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The realization of the three-body K -matrix formalism in terms of Faddeev-type scatter-
ing integral equations is established. A prescription is suggested for handling possible reso-
nance-pole singularities in the two-particle K matrices which enter as input into these equa-
tions. As an application of the formalism a fully unitary impulse approximation is developed.

I. INTRODUCTION

The usefulness of the K matrix as a unitarization
device needs little commentary. What is remark-
able is that integral equations of the Faddeev type
for determing this quantity in nonrelativistic three-
particle scattering theory have apparently not been
developed except in special cases.!'? We will es-
tablish such a set of equations and discuss their
possible applications.

In Sec. II we present a general characterization
of a variety of K-matrix formalisms. This will
illustrate the essential features of these techniques
unencumbered by the detailed realizations of the
various operators as solutions of well-defined
scattering integral equations. The last topic is
taken up in Sec. III, where we develop a detailed
formalism for constructing fully unitary approxi-
mations in three-particle scattering.

Recently Cahill® has proposed a unitary formal-
ism which is similar in spirit and in execution to
that contained in Sec. III. However, it is not,
strictly speaking, a formalism for the K matrix
itself. The differences between our approach and
results and those of Cahill are also examined in
Sec. IIL

Section IV contains a detailed exposition of the
simplest application of the general formalism of
Sec. III. In nucleon-deuteron scattering this ex-
ample amounts to the full unitarization of the im-
pulse and one-nucleon-exchange graphs. It is pos-
sible that this particular case will turn out to be
the most useful in practice.

In Sec. V we will comment upon a difficulty which
seems to have been overlooked in previous three-
particle formalisms'* %' * which involve two-parti-
cle K matrices as input into three-body equations.
We refer here to the interpretation of the possible
resonance-type pole singularities which may ap-
pear in the two-particle K matrices for positive
parametric energies. We will suggest a practical
procedure for handling these singularities when
exploiting a typical K-matrix formalism.

|on

II. GENERAL K-MATRIX FORMALISM

It will prove very useful to consider first the
K-matrix formalism in a general context with no
concern about the detailed realizations of the vari-
ous relevant operators in terms of elementary in-
teractions. We shall do this in the Heisenberg
picture. Also, we will have in mind throughout
this paper the standard three-particle nonrelativ-
istic scattering problem. Namely, there exists no
true particle production; the asymptotic two-parti-
cle states consist merely of a free particle plus a
(two-body) bound-state configuration of the other
two. We have, of course, the possibility of a tran-
sition either to another two-particle state or to a
three-free-particle state; finally, we have transi-
tions from three-free-particle states to states of
the same type or to two-particle states.

The unitarity of the scattering operator S,

S =1-2mT,

implies that the transition operator T satisfies the
unitary constraints

T-TT=-2mriT=-2m71T". (2.1)

We define the (full) K operator as the solution of
the equations

K=T +imKT =T +i1TK . (2.2)

If we were to regard K as known with T determined
by (2.2), we see that T will satisfy Eqs. (2.1) if and
only if K is Hermitian.

However, more than just the Hermiticity of K is
required if it is to yield a correctly structured
transition operator. The crucial constraint, be-
sides unitarity, is that T yield a correct discon-
nected structure for the amplitude corresponding
to the 3-3 process. We will investigate later in
detail what structure K must have in order to en-
sure this property of T.

It is often very convenient in applications?'5~7 to
introduce a reduced K operator, K,, defined by
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K,=T +i1TPK,
=T +i1K,PT, (2.3)

where P is a projection operator. Equations (2.1)
do not imply that K, is Hermitian but, in fact,
that”

K,-K] =-2mK,QK]
= -2miK JQK ,, (2.4)
where
Q=1-P.
The connection between K, and K is given by
K,=K —i1KQK,
=K - i71K QK . (2.5)

We now specialize the preceding general formal-
ism to the situation appropriate to the nonrelativ-
istic three-particle problem in the case in which
any pair of particles can form a bound state. For
the sake of notational simplicity we will assume
that there is no more than one bound state per pair
of particles. The channels in this problem are
then designated by the asymptotic configurations
of a noninteracting two-particle state comprised
of a particle a (=1, 2, 3) moving freely and a bound
state of the other two or (a =0) a state of three
noninteracting particles.

The in (+) and out (-) states corresponding to the
asymptotic channel a will be denoted by [¢%(n,))
where 7, refers to any other labels which are
needed to specify the asymptotic configuration.
One choice for P is

P= Z} E IIP(;)(ﬂu))@(;)(ﬁa)l

=0 Ty

so that
Q= RPN WP ()|,
n

(2.6a)

(2.6b)

where we have omitted all single-particle states
(including any possible three-particle bound states)
from @ since the T and K operators have a null
effect on these states by virtue of the stability con-
dition on S.

The choice (2.6a) seems to be most convenient if .

one is interested in reactions initiated from a two-
particle asymptotic state.?”? Another choice in
which the roles of P and @ as given by Egs. (2.6)
are interchanged has been proposed in Ref. 1. This
latter case does not appear to possess any practi-
cal advantages. In what follows we will assume
that P and @ are given by Eqs. (2.6).

If we are solely interested in the transitions
a -~ B where a #0, then we need only obtain the op-
erators PTP and QTP. If, in addition, K is re-
garded as known, there are two alternative meth-

ods of applying the K-matrix formalism to obtain
the latter projections of T. First, one can use
Eq. (2.2) directly to obtain
PTP=PKP - in(PKP)(PTP) - in(PKQ)(QTP),
(2.7a)
QTP =QKP —in(QKP)(PTP) - im(QKQ)QTP),
(2.70)
which are two coupled integral equations for the '
desired quantities.

The second method exploits the K, formalism.
In this case we obtain from Egs. (2.3) and (2.5)

PTP=PK, P -in(PK,P)PTP), (2.8a)

QTP=(QK,P)(1 -inPTP), (2.8b)
where

PK,P:PKP—iﬁ(PKQ)(QK,P) (2.8¢)
and

QK,P=QKP - iT(QKQ)(QK, P). (2.8d)

We observe that the K, method is in effect a tech-
nique for uncoupling Egs. (2.7). With Eqgs. (2.8)
one has only one difficult, but uncoupled, equation
to solve, namely, (2.8d). Equation (2.8a) reduces
to a set of algebraic equations after a partial-wave
decomposition. All other quantities are computed
by quadrature. The practical K-matrix formalism
to be developed in Sec. III is based upon Egs. (2.8).

Next let us consider the disconnected structure
of QTQ and QKQ. Let us imagine, for the sake of
simplicity, that there are no two-particle bound
states so that the only possible physical process is
the 3-3(so@=1). Let us write

T=Ty+T,, (2.9)

where T, (T,) is that portion of T which consists of
disconnected (connected)-diagrams when one con-
siders matrix elements of T with respect to states
[69(n)) 1abeled by the three free-particle momenta.
T4 of course, decomposes into the sum
3
T.= 2,18y (2.10)
a=1

where T§ gives rise to the disconnected diagram
with particle a noninteracting. Products such as
TSTS ete. will still be disconnected. The T sat-
isfy the two-body unitarity constraints

T¢ =T = —2mTeTet
(2.11)

Let us suppose that we decompose K in a manner
similar to Egs. (2.9) and (2.10). Substituting these
decompositions into Eq. (2.2) and equating the con-
nected and disconnected parts, we find

= —2mTT TS .
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T,=K (1 =inT,) - in K,T,l, - i"KT,, (2.12a)
T,=K,- i1 K,T,],. (2.12b)
Here
[KaTa]a =Za) KiTg
and
[Kde]c: EKg—saBTf ’
where .
Bup=1-04p.
Equation (2.12b) obviously implies that
T$=K —inKSTS (2.13)

so that the disconnected parts of K must be re-
lated to those of T by a two-particle Heitler equa-
tion. Equations (2.11) and (2.13) imply that

Kg=KgT",
so that

K.=K]
as well.

The part of K that is arbitrary, apart from the

Hermiticity requirement, is evidently K,. We can
imagine a model for the 3-3 process which is ob-

tained by taking K,=0. The connected part of T in
this instance is determined from

To=—im 3, K§B,oTE —(EK,‘,")TC.
o,B [

It is clear from (2.3) that the disconnected parts
of T and K, must be identical. This has been
pointed out previously.”

For the discussion of Sec. III it will be conve-
nient to introduce the counterparts of T, K, and
K, in the interaction picture. The connection be-
tween the two types of operators is defined, for
example, by

Wb (1, Eg) | T192 My E o))
=6(Eg — E o X¢8(18, Eg) | T g | Py Eo))

(2.14)
for states of well-defined energies. The channel
states |¢,) for a =1, 2, 3 refer to a noninteracting
two-particle state comprised of a particle @ mov-
ing freely and a bound state of the other two; | ¢,
corresponds to a three-particle plane-wave state.

We can rewrite Eq. (2.2) in terms of interaction-
picture operators as

Tgo=Kpga— iEKByDyTya ’
Y
where

D)‘ =T 'Z> '¢7("71E';/)>5(E —E')<¢'y(ny, E;)I-
Eysny ,

(2.15)
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Similarly,

Tﬂaz(Kb)ﬁa—i §(KP)BYD7T7°" (2.16)
Y*0

Equations (2.15) and (2.16) should be regarded as

on-shell equations sandwiched between the states

(ps(ng, E)| and | o(Na, E)). Finally, we remark

that the Hermiticity of K implies that

Kgo=Klg (2.17)

for the interaction-picture operators.
1II. K-MATRIX INTEGRAL EQUATIONS

We will now determine off-shell extensions of
the operators Tp,, K4, and (K,), which are de-
termined via Faddeev-type scattering integral
equations. Our starting point will be the Alt,
Grassberger, and Sandhas® formalism in which
the scattering operators U(z) satisfy

U(2) =8G,(2) ™ + 5t(2)G,(2)U(2)
=8Gy(2)™! + U(2)Gy(2)t(2)5 , (3.1)

where we have employed the usual matrix notation
with respect to the channel indices.® That is, U(z)
represents the 4X4 matrix whose elements are the
operators Ug,(z), #(z) is a diagonal matrix whose
elements are the two-particle operators (defined in
the three-particle Hilbert space) {,(z), for a #0
and £,(z)=0, and 3 is the matrix with elements
1-08g,. The free three-particle propagator is de-
noted by G,(z) where z is the (complex) parametric
energy. For Eg=FE_ and €~ 0+,

(¢a(ng, EB) I Tgq l ®oNay E o)
= (%(775, EB) | Uﬂa(Ea + i€) l ¢c¢(na9 Ea» .

(3.2)

Now U(z) is an operator analytic in the z plane
cut from the lowest scattering threshold to positive
infinity except for poles corresponding to three-
body bound states at energies below any scattering
threshold. The discontinuity relations for U(z)
across the cut are related to the physical unitarity
constraints (2.1) as we will show below and is also
well known. The unitary cut has a composite
structure consisting of the cuts generated by the
two-particle bound-state poles and the three-parti-
cle scattering cut. The rationale of the develop-
ment to follow is to construct scattering operators
which are continuous across one or both of these
two classes of subcuts.

We recall® that

1(2)T =t(z*)
and
Go(z)T = Go(zf) ’
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SO
U(z)" =U(z*). (3.3)

In connection with the last relation we point out
that the adjoint operation includes a transposition
with respect to the channel indices; thus for the
individual components of U(z) (3.3) implies

Upo(2)T =Uqp(z*).
If we define
U(2) = [U(2)],=puie» (3.4)

where E is real and above the threshold for scat-
tering, the discontinuity AU of U(z) across the uni-
tary cut in the z plane is given by

AU=U(+) = U(=)=U(+) = U+)T. (3.5)

The notation introduced in Eqs. (3.4) and (3.5) will
be employed for operators other than U(z). Actu-
ally it will, perhaps, be more consistent to use the
adjoint form of (3.5) because some of the auxiliary
operators we will introduce are not necessarily the
boundary values of operator-analytic quantities.
The unitarity constraints on the two-particle
transition operators can be written in the form

At ==2iH(#)DoU(F) +A b, (3.6)

where At, represents the contribution to A¢ arising
from the two-particle bound-state poles. If one
uses (3.6) and the fact that

Go(£)(At5)oGo(F) = Go(£)(A 1) oGy ()
==2iD,,

it follows from Egs. (3.4) that the on-shell discon-
tinuity equation for U is®

AU=-2iU()DU(F), (3.7)

where D is, of course, the diagonal matrix with

elements D,b,5. Equations (3.7) are entirely

equivalent to the physical unitarity constraints

(2.1) as follows by use of Egs. (2.14) and (3.2).°
Next we will express U(z) in terms of an operator

U(z) which is continuous across the portion of the

unitarity cut generated by the two-particle bound-

(Ds(118y E) | [Upalt) = Tpal£)] | (Mo EN

state poles.?*7*® In order to do this we decompose
#(z) into the sum

H2)=T(2) +t,(2). (3.8)

Here [t,(2)], is that part of the bound-state pole
contained in f,(z) which gives rise to a Dirac 6
function when z =E +i¢; the form of [¢,(2)], for ar-
bitrary z is given in Ref. 9. Then using the tech-
nique of Alt et al.®*® we find that

U(z) =T(2) +U(2)Gy(2)t,(2)G (2)U(2)
=T(2) + U(2)G,(2)t,(2)G,(2)T(2) (8.9)
where U(z) satisfies

T(2)=0G,(2)" + B8 (2)G,(2)T(2)

=0G,(2)' + U(2)G,(2)E(2)5. (3.10)
For z=Exic we have®
[Go(£)ty(£)Go(2)] o =FiD,, a#0
so that
Upo(2) = Up o) ¥i 7?{)Uf, SE)Dy Uy ()
(3.11)

=Uso(2) Fi 2 Upy(£)D, T, o) .
' Y=o

If we compare Egs. (2.16) with Egs. (3.11) we see
that Ug,(+) is an off-shell extension of (K,)s .
Now 7(z) satisfies®

AT = -2T(£)D (%), (3.12)

which is the usual two-particle off-shell unitarity
relation with no bound-state pole contributions.
Using (3.12) one finds from Eqgs. (3.10) that on
shell®

(Aﬁ)ﬂa = -2i—ﬁﬂo(i)DoU°a(:F) (3. 13)

which demonstrates explicitly that U(z) has a dis-
continuity only across the three-particle cut. The
U(z) equations correspond to a three-body scatter-
ing theory in which the only physical process is
the 3-3 transition.

Henceforth, we will require only the strictly on-
shell forms of Egs. (3.7), (3.11), and (3.13), for
example,

=:Fi772 E <¢B(776,E)I_Ijﬂy(i)ld)y(ny»E;>6(E';—E)<¢y(ny;E';)lU;/a(i)l¢a(na’E)>-

y®o ny.b“;

It is evident then that if the Uy, (on shell) are de-
fined in terms of the Us, (on shell) by (3.14) and if
the T, satisfy (3.13), then the U, satisfy Egs.
(3.7) and one has a fully unitary theory. This is,

(3.14)

r

of course, already obvious from Sec. Il once we
have made the identifications of Tg, with Us,(+) and
(K ,)p With Upo(+) on shell.

Our next step is to define U(z), or equivalently
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K,, in terms of operators which are continuous
across the entire unitary cut and which are de-
fined in terms of the solutions of Faddeev-type in-
tegral equations. These operators will be shown to
be, essentially, off-shell extensions of the full K
matrix, Kg,.

If we note that

7(2)G,(2)U(2) = I'(2)3,

where
I'(2)=7(2) +1(2)5G,(2)T'(2)
=1(2) + I'(2)8G,(2)T (2), (3.15)
then we can express U(z) as
T(z)=3G,(2)" +5I'(2)5. (3.16)

We point out that I'ys = I'y, =0 for all B. The discon-
tinuity of the auxiliary operator I" across the
three-particle cut is

AT ==2iT(£)D,(1 +5)T(%) (3.17)

or, in component form,
(AT = —2i<Zo) I"eo(i)) D, (@ rx(,,(;)) . (8a1m)

Let us suppose that U(z) is defined, on shell, by
(3.16) and that I'(z) satisfies Eqs. (3.17) on shell.
Thus, again on shell,

AT=0BATS,
which in component form becomes

(AT)gq = =2i[BT()5] 5o Do [ 5T ()8, - (3.18)

Since G,(+)'D, vanishes on shell, (3.18) is equiva-
lent to Egs. (3.13). We have made no progress
thus far in obtaining an operator continuous across
the unitary cut. The operator I'(z) will, however,
prove to be a very convenient redefinition of T(z).

We next define two-particle K matrices as solu-
tions of the Heitler equations

k=T (x)+if(£)D,k

=7 () +2kD,l (). (3.19)
As a consequence of (3.12) we find that
kT =k, (3.20)

We reserve until Sec. V the discussion of the in-
terpretation of Eqs. (3.19) and % itself when there
exist resonance-type poles in the two-body K ma-
trix; for the present discussion we will assume
that the use of % is entirely well defined.

If we decompose G,(+) into its principal-value (G)
and Dirac-56-function (¥iD,) parts,

Go(+)=G #iD,,

we find using the Heitler expression (3.19) for 7(+)
that

T(x)=k[1%4i(1 +3)D,I(2)] + kG T () .

Therefore

I'(x) =k FikDy(1 +3)I(2) (3.21a)
and similarly

T(£) =k FiD(£)(1 +d)Dyk (3.21b)
where « is defined as the solution of

k=k +k3GkK

=k +KGOk. (3.22)

If Eq. (3.20) is satisfied, then « is Hermitian or

Klo=Kes- (3.23)

Equations (3.21) and (3.22) are the central results
of this paper.

Henceforth we regard Eqs. (3.21) as on-shell
equations although not quite in the same sense as
(3.14), for example. That is, Egs. (3.21) are to be
considered as involving matrix elements of I';, and
kg, With respect to states of energy E but not nec-
essarily of the form (¢g|Is, | ¢, for instance. The
relationship (3.16) between U and I' should be kept
in mind in connection with these remarks.

Thus, if we are given, on shell, any Hermitian
k, we find from (3.21) that Eqs. (3.17) are satis-
fied. This completes the chain. Namely, if we
specify the required x, we can generate via Egs.
(3.21), (3.16), and (3.11) [or (3.14)], in that order,
a set of physical transition amplitudes which satis-
fy full three-particle unitarity.

We observe that

BSI'(+)8 =3k8 — 26k(1 +3)D,I'(+)d
or, in component form,
[BI(+)8] 5o = (BKB) g — i(BKT) o Do [ ST(+)5 ), -
(3.24)

Since (3.24) is to be interpreted as an on-shell
equation we can rewrite it as

Upo(+) =Kpo = iKpo Do Upo(+), (3.25a)
where

Kga=0p0Go(+) ™" +(BkB)gq, - (3.26)
Similarly

Upo(+) = Kp o = iUpo(+)Do Ko - (3.25b)

If we compare Egs. (3.25) with Egs. (2.5), we see
that K, can be identified as the complete K matrix
(in the interaction picture). Equation (3.23) implies
Egs. (2.17).
Now
3
K= .
00 B,Z; Kpa

a=
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If we write
Kpo =k655a +K§a ’

where, if k is determined by Eqgs. (3.22), «°is
given by
k°=k3Gk = KGOk
and is a connected operator, then
3 3
Ky= D Kka+ D) Kigo
a=1 Bya=1
By virtue of the analysis of Sec. II we recognize

K§ as the arbitrary portion of the K matrix. It is
constrained only to satisfy

ng =Kqp
and to be connected.
1t is easily shown that if « is determined by
(3.22), then

k°=kCk, (3.27)

where C is defined as the solution of
C =3G +56GkC
=8G +CkGH.

C is the primordial operator in Cahill’s® formal-
ism. We note that C must satisfy

Cla=Cqp

in order to generate a unitary theory.

We will not explore in any detail the practical
utilization of the set of equations (3.11), (3.16),
and (3.21) once one is given k except for the spe-
cial case to be discussed in Sec. IV. Cahill® has
shown that after a partial-wave analysis the most
complicated case [in the present formalism Eq.
(3.21)] reduces to a one-dimensional integral
equation.

We close this section with a discussion of
Cahill’s® work as compared to that developed here.
First of all, our general formalism essentially
consists of a hierarchy of only three basic equa-
tions involving U, U, T, and k whereas his in-
volves four. We point out in this connection that
the relationship between U and I is quite trivial.
Also as a consequence of employing the reduced
K -matrix technique we have far less coupling of
integral equations than is encountered in Ref. 3.

The basic dissimilarities between the formalism
of this section and that of Ref. 3 appear to have
their origin in the following circumstance. The
development in Ref. 3 is committed at the outset to
" the structure

FtB(Z)FBa(Z)ta(Z) (3.28)

for the connected part of the 3-3 amplitude, where

(K3

Fg0(2) =Go(2)Up (2)Gy(2) .

Thereafter, the formulation is based upon the op-
erators Fy,(z) and their discontinuity relations and
this appears to complicate matters, comparatively
speaking.

Since the present theory is entirely general, the
results of Ref. 3 should follow as a special case
upon imposing a further constraint on «° which will
guarantee the structure (3.28) for the connected
part of the 3-3 amplitude. We conjecture that this
constraint is that «° have the form (3.27), but we
have been unable to establish this. It seems likely
that under the assumption of only two-body forces,
in which case the structure (3.28) is valid, a uni-
tary approximation procedure which imposes such
a constraint will be superior to one that does not.

IV. FULLY UNITARY IMPULSE APPROXIMATION

Let us consider the simplest application of the
formalism of Sec. IIl. Namely, we set k°=0. Then
Eq. (3.21) becomes

=k -ikD,(1+3)T, (4.1)

where we have omitted the (+) notation with the
understanding that z =F +ie throughout this sec-
tion. If we multiply (4.1) from the left by 1 -27D,,
we obtain an equation

=7 - ifD,5T (4.2)

entirely free of the two-particle K matrices.

With Eq. (4.2) we can derive an on-shell integral
equation for determining U in an especially simple
manner. If we define

=019,
then
U=5G,"'+¢.

From (4.2) we see that ¢ satisfies
{=0F8—-i0IDy¢. (4.3)

It is now possible to recognize the k°=0 case as
the complete unitarization of the impulse approxi-
mation (§7 3) plus the exchange term 5G,~'. This
is the natural generalization of the Sloan approxi-
mation® which corresponds to taking the zeroth-
order iteration of Eq. (4.3).

If one is only interested in scattering processes
initiated from an initial two-particle channel, then
one requires only the on-shell matrix elements of
the form

<¢0|§Bal¢a>y a#0

and

<¢B‘§Ba|¢a>’ ﬁ,a¢0.
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The principal numerical problem involves the solution of (4.3) for the matrix elements of the first type
with B+0. These elements satisfy the integral equations

<¢0(n7 E) I EBa l ¢oc(nou E)> = <¢o(n; E) ' (Ef—s)ﬂui ¢a(nw E»

-imy, 3, (¢’o(n, E) l (B-T)Byl doln’y E")O(E - E’)<¢o(n’; E")| gyal ®o(Mas E)).
Y BN

(4.4)

Cahill® has shown that an on-shell integral equation of the form (4.4) reduces to a one-dimensional integral

equation after a partial-wave decomposition.

The matrix elements ($y|Lpy| P for o #0 which are needed to obtain the desired U amplitudes follow by

quadrature:

<¢B(nB: E) !cBa I ¢a(nw E» = <¢B("B; E) ‘ (5 t 5)501 I ¢'o¢(nw E»
- 7'”2 Z;,<¢s(1’la, E) l (E‘t_)ﬂyl %(Tl', E’)>6(E —E')<¢o(n,; E,) !gyo( l q>oc(noc: E» .

Y E'\ 7

Using the amplitudes determined by (4.5) all physi-
cal processes except the 3-3 transition can be
computed by solving Egs. (3.14). The latter for the
submatrix of nonbreakup transitions reduce to al-
gebraic equations after a partial-wave analysis.
Given these amplitudes the breakup amplitudes
follow using (3.14) as a quadrature rule.

It is interesting to point out that the approxima-
tion described in this section is independent of any
ambiguities in interpretation of the possible singu-
larities in the two-particle K matrices. One can
easily show that both I" and ¢ as defined by Eqs.
(4.2) and (4.3), respectively, satisfy the correct
discontinuity relations across the three-particle
cut. )

We also remark that a computational program
based upon the approximation described in this
section will possess no essential limitations aris-
ing from the complexity of the two-particle inter-
actions.

V. SINGULARITIES IN THE TWO-PARTICLE
K MATRICES

Let us return to the problem of the definition of
the two-particle K matrices by Eq. (3.19). The
definition of any two-particle operator such as
t(2) or k in the three-particle Hilbert space neces-
sarily involves an integration of the actual two-
body operator with respect to its parametric ener-
gy. Thatis, if |®) and |¥) are two three-body
states corresponding to zero total linear momen-
tum, then

(¥ |Tl2)|®)

SEALALE
X (¥ [Dg AaX(Pe] T D2 = 0) [ Pas A | @),
(5.1)

(4.5)

T
where the superscript (2) on t_‘i) refers to the fact
that it is defined in the appropriate two-particle
subspace. Also, p, is the relative momentum of
the interacting pair and aa and w, are the momen-
tum and energy, respectively, of the free particle
in the three-particle c.m. frame. We recall that
w, is proportional to q,>. We see then from Eq.
(3.19) that an integration similar to (5.1) will be
involved in the definition of %.

For negative parametric energies ¥® and 7@ are
identical. For both then the integration (5.1) over
the bound-state pole singularity is carried out ac-
cording to a principal-value prescription. How-
ever, for positive parametric energies k(,i) is iden-
tical with the ordinary off-shell two-particle K
matrix and therefore may possess poles corre-
sponding to those two-particle energies for which
the phase shift is an odd-integer multiple of 37.
Our essential problem is how to interpret the inte-
gration (5.1) over these resonance-type singulari-
ties.

It is evident that the most convenient interpreta-
tion of such a singularity relative to the integration
(5.1) would be in the sense of a principal value.
This would preserve the reality properties of the
matrix elements of #, as well as ensuring their
definition.. We will attempt to justify this interpre-
tation.

The analytic properties of k‘f,’ are somewhat ob-
scured primarily as a consequence of the usual
identification of this operator, for positive para-
metric energies, with the solution of a singular in-
tegral equation with a principal-value prescrip-
tion.’ If, however, unlike the case of {?(z), we do
not necessarily identify ¥2)(z) with the solution of a
scattering integral equation except for positive en-
ergies (i.e., on the cut) it may be possible to de-
fine a continuation of k(g) to complex z. A continu-
ation based on off-shell unitarity has been pro-
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posed by Mishima.!' Such considerations may en-
able us to interpret the singularities of % on the
cut.

In order to obtain an idea of what is involved let
us consider the case of the on-shell partial-wave
amplitudes of {?(z) which we denote by 7,(z). The
presence or absence of bound-state poles will be
irrelevant to the following discussion so that there
will be no need to distinguish between ¢ and 7. In
the on-shell case it is possible to define an on-
shell K matrix k,(z) which is meromorphic in a
region enclosing the unitary cut and which is real
analytic,

k, (2)*= kl(Z*)’
by
ky(2)=7,(2)[1 - ip(2)T;(2)]7". (5.2)

Here p(2) is a phase-space factor analytic in the
z plane cut from 0 to +« and such that

p(') = "P(+) ’

with p(+) real.

The most important feature of (5.2) for the pur-
poses of the present discussion is that the i€ pre-
scription for 7,(z) is contained entirely in the
phase-space factor. For example, suppose that
k,(2) has the structure

kl(z):gl(z)(z"ER)-ly (5.3)

where Ep>0 and 6,(z) is a real analytic function
which is continuous across the cut. In the limit
z=E +i€, €~ 0+, we obtain the same T7,(+) indepen-
dently of whether we employ k,(z) or k,(z*), for
instance, in (5.2).

Also, if we were to integrate the Heitler equation

ky(+)=7,(+) +ip(+)T (+)R; (+)

over an energy interval which includes the point
Eg, we find using (5.3) that

AB)6,(E)
¢ j ap TR - j dE f(E)T,(+)

AE)p(+)7,(+)6,(E)
E - Eg ?

+i6@ j.dE

where ® denotes the Cauchy principal value and
f(E) is some smooth function of E. Thus, at least
in the on-shell case we can regard the integrated
Heitler equation as well defined with a principal-
value prescription at the poles of the K matrix.
Stated another way, the integrated Heitler equa-
tion is satisfied identically independently of wheth-
er or not we include the Dirac-d-function part of
these poles. These remarks indicate that in any
application of k,(E) which involves an integration
over E it is consistent to treat the resonance-type
singularities in the sense of the principal value.

If we had an off-shell #® with similar analytic
properties and relationship to £%(z), we could ex-
tend the preceding argument to this case and as-
sert that a resonance-type pole in £® pe regarded
in the sense of a principal value in the context of a
definition of the operator in the three-particle
space by an integral such as (5.1). The work in
Ref. 11 indicates that such a continuation exists.

Let us illustrate this by the following heuristic
argument. We denote the partial-wave amplitudes
of k2 and £2(+) by k,(p’, p; E) and t,(p’, p; +), re-
spectively. The full content of off-shell unitarity,
time-reversal invariance, and the off-shell Heitler
equation is the statement that these two partial-
wave amplitudes have the structure'®

L(p', 05 +) =f1 (0", E)Ty(+)f 1 (b, E)+ R,(P, p; E)
(5.4a)
and
ki(p', 03 E)=f (D', EYe i (EY (P, E)+ R, (P, D; E),
(5.4b)
where f, and R, are real and satisfy, for E >0,
fiG/E, E)=1,
R,(p',VE; E)=R,(VE, p; E)=0.

7,(+) and %,(E) are related by (5.2)." Equ;.tion -
(5.4b) implies that the entire resonance-type pole
content of k,(p’, p; E) is contained in the on-shell
part.

For a rather general class of interactions, con-
tinuations of f; and R, exist to complex E which
are analytic in a domain enclosing a resonance-
type pole of #,(p’, p; E).'2"'* In these cases we can
define the continuations

t(p'y b; 2)=f (P, 2)T(2)f 1 (P, 2) + Ry (P, P; 2),
(5.5a)

k(' 05 2)=f1 (D', 2)Ry (2) 1 (B, 2) + Ry (D', D5 2),
 (5.5)

where again 7,(z) and k,(z) are related by (5.2).
Equations (5.5) imply an extension of the off-shell
Heitler equation to z not on the cut. We can, evi-
dently, proceed through the same reasoning as in
the on-shell case to reach the conclusion that a
consistent definition of the two-particle K matrix
in the three-particle Hilbert space incorporates a
principal-value prescription in the integration over
any possible resonance-type poles.

The essence of the not exactly incisive discus-
sion of this section can be summarized as follows.
The existence of an analytic continuation in the
parametric energy z of the K matrix allows the in-
terpretation of this quantity as a real analytic
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meromorphic function in a domain enclosing the
unitary cut with possible poles on the cut. The
main point of the argument is that the discontinuity
across these poles is irrelevant as far as the defi-
nition of #2(+) is concerned. As a consequence the
two-particle Heitler equation (3.19) in the three-
particle space is satisfied identically whether or
not we take into account the Dirac-6-function piece
of these poles. Therefore, it appears to be entire-

ly consistent to retain only the principal-value
part of these poles when defining the two-body K
matrices on the three-particle space.
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Some aspects of the connection between trilinear and bilinear equal-time commutation
relations are clarified.” Locality requirements satisfied by the generalized fields under dis-
cussion are examined in some detail. Using algebraic arguments it is shown that for repre-
sentations of operators satisfying the generalized trilinear equal-time commutation rela-
tions either the half-integral- or the integral-spin fields or both satisfy conventional statis-
tics. In connection with a question raised previously it is shown that the hadronic schemes
considered suggest which fields should in each scheme be associated with the (hypothetical)
intermediate bosons. It is shown that the discrepancy in physical content between the vari-
ous particle classification schemes discussed can be substantially reduced, if not elimi-
nated, by the introduction of a new selection rule in addition to the selection rules derived
from locality and self-adjointness of the Lagrangian. The new selection rule is not unrelat-
ed to locality considerations and is also related to the metric. The question of the metric
in the context of the generalized fields is briefly considered.

I INTRODUCTION also known that TCP invariance requirements do

not uniquely determine the bilinear equal-time com-

It is well known that the bilinear equal-time com-
mutation relations between distinct fields have im-
plications bearing on the interactions of the fields
concerned, on the selection rules they satisfy,
and on their vacuum expectation values.'"!5 It is

mutation relations between distinct fields.!0 6 17
It is therefore of interest to inquire whether from
first principles’® it is possible to derive a set of
fields which has the property that the bilinear
equal-time commutation or anticommutation re-



