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proposed on simple theoretical grounds to limit the
possible B8 couplings. It is universal, it is symmetric, it
produces two-component neutrinos, it conserves leptons,
it preserves invariance under CP and 7, and it is the
simplest possibility from a certain point of view (that
of two-component wave functions emphasized in this
paper).

These theoretical arguments seem to the authors to be
strong enough to suggest that the disagreement with
the He® recoil experiment and with some other less
accurate experiments indicates that these experiments
are wrong. The m—e47 problem may have a more
subtle solution.

After all, the theory also has a number of successes.
It yields the rate of u decay to 29, and the asymmetry
in direction in the m—u—e chain. For 8 decay, it agrees
with the recoil experiments® in A3® indicating a vector
coupling, the absence of Fierz terms distorting the
allowed spectra, and the more recent electron spin
polarization? measurements in 8 decay.

19 Herrmansfeldt, Maxson, Stihelin, and Allen, Phys. Rev. 107,
641 (1957).
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Besides the various experiments which this theory
suggests be done or rechecked, there are a number of
directions indicated for theoretical study. First it is
suggested that all the various theories, such as meson
theory, be recast in the form with the two-component
wave functions to see if new possibilities of coupling,
etc., are suggested. Second, it may be fruitful to analyze
further the idea that the vector part of the weak
coupling is not renormalized ; to see if a set of couplings
could be arranged so that the axial part is also not
renormalized; and to study the meaning of the trans-
formation groups which are involved. Finally, attempts
to understand the strange particle decays should be
made assuming that they are related to this universal
interaction of definite form.
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Dispersion relations for scattering of a Dirac particle by a potential are shown to hold for a broad class
of potentials. In contrast to the field theoretic case, the derivation here makes no use of the concept of
causality but is instead based directly on the analytic properties of the Fredholm solution of the scattering
integral equation. It is shown that the scattering amplitude, considered as a function of energy and momen-
tum transfer, can be extended to a function analytic in the complex energy plane, for real momentum
transfer. The dispersion relations then follow in the standard way from Cauchy’s theorem. The final results
involve one ‘“‘subtraction.” It is also shown that the analytic continuation into the unphysical region for
nonforward scattering can be carried out by means of a partial wave expansion.

I. INTRODUCTION

T has recently been shown! that, under certain broad
conditions, dispersion relations of the type so much
discussed for relativistic field theories? also hold in
ordinary nonrelativistic quantum mechanics for scatter-
ing of a particle by a potential. The treatment of this
problemis quite straightforward and explicit ;in contrast
to the field theoretic case, one can show explicitly that
the dispersion relations involve no “subtractions” and
that the scattering amplitude can be analytically
continued into the unphysical region for nonforward
scattering by means of a partial wave expansion. In this

* Lockheed Fellow, 1956-1957.

1N. N. Khuri, Phys. Rev. 107, 1148 (1957).

2 Chew, Goldberger, Low, and Nambu, Phys. Rev. 106, 1337
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Takeda, Phys. Rev. 103, 1877 (1956).

sense, nonrelativistic quantum mechanics provides a
complete and simple model of a system for which dis-
persion relations are valid. It has already been used as a
basis for investigating to what extent the dispersion
relations, taken together with the unitarity of the
S-matrix, constitute a self-contained formulation of
scattering theory.?

In the present paper, the discussion of dispersion
relations in ordinary quantum mechanics is extended
to the case of scattering of a Dirac particle by a potential.
Using arguments similar to those employed for the
Schrodinger case,! one again finds that dispersion rela-
tions hold for a broad class of potentials. The restric-
tions on the potentials are now somewhat more severe;
and in the present case one finds that the dispersion

3 S. Gasiorowicz and M. Ruderman (to be published).
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relations involve one, but only one, “subtraction.”
Again, however, it turns out that the analytical con-
tinuation into the unphysical region for nonforward
scattering can be effected by a partial wave expansion.

The Dirac case represents an especially interesting
model, for it is the analog in ordinary quantum me-
chanics of the field-theoretic discussion of pion-nucleon
scattering.* The final dispersion relations are similar
in form for the two cases. Both involve the scattering
amplitude for particle and antiparticle. Despite the
similarities, however, it must once again be emphasized
that the discussion of dispersion relations for field
theories invokes the concept of microscopic causality;
in the ordinary quantum mechanical case this concept
seems to play no explicit role and is in fact not even
formulated—at least in the present treatment.

The plan of the paper is as follows. In Sec. II the
theory of Dirac potential scattering is formulated in
the usual way in terms of a scattering integral equation;
and the formal solution is obtained by the Fredholm
method. The scattering matrix 7', an operator in spinor
space, is defined in the standard way and is conceived
as a function of the two variables: energy E and
momentum transfer 7. In Sec. III the 7T matrix is
extended to a function of complex energy, the momen-
tum transfer being kept real. After a discussion of the
branch cuts, it is shown that T can be extended to a
function analytic in the complex E plane, with poles on
the real axis corresponding to bound states. The behavior
of the T matrix for large | E| is discussed, as well as the
behavior under charge conjugation. In Sec. IV the
analyticity of 7 in the complex E plane is used in the
familiar way, via the Cauchy integral theorem, to
obtain the sought-for dispersion relations. It is also
shown in this section that the analytic continuation
into the unphysical region for nonforward scattering
can be effected by a partial wave expansion. Finally,
in Sec. V the contribution to the dispersion relations
coming from bound states is discussed, and a simple
example is worked out in detail.

II. DIRAC SCATTERING THEORY
A

We consider the scattering of a Dirac particle of total
energy E in a central field V. The Dirac equation reads®

(E—Hy =T, 1)
where ¢ is a 4-component spinor wave function and
H=—ia-V4+Bm (2)

is the free-particle Hamiltonian; @ and 8 are the usual
Dirac matrices. We shall denote by ¢ the solutions of
the free-particle equation

(E—H)¢=0. 3)

4 See Chew et al., reference 2,
bh=c=1,
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The solutions ¢ we shall take to be plane waves, so that
they are characterized by the energy and momentum
eigenvalues as well as by spin. To describe the scatter-
ing of a particle with a certain initial momentum and
spin (corresponding free-particle wave function ¢), we
look for a solution of (1) which has the asymptotic
behavior

1
‘I/ - ¢+_ei}”v7 (4)

-—00
r 4

with k=4 (E*—m?*?}. This outgoing wave boundary
condition is automatically incorporated in the integral
equation formulation of (1), which in operator notation
can be written

V=0¢+ lim (E—H4ie) VY. (5)
e>+0

The formal solution of this equation is given by®
Yy=¢+(E—H—V+ie Ve, (6)

where the limiting process e—-0 is henceforth always
understood. It should be noted at this point that we are
discussing the scattering of a particle (E>m). The
scattering of antiparticles will be dealt with later.

We now observe that '

(E—H—V+ie 1V
= (E—H—V+ie(E+H—V+ie(E+H—V)V
= (B—H—U+i'V[E—V+H+(H,V)], )

where

(H,V)=HV—VH=—i(VV)-aq, 8)
and
U=2EV—V?—i(VV)-a. 9)
Since ¢ is supposed to satisfy (3), (6) may be written
1
V=9¢+ é; (10)
E—H*—U-+1e

and, reversing the arguments which lead from (5) to
(6), we see that ¢ satisfies the integral equation

1
y=¢+— (11)

E—H?-ie

Uy.

It is this form of the integral equation which is a
convenient basis for obtaining an explicit solution by
the Fredholm method.

Let us now introduce the following notation for the
various Green’s functions:

1
go= ) 8= > (12
T E_mti T B_mUtic )

and
K=gU; G=gU. (13)

(1;“%1). Gell-Mann and M, L, Goldberger, Phys. Rev, 91, 398
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We then have
Y=9¢+Ky,
v=9¢+4Go. (15)

The kernel functions G and K are evidently related
by the integral equation

G=K+KG=K+4GK. (16)
Written out explicitly, the operator equation (5) reads

(14
and

1
W@=9,00—— [ (B—ia-VAm),
ir ik| x—y|
el X—

X

Viyw.(y)ddy, (5

|x—y]

where the Greek subscripts are spinor indices. Equation
(11), written in full, becomes

¢iklx=yl

1
99 =000~ — f Uy, (1)

|x—y|

This just expresses the well-known fact that the Green’s
function g is
1 ezklx—y |

go( ;Y)——E —

(12')

The arguments which led from (5) to (11) are just
equivalent to going from (5’) to (11’) by carrying out
a partial integration and making use of the fact that ¢
satisfies the Dirac equation.

B

In order to proceed with the derivation of the dis-
persion relations, it will be necessary to have an explicit
representation for the solution of our scattering equa-
tion. We shall obtain this by the method of Fredholm.”
This method cannot, however, be applied directly to
the integral equation (11’), since the Green’s function
2o(x,y) is singular at x—y=0. We therefore iterate
(11”) once, obtaining

Yy=¢+Ko+K%.

Q=K.

17)
Let
F=¢+K¢;

Written out explicitly,

(18)

Qw(x,y)= f 8o (X,X) Uy (X))o (X', ) U (y)dx’. (19)

The Fredholm solution of (17) may now be obtained
in the standard way and is well-defined. One finds

#v(;:)

Ya(x)= m®+f F()@;  (20)

7 The present work was motivated by the interesting application
of the Fredholm theory to scattering problems discussed by R.
Jost and A. Pais, Phys. Rev. 82, 840 (1951).
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where
Auy(k; X,X’)
, (=D
Q’“ (X X )+ E Z fd3x1 . d3S\f1z
X B ™ (X,X5 X1+ X3 p1- - - pn) }
— )n
a (k) =1+ Z e fd%l -dx,
n=1
XD(n)(xl. c X P Pn);
pr(X,X,) QMP](X,Xl) QMPn(nyn) !
B’”(n) = Qplu(xl’xl) oo :
QP"”(;(MX/)

QO]Pl (Xl,X1) Qn1p2 (X1,X-z)

D™ = Qo201 (X2,X1)

QPan (lexn)

QPnPl(xn,xl) T

Using an operator notation (A is an integral operator in
coordinate space as well as a spinor operator; [J is just
a number) we may write

Yy=F4(A/O)F. (20"
Comparing this with (15) we obtain, finally,
G=K+(A/0)+(a/O)K. (21)

This is the result which we require for the discussion of
dispersion relations. The question of the convergence of
the series involved in the Fredholm solution will be
deferred till later.

C

The matrix element which describes the scattering
of a particle from an initial state 7 to a final state f is
given by

M= (b7, Vi) = (87,Vd)+ 61,V Go).

For later reference we note that this can also be written
Myi=(1/2E)(¢7,U:)

= (1/2E){(¢7,U¢p)+ (¢7,UG:)}. (23)

We take the free particle solutions ¢ to be plane waves,
so that for a particle of momentum k we have

(22)

pre=u(k)e™*, (24)
where #(k) is a 4-component spinor normalized to
utu=1. (25)

The spinor # also carries a spin label, which we shall,
however, not explicitly write. Let us now define the
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T matrix by
M (ky ki) =ut (k) T (kp k) (k). (26)

It is an operator in spinor space. From (21) and (22)
we see that

T (ks k) =V (k,~k)

+fe"“‘f"V(x)G(x,y)e““'Yd3xd3y, (27
where

¥ (ly—ks) = f iR Y (DPr. (28)

The spinors appearing in (26) satisfy the Dirac
equation

(¢ k+Bm— E)u=0. (29)

It is easy to show that by use of this equation the T
matrix as it appears in (26) can always be reduced to
the form

T=a+pb. (30)

Alternate ways of representing the 7" matrix are possible
and will in fact be more convenient at a later state.
For the purposes of Sec. ITI, however, the above form
is the most useful one. Since the potential V' is spherical
it now follows that the functions ¢ and b can depend only
on the energy and on the magnitude of the momentum
transfer.
Let us define

c=k;—ki; ==3(k+k)); (31)

and note that =-x=0. The scattering angle 6 is related
to the momentum transfer = by

cosf=1—17%/2k2. (32)
We also introduce the variables
R=3(x+y), r=x—y. (33)

The T matrix, which is a function of 7 and E= (k*+m?)3,
can now be written

T(E7)=V(r)+ f exp[—i(E2—mi—1/4)in-r

Xexp(—i'rR)V(R—l—g)

r r
where

n=m=/x.

III. EXTENSION TO THE COMPLEX
ENERGY PLANE

A

Up to this point the T matrix, as well as the kernel
function G, are defined and have meaning only for

201

physical values of the variables E and 7: E and 7 both
real, and E> 4 (m2++72/4)%. We now want to extend G
and T to functions of the complex variable E, 7 being
kept real. We will find that for a certain class of poten-
tials the extended function T is analytic in the complex
E plane, with singularities on the real axis between
—m and m.

Since the kernel function G was originally expressed
in terms of k= (E?—m?? it will first be necessary to
make cuts in the complex E plane in order to define
G as a function of complex E. The cuts run from m— o
and —m—— 0 ; and we choose the Riemannian sheet
such that the imaginary part of 2 is always non-
negative: Imk=x2>0. Just above the real energy axis,
the real part of % is positive for E>m and negative for
E<m. The converse holds just below the real energy axis.
On the real axis for —m<E<m, k is pure imaginary.
Similar cuts are chosen to define (E*—m?—7%/4)} for
complex E. We now define

G.(E)= 1_1*4_1110 G(E+1ie)(E real), (35)
and . ]
T.(E)= ‘1_153) T(E4-ie¢) (E real). (36)

The 7' matrix for physical scattering corresponds to
T.(E) for E> (m*+7%/4)% It is clear from what has
been said that

G (E)=G_(E)(—m<E<m); (37)
and
T, (E)y=T_(E)(—m<E <m). (38)

B

Before proceeding to the main task of this section
we want to establish here certain symmetry properties
of the T matrix which are essential to the derivation of
the dispersion relations. At this stage it is useful to
avoid commitment to the particular representation of
Eq. (30), so we simply write T'=T(E ky,k;).

1
Define _
T(Eakf;ki) =BTT (E;k/)ki)ﬁy (39)

where Tt is the Hermitean conjugate of 7. We will
show that

T+ (Eakﬁk‘i) =T_ (E:kirkf) . (40)
In the representation of Eq. (30) this implies
* =a_ E
a+ (E7T) a. ( ?T)7 (41)

by *(E,r)=b_(E,7).

To establish this result, let us first introduce the
following notation:

wf=e“‘f", wi=eik"". (42)
From (23) and (26) we then have
2ET+(E ks k) = (wy,Uwi)+ (W;,UGswi);  (43)
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and from (13) and (16)
UGy=Ugn U+ UG8, U,
= Ug()iU"— Ug()j:UGi.
Just as in (39), define _
G=pGB, (45)

where Gt is the Hermitean conjugate of G, which, it
must be remembered, is an integral as well as a spinor
operator. Thus

Gwi(xy) =G *(y,%).

Define U and g in the same way. It is evident that

(44)

U=U; Jor=goF. (46)
From (43) we see that
2ET, (E )/ k) = (w;,Uw))+ (wi,G Uwy).  (47)
But from (44)
G U=Ug U+Ug G U=UG_. (48)

Equation (40) is thus proved.

2

There remains to find relations which connect T'(E)
with T(—E). It is at this stage that we are led into a
discussion of the scattering of antiparticles. As is well
known, an antiparticle of energy E and momentum k
is described by a charge conjugate spinor #° given by

u°(E,k) =Cu*(—E, —k), (49)
where the charge conjugation matrix can be taken to be
C=—1fay,
in the usual representation for Dirac matrices. It has

the properties
CaC=aj, j=1,2,3

Cﬂc= _E )

C=C1=Ct; (51)

where the tilde symbol denotes the transposition
operation. The charge conjugate spinor #°(E k) satisfies

(29). In analogy with (26), the matrix element for
antiparticle scattering is written

(50)

Me(E ks k) =ut(Ek,) T °(E ks k)us(Ek,). (52)
From (49) it follows that
Me(Eksk)=ul(—E, —k,)
v XCT *(Ek;k)Cu(—E, —k;). (53)
But we also have
M(—E, —k;, —k;)=ut(—E, —k,)
XT_(—E, —k; —k)u(—E, —k;), (54)

where we write 7_(— E) rather than T (—E) in order
that (E*—m?)? shall have zero phase in T° for E>m;
ie., so that T;° will correspond to an out-going wave
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matrix. Thus
T+C(E7kf)ki) '—“CT—(_E, _kir _kf)c' (55)

If we represent 7 in a form analogous to Eq. (30),

Te=a°+Bb°, (56)
then (41) and (55) imply
a.°(E,r) =a*(—E, 7),
b ¢(E,r)=—b*(—E, 7). (57)

C

We now turn to our main task, which is to show that
the matrix T can indeed be extended to a function
analytic in the full complex E plane, the momentum
transfer = being real. We must first show that the
Fredholm series in (21) and (22) converge to an analytic
function of E and that the kernel function G is analytic.
We must then show that in (34) the integral which
defines T' converges to an analytic function. Finally,
in order to employ Cauchy’s theorem at a later stage,
we must study the behavior of T for |E|—w.

The results may be stated in advance. It will turn
out that the kernel function G can be extended to an
analytic function of E if there exists a spherically
symmetric function F(r) such that

F(r)2 | V?—ia-VV], (58.a)

F(r)22m|V|, (58.b)

FirySM'/rt, M'< =, (58.¢)

f Fryrdar{ M", M"< =, (58.d)
0

Furthermore, for fixed momentum transfer 7, the
matrix T can be extended to an analytic function of E if

0

f eTF(r)rtdr{ M < . (59)
0

The proof of these assertions follows almost exactly
as in reference 1. Thus, although the results are of
central importance for this paper, we need indicate the
derivation only in brief outline. We do this much, in
fact, only to call attention to the slight technical
differences between the Dirac and Schrédinger cases.

For convenience we use (21) to rewrite (34) in the
following form:

T(E,n)=V(r)+T:(E,)

+T3(E,7)/O+T«(E,r)/O, (60)

where

Ty(E,r) = f exp[ —i(E?—m— 7/4)n-r] exp(—iz-R)

T r
XN,-(E ; R+5’ R—~2-)d3rd3R; (61)
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and, in matrix notation,
Ny=VK, N3;=VA, Ns,=VAK. (62)

We now use the theorem, stated in reference 1, which in
effect says that for the T'; to be analytic in an open
region T'; where T is bounded by a closed curve B in
the complex energy plane, the integrands in (61) must
be analytic in T' and continuous in the closed region
T'4+B. Furthermore, for all E on B the integrand must
be bounded by an integral function of r and R. In our
case B is the curve shown in Fig. 1; the semicircles
have large but finite radius Ep, and the horizontal
segments approach the real axis in the limit.

That T'» meets the above requirements for analyticity
is trivially shown. From (12’) and (62) one finds the
bound

V)| fEs  \e s
| Na(Exy)] < ( .L 1) F(y) (63)
dr \m [x—y]

for all E on B. This is integrable in (61). To establish
the analyticity of T's and Ty we must study the proper-
ties of A(E,x,y). We shall prove below that for all E
in T, A is analytic and satisfies the inequality

F(
e’V A(Ex)y)| <CEp I yl),

y

(64)

where Czp is a constant which depends on Ep. From
this result we find, as in reference 1,

| Ts,4(E,7)| < CEB’fe%fl‘“”F(x)F(y)-l—d;*xd:“y. (65)
[yl

The integral exists for any + for which (59) holds, hence
Ts,4 are analytic in T

We are left with the task of proving our assertions
about A(Ex,y). Once again, the procedure is similar

+m

Fi6. 1. Contour in complex energy plane.
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to that in reference 1. First, one shows that for potentials
satisfying the conditions (58), the kernel Q is bounded,
as follows:

F(y)

B Y
IQ(ny;Y)ISN(;'_i_l)e ] I47rlyl’

(66)

where NV is a finite constant. Using this one then shows
that the series defining A is a series of analytic functions,
and invoking Hadamard’s lemma to obtain upper
bounds on the Fredholm determinants one finds:

|E|  \*F(y)
< —+1
A(Ex,y) N( —+ )4vrly{
v 1)t E n
X{l—}— 5 (n+1) 4,,M//n(l__|-|—1) N"}. (67)
n=l n! K

This differs from the Schrédinger case by the factors
(|E|/m+1) and by the factor 47, the latter coming
from the summation over spinor indices. The above
series converges for any finite |E|. Hence, the ana-
lyticity of A in the region I' is proved. Furthermore,
for all | E| < Ep we see that

l A] S CEBI,I;(3;)7

y

(68)

where Cep” is a constant which depends on Ep. To

prove the inequality (64) it suffices to establish, in
addition to (68), the following two limits, for EinT':

lim ex=v|A(Ex,y)| =0,

| x|—00

. (69)
| hlm ed=31| A(Exx,y)| =0.
y —00

These are proved by writing the series defining A and
noting, by use of the triangle inequality, that every
term in the series when multiplied by e*!*=¥! vanishes as
|x] or |y| tends to «. Since we have shown that the
series defining A converges uniformly for all x and y
(E finite), the results (69) follow.

Finally, we note that the analyticity of the Fredholm
denominator [0 can be proved by similar methods; in
contrast to the Schrodinger case, however, it no longer
holds true that [J—1 as |E|—w; but this is of no
importance. What concerns us here is that the zeros of
O will give rise to poles for the matrix 7.

Now just as in the Schrédinger case, the Fredholm
resolvent kernel G as it has been defined is not an
irreducible fraction. It can however be replaced, using
the Poincaré method, by A’/0’, an irreducible fraction;
A’ and [0’ have no zeros in common. A’ and [0’ are
defined in the same way as A and [, but with elements
of K replacing elements of Q in the Fredholm determi-
nants and with zeros along the diagonals. The ana-
lyticity properties of the Fredholm resolvent kernel
are unaffected by the Poincaré procedure.
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The zeros E, of [0’ correspond to energies for which
the homogeneous equation

Vvi=Ky;

has at least one solution. It is clear from the definition
of K that such solutions satisfy the second order
equation

(H=V+E;)(H+V—E¥;=0. (70)

It is easy to show that the eigenvalues E; just coincide
with the eigenvalues of the first order Dirac equation;
i.e., the second order Eq. (70) introduces no spurious
eigenvalues. It is also easy to show that the eigenvalues
all lie between —m and m. Thus the Fredholm denomi-
nator [’ has zeros on the real axis between —m and m,
the zeros corresponding to bound states.

D

We have so far shown that T'(E,r) is regular in T,
except for poles in the interval —m<E<m on the real
axis. Of course we can choose Ep as large as we please, as
long as it is finite. Hence T is analytic in the whole
finite E plane, the cuts excluded. But before we can
derive dispersion relations, we still have to show that
T has no essential singularity at infinity. In fact, we
claim that for the class of potentials under consideration
T has the asymptotic behavior

T/E—0, |E|—w. (71)

The derivation of this result is outlined in the Appendix,
where we employ methods taken from some work of
Schiff.?

IV. DISPERSION RELATIONS
A

For practical purposes it will now be convenient to
represent 7" in a manner which differs from Eq. (30).
We write

T(Em,x)=A(E,7)+i0-=X<B(E,7), (72)
where ¢ is the usual 4X4 spin matrix. Similarly,
T¢(Em,x)=A(E,7)+io-mX<B(E,T). (73)

From (40) and (55) it follows that
A (E;r)=AF(E;), Ay (E;r)=Ay*(—E7),

74
Bo(Eyr) =B *(B7), Bye(Byr) =By (—Er);

and from (38) we have for |E| <m,
A+(E,T)=A_.(E,T)=A+°('—E, T)=A—c<_E> T)) (7_)
5

B+(E)T) =B—(E:T) =B+c(__E’ T) =B_°('—E, T)-

8 L. I. Schiff, Phys. Rev. 103, 443 (1956).
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Let us define the linear combinations
Fi(E,r)=A(E,7)+A(E,7),
Fy(E,r)=A(E,7)—A°(E,r),
F3(E,7)=B(E,7)+B°(E,r),
Fy(E,r)=B(E,r)— B°(E,r).

The corresponding boundary values have the simple
properties

(76)

F,(E,r)=F_*(E,r); (77

and
Fr s (E,r)=Fy 3, *(—E, 7), (78)
Fo s (E;r)=—Fs 4, *(—E, 7). (79)

B

We have seen in Sec. IIT that the matrix 7 (and
also 7°) has the asymptotic behavior

T/E—0, (80)

Evidently this also describes the asymptotic behavior
of the amplitude 4 (and A4°¢). For the amplitude B
(and B°), on the other hand, this implies

E:B/E—0, (81)

Now all of our amplitudes, as we have seen, are analytic
functions of energy in the cut E plane, with poles
corresponding to bound states lying on the real axis
between —m and m. Let E;(j=1, 2,---) denote the
singular points for the T matrix. From our charge
conjugation condition (55) we know that 7°¢ then has
singularities at the points

ch= —E,‘.

|El—e.

|E|l—e.

(82)

Let R;4 and R;p denote respectively the residues of the
amplitudes 4 and B at the singular points E;. From
(75) it follows that the residues of the charge conjugate
amplitudes, at the poles E;°, are related to these by

R;s°=—Rja, Rjp°=—Rjs. (83)

We are now ready to apply Cauchy’s theorem to our
amplitudes F(E’,7), choosing the contour in the FE’
plane shown in Fig. 1 (the semicircles have infinite
radius). Consider first the amplitudes Fs and -F,; and
let E be a point which in the limit approaches the real
axis from above, with E> (m>+72/4)}. By Cauchy’s
theorem the integral

1 F3 4(E' 1)
—dE

— ' 84
B (84)

2

is equal to the sum of residues of the integrand; and
from (80) and (81) it is evident that the integral receives
zero contribution from the semicircles. Invoking (77),
(78), (79), (82), and (83), we then find, carrying out
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the integrations,

ReB(E,7)+ReB¢(E,T)

5 1 1 +2 - B
Bl el
7 \E—-E, E+E;) «J. Er—R

X{ImB(E',7)+ImBe(E ,7)}dE"; (85)
ReB(E,7)—ReB¢(E,T)
1 1 2 ¢ E
=2 RiB{ }+“j o
i E—E; E+4E;} =, E*—E?
X{ImB(E',7)—ImB*(E',7)}dE'. (86)

The amplitudes which appear in these equations are
in fact the physical amplitudes B, and B,°*—we hence-
forth drop the subscripts. The integrals are principle
value integrals.

For the amplitudes F; and F; we cannot write similar
dispersion relations. The asymptotic behavior here is
governed by Eq. (80), and in this case the contributions
from the Cauchy integral (84) over the infinite semi-
circles do not vanish. We instead form the integral

1 Fuq(E 1)

i J E'(E'—E)

dE'. (87)

The extra factor E’ in the denominator now guarantees
that the semicircles make no contribution; but it in-
troduces a new singularity at E'=0 (which we assume
does not coincide with any of the natural, bound-state
singularities). Proceeding as before, we then find

Red (E,7)+Red*(E,r)
~24(0,)+% E) L }
i (E,- {E E; E+E,

—Ef (E)(E2 B

X{ImA (E',7)+ImA*(E',7)}dE',

(58)
Red (E,7r)—ReA*(E,7)

E 1 1 2 © 1
= Z (“—)RM { } +‘Ef
7 \E; E—E; E+E;l = J, E—p

X{ImA (E',7)—ImA(E',7)}dE.

(89)

Once again, the amplitudes which appear here are in fact
Ay and 4, °. We have used the fact that 4 (0,7)=A4°(0,7)
in arriving at these results.

Finally, solving these equations for the individual
amplitudes, one obtains the dispersion relations
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Red (E,7)

oo (D)) (E)

ImA(E’,-r) ImA<(E',7)
{ E—E E'+E

JA(T)

}dE', (90)
Red°(E,T)

40 T)+Z( )EJ—:-(ET) 1-‘ (E')

[ImA°(E’,T) ImA (E',7)
E—E E'+E

}dE', (91)
ReB(E,7)

Rig(r) 1 p*
i E—FE, w

m

ImB(E',r) ImBe(E,7)
X { 4 ]dE’, (92)
E—E E+E

ReB¢(E,T)

Rip(r) 1 p*
=y +_j
i E+E;i wJn
ImBe(E';r) ImB(E,7)
]
{ E—E E'+E

dE'.

(93)

We remark again that principal value integrations are
always understood. Note also that for nonzero momen-
tum transfer 7 the dispersion relations involve integra-
tion over an unphysical region running from m to
(m*+472/4)%. We shall return to this point shortly.

C

The dispersion relations take on an especially useful
form for forward scattering, since in this case one can
invoke the well-known optical theorem. In general, the
differential scattering cross section (initial spin state 1,
final spin state f) is given by

dO'f,' 27!'
=—|Mp|*—= |
aae v dE  (2xm)?

My, (94)
where dN/dE is the density of final states and v is the
velocity. For forward scattering the matrix M is
diagonal in spin space and is just equal to the amplitude
A(E)0). The optical theorem tells us that

k .
ImM(E,0)=ImA (E,0)= ——% Eo (B), (95)

where o (E) is the total cross section. Analogous results,
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of course, hold for antiparticle scattering. For forward
scattering the dispersion relations can therefore be
written

ReM (E,0)

A(0 0)+Z( )

jA (O)

J

E 2/ Fk a(E) o°(E)
LD, o
2r v, \E?/ \E'—E E+E
ReM*<(E,0)
R;4(0)
=A4(0,0
©00+2( o
a(E") o(E
Gl o
E”? E E'+E
and, in particular,
ReM (E,0)—ReM*(E,0)
E 1
22(——)R:‘A(O) }
i \E;j E—E; E+E;

The “subtraction” constant A(0,0) does not appear
in this last equation, which makes it therefore especially
interesting. Also, we see that

ReM (E,0)—ReM<(E,0) (E— ). (99)

D

For physical scattering the energy and momentum
transfer satisfy the inequality E> (m?+-72/4)%. For non-
forward scattering the dispersion relations therefore
involve integration over an unphysical region, and the
question arises how the analytic continuation into this
region can in practice be effected. As in the Schrédinger
case, and using the same methods, we now show that
the continuation can be carried out by a partial wave
expansion.

For this purpose we introduce the conventional
scattering amplitude f(6).? This is a 2)X2 operator in
ordinary Pauli spin space. The differential scattering
cross section (initial spin state 4, final spin state f) is
given by

doyi/dQ=| f7:(6) |- (100)

The total scattering amplitude can now be expanded in
the well-known way in terms of partial wave amplitudes,
the latter being labeled by the parity and total angular

® J. Lepore, Phys. Rev. 79, 137 (1950).
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momentum quantum numbers, (—1)* and j respec-
tively. Let &8, and &,- be the respective phase shifts
for j=143% and j=1I1—%, with parity (—1)?; and let f;;
and f;_ be the corresponding partial wave amplitudes:

1
Sfre=—1[exp(2:6,,)—1]. (101)
2ik
The partial wave expansion for f(6) is given by®
F0)= l): {U+1) ft1fi-} Pi(cost)
=0
Liﬂ'k/Xk,' o ( !
I k? zz=1 1——c0520) U=t
X {cosfP;(cosf) — Pr_1(cosh)}. (102)

Analogous results hold for antiparticle scattering. The
P, here are Legendre polynomials, and ¢ is the 2X2
Pauli spin matrix.

Using these results, we could, of course, write our
amplitudes 4 and B as partial wave expansions, but
there is no need to do this. Instead, what we have to
consider is the following. Suppose we treat the scatter-
ing amplitude f as a function of %2 and 7, writing
cosf=1—172/2k%. For k*<+*/4 the argument of the
Legendre polynomials becomes less than —1; as k—0,
it approaches — o« . The question is: do the above series
converge for all B2<2/4?

Carter'® has rigorously shown that for sufficiently
large I (k fixed), the phase shifts are bounded—to
within a constant of order unity—by the Born
approximation :

6] <c+| (B+m) [ Tl |V Irar
0

#E=m) [ @) VI,
] ’ (103)
60| <c_| () [ o) |V

"f-(E—m)j(:oo Jog2(kr)] V]rdr},

where the J, are Bessel functions. Once these bounds are
known, one can proceed exactly as in reference 1. We
shall not reproduce the argument in detail. Essentially,
one shows that for momentum transfers = such that

4

f PF () dr < o (104)
0

the series in (102) will converge for all 2< 7/2. Notice
1 D. S. Carter, thesis, Princeton, 1952 (unpublished).
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that (104) is a more stringent restriction than that
required to derive the dispersion relations, Eq. (59).

V. BOUND STATE CONTRIBUTIONS

Our final task is to discuss the bound state contribu-
tions to the dispersion relations; i.e., to show how the
residues R;4 and R ;5 can be computed from information
about the bound states.

From (6) and (22) we have

Tﬁ= ('LU/,V‘ZU,;)"}' (wf, V——le) (105)
E—H—V+ie

Let us introduce a complete set of solutions of the Dirac

equation. This includes scattering solutions y,, with

continuous label s, and discrete bound state solutions

¥j, with —m<E;<m. Using the completeness relation

S i+ [awai=1, (106)
we write
1
L=V )+ E ——— (o, 1) V)
’ +continuum. (107)

We are interested only in the bound state contributions.
From the Dirac equation itself we have

V= (E;—H)Y;; (108)

and thus,

1
Tr=2
i E—E;

(Ei— E)*(wr¥;) @iwi)+---.  (109)

The residue of Ty; at the bound state energy E; is -

evidently given by

Rr= EILHEI' (E;— E)* (wr ) sws). (110)
Despite appearances, this limit does not vanish; as we
shall presently see, the matrix elements have appro-
priate singularities.

The procedure is best illustrated now by means of a
simple example.! Suppose there is a bound S; state
(even parity, total angular momentum %). Let W denote
the binding energy: W=m— E;. The bound state wave
function has the form (for magnetic quantum number )

M:;(i f(rf(i’?):;)xm)’

where x™ is a two-component Pauli spinor. A sum over
magnetic quantum numbers is implied in (110). The

(111)

U A similar calculation was first done for nucleon-nucleon
scattering, by Goldberger, Nambu, and Oehme, Ann. Phys. (to be
published).
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radial functions satisfy the equations

d
—g—g-l- Cm—W—-V)f=0,
dr r

d
—jf—l—z-l- (W+V)g=0.
dr r

(112)

Asymptotically, the radial functions have the follow-
ing behavior

g—>Ne™*"; f—> pNe™*, (113)
where
k=[W(Q 2m—W)1, p=[W/2m—W)]; (114)

and N is the normalization constant. In general, let us
now write

g=Nle—u(r)],
f=pNLe™—v(r)];

where we only have to know about # and v that:
e y—e*v—0, as r—o ; and %#(0)=v(0)=1. The func-
tions # and v do not contribute singular terms in the
matrix elements of (110) and hence do not contribute
to the residue. On the other hand, we find

1 . 4
f —e Kotk 13y — ,
r E— Ej2

1 dr  so-ky\ /«
._.._e—xreik Ig-. rd3r= (—-—) (—) . (117)
7;2 Ez—'EJ2 k ik

We now evaluate the singular part of the spinor matrix
(wr¥;) (Wj,w:), then sum over magnetic quantum
numbers, use the Dirac equation to express the result
in the standard form of Eq. (72), and finally, pass to the
limit E—E;. There results the following expressions for
the residues R4(7) and Rp(7):

(2m)?

(115)

(116)

Ru(r)=
(m—W)m(2m—W)?
X{2m(2m—W)+37} [N [*;  (118)
(2m)?
Rp(r)= | V]2 (119)

(m—W)m(2m—W)?

The final results thus depend on two parameters
which characterize the bound state: W, the binding
energy, and N, the normalization constant defined in
(115). The expressions become somewhat more trans-
parent if we replace N by another parameter, a charac-
teristic length 7 defined by

1
V]2

F(1+p)ro= fo ml(1+p2)e““’— (g2+f2)]df- (120)



208 N. N. KHURI

() ()

For small binding energy 7, plays the role of effective
range of the potential.

One finds

(121)
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APPENDIX

We shall derive here the result expressed in Eq. (71).
For this purpose it is convenient to introduce a strength
parameter A which multiplies U and which at the end
is set equal to unity. Using (16) and (43), let us first
write down the Born series for the matrix T, leaving
aside for the moment the question of convergence. For
very large |E| we can replace (F2—m?—72/4)} by k;
so for large | E| the Born series reads

A ©
T(E,T)=——U(E,T)+ Z Tn(E’T)J (Al)
2E n=2
where U (E,r) is the Fourier transform of U and
A x
Topr=— f exp[-z—~ (X+Y)]
2E 2
Xexp[—ikn- (x—y) JU (x)K.(x,y)d*xd’y. (A2)
From the recurrence formula
A eiklx—zl
Kly)= == [ V@K a(ay)es, (43)
dr J  |x—1z|
with
A eitlxyl
K (X7Y) EK(X’Y) = U(}’), (A4)
47 |x—y]|

we can rewrite T'ny 1 as follows, for n>1:

N T
T [ exp[—-i-z-- <x+y>] exp[— k- (x—y)]

XU @)K na(x,y)R(y)dxd’y;  (AS)

where

A <
R(x)= ——f eXp(—-i—-z) exp(—ikn-z)
47 2 .
XU (x+2z)-e**d’s. (A6)
2

AND S. B.

TREIMAN

The crucial point is now this. For potentials which
satisfy the Eqs. (58) one can show explicitly that, for
large | E|, |R(x)| is bounded by a finite constant; i.e.,
for any fixed >0

R <INC, |E|Zmtn. (A7)

The factor U contains the troublesome term 2EV,
which would appear to lead to a divergence in (AG6).
But one can carry out a partial integration® which
brings in a factor % in the denominator, so the integral
(A6) is in fact bounded as |E|—, as asserted in the
foregoing. We shall not go into the details here.!? Using
(A7) then, and proceeding by induction, we find

el [

Xexp[—ikn- (x—y)JU (x)K (x,y)

Th1<

A <
— exp[—i—- (x—}—y)]
2E 2

dxddy. (AS)

The foregoing integral is bounded by a finite constant
times |E|% We therefore conclude that |Tnpi/E| is
bounded, and that the Born series converges uniformly
and absolutely if |AC|<1. Thus |T/E| is bounded if
\C|<1. -

But we now assert that for |E|—w, T/E in fact
vanishes. It is evident that T',.i/E vanishes when
k=Imk— o, for in this case the integrand in (A8)
contains a damping factor exp{ —«[ |x—y| —n- (x—y)]}
which vanishes almost everywhere for k—o. On the
other hand, for Rek— 0, the integrand of (A2) oscillates
very rapidly almost everywhere because of the factor
exp[—ikn- (x—y)]. If we divide both sides of (A2) by
E, the integral of the absolute value of the integrand
on the right-hand side will be finite. Hence, we conclude
using the Riemann Lebesgue lemma that T.y1/E
vanishes as ReE—.

This completes the proof that (71) holds true, at
least when the Born series converges uniformly—and
we know that for sufficiently small values of the strength
parameter, |AC| <1, the Born series does converge.
But now we note that considered as a function of A,
T is a meromorphic function of A for any fixed E; T was
defined as a ratio of two entire functions of A. For real A
and |E|>m, T has no poles. It is therefore clear that
if T/E vanishes as |E|—® for |\C| <1 it will vanish
for all finite real values of A.

12 For a detailed proof of the results of this appendix see N. N.
Khuri, thesis, Princeton, 1957 (unpublished).



