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Levinson’s theorem is generalized to systems of three particles. The usual two-body result relates the
number of bound states of given angular momentum to the corresponding eigenphase shifts of the S matrix.
Because of disconnected diagrams the three-body S matrix has continuous eigenphase shifts in addition to
any discrete ones; however, it is possible to define a unitary connected matrix that has only discrete eigen-
phase shifts. Levinson’s theorem is given in terms of these phase shifts, and it is the same as the usual multi-
channel result, except that there are an infinite number of eigenphase shifts to be summed over for each
value of the total angular momentum. The proof is carried out within the framework of the Faddeev equa-
tions by generalizing Jauch’s proof for two-body systems.

1. INTRODUCTION

NE of the important problems in the theory of
elementary particles is the determination of
whether or not a particle is elementary or composite. In
a Lagrangian theory an elementary particle must be
put in the Lagrangian. In a model based on dispersion
theory there is the well-known ambiguity of Castillejo,
Dalitz, and Dyson.! They showed that an infinite num-
ber of solutions exist in the charged scalar theory
without recoil. In both kinds of theories, it has been
suggested that Levinson’s theorem? could be used as a
means of selecting the proper Lagrangian or the proper
solution to the dispersion relations. In its simplest form
as first given by Levinson, the theorem says that in the
scattering of a particle from a spherically symmetric
central potential, the number of bound states of the
particle in a given angular-momentum state is related
to the phase shift by

Nr=6(0)—6(). (1.1)

Jauch?® generalized the proof to a larger class of po-
tentials than that treated by Levinson, and also he
showed that the relation (1.1) is a result of the com-
pleteness of the eigenfunctions of two operators H and
H,, provided that the interaction term tends to zero
sufficiently rapidly at large distances. H is the full
Hamiltonian for the system, and H, is the Hamiltonian
in the absence of interactions. The result has been
generalized to the case in which H, also has a discrete
spectrum,?

(V= Ny)m=58(0)—8(); (1.2)
Ny and Ny, are the number of bound states of H and
H,, respectively. Since H, is the Hamiltonian operator
for a noninteracting system, all points in its discrete
spectrum represent elementary particles. Levinson’s
theorem has been further generalized to many-channel
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systems by Kazes.® In view of the possible application
of Levinson’s theorem to determining which equations—
and which solutions to them—nature actually selects,
it seems important to extend the theorem to systems of
more than two particles. In this paper, we generalize
the theorem to three-body systems.

The three-body problem has two important complica-
tions which are not present in two-body problems. One
difference is in the number of variables in the system.
In two-body scattering, the S matrix can be completely
diagonalized by projecting out the total angular mo-
mentum, whereas in three-body scattering the S matrix
depends upon additional energy and angular variables,
and a further diagonalization is necessary. Unfor-
tunately, it is not known how to do this. The second
major difference is the connectedness structure; that is,
in three-body scattering there exist situations in which
two particles interact and the third particle is always
beyond the range of the forces. As a result of this dis-
connectedness, the kernel of the Lippmann-Schwinger
equation has a continuous spectrum.” Similarly, the S
matrix will have a continuous spectrum, that is, it will
not have only discrete eigenphase shifts which can be
summed to give an equation such as (1.1). However, be-
cause of the simple origin of the continuous spectrum,
it is possible to define a unitary operator closely related
to the S matrix and having only a discrete spectrum.
Unlike the two-body case, there are here an infinite
number of eigenphase shifts even after the separation
of angular momentum, and the expression for the num-
ber of bound states involves an infinite sum. In the
special case in which there are no two-body bound
states, the number of three-body bound states is shown
to be

1
N=“Z7.:{6n(0)—5n(0°)}, (1.3)

where 8, are the eigenphase shifts of the unitary opera-
tor mentioned above.

The proof of (1.3) is carried out within the framework
of the set of three-body equations developed by

6 E. Kazes, Nuovo Cimento 13, 983 (1959).
7 S. Weinberg, Phys. Rev. 133, B232 (1964).

B 137



B 138

Faddeev,® ! and it is based upon the completeness
relationships of the eigenfunctions of the operators H
and H,. If there are no two-body bound states, the
eigenfunctions of H and H, are related to each other by
one isometric operator, the Mgller'? wave matrix. In
Secs. 2 and 3, we restrict ourselves to this situation, as
it contains all the essential problems without the many
algebraic complexities that arise when two-body bound
states are permitted. In Sec. 2, we introduce the
Faddeev!! equations and the projection operator onto
the three-body bound states. In Sec. 3, we derive Eq.
(1.3).

In Secs. 4 and 5, we relax the restriction on two-body
bound states to permit one bound state between each
pair of particles. Section 4 contains the generalization of
the Mgller wave matrices to allow for this possibility,
and Sec. 5 contains the generalization of Eq. (1 3).
Finally, the more tedious calculations can be found in
the Appendices.

2. THREE-BODY WAVE MATRICES

In this section, we outline the method of proof and
introduce the Faddeev equations®~'! and the isometric
operators which are the generalization of the Mgller
wave matrices!? to three-particle systems. A complete
account of the operators and their properties can be
found in Ref. 11.

The basis for the proof is the same as for Jauch’s
original proof? for two-body systems. All calculations
are carried out for fixed total angular momentum /. The
total Hamiltonian is split into two parts,

H=H 0+ Vv ) (2' 1)
where H, is the free-particle Hamiltonian and V is the
interaction term. We assume that all the eigenstates
¢r of Hy are continuum states with energy £>0,

Hypr=FEdxz, (2.2)

and that H has N points in the discrete spectrum with
E.<0 (n=1,2,---, N). H is assumed to have the same
continuous spectrum as Hy:

Hyg=FEys, with E>0, 03
Hyn=FEn, with E,<O. :

The isometric operator that maps the continuum eigen-
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states of H, onto the continuum eigenstates of H is
called the Mgller wave operator!? and is given by

0= / AE ¥ bx] . (2.4)

The completeness of the eigenstates of H and H, gives
the relationships

2= f 4E|px)os] =1 (2.5)

and

QQ‘L=/ dE|Ye)Ye| =1—P,. (2.6)

Here I is the identity operator and Py is the projection
operator on the discrete spectrum of /. Combining
Egs. (2.5) and (2.6), we have

Py=Qt0—QQr. (2.7)

Since the trace of a projection operator is the dimension
of the space it projects onto, we have, for the number of
bound states,

N=TrP,=Tr(QfQ—QQa"). (2.8)

It is convenient to use two sets of variables in the cal-
culation of the trace in (2.8). The final answer is in-
dependent of the variables used, but the proofs are often
simpler for a particular choice of variables. One set is
the same as that used by Omnes,'® which consists of the
individual kinetic energies (wiwe,ws;) in the over-all
center-of-mass system, a total angular momentum J,
and its projections M on a space-fixed axis, and M’ on a
body-fixed axis.

The second set of variables is essentially an angular-
momentum decomposition of Faddeev’s. A pair of par-
ticles is denoted by the symbol «, for example, the 2-3
pair is denoted by a=1. In the center of mass of pair
we introduce the kinetic energy v, and the relative
angular-momentum variables /, and 7. These variables
refer only to pair a. In the total center-of-mass system
we let w, be the translational energy of the center of
mass of pair a and the third particle. A third total-
energy variable E=w,4v, will often be used instead of
wq. For simplicity, we denote the angular variables /,
and m, by \.; sometimes )\, is omitted entirely, as it is
inessential to the calculations. Obviously, there are
three sets of variables as there are three distinct pairs
of particles, and we will often change from one descrip-
tion to another. The total angular momentum J and its
projection M on a space-fixed axis complete the set of
variables. We will always work in a system with J and
M fixed, so they will be omitted.

Before discussing the three-body problem, it is neces-
sary to have the solution to the two-body Lippmann-

18 R. Omnes, Phys. Rev. 134, B1358 (1964).
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Schwinger equation!* for the ¢ matrix,
teWa; Ve 3 Na; $)=Va(va;va'; Na)
3 /’“’ dya"V“(V“; ve"s Nata(ve; ves N 5) .
0

7
Va —S

(2.9)

We have assumed that the potential is of the form
Vis(|r1i—r2|) in coordinate space so that V, and ¢, are
diagonal in N\,. The kernel of the three-body equations
involves the operator T4(s):

<V,)\,CO I T&(s) l V/:)\,7wl>= 6(wa—wa/)
KON ha VaVa; ve 3 Ny S—wa) . (2.10)

Although the three-body transition operator satisfies
anintegral equation like (2.9), the kernel is not compact,
because of the disconnected graphs. However, it is pos-
sible to define operators that satisfy a set of coupled
integral equations in which the disconnected terms are
explicitly summed. An iterate of the kernel of these
equations has been shown by Faddeev to be compact.

Let M 44(s) be the amplitude for an interaction where
pair « is the first to interact and pair 8 is the last. These
operators satisfy the equations

1
erﬁ(s) = 6aBTa(s) - Ta(s)

> Mvﬂ(s) .

0— S rHa

(2.11)

Here H, is the energy operator for all particles free and
noninteracting. In our representation, it is just multi-
plication by E=v,4w.. The kernel of the operator will
be written

@y, M ap(s) [V, N) =M ap(w,w,\; ' 7'\ N'5 5)
or
<w1,w2,w3,M I MaB(S) [wl',wz',wg',M')

= Maﬂ(wlyw%wli;M; wl,7w2,7w3,)M,; S) )

(2.12)

depending upon which variables we are using.
The generalization of the wave matrix is given by
Qo= 8(w—0w")d(w—v")6(\,\)

M o5(w, v, \; o0y v, Ny s=0' 41"+ 1€)
- . (213)

a,B wtrv—w' —v' —ie

If there are no two-particle bound states, the projection

operator on the three-particle bound states is
A= Q()TQ()'— Q()Q()'r . (214:)

The operator Q, is a sum of several terms which we
write as

Qo=1—-W1—Wo—W;3—W,, (2.15)
with W1, W, W3 being the disconnected terms,
(@ M| W o]0 ' N )= 8(wa—wa")d(Nayha’)
Kta(Va; Ve ; Naj va' +i€)/(va—vs —i€). (2.16)

14 B, Lippmann and J. Schwinger, Phys. Rev. 79, 469 (1950).
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The term W, is that part of (2.13) with no delta func-
tions, that is, the connected part. Using Eq. (2.15) we
have, for A,

3
A= 3

a=F=0; a7

(Wt Wg]
FWdWol+ X [(Wal,Wal. (2.17)

The last term is the two-body expression equivalent to
Eq. (2.7) and can be written

(W, Wo]=8(wa—wa) Pa, (2.18)

where P, is a projection operator on the two-particle
bound states of pair a. Since we assume there are no
two-particle bound states, P,=0. Later we include the
possibility of these bound states.

Because P,=0, we need only take the trace of the
terms in (2.17) that do not have an over-all delta func-
tion. The answer is given in terms of the three-to-three
S matrix, which is defined by

Soo=208(w—w")d(r—v")6(\,\)
—2mid(wtv—w' —v )T, (2.19)

with
Too=2, Map(w, v, \;0, v, N;s=v"4+w'+1ie). (2.20)
a,B

The trace of A is evaluated in Appendix A, and the
separation of eigenphase shifts is discussed in the next
section.

3. THREE-BODY LEVINSON THEOREM

The number of three-body bound states of the system
can now be obtained by taking the trace of both sides
of (2.14). The result, as given in Appendix A, is

0T 0 T go"

!
N=i1r/ dE TI‘(TO(}1L — T
0 ar

} NEEY

o

The prime on the integral means that terms with an
over-all delta function are to be omitted from the trace.
To obtain a result in terms of a sum over eigenphase
shifts, it is necessary to have a compact operator. A
connected 7 matrix is defined by

Se=1-2mi6(E—E"T., (3.2)
with
S¢=SITSJSJSOQ. (33)
Here S; is the two-body S matrix multiplied by
(w1 —wi):
S1=1-2mi6(E—E")Ty; (3.4)
S.is a unitary operator, and it is easily verified that 7.
has no delta functions in it. For fixed total energy, T'.
is a square integrable operator, since its kernel is
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bounded for all values of the variables and the integra-
tion is over a finite range; that is,

TrT TS< . (3.5)

Because of unitarity, 7 is also a normal operator,
TiT. =TT, (3.6)

and therefore it has a spectral expansion of the form

1
To=——23_ eBnsind,|e.){en| .

mw n

3.7

The eigenvalues depend upon the particular order of the
S, in (3.3) but the final result does not. For the total
energy E=0, Tr(TtT.)=0, since the subenergy in-
tegrations are over an interval of zero length. Therefore
the eigenvalues sin?§(£=0) all vanish identically.

We now write (3.1) in terms of Sy,

w/ 1 aSO() GSOOT
N=i7r/ dE Tr {—[SOOT —‘Soo ]
Jo 42 dE JE

1 9
—j(Too‘f‘TooT)} , (3.8)
E

271 3

then we use the fact that trace 7y vanishes at zero and
infinite energy to eliminate all but the .S matrix. Sub-
stituting (3.3) for Sy, we have

w 6
Z\T = 41[’/ dE Tl‘[ (SCTS;SZTS;;T)*(SsSzS180)
b BE

d
—_ (S3S2515c)—F‘(ScT51T52T53T):’ . (3.9
oF

Using the unitarity of the S matrices and the identity
TrA B=TrBA, we have
“ 3 3
dE Tr[SJ Se—=Se—=S."
oE oL

N=—

4r Jy

0 ] 0
+ 85181+ S5 ——S5+55—S;
oE dE or

d d d
““51‘—511-—52"521-—53*—531"] . (3.10)
oF oE or

The prime on the integral reminds us that all the terms
with an over-all delta function are to be omitted. Finally,
then, we have

/L' 0
N=—

47!"()

3 )
dE Tr[SJ———SC—SC scf] . (3.11)
OF OF
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This can be rewritten with 7', rather than S,

0

® d
N= ir/ dE Tr ‘ TS—T.—T,
0

T;} . (3.12)
oF OF

To compute the trace, we use the eigenfunctions of 7.
as a basis. The diagonal elements are easily computed
to give

oT. @ , a7,
(en| Tt———T T e,)=e" sind,(e.|—| en)
oFE ok or

T f
oE

len). (3.13)

— €% sind, (e |

The eigenvalues of T'; are given as a functional which is
stationary with respect to variations of the wave
functions,

(—ein/x) sind,=(en| Tc|€n)/{en]en). (3.14)

Taking the derivative of both sides with respect to E,

we have
(€x|0T./OE|€en) — (e*n sindn)

(enlen)

since the derivative of the eigenfunction gives zero be-
cause of the stationary property. Finally, then, (3.13)
becomes

Tt 2

aT. ¢ dé,
(en| Tol——T ——] €n)=—sin8,— .
oE oFE w? dE

, (3.15)
ToE

(3.16)

To obtain the trace, the above expression is summed
over # to yield
—9 w

N=—o
™ 0

dé.,
dE Y sin%6,—. (3.17)
n dE

Interchanging integration and summation, we have

1
N=-Y {6n(0)_6"(w>
" 5in26,(0) sin28,(=)
2

} . (3.18)

The integration and summation can be interchanged if
the partial sums are bounded by an integrable function.
The partial sums are bounded if only a finite number of
phase shifts have arbitrarily large derivatives. We
assume that this is the case. The bound is integrable
provided that the 7" matrix falls to zero sufficiently
rapidly as /£ —o.

Since the amplitude vanishes at infinite energy,
sind( )=0; we have already shown sind(0)=0, there-
fore we have

1
]\7’:——2{5"(0)—5,,(00)}. (3.19)
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4. THREE-BODY WAVE MATRICES IN THE PRES-
ENCE OF TWO-BODY BOUND STATES

In this section, we extend the discussion of Sec. 2 to
allow for the presence of two-body bound states. In
that case, it is necessary to know the bound-state wave
function y,:

Valva; Na) =

Va a

X/ dVa/Va(Va; va’; Aa)‘/’a(”d A\e), (41)
0

where the binding energy is — B,. The wave functions
are normalized to unity:

/ dvalllla(va; o) | 2=1. (4.2)
0

We will assume that there is one s-wave bound state in
each two-body system. This is not essential, but it
simplifies the algrebra considerably. In this case,
Ne={Il,m} =0 for the bound-state pair a.

The bound state causes the two-body ¢ matrix to have
a pole at s= — B,. The three-body amplitude M .5 will
then have a pole at s=w,— B,. Similarly M .z has a pole
at s=wg'—Bg. The residue at these poles and at the
double pole s=wg’— Bg=w.— B, are closely related to
the S matrices for bound-state scattering. To be more
precise, it is not the residue of M .4 but rather the residue
of M .s with the two-body wave function projected out.
We list these residues and their relationship to the S
matrices and the Mgller wave matrices in Egs. (4.3)
to (4.12). For a complete discussion of their properties
the reader may consult Ref. 11. Theresidueat s=ws’— Bg
with the wave function projected out is given by

Lag(w,v,\; wg'; 5)= (s+Bg—wg')

0 . ’ ’0-
<[ Mo 08 oy, (43
0 vg +(’-’ﬂ —Ss
and the residue at s=w,— B, by
Lag(wa; &'/ N3 5)=(s+ Ba—wa)
y o S VoM 25(way2,0; 0¥, \; S)Va*(va) )
0o ta Vatwa—s$
The M . satisfy the relation
M os(wpN; ' V' N5 8)=Mpe* (' W' N0\ s*), (4.5)
and the L,g satisfy
Lag*(@p\; 0g'; 5%) = Lgalwg'; 005 5). (4.6)

The Lap operator has a unity term in it coming from the
projection of the term 7'.0.5 in Eq. (4.3). Separating
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this term out, we define an operator K.s and the cor-
responding operator K .5 by

Laﬁ: (Va+Ba)\ba(ya)a(wa'—'wa,)aaﬁ

+EK ap(wp,\; 04’5 5) .
The residue of M .4 at the double pole with both wave
functions removed is denoted F g, and it is obtained by

separating K .4 into a term regular at s= — B,+w, and
a pole term:

Kaﬂz Gaﬂ+ I:(Va+Ba)‘pa(’/a)/(s'l"Ba—wa)]

4.7

- ~ XFop(wa; 8’5 5), (4.8)
Kap=GaptFap(wa; wg'; 5)
X[(vg'+BaWs(vs)/ (s+Bs—ws')].  (4.9)
We define three isometric operators by
Lgo(w, v, N\ wa; 5= — Botwd +1€)
Q=2 . (4.10)
8 (0tB+ Boa—ws —1i€)
The S matrix is given by
Sa5= 50,,95((.0&—(.0&’)
—27i(wa— Ba—wg'+ Bg) Tag(wa; wg’)  (4.11)
and
Soa= —2m10(w+ v+ Ba—wo) Toalw,y,\; s,  (4.12)

where

Tap(wa; wg ) =F ap(wa; wp'; s=wg'— Bs+1ie)
and

Toalwy\; we )= Kpa(w, v, \; 0o s= — Batws'+ie) .
7 .

The subscript zero denotes a state with all particles
free, for example, So; is the S matrix for particle-1
scattering on a bound state of particles 2 and 3 with all
final particles free. Sy is the S matrix for a rearrange-
ment collision with particle 2 free initially and particle 1
free in the final state.

The Q operators are formally defined by Faddeev!! to
be a mapping of one Hilbert space onto another. Define
the space / by the orthogonal sum

h=he®@m®h®hs, (4.13)

where 7, is the space of functions of the variables
w, v, \ that satisfy

Z/ dw/ dv| folwp\) 2<% , (4.14)
A Jo 0
and /%, is the space of square integrable functions of w,
/ dwa| falwa) |2< o . (4.15)
0

The subspaces /o, % reduce the total energy operator



B 142

defined on % as follows:

it foeho, then Hfo=(w+v)fo;
if  faeha, then Hfy=(—Batwa)fa-

Here H is the total energy of a free or “asymptotic”
system, either a bound state plus a free particle or all
particles free. The total Hamiltonian H acts on a space
k which is formally identical to %, We now define an
isometric operator Q which maps 4 onto 4. It is reduced
by the subspaces Aq, /., with

Qfo=Qfo

(4.16)

and

Qfa=Qafa. 4.17)

The states fo and f, are continuum states, and they are
mapped only onto continuum states of H in %. Hence if
fa is a discrete eigenstate of H, then Qff;=0. The
orthogonality relations

Q' Qe=1 200p=0(wa—was)0ag,

Q' Qe=0,
and

Qo' Q=TI o=6(w—w")d(r—v")6(\,\) (4.18)

also hold where 7 and I, are the identity operators on
ho and £, respectively. Finally, then, we have

QoQot+2- QuQof=1— Py, (4.19)

where I is the identity on %4 and Pg is the projection
operator on the space spanned by the discrete eigen-
states of H. Since % is formally the same space as A, 1
is the same as I, and (4.19) becomes

Ad = QOTQO - QOQOT - Z QaQaT . (4.20)

By taking the trace of (4.20) we have an expression for
the number of bound states of H.

5. THREE-BODY LEVINSON’S THEOREM IN THE
PRESENCE OF TWO-BODY BOUND STATES

The trdée of the first two terms of the Eq. (4.20) has
already been evaluated with the exception of the parts
having an over-all delta function. That part was given

in Eq. (2.18),

(Wt Wa]=8(wa—wa’) Pa=IoPs.
When there were no two-body bound states, P, was
zero, but now it must be included. The identity opera-

tor is replaced by Q4'Qq, since they are equal, and then
A4 becomes

3
A= X

‘@, =0; B

[WGT7W/3]+ I:Wof,Wo:l

3
+ TPt 20— Q2.7 (5.1)

a=1
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The W operators are given in Eq. (2.16), and the actual
calculation of the traces is done in Appendices A and B.
The number of three-body bound states is given by

! YA T "
N=1im {/ dE TrliTOOT - To(] :'
0 oL oE

0 a a
+3 / dE Trl:ToaT“To,,—To(,—TOaf:I
@ 0 ok (")E

WV

0

+2

a,8J _min (Ba,Bp)

0 d
,:Ta,gf—Tag——Taﬁ—Tag":I} . (5.2)
oE oL

If we write the 7" matrix in block form,

Too Tor Toe Tos
|Tw Tu T Tus

r= Too Tor Too Tos|’ (5.3)
Ty Ts1 Tsa Ty

then
! 9 d
N=ir / dE Tr[TT—T— T—TT:I . (5.4)
J oFE oE

The S matrix can also be written in block form;

S=I—2mis(E—E)T, (5.5)
with
I, 0 0 0
-0 I 0 0
10 0 I, 0"
0 0 0 I

and 7y, I, are defined in Eq. (4.18). With the use of the
above relation, the expression for N can be rewritten
in a form similar to Eq. (3.8):

’ aS 39St @
dETr[ST——S +——(5+—5)]. (5.6)
OE  OE OE

i
N=—

4

Since the trace of each amplitude 7'us is assumed to
vanish at its threshold and at infinite energy, and since
the amplitudes are continuous through other thresholds,

the term
’ d
/dE Tr[—(ST—S):IEO.
oE

Define a unitary operator U by

{SJSQTSJ 0 0 0

| 0o o o

U=\ o o I o (5.7)
L 0 0 0 I

The operator S17S5'Ss" was discussed in Sec. 3. A uni-
tary connected .S matrix can now be defined by

S.=US, - T (5.8)
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and a connected 7" matrix by
S.=I—2mwis(E—ENT.. (5.9)

Substituting UtS, for S in Eq. (5.6), we obtain

i [ 9 d
N=—fdETrli(.SJU)———(UTSC)——UTSc (SJU):I.
47 Ik oE

With theuse of S.S.' =1, UTU=1I,and Tr(4 B— BA)=0,
the above expression simplifies to

i [ Ut aU
N=— | dE Tr[U——-—- Ut
4 or oE
aS, aS.t
+.S.F —Sc——jl . (5.10)
oE oE

The prime on the integral requires that the terms with
an over-all delta function be omitted, that is, the U
terms. Finally, then, we have

7 S, aS.f
N=——/dETr|:S,;T———SC :I

4m dE dFE
The eigenfunctions of 7', are used to compute the trace.

For fixed energy 7. is a normal operator, since unitarity
requires

(5.11)

TcTTc = TcTcT 5

and it is square integrable, since all integrations are
over a finite range and there are no singularities in 7.
Hence it has a spectral decomposition

1
To=—72 €?"sind,|¢n){(dx] , (5.12)

mw n

where ¢, form an orthonormal set not necessarily com-
plete. To make the set complete, an orthonormal set of
functions spanning the null space of 7 is added. The
trace in Eq. (5.11) is computed with the ¢’s as a basis.
The diagonal elements are given by

as. S dé,,
(pn| Sf———Se——[dn)=4i—.
IE oF dE

(5.13)

Suppose the thresholds are ordered in the following way:
0> — B> — B> — By;

then the answer for the number of three-body bound
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states is

N=% [6.(0)—8a()]
+3° [82(—B1) = 82(0) ]+ 2 [8a(—B2)—8u(—By)]
+3 [6a(—Bs)—8.(—Bs)]. (5.14)

The phase shifts are determined only modulo =, and
since they must be a multiple of = at infinite energy, we
are free to choose them to be zero. We can further re-
quire them to be continuous across the thresholds of
newly opening channels. Rather than require the phase
shifts at infinite energy to be zero, we will specify that
only a finite number can be nonzero. The sum of the
phase shifts will converge at any energy, and the only
contribution will be from the elastic phase shifts at their
thresholds

Nr=3 3 84 (—Ba)+2 8,.°0)—2 8a(0). (5.15)

a Na n
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APPENDIX A

In this Appendix we evaluate the trace of the right-
hand side of Eq. (2.17),

3
A= X

a,f=0; a#B

I:I/Va'r:Wﬂ:]—{_ [WOT,WOJ .

We have left out the term [W,!,W,], since it is given
by Eq. (2.18). Although there are a great many terms to
evaluate, only three of them are different, so it is
sufficient to calculate

A12= TI‘[WlT,Wz:I 5

A01= TI'[WJ,W()] 5
and
A()o: TI‘[W()T,WO:] .

It is convenient to use the set of variables used by
Omnes'8 and discussed in Sec. 2. We add one redundant
variable, the total energy E=wi+ws+tws. With this
choice of variables, the operators W, become

(A1)

ta(wy, we, w3} 01, 0o, wy'; s=wi +ws' Fwy’ —ws +ie; M, M')

(w1,we,ws, M | W o | w1 0o yws',M ") = §(wa—w.")

, (A2)

{wr,wa,ws, M | Wo|wi,we,ws, M’ )= To(w1, ws, ws; w1’ wy, w3'; s=wi'+ws'+ws'+ie; M, M').

E—E'—ie
(A3)
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The total 7 matrix as given in Eq. (2.20) is just the sum
T00=Z B(wa——wa')ta—f- T(). (A4)

The variables M, M’, and s are omitted, as the M, M’ variables are always involved in finite sums which present no
problem. The arguments w, are always positive, so if one of them is replaced by E—w;—w,, for example, the entire
expression is to be multiplied by a step function 8( E—w;—w,). This is also omitted, but implicitly understood to be
present. To further simplify the notation, the set of variables w1, ws, w3 is denoted by w whenever there can be no
misunderstanding.

In this notation, the expression for A, becomes

(A3)

°°d . ff (w,0" ) ta(w” ") 8(w1— w1 ) 8(ws” —ws') Ifg(w,w”)tﬂ(w”,w’)6(w1”—wl')é(w2—w2”)‘{
A12=TI'/ w { .
0 (E—E"—1ie)(E'—E"+1i¢) (E—E"—1e)(E'—E"+1¢) 5

To evaluate this expression, we separate the singular denominators into principal parts and delta functions. We
assume that all integrals converge absolutely and uniformly at infinity so that it is permissible to interchange orders
of integration except at the point where the denominators both vanish. For simplicity of notation, we let 4 be the
contribution from the product of the two delta functions, C be from the product of the principal parts, and B be
from the cross terms. 4 and C are shown to be zero. 412 is easy to evaluate because of the delta functions
A12= 7l'2 Tra(E—E’){tﬂL(wl, wa, E—wl—wg; wi, wzl, E—wl—wz')
th(b)l, wz’, E'—wl—-wg'; wll, wzl, E’—wl'——wz')—tf(w{, wWa, E—-wl/——wz; wl’, wgl, El—wl/—WQl>
th(wl, w2, E—wl—wg; w1’, wa, E—'wl'—{ﬂz)} . (AG)

The diagonal elements of the term in the brackets vanish identically, and, since #8(x)=0, 41,=0.
The trace in Cy, is written out explicitly:

00 o0 0 0 dwz
C12=P/ dE/ dE'/ dwlf ————— {17 (w1, w2, E—w1—ws; w1, w2, I —w1—ws)
0 0 0 o (E—FE')?

th(wl, wa, E/—wl_‘wQ; wi, Wg, E—wl—wz)——lf(wh wa, E'—wl—wg; wi, W2, E—w1—w2)
Xig(w1, wa, E—wi—we; w1, we, B/ —wi—wa)}. (AT)
Since the numerator vanishes at E=E’ and the integrals converge absolutely and uniformly at infinity, it is per-

missible to interchange the orders of integration. Since the integrand is antisymmetric in E and £, C';3=0. The
only nonvanishing contribution to Az is Bis,

By=1ir T

I'E’ I /dwldwg{tﬂ(wl, wa, E—-wl—wz; w1, Wa, E-—-wl—~w2)

Xia(wi, ws, E—wi—we; w1, we, E’—-wl—wg)—tlf(wl, w2, E’——wl—-wz; w1, wa, B —wi—ws)
th(wl, wa, E——wl—wg; w1, W2, E'—-wl-—wg)—l—tlf(wl, wa, E—wl—wg; wi, W, E’~w1—w2)
lez(wl, w32, E’—wl——wz; w1, W2, E’——wl—-wz)——tﬂ(wl, wa, E—wl—wg; wi, Wa, E'—wl——wg)
th(w]., wWe, E—w]_—wg; w1, W2, E——wl—wg)ﬁ . (AS}
This is of the form

Tr[l/(E—E’)]{f(E,E’)g(E,E) - f(EyEl)g(E,’El)} )

which, when we take the limit £ — E’ and integrate, becomes

9g(E,E)
/ dE f(E,E)igb—— .
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Finally, then, we have

0 =]
Bm=i1r/ dE/ dw1dw2{t11'(w1, wa, E—w1-—w2; w1, W2, E—w1—w2)
0 0

XEtZ(wI’ way, E—w1—ws; w1, wa, E—w1—ws) —ta(w1, we, E—w1—ws; w1, w2, E—wi—ws)
4
X‘aEhf(wl, wey, E—w1—we; w1, w, E—wi—w2)}. (A9)

This can be put in a compact form by using 7' and T [see Eq. (2.10)], where T’ is now an on-the-energy-shell T'
matrix,

® 0T, oT,
Blz=i7r/ dE Tr{T{f——— Ty } . (A10)
0 oE oFE

The analysis for Aoy is quite similar:

® bif (w,0") Tolw” j0') 8(w1—wr’") — Tolw,w )1 (0 ") 8(wr’ —w1””)
A01=Tr/ dw"{l( ’ ()~ T ! (ol e } (A11)
0

(E—E"—ie)(E'—E'"+ie)

Proceeding as before and doing all the traces except the E trace, we have
Ao1=1{'2 Tré(E—E’)/dwz”dwldwz{tff(wl, wa, E—wl—wg; wi, wz//, E—'w1—w2”)

77 ’ 7, ’1 / 17, /
XTu(wl, wa E W1 w2 W1, W, E'—wl—w2)—hf(w1, wg , E —W1T W2 Wi, W2, E —w1—w2)
. 7/ 77
X To(wl, w2, E—wl—wg, wi, W2, E—wl—w2 )} . (A12)

Interchange ws and w,y”’ in the second term, and then the expression is explicitly antisymmetric in E and E’ and
hence vanishes. In the expression for Co;, we do all the traces explicitly:

dwz dw1dw2
Col—/ dE/ dE,f T(wl, w2, E—w1—-w2; w1, wgl, El—w1—w2,)
o (E— E')2
XTo(wl, wz', E’—wl—wg'; w1, W2, E——wl-—wg)
—t1f (w1, we'y E' —w1—ws; w1, we, E—w1—ws) To(w1, we, E—wi—ws; w1, w2/, E'—w1—wy)}. (A13)

Again we interchange ws and wy’ in the second term. The expression is then explicitly antisymmetric in -E and E/,
and the integral therefore vanishes. As before, the entire contribution comes from B:

P
Byi=1in Tr - E/dw1dw2dw2'{t1f(w1, we, E—w1—we; w1, we'y, E—w;—w?)

X To(w1, we'y E—wi—wy'; w1, we, E' —w1—we) — 11 (w1, we'y E' —w1—ws'; w1, we, B —w1—ws)
X To(w1, wg, E—w1—we; w1, wa'y B —w1—wy )+ (w1, w2, E—w1—ws; w1, 02y E'—wi—w,')
X To(wy, we'y E' —w1—ws; w1, wa, B/ —w1—w2) — it (w1, we'y, E—w1—w2'; w1, ws, B —wi—ws)
X To(w1, we, E—wi—ws; w1, ws'y, E—w1—wy')}. (Al4)
After interchanging ws and w,’ in the appropriate places and taking the limit £ — E’, we obtain

i T, oT,
Bo1=’i7r/ dE Tr [T1 ——To——} (A].S)
0 oE JE
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The final term we have to calculate is Ago:

1o T )~ Tooss VTG
Aooz'fl‘/dw"{ d } . (A16)

(E—E"—1ie)(E'—E"+1¢)
For Ao, we have,

A00=7l'2 Tré(E—E’)/ dwldwgdwl'dwz'{TOT(wl, ws, E'—w]_—wg; wl', wzl, E—w1'~w2')
0

’ ’ ’ ’.
XTo(wl , W2, E—w1 W32 ; W1, W2, E—wl-wg)-To(wl, w2, E—w1—‘w2; wl', wz,, E—w1l—w2/>
’ ’ / ’.
XT[)T(wl y W2, E—w1 —wW2 ; W1, Wa, E—wr—wg)} . (A17)

Upon interchange of wy, w2’ and w1, ws, the expression inside the brackets vanishes identically, and therefore
A()o:O. For Coo we have,

dwidwadw: dw,’
Coo—TI‘/ dE/ dE / { of(wl, wa, E—wr—wz; w1’, w2', E’~w{—w2')
0 —E')?
XTo(w1 ) 0)2 5 E'—wl —wz y W1, W2, E—wl——-wz)——ToT(wl', wz,, E'-—wl’—wg’; w1, W, E"“w]_'—wg)
X To(w1, w2, E—wl—wz; w1’, w2’, E'—w1/‘“w2/)} . (AIS)

The integrand is antisymmetric upon interchange of all variables, and hence Coo vanishes. The final contribution
comes from By:

Booz 1"7(' TI'

’ /
/dwldwzdw1 dw2 {Tot(wl, w2, E—-wl—wg; wl', wzl, E—w1'-w2')
’ ’ ’ ’. I
X To(wl y W2, E—wl —w2 , W1, W3, E -w1—w2)— T()T(wll, wzl, E'~w1'——w2'; w1, W, E’—wy'“wz)
! ’ ’ .
XTo(wl, wa, E—wl—wg, w1, wWe, E'—w1 —wzl)—}—ToT(wl, w2, E—O)l—'wz, wl', wz,, E’—wl'—wg')

’ o ’ ’. Y
X Tolwt, 0oy E'—wi’ —wy; w1, we, E'—wi—wz)— Tot (w1, wey E—wi' —wy'; w1, we, E' —w1—ws)

X To(w1, wz, E—wi1—ws; wi'y wo'y E—w)—wy')}. (A19)

This reduces in the usual way to 3
Ap=3_ Tr{PuoQ.'0—0:Q.}. (B1)

T a=1

T,

— Ty ;]5} . (A20)

® a7
Boo=1.7r/ dETr[To
0 JoE The Q, operators were defined in (4.10),

From. Egs. (_A4) and (2.20) the three-body 7' matrix Leg(w,2,\; 0d))
associated with Soo is given by Qa=2
8 o +Ba—
Tw=Tit Tt Tst-To, 21 who—adt B
Soo=1—2mi6(E—E")Too. and the L, and Ko in (4.7) and (4.8),
Combining all the results of this Appendix, we have Log=atBa)¥e(re)d(wa—ws)0asgt K g,

T4 9T

I

) a+-Ba a\Va Fa a; /

Ao=i7r/ dE Tr{Tog’f —Too (v Wa(va)Fas(wa; wg) '
0 oE

wa— Ba—wg'+Bs—1e

} , (A22) Kag=Gast

where the prime on the integral means that the dis-  Here P, is a projection operator on the two-body bound
connected parts—that is, the terms with an over-all gtate

delta function—are to be left out. P.= ]‘!’a(ya)><¢u(ya,)| . (B2)
APPENDIX B The first term factors into Pa(ve,ve )d(we—w.’), and the

In this Appendix we derive in detail the trace of the trace of P, is unity; Lag has a term which is essentially
third term in Eq. (5.1), which we call Ap. a unit operator and commutes with the other terms to
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give zero. Therefore Ag can be written in terms of K :
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(J)” ",)\)Kﬂa(w//,l//,x; wa,)

* Kav(waﬁ WV
Ap= > Tr‘Z/ dw” dv"”
0 (wa"B

a,B,v A

The usual assumption is made that the orders of integra-
tion could be interchanged except for the singularities
from the denominators. There are two sources of singu-
larities which occur when w,'=w, and o'+’ =w4».
The first is exhibited explicitly above and is located at
o”' 41" =wa— B,. The second is hidden in the K term
itself, and can be seen in Eq. (4.8). It is located at
wa—Ba=wg"’—Bg and will occur only when 8=+ in
Eq. (B3). The two singularities occur at different points,
so they can be discussed separately.

In the proofs there will be many changes of variable
of an essentially trivial nature. As in Appendix A, we
omit all explicit reference to changes in the integration
region. If an argument of a K or an F function is nega-
tive, the function is taken to be zero; that is, a step func-
tion of all arguments is implied. With this restriction, the

AKZ Z TI‘B(E

a,B,y

=" =" —i€)(we' — Ba—w" —v"'+1€)

0
___/ dwa"
0

Kpa(wp\; 0a ) K ay(wa’; @'/ \)

: (B3)
(w+v—ws"+Ba—ie)(w' 4+ —ws'+ Batie€)

integration on all variables is taken over the region of
positive arguments of the functions K and F. The varia-
ble E is used for the total energy, either w=+v or we— Ba.
Hereafter the operation “trace’” will refer only to E. All
other traces will be done explicitly.

First the singularity at o”4v""=w,— B, is discussed
as though the one from the F term did not exist. Then,
presuming that the first singularity is absent, we treat
the I term. The evaluation follows the procedure, that
is by now familiar, of splitting the denominators into
principal parts and delta functions. The term from the
product of delta functions is called A x or A, depending
upon which singularity is being discussed. The term
from the product of principal parts is called Cx or Cp.
The cross terms are Bg and Bp. The first contribution
to be evaluated is Ax:

—E”) / > [ KgalE—v, v, \; E+Bo)K ary(E+Ba; E'—», v, \)
A
—Kga(E—, v, \; E""+ Bo)K a4y(E+Bo; E—v, v, \)].

(B4)

The term in brackets vanishes at E=E", so 4 x=0. Hereafter the variable A will be omitted, as it adds nothlng to

the proof. The evaluation of Cg is stralghtforward

El

Cx= Y P/ dE —————/ AR ar(E+Bo; E'—v, v)K gol E'—v, v; E+B,)
@B,y o (E—E")?J,

—Kor(E'+Ba; E—v,v)Kgo(E—v,v; E'+B,)]. (B5)

The term in brackets vanishes at E= E’, so the principal part integration is well defined. Therefore the orders of
integration may be interchanged, and Cx=0, because of the antisymmetry of the integrand.
We now consider the contribution from the term involving only one delta function.

1
BK=’L.7r Z Tr
a8y E'—

E / (R oo E+Bus E=v,9)K pul(E—, %3 E'+ B.)
0

~Koy(E4Bo; E'—v, v)K ga(E'—v, v; E'+ Bo)+ R ar(E+ Ba; E'—v, v)K gol E—v, v; E+B,)

—Kor(E'+Bo; E'—,v) Ko E—v, v; E'+Ba)}. (B6)

To evaluate Bg, take the limit £ — E’, which gives a derivative, and then integrate over E. The final result in-

cluding the angular variable A is

BKzi’ﬂ' Z Z

a,B,y A

0 -] ~ a
dEf dv {KM(E-}—B“; E—v,v,\)—Kgo(E—v, v, \; E4+B,)
0 0 oE

—Kpo(E—v, v, \; E—f-Ba) K oy(E~+Ba; E—v, v, )\)} (B7)
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In terms of the transition operators T, defined in Eq. (5.12), the result is

aT‘Oxz aTOaT
} . (BY)

Bx=ir Y / dE Tr{ Toul———Toa
i Yo Y

In addition to the singularity from the three-to-two amplitude, there is a term from the two-to-two amplitude.
Tt comes from the singularity of the F term implicit in (B3). Referring to Eq. (4.8) and substituting the F term for
the K term, we see that the only new singularity will come when 3=+. Therefore we have

Ap= Z 65.,Tr/ de
0

@By
% / » 00" F ap(wa; 0" ) Fa(wg”; 0a') v+ Bp)? [ ¥s(vs) | *
0 [(wa—Ba—0"—v")(ws'— Ba—0"'—v") J[(wg" — Bs—wa'+ Ba—1i€) (wy"'— By—wat Batie) |
[ oo’ Fpa(ws; wa )P ap(wa'; o) 5+ Bg)? | ¥5(vp) |2
/o Llodr—

(B9)

wo! " Bo)(w'+v —ws'"+ Ba) JL(ws— Bsg+ Ba—wo" —i€)(wy — By—wa"'+ Bat-ie) ] .

The e has been left out of the denominators already treated, as they are presumed to be nonsingular. The v de-
pendence has been indicated in the denominators to make it clear that only 8=+ terms are singular. The expression
is now evaluated in the usual way in terms of principal parts and delta functions. For A we have

00

Ap=—n2Y Tr/ dv|s)| 2{6(wm—wq’)ﬁa5(wu; Bg+wa— Ba)Fga(Bs+wa— Ba; wa)
a,B 0

— 3(wp—wg)F ap(ws— Bp+ Baj; wg) Foa(wp; ws— Bs+Ba)} . (B10)
A simple change of variables,
Wo \wa—> E'+ By E+ B,
and
wg'ywpg— E'+Bg ,E+ B

puts the expression in a form in which it is explicitly antisymmetric in E and E’. It therefore vanishes, since it
multiplies 8(E— E’). The calculation for Cr proceeds along similar lines. We change variables to E=w,— B, and
obtain

cF=§wa e[ dE’/wdyM

(E—E')?
{Faﬂ(E+Ba; E'+Bg)Fso(E'+Bg; E+Bo)  Fpa(E+ Bg; E'+Ba)F og(E'+ Ba; E+4 Bp) B1)
(E—v—E'— Bg)? (E+Bg+v—E')?

The integrand vanishes at E= E’, and therefore the principal part integration is well defined. Interchanging orders
of integration and using the antisymmetry of the integrand, we obtain Cr=0.
The final term to be evaluated is By,

®  (v+Bp)?|¢¥(v)|?
By—in T Tr / LB vel
a,B 0

(E'—E)
Pog(E+Bu; E'+Bp)Fpo(E'+Bg; E'+Ba)  Fag(E+Ba; E'+Bp)Fga(E+ Bg; E+ Ba)
{ (E'+»-+By—E)(+By) - (v+ Bo)(E'+ By+v—E)
[ Foupg(E+Bg; E+Bg)Fso( E+ Bg; E'+B.) B Fo5(E'+ Ba; E'+Bg)Fso( E+ Bg; E'+Ba) ®B12)
(Bg+v)(E+v+Bs—E') (E+v+Bg—E")(v+ Bs)

Upon expansion of the term (E'+»+Bg— E)~! in powers of (E—E’), it is easily seen that the only term that need be
kept in the expansion is the constant term, as all others cancel in the limit £ — E’. From Eq. (4.2), we have the
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normalization integral

0

B 149

/wdeﬁ(v)l&l.

In the limit E — E’, the remaining terms give a derivative to yield

0

Bp=ir Y,

8 J _min(Ba,Bs)

~ OFge
{ dE Fo(E+Ba; E—i—B,g)—a—;—(E—l— Bg; E+B.)

9
—Fﬂa(E+Bﬂ;E+Ba)(—9_E‘Fal3(E+Ba;E—]—Bﬁ) . (B13)

This expression can be rewritten in terms of Teg defined in Eq. (5.11),

0

Bp=imr Y.

@8 J _min(Ba,Bg)

Combining Egs. (B14) and (B8), we have

AB= Mrl:z / dE TI‘{ ToaT———Toa— TOa—ToaT ] + /
0 oE JE a,B

a

dE [ Tpal
OF

(B14)

9T sa 3
*Tﬂa—TﬁJ} )
oF

a i)
dE{ TaﬁT—Taﬂ—Taﬂ_TaﬂT}] ’ (Bls)
dE JoE

—min(Ba,BB)
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Restrictions Implied by Lorentz and Spin Invariance for Scattering Amplitudes
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A combination of Lorentz invariance and spin independence may restrict scattering amplitudes so severely
that no interesting reaction can be described. This is demonstrated for the scattering of two spin-} particles
with spin independence defined as in a definition of SU(6) for quarks.

PPLICATIONS of SU(3) and SU(6) symmetries

to strongly interacting particles are achieved in
coexistence with a number of theorems! delineating a
growing class of situations in which a nontrivial com-
bination of the symmetry group with the Poincaré group
is impossible. Situations in which these group-theoretic
theorems are not applicable are characterized most
noticeably by commutators of generators of the sym-
metry group with generators of the Poincaré group
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Coester, M. Hamermesh, and W. D. McGlinn, Phys. Rev. 135,
B451 (1964); C. W. Gardiner, Phys. Letters 11, 258 (1964); A.
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Greenberg, Phys. Rev. 135, B1447 (1964); M. E. Mayer, H. J.
Schnitzer, E. C. G. Sudarshan, R. Acharya, and M. Y. Han, ibid.
136, B888 (1964); W. Ruhl, Phys. Letters 13, 349 (1964); L.
Michel, Phys. Rev. 137, B405 (1965); U. Ottoson, A. Kihlberg,
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Tomozawa, J. Math. Phys. 6, 656 (1965); L. Michel and B.
Sakita (unpublished); S. Coleman (unpublished); L. O’Raifear-
taigh (unpublished).

failing to be linear combinations of generators of the
two groups. Here a different kind of theorem is to be
expected. If a generator of the symmetry group and a
generator of the Poincaré group both commute with
the scattering operator, then their commutator also
commutes with the scattering operator. If this com-
mutator is not a linear combination of the generators of
the symmetry and Poincaré groups, it represents an
additional symmetry which may put entirely unwanted
restrictions on the scattering amplitudes. A particularly
simple example of this is demonstrated in the following:

Consider two particles each with positive mass and
spin 4. We describe the nth particle (r=1,2) by
Hermitian position and momentum operators Q) and
P®™ (which satisfy canonical commutation relations)
and Hermitian spin operators S (which commute with
Q™ and P™ and satisfy angular-momentum commuta-
tion relations) in terms of which the generators of the
Poincaré group for two noninteracting particles have



