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1 BBE,l(EHHE 

O,uHOH Il3 Ba}l{HLIX rrpo6JieM (})II3llRll a.u.poHOB RBJIRCTCJI IIOllCI{ acpcpel<TOB, 

xapaRTCpHLIX ,ll.JIJI IIJIOTHOi1 II ropJI'ICti a.n.pOHHLIX MaTepIIi1. B 3RcrrepIIMCHTaX, 

rrnannpye111ux Ha LHC B U,EPH II RHIC B Bpy1<XetiBeue [l], rrpe.n.rronara

CTCJI C03,ll.aTh TaRIIC TeMrrepaTypu Il IIJIOTHOCTII '!aCTIIU, 1wr.u.a RBapROBan II0.ll

CTpyRTypa a.u.poHOB CTaueT JIBHOi1 He TOJihRO 6naro.u.apJI ll3MeHeHIIIO a.u.poHIILIX 

CBOllCTB, HO II IlOJIBJieHIIIO HOBO.Ii cpa3hl MaTepIIll, xapa1<TepII3YCMO.li RIIpaJihHOi1 . 

CIIMMeTpIIe.li Il 1rnapROBh!M .u.e1wucpall:HMCHTOM. TaRIIM o6pa30M, CTaHOBIITCJI aR

TyaJihHOll 3a,lJ.alra TeopeTll'leC1<0ro OIIIICaHUJI CBOllCTB a.u.poHOB l<a!{ COCTaBHiilX 

o6oeHTOB II !IX B3aUMO,ll.CllCTBIIi1 rrpu I<OHe'IHOil Te.MIIepaType II IIJIOTHOCTII. 

CooTBeTCTBYIOJUaR TeopeT1P1en<an cxe111a .u.om1rna 6uTh ocnoaana na 1rnap-

1waux Il l'JIIOOHHLIX cTeIIeHJIX cao6o.u.u Il Y.llOBJieTBOJ)f!Th CilMMCTJ)IIRM I<BaHTOBOil 

xpo1110.n.1rna111mrn (KX,l()[2]. KpoMe Toro, cxeMa I{X,l( B aTOM cnyqae .u.om1rna 

OIIIICh!BaTh MHoro,racTII'IHLie CIICTeMLI. TToaToMy 60JihlliIIHCTBO IICCJIC,ll.OBaHitll, 

IIJ)OBO,ll.IIMLIX B paMuax Teopni1 npII HOHelfHOll Ter,mep,nype ·Il IIJIOTlJOCTil oI<py

}l{aIO}Uett cpe.u.u, ocuoaauu ua MOTHBilJ)OBannux KX,l( 3llH}ieRTI1BHLIX 1110,u:eJIJIX. 

B 3TllX MO,ll.eJIJIX rJII0OIIHLie CTerre1rn CB060.llLI paCC!vHlTIHIBaIOTCR !<al{ "3a1,10po

}l{CHHLie" II OCHOBHOe BHilMaHIIe y,u:eJIJIC'fCR Il3y'leIIIlJO 3(jHjJCH'l'l!BIIOro 1rnapH

l{BapI<OBOI'O B3HilMO,ll.e0.CTBllR. Ta1rne MO,ll.CJIII, !<al{ upaa1rno, ItMeIOT orpauII•ieH

Hhle o6JiaCTII IIJ)IlMCHeHIIJJ. TaH, lplI3I!Hcl JierIWX a,u:pouoa, r,u:e OCHOBIIYJO JJOJ!h 

IIrpaeT MeXaHH3M CIIOHTaHHOro HapyllieHIIJI l{lIJ)HJihHOI CilMMeTpIIH, xopomo 

om1cL1BaeTCJI B Mo,u:em1x Tirna HaM6y-I1ona-Jla3mu10 [:3- 7]. Tm1<enue 1rnap1<0-

HIIII, r,u:e napymeHIIe· RilpaJihllOU CIIMMCTJ)Illl ue urpaeT 60JihlUOH pom1, xopomo 

0IIUCLIBaIOTCJI B pa1111<ax nepeJ!JITHBHCTCI<OrO ypaBuemrn ill pe,u:mirepa C pac

TY IUilM rroTeuuuanoM [8-1 I]. B qacTnocTH, c11e1np •wpMomrn u 6oTToMouun 

OIIIlCLIBaeTCR B xopomeM cornaCHH C 3J{CIICJ)IIMCIITOM IIJ)H T = o. O606}Ue1rne 

ua c11yqai1 T -=/ 0 ue TaH o'!ea11,u:no [ 11]. 
B .u.a11110i1 pa6oTe MLI paccMaTpn:BaeM 3<lH!JeRnrnuy10 Mo,u:eJih e,u:H110ro ouu

cauuJI !<al{ JICl'I<IIX, Tai{ II TR}l{CJ!li!X 1rnap1<01rneB C fJOM0IJ~h!O IWBapuaHTII0I'O 

o6o6}UCHUJI O,U:IIOBpeMCHIIOI'O B3c\HMO.llCHCTBIIJI miapHOB. TToHa3,llIO, 'ITO B paM

l{c\X 3TOll MO,ll.CJ!Il BOCIIpOH3BO.llRTCJI Hll31{03!1eprerwiec1rne TCOJ)Cl\llJ IrnpaJihIIOli 

a11re6pw TOJ{OB ( CIIOHTc\UHOC uapymem1e 1rnpam,11ol1 CIIMMCTJ)Hll, TeopeMa ron,~

CToyna), uepeJIJITHBilCTCJ{Illl npe.u.eJI TJl)l{CJIIJX 1rnap1wn ll CI!MMCTJ)llJI TJIJl{CJJO

JierRilX CHCTeM. B KalJeCTBC IIOTeuun:aJia B3aIIMO,ll.CllCTll11Jl paccMaTJH!BaeTCJI no-
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0 0 

TeHUIIaJI Bil.Ila [10) 

V(r,Jt) = ~ (1- e-1,r) _ 0
effe-µr 

µ 1' ' 

(1) 

l{OTOJ)lilll IICHOJ!h30BaJICJI .llJIJl ll3Y'leHHJl CBOHCTB TJDReJihlX RBapROHllCB B ITJIOTHOH 

H ropJiqel 11.u.epnhlx MaTepn:11x [10, 11]. TiapaMeTp µ onpe.n.eJIJieT MacnITa6 

,mpann:poaRH caJI3aHHOro cocToJIHilJI II JIBJIJieTCJI (iJyHunn:eii TCMnepaTyphl [ 11]. 
I1 pII Jl ---+ 0 IlOTCHI(HaJI ( 1) npIIHIIMaCT lpOPMY 

V(1·) = - CYeff + ar (2) 
1' 

cyMMhl RYJIOHOBCI<OI'O ( C 3lplpCRTilBHOil ROHCTaHTOil CBR3Il O:eff) ll JIIIHC.liHO pac

TyII1ero IIOTCHUilaJia ( C napaMeTpOM (7). 
B pa6oTe [12] paCCMOTpeHa acplfieRTilBHaJI 6n:JIOl{aJ!bHaJI MO,ll.CJih c IIOTCHI(Il-

aJIOM (2). B1rno npoBC,ll.CHO orrucaHllC CBORCTB Jiermrx (7r-MC30H) ll TJI}l{CJIO

JICrHilX (D-n: B-MC30IIhl) CBJI3aHHhIX COCTOJIHllll. I1MCJI B Bll.llY o6o6JUCHllC pac

CMaTplrnaeMOH MO.llCJlll Ha cJiy'laii T # 0, B 3TO.li pa6oTe Mhl paccMaTpIIBaeM 

CBOHCTBc\ JierRHX (7r-M<:'.30H) Il TJl}l{CJ!hlX (J/ip ll Y-MC30Hhl) a.u.poHOB ll IIX pa.u.n:

aJihlibIX B036y}l{,ll.CHllll C noTeHI(llaJIOM ( 1) npll MaJIOM 3Ha'!Clillll µ. lln:cJieHHLie 

pacqeThl BOCilJ)Oll3B0,[1,JIT pe3yJibTaThl [12] ll ,uaIOT HOBYIO llHlpOpMaUillO O 'fR}l{C

JihlX l{BapROHllJIX Il IlX paJ(llaJibHhlX B036y}l{JI.CHllJIX. 

CTpyRTypa pa6oThl crre.u.y10JUaJI. 
Bo BTOpOM pa3,ll.CJie paccMaTpHBaCTCJI 6HJIORaJibHaJI alfilfieRTllBHaR TCOpllJI 

Il o6cy}l{Jl.aCTCJI aorrpoc Bh!6opa 11.u.pa RBapR-RBapROBOrO B3aIIMO,ll.e:iicTBilJI. 

B TpeTheM pa3.U.eJie o6cy}l{.llaeTCJI npo~e.u.ypa a.u.pounJannn:, ypanHeHHJI Illan:H

repa - ,l],ail.cOHa (Ill,ll,) n: BeTe - ComrnTepa (BC). TioRa3aHo, 'ITO B paccMaTpil

BaeMOH MO,ll.CJ!Il xoporno BOCilpOll3B0,ll,JlTCR !{al{ Hll3R03HepreTll'ICCRllC CBOllCTBa 

nerRilX MC30HOB, Tai{ Il HepeJIJITllBIICTCROC orrn:caHllC TJl}l{CJlhlX RBapROHIICB. 

B '!eTBepTOM pa3,ll.CJIC npoBOJ(llTCJl o6cy}l{Jl.eHllC pe3yJibTaTOB 'IllCJICHHhlX pac-

'ICTOB ypaBHCHHH Ill,l( n: BC. 
B 3al{JIIO'lCHilll o6cy}l{Jl.aeTCJl B03MO}l{HOCTh npn:MeHCHllJI npe,ll.JIO}l{CHHOll MO-

.u.eJIIl ,ll.JIJl orrucaHllJl CBORCTB JICfRIIX n: TR}l{CJ!h!X 31,n:poHOB Ha cnyqaii T # 0. 
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2. 8~~EKTHBHAHKBAPKOBAH 
TEOPHH C O,ll;HOBPEMEHHhIM .... 

B3AHMO,ll;EHCTBHEM 
PaccMoTpllM aq>q>eKTllBHOe .11.eikTBlle, COOTBeTCTBJ!Oll[P.f' .11.BYX'JaCTl-l'lll0MY 

B3am,m.n.eikTBll!O KBapKOBhlX IIOJieli [12,1:3]: 

W[q,q] = j d4x{ q(x) [Gz;1 (x)] q(:r) 

- ~J d4
yj:(:r:) [ln:~(:r-y)]it(y)} (:l) 

C q>JHKI{lleli fpIIHa CB06b.11.mrx KBapKOB 

G,-1 ";/) • 0 
.JO = ly - 111. , (4) 

:11 _ aµ, , o , o _ 1· ( o o u ) N , . y - "/µ,, rn - MaccoBa.JI MaTpmJ,a rn - crag rn1, rn2, ... , rnN, , J - muw 

apoMaTOB KBapKOB. J{BapKOBLie UBeTHhle TOKll llMeIOT Bll.11. 

j:(x) = iJ(:r:) ( ~a) "{µ,q(x) (S) 

c MaTpllUaMll feJIJI - MaHHa >,a UBeTOBOH rpynmr SU(:3)c. BIIJIOKaJihHOf' HJJ,flO 

B3allMO,neiicTBllJI B ( ;3) 

n:~(x - y) = 5ab9µ,vD(:r: - y) ( {i) 

6y,neM paccMaTpllBaTh cpeHOMeHOJIOfll'IeCKll !{al{ acpcj>eKTllBHI,Iii fJIIOOHHhlll IIpo

naraTop. OTMPTllM, qTo TaKoli B116op JI,npa B3allMO,ll.eiicTBI!Jl coxpaHJif'T K11paJih

HJIO llHBap11aHTHOCTh .ll.PllCTBllJI. 

,ll.JIJI OilllCaHllJI CBJI3aHHhIX COCTOJIHllii IIPperrnrneM qacTh B3allMO,ll.PllCTBllJI B 

(3) KaK 

j d4xd4
y [qB(Y)<iA(x)] kAB,cD(x - y) [qv(x)iJc(Y)] (7) 

C Jl.ll.POM 

s A'' >-" z 
I<AB,CD(x - Y) = ("/1,)ru bi,) 15 L t ;{] b;1bk_j~ D(x - y) 

a=l 

(8) 
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.. 

:3,nech A = {1·,n,i}, ... , D = {u.b,l} - coKpameuuJJe o6o3HaqeHllJI .nnpa

l{OBCKllX, UBeT0BIJX II apoMaTHhlX HH,11.el{COB KBapKOBblX IIOJI"eii COOTBeTCTBt'HHO. 

,ll.JIJI onncaHH}I Me30HHhlX (qij) CBH:lilHHhlX COCTOJ!Hllll, paccMOTpllM npeo6pa30-

BaHHJI <P11pua .11.J!Jl rpymILI ,','ll(:3)c: · 

8 \ (I >-"- 4 ') :3 
~ A,.~ -y/i _ {i {i - ~ p{J6 

~ TT - :i "'' -r6 + 3 ~ fpc,-yf 
M=l p=l 

(9) 

r.ne fpcn - aHTIICIIMMeTp!I'IHhlii Tenaop." Tom.necTBO (9) IT03BOJIJieT nepenncaTh 

B3aHMO.ll.PMCTBlle B BII,ll.f' cyMMhl .UBYX 'IaCTf'ii: 6eCUBf'THhlii ( qi]) ll aHTIITJ)IIIIJif'T

Hhlii ( qq) no UBeTy KaHaJihl. By.ll.f'M )MCCMaTp!IBaTh TOJihKO 6eCUBeTHJIO qacTh 

(8). B noM <'.Jiy•raf' .ll.f'iiCTBIIf' (:3) Momno :rnrrncaTh KaK 

R'[q, q] = j d4 .t·d4 y{ (q(y)q(;r)) [-G;;1 (:r)] Ei(x - y) 

+ 
2

~c [(q(y),7(.r)) K(:r - y) (q(.r)q(y))]} 

C JI,ll.pOM B3aUMO.ll.f'llCTBIIJl 

K(:r - y) = ("11, C'171,)l D(:r - y) 

( 10) 

( 11) 

B BBe,neHH0ll 61IJillllf'llHOii KOM6llHaUllll ( q( J: )q(y) ) no.upa3JMf'Baf'TCJl cyMMII

poBaHI!e no •rncny UBeT0B Ne = :3. PacCMOTJ)llM :➔ cpcpeKTIIBHyio Teop1110 c 

0,UH0BpeMel!Hh!M B3aUMO,Uf'HC.TBllf'M. TaKOit TllII B3aUM0,UeHCTBIIii CO0TBeTCTByeT 

onucaHIIIO CBH3aHHhlX CQCTOHHIIii B TepMrrnax TpeXMPpHhlX BOJIHOBh!X cl>YIIKUllii 

B npocTpaHCTBe MrrHKOBCKOfO II PCTPCTBPHHIJM IIJTf'M Ilj)IIB0,ll,llT I{ nept>JIJITll

BIICTCIWMY om1ca11mo TJl}l{('Jlh!X ( q<7) CIICTeM. K0Huenurr11 O,ll.HOBJ)f'Mf'HHOro B3a

lIMO,Uf'llCTBIIJI q>opMymrpyeTCJI K0BapllaHTHO B npe,UTI0JIO}l{f'l!Ull, •ITO Il0Tf'HUUaJI 

B3aUMO,ll.eHCTbHJI ,11.BII}Kf'TCJI BMf'CTf' co CBJrnaHHh!M COCTOJlllll~M [ 1 :3]: 

K(:r - y)--+ /('1(:r, y) = K'1 (r -y(; y) = -r, N r,V(z.1)Ei(17 · .::) . ( 12) 

:~.Uf'Ch;; = .1: - y u z)l = 17i,(z · 17), .::; = ::1, - ::)l, a Bf'KTop r7i, ::no e.n:nHll'IHI,Iii 

Bf'J{TOp 6ycTa, nponopuuonaJihlildii II0JIHOMY IIMilJJihCY CBJrnannoro COCTOJlllllJI -

P1,: 
p 

1/ - /L 2 I' - ffe , 1/ = l ' r, = r/1'"11, . ( I:l) 
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B (12) [, - <IJYHKUHJI. 5(:: · 17), rapaurnpyPT OJlIIOBfWMen11ocn. 11a,H1MO.ll.Piin11un 

B CH(Tf'W--' IIOHOJI CBJl:lannoro COCTOHHIIH. f1om·1w•1110,·Th 061\IPHIIOro H:lalBI0-

.11.eikTBHH OTpa;HaPT TOT <!Ja({T, 'ITO T()PX~Wplll,Iii IIOTPIIUllaJI :lalll!CHT T0,11,K() ffl 

nonepPqnoii qacnf OTHOCHTt'JlhHOii K00!).11.HHaTLI ::.L 11 :ma({ II ( 12) IILIOHflill'lTH 

TaH qTo TJJPX~1f'Jl!Ib!Il IIOTf'HUIIaJI II()IITJIH{f'IIHH COOTllf'TCTl:l_\'PT fl]JHTJJH{PIIIIIO II 

6PCUBPTIIO~I 1.ctHaJif' n.11.jia B:la1I~W.ll.PHCTBl1/I. :,.:paR!Jt'Illlf' ( 12) OlllJC'l,IBiWT IIOT!'II

UHa;J, .11.BH)l{_YllIHllCJI B!IH'CTP co CBH:JaIIHhIM COCTOHIJII('M, II t'l'O <j)()p~1a IlfH!llll)Un 

H aMnJIHTY.ll.aM C xopomo OnfW.11.PJWHHhl.MH c11oikTBal\lH llTIIOCHTP,1hHO rq.wu6pa-

30BaHHil J1opPHUa. 

llnn cnn3a1rnoro cocTOJJHHH II CIICTPMP 1101wn P = 0, Tai, •no 17t, - (I. 0). 
n.11.po B3aHMO)lf'BCTBl1/I ( 12) IIM('f'T 1111.11. 

g(l.O) = -~10 C·1 10 V(x -y)b(.ro - Yo) ( 11) 

B 'JJIPHTf)0.11.HHilMHKf' '!TO JUlPO ('00TBf'TCTII.YPT o6wmoH KJJIOHOHCl{Oti Kam16po

Bl{f' (c Ky,1onoBCKHM noTe11u11aJJoM V(x -y)). H.11.po 113a11Mo.11.Pikrn11n (14) 11rn

po1w lfCIIOJih30BaJIOCb l{aK M0.11.PJlh orrncaHlfH 11apyuw1rnH J{lfJ)clJlbHOii ClfMMPTPHlf 

Clf,1hHb!X B3cll11\10.ll.PWCTlllfll [ 14- 19]. 
<Pop.Ma rrorenuHaJia \/ ( ::.L), :JilBlfCJl!Uf'rO OT llOITPIW'IHOil 'IaCTl1 OTIIOClfTP Jib

HOH KOOJJ.11.HHaTLI :: ' BhI61IpaPTCH <jJCHOMPIIOJIO['!I<IeCl{l1 .B aaBHC11MOCTl1 OT Tl1Ila 

CBH:Jannoro ('()CTOHHIIH (J!efHHii - mTKHii, THH<PJII,Iii - JIPrH.Hii, ni'H{eJir.rii - Tfl

)l{f',1Uil). B pa6ore [12] llOI<a:iano, 'ITO II paMKaX flilCCMclTJ)HBaPMOti MO)lf'Jllf 

BO:l.MO)l{HO e.11.nnoe OlllfCclHIW Jl('[Kl!X II 'fH}!{PJl()-JJPrKHX l<BclfJKO!lll(--'l:l (" IIO~IO!Ul>IU 

non~nu11ana (2) C rrapaMPTJ)cl.Mll Hetf = 0, -12 11 ;,. = 0, 17( r'➔BY. B JlclHHOti 

pa6oTe MU o6o6mae.M c!TOT ITO.II.XO.II. .11.JIJI pac•JPTa TJl)l{f'JlhIX KBap1w1111eR. 

B pa6on~ [ l OJ .II.Jill II:JY'IeHlfJJ '!HPpr011 cl:l11a0 If .11.PKOH<pail:nMeHTa TJDl,PJII,IX 

CBH3clHHhlX COCTOJ!Hl!Il B Tf'j)M0.11.lfHaMll'lf'Cl{QM OKpy)l{eHHH HCIJOJJh:mBaJ!CJI 110-

Tf'HUlfaJI (l ), KOTop1,1il: rrp11 fl -t O coBna.11.aeT c (2). B pa6oTP [20] -➔ <IH!wKn1-

BHaH 6HJJOl{aJlbHan M0.11.f'Jlh 6Lrna 0606me11a Ha CJIJ'Jail: T =I= () ll HCCJlf'.11.0BaHU 

CBOilCTBil Jlf'['l{HX CBJl:lilHilblX COCTOHHHii Il]lll T i () .II.JUI IIOTf'HllllilJJa B cena

pa6PJJhHOH tjiop.M(~. Mu 6y.ll.PM o6o6maTh Jla1111y10 cxcMy na cJJy,iaii 1' f::. 0 
.II.JIii lfCCJlf'.11.0BclHlfll CBOllCTB TH)l{(~Jll,IX 1rnapIWHl1PB. B 'JTOti pa6oTP B l{cll(PCTBP 

nepBoro rnara HO]{a)l{e.M, '!TO B03MO}l{Il0 <--'.ll.lfllO<--' OillfCclHHP J](-'['J{l!X ll TJIH{PJIJ,JX 

CBH:lclHH1IX COCTOJ!HHM C IIOTenu11aJIOM ( 1) IIJ)ll MclJIOM :lHcl'lf'Illfll /l. 

6 

• 

3. CBR3aHHhle COCTORHHR 

3.1. A~poH113aa;1u1 

llnn npoBe.n:emrn rrpoue.n:ypu a.n:pomrnan.:11:11 3arrmneM .n:eiicTBlfe (3) c:11MBO

nwiecK11 B B11.11.P [21,22] 

1 
W = (qij,-U;;1) + 2Nc (qij,l{'lqij) . (15) 

C rroMO!llhfO BBe.n:en:11J1 61IJIOKaJibHoro 6o3oHnoro noJUI M = M ( x, y) MO)l{HO 

rrpmrnrerprrponaTh cpyHKUHOHaJihHhiii lfHTerpan J'Dq'Dijexp{ iW[ q, ij]} no KBap

KOBhlM ITOJUIM. 8 peayJihTaTf' ITOJIJ'lll.M 3cpcpeKTllBHOe Me30HHOe .n:eiicTBlfe 

Weff[M] = -Nc{i(M, (I<'1r 1 M) + iTr ln [-Go1 + M] }. (16) 

B 3TOM ypaBHf'HIIll Tr oanatJaeT KaK IIHTerpIIpOBaHlfe no Henpepb!BHhIM nepe

MeHH1IM, TaK If cy1111111IpoBaHIIe no .n:11cKpeTHhIM nepeMeHHh!M. B (16) M = 
M;j( x, y) ~ q;( X )ijj (y) ( B .n:aJibHeil:IlleM .II.JUI npoCTOThl ,D;IICKpeTHble llH.D:eKChl 

i' j 6y.n:eM orrycKaTh) - 3TO 6lfJIOKaJihHOe MP30HHOe ( 6ecuBeTHOe) none. 
BaKyyM 3cp<peKTlfBHOli TeopIIII C .n:eiiCTBlfeM (16) onpe.n:eJIReTCH KaK MlIHlI-

MYM (16) 

. 1 = 0 . aweff[M] = 0 -t (J{''rl M + i -Gal + M 
aM 

(17) 

BaKyy111noe pemeHHe ( 17) HBJUieTCH TpaHCJIRUIIOHHO IIHBapnaHTHb!M. 06o3Ha

qIIM ero KaK (E-rh0 ). B pe3yn1,rare rronyq:11111 ypaBHeHIIe IIlBIIHrepa - .LJ.attcoHa 

E(:r - y) = rh0 8(x - y) + iI<'1(x - y)GE(x - y) , (18) 

r.n:e <pJHKII;lIJl fpllHcl KBapKa IIMeeT Blf.D: 

Gi}(x - y) = if)8(x -y) - E(x - y) (19) 

Me30Hhl OlllICh!BafOTCJl KaK <pJIJKTyan.:11:11 noJIR M ( X, y) OTHOCIITeJibHO BaKyyM

noro pemeHIIJI. PacKna_n:h!BaJI .n:eiicTBlfe (16) B oKpecTHOCTlf MIIH:11111y111a c M = 
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(~ - m0) + M', ITOJIJlJaeM 

weff[M'] = weff[~] + Ne{-~ (M', (I('T 1 M') 

--
2
iTr(GEM')2-if .!_Tr(-Ch:M')"} (20) , n 

n=:3 

PaBeHCTBO HJJIIO BTOJ)Oll ITJ)OH3BO,ll;HOil (20) ITO M' ITJ)HBO,ll;HT K ypaBHPHHIO ua 

BepmIIHHJIO q>JHKI(IIIO f( X, y) 

r(~,y) = -iK'1(x -y) jdx1dx2GE(:r - :r1)f(x1,:r2)GE(:r2 - y) (21) 

'.➔To ypaBHeHHe COOTBeTCTBYPT o.n;Hopo.n;HOMY ypaBHPHHIO Ben' - ( :ommn~pa H 

"JieCTHIIlJHOM" ITpH6JimKeHIIII. Bo30HII30BaHHOe .n;eHCTBHe (20) co.n;epmHT BCIO 

IIHq>OpMaI(IIIO O CBH3aHHhlX COCTOHHII.HX Kai{ KBapK-aHTHKBapKOBI,IX ITapax. )],JIH 

OIIIICaHIIH KaKIIX-JIII6o KOHKpeTHhlX a.n;poHHhlX CBOHCTB, 6HJIOJ{aJibHOe ITOJie J\lt' 
MO}l{HO pa3JIO}l{lITb ITO aMITJIHTy.n;aM CBJI3aHHhlX COCTORHHH: 

'( , lx+y)', , M x,y) = M(x-y-
2

- =M(z,X) 

J ( )3~;y'2wji [eiPXrH(z1.IP)at(P) 
271"' 2WH 

+e-iPX~H(zl.1- P)aH(P)l 8(z · 17), (22) 

r.n;e a:t(P), aH(P) - onepatophl po}l{.n;eHIIR H YHH'lTmKeHHR cen3annoro cocTo

HHIIR C na6opoM KBaHTOBhlX lJIICeJI H. Co6CTBemiaH aneprHR CBJI3a1uioro ro

CTOHHIIR P0 q>HKCIIpyeTCR H3 ycnoBHR Po = WH ,= JP 2 + Mk, r.n;e MH -
Macca CB.H3aHHoro COCTOHHIIR. AMIIJIIITJ,ll;hl CB.H3aHHhlX COCTOHHHii (eepllIIIHIIJJ(~ 

q>JHKI(IIII) rH(zl.l ± P) - pellleHIIR ypaBHeHIIH BC, HBJIHIOTCR cpyHKUHRMH no

ITepe'IHOil ( OTHOCHTeJibHO P) 1{OO)),ll;IIHaThl zl.. 
MaTpII'IHhle aJieMeHThl qJH3HlJeCKIIX ITpon;eccoB MO}l{HO BbllJIICJIIITb o6IJlJHhIM 

o6pa30M C ITOMOIII;b!O ( 20) H KOMMyTaII;IIOHHhlX COOTHOllleHHil Me}l{.n;y at ( p) II 

aH(P). B lJaCTHOCTII, aMIIJIIITJ,ll;hl CB.H3aiIHhlX COCTOHHIIIl HOJ)MHJ)JIOTCR ll.3 ycno

BHH, '1To6b1 MaTpH'IHhlll 3JieMeHT OT KBa.n;paTH'IHOH qacTII acpcpeKTHBHOro .n;eii

CTBIIR (20) ITJ)HBO.D;HJI K ITpaBHJihHOMY ,n;HcnepcHOHHoMy cooTHOllIPRIIJO Mk = 

8 

i, 
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Pj- P 2 • Kom".TaHThl pacna.n;oe ( TaKHe KaK Frr II Jv) oITpe.n;eJ1RJOTCR H3 MaTplI'l

HhlX .'JJIPMt'HTOB KBa.n;panl'IHOfO "l(jHjlt'KTHBHOrO .n;eHCTBHH C IlOMOlllblO BBe.n.eHHH 

JIOKaJlbHhIX ndJieii [12]. 

3.2 . Ypai3HeHHe Illn11Hrepa - ,L(aiicoHa 

,Um1 OJJ.HOBpeMt'HHOfO B3aHMOJJ.t'HCTBIIR ypaemmne lliBIIHrepa - ,Uaiirona 

( 18) OilHCblBa(-'T cneKTP Mace KBapKOB,.o6pa3yJOlllHX CB.H3aHHOP COCTORHHt'. B 

IIMIIYJlhCHOM npocTpaHCTBt' OHO HMt'l-'T Bll.!l. 

E(p1.) = 1h0 
- i J (i:<~4 V(p1. - </)nGE(q)n 

floTeHn;HaJI V (pl. - ql.) B ( 2:3) CBR3aH c V ( zl.) KaK 

V(1l - q1.) = j d4 ze-i(p-q)·=v(z1.)8(11 · z) , 

(2:3) 

(24) 

E(p1.) - 4-Mepnuii qlypbe-o6paa co6cTBeHHOii ::rnepnm 1rnapKa, GE(q) = (g -
E(q1.))-1. 

PaccMOTJ)IIM CHCTPMY IlOKO}] CBH:~aHHOfO COCTOHIIHJI, B KOTOpoii 11i, = ( 1, 0) 

n Tl = 10. Co6cTBPHHYIO :'lneprHJO 1rnapKa aaITIIllleM B BH.!l.<' 

E(p) + p· 1 = E(p)8
2
(p) 

C ITOMOIJlblO MaTplIUbl <Don.n;II - BoyTXOH3eHa S'(p) 

s±2(p) 

s±l(p) 

sin(cp(p)) ± f;. -ycos(cp(p)) , 

= cos(11(p))±fr·1sin(11(p)) ,11(p) = ~(~7r-cp(p)) 

(25) 

(26) 

(27) 

3.n.ech p = !Pl, fr=,11/p H cp(p) - TaK na:meaeMhlii 1mpaJ1hHhIH yron (na JI:mKe 

KBa:rn'laCTlIU cp(p) OITJ)t'JJ.t'JIJit'T yroJI MP}l{,!l,_Y CITHHOpaMH MaCClIBHblX KBilclH'la

CTIIU II crmnopaMH CR060.n;m,1x 1rnapl{OR R RaKyyMe C napyllleHHOii CIIMMt'Tplieii). 

C noMOIJlbIO TaKoii napaMPTptt:~aUHH 1rnapl{ORblii nponaraTop G~(q) MO}l{eT 6h!Tb 

npeJJ.CTaBJI<-'H H.aK 

(;E(q) = fl - E(q) 
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( 
A+(q) A_(q) ) 

= ----- + ----- ')'u = 
<Jo - E{q) + it q0 + E{q) - it 

( 
A+(q) ,\_(q) ) 

= ' 0 
q0 - E( q) + it + q0 + E( q) - it 

MaTpHULI A±( q), A±( q) HMP.IOT BHJJ. 

(28) 

A±(q) = s-1{q)A~S(q) , ,\±(q) = S(q)A~s-
1
(q) , (2!J) 

r.11.e Al = {l ± 10) /2 cJTO o6hI'IHLiil npoeKTO)) Ha COCTOJIHHH c noJJom11TeJJL11oil 

II OTI)IIUaTP.JlhHOH 3Heprnett. 

Ilo.11.craBJJJIJI KBapKOBLIH nponaraTop B ypaBHP.HHe ill BHHrt~pa - JJ,ailrnna 

(2:3), noJJyqaeM cJJe.11.ymmy10 c1IcTeMy Ha E(p) II (f'(p): 

. l / <Pq . 
E(p)sm((f'(p)) = m 0 

- 2 (
2

11")=3 V(p-- q)sm{(f'(q)) (:JO) 

1 / <flq 
E(p)cos((f'(p)) = p - 2 (

2
71")3 V(p - q)~cos((f'(q)) (:H) 

r.11.e ~ = cos(f> • q). <l>yHKUIIJI (fl( q) YJJ.OBJJeTBOpJIP.T rpaHHqHLIM ycJIOBHJIM: 

(f'(O) = 71"/2 II (f'(p) - 0 J].JIJI p - 00. 

)J,JIJI KYJIOHOBCKoro IIOTP.HUIIaJia HHTerpaJILI B (:30) - (:n) T1w6y10T pery1rnp1I-

3au1rn. Ilo.11.po6ao Borrpoc peryJJRim3aUHJL paccMoTpeH B [12,16-19,2:3]. :3.11.ecL 

MLI TOJibKO yKameM 'ITO 3aMeHa p ll m° C IIOMOlll~IO 

1 / <Pq 
P - P + i (211"? Vc:(p - q)~ , (:32) 

0 0 l / <Pq m
0 

m - m + 2 . (211"P Vc_:(p - q) Jq2 + (m0)2 
( ;3;3) 

II])llBOJJ.llT K KOHe'IHLIM mi:TerpanaM. Ilpll 3TOM rpaHH'lHhie ycJIOBHJI Ha Kll

paJibHhlM yron He MP.IIJIIOTCJI. Ilp11 TaKOM 3aMeHe OJ].Hoqac'!'ll'IHaH co6CTBP.HHa1! 

cJHepr1111 npll p - oo rrepexo.11.iiT 'B cJHeprHIO CB060.11.aoro KBapKa. B cnrrne 

aCHMIITOTIIqeom CB060.11.aoro IIOTeHUIIana, <Yeff = <Yeff(p2
), ypaBHeHne ill)], 

MO}l{eT 6LrTh rrepeuopMH])OBaHO C ycJIOBHeM, qTo KBapKOBLIH nponaraTop HMeeT 

TY me aCHMIITOTHKY, qTo II II])OIIaraTO]) CB060JJ.HOro KBapKa II])ll 60JibllIOM T])P.X

MepHOM HMIIYJILCP. p [18]. 
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3.3. YpaBHeHHe BeTe - CoJIIIHTepa 

PeJJJITHBIICTCKoe ypaBHeHne Bere - Conmnepa JJ.JIJI JJ.BHmyIUerocJI CBJI3aH

Horo COCTOJIHIIJI C IIMIIYJJLCOM p HMeeT BIi.ii. 

ra\pl,IP) = i J (2d:)4 V(pl. - ql.)t,Ga(q + ~ )f"b(ql,IP)Gb(P - ~ )t,. (34) 

f"b(P1,IP) - Bep11Innuan cpynRUIIJI CBJI3au~oro cocTOJIHIIJI c RBapRoM a II aHTH

RBapRoM b. 
Ilocne HHTerp1IpoBamrn (34) rro dqll Momno 3arrncaTh ypaBHem1e BeTe -

Conmnepa B BHJJ.e 

r"b( il,IP) = j dq1. V( l, - l,)t,(A+flr"b(q1.IP)t,A~ 
1 (211")3 P q (E+ + E~) - ffe 

_ + Att,r"b(q1.IP)t,At) 

( E+ + E~) + ffe t, . 
(35) 

BBe.11.eM BonnoByio cpyHRUIIIO ConrrnTepa 

J 
d II • p p 

w"b(ql.lP) = i (2;)3t,Ga(q + 2)f"b(ql,IP)Gb(P - 2). (36) 

Y.11.06uo rrcrroJIL3oBaTL TaK Ha3LIBaeMyIO "pa3.11.ery10" cpyHKU:IIIO W"b(Pl.lP), CBJI-

3auuy10 c BOJIHOBOH qlyHKUHett W"b(P1,IP) cooTHOI1IeH11eM 

q,a\pl,IP) = -s;1(pl,)wab(Pl,IP)s;1(pl,) . (37) 

C rroMOIULIO "pa3JJ.P.Tott" BOJIHOBOH cpynRUHII rreperrrr11IeM ypaBHeHrre BeTe -

ConrrrrTepa ( ;34) B BHJJ.e 

q,ab(Pl.lP) = 1 Ao J dq1, V( l, l,) 
E+b- - ffe + (211")3 p - q 

{S;;:- 1 (pl, )Sa( ql,)} q,ab( ql,IP){Sb( ql, )S;1 (pl.)} A~ 

1 0 / dq1, ( 1, 1,) 
+ Et_+ ffeA_ (211")3 VP - q 

{ s;;:-1 (pl, )Sa( ql,)} q,ab( ql,IP){Sb( ql. )s:1 (pl.)} A~ · (38) 
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3.uecb HCIIOJib3OBam,r CORpam;eHHhle o6o3Ha'leHHJl .UJIR 3Hepnrn RBapROB E+b- = 
E+ + E~. B o6m;eM cJiy11ae BOJIHOBaR cj.>yHRIJ;HJI li,ab(<J1-IP) HMeeT BH.ll MaTJHlllhl 

2x2 
li,ab(ql.lP) = ( W'f_(ql.lP) W'f+(ql.lP) ) 

w'.'.!'_(q1.IP) w'.'.!'+(q1.IP) ' 
(:l!J) 

KoMrroHeHThl w±\ ( ql. IP) rrpe.ncTaBJIRIOT co6ofi rrorrpaBRH rropJI,nRa v / c, a lj)yH

RIJ;HJI W'.:b_(ql.lP) - 3TO (v/c) 2 rrorrpaBRH I{ "6oJibllIOii" RO!\IIIOHP.HTP. w~\(q.l.lP) 
BOJIHOBOH cpyHRIJ;Illl. 

lfro6hl IIOJIY'lilTb ypaBHeHHe Ha CJalJl3aHHOe COCTOJIHHe c orrpe,llf'Jlf'HHhll\UI 

RBaHTOBhlMll 'll!CJiaMH, pa3JIO}KllM BOJIHO,BYIO cj.>yHRUHIO (:39) no IIOJIHOH CllCTeMf' 

MaTpil~ tJ:HpaRa: 

\Jlab(Pl.lP) = [£Pl(p.ljP) + 77£(2l(p.LIP)) /.5 

+ i [N11l(p.LIP) + nN12l(p.LIP)J ,;; . (40) 

BonHOBhle cpyHKUHH L(il(pl. IP) rr Nii\pl. IP) c i = 1, 2 cBJI3aHhl c 6oJihrnoii ll 

Manon ROMIIOHeHTaMH BOJIHOBOii cj.>yHRUHH IJJ"b(p.L IP) RaK 

wt±(P1.IP) = £P\P1.IP) :±: L(2)(P1.IP) (41) 

c aHaJIOrH'lHhlMH cooTHorneHHJIMH ,nJIR N1~i1(p1. IP). <DyHRU:HH L(il (pl. IP) ll 

Nii) (pl. IP) - BOJIHOBhle cj.>yHKUHH rrceB.nocRaJIRpHhlX ll BeRTOpHhlX Me3oHoB rn
orneTcTBeHHO. C IIOMOIIl;b!O Bhl'lHCJieHHJl CJie,llOB B (:38) c ( 40) rronyriaeM CBJl-

3aHHYIO rncTeMy ypaBHeHrrfi ua ROMIIoHeHThl £(i)(p1.IP) H Ni\i\pl.lP) 

#LGl(pl.lP) - E~b_LGl(pl.lP) = 

- j (~!~3 V(p1. - q1.){ [c;cf + ~.s;8f) LGl(,/IP) 

+s;.s~fµvpcr1]µ]J;q_;N!~\q1.jP)} , (42) 

#Nr\P1.IP) - E~,,_ N,~D(Pl.lP) = 

-! dql. V( 1. - .L) { [c~ c~ (PT) (PT) + c~ c± (PT) . (PL) (27r )3 p q 'p q P µ<r q crv P 'q P I'" CJ <TV 

12 

't 

+c±c~ (PL) (PT) + c±c± (rf'L) (PL) ] N~;)(,/IP) 
'P .q p JUT q <TV 1-1 q 'P JUT q (TV 

'~ ~ ( •.l. ·.l. ,.l.) 1\/;)( .l.lf') + ,± ± ·.l (•.l. /\f(;)( .l.lP))) -,s
1
, 8,

1 
q

I
, Jlv - l\w • v (J 8P .Sq P1, ffv 1' v q 

-i;.s;cµvp<T1Jvf>";q;; Lm(ql.lP) } •. · 
( 4:3) 

tJ:JIJJ IIOIJPJ)P'lHLlX ll IIJ)O.UOJihHhlX npot>KTOJ)OB BBC,UCHhl o6o3Hcl'IPHHJI: u;:)µ<1 = 
8;(>' - fi; fi;;, ( P{:) I'" = fi; fr;; c ananorll'IHh!Mll COOTHOilleHHJIMll ,llJIJl pq rr pqL, 

,.l. - .± ,± .. ,h ll u,w - 91w - 1/µ1/v, a BP.Jill'Illllhl ( 7'' Sp onpe.neJIJIIOTCJI MaTprrn;eH '¥011./lll -

BoyTXofi3eua (26) 

c; = t'os [1J,.(p1.) ± 11b(p1.)] = ms h(p.L)] cos h(p1.)] 

.,± 
•. p 

=t=sin (1iu(JJ.L)] sin [11b(J11.)] , 
sin (11

11
(p.L) ± 11b(p1.)] = sin [11a(Pl.)] cos [11b(JJ1.)] 

±ms [11" (pl.)] sin [11b(JJ1.)] . 

CnneMa ( 42) - ( 4;3) HMf'f'T pP JIJITllBllCTCKH-ll!IBap0a11THy10 cj.>opMy. 

( 44) 

PacCMOTpllM neROTOphle tJaCTHblf' CJIY'Iall. 

B CllCTeMe ITOJ{OJI CBH3alIHOfO COCTOHHllJI (P = 0) CllCTP.Ma ypaBHf'Hllii ( 42) 
- ( 4:3) IIJ)llllllMaeT Bll.U CIICTf'MI,J ypaBHeHHll Ha Macey CBJI3aHHOfO COCTOJIHHJI 

M LGl(p) - E''b(p )LU)(p) 

= J _±i_V(p - q){ [c~c~ + .c.,~s~] LW(q) 
(27r? ' p q ... p q 

+.s:,~~p · (q x Nm(q))} , 
0 

(-1;)) 

MN(~)(p) - E''b(p)N{;)(p) 

= f (:~:3'1(p-q){[c;ct(P{P;)+c;c;(P[PqL) 

+c±c~ (PL pT) + c±c± (PL pL)] Nm(q) ,·; 
i•q pq P</ pq \I 

-8;.s;(p X (q X NG)(q))) + .s;.s;p(q • NGl(q)) 
0 
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,, 

-.s; s;'[P X q)L (:') ( q)} (H)) 

C11MBOJI "X" o6o3HatJaeT BCKTOpHoe Il))Oll3BCJlCHl1e. ( '.11rTt-'Ma ( 4!i) - ( 46) rn
nepm11T n.telliaHHoe cJiaraeMoe, nponopu11OHaJihHOe pa:rnorTH Mace 1rn,q,i;ott. 

o6pa3y!OIUl1X CB113aHHOC COCTORHJ1e: 

8 cJiyq,ae oauHll1Wl3blX li:13ll]JIWl3blX apo.Ma/lWB ypaBHCHl1H Jl,111 [ II N pac

uenJIRIOTCJI. · B pe3yJihTaTe noJiy,iaeM rnCTPMY ypaBIH-'Hllii JlJIH L - KOMIIOIIPIIT 

BOJIHOBOll 4.lYHl{U1111 7!"-MeaoHa ( m,, = Ind) 

M"L(~l(p) - 2E(p)L(~l(p) 

= --V(p - q) {c'fc'.f + ts'fs'.f} / 2 (q) (47) J dq (I) 
(21rp 1' 'I <., p . 'I , • 

YpaBHCHl1e (47) Olil1Ch!BaeT Ill!OH !<aK fOJIJlCTOYHOBC!mi1 6o30H. ,l],ei1CTBl1Tt-'Jll,HO. 

ern11 KOMilOHCHTa L(2l(p) = 0, TO BTOJ)Ot-' ypaBilt-'HHe a (47) Il])IIBOJlHT I{ J\.1., = 0 
11 C £Pl(p) ~ sin[cp(q)], ypaBHCHl1t-' (47) COBllilJlaeT C ypaBHt-'HHPM ll1B11Hn·pa 

- ,lJ,aiicoHa B npeneJIP m 0 = 0 . 
N - KOMilO!JeH,TLI BOJIHoBoii cflYHKUHll rooT11eTCTBy1iJT BPKTOJ)Hl,JM Me3oHaM p 

(nia = rnb = rn,, = 1nr1), J/i/J (rna = 1n1, = 1nc) 11 Y (rn,, = 1n1, = rn,,): 

MvNW(p) - 2E{p)NW(p) = 

J dq { [ '.f ,'.f ,T ,T .'.f ,± ,T ,L 
(
2
1r)3V(p-q) cP<'I (EPF,,)+cpc,1 (Fplq) 

· +c±c:i= (PLPT) + c±c± (PLPL)]NW(q) 
p q p q 'p ·q p q 

f, -s:s:[f> x [q x N(~)(q)]] + s;s~p(q • NCl(q)) }· (48) 

PaccMoTp11M TaKH{e npede.,1, mM;>tCcA·bt:r x:6apr.:oo. ,l],Jrn '!Toro npennonmKHM, 

qTo a - TmKeJih!ii KBapK c E,, = Jp2 + m~ ~ m" = mQ·· CooTHOlliPHHH 

c; ~ cos[11b(p)] -5; ~ ±sinh(p)] npHBO,11,JIT K paae11cTBaM £(
1
l(p) = L(2l(p) H 

N(Jl(p) =/_NPl(p). McnoJih3YR 11x, cncT<'MY (4!'i) - (46) MO}l{HO nepenttrnTh B 

B11JlC 

[M - E(p)] f(p) = J (~~~:i V(p - q){ [etc:+ (,;st] L(q) 
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t\ 
\ 1 
\{ 

-s~s!(f>[qxN(q)])}, (49) 

[M - E(p)]N(p) J dq { b b 
(
2

1rp V(p - q) cpcqN(q) 

-.5;.5;([p x [q x N(q)l] - p (q · N(q))) 

+.,;s~[pxq]L(q)}. (50) 

:3neCh E(p) = mq + Eb(P) ~ mq. YpaaHeH11R (49) - (50) aocnpo.ll3BO,ll,JIT 

Cl1MMCTJJl1IO TR}l{em.rx KBapKOB: rrceBJlOCKaJIRpHbIC CBR3aHHh!e COCTOJIH.IIR BhlpO

}l{JlCHhl C BCKTOpHbIMl1. '.➔ra Cl1MMeTp11R eCTh CJ!CJlCTBl1e Toro, qTo ,ll;.IIHaM.IIKa 

B3al1MOJlf'HCTBl1R CTaHOBl1TCR neaaBllCl1MOit OT crrnna B rrpe,n;eJie rnq ·- 00. ~➔To· 
J!CfKO lIOKaaaTh ,ll;JIR 8- BOJIHl;rnoro CBR3aHHOro COCTORHl1R. B 3TOM cnyqae ypa

BHf'IlllR Ha L-rr N-KOMlIOHeHThl pacrrerrJIRIOTCR, 11 PCJl.ll TOJlhKO cyruecTByeT pe

llif'H.lle ypaauemrn (49) B cpopMe L(p) = J(jpj), TO pellleH.lle ypaaHeH11R (50) 
11MeeT B11,n; N(p) = Nf(jpl) c TOH me Cf:1MOit BOJIHOBOi1 cpyHKI.(.llei1 f(p) rr HeKO

TOJ)h!M BeKTOpOM N. AHaJior.11quue Bhl])O}l{,ll;eHllR BO3HllKalOT ll ,ll;JIR COCTORH.llit 

C .n;pyrrrMl1 .}1' [12]. TaKHM o6pa30M, ypaBHCHl1R Ha CBR:JaHHhle COCTORH.IIR (49) 
- ( 50), ecTeC'i'BeHHO, peaJill3YIOT Cl1MMeTpll!O TR}l{eJlh!X KBapKOB. 

PacCMOTpllM TPIIepb HCJJC.A,S/.17Wl3UCrnc1wi1 npeae.A, B ypaBHPH.1111 ( 48). Mc

IlOJlh3YR onpe,n;eJieH11e MaTpllII <l>oJI,l(.ll - BoyTXOit3eHa (26) 11 COOTHOIIlf'H.IIR 

p2 p 
cos[11(p)] ~ 1 - -

2
, sin[v(p)] ~ -

2
, 

8m m 
2 

2E(p) - Mv ~ ~ - (Mv - 2m), 
m 

(51) 

MO}l{HO rreperrncaTb ( 48) KaK C.IICTeMy ypaBHeHHi1 

[ 

2 :i - (Mv - 2m)] w++(P) 

J dq { [ . • ] =- (
2

1r)
3
V(p-q) a(p,q)+b(p,q)A(p,q) w++(q) 

+c(p, q) B(p, q) q, __ ( q)} 

(52) 
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[~ + (Mv + 2m)] '1J __ (p) 

= J (;~
3 
V(p-q){ (a(p,q) + b(p,q)A.(p,q)] w __ (q) 

+c(p, q)B(r, q)w ++( q)} . 

3.necb 

1 2 2 ( 1 
a(p,q) = 1-~ 4(p + q)' b p,q) = --2 2(pq)' 

rn rn 

c(p, q) = - 41 2 (p2 + q2) ' ( :i:3) 
m 

II orrepaTopbI A.(p, q) II B(p, q) .nettcTBYIOT Ha BOJIHOBYIO <l>YHKUIIIO KaK 

A.(p,q) 

B(p,q) 

([p X q] X (:) - ~(:)) 

~ ( 1 - p22:\2~) (:) + p2 ~ q2 ([q X [q X (;)]]) 

2 

+ 2: 2 ([p X [p X (;)]]) 
p q 

- }:q 
2 

([p X [q X (~))] + [q X [p X (-)]]) 
p q 

(54) 

(55) 

3.necb ~ = cos(p • q) II CllMBOJI (;) o6o3Ha'laeT BOJIHOBYIO cpyHKUIIIO. OrrepaTOp 

B(p, q) - aTo orrepaTop B3allMo.nettcTBllJI KBapKoB, npIIBOMIUllH K CBepXTOHKOMY 

pacmerrJieHIIIO ypoBHefi KBapKOHIIeB. TipeHe6perM cBepxTOHKIIM pacrn.enne

HIIeM, noJiy11aeM ypaBHeHIIe Illpe.naHrepa .nJIR TJI}l{eJJoro BeKTOpHoro Me3oHa B 

IIMilYJibCHOM npocTpaHcTBe [9] 

[~ - (Mv - 2m)) 'l'(p) = J dq { [ q2 + p2) 
- (27r)3 V(p - q) 1 - 4m2 'l'(q) 

+ ~2pq2 '1J(q)- 2pq2 [[p X q]"x '1J(q)]} . (56) 
rn rn 
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4 . 06cym.n;eHHe pe3yJI1>TaToB 

YpaBHPHHJI lliBHHrt>pa - ,llaiinrna u l>PTP - CoJIIlHTepa JIB,1111-0TOI HP,111-

udim.rMn, B O0illPM CJIY'Jat' nrnr_vJJJI]JHhll\lH mJTerpaJibllhll\111 ypaBHPHHJIMH, H 

MoryT 6!JTJ, peweHI,J T0JlhH0 ~(t'T0)la~m 'IUCJlPIIII0f0 aIHlJill3a. Bonponr. CBJI3aH

Hhl(-' C MaTt~~IHTH'lPCKHMH Mt'T0)laMn peWPIIHJI no.no6Hh!X aana•I )lJIII pa3JIWIHJ,JX 

KJiaCCOB IlOTPHUHaJIOB,' pacnlclTpHBaJiiICh B paooTaX [24 - :W]. 
B nannoii pa6oTe 06cym.na10TCJ1 pe3yJJLTaThl pewemrn ypaBHPHHil W BHH

repa - )],aiicm1a n BeTP - Conmnepa JlJIJI Jienrnx 11 TJimeJih!X Irnap1mHIH'B c 

II0Tt'HUHaJIOM BH)la ( J ). lh1cJ1PHHl,W paPIPTU np0R0)lHJIHCb )lJIJI CJit')l_'\'Hl[llt'fO 

na6opa napaMe1poB: nptf = O.!'i, a= 0,:251(f·➔B)2 n Jl = 10-:i(f'>B). Ha 

pnc. I '➔ Hepnrn KBapIrn E(p) npennaaneHa l{aK <l>YHKUHH M0JlYJJJI Tl>PXMep

noro HMIIYJibca p L{JIJI pa:lJill'IllhlX Mace 1rnapK0B m 0
• B11LI:HO, '!TO npn MaJlLIX 111° 

'➔ HPprnJI CTclIIORHTCJI OT))l1llilTPJlbHOli ltJIJI :rna'IPHHHH p. 0JIH3KHX I{ H_'\'Jl!O. '.-hoT 

c!JahT CBH:laH t' MPXaHH:lM0M. cno11Ta1111oro uapywt'HHJI KHpaJibHOii CHMMPTJllll1. 

ripn 60;11,urnx :111a'll'HHJ1X Mill'l'hl 111° '➔TOT :➔ c!HlieHT HP JIBJJJIPTCJI onpe,nPJIJIIOlUHM. 

K.11paJibHhlll yroJJ <p(p) Il]ll1B<')l('ll llil JlllC. 2. fl J>H MclJlhlX :lllil'IPflHJIX I/Ill, y{p) -

0hlCTJ)O MPIIJIIO[llaJIC'JI cj1y111un111, X0TJI llj)H 6oJII,WHX :rna•IPIIHJIX 111° npa({'fH'IPCl{ll 

II0CT0JIHIHI II ).HlBHa 7l" /2. 
HaiiJJ.PHl,W E(p) 11 cp(p) c _vIrn:rnnm,1Mu BUllIP uapatwTpaMH noT<'HUHaJrn. 

IICII0JII,:IOHaJIH<'h 11p11 'IIICJlPIIII()M P<'III('Jlllll ypaBHPl!IlJI bPT<" - ( 'oJIIIHTPJ)il /].JUI 

JWl'l{HX II TJIH{l'Jlh!X Mt':l0II0R. 

PaJlllclJlbHh!P H0JIH0Rl,IP cj>y1mnnn 7!'-Me:1011a 11 ero paLI:HaJlhHI,IX Ho:i6y>H/lt'Hl1i1 

u(;)(p) = pLW(p)), JIHJIJII0lllUt'CJI Jl<'lllf'HIIJ!Mll ypaBl!PHHJI (47). npPJlCTilBJWllhl 

na p11c. :l - !'i. Peweunn 11opMHJWRa11u n:i ycnoBHJI, ,no6u RhlII0JIHHJTOI JH-'JlJITH

BH<'TCKHii :lal{()II )lHCHPJlCHl1 L{JlJI II HOila [ I 2]. flapatlt'T]lhl II0Tf'llllHaJia '\·ff · a 
n :rnaqe1111e M_acch! m 0 = I. 88 lvhB Hu6npannc1, TaImM o6pa:mM, '1To61,1 ai.1110;I

IIJIJI0Cb ycnoane M" = 140 lvhB. Ila pnc. 4. 5 np11Ht'JlPH1,1 H0JIH0BUe cj1y11H1u111 

H0:16yH{)lf'I!Hh!X COCTOH!IIIU l!H(ll!cl 

M", = I. 2G:l f::18.( I. :l r'>B): 

M,r" = I, !JOH i' ➔ H( 1,77 rss). 

B ('({06Jrnx yIrnaaHIJ :➔ KCf!P))HMPHTaJIJ.IIIJ<-' :lllil'l<'IIHJI Man·. 

I-la pnc. ,(; - 11 IIJJHHP)lt'HIJ pP:l_vJIJ.TaThl •111rm·1111oro JWIUt'llllJ( ypaHl!t'IIHii 

(48) llJUI TJI}l{t'Jn.JX KBapIW1111t'H: L{Jlll .f/·1/• (111° = J,2 f:-18, p11C. (i - 8) II 

.nirn V (111° = 4, (i:J!'i L,B. puL 9 - 11 ). :111a•wm111 IrnpaM<'TpoH 11on·11nI1c1J1c1 
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·v 

Ta6JIVIUa . :3HatWH1HI Mace Bt'KTOpHI,IX MP:WHOB tt lIX pa)J,llaJJhHIJX 

B036)',KJl.PHllii 

CoCTo.f!HlIP M (fc1B) M (f'lB) M (f'-:lB) 

'.➔ l{CIIPj)IIMt'HT 1la1rna.fl pa6oTa Pa6oTa [11] 

.IN :3.097 :U08 :l.06!-:17 
:U978 1/1' 

1//' 
y 
Y' 
Y" 

:3.686 :3.612 
4.040 4.0:30 4.1696 

9.460 9.:l2 9.4450 

10.02:3:3 10.019 10.0040 

1 o.:3.'55:3 I o.:3:31 10.:3547 

3Hepnrn E(p ), OCeff =" 0, 5, u = 0, 215 r,B·2 

6 ,---,----,----.----.----..---r----,~ 
m0 = l 2 raB

mo = 4,635 r,B -
5 t mo= 1, 88 MaB - I 
4 

3 

E(p) 2 

ol-----~~=-----------------1 

.j 

-2 L__..J.._ _ _.L __ .J._ _ __,_ _ __._ __ ..,____~~ 

0 0.2 0.4 0.6 0.R 1.2 1.4 
p, r,a_ 

PttcyHoK 1 

ql(p) 

KnpaJILmlll yron <p(p ), OCeff = 0, 5, O' = 0, 215 faB2 

2.-----....----~----,----~--~ 
1.8 

l.G 

1.4 

1.2 

0.8 

O.G 

0.4 

0.2 

0.2 

mo= 1 2 r,B
mo = 4,635 raB
mo = 1,88 MaB.-

0.4 0.6 0.8 
p, r,a_ 

PHCYHOK 2 

BoJIHOBlle qiyHKIIHH 1<1l(p) " 1<2l(p) ' M,, = 140 MaB 
3r-----,-----,--'----,------.-------, 

2.5 

2 

1.5 

0.5 

/lll(p) -
z<2>(p) -

2 3 4 

I 
p, ·_raBI 5 

18 PueyuOK 3 
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BoJIHOBlle <j,yHKUHH 1C1>(p) H z(2>(p ), M.,,, = 1,263 faB 

l 
Bomron1,1e <j,ynKUHH n11l(p) H nC2l(p), MJ/,/, = 3,108 fiB 

,:~ I I I 

z;t)~pl -j 31 
I I I I 

~ n!tl~pl ◊ n12) p _ z(l)p -

2.5 
2 

1.5 

0: f \ J l 
2 

1.5 

0 

-0.5 

-1 

-1.5 L \ # ~ I 0.5 

-2 

-2.5 
0 

0 I 2 3 4 5 0 I 2 3 4 5 

p, _faB, 
p, ;_raB 

PHCYHOR 4 
PHCYHOR 6 

BonHOBlle <j,yHKUHH z(1l(p) " z(2l(p ), M.,, .. = 1,908 ra'il 
31 

Bonnonue q,y11Kunn n11l(p) n n12l(p), M,J,' = 3,612 faB 

I\ 
I I I I 

' I., 
I I I 

1:1)~ pl-] 
71(1)~pl o n(2J p -

z12> P -
2 

2 

oU--l-----=::::::~,.,..,.-------1 of l :_;,;;;;.was • ; ©M, @m~j 

-1 

-1 

-2 

-2 

-3 L----L----'-----'------L---~ 
-3 l-___ J_ ___ J_ ___ .L.. ___ J_ __ __J 

0 I 2 · 3 4 5 
p, raS, 

PHCYHOR 5 

0 2 3 
p, f:,B· 

PHCYHOR 7 

4 5 
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3 

2 

B0J1non1,1e cj,ynK11n11 n(ll(p) 11 n<2>(p ), M,i," = 4,030 r,B 

71(ll(p) 0 
n<2>(p) -

0$ \ · t ~i »· iiii ! !i!i ,:f 

-I 

-2 

-:J .__ ___ __,___ ___ _,_ ___ ___, ____ .,__ __ _____J 

0 I . 2 3 4 5 
P, rJB 

PHCYHOK 8 

B0J111os1,1e cj,y11K111111 n<1>(p) 11 n<2>(p), Mv = 9, 32 r3B 
4----~-------~--------

3.5 

3 

2.5 

2 

Ui 

0.5 

2 3 
p, rae: 

PHcyHoK 9 
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n<1>(p) 0 
n<2>(p) _ 

4 5 

5 

4 

;3 

2 

0 

-1 

-2 

-3 

-4 
0 

4 

3 

2 

Bom1oe1,1e cj,ynK111111 n(ll(p) 11 n(2l(p), My,= 10,019 r3B 

I 2 3 
p, r3Bj 

PHcyHoK 10 

n(ll(p) ◊ 
n<2>(p) -

4 

BoJIHOBhle cj,yHKIIIIII n<1>(p) II n<2>(p): Myu = 10,331 r3B 

n(ll(p) ◊ 
n(2l(p) -

5 

0$ ~ t ~ 
-1 

-2 

-3 

2 3 
p,,-r3!ii 

4 5 

PHCYHOK 11 
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COBIIa,ZJ;aIOT C Ha6opoM napaMeTpOB, IlCIIOJib3YeM1IX .ZJ;JIR IIIlOHa. TioJiy<IeHHhie 
Macc11, a TaIORe cpaBHeHile C 3KCIIepnMeHTaJibH1IMil ,ZJ;aHHhlMII II ,ZJ;aHHhIMII 113 
pa60T1I [11] IIpIIBe,ZJ;eHhl B Ta6nm1e . 

Pe3yJihTaT1I pacqeTOB .ZJ;JIR JierKIIX KBapKOHIIeB cornacyIOTCR C ,ZJ;aHHhlMII 113 
pa60T11 [12]. 

5 3aRJuoqeHHe 

B pa6oTe npIIBe.ZJ;eH qIIcJieHH11il: aHaJIII3 perneHnil: ypaBHeHIIH ll1B1rnrepa -
,l(attcona II BeTe - ConnnTepa KaK .ZJ;JJR nerKIIX, TaK II TRllie;mx KBap1wHJH'B. 
PacCM:OTpeHa acpcpeKTilBHaR MO,ZJ;eJib, IIOJiyqenHaR C IIOMOJIIbIO KOBapIIa1nnoro 
o6o6meHilR O.ZJ;HOBpeMeHHOro B3ailMO,ZJ;ellCTBIIR KBapKOB. TioKa3ano, '!TO B paM
Kax ,ZJ;aHuoro 110.ZJ;XO,ZJ;a BOCIIJ)OII3B0.ZJ;RTCR HII3R03HepreTIIqecKife TeopeMhl 1mpaJih
HOll aJire6p11 TOROB ( CIIOHTaHHOe HapyrnenIIe HilpaJihHOll CIIMMeTpIIII, TeopeMa 
roJI,ZJ;CTOyHa), nepeJIRTIIBIICTCHIIll rrpe,ZJ;eJI .ZJ;JIR TR}HeJihIX HBapHOHIIeB II CIIMMe
TpIIR TRllieJihlX RBapROB. 

,l(JJR qJicJieHHhlX pacqeTOB IICIIOJib30BaJICR IIOTeHIIIIaJI, CO.ZJ;eplliaJIIIIll .ZJ;OllOJI
HIITeJihHhlll napaMeTp, IlMeIOIIIIIfi CMhlCJI 3HpaHIIpOBHil MaCChl CBR3aHHOro co
CTORHIIR qaCTIIIIhl B IIJIOTHO:ii II ropRqefi MaTepIIRX. TipIIMeHReMhlfi IIO.ZJ;XO.ZJ; 110-

3BOJJReT paCCMOTpeTb acpcpeHThl TeMIIepaTypnoro ,ZJ;eROH<pafinMeHTa RBapHOHIIeB 
C IIOMOJIIhIO BBe,ZJ;eHIIR TeMnepaTyJ)HhlX cpyHHIIIlfi rpIIHa [20] B ypaBHeHIIR ( 4 7) 
Il ( 48) C IIOTen11IIaJIOM (1 ). Pa6ora Ha,ZJ; 3TOll rrpo6neMoil: HaXO.ZJ;IITCJI B CTa,llMM 
3aBepIIIeHIIJI. 
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AKHUJI-IH n.r., Kanl-lHOBCKHll IO.fl. P2-97-404 
T.H)KeJible KBapKOHJ-11-1 B 6IDIOKaJlhHOll 3qJ(peKTHBHOll TeOpHH 

B pa6oTe paccMaTpl-lBaeTC.8 3qJ(peKTHBHM MO.n;enh e.n;HHOro on1-1caHJ-1.8 KBap
KOHHeB C IlOMOIUh!O KOBap1-1aHTHOro o6o6meHl-l.8 0.D;HOBpeMeHHOro B3al-lMO.D;ettCTBl-l.8 
KBapKOB. TioKa3aHo, qTo B paMKax 3TOll MO.n;enu BocnpOH3B0.n;.HTC.8 HJ-13K03Hep- · 
reTuqeCKHe TeopeMhl Kl-lpaJibHOll anre6phl TOKOB (cnOHTaHHOe HapYUJeHHe KHpaJib
HOii CJ-IMMeTpHH, TeopeMa fon.n;cTOJHa), H.epen.HTHBI-ICTCKHll npe.n;en M.8 T.H)KenhIX 
KBapKOHHeB H CI-IMMeTpi-1.8 T.H)KenhIX KBapKOB. TipttBe.D;eHO peUJeHHe ypaBHeHJ-ltt 
illBHHrepa-JJ:aiicoHa 1-1 EeTe-Conn1-1Tepa M.H nenrnx, T.H)Kenblx KBapKOHHeB u ux 
B036)')K.D;eHHhlX COCTO.HHl-ltt. 

Pa6orn Bb!IlOnHeHa B na6opaTOpHH BhJqucnl-lTeJihHOll TeXHHKH 1-1 aBTOMaTmau1-11-1 
Ol151l1. 

Coo6meHHe 06!,e)IHHeHHOro HHCTHryra ll)lepHhIX HCCJ!e)IOBaHHii. }ly6Ha, 1997 
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Akishin P.G., Kalinovsky Yu.L. P2-97-404 
Heavy Quarkonia in a Bilocal Effective Theory 

The effective model of the unified description of quarkonia by the covariant 
generalization of the instantaneous interaction is considered. It is shown that low 
energy theorems of the chiral algebra (spontaneously symmetry breaking, Goldstone 
theorem), a nonrelativistic limit for heavy quarkonia and a heavy quark symmetry 
in the framework of the model are reproduced. The solutions of the Schwinger
Dyson and Bethe-Salpeter equations for light and heavy quarkonia and their 
excitations are obtained. 
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