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Usually one assumes that every intermediate state occuring 

in the collisions of e lementary particles can be described in terms 

of free stable particles, with definite spins and masses. In recent 

years it has been shown, however, that one gets remarkably gocxi 

fits to experimental data if one intrcxiuces the exchange of unstable 

objects, like resonances or Reggeons. It is interesting , therefore, 

to mcxiify the conventiona l formalism of quantum field theory in such 

a way that the unstable objects may become the primary ones, and 

can be defined by means of the one- particle states. 

In this lectur e we wish to outline the quantum fi e ld theory of 

. interacting resonances. We assume for simplicity ' that the resonan-

ces a re characteriz ed by a sharp value of spin, independent of 

interaction. This restriction should be dropped if we pass to the 

description o f Reggeons, a c ase which we s h a ll discuss in detail 

in another publica tion. 

The res o na nces as one-particle states have been discussed 

already in the frame of Feynmann diag r a ms methoo/1/, by means 

of g roup theoretical approach/2/, and using the techniques of in

finite-component wave equations/3 /. All these considerations are, 

however, not sufficient for our purpose, because the following two 

basic problems, concerning unstable systems, remained unsolvedx): 

x) The difficulties in solving the problems a) and b) a re ca u s ed by 
the instability property, a nd this expla ins why it i s often assumed 
tha t the resonances a r e a pproximated by stable particles. 
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a) 'I'he r e la tion between the S - matrix x) and fie ld-theoretic 

definition of the e lastic resonance, 

b) The problem o f asymptotic limits for the fi e ld operator des

cribing interacting r esonance, and the consistency with H aag-Rue l

l e theory o f asympt o tic states. 

We intend t o g ive the a nswer to these two questio ns in this 

lectur e . 

Let us discuss briefly the notion o f resona nt scatte ring . If the 

scattering develo p s a resonance this is a n effe ct describing parti

cula r correla tion of ingoing a nd outgoing wave packets. 'I'he reso

nance, contrary to the c a se of a ppearence o f a bound state, is 

not observed asvmptotica llv a s a new obiect xx) but represents a 
name for a particular type of the scattering process. The fie ld ope-

r a tor, describing resonance, should therefore describe by means 

of its one-particle wave function the space-time deve lopment o f the 

resonant scattering, 'I'he main idea is to rela te s ingle field opera

tor with the resonant scattering channel. 

The interacting multiparticle states , defining scattering channel, 

are kinematically characterized by t o ta l mass " , total a ngular 

momentum J , a nd by some a dditiona l quantum numbers 

w hich are c a lle d the degenera cy parameters/4/ xxx) 

x) We defi ne the resona nce by the property tha t the scattering 
phase passes through 11 I 2 • The definition by means o f the comp
lex pole on the ur.physical sheet seems to be l ess a pp1·opria te 
(see G. Callucci, L . Fonda and G .C. Ghira rdi , Phys.Rev., 166 , 
1719 (1968)) . 

xx) The bound state is obtained as a limiting case, when the cor
r elation between ingoing a nd outgoing s ta tes becomes so s i n15ula r 
that we a t·e forced to enlarge the spac e of asymptotic s ta tes , unless 
the unitarily conditions a re violated, 

xxx) 
One can say that the degeneracy parameters d etermine inte1·nal 

spins o f the channel functions. 
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We shall consider here only e lementary channels, defir. 
o f multi-particle states fully cha racterized by their total 

tum and the angular momentum parameters J and a 

multiparticle states represent an unstable e lementary sy 

cause one cannot measure the observables characteriz i 

rate components without destroying the system, We a ttri 

ry such elementary system a field operator. It should 

that the notion of unstable elementary system is mucr 

the notion of a resonance, and describes a ls o nonre.<: 
of s c a ttering , 

Our main formal assumptions a re the follow ing c 

1) 'I'he intera cting elementary system, characteriz• 

cally by the choice o f the mass spectrum ~ c;;.. l ( l c 
spin J a nd the degeneracy parameters a , is descr 

field operator ¢ ( x ; ~ ) ( j = J , J- I • • • - J ) • 
J; a .. 

2) We assume Lorentz invariance and the localit 

[¢ ( x; ~ ); ¢ 
j ; a j ; a 

(x '; ~ ' l]=O 
x - x s pace -like 

~ , ~ ' a rbitra ry . 

3) The intera ction between the multiparticle state~ 
through .short rang,e forces Cl.cting between the elementc 
described by the ~ield operators cp . ( x ; ~ J , and it is 

J ;a 
introduce the free asymptotic fields ¢ m (x ; ~) and cp out (x ; 

j;a j;a 
fying the foll owing commutation rela tions 

In 
[ ¢ out ( X ; ~) , ¢ 

i. a (x~~'>l "'io , o ,P (J: (a )L'\(x-x';~lo(~-
i ~a' aa JJ ii J1 

where p" <J; (a ) represents the projection o pera tor de 
i i 11 

mutator function fo r the spin J field/5/, 

x) In N - particl e elementary channel a denotes fixed set of eigen
value of 3N- 6 commuting angular momentum operators, for ming toge
ther with the total four::-momentum operator, total angular momentum 
and its third component- the complete set o f commuting observables, 
fully characteriz ing the N -partic le states, 
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We shall c o nsider here only e lementary channels, define d by means 

of multi- particle states fully cha racterized by their total four-momen-

tum and the angular momentum parameters J a nd a x) . Such 

multiparticle states repre sent an unstable e lementary system/4/ be

cause one cannot measure the observables characterizing its sepa-

rate components without destroying the system. We a ttribute to eve

ry such elementary system a field operator. It should be stressed 

that the notion of unstable elementary system is much wider than 

the notion of a resonance, and describes a lso nonresonant ways 

of scattering. 

Our main formal assumptions are the following ones: 

1.) The interacting elementary system, characterized kinemati-

cally by the choice of the mass spectrum " c;;.. ~ ( ~ C R 
1+ ) 

spin J and the degeneracy parameters a , is described by the 

field operator ¢ ( x ; " ) C j ~ J , J - I •• , - J ) , 
j ;a . 

2) We assume Lorentz invariance and the localitv condition 

(¢ (x; "); ¢ 
j; a j; a 

(X , ;" , ) ] = Q 
x - x· space-like 

","' a rbitra ry. 

3) The intera ction between the multiparticle states goes only 

throug h short rang,e forces qcting between the e lementary systems 
described by the lield operators ¢ . ( x;" J , a nd it is possible to 

J ; ,a 

introduce the free asymptotic fields ¢ m (x; ") and $ out (x ; " ) , satis-
j;a j;a ~t 

fying the following commutation relations 

In 
( ¢ out ( x ; ") , cp 

i. a 

' ' ] • "' S> A (J) (x,,.) =•u ,u , P , <a l~(x-x';,.)o(,.-,.'l, (1.) 
i '. a, a a J J i i il 

where p" (Jl <a represents the projection operator defining com-
i j , 11 

mutator function for the spin J fi.eld/5/. 

x) In N -particle elementary c hannel a denotes fixed set of e igen
value of 3N- 6 commuting angula r momentum o pera tors, forming toge
ther with the total four:-momentum operator, total a ng ular momentum 
and its third c omp onent- the c o mplete set of commuting observdbles, 
fully characterizing the N -particle s tates, 
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'I'he fi e lds (1) and thE.' asympt o tic condition f o r the s implest 

case when the i ndices j a nd a a re n o t present ( S - -vvave 

two-particle s ubsystem) have been introduced by Licht/6 /. It can be 

s hown/7/ thCit introdl.{cing suitably modified W ight ma,n a x ioms for the 
fie1d r:p. \x ; " J one Gan prove rigorous ly me asymptotic conditio ns, 

,;a 

l eading to asymptotic fields (1), f o llowing the lines of Hepp's proof 

of LSZ formul a tion in the frame o f W i g htman forma lism ( see/8 /). 

Now we introduce the notion of free e l ementary unstable sys-

tem. Such systems a re defined by means of free field opera tor 

¢ 0 ( x ; ,. ) having c - number commuta tors : 
j; Q 

( cp Q ( X ; !5 ) , ¢ 0
, , ( X , , !5 , ) ) :s i Jd K 2 p (J~ ( !5 , !5 , ; K 2 ) • · 

j;a i ,a aa (2) 
r <J> <a )~(x - x ; K2 ). 

i j 11 

It is easy to see tha t every decoupled e l ementary c hannel, a nd 

particularly a c h a nnel d evel oping e l a stic resona nce, c a n b e d escri

bed by such free field with a parameter. Because from (2) follows 

tha t a ll t runcate d \lEV of order hig her tha n two vani sh the fie ld 

¢ . 
0 

( x ; ,. l can l ead only to the sca ttering o f one- particle states. 
J; a 

It should be s tressed tha t the presence o f the continuous parame

ter a causes the fa ct tha t the scattering o f one- particl e states is 

possible . We define the asymptotic one-particle states as follows 

I P; " ; j; a> 
In 

out 

In ... 
a out ( p ; s ) I 0 > ' 

l : a (3) 

where the c r eation operators, occuring in the definition ( 3), a re ob

tained from the asymptotic fields (1) by means of the conventional 

formula e f o r soin J fields / 5/, a nd satis fv the f ollowin !:! c o mmuta tion 
t•elations: 

[ a + ~~t 
j ; a 

In 

( p ; " ) ' a ~ut , (~ '; " , ) 1 =a ' a , 0 ( ii _ ... p' ) a (" _,. '). 
i ,a aa ii 

L orentz i nvaria n ce a nd the uni tari ty condition i mply tha t 

I Pl " ; j; a > 
2 1 17 (a) 

= r-- .J;a 1"7> ; s ; j; a> 
I n out 

(4) 

(s) 

where the function n (,,) describes the phase shift in the deco up-., J ; a 

l ed cha nne l ( J, a ) • We see the r e fo r e tha t the r e is one - to-on e cor-
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respondence betwee n the elastic scatterin.g a nd the ~ 

one-particle states i n our formalism. An example of s 

tion h a s been provided by 'I'hirring/6/ in his Lagrangi 

to the Zacharisen modeJ10/. 

Now we a re prepared t o solve our problems. 'I'~ 

wer (see a)) f o llows from the rela tion (5). Every fie ld op 

¢ i:: (x ;sl , having such asymptotic limits that the relation 

valid, i s a good candidate fo r the space-time descriptior 

tic resonance, present in the phase shift 11 (sl • 'I'he 
J ;a 

w ith H aag-Ruelle theory o f asympto tic states (se e b) ) 

rectly from the phys ica l interpretation of the asymptot 

The a symptotic states 

I P ... P ; ~ .. s ; j •• j 
1 n 1 n I n 

, a ... a 
I 

n In 
> = n a out 

o ~~ l d i l'a 1 

( p ; " 
I 

> I 

represent only another way of description of conventio 

tic states. P a rticularly if n = 1 t see tJ)) w e obtain in 1 

red e lementary channel ( J, a) the description o f ingoi 

going multiparticle states with a g iven value of total 

<P, p = y ii 2 + " ) a nd g iven pola rization index. 'I'he p 
n 

and outg oing wave packets a re obtained by smearing-a 

smoo th func tion f ( " ) with supp f ( " > C 2. • Suer 

wave packe ts can be described by means of general 

e lds/11/. 'I'he intuition, tha t the propag~tors with conti 

spectrum, substituted in Feynmann g raphs, describe i 

qua ntum field theory the exchange of unstable objects 

an old one /1 2/. In the formalism, presented here, sue: 

follows in a n a tura l way. 

The exis tence of our a lte rna tive d escription of inb 

tern a nd its asymptotic s ta tes i s caused by a p a rtie 

dyn<lmics , which a llowed to i ntroduce fo r the field operators 

9 ( x ; ,. ) the asymptotic fie lds (1) . If the inte r acti on 
i ; a 

it does n o t require the introductio n o f separate asympt< 

we c a n forget about the stabl e multiparticle asymptotic 

discuss only the scatte ring of the free e l ementary uns 
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res p o ndence betw e e n the elastic scatterin_g and the scatterin_g of 

one-particle s tates in our formalism. An example of such formula-

tion has been provided by Thirring /6 / in his Lag rang ian approach 

to the Zacha ris en modeJl.O/. 

Now we a re prepared t o solve our problems. The first ans

wer ( see a)) follows from the r e lation ( 5). Every fie ld ope r a tor 

¢ i;: (x ; s) , h a ving such asymptotic limits tha t the rela tion (5) remains 

valid, is a good c a ndida te fo r the space-time d e scription of an ela s

tic resona nce, present in the pha se shift 11 ( s) • The consistency 
J;a 

w ith Haag- Ruelle the ory o f a s y mptotic states ( see b) ) foll o ws di

rectly from the phys ica l interpretation of the a symptotic fields ( 1.). 
The a symptotic states 

n in 

I'P .. :-p ; " •• " ; i .. i 
1 n I n I n 

, a ••• a 
I 

> "' rr a o ut 

o ~~ t=l i !'a I 
> I o > (6) 

represent only another way of description of conventional a sympto

tic states. P a rticularly if n = l \see \3)) we obtain in the conside

red e leme ntary channe l (J, a) the description of ing oing a nd out

g oing multiparticle s tates with a g iven value of total fourmomenta 

<P, p = v ,-: 2 + ,. ) a nd g iven pola rization inde x. The phys ica l in-
n 

a nd outgoing wave packets a r e obtained by s mea ring -out with some 

smoo th func ti o n f ( s ) with supp f ( s l C I. . Such a symptotic 

wave packe ts c a n be described by means of g eneralized free fi

e lds/11./. The intuition, that the propag ators with continuous mass 

spectrum, s ubstituted in Feynmann g r a phs, describe in relativistic 

quantum field theory the e xchang e of unstable objects, is already 

an old o n e /1 2/. In the forma lism, pres ented here, such conclusion 

foll o ws in a na tura l way. 

The e xis te nce o f o ur a lte rna tive d escription of intera cting sys

te m a nd its asymptotic s ta tes is caused b y a p a rticula r type of 

dynu. mics , which a llowed to introduce for the fie ld opera tors 

¢ 1 x ; " ) the a sympto tic fi e lds ( 1.). If the intera ctio n is s u c h that 
i ; a 

it d oes n o t r equire the introductio n o f separa te asympto tic particles, 

we can fo r get about the s tab l e multiparticle a symptotic s tates, and 

dis cuss o nly the scatte ring o f the free e le m e ntary uns ta ble objects, 
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described by the asymptotic fi e lds with continuous ma ss parameter. 

The scattering matrix operator can be defined as follows: 
o ut "' -t In ,., 

¢ ( X ; " ) = 5 ¢ ( X ; " ) 5 • ( 7) 
j;a j;a 

Further details a re similar like in the LSZ scattering theory. 

The simplest -way o f expressing the dynamics, consistent 

with our formulation, is t o intrcx:luce loca l Lagrangeans o f the field 

o pera tors ¢ (x ; " ) 
j;a • It is a lso possible, ho-wever, to formula te the 

a ppropriate dynamics, using dispersion- theoretic a pproach, or, a t 

least in some cases, by introducing suitably trunca ted set o f c o nven-

tiona! Feynmann g ra phs. 

References: 

1.. I.J.K.Aitchison and C. Kaeser, Phys.Rev., 133, B1239 (1 964), 

E . S . S a rachik. Nuovo Cimento, 5 1A, 949 (1 967); C. F'ronsda l. 

F'eynman Rules for Regge ons, ICTP preprint 1967. 

2 . The lectures of M. Gell,-Mann a t the 1966 a nd 1967 Internal 

S chool of Physics "Ettore Majorana" publ. by Academic Press, 
' 
and A.O. B a rut and H. Kle inert. Phys.Rev., 1 5 7, 1180 (1967); 160, 

1149 .(1967). 

3 . Y. N a mbu. Proceeding s of the XIII-th I nterna tiona l Confer ence on 

High Energy Physics, Berkeley 1 966, publ. University of California 

JJress, 1967; T. Takabayashi. Progr.Theor. Phys., ~ 966 (1967); 

and earlier papers; C. F'ronsdal. R e l a tivistic Lagrangean Field 

Theory for Composite Systems, UCLA preprint 1968. 

4 . F'. Lurca t. Strongly Decaying Particles and Relativistic Invariance, 

Orsay preprint, ...;1 968. 

5 . H . Umezawa. Qua ntum Field Theory, North Holland Publ. Camp., 

Amsterdam 1965; S. Wein berg. Phys.Rev., 133, B1318 (1964). 

6. A. Licht. Ann.Phys., 2i. 161 (1965). 

7. W. Karwowski a nd N . Sznajder. W r ocl aw University preprint 1 9 6 8 . 

B. K. Hepp. Helv.Phys.Acta,. _;}_7, 63 9 ( 1964); K. Hepp. Comm.J\Ilath. 

Phys. 1, 205 (1966). 

9. W. Thirring. Phys.Rev., 126, 1209 (1962). 

8 

• 

10. F'. Zacha r i a sen. Phys.Rev.~ 1 21, 1 851 (1 9 61). 

11. 0 . W. Greenberg . Ann . Phys., _!:_(j , 1 58 (1 961); G . F'. DE 

Journ.M a th . Phys., .S 7 5 9 (1 96 1) . 

12. P . T . M a tthe ws and A . Sal am. Phys.Rev., 112, 283 ( 

1079 (1959) ; J. Schwinger. Ann. Phys., _3 169 (1960). 

Rec e ived by Publis hing Deparlrnent 

o n Novembe r 1 2, 1 'l 68. 

C) 



10. F', Zachariasen. Phys.Rev., 121, 1851 (1961). 

11. 0 . w. Greenberg. Ann . Phys . , _l;_(j, 1 58 (1961); G . F . Dell- Antonio. 

Journ.M cdh. Phys. , .S 759 (1961} . 

1 2 . P . "I'. Matthews and A . Sal am. Phys.Rev., 1.1.2, 283 (1058); 11..'>, 

1.079 (1959) ; J . Schwinger. Ann. Phys., _3 1.69 (1.960). 

R eceived by Publisl1ing Department 

on November 12, 1 '168. 

q 


