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Solutions of the Bethe-Salpeter (BS) equation for two scalar particles of arbitrary masses
interacting through an exchange of a massless scalar particle are reinvestigated by means
of a new method, applicable to the problem irrespective of the metric (Euclidean or pseudo-
Euclidean) of the underlying four-momentum space. This enables one to perform a step-by-
step comparison of the solving procedure as applied on one hand to the “‘original” equation
(with underlying pseudo-Euclidean metric), and to the corresponding Wick equation (obtained
from the former by formally performing the Wick rotation without prior proof of its actual
validity) on the other hand. At a certain point (compare the results of Secs. IV and V, respec-
tively) the kernels of the appropriate transformed integral equations corresponding to the
two cases become manifestly analytically different. This finding seems not only to render the
Wick rotation—a posteriori—invalid, but also to preclude one—in the realistic (i.e., “original”)
case—from obtaining the well-known Wick-Cutkosky solutions (reproduced fully in the case
of the Wick equation). Although the “‘original” version of the BS equation is thus found too
difficult to solve exactly (due to the presence of an additional parameter in the kernel), the
method developed leads in a most natural way to an exactly soluble model of the BS equation
obtained by retaining the pseudo-Euclidean metric but replacing the Feynman propagator
Dp for the exchange particle by the “relativistic Coulomb” propagator D (half the difference
between “advanced” and “retarded” propagators). This model exhibits a marked corre-
spondence—in its nonrelativistic limit—with the Schrédinger solution of the Coulomb problem.
1t should finally be noted that our method avoids any series expansions of the results what-
soever (partial-wave expansion included) which would otherwise tend to obscure clear-cut
“analytic” conclusions by posing convergence problems, and thus aims always at obtaining
a closed-form expression for the total (off mass shell) scattering amplitude.

I. INTRODUCTION

The basic motivation for the present investiga-
tion derives from an attempt to obtain a closed-
form expression for the total scattering amplitude
in the scattering region for the Bethe-Salpeter
(BS) equation first investigated by Wick! and Cut-
kosky? more than 20 years ago. The problem is
far from trivial. In spite of the fact that a non-
relativistic counterpart of such a closed-form
expression is well known® and the fact that the
Wick-Cutkosky solutions were also well known at
that time, at least two early attempts in this direc-
tion—notably those by Nishijima* and Okubo and
Feldman®—fell very short of the desired aim.

The last three authors were able only to show that
the problem of finding such a total scattering am-
plitude reduces to solving a rather complicated
boundary-value problem in two variables, based on
a nonseparable partial-differential equation® of

the second order and for a rather complicated
integral transform (more or less in the manner of
Wick and Cutkosky) of this amplitude, at that.
Nonetheless a feeling remains that even in the

|©

absence of an ansatz for the general solution a
much simpler answer to the problem could still be
obtained “by brute force” (i.e., synthetically) by
somehow performing a closed-form summation
[involving first of all-(but perhaps not only) a par-
tial-wave summation] on the already known Wick-
Cutkosky solutions—or rather on the solutions of
the inhomogeneous version of the Wick-Cutkosky
equations (for noneigenvalue energies) with in-
homogenieties equal to the appropriate projections
of the so-called Breit term. That at least so de-
fined a “program” can be carried out successfully
was shown by Tang,” whose result represents an
improvement on the Nishijima-Okubo-Feldman
(NOF) result in that the problem of finding the
total scattering amplitude now appears to reduce
to a boundary-value problem in two variables,
but one based this time on a separable partial
differential equation obeyed (up to a known function
as a factor) by the scattering amplitude itself.®
For what follows it is now of importance to no-
tice that the apparent success of Tang’s summa-
tion is in no small measure related to the use of
an alternative and simplified method of deriving

2411



2412 MARIAN GUNTHER 9

the Wick-Cutkosky equations discovered by Biswas
and Green® which from the onset consistently
avoids complicated integral transforms by intro-
ducing rather cleverly devised “bifocal coordi-
nates” related directly to the four-momentum
components (these bifocal coordinates seem not

to be widely known in the literature). On the other
hand, the Green-Biswas method relies much more
heavily on the prior validity of the Wick rotation
than does the Nishijima-Okubo-Feldman method.
More specifically, while the bifocal coordinates
can only be used in a meaningful way as integra-
tion variables in the alveady Wick-votated version
of the BS equation, the equalities (2.10) of Ref. 4
and (17) of Ref. 5 do not depend on the validity of
the Wick rotation. Moreover, it is also extremely
hard to visualize what sort of analytic continuation
the Wick rotation actually implies in terms of
those bifocal coordinates in general, i.e., quite
apart from whether or not one proposes to use
them as integration variables (compare discus-
sions at the beginnings of Secs. IV and V).

The last remark has as its consequence that
even if we simply assumed the validity of the Wick
rotation we would still not be able to profit much
from Tang’s results, since we would not be able
to meaningfully “translate” the content of the
boundary-value problem of Sec. IV (where Tang’s
results are rederived; compare footnote 8)back into
the realistic “pseudo-Euclidean world” (i.e., re-
verse the Wick rotation).'°

Faced with this deadlock, but encouraged by the
relative simplicity of Tang’s result, we base pres-
ent method essentially on the Green-Biswas type
of coordinates and endeavor to solve both the orig-
inal and the Wick-rotated BS equation concurrently
but separately. The new method avoids entirely
the partial-wave expansions, which feature it
therefore shares with the above-mentioned methods
of NOF (but not with the Tang method).

The order of the presentation and the main re-
sults are as follow: In Sec. II the necessarily
rather extensively varied notation used throughout
the paper is defined and summarized. This is
followed in Sec. III by the presentation of the rudi-
ments of the new method of approach insofar as it
can be applied without variation to both the original
and the Wick-rotated BS equation. Section IV is
devoted to the Wick-rotated BS equation, where,
as already mentioned, the Wick-Cutkosky-Green-
Biswas results as well as the Tang results are
reobtained, but the results of Sec. V seem un-
fortunately to prove conclusively that the solution
of the oviginal BS equation must be analytically
diffevent from that of the Wick equation, to the
extent that the former (i.e., the solution of the
original equation) must even exhibit a dependence

on an additional parameter (§ or w) totally absent
in the latter.!! The conclusions of Sec. V seem in
fact to be tantamount to a doubly negative result
that (1) the Wick rotation is not valid, and that

(2) although the closed-form solution of the original
BS equation is not obtainable by our method (and
therefore not even attempted), the Wick-Cutkosky
solutions are definitely no¢ the solutions of this
equation. However, the considerations of Sec. V
lead in the most natural way to the construction
of an exactly soluble model of the BS equation of
much greater analytical simplicity than even the
Wick-Cutkosky-type solution (of the Wick equa-
tion). This model is obtained by retaining the .
pseudo-Euclidean type of metric but essentially'?
only by replacing the Feynman propagator for the
exchange particle (“photon”) by the “relativistic
Coulomb” (half of the difference between the “re-
tarded” and “advanced”) propagator.'s

Importantly, but at this point perhaps not too
surprisingly, the solution of the model bears a
striking resemblance to the solution of the non-
relativistic Schrodinger two-body problem and
in fact becomes identical with it in the limit of
nonrelativistic energies and small coupling con-
stant, in further contrast with the Wick-Cutkosky
eigenvalue problem, which seems to bear little
or no resemblance!® to the Schrodinger solution
in this limit.

Returning briefly once more to the main issue
of the validity of the Wick rotation, the mathe-
matical findings of Sec. V can perhaps be best
summarized by stating that in the Wick-rotated
version of Eq. (47) the application of the “four-
dimensional Laplacian” to (p —p’)~2 produces a
Dirac 6 function, which in the method devised by
Biswas and Green!® reduces (47) at once to a dif-
ferential equation. However, upon closer exami-
nation, the Fourier transform [(p -p’)? +ie]™! of
the Feynman propagator in the non-Euclidean
momentum space is found not to exhibit such a
simple property. This is of course connected with
the existence of the momentum-space null cone
instead of a point at (p —=p’)?=0, so that the con-
siderations of Sec. V are tantamount to a careful
examination of what the term +ie actually implies
on such a null cone.!® In this context, the exactly
soluble model presented in Sec. VI is characterized
by

Dp(P -p')? =0,

which however does not preclude the fact that the
“relativistic Coulomb” propagator does obey the

inhomogeneous Klein-Gordon equation in position
space (i.e., with a Dirac 6 function on the right-

hand side).
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II. NOTATIONS AND GENERAL DEFINITIONS
OF VARIABLES USED

As mentioned in the Introduction, we shall pref-
ace the presentation of the new solving procedure
of the BS equation by carefully defining the vari-
ables used throughout this paper. First, the nota-
tion will have to occasionally depart from that
most commonly used in the literature of the BS
equation. Second, because we will have to apply
our method to the Wick equation and to the original
BS equation separately, repetition will be avoided
as well as uniformity preserved in spite of the
widely different integration domains involved in
these two cases. For these reasons also a number
of new conventions must be made well in advance
of the point, further in the text, where their use-
fulness will first become fully apparent.

A. The Lorentz frame used

Practically all derivations will be made in the
barycentric system in which the over-all energy-
momentum four-vector will have the components

r=(0, E), 1)

where E denotes the total energy.

B. Labeling of states

All quantities pertaining to the initial, final,
and intermediate (or “integrated-over”) states
will consistently be labeled by “no prime,”
“prime,” and “double prime,” respectively. Simi-
larly all quantities definable only in terms of a
pair of states (e.g., the scattering angle) will be
labeled by “no prime,” “prime,” and “double
prime,” according to whether they refer to inter-
mediate-final, final-initial, or initial-interme-
diate pairs of states, respectively.

C. Variables pertaining to a single state

Variables defined here will carry no prime, but,
as explained above, all definitions will automati-
cally be understood to be valid for primed and
double-primed quantities.

Given 7, another four-vector (related to the mo-
mentum transfer) is needed to uniquely determine
the four-momenta p, and p of the scattered par-
ticles A and B. As such we shall choose the four-
vector p, defined by

D==Bsr+py=+p.7 = Dpp, 2)
where
Bs+B-=1. (3)

However, contrary to the convention adopted by
most authors, we shall (except in the case of equal
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masses) not simply put 8, =3, but assign them the
following values:

E?+m 2 ¥m,2
== =""A T°"B
Bt— 2E2 H (4)

where m, and m g are the masses of the particles
A and B. This is because we want to use, as pres-
ently explained, the so-called bifocal coordinates,
first introduced and extensively used in connection
with the Bethe-Salpeter equation by Green and
Biswas.® Using these coordinates—in conjunction
with new parameters introduced here and in Secs.
IID and O E—will constitute a very important part
of our new approach (see Introduction). However,
because the usefulness of the Green-Biswas param-
eters as integration variables derives primarily
from their application to the Wick case, we will
define them in two steps, first introducing the
parameters v,, more useful as integration vari-
ables in the case of the original BS equation (i.e.,
with underlying pseudo-Euclidean metric). Those
will be defined as

_ DoxlBl-ic

- = ; ’ (5)
pPozlBl+ic

where p, and |P| are respectively the timelike

component and the magnitude of the three-momen-

tum of p [as defined by (2)] in the frame of refer-

ence (1), and where c is given by

1
2E

E

c= [~(E=-my —mp)E-m,+mp)

X(E+my, ~mg)E +m,+mp)|t/2.  (6)
The bifocal coordinates ¢ and § can then be defined
by
v£=e""’*”’. )
Solving (5) and (7) for p, and |P|, we obtain the

original definitions of these parameters by Green
and Biswas:

- ¢ siny
|Bl= Cosg —cosy ®)
b= —C 08¢ ©)

" cosp —-cosy

Now, the particular values (4) assigned to 8,, as
well as that of the constant ¢ given by (6), are
chosen so that

dpd|p|

(pAz - mAz)(Psz - mgz)

_ dp d|p|
T (BLE+ Do = D% - m 2 [(BE = pof =D =mp?]

=d¢ dy X (function of ¢ only), (10)
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or equivalently, in terms of v,,

dp o Bl
(PAZ - m,gz)(paz - maz)

=dv, dv_X (function of the product v,v_ only),

the requirement (10) bringing about a great simpli-
fication of the problem. More precisely, because
the Jacobian

B(pm lﬁ‘) _ -2c?

8(v,,v.) (v, —1P(v. -1) (11)
the condition (10) is equivalent to the following
two conditions:

1
2 _ 32 _ 2t
(BiE:{:Po) p m, 0. - -1
X fi(vyol), 12)

where f,(v,v_) have to be functions of the product
v,v_ only and where we have also used the abbre-
viations

Mmy=m,, mg=m_. (13)
The conditions (12) lead to
m,2=8,E%+c%. (14)

Solving the system of equations (3) and (14) for

8, and ¢, we obtain (4) and (6). With the values
of B, and c so determined the right-hand side of
(10) becomes

___1_ dv,dv_
2 (E,~ic)E_+ic)(vw_ -u,2)(vv. ~u_?)

- dody 15)
4m mgsin(p + @, )sin(p - a_) ’

where the quantities «,%,u_% and a@,, a_ are de-
fined by

E, xic
2_ S - _ pt2iog
Y= . Fwic ¢ (16)
and where we have also introduced the abbrevia-
tion

E,=B,E. 1)

It should be noted that ¢ is imaginary in the scat-
tering region (in the direct channel for E>m , +mg
as well as in one of the crossed channels for 0<E
<|m, —mgl|), in which case we shall also use the
notation

d=ic, (18)

with d assumed positive. Physically d is the abso-
lute value of the three-momentum of each particle
in the barycentric system (pertaining to the on-the-
mass-shell situation, however, and therefore to

|©

@, a

1 1
~E.:B,E=— E_:BE —
]

!

1 E 1

FIG. 1. Geometrical interpretation of the relationships

between the total energy E, the masses m, and my of
the scattered particles, the angles «, defined by (16),
the parameters ¢ and B, defined by (6) and (4), respec-
tively, and finally the angle v entering Eqs. (198) and
(199). The situation depicted corresponds to E in the
bound-state region.

be distinguished from the variable |B|). In the
bound-state region ¢ is real and allows the “geo-
metrical” interpretation as the height of the tri-
angle depicted in Fig. 1, whereas o, acquire the
meaning of the angles at the base E of this tri-
angle. The remaining notations pertaining to a
single state are the following:

w =cosy = % (;:utl)}‘- T 19)
W=V, +v_, (20)
u=e %, (21)
p=e v, (22)

w and w are used mainly as convenient notations
in the otherwise too lengthy formulas of Sec. V,
while the convenience of the notation (21) and (22)
derives mainly from considerations pertaining

to the Wick equation (Sec. IV).

D. Variables definable in terms of a pair of states

Variables defined here will again carry no primes
and therefore will pertain to the intermediate-
final pair of states (the latter denoted by “double
prime” and “prime,” respectively), but the defini-
tions will be understood to be valid for the re-
maining two pairs of states by appropriate cyclic
permutations of primes (see Ref. 17, however).
Denoting by 6 the scattering angle [i.e. the angle
between the three-vectors p” and p’ in the bary-
centric system (1 )| , we first introduce the nota-
tion

z =cosé. (23)

Having thus defined what we shall henceforth refer
to as the z variables or z’s, we next introduce the
y variables as exemplified by

1B+ lB = (pf = poy = ie
y= 215 15 : @4)

The usefulness of this notation stems from the
fact that the propagator for the exchange particle
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can then be written as

11 1
"-p'F " 28"[p'] 2=y "

With values of p{,|5”| and p},|p’| considered as
given, y can therefore also be defined as the cosine
of such a scattering angle as would correspond to
the situation where the exchange four-momentum
is a null vector (or lies on the mass shell of the
exchange particle, since the mass of the latter is
assumed to be =0).

Using the notations introduced in Sec. IIC, we
can either use the Green-Biswas parameters and
write

(25)

_ —cosy” cosy’ +cos(p’ — ¢”)
y= siny’ siny” (26)

or use the parameters v, defined by (5). In the
latter case the most noteworthy formula is perhaps
not so much the expression for y itself as the rela-
tion

y=1 _ (o4=0i)v?=v)
y+1  (v2=-v)(w" =0 "

@M

E. Special variables introduced to later replace
the variables z and z" (Ref. 18)

For the purpose of avoiding partial-wave ex-
pansions entirely it will be most convenient, as
seen later in the text [compare the derivation of
Eqs. (69) and (70) in Sec. III], to eliminate z and
z” in terms of one of the parameters 7,0, ¢,s and
T”,0",t",s”, respectively, which we are now
going to define. The defining relation for 7 is
modeled on (26) and reads

_ —cosy” cosy’ +cos(p” =@’ +7)
N siny’ siny” ’

(28)
so that for 7 =0 z becomes equal to ¥. Likewise
the parameter 77 is defined by'®

»_ —cosycosy’ +cos(p — ¢’ +7")
2= siny’ siny ’ 29)

Since Eqs. (28) and (29) do not define the quantities
7 and 7” uniquely, however, they shall at the same
time be considered as defining relations for the
quantities ¢ and ¢”, the latter defined as the only
other (modulo 27) pair of solutions of (28) and (29),
respectively. More precisely, starting with a
particular pair of solutions 7 and 7” of (28) and
(29), another pair of solutions ¢ and 0” can be
constructed by setting

a=2((p; —(p")—T (30)
and
0./1 =2((PI "(P)"T”- (31)

With the choice as to which of the two basic solu-
tions of, e.g., Eq. (28) to call 7 and which ¢ remain-
ing to a large extent optional, the 7 and ¢ param-
eters are bound to play a highly symmetric role

in our further considerations. For that reason, it
will be ultimately most convenient to use 7’s and
o’s—or rather the presently defined ¢ and s param-
eters—as independent variables, eliminating not
only z and z” but ¢ and ¢” through (30) and (31) as
well. The ¢ and s parameters are defined by

t=e!T, s=e'°, (32)
and

t"=e”" S'I:eia”’ (33)

’

and the convenience deriving from the option to use
them as independent variables will become es-
pecially apparent in the case of the quasi-Euclidean
metric of the underlying four-momentum space,
so that, beginning with Eq. (116) of Sec. V, all
formulas are indeed written almost exclusively!®
in terms of these parameters. At this point it is
perhaps also worth mentioning that, as a general
rule, the exponentials, such as (32) and (33), and
the v, parameters defined by (5), are better suited
to the considerations pertaining to the case of the
quasi-Euclidean metric, while the “angles” 7, o,
¢, and y are better suited to the case of the Wick-
rotated BS equation.

For these reasons it is worth noting for the
purpose of future reference that, because of (7),
the relations (30) and (31) are equivalent to

viv! st=v"v” (34)
and
vhols"t"=v,v_. (35)

There is also an alternative option of defining
the ¢ and s parameters in terms of z’s and v’s
directly, as pairs of solutions of the quadratic
equations

z-1 (vf-tv))(w?-tvl)
z +1 (0" =t )(w" -tv!)’

(36)

2"=1 (v,—=t"vi)v_-t"v!)
2"+1 (v, =t"v ) v_ -t"v.)

(37

with Eqgs. (34) and (35) precisely the relations
between the appropriate roots, and regarding (32)
and (33) as defining relations for 7’s and o’s.
Moreover, Egs. (36) and (37) can be considered
modeled on (27) in precisely the same sense as
(28) and (29) were modeled on (26).

It should finally be noted that there will be no
need to introduce any auxiliary parameters—
analogous to 7’s and ¢’s defined above —to repre-
sent z’. z’ will be completely eliminated at a
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comparatively early stage of the solving procedure
of the BS equation by explicitly performing a
Cauchy integration [compare Eqs. (54) and (55)]
and will thus be replaced by y’ everywhere in the
appropriate integrand. In this connection the need
will arise to further transform the expression

Az,y',2")=1 =22 =92 =2"2122y'2", (38)

originally symmetric in the z’s. For reasons of
greater clarity, it will then be sometimes advan-
tageous to formally restore the full symmetry
with respect to permutations of primes by intro-
ducing the notations

x=cos(<p”—<p’+‘r)=—2(s—:)1/2—(t+8), (39)

1
x’ =COS((p - (p”) = W (St-)-S” t ”), (40)

1
x"=cos((p —(p’+1'”)= W (t"+s"), (41)

so that

—cosy” cos)’ +x

= singsing” 42)

, _ —cospcosy” +x’
T siny”sing O’ (43)

— ’ ”
2" = cosy’ cosy +x (44)

siny siny’

In conclusion it should be remarked that x’s will
appear most naturally in conjunction with w’s de-
fined by (19) in the otherwise too lengthy formulas
of Sec. V.

F. Notations adopted to represent the scattering amplitude

The (total, off shell) scattering amplitude T
belongs—from the point of view of the conventions
so far adopted—to the same category of quantities
as the s and ¢ parameters in that it is defined for

the initial-final and intermediate-final pairs of
states only (the only meaningful and similar quan-
tity pertaining to the remaining pair of states is
the kernel of the BS equation). Therefore, the
notations T” and T suffice to identify the scattering
amplitude as pertaining to these two situations,
respectively. However, occasionally it will be
desirable to indicate clearly the variables on which
the scattering amplitude does depend. In such
cases we will again depart from the notation most
commonly used, e.g.,

T"=T(r; p,p"), etc.

(with the four-vectors 7,p,p’,p” as defined in Sec.
IIC), and introduce a Dirac-type notation:

T" =(p|T()p’), ete. (45)

It will have the advantage that the p’s as arguments
of bras and kets can be easily replaced by Green-
Biswas parameters or v’s defined by (5) without
losing sight of the general structure of the transi-
tion amplitude. This would be more cumbersome
to accomplish if the more conventional notation
were used and the particular six independent pa-
rameters, momentarily most useful, were just
listed inside a common bracket without clear dis-
tinction as to in which category (that of Sec. II C,
IID, or IIE) they belong. In the barycentric sys-
tem (1) we will write, e.g.,

T" =(v,,v_|T(E, 2")|v},v!), (46)

the general idea being that the variables of the
category defined in Sec. IIC should be used to
designate the end states, while E (sometimes
omitted) and one variable of the category defined

in Sec. IID or II E should be written inside the
brackets as if they were arguments of an operator
T.2° The same type of notations will also be used
for the “auxiliary” amplitudes A and ¢ defined
later in the text [compare (49), (50) and (67), (68)].

III. THE SOLVING PROCEDURE

Using the notations just described, the Bethe-Salpeter equation

1 _(2m)te

a’p”(p"|T()p’)

(p-p')V+ie  4g% (PIT('V)‘p')a,f G

if written in the barycentric system (1), becomes

1 (2w A”
z” _yll - Zgz

“m i) —mg+i€)(p” — p P+ ic] ’

47)

A

+fdP<'>' J:dlﬂ" fdznﬂ z’l—y’ L(B+E+p

=0 12=m 2 +iell[(B_E-plP = p"|? -my®+ie] ’

(48)
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where z’s and y’s are defined by (23) and (24),
the four-vectors p and 8, by (2) and (4), respec-
tively, and the auxiliary amplitude A by

A=|p"| 1P| (v, 02| T(E, 2)lv},v)), (49)
A" =1B] [P’ [(vs, v | T(E, 2”0}, vl). (50)

The integration limits in f dp{(+-+) are suppressed
on purpose to indicate that (48) comprises both the
original BS equation (integration from -« to +«
along the real axis) and the Wick equation (integra-
tion from —i» to +i~ along the imaginary axis,
together with assigning imaginary values to the
remaining p, and p}).?' [d?Q"(-++) denotes the
usual angular integration in the barycentric sys-
tem (1). To perform it, however, we prefer to
use the two cosines of the scattering angles z and
z’ as independent variables rather than the usual
polar angles x” (or x’) and 6 (see Fig. 2).22 As
easily seen, we have

jd"’Q”(---)

(...)
=J’-1 dz fdz (1 —z2 —z2 +2ZZ'Z”)1/2 ’
(51)

J

1 2n)*

where the contour integration in z’ denotes the
integration around the cut of

(1 -22-2"2=2"242z2'2")/2
extending from

2t =22 - | (L =292 | (L -2 ") 62)
to

zh=zz" +|(1 - 22)01/2] | (1 = z2"2)/2| | (53)

and where the proper branch of the square root is
understood as that which remains positive on the
lower lip of the cut. Now, since according to (49)
the “unknown” function A does not depend on z’,

the z’ integration can be performed explicitly using
the Cauchy theorem; thus

1
f 77—y 4=

==21i(l —2%2-y"?

—z" +2zz'z")“/2
—2"42zy'2") 12, (54)

whereby Eq. (48) becomes

(1-22-9y"2-3z" +2zy'z”)"1/2A

Ty = g A2 [y fd“’ 'f B E“ IV 15"F —m 2+ icI(B.E-DIF

so that the number of integrations involved is
reduced from the original four to three. It is also
evident that by using the Green-Biswas param-
eters or v’s defined by (5) a substantial simplifica-
tion of the kernel can be achieved because of (10)
and (15). The chief difficulty, however, is how to
deal with the residual dependence on the angular
variable z without resorting to partial-wave analy-
sis. In order to resolve this difficulty we proceed
as follows.

We begin by transforming the expression (38).
Using x’s defined by Eqs. (39)-(41) and w’s de-
fined by (19), we have

— 2 _y’2 _ - Q
1-2%-y " +22y'z ~ sin®y sin®y’ sin?y” °’
(56)
where
Q=0 -x2-x"2-x"232xx'x") +(x% = 1)w?

+(x/2_1)w12+(x”2_1)w1/2 +2(x—x’x”)w’w”
+2(x" =x"x)w"w +2(x" = xx")ww’

= Aw”? +Bw"” +C, (57)

‘pn‘z _maz + ii] ’
(55)

r

i.e., with @ a quadratic form in w” for x =const.
Consequently

75'=7K' aw” (58)

FIG. 2. Angular variables used to perform the integra-
tion indicated by [d?Q’’ in Eqs. (48) and (51).
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and where
A=(x"2-1), (60)
B=2(x-x'x")w’ +2(x’ =x"x)w, (61)
C=B?-4AC
=4(1 —w? —w'? —x"2 4+ 2ww’x")
X(1=x2=x2=x"242xx'x"). (62)

Defining the proper branch of v in terms of that
of (1 =22=-y"2=2"242zy'z"/2 by
VQ =siny siny’ sind” (1 — 22 - 9" —2"2 +2zy'z" )1 /2
(63)
and the proper branch of VA by

VA =isin(p - @' +7"), (64)

[compare (60) and (41)] and noting that for Q" "
=const

__ Sin(e” -¢’+7)
dz siny” siny’ ar (65)
[compare (28)] , we finally have because of (58)
and (19) (see Ref. 23)

dz
(1 -2 _ylz —-z"2 +22y/zn)1/2

i siny sin(p” - @’ +7) 9ln§
==1 sin¢"sin((p—<p’+‘r”) ad)” ar. (66)

sin(g — ¢’ +7") - (2m)e g T
cos(p —¢’+7")—cos(p - ¢’) 2g%

for the Wick case and
1 1

- =1 + s” =1

_ (2m)f

for the case of the original BS equation and where
the relation

1 sin(p — ¢’ +7")
z"=y” siny siny

_ sin(p =@’ +7")
" cos(p =@’ +7") —cos(p — ¢’)

. 1 1
—<t—_1-‘T1> (1)

was also used to represent the inhomogeneity

2 mymg

" T ) , 1
2¢* N (B+E—iC)(B-E+ic)fffdludzﬁdt
Dy

If we now introduce another auxiliary scattering
amplitude

_ sin(p” - ¢’ +7)
&= siny” siny’ ’ (67)

and, consistently with it,

»_ Sinlg ~@’'+1") .,
e = siny’ siny A%, (&8)

the integrand in (55) becomes

ey
ﬂ_m_mp__'__ x (function of ¢” only)
sin(p — ¢’ +7")

. 91n¢
X®dp” dy" dt 3—11),7—
(or a corresponding expression if v{ and ¢ were
used), so that further simplification can be made
by dividing (55) throughout by

siny sinyp’
sin(p =@’ +7") °

Because of widely different integration domains
involved, it is best, from this point on, to write
the correspondingly transformed Eq. (55) separate-
ly for the Wick case and for the original BS equa-
tion, using the parameters best suited to the par-
ticular situation as integration variables. They
are

"+a,)sin(p” - a_)

Q 4
f f J' do” ay"dr o (8/039") Ing (69)
Dy

— Q U” 8 - U” 3 ln£
t (Wiv”’ —u A (wtv?-u?) "t w? - ou”

(70)

(Born term). a, and u, are defined by (16), 8,
by (4), and ¢ by (6). The integration domains D,
and D, are explained in detail in Secs. IV and V,
where parallel attempts are made to solve the
Wick equation and the original BS equation, re-
spectively.

To conclude the preliminary remarks of the
present section, it should finally be pointed out
that the analytic properties of the quantity ¢ de-
fined by (59) are obviously going to play an essen-
tial role in all further considerations. These
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analytic properties are derived in detail in Ap-
pendix A.

IV. SOLUTION OF THE WICK EQUATION

The continuation of the solving procedure from
the Sec. III must now—out of necessity —differ
when applied to (69) as compared to (70). We
propose therefore to solve (69) as a simpler case
first and then, in Sec. V, to try to follow as closely
as possible all the same essential steps in order
to solve (70). We shall begin by determining the
integration domain D,. First of all notice that,
because ¢ defined by (6) is real in the bound-state
region and imaginary for the scattering region,
the nature of the integration domain involved (i.e.,
D, as well as D, of Sec. V) will additionally depend
on whether m, +my2E=>|m, —mg| or E>m, +m,
(lm, =mg|=E=>0). From now on we shall therefore
work exclusively in the scattering region; thus

Ezmy+mgor |m, —mg|2E>0;

and we shall only occasionally (compare the exactly
soluble model of Sec. VI) analytically continue the
results into the bound-state region, e.g., in order
to determine the positions of the bound-state poles,
etc. This makes ¢ imaginary and d, [defined by
(18)] real and—according to the convention already
made —positive. Since in the Wick-rotated situa-
tion

bo=1tpy, b, real (72)

we see that according to (8) and (9) ¢ must be real
and ¥ imaginary. To determine the integration
limits in ¢ and ¥ it now suffices to realize that
with p, real Eqgs. (8) and (9) represent the con-
formal mapping

& =1 ln%?g— s (73)
also depicted in Fig. 3, where

L= +iX, (14)

£2=1Bl+ips, (75)
with x defined by

Y=ix (78)

and therefore real. Since the analytic right half
plane in g, represents the integration domain in
|B”| and p” (we shall now again start using double
primes to indicate the actual integration variables),
the integration limits in ¢” and y” are from 0 to

27 and from 0 to +i=, respectively (see Fig. 3).

In order to make the left-hand side of (28) real

7 must now be in general complex. Its real part
remains constant and equal to ¢’ - ¢” for ¢” and
x” constant and its imaginary part varies between

Analytic Lo plane

-d

FIG. 3. Graphical representation of the conformal
mapping (73), obtaining in the case of the Wick-rotated
BS equation, supplying in part the motivation for intro-
ducing the bifocal coordinates ¢ and ¥ of Green and
Biswas.

the limits —i (Y’ +¢”) as z varies between 1, re-
spectively. We thus have

ffqu;"dzp"df(---)
2T PR

J d‘ﬂ”f d‘pllf
QY = =Y

For what follows it is of importance to also show
at this point that in the presently considered Wick
case (and contrary to the situation encountered in
Sec. V) the v parameters defined by (5) would be
completely useless as integration variables. This
is easily seen from (7) in conjunction with the
fact that ¢’s are real and y’s imaginary; thus

dr(e=+). (1)

U= oy (78)

so that the point representing v/ in its analytic
plane becomes completely determined by that of
and to speak of an integration path in v? “while
v” remains constant” becomes meaningless.

To solve (69) we now proceed as follows; The
form of this equation suggests that if & were not
to depend on ¥”, but only on the remaining vari-
ables ¢” and 7, the integrand could be rewritten

as
2 ( : ®1nd ) (79)

aY” \ sin(p” + @,) sin(p” - a_)

so that the “volume” integral over D, could be
reduced to a “surface” integral over the “boundary”
of this domain by a “Green theorem.” However,
for reasons of internal consistency, ®” would then
have to be independent of ¥, and since the inhomo-
geneity also does not contain this variable the
outcome of the above surface integration would
likewise have to be y-independent. In other words,



2420 MARIAN GUNTHER

the possibility of a further reduction of the number
of integrations involved from three to two depends
on the compatibility of (69) with the solving ansatz

®=2(p",7), (80)
=2(p,7"), (81)

emphasizing that the auxiliary scattering ampli-
tude ® defined by (67) and (68) is independent of the
Y parameter.?*

We shall now proceed to show that such com-
patibility indeed obtains and leads to a solution of
(69). However, a slight change of the integration
variables is first indicated (i.e., going slightly
beyond the general “register” of parameters of

Sec. II and definable only in the Wick-rotated case).

Mainly because of a rather complicated way the
integration with respect to 7 has to be performed
[compare (77)] , the boundaries of the domain D,
are much more conveniently established in terms
of the parameters ¢”, p”, and a—the latter two
are defined by (22) and by

a=|t (82)

[with ¢ defined by (32)], respectively—than in
terms of ¢”, ¥”, and 7. Namely, since the real
part of 7 is equal to ¢’ — ¢” we can write

t=|t|et®' -9 = et -9, (83)
while, because of (7), (21), and (22), Eq. (36)

becomes

z=1 _(e-p"/p")a-p'/p")
z+1 = (a-p'p")a-1/p'p")’

(84)

J

1 1 )t T
S"—l—t”—l— 2¢

9
" /
e \ //a=p‘p‘;z=-l.®
\\ ,
\
\\ Vi "
\ // as=s7:2:4;0
a=l N/
% P
\
] 7N a=gniz=H®
a-TD-. // .
7
/
/
/
/ I
/ 1;©
. @i
"o 1
Pl Pt P

FIG. 4. Integration domain in o and p” (shaded area)
in (85) and (88). © and © denote the signatures of the
boundary lines in the sense defined in Appendix A and
correspond to —¢€,€, set equal to +1 and —1, respective-
ly, where €, and €, are defined by (A9) and (A16).

representing a relation between all veal numbers
in the Wick-rotated case. Consequently, to fully
cover the domain D,, p” must vary from 1 to «
(corresponding to the variation of §” from 0 to i),
and ¢”, as before, must vary from 0 to 27, while
a must vary from 1/p’p” to p”/p' for p” <p’ and
from 1/p’p” to p’/p” for p” >p’ as z varies from
-1 to +1. The integration region in @ and p” is
represented graphically by the shaded area in

Fig. 4, where the solid lines @=p”/p’ and a=p’/p”
correspond to z =+1 and the dashed lines a=p’p”
and @ =1/p’p” correspond to z = -1 and represent
the boundaries of this domain. Equation (69) writ-
ten in terms of ¢”, p”, and « instead of ¢”, ",
and 7 now becomes

jzwdwﬂ{fp'dp” J,p "/ p’ da J- J-p '/p" }
2mAmB 0 1 /o 0" 1/p'p"

% sin(p” + a,)sin(p” - a_) 8p" Ing, (85)

where ¢” and s” expressed in terms of a’s and ¢’s are

L =anei(¢'-¢)’ a” =|t”l
[compare (83)] and, because of (31) and (33),

1 ,
s = ' el@' - o)

(86)

(87)

Thus, reversing the order of integrations with respect to a and p”,

p"/p’ p'/p” 1/p’ p'la 1 p/a ]
U dp”f da+f dp"f } -)={f daf dp”+f daf dp”} (+++) (88)
1/p'p" 1/p'0" 0 1/ap’ 1/p’ ap’

(see Fig. 4), making the ansatz (80), (81), and finally performing the integration with respect to p” ex-

plicitly, Eq. (85) becomes

11 @
s"=1 t"-1 " 2g2

®(p, a”) +

T 2m 1
___ do” f
2m mp fo S 0

da ®(p”, @)In(, /L)
a  sin(p” +a,)sin(p” -a_) ’

(89)
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where we have now written ®(¢, a”) instead of
®(p,7"), and ®(p”, @) instead of ®(¢”, ), and
where £, denote the values of £ corresponding to
the same values of ¢”, @, and p, but taken at

z =1, or, more precisely, where the subscript

+ of £ is identical with the signature —¢,¢, in the
usage of Appendix A, with €, and ¢, defined by Egs.
(A9) and (A16), respectively. The internal con-
sistency of (87) now obtains because, as proved in
Appendix A [Eqs. (A29) and (A30)],

£, (E=t")s=s")
T TG=i=s")’ (%0)

which if expressed in terms of a’s and ¢’s reads

£, (1/a) a"e¥ — ad'?"|?
£ aola"e - (1/a)e* |?

and is thus indeed p- (or ¥-) independent. Equa-
tion (89) represents by far the most important and
useful analytic property of £. It should be borne
in mind, however, that the validity of the above

(91)

J

2m)*
s"—1 _t" =1 = (2g)2 ¢((p; a”)+

where the integration in @ has been formally ex-
tended to infinity by the substitution @-1/a in

the expression pertaining to §_, since the denomi-
nator of (91) becomes equal to the numerator and
vice versa under this substitution. Equation (93)
is now equivalent to a two-dimensional boundary-
value problem. To see this it suffices to introduce
the rectangular coordinates

@, =acosg”, a,=asing”, (94)
af =a”cosp, aj =a”sing, (95)
whereby
27T © da +o0 +o (. e )
ao [ 42 (o= [aa, [ a2
J; @ , @ ( ) . da, = da, afra?’
(96)

and also to realize that

3

T 2m *
d ”f
mymp J; ¢ 0

result depends to no lesser extent on the fact that
£ remains single-valued throughout the domain
D,, which in turn stems mainly from the positive-
definiteness of @, defined by (57), in the Wick-
rotated case. The latter is no longer true in the
situation under discussion in Sec. V (see Appendix
A for details). To further transform (89), we
first notice that because of (86), (87), and (91)
both expressions

1 1
s"-17"t"-1

and

ln%

change sign under the substitution @” -1/a”, so
that any solution of (89) must exhibit the additional
symmetry

®(p", a)=-%(p",1/a). (92)
Consequently, (89) becomes

da 1njae” — a”e'? - 1na
a sin(p” +a,)sin(p” - a_)

$(p”, a), 93)

In| at" - a”e¥| =In[(af - @, + (o) - o, 2] /2
o7)

and
1 1

17T

d () ~cosg’)? +(a) —sing’)?
=all aa” ln[ 1 (p a” 2 9
1 - a’?

= 98
(@) —cosg’)? + (@) —sing’)? (98)

Applying the Laplacian

92 92 1 . 8\ 9°
s s (M 5w) TaE] O
to both sides of (93) and using the well-known two-
dimensional “potential theory” formula?®

< = = ) fhndal f“ndaz ln[(al - a;,)z + (az - a:)Z]l/zf(au az) =21|'f(a{', aé’)’ (100)

-
n2 "2
aa " sa]

we get

[ _a_>2+ 9 . g2 1 1
da 99" " (271 m,ymy sin(p” +a,)sin(p” - a.)

|e-=o0, (101)

which is a homogeneous equation satisfied everywhere except at the point
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o =cosg’, a; =sing’, (102)

notwithstanding the presence of the Born term in
(93) since, according to (98),

o2 a? 1 1
(86!1"2+ aa;’2><s”—1 _t"—l>=0’ (103)

satisfied likewise everywhere except at the point
(102). The proper boundary conditions to be im-
posed on ® satisfying (101) in order that it should
satisfy (93) are therefore that

(i) ¢ should develop a singularity of the type
(99) at the point (102), or more precisely that the
expression

d? g2 1 1
[ 7z 1+ 2 3 7 : u
do (@7 m, my sin(p” +a,)sin(p” - a_)

Equations (105) are identical with the “radial”
equations of Green and Biswas® and are therefore
also equivalent—as shown by these authors—to
the well-known Wick-Cutkosky results. Having
thus established an essential equivalence of our
results concerning the Wick equation with those
known in the literature, we shall now attempt to
solve the “original” BS equation (70).

V. THE “ORIGINAL” BETHE-SALPETER EQUATION

A. Integration domain

As in the previous section, we shall first deter-
mine the integration domain D,. To begin with,
since p] is now real and ic =d is also real (i.e.,
for E in the scattering region), the parameters
v¥ defined by (5) are real. Moreover, they can
be considered independent variables since p/
+|p”| are also real and independent—a situation
very different from that of the previous Sec. IV,
where this was not true because of (78). Con-
sequently, in the case of the original BS equation,
vY{ represent a good choice of integration vaviables.
Inversely, the Green-Biswas parameters are
practically useless for the following reasons:

(i) Since for real p; the conformal mapping (73)
becomes meaningless, the integration domain in
¢” and y” becomes very involved even if the quan-
tities E, m,, my which enter the definition (6) of
c are all “strictly real.”

(ii) If small imaginary parts are assigned to
m, and myg, as entailed by the use of Feynman
propagators, the above difficulty is compounded
enormously —to such an extent, in fact, that the
“integration domain” can now only be understood
as a certain two-dimensional “surface” embedded

(K=}

" 4g2< 1 1 )
¢(<P,a )_ (2,”)4 s” -1 - 17 -1

should remain regular at that point,2¢

(ii) ¢/ should remain regular at @ =0 [because
of the factor 1/« in the integrand of (93)], and

(iii) the solution should exhibit the over-all sym-
metry (92).

Equation (101) is separable in @ and ¢”, so that
the solution of our boundary-value problem may be
sought in the form of a sum of products

b, =(a" = a™") ¥ ("), (104)

where the functions Y, satisfy

Y,=0. (105)

in the four-dimensional space [Re(¢”), Im(¢”),
Re(®”), Im(@®”)] and, in a fashion similar to what
was true for v{ and v” in Sec. IV, even the con-
cept of, e.g., “an integration contour in ¢” while
P” is kept constant” loses its meaning.?”

The parameter ¢ defined in Sec. IIE represents

a third “natural” choice of an integration variable
because it is real and—most importantly—be-
cause now Eq. (36) becomes a relation between all
real numbers. To actually determine the integra-
tion domain D, in the underlying three-dimensional

Vs

V+ =0 V0=‘

FIG. 5. Allowed values of vy (shaded area) by virtue
of the fact that the integration domains in p{ and [p”|
extend from —« to +«~ and from 0 to +=, respectively.
This means that pg’ +|p”|=p{ —|p”| and consequently
[compare (5)] that 1/(]-1)=<1/@"-1).



9 MATHEMATICAL STRUCTURE OF THE BETHE-SALPETER... 2423

(v%,v",t) space, it is important to realize from
the onset that one should expect it to be signifi-
cantly more involved than was the case with the
domain D, of Sec. IV, in its underlying (¢”,p”, @)
space. The boundaries of D, consist not only of
the planes

v?~tv, =0 and v” -tv’! =0, (106)
corresponding to z =+1, and

v -tv. =0 and v” -tv} =0, (107)
corresponding to z =-1, but also of the planes

v =1, (108)

corresponding to pl +|p”|==, with pZ —|p”| finite
and

v’=1 (109)

corresponding to pY —|p”|= with p¥ +|p”| finite
and finally of the plane

2=l =tvls

W0

v 2= 22

V." =tv,
® ]

FIG. 6. Allowed values of v{ (shaded areas) by virtue
of the fact that the integration domain in the cosine of
the scattering angle z extends from —1 to +1. They
derive from the condition that (for a given f) the right-
hand side of (36) must always be negative. The distinc-
tion between areas shaded in horizontal solid lines and
those shaded in vertical solid lines is that they must be
counted positively and negatively, respectively. This
depends on whether—proceeding in the direction of
increasing ¢ [i.e., in the three-dimensional (v), vZ,¢)
space] and keeping v’ constant—the surface correspond-
ing to 2 =—1 is encountered first and that corresponding
to 2 =+1 second, or vice versa. By combining the in-
formation contained in Figs. 5 and 6 (the latter redrawn
for different values of t) we obtain Figs. 7-13. The
meaning of signatures ® and © is the same as in Fig. 4.

z=-lv-"=tvs;

A -

FIG. 7. Cross sections of the “rearranged” (shadings
in the horizontal solid and horizontal dashed lines) and
“original” (shadings in the vertical solid and vertical
dashed lines) integration domains D) and D, by a ¢
=const plane for ¢ >1/v".

vi=vZ, (110)

corresponding to |§”|=0 [conipare (5) and the inte-
gration limits in (48)]. While the boundaries (106)
and (107) clearly have their analogs in D, (com-
pare, e.g., the solid and dashed lines in Fig. 4),
the boundaries of the type (108), (109), and (110)
are simply absent in the Wick-votated case. 1t is
now a matter of a little painstaking but perfectly
straightforward geometry (consisting of deter-
mining the overlap regions of the shaded areas
depicted in Figs. 5 and 6 and representing the
allowed regions of integration by virtue of the
domains of variation in p?, |§”|, and z, respec-
tively) to realize that the domain D, can be rep-
resented symbolically by

Dy=V, 4V, =V =V, =V, +V,, (111)

where, to avoid lengthy verbal descriptions, the
“subdomains” or “volumes” V,...,V, are rep-
resented graphically in Figs. 7-13, and where the
minus signs in front of V,, V,, and V, denote that
the corresponding integrals over these volumes
should be counted negatively. Figures 7-13 rep-
resent cross sections of the integration domains
by the ¢ =const planes for ¢ in the intervals
>1/0>1/0h, t=1/0l, 1ol >t>1/0), t=1/v},
1/v2>1/v}>t>0, t=0, and £<0, respectively,
and are all drawn for a particular situation where
vi>vl>0.28
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n
z=-lv-"=tv4,

z=ol;v-"=ty-"z|

FIG. 8. Cross sections of the “rearranged” and

“original” integration domains D) and D, by the ¢ =1/v"

plane.

Thus, as anticipated, the detailed structure of
D, is indeed rather involved. Before going into
details of a more analytic nature, we shall there-
fore first try to improve the geometry of this
over-all integration domain, i.e., try to replace
D, with an equivalent domain of a simpler shape.
The possibility of doing so stems from the fact that
the integration over a particular V; can always be

z.—l-,v-"f'tv" )/

: 224

'
ve =tv- va'E tys

FIG. 9. Cross sections of the “rearranged’” and
“original” integration domains Dj and D, by a ¢ =const
plane 1/07 >t >1/',.

|©

'
zz-lv-"= tva =l

z=4+15v -2ty

v-"=0

v+ "'20 z=-| 2=+
1 ¥ 1
Ve I='V_' Ve l='V4~ =|

FIG. 10. Cross sections of the ‘“rearranged’” and
“original” integration domains Dj and D, by the t =1/v
plane.

replaced by that over a corresponding “mirror
reflection” V¥ in the v{ =v” plane by performing
the formal substitution v7 =v” in the integrand.
A glance at Figs. 7-13, where the positions of
V¥, V¥, and V¥ are also indicated, shows that a
particularly simple choice of a over-all domain
equivalent in that sense to D, is

®
Z=4,v- =tv-;

V+ =

FIG. 11. Cross sections of the “rearranged” and
‘“original” integration domains D} and D, by a ¢ =const
plane for 1/ >t >0.



|©

v =ty =ty=0

vV o=ty =YV_I=O vz

FIG. 12. Cross sections of the “rearranged’” and
“original” integration domains Dj and D, by the ¢ =0
plane.

D=V, +V,+VF+VE+VE*+V,, (112)

in which therefore we shall actually perform all
the necessary integrations. It should be noticed
that, for reasons to become clear later,? the
definition of D; also includes the change of sign
in front of the V*’s which means that the sign
of the integrand should also be changed in addition
to the substitution v{=v”. As again seen from
Figs. 7-13, where the domain D} is indicated by
the shaded areas, D, is not only more compact
than D,, but—most importantly —its external
boundaries (unlike those of D,) consist now solely
of the planes (106) and (107), while those of the
type (108), (109), and (110) are relegated to the
roles of interfaces between the constituent volumes
(to emphasize this fact D} is additionally rep-
resented by a three-dimensional picture, Fig. 14).

More “analytic” aspects of the replacement of
D, by D, in conjunction with the special form of the
integrand in (70) entail now the following: First
of all, the substitution v{=v” poses no problem,
even as far as the unknown & is concerned, since
on general grounds [and entirely independently on
whether or not the ansatz (114), (115) is made—
see later] it has to be a symmetric function of
vy and v”. This follows from the fact that the
substitution 4 =v” implies |p”|~ -|p”| and z - -z
[compare (5) and (36), respectively], which in
turn is compatible with Eq. (48) provided that
A —-A under this substitution.®® That ¢ is a sym-
metrical function in the variables v and v” is
then a consequence of the definition (67), (68).

As far as £ is concerned, the substitution v¥
=v” can of course be performed explicitly since
£ is known in a closed form (59); in fact, the sym-

MATHEMATICAL STRUCTURE
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2

FER VLS (VR ]
g

FIG. 13. Cross sections of the “rearranged” and
“original” integration domains D) and D, by a ¢ =const
plane for negative {. Note the ‘reversal of sign of the
subdomains” V; as compared, with, e.g., Fig. 11.
However, this is “compensated for” when the integration
is finally performed in the ¢, s, and w” variables by
the appearance of the factor |¢| in the Jacobian
a(t,s,w”)/d@, v”,t), so that this integration continues
always smoothly into the range of negative ¢ (or s).

FIG. 14. Over-all three-dimensional picture of the
(“rearranged”) integration domain D of (70) (outlined
in solid lines). For greater clarity, the position of
(D3)* (obtained from Dj by reflection in the v)=v”
plane) is also indicated (dashed lines). Notice the gap in
Dj in the region where the two would otherwise (i.e.,
if this gap were absent) intersect. To preserve maximal
readability, however, the positions of individual V;’s
and those of the otherwise very important v% =1 and
vZ=1 planes (interfaces) are no longer included.
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metry properties of its logarithm (In) play a
predominant role in our future considerations, as
we shall presently see. In this connection it is

of particular interest to notice that if In{ were a
symmetric function of v{ and v”, the integrand of
(70) would be antisymmetric in these variables,

so that—taking into account the additional change
of sign of this integrand implied in the definition
(112)3°—it would be continued smoothly through
the interfaces (108), (109), and (110). In practical
terms this means that the detailed behavior of the
integrand in the vicinity of the surfaces (108),
(109), and (110), i.e., precisely those that have no
counterparts in the Wick-rotated case, will be apt
to influence our results only if In¢ has a nonvan-
ishing antisymmetric part at these surfaces, in
which case the corresponding part of the integrand
would have to change its sign discontinuously while
crossing them.

B. Analytic difference between Eqgs. (69) and (70)

In an actual attempt to solve (70) we shall now
try, as emphasized before, to follow as closely as
possible the same methods which in See. IV suc-
cessfully led to the solution of (69), since, even
in spite of the fact that we were forced to use dif-
ferent integration variables, the situation which
confronts us here still seems to bear much re-
semblance to that of Sec. IV. What we have pri-
marily in mind is the fact that if the ansatz (80),
(81), which we now prefer to write as

=9/ v",t), (113)
®"=d(v,v_,1t") (114)

to emphasize the dependence of & on the v param-
eters only through their product, could be made,
then in complete analogy to (79) the integrand in
(70) could be written as

I @ Ing
(7 a7 =2 o) [ e =] 119

|

(2m)”

Consequently, the volume integral of a divergence
term (115) could again be converted into a sum of
surface integrals over the boundaries of D; by a
Green’s theorem. Unfortunately, as we shall
presently see, some of these surface integrals
will now in general be y-dependent (or in terms of
the v parameters will depend not only on the pro-
duct but also on the ratio of these parameters), so
that the compatibility of (113), (114) with (70) will
not obtain (at least without changes made as to the
types of the propagators used—see later). From
the preceding geometrical considerations it is of
course immediately clear that the only boundaries
that could contribute to such y dependence (a term
that we shall continue to use for the sake of
brevity in spite of the present emphasis on the

use of the v parameters) are the interfaces (108),
(109), and (110) since the contributions from the
external boundaries (106) and (107) corresponding
to z=+1, respectively, remain [i.e., contingent on
the ansatz (113), (114)] y-independent because of
(89). Anticipating this, in a more detailed analysis
which now follows we shall use the ansatz (113),
(114) to transform only the right-hand side of (70),
but shall not equate it to the Breit term 1/(s”-1)
—1/(¢”-1) lest this should lead to inconsistencies.
At this point it is convenient to finally go over to
t, s, and w” [defined by (36), (34), and (20), re-
spectively] as integration variables in preference
tovy, v”, and ¢, keeping in mind, however, that
the integration domain should correspond to D; de-
fined by (112). The ansatz (113), (114) will there-
fore now mean that

2=8(,s), (116)
=3(t",s"), (117)

emphasizing the (desired) lack of dependence on
the y parameters.
The right-hand side of (70) becomes

w” 61n§

é(t” , S”) +

miv v’
2g% (E, zc)(E +zc)f dtf ds

where the integration limits w, correspond to z
=11, respectively, and are

wi=tv!+sv! or wi=w/+sv!, (119)
w’=tv!+sv! or w’/=tv’+sv/ (120)

[see also Eqs. (A10)-(A15) of Appendix A] accord-
ing to whether the particular end point corresponds
to a point in one of the V, , ,’s or one of the

Vs, 4,5 S constituting the original D,, so that in D}

®(2, ) ]
(tsvlv!-u)tsv!/vi-u?) ’

—

only the first alternative applies. To evaluate the
last integral in (118) we now proceed as follows:
First of all we prefer to write it as

aln (1)
i (121)

wy
dw"
replacing ¢ defined by (59) by a new function £
differing from & by a factor independent of w” and
so chosen that



g MATHEMATICAL STRUCTURE OF THE BETHE-SALPETER... 24217
EW =)=t =t (s=s"), (122) [compare (90)]. For arbitrary w” and also using
the ¢ and s parameters (see Appendix A for de-
tails), the so-normalized function ¢® is then given
£V =W =(t = s")(s=1") (123) by
(1) ” -(t”_sﬂ)zt”vl n X =n, ~n ” ~n ” ~my|1/2
£V = =5 {0 =38+ 0N +[(w" - @) (w” - 3]}, (124)
+
where @7 [not to be confused with w” of (119)] are given by
%(@i’ +(:,’_')= ﬁ {[(ts +t”s”)(t” +S”) —21‘”8"(1 +s)]w’+[(t+s)(t"+s”) —Z(ts - i”s”)]w} (125)

and

nof=

2 5.6 1/2
S0 M) = + = (1) g(1)\1/2
(w+ w-) (tn_sll)2t” (U:‘U_') (§+ g_ ) ’
(126)
where the expressions §, are given by

6,=@,=t" o_~t"]). (127)

Finally, the proper branch of
[(wn_ Of)(w" _ (D;_/)Jl/z ,
which is of course nothing else but V@ defined by

(63) multiplied by a factor independent of w”, is

defined in terms of that of
(1 _22 _y;z _znz +22y/zll)1/2

by

[(@” - @) (w” = &N

(w_+v )0l -v))W"=v))
2U+U_(s” - t”)

X(1=22=y?-2"+22y'2")/2 ., (128)

In evaluating (120) special attention must be given
to the following two questions: Does the integra-
tion with respect to w” between w” and w/ entail
crossing of an interface? If such crossing does
occur, what is the behavior of In¢V) at this inter-
face?

The first problem is a purely geometrical one
and is again best discussed with help of the
(@Y ,v”) diagrams of the type in Figs. 7-13. The
integration path in the (v”,v”) plane corresponding
to the w” integration from w” to w/ with s and ¢
kept constant is represented by an arc of the
hyperbola v”v” =tsv/v! [compare (34)] contained
within D]. A typical situation is shown in Fig, 15,
which is actually the same as Fig. 9, but where
hyperbolas corresponding to s>1/v!, s=1/v!,
1/v!>s>1/v!, s=1/v/, and s>1/v/ are also
drawn. We can see that in this particular situation
interface crossing occurs only for s>1/v/ (name-
ly, proceeding in the direction of the increasing

r

v” from V% into V,) and for s<1/v/ (from V % into
V,), while for 1/v’>s>1/v! the whole integration
path lies entirely within either V ¥ or V,. Repeat-
ing the same for all the other situations depicted
in Figs. 7-13, the full answer to the question con-
cerning the interface crossing is contained in
Table I. The meaning of the symbols used in
Table I is as follows: A simple + or — denotes
that no interface crossing occurs. The + sign
also indicates that the integration path lies entire-
ly inside a single V, (V ¥) if this region lies above
(below) the diagonal v/ =v”. The - sign indicates
just the converse, Situations where interface
crossing does occur are marked + — — or - - +,

" "
v+ =l v+

.1
t=const ;G < t< %_-

FIG. 15. Graphical illustration of the conditions under
which interface crossings occur (indicated by / arrows;
the arrows / indicate the corresponding points inthe
“original”—or “unreflected”—V;’s). The situation de-
picted corresponds to the case represented in Fig. 9
(1/v_>t>1/v%) only. Table I is verified by repeating
the construction for the remainder of Figs. 7-13.
Arrows along the hyperbolas vv” =tsv/v. =const indicate
the direction of increasing w”.
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TABLE I. Areas in the (¢,s) plane where interface
crossings occur (marked by arrows).

1 1 1 1
s \¢ t>— —>t>— t<=
vl vl v v,
1
S>_’ - 4 - - +
1 1
—>s>=— —— + +——
vl v
1
s<= + - -
vy

respectively, according to whether, proceeding
in the direction of increasing v”, the integration
path crosses from a + area into a — area or in-
versely from a — area into a + area.

The importance of the above distinction between
+ areas and - areas is connected with the behavior
of Int*) and derives from the fact that if Feynman
propagators are used for the exchange particle,
then, in situations where

z/>y'>z! (129)

(@7 and @” both real and 37> w”=> w”), with z,
defined by (52), (53), we have

sgnfi[(w” - @7)(w” - @) [*/?}

_ w_-v)w!=v))
=+8gn [—-——-v+v_(s,, L ] (130)

for the + areas and

sg‘n{i[(w” - G)f)(w" - (I)’_I)]l/z}

_ w_=-v)w! =v))
__sgn[—w_(s,,_t,,) ] (131)

for the — areas. Therefore discontinuities of lné(”
can and, as we shall see, will occur if an interface
crossing takes place with the situation (129) pre-
vailing. This and the equally important fact that an
interface crossing proceeds smoothly (i.e., with-
out a discontinuity in In£V) if rather than (129)
either

y'<z! (132)
or
y'>z) (133)

obtains, follow from an at first paradoxical-looking
theorem to the effect that the proper branch of

[(w” = @")(w” - @7)]*2 behaves like an antisym -
metric function in v} and v’ for situation (129),

but becomes a symmetric function in these vari-
ables for situations (132) or (133).

To prove the first part of the theorem notice that
the situation (129) remains unchanged under the
substitution v =v”, since the latter implies y’'~
~y'and z—~ -z, sothat 1 =22 —y2~2"24+2zy'2"
remains unchanged. Now, for a Feynmanr propa-
gator, y’ defined by (24) is real except for a small
and always negative imaginary part, which for sit-
uations (129) makes (1 —22 =y’ -z +2zy'z")/2
always positive, since the proper branch of this
square root as a function of y’ was defined [com-
pare (51), (52), and (53)] as that which is positive
at the lower lip of the cut extending from z’ to
z!. Consequently, not only the expression 1 - z*
~y?%~2"+2zy'z" itself but also the sign of its
square root must remain unchanged by the sub-
stitution Y= v”, which proves, according to (128),
that for a situation (129) [(w” - @”)(w” - @")]'/? is
indeed an antisymmetric function in »{ and v”,

To prove the second part of our theorem it now
suffices to observe that if a situation (132) or (133)
obtains, the expression 1-2z2-y2—-2"4+2zy'2"
again remains unchanged under the substitutions
vy <v”, but its square root does change sign since
under this substitution the situation (132) becomes
that of (133) and vice versa and the signs of the
proper branch of i[1-2%-y? —z"% +2zy'2"]*% to
the left and to the right of the above cut are op -
posite. Q. E. D.

In order to establish in detail what trajectory
will be described by £’ in its analytic plane as
w” varies between w” and w? for a given pair of
values of { and s, or in other words what will be
the shape of this trajectory as a function of ¢ and
s, we must now supplement the information con-
tained in Table I with that stemming from (125) and
(126), regarding the properties of @” and @” as
functions of ¢ and s. Noting that according to (124)
and (37)

5.6 =25—,, +i W, ~t"v/Pw_~t"v/P<0  (134)

and also assuming, consistently with our previous
geometrical constructions, that v/v’>0,% we first
of all see that if £{*) and ¢*) are either both posi-
tive or both negative then @} and @” are complex,
the expression (w” - @!)(w” —= &”) is positive-def-
inite, and, consequently, the situation (129) can
never occur, This means that, regardless of
whether or not the interface crossing occurs, £
continues smoothly from £ to £{!), remains
real, and also retains the same sign, since for
finite w”, £* must [compare (124)] remain finite
and #0, Consequently, whenever

(1)

Eil)g(-l): (t— t")(S— s”)(t—s")(s— t”)>0 , (135)

we have simply
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wy (1) YA YA
[ 0 [N g

) a0’ M |E=s(=1t")

wo
The situation is much more complicated if £{*)
and £ have opposite signs, i.e., if

gil)g(_l)__.(t_tn)(s - S”)(t— S”)(S _t”)<o . (137)

First of all, the situation (129) can and in fact
must then prevail part of the way between w” and
w”, which means that the interval (®”, ®7) must
be contained within the interval (w”, w/). This is
because as long as (129) prevails, the point repre-
senting £ in its analytic plane must remain on a

circle around the origin of radius

=g ‘U_:_ﬁ__ 1) (1) 1/2
W(v_’6+ gMgl )
[compare (124)] and therefore either the lower or
the upper part of this circle must be traversed in
order to connect a positive (negative) Efl) with
negative (positive) ¢’ by a continuous “trajectory”
consisting only of intervals of the real axis
[£%)(w”) remains real for situations (132) and
(133)] and arcs of the above circle without passing
either through zero or infinity [compare Fig. 16,
representing such a trajectory for a situation
where s”>s>t">1/v!>1/v!>¢>0, v,>v_, and
5,<0]. However, whether £ will follow a con-
tinuous trajectory of this type or will jump dis-
continuously from the upper (lower) to the lower
(upper) semicircle upon reaching an interface in

a manner indicated in Fig. 17 [drawn for a situa-
tion where s”>s>t">1/v!>t>1/v!>0, v,>v_,

and 6, <0] will depend on the following further
circumstances: First of all a continuous trajectory
will always obtain if the values of s and ¢ in addi-
tion to satisfying (137) also correspond to regions
marked + or — in Table I. In this case we will
have instead of (135)
¥ aInEW

"
dw”
" dw”

(t=t")s=5s")
(t=s"Ns=t")

where the + sign applies to a situation where
£1>0 (£<0) and the lower (upper) semicircle
was traversed, and the — sign to £>0 (¢{1<0),
£ describing the upper (lower) semicircle. Pro-

+im, (138)

w

() Analytic “)plone

£ @) e )z
5(1) (L)

FIG. 16. Trajectory described by the point represent-
ing (W 4n its analytic plane, as w” varies between w” and
w! in the case of s”>s>t" >1/.>1/, >t >0, v, >v_, and
8, <0. There is no interface crossing in this instance.
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! Analyticg( | )plane
]
ANCH

1€ @ .
f“_) \ ! E(l)

—
—_

FIG. 17. Trajectory described by the point represent-
ing £ in its analytic plane, as w” varies between w?
and w” in the case of s” >s>t”" >1/w.>t>1/w[>0, v, >v_,
and 6, <0. Notice the discontinuous jump from the lower
to the upper semicircle upon reaching the interface at
w” =wf, where wf is given by (141).

vided that (137) is satisfied, continuous trajectories
and therefore also the result (138) will still obtain
in parts of the regions marked +- - and — - + in
Table I as long as either

@"> wy (139)
or

@Y<wy . (140)
Here

wi=1+v/v’st , (141)

and denotes the value of w” for which an interface
crossing occurs [i.e. for which either v”=1 or
v”=1; compare (20) and (34)]. Finally, a discon-
tinuous trajectory of the type depicted in Fig. 17
will always obtain if (137) is satisfied and in addi-
tion s and ¢ correspond to subregions of the regions
marked +- —or —- + in Table I for which

@Y> wy>a” . (142)
If the latter is the case, we will have

wi dw” 61n§(” = (t_ t”)(s - S”)
w’_’ aw” (t— S”)(s - tll)

+[2Ing(w]) =in] , (143)

where £(w) denotes the “old” function £ defined
by (59) (see Ref. 33) at w”=w{. The over-all re-
sults of the above analysis are best represented
graphically in Fig, 18, drawn for a particular sit-
uation where s”>¢">1/v!>1/v! >0, v,>v_, and
6,<0, which makes (130) positive. The important
“phase term” P(¢, s; ¢”, s”) is defined by

alng'V) . {(t=t)(s=s")
awll (t - sll)(s - tll)

+P(t,s;t",8") . (144)

"
Wy
dw”
w”

The boundaries of the doubly shaded regions in-
side which (143) applies are of course given by

(0§ = 3wy = 3 =[ wf - 5(@L +@NP - 3(@Y - &2 F

=0, (145)
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where &7 and w{ are given by (125), (126), and (141), respectively. If written in terms of the ¢ and s

parameters, (145) reads

{(t"— S”)z(l +stU+'v_’)—[(ts+l”s”)(t”+s”) -2t”s”(t+S)J(U+’ +U_') —[(l+s)(t”+s”) —2([3 +t”s”)](l)+ +U_)}2

4
t"vlv!

This is obviously symmetric in ¢ and s, and for
s=const (¢ =const) represents a quadratic equation
for ¢ (s). Equation (146) shows also that the curve
(or rather curves) it represents must always be
tangential to the lines s =¢” and s=s" (¢=¢” and
t=s"). These properties allow us to immediately
draw phase diagrams pertaining to topologies dif-
ferent from that depicted in Fig. 18, i.e., to types
of inequalities between the initial and final param-
eters different from those hitherto assumed (com-
pare Figs. 19 and 20). Continuing with the situa-
tion depicted in Fig. 18, however, they imply in
particular that the roots ¢=1,(s) and ¢=14(s)
[s=1,(t) and s=1,(¢)] of (146) must be real for

FIG. 18. A diagram depicting the main characteristics
of the dependence of the phase P defined by (144) on the
parameters t, s, and w”, drawn for the particular case
(s>t">1/v_>1/v),, v, >v_, and 6, <0) worked out in
detail in the main text. P =0 everywhere outside the
shaded areas. The two different shadings, namely that
in continuous lines inclined under 45° with respect to
the horizontal direction and that in continuous lines
inclined under 135° with respect to the horizontal di-
rection, indicate regions where P is constant and equal
to +imand —im, respectively (or more generally, where
P is equal to —iem and +iem and € stands for
sgnl(s” =t")@_—v,) @. —v])/vjv.6,]). The doubly shaded
areas represent ‘“transition regions’” where P becomes
w-dependent and is equal to F given by (153). The
shape of the boundaries of the latter regions is also
w-dependent and is given by (146).

w, =vt"v_~v ") v, =v t"Yo_=v t")t=-t")t-

s"Ns=t")Ns-s")=0 . (146)

r

s">s>t" (s”">t>t"), “merging” at the ends of this
interval, where for future reference we shall also
assume that [,>1

From Fig. 18 it is now clear that by substituting

//// -

N
NN

\\\\\“\\

S:v+

(0]
s=:0 T
L
( a ) '=O t= Vol
s N
s=s'"-

s=g
s=t" %

S=Vs

s=0

L
(b) e

FIG. 19. Diagrams of the same type as Fig. 18, but
drawn for a general situation where s”>1/v. >¢">1/v],
v,>v_, and 6,<0. Additional—though of no particular
interest—inequalities between the parameters involved
distinguish between the special cases (a) and (b). Some-
where between (a) and (b) a situation arises where the
‘“transition regions’” degenerate to two points at the
intersections of the lines t =t”, s=s” and ¢t =s”, s=t"
and the general pattern becomes accidentally identical
to that of Fig. 22.
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(144) into (118), the latter will in general become
Y~-dependent (w-dependent) on account of the y-de-
pendence of Iné(w(), so that the compatibility of
(116), (117) with (70), needed not only as practical
means of solving the latter but also representing a
necessary condition for the Wick-Cutkosky results
to follow, becomes indeed questionable. In order
to analyze more closely this important point, it
will now be advantageous to represent P(¢, s; ¢”, s”)
defined by (144) in the form of either of the follow-
ing two alternative “decompositions”:

P=P,+R, (147)
and
P=P,+Ry. (148)

Py and P, are defined by

2431

FIG. 20. Another phase diagram belonging to the same
general category as Figs. 18 and 19, drawn for a situa-
tion where s” >1/v.>1/v,>t” , v, >v_, and 6, <0.

Pylt, s; 8", ") = —in[O(" = 1)O(s" = ) =O(s” = 1)O(t" = 5) +O(t = t")O(s = s") —=O(t - s")O(s - t")] (149)

and

P,(t, s;t"s") = —in[O(s” = £) =O(¢" = £) ~O(s" = 5)O(¢" - 5)]. (150)

They are represented graphically in Figs. 21 and 22, respectively, and are obviously y-independent. The

“rest terms” R, and R, are given by

Rl(t, S; t”, S”; w) = _[e(s” - S) —9(!” - S)]

X{[F(2 s; ¢, s"; w) =2mi]0 (1, (s) =E) =F (¢, s; £", s"; w)O(,(s) =)} =(s=¢) (151)

and
Ru(t, s; t", s"; w)==[6(s" - 5) =0(¢" - 5)]

x{2mi[6(s” = ) =0(l,(s) =] +F (¢, s; t", s"; w)[O(1,(s) =) ~6(1,(s) =) ]} - (s =), (152)

where (s =t) denotes terms obtained from the preceding by substituting s for ¢ and vice versa. The term
21n¢ (w{) is now denoted by F(¢, s; t”, s”, w), which, to better emphasize its pertinent analytic properties as

a function of {, can be written as

F(t, s;t", 8" w)=21Iné(w!

=2Inf{at+ b+ [(at+b)? = (¢ =t")(t = s")|V?} =In[(t - t")(t = s")], (153)

where

"
a

tll

“6.0.G-(s= P {(¢" = s"Psvlv! =[(t"+5")s =2t"s"|(v +v!) =[(t" +5") <2s](v, + v )}, (154)

b= 6.0 (5= ) (s =72 {7 =s"R=[t"s"(t" +s")=2t"s"s)(v! +v)=[(" = s")s = 2t"s" (v, +v_)} . (155)

The analytic structure of F as a function of ¢ is
represented graphically in Fig. 23, and the proper
branch of F in the analytic cut ¢ plane is defined as
that which is =0 at £=17, and which exhibits a —4ni
(emphasis on the minus sign) discontinuity across
the real axis for Re(¢)>1, (i.e., the value of F at
the lower lip minus that at the upper lip of the cut
= —473).

The decomposition (147) is directly motivated by
the problem of elucidating the analytic difference

r

between (69) and (70), while that of (148) will to a
certain extent serve a similar purpose in compar-
ing the “realistic” equation (70) with the exactly
soluble model constructed in Sec. VI.3¢

C. Failing of the Wick -Cutkosky solutions
[study of the “decomposition” (147)]

Addressing ourselves to the first problem first,
the most important property of Py, which accord-
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FIG. 21. A “simplified” diagram of Fig. 18 for which
the Wick-Cutkosky type of solutions would obtain. The
t and s dependence in this diagram is given by Eq. (149).

ing to Fig. 21 represents —roughly speaking—an
“extension to infinity” of a situation prevailing in
Fig. 18 in the vicinity of the square where the
lines t=¢t'', t=s'"", s=t'’, and s=s’’ intersect, is

2 © + o0
srogs | at [ aspyt,s; 7,516, 9)

==2mi[f (", s"")=f(s"",t"")]. (156)

' The importance of (156) derives from the fact that
if reasons could be found in support of the con-
jecture that the w-dependent “rest term”

+ 00 + o @(t s)
tf :
f_,, ) AT T s —u®)

XR,(t,s; 1", s'"; w)=0, (157)

1 1 @n)
sTo1THTT -1 282

miv, vl

@( II’ SI’)+

E.-i0)E . +ic) ). ‘”L ds

|©

FIG. 22. A “simplified” diagram of Fig. 18 that would
lead to (174) and is closer related to the exactly soluble
model of the BS equation considered in Sec. VI. The ¢
and s dependence in this diagram is given by Eq. (150).

or could otherwise be neglected [to which we shall
refer in a sequel as the orthogonality conjecture
(157)], then not only would the ansatz (116), (117)
again become compatible with (70), but also the
solution of the resulting integral equation would
have to satisfy a second-order partial differential
equation identical with (101), thus leading once
more to results essentially equivalent to those of
Wick and Cutkosky. To see this, replace P by Py,
in (144), substitute the result in (118), and equate
the so-obtained expression to the Breit term
1/(s’" =1)=1/("" =1). The resulting integral
equation is

o(t,s)

tsviv. —ul2)(tsvhv. —u_?)

and has its closest analog in either (89) or (93) of Sec. IV. From (158) it now follows that

@(t,s)=—d>(s,t),

|z=2¢" t=s" e om
Xl:lnls—t” —lns-s” +Py(t,s; ", s")
(158)
(159)

which is exactly the relation (92) written in terms of f and s. Applying the operator 382/6¢'’8s’’ to both

sides of (158), we finally get because of (156) and (159)

[ 92 g 2 v:_'l)l
at’’as” ~ (ﬁ> E,-ic) E_+ic) ¢""s""vi vl ~up)t"'s" v, v] -u_?)

where again the method parallels closely that of
obtaining (101) from (93) with help of (100), since
even the Laplacian (99) is, up to a numerical fac-
tor, identical with the operator 82/8¢’/8s’’. Re-

]<b=0, (160)

r

introducing the @ and ¢ variables through Eqs.
(83), (34), (35), and (7) and also using (16) and
(14) we can see in fact that (160) is identical with
(101), so that (157) with ¢ satisfying (160) becomes
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discontinuity of F between these points = -4 i
logarithmic cuts in the second

Riemann sheet 15 (s)
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square-root cut
logarithmic cuts

FIG. 23. Analytic structure of F given by (153).

indeed a necessary condition for the Wick-Cutkosky
results to obtain and becomes, by the same token,
also an a posteriori necessary condition for the
validity of the Wick rotation.

Having thus succeeded in reducing the problem
of analytic difference between (69) and (70) to that
of satisfying the orthogonality condition (157), we
will now finally proceed to show that it in fact can-
not be satisfied. The possibility of such a clear-
cut negative proof [as contrasted with the general
feeling that it would be hard to satisfy (157) on ac-
count of its  dependence] stems mainly from a
hitherto-unexplored property of the phase P de-
fined by (144). According to (124), and (128) [com-
pare also the detailed sign determination implied
by (130)], and (131) the change of °

sen [(v- -v,) (. - vi)}

-v,v_06,

(161)

brings about an over-all rveversal of sign of this
phase. To correctly assign the proper values of
(161) to different parts of the physical domain of
the space of initial states (v,, v_,t’’) [or equiv-
alently (¢'/,s’’, w) space], it is best to again sub-
divide it into volumes V; in exactly the same way
as was done with the intermediate-state space D,
at the beginning of the present section (compare
again Figs. 7-13 with v, instead of v}/ and ¢’’ in-
stead of ). Having done so we immediately see
(compare Table II) that (161) is positive in V,,
V,, and V4 and negative in V,, V,, and V.
Now, in order to prove that (157) cannot be sat-
isfied at all points of the physical domain of the
(v,,v_,t") space, assume—to the contrary—that
it is satisfied, e.g., at least in the region of V,
immediately bordering on V}, whose representa-
tive point A is depicted in Fig. 24 (which is a
“replica” of Fig. 9 in the space of the initial
states). Consider also a point B lying in V, such
that the distance between A and B*, the “mirror
image” of B in the v, =v_ plane (lying therefore in
V¥ across the interface v_=1 from A), can be
chosen arbitrarily small. In the limit as both A
and B* approach the same point C of the interface
v_=1, the phase structures—as depicted in Fig.
18—pertaining to A and B will become exactly the
same, except for the above-mentioned over-all
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TABLE II. Signs of expressions: v_-v,, 6,, and
(161), obtaining in different subdomains of the space of
initial states, tabulated in order to demonstrate the
existence of the discontinuous reversal of the sign of
P at the interfaces.

sign o;\volume” Vi Vy, V3 Vy Vg Vg

vo—v, + - - + - -
6, + - + - + -
(161) + + - - - +

change of sign. This is because on one hand (146),
(154), and (155) are symmetric in v, and v_, but
on the other hand the signs (161) in V, and V, are
opposite. More precisely, retaining the same
signs in the definitions (149) and (151) of P, and
R, we will have on one hand

P, (C)=P,(C*), (162)
R((C)=R;(C*), (163)

where C* is the “mirror image” of C in the v,=v_
plane, whereas on the other hand

P(A)— P, (C) +R,(C)
A—>C

(164)

and, most importantly,

<
»

*

< b
R Y
<
+ .
4
[ )
|/
1
1,
1
f
>
|
1
1
|
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N
|
1

hyperbola s=const

. T
ve =t v vest've' Vs

S g SR S

Ve =1

FIG. 24. A diagram corresponding to the same situa-
tion as Fig. 9, but drawn for the space of initial states
(v, instead of v{ and ¢” instead of ), referred to in
proving the theorem that there is an over-all discontin-
uous change of the sign of the phase P at the interface
crossing at the point C.
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P(B) — -P,(C) -R,(C).
B—>C*

Considering the contribution from R (C) as =0,
i.e., invoking (157), we can therefore only conclude

(165)

J
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that, upon the above-mentioned interface crossing
from V, into V¥, the sign of the integral term in
(158) should also suffer a discontinuous reversal
and therefore should lead to, instead of (160),

(166)

[ 92 +(g 2 v, 1 ®=0
8tl’asll 2” (E+_ic)(E- +ic) (t "s”vivl_ -u+2)(t"slll.}:,vl_ _u-z)] - .

However, the assumed w independence would then
lead us to believe that in fact botk (166) and (160)
should be satisfied simultaneously since, as we
saw before, the interface crossing can very well
proceed along an arc of the hyperbola v, v_
=v,v"/s''t'"=const, so that, even at finite distances
from each other, all the points A, B, B*,C, and
C* could be assigned exactly the same values of
¢’ and s’’.

Repeating the above argument for all the areas
of the (¢’’, s’’) space marked +—— or —— +in
Table I, i.e., for all the areas where the interface
crossing is possible, the simultaneous validity of
(160) and (166) can of course only mean that & =0
in these areas. The assumed validity of (157) in
the remaining areas of the (¢’/, s’’) space must on
the other hand at least imply the validity of either
(160) or (166), so that by the usual continuity
arguments we are driven to an inevitable conclu-
sion that & =0 should prevail over the whole
(¢'’,s’’) plane. Needless to say, such a “solution”
is not only physically unacceptable, but is also
simply incompatible with (70), whose inhomogeneity
(Breit term) does not vanish identically. The final
conclusion can therefore only be that (157) cannot
be satisfied and therefore the Wick rotation is not
valid. Q.E.D.

In addition to furnishing the proof that (69) and
(70) are indeed analytically different and that a
solution of the Wick-Cutkosky type cannot satisfy
the latter, the above negative result is also prac-
tically tantamount to admitting our inability to
solve (70) by the methods developed so far. There-
fore, no further attempt will be made in this work
at obtaining a closed-form solution of (70), which,
if at all possible, must in all probability involve a
w dependence of &. Instead we shall devote the
remainder of the present section to considerations
leading to the construction of an exactly soluble
model of the BS equation (see Sec. VI), since the
currently used { and s parameterization seems to
be particularly suited for this purpose. As we
shall see later, the construction of this model will
be tantamount to changing the type of propagators
involved, in such a manner, however, that some
basic physical features of the “exact” problem
hopefully will be retained. In conjunction with

I

the already proven lack of equivalence between
(69) and (70), the solution of the model might
therefore conceivably represent even a better ap-
proximation to the “true” scattering amplitude
than that based on the Wick-Cutkosky results.

D. Study of other “decompositions” —in particular, (148)

A good starting point for the construction of such
a model is provided by returning once more to the
general problem of the compatibility of the solving
ansatz (116), (117) with (70) per se, i.e., inde-
pendently of whether or not the former leads to a
solution of the Wick-Cutkosky type. Notwith-
standing the fact that the latter possibility is now
definitely excluded, it is still a priori possible
(though admittedly not very likely, in view of our
recent experience) that a “decomposition” of the
“phase” P defined by (144) into a w-independent
“main part” and a w-dependent “rest term” —other
than (147)—could still be found in such a way, that
an equation obtained by replacing P by this main
part would admit of a solution orthogonal [in the
sense similar to (157)] to the rest term (for ar-
bitrary w), so that it would also satisfy (70) itself.
Unfortunately, it seems almost impossible to
furnish even a conclusive negative proof pertaining
to this more general problem of compatibility
(i.e., to the effect that it is impossible to find such
a decomposition), let alone—to the contrary—to
actually find a decomposition which does satisfy
the above conditions and thus be able to solve (70)
after all. This can be partly ascribed to the ap-
parent lack of a valid guiding principle as to the
proper choice of trial decompositions, though each
such trial would be apt to be very complicated it-
self, involving as its preliminary step a necessity
to solve an integral equation of a type presumably
varying widely from case to case.

However, if we were to be guided in this con-
text by a principle of analytic simplicity alone,
then the decomposition (148) would certainly seem
to deserve our very special attention, so much so
in fact that had we not known about the existence
of the Wick-Cutkosky solutions we would probably
be inclined to investigate it first, even in prefer-
ence to that given by (147). The greater analytic
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simplicity of (148) as compared to (147) obtains,
as it should, separately in both the “main parts,”
i.e., in P, as compared with Py, and the “rest
terms,” i.e., in R, as compared with R,. As seen
from Fig. 22, P,, given by (150), represents an
extension of the pattern from Fig. 18 prevailing
at the far -off tails of the latter. Its far greater
simplicity in comparison to P, given by (149) is
almost self-evident in that, unlike the latter, it
represents a sum of a function of ¢’/ alone and a
function of s’’ alone, which property it therefore
shares with the logarithmic term in (144). Con-
sequently, in sharp contrast to (156), we have
simply
32
WP”(t’s; t',s")=0. (167)

The greater analytic simplicity of R;; given by
(152) as compared with R, shows itself in the fact
that

+ o + 0
J' dtf dsRy(t,s; t",s"; w)f(t,s)
sl’
=%f dsf dtF(t,s; t",s"; w)f(t,s)
tll

s"
-gf dtfdsF(t,s; £ s W)F(E,s), (168)
"I

where F is given by (153), the emphasis being on

11 _@nr
sTo1T7 -1 2

miv, vl

Q(t”, sn)+

+o

(E,.-ic)E_+ic) ).

the appearance of contour integrals, which seem
to fit naturally with the system of analytic cuts of
F depicted in Fig. 23. By contrast, an expression
corresponding to the left-hand side of (168) with
Ry replaced by R, would involve only open path in-
tegrals in both variables f and s, i.e., integrals
taken from some initial value (,, ,, t’’, or s’’)
to «, where « represents a regular point of F.

In more detail, the contour integral in ¢ of the
first term on the right-hand side of (168) is under-
stood as that taken—in the usual anticlockwise di-
rection—around the whole system of cuts depicted
in Fig. 23, or equivalently around a cut extending
from [,(s) to s’’ and passing through ,(s) and ¢'’.
It should be noted that the subsequent integration
with respect to s between the values ¢’-and s’/
could also be converted into a contour integral
(though of a different and slightly more complicated
type and therefore avoided here), since these two
points represent also (logarithmic) branch points
of F (this time as a function of s). The integra-
tions involved in the second term of the right-hand
side of (168) are understood in precisely the same
sense as above, only with the roles of { and s re-
versed (F is a symmetric function of f and s).

If we now wanted to undertake seriously the
problem of solving (70) by the ansatz (116), (117)
again, but decided to base our procedure on the
decomposition (148) instead of (147), Eq. (158)
would have to be replaced by

e &(,s)
dtf_,,, ds [tsv) v, =u 2][tsv) v —u_?]

X{[In¢t -¢"")-1In(s =t'")]

-[In¢t -s")-1n(s ="}, (169)
since, because of (150),
t-t" t-s" N " n " "
In|—7| -Inl = +P,@,s;t",s") =[In@t =t"") =1In(s =t’')] =[In(t =s’’) =1In(s = s"’)], (1170)

where the proper branch of Inx for real x is under-

stood as that for which
Inx =1In|x| +in@(-x) . (171)

The integrations with respect to £ and s in (169)
can therefore also be understood as performed
along a straight line parallel to the real axis, but
lying slightly above this axis. Because of (168),
the orthogonality condition (157) would have to be
replaced by
fs"ds ﬁdt F(t,s; t",s"; w)b(t,s) 0,
'I’

(tsv, o —u2|[tsvv. —u_?]

(172)

-

the appearance of only one (double) integral in-
stead of two being caused by the fact that & (¢, s)
satisfying (169) would again [i.e., like that satisfy-
ing (158)] have to satisfy the antisymmetry rela-
tion (159).

The most important property of (169) deriving
from (167) is now the fact that the application of
the operator 982/8t'’8s’’ gives

82 144 r
20,5 o

at'’as’’ VY (173)

which, within the framework of our new approach,
replaces (160). Equation (173), in conjunction
with (159), leads immediately to the conclusion
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that
&(,s)=G{t)-G(s) (174)

and brings about an enormous simplification of
the problem of solving (169), which reduces, upon
substituting (173) into (169) and differentiating
with respect to t’’ (mostly in order to convert the
“unpleasant” logarithmic terms in the kernel into
rational expressions), to that of solving a single
integro-differential equation in one variable:

1 _@nrdGe”)
( rr _1)2" 2g2 dt’’

7 ’ + o0
+%c”—j Atk )¢,  (175)

with the kernel K given by 3¢

« 1 1
144 — -
K", t)= J_: ds(tsvi, v —ul? tsvhvl —u_z)

1 1
X(t” —t—ic t" —s—ie)‘ (176)

Of course, the orthogonality condition—or more
properly conjecture—(172) also undergoes a fur-
ther simplification [i.e., in addition to the already
mentioned fact that, unlike (175), it can be ex-
pressed in terms of contour integrals] as a result
of (174), in that one of the integrations in (172)
can now be performed explicitly, before the exact
form of G(¢) satisfying (175) is known.
Unfortunately, the above encouraging aspects of
the approach based on the decomposition (148) not-
withstanding, if Feynman propagators are used to
represent the scattered particles A and B the exact
form of G(t) is not easy to obtain, since (175) is
still very difficult to solve, and consequently no
definite answer as to whether or not (172) can be
satisfied can be given (the negative answer is of
course still the most “probable”) no matter how
much more “plausible” a positive answer to that
question might seem as compared to (157) on ac-
count of the appearance of contour integrals.
However, as we shall see in Sec. VI, it is not
altogether too difficult to solve an equation of the
general type (175) exactly, if the Feynman propa-
gators.representing the scattered particles are
replaced by advanced (or retarded) propagators.
Once the type of any propagator has been arbi-
trarily changed, on the other hand, we are already
dealing with models of the BS equation rather than
still trying to solve the original equation exactly,
so that, in search for always valuable exact solu-
bility, we might feel free—subject to certain
limitations,3 of course—to change the type of
propagator representing the exchange particle as
well. If this is done properly, however, then—as

we shall presently see—no orthogonality condition
of either type (157) or (172) is any longer required,
since the solving ansatz (116), (117) becomes once

more strictly valid.

VI. AN EXACTLY SOLUBLE MODEL OF THE
BETHE-SALPETER EQUATION

Considering exact solubility as the most impor-
tant guiding principle for the moment, we saw in
Sec. V that our inability to solve (70) exactly stems
mainly from the very complicated behavior of the
phase P defined by (144). The most radical way to
be free from this difficulty is therefore to simply
put

P=0, )

which is also tantamount to assuming the validity
of (136) for all values of { and s. From the view-
point of a more immediate physical interpretation,
however, it comes at this point as a rather pleas-
ant surprise that the validity of (177) is ensured
by merely replacing the Feynman propagator for
the exchange particle by its rather close cousin
the so-called relativistic Coulomb potential (equal
to half of the sum of the retarded and advanced
propagators), so that we can still claim that at
least some essential physical features do vemain
included in the intevaction.’” To see this it suf-
fices to first realize that the above-defined
Coulomb propagator (denoted sometimes by Ap)
can also be represented as half the sum of A,
and A, ,, the first denoting the Feynman propagator
proper, involving the integration with respect to
Do performed in the usual fashion, i.e., below the
left singularity and above the right, and the second
denoting, inversely, a propagator where the in-
tegration path in the complex p, plane bypasses
the left singularity above and the right below the
real axis.3® Returning briefly to the pertinent part
of the argument from Sec. V, we see that as long
as (135) obtains, the outcome of the integration
(136) remains of course the same whether or not
the Feynman propagator is replaced by Ap, since
it is in this case immaterial how the above singu-
larities are to be avoided [situation (129) never
obtains]. If on the other hand (137) holds, then,
upon substituting A, for A,p, the integral (121)
becomes equal to half the sum of its “old” value
and the value corresponding to A, , whose differ-
ent integration path with respect to p, means that
the point representing £*’ should describe pre-
cisely the opposite semicircle in its analytic
plane. This happens because the signs of
(1-22-9"2-2""24+22y'2"" /2 corresponding to A,
and A, , are always opposite as long as the situa-
tion (129) prevails, with the result that the phase
contributions stemming from these terms always
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FIG. 25. Diagrammatic way of showing that using the
“relativistic Coulomb” propagator for the exchange
particle (right-hand side), considered as half of the sum
of Feynman (first ‘term” on the left) and A, 4, (second
‘“term” on the left), has the effect of principal part
integration in w” and thus leads to P =0. The drawings
symbolize the trajectories described by the point repre-
senting 5(‘) in its analytic plane and correspond to the
situation depicted in Fig. 16.

cancel, so that (177), or equivalently (136), in-
deed prevails throughout the whole (¢, s) plane
(detailed graphical illustration of this fact, per-
taining separately to situations depicted in Figs.
16 and 17, is furnished by Figs. 25 and 26, re-
spectively). The general validity of (136) means
of course first of all the disappearance of the w
(o7 ¥) dependence from our equations, so that the
ansatz (116), (117) is obviously valid and leads
again to an equation of the general type (169),
which is, however, now exact and need not be
supplemented by any orthogonality condition. The
only difference between the “0ld” and the “new”
Eq. (169) [the latter referred to from now on as
(169M), where M stands for “model”] is in the
shape of the integration paths in { and s. Replac-
ing the Feynman propagator by the Coulomb propa-
gator for the exchange particle in (70) [the so-
modified equation is referred to from now on as
(70M)] means that the integrations with respect to
both ¢t and s in (169M) should be understood as
principal part integrations (half sums of the cor-
responding integrals taken along two straight
lines, one slightly below, the other slightly above
the real axis) because only the absolute values of
the expressions like ¢t —¢’, etc. enter Eq. (136).
Another equally important consequence of the gen-
eral validity of (136) is the fact that its right-hand
side represents a sum of two functions, one of ¢’/
alone and the other of s’/ alone, so that the same
is again true for the whole integral term in (169M)
and, consequently, (174) obtains. This, in turn,
by exactly the same manipulations as before, leads
once more to the integro-differential equation of
the type (175), only now its kernel is given by

K(t” t)=f+” 1 1
’ | (tsviv’_ -u? tsvivl —u_z)

1 1
XP(T——t—?T’_—S-) ds,

(178)

J
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' @
FIG. 26. A diagram showing that exactly the same
is true as in the case depicted in Fig. 25, if there is

an interface crossing. This diagram corresponds to the
situation depicted in Fig. 17.

-

where

1\ 1/ 1 1
P(t" —t) ‘E( 7 —t+ie+t"-t-i€> , ete.

(179)

instead of (176). To actually solve (175) with the
kernel (178), the question concerning the type of
propagators to be used to represent the scatfered
particles becomes once again of importance in
connection with the valid “recipe” as to how to
avoid the singularities at s =« 2/tv, v’ and
s=u_%/tv',v..%° As explained in some detail at

the end of Appendix B, this recipe becomes rather
complicated in the case of the Feynman propa-
gators, leading to the appearance of “step func-
tions” (6’s) of rather complicated arguments if an
attempt is made to perform the integration indi-
cated in (178) explicitly, which in turn—as already
mentioned —precludes obtaining a closed-form
solution of (175) with such a kernel. We shall
therefore include as part of the definition of our
model that the retarded (or, equally well, the ad-
vancéd) propagators shall be used to represent the
scattered particles A and B instead of the Feyn-
man propagators.®® If this is done, and if we also
assume as usual that v}, v’ >0, then, if retarded
(advanced) propagators are actually used, the
singularity at s =« _2/tv/,v_ should be bypassed
always (i.e., independently of the value of the ¢
parameter) below (above) and that at s = u 2/tv}, v’
always above (below) the real axis (see Appendix
B for detailed proof). Having from now on decided
to consistently use only the retarded propagators
to represent the scattered particles, we can there-
fore make the following identifications:

11 1
tsvh vl —u,? tviv s —u,?/tv, v rie ’

(180)

Because of (180) the kernel K given by (178) now
becomes

1 1 181)

i
K(t II’ t) =;Zr—

1( 1 1 > 1( ]
+v’_[t T—t" —ic t-t"+ie) T\t —u 2/t v +ie (177 -u_z/tv;u'_-ie)’
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so that instead of (175) [or rather what we now call (175M), where M stands for “model”] we can simply
write
1 @m)t dG@E') 7% (*° dt 1 . 1 1 . 1 )G(t)
@ -17 2g%  dt" “Ee =t —te t=t"+ie t'" —ul/tviv] +ie t" —u_2/tv\ v —ie :
(182)

Equation (182) can now be solved exactly, as fol-
lows: We start with the well-known integral rep-
resentation for the inhomogeneous term of (182)
t” i iwl(__tn)l

—_ -2 7 1
¢ -1y _iw Sinml at, (183)
where the integration can be carried out strictly
along the imaginary I axis—i.e., without “de-
tours” —since the point =0 is regular. Corre-
spondingly, the solution of (182) can be sought in
the form

(184)

This particular form of the integral representation
is furthermore motivated by the fact that by the
Cauchy theorem

*oq 1 1 omi , .,
j_“,t_(t—t"—ieJ't—t" )‘ tf dt=+775 ("),

(185)
=1 1 1 1y
f_; t—(t—t" Tie it +ie> (‘?) at

y -1\
-5 () o

+m-d_£ 1 1 )(—t)'
f_,, t t”-u+2/tv1v’_+ie " —u v —ie€

27 1 '
_‘tT <"tuvr v > ’ (187)

—

e e
Jow tNE w2 tV 0 +iE N —u 2/t v ~ie)\ t

2mi [tV o\

=+ (-'—u%——) , (188)
+

where the proper branch of (-x)' is understood as

that which for real x is given by

(-x) =exp{i[In|x| —im6 (+x)]}. (189)

The important point here is that (187) and (188)
generate the (-1/t) term from (~¢)', and vice
versa. This, combined with the fact that the op-
eration ¢/’ d/dt", like those of (185) and (186),
simply reproduces the same type of term in both
cases, leads to an easy identification of terms on
both sides of the equation, when (184) is sub-
stituted into (182). Keeping in mind that for non-
integer I the functions (-1/¢)} and (~£)~* must be
regarded as linearly independent, since

(=1/t) = (- t)—leznue(t) (190)
leads to the following fwo relations:

1= [‘2;’31 o2 wrme s

and

i 21 [(277) %"_]
=Fe WP O G =g 0. (92)
Solving (191) and (192) for f(I) and k(I), substitut-
ing the result back into (184), and also using the
relations (16), where the angles @, and y are once
again those depicted graphically in Fig. 1, the
exact solution of (182) finally becomes

G(t)=if+ 1 M1 =N)(=t) +N(u ) (-1/t, o)} (193)
2 ). sinml IMI-N[1+(u_/u,) [{M1-N[1 = (u_/u,) ]}
|
where problem we undertook to solve obviously was.
@r) 8t Another solution of (182) with the roles of @, and
M= 2” =27 (194) a_ exactly reversed can indeed be found by simply
Fs using another branch of (-x)' (x standing for ¢ or
and 1/t) in our ansatz (184), i.e., that which for real
3 x is defined not by (189), but by
N2 __ 2 (195)

Ec mymgsiny

Strictly speaking, it is at once evident that (193)
cannot be the only solution of (182), since it is not
symmetric in @, and @_ (or m, and my), while the

(=x)* =exp{/[In|x| +im6 (x)]} . (196)

It appears therefore that the general solution of
(182) is a linear combination of (193) and this
other solution, whose coefficients C, and C, must
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satisfy the relation C, +C,=1. The circumstance
that the solution of (182) is thus not uniquely de-
termined (up to one arbitrary constant) need not
concern us unduly, however, from either a strictly
mathematical or physical point of view (i.e., quite
apart from the fact that uniqueness is achieved by
postulating the symmetry with respect to m, and
my in the solution, which does not seem too un-
reasonable per se). From the mathematical point
of view, the above nonuniqueness has as its con-
sequence the existence of a nontrivial solution of
a homogeneous version of (182) for all values of
the eigenvalue parameter (which is here the cou-
pling constant g* rather than the total energy E).
However, this is excused because the eigenvalue
spectrum of an equation with the kernel (181) need
not be discrete since the latter is most obviously
a non-Fredholm kernel [in fact |[K?| is proportional
to the expression for the (divergent) self-energy
of the composite particle of A and B]. The physi-
cally most pertinent properties of the solution, on
the other hand, derive almost exclusively from
the behavior of the bracketed expressions in the
denominator of (193), which remain the same if
the roles of the particles A and B are reversed.
The energy eigenvalues of the problem correspond
in fact to the zeros of these bracketed expressions
for integer I, since, as already most strongly im-
plied by the integral representations (183), (184),
our method of solving (182) is tantamount to per-
forming the Regge analysis of the scattering am-
plitude. This statement might seem a little sur-
prising in view of the fact that we have many times
emphasized the avoidance of a partial-wave de-
composition. In order to show that it is indeed
true, and, more importantly, to discuss more
fully the method of obtaining the positions of bound
states and/or resonances in our model, we shall
therefore conclude this work by going into a little
more detail on this slightly modified Regge analy-
sis in ¢ instead of in z. The crucial point in this
connection is the relation between the cosine of
the scattering angle z’’ and ¢’’, (36), which when
solved for z’’ reads

2" =1 2v,v_ e 200" 1
(vi=v.) (vi-v.) Wi=-vl) (v,=v) "’
197)

where the coefficients multiplying ¢’/ and 1/t
are constant for constant time and radial param-
eters p,, | Bl,po’, |D’| [compare (5); also recall the
convention about primes, Sec. IB—IIID]. As a
consequence of (197) the Legendre (or for that
matter any) polynomial P,,(z’’), if expressed in
terms of ¢’’, will in general contain all positive
as well as negative integer powers of ¢’/ in the

range -1’ to +I' (though of course not inversely,
i.e., a finite-power expansion in ¢’’ is not always
a polynomial in z’’). From this it in turn follows
that an energy resonance occurring in the /th term
(i.e., for I equal to any positive as well as nega-
tive integer) of the power expansion of the scatter-
ing amplitude in ¢ will necessitate an occurrence
of a resonance in at least one partial-wave ampli-
tude of order I’ with I’ > |I|. Equivalently, a reso-
nance occurring in the /th (angular momentum)
partial-wave amplitude must be caused by at least
one “Regge pole in ¢” crossing the real [ axis at

a (positive or negative) integer value of ! in the
range !’ to +1’. This proves our contention that
our new “Regge analysis in ¢” is indeed essentially
equivalent to the standard Regge analysis in the
angular momentum, only that now both positive and
negative integer values of ! must be considered
equally indicative of energy resonances. It is of
importance also to notice another formal departure
from a more orthodox Regge approach. This is
the fact that the integral in (193) as it stands, i.e.,
obtained directly as a solution of (182), has to be
taken along the imaginary ! axis and is nof—1like
the so-called background integral of the standard
Regge analysis—obtained only secondarily by de-
forming the original integration path along the
real positive / axis. Consequently a question
arises as to which of the poles corresponding to
zeros of the bracketed expressions in the denom-
inator of (193) can in fact be regarded as “true”
Regge poles, the latter defined as those capable

of generating resonances when their trajectories
cross the real [ axis at integer (here positive or
negative) values of I. To answer this question, it
should of course first of all be borne in mind that
our solution was obtained, as it actually should be,
for the scattering region (E =m,+my), so that
the poles (in energy) of the scattering amplitude
corresponding to bound state or resonances are
expected to be found as a result of an aralytic con-
tinuation of G(t), given by (193), into the bound-
state region (m,+my>E >|m, —mg|). From this
point of view it is then readily realized that the
“true” Regge poles will be only those from among
an a priori larger class of poles, which in the
process of this analytic continuation will first
migrate from the left half of the analytic / plane

to the right (or vice versa) and only then cross the
real ! axis. If the latter crossing occurs at an in-
teger value of /, a “true” Regge pole will thus
pinch the integration path against @ static pole
stemming from 1/sinml. Only by this process can
a pole (in energy) of the scattering amplitude be
generated. This pinching of course would not
occur if the given pole were to proceed towards
the real ! axis “directly,” e.g., its trajectory lying
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entirely in the same (left or right) analytic half
plane of ! [see Figs. 27(a) and 27(b)]. However,
bearing in mind that there is more than one way
in which an analytic continuation from the scatter-
ing into the bound-state region can be accom-
plished, we are at liberty to also adopt a slightly
changed point of view, according to which any pole
corresponding to a zero of the above-mentioned
bracketed expressions can in fact be regarded as
a “true” Regge pole with respect to at least one
suitably chosen route of such an analytic con-
tinuation. This is certainly true, since we can
obviously prescribe a trajectory of a given pole in
the !/ plane—in particular to be that of the general
type depicted in Fig. 27(a)—and then determine the
corresponding trajectory in E. Given a sufficiently
complicated relation between ! and E, the latter
might of course turn out to be quite involved, en-
tailing, e.g., multiple encirclings of the thresh-
olds at E equal to -m, —mg, —m,+mg, m,-my,
and m, + my [compare the analytic structure of ¢
given by Eq. (6)] and thus leading to resonances
lying in much “higher” Riemann sheets [provided

(a)
Analytic
| plone

\ |
o
“true" |
Regge 1~
frajectory 1 ‘\\

deformed
integration
contour

-b-—-c--}-—-r—-{---i--l -4 =
-4 -3 -2 - 0+ *2+3 +4
(b)
Analytic
| plane
\
.. \\
original \
integration /
contour Jspurious”’
' Regge
\ITOjeCfOVY
1
)
—+—-—g—+——|—- P
=-4 -3 -2 -1 [0+ +2 +3 +4

FIG. 27. An illustration of a slight difference between
our Regge analysis and a more standard one: A Regge
pole must first “migrate’” across the imaginary ! axis
to produce a resonance.

that such exist, i.e., that the analytic structure of
G(E,t) given by (193) is essentially more compli-
cated than that of ¢ given by Eq. (6)] of the scatter-
ing amplitude than the “physical” Riemann sheet %
corresponding to the bound-state region. Al-
though it might at the first sight seem that calling
a trajectory a true Regge trajectory even though
it might lead to resonances only in such higher
Riemann sheets is tantamount to a sui generis
sophistry, a little reflection suffices to realize
that, given again a rather complicated relation
between !/ and E, this approach is once again es-
sentially not different from a more orthodox ver-
sion of the Regge analysis where all trajectories
are a priori “true” Regge trajectories (i.e., are
not subject to the precondition that they first cross
the imaginary axis in the [ plane), and yet a situa-
tion may well arise where a given trajectory may
not be able to cross the (positive) real I axis at
all, unless we are prepared to venture into higher
Riemann sheets in energy (i.e., encircle the corre-
sponding thresholds more than once).

Bearing the above in mind, we now see that ac-
cording to (193)-(195) the Regge trajectories
have, in our case, to obey the equations

. gz )L i1(y=-m) _
Isiny - (anAmB s (1+e )=0 (198)

or

tsiny - (i) H0 et =0, 99)
where 7 -y =a,+a_ and where o, are related to-
the total energy E through (16) and (18) and thus
indeed represent highly complicated relations be-
tween / and E. Determining a trajectory in E cor-
responding to even the simplest trajectory in I of
the general type depicted in Fig. 27(a) in order to
find out in which Riemann sheet a given resonance
actually obtains seems therefore almost impossi-
ble without resorting to numerical computations,
which we however forego since they are of ne-
cessity lengthy and generally out of tune with the
predominantly analytic character of this work.

In the hope that at least some of the resonances
will nevertheless lie in the “physical” sheet, we
shall therefore conclude this brief discussion of
our exactly soluble model by at least trying to de-
termine their positions for integer [ as they fol-
low from Eq. (198). Although even that seems to
pose a difficult problem for finite 7 —y, if we ad-
ditionally assume

—:gz———« 1 (200)

2rm, my

(g%/2mm my is in fact the analog of the fine-
structure constant @ in electrodynamics, we can
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consistently keep ! finite and yet assume 7 -y
=gin(r —y) =siny< 1, replacing the exponential
expression in (198) by 1. With help of Fig. 1 and
Eq. (6) we then have

{[E? = (m, —mg)?][(m,+my)? = E?|}2 = g%/nl,
(201)

which finally reduces to the nonrelativistic Balmer
formula

2
E —my—my= _(M—mg—jm—a) 33 (202)
if we additionally assume m > m, (smallness of
the mass of the “electron” compared with that of
the “proton”). Equation (202) furnishes an im-
portant link with the “nonrelativistic hydrogen
atom,” and in this connection it is of interest to
again recall that many authors * found it rather
difficult to establish a similar correspondence
with the Wick-Cutkosky solutions, which in turn
seems to bear out the already-made contention
that our model may be closer to physical reality
than these solutions, even as an approximation.

A little embarrassing may seem the fact that if
we proceed to higher approximations where we can
no longer put e Y- =1, the energy eigenvalues
(even that of the ground state) become complex so
that one may be inclined to think that the very ap-
pearance of e!' 7~™ ig a rather artificial feature,
brought about by the arbitrary changes of the
types of propagators in our model, and may dis-
appear if other changes are performed. It turns
out, however, that it is not easy to do so.* On
the other hand, the appearance of ¢* (Y=™ may not
be all that unphysical on account of at least the
following fact: One would expect that more precise
energy-eigenvalue formulas than (201) or (202)
would involve at least another quantum number in
addition to ! (i.e., something analogous to the
Sommerfeld fine-structure formula in which our
Il will be cast more in the role of the principle
quantum number, but where another quantum num-
ber j also appears), causing a degeneracy within
a cluster of states. However, precisely that seems
to be indicated by the “exact” equation (198), which
for given / is an algebraic equation of the (I +1)th
degree in the variable e!” and therefore should in
general exhibit as many solutions.
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APPENDIX A: PROPERTIES OF ¢ AND ¢(!) DEFINED
BY (59) AND (122),(123)

This appendix is devoted to a systematic presen-
tation of the pertinent analytic properties of ¢ de-
fined by (59), as well as to the properties of a
slightly differently normalized ¢, defined by (122)
or (123), as functions of various sets of parame-
ters introduced in Sec. II, with special emphasis
on their dependence on the parameters w” and w”,
defined by (19) and (20), respectively.

Equation (59) together with (57), (60), (61), and
(62) defines £ first in terms of the w and x vari-
ables, which, as mentioned earlier [Sec. II, Eqgs.
(38)-(44)], was done to preserve the invariance
of (38) [and therefore also of (57)] with respect to
permutations of primes and which constitutes
probably the most economical (as far as the length
of the mathematical expressions is concerned) way
to define this very important quantity. The x pa-
rameters, however, are never used as integration
variables. Also, the very important problem con-
cerning the correct choice of proper analytic
branches of £ or £® [see especially the part of
the main text which follows Eq. (121) of Sec. V]
and therefore of the proper branches of VA, V@,
and (B®-4AC)"?, is more conveniently discussed
in terms of the ¢, ¢, and T parameters [due to the
indeterminacy of signs of (1 -x2)"%, (1 -w?)"?,
etc.], as best evidenced by the assignment (63)
and (64), the latter constituting in fact an impor-
tant part of the definition of ¢ itself. Going over
to ¥, ¢, and 7 and/or other parameters defined in
Sec. II seems therefore mandatory. This must,
however, proceed according to a well-defined
plan, whereby maximum advantage is to be taken
of a number of useful algebraic relations to be es-
tablished, as one of the early experiences with &
is that more or less haphazard substitutions can
very well lead to mathematical expressions of con-
siderable length, practically precluding the neces-
sary interpretational clarity.

It appears that the best way to proceed is to start
with the expression for B? —-4AC given by (62) and
realize that both 1 —x2 —x'2 - x”2 4+ 2xx’x” and
1-w?—w’'2=x"2+2ww’x” are subject to further
factorization, as follows [see (39)-(41)]:

1-x2—x'2—x”242xx'x"

1 nyn
Tstsngr ST+

- 1 2
=1- 4st (t+s) -
_.1 - ” ” _.____1 nENMN(4m 4 M
—4S”t" (t +8 )+4stslltll(t+s)(st+s t )(t +S )

=—W(t—t")(s—s”)(t—s")(s—t") (A1)
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and also
1=w?=w'2=x"2+2uww'x"

==[x” = ww’+(1 - w?)V?(1 - w’?)?]

X[ x" = ww’ = (1 = w?)/2(1 - w’?)"2],
which because of (19) and (41) equals
~[cos(¢ =@’ +7") = cos(y +y")]
x[ cos(p =g’ +7") = cos(p - )],

and because of (32), (33), and (7) equals

1

" gy e T -~ )
o

X(v, =t"v )v. —t"v]). (A2)

This seems to indicate that the choice of the pa-
rameters s, t, s”, t”, v,, v_, v, v., andw” (the
latter or w” must be retained as convenient inte-
gration variables) or s, t, s”, t”, w, w’, andw”
(to retain “symmetry” between w’s) has some def-
inite advantages, and we shall therefore in fact
try to present most of our analysis in terms of

B

L =-H@y - @)

N

SI’t,’ 1
T (" =s"P (stvivl)'?

+

where, in contrast with (A1) and (A2), no further
useful simplification seems to be possible. In dis-
cussing the pertinent analytic properties of £, it
would therefore be desirable never to be forced to
use the explicit algebraic form (A6) in any direct
mathematical manipulation. To see that this can
indeed be achieved, we should at this point be more
. specific and realize that analytic properties of §
of interest to us (i.e., those required by the dis-
cussions of the main text), pertain only to the be-
havior of ¢ at, or in the vicinity of

(a) points corresponding to the ends of the inte-
gration interval in z, i.e., corresponding to z =1
[corresponding in turn to the solid and dashed lines
of Fig. 4 in the case of the Wick equation and to the
surfaces given by (106) and (107) in the case of the
original BS equation],

(b) interfaces given by Eqs. (108) and (109) in the
case of the original BS equation, and

(c) in conjunction with (b), points corresponding
tow”=w/, where w/ are given by (A4), with spe-
cial emphasis on the relative signs of the proper
branches of VA, V@, and (B?-4AC)Y?, since the
latter determine whether the upper or the lower

these variables. However, lengthy expressions

in these parameters are sometimes still unavoid-

able, as best exemplified by the following.
Because of the importance of the variable w”, as

well as of the quadratic expression @, we would

like to factorize the latter as follows:

Q=A(w" -~wi)w" -w?), (A3)
where
., =Bzx(B®*-4AC)"?
T 2A (A4)
and also write
g A
- (Bz _4Ac)l/2
X{w” + _B; :{:[(w” - ﬁ)")(w” - ib”)]l/z}
2A * - ‘ ’
(A5)

Unlike the expressions for VA and (B? - 4AC)Y2,
the expression for B/2A which enters (A4) and
(AD) is now indeed rather complicated and reads

I 1 na_n ” n ’ ’
{[(s +t) = T (ts +t"s")(s” +t ):I(v++v_)

+ % [(ts +t7s") = L(s +)(s” +t"))(v, “’-)} ) (A8)

LI

semicircle should be traversed by the point repre-
senting £ in Figs. 16, 17, 25, and 26, as w”
varies between w” and /.

A more detailed analysis of (a) now follows.

(a) The values of & at z=x1. 1t is first of all to
be realized that, independently of the type of prop-
agator used for the exchange particle, the values
of (1=22-y"%—-2"+2zy'2")? for z=+1 are
i(y’¥2z"), respectively (emphasis on signs by
virtue of the proper determination of the analytic
branch of this square-root expression), since the
left-hand side of (54) is then simply

zm 1 2T
J.o dX' :tZ”—y’ =tz”—y' (A7)

(compare notations used in Fig. 2). Consequently,
according to (63) we have for z=zx1

V@ =isinysiny’siny”(y’ - €,2") , (A8)

where we have introduced the abbreviation

+1 forz=+1,
€,= (A9)
-1 forz=-1.
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To compute the values of w” corresponding to z =¢,
we first realize that, according to (36) and (34),
we have either

v =tv! ;0" =sv/ (A10)
or

v =sv!;v" =tv) (A11)
for z =-1 and, correspondingly, either

v =tv! ;0" =sv! (A12)
or

vy =sv/; vl =tv! (A13)

for z=+1, which, using the abbreviation (A9), can
be written summarily as either

" - ’ . " _ 7
i =t ;vl=svl (A14)
or
vy =sv/ ;vl= tle,, (A15)

respectively. The fact that to each value ¢, there
correspond two different points in the (v, v”)
plane calls for an introduction of another € symbol,

+1 if (A14) obtains ,
€,= (A16)
-1 if (A15) obtains ,

J

VA (we”l + ﬁ) “A=777 i,, s{[w'x+e€,6,(1 —w?WV2(1 = x2)V2](1 = x2) = (x = x'x"w’ = (&' = x" X)w} .

24

Similarly, because of (43) and (44) the right-hand
side of (A8) becomes

i[-cosysin(y’ —e€,9”) + x ‘siny’ — €, x” siny”] ,

(A22)
which, because of (A17), (A18), and (39) (i.e.,

identifying y” with §”) and finally likewise revert-
ing to the x and w parameters, can be rewritten as

i[(x = 2”01 = w2 =€ .6, (w - w'x")(1 = x2)V?].
(A23)

Now, probably the most important purely algebra-
ical finding, which allows many computations of
the main text to be performed explicitly, is the
fact that the sum of (A21) and (A23), which repre-
sents the expression (A20) for z=+1, can be fac-
torized to give

[VA (w"” + B/2A)+VQ],

=€)

= (1_71”-)175[10 -w'x" - (1~ w'2)1/2(1 - xllZ)l/Z]

X[x' = xx" +€,6,(1 = x2)Y2(1 = x"2)V2] . (A24)

2443

so that, using both €, and €,, we can write because
of (7), (32), (33), and (30)

P =€,9 - €,(@p" = p+T) for z=¢, (A17)
or, because of (19) and (39),
wl=w'x+e €l —w?)(1l - x2)V? (A18)
and
(1- we”f)‘/"’ =€, x(1 - w?)? - ew'(1 = x2)V2
(A19)

where w} are from now on understood as values of
w"” corresponding to +1, respectively, and where
(1 -x%2 and (1 -«?)"?, etc. are understood as
equal to sin(¢” - ¢’+7) and siny, etc., respective-
ly (emphasis is on signs of the proper analytic
branches again). In (A18) and (A19) we have tem-
porarily reverted to the x and w variables in order
to facilitate the computation of the expression

(A20)

" _B_
ﬁ(w +2A>+ 9,

[compare (59)] for z =+1, without invoking the

complicated formula (A6). Because of (64), (A18),
(60), (61), and (41), we now have

(A21)

—
In a way similar to (A2) we furthermore find that,
because of (41), (7), and (33),

we-w'x"=(1- w;z)x/z(l - x112)1/2
=cosy—cos(yp/' -+’ =1")
-1

= m (U,,, - t”v{)(v_ - t”‘U.{) (A25)
+\U, U
and also, by (39), (40), and (41),

X = xx"+(1 = x2)1/2(1 - qu)l/z

_ 1 ” ,
= 3Gyt s - t"), (A26)

while
x = xx” = (1 - x2)1/2(1 - x//2)1/2

1 ” ”
= z(sts"tu)ﬂ'z(t—t Ws=s"), (A27)

where we have again returned to the v, ¢, and s
parameters. Combining the last results with the
formula for

1
2 - - n
B"-44C= 4sis P By R (£-2)

X(s=s")t=s")s~t")5,6_, (A28)
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stemming from (26), (A1), and (A2) and where we
have also used the abbreviations 6, given by (127),
we finally have

v'o+)1/2

2
(E)z=el= s’ —t" (S”t” 1115_

y [(t_ sll)(s - t”)

vz
UT,T—S_S)] for e,e,=1  (A29)

(= tYsost
[m] for €,e,=-1,

(A30)

so that, denoting the expressions on the right-hand
sides of (A30) and (A29) by £, and £_, respectively
(i.e., identifying + with —€,€,), we have also de-
rived Eq. (90).

In this connection it should be noted for the sake
of general reference that although the € symbols
have been avoided in the main text, we have also
the following correspondences:

(i) €,€,=1 corresponds to curves a=p”/p’ and
a=1/p'p” of Fig. 4 (Wick-rotated BS equation)
and to lines in all (v”, v”) diagrams of Sec. V (the
original BS equation), where either v” or v” is set
equal to fv/, whereas

(ii) €,e,=-1 corresponds to curves a=p’/p” and
a=p’p” of Fig. 4 and to lines in all (v7, v”) dia-
grams where either v{ or v” is set equal to tv..

Equations (A29) and (A30) contain in principle
the full answer to (a) above. Before discussing
(b) and (c), however, we are at this point in the
best position to provide a rationale motivating the
introduction of £(¥ defined by (122) or (123). We
want to avoid square-root expressions like those
present in (A29) and (A30), at least at the ends of
the z interval, and also we want to make the val-
ues of £) yeal there.® For arbitrary w” it then
follows that

" " ’ 1/2
ay(,,mS =t v,/6_
§Pw=—3 <v_’6+s”t”

X[(t=t")(t=s")s = t")(s = s")/2E(w") .
(A31)

Concurrently with introducing £V it is convenient
to go over to the variable w” defined by (20), in
preference to w” [as defined by (19)]. The motiva-
tion for doing so derives from a principle of maxi-
mal rationality of the algebraic expressions in-
volved, similar to that which prompted us to
change the normalization of £, but is this time
primarily aimed at the maximum avoidance of ex-

pressions like [v” v” 2, (st)V2, etc., which even
in the case of the original BS equation could be-
come imaginary. Using (A31) in conjunction with
(A28), we thus arrive at Eqs. (124)-(126), where,
needless to say, @} correspond to @7 defined by
(A4), while w], defined by (119) and/or (120) cor-
respond to w; defined by (A18). As a particularly
important consequence of the latter change of vari-
ables, note finally that the right-hand side of
(125)—which derives from (A6)—while still remain-
ing a rather lengthy expression in the £, s, and w
parameters, is now at least 7afional and therefore
real in the case of the original BS equation. This
in turn implies that, since w” is always real in
that case, £V is real for w” =%/, which enor-
mously facilitates the discussions in terms of
Figs. 16, 17, 25, and 26.

This brings us in a natural way to a brief discus-
sion of problems posed by (b) and (c) above which
are best considered jointly.

(b), (¢) Behavior of £V for 6”2 w">&", in par-
ticular at w”=1+stv!v! (interface). A detailed in-
vestigation of the behavior of the phase P defined
by (144) as a function of the ¢ and s parameters, on
which the presently considered properties of £
have a particular bearing, is actually given in
Sec. V and need not be repeated here. However, for
the sake of reference, here is a brief summary of
the “recipe” of how to construct P for given values
of Zand s, as well as that of the main results of
this analysis:

(i) The phase P is determined jointly by the
over-all direction of progress (from left to right
or vice versa) of the point representing &V (w”)
between the (always real) end points (¢ - s”)(s = ¢")
and (¢-¢")(s - s”), together with the information of
whether the lower or the upper semicircle (com-
pare again Figs. 16, 17, 25, and 26) has to be
traversed, should the passage involve regions
where [(0” - 37)(w” = &”)]"/? is imaginary.

(ii) The direction of progress depends on the
signs of (¢ -s”)(s —=¢”) and (¢ —¢")(s —s”) and on the
proper determination of €, defined by (A16) [i.e.,
on whether (A14) or (A15) obtains in the actual—or
“physical” —domain of integration, viz., subdivision
of the domain D, into V;’s discussed at the begin-
ning of Sec. V], while

(iii) whether the upper or the lower semicircle
has to be traversed depends on whether the ex-
pression

(t” - srl)zt//v ’

- (0" = &(w" - &")]?

55 (A32)

[compare (124)] for min(&Y)<w” < max(&?) is posi-
tive imaginary or negative imaginary, respective-
ly.
(iv) The proper branch of [(w” - &”)(w” - &")]/2
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in (A32) is in turn determined by invoking (128)
[which is a direct consequence of (63) expressed in
different parameters] and thus finally links the
problem of determining P to the particular type of
the propagator used for the exchange particle, the
latter determining the proper branch of

(1-2° _yfz —z"m +2zylzll)l/2-

(v) Closer analysis along these lines reveals
that for certain type of propagators —notably Feyn-
man—an important mathematical “phenomenon”
takes place to the effect that whenever interface
crossing (see Sec. V for its definition) occurs
within the interval min(@?) < w” <max(@?), this is
accompanied by a discontinuous flip of sign of
(A32), giving rise to the appearance of the shaded
areas of Fig. 18, where the phase P becomes w-
dependent.

To conclude this appendix, it bears mentioning
that in the case of the Wick rotated BS equation,
the variable w”, as defined by (19) [though no
longer w” defined by (20)] remains real because
iy " is real [compare (76)]. On the other hand, we
have for the quantities defined by (A4)

dY=a*, (A33)
since A and B remain real, while
B?-4AC<0, (A34)

the latter following from the fact that the expres-
sions (A1) and (A2) and entering (62) remain upon
closer analysis always real and <0 and >0, re-
spectively. Although w” itself is not used as an in-
tegration variable in the case of the Wick-rotated
BS equation, we must therefore conclude that @ de-
fined by (57) remains in this instance always posi-
tive -definite (or at most equal to zero) and there-
fore—no matter what integration variables are
subsequently used—the integration domains never
contain the area of the troublesome branch cut de-
fined by [(w” - &”)w” - &@”)]¥2, which of course is
yet another way of restating that the difficulties
connected with (b) and (c) above are entirely ab-
sent in this case.

APPENDIX B: PROPAGATORS OF .
THE SCATTERED PARTICLES

The problem considered here is that of finding
the positions of the integration contours in v{ in
relation to the positions of the singularities of
[(vrv” —u2) (v v” —=u_?)]* (or in other words
to learn a set of rules of how to bypass these
singularities while performing the integrations
with respect to »7) in integrals of the general type

j‘f dv dv’
(vf o7 - u,?) () VY -

u_z) (' ) (Bl)

[compare (10) and (15)], consistent with a par-
ticular type of propagator (Feynman, retarded,
advanced, etc.) used to represent the scattered
particles A and B. So formulated, the problem
should be considered as complementary to, yet
distinct from, that considered at great length in
Sec. V, at the beginning of Sec. VI, and in Appen-
dix A [especially parts (b) and (c)], where our
main concern was to perform integrations con-
sistently with a particular type of the propagator
used for the exchange particle. The findings of
this appendix are of practical importance in Sec.
V1, since they enable us to define uniquely the
integration contours in ¢ and s in integrals of the
general type

dtds
ff(vivits-uﬁ)(u;(v'_ts_u_z)('”), (B2)

where the integration (121) is presumed already
performed and therefore v are related to ¢ and
s [i.e., at the ends of the integration interval in
(121) for w” =w!] by (A14) and (A15).

As is well known, using Feynman propagators
is, e.g., tantamount to assigning small negative
imaginary parts to m , and m 5 in expressions
like (48) and then performing the pj integration
strictly along the real axis. Likewise, it can
easily be shown that using the retarded (advanced)
propagators to represent the particles A and B
is equivalent to keeping m, and m g this time -
strictly real, but assigning small positive (nega-
tive) imaginary parts to both E, and E_ defined
by (14) and (4) [compare (2)], which according
to these two relations is in turn simply equivalent
to assigning a (single) small positive (negative)
imaginary part to the over-all energy E. The
effect of retarded (advanced) propagators is then
achieved by again integrating with respect to pj
strictly along the real axis.

Now, according to the definition of v{ given by
(5), which we want to strictly retain [i.e., never
to consider it only valid in some limit i€ - 0; the
same applies to the definition of %,? given by (16)],
we can easily see that in all the three cases (i.e.,
for Feynman, retarded, or advanced propagators)
the trajectories described by (or geometrical
loci of) v¥ as p% + |p”| vary from — to +% through
real values are circles, since ic, with ¢ given
by (6), is no longer strictly real. To be more
precise, both v{ and v” describe in fact the same
circle, but remain independent, since p§ +[p” |
are independent real variables. As we do not
propose to consider propagators other than the
above three types, this is the most general situa-
tion we are going to deal with in this appendix.

At this point much clarity is gained by consis-
tently using an exaggerated picture of the above
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common geometrical locus of both v; and v% as
that of a circle of finite size (and always con-
taining the point zero in its interior), even though
it degenerates of course into the real axis in the
limiting case of real d =ic. This is done to em-
phasize the very important fact of “two-dimen-
sionality” of the resulting geometrical locus of
the product v]v’, since the problem under in-
vestigation is now easily seen to be essentially
that of finding the positions of the points repre-
senting #,2 in relation to the latter two-dimen-
sional domain; the situation becomes especially
involved if either (or both) of the points #,? are
found to lie inside this domain (which does actually
happen in the case of Feynman propagators; see
below).

The problem is now best discussed not in terms
of the geometrical locus of points representing
vy v itself, but rather of its square-root mapping,
or, in other words, in terms of the geometmcal
locus of points representing (v” v” /2, since the
shape of the latter is especially simple and is
given by the following theorem.*

Theorem. Let the geometrical locus of points
(in the analytic plane) representing each of the
two independent complex variables vj and v” be
(the circumference of) a circle C, contammg the
point zero in its interior (Fig. 28). The geomet-
rical locus of points representing Z = (v v")V?2
is then the joint area of the two crescent-shaped
figures (Fig. 29), consisting of points belonging
to the interior of one and only one of the following:
(i) the circle C itself, (ii) the circle C’ obtained
from C by reflection in the origin.

The problem of locating the points #,2 in relation
to the geometrical locus of Z’ =v] vZ is thus finally
seen as equivalent to that of finding the positions
of four points, —u_, +u., —u,, and +u, (this
accidentally provides one of the motivations to de-
fine the left-hand side of (16) as u,2 and not %, )
in relation to the above-mentioned crescent-shaped
areas of Fig. 29.

Now, to determine the position of an arbitrary
point D in relation to the latter domain it simply

Analytic v+" plane

Avs

FIG. 28. An exaggerated picture of the geometrical
locus of points representing vy, if d given by (18) has
a small imaginary part.

|

Analytic Z=[v." v- "]"*plane

“” m“mun ;

FIG. 29. Geometrical locus of points representing
Z = (v/v""? in its analytic plane (shaded area), as v’
and v’ describe (independently) the circle C of Fig. 28.

suffices to compare the magnitudes of the radii
of the following two circles: (1) C itself and (2)
the circle through the points of intersection A, B,
between C and C’ and the given point D (see

Fig. 29). Denoting the former by 7 and the latter
by 7p, we have either

Yp>7, (B3)

in which case the pomt D lies outside the geomet-
rical locus of (¢ v* )Y, i.e., in one of the two
regions I and II depicted in Fig. 29, or

¥Yp<?, (B4)

in which case it must lie inside this geometrical
locus. To apply this criterion to the points repre-
senting u,, u_, -u,, and —u_, we first see that,
according to Egs. (5), (6), and (18), the circle C
intersects the real axis and therefore also the
circle C’ at the points — 1 and +1, respectively,
so that

Zy=Zg=1. (B5)
We see also that its radius is given by
d|

" m@) | B8

[with d given by (18) and c by (6)]. The relations
(B5) and (B6) apply to all three types of propaga-
tors considered here. Furthermore, because of
(B5) the radius of a circle through A, B, and D
is given by

1
7’n=m|zpz-1l, (B7)

where Zp is a complex number representing the
point D, and X, and Y, are its real and imaginary
parts, respectively. Identifying Z,? with «,? given
by (16) and also using (14) and (17) we therefore
have for the appropriate radii through the points



9 MATHEMATICAL STRUCTURE OF THE BETHE-SALPETER... 2447

u, (or —u,)

d

1 I
E,¥d | °

" Imlm, (B, 7 D]|

Thus the criterion (B3), (B4) applied to the points
u, and . (or to the points —u, and —u_, the situa-
tion being now entirely symmetric with respect

to Z~ - Z) finally reads

(B8)

lnn(E':';d> ‘IE,;dl§ ltm(@) |, (B9)

which, employing the useful relation
ma2=E,>2-d* (B10)

[equivalent to (14) because of (17) and (18)], can
also be rewritten as

|Im(m, ) Re(E.¥d) — Re(m,) Im(E,¥d)|
z|Im(d) ||E,¥d|. (B11)

With help of (B11) we can now examine the cases
of Feynman and retarded (advanced) propagators
separately —beginning with the latter as the sim-
pler of the two—as follows:

1. Retarded (advanced) propagators

As mentioned before, this case is characterized
by setting

Im(m,) =0, (B12)
which combined with (B10) gives
_Re(d)Im(d)
Im(E*) -———_—Re(E,) ’ (B13)

so that, considering Re(E,) and Re(d) as given,
Im(E,) are determined jointly by a single (small)
Im(d). Substituting the above in (B11), dividing
by |Im(d)|, and multiplying by |Re(E.)| we get

|Re(m.)Re(E, ¥d)$ |Re(E,)||E, #d|,  (B14)

with the upper inequality sign obviously applying,
since for sufficiently small Im(d) (B14) must be-
come

Im.|<|E.]| (B15)

[compare (B10) with real finite d in the bound-
state region]. Consequently, all the four points
Uy, -, —U,, and —u_ lie outside the geometrical
locus of (v” v” )*2, with the additional very im-
portant circumstance that, while #_ and —u_ lie
in the “internal” region I, the points %, and -u,
must lie in the “external” region II (see Fig. 29),
since

Ju_?|<1 (B16)

and

I“wz l>1 (B17)

[i.e., for positive d; compare (16), (18) of the main
text]. Interms of integrals of the general type
(B1), these findings imply that the integration con-
tour in vy (v”) will always encircle the point
u?/v" (u.2/v"), while the point u,2/v" (u,2/v!

will always lie outside this integration contour,
irrespective of the value of the other integration
parameter v” (v!). In the limiting case of real

d, i.e., when this integration contour “straightens
up” and becomes coincidental with the real axis,
this in turn implies that for retarded propagators
the point u_2/v” (u_2/v!) should be considered

as lying always slightly delow the real axis and
the point u,2/v% (u,2/v]) always slightly above
this axis, with the situation exactly reversed for
the advanced propagators. (The center of C has

to be considered as lying above and below the real
axis for the two respective cases.) Making the
identifications (A14) or (A15), this finally leads

to the Eq. (180) of the main text.

2. Feynman propagators

This case is characterized by

Im(E*) =0, (B18)
but, according to (B10),
Imm.) =~ Ife‘zfj’) Im(@), (B19)

so that again it suffices to deal with a single small
Im(d) in order to assign proper signs to Im(m,)
and Im(_). In addition to (B19) which stems
from equating the imaginary parts of (B10), we
need this time also information stemming from
the real part of (B10) which reads

[Re(m,)]? -[Im(m,)]? =[Re(E. )] - [Re(d))]?
+{Im@)]R. (B20)
Substituting (B18) and (B19) in (B11) we have

Re(d)

Reln,) ReEsFd)xRe(m)) | 2 |EFd ],  (B21)

which after multiplying by Re(m,) and using (B20)
becomes

[Re (E,)Re(E.¥d) +[Im(@) +{Im(m, )] |

2 |E, #d||Re(m.)|. (B22)

Because inequality (B15) must again obtain for
vanishing Im(d), the lower inequality sign must
this time apply in (B21), so that, in the case of
Feynman propagators, all the points »,, »_, —u,,
and —u._ lie inside the geometrical locus of

(v7 v")*/2, Consequently, depending on the value
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of v” (v)), some integration contours with respect
to v (v2) in integrals of the general type (B1)
will contain in their interiors the point ,%2/v” or
u /v (u,2/vf or u"/v!), while others will not.
Closer (and rather cumbersome) analysis reveals
that in fact, as the “other” integration variable

v? (v}) itself describes the circle C, the point
u®/v"” u2/v") remains inside the integration
contour in v (v”) between the points 1 and u¥

|©

[according to (16) it so happens that the points
u® themselves lie on the circle C if—as
asSumed—E* are real] and outside elsewhere.

In the limit Im(d) - 0 and making again the identi-
fication (A14) or (A15), the kernel K defined by
(178) will therefore no longer be given by a rela-
tively simple formula (181), but will contain step
functions 6(tv. -u_?) and 6(¢ vi - 1/u.?), as well as
6(t v, -1) and 6(tv_ - 1).
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2 92 wid 2 1/2
———aa{,2+aa—é,2- Inf (@3 —af )"+ (ay—aj)

=276 (ay — af')6(ay — ),

since (100) is no longer true in general if of, aj are
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out in detail in a synthetic way in a closed-form partial-

wave summation by Tang (Ref. 7). In addition, the
choice of parameters employed by Tang to convert the
original sums into contour integrals strongly suggested
to the present author the possibility of an over-all use-
fulness of the parameters ¢ and s defined in Sec. II E
(see footnote 18).

¥y? remain “good” integration variables even if E, m,,
and m g are complex with finite imaginary parts. See
Appendix B for details.

Bynless solid models of the “subdomains” V; are made,
this form of graphical representation has—for our
purposes—a distinct advantage, from the points of
view of both clarity and conciseness, over either three-
dimensional pictures (as in Fig. 14) of V’s or repre-
sentations by means of projections onto the (u%,v%),
@Z,t), and (¢,v%) planes.

#The above sign convention is motivated by the fact that
for symmetric In¢ the interfaces become completely
“invisible,” “melting” into one integration domain Dj
depicted in Fig. 14. They are in fact truly “invisible”
in this sense for the exactly soluble model considered
in Sec. VI

0The fact that A —— A under the substitution v =v”
actually follows from (48). A relation resulting from
formally changing the signs of |P| and z” in (48) can
first be considered as a defining relation of

(Lo, =Bl 1A, —-2") p§, |5'])

@i.e., as that of A” for “negative |p|”) in terms of the
values of this function from the “positive range of
|Bl,” because the integration on the right always ex-
tends from |p”|= 0 to |p”| = + <. It is then a matter
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of very simple algebra to actually show that
(o, Bl AE, =2") |pg, |D'1)= = (20, | Bl | AE2") B, |5 ])

However, this formal device will be resorted to as
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