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From the second equation we obtain then

o (k' ' ') o' ' 'IH'l oe,) —' l{Z—ll, )),
where Bz is the energy which belongs to the state (k'~'s').
The second term is so chosen that this solution when
transformed to X-space represents only outgoing spherical
waves provided that we deane an integration over the pole
E=Bz always by its principle value. ~ The second-order

~ Compare P. A. Mo Dirac, The Principles of Quantum
Mechanics, Clarendon Press, Oxford, second ed. , p. 195ff.

solution which is of interest in our problem becomes then

&folk, s, sl = Z (k, s, s[ H'[ k'o's'){k'o's'[ H'[ kooosol
+& k'a'e'

1x —o~siE —Zsl ~.

The summation on the right-hand side is equivalent with an
integration without 8-term in such a way that the path of
integration is displaced in the complex x-plane around the
pole in the negative iznaginary half-plane. This was the
procedure used in the text.
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The pair theory of Marshak and Keisskopf was investigated assuming strong coupling. The
strong coupling criterion is A = (Nf/p. )&S where f coupling constant, p, =heavy electron mass,
N = g U {x)d'x, U(x) =source function of the nucleon. N—1/~a', where c=source radius (all in
units where k=c =1).Kith this condition, the magnetic moment turns out to be of order A ',
and of magnitude too sma11 to account for the observed anomalies. The leading term in the
potential of the force between two nucleons (for kg &2c) is independent of the spin orientations,
of the coupling constants, and of the type of coupling {as long as no derivatives of the heavy-
electron field quantities occur in the coupling term). This potential is identical with the one
calculated by Jauch and Houriet, but was not considered by Nelson and Oppenheimer. The
next term in the potential is of order A '. It corresponds to a superposition of a (Zg Zg) term, a
tensor force term, and an ordinary force. Being of order A ' it is too small, however, to fit the
experimental results.

1. INTRODUCTION

HIS paper deals with the strong coupling
version of the meson theory proposed by

Marshak and Keisskopf. ' In this theory the
meson field quantity is assumed to be a complex
spinor. The associated quanta (mesons) are then
heavy electrons in all respects. They satisfy
Dirac's equation in the absence of interactions
with nucleons. The negative energy states are
taken into account by the usual hole-theory
approach. The interaction term with the nucleon
is assumed to be quadratic in the meson field
quantities. This identi6es the theory as a "pair
theory. "The name refers to the fact that in the
weak coupling approximation the mesons are
emitted and reabsorbed by the nucleons in pairs.

~-Now with RCA Laboratories, Princeton, New Jersey.'R. E. Marshalc:, Phys. Rev. SV', 1101 (1940); R. E.
Marshak and V. F. %'eisskopf, Phys. Rev. 59, 130 (1941).

The particular interaction term proposed by
Marshak and Weisskopf is of the form

&'=f4+(s)&.4 (s) (1.1)

Here H; is the interaction term in the Hamil-
tonian, f is a coupling constant, g is the meson
field quantity (an operator), a cross denotes its
Hermitean conjugate, s is the position of the
nucleon in question, and I', is one of several
operators which are possible i'f we want the theory
to be relativistically invariant. Marshak points
out that it is possible, in a weak coupling theory,
to eliminate all but one of them by a consideration
of the deuteron problem.

It is true, however, that a weak coupling
theory based on an interaction term of the form
(1.1) can never explain the anomalous magnetic
moments of the proton and neutron. Since H;
contains both f+ and f, the isotopic spin of the
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nucleon is an exact constant of motion. The
operator I', cannot contain the operators trans-
forming a neutron into a proton or vice versa
because that would destroy the conservation of
charge in an elementary process. The only way in
which the isotopic spin degree of freedom can
enter the problem at all is through a choice of the
coupling constant f. But it is easy to see that it is
impossible to make a satisfactory choice, pro-
vided we 1imit ourselves to a weak coupling
theory. If the magnetic moment arises in a
perturbation of even order, there is no possibility
at all to fit the opposite signs of the anomalies for
the proton and neutron. If the magnetic moment
arises in an odd-order perturbation, we might try
to pick coupling constants of opposite sign for the
two heavy particles. But the nuclear force be-
tween particles A and 8 will contain the factor
fgfs for every operator P.considered by Marshak.
our tentative choice of coupling constants would,
therefore, lead to opposite signs for like and unlike
particle forces, and this is unacceptable. It may
be remarked that all meson pair theories pro-
posed so far suffer from this same defect.

For this reason, and because a rough estimate
seems to show that it is not possible to choose the
coupling constants big enough to give the correct
binding energy of the deuteron without violating
the weak coupling criterion, it was considered
advisable to investigate the strong coupling limit
of this theory. The results are:

(1) The strong coupling condition is A =Nf/Itt»5 where X
is the reciprocal of the volume of the source, and p, is
the meson mass.

(2) The magnetic moment changes sign when f changes
sign, but it is much too small to give the observed
anomalies as long as (1) is satisfied and pa&&i, where c
is the radius of the source.

(3) The leading term in the potential of the force between
two nucleons (for kg&2a) is independent of the spin
orientations, of the coupling constants, and of the type
of coupling, i.e., of the choice of operator P, in Eq. {1.1).
This potential is identical with the one calculated by
Jauch and HourietP but was not considered by Nelson
and Oppenheimer. '

(4) Thespin-dependent part of the force arises in order 2 '.
It then gives a superposition of a term of type Sz Sa
and a tensor force term. Since A»5 by assumption,
this force is very small.

'J. M. Jauch, Helv. Phys. Acta 15, 175 (1942); A.
Houriet, Helv. Phys. Acta 16„529(1943).'E. Nehon and J. R. Oppenheimer, Phys. Rev. 61, 202
(1942).

The theory is, therefore, unsatisfactory both in tke
weak coupling and the strong coupling limits Th.e
only remaining possibility is an intermediate
coupling strength (A of order unity). The present
treatment is not applicable to this case.

f'

P(x) U(x z) d'x,— (2.1)

where the source function U is chosen so that its
integral over all of space is unity; usually it is
chosen spherically symmetrical, and so that it is
very small beyond a certain distance from the
nucleon. It is common to define ari effective
radius of the source by

p U(x) U(x')
(a)—' =

~ ~l
d~xd'x'

ix —x'/
(2.2)

It then turns out that for most reasonable
choices of the source function, the nuclear forces
do not depend very much on U(x) as long as the
internuclear distance is much larger than the
source diameter 2a. It must be realized that this
formalism is only a preliminary convergence
device necessitated by the lack of a consistent
quantum theory of the interaction of fields and
point sources. Therefore the restriction to dis-
tances greater than the source diameter is not
really a loss in generality. %'e would not be
willing to trust the theory at shorter distances,
anyway.

In the strong coupling case, the starting state
of a valid perturbation treatment will be obtained
by splitting the meson field into two parts': a
static field attached to the nucleon and a wave
field largely independent of it. TVe then consider
tke complex "nucleon+static meson field" as one
unit, zuhich me sha/l call the stat-nucleon, and me

assume that it is this unit which is observed experi
mentally. Because of the various possible states of
the static meson field, the stat-nucleon has many
more states than the original nucleon. The
excited states of the stat-nucleon are referred to
as isobaric states. It is clear that the existence of

2. THE ONE-BODY PROBLEM

In any strong coupling theory it is necessary to
use a source function convergence method. This
means that we replace f(s) in Eq. (1.1) by
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Here Hy is the free meson field Hamiltonian, H;
the interaction term with the nucleon; a and p
are the usual Dirac matrices (it must be re-
membered that P is a spinor), p is (—4!) times the
gradient operator, and p, is the meson mass. The
units are chosen so that h=c=1, and lengths are
measured in cm. In 8; we have chosen the
operator I', proposed by Marshak and Weisskopf;
e is the spin operator of the mesons (i.e. ,

0,= ia„a—,) and X is the spin operator of the
heavy particle. X can be represented by the usual
Pauli 2-by-2 matrices.

Notice that II; contains f+, f, and Z. The
equations of motion will contain products of
two of these operators, and will therefore be
non-linear. The non-linearity of this theory dis-
tinguishes it from the case treated by Jauch
and Houriet. ' They use I', =P which leads to
linear equations of motion. This point is dis-
cussed further in Section 4.

The meson 6eld is quantized in accordance
with the exclusion principle, so P has to satisfy
the usual anti-commutation rules

4 '(x)4'(x') +4, (x')0.+(x) = ~ .~(x —«') (2 4)

while the other anti-commutators vanish, The
index y denotes the spinor components of f and
runs from 1 to 4.

Ke now split the held into a static 6eld and a
mave 6eld. To do this we dehne the integral
X=J' U'(x)d'x and the function u(x) =X & U(x).
Then me put

4 (x) =Qu(x)+4'(x) (2.5)

with an analogous formula for f+(x). We further
postulate the orthogonality condition

u(x) iP '(x)d'x =0. (2.6)

isobaric states leads to two requirements for a
reasonable theory. First, the ground state of the
stat-nucleon must have spin one-half. Second,
the excitation energy of the lomest isobar state
must be high enough to account for the fact that
these states have not been observed as yet.

The Hamiltonian of our problem is

H =&r+H'= )"0+(x)(a p+uP)4(x)d'x

+f0+Pa X4 (2 3)

II = Hp+H'+0,
where

H0 ——Q+(14p+1Vfpa X)Q,

4'+(x)(a p+up)0'(x)d'x,

(2.7)

(2.8)

(2 9)

n=Q+ I u(x)(a p+up)p'(x)d'x

+ "y'+(x)(a.p+uP)u(x)d'x Q. (2.1o)

The anti-commutation relations are to be derived
from (2.4), (2.5), and (2.6). They turn out to be

Q 'Q'+Q'Q. '= b-

4."(x)4 '(x')+4''(x') 6'+(x)

(2.11)

= h». [h(x —x') —u(x) u(x') j (2.12)

while the other anti-commutators vanish.
The decomposition of the Hamiltonian (2.7)

has the significance that Ho describes the stat-
nucleon, H' describes the wave-held, and 0 is the
interaction between them. The strong coupling
condition mill be the condition of validity for a
perturbation treatment on Q.

We hrst discuss the Ho problem. The operators
Q have to satisfy the conditions (2.11).They can
then be represented as 16-by-1{i matrices. The
occurrence of X in the Hamiltonian requires a
doubling of those matrices so that they become
32-by-32. It is easily seen that B+= Q&+Q&+ Q&+Q2

B = Q&+Q&+ Q4+Q4 as well as the stat-
nucleon spin operator s=(1/2)(Q+aQ+X) are
constants of motion. Starting with a representa-
tion which is diagonal in B+, B and the s com-
ponent of s, it is easy to 6.nd the simultaneous
eigenstates of these three operators and Ho. It
turns out that we get two doublet and one
quadruplet states with energy 0; the remaining
states occur in pairs of positive and negative
energy. Listing only one of each pair, we have
singlets with energies u+ 3' and 14 3Nf, —
doublets with energies 2u and 2(3)~Ãf, and

From (2.5) and (2.6) it follows that

Q = )t u(x)P(x)d'x.

Assuming a spherically symmetric source func-
tion, it is easily seen that
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triplets with energies ti+Xf and ti X—f, giving
thirty-two states in all. For large values of f the
ground state wil1 be the doublet state of energy

2—(3)&Nf T.he first excited state will be the
singlet state of energy —(ti+3Xf) C.loser investi-
gation shows that the strong coupling condition is
obtained by requiring the exntation energy of this
first isobar state to be much larger than the rest

energy ti of the meson. This is the condition quoted
in the introduction. Notice that the energies

above cannot be written in the form P E»E»
y~l

where N~=O or I, and the E~ are constants.
This is due to the non-linearity of the Bo-
problem.

We now turn our attention to the wave-field
problem. The Hamiltonian 8' looks just like the
free-field Hamiltonian Hf. There is, however, a
significant difkrence between the two caused by
the auxiliary condition (2.6) and the correspond-
ing anti-commutation rules (2.12). Following
Pauli and Hu4 we shall treat this problem by the
method of Lagrange multipliers. We are looking
for a system of c-number spinor functions p, (x)
which fulfill (2.6) and diagonalize the expression
(2.9) with P substituted for il' Having f.ound such
a system, we can put

(2.13)

where the u, are scalar operators satisfying the
usual anti-commutation rules. The Hamiltonian
H' then assumes the simple form

(» p+uP —&)4(x) =»(x). (2.17)

This equation clearly indicates that the eigen-
waves of the wave-field problem split into two
distinct groups: those with X=O and those with
XWO. If X=O, p(x) satisfies the ordinary Dirac
equation. So this class is just the class of all
eigenstates of the free meson field (before intro-
ducti on of the nucleon) which are already orthogonal
to the source function. It will turn out that all our
results will be independent of these eigenstates of
the wave-field problem.

The other class, with X WO, has to be investi-
gated more closely. We pre-multiply (2.17) by
(» p+tilt+E) to get

(f '+t ' —&')4(x) =(» p+t P+&)»(x)

Since the wave-field problem is one of infinitely
many degrees of freedom, it is not convenient to
take the volume integrals over all of x space. We
shall need the spherical symmetry of the one-
body problem later on in the calculation of the
anomalous magnetic moment. Therefore we will

pick a sphere of radius R as our volume of
integration, and we shall Iet R become infinitely
large at the end. We now use the method of
Lagrange multipliers on the variation problem
just outlined. We multiply (2.16) by the scalar
—E and pre-multiply (2.6)' by the spinors —V
and —X, respectively; we then add the resulting
equations to (2.15) and vary p*(x). Setting the
variation equal to zero we obtain

H'= Qp ap+a, Zp, (2.14) This implies that we can put
where the Z, are the values of (2.9) obtained by
substituting y, (x) for P'(x).

We now observe that the problem of finding
the functions p(x) is equivalent to the variation
problem: to extremize the integral

4 (x) = (» p+uP+&)»(x)

where the scalar function s(x) satisfies

(P'+ti' &')s(x) =u(x)—

(2.18)

(2.19)

«=)"4'(x)(» p+uP)4(x)d'&

subject to the conditions

~
"p~(x)p(x)d'x = 1, (2.16)

~tP*(x)u(x)d'x= ~| P(x)u(x)d'x=0. (2.6)'

4%'. Pauli and Ning Hu, Rev. Mod. Phys. 17, 267
(1945}.

and (2.6) with P' replaced by s(x). A closer
investigation shows that we are free to pick
convenient boundary conditions for v on the
surface of the large sphere, and we shall require
v to be zero on that surface. To simplify cal-
culations we shall pick as source function
U(r) = (a'/4»rr) exp (—ar) with the correspond-
ing u(r) = (a/2»r) &1/r exp (—ar). The solutions of
(2.19) which are square integrable and have a
square integrable gradient are of types(r) =ui(r)/r
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where m is given by

M(r) = —L»/2s j&L»'+k'g 'Lexp (—»r)
—cos (kr)+ J3 sin (kr) j.

Here O'=E' —p,
' and 8 is a constant to be de-

termined. The orthogonality to the source func-
tion leads to the condition 8= (n' —k')/2»k. The
boundary condition at the surface of the large
sphere leads to 8 '=tan (kR). These two con-
ditions combined give the equation which de-
termines the allowed values of k and therefore of
E. It should be noticed that these eigenvalues are
not identical with the ones obtained without the
auxiliary condition. This is the reason why the
H' 'problem leads to forces in the two-body
problem.

The operator 0 defined by (2.10) will be treated
as a perturbation. We can use the result (2.17) to
simplify its form considerably:

(» p+I &)4'(x) =(» p+~P) Cpa. 4p(x)

=Q, a, (Z,y, ( x) +X, u( x)).

Because of (2.6)' 0 becomes

field problem are invariant under rotations about
the heavy particle. This fact is not important for
the study of the one-body case, but will prove
very important for the two-body problem.

3. THE MAGNETIC MOMENT

To find the contribution of the meson field to
the magnetic moment of the stat-nucleon, we
calculate the expectation value of the magnetic
moment operator in the ground state. This
operator is determined in the usual way. We
assume a magnetic 6eld 3'. in the s direction. A
vector potential corresponding to this is given by
A = ——,'Xy, A„=-,'Xx, and A, =O. We then re-
place p by p+eA in the Hamiltonian (2.3). Since
we assume no static electric field, there are no
changes in the de6nition of the canonical conju-
gate s (x) =if+(x) of the operator f. The Hamil-
tonian will then contain an additional term pro-
portional to the magnetic 6eld strength, and the
magnetic moment operator is de6ned as the
derivative of this new term with respect to the
magnetic field. It is easily seen that the magnetic
moment operator for our problem is

D=Q+ P, a,7,+P, a,+7,*Q. (2.2O) M =— I P+(x) Lx X»]P(x)d'x.
2~

(3.1)

This shows immediately why the states with
X =0 are not important for our problem. They are
not contained in the perturbing Hamiltonian and
are therefore exact eigenwaves of the complete
Hamiltonian. In particular, if the occupation
numbers are 0 for those states in zero-order ap-
proximation they will be zero in all orders of a
perturbation calculation.

It is easy to see that the problem admits an
angular momentum integraf of motion This follows.

immediately from the invariance under rotations
about the heavy particle. The integral in question
is the operator

J=) 0+(x)Lxxp+k»]f(x)d'x+kz. (2.21)

The remarkable thing about this expression is
that it commutes with B'0+H' and 0 separately.
This can be shown by introducing (2.5) and
noticing that there are no cross terms between
the static and wave 6elds; it also follows from the
fact that both the stat-nucleon and the wave-

Upon introduction of (2.5) it is seen that the
term quadratic in Q becomes identically zero.
This means that the Ho problem by itself does
not lead to a magnetic moment. There remain two
terms, one quadratic in P' and the other bi-linear
in f' and Q. It can be shown without difhculty
that the expectation value of the term quadratic
in P' is zero in the state for which the occupation
numbers Xp=ap+ap for positive values of Ep and
Np=apap+ for negative values of Ep are all zero.
The contributions of this term will come in even
orders of a perturbation treatment.

The cross term is given by

M"= —,
'
eQ+) ~u(x) Lx X»]P'(x)d'x

+complex conjugate. (3.2)

Upon introduction of (2.13) this expression
simpli6es to

~*"=—(e/6) Zp ep&p(ap+&p*Q+Q'&pp) (3 3)
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Here we have picked the Lagrange multipliers

X, as spinors with all but one component equal to
zero, and that component real. The operator s,
is dehned to be +1 if this non-zero component is
the 6rst or third, —1 otherwise. It is easily seen,
by the way, that it is related to the angular
momentum integral for the H' problem through

Jz'= p Qp &p(ip+(ip

+contribution of modes with X=O. (3.4)

The expression IC, in (3.3) is given by

I(.",= tN(x')x grad v(x)dPx

and is seen to be —L2(u'+k') ] '.
The operator M,"contributes in the first order

of a perturbation treatment, and it is this con-
tribution which we are going to calculate. The

method is the usual one. VA expand the wave-
functional C of the ground state in powers of the
parameter A = [Nf/)i, ] '

C' =C'o+C'i+C'2+

Ke then obtain the equations

(Hp+H')C )+04 p
=p(dC i/dxp),

(Hp+H')4 p+04 i p(dC p——/dxp),

and so on. We can find Ci by an expansion in
terms of eigenfunctionals X of (8p+H') The.
expression we are looking for is 2C o*M,"4i. If we
start from the unperturbed state in which the
eigenvalue of H p is 2(3)—Vlf and the occupation
numbers N, are zero, and go to the limit as the
large sphere becomes very big, we obtain

&& a2 4

cp*m,"4)=-—P P ~ "(rlQ. I1)'~' d~-
6pr r ) 7 1 I aJ p (~p+ip2) pp(pp+i(p )(pp+Q(r) Q(1))

+~ (r I Q.+ I1)' (3.5)
p (a'+k') pp(pp —)(p,)(pp+2" —2"') I

The notation of (3.5) is as follows: The first sum
is taken over all eigenstates of 8p, the second sum
over the four components of the spinor Q. The
quantity s~ is defined to be +1 for y=1 and 3,
—1 for y=2 and 4; the quantity P„is +1 for
y=1 and 2, —1 for y=3 and 4. The matrix
element (r I Q~ I

1) connects the arbitrary state r of
the stat-nucleon problem to the starting state 1

(of energy 2(3)&Nf
—) and similarly for the matrix

elements of Q,+. 8(") is the energy of eigenstate r
of the Hp problem, while E("= 2(3)&Nf—Finally.

is the absolute value of E„that is
pa=+(&'+) ')'.

Ke are clearly led to the integrals

(x' —1)&dx

(x' —1)&dx

&, (x+1)(x+s)(x'+1.P)

where the strong coupling condition assures us
that q&1 for all intermediate states r. These
integrals can be evaluated by trigonometric
substitution and introduction of the half angle.

The result is

where

I= (s'+1')-'[~(i)~ f(~)+-&(1)],

(f) =(f', +1) ' —~ (f) 'log [(k+1)'+f]
2

()f)p=(.1-'+1)-' f log [(1'+1)'+f]~
2

f, ,( )=rl(, ~1)P(,~1)-i log D„' 1)i+))], -
The calculations were carried out explicitly for
a/)p = 10 and Nf/)p =5 Larger value. s of the latter
will make the magnetic moment even smaller. We
obtain 2Cp~M. "Ci———0.00354(p/)((). This has to
be compared with the magnetic moment of' the
proton according to the usual Dirac theory, that
is p/)ii ()((p ——proton mass). For a mass ratio, of
order 10, we get the result that the contribution
of the meson field. is less than one-tenth the
intrinsic magnetic moment of the proton. This is
much too small to explain the experimental value
of about 1.85. It might be objected that this is
only the result of a erst-order treatment and that
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higher terms might increase the magnetic mo-
ment considerably. Although this is not im-

possible for relatively small coupling constants, it
is very unlikely if Nf/ti»5

It is verified without difFiculty that iV changes
sign when we start fmm the state in which the
spin of the stat-nucleon is oppositely directed. It
can also be shown that this first-order contribu-
tion to the magnetic moment changes sign when

f changes sign. (This implies using the state
for which Ho ——+2(3)tNf as the starting state. )
So we could assign f&0 to the proton and f(0
to the neutron to fit the opposite anomalies for
the two particles. It will turn out that the nuclear
force is largely independent of f so that the
objection made against this procedure in the
weak coupling case is not valid. However, the
magnitude of the magnetic moment is too small,
and the force, while largely independent of f, is
otherwise unacceptable

It is interesting to point out the fact that this
pair theory is not quite symmetrical in the posi-
tive and negative energy states. If it were, the
magnetic moment would have to vanish. The
sign of the magnetic moment is determined from
the sign of e, and ~ is the charge of the field-

quantum (meson) of a positive energy state,
while the "holes" correspond to mesons of
char ge —e.

+Q fAQA+(Pe X)PA. (4.1)

Here A is an index distinguishing the nucleons, at
positions z~. We have allowed for the possibility
that the coupling constants may be diFferent for
neutrons and protons. Furthermore,

yA =
)

"d'x U(x zA) iP(x). —(4.2)

The commutation rules (2.4) are unchanged.

4. THE POTENTIAL OF NUCLEAR FORCES

Ke shall first give a treatment of the many-
body problem, using the Fourier transforms of
the wave functions. Then we shall specialize to
the two-body problem.

The Hamiltonian for the many-body problem
1s

8=, I d'xP+(x) (a p+tAP)iP(x)

The sum is taken only over those vectors k whose
components are integral multiples of 2rr/I, and
V=I.'. This means that we have introduced the
periodicity condition

4(x+a) =4(x) (4.3a)

for all vectors a whose cemponents are integer
multiples of I.. Later on we shall go to the
limit I.—+ ~.

The treatment of Section 2 was particularly
suited to the one-body problem, since it allow'ed

us to use the rotational symmetry of the problem
directly. In the general many-body problem there
is no rotational symmetry, and it is then advan-
tageous to transform from differential equations
to algebraic equations. This is the reason for the
use of the Fourier transform.

Later on we will use the invariance of the two-
body problem with respect to rotations about the
axis connecting the two nucleons. It will then be
necessary to transform back to x space to avoid
the periodicity condition, which is not invariant
with respect to this operation.

We now put N= J' 'dxU(x), as before, and
define QA= Ll/(N) &jfA in analogy with the one-

body problem. To find the commutation rules for
the Q's, we substitute (2.4). This gives

LQAvi QA'y'3+ = ~AA'~pi'y (4.4)

provided
~
zA —zA

~
is targe enough that the overlap

integral

I U(x —zA) U(x —zA )d'x

can be neglected. From now on we shall assume
this condition to hold. This implies that all our
results for the nuclear forces will be valid only
when the internuclear separation exceeds the source
diameter Za.

It is reasonable to investigate this case only,
since a force resulting from an overlap of the
source distributions cannot properly be called a
field force. For r (2a the type of source function
used will essentially determine the result. Since
the source function is only a preliminary con-

Ke shall now introduce a Fourier transform
through

4(x) =Cl/(1')'j Z. +exp C'k x7 (43)
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vergence device, we would not feel justified in

placing any confidence in expressions which
depend upon lt greatly.

The Hamiltonian becomes

H=Qg qa+(I. k+pP)qa

+N ga f~Q~+(fthm X~)Qa (4 5)

The potential energy of the system of Z
nucleons placed at positions zi ~ zz is calculated
as f'ollows: We 6rst diagonalize the operator H.
It will have positive and negative eigenvalues,
corresponding to positive and negative energy
states of the complete system. The ground skate

(vacuum) is by definition the state with the most

negative energy. Because of the infinite number of
degrees of freedom of the 6eld, this eigenvalue
will diverge.

We then diagonalize H with f~ —=0, i.e. , the free
meson field Hamiltonian which we will call Hf.
Its eigenvalues will again be of both signs, and
the ground state is again defined as the state of
most negative energy. Since the Hy-problem is
linear, the diagonalized free-6eld Hamiltonian
can be written as a sum of terms

(4.6)

where the operators a. satisfy the anti-commuta-
tion relations (2.11).The most negative state is
then the one in which the eigenvalues of (a,+ a,)
are = 1 if E,&0 and =0 if E,&0. It is this state of
affairs which is referred to when one speaks of
"611ing up all the negative energy states. " It may
be worth while to point out here that for fg WO the
problem is not linear. That is, H can be diago-
nalized, but it cannot be represented by the
simple form (4.6); the energy of a state corre-
sponding to two "simple" states of the 6eld in

superposition is not necessarily the sum of the
energies of the separate states. It is therefore
impossible to speak of "filling up all the negative
energy states. "The definition of the groundstate
of H as the state of most negative energy remains
meaningful, however; it is the natural generaliza-
tion of the hole-theory approach to non-linear
problems.

The diR'erence between the energy of the
ground state of H and that of Hf is defined to be
the potential energy Wz of' the system of Z
nucleous at positions z~ ~ zz. S'z will of course

be a function of these position variables. It is
usual to subtract from 8'z the contribution of the
self-energies. That is, we define the potential
Vz=—lVz —Z 8'i. Since 8 ~ is independent of the
positions of the nucleons in question, this amounts
only to a subtraction of a constant term and is
therefore not an essential step. It is useful some-
times for mathematical convenience.

So far the definition of Ws is ambiguous. The
two energy-values whose difference we are to
take are both infinite. To make the procedure
definite, we have to specify a method of doing the
subtraction. The method which suggests itself is
based on the principle of adiabatic invariance.
This says that a continuous change in the
coupling parameters fi ~ f, will induce a con-
tinuous change in the eigenvalues of the operator
H. Now, if the H problem-is linear, then H can be
written:

H=Q E'a'+a, '. (4.7)

The principle of adiabatic invariance now allows
us to make a unique corrsspondencs between the
eigenvalues E, of Hy and E,' of H. Having made
this correspondence, we de6ne

Wz =—P, (Z.' E.), —

B„E.'&0.
(4.8)

(4.8) is the definition used by Wentzel and
others. ' It assumes implicitly that no negative
eigenvalue becomes positive as the f~ are in-

creased from zero. The modi6cations in case this
occurs are straight-forward, however.

A more dificult question presents itself when
(as in our case) the H problem is not linear, so
that H cannot be written in the form (4.7). In our
case we shall avoid the difFiculty by using an
expansion of the eigenvalues of the H problem
according to the usual perturbation procedure. It
will turn out that in zero order in Nf/ti the
eigenvalues of H can be represented in the form

Z (&)~+K.&4' (4 9)

~ G. Wentzel, Zeits. f. Physik 104, 36 (1936);Helv. Phys.
Acta 10, 107 (1937); Zeits. f. Physik 118, 2"tp'7 (1941).
G. Gamow and E. Teller, Phys. Rev. 51, 289 (1937).
C. Critch6eld and E. Teller, Phys. Rev. 53, 812 {193S).
E. P. %igner, C. Critchfield, and E. Teller, Phys. Rev. 50,
531 {1939).C. Critch6eld and W. Lamb, Phys. Rev. 58,
46 (1940). C. Critchfield, Phys. Rev. 55, 540 (1939).
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where each (E,)~ is one of the thirty-two eigen-
values of the problem of a single stat-nucleon, the
Ep are the energies of the eigenwaves of the wave-
6eld problem, and the N p are occupation numbers
which can assume the values 0 and f. It is then
possible to correlate the Ep with unique E, of
(4.6). It is not necessary to make such correla-
tions for the E„sinceonly Z terms are concerned,
and a 6nite number of terms does not cause any
difticulty.

Ke now define the 0-order potential energy

P qi'gi exp [zk zg]=0. (4.12)

The Hamiltonian (4.5) becomes H =H0+H'+0
where

H. =r..Q"(.t3+~f.tt'X.)Q.,

H'=Z~ V~'(~ k+t P)a~',

(4.13)

(4.14)

We then decompose the field into a static 6eld
and a wave field (similar to 2.5).

gi;= QA QAgk exp [—zk zg]+go', (4.11)

~s(0) = (E E )
Ee &0
Pp &0

(4.10) & Qg Qg Qg+gg, exp [ik.zg](n k+tzP)gg'

+complex conjugate. (4.15)
where we have to take difFerences of correspond-
ing terms, the correspondence to be determined
by the principle of adiabatic invariance.

It may be remarked that some states of the Hf
problem are not subtracted, since they do not
correspond to any E„but correspond to
gx i (E„)g.This does not matter since it means
only an addition of a 6nite constant to 8'&&'&.

Similarly, the omission of P~ i (E,)~ itself does
not do any harm because this sum is 6nite and
does not depend upon the positions of the
nucleons. (This is true only if there is no source-
overlap. Otherwise the corresponding term would
have to be included, It would then not be just a
sum of contributions of separate stat-nucleons. )

To 6nd higher approximations to the potential
energy, we simply have to add the corrections to
the energy of the ground-state of the 8-problem
to S'g&0). No more subtraction need be done. The
corrections in question are found by standard
perturbation procedure.

It is clear from the preceding remarks that our
perturbation approach has enabled us to avoid
de6ning IVY uniquely for the general case of non-
linear H. To the best of our knowledge, no such
general definition has yet been proposed.

We now proceed to prove (4.9). To do this, we
first define

g =[It(V)&])t'Z'. N(x) exp[ —z x],

with N(x) = [1/(X)&]U(x), as before. This defini-
tion implies

E.lg~l' = 1

Qg=Pg gaga exp [zk zs].

Provided that a perturbation treatment based
on eigenstates of Hz+H' is valid (i.e., the strong
coupling condition is satisfied), it follows im-

mediately that (4.9) is correct. The E, are
energies of eigenwaves of the H'-problem. We can
now draw some conclusions with very little effort.
Together with one more result (whose proof will

be left for later) they form the main statements of
this paper.

(1) As was remarked before, the contribution
of Ho to the energy of the ground state of H (in
zero-order perturbation) is a sum of terms
Pg (E,)g, each of which refers to a single stat-
nucleon. Furthermore, these terms are inde-
pendent of the positions of the nucleons. Both
statements follow from (4.13) immediately.
Therefore the Ho problem does not lead to
nuclear forces. It may be well to keep in mind the
fact that (4.13) is the correct expression for the
term quadratic in Q only if the internuclear
distances exceed 2a.

(2) The E, entering (4.10) are eigenvalues
corresponding to eigenwaves of the 0'-problem.
Now this problem is defined by (4.12) and (4.14).
Neither one of them contains the coupling
parameters f~ or the nucleon spin operators Xg.
The only way in which the nucleons enter into
the problem at all is through the geonseIriccl con-
ditions (4.12) which involve only the positions zz
of the nucleons and their source functions.
Therefore the 0-order potential S'g~o& will be inde-
pendent of the coupling constant f~ and the spin
variables of the nucleons (or, more properly, of
the stat-nucleons). Even more can be said. The
only way in which the type of coupling (i.e., the
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operator I', of (1.1) enters into the H'-problem
is the fact that it necessitates the particular
splitting (4.11) of the meson field. This same
splitting will be indicated whenever I', does not
involve a differential operator acting on the
meson field quantity.

This proves that 8'z&0) is even independent of
the type of coupling provided no meson field
derivatives occur in the coupling term. Indeed, it
mill be shown in the next section that 8"2&0) is
identical mith the potential already calculated by
Jauch and Houriet' who assumed a dilferent
coupling term.

(3) The third significant result cannot be seen
immediately. Nevertheless, it will be stated here,
with the proof reserved for a later section. It
turns out that a perturbation treatment on 0
gives 0 in all odd-order perturbations. Further-
more, for the two-body problem the second-order
perturbation does not lead to a spin-dependent
force. Therefore the spin-dependent part of the
force between two nucleons is of order (Nf/u) '
which is by assumption a very small quantity.

These results allom us to reject the heavy-
electron pair theory in the limit of strong coupling
In the introduction we mentioned that all neck
coupling pair theories are unacceptable because
the results for the anomalous magnetic moments
cannot be reconciled with the equality of like and
unlike particle forces. There remains only the
possibility of an iltermediate coupling, i.e.,

Ef/u 1. The present treatment gives no infor-
mation about that case.

5. THE ZERO-ORDER POTENTIAL

We treat the H'-problem in almost exactly the
same manner as before (Section 2).The differences
are that (1) the differential equations are now
algebraic equations; (2) the boundary conditions
at the surface of a sphere of radius 8 are replaced
by the periodicity condition (4.3a).

Consider the auxiliary problem: it is required
to extremize the quadratic form

The xq are c-number spinors, and (5.3) is
intended to hold for all values of A.

Multiply (5.2) by the scalar Lagrange factor
(—E) and premultiply (5.3) by the spinor
(—Xz) for every value of A. Then add the
equations to (5.1) and dilferentiate with respect
to each spinor component of x&~. Equating the
result to zero (in order to get an extremum)
yields

(e k+uP E)xk Q—g Xgg——g exp [ ik—zg] (.5.4)

This is the determining equation for the x'~. To
treat it, premultiply by (e k+uP+E) on both
sides. This gives

(k'+ u' —E')xa

= Qg gg exp [ ik —zg](.a k+uP+E)Xg (5..5)

There are two types of solutions to (5.5), de-
pending upon whether X~ ——0 (all A) or not. If
) g =0, then

8'= p, '+k'

for some value of k' allowed by the periodicity
condition, and xI, =0 unless O'= 8' —p'. Ke
therefore have a linear combination of plane-
wave solutions of the Dirac equation with the
same energy, chosen so as to be orthogonal to the
source function. (With our choice of the source-
functions, none of the original plane-wave solu-
tions of Dirac's equation are orthogonal to all the
u(x —z&).) There is clearly no energy shift in-
volved in those solutions, and, as has been pointed
out already in Section 2, the perturbation
Hamiltonian is also independent of them.

The solutions for which X/0 are possible only
if' k'+p, ' —E'WO for every value of k' which
belongs to a lattice point. We can then divide
(5.5) by k'+u' —E' to get

gg exp [ ik zg]—
xg ——P (e k+uP+E) Xg. (5.6)

k'+u' —E'

We substitute this into (5.3) to get

Qg xg*(e.k+yP)xp

subject to the conditions

ga xa*xa =1,

(5 1)

(5 2)

ga' exp [ik (z~ —z~.)7
$2+~2 g2

X(n k+uP+E)Xx=0. (5.7)

Qg xygy exp ['bk zg]'
=ggxg, *gg exp [—ik zg]=0. (5.3)

This is a set of equations, four for each value of
A'. %e have 4Z homogeneous linear equations
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in the 4Z independent components of the spinors
Xg. They can be satisfied only if the

determinant of the system vanishes. This de-

ter22tines the allowed salttss of E. To solve the
problem completely, we would have to substitute
(5.6) with these values of E into (5.2) in order to
normalize the )&. It will not be necessary to do so
for our purposes. We would have sets x,, ~ of
spinors and (normalized) spinors X,, ~ for each
aIlowed value Z, . We could then put

& Zv tirade. » (5.8)

and the Hamiltonian of the wave-6eld problem
would become

where r =zo —zq was used to define the s axis of
our coordinate system.

With these definitions, (5.7) becomes

(E+tiP) &2+ }(E+tiP) T+ia,J' }Xn =0
}(E+tiP) T ia+—}Xg+ (E+tiP) SXn 0——'

The determinant of this system is

D (E2 r) —L(E2 t22) (S2 2"2) p2j4 —0 (5 16)

Ke can again check this against Houriet. He gets
for the equation determining the shifted energy
values

L4»(E') 422(E') j'=0
FI'= Q, E,a,+ap. (5 9) where

. I+fgg. } } . (5.12)
(
Ek +ti22 —E'

In the limit f +~ this r—educes to (5.10).
For the two-body problem, we 6rst de6ne the

sulTls
exp }

-ik r]
2'(E2, r) = g g2'—

$2 +@2~@2
(5.13)

k, exp [—zk r$
iP(E2, r) = Qg22, (5.14)

k2+~2 E2

It is easily verified that the a, obey the commuta-
tion rules (2.11).

We shall now write down the determinants
involved for the one- and two-body problems.
For the one-body problem, we put z& =0 and get

gj
Di det Q —— (22 k+tiP+E)

k2+ ~2 E2

Di=(E' —t')'LS(E') j'=0
where

gI
S(E') = Z (5 11)

& k'+p, ' —B'

The condition involved is then simply S(E') =0
since the solutions of (E'—F2)2=0 do not yield

any energy-shifts from the free-field case.
It is worth while here to notice that this checks

against Houriet's' calculations. Houriet finds as
the equation determining the positions of the
shifted energy levels &22(E2) = 0 where

, tr t+E
~(E')= I+f Zg"I

4k +t222 —E'J

y2, i, 2(E') =1+2f(tISWET)
+f'(t ' E') (S—' 2') +—f'&'

Here we have used the quantities 5, T, I' defined
in (5.11), (5.13), (5.14). They are related to
Houriet's D, F, E, as follows:

It is seen that this reduces to (5.14) if we keep
only the terms in f'.

This check is, of course, no accident. It was
pointed out in Section 4 that the H'-problem is
independent of the coupling type, and that it
determines the potential )except for terms of
higher order in (Nf/ti) '] provided -the strong
coupling approximation is valid. Therefore, we
had to get the same result as Houriet (in the limit
f~ ~ ), in spite of the fact that we used a de&'erent

interaction term.
Since Houriet has already calculated this

potential, the calculation will not be given here.
The very elegant method is due to Wentzel, e and
reference should be made to these two papers.

6. THE HIGHER ORDER POTENTIAL IN
THE TWO-BODY PROBLEM

In the definition of the potential energy 8'2 of
a system of two nucleons

W2= (energy of ground state of FI)
—(energy of ground state of Ht), (ti.1)

we have so far evaluated the 6rst term only to
zero-order in A =Nf/tI, . To get the higher ap-

' G. %'entze1, Helv. Phys. Acta 15, 111 (1942).
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proximations to TV~ we write

W = W &0'+W '"+Ws'"+ (6.2)

where Wz&'& is given by (4.10) with Z=2.
It is clear that the correction terms are cor-

rections to the energy of the ground state of B.
These corrections will be found by means of
customary perturbation procedure. This will give
an expansion in inverse powers of A. The super-
scripts in (6.2) will indicate the power of A '

involved.
The state whose energy we have to find by the

perturbation method is a degenerate state. There
are four states of the two-body problem, of equal
(lowest) energy in zero order in A. They are

described by

X(1;1;0,0, 0, )=Xg,
X(2;1;0,0, 0, )—=Xs,
X(1;2; 0, 0, 0, . ) —=Xg,
X(2;2;0, 0, 0, )—=X4.

(6.3)

Here the first index refers to the eigenstate of
the first stat-nucleon, the second to the eigenstate
of the second stat-nucleon, and the remaining
indices denote the eigenvalues of the operators
N, defined in Section 3.

The general procedure for finding the energy
perturbation of a state degenerate in zero-order
is the following: We calculate matrix elements

, ( ) ~

H„&'&= (m
~

Q
~

m'),

(m(Q(m")(m" /Q/m')

E(m) —E(m")

, (mlQlm")(m" IQlm'")(m"'IQlm')
H ~"~'" [Z(m) -E(m")][2(m) -Z(m"')]

(6.4-1)

(6.4-2)

(6.4-3)

and similarly for higher values of n. We use here
one index m to denote the ensemble of indices
necessary to define the simultaneous eigenstates
of Boand H'. The eigenfunctionals for m = 1, 2, 3, 4
are defined in (6.3). In H„~&"& m and rn' assume
the values I, 2, 3, 4 only, while m", m"', etc. , run
over all possible values. However, the prime on
the sums indicates that n "m'", etc. , do eoI;

assume the values 1, 2, 3, 4.
I.et ns consider the first non zero matrix H-„&"&.

It will be non-diagonal in general. We determine
its eigenvectors Y~ Y4 and the corresponding
eigenvalues. The eigenvectors Y are then the
linear combinations of the X "appropriate" to
the problem, and their eigenvalues are the lowest
(nth) order corrections to the energy of the
ground state of 8 corresponding to the "ap-
propriate" zero-order states Y. These corrections
will be difkrent for difFerent Y, in general, and
TV~&"& will, therefore, depend upon the zero-order
state chosen for the system of two stat-nucleons
plus wave-field. It will be shown later that the
states X are eigenstates of the s component of
the angular momentum, with eigenvalues +1, 0,
0, —1, respectively. The "appropriate" zero-
order states Y will just be the usual singlet and

(m
/
Q

/

m") (m"
/
Q

/

m')
Wz(2) Q ~

[Z(m) —E(m")]' (6.5)

The matrix elements (m~Q~m') entering in
these formulas are independent of f (since (4.15)
does not involve f) The matrix (6..5) is therefore
of order A ', and this will be the order of the
spin-dependent forces.

In view of the fact that 8'2"& is only an ordi-
nary force superposed on S'z"&, and that the spin-
dependent forces are of the third order in A ',

triplet eigenvectors. The treatment will thus
yield a potential 8"&&"& which depends upon the
spin-directions of the stat-nucleons.

It turns out in our case that the first non-zero
matrix, H &'&, is already diagonal, with the
diagonal elements equal to each other. The
potential S"~"& is therefore spin-independent, and
the spin-dependent forces will arise in the next
non-zero perturbation. It will be shown later that
all odd-order perturbations give zero. Therefore
the spin-dependent forces are contained in K g&4&.

A simple calculation shows that the matrix to be
diagonalized is

Gssssss' = IImna'
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neither of them was calculated explicitly. It is
possible to show, however, that W'2"& can be
written as a superposition of a spin-independent
term, a (St Sn) term, and a tensor force term,
provided that fx= fn.

In order to complete the argument, it remains
to show that (a) H„&"&is zero for odd n,
(b) H &'& is a multiple of the (4 by 4) unit
matrix.

(a) is obvious from (6.4) and the fact that D

connects only states with occupation numbers
X, N' such that

P, N, =(P, N, ')al;

so, in order to get back to one of the states X, all
of which have g t&t, = 0, an even number of steps
is necessary.

(b) will be proved in 3 steps Firs. t, we shall
show that all but two of the o8-diagonal elements
of H &"~ are zero in all orders n. This will

follow from the conservation of angular mo-
mentum around the s axis. Second, we shall show
that the two remaining oA'-diagonal elements are
zero in second order. Third, it will be proved that
the diagonal elements II (2) are independent
of m.

It is easily seen that the s component of the
angular momentum operator

&t+(z) L(*Xp) *+2o.)4 (~)d'z

+g(Z&).+2(pn)* (6 6)

commutes with the Hamiltonian H, (4.1).
Here we assume the two nucleons to be situated

somewhere along the s axis of our coordinate
system.

The splitting of the fie1d (4.11) becomes in x
space:

u(x) = u(~ x
~ ) only, it is easily seen that

where
J.=(J.)o+(J.)', (6.9)

(6.10)(J.)0=1 p (Q~+o.Q~) + 2(p~). ,
A 1, 2

(J.)'=, 4'+( )[(xXp).+-,',]4'( ). (6.11)

The expression (6.10) is valid only as long as
the overlap integral is zero.

The important point here is that J.commutes
not only with H=HD+H'+0, but also with
Ho+H' and 0, separately. It is easily seen that
the states (6.3) correspond to (J.) ' = 0 and
(J,)0 = +1, 0, 0, —1, respectively. Now, since 0
commutes with J„there cannot be any non-zero
matrix elements of 0 between states with dif-
ferent values of J.. This proves that the onty non
sero off-diagonal elements of the matrices H„„.~"&

can be H»&"' and its complex conjugate H»&"&.

The perturbing Hamiltonian 0 is, according to
(4.15) and (5.4),

Q= g P„(Qg+».ga, +a,+Kg, pQ). (6.12)
A=1, 2

Now the matrix elements (1
~ Q(2) and (1(Q+(2)

are zero. Therefore one needs at least four steps
to go from X~ to X3. This proves that H2»~2&

=H |'2~=0

The proof that the diagonal elements H
are equal to each other depends upon special
properties of the matrix elements (r~ Q~ 1), etc. ,

and of the system (5.15). It is simple and will not
be given here. Reference may be made to the
thesis submitted to Princeton University by the
author.

These arguments comp/etc the proof that the spin
dependent forces in the two body probtem-arise in
order A —'.
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