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I. An or igina l ver sion of t he bag mode l i s kn own to be the 
quas i - independent quark model I ll. It s r esults are i n a sa tis
f ac tory agreemen t with expe r imental va lues of the proton mag
neti c moment , the ratio of the ax ial and vec to r coup ling con
stants , and a number o f other static value s . La t e r on , t his 
mode l ha s bee n f urt her deve loped in r e f . 12/ , where i t ha s bee n 
f ormul a t ed in r e lat i v i st ic-invar i an t form , and additional 
types of int er ac tion be twe en qua rks have been take n into ac
count l SI 

An exac t solution of equations of mo tion in the four-dimen
siona l bag mode l i s unknown. So, i t i s important t o find ap
pr ox i ma te solu t i ons . Usuall y one use s a so l ution i n the s tat ic
cavi ty approach / 31 for practica l calculat i ons. Bu t in th is ap
proach an initia l translational invariance is vio l ated because 
there exi sts a c l as sica l objec t ( t he cavi t y ) , and as a conse
que nce , momentum is no t conserved. This causes a numbe r o f di f
fi cul t i e s fo r the bag model in descr i b i ng the s tructure f unc

sca tter ing/ 41 tions of and in taking the r eco i l correct ions 
to st at i c prope~ties of hadr ons i nto account . 

The present paper i s devo ted to the cal cu l at i on o f cor r ec
tions t o t he p r o ton e l ect r omagnet ic radi us and magnetic moment 
due to t he r eco il effec t. For t hi s purpose, we use a r ela t i
vist ic-covariant approx i mate s ol ution of t he Fr iedber g-Lee so
li ton mode l / fd obtai ned in r e f. 16/ . To de ~ ive such a so l ut ion, 
a gene ra 1 method o f Bogo l ubov" 5 cano ni ca 1 t ra ns f onnat i ons 17 .81 
i s app l ied . This me tllod a llows us to cons truct solutions of 
quantum models t ak i ng i n to account thei r i ni t i a l s ymmet r ies . 

2 . The Lagr ang ian of the model wi t h an inte~action betwee n 
a quark fie l d Ij/ (i, t) a nd a s ca la r fiel d o(i , t) has th e f orm /51 

L = ~ - 'f d 4 x Il.. ri 2 _ ~ (V 0 ) 2 _ V( 0 ) _ iii (_ i yP a + h 0 ) Ip I (J)
2 2 P ' 

where g is a forma l parame t e r, V(o) ::: a0 4 ... b 0 3 + co 2 + p , c> O. 
The f unction V(o) has an absolute mi nimum a t the point (j, 

V(o) = 0 , and a loca l one at zero: V(O) = p, Such a choice of V(o) 
corresponds t o an assumption of the ex i stence of two phases 
of vacuum . Va lue s of V(o ) at any point except a and ze r.o are 
of an order o f ~(m 4), where m i s a mass of t he sca l ar f i eld. 
The fie l d 0 i s r espons i b l e f or the fo rma tion of t he bag . The 
fi e l d ~ and a a r e d e tel~i ne d in any space-time point and obey 
t he standar d commuta tion re l a ti ons ._ -
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10 (x, I ) , oG, I )J = i gS(;; _ y), ( 2 ) 

.... + -+ .... -+
1'V (x, I ), 'V (y , 1) 1 = g5( x _ y). (3) 

3. Bogolubov" s t r ansformat i on makes a s ub s t itution of the 
dynami ca l fie l d var iab l es i n s uch a way a s t o emerge pa r ame 
te r s of a symme try group (col l e c t ive coor d i na t es) as new dyna
mica l var iab l es. The collec t i ve coo rdi nates ar e i n troduced on
l y f or t hose symmet r y trans f ormations wh ich ar e s pontaneously 
br oken. We f i nd a solution of t he mod e l wi th the broken s pace 
t r ans l ationa l i nva riance . Name l y , t he space of the col lec tive 
var i ab l e s is considered t o be iso t rop i c . As a conseq uence of 
th i s conside r at ion , a s ol ution o f the zero th order i n the con
s tan t yg i s s pher ica lly symme t r i c . Conside r a mo t ion of a ba g 
a l ong a n a rb i t r a r y axis (e. g . , t he z axis ) . An a l geb r a of ope
r ator s i n the sp~ce o f col l e ctive va r iab l e s is def ined by 
a se t of IH. Pz ' Px ,y • K, L zlwi t h the (o llowing commuta tion r e 
l a t ions be t we e n it s e lements : 

[ H, P] = O, lH , K J ~ igH, [ H ,L l .~ -i g P ,
z z z 

lK,L l = O, [P,K] = ig P , [ P , LJ ~ -i gH , ( 4 ) z z z z z 

[p , H! = [P~ , P 1 ·= [P~ , L ] = [P~, Ie] = o. 
1. Z Z 

Ho r eove r, in trod uce t he followi ng new vari ab l es: 

;(;,I) ~ HI -P z - K, ~( ~ , I ) = H z - P I - L , ~ (; ) ;;~- q (5)
Z Z z 

~ ~ 

whe r e coordi nate s qJ,. are canon'ica lly conj ugated to p~ : 

l qi , pi ] = i S iJ. 
~ ~ 

It is ne c e s s ary to no te that t he f unc t i ons r com, i . and 17.1. 
mute wi t h e a ch other . Bogo lubov~ s t r ans f ormat ion wi th the help 
o f t hes e v ariables i s writt en as / 9 / 

o ( i , I ) = ;; ( t(x , I ) , ~~ (x) , ;[x , I ) ls 

-, • ~ 4 • ~ ( 6 ) 
" f d fd f~ d w exp[i ( .JT - f~ ~~ - f ~ ) l per , f~ , w ) , 

'V ( x , 1 )= if,( t( ~, d , t ( x ) , ; (~ , I))D( 6 ) 5 

- f d f d f~ d ., exp[ i (w ; - ~ #~ - f tJl <I> er, (~, w) D ( 0) . 
(7) 

The ma t r i x 0 (0 ) is a n i rredu c ible s pinor pa r t o f the re pre s e nta
t i on o f t he Lo ren t z gr ou p and has t he f o rm D(O ) = expl i O(P)oo z I, 
whe r e 112 fyo. y 1 i s a ge ne r ator o f t he Lo r e n tz transfo rma :::I

• 
U oz . z . •

t 10n of t he s p1nor f1e l d a long t h e z aX1S . 
I t i s no t d ifficu lt to check 4P t hat t he fi eld s a a nd 1.V 

expressed via t he va r iab l es T , ~ , ;;.1 i n (6,7) a r e properly 
t r ans f o rmed unde r the space-t ime trans lat ions and boos t t r ans
f ormat i on a long the z axi s . A fo rm of unknown func tions p a nd <P 
is found fr om th e equa t i ons o f mo tion fo r t he fie l ds a a nd 'V , 
val i dit y o f th e c ommuta t i on rela t ion s (2,3) a nd t he o pe r a tor 
c ons tra ints t hat a re defined on s t a te vectors 1'1' > : 

I Pr - Pr (o , 'V )I I 'V >= O, IL ,- L z(u, 'V )I !'V > = O, IQ - Q(q' )I I'V > = O. ( 8 ) 

Here P , L z, Q are the o perators of f our - mome ntum, boost 
and cha rge , r espec t i vely , construc t ed a s f unc tions of the fie ld s 
o a nd 'I' by Noe th e r ~ s t heor e m. The rest ric t i ons (8) e ns ure the 
number of dy namic vari ab l e s unchanged a f ter t he t ran s f o rma
tions (6 , 7 ) . 

4 . As a r esul t , we get a cova ria n t f ie ld fu nc ti on fo r th e 
l owes t - ene rgy s t ate s (P = o. ~J = _ ..!..)to t he fir s t o r der in t he 
c onstan t V~ : y. 2 

q', (x , I) ~ [df d(~ d <u expl i( w ;(~ , I ) - f~ ~ (~) - rt ( ~, I » 1<1> ,("" ~,O x D(O(P )). 

<1>, (w , i) ~ _ 1_ [ d # d a e- H {3 o'-;;; )Q (u, fl ). (9)
(2 . )4 

, N U - i k f3 + 
Q ( a, (:J ) = ~ N b ( pm ) X e "', I b , b I _ S , 

m m m m n mn 
In = - ()Q 

whe r e u = jo Ck r) , f '" IJ t ( k r)a r. 
-

r = ya 
~ 

, k ill are e ne r gy
• In m m . m . P 1 " de l genva lues fo r th e statIC bag, X I S t he au 1 s pInor , an 

N a r e norma l i zat ion con s t a nt s . The ba g state i s a vector 
m ~ 2

IU p :-> , P", IU p>= PI1IO p>, PII "" M and vacuum wi t h r es pe ct to t he 
s e co nd a r y-q ua n ti zed f ie l d Q : b n l !l p >'= 0 

5 . Consider a proces s of a n e l ec t r omagne t i c sca tt e r ing on 
a proton i n t he Br e i t s ystem. Wi t h t he aid of th e s o lu t i on (9 ) , 
t he ma t r ix e l eme n t fo r th i s p roce s s is pr e s ente d in the gene r a l 
f o rm by the e xpr ession 

<~ I 'V +, (0 ) r 'V (0) 1 - ...!!... > ~ 
2 r , 2 

I ~ - 1(0 ' f3 )M + + ~ ~ ( I (1 ) 
= M f ~ _ _ [ dl dx dx e - x D (6) 0 (I , x , x~)r O(I ,x , x , )D(O) . a 1. po ....2. cosh

2 
3 

2 
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. q/2 2 n 2 . 	 10(.--------------------------, "e'----- Here (:l ~ 2atanh -. E ~ VM + ->- and r - ~ Yo y (~ 1S a quark
E 4 P P 

charge). Parameter M is an ene r gy corres ponding to the so lu
tion of the zeroth-order a pp roximat ion in the constant yg. 
Taking into account rela tive motion of quarks ins ide the bag, -,

2it is chosen as 1 10/ oJ:; ,2 
~ 0' }Q.'... <P c m> 9 
~M -M ---- =(4--)k oS 

st 2M SO' ~ st 02i ','J 
 ....where Mst= 4k 0 is the energy of the c l assical s t atic solution 	 " 
":""" 

to the equations of motion f or the model (I). The e lectri c , 
m . ---'--~'';:'"" magnetic, and axial form fac t or s as functions of q 2 	 ,~tn--m---.:~ _j 'rnn :::J 

o 05 10 1.5 ,---------.,~sc---------~".-------~5·"~	 '
e<'IGeV'1 	 Q1IGev'12 

~ 
9 'J 2

GE(q ) ~ e fdxX-io«(:lM.x)[u-(x) + f (x)1. 
o 	 Fig. 1. Proton electr ic form Fig. 2. Proton magnetic form 

factors . The dotted line defactors . Notation of lines is 
G.Eq'l = 2ell, + 1.. 121 ~ 2e 1 f dX , x 

2-h- i,«(:lMx)u(x)1(x) + 	 notes the dipole- fit approxithe same as in Fig . 1. 
2 0 ( _q._) 	 mation. The static and recoil


corrected r esults are der~ted
E 	 ( 1 1 ) 
1 ~ 2 j,«(:l Mx) 2 by the dashed and solid lines, 

+ - rdx.x 2[j «(:lM x)(u (x) - f~x)) +2 e ( x)J I . respectively .
2 0 0 	 (:lMx 

2 q /2 2 
G A(q ) ~ I , + 2 (E) 1 

2
, 

are presented in Figs. 1-3. Expandi ng the form factors (11) at 

low speeds (v = Q~2 ) we ob tai n the e xpre ssions for the proton 

e lectromagnet i c radiu s and its magne tic moment bearing the re Fi g. 3. Proton axial- vector 
coi l effect in mind form factors. The experimen- ~ 

tal results are given with , 
<r " = <r2 

> (,,). (12) 	 -OIl t5the dipole-fit uncertainty . 	
I 

Q1 lGeV1 j 

M (Sl) 


lip M Pp + t.Pp ' (J 3) cess in th e bag mod el. Stud ying t he results o f these papers, 

st one may conclude that ei ther th e corrections are great and 

whe re caused by t he recoil effect/ I ll or the relativistic retarding 
e OCI 2 2 1 2 e ffect compensates them considerab l y /12~ To remove an amb i guity 

t.Pp = - f dx x [u (x) - - f (x)1. (14) ill the i nterpre t at i on of the r e sults, in the present paper we
2 M 0 3 use the solu t i on of the model ( 1) obtained on the basis of the 

If the model parameters are fixed by an e xper imental value of relativistic- covariant per turba tion theory. In this approach, 
the proton radius <r2)l/2 = 0 .83 fro, the correction to t he the corrections to magnetic moments are seen from f ormulae I

magnetic moment value calcula ted in the static cavity appro-	 (11 , 12) to emer ge large . 

ximati on is positive and equals 6.11 = 0.65 ~ 
jJ 2M 

6 . It should be noted tha t a numbe r of pape rs / 11 , 12/ are de
vo t ed to the description of an elec tromap,ne tic scat tering pro

4 

It is worth remi nd ing t hat t he Bogo lubov canonical trans
formations method is the most consistent operator method to 
s ol ve models with s ymme try degeneracies . A solution of the two
dimensional bag mode l obtained by t his method has been earlier 
es t ablished / SI to coincide with the known solut ion of the trans

5 



lat ionally invariant L 0 -approximation /13 ,14 /. In the four-di
mensional bag model, no exac t solut i on has been found, and so, 
it i s impossib l e to mak e use of the L o- approxi mation . Drawing 
a parallel with the case of the two-dimensiona l model, one may 
probably t h ink t hat the fiel d f unct ions (9) f ound by the method 
o f canoni ca l transformations serve as solut i ons t o be obta i ned 
in the L a - approximation . Horeove r , the use of the covariant 
solutions (9) enab l es us to solve problems t hat arise i n cal
culating t he structure f unctions of the deep ine l astic lep ton
nuc leon scattering we ment i oned in the introduction. These re
s ul ts are generally i n agreeme nt wi th the di scuss ions f rom 

/l tIref . . , 

The au thors wou ld l i ke to thank P.N.Bogolubov, A.$ . Shumov
sky and N. I.Kochelev for help f ul di scus sions . 
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