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Abstra.ct 


A consistent theory of the spin and isospin excitations in an infinite nuclear 
system is form ulated based on the Ward-Takahashi relations among various 
ulluly-puiul Greeu'» fl111elhJu», wilich itt': derivt:d fcutU thl: rt:t4uiretUt:lll uf lhe 
rotational invariance in spin and isospin SU(4) space. Collective modes are found 
to be six Nambu-Golditone bosons, called spin, isospin, and spin-isospin 
waves, which appear as a result of the spontaneous breakinll f?f the SU(4) sym· 
metr:;. The W-T rcL1tions arc used to dctermine the correlations among collcc
tive mode.s, and obtain the consistent expressions for static susceptibilities be. 
yond the random-phase approximation. Then the quenching of spin-isospin 
excitation strength of nuclei is qualitativel~ discussed. 

ro'l'I'1Daanr a&iclf1lu 
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1. Introduction 

Investigations of nu.clear spin and isospin excitations attract a great deal of 
atterdon (I). The interest in this subject is motivated by the u.niversality of these 
collective excitations to all nuclei as well as the problem of systematically ob
served quenching of strength associated with some of collective excitations, Le. 
the Gamow-Teller and isovector magnetic transitions. There appeared many 
models of describing the spin and isospin excitations trying to interpret above 
natue(J), and most of them were based on the random phase approximation 
(RPA). Probably in order to well understand the universality of nuclear spill and 
isospin excitations and the quenching mechanisms, one may need to furth.!r study 
the deeper dynamical reson for these exc.itations as well at the approach beyond 
the RPA. The recent interest in understanding the nuclear spin and isospin re· 
sponse to external probes also show that the collective excitations have tli bl! stu· 
died at a level well beyond the RPA (U. In this aspect, so far a systemalical u.p. 

proach and a fully consistent approximation scheme is stUllacking. 
On the other hand, quantum field (QFT) has become a standard illct1h)d to 

study the many-body problems in condensate matter physics. As we known from 
QFT, when the lowest state of a system is not an eigenstate of a contiuuuu..i 
symmetry of the system, it is said that this symmetry is spontaneously br,)hn. 
This is a common occurrence in natue. The well known examples in cond\lll~,u..: 
matter physics are ferromagnetism and crystal formation. Where spin-rota"tlOnJ.l 
symmetry is spontaneously broken in a ferromagnet and translational sYiIllUclry 

is sontaneously broken ia.. an infinite crystalline solid. Of cauue, the sy IUh~ct[y 
that is spontaneously broken is still a symmetry of the system, which is hlJ.ui· 
fested through the existence of the' Nambu-Goldstone boson m (GohlsilJlle'S 

theorem) being energy-gapless mode in the lonl wave length limit in tite 
non-relativistic theory. In this case it is known that the symmetry prop~ni..:s oi 
the system lead to a variety of exact relations among many-point Green's fun!.!
tions, i.e. the Ward-Takahashi (W-T) relations(+}. Some significant conclusiuns 
can be derived from these relations without any approximation. One of them is 
that the appearance of the N-G bosons is a result of one of the W -T rulations 
(Goldstone's theorem (5\ In above examples, the corresponding N-G bosons are 
spin waves in the ferromagnet and phonons in the crystalline solid, wbich are 
well-studied collective excitation modes(&). But none of nuclear collective 
excitations seem to study along this line. 

Starting from this paper, we aim at the attempt to cast a unified desl.!ription 
of the nuclear spin ..and isospin excitations and a fully consistent approximation 
scheme of tbe spin and isospin reponse functions or susceptibilities in the frame 
of modern QFT. As a starting point, in this paper we first con!.lider a· 
nonrelativistic infinite nuclear system in order to simpfy the treatment anj make 
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use of the QFT method. Generalizing the study of ferromagnetism where spin 
rota tional symmetry is spontaneously broken, we understand the spin and 
isospin excitations of the system under consideration as the spontaneous break· 
down of the spin and isospin rotational invariance. It means that the theory or 
the Lagungian of the system is spin and isospin rotationally invariant but the 
physically realize~ state does not possess such symmetry. To do this the SU(2) 
symmetry of the spin has to be extended to theWigner's supermultiplet SU(4) 
symmetry of spin and isospin. Studying the response of the system to some spin 
and isospin symmetry-breaking effects and using the req uirement of the 
rotational invariance in SU(4) space, we derive theW-T relations among 
many-point Green's functions. The collective modes of spin and isospi;I1 
excitations thus nat'urally appear as a result of one of the W-T relations 
(Godstone's theorem). That is, these collective modes are N-G Bosons (nucleon 
bound state) wJlich include spin waves, bo,pin-waves, and spin-isospin waves. 
We may simply call them a-,t-, and at-waves (or bosons), respectively. We 
hope to point out that the requirement of the rotational invariance in SU(4) 
space .also determines many properties of a-, -r-, and a.-waves (or bosons) like 
nucleon-boson interactions, in particular, the correIa tions among collective 
modes. 

In this paper, we a~so give an approach to the calculations of spin and 
isospin response functions and static susceptibilities. We get an expression to the 

static susceptibility including the corrections to RPA in terms of the nucleon 
self-energy. The result· shows that the standard RPA susceptibility is obtained at 
the first approximation to nucleon self-energy. while the corrections to RPA 
come from the effects of the collective excitations, i.e. a-, t-, and a't-waves, to 
nucleon self-energy. 

This paper is orginazed as follows. In sec.2, the Ward-Takahashi relations 
are derived from the requirement of the rotational invariance in SU(4)'space of 
spin and isospin by the functional integral approach. In sec. 3, the collective 
modes of spin and isospin excitations are studied by means of one of W-T rela· 
tions, which shows why these collective modes are N-G bosons. In Sec A, we de· 
five several W-T relations among some many-point Green's fuctions which cor· 
respond to the interactions among nucleon and (a'&')- bosons. The vertices rela· 
tions are given by Fourier-transforming these W -T relations into momentum 
space. By means of some W-T relati-ons, we study the bound-state condition of 
(o't)- boson and the susceptibility in Sec.S. In Sec.6, we give the expressions of 
the static susceptibilities in terms of nucleon self-energy, from which we obtain a 
consistent approximation approach beyond RPA to the calculation of suscepti. 
bilities where the corrections from (at)-bosons or spin-isospin waves are 
given.In Sec.1, we qualitatively discus§ the quenching of spin-isospin excitation 
strength and the correlations among collective modes. Conclution and remark 
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are given in Sec.S. 

2. SU (4) Symmetry and Ward-Takahashi Relations 

We consider an infinite nuclear system of nonrelativistic nucleons with spin 
11 2 and isospin 11 2. Their dynamics are described by the Hcisen ber g fields 
I/I.t..w(x) and the canonical conjugates I/I.l.t(x) where the first subscript 1 denotes the 
spin state and the second one JI. for isospin state' of a nucleon. Fields 1/11,,(1) and 
"'t(x) obey the uSllal equal-time anticommutotion relations 

(1/1 ,_ (x ).1/1 ., + 
(x 'Hd (z - t') - I ....d "., 8 

4 
(x - x'). (2.1) 

The equations of motion for the Heisenberg fields can be obtained in the usual 
way from some appropriate Lagrangian density L(v(x), ",1'(x» for which the de. 
tail form is not needed here. L(I/I,I/It) has translational invariance in spacl!-time 
for the infinite extended system under consideration. We assume that L("',I/It) has 
separate rotational in~arjance in coordinate space and in SU(4) space 01 spin and 

isospin. Such decomposition is valid as long as the LS coupling is out of consid. 
eration. The 15 generators of the semi-simple Lie group SU (4) are 

S .l .... f:d•x 1/1 + (.l' )(a .I. x 1)1/1 (.t) , 

•• + 


T,. .... Jd xl/! (;t}O)( t II)I/I(.t) • 

4 +

S.lT.= Id.tl/l (:c)(a.lx f )1/I(X) , (2.2)u 

with A,iJ = 1,2,3. Where nucleon fields "'(x) and ",t(x) have been writt.m ill tile 

matrix form. Fdr .the sake of convellience and simplification, we illth.duce tue 

notations Q All == a" x t,. and Q III .... a.l. x l,Q 111'::1 I X .11' In this way. till! 15 

generators in Eq.(2.2) can be combined in the form 

• +Jd xv (x)Q 111"'(:') (2.3) 

with 1, JI.::' 0,1,2,3. 

In order to describe the collective excitations of spin and isospin for the sys. 
tem, let us remind the situation of the ferromagnetism. In a ferromo:..gllct, al. 
though the: Lagrangian is rotationally invariant, the ground state is not, !iince ill it 

dynamics favors neighborinl spins to be parallel. So that the ground stale has 
maximum spin aligned along some, albeit arbitrary, direction. That is the ground 
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state is a spin-ordered state. The symmetry breaks from SU(2} to U(I}, the latter 
being the rotation group around the chosen axis. Which axis the system chooses 

depends on the initial and boundary conditions. A typical procedure is to impose 

a weak magnetic fild h which then is gradually switched of£,6). In mathmatical 

treatment it corresponds to let h limit zero in the end of calculation. Now for an 
infinite nuclear system, the interactions among nucleous may favor the appear· 

ance of the order state of spin and isospin with the same reason as 
ferromagnetism. As a result, the physically realized states of the system do not 

possess the same symmetry as the Lagrangian, i.e. t~e SU(4} symmetry is 
spontaneously broken. To understand how the symmetry breaks, we need inves. 

tigate the response of the nuclear system to some imposed external probes which 
then is gradually switched off. The possible external probes inducing the 
excitations or polarizations of spin and isospin may be kinds of electromagnetic, 

weak, and strona interactions ([.L (p,n) and (n,p) reactions). Do not loss the 2en· 
erality, we may choose the direction of polariza tion of spin and isospin in the 

third component which is fix.ed by the imposed external field. The 

symmetry-breaking terms thus may be following forms 

nrQDl ed nor Q ]] (x) •"" Q ]0 (x) , . 

where 

Q u (.t) = ,/I - (.t}0' J I/! ('d , 

Q u (.t) = '" -to (.t)t] '" ('d , 

Q II (.t) = 1/1 ... (.t)O' ] f ] 1/1 (.t) , 

and h., h" b., are respectively the imposed external field's generating the spin-, 

isospin-, and spin-isospin polarizations. 
The total Lagrangian of the system now is given by 

(2.4)L t (x) =- L {I/! (.t ),1/1 .. ('d) + II II Q '0 (.t) + II r Q 0' (x) + " n Q" (.t) , 

We use functional formulation Y) of the QFT to derive the W-T relations. 

The generating functional of the system is defined by 

1 . +- • + +
W [If,ij,/] = Ii j[dl/!J[d", lex pfiJd .dL (I/! ,I/! ) + n. Q 30 Cd + nr Q OJ (x) 

(2.5)+ h •• Q II (x) + " .. (x)1/I (x) + 1/1 .. (x)lI (x) + J 1/X)Q A,Jt)J} , 

with -'1

Q J.~)= 1/1 + (x)Q.a. I/! (x) (2.6) 

Where " (x), "t(x} and 1l,i(x} are the external sources, (dl/l](dl/l1"]is the measure 

of path intearal, N is the aeneratinl functional in case" = 1J.,. = O. A t the end of 
calculation, the limit h.- 0, h,- 0, and h n - 0 should be performed. Note that 11, 

"t, I/! and I/!t anticommute with each other, while 11,. are the c-nuDlber sources 
commuting with other operators. In physics, Q1,.(x) describe the responSCJ of the 
system to so urces Jb(x}. 

Let us now make the variable transformations 

1/1 (x) -.. e ".Q 1/1 (x) •I/! +- (x) -.. 1/1 +- (x). - tr.Q (2.7) 

and 
I~.• +- ,.r) .1. ( ) .1. +- () ," +- ( ) - Ic... +- '.r~ 

'" ()X -.. e 'I' x .'1' X -.. 'I' X e • (2.8) 

in Eq .(2.5), respectively. where y.Q =}'~Ql,.. From the requirements of the 
rotational in variance in SU (4) space of spin and siospin, we then ha ve 

- ~~w / UJ.,. = 0 • (1.#£ = 0,1.2.3) , (2.9) 

and 
- i~~ W / ~a./~/J j = 0 , {i.j - I.2,3}. (l,lll) 

which respectively lead to 

• ~:.. +- r 
ijd .t<" (x)Q,tl/!(·t)-I/! (x)Q,t,,(·t)+ll,,(x)QJ.,,(.t) ,Q't(x)l> ~H 

. 
- iJd 

~ 

.t < '" 
~ 

(~)(h.Q JO +" rQ OJ + h' ..Q'll,Q It11/l(x) > ,J~ (2.11) 

and 

~ +- • +
i Id .f < (" (.t )0' t 1: J '" (.t) + 1/1 (.t )0' t t J 11 (.t ) 


+ 11/1 (x}I/I +- (x)(a 1'0' I][T j,f /Ill/! (x)) > .n 
4 • • +- +- Id .tjd y< [" (x)a,l/l(x)~ I/! (X)O'i"(X) 

- I '/I (.t)I/! ~ (X)[O' "Q 'II JI/! (x)] 

)( [If +- (y)f il/! (y) - I/! +- (y}-r i" (y) - I ~ (x);; +- (y)[t j' Q 1)¢ (y)]:> ,14 

-6



• + + 
= - OI..,Jd x < '" (x)[a J.a,){f1.fj}I/t (X) > ,J. 

+J+ + _ ..+ Jd x d y < [" (;t}[h " Q 10 + h at Q )] ,a 111/t {x )(~ {y}t i" (y) 

- I/t" (Yhj)f(Y) + 1)./1 (y)I/t + (y)[Q 111''1: j]I/t{y» 

+ '" + (x)[h •Q OJ + II or Q n' 'I: JJI/t (Y)(IJ + (x)a t I/t (x) 

- I/t + (x)a t"{x) + IJ./I (x)I/t .. (x)[Q !p.a , 1.I/t (x» > ,Ji 

+ id' .t jd· y < [1/1 + {x}[h tI Q ltl + it u Q n ,a t JI/t (x)1/I .. (y) 

(2.12)x [h.Q Ol + h ",Q n.t jJl/f(Y):> ,JI • 

Where, for convenience, we have used the compact nota tion 

< Jr.I/t,,,, + J> ,JA =~ j[d~Hdl/t + }J(t/I,t/I i' }ex p{iid 
f 

x: [L(I/I,I/t +) + h. Q'II 

-f II •Q OJ + h II. Q 13 + " .. (x)l/t (x ) + 1/1 .. (x)lJ (x ) + I .til (x ) Q 1,. (x»} . (2.1 3) 

Henceforth we also use following notations 

(2.14)< i(t/I ,l/1 +' } > • = lim < j[I/t ,I/t + ] > ,J' ' 
.,1 .. , 

(2.15)< i[t/I,I/I + ] > = lim < AI/I ,l/I ... J > ,J' 
,1•.1-1 

Eqs.(2.Ll) and (2.12) are the basic Ward-Takahashi relations resulted from 

the symmetry properties of the system under consideration. By taking the succes· 

sive derivative of Etls. (2.11) and (2.12)-with respective to sources, we then can 
get a series of WT relations among the varous many-point Green's functions. . 

We hope to point out that the presence of the symmetry-breaking 
interactions (see Eq (2 .... ». which distort the SU (4) inYllnllncc, lcad:s to the ape 

pearance of the poralezation states or order states which are specified here by 

(2.16)it-! == < 1/1 ... (;dO' ,1/1 C·e) >tI 

(2.17)
M ,::1 < 1/1 .. (.t}'I: J '" (.t ) > 

+ (2.18 ) 
.\I == < 1/1 (.l' )a 1 or l '" (x) > 

Where < F> means the ground-state_expectation value of the time-ordered 
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product, <F>- <OIT[FlIll>. Eqs. (2.16), (2.17), and (2.18) respectivel}' imply 
that the rotational symmetries in spin-, isospin-, and spin-isospin-su bspacl: are 

spontaneously broken. But the rotational symmetries around the third axis in 
these su bspaces are not violated, respectively. This is easily understood froul 

Eq.(2.1l) by setting Q1k= Q)U (Le., a,X l), QU), and Q13' respectively. It means 
that these third components are still good guantum numbers, and £0 all states 

may be classified as eigensta tes of genera tors S" T l' and S, x T) in Eq. (2.2). 

3. Collective Modes 

According to Goldstone theorem, the spontaneous breaking of a conun uous 

symmetry of a system implies that there inevitably exist a N -G boson \V hich has 

no energy gap in the long wave length limit. In this section, we shall show lnat as· 
sociating with the spontaneous breaking of SU (4) symmetry described in above 

section there may appear six N-G bosons which correspond to basic collective 

modes of spin and isospin excitatioiu in the' nonrelativistic infinite nuclear 

system. . 
To do this,. let us first derive several W -T relations by means of the basic 

W-T relations (2.1l) adn (2.12), Operating both sides of Eqs. (2.11) and (2.l2) 

with -i4i / tiJb(x), respectively, and putting J=,,= O. we obtain 

< [Q).II(X),Q,.(X)] > It = .... ijd+y< [h.Q,.(y)+II,Qu(Y) 

+ h u Q n (Y),Q It (y)]Q 411 (.1.') >. · (3.1). 

and 
< [a, (x ),a 1 (.t)][t /'c), t II (x)] > • 

= - ih nIl y < {a, (y),a I (y)J[t J (y),t I (y)JQ 1" (x) > It 

- I1'd 
4 
Y < [h. (y)Q 10 (y) + II..Q ~J (y),a I (y)][Q .t,. (.t).t i(X)] > • 

- iId+y< [h.(y)Q.,(J') + Ia ... Q"(Y).fj(y)][Q.t,,Ct),O',(X)] > • 

. + Id4- yd4- Z < [h. (Y)Q,. (y) + It nQ n (y),a 1(y)1[h r (y)Q OJ (Z) 

+ Ia.,.Qu(z}tj(z)][Q J.,,(.x)] > • (3.2) 

We now respectively consider the symmetry-breaking effects in Eq.(2.3) and 
write some detail relations from Eqs.(3.l) and (3.2). 

(1) For the case of presence of symmetry-breaking term h.Q30 (Y). By setting 

h,= hn =0, and putting Q1k= Q ••• Ql,4c= QtO in Eq.{3.l). we Jlet 
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• (3.3)
<0')(:%». =-2ill.Id y<a ... (y),O'_(x». 

where a i: - ~ (a l ± iO'l)' and the notations Q\O =0'1 X 1 given in Sec.2 ha ve been 

used. 
(2). For the case of presence of symmetry-breaking term h,Q03(Y}' By setting 

h.= Q.,=: 11 and Qlt= QQ~JQ1"= QII+ in Eq.(3.l), we get 

(3.4)< l' J (x ):> , - 2i/t .rd 4 Y < '1' ... (y). f _ (x) :>, 
I

I 

where f 2: =- i (f 1 ± if l)and notations Qot = 1 X ft in Sec.2 ha ve been used. 

(3). For the case of presence of symmetry-breaking term hnQn(y) and 
h.. =h =ll. Respectively putting QIt=Q-3.QAjI=Qio; QI);=Q3-- Q.I.fC=Qot; 

t 

QIC = Q-o' Qlu =Q..l; Qn: = Qo.' Q ~ = Q,.in Eq .0.1), we ha ve 

(3.5)< Q u(x) > • = 2i1a .. Id•y< (1 + (y),o' _ (;t):> • • 
(3.6)

<Qu(x» ,=2ih nId 4
Y<f ... (y),'t_(x):> , • 

(3.7)< Qn(:'» , =- 2ih •• Id , 
4 
y< Q +,(y),Q _J(:t) > , • 

(3.8)< Qu(x». - 2in"Jd y< Q)+ (Y),Q,_ (x», 

By putting 0'1= (1+. 't j ='t't- and 0'1 = 0'_. Tu= 't_ in Eq.(3.2), we have 

. . . 
< Q )J (x):> I = - 41 It ...Jd y < Q + .f. (y). Q __ (x) > , 

• 4+ 2ih.cjd y< Q .. ,(y),Q _)(:c) > , 

+ lih uId4 y< Q) ... (Y),Q)_ (x» • 

2 • 4I 4 (3.9)+ 4h u j d Y d z < Q .. 1(y) -Q 1+ (d,Q __ (x):> • 

Ifputtingal=O'''' .fj:=t_ anda1-0'_,'tjl='tt inEq.(3.2),weget 

. . 
< Qu(·t» ,= -4ih •.1d y<Q .. _(y),Q_.f.(x» , 

+ 21h.Jd'y< Q .f.,(y),Q _ltt}>, 

+ 2ih ...Id ' y < Q J- (Y),Q 1+ (x):> , 

1 J 4. 4 (3.10)+ 411 .. dyJdz.< Q ... l(y).Q ,_ (z),Q _ + (x):> • 
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We now prove the existence of the collective modes of spin and iSllspin 
excitations by means of the W-T relations(3.3}-(3.10). In fact, Eq.(3.3) has the
same form as that one met in the situation of ferIomagnet('6)wh.:re the 
itinerant-electIon ferromagentism is specified by < O',(x) >. As a result of such 
spontaneous polarization of the fermion's spin. there euits a pole with 
energy-gapless in the transve-spin sUlcept~bility. The pole term is known to rep
resent a kind of N-G mode B.(q) which is called spin wave. Obviously. SRDle 
'conclusion is suitable for the caseO) meantioned above in a nonrelativistic illlin· 
ite nuclear :Jystem. Similarly, Eq .(3.4) means that the existe~ce of the polarization 
state < f 3(X» of the considering system leads the appearance of another kind of 
N-G mode B,(q) which may be called as isospin-wave. 

Now' we use the W-T relatios (3.5)-(3.10) to prove the existence of N-G 
modes and to find all collective modes in the case of the appearance of 
polarization state < Qll(X» in the system. The discussion is more cleaJ in tlle 
momentum space. For this purpose, we define the propagators as 

; I. -~(I:-n< (J' (x) ,a (y):> , == --, d )II Ll II( '" (q) , (3.10 
... - , (211:) -,v 

i .• -II/(:&-;r)

< 't (X),f (y):>. - --4 jd y6 ~II'" ,(q) , (3.I2) 
.f. - • (211:) ,'-'-' 

i I. - 11/(1: - )', 
(3.13)< Q .f.) (x),Q -J(Y):>' -'(211:)' ~ Y· ~II(-.J)(q) 

t I' '- "(JI - .rl ....
< Q. (X),(J'J_ (y» , ---. d ye ~.(J-I(q) , (3.14) 

• .f. (23) , 

I I" - '4(& - )')< Q L (:c).Q (y) > • - --. d ye ~ II( , (q) (3.15)L 

~ ~ - - • (211:) - ,-, 

i .• - 1,(& - )')
< Q (.t ),0' (y) > • - --.Jd ye ~ lie , (q) ) (3.16) 

... - -+ (23)' -,"" 

and the three point vertex functions as 

< Q _ (:c),Q .. J (y),Q l.f. (z) :> 

i :II' 4 • -I',-t-I"a.)'t-I",'=[--.1 d q I d q 1 d q, <l (q I - q 1 - q ,)e
(211:) . 

x 611(__ )(ql)r~(ql)ql.q,)6J1( ... n(ql)6..U, .. )(q,), (3.17) 

and similar definition for < Q_+ (x), Q+J(Y)' Q3_(Z) > . Where q =(qo,Q'), L BH.cI are 
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the propagators defined in momentum space, which. are written in the spectrum 

representation as, for instanee, 

< OIQ +l (O)IB (-.n (If) > < B (_ .J) {If)IQ _J {O )10 > 

IJ. .(_ .J, (4) = _2. 


q II - [(0 B(-." (q ) + 211 ,) + ,e 


< OIQ _](O)IBC+.])(q)> < Bc+.11(q)IQ +1(0)10 > 
1 

q. + [w.c+.,,(q )- 21t.) + ie 

+ [eonlinum lentH (3.18) 

Here the pole terms containing the 11 h-singularity have been picked up, in' 

which B<=.])(q) is the spin-isospin excitation states with energy (L)Bc::.:n(ql) and 
momentum q and the quantum number 53 spin t 1 and T, isospin being the 
longitudinal fluctuation. Using the definitions{3.11)-(3.17), Eqs. (3.5)-{3.10) can 

be respectively expressed as 

(3.19)]I. =- - 2h •• 1J. 8C_ •.,,(0) , 
(3.20)M • .:=r - 211 ./::' S",.-) (0) 
(3.2l)M • =- - 2h ./:::.. 6(_ ,J) (D) , 
(3.2l)M. =- - 2h. r l:. 8 "._,(O) • 


M.,.. + 4h ... l:. 8 (_._)(0)- 2h n .6. sCl._)(0)- 2h U 6 S(_.1'(0) 


(3.l3)- 4h : .. .6. B(-,-' (o)r:'.(O'O'O)l:. B(-,]) (0).6. Ba.-) (0) , 

M. = + 4lt •• .6.(_.~)(0)- 2h .. .6. 8C_,])(0)- 2h .. .6. 8a._)(O) 

(3.24)- ·U : • .6. 8(- .... ) (O)r:' (0,0,0)6 8 (_ .1' (0).6. 80.- ) (0) . 

Where Mia =< Qn(x» Ia' Now let us show the existence of N-G bosons from 
Eq.(3.2) as an example. Substituting Eq.(3.I8) into Eq.(3.20 and then taking the 

limit h",,-O, we find that 

.lJ ,.. < Q 11 (x) > = lim (- 21, .. 6 8(- ,l, (0) ,. 0 , (3.25) 
i-r 

if only 
_2 

w 8(t .It (q ) = 0 at q = O. 

In that case, we ha ve 

1 1 
(3.26),M or ::II I < B (_ ,J) (0 HQ (_ .l) (0) > I - I < B (hl) (O)Q ...J (O) > I 
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Eq.(3.25) implies the existence of the bound states(collecUve states) with van· 
ishing I!nergies for zero momentum. This is just the statement of Gotdsto.lne/s [he· 

. orem~' That is, these coiIective "states.re N-G bOlo OS, wh"ich are characterized by 

tranne-spin polarization and longitudinal isospin vibration. Without loss gener· 

ality we can choose M.,> a which assumes that < B(~.l}(O>lQ(+.l)(O» = O. It 
means th~t B(+,n(q) mode does not appear and there exists only the mode B<-.l)(q) 
which may be called as isovector-spin wave. 

The discussion is similar for other expressions in Eqs.(3.19),(3.24). from 

which we can prove the existence of other kinds of N-G modes, the colll:ctive 
modes of spin-isolpin excitations. The results are described as follows. Eq .(3.19) 

or (3.5) shows the existence of the N-G mode B(-.D)(q) with Sl spin-l and 
T3 isospin O. That is, quantum B <-,D)(q) is specified by transverse-spin 
polarization, which may be called Ai isoscalar-spin wave which, of eouces, is 
same as the spin wave appeared in the existence of polarization stllte < al{x):> . 
Eq.(1.20) or (3.6) shows the existence of the N-G mode B{I._)(q) with 5. 3 spill 0 

and isospin-I. The quantum B(J.-)(q) is specified by transverse-isospin 
polarization which may be called as scalar -isospin wave which, of course, is 
same as the isospin wave appeared in the existence of polarization stUe < t 3(x):> . 

Eq.(3.22) or (3.8) implies the existence of the N-G mode B(:J._)with Tl spin-I 
and 53 spin being longitudinal vibration. Thus the quantum B(l._)(q) h. charac· 
terized by longitudinal isospin vibration and transverse-spin polarization, which 
may be called as vector -isospin wave. Eqs.(3.23) and (3.24) can be simpIified in 

terms of Eqs.(3.21)-(3.22) and the relation r~ (0,0,0)=0 sicne the low-energy 
theorem{l) that the reactions among N-G modes vanish at the zero-energy 
limit. Thus, we have from Eqs.(3.23) and (3.24) 

M. = - 411 ulJ. SC-,-) (0) • (3.27) 


M • = - 4h ... t:::. 4'C-.+) (0) (3.28) 


By means of Eqs.(3.27) and (3.28), it then is easy to prove tha.t there exist the 

N-G modes B<_,_>(q) and B(_ . .,.)(q) with the quantum numbers (Sl' T 1) being 

(-1.-1) and (-1,+1), respectively. That is, the states IB(_._>{q) > and IB I-;,)q):> 

are characterized both by transverse-spin and tra-nsverse-isospin polariz:ltions 

except that their isospin polarization directions are opposite. Therefore, we may 

call quanta B{_._)(q) and B(_,'+-)(q) as transverse spin-isospin waves. 

Summarizing above discussion, we find that there exist six N-'G modes 
B(_,O}{q), B,._)(q), B(_.)){q). B(3,->(q), B<_._)(Q). and B<-....)(q) in the case 3 if \Vc 

choose M ... > 0, which may be regarded as different channel of the common N-G 
boson, the a-r;-boson or a-r;-wave. Totally, there may appear six N -(, mode,s, tbl.: 

. collective modes of spin and isospin excitation in the system under consilieratioll. 

-12

http:Eqs.(3.27
http:Eqs.(3.23
http:Eqs.(3.21)-(3.22
http:Eqs.(3.23
http:Eq.(3.22
http:Eq.(1.20
http:Eqs.(3.19),(3.24
http:states.re
http:Eq.(3.25
http:Eq.(3.20
http:Eq.(3.I8
http:3.5)-{3.10
http:definitions{3.11)-(3.17


The results are listed in table 1. These N-G modes may be Identified to 
well-known low energy spin, isospin and spin-is.ospin collective nlodes. in nuclei. 

The spin wave B.{q) or isoscalar-spin wave B(-.u(q) are the collective modes in 
isoscaler M 1 transition, and the isovector-spin wave B(-.l)(q) is that in isovector 
Ml transition. Isospin wave Br{q) or scalQr-isospin wave B(8,_)(q) are the collec· 

tive modes in the isobaric analog transition. Transverse spin-isospin waves 
B<_._)(q) and B<_,+)(q), and the vector-isospin wave BO,_}(q) correspond to 
Gamow-Teller modc;s which are some of the strongest excitations in charge-ex
change reactions (p,n),{n,p) etc, and in inelastic scattering, (P,p'), (e,e') etc. 

4. Vertices Relations and Nucleon-(a't)Boson Interactions 

In Sec, 1 we have found the collective modes (the N-G modes) of spin and 
wospin excitations in the system under conlidera tion. To clarify the properties of 
these N-G bosons and tbeir effects in the system, in this section we study the 

W-T relations amoni multi-point vertex functions in which the nucleon and 
N-G bosons in tcract with each oth·cr. These W -T relations are also important to 
the calculations of the propagators (two-point Green's functions) and other 
physical quanta such as susceptibility. Whenever making an consisitent approxi· 
mation expansion, we must be careful not to violate the W-T relations, the reo 
quirements of symmetry of theocy. 

At first we derive the W-T relations among propagators and vertex func· 
tions, which is performed by taking the second order derivatives of the basic 

W-T relations (2.11) and (2.12). Operating botb sides of Eqs.(2.1l) and (2.12) 
with d I J,,(y)d I ~1I (x), and then putting 11-::; J = h::; 0, we get 

< Q I. !/I (x)!/I i- (y) > - < !/I (x)", ... (Y)Q It;> 


. 

== lim - iJd 

~ 

: < [II .. Q ]0 (:i') + Is r Q OJ (;) 

4-' 
+ h u Q II (z},Q It (z)l'" (x)I/f ... (y) > 6 ' (4.1) 

and 

< (I ,,,,(x),,,'" (y}t j:> - < t }l/I(x)'" i- (y)a ,:> 

- < a lot /1/1 (.t)'" .. (y):> - < '" (.t}'" ... {y)a t t j :> 

... lim fih ,,)d· z < \II (:c)'" + (y)(Q )11 (~),(I, (z)JfQ OJ (z ),'1': j(Z)] > ,.~. 
+ ijdt: ~ (ot j"'(:C)'" ~ (y)- "'(:c)"," (y}'t j ) 

x [h. Q 10 (z) + 12 •Q 01 (z) + h .n Q ]] (:: ),a , (z)] 

-13

+ (a I f/I (x)f/I ~ (y) - .; (x)f/I + (Y)II,) 

, )( [II. Q JO (z) + II r Q OJ (z) + II." Q n (z), 't j (z )i > 4 
4 4 

- Id zId , < 1/1(.1')'" ... (Y)[II.Q so (z) + It. Q OJ (z) + II •• (2 u (z),a, (z)J 

)( £1I.Qn(c)+h"Q.,(c)+II ... Qu(C),'tj'({)J> 4 : 
(4.2) 

From W-T relations (4.1) and (4.2), we can write several relations among 
nucleon propagators and vertex functions of {a't)-bosons and nucleons with dif. 
ferent spin and isospin, which are listed as fOllows. 

(I). For the system where h.*O. h y = h.,:: 0, we have from Eq.(4.1} 
~ + 

< '" u (x)'" ~1 (y) > - < 1/1 u (x )" tl (y) > 
4 . ~ =11m - Uh. Id z < II + (z)", tl (.t)t/t l.I. (y) > I ' (4.3),... 

where index 1 denotes isospin sta teo 

(2) For h-r:#:O. but h.= h.,,= O. we have from E".(4.1) 

< ,; ,.~ (:c)'; ~ (y) > - < '" I't (x)~ ,,~ (y) > 

... lim - UII,Jd •z < 1.' ... (:)'" ,(x)", ...• (y» ••10... Ii.. (4.4)Ii 

where index Jl. denotes spin state. 

(3). For h. r* 0 but h.:= hr = 0, we have from Eq .(4.1) and (4.2) 

< l/I ~t (x)'" .~ (y) > - < '" 11 (x)'" t~ (y) > 

=lim - 2111 .Jd ~ z < Q to (z)", tt (x )\11 ~~ (y) > • • ,... (4.5) 

.... ... 
< '" U (;t:)'" 1l (y) > - < '" tf (.1' )'" ft (y) > 

' ...= lim - 21h.. Id z < Q 0+- (z)", ft (.t)" H (y) > • ,... (4.6) 

... ... 
< '" ~ ... (.t)" ~4 (y) > - < '" 11 (x)'; t1 (y) > 

.... 
lim - 2th •• Id 

~ 

z < Q +1 (z)jr 11 (x)", U (y) > ••:::I 
A... (4.1) 

, ... + 

< '" ...1 (x)V I'~ (y) > - < '" lit (x)", ,.t (y) > 


' ...lim - UII. Id z < Q 1+ (z)'; lit (x)", 11.1 (y):> •:::I A-' (4,8 ) 
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i-I 

and 

. < " t1 (x)1/I ;, (y) > + < r; u (x)", !: (y) > 

- < '" ~t {x)I/I ~~ (y) > - < '" u (x}l/l 1: (y) > 

=- Iimf4ill.,I4' z ~ Q + 1- (Z)I/I n(:C)1/! J.: (y) > • 

:I.}' 4- + ~ - 4h GC d zd {< Q 1-,(Z)Q H (e)", t1 (;r;)'" u (y) > 4)' (4.9) 

< Ii t1 (x }I/I ~ (y) > + < 1/1 u (.t )1/1 ~: (y) > 

- <!/I ~t (x )'" !~ (y) > - < '" u (x)1/I t: (y) > 

- 1i'1~ih .)04-:r < Q + _ (z)", u (x)I/I!~ (y) > • 1_, 
2J' 4- + + J (4.10)- 4h.,~ d zd { < Q +J(z)", u (x)'" n (y)Q ,_ (e) > •. 

And ElJs. (4.9) (4.10) satisfy . 

< '" tt (:c)1/I ~ (}') > = < WH (x)'" .: (y) > 

< '" u (x)I/I i~ (y) > = < 1/1 11 (x )'" t: (y) > (4.11) 

Next, let us derive the W-T relations among many-point vertex functions 
which is relative to third order derivatives. Operating 61 6,,(y) J 1 6"tX)d 1 6JjU(z) 

both sides of Eqs.(2.l1) and (2.12), and then putting" = J =h = 0, we obtain fol
lowing relations: 

(l)When h.,:f:O buth~=hn=O, we have 
1- + . 1

«a+",(x)I/I (y)-"'(;'C)'" (Y)a)a_(z» - <wet)1/I (y)al(z» 
+ 

... Jim - 2ih, Id 
4-
{< a '- ({)I/I(x)1/I (y)a _ (:) > & (4.12)

i-' 

(2)When hT:rf:O buth.=h•• =O, we have 

< {t 1- 1/1 (x)1/I '- (YI - '" (.'t)w + (y}t + h _ (z) > .,... < 1/1 (x II/! '- (y)t 1 (z) > 


. . .. 
== Jim - lih .10 {< f + (01/1 {.t)!/I (y)-r _ (z) > • (4.13) 

i -. 

(3)When hn:rf:O but h,,= h~= 0, we have 

< (Q +l"'{X)l/I 1- (y)_ 1/1 (:c)'" .. (y)Q +)Q _e(z) > - < !/I(x)'" 1- (y)Q ,,(z) > 
. 4- ... 

=- Jim - 2ih ,.jo {< Q +0 <C)'" (x)I/! (y)Q _II(Z):> • I (4.1"') 

-IS

< (Q J+. "'(x)'" + (y) - ",(x)'; -I- (y)Q 1+)Q 1_ (1') > - < "'(x)'" -I- (y}Q J) (Z) > 

J 4 -I

- lim - 2ib n a {< Q 11+ (e)!/I(x}", (y)Q 0- (z) >.' (4.15) 
..-. 

< (Q H"'(X)'" 1- (y) - !/I (x)I/t + (y)Q +.)Q _,(z) > - < !/I(x)'" + (y)Q lJ ~z) > 

J • .-I- lim - 21b n a {< Q +,(e)!/I(x)", (y)Q -J(:) >. ' (4.16) 
j-I 

< (Q 0+ "'(:c)'" -I- (y) - !/I(x)" -I- (y)Q I+)Q J- (z) > - < "'(x}'" -I- (Y)Q lJ (z) > 

r. • -I- lim - 2ih ..,ia {< Q J+ (e)"'(x}I/I (y)Q J- (z) >. I (4.11)'-I 

and 
+ -I- • 

< (Q + -I- '" (.t)'" (y) + "'(:c)'" (y)Q + -I-}Q __ (z) > 

- < (Q -I-I"'(x)", + (y)Q 8+ + Q 8+ ",(.-c)", + (y)Q -i-.)Q __ (z) > 

- < "'(x)'" + (y)Q,,(z) > 

::s lim f - 4ih .)44-{< Q + + ({)'" (x}'" + (y)Q __ (z) > 4 
4-1 

• • • -I- -I

. - lih uJ4 e< Q +J(C)(Q 0+ "'(:c)'" (y) - Vet)'" (y)Q 1+ )Q __ (z):> 


' ... . + 

- 2ih ..I4 { < Q 1+ (O(Q 1-''''(x)", (y) - ",et)'" (y)Q ... ,)Q __ (d> It 

1}' , 1+ 4/J 4 ,4 ,< Q +J(OQ J+ (""'(x}'" (y)Q __ (:d> • . (4.1~) 

Using the same procedure as that in the second derivatives, from the W-T 
relations (4.12)-.... 18) we can derive a series of relations among many- point 

vertex functions for (at)-bosons and nucleons with different spin Ilnd is()spill. 
Here we only write somes as examples to explain the physical meaning illlpliL!d 
from these W-T relations. We have from Eq. (4.16) 

... -I

< '" II (x)1/f tl (y)Q _ J (z) > - < ~ u (x)1/f u; (y)Q JJ (2') > 
4 • 

- lim - 2ill .Ja {< Q ... 1 (el'" tJ. (:c)'" t: (y)Q _ J (z) > .• (4.19)
i-I 

and from Eq .(4.18) 

. < !/I ~ (x)'" t~ (y)Q __ > - < '" ft (:c)I/I f~ (y)Q u (r) :> 
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" f=- J.im ( - 4ih n fd « Q + + (C)'" tt (x)", tt (y)Q __ (z) > 1 
A... 


" +
- lilt "' fd (.< Q + 1 (O~ U (x)I/f tt (y)Q __ (z) > a 

" +- 2i It n fd ( < Q , + «() I/I (x)'" tt (y)Q __ (z) > • u 

+ 4h.,z I'd .Cd•CQ + 1 «(),Q J+ (C)'" tt (x)'" tt1- (y)Q _ (z) > a • (4.20) 

The first and second terms of the l.h.s. of Eqs. (4.19)-(4.20) express the processes 
of emission or absorption. of the (n)-bosons snd the longitudinal spin-isospin 
fluctuation, respectively. The integral parts in Eqs.(4.19)-H.20) are the vertex, 
functions for the' nucleon-Cat) bosons scattering processes. Thu~. 
Eqs.(4.19)-(4.20) and hence the W-T relations (4.14)-(4.18) show following pro

cesses: If there appears the longitudinal spin-isospin polariz3. tion in a nuclear 
system, this longitudinal fluctuation will be absorbed due to nucleons, and so 
form (a-r)-bosons with different channels. The (a-r)-bosons may be emited also 
due to nucleons, and then appear'the processes of nucleon-(u-r}boson scattering 

and that of Ilbsorption of the (a't)-bosons due to other nucleons. The later will 
again produce the longitudinal spin-isospin fluctuation. This is the qualitative 
picture for the appellTunce and the propagation of spin-isospin waves (or 
bosons), the collective excitations of spin-isospin, in the nuclear matter. The 
W-T relations (4.12) and (4.13) show the similar processes if only instead of 
spin-isospin fluctuation by spin and isospin fluctuations, respectivly. 

The phYSical meaning of above W-T relations will be more clear when the 

discussion is in the momentum space. For this purpose and also for the conve· 
nience of later discussion, we now transform the W-T relations(4.3)-(4.20) to 
momentum space. To do this, we introduce the momentum representation of the 
nucleon propagators as 

... i j" -IIIU- ~ 
< '" ,(x ),/1 . (y) > = --. d pe S ,(p) , (4.21) 

"" "" (2ft) "" 

Ilnd the momentum representation of three-point vertex functions as 

< Q ..,(Z)I/I fA (x)'" ~: (y) > 

=- {_i_ d' _'Uo+,)lI+I·"+I'-rs ( )S () 
, J

2 Jd ' 
P q e fA P + q.l. P 

(2ft) • 

+ S T1 (p + q)r (-.J) (p + qiP,q)S u (p)t,. B(-,ll (4») • (4.22) 
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< Q + + (f)~ 11 (x)~~: (y) > 

. [_I_]l f "d" -tC"+d.+t,,,+t,rr[S ( )3 () 
.. .. d P qe tt P + q .u P 

(2n:) 

+ S tt (p + q)r (_._, (p + qiP,q)S u (p)Cl.(_._) (q» . (4.23) 

Where spin (isospin) index pa) = t I ~ r?-j), and r~_) are the three p~int• 

vertex functions in momentum space in which the subscripts (-,3), (-,-), elc label 
(a't)-boson states of verter functions. The four-point Green's functioas are 
expessed as 

+ 
< Q + J (z}Q 1+ (c}'" tt (x)'" u (y) > 

< '" tt (,'t)", t~ ({) > < '" 11 (0'; 1: (y) > < '" u. (z)", l: (Y) > 

+ <l/Itt(x)"'t~(Z» < "'u(Z)"';(C» <r/lU(Ol:(Y}> 

i 'f + .. .. •+ [--,,] d P1 d p zd q 1 d q l ~ (p, - q 1 - P2 - q z)
(211:) 

-1'1,,+I'I,+1"2,,+1'3 I1 S ()" ()
)( e 11 P1 L.l. .0. _) q 1(., 
)( [r (_ ,J)U,UO.-) (p l,q 1 iP z ,q 1) 

01 (. (+ r (_ .J) P I jq l J P 2 - q l)S l1 P 1 - q 2'> 
(l)

)( r 0.-) (PI - q 1;P 1 ,q I) 
01 

+ r CJ.-) (p I;q I; PI - q 1)3u (p I - q I) 
UI 

)( r(_.ll(P\ - q ,;P1,qz)lS'u (P a}6..(_,,)(qz) (4.24) 

r~~:l}t t . t t 0.-) is the momentum representation of the correspondiug veltl.!X 

function for the nucleon-(n) boson scattering process. The five-poine Grei!u ' $ 

fuctions in momentum spance can be similarly defined. Here Green's {UUCtlOIlS 

were decomposed into the proper vertices. By means of the exprt;ssiolls 

(4.21)-(4.24). we rewrite the W-T relation Eqs.(4.3)-(4.10) in momentuill space 
as follows: 

(OW hen M.,= < a3(1» 4=0, we have 

-l -l· tl} 
S 11 (p) - 3 u (p) = M .r (-;0) (P,O,iP) . (4.25) 
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(2)When M 
f 
= <"l(X» 4=0, we have 

-1 -I 0) (4.26)
. S jI~ (p) - S lIt (p) = M .f GI.-' (p,o,:p) 

(3)When Mn= < Q33{X)> *0, we have 

-1 -1 0' (4.21)S H (p) - $ t1 (p) = M ... f (_ ,a, (p,o,;p) , 

-I -1 (J) (4.28)
$ u (p)- $11 (p)= J..I u f (II._'(p;p,o) , 

-·1 -1 (1' (4.29) i
S lA (p) - $ t1 (p) = M u f (_ ,J' (p;p,O) , 

J _ 1 _ 1 (l' ( (4.30)S jI~ (p) - S I't (p) ... M .. f (3,-' p;p,O) 

and 

$ 11 (p) + S .l (p) - $ H (p) - $U (p) 
.• (1) 

....\-1 uS n (p)f (-,-I (p;P,iJ)$ u (p) 

2 ( (4'
+.lJ nS~l(phf(_,ll11,U(1,_)(P,O;P,D) 


(11 (1)

+ r(_,l,(P,O;P)s!t(p)r (1._I(P,O;P) 

(3' ()) (4.31)+ f (~. -I (p;O ,p)$ t! (p)r (_ ,l, (p;p,o)) $ J.l (p) 

and Eq.(4.31) satisfies 

(4.32)
$ tt (p) = $ II (p), $ u (p) = $ a (p) . 

Similarly. we can rewrite the W-T relations (4.12)-(4.20) in the momentum 

space. For instance, from Eq (4.19), we have 

-1 (l) -I 

$ ~A (p)$ t1 (p)6 .(-.l' (q) + r (-.ll (p,q;p + q)- 6. .~-.ll (4) 
" -Ill) 

- .6.L(qh-:'.(_,l,(q}r V)(p,q;p+ q) 
(4) (4.13)= - M f (-.lI1J..1~(-,l) (p,o;p + q,o) 

Eq.(4.20) leads to 
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• 

-1 -I a, . -I 

S U (p)S tt (p).6 .(_,_) (q) + f (_._) (p,q;p + q) - .6 4C-.-' (q) 

-1 0' 
- .6,(q).6. _._,(q)f 0) (p,q;p+ q)c

(4) . 

.. - M .)f (_._''ff.n<_._,(p,o;p+ q,o) 
-1 (4)

+ S tt (p)S t.l (p)f (_ .!)U.nt-. _, (p,q;p + q ,0) 
_ , (4'. ( )}

+ Stt (p)$u(p)f U.-Ut.nt-,-) p,q;p+ q,o 

r ll_ M 1 ' p,q,D;D,p + q) , (4.34)
II. 

Where f~~_)'t ; .; t (_._). etc are the vertex functions for the scattering proces~es of 
nucleon-en} boson with different states, fCS) is five-point vertex functioJl, ..6. 1 

is the propagator of the longitudinal spin-isospin fluctuation, and fro is the 

vertex function for the process of emission or absorption of the longitudinal 
spin-isospin fluctuation due to nucleons, 

We may use Feynman diagrams to describe these W-T relationli. Til\! 
nucleon propagators of Eq.(4.21) and the (a,,)-boson propag.ltors uf 
Eqs.(3.11)-(3.16) are given in Figs.1(a) and l(b). respectively. The W-T rdation 
(4.19) or (4.33) is illustrated in Fig.2, while Eq.(4.20) or (4.34) is shown ill Fig.; 

From above discussion we can see tbat the W-T relations am,)ug 
many-point Green's functions given in this section describe the constraint rda· 
tions among nucleon-(Q"'t) boson interaction processes. In the limit 0;' ';'::";fl.) 

energy-momentum transfer, these W-T relatio'ns are much simplified since the 
energy-gapless excitation mode of (n}-bosons, i.e . .6;I(q) and D.t(q) VUI.bh lit 

q =O. For example, the first, third and fourth terms in the left sides of Eqs.(.t.33} 
and (4.34) disappear in the limit q- 0. These simplified W-T relatiuns "dll I.H.! 

useful to the successive approximation calculations of the Green/s function::;. 
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5. Bound-State Condition and Susceptibility 

We have already shown in section 3 that the cellective modes of spin and 
isospin excitations in the infinite nuclear ,ystem are N-G modes which are 

nucleon bound states. Let us now derive the bound-state condition which is well 
known to be determined by the pole singularities of the propagators. Remem ber 
that QIt(x)= 1/t+(X)Qlk!/l(X) are the Heisenberg operators for the bound states 
where O)d= (± ,0),(0, ± ), (± ,3), (3, ± ), (± I± ). Using the relations 

< Q .j.' (x)Q _ G(y) > - - lim < Q + 0 (x )'" 1,. (x )'" J: (x + e) > , 

I~' . 


< Q G+ (x)Q 0- (y) > = - lim < Q O-i- (x)t/I ~T (x)!/I ~: (;c + e) > • 
.-1 

< Q + J (x)Q _ J (y) > = - /tm '[" II < Q + J (.1')1/1 tl.t (.1')1/1 ~ (x + e) > , .... 
< Q 1+ (x)Q J _ (y) > = - lim r. 

~ 

"4 < Q 1 ~ (x)1/t .It (.\:)y, ~ (x + e) > I 


I-a l 


< Q ........ (X)Q _ (Y) > = - lim < Q + .... (X)I/I tf (X)I/I ~: (x + e) > I
.-1 
< Q <I- _ (x)Q .. (y) > - lim < Q i- _ (.t)!/I u {.\:)!/I ,~ (x + e) > 

~-I 

(5.1) 

and Eqs. (3.11)-(3.16) and (4..22)-(4..23), we obtain 

6 (_ o. (q)'= D (q}(l - -=+Jd 4 
pS, (p + i2 )11 • , " (211:) I~ 

)( r (I) (p + Ii .p _ Ii q) )( S (p _ Ii )] - 1 (5.2)
(- .0) 2 I 2 ' ,II 2 

- i J ' q~II'O ,(q)= D (q)[l- --. d PSlt(P+ 2-) 
,.- • (2x) 

en q q q -t 
)( r (O.-)(P+ 2;P- 2,1/»( SJ.J (p- '2»). I (5.3) 

-i" 
.6. 11(-.1) (q) - D..(3) (q)[1 - (2x) 4 ,,;,,)d

,4 
pS 111 (p + q2") 

CJ) q q q -1)( r (p + -'P - - q) )( S (p - - ») (5.4)
(- ,J) 2 ' 2 I til 2 

- 21

-I ~ I' q6. .(1, _ ) (q) =- D .(1), (q HI - --. 1..." J. d p8.M•(p + 2)
,(221) 4 

en q q q -I)(r o.-)(p+'2;P-2·q »(8AJ,(p-'2)} • (5.5) 

- I I ' q6. .( ) (q) - D • (q)[1 - --, d p8 tt (p + 2- ) 
-,- cr. (221)' 

(1) q.q q -1 
)( r(_,_)(P+ '2;P- 2,q»( Su (p- '2)] (5.6) 

- t ·I ' q6 11 (_.+)(q)-D ••(+)(q){1- (221)' d P~U(P-2) 

(1) q q q -I 
)( r(_.+)(p- 2,q.P+2»( 8.tt(p+'2)1 (j.7) 

Where 

- t, q. q


D (q) - --.Jd pSt (p + -2)8 I (p - -2) ~5.8 )• (21f) II .11 
J 

D, (q) = - ~ Jd· pS.lt (p + tI2 )8.1..l (p - li ) • (5.~ )(21f) 2 

- i r. J'" q qD ..(3) (q) - --, ..... " II d p8 Til (p + '2)8 lIa(p - '2) (5.10)I 

(21f) • . 

-if J. q q
D .0)" (q) - --...... ".l d p8.lt (p + '2)8 .li (p - 2") ; (5.11)

(2:t) , 

- i. q q
D (q) = --,Jd pS tt (p + -2)8 . (p - -) I (5.12 ).. (2x) u 2 

- I J • q q 
ID ..(+,(q)- --. d P8fi (p- 2")8 (p+ -2)u (5.13 ) 

(211:) 

and 

"16d = 1 jor A(p.~ - t. 
- 1 jor 10£) - ~ (5.14) 

In Eqs (5.2)-(5.13), the integration path for dpQ . i, takoJn along the half circle iu 
the upper plane for complex PD' 
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The condition for the bound-state energy of (at)-bosons is given by the 
pole singularities of the propagators (5.2)-(5.1), Le. the dispersion equations 

-I (5.15)l::,. B(Ul (q) = 0 , 

with (I,k)= (-,0), (0,-), (-,3), (3,-), (-,-) and (+,-). It leads to following equa· 

tions: 
- i i • q 0) q q q-- 4 pS (p + -)r (p + - . P - - II) )( S (p - -) = 1 (5.16)

(21t). he 2 (- .•1 2' 2' !II 2 

- i I 4 q en II II q (5.11)(2n) ~ 4 pS 1f (p + 2)r 01. - ) (p + 2; p - 2'q) )( S J.1 (p - 2) = 1 

- i ' • q 0) q q q 
(5.18)(2K)4 ~IJIII4 pSt,,(P+ 2)r(-,ll{P+ 2;P- 2,q»)( S~II{P- 2)== 1 

- i '\' I' II (11, II II II 
--. l...21J. 4 PS'r(P+i)r u.-)(p+2';P-i,q»( S,~(P-2')= 1 (5.19) 
(2K) , • 

- i I 4 q 01 q q q (5.20)(2n)' d pStt(P+ 2)r C-.-,(P+ 2;P- 2,q)~ Su(p- 2)= I , 

- i • • q (3) II q q
--J4 pS (p - -)r (p - - ,q p + -) )( S f (p + -) = 1 (5.21)
(2n)~ tJ 2 (- .... , 2 i 2 .t 2 

They determine the spectra ca,la,k) of the correcsponding spin and isospin 
excitations of the system. At q = 0, the bound-state energy vanishes, i.e., 
WBU,k)(O)= 0, as we have shown in section 3. In this case; Eqs(S.16)-(S.21) become 
so called gap equations which determine the polarization of the system in ques

tion. 
In fact, the polarizations M", M~. and M".. can be calculuted from 

Eqs.(2.16), (2.11), and (2.18) by the similar procedure as done in Eq.(S.l). We 
have 

M = - i J • (p) - S (p», (5.22)--. 4 p(S t 
"(2n) " ,,, 

- t . 4 
.\1 =- --.J4 pS J.t (p) - S J., (p) " (5.23) 

(2K) 

- i , 
M ,,~ - (21t). 14 p[S 1t (p) ~ S u (p) - sit (p) - S .u. (p)] (5.24) 

Combining the W-T relations (4.25)-(4.31) with Eqs.(5.22)-(5.24), we ubtain a 
set of gap equations which are same as Eqs.(5.16)-(5.21) at q = O. This shows the 
energy-gapless of spin and isospin excitations, implied just as by the Gddstone 

theorem. 
The response of the system to external field h(h =h., h" or hn } can be d~s

cribed by formula (5.2)-(5.1) if all quanta S~ and r()) are calculated in the ex
istence of external field h. To explicitly label this point, we write the respOIl:iC 

I functions or susceptibilities as 
- i I • q 0) q , 'q

~,,(q,h) .. D" (q,h)[1- --.... d pS til (p + -2)r ( O)(p + -2 ;p- -2',4)
(21t) ,-' 

q -I 
)( S ~II(P- i)] , ej,25) 

- i I .... q ot q 4
flu (q ,n) .. D ... (q ,1t)[1 - (21t) 4 d pS ff (p + I)r (_ ,_) (p + 2'; P - '2 ,11,1 

)( S (p _ '!..)] - 1 Ci 2u}
..il 2 ' 

and the similar expressions for ~ ,(q ,h), Ll <ffO)(q ,h) ~ .(lh'(Q ,h) and L:. ~f''''j(4 ,h), 
corresponding to Eqs,(5.2)-(5.14). Where use was made of the nctatiolls 
a = B(-,O), 1= B(O.-}, a(3}t == B(3,-), al(3)= B(-,3), at = B(-.-) Ilnd 
al(+} =B(-,+) in order to specify the response functions. To solve exactly these 
equations are very difficulty. since we need r(....) in order to get r,3), while we 

need r(S) to get r{H, and so on. To simplify the discussion, here we consider the . 
situation of zero eneray-momentum transfer limit. In this case, the W - Trela· 
tions among vertex functions, i.e., Eqs. (4.25)-(4.34), may be used 10 wLite the 
formulas for the static response functions or susceptibilities ~.(h) ....6 ...(h). Eveu 
so, it is still hard to solve exactly. Therefore, making certain approximution is 

needed, which will be examined in next section. 

6.The Corrections of Spin-hospin Waves to Susceptibilities 

So far our discussions I1re based on the requirements of the basic SU (4) 

rotational in variance of the theory, and so the obtained results including the ex
pressions for the susceptibilities are exact for the system under consideration. Til 
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solve the susceptibility expressions in static limit is still very difficult task. In this 
section, we examine a consilltcnt approximation apptoach to the calculation of 
the static susceptibilities in the infinite nuclear system of non relativistic nucleons. 
To begin with let us consider a simplified model of the infinite nuclear matter in 
which only cenltral force between nucleons is considered. The Lagrangian for this 
model is given by 

~ + l't"J. + +
L(x)"", t...1/1. (x}{ia-

f
- G(v)]I/I.{x)- i"L. d w. (x)l/I~ (y). 

)( v. (x - Y)I/I, (Y)I/I • (:c) + h 1/1 ill· (x)a 

~ 

" l"'. . (6.1) 

Where the subscript ::l{ft) of the Heisenberg field. I/I~{x) labela the apin andi 

isospin states of a nucleon, I.e., a(fl)= Ap. We now only consider the 
symmetry-breaking term hy,t(x)a,'t,1jt (x). The disculion for the case of existence 
of term h.a1(x) or ht't'l(X) is similar and more simpler. The equations of motion 

correspondin.u to EQ .(6. 1) is 

(6,2)ia t - e (v) 1/1. (x) == J • [t/I ;x 1- .'1 a 1't' 11/1. (x) , 

with 
r,l. • ~ rd· t'" ~ ,." ~ '.I. ( \.J. ~ \1 1'Y ;x I iii L. J YIJI, lYJ" tx - YJ'I', YJ'I' lX J , lo.3)

" , c. 

For the convenience of discussion, we set V,(x-y)= g,d(x-y). 
To calculate nucleon propagator S.I..'<p) in the expressions of susceptibilities, 

we use the Dyson equations(9) which are given by 

(6.4a)8 TT (p) - S 1o.+ (p) +- S ... +- (p)E tt (p)S n(f), 

(6Ab)Sa (p) - S "._ (p) +- S +. _ (p)}: tJ. (p)S rlpj, 

(6.4c)S .it (p) - S _, + (p) + S _,.;.. (p)E.f (p)S uCfJ. 

(6.4d)S~. (p) =8 _,_ (p) + S _,_ (p)[u (p)SdP), 

where Sot ,t are the propagators of bare nucleon with different .pin and isospin 

sta tea: 

S ().. 8(e('» 8(- e(p» (6.5) 
4b p p. _ e(p) +- ie + Po - e(1) - ie' 
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with 
e(p) "'" e(p)-l(a )( b)h (6.6) 

Where a(b)= +J-' The self-energy parts 'L 1I&(p) are defined by 

4- i J. -t't.-y)~
,< J J.jI (",;x]", A,p (y) > =- (21f>'~ d pe t...l.jJ (p)8 J.,. (p) . (O.7) 

Now let us concentrate aUf attention on the calculation of the static sus;,;cp. 

tibilities. Using the W-T relations (4.25)-(4.31), and the following r~lati011':: 
1 -l -l 1 ~ ~ 

21t (8 til (p) - 8 ~/1 (p» - - 2h (t...fja (P) - t....!It (p» , (6.~.j) 

1 • -I -l 1" " 
211 (8"1 (p) - 8.l,t (p» = ,. 2h (t... ..t (p) - '- ..~ (p» (6,8 b)I 

which are derived by inverting Eqs.(6.4a)-(6.4d), we may write the elprcssiullS 
for the static susceptibilities in the form 

D') (It) 

6. .. (II) - 1 of-·IC (h) , (0,9) .. 

Where index a represents as f, at(3), a(3}t,at, at (+). D~O)(h) are given by 
Eqs.(5.8)-(5.13) at q == 0 case, while the nucleon propagators may take tlie lowest 
order form or what you need. ICz(h) are given by 

(II) -I -l 'I I. 
IC, (II) - - D, (II)D, (11)6., (II )--. d p 

. (2,,) 

1 

)( (8 n (P)2h ([tt(p)- [J.1{P»8 n (p) 


1 
+ 8 ~l (P)2h ( L li (p) - L rJ, (p»8 ~i (pH 

(II) -1 

- (D , (h) - D _ (h»D, (h) I 
 (6.10) 

for a'= /1= a,t, at(3). and a(3}t; and 
,(0) -1 -I t· • 


" (II) = - D (h)D' {1I){6.. (11)-'-, d· p 

•• , 11'1 n .. (2K)" J 

1 

x [8 fT (p) 4h ( L11 (p) - L,1 (p»8 if (p) 
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+ 8 t, (P)4
1
h ( Lu (p) - Lu (p»8 u (p)] . 

+ 41t~ (h)~ -:)(h)~ ~~l) (h)~Jd4 P)( ;S •• (p) 
.r ......... ' (2n) " 


)( 21t 
1 

( L: tt (p) - L: H (p»SU (P)2Ja 
1 <Llf (p) - Lu (p»S u (p) 

-I -l t J"+ 411.6 (h)~ ,,,)(11).6 .l) (h)--. d p SU(P) 
n n... -, r (2n;)' 

1 	 1 
x 2h (L: tt (p) - L u (p»S t, (p)2h <I: u (p) - L u (p» SUtp) 

. i J.' (i)+ 4h.6 (h )--, d pS tt (p)r (p,O; p, O)S ,(p)) 
.. e (2n;)" •• I 

_ 	 (D (h) - D (8) (II»D -1 (h) , (6.11) 
., tiC ., 

for .:z= n, and a similar form for.:z=:= O''f(+). 

Thus the calculation of the static susceptibilities is now reduced to the prob. 
lem of calculating the nucleon self-energy in the presence of some disturbing 
external field. The formula (6.9) is still a formal but consistent expression for the 
static susceptibilities, since it involves D.. «(h) self in lC« and the as yet 
undertermined propagators 6a:(k) in r 1,.(P) as shown later. To solve this prob. 
lem, we make the approximation expansions for the nucleon self-energy as 

(1)' (l)E (p) =L (p) + E (p) + ... 	 (6.12)
.!,. ...,. 1" 

W here the indexes (1 ),(2) represen t the first· and second order 
approximation. respectively. Substituting Eq.(6.12) into Eqs.(6.4a)-(6.4b), we get 

the following suceessive approximation expressions for the nucleon propagators: 

0.) (1) (I) 

S!t (p) - S ..... (p) + S 1-,+- (P)L n (h)S tt (p) , (6.13) 
01. OJ, 0.1 '\' (l) , (;I)

Sit (P) - 8:1 (P) + 8 rt (p)""tt (p,,,)8 it (p) , 	 (6.14) 

Where N ......" denote the expressions fo~ sV), , S~\, S~)., S~)t' S~)t' S~\, and 
the more high order approximation of 51,.. 

The nucleon self-energy in n-th order approximation can be calculated 
directly from Eq.(6.1}. 

The first order nucleon self-energy parts are given by 
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6) ,....

E (It).. - f --~.J4 %(8 't (t) + S t' (t) + 8 u (t» • (<.l.IS.:!) 
n -(2n) • • 

(1) "E (It) - - f --,J4 t (8 tt (t) + S t' (k) + S u (k» • (6 J 5b) 
u 0 (2n) • 

(1). t.L (II) = - g --.J4 k (S II (k) + 8 tf (k) + 8 't (k» , (6.15.:) 
u -(2n).. • 

(l) i. .
E (h) - - g --.rd t (8 t' (k) + S .t (k) + 8 't (k» . (6.15.:/) 

H .: (2n;) • I • 

We obtain the second order nucleon self-enerlY parts as follows: 
(2) 2 i J.L: 	 (p) - g --. d t{S"t (p - k)(~ (k) - D (k» 

1t 0 (2n) • • 

+ 8 u (p - k)(~ ",,,(1) (k) - D .,(11 (k » 
+ 8 u (p - t)(~ f (t) - D , (k » 
+ S u (p - k)(~ -(.1)1 (k) - D .(.1)r (k» 

+- S u (p - t)(~ "" (k) - D ..., (t»} 

2 i J.'+ g 0 --, d k (8 tt (p - k)(~ H (k) + ~ u (k) + 6 " (k)} (6.16) 
. (2n;)' 	 .. 

~ (21 2 t, . 
I.. (p) - g --, Jd k(S.t (p + k)(~ (k) - D (k» 


H c (2n;) I  • 

+ S l1 (p + k)(~ ••01 (k) - D n()' (k» 

+ S u (p + k)(6 ...(.~ (k) - D u(+) (k» 

+- 8 ~. (p + k)(~ r (k) - D r (k» 

+- 8 u (p + k)(.6 .(1)e (k) - D .O)r (k»} 

2 i , 	 .' 
+- f C (2n;)4 Jd k(8 H (P+ k)(~u(k}+ .6 u (k}) + 8~1(P- k}6.,;(k)J " 

(6.17) 

r (2) 2 i , 
I.. t (p) .. g --. Jd k r8 (p + t)(.6 (k) - D (k» 

~ • (2,,) tt f. 

+ 8 tt (p + k)(.6 -0)'1 (k) - b' .O)r (k» 

. + S!t (p - k)(A u(... ~ (k) - D ~( ... ) (k» 
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+ S u (p - k}(6 .. (k) - D .. (k» 

+ S u (p - k)(6 ...u. (k) - D nU. (k))} 

2 i' f 

+ f • (2 n). j i k rs u (p + k)6 11 (k) + S u (p - k)(6 n (k) + 6 ~, (k»J 

(6.18) 

(ll 2 i .tf ..L " (p) = 1 --. j i k S" (p + k)(.6 . (k) - D (k» 
... °(2n)" .. t .. 

+ S .1.1 (p + k}(6 r (k) - D r (k}) 

+ S l1 (p + k}(6 .O)t (k) - D .(llt (k» 

+ S u (p + k)(6 .. (Ie) - D .. (k» 

+ S u (p + 1)(6 ••U) (k) - D ••U) (k»} 

2 if'+ g.--. Jd kS a (p + k)(6 11 (k)+ 6 (k) +.6 u (k») . (6.19) 
(2n)' • u 

Where O:.:Oc), % = a, 'tJn(l), a(3}r, a'l:, n(+), are given by £qs.(5.8)-(5.13). £::..a;(k:) 

are (at)-boson propagators in momentum space, which are defined by 
Eqs.(1.1l)-(3.16). 6. t , Od,6 ~ t (k), 6 t t (k) and 6 t t (k) are defined as 

< 0IT(,; 411 (:c)'" 1: C·c)'" 4/1 (y)", 1: (y)1I0 > 

i "if " (k) -11(.. -y)=--4J kL..J.1" e • (6.20) 
(2n) 

with 10l);:; t ,~ , which are. in fact. the nucleon density 'correla tion functions. 
Graphically the first order nucleon self-energy r. ;1) 1 and the second order 
nucleon self-energy L ~)t are respectively shown in Figs(4} and (5). 

Using the expansion expressions for '£ ill and 51",. we may write "¥ as 

(1) (.2) 

x: =11: +" + (6.21 ) .. " .. 

Where ,,~I) corresponds to that in which the nucleon propagator and self-energy 
take the first order approximation given respectively by Eqs.{6.13) and (6.15), 
while ,,~2) is that in which Sl>1 and L 1<1 are taken up to the second order approx· 
imation given by Eqs.(6.14) and (6.16)-{6.1.9). Substituting Eqs.(6.15a)-(6.15d) 
into Eq.(6.l0) and (6.11), we have 
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(U . - 1 i • (1) 

Ie (It) = M (h)--. Jd P{STt (p) 


• .. (2n) . 

t r' (1)
)( (-'. (2n)* Jd k(S n(k)- S n (k»S u (p) 

(I) . (Ui J. 
+ S u (p)( - '" (2n). d 1(8"" tk)- S u (k»S u (pH 

OJ) II) II) 
. = , 11 (D errO) (h) + D. (h» I 2 == , • D (h). (6.22) 

Where we have used £q5.(3.19)-(3.22) and (3.27)-(3.28) and (5.24), and ignored 
the terms- O(g!> which may be attributed to ,,~2). Thus, Eq.(6.9) to tlte first order 
approximation leads to 

DOl) (It) 

L:::.. (It)- -. 


- l+gD OJ
)(It)


c 

D tI) (It) D •• (It)
--'-=--- (---) (6.23)

1+ D I.U) (It) D (0) (It)f. 

which is the standard RPA results(l). when gc'= 0, £q.(6.23) gives 

£::.. til (O) =- D 01) (0) (6.24). ..' 

which of course is the results for free nucleon IU(ID). 

The static susceptibilities to the second order approximation have the form 

DOl) (II) 
(6.25)l::.. (0) =- D •II) (II) + Ie I)) 

• 1+lc • 

Hence Ie~) represents the correction to the RPA, and it can be obtainej from 
Eqs.(6.11J)-(6.11) in which the nucleon propagators and self-energi~s tak~ 
an4 i: i~ in those terms- 0 (g!). The obtained expressions for K~) and lC~~) are \ 
still rather formal since they involve undetermined propgaton 6 ¥(k) and .6. .... (1.:) \ 

as seen from Eqs.(6.16)-(6.19) and (6.10)-{6.11). Here we do not like to perform ) 
the detail approximation calculation for ,,~), which will be examined elsewhere. 
What we are now interested in is to analyse the mechanism given by ,,~l) r~rolll 
the expressions of i: i~. namely Eqs.(6.16)-(6.19) as well as Fig.(1), we se~ thatJt~ 
~come ftom the contributions of the spin-isospin waves (or bosons) to the 

-]0- ~. ~ 
S~! ami E~~ as" wdf as ) 
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nucleon self-energies in infinite nuclear medium. Hence, k~} represent the cor· 
rections of spin-isospin waves to the susceptibilities, which are in fact equivalent 
to the contributions (rom 2p2h excitations. 

7. Quenching of Spin-Isospin Transitions, 
and the Correlations among Collective Modes 

In this section, we first brifely discuss how the approach given in this paper 
is used to describe the quenching of spin-isospin. transitions including 
Gamow-Teller, isoscaler and isvector magnetic, and Fermi-type transitions. 
And then Woe discuss the correlations among collective modes. 

(1). Quenching of Gamow-Teller transition. 

Empirically one finds that the GT strength in heavy nuclei carries only about 


. 60 pe~ cent of the sum rule restilt(l)(lI). To interpret the quenching of GT strength, 
we may use the results of last section. Recalling the definition for the GT 
excitation strength 

B 2: (G T) lOa < ilu'!: :; Ii> < .AUf :t: Ii > 
<;: ila :;: 'C .11> < ).r :l: 'C :I: Ii > 

+ < ila :t f:; Ii> <.M 1= f :t II > 

+ <ila1'!::;:iJ> <·Jla 1":t: 11 > , (7.1) 

we may write the corresponding expression for B± (GT) in our approach as 

B :t (G T) ... ~ n ~q) + n uU:) (q) + ~ _O)th: ) {q} • (1.2) 

In the limit q-O, by using the formula (6.25) we obtain, for instance 

D 

B (GT) - (I,. (21 


-!o 1+I"D +".. 

D one +-) D.,m. 

(7.3)+ (0) (2) + to) (2) 

1 + g • D + lC n(... ) 1 + g It D + lC .0). 

The RPA result is 

(7.4)B ... (GT) =- {D .. + D ..(+) + D)1+ g "D "" .,(l)r • 
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which givea the familiar quenching factor. Of course, this only is a qualhative ex
planation. Quantitative interpretation needs to calculate "en and to inelude the 

contribution from lJ.-isobar degree of freedom. 
(2) Quenching of magnetic transitions(l). 

Accordina to the definition of the maanetic spin opeqltor 


g'~J a+ g flnii'l: J 

we may write the relative isoscaler, and isovector magnetic spin excitation 
strength parts B (M 1;S) and B (M 1;V) as follows: 

B (M 1;S) - 6 • (q) + G I (q) , (7.5) 

B (M 1; V) - .6. "(') (q) + t:. " (Ii ) n.o; 
Where C:J.. 1 and C::. d respectively denote tne fongrtuarnal spin ana spin--isospin 
fluctuations, as shown in section 4.1n the limit q- 0, we have from Eq.(6.:1S) 

D 
(2\' (7.7)B(M I;S) - ~) 

1+,.D +". 
and 

D nO) 
(7.8- (J) (2)BCl-/l;V) - 1 + g.D +" .c:a) 

which give the qualitative interpretation for the quenching of magnetic spin tran· 

sitions. 
(3) Quenching of Fermi Transition 
Similar to above discussion, we may write the Ferim excitation strength in q 

-0 limit as 

D. 
-,.. (1.9)

B (F) =r D'D) + " 
1 + g" 

Maybe since empirically the GT transitions dominate by far over the 
F-transitions, so far no one seems to discuss the quenching of F-tran.:litioll. Here 
we hope to point out that the existence of the quench.ing of F-transition, like the 
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quenching of other spln-isospln transltlons, Is a natural and necessarian result in 
our approach. 

(4) The correlations among collective modes. 
We have found in section 3 that the aPl?earance of the collective modes of 

spin and isospin excitations, Le., spin-isospin waves, is a result of the 
sponontaneous breaking of SU (4)- rotational invariance. which is described by 
the W-T relations (3.S);"'(3.10). We notice that Eqs.(3.9} and (3.10) show the 
coupling relations among different modes, which in fact describe the correlations 
among (u:t t:t), u(3}~ and n(3}.modes. Eqs (3.7) and (3.8) show that u(3)1; and 
n(3} modes may be excited individually. Thus, Eqs.(3.9} and (3.10) show that (a.t 

't:t }-modes are accompanied by u'(3)'t and u't(3) modes. 'Physically this meana 
that the GT. excitations are always accompanied by the magnetic spin excitations.' 
From the calculation for the static susseptibilities or the GT excitation strength 
we find that the correlation between GT and M 1 does ~ot appear in the normal 
RPA result as shown by Eqs(6.23} and (7 A), and should appea~ in the result be· 
yond RPA as seen by Eqs.(6.25} and (7.3). This is easy to understand in physics. 
In fact, the M 1 operator at] is just an isospin rotation of the GT operator at~2). 
This rotation are now performed by propagating the spin-isospin waves ap· 
peared in the treatment beyond RPA. It is very interesting to find the correlation 
nature in experiment. 

8. Conclusions 

We investigated the spin and isospin excitations in an infinite nonrelativistic 
. nuclear system by using the quantum field theory method. The Ward-Takahashi 

relations among various many-point Green/s functions ~ere derived from the 
,requirement of the rotational in variance in the spin and isospin SU (4) space in 
the presence of some $y~metry breaking force. We found that there «;xist six 
N-G bosons:{a-r}-bosons or (n)-waves, i.e., the spin, isospin. and spin-isospin 
waves in six channels, which appear to be a result of one of the W -T relations, 
namely, the result of the spontaneous breaking of the SU(4) symmetry. These 
collective modes may be identified to well-known low-energy nuclear spin and 
isospin excitations. 

The W-T relations also determine many useful properties of (u-r}-bosons, 
e.g., nucleon-(a'C) boson interactions in the zero-momentum limit, etc. Some of 
the W -T relations in momentum space were used to obtain a consistent expres. 
sion for the static susceptibility in terms of nucleon self-energy. Then we gave a 
qualitative interpretation for the quenching ofspin-isospin excitation strength of 
nuclei. In particular, the W -T relations determine the correlations among collec· 
tive modes. 
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We hope to emphasize that the above rather formal results are exact and 
,model independent for an infmite nonrelativistic nuclear system, since our discus .• 
sions were based on the re,quirements of symmetry of the system with 
spontaneously broken symmetry. 

Finally we would like to.mention the effect of somp. explicit symmetry break. 
ing forces included in the effective interaction, i.e., the spin and isospin depen. 
dent terms. The situation seems to be similar to that of the spontaneous break
down of chiral symmetry in which a N-G boson acquires mass due to the €:xplicit 
breaking of chiral symmetry explaining the pion with a finite masl. In analogy it 
should be stressed that explicit breaking of SU(4) symmetry may lead to II. fillite 
energy of those (n)-bosons. which will be discussed in the further work. 
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Table Caption 

Table 1. Collective modes of spin and isospin excitation. 
. 

Figure Captiona 

Fig.1. (a)Nucleon propagators. 
(b)Boson propagators. 

Fig.2 Diagram of Eq.(4.19). 
Fig.3. Diagram ofEq.(4.20). 
FigA The first order nucleon self-energy part L ;1), . 
FigS, The second order nucleon self-energy part 'E ;1)t : 

corrections of self-energy parts from spin-isospin waves. 
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