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Abstraet. The eigenvalue problem of the scalar Bethe-Salpeter equation is
solved by application of the vertical Dyson representation. The method of solution
is developed in complete analogy to the solution of Schrédinger’s equation by a
Stieltjes representation in the case of a Yukawa potential. The eigenvalues are
zeros of a characteristic determinant, which can be understood as a generalization
of the nonrelativistic Jost function.

I. Introduction

Recently ComsTER [1] has proposed relativistic particle quantum
mechanics as a possible alternative of quantum field theory. From the
mathematical point of view CoESTER’s approach has the virtue of being
based on the firm ground of functional analysis, but physically it suffers
from serious shortcomings. It does not offer physical arguments for the
choice of interaction operators, nor does it seem possible to include the
principle of causality in a simple way. As a consequence of causality
matrix elements should satisfy dispersion relations as in field theory.

The opposite situation is encountered in field theory. We consider as
an example the formulation of the relativistic two-body system in terms
of the Bethe-Salpeter equation. Here the principle of causality is in-
cluded from the outset and possible approximations for the interaction
can be taken from perturbation theory. On the other hand the mathe-
matical structure of the eigenvalue problem is obscure. It is the purpose
of this paper to shed some light on this question.

To avoid kinematical and renormalization difficulties we consider
the B-S equation for an S-wave bound state in a super-renormalizable
theory of three scalar fields with trilinear interaction. Our approach to the
solution of the eigenvalue problem is based on a suitable adaption of
Jost’s method to the relativistic situation. We briefly review the solution
of SCHRODINGER’s equation in momentum space for an S-wave bound
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state in a Yukawa potential in Sec. II. A Stieltjes transformation leads
to an inhomogeneous integral equation for the spectral function [2], [3],
which can be solved by iteration. The relationship of this method to
Jost’s approach to a solution of the differential equation in configuration
space is investigated. In Sec. IIT we summarize the general properties
of the relativistic B-S amplitude and decompose it into a one-particle
singular and a regular part. This device is crucial for a successful adaption
of the nonrelativistic method to the B-S equation, which is the subject
of Sec. IV. We use the vertical Dyson representation as a possible
substitute of the Stieltjes representation and transform the B-S equation
into an inhomogeneous integral equation for the spectral function by
splitting off the one-particle singular part. This is done for the ladder
approximation, but the method applies equally well to the complete
B-S equation. The integral equation can again be solved by iteration,
while the boundary conditions are expressed in terms of two coupled
integral equations for the absorptive parts of the two vertex functions
with one particle off the mass shell. The Fredholm determinant of this
system is the generalization of the nonrelativistic Jost function.

II. The nonrelativistic amplitude

In analogy to the relativistic formulation we describe a bound state
of two particles in the nonrelativistic theory by the two-point amplitude

%@y, @) = (27)*2 0T (g (1) 2 (25))| P 2.1
where 7' means WIcK’s chronological operator and x stands for
x = {x, &, = t}. The field operators y, (z;) and y,(x,) are related to spin-
less particles with masses m; and m, They satisfy the commutation
relations

[pa(%, 20), v} (X, &) ] = d(x— X)), i=1,2. 22)
All other commutators vanish. The theory is supposed to be invariant
under Galilean transformations. The invariant ‘“mass shell” conditions
read (= 1):

L —0; B 0 2.3
om,  Pro="Y 5, Pa= (2.3)
for the basic particles and
PZ
m—PO=83>O. (24:)

for the bound state with binding energy &p.
The amplitude (2.1) can be written in the form

X+ X T1o + T
2 — P, 2 )

2@y @) = ply— ) expi (P- . (2.5)

where
#) = 22| (v: (§) v (— §)) |£) - 26)
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According to the definition of ’ohe T opemtor we have

p) = 2720, (%) v P>6<yo
2.7
=+ ( 2n3/2<0 Ps —7 (2 7 \P>0(-—yo)-
The factors of the O-functions in (2.7) can be represented by Fourier
integrals:
(2n)3/2<0 ‘/’1( _H 1P> /d‘* e Y—qv)

X 5(%—1)——(% ))<q+ 13(0) |P> oy
(-2 (1)) s
X 5(—(2—‘2%‘1)—*<*-—q0 )< +y

where we have chosen the normalization:
2732 0lp;O)p> =1, ¢=12. (2.9)

The restriction of the support of the Fourier transforms in (2.8) to the
mass shell parabolas

e =)

— q — —

2 Po . (2 ) PO

Fg (B re) =6 = (o) -0 @1
is of course enforced by the conservation of particle numbers. By sub-
stitution of (2.8) into (2.7) and Fourier transformation we obtain the

following representation of the two-particle amplitude in momentum
space:

w03,

flo= (2n)4 diye=HTT=0Y) g (y)

3 ,_f_ .
-~ @ (3(2::)<2 o) - (2.11)
g (o) e

e (G —av.0IP)

) (B

4
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Let us assume that the bound state has zero angular momentum.
f(q) can then be considered as a function of the two Galilean invariants

P P

The sum s; + s, is independent of ¢, and related to the energy of the
relative motion:

P P
ke " (‘2‘+q)_m‘(”2‘“q) 11
S+ 8y =5y +ep; k= P S

1
- (213)

The matrix elements in (2.11) are the Schrodinger wave-functions of the
relative motion. They do not depend on g,, because ¢, is fixed by the
corresponding mass shell relation. Hence they depend on s, + s, only.
Finally the vanishing of the equal time commutator together with (2.8)
tells us that both matrixelements can be represented by the same
function

e (G + O PY=F sy + 50 = @ (5 —alp 0] P) . (214)

These statements enable us to write the amplitude in a form that takes
into account the restrictions imposed by Galilean invariance, spectral
conditions, and equal time commutation relations:

F@ = Flsy, 82) = — (2;)4 {sli/ig + sziie}F(sl",_ 85)

% 1 (2.15)
= (2m7)* (8, —1¢) (55— t8) I'(s;+s5) -
The function
T (51 + 85) = (1 + 85) F (51 + s5) (2.16)

is the nonrelativistic vertex function.

The properties of the vertex function depend on the dynamics of the
system under discussion. For comparison with the relativistic case it is
convenient to set up the dynamical problem in terms of a Bethe-Salpeter
(B-S) equation. The B-S equation with a local two-particle potential
V (x; — X,) reads (0, = 0/02, etc.)

(7:810 + 7},{411) (i820 + '2“;_2‘4'2) 2(@y, )

=1 V(X — Xp) 0 (19— %) ¥ (21, ) -

(2.17)

Separation of the center of mass (s. (2.5)) leads to

{iz)g+ i9y+ ﬁ (”%‘L Vy)z} {%_"aﬁ T (ig_ Vy)z} *@as)

X @) =¢V(y) 0o ) -
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The Fourier transform of (2.18)

f@) =g %

1
X

(2 o) fom— (o) =) (=) o= () =)

x@mi/ﬂfvm—wnw> (2.19)

X

has the structure required by (2.15). If we introduce the ,,Ansatz‘‘ (2.15)
into (2.19), we can perform the g, integration to obtain SCHRODINGER’S
equation in momentum space for the wavefunction F (s, + s,) > F (k?):

F(kZ)=—~P~1——/dr(k’)V(k—k')F(k’2). (2.20)

S +ég

The potential in closest agreement with the relativistic B-S equation,
we shall study later on, is the Yukawa potential

A oe—ulvl A 1

VO =—dz Ty VW= e @21
where A and y are parameters. The equation
P = g [ o) g P63,
+ o (k—K)? 4
2 (2.22)
Z,=W2M 012=2M83

has been solved by WaNDERs [2] and BLANKENBECLER and Coox [3] by
means of a Stieltjes transformation that displays the analytic properties
of the wave function F (k£?). For comparison with the solution of the
relativistic problem we briefly outline this method in a form convenient
for our purposes.

We consider (2.22) as an integral equation for the nonrelativistic
vertex function

T(k2) = (k2 + o) F (k) . (2.23)

Introducing the spectral representation (Stieltjes transform)

I(k2) = f ds’ s,gf)k,,, (2.24)
we obtain
T I , 1
Jas =1 [as g [ ank) e X (2.25)

1 1
X 7 I 7 .
B2 o2 E24s
3 Commun. math. Phys., Vol. 3
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The integrals over k space occurring in (2.25) are of the same type and
can be simplified by symmetrical integration, e.g.

co 1
’ ]' 1 ’
I=fdr(k) EERTE BT S =2n0fdk0fdz><

1
XTIl Rt l—n&

The integral over z can be dispersed with the standard formula (s. [4]):

(2.26)

1
fdz dl—2) B+ e + &9 + (1 —2) (@ + ¥
0 (2.27)

1
_2f VA, i +k’z E+EY) &R
(Vi F T A Y E)
Aa, b, ¢) = a? + b2+ 2 —2ab—2ac— 2bc . (2.28)

Finally we substitute (2.27) into (2.26), interchange the order of integra-
tions, and evaluate the &' integral. This yields the result of BLANKEN-
BECLER and NAMBU [5]

where

ds’ 1
I== | v v+ -
(s ¥
Using (2.29) we may derive from (2.25) an integral equation for p(s),

e(s) = A I'(—a?) @0 (s) O (s — (u + %)) — 40D (s) X

(2.29)

- O (230)
X de’ m@(&* ('u —]— VS')z)
(1 +ay?
with
09 =7 -

Equation (2.30) may be considered as an inhomogeneous integral
equation for the function g (s)/(s — «?), which can be solved by inversion

89(3) =T 2) 9 (s) 6( — (e + (x)z) +

(2.31)
+/1’fdsR(ss)l'F( )L 0 — (u+ o).

It is shown in Appendix A that the resolvent R (s, s’) is bounded by

R(s, 5)] < 2 ‘“zep{!ﬂ' f da ‘”;’2}- (2.32)
(e +Y5)?
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It is, therefore, an entire function of A’ and can be expressed by the
Neumann series

R(s,s") =) A" 1K®(s', s) where K(s,8)=—

n=1 w(s) (2.33)
s "
— g 0= ()P
Observing that
L (s — (1 +02) =—K (5, —22) (2.34)

we can write the solution (2.31) in a more compact form
Py i(sfxz =—AI'(—a?) R(s,—a? . (2.35)

Integration of (2.35) yields
=) Q4+ A [dsR(s,—a?)) =0, (2.36)

because of (2.24).
It is important to realize that the function

fol—io) = 1+ & [ ds R(s, —a?) 2.37)

is the Jost function f (k) with argument k = —ia. As is well known
(s. e.g. [6]), fo (k) is analytic in the complex % plane cut along the positive

imaginary axis from % =%z"u to infinity in the case of a Yukawa

potential (2.21). This is just what the representation (2.37) says. Hence
(2.36) is identical with the statement that a bound state is a zero of the
Jost function on the negative imaginary axis. As is seen from (2.36) and
(2.33) zeros can occur only for an attractive potential (A’ > 0), because
fo(—ia) > 0 if A’ < 0. According to the general properties of the Jost
function the number of zeros is finite [6].

I11. General properties of the relativistic amplitude

The simplest matrixelement arising in the field-theoretic description
of a bound state due to the interaction of two fields is the two-point
amplitude

1 (@, @) = (257)%2 (0| T (4, () A5 (o)) P) 3.1

where T'is again Wick’s chronological operator and z is the four-vector
(2% x). For the sake of simplicity we assume that the field operators
A, (x;) and 4,(x,) are asymptotically related to neutral scalar particles
with masses m,; and m,, and transform like scalars under the inhomo-
geneous Lorentz group. They are supposed to commute for spacelike
distances

[4;(x), 4,(x)]=0, (@x—2')2<0, 4,k=1,2. (3.2)
3.
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The mass shell conditions are

P =pho—pi=mi; p§=p—pi=mj (3-3)
for the basic particles and
P2=P;—P2= M2, M=m+ my,—ep (3.4)

for the bound state with blnd.mg energy ¢z and spin zero.

By translation invariance we have
T+ 2,
P B

2@y, &) = @2 —25) € (3.5)
where

oY) = @nm@ﬁAl {ﬁ (3.6)
We decompose ¢ (y) according to the definition of the 7-operator
w34 (-3 Hown
+ @04y (— %) 4, (%) PY o0 -

To introduce the spectral conditions we expand the matrixelements in
(3.7) in a complete set of physical states:

an(2) s (- 2) Py~ [ dgeior o m 0100

@) = @222 (0
(3.7)

(2m)3/2

X g |42(0)| Py [ ds 8(g% +9) 0(q+0) <014, (0)]g:)
Cy

(20" (g 14,(0)| P}

Y) 4, (%)' p>= / d4qe-m{a<q2_+m%>e(q_o) X 7

@mm@A

X Cg- 4y ()| Py + [d1d (g2 + ) 0(g—o) (0145 (0] 9-) X
C,

X @) (g |4,(0)| P},
where

P
9+ =5 +¢- (3.9)
We have used the normalization
2n)*20[4;00)|py=1, i=1,2 (3.10)

and have given the one particle contributions with masses m,;, m, and
the continuum contributions explicitly for comparison with the non-
relativistic expansion (2.8).
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The Lorentz invariance of the amplitude
o) =—;‘(2n3/2<0l [4(5) 4. (- %) |P>+

3 ely) @) <0 l P>

depends critically on the condition of locality (3.2). To secure the causal
structure of the amplitude we use the Jost-Lehmann-Dyson representa-
tion in DysoN’s volume form [7] for the matrix element of the comu-
tator

o (2] 42 2

(3.11)

oo (3.12)
= fd4q e~mfd,12fd4u & (o — o) 0((q— w) — %) 6 (22, u
0
The support of ¢ (A%, u) is restricted to the region
U € Vi, u_€Vy 2= Max{0, m;—
(3.13)

—Ju% ,my—)/u } where ui=—12::]: ,

and V. is the forward light cone. (We assume M > |m; — m,]). Ob-
serving (3.13) we can decompose (3.12) into its positive and negative
frequency part.

ol (2) (3] 2

—fd4qemfdazfd4ue o — tg) O((q— u)*— A 0 (2% u

()7
”fd‘lq e—“”!fdlzfd% 0(u— qo) 6((g—u)>— 22) 0 (42, u
Ignoring the questlon of subtractions required by the possibly singular

behaviour of the matrix element (3.12) at y = 0 we obtain the following
representation of ¢ (y)

ply) = fd4qe “wfd/lzfcﬂ ’1 ;;)-{—w . (3.15)

By Lorentz invariance the Fourier transform

(3.14)
(2m)o2 (o A

, 1 ,. o o (22, )
<P(€I)=Wfd4?/e ”‘P(?/)—Ofd”/#“ @— ) — 22T de (3.16)

=f(g%, ¢%)
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depends only on the scalar invariants ¢% , ¢% and P2 where the latter is to
be considered as fixed.

A more refined representation exhibiting the one particle singulari-
ties of (g% ,¢2 ) is obtained from the Dyson representation of the vertex
function " 1:

(2ﬂ) f’(q+, q2) = (g% —md) (& “mz)f(QJr’T

2 (3.17)
=P(qz+,q%_)—l—fd22fd4u (q_f)ﬁ_ﬁME ,
0

where

P(¢%.q%) = 27,)4 fd4ye v 6 (y,) ( 277;3/2(0{ a A )P)

Ofoo ar fau—ER0 (3.18)
= [ e a7 i (5)5: (- 5)) 7).

" ji@) = (O + md) 4;(x); i=1,2. (3.19)

Hence the support of p (12, u) is given by (3.13) with m, and m, replaced
by the least masses of the continua C; and C,. The structure of the poly-
nomial P(¢2%,¢%) depends on the dynamics. (We have assumed that
fields and currents commute for equal times.)

Next we introduce the quantities

Iy= f’(mp my) = I'(mF, m3)

I(g m§) — I (m,m) _ T(md, ¢2) — F'(my, mg) (3-20)

F1(q%i-) E—m 2(q%) = = —m2

and decompose f(¢% , g% ) into a one-particle singular part and a regular
part fr(¢%, ¢%)

g 2y— " Lo Py (@)
L e e I = =

) 1
fal@. ) = oy @) @
X {I'(g%, ¢2) — I'(m3, ¢2) — I'(g%, m3) + I'(m3, m3)} .
i [ differs from the field-theoretic vertex function I by a factor
41 p(a%) 45 (0%) A7p(0%) 4556 (2)

where A% and 4, are Feynman’s Green’s functions for interacting and free fields
respectively.

F(Q) }+fR(Q+’q )

X (3.21)
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The residues of the singular part are related to physical matrix elements
Lo\ p(g2) = (2%3<q—lA OfP) g-0>0
g—mf T = 270014, (0) P, —g-) g-o <0
Ty 2) 270)°(q+|45(0)| Py q1e>0
7+ Fz(
¢ —mj (273) O0]4,(0)| P, —¢+) g+0<0
= (27)3(q-[1(0)| P}z = m3 = (27){q+ |72 (0)| PD|g2 = m3 -

In cases Where single variable dispersion relations can be proved for the
vertices with two particles on the mass shell:

(3.22)

@ g liy O] Py= [a5 20 @y lia)] Py = [a1:2Y, 3.23)

a g
the one-particle singular part of f(¢% ,¢2 ) is local, i.e. the corresponding
contribution to the matrixelement of the commutator vanishes for
spacelike distances. The singular part may then be considered as a one-
particle approximation of f(¢% , ¢% ) that is in agreement with locality. As
we shall show in the next section, the regular part is completely deter-
mined by the singular part in the simple model of the B-S equation in
ladder approximation.

IV. The ladder approximation

We now turn to the properties of the two-point amplitude in the
ladder approximation. Let us assume that the fields 4, (x) and 4,(x)
interact with a neutral scalar field C(x) of mass u with the property

0|C)|P)=0. (4.1)
Then the ladder approcimation of the B-S equation reads in configuration
space
’ ’ 1 ’
x (g, 25) =—g2fd4x1fd4x2-2—AF(x1—x1, m3) X
1 (4.2)
X 5 Ap(wy— 55 md) AF( 1— @3, %) 1 (21, @2) 5
or in momentum space
1 ig° P A Y
2 2 — 4 +
e ) = gy @ =g oy | M7 Gogr g 49
where g is the coupling constant, and all masses have small negative

imaginary parts. The corresponding equation for the vertex function
(I' = I within the ladder approximation) is

o oy 0 [ 1 ! !
(@3, 02) =gy .[d T =gy —w =g 2—mj * 4.4)
x I'(q’3, ¢ .
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The polynomial P (g%, ¢%.) in (3.17) vanishes due to (4.1). Equation (4.4)
is then in agreement with locality, if the integral operator on the r.h.s.
of (4.4) reproduces the general form of the Dyson representation

_oGw
I )~fdcfd4 T (4.5)

Actually even the vertical Dyson representatlon

Ig,¢% d; dz °a (4.6)
C+ze—— q+z—)

is compatible with (4.4). It is well known [8] that the vertical representa-
tion as proposed by DEsErR, GILBERT, and SUDARSHAN [9] is not a
completely general one, i.e. it does not follow from the general postulates
of local field theory alone. Its validity depends on the interaction. In
this respect we have a similar situation as in the nonrelativistic case,
where the existence of the Stieltjes transform (2.24) is due to the analytic
properties of the Yukawa potential.

Because the representation (4.6) seems to be generally valid in per-
turbation theory [10], it is natural to use it also for the solutions of the
B-S equation as has first been suggested by WanxpErs [2]. It remains,
however, an open question, whether every solution can be represented by
(4.6). (But see in this connection the work of Ipa and Maxr [11]). We
shall not discuss the problem of uniqueness here, but restrict ourselves
to solutions of the form (4.6).

Formally (4.5) and (4.6) are related by

+1
@(C,u)zfdze(éyz)é(u+z—§) . (4.7)

-1

While the more general form
86 u)= [dze(c, z)é(u+z—12—p~) (4.8)
of Dyson’s spectral functior: ;;llovvs from the assumption that a Fourier-

Bessel transform exists with respect to the variables y? and y - P of the
commutator matrixelement of the currents [12],

(1) 2119

= @ [dt [dzo 2 dwr e VTR,
0 — o0

@2m)¥2 <o
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one cannot conclude from (4.8) via the spectral conditions (3.13) that

(1—!—2)%61’4., (1—Z)§EV+
" (4.10)
= Max{O,mI—%,u—(l—z)T,mrl—,u—(1+z)7},

and (4.7) holds, because DysoN’s volume form (4.5) is not unique.
Nevertheless, we shall see that the solutions of (4.4) satisfy the support
conditions (4.10).

We now introduce the representation (4.6) into (4.4) and, similarly
as in the nonrelativistic case (2.25), split off the contribution from the
double pole term of f(¢%, ¢2) (3.21):

_elr)
C—— q+z—)2
0(¢,%) , 1 (4.11)
—Mf f voaE | M g X

( =z )
1 2 2 1
Ny @E—m) \E—m Tt P’
+ + r— )

2

where
s 1—z P

g? 1+
A=~ (2,,)4 5 M2(2) = m3 2+m2 p) _(l_zz)T

= M2 (m3, mi, z) .

By symmetrical integmtion we find

1 1
4
I= /dq GO T

1 (4.13)

, Hi .
7 —a
=T dz do P\2
ocp? + (1 — o) M2(2) — (1l — o) (q—{—z?)
0

-1

The integral over « can be dispersed as (2.27):

+1 o
O R 1

CVAE, pu2 M2 (z) C—(q—l-z_g—)z .

(4.14)

=1 (ur M)y
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The second term in (4.11) is of the same type, because

1-+2 1—72
1 2 2 1
1: d4q ( Z + /2 )
(q—Q)z q—z—mg q+——m% C/__(q/+z/_‘§P_2
+1 1 (4.15)
1—
__%z_ dz da = x P
w4 (=) S, 2, 0) — a(l— ) (14 25
-1 0
where
M (27,0 = md (1 )
C’+(1—z’2)~——~ml( ) P2
+ 1—2 ( ) (I_ZZ)T’ 2>
2
MZ(C/, ZI,Z)'—: (1 p ) (4:16)
ey o5
' +2
M%-(C ,Z ,Z)— 1+2/ ( 2 )+
2
J— 2
+m%(1 5 z)—~(1—-z2)~%, 2.

Using (4.14) we finally obtain the following equation for the spectral
function ¢ (¢, 2):

e(t,2 ) AT (m3, m3) 0@ (8, 2) 6(C— (u+ M (@)% —
(4.17)

—lfdz Jar 22 o (e (2, 2) 0(E — (u+ T, 2,

where
C+ p2— M2
oM (L, M?) —‘“2 TVAC, ) (4.18)
(4.17) can be considered as an inhomogeneous integral equation for
0(L, ), but in contrast to the nonrelativistic equation it is not of the
Volterra type. To see this, we determine the region, where the iterated
terms are different from zero. The support of the inhomogeneous term

is bounded by the curve

L= Wo() = (u+ M) (4.19)
and for the n-th term we have
_ISZ _(p+ M (Wna (), 7, )2,

(z) (M_!_ M_ (Wn 1 z’z>)2

1,2,.... (4.20)
zgz =1
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The details of this minimization problem are given in Appendix B, the
result is sketched in Fig. 1. As long as anomalous thresholds exist, the
support decreases with increasing order of iteration. This is in complete
analogy to the nonrelativistic case, where only anomalous thresholds
occur. But in the relativistic case the anomalous thresholds pass the
normal thresholds after a finite number IV of iterations, and the support
of all higher order terms is bounded by the same curve Wy(z), equ. (B 7),
(B 8) of Appendix B.

+7  Z

Fig. 1. Support of iterated terms of the integral equation (4.17) (N = 2)

The preceding discussion makes clear, in which sense the singularities
of the vertex function I"(¢% , ¢%.) in the ladder approcimation are ‘“major-
ized” by the lowest order term. From (4.6) and (4.17) we have

+1 o

I'og, ¢2) = AI'(m3, mj) | dz ag x

-1 (u+ M@y (4.21)
o (8, M*(2))

1 — 7 -

c—a () - e () a—a L

The singularities of I'® (g2, g2 ), considered as a function of two complex

variables ¢% , ¢%, are easily derived from (4.21). The normal thresholds
P o= (u+m)?, g% = (u+ my)? (4.22)

result from endpoint singularities of the z-integration at z= +1 re-
spectively, while the singular manifold [13]

X

2p? Pt mi— gt pt o+ mi— g2
— (g%, q%, P?) = |u* +mi — g} 2m} mi+mi— P =0 (4.23)
B+ mi— g% mi+mi— P*2mj
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is due to a double root of
1+
0+ M2 — e (55)—a (FF5) + a—2)

=+ 2pM @) — (@ —md) (5 5) — @ —md (F55) = 0.

If one of the variables ¢2 , g2 is on the mass shell, (4.23) gives the anom-
alous thresholds. This agrees with eq. (B 2) of appendix B, because
D (g%, ¢%, P?) is proportional to the discriminant of the quadratic equa-
tion equivalent with (4.24).

A more consistent approach to the solution of the B-S equation (4.4)
is suggested by the general structure (3.21) of the amplitude (g%, ¢2.).
If we split the righthand side of (4.4) into the contributions from the
complete one-particle singular part and the regular part of f(¢%, ¢2),
instead of separating off only the double pole singularity as in (4.11), we
are led to the following integral equation for the spectral function
o(C, 2):

o(t, z) = AT(m3, m3) @® (Z, M2(2)) (¢ — (u + M (2))5)—

(4.24)

—/‘Lfdzfdé' 7y 0O M2 (E, 7)) X
X O(C— (u+ Mo(L, 2, 2))2)—

—2 f a2 [ar 2GR o0 @, M2 (2,2, ) X (4.25)
X 00— (u+ M_(L', 2, 2)%) +

—{—ﬂ.fdz [az 5,9(5 2 2) Yy 0O @ T, 7, 2) x
X 0L —(n+ M2, 2)),

where

— M%(L,2,2) 2>z

9 [ 5t ’ — -+ B 5

M (C 3% Z) {Mz__ (C’a Z’, Z) Z’ <z s (4‘26)
in contrast to the definition (4.16) of I72. The first three terms result
from the one-particle singular part, while the last term is due to the
regular part of f(¢% , g% ). (4.25) can also be derived from (4.17) by adding
and subtracting the last term of (4.25). Eq. (4.25) assumes a more
transparent form, if we use

o+ a—n e —m (155

s = I+2 ’
2 (4.27)
2 1 4 *
o+ a—ry L —m (1)
827 1—2

2
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as integration variables for the second and the third term respectively
and introduce the quantities (see (4.12))

+1
o1 (s1) = fldze(Mz(smeé, 2):2), 02(82) = fdw(M2 mi, 53,2),:2) . (4.28)
This yields

0(8,2) = AL (m3, mj) oW (C, M2 (m3, m3, 2 )G(C (/‘+Mm1>m2> )2)_

).fds FAON sl) oW (8, M2 (s, m3,2)) 0(C— (u + M (s, m3, 2))*)—

ad

— 2 [ sy 520 000, B, 50, 0) 06— o+ Mok, 5, 2)1) + (4:29)
a(zl)
’ Q(C z) (6 AT 5 ot
+}t/dz S ey e @ I (C, 2, 2)
X O —(u+ M, 7,2)%).
It is shown in Appendix B that the minima of s;, s, are tantamount to
the anomalous thresholds a{), a{®) respectively. The meaning of g, (s,)

and g,(s,) becomes clear from the representation (4.5) with one of the
variables ¢%, ¢% on the mass shell,

o (g @) | (. el
I'(¢%, m3) —fdsl v ]’(m%,qz’_)—fds2 pap— (4.30)
a agd
Hence, the coupling constant I'(m%, m3) of the bound particle can also
be expressed in terms of g, (s;) or g, (s,).

Eq. (4.29) should be considered as the relativistic analogue of (2.30).
It is, in fact, an integral equation of Volterra type, and the resolvent

(solving for o (¢, 2)/(E — M2(2))

R(C, 2|0, ) = f 1RO, 2|2, )
- 4.31)

(1 2
C’ Z[C, / _ 8 )(%M-D(Ii:) , %)) 6(6_(H+M(C, 7, Z))Z)

is an entire function of 1. Fig. 2 shows the relevant domains of dependence
for the kernels of (4.17) and (4.29). The convergence of the Neumann
series (4.31) is proved in Appendix C.
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As in the nonrelativistic equation ((2.31), (2.34)) we can express the
inhomogeneous terms of (4.29) by the kernel (4.31),

/}eff '
X
S
! s, (z0)
D
\Z g
Véj}i)a {\'\ //r’ J
2 I H, = \ (TTH*IJ)Z
(mz'f'}.l.) \\‘~~- \'/i,\),}r == =
g W,z
% \'\7‘,\@’% ° me
mgl 1
{
-1 z +  Z'

Fig. 2. Domain of dependence for the kernels of the integral equations (4.17) (hatched) and (4.29)
(cross-hatched)

@ (E, M*(m3, m3, 2))
LB (0 — (ot M, m3, 2)9)

= K (§, 2| M*(m}, m§, 2'), 2')|y= 41

D(E, M2 (sy, m3, 2))
2 i 152(2;2 0(¢— (u + M (31, m3, 2))?) (4.32)
= K(C’ leg (81’ m%s zl)a 2I)]z’=—1
Qu) (C’ Mz(m%, 82’

=) D0~ (u+ M3, 5, )
= -K(C: lez(m%; S, 2’), z’)[z’=+1 )
where the kernel in the first line is actually independent of z’. Hence
Q(Cy z) = Ar(m% m%) R(C7 lez (m?.’ m%: Z'), z,)lz’———— +17

— 4 [ day 2O R 2| M2y, mE, ), )1 —
oD (4.33)

S, ’ r
—2 [ 45, 2O R(C, 2| M0 50, #), )
a®
Referring to (4.28) we get a system of coupled integral equations for
01(8;) and g,(s,) from (4.33):
01(81) . 91 51)
i AT (m3, m3) Ky (s, mz)~lfda1 Ky (s1,81) 57— P (4.34)

__/1de2 Ko (sy, sz) 92(82)

seisz = AL (m3, m3) Kyy(sy, m3) — }»de1 K (85 1) Sfi(—sz% _(4.35)

.—-Adez 22(82, 82) S;e:(‘.gﬁ)

mg,
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where e.g.

+1
, 1+2
Ky (sy, 81) = fdz
-1

etc. A similar system of equations for the absorptive parts g, (s;) and
02(8;) has been obtained by NakawisHI [14] in the unphysical case
P2 < 0. His approach is based on a double spectral representation of
(g%, ¢®) that is valid only, if P? < 0. The more general vertical Dyson
representation leads to corresponding results in the physical region of
eigenvalues (P?% > 0).

The system (4.35) of coupled Fredholm integral equations is the
relativistic generalization of (2.36). The much more complicated structure
of these equations is of course due to the fact that in configuration space
the B-S equation is a fourth order partial differential equation, whereas
the nonrelativistic Schrodinger equation is only a second order ordinary
differential equation (for fixed angular momentum). Further light is
shed on this point by an analysis of the case P = 0, where the B-S
equation reduces to a fourth order ordinary differential equation. From
(4.6) we have with P =0

R(M?(s;, m3, 2), 2| M*(s1, m§, 2), 2)| = 1 (4.36)

T(g®) f dts Qq(f)Jr . 4.37)

Again we split the amplitude f (q ) into a one-particle singular part and a
regular part fz (g%
1 I'(m3) 1 I'(m
1@ = i s + o s+ alg) . (438)
‘We then obtain the following integral equation for the spectral function
o () from the B-S equation (4.4) with P = 0:

(Ve=u)?

oQ)=— M/dwv (€ 8 00— (u + my)?) —
r ¥’
_21_—(@“de oM (L, 89) (8 — (1 + my)?) + (4.39)
3 (Vt—n)?

21 a0 o= m2>fd8@”(é° 9 0C—@+YP).

This equation is again of Volterra type and can be solved by iteration.
Introducing the solution into the representation (4.37) for ¢% = m# and
g2 = m$ we are led to a system of two linear equations for the constants
I'(m3), I'(m3):

I'(m3) = ay, I'(m3) + ay, I'(m3)

4.40
T'md) = ag I'(m3) + age I'(m3) , (£.40)
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which is the analogue of (4.35). Each of the elements a;; is given as a
power series in A. The eigenvalues A must satisfy
an(d) —1 apd)

Ay(A) = 20y (3) (i) — 1| = 0. (4.41)
The characteristic determinant 4,(4) is the generalization of the Jost
function to a fourth order differential equation. In the general case
P2 > 0 finally, the Jost function blows up to the Fredholm determinant
A(4, P?) of the system (4.35) and the eigenvalues of the B-S equation
(4.4) are obtained by solving

A4, P2 =0 (4.42)

for 4 or P2 Every element of A (4, P?) is expanded into powers of 1 as the
nonrelativistic Jost function f, (4, k).

Our approach does not answer the question whether the eigenvalues
in A or P? are real. As in the nonrelativistic case, operator analysis offers
more powerful tools for an attack on such questions. We know from the
pioneering work of Wick [15] that the eigenvalue problem of the B-S
equation (4.4) is equivalent to that of a completely continuous Hermitian
integral operator in the equal mass case. This is also true for P =0 in
the unequal mass case, but for P2 > 0 the type of the A-spectrum is still
an open question.
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Appendix A. Bound for the nonrelativistic resolvent
We use the following bounds for the iterated kernels of lowest order:

|K® (s, 8')| = (s) f day L2 (1) 05—+ o)) =
(M+]/s
(1)
< 220 f day £ 06— (u + o)
(Y57 (A.1)
ot £ o £ [ i e <
(M+Vs“ ) (u+;/xl)z
(1) (1) 3 (2
<sg_(i,)2 f @ (x) fd ¢ x) 5 0(s —( ”+V5)2)
(n+V5 )2

(1)() 1 (1)() —
=———fhi22~!< f dw%—) 0(s— (u+ J5P) -

(s + Y5
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The generalization to |[K®) (s, )| is obvious. Hence

' o 127 , W (s) , 3 0¥ ()
R(s,s') < X A1 K™ (s,8)] < e T exp 4|4 dz
2 | <=z exp jl¥] f A2)

"1 N r— o?
(w+Ys)

X O(s— (u+ Vs

Appendix B. Support of iterated terms
From (4.16) we have

1
M2 (Wo(2'), 2, 2) = m%( —;z) +

P2 1 /

Wo(@) + (1 _2/2)—4“— m} (%) 11—z P2

2y —

+ I—7 ( 2 )“(1_Z) 4
2 (B.1)
pe 1—7 :

Wole) + U —29 - —md(=55) ),
HE (W), #,2) = e (57

2

11—z

+mg( 5 )—(1—z2)1;i.

We first minimize the expressions

P2 1—2
Wo@) + (1 —#"%) ——— m}
Mi ( 4 ( 2 ))
—-1<7<1

142
2

— i g M+ 2ME)\ _ q)
=M, (ml L B =%
2 (B.2)

P2 142
Wo(z) + (1 —2'2) — — m3
Min ( 4 ( 2 ))

1—2
2

— Min g W H2WME)\
——1§z’§1(m2+ 1—7 =az -

2

If absolute minima occur at points —1 =< 2{, 2 < 1, these are the
anomalous thresholds with respect to the variables ¢% , g% . Otherwise the
minima are given by the boundary values at z = 41 respectively, i.e.
aft) = (my + p)?, @ = (my + p)*.

4 Commun, math. Phys., Vol. 3
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Next we minimize (B.1):

_Min_ M2 (W, (), 7, 2) = (P @)
=m%<l—;—z)+a§1)(1—2~z)__(1___z2)§_ z?}’ézgl
(u+ M) —lz= )
Min M2 (W, (@), 2, 2) = (ML (2))* (B.3)
(u+ M(2))? W=z<1
= a(ll)(l_—;-_z_)+”l%(_l_'2—.z_>_(1_z2)_‘§; —1<z< 2(11)

and obtain

W) = Min{(u + MP @) (u + MD )2} . (B.4)

Repeating the procedure we find a sequence of anomalous thresholds

pr 12
Wama@) + (L= %) - —mi (+55)

Min — a;‘lk)> agk—1)> S a(ll)

—1=s7<1 1+2
2
, (B.5)
P2
Wk“(zl)+(1—z/2)7"m%(1;z) ® < —1) @
; — gl (2 D S
—1Mglzx'1§1 p— =aP>af V> > qf
2
and after a finite number of steps we arrive at
af = (my + p)?, af = (my + p)?. (B.6)
This yields
1 1-— P
WD @R =m (F5E)+ m+ w2 () — -2
. . e 1=221 (B)
z
WD @)= (my+ 2 (F5) + m (5 7) — (-2
and
Wy () = Min{(u + UMD @), (u+ D ()% . (B.8)

Hence the support decreases with each step as long as & < N and is
bounded by Wy(z) for all iterated terms of order k> N (Fig.1). It
should be noted that anomalous thresholds related to higher normal
thresholds, e.g. (m; + 2 u)?, can appear below the normal thresholds
(B.6). But they also disappear from the physical sheet after a finite
number of iterations.

Appendix C. Bound for the relativistic resolvent

The proof of convergence for the Neumann series of the relativistic
resolvent is slightly more involved than in the nonrelativistic case,
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because the kernel (4.31)

K(,2|0, 2 ——@%%ZI@T:Q@(C (e + T, 2,2  (Cl)

is unbounded (s. (4.18)). But the second iterated kernel

+1 0 _
(1) s MZ 15 %15
Rogoc-fon [ an T,
-1 (u+ M (&2, 2))? (C.2)
(&g, 2L, 2, 7)) —
' : (Cl—Mz(zl) 6(C~ (lu + M(Cls 21, z))2)

is bounded. The singularities of the integrand are due to the zeros of
(s. (2.28))

Ay w2, M2, 2, 7)) = (G— (u+ M)H) (G — (u— M)

— _ — _ (C.3)
A, 2, A Gy 2 2) = (V2 + 40 — 0 (/E — w2 — 2%
Since
L4 2 — M2, 2, 2) p— (M — M) v
e it T a—ar <Mt eirnm <2
b C:‘Zzg;, 2 g, (C.4)
! ____ 1. : < !
Co—(u—20 = Yap M ° (VT + ) — M2 = Yauys
inside the domain of integration, we may write
+1
21 1 1
K@ — | dzy 77— X
Eel<(T) uve J “Vel@ 7w
= -1 (C.5)
M (G m?) = (VT— )

at - :
LG B (I G ) T (=

X
(u+ (8,2, 2)
Next we evaluate the {;-integral

1 1 1 7
fdx? Vo—z Vz—a _ Vab (C.6)
a
and determine the minimum value of M ({’, 2/, 2;) from (4.26) and (4.16):
Min M2 m) =)L, (@)
for large enough values of {’. This yields
7\ 1 1 1 1
K® _— . C.8
Bl < ( ) EVuve VuVt (w+VOWVE—p) (©8)

Hence K® is a square-integrable kernel.
4%
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The third iterated kernel,
+1 —
! ’ <1) C > Mz C,’ ,,
KOGz, = [dn [ dg® (Ci_](m(:l)zl))
—il (/‘+M(C;z ,21)) _ (C'g)
0P (Las M3(C15 215 25))
X fd22 __f dCz Lo — M2 (2,)
-1 (p + M(8y,21,2))*

(g, w2 Ca» Zas _
% 2 (C—Jiﬁ(:) 2)) 0(C— (u + J (o 2, 2)))

can be estimated in a similar way. With

T
fdx - W_»a = (C.10)
@
(C.4) and (C.7) we find
- 72 1 27

(C.11)

+1 -
W (&, M2, 7, 2,))
'fdzl f o < S TVor axve"
L et Bz ay & (=) Vuye w+ve

The second integral is bounded by (C.8) with [/57 replaced by V? + u,
because

M (Gzmz)=p+ ). (C.12)

n
—1=51;4
Hence -
|K®| < |K®] @(u+)/T), (C.13)
where
21 27
@ (@) = ’; Vs ais (C.14)

The generalization N
[E®| < |[K@-D] p((n—2) u+ V), n=3,4,... (C.15)
is obvious and proves the convergence of the Neumann series.
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