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Bo36y:>KAeHHhle COCTO51HH5I Me3OHOB paCCMaTpHBaIOTC5I B .paMKax o6o6w;e

HH51 MOAeJIH HaM6y - 11oHa-Jla3HHHO C yqeTOM (aHTH)CaMOAYaJibHOI'O OAHO

POAHOI'O qJOHOBOI'O rJIIOOHHOI'O IlOJI5I. JJ:aHHa5I BaKyyMHa5I KOHqJHrypa:u;H.sJ o6ec
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Excited states of mesons are considered within generalization of the 
Nambu - Jona-Lasinio model taking into account the (anti)self-dual homoge
neous background gluon field. This vacuum configuration ensures an analytical quark 
confinement. Colorless model are determined by the confined gluons and are 
described by the nonlocal quark currents with appropriate radial and orbital 
quantum numbers. The effective meson Lagrangian corresponds to ultraviolet 
finite theory. Spectrum of radial and orbital meson excitations predicted by the 
model is asymptotically equidistant, i.e., it has the Regge behavior. For real 
values of the orbital momentum it describes experimental data quantitatively. 

The investigation has been performed at the Bogoliubov Laboratory of 
Theoretical Physics, JINR. . 
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. 1 Introcluctipn 
,.,.·',i;i'-'.·· .. >·-·.··· -, _ _ :,:. ': •,·• --· '.--. ,.· i'" 
';Vac,uum sdf-dual gluon fields like_ instanton solutions_ [1)-[4], st_ochas_tic fields [5Lor the ... 
. fields' with a constant strength· [6; 7, 8] are widely used to explain various features of the· 

, ; low~ene~gy hadr9.n physics. In rarticular, H:'Leutwyl~r has s_ho~n _th~f ( anti)self-duai ho~ _, 
. '. mogenecius gluon field provides an analyticalquark confinement [6]. In ·contrast to pure 

chromomagrietic or chromoelectric_ configurations,_ ~elf-· or antiself~dU:al. fields a~e st~ble -
· ·. ina serisethat the effective p_ot~ntial for these fields is a real function/ Unfortunately; 

numerous attempts to estimate the fieldcstr_ength, IIlinimizing the effective potential, have 
not given' d~finite result. -A: general reason for this is quite dear: -phase. tiansitioh:sin 
quantum field systems accompanied by appearance of nonzero vacuum fields occur· out of r_ - · · · 

. perturbation· region and. their s~ccessful irivestigatipn is damped _by a lack'of nonpertur~ 
· -•·· -bative methods; At pre~ent. time,' a task to prove an existance of the vacuum field .a,nd to 

e~ti~ate its ·strength; starting ~ith .the first principles, seems to be quite ~omplic~ted. · ; _ 
·· -We will follow another,-insome sense phenomenological, point of'view.>Namely, we-·
suppose, that self- or 'antiself-du'al' homogeneou~ gluon field: realize's the QCD vacuum ' 
aflow energies, and find-out tlie·points in hadron physics, where this vac~um field can· 
pl~y an important·role: Our con;ideiation is bas~d on th~_bosonizatiori proc~dur~ ~fthe -

, standard NJL-model {9, 10): At the sam~ tim~, taking into account the background field 
,-. -. h6th in the quark and ghio'n propagato!} requires essentialmo_difi~ation of this pr~c~dure. 

· · I , Starting with the Euclidean generating functional of QCD with the background' gluon 
field [2, 11] we. construct the color single(bilocalquark Curreri.ts;' Confined gluon' fields 
ensure a natural. exp~nsion of the bilocal quark: ctmerits over the_nonlocalones ,with:ap~ . 

· prop~iate radial and ·orbital quantum numbers·;,; An idea of such 'expansion wa~ discussed 
in gerieralform in [12]. Realization of this idea implies an existance_ of a'set 6fortlionor 

. malized fu~cti~ris; Particular forni of these functions reflects specifi~ physical peculiarities· 
:- '. .. ~- of_ th~_· system. , We. show. that the. hoµiog~.neous · ( anti )self~dual vacuum: fie~d detei~nes 
. · ·•·quite definite set ~• generalized Laguerre poiynomials. As a result of the expansion, an 

i' interaction of quarks. is' realized by the currentccurrent . terms in the. effective. Lagrangian, .. 
'•• the ~urrents are nonlocal. and carry·. radial and orbii'a:l. quantum nuinbers. Jn ~ontrast. to . 
non'renornializable local NJL ~odel, o~r g~neralization leads to the effective four~fermion 
-theory, that is superrenorinalizable due to a nonlocality of the curr~nts. _ , . 

.. _' By means ofthe standard NJL bosonization we get a representation of generating -
function~! in terms of th~ l~c~l meson fields:'intera.~ting with the nonlocal quark currents.. . 

. ' . . I - _, - . . .· , - - . . . ' ; ·". T • 

These meson fields have a complete-set of quantum numbers including radial n and orbital 
·. fories. Effective meson theory is ultraviolet finite due to nonlocal meson interactions. It 
. should be notei_tliat w~ are basef at the representatiqn for generating functional of / . 
,QCD, which implies an averaging over some parameters of background field (for detailes 

,-"'-~; -- . ~ .· ~-- . -. . . , . - . \ -. ' - ,· - .. ·. .. . 

)lee [2,)1]). In the case of the homogeneous field we haveto average_over s~l(c and ~ntiself-. 
- dualconfigurations and over directions ofthe'field. Due to this averaging aUamplitudes"' 

../at_h~dron level are invariant under space r~tations and parity transformation:. '.. .. 
/ Parametrization of the g~ii.eralized model is quite natural.·· .Th~ quark masses, the 
fo~derniion coupling costant and the backgr~und field strength are.the free parameters:~" 

0 
Us~ally, description of the Regge.behavior of m~on spectra within the Schrodinger 

equati~n reqU:ires to introduce into the Hamilt~nian the term r 2l3 or to ~or{sider rda
tivized versions of the Schroding~r equation. -Nonlocal extension of the NJL model.gives - . ' .. ' . - ~ - ~ ·. -. ;. -

• ). ' ' •• _ :_ •✓ •• • 
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additional possibilities to invesii~ate the ex:ited meson states withi~ the relativistic'.QFT 
approach [12]. Jn presence· of the backgromid field underconside~ation the quark prop
agator ~d, the ,me~on-q:iiark vertices are:nonlocal. This nonlocality has an' important 
consequence :- the spectra ofradial ind orbital meson excitations are equidistant. First· 

. of all, w~ calculate the: masses of excited meson states for asymptotically large values of n 
. <!,nd. f. and deinon&trate that the specific form'of nonlocality. induced by. the homogeneous 

. seif-du~(yacuum,'field pr~v-ides the·Regge_behavior oUhe spectra. Calculation of the 
masses for real values off,= 1, 2 gives quantitative (with an· aCi::uracy about ten·.percent) 
,"description of experimental data. , · · · . . · . , · 

·• :·_Besides-that; there.is another point, ~here the.vacuimi giuon field seemsto beqllit~ 
important; :Frorn thequantum meclianical point of view;.difference,between the masses 
of th~ pseudoscalar and vector mesons ~ith identical quark 'col\tent relates .to the contact 
spin-.spin interaction of quarks.; In relativistic fiel!f theory an interaction: of this kind should 
b.e realized via vector gauge field:• An interaction of the quark spin with the vacuum gluon. 

· cfielcl i~'t~k~ri i~toaccoU:nt hi: the q~ark propagator through.the ter~",µB~v1v.-~here ,'µ · 
are the Dirac mati-ices.andBµi, is' the ba<:kground field, strength tensor. This spin-field 

:, interaction leads. to :mass splittinf between the :vector• and pseiidoscalar mesons with. 
.identical quark st~;i:ctllre (p-1[", K:K,":a~d so oriLAccounting of this dynamical reas~n for 
the mass splitti:rig redU:ces number of free p'arameter; of the model in :;;omparison ~ith the 

·l~~al NJL-m~clel; where successful de~cript.ion·of tliemeson m.i.sses requires four-fermion 
co~pli:rig constant~ to be cliffererit fq~ the pseud~;calar, arid vector nonets [14) .. \· > . 
. •. The paper is: org~nl~ed asfolfows. fo Sect: 2,3 wei:ritrodu~e aU definitions arid di~~. 
~us~ t.he quark· a:rid gluon'.clyna:rnic~ in the ba~ground field .. The. collective modes are . 
~onsidered in Se~t. '4_ Th~ ma;ses ~f the pseucloscalar a~d ,vector meson excitations ar~ 
~alculate<l in Se~t. s:· ' . . . ;/ ,/ . 

1 
.· • . , . . . 

: 2. :Euclid~an"gerie:ratilig' fuiictional-· ", .·-. '·. __ }-_ .-,_. ·; -r~: ,-- ·-~--~ :'. •" ·~-. -< · .. '-i_ .. ,_~,---~<-~- .·.. ,.:_ . : . -:;;: .- <, . 

. After integration. over the ,ciuai:ttum gluon fields .. A~ l the ge°:.erating fonctiCJI},al f?r QCD. 
with the background gluon. fi~ld .B! in the Euclidean metrics can be' represented in the 

'form[2,il]: ·· ·' 

·z··~ .. 1·1~~;~cD_qJ?q_ ex~•{· Jtf E;1(;H~1µYµ ~-m1)~1(;)+'f;:;n}~' . {ilL 
· · . · · · J • . . . n-2 .... 

where ·, · 

. ,C, ,.;, g"J·· 4 :: , •·•1 .· ~ ·. •a1 -.: · <an ·. ,·· , a, ... ~n · ·.. ·' 
: ,L_n =:n! . ~ ~1·•·' . d ~,.J~, (r1~ '. ... · Jµ~(y~)Gµ, ... µn(Y1, ...... y": I B)_; 

-1;(y) ~ q1(:,;),µta.qh;); ·. . . . . . -

The r~presentati~n (2.1) impli~~. that the vacuum 'field _B~ · is . characte~iz~cl. by ii set 'of. 
. parameters { ;~;,,c} and the ·vacuum s~ate is 'degenerated. resp,ecHng to 'chailge of.these. 
parameters. Integration over duv..;; means thaf all amplitudes have to 'be averaged over~ 

. { crvacf; The function G~~:::~: ·is' the exact"{up ·to ~he ·quark loops) ii~point gluon Green· . 
. fu!lction in-tlie external field 'B~: Here ~nd below·w~ use_.the notation: - ·. <'. . 

-· ~'.';."'," ·- '. - ,-,., .. , "' . ·. ,' ,, . ~," .·::\'."• u . , .. :, _ .. ·, ,,,, 

,'ilµ ==8µ-igBµ ,,.Bµ = B;t:,;. 'ilµ == Oµ- igBµ , ,Bµ = n;ca.,. -.. , - ' - -

l· 

·1 '> 

t ·. 
q; 

:-; -, J. 

'. . . . ' . ' ~ '. . :. . . . . . \ . ./ ·. , ,. / , . ~-: . . ~ .. -~ 
'where the matrices ta ·and ca ;are. the generators of the color group SUc(3) in the. furida~ 
mental and adjoint representations. .:. ; ; , .. ·.. . . . <, .. . . . . • . ·. . -
· · · We wiil be interested in ( qq}collecti've;modes and consider thefonh of Eq.(2:1) frun:· 

. ~ated up to thE(term ·£2 • , . , /. . 

, > . z = ~j d,S,,n,ex~{Jd;,E ,;(;)(i~:V.7" ~,i,/i> + i,}: • (2.2) 
'· '.,.:• .... ,·... ' '.' . ·/_.. . . . . . ; .. · ' . " 

L.2·==,~J.d•~/d4
yj;(~)G;tJ:r'.~\B)it(u).. .. 1 _, 

i-. 

( · R~present.ati:n~·. (2.1 fand 
transf~r~~tions [15): · . 

,_,.'./ 

(2.2) are irianifestly invariant under. the background. gauge· 
' \. - ' ,· -

- q (x) C+ ~..:iw(x>,/ (x) . A-~·:::... i1.:-<xi X ~iw(x> . 
, f ~-- ,' .. ,' J ! . 11, , ... µ, ,:, , 

s iJ '...+ ~-iw(r) jj eiw(r) + !.:e-i.:-(r){) iw(r) : 
µ, ' ,µ_ . "9 .. ,, ,. µ .. (2.3) 

- . - - . . - . ·, : . ,_ . . ' - ' -· ' ·. . . ), . ' . --,,~-- . '' . 

The standard NJL-model corresponds to the generating functional (2.2) with 
, . ,'. ·: • : . . ':, ··~ - • ., •. : ).· . .-- ,:_---. I;-..... . - ., .. ·, , .... , . ,. . 

B a· · Q · .d. ··a· ab(; • ) cab c · · cc· . ' .) . 
µ = an ,.,, x,y = o. ·';µ,,o x.7 y ... 

I)• . ' 

, We win approximate the two-p_oint Green function in Eq,(2.2) by the ~l~on pr~pag~tori~ 
tlie external ·field. In other words, ge~eralization of the NJL-model consistsin taking into 
ac~ount.an influ~n~e of th'e b~ckground field b~ih on the gluon a~d qJaik propagators: 

~~ • •• ~.- ·-:,.:~ •' ,• ' ;.' I ~~ ,, ,- ,- • '• 

Quarks and gluons intlte homogeneous background ,, fi~ld . . . . . . . .. . . ' . . . . 

,· The h~n1oge11~~us ·(~~ti):~Jf-du~~:gluon fi~ld hasth'e f()li~wi~g form (~.g:, ;cc (6, 7, i6, 1'7]) 
.. ·. ·. " . . . . ·. . . . . .. , .. · l.;. •• 

. Ba( )·, .B'" ... , · :-,,·B· . , .. ·.: 2 1· · 
:, µ X = IUI~,; =.n•~- µvXv. ,., n .,=:· 

1 •,- -~. • , ,. '¥. • :,,. • ,, .- \ •_ • \_~,. ~•.•:, ~ .' ., ~ J - . . ': - I ,_c .\~ 

where the vector n defines a direction in the color 'space: The constant tensor B,,; satisfies 
th~ f~llowing c~nditions: ·· ··. . · ·. : ·.· . · . . · · . ' 

' . l • • 

,{, .: ,',. ·· .. 2· .... ~ ... ·,,t' ·,·· .. 
B,.,, = -B,,µ' BµpBpv =,-BOµ,,,, Bµv = 2eµva/3Ba/3 =.±Bµ,,. ,(3.1) 

The gauge invaria~t quantity B is a tension _of the background field. . 
'Any matrix ti ;,, nata E S~c(3) can be reduced to the general form 

'" - . ' ' n = t3 cos e + t8 si~ e ' 0 ::; (< 2,r ' ' (3.2) . 

by appropriate 'global gauge transformation, As soon ~°i-he chromo~agnetic 11 and chi-o-
, ,- · moelectric E fields relates to each other'like 11 = ±E for the (anti)self-dual configuration,. . 

,-.~ ; ~, \ _ ·.,~ '.· ·, ·~_. ..... ~ .-i~,· ., ·•~- - ;·,.,; . ·.~ ' . < >( I , . : .:~-, -.· ' -._ .•• 

"':-- --- - ~ 

'.":'--. 

3· 

'1, 

,., 
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o~e has ~nly tw~ sph11rlcal angles (0;cp} defining' a direction of the fi~lds in the x~space. 
· Nov/we·can_write down the explicit form of the_measute duv~c:· •. ' 
. , . . .J , , ,- . . . .. _· .. , . . . ,r . , . 2,r~ . '. 2f ', •, .. 

·., ·1duvac== (:/-)2•1·.,d0~i~0/dcp/'. <leTI,' ·. ''(3.3} -
, . . ' . 7r ·' 0 . . , 0 . 0. . ± '. ··.·. . 

where the sig~ E:i:· ~enotes a~e~!'-ging ove; the self~ and ~ntiself-.dual c~~figu;at,ion~; which, 
are assumed to be equiprobable.,.; .. : .. ·',' . ,,\ · •_',' .• . ·.,_- · . , . . . _··. : 

. , ~ : The averaging _over e c~n be included i~to theformalizm described below. H~wever, · 

. in order· to simplify further calculations and darify a contrib~tion of the background field 
: , under consideration into forming thebourid quarksystems we will omit the integral over 

;e in Eq:(3.3) and.fix particular vectorna = i5as, so that:_ . ,. , . . . •. . .. 
~ ' • • ~ : •.,; , , '' • --,. a , ' 

fr=/ =,diag(~',~,~~) ·, BµpBpv =·~v2fl.4/j~), 
, •,,.. . _ . 3 3 ·, . 3 .· •. , . '.. . ,· :. -· 

where we use,the notatjon · ·. . ,_ . 
·· · -·_ . ., r: •- ·: :.\(1 J.·2\ , 

A.2 = V3B, v.= diag '.l' ;,, ;, . 
',) ' 

which are ~onvenie~t foi further ~alcuiati~n~.· 
/ In the adjoint representa:iiori one has . ,. '' ', .:• •s' J3 • • : V • i '3 2 ,; ' 

... n = C -=:,--J<,: .Bi1pBpv =,-::-K Roµ~, . 
;, .~,.-. :2 '· :· .·: >.4 ·•2': .,'. ·,,. ' --- . ·'- ' ·., 
· Ks4·= -K45 =1<1r/= .:..K61.= z, K == d1ag(O,O,O,l;l, 11 1;0);. ·.: .. 

Tht; ;est. ~f .el~~~nt~ -~i' the' ~it;i/K' a;e' ~~ual t~ ~ero. --B~low·-~e deni~e g B: = 'B;. '. 
The quarbnid gluon propagatorssatisfy·t~e equations: . ' ' 

· ·· · .·.- · ·:;(i;~~;;:~;)s,(;;;iiflii :::;'i6(;~\f, -.. {3.4}~: 

. '{Y2oµ; t4iBµv)Q.;p(x, y I 'B) = :_OµpO(x ·..:: y).. • -
1

(3.5) 
/ -._. ••• '• .,- ' ' • -•••, ' ' '> ' V 

-The.equatio'ns {3.4} a:iii(3.5} can h~'solved using the Schwinger proper time technique 
(e.g:,' see [11]):. The q~arkpi:opagator t~kes the following form ... , ' . · ' . , . .-·· •. : 

: • r • ~ ; , '.•, . , . \' , , •. ' ' 

s,(;;y~I B) -~ • 
2 
i_Vit; + 1111 • __ o(x ~ y) ~:ef(xBy)Jf;,(x ~ y I B)ef<x~io', (3:6) / • · 

. , _·:,. -•-•·•· .. ,'\"";m1 +,<Y~vBµv\'.'.I·. ,.• ·. -~---. _ :·: . :,)-•. · -

,HJ(p_l B) ='· 1. 1· ds'e-:-~; (:1 :-:- s)fv- [a,+ XP~1'µ-.isx(~fp)] . 
, . __ . • . Va 

O
: · · .· ,'. , 1_ +_~ · _·. .·. , · . . .. - . 

--· . . . -· -s .. ·... - s 
'.·x [P~·;-p'f11_-t:s:- _2i('yf7, )1 ~. 2]:, 

-✓• ~ wher;· the following n;tation ~re intrndu~ed (~~e also E~.(3.l}) _ 
_. ·· · · · ·. 1 - . , _. , :_:. · --- ni - -- · .. , - ·-. -··_ . 

. _ p± .=:= 2(1± ')'s) , ·.a,= j '. r(_xl3y) =:= XµB,,v!_v ·' 
·_ . --; - . ' ,:· ~--=. .'~ ,.· :- ts ,: : . ·.:.· . ·- .. 

·(pj,y) = P~f~v1'v, Jµv ~ A2Bµv, 
· Va , 

;,- ' -.....: .. - ... 

1 ·· 

t 

. - - . ' , ' _,_ . • • . .. 1 . ' . ' 
Th~ upper (lower) sign in the matrix P corresponds to the selfcdual (antiself-dual) field. 

. · .. Let ,us introdUC!! the -~~rial:)le µ = Pv1'v: The function Hj(µ I B)is an entire analyticai 
function iii'ihe complex µ-plane, It means that there is no pole cor~esponding to quark 
mass. In other words, the so-called analytical quark confinement._is manifested. The 

. parameter A ( tension B). determines a characteristic i:~gion of the wriation of the function 
'·Hj(plB) 'i.e.; it defines the.scale of confinement. / .-, . . .'• . . - ·_ ·, 
·_ _ The term· ~µvBµv in the quark propagator (3.6) can be interpreted ~ int~r:ction c>f _ 
quark spin with the vacuum field. The second line in Eq.(3.7) relates just to the term 

. CTµ~B;v in Eq. (i6}. We shall discuss a:n influence\of this spin-field interaction 'on meson 
nias'ses in Sect. s: ;· / ,,,. ·- ··_ . - _·. . . -- . I • , • ,;, • • 

-, Gluon propagat~r can be repre~entecJ in the f<>rm {see· Eq.(~.5)) : . 

Gµv(;, y:,'~) ,; ef(xily) Dµ.;(x - y I B)e½(xi1y) , {3/8) 

n;t(; I B) = 6µ~[K 2t}D(z I A,2t+ R;~(z), _. 

R;~(z I B) =·Oµv[{L- K 2 )D(z Io)'+ K2 Do(z I A.2}])ab + 2ifµvKab D1(z (A.2) , 

'! . 1· "{' f,_2 2} ✓ •• • ' • ' • 

D{zl~
2

)_=;= (21r)2z2 e~p -+ , . -· · , - {3.9} _ 
. ( 

The' Fourier transform of the_, function D(z 1 ·11.2) -is -~n .entire analyticalftiJction in the . 
' momentum S,l)aCe. H describes a. propagation of confined modes of the gluon :fields. We . 

suppose that these co~fined modes play crncialrole in generatio'n of hadroibourid states ... ·· 
, Other terms R;~(z) do not tak; any significant part.in. forming the,bound ·states a!_ld wiU 

-be'om,itt'ed_belo~-- ._ 
1

• : , _. · i ~-:· . · ~ :.:..,- ... ~; -, - · :. : '
1
; · • 

.- .. --
4 · Colorless collective modes~- ",·"'· 

. - . . '•,,: -.· .· 
. i 

Accci~di~'ito Eq.(3.8} ~he term.L2 ~.n Eq.(2.2)loo½s. _ . 

. . ' . f2 ~:~ij1~4xd4y{;,(x}1'µta [;½(xny)F~'i,(x)}~:J'(:c~ y I B) 
·' . ·. ·.c. . · · . . . · , ~ . b'b . ·, . . .. . 

·. < x{qJ'(Yhv[~½<~i1y)] tq11(y)_}. (4.1) 

Using the i~entity, 

·:·ta-[C:ic:i]aa' = [e~i.,ta'ei"] '. , <w=waca·w=:=wata), 
.,kJ,_ . .,_,~_,k; . I ' 

·. \ 

. one can get \' 

. · ·i = iJJd __ 4xd4yr(x .y. )Da6(x -_y I B)J"'(·y. x_ .),· _\ 
2 .. :·. 2 , ' . • . ' µ • ', ,-•C J'V • , µ C ! . ! 

' ~' . ' . . . , "' , . - . . ~ 

J;(::,,y) = { QJ(x,y)-yµtaQ,(x,y)},. ·-, 

where CJJ(x,y) = ~-½(xiJ~>q,(x), QJ(~,y)~ ii,(x)e½.(xBy)_: 
' : - -: - ., , __ • • ' ·' ', < , 

: ,.. 
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,' ·, . ' -. , . , . - ' . . . .. , ~ ' -. - " . , ~ ·~ . . ,_ ' . ' . 
Then the Fierz transformation of the: color; flavor ;(we consider· N1 .= 3)and ·Dirac __ 

matrice's is performed. _Ke~ping only the scalar JaS, pseudoscalar~jaP, ~ector" JaV and-; 
axial -y'.ector JaA colorless currents we obtain: ' . . . . . 

-~2-== { t~J //d:xd4~li(1:: y l·A2)~;J(x:,:y~Ja,J(x,~), ·• 
aJ ' . , -. . , . . .. , -·. . ' . 

__ (4.2),_,• 

. , . , J. ( · . )- - ( )"Ma ri i(y.9z) - (, ) . - · .. ' aJ x, y =. qi y . ff' e · qi' X ; 

r~ ~1 , r_i::::: its , ·tv 7·,,, , r~ = 'Y}r/, 
- _..,· :, . · 1·, -- ·:· ·' .. ·. '<1 .· · - . . .. 

Cs= Gp= ....: , Cv = CA = - , 
. 9 · ·. 18 . ·••, ·> 

. . -
". 

:(4.3). 

Ma-flavor mixing m~tri~s, b~ing equal to the matri~es _,\a.or 'thei-r linear combinations 
(a =- 0, ... , 8). The currents (A,3). ar'e the scalars under color group transformations (2.3). 

. _· Under transformation (x-+ x+½Y, y ~ x·-½Y)/ep;e~~nt~tipri (4.2)·takes the form: 

: ;L2 =;~2L CJ j f dfxd4yD(1f ·,_~2 )J;J(~,~)JaJ(i,y~ ;, 
. ---· .. aJ. . . ,- , ,. . . -- -~-.-:. :..,",; ";,· .: -- ~ . -_,:" . 

-:. JaJ(x,y) = q(x)MarJe-'-½11V(r>q(x), 

·_, ... ;:, ,\-,,_,_· .. ;_' ,- _,.:.:..;.!- t:'. \~ ._:_.' <::_''-+::·;,_- ,. _··_. 
:V,, (x) =V,:. (x)-;--Vi, (x), Y,. (x) =;=8ii (x)-'- iB,.(x)., 

_..... t,,(x)_==~~(x)+i~,,_(x)·,,a,,(x)·~·- 8! '." ---"- . ' • • .• . . .. µ 

.. ; ·From a q~antu~ mecliariical viewpoi~t, description of the radial and,orbital ~xcita.tion; is 

. ,,-

- provided by a:n appropriate orthogonal set of polynomials. It means that a decomposition 
of the bifocal currents hal;l the form . . . . . . . . .· 

, , ·;J · (x · ) = ~ ;;,_ (. )JaJln .. · (x) .,· • · aJ . 'Y L J l'l•••l'l Y µ1 ... µ, ,, · 

•·•• ·. nc· .· ........ - .. 
ln . ( ) .::..: ( 2)T(l) ( ) ( .. _ _ / G) f ,.1 ... µ, Y -:- L'!"- Y • . i,1 ••• ,., ny n.11 -::- Y VY_" . • , 

The irreducible tetso~s· o{ th~ fo~i~dirn:~sio;al rota.tionai group rJ!~::,,~ are ofo10gonal 
,.· . ., . . . - .. '. : ' ,, , ".. . . . ·. ' . ·. ; ··~ 

'I :;rJ!~;.;,/nSrt!::~k}~y?,;; 2'(,\ 1) itk5µ1v;· ... 6,,,v, : 
{l . ' • . . .- • . . . . \ .• 

'~nd are subJected 't~ t~e conditioiis: • ,-· ·.·• 

. 'f(l) .·. · (n ). ~ T(l) ~ . ·(~ •) ···• · T(l)' · .. · 1(n ') ::::: 0 
µ, ... µ ... v ... µ, Y µ, ••. v ... µ ... µ, Y '- µ ... µ ... µ, Y • 

·• (l) ·. · . (l) •·· , .. :_·J (1) ~- · '. !,,, ... ,,,(n11)T,,,.,.,,,(nv•)-
2
,c, (n11 ny'.}. 

' . 

(4.6) . 

The ·nieasure dw in Eq.( 4.5) relates to integration o:vei: the spherical angles of the vector nll 

and c}1> in Eq.(4.6)are the Gege_nbauer.(uit~~pherical) polynomiak The polynomials 
Lnt( u) obey thecondition: .. . . . . . 

. ·oo 

, Id1Jpt(u)Lnt(u)L~1t(~)-~ Snn; ; 
0. ·~. -,::·,,_ '\ .,, ·', '-: ,'' "· 

. - -. ll. ' I' -• 
.• \' 

.. ·.' 

.. 
~ 
1 

·1> 

,· 

The fuiictfon·D(ylA2f l~~ds ~o .the wei~~t,7i;rictio~ '., 

;- ~iJ) ==='ute-" ~ . 

. ( 

that. correspcirids to tlie generaiizea La'.guerre's pol;riomi~ls Lnt( tl ): Other' te;~s of the 
gluon propagator do not provide ariy possibilityfordecoinpcisition like (4.4): Su~h a situ

.. _ atipn suggests that only confined ghions (contributing to D(ylA2)) provide the ge~eration 
of bound 'states. ·Anhe ~ame time, the function n·accumulat~s the nonahelian nature of • 
the glit~ns - their self-inter.action. ~hisi_s the jioiht,.where QCD,differ!.- froin quantum 
electrodynami_~ actually. As a result we have a. methanism o(the generation of bound -
stafesi·that is different frcim the potential picture. . . - ' 

--The ~-ecomposit~on leads to the representation for L:z:(13]: · 

. L2 :=a't 
2

~ 2 G;1:/d4x[;1;f~:;(x)r .' (4.7)_ 
aJln -. . · . --, .· . , . ·. ,.,.,, 

G2 c·· · 2 .. (C + I) jaJtn;;( ·) .... -(·· )VaJt)(•' )" (·,) · ( ) 
Jl;, = J 9. 2ln!(f+ n)! , , µ, ... µ, X = r X ,,, .. ;µ, X q X , _ 4;8 

. . . . . •(..:.· ') 
. -v.•Jln X. = v'aJln V (x) . ./ 
: . ,,, ... ,,,.(.) ,,, ... ,,_,_ ·. A ::~ . / 

- - . .. ,, - '' · .. 

-=. /4af:1{'{F. '({i (zj)•· r(l)_•'·(~v- (i))···1·}.... (4.9). 
, : ,: nl . A2 ,., ... ,., i "A ' 

, ~ : "" . I·,;- .. ~ ... -. - ..... , -, ·, .. ·._ ~ :· ; -'. ·,- , . -,' ,, , . . . : .. ' -. -

F .. ~(s)~/(~r .Jd_tt~t~exi{l~t} -~- . •·· . (4.10) ·: . 
4 . . . , . 4 , . . . 

. ·, . . . 0 . ·._ -~ .. · ~- . 
The doiibled brackets in Eq.( 4.9) mean th~t t_he covariant derivatives commute inside these. 

· brackets: .The functions Fnt(s) are entire analytical functions\in the complex s-plane, they 
- obey confinement condition. -< :- , ' , .·... . .. . · . . ·. ,. _'~ .·. · ·. ·.. . . , 

. The vertex functio~s have the following asyinpt'atic behaviqr for large Euclidean rii~-1 .·. 
menturii ' •,:: . , .. · ', ·. ' ' .- ,.. . ' ·• . - ·: . . . .. . .. ,,· . . 

. )ij~FntiP2,]TJ!~-:~tfp],~ (p2)!~:,2 , • <(4.iI{ , 
' • ' • ' ' - •,• ..,, • ':' :./ • : ,·· - • • - • '. ' • ·,,, • ✓ - ~ • • 

,Therefore, there is single divergent diagram· given in Fig.I. This divergency can be_ re~ -, 
moved by the 'counter-term of the forin '.:..2J ( x )Tr vs, which cin be inserted into -the -

. interaction Lagrangiari.(4.7). After this renormalization ,ve arrive' at the expres;ion: . 

. zrf duvacDqDqexr{/ I d:xd4~q(i)S-1(x;y1B)q,(y) _\. '/ 

·+~L-_a __ 2 ·1·d4x:[·J~_·Jln.(x)
0 

-•T;v_~Jln,s] 2
-}:. 

0

(4.12) ~· L 2A2 _ Jln. . .. ,.,_ ... µ,. . 1'1, .. µ, • , . . 

aJln.. · · · . · · . ,· :,-· ., •: 

Th~~ign d;vac means an ~ver:ging o;e/ self- and a.nti;elf~dual config~rnti~n~ and directio~s . 
of.the background field: · · · . · · · · ' . · .. · • 

, Representation ( ( 4.12),( 4.8)-( 4.10)) manifests the following pi9pcrti<;5. ;l'!1e~quaj-!<s 
are confined due to background field. The nonlocal quark currents (4.8) are invariant 

•. '• •• .- '• -•. •.' I • 

\ 

\ 

.::. 



---
under tra~sform~timi~ (2.3), Le.~ th'ey' ar~ ~lor- si~glets: These .c~rrents have a s~i~able 

-- set'ofquantum· ~umbers including'thJ radfa.ln and orbital£ ones. The effective th~ry 
, determined by·,Eqs.((4.12),(4:8F(4.10)) is UV-finite due' to a: nonlocality-of \he-vertex 
'(4.9)'. -_ - , _ ,· . , _:_ ' :. ~- : ·-:- . , : . ;_ > _ - · c 

; The quark masses m 1; four-fermion coupling constant g'and scale' A are the parameters 
of the.effective theo;y, defined in Eqs.((4.12),(4.sf:.(4'.rn)). . .. - _:·: ___ ·, , : \. '. _< -
-_ -__ Starting with the representation -( 4: 12)· one can introduce the 'local---ineson-like fields _ 
by riieans oft-he hosonizatio~· proceclur~ like 'in the sta:0:dara N JL~model--(9, :10, · 14] and 
get the following representation for the generating functiona(iri terms'of the ~eson fields 

;,;,.(- -( -) -- - ( ---:: )) - - - ' -, ,_, ~- •- ' -,--- - ' ' '. -,-----

,· 

~µ .. ,c =- Jf.n, µ = µl••:µt :; , : :, . - __ - , _, · _____ --_- - -__ : · 

--Z·= _Nf TJ n~:K exp{½} j d4xd4y~:~(x )[ (□ _7 AE);~x~_Yf; . 

. . 2.:.n!<, ~,M:·,,>-i;1: .. [~1}, . . . .. , ( 1.13) 

--J/ ~ 1½f l~4~d~yh;~h_~'K; .- ; ' - ' - ' -

x~:~(x) [n::rK'(x::-Y)_; s:::a'.~;II(f 2 y)] ~f'(y) 

~ ' iJ'-/ 4 ·1-· '\-/' -m -'· < , :.K.;: . -- -b m - _ .d X1••·, ~ Xm IT h~•K• ~ µ~ (~k) .• 
m=3 , - - , k=l ,, , - ' - - • 

XraiK1, ... ,af~.~(x1·;· ... ~·x~) ·, 
#ll,•••,#m •. ~ · 

- :/ 

r ~-.:. .. 

r:!~~:;;;:.~.~~'(~~, .:;;'£~·).~ - " .-, . -,- -·'. .., ·· -- · .. _. ,,_ . -. ·1. .-, 

-:._-,_~,] ~~~Tr{ fti'-?(xS~(x.1, x:) ~J-·:·~\vJ;K~(;m)§~~~'.:~1)~)};·({15) 

--Belo;v --~~- '.re~trict ourselv~;. by the ~~~-loop- aJpro~i~a:tion: r he' in~igral o~er do: vac • in ' -
; Eq.(4:l3) has be~rt tra.nsf~rred to.the exponential; that is accurate at the one-loop level 
and suitable for our nearest purposes, •-·•--, - , -- _ , -_ _ _ _ - - _ • ·_ _. _ · . 

:!'fote that terms_ lin'ear in fields ~:K. h·ave not appea~ed irt the'action {!_.14 ): )'hey ll:e 
subtracted by the counterterms inEq:(4:12) relah:d,to the diagram in Fig.I/ . , , - · 

Meson masses Ma~ are cl,efiried byJh_e equation \ -- - , -

• 2-+· G;·Il-_' ( :M· 2 -)~0 -,_ 
~l . - ,c an ~ . a,c - ,. - ~ 

• ,.;,· - -➔ '~-•• ' • • • •• ' - • • •••• ; / • ~~ ,~,'. .- "" ,' -· • •• • •• _, __ , 

where Il~;.(;-M1K), is the diagonal' part of the polarization operator · -
, . .. . ~ ' ·--.,~. ~ . 

-ij;~lK'(~ - y)~Jdu,v~Tr{y;\f)p(x,y'I_B}llj'K'(y)S,(;,x fB)_}_; -

_ D~e fo the asymptotics {4.11) the polarization ope~ator ( 4.17-) is UV-finite .. The ~~nstants . . . . . . . . - . . ,--~: ., . . . ~ . . - ·' . ' . . . . . . ' . - ' . 

.. · - ,,_::_, - -1· ✓- I - , . 2 , . 
, ha~ -;.1 - IIa;.(:.--:Ma~) 

--·-

j::· 
-1.· 

'\· ·, 
L 

'/ 

\i_ff v t·• 

, L' 
- - '"i. . --,r-

play a role of th~ effective ~oupling constants of the meson-q~ai:k interaction'. Relation .. 
{4:18) agrees with the compositiness condition in quafi~um field theory [18].' . 

Generating functional{4.13)satisfies all demarids of the nonlocal QFT [i9). Particu
, lady, this functional leads to the unitary S~ma.trix .• Ac~rding t;; representation ( 4.13)~ 
- {4.15) meson:meson interaction is described by the vertexfunctioris".I' given in Eq,(4:15). 

They are UV-finite and can be'computed. ·• _ _ _ ··, · '·_ - • , 
Free paramet~s defi'ningthe effective m~o~ theory (U3):..(4:15) have a.dear physical-

- meaning:. They-are the _quark masse~ ~ 1, the.co;~nefll~nt- sca!e A_(~trengt~ ,of the ~ack-. 
ground field) and the four-fermion coupling constant g. The las~ on~ enters only through· 
meson masses, which are calculated. by means of Eq:(4.16). 

/ ''.· - ·. ' . . . ' ... ~ .- . '. . . ~· - -_., 

/ 

5. Exdt~·d·States of,-Mesrins · ,/ 

As a rule, meson excitations are_ described within n~nrelativi~tic potential m~del~ (20, 21],
based _on the Schrodinger equation. To piovideequidista:nt • cliai:acter of the spe~tra in 
these models it is necessary to.introduce.the terriir2/ 3 ·into the _bound potential (20], 
Since, the~e models a~e norirelativistlc, region_ of their yalidity i~ limited by the ,systems 
containing the heavy quarks'.' Excited states of iight mesons:are considered'.mostly within -
the so-caUed relativized Schrodinge~ equation [21 (that is a moclifi~ationof the potential-

1 picture o(the bound state g~neration. The ~ffectivJ mfso:ri theory (4.13)..:.(4.15),realiies a _ 
-- quantum field theoretical, i.e'., intrinsically relativistic; description of the meson masses, 

- -including th.e radial -and 'orbitafex'citations:··_ We ha've _to study- d~es such 'apprriach re- -
_ · •• produce main.features of the meson spectra? In

1

order to answer.this questi~ri w~ should_ 
--- , , calculate the pola~ization operator-{ 4'17). Then ~e shall d!!fine the Pl!-rameters mu = md; _ 
' m,, kand g, providing the best description of the masses of 1r, K,'·p andX* ~esons and 

calculate· the ~pectra. of the r~dial and orbi!al ex~itations;~: / --"; . . ' ' '.-- -I~,' ' -

5;1 \:Polarizaticni.Oper~tor_ '.__ . 
,, As S?On.·as ~ne- has' tosolv!! Eq.( 4; 16) ·for~ the; ciase -,of e;~ited' ~tates of-meso1_1s,• when ~~; 
'' mass MaK -exceeds the confinement scale A and;· hence, the leading terms in the i>'olarization' 
ope~~tor ( 4.17) relate to beha;ior Qfthe qu~rk propagator Sf and th~ vertexv;K in r~gi<>n, 
'of large Minkowsky momenta, it would be quite reasonable to omit the p_hase factors {like 
exp{i(xBy)}) anil: use the follo~ing ipproximation {see Eqs:(3._'7'};(4:9)):. . 

. . ', ', , . '· ' ... 
S1(x, ii I B) N H1(x...: y),.:: • _ ; {5.1) 

. ··. ~ _· - : ' -' - ~--. - . ··,:·' 2 ·_ . ' · ... · ··. - , ~ 

;ciJt-'n (V (x)) ~ __ -~-~Jtn(B (x)):_=,MaF.(8 (x))T(t) ·.-(~8 (x) __ )-_ 
l'l•••l'l J\ - . _; ,1'1•--l'l : J\ . , • nt - J\2 •-·- _ 1'1--'.l'l l J\ 

:, - · .. ·_:'·''. '.. __ >; ·. _; : ~ ':· ' -- .~, . , -~ :......._. ·_:......,· , _· ·(-·' .. - ~, 

-Thjs- approximation .;implifies~ th~ calculatio~s, preservh1g at -the_ same time• th~ basic' . 
. :property ~f th~ modef...: the character-of momentum dependence:oUhe propagatorand. 

-- · - .:vertices., - - - ' - - · - ..- · -- · , · - - -

'/ _It isco~ven~ent to usethe ~:prese~ta~ion~':0 - _ _- .. 

-' " (l; ••, (~J) :_ \;, '(! 0·)· ·: i-: '{I }' ' . 
Tµl .. •l'l i A , - Tl't-.. !'~ - i_ae e~~ 1}} ;/ 

--- , - -- -, -· - - _, - ·-- ,_- e 



,, 
; 1· 

i; 

"· .. · .-:~r. ii\[' d~·. -.,.·· · ·. ,·.· ... ,··{· : _. 
Fnt( A~) = j~tt 7[ at]./ du~, exp,{ vtx:}-,:; · · 

. - . ..o .. / . - . . ·.: . .. a•p . · .. 
· du,; ==. -.2 • exp{:..p2

} •• 
. ·. •71' . - . -

(5.2) 

{- / 

Sub~tit~ting' Eqs.(s:ij ~n4 (5.2) in the e~p~~ssion .for th~ poJarization ~per~to; ( 4:17) one .. 
obtains: · · · , ·· · · · · ·· · · · · · -~. ' 

- < • /· - ·~/ • 

. .· .. . : ' -'. 1 ' '1 ' ' ·- : ; • ·:. , -. i , . • ,, - · · 

/ _ rr:;~~µ~,vr-rtr :_y) = ;rf du;jjdt1 fcit2,(i1i~)l+njJ~uPd?°q G~1·d~2)" 
_ · .. '( 0 )·:. ·.· '( a ) _ o. . 0 

· . · · • -· · .. • ' - i - · • · 
· (l) / - (l) • • a J . •. • ·. · - · - - . · · ,, 

·" xTµ1.;.,\ "i_a~ rVl••:"t. i8rf 1:r H(z.-.y- (( +11 + ~P+~q!fA)-
- ,. - ;. J - . ~ ·. ' . ,, - C . . . , • -- .. - •.. -

xM_ f H(y-x-: ({+ 77 + vfi"p+ 02q)/A) ie=,;~=o 
•• .'· ·_ '.,.,- ',: -~ _- ... ·.:· •• ,._: -.• · : ,,· '.: ~ -~" •. ,. ,-~- - -.> _/._ '._ : • : _,.·-· ✓ 

The sign Tr _means (rac~ of the Diraqnatrices _ and summation over all elements of the ; ·, 
diagonal matrix v. Taking into a~counf Eqs.(5.2);;we integrate over the variables p and .. 
q; then pe~fo~m the Fo~rier traiisformation and get in the momentum represent~tion: _ . -

,_ ; . -- , - ·: . . ... · . - . . '' 

. . 1- .. • l 

·fi:ffµ,,v;.'..~;(k).= A2T~J~u~J~l1jdt2(t1~2t+"J (::~:· 
.. -_ ·r· -"(·a). ·;i -(,- a)·.-.[ td-·]0

~ . . 

_ x µ
1
:.:~,, i8( ,,. ... v, i817 : dt1 ~t.2 _7. '/ • _ . _ • _ 

xM~I'J ii{q + ¾} M~rJ H (q -J) e~p {_-(t1 it~)q2 + ~iq(f + 11)): le~~;.o 

- : All variables iri .the ~~tegra~d' were m:ie di~e~~i~nless by ~es~aling wiih A .. Differentiation 
with i-~spect t~ (, 77, ti. and. i2 leads .to the expression: - /.' · . . . ··,- ; ; . ·-. - , . 

I, \: < - . , .- ,- . -, 
\ . ' -
L 
I. 

. - -.. , · ...... , 1- , 1 .. . -· •. .-. •> . 

II- ~Jln. - '. .(k) _, A 2T ~rd : J d- "f dt '·(·t. )l+n 1· d4q 
µ 1 .,,µ,,vt ... ,;, ••. = n _ _ rJ. Uvi,,; . t1., .:. ,,.2 1:t2 --. . (2,r)• 

. / \r<~ (2q._)r<'> .·(2q· )·(·q;)2;.: a . o . . . 
· · µ1 ••. µ, ,,. ... v, . . _ . 

·- xA1°r'iiI (q_+ ~) M 0 rJiI (q ~~~) ~P i;(t1;rt2)q2} (5.3) 

- Further calculation implies ari a_veragiiii over -~pa'.ce· dir-ection's' of the backgi~urid field: ·- . 
-The generating formula can be taken-in tne.formt·' . -. ,. _ . . · . - : : - • - . , -. -, 

', " . . '· ' . - .,, 

• '_ i . • :: 2~' --1r. ,-_. - _- ~- , . 

~~~xp(ifµvf µ;}) = };-J d<p Jd~ si~ o_:~p( ifµv/4v); 
' . .• -- , 0 . . 0 . ' 

.. (5.4) 

f, 
10 

:. /1' 

· .. ,II ; 

where <p and Oare the s~he~ical angles ~nd J;~ is ~n antisymmetric tensor. After integra-
tion over the angles iii Eq.(5:4) o!'1e obtains:'. ., . - . 

-·.' , :----· 
.>;_: : ··~ ;sin ✓-2-(J_µ_v_J_µ_v_±_·_jµ-,v-i;v) . . 

._(exp(i/µvJ;,w)) = . . . . ·- ·. , · (5.5) 
- · ; : : _J2(Jµv·Jµ.,·_± J,.,,Jµv}_ 

wheref;v = ½eii;,apJ0 p. Differe~tiation ~f Eq.{5.5) at J;v ,,;_ 0 gives the for111ulae: 
. ' - . ' .. :;. ' 

.. 

(!µ:) ~ o: 
.... ·· . l . -. ; . -. ' -_; : : .. 

Uµ;fafJ)·=_ 3(od~_Of3v ~ Oa~OfJµ_± ea{Jµv}/c 

- - _- when~ the sign ± corresponds to the seif-dualand antiself-dual configurations; 
- ' After c_alculation of the trace, averaging and integration ove~ the loop momentum q 

one arrives~t the expressicm for ft; w'hich should he substitut.ed into Eq.(4.16):. Forthe ._. . 
case'n = f = 0 the final form of the diagonal pa.rt 'of the polarization operator is given in . ., 

- the Appendix. General f3rm'of fI for n l O and f =J O is quite' cumbersome and we do 
- 0:ot display it here. - , . . - - - ' '· . . . 

• - .,. > ~-· •• 

5.2 · DeJhiitfou-of the Model Pa~anieters 
,( --, «;'. /_ 

Lei us determine.the va:lues cif parameter~ corresponding:to observable masses o[ 71', J(; 

_ p and CJ<• mesons, -i.e.,.Jor. n -===: 0 arid (,;; 0 ... Supposing mu· ,;·· md -we ,start irith the · 
. equations: - - - . - _ : -• ,. 

2 

_ •. . mq -• MaJOO. : ..•. _ ,· - . ·• , - -. 

>!1,- + CJg n.Joo( T, --X:-} = 0 , . - , (5.6) _ 

-~. where J=P,V; q;,;,u,s.· Jnde; ·~· corresponds to the pseudoicala~ (~,1{) and ;ector (p; ¢,, I<~) 
. particles a.nd Ma~ are their. mass~;. Equations' ( 5.6) describe 'depender;-ce of the masses 

MaJ on the paramet~rs of the model: the"quark masses mu:· m., . the .str~ngth_ot the 
background ·field A and th~four~f~r~ion:coupling.constant g. , :. '- . · .. - . : - ' ... 

Putting'the m·asses of,r, K, p and W- mesons equal to thei~ experimental values one -
finds the set of parameters su~~arizecli~ Ta_ble f:.: . ·• . - _..;. 

- ·:--- ' . ' . -

T~ble I.Values ofpara~eters: 6. is the'·. 
· variation of par~inetret providing de= . 
scriptio~ ~f the specti-u~ ~ith .iccuracy · 
Jess thanrn%. . 

:- I parameter I the best fit j ~ 
mu, MeV 300 15 ' 

m., MeV 400 •' 25. 
-- ,-;:.....:__,_. :A, MeV - 572 37_· · 

.g . - 3;16: . 0.1 

- . The~e valu; ca~ be rised to calculate the ma,;;s· of~ ni.6i~n, .,vhich is \urnecl oui.'to h'e. 
'~cji'i'ai :, •·~·. · • > :-:' _" .•·. ·, / ~',.; -:-._ ~-~~' .. - _ · '.' \ ·.:: '·.,,-:·, .'' 

Mf = 1024MeV (M;~P :,::;:1020M,N) . 
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. We ;ee that the mass splitting betweeu' the ps~udoscalar and ;~ct~r mesons with ~dentical 
quark. content can. be obtained, · if one uses the coupling ·constant g · common for pseu- · 
doscalar and. vector mesons and takes into· account_ the· spin-field· interaction ( u ,;~B".,) in · 
the quark propagator. At the same time, elimination of the term u ""B"" in Eq.(3.6); . 
Le., turning off the quark spin degr~e offreedom, destroys this picture .:.: mass splitting 
become; un~atisfactory small. In the s·tandard local NJL inodei successful description of 
the mass splitting'requires to introdute two independ~nt coupling constants gp =l gv for 
vector and pseudoscalar particles [14]. . . 

. 5.3 : R~gg~ Behavior-
/ 

\, 

First of all; l~t us consider the:asymptotic solutions of,Eq.( 4.16), subjected to the coridi~ 
tion:' \ ' ' ·.· ' ' ' •. · '' ' ' . ,, ' ' ' ' ·. ' ' ' 

. , Mfitn ~ /l2:, Jf ~ ~ l(orf ;.:n) .' ,,.,.·(5.7) 
. ' - . \ . ,- ... ··~ . - ' . ' . ' . ' ' .- - . . 

After some calculations; based on the Laplace method, one can·get from· Eq.(5;3) the. 
followirig asymptotic expression' for ITajfn ' ' . ' ' ' ' ' ' ' ' 

, . 'fia.J;n.·(•· _:/ ) ~ -A 2 {2n +' £)!2l . · '{i if;Jln'} .. '· .. · ... ·(/5 
8

)· •~ . . ,aJln . . , , 52n+t exp 4 A2 ' ,... '· · · 
•,_ •• ,. , • ~ • • I - ·~ ,, ,-.' • 

Only factorial and exponential oyer n and f factors are \vritten iri Eq.(5.8), since only : 
they determine the asymptotichehavior 'of th~ sp~ctrum .. The fonnula {5:8) becomes 
quite obvious, if onenoticesthat both quarlc propagator (3.7) and the v~rtex (4.9) has an 
exporie11tial behavior i11, the Minkowsky· region. Taking into' acco~nt Eqs. ( 5~8), ( 4.8) ~nd . 
(4.16), we obtain the equation .·. ·-·- ' . . .- - . 

· (2n+f)! .· '{3M;Jln}': . 
n!(n + £)!52n+l .. exp 4 A2, , -;- l~. . , , '> 

Let us-co;,_sider two !i'mits> .• 
•· n ~ f Eq.(5.9) takes the form' 

. _· .. {f_M;.Jl·n·} ~ (n!)
2

5.2n~. • .. (· ~).~: 
ex~. 1 A2 ; . (2n)! . -::- • , 2 ·. , . 

or. 

M;Jln =J 1n( D • A
2 

.• n-+O(h1n)': 

✓._ f ~ n The equation (5.9)b~~omes:, 

/· 
,/ ' 

--(5.10). 

,',{ 

,.-:. :. 

·,, 

i. 2 ' • -: ' ,',, ' 

, : { 3 MaJln.} . ·5l. : M, 2 . . 4 J ··5·· ·A· 2 n . 0(1 b) 
exp ~ A 2 • ~ - , aJlnt 3, n . . . .• . ~ + n,. . 

-~-

I 

I 
(5,11) 

One can see that Eqs.(5.10) and (5.11) manifest eq~iclist~nt character of the meson spec-_ · 
I t~um both f~r large n and £. We would lik~ to· stress th~t Regge b~havior in the model is . 

a consequence of nonlotality of the quark. propagator (3. 7)and the ~erte~ fux'iction., (f 9) 
as well as the form of the COUJ)ling constant G Jln ( 4.8), that is conditioned completely by 
the vacuum gluon field under con~ideration. . . ·. . ·. . - . 

12 
"_, 

··Now, using the parametirs mu, m,, g and A given in .the Table,1, .on~ can find s~l~tions. 
' of Eq.(4,16) for the lowest excitations of me·sons .. There are rich experimental 'data for 

o'rbital excitations _of ,r, p andK* mesons [21]., The experime11tal and calculated by, 
means of Eq.(4:16) masses ar~ summarized in the Table 2 .. One Call see that f~~ real 
values off the niodef describes experimental data quantitatively (witn a'n accuracy about 
ten percent)'; '' ,, ' ' , ' ; , ' , ·. ' • ,• . ; , . ' 7 , < ' . ' 

Table, 2.The masses of the excit~d meson states .. 

II Meson ·. I £ j M.ito,·MeV j M~~; MeV II-:• 
,r 0 140 . 140 

,-ti-
, bi ,·· ,1 · 1206·· · 1235 ' 

11"2 2' 1599 ' 1670 . 
p .·' 0 77-0 . 770, ,, 

... a2 1 ·1248 1320 _.~>; 

', p3 2 1514, ',: 1690. :,'., 
K* 0 892 .. · ·,892> 
Ki 1 -· 1367 < ,,, , 1430 

' ,K;·., 2 . , 1623 · . · 1780 : 

·o:-"·-•.· .::.'_:._-·,- •. , __ · ' 

: i. . ' 

0: 

·-. 

Fig'.1 'The div;rgerit-bubbl~-~i~gr~:~\~: ". 
:_ \_ 
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•App~ridi,x·.-
The diagonal part of the polar:izatio~ ?Peratoi- ,h~ t,h,e' f'!rin_(t ~ H, . n = 0):: 
,- ,; __ ·_ ·, .•'·._,-_,;:· --.t L.,,_,;·1-;1: ,·--.,.,, '·: .. ,,,--:,__,; "•. - . 

. , -fia;(i2) = ;:Afj,,M!•JJ f at1dt2}I(si+ s2 ~;!(:
1

; t
2

).)• ~?+-s:;i:;/ 
' •. , 0 0 , 0 0 . -,, - · · · , ; .- · . 

. (l- s2)111 · KJ (·;. ,, . 't~ . k;)>_,; :{ '21'1s~ + ~(t{ +t;)(st + s2) : k2 },....:-, 

. x (1 +s2)I+l'11 . l'I si, s2;ii, 2; ·. exp 2v(ti + t2) + s1 + s2 4vi\2 ' 

.... - ' . ~~ ,".:•---, · ... · ·.-~-~ ··- ,..=-/ ... . . . - _. ' -~ ___ .·_:.-., '._. :-:-": 
'Yhere /31 = o.}J4v -1, a,~ m1/ A and function Kf,1(s 1,s2 , ti,t2; k2

) has th~ form:~ 

I, 

,' 

. , ' ... . - ' , ' 

. -. , . , .: ." .·. ·- _ .. : . .,_ ·k2 J . .. ' 2 '. J ,· ' J,', J ' 
Kn(~1,s2,t1,}2;_k) =::,:Fl +a,.•~1f2·+,F3_A2" 

' ' \. . . ' _., ) --

For pseu'doscalar mesons (J~'P)' the functicms Ff; Fi; Ff foolc as 

,· . ,, ,· · .. ' : .• , ... ' \ : ' .. :-.' , 2 2 ,, 2 2 

-F.P = S(t I_· s1 +.s2)· (1+ s1s2)(l-: s1 - s2 + s1s2)- _ ·· 

t :._ 1_+.2+, 2 .·' ···(1+· ·)(If ); .. , . 
•·- , . .- . . }1 ,. . ... St . Sz , , . , ·. \' , , 

· F{ •~ ~4(tt+ 't~ + si + s2 )2 . (1 + s{s2)
2 

.:· · _ / ' , 

; - . . · . . . . 2v (1 + s1)(1 + s2)' . " 
p,P = (1--:- s1s2)2(s1 _:_ s2)2 + (s1 .:_ s2)3(s1(l -" sn --'s2(l _:. sn) · 

• . 
3 

._ .. ; · . •· •.· · .. _. · 4v2 (1 + :51)(1 + s2) · · : · ,, 
> 1 . ·. . St + S2 P· ' . 

1+-(h+t2+--)Fl •· 
8 · 2v_· •· · J 

For vector mesons(} =V) on~ obtains: 
:' ~ ,. •· : . . .- \ I 

- '~ ,/ 

' , 'F[:;;,-~4(t1 + t2~ St+ s2f ~1 __; s1s2)2 + (si\ s2}(s1(l + sn...:. s2(l '+ sm' 
. · .. -··· ... ~- .. 2v · - • .. •·-.,(l+s1)(l+s2)· -·•, , ·' 

.,Ff ~ :,_4(~~ ; t2 +s1 + 82 )2 .·- 1 :,_ sM' 
• .. .· •. ·. . . -· 2v . (1 + st)(l+ s2)' 

:Ff -~12~2'(:Si ~l;,r~ S2/[ (3 ~ S1s~)(1+-~M) + 2s1~2(3s,1s2 ~-1), 

+81(1 + -!~)(3s1 - s2) + 82(1 + s~)(3~i...;: s1)] ' · . ·. · · 
. (2v(t1+.t2) +St+ 82)2 · . . ' ·: . . .. - ·· •·•_ · .. '· 

+ 12v2(1 + si)(I'+ s2}, ,r (~; s1s2)(l :f- sM) .f;- (1 +sD(s,f- !9i)s2 

+_(1 + sD(s1' :,_ s2)s1 + 2s1s2(3s1 ~2· - 1) ]. 

·-.' 

,-.: 
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