
bf'bt/.IJ.tf> ihf>~f>lJIJ.fJf> l'tUSf>Sfl~S 
EPEBAHCK.HF! C/JH3W!ECK.HF! HHCTHTYT 

', A. 
/"<. 

I. G.AZNAURIAN, A .S. BAGDASARIAN, N .L. TER-ISAAKIAN 

RELATIVISTIC QUARK MODEL IN INFINITE MOMENTUM 

FRAME AND STATIC PROPERTIES OF HADRONS 

lJ f' lJ t/.11. t 1982 EP EBA H 



EliH-550 ( 37) -82 

l!.r .A3HAYPIIH, A. G. EAI'JlACAPmi, H.JI. TEP-HCAAKIIH 

PEllll'l'l!BHCTCIW! MO;nE.ll1 KBAP!\OB B CHCTEME EEX:KOHE'lHOI'O 
l!MilY!IECA H CTA'I'WIJix;KHE CBOl!CTBA A,UPOHOB 

B CIICTeMe 6eCKOH8'lHOro m.mym,ca C<fioJlMY.71l!:pOBaHa M0)(8Jffi Me-

30HOB H 6apHoHoB, rrocTpoemrn.x H3 peJIRTHBHCTCKHX KBapKOB. IIoc­
TpoeH Bap!!aHT 8TOfi MO)(eJ!II, )(OIJYCI<a!O!l11!l! KJiaCCII([MI<aiJ;i!IO ITO rpyiiiiE 

su(6)x0(3). B aTOM BapHaHTe MO)(eJ!II rrpoBe)(eH aHa.lllla )(aHHIDC 

nu riRrff'ATHhi.li'J MOM8HT8.M, 3JI8KTpOMar:H:E:THHM p8J.l;HycaM H OTHOill8HillO 

Cr .II / G v = HYJ(JJOHa II rro.ny'!eHo JIX caMOCOrJiacoBaHHoe omrca­

HHe. ITO.iJJCI8HJl Oil,8HIOI Ha cpe,UII8RBa,D;paTH't!HH8 m.my.l.ffiCH RBapKOB B 

.HYKJIOHe, KOTOpble ·-.. "' ~aJ!llC:O CpaBHHMUMH C IDC Maceo}[~ H3 lii9.CCy, 

C"IT!I 'lA II ol - KBapKOB •. C 8Tl!MI! 

3H3'18HIDIMII rrapa.M·eTpOB IT0J!yt18J-lli If.P8.IJ;CR<13W-i:JUI )l;J!FI aMIL.lDU'Y.U ~a­

IJ;i!OHHHX paclla)(OB peaoBHHCOB P,~ (I232) .F;i (I470) , P.1 (I7IO) 
K p830Ha.HCOB, BXO.IVfiUi'IX B MY.J.ffiTHTIJieT [70,!-]. 

EpeBaHClm:f! ij)JI3ll'18CKJili HHCTIITYT 

EpeBaH 1982 



E~ll-550(37)-82 

I.G.AZNAURIAN, A.S.BAGDASARIAN, N.L.TER-ISAAKIAN · 

RELATIVISTIC QUARK MODEL IN INFINITE MOMENTUM 

FRAME AND STATIC PROPERTIES OF HAORONS 

A model of mesons and baryons composed of relativistic quarks is formu­

lated in the infinite f!IOmentum frame. A variant of this model allowing the 

classification over SU(6)x·0(3) group is constructed. In this variant of the 

model the analysis of the data on the magnetic moments, electromagnetic radii 

.and on the ratio c;.ll /G.., for nucleon is carried out and tlieir· selfcon­

sistent description is obtained. Estimates for mass, anomalous magnetic mo­

ments and mean square momenta of quarks in nucleons are obtained. Using these 

parameters we predict the radiative decay amplitudes of ~3 (1232), 

P11 (1470), Pr1 {1780) resonances and nucleon ·resonances of [10, 1-] 

multiplet which are in good agreement with experimental data. 

Yerevan Physics Institute 

Yerevan 1982 



E~M-550 (37)-52 

YEREVAi~ PHYSICS INSTITUTE 

l.G.AZNAURIAN, A.S.BAGDASARIAN, N.L.TER-ISAAKIAN 

RELATIVISTIC QUARK MODEL IN INFHIITE MOMENTUM 

FRAME AND STATIC PROPERTIES OF HADRONS 

Yerevan 1982 





1. Introduction 

It is well known that there are quite enough convincing arguments in fa­
vour of hadrons treated as bound states of constituent quarks. Here should 

be ~ntioned many relations between amplitudes and cross sections of ex­

clusive reactions, some features Of manY-particle reactions and hadron­
nuclear collisions at high energies (see, e.g., reviews [1, 2, 3] ). Tti'e 

nonrelatfvistic quark model describes well the magnetic moments gf the bary­

on octet ( ~.,. ) and in a natural way explains the relations between elec­
trcrnagnetic radii ~f nucleons [1 • ~- In this model also manY radiative de­

cays of niesons and nucleon resonances are well described (see, e.g., [2, 4]> 
·At the same time, when obtaining the baryon resonance ma-ss spectrull) by 

nonrelativis"tic formulae (see, e.g., (5]), it turns out that quark mean 
1 square momentum in nucleon<Q>(1t is connected with the para~ter r:J.. used 

in Ref .[5] by the reiation < Qt>: ~2. ) is not small being com~arable with • its squared mass m..'} . When 

nucleon electromagnetic radii 

trying to obtain the numerical values of the • • • by the nonrelativi~tic formulae .<Q_>jm,_ 
turns out· not small, too. The incorr~ctness of the nonrelativistic_ ap-proxi­

mation is especially evident f9r the radiative decays of the meson_and nu­

cleon resonances, when the emitted photon momentum is comparable with the 
quark, mass ,-and the quark interacting with photo·n turns out necessarily re-
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lativistic. The predictions of the quark model for these decays were made 

by the nonrelativistic formulae, but with relativistic parameters. Thus to 

clear up whether the quark model is really applicable to the description of 

the hadron static characteristics the correct calculations takinq 

i~to account the quark relativistic motion in hadrons. are necessary. 

The relativistic-invariant model of mesons and baryons treated as bound 

states of relativistic quarks has been formulated in Refs.[6-9] in the 

light-front dynamics. In this model we analyzed magnetic moments of baryon ,. ~~ 
octet ( "[" ) as well as radiative decays of vector. mesons . In parti-

cular, it was shown that these quantities can be described well at suffici­

ently larqe quark momentum. 

The similar questions were investigated also by leutwyller and Stern 

(see Ref.[ll] • where one can find other references on this subject), In 

Ref. [12] it was shown on the example of the pion fomTactor that the results 

of the relativistic model [G] can be derived more obviously by che conside­

ration of tf1e time ordered diagrams of the old-fashioned perturbation theory 

in the infi11ite n.omentum frame (If~F).The _HlF (as wel1 cs the li>;ht-front 

dynamics) is us(;U in order to minimize the vacuum f'iuctuations. As a result 

the space-time picture of the interaction turns out analc!-JOUS to that in the 

nvnrelativistic ;-:,Jat1tum mechanics. This makes it possible to define the 

hadron-qua~ks transitions vertex functions (VF) by analoqy with the nonre-

lativistic bound state wave functions. In the diagram anrroach we found the 

()enera1 rnethod of construction of the VF for Many-oarticle bound states. cor· 

resoondina to the variants of spins and orbital angu1ar momenta composition 

considered in Refs. [6-C!). l~e have illso found the variant of the VF construe· 

tion which corresponds to the experimentally observed SU(6)x0(3) classifica­

tion of hadron states. 

In se~.4 we consider the role of the rela~ivistic effects in the descrip-
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tion of the magnetic moments. electromagnetic radii and ratio GA jG.., 

for nucleon assuming that it is pure [56, o+J sta·te. A simultaneous analysis 

of the experimental data on these Quan.tities is carried out and the main pa­

rameters of the model are determined: mass of the constituent u- and d-

quarks; their mean square momenta and anomalous magnetic moments. The consi­

dered experimental data are uescribed well by the set of parameters obtained. 

In sees. 5-8 we consider the role of relativistic effects in the descrip­

tion of the radiative decays of nucleon resonances. The predictions for these 

decays are obtained which agree well with the experiment. Mote • in parti­

cular, that in our approach: l)ll { f2D2)-N,r decay amplitude agrees with 

the experiment better than in nonrelat1vistic quark model; 2) we have obtained 

the agreement w1th the exper1ment for s1gns of N (1470)- N~ decay ampl1-

tudes; 3) 1n our apprcach fl~, ( :6i~ ( 1520)) > fl~, ( s,d 15 .!>5))' 

which agrees well with the experiment and cannot be obtained in th~ nonrela­

tivistic model. 

2. Main kinematic relations 

Consider the electromagnetic transition 

I 't 
E>-B+~ I 

( 1) 

which is described by the set of Fig.l time ordered diagrams of the old­

fashioned perturbation theory .. For relativistic quarks together with Fig.la 

diagram~ generally speaking, al~o contribute the rest diagrams of Fig.l 

which violate the space-time picture of the process (1}, corresponding to 

the nonrelativistic quantum mechanics .. However in specially chos~n IMF 

~ ... • [1 1 
(P-ool, 1nwh1ch K.:-K:!>~M-11- K. 2 (K 1sthev1rtual 

~p 

photon momentum, M and M1 are masses of initial and final hadrons) , 

the Fig.lb, c, .... diagrams give no contriblit\on at least for longitudinal 
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components of the electromagnetic current. For transverse components of the 
electromagnetic current the suopression-of Fig.lb, c, ... diagrams connected 
with energy denominators can be, in principle, compensated by a large contri· 
bution of the vertices • since for the current transverse components the 

- ~ vertex ~9- -9- is suppressed as compared with the vertex ~ --9-~ as p 
Therefore the use of transverse canponents of electromagnetic current re­
quires a detailed analysis of Fig.lb~ c, ... diag_rams contribution. 

Let us write the main kinematic relations for the Fig.la diagram in the 
IMF. In this section we consider the three-quark states only, the generali­
zation for many-quark bound states can be done in a simple way. For the ini­
tial quark momenta (denote them Q. , g , C ) we introduce the Feynman pa­
rametrization: 

L K .• 0 
i=.o..,~,c .. J. 

( 2) . -. 
E. • /:x:·/ p + m, + K_u_ 

' ' 2P J:x:,J 
In p..._eo system the main contribution to the matrix element of Fig.la 

diagram gives the integration region. where 

0 < x, < 1. 
( 2') 

In what follows we ~hall assume that the photon interacts with quark C 
multiplying the obtained results by 3. For the final quark momenta we obtain: 

l. =-a.,f,, -. ...,.. - --~ ..... , Pc." Pe - I'( L =. ::C~ p + KCL > 

( 3) 

K~"" Ke"- (1-x,)K.L -. - _., 
where P " P - K ~ is the momentum of the final hadron. 

The invariant masses of initial and final quark systems are equal to: 

i:.<t.,t,c 

-. . 
K\.,1.. + rn t 

X· 
' 
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.. " M=L... 0 

i.::.a.,t,c 

It is convenient to introduce the variables Kt~ : 

K. ~ + W. "' M :x: · \10 L 0 L , 

J ' -e. i!: ~ 
(J. = K. -t- K- · + m. 

L '-1 \.l t. 
Mo =. L. "\ . 

l=-a.,e,c 

(5) 

Variables Kl ( Ki.J., Kt.'i., c.....>t.) have the meaning of the 4-momentum 

quarks in the c.m.s. of initial quarks. Recall that we consider diagrams of 

the noncovariant perturbation theory in the system p_.., oo , hence the 

energy does not conserve in the vertices B(e:>')"':"'"-'<} and c~nsequently 
the c.m.s. of the quarks does not coincide with the hadron rest frame, and 

. • M'• . the invariant masses M
0 

and 
0 

do not coincide with hadron masses 

M 2 . M'• and . Formulae (5) can be obtained by the Lorentz transformation -along the third axis (we assume that this axis coincides with P from 

the c.m.s. of the quarks to IMF. ...., 
In an analogous way we define the final quark momenta in the P = 0 

frame~ 

( 5') 

w: : I-K '~ + m • M , = L GJ: ~ ~ t [ 0 • l 
t=Q. 1i,e 

Let us give the connection Of the above~1ntroduced variables with ~ • ~ 

~ , Q that are used in Refs.[7-9] : - - -:i:._: ~ "l , K._, = 'J., ~ 1; Q , (6) - -:x:,= ti-n'l., Kr,l-:·9:,_• (1-~)Q.._, 

:X: :1-'h 
c. L '-
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q.< +c. .. = M~~ ~ , M .. ~ = t"' ct, c. .. ·.f~•·m~: Ct,•.,j'f'•mt: 
(7) 

Q+E,=M" t. Cl.:t. o L 

M. = E~ + E .. ~ , 
, ' -, Q-, 

The correspondins variables S , "1_ , Cl,--1
, .L for the final quarks 

are ·connected with ~ , ~ , <i'.t, QJ. by the relations 

(= c "1 =1_' 

the vari~bles \ 

M',' ""' 1'\::tib and 

-, • • Q" M.L M = + 
' :;:,T~-: ~\ "\ 

M'--
_, 

' -··-.. -~~~.- m, 
'o.b- n.1-c t "l--

G:? ' 
M'oa::. -- + _!:!_(1, ~ 

1 l. Vi· "l" "'c 

fon 

<P,.s ~~~ 

+ 

+ 

+ 

(8) 

Q.l and Q~ the Uwariant masses 

fonn: 

' m, --
1- "\ 

' '. ~-~- = M 
1 . ~ 

,_,, 

' ~~r:~ 
1 . , 

r _ d r. dp~ _ 
j~~EoftE-: E~ 

R 

(9) 

( 



to 5 - .?9- transition. In the P- 00 frame the enerqy denomina­

tors in (10) are equal to 

(11) 

Introducing the notations 

( \2) 

we rewrite (10) for longitudinal components of the electromagnetic current 

in P -- oo frame in the form: 

r.r~ (0 +lK· c· "' £. )W: ->Tr
5 

(o o P.) 
-sc c '''"2mc se'!s ... ,s~.s.ra.,f$,e, 

where we use the norma 1; za tion cond1ti on ii u :. C.m ' .d r 1 s the ph~se 

space which can be presented in one of the following forms[?]: 

4. {2s; )" dr = di<u di<L d .... d:r~ _ M. dK'~ dK', 
X a,. 'X -4 X c. <V~~,. CVt We. 

= ( 14) 

The nonna 11zati on condition of vertex funct1 ons V' fo11 ows from the nor­

malization of the elastic forrnfactor f:, :--+- e>a at. P~ p' and 5 = 5 ': 
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(15) 

For the type (1) processes (as distinct, for example, from the quantities 

of the type <.f [ J~] o>) one may not write quark color indices since 

the color factors are similar in (13) and (15) and do not contribute to the 

final results. Vertex functions for baryons must be completely symmetric re­

lative to quark replacements, so we write them in the form: 

(!6) 

where tJ' is the spin-orbital rart of the vertex functions. and the radial 

part of the vertex function :f(PQ.,Pt,, Pe) describes the momentuM distribu­

tion of quarks in baryons bei"lq s.y!l'lllletric relative to their replacements. In 

the present work we shall assume that the function ':1' depends only on 

one variable, ; .e. on the invariant mass of the quark system. ~!hen gettinq 

numerical results we use for the ground state the following form of this func-

tion: 

• SO(P,_,P~,Pe)=-<P(M~)= I'Jexp(- ~;.), (17) 

which in nonrelativistic approximation turns into the oscillator wave func­

tion, Parameter N is determined from the nonnalization condition (15). 

The detailed knowled!Je of the interaction dynamics being unknO\tm. we cannot 

construct unambiguously the radial parts of the higher orbital excitations 

vertex functions corresponding to the ground state wave functions (17). In 

this 1wrk in sec.7, 8 we construct these functions by analogy with nonrela­

tivistic oscillator model. 

In the further calculations it will be convenient to use the matrix ele­

ments (13) written in the va: iables ~ 1 ~ 1 <}
1 

, QJ. 1 Q; = QJ. + ~ K.J.. : 

!0 



A. TwoRbody bound states 

When constructing the vertex functions for two-body states we require that 

they must be written in the Lorentz-covariant form, so that spin and orbital 

angular momenta composition rule hold in the c.m.s. of constituent particles. 

Since the angular momenta composition law in the c.m.s. of two oarticles has 

the same form as in,the nonrelativistic case(
9J, the vertex functions of two-

' particle states in c'.m.s. coincide with the corresponding nonrelativistic 

11ave functions. To write down these functions in the relativis·tic-covariant 

form for Particles with spin 1/2 we introduce the bispinors 

. . (!R) 
Us(~, P.)=P+(p,, P.)_Us(P;.) ,1!:5(-Pt>·P.)=P-(p,,P.)t[

5
(-p.), 

+ 
\'/here p- are projection operators which are equal to 

' p ): M.r P. 
• ~2(p.P.•m,M0J 

' r-----, p" p- E " ..JrM-,c-+-:P:::-•- P. =. .Jp:• .. m~' . Bispinors (18) sa-o 1 0 0 • ~0 1, • I. A 

tisfy Dirac equations (i) •. M.)U5 (pi, P.)•oand (P. •M.)v-5 [-p,,-P.)=O 
and differ from bi spinors 1l & ( P.,.) and 15. s (- Po ) obtai ned by 

the Lorentz transformation from the ~ -:. 0 system by spin rotation: 

(19) 

11 
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(21) 

·' tl·e P"~ o • system 

(22) 

In the P- <>o system the matrix 

(23) 

coincides with Melosh matrix which was obtained in the current alqebra as the . [13] . 
transformation from· the current quarks to constituent ones . In the c .m .s. 

of constituent particles bispin:.. lls (ft, f!) has no lower component and 

coincides with tl.s ( Pt) in Pt :. 0 frame: 

1 1 <J"5 ) r=-;o 1Ls (P,, P.) 1- = _ r:::-' tl~ ( PJ 1- = ( 
'./C:M . Po'O '12m, P,=o 0 

(24) 

Analogously bispinor "-':
5 
(-~, -Po ) in .Po=- 0 frame has no upper 

component. Introduce also four-dimensional vectors 

- -~ P. RJ" - Ft~ Mol. o~ J 

(25) 

-which in the c.m.s. of constituent pa~ticles Po= 0 have the form 

- -R = P, = K· l l l 

(26) 

oliH.i tensor 
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~ f',JIA P •• ~ f' - "" P.~ 
(27) 

~ f'v'' ~J"~ . -- ~ ..... ~ •J" - ~J'. : o, 
M~ 

• -for which in the P."' 0 frame we have 

~ ~ ~ 

~j = !, 2, ?> (28) 
~ : ~ : Q I 'ttj = ';!;j I 

OJ" J'• 
~ ~ 

In the terms of vectors Pi.JII 

kinematics takes place in P. = 

and tensor <a-J'.J the "nonrel~tivistic" 

0 frame , 'in other words. every possible 

products of the four vectors reduce to the products of their space compo­

nents. Therefore, using· ~.P , ~.J'l-J and bispinors (18) one can easily 

write nonrelativistic vertex functions.of two-particle-system in the relati­

vistic-covariant form, As an example we write down the vertex functions of 

5i -neson and S' -meson with L = 0 and L= 2 ( S and 7:J waves in 

Ji -meson): 

,T,Si l ! - p .J f.) ':f5i (29) 
Ts,, .. ,= .Ja 2 M.1L5,(p,, ·llls -s,cP ... - • , 

~~ ... ~ v- ~ '})lA. ~.) ) 
where Q ; R - "R . In the it::. 0 system the vertex functions 

Yp 1J" •.!" 
{29, 30, 31} have the nonrelativist1c _form: 

(29.) 

13 



where 
~ ei are polarization vectors corresponding to S =· ±1.0 for .P 

meson. In the P--. eo system the vertex functions (29, 30, 31) written 
through sp1nors 

(32) 

have the same form as in c.m.s .. (29'- 31') and are equivalent to the wave 
functions constructed in· Refs.[6, 9] in the light-front dynamics. 

To obtain analogous results for particles with arbitrary spins one mus_t 
together with projection rperators {19) introduce the analogous operator for 
vector wave functions: 

(mo. Po,~ot-+MoP'l!!)~'J 
Mc(pa..Po+- mQ.Mo)' 

s From the vector wave functio!i !Jft (POL.) 

(P.)J'!~.(P..,f.),.o. (33) 

let us constructed the function 
s s YJ" (p~' P.) : ~. (F .. I P,) lJ ~ ( p .. ) • 

(34) 

In the '?; ::. 0 system vector ti] ( f>et. 1 Po) has no time component, 
and its ~ce components coincide with space components of t.j; ( p<l.) in the 
system P~ : 0 

:Ys( J! s( .
1 

s j s (35) • p._,P. P.:o" 0, 1!, f'._,P.) 'P.:o"lj'.(p._) f;,~e,, iA,e,3. s . • 
Vector 'J.!" (P ... P.) differs from Y'J" ( P.) by spin .rotation: 

14 



(36) 

where 

IntheP.:o system 

(38) 

In the P-. 0o system 

V'j(P~,P.Jj =S,j-
P--

- - -· . (39) ( k._"Jt ( K._")j + K a." 6l> Oj• + (w._ +m._ +K._.)[o,,(ii~.);"6;$.,)J 
( cv .. + m .. )! wo. + Ko. •) 

Fonrula (39) coincides with· the Melosh matrix in the vect~r representatiori .. 

B. Three-particle bound _states 

In Ref. (9J three-par:ti_cle -~tates are constructed in the following way: 
First, the state of two particles (ct, t ) with a definite total angular 
momenWm and -fts proj~tion is to be cons~ruct~ .. Ttien, consfder-fng the 
syst"" ( ct, t ) as .an elementary partide, the sta~ ( ~, g) C with the 
gf~en v~lue of total angu.\,~t;" momentum is construct_ed according tq the two­
particle s_t(!tf! construcdon rule •. However it turns out that- the three-quark 
states corystructed in such a way cann~t reproduce the experimen~lly observed 
SU(6)x0(3) hadron resonance spectrum (l

4J. let us illustrate th~s on the 
example of three-quark bound states with ~ctt= !,..= 0 ( fa.t. ts orbita 
angular .momentum in { Q.. 1 ~ ) system_., L is -orbital angular momentum of 
C -quark relative to th~s S.>'stem) and with proton quantum numbers, 

15 



Let us write down the corresponding vertex functions making use of the 

results of the previous section. In the case of S,d~ == Ta.t == 0 ( 

Ta.~ are spin and isospin of ( Q, t ) quark system) we obta~n: 

S~& and 

[(<f',(s.,s/= 8M:tM.-iis(P.)tLs~(p,,P.) · (40) 

r~ . . :U,._ (p._,P~t )c~. ~' (P,., P.t)- ils .. (p._,P._,Jcos t.ls~ (l'e' P..&)]' 

where the upper indices stand for quark flavors; fl~ =Po. t Pg .. The ex-

pression in square brackets corresponds to the bound state of quark pair 

( Q' 11, ) with s .. t = Td = 0 . In the case of S~t =T .. t = 1 we obtain 

Here the projection operator PJLt\f (Pa.t, fe ) is used for quar.ks (a,, g ) 
as they are in the state with Sa. e.: 1 . Let us write (40, 41) in the 

system P- o.o . Using the relation 

B,.. (P..t, P~)-ii(p,.,P .. t) c~,-u.(p,, P._t) = 

M .. t~ .-·r • ~ ~tt(p .. ,P .. ,J P P .. t ,P.)Crf (P.,.4,P.)tt(Pt, P .. t) 
1 

which can be obtaine~ with the help of (19) and (33) and the relation 

16 
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• ) + ) . (43) 
p (P..t,f'• P [P,,P..t u,(P,)=U,.,(P.)Vs"s·(P~t,P.)Vs~(p1 ,P.t)_,. 

- tt5 .. ( P.) u, .. ,. [ f..t ) tLn (K, ) 
P-oo 

where 

(43') 

'Usu S' (Pete.) and: u!,'s ( Ki)_ are Melosh matrices defined according 

to (23) ~ In the P-- """'o sYstem we obtain 

(44) 

(45) 

The vertex functions (44, 45) are equivalent to the corresponding wave 

functions constructed in Ref.(9] in the .light-front dyn~mics. 

In order to obtain the vertex functions for the three-quark bound state 

which corresponds to a proton, the vertex ·functions (40, 44) and (41, 45) 

llliSt be syllllletrized relative to· th.e quark replacements. In the nonrelativis­

tic limit the obtained vertex functions coincide with each other being equi-
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valent to the proton [56, o+J \-1ave function. In the relativistic case these 

vertex functions differ from each other. For example, their quadratic over 

momenta terms include in the quark c.m.s. f':= 0 the followinq multiplets: 

t,: [5G,o+]" [eo,o+], 

[56,o+]", [7o.o+], [?o.e+J. 
Th!.!S the vertex functions 'f

1 
and ~2 are not equivalent being not ortho­

gonal. To extract the orthogonal spectrum it is necessary to have the whole 

series of states with the highest orbital anr,1Ular momenta. Therefore \te do 

not see the way the orthogonal basis which could be set in correspondence 

with the observed spectrum of baryon resonances can be built up on the basis 

of three-quark states with the definite values of quantum numbers SQ.t 
to.t and L . 

2. In the present work, whe.n constructing the three-quark states, we shall 

proceed from the requirement that they could be set in correspondence with 

the SU{6)x0(3) baryon resonance spectrum. Therefore we assume that in the -quark c.m.s, Po= 0 the vertex functions written through two-component 

spinors have SU(6)x0{3) nonrelativistic structure. These vertex functions can 

be written in re.:;tivistic covariant form rnking use of bispinors tl.(pi, P.) 
(18), vectors ftJU (25) and tensor ~J-1" {27). One can show that in the 

P _,._ eo system these vertex functions expressed through the sninors 

\v'Si (32) have the saPJe forn! os in c.m.s. of quarks. 

Let us write down, as an examrle, the vertex functions for 

resonance assurnin:; that they are respectively 

and [70, 1-"] states: 

proton and 
+ 

rure [56, 0 ] 

• + f - " ( 47) 
t( 'fp \~ ,H,,J = 41fM! U,(P. )'Usc (Pc .P. )[il:..(P~, P. )<:05 t<;~ (Pt' P. )-
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-U5~(p._,P.)CQ~t(:4 (Pt,f.l] dt-<tn.smut«tion.s oj (a.,~, c) 1 

[(t, .. )5 
]\ (2M.(ii.,(P.)tL5:(P0 , P.). 

A 5o.. 1St,Sc 

[ -u. P. - ~" (48) 'tt;., lp._, •) C ~.!" '3-J"v Qv 'U.st (p,, P.) dta.tt.~mu.ta. tioM of (a.,~,<) 
~re ' 

{49) 

In the P- ao system we obtain 

(51) 

It is worth noting that for such three-particle vertex functions both the 

spin and orbital angular momentum of the quark pair in its rest frame have 

no definite value. For example, if we write the expression in the square 

brackets in {47} and (48) in the rest frame of (Q., ~ ) quark pair, we 

shall not get the simp-le exoression without relativ,e r.JOI'lentum of these quarks 

as it is the case in the vertex functions (40)- and (dl). Nevertheless. when 

constructing and c1assifyinD the states we shall use the quantum numbers cor­

resronding to the _ronrelativistic wave "functions. Note that in this case the 

vertex functions for states with Lt. 0 , in particular for nucleo11. 

are equivalent to the 11ave functi.ons of Ref .[7]. 
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4. ~1a~netic moments. charge and magnetic radii and ratio GR j G., 
for nucleons 

In this section we shall consider the role of the relativistic effects in 

the description of the static characteristics of the nucleons. Hhen consider-

ing electromagnetic characteristics we shall use the ~atrix element (13) and 

write it down in two-component spinors: 

(52) 

In (52) F, ( K" a) and are nucleon Pauli formfactors. the ver-

tex functions W are 
• 

tion (52) is equivalent 

determined by the relations (16, 17, 50). The rela­

ta the analogous one obtained in [s] in the liqht-

front dynamics. 

If one expand (52) in rowers of K~ , then the terms of this expansion 

containinq K.t. in the zero, first, second and third OO\'iers determine res-

pectiv~ly the nucleon chariJe F, ( o) the nucleon «nomalous t!tagnetic mo-

mcnt -e) as 111eli as the radii correspondinq to the formactors ~1 (K.~. 
and • The quantities F._(o) have been calculated in Refs{q, 10] 

and have the followino. form: 
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where 

xc~ J ~ ~Jcp(M:JJ 2

df, (54) 

Tile calculations and fincll formuli.'le for the e1ectromaqnetic radii are too 

cumb<'rsome and it seems iPlpossible to present them in this work. To illus­

trate the role of the relativistic effects we shall give the first two terr1s 

of the expansion of our results in powers of ( ~~ )
2 

t·Jote that para-

meter d... characterizes the quark mean square momenta in nucleons: 

a 4 ' -' • -' 0 (.Q > = -s < q, >:. v-. . In the nonrelativistic limit o:.-

These expansions have the form: 

2 1 10 
R =-•--+ ) 

F'\P d.. a 12.m~ "" 

a 1 
RF.:.-

~ o(• 

15 
t -- t 1<:m• 

'Y 

1 -· ... i§_ t 

12m2 

'\-

(55) 

for simplicity we have not ~iven the contribution of the ouark anOI'1i1.l0us :::arJ-

netic moments. Fror~ the expil.nsions obtaineC: one can see th,1t the rehtivistic 

corrections do not viol,•te essenti0lly the nonrelativistic ()u~rk I"C,JP.1 rredic-

tions for the nuc.leon :n,H·r,etic rrlO!'!lent r2tio and for the rGlations bet'·'ec~ 



The ratio G
11
j Gv for nucleon one can easily derive replacing the elec­

tromagnetic current in (13) by charged axial current: 

(56) 

where 

(57) 

In the nonrelativistic limit the well-known quark model prediction 
Gp ::_E.._ , which exceeds the experimental value, follows from (56). The Gv !I 

relativ-istic effects change this value into the needed side decreasing the 
quark model prediction. the first two terms 

in powers of ( ~'t t beinq of the form: 

of the formulae (56) expansion 

G s .x• ) ,.._• ~ --s-(1- 3'- + .•.• 
\:Tv m't 

(58) 

The quantitative analysis of the experimental data by our entire formulae 
(without expanding them in ( :,)

2 
) we have ~ne usinq the linear square fit. 

The fitting parameters d.. . m , d{ and ~ • where d{ and i.e are de· "' ~ termined by the relation ~e ~ Oc:: de_+ 'X. turned· out equal to 

(59) Ql. = 379±61 MeV: rn,_ "' 271±28 1'1eV; at "' 0."071±0.040, 

~ 

~ = -0.035±0.015 

Note that for the magnetic moments and the ratio Gl't 
Gv 

which are measured 
ttith high precision we took 3% errors instead of experimental ones. Thus we 
have taken into account the uncertainty pf our .results due to the assumPtions 
made, in Particular, due to the assumptions on the form of the functions 

':f(P,.,Pe, P,) and <j> l M!) and also due to the "sumption that 
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nucleon is a pure: [56, o+J stntc without admixture of other multiplcts. 

The value of ~ (b9) aqrees with its value obtained frOfil the previous 

data on tile ratio of f' ~!IT ;f anU CJ-9T~ -.:ecay l'lidths Q.o' 16
]. The 

new data on f -!ifa (l7] indic~te to a s~1aller value of 1-Ji] , but do 

not exclude the value obtained by us. It is interesting that our parameters 

antl ma_ (59) agree rather well with 
'[s] 

for111ulae . 

their values obtained from the 

The results. of our analysis are presented in Table 1. The radii given in 

this TaiJle corresoond to the Sachs formfactors. To demonstrate the role of 

relativistic effects end quark a.m.m. we give separately the follm·ling con­

tributions: (a) - contribution correspondi n~1 to the_ nonre 1 ati vis tic approxi-

mation in eqs.(5b, 58), {b)- total cr'lntributiot:~ of all relativistic correc­

tions in (55, 58}, (c) - con~ribution of quark a.m.m. From the Table (see 

also eq.{55)) one can see that the relativistic effects are not small, but 

they nowhere violate the relations pretiicted by the nonrelativistic quark 

model. For G-A the relativistic effects lead to the agreement of the 
Gv 

theory with the experiment. Emphasize that we received the value of the neut­
t 

ron electric radius RG.,_ assuming that nucleon is pure [56, a+] state, 

• < 
RG- .,_ had been obtained c;1ly whereas in other works the nonzero v~lue of 

' by taking into account the admixture of other states (see. e.~\. [13]). 

Thus the treatment of the nucleon as bo:mrl state of the relativistic quarks 

which is in the bi'!sis of our mooel allov;s one to Uescribe self-consistently 

all static chilrncteristics of the nucleon. The success of the nonrclativistic 

1roo'Jcl ~~hen de:scriJinn the ratios ..;'Lip , GA 
-- JU.-.. Gv 'l.nd relations bet\1een electro-

lilit~Hietic radii of nucleons is i'.pnarently of casual n,1 tun and is due to the 

fact U1at for these ratios (as d)stinct from the quantities .}lp, JUn.··· _he:·~­

selves) relativistic eff~cts dn; mwa'rically S11:n11. 
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" " 5. Amplitudes of N-.. N0 and N-. NSf decays. 

Selection rules for matrix elements. 

Consider linear in KJ. terms of the matri~ elements (13 1
) expansion in 

powers of KJ.. Making use of the transition current <N/'3,rJ N1C".> explicit 
form (e.Q., from Ref.(21] ) one can show that these terms can be written 
in the form: 

(60) 

where A an.d ~-1 are respectively helicities of resonance and nucleon. 
The amplitudes 

tors G, and 

:::rp~...L·. e . 

">-
Mo.~ defined in such a way are connected with the formfac-

Ga introduced in [2!] by the relations: 

l G M~-M" (61: 
M.," " ~ -Je' 

i 1 ( M• M :-- --G+ o,, -5) M" , 

• 
M 2 = -G,• o,1!o 

where M 'II- , J 
P=- 1 

and P- are mass, spin e~:nd p;r1ty of the resonance. For 
the replacement M"-- M" must be done in (61). For the decay 

widths of N *~ N~ we obtain 

(62) 

r ( N; .... N'€) =,A.~ '}: t1.~ I M:, Ia' 
1 m 

Th.e amplitude.s 

is the photon momentum in the resonance rest frame. 
_,P," are t_onneGte_9-__ wf.:t:.t1 __ th~. -~QIJYepti pna 1 ones n 1< , .for 
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which the experimental data are usually given~ by the relation: 

(63) 

• 
This relation includes the sign of the amplitude of N - N.51 since quan-

tities A~,rt are detennined from the experimental data on the reaction 

Ql\1- N5i and the sign of N.,_ -N5i transition amplitude enters 

"P," the n ,.. definition. 
~ 

In our approach in accordance with ( 13') the amp 1 itudes M o, !J 

tennined by the relation: 

K 1- < K, 

~ 

are de-

(64) 

where the derivative _2_ acts on 
'CQ,t 

Making use of PCAC one can express 

the nucleon vertex function. .. 
the amplitude N- NSf in terms of 

the charged axial current matrix element in the P~ oa frame: 

N•• + 
the -.. tt.Sf decay width being of the form 

r( •• ,...) 1 N - n:ll ~ -~-r.c;r'=,..,..a-
c::J\ rsr 2.~ + 1 

where ~ ~ is the pi on momentum in the resonance rest frame. f Sf "' 135 MeV 

is the 9i- JU.V decay constant. In our approach in accordance with (65) and 

(13' ) we have 
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(67) 

where t:'- is operator transforming 11 - d • 
Consider selection rules for the matrix elements (64). In our approach 

the functions 'f in (64) written in terms of spinors \A/5 (32) have the 
well known SU(6}x0(3) structure. let us write them schematically in the form: 

(68) 

where ti.(K&J' U(K,), u(Kc) are the Melosh matrices determined accord-
ing to (23). When the differentiation .operator ~ acts on the matrix . aQ.t . U(Kc:} the Melosh matrices for Q.- and g.- quarks are contracted and the 
selection rules are determined by the operator: 

Keeping in mind _that ·the operator Qe acts on the same quark C we obtain 
the following ·selection rules corresponding in s~,ccession to the terms of 
eq.(69) 

4 S • o, AS~= 0, ALz = t 1, 
AS=f, ASz:H, ~L~= 0, 
45 = 1, 4Sil = o, 4Li"t1, ' ~ ~ " 1, ~ ::il., __ A.Lec-= ~ 2, 
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(70.2) 

(70.3) 

(70 .4) 



where S and L are total spin and orbital angular momentum of quarks in 

c.m.s. Note that the selection rules (70.2) and (70.3) hold also for that 

part of quark a.m.m. operator which is proportional to the quark charge ope-

rator. 
[22] 

The selection rules (70) coincide with those of following from the 

transformation between generators of theSU(6}w,current and SU(6)w,constituent 

groups obtained by Melosh in the free quark w.odel. However in our approach 

the matrix element ~64) contains the additional to (70) terms which arise 

when the operator ~ acts on the matrices· 1L(Ka.) and 1l (K.). Empha-
'aQ...e • 

size that these terms do not belong to any representation of SU(6) group, 

since in these terms the charge operator G(~ and the differentiation ope-a rator - act on different quarks. oo.e 
Consider the role of these additional to the selection rules (70) terms 

on the example of the nucleon magnetic moments. The relation (64) for nucle-

ons determines the nucleon anomalous magnetic moments; the calculations 

results are given in (54). The quantities x(l and X e correspond to 

acting of the differentiation operator 'a ~l e. on the Me 1 ash matrices "lL( K'Cl) 
and u(Ke) , respectively. Note that in the nonrelat1vistic limit 

x .. ._Xc: 1 . The result of the acting of _2.._ on tt(Kc) brings 
<lQJ.i 

to the selection rule 
.. ~. 3 ratlO ~ ::.--

"!-en e 
the experiment can be 

(70.2) and to the corresponding to it value of the 

which contradicts the experiment. The agreement with .. obtained only by taking into account X , i.e. terms 

which cannot be obtained in the Melosh approach. Note that ihe va1ue of the 
"lf. 3 ratio --.:.. =. - - fo11o~.ing from the selection rule (70.2} which takes 
-.e~ e. 

fJlace for the nucleon a.m.m. \'tas misreferred by f~elosh to the nucleon total 

magnetic moments D3J. The doubtfulness of this result of r~elosh was discussed 

in Ref. [23]. 

The sele.ction rules obtained in our .. _approach for _the matrix elements (67) 
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coincide with the analogous ones[22Jfo11owing from the Melosh transformation 

between current and constituent quarks. This is due tO the fact that in the 

matrix elements (C7) there are no operators which act simultaneously on the 

quarks ( 0. 1 t ) and C . These selection rules are as follows: 

(71.1) 

(71.2) 

6. P..,. ( 12.3<)- N"t decay 

The amplitudes of this decay defined by the relation (64) and ca1culatea 

analogously to a.m.m. of nucleon are equal to 

I 

M" o,; 

Mt "~ Mt 
o.~ 0,!> 

x 
2.m'} 

(72) 

From (72} directly follows the suppresSion of th-e amplitude £ t+ : 

(73) 

which coincides with the well-known res~lt of the nonrelativistic quark mo­

del and agrees \...-ell with the experiment. Thus relativistic effects do. not 

violate this result. 
aP.rt. To obtain the signs of the amplitudes p~ we have used the relations 

(63, 65, 67). So we have 

~''!" Asr (A•- n~•) =- 1. (74) 

The numerical values of th.e amplitudes fl ~ following from (63), (64) 

and (74} correspondiny to the parameters (59) are given in Table 2. For 
comparison we have presented in the Table the predictions of the nonrelati­
vistic ~~ark_~~del which differ considerably from experimental data. This 
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discrepancy 

quark model 

is usually treated as a serious 
[2~] 

(sec, e.q. ). Our amplitudes 

difficulty of nonrelativistic 

n; a11d < f1.... n.,. are essentially 
2 • 

closer to the experimental values. 

7. ~1 ( 14 70 ) ..... N ~ and P,1 (1780)-N~ decays 

We have calculateC the amplitudes of these decays assuming that ~1 (1li10) 

and ~.,(1780) resonances are the members of [56, 0+~ and [70, o+] 

multiplets, respectively. The vertex function of ·the ~1 (1~70) resonance we 

have written down proceedin~ from the analogy with the nonrelativistic oscil­

lator model: 

~ 11~1o) = N { M:- J.>) t 
11 

(75} 

where parameter ).l can be found out from the orthoaonality condition of the 

functions (17) and (75), N is the normalization paral'leter. 

The obtained by us amplitudes M0~ for ~1 ( 14 70)_,./'J"'lf decays are 

as follows: 

< 
2X. + ~. (Y-.t~- '*J) 

(76} 

6m~ 

• 
M2 ln): -,fa.' 

••• 

we obtain 

(77} 

II (P.+(1~70)-nSf')=~To· n!IT 11 2>.[2" ~ 

The quantities x; ' x; ' iR and TR differ from the correspond-



• ~~ quantities for the nucleon (54, 57) by factor N(Mo- J') in the in-
·wands. The fi na 1 formulae for P11 ( 17 8 0) ~Ntdecay amp 1i tudes are cumber-

.cJme, so we give for them only num~rical results. 

The numerical results for A~,rt amplitudes at the values of parameters 
(59) are CJiven in Table 2. rlote that as contrary to the predictions of non-
relativistic quark model, the obtained by us siQns of the amplitudes 

Ai and A:' for P,1(147o)- N0 decay agree with the .. • experiment. It is known that the discrepancy of these amplitude signs with 
the experiment is considered as a serious difficulty of the nonrelativistic 
quark model (see, e.gJ24J). In our approach we have obtained correct signs. 
however the numerical values of our ~.mplitude~ are smaller than the experi-
r11ental ones. This apparently indicates to the mixing of this resonance ~lith 
the nucleon. i~ote that here in order to obtain the experimental values of the 
amplitudes A~n.(P,1 (1Lj70)-+- N Q) it is enough to introduce the 
small mixing anqle with the nucleon (-=:: 5°). 

AP,n o ) N The amrlitudes " obtained by us for the transition r:;-1 (1470-? ~ e r - "' satisfy the relation fl i = - A 1_ 
with the prediction ~~~ j A~ :;:. - ~ • • approach. This is due to the fact that, 

which do€s not coincide 

[
23

] obtained in the ~elosh 
as is s~owo in Sec.5, the Melosh 

XC approach corresponds to the contribution in (76) of R only. 

The experimental data on ~1 (1780)-1-Ni transition are contra-
dictory, ,_therefore we cannot make any definite conclusions on the obtained ·l 
by us results for this transition. 

8. [70,1- ]+Na decays 

]o. 
For the arnpli_tudes M0.~ 

]o. 9 
M == X:. 

O,!r, i::. 1 

of these decays we have found from (64): 

(78) 
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where the factors a.~ (N*, :\) are given in Table 3, and quantities fft. 

:~.re equal to 

(79) 

(80) 

1i1ere ¢~'It tM:) are the radial part of the N'* resonance vertex functions. 

The integrands e:,i. have the following form 

M. 
Ee-Q~ 

Q o' • 
l\={:'l.J2 M: [ 2.~ -R(E~~+Q!)}+%: Q~: -.e} /R,, 

e,:. 
8 

:11 

(81) 



where 

(81 ') 

Note that the first three terms in {78) correspond to the selection rules 

{70.1), (70.2) and (70.3), respectively, and factors 0..
1
,a.2,a3 coincide 

with the corresponding ones of Refs.[23, 25] obtained in the Melosh anoroach. 

The remainina terms in (78) correspond to the action of the onerator 'dO · a 1e 
on the matrices 11. (Ka..,&) in (64) as well as to the contribution of the 

quarks a.m.m. no,t proportional to their charge. As was shown in SeeS, the 

analogous terms cannot be obtained in the Me1osh approach. 

For the matrix element of axial current (67) we find: 

(82) 

where factors Cl and t are given in Table 4, and quantities .4 and f> 
are equal to 

• o. Q, 
(83) 

R, 

The first and second terll"S corr~;>S"·ond to the selection rules (71.1) and 

(71.2), respectively, the factors Q and ~ coincidin9 with the correspond· 
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iny ones of Ref.(26] obtained in tile t1elosil approach. 

\1ilen getting nuruerica1 results we assu~o;e the analogous to (17) form of 

tr1e rac..iial part of the N * resonance vertex function. The resonances "Jnaer 

ljuestion being 1~1t0mbers of the nultiplet (?o, 1-} , the ~hlra1·;eter o{N * for 

U\<:!SE! resonances differs, generally Si)eat,ins, fron. t:w correspon(lin·J nucleon 
p 

pc.rameter d.. (:.;B). To finJ dN* we ust ti1e well establis!1t:-.! c:ata en ,4~ .. 
ill!;plitu,:e of the 1) 1~ t {52.0)- N~ transition. The value of this aJ11-

plitude can be obtained for two VC~lues of the parM1der 

{ 1) 

d.N• = 2.2.8 MeV, 

(84) 

81:, MeV. 

A.s to the other i\q:;lituces of [ 70,1-]-N.<r transitions, ~~~predict 

(<1 

tllt.:lil. rile rt;~Ults Jre ah-csc ti1c Sell!€ for JN* anC 

In i-'l.bh: {._Ill' ~,l'i~Sl'llt tne res;Jlts corresnonLing to the pi1.rii1Het~rs (58) 

us~. Ot1e can see fro111 the TaLle that the obt-"1irted results 

<~ rt.:2 .,,ell 1.-it.1 the cxp:riment. Let us empnasize the foilowi'l0 features of 

0·J< t·es,llls: a) \·te rrec;ict the si(jns of the al':plitudes /i:h. of [7o. 1-J-Na 

'l~Ldf:, ·>~-.iu ,1;rcr: \-,ell ~~ith the experiment, b) our Mnnlit:;Jes of 

5_,1 \1~i:)5)
-N~ .m.i 1) 1~ l1Sio)-N~ decays obey the relation 

.~:)((');(·A: 
2 2: 

which a'lrees with thP. experiment. 

thankfui to lf.V 1\nisovich. L.L.Frankfurt, E.>Llev-in, 

lilt' .,, LStrikr.:on for useful discus5iow;. 



Table 1 

R• R~~ 
-, Jlp .f• G, RG • R~~ - G= E M nuclear nuclear CTv ' magneton magneton [F•l [F•J [ F•J [F'J 01Jr 

results 2.811 -1.848 1.222 0.657 0.681 -0.094 0.610 

(a) 3.308 c2.308 1.667 0.275 0.326 0 0.331 

(b) -0.604 0.706 -0.445 0.408 0.316 -0.049 0.271 

(c) 0.107 -0.246 -0.026 0.039 -0.045 0.008 

Exsper1- 1.254 0.667 0.689 -0.121 0.689 ment 2.793 -1.913 ±0.007 . ±0.013 ±0.033 ±0.004 '±0.049 
[19} . [19} [19] [1s] [15 1 [20] [1s] 
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Table 2 

~· 

Experiment Quark models Our 
~ pre~i"c_tions pre--

~ ~ 
~ Resonance " die-~ 

~ c BCP Tokyo FKR KO Kl tions c. ~ 
E [27] [28] [29] [3o} [31} [32] 

" "" "' 
~ 

(1232) A~, -130 -142 -145 -108 -101 -103 -121 + p 
·C: 33 p 
~ A,,, -248 -271 -261 -187 -176 -179 -210 
~ 

" A;, ..,--. -70 -75 -66 27 -5 -24 -28 c: P
11

(1470) 
w 

A~ 44 59 19 -18 4 16 33 ~ 

\ 1 (1535) fl~. 32 82 80 !56 97 147 98 

f1~. -88 -112 -7S -108 -101 -119 -89 

s (1700) f1:r. 44 48 61 0 0 88 d 

11 A1, -103 -45 8 30 4 -35 9 
p 

0 (1520) A,r, -9 -16 -32 -34 6 -23 17 
13 Ai,, 162 157 162 109 174 128 157 

A~. -67 -55 -71 -31 -52 -45 -50 

.4~. 
-133 -141 -148 -109 -144 -122 -142 

~ 

' -: fl1. -12 -33 -29 0 
~ 

0 0 -7 -19 
. '-' 

A:k 013(1700) -12 -14 14 0 0 11 2 

A~. 01 so -55 -10 15 -15 13 

A~!a 
107 35 -35 -40 -17 -76 -30 

531 (!650) A;r. 44 34 -26 47 SF 59 81 

0 (1670) 
!l:'k 101 130 130 88 90 100 117 

33 fl:r, 116 98 50 84 91 105 151 
~ A~, 61 -12 -r10 -7 -47 -30 + p (1780) c: 
0 11 -20 -28 11 Fl 2 -21 45 

Jl" .;::_, .,. 
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Table 3 

hel 1-
transition a, a. a, a~ Qs a, a, a, a, city 

s, (1535)-~p - f/6 -% 1/6 tjg 0 0 - ljg 1/c. '/a 1/e. 

-~n. 1 /G t(tB [ -~Irs 0 - tjg 1/g lftB 1/a 1/e '/a 
s, (1700)-~p 0 0 0 -1/s 0 0 ·1/9 1/4 1/4 1/e 

-~n 0 • 1/18 1/18 1/fa ·1/18 1/18 1/18 114 '/It 1/e 

:D,. (15aoJ-ap. -..fa/ta .fa/6 .fZ/12 ra;18 0 0 .f2'/s -ra;a fi/4 tfa 

-.fG/ta 0 -J6/1a -.fG /18 0 0 0 0 ·VG/4 !>fe 
"' "' -life .... ~,. ./"e.f1a l . .re;1s • .re;3, 0 -ra;1s -.fajg 0 fi/4 1/a 

.,ff,/la 0 ..ri.(~G 0 f6/t8 0 0 0 46/4 3/a 

• 2l,(17oo)-ap 0 0 0 ·a{5jt,s 0 0 -€! 45 .f5{ao .fS'js 1fe 

0 0 0 .fiSj,s 0 0 -fiS jts oFsjao .f1Sj1o 3/e. 
-~h.. 0 

! • f5'/9o a.rs'j4s -48/•s -e$/a1 &'f9o -Bfso {S'fao ..fS'js tja 

i 0 -.f1E/3o a;.s ·2.JiS/o5 -.[i5'(45 J15j3o @/30 ffl/10o ffl/10 3/e. 
! 

_l:,3_,(1_Gso),.~p :· 1J6 1/18 • 1/Js 1{ 9 2/g ·C./9 - f/g 0 0 1Ja 

:2>33 (16 ?oJ ~~p' ->ia/te • .[?} /18 -{a/36 . .fl/18 raJs a.fi:fs ..(af9 0 0 1/a 
-«/1a 0 . ,g/36. --16'/18 • .,Zjg 0 0 0 0 3/a 

: - . . 



Reso- S 
1

(1535)5 (1700) D (1520)0 (17C0) S (lCIO)D (1670) 

nance 1 11 13 13 31 33 

e 4 

[8J,Ie (B],Ia 
l 4 

[ 8]3fe [813/a 
e e 
[10],1, [10]3/e 

- 1 - 1 ..J2' -R - 1 .[2 
a. 9 18 9 ~ 36 36 

- 2 - 1 _rz .[5 - 1 _.JZ 
b 9 9 9 --go lli -~ 

p<:!§ P' ~ p~ 
pi 

time P, 

a b c 

Figure 
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