOOJBINEN CTEMEHN OMUPAJIC Ha KHUTH
[1, 8], HO HOBOJILHO MHOIO MaTephaJsia B34TO U U3 JPYIMX UCTOYHUKOB, KOTOPBIE OYIyT
MUTUPOBATHCH O XOMy M3JIOXKeHusd. B psame ciydaeB, MBI cTapaeMcd TPOBOIUTH aHa-
JIOTHHU ¢ W3BECTHBIME 33[a9aMU TEOPUHN KOHAEHCUPOBAHHOTO COCTOAHUA UJIH TTIPUBOIATE
MPUMEPHI PElleHnsd KOHKPETHBIX 3aad U3 3Toi obaacTu, Oosee HJAU3KON CIIYIIATETAM.
Dpu 5TOM CJIeIyeT UMETh B BUIY, 9TO W COBPEMEHHAA TEOPUH 3JIEMEHTAPHBIX JACTHII 32~
HMCTBOBAJIA MHOTHE UIEU U METOBI TEOPUH KOHIEHCHPOBAHHOTO COCTOAHNA, W OMHOR U3
3aJad JaHHOTO Kypca ABIAeTCH IEMOHCTPAIAA 3TOTO eINHCTBA TEOPETHIECKON PUSUKHA.

DeKOTOPOit HEOOBITHOCTHIO KypCa, CBA3AHHON ¢ OTMEYEHHBIME BBINE €0 OCODEHHO-
CTAME, ABJIAETCA TOBOJIBHO HOJIBIIOE TUCITO JIUTEPATYPHBIX CCBIIOK. D PH 5TOM HMEIOCH
B BHIY, YTO HAJIMYHWE CCHLIOK MO3BOJIAET YUTATENO, MPH KeJaHWw, mepeiitu K Hostee
yrayOJIEeHHOMY PAacCMOTPEHUIO TEX WJIM WHBIX BOIPOCOB, TeM Oojlee 9TO UTEHHWE JAHHBIX
JIEKTINl He MOKeT, KOHEYHO, 3aMEHUTH u3ydeHud Oosee GyHIAMEHTATBHBIX YIeOHUKOB.



CurenyeT, KOHETHO, UMETH B BUIY, UTO 3TH JEKIHMN ABJIAIOTCA W3JIOKEHNEM MaTepHaJIa
HE CHEeINUAJUCTOM U JJId He CIenuaancToB!

lenTpaabhoil nmeeit Kypca ABAAETCA WITOKEHNE OCHOB KAJUOPOBOYHBIX TEOPUIL B3a~
UMOIEeCTRUA 3JIeEMEHTADHBIX YaCTHIL M OCHOB “cTaHiapTHON Momenn . B MeTomumdeckom
IJIaHe JTOCTATOYHO MOAPOOHO M3Jaraercd gumarpaMMHad TexHnka PefinMana, 3HaUEHHE
KOTOPOIl BBIXOIUT [AJIEKO 3a Mpelesbl TeopHu saeMeHTapHbIX dactul, [13], a Takxe
dbopmanusm bYHKINOHATBHOTO (KOHTHHYAJBHOTO) HHTETPUPOBAHNSA, KOTOPHI TakXe
NIMPOKO HUCIOJB3YETCA B HACTOdAIllee BPEMA B OPYIUX 0OJIacTAX TeopeTmdeckoit du-
suku [14, 15]. Mbl co3HATENBHO ONpAHUYMBAEMCH STUM YKE JOCTATOYHO TPAJUIHOH-
HBIM MAaTEPHUAJIOM, COCTABJIAIONIM OCHOBY COBPEMEHHOTO MOHMMAHWA B3aUMOIeRCTBUH
BJIEMEHTAPHBIX YacTUIl. B 5TOM cMBIC/IE, M3TaraeMblli MaTepraJl He HOB, BCE 3TU PE3YIb-
TaThl OBLIN TOJTY YEHBI TPUMEDPHO K cepenuie 70-X romoB. MBI cCOSHATETBHO OCTABJIAEM 34
paMKaMu U3JI0kKeHns Doslee COBpEMEHHBIE, HO U HoJlee CIIEKYIATHBHBIE BOIIPOCH], TAKHUE,
CKalKeM, KaK cymepcuMMerpud. Tem Oosee He W3IaraloTcd BEIH, BHIXOAAIINE 38 PAMKH
cOOCTBEHHO KBAHTOBOW TEOPHWH TOJIf, TAaKUE KaK CTPYHBI U cymepcTpyHb. CobCTBEHHO
JusnKe YacTUI] TakkKe YIeJdeTCs TOBOJIBHO MAJIO MECTa, TPUBOMATCH JIUIIb OTAETb-
HBIE TMPUMEPHI pacdeTa TeX WU UHBIX MPOCTERnmx 3pPeKToB, ¢ MeJbI0 WIAOCTPAIHN
MpUMEHEHNsA ODINX TMPWHITNIIOB TEOPHUH. XOpoliiee M3JIOKEHNE KOHKPETHBIX BOIMPOCOB
coBpeMeHHO dbusnkn yacTu, MoxkHO Hafitu B [16] — [17].

DaszbueHne Kypca Ha JBE YacCTH HOCHT YHUCTO TEXHWIECKWI XapakTep. B mepsoii ga-
CTH paccMaTpUBaeTCd Jarpamkes popMaJn3M, CHMMETPHN, KAHOHUIECKOe KBAHTOBAHUE
U OCHOBBI KBAHTOBOU 3JIEKTPOAMHAMUKN. BTopasd 9acTh HMocBdAIleHA ()yHKITHOHATBHBIM
MeTOIaM, KBaHTOBAHWIO KaJIMOPOBOYHBIX TOJIell, MOomesiaM OObeIWHEHHOTO ONMCAHUA
B3aMMOMEHCTBUII 3JeMEHTADHBIX JACTHIl, a TakxkKe Oojee MeTaJTbHOMY DPacCMOTPEHUIO
TEOPUHN MEPEHOPMUPOBOK U HEMEPTYPOATUBHBIX METOIOB.

M.B.CanoBckuii, Exarepunbypr, 2000 r.



Y nac nem aywweeo cpedemea 0as ONUCAHUA IAEMEHMAPHBIL YACTIUY, YeM KEAH-
moeas meopa noas. Keanmosoe noae — 3mo ancambad 6eckonetno20 wucae 63aumodeti-
CMEYWWUT 2APMOKURECKUT OCUUAAAMOPOS. Boszbyncdenusa amuzr ocuussamopos omo-
scdecmeaaromen ¢ wacmuuamu... Bee amo owenv 6 dyre XIX cmosemus, xoeda arodu
NHMAAUCD CIMPOUMD METARUNECKUE Modeau 6cex AsAcHul. H He 6UNCY 6 IMOM HUYE2O
NAOT020, NOCKOALKY A100GA HEMPUEUANLHAA Udea 68 onpedesennom cmvicae sepra. Mycop
NPOULAC20 HACTNO OKAZVEACNCA COKPOsSUUEM Hacmosweeo (u naobopom). Iloamomy moul

bydem cmeno npubezamd K PA3AUNHBIM AHAL02UAM NPU 0OCYHCIeHUY HAWUT OCHOEHBIT
npobaeM.

A .M Ilonsikos. “KasubpoBounbie moJis u ctpyusr”, 1987 [24]
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InmaBsa 1

OYPKIINOP AJIBPBLIE UP TE-
I'PAJIBI 1 KBAPTOBAAd MEXA-
PUKA

q)OpMYJ'II/IpOBKa KBAHTOBOU MeXaHUKHU Ha OCHOBE
HMHTEIrpaJioB 110 TPAeKTOPHUAM.

XopolIo U3BECTHO, YTO KBAHTOBAas MEXaHMKa BO3HUKJIA, IPAKTUIECKH OLHOBPEMEHHO, B
IBYX ?KBUBaJICHTHBIX (DOPMYJIMPOBKax — B BUAe MarpudHoil Mexanuku [eitzenbepra u
BOJIHOBOI MeXaHWKM, ocHOoBaHHON Ha ypasHenumn Ilpemmurepa. CyimecTByeT ellie omHa
dopma mocTpoeHr s KBAaHTOBOII Teopuu, MpenIoKeHHasd CYIIeCTBeHHO o3k e PellHManOM
[37], K KPATKOMY U3JIOKEHUIO M3JIOKEHUIO KOTOPOH MbI U IIEpEXOIUM. DazyMeeTcd, Bee
GbopMyIUPOBKU KBAHTOBON MEXaHUKH, 110 CYTH HeJia, TOXKIECTBEHHBL U UCIOAb3YIOTCA U3
coobpaxkeHnit ygobCcTBa P PEIleHnN Pa3HbIX IpaKkTHYECKUX 3a0ad. B KOHIENTyaabHOM
IJIaHe, OHHU BBLIESJIAIOT OTAEIbHBIE CTOPOHBL KBAHTOBOM TEOPHUH, IO3BOIAd HECKOIBKO 110
PasHOMY IPOBOIUTEH IOCTPOEHHE KBAHTOBOW Teopuu mojsi. B sToMm miaHe, dhopMyJim-
poBka @eiinMana IpencTaBasdeTcd OCOOEHHO U3SAIIHON M yIoOHOW OJId MOCJIENyIOIINX
obob1IeHmit.

DycTh 3amaHa BOJHOBaA GYHKIMA dacTuibl ¢(g;,1;) B MOMEHT BPEMEHU i;, TIe ¢;
0003HAYAET COOTBETCTBYIONIYIO KOODAWMHATHYIO 3aBUCHMOCTH. DyAeM, IJid KPaTKOCTH,
paccMaTpuWBaTh IOKa OOHOMEpPHOe nBuKeHne. Torma, Kak Mbl Bugenn B I'mase 4 wactn I,
MOXKHO 3alMcaTh 3HaUeHNe BOJTHOBOH DYHKINN B Gosee OSAHUI MOMEHT BpeMeHH tf B

7



OYPKUWNOPAJIbPbIE NP TETPAJILI I KBAP TOBAA MEXAP KA

oy
-

oy
—

Puc. 1-1

cIlefyIomeM Buje:
Y(qy, ty) = /inI((thfSQiti)¢(Qiti) (1.1)

roe K(qstys; ¢its) coorBercTByomuit nponararop (dbyuknus ['puna ypasaenna Ilpenns-
repa). B coorBercTBHE cO craHmapTHOil mHTepmperanueil (¢, t;) mpemcTaBIAET CO-
6oit aMIIIATYIy BEPOATHOCTH TOTO, UTO JACTWIA HAXOOUTCA B TOUKE MPOCTPAHCTBA ¢
B MoMeHT BpeMeHn t;. CooTBercTBeHHO, mponaratop K (¢rts; ¢;t;) mpencrasiser coboii
aMILTUTYY BEPOATHOCTH Iepexolla YacTUIILl U3 HavdaJbHOW TOYKM ¢; B MOMEHT {; B KO-
He4Hy0 TOYKY ¢f B MOMEHT 1. BepoaTHOCTb COOTBETCTBYIOIIETO Iepexoda eCTh:

P(qstysaits) = | K (agt s aiti)|? (1.2)

YaszmesmM TPOMEXYTOK BpeMeHW MeXKIy MOMEHTaMU i; W t; Ha JBa MPOMEKYTKa, pas-
JeJIeHHBIe MOMEHTOM t. DoBTOpHOE TpuMenenue (1.1) maeT:

Y(qy, ty) = /in/dq[((thfQqt)[((qt;(Jiti)1/)(Qiti) (1.3)

TaK 4YTO:

K(qsty; qiti) = /qu(thf s qt) K (qt; qit;) (1.4)

Taxmm obpasom, mepexon, ¢;t; — ¢fi; MOXKHO paccMaTpHBaTh KaK Hepexon depes Bce
BOSMOKHBIE TIPOMEKYTOUHbIE TOUKH (COCTOAHNA), KaK 970 moKasaHo Ha Duc.l-1. B ka-
JecTBe MPUMepPa MOXKHO MPUBECTH W3IBECTHHIA 3KCIepUMeHT ¢ mudpakiiueil ,1eKTPOHOB
Ha IBYX WIENAX, PACIONIOKEHHBIX B Toukax 2A n 2B (Yuc.1-2). B srom cayvae anasor
(1.4) numeer BuI:

K(3;1) = K(3;24)K(24;1) 4+ K(3;2B)K(2B; 1) (1.5)

Sacnpeﬂeﬂeﬂﬂe MHTECHCUBHOCTH Ha 3KpaHe, PacCIIOJIO?KEHHOM B TOYKE 3 olpegeJsidercd
n3:

P(3;1) = |K(3;1))? (1.6)

r7e, ¢ OYEBHIHOCTHIO, MIPUCYTCTBYIOT HHTePdEPEHITNOHHBIE BKIAIBI. MOXKHO TOBOPUTH,
9TO JIEKTPOH B TAKOM KCIEPUMEHTE TIPOJIETAET 110 0OGOUM My TAM (TPAEKTOPUAM) OTHO-
BPEMEHHO (eC/I MBI He DETHCTPHPYEM €ro B OIHON U3 Inesell, Ho Torga n nHTepdepeH-
[MOHHAA KapThuHa ucuesaer!).



OYPKUWNOPAJIbPBIE NP TETPAJILI I KBAP TOBAA MEXAP KA 9

24

Herowne __ Hrepdepenimionna
SMKTPOHOB 'T-': K

1B

Puc. 1-2

BBe,D;eM cODCTBEHHBIE BEKTOpa OIlcpaTopa KOOpAWHATBI B AUPAKOBCKHUX obozHaUe-

HUAX:
qlg >=qlq > (1.7)
TOI‘,D;a, BOJIHOBaA (byHKL[I/Iﬂ Hanrein HaCcTUIbBI MOXKeT 6]31’1‘]) 3alliCaHa KakK:
Y(qt) =< qle >s (1.8)

rae |y, >5 — BEKTOp COCTOAHMSA TACTHIBI B MIPEIMHTEPOBCKOM MPEICTABICHAH, CBA3AH-
HBIif ¢ HE3aBUCANIMM OT BPEMEHH BEKTOPOM COCTOAHHA B refi3eH6epTOBCKOM TIpeIcTaBIe-
HUE |t >p Kak:

[y >5= e H My >y (1.9)

OnpenesuM 3aBUCAITI OT BpeMeHH BEKTOD
gt >= e H/h)g > (1.10)
Torma MoxkHO Hepermcarh (1.8) kak:

U(qt) =< qt|lyy >n (1.11)

Bce »To mpocThle W M3BECTHBIE BEIIM M3 OCHOB KBAHTOBOII MEXaHMKH. 2DOJB3YACH yCJIO0-
BHEM [OJTHOTH cucTeMbl BeKTopoB (1.7), (1.10) Moxewm Tereph HAMMCATH:

<qptflY >p= /in < qrtplgits >< qiti|Y >pg (1.12)

910, ¢ yaeroM (1.11), cBomnTea K:

Ulapty) = /dqz' < qptylaiti > Y(giti) (1.13)
Cpasnnsag (1.13) ¢ (1.1) Bugum, 910 IponaraTop MpenCTaBAAETCA B BUIE:

K(qpty;qits) =< qrtslgiti > (1.14)

970, (haKTHIECKH, B HECKOJIBKO MHOM dpopMe, yiKe BBIMUCHLIBaJIOCH HaMu B [1ape 4 gacTn
1. CoorHoLIEHUEM (1.14) MBI OyIeM HJaJjiee HIIPOKO TMOJIb30BAThCH.

Dasme/nM BpeMeHHOI HHTepBaJ MeXK Iy MOMeHTaMu §; u t; Ha (n+ 1) paBHBIX dacTeil
oaTeapHOCThIo 7. Torma pacmpocTpatenne YacTHIL U3 ¢;t; B ¢pt; MOKHO IPEICTABITE
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OYPKUWNOPAJIbPbIE NP TETPAJILI I KBAP TOBAA MEXAP KA

Puc. 1-3

KaK »TO MOKa3aHo Ha Juc.l-3, 9To ¢ MHOTOKPATHBIM HcHosb3oBanueM (1.4), mosBonger
3amncaTh aMITHTYIY Hepexona (IpomaraTop) B BHIE:

< thf|qZ'ti >= / .../dqldqg...dqn < thf|qntn >< qntn|qn_1tn_1 > ... < q1t1|qiti >
(1.15)

rIe MHOTOKpPAaTHBIN WHTerpas Oepercd IO 6CeM BOSMOKHBIM TPACKTOPUAM, COEIMHAIO-
UM HadajbHYIO0 TOYKY ¢; ¢ KOoHeuHolt ¢f. B npenene n — oo wnu 7 — ( BeIpaxeHue
(1.15) onpenenser nponaraTop Kak dhefiHMaHOBCKIE unmezpas no mpaekmopuam (KOH-
THHYaJbHBIH W GYHKINOHAJIBHBI HHTErpas). YiKe Ha 3TOM YPOBHE BUIHO OCHOBHOE
OTJIMYINEe KBAHTOBON MeXaHWKHU OT KJiaccmiecKoit. Kiaccmyeckad dacTuiia pacmpocTpa-
HAETCA W3 HAYAJBHOW TOYKHM B KOHEUHYIO, NBUTAACH 1O eJUHCMEeHHOT TPAEKTODHH,
ompeneageMoli TPUHIIAITIOM HaWMEHBIIETO NeliCTBUA, a B KBaHTOBOW MexaHmke “pabo-
TaeT” KOHTHHYYM BCEX MBICJUMBIX TPACKTOPHU, COSTUHAIONMX 5T TOIKH!

DeTpymHO pPACCUNTATh IMPOMAraTop Ha MasoM cerMeHTe Tpaektopuu. s (1.10)
nMeeM:

By i
< gjitiilasty >=< qjale ™M g; >=< gja]l - FHT+ O(r%)]q; >=

1T
=0(gj41 = 4j) = 3 < g+l >= (L.16)

dp 1 i
= / o7, &P [ﬁp((bﬂ - %)] -3 < gj+11H g5 >

Te BOCIOJIB30BAJINCH OUEBIIHBIM IpeAcTaBaeHneM O-dyHKINN B Buge paga Pypre. B
oblieM ciydae, TaMHJIbTOHHAH H ABJIAeTCcAd HEKOTOpo# GyHKImMER ¢ m p. DaccMOTpUM
HamboJlee 9acTo BCTpevalouiica Ha MpakKTHKe caydail IBMKEHHA JaCTUIBI B TMOTEHIIN-
aJIbHOM TIOJIe, KOTIa, B OUYEBHIHBIX 0003HATEHUAX, HMEEM:

H= %—I—V(q) (1.17)

TOI‘,D;& OJ14 9JeHa KUHeTHYeCKOi SHEPIrun MOXKHO HAIIUCATH!:

2 2
p p
< QJ+1|%|QJ >= /dpl/dp < gjq1lp’ >< Pl|%|P >< plg; > (1.18)

TaK 9TO UCIIOJIb3yA

iP/Qj+1)

1
<qy+1|p’>=\/ﬁeXp< N
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t
1
|
]
|
-
|
1
|
ol
Puc. 1-4
1 iqu)
< | >= —F/——=€Xp | ———
p|Q] \/ﬁ p ( h

MOJIy YUM:

2

<(J]+1| Iq] // dpdv’ [ (P'gj+1 — P‘Jj)] f—mé(p—p’)z
/—e p[ P(g5+1 — g5 )] r (1.19)

2m

ObparuM BHEUMaHWE, YTO B JIEBOI YaCTH HTOTO BHIPAKEHNSA P MPEACTABIAETCA OMEPATO-
poM, a B paBoli 3To yKe duco! AHAJOTHIHBIM 00PA3OM HETPYIHO MOy IUTh:

< g+1|V(Qlgy >=V (%) < gjyilgg >=V (%) 8gj1 —qj) =

= [ gesp [20tas - )] viap (.20
rme ¢; = %(qﬂ_l + ¢;). Obvenunsaa (1.19) u (1.20), nmeem:

dp ? _
<usiltily >= [ e [ 1ptass = 0] 10 (121)

TaK 4TO (1.17) TepenrchiBaeTCd B BUIE:

< gtyalagly >= /—ep{ 3 (541 — q)—rH(p],qn]} (1.22)

[Ie p; — HMIYJIbC B TOUKe MeXnIy t; U tj41 (Mexny ¢; u ¢j41). CooTBercIByMOmIME
CETMEHTHI TPAEKTOPHU B MMITYJILCHOM ITPOCTPAHCTBE MOKa3aHkl Ha Ouc.1-4. Beipaxkenne
(1.22) u 3amaer mponaraTop Ha MaJIOM CErMEHTE OJIHOTO W3 Iy Teil (0Tpeske TpaeKTopun ).
DonHBI TponaraTop Hoayvaerca moactanoskoii (1.22) B (1.15), rak 4To:

< qptpleits >= hm /H d(b {h Z pi(qier — qi) — TH (pi, fﬂ)]} (1.23)

Thoe ¢o = ¢ 1 gpe1 = ¢p. PakTHUUeCKH 37ech CTONT OeCKOHeUHOKPATHBIN WHTerpaJ.
O6b1aH0 (1.23) 3aMUCBHIBAIOT B CEMYIOMEM CHMBOJNIYECKOM BHIE:

<ttt >= [P0 o £ [ i} (20

z
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rme ¢(t;) = ¢; u q(ty) = ¢7. Dra sanucsk, GbopMaIbHO BBOLALIAA MePy HHTETPUPOBAHUA
o BceMm TpaekTopuaMm (¢(t), p(t)) B Paszosom mpocTpaHCTBE JACTHUIBI, HE NMeET HUKA-
KOTO WHOTO CMBICJIA, KPOMe BBeleHMsA KoMmakTHOH dopmer samucu (1.23). Curyarnms
37IeCh BIIOJIHE aHAJOIMYHA ONpPEACJEeHHIO0 OOBIMHOrO MHTErpasIa depes IIpeaesl pHMaHo-
BBIX cymMM. Obosnadenne (1.24) BBOOMT MOHATHE PYHKUUOHAALHO20 (KOHTHHYATBHOTO)
HHTETpaJsa [0 BCEM TPAeKTOPUAM (IyTaAM) B $HasoBOM MPOCTPAHCTBE. DPH 9TOM BXOIdA-
urwe B (1.24) nepemennsie p(t) u ¢(t) npencrapnasror coboil c-aucoBble HYHKIMN.

OmnpenesieAne mponararopa B BUe KOHTMHYaJbHOTO WMHTErpaJia IO BCEM TPaeKTO-
puam B dasosom npoctpanctse (1.24) aBagerca coBepuIeHHO OOIIMM W, B MacTHOCTH,
0CTaeTCH CIPaBEIJINBBIM JIITA TPOM3BOIBHOTO raMmunbrornana H(p, ¢). B ciyaae rammb-
Tonnana Braa (1.17) MOXHO mpoBecTH masbHeHNIMEe yIpOIeHus W TepeiiTn K mpencTa-
BJICHHIO IpoIlaraTopa B BHIE KOHTHHYAJBHOIO MHTErpaJia IO BCeM IIyTAM B OOBLITHOM
KOOPIMHATHOM IIpOCTpaHcTBe. g 5TOro 3aluiieM

n n . n
. dp; i pi _
< qptplgiti >= Jim / 1_[1 dgj o exp § & IZ; (g1 — @) — omT Vig)r
]: = =

(1.25)
NuTerpassl Mo p; s3fech JETKO BEIYUCIAIOTCA ¢ MOMOIIBIO CTAHTAPTHBIX GOPMYT, KOTO-
pble OYIyT MPUBEOEHBI UYyTh HUXKe. B pesynabrare momaydaem:

n

ntl n . 2
. m 2 T m qi+1 — q1 _
< gptlgit; >= lim ( ) / dg; exp § — Z AR N L Vi(q)
ji=1 0]

n—oo \2mihT h = 2 T

(1.26)
TaK 4TO B HEIPEpPLIBHOM Ipeesie MOKHO 3alllCaTh:
i [l m.
< qptplgit; >= N/Dq(t) exp ﬁ/ dt [qu — V(q)] =
t;

. ty .

:N/Dq(t) exp %/ dtL(q,q) :N/Dq(t) exp %S (1.27)
t

z

roe I = T —V — xnaccmueckasa gpyHKud Jlarpamka paccMaTpuBaeMoil 9acTHIL, a S =
ftif dtL(q, ¢) — Knaccudeckoe neficTBHE, PACCINTAHHOE [JId TPON3BOIBHON TPaeKTOPHN
¢(1), coenuusromell HadaJbHyo TOUKY ¢(f;) ¢ KoHeuHOH ¢(t ). KoHTHHYaNBHBI! HHTErpAT
(1.27) Geperca 1Mo BCeM MBICTUMBIM TPACKTOPUAM, COSAMHAIONNM HAYAJBHYIO TOUKY C
KoHewHOI. BBemenntril 3neck MHOKUTEND N hOpMATHHO PACXOIUTCA B TIpeese n — 00,
HO »TO HECYINECTBEHHO, MMOCKOJIBKY, KAK MBI yBHIAM JaJiee, OH BCETa COKPallaeTcs MpH
PacCMOTPEHHH COOTBETCTBYOIIAM 00pa3oM HOPMHPOBAHHBIX aMILIATY, MEPeXoIa.

BamegarenbHbI pesyabpTar (1.27) mosBOIAET, B 9ACTHOCTH, KAIeCTBEHHO TIOHATH (HH-
3MYECKOe MPOMCXOKIEHNE KJIACCHYECKOro IPHHIANA HanMeHbIIero aeficteud. B camom
neste, Kaccmiaeckuii mpegen coorBerctByet i — 0. Torma B deliHMaHOBCKOM MHTErpaJie
(1.27) BosHMKaeT KOHTHHYYM BKJIAJ0B OBICTPO OCIHILINPYIOMNX MHOKUTeel exp(iS/h),
KOTOpBIe B cpelHeM “TacAaT’ OpyT Apyra. “BerkmBaer” mpm »TOM TOJBKO BKJaJ HAmbOoO-
Jlee MeJIIeHHO MEHSAIOUIErocad MHOXKHUTEA, B KOTOPOM CTOUT Spiy, 9TO B COOTBETCTBYET
BKJIALy edurcmeeHHotl TpaeKTOPHUH, OMMCHIBAEMOl NPWHIMIIOM HAaMMeEHBIIEro JeidcTBIA
KJIACCMIECKOil MEXaHNKH W ypaBHEHUAMH D BIOTOHA.

OTCTyHJIeHI/Ie: IIOJIe3HbI€ UHTEI'PaJIbl.

IpuBeIeM HEKOTOPBIe (DOPMYJIBI I OOBIYHBIX HHTETPAJIOB, YaCTO BCTPEYAIOMIMXCH IIPHU MPaKTHIe-
CKHUX BBIYUC/IEHUAX, CBA3AHHBIX ¢ QYHKIUOHAIBHBIM HHTEIPHPOBAHUEM. DavdHEM CO BCEM M3BECTHOTO
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mHTeTpasa DyaccoHa — [laycca:

/ dre=%” = \/E (1.28)
_ (&3

o]

ITOoT pe3yJsbTar moJiyvdaeTrcd cpa3y, €CJId 3aMEeTUTh, 9TO €Iro MOXKHO IIepenrucaTrk Kak:

e e 2, .2 ™
/ dx/ dye_a(m Ty = = (1.29)
—_—00 —_—00

qTO, IIOCJI€ IIePpeXoaa K IMOJAdPHBIM KoopAnHaraM B IIJIOCKOCTH (l’, y), CBOOUNTCHA K:

2m o) R o) R x
/ d@/ drre™ %" = 7T'/ d(T2)e_ar = — (1.30)
0 0 0 o

DocIlenHee paBEHCTBO OYIEBUIHO, 9TO H HoKasbBaeT (1.28).
DaccMOTPHUM Teleph WHTErpasl OT KBaOpaTuIHoi dhopmMsr:

o0 o0
/ dge—avtbate = / ed®) (1.31)
—_—00 —_—00

rae nosaraeM a > 0. Torma mmeem ¢’ (z) = —2az + b, ¢”(z) = —2a, ¢'"(x) = 0..., 1 MBI JIerKo HaxooEM
Z — sHadYeHHE ¥, IPH KOTOpoM ¢(¥) MAHAMaJ IbHA:
b b2
r= — T) = — 1.32
= @)=~ (1.32)
Teneps serko mpencraBuTh ¢(z) B BHIE (BBIOEJIAA HOIHGIL KBaIpar):
q(z) = q(z) — a(z — i’)2 (1.33)
Tormna:
o0 o0
/ dred(®) = ca(®) / dpe—alz=2)? _ eq@)\/f (1.34)
oo —co «

TaK 9TO OKOHYaATEeJIbHO MMEeeM:

o0 o0 2
/ dxe_‘w2+bm+c = / (@) = exp (b— + C) \/f (1.35)
_ _ 4a a

o] o]

9ra dopMya H HCHOIB30BaIACh IpH Hosrydernun (1.26), (1.25).
DpuseneM eme o606wenne (1.35) Ha cirydail n mepeMeHHBIX HHTerpUpOBaHUA [8]:

/ / dxnexp{lx\ (z1 —a) -I—(l’2—l’1) + .. +(b—l’n)]}:

9TO IPpUTOOUTCA HaM B ﬂaﬂLHeﬁlﬂeM.

B Beipaxkennu (1.27), bakTHIecKn, COOEPKUTCA BCA KBAHTOBAA MEXAHUKA TACTUIIbI,
OHO HIUPOKO HMCHOIB3YeTCd MPH pelleHUr NpakTudeckux 3aaad [37]. DocMoTpuM, Kak
U3 HETO MOYKHO MOJYyYHTh 00braHoe ypaBhenue penunrepa. 3amuiireM OCHOBHOE COOT-
womrenne (1.1) B BHIe, CBA3BIBAIONIEM BOJHOBYIO (YHKIINIO B MOMEHT BPEMEHH {3 C ee
3HaYeHUEeM B MOMEHT {1:

(o]

’l/)(l‘z,tz) = / dl‘lf((l‘ztz;l‘ltl)’l/)(l‘ltl) (137)
— 00

DycTh MOMEHTHI {5 U t, OYeHb OJIM3KH, Tak 4T0 to = t; + ¢, rae ¢ — (. Torma npomara-

TOp ONpenenaeTcsa BKIaI0M TOJAbKO OJHOTO MAJIOTO CeTMEHTa TPacKTOPUN U, TOJb3yACh

(1.26), mbr MoxkeM samucarh (1.37) B Buge:

exp [%777,(1‘27;:(/)2] exp [—%ev (96 ; y,t)] Wiy, Ody  (1.38)

oQ

1/)(x,t—|—€):A/

— 00
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1/2 " "
rue A= (271'”;ﬁa> . U3-3a Haymang IIEPBOU 3KCIIOHEHTHI, CYINECTBEHHBIN BKJIad B WHTE-

rpaJ JaloT TOJIBKO 3HadeHns y 6mskne k. . Cnestaem 3aMeHy TIepeMeHHOH y = £ + ) |
nepemuiiem (1.38) B Buze:

[ . 2 .
Yle,t+e)= A/ exp (Z;;iz ) exp [—%V (l‘ + g,t)] Yz +n,t)dy (1.39)

— 00

C Y4eTOM TOTO, 9TO OCHOBHOW BK.JTA]], TYT AaloT MaJible 3HAYE€HUA 7}, Pa3JI0ZKHUM obe gyacTu

(1.39) B pan:

s+ 5= [ ow (BEV 1= Evieo)] [0 050 + 3w S in

ot oo 2he h 27 Oa?
(1.40)
Yurem Tenepb, 4ToO
A/ L (1.41)
A/ eI 2he iy = (1.42)
R ih
A/ et /2h€7]2d7] = (1.43)
o m
Torma (1.40) cBoguTca K:
0] ic he 0%y
el —y_Lyy_ 2 TY 1.44
Pl ) +e ot ¥ h ¥ 2im Ja? (1.44)

9T0 paBeHCTBO yHoBaeTBOpsAerca (pn € — 0), ecotn ¢ ymoBiaeTBopser ypapaenno [Hpe-
AUHTepa 1714 OTHOMEPHOT'O IBUKEHUA:

ihe— = ————— 4 V(&, 1) (1.45)

Teopuss BosMyIIieHUH.

DycTb notennman V(x) apigerca MaabM BosMylieHneM. Todree roBops, mycTh MaJl (o
cpaBHeHHIO ¢ i) mHTErpaJ mo BpeMenn ot V(z,1). Torma MOKHO HANCATH pa3IOKeHHE:

2

. ty . ty 1 ty
co{-3 [Taviobxi- 2 [Taven - oo | [Taven] +. )

z

Hcnonbsy4 Takoe passoxenne s (1.27), moxydnu passioxenne nporararopa K (zety; 2it;)
B A TEOPUHU BOSMYIIEHUN:

K=K+ K+ Ko+ .. (1.47)

Ysen HyJIEBOTO TOpPAKA MPEACTABAAET cob0il mpomaraTop cBOOOIHONW TaCTHIIHI:

Ko :N/m exp (%/dt%miz) (1.48)
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YT06BI COCIMTATH €r0 B ABHOM BHIE, BEpHEMCH K OIpeleseHNIo HHTErpasIa Mo TPaeKTo-
pusam (1.23) n sanuurem (1.48) B Buzme npegena A1a MHOTOKPATHOTO HHTETpaJIa:

ntl o N . n
. m \“z ' m e
Ko = lim (27rih7') /_oo ]Ul daj exp | o Z]-o(ml 1) (1.49)

Ob6osHavasa cTOANMI 30eCh MHOTOKPATHBINH HHTETpaJ Kak [, BLIYUCJISAEM €0 C TIOMOIIBIO
(1.36) n momyvaem:

. n/2 .
1 127hr m 9
I= s ( m ) exp {m@f - ) } (1.50)

Yomarag (n+1)7 = t; —t;, momyvaem us (1.49) mpomararop cBoGoqHOH 9acTHIL B BHIE:

m 1/2 im(zy — ;)2
[(o(l‘ftf;l‘iti) = H(tf - ti) (m) €Xp {ﬁ} (151)

LIe MBI ellle TobaBUIN MHOKHUTETD §(tf — ¢;), obecreunBaroumil BHINOJHEHNE IPUHINIA
npuunaHOoCcTH. O60bIIEHNE 5TOTO BHIpaXKEHUA HA CJIydail TBUKEHUA CBOOOTHON 4aCTHITHI
B TPEXMEPHOM IIPOCTPAHCTBE BIOJHE OYEBUIHO: COOTBETCTBYIONINH TpoIaraTrop CBOAUTCA
K IPOM3BENEHNIO TTPOMAaraTopoB cBobomHoro pacnpocrpanenns (1.51) mo Bcem Tpem Ko-
OPIMHATHBIM OCAM X, Y, 2.

B I'maBe 4 wacTtu I MBI yKe BUIEAN, ITO MPOMATATOD JACTUIHI YAOBJIETBOPAET YPaB-
HEHWIO, peacTaBiagiomeMmy coboii ypasuerue lllpenunrepa ¢ § — ucrouynukom B mpaBoit

qJacCcTH: 5
[ZhﬁT — H(l‘f):| I((l‘ftf ; l‘iti) = ihé(tf - ti)é(l‘f - l‘l) (152)

!
,ZLHSI ciayvdad OJHOMEPHOro CBO6OILHOFO JOBUXKEHNA H(l‘f) = —% 66;2 . COOTBeTCTBeHHO,

£
CBO6OILHI>I]7[ IIpomnaraTop yIOBJICTBOpACT ypaBHCHUIO!
0 K 92

[(o(l‘ftf;l‘iti) = ihé(tf —ti)é(l‘f —l‘i) (153)

gy 0 7 07
! aty  2m 61‘?

B sToM, xcTaTn, MOXHO yOEAUTHCA HEMOCPEACTBEHHON MOACTAHOBKOI (1.51) B B JaHHOE
ypaBHEHUE.

Ecom B (1.51) m (1.53) cmenars sameRy ¢t — —it I % — D, 1o ypaBrenne (1.53) nepefiner B:
0 D i Ko(zst t;) =6(t t3)6( ) (1.54)
atf 81’? O\ flfyadply f 2 f 2

rax uro Ko(wsts;wit;) npencrapiager coboit dymkmmio I'puma ypasnenua duddysun [32] ¢ Kosbdu-
mperroMm muddysmn D. Dpu srom Bce MHEMOocTH B3 (1.51) HCIE3a0T M 5TO BBIpask€HHE OHECHIBAET
muddysuio TacThl U3 TodedHoro HcTogHnKa. PaKTHIeCKH, KOHTHHYATbBHBIE HHTETPAJIBI IO TPAcKTOo-
PHAM BO3HHKJIW BIIEpBBIe B Teopwd Muddy3MOHHBIX MPOIECCOB, Te OHH HA3BIBAIOTCA HWHTETPAJIAMA
Bunepa. Ucaesnosenne ocrmmanmii B (1.51) (saMeHa Bx Ha GBICTPO 3aTyXalollile 3KCIOHEHTH TEOPHH
muddysun) UpesBEaaiiHo yOOGHO ¢ TOYKW S3pEeHHA YHCJIEHHBIX PacIeToB, B JACTHOCTH CyNIECTBEHHO
06JIerIaroTCAa BBIYUC/IEHUA KOHTHHYJIBHBIX WHTerpasoB MeromoMm Monre-Kapio. Boobue, dopmasas-
HBIH TTepexol K MHUMOMY BPEMEHW 9YacTO WCIOJIb3YeTCA TPH PEIEHHH Pa3/IHIHBIX 3a71a9 KBAHTOBOMN
MEXaHWKH W KBAHTOBOI TEOPHH TIOJIA. DWKe MBI €llle HE Pa3 C 3THM CTOJTKHEMCH.

Depexon K MHAMOMY BPEMEHH WMeEET €lle OIMH acCIeKT, Haxke Oosiee TIyGOKWH ¢ TOYKH 3pEeHHA
dusHKT. DaBHOBECHAA CTATHCTHIECKAA MEXAHUK a TTEJIMKOM OCHOBaHA HA MCTIOThb30BAHUH KAHOHHIECKOTO
pacupenenernnsn [ 'm66ca, Korna MaTpuia MIOTHOCTH CHCTEMBI IMeeT Bum, [35]:

1
p= Ee—ﬁH (1.55)
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e H — raMuIbTOHHAH CHCTEMBI, Z — CTAaTUCTUYIECKasd CyMMa, a [ = % — obparHas TeMIteparypa. Jlerko
BHUIOCTH, ITO
Ip
L —_my (1.56)
g

Do (1.56) (Ha3LIBaeMoe WHOTJa ypaBHEHHUEM Sﬂoxa) moJtygaeTcd u3 obprauoro ypasaHenusd Ll Ipemuarepa:
50
zha—f = Hi (1.57)

mocste popMasIbHOM saMeHBI ¥ — p, t — —ill3. D0>TOMy MOKHO CKa3aTh, 9TO BCA paBHOBECHAH CTa-
THCTHYeCKad MEXaHWKa 3TO Ta K€ KBaHTOBad MeXaHWKa B “MHHMOM BpemeHH' . Boramcsenue papho-
BECHOIl MATpPHIIBI TIJTOTHOCTH CHCTEMBI B3aMMOAEHCTBYIONTMX YACTHUIL, MOKHO BECTH pelllad ypaBHeHUe
(1.56) m mcnobsya mpm »ToM ¢dopMaEsM Iponararopos (pyrknmit ['pura) B MErMOM (“Mary6apos-
ckoM” ) BpemeHN [13]. DpH 5TOM MOXKHO IOJIB30BATHCA W HPENCTaBIEHIEM 3THX IIPOIaraTopoB B BHIE
JellHMaHOBCKMX MHTErpasIoB II0 TPacKTOpUAM (HHTEeTrpasioB BHHepa), Ha OCHOBE 9€r0 MOJKHO Pa3sBHTb
COOTBETCTBYIOINN OBl TTOIXO K PENIEHTIO 3a0a9 CTaTUCTUIECKol pusukm [38].

DepeiiieM Temnepb K BRITUCIEHUIO K1 — MOMPABKHM MEPBOTO MOPAIKA IO TOTEHITHATY

V(x). W (1.26) u (1.46) mveem:

. ntl N . n
K, = —%nllrrgo (%) ’ Z/drl...dan(xi,ti) exp %Z(xj+l — xj)z
i=1 j=0
(1.58)
rIe MBI 3aMEHUJIN WHTETPUPOBAaHWE 1O { CYMMHPOBAHUEM IO t;. DOCKOJBKY V 31ech
3aBUCUT OT &;, pa30bbeM CyMMY IOJ, 3KCIMOHEHTOil Ha mBe: omay or j = 0 mo j = ¢ — 1
U BTOPYIO OT j = ¢ no j = n. Beuzenum Takike mHTerpan mo ;. B pesynbrare (1.58)
MEePENUITeTCH KakK:

n—itl

R T —1 - ) m 2 ) m “ ) 2
[\1 —nlLHOlo?;/dl‘l (%) /dl‘H_l...dl‘neXp %Z(x]+l —l‘]) X

i—1

(M E . im e
XV (x3,;) (27rih7') /da:l...dxl_lexp QhTZ(x]-H z;)

j=0

(1.59)

Yorensl B urypHsx ckobkax pasHBL Ko(zstp;xt) m Ko(ot; x;t;) COOIBETCTBEHHO, TaK
aro nocse 3ameHbl y . [ dr; Ha [ dx [ dt Beipaxenue (1.59) cBomuTcs K:

. ty [e]
Ky = —%/ dt/ dr Ko(x sty xt)V(x, 1) Ko(at; 2it;) (1.60)
t; — 00

C yuetoMm Toro, uro Ko(zjte;at) = 0 mgua t > ¢y, a Ko(zt;2t;) = 0 gna ¢t <,
Beipazkenne (1.60) MoKHO 3amncarh Kak:

K = —%/ dt/ deKo(zsts: at)V(z, ) Ko(zt; 2it;) (1.61)

9TO M JaeT OKOHYATENBHBIN BII HOMPaBKN MEPBOTO MOpAAKa K mpomnaratopy (byHKmmm
pura) Hallel 9acTHIBL.

CoBeplilleHHO AHAJOTUYIHO, MyTeM OOJiee TPOMO3IKUX BBIYUCIIEHU, MOKHO HAUTH U
MONPaBKY BTOPOTO MOpAIKA:

o\ 2 00 [e%) o] 0
[(z(l‘ftf;l‘iti) = (—%) / dtl/ dtz/ dl‘l/ dl‘z[(o(l‘ftf;l‘ztz)‘/(l‘ztz) X
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X[(o(l‘ztz; l‘ltl)V(l‘ltl)[(o(l‘ltl; l‘ztl)
(1.62)

CTpyKTypa 9JI€eHOB BBICIIMX MOPAIKOB CTAHOBHTCH Teleph odeBumaHol. B pesymbrare
oJydaeM P4l TEOPUN BO3MYIIEHUN 4 mponaraTropa B BUIE:

K(xpty;zity) = Ko(zpty; mity) — %/dtldleo(xftf;xt)V(xl,tl)Ko(xltl; zit;) —

1 . . .
_h—z/dtldtzdl‘ldl‘zfx/o(l‘ftf;l‘ztz)V(l‘ztz)[Xo(l‘ztz;l‘ltl)V(l‘ltl)[Xo(l‘ltl;l‘iti)—|—...
(1.63)

9TO TMPOCTO COBMATAET ¢ AHAJOTHYHBIM PA3JIOKEHWEM, BHIMUCAHHBIM Bbille B [maBe 4
gactn . Samernm, uro B Beipaxkennu (1.62) orcyrcrByer MuoxuTens 1/2!) umetomniica B
pasnoxennn (1.46). ITeso 3mech B TOM, 9TO IBa B3auMoaeicTBudA ¢ V B pasHble MOMEHTHI
BPEMEHHU HEPA3SIMINMBI I MOKHO HAINCATH!

2'/ dt/ at"v(hv') =

- /Oo dt’/oo dIO( — WV (V) + 0" — V() (E) =

— 00 oQ

= /Oo dtl/oo dtsV (1) V (12)0(t1 — 12) (1.64)

Do »Toll Ke MpUYMHE B MOMpaBKe MPOW3IBOJIBHOIO TOpdAnka K, OTCyTCTBYET MHOXKU-
renb 1/nl. fAcro, uro B pasmoxenun (1.63) comepxkurca mpocTeiiliad guarpaMMHasd
TEXHUKA: KaXKIBI 9IeH paga MOXKHO JIETKO M300pasuTh HHATPAMMOl, €CJIU COMOCTa-
BUTH CIVIOIIHYIO JIMHUIO IPOMAraTopy YacTHUIbl, a BOJHUCTHIMU JUHUAME H300pasuTh
JelicTBAE MOTEHNHNAIA B COOTBETCTBYIOMINX TOYKAX MPOCTPAHCTBA B COOTBETCTBYIOIIAE
MOMEHTBI BpeMeHH (M0 KOTOPBIM BeIETCA WHTETPHPOBAHNIE).

DoncranoBka pasioxkennd (1.63) B (1.1) naert:

Y(zsty) = /d$i[(($ftf;$iti)¢(xiti) =
= /dmil(o(xftf;xiti)d)(riti) -
_%' / dt / de / deiKo(2 st g3 2t)V (2, ) Kolet, 24t ) (i) + . (1.65)
BKJ—Ia,,D; HEBBINTACAHHBIX 3JC€Ch 9JICHOB BBICIIUX MOPANKOB CBOOAUTCHA, OYECBUIHO, K 3aMCHE

MoCJIeqHero mpomnararopa Ky moaHbM npornararopoMm K. CoOOTBETCTBEHHO, MOJIyYaeM
TOYHOE WHTErpajibHOE YpaBHEHNE [IJd BOJTHOBOI dyHKIIAN:

Y(zsty) = /dxil(o(xftf;xiti)d)(xiti)— %/dt/deo(xftf;xt)V(x,t)d;(xt) (1.66)

KOTOpOe, KOHETHO, BIIOJIHE 5KBUBaJAeHTHO ypaBHeHno [IIpenmarepa B paccMaTpuBaeMoii
3amade. Jpeamnosarasd, 9T0 MpH {; — —oO BOJHOBAaA QYHKIIAA ABAAETCA PEINIEHUEM CBO-
Gonmoro ypasrennsa HIpennarepa (mnockoii BosHoit!) n obosnavas ero kax ¢(xt), MOKHO
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nepemucath (1.66) B BHIE:

Y(apty) = plapty) — %/dt/deo(xftf;xt)V(x,t)d;(xt) (1.67)

TTOCKOJIBKY IIJIOCKas BOJIHA B MPOIecce CBOOOTHOTO PACIPOCTPAHEHNA OCTACTCA LAOCKOM
BOJIHOIA.

D PpH pellleHnH TpaKTHIECKNX 3a1a9 IacTO yA00Hee MOTb30BaTHCA HMITY ILCHBIM IIPE-
CTaBJICHHEM. D YCTh K(pltl;poto) — AMILTATYJa BEPOATHOCTH TOTO, 9TO YacTHIa, 0bJIa-
JaBIlasg IMIIYJIHCOM Po B MOMEHT tq, OyIeT 3aperucTpupoBaHa B OoJiee MO3THMHE MOMEHT
t1 ¢ UMIIYJIBCOM P1. DTa aMIUIUTYIa JAETCA BBIPaKEHHUEM:

R 1 R 1
K(pit1;poto) = /dxo / dxy exp <—ﬁP1X1) K(x1t1;xgtg) exp <ﬁpoxo) (1.68)

rae cBobomublilt mpomaratop K (x1t1;Xetp) I1d 9acTUIBL, NBUKYIIEficad B TpeXMepHOM
IPOCTPAHCTBE NMeeT (B COOTBETCTBIN ¢ 3aMedanueM mocie (1.51)) sun:

Ko(x1t1; xoto) = 0(t1 — o) (ﬁ)mem {%} (1.69)

Torna nmeeM:

3/2 .

. . _ _ m r _

K(piti;poto) = 6(t1 — to) [ih(tl —to)] /dxo/dxl exp [h(POXo P1X1)] X
im(xg — Xx1)

S T T

BBeﬂ;eM HOBBIC IIEPEMEHHBIC MHTCTPUPOBAHUA:
x=x—-x1 X=x0+xX1 P=pPo—P: P=po+p: (1.71)

Tak 9To 2(poxo—p1x1) = Px+pX. fkobuan aToro npeobpasoBaHus MIEPEMEHHBIX PABEH
(1/2)3 = 1/8. Coorsercrrenno, (1.70) nepenucbiBaeTcs Kak:

) a3/ 1 i i o
K(piti;pote) = 0(t1 — to) (E) g/dXeXp <%pX) /dxexp <ﬁPX) eox?
(1.72)

e o = Deperiil uHTerpas suech pasen 8(2wh)38(p) = 8(27h)38(po — p1), Tak

qTO:

__m
2h(t1—to) "

. a\3/2 i .
K(pit1;poto) = (27Th)39(t1 —t0)é(po — P1) (E) /dx exp <%px + zaxz) (1.73)
u ucnonb3y# (1.35) mosydaem

iP2(t —to)] (1.74)

K(piti;poto) = (27R)%0(t; — t0)é(po — P1) exp [— S

rie 6-byHKINA BHIpakaeT 3aKOH COXpaHeHHd MMIYJIbca. Y UUTHIBagd Temeph, uro P2 =
4p2, mosydaem OKOHYATEJBHO:

P2t —to) to)] (1.75)

K(piti;poto) = (27R)%0(t; — t0)é(po — P1) exp [— Ey—



OYPKUWNOPAJIbPBIE NP TETPAJILI I KBAP TOBAA MEXAP KA 19

Y aKoHeIl, BHIYUCJNM €ellle U pyphe-00pas mporararopa Mo BpeMEHHBIM TeEPEMEHHBIM

1 1
K(p1E1;poFy) = /dto/dtl exp (ﬁEﬂh) K(pit1;poto) exp (-gEoto) =

?

= (27h)36(po — Pl)/dto/dtlg(T) P (_21’

h

2 .

1
L7 )exp |- (Eity — Eoto)|  (1.76)
mh
rge BBeJIU T — tl — to. SaCCManI/IBaSI T to KaK HE€3aBUCHUMBIE [IEPEMECHHBIC NTHTECTPUPO-
BaHUA, ITOJIYYUM:

oQ

?
[((plEl; poEo) = (271'77,)36([)0 — pl)/ dto exp [ﬁ(El — Eo)t0:| X

— 00

x /_Oo dro(r) exp [%(El - ﬁ)r] (1.77)

oQ

Deprblii naTErpan 3aeck maet (27h)8(F1 — Fy), a Bropoit, ns-3a naauwaua 6(7), caenyer
IOHIMATh KaK *:

lim - dTei(El—pf/2m+i&)r/h _ L (1 79)
s p; | . ’
—+0Jo Ey - ﬁ + 26

2 O03TOMY OKOHYATEJIBHO UMECM!

th

K(p1E1;poko) = (27h)*6(po — p1)6(Eo — El)T
o

(1.80)

910 TpencTaBageT cobolt hypre-obpasz zanazdvisarwet byukuun ['puna ceobomnoii ga-
CTHIBL, TpuYeM 6-dYHKINY BHIPAKAOT 3aKOHBI COXPAHEHNT UMY AbCA I SHEPTHUH. 3aMe-
THM, 9TO TIOJTIOC HTOTO BhIpaKeHUd, GaK THIECKH, ONPEIeIaeTCa KHHeTHIeCKOl sHepruei
YACTHIIBL, 4TO ABJAETCA IPOABIeHUEM obuiero ceofictBa dyukuumit Ipuna [13]: ux nostoca
OIPENETAIOT SHEPTETHIECKUTT CIIEKTP COOTBETCTBYIONINX YACTHI (KBA3NIACTHIL).

FEcnu BBecTn enie n dhypbe-obpas moreHnaa, sanucas V(x,1) B Buie:

dw d3q i —w
V(X,t):/ﬁ We(qx DV (qw) (1.81)

To psAA Teopun BosMmylieHnit (1.63) mopoxgaer cTaHAAPTHYIO THATPAMMHYIO B HMITYJIBC-
HOM IPEeACTABJICHUN TeXHUKY aid dbyHkuuu [puna gacTuilpl Bo BHenHeM noge [13].

1®yppe-o6pas 6(t) onpenesnAeTca U3 paBeHCTBa:

“dw i
0(t) = lim/ —eTW (1.78)

. 27 w+ 16

B CIIpaBEIJIMBOCTHU KOTOPOTO HETPYIHO y6e,Z[I/ITI>CEI7 IIpoBOOAd MHTETrpApOBaHUE BOOJIb BEIIeCTBEHHON ocu
U 3aMbIKad KOHTYP HHTETPUPOBAHUA B BerHeﬁ TJIN HIDKHEH IMOJIYIIJIOCKOCTH W B 3aBUCHAMOCTHN OT 3HaKa
t.
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OyHKIIMoHa/IbHOe nud depeHIupoBaHue.

Banuch dbynkuun 'pura (mpomaratopa) dacTuipl B Buge HelfHMAHOBCKOTO WHTErpaJIa
IO TPAaeKTOPUAM

< gptslaiti >= N/DQ(t)eXp {%/: di [%q’z - V(q)] } =
= N/Dq(t) exp {%/;f dtL(q, q')} (1.82)

z

BBOIWT B Hallle PACCMOTPEHNE TOHATHE PYHKUUOHAADHO20 UHME2PALA: MHTETPUPOBAHLE
3IeCh BEIETCA 1O BCeM PynKkyuam (TpackTopuaM) ¢(1), CBASBIBAOIINM HAYAJIBHYIO U
KOoHeuHyIo Toukr. Takum obpasoM, nponenypa Borancaenus (1.82) comocrapiageTr Becemy
MHOXeCTBY GyHKIMIA ¢(1) HEKOTOPOE KOHKPETHOE (KOMILIEKCHOE) %UCA0 — AMIIUTYILY
KBaHTOBOMEXAHNIECKOTO MEPEXOIA, CTodAILyIo B JieBoii gactu. Takum obpasom, (1.82)
ABJIAETCA KOHKDETHON peasm3aruii MaTeMaTuIecKoro MOHATHA (hynkyuonaaa — oTobpa-
KEeHNA MHOXKeCTBa MYHKINI B MHOKECTBO UUCET:

o DynruuoHas: PYHKYUA => YUCAO

B orimuamne o1 sToro oberaHast (byHKI_[I/ISI 3adaeT OTO6pa}KeHI/I$I OIHOI'O MHOXKECTBa YHCEJI
B IPpYTro€ MHOXKECTBO YHUCEJI:

o DYnKUUAS YUCAO => HUCAO

B wacTHOCTH, DYHKIIMOHAT HE €CTh HPOCTO dYHKINA OT GYHKINK (5TO ONATH IMPOCTO
dbyuxumal).

O6brano g dynknnonata F ot gynkmun f(x) ncnonbsyerca obosnadenue F[f(x)].
Tunuanerii npuvep byHKINOHATA — oNpeeaeHHbit uarerpat: F[f(x)] = fab dz f(z).

OnpenenuM Tenephb MOHATHE PYHKUUOHRAALHO20 Juddepenyuposanus. D0 aHATIOTHH
¢ obbraubM auddepentupoBanneM, GYHKINOHAIbHAA (MW KaK ee ellle Ha3bIBAOT —
BapuaIllMOHHAaA) MponsBogHada ¢ynkimonana F[f(x)] mo dbynkunn f(y) onpemenderca
KaK:

OF[f ()] Flf(z) +eb(x —y)] — F[f(x)]

— = =lim

of(y) =0 £

Danpumep, aa F[f(x)] B Bume ompeneeHHOTO HHTETpAIA:

%((y“;)] = }ii%é [/ de[f(x) +ed(x —y)] — /dxf(x)] = /dxé(x —y) =1 (1.84)

B kauecTBe ele 0mHOTO MpUMepa PacCMOTPUM PYHKITHOHAIT:

(1.83)

£ = [ duswGe.y) (1.85)

Te mepeMeHHasd &, OT KOTOPOi 3aBUCHT JeBad JacTh, paCCMaTPUBAETCA KakK IMapaMeTp.
Torna nmeeM:

L L vttt + oot -0 - [ anGie. )] =

_ /dyG(m,y)é(y ) =G(x,z)  (1.86)
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TlosepHyrast
¥ BPEMEHHAA OCh

Puc. 1-5

D pUBENEHHBIX (HOPMYJI TOCTATOYHO [JIsd HMOHWMAHUA BCEX BBIPAXKEHW, CBA3AHHBIX C
dyuKIIHOHANBHBIM nud ]hepeHITnpPOBaHNEM, KOTOPBIE OYIYT TPUBOANTHCA HUKE.

D eKoTophble cBOHcTBa (PYyHKIIMOHAJIbHLIX HH-
TerpaJioB.

Nrak, aMmnanTyma mepexona KBAaHTOBOM JacTHUIHI W3 HAYATBHOW TOUKHU ¢;1; B KOHEUHYTO
q¢t; paBHa:

q(ty)=qs i [t m .
< qstylgits >= N/ Dq(t) exp {%/ dt [Eq - V(Q)] } =
#

9(t:)=g:
a(ty)=as i [t
:N/ Dq(t) exp {—/ dtL(q,q')} (1.87)
q(ti)=qi h t;

BafiMeMca BBIBOAOM HEKOTOPHIX GPOPMAJTIBHBIX COOTHOIIEHUH, KOTOPBIE OKAXKYTCA OYEHD
MOJIE3HBIME TP 0D0DIEHNN Ha ciydail KBaHTOBOM Teopuu mosd. [lobaBuM K pyHKIHH
Jlarpan:ka Hallleit KBAaHTOBOM YaCTUIBI JOTOJTHUTEBHBIN WIeH:

L — L+ hI(t)q(t) (1.88)

rae J(t) — HekoTopasd Hpon3BoIbHAA DYHKINA BPEMEHN, KOTOPYIO OyIeM Ha3bIBaTh “Hc-
TOIHIKOM” . DyIeM cInTaTh, 970 J (1) OTIMYHA OT HyJ1d Ha HEKOTOPOM HHTEPBAJIE BpEMEH
Mexay MoMeHTamu t u ¢’ (¢ < t'), BBLOEeIeHHOM Ha Duc.1-5. DaccMOTpUM elile MOMEHT Bpe-
menn T', mpemmecTByfommii ¢, a Takxke MomenT 1" Gostee mosmamit, 9em t’. Torma ammim-
Tyda nepexofa CHCTeMBbl, B3auMoaeiicTByIomeil ¢ NCTOYHNKOM, MEXKAY MPON3BOJIbHBIMNI
COCTOAHNAME (TOYKAMMI) B 9TH MOMEHTHI BpEMEHN €CTh:

. 7!
<Q'T|QT >"= N/Dq(t) exp {%/ dtL(q,q) + th} (1.89)
T
C apyroii cropoHsl, mob3yack (1.4) MoxkeM HalHCaTh:
<Q'TQT >'= /dq’/dq <Q'T|t >< ¢'t'|qt > < ¢t|QT > (1.90)

e, BBHIY HAILETO NPEINONIOKEHNA o Buae J (1), 0T HCTOUHNKA 3aBHCHT TOJBKO “TIPO-
MeXyTodHbIf” mpomararop. Mcmonbsy# (1.10) nmeem:

<Q'T'|¢t >=< Q| exp (—%HT’) exp (%Ht’) l¢ >=
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= 3 enl @)l x| 1Bt =) (1.91)

tae {¢m(q)} — moaHbI Habop cOGCTBEHHBIX DYHKIMI TaMHIBTOHIAHA (OllepaTopa sHep-
ruw). AHAJTOTHIHBIM 0GPA3OM TTOJTY TaeM:

QT >= 3 e (@ exp |~ Bt 7)) (1.92)

Doncrasmaga (1.91) u (1.92) B (1.90) n samenasa B sToM BhIpaxKennn 1" — Te  yuT —
Te~% (“moBopaumBaa” oCh BPEMEHW Ha MPOM3BOILHEI yrom 6 < m/2 B KOMILIEKCHOIR
IJIOCKOCTH, KaK 9T0 MoKasaHo Ha Duc.1-5), mepefizem K mpegeny 7" — oo n T — —o0.
Torma 3a cuer dakTopa “saryxanna’ § B paccMaTpuBaeMoit aMmnTyne mepexoma (1.90)
TPOMCXOANT YHUITOXKEHHNE BKJIAIOB OT Bcex coctogaumii ¢ Fy, > 0, K, > 0, a octaerca
TOJIBKO BKJIaI OoT Fy = 0, T.e. BKJIAI TOJBKO OT 0CHO6H020 COCTOAHNA (ypOBH:A) Hamrell
wacrunpl B nose V(q) 2. Toraa mosyyaem:

T!'—ooe= 6 T——coe—16

lim lim < QT'QT >'= ¢} (Q)po(Q') exp [—%EO(T/ — T)] X

< / dq/ / deei(d't) < ¢ tlat >7 golqt)  (1.93)

nJjin

/dq’/dquS(Q’t’) < ¢t|gt >7 po(qt) =

. . < QT'QT >’
= lim lim " -
T'—o0e~ 6 T——ocoe—16 QDO(Q)QDQ(Q/) exp I:_EEO(T/ — T)]

JleBag gacTh 3meCh NpeacTaBaAeT cofofi aMIMTyay mepexona (B MPUCYTCTBHE WCTOY-
HHKA), YCPETHEHHYIO MO OCHOBHOMY cocTodHmUo (“Bakyymy”) cucreMsl. Tereph MOKHO
CUMTaTh, 9TO U i’ — 00, a t — —00 M BBECTH J/14 Hallleil yCpeJHeHHO aMILIuTYIbI epe-
xoma (1.94) obosmauenne < 0, 0|0, —co >’ mompasymeBad, 4To OHA OMHUCHIBAET TIEPEXOM
“BaKyyM - BaKyyM~ 3a OeCKOHEUYHBII WHTEPBAJ BpEMEHN. 3HaAMEHATE b B IPaBOil 4acTu
(1.94) ectb MpoOCTO YHCTO. DOITOMY MOKEM HAHCATH:

(1.94)

<0,00[0, =00 >"~ lim lim < QT'|QT >"= Z[J] (1.95)

T'—coe~ 1 T——coe™

e BBEJIX (byHKL[I/IOHa.H HNCTOYHUKA:

i [ :
Z[J]= lim lim N/DQ(t)eXp —/T [L(Q,Q) + hJQ] (1.96)

T!'—o0e~ 0 T——coe—16 h

3aMeTuM Temnepb, 9TO0 BMECTO TOTO, YTOOBI “TIOBOpPAYMBATh BPEMEHHYIO OCh B KOMILJIEKC-
HOW MJIOCKOCTH, [JId BBIAECJEHUA BKJIAIa OJHOTO TOJBKO OCHOBHOTO COCTOAHWA MOYKHO

’B s1Ex PaccyKIeHUAX BajKHO, 9TO COOCTBEHHBIE 3HAYEHHUA dHEPIUU BCETHA MOKHO YHOPANOUHUTH:
Eo < BE1 < By < ... < Ey < ..., TaK 9TO OIMCaHHAadA IIpollelypa BCerla BbIOe/JIdeT BKJIAN COCTOAHUA
C HaMMeHbIIel »Hepruell, KOTOPYIO MOXKHO BCETIa ITOJIOXUTH PaBHOW HYJITIO (Ho MOXHO M COXPaHHUThb
B ABHOM BHJe, KaK HAIOULYI0 HAUMEHee yOBIBAIOLIMIT BKJ'Ia.,E[). Kpome toro, B paccmarpuBaemoii mporte-
Iype MOXKHO, B KOHIIe paccykiaeHwnii, mepeiitu x mpemesry § — 40, 9To06BI HE CMYyUIATHCA OT IMOHATHAA
“KOMILITEKCHOTO BpEMEHH.
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JMOMUCATh MAJEHBKYIO OTPHUIATEBPHYIO MHAMYIO 106aBKY K raMHUJIBTOHWAHY HAllel Cu-
cremsl (1.17), KoTopyio ynob6Ho 3anucarh B BUIE —%i&qz(e — +0). Torma Bce cobcTBEH-
HblE 3HAYEHNSA SHEPTUU MPUOOPETYT MaJIble MHUMBIE HODABKH, UTO MPUBEIET B IPEIEe
T — 0o, T — —oo K ToMy ke 3ddeKTy ?KCHOHEHTNATBHOTO MOJaBIeHAA BKIAIO0B OT
E, > 03 B ¢dyaxkmuu Jlarpamka L 5T0 sKBEBAJEHTHO I06aBICHHIO —|—%i€q2. Tornma
MOXHO HAINCATh:

Z[J] = N/Dq(t) exp {%/_O; dt [L(q, q) +hJq+ %i@qz] } e — +0 (1.97)

OkasbiBaercs, 94TO TaK onpenejeHHbill GyHknuonan Z[J] obramaer MesbM pagoM mo-
JIE3HBIX U MHTEPECHBIX CBOMCTB.

DaccMOTPHM BMeCTO aMILINTYIBL Iepexona < ¢ftyl|¢t; > MaTpUUHBIH »/IeMeHT olle-
paropa KoopouHATHL < ¢rts|G(tn1)]giti >, toe tp > ty1 > t;. D0 H3BECTHBIM HaM OOIINM
IpaBIIaM MOXEM HaIHCaTh:

< qptp|q(tnn)lgits >= /dQ1~~~dqn < qstlantn >< utnlgn-1tn_1 > ...
e < nitpld(tnn)|gni—1tni—1 > .. < qita]git; > (1.98)
OueBumHO, 94TO
< gnitn1]i(tni)lgni—1taio1 >= ¢(ta1) < gnitnilgni—1tni-1 > (1.99)

rae B mpaBoil 9acTu ¢(t,1) yX&Ke He oneparop, a c-auco (cobcTBennoe sHadenne). lamee
MBI MOK€EM TIOBTOPHTH BCE PACCYKIEHNA, TPOBENEHHBIE BBIIIe Mpu Hepexone oT (1.15) k
(1.24) n sanucars (1.98) B Bume deliHMAHOBCKOTO HHTErPAJIA IO TPACKTOPHAM:

R D¢D i [ .
< qstylq(ty)lqit; >=/ QihPQ(tl)exp{ﬁ/ dt[pq—H(p,Q)]} (1.100)
t;

DyCTh Teneps HYXKHO HallTH MaTPHUHBIR s/IeMeHT < ¢¢t7|q(tn1)q(tno)|qits >. Ecan tpq >
52, TO MOXKHO 3aIHCaTh:

< thf|d(tn1)d(tn2)|Qth >= /dfthn < thf|Qth >< Qth|QH—1tn—1 >

e < gn1tn§(En1)|gni—1tni—1 > . < gnatn2|i(tn2)|gna—1tna—1 > ... < qat1]git; >
(1.101)

qTO B IIpeaeJie gJacT nHTErpaJi 1o TpackKTOpudAM BUA:

<astylittittz) ot >= [ Sttt exp {ﬁ | dvi— . q)]} (1.102)

3aeck mMmesiock B BuAy, 4To 1 > t3. Ecsam paccMoTpeTh Temephb caydwail ta > t1, TO
MaTPUYHBIE 3TEMEHTBI KOOPIHHATHI B MOMEHTHI BpeMeHH 1 U {3 B npasoit gactn (1.98)
HOMEHAIOTCH MECTAMI U 9TO BbIpaxkKeHHe, a ¢ HUM 1 WHTerpas B npasoil gactn (1.102),
cBemeTca K < qyte|§(t2)¢(t1)|qit; >. Takum obpasom, B oblleM ciydae, HHTETpas IO

39&3 MeeTCsI, BBEOEHHE 30eCh KOOPAMHATHON 3aBUCHMOCTH ~ 1,2 COBEPIIECHHO HEC, €CTBCHHO IJIA
! 2

3TUX paccymﬂeﬂnﬁ. yﬂ06CTBO BBEIEHNA UMEHHO TaKOM 3aBUCUMOCTH CTAHET ACHO qyTh IIO3XKeE.
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TpaekTOpUAM, cToAlmMi B mpaBoli wactn (1.102) ompemensger MaTpUUHBIE SJEMEHT OT
TpoHo.aoRUNECKO20 TIPOU3BeNeHus onepaTopos < ¢rtf|T[q(t1)q(t2)]|¢it; >, Tme omepaTop
T-ynopagodeHns IByX OIepaToOpOB OIpelesieH Kak:

T[A(tl)B(tz)]:{ gig))%j; o giij (1.103)

B obuiem coiyuae, Takum 06pasoM, HMeeM:

< asts i) attats >= [ B guyatesattyesn {5 [ atoi— 160,07}
’ (1.104)

910 maeT oblee BRIPAKEHWE [JId CPEIHETO OT XPOHOJOTHIECKOTO TPON3BEMEHNA OMEPa-
TOpPOB depes (pyHKIUOHAJIBHBIN mHTerpas. ada ciaydad, Korga raMUJIBTOHHAH 3adadn
sannchiBaerca B Buge (1.17), MOXKHO IpOBeCTH HaibHElilINe YyIPOUIEHHs N 3alNCaTh:

<ty Tt -a(tats >= N [ Dag(t)a(t2)-.a(t) exo {ﬁ / ! dtL}
" (1.105)

W3 ompenenenna dynkmuonana Z[J] (1.97) serko Bugers, 4To ero GbyHKINOHATBHALA
(BapmanmoHHad) MPOU3BOAHAA O HCTOYHNKY J MMEET BUIL:

s =i [oaogane {3 [~ at [ty +nor i} oo

— 00

B obuiem coryaae:

oQ

e A L ST |

— 00

1
dt [L(q, q)+hJq+ §i6q2] }

(1.107)

Domaragd 3meck J = 0, momyaum:

#ﬁ;{;(tn)h:o = i”N/DQ(t)Q(t1)~~Q(tn)exp {%/_Oo di [L(q,d) + %ieqz(]l}lo&

Benommnada Temeph, 9TO HUaeH %eqz MO3BOJIACT BBIACJNTH U3 KBAHTOBOMEXaHWYECKHUX
CPETHNUX BKJIAJ OCHOBHOTO COCTOAHMA, W Hcnonb3yd (1.105), npuxonnM K caeaymomemy
BBIPAXKEHUIO AJId “BAKyyMHOTO  CPEIHETO OT XPOHOJIOTHIECKOTO TMPOU3BENEHNA OMEPa-
TOPOB:

oQ

57 7217)
§7(t1)...67 (1n)

Takum 06pazomM, MHOTOKpaTHOe (YHKIMOHANBHOE nuddepennupoBanue Z[J] no ucrou-
HuUKY J “reHepupyer’ cpemHme OT 1-TIPOW3BENEHWI KBAHTOBBIX ONEPATOPOB, MPUIEM
BCIIOMOTATEJIBHBIIT ICTOYHUK, B KOHIIE KOHIIOB, IPOCTO MOJIATAETCA PABHBIM HYJIIO. D0-
sToMy byHKIuoHaN Z[J] MOKHO Ha3bIBaTh NPOU3EOIAUUM PYHKUUONAAOM JIIA DTUX
cpemHux. 3a0qHO MBI TIOJIYYAEM U IPEACTABIEHNE TAKUX CPEIHUX B BHIE (DYHKITHOHATb-
HBIX UHTEIPAJIOB 11O TPAeKTOPUAM.

Beiiiie MBI BUIe I, 9TO UMeHHO BaKyyMHBIE cpegHue T-TIpOn3BedeHNit TTOIEBEIX OTTe-
paTopoB ompenensaoT Habop dyHKNuH ['puHa B KBAHTOBON TeOpHWH MOJdA. DEPEXOM OT
KBAHTOBOI MEXaHWKW K KBAHTOBOW Teopwm MOJIA CBOOMTCH K 0DODIIEHHIO Ha cJrydail

720 ~ i < 0,00[TT4(t1)...q(t)]]0, —c0 > (1.109)
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CHCTEMBI ¢ OECKOHETHBIM YUCJIOM CTeleHeil cBOOOIAI, KOrIa OepaTophl KOOPAWHAT 3a-
MEHAIOTCA TOJIEBBIMU OMEPATOPAMU B KaxkI0#l TOYKe MPOCTPAHCTBA — BPEMEHH. Do-
5TOMY CTAHOBUTCHA SCHBIM, 9TO PACCMOTPEHHYIO HOPMYJIUPOBKY KBAHTOBOW MEXaHUKH
Ha OCHOBE MHTETPAJIOB IO TPacKTOPUAM, MOKHO HCIOJAB30BATh AJId HEOCPEACTBEHHOTO
MOCTPOEHNA KBAHTOBON TEOPWH TMOJIA C WCIOJIb30BaHWeM dopMaansMa HYHKITHOHATb-
HBIX HHTErpPajioB MO TOJEBBIM TepeMeHHBIM. MeHHO 3To m Oymer Hamieil 3amadeil B
CTENYIOMMUX TJIaBax.
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IntaBsa 2

KBAPTOBAPUE METOIOM
OYPKIINOP AJIBP BIX WP TE-
I'PAJIOB: CKAJIAPHI 1 CP U-
POPDBI

D pousBoIAIMI (PYHKIMOHAJI OJIS1 CKaJIsSIp-
HbBIX IIOJIEH.

DepeiimeMm kK 00CyXKIeHNO DYHKIUOHATBHONR HOPMYIUPOBKE KBAHTOBOW TeOpHH mosd.

DaccMOTPHUM MpOCTeRTInii BapuaHT TEOPUN CBOGOIHOTO CKAAAPHOTO o o), B3anMo-

IeficTByIolIero ¢ ueToIHnKoM J (). DenocpencTBenHo 0bobinasa paccyKAeHUA, TPOBe-

JeHHbIe B npenbiayieil [iaBe, MokeM BBECTH TpOM3BOAAIINI bYHKITMOHA:

) ?
Z[J] = /Dgp(x“)exp {z/d4x[£(g0) + J(z)p(x) + §6¢2(x)]} ~< 0,000, —00 >7

(2.1)

IPOMOPITHOHAIBHBIA aMIUINTY/Ie Tepexona BakKyyM — BakyyM. 3aeck L(p) — Jarpas-

xuan Koeitna — ['opmoHa, W MBI Iepeliin oT MHTETPUPOBAHHA MO TPACKTOPUAM Ua-

CTUOBI K THTETPUPOBaHUIO ITO BCEM BO3MO2KHBIM KOH(i)I/II‘ypaL[I/IﬂM HO.H?{lB IIpOCTpaHCTBE

1B kaccudaeckoil TeOpHHM IO PacCMATPHBAETCA TOIBKO ONHA IO/IeBasd KOHQUTY A B IPOCTPAH-
CTBE — BpEMEHM, a UMEHHO Ta, KOTOpad yIOBJIETBOpPAET ypaBHeHHAM Jlarpamka (IpHHIHITy HamMEHb-
wero peficrsma). OTyimre KBaHTOBOW TEOPHH WOJIA B TOM, 9T0 B Hell “paBoTaror” BCe MBICIHMBIE KOH-
durypanpm, Ho KaXKTad U3 HUX BXOOWT B Teopwio ¢ “BecoMm” exp{iS}, rme S — kyaccmaeckoe meficTBHe.
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— Bpemenn: Dq(t) — Dp(x"). CMBICT TAKOTO HHTETPHPOBAHHA JOCTATOYHO TPOCT. Das-
fUBaeM IPOCTPAHCTBO — BpeMdA Ha MaJleHbKHe deTHIpexMepHble Kybukn obbeMoM 6%, B
KazKJJOM 13 KOTOPBIX 3aMeHsAEM IoJIe Ha KOHCTAHTY (CpelHee sHaUeHNe BHYTPH KyOnKa):
@~ (2, Y5, 2k, 11). DPOUSBOIHBIE MOJIA BEIpaKaeM depes KOHETHBIE PA3sHOCTH:

Oy 1
%W,k,l ~ g[%ﬁ(l‘i + 6, y5, 2k, 1) — (@, 45, 2r, )] (2.2)

u 1. 1. Samenaa wabop (4,7, k,!) oogHUM MHIEKCOM n, HyMepymolmnM aveliku (Kybukn),
SAIMIIEM:

E(@naau@n) =L, (23)

Ecnu nio6oit us unnexcos (i, j, k, 1) npuaumaer N, 1o ungexkc n npuaumaer N* snauenuit
U NefiCTBHE 3alMCHIBAETCH KaK:

N4
S = / deL=> 6L, (2.4)
n=1

Torna npouspongumuit byukimonan Z[J| npuobperaet Bu:

Nt Nt )
Z[J] = lim / H d, exp ZZ Y Lo + ondn + %Egoi) (2.5)
n=1 n=1

N—oo

YTO W OHPENEAET CMBICT GopMaIbHOTO BhIpaxkenusa (2.1), BBOOA B TEOPHIO TOHATHE
bYHKIMOHAIBHOTO HHTErpaJIa Mo MOJIAM (BMECTO TpaeKTOpHil KBAHTOBOI MeXaHWUKH).
Boraucaum Z[J] nusa cBoGomHOro o, Koraa

£ Lo = J(Oupds — m?) (2.6)

— garpanxkunan Kneitna — [N'opmona. Torma:

Zo[J] = /Dgp exp {i/d% [%(augoaw — (m? —ie)p® + goJ)] } (2.7)

IabHeiime pacdeThl MOXKHO POBECTH W He BHIMHCIAA (yHKIHOHAJIBHBI WHTETpAT B
ABHOM BHIe. BocmonpsyeMcsa oueBununM ToxkITecTBOM J,(0d" ) = 0,00 ¢ + ©0,0" ¢
W 3aIunem:

/d%‘@w@@“gp = /d%‘@u(go@“go) —/d4xg0Dg0 (2.8)

Torma mepBbIil 9iieH B mpaBoii YacTu mpeobpasyeTcs Mo Teopeme ['aycca B MOBEPXHOCT-
HBIIl WHTETrpaJi, KOTOPBI MOXKHO CIUTATh PABHBIM HYJIO DU BBIOOpE 3Tol MOBEPXHOCTH
Ha BeckoneunocTH (rae momaraem ¢ — 0). Torma:

/d%‘@w@@“gp: —/d4xgol:|g0 (2.9)

n HpOH3BOﬂ§HHHﬁ(byHKHHOHaﬂﬁHepeHHCHBaeTCﬂ KaxK:

Zo[J] = /Dgpexp{—i/d4x

%QD(D—I-mz —iE)so—soJ]} (2.10)
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DomuepKHeM, UTO MOJIE B 9TOM BBIDAXKEHHN ABIAETCA HPOU3BOJBHBIM (MEpeMeHHA
HHTeTpUpoBaHuA!) I BOBce He yaoBaeTBOpAeT ypaphuenuto Kiefina — opoona. Chenaem
3aMeHy NepeMEHHOI NHTerpUpOBaHmA:

p(x) — po(z) + ¢(a) (2.11)
U BOCIIOJIB3YEMCA COOTHOIIEHNEM (KOTOPOE BBIBOANTCA aHAIOTHIHO (2.9)):
/d4xg00[D +m? —iclp = /d4xg0(D +m? — ig)po (2.12)
Torna nmeeM:

/d4x

1 .
580(5 +m? — ie)p+

1
530(5 +m? —ig)p — goJ] — /d%

. 1 .
+ (B +m” —ie)po + Spo(B+m” —ig)po — o] — o] (2.13)

A BoT Temeps moTpebyeM, 4TobOBI TOJTE Yo (x) yuoBaeTBopsaIo ypasHenno Kneitrna — Top-
JOHA ¢ HCTOYHMKOM B IIpaBO#l YacTu:

(O 4+ m? — ie)po(z) = J(z) (2.14)

TOI‘,D;& I/IHTepecyIOH_[I/Iﬁ HaC WHTErpaJr CBOOUTCA K:

/d4x

Aetrenne ypapaennd (2.14) nmeer Bu;

1 , 1
§¢(D+m2 —ig)p — 5707 (2.15)

pole) == [ dAr(e = 9)I0) (2.16)

rne Ap(r — y) — belHMAHOBCKHH MPOMAraTop CKajsgpHOTO TOJA, YIOBICTBOPAONIHI
ypaBHeHHIO (yXke BcTpedaBiieMmycsd HaMm B IaBe 4 gactu I):

(04 m? —ie)Ap(x) = —8(x) (2.17)

Doncrasiaga (2.16) B (2.15) Bunnm, uTo mokasaresh skcmoHeHTH B (2.10) pasen:

—i {%/d‘*w(m +m? —ig)p + %/d%d‘*yj(x)AF(x - y)J(y)} (2.18)

Taxum o6pasoM HosydaeM 2:

Zo[J] = exp {_% / dudy] (2)Ap(z — y)J(y)} /Dgpexp {_% / dr (D +m? — ie)go}
(2.19)

Yo unrerpan no Dy npencrapisger coboit TpocTo 4ncao (oH GepeTcs Mo BCEM MBICNMBIM
kouburypanmam nong ¢)! Obosnadaum 310 wmcao N . Torma OKOHIATETBHO Oy IaeM:

Zo[J] = N exp {_% / dzdyJ (z)Ap(zx — y)J(y)} (2.20)

2 Nastee, m/Ia KpaTKOCTH, BCIOMY muireM dr BMecTo dix m T.oI.
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~E+i}
X

Puc. 2-1

Puc. 2-2

Benmumna N ocofoli posil He UTPaET, TO MPOCTO HOPMHUPOBOYHBIH MHOKHTEID.
Aaznoxenne Pypbe mua Ap(r) uMeer Bum:

Ap(x):/(d ket (2.21)

2m)4 k2 —m? + e

Dpucyrcreue ie — 10T B 3HaMeHaTesle TWKTYeT BLIGOP IIyTH HHTECPHPOBAaHHA IO ko,
B COOTBETCTBHU C eifHMaHOBCKMM IMpaBUJIOM 0o0xoia moJiocos npu kg = £vk? + m?.
Youmioca pacmoJiaraloTca B TOUKAX, opeleldeMbIX ypabpHernmeM: k7 = k? 4+ m? — ie, Te.
mpu

ko= VK2 +m? +i6 = +E +ib (2.22)

KakK 9TO MokasaHo Ha Juc.2-1. B mpemene § — 0(6 — 0) 5TH IIOJIIOCA CIBUTAIOTCSI Ha
JeficTBUTENIBHYIO OCh U IIYTh HHTETPUPOBAHUA TPOXOINT KaK MOKa3aHo Ha Iuc.2-2.

Beiie MBI BHOesH, 9TO TakKo# MOIXOI COOTBETCTBYET “HMOBOPOTY’ BpeMeHHOW och
Ha MaJIblii yroJ 6 B KOMILIEKCHOMN IJIOCKOCTH BPEMEHH. DTO MO3BOJIAET HAM IPaBHIBHO
obecTeInTh TpaHmIHbIE YCJIOBUA I/ aMIINTYIBI Iepexoa BaKyyM — BaKyyM. DO 9TO
ke MOKHO 00eCIednTh, OCYIIECTBUB TaKol OBOPOT M HA KOHEYHbIH yroJ paBHbill —7 /2,
TaK 410 t — —it(—> —ioo). Ecau BBecTn obo3HadeHune

TO MAHHBI TpEIes COOTBETCTBYET &4 — 00. Takoe MPOCTPAHCTBO — BpeM: (¢ MHUMBIM
BpEMEHEM ) ABIAETCA e6KAUJO6bIM, THBAPHAHTHBIA HHTepBa/ (pACCTOAHNE MEKIY IBYMS
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GIM3KUME TOYKAMN) B HEM NMEET BHI:

ds? = —(dar:o)2 — (dab)2 — (dy)2 — (dz)2 = — Z(dx“)z (2.24)

n=1
B UMITYJIBCHOM IIPOCTPAaHCTBE MO2KHO, COOTBETCTBEHHO, BBECTH
ks = —iko (2.25)

TaK 49TO

B2 = —(k2 4 k24 k24 kD) = —k%  d*kg = dkdky = —id*k (2.26)

rae wHIeKC B obo3sHavaeT eBKJIMIOBO MMITYJIBCHOE MPOCTPAHCTBO. DpU 3TOM deitHma-
HOBCKMil mponaraTop NpuHAMaeT BU;

] d4]€E e—ikx
Ap(z) = —Z/WW (2.27)

BaMeTI/IM, 49TO 3TO Bpra)KeHI/IGS, C TOYHOCTBIO OO —i, CcoBIIagaceT C KOppeHﬂHI/IOHHOﬁ

dbyrkmmeit Opamreitna — IlepHrke Teopnmm KpUTHYECKHX ABJEHHHA B YeTHIPEXMEPHOM
npoctpancTse [14, 15, 35], eciin canrarh, ato m? ~ T — T,, toe T. — Temnepatypa da-
soBoro mepexona I poma (I1g TpocTOTH UMeeM B BHIY obyiacTh Temmeparyp 1 > T¢).
31echk MBI BIIEpBBIE CTAJIKMBAEMCA C TUIYOOKOI CBA3BIO KBAHTOBOW TEOPUH TIOJIA W COBpe-
MEHHOI Teopun KPpUTHIECKUX ABJIeHMN (cTarncTudeckoit pusukoii) [14, 15]. Us (2.7), ¢
yaerom d*z = —id*zg u (9,0)? = —(9%¢)? momydaem npomspopAmmi GyHKINOHAJ B
eBKJINZOBOI TEOPUU TOJIA B BHIE:

Zul) = [Dpep{~ [atan (k2 42— 1)} 229

9TO, TIO CYTH [IeJa, COBIAMAET CO CTATHCTUYIECKON cyMMoil 2ayccosoti Monesn ¢pa3oBOro
nepexofa (r.e. Teopun Jlannay [35] 6es yuera unenos ~ ¢ u Bbie) a1 ckangpHOro
napaMerpa mopsjika ¢, B3auMmoelictytoiiero ¢ Baemaum nosem J [14, 15].

q)y'HKH,I/IOHaJ'ILHoe HMHTErpupoBaHHeE.

Depeiimem Kk obcyxaeHN0 GYHKIMOHAJIBHOTO WHTETPUPOBAHUSA C (hOPMATIBHON TOYKH
3peHns. DadHeM C XOPOIIO W3BECTHOI HaM GOpMYJIBI AJ1d HHTerpasa Jyaccona — ['aycca

(1.28):
o° 1,2 27
/ dre 2% =,/ — (2.29)
o V o a

ﬂaﬂee Ipeacsjbl THTECTpUpOBaHud BCerJa IIOApa3yMeBacM OT —OO OO OO U HE BBIITHUCHI-
BaeM. Bosbpmem IIpou3sBeJceHUE N HNITYK TaKUX WHTErpaJioB:

1 o) /2
/dxldxz...dxn exp (—5 Zanxi) = ﬁ (2.30)
n i=1 "¢

33mech HeT mpobiTeMBI 06X0a MOIOCOB — OHE JIeKaT Ha MHHMON OCH B TOUKax k4 = i /k% 4+ m?2.
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DycTth A — gmaroHaJbHAd MaTPUIA C 2JIEMEHTAME G1, g, ..., Ay, & £ — N-MEPHBIH BEKTOD
(cTosber) ¢ KOMIOHEHTAMH X1, &2, ..., £n. TOTIA TOKa3aTE b 9KCIOHEHTH B (2.30) Mok HO
3anmcaTh B BUAE CKaJIAPHOTO TPON3BEIeHNA:

(x, Az) = Zanxi (2.31)

a JETEPpMHUHAHT MAaTpUIbI A ectn:

n

DetA = aras...a, = H a; (2.32)

i=1

Torma (2.30) samuireTcs Kakx:
/d"xe_%(x"”) = (27)"}(Det A)~H/? (2.33)

DOCKOJIBKY 9TO PABEHCTBO CIPABEIINBO IJIdA JT000I THaroHaJ bHON MATPHUITBI, OHO TaKiKe
CIPaBEeIJINBO U JJ1d JTI060i Ielic TBUTENBHON CHMMETPUIHON MATPHUIIBI, TIOCKOJIBKY BCe-
ra CyIecTBYeT JuHeliHOe TpeobpasoBaHme, MPUBOIAIIEE TAKYIO MATPUIY K IHATOHAb-
Homy Buay. OnpenesnM Tenepb MepPY HHTETPUPOBAHUA KaK:

[de] = (2m) "/ 2d e (2.34)

Torma (2.33) mepenucsBaeTca B BHIE:
/[dx]e—%wf) = (DetA)~Y/? (2.35)

DTO cooTHOLIEHTE JErKo 0bobInaeTcd Ha cIydail, Korga B 9KCIOHEHTE CTONT KBaIpaTHd-
Hag ¢gopMa obIIero Bumga:

Qlz) = %(x,Ax) +(ba)+e (2.36)

Moxno meiictBoBars Kak mpu BeiBoze (1.35). ®opma (2.36) mocturaer MEHEMYMa [pH
& = —A"1b u upencrasagercd B BUIC:

Qz) = Q(z) + %[1‘ -z, Az — )] (2.37)

Torma cpasy umMeeM aHAJIOL (135) B BUJE:
/[dx] exp {— [%[(1‘, Az)+ (byx) + c] } = exp [%(b, A7l — c)] (DetA)~H?  (2.38)

roe A~ ofosnagaer o6paTHYIO MATpPUILY.
DacCMOTPHM Telephb caydail spMUTOBBIX MaTpuil. Bossemem (2.29) B kBazpar u 3a-
MHIIEM:

a

1 2 2 2
/dxdye_Ea(x v = 2L (2.39)

BeemeM z = x4+ iy u z* = & — iy, Tak 94TO (BBIUNC/IAA AKOOHAH TIEPEXONA OT &, Y K 2, 2*)
umMeeMm drdy = —%idz*dz, mocste 4ero (2.39) sammuchBacTCs Kak:

dz* dz « 1
I —— 2.40
/ (2m) 172 (2m0)172 ¢ a (240)
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O6061mM 51y hopMy.ay, aHATOTHIHO Hepexoay ot (2.30) k (2.35), BBeAA MOTOKAUTETBHO
OTPENETEHHYIO SPMUTOBY MATpuily A w Mepy WHTErPUPOBAHUA

[dz] = (27)~"/%d" 2 (2.41)

Torma mosyanm:
.
/ [dz*][dz)e” A% = (Det A)~! (2.42)
Bce Brimucanubie GOpMYIIBI BIIOJIHE CTPOTHE, OHU MPEICTABIAIOT coboli mpamoe 060011e-
Hue “OmHOMEDPHBIX WHTETPAJIOB HA CJIyYail KOHETHOMEPHOTO BEKTOPHOTO MPOCTPAHCTRA.
Dposenem Temnepb dopMasibHOe 00obIIeHme Ha caydail HeCKOHETHOMEPHOTO (DYHKITHO-

HaJIBHOTO MPOCTPAHCTBA. JYCTh PEUYb HIOET O MPOCTPAHCTBE AEWCTBUTENBHBIX (hyHKIH
p(z#). MoXHO ONpenesnTh UX CKAJIAPHOE TPOU3BEIEHIE:

(¢,0) = / dhelp(a)]? (2.43)

Ob6obiiernne Boipaxennsa (2.35) ecTb:

/ D(x) exp {_% / da:go(a:)Ago(x)} = (DetA)~1/? (2.44)

roe A — HekoTopHIil omeparop, geficTByomuit Ha dbyHKIIN @(T):

Ap(z) = /dyA(x,y)so(y) (2.45)
a €ro JeTEepMHUHAHT OIpelesdeTcsd, eCTECTBEHHO, KaK COOTBETCTBYIOIEE MPOU3BEICHIE
cobcTBeHHBIX 3HadeHu . Mepa nnTerpuposannd De(x) = [de(x)]. Bee 910 cnemyer mo-

HUMAaTh, KaK OOBIYHO, B BHJE TNPEIeJIbHOTO BhipaxkeHnsd Thia (2.5). Boipaxenne (2.44)
OOBIYHO HA3BIBAIOT IayCCOBBIM PYHKIMOHAJIBHBIM WHTEPAJIOM.

Ecnu () npeacraBager coboii KOMILIEKCHYIO GYHKITHIO (TTOJIE), TO BOSHUKAET €CTe-
cTBenHOe 06obIenne (2.42):

/ Dy* (2D () exp {_% / da:go*(a:)Ago(a:)} = (DetA)™! (2.46)

rae A — spMuTOB omepaTop.
Obobienne (2.38) s ciydad BelIECTBEHHBIX ToJteli ¢(#) nMeeT BU:

Jre@en (=[5 [ [am@iacast + [abeee +o | =
:exp{%/dx/dyB(a:)A_l(x,y)B(y) —c} (DetA)™2  (2.47)

rne A=1(z,y) obosnayaer coorBeTcTBYIONMI 06paTHBIH onepaTop. [lJd KOMILIEKCHBIX
HoJIell BOSHHKAET COBEPIIEHHO aHAJIOTHIHOE BBIpaKeHWe, oTyindaolieecd ot (2.47) Ha-
JIMYHEM WHTErPHPOBAHIS 110 @™ I ¢, a Takxe samenoit (Det A)~'/? na (DetA)~!.

BepHeMca Temreph K pacCMOTPEHHIO OOIIETO BHIPAKEHUA A9 IPOU3BONAIIETO BpyHK-
mroHana nossa Kielina — Topmona (2.10):

Zo[J] = /Dgpexp{—i/d4x

%QD(D—I-mz —iE)so—soJ]} (2.48)
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Crosmmii 3mech GyHKINOHATBHBIN HHTETPAJ IMeET, Kak pas, Tayccos Bu, (2.47), mpuaem
A(z,y) = {(0 +m? —ie)é(x — y), B(x) = —iJ(x), ¢ = 0. Torga us (2.47) noayuaem:

Zo[J] = exp {%/dxdyJ(x)(D +m? — ie)—lj(y)} [iDet(O 4 m? —ic)]"/?  (2.49)
BosHukmmii 3mechk AeTepMUHAHT MOKHO TIEPENNcarh, ¢ moMombio (2.44), kak:

[iDet(0 + m? — ie)] /2% = /Dgp(x) exp {—% / drep(x)(0+ m? — zg)go(x)} (2.50)
a obpaTHbIH onepaTop:
(O+m® —ie)™h = —Ap(z —y) (2.51)

9TO CJemyeT HeNMOCPeOCTBEHHO U3 (2.17). Torma BeIpaXKeHHe (2.49) CBOIMTCA K:

Zo[J] = exp {—% / dedyJ(x)Ap(x — y)J(y)} /Dgp exp {—% / dep(0+ m? — iE)go}
(2.52)
910 coBmagaer ¢ (2.19). Takum obpasoMm, IpAMoe BBEIYHCIIEHNE 0 MpaBUIaM GyHKITHO-
HAJBHOTO WHTEIPUPOBAHUSA JAET M3BECTHBIR HAM OTBET JJid MPOU3BOAAIIETO (byHKIIHO-
HaJla, TOJIYIeHHBI BBIIIE HECKOJIBKO “0DXOTHBIM’ IyTEM.
DosydeHHbIe BbIle HOPMYJIbI IJIs TayCCOBLIX (DYHKIIMOHAIBHBIX WHTEIPAJIOB OyIyT
HIHPOKO UCTOJB30BATHC HIKE.

®Oyakimu I'puHa cBOOOIHBIX YACTHII.

DokaxkeM Tenepb, 4To Zo[J] dBiagercd npousBomdiuM HYHKIMOHAIOM Had dYHKIHI
Ipura cBobomubix gactut. Huis s1oro paszmoxum (2.20) B pan:

ZolJ] =N {1 — %/dl‘dyj(l‘)AF($ —y)J(y)+

+% (%)2 [/ dvdyJ () Ap(x — y)J(y)] +
= (%)3 [/ dady] () Ap(x — y)J(y)] i } (2.53)

Broms (ypbe - IpeicTaB/Iesne HCTOUHIKA:
1) = [ atpipeie (2.54)

u ucnob3y# (2.21) nerko monyvaem:

J(=k)J (k)

— %/d4xd4yj(x)AF(x —y)J(y) = —%(271')4 / d4kk2 o 4 s (2.55)
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p__ 1 i
(2n)* p*—m* +ie

—— i(20)* J(p)
J

Puc. 2-3

l\:l._.

Puc. 2-4

CormocTaBuM aHAJTUTHIECKUM BBIpAXKEHUAM rpadUIecKue 3JIEMEHTHI, KAK 3TO MOKA3aHO
Ha Duc.2-3. Torma Beipaxkennio (2.55) cOOTBETCTBYET THarpaMma, MoKasaHHasd Ha Duc.2-
4. B pesysbTare, passoKeHWe MPON3BOIANIETO DYHKIMOHAA (AMIIHTYIB HEPEXOTA
BakyyM — BakyyMm) (2.53) mpemcrapigerca nuarpaMMaMi, HOKasaHHBIME Ha Duc.2-5%.
Bunum, gaTo sToT pam onuckiBaeT pacnpoctpanerue 1, 2, 3 w 1. A. “gacTuil’ MeXmy uc-
TOYHUKAMH, TaK ITO MBI IMeeM JeJI0 ¢ MHOTOUACTHIHON Teopuell. YiKe oTCioa HETPYIHO
HOHATH, 4T0 Zo[J] aBaserca npoussogganum dbyHkimonasom mid Gyukuuit Ipuna pac-

CManHBaeMOﬁ TEOPpHUHN ITOJIA.
DosacarM GOPMATBHYI0 CTOPOHY fesa. DacCMOTPHM, HAIIPIMEP, Pas/oKeHHe B pAd HeKOTopoil
dbysxumn F(y1, ..., y,) OT k MEPEMEHHBIX Y1, ..., Yk!

oo k k
FL} = Flun ) = D09 Y %Tn(il, ey in ) Y1 im (2.56)

n=01:1=0 in=0

TIae

A" F
Oy1...0Yn
DepelineM Temeps K HHTYHTHBHOMY LpENely, KOIfa IIEpEMeHHble 00pasyloT KOHTHHYYM: ¢ — &, ¥ (1 =
1,.... k) — y(=z), Zl — f dzr U TOTyYInM CTeTIeHHOE Pa3JIoKeHrne OIA PYHKUUOHAAC:
= 1
Fly] = Z / dxl...danTn(xl, v zn)y(@1). . y(zn) (2.58)
n=0 ’
roe
§ §
Tr(z1,...,Tn) Flylly=o (2.59)

 by(an) T by(an)
B arom caywae o Bemmamme Fy] m roBopAT Kak o mpomsBomAmeM yHKIHoHa e NaA OyHKIHI
Tr(@1,...0n).

Dau npouspongumii dbyuknmuonan Z[J] vamo eute orHopmupoBarh. OH, KaK Mbl BU-
JIeu, TPOMOPIHOHAJIEH aMILIUTY/IE MEPEXOIA BAKYYM - BAKYYM B IPUCYTCTBUU HUCTOY-
uwuka J. EcrecrBennoit HopmupoBkoii sasngercsa ycnosue Z[J = 0] = 1. Torna mMoxem
HaIICaTh PABEHCTBO:

Z[J] =< 0,000, —c0 >7 (2.60)

4D opMupoBounbit MHOKUTEH N 370eCH OIyNIeH.
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. 2
Z=1 +—;-—x—--—-—x +2—l! % X_:
e 3 X X
talT) % X o0 =
K,
o ®
I ALY T
=ty Tz +
— o
+0|-
Puc. 2-5

Tak 4ro ycsaopue Z[0] = 1 BImonHAeTCA aBTOMaTndecku. Dostomy (2.10) m (2.20) cie-
JyeT TepenucaTh Kak:

B [Deoexp{—i [d* [$p(0+m? —ic)p —pJ]}

ZolJ] = 2.61

ol7] [Doexp {—i [dizip(D+m? —ic)p} (2:61)

2l =esp {3 [asaprar - i)} (2.62)

DTU HOBBIE ONpeeieHUs, OYEBUIHO, YAOBICTBOpAOT yeaosuio Z[J = 0] = 1, yro u

olpaBIbIBaeT oTOpachIBaHle HECYIeCTBEHHOIO HOPMUPOBOYHOrO MHOKHTEMT N .
®yuxmmonan Zg[J], oupenengemsiii Boipaxennem (2.62), B coorBercTBum ¢ (2.59),
ABJIAETC TPOU3BONAIIM PYHKIMOHAIOM 11 PyHKIMIL:

1§ Z[J]

) = | J= 2.
O ey S TP W TP L (2:63)
Bemomunas (1.109), nonnmaem, aro:
8" Zo[J] .
— |y =" T o 2.64
6J($1)6J(l‘n)|J_0 ¢ <0| gp(xl) gﬁ(l‘ )|0> ( 6)
TaK 4TO
(21, ..., 2n) =< 0|T(21)...0(2)]0 > (2.65)

npencraBigeT coboli BaKyyMHOe CpelHee OT XPOHOJIOTHYECKOTO TMPOU3BEIEHU TIOJIE-
BBIX OREPAMOPOS, T.€. ABJIAETCA n-ToUedHON (o umcsy Koopamuar) dynkiueii ['pura
JIId paccMaTpUBAEMOl TEOPUHU. ITO ONPEIesEHIE COBIALAET C PACCMOTPEHHBIM BHIIIE
onpenenennem dyukiuii ['puna B oneparopaom dopmManinsMe KBAHTOBOI TEOPHUH MTOJIA.
DpomsBonanmilt GyHKIMOHAT MOKHO TENEPD 3AMUCATH B BUIE:

ZolJ] = Z;

/da:l...dan(xl)...J(xn)T(xl,...,xn) (2.66)
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9TO W o3HA4YaeT, 4To Zpl[J] dABagercd NpousBoAAIMM GYHKIUOHAIOM [ DYHKIUH
Tpuna 7(21, ..., 2,). IMeHHO 5T0 pasyiokeHHe U HOKasaHo Tpadudeckn Ha Duc.2-5.

SafiMeMca BHITUCTIEHNEM HEKOTOPBIX TpoCTefnX n-rouevdnsix dyuknmii I'puna. Da-
MTOMHUM, 9TO MBI UMEEM IEJIO CO CBODOIMHON Teopueil CKaJApPHOTO MOJdA. DadHeM C 2-
ToueuHOl pyHKIUH:

82 7Zo[J]

8J(2)6J(y)

Boraucsienna MOXHO TPOBECTH HEMOCPEICTBEHHO, UCIOb3Y IPUBEIEHHOE BBIIIE OMpe-
nenenne GyHKIUOHAJIBHON mponsBomaoit. Mmeem:

(x,y) = l7=0 (2.67)

167[J] 1

T8 = ;M‘Zx) exp [—%/drldxzj(xl)AF(xl = xz)J(xz)] -

. / doyAp(e — 21)J (21) exp [—%/dwldxzj(xl)AF(xl _ xz)J(l‘z)] (2.68)

1 6 1 6
i6J(x)16J(y)

—|—/dx1AF(x —xl)J(xl)/dxlAF(y—xl)eXp (—%/JAFJ) (2.69)

Zo[J] = iAp(x — y) exp (—%/JAFJ) +

rJe NCIIOJIb3yEeM COKPpAalleHHYIO 3aIllUCh 3KCIIOHEHTHI. Dosarad TENEPDb J = 0, IIOJIyHJaeM:

1 6 1 6

;W;WZOUHJ:O =iAp(z —y) (2.70)

(z,y) = iAp(z —y) (2.71)

Acwo, aro 2-Toueunaz pyuknua ['puna, bakTudeckn, coBnamgaer ¢ pelHMaAHOBCKIM MPO-
maraTopoM CKasaapHON dacTuisl (omHowacTnaHad (yHKIma ['puHa cBOGOTHON CKaIAp-
HOW dacTHIbl). Do paccMOTPHM ellle pa3 ee dU3NIECKUH CMBICA. DPOBENEM CHAUAA
BBIYHUCIEHUA B ONMEPATOPOHOM MOAXOJE. DO OMPEHETEHAI0 XPOHOJIOTHIECKOTO TPON3BE-
JEHNA MMeeM:

T(x,y) =< 0[Tp(x)p(y)|0 >=
=< 0[0(z0 — yo)p(z)e(y) + 0(yo — zo)e(y)e(x)|0 > (2.72)

YepBoe cilaraeMoe 371ech MpPeacTaBageT coboll aMIITUTY Ay BEPOATHOCTH POKICHUA Ta-
CTUILI B TOYKE Y B MOMEHT BPEMEHU Yy U €€ MOCJIeAYIoWero YHUYTOXKEHNA B TOYKE &
B MOMEHT Zg. BTopoe cyiaraemoe maeT aMILTUTYIY BEPOATHOCTH POXKIEHUA YACTUIIBI B
TOYKE & B MOMEHT £ U €€ YHUITOKEHUA B TOUKE § B MOMEHT BPEMEHH Y. DTU MPOIIECCHI
rpaduIecKn TPOUIIOCTPUPOBaHbl Ha Juc.2-6. CymMMa »TuX aMILTUTYI U JaeT deifama-
HOBCKUi mpomaraTop. MbI 3HaeM, ITO B ONIEPATOPHOM TOIXOE TOJIE (¢ MOKHO 3aMHUCaTh
B BHIE CYMMBbI WIEHOB C MOJIOKHUTETHHBIMI U OTPHUIATENBHBIME dacToTaMn (cM. [iaBy

3 gacrn I):
p(z) = (@) + ¢ )(2) (2.73)
rIe
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Bpems Bpemsnt
xO yu
Y 0 Xeo
Tpoctpancrso Ipoctpanctso

Puc. 2-6

Pk 1 :
e (2.75)

00 = [k

roe w = Vk?4m?, a ai';, @} — COOTBETCTBYIOIIME ONEPATOPbI POXKAEHUA M YHUYTO-

xenuda. C yIeToM cMBICIa 5THX ONEPATOPOB, B BaKyyMHOM cpenHeM (2.72) ocratorca
TobKko wiensr Buma ol ()

7(2,y) = 0(zo—yo) < 0l (2)o ()]0 > +6(yo —20) < 0! (y)' ) (2)]0 > (2.76)

Doncrasiaga cioga (2.74) u (2.75) monydaem:

Pkd3k’ —i(ke—k'y") —i(ky—k'z) +
T(l‘, y) = m[&(% — yo)e + H(yo — 1‘0)6 ] < 0|akakl|0 >

(2.77)

TaK 4TO, IepecTaBadda ONepaTophbl B BAKYYMHOM CPEIHEM C IMIOMOUIBIO KOMMY TallMOHHBIX
COOTHOIIEHNUH (TaK, 9TOGH BBLIEINTE 00pallaomiica B HyIb BKJIaI OT NX HOPMAJIbHOTO
[IPOM3BENEHNA N HEHYJIEBOH BKJIAI OT §-DpYHKINN), Oy TaeM:

d3k —ik(x— ik(z—

Y6enmmcs, 910 9TO BHIpakeHIe IPOCTO coBIagaeT ¢ iAp(x—y), tne Ap(x —y) 3agaercs
(2.21). Beipaxkenne (2.21) MOKHO HepemucaTh Kak:

A ( )_/ d4]€ e—ikx _/d?’kdko e—ikx _
PE= ] Grie—m2rie ) @)t k2 — (K2 +m2) +ic

B / d3kdkg e~k 1 1 (2.79)
o (2m)t 2w ko —wi +16 kot wp —i6 ’

UnaTerpas mo kg TyT, Kak BCEra, MOXKHO JIETKO BBIYHCIUTH KOHTYPHBIM HHTETPUPOBa-

nueMm. B mokasaresie sKcnoneHTHI cTomT ¢~ 070 rax wro mpu xy > 0 3aMBIKaeM KOHTYD
HHTETPUPOBAHNSA B HIDKHEN TOJYIIIOCKOCTH kp, M WHTETPAJ OMPEAETAETCA BKIAIOM OT
noJtioca Npu ko = wy — 6. 9pu xg < 0 3aMKHEM KOHTYp HHTErPHPOBaHUA B BEpXHeil mo-
YILTOCKOCTH U BCE ONPEJIeNNTCA BKIIAIOM HoJoca Ipu ko = —wy +¢6. Toraa, mo Teopeme
Koun, nmeem:

%k eikx —iwy @ iy
Ap(x):/%ﬁ[ﬁ(xo)(—i)e k® — 0(—zg)ie k"] (2.80)
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Docte 3aMeHBl BO BTopoM nHTerpasie k — —k u mepeobosuaduenud @ — & — y, MOy daeM:

d3k , ,
Ap(x —y) = —i | ———[0(x0 — yo)e” =Y 4 0(yy — x0)e ==Y 2.81
ro =) = =i [ Gt —w) (1~ 20)* V] (281)
910 coBmagaer ¢ —it(z,y) w3 (2.78). Takum obpasom, 2-toueunas ¢ynkiua [puna,
BO3HHKIIAA B PyHKIMOHAIBHOM IOIXOE, NeiCTBUTEIPHO, COBIAAET C OMHOYACTHIHBIM

MpOIMaraTopoM omepaTopHOil GOPMYJIMPOBKY TEOPHUH TTOJIS.
9o garo npenacrapasder cobolt 1-toucunaa Gyuxmua? Ouepnano, 410 us (2.68) umeem:

m(2) =< 0]Tp(x)|0 >=< 0]p(2)]0 >= %i?gﬁ 70 =
= —/dl‘lAF(l‘ —x1)J(#1) exp [—%/drldxzj(xl)AF(xl —x2)J(22)| 520 =0

(2.82)

— BaKyyMHOE CPeHee CaMOoTO TOoJId PABHO HYJTO!
Aalizem remeph 3-rodeunyio gynkimio. Juddepennnpysa emte pas (
16 1 & 1 6

2.69), mosryanm:

= —iAp(zs — l‘3)/dl‘AF(l‘1 —z)J(x)exp | —

|
2
|
=
v
|
&8
—
o
3]
g
=
]
w
|
=
=
5]
=
]
S
/\/lx/\\-/
N | =
.
g
|
.
SN
|

(2.83)
yro 1pu J = 0, ¢ 04eBUIHOCTBIO, JaeT HyJb. TakuM obpasoM:
(21, 22, 23) =< 0|T(21)p(x2)p(23)]0 >=0 (2.84)
AHaJIOrTYHble BLIYACICHEA IaOT:
1 6 1 ¢
- — ZolJ] =
i 6J(x1) i 6 (xa) ol7]
1
= —Ap(xs —x3)Ap(x1 — x4)exp (-5 / JAFJ) —
1
—Ap(xe — 21)Ap(xs — 24)exp <—§/JAFJ) _
—Ap(zz — 21)Ap(ze — x4)exp (—%/JAFJ) + .. (2.85)
rle MHOTOTOYHMeM ObO3HadeHbI 4JieHbl, obpamatomuecd B #yab upu J = 0. Coorser-

CTBECHHO, IIOJIy49acM:
(21, 22, 23, 24) = Ap(2s — 23)Ap(z1 — 24) +
—|—AF($2 — l‘l)AF(l‘g — l‘4) + AF(l‘g — l‘l)AF(l‘z — l‘4) (286)
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x, X4 X, X4
1(x,, x;, X5, X) = + \ +
x, X, X, X2
x, Xi
+
X, X2
Pue. 2-7

910 Tpadudeckn mzobpaxkaeTcd AUArPDAMMAME, MOKAa3aHHBIMU Ha Jnc.2-7 U JaeT aM-
ITUTYAY PACIpOCTpaHeHUdA ABYX CBODOMHBIX YaCTHUI. 3HECh Y€ThIPE TPOCTPAHCTBEHHO —
BPEMEHHBIE TOYKH TPOCTO COEMMHEHBI BCEMHU BO3IMOKHBIMHI CIOCOOAMET JIMHUAME CBOOOI-
HBIX YaCTHII.

Depexond K n-ToUeIHbIM QYHKIAAM, HETPYIHO yOEIUTHCH, UTO IJid HEIETHBIX N BCE

OHHI IIPOCTO paBHBI HYJIIO!:
T($1,$2,...,$2n+1)20 (287)

Jg geTHBIX n Kakgas n-todednasd GyHKIUA HaKTOPUIyeTcd HA CYMMY MpOW3BEICHMH
2-ToueunbIxX GyHKIHH (M0 BeceM “capuBaHuaAM”, T.€. IO BCEBO3SMOKHBIM [IepECTAHOBKaM,
BXOJAIINX B HUX MOMAPHO KOOPIWHAT):

(%1, %2, ..., Lap) = Z T(2p1 — 2p2)...T(Tpag_1, Tp2k) (2.88)
P
rIe
(21, 22) = iAp(x — y) (2.89)

DTO CBOAWTCA K W3BECTHOW Ham TeopeMe Buka, KOTopad Temepb HaMU JOKa3aHAa W B
dyHKIIMOHAIBHOW (GOPMYIUPOBKE KBAHTOBON TEOPHH TOJH.

D pousBoIAlIMI (PYHKIMOHAJI OJIsI B3aMMO-
OEeUCTBYIOIIMUX II0JIeH.

Ho cux mop peds IuIa o Teopun cBoboaHOTO (HeB3amMoeiicTByomero noms). Kak Bee
5T0 OOOBUTNTH Ha B3aNMOAEHCTBYONINE MOJIA! DACCMOTPUM POCTERIINIT TPpUMeEp Takoi
TEOPWH, 3a71aB JIarPpaHKNaH CKaJIAPHOIO MOJdA B BUIE!

1 m?
L= 56“@%@ - 7@2 - %@4 = Lo+ Lint (290)

rge ¢ — HEKOTOpad KOHCTaHTa B3anMOJieiicTBUA. D10 Tak HasbIBaeMasi TEOPpUA gg04 Ja-
T'paHXKNaH B3anMOJIeiicTBUA NJid Hee mMeeT BUL:

9
Cin =~ 2" (291)
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VYpasuenua Jlarpanka mjid Takoil Teopnu yKe HeJWHEHHBI (B HUX QUIypupyer cia-
raemoe ~ g¢?), 4To M oTpakKaer Hanuume B3ammoselicTBua (camomeficTsus). B obuem
ciydae JarpamkuaH B3anuMoaeHcTBIA HpeacTaBageT coboii HekoTopyo dyHKImo V().
B mpurmmMme, MOXHO paccMaTpUBaTh JaXe HENOJUHOMUAJJIbHBIE (DYHKIIUH, OTHAKO MBI
OrpaHMYUMCH TPOCTERIUMHI MOACTAMU.

OTCTyHJIeHI/Ie O pPasMEepHOCTAX KOHCTaAHT BBaHMOﬂeﬁCTBHﬂ.

Berute mer Bumesn, aro meficreue S = fd4x£ GespasmMepHO (h = 1). CooTBETCTBEHHO, Pa3MEPHOCTH
narpamkuana [£] = [7%, rne | - mexoropaa nmma. DasmeprocTb sHeprum (Maccer): [E] = [m] = (1.
Us smma marpamkmana (2.90) norarHO, ato [¢] = (71, Torma ms (2.91) AcHo, uTo B Teopmm gyt xom-
craHTa B3auMomelcTBusA g bespasmepna. DTOo 09eHb BakHOE 06CTOATEBCTBO! Dilaromapa eMy TaHHAA
Teopuda ABJAETCA MepeHOpMHUpPYeMoii. IHTYHTHBHO, TO MOKHO TMOHATH U3 CJIEOYIOUMX 3T€MEHTAPHBIX

coobpaxkeHnii. JaccmorpuM Gostee obupil cTemeHHO JTarpamkKnal B3anMonelicTBIsA:

Lint = grptt* k>0 (2.92)

Torma pasMepHOCTb COOTBETCTBYIONIEH KORCTaHTH B3amMomeiicTeus (93] = (¥. Do pasmoxerme Teopun
BO3MYIIEHUH BCETIIa HAIO CTPOUTH IO Ge3pasMepHOMY MAJIOMY MTapaMeTpy. B maHHOM ciaydae Takum
mapamMeTpoM Oy/meT Be/IMIHHA:

gul™" ~ gpm® ~ g E* (2.93)
pacmyuas ¢ pocToM »Heprun I (MM Ha MaJIbIX pacCTOAHHAX ). DTO IJIOXO M, KaK OKa3bIBa€TCH, ABJLA-
eTcA oTpakeHUueM HEITePEHOPMHUPYEMOCTH COOTBETCTBYIOMIEH Teopmum. | py6o MoXKHO cKasaTh, 9To 6e3-
Pa3sMePHOCTH KOHCTAHTHI B3aMMONeHCTBHA AB/IAETCA HEOOGXOMUMBIM (HO HE MOCTATOYHBIM!) ycaoBHEM
TIEPEHOPMHEPYEMOCTH B JTIOO0H Teopur B3amMOIeHCTBYIONTNX 9acTHUIl. ToTHee, HEOGXOIMMO, ITOOBI KOH-
cTaHTa B3amMoelcTBrA Oblia GBI Ge3pasMepHON WM pa3sMEPHOCTH ee ObLIa GBI OTpPHITATEIHHO cTerre-
HBIO IJIHHBL: g ~ [~ % a > 0. B mociiennem ciay4dae, 6e3apasMepHBIl mapaMeTp Teopur Bo3sMyllennit g £ —¢
6ymer BIOJIHE Ge30GHIHBIM IIPU BHICOKHX sHepruax. C »Tolt TOUKHU 3peHHs TONUTCA B TEOPHH g@°, HO C
Heil IpyTrHe Mpo6/IeMBl — OTCYTCTBY€ET MOJIOKHUTE/IBHAA OIPENe/IEHHOCTD SHEPTHHU (HET OCHOBHOTO COCTO-

AHUA). D0>TOMY, TEOPHHA g@* ABIAeTCA, IO CYTH MeJia, eqUHCTBeHHol “pasyMmoil” Teopmelt cKaIapHOTO

IIOoJId B Y€ThIPEXMEPHOM IIPOCTPaAHCTBE — BpeMeHI/I5 .

Iz comaopHOTrO mostA (s = 1/2) MoxHO paccyXknarh Takke. JlmpaxoBckmuil sarpamxman L ~
19 — mapap, Tax gro [¢P] = [] = [—23/2. CoorBeTCTBEHHO, eC/IH pacCMOTpeTh B3aHMoIeHCTBHe THpa-
KOBCKOTO HOJ/IA CO CKaJIAPHBIM Bhma (B3amMoneiictsne IOkaBsbr):

Line ~ gby (2.94)

TO COOTBETCTBYIOIAsA KOHCTAHTA B3amMOIeHcTBuA ¢ He3pasMepHa M Teopusd MepeHoOpMEpyeMa. A ecim
B3ATH YeThIpexdepMuoHHoe B3anMonelicrene (Pepym) Brma:

Lint ~ G (2.95)

To KoHCTaHTa cBssu (¢ pasmepna: [G] = [m 2] = [?. Taxaa Teopus mmeer “maoxoe” TOBeNeHMe TIPH

GOIBUINX SHEPTUAX U ABJIACTCA HEIEPEHOPMUDY€E€MOI.

B coBpemenHOIl Teopmu NMPUHATO PpacCMaTPHBATH TOJIBKO HEPEHOPMHUPYEMBIE TEOPHUU. Je3pasMep-
HOCTH KOHCTAHTBI CBA3U ABJIAETCA TPYOBIM KpuTepmeM oT60pa BO3SMOXKHBIX JIAarDAHKXKHAHOB B3anMOIIeli-
CTBHUA.

Y opMEpoBaHHELI Tpon3BoaAIINi dyHKIHOHAJI A1 TEOPHH C B3aNMOLEICTBIEM OIIpe-
JeInM Tak¥kKe Kak 1 Jjid HeBsanMmonehcTBytome Teopun (cp.(2.1), (2.61)):

B [ Dypexp (iS—i— ifdxjgo)
- fDQDGiS

roe S = f d*z L — meiicTBre paccMaTpUBaeMOil TEOPHH, ¢ YIETOM BKJALa OT JIATDAHIKH-
aHa B3anMmoneicTBud. Ipu Liny = 0 (2.96), ecTecTBEHHO, CBOANTCA K PACCMOTPEHHBIM
BBIIIE BBIpaKEHUAM I cBobomHoilt Teopun. B obuiem ciaydae nmeem S = Sy + Sine, TIe

Sint = fd4x£int~

Z[J] (2.96)

5Bosee mompoBHO 5TH BOMPOCH, BK/IOUAd 3aBHCHMOCTE OT PasMepPHOCTH IPOCTPAHCTBa, 6yIyT o6Cy-
XKOaTbcd HO3IHee.
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DenocpencTBEHHO MPoBOaA MYHKIMOHAIBHOE nudpepeHIupoBaHTe, HMEEM:

1 67 [Dpexp (iS+i[detp) p(x)

- : 2.
i6J(x) [ Dypei® (2:97)
1 822 [Dpexp (iS+i[datp) p(x)p(y) (2.98)

28] (2)6](y) [ Dypei® '
u T. I. Dojarad B »TUX BbipaxkeHuax J = ( reHepmpyeM Bce TPUHOBCKHE (DYHKITHH

TEOpHUNn:
J Dpexp (i) p(x)¢(y)

T = - 2.

< 0Tp(x)p(y)|0 > [Des (2.99)
Dy exp (iS) p(x x x x

< 0T (e (e p(zs)planlo >= L2 e e S CAT

u T. A. Bugum, dro dyakmun ['pmHa mpencTaBiadioT coboli GyHKIHOHAJBHBIE ‘Cpel-
HEe” OT MPOM3BENEHWI UeTHOTO dUHcJIa ToJiell, mpudeM “ycpemHeHme” TPOBOMUTCA C
“ecom” €', Ecan B 5THX BBHIpaKeHHAX 3ammucaTb S = Sy + Sipn: I IPOBECTH PassIo-
JKeHWe 9KCIOHEHT B DA [0 CTEMEHAM Sipy, T.€., GaKTUIECKH B DA TEOPUH BO3MY IIECHWH
O CTeleHsAM KOHCTAHTHI B3aUMOAEHCTBHUA, TO MOJb3yACh TOKA3aHHOU BBINIE TeopeMoii
Buka, MOXHO MOCTPOUTH MUATPAMMHYIO TEXHWKY JJIs BBIYUCJCHUA JIOOBIX byHKIIH
I'puna, paccMaTpuBaeMoli TeOpUHN MO, AHAJOTHIHO TOMY, KaK 3TO JeJIaJIoCh B olepa-
TOpPHOM Tofxoe. BosHuKaolme Ipyu 9ToM “cpelHue” OT HapHbIX MPOU3BEICHUN ToJTel
B pasHBIX TOYKaX GyIyT “ycpemuarbea’ ¢ €90, Drm “cpemmme” JIErKo BBHIMHCIIAIOTCA
(rayccoBBI WHTErpasibl!) W, KaK Mbl BUAEN, CBOIATCA K COOTBETCTBYIONINM CBOOOTHBIM
dbysrnuam ['pura. Mel, onHako, noliieM HECKOJIBKO HHBIM, Hostee (hopMaIbHBIM, Ty TEM,
OCHOBAHHBIM Ha PACCMOTPEHUHN OBIIHX COOTHOIIEHUT st TPOU3BOAAIIETO dYHKITHOHATA
B3amMogeiicTByomeii Teopun (2.96).
3amMeTum, 9TO
1 6
i6J(x)

DockonbKy J W ¢ 3mech HesaBHCHMble (DYHKINOHAIBHBIE) MEPEMEHHBIE, AHATOTTIHOE
PaBEHCTBO MMEET MECTO U g JToboil hyHKIHE OT ¢:

eifdww = gp(x)eifdww (2.101)

1 6 N ifawse _ el J deTe
V (z 6J(x)) V (g(z)) (2.102)

9TO JIETKO JOKasbiBaeTca pasnoxkenneM V(y) B pan Teiinopa. Torma umeem:
. . . 1 s .
e—zfde(Lp)ezfdeLp _ 6—Zfde<7T(z)) ezfdeLp (2103)

DosToMy, HCTONB3yA B KadecTBe V() sarpamknan BsauMoneiictBua Lin:(¢), MOKHO
3aMuCcaTh MPOU3BOAAIINA (YHKIIMOHAJ TEOPUH CO B3aMMOIERCTBUEM B BUIIE!

201=N / Dope{) dol3oupo o bim*—io)e s Lani(o)4Te]} _
IN/Dgpeifdxﬁ””(wei{fdx[%auwauw—(m2—i€)w2+Jw]} _

_ Neifdxﬁmt(%#z))zo[ﬂ (2.104)
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win, ucenossysa (2.20):

Z[7] = Nexp[/dxﬁm (%%@))]exp{—%/dxdyJ(x)AF(x—y)J(y)} (2.105)

Taxum obpazom, MBI TOJTYyYrAn 00Ilee BhIpaXKeHUE [JId MPOU3BOMAIIETO (DYHKITHOHAIA
TEOPUHU C B3aMMOIeHCTBHEM, KOTOPOE B IasibHelllieM OyIeT UCIOIB30BAHO MPH MOCTPO-
€HUU JTuarpaMMHO TeXHUKN.

Teopus ¢'.

Nrax BEpHEMCHA K paCCMOTPEHUIO TCOPUHU C JIarpaHKMaHOM B3anmMOoJieiicTBUA:

Lini = —%@4 (2.106)

D OpMHUPOBAHHBII TpOM3BOIAIINI dDYHKIIMOHA OIS 9TOI TEOPHN MMEET BU/I;
exp [ fdzﬁmt ( (Z
{exp [ifdzﬁm (

)] exp [_—fdxdyj r)Ap(z — y)J(y)]

B )
2] = ]eXp __fdxdy] )AF x—y }|J 0

(2.107)

TeOpI/ISI BO3MyH_[eHI/II7[ CTPOUTCHA Pa3JIOXKCHHUEM 3TOI0 BBIpAXKECHUA B pPAO IO CTEICHAM
KOHCTAHTHBI CBA3M (. Brinuiem IIEPBBIC Y9JICHBI pa3JIOKEHNA AJId YUCJTIATESIA:

-3t +own

Hud depennmpyd moc/iemoBaTeIbHO, MOy YAEM:

exp [_% / dzdyJ (z)Ap(zx — y)J(y)] (2.108)

%%(Z) exp [—%/drdyJ(l‘)AF(l‘ - y)J(y)] =

_ / deAp(z — 2)J (2) exp [_% / dody (2)Ap(z — y)J(y)] (2.109)

GM(ZZ))zeXp [—%/drdyJ(l‘)AF(l‘ - y)J(y)] =

_ {iAF(O) + [/ deAp(z — a:)J(x)] 2} exp [—% / dedy] (2)Ap(x — y)J(y)]

(2.110)

(%JW)B@@ [—%/drdyJ(w)AF(l‘ - y)J(y)] =
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L A LI O FN J)=
(i aJ(z))exP( 25 d

{_3oo+6i—-o—— +><} X

X exp(———;-S JAFJ)

Puc. 2-8

= {3[—iAF(0)]/dxAF(z — 1) [ deAp(z — x)J(a:)]S} X

l\DIN

/drdyJ JAp(z — y)J(y)]

X exp [

(2.111)
G%):Xp [—%/drdyJ(w)AF(l‘—y)J(y)] =

_i/dxdyJ(x)AF(l‘ - y)J(y)]
(2.112)

DTUM BBIpaXKEHUAM MOKHO COMOCTABUTH MHATPAMMBI. JyIeM u300pak)arh (HYHKIIHUO
Ap(z — y) (upomaratop) crjomHON NWHWEl, coemuuAomell Toukn & n y. Benmauny
Ap(0) = Ap(x — x) 6ynem msobpaxkarh 3aMKHYTOH TeTsell, cBA3aHHONW ¢ ToUKoil .
Torma Beipaxkenne (2.112) rpadguaeckn mpencTaBiageTcs, Kak 9T0 TOKas3aHo Ha Juc.2-8.
Dpoucxoxaenne KoahdunuenTon 3, 6, 1 MOXKHO TOHATH W3 COOOpaKEHUl CHUMMETPUN.
Dampumep, K03dUMUEHT 3 COOTBETCTBYET TPEM CITOCODAM COEIWHUTH IBE MAPHI JIH-
HU{f B AuarpaMMy € IBYMdA MeTJIdAME. AHAJOTHYHO, BO BTOPOM CJIATAEMOM HMEETCHA
6 crocoboB COENMHNUTD ABE JIMHWM, TaK ITOOBI MOJYYHIACh W30OpaXxkeHHad Ha Iuc.2-8
auarpaMma. It Koz UIMEeHTs HasbiBaloTcd haKTOpaMu CHMMETPHUH, MBI €lle 0bCy-
JUM o0Wni aaropuT™ WX MOJYdYeHHdA HIDKe. 3aMeTHM, 9T0 NepBbifi wien B (2.112) n
Ha Duc.2-8 npencrasider coboft THITHIHBIA BakyyMHBIH BKJIaz (rpaduk) 6e3 BHEIIHUX
JIMHUH.

DaccMoTpuM Tereph 3HaMeHaTe b (2.107). JIaa 9Toro I0CTaTouHO MPOCTO HOTOKNTE
J =08 (2.112), gro uckmovaer Bropoii u TpeTuit wiensl Ha Juc.2-8. Takum obpasom, ¢
TOYHOCTBIO [I0 UJIEHOB MOPAIKA ¢, TPOW3IBOMANININ (DYHKIMOHAT n30bpaxkaeTrcd rpadu-
KamMu Juc.2-9, rae BTOpoe PAaBEHCTBO MOJIYYEHO Pa3IOkKeHWEM 3HAMEHATENd C TOi kKe
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[1—%5 (—3 o0 +6 O 4+ ><> dz] exp (—%SJAF.I)

1—%—j(—3 00 )dz
[T o X) el )

Puc. 2-9

Z[JN=

TOYHOCTBIO. DPH 3TOM BaKyyMHBI rpaduwk W3 3HaMeHATesd ‘TOHHAICA HABEPX W B
TOYHOCTH COKPATUJICA ¢ BAaKyYMHBIM IpadUKOM ducJuTeNs. B 9TOM MpodaBAdeTCs yiKe
BCTpedaBIieecs BhIITe obllee MPpaBUIO COKPAIIEHNA BaKYyMHBIX IpaduKoB, KOTOPOE BhI-
MOJMHAECTCA U JIJIA HOPMUPOSAHHBLY TPOWIBOAANINX (DYHKIIHOHAJIOB B KBAHTOBOH Teopuu
OIS

2-Ttodeunasi pyHKIH.

IByxToUyeunas pyHKIUA ONpeneTdaeTcd KakK:

(21, 22) =

%h:o (2.113)

M3 Duc.2-9 gcHo, 4ro BKJIA/ epBoro ciaaraeMoro dbyHkimonana Z|[J] B BblpakeHue s
7(%1, £2) paBeH MpocTo iAp (21 —23), T.€. cBOGOTHOMY TIpomararopy. dnarpamma Duc.2-9

C 4eTHIPBMA “XBocTaMu” COLEPKUT deThipe MHOKHUTENA J u He maet (J = 0) BKIaga B
2-Toueunyto dbyukimio. Bkaag or guarpaMmmel ¢ nerel B Z[J] pasen:

%AF(O)/dxdyAF(z — @) J(2)Ap(z — y)J (y) exp (—%/JAFJ) (2.114)

Huddepennmpyd 310 BeIpa)keHUd ABa pa3a, MOJIYIaEM:

%M(éxl) ()= _%AF(O)Q/ddeAF(Z —z1)Ap(z — y)J(y) exp (—%/JAFJ) + ..
(2.115)

L 1 ¢ =7 z z—zx Z—X9)ex —i

T80 800 ) T QAF(O)/d Ap(z =) Ap(z = 22) p( Q/JAFJ(2 ;6)

Tlle ONMyIIeHB! 4IeHBl, oOpalaolnecd B HyJsib npu J — 0. B urore, umeem:

(21, 22) = iAp(xy — 22) — %AF(O) / dzAp(z — 21)Ap(z —22) + O(gz) (2.117)
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Puc. 2-10

970 m30bpakeHo auarpaMMamMn Ha 9uc.2-10 g cBobomHol 9acTUIIBI TMEEM:

d4]€ e—ikx
(2m)4 k2 —m? 4+ ic

(z) = iAp(x) = z/ (2.118)

1 bypbe-0bpas cBOBOIHOTO MpoIlaraTopa MMeeT HOMIoc IpH k2 = m?, 4To maeT cmexTp

COOTBETCTBYIONIEH JACTHUIIBI. DETPYIHO YOEIUTHCA, UTO NP HAJUYINN B3aUMOIENCTBAM,
Macca J9acTUIlbl CTAHOBUTCA OTJINYHONW oT m. B camom mese, BTopoit wien Ha Duc.2-10
MOXKHO 3allucaTh KakK:

—%AF(O) / dzAp(ey — 2)Ap(es — 2) =

dipddadz e—iP(r1—2) e—ta(w2—z)
= _gAF(O)/ L qs 2 2 2 24,
2 (2m)8 p?—m?+icq? —m? +ic

B q d4pd4q e—ip(xl—xQ) B
N _QAF(O)/ 2m)* (p? — m? + ig)? b(p+q) =

q d4p e—ip(xl—xQ)
- _IA 2.11
2 F(O)/ (2m)* (p? — m? + ie)? ( 9

Tak uro (2.117) cBomuTea K:

4 —ip(z1—2x2) .
D :i/ (d L {1+ 3gAF7(O)} (2.120)

2m)4 p? — m? +ic 27 p? —m? + e

Ipu ¢ < 1 wnen B durypusix ckobkax B (2.120) MoxHO mepernmcarh (¢ TOi ke TOIHO-
CTBIO) KaK:
Ap(0 -
jod_Ar) (2.121)
2p? —m? +ic

CoOTBETCTBEHHO:

[ dp A 2.122
T(xl’m)—l/(277)4p2—m2—%gAF(0)+i5 (2122)

Bumnm, at0 Teneps dypbe-obpasz 7(z1, x2) HMeeT nosoc mpu:
p? =m? + %gAF(O) =m? + 6m? = m? (2.123)

e

§m? = —%gAF(O) (2.124)

a BEJIMYIUHA M, OPEICTaBIAeT coDOH GU3HIECKYIO (MM TEPEHOPMUPOBAHHYIO) Maccy
qacTuibl. Takum obpaszoM, B3auMoIelicTBIE n3MeHaeT Maccy. K coxkaneHuo, BeJimdanHa
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m? me Moxer GBITH paccumTana, GOpMaJBHO OHA GECKOHEUHA, MOCKOJBKY Ap(0) ~

dk f dkk®/k? ~ [ dkk, u 5101 HETErpa KBAIPATHIHO PACXOLUTCH HA BEPXHEM IIpe-
JIene. DTo CHOBA MpUMED THUIHYHON “yIbTpadmosieToBol” pacXOguMOCTH B KBAHTOBOM
Teopun mosia. Curyamnua 37ech Takad Ke, KaK U B KBaHTOBOW »JieKTpomnHamMuke. Pu-
3WYecKad MPUINHA PACXOINMOCTH — TOUEUHBIH XapakTep B3anMogelcTBus (JOKa bHAL
TEOPUA TOJA). DaM HEM3BECTHO, CYIIECTBYET — JIM KaKo# - HUOYIb “peanncTnaecKuit’
MeXaHW3M “0bpesaHud’ TakKWX DPacXOAUMOCTeil. Dampumep, B T€OpUU KOHIEHCHPOBAH-
HOTO COCTOSHUS, B aHAJIOTHIHBIX CUTYAIlUAX, BEDXHUH Mpeies WHTErPUPOBAHUS OOBIYHO
~ 1/a, tne a — HekoTopada “MHHEMAaJIbHAA” JAJIMHA TOPALKA CPELHETO MEKATOMHOIO PAC-
CTOAHWSA WJIH MOCTOAHHOR peleTku. AHAJIOT TaKOi JJINHB B KBAHTOBOH Teopuu MOJIA He
U3BeCTeH, GoJIee TOTO, €TO BBeIeHNe (HAIPUMED IMyTeM BBEIEHNA PEIeTOTHON CTPYKTYPhI
IPOCTPAHCTBA - BPEMEHH Ha MaJIbIX PACCTOAHNAX ) ABHO HAPYIIAET PEAATHBHCTCKYIO MH-
BapUAHTHOCTEH TEOPUHU. D pobJieMa pelaeTcs IJid MEPEHOPMUPYEMBIX TEOPHil, KOTIa yIa-
eTcd Bce TaKHe PACXOAMMOCTH “3arHaTh’ B KOHETHOE THCJIO TTAPAMETPOB, OMPEIeIAeMbIX
U3 KCIHepUMenTa (Macca, KOHCTAHTa B3anuMogeHcTBu4A U T. 1.). 1A mepeHopMupyeMoit
TeopHH g* MBI ellle BepHeMcd K 06CYKIEHNIO 5THX BOIPOCOB.

4-toueunasa PyHKITASA.

Nmeem:
§*7Z[J]
= - 2.125
ey, 22,25, 04) = ST 6 (wa)67 (20) = (2.125)
Ynen nopanka ¢° 6p1 paccmorpen Bbile, u3 (2.86) umeem:
(21, 22, 23, 24) = Ap(2s — 23)Ap(z1 — 24) +
—|—AF($2 — l‘l)AF(l‘g — l‘4) + AF(l‘g — l‘l)AF(l‘z — l‘4) (2126)

9TO TOKa3aHo rpadudecKn Ha JUC.2-7 U COOTBETCTBYET CBOOOIHOMY PaCIpOCTPAHEHIIO
IBYX 4JacTull 6e3 BCAKOTO pacCedHWdA. JAaCCMOTPHUM BKJIaJ MepBOro mopanka mo g. Uz
BUA MPOW3BOAANIETO (DYHKIIMOHAA, TPUBEIEHHOTO HA Juc.2-9, ACHO, 9TO OOWH BKJIAL
TAKOro TUIA, CBA3aHHBIA ¢ muddepennuposanuem netiesoro rpaduka B Z[J] uzobpa-
xKaercd Juc.2-11 u paBen:

64
l‘l (SJ $2)6J($3)6J(1‘4)

X {AF(O)/dx/dy/dzAF(x—z)AF(y— )T (y)J () exp ( i /JAFJ)}|J:0 -

_%AF(O)/CJZ[AF( — 21)Ap(
+Ap(z —21)Ap(z — 23)Ap(xa — 24) + Ap(z — 21)Ap(z — 24)A
+Ap(z — 22)Ap(z — 23)Ap(x1 — 24) + Ap(z — 22) Ap(

+Ap(z — 23)Ap(z —24)Ap(z1 —

A>|la

z—x2)Ap(s — 24

9T0 TpaduIeckn MOKaszaHo guarpamMmoil Ha Juc.2-12, saMendrmomeil mecTsh caaraeMbix
JTaHHOTO BhIpaxkeHusd. JIpyrofi BK/ad mepBOTO MOPAAKaA MO ¢ moaydaerca aud depentim-
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g M

48 (k) (x,) ¥ (xg) B/ (xg)

X —O—exp ——iz—jj(x)AF(x—y)J(y)dxdy
J=0

Puc. 2-11

- lig

Puc. 2-12

poBaHueM “derbipexxBocroro” rpaduka B Z[J], uro naet:

_%W { [/dIAF(Z - l‘)J(l‘)reXP <_%/JAFJ)} lr=0 =

= —ig / dzAp(z1 — 2)Ap(22 — 2)Ap(23 — 2)Ap(zg — 2)
(2.128)

970 TpadpuIecKn MOXKHO H306Pa3UTh MPOCTO TOYKOH ¢ eTHIphbMA “XBOCTAMH , TIE TOUKA
[peICcTaBIAeT sIeMeHTapHy o (“3aTpaBodnyo” ) BEPIINHY B3anMOAEHCTBI.

Takum obpazom, mosaHad 4-TodedHas DYHKIUA, ¢ TOYHOCTHIO O UJIEHOB MOPAIKA
g, maobpaxaerca rpaduramu Duc.2-13. 3mech mepBEIi wien mopanka ¢v, Kak MBI yiKe
oTMeYaJIN, He JaeT BKJalla B paccednne, BTOPOHl 4leH OMUCHIBAET camojieiicTBrue omHOM
U3 JaCTHIL, a CODCTBEHHO pacCedHre OMUChIBAETCA TOJMBKO TPETHUM CJIATAeMBIM.

(X, Xy, Xy, X)) = =3 - Jig —ig >< =

o ——gT— _ig J——

Puc. 2-13
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XXX X

Puc. 2-14

X4

Puc. 2-15

Yucennbie ko3 dunuenTsl Ha Juc.2-13, m B ApyruxX MOMOOHBIX CIYyIadX, MOKHO
MOHATH U3 KOMOMHATOPHBIX COOOpaX)eHuli. JacCMOTPUM MPOU3BOJIBHYIO IHATPAMMY IO-
panka ¢" maa 4-togeunoit dyuknmn. OHa comepXuT n BepmnH — Juc.2-14. Y 4-royeunoit
dbyuxumn uMeerca 4 BHemHux “xBocta” — Duc.2-15 (npenmmarpamma). Temeps HyxKHO
BCEMU CIIOCOHAMU COENMHUTD 3TH “XBOCTHI. ¢ N BEPIIMHAME, 110 IPABUIAM COCTABJIEHUA
auarpaMmM. JalpuMep, B MEPBOM MOPAMKE MO ¢ CYMIECTBYET TPHU TOMOJOTHIECKH Pasz-
JUYHBIX THTA HeAHMAaHOBCKAX AUAarpaMM, MOKasaHHble Ha Juc.2-16. Yrobwr momydnTh
guarpaMmy Ouc.2-16(a) Hy:XKHO cHadaa COSIWHWTH X1 Ha TpemanarpaMme Duc.2-15 ¢
OIHUM W3 KOHIIOB BepiuHbl. CylecTByeT 4 crocoba 3To clienarh. DOCJe 3TOr0 OCTAETCA
3 crocoba COeMMHUTE &9 C OMHUM W3 OCTABNIMXCA KOHIOB W T. 1. Bcero, Takum obpa-
30M, uMeerca 4! = 24 cnocoba MOy IUTh 9Ty AUATPAMMY W3 TpeIIuarpaMMbl, OTCIONA U
BOBHUKAET COOTBETCTBYIONINI Koo dunmenT Ha Duc.2-13. YTobbl oAydIuTh AUATpAMMY
Imc.2-16(6), coenmHNM 21 HEMOCPEACTBEHHO ¢ ONHIM W3 BHENIHNX KOHIIOB &2, L3, ¥4, 9TO
mact omny auHuio. CymectByer 3 cmocoba a1o cuenark. lamee BribepeM OfWH WX KOH-
OB BEPUIMHBI W COEMHUM €TO C OIHON I3 ABYX OCTABININXCs BHEITHUX TOYEK. DTO MOKHO
cresath 4 X 2 cocobamu. [lamee coeMUHIM ONWH I3 TPEX OCTABIIUXCA KOHIIOB MyHKTHP-
HOIl BEPIIUHBI ¢ TOCJeIHENR ocTaBielica Toukoi. g »sToro nmeerca 3 crmocoba. Dako-
HEIl, COEIMHNM OCTABIINECHA [IBAa KOHIIA APYT ¢ APYroM. B mTore moaydaercda KpaTHOCTH
3x4%x2x3=12x 6, 9ro m cooTBeTCTBYET K03hDUIMEHTY TEPEN 5TOH quarpamMmmoi
Ha Dnc.2-13. DoHATHO, 9TO0 KpaTHOCTH AnarpaMmel Duc.2-16(B) paBra 3 X 3 = 9, Ho sTa
(BakyyMHad) quarpaMma He Gurypupyer Ha 9uc.2-13, cokpalagach ¢ COOTBETCTBYIOINM
BKJIAZIOM OT 3HAMeHaTessd HOpMUPOBaHHOTO dhyHKIMoHaa Z[J].

B urore moxem chopMyaupoBaTh CIAELYIONINE MPABUAa INarPaMMHON TEXHUKW IJid
Teopun gp? (B KOOPAMHATHOM TIPECTABICHUN ):

o Cpobonuomy mpomaratopy Ap(x —y) conocTaBagerca CIUIONTHA JTHHH, COSTHHA-
olag TOYKH T U Y.

[ S.HGMGHTapHaﬂ BEpHINHA B3anmMoJieiicTBUA I/I306pa}KaeTCﬂ TO‘IKOﬁ, COeIIMHEHHON ¢

Puc. 2-16
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HYETBIPbMA CIIJIONIHBIMHYA JIMHUAMM, eli comocTaBageTCa MHOKNTETb —Zg, a ITo KOOp-
AUHaTaM BEPHIMH BEACTCA MHTCIPUPOBAHUE.

o Kaxkmaga nuarpamMma yMHOXKaeTcd Ha COOTBeTCTBYoUE dbakrop cummerpuu S/4!,
rae S — 9ucso cnocoboB MOCTPOUTD HJAHHYIO IHATPAMMY U3 COOTBETCTRYOMIE Tpe-
AuarpamMMbl.

D pousBoaAmuii PYHKIIMOHAJI JISI CBSI3HBIX
auarpaMM.

MoxHo BBecTu npousBongauuit dyukuuonan W[J], KoTopslil aBagercs MpOU3BOLAIIUM
G yHKIIMOHAIOM TOMBKO IJid CBA3HBIX nuarpamMm PefinMana, T.e. IJ1d QUarpaMm HE pac-
HaTafoluXca Ha HesapucnMble 6;10kn’ . CBASHEIE THAIDAMMBI BaXkKHbI, TOCKOJIBKY TOJLKO
OHW JAIOT BKJIAJ B HETPUBHAJBHYIO 9acTh S-MaTpuisl (pacceanue). ®ynknnonan W[.J]
omnpenesigeTcda Kak:

W[J] = —iln Z[J] (2.129)

TaK 49TO

Z1J] = exp (iW[J]) (2.130)

DokaxkeM, Ha npuMepe 2-TodedHoli u 4-toueunoii dyukuuii, yro W[J] nelictBurensHo
“reHepmpyeT”’ TOJIBKO CBA3HBIE TUarpaMMbl. MmMeem:

82w v 87 07 ? 827

S — - — 2.131
Opu J = 0 umeem:
82[J]
57(z) l7z—o=0  Z[0]=1 (2.132)
TaK 9TO IIOJIyY9acM:
82W 827
-~ |y = = |;_f= = 2.133
87 (21)67 (22) l7=0 57 (21)6 (22) l7=0 = —ir(z1, a2) (2.133)

Bunum, aro W onpenesiger nmpomararop BO BCEX MOPALKAX TIO .
Aepeitnem x 4-roueunoii bynknnu. Jpomuddepennnpyem (2.131) eme npa pasa u
nostoxkuM J = (. Torma mMmeeM:

5w -
§J(x1)6J (22)8 (x3)6] (z4)
1 627 XA 1 XA 627
= 2257 (21)8 7 (22) 87 (23)6 7 (22) | 22 67(21)87 (x3) 7 (x2)8] (z3)
1 XA 627 1 A

72 57 (0)67 (02) 67 (260 (v) 72 67 (e1)8 7 ()00 (wa)6T () | 7= =
= i[r(wy, x2)7m(23, 24) + (21, 23)7 (22, 24) + T(21, 22)T (22, 23) — T(21, T2, T3, T4)]

(2.134)

8 DpumMep HecBAsHON MMAaTpaMMEI ToKasaH Ha Duc.2-16(6).
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ML |
Jb(x,)bJ(x:)bJ(x_,)b.l(x,)Ilmo

(6 2*%‘02)(” R
mO2) (g0
)

+
TN TN
NIW

1 g1 (O 4 3 g2 3
+1{ -3 )( -3 +'
1 2 1 31 4
+ + + +
3
lg Oz ‘103 1 O4 304
+ +
1 2

204 zO

ief 1.2 1.3
+3§(3X4 +2><4+-,. (24 usena) )] =
—8 1 2 1 3
= ( X + X +... (24 uynema) ) =
3 4 2 4
= —g X

Puc. 2-17

DeTpyaHO BIIETH, 9TO 3TO BIpaKeHUe He CONEPKNT HECBASHBIX JUATPAMM. DOACTaBIAd

(2.117) u BeIpaxenna ¢ Duc.2.128 B (2.134), ¢ TOIHOCTHIO 10 YJIECHOB MOPAIKA ¢ UMEEM

Ouc.2-17. Buaum, 910 BKIaJ B TO BEIpaXkKeHWe JAIOT TOJBKO CBASHBIE THATPaMMEI.
DaccMOTPHM Tenepb KpaTKo n-TodedeHyto (HyHKIHO:

1 6z
) = ————————— | 2.1
(@1 ) = ST 6w = (2.135)
Denpupoanmasn (cBAsHAA) n-TouedHad GYHKIUA ©(Z1, ..., L) MOKET OBITH OMpeTesTeHa
Kak:
1 W]
) = ———————— = 2.1
PlEn, o wn) = 5 6J(x1)...6j(xn)|J 0 (2.136)

B camom gene, us 9uc.2-13 u (2.135) cienyioT BhIpakeHndA, NOKasaHHBE Ha Iuc.2-18.
3 (2.134) coemyer:
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t(xll"'lxl): -ig><—31g O -3

iplx,,.., %)= — ig ><

Puc. 2-18
= HenpuB, 4 -
% "
Puec. 2-19
ip(1, .y xq) = T(21, oy wa) — T(@1, 22)T (23, 24) — T(21, 3)T (22, 4) — T(21, 4)7(22, x3)
(2.137)
Dockombky T(21, 23) = ip(r1, €2), MeeM:
(21, .y a) = G0(21, ..., T4) — Z o(@1, i) (i, Tia) (2.138)
P
[Ie CyMMa WIET 1O BCEM BO3MOKHBIM pasOueHuam wuHIekcoB (1,..,4) Ha mapsl

(71,42),(i3,i4). Tagkum obpasoMm, 4-Todednas GYHKIWA pacHagacTcsa Ha “HENPWBOIH-
Myto” (mam “cBA3HY0”) YacTh W NPWBOJMMBIE YacTH, KakK MoKasaHo Ha 9Junc.2-19. B
MepBOM MOPAIKE MO ¢ UMeeM T'paduku, moKasaHHble Ha Juc.2-20. B caydae n-rodednbx
dyuKIHi, cooTBeTCTRYOIIEE 0600IIEHNE NMeeT B, TOKa3aHHBIN Ha Juc.2-21.

Ormeparop coOGCTBEHHOW SHEPruM U BEPIIHH-
Hble (HPYHKIINH.

DpomoknM obcykaeHme oblieil CTpYKTypbl ypaBHEeHWiI KBaHTOBOW TeOpWH TIOJA B
byHKIMOHAILHOR GOPMYIHPOBKe, OrpaHMIHBAdACh, B OCHOBHOM, Teopmell gp*. 3Haa
nponsBofAnEit dbyHknnonas Z[J], MokeM HalTH n-TodedHble QYHKIHN T(Z1, ..., %)
(byuknmm Tpuna G™ (21, ..., 2y)):

1 2]

(X1, .y Xp) = G(n)(xl, iy p) = i_"m|J:0

(2.139)

1 GYHKINN COIEPKAT KaK CBA3HbIE (HEMPUBOANMBIE), TaK W HECBASHBIE (IPHBOIUMBIE)
9acTH, KaK 5T0 MoKas3aHo, HampuMep, maa G ma Duc.2-22. Dporecchl pacceaHns ompe-

:%X -5

Puc. 2-20
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o 8C g - =i

Puec. 2-21
6 = -3 -3 —igX+0(g)
Puc. 2-22

IeNAI0TCA TOJABKO CBASHBIME IWarpaMMaMp, KOTOPBIE T€HEpHUPYIOTCH (hyHKITHOHAIOM
W = —iln Z, Tak 4o cBA3Hble QYHKINN ['pUHA ONPENeNd0TCA KaK:

1 S"W(J]
it~ 18T (21)...6] (xy

— n —
(w1, .y n) = G2y, . 2n) = )|J:0 (2.140)
Torma w3 Bcex rpadWKOB, MOKA3AHHBIX Ha DHUC.2-22, 0CTAeTCA TOJBKO TPETHIL, KOTOPHIi
4
u onpenesdeT G(c ) B IIEPBOM IIOpAKe II0 ¢.
Crasnag 2-todednada yHKINA ['puHa, ¢ TOIHOCTHIO A0 UJIEHOB g3, OHpeILe.HSIeTCSI

€2 )

rpaduKaMu, TOKA3aHHBIME Ha DUC.2-23. DoJiHad CyMMa TaKUX JHarpaMM 1aeT “omeThIit
pomaraTop G(cz)(x, Yy), KOTOPBIH 06bI9HO M306paKkaoT “KupHOH” nuHueH. MoXKHO mpo-
BECTHN OBBIIHYTO TTPOTIENYPY BBLIEIEHUA 0dnouacmusno nenpusodumor (199) mmarpamm
(HepaspesaeMbIX 1O JIMHAE OJHOW J9acTHIIBI), M BBECTH HX CYMMY, KaK 9TO MOKa3aHO Ha
Duc.2-24. Dr1a cymMMa onpenesseT HEMPUBOINMYIO CODCTBEHHO — SHEPTETHYIECKYIO IacTh.
DonHblit (omeTHIil) TpomaraTop onpeeAeTcd TOTAA ypaBHeHneM [laficona:

GP(p) = Golp) + GO(P)%E(P)GO(P) + Go(p)lz(p)Go(p)lz(p)Go(p) +..=

IGo{l—l— =XGo + EGO EGO‘i‘ }I

Gé],z -+ 2

O
oo, 8 L o],
3[QQQ+8Q+@Q+
.o .8 ,ag,

Puc. 2-23

o+
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= _1_ =
e Lo

Puc. 2-24

s —0—0—+-

Puc. 2-25
1 ! 1 !
=Gy [1 — ;EGO] = [Ggl(p) - ;E(p)] (2.141)
nJjin .
Oy
rae y4/am, 4To
Golp) = —— (2.143)

p2_m2

B aunarpammuom Buze ypasuenue Jlaficona mokasano Ha DJuc.2-25. Onpenesnaa pusnde-

CKYIO MaccCy HaCTHIBL Myppys MOJIOCOM IIOJIHOIO IIpOIlaraTropa 71

= (2.144)
p2 - mf}hys
HOJIyYaeM:

hys =M+ X(p7 = m? 2.145
mphys =m"+ (p - mphys) ( . )

Ms (2.141) mveem:

_ 1

[GP(p)] ™" = Gi () — < Z(p) (2.146)

TaK 9YTO BeJWUWHa, obpaTHad 2-TodedHoil (YHKIINM, COAEPKHUT KpoMe obpaTHOTO “To-
Jgoro” mpomaratopa Toabko 1Y9D-gumarpammel. Moxuo ¢opMaabHO OIpeneauTh 2-
Toueunyio éepuunnyto bymnxmmo ') (p) coorHomennenm:

G (p)r®(p) =i (2.147)

"DnepreTmaeckmii CIeKTp CBOGOMHO pacopocIpaHaomeiica “omeToll” YaCTHIIBI OIpeIeIAeTCa U3 p2 =
m2
phys’
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910, coryiacHo (2.146), cBomurcs X:
r®)(p) = p* — m* — T(p) (2.148)

®axTUIECKN, HETPUBHAIbHAA 9aCTh 3TOH BEJIMYMHBI CBOAMTCA MPOCTO K X(p), HO Ta-
Koe ofo3HadeHNe YA06HO B paMKaX HeKOTopoll elnHoil HOMEHK.1aTyphl, BBOAAIIE obuiee
HOHATHE BEePIINHHEIX (GYHKIHHS,

MoxHO BBECTH TOHATHE IPOM3BOAAIIEro ¢YHKIHMOHAT A AJAdA n-TodedHbix 1U9-
HenpuBoauMbix Bepiiun I'™. On obosnadaerca ['[p] u HaspiBacTca Takke addermusnbim
deticmsuem. Onpenesnsiercd 3ToT (HYHKIMOHA C MOMOIIBIO TaK Ha3bIBAEMOTO Ipeobpa-
soBanud Jlexanapa dynkumonana W[J]:

WI[J] =T[e] + / deJ(z)p(x) (2.149)
Orcroma cpasy xke cJemyer:
‘ZSV(EEJ)] = p(x) (f;([f]) = —J(x) (2.150)

TOI‘,D;& AJ1d ITpoIrararTopa moJy4dacM:

G ) = =576y ~ 80y (2.151)

~—

Ompenenum reneps Beanuanny ['(z, y) Kak:

R _6J(x)
He.y) = Sp(x)op(y) — bp(y) (2152

DTa BeJIMUWHA ABJIAETCA OOpaTHON K MpomaraTopy:

- FWLJ Il
/d$G($,Z)F(Zay) = _/d'z(s](x)éj(z) bo(2)0p(y)

:/dzéso(l‘) 8J(2) _ bp(x)
8J(2) bp(y) — dp(y)

Dponuddeperuupyem obe gacru (2.153) mo J(z''), 3amenus y Ha 2z, U ¢ yIETOM COOTHOIIEHNUA:

s = Z”M g - _ P reTr. 5
§J (=) _/d §J(z') bo(2") /d G(a", )5@(2”) (2.154)

= 8(x —y) (2.153)

Torma mosryamm:

/dz sW T
§J(z)6J(2")8J(z) §p(2)Sp(2')
—/dz/dz”ﬁin(x”,z”)(sg—r =0 (2.155)
§J(z)6J (=) S (2)8p(2")6p(2")

2
8 VmobHO HMCKIOIHTS MHUMYIO ¢IMHHILY M3 OLpede/TeHI G(c )(p), Tak 9TOGH IpaBad JacTh (2.147)

paBHATach mpocto 1. CoorBercTBeHHO M B ypaBHeHum [lalicoma 1—.2 — Y. Takwme obosHaveHHA dalle

BCETO M BCTpEYAOTCA B JINTepaType.
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)
"
YW
/N F

Puc. 2-27

TakK 4YTO:

2w )
/dz ST@s eI e
8T
S(2)8p(2") 6w (")

VYMmuoxkan obe gacTu mocsennero pasencTsa Ha G(z',2') m narerpupys no 2/, ¢ yaerom (2.153), mosy-

(2.156)

+ / dzd2" G(z,2)G(z", 2")

qaem:
8T
S (2)8p(2")6p(2")

TakuMm ob6pasom, cBaA3HAA 3-ToUeuHad PYHKINUA MpeacTaBiider coboit 1UI-menpusonmmyto 3-Touednyio

52w

§T(x)8d(x")6J (x") (2.157)

= —/dzdz/dz”G(x,z)G(x/,Z')G(x”,z”)

BEPUIMHHY0 (GYHKIMIO, ¥ KOTOPOU BHENIHUMEY JIMHUAME ABJIAIOTCH TOYHBIE HpomaraTropbl. CooTBeT-
3
W mpencraBiger coboil mosHyro TpoliHyro Bepmmuy. ['padmaeckn
Bce »T0 m3obpakeHo Ha Duc.2-26. YpaBHeHNE (2.157) MOKHO 06paTUTh C MOMOIIBIO (2.153)7 TaK 9To:
83T §3W
Se(y)Se(y')be(y'") §J(z)6J(z)J(z")
B mpapoii wactn nponcxomur “o6py6anne” pHemHmx “xBocToB” y (2.157).
Iuddepernmupya (2.157) eme pas, noaygaem 4-rogeanyro GbyHKIHIO, IpeNcTaBIeHAY0 IpaduKxamMn
Ouc.2-27, T1e BOSHUKAKT “J9eTBIPeXXBocTad HEMPUBOAUMAH BEPUINHA U TPU OTHOYACTHIHO IIPUBOIUMBIX

CTBE€HHO, BeJIMYIUHAa

= —/dacdx/dx//F(x,y)F(acl,y/)F(ac”,y”) (2.158)

BKJIaa, COOTBETCTBYIOIIUE TpEeM KpOCC-KaHa/JlaM pacCeAHUA.

TepMO,H,I/IHaMI/I‘IeCKaﬂ aHaJIormud.

CymecTByeT nIyboKasa aHAJIOTHA KBAHTOBOW TEOPUH MO W CTATHCTUIECKOR MEXaHUKH,
KOTOpad BhIpaxkaeTcs cJeayiouieit Tabanmeii.
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KBaHTOBas Teopus Mo CrarucTuHeckas MexaHUKa
7 - npowsBoaAmmii byHKIMOHAT | 7 - CTATHCTHIECKAA CYyMMa
7 W J=e 7
W[Jl=Tlpl+ [ Je F — cBobonnag sHeprua

B croenytomeM paspmesie MBI PACCMOTPHM KOHKDPETHBI MpUMeEpP HCIOIB30BAHUA Me-
TOAOB KBAHTOBOW TeOpWH MOJd B NMPUMEHEHWH K TEOPUU KPUTHIECKUX ABJIEHUI Tpu
dasoseix mepexomax Il poma.

Teopusi KPpUTHUYECKUX SBJICHUMA.

OrBiledemMcd Ha KOPOTKOE BpeMs OT 3a/ad KBAHTOBOW TEOPHUH MOJIA W PACCMOTPHUM OIUH
W3 CaMBIX APKHX MPUMEPOB NMPUMEHEHNA COOTBETCTBYIONINX METOIOB B 3aladaX CTATH-
CTUIeCKOR (husuku. Jedb MOiiIeT 0 KPUTHIECKHX ABJEHUAX BOIU3U TOYKH (hasoBOrO
mepexozna Il poma. 9ra npobsema B TedeHme AIUTETBHOIO BpEMEHN HE MOIIABAIACEH Pe-
menno. CyTh ee M3BeCTHA — B JOCTATOYHO y3KOil (KpHTWUIECKOR) 00IacTi TeMImepaTyp
BOJIM3W TeMIepaTyphl epexona 1, KPUTHIECKNE WHIEKCH, OMUCHIBAIOIINE OCODEHHOCTH
busHUecKux BeJUYUH B TOYKE MEPEXola He onucwhiearomes obuieli reopuelt Jlannay [35].
DpUYrHA TOrO TaKiKe XOPOIIO W3BeCTHA — BOJIM3M TOYKHU MEPEXOIa B CHCTEME pDa3BU-
BAIOTCHA MOIIHBIE PAYKMYEUUY TapaMeTpa MopAaKa, KOTOPBIE CUAbHO B3aUMOIENCTBYIOT
mex iy coboii [14, 35]. CyuiecTBenHbIl Mporpece Teopun OblJI CBA3aH ¢ BOSHUKHOBEHUEM
BaXkHOl KOHIIENIMU MacIITabHOW HHBApUAHTHOCTU Wik ckafiaunea [14, 39]. Onnako obo-
CHOBaHWE >TOH KOHIENIWE W PACcYeT BEJIMYWHBI KPUTHIECKUX HHIEKCOB HMOTpeboBasn
Pa3sBUTHA METOIOB, IMEJUKOM OCHOBAHHBIX Ha allllapaTe KBAHTOBOW TEOPHUH MOJIA, UTO
U TPUBEJIO K CO3MAHWIO COBPEMEHHON (QAyKTyalmoHHONR Teopun ¢HasoBBIX MEPEXOIOB
[14, 15, 39]. HocraTouno mMoApobHOe U3JI0KEHHE 9TOH Teopuu moTpeboBasio Obl OTAE b
HOTO Kypca JeKIuii. 31ech MBI HaIUM TPEIETBHO CKATOE M3JIOKEHNE JIUITh OCHOBHBIX
umaeit m paga pes3yabTATOB, XOPOIIO WJIIOCTPUPYIOMIAX HE Pa3 yIOMUHABIIYIOCH TUIy0o-
KYIO aHAJIOTHIO 3a/a9 KBAHTOBOW TEOPHUH IMOJdA W CTATUCTHIECKON GU3mKm. Dpu 2TOM
OYyIyT OMyCKaThCA MHOTHE CYIIECTBEHHBIE HETAIN BBHIYUCTEHUN.

SanumreMm ¢GyHKIHOHAT cBOOOMHON »Heprum Teopuu JlaHmay B CTaHIAPTHOM BHIE

[14, 15, 39]°:

1 1 & 1 n
FFl(r) = /ddr 5 2 (Vo) +7of] + 50 [ D265 (2.159)
j=1 ji=1
rae T — TeMieparypa, a mapaMeTp 7 = T;T“ 3amaeT 6JIM30CTh CUCTEMBL K TOUKe ¢dhazo-

BOrO Iepexona. MBI orpaHmYHMca pacCMOTpEHHEeM TOJIbKo obsacTh Temueparyp 1 > 1.
(cumMerpuuHad dasa). DapaMeTp MopsAnKa ¢; IpencTaBigeT coboil n-KOMIOHEHTHBIR
BEKTOp B HEKOTOPOM “H30TONHYECKOM’ IIPOCTPAHCTBE C pa3sMepHOCTLIO n. Belpaxkenme
(2.159) aBsserca BecbMa obmmM. PakrTudecku pedsb uaer o O(n)-cummverpudnoil (wso-
TPOTHO#) Mofenn GasoBoro mepexona, OMUCHIBAMONIEH Mebli pAl peasbHBIX CHCTEM.
Cayuaait n = 1 coorBerctByer Momenn MswmHra, n = 2 coorBercTByerT X Y -MOmesn

9Cpasy BemeM pacCMOTpeHIe B IPOCTPAHCTBE IPOM3BOJILHO PASMEPHOCTH d, IMesd B BHIY CYIIeCTBEH-
HYyI0 3aBHCHMOCTH KPUTHIECKUX ABJICHUII OT pasMepHOCTH ITpocTpaHcTBa [35, 14].



58

KBAPTOBAPWE METOOOM ®YPKUWNOPAJILP bIX NP TEIPANOB: CKAJNIAPLI N CPUPOPLI

(CBEPXTEKYUECTh, CBEPXIPOBOANMOCTE), 7 = 3 OMHNCHIBAET M30OTPONHBIH reiiseHOepTOB-
ckuli peppomarneruk u . 1. [14, 39].

B pamkax teopum Jlanmay, mpenebperaolieit bayKTyarmuaMu mapamMeTpa TOpaaKa
(Teopus caMOCOTIACOBAHHOTO WJIH “MOJIEKYyAApHOTO” Tosid ), Bennanna ¢ = 0 npu T > T,
[35]. Omnako u npu T > T, B cucreme MOryT dJIYKTYAIMOHHO BO3HUKATH OOJIACTH C
é(r) # 0. BepoarHocTh Takux durykTyanmuit onpenengerca [14, 35] kax:

Pl = 7 exp {—%Fw(r)]} (2.160)

rJe CTaTUCTUYECKad CyMMa Z olpegeJsidercd (byHKL[I/IOHa.HI)HbIM HMHTErpaJIoOM:

1
7= /Dq/)(r) exp {_TF[qs(r)]} (2.161)
CBO60,D;Ha,ﬂ SHEPprud CUCTEMEBI B IIEJIOM IIpU 2TOM paBHa:
F=-ThZ (2.162)

Koppenanuonrasa byHKINA TapaMeTpa MOPAIKa ONPEIeIdeTCd Kak:

G(r,r')y =271 / Do(r)p(r)gu(r') exp {—%F[fb(r)]} =< ¢;(r)eu(r') > (2.163)

AHasoruga ¢ pacCMOTPEHHWEM TPENBIAYIUX PAa3Mes OB OUEBHUIHA — T€OPUd KPUTHIECKUX
ABJIEHUI >KBUBAJIEHTHA €6KAUJ0601 KBAHTOBON TEOpHH N-KOMIOHEHTHOTO CKAJIAPHOIO
nossA B d-MepHOM mpocTpaHcTBe. Boipaxenune (2.163) aBadeTcs MpocTo NpoHATaTOpoOM
((byHKL[I/H‘/’[ I'puna, 2-Toueunoit (byHKL[I/Ie]‘/’I) TaKoi Teopuu noJisd. B mpocreiinieM BapuanTe
rayccoBoll Mome/m KPUTHIECKUX ABJEHWH MBI y&Ke CTAJKWBAJINCHL C TaKoll Teopmeil B
casm ¢ (2.28).

Teopusa Bo3MylleHUil MO KOHCTaHTe B3amMomelicTBua GayKTyanuii ¢ cTpoumTcd
BIIOJIHE aHAJOTHTHO TOMY, KaK 3TO BLLIO CHEJaHO BEINIE I/1d TEOPHH ¢@' ¢ omHOKOMIIO-
HEHTHBIM CKaJTApHBIM moJieMm. CBobonnasa dyHKiua ['puHa coBmamaeT ¢ KOppeaaTopoM
Opumrefina — [epruke (cp.(2.27)):

(5]'1

Goji = —2—
051 p2+7_

(2.164)
Koppenanuonnasa dbyHknua B3auMoIelcTBYOINX GAYKTyaIlnit onpeneageTcda ypaBHe-
nueMm [laiicona:

G~ (p) =Gy (p) — S(p) (2.165)

rae coOGCTBEHHO — HepreTHdeckad 4acTh L(p) HpencraBidercsd rpadukamu Juc.2-28.
Bepumunaa gacTh (MOMHAA “deTHIPEXXBOCTKA” ) OHpenesaeT 4-ToueuHblii KOppeaaTop
< ¢i(r1)0j(r2)¢1(r3)dm (rs) > u 1. 1.

DerpuBnaibHad GpuU3MKa KPUTHIECKUX ABJEHUN CBA3aHa ¢ B3aUMOAehcTBIHEM dITyK-
Tyamuii. DaccCMOTPUM MEPBBIE MOMPABKU TEOPUH BO3IMYIIEHHH K “3aTpaBOYHOMY’ B3am-
MoJeficTBHIO, ompeesigeMoMy KoHCTaHTol ¢. Da Dmc.2-29 msobpakentl rpadukn ~ g2,
COOTBETCTBYIOINIHE TPeM KPOCC — KaHaJaM JABYXYACTHIHOTO PACCETHUSA, OMpEeeaseMbIM

TpeMd CyMMapHBIMA I/IMHy.HI)CELMI/I1 u :

1OCTpeJ'IKI/I Ha JIMHUAX OIPEeac/Id0T HallpaB/JICHUA BXOOANINX U BRIXOMANMUX UMITY JIBCOB.
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z(p)=‘%+@

Puc. 2-28
p+k
-p 4 3 P2 Py Ps
(1) (2) (3)
Puc. 2-29
1. p1+p2
2. p1—ps3
3. p1—pa

ECTGCTBGHHO, nMeercd O6H_[I/II7I 3aKOH COXpaHECHHUA:

P1+p2=p3+ps (2.166)

B samatde ¢ n-KOMIOHEHTHBIM TTOJIEM YIO0HO BOCIHOIB30BATHCA CHMMETPH30BaHHOI (110
“msoTommYecKnM”’ WHIEKCAM) 3aIHChIO “3aTPaBOYHOTO” B3aumMOeiicTBIA:

o = (6501 + 6in 651 + 6:1b;1) = gLijm (2.167)

Torna unen BzammoneiicTBud B (2.159) ~ I;;110;¢; 61 ¢1, Tie IO NOBTOPAIOMMMCA HHICK-
caM TIoJIpasyMeBaeTcd CyMMUpoBaHue oT 1 1o n.

ILis HaXoXKTeHNA TOJHON BEPIINHBI IBYXYACTUIHOTO PAcCEedHNA HYKHO TPOCYMMU-
poBaTh Bce Tpaduku Trna mokKasanHbX Ha Juc.2-30. EcrecTBenno, uTo B 00IieM BHIE Ta
3amada He pemraercd. OIHAKO, MOKHO ITPOBECTH HEKOTOPYIO TOMOJOTHIECKYIO KIaccudu-
Kaliio JuarpaMM, KOTopad Mo3BoJdeT chOpMYJTHPOBATH ODIIYI0 CHCTEMY, TAK HA3BIBae-
MBIX “MapKeTHBIX  , MHTErPAJIbHBIX YPAaBHEHWI, KOTOPad ONPEIeIAeT TOTHYIO BEPIIUHY
BsanMometicteug'!. fcHo, uTo moMHyIo BepmmEy || MOXKHO IPeACTABUTE B BHIE:

I=R4T, +Ty+7Ts (2.168)

rae 6moku ['y, 'y, ['s mocTpoens! w3 guarpamMm, KOTOpPbIE MOXKHO pa3pe3aTh MO JIBYM JIH-
HuAM B KaHasax 1,23, a 610k R cocTonT U3 BCex AuarpamMm, KOTOPBIE HEJTb3d paspes3aTh
HU 1T0 OJTHOMY U3 »TuX KaHasoB. Torga mia 6siokos 'y, 'y, ['s MmoxHO cocraButh rpadu-
JecKne ypaBHEHUd, MOKa3aHHbe Ha Juc.2-31. B aTux ypaBHEHUAX BBIAEIEHBI OJIOKH:

L=R+>_T; (2.169)
j#

Hepaspe3aeMble MO ABYM JIMHUAM B KaHase i. CTpyKTypa Iumarpamm, OMPEIesdIoNinX
60k R dcHa W3 AmarpaMm, MOKa3aHHBIX Ha Juc.2-32.

H1N.T.Jarnos, B.B.Cynakos, K.A.Tep- Maprupocan. 2KOT® 32, 767 (1957).
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(4) (5)

(6) (7)
Puc. 2-30
= I,
= I,
= 13
Pue. 2-31

Puc. 2-32
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DosyueHHad CHCTeMa WHTErpajbHBIX ypaBHEeHUN odenb cioxkHa. Tem He MeHee cy-
HIECTBYET CHTYAIHd, KOTJIa OHA PelaeTcd JOCTATOYHO MPOCTO. JeUb HAET O TAK HA3hIBa-
eMOM TIPHOAMKEHNN “TJIaBHBIX JiorapudmMoB” . UToObI MOHATH OCHOBHYIO HMIEI0, OIEHIM
BeJINUHHY AuarpaMMEl 1 Ha Duc.2-29'%. B aHaJHTHYIeCKOM BHIe 3TOT IpadUK ompee-
JIAETCA WHTETPAJIOM:

dp 1 1

2

+8 /

g°(n ) @2rm)ep’+r(p+k)+r

DPOUCKOK TEHIE MHOKUTENA N + 8 CBA3AHO ¢ MpOU3BeAeHneM ABYX dhaxTopos (2.167),

(2.170)

CTOAIINX B BepH_[I/IHaX:
LimnImnkt + Likmn Imnjt + LitmnImnje = (0 4 8)(6:58k1 + 6i5651 + 6:11651) (2.171)

DAacCMOTPUM TeMepPh HAIY TEOPHUIO B YeThipexMepHOM npoctpancTBe d = 4. Torma nmeem
CENYIONIYIO OIEHKY MHTEerpaJia:

/ o 1 1 N /A dpp® /A dp A
p2+7—(p+k)2+7- Maz(k,\/T) p4 Maz(k,\/T) P Mcw:(k,\/?)

(2.172)
rie BBeaW mapaMmeTp obpesanua A ~ % 3mech, B oTamYne OT KBAHTOBOI TeOpWH MOJId,
HeT npobseM ¢ JorapudMIIECKOl PACXOIUMOCTBIO Ha BEPXHEM IpEIEJIe — Pa3JIOKEHUE
Janmay (2.159) npumeHnMo TOTBKO Ha Macmtabax IJIHHBIL, CYINIECTBEHHO MPEBBINIATO-
HIMX MEKATOMHOE paccTodanme, bIYKTyaluii mapaMeTpa MOPAIKa ¢ MEHBITHME ITHHAMI
BOJTH TPOCTO HeT. Besimumna @ urpaer posib “MUHUMAJIBHON AJIUHBI | OTCYTCTBYIONIER B
KBaHTOBOI Teopun mosisd. Tem He MeHee, dakT sorapndmudeckoli pacxogumoctn (2.172)
OYeHb BaXKeH. JTOT JorapudM BEJNK B HHTEPECYIOIIel Hac obTacT TapaMeTpoB, BOIA3H
Toukn azoBoro nepexona, Korma pedb uuet o k,+/7 < A. Cymecreerna “mudpakpac-
Hag” PacXOAMMOCTD P T WJHu k cTpeMmdiinxcd K Hyaio! B camMom meste; ¢ TO9HOCTBIO 10
YIEHOB BTOPOTO MOPAIKA IO ¢, MBI TEIIEDH MMEEM:

A
~ g — a2 - -

I'k)=g—g°(n+8)ln Maw(k, J7) + ... (2.173)
Bunum, aTo meppag mompaBkKa K BepimHe B3amMomeiicteua mpu 7 — 0, & — 0 mo-
JKeT CYIIECTBEHHO MpEBBIATh 3aTPAaBOYHYIO KOHCTAHTY ¢ — B3amMojelcTBue (IIyK-
Tyanuil pacter 1Mo Mepe MpubIAMKEHHA CHCTEMBI K TOYKe mepexofa. B aToM u ecThb
mpobiemMal DyKHO CyMMHPOBAThH BCE CYIECTBEHHBIE MOMPABKH, a 3TO HE MPOCTO CIe-
saathk. g mpoctpanctBa d = 3 3amada BooOlle Kaxkercs GesHAIeKHOU, OTHAKO IJd
d = 4, 6aromapsa OTHOCHTEIbHO cJ1aboli JorapudMudeckoil pacXoauMoCTH, MOKHO MPO-
BECTH ONpeieJeHHbI 0T6op IPadUKOB, COOTBETCTBYIONINH YIOMAHYTOMY TPUOIHKEHHUTO
“ryraBHBIX Jorapudmor”. Hesmo B ToMm, 9TO JorapudM y HAC MOABIAETCA OT MHTEIPH-
POBaHHUS TIO UMITyJAbCAM B TETJEBOM Tpaduke. D03TOMY B BBICHIHX TMOPAAKAX OymyT
BO3HHUKATH JorapudMbl B Hosee BBICOKOW CTEleHU, TpUYeM 3Ta CTelleHb paBHa THCJTY
meTesib B COOTBETCTBYIONEM Ipaduke. DalpuMep, aHAJOrHIHAad OleHKa TpaduKOB 2 u
3 Ha Duc.2-30 maer 4/1A HOX BeJWUHHY ~ ¢° In’ W’ a muia rpacduka 4 mosydaem

,

4113 A 4 A
~ ¢*In Mar (b7 B Toxe Bpemsa onenka rpaduka 6 maer ~ g In Man (b & WA Tpa-

duka 7 mmeeM ~ ¢° In W, 9TO 3aBEIOMO MeHBINEe BKJIAA0B 2,3,4 B CUJy TIPENIo-
)
JIOKEHUdA CJIabOCTH UCXOTHOTO B3auMOAecTBrA ¢ <€ 1. D03TOMY MOXKHO OrpaHUIUTHCA

1°B nanprefimem MbrI, mo Gosbmrell 9acTH, OMyCKaeM HeCYNMIECTBEHHbIC THC/ICHHbC MHOKHTE/IN THIIA
$aKTOPOB CHMMETPHUNI U T. .



KBAPTOBAPWE METOOOM ®YPKUWNOPAJILP bIX NP TEIPANOB: CKAJNIAPLI N CPUPOPLI

r) = x + XX+ X OCK+ KO X X+ -

Puc. 2-33

“IJIaBHBIMHE JiorapudMaMu’ , T.e. OTOIpaTh TOJBKO Te TpadpuKH, ¥ KOTOPBIX CTENEHb JIO-
rapudmMa TOJBKO HAa E€IWHWIYY MEHbBIIE CTENeHN KOHCTAHTHI CBA3M ¢, Ha Juc.2-30 »To
rpadukn 2,3,4. Ux Tomosioruga gcHa — OHKN COIEPIKAT MaKCUMAJIbHO HAPACTAIOINIEE IUCIIO
meresb Tuia Juc.2-29. Umenno takoit Habop rpadWKOB dallle BCETO HA3BIBAIOT “MapKe-
ToM”. “Oapker” yuYnTHIBAaeT BCe MONMpPABKM K BepumHE ~ ¢™ In" | Ho mpereGperaeT Bcemn
BrmagaMu ~ ¢"1t#In". Tem Gomee MoxkHO mpeHeGpeds BK/IamaMmu 6e3 morapudmos. B
9aCTHOCTH, BBEIEHHBIN BhIlle OJI0K F cCBOAMTCSA TOTIA UMb K MEPBOMY 4JIeHy Juc.2-32,
T.6. IPOCTO K 3aTPaBOYHOMY B3amMomelcTBuio ¢. B TakoM mpubamkeHnn “mapkeTHBIE”
ypaBHeHud Juc.2-31 ymaercd pemuTh. Dpolenypa pellenns, OQHAKO, TOBOJIBHO CJIOKHA
u MBI He DyleM Ha Hell ocranaBauBaThbed. Jlesto B TOM, 9TO TPaBUJIBHBIA OTBET IJid
TTOJTHOM BEPIIMHBI MOJIydaeTcd W Ipu HoJiee “HamBHOM® pPacCMOTPEHHN, KOTOPBIM MBI 1
BOCTIOJIB3YEMCH.

DAcCCMOTPUM TPOCTYIO MOCJENOBATENBHOCTh IpadMKOB, MOKaszaHHYoo Ha Jnc.2-33.
D10 OOBIUYHAA MPOTPECCHsA, KOTOpasd JIETKO CyMMUpyeTcsd (B OTJIMYME OT IBYMEPHOTO
“mapkera”):

A
Maz(k,/T)

)
_ (2.174)
1 + g(n =+ 8) In W

A
Tk)=g—g¢*(n+8)In————— 4+ ¢3(n + 8)%In?

Maz(k,/T) Tt

DellteHne “mapKeTHBIX” ypaBHEHUH HaeT TOYHO TaKol ke OTBET (ec/iM BHENIHWE WM-
IyJIbCHI BEPIIMHBI ojiHoro nopaaka)l®. Jleno B Tom, uro “napkeTHble” ypaBHEHHd g
Takoil BepIIUHBI CBOAATCA K Aud depeHnuaIbHoMy YpaBHEHHIO BUIA:

L) 4 yr(s) (2.175)

¢ TpaHUYHBIM ycsioBueM I['(s) — g mpu s — 0, u BBelleHa JorapndMudeckad TepeMeHHa:
s=In ———— (2.176)

Murerpuposanue (2.175) Torma maer:

(k) = m (2.177)

910 coBragaet ¢ (2.174). akTudaecKn, 5>TOT PE3yIbTAT BIOIHE AHAJOTHIEH BbIDaKEHIAM
Ind pusHIeckoro 3apsdana, ToJaydeHHbIM B [maBe 8 wactu | mpu m3ydeHnn acuMmTOTH-
9eCKHUX CBOWCTB KBAHTOBOHN 3JEKTPOMMHAMUKE W BEAYIINX K Mpobieme “MOCKOBCKOTO

13CoBnamenne ¢ TpaBHILHBIM OTBETOM 3I€Ch HABIACTCA MOBOILHO CAyYaflHBIM M, KOHEYHO XKe, He
OTMEHAET HEOOXOMIMOCTH HOJTeE€ CTPOTOTO PENEHUA, BIIEPBhIe BHIIOJTHEHHOTO B MTUTHPOBABIIENC BHITIIE
pabore armosa, Cymakosa u Tep-Maprupocana.
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Hyﬂ?{” 14.

DacemorpuM caydait k = 0 (BsauMmogneiicTBre dbuykTyanuii ¢ IpenebHO IIHHHBIME
sosiHamu ). Torma (2.174) ceoanres K:

1
T(k=0)= g — npu T — 0 (2.178)

_1—|—g(n—|—8)ln% (n—|—8)ln%

Bugum, ato npr npubimkeHnn K ToUKe (pazoBOTO MEPEXOIA 3aBUCHMOCTD OT “3aTpaBOY-

€2 )

HOI” KOHCTAHTBI CBA3H ¢ TPOTMAIAET, a caMo 5(GeKTUBHOE B3auMoAelcTBIE cmpemMumcs
Kk nyato (Tunmanelii “mysnb-zapan’!) 15, Do smech 310 He BbIsBIBaeT NpobiieM, Kak B pe-
JIATHBUCTCKON TEOPHUW TOJIA, a HA0DOPOT, MOJHOCTHIO MPOACHAET CHTyanumio. B camom
nente, pesynbrar (2.178) osnauaer sdderruroe ocnabienne B3anMomeiicTBuA GHIIyKTy-
anuil o Mepe MpUOJIMKEHUsI K TOUYKe mepexona. MoKHO HEMOCPEICTBEHHO PAcCInTaTh
BJIUSHEE TAKOTO cJIabOro B3auMOoIeAcTBIA Ha Bce PU3NIECKHE BETUINHBL, HMEIOTIHE 0CO-
GEHHOCTH B TOUKE Mepexoa i yHeIuThCd, 9T0 OHO MPUBOIUT TOJBKO K HE3HATNTEHHBIM
(norapudMIIECKIM ) TEMIIEPATY PHBIM IOMPABKaM K KDUTHIECKOMY HOBEIEHNIO, CIIEMYTO-
nieMy u3 Teopun Jlanmay. DTu gorapudMudecKne MOMpaBKN HE MEHAIOT CMeneny TEMIIe-
pPaTypHBIX 0cOOEHHOCTEll, T.€. KpUTHIECKHNE MHIEKCHI. D0dTOMY 1ad d = 4 KpuTHIecKue
UHIEKCHI TPOCTO paBHBI KPUTUIECKUM WHIeKcaM Teopuu Jlammay!

OTCTyHJIeHI/Ie: onpeiaedsiecHue KpUTUIeCKUX UHICKCOB.

B TEOpUN KPUTUYIECCKHUX ABJIEHUN BBOIUTCA CJ'Ie,E[yIO]_H,I/Iﬁ CTaH,E[apTHLIﬁ Ha6op XapaKTepUCTUK CUCTEMBI 1
X KPUTUYECKNUX UHAECKCOB, ONIPEOC/IAIOINNX CUHIYJIAPHOCTHA 3TUX BEJIMYUH B TOYKE (1)2130]301“0 Imepexoma

B 3aBUCHMOCTH OT TIapaMeTpa T = ——< — 0.
DapaMeTp HMOpAIKA:
er~lrlf T—T.—0 (2.179)
1
g~hE T=T, (2.180)

e h — BHEIIHee II0JIEe, CONPAKEHHOE ITapaMeTpy MOopAaKa. BocIpunMYInBoCcTE:

7Y T —=T.40

~ 2.181
X 7= T —=T.-0 (2.181)
Koppenamnonrnaa GyHKIma mapamMerpa nopAnka (d — pasMepHOCTD POCTPAHCTBA):
exp (—r/&)
G(r) —d—(2=n) (2.182)
TOe KOppeIAnuoHHAA IJIHHA:
77 T —=T.40
~ 2.183
¢ |T|_VI T—T.-0 ( )
B camoit kputmueckoii Touke:
1
1
Go) ~ oy (2.185)
AHaToruIHBIM 06pa30M BBOOUTCA KPUTHIECKUU MHIEKC TEIMIOEMKOCTH (vt
At
Clr,h=0)="—[r"*-1]+Bt T -T.4+0 (2.186)
o
Clr,h=0)= —[|r|7® —1]+B~ T—=T.-0 (2.187)

OZ/

1 Desyaprar THHA (2.174) BIIepBHIe GBLT TOTYTeH W3 “HapKeTHBIX” ypaBHeHWIl TaKiKe TPH FCCIETO-
BAHUE ACHMIITOTHYISCKHX CBOMCTB B TEOPHH PeIATHBECTCKOTO CKAIAPHOTO ToId g, B Teopmu xpuru-
gecKmuil ABSTeHAN Tpu d = 4 OH GBLT UCIIOTH30BAH CYIIECTBEHHO T03Ke JIapKWHBIM I X MeTHHAIK M.

159 omaeprreM, 9T0 B T€OPHM KPUTHIECKHX ABJICHNH mMeeM g > 0, TaK 9TO HUKAKHX MpoGJIeM, THIIa
“JIoKHBIX MOJIOCOB 3eCh HEe BOSHHKAET.
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mpu 3ToM & = 0 COOTBETCTBYET JIoTapUpMIIecKoil 0coOGEHHOCTH. D allOMHIM, 9TO 3/IeCh MBI pacCMaTpH-
BaeM TosbKo caMMerpmarayto gasy (I > 1), B KoTopoll cpenHee 3HaUeHHE MapaMeTpa IMopAnKa @ = 0.
O6o6uienme Ha ciayuait T < T, mpoBomurca 6e3 ocobbIx mpobiiem.

Baxmo OTMETHUTH, 9TO IIOJIYHEHHBIC B paMKaX TCOpHUHN ﬂaHﬂ;ay (I/I.HI/I MeETOOa MOJIEKY-
JIAPHOTO HO.H?{) CTaHOAapTHBIC 3HAYCHUA KPUTUYICCKNX NHICKCOB [35]

1
= — =1 =
v=g5 7 n=20
1
a=10 6:5 6=3 (2.188)
YIOBJIETBOPSIOT CTAHAAPTHBIM CKEHJIMHIOBBIM cOoOTHOIICHUsM [14, 35]
2l
=1 2.1
V=5 p (2.189)
a=2—vd (2.190)
1
B=-v(d—2+n) (2.191)

2

ecJI B HUX TIOJIOKHUTH pasMepPHOCTH mpocTpancTBa d = 4. B »1OM cMBIC/IE MOKHO CKa-
3aTh, 4YTO Teopud JlaHmay maeT MpaBUJIBHOE OMUCAHUE KPUTUIECKUX ABJIEHUN IJTA pas-
MEpPHOCTH TpocTpaHCcTBa d = 4. ITo XKe yTBEPKIAEHUE OCTAETCA CIPABEIJINBBIM U I
Bcex d > 4 — HeTpyAHO BHIETH, 9T0 monpaBku tuma (2.170) He MpUBOAAT HN K KaKIM
pacxomuMocTaM IJid d > 4, a MOTOMY MaJibl B CHJIY TPEANIONIOKeRNd ¢ <€ 1. DasMepHOCTH
npocTpaHcTBa d = 4 HasBIBAeTCA 6epPTHEll KPUMUYECKOU PA3MEPHOCTILIO TEOPUH.

Hna dusuygecku wHTEpecHOTO caydad d = 3 He ymaeTcd MPOBECTH OTOOD HOMWHU-
PYIOIIUX AHArpaMM B DALY TEOPUH BO3MYUIEHWI, BCe TUArDaMMBI OKa3bIBAIOTCH OIHOTO
mopanka. B »ToM u OBLIa OCHOBHAA TPYIHOCTH IPHU MOCTPOEHUH TEOPUH KPUTHIECKUX
ABJIeHnlt. BUJIbCOH MpemIokKmI OpUTHHAJIBHBII METOT pacdeTa KPUTHIECKUX WHIEKCOB,
OCHOBAHHBIfl Ha TEOPUHU BO3SMYIIEHWHA IO MCKYCCTBEHHO ONMPEIEJEHHOMY MAJIOMY TIapa-
MeTpy € = 4 — d — OTKJIOHEHHUIO OT BepXHEN KPUTHIECKOIl pasMepHOCTH MPOCTPAHCTBA
d = 4, ipu KoTopoil MHIEKCHI COBIATAIOT C MPEACKA3BIBAEMBIMHI TEOPHUEl CPETHETO IO
(e — passioxenue). Mnea Beemennsa “ApobHON” pasMepHOCTH MPOCTPAHCTBA JOBOJBHO
mnpocTa. Bo Bcex deliHMaHOBCKUX WHTETPAJIAX BHIIE (DPUTYPUPOBAJIO HHTETPUPOBAHUE ITO
00beMy d-MEpPHOTO MMIYJIBCHOTO TPOCTPAHCTBA, 3JEMEHT 0bbeMa KOTOporo B cdepu-
9ecKUX KOODAWHATAX, IJId MOMMHTErpAJdbHON (hyHKINN, 3aBUCAIIENl TOABKO OT MOIYd
HMITYJIbCA, 3AMCHIBAETCA B BUJE:

d'p = Qap®~dp (2.192)
rae 24 — MOBEPXHOCTh eTUHUYIHOR d-MepHOii cdephl:
27Td/2
(g

e UCIIOJIb30BaHO OOBIYHOE ODO3HAYEHHE F—(i)yHKL[I/II/I. B sTom BbIpaXKCHHUHN YK€ MOXKHO

O = (2.193)

cauTars d IIPOU3BOJIBHBIM (HGHGHBIM) BEIICCTBECHHBIM ITapaMETpPOM. TOI‘,D;& MOXZKHO 3alll-

d?p Q4 d—1 - d—1

CaThb:
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rJe BBEOCHO CTaHOAapTHOE obo3HaUYeHHE:

-1
Kq =27 g=d/2 [r (g)] (2.195)

B wacthoctu Ky = (872)~!. Beime, npu orenke (2.172) aTa KoHCTaHTa IPOCTO OIyCKa-
Jack. [JaJblie MBI TakKe He 6yIeM ee¢ BLIITUCHIBATD.

DpoBemeM Tenepb CHOBa ONEHKY BKJaga AMarpaMMmbl 1 ¢ 9mc.2-29, mMmeda B BHIY
mpoctpancTBo ¢ d =4 — £. Bmecro (2.172) nveem:

A A
. 41 _
gz(n+8)ﬁd/ dpp*~' — ~g2(n+8)/ dpp®=? ~
Maz(k,\/T) p Max(k,\/T)
1
g

1 _ —c —
~ 07 (0 +8) 0" T i ) ~ 97 (0 8)Z [Maw(k,V/7)7F = A7) (2.196)

Bce mamenenue o cpaBHEHHUIO co ciaydaeM d = 4 COCTOUT B TOM, 94TO BMECTO Jorapudma
(2.172) BosHukaer “norapudmmndeckas HepeMenHada” :

5= é [Max(k,/7)"° — A™°] (2.197)

mepexondinad B TOT XKe Jjorapudm B npenesie ¢ — (. D03ToMy MBI CHOBA, IPU PEIIEHUN
“IMapKeTHBIX” ypaBHEHMI, MOKEM BOCIOIB30BATLC MPUOJIIMKEHIEM “TUTaBHBIX JoTapud-
MoB”, a muddepeHnnanbHoe ypaBHenne qas Bepiinnbl (2.175) coxpanser cpoii Bua. Ero
pemierne (2.177) nna caydas k = 0 B mpoctpancTBe d = 4 — £ 3aNHCHIBAETCH TENEPD
KaK:

)
Lk=0)=
k=0 = o=

1 erel?
= 0 2.198
_>(n—|—8)”%/2 R npuw T — ( )

Bunum, ato sddekTrrHOE B3anMonelicTBre BIYKTyaIuii oKasbIBAETCA MAJIBIM IO BBe-
JIEHHOMY HaMW HCKYCCTBEHHOMY mapameTpy € = 4 — d.

VYpasuenue (2.175) MOXHO TakKe paccMaTpuBaTh Kak guddepeHnnatbHoe ypaBHe-
HUE N0 napamempy obpesanus A, BXoHdAlleMy B mepeMenuyto s (2.197), (2.176): ds =
A~(+E)dA . D10 ypaBHeHWe TOTIA OMUCHBAET IEPEHOPMUPOBKY Bepiimabl I mpu mHpH-
HUTE3MMaThHOM TpeobpaszoBaHny TMapaMeTpa obpesannd A — A/ = A + dA. Do cymn
Jena »To ecTh auddepeHnmalbHOe ypaBHEHHE PEHOPM - I'PYNOBI (TPYINBl MEPEHOD-
MupoBoK) T'ei-Manua n Jloy, y&e W3BeCTHOe HaM M3 KBaHTOBOW 3JIEKTPOTHHAMUK.
Uneosmornsa peHOPM - TPYIIBI ABIAETCA OCHOBOW COBpEMEHHOIT Teopuu a3oBHIX Iepe-
xomoB [14, 15, 40].

DepeiieM K CXeMaTHIeCKOMY OIMUCAHWIO pacyeTa KPUTHIECKUX HHIEKCOB. Dac-
CMOTPHUM KOPPEJNANNOHHYI0 GYHKIMIO mapaMeTpa mopanka (dbynknmio 'puxa) G(pr).
Nmeem, mo ompemeneHuio:

Glp=0r)=x(r)~777 (2.199)
G(pr = 0) ~ p=**7 (2.200)

OrpannauMcs onmpemesieHneM WMEeHHO MHAEKCOB ¥ W 1), MOCKOJIBKY OCTaJbHBIE MOKHO
OIPENETHTh, TOMb3YACh CKHIHHTOBBIME cooTHONTeHnaMy Tuma (2.191) [14, 39].
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J j n
% = -5 _M%m
t t m

Puc. 2-34

2 G.pt) = - G (pr) = A (@)
To- OO

(&)

Puc. 2-35

B paCCManHBaeMOﬁ TEOPpUHN MOXKHO JOKa3aTh ABa TOXKIACCTBA YOlea:

0 1 ddp/ /2 ’ ’
%Gjl (pT = 0) = 2p0z6ﬂ - 2/ (QT)dposzm(p O)F]lmm(pppp) (2201)
iG.—1( T=0)=¢ —/ﬁG2 (PO jimm (pPP'P) (2.202)
67_ ]l p - - ]l (27‘-)d mm p ]lmm pppp .
Beena “rpeyronpuyto” sepmmny 7;; = (,?—TG;ll(pT = 0) MOXKHO BTOPO€ W3 5THX TOXKIECTB

u306pasuTh TpadUIecKd, KaKk MOKa3aHo Ha Duc.2-34. DTo TOXKIECTBO MOKHO BBIBECTH
mocJIeIoBaTeIbHbIM Aud depeHInpoBaHneM IpaduKOB A4 11d4 CODCTBEHHO - dHEPTETH-
Jeckoil gacTu (06paTHOTO MpomaraTopa), Kak 3To MOKa3aHO CXeMaTHIeCKn Ha Juc.2-35.
Ouddepennmuporanne obparHoro cBobomHoro mpomararopa (2.164) (Duc.2-35(a)) maer
mepBoe ciaraeMoe, a quddepeHnupoBanne IpocTeiiiero BKamaa B coOCTBEHHO - aHepre-
THYECKYIO 9acTh (Dnc.2-35(a)) maeT BKJIAABI HUBLIETO MOPAIKA /1A BEPUIMHBI C IBYMS
COEIMHEHHBIMU “XBocTaM®’, T.e. HU3NIMI BKJaJ BO BTOPOE CJIAraeMoe. JOJHBIR P
“npomnd depeHIMpoBaHHbIX” TpadUKOB COOUpaeTCsa B MOJIHYIO BeplinHy. ToXIecTBO
(2.201) BBIBOOMTCA aHANOIHYIHO, AHddEPEHINPOBAHUEM IO P .

Doncrasum B (2.201) “maprernoe” peutenne mia I'(ppp’'p’). MBI ero He HAXOAWIH, HO
JOCTATOTHO CKa3aTh, 9TO 0HO (MOm0GHO BHIMECAHHOMY Bbilie periennio nig I'(k)) sasu-
CHUT TOJBKO OT Moy eil |p| u |p'|, Tak wro wHTerpas B mpasoii actn (2.201) obpamaercs
B HyJIb DU WHTETPUPOBAHUE TIO TOJSAPHOMY yTJIY. DO3TOMY UMEEM TIPOCTO:

0G=Y(pr =0)
— = 2p, 2.2
pn P (2.203)
TaK 9TO )
G(pr=0) ~ e (2.204)

9TO maeT 3HadeHme wHIekca 7 = 0.
Bocnonesyemcsa remeps ToxmectsoMm (2.202). B “mapkerromM” mpubIMKEHIN MOKHO
oTipeieJIeHHBIM 06pa30M MEPECYyMMUPOBATH TpadUKH TaK, YTO 5TO TOXKIECTBO IPEBpalla-
€ 99

eTcd B MHTETPAJIBHOE YPABHEHNE IJId “TPEYTOJIBHON BEPUIMHBI, TOKA3aHHOE Ha Juc.2-36.
C ucmosb30BaHUEM JIOTAPUDMUIECKUX IEPEMEHHBIX 5TO YPABHEHME 3aUCHIBAETCH KaK:

7}](5) = 051 — /Os dtl“ﬂmn(t)Tmn(t) (2205)
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poo >

Puc. 2-36

Ucnonesya 7;; = Té;; u (2.167) momyaem:

u (2.205) cBogmTCA K:
T(s)=1—(n+ 2)/ dtT()7 () (2.207)
0
Huddbepernupyd mo s, cBOOUM 3TO WHTErpaJbHoe ypaBHeHHEe K AuddepeHnnaaIbHOMY
dT
% =—(n+2)T(s)7T (s) (2.208)

C TPAHUYHBIM YCJIOBHEM ’T(s = 0) = 1. Orciona HaXOIUM:

T(s) = exp {—(n +2) /0 s th(t)} (2.20)

Mcnompaya saeck (2.177), mosiydaeM OKOHYATETHHO:

T(s)=[l+g(n+8)s] =+ (2.210)
Torna nmeeM: .
9 miy gy OXTHT) -5
6 p=0m) = D g gn 4 ) (2.211)

UnTerpupyd ¢ TpebyeMoii TOUHOCTBIO, MOJIYIaeM:

n42y

1 1 e .
X(7) ~ — {1 +g(n+ S)E[r—f/2 - A—f]} . (2.212)

upnm 7 — 0. COOTBGTCTBGHHO, AJ1d KPUTHYIECKOTO MHACKCA BOCIIPUUMYNBOCTHA HAXOAUM:

2
REIE G (2.213)

=1
7 +n+82

DTo BBIpaXKEHHWE, TakK:Ke KaK W TMOJYJIeHHBIN BhIle pesysabrar 77 = (, cOpaBemJIuBBI C
TOYHOCTBIO O YJIEHOB TEPBOTO MOPANKA IO £, W MPEACTABIAIOT co0Ol mepBBIE WIEHBI
€-pa3iokeHNd KPUTHIECKUX WHAEKCOB. [{oCcTaTOTHO TPOMO3IKMI CHET TO3BOIAET MOJIY-
YUTHh NONPABKN BBICIINX HMOPAIKOB.

SaMedaTeIbHBIM PE3YJIBTATOM COBPEMEHHOW Teopuu, CIEAYIONAM W3 3THX (HOpMY.JI,
ABJIAETCA YTBEPKIEHUE 00 YHUEEPCAALHOCTIY KPUTHIECKOTO TIOBENEHUA — BEJTUINHA KPH-
THYIECKUX UHIEKCOB B CAMBIX PA3INYHBIX PU3NIECKHX CHCTEMAX ONPEIETAETCA TOTBKO
PasMepHOCTHIO TTPOCTPAHCTBA (CHCTEMBI), B KOTOPOM H3ydaercs (HasoBBI Mepexof, u
YUCTIOM KOMIIOHEHT 1 MapaMeTpa nopsaaka (T.e., GakTHIeCKH, THIIOM CUMMETPUH, Hapy-
maeMoit pu $HasoBOM TEpexoie).
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<—%

Puc. 2-37

B pasmoxennn (2.159), Boobuie roBop#, MPHCYTCTBYIOT U GoJice BBICOKHE CTENMEHN
mapaMeTpa nopganka. Bosaumkaer Bompoc 00 UX posid B KPUTHIECKOM TOBEIEHNN. D OUEMY
MBI OIpAaHHYHJINCh TOMBKO §¢*? DycTh mMeerca raan A¢®. K wemy »to mpusemer?
DACCMOTPHUM MPOCTERNIYIO MTOMPABKY K 3TOMY BKJIATY, W300pakaeMyo AHArPaMMOR Ha
Duc.2-37. Do MOpAIKY BEJIMYWHBI OHA OMPEHeAeTCa HHTETPAIOM:

/\2/ d’p / *pr ! / dp1 / dps——,5 5+ p1p2 ~ X In A
T pip3(pi +p3) pip3(pi +p3) VT
(2.214)

g d > 3 coorBercTByOaZd MOMpPaBKa MPOCTO CXOAUTCA (Ha HIZKHEM Ipemese, mpn
7 — 0), Tak uro nng d = 4 — ¢ B3auMofelicTBe THIIA AG® ABIACTCA HeCywecmeeH-
HoM. AHATTOTHYHO eno OOCTOUT U ¢ 4eHaMu pasJioxennd Jlanmay ¢ 6osiee BHICOKIMHE
CTENEHAME TapaMeTpa MOPAIKa.

DpUBENEM B 3aKJIIOUEHIE 3HAYEHNA KPUTHIECKAX WHIEKCOB C TOYHOCTBHIO 10 YJIEHOB
~ &2 B TEOpUN ¢ N — KOMIIOHEHTHBIM TlapaMeTpoM mopaaka [14, 15]:

n+2c n4+2n2+22n+52¢2

T RIS e 4 (2219)
2y:1+2122+212n252§;;60§ (2.216)

= z(niZ)zgz 2(212)2 [6871—:—8;3) - ﬂ i (2.217)
5:3+e+[%—%} 4. (2.218)
I R

- i;g% i (2.220)

MHTepecHO CpaBHATL 3HAYEHHWA MHIEKCOB, NMOJIyYeHHBIE 110 3THM dhopMyJsIaM mad d =
3 (¢ =1)un =1 (n3uaroBckuil caydail), B CPaBHEHNH C DE3Y/IbTATaMU UHCJEHHBIX
pacieToB (BBICOKOTEMTICPATYPHBIE DA3JIOKEHNH) IJd TpexmepHo#l momenm Wsuara. B
IpUBOANMON Tab/Iuile TaHBl TakKe SHAUEHHA WHIEKCOB TeopuH cpemHero mond (Jlan-
nay). Buoro, 9To € — passokeHne 0beCeINBAET HEILIOXOE COTJIACHE C PE3YIbTaTaMu
IHCJIEHHOTo aHaIm3a °.

CoBpeMeHHBIE METOIBI pacdera, CYMEecTBeHHO y/IydIIalollne pe3yJbTaThl IPOCTeii-

mero € — pal3JIokKEeHHdA 3a CYeT ydeTa BKJIAOOB BBICIIHUX IIOPAOKOB, OdaloT 3HAYCHUA

16 Ipyroit mocraroumo sddexTHBHBIL MeTo pacdeTa KPHIMICCKHX MHIEKCOB MOXKET GHITH OCHOBAH
Ha WX Pa3JIoKEeHHUH B DAL ITo 0OPATHBIM CTEIEHAM 9HC/Ia KOMIOHEHT MapaMeTpa mopanka 1/n [14, 15],
HOCKOJIBKY HPHU 7 — 00, KaK MOYKHO MOKa3aTh, KpUTUIECKHe WHIEKCHI TAKKE OIPEIeTAIOTCH TPUOITHKe-
HEEM caMocoIIacoBaHHOTo oJiA (Teopreil Jlanmay). Meron ssramcsennii ocHoBas Ha oT6ope TpadHKOB
C 3aMKHY TBIMH IIeTJIAMHU, IOCKOJIbKY KaiKIad MeT/Id JaeT BKJIad ~ 7.
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Tabnuua 2.1  Kputudeckne nuaekesl pna moaenu ¢ n = 1 (WMsunr).

Nunexc | Bunbcon | HYucnennswrit cuer | Jlanmay
v 0.626 0.642 0.5
i 0.037 0.055 0
04 1.244 1.250 1
«@ 0.077 0.125 0
8 0.340 0.312 0.5
6 4.460 5.15 3

WHIEKCOB, TPAKTUYECKN COBIATAIONINE C PE3YJIHTATAMH 9YHCACHHBIX PAacUeTOB M DKC-
nepumenTa [40].

®DepmuoHbl 1 PYHKIIUOHAIbBHBbIE METO/IbI.

O606111eHIEe DYHKITMOHAJIBHBIX METOIOB Ha (PepPMUEBCKHUE MOJIA BCTPEIAET OMpeNeIEHHBIE
3aTpynHeHud. B paccMarpuBaBImXcs BbIlle QYHKIIMOHAJIBHBIX WHTETPAJIAX T4 603 —
HoJIell BeJIOCH MHTETPHPOBAHNE 1O BCEM BO3MOXKHBIM KJIACCHIECKNM (C-9NCIOBBIM) TI0-
JeBbIM Kouburyparmuam. [aa dbepMueBckux moseil MoHATHE KJIACCHYIECKOTO MPEIesia
OTCYTCTBYET W HEACHO, HA MEPBBIN B3MVIAI, O KAKMX BO3MOKHBIX MOJEBBIX KOHPUTYpa-
MUAX TYT MOKET BOODINE UATH PeUb. DepPexol K KJIACCHIECKOMY MPENENy CBA3AH, Kak
W3BECTHO, ¢ TpemenaoM /i — (. Dpu 5TOM HETPUBHAJBHBIE MpaBble YACTH KOMMYTATO-
POB Bcex OO3€BCKHUX TIOJEBBIX OMEPATOPOB, PacCMOTPeHHBIX B lyiaBe 2, obpamatorca B
HYJIb, a CAME OMEPATOPHI epexonaT B c-uucsa. aa depMueBckux moJeil, Kak MbI BH-
JeJIU TaM XK€, KBAHTOBAHNE OCYIIECTBIAECTCA C MOMOUIBIO AHMUKOMMYMAMOPos, TaK ITO
npu i — 0 moaydaeM mjid pepMUEBCKHX MOJER TPOCTO HEKOTOPHIE AHTHKOMMYTHPYIO-
e BEJMYNHBI, CMBICT KOTOPBIX, C TOUKH 3PEHUA “3HPABOrO CMBICSIA” HE BIIOJIHE ACEH.
OnHako WMEHHO Ha TOM MYTH W JIEKHUT peliieHne mpobiaembl. Takme BeawInHbI OBLIN
BBENEHBI B MaTeMaTnKy B cepenmHe XIX Beka ['paccMaHOM W Ha3BIBAIOTCA 2PACCMAHO-
6viMUu nepemennvimu. PyHKIIMOHATBHAA (POPMYIUPOBKA KBAHTOBOW Teopwu mossd HJid
depMuUeBCKUX, OCHOBAHHAA HA WCIOJB30BAHUN TPACCMAHOBBIX MEPEMEHHBIX, ObLJIA HaHa
DepesnuHbIM, KOTODHII BIEPBBIE BBEJ MOHATHE WHTETPUPOBAHUA MO TUM II€PEMEHHBIM
[41].

DaccMOTPUM CHavaJa COOTBETCTBYIOIME MaTeMaTHIecKue ompeneseHusd. |'enepa-
Tophl ; n-MepHO# rpaccMaHoBOl anrebpbl YIOBIETBOPAIOT aHTHKOMMY TATTHOHHBIM CO-
OTHOIIEHUAM:

{CZ', Cj} = CZ'C]' + C]'CZ' =0 (2.221)

roe ¢t = 1,2,...,n. B vactHOCTH:

C?=0 (2.222)

DosToMy pasioxkenne mponspoabHoil dyukumu f(C;) B pAd MOXKeT colepKaTh TOJIBKO
KOHETHOE YHCJI0 UJIEHOB. DalpuMep, HJid OTHOMEPHON arebphl HMeeM:

f(C) =a+bC (2.223)

rae a u b — obwranble yncaa. KBagpaTudHbil U CJEAYIONINE YJIEHBI PA3IOKEHNA PaBHBI
HYJIIO.
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g oburero n-MepHOTo Ccaydad aHAJIOT (2.223) mMeeT BUO:

F(C) =Py + P Ci + P2 CnCio 4 o+ PV, Cit o Cin (2.224)

Ie KaxOpil HHIEKC CYMMEpPOBAHHA IIPUHUMAET 3HaYeHHA oT 1 110 n. Das/IoKeHHe oOphIBaeTca GJ1aro-
mapa (2.221).

YaccMoTpuM ToHATHE Tud hepeHITMPOBAHN IO TPACCMAHOBBIM MepeMeHHBIM. Cylie-
CTBYeT IBa THIIA TaKoTO IudepeHInpoBanns — JIEBOe U mpaBoe. JleBad mponsBogHAd
npomsBenerund Cy(s onpenengeTcd Kak:

aL

50, (C1C2) = 8:1Cs — 8iC (2.225)
YpaBad MPOU3BOAHAA, COOTBETCTBEHHO, PaBHA:

aR

55 (C1C2) = 6:2C1 = 6:1Cs (2.226)

90Tpe6yeM TaK>K¢e BBIIIOJTHEHUA PABEHCTB!

{%’ C']} = &; (2.227)
g 0
— = = 2.22
\acr a7} = @29
B wactHOCTH, MUiA omHOMEpHOH aarebph:
d
{@’C} =1 (2.229)

1 BCcerga

(a%i)z =0 (2.230)

Bce 311 cooTHOIIEHN S TMEIOT NOBOJIBHO €CTECTBEHHBIN BU.

Onpenesenne MHTErPUPOBAHASA IO TPACCMAHOBBIM TIEPEMEHHBIM, HAIPOTHB, BBOIUTCA
mocTaTodHo GhopMasbHBEIM 0bpasoM. B wacTHOCTH, 3Ty omepanuio HeJb3d BBECTH KakK
obpaTtHyto muddepeHnupoBaHuio. Ke MOXKHO omNpenesnTh, TeM He MeEHee, TaK, ITOOBI
oHa 0obJIamasia HEKOTOPHIMHU OOIIMME CBORCTBAME, WHTYUTHBHO TPUCYIUME OOBITHOMY
OTIPENETEHNIO HHTETPAJA. DAMPUMED, MOKHO TOTpeboBaTh, 9TOOB MHTErpas OBLIT HWHBA-
PUaHTEH IpHU CABUrE ITepEeMEeHHON NHTeTPUPOBaHUA Ha KOHCTAHTY:

/dCf(C) _ /dCf(C—i—a) (2.231)
STO Bcerga Tak C O6BIqHBIM HMHTErpaJioOM B 6eCKOHe‘IHbIX npeaesjax, Ho HaJo ACHO IIO-
HUMAaTh, 9YTO B OJaHHOM CJiy49ac HHUYIECTO O6H.[eFO C O6BIqHBIM HMHTErpaJoM HET (KpOMe

obosHaYEHU A f), HeT TYT W HUKAKWX NpeleoB HHTerpupoBanud. Ucnonb3ya apHBI BU

F(C) (2.223), nonygaem:
/dC’(a—i—bC’):/dC[a—l—b(C’—l—a)] TaK ITO

/ dCbC = / dCH(C + a) (2.232)
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OTKYyOa CJIENYET:

/d(]ba =0 (2.233)

WJIN, BBUY MPOW3BOJBHOCTH bey,

/ dC =0 (2.234)
3meck a — apyroit asemenT anarebper ['paccmana, He 3aBucammii ot C' 1 aHTHKOMMY THPY-
fommii ¢ C'. Ocratommuiics eme narerpan [ dC'C MoxHO IpocTo doonpedeaums ycI0BHEM:

/dCC =1 (2.235)

Yenopu# (2.234) n (2.235) mOTHOCTBIO OHPENETAIOT OMEPAINIO NHTETPUPOBAHNA.
EcTecTBeHHO, 9TO Tak olpeleeHHOe HHTErPHPOBaHIE He HMeeT HIKAKOrO OOLIMHOTO

TeOMETPUICCKOT'O CMBICJIA. Doutee TOTO, B CJIiydae O,D;HOMepHOﬁ a.HI‘e6pr FpaCCMaHa MbI

nMeeM % =b,v0 u [dCf(C) = b, Tak uTO ONEpALNA UHTEIPUPOBaHUHA HeficTByeT Ha

dbyHKINIO TaK XKe, Kak U omlepanuda AuddepennupoBanus!
B n-mepHOM ciydae mosaraem:

/d(]i =0 /dCZCi =1 (2.236)

SyCTb Tenepb N U 77 — HE3aBUCHUMBIEC I'PACCMaHOBHBI IICPEMEHHBIC, TaK YTO!:

/dn:/dﬁzo /dm]:/dﬁﬁzl (2.237)

Dockoabky 1% = 7% = 0, nmeem:
e~ =1—an (2.238)

TaK 9TO IIOJIyY9acM:

/dﬁdne_ﬁ” = /dndﬁ—/dﬁdnﬁn = O—I—/dﬁdm]f] =1 (2.239)

Daitmem Temephb 0600iIeHMe 3Tol GopMyaBI Ha ciydaii HOJIBIIEr0 YHCTa W3MEPEHUM.
DaccMOTPUM IBYMEDHBIR ciiydait, BBOOA, s yaobcTBa, o0o3HAYEHNS:

77:(2 ) n:(Z; ) (2.240)

DorasaTesb SKCIOHEHTH 77 (TOUHee 7t 7) UMeeT BHI:

M= mn + 17272 (2.241)

CHG,D;OB&TG.HI)HOZ

(7m)* = (e + f2m2) (i1 + f22) =
= M2tz + N2n2mn = 291017212 (2.242)

e yamm, 9to 7 = n2 = 7202 = 0. Dosee BHICOKWE CTENEHU 7)7) PABHBI HYJIO W MBI,
TaKuM 0b6pa3oM, MoJIydaeM:

e =1 — (qum + 7212) + Tumij2ne (2.243)
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SpI/IMeHSIﬂ BBCIECHHBIC BBINIC IIpaBUJIa MHTCIpUPOBaHNd, BUAUM, YTO:

/dﬁdne‘ﬁ” = /dﬁ1dﬁ2d771d772771771772772 =1 (2.244)
KaK U B OJHOMEPHOM CJIy4dac. SpOBeﬂ;eM TEepb 3aMEHY IMEPEMEHHBIX MHTECIPUPOBaAHMA:
n=Mo n=Na (2.245)

rome M u N — maTpuiipl 2 X 2, a @ 1 & HOBble HE3aBUCUMBIE TPACCMAHOBBI ITepEMEHHBIE.
Torna nmeeM:

mnz = (Mi1oq + Misaa)(Maraq + Masas) =
= (M11M22 — Mlezl)OélOzz = (DetM)a1a2 (2246)

rJe y49Jin aHTUKOMMYTaTUBHOCTE I'paCCMaHOBBIX ITEPEMCHHBIX. YrobbI COXpaHUTH IIpa-
BUJIa MHTETpUPOBAHUA

/dﬁldﬁﬂhﬁz = /d%dazmaz (2.247)

HYKHO MOTpebOBATH:

didng = (Det M)~ daydas (2.248)

YTO OTIMYACTCHA OT OOBIYHOTO MPABUJIA 3aMEHbI IEPEMEHHBIX CTEIEHBIO JeTepMUHAHTA.
YuauTsiBad
_ . _ T Tar~ _ ~asT
m=NaMoa=NaaM" = —aM  Nao=aM" Na (2.249)

sannmeM (2.244) B Buze:
(DetMN)—l/dadae—@MTN“ =1 (2.250)
Dockonbky DetM N = DetMT N, orciona coenyer ofmuii pesyabTaT:
/dadae—@f‘a = DetA (2.251)

9TO MPENCTABAAET COOOl TayCcCOB MHTETPAJT MO IPACCMAHOBBIM ITEPEMEHHBIM.
Y10b681 OnmucHBaAThL (PEPMUEBCKHE NOAA COBEPIINM TEMEPD MEPEXOL K OECKOHETHOMED-
HOM TpaccMaHoBOf anrebpe, reHepaToOphl KoTopoli 6ymem obosnadars C'():

{C(x), C(y)} =0 (2.252)
LEC(x)
300y b(x —y) (2.253)

/ dC(x) =0 / dC(x)C(x) = 1 (2.254)

B pesynbrare y HaC BO3HUKAOT GYHKINOHAIBHBIE HHTEIPAJIBI IO IPACCMAHOBBIM (dep-
MHEBCKIM) TOJIAM.
Jlarpamkuan upaka, KaK W3BECTHO, MMeeT BUI:

L = ipy b — mapap (2.255)
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Torma HOpMEWpPOBaHHBIN TpouWsBOHANNE (GyHKIIHOHAT mad cBobomuoro mosa [lwmpaka
nMeeT BUI:

Zilnil =5 [ Pivvesy {i [ delitain e, - mpvte) + n(wyvte) + ¢(x)n(zﬁ2)]2}56)

rje HOpMUPOBOYHBI MHOXHTE/Ib
N = /731/;7)1/) exp [i/dm/;(x)(i'y“@u — m)1/)(x)] (2.257)

31ech MBI BBEJIH TPACCMAHOB MCTOUHUK 7)(x) Aad moad (x) u n(x) aaa mona ().
g cokpalenusd 3anucu yaobHO BBecTH 0bo3HAYCHUE
STt =iykd, —m (2.258)
Torma:
Zaln.i) = 5 [ DiDvep | [ artis v+ a4 i (2259)
DacCMOTPUM KBAJIPATHIHYIO HOpMY:
Q) = ST+ i + 4y (2.260)
Daitmem 3HAYEHNE 1), KOTOPOE e “MUHUMUBUPYET W3 YCIOBUL:

orQ orQ

—_— :S_l =0 —_— = 75_1 n=20 2.261
B0 v+ 0 YSTH 47 ( )

9TO JaeT: B
Ym = =50 m=-nS (2.262)
IIe IPeIIoIoKIIN cyllecTBOBaHMIe olepaTopa, obpaTrHoro S™1. B “MuHEMYyMe” HMeeM:
Q= Qm = Q(Wm, ¥m) = =157 (2.263)

Torma Hamy KBaIpaTHdHyIo pOpMYy MOKHO HPEACTABUTH B CJICAYIONIEM BHIE:
Q=Qm+ ¥ —¥m)S™ (¢ — ) (2.264)
COOTBeTCTBeHHO:
1 - -
Zalni) = 5 [ DiDvexs {i/dx[czm (6= ) S (W - ¢m>]} -
- /ivexp [—i / de / dyii(2)S(x — y)n(y)] Det(—iS™')  (2.265)

[Ie IOpU MOIYYIEeHHH IIOCJIETHETO BHIPAiKEHHS Mbl BEIHECJIH MHOKHTENb €' 9™ 3a 3HaK
HHTerpaJia, IOCKOJIbKY @y, He 3aBUCHT OT 1 U %), 1 BOCIIOIb30BAIUCH OYeBHIHBIM GyHK-
IOHAMBHBIM 0000menneM (2.251):

/D&Dw—“d} = DetA (2.266)
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AHaJorm9HBIM 06pa3oM MOXKHO IOKa3aTh, 910 N = Det(iS‘l), TaK 4TO OKOHYATEJIBHO
MOJTy9aeM MPOM3BOAANINI YHKIMOHAT CBODOIHOTO AUPAKOBCKOTO MOJIA B BUIIE:

Zo[n, 0] = exp [—i/dx/dyn(l‘)s(l‘ —y)n(y) (2.267)
Derpynuo ybenurhbed, 9To omeparop S AeficTBuTessbHO cyiiecTByeT. OH MMeeT BUI:
S(z) = (Iv* 0y + m)Ap(z) (2.268)

rae Ap(z) — xopomno n3zBecTHEIH HaM (bellHMaHOBCKHIT MpoMaraTop cKaagpHOro nosid. B
caMoM JleJle, HCHosb3ya (2.258) umeem:

STES = (i7", — m)(i7" 0y + m)Ap(z) = (=0 — m*)Ap(z) = () (2.269)
Teneps MOXKHO OIpeNeTUTh CBOOOIHBII ITpoIaraTop AMPaKOBCKOTO MOJId KaK:

_ 8Zal
T R
6 6

= — — = dx/dyﬁ(x)S(x — y)n(y)} ln=r=0 = iS(z — y) (2.270)
bn(x) é(y) { / =
L€ MBI ICTIONTb30BaIn exp(—7n.Sn) = 1 — 757.
CymmupyeM Temepb GOpMyJIBI, OTHOCAITINECT K CBOOOMHBIM CKAJAPHOMY W CITHHOD-
HOMY ToJIAM. [[JTsi cCKaJIApHOTO Mo HMeeM:

1 1 1
Lo = 50up0"p — sm’p? = —op(0+m?)p (2.271)
Mgl HanwIn BBINIE
(z,y) = iAp(z —y) (2.272)
roe Ap — delfHMaHOBCKHI TpomaraTop, YIOBJETBOPAIOIINAN ypaBHEHHIO:
(O +m*)Ap(z —y) = —6(x — y) (2.273)

ILng ciMHOPHOTO (IMPaKOBCKOTO) MOJIA MMEEM:
Lo = iy Butp — mipis = B~y (2.274)
(z,y) = iS(x — y) (2.275)

B oboumx caydadx BHOMM, 9TO TMPOMAraTop €CTh OmepaTop, oOpaTHBI KosddummenTy
Ipu KBAIpaTHIHOM dYJieHe B Jarpanxnane. MoxKHO BoODIIE npunams 2mo 6 kavecmse
onpedeaenus nponazamopa Mg MPOUIBOJIBHOTO TOJIE.

D pomsBonanmit GyHKIMOHAN IJTd B3auMoaeicTByommx dpepmu — mosieli MoxeT OBITH
OTIPEIEsIEH BIIOJIHE aHAJOTHIHO HO3EBCKOMY CJIYYal0:

. 16 156 -
Z[n,n] = exp z/dxﬁm ——,=— )| Zo[n, 1] (2.276)
1 én 167

OTCIO,D;& MOXHO BBIBECTH BCE IIpaBUJIa ,D;I/IanaMMHOﬁ TEXHUKW OJId (bepMI/IeBCKI/IX HO.Heﬁ,
BIIOJIHE aHaJJOTUYHO TOMY, KaK 2TO OBLIIO COEJIaHO BBIIIE B CKAaJIAPDHOM CJIy4dac. E,D;I/IH—

CTBEHHOM CYIIECTBEHHOR 0COOEHHOCTDBIO, CBA3aHHOI ¢ TpaccMaHoBO# mpupomoit dhepmi-
€BCKUX TOJIEl, ABTAETCH HEOOXOMIMMOCTE COTIOCTABIEHUA JOMOTHUTETBHOTO MHOKATE A
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(-1), xaxmol#t depmmonHOi metsie!’. Mpl He 6yIeM paccMaTpHBaTh MOLPOGHO hopMy-
JIMPOBKY MUATPAMMHBIX TTPABUJI B MOJEJAX B3aUMOAEHCTRUA OTHIX TOJBKO (hePMUOHOB,
MOCKOJBKY B 4€TBIPEXMEPHOM TIPOCTpancTBe MUHKOBCKOTO BCe OHE, K COKAJICHUIO, ABJIA-

OTCA HEMEPEHOPMUPYEMBIMU.

B kagecrBe mpumepa Momenn BsammoneiicTBul GepMHUOHOB, KOTOpas peaJbHO NPUMEHAETCH IJIA
OMMUCAHMUA HPOIECCOB C 3JIEMEHTAPHBIMI YaCTUIIAME, IIPUBENEM TaK Ha3bIBaeMoe 4-(pepMHOHHOE B3anMO-
neticrere ®epmu. OHO MOKeET GBITH YCIIEITHO MCIIOIB30BAHO MJIA OMUCAHUA HIU3KOSHEPT€THIECKUX IIPO-
LIeCcoB B3anMoeiicTBrA 1enToHOB. COOTBETCTBYIOMMIL TarpaHKIaH B3anMONeiCTBIA (/1A NBY X IIEPBBIX
IIOKOJIEHNH JIENTOHOB ) 3allAChIBAeTCA B CIIEMYOUIEM CTaHIapTHOM BHIE [27):

G ...
Lint = —=53 juw (2.277)

V2

TI€e ju — OIeparop caaboro ToKa JIEITOHOB:

jg = 'lzjerawve + 'lszrava

j$+ = vaerad/e + JJWFQW (2'278)
Toe
1
L= (- AL+ %) (2.279)

a HIKHFE HHIEKCHL IIOJIEBBIX OLIEpaTopoB 0003HA9al0T COOTBETCTBYIOIINE IaCTHIEL (3/1€KTPOH €, MIOOH
4, JIEKTPOHHOE HEHTPHHO Ve, MIOOHHOE HEHTPHHO 1y, ).

W3 mpocreiiniero pasmepHoro aHaIn3a fCHO, 9TO 3TOT JIarPAHKHUAH COOTBETCTBY€ET HEIIEPEHOPMUDY -
eMoii Teopun — KOHCTaHTa CBA3U (G ABJIAETCA pasMepHON BeIMYINHON, ¢ pasMEPHOCTHIO KBAOpaTa HJIMHBI
Wi o6paTHOTO KBalpaTa MAacChl. e Yumc/IeHHOe 3HAYEHWe, XOPOUIO W3BECTHOE W3 06pabOTKH TaHHBIX
IO HU3KO?HEPTE€THIECKAM IIPOLECCAM (ONHICHBAEMBIM IEPBBIM IIOPAIKOM TEOPHH Bo3MylneHHUil mo () ¢
JIelITOHAMH, TAKUM, KaK paclal MIOoOHa, paBHO:

3
G=1.0-10"°

=1.43-10"*erg . em?® (2.280)
mpc

IIle mp — Macca IPOTOHA, BBENEHHAA 3IeCh IPOCTO KaK pasMepHBIA mapaMerp. e moasserme B (2.280)
BIIOJIHE IIPOM3BOJIBHO, MBI €llle YBUIUM, KaK TaKoe B3aMMOIOEUCTBIE BO3HUKAET, Kak »¢deKTuBHOE, B
HU3KO3HEPTETUIECKOM IPeTiesIe COBPEMEHHON TE€OPUH 3I€KTPOMArHUTHBIX U CIabBIX B3aMMOTEUCTBIA.

Berny mHenmeperopMEpyeMocTH Teopun moutA ¢ (2.277), 2T0 B3aEMOIeHCTBHE HEIB3A pacCMaTpPHBaTh
B KadecTBe GYHIAMEHTAIBHOTO, GECCMBICIIEHHO BHIMUCBIBATH M HOMPABKY BBICUINX IMOPAOKOB COOTBET-
CTBYIOUIEN TeopUH BO3MYIIECHUIA.

D poraraTopbl 1 KaJJMOpPOBOYHBIE YCJIOBUS B
KBAHTOBOH 3JIeKTPOOUHAMUKE.

B ciydyae kBaHTOBOIT 2JTEK TPOIMHAMUKH MAaKCBEIJIOBCKOTO O, TPOU3BOAAIINI dyHK-
IMOHAJ UMeeT BUI

21 = /DAM exp i/dx(ﬁ—l— JHAL) (2.281)

rme J# — BHeIIHU TOKOBBIT HCTOYHUK,

1

ST

Fu FHY (2.282)

1" erpymHo MOKa3aTh [8], a0 mpomcxoK mEHNE HTOTO MHOKHUTEIA CBA3AHO ¢ (PyHKIIMOHAIBHBIM 0606-

2 2
menweM (2.227), KOTOpOe HMeET BHI; 57](;;57](2/) = — 577(2/(;577@)'
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Brinosaus MHTErpUpoOBaHUE 110 dx 1o 9acTAM U OT6pOCI/IB ITOBEPXHOCTHBIE YJICHBI MO2XKHO
IepernncaTb 3TOT JlarpaH2KMaH B BHUOE:

L= %A“ (9,000 — 0,0,] A (2.283)

Jlarpamknas 2/1eKTpOMArHITHOTO TIOJIA WHBAPWAHTEH OTHOCHTEIBHO TPAIHEHTHBIX (Ka-
JHOPOBOUHLIX ) Ipeobpasosanuit A, — A, + J,A. B Toxe Bpems, urTerpat B (2.281)
Gepercd 1o 6cem Ay, B TOM HHC/IE U 10 T€M, KOTOPbIE CBA3AHDL IPYT ¢ IPYTroM Kaubpo-
BOYHBIM TpeobpaszoBanueM. OUeBHIHO, YTO 9TO MPUBEIET K GeCKOHEYHOMY BKIIALY B Z U B
dbysrnuu puna. ScHo, 9T0 HYKHO GUKCHPOBATH HEKOTOPYIO YaCTHYIO KAJIUOPOBKY TaK,
4TOOBL UHTErpas 110 A, He Opasca 110 HOJIAM, CBABAHHBIM IPYT ¢ IPYroM KaaubpoBod-
HBIM TpeobpasoBaHueM. 37ech Mbl CTAJKHBAEMCA ¢ TpobaeMoll, KoTopas CTAHOBHTCHA
0COBEHHO OCTpOl MpH Tepexofe K 3ajade KBAHTOBAHWA HeabeJdeBbIX KaJubpOBOUHBIX
moseli. OkaspiBaeTcs, 9TO B paMKax (GpyHKIHOHAJILHOTO MOIXOAa K KBAHTOBOH TeOpwH
moJisgt »Ta nmpobiieMa MokeT OBITH TOCJTeI0BaTEbHO pelieHa. Kak sTo memaercs Gymer
JIOCTATOYHO MOAPOOHO TOKA3AHO B CJeAyolIell TiiaBe, a MoKa OTPAHUIUMCS HECKOJIBKUME
3aMeYaHUAME TEXHUIECKOTO XapakKTepa.

Ecou namoxuts Ha BekTOp - HoTeHuuasl ycaosue Jlopenna 0, A* = 0, To jlarpamxuan
(2.283) nepeiizer B:

1
L= Alg,, 04" (2.284)

Omneparop, obpaTHBIil IO oTHOWEeHUIO K ¢* O mpeacTapseT coboit mponaratop PeitHmana
(cMm. nanpumep I'maBy 4 gactn I):

Druv(2,y) = — g Ar(z,y;m = 0) (2.285)

B wmMmysnbcHOM TpefcTaBieHny, BosHuKaoumii us (2.284) omeparop —gu,,kz nMeeT

obpaTHbIl omepaTop BUIA —g">‘kl—2, TaKk 970 deilHMaHOBCKHII TpOmaraTop 3JeKTpOoMar-

HHUTHOTI'O IIOJIA B Ka.HI/I6pOBKe ﬂopeHua nMeeT BUI:

Dy (k) = =5 (2.286)

B obmiem caydae, K JiarpaHKuaHy MOXKHO T00aBUTH WiieH, GUKCUPYOUII KaTuOpOBKY
C MIPOU3BOJIBHBIM KO3 PUIIHEHTOM v

1
L=——F,,F" —

1
HNZ _ Z Ab
167 (a“A)_QA

1 1
_ O - — v .
20 Jup O+ (a 1) 6,@,] A (2.287)

B ummynbcHOM mipencTaBiaeHnn K03} GUIMUEHT MPHU KBaApaTe MOJd MMEEM BT

1
— kg + (1 — 5) kyk, (2.288)

a oOpaTHBI eMy OMepaTop JaeT MpolaraTop BHIA!

D) =~ [+ (0 - 2] (2.289)

k? k?

Ipu o — 1 moaydaem orciona definmManosckuii mpomararop (kKanubposka Jlopena -
Peitamana). Ipn o — 0 HoIy9IaeM mpomaraTop B Kaanbposke Jlaxnay.



ItaBa 3

KBAPTOBAPUE METOIOM
OYPKIINOP AJIBP BIX WP TE-
I'PAJIOB: KAJINPPOBOYP BIE
POJIA

D eabesieBbl KaJIMOPOBOYHLBIE IIOJISI U METOI,
danneeBa—9 ormoBaAa.

DepeitneM K MOCTPOEHNIO KBAHTOBOW TeopnH HeabeJeBBIX KaJHOPOBOYHBIX moJieli. 3a-
nada KBaHTOBaHWA Tosieil Hrra - Musica noiaroe Bpemsa ocTaBagach HEDPENICHHON W33
TpynHOCTE(l, CBA3AHHBIX ¢ HEOOXOAMMOCTHIO KOPPEKTHOTO y4eTa KaauOpoBOIHON MHBA-
PHAHTHOCTH. B 9acTHOCTH, HE yZaBaJIOCh MOC/EIOBATENBHO TPOBECTH KBAHTOBAHME B
paMKax KaHOHMYIECKOro (OMepaTOPHOTO) MOIXONa K KBAHTOBOW TEODWH TTOJId, HECMOTDH
Ha €ro yCIeNHoe MpHUMeHeHNe K abesieBol KBAHTOBOW 3/IeKTPOTHHAMIKE. DOJHOE pe-
HeHue 3Toii MpobIeMBl GbLI0 TOCTUIHYTO PANTEEBBIM I DONOBBIM ¢ HCIOIB30BAHIEM
byHKITMOHANBHBIX METONOB. B mocenyioneM m3M0kKeHHN B 3TOM TIaBe MbI CJIEIyeM, B
ocHoBHOM, KHure [11].

SBPI/ICTI/I‘IQCKOQ paccMoTpeHue OCHOBHOM HUIICH.

Beitite MBI BuAes M, 9TO BEJMYINHA OOBIYHBIM OOPA30OM OIPENETEHHOTO MPOM3BOLAIIETO
dbyuxumonana 7 B KanubpoBodHON Teopun (Jaxke B »JIeKTPOIWHAMHKE), BOODIIE To-
BOps, ABJIAETCA DECKOHETHOM’, MMOCKOABKY B HEM (PUTYPHUPYET MHTEIPUPOBAHUE TIO 8CEM

77
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9= ¢ gr)=0
e
L/

a &6

()

Puc. 3-1

Hos1aM A, , B TOM 4uCJIe U IO Te€M, KOTOPBIC CBA3AHBL APYL ¢ APYIOM KaJubpoBOYHBIMU
MpeobpasoBaHUAMHE, OCTABSIONMME TOIWHTETPATBHOE BhIpaXKeHNe NHBAPUAHTHBIM.
Dpexne 4eM MPUCTYIATh K BHIYHCIEHUAM, KOTOPBIE MO3BOJAT MOCJIETOBATETHHO OT-
JeMNTh OGeCKOHETHBIN “00beMHBIH” MHOKHUTETD 13 (6eCKOHETHOMEPHOTO) DYHKINOHAIb-
HOTO WHTETpaJja Mo KaJubpOBOYHOMY TOJIIO, PACCMOTPUM, I/ HJTOCTPAINN OCHOBHOM

HIen MeTona, OOBIUHBIN IByMepHBII WHTErpaJl BIHIA:

W= /dx/dyeis(x’y) :/dreis(r) (3.1)

rae v = (r,0) 3amaer NONAPHBIE KOODANHATH TOUYKH HA IJIOCKOCTH. D PEAMOIOKIM, ITO
(anastor geitcrual) dynknna S(r) vHBapHaHTHA OTHOCHTENBHO BPALIEHNH B IByMEPHOM
IPOCTPaHCTBE:

S(r) = 5(r,) (3.2)

opu r = (r,0) — ry = (r,0 + ¢). D10 03HaUaer, 4TO S(r) MOCTOAHHA Ha OKPYKHOCTAX
(“opburax”) B miocKOCTH (&, y), HOKasaHHBIX Ha Duc.3-1(a). Ecam B sToM TpHBHAIB-
HOM NIpMMepe MBI XOTHM yYHTHIBATH BKJIAJ B WHTErpasl TOJBKO OT HE?KBHBAJEHTHBIX
sHadennii S(r), TO HyKHO BBLIEJNTH “OOBEMHBI MHOKUTED” , COOTBETCTBYONMI MH-
TerpupoBanmIo Mo yraoeoi nepementoii’ [ df = 27. Ytobbl cuesnars 510 hopMAaIbHEIM
IyTeM, pacCMOTPHM CJeIyFONInil TpreM, KOTOphIid nastee 6ymer o6obieH Ha GoJlee CIoxXK-
HEIe cJIyuam. DomcTaBHM B HAIl HHTETPaJ 1, 3alHcaHHYIO B cjlemylolleM Bume’:

1= /d¢>6(9 — ) (3.3)

Torna nmeeM:
W= /dqs/dre”(f)é(e —¢)= /dqsm, (3.4)
rie

Wy = /dré(a — p)etS ) (3.5)

BLIMUCJIACTCA IJd TaHHOTO 3HadeHHdA yriaa ¢ = (. Takum obpasoM, MBI cHaYa Ia BBHIYH-
ciageM W npn GuKCHpoBaHHOM 3HadeHNH yruia ¢ = 0 (cBaA3b!), a 3aTeM HHTETPHPYEM MO
BKJIA/IaM, COOTBETCTBYIOIINM BCeM 3HadeHUAM ¢ (cM. Duc.3-1(a)). Ucnonpsys nusapu-
aHTHOCTH GyHKINE S (3.2), nMeeM:

Wy = Wy (3.6)

1mTerpupobanme Mo YIJIOBBIM HepPEeMEHHEIM TOAPAa3yMeBaeTCA B Ipemenaax oT 0 mo 27, COOTBET-
CTBEHHO IIpefe/Ibl ABHO He BBLIMHUCHIBAEM.
23neck mompasyMeBaercs, 4To § HoIIamaeT B HHTEPBAJT (0,2m).
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CuenoBatesibao, “06beM” OpOUTHI MOKHO BBIAESANTH B BHIE MHOKUTEJI:
W = /d¢>W¢ = W¢/d¢> = 27TW¢ (37)

B obuiem coiydae MoxkHO BBEIOpaTh OoJiee CJOKHYIO CBA3D, 9eM ¢ = f, KOTOPYIO MOXKHO
[PEICTaBUTh ypaBHEHNEM HEKOTOPOH KpuBoil g(r) = 0, mepecekatonieil Kaxk Iy opouTy
TOJIBKO ONHUH pas, Kak »To oKasaHo Ha Juc.3-1(6), Tak 4To ypasHenue ¢(ry) = 0 gomxHO
UMETh €IWHCTBEHHOE DENIEHNE ¢ IJId JaHHOTO 3HAYEHUd 7. JacCMaTpuBad TaKyio CBA3b
ob1Iero Buia, oMpeIe T uM BMECTO TPOCTOTO ypasHeHud (3.3), “IpencraB/icHue eAMHATH
BUIA:

1= 8,0) [ dsslotr,) (5
HNrate roBopd, onpeneanM GYHKIHO A,/ (r) Kak:

A,w]7" = [ dotlae,)] (3.9

Ucmonbsys obiiee mpaBmio:

Jasli@i = [ dsgmat) = ol (3.10)
IIOJIyHJaeM: ag(re)
Ay(r) = =57~ g=0 (3.11)

npuieM A, (r) HHBapHaHTHA OTHOCHTEJIBHO IBYMEDHBIX BpalleHHi:

Ayl = [ dotlytrons) = [dodlgron] = (8,007 (12

Torma, TOBTOP#AA pacCcyXKIeHNs, aHAIOTHIHBIe Tepexony oT (3.4) k (3.7), MoXKHO CHOBa
BBIASJINTH W3 HHTErpaJja “o6beMHBII MHOKATEN 27!

W= / dé / de A, (r)8[g(rg)]e*T) = / dpW, (3.13)
rae

W, = / dre™ TN (v)6[g(ry)] (3.14)

€2 )

3Hech-To W COMEpKUTCA BCA HETpUBHAJIbHAd JacTh WHTerpasa. “ObbeMHBIR” MHOKN-
TeJb paBeH, KaK MBI IOHHMAaeM, IpOCTO 27, 4TO ABAAeTcd (OpPMaJIbHBIM CJIEICTBUEM
MHBApUAHTHOCTH Wy OTHOCHTEMHHO BpalleHMit:

Wy :/dreis(r)Ag(r)é[g(wﬂ = /dr/eis(rl)ﬁg(rlw =Wy (3.15)

e BBeleHa IepeMeHHad I’ = (7, ¢') U BocmoMb30BaIHCh TeM, dTo S(r), Ay(r) n Mepa
MHTErPUPOBAHNA dr MHBAPpUAHTHBI OTHOCHTEIbHO BpalieHmii. Takum obpasom “perent”
BBIZIEJIeHUs “00beMHOTO” MHOKHUTEA COCTOUT B TOM, 94TO TOJ, MHTETPaJ BBOTUTCA OTpa-
HEYnBatouas §-byHKINA, KOTOpad yMHOKaeTca Ha Ay, oIpeleeHHyo yeaosueM (3.9).
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BI)I,ILeJ'IeHI/Ie 00’ bEMHOIr0 MHOXHUTEJIS B (byHKI_[,I/IOHaJ'II)HOM HHTEerpaJie.

DepeiieM K pacCMOTPEHIIO HeabeeBBIX KAJTUOPOBOIHBIX Teopuii. [lyia onpenemeHHOCTH
paccMoTpuM caaydail noseit fura - Munica ¢ kanubposognoit rpynmnoii SU(2). Jlarpan-
KWAH TaKOi TeopUu MMeeT BUI:

1
— " [o papv —1.9 1
L Tom fnv a=1,2,3 (3.16)
rie
Fi, = 0, A5 — 0, A, 4 ge*" A} A (3.17)

3mech ¢ — AHT-MUAJJICOBCKad KOHCTAHTA CBA3U. D POUSBOAAIINI (hyHKITHOHAIT ONPEIESTIM,
KaK OOBIYHO, B BHIE:

217 = /m’u exp {i/dm[ﬁ(m) + .A’u(x)]} (3.18)

IleificTBUEe MHBAPUAHTHO OTHOCHTEJHBHO KAJHOPOBOYHOTO MPeOOPA3OBAHNA:

F (3.19)
roe . .

BT =00 |4 D+ Lo 00,00 070 (3.20)

U(#) = exp [167(9:) . g] (3.21)

— IpeobpasoBaHne CIHHOPHOTO MpencTaBaeHus rpynnst SU(2). Béansu eamHuIHOTO TIpe-
obpasopannsa U(f) MOXKHO IPenCTaBuTh B BHIE:

UB)=1+i - g + 0(6%) (3.22)

—

Besnmannst 0(x) mpencTaBiaAoT coboil mapaMeTphl IPYINBI, 3aBHCAINME OT TOYKH MPO-

CTpaHCTBA - BpEMEHH, & T — MATPHUIIBI DayJii B H30TOMMYECKOM MMPOCTPAHCTBE.
HeficTBre Hallelt Teopnw TOCTOAHHO (MHBAPWAHTHO) Ha opbfume KaaubpOBOUHOM

TpyNIBI, cocTogdlieil M3 Bcex AZ, MOJIYIYEHHBIX U3 HEKOTOPOH (PUKCHPOBAHHOW KOH-

duryparun f_l’u npeobpasoBanmem U(f), mpoberaomnM Mo BCeM 3JIEMEHTaM TPYTIBI
SU(2). 9pu npaBUIBHOM KBAHTOBAHHN GYyHKITMOHAIBHOE HHTETPUPOBAHIE TOJIKHO OCY-
HIECTBAATHCA 1O “TUIEPTOBEPXHOCTH B (DYHKIMOHAIBHOM HTPOCTPAHCTBE, KOTOpAd Tie-
pecekaeT Kaxkayio opouTy Jiuiib oquH pas. Takum obpazoM, ecyim MBI 3aIUIIEM ypaBHe-
HUE 3TOI TMIEPIOBEPXHOCTU B BUIE:

fa(ffu)zo a:1a2a3 (323)

TO ypaBHEHHE

fa(A%) =0 (3.24)

TOJTAKHO IMeTh eJUHCTBeHHOoe pellleRne f pn JaHHo# moseBoit Kondurypannn A,. 910
ycsioBue (pUKCHPYET BHIOOP KAJAUOPOBKM.
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OnpenenuM Temepb WHTETPUPOBAHUE IO MapaMeTpaM KaJduOPOBOYHON IPYIIIBI:

3
=[] 0. (3.25)
a=1

EcJiu MBI coBepliaeM IBa KaanbpoBodHbIX peobpasosaus 0 u 0, 1o COOTBETCTBYIOMAZA
matpuna umeer B U(0)U(0') n mapaMeTpsl mpeobpasoBaHis CyMMHAPYIOTCH: 0+0". Do
5TOMY ONpeIe/ieHHaa cornacHo (3.25) Mepa WHTETpMpOBAHUA ABJAETCA MWHBADWAHTHOM
OTHOCHTEJIBHO KaTHOPOBOYHBIX Ipeobpa3oBaHmil, B TOM CMBIC/IE, 9TO YIJIBL § ITpoberaioT
NP WHTETPUPOBAHUE BCe MBICUMBIE 3HAYCHHA W CABHT Ha KOHCTaHTy ' Hmdero He
mensgeT. CuMBoMIeckn 310 3amuchkiBaoT Kax d(00') = df" = df.

Teneph MBI MOXKEM MOCTYINHTL KaK W BbIE (IPH PACCMOTPEHHE OOBITHOTO MHTE-
rpaja), I BBeCTH Ay [f_l’u]:

A7 = [Tl A (3.26)
Orcioga uMeeM: .
Af [AM] = Deth (327)
— merepmunanT PamgeeBa - Domnosa, rie
6 fa
M)y = 2
(Mf)ap 50, (3.28)

DompobHEe »TH BBHIKJIAOKHW BBITJIANAT TaK. DPOBONA OOBIYHYIO NUCKPETU3AINIO IIPOCTPAHCTBA U IIOCTIe-
IYIOUINI Tpeae/IbHBII TepeXom, MOoXKeM HaINCcaTh:

) ( 1(z),62(3),65(x))
“1F] = /HHdé’a 8[falx HH/dfa Slfal@ (f(x),f2(90)7f3(95))_

= Det [M“(x)] (3.29)

B mocsiemaem paBeHCTBe (IocsIe mepexona K HENPEPHIBHOMY Z') BOSHHKaeT byHKIMOHAJIBHBIN NeTepMuA-

fa(x)

§ o
HaHT (AKOOHaH) MaTPHITEL C HENPEPHIBHBIME HHIEKCAMHA Ma(y) , KOTODBIl onlpeniesideTcd IpOoU3BedeHUEM
b

CoBCTBEHHBIX 3HAYECHUH »TOM MaTpPHWILBI.

Marpuna My cBasana ¢ 6eCKOHEYHO MaJIbIME KaJIHOPOBOYHBIME IPeobpasoBaHUAMM
dbyukmun fo[A,]:

P = L)+ [ i + 00 =

= fa[f_fu(w)]Jr/dy[Mf(%y)]abi(y)JrO(@Z) (3.30)

Torma w3 TpeboBaHNA IHHCTBEHHOCTH pelieHns ypasHenud (3.24) f, (AZ) = 0 otHOCH-
TesbHO ¢ cienyet, 9To DetM; ornmden ot Hysada. Komkpernsrii sun M;, ecTecTBeHHO,
3aBUCHT OT BBIGOpa TOTO WJIM WHOTO YCJIOBHA KaJuOpoBKE (BHIa DYHKIMHN fg), ABHBIE

BBIDAXKEHUA IJIA Caydad KaaunOpoBku JlopeHra 6yayT IpUBEIEHB HAKE.
Herepyunant Panneesa - Donosa A f[A,] xambpopouno unpapuanren. B camom mesre, sammmren

AT A = / (4" ()51 fa(A)) (3.31)
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Torna
ATMAD) = / (48" (2))6]fa(A57")] = / [48(2) 8 (2)]5[fa (A% )] =

= / [46" (2)]6[Fa( A% )] = AT [AL] (3.32)

9To I Tpe6oBaJIOCh HOKa3aTh. DTO BIIOJIHE aHaaormdHO (3.12).

DoncTaBuM Telephb BosHMKaIIee u3 (3.26) “mpencTaBrieHne eaNHATH

OIS (3.33)

B (3.18). Tornma, obosHavYas 014 eINHOOOpA3NA MePY WHTETPHPOBAHUA 110 HOJIAM flHTa -

/ [dA,(z)] exp {z / dx[i(x)} =

= / [d6(x)] / [d A ()] A6 [ fa(A])] exp{i / dxﬁ(x)} =
- /[de(x)]/[dfi'u(x)]Af[Eu(x)]é[fa(ﬁ'u)] exp{i/dxﬁ(x)} (3.34)

Musica Kak [df_l’u(x)], HOJTyYaeM:

DpH MOJIYYEHHH TOCJEIHETO PaBEHCTBAa MBI BOCIOJIB30BAJIACh WHBAPHAHTHOCTHIO BhBI-
paxenuit naa Ay[A,] u exp {z f dxﬁ(a:)} OTHOCUTEJIFHO KAaJUOPOBOYHBIX MpeobpasoBa-

Huit AZ — A,. Torna BuauMm, 9TO TOOMHTErpaIbHOE BEIpaKeHHe He 3aBHCHT OT H(x) u

[1d6(x)] = [1, d6(x) naer npocro GeckoHeuHBIH “06beM” OPOUTHI, KOTOPHI MBI I XOTEJIH
BBLEINTB! DO2TOMY, OllyCKas 5TOT HEHYXKHBbI{l MHOXKHUTE/Ib, IPOU3BOAIINIL GyHKIMOHA
KaJIIGPOBOYHOrO Houd A, MOXKHO 3alHcaTh Kak:

217) = /[dﬁ’u]Af[A’u]é[fa(A’u)] exp {i/dx[[i(x) s Ju]} _

—

_ / [dA,](Det M;)S[fa (A, )] exp {z / dalL(x) + T, ~Au]} (3.35)

B aToM cyTh Tak HaspiBaemoro ansamua Paddeesa - Ilonosa, MbI ycTpaHaeM BCe JIMITHAE
HHTEIPHPOBAHUA, BBOIA B (PYHKIHOHAIBHYIO Mepy MHOKHTeNs Det M8[f(A,)].

AbGenieBa kanubpoBouHasa teopus (KDII).

DaccMOTpUM TpocTeliiuit mpuMep — KBAHTOBYIO 3JIEKTPOAMHAMEKY. B aTOM ciydae ka-
TubpoBOUHOE MTpeoOpa3oBaHUe 3AIMNCHIBAETCH KAaK:

Al = Ay(w) - ﬁaua(x) (3.36)

B sToM coydae, mpu J1060M BBIGOPE KaJanOpoBodHOTO ycaoBuA (3.23), nuHeiinoro mo
nomo Ay, (), marpuna M; (3.28) ne sasucum or mona A,(z). DosToMy meTepMHHAHT
PanneeBa - DomnoBa He CylIeCTBeH ¢ PU3MIECKON TOUKH 3peHUs, ero MOXKHO BLIHECTH 32
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3
3HaK GYHKIMOHAJBHOIO HHTerpHpoBanus mo A, (#) u npocto omycturs”. Torma mpons-
BOAAMINH (DYHKITHOHAI 3aTUCHIBAETCH KaK:

21] = / [dA,J5LF(A,)] exp {z / delL(x) + Ju(x)A“(x)]} (3.37)

roe §[f(A,)] dbuKCHpYeT KOHKPETHYIO KAaJIHOPOBKY, ITOCJIE T€T0 MBI IPUXOAUM K OBBITHOM
dopmyauposke K]

PeifHMaHOBCKHE OUarpaMMbl B HeabeieBoU
TEOPUMU.

DepeiimeM Temeps K MOAPOOHOMY PACCMOTPEHHUIO TOCTPOEHNA TUATDAMMHO TEXHUKHT 115
HeabesIeBoll Teopur. DepennineM npousBomanmit Gyuxmmonas (3.35) B Bume:

ZU?:L/Wﬁﬁkmp{ﬁ%ﬁ—F{/dxﬁhfﬂ} (3.38)

[Ie MBI IPOCTO Iepenucan MEOKHTeNb Det My 6[ f, (ffu)] B BuIe exp In(Det M; 8[f, (ffu ),

a Beanauny —iln(Det M;8[f.(A,)]) BrItounnn B onpeneserne »¢dheKTUBHOTO TelcTBHA
Sejs. EcTecTBeHHO, 4TO HaIHYIMe TAKOLO WieHA B >(PGEKTHBHOM NeHCTBUE yCJIOKHAET
3a7ady TMOCTPOEHNs JUArPaMMHON TEXHUKHW. DyXKHO CHadasIa HONBLITAThCA TTPEJICTaBATh
9TOT BKJIJl B 60/I€€ eCTECTBEHHOM BHIE.

“Myxn” @aggeeBa - D oImoBa.

Benmunny DetM; MOXHO 3almcaTh B BHIe KCIIOHEHTHI, BOCIOIB30BABIINCE (GOPMY.TOli:

DetM; = exp[Spln M{] (3.39)

JHoxasarenscrso (3.39) rpusmansio. Japencrso In DetMy = Spln My odesmmno mia mobol Ma-
TPHITHL: Deth mpencTaBsgeT cobol Mpou3BeIeHNE BCeX COOCTBEHHBIX 3HAYECHUH Mf, aln Deth maeT
TOT/Ta CyMMYy JIOTapEpMOB BCeX COGCTBEHHBIX sHadeHmit My, T.e. Kak pas Spln M;.

Ypencrapiag Marpuny M; B Buge:

M;=1+1L (3.40)

u passiaragd JiorapiudM B pAl, MOXKHO HAIMCATh:
1 2 1 n
exp[Spln M¢] = exp | SpL + §SpL 4.+ =SpLl" 4+ .| =
n

- exp{/dl‘Laa(aL‘,aL‘)—l— %/dx/dyLab(x,y)Lba(y, )+ } (3.41)

3C TOYKH 3peHN MOCIEMYIOIEro N3JI0KEHHA MOYKHO CKas3aTh, 410 B KO “myxu” ®anmeesa - Domosa
He B3amMOIelicTBYIOT ¢ mosieM A, a MOTOMY He CyUIeCTBEHHBI.
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CL> +L<:6>L+z©:+
Puc. 3-2

DosTomy merepmuHaHT PammeeBa - DoMOBA MOKHO TMPEACTABUTH B BUIE NEMACE020
pasIOKeHHA" | MOKa3aHHOTO Ha Duc.3-2, e CIIOMHLIE THHRA 0603HATAI0T IPOIaraTophl
HEKOTOPBIX HUKTUBHBIX dacTull (“myxos” PamgeeBa - Domopa), 06pasyoOIUX H30TOIH-
YecKMii TPUMIET KOMILIEKCHBIX CKaMAPHBIX (6ecCIMHOBBIX) moJtel ¢(2). DTu mond u ux
B3aUMOIEeHCTBIA MOKHO OMUCATH MPOUIBOAAIIIM (byHKITHOHATIOM:

DetMy = /[dc_][dc_*] exp i/dxdchj(x)[Mf(l‘,y)]abcb(i‘/) (3.42)
ab

3mech HHTErpEpOBaHUe BEIETCH TI0 2PaccManosbim ¢(x), ¢ (z), nHade (I19 c-9UCTOBBIX
nosteit) mbl mosyanan 661 (DetMy)~H Dosromy craaspuwe mona ¢(x), ¢t (x) momanad-
orca cmamucmuke Pepmu. Takum obpasom, “myxu” PanmeeBa - DomoBa ABIAIOTCA
dbepmuonamu co cmaoM 0! DUKaKOTO MPOTUBOPEUNs ¢ TeOPEMOil O CBA3M CIIWHA W CTa-
TUCTHKHU TYT, KOHEUHO XK€, HET, MOCKOABKY 3TH “AyXu’ ABJAAIOTCA INCTO (PUKTUBHBIME
JacTHUIaMHI, KOTOPBIE BBOAATCA B TEOPHUIO I “yI0OCTBa 3amnuch’ . DOCKOJIBKY UX BKJIAT
B IPON3BOAAIINH GYHKITHOHA CBOANTCA K TeTaeBoMy pany (3.41), B Teopnn He BO3HH-
KaeT JuarpaMM ¢ BHEIIHUME JIMHUAME “IyXoB” .

Yaensl pukcupyonme KaanbpoBKY.

DomublTaeMca Telepb HPEBPATHTE B 3KCIOHeHTY wieH 8[f,(A,)]. g sroro cHadama
06061IIM ycJIoBHE, (bUKCHPYIOIIee KaInbpOBKY, MEpENucaB ero B BUIE:

fa[fi’u] = Ba($) (343)

rie By (#) — mponsBoJibHAA QYHKIHA MPOCTPAHCTBEHHO - BDEMEHHON TOUKM, HE 3a6UCA-
was oT KaanbpopoaHoro mosd A, . CooTBeTCTBEHHO, onpeeanM A ycJIoBHeM:

Af(A,] / (A3 u(A%) — Ba(x)] = 1 (3.44)

OweBnoHO, 9TO BBULY HE3aBHCHMOCTH B,(z) or A, »T0 ma swce caman pyHKIHA Ay,
uro u onpenenentad B (3.26)°, sapucumoctu ot B, () TyT, daktuuecku, Her! Dosromy
nponsBogAnmit GyHKIHoHa (3.35) MOKHO Hepenncarh B BUIE:

B L]

21 = [WAJB DM 811l 5,) - Ba]exo { [ dstet@)= 7 i, - o8 <2]L)

rJe MBI €ll€ BKJIIOYUJIN B IIOJUHTEIPAJIBHOEC BhIpAaXKEHUE KORCMAHMY BUA:

/ [dB] exp {_QL dxéz(x)} (3.46)

4910 pasnoKeHHe AHATOTHYHO NETIIEBOMY PA3JIOKEHHIO CBOGOMHOMN SHEPTHH B TEOPUH KOHITEHCHPO-
BaHHOTO COCTOAHMA [13]
59710 mpocto amasor (3.6) B ciTydae oGBITHOTO MHTETPUPOBAHMIA.
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rae £ — TpOM3BOJIBHBIN TOCTOAHHBINR K09 DUIMEHT, TMEHYEMBIH, OOBITHO, KaAnOPOBOI-
HBIM mapaMeTpoM. B pesynbrare, mpomsBonsimii dyukmmonan (3.45) ornmgaerca or
(3.35) Ha HeCyIIECTBEHHBIH MOCTOAHHBIN MHOKHUTETH, KOTOPBI MOKHO BKJIIOYHTH B HOD-
MHPOBKY. D0 Teleph, ¢ TOMOIIBI0 §-byHKIHN, BXogdmel B (3.45), MOXKHO CHATH WHTe-
IPEpPOBaHUE IO [dé(r)] B nrore, yuanteiag eie u (3.42), mosrydaem:

210\ = [ (A, ]idelde* exp(iS. 1) (3.47)

rue:

=, =,

Seff [‘]] = S[‘]] + Sflx + Sghost (348)

e S[f] = [dx[L(x)+ J ffu] — obbraHOE feficTBUe paccMaTpuBaeMoli Teopun,

Spie = —% / da{ fu[ A, (2)])? (3.49)

— Tak HasbIBaeMbIi 9ieH, GUKCHpyOIMi KaubpoBKy, 1
Sghost = /dxdyz e (@) [M (2, y)]aves(y) (3.50)
ab

— nmeiicTBre “myxoB”.

Kanubposka Jlopemniia.

B sopemtieBckoil KaanbpoBKe MMEEM:
faA)=0"4% =0  a=1,2,3 (3.51)

Dpu HHPUHATEIUMATBHBIX KaJHOPOBOYHBIX MpeoOpa3soBaHUAX

—

U(@) =1+i0(x) = +O(6%) (3.52)

NN T

A% = Af(x) + 0% (2) Al (x) — iauea(x) (3.53)
Joncrapaaga (3.53) B (3.51) umeem:
Ja(AD) = fa(Ay) + 0" [Eabcﬁb(x)AZ(x) - iauea(x)] =
= 1)+ [ asy (e )t ) (354)
e B moc/eHEM paBeHCTBe ncnoabsosann (3.30). Torma BUAWM, 9TO B JTAHHOM CJIy9ac
(M) = = 0[50, = g 43)6(a ) (3.55)
Doncrasaaga Bee 510 B (3.49) u (3.50), nonygaem:

1
Stiz = —%/dx(ﬁuflu)z (3.56)
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1
Sghost = E/dchj(m)@“[éabﬁu — gEabcAZ]Cb(l‘) (357)
ab

BugmM, uTto B maHHOM caydae “Ayxm’ B3aHMOAEHCTBYIOT ¢ KaJHOPOBOYHBIM TTOJIEM A’M,
YTO OIMKMCBIBAETCA BTODBIM IJIEHOM B KBaJpaTHHIX cKoOkax B (3.57). B amamormanom
Beipaxennn B KOJI Taxoil wieH mIpocTo oTcyTcTBoBA °.

BBejieM ellie rpaccMaHOBBI HCTOYHUKY N1 1 A4 “AyXoBBIX” TOJIEH ¢q, ¢f | 3anumem

MPOM3BOOAIINI DYHKIIMOHAJ PACCMAaTpPUBAEMO TEOPUH B BUIE:

21T, 7,7 ]:/[dﬁ’udé'dc_*] exp{i/dx[ﬁ(x)—
1
T2

IJle MBI ellle TIepeoNpeIesIIN, OUeBIIHBIM 00Pa30M, MOJH Cq, €1, BKIIOUMB B HUX MHO-
wureab 1/g.

(0" AL + cF 0" (8an0y — geare AL )en + JEA™ 4+ 0"t + naca+]} (3.58)

DazloKeHue TCOPUHN BO3IMYIICHHUH.
SaHH]l[eM TENEPDb ,D;eﬁCTBI/Ie paCCManHBaeMOﬁ TEOpUHU B BUIE!:

Seff =50+ 57 (359)
rie

1 . . 1
So = /dx [—16—7(6”14,, —8,A%)° — —

%€ (3“AZ)2 +ctote, + S A+ n*ted + naca‘l']

(3.60)

a 4JIeH B3a,I/IMO,D;eI7ICTBI/Iﬂ, CO,D;ep}Ka,H_[I/Iﬁ CTeIleHN II0JIell BHIIIe BTOpOﬁ, nmMeeT BHUI:
S = d 1 . A¢ 9., A abcAbuAcy 1 2 _abe achb AcAduAeV
= l’_§(u vy — O Aj)ge —|—de € wty B
—ige®Tor e A (3.61)

SpOI/I3BO,D;SIH_[I/II7[ d)yHKL[I/IOHa.H MOXKHO Tellepb 3alluCaTh B BUAEC!:

~ ) ) ] =
ZIT, 7,0t = expRiSt | —=, —=, — | ¢ Z4[712°[7, 7" 3.62
[/, 7, 7] p{lliéjulénlén]} Al12.17,77] (3.62)
rie
7 e . 1 a a 1 a a qa
243 = [1udexe {i [ do |- @z - aaz = goorazy + s | 9
20,7t = /[dc‘*][dc_] exp {—i/dx[ca'l'@zca —n*tet — naca'l']} (3.64)

Otcroma 09eBUIHBIM 06pa30M BBIBOJNTCA Pa3JI0kKeHNe TEOPHH BO3MYIIEHWIT. Mbr He Oy-
JIeM HOoApoBHO IPOBOIUTE 5TOT BBIBOZ, 8 OFPAHMYMMCHA CBOAKOH OCHOBHBIX MpaBHJI II0-
CTpOEHWA JMATPaMMHON TEXHHKM. DemocTafollue MoApoOHOCTH MOXKHO HAiTH B IeJI0M
pame kuur, Hanpumep B [8, 9, 10, 11, 12].

6B meabesieBoM CiIydae TaKiKe MOXKHO BRIGDATH CHEHAILHYIO, T.H. aKCHAJILHYI0 KaIMOPOBKY, B KOTO-
poit “myxm” yHnaeTcd MOTHOCTHIO HCKJTIOYHTE [11], omHako “mtaToil” 3a 3To ABIAETCA BeChbMa IPOMO3IKII

BHUIO IIpoIraraTopa KaJ’II/I6p0BO‘{HOI‘O IIOJIA.
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D poraraTopsl.

Yrobrl HallTH IIponaraTop moJid ffu, nepenmeM 7 B BAgE:
7 1 . 1 a v € -1 v a qa
Z5[7] = /[dAu] exp{z/dl‘ [§A“ (gﬂ 92 _ T@”@ ) bap AL + JuA N]} =

- 1
= /[dAu] exp{i/dm [iAZK(’j,;’A,’ﬁ +J5AW]} (3.65)
rie

KY = [gwa2 - (1 - %) a“a”] Sab (3.66)

Nurerpuposanne [dA,] MOKHO BBHIIOIHATS, MOIb3YACH H3BECTHON HaM HOPMYJIOR I1d
rayccoBa uHTerpasa (2.47), KoTopasd, B 9aCTHOCTH, MOXKET OBITh 3alMCaHa B TAKOM BHIE:

1
/[dgo] exp [—5 <pKp >+ < Jp >] ~ (DetK)~ % exp < JK~1J > (3.67)

e YIJIOBBIME cKOOKaMyu 0603HAaYeHbI COOTBETCTBYOIINE MHTErPabl. D pUMeHeHNe 3TOil
dbopmyer k (3.65) naer:

27 = exp { = [asduziocts e it} (3.68)

v a d*k e B 7 4 k# kv 1
ng(x—y)zé b/(2ﬂ.)4e Flomy) [_ <gu s )_€ 12 :|/€2—|—i€ (3.69)

e

Jlerko mpoBepuTh, ITO

[ vty @ - G- 2 = gi5i0ta ) (370)

Tak 910 (G ecTh meflcTBUTENBHO 0OpaTHBI oneparop mid K .
AHaJIOTHYHO HAXOMUM:

2207, 7] = exp {—i/dxdyn”(l‘)Gab(l‘ - y)na(y)} (3.71)

rae:
dik e~ tk(z—y)
GPr—y)=— | ————bup 3.72
( ) (2m)r k%2 +ie ( )
DTO MPAMO COOTBETCTBYET TOMY, 4TO “HyX’ ABJAAETCA CKAJAPHON dacTuieit ¢ HyaeBoit
Maccoil (Ho mompumHAToNIelica crarnctuke ®epmn).

B nrore numeem:

1. Dpomararop 6e3MaccOBBIX BEKTOPHBIX HO30HOB:

k. k 1
A ab _ . uhvy

ZAuy(k) - _Zéab [guu - (1 - g) o2 k2 T iE_ (373)

obosHaTaeMblit Ha rpadruKax BOJTHUCTOR JNHHEH.

2. Dpomararop “‘myxos” Pammeepa - Domosa:

1
A (k) = —ibgp 74
1 (k) ibab 15 i (3.74)

obosHaYaeMBIil TyHKTHPOM €O cTpesikofi (“nyx” ornmvaerca or “amTmmyxa’!l).
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knpa ks, Ac

ky, 0,6

Puc. 3-3

Bep]J_II/IHI)I JIeMEeHTapHbIX BBaHMOﬂeﬁCTBHﬁ.

B meabesieBbIx TEOPpUAX UMEETCA camoneiicTue Ka.HI/I6pOBO‘IHbIX noJieit ABYX THUIIOB, 9TO
3alliCbIBacTCd B BILOEC!:

e# (ky)e” (ko) (ks) D05, (k1 ko, ks) (3.75)
Eu(kl)EV(]Cz)EA(]Cg)Ep(kzl)FZg\chp(kl, k’z, k’3, ]C4) (376)

Tlle BRIMMUCAHBI TAKKE COOTBETCTBYIOIINE BEKTOpa moJsiapu3anuu. CoOOTBETCTBYIOIINE Mpa-
Buta PeitaMana BbITeKatoT HemocpencTBeHHo n3 (3.61). B mMnyabcHOM mpencTaBaeHun
mepBbiil wien B (3.61) MoxeT OBITH 3anMCaH KakK:

1

oA (k) A (k) AT (R Ko ) (3.77)

By A

Bepummna I'**% nomxna 6BITH HOJTHOCTBIO AHTHCHMMETPUYHA IIPU IepeCTAHOBKE IOJIeil
By A

A. CipykTypa, cBA3aHHad ¢ Kaaubposodnoit rpynmoit SU(2) yxke durcupoBana:

FZ?/C,\(klakZakS) = EGbCFuu,\(/ﬁ,kz,k?)) (3.78)

a JIOpeHIleBY CTPYKTYpY »To#l (byHKIMM MOXKHO HOJYYHTh cJeayiomum obpasom. M3
(3.61) acuo, aro I'yya(ki, ko, ks) cocront ms wmenos Buma kong, . Tounylo KoMOHHa-
LU0 5THX YIEHOB MOXKHO yCTaHOBUTH U3 TpeGoBanus amrTucumMMerpuu Iy, (ki, ko, ks3)
OTHOCHTEJIBHO MepecTaHOBKH MHIEKCOB: ft, v, 1,2 U T. 1., ¢ y9eToM MOJIHOH aHTHCHMMe-

rpun Tensopa £2°¢. Takum obpasom Haiigem:

ZFZ%\ = ige[(ky — ko)aguy + (ko — k3)pgur + (ks — k1)vgurl (3.79)

rae k1 + ko + k3 = 0. CoorBercTBytomuii rpacduk miasa “TpoiiHoil” BepIIHHBI MOKa3aH HA
Duc.3-3.

AHaJOTHIHBIM 0Opa3oM MOXKHO HaliTH BEepUIMHY “deTBepHOro” B3amMoAeicTBHA Ka-
JIHOPOBOYHOTO TIOJIS, COOTBETCTBYIONLYIO BTOPOMY cyiaraeMomy B (3.61):

iFZI;/g\dp = igz[gabe‘SCde(guAgup - gykgup) +
+e9 P (g gap — GrvGup) + N (Gurgon — IprGun)] (3.80)

qT0 m3obpaxkaercsd rpadukoM Ha Juc.3-4. 3gech ki + ks + ks + k4 = 0.
1 BepUInHbI, cBA3BIBaONIell “nyxn” M KaJIHOPOBOYHBIE TTOJIA C BEKTOPOM TOJAAPH-

sannu £#(q) nmeem:
Z'szc — gEabckm (381)

rae k1 = ko + q. 91a BepmimHa m3obpaxena Ha Duc.3-5, oHa AHTUCUMMETPUIHA IO H30-
CIIMHOBBIM WHAEKCAM. D aloOMHUM, YTO “AyXOBble” JIMHUHN BXOAAT B IHATDAMMBI TOJIBKO
B BUJIE TIETEb. Dapany ¢ KakA0l amarpaMMoii, comepxkaiieil 3aMKHY TYIO METII0 KaJil-
OPOBOYHOTO TOJIA, CYIIECTBYET SKBUBaJeHTHAA €ii AmarpaMma ¢ 3aMKHYTol “myxoBoit”
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Rus4a khpld
kg,‘l),b ks,l,c
Puc. 3-4
a b
K, T
¢
Puc. 3-5

JuHuell B ToM ke Mecte. Kak u B ciydae oObI9HBIX HEpMUOHHBIX MoJel, Kakmasd “my-
xXoBag” MeTJIA JOMKHA YMHOKATHCA JOMOTHNTENbHO Ha (—1).

Or xayubpoBOYHOTO TapaMerpa & 3aBHCHT TOJBKO MPOIAraTOp KaJHOPOBOTHOIO
noss (3.69), ero sHadeHwe moAOHpaeTca U3 coobpaKeHNit ymobCTBa MPH PENIEHNN KOH-
KpeTHBIX 3amad. Ddanpumep & = 1 coorBercTByeT Kaanbposke 1’ Xoodta - Peiinmana, a
¢ = 0 orBeuaer xaaubposke Jlamnmay.

Beenenue dhepMuoHoB B nctyio Teoputo fAura - Mussica, paccMOTpEHHYIO BBIlIe, He
BBI3BIBAET TPYIHOCTEH: TOCTATOUHO T0OABUTH K JarpaHkuaHy KaadubpoBOUHO - HHBAPH-
AHTHBIC YJIEHBI TUIIA:

Ly = 9(i3" Dy — m)i (3.82)
rie

Dyt = Bt — igT Al (3.83)

3meck T'* — rerepaTop KaJubPOBOYHOH TPYNIBI B pacCMaTpPUBAEMOM MPEACTABJIECHUN.
Danpumep, ecnn Y apiaerca SU(2) oybmerom, To T = 7 /2. Takum o6pasoM BOSHH-
Kafo JOTOJHUTEbHBIE MpaBnia Peltumana 118 GepMUOHOB (¢ IPYMHIOBBIME HHIEKCAMI
n,m,...):

1. ®epmuonHLI TpomaraTop NMeeT CTAHIAPTHBIN BUI:

1

A (k) N

(3.84)

7 m306pakaeTcs CIJIONIHON JAnHHel.

2. Bepmmra, cOOTBETCTBYOIAA B3aNMOAEHCTBIIO (hepMHUOHA ¢ KAJTHOPOBOIHBIM TIO-
JeM UMeeT BUI:

iLnn, = ig(T" ) nmy" (3.85)

I'padudecku »To mokazano Ha Juc.3-6.

CrTpykTypa AmarpaMMHOW TEXHWKW, OMUCAHHAHA BBINIE COXPAHAETCA W IJd APYTHUX
KaJHOpPOBOYHBIX IPYII, TaKWX, Kak HaumboJsiee BaxKHasd, ¢ MPaKTUIECKOW TOUKH 3pEHUA,
rpynna SU(3) nBeToBo# cuMMeTpH KBapKOB. DasHUIA TOJBKO B PA3MEPHOCTH COOTBET-
CTBYIONIMX HEMPUBOIUMBIX TPEICTABICHWN U B BUIE MATPHUI] TEHEPATOPOB TPYIIIIHI.

K macrodiiieMy MOMEHTY MBI ykKe JOCTATOYHO MO3HAKOMUJIUCH ¢ OCHOBAMHU COBpE-
MEeHHOI Teopur KBAHTOBBIX KaJUOPOBOUHBIX TOJIEH, JIEKAIIUMH B OCHOBE CTaHAAPTHON



90

KBAPTOBAPWE METOOOM ®YPKUWNOPAJILP bIX NP TEITPANOB: KAJINPPOBOYPLIE POJIA

Puc. 3-6

MOMEJH JIEMEHTAPHBIX YacTHIl. Dopa MepeiiTn K 0OCYyXKAEHWIO KOHKPETHBIX MOIesel
UX B3aUMOMAEWCTBHA. DO OCTAJUCH Ellle U HEKOTOPBIE MPODIEMBI KOHIIENTYAIBHOTO Xa-
pakTepa, KOTOPBIe MBI OOCYXKIAJH B Hadaje HAIIero Kypca. B dacTHOCTH, TTOKa He
ACHO, KaK ObITH ¢ mpobiemoil GesmaccoBoctu moselt Anra - Munsica, maxomdmieiica,
Ka3aJI0Ch-0ObI, B PA3UTEIBHOM KOHTPACTE C 3KCIIEPUMEHTOM, CBAIETEIBCTRYONIEM O TOM,
YTO EIUHCTBEHHBIM JAIBHOIEHCTRYIONNM MOJIEM B Dpupode (KpoMe IpaBUTAIMOHHOTO)
ABaAeTcs (abeneBo) »IeKTPOMArHUTHOE Hosle. B cienyiomieli riaBe Mbl yBUINM, KaK 9Ta
npobJieMa pelaeTcd B UHON TeopuH cJIaboro u 3JIEKTPOMATHITHOTO B3aUMOIENCTBA,
K OOCYXKIEHUIO KOTOPOI MBI M IEPEXOAMM. 3aMevdaTeIbHO, YTO PENIEHHe 3Tol TpobIeMbl
OKa3blBaeTCd OCHOBAHHBIM Ha MIEAX W METOIaX, 3aMMCTBOBAHHBLIX KBaHTOBON Teopueil
MoJId U3 COBPEMEHHONH T€OPUN KOHJAEHCUPOBAHHOTO COCTOAHNA.



I'naBa 4

CPOPTAPPOE PAPYUHIEPUE
CUMMETPUUN N MOIEJID
BAUPPEPTA-CAJIAMA

CrnoHTaHHOe HapylieHWe CUMMeTPUU U Teo-
pema l'osigcToyHa.

Kak yxke oTmedasioch BBINTE, CYMIECTBEHHBI TPOTPECC B COBPEMEHHON TeOPUN 3JIeMeH-
TApHBIX YaCTHUIl OBLT JOCTUTHYT OJiarofapd WCIOJB30BAHUIO pAa KOHIENINHR Teopun
KOHIEHCUPOBAHHOTO COCTOAHUA. Janbosee BaXKHBIM 0Ka3aJ0Ch BBEIEHNE B KBAHTOBYIO
TEOPHUIO TOJA TPEACTABIEHNN O BOSMOXHOCTH (ha306vir neperodos, KOTHa CHMMETDHA
OCHOBHOI'O COCTOAHWA OKa3bIBaeTcd OOJiee HU3KOI, 9eM CHMMETpHA JarpamKuana. Da
TOM MyTH YAAJIOCH PENUTh YIOMUHABIIYIOCA MPOOIEMY TeHEPAINN MacC KaJuOpoBOY-
HBIX OO30HOB 0e3 HapyllleHns JOKaJbHONH KaaubpOBOYHON WHBAPUAHTHOCTH W MPHUHTH
K UpesBbIvaiiHo GoraToil m HeTpUBHAJIBHON KapTHHe, Jiexkallell B OCHOBE cTaHIAPTHOMR
MOJEJH. DOJIEe TOTO, IPEACTABIEHUA O CEPUHE BOSMOKHBIX Pa3OBBIX MEPEXOIOB JIEKUT B
OCHOBE COBPEMEHHON KOCMOJIOTHY W (PU3UKH BENIECTBA B 9KCTPEMAJBHBIX YCJIOBAAX BBI-
COKMX IJIOTHOCTEN U TeMIEpPATyp. 3IeCh MBI OTPAHNYINMCH JIWIb PACCMOTPEHUEM DPAIA
OCHOBHBIX H[I€ll, CHITPABIINX PEIMIAIONIYIO POJb DU MOCTPOEHNH EINHONE TeopuH cJIabbIX

n 2JICKTPOMarHuTHBIX B3aI/IMO,D;eI7[CTBI/II7[1.

DadyHeM OIATH C HpOCTeﬁH.[eI‘O IpuMepa CKaJIdpHOTO BEHICCTBECHHOI'O IIOJIA gﬁ(l‘) C

1Msnoxenne B 570l TyIaBe, B OCHOBHOM, CJIEIYET [34].

91
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(a) ©)

Puc. 4-1

caMoIeiCcTBUEM. SaCCMOTpI/IM Jla'paHXKHWaH BHUOa:

1 1 1
_ 2 _ 2 2
L= 5(0up)” = Vip) = 5(09)" = 5(Ve)" = V(e) (4.1)
rne V(p) — HekoTOpas GHYHKINA WHBAPHAHTOB MOJA. DEPBHIi WJIEH BO BTOPOM BBIPa-
JKEHIN MOXKHO TPaKTOBaTh KaK IJIOTHOCTh KHHETHYECKON »HEPTHH TOJIA, 4 OCTAJIBHBIE
MpencTaBadaoT coboil MIOTHOCTh MOTEHITNATBHONR SHEPTHN.
s (4.1) nomy<gaeM ypaBHEHHA TBHKECHUA:

O = ——agff) LTI
oV ()
92— Vip = 27 4.2
% @ 9% (4.2)

XapakTep pellleHull ypaBHEHWH TOJIA CYIIECTBEHHO 3aBUCHT OT BUIA “MOTEHIHMAIBHOM
sHeprun’ camoneficTBua V(). DaccMoTpuM cHavas a cIydail, oTBedaonnii “o6braHoH”
TPAIMIMOHHON Teopun moJis, paccMaTpuBaBiieiica Boine. Dycrh V(p) uMeer Bum, 1o-
KasaHHbI Ha Duc.4-1(a). Torma cucTeMa nMeeT cocTofHme “ycTOHYNBOTO paBHOBECHA”
© = 0, BOKPYT KOTOPOTO TIOJIe MOKET COBEpIIATh “MaJibie Kosiebanua . Bomusu mostoxe-
HUs paBHOBECHS MOYKHO BCETIa HAMCATD:

Vi)~ (1.3

2
roe p? = (ng)w_o, TaK 410 (4.2) cBOOMTCA K:

o+ pie=0 (4.4)

T.€. K ypapHeHno Kieitaa - 'opmona. Ecan uckath ero pellleHne B BU/Ie TMJIOCKOH BOJTHBI
@ ~ T 10 u3 (4.4) cpasy cienyer OOBIYHBIN 3aKOH IUCTEPCHN PENATHBHCTCKON da-
ctumpl ¢ Maccoit p: k2 = k% + p?. Chenyionme wieHbl pasIokeHusa V(y) npuBogar
HeJTMHEHHBIM 9/eHaM B TOJEBBIX ypaBHeHuax. OHU ONMUCHIBAIOT B3aWMMOIERCTBUE TLITOC-
KX BOJIH WU paccegrune dactull. OrpanuanmMcs

1 1
Vi) = gue" + 729" (4.5)

Ky6udecknii anen ne BBomnM, 4Tobbl Kpusasd V() Obl1a CHMMETPHIHONW OTHOCHTETBHO
¢ — —¢, Torma Beerma ecth munuMyM V(@) npu ¢ = 0. Orpanunuenne useHom ~ @
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HMeeT MPUHINNHAJIBHOE 3HAYEHNE, TOTIa KOHCTaHTa cBA3KN A > () GespasMepHa, a Teopud
HepeHopMEpYyeMa. B ofIIeM, 3To yKe XOpOILIo H3BecTHad HaM TeopHd ¢,

DaccMOTpuEM Temeph caydait u? < 0. 9To HeCKOIBKO CTPaHHO, HOCKONLKY, ¢ HamBHOI
TOYKH 3PEHUdA, COOTBETCTBYET MHUMOII Macce 9acTHIl. DO HYKHO MpPOBECTH HoJiee ak-
KypartHoe paccMmorpenue. Terneps ¢ = (0 He aBageTca GoJiee MONOKEHTEM YCTORINBOTO
paBHOBecHsl, a MOTEHIIUAbHAs SHEPT s UMeeT BUI, MoKasaHHbIi Ha Duc.4-1(6)%. Bumum,
9TO BO3HHUKAIOT (64 MOJIOKEHNA YCTOWIMBOTO PABHOBECHA CUCTEMBI, COOTBETCTBYIOIINE:

1]

p=n=d= T (46)

DaszsI0KeHue V(gp) B TOYKaX (4.6), C TOYHOCTBIO 0 KBAJIPATUIHBIX UJIEHOB, TAET:

2.2 5 5 2.2
—pi(p—mn) = 1

— 1 (6p)? (4.7)

rie 6o = ¢ — 1, npudem —p?(8¢)? > 0 B cunny p? < 0. Orciona BUIHO, 9TO ypaBHEHUs
noss (4.2) 6yayT UMeTh pellleHnd /1A §¢ B BHIE IJIOCKUX BOJIH C BOJHOBBIM BEKTOPOM
k, ynosnersopsatomue ycnosuto (3akony auctepcuu) k? = 2|p|?) tak uro sTM BosHAM
OyIyT COOTBETCTBOBATL YACTHILL C NOAOHUMEALHOT MACCOR m = /2|u|?.

ParTUUeCcKn, MBI UMEEM 37eCh Ie10 ¢ Ga30BBIM MEPEXOIOM B KBAHTOBOW Teopuu
nossa. CucTeMa TEPEXOnUT B 00Ho W3 IBYX TOJIOKEHHUH paBHOBecus Dnc.4-1(6), a mose
COBEPIIAET Masble Koaebaunsa BOJMSN 5TONO HOBOTO OCHOBHOTO COCTOAHNA.

B xkBanTOBOI MexaHWKe Ko1eGaHMA CHUCTEMBI, I/IMeIO]J_[eﬁ ABa TAKUX MUHUMYMa HOTeHIJ,I/IaJ—ILHOﬁ SHEP-
T, HE OTpaHUYINBAIOTCA obaacThio BOJIIBT OOHOTO U3 IIOJIOK €HUH paBHOBECHA. Me)K,z[y ABYMA TaKWUMIL
obIacTAMI BO3SMOIKEH TyHHeJ’ILHLIﬁ mepexorn. SPI/I STOM IMPOUCXOOHUT PACHICTIJIEHNE COCTOAHUA Ha IBa —
CHAMMETPHUYIHOEC I AHTUCMMETPUIHOEC OTHOCUTEJIBHO OIBYX IIOJIOK €HUH pPaBHOBECHUA, I CHMMETPHUYIHOE CO-
CTOAHHUEC ABJIACTCA OCHOBHBIM [29] 903TOMy B KBAHTOBOM MeXaHUKe CHIMMETPHA OCHOBHOTO COCTOAHWUA
IIOJIHOCTBIO OTBE9aeT cuMMeTprn GyHKnmn Jlarparxa (B HameMm ciydae — geTHOH mo ¢.). KBarToBaz
TeOopHd IIOJId OKa3bIBacTCd, B 3TOM CMBICJIE, 6amKe K KJIaccHmYIecKoil MexaHUKe. ﬂeﬂo B TOM, 9TO BEPO-
ATHOCTH TYHHEJIBHOTO IIEPEXoa IMaaacT MIPpU YBEJIMYICHUN YUC/Ia cTeneHeit CBO6O,E[I)I7 a 1mpm 6ecKOHEIHOM

ux gmcsie obpalaeTcda B HyIb. B caMowm mesie, paccMoTpum moJsie B KoHeaHoM obbeme §2. Torma dyHKIIA
Jlarpamxa L = f APzl ~ £, TaK 9TO COOTBETICTBYOIaA KHHETHIeCKasd SHePTHA ~ $2¢2, a HoTeHIH-
asnbHax ~ {1V (¢). Taknm obpasoM, paccMaTpHBaeMasd 3aada sKBABasIeHTHA 3a1a9T€ O TyHHETAPOBaHIH
qactumsr ¢ Maccoit M ~ () wepes moTeHTMaIbHBIH Gapbep mrEpuHOR || ~ 1 m BRIcCOTOM V ~ QmZn2.
BepoaTHOCTE TaKoTo TYHHEIBHOTO Tepexomna [29] mopamka exp(—V2MV|z|) ~ exp(—Qmn?) — 0 mpnm
Q — oo. Unorpa, nas HariamgHOCTH, TOBOPAT, 9TO TI0JI€, B OCHOBHOM COCTOAHUM, IMPEICTABIAET COGOH
“crpyny” mim “BepeBKy” GeCKOHEYHOM IJIMHBI, JIeKallylo B MPABOM WM JIEBOI MOJIMHE MOTEHITNAJIA
9nc.4-1(6) m BRITAHYTYI0 BIOJIB »ToH mosmHE (IepIeHNNKY/IAPHO IIJIOCKOCTH PACYHKa). KcrecTBenHO,
9TO TAKOH 00bEKT He MOKET TYHHEJIHPOBATH MEKIY HOJUHAME ITOTEHIMAIBLHOTO peabeda.

B Teopum mona ocHOBHOe cocTodgHWe HaskIBaeTcd BaKyymMoM. MBI ITOTKHEBEI 3a7aTh
oTpenie;ITEHHOe OCHOBHOE COCTOAHWE CHCTEMBI — ONWH ONpenesleHHBI BakyyMm. To UTo
uMeeTcd BTOPOH BakKyyM, dUIMIECKN >KBUBAJEHTHBIN MEPBOMY, YKe HE UTPAET DPOJIH.
DosTOMY IBYM MHHHMYMaM V(@) COMOCTABIAETCA B PA3JIHYHBIX W OPTOTOHATBHBIX
ApyT OpYTy BaKyyMa, IBa OPTOTOHAJIBHBIX IPOCTPAHCTBA COCTOAHMI, 1Ba pa3HbIX MUpPA.

Ob6bIuHasA TPaIUIIOHHAA TeOpHs [OJA, COOTBETCTBYIONAA MoTeHIHany V (), moka-
saHHOMY Ha D9uc.4-1(a), cTponTcs, Kak MBI 3HAEM, CJELYIONMM 00pasoM. Dose Mpej-
cTaBadeTCcd B BHJIE CYMMBI IO OCIUJJIATOPAM, OIUCBHIBAEMBI OIlepaTOPaMi POXKICHUA U
YHUYTOXKEHUs aT ¥ a, IpudYeM BAKyyMOM HasblBaeTcd cocrosuue 6e3 yactun all) >= 0,
TaK 4TO

< 0|g0|0 >=0 (48)

2TyT cymecTByeT IMOJIHAA aHAJIOTHA ¢ TeopHeil dpasoBrIx Hepexonos Jlannay, B Koropoii u2 ~ T — T,
rak uro p? < 0 mpu T < T., T.e. HEKe TeMIeparypsl Ha3s0oBOro Iepexoa.
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B cnydae notenmmana V(p), mokasanuoro Ha 9uc.4-1(6), B BHIe CyMMBI [0 ONEpaTo-
paM pOXKIeHUdA W YHUUYTOXKEHUA NpeAcTaBadeTca He caMo IoJe ¢, a ero OTKJIOHEHHUE OT
MOJIOKEHUA paBHOBecud 8¢ = ¢ — 7). B aToM cityuae:

< 0lel0>= 7 (4.9)

T.e. BAKYYMHOE CPEIHEE MTOJIEBOTO OTEPATOPA OTJINIHO OT HYJId — B CHCTEME CYIIECTBYET
ose-Kkondencam>dacTuIl, COOTBETCTBYONMMX OTIO . Mcexomubrit narpankuan (4.1), (4.5)
CHMMeTpHIeH OTHOCHTEIbHO ¢ — —p. Omnako mpu p? < (0 OH IPHBOIUT K HeCHMMe-
TPUIHOMY OCHOBHOMY COCTOAHWIO (BaKyyMy), BBIpasKeHHEM 5TOH HECHMMETPUE ABJIfA-
erca (4.9). BosOyxkmenns Hal >THM BaKyyMOM Takke yke He oOJIagaloT cuMMeTpueit
HCXOJHOTO JIaTpaHKMaHa, MOCKOJBKY KpuBag V() ¢ Duc.4-1(6) HecmmmeTpmaHa o7-
HOCHUTEJIBHO TOYKH ¢ = 7). DPOUSOILIO TO, ITO B KBAHTOBOW TEODHH MOJIA HASBIBAETCH
ABJIEHUEM CROHMAHHO20 HAPYUWEHUA CUMMEMPUY, & B TEOPUU KOHIEHCHPOBAHHOTO COCTO-
AHUA XOPOIIO WIBECTHO Kak (hazo6uiil neperod B COCTOAHME ¢ TIOHUKEHHON cuMMeTpreii.

MexaHuU3M reHepaliim Macchl.

CyliecTBOBaHME y CKAJAAPHOTO MOJIA OTJIMYIHOTO OT HYJId BAKYYMHOTO CPEIHETO MOKET
aBTOMATHIECKH TPUBOMUTE K MOABJICHUIO MACCH Y MCXOTHO HE3MACCOBBIX YaCTHUIl, B3au-
MOIEMCTBYIONNX C 3TUM TOJEM. DACCMOTPUM, HATIPUMED, TUPAKOBCKOE TIOJE, OIIChIBa-
iolee cBoboHbIl GeamaccoBbie dbepMuonbl ciimia 1/2. Jlarpankuan TaKoro moJisd uMeer
BUI:

L= iprdvr + ivrdvr (4.10)
roe § = v#0, 1 Mbl BBesIn “s1eBble” M “npaBble” KOMIOHEHTHI CHCINHOPA 1

1

vr = %(1+75)1/) vr=5(1=9")0  dr+dr=1 (4.11)

Teneps BBEIEM B3aUMOMIEHCTBIE TOJIEl Y, YR ¢ HAIINM CKaJAAPHBIM MOJIEM ¢, HapyIIa-
oM cumMerpuio. g storo mobasuM K Jarpanxkunany (4.10) wren Buga:

Lint = —=[Yr¥r + YrYL]p (4.12)

Ie BBIpaXKeHWe B KBAIpPATHBIX CKOOKAX IpencTaBideT cObOll eIMHCTBEHHBINR CKasdap,
KOTOPBIN MOKHO COCTABUATE U3 ¥, U ¥R, a » — 6e3pasMepHad KOHCTAHTA B3AaUMOIEeRCTBUA
(6naromaps geMy 5TO B3aHMOIEHCTBHE ABIAETCA EPEHOPMUPYEMBIM). 3aMEHNM TETEPh
B (4.12) moste ¢ ero BakKyyMHBIM CPEIHHUM 1}, TO O3HAYAET, YTO MBI HE paccMaTpUBAEM
TIPOIECCOB ¢ POKIEHNEM YacTHUIl nond . Torna nMeem:

Lint = —sn(Yrvr + VrYL) = —2my) (4.13)
Tak uro cymma (4.10) u (4.13) maer:
L= ip0y — mys (4.14)
9YTO COOTBETCTBYET OTUPaKOBCKOMY JIarpaHKHAHy I/1d (GepMHOHOB C MacCoii:

m = 3 (4.15)

3BcmomunTe 60ro/mo6oBCKmil MOIXOM K TeOpHH Henmea bHoro 6o3e-rasal
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Puc. 4-2

Takwum 0bpazoM, IpU TOCTPOSHUH MOJEJel YaCTHIl MOKHO UCXOAUTH W3 KapTHHBI Hep-
BHUYIHO Ge3MacCOBBIX “JIeBRIX. W “HpaBBIX’ (HEPMIOHOB, B3amMOAEHCTBIE KOTOPBIX C TO-
JIEM {p, IPETEPIEBAIONINM (ha30BRI MEPEXO, TPEBpallaeT “JieBble” YacTHIB B “TIpaBble”
U MPUBOAUT K BOSHUKHOBEHHUIO MACCHI.

Beriiie MBI paceMmoTpesin mpocTelinuii mpuMep JlarpaHkuaHa ¢ JUCKPETHOH cumme-
Tpueil OTHOCUTEJIBHO 3aMEHBI ¢ — —E. DACCMOTPHUM Telepb cJydail HapylleHUd He-
mpepbiBHON cumMeTpun. [Ias 2Toro BBeIEeM KOMILIEKCHOE CKAJIAPHOE TOJIE 0, 9TO, OUe-
BU/IHO, SKBHUBAJECHTHO IBYM BEIIECTBEHHBIM MOJAM (01, P2, CBA3AHHBIM COOTHOIICHHEM
(cp. TmaBy 2 gacru I):

o(2) = L1 (2) + () (4.16)
ﬂaI‘paH}KI/IaH 9TOI'O IIOJId 3allnllleM B BHIE!:
1 1 *
L= 50up1)" + 50up2)” = Vign 02) = (0up)@"97) = Vipr.g2)  (417)

DyjieM cuuTaTh, 9To MoTeHInAaa V (@2, ¢2) 3aBUCUT TOJBKO OT MOJAYJA @, T.e. OT p° =
01+ 2 = 2¢*p, Tak uto V = V(p). D10 03HAUAET, UTO MBI TpebyeM IONOTHUTEb-
HOM (“BHYTpEeHHER” ) CHMMETPUI TEOPUH OTHOCHTENBHO MPEOOPA3OBAHN N3BECTHON HaM
rpymnst U(1):

0 — % (4.18)
WK, 9TO TOXKE caMoe, HHBAPUAHTHOCTHU JIarpaHkuaHa OTHOCHTEJBHO MOBOPOTa B “H30-

TOMUYECKOH” IJIOCKOCTH:

] — P1 COS Q@ — Yo SN &

P2 — 1 8N @ + 9 cos @ (4.19)

Mgt Bugenn (cm. TmaBy 2 wactu I), 9To ¢ Takoif cuMMeTpHell CBA3aHO cOXpaHEHNe He-
KOTOPOTO 3apafa (37eKTpHIecKoro, GapHOHHOTO U T.I1.). DPU 9TOM TOJA ¢ U $* NMeoT
3apAdbl Pa3sHOTO 3HaKa.

DaccMOTpHUM Teleph noTeHnnaa V(p), nokasanueil Ha Duc.4-2. 970 COOTBETCTBYET,

HaIIpUMeED,
1 1
Vip) = 51°p" + 70" (4.20)
npu p? < 0. BanucbiBag noJie B Buje (IpejcTaBieHne MOLY.Ib - dasa):
1 .
p(2) = —p(2)e @ (1.21)

V2
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rae p(x) u Y(x) — BelecTBeHHBIE DYHKIMI, BUINM, 9T0 V(p) NMeeT MUHUMYM TIPH p =

=1/ |NT, T.€. IIpA 3HAYCHUAX ITOJIA:
1

o = —=ne'® (4.22)
V2
¢ npoussoavrviM ! 31eck mMeeTcs GeCKOHETHOKpaTHOE BBIPOXKAEHHUE OCHOBHOTO COCTO-
AHNS CUCTEMBI [0 3HAYeHUAM <. Kak[oe 3HaYeHHe o COOTBETCTBYET CBOEMY BaKyyMy
(OCHOBHOMY COCTOAHHIO) ¢ OfHON U Toil ke (MWHWMAaJbHOW) »Heprueidl V(n). Bee s1m
BaKyyMbl GpU3NYeCKHM >KBHBaJICHTHBI, HO BBIOpATh HAJO TOJLKO ONUH ONpelesIeHHBI
BaKyyM, HAIPEMEpP COOTBETCTBYIoWMiA = (, W BMEcTe ¢ HUM OJHO ONpeaeseHHOe TTpo-
CTPAHCTBO COCTOAHMI, B KOTOpOM yxke HeT cummerpun (4.18),(4.19).
DOCMOTPUM, KaKIM JaCTHIIAM COOTBETCTBYET Teleph Aarpatkuan (4.17). Ucnonssys#
(4.21), mepemnminem JarpaHkuaH Kak:

£= 200 = Vi) + L0 (1.23)

FEcnu orpannmantbes B (4.23) nuinb KBaApaTHIHBIME WIEHAME 1O TTOJIO, TO CJEIYET
pasnoxuTh V(p) BOMM3M p = 7 mo cTeneHaMm p) = p — 1), a B TpeTheM usene (4.23)
3aMeHHTh p Ha 7). Torma MoydaeM JarpaHknaH cBOGOIHBIX TacTHIl B BHIE:

— Lo e m oy 02 2
E—Const—l—Q(@up) -5 2(6u79) (4.24)

rme m? = 2|/¢2|. O1cioma HEMEIIEHHO CJIEAYIOT YPpABHEHNA IBUKEHM:

(@2 +m’)p =0  029=0 (4.25)

TakuMm 00pasoM TOJYUNIH IBa HEHTPaJbHBIX (BENIECTBEHHBIX) o pf 1w ¥, mpudem
[EPBOMY OTBEYAIOT YaCTHIBI ¢ MAaccoit m, a BTopoMy — Gesmaccosvie wacmuyst. B (4.25)
ONYIIEHBI YJIEHBl BBICUIUX MOPAIKOB, ONUCBHIBAIOIINE B3anMOAeHCTBIE 5TUX YACTHII.

DogBieHne HE3MAaCCOBBIX YaCTHUIl IIPH CIOHTAHHOM HapPYIIEHWH HENPEPBIBHONE CHM-
METPUHU TEOPUHU COCTABJIIAET CONEPKAHNE MmeopeMyvt I oademoyna, a caMu TaKHe JaCTUITBI
HasBIBAIOTCA 200acmonamu’.

De cocTaBigeT Tpyla mpoBecTH 060bieHMe Teopembl LosmcToyna Ha caydait Gomee
BBICOKHX cuMMeTpuii. Dycts mose ¢(z) uMeer n kKoMmmoneHT. Torma mpeobpasoBaHus

I'pynnbl CAMMETPHAN MO2KHO 3allUCAaTh B BHUIEC:
d = 59/ (4.26)

riae ® u &' — cToNGIBI U3 N KOMIOHEHT (1, ....¢0), & S - MATPHIA N X . DYCTh MOTEHIINA
V(®) 3aBucuT TOJBKO OT p2 = go% + ...+ gofl W Ipyrux mHBapuaHToB HeT. Torma:

L= 50,27 V() (4.27)

4B TeopHH KOHIEHCHPOBAHHOTO COCTOAHMA CHTYAIMA aHaIOTHYHa. DampuMep (HasoBBIi mepexomd B
deppoMarHUTHOE COCTOAHNE HAPYIIAeT HENPEPBIBHYI0O CUMMETPUIO TPYIIIBI BpauleHNH — o6MeHHBIH ra-
MmIbTOHHAH | efiseHGepra HHBapHAHTEH OTHOCHTEILHO BpallleHUil (B HETO BXONAT CKA/IAPHEIE IPOHSBE-
IeHUA CIHHOB Ha y3/IaX PelIeTKH), TOLIa KaK B OCHOBHOM COCTOXHHV BOSHHKAET BBLIE/ICHHOE HAIIpa-
BJI€HHe — BEKTOP CHOHTAHHOH HAMArHHYIEeHHOCTH (CHMMETPHA HOHIKAETCH). AHAIOrOM TOJIICTOHOB B
3TOM cJIydae ABJIAIOTCA aXyCcmuteckye CIIHHOBEIE BOJIHEL.
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B »ToM cotydae MBI CHOBa MOXKEM TIepeiiTh K “ToJApHBIM’ KoopAmHATaM A1 mosis P,
KOTza ToJie onpenesaeTca MoayaeM p(x) un — 1 “yraoBeiMu” mepeMeHHBIME o (%) (i =
1,2,...,n—1). Jlarpamkuas B 9THX HePEMEHHBIX MpHoGpeTacT BHI:

|
—

1 27
L= 5(3up)2 + % Ok (i) OpiOuary, — V(p) (4.28)
% 1

ES
I

)

Aycrs V(p) nmeer MunnMy™ mpu p = 77, T.e. < 0|p|0 >= 1. YIoBBIE KOMIOHEHTHI €}
MOXKHO urcupoars ycaoneM < 0la;|0 >= 0 (Boibop Bakyyma) u TeMm, uto ;5 Upn
a; = 0 umeer Bug 6;;(0) = &;1,. Torna, BBoma ondars pf = p — 1, nMeeM:

n—1

1 m? 1
L = Const + 5(6up/)2 — Tplz + 5772 Z(@uai)z (4.29)

=1

Buaum, 9T0 9acTHIBI, COOTBETCTBYIONINE TOJIAM (v; UMEIOT HYJEBBIE MACChl, TaK YTO B
3agade BOSHUKAET 1 — 1 TOJIACTOHOB. D10 Hosiee obuimit BapmaHT TeopeMbl ['oacToyHa.

KanubpoBounrble nosiss u adpdekt Xurrca.

Kasamoch 661 mogBIIEHNE TOIACTOYHOBCKUX 9ACTHIL C HYJIEBOI MacCOil CO3MaeT HaM JIUITb
JOTOJHUTEIBHBIE TPYIHOCTH, TOCKOJIBKY OCHOBHOM Halllell 3amadeil gaBndeTcsa pellieHue
mpobJieM, CBA3AHHBIX C HAJWYUEM HYJIEBOW MAacChl ¥ KaaubpoOBOUHBIX 6030HOB. OnHAKO
9To He Tak! Daobopor, obbeArHeHne OCHOBHOW HIeN KaJUOPOBOYHBIX TeOPUil ¢ KOHIIET-
nueil CHOHTAHHOTO HAPYIIeHNA CUMMETPHY MTO3BOJIAET IPUIITH K ecTeCTBEHHO cTpaTerun
MOCTPOEHNA PEaJIMCTUYECKNX Teopuil B3anMoneiicTBIA 3JIeMeHTapHbIX YacTHII.
DAacCMOTPHUM B3aUMOAECTBIE CKAIAPHOTO TIOJIA (¢, HAPYIIAOIIETO CHMMETPHIO, C Ka-
JHOPOBOUHLIM HoseM A, B ero mpocrefimemM abeneBoM (MaKCBELIOBCKOM) BapHAaHTE.
Jlarpamknas, WHBAPUAHTHBI OTHOCHTENBHO JIOKaAbHON rpynmel U (1), nmeer Bua:

. : * 1 v *
£ = [0, — ieAu)p(0" +ieA )" = ——Fu P = V(5,4) (4.30)

rae Fuy = 0, A, — 0, Ay,

Vip, ") = 20 o+ Mg*p)?  p* <0 (4.31)
Brenmem onaTh mpencraBieHme o ¢ depes “‘pammasibHoe” U “yruioBoe” BelleCTBEHHBIE
IIOJId:

o) = —p(a)e " (1.32)

Do Tereph MBI MOKEM paccMoTpeTh (4.32) Kak 40KaabHoe Kaaubposounoe npeobpasosa-
nue rpymmst U(1): '

p(a) = MY () (4.33)
rie

X(@) =)  ¢(x)=—plx) (4.34)
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Torma KoBapmaHTHad Hpom3BomHasd, Bxoidmad B (4.30) mpeobpasyerca cJemyiommm
obpaszsoM:

Dyp = (0, —ieA,)e' X = 'X(0, +ied,x —ieA,)p = ' X(d, — ieAl)y"  (4.35)

rie
Al = A, = O,x (4.36)
win, ¢ yaerom (4.33), (4.34):
1 .
(0, —iedy)p = ﬁew (O —ieAl)p (4.37)
rie .
A= Ay = 0,0 (4.38)
B pesyJsibTate, Hall JlarpaHKHaH IPUHAMAET BHI;
1 , . 1 v
£= 10— ieAAIE +ieA™)a] = V(p?) — P I =
= L@+ S V() - (139)
2- 20 167" " '

Bumnm, 910 “yriaoBag” KoMIOHeHTa ¢ HOJA ¢ WCUe3sa U3 Jarpankuana (a ¢ Hefl u
BOSMOKHOCTH HMOABJIEHNA ToJACTOHA!), oHa “oTKaymbpoBanack” B TepeoNpeneTeHHBIIH
BEKTOp - MOTEHITHAJ.

Daznoxum Tereph (4.39) o creneHaM OTKJIOHEHNH p' = p — 1) OT BAKYYMHOTO CP€Jl-
HETO 1), COXpaHdsd TOJBKO KBaJpaTudIHble 4iaeHbl. Torma momydaem:

1 N2 m2/2 1 uv L oo s
L= 5(3up) -5 - 16_7TFWF + 2¢ A+ Const (4.40)

rme m? = 2|/¢2|. DTOT JTarpaHKXWaH ONMCHIBAET JBa CBOOOMHBIX MOJA — MoJie p 9acTu, ¢
Maccoil m m BEKTOpPHOe ToJie AL ¢ Maccot:

my = en (4.41)

OeJINKOM O6yC.HOB.HeHHOI7[ HaJIMIUEM HEHYJICBOT'O BAaKYYMHOI'O CpeIHETro CKaJIdApHOIro
IIOJI4. ypaBHeHI/ISI OBUKEHUA JIJId >TUX ITOJe MMET BUM:

Op +m’p =0 9 F" =my A" (4.42)

Bropoe ypaBHeHme 31mech UMeeT BUM ypaBHEHNA D POKa.

Wrak, B mCXOMHOM JTarpaHkuaHe y HAC OBLIO ABYXKOMITOHEHTHOE TOJIE ¢ W BEKTOPHOE
MaKCBeJLIOBCKOe (BesmaccoBoe) moste 4, Dpu 1? > 0, coxpaHAd TONBKO KBaIpaTHIHEIE
IO TIOJIAM YJIEHBI, MBI TIOJTYYHAN-ObI JTATPAHKAAH JBYX CBODOMHBIX TOJIEll, OOHO U3 KOTO-
PBIX ONUCHIBAET 3apAKeHHBIE YACTUILI cimHa (, & Ipyroe COOTBETCTBYET (DOTOHY C HY-
JIeBolt Maccoll HOKod I IBYMA TOJIAPH3YeMOCTAMI, T.e. Beero 4 Tuma wactur. Dpu p? < 0
YUCTIO TACTHUIL OCTAETCA TEM JKe (COXpaHeHNe Yncia creneneil cBoGOIb!), HO OHH MPUHAJIN
ApYTOit XapaKTep — Teneph eCTh OTHO He3apAKeHHOe CKaJIgpHOoe Tose cnuHa (0 u Tpu He-
3aBUCHMBI KOMIIOHEHTHI BEKTOPHOTO Go30Ha co cnumHoM 1. Mcxommo y mac 6euta K91
CKaJIAPHOTO TOJIA, a TOCJE MEPEeCTPORKN CHCTEMBI MoJell BOSHUK/IA “COBceM mpyrad’
Teopus. BaxkHo, omHAKO MOMYEPKHYTH, UTO BCe MpeobpasoBaHWA OBLIN TOYHBIMHU, TaK
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ITO UCXOAHAA KATUOPOBOUYHAA HHBADWAHTHOCTH TEOPHH COXPaHMIach (1 OblIa HCIOb-
30BaHa), HECMOTPA Ha BOSHHKHOBEHME MAcChl y KaJMOPOBOTHOTO MOA! AHAIOTHIHBIM
0bpa3oM, COXpaHdAeTCa U CBOWCTBO MEPEHOPMUPYEMOCTH.

BosaukHOBEHTE MACCH Y BEKTOPHOTO KAJHOPOBOYHOTO MOJIA 34 CUET B3aNMOIeHCTBUA
CO CKaJIApHBIM IIOJIEM, HAPYMIAOIMINM CHMMETPHIO OCHOBHOIO COCTOAHUA, HA3BIBAETCH
appexmom Xueeca, a mome ¢ OOBITHO HASBIBAIOT XUTTCOBCKUM MOJIEM (& COOTBETCTBYIO-
IIHEe CKAJTAPHBIE YACTHIB — ZUL2COSCKUMY GO3OHAMY. ).

Orcrymiienne: Teopust [musbypra - Jlangay.

DoKaxkeM, 94TO pacCMOTpeHHOE siBJIEHWE ABJIAETCA TOYHBIM aHaJIOrOM (ha3s0BOTO Iepe-
X0Za B CBEPXIPOBOJAIIEE COCTOAHNE, OMUChIBaeMoro Teopueii ['ma3Oypra - Jlargay, co-
3IaHHOM 331010 4O OTKPBITHA (heHOMEHa XHUITCa.

YaccMoTpHuM craTndecKuil cayvait Momenn Xurrca, korma Jpe = 0, dy A, = 0. Direx-
TPOMArHHTHOE IoJIe OyIeM paccMarpUBalb B KYJIOHOBCKOH Kasubposke: A, = (¢ =
0,A), V-A = 0. Torna narpamkuan (4.30) samuiierca Kax:

1 1 1 1
L= —i(v —ieA)p(V +ieA)p* — §m2|g0|2 - ZA|go|4 - m—ﬁ(v x A)? (4.43)
Torma
F=—£= (VAP + S[(V = ieA)pl? + sm2lpf? + SAlpl* (4.44)
167 2 2 4 '

npeacTaBIgeT coboil, B TOYHOCTH, IIJIOTHOCTH CBOGOIHON sHeprun B Teopun | mA3Oypra -
Jannay [42], ecau, koneuno, nosoxurh m? = a(T' — T.), rae T, — TeMueparypa cBepx-
npoBoadIero mepexona’. B sToMm caydae uMeeM m’ > 0 mpu Temmeparypax T > 1. u
m?2 < 0npu T < T,. B obnactn T < T, muanmym F nocTuraerca mpn
2
P = =2 5 0 (4.45)
A

YTO OIpefendeT paBHOBECHOE 3HAYEHNE CBEPXITPOBOILAIIETO RAPAMEMPA NOPAOKA, ABJIA-
OIETOCA TOYHBIM aHAJIOTOM PacCMaTpUBABIIErOCH BHINIE BAKyyMHOTO CPEHETO XATTCOB-
cKOro ToJTA (OCHOBHOE cocTosMHME TToJteBoii cucremsl, T' = 0.).

Cpobonnas sreprusa ['mAs6ypra - Jlangay WHBapmaHTHA OTHOCHTEJIBHO KA THOPOBOY-
HOTO Ipeobpa3soBaHMs:

p — eiA(x)go A—A+ %VA(JL‘) (4.46)

a COOTBeTCTByIOH_[I/Iﬁ COXpaHﬂIOH.[HﬁCﬂ TOK MeeT BUI:
. 1€
i=-5" VeV - c’lp’A (4.47)

Ipu T < T, n OOHOPOTHOM B MPOCTPAHCTBE MapaMeTpe mopaaka ¢ BKaan B (4.47) maer
TOJIBKO BTODOIl wiieH:
. 2e?m?
j=——A (4.48)
A
530 cpaBHEHHIO CO CTAHTAPTHBIME 0GO3HATEHIAMI [42], MBI camTaem paBHOH 1 Maccy 3JIeKTpoHA W

CKOpPOCTB CBeTa. DoJlee BakKHO, 9TO B Teopum | musOypra - Jlamnay, mo cpasmermro c (4.44) e — 2e, B
COOTBETCTBHU C 3apAloM KyNIepOoBCKHX IIap, HO 370eCh HaM 3TO HeCcyIIeCcTBEHHO.
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910 IpeacTaBiageT coboli ypapuenue Jlonmona. Ecom yaects eme ypasuenua MakcBemia
V x A =4x), V-A = 0 u BBUKCIATE pOTOP OT 0bemx wactedi (4.48), 1o momydnm
ypaBHEHUE, JIJ1si MATHUTHOTO MOJIA B CBEPXITPOBOIHUKE!

2,,2

VIB= B kY= M (4.49)

A
omuchiBatoliee agpexm Meticenepa — BHITATKUBAHIE MATHITHOTO TIOJIA U3 CBEPXITPOBO-
HUKa. DoJle SKCIOHEHIIHAIbHO ClalaeT BHYTPH CBepXIPOBOIHUKaA Ha fmuhe k=1 (ry-
Guna TpOHNKHOBeHN:A) [42].

Daxoner, u3 (4.49) Beirekaer VZA = k? A, aHAJIOrOM 4ero B JIOPEHIT - KOBApUAHTHOI
dopwme aBserca ypaprenne 0A, = —k*A, — “boTon” B cBepxXNMpPOBOAHEKE NpHOGPETAET
“maccy” k, 9To sxBHBaJIeHTHO 3¢ dekTy Xurrca. Takum obpasoMm, Mome b XUTTCa AB-
eTcd PeddTHBUCTCKAM aHaJoroM Teopun ['musbypra - Jlammay, a XUrTcOBCKHit BaKyyM
aHAJIOTWYIEH, [0 CYTH JIeJia, OCHOBHOMY COCTOAHUIO CBEPXIIPOBOIHIKA.

JoJasa dura - Musasca u cmoHTaHHOe Hapylile-
HHEe CUMMEeTPUU.

DepeiigeM K paccMOTPEHNIO MeXaHN3Ma XUTTCa B HeabeJIEBBIX KaTHOPOBOYHBIX TEOPUAX.
D aloOMHUM CHadaJsIa OCHOBHBIE haKThl, OTHOCAIINEC K moJiaM fmura - Musica, Ha mpu-
Mepe Xopolo n3BecTHO HaM rpynnsl SU(2).

BzanmoneitcTBUe cKaANAPHOTO MOJ4 ¢ ¢ AHT - MUIICOBCKUM TToaeM f_l’u (cTpesika obo-
3HaYaeT BEKTOP B M30TOMMYECKOM MPOCTPAHCTBE) OMICHIBAETCA MEPEXOIOM OT OBBITHON
HpOoU3BOLHON 0, K KOBApHAHTHON IPOM3BONHON BHIA:

Dyp = (au - igf : ffu)%” (4.50)

roe T - reHepaTop KaaunbpoBouHoil Tpymisl, giaa SU(2) nmeem T= %7"’.

D aroOMHUM, KaKie YCJIOBHA HAKJIAIBIBAIOTCA HA TIOJIE ffu u3 TpebOBaHNA WHBADUAHT-
HOCTH JIaTpaHKNaHa OTHOCUTETHHO JIOKAJIBHBIX KaJHOPOBOYHBIX TpeobpasoBannii. Ecan
oJIe  COOTBETCTBYET KAKOMY - JIHOO M30TOMMYECKOMY MYJIBTHILIETY, TO €ro mpeobpa-
30BaHue P BPAIICHUN B M30IPOCTPAHCTBE MOYXKHO 3alucaTh B BUJIE:

o =Sy (4.51)

[Ie omepaTop S 3aBUCHT OT TPeX MapamMeTpoB (YIUIoB) BekTopa mosopota &(#). Torma
IJ1g KOBapHaHTHON NPOM3BOIHON nMMeeM:

Dy =S8, + (0,9)¢ —igT - A,S¢' =

=88, +S710,8 —igS™'T - A, Sy (4.52)
1t TOTO, ITOOBI 9TO BRIpaKEHNE MPUHAIO BII:

Dugp = S8, — igT - )¢’ (4.53)
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HeOOXOAMMO MOTPEHOBATE:

L - i
T-A,=S5 1(T~AN)S—|—ES 19,8 (4.54)
Dpu MaJIBIX ) MMeeM: .
S=1+iT-G (4.55)
Torma:
STHT-A)S=(1—iT-&)T - Ay(1+iT - &) =
=T A, —ill-3T-A)=T A, +[3xA,]-T (4.56)
rae ucnosibzoBanu [T1,Ts] = iT5 — KOMMYTaIMOHHOE COOTHOLIEHWE IJisi T€HEPATOPOB
rpynnet SU(2). C yuerom S719,S = il - 9,& (4.54) u (4.55) mator obiiee mpaBuIO
npeobpasoBaHM:
T T
Ay =Au [0 x Ayl - Eﬁuw (4.57)

TaK 9TO MOMHUMO TPaJrueHTHOTO peobpasoBannsa moJe fmura - Muiica elie u MOBOpatm-
BaeTCda B M3OIMPOCTPAHCTBE.
Tenszop nmoseit Aura - Muniaca umeer Bum;

— —

Foy=0,A, —8,A,+g[A, x 4,] (4.58)

—

ucnonssyd (4.57) HeTpynHO ybemHTbCHA, ITO HPH BpalleHHAX B M30MPOCTpaHCTBe F),
npeobpasyercd Kak W30BEKTOP:

F’}/“/ = FNV + [(J X ﬁul/] (459)
Jlarpanxkwuan nona Aura - Musniaca uMeer Bum;

1 - -
_ v
Lym = 167TF“V F (4.60)

9TO ABJIAETCA WHBAPUAHTOM MO OTHOIIEHWIO K MPeOOPa30OBAHUAM JOKAJIBHONW KaJaubpo-
BOYHOW I'pYMIIBI.

DyCTh Temepb pedb UAET O AHT - MUJIJICOBCKOM MOJ€E, B3aMMOIERCTBYIOIEM CO CKa-
JIAPHBIM XUTTCOBCKUM TTOJTE, HAPYIIAIOIINM CHMMETPHIO. D YCTh 9TO MOJIE ¢ MPEICTABIAET
coBoli M30CTIMHOD, T.€. HMEET IBE KOMIIEKCHBIX (4 BEleCTBEHHBIX) KOMIOHEHTHI:

¢ = ( 2 ) (4.61)

npeobpasyolnecs MpA BpalleHAAX B M30IPOCTPAHCTBE KaK:
¢ =S¢ S =3I (4.62)
Dpu Manbix & umeem S = 1 + igd7/2.
Jlarpamxuan cucreMsl nosiet ¢ u A, umeer Bun:

£= (Dud)(D*6)" = V(9) = o= F ™ (1.63)



CPOPTAPPOE PAPYLLEPWUE CUMMETPUX N MOAE/b BANPPEPTA-CAJIAMA

n

102

TIe

D=0, - ig%ffu (4.64)

V(9) = 1’676 + A(¢"9)? (4.65)
Torna mua u? < 0 (4.31) umeeT MUHHMYM TIpU:
L, 2 |N2|
o= = = — 4.66
¢ 6 =31 3 (4.66)
BakyymHoe cocTodHue 6eCKOHEYHOKPATHO BLIPOKIEHO, HO MBI JIOJKHBI BEIOpATH OMUH
onpesesieH bl BakKyyM (HapyIIeHHE CHMMETpHH!), HATPUMED MOJIOKHB:

1
( ¥ ) (4.67)

< 0|¢>|0 >= ﬁ
(4.68)

T7e 1] — BENECTBEHHOE MOJOKUTETBHOE UUCI0. DepeliieM Teneph K “MOMApHBIM S KOOP-
0 0
.. JER—. /
(cos — +¢sin 5(71 7)) @' (x)

2
(4.69)

AdnHaTaM:
¢>(l‘) — 62519(1')¢/($)
rie
1 0 i
P (r) = — =a-9J
V2 \ p(2)
U 71 — eIMHUYHBIA BEKTOP B HallpaBJEHUU OCH, BOKPYL KOTOPOI COBeplIaeTCs IOBOPOT B
Opencrasenne (4.68) o3sHaTaeT MapaMeTPH3ANNIO H30CIHHOPA ¢ = ( Zl ) TIPH TIOMONIN YETHIPEX

2

(4.70)

M30MPOCTPAHCTRE.
BelllecTBeHHBIX byHKIIA: p, 3, 8, @, roe ¥, 8, ¢ — MoadApHBIE YTJIbI, OIpeae/IAoNe HallpaB/IeHIe BEKTOPa
insin 2 cos fet® )
p s1n ) cosve

7 B M30IPOCTPAHCTBE:
6= 1
T2 p(cosg—isingcosﬁ
npugem ¢*¢ = p® /2, < 0[p|0 >= 7, < 0[9]0 >=< 0[]0 >=< 0]¢[0 >= 0.
Bamernm, 4To (4.68) ToxmecTenno ¢ (4.62), ecau monoxuTh & = ¥/g. Jlarpamxkuan
MHBapMaHTEH OTHOCHTEJIBHO TaKHMX NMpeobpasoBaHMili 1 MMeeT BU:
L= (Dup)(D o) = Vip) = 7o ¥ (4.71)

rie B D; u F;’w clenaHa saMena A, — AL COOTBETCTBYIOIIAA KAJIUOPOBOIYHOMY Ipe-

obpazoBanuio. BumauM, 9T0 TOABKO OHA W3 YETHIPEX KOMIIOHEHT MOJIA ¢, a UMEHHO p,

ocTaJiach B JIarpaHKHaHe, OCTAIbHbBIE MOTJIOTHINCH KAIUOPOBOYHBIM MpeobpasoBaHueM!
1 ( ) ), HepEeNrIIeM Jarpaiknan B Buie (IITpux

-2

YuureiBag ¢popmy cnmHOpa ¢’
HaI A’u OIyCKaeM):
E:l(ﬁ )2+£2A'2—V()—Lﬁ Fr (4.72)
R T '
(4.73)

e
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Dpu MaIBIX OTKJIOHEHHAX OT BaKyyMa, pasmaarad onath V(p) mo crenenam p' = p—nn
CcOXpaHdd B JIarpaHXKMaHe TOJIBKO KBaJpaTUYHble YJIEHBI, MOy YNM:

mZ

1 N2 12 1 0 0uv 1 2.2 12

re m? = 2|p?| n FSV = 0,A, — 0,A,. DosydeHHblt JlarpaHKUaH OMUCBLIBAET YETBIPE

CBO60,D;HBIX IIOJId — BEIIECTBEHHOE CKAJIAPHOE IIoJIE p U TPUILJIET BEKTOPHBIX noJieit AN'
SepBOMy OTBEYalOT YaCTHUIBI C MacCOom m, a BEKTOPHBIM IIOJIAM — YaCTHUIBI C Maccoii:

Takum obpasom, HapylleHHe CUMMETPUH ONATH NPUBEJIO K NOABIEHHIO MACChl y TacTHIL
BEKTOPHOTO (Kaaubposodnoro) moig A,. Kanubposourad HHBapHAHTHOCTH TEOPHH IPH
9TOM, OUEBUIHO, coxpaHuaach! Obiee ducsio crenenel ¢cBOHGOIB He M3MEHUIIOChH: BMECTO
Tpex “HCYe3sHYBIINX’ KOMIOHEHT TOJA ¢ (TOJICTOHOB) MOABHJINCH HPOMOIBHO MOJIHA-
pU30BaHHBIE KOMIOHEHTHI MOJIA ffu. B paceMmorpenHolt Mofenn maccy mpuobpesn Bee
KOMIIOHEHTRI ToJia dura - Mussica, u mpodoJibHbIe W HOMEepETHBIE.

Ecou MBI XOTHM TOCTPOUTH OOBEIMHEHHYIO TEOPUIO CJIAGOTO W 3JIEKTPOMATHUTHOTO
B3amMOeHCTBIA, HYy)KHO 00eCeInTh MACCUBHOCTH BEKTOPHBIX OO30HOB — TIEPEHOCTNKOR
craboro B3amMmonelicTBua (KopoTkomeificTBue!), HO 57T€KTPOMArHUTHOE MOJIE COXPAHNTE
6e3MacCOBBIM. DTO MOKHO ODECIETNTh, PACCMOTPEB HEKOTOPOE 0DODINEHNE TOJIBKO UTO
paccmorpennofi SU(2)-monemn. [Iyia 5Toro saMeTnM, 9To WHBApUAHT ¢*¢ paccMOTpPEH-
HOTO BBINIE CKAJSAPHOTO MOJs aBTOMATHYIECKH 0OJIamaeT HEKOTOPOH IOMOJHUTEIbHOM
cUMMeTpHeii, KpoMe HCIob30BaHHON Hamu cumMerpun SU(2). B camom mene, mose ¢
MOXKHO ellle YMHOKHUThH Ha MPOW3BOJBHBIE (HazsoBbIli MHOKUTE b THUIIA eiék(x), HUYIETO
OT 5TOTO He M3MEHHTCA. DTo mpeobpasopanme rpymnnsl U(1), Tak 9ro B JajabHelirem
GyaeM roBopuTh o cumMerpun SU(2) @ U(1). Danndane qononHuTebHON abereBoil cnm-
merpun U(1) osHagaeT, 9T0 9acTUIAM TOJIA ¢ MOKHO TPHITHCATE, KPOME W3OCIHHA, €Ile
U HEKOTOPHIH “rumepsapsan’, KOTOpOMY HYKHO COMNOCTaBUTH elle ogHo (abeseBo) Ka-
JbpoBOYHOE 1oJIe, KoTopoe OyneM obosnadars B),. B pesynprare, noinad cuMMmeTpus
paccMaTpuBaeMol MOIETH COOTBETCTBYET MHBAPHUAHTHOCTH OTHOCHTEJBHO JIOKAJIBHOTO
KaJuOpOBOYHOIO MpeobpasoBaHud BUIA:

¢ =S¢ (4.76)
e
7oA
S = exp (igd(x) - % tif (;) (4.77)
a Jla'paHXXHWaH TEOpHUHU UMEECT BUI:
L= (D,¢)(D*¢) —V(p) — L R e pery (4.78)
g 167 * 167 *
e
N
D, =0,— iggy “A, - Z§Bu (4.79)

Gy = 0B, — 0, B, (4.80)
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Haspaelimmii aHa w3, GakKTHYecKu, MOBTOPAET MPEABIIyIee PAacCMOTpPEHHEe, TaK UTO
IOetann omyckaeM. OxasweiBaeTcd ynobHBIM BMecTo momeit A,q, Auo, Ayz m B, BBecTn
cJenymole uxX JuHeHHble KOMOUHATIHN:

1 .
WN = E(Aul + ZANQ) (481)
Z, =cosaAyz —sinaB, Aps = cosaZ, +sinad,
A, =sinad,s + cosaB, B, = —sinaZ, + cos a4, (4.82)

e

cos v = g sino = i g=V9g2+ f? tgoz:i (4.83)
) ) )
Torma wai garpankual (4.78) HepemucBIBACTCA Yepe3 5TH HOBBIE MOMA KaK:
L= l(a p)’ = V(p)+ Pl WiW, +§° 2] — L L (4.84)
2- woH ST O T

3meck BaxkHO, 9To moste A, u3 (4.82) He BOLLIO B KBaIpaTHbIE CKOOKH, TaK ITO LOCJIE BO3-
HUKHOBEHNA HEHYJIEBOTO BAKYYMHOTO CPEIHETO MOJIA p (CMOHTAHHOTO HAPYIIEHHs CHM-
METPHH) 3TO TMOJIE OCTAETCHA HE3MACCOBBIM I MOXKET OBITH OTOXKIECTBICHO ¢ OOBITHBIM
57eKTPOMArHATHBIM TIosleM. B Toxe Bpemd, mosa W, n 7, mpuobperaloT Maccy:

mw
COS v

mw = g7 my = §77 = (485)

D10 cpasy XKe BHIHO W3 3amuch Jarpamkuana (4.84) ¢ TOYHOCTBIO IO KBAJPATHIHBIX 1O
p=p—n, W,n Z, a1eHos:

L= 5(6up/)2 _ §m2p/2 _ 8_7(8“% — O W) (0, W, — 0, W) +
x 1 -
+g2772Wu WN - 16—7(3“&, - 8,,Zu)2 + QZUZZZ —
1
_16—71'(6“AV — 8,A,)% + Const (4.86)

rme m? = 2|p?|.
Dome W, (4.81) ABngeTca KOMIIEKCHBIM, T.€. 3apsKeHHBIM, a moad A, u 7, (4.82)
BellleCTBEHHBI (HelTpaabher). 3 onpenenenns F;w (4.58) u (4.81), (4.82) coemyer:

1
ﬁ(F1 +iF?) . = DyW, — D, W, (4.87)
rie
D, =0, —1igAus =0, —igsinaA, —igcosaZ, (4.88)

Ec oToXKDecTBUTH Hose A, ¢ »/IeKTPOMAarHNTHBIM MoJIeM, TO u3 (4.88) ciemyer cie-
ayiomas CBA3b fAHT - MUJIJICOBCKOI KOHCTAHTBI CBA3U ¢ C 3JIEKTPUYECKUM 3aPAIOM:

e = gsinao (4.89)

BaxubiM cBoficTBOM paccMaTpuBaeMoil MoIeS N ABJAETCA ee TepeHOPMUPYEMOCTD.
Depenopmupyemocts KIJI umeer “mBoliHyto mpodHOCTH”: OHa ObecliedeHa BO-TEPBHIX,



CPOPTAPPOE PAPYLLEPWUE CUMMETPUX N MOAE/b BANPPEPTA-CAJIAMA 105

6e3MaccoBOCTBIO POTOHA U, BO-BTOPHIX, €10 HERTPAJIBHOCTBIO. Kciim 0TKa3aThcd OT Ofi-
HOT'O M3 3THUX CBOMCTB, IEPEHOPMUPYEMOCTE COXpaHdAeTCd, T.€. IEPEHOPMUPYEMOIi ABJIA-
erTcd, HATIPUMED, TeOPHUA B3aUMOHecTBUA (HEPMIOHOB ¢ MACCHBHBIM BEKTOPHBIM Heli-
TPAJBHBIM MTOJIEM. D03TOMY MOKHO He H0AThCH, ITO (HPOTOH OKAKeTCHd MMEIOIINM O9Y€Hb
MaJIyIo, HEYJIOBUMYIO JIO CHX TOp Maccy. Teopus CyIecTBEHHO HE MOCTPATAET. D EPEHOD-
MUpyeMoit aByigeTcd  Teopud moselt dAnra - Muiica, cocToannx n3 ABYX 3apAKeHHBIX
1 OTHOTO HeHTpabHOro 6€3MaCCOBBIX MOJIEl, BKAKYAd U WX B3aUMOIelcTBIE ¢ (hepMu-
oHaMu. Jimarogapa dpeHoMeny Xurrca sapaxkeHHble mosd Aura - Musica MoryT crath
MAaCCHUBHBIMHE, Jajlee MbI OYIEM OTOXKIECTBIATH UX C TPOMEKYTOUHBIMEU W -6o30HAMEI —
mepeHoCYnKaMu CJ1aboT0 B3auMOAEHCTBIA, a Z-0030HBI ¢ AaHAJTOTHIHBIME HERTPATBHBIMA
JacTHUIAMU. DJIeKTPOMaTHUTHOE MoJie A, ocTaeTcd B paccMaTpUBaeMoit Momen besMac-
coBBIM. Bo3HUKaeT BOMpOC — oCTaHeTCA-JIN TeOPUdA TepeHOpMHUpPYyeMoil Tiocse nelicTBus
sddexra Xurrca? MoxKHO 0KHIATH, YTO OCTAHETCH, TIOCKOJBKY BCE COCTABJIAIONINE HC-
XO[IHOTO JIarpaHKMaHa MEPEHOPMUPYEMBI, a JaJIbllle Mbl HUYUETO OCOOEHHOTO HE HeJIalI,
KPOME BIIOJTHE TOTYCTUMBIX IPeObpa30BaHmil U epeobo3HadeHnli. DTO OKMIAHTE OTPAB-
JIBIBaeTCA U TP DoJee CTPOrOM PACCMOTPEHMUN.

Monenp Balinbepra - CaJsiama.

DepeiieM K OMUCAHUIO €IUHON CXEMBI OIMUCAHNA CJAA0BIX W 3JIEKTPOMATHUTHBIX B3AMMO-
IelicTBAN 37IeMEeHTAPHBIX JYacTHIl, Tpemiaoxenuoi Baiinbeprom u CasamMoMm. ITo emnmH-
CTBEHHAA peauCcThdecKad MOIesb 3JIeMEHTapPHBIX YacTHUIll, KOTOPYIO Mbl JIOCTATOYHO
MOIpPOOHO PacCMOTPHM B HalleM Kypce. B HacTosliiee BpeMd 3Ta MOJIENb MPEKPACHO
MONTBEPKAEHA PKCIEPUMEHTOM W JIEXKUT B OCHOBe cTaHmapTHON momenu. OcHOBHaA
uaes TEOPHH 3JIEKTPOCJabOro B3aUMOAEWCTBHA COCTOUT B TOM, UTO cJiabble B3amMO-
IefiCTBAA TEPEHOCATCA KaJHOPOBOYHBIME OO30HAMEI (Wi,Z), KOTOpBble M3HAYaJIBLHO
ABIAAIOTCA GE3MACCOBBIME, a KOHEUHYIO Maccy (obecmednBaionyo KopoTKojaeiicTBie)
npuobperaioT B pe3yJibTaTe OelcTBHA MeXaHH3IMa XHUITCA. DIEKTPOMArHUTHOE IOJIE,
€CTECTBEHHO, OCTAETCA TPH HTOM Oe3MaccoBBIM. B wacTw, kacarolueiica caMux KaJiu-
OPOBOYHBIX TIOJIeli, Takas MOIEJb OMNCAaHAa B MPEOBIAYIIEM pasfiese. DO HYKHO ellle
BKJIIOUATH B T€OPHIO JIEITOHEl — 3JIeKTPOH I HeliTpmHO® | KOTOpEIe HCXOMHO TaKKe 6y meM
npeanosnaraTh 6esmaccopbiMu. Mexanmasm Xurrca (CHOHTAHHOE HADYIIEHHE CHMMETPHN)
JOJIKHO 06eCHeunTh BOSHUKHOBEHHE MACChl y 3JIeKTPOHa, HO He Y HelTpuHO' .
DadHeM co cnuHOPHBIX moneii. Jlarpanxuan lupaka:

£ = iy 0,0 — mipy (4.90)
npu m = 0 mpeBpamaercs TpocTo B ihyH Juv. Beenem, kax obpruano, g 6€3MacCcOBBIX
depMHIOHOB:
v = %(H'f’)#ﬂ YR = %(1—75)1/) =L +Ur (4.91)
roe 7v° = 179y y?y3. Torma
WY Outb = WRY* utr + W1y  Outr (4.92)

690Cﬂe;[y101u;ne IIOKOJICHHIA JICIITOHOB OIIMCHIBAIOTCA TOYHO TaKiKe.
73,HGCL MBI HpeHe6peraeM BO3MOXKHBIM HaJIMIYUEM Y HeﬁTpHHO MaJIol MacChl IIOKOS.
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IIOCKOJIBKY ° aHTHKOMMYTHpYeT ¢ ¥H. DieKTpon (MIOOH W T-JIENTOH) 0BIamaioT Kak
L, Tax m R KOMIOHEHTaMM, OTHAKO COTJIACHO IBYXKOMIIOHEHTHON Teopum HERTPUHO v,
(Vu, V7) ObsamatoT TosbKO L-kKomMmoHeHTamu. Torma HCXONHBIH JIarpamKuaH JIEITOHOB
MOXKHO 3alucaTh B BH/JIE!

L =iepy"0uer +iepy" Oper + 04" Opve + (e — p) + (e — 1) (4.93)

rae hepMUOHHBIE MTOJTA 0DO3HAYEHBI CHMBOJIAME COOTBETCTRYONIMX 9acTHIl. BKJTa BBIC-
UX MOKoJIeHnt B maJibHERIIeM He BBIITUCBIBACM.

D peobpazoBaHnsd KaaubpOBOYHON TPYNIBI HOIKHBI 3aTPArUBaTh YACTUIIBI C OIWHA-
KOBBIMH NIPOCTPAHCTBEHHO - BpEMEHHBIME CBOMICTBAMU, T.€. €IMHCTBEHHAA BO3MOKHOCTD
COCTOUT B TOM, YTOOBI MEPEMENIUBATD €1, U V.. BBEIEM TOTIa W30CIHHOP:

v
Yr=1{ _° (4.94)
€r
U TpHumumeM sToMy aybiery HeabeseB sapsan (“ciaaberit’ msocmmu) Iy = 1/2, co-
OTBETCTBEHHO ABYM KOMIIOHEHTAM. DERTPUHO V., COOTBETCTBYET TPEThbA KOMITOHEHTA
I3, = 4+1/2, a “s;mextpony” e, coorserctByet I3, = —1/2. Octaerca emte
YR = €R (4.95)

KOTOpBIﬁ CUlTaeTCd U30CUHIJVIECTOM: IW = 0. Umeem TOTJa JlarpaHKHWaH:
L = ippy" dpbr + br v uibr (4.96)

KOTODBIf HHBAPWAHTEH OTHOCHTEIBHO NpeobpasoBannii msorpymisr SU(2):

b — "0y YR — YR (4.97)
WU ToApobHee:

Ve Iz 0 Ve

€r, — € 0 1 €r, (498)

€R €R

S.HGKTPI/I‘IGCKI/Iﬁ 3ap4dn Q n TpeTbd KOMIIOHEHTa c1ab0Oro U30CIHHA, II:;}V AJid JIEBBIX U
IIpaBbIX noJiell cBa3anbl CJICAYIOIMA O9YCBUAHBIMU COOTHOINECHUAMMN

L: Q=1 -

1
2
R: Q=1 -1

(4.99)
Ecnm coenaTh 3Ty CHMMETPHIO JIOKAJIbHON KaJubpoBodHOl cuMMeTpueil, T.e. CIATaTh,
910 & = &(%), BOSHUKHYT, KaK Mbl BUIEJH, TP GE3MACCOBHIX KATMOPOBOTHBLIX AHT -
MUJIJICOBCKUX TOJIA. D0 (hOTOH He OyAeT BXOAMTH B MX YUCJIO, TIOCKOJIBKY MpaBhIil 2J1eK-
TPOH €g, ABJAIOMHAICA W30CHHTIETOM, He GyIeT B3auMOAeHCTBOBATH ¢ THMH IIOJIAMH,
Torzma Kak ¢ pOTOHOM OH, €CTECTBEHHO, HOJIKEH B3amMomeiicTBoBaTh. TyT MOXKHO BOC-
HOJTB30BATHCA TEM 00CTOATENBCTBOM, UTo SU(2) He ABAAETCA MaKCHMAJBHON CHMMe-
TpHeil paccMaTpMBaeMoro JarpaHknaHa. Ja caMoM Jejle MOXKHO ellle TIOJBEPTHYTh €R
mpocToMy mpeobpasosanuio U(1):

er — ¢Per (4.100)
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D0 3T0 MOXKeT OBITH TOJIBKO 0bliee peobpasoBaHue AJid BCeX mosieli. NHbIME ciroBaMu
V. U €] TaKKe NOJIKHBI TPUOOPECTH OIUHAKOBBIN hasoBBIl MHOKUTED. DpH 5TOM dasza
L4 HUX He obg3aHa coBnamaTh ¢ daszoll mia R-mentona. Takum obpazoM MOKHO 3aliu-

Ve ginf '0 0 Ve
er | — 0 €™ 0 er (4.101)
€R 0 0 eif eR

[Ie n — HEKOTOPOE UNCII0, KOTOPOE ellle HyKHO onpenenuTs. Jra U(l)-cummerpunsa npu-
BOIMT K CYNIECTBOBAHUIO HEKOTOPOTO COXPAHAIONIErOCd 3apdjia, MpUIeM ep obJiagaeT
OIHVM 3HAYEHWEM 3TOr0 3apsdana, a v, u er — apyrum. OUeBHIHO, UTO 3TO He HJIEK-
TpudecKuii 3apan (), TOCKOJBKY V, W €7 0DJIaaloT pasiaudHbiMu 3apamamu (). Coor-
BETCTBEHHO, KaIuGPOBOUHOE ToJe, oTBevaromiee »Toii U(1) cummerpnu, »To BOBCe He
aJIEKTPOMArHUTHOE moJjie. BalHbepr npemioRus cIuTaTh, 9T0 9Ta CUMMETPHUA COOTBET-
CTBET COXpaHEHUIO “c1aboro rutepsapana” Yy, olpeiaeaaeMoro COOTHOMCHTeM®:

Vi
Q=15+ TW (4.102)
CpapruBag 10 Bbipakenue ¢ (4.99) BUANM, 9TO 14 JEBBIX W MPABBIX JIENTOHOB HYKHO
BBECTH:
L:  Yp=-1
R: Yy =-2 (4.103)

Dosromy B (4.101) HyRKHO mOMOKUTH n = 1/2; Tak 4TO KOHCTAHTa B3anMOIEHCTBUA C
TUTEP3apAI0BBIM KaIuOPOBOYHBIM TOJEM IJId JIEBBIX MOJIEH B IBa pasa MEHBIIE COOT-
BETCTBYIOIEH KOHCTAHTHI AJId MpaBbIx moseii. B pesymbrare, mpeobpasoBanme TPYIIIIBI
U(1) npuobperaeT OKOHUIATETBHBIN B

Ve ¢if/2 0 0 Ve
er | — 0 P2 0 er (4.104)
eR 0 0 eif eR

Takum obpasom, sarpamknan (4.93), (4.96) nHBapHAHTEH OTHOCHTETBHO MPAMOTO MPO-
maBenenns rpynn SU(2) @ U(1). Teopuio fura - Munsica ¢ Takoit cuMMeTpueli Mbl yxKe
paccMOTpe/n B HPEABIIYIEM pasfieie. DPH 5TOM MBI BBEJH Y€TBIpE KaJHOPOBOTHBIX
HOJIA: WSOTPHUILIIET Hoselt A, u msocunrier B, ni1a anx Yw = 0.

JlenToHHBIE O ¥, U YR B3AaUMOIERCTBYIOT C TOJAAMHI ffu, B, 1 XUTTCOBCKNM TIOJIEM
@. DacCMOTPUM CHaYaJIa MOAPODHEl 9To TocaenHee B3aumonelicteue. CooTBETCTBYOUIHH
BKJIAJ B JarpaHkKHaH 3aliiieM B Buae anagorndaoM (4.12), yike obcyKnaBiieMcs BBIIIE
B CBA3M C MEXAHI3MOM T'€HEPAIUN MAacChl (hepMUOHOB!

Ly = —V2a(Vrbpd + Ui d”) (4.105)

rae ¢ — Ge3pasMepHas KOHCTaHTa COOTBETCTBYIONIETO (TepeHOpMupyeMoro!) BsaumMoeii-
cTBUA. XUTTCOBCKOE TIOJIe 3AIUIIEM B BUJIe W3OCTHHOPA!

§0+ * — 0
e=1 "o ¢" = (¢ ,¢") (4.106)
¥
8910 BBIpaKeHUE 3aIlMCaHOo 110 aHaJgoruu ¢ dpopmymaoit ['emn-Manaa — DWIIIKIMBL OJ1s THIEP3a-

pANa TeOpHHU aIpoHOB [27]
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KOMIIOHEHTHI KOTOPOTO COOTBETCTBYIOT MPOEKIHAM CJIADOTO M3OCIHHA IE’V = £1/2. Us
(4.102) BHIHO, ITO OHO 0OJaJAET CJACAYIOIMNMI KBAHTOBBIMH THCIAMMT:

Iw=1/2  Yy=1 (4.107)

Oba moas g0+ n QDO ABJIAIOTCA KOMIIJICKCHBIMHA, TaK 9YTO MOXKHO 3allUCAaTh!:

+ 5(p3 + ipa)
=¥ = Ve 74 4.108
i (@0) (%(soﬁrisoz) (4.108)
rae ©1,...,94 — ,D;eﬁCTBI/ITeJII)HbIe I1OJIA.

KOBapI/IaHTHaSI IIPpOU3BOJHAA, OITACBIBAIOIIAA B3anMOJIeiicTBEe XUTTCOBCKOIO ITOJId C
Ka.HI/I6pOBO‘IHbIMI/I IIOJIAMHI MMeeT BH:

?

S5 fBu)¢ (4.109)

Db = (0, —=g7- A, — ;

2
B ntore, wacTh JarpankmaHa, coaepiKalias MoJe ¢, paBHA:
Ly = (D*)"(Dyg) — p¢" 6 — M9 0)* — V2a(Prbre + PrivLe™) (4.110)

90J1po6Hee (B KOMHOHGHT&X) HJaCTh 3TOT'O JIarpaHXKMaHa, COOTBETCTBYIOIAA B3anmMo/Ieli-
CTBHIO XUTTCOBCKOTI'O IIOJIA C JEITOHaAMM, UMECT BU:

—\/ia(ﬂeeggo'l' +érere’ + eprop” —|—éReLg00) (4.111)

Hasee, numeem:

* * * 1
676 = (1) et + ()¢’ = S(pi + w3 + w3+ i) (4.112)

Dpu p? < 0 npomexomuT 603 - KOHIEHCAINA XUTTCOBCKOTO MOJIA 1 MUHUMYMY SHEpTHI
COOTBETCTBYET:

2
< 0l(¢"9)[0 >=n* 2—“7 (4.113)
Breibepem BakyyMm Tak, 9TOOBI:
< 0lp1]0 >=1n < 0]p2]|0 >=< 0]p3|0 >=< 0]p4|0 >= 0 (4.114)
T.e
< 0|¢|0 >= 1 ( ¥ ) (4.115)
VAR )

Torpma 4aeH B3auMoOeficTBUA B HU3IIEM MOPAIKE (Ho BO36y}KILeHI/ISIM) HMeEeT BUJIL:

Ly = V2a($rvr + YrYr)é = a(érer + erer)n (4.116)

TakK 970 C XUTTCOBCKUM KOHAEHCATOM 7} B3aI/IMO,D;eI7[CTByIOT TOJIBKO 2JICKTPOHBI. D10 03HA-
qaeT, 9TO MBI ,D;O6I/I.HI/ICI) TOT'O, 9€T0 XOTEJIN — 2JIEKTPOH HpMo6peTaeT MacCcy:

me = an (4.117)

a HeﬁTpI/IHO ocTaercd 6esMaccoBBIM!
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Sepel‘/’meM TENneEpb K paCCMOTPEHUIO B3aNMOJICiICTBUA JIEITOHOB C Ka.HI/I6pOBO‘IHbIMI/I
IIOJIAMM, KOTOPOE€ YIUTBIBACTCHA IMEPEXOIOM K KOBapI/IaHTHOﬁ HpOI/I3BO,D;HOI7[Z

L %
Dytp = (0, —igT - A, —if 5 Bu)Y (4.118)

roe Y - cna6bm Tunep3apdan moad ¢, g u f — KOHCTaHTBl B3aUMOIEHCTBUA. st r,
nveem T = —T Y = —1, a g)14 ) COOTBETCTBEHHO T=0uY =—2. Torna, cBA3aHHAA
¢ B3auMoaeficTBUEM C KaJm6p0Bqub1MM TOJIAMHA JacTh JIarpaHKuaHa JeMTOHHOTO O
UMeeT BUI:

B P f B
T . . . u .
L=1ipry <8u — g A+ Z§Bu) Yr 4+ ey (0 + (fBu)Yr (4.119)
Bxopsmme cioma KaaubpoBoUHBIE TToJTA, Kak Mbl Bugean B (4.81), (4.82), (4.83), MoxHO
pasmeNnTh Ha TPH THIA HOJefi: IoJsle 3apAkKeHHBIX TAKEIBIX Me30HOB W, moJe Heil-
TPaJIBHBIX TAKEJbIX ME3OHOB Z, U 3JIEKTpOMarHuTHOe mose A,. Boimmurem ormessHo
vacTn narpaixkunafa Ly, Lz, £ 4, COOTBETCTBYOUINE B3AaRMOIEHCTBIIO C STHMH MOJIAMMA:

Lw = %iju(ﬁAm + oA W = =" (B Wyer + e Wive) (4.120)

g
V2
D10 sarpamKuaH cIaboro B3anMOIeHCTBHSA JIEMITOHOB 3a cueT obMena WE - Mesomamn
(r.H. 3apaxenHsle Toku). KpoMe roro, nmerorca B3auMomeicTsug ¢ monamu A,z u By,

3 (4.119) onn umeroT BU:

YLy (973 Aus — [B)YL — [YRY" Butr (4.121)

1
2"
(4.83),

win, ucnossysa (4.82),

%’y“ [Pe(cos @A s —sinaB,)v, — ép(cosadys +sinaB,)ep — 2sinaegB,er] (4.122)

TaK JTO0, Bhlpaxkad A,3 u B, depes Z, u A, cornacuo (4.82), momydaeM:

%'y“(DeZuye —cos2aep Z e — 2sin? QERZ,ER) (4.123)

Ly =

— caraboe B3anMozeiicTBre 3a cueT 06MeHa HeHTpaIbHBIMEI £ - Go30HAMH (T.H. HEATpaJTb-
HBIE TOKH), & TAKXKe

L4 =—gsinay*(erAper + €rAuer) (4.124)

— 3JIEKTPOMATHUTHOE B3amMoieiicTue. 3amerum, uto (4.124) eme pas mogTBepxmaeT
BBIpasKeHWe JIA sJaeKTpudeckoro sapana (4.89). Takum obpasoM, paccMaTpuBaeMasi
MOMEJb TaeT €IUHOe ONUCaHme cJaaboro W »JIEKTPOMATHUTHOTO B3aWMMOIERCTBUA, TPHU
KOTOPOM IO/, cooTBeTCTRYomme W 1 7 — Me3oHaM, a Takke H OGBITHOE 3JIEKTPOMAT-
HUTHOE TIOJIE BO3HUKAT W3 (PyHIAMEHTAJTBHOTO TpeboBaHNA WHBADHAHTHOCTH TEODUH
OTHOCUTENBHO JIOKAJIBHBIX KaJIHOPOBOUHBIX NpeobpasoBanuii rpynmsl SU(2) @ U(1).

B nepsoie romer mocie moctpoenns monesin Bafiubepra - Camama mportieccst caaboro
B3aUMoJeficTBIA 3a cdeT HefiTpaabHBIX TOKOB (4.123) He OB W3BECTHBI, YTO pac-
CMaTPUBAJIOCH KaK CEPBE3HBIN HETOCTATOK paccMaTpuBaemoii Momesn. X oTkpeiTHE B
CERN B 1973 romy mocJ/IyKUJIO TEPBBIM CEPHE3HBIM TOITBEPK IEHIEM MMEHHO 3TOM Teo-
pUH 3JIEKTPOCTAbOr0 B3auMOIecTBIA. D pocTeliiimii mporece caaboro B3anMoaeicTBA
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Ve e

Puc. 4-3

— pacmaz g ONMUCHIBAETCA AWArpaMMoii, mokasaHHo# Ha Juc.4-3. Ecanm macca W - me-

1
30Ha CYUIECTBCHHO OoJIBbIIE MACChI M, TO €ro Ipolararop ImpocTo NpolopHnuoHaJIeH m%v’

n pacCMaTpHUBacMad aMILJIATya IEPEXoJa 3KBUBaJICHTHA aMILJINTYyIeE, HOHy‘IeHHOﬁ n3

dbenomenonornIeckoro (HeMEPHOPMHPYEMOTO) IeThIpex]epPMHOHHOTO B3aUMOIEHCTBIS
®epmn (2.95), (2.277), n nMmeeT BUI:

2

5,7 (ELYave)(Puy " 1) (4.125)
w

CpasruBag ¢ (2.277), moaydaeM ciefyoliee BBIpaKeHNe IJIA KOHCTAHTHI B3aumMojefi-
crBugd Pepmu:
G q°

NoRT
Benmuanna (G Xxopolio w3BeCTHa 13 sKcepuMenTa u gaerca (2.280). Bugnm, 9ro ee Mastasd
BeanarHa (“crabocts” cnaboro BzamMoneicTBu#A), paKTUIECKN, CBA3AHA C HAIHIHEM
B 3HaMeHaTese (4.125) Goavwofi Macchl TPOMEKYTOTHOTO 5O30HA, a HA CAMOM JIeJIe,
dbyHIaMeHTATBHON KOHCTAHTOW B3amMonelicTBua apisgerca ¢ ~ e | Ucmonbsya (4.89))
U 9KCIEPUMEHTATIBHO W3BECTHBIE 3HAYeHNA € u (7, MOXKHO, ¢ oMol (4.85) n (4.126)
HaliTu coemyfolme OMEHKH MacC TPOMEKYTOIHBIX DO30HOB:

(4.126)

4
e _ 3T7GeV iy = mw 74GeV (4.127)

25/4 gin aG1/2 sin o cos o sin 2av

mw

Tak uro my > 37GeV u my > 74GeV. Ucnonbsya (4.85) u (4.127) MoxeMm HaluCaTh:

=W 2 3TCV gaGey (4.128)
g e
Torma us (4.117) umeem:
Me 6
a="% %510 (4.129)
n

TaK 4TO KOHCTAHTa B3aUMOAEHCTBUA JIENTOHOB C XUITCOBCKUM IIOJEM OY€Hb MaJa.

DKCIepUMEHTAIBHOE HCCIENOBAHNE TPOIMECCOB CJIabOr0 B3aMMOAEHCTBUA MOCPE-
CTBOM HeWTpaJbHBIX TOKOB HaJjo, K Hadaay 80-X romoB, CJedyIONlyIo OIeHKY “yraa’
o

sin o &2 0.47 (4.130)
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Torma us (4.127) umeem:
mw ~ T8.6GeV  my ~ 89.3GeV (4.131)

Tpuymdom Teopuu craso otkpeitue B 1983 rony W* u Z - 6o30HOB B IpAMBIX 9KC-
mepumenTax B CERN ¢ maccamu mpy =~ 80GeV, myz ~ 92GeV. C 1ex mop Teopusd
BJIEKTPOCTA00TO B3aNMOAEHCTBIA MOy IlIa MHOKECTBO SKCIIEPIMEHTAIBHBIX MOATBED-
KIeHUT n ABIAeTCA ceifdac oblenpusHaHHOR cxeMolt UX onucanud.

OcHoBHOII HepellleHHON TPObJIEMOIt, B HACTOHAIIEE BpeEMs, ABIAE€TCA OTCYTCTBUE TP~
MOT0 3KCIEPUMEHTAJBHOTO MTOATBEPKIAEHNA CYIIECTBOBAHNA XUTTCOBCKUX dacTut. K co-
KaJeHmo, Moaesb Baiinbepra - Camama NpakTHYecKrd HE TMO3BOJIAET IaTh HALEKHYIO
omenKy mx Macchl. Kak yxe ormedasiocs B ['mase 1 gactu I, ocennio 2000 roma 8 CERN
OBLIN TTOJTYYEHBI TOBOJIBHO YOENIUTETbHBIE JaHHBIE O CYIECTBOBAHUN XUTTCOBCKUX Ua-
ctut ¢ Maccoit mopanka 115 GeV. DonrBepxkaeHne 3Toro pesysibpraTa CHIIPAJIO OBl pe-

NIAONIYIO POJIb B 3aBEPUIEHWH 3KCIIEPUMEHTAJIBHON MpoBepKH “cTaHmapTHON Momesn”
9

CranjgapTHas MOIEJIb.

“CranmapTHad MOIEJL” 3JeMEHTapHBIX TaCTHUIl MPEICTaBIAET cobol coemmHeHne Teo-
puu »sekTpocaaboro B3amMmomeiicTBua BaiinbGepra - Caslama u yxe Oersio obcyxmas-
reifics BBINIE KBAHTOBOH XPOMOAMHAMUKN. DOJTHAS KaIuOPOBOYHAA CHMMETPHS TEOPUH
oTipeiedeTcs IPAMBIM TPOU3BEICHUEM TPYTITT TBETOBON CUMMETPHH, CJ1abOT0 H30CTHHA
u ciaboro runepsapana: SU(3) @ SU(2) @ U(1). Ecnu orpanndanThbea Hanbotee BazkK HBIM
MEPBLIM MTOKOJIEHUEM (HEePMUOHOB, TO GEPMUOHHBIH CEKTOpP MOMETN OMPEISIIACTC:
p={"1) ., ern Q=) e dra (4.132)
L o /L
rae u u d 06o3HAYAIOT COOTBETCTBYIONE KBApKN (& - MHIEKC nBeTa). KoBapnaHTHad
MPOU3BOIHAA, ONpeAesdioNniasd B3anMoielicTere GpepMuoHoB ¢ moaamu dura - Mumica,

UMeeT BHI; '

Y LT LAY

5Bu — zngWu — zg37Gu (4.133)
rae A* — remeparopsl mBeToBoil rpymmel SU(3) (cm. Imasy 2 wactu 1), a (G — Bex-

TOPHBIE ITOJIA TJIFOOHOB. XurrcoBckas 4acTb TEOpHHN OIHNCAaHa BBINIE. I'mroonner ocratorca

DN = 6u —igl

6e3MaCCOBBIMIE, HO OHM He HabJII0JaroTCd B CBOOOTHOM COCTOSHHUM H3-3a SIBJEHUS KOH-
daitamenTa, yro eme OGymer obcyxkmarbed HKe. Kak yke oTMedalioch, TaKol Teopuu
JIOCTATOYHO [I/1s OMUCAHKA BCEIO OKPYKAIOIIEro Hac MUApa. Da CeroAHAIIHINI IeHb Bee ee
IPEICKA3aHNeA COIACYIOTCA ¢ UMEIOIIMMHUCH KcnepuMenTaMu (0. DonbITKH peabHOro
obbeIMHEeHN A BCeX B3auMoAeiicTBuil B paMKaX equHON KaaubpOBOYHON I'PYIINIBL, BKIYa-
foleli cummeTpuio crangapTHoi Mogenn SU(3) ® SU(2) @ U(1) B KadecTBe MOATDYIIIIHI
HasbIBafoTCA TeopuaMmu “Besnnkoro obbemuuenna’ (GUT). Mx Mbl KpaTko 06CyauM B
caenymwoiieit ['nase.

9K coxasenmio, pykosomctso CERN mpmisamo pelieHie o IpeKpalleHIH COOTBETCTBYIOUIMX 5KCIIe-
PHEMEHTOB B CBA3HU C IJIAHAMHU CTPOHUTETHCTBA HOBOTO yCKOPHTEIIA HA TOH Ke TIomAKe. DTO pelleHue,
06yCIJIOBITEHHOE, B OCHOBHOM, (PHHAHCOBBIME COOODAKEHUAMHE, TMTPUBEIIO K TOMY, 9TO OKOHYIATEIHHAA
FACHOCTH C B HAHHOM BOIIPOCE MOJKET BO3SHHKHYTH TOJIBKO 9epe3 HECKOJIBKO JIET, TOCJE 3aBepUICHUT
CTPOHTETHCTBA W 3AILy CKa HOBBIX 3KCIIEPAMEHTATHHBIX ycTanoBok B CIITA.

10K parkuit 0630p sKCIepUMEHTaILHOIO COCTOSHHUA CTAHIAPTHOM MO/ MOXKHO HallTH B craTrbe:
M.K.Gaillard, P.D.Grannis, F.J. Sciulli. Rev.Mod.Phys. 71, 596 (1999), sna4denne »Toil Teopun B “mo-

BeenHeBHOW XUsHE xopowo ommcaHo B crarbe: R.N.Cahn. Rev.Mod.Phys. 68, 951 (1996).
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Puc. 4-4

DazoBbie Inepexoibl B TEOPHUHA II0J4A ITPpHU KOHEYHBIX TeMIlepaTrTypax.

B zaxsfoduenne ocTaHOBHUMCH €llle HA OTHOM, Upe3BBIYAilHO MHTEPECHOM, HAINPaBJIeHUHN
COBPeMEHHOIt KBaHTOBOW Teopun mosid. MBI BUIeAn, 9TO B OCHOBE TEOPUHU 3JeKTPOCa-
6010 B3aMMOIefCTBUA JIEKHUT ABICHIE CITOHTAHHOTO HAPYIIEHN CHMMETPHAN U MEXAHU3M
Xwurrca. Beilite yke oTMe9asI0Cch, 9TO 3TO ABJIEHHE MpeAcTaBiadeT coboil TunudHbIil dha-
30BBIl TTepexo, THIIA MPOUCXOAANIETO B CBEPXIPOBOTHNKAX. 3 Teopun KOHIEHCUPOBAH-
HOT'O COCTOAHMA MBI XOPOIIO 3HAEM, YTO BCAKOE HapyIlleHHWEe CUMMETPHUH HcYe3aeT MNP
JOCTATOYHO BBICOKOW TeMmepatype T' > 1., Korma cucTeMa TePeXOANT B CHUMMETPUY-
Hyio daszy. Takoe ke ABIEHIE UMEET MECTO W B PACCMATPUBAEMBIX MOIEJIAX KBAHTOBOM
Teopuu moJid. Brepsbie 310 OBLIO ACHO TPOIEMOHCTPUPOBAHO B paborax Kwpxkuuia u
Jurge [43]. CooTBeTcTBYONINIE AaHAIN3 MOKHO TPOBECTH, HCHIOIb3y 4 CTAaHJAPTHYIO (Ma-
my6apoBcKyI0) GOpMyJIMPOBKY KBAHTOBOW TEOPHM HOJA NPH KOHEUHBIX TeMIEpaTypax
[13]. De uMed BO3MOKHOCTH OOCYKAATh 9TH MHTEPECHBIE BOIPOCHI B PaAMKaX JAHHOIO
Kypca, Mbl yIIOMAHEM TOJBKO caMble OCHOBHBIE BBIBOJIBI.

BakyymHuoe cpemtee XUTTCOBCKOTO TIOJIS, UTPAOIIee POJIb TTapaMeTpa MmopaaKa obpa-
mmaeTcd B HYJIb Ipu TeMmmepatypax 1" > T, tre

3|
A

Opu T < T, mapamerp nopanka BemeT ceba Oosiee nian MeHee OOBIYHBIM OOPA3OM:

T, ~

~ 7(0) ~ 10* — 10°GeV (4.134)

2
2 _|ﬂ|_

rne ®(T'), HekoTopas BospacTaolan GYHKIHA TeMIepaTyphl. B pesyabTare BOSHUKAET

(T) (4.135)

HOBEIEHNE TTapaMeTpa MopAAKa, MoKasaHHoe Ha Juc.4-4(a). Do Macchl 9acTull, BOSHH-
Kafollme PU CIOHTAHHOM HADYIIEHWH CHUMMETDHH, KAK MBI BHIEH BBIIIE, TPOMOPIIH-
OHAJIBHBI BakyyMHOMYy cpenuemy 7 mpu 1 = 0. CoOoTBETCTBEHHO, TIPU POCTE TEMIIEPa-
TYPBI MACCHl KAJTHOPOBOIHBIX HO30HOB, JIENMTOHOB W APYTUX YACTHUI] YMEHBIIAIOTCA U TPH
T =T, obpawaromea 6 Hyav, Kak TO HoKasaHo Ha Juc.4-4(6). Jaxke Ha ypoBHE TAKOTO
mpocTeiiirero o6Cy K IeHNs ACHO, YTO NCUE3IHOBEHNE MACC YaCTHI M BOSHUKHOBEHIE MOIII-
HBIX HAJBHOOERCTBYIOMINX CHJI MOXKET UTPATh OTPOMHYIO POJIb B 3aJadaX KOCMOJIOTHH,
MTOCKOJIBKY B IEPBBIE MTHOBEHHUdA MOCJe “OOJIBNIOTO B3pbIBA’ TeMmiepaTypa Bcesennoit
OBblIa OUEeHBb BBICOKA. DTU BBIBOABI MOBJEKIN OYPHOE Pa3BHTHE HOBBIX MOIXOIOB B KOC-
mostorun [43, 44]. Anasoruunbie 3pperTh MOIyT HIPATh CYIIECTBEHHYIO POJIb U B 9KC-
MEPUMEHTAX O CTOJKHOBEHUIO OUEeHb TAKEJBIX AED, KOTMIa Pa3BUBAIOTCA TaK¥kKe OYEHb
BBICOKHUE TEMIIEPATYPHI.
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B macrosdiee BpemMsa aHa N3 TeMIepaTypHBIX 3¢d(EKTOB B KBAHTOBOI TeOpHUH TMOJIA
MPEBRPATHICH B HEODXOIUMY O COCTABIAONIYIO YaCTh TEOPUU 3JIEMEHTAPHBIX 9aCTHITL, ITO
bostee, 9eM UTO - JIOO APYroe MOAIEPKUBAET €IUHCTBO KBAHTOBOW TEOPUU TOJIA W CO-
BPEMEHHOW CTATUCTUYIECKON (DUSUKH.
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I'mtaBa 5

PEPEPOPMUPOBKA

SaCXO,H,I/IMOCTI/I B TeOopHuu 904.

DOoHATHE TTEPEHOPMUPYEMOCTH WTPAET B COBPEMEHHON KBAHTOBOW TEOPHUH IOJIA COBEP-
nieHHo GYHIAMEHTAJBHYIO POJIh. TOABKO MEPEHOPMUPYEMBIE TEOPUH CIUTAIOTCH MMERO-
muMu GU3nIecKuii cMbIcs. MBI yiKe MpOBeAN TOCTATOYHO KPATKoe 0OCyXKIeHue Tepe-
mopmupyemoctu Ha npuMepe K1 B [mase 8 wactu 1. Ceituac Mbr Bepremca kK Gostee
ToApOOHOMY OBCYKIESHHIO.

B ocHOBHOM, MBI 6yIeM paccMaTpUBaTh IpocTellyio cKaJdpHYyIo TeOpHIo HoId got,
KOTOpas ITOBOJBHO TOApPOOHO paccMaTpuBaJack Bbiie B luaBe 2. Mbl yxe BcTpeda-
JIHCH TaM ¢ THIHYHBIME pacxomauMocTaMu Tuna (2.124). Depefinem k Gostee cepbesHOMY
UX aHaJIN3y. DOJIb3YACh NMPABHJAAME IHATPAMMHON TEXHUKHU BBIIUIIEM ONATH IMEPBYIO
MOMPABKY K COOCTBEHHO - »HEPTETHYECKON YacTH, m30bpaxaemMyio rpadukom Juc.b-1.
CooTBeTcTBYyIOIEE AHAJTUTHIECKOE BhIpaXkKeHNe NMEET BUI;

1 1 [ dbq 1
N = g /2 - 5.1
1 ) / (2m)% ¢ — m? (5.1)

rae yaren dpaktop cumMerpun 1/2. B quciauresne noAUHTErpaIbHOTO BHIPAXKEHUA CTOUT

Puc. 5-1
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Puc. 5-2

JeTBepTasd, a B 3HAMEHATEeJie — BTOpad CTENEHb ¢, COOTBETCTBEHHO MHTETPAJ KBalpa-
THYHO PACXOTUTCH HPH DOMBINNX ¢ (Ha BEPXHEM TIpeeSIe), HMeeM “yabTpaduoIeToByio”
PacXoAMMOCTh. JTa auarpaMma ~ ¢.

lpyrasd THOHIHAT PACXOOUMOCTEH BOSHHKAeT B HOpPAIKE ~ ¢2 OT AHAIPAMMEI, IO-
KasaHHOW Ha Juc.5-2, tme p1 + ps = q¢ u p1 + p2 + p3s + pa = 0. CooTBeTcTBYyIOIIEE
AHAJIMTUIECKOE BBHIPaKEHUE €CTh:

9 d*p 1 1
¢ [ ; (5:2)

21 12— (p— ) = m

3mech nMeeTcd YeTBEpPTAad CTENEHb P, KAK B YUCJUTENE, TAaK U B 3SHAMEHATEJE, YTO MPU-
BOIHUT K JIOTapHbMUTecKoil pacxoquMOCTH! .

DOCMOTPUM KaK MOKHO OINPENESIUTh CTENEHb PACXOAMMOCTH TPOU3BOJIBHOTO TpPa-
dura. Domobueli anaans yxke mpoBommicda Hamu aiad KD B [nmase 8 wactum 1. Do
37eCh MBI yIeAUM eMy boutblitee BHIMaHue. QOYEBUIHO, 9TO B IPOU3BOJIBHON qrarpaMme
KaxK bl IpoIaraTop JaeT BKJal B 3HaMeHaTesb HOTWHTETPAJIbHOTO BEIpAKeHHA ~ p’
(mpwu GoBIIMX p Maccoll M MOXKHO TPOCTO MpeHeOpeun! ), a Kaxaad BepliiiHa JaeT BKIaI
B UHCJIATETHh ~ pt, a Takke §-DYHKIMIO, BHPAKAIONIYIO 3aKOH COXpaHeHHA HMITYIbCa
B 970l Bepurmre. Yncsio HE3aBUCUMBIX UMITYJIBCOB, TIO KOTOPBIM BEIETCI HHTETPUPOBa-
HHe, PABHO YHCJIY 3aMKHYTBIX HeTeJib B AuarpaMme. B paccMOTPEHHBIX HpUMepax 3ToO
9UCA0 paBHO | (OmHOTETIEBBIE AMATPAMMEL). JaCCMOTPHM IHarpaMMy TMOpAgka ~ g7,
T.. C N BEPIIMHAMHU. JYCTh y Hee uMeeTcd P BHENIHWX JUHUR, | BHYTpeHHUX U L Te-
Teb. Jyia obIHOCTH PACCMOTPUM MPOCTPAHCTBO - BPEMsd € PasMEPHOCTbIO d — B 5TOM
cJIydae BEPIIMHBI JAIOT BKJIAJ B YHCINTENL, pasHbii p¢. OupeseanM yciosnyto cmenens
paczodumocmu D maHHON muarpaMMBbl Kak:

D=dL—-2I (5.3)

L1 paccCMOTpeHHBIX BBINle AMArpaMM HMeeM, KaK yXKe oTMedeHo, ) = 2 mw D = 0.
MoxHo Tenepb BwIpasuTh ) uepes E u n, uckmaounB [ u L. B camom nese, ume-
ercd Bcero | BHYTPEHHUX UMITYyJIbCOB. B Kaxk ol M3 n BEPIINH COXPAHAETCA HUMITYJILC,
OTHAKO MMEETCHA €llle W TOJHBI 3aKOH COXpAaHEHWd UMITYJIbCa B IPOIECCe PAcCedHusd,
OIMCBIBAEMOTO TAHHON JHarpaMMoii (MMIy/IbCB BHEIIHUX JTUHUN GuKcHpoBanbl). B pe-
3yJIbTATE UMEETCHA BCETO N — | COOTHOIIEHNH MKy NMITYIbCaMi (0 KOTOPBIM BENETCA
uHTerpupoBanne). Takum obpasoM ocraercsd Bcero I — n + 1 HE3aBHCHMBIX HMITYJIBCOB
HHTETPUPOBAHUA. DO 3TO YUCJIO PaBHO L:

L=I-n+1 (5.4)

B TEOpUN g04 B KaXAYyO BEpIIMHY BXOJUT YE€ThIpC JIMHUHW, TAaK YTO BCEro MMeEeTCA 4n
.HI/IHI/Iﬁ, JaCTh UX HHMX BHYTPCHHHE, a 9YaCTh — BHCHIIHHEC. SpI/I noacydeTe 4HUCJa JUHUN

l®axTraecku, MBI yKe TOBOJIBHO IMOOPOOHO PaCCMATPHBAIM TAKHe IHATPAMMBI IIPH OGCYXKICHIH
TEOPUN KPUTUIECKUX ABJIEHNN B Y€ TBIPEXMEPHOM IPOCTPAHCTBE, Te MPobiieMa paCXOOUMOCTH PENIAIACE
BBEOEHHEM €CTECTBEHHOTO MapaMeTpa obpesaHud A, mopanka o6paTHON TOCTOAHHON pelreTK .
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BHYTpeHHNE JUHUH YIATHIBAIOTCA ABaKIBI, TOCKOJIbKY OHH CBA3BIBAIOT IBE BEPIINHEL.
Torna nmeeM:

in=E+2I (5.5)
Ms (5.3), (5.4), (5.5) HeMEIJIEHHO TOJTydaeM:

D=d- g_1 F 4 n(d—4) (5.6)

B gacraOCTH, 11a d = 4 uMeeMm:

D=4-E (5.7)

OTKyJa, B 4aCTHOCTH, IOy 9af0TCs NpaBIIbHBIE PE3yJIbTaThl I/ PACCMOTPEHHBIX BBIIIE
mpocteitumx amarpamm. U3 (5.7) BEIHO, 9TO CTENEHb PACXOANMOCTH YMEHBIIASTCA C
POCTOM 4YHCJia BHEIIHUX JIUHUH (M 3aBUCHT TOJIBKO OT Hero!) 2.

Bepremcs, omHako, K obcyxkaeHuo obiei dopmynsr (5.6) n paccMOTpUM ToCIenHEe
cJlaraeMoe B TOM BhIpakeHHH. Eciam kosdbduupmenT npu n 6oJblle HyJid, TO CHTYallusd
HesHaleKHa — CTEIleHb PACXOAUMOCTH ) pacTeT ¢ pocTOM N, TaK 9TO IIOoJHad TEOpHsd,
IpOoCyMMHUpOBaHHAaA IO BCeM N ByIeT colepikaTh HeCKOHETHOE YUCI0 WICHOB, KAy IbIi
U3 KOTOPBIX COAEPKHT PacXOAUMOCTh 6oJiee BBICOKOI CTEIeHN, IeM MpedbIIy i, DTo
o3HatuaeT HellepeHOPMEPYeMocThb Teopuu. B Teopun ¢* mpu d = 4 cTemendb pacxoquMOCTH
3aBUCUT TOJILKO OT F U He 3aBUCHUT OT MOPAIKA TCOPUH BO3MYIICHN, TaK 9T0 MBI HMEEM
KOHEYHOE YHCJIO MUN0S PACXOIUMOCTEH M MOXKHO HaJedThcd, 9TO COOTBETCTBYIONIHE
BECKOHETHBIE BKIAIBI MOKHO MCK/IIOMHTD ¢ MOMOIIBI0 KOHETHOTO THcaa (6eCKOHETHBIX)
EePEHOPMUPOBOK COOTBETCTBYONNX hU3MIECKIX BeTUINH (II€EPEHOPMUDYEeMas TeOpH ).
Konedroe uncsio tnmos pacxomumocteil — weobroduMoe yCJIOBWE TTEPEHOPMUPYEMOCTH.

DoJIe3HO paccMOTpeTh aHAJIOTMIHBIE GOPMYJIBI JIA CJAydad TEOPHH C B3aWmMOIeii-
crueM " . CoorHomennd (5.3) u (5.4) Torma He MeH#AOTCA, a paBeHCTBRO (5.5) MepexonnT
B:

rm=F4+ 2] (5.8)

TaK 4TO (56) TepenrchiBaeTCd B BUIE:

D=d- g—1 E+n ;d—w—d (5.9)

Orcioga miga d = 4 uMeeM:

D=4—E+n(r—4) (5.10)

Ina reopmn ¢° umeem D = 4 — E 4 2n — oHa HemepeHopMupyeMa. C IpyToit cTOPOHEL,
I71a TeopuH > mMeeM D = 4 — F — n — cTeleHb pacxoguMocTH [) y6BIBAET ¢ POCTOM 7,
TaK 9TO IPHU 3aJaHHOM F cylecTByeT TOIBKO KOHEYHOE YHUCI0 PACXOIANINXCS JHATDAMM
— cymephepeHopMEpyeMad Teopud °. OTMernM, uTo 01d d = 2 uMeeM D = 2 — 2n u He
3aBUCUT OT 7.

Bepremcs, onHako, K (5.7) 1 06cyanM BOIPOC O CXOIMMOCTH HJIH PACXOANMOCTH I'Da-
dukos ¢ E > 4. B Teopun ¢* 1ucsio E Beerma deTHo. DaccMOTpUM, I/1d IpHMepa, TPa-
¢dbukn, nokasanmee Ha uc.5-3. 3meck E = 6, 1ak 94T0 N0 KpuTepuio (5.7) OHM TOTKHBI,
BpOJIE - OBI, CXOMUTHCA. ITO BEPHO 114 Tpaduka Dnc.5-3(a), Ho 3aBEIOMO HEBEPHO I

’Moxer moKa3aTbcs, 9T0 BOOBIUIE BCe THATPAMMSBI C YHCIOM BHENIHEX KOHIIOB, GO/IBIIAM 4, CXOIATCA.
Danpumep, A = 6 umeem D = —2. D10, KaK MBI yBUIUM, HEBEPHO.
39ra Teopus, OHHAKO, HEXOPOIA, TOCKOILKY B Hell OTCYTCTBYeT yCTOMYHBOE OCHOBHOE COCTOSHUE.
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(6)  (B), MOCKOJIBKY OHM COEPKAT “CKPBITHIE” PACXOAMMOCTH OT yKE PAcCCMOTPEHHBIX
Hamu eTesb. UMeHHO mosToMy MBI 11 HasBasu [) yCJIOBHOM cTenenbio pacxogumocT. Cy-
HIECTBEHHO, UTO CIIPABEIJIMBO 0OpATHOE YTBEPXK IeHMe: nuarpamma PeliHMana cXOIUTCA,
ecJIN ee CTENEHb PACXOAMMOCTH [), a TakXkKe CTeleHN PACXOINMOCTH BCEX ee TMOArpadgoB
oTpHIATeNbHBI (Teopema Baitubepra).

IlBe paccMOTpeHHBIE BBINE PACXONAIINECH AUAarpaMMbl Juc.h-1 m Duc.5-2, HaspiBa-
OTCH NPUMUMUEHO PACTOOAWUMUCA DUarpaMMaMi. My mCcaepubiBalOTCA BCE MPUMUE-
THBHO PACXOAlINECd JAUarpaMMbl Teopuu ot (THIbI pacxomumocTei).

AHanus pasMepHOCTEM.

DposeneM anaus pasmepHocreil B d-MepHoM npocrpasctse. Heiicrsue S = [ d%z L Ges-
pasmepHo. OTciona JIETKO HAXOMUM:

[L]=L"% [£]=AY (5.11)

roe L — nnura, a A — nmmyabe. U3 anena ~ 0,90 ¢ B L, ¢ yaeroM [0,] = L' umeenrr:

[p] = L'=% = A5~ (5.12)
DaccMoTpuM BaamMmozelicTBue ge”. Ecam BBecTH pasMepHOCTH KOHCTAHTHI CBA3M Kak
[g] = L=% = A’ 10, ogeBummO, mMeeM —& + 1 (1 — %) = —d, TaKk 9TO Ta pasMEPHOCThH
paBHa:
d
6:d—|—r—% (5.13)
D03TOMY pasMepHOCTh KOHCTAHTHI CBA3M B PA3HBIX TEOPUAX €CTh:
gt §=4—-d [g] = A4 §>0 mma d<4
d
g 6:3—5 [g]:AS_% §>0 mua d<6
ge° §=106—2d [g] = A% §>0 mma d<3 (5.14)

Mckmogas r w3 pasercts (5.9), (5.13), moaydaem:
d
D=d-(5-1)E-ns (5.15)

B gactrocTH, miia d = 4 umeem D = 4 — F —néd. OTcioma scHO, ITO HEOOXOINMBIM YCJIO-
BHEM MEPEHOPMHUPYEMOCTH TEOPHUH ABAsgeTCA yeaoBue ¢ > 0. Boime, m1a mTpocToOTH, MBI
BCE BPEMA NOBOPIIH O Ge3pasMEPHOCTH KOHCTAHTH ¢BaA3n (6 = (), Kak 0 HEOOXOANMOM
ycaoBun mepeHopmupyemocti. B (5.14) ykasano, Korga 510 yCI0BHE BBIIOTHACTCA 15
npocTeffinx Mogesell BzauMoneilcTBug. BuauMm, 4To 316Ch CylIECTBYET TaKkKe U BEChMa
CyIleCTBEHHAasA 3aBUCUMOCTD OT Pa3sMEPHOCTH IPOCTPAHCTBA.
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B saksmiouenne, mpuBeneM Tabanny “KaHOHHIECKUX pasMEpHOCTENR pas/ImIHBIX MHO-
rorouednbix dbyukimii I'puna u BepumuHbx dacred [8]:

DoseBasd pyHKIUA Da3sMepHOCTh B equHUIAX A DasmeprHoCcTh Tipu d = 4
¢ 7 - 1
G (&, ... xn) n(%— 1) n
G (p1, ..., pn) —nd—i—n(%—l) =-n (%—1—1) —3n
G(n)(p1,...,pn_1) —d—n(%—l—l) 4—3n
T3 (x —y) 2+4+d 6
F(”)(xl, i) n (% +1 3n
T (p1, ..., pn) —dn—i—n(%—l—l) :n(l— %) -n
T (p1, o pa_i) d—i—n(l—%) 4—n

31ech, B IOTIOJTHEHNE K YK€ W3BECTHBIM HAM MHOTOTOYEYHBIM (DYHKITHAM M BEPITIHAM
seetenbt G u T'(Y)| ompene/ientble paBeHCTBAME:

G (p1, oy pa) = GM(p1y oy pa—1)8(p1 + o+ pn)

T (p1y ooy pn) = T (1, o pa1)6(p1 + ...+ pn) (5.16)

7€ BhIJeseHa, B ABHOM BHIE, §-QYHKITHA TOJTHOTO 3aKOHA COXpAHEHNA NMITYJIbca (MMe-
olas, B eqnHunax A, pasMepHocTh —d).

DazMepHasi peryJjspusalid Teopum ¢'.

Ij1g Toro, 4TobBl IPOBECTH aHAJIA3 pacXomuMocTeil dbelHMaHOBCKUX I'PadUKOB, HEOD-
XOAMMO CHadaIa HAYIUTHCA TH PACXOAMMOCTH KOPPEKTHO BBIAS/IATE. DTO TOCTUTACTCSI
TEM WJIN WHBIM METOIOM peeyaapusayuy HellHMAHOBCKHX MHTerpasos. Beire (Hampu-
Mep TpH OOCYKICHUH PacXoauMOCTel B K@IL)4 MBI UCIIOJIB30BAJIN TPOCTERINN MeTO
peryaspu3alil, OCHOBAaHHBIA Ha BBEIEHUU IlapaMeTpa obpesaHus A Ha BEepXHEM IIpe-
JeJie. DTOT METOoJ, IBHO HapyllaeT PeJATHBUCTCKYIO MHBAPHAHTHOCTH, MOCKOJIBKY OH
9KBUBAJEHTEH BBEACHUIO “MUHHMAaAbHOW mauHbl . CyllecTByeT 6oJiee COBpeMEHHBIH 1
5JIETaHTHBIH TOIX0M, HA3KIBaeMBIil pasMepHOl perynapusanueit (1'XoodT n Benbrman),
K HM3JI0XKEHHIO KOTOPOIO MBI celfivac u mepexoguM. Mpesd storo Meroma, OGJaM3Kasd, IO
CyIIECTBY, K METOAMKE PACCMOTPEHUs KPUTHUYECKUX ABJIEHHUII B IIPOCTPAHCTBE C pas-
MepHOCTBIO d = 4 — ¢ (Bubcon), cocTonT B TOM, 9TOOBI pacCMaTpHBaTh WHTETPAJIHI,
comepKallie pacXoAUMOCTH, KaK HHTErpaJibl B IPOCTPAHCTBE C IPOM3BOALHON d < 4,
a 3areMm mepeiitn K mpeneny d — 4. OxkasbIBaeTcs, UTO CHHTYAAPHOCTH PacCMOTPEH-
HBIX BBILE OJHONETJIEBBIX IPadUKOB ABJIAKTCH MPOCTHIME IOJIIOCAME IO IepEeMeHHO
e=d—4.

Ob6061mM cHaga a JJarpaHKuaH YeTHIPEXMEPHON TEOPUH:

1 2
L= iﬁugo@“go - m—goz - £g04

5 T (5.17)

4lnapa 8, gactm L.
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Ha caydail d usMepeHuii. DOCKOIBKY MOJIE  UMEET PA3MEPHOCTD % — 1, a marpanxnan
L — pasMmepHOCTH d, KOHCTAHTa CBA3M ¢ OespasmepHa npu d = 4 u A4 TOrO, 9T00B OHA
ocrapasach 6espasMepHoil B d H3MepeHndX, ee HeobXOmUMO yMHOXKUTE Ha i~ rme p
~ NPouU36oALHHIE TTApaMeTp pasMepHOCTH Macchl (umitysibca)® . Takum obpasoMm, pasee
6yIeM paccMaTpUBATh TEOPUIO ¢ JIATPAHKHUAHOM:

m?2
2

Beraucsium mpoctefiniyto monpaBKy K COOCTBEHHO - HEpPreTHIecKoll dacTu, m306pa-
KeHHyo TpaduroM Duc.b-1. Anamorngno (5.1) oHa ompemenaeTca HHTETPATIOM:

1,y ddp 1
— —_— 5.19
2gﬂ / (2m)? p? — m? ( )

1 1,
L= §8Mg08“g0 ——? - Egpfl dpt (5.18)

1o HMHTErpaJI Hy2KHO BBIYHUCJINTL IIPHU ITPOU3BOJIBHOM d.

UurerpupoBanue B d-u3MepeHUsIX.

DaboraeM B d-MepHOM “IipocTpaHcTBe MUHKOBCKOTO” ¢ OMHUM BpEMEHHBIM U d — 1 IpOCTpaHCTBEHHBIMHA
msMepernamn (d < 4). Dac HETepecyoT HHTETPaJIbl BANA:

1
Ig)= [dip—o " 5.20
(2) / (p? + 2pg — m?)® (5-20)
re p = (po, r). Bemem mosapasie Koopmunats: (po, 7, @, 01,02, ...,04_3), Tak 9TO:

d%p = dpor?2drdyp sin 01 sin® O2dfs...sin% > 04_3df4_3 =

d—3
= dpord_2drdapHsink 01, dOy, (—c0 < pop < 0,0< 7 <00,0<p<2m,0< 0 <) (5.21)
k=1
Tormna:
fove) T d—3 . [
sin® 05 d6
Ia(q) = 27 drrd=? —1_[2k21 i (5.22)
e o (P? +2pg — m2)e
Bocmonbpsyemca reneps dopmyitoii:
/2
1T (n)l
d6(sin 8)>" 1 (cos §)?™1 = = L)) (5.23)
0 2T (n+m)
n nosoxuM B Helt m = 1/2. Torna, ¢ yaerom I'(1/2) = /7, mmeem:
™ (kL
d6(sin 6)* = \/EM (5.24)
F (o)
0 2
TaK 9ro: o
- [ee)
272 rd=2dr
la(9) = —F 7 dpo (5.25)
rz ]
OcTaBuImecss HHTErpasIbl MOKHO BBIMHC/IHTD, HCIOJIb3YHA PeIATUBHCTCKYI0 HHBapHaHTHOCTH (5.25) [8].
B urore momyuaem:
r (oz — i) 1
Iy(q) = ind/? 2 5.26
d(q) v F(oz) [_q2 — m2]o‘_d/2 ( )
Mcnompaya (5.26), momydaem mis (5.19)
. 2 2—%
1/ 7 JT] d
— m r{r-- 5.27
322 ( m? 2 (5.27)

5D pousBoILHOCTD MapaMeTpa (i OYeBUIHA BBIILY ITOCISIYIONIETo IpeaeIbHOro mepexona d — 4
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I-dyuknma umeer mostfoca B HyJie U B OTPHUIIATETBHBIX TEJBIX TOYKaX. Bumum, aTo pac-
XomuMocTh (5.27) mposBagerca Kak mpocToit nomoc npu d — 4. MoxHO nokasaTs, 4To:

(="

_ E +di(n4 1)+ 0() (5.28)

I(—n+e¢)=
rne ¥1(z) = dInT(z)/dz = T'(2)/T(z) — norapudmudeckaa nponspognasa ['-yHKIHN,

101 KoTopoit mMeeM: ¢ (n+1) = 14+ %—1—...—1—%—7, rae ¥ = —t1(1) = 0.577 — nocrogHHasA
Ditnepa. Domarag € = 4 — d mosrydaem:

r<1—g):r(—1+§):—§—1+~y+0(e) (5.29)

B pesynbrate, ucnonesyda a® = 1 +elna+ ..., noaygaem crenyioiiee pasioxenue (5.27)

BOsuszu d = 4:
. 2 2 4 2
LA D S S 10 | R I Loy |
€ 2 m2

3272
SN SRS 2
_igm gm 4 _
1672 + 322 [1 —7+lh ( m? )] +0(e) =
9
= 1Z(g3mZ + Koneunoe BhIpaKeHue. (5.30)
e

Komeunslii BKJIam He WTrpaeT TYT OCOOEHHO BayKHOM pPOJM, 3aMETHM, BCe K€, UTO OH
3aBUCHUT OT MPOU3BOJIBHOTO hakTopa p. ['maBHOE, YTO HAM YIaJI0Ch KOPPEKTHO BBIIENTE
PacXoauMOCTh, Ipu £ > (0 »TOT BKJIaJ KOHEYeH W C HHM MOXKHO paboTaTh OOBLITHBIM
0bpaszsoM.

BorancsnyM Tenephb 4-Todednyio (gpyHKIHNIO, ¢ TOYHOCTBIO 10 4JIEHOB ~ ¢2. AmaJio-
THYHO (52) IJIA BKJIaZa DHarpaMMBbl Juc.h-2 mMeeM:

Lo 9a_d / d?p 1
- - —_— 5.31
2g (/J ) (27‘,)51 pz —m2 ( )
SHaMeHaTe W B MOAMHTErPAJIBHOM BBIDAXKEHUU MOXKHO OOBEIUHUTH C TMOMOIIBIO (Hop-
MyJbl Peitamana:
1 ! dz
— = — 5.32
ab /0 [az + b(1 — 2)]? (5-32)

D1a hopmysia BEIBOAUTCA U3:

1 1 1 1 1 b da
E——b_a(a—z)—b_a o (5.33)

a

€CJIN HOMOKUTE & = az+b(1—z), mpudeM a 1 b cirenyer CIUTATH KOMIJIEKCHBIMMI, ITOOBI
HCKJTIOYUTH CHHTYJIAPHOCTE pH ¢ = b. Umeem Temeps:

1 1 _/1 dz
—m?(p—q)’ =m®  Jo [p*—m® = 2pg(1 = 2) + ¢*(1 - 2)]

Cogepiag s3aMeny nepeMeHHBIX p' = p—¢(1—2) BauM, 910 3HAMEHATEH TOTHHTETPATb-

2 (5.34)

HOTO BBHIpaXKeHHd aBjagercd KBagpaTom oT p'2 — m? + ¢?z(1 — z). Ommaxo dip’ = dip,
Tak 970 Tmocse nepeobosnadennsd p’ — p (5.31) mpmobpeTaeT BuI:

Ly wag [ d?p 1
-0 [ | ey (53)




122

PEPEPOPMNPOBKA

Mcnompaya (5.26) mMeeM orciona:

T 1\2T d 2) [
%(NZ)AL—d (E) / /0 dz] q Al—z)— mz]d/z—z _
;2 1 27 %-2
g 9—d)2 d ¢z(1—z)—m
= 39,2 (1) F( 2)/0 [ A (5.36)

B npenene d — 4 us (5.28) nmeem:

r (2 _ g) =251 00) (5.37)

TaK UTO, ¢ UCHOAB30BaHNeM a° &~ 1 + ¢lna, (5.36) npuanmaer Bu:

9 e 1 2 2
igipE (2 € ¢z(l—z)—m B
322 (E 7+O(€)) {1 2/0 ln[ 4 p? N

Zg2ﬂa

. 9 e 1 2 2
ig°p ¢z(1—z)—m
= - In|———— .
1672 3272 {7 +/0 " [ 4 p? ]} (5.38)

B sTom BbIpaKCHUN TJIaBHBI (paCXO,D;?IH_[I/IﬁCSI) 9JIEH 3aBUCHT OT W, a KOHeHYHad JacTb

OT KBaJpata cymMMapHoro umimysbca (p1 + p2)? = ¢? = s (nepemennoii Manmesncrama).
Onpenenum pyHKIHIO:

1 2
sz(l—z)—m
Fls,m )= [ dzn |22 "M 5.39
O R e (5.59)
Torga uToroBoe BhIpaxKeHUe A/1d BKJaja JuarpaMMbl JUC.5-2 UMeeT BU/I:

2,.€ s 2 ;2 ,.€

gt igtp ig*p
_ r - _
Ton2z T 3ogz vt Llsim ]l = =350

+ KonedHnoe BhIpakeHHe. (5.40)

NTax, MBI HOJYyYUIN B ABHOM BHIE NONPAaBKH HUSIIETO MOPANKA K 2-X U 4-TodedHOIl

byHKIIAM B Teopun ¢*. Brmumem Temepnb COOTBeTCTByIOH_[I/Ie 199-pepumnnr T (p) n
T*)(p;). Boipaxerne (5.30) ceogurea cormacto (5.1) k E TakK 9TO B MEPBOM MOPAIKE

[0 ¢ MMeeM:

gm®

167%¢

Coorpercrento, ns onpenestenns I'2)(p) = G~ (p)G(p)G~(p) = p* —m?—(p) umeem:

+ KonedHnoe BhIpakeHHe. (5.41)

X(p) = -

_ g
() = G~ Y(p) = Z—mz(l— ) 5.42
() (p)=p T6r2s (5.42)
OdeBraHO, 9TO TIpU € — 4 3TO BHIpaXKEHNE PACXOINTCH.
Hanee, 4-toueuanas pepurmna [(*) (py, ..., ps) B UMIYIBCHOM TIPEICTABTEHIH BBIPAK -
eTCcd KakK:

T (py1, pa, p3, pa) = G~ (p1) G (p2) G (1, p2, p3, pa) G~ H(p3) G (pa) (5.43)

U IPEICTABAAETCA CYMMOIi TnarpamMm, OKa3aHHBIX Ha JUC.D-4, COOTBETCTBYONUX yIETY
BCEX KPOCCHHT KaHAJIOB, BKJIAJ KOTOPBIX Hosaydaerca u3 (5.40) u ellle IBYX aHAJTOTHIHBIX
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Ay
o) NN / NN g
4 = / '
Mey= X+ /O/ + (N
VRN / \ N
\ // \\ ’// \\\
Puc. 5-4

YJIEHOB, HOoTydaeMbixX u3 (5.40) 3aMeHoll MaHIeICTaMOBCKO TIepeMeHHOM § Ha ¢ 1 u (cM.
TnaBy 5 gactu I):

s=(p1+p2)°  t=(p1+ps)®  u=(p1+pa)’ (5.44)

elicTBue yHKL[I/Iﬁ G 1 ;) CBOOUTCA B 5.43) Kk “ob y6aHI/IIO” BHEIIHUX KOHIOB. B
P P
ATOTE MOJIydacM:

3ig2pt€ ig2ﬂa
16m2¢ 3272

I (p;) = —igu — [3y + F(s,m, ) + F(t,m, p) + F(u,m, p)] =

. 39
= —igu (1 + m) + Koneunoe oipaxenne.(5.45)

OcHoBHOI BKJIAI 3mech Takke OeckoHedeH mpu € — 0. UToOBI BepUIMHBI @ g r
uMesTH GI3NISCKHUH CMBICIT, OHU JOIKHBI OBITH KOHEYIHHI. 11 9TOT0 U HyKHO TPOBOINTD
epEHOPMUPOBKY!

9D eTiieBoe pPa3JIoKeHue.

3aMeTuM, YTO B HAUIMX BBIYMUCIEHUAX PACCMATPUBAJINCH IHATDAMMEBL ¢ OHMHAKOBBIM YHCJIOM II€TEIhb:
oHO GBUIO paBHO 1 (omHOmET/IEBOE MpHG/IKeHne ). CylecTBYIOT COOOpaKeHHA, N3 KOTOPHIX BHEIHO, ITO
Pa3/I0KEHHE IO YUCIY METEb, B HEKOTOPOM CMBICJIE, Taxe 60Jiee HHTEPECHO, YeM OOBITHOE PA3JIOKEeHIE
TEOPUN BO3MYUIEHUH 10 CTENEHAM ¢. Da3/I0KeHUE 10 UHUCIIY MeTeb [ 3KBUBAJIEHTHO Pa3JIOKEHUIO 10
cremensaM mocrogHHOR Dnanka i, B camom mene, BoccranapuBas Besme l, MoKeM 3alECaTh IPOU3BO-
nammii GYyHKIHOHA TEOPUN B BUIE:

Z[J(z)] = /Dap exp { % / dz[L(z) + hJ(x)ap(x)]} (5.46)
Brona £ = Lo + Lint, MOKEM HAITHCATh:

Z]J] = exp {%Eim B%] } Zo[J] (5.47)

TIae

ZolJ] = N exp [—%ih/dx/dyJ(x)AF(x—y)J(y)] (5.48)

Us (5.47) cemyer, 9To Kaknad BEpIINHA TacT MHOKHTEI h—! B mpoussobHEI rpad¥EK N-ro HOpAIKa
06BI9HOI TeOpUH BO3MYIIEHUIT, a U3 (5.48) CJIeAY€eT, 9TO IPH 3TOM KaK OBl ITponaraTrop 1aeT MHOKUATETH
h. Taxum o6pasom, namusi rpaduk conepxut MuoxuTeas i~ = hL—1 (rme MBI HCIOJIB30BAJIH BEIBE-
IOeHHOE BEIIIE COOTHOIIEHIE (5.4): L =1—n+1,tme I — unciao BHy TpPeHHUX JIMHUN TaHHOMK ,Z[I/Ia.I‘pa.MMLI).
D05TOMY pas/IOKEHHE IO YHCIY IeTe/b AefCTBUTEIBHO ABIAETCH Pa3/IokKeHHeM [I0 CTEHeHaM /1, T.e.
pa3JioKeHneM “B OKPECTHOCTH KJIacCHMIeCKoil Teopun.
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D epeHOPMUPOBKA Te€OpUH ¢'.

Daita 1esib Tenepb — caesarh GusnUecKue BeJUINHB KoHedHbIME! B omHomeTIEBOM
NpubINKEHNN TEPEHOPMUPOBKY HECJIOKHO BBHITOJIHATE B ABHOM BHJIE. JOCKOJBKY MOCTIE
peryaapu3aliy BCce BEJIMYNHBI Y HAC KOHEYHBI, TO MOXKHO AeficTBOBATDH NMPAMBIM Iy TEM.
Uz onpenenerns hpusndeckoit MacChl 9aCTUIBI ACHO, 9TO 0OpaTHBII mpomaraTop doascen
UMeTh BUI:

Gl p)=TPp)=p*—m! wm  mi=-T?0)=-6"0) (5.49)

re ¢usmueckad Macca mp KOHeYHa. JepBoHada bHadA (“3aTpaBouHad” ) Macca m, BXO-
OdIasa B JarpalHkual He UMeeT HEeMOCPeICTBEHHOIo (PU3HIECKOT0 CMBICTIA U, B IpeaesIe
d — 4 MoxeT 6BITH U GeCKOHEeUHOM. DTo Macca, KOTopoil JacTuia obaamaaa-ObI B OT-
CYTCTBHE B3aMMOIEHCTBUA, TaK TTO HTO HeHabJIogaeMasl BEJIHINHA, TOJABKO 11| MMEET
dusmaecKk it CMBICT U JOMXKHA OBITH KoHe4UHA. W3 (5.42) W ompeiesIeHnd (5.49) HMeEeM:

m? = m? (1 - mgT%) (5.50)

Do BO BTOPOM cCJiaracMoM B HpaBOﬁ YaCTH 3TOTO BhIpaXKEHNA MOXKHO, C TOM e TOYHOCTHIO
~ (¢, 3aMC€HUTbH ™M Ha Mj, 9TO JAECT:

2_ .2 9 2
my =m® = go—mi (5.51)
OTKyJa MOJTydaeM:
2 _ 2 9
m° = mj (1 + 1671'26) (5.52)

Bort takoit monaxHa OBITH “3aTpaBovuHasa’ Macca, YTOOBI B OIHOMETIEBOM MPHUOJIHNKECHITH
Jusnueckaa Macca paBHATACH HUKCHPOBAHHOMY 3HaUeHUO M. Bugnm, ato mpu € — 0
BEJIMUWHA M PACXOTUTCS, HO KOHETHOCTD My obecredeHal
AHAJOTHYHBIM 06PasoM MOKHO paceMorperh n Bepumiuy 'Y, Depermimenm (5.45) B

BUE:

2 ,,€,,€
(4 P Y
i¢ )(pi) =g’ + o | = =3y = F(s,m,p) — F(t,m, p) — Fu,m, ) (5.53)

327 €
OmpenenuM Telephb MEPEHOPMHUPOBAHHYIO (KOHEYHYIO!) KOHCTAHTY CBASH ¢1 COOTHOIIE-
HUEM:

g1 = iTW(pi = 0) (5.54)

T.e. Yepe3 BEPIINHY B3aNMOAeHCTBIA TacTHIL ¢ HyIeBBIME nMmyibcamu. Torna us (5.53)
oJIyYacM:

2, 6
g;z = =3y =3F(0.m.p) (5.55)
Cuntag ¢1 $UKCHPOBAHHOR KOHEUHON BEJMYWHON, cpasy BHANM, ITO “3aTPaBOUHYIO”
KOHCTAHTY CBASH ¢ HYKHO caesaTh beckonednoii (mpn ¢ — 0). B camom meste, mepectpa-
uBas BeIpaxkenne (5.55) ¢ moMomupio 3aMeH g Ha g1 W /M Ha 1My TaM Tae 3To Tpebyerca
(9TO BCEnIa MOXKHO CIEIATh ¢ TOTHOCTHIO IO WHTEPECYIONNX HAC UJIEHOB ~ gz), MOXKHO
HOJIYYUTH BhIpaXkKeHUe N ¢ Yepes g1, aHagornatoe (5.52):

g1 =gu° +

. 3g2ﬂ_2€ 2
g=mng —:%12? E—V—F(Oamlaﬂ) (5.56)
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(8)

(6) (6) (@ @)
P
- Yoo YK X[

Puc. 5-5

Torma MoxHO BhipasuTs ['(4) (5.53) gepes g1 Tak:
2,,—€
P (pi) = 91— G0 [F(s,mu, p) + F(toma, ) + F(w,mi, ) = 3F(0,my, )] (5.57)
Orciona HenocpencTBenHo caenyeT (5.54), TOCKONbKY TIpH p; = p2 = ps = pq = 0 uMeeM
s =t =u = 0. Takum 06pasoM, busndeckas (MEPEHOPMUPOBAHHAA) KOHCTAHTA CBASH 1
coBmagaer ¢ Beamannof i['(Y) B Touke, TIIe Bee BHEITHNE MMITYTbehl paHBL Hy1i0° . Temeps
BCe y HAcC ¢Tajio KoHedHbIM! MBI TOJTHOCTHIO IPOBEJIH TEPEHOPMUPOBKY B OJHOTIETIEBOM
TpHUOINK CHITH.

Kak Bce »To BBINVIAINT B OBYXMETJIEBOM MpuOJImKeHUN! B sToM ciiyuae Hamo pac-
CMOTPETH AUATPAMMBI, TIOKa3aHHbIe Ha Juc.D-5. CooTBEeTCTBYONINIT aHATNS3 TOKA3BIBAET,
4TO B 3TOM cilyuae Bennuuna G1(p) = F(Z)(p) npuobperaeT AOMOJHATENBHYIO PACXOIH-
MOCTB OT AHATPAMMBI Inc.5-5(6). DTa pacXognMoCThb He YCTPaHAETCA TEPEHOPMIPOBK O
Macchl I KOHCTAHTHI cBa3u. OHa MOTJIONIAETCA HOMOTHATETBHBIM MYJIbTHIIIUK ATHBHBIM
dakTOpOM, KOTOPHBIT BBOAUTCH HOOIPEIETEHUEM IEPEHOPMUPOBAHHOM 2-Todeunoil hyHK-
U COOTHOIIEHUEM

Grt =T = Zy (g1, ma, )T (p, my) (5.58)

2 . 1/2
3mech BeImInHA Fg« ) apngerca KOHedHol, a dakTop Z, — Geckoneden. Bemanna Zw/
HasbIBaeTCA KOHCTAHTON MepeHOPMWPOBKH BOJIHOBOM dynkumu. na 7, MoXKHO Hamm-
caTh PA3JIOKEHNE B P4l 110 YUCIY TETENh, KOTOPOE NMEET BHU/I:

Zo=14+01Z1+¢iZs+..=1+¢iZs+ ... (5.59)

MTOCKOJIBKY ONHOIMETJIEBON BKJAI OTCYTCTBYET. DEPEHOPMHUPOBKA BOJHOBOW (yHKIHH
(aMILTUTYIBI TOJIA) He MOKET OBITH COBEPIIEHHO MPOM3BOJIBHON. [Iid ee ompeneseHns
HYKHO HOTpeboBaTh, ITOOE B HEKOTOPOl TouKe, cKakeM p’ = (), BEIIIOIHAIOCEH YCIOBHE:

0
-1 — 2 1@ -
a—pZGT (p) |p2:0 = . Fr |p2:0 = (560)
HYTO COOTBETCTBYET G;l(p) = p2 + ... BbI60p TOYKHN p2 = 0 mocraTouHO IIPOU3BOJICH.
SaCXOILI/IMOCTb ZW O3Ha4vYacT, 94TO B IOBYXIIETJICBOM HpI/I6.HI/I}KeHI/II/I paHee ollpene-
JICHHad BEJIMYIWHa 7117 becKoHeTHA (B openesae € — 0) OILHaKO IIEpEHOPMHUPpOBaHHAA

— 2 &
Gr 1(])) = FS- ) JAc€T KOHECYHOEC 3HAYCHUE IICPECHOPMUPOBAHHOU MAaCChI My :

m? = Z,mi (5.61)

6910, BIpodeM, He eAMHCTBEHHBIA CII0CO6 OIIpeIe/IeHns IepHOPMIPOBAHHON KOHCTAHTHI cBsAsn. MHo-
ria g1 ompenessior depes i[(%) B rax HasbIBaeMOH CHMMETPHYHOH TOUKe p?=m?, pip; = —m?/3 (i £
J), 9TO cooTBeTCcTBYeT s = t = u = 4m?/3.
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igm?

6n2e

~+ KOHeYHad 4acTb

_Q =
Puc. 5-6

Nuaue TOBOpHA, paCXOIUMOCTH th n m% COKpalllaloTCd. AHaJIornIHBIM o6pa30M N3MEHA-

N 4
eTcd W 3HadeHUE MepeHOPMUPOBAHHON KOHCTaHTH CBA3d. [L1s 'Y umeer mecto coorno-
menne, anagornasoe (5.58):

= ZiF(4)(p, my, f4) (5.62)

U, CJIEMOBATEIBHO, HOBAdA MEPEHOPMUPOBAaHHAA KOHCTAHTA CBASHU (,, ONPENEIAEMAd CO-
OTHOIIIEHHEM, aHATOTHIHBIM (5.49), nMeeT B

T (pi=0) =g, = Zf,gl gr = Zigl (5.63)

PakTop 7, ABaAAeTcA DyHKINeHl MepeMeHHO# gy, BHIIUCHIBAA 5Ty 3aBHCHMOCTH ABHO,
MOJTy9aeM MMEPEHOPMHUPOBAHHYIO N-YACTHIHYIO BEPIIUHHYIO (PYHKIIUIO B BHIE:

nJjan
I (pi, g,m) = 2572 (gp )T (01, g, s 1) (5.65)

Takum 0b6pazoM U B ABYXIETJIEBOM MPUOIIKEHUN TEOPUA MOKET OBITH ClIesjaHa Ko-
meunoli. Coxpangerca - Jim 3T0 BaxKHelillee CBORCTBO BO BCEX MOpAIKax? DTO BOIPOC
dokazameavcmea nepenopmupyesmocmu. OHO HOCTATOTHO TPOMO3IKO, HO MOMKET OBITH
[POBEIEHO BO BCEX MOPAAKAX Teopnu BosMmylnenuil (Haficor). Dompobro ¢ mokasaTeb-
CTBOM II€PEHOPMHUPYEMOCTH B Pa3HbIX MOJEJAAX TEOPHH IOJA MOMXKHO NTO3HAKOMHUTHCHA
B kuure [4]. OTMETHM TONBKO, YTO MOKA3ATETbCTBO TEPEHOPMUPYEMOCTH B Teopun ¢
CJIOKHEE, 9eM aHAJOTHIHOE TOoKa3aTeIbcTBO Mg K9JI, koTopoe obierdaercs baaromaps
KaInOpOBOYHON MHBAPHAHTHOCTH (TOXKIECTBO Yopaa).

KourpuseHsbl.

CymecTByer aJbTepHaTHBHAL TOYKa 3peHUA Ha IIepeHOPMHUPOBKY, KOTOpad CTaJla BEChMa
pacupocTpanena, ocobeHHO mocsie nodBiaenus Kuuru [4]. OHa cocToMT B TOM, 9TOOBI
paccMaTpHBaTh HapaMeTphl M W ¢ B HCXOOHOM JarpaHkKHaHe cpa3y B KadecTBe u-
3WIECKNX MACChl M 3apdAfia (KOHCTaHTHI cBA3K). I3 Toro dakTa, 970 5TOT JarpaHKuaH
He maeT KoHedHBIX (yHKnuil ['puHa, BHITEKaeT TpeboBaHMe, 9TO B JIarpaHKHaH HYIKHO
BBECTH JIOIIOJIHUTEIbHBIE YICHE, COKpallalolule PacXoAUMOcTh. VX HasmIBaioT koHmp-
YAEHDL. DEPEHOPMHAPYEMasd TeOPUI MOKET OBITh ceslaHa KOHETHO BBeIeHIEM KOHEUHO20
YpcJIa KOHTPYIEHOB. DacCMOTPHM KPATKO, KaK 3TO JIesIaeTC.

DacCMOTPHUM OIATH MEPEHOPMHUPOBKY MAaCChHl B ONHOIIETIEBOM IIPHOJIMKECHIH, OIpe-
ngengemyio cootHomennamu (5.49) — (5.52). Ee MoXHO omucaTh CAEIYIONNM 00PasOM.
OpmHoneT/ieBad HolpaBkKa K cBOGOZHOMY Ipolararopy IoOKasaHa Ha Juc. 5-6 m pacxo-
murcd npu € — (. JJobaBuM K HCXOmHOMY JIarpaHXuaHy L d9/IeH BHOA:

gm2 5 1

501 = — T 2= sm2y? .
br=—g5m:% 0¥ (5.66)
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_._@._—_‘ = + Q + %
Puc. 5-7
[ I
7
e e
Puc. 5-8

Ero mMoxHOo paccMaTpuBaTh Kak B3auMOIeHcTBHe, KOTOpoe MbI OyleM m3obpaxaTh Ha
JmarpaMMax “KpecTuKoM” :

2

igm o 9

X = ———— = —ibm (5.67)

1672e
Torma, ¢ TOTHOCTBIO ~ ¢, TOJHBIH 0OpaTHBI TpoHaraTop MpeacTaBIgeTCa rpadukaMu
Yuc.5-7 m paBen:

1 igm? 1 jgm?
F(Z)(p) =iG(p)~t =i ;(p2 —m?) — 21g677;2 - + Koneunaga wactb | + % =
—p?—m?

(5.68)

rge OlyCcTuJIn KOHEYHBIN BKJIa, (I/I.HI/I BKJIIOYHNJIN €TI0 B mz). B,D;GCI) m2 CUHHUTaeTCd KOHEY-

HOW BesmawHOM, dusnueckoii Maccoll, KoTopasg B COOTBETCTBYIOIIEM TOPSAKE TEOPUH
BO3MYIIIeHUIT paBHA —F(Z)(O). Jlarpamkuan mmeer tenepb Bun L 4+ 6L, tne 6L, — pac-

xoadmniica KOHTPUJIEH.
CMBICTT PACCMOTPEHIA MacCOBOTO 4JIeHa B JIaTpaHKHaHe B KaYeCTBE HOMOTHUTETHHOTO B3anMOIeli-
CTBHUA HPOCT. DACCMOTPUM CBOOGOIHYIO TEOPHUIO:

1 " 1,
L= 0ue)(0%e) = ome (5.69)

n 6y;[eM CYNTaTh, 9TO OHa OIIUCHIBAET 663MaCCOBOe IIoJIe (HepBLIﬁ 9JICH B J'Ia.I‘pa.H)KI/IaHe) C BSaHMOﬂeﬁ—
CTBHEM, OIPEIeTAEMBIM BTOPBIM 4jieHOM. D pabuiia PefiHMaHa moKa3aHbI Ha JuC.5-8. DosHbII mporara-
TOP TOTHA OIpee/IAeTCA TpaduKaMu, MOKa3aHHBIMEA Ha Juc.5-9. B pesysbrare mMeeM reoMeTpruIecKyro
IIPOTPECCHIO:
G(p) = = + —(—im?) L (—im?) S (—im?) = = — (5.70)
o o »? »? p? —m?

T.€. ABJIACTCA 06I)I‘IHI)IM TpoIaraTopoM MaCcCHBHOT O ITOJIA. STO n 6I)IJ'IO HCIIOJIB30BAHO IIPW pacCMOTPpEeHHU
MacCCOBOTO KOHTPpYJ/ICHA B JlarpaHKHWaHe B Ka9Y€CTBE BO3MYINECHNA.

AHAJTOTHYHEIM 06pasoM MoKHO paccmorpers (Y. s (5.45) BUIHO, 9TO BeJTHIHHA
'™ coorBercrBytomasa rpaduraMm ~ g2, mokasaHHBIM Ha Duc.5-10, pacxomures mpu

e — 0. TOI‘,D;& MOZKHO ,D;O6aBI/ITI) K JIarpaHKMWNAaHYy KOHTPYJICH BHAA:

7

> +
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\
\\ /// \\\ /// \\ //
7= x_ o+ XX + (2 kpoccuzesa) =
SN VAN VA
VAN / N/ N
= —igp* {1 4+ —=—) - Koneunas uwacts
16n%e
Punc. 5-10
+ 3ig2u’
16ne
Puc. 5-11
13g°0 4 By 4
0Ly = — = 5.71
2T W 162" ar v (5.7)

TaK YTO MMEEM IOMOJIHUTENbHOE B3amMoieiicTBIe, ToKazanHoe Ha DJuc.b-11. B pesymns-
tate I') cramoBuTCa KoHeWHOM, Kak 5To MoKasaHo Ha Duc. 5-12. DakoHel, pacxomm-
mocth I'(?) B IBYyXTeTIeBOM IPUGIHKEHNN, KATECTBEHHO OMNCAHHAA BBIIIE, I TPHBOIB-
masg K HeoGxoamMocTn yMHOKeHns Bemann ['() Ha Zg/z, 5KBUBAJIEHTHA TOOABJIEHHIO
K JIarpaHXHMaHy KOHTpUJieHa BUIa:

A
6L3 = 5(6u¢)2 (5.72)
rmel+A=27,.

Wrak, koHEUHBIE BHIpaKeHnd Hd GyHKINE ['puHa u BepUImH MOXHO MOJTYYUTH, 10~
6aBJIAd K JarpaHKUaHy:

1 1 1 _
L= 000" = gmP? — gt~ (5.73)
KOHTpWIeHB Lor:
A 1 1 _
Lor = S0up0e — Jom*e" — S Bgp' =" (5.74)
DOJTHBII JarpaHKuaH, KOTOPBI MPUHATO HA3BIBATH “TOJIBIM  JIarpaHXkuaHoMm L g, paBeH:
Leg=L+Lcr =
14+ A 1 1 _
= 5 Oup0"p — S(m* 4 6m)p” — (14 Bgu'~"p* (5.75)
\\\\ //// \\\ /’/ \\ /// \\ e
) G CE B
S \\ e AN y V4 \\\ 7 \\

= —igp’ + KOHeuyHas yacTs.

Puc. 5-12
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Takum obpasom, qobaBiaeHNe KOHTPUIECHOB 9KBUBAJIEHTHO YMHOXKEHWIO BEJIUIUH ©, M U
¢ Ha HEKOTOPBIE IEPEHOPMUPOBOYHBIE MHOKHUTENN Z (MY IbTHILTHKATHBHAA [TEPEHOPMH-
pOBKa). A MMEHHO, €CJTH BBECTH 10 ONPENEIEHUIO “ToJIble” BEeJTHIHHBI:

OB = \/Zypr Zo=1+A4

2 5 2
. 1+ B
To “rosblii” narpankuan (5.75) npuMeT B
1 i 1 5 4 1 4
Lp= 5%@33 ¥ 5Mp¥p — YBYB (5.77)

3aMeTHM, UTo 37mech HeT A6HOU 3aBUCHMOCTH OT . Benmuunsl A,B u ém? mompasyme-
BaIOTCA TMOTOOPAHHBIMI TaKUM obpasoM, 9Tobbl GyHKIIN ['puHa Teopun OBIIN KOHETHDI
(mpu ¢ — 0). Ha A3BIKEe KOHTPUJIEHOB TEODUA ABJIAECTCA MEPHOPMHUPYEMOM, €C/IH KOH-
TPUJIEHBI, HEOOXOMUMBIE 1A COKPAIeHNd PACXOAUMOCTell B KaXKIOM MOPAIKE TEOPUH
BO3MYIIEHWI, IMEIOT TOT K€ BH[I, 9YTO W UJIEHBI, BXOAAIINE B MCXOMHBIN JIarpaHKUAH.
Ecan sTo mMeer MecTo, To “rosibie” BEJWIMHBI MOTYT OBITH ONpEIEIEHBI MPH MOMOIITI
(6eckoHEUHBIX!) TTIEPEHOPMUPOBOYHBIX MHOKHTENEN, KAK 5TO CAETAHO BBIIIE. DPH 5TOM
“roJielii” JarpaH)XmaH UMeEeT TOT K€ BHI, ITO U MCXOIHBIN.

Jlarpamkuan £p TPUBOAUT K KOHEYHOW TEOPUH, & NCXOAHBIN £ — HET. DTO O3HATAET,
910 “sanpaTaB’ BCE PACXOIUMOCTH B g, Mp W §p MOKHO CIIeJaTh TEOPUI KOHETHON —
PacXOAMMOCTH TOTJIONIAIOTCA MEPEHOPMUPOBKOl. Bece “rospie” BesmamHBI pacxomaTcsd
npu ¢ — 0 7, Torma Kak IepeHOPMUPOBAHHBIC BEJMYUHBI IPUHUMAIOT IpH € — ()
KOHEJHBIE, HO MPOW3BOJbHbBIE, 3HaUeHUdA. X CieayeT OTOXKIECTBUTH C (DUSHIECKUMHI
mapaMeTpaMu TEOPUH.

VpasHenue (565) OYEBMJTHO U U3 MOAXO0/A, OCHOBAHHOTO Ha KOHTpUJdeHax. 13 (5.76)
u (5.77) AcHo, uro B3aAB (5.77) B KavyecTBe MCXOMHOTO JIalpaHKMAHA, MBI JOIKHBI BO
Bcex dopmystax maaga Gysknuit I'puna samenuts m — mp, § — ¢p, ¥ — ©p. J0
Temepb MOXKHO (M HYXHO!) BBIpasuTh “rosible” mapaMeTphl depes GUsHuecKue my, §r
u @, cornacho popmynam (5.76). Torna mosryanm:

T (ps, g, mp) = 25T (py, gy e, 1) (5.78)

910 9KBUBaJeHTHO (5.65) (nHOeke B Temepb MoxKHO yoparh). OTCyTCTBIE ABHON 3aBH-
CHMOCTH JIEBOI YaCTH 3TOTO YPABHEHUA OT (4 OUeBHIHA W3 HOPMBI Jarpanknana (5.77),
rIe ee TakKKe HeT.

JeHOopMaJIM3allMOHHAaA TpyIIna.

B Tnase 8 wactu I MBI yKe KpaTko oBCyKIaan IPYNIY TEPEHOPMHPOBOK (PEHOPM -
rpynny) B K9II. MeTon peHOPM - IpYHNBI WIPAET OTPOMHYIO POJIb B KBaHTOBOI Teo-
puu nong [4, 8, 10] u crarucruueckoit dbusuke [14, 15], Takke, Kak U B HEKOTOPBIX

"Dpu KOHEUHEIX € Tpob/IeMBl pacxomuMocTeil HeT Boobie.



130

PEPEPOPMNPOBKA

IpYTHX 0bJACTAX TEOPeTHYecKoil (bH3MKH. DO3TOMY 37eCh MBI HMpoOBeleM GoJiee Mo-
IpOBHOE €ro OBCYKIEHHE. DajI0 3aMETHTh, YTO CYMIECTBYeT Neblii pan (dakTuaeckn
5KBUBAJIEHTHBIX ) (HOPMYIHPOBOK TOro MeTona. Janpumep B [tase 8 gactu I npeobpa-
30BaHUA PEHOPM - PYIILI CBA3BIBAJINCH C IEPEXOIOM OT OJHOIrO 3HAYEHH ITapaMeTpa
obpesaHnd pacXoNdIINXCcsd HHTEIPaJIOB K JAPYTOMY, B TEOPHH KPUTHIECKUX ABJICHHH da-
cTo ucnonbayercd [14] popmynuposka BunbcoHa, cBAzaHHadA ¢ MOCTENOBATETLHBIM HH-
TerpupoBaHUeM II0 OBJIACTAM HMILY/IHCHOTO IPOCTPAHCTBA, C IIEPEXOIOM K YUYETY BCe
6oJ1ee IJIMHHOBOTHOBHIX (pJIyKTyaluii u T. 1. 3mech MBI IpuaepKuBaeMca HanboJlee qa-
CTO yNOTPEGIAEMOro B COBPEMEHHOM JuTepaType Mo KBaHTOBON TeOpHHM mosd (XOTd |
HECKOTBKO GOPMATBHOTO) MOIX0/1a, OCHOBAHHOTO HA METOJE PA3MEDPHOI Pery Iapu3aImy
[8].

B paMKax TeopHm pasMepHOH pery /apH3alid MBI BBEJIH B TEOPUIO MPOM3BOJIBHLIH
napaMeTp fi pasMepHOCTH MAacChl. 3aBHCMMOCTBH TepeHopMmpoBaHHOi 1UD-dyHKmnn
oT p ompenensercd, coryacho (5.64), cooTBeTCTBYIONIET [-3aBUCHMOCTBIO TEPEHOPMH-
POBOYMHOTO MHOKHTENA Z,. Uupimu ciaosamu (cp.(5.65), (5.78)) HemepeHopMupoBaHHas
(“rostag”) dbymxmma ') we sapucur ot pi:

I (pi, g,m) = 2572 (gp )T (01, g, s 1) (5.79)
u, cJIcJoBaTE/JIbHO, THBapMaHTHAa OTHOCHUTEJIBHO I'DYIIIIBL HpeO6pa3OBaHI/II7[:

w— e I w=e’pug T.€. s=1In - (5.80)

Ho

It npeobpasoBaHud W 00pasyOT PEHOPMAJU3AMMOHHYIO TPYINY (PEHOPM - TPYIILY,
IPYINY TEPEHOPMUPOBOK ). BBonga Gespasmepublii nuddepeniunanbhblii omeparop /,L%,
Oy UM

ﬂ%ﬂ") =0 (5.81)

win, yanTbiBag (5.79):

0 . _
u@[%"/z(gua)rﬁ")(m, e (5.82)
rie ¢ W M, 3aBUCAT OT . DpoBoid muddepeHnnpoBaHne U yMHOKad pe3yabTaT Ha

n/2 .
Z,' ", momydaem:

0 0 Jdg, 0 om, 0
_ — ] /7 _— -

) = (5.83)

op Om,

B nmaspHeifimeM, #jid KpaTkKocTH, OyjaeM Besle HUCATh ¢ BMECTO ¢, H M BMECTO M,

HoIpasyMeBasd, YTO UMEEM IeJI0 TOJIBLKO ¢ IepeHOPMUPOBAHHBIME BeJinunHamMu. Booliue,

B (5.83) BXOAAT TOMBKO MEPEHOPMUPOBAHHBIE BhIpakK€EHH:A, KOHEUHbIe TTpH & — 0.
Onpenenum caemyiomue HyHKIINN:

(9) om
MY —_—
Mml9) =ngs
9) =pa-In\/Z,

dg

Blg) = Hou (5.84)
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Torma ypasrenne (5.83) mpuHUMaeT BHI:
0 0 0
<z Z_ m(g)=—| T = .
Hopt (g) 79 ny(g) +mym(9) 5 0 (5.85)

DTO OCHOBHOE ypaBHEHHE PEHOPMAJIM3AIMOHHON TPYIIIBI, HA3BIBAEMOe MHOTIA YpaBHe-
nmem Kammana - Cumanswka. OHO BBIpakaeT WHBADHAHTHOCTH IEPEHOPMUPOBAHHOMN
dyrkunn (") oTHOCHTETBHO 3aMEHbBI TApAMETPa PEry.TAPU3AIIAT [

3anuireM Tereph aHAJOTHYIHOE ypaBHEHNE, BHIpaKalollee NHBAPHAHTHOCTE DYHKITHH
') oTHOCHTETBHO H3MEHEHNA MACIITaba MM THCOB (Macchl). yCcTh MPON3BOTUTCH 3a-
MeHa p; — ip;, m — im, p — tu. OysRINA (™) ppeer MaccoBylo pasMepHocTs D,
OTIPENENAEMYIO COIIACHO TPUBEIEHHON BhIllle TaOJIUIE PasMEPHOCTER, CIAETYIONIUM Bhi-
paxKeHueM:

d n
D_d+n<1—§)_4—n—|—6(§—1) (5.86)
rae d = 4 — ¢. Torna umeeM:
L0 (tps, tm, tp) = tPT0) (pi, m, p) (5.87)

9TO MOCJIE MPOCTHIX 3aMeH MePEMEHHBIX tm — m, m — mft, m — mu tp — j, p —
Lft, i — p, ™ — m; nepenuchBaeTCd Kak:

T (tps, m, p) = t°T0 ) (ps, m/t, pu/t) (5.88)

®yukmua ['(") mpencrapager cobolt, TakuM 06pasoM, OTHOPOIHYIO (bYHKINIO CBOUX Te-
PEMEHHBIX CO CTEMEHBIO OTHOPOITHOCTH ).

Onmopomupie pyuxkmuu. Teopema Dinaepa.

DanomunM ocHOBHBIE QakTsl 06 omHOpomHbIX dyHKImAx. PyEkmua v = f(z1,w2,..., Tm) HaSHBaETCA
omHOpOMHON GyHKIHeH CTEEHH P, €CITH IJIA JIIOOBIX ¢ BBITOJTHACTCH:

u= f(tz1,....tom) =P f(z1,...,zm) (5.89)

s omHoponHBIX GyHKIUH MMeeT MecTO TeopeMa Diiiepa:

du du
ri— + ...t Tm—— =pu (5.90)
dx Orm
B camomMm meste, paccMoTpuM U = f(tx(l), ey 822}, THE (x(l), .y 20, ) IpoHM3BOTLHAA TOYKA M3 0BTACTH OTIpe-
nestennd pyHKImun. Torma mMeem:
du du du
0 0
ey = — 5.91
2= T Iz ™ (5-91)
C mpyro¥ cTOpOHBI
du
o :ptp_lf(x(l),...,xgn) TaK 9ITO
du 0 0
E|t=1 =pf(#1, o Tan) = PU (5.92)

Cpasrenmne (5.91) ¢ (5.92) m maet (5.90).
W3 (5.88), o Teopeme iinepa, morydaem:

d d d
el - 2 _ (") (s —
(tat + me + ﬂ@u D) r'"(tp;, g, m,p) =0 (5.93)
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Uckmouaa ﬂar( D s (5.85) u (5.93), nonyvaeMm OpyTyIo 3alich ypaBHeHWs KaJsraHa -
Cumansuka:

o o o
9 39 _ 2 (n) (4, _
i ﬁag ny(g) + m(ym(g) — 1) o TP (tpi,g,m,p) =0 (5.94)

KOTOopas HEeINOCPEACTBEHHO BBIpaXKaeT pesyJIbTaT M3MeHeHHms MacinTaba MMITYJIbCOB B
'™ 5 ¢ pas. Bamerum, aro ecan B(g) = Y(g) = Ym(g) = 0, To 5TOT pesyaBTAT TPOCTO
OymeT onmpenendaThca KaHOHUNECKOl pasMepHOCTBIO ), Kak W CJemoBaJsio Obl OXKUAATH,
HCXOIA W3 “HAMBHOTO  PasMEPHOrO aHAJM3a. DeoDXOMMMOCTh PACCMOTPEHUSA MEPEHOD-
MHPOBOK U, CJEIOBATENBHO, OTIHIHBIX 0T Hyad dbynkuuit 3(¢),v(g), ym(¢), cBasana c
HaJIMYMeM B3aWMOIEiCTBISA, KOTOPOe MPUBOANT K TTOABJEHNIO GHOMAAbHBIT PAZMEPHO-
creid.

Dalimem Teneph pelenne ypapHeHus (5.94). DTo ypaBHeHHe BhIpakaecT TOT GakT, 410
U3MeHeHWe BeJTMIUHBI § MOXKeT GBITH CKOMIEHCHPOBAHO 3a CYeT W3MEeHEHWs BeJIMTHH 1M
U ¢ 1 O0IIETO MHOKNTENA. DPEANONOKNM, 9T0 cylecTByfor dyukmun ¢(t), m(t) u f(1),
TakKme, 9TO:

L0(tp,m, g, ) = FOT™ (p, m(t), g(t), 1) (5.95)
Huddepentmpys mo t, moaydaem:

9 d Om ar™) g or™)
D up.m. gy = L0 ey, g0), )+ 510 (a—T o ) (5.96)

win, ¢ yaerom (5.95):

d df (t dm 0 dg 0
15T (tp,m, g, ) = (t% IO g+ O 8—) E p, m(t), g(t), 1) =
_ (%® gm 9 99 0 L (n)

(5.97)
qTO, IMMOCJIE IEPEHOCA JIeBOil yacTu HallpaBO, CBOJUTCA K:

~t—+ ————"Ft——+t—— | TV =0 5.98
( 6t+f(t) dt T am T at dg (tp,m. g, 1) (5.98)
Cpapnanm tenepb ypashenus (5.94) u (5.98). DpupasuuBas ko> dbunmentsr npu J/dg
noJIy9aeM Tak HasbiBaeMoe ypabHenme I'enn-Manua — Jloy:

(99t

10— s(o) (5.99)

Benuunna ¢(t) nassiBactcd “Oeryuieil” KoHcTaHTOl cBA3H, a GyHKIMA F(¢) HA3BIBACTCH

dbyrkmmeit Tenn-Manna — Jloy. 9To ypaBHEHWe MrpaeT dpyHIaMeHTaJ BHYIO POJIb MpH

HCCAEIOBAHNE ACMMIITOTHIECKUX CBOHCTB KBAHTOBOM Teopun mod. 3Hasd GyHKIHO 5(g)

MoxkHO Halitn ¢(t). Ocoberit mHTEpeC, KaK MBI YBHIUM, IPEICTABIAET ACHMITOTHKA ¢ (1)

mpu ¢ — oo. B kadecTBe HavaaBHOTO ycaoBua aid (5.99) nmeem ycnosue g(1) = g.
Cpasnenne xkosddbunnentos npu I/0m B (5.94) u (5.98) maer:

3m

tor = mym(g9) — 1] (5.100)
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f p
(a
(6)
)
\ 8 T
Puc. 5-13
a U3 CpaBHECHUA OCTABIINXCA YJICHOB CJICAYET!:
todfit) _

SOC.HG,D;HGG YpaBHCHHE MOXKHO IIPpOUMHTEIPUPOBATH U MMOJIYIUTH!:

f(t) =t exp [— /Ot dtm] (5.102)

t

nogcTaBaAa koropoe B (5.95) u yuntbBag D = 4 —n +¢ (% — 1), B Tpenesie € — 0
TOJTY YAEM:

F(")(tp, m, g, ) = t*""exp [—n /Ot dt@] F(")(p, m(t), g(t), ) (5.103)

910 u ecth penrenne (5.94), BrIpakenHOe depes “Geryuryro” KOHCTaHTY cBaA3u ¢(1) n “Ge-
rymyto” Maccy m(t). DKCIOHEHITHAIBHBIN Y4JIEH OpPeIeIacT aHOMATBHYI0 Pa3sMePHOCTh.
Takum obpasom, dbusHKa OpH OOMBIINX HMIYJIbcax onpenenderca GyHkmuaMu ¢(t) u
m(t). Coorromenna tuna (5.103), B HEKOTOPOM CMBICJIE, HO3BOJIAIOT aHAJIH3HPOBATH
CUTYAIUIO U BHE 00JIACTH MPUMEHUMOCTH TEOPUH BO3MYIICHUH.

B npenene ovuens GOMBIIMX MMITYJIBCOB MacCaMB YacTHIl MOXKHO MpeHebpedb. Do-
5TOMY, OOBIYHO BECh aHAJM3 MPOBOXUTCA TOJBKO ¢ ypaBHenumeMm lemn-Manna — Jloy
(5.99). DaccMOTPHM XapaKTepHBIE BO3SMOXKHOCTH, KOTOPBIE TYT BO3HUKAIOT. Dac Bymer
HHTEpecoBaTh noBenenue ¢(t) npn ¢ — oo. Ypasaenne lenn-Mauna — Jloy nmeer Bum:

aga—gf) = B(9) (5.104)
BosMmoxkHBIE BapHAHTBl KadeCTBEHHOTO MOBedeHUA GyHKInE 3(g), KOTOpble WCUEPIIBI-
BAIOT NPAKTHIECKN BCE BO3MOXKHOCTH MOKasaHbl Ha Iuc.5-13. Yemosne (g = 0) = 0
BBITIOJIHAETCA BCETA, 9TO COOTBETCTBYET Teopuu He3 B3amMomeiicTeua. Teopua Bo3my-
IEHUH TO3BOJIAET, KaK MBI YBUANM HIKe, ONpeNeanTh mosenenne §(g) sbamsu g = 0,
OHO KBaJpPaTHIHO 1O ¢. B MpWHINIIE MOTYT CYIIECTBOBATH U HyJN 3(¢) IpH KOHETHBIX
¢, HAM JIOCTATOYHO PACCMOTPETH JIMIIb OMUH — TPHU § = ¢g, 9TOOBI TMOHATH K KaKUM
CTIEACTBUAM TPUBENET €T0 CYIECTBOBAHNE. DACCMOTPHUM CHadasa [(g), HOKasaHHYIO Ha
Iuc.5-13(a). Dynum s1oft byurmmu pw ¢ = 0 U ¢ = go HASBIBAIOTCA PUKCUPOSAIHHBLMU
MOYNKAMU. DeTPYIHO BUIAETH, 9TO MPH { — OO W HAYAJIBHBIX 3HAUYEHHAX ¢ BOJIH3U ¢
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BenanHa (1), onpenensemada us (5.104), crpemurcs ¥ gg. B caMoM feste, Ipyu HavaIb-
HOM ¢ < gg mMeeM f(g) > 0, Tak 9TO ¢ pacTeT ¢ pOocTOM t W cTpeMuTcd K go (Tae poct
oCTaHaBIUBAETCA ). AHAIOTHYHO, TP HAYAJBHOM ¢ > go uMeeM 3(g) < 0 u g yOpiBaer ¢
pocToM £, T.e. TAKKe CTPEMUTCH K (g, IBUTAACH B OTPUIIATEIHHOM HAIpABIeHAN. TakuM
obpasoM g(00) = gg — UMEEM YAbMmPaPuosemoso yCTORINBYO HUKCHPOBAHHYIO TOUKY
— ¢uKcHpoBanHOE 3HAYEHNE KOHCTAHTBI CBASH (3ap#1a) IpH OYeHb GOJIBIINX WMITYTh-
caX. DpH MaJblX HAYaJ bHBIX 3HadeHUdAX ¢ B mpemene ¢ — (0 Bcerma mmeem ¢ = 0 —
ungpaxpacno ycTouMByo GUKCHPOBAHHYIO TOUKY (“MocKoBckuit Hynn” ). Ecau myma
dyuxumn Tenn-Manna — Jloy npu KonedHbIX ¢ HeT, ypasHeHne (5.104) maeT Hempepbis-
HBII pocT ¢ mpu ¢ — 00, PUKCHPOBAHHOTO 3HAYEHWA 3apdAna He BosHukaeT. Ecsm mpu
GosbIINX 3HadeHnAX aprymenta 3(g) ~ g% uw o > 1, To Teopusa CTAHOBUTCHA BHYTPEHHE
MPOTUBOPEYNBOR — HEM3OEKHO BOSHUKAET PACXOMUMOCTD ¢ TIPH KOHEWHbIT SHAYCHUAX T.
Dpu o < 1 mMeeM MOHOTOHHBI PpOCT ¢ TIpU ¢ — 0O — T€OpUsd HEMPOTHBOPEUNBA, HO DU
t — 0O UMeeM IMepexo B 06J1acTh “CHJIBHOR cBA3H” .

Teneps pacemorpuM 3(g), nokasaunyio Ha uc.5-13(6). CHoBa nMeeM IBe GUKCHPO-
BaHHbIE TOUKN, ONHAKO 3HaK (3(¢) Temeps APYTodi, Tak 4To ¢ = gp ABAAETCA HHPPAKPACHO
ycroituuBoil duKCUpOBaHHONW TOYKOM (t — 0), a ¢ = 0 — yapTpadmoseToBo yeTORInBOM
dbukcupoBanHoit TouKol (t — o0). B mociennem caydae ¢ — 0 mpu { — o0 U B3auMoeii-
CTBHE YMEHBIIAETCA 110 MEPe POCTa SHEPTHH (MMITYIbca), 0Opallasgch B Ipenesie B HyIb.
DTO ABJIEHWE HA3BIBAETCA GCUMNMOMUYecKkol ceobodoli. Ipu oTcyTcTBUU HYJIA DYHK-
mun 5(g) TpH KOHEUHBIX 3HAUEHNAX ¢ 3I6Ch BOSHHKAIOT MPOBJIEMBI B 0OIACTH MAaJIBIX
HIMITYJIBCOB (BOTBIIMX paccTOAHMIT) — B3anMoelicTBIE pacTeT W MOXKET UMETh HeH3H-
TEeCKYI0 PACXOOUMOCTh. B sioboM cirydae, 3mech TPONCXOANT MePEXod K “CHIbHOM CBA3M”
Ha BOJIBIINX paccTOAHNAX (KOoHdaHHMEHT 7).

Nsmoxkennble BOSMOXKHOCTH MPAKTHUIECKH MCUEPIBIBAIOT BapHAHTHI ACHMIITOTHYE-
CKOTO TIOBEIEHUA B JIOOOH MOmesn KBAHTOBOH Teopuu moJid. B kKadecTBe KOHKPETHOTO
npumMepa paccMoTpuM Teopuio gt (g > 0). DaccMoTpUM pesyJIbTAT OMHONETIEBOrO IpH-
Gmkennd (5.55) n1a mepeHOpMUPOBAHHONW KoHCTaHTHI cBasn. OmycKas HECYNIECTBEH-
HblE KOHEYHBIE MTOTPABKYN MOXKEM HAIMCATD:

39
=gu® |14+ —— 5.105
g1=90° | L+ 75— ( )
Orcioga uMeeM:
091 _ o+ 39 (5.106)
W = SOH + gk :

SpI/I KOHEYHBIX &€ TYT BC€ KOHEYHO M MBI MOXKEM (C TOI XKe TO‘IHOCTI)IO) InepenncaTrb

(5.106) kax:
2

agl € 3g1 €
—— =c 5.107
W = S+ g3t (5.107)
a TOTOM IPOCTO OMYCTUTH WHAEKC 1, canrasd, uro paboTaeM ¢ mepeHOpMupoBanHo# (dhu-
3uvecKoit) KoHcTanToll ¢cBasn. Torna ns (5.107), npu € — 0, nonyvaem dyuxmuo Temnn-
Manna — Jloy:

09 3g°2
Blg) = Mo = Tom?

Bpoga s = Int = In ;%, TaK 4TO /1% = t%, nepenuiieM ypasuenue (5.107) B Buze:

(5.108)

99 _ 3¢°
s 16w?

(5.109)
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Orciona u 6e3 BCAKOro cueTa BUIHO, 4TO “Gerylaa’ KOHCTAHTA CBA3U T€OPHH p* Bo3pa-
CTaeT C POCTOM §, T.€. ¢ POCTOM UMITYJIbCA, TAK UTO TEOPHUA He ABIAETCH ACHMITOTHIECKH
cpobonmoit. ®yrxuna Lean-Manna — Jloy ~ ¢?. DeMeHTapHOE HHTEIPHPOBAHIE yDaB-
uernd (5.109) ¢ navanpubIM yesoBueM g(s = 0) = gg maer:

g go i
- 16371'2g05
go go
= = (5.110)
1— —16?;2 golnt 1-— —16377290 In ;7_0

C pocrom t (MW p1) KOHCTaHTA CBA3H PACTET M, B KOHIE KOHIIOB, MBI HATAJIKHBAEMCS
« €99 _ _3 M -
Ha HeU3UIECKYIO CHHTYIAPHOCTD ( “I0xkHbIH” momoc) 1 = w=go In( - ), 9TO0 COOTBET

2

CTBYET [t = i €XD (1??77;). Curyanusa 37ech BIOJHE aHAJOTHYHA YKe BCTpedaBIineiicsd
Ham B K9]l B [maBe 8 wactu 1. D10 )Ke mOBemeHme mMoapobHO PaCCMATPUBATIOCH HAMHU
Bhilie B [1aBe 2 mpu oOCYKAEHUN KPUTUIECKUX ABJIEHUM.

Yazymeercd moaydeHHble ToBenenne GyHkuu l'enmn-Manna — Jloy neamkom ocro-
BAHO Ha OJHOIETJIEBOM NPUOJIMKEHNN U (POPMATIBHO CIIPABEMLINBO TOJIBKO MPHU TOCTa-
TOYHO MAaJIBIX 3HAYEHUAX KOHCTAHTHI CBA3M ¢. Bompoc o moBemeHNN 3TOH (GyHKIUU TpU
OOJTBIINX 3HAYEHUAX KOHCTAHTBI CBA3M, & C HUM W BOIMPOC O HEMPOTHBOPEYMBOCTH Te-
opunm go', B sHaUUTeTbHOI Mepe, ocTaeTca OTKDHITHIM. B pame paboT, oad ¢ — oo
GBLITIO MOMYYEeHO acUMITOTHYECKOe MoBeaeHue 3(g), HECYUIECTBEHHO OTINYIAONIEECT OT
Pe3yIbTATOB OMHOMETIEBOTO MPUOIMKEHN, YTO 03HAYAIO-OBI BHY TPEHHIO TTPOTHBOPE-
YUBOCTH TEOPUHU, B COOTBETCTBUHU CO CTapoOil TouKoit 3penna Jlanmay, obcyx mapiieiica B

I'nase 8 wactu 1. OTMeTHM, BIpoUeM, HeJaBHIO©N paboTy®, B KOTOPOR BBLIO HOIyHUeHO

IIoBelIcHUE 6(g) ~ g0'96, KOTOpoO€, B COOTBETCTBUN CO CACJIAHHBIMU BBIIIEC 3aMEcYaHUAMM

O3HaYaeT, 4TO »Ta HpocTeiiiiag MoAeab KBAHTOBON TeOpUHN MOJA ABJAAETCA BHYTPECHHE
HEPOTHUBOPEYNBO.

3aMeTHM, 9T0 TeOpH gt “Ierko cuenars” acCHMITOTHIECKH CBOBGOTHOM, €C/Il CUUTaTh, 910 g < 0.
Torna, 0I€BHIHO, CMEHITCHA SHAK IEper JorapudMoM B sHaMeHaTeste (5.110) n s ddexTHBHAA KOHCTAHTA
cBaAsm 6ymeT manathk ¢ poctoM ¢ u p. OIHAKO TaKad TeOpudA HeyCTOWYNMBaA, y Hee HET OCHOBHOTO COCTOSA-
Hp#A (IOTeHIWAaJ/IbHAA HEPTHHA OJIA MOXKET OBITH CKOJIb yTONHO (OJIBLION OTpHIaTe IbHOM Be/ImamnHOMR),
HO0>TOMY B KBAHTOBOIl Teopmu mosid oHa, OOBITHO, He pacCMaTpUBaeTCA. 1eM He MeHee crrerppuIecKuit
BapHaHT TaKoM Mole i, cBomdanniica K obobueanomy byHkmunonary Jlannay (2.159) C YMCJIOM KOMIIO-
mernt nosta n = 0 (1), onnceiBaet, Kak oKasbIBaeTCH, NIBIKEHNAE 3JIEKTPOHA B CJLy IaliHOM IosTe IpuMecel ¢
TOYEYHBIM MOTEHIIHATIOM V |, Xa0TUIECKU Pa3sOPOCAHHBIX B IIPOCTPAHCTBE CO CPENHEN IIITOTHOCTBIO p, €CJIH
B (2.159) cumrath g = —pV?2 m 7 = —E, tae F — >Heprusa »/1eKTpoHa. JTa 3amava TeCHO CBA3AHA C €lie
He [10 KOHIIa pelleHHOH Ipo6sieMoil JIoKaIH3alil 3/ IEKTPOHOB B HEYLOPANOIEHHBIX CHCTEMaX (ONHAM B3
OCHOBHBIX MEXaHH3MOB IIEPEXOfa MeTa LI — OIU3/IEKTPHK ). B wacTHOCTH, BoSHEKaroume 30eCh MPoGIeMbL
OKa3bIBAIOTCA TECHO CBA3AHHBIMU C IIpobiieMoil onncannsa nHdpakpacHol o6/1aCcTH ACHMITOTHIECKT CBO-
GomHBIX MOz el KBaHTOBOM Teoprn nomd (KoHpalHMeHT). De HMMen BOSMOXKHOCTH IOAPOGHO 06Cy K OaTh
5Ty 3amady B JAHHBIX JIEKITHAX, CONLIEMCA TOIBKO Ha MMEIOIIecH 0630psI.

8. M.Cycaos. Ducema 2KOT® 71, 315 (2000)
9M.B.Canosckmit. YOO 133, 223 (1981), U.M.Cycios. YO 168, 503 (1998)
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Puc. 5-14

Puc. 5-15

AcuMmnrorudeckassi cBoboma Tteopuin SfHra—
MmunaJsca.

DepeiieM K pacCMOTPEHNIO ACHMITOTHIECKNX CBOMCTB KaaubpoBouHbIX Teopuii. Cury-
anna B K9]l 6sma pacemorpena B Lmase 8 wactu I, tme Oblo mokasaHo, 9TO TeOpud
He ABJIAETCA aCHMITOTHIECKH CBOOOIHOI, ITO MPUBOAUT K HpobiaeMe “Hysda sapana’ u
HATOJOTHIECKOMY TTOBENEHNIO TIPH BOJIBIINX NMITYIBCaX (SHEPIUAX). 3aMedaTeIbHO, 9TO
B HeabeJIeBBIX KaJIHOPOBOYHBIX TEOPUAX TOJOKEHNE coBceM npyroe. IMeHHO, B HEX pe-
aau3yeTcsd MOBEIEHNE, HASBAHHOE BHINIE aCUMITOTHYECKH CBOOOMHBIM. OTKPBITHE TOTO
aBienns I'poccom m Buabuekom B Hauvase 70-X TOHOB OTKPBIIO MYyTh K MOCTPOEHUIO
KBAHTOBOI XPOMOIUHAMUIKH U O0ECTIEYNIIO BOSMOKHOCTD MPOBEIEHNA HATEKHBIX pacde-
1oB KX]I - 5ppekTOB Mpu BBHICOKHUX 2HEPTUAX 110 TEOPUH BO3SMYIIEHUN.

3/mech MBI OTPAHUYIUMCA TEM, 9TO TMPUBEIEM OCHOBHBIE PE3YALMAMbL HJIA CIAydad
SU(3) kammbposounoii Teopun (KXIT), a TakKe KaueCTBEHHYIO WHTEPIPETAITHIO CAMOTO
ABJIEHUA ACHMITOTHYIECKOH CBODOIBI, OTCHLIAA YATATE]d 3a IETAJAME BBIYUCIEHIH K
umetonumMcs yaebuukam [8, 9, 11]. KuliouoM K HaXOKIECHUIO aCUMITOTHYECKOIO OBEIe-
HUs ABJagerca cHoBa yHkima [esn-Manna — Jloy 5(g). B K9 mia ee BoranciaeHns
B [maBe 8 wactu I paccmarpuBasica mpocTeifinmii ogHOTETAEBOH TpadUK MOJTAPUIAIIUT
BakyyMma (pepmuonnas nernd). B ogronernesom npubauxkennn KX]I BOSHIKAOT JOTOJ-
HHUTENBHbBIE BO3MOKHOCTH, CBA3aHHbIE ¢ HeabeIeBBIM XapakTepoM TeopuH (caMoneficTBie
noseit dura-Munica u mHeobxommmocts yuera “nyxos” ®anneeBa - Domosa). B »sTom
cJIydae MBI JOJIKHBI PACCINTATH BKJIAI B TEPEHOPMUPOBKY 3apdA/ia OT MpoCTeliiero me-
TAeBOTO TpadWKa TVIIOOH - TVIIOOHHOTO B3aMMOAEHCTBIS, OKa3aHHOTO Ha Juc.b-14, o
B3aMMOMEHCTBYUA TVIIOOHOB ¢ “myXamu’ , TOKa3aHHOTO Ha Yuc.5-15 u amamsornanoro KIJ1
BKJIaJa OT B3aMMOAEHCTBUA TUIFOOHOB ¢ KBapkamu Juc.b-16. B pesymabrare moBOSBHO
POMO3IKUX pacueTos [8], g mepeHopMUPOBAHHON B OMHONETICBOM IPUGIUKEHUE KOH-
cranthl cBasu KX/ monyvaem anamnor peipaxenus (5.105) B uge:

2
L2 PR A BTN 111
g1 = gp + + 3 (5.111)

[Ie ny — YHCIAO KBAPKOBBIX “apoMaroB” (MHCJIO THIOB KBapKoB). AHAIOTHIHAA OTHO-
2
€

i (—%). 3Hak HepMUOHHOTO

meTseBasd MOMpaBKa OT 3JeKTpoHoB B K9] umeer BuUn
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p+k\

=
<

/1

Puc. 5-16

BKJIaIa 37ech TOT Xke, 9To u B K9, OmHako cyMmMapHBIil BKJIad mpoleccoB Juc.b-14 u
Iuc.5-15 umeer dpyeotd suax!. CoorsercrBento npu ny < 16 obumumit 3HaK HOIAPU3ALIN-
onnoit monpasku B (5.111) npomusoncaoscen Takoomy B KO (“amTmskpannuposka’).
Pusndeckad MPUPOLA TAKOTO TOBeIeHWdA OymeT obbACHEeHA HUKe, a cefivac, melicTByd
aHasIorudHo mepexomy ot (5.105) x (5.108), monygaem B mepenese € — 0:

99
“Hon T 120

1 T

B(g) (=33 + 2ny) (5.112)

Dpu ny < 16 w3 (5.112) caenyer, ato (¢) < 0 1 KOHCTaHTa CBASH g YObi6aem C POCTOM
Maciitaba MMITYJIbCOB (Macc), B COOTBETCTBHH € KadeCTBEHHON KapTHHON, 06CykIaB-
refica poitre. CilemoBaTeIbHO TakKad TEOPHA ABJIAECTCA acCHMITOTHIECKH cBobommoii. B
Ypuporne, Kak W3BecTHO, nj = 6.

DoJIydnM BBIpaKeHme mas “Geryineii” KOHCTaHTHI CBA3W. BBomsa omath s = Int =

In ;7_0’ /1% = t%, nMeeM ypaBHeHUWe ['enn-Manna — Jloy:

% R L ;;nf (5.113)
SepeHI/H_HGM 3TO KakK:
dis(g—z) p (5.114)
JIGFKO BUAECTH, YTO pEHICHUE 2TOT'0 YpaBHEHUA MMEET BUI:
giz: %—1—2775 (5.115)
nJjn
E 9 9 (5.116)

- 1+ 2¢2ns - 1+ 2¢2nInt

Beoug t = @Q/p u onpenends go upu () = u, NOJAYYaeM pe3yJIbTaT, IUTUPOBABIIMIAC B
I'nase 8 gactu I:

9 (Q%) = - g*(1) _ (5.117)
14+ 4233 — 2np) In (%)

Tonpko B Mupe, Tne ny > 16 sHak B sHaMeHaTese (5.117) OpL1 OBI TaKUM XKe, Kak B
KBAHTOBOI s/ieKTpoanHamMuke. B peasbaoMm Mupe sddekrupnsniil 3apan KX/ #e pacrer,
a nadaem ¢ pocToM Q% W CTAHOBUTCA MAJIBIM Ha MAJBIX PACCTOAHHAX! DTO H eCTh acHM-
nroTudeckad cBoboga. Ipu A0CTaTOUHO MasbX Q% (Ha GOJBIINX PACCTOAHUAX MEXK Y
KBapkamu) s>dderTuBHAA KOHCTAHTA CBA3N HAOOOPOT CTAHOBHTCA OOJIBINON, UTO 3KC-
HEePUMEHTAIBHO IPOABAAETCA B ABICHUN konpatinmenma (“madparpacHaa Topbma’).
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Nna sHauenus (%, npu KoTopoM BosHHKaeT “noxubiii” mostoc B (5.117), BBemeM o6o-
2.
3HadYeHUE AQCD.

127
AL op = p? — 11
ocp = 1 exp (33— 2n, )92 (1) (5.118)
Torma (5.117) mepenucsiBaeTca Kak:
127
Q%) = (5.119)

@3- (%)

Dpum Q? > AéCD s dekTUBHAA KOHCTAHTA CBA3W MaJa W B3aUMOAEHCTBIE KBAPDKOB U
[JIIOOHOB (Ha MAJIBIX PACCTOAHWAX WM TPH OOJBIIMX WMITYIbCAX) MOKHO OMWCBHIBATE
IO TEOPWH BO3MYIIEHU, AaHAJIOTHYHO B3aMMOIERCTBUIO 3JIeKTPOHOB U GoToHOB B KI]I
(Ha BOJIBIIMX PACCTOAHUAX MM MAJBIX UMIYJbcax). Dpu Q2 ~ AéCD TaKO€e ONHUCAHUE
CTAHOBUTCA HEBO3ZMOXKHBIM, & KBAPDKH U TVIOOHBI OOBENUHAITCA B CHIBHO B3aUMOJEli-
CTBYIOIITE KJIACTEDPHI — AIPOHBI. DKCIEPUMEHTAIBHOE 3HAUEHNE A JIEXUT B MHTEPBAJIE OT
0.1 10 0.5 GeV. Torga ag sKcepuMeHTOB, TpoBoauMbIxX pl Q% ~ (30GeV)? us (5.119)
noaydaeM g2 ~ 0.1, Tak 9To Teopud BO3MYIIEHHS ABHO NpHMeHHMa, Kak u B K9, B
npemese Goapumx ()7 BeceMm MaccaMH KBapKOB MOXKHO IpeHebpedb, OIHAKO B TEOPHIO
BCe PaBHO BXOTHUT MacCOBBI MacmTab y?, BOSHEKIINN B Hpollecce TepeHOPMUPOBKH.
DomuepkHeM, 9T0 TeopeTndecKuii pesyabrar (5.119) nonHoCTHIO MOATBEPK TAETCA HA
skcnepuMente! Da Duc.b-17 mpuBoguTcd moabopKa 3KCIHEPUMEHTATBHBIX JAHHBIX IJ14
sddexTuBHON KOoHCTaHTHI cBasn KX/, kak byHKINE XapakTepHOTO MaciiTaba sHEPTUH
- IMIIYJIbCA B PA3JIMYHBIX IPOIECCAX PACCEAHN, N3y IABIINXCH HA PA3IUIHBIX SKCIEPH-
MeHTaJIbHBIX yCTaHOBKax''. BHOWM BIedaTJidiollee COTJIACHE TEOPUH H SKCIEePHMEHTA.

AHTI/ISKpaHI/IpOBKa — HnHapaMarHeTu3im dHI' - MAJJICOBCKOTIO BaKyyMa.

Kax mbr BUIOEC/IN, ACHUMIITOTHYECKaA CBO60,Z[a CBsA3aHa ¢ CBOMCTBOM AHTUKpPaHUPOBKH 3apdAda B AHT -
MHJIJICOBCKOM BaKyyMe. ()Ka.SLIBa.eTCEI7 9qTO 3TO ABJIEHUE UMeET MTOBOJIBHO IIPOCTOE (bHSI/I‘IeCKOG obbsac-
HEeHNEe, OCHOBAHHOE€ Ha U3BECTHBIX aHaJJIOTHUAX C Teopne]‘/’l TBEPOOTO TeJia. SOCJ'IG,Z[yIO]_L[ee H3JI0XKEHue, B

10M.Schmelling. ArXiv: hep-ex/9701002.
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OCHOBHOM, cIenyer paGorell,

AHTUSKpaHUPOBKA 3apsAlla O3HAYAET, YTO BAKYYM HeHCTBYeT KakK OW>JIEKTpUIECKasd cpena ¢ Iu-
3JIeKTpUIecKoil mocTogrHoil € < 1. Dpm 5ToM BaKyyM KBAHTOBOU TEOPHH IOJIA OTJINIAETCH OT OOBIIHOM
HOJAPU3Y EMOU CpeNBbl B OMHOM OY€Hb BAXHOM IIyHKTE — OH PEJIATUBUCTCKY HHBAPUAHTEH. DTO O3HAYAET,
TITO ero MarHUTHad MPOHHUIAEMOCTD (4 CBA3aHa ¢ AW3JIeKTpUIecKol MPpOHHUIAeMOCTBIO COOTHOIEHUEM:

e=1 5.120
I ( )

HeficTBuTeIbHO, € IpeAcTaBIAeT cobolt Kosd durpenT mpu BK/Iate B AeficTBHe OT 3/IEKTPHIECKOTO IOIsA
E. D« eFo i F°, a u~! apngerca kos>dPUIHEHTOM IIPH BKJIAIE MArHHTHOTO IIOJIA B.H p,_lFiJ F*I.
CymMMa 32THX BKJAIOB ABJIAETCA PEIATHBUCTCKY WHBAPDHAHTHOM TOJIBKO TIPH BBITIOJHEHUH YCJIOBUIA
¢ = p~!. D10 06CTOATEILCTBO MOSBOIAET CBA3ATE 3/IeKTPHICCKHE CBOMCTBA CPEIBI C e¢ MATHHTHBIMIE
CcBoMCTBaMH, KOTOPBIE MOTYT OBITH IBYX THIIOB:

1. Juamaenemusm Jlanday (1 < 1). 3apsoKkeHHbIe JacTHIBL B Cpelle B OTBET Ha BHEIIHEE MarHATHOE
ToJIe CO3MAl0T TOK, KOTOPBIH caM HHIYTUPYEeT MAarHATHOE I0JIe, HATIPABJIEHHOE IIPOTHBOTIOI0KHO
BHENIHEMY TTOJTIO.

2. Iapamaenemusm Hayau (> 1). Ecom gacTumsr ofanaroT MarHUTHEIMA MOMEHTAaMH, TO OHH
CTPEMATCA BHICTPORTHCA BAOIb BHENIHETO TTOJTHA.

Torma cBolicTBO aHTHAKPaHUPOBKW AHT - MHJIJICOBCKOTO BaKyyMa MOYKHO TPEICTABUTH cebe Kak ycJio-
Bme 4 > 1, T.e. Kak ero mapaMarmermsM' 2. B KOHeYHOM mTore, BCe mesI0 3MeCh B TOM, UTO Heabe IeBEI
KaJMOPOBOYHEIE TIOJIA TIOTIHNHAIOTCA CTATHCTHKE Do3€e, a TaKKe, B OTJIHIre oT abesieBhIX pOTOHOB cCaMu
06IaIAI0T 3apANOM, COOTBETCTBYIOINM KAJTUOPOBOYHON cCHMMeTpUH. D OI9epKHEM, 9TO TEPMHUHOIOTHA
TEOpHH 3/IEKTpOMarHeTH3Ma (3a HEMMEHHEM JIy9IUIET0) HCIOJIb3YeTCH 31eCh TOJIBKO 1o aHasornn ¢ U (1)
xasmbposounoii Teopueit (KDI1). B mefictBuTerbHOCTH MBI, KOHETHO K€, HMEEM B BHIY 3apAIBL, COOT-
BercrByromne SU(3) Kaau6poBodHO CHMMETPHHE, T.€. IBETOBBIE 3aPAIBL. DO 2JIEKTPHIECKAMHA ¥ Mar-
HATHBIME CBOHCTBaMH MBI IIOApPa3syMeBacM IBETOBBIE 2JIEKTPHIeCKHE N MarHATHBIe cBolicTBa (mouid).
Korna Mst roBopnM, 9o nons Slara - Mmmica 8 KX (rymoonst) ofianaroT sapAmIoM B MATHETHBIM MO-
MEHTOM, HIMEETCA B BHILY, 9TO OHH OGJIANAIOT IMBETOBBIM 3apAOOM W IBETOBBIM MATHHTHBIM MOMEHTOM.
Da mesre e TITIOOHBI 3JIEKTPHIECKH HEHTPAJIBLHEL.

Xoponio m3BeCcTHEBIH pe3yITbTAT TEOPUH METAJIIIOB COCTORT B TOM, 9TO IJTA UIEATBHOTO Ta3a 3JI€KTPOo-
HOB mmaMarHeTusM JlaHmay, GbaKTHIeCKH, IEPEKPRIBAETCA MTapaMarHeTH3MOM DayJIH, TaK 9TO TIOJTHBIH
OTKJIUK ABJIAETCA HapaMarHuTHEIM [35]. OKasbBaeTcd, 9TO B TeOpHH HeabeIeBBIX KaJIMOPOBOTHBIX 110~
sefl cHTyanusA aHAJIOTHYHA W CBA3aHA C MAPAMATHHTHBIM OTKJ/IHKOM CIHUHOB AHT - MIJIJICOBCKHX TOJel.

CramnapTHBII KJIacCHYeCKHI JTarpaHkKuaH HeabeleBol KaTnOpoBOIHON Teoprn WMeeM BHUI:

1 _
L = —EGZ/BGWM3 + (v’ Dy —m)y + (;ST(—DVDV - u2)¢ +  Opyrme BKJIAIFI, (5.121)
TOe TEeH30p HaIpsKeHHOCTell mosiell ompemnesieH Kak Ggﬁ = aaAg — JgAd — gfabcAgA%, a fobe

CIPYKTYpHBIe KOHCTAHTHI KaJIHOPOBOTHON IpyIIsl, KOBapHaHTHadA npoussonsad Dy, = 9, + igAL - T,
a T — remepaTOpBI TPYIIIbI (HATIPUMeEp MaTPHIGT Daysiu 7 mia GyHIaMEHTATLHOTO TMPEeICTaBICHTT

SU(2), mm marpumst 'esur-Marmsa — Jloy % nya dyHnaMmeHTa bHOrO mpencrasaenna SU(3)). Dom
“IpyTruMu BKJIagaMu’ ITOOpa3yMeBaloTCd B3anMOIeCcTBIA FOKaBCKOTro THITa B CAMOIEHCTBIE CKaIAPHBIX
moJtei, BaXXHO, 9TO OHHM He 3aBHCAT OT KaJMOPOBOYHOTO HOJIA. YI0O0HO mepeompeneants gA — A, rtak
9TOOBI AHT - MEJIJICOBCKasd KOHCTAHTA ¢ BXOIWJIAa TOJBKO B “cBOGOMHBIN jlarpaHXkHaH KaIuOpOBOTHOTO

IIOJIA:

1 -,
= _WGgﬁGaaﬁ + (v Dy — m)y + (;ST(—DVD” —1?)¢ + npyrme BKTAmEI, (5.122)
=g
TIEe Ternepb Ggﬁ = aaAg — aﬁAg — f‘lbcAg{A?3 and D, = 9, + 1A% - T m g ocramock TOJIBKO B BHIE
ko3 dunmenTa B IEpBOM CJIaTaeMOM.
Yrobsl paccamTaTh MATHETHYIO BOCIPHAMYHBOCTH BaKyyMa HYJKHO 3HATh W3MEHEHHE ILIOTHOCTH
€ro »HepruH IIpH W3MEeHEHHWHW BHEITHETo MaTrHUTHOTO Imojd. MoxkeT moKasaThbcd, 9TO BCE OHpeNe/IAeTCs

1F.Wilczek. Asymptotic Freedom. ArXiv: hep-th/9609099.

1206pramas morApIsyeMasn cpebl, B OTIMYHE OT 3TOT0, MOXKET OIHOBPEMEHHO 06/ IaIaTh cCBORCTBAMMT
IW3IeK TPHIECKOl sKpaHupoBKH (€ > 1) m mapamarmetmsma (u > 1). Tem He MeHee, HeKOTOpad HCTOPH-
YecKad UPOHUA COCTOHUT B TOM, 9TO (PH3MIECKOE TIOBEIEHAE, ITPUBOMAIIEE K ACHMIITOTHIECKOH cBoGome,
6b110, bakTHIecKm, m3BecTHO Jlammay, KoTopsii BHeC dyHIAMEHTATBHBIH BKJIAN B KBAHTOBYIO TE€O-
pHI0 MaTHeTH3Ma, HO, B TOXKE BpEeMd, MOABEPrajl COMHEHWIO OCHOBBI KBAHTOBOH TEODHH IIOJIA, W3-3a
TMATOJIOTHIECKOTO TOBEICHAA B3aNMOICHCTBAA B 06 IaCTH GOTBITAX UMITYJTHCOB.
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1
8mg?
B KBAHTOBOM TECOPWH HYZKHO pacCMOTPETH H3SMEHECHUE HyﬂeBOﬁ SHEPTHUH BCEBO3IMOIKHBIX l'IOJ'Ie]‘/JI7 BXOOAIINX
B (5.122)7 TP U3MEHEHUN BHENTHETO MATHUTHOTO oJId. Ty T Bce aHAJIOTHYHO TEOPUH METAJLIIOB, TIIE POJIb
BaKyyMa WTpaeT 3amojiHeHHasnA cdhepa Pepmmn.

9pe>K,zLe 9eM IIEPEXOINUTH K ABHBIM BBITACJICHUAM , BBITTATIIEM HpaBI/IJ'ILHI)Iﬁ OTBET, ,z[a61>1 nmpoaHaJIn3u-
POBATH €ro CMBICI U ciaencTBud. OKasblBaeTcsd, YTO BKJIal HyJIeBBIX KosiebaHuii AE, IpUBOIUT K TOMY,
9TO IIJIOTHOCTH 2HEPIUW BaKyyMa BO BHEIITHEM MarHMTHOM ITOJIE B umeer BI/I,E[lSZ

TOJIBKO IIEPBBIM WIEHOM a (5.122): B2. 90 570 mpocTo K/IaCCHIeCKHH BKIIAT B SHEPIUIO, KPOME 5TOTO

1 1 A2
E+AE = W 2 §NB2 IH(E) 4+  KoHeJIHEIe BKJIAIEI, (5.123)
rze 7 6pLTO ompenesieHo Bhme B (5.113):
33 -2
p= 22" (5.124)

127

a OIyNIeHHBIE YJTEHBI KOHEYIHBI B Tpemeste ¢ — 0 m A — 0o. 3mech MBI BBeslm OGBIYHBIN TTapaMeTp
obpesarma A, T.e. oTGpocHaM BKJIAM BCeX KosiebaHWH ¢ BOJTHOBBIMEM BEKTODAME, ITPEBBINIAONIAMET A.
Dpoucxoxmerne obosnagenna g2 (A2) ckopo cramer mcHEIM.

OpencraBum cebe, 9T0 mapamerp obpesanma A B (5.124) saMeHAeTcA Ha MeHbIIee 3HadeHme A'.
Torma HeTPYAHO MOHATE, ITO BCe MOIBI KoJaeGaHmil ¢ BOHOBRIMHA BeKTOPAME B WHTepBase Mexmy A’ u
A maror BKJTan B W3MEHEHWE dHEPIUU BaKyyMa BKJIAI BHIIA:

2
SE+a8) = - LaB2im(2 )= (Lo LB, (5.125)
87 A I 8rg
TIe BO BTOPOM PABEHCTBE BBEIEH BKJIAT B MATHATHYIO BOCHIPUUMYHBOCTD BAKYYMa OT YKa3aHHBIX MOJT,
YTO W ABJAAETCA, IO CYTH AEJIa, €€ ONPETeICHIEM.
Orcroma, TIpu MAJIBIX ¢, MBI TMEEM:

2 A2

w—1=mng ln(p)7 (5.126)
Ille ABHO BBIINCAH BKJ/Ial B BOCIPHAMYHBOCTH OT MO C SHEPIHAMH (HMILy/IbCAMH), J€KAIIAMI B HH-
repBasie Mexay A u A. U3 Berpaxenns (5.124) sAcHO, 9TO 30eCh, KaK M B TEOPHH METaJIJIOB, HMEETCH
IBa BKJala — IEPBHIl CBA3AH C TeHIEHNWE(l COMHOBBIX MOMEHTOB OPHEHTHPOBATHCA IIO IIOJIO (Hmapa-
MarHeTH3M), a BTOpoil — ¢ OpOHTaJIBHEIM NBHKEHIEM 3apsKeHHBIX JacThl, (omaMaraernsM). s airek-
TPOHHOTO Ta3a MapaMarHHTHBI OTKJIMK B TPH pa3a CHJIbHEE NHAMarHHTHOTO [35]. Desysabrar (5.126)
nokassiBaeT, 9ro B KX]| curyanma anagormdsa m g > 1, 9T0, KaK MBI BUIEH, COOTBETCTBYET aH-
TU3KPAHAPOBKE 3JIEKTPUIECKOTO 3apdia. JPU OIPedeIeHIN HIPAaBUIBHOTO 3HAKA HAIO YINTBIBATH, ITO
TaCTHITEL CO CIIMHOM 1 HMeFoT (IJIF0OHBI) TOJIBKO IIBE CTEIEHH CBOOOIB (IO IAPH3AlHN), & TaKIKe H TO, ITO
BEJIan GEPMHOHOB (KBapKOB) B HEPTHIO BaKyyMa HMeeT oTpHIaTe bHEH sHak ([1aBa 3 wacrm I), aro
TPHUBOIUT K YyMEHBIIEHUIO MapaMarHuTHoro sgdexra. B gactaoctu, 8 K9/, rme abeseBo asekTpomar-
HUTHOE II0JIe He ob1anaeT caMomeiicTBHEM, a BeCh paccMaTpuBaeMbIil 3G dexT obycioBieH pepMuoHamu,
MBI M IMeeM OOBIYHYIO 3KPAHHPOBKY 3apslla BaAaKyyMOM.

Kaxossl coaencrBua (5.123) 1A HaOJIIOIAEMBIX BEJTHYHH! DYKHO, MpeKIe BCEro, M36aBUTHCA OT
HPOU3BOJIBHOTO TapamMeTpa obpesarnda A. s sToro onpenennm 3¢ HeKTUBHY 0 KOHCTAHTY CBA3H TAKUM
obpasomM, 4ro6sl mpasaz Jacth (5.123) He 3aBmcesa or A. ma »Toro HyXHO, ITOGHI BBIIOIHAIIOCH
yCIIOBHE:

Const = —— () (5.127)
onst = ———— — nln(—), .
g% (A?) B
YTO »KBUBAJJIEHTHO (5.115). Emre sygme sanucars aTo yciosue B mud depennmaabaoit popme:
d 1
_C  (— ) = , 5.128
T ) = (5.128)

9TO €CTH TOXE caMoe, 9To U ypapHeHHe |'esur-Marna — Jloy (5.114). Orcrona snnsO, 90 2ddekTHBHAR
KOHCTAHTA CBA3M YMEHBUIAETCA C POCTOM HapaMerpa obpesanus A, CTpeMsACh K HYJIIO KakK obpaTHasa
creneHsb Jiorapugma A npu A — oo, MoKa B TEOpUN He CJAMUIKOM MHOTO KBapKOB, T.e. Ioka 77 > 0. 9to
U €CTh aCUMITOTHYECKadA cBobomna.

Depelimem Temepb K 60Jiee WM MEHEE TIOCITIEIOBATETBHOMY BBIBOILY (5.123). DapaMarHUTHBIN BKJIAI
B 7] OT CIIMHOBBIX IPOEKIHUIl £5 HEC/IOKHO PACCINTATh CIEAYIOIUM 06pasoM. DYCTh 3JIeKTPpUIeCKUH

133amernm, wro B Hamrelt cucreme emummn, [B] = [L 2] = [A?], xpome Toro MBI Besme moIB3yeMcs
rayccoBoif cucTeMoi eqEHHIL 316K TPOTHHAMKKH.
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3ap#A paBeH 1, a TAPOMArHUTHOE OTHOIIEHHE gy, . DOCKOJIBKY HaC MHTEPECYET BKJIAI MO/ C 09eHb GOJIhb-
IME UMIyJIbCAMH, TO ITapaMeTp obpesaHmda A MHOTO GoJIbllle Macc BCEX YacCTHIl, KOTOPBIE IIO3TOMY
MOJKHO pacCMaTpHBaTh KaK 0Ge3MacCoBble (HTHOPHPYHA BOSHHKAOUIWE IIPH 3TOM HHQppaKpacHBIE PacXo-
IHMOCTH, KOTOPbIe MOKHO yCTPaHHTh, ob6pe3ad BCe BCTpedYaloNImecs dajiee MHTErPAJIbl IO HMITY IbCaM
Ha HIDKHeM Ipeniesie ~ B). Bkirogenme MarHUTHOTO I0/IA IPUBOIHAT K CABATY SHEPTUHU PEIATHBHCTCKOR
QacTHpl Buna [1]: E? = k% + kg + kg — E? + gmBs. D03ToMy, COOTBETCTBYIOIIEE U3MEHEHHE SHEPTTAN
HyJIeBBIX KOJIe6aHUl eCTh:

dik 1
AE :/ (VK2 + gmsB + \/k? — gmsB - 2Vk?) . (5.129)

27732

SPOBO,ZLH 30eCh pa3JjIoXKeHne T0 YJICHOB KBaApaTHUYIHBIX 110 B m BEIIOJIHAA HUHTETrpUpOBaHUE 110 yrJjiaM,
HaXOOMM:

1672 k2 1672 B

9o maer mapamarHETHSLL BKyan B (5.123). Tounoe snaverme xo»ddummenTa IpH COOTBETCTBYOUIEM

A
1 dk? 1 A2
AE = —B2(gms)2 / —_— :—B2(gms)2 In —. (5.130)

BKJIAIE B (5.123) CBA3AHO C C TPYOHOBBIMH KOHCTAHTAMH SU(S) 7 MBI €70 He BBIBOIIIM.

JHuaMarHuTHBIN BKJIAN B 7) BBIYUC/IAETCA CIIOKHEE. Bo3bMeM BEKTOD - MOTEHIIMA MATHUTHOTO TIOJIA
B Kaaubposke Jlamnay: Ay = Bxz. Torma ypasmemue Kieiina — 'opmona, onpenensatonee opburaibHoe
OBUKEHNE PETATHBUCTCKON YaCTHUIBI B MATHUTHOM IIOJIE, €CTh:

[B7 4 o 4 (e = iB2) 4 )6 = 0 (5.131)
—_— — —iBx — ¢ = .
D2 D22 ’
a €To pelmeHnA MMEIOT B!
. k
¢ = ez(k2y+kaz)xn(l,_ Ef) (5.132)

¢ coBCTBEHHBIME 3HAYeHUAMEI E,% = kg + B(n + %) 3mech Xy, OOBIYHadA BOJSHOBadA PYyHKIUA TAPMOHT-
TeCKOTO OCIMILIATOpa ¢ IMK/I0TPOHHOH YacToToil /B [29]. YpoBHE »HeprHm XapaKTepPHU3YIOTCHA METBIM
YHUCJIOM 7. U UMILYJIbCOM K3, HO BBIPOXKIEHBI 110 k2, KaK B oObIaHON 3amade o6 ypoBuax Jlammay B
marauTHOM 1oJte [29]. Ecim paccMoTpers cocrozmma B Kybe co croponoit L, To KoopnmHAaTa MEHTPa 0C-
muutaropa ky /B momkHa ymosiaeTBopaTh HepaBeHCTBY 0 < ky /B < L, 9ro osHa4aeT, 9TO B HATEpBaJe
Aks mmeerca Aks Aks /(271')2 = %Akg cocroannil nIA GUKCHPOBAHHOTO SHATEHNHA N (/1A €HHHITIHOTO

obbema L2 = 1). Torna coorBercTByrOmWMi BK/Ial B 5HEPIHIO HyJIEBBIX KosleOaHMil ecTh:

& =

[A2 1] [A2 1
1.1
Z/ dka0(A” — k3 = B(n+ )3 k§+B(n+ )= Z Fln+ ) (5.133)

ITO BBIpa)keHHE HOBOJIBHO IPOMO3HOKOE BBHIY HAJUYHA CYMMSBI mo 7. [y Hammx 1esell mocTarodHo
y49ecTh IMePBHIA HETPUBHAJIBHBIN BKIad B popmysie cymmupoBanusa Dityiepa — Maksopena:

Zp:g(n+ Ly o /p+1dng(n) Lo+ =g 0) + .. (5.134)
2 o 24

n=0

HOCKOJIBKY CJIEAYIOUINE €€ FIeHBI MPUBOIAT K BKJIaIaM 6ojiee BBICOKOTO HOPAIKA IO B/A2. DpumeHAA
(5.134) K (5.133)7 y6exRmaeMcs, YTO MHTETPAJbHBIN 4YjleH He 3aBUCHT OT B, a cylleCTBEHHBIH BKJIAL
BO3HHUKAET OT IPOU3BOMHON B HyJI€:

A
1 1 B B2 1 A2
_f/(O) = ——22/ dky —— 3 In —. (5.135)
24 24 47 VE 5 / "2 96n B

9ro maer nmmaMarHUTHYR dacTh (5.123), KoTopasd oKasbIBaeICA MeHBIE IIapaMarHHTHOTO BKJIAla
(5.130)7 1A TIO6BIX Pa3yMHBIX 3HAYEHUN ¢y U S.

Kak ysxe oTMedasoch BhIlle, OTKPBITHE ACHMITOTHIECKOH cBOBOIB B HeabeIeBBIX Ka-
JTHGPOBOYHBIX TEOPUS CHITPAJIO PEBOJIOMUOHHYIO POJIb B COBpEMEHHON KBAaHTOROH Teopuu
mosid u mpeeparimiio KX B “pecmekTabesibHYI0” TEOPHIO, JIEKAIIYIO B OCHOBE “cTaHIapT-
HOIt Momenun”. 3a MOcJIeHNE YeTBEPTH BEKA TEOPUdA MPOILIA BCECTOPOHHIO MPOBEPKY
u, B 0oOJIACTH ee TPUMEHHMOCTH, BCErfla MOATBEPKAATIACh SKCIEPUMEHTATBHBIMA JTaH-
HbIME. MBI He 6yZeM 31ech obCyXKaaTh BCe 9TH YCHOEXH, OMPAHUYHUBIINCH HEKOTOPBIME
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JononaHuTeNbHBIME ccblTkaMu. Muorme acmektht KXl mompobro ommcawel B yiKe He
pa3 murupoBasuieiica kuure [11]. IToBOAbHO HeTaabHOE M3JIOKEHHE MATEMATHYECKOIO
anmapara KXII B cTume, 6JIM3KOM K HAIMM JIEKIUAM, MOXHO Haiitu B [45]. U3 Hepe-
NIEHHBIX JI0 KOHIA MpobJeM OTMeTUM TpobieMy omucannd KoHdalHMeHTa, 9TO TECHO
CBA3AHO ¢ HEOOXOAMMOCTBIO ONMucanna HenepTypbaruBHBIX ¢ dexkToB B KX]I Ha 601b-
HIAX paccToAnA (MaJbx nMiyabcax, B MK obmactu). Mbl kpaTko obcynnM sToT BOIPOC
B cuenyiotnieii [nage.

B camoe mocsiennee BpeMa MOIIHOE pa3BUTHE MOy IIJIO H3YYEHNE KBAPK - TUTFOOHHOTO
BEIECTBA B 9KCTPEMAJIBHBIX YCIOBUAX BBICOKMX TEMIIEPATYP U IJIOTHOCTEl, 9TO BECBMA
CYIIECTBEHHO 14 3a/1a9 acTPOPUIUKHE U KOCMOJIOTHH, TAKXKe KaK U JJId 2KCIEPUMEHTOB
IO CTOJIKHOBEHWIO TAKETBIX A0ep Ha y&Ke paboTAINNX WIN CTPOAINIAXCH YCKOPUTEIAX.
3/ech TPOABIAETCA TEJBII DAL 3aMeYaTeTbHBIX aHAJIOTHH ¢ GUIUKON KOHIEHCHPOBAH-
HOTO COCTOAHHUHA, B YaCTHOCTHU, OOJIBIION HHTEPEC BBISBIBAET TEOPETUUECKOE HN3YUIEHUE
TaK Ha3BIBAEMOU 4semosoll ceeprnposodumocmu, BOSHUKANIEH B KBApK — TVIIOOHHOM
BEIECTBE BHICOKOI MJTOTHOCTH 33 CYeT KYIEPOBCKOTO CIAPUBAHNA KBAPKOB, BEI3SBAHHOIO
MPUTAKEHNEM 3a cUeT obMeHa TUTooHaMu. [OCTATOYHO IeTaTbHOE M ACHO HAMUCAHHOE
H3JIOKEHNEe 5THX TpobieM MoxHO Halitn B [46, 47].

WnTepecyrommmecs ssieMeHTapHBIM 0030poM ycrexoB coBpemennoit KX ]I moryT orpa-
HHIHTHCA ITeHUeM HOIMyIApHOro MUHIE - obzopal?.

“Derymmue”’ KOHCTAHTBI CBSZH U “BeJIMKO€
oo0benuHeHnue.”

Dacemarpusasiiagca Hamu B [tase 4 SU(2) ® U(1) cummerpuanas obbennHEeHHAA TEO-
pHs 2JIEKTPOCTIaboro B3anModeiicTBua Haxonutes, Kak u SU(3) naBapnanrtHags KX Bo
BIEYAT/IAIONIEM COTVIACHU C PKCIEPUMEHTOM. DO MEWCTBUTENBHO - JIH OHA OOBEINHAET
sJeKTpoMaruuTHoe u ciaaboe Bsammopeiicteua? ®aktudeckn, SU(2) @ U(l) npencra-
BJIAEeT CODOM MpoW3BeeHNE NBYX HECBABAHHBIX MHOXKECTB KaJIMOPOBOUYHBIX MPeobpaso-
BaHwil: rpynmsl SU(2) cnaboro msocnuna ¢ KOHCTaHTOl cBAsH ¢ n rpynnsl U(1) craboro
runep3apdana ¢ KoHcTaHToll cBasm f. OTHOIIEHWE 3TUX KOHCTAHT CBA3W, BBEIEHHOE B

(4.83) kax:
tgo = § (5.136)

dbaKTHUECKH NOJIKHO ONPENeNAThCA U3 sKCMepuMenTa. Ecian, ognako, rpymnsl SU(2)
u U(1) paccMoTpeTh B KadeCcTBE MOATPYIN HEKOTOPOI HoJlee MEUPOKOH KaJanOpOBOIHOMN
TPYIIBI

G o SU2) @ U(1), (5.137)

TO KOHCTAHTHI § U f MOTYT OBITH CBA3AHBI MEXKIY COOOI TPYHMIOBBIMU COOTHOIIEHUAMM,
KOTOpPBIE W OIpemenaT yrosa Baitubepra «. 9pu »TOM, 9acTh HOBBIX NpeobpasoBaHMit
rpynnsl (G CBA3BIBAET paHee HecBA3aHHBIE mogMmHOkecTBa rpynm SU(2) u U(1). Ecre-
CTBEHHO MOMBITATHCH OO BETHHUTE 31eKTpocaabyio cumMerpuio SU(2) u U(1) ¢ mperosoit

1F Wilczek. QCD Made Simple. Phys.Today 53, No.8, 22 (2000)
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kanbposounoii SU(3) cummerpueli KXII:
GDOSUB)eSU2)eU(1) (5.138)

Torma xaaubpoBouHble npeobpaszoBaHus Cpylibl (G OYIyT CBA3BIBATH 3JeKTpocabble
KOHCTaHTHL ¢ U f ¢ paccMarpuBabluelica Beilie KoHcTanToil cBasu KXI. B pesyabrare
6ce M3BECTHBIE B3aMMOAelicTBUA OYAyT ONKUCHIBATHCH €IMHOR KaJubpOBOYHON IpyIIoi
C eIMHOR KOHCTaHTOIl B3auMOLelcTBUA ¢, a BCe HADJIIOIaeMble KOHCTAHThI HW3BECTHBIX
B3auMoAelcTBHIL OyIyT OJMHO3HAYHO OIPENesdThcd CTPYKTYpoil rpynnbl G. DomobHbIE
MOJEN HasbIBaoTCA Teopuamu “Besmkoro obbemutenna’ (GUT). Taknux Moneseii mpe-
JIOKEHO HEKOTOPOE KOJIMIECTBO, HUKE MBI KPATKO OOCYIUM UX OCODEHHOCTH.

OcHoBaHKe 117151 TAKOIO ONUCAHMA MOXHO YCMOTDPETh U MCXOId M3 PEasIbHOIO IIOBe-
OeHns “6eryimx’ KOHCTAHT CBA3H IJId M3BECTHBIX B3amMomelcTBIi. DygeM obo3HaTaTh
ux ¢1(@),92(Q) u ¢3(Q) coorBeTcTBeRHO KanubposounbiM rpymnam U(1),S5U(2) u SU(3).
Bo usbexxaHuu myTaHUIBI, BBEIEM CJIEAYIOIINE CTaHIAPTHBIE 0003HAUEHNUs, CBA3BIBAIO-
e ¢; (1 = 1,2,3) ¢ obosHadeHnAMN KOHCTAHT B3aWMOAEHCTBIA, NCTOMB30BABIINMIAC
HaMU BBIIIIE:

SU(3) 7(Q) = 47g3(Q)
SU(2) - 9(Q) = 92(Q) (5.139)
v f(Q) = 201(Q)

3mech BBeneH (He OYeHBb CYIIECTBEHHBIN I masbHelinero) Koaddunment C, KOTOpHIi
OOBIYHO OTIpeNeSIAeTCA HEKOTOPBIMEU IPYTIIIOBBIME KOHCTaHTaMu rpynnsl (. B wacTtHOCTH,
Torga u yroa « u3 (5.136) cranosurca yHkmedi Q:

1 ¢1(Q)
tga(Q) = =——= (5.140)
C 92(Q)
2
Da 9nc.b-18 mokasano moBemenne “Gerymmux’ KOHCTAHT CTAHIAPTHOW MOIETH oy = Z—; B

saBucHMoOcTH oT log,(p/GeV), nonydeHnoe HCXOAA WX SKCMEPUMEHTANBHBIX JAHHBIX I
OTHOTIETJIEBBIX (hOpMYJI, paccMaTpuBaBimxca Boilte Ha mpuMepe KO u KX 1. Bugwnm,
g1o KX]I KoHCTaHTa g3 YOBIBAET C POCTOM MMIYJIbCa (ACHMITOTHYECKadA cBOOOmA), TO-
rIa Kak KOHCTAHTHI TEOPUH 3JIEKTPOCIabOro B3auMOLeiCTBUA ¢1 U ¢z BO3PACTAIOT. DPHU
TOM dCHO BUIHA TEHIECHINA K CONMKEHUIO BeJTUINH () PeKTUBHBIX KOHCTAHT B3aMMO-
neiicteua B obnactu Q ~ 101°GeV . MoxHO 0KHIATH, 9TO B HCTHHHON TEOPUH 5JIEMEH-
TapHBIX YACTUIL PN HEKOTOPOM GosTbIoM 3HadeHnn () ~ Mx (Ha Masbix paccTodAHnAx!)

BCE TPpHU KOHCTAHTHI CJIUBAOTCA B OJHY KOHCTAHTY TCOPpHUMN “BeJINKOTO” O6’be,D;I/IHeHI/I$I151

9:(Q) =9c(Q) mpm Q> Mx (5.141)

COOTBETCTBYIONIYO KagnbpoBounolt rpymie (. Dpu < Mx koncrantsl ¢;(Q) pas-
IeJIAI0TCA W, B KOHIE KOHIOB, Ha OOJBIIMX PACCTOAHUAX TEPEXOnAT B (heHOMEHOO-
THYeCcKre KOHCTAHTHI ¢;, OMUCHIBAOIINE HADIIOJaeMble B3aNMONCUCTBIA Ha HBIHEITHEM
YPOBHE 3KCIEPUMEHTATIBHBIX BO3MOXHOCTER TIpu () ~ i ~ 10 GeV. Domobroe nopene-
HHEe KOHCTAHT B3aUMOAEHCTBUA MOMydIaeTCd B HEKOTOPBIX MOIEJAX, OO00IIAIONIX CTaH-
JApTHYIO MOJENb ¢ YUETOM CYIEpCHMMETPpHH (CHMMeTpHH, MpeobpasoBaHusa KOTOpOH
HepeBOIAT (pepMHOHBI B 6O30HBI U HA0OOPOT). DpUMED MOBEAeHHA “GeTynx’ KOHCTAHT



144 PEPEPOPMNPOBKA

60 _ o'W

40 |_ =
20 — —
Standard
Model
0 | | [ |
0 5 10 15 20
Puc. 5-18
s —— l
0.125}
0.100f
[4¢]
8 007
e
o] i
- 0050}
3
0.025f

0.000

Puc. 5-19



PEPEPOPMNPOBKA

145

CBA3M, MOJYYAONIErOcd B MOJOOHBIX MOIENAX, ToKa3aH Ha Juc.b-19. BosmoxHOCTH MO-
JIY9HUTH TAKOe TOBENeHNA 3D PeKTUBHBIX KOHCTAHT CBASU CINTAETCA CHJIBHBIM apTyMeH-
TOM B TOJIB3Y TEOpHii ¢ cymepcumMeTpuell. 3aMeTnmM, OHAKO, 9TO CYNEPCUMMETPUA B
D pupoie 3aBEIOMO CHIIBHO HApYIIEHA W TOKa HET SKCIEPUMEHTAIBHBIX CBUIETETBCTE B
MOJIb3Y €e CYIECTBOBAHWA. B 9acTHOCTH, MMOKa HEMIBECTHO CYMIECTBYIOT - JIM YaCTHUITHI
— cymepunapTHEPHI W3BECTHBIX JaCTHUII.

Ypennonarad CylUIeCTBOBAHNE TPYINBI “BeJTMKOT0 obbennaennsa (G U UCIOIb3yd de-
HOMEHOJOTHYECKNE 3HAYEHNA KOHCTAHT B3aUMOMEHCTBUA, oNpeneeHHbIe TPH () ~ i ~
M MOXKHO olleHnTh Maccy Mx Gosee akkyparHo. asgs KX KoHCTaHTH ¢3, HCIOIb3Y T
(5.113) — (5.117), MOXKeM HAITHCATH:

1 1 0
T (5.142)
g3(n)  93(Q) M
rJe BBEJIN
b= —— (20, — 11 (5.143)
5T amz \3" ’ '

OTJIMYAIOIIYOCA OT UCIOJIb30BAHHON BHIIIE BEJTUIUHBI 1) SHAKOM U TOCTOAHHBIM MHOK W~
TeneM. Dpu Q@ = Mx umeem g3 = gg, Tak uro n3 (5.142) mosydaem:

1 1 Mx .
- = — +2b;In — rime 1=3 5.144
9i (1) 9% 1 (5.144)

DTO Ke COOTHOIIEHHE MOKHO IIPpUMEHUTH U1 K KOHCTaHTaM B3anmMoJieiicTBUA g1, g2 TPyl

SU(2) w U(1), mpisen:
i ()

1 22
1
by = W(_H) + by (5.146)

Ile ng — IUCJI0 TUTIOB (bepPMHUOHOB B paccMaTpuBaeMoit Momenn. B obmem crydae TpyIIbI

SU(N) numeem:
1 11 4

rie IMepBBId 9ieH cBA3aH C BKJIAJOM IET/IH KaJMOpPOBOYHBIX GO30HOB, a BTOPOM C IIe-
TIAME (bepPMHOHOB.

Hckntodad ny U g¢ w3 Tpex ypasHenuit Tuna (5.146) u ucmoawsys (5.147), cocrasum
CIIEIYIONYIO JIMHEHHYI0 KOMOHHAIIIO!

C? 1 1—C? M
O L IO ety by — (14 (e ME (5.148)
91 5 93 H

re g7 = g7(u). JleBaa cropona TyT nojobpaHa Tak, 4Tobbl €6 MOXKHO GBLIO BHIDA3UTH

gepes e? m g2. B camowm sieste, mmeeMm:

c> 1 1 1 1
g 95 P gt e (5:149)

15B s10it o61actu yroa Baiia6Gepra, B cCOOTBETCTBHE B (5.140), onpenesaeTca rpymIoBEM K03 ¢ durmm-
eaToMm C'.
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rae ncnoabsosany (5.140) n usBecTHBIE HOPMYJIBI daeKTpOCTaboll Teopnn € = gsin o =
f cos o. Doncrasmaa kosddunnents b; w3 (5.146) B (5.148), monyunm:

& 3(4m)? i_ 1+ C? (5.150)
po 22(143C2) g '
Dpu g~ 10 GeV umeem e ~ 1072 u g2 ~ 0.1. Donaraal® C? = 5/3 nonyqaem
Myx ~5-10" GeV (5.151)

DTa olleHKa, KaK HETPYIHO BHIETH, HE OYeHb UYYBCTBUTENbHA K BRIOODY (i M K TOYHOMY
suadennio C'. Macca Mx odeHb BeqIUKa, HO HE HACTOJIBKO, 9TOOB HALO OBLIIO YINTHIBATH
rpasuTanmo’’ .

MunuMaabHag Tpynma, yAOBJAETRBOPAONIAd YCIOBAIO
GDOSUB)®SU2)eU(1) (5.152)

—sr10 rpynmna SU(5). Da ee ucnonpsopannm ocHoBana npocteiiras mogens GUT (Txop-
mku — Dismoy). Kakne xanuGpoBodnble 6O30HBI BOSHHKAIOT B 970 Teopun? B obuiem
cayuae SU(N )-cummerpuutoii kannbposouHoit Teopun nmeercst N2 — 1 KaaubpoBouHBIX
Gosornos. CoorBeTcTBerHO, musd SU(5) nmeem:

24 = (Sa 1)F.HIOOHI:I + [(L 3) + (L 1)]W,Z,v + [(3a 2) + (3, 2)]X,Y (5153)

Takum oOpazoM B TeOpHWH BO3HUKAIOT CBepXTaxkesble 0030HBI X u Y. OHum obagaoT
IBETOM U ABJIAIOTCA NOCPEIHUKaMU B3anMoJeiicTBIil, IepeBoaAIINKX KBAPKH B JICTITOHBI:

(u,d) — et + (¥, X) (5.154)

YTO, B YACTHOCTH, IPUBOANT K HEM36EKHOCTH paciaia mporona’s. Dpu Q ~ My y cuib-
HOE I[BETOBOE B3aMMOIEUCTBIE CMENIMBACTCA C JIEKTPOCJIAOBIM M TeTKOE pasiesieHne
JacTHIl Ha [BETHBIE KBAPKU M OECIIBETHBIE JICIITOHBI MIPOIATaEeT.

®epmmonst B SU(5) Momenn pasMemiaiorcs o dbyHIAMEHTATBHBIM TPEICTABICHIAM
5u 10. B aBHOM BUe, /19 JIEBBIX COCTOAHUIN MMeeM:

2)+(3,1) = (ve,e7 )1 +dg,

1,
10=(1,1)+G1)+3,2) =ef +ul + (u,d) (5.155)

TeopeTquCKHe OII€CHKMN BPEMCHM KM3HU IMPOTOHA HAIOT!:

7~ =X (5.156)

91(@)
g2 (Q+C2g2(Q)°
Ecmu B3are C2 = 5/3, to mpu Q = My, T.e. mpu g1 = go, moayumm sin’ o = 3/8. Do npu Q & p

Besmumaa sin? o yke mpyrast ms-3a g1 # g2..

2

16910 caenyer us (5.140) m sin® o & 0.2. B o6mem ciygae ms (5.140) mmeem: sin? a =

GM?2
| 5~ Mc?, 910 Haer IIaHKOBCKYIO MAacCy
T T= i !

17yqu TpaBUTAIIUN CTAHOBUTCA Ba*XHBIM IIpHA

2 Ac’ 1/2 19
MPC ~ e ~1.2-10 GeV.

18 Dacnam mpoToHa He CTO/Ib HEOKMIAH, KaK MOXKeT HoKasarbcsd. CoXpaHeHHe 316K TPHIeCKOTo 3apsaa
CBA3aHO C CYUIECTBOBAHUEM He3MaccoBOro GoOToHA, HO, BEIb, HO-BUONMOMY, HE CYNIECTBYeT 6€3MacCOBBIX
9aCTHII, OTBETCTBEHHBIX 3a COXpaHeHHe GapHoHHOro 3apAna (cm. [asy 2 gactum I).
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Bummo, aTo ero dncsieHHOE 3HAUEHUE OYEHBb IYBCTBUTEJHHO K TOTHOMY 3HadeHUio My .
Ono aexur B maTepsase 1030 — 103? ger! CoBpeMenHad sKclepuMeHTANbLHAA IPAHNIA;
7, > 10%? ner. Dro, mo-BumEMOMY, Ho3BOIAET 0T6pOCcHTh MpocTefimyo SU(5) mMonesb
“BestmKoTO 0O Bemmuenns’ . OmoHAKO CyIecTBYIOT Hostee caoxubie Momgean GUT, B koTo-
PBIX BpeMs KU3HU IPOTOHA CyIIecTBeHHO Dosibiie. K coxasenuio, B HacTodllee BpeMd
HE BUJIHO 3KCHEPUMEHTAJBHBIX BO3MOKHOCTEH MoMcKa pacmaoB MPOTOHA CO BpeMe-
HeM KU3HH, CyllecTBeHHO IpeBbimatomuM 103? ser. B 5ToM cMBICTe, a TaKXKe BBHIY
orpomuoro macurtaba macckl Mx, Bce GUT monmenu, mo HekoTopoil creneHu, mpeiacra-
BJIATOT coboit “urpy” TeopeTmkoB. Tem He MeHee, UHCTO TEOPETHUECKUE COOOPaKEHM
3aCTABJISAIOT BECTH AKTHBHBIE MCCIEIOBAHUA B 9TOM HanpaBienuu [48].
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Iy1aBa 6

OYPKIINOP AJIBPBLIE UP TE-
I'PAJIBI I PEPEPTYPPATUB-
P bIE METO/IbI

Teopus moJsisi Ha perleTKe.

Bce mpenpimyiiee paccMoTpeHme TEOPUHU B3aMMOAEHCTBYOMMX TOJieli HBIIO OCHOBAHO
Ha TOM WJIM WHOM BapWaHTe TEOPHUU BO3MYIIEHWit. DO CYyTH Hesia, TO €IMHCTBEHHBIH
VHUBEDCAJBHBIT MeTO aHaJM3a COOTBETCTBYIONINX 3a7ad. B TokKe BpeMd ACHO, UTO B
KBAHTOBOI TEOPUU TOJIA CYIECTBYET eIl pam mpobiieM, TOCAENOBATETBHOE PEIIEHTE
KOTOPBIX HEBOSMOXKHO 0e3 PasBUTHA METOIOB, HE UCIOIB3YIONNX TEOPUIO BOSMYIIEHAH.
B wacTHOCTH, TakWe 3a4auN BOSHUKAIOT MPHU UCCJIENOBAHWHI ACUMITOTHIECKUX CBOUCTB
KBAHTOBOI TEOPUH TIOJIA, [/I€ BBIXO[ 33 PAMKH T€OPUHU BOIMYIINEHUH HEOOXOAUM TIPH MO~
MBITKAX BoccTaHoBAeHud Buga Gyukiun ['ent - Manna — Jloy. s dusnyeckux npobaem
37eCh OCHOBHOII fABJIA€TCA, KOHETHO, MPobJIeMa TOCIENOBATETBHOTO OMMUCAHNS ABJIEHUA
KoH(paliHMeHTa KBapKOB. [[ocTaTOuHO OUEBHUIHO, 9TO HUKAKOTO YHUBEPCAJIBHOTO METOIA
BBIXOJIa 33 PAMKHN TEOPHUHN BO3MYINEeHWI MpOCTO He cylecTByeT. BMecTe ¢ TeM, B KBaH-
TOBOI TeopHUHU MOJA PA3BUT PAM, MOAXOIA0B, KOTOPbIE MO3BOIAIOT IPOaHAJN3NPOBATE He-
KOTOpBIe HemepTypbaTuBHble 2 dekTh. B cBA3M ¢ 3TUM B Teopuu BOIHUK DA BaXKHBIX
KOHTIETTN{, 3SHAYEHIE KOTOPBIX BBIXOAUT 33 PAMKHU COOCTBEHHO KBAHTOBOW TEOpHH TTOJI4.
B »1oit 'naBe MBI OCTaHOBUMCH Ha pAle TaKUX 3a71a9, UMed B BULY TPOUJLTIOCTPUPOBATH,
TJTaBHBIM 0OPa30M, HMEHHO 3Ty KOHIENTYAJbHYIO CTOPOHY IeJIa.

Ouenb BaKHOe HANpaBJEHNE COBPEMEHHON KBAHTOBON TEOPHH CBA3AHO C PACCMO-
TpeHUeM KaJMOpOBOYHBIX moJjell Ha pemrerke. OHO OBLTO TpemaokeHO B Hadasde 70-x
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rofoB BUIBCOHOM W, IO CyTH e, ABJIAeTCA eINHCTBEHHBIM METONOM, MO3BOJIAIONINM
JIOCTATOYHO TOJIHO permuTh npobsemy koudaiinmenta. B sToM momxome BMecTo o6BIY-
HOT'O MPOCTPAHCTBEHHO — BPEMEHHOTO KOHTHHYYMA BBOIUTCH JAUCKPETHOE MPOCTPAHCTBO
- BpeMdal. Dpu 3TOM aBTOMATHYECKH OTNajaeT MpobJieMa MOJIeBBIX PACXOMUMOCTel, 110
CKOJTBKY BOSHHKACT eCTECTBEHHOE WX O0pe3saHme — JIJIMHA BOJIH B pEIIeTKe He MOXKET
OBITH MeHbBIIE YABOEHHON MOCTOAHHON PENIeTKH ¢, COOTBETCTBEHHO OBIACTh NW3MEHEHU S
HMITYJIbCOB OIpaHUYeHa BeTHUHHON T (XOpOlo H3BeCTHAd U3 TEOPUH TBEPIOTO TeJIa 30Ha
Ipusmiosna). B Takoit GopMyIHpoBKe KBAHTOBAA TEOPUA MOJIA BO MHOTOM aHAJOTHIHA
CTATHCTHIECKOl MEXaHWKEe DEIETOMHBIX CHCTEM, T/IE CYHNIECTBYIOT XOPOIIO pa3paboTaH-
HBIe METOJBI, O3BOJIAIONINE, MHOT/A, PENIaTh 3a1a9l W He 110 TEOPHM BO3MYUICHWIl. B
JaCTHOCTH, B PEIIETOTHBIX MOIE/IAX MOKHO 3¢ (DeKTHBHO NCIOMB30BATH TUCTEHHBIE PAC-
et MeTosioM MonTe - Kapsio. B HallleM W3/10KeHUN MBI, B OCHOBHOM, CJIEIYEeM KHUTE
[11], 6onee mompoGHOE paccMOTPEHNE PEIIETOMHBIX MOJIe el B KBAHTOBON TEOPHH OIS
MoxKHO Hafitn B [49] n B Xoportem o63ope [50].

Duxe MBI OyIEM PACCMATPUBATH TOJBKO €BKJINIOBY (GOPMYJHPOBKY KBAHTOBOH Te-
OpHM TOJIA HA pEIIeTKe, XOTA CYUIECTBYIOT W METONBI aHAJIM3a MOJesell ¢ ABHBIM BbI-
JeTeHHEM BPEMEHHBIX 3aBHCHMOCTEN. DyIeM paccMaTpHBaTh TOJIBKO HPOCTYIO KyOmde-
CKYIO PENIETKY ¢ MOCTOAHHON ¢ YeTHIPEXMEPHOM MPOCTPAHCTBE. Y3JIBI PElIeTKN OymeM
napaMeTpu30BaTh 4-BekTopoM n. Torma WeThpexMepHOe WHTETPHPOBAHHE 3aMEHACTCH

/d4x...—> a4zn:... (6.1)

CYMMHUPDOBaHUEM:

CKaJ’IprHLIe I1OJ14.

YaccMoTpuM TpocTeliniuil caydail cKaadapHOTO MOJId (b(x) IleficTBrHE COOTBETCTBYIOIIEH
TEOPUN B HENPEePBIBHOM €BKJIMIOBOM IIPOCTPAHCTBE UMeeT BU/I!

1
S(6) = [ d'a | 5000+ V10) (62)
e 1 A
_ 1 a9 Ay
V(9) = gm¢” + 70 (6.3)
CKaHﬂpHOG IIoJIE CYHIECTBYET B KaXXKAOM y3JI€ PEIICTKH N
o(z) = dn (6.4)

SpOI/I3BO,D;Ha$I IIOJId OIIpedesideTCd Ha pEIIEeTKE KakK:

1
6N¢(x) - E(¢n+u - ¢n) (65)
rie /jL - 4—BeKTOp JJIMHBI @ B HallpaBJICHUN [.

,ZLH?{ neicTBUd Ha peIeTKe COOTBETCTBEHHO UMECM!

4

a? m? A
S(@) =Y 1 D (Snpi— ¢n)? +a’ T(bi + Z(bﬁ (6.6)

n u=1

1Kak He pas yKasbsIBAJIOCH BHINIE, BBEICHME pPEIIETKH HAPYUIAET PEJIATHBHCTCKYIO HHBAPHAHTHOCTD
TeopuHr, HO IJIA 3a0a49, KOTOphIe OYIyT 30eCh o6Cy K aaThCHd, 3To HE TaK yK W BajXHO — OCHOBHOII HHATepec
mpencTaB/IAeT, HampuMep, nosedeane KX 1 Ha 60IbIIMX pACCTOAHMAX, KOTAA O PENIETKE MOMKHO IIPOCTO
“326BITH”
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Stk)-m? S(k)- m*
o IR
} | \ !
\ ! 1 !
\\ ! \ ,’
/ \\ /
. 1k k
-wle 10z -n/a 0 aa
a
Puc. 6-1

DOJIE3HO TMEPENRTH B UMITYJIBCHOE TPEACTABIEHNE U ONPENEJUTh CIEKTP BO30YKIeHU
cBobonuoft Teopuu (A = 0). Bocnonbsyemca pasioxenneMm Pypoe:

d4k ik-n
o0 = [ e ot (6.7)

DOCKOJBKY PaccMaTpUBaTh IJIMHBI BOJIH MEHBIIE YIBOCHHON MTOCTOAHHON pENIETKH «
He WMeeT CMBICTIa, HHTerpupoBanne B (6.7) MPOBOANTCA [0 30HE IPUILIIOIHA 0OpaTHON
pEelIeTKH, T.c.

I <k, < IJIA Ka¥KJI0TO pw=1..,4 (6.8)

a
Snech k, = k- 1. Docae noncranosku (6.7) B (6.6) wiaeHsl, noaydamoinmnecd U3 “KUHETH-
1 )
yecKoll” »Hepruu, 3alullyTcd B CJASAYIONEM BUIE:

d4k d4k/ 7 Nny ia iak’
G4Z/(27)4/(27)46(’“+’” (eh — 1) — 1) =

= / (Z;§4(eiaku —1)(e7iFn — 1) = 4/ %snﬂ (%) (6.9)

TakK 4TO JelicTBue CBO60,D;HOI7[ TECOpUHN IIpUHUMAaET BUI:

509) = 5 [ o {Z Lo (e 4w ¢><—k>¢<k>} (6.10)

Taxmm obpasoM Kaxkmad Moga maeT B AeiicTBHE BKJIAI BHIA:

S(k) = mZ—I—Zj—zsinz (%) (6.11)

BMecTo cTanmapTHOTo m? 4 k%, Tem He MeHee 06a >THX BLIPAKEHHA HMEIOT OJWH W TOT
JKe HEIPEPBIBHBIN Tpeies, TOCKOIBKY OHI COBIAHAIOT IPU MAJBIX k, B 9TOM CMBICJIE BCE
6J1AroMoJTy IHO. DOJTYUEHHBIH CHEKTp MoKasaH Ha Juc.6-1(a).

Teopus ¢ pemeTounsM geficTBueM (6.6) MoKeT GBITH HPOKBAHTOBAHA C MOMOIIBIO

dopmanusma GYHKIMOHATEHOTO HHTEIPUPOBAHNA, B PAMKaX KOTOPOIO BAKYYMHOE CPEJI-
2.

QA

Hee maeTcd GopMyoii

< Oomtnadoil0 >= 7 | TTUoGmitnadn™ (6.12)

2B €BKJILITOBOM TEOpMN HE UMEET CMBICJIa IIMCaTh 3HaK T—yHOpﬂ,ZLO‘IeHI/Iﬂ!
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e

Z= /H[d¢n]e_5[¢] (6.13)

DTo THNHYHAA CTATHCTHYECKad MeXaHWKa Mo/ (MapaMeTpa Hopanka) ¢, Ha pelieTke!
Benuuuna S[¢] — coorercrByionas dbuykTyanuontagd cBoboaHas sHeprus. Boipakenue
(6.12) mpencraBageT coboil KOPPEIATHOHHYIO 9TOTO MapaMeTpa MOPAAKa, 3aJaHHOTO Ha
pasHBIX y3JaX. DOJE3HO CPABHUTH 5TH Bhipaxenusa ¢ (2.159), (2.161) u (2.163), ucnons-
30BaBUIMMICH BBIIIE IIPH PACCMOTPEHHH TEOPHH KPUTHICCKUX ABJICHUI.

DpoBeleM 31ech 3aMeHy TMepeMeHHol (n3MeHnM MaciiTab mosteii):

=V Aon (6.14)
TOI‘,D;& peueToYnoe nelictBue IIpuHnMacT BHII:
1
S(¢) = 15'(¢") (6.15)
rie:
S(d)/) — Z f Z(¢/ _ ¢/ )2 4 Cl4 m_2¢/2 4 l¢/4 (6 16)
9 n+4p n 9 n 4 n .

n I

TaK 9TO KOHCTAHTA B3aNMOIeicTBIA A cTaJsIa obIUMM MHOKHUTEIEM /14 BCEro TelcTBHA.
Torma (6.12) u (6.13) mepenuckiBatoTca B BHIE:

1 1
< 0¢n,1 0z 6n1l0 >= i/l;l[dq%](d);lq/);z...d);,) exp {—Xs[ﬁb]} (6.17)

7= [Tlaeesp (-5} (6.18)

Ecan 30eChb 3aMEHUTb

1 1

3 8= T (6.19)
rae T — TeMueparypa, TO PA3JIOKEHNE CUAbHOU 643U B KBAHTOBOI TEOPHH O, KOTOPOE
HYKHO BECTH MO 06PAMHBIM CTETEHAM KOHCTAHTHI CBA3M A, OKA3BIBAETCA SKBUBAJIEHT-
HBIM 63(COKOMEMNEPAMYPHOMY PASTTOKEHUIO CTATHCTHIECKONR MEXAHIKH. DTO OTKPBIBAET
JIOBOJIBHO MIMPOKHE BOSMOKHOCTH JIJTs W3YUEHU TaKUX PA3JIOKEHU, TTOCKOIBKY METO,
BBICOKOTEMITEPATYPHBIX PA3JIOKEHNH B MIPUMEHEHUH K PEIETOYHBIM MOJIEIAM CTATHCTH-
JecKoll MexaHUKHU paspaboTaH JOBOJIBHO XOPOIIO U MIHPOKO MCIOJIB3YETCH B YUCIEHHOM
UCCJIeIOBAHUY, HAPUMED, KpUTHIeCKuX sBiaenuii [51, 52].

q)epMI/IOHHI)Ie I1OJ14.

DepeiimeM K paccMOTpeHIIO GEPMUOHOB. DPOIEnypa, aHAJOTHYHAA TOil, KoTopad uc-
MOJb30BaJIach B CJydae CKaJIAPHBIX MMoJjell, TpUBOAUT K €BKJINIOBY pElIeTOYHOMY Jeii-
CTBUIO JIJIsl CHCTEMBI CBOOOMHBIX (PEPMUOHOB CIAEMYIONIETO BUIA:

3 4
50(1/}) = Z % Z &n'}/u(¢n+ﬂ - 1/%—;1) + ma41/jn1/)n (6.20)
p=1

n
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rae y-MaTpuibl €BKJINITOBOM TEOpHUHN YAOBJIECTBOPAIOT KOMMYTaIMOHHBIM COOTHOIICHUAM:

{7ua7u} = 206, (6.21)

B umnynabcHOM mipencTaBieHnn JeficTBue (6.20) 3alUChIBaeTCAd B BHIE:

Sow):/%q/;(_k) iZ'yu%—l—m w(k) (6.22)

1 .
D0 CPABHEHUIO C HEIIPEPBIBHLIM CJIy4aeM HPOUCXOAUT 3aMena Yy k, — v, o sinak,. Ana-
JIOTHYHO TOMY, KaK B OOBIUHOW (eBKaumoBoil) Teopun Hupaka v,k, + m Daer crmexTp
k? + m? B maHHOM cJIydae HMeeM CIeKTp Bo3OYXKIeHHil BUIA:

s 2
S(k) = 22 :k“ +m’ (6.23)

a
nokasaHHbIll Ha Duc.6-1(6). Buaum, 9To B 9T0M caydae B 30HE DPUILITIOoHA UMEETCA IBa
ONMHAKOBHIX MuHUMYMa. Onun u3 Hux, npu k = (0, TpUBOAUT K TPABUIBHOMY HEPEDHIB-
HoMy npezeny. Jpyras Moma, cCOOTBETCTBYIONMAA MEHUMYMY Ipu k & 7, obramaeT mpn
a — 0 66CKOH€‘IHBIM UMITYJIBCOM, a TP KOHECYHBIX & MOXKET 6BIT]) BO36y}K,D;eHa,. COOTBGT—
CTBeHHO, TpebyeTcda HeKoTopad MOTU(GHUKAINA TEOPUH, He BJINAIONAA Ha HEIPEpPBIBHBIH
Ipeaesi, Ho yCTpaHdollad BKJIALd BTOPOro MUHUMYMa. Buascon IpEeaJIOKNJIT ,D;O6a,BI/IT]) K

PElIeTOYHOMY JIarpaHKHaHy CAeLyIoMuil BKIaI;:

1 -

AL = %¢n(¢n+ﬂ + 1/)71—;1 - 21/)71) (624)

TaK 9TO B €BKJIMJOBOM IIPOCTPaHCTBE nenicTBue CBO60,D;HBIX (bepMI/IOHOB IIpUWHUMAET BU:

3 B _
So(¥) = 328 T 20 Unl(1+ 70 nea + (1= 3)¥n — 200] + ma* bt 0 (6.25)
u

n

B uMIyIbCHOM IPEICTABAEHNH HMEEM:
d*k - . sin ak cosak, — 1
So(¥) :/Ww—k) iy g A m = Y (k) (6.26)
I I

D10 melicTBHe 06/aaeT TEM CBOWCTBOM, UTO HEXKETATETBHBI MUHIMYM TOTHIMAETCH
Ha HEHYJIeBble HEPTHWH, TOTJAa KakK MOBEJeHWE TEeOPUU TPH MAJBIX k He U3MEHACTCH.
CoOTBETCTBEHHO, B HEMPEPBIBHOM MpEEsIe OCTAETCA TOJABKO BKJIAJ “IPaBUIBHOTO” MU-
HuMmyma pu k = 0.

JlokambHuas KaJ’II/I6pOBO‘IHaﬂ HHBApHUaHTHOCTD.

DOCTPOUM TeMEPDh PENIETOYHYIO KAJTUOPOBOUHYIO Teopuio. [I1d KOHKPETHOCTH UMEEM B
Buny SU(3)-cummerpuanyro KXII. Jlokanphoe (3aBucsinee oT y3mal) KaanbpoBoIHOE
npeobpa3zoBaHUe 3AIMIIEM B BUIE:
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A A
n+y L+ vV

n n+f
Puc. 6-2

e ,
Av
®, = exp {259;} (6.28)

Baecwy A (i = 1,2,...,8) — marpunsr Lesir-Manna (remeparops rpymmst SU(3)).
BBeneM Tenepb Tak HasBIBacMyIo pebephyio IepeMeHHYIO, 3aIaHHyI0 Ha PeIleTO9HOM
CBA3H, COSAMHAIOIIEH COCEIHIE y3JIBL:

D U
U(n+ f,n) = exp {zga?Aiw} (6.29)

rae Aj,, — PeueTouHoe MoJie TJIIOOHOB, § — AHI-MUJLICOBCKad KOHCTAHTa CBA3H. 3aKOH
KaJuOPOBOYHOTO TPeobPaz0BaHUA 9TON MATPHUIILI ONMPEIESNM KaK:

Un + ji,n) = @y a0 + o, )& (6.30)

Us (6.27) u (6.30) caemyer, ato kombunamms Y, U (n,n + i)y, 1; aBAAeTCS KaauGpo-
Bo4YHO mHBapwaHTHOW. OTcioga ACHO, Kak HyXHO MommdbunmuposaTh geiictue (6.25),
ITOOBI HOTYINTh KBapKoByio 9acTh SU(3)-cummerpuanoro nefictma KX]I:

SQCD = S(q) + S(A) (6.31)

Sa)=3 {C;—SZ (L 5)U (0,0 + e)n e +

+ (1 _VM)U(n’n_/:L)#)n—ﬂ +21/)n] _ma41/;n1/)n} (632)

B HempepsiBHOM Tipenenie ¢ — 0 pasioxkenne Bbipaxennsa (6.32) B pAx MO cTENEHAM @
TaeT OOBIYHOE BBIpaXKeHUe 1A (pePMUOHHOTO NeWCTBHA, B KOTOPOM BOSHUKAIOT KOBapH-
aHTHBIE TTPOM3BOIHBIE KAINOPOBOYHON Teopun.

Kax mo/1KHO BBINIAIETH PENIETOUHOE NefCTBHE /1A CAMOT0 KaTuOPOBOTHOTO (IIOOH-
HOTO) moJiA? SICHO, 9TO OHO HOKHO CTPOUTHCH U3 PeBEPHBIX EPEMEHHBIX. D pocreiitias
KaJuOPOBOYHO MHBApWAHTHAA KOMOWHAIIUA ONMPENeTdAeTCa Ha JIEMEHTAPDHOM KBalpa-
TuKe (IpaHu, WIH, KaK €e ellle Ha3bIBAIOT, ILJIaKeTe) PENIETKH, TOKa3aHHOM Ha Juc.6-2.
CocTaBrM MaTpUYHOE TPOW3BENeHNE PeDEPHBIX MTEPEMEHHBIX, B3ATHIX BIOJIb CBA3EH Ha
IaKeTe p:

Uy=Un,n+pUn+p,n+p+0)Un+pg+o,n+0)U(n+rv,n) (6.33)

DTa KOMOWHAINSA, OUYEBUIHO, ABIAETCH HHBADUAHTHONW OTHOCHTEIBHO MpeobpasoBaHUit
(6.30). Beemem neiicTBHE KaJaHOPOBOYHOTO HOJA B BHIE CIAEAYIOMEH CYMMBI 1O BCEM
IJaKeTaM Ha peureTke:

S(4) = —% > SpU, (6.34)
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3mech mmyp or npomsBeneHusa Geperca mo wHuekcam Marpui SU(3). Ecnauw B skcmo-
HeHTaX, BxoaAmux B (6.33), (6.34), mpoBecTn pasyiokeHHe TTO CTENEHAM ¢ W OTOPOCHTH
wienbt O(a®), Boipaxenue (6.34) MOXKHO HepenucaTh B BUJIE:

S(A) = 167Tg ZSp{eXp(za Fouv)} (6.35)
rae
Fnul/ = aulélnl/ - aJ/Jélnu [Anua Ay ] (636)
rae BBeIEHO obozHaveHHE: 1
8uAnV = _(An-H]y - Any) (637)
a

npudeM Ap, = AL/\Z/Q — TUIIOOHHOE ToJie B y3ie n. OTcioaa cpasy ke BOSHHKAET Mpa-
BUJIBHBIH HEPepBIBHBIH TIpemet:

1
S(4) = 1-— —FZ S d*aF), 6.38
(4) 1671'g2 Z { t } 167 (6:38)
TZle, B Mpoliecce BBHIBOMA, MCIOTb30BAMHACE cBoficTBa SpA’ = 0 m Sp(APM ) = 26,

Kpurepuit koudaitamenrta. deris Buabcona.

Y0661 BBecTH KpuTepuii KoHbalinvenTa (ynepxanus) kBapkoB B KX]I, MoxHO HaliTh
SHEPTHIO CHCTEMBI, cOCToANIell W3 KBapka, HaxomdAmeroca B Touke ¢ = (1,0) n aHTH-
KBapKa, Haxodlerocd B Touke ¢ = (¢, R). B caydae orcyTcTBuA yOepKaHNA, ¢ OUEBUI-
HOCTBIO, UMEEM:

E(R) — 2m npu R— oo (6.39)

Te m — Macca KBapKa. DaJndue yIepKaHud O3HAYAET, YTO MEKKBAPKOBBIN MOTEHIHA
6e3TpaHIIHO PACTET:

E(R) — > mpu R— o0 (6.40)

Aynem obosHadaTh HEPMUOHHOE TOJIe KBAPKOB ¢(#) W BBemeM KaHOPOBOYHO MHBAPH-
aHTHBI gg-omepaTop BHUIA:

[z, 2';Cl = ("YU (2, z; C)q(x) (6.41)

rie U(z', z; C) — ynopanodeHHOe TTPON3BEIEHIE PEOEPHBIX MEPEMEHHBIX BIOJIb HEKOTO-
poro myTtu (Tpaexrtopuu) C, cBasbiBatomero Touku ¢ u ' Ha pemerke®. DaccMoTpuM
KaJuOPOBOYHO WHBAPWAHTHBINR KOPPEJIATOD, OMUCHIBAIONINN TEPEKPBITHE ¢§ COCTOAHUA
B MoMeHT (eBkHgoBal) BpeMenu ¢t = 0 1 ¢ COCTOAHUA B MOMEHT BpeMeHn ¢ = T

Q(T, R) =< 0|T*[(0,0), (0, R); CIT[(T,0), (T, R); C]|0 > (6.42)

“BeraBiisga” MexIy ollepaTopaMi TPeNCTaBJeHNE eINHUIbl (YCIOBHE TOMHOTH!) de-
pes cyMMmy MO MOJHOW cmcTeMe CODCTBEHHBIX COCTOAHUIT 2HEPTUM pPacCMaTpUBAEMO
CHCTEMBI, TTOJTyIaeM (Cp. NCHOTb30BaHe aHAJIOTHIHOTO pueMa B I'nase 1):

QT R) = _ | <0|TH[(0,0), (0, R); C]|0 > [P~ EnT (6.43)

n

] i
3B menrpeprisroM mipenene: U(z!,x) = P exp {ig f; dy# %Ah(y) }, roe P — omepaTop ymopagodeHns

Baosab oyt C.
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(T,0) (7, R)

(0,0) (O, R)
| Puc. 6-3

Bunum, uro npu GosbuX 1 OCHOBHOM BKJIAZ JaeT cJjaracMoe ¢ HauMeHbUIUM F,,. 1o
HanMeHbIIee CO6CTB6HHO€ 3HaYCHUEC 2HEPIru O4Y€BUIHO COOTBETCTBYET nOmeHuua/Lme'Z
SHEPTHUM (¢ CUCTEMBI, B KOTOPOI KBapK W aHTUKBAapK HAXOAATCA Ha PACCTOAHWHU K Ipyr
OT Impyra:
lim Q(T, R) ~ ¢ BHRT (6.44)
T—o00

B TEPpMHUMHAX KBaAapKOBBIX noJielt nMeeM:

Q(T, R) =< 0]g(0, R)U[(0, R), (0, 0); CJq(0,0)¢(T, 0)U[(T, 0), (T, R); Clq(T, R)[0 >
(6.45)
FEcsim paccMoTpeTh KBapKH KaK OUYeHb TsKesble (KJIACCHIECKHE, ¢-INCIOBbIE) BHEITHNE
HCTOYHUKH U PACCMOTPeTh yTh C' B BHIE 3aMKHYTOIO IPAMOYTOJBHUKA, TOKA3AHHOTO
Ha Duc.6-3, eipaxenne (6.45) MOXKHO MepenucaTh Kak:

T, R) ~ e~ MTW(C) ~ e BERT (6.46)

e

W(C) =< 0|SpUlz, 2", C|0 > (6.47)

OIpeIesIAET TaK HasbiBaeMyIo eTsio Buibcona. iMenno mosenenne Koppenaaropa W(C)
U OTIpeeNiAeT HaJndne WK OTCYTCTBIe KoHdalinmenTa. B camom nmeste, us (6.46) sacwo,
qT0!

lim W(C) ~ exp{—T[E(R) — 2m]} (6.48)

T—o0
Kax MBI yBHOUM HUXe, B Ipenesie CHIBHON ¢BA3M (¢ — 00) B pelIeTOYHON Teopuu B
pemeTquoﬁ TEOPpHUHN MOXKHO IMOKa3aTh, YTO BUJIBCOHOBCKAA NETJIA YAOBJIETBOPACT 3AKOHY
n/wugaau, TaK 9TO OJId JOCTaTOYHO 60.H])H_[OI‘O KOHTYpa C nMeeM:

W(C) ~ exp{—KA(C)} (6.49)

rne K — Hekoropas komcranta, a A(C) — miomanb, oxparbiBaeMasd Ha pelleTKe KOH-
typoMm C (T.e. MEHIMAJIbHAA IJIOWATL TOBEPXHOCTH, TpaHulell Koropoii asiaerca C).
Dampumep, A TPAMOYTOJABHOTO KOHTYpa Juc.6-3, nMeeM:

AC)=TR (6.50)
Do Torma us (6.48), (6.49) u (6.50) monygaem:
T[E(R) - 2m] ~ KTR — wm  E(R)—2m~ KR (6.51)

T.e. AuHENHO pacTyiumit ¢ K moTeHIna  B3anMOIeCTBIA B CUCTEME ¢, ITO, OYEBUIHO,
coorBeTCcTBYeT KoH(palinmenty. Kosddbunuenr R HaspiBaerca kKo3dUIHEHTOM HATA-
KEHUA CTPYHBI (CHIOl KoHdaHMeHTa). Da3BaHle 9TO CBABAHO C TEM, 4TO [JId BO3HUK-
HOBEHWA JIMHEHHO pacTyIero MoTeHIHAsIa TII0OHHOE MoJie MeXIy KBapKaMu JOJKHO
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cobpaTbcd B TPYOKY — “cTpyHY’ . DTa CTpyHA BBITATHBAETCHA CJIEIOM 33 KBapDKAMU U HE
MO3BOJIAET UM Pa3oWTUCh HA MaKpPOCKOTMYECKUE PACCTOAHUS.

3akou IJIOIIAIHU B Pa3JIOXKEeHUU CHJILHOU CBSI3U.

DoKaxeM, cXeMaTHIECKH, KaK TMOJYINTh 3aKOH IIOMAAN a Ipelesie CHJIBHOR CBA3M.
D ocKoIbKY pebepHble MepeMeHHbIE HEMOCPEACTBEHHO CBA3AHBI ¢ KAJINOPOBOTHBIMHE IO~
JISMU, B PEUIeTOYHOI KaaubpOBOYHONI TEOPHUHM MX MOXKHO BBIOpATh B KaUeCTBE OCHOBHBIX
JUHAMUIECKNX CTeHeHel cBOGOIBI. DTo Mo3BosAeT anucarh (6.47) B Buge “GyHKIHO-
HaJIbHOrO” mHTErpaJsa’:

1 ) 1
W(C) = ZHdU(n,n—l—u)SpU(x,x;C) eXp (=53 E,, SpU, (6.52)
rie
1 ) 1
7 = 7 EdU(n, n+ fi) exp ~27 Ep SpUp (6.53)

OrmeTnM, 9TO 37eCh He HYKHO H0DABIATE K JeHCTBUIO HUKAKUX WIEHOB (DUKCHPYIONHX
KaJaubPOBKY, TOCKOJBKY pebepHas MepeMeHHasd W3MeHAETCd B OrpaHWYeHHO obsacTu.
CooTBeTCTBEHHO, 0OBbEM MPOCTPAHCTBA TPAEKTOPUI, MOPOKIAEMBIX KaJIHOPOBOUHBIMI
npeobpa3oBaHUAMHI, KOHEYEH. DOITOMY, IO MEPEXONA K HEIPEPHIBHOMY HpENey He BO3-
HHUKaeT HEOOXOMMMOCTH BBOIUTH WIEHBI (PUKCAIUN KAJUOPOBKH.

DebepHble MEpEMEHHBIE, KaK MBI BUIEJH BBINIE, ABJIAIOTCA 3JEMEHTAMHU TPYIIITEI
SU(3). Yaurapusie Marpuis rpymnst SU(3) mapaMeTpusyorca BOCEMBIO 0O0OITEHHBIMI
yruamn Jiiepa, Tak 9T0 MOXKHO 3alicaTh IPYNNoBble nHTerpass! B (6.52), (6.53) B aB-
HOM BHJE, BRIDA3UB UX Yepes 3Tu yIrulbl. MBI TOTO mesarh He OYIAeM, a JIAIIb TPUBEIEM
cJeflyIolMe YCIOBUA opToroHaabaocTy [11]:

[ v i n+ il =0

/dU(n, n+ @)U, n+ @]y[UF (0,0 + @)l = %52'15]'16 (6.54)

[ U U+ 0+ ) =0 (6.55)

Yenopu# (6.55) osHaUaoT, YTO MPH BBIYNCIEHHN HHTETPAJIOB, onpeendomux (6.52),
TOJIBKO BRJIATBI OT pebep (CBsaseli) peleTki, TpOXOANMBIX B TIPOTHBOTIOIOKHBIX HAIPa-
BJIEHUAX MAIOT HEHYJIEBOH BKIaI. Takum obpasom, ecsin UMEOTCH IBA COCETHUX MIaKeTa
OIMHAKOBOW OPHUEHTAINH, TO MOCJe HWHTEIPUPOBAHN 1O TIEPEMEHHOM, ONpene/IeHHoil Ha
ux 0b1eM pebpe, OHE “CAMBAOTCA B OOUH MPAMOYTOJIBHUK, KaK 9TO TMOKa3aHO Ha Juc.6-
4.

B npenene cunbHol cBA3N BeMUINHA g% paccMarpuBaeTCd B KadeCTBE MAJIOro Tapa-
MeTpa. Do3ToMY KCHOHEHTY B (6.52) MOXKHO pasjIokuTh B DA

1 R 1
wW(C) = ZH/dU(n,n—l—ﬂ)SpU(x,x;C) 1- EZSPUP—F
4 P

494 pemerke 5TO IMPOCTO MHOTOKpPATHEIH HHTErpa!
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n+p

- < -

dUlnp+4z) =y ‘

Puc. 6-4

1/ 1\?
+ 31l g >N SpU,SpUy + .. (6.56)
p p

Jlid mMpOCTOTHI PACCMOTPHUM ONATH MpAMOYrosbHbIR KouTyp C'. Cormacuo dopmyaaM
(6.55) B 9TOM passIOKeHNN OTIWIEH OT HYJId WHTETPAJ TOJBKO OT TAKOTO UIEHA B Pas-
JIOXKEHUN 9KCIIOHEHTHI 110 g%, JJ1F KOTOPOTO IJIAKETHI IEJIUKOM 3alOJTHAIOT MTOBEPXHOCTD,
HATAHYTYIO Ha TaHHBIT KOHTYpP. ToabKO B 9TOM ciaydae Kaxaoe pebpo B TPYIIITOBOM HHTE-
rpaJie BCTpedaeTcs IBasK bl (HJIN HIE ONHOTO pasa), TPUIEM OHH Pas B MOJOKUTETEHOM,
a Ipyroi#l pas B OTPHUIATEBLHOM HalpaBJIEHWH, TaK YTO BCe I'PYNIOBbIe MWHTErPaJbl IO
pebepHBIM TEpEMEHHBIM OKA3BIBAIOTCA OTJIWYHBIME OT Hysad. Takum obpasom, HeWCUe-

Np
safoumit Bkaan B W (C) HanHusmero nopsaaka gaeT 9ieH, TPONOpIHOHATBHBIN (g%) ,

roe N, — MUHIMAaJIbHOE YHC/I0 TIAKeTOB, HeOOXOMMUMBIX /1A TOTO, ITOOLI 3alOJTHUTE
MOBEPXHOCTH, OTPAHMYEHHYI0 KOHTYpoM C':

1\P
W(C)~ [ (6.57)
g
STO COOTBeTCTByeT 3aKOHy H.HOH.[&,D;I/I, HOCKO.HI)Ky IJiouraib HOBerHOCTI/I, OFpaHI/I‘IeHHOﬁ
koHTypoMm (', paBHa:

A(C) = a®N, (6.58)

CirenoBaTeabHO

W(C) ~ ()% = exp{—~(TRIng?)/a’} (6.59)

CpapnuBag 10 Beipaxkenue ¢ (6.49) u (6.51), nonyvaem AUHERHO pacTylUil TOTEHIHAT
BHIA:

E(R)=KR te K= aizln g° (6.60)
uro coorBercTByer g2(a) ~ eKa®,

MoXHO Tak¥kKe pacCMOTpETh pasJiokeHne caaboil CBA3M I1d BUJIBCOHOBCKOI METIH,
nepexond K HeIPepBIBHOMY Ipelesly U 3aMeHdAsd AeHcTBIe IayCcCOBCKIM IIPUOIIK CHIEM.
B sTOM cay4ae A/ METIH OMy9aeTCd 3aKOH NepuMempa, KOTOPHI, KaKk OKa3bIBaeTCH,
COOTBETCTBYET KYJIOHOBCKOMY HoTeHinany E(R) ~ &.

OsHavaeT — JIM BCce 3TO, 9TO MBI JOKa3a/l CBOWCTBO KOH(aitHMeHTa? DeT, He O3Ha-
gqaer! Danpumep, BCce HAIN PacCyXIEHUA MOXKHO HOBTOPUTH 1 s abeseroit U(1) Te-
OpWH, MBI HHULJE He HCHOJIb30BaIn cBoficTBO Heabesmepoctn SU(3). DeKuUMBI CHABHON
u caboil CBA3H MOTYT OBITH pasfeseHBbl OZHUM HJIH HECKOJLKAMHU (hasoBBIME IIEPEXO-
JaMW, TPOUCXOAANIAMHE TIPM M3MEHEHWH KOHCTAHTHI cBaAsm ¢. Obuiero mokasaTesihcTBa
oTcyTcTBHsA Takux nepexonoB B KX ]I wer. Opgraxo mpobjema BCECTOPOHHE MCCJIEN0Ba-
Jlach 9HUCJIeHHO, MeTogaMu MonTe - Kapso. CooTBeTCTBYOIINE BHIMHACIEHAA TTOKa3aJIH,

aro B KX]I dhazosbie mepexomsl, B 061aCTH MPOMEKYTOUHBIX 3HAYEHUN ¢, OTCYTCTBYIOT.
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Va

0,3 1 1 1 1 L 1 1 1 1 i

Puc. 6-5

Basucumocth ¢2(a) ~ K s (6.60) (obmacTh CHIBHON CBA3WM) HEMPEPHIBHO IEPEXO-
auT B obacTu cnaboil CBA3M B acCHMITOTHYECKH cBOGOIHOE NoBesieHue g%(a) ~ ﬁ,
crpaBelIuByo npu ¢ — (. DoTeHImaT B3anMOIeicTBIA KBAPKOB, CJAEIYIOMANR U3 2THX
pacdeToB XOPOUIO ANIPOKCHMUPYETCH CYMEPIO3UIUeli KyTOHOBCKOTO MOTEHITHAIA, T0-
MUHHUPYIOIIETO HA MAJIBIX PACCTOAHUAX U JIMHERHO PACTYIIETO MOTEHITNAIIA, OTPEIETAIO-
Eero ¢BOHCTRO KoHGaliHMeHTa Ha GoIbImX paccToanuax: V(R) = % + K R. Tunuvsbi
pe3yJIbTaT TaKMX BblMUcIeHU# nokazaH Ha uc.6-5 [5b], rme mpuBoguTcd HOTEHIMA,
IelfcTBYIOMNH MeX Ty AByMd CTATHIeCKUMI KBapKaMIH, BEIUHCICHHEI Ha permeTke 32 ¢
pebpom a = 0.055 fm. Crtoroit muHMell ToKkasaHa MOATOHKA K CYHEPIIO3UIINT KYTOHOB-
CKOTO W JIMHEHHOTO NOTeHNnanoB. SICHO BHIHO, UTo JnHeliHbIH poct V(R) nMeeT MecTo
Ha paccroganax R > 0.25fm. Da MeHbIINX pacCTOAHNAX TOMUHUPYET epTypOaTuBHAA
JUHAMWKa (acuMIOToTHYeckas cBoboma). TummaHoe sHadeHne KoadhuIlmeHTa HATAKE-
HUA CTPYHBI, cJemyioliee u3 sTux pacderos K ~ 0.2GeV? ~ 1.0GeV fm™! ~ 14 ronn!
Db dexTuBHO 5TO TOKA3BIBAET CBOMCcTBO KoHaituMmenTa B KX, stexkaliee B OCHOBE CTaH-
mapTHO# Momesu. Doapobuoctu Monte - Kapsio pacueToB B pelieTOYHBIX TEOPHUA MTOJIA
Xopolo onucanbl B 063opax [53, 54]. Tam ke MOKHO HAllTH U ONUCAHUE JAPYTUX [TPUME-
HEHUil PEINIEeTOYHBIX MOIEJell, B YaCTHOCTH, PaHHWE TONBITKN PacdeTa Mace peajdbHBIX
aJIpPOHOB, PACCMATPUBAEMBIX KaK CBA3aHHBIE COCTOAHNA KBAPKOB 1 NIt00HOB. COBpeMeH-
HOE COCTOAHUME BOMPOCA C AHAJUTHIECKUMHI MOIEeAAME KOHMARHMEHTAa MOKHO W3y IUTh
o obzopy [65].

UccrenoBanue pemeTodHbix MOesell aBIgeTca cefidac ogHIM U3 HanboJIee BaXKHBIX
U AKTHBHO PAa3BHUBAMOIINXCA HAMPABIEHIII KBAHTOBON TEOPHUHU MOJdA. Je UMed BO3IMOK-
HOCTH 1Jid DoJiee OAPOOHOTO OMMCAHNA COBPEMEHHBIX HOCTUKEHUHN 9TOT0 HAIPABIEHNU I,
MpUBEIEM JINITh, B Ka4eCTBe TpuMepa, pesyabraTsl MonTe - Kapsio pacueroB crek-
Tpa JIErKuX aJpoOHOB, IIOKa3aHHbBIe Ha DuC.6-6°, I IeMOHCTPUPYIOUHE OYeHb IPUIIIHOS
coTJIache ¢ 3KCIEPUMEHTOM.

CroiicTBO KOH(DaliHMEHTa He ABIAETCH aOCOTOTHBIM, TPU HEKOTOPOI TOCTATOIHO BbI-
cokoit Temueparype T, (Temmeparype gekoHdballHMERTA), WK TPH JOCTATOYHO BBICOKOMH
€ro TMJIOTHOCTH, TOJTKEH MPOUCXOINTE (hpa30BBIl Tepexon 3 (a3l aJIpOHHON MATEPUU B
dbasy KkBapk — IVIIOOHHON miasMmbl [47]. Pusmyeckas MPUYUHA HTOrO JOCTATOYHO ACHA.

5S.A0ki et al. ArXiv: hep-lat/9904012
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18 b
16 b
14 + b
% 12} ]
)
£
10 - b
08 . . ]
0 GF11 infinite volume K-input
K ® CP-PACS K-input
0.6 - 0 CP-PACS ¢-input q
o}
ER 3
04

Puc. 6-6

Ecmm A — xapakTepHbIil Macuitab UMIYJIBCOB, XapaKTEPUIYIOUUA MEPEXO K ACHMIITO-
TUYIECKHU CBODOIHOMY MOBemeHUIO, TO npu 1 > A mepemaBaeMblil MIYAbC B MPOIECCax
BzauMogielicTBua Hyer (mouTu Beersa) yaoBiaeTBopATh HepabencTBY Q7 > AZ. Coor-
BETCTBEHHO, OYIET MPUMEHUMA TEOPHUA BO3MYIIEHUA. DO B MepTypOATHBHOM MMOAXO[IE
k KX]I KBapkw © TJIOOHBI ABJAIOTCA (PUIMIECKAMEU COCTOAHUAME TEOPUU. DTO O3HA-
gaer, 910 mpn 7' > A MBI UMeeM MOUTH HIeasJbHBIl a3 KBAPKOB U IVIIOOHOB (KBapK —
[JTIOOHHY IO TJIasMy ). 3HadeHne TaKoro (pasoBOr0 MEPEXoia OUeHb BEJIUKO /1A PElleHn
pama 3amad acTpodU3UKN HEWTPOHHBIX 3BE3I U KOCMOJJOTHH. DKCIEPUMEHTAIBHO HTO
ABJIEHNE MOXKET HaOJIONATHCH MPH CTOJTKHOBEHHAX TAKETBIX ANEP, B YACTHOCTH, TIE€P-
BBbIe yKa3aHUsd Ha ero HabJsromeHne ObLIn moJiydensl B 3kcrnepumerTax B8 CERN 8 2000
rony. Benmwuuny T, Beranciaanu merogom Monte - Kapso B pemerounoit KXJI. Tunwy-
HbIE 3HAYEHN S, TTOJTYYalOlleecd B TAKUX pacuerax, cBoadarcd K 1., Jexkalleil B uHTepBase
0.15-0.20 M eV. Heranbubiii 0630p daszoBbix nepexonos B KX]II moxuo Haiitu B [56].

Db PeKTUBHLIN IMOTEHIIMA MU IIeTJIeBOe pas-
JIOJKEeHUe.

Douarne 3HPeKTUBHOTO TOTEHIHATA ABIAETCA BECBMA TMOJEIHBIM DU PACCMOTPEHUN
TeopHuil CO CIHOHTAHHO HapylieHHONW cumMmerpueli. OHO maeT BOSMOXHOCTH PacCMaTpH-
BaThb »TH TEOPUU IO CYIIECTBY TaK XK€, KaK TEOpHHU ¢ HEHapyIIEHHOH cumMerpueii, u
BBIYMCJIATH KBAHTOBBIE IMOMPAaBKM K KJIACCHMYECKO KapTuHE CIHOHTAHHOTO HapylIeHUA
CUMMETPHH, PACCMOTPEHHOI BBIIIIE.

Onare paccMoTpuM TpocTelimuil caydail cCKaJaapHOro momad:

2

L= %(a,m)z —Vlp) Ve =+ et Sl = /d‘*xﬁ (6.61)
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JlarparkuaH WHBapWaHTEH OTHOCHTEJIBHO (¢ — —(, OJHAKO B CJIydae CIHOHTAHHOTO Ha-
pYUIEHNsA CHMMETPUHM TaKMM CBOWCTBOM He obJlajaeT pelleHne ypaBHEHUA
dv
oz =0 (6.62)
rae o # 0. DTo BUIHO ykKe U3 IPOBEAESHHOTO BhIIEe KJIACCHYECKOIO aHAIN3A.
KBaHTOBBIE MOMPABKM, KaK MBI BIJEJIM, BOSHUKAIOT M3 TTETJIEBOTO Pa3JIOKEHUA, a pac-
XOAMMOCTH, KOTOPbIE OHH COAEpKaT, JeJafoT HeoOXOMMMOll epeHOPMUPOBKY. YCJIOBHSA
MIEpPEHOPMUPOBKHT hOPMYTHPOBATACE Bhille B TepMuHax 1UD-dyrkmuit I'™). Dponsso-
AAEM GYHKITHOHAIOM 15 pyHK I F(”)(xl, coey &p) ABAACTCA 2Pppexmusnoe deticmeue
T'(¢), onpenenennoe B (2.149). CMblca »TOro HasBaHN#A TPOACHUTCHA HIKE.
DpousBopdmnit HYHKIMOHAT I/ CBA3HBIX auarpamm W[J] onpemensercs cormacHo
(2.130) kax:

(&

WU =< 0]0 > (6.63)
Torma KIaccuveckoe moJse ¢, (B MpUCYTCTBHE HCToYHNKA J) onpenengerca us (2.150):

W] < 0fp(x)]0 >,

Ax) = = 6.64
ee(2) = 5700 < 00>, (6:64)
BakyymHuoe cpentee 3HadeHNE < ¢ > €CTh, IO ONpeIeIeHNIO:
<p>= Jhi% Pe (6.65)
Cornacuo (2.149) sdbdexrunnoe meficraue I'[p.] paBHO:
Lo = WU = [ dei(e)eo) (6.66)
i, B cooTBeTcTBHH ¢ (2.150), OHO YIOBIETBOPAET YyPABHEHMUIO:
T [pc]
=—-J(x 6.67
oy =@ (6.67)

Ipu J(x) — 0 BesimumHA (. MpeBpalllaeTCAd B KOHCTAHTY, PaBHYIO < ( >, Tak 9TO
BaKyyMHOE cpellHee OT  dABJIifgeTcd pellleHneM YpaBHEHUA:

dl'[¢.]
dy.

l<g> =0 (6.68)

Ob6braHOE Pa3JI02KCHHUEC (byHKL[I/IOHa.Ha F[g@c] IIO CTEIEHAM @, 3allUChIBACTCA B BIIE!

— 1
Ie.] = Z m] / dey..de, T (e, en)pe(21). 0o(2) (6.69)
n=0

UJIA, 9TO 3KBUBAJICHTHO, B UMITYJILCHOM IIpEeACTABJICHUN:

(o] 1 .
Tl =Y — / dpy...dpnd(p1 + .+ p) T (1, o po)ee(p1)-Pe(Dn) (6.70)
n=0 "
A.HI)TGPH&TI/IBHBIM ABJIACTCA PA3JIO2KCHHUEC F[g@c] IIO IIOJIIO ¢, N €0 IIPON3BOJAHBIM BUa:

Pl = [ do {=U(pule)} + 5 (0up0)*Zlp (@) (6.71)
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B stom caydae, dbynknua (we dyurmmonan!) U(p.) HassiBacTca addexmuenvim no-
MERUUAAOM. DUKE MBI yBUIAM, 9TO B KJIACCHIECKOM IIpefese OH MpOCTO COBHAIAET C
notennmanoMm V(). B caydae, korma ¢ (#) =< ¢ >= ¢ = const, Bce YI€HBI MOCTETHETO
pasJIOKeHNs, 38 NCKIIOYEHHEM IIEPBOT0, 06pallaloTca B HyJIb, TaK 9TO:

Ile] = —QU(e) (6.72)

rae ) — moJstHBIE 00beM, 3aHUMAEMBIIl TTOJIEM B MPOCTpaHCTBe — BpeMeHu. CpaBHUBAA

(6.70) m (6.71), umeem:

U(p)==>_¢"T™(p; = 0) (6.73)

Ve ToBnst HOPMEPOBKH, Hak.TabiBaeMble Ha Besmanib 1) (p; = 0) u T™)(p; = 0) mMoryT
6BITH TTepedhOpMyIMpOBaHbI B TEpMUHAX TToTeAnnasa U

d*U(p.)
420, |<w> =m’ (6.74)
dU(e.)
T, l<o> =9 (6.75)
Kpome Toro, yenosue (6.68) 114 BaKyyMHOTO CPEIHETO IPHHUMAET BUI:
dU{.)
TSDC|<LP> =0 (6.76)

C mesibio U3yYeHNsd CBOMCTB TEOPUHU CO CIIOHTAHHBIM HADYIIEHWEM CHMMETPHUH, YIOOHO
OIIpE€ICJINThL HOBOE ITOJIE QD/:
/
o =p—<p> (6.77)

BaKyyMHOE CpemHee OT KOTOPOTO PABHO HYJIIO.

3aMeTuM, 9TO MOCKOJIBKY BCE PACXOIUMOCTH TEOPHUH TOTJIONEHB KOHTPUJIEHAMHE IO
TOro, Kak OBLIN HAJIOKeHBI ycaoBua HopMupoBku (6.74), (6.75), oueBnaHO, 9TO B Te-
OPHUE CO CIIOHTAHHBIM HAPYIIEHHEM CHMMETDPUH HE CONEPIKATCA HOBBIE PACXOINMOCTH,
CBEPX TeX, KOTOPhIE UMEIOTCA B TEOPUHU C HEHAPYIIEHHOW cHMMeTpHeil, Tak 9TO CTPYK-
Typa pacxommMocTeil B IEPEHOPMUPYEMOI TEOPUU TOJIA HE 3aTParuBaeTCd CIOHTAHHBIM
HapyUIeHIEM CHUMMETDUH.

Baiimemcs BrancaerneM > dekTHBHOTO HoTeHnna a. Hemonbsyem (6.66) n HadHeM
¢ Berunciaenuda dyuknuonasa W[J] Meronom mepepasia. DamoMHEM, YTO TaKOE METO,
mepeBaJia, Ha IpUMePe OOBITHOTO MHTETpaJsia BUIA:

1:/ dze= /(@) (6.78)

oQ

Aycrb bynkuusa f(x) UMeeT MEHEMYM B HEKOTOPOil TouKe 2p. Torma uMeem:

f(@) = f(zo) + %(r —20)* f" (o) + ... (6.79)

TaK 9YTO MOX2KHO HallMCaThb:

I e_f(“)/ dae™ 37 =0)/"(w0) (6.80)
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7 3aJa49a CcBesach K U3BECTHOMY HaM T'ayCCOBY MHTErpaJly, KOTODPBI# y¥Ke JIerkKo cumuTa-
eTcd.
BoccranaBauBas MOCTOAHHYIO DJlaHKa B onpenenenuu dyukimonana W[J], umeem:

exW /Dgoe% [, 7 (6.81)

rie
Ste.7) = [ d'al(e) + hota) (2] (6.:2)
3 (6.61) u (6.62) cnemyer paBeHCTBO:
6Sle, J], .
e = nite) (6:89

SpI/I J — 010 CBOOUTCA K YCJIOBUKO 2KCTPEMAJIBHOCTHI aercTBud. DasJI0K UM nenicTBue
B OKPECTHOCTHU @q:

£| +
bp(a) "

1 528
+/dx/dy_[gp(x)_%]mbo[@(y) — o] ... =

528
= Sliul + 1 [ dafpla) = ol @)+ 5 [ de [ dyle@) =l msloliow) = ool +
(6.84)

Slp. 1] = Slpo, 1]+ / difp(x) - o]

rie ucnosbsoBaan (6.83). BemosHas dyHKImOHATBHOE nuddepeHmpoBanne, MOKHO
yOennThC, ITO:

525 =
bp(x)bp(y)

Ecnu mostoxuth ¢’ = ¢ — g, To pasioxenne (6.84) mpuHEMaeT BHI:

—[B 4+ V"(@0)]6(x — y) (6.85)

St ) = Slpa. SN+ 1 [ deg @) - 5 [ deg @B+ V" (0l @)+ (650)

DoncraHoBKa 3TOr0 BhIpaxkKeHud B (6.81) mid mcrmonb3oBannsa MeTona mepeBasa JaeT
(MUIIeM 37ech BMECTO ' MPOCTO ¢):

exp (%W) _exp{i.iS o0, /mexp{_%l/dw[mv“(@o)w}} (6.87)

L€ OMyIIeH BKJIa, BTOPOTro dyiena u3 (6.86), MOoCKOBKY B HasIbHellIeM ToapasyMeBaeTca
nepexor K npegeny J — 0. UTobbl HOMYYIHTh HeT/IeBOE passIokeHne (9KBUBAJIEHTHOE,
KaK MBI BUIEJN, DA3IOKEHNIO [0 /i), 3aMEeHUM ¢ — hl/zgo, HCKJTIOYad TaKuM obpa-
30M i u3 BTOpOI sKcmoHeHTH B (6.87). DepeiinemM B mHTETpase B 9ToH 9KCIOHEHTE K
eBKJINAOBY MPOCTPAHCTBY, TaK UTO WCUE3HET ellle W MHUMAad ennHuIa ¢. lemepb mpnu
BBIYHCIEHUN (DYHKITMOHAJIBHOTO UHTErpajia MCIOJIb3YeM OOBIUHYIO (DOPMYJY rayccoBa
WHTEIPUPOBAHUA U MOy UNM:

exp (%W) — exp {%5[%, J]} (Det[a + V" (o))~ 1/? (6.88)
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Ucmonbsysa coornomrerne Det A = exp Spln A, momydaem:
ih
WU = Slgal + 1 [ dopo(a)d () + GSplE+ V(0] (659)

Do Beipakenue naet W[J] ¢ yuerom omHonereBoit KbanToBoi nonpasku, wienbl O(h?)
omyuiersl. Temeps MoxHO moncTaBuTh (6.89) B (6.66). D0 cHavasa Beipasum S[p,] Tepes
Slpo]. Donarad @g = @, — @1, UMeeM:

Steo) = Sle. — o) = Sl - [ dwm%m b

— Se] — / dopy ()T (2) + .. (6.90)
Torma nogcranoka (6.89) u (6.90) B (6.66) B upemene J — 0 naer:

Pl = Sled + 2 5pIn[o + V" (po)] (6.91)

— »dderTrBHOE NeficTBEE C y9eTOM OJHONETJIeBOi KBAHTOBOW ITONpaBKH. JycTh Te-
nepb ¢c(x) = ¢ = const. Torma T[p] onpenenserca (6.72), a us (6.61) cuenyer

Sle] = —QV (y). CoorBetrcTBento, n3 (6.91) nonyvaem 3¢ GeKTUBHBIN MOTEHIAN BUAA:
ih
Ue) = Vi) = 507 Spln[0+ V" (p) (6.92)

Orciona BuguM, uto mpu i — 0 (B KnaccudeckoM mpefesie) >dhdeKTUBHBIA TOTeHIHAT
[POCTO COBMATAET C KIACCHIECKNM HoTeHnnanoM V (¢), a s dektusHoe nefictaue (6.91)
HepEXOINT B Kaaccuieckoe (6.61). DockonbKy HImyp omeparopa CBOANTCA K CyMMe (1H-
Terpasiy) mo BceM COOCTBEHHBIM 3HAYCHMAM, MOXKHO (TIOCTIE Mepexona K eBKIUIOBY MM-
MyJIbCHOMY TPOCTPAHCTBY ) mepenncarsd (6.92) B Bume:

U =Vie)+ 5 [ Gl + V()] =

ho[ d% 1
= V() +3 / ﬁ In (k?E +m® + §gg02) (6.93)
Bpra)KeHI/ISI TAaKOT'0 THUIIa MOXKHO MCIIOJIB30BAaTh OJid M3yHYCHUA BOIIPOCA O CIIOHTAHHOM
HapyHm€eHUN CUMMETPpHUHU C YyYIETOM KBaHTOBBIX IIOIIPpaBOK. B ucnoassosabBluieMcd HamMu
BBINIE KJlaccumieckoM Tpubamkenun npu m? > 0 BakyyM ObLT HEBBIDOKJASHHBIM, a TIPH
m? < 0 BOSHHKaJIO BEIPOXKIEHIe U CIOHTaHHOS HapylleHHe CHMMEeTPIH (dbasossrii mepe-
xom). Uro 6ymer ¢ ydeToM KBaHTOBBIX MONPABOK, B YaCTHOCTH TPH m? = 0?7 U3 ommo-
IIETJIEBOT'O BhIpaXKEHUA AJId S(b(i)eKTI/IBHOI‘O IIOTEHI[NaJ/Ia CJIEAYET BOSHUKHOBEHUE HETPU-
BHAJTBHOTO MUHUMYMa P ¢ # 0 u mpn m? = () — IpPOHCXOANT CIHOHTAHHOE HapylIeHNe,
MHAYITUPOBAHHOE KBAHTOBBIMHU IMOIIpABKAaMM. K COXKAJICHUIO, OJHOIIETJIEBOC HpI/I6.HI/I}Ke—
HIe HEJOCTATOYHO OJIA IIOJIHOTO MCCJIEAOBAHUA 3TOI 3amadn [8, 11]. Dostee mompobHO ¢
dopmaansMoM 3hGHEKTHBHOTO MOTEHITNAIA, €T0 CBA3BIO ¢ TPYIINOH TepeHOPMHIPOBOK I

JIPYIHME acleKTaMU TEOPUH MOXKHO MO3HAKOMUTHCH 110 0630py [57].

DacCMOTPEHHOE BBINIE IIETIIEBOE PA3JIOKEHNE, ABIIAIIeeCH, DAKTUIECKH, PA3TOKEHNEM I10 CTe-
meaaM fl, a He IO CTEIEHAM KOHCTAHTHI CBA3H g, IPETEHIYET B TOM CMBICIE Ha BEIXOZ 33 PAMKH
Teopun BosmyueHn#. OnHako 1o He coBceM Tak! B Kitaccmdeckoil Teopum g cama mo cebe Hecyuie-
CTBEHHA. DPolle BCETo 5TO MOHATD, ecym Hepelite ¥ ¢’ = gp. Torma marpamkman Teopmu ¢* Moxer

GBITH TIepenmcat KakK:
1 1 1
L= g—2 (an’aw’ - 5m2apl2 - ap'4) (6.94)
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Takum o6pasoM g BoobIE He MOABIAETCA B KIACCHIECKUX yPABHEHUAX IBIKEHUA U, Ka3aJI0Ch OBI, ee
3HaYEeHNE HECYUIECTBEHHO. ITO, KOHEYHO, HE TAK B KBAHTOBOM TEOPHH U 1I€JI0 TYT, KaK pas, B MOABJIEHUN
h. esmo B TOM, 970 B KBAHTOBOM CJIydae BCerma (GpUIypHUPYeT OTHOUICHHE:

1 1 /1
E,c =2 (an’aw’ + ) (6.95)

U CYIIECTBEHHBIM IIapaMeTpoM aBIgeTca g2 1. D05ToMy, KBasHKIIACCHYIECKOe IPUGIIDKEHITe (mambIe h),
dakTHIECKH, TECHO CBA3AHO ¢ MpHUO/IKEeHHEM ci1aboil cBAsH (MaJIble g).

NucTaHTOHBI B KBAHTOBOU MeXaHUKE.

YeTpuBHATIbHBIE HEMEPTYpOATHBHBIE 3 ek Thl B KBAHTOBOW MOTYT BO3HUKATD JaiKe TIPHU
MaJIbIX 3HAYEHUAX KOHCTAHTHI CBA3H, KOTIA, Ka3aJIOCh Obl HUKAKUX COMHEHUN B TpUMe-
HUMOCTH TEOPWH BO3MYIIeHu 6bITh He MoxkeT. OnHako »To He Beerga Tak! laxe B obuta-
CTH MaJIbIX 3HA4YeHWH KOHCTAHTBI CBA3M MOTYT CYLIECTBOBATH ABJICHUA, NJIA OIMUCAHUA
KOTOPEBIX TEOpHA BOSMYIISHHH COBepIIeHHO HeaJeKBaTHA®. DpHMepoM MOXKeT CJIyKHTDL
onucanme 3PPeKTOB KBAHTOBOMEXAHNIECKOTO TYHHEJIUPOBAHUS.

DadneM ¢ OOBIYHON KBAHTOBOW MEXAHUKH. DACCMOTPUM YACTHUILY €IUHUIHONW MAacCCHI,
ABWXKYIIYIOCA B OIHOMEDHOM MOTEHITHAJIE!

H=_—p*—V(x) (6.96)

DukKe MBI TOJYIUM H3BECTHBIE PE3YJIBTATHI KBAHTOBOW MEXAaHWKH, HO HOCTATOYHO He-
OOBITHBIM CITOCODOM, KOTOPBIil B majbHelieM yao0HO oboOINTE Ha cIydail KBaHTOBOM
TEOPUH TIOJIS.

EBKJ'II/I,ILOBI)I HHTEerpaJibl IO TPAEeKTOPUAM.

DaccMOTPHUM eBKJIHIOBY (MHUMOE BpeMs!) Bepcuio GpefHMaHOBCKOTO HHTETpasIa Mo Tpa-
E€KTOPHUAM:

< wpleHIM gy >= N/[dx]e_s/h (6.97)

Bmeck |#; > U |xy > — cobCTBeHHBIE COCTOAHNSA OLEPATOpa KOOPIMHATH TacTHIBI, H
— ee raMmIbTOHUAH. Mepy mHTerpmpoBaHus, 0603HAYABINYIOCH BBINlE Kak Dz, Temepb
oboznauaem [dz], Beauuuny T cuuTaeM MOJOKUTENBHOM.

Brenmem, kak 06p14uHO, MOHBIH HAGOP COOCTBEHHBIX COCTOAHMI TaMIIBTOHNAHA:

Hn >= Fyln > (6.98)

W 3aluIneM:
< wpleHIM gy >= Ze_E"T/h < zpln >< nlz; > (6.99)

n

TOI‘,D;a B IIpeleJie T — oo 30eCh OCTacTCAd TOJIbBKO BKJIad OCHOBHOI'O COCTOAHMA.

6B mocremyromeM M3/I0KEHIE MEI CJISOYeM, B OCHOBHOM, ekimamM Koymsma [58], 6osree monpobHO
¢ »TUMHU TIpo6TeMaMi MOKHO ITO3HAKOMHUTBCH 110 TIpeKpacHoi Kaure [59]
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B npasoit vactu (6.97) CTOUT €BKJIMAOBO AeiicTBHE:

T/2 1 /dz\?
S = dt | = (—) +V 6.100
—-T/2 2\ dt ( )

Murerpuposanne [dz| ocymecTBageTca Mo BeeM TPaeKTOPUAM, TTOAMUHEHHBIM TPaHIY-
HBIM ycaosuam: z(—T1/2) = «;, »(T/2) = x;. Donpobuee, ecin #(t) — naHHad GyHKINA,
YIOBJIETBOPAIONIAsA TaKUM YCJOBUAM, TO NPOU3BOJIbHAA (DYHKINA, YAOBJICTBOPAIOIIAL
TeM e YCJOBHAM, MOKET OBITh 3alicaHa B BHIE:

2(t) = 2(t) + > enn(t) (6.101)

rae & (t) 0bpasyroT MOMHYIO CHCTEMY OPTOHOPMUPOBAHHBIX (BYHKIWH, 06paliaonmxcs
B HYJIb Ha T'DaHUIaX:

/ " dan(Dem(t) = bpm  n(£T/2) = 0 (6.102)
—T/2

Torna Mepy [de] MOKHO onpeNeuTh Kak:

[dx] = [ (2xh)=/2de, (6.103)

n

OueBngHO, 9TO TAaKUM 06pa3oM MBI “TiepebepeM” BCe TPAEKTOPHH, a OT (hpeliHMaHOBCKOTO
oTipefieIeHus JAHHOE OTJINIAETCA TOJTBKO HOPMUPOBOTHBIM MHOKHUTEJIEM.

Ipasyto 9acTh (6.97) HETPYAHO COCINTATH B KBA3HKJIACCHIECKOM IPHOTHKEHUN (Ma-
siete fil). OcHOBHOI BKJ1an B AeficTBHE IAlOT TOTIA TOYKH BOJH3N 9KCTPEMAaJBHON Tpa-
eKTOPWH, OTPEICIIAEMON H3:

65 d*z ,
=2 v = 104
oz dt? () =0 (6.104)

— eBKJAMIOBA ypaBHEHHA DbIoToHa. BeibepeMm x, B BuIe cOOCTBEHHBIX DYHKIMIA BTOPOit
BapHWaIlMOHHOR TpOM3BOTHON melicTBIA S Ha Z:
2
d°z,
di?

+ V'(&)xn = Anay (6.105)

Beteon (6.105) cBomuTcA K ciaenyromeMy. AHAJOTHMIHO PacCMOTPEHHIO, IIPOBENEHHOMY B CaMOM Ha-
qaJte [ tapet 2 vactu I, neprasa Bapuanusa neficTBrd, IPU BADBUPOBAHNN TPAEKTOPUN & — &+, B TaHHOH
3a0ade CBOOUTCA K:

T/2 2
x
§8 = —a dt |—-m—+ V/(ac) dt=0 opu =2z (6.106)
dt?
—7/2
OTKyHa I CJIemyeT 3aKoH DbioToHa (6.104). Ecu 3nech cHoBa IpoBapbUpoBaTh & — T + @, TO HOJTYTHM:

T/2 P2(z + a) T/2
628 = —a/ dt [T +V(x+a)] = —a/ dt[-F —d + V'(F) + V"(F)a] =
—T/2 t -T/2

T/2
= —a/ dt[-d + V' (z)] (6.107)

—T/2
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{a) (b)

Puc. 6-7

Ile IpH Hepexofie K IoCIeIHeMY PaBeHCTBY HCIIOJIb30Ba/ Il ypaBHeHne nBiKkennus (6.104). Torna ycsosue
628 > 0 (Ipu TPOM3BOJILHOM @) maeT

- md2—a +V"(Z)a>0 (6.108)
dt?
9TO0 KBHBaseHTHO (6.105).
Torma, B mpenese Manbix B, mocse nogctanosku (6.101) B (6.100), orpannanBaemcs
KBaJpaTUIHBIMA OTKJIOHEHMSMH TPAaeKTOPHUil OT KJIAaCCHIECKOH T, TaK UTO MHTErPaJIbI

IO Cp CTAHOBATCHA I'ayCCOBBIMHU, 1 MBI HAXOJUNM:!:

<aple” Mg >= Nem ST TT ATV 14 O(h)] =

= Ne 5@ [Det(—02 + v7(2))] > [1 + O(h)] (6.109)

Ecnu cyimecTByeT HeCKONBKO CTAIIMOHAPDHBIX TOYEK IEWCTBHUA, TO WX BKJIAIBI HYXKHO
IPOCYMMUPOBATh.

3aMeTnM Temephb, UTo eBKINIOBO ypaBHeHne aBmKennd (6.104) skBuBaJeHTHO 0OBIY-
HOMY HBIOTOHOBCKOMY YPaBHEHUIO IJIf YaCTHUIBI CIMHUYHON Macchl, IBHKylleiica B mo-
Tennuage munyc V! Jlaga Takoro ypaBHeHUd UMeeM WHTETPAJl ABIKEHUA:

P % (Ccll_f)z _v(@) (6.110)

YaccMoTpuM moTeHnuan V, msobpaxenHsri Ha Duc.6-7(a). Dycts #; = x; = 0. HuBepTH-
poBaHHBI HOTeHIMAT H306paken Ha Duc.6-7(6). OueBUIHO, UTO eNUHCTBEHHOE PEINIEHNE
KJIACCHYECKUX YpaBHEHWH IBUKEHWs B 5TOM TOTEHIHAJIE, YIOBJIETBOPLIIONEe IPaHd-
HBIM yCJIOBUAM, UMEET B

2=0 (6.111)

— YacTHlla MOKOWTCA Ha BeplumnHe. [Iia sroro pentenna nmeem S = 0. Torma us (6.109)
HMEEM:
< 0]e=HT/M0 >= N[Det(—0? +w?)]72[1+ O(h)] (6.112)

rge HyJ I 0b03HAYAIOT IIepexo] M3 HadajJla KOOpIMHAT B Ha4YaJiO KOOpAMHAT, a (.dz =

V"(0) — kBagpaT 9acTOTH MaJIBIX KoTebaHuil BOM3H MUHIMyMa moTeHmmaaa V. Moxno
nokasarh [58], uro npu Goabmx 7'

—-1/2
N[Det(8? + w12 = (ih) 2 gmat (6.113)
™
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(@) (b)

Puc. 6-8

Torma s (6.112) u paccyxmenuii Bokpyr (6.99) cpasy BumnmM, 9T0 SHEPTHA OCHOBHOTO
COCTOAHWA, B PACCMATPUBAEMON 3amade, eCTh:

Fo = %hw[l +O(h)] (6.114)

T.€. DHEPTHUA OCHUJLIATOPA, COBEPIIAKOIIETO HYJICBBIC KosaebaHud BOJIU3H MWUHUMYMa V.
BepOﬂTHOCTb HJacTUue Hpe6bIBaTI) B Ha4daJie KOOpAWHAT, KOTJa OHa HAXOAUTCA B OCHOB-
HOM COCTOAHHNU, paBHA:

w

l<z=0n=0>= (E)”2 [1+ O(h)] (6.115)

DTO BCEM M3BECTHBIE PE3YJIBTATH KBA3SUKIACCHIECKOTO MPUOINKEeHNA KBAHTOBOI Mexa-
HrKH. COBCTBEHHO TOBOP4A, W3 TAKOTO COOTBETCTBHA Cpasy fACHA cIpaBe auBocTh (6.113).
Qusnka Iesa TOXKe BIOJHE ACHA — B MpeHesie MaJablX /i 9acTUIla HAXOOUTCA B OCHOBHOM
COCTOAHWH TAPMOHUYECKOTO OCIIJLIATOPA, BOIU3N HaYaa CHCTEMBI KOODINHAT.

JByXbsIMHBIW HOTEHIIMAIT U WHCTAHTOHBIL.

DaccMOTpHM Tenmeph 6oJiee MHTEPECHBIN TPAMEpP — IBYX'bAMHBIN MOTEHITAAN, H300p aKeH-
HbIii Ha Duc.6-8(a). B arom caydae umeem V(z) = V(—2), mpudeM MIHIMY MBI TOTEHITH-
asla pacrosIoKeHbl B Toukax ¢ = +a. Beenem takke w? = V/(4a) — kBagpar 4acToThl
KaJICCHIeCKUX KoJIebaHMil 9acTHIBI BOJIM3M MUHMMYMOB. DacCINTaeM CJELYOIIe aM-
IJTUTYABL epexona:

< —ale ™ HI/R| — g >=< ale™HT/M|q > (6.116)
<ale M — g >=< —ale HBT1/R | > (6.117)

alpOKCUMUPYd HMHTErpasl IO TPacKTOPHUAM KBa3MKJIACCUKON, B HyXe IPOBEHEHHOTO
TOJIBKO UTO PACCMOTPEHHWA JACTHUIBI B ONHONW dAMe. B KadecTBe MepBOTO IIara HYXKHO
OIATH HAHTH PEIleHNsA KIACCHIECKNX €BKIMIOBBIX ypaBHeHni mpuxenna (6.104), ymo-
BJIETBOPATOININE HYKHBIM IPAHUYHBIM ycaoBuaM. CyHIeCTBYET BA OUYEBHUIHBIX PEIIEHUA
— KOTJIa 9acTHlla Bce BpeMd MpebbIBaeT Ha BEPIIUHE TPABOTO WK JIEBOTO XOJaMa Juc.6-
8(b). Omrako ecTh U 6oslee MHTEPECHOE pellleHne — KOTIa YacTHIa CTapTyeT ¢ OfHOI u3
BEPIINH (HAPHUMED JIEBOH) B MOMEHT BpeMeHn —7'/2, a 3aTeM TepeKaThBaeTCA Ha Mpa-
By1o Bepimay K MoMeHTy +7/2 (T — o0). B 9ToM ciiydae MBI HMEEM JEJI0 C PEIeHNAMM
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v
-

Puc. 6-9

ypaBHeHuit nmkenns ¢ B = 0 (mockosbky F = 0 B HA9aJIbHOM COCTOAHUH & = =+a).
CoorsercTBenno (cm. (6.110)):

dz
= =2V, 6.118
5 (6.118)
1 pelIicHUuE 3TOro ypaBHCHNA MMeEET BUI:
e 1
t=t+ [ di'—= 6.119
o Y (0419
roe t; — KOHCTaHTa WHTETpHpoBaHW#A (BpeMms, Tpu KoTopoM x = 0). 910 pelie-

HUe, OYEeBUIHO, MMeeT BHUI, NOKas3aHHBIE Ha Iuc.6-9. Takoe pelnenmne HasBIBaeTCA
UHCTNAHMONOM' , NEHTPUPOBAHHBLIM B TOUKe 1. 3epPKAJbHO CHMMETPHYHOE pelleHue
MOXHO HAa3BaTh aHTHUHHCTAHTOHOM. BaXHO MOTYEPKHYTH, 9YTO WHCTAHTOH OOJIamIaeT Ko-

HEeYHBIM TelicTBIeM:

T/2 1 /dz T/2 dz a
50:/ dt |- () +v :/ dt [ = :/ 2V (6.120)

_rpe |2 \dt _rpe \dt —a

2

rae ucnonbsopann (6.118). Dpu Gosbmnx ¢ uveeM & — a, Tak 9to (6.118) MoxkHO an-
IPOKCHMUPOBATh KaK:
di
d—f = /w2(z —a)? = w(a — z) (6.121)

TakK 4TO HpH GOJBIINX i
(a — ) ~ emwl (6.122)

— MHCTAHTOH “JOKa/IM30BaH BO BpeMeHH” (Ha BpeMeHax ~ %), 9TO U HNOACHAET IMIPOUCXO-

JKJIeHNE Ha3BaHUL.

Acwo, ato mpum HosbiEx 7' He TOJBPKO WHCTAHTOH W AHTHHHCTAHTOH ABJIAIOTCA De-
NIEHUAME ypaBHEHUH IBUKEHW, HO TPUOIIKEHHBIMI PENIEHUAMHI ABIATCA TAKKe U
MEMOYKY W3 XOPOIIO pasfeJeHHBIX HHCTAHTOHOB M AaHTHUCTAHTOHOB. D PUMED TaKO# KOH-
dburypamun mokasax Ha Juc.6-10, roe nMeerca n o6bEKTOB (HHCTAHTOHOB MM AHTHIH-
CTAHTOHOB), MIEHTPUPOBAHHBIX B TOUKAX 11, ..., Tpn:

T T
§>t1>t2>...>tn>—§ (6123)

CoOTBETCTBEHHO, B WHTETPAJIE IO TPACKTOPUAM HEOOXOIMMO MPOCYMMUPOBATH BKJIAIIBI
OT BCEX TaKWX KOHUTYpamuii.

7:’)pOI/ICXO)K,Z[eHI/Ie 5TOTO Ha3BaHUA CBA3AHO C O9eBUOHON aHa/ToTHEl C COJINTOHOM, HO IOMYEPKUBAaET,
qTO peYb UIOET O PEINEHUN €BKJIMIOBBIX ypaBHeHI/Iﬁ JBUKEHUA.
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~T/2 t3 tp |4y T2

Puc. 6-10

Depetinem k cuery! JIjis n Xopoliio oTaesIeHHBIX 06 BEKTOB, OUEBUIHO, UMEEM BKJIA]
B gefictBre S = nSp, 9T0 gaerT B GYHKIWOHAIBHOM WHTErpasie BKIad ~ exp(—nSy).
JleTepMUHAHT COCYMTATE CJIOKHEe. DACCMOTPUM OHepaTop BpeMenHoil sposmomun e~ 77T
KaK TPOU3BEIeHIe OTIepaTOPOB, CBA3AHHBIX C 3BOJIONMHENH MEKIY TOYKAMU, THe TEHTPH-
POBAHBI HHCTAHTOHBI W AHTHUHCTAHTOHBI. Ecsum 661 ux He 6BLIO, TO Ha Beeil BpeMeHHOM
? ¥ momyumam GBI TOT XKe Pe3yJabTaT, UTO U BHIeE, IJId
ofHOAMHOTO noTeHnnaa (6.113):

ocu MBI uMesin 661 V' = w

1/2
w —wT/2
(—) =T/ (6.124)
wh

I/IHTepBaHbI, Ha KOTOPBIX PaCIOJIOKEHBI MHCTAHTOHBI U aHTUMHCTAHTOHBI BHOCAT IIO-
IpaBKy, KOTOPYIO 3alulleM KakK:

(i)l/ze—wmf(” (6.125)
wh

roe K omnpemeaum M3 yCJIOBHA, YTOOBL 3Ta (opMyJsa JaBaja NPaBUALHBIA OTBET s
cJiydad OJHOIro MHCTaHTOHA. 903}1{6 MBI Haﬁﬂ;eM COOTBETCTBYIOIIEC ABHOC BBIpaXKcHHUE.
A IIOKa 3aME€TUM, OJId y49€Ta BCEX BO3MOXKHBIX BKJIQJOB B MHTEIpaJi IO TPACKTOPHUAM
HYXKHO IIPOMHTErpupoOBaTh IO IMPOU3BOJBHBIM ITOJIOZKEHUAM ICHTPOB!

T/2 t1 tn_1 n
dtl/ dtz.../ dt, = — (6.126)
—T/2 —T/2 —T/2 n.

DYKHO €ellle yIecTh, YTO y HAC HET MOJHOW CBODOIBI IJId PACCTAHOBKH MHCTAHTOHOB
U aHTUHHCTAHTOHOB. DalpUMED, €CJIM MBI CTAPTYEM C —a, TEPBBIl 0O0BEKT, KOTOPHIi
MOXET MOBCTPEeYAThCHA, JOMKEH OBITh MHCTAHTOHOM, CJEAYIONINN — aHTHHHCTAHTOHOM U
1.1. Ecam npu »TOM MBI Bo3BpalllaeMcd B —d, TO N JOJKHO OBITH YETHBIM, HA0OOPOT,
€cJT MBI XOTHM TepeiiTu B +a, n JOAKHO ObITH HedeTHBIM. TakuMm oOpazoM moJrydaem:

_ w2 (Ke=Se/hT)n
< —alem BTN g sm (E) ¢ T/zq > 0w (6.127)
€THbBIC n

TOTIA KaK < a|e_HT/h| —a > JaeTcd TaKHUM XKe BhIpaxKeHHueM, HO ¢ CYMMOIi 110 HeYeTHBIM
n. CyMMBI BIIOJTHE TPUBHUAJIBHBI U MBI IOy YAEM:
w )1/ 21

< tale™HTIM g >= (_h Slexp(Ke™ /") Fexp(=Ke= /")) (6.128)
™
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Bemomunas (6.99)

< wpleHIM gy >= Ze_E"T/h <xpln >< nle; >, (6.129)

n

ITIOHUMaEM, 9TO IBa HAMHU3NINX YPOBHA CUCTEMBI O6J—Ia,ﬂ;a,IOT SHEPpIrudMm:
! - _So/h
Fi = sho % hKe ™S (6.130)

Ecnu 0603HaYMTE COOTBETCTBYIONIME COCTOAHUA |+ > U |— >, BUAUM, 9TO:

|<+|2a> P =] < —|ta>|? =< a|— >< —|—a>= — < a|+ >< +|—a >= 1 (i) v
2 \7h
(6.131)

DTo XOpOIlo W3BECTHEBIE pe3yJIbTaTHl KBAHTOBOM MexaHWKH [29]: MpOUCXOmUT paciier.ie-
HHE yPOBHA B IBYXbAMHOM MOTEHITHAJIE 33 CIET TYHHETUPOBAHUA (CHATHE BHIPOKICHN S
MEK/IY YPOBHAMM B JIBYX MHHHMyMax). DasHOCTh sHepruii mpu s1oM ~ e~/ Dmxnee
COCTOdHIE |— > — UeTHasd KOMOWHATINSA BOJTHOBHIX (DYHKIHMI, COOTBETCTBYIONINX TACTHIIE,
JIOKAJIM30BAHHOM B Kaxk 10l U3 AMOK (MepBoe Bo3OYKIEHHOE COCTOAHME |[— > — HEUeTHAL
KOMOWHAINA).

Teneps 3aiimemca pacderoMm dakTopa K. II1d Toro Hy:KHO H3y9UTh CBOMCTBa pe-
mennit ypasuenusa (6.105):

2z,
di?

re & mpeacTaBageT coboli OMHOMHCTAHTOHHOE PENEHne. DOCKOIBKY MMEETCA WHBAPU-
AHTHOCTH OTHOCHTENBHO CIABHUTA IO BpeMeHH (IEHTP WHCTAHTOHA MOKET GBITH PACIIOJIOo-
KeH B MPOM3BOJBHON TOYKE HAa OCH BPEMEHN), »TO ypaBHEHNE 00A3aTeNIbHO 00IamaerT
cobcTBeHHON ByHKIMER ¢ COOCTBEHHBIM 3HAUEHHEM DaBHBIM HYJII0 (HyJIeBad TpaHC/IdA-
muoHHAdA Mona). SIBHBIL BuA >Toll DyHKIMM:

_1/2 di‘

0=y (6.133)

DopMHUPOBOUHBI dhakTop 30echk BosHMKaeT u3 (6.120):

/dt (fl—f)z = Sp (6.134)

B cymecrBoBanum HysIeBOH MOMBI JIeTKO yGenurhea ciremytomnmM obpasoM. VHcranTon Z(t) ymosiaerso-
paAeT ypapHeHHIO (6.104)

d?z o
90 z(t+ T), toe T IpomsBoJIBHO, €CTh CHOBa PEUIEHHE TOTO yPABHEHMH:
Pz(t+T
- % FV(EE+T)) =0 (6.136)

Hud bepentnupys aTo ypaBHeHUE 110 1, TIOJTydaeM
d2l’1
dit?

+ V(&)1 =0 (6.137)

YTO M JOKA3BIBAET Hallle yTBEPKIEHUE OTHOCHTEIBHO (6.133).
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Cymecrpopanne HyJ1eBoil Mogel ¢ A1 = 0, KasaJsoch OBI, IpUBOIUT K mpobieme. Ecim
MBI 6yJIEM CIMTATh TayCcCOB MHTErpas BOJIM3H 9KCTPEMAJIbHON TpaeKTOpUH (MHCTAHTOHA)
TakK, Kak 570 onmcano B c¢Basu ¢ (6.101), (6.103) u (6.109), To npm mHTErpHpOBAHWUN
1O ¢ MBI HOJYy4UM pacxoguMocTh! @axTHuecKn, oJHaKO, Mbl yiKe IIpOJesiaJl COOTBEeT-
CTBYIOIlee MHTErPUPOBAHNE, KOTJa HHTETPUPOBAJIH 110 TTEHTPAM HHCTAHTOHOB (aHTHWH-
cranToHOB) B (6.126). B camom mese, usmenenne (1) mpu HEGOMBIIOM CIBHTE MEHTPA
MHCTAHTOHA 11 paBHO:

dz

de= (&
T\ w

dtq (6.138)
B ToxKe BpeMmsd, COOTBETCTBYIOlee M3MEHEHUe 3a cueT u3MeHeHHd KoadduimenTa pas-
soxennd ¢ B (6.101) ecTs:

de = x1deq (6.139)

Torma, sanuceiBad B (6.138) (Ccll—f) dt; = +/Spx1dty, n cpasauBag 1o ¢ (6.139), nonyyaem
dey = /Spdty, mm:
Sy \ 12

o2mh)~V2dey = | —
(27h) “ 2wh

dtq (6.140)
roe h BBemeHa Iuid 0be3pasMepUBAHUTA HOPMHUPOBOYHOTO MHOXKHUTENA. DOITOMY MPH
BBIYHMCJIEHNH JETEPMUHAHTA, CBA3AHHOTO C TayCCOBCKHUM MHTEI'DUPOBAHUEM, B BBIpaxkKe-
mun tuma (6.109) He HyXKHO BK/IIOYATh HyJI€Boe COOCTBEHHOE 3HAUEHME, HO 3aTO HYKHO

1/2
2S7T ”h) . D03TOMY, OMHOMHCTAHTOHHBII BKIad B MaTPpUIHBIIT

JIEMEHT IIepexoJa Ja€TCAd BbIpaXKCHUEM!:

BKJIIOUNTH B X MHOXKHUTEID (

g\ /2
<ale T — 4 >150= NT ﬁ ¢S Det! (=02 + V(2)]7H?2 (6.141)
T
Ile MITPUX HaJ, 3HAKOM JeTepMUHAHTa O3HA4YaeT, YTO HPHU BLIYMCJICHUM 5TOLO IeTepMHU-
HaHTa OIMycKaeTcd HyseBoe cobcTBenHoe sHadenne. Cpapumnbad (6.141) ¢ omHOMHCTaH-
TOHHBIM BKJIagoM B (6.127) Haxomnm:
So /2 Det(—0? 4+ w?) 1/2
27h Det' (=02 + V"(z))

K= (6.142)

D10 3aBepiaeT Hall pacder!
CrmemaeM HEKOTODBIE 3aMeTAHU O TOBOIY MPOMETAHHBIX BHIYUCTIEHNN:

1. MoxHo yGemmThesd, 9TO MOTyYeHHBIE PE3YJIbTaThl COBINANAIOT CO CTAHIAPTHBIMH
BBIBOJIAMH KBaHTOBOW MexaHWKH [29].

2. Msl mostaranum, 910 Bee A, > 0 (kpome Ay = 0). 910 OeHcTBUTENBHO TaK, MO-
CKOJTbKY HAWHW3IIee COCTOAHWE X1, KaK JIETKO BUIETHh W3 €r0 ABHOTO BWA, He
uMeeT HyJeil, Kak W ITOJTKHO OBITh y omHoMepHoro ypaBHenusa lllpemuurepa. Dto
ACHO U3 TOTO, YTO PACCMOTPEHHBIH NHCTAHTOH ABIAETCA MOHOTOHHO BO3pacTaloleit
(aHTHMHCTAHTOH — yObIBatomelt) dbyHKMel ¢, Toraa ero NpousBOAHAA L1 ~ Ccll—f He
uMeeT HyJiei.

3. Kosddummenr K mpomopimonanes i~ /2 4ro cBazano ¢ BKIAIOM HyJIEBOI MOIHL.
D10, HA caMoM feJie, 0bliee TPaBHJIO — KaXkIasd HyJIeBad Moja (a nX MOKeT OBbITH
U HECKOJIBKO!) maeT MHOXUTEND Iy



OYPKUNOPAJILPBIE P TETPAJILI N PEPEPTYPPATUBP LIE METObI 173

-1 0 1 2

(a) ‘

(b)

Puc. 6-11

AHaTOrMIHBIM 06pa3soM MOXKHO IIPOAHAIM3NPOBATH M 3a0ady O YacTHUIlEe B IIEPUOIUIECKOM IIO-
TeHImasle, MoKa3saHHOM Ha Juc.6-11. Oriamdme oT HpempIoyUIero Cjaydas COCTOMT B TOM, YTO TeHePb
OTCYTCTBYET YCJIOBHE depeOOBaHUA MHCTAHTOHOB U AHTHMHCTAHTOHOB, ITO CBA3AHO C CYIIECTBOBAHHEM
MHOK€ECTBa KBUBAJTEHTHBIX MUHIMYMOB IIOTeHIIHAIa. B ToXe BpeMs, HOTHOE 9HC/IO HHCTAHTOHOB MUHY C
IIOJIHOE YNCJIO0 AaHTUHHCTAHTOHOB JTOJDKHO, B 3TOM CJIydae, PaBHATHCA W3MEHEHUIO & MEXKITY HaJa/IbHON
u KoHewYHOH KoopauHaaramu. Torma, BMecTo (6.128)7 MOXKHO HAIIACATh:

h w \'? XL h z
<ple BT/ >= (—) e—wT/2 E E —— (Ke=So/hpyntns o iz (6.143)
h nta!
n=0 n=0
T7Ie n — 9UCJIO WHCTAHTOHOB, a 7 — 9HC/I0 aHTHHHCTAHTOHOB. Vcmomb3yeM Terepn:
2m
dé
Sap = / —tbla=t) (6.144)
2
0
aro65! mepenmcars (6.143) Kakx:
A w 1/2 r d0 A
< jyle” TR >= (—) ewT/? = exp[2KTK cos e 50/ )] (6.145)
h 0 2

B s1ToM citygae MBI MMeeM KOHTHHYYM COOCTBEHHBIX SHadYeHHUIl sHEPIMH JacTHOBL (30HY!), mapaMeTpn-
30BaHHBIX “yrsom” §:

1
E(6) = Ehw + 2K =50/t o (6.146)
MarpuyHble 3/1eMeHTBL:
w \1/4 )
< 8lj >= (_h) (2m)~1/210 (6.147)
T

OpencTaBIA0OT coboll, Mo cyTH mesia, COOTBETCTBYOULYIO GJIOXOBCKYIO BOJIHY.

HNuacTanToHbl 1 MeTacTabHIIbHBIC COCTOSTHUS.

DaccMOTPHUM TOTEHITHA, H300pakeHHbI Ha Dnc.6-12(a). Ecam 661 66110 MOKHO MpeHe-
6pedb TYHHEJIMPOBAHWEM, TO CYIIECTBOBAJIO Obl CBA3AHHOE COCTOSHHUE BOJIM3M HadaJsa
KOODAMHAT. DepeBepHY THIf HoTeHIMaI nokasan Ha Juc.6-12(b). Knaccudeckne ypasHe-
HUS ABIKEHUSA UMEIOT OUeBUIHOE PElIeHNe, COOTBETCTBYIONIEE YacTHIle, CTApTYIolell Ha
BepiiunHe XoaiMa pu ¢ = (, KoTopad 3aTeM OTpaxkaeTcd OT KJIACCHIECKOW TOYKH MOBO-
poTa ¢ u BO3BpalllaeTcd 0bpaTHO Ha BEPIIWHY, KaK MOKa3aHOo Ha Juc.6-13. Docunraem
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Ar -V
> X / —
\__ v
(a) (b)
Puc. 6-12
R
Puc. 6-13

MaTPUYHBIA 37eMeHT mepexona m3 ¢ = 0 B ¢ = 0, cyMMuUDPysd 1O BCEM COCTOANINM U3
VOAJEHHBIX APYT OT JApyra mHCTaHTOHOB Jwnc.6-13. Ty, Bpome 6bI, Hamo meaaTh Bce
Kak U Bbillle (¢ OYEBHIHBIM TlepeonpesieneHneM So, w? W T.I1.), OIHAKO 6e3 orpaHuve-
HIW Ha 9eTHOCTH YUC/Ia HHCTaHTOHOB. Torma mpu cyMMupoBaHnn “HabupaeTcs’ MOJTHA
9KCIIOHEHTA:

1/2
< 0] /M0 >= (ih) =T/ exp[ K Te=50/h] (6.148)
T
%1 CO6CTBeHHOe 3HaYCHUE SHEPIUH OCHOBHOI'O COCTOAHMNA €CTh!
1 - —So/h
Ey = §hw + hKe™"° (6.149)

Do a10 HeBepHo! PakTUYECKH, B 9TOH CUTYalWK eCTh TYHHEJIUPOBAHUE U BOSHUKAECT He-
crabuibhoe cocTosiane! N3 Buma uHcTanTOHa Juc.6-13 dcHo, 910 cobcTBeHHAA DYHKIIUA
Ty~ le—f HMeeT HYJIb U HE MOXKeT ObITh DYHKIMENH, COOTBETCTRYOIIEI HanHM3IIel 2HED-
TUH. DO ee TO HEPTUHA PaBHA HYJIIO, 3TO 3HAUNT, 9TO CYIIECTBYET €llle COCTOodAHmE ¢ Ag < 0
u cobcTBeHHON dyHKIMEl, He nMeolieil Hymeit. Dosromy dakrtop K, B KOTOPBI BXOTUT
KODEHbB U3 MPOW3BENeHNA COOCTBEHHBIX 3HAUEHUT, €CTh MHUMAA BEJTMINHA. JOITOMY, HA

CaMOM JeJie, TaKUM crmocoboMm IIOJIyHJaeTCd:

¢~ So/h (6.150)

r
ImEy = 5 ~ hK

YTO OTBECYACT WUPUHE YPOBHA, COOTBeTCTByIOH_[eﬁ MeTaCTa6I/I.HI)HOMy COCTOAHUIO.
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Puc. 6-14

HNHcTaHTOHBI 1 HEeCTaOWJILHBIM BaKyyM B Te-
OpHUMU IT0JIA.

SaCCMOTpI/IM TENnEPpb CKaJIAPHYKO TCOPUIO IMOJId C €EBKJINAOBBIM OeficTBUEM:

S = /d% [%(6,@)2 + U(¢>)] (6.151)

rae notennuan U(¢) mokasan Ha Duc.6-14: uMeerca nBa HESKBUBAJIEHTHBIX MIHIMYMA
¢4 W ¢_, npudeM ¢_ — abCcoNOTHBI MUHIMYM. Bbibepem Hauas1o oTcyeTa sHEPTUN TaK,
910681 U (¢4 ) = 0. B KBaHTOBOH TeopnH MUHUMYM IPH ¢ = ¢4 UTpaeT POJb “JIOKHOTO”
(meTacrabunphoro) Bakyyma. Omnncanmne pacnana Takoro “J0XKHOr0” BaKyyMa BO MHO-
TOM aHAJOTHIHO OMUCAHUIO TIPOIECCa 3apOIbIIeobpa3soBaHud B CTATHCTHIECKON hU3UKe
(HampuMep, MPH KPUCTAJIH3AIAN TEPECHIEHHOT0 PACTBOPA HJIN BCKUIIAHUHN [eperpeToil
KUIKOCTH). B KBAHTOBOI Teopny Mo 9Ta 3a1a9a NHTEPECHA ¢ TOUYKH 3DEHUA MPUMeHe-
Huil K 3agadam Kocmosoruu [43]. Kro ckasan, 410 naw 6akyym dBIAeTCd yCTONIUBBIM,
a He MeTacTabMIBHBIM T

Daiia 3a71a9a COCTOUT B pacueTe BEJTMIMHBI % — BEePOATHOCTH paciaja MeTacTabuIb-
HOTO BaKyyMa B €IMHHUITYy BPEMEHU WM B pacdeTe Ha eNWHUIHBIN 0ObeM. Dpexe BCETO,
HYXKHO HalfTH COOTBETCTBYIONMII HHCTAHTOH ¢, KaK pelleHHe eBK/IMIOBLIX YpaBHeHUIl

IBIKCHIA . .
90" =U'(¢) (6.152)

VIOBJETBOPAIONIEe TPAHNTHEIM YCIOBIAM:
linil o(x,74) = b4 (6.153)

Seprﬂ;HO IIOHATH, 9TO OJIA obeciiedeHnsT KOHEIHOCTH OeficTBUA Ha WHCTAHTOHE JIOJIZKHO
TaK2Ke BBIMIOJHATHCA YCJIOBHUE!

lim ¢(x,z4) = ¢4 (6.154)

|X|—oc0
Ecan nncranron Haﬁﬂ;eH, TO B BeOylleM HpI/I6JII/I}KeHI/II/I 1o h nMeeM:

r
7= Ke™%0 (6.155)

rie Sy = S(¢), a npemskcnoHenTa K ompenengerca COOTBETCTBYIOUINM JIETEPMUHAHTOM.
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PRy

£\ R
/ o\ | /4

Puc. 6-15

— 2
TpusnasibHOe pelleHne ¢ = ¢ HEMHTEPECHO, I HETO % HE UMeeT OTPHUIATEeTbHBIX

cOOCTBEHHBIX 3HAUEHWI, TAK 9TO BKJIAI B Paciaj BaKyyMa He BO3HWKAET. ¥ paBHEHUHA
(6.152) — (6.154) mHBapHAHTHBI OTHOCHTEIBHO MPeobpa3soBAHMIL IPYIIIBI Y€ THIPEXMEPHBIX
spameruit O(4). Donaraem, uto uncTanToH Tox)e O(4) MHBApHAHTEH®, TAK YTO COOTBET-
cTByIolice ¢ aBiageTca (ByHKIEeH TOIBKO OT pagumyc - BekTopa r. Torma ypaBHenme

(6.152) cBomuTCA K:

d*¢  3d¢ , -
o =U (6) (6.156)
a n3 (6.153) u (6.154) cnenyer: B
lim ¢(r) = ¢4 (6.157)
OueBuaHO TakkKe, YTO HYKHO HOTpeboBaTh:
do
—|p=0 =0, 6.158
o lr=0 ( )

uHade ¢ OyAeT CHHTYJIAPHO B HaYase KOODINHAT.

VYpasuenue (6.156) MOXKHO MHTEPMPETHPOBATH, KaK ypaBHEHNE NBIKEHW# (canTasd
7 BpeMeHeM!) gacTuIBl, IBUKYIIelica B moTeHmase Munyc U, mokasaHHoM Ha Suc.6-
15, u mon, meficTBHEM 3aBHCAIIEH OT BPEMEHW CHJIBI TPEHHA (~ %x ckopocTh). Yacrnuia
cTapryer u3 cocTodHu# mokos (cp.(6.158)) B MoMmenT BpeMmenu r = 0 u, Ipu HaIIeXKa-
1meM BbIOOpe Hava IbHOW MO3HMINK, OCTAHABIMUBAETCA IPH 7 — OO B TOYKE ¢y — TAKOe
JMBUXKEHNE U COOTBETCTBYET MHCTAHTOHY. OUEBUIHO, 9TO 3TO PEIIEHHUE CYIIECTBYET:

e YacrTuna, ornylieHHad npaBee ¢g He TOEIET IO ¢4, IJIA 3TOTO el He XBATUT HEP-
TUM U3-3a TPEHUd.

e FEcim MBI mpaBHABHO BhIOEpEM HaYaJIbHYIO TOUYKY JieBee ¢p, HO TpaBee ¢_, MBI
MOXKeM JIOOUThCH, YTO HPpH OOJIBIINK 7 YaCTHIA MTONOHIET K ¢4 U TaM OCTAHOBUTCH.

B camom mene, myig ¢ BOJSM3W ¢_ MBI MOXKEM JIMHEAPU30BATh YpaBHEHUE NBUKEHUA U
3anmucaTh ero B BUJIE!

d? 3d -
(W-I-;E—NZ) (¢—¢—):0 (6'159)

rne p? = U"(¢_). Dro ypaBHenme IOCTATOYHO JIETKO pemaeTcd [58], U pelienue Bbi-
paxkaercd depes MoAudUIUPOBaHHY0 GyHKINO Deccesd. Torma BUIHO, 9TO €CJIW MBI
BEIOepeM ¢(0) mocTarodHo GJIM3KO K ¢_, MBI MOXKEM JOOUTHCA, UTO W HPH OOJBIIIX

8 ITo IIpEeOIIoJIOK EeHNE MOXKHO CTpOTO obocHOBATE — C(bepI/I‘IeCKI/I CI/IMMeTpI/I‘{HI)Iﬁ HMHCTaHTOH 06J1a,z[aeT
HanMeHBITUM OelicTBHEM.
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7 9acTUIa OCTAHETCA CKOJb - YTOMHO OJIM3KO K ¢_. DO IJId HOCTATOYHO OOJBIIUX T
MOXKHO MpeHebpedsb TPeHUeM, MOCKOIBKY OHO ~ 1/7. Do ecau TpeHusd HET, TO YacTUIa
HEpeKaTUTCA Yepe3 TOPKY ¢ BEPUIMHON B ¢4. DTO O3HAUAeT, 4TO B Halllell 3amade Bceraa
CYIIECTBYET MPOMEKYTOUHAA TOUKA (MEKAY ¢ U ¢g), CTAPTYA ¢ KOTOPOH dacTHia Ipu
7 — 0O OCTAHOBUTCH B @y .

dycrb Uy (¢) — HekoTopasa deTHasd GYHKIHA ¢

U(9) = Ur(~9) (6.160)
¢ MUHEMYMOM B TOYKaX a:
U_'l_(:I:a) =0 (6.161)
Onpenennm
p* = U (£a) (6.162)

Hobasum K U4 MaJIeHbKYIO T0OABKY, HAPYIIAOUIYIO CHMMETPUIO MEUHUMYMOB:
U=Uy+e(p—a)/2a e>0 (6.163)
STO IIPOCTO KOHKPETU3NPYET BUA HAIIETro IIOTCHITUAJIA. B IIEPBOM IIOpAOKE IO &€ UMEEM:
¢+ = ta (6.164)

Benmuwra £ onpenesnser pasHOCTh SHEPTHIl MEKIY UCTHUHHBIM U “JIOKHBIM  BaKyyMOM.
Bribepem nada byt mosumuio qacTuisl ¢(0) ovens 6msko K ¢_ . Torma gactuma octa-
eTcd BOIU3U ¢_ O KAKOTO-TO DOJIBIIOTO MOMEHTa BpeMeHH r = R, a mocJje »Toro oHa
OBICTPO HPOXOANT Hepes JOJTUHY U MeIJIEHHO NMpubmKaercd K ¢4 npu r — oo. Takum
0o0pa30M Halll THCTAHTOH BBITIAIUT KaK OOJIBINON YeThIPpEXMEPHBIN chePUIECKT CUMMe-
TpUYHBI “my3bips” pammyca R ¢ ToHKON cTeHKOl, pasgendonuii “JOXKHBIE BaKyyM
¢4+ (BHe Mys®BIpsA) U UCTHHHBIH BakyyM ¢_ (BHYTpu my3sip#a). CooTBETCTBEHHO, HAII ITy-
3BIPb (MHCTAHTOH) TpeACcTaBgeT coboll 3apoablil HOBOTO (HCTHHHOTO) BaKyyMa BHYTDH
MeTacTabuIbHOTO ( “IoKHOrO”) BakyyMa.

Hia r ~ R MoxkHO peHebpedb TpeHUEM, a Takxke € — 3aBucanmmM diaesom B U. Torma
ypaBHEHNE IBUKEHUA UMEET BUI;

426 _
LR AD) (6.165)

9TO TpeacTaBiger coboli KIaccuieckoe ypaBHEHIE ABMKEHUA TACTHUIIBI B IBYXHAMHOM
MOTEeHITNAJE, KOTOPOe TOAPOOHO aHAJIN3UPOBAJIOCEH Bhille. OHO UMeeT CBOWM pENIEHUEM
W3BECTHBIN yKe HaM MpocTelinimii omHOMEPHBIT HHCTaHTOH Juc.6-9 (KOTopr]‘/’[ OIUCHIBAET
[epEXol U3 —a B +a TpH pocTe 1 depes MoMeHT “Bpemenn” R). TakoBo mpubimKeHHOE
onmMcaHue MHCTaHTOHa B paccMaTpHBaeMoil IoJeBoil 3amade.

Do wmbl emie He onpenenmin K. [lelicTBre Ha WHCTaAHTOHE MMeET BUI:

2

52271'2/0 drv® % % +U(¢) (6.166)

DTOT MHTerpaa pasdbmBaeTcd Ha TpU 0OJACTH WHTETPUPOBAHUA: BHE MY3BIPA, BOJIU3U €10
oBepxHoOCTH U BHyTpu. CHApYXKM MOXKHO cuntaTh ¢ = ¢4 u U = 0, Tak 9TO 3TOT BKJIA]I
B WHTErPaJ MPOCTO paBeH Hys0 (dTo, KCTaTH, obecnednBaeT KOHEYHOCTh AeficTBUA Ha
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HHCTaHTOHEe). BHYTpH Tysbipd uMeeM ¢ = ¢_, U = —g, TaKk 9TO COOTBETCTBYOIIHI
BKJaJ B MHTETPaJ eCTh!

_ 572345 (6.167)

B6ausu mosepxHOCTH TY3BIp4, T.€. IpH 7 ~ K, MOXHO npeHebpeds wieHOM ~ ¢ B U, Tak
4TO MHTErpaJl CBOIUTCA K:

N 2

1/d

272R3/dr 5 (d—(/’) + Uy | =277 R3S, (6.168)
r

e

Sy = / do\/2U5 (6.169)

a

— neficTBUe OTHOMEPHOTO WHCTAHTOHA (6.120). B urore nosrygyaem:
1
S = —isz‘*e + 27 R3S, (6.170)

OHpe,D;e.HI/IM TENEPDb R us yCJaoBUd 3KCTpEMaJIbHOCTHA aericTBud:

ds

TR = —27 R34+ 672 R*S; =0 (6.171)
4YTO JaeT:
R= % (6.172)
Torma nmeem?:
So = % (6.173)

Beamanay panmyca myssipz (6.172) Mo&KHO HalfiTH Ha OCHOBE 2JIEMEHTapHBIX HEPTETHIECKUX coobparke-
HIil, IPIMeHAEMEIX B T€OPHH KPUTHIECKNX 3apOIbIIell — BRIUTPHIIL >HEPTHHN B 00beMe Iy3BhIpA HO/TKeH
CKOMIIEHCHPOBAThH IIPOUTPHINI, CBA3AHHLBIN ¢ MOBEPXHOCTHOI »Heprueil cTeHOK:

4 30

3 2

—nmR°e = 4rR°o YTO M HaeT R=— (6.174)

3 £
Ioe ¢ — TOBEePXHOCTHAA dHEPTHA CTEHKHW. B Hamrem ciydae 0 = S;.

B utore, mya BepodaTHOCTH pachnama “JIOKHOTO” BaKyyMa MOJIYTaeM:
r
v exp(—Sp) (6.175)

JdeTepMUHAHTHI ¥ IepEHOPMHAPOBKA.

D pelPKCIOHEHITNAIBHBI MHOKHUTED B (6.175) cJAedyeT OMpene/INTh TEM JKe CIIoCOOOM,
9TO0 W B PACCMOTPEHHON BHINIE KBAHTOBOMEXaHHMIECKOH 3amade. Do TYT ecTh BaKHBIE
OTJINYUSA U BOMPOCHI:

1. B kBaHTOBOII MexaHHKe cynmiecTBOBaJIa TOJIBKO OJHa HYyJ€eBad TpaHCJIAINMOHHaA
MOa, 30€Ch UX YeThIpE.

99alle paccMOTpeHHE CIPABENJIMBO B IpeIesIe MAJIBIX € U B Ipelesie, KOLIa Padiyc Iy3BIpa MHOTO
GoJIbITe TOJIUAHEL €To cTeHKH: R > 1, 9ro ceommresa K ycaobmio 35 4 > e.
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2. Yam 6BLJIO BeCbMa CYNIECTBEHHO, 4TO CYIIECTBOBAJO TOJIBKO OIHO OTPHUIATETBHOE
coOCTBEHHOE 3HAYEHNE, TPUBOINBIINEE K BOSHUKHOBEHNIO MHMMOTO BKJIaga. Tax ju
5TO B paccMaTpuBaemMoli 3amade?

3. B xBaHTOBOII TeopWH TOJA CYMIECTBYIOT YIbTPadHUOJIETOBBIE PACXOOANMOCTH U
HY’KHO TTPOBOIAUTH nepeHopMupPoBKY. KakoBa ux posib 3mech?

DaccMOTPUM CHadvaJia BOMPOC O HYJIEBBIX Momax. B paccmarpuBaeMoll 3amade mMeeTcCsd
YeThipe HaNpaBICHUA TPAHCIAINNE WHCTAHTOHA (OH MOXKET OBITH PACIOJIOKEH B JIIO-
Goit ToUKe UETBIPEXMEPHOTO €BKJIMIOBA MPOCTPAHCTBA), COOTBETCTBEHHO CYIIECTBYET
qeThipe cobcTBeHHBIE (GyHKIUU auddepeHIma IbHOTO OepaTopa, CBA3aHHOTO CO BTO-
poil BapuWaIMoOHHOI MPOW3BOMHON HeWCTBUA, ¢ HYJIEBBIME COOCTBEHHBIME 3HAUECHUAMM.
D1u byHKIEE ~ 8uq3. YcioBMe X HOPMUPOBKY CBOINUTCA K:

(/}#xﬁuiﬁyizziémc/}#x8u$8“$::5uyso (6.176)

G172
Q
B pesynbrate B npenskcnonenTe (6.175) BosHHKAET YeTHIpe MHOKNTETA (%) BMECTO

OIHOTO.
Jloka3aTeIbCTBO HOCIETHETO paBeHcTBa B (6.176) cBomuTca K cienylomeMy. DaccMorpuM ¢y (x) =
¢(z /). Torma mefictame:

S(6) = 5V / o(0,8) + \* / d*2U (@) (6177)

DOCKOILKY ¢ ABJIAeTCH pelllcHueM ypaBHEHUIl MBIDKEeHH, TOIKHO BHIIOJIHATLCH yCIOBHE CTAIMOHAD-
HocTH mefictm= (6.177) mpu A = 1. D10 maer:

/d4x(8M¢§)2 = —4/d4xU(¢§) (6.178)

Sy = i/d‘*x(aw’s)? >0 (6.179)
Nrax, MBI OJTy9IaeM IpeasKCIOHEHIINAIBHBI dhakTop B BHIE:
2 / gyt 1~ 1/2
. S? | Det'[-0,0, +U"(9)]
K=— ,
Ar? | Det[—=0,0, + U"(64)]

(6.180)

B MPEINOJIOKEHNH, UYTO ¢ OTPUIATEIbHBIME COOCTBEHHBIMHU 3HATCHUAME W TEPEHOPMI-
POBKOIt TTpobaeM He BO3SHHKAET.

Y10 KacaeTcd OTPHUIATETBHBIX COOCTBEHHBIX 3HAUEHMH, TO TO JeHCTBUTEIBHO TaK.
D OHATHO, ITO g% (Ha WHCTAHTOHE) MMEET XOTdA OBl OJHO OTPHIATENBHOE COOCTBEHHOE
sHadeHne. MoXHO ¢mpo2o MoKa3aTh, 9TO HoJaee OTHOTO OTPHUIATEIHHOTO COOCTBEHHOTO
3HAYCHUs B 3TOMH 3ajade He BosHuKaeT [58]. DosTomy (6.175) HelicTBUTEBHO JaeT Be-

POATHOCTDH pacliaja.

DpobiieMy mpoBeneHn#A MepeHOpMUPOBKH (6.175) MBI onpobHO obcyxmarh He 6ymem. B npmanpmme,
IOCTaTOYHO ACHO, ITO B TEOPHAX ¢ IMepeHopMupyeMbiM U (), Bce BhIpakeHHA, BKroIad (6.180), MoxHO
HEPENUCATE Yepe3 HEPEHOPMUPOBAHHBIE BEJIMYNHBL U CIEIaTh, TAKUM 06pa3soM, KOHEIHBIME. D eKOTOPhIE
IIOMOJIHATETbHBIE TTOAPOOHOCTH MOKHO HalTH B [58].

Dy3BIPpb, PACIIUPAIAACA B peaJibHOM IIPOCTPAHCTBE — BpeMeHn MUHKOBCKOTO,

MOXKHO MMOJYYUTH aHAJIUTUICCKUM IIPpOAOJIZKEHUNEM NHCTAHTOHA!

(w0, x) = ¢(r = /|x]* — ) (6.181)
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Takum 0bpasoM, TpU MaJBIX £ UMeeM TOHKYIO CTEHKY Npu r = R, pasmgendonlyo IBa
BaKyyMa, a [P PaclIMpeHUH Iy3bIPpb YIOBJIETBOPAET YPaBHEHNIO!

2 2 2
|x|” — x5~ R (6.182)
Benmuwmna R ompenesigercsd, Kak MBI BHIEJH, TapaMeTpPaMl TEOPUU U ABJIAETCH HEKO-
Topoli MUKpocKomndecKol anmuol. Torma ypasHenue (6.182) osHadaer, uTo paciups-
OIIAACA TOBEPXHOCTD MY3BIPA JIETUT MPAKTHUECKH CO CKOPOCThio cBeTa (v ~ 1)! Opm
5TOM CTEHKA MEPEHOCHT SHEPTHIO (B pacdeTe Ha eANHUILY TJIOMIAJIN) % K momenty,
—v

KOIa pajiiyc IIy3bIpd JOCTUTACT |X|, 9HEPrud CTeHKU CTAHOBUTCH PABHOI:

Eyan = % (6.183)

W3 (6.182) yrerko naiiTu, aro:
(6.184)

Torga sHEPIUA CTEHKH €CTh:
Boy = TS _ dmelxp (6.185)

R 3

TaK 9TO MPAKTHYIECKN BCA SHEPIHUs, BBHICBOOOKIAIONIAACA MPH paciaie “JIOXKHOTO  Ba-
KyyMa HAeT Ha YCKOPEHWe CTEHKHN. DUKaKWX JacCTUIl IPU 9TOM HE POKITaeTcd, ¢ 0benx
CTOPOH CTEHKH MpebhIBaeT cooTBeTCTBY oM BakyyMm. Takum obpasom, “Habiomgaresn’
HUKOTJIa HE y3HAET, YTO Ha HETO HAJIETE A Takasd CTEHKa, B 3TOM CJIydae OH Toxe “pac-
mageTcs’ 3a COOTBETCTBYIOIIEE MUKPOCKOMUIECKOE BPEMA.

DPpUMEPBI UCIOJIB30BAHNA PACCMOTPEHHOTO (hopMaansMa K 3aJadaM pPeTATHBICT-
CKOM KOCMOJIOIMH MOXKHO HaliTu B KHure [43].

Kowrenmusa nacTaHTOHOB UTpaeT GOBIIYIO POJIb BO MHOTHX 3aJadaX KBAHTOBOR Te-
OpHU TOJIA W CTATUCTHYeCKOil dhusmkn. B kadecTBe mpuMepa, yIOMAHEM CHOBA TEOPHIO
gt ¢ g < 0 ¢ umCIOM KOMIOHEHT moJid n = (), ONUCHIBAIONIYIO, KaK OTMeTasJoch B
npensiayiieit [1aBe, ABMKeHMe 3/7I€KTpOHA B CaydaiiHoM moJie mpuMeceii. B »1oit Teo-
pUH C HEYCTORIUBBIM, C TOUKH 3PEHUS TEOPHUH MTOJIA, OCHOBHBIM COCTOAHUEM CYIIECTBYIOT
HHCTAHTOHHBIE DENIEHNHA, KOTOPBIE ONPENEAIOT BI TaKoil BaxkHeliell Xxapak TepUCTUK T
BJIEKTPOHHOR CHCTEMBI, KaK MJIOTHOCTE 3JIEKTPOHHBIX COCTOAHIIT B 06TaCTH Tak HA3BIBa-
eMoro ee “xBocTa” , BEISBAHHOTO JIOK aJIn3amueli 31eKTpOHOB hJIIyKTYalnaMu CIyYaliHOTO
noTenmmasa’’,

Ocoboe 3HaYeHNE HUMEIOT HETPUBUAIBHBIE HHCTAHTOHHBIE PENIEHNA B HeabeJIeBbIX Ka-
JTUOPOBOYHBIX TEOPUAK, TIE OHU TECHO CBA3ZAHBI C TOMOJOTHYECKUMHU CBOWCTBAME Ka-
JTUOPOBOYHBIX MPeobpa3sOBaHMil W CJIOKHOW CTPYKTYPOil AHT - MUJIJICOBCKOTO BaKyyMa
[24, 58, 59]. ¥ Hac HET BO3MOKHOCTH OOCYRKIATh 30eCh 9TH BaxHeHIIMe acHeKThl Teo-
pWHU W uX 3HadeHue myid Gbusukn saeMentapueix dactun (KXIT). Donpobroe nanoxeHne
Teopuu MOXKHO Hafitu B Kuure [59], a 0630p npumenenuit ¥ 3amagam KXII nan B [60].

10M.B.Camosckmit. YPD 133, 223 (1981), M1.M.Cycmos. YOI 168, 503 (1998)
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