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The conventional correspondence basis for quantum dynamics
is here replaced by a self-contained quantum dynamical principle
from which the equations of motion and the commutation relations
can be deduced. The theory is developed in terms of the model
supplied by localizable fields. A short review is first presented of
the general quantum-mechanical scheme of operators and eigen-
vectors, in which emphasis is placed on the differential character-
ization of representatives and transformation functions by means
of infinitesimal unitary transformations. The fundamental dy-
namical principle is stated as a variational equation for the
transformation function connecting eigenvectors associated with
different spacelike surfaces, which describes the temporal develop-
ment of the system. The generator of the infinitesimal transfor-
mation is the variation of the action integral operator, the space-
time volume integral of the invariant lagrange function operator.
The invariance of the lagrange function preserves the form of the
dynamical principle under coordinate transformations, with the
exception of those transformations which include a reversal in
the positive sense of time, where a separate discussion is necessary.
It will be shown in Sec. III that the requirement of invariance
under time reflection imposes a restriction upon the operator
properties of fields, which is simply the connection between the
spin and statistics of particles. For a given dynamical system,
changes in the transformation function arise only from alterations
of the eigenvectors associated with the two surfaces, as generated
by operators constructed from field variables attached to those
surfaces. This yields the operator principle of stationary action,
from which the equations of motion are obtained. Commutation
relations are derived from the generating operator associated
with a given surface. In particular, canonical commutation rela-
tions are obtained for those field components that are not restricted

by equations of constraint. The surface generating operator also
leads to generalized Schrédinger equations for the representative
of an arbitrary state. Action integral variations which correspond
to changing the dynamical system are discussed briefly. A method
for constructing the transformation function is described, in a
form appropriate to an integral spin field, which involves solving
Hamilton-Jacobi equations for ordered operators. In Sec. III,
the exceptional nature of time reflection is indicated by the
remark that the charge and the energy-momentum vector behave
as a pseudoscalar and pseudovector, respectively, for time reflec-
tion transformations. This shows, incidentally, that positive and
negative charge must occur symmetrically in a completely
covariant theory. The contrast between the pseudo energy-
momentum vector and the proper displacement vector then
indicates that time reflection cannot be described within the
unitary transformation framework. This appears most funda-
mentally in the basic dynamical principle. It is important to
recognize here that the contributions to the lagrange function of
half-integral spin fields behave like pseudoscalars with respect to
time reflection. The non-unitary transformation required to
represent time reflection is found to be the replacement of a state
vector by its dual, or complex conjugate vector, together with the
transposition of all operators. The fundamental dynamical
principle is then invariant under time reflection if inverting the
order of all operators in the lagrange function leaves an integral
spin contribution unaltered, and reverses the sign of a half-integral
spin contribution. This implies the essential commutativity, or
anti-commutativity, of integral and half-integral field compo-
nents, respectively, which is the connection between spin and
statistics.

I. INTRODUCTION

ESPITE extensive developments in the concepts
and techniques of the theory of quantized fields,
quantitative success has been achieved thus far only in
the restricted domain of quantum electrodynamics.
Furthermore, the existence of divergences, whether
concealed or explicit, serves to emphasize that the
present quantum theory of fields must, in some respect,
be incomplete. It is not our purpose to propose a solu-
tion of this basic problem, but rather to present a
general theory of quantum field dynamics which unifies
several independently developed procedures and which
may provide a framework capable of admitting funda-
mentally new physical ideas.

Quantum mechanics involves two distinct sets of
hypotheses—the general mathematical scheme of linear
operators and state vectors with its associated proba-
bility interpretation and the commutation relations and
equations of motion for specific dynamical systems. It
is the latter aspect that we wish to develop, by substi-

* The author wishes to acknowledge the hospitality of the
Brookhaven National Laboratory, which is under the auspices of
the AEC. The general program of this series was initiated there

during the early summer of 1949, and the present paper was
largely written at this Laboratory during the summer of 1950.

tuting a single quantum dynamical principle for the
conventional array of assumptions based on classical
hamiltonian dynamics and the correspondence princi-
ple.! We shall find it useful, however, first to review
briefly some aspects of the mathematical formalism
that find repeated application in the construction of
our theory.

The simultaneous eigenvectors of some complete set
of commuting hermitian operators, ¥(a'), provide a
description of the arbitrary state ¥ by means of the
representative

(@)= (¥(a), W), (L.1)

which has the interpretation of a probability amplitude.
Two such representations, associated with different
complete sets of commuting operators, are related by

(o])= f («'|8)d8'(8')), (1.2)

where /'df’ indicates integration and summation over

1 Although our attention will be focused on field dynamics, the
anaéogous development of particle quantum dynamics should be
evident.
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the totality of eigenvalues 8/, and
(| 8)=(¥(a), ¥(B")) (1.3)

is the transformation function. As a special example of
Eq. (1.2), we have

@)= [@ia@ly),
the multiplicative composition law of transformation

functions.
The set of commuting hermitian operators

a=UalU-, (1.5)

which is obtained from o« with the aid of the arbitrary
unitary operator U, has the property that its eigen-
values are identical with those of «, and that its
eigenvectors are given by

¥(&)=U¥(a"), (1.6)

where & and o' are the same set of eigenvalues. Con-
versely, two sets of operators that possess the same
eigenvalue spectrum are related by a unitary transfor-
mation. Note that the transformation function (&'|a”)
may also be viewed as the matrix of U~! in the original
eigenvector system,

(@]a")=(U¥(a), ¥(a"))=(¥(a), UN¥("))

= (@ |U-]a). (w7

The unitary operator
U=1-(/k)F, U'=1+(i/h)F, (1.8)
in which F is an infinitesimal hermitian operator,

induces an infinitesimal transformation in the com-
muting set of operators,

a=UalU'=a—éa, (1.9)
where

théa=aF—Fa=[a, F]. (1.10)

If the system is such that it is possible to obtain
operators da that commute with the complete set a,
one can treat the éa as arbitrary, infinitesimal numbers,
and ¥(&') provides an eigenvector of a with the
eigenvalue set o'+ 6a. This evidently corresponds to
the special circumstance of a having a continuous
eigenvalue spectrum.

The concept of infinitesimal unitary transformation
can be used to provide a differential characterization
for the representative of a state, or for a transformation
function. The change in the representative (o/|) when
the commuting set of operators is altered by the
unitary transformation generated by the infinitesimal
hermitian operator F, is given by

o) =((a—ba)'|)— (/)= (8% ('), ¥),
where

V(o) =U¥(a)—¥ (o) =—(3/B)F¥ ().

(1.11)

(1.12)
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Therefore,

8 |)=(/m) (¥ (), F¥)=(i/B) (/| F]), (1.13)

or

(/i)o(e!|) = f (of|F|a)da(a"]),  (1.14)

which is a differential equation for the representative
(¢’|). In a similar manner, we can characterize the
transformation function (/| 8’) by the effect of altering
the two commuting sets « and 8 into a—a and B8— 88,
as induced by the two infinitesimal generating operators
Fq4, and Fg. Thus,

8o’ |B)= (8% (), W(B)+ (¥('), 5¥(B"))

=(i/h) (| (Fa—Fp)| B), (1.15)

or

(/i)5(el | 8) = f (of |Ful)de" ("] )
- f (o!|8")d8" (8" | Fs| B). (1.16)

II. QUANTUM DYNAMICS OF LOCALIZABLE FIELDS

A localizable field is a dynamical system characterized
by one or more operator functions of the space-time
coordinates, ¢*(x). Contained in this statement are
the assumptions that the operators x,, representing
position measurements, are commutative,

[xm x,.]=0, (2-1)

and furthermore, that they commute with the field
operators,

I:xu; ¢a] =0,
(x| p=| ") = 8(x—a') p=(x). (2.3)

The difficulties associated with current field theories
may be attributable to the implicit hypothesis of
localizability. However, our development of quantum
field dynamics will be confined to such fields. It remains
to be seen whether other systems can be included
within its scope.

The problem of constructing a complete set of com-
muting operators, that is, of simultaneously measurable
physical quantities, necessarily involves specific prop-
erties of the fields. Nevertheless, as a general principle
associated with relativistic requirements, we must
expect such mutually commuting operators to be formed
from field quantities at physically independent space-
time points, that is, points which cannot be connected
even by light signals. A continuous set of such points
form a spacelike surface, which is a geometrical concept
independent of the coordinate system. Therefore, a
base vector system, ¥({’, ¢), will be specified by a
spacelike surface ¢ and by the eigenvalues ¢’ of a
complete set of commuting operators constructed from
field quantities attached to that surface. A change of
representation will correspond, in general, to the intro-

(2.2)
so that
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duction of another set of commuting operators on a
different spacelike surface. Of particular importance is
the transformation {2, ¢2—¢1, o1, in which {1 and {; are
similarly constructed operator sets which possess the
same eigenvalue spectrum and are therefore related by
a unitary transformation [Egs. (1.5) and (1.6)],

G1=UUn™,
(¢, o) =Un¥($Y, 02),

so that [Eq. (1.7)]
(§‘1', 0'1{ {2”, 0'2)= (g‘zl, d'2| Uu_l[ fz", 0’2). (25)

A description of the temporal development of a
system is evidently accomplished by stating the rela-
tionship between eigenvectors associated with different
spacelike surfaces, or, in other words, by exhibiting the
transformation function (2.5). Accordingly, we may
expect that the quantum dynamical laws will find their
proper expression in terms of the transformation
function. A differential formulation of this type will
now be constructed.

The operator U2~ describes the development of the
system from o2 to ¢; and involves, not only the detailed
dynamical characteristics of the system in this space-
time region, but also the choice of commuting operators,
¢1 and {2, on the surfaces o1 and o,. Any infinitesimal
change in the quantities on which the transformation
function depends induces a corresponding alteration
inU 12_1,

85y, o1 §d, 02) = (4, 028Ut [ £, 0o).

Now it is a consequence of the unitary property that
iU 128U 127! must be hermitian. Accordingly, we write

U =(t/h)Ura™ 6 W 1, (2.7)

where 8Wi, is an infinitesimal hermitian operator,
and obtain

8¢y, a1l &2, a2)=(/R)(§Y, 01| W 12| £y @), (2.8)

The composition law of transformation functions [Eq.

(1.4)],
(&1s o1| &5, 03)

=f(§'1', a1| &2y 02)dt" (&, oa| £57, 08),  (2.9)

S =¢, (2.4)

(2.6)

imposes a restriction on éW, the generating operator of
infinitesimal transformations. Thus,

(§'1’, 0‘1! 5W13l fsm; 03)

=f(§1', o1 8Waa| &2, a2)di”(§2, 2| 5, a)

+f(§'1', o1| &2, 02)d¢" (¢, 02| W as| 5", 03), (2.10)

or

5W13= 6W12+5W23; (211)
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the infinitesimal generating operators satisfy an additive
law of composition.

Our basic assumption is that §W;, is obtained by
variation of the quantities contained in a hermitian
operator Wis, which must have the general form

W= (1/c)fﬂ(dx) £lx], (2.12)

according to the additive requirement (2.11). Individual
systems are described by stating £ as an invariant
hermitian function of the fields and their coordinate
derivatives,

Llx]=£(¢%(x), pu%(x)), Gu(x)=0up*(x). (2.13)

In conformity with their classical analogs, we shall
call W and £ the action integral and lagrange function
operators, respectively. The invariance of the lagrange
function, and therefore of the action integral, guarantees
that our fundamental dynamical principle,

8(¢d, o1| &2y 02)
=(i/h)(§Y, 1] W 12| £, o)

= (i/ho) (e, 01| 8 f ()|, o), (2.14)

is unaltered in form by a change in the coordinate
system. An exception must be made, however, for those
coordinate transformations that include a reversal in
the positive sense of time, which require a separate
discussion. We shall see that the requirement of
invariance under time reflection imposes a general
restriction upon the commutation properties of fields,
which is simply the connection between the spin and
statistics of elementary particles.

If the parameters of the system are not altered, the
variation of the transformation function in Eq. (2.14)
arises only from infinitesimal changes of {1, ¢1and {», o».
Such transformations may be characterized by infini-
tesimal generating operators, F(s1) and F(o2), which
act on the eigenvectors ¥({y/, ¢1) and ¥({,”, a2), and
are therefore expressed in terms of operators associated
with the surfaces ¢, and o3, respectively. On referring
to Eq. (1.15), we obtain for such variations,

6W12=F(0'1)—F(0'2). (215)

This is the operator principle of stationary action, for
it states that the action integral operator is unaltered
by infinitesimal variations of the field quantities in the
interior of the region bounded by ¢; and o3, being
dependent only on operators attached to the boundary
surfaces. The equations of motion for the field are
contained in this principle.2

2 In the following discussions, one should keep in mind that the
lagrange functions of the simple systems usually considered are
no more than quadratic in the components of individual fields.
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The evaluation of Wi, involves adding the inde-
pendent effects of changing the field components at
each point by 8op*(x), and of altering the region of
integration by a displacement 8x, of the points on the
boundary surfaces. Thus,

6W12= (l/c)f”(dx)éol’,

" +(1/c)( f - f )da,.&x,‘,e, (2.16)
where

60£ = (6£/6¢"‘)6o¢"+ (6£/6¢,,"‘)6,.60¢“
=[(0£/9¢%)— 0,(9L/3¢,*) 1009*
+au[(a£/a¢na)50¢a]-

This expression for §o£ is to be understood symbolically,
since the order of the operators in £ must not be
altered in the course of effecting the variation. Accord-
ingly, the commutation properties of 6o¢* are involved
in obtaining the consequences of the stationary require-
ment on the action integral. For simplicity, we shall
introduce here the explicit assumption that the commu-
tation properties of 80¢* and the structure of the
lagrange function must be so related that identical
contributions are produced by terms that differ funda-
mentally only in the position of §op*. We may now
infer the equations of motion

0,(0£/0¢,%)=0L/d¢°. (2.18)

From the resulting form of 6W,, we obtain the infini-
tesimal generating operator F(o), which acts on eigen-
vectors associated with the surface o,

(2.17)

F(o)=(1/c) f do,[(0£/0¢u*)d0p*+ Lox,].  (2.19)

The total variation, §¢*(x), is composed additively
of the variation 8,9%(x) at the point x, and of the
change in ¢*(x) produced by moving from the point x
on ¢ to x+6x on o+ds. In evaluating the latter, we
shall take into account that the field components ¢*(x),
although stated in terms of some fixed coordinate
system, are most advantageously considered in relation
to the local coordinate system provided by ¢ at the
point x. Only such motions are contemplated that
correspond to a local rigid displacement of the surface
o. This restriction is expressed by

0,0x,= —0,0x,, (2.20)

being the condition that an infinitesimal space vector
on ¢ be mapped into one of equal length on o+ ds.
The displacement induced change in ¢*(x) may be
obtained by an alteration in the coordinate system that
reduces, in the neighborhood of x, to the equivalent
local coordinate transformation. Thus, under the infini-
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tesimal coordinate transformation

%, — %= —

(2.21)
where

0%y = €,— €%y, (2.22)

€uv=—6€,u= 0,0%,,

the field components suffer a linear transformation, as
expressed by

&' (x') — ¢*(x) = (i/ h) 3 €urSur*PpP ().
Therefore,
% (x) — (%) = 9,0%(x)8x,+ (1/7) 2 €,,S BB (%), (2.24)

and

897 (x) = 80 (%) + pu(x) 0,
+(1/7)30,6%,5 P4 (x).

With the introduction of the total variation, the
infinitesimal generating operator F(o) assumes the form

(2.23)

(2.25)

F(o)= fda'“[H“aad,a_*_ (1/¢) Lox,— %, %6x,
— (4/2R)11,28),*8¢Pd\8x, ],
I,2=0L/0¢,°.

(2.26)
(2.27)

where

To simplify the last term of Eq. (2.26), we define
fn)\v= ""f)\pv= (i/zh’)[HuaS)waB¢ﬁ+ HvuS)“‘aﬁ¢ﬂ

+ILeS.u%9f], (2.28)
and obtain
(i/Zﬁ)H,‘“S)‘,"Bd)ﬁaMsxp =fp)\va)\6xl'
= ax(_f,,)‘yax,,)—f‘ axfx,,,éx,, (229)

since the last two terms of f,, are symmetrical in A and
v, and therefore do not contribute to Eq. (2.29), in
view of Eq. (2.20). We now remark that, in virtue
Offy)\vz _f)\;w-

fdo’,,a)‘(fu)\yﬁxy) = 0, (230)

provided f.a,0x, effectively approaches zero, with suffi-
cient rapidity, at infinitely remote points® on ¢. Finally
then,

F(o)= f do [M,20¢°+(1/c)Twdx,],  (2.31)
where ’

(I/C)Tyy= (1/6) 36“,—11,."‘()5..“—6)\&,” (2.32)

is the stress tensor operator. As we shall demonstrate,
this tensor has the property of being symmetrical,

Tw="T,, (2.33)

3 All such characterizations of a spatially closed system, in
terms of an operator approaching zero at infinity, are to be
understood as a restriction to states for which the matrix elements
of the operator have this property.
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as an expression of the conservation of angular mo-
mentum.

Conservation laws are associated with variations
that leave the action integral unchanged, since

5W12'—‘F(0’1)—F(0‘2)=0 (234)

implies the constancy of the corresponding generating
operator. The mechanical conservation laws for an
isolated system-are derived by considering a rigid
displacement of the entire field, or equivalently, of the
coordinate system, which is described by a common
infinitesimal translation and rotation of the surfaces o,
and o»,

(2.35)

combined with the field variation 8¢*=0. The dis-
placement generating operator is then given by

OXu= €u— €y, €= —6y,

F&z(a) = ean(a')'i‘%Cupry(O'), (236)
where
Pue)=(1/c) f do,To, (2.37)
and ’
Tule)=(1/c) f doxM
(2.38)
M)‘yv=xyT)\v—va)\“.
Accordingly,
P,(01)—P,(a2)=0, (2.39)
and
]uv(a'l)—]uv(0'2)=0, (240)

which are the conservation laws for the energy-momen-
tum vector, and the angular momentum tensor, respec-
tively. Since the surfaces o; and o, are arbitrary, we
infer the corresponding differential conservation laws,

9,T,,=0, (2.41)
and

H\My=0, (2.42)

which, in conjunction, imply the symmetry of the stress
tensor:
Myy=Tyu—T,,=0. (2.43)

The conservation law of charge can be obtained from
the required invariance of the hermitian lagrange func-
tion under constant phase transformations—the multi-
plication of mutually hermitian conjugate pairs of field
components by exp(=4iy). We consider infinitesimal
phase transformations and, for convenience, write

v=(e/hc)dA. (2.44)

Thus, we postulate the invariance of £ under the

infinitesimal transformation
o= — (ie/ hc) e\, (2.45)

where e is characteristic of the field component ¢,
and may assume the values 0, or 1. The associated
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generating operator is

Fa(o)=— (ie/ﬁc)fda'“n,,“e"(b"‘&)\

=(1/c)Q(a)dN, (2.46)
where
00)=(1/2) [ dosj, (2.47)
and ’
Ju= —(tec/ k)11, %e%0p. (2.48)
The implied conservation law,
Q(a1)—Q(02)=0, (2.49)

is that of the total charge in the system.

It is important to notice the ambiguity in the
lagrange function that is associated with given equa-
tions of motion. Thus, two lagrange functions that are
related by

L(6%, du%) = L(¢%, ¢u®)+ 0,1, (0%, ¢,%) (2.50)

provide action integral operators that differ by surface

integrals:
Wie=Wit (f —f )da,,f,,.
o1 a9

Therefore, the principle of stationary action for W1, is
automatically satisfied by the equations of motion
deduced from Wy,, and

5W12= F(al)—p(m)),

(2.51)

(2.52)
where

F=F+ow, w= f do.f,. (2.53)

Hence, augmenting a lagrange function by the diver-
gence of an arbitrary vector does not affect the equa-
tions of motion, but modifies the infinitesimal generating
operator associated with a given surface ¢. However,
this ambiguity of the lagrange function corresponds
precisely to the possibility of subjecting the commuting
set of operators on ¢ to an arbitrary unitary transfor-
mation.

We verify this statement by specializing the general
transformation theory to unitary transformations on a
given surface. Let us introduce {, a new set of com-
muting operators on o, which are obtained from { by a
unitary transformation,

¥(§', 0)=UL({, o), (2.54)

where U is characterized by an infinitesimal hermitian
generating operator dw, according to

U= (i/h) U 1ow. (2.55)
As the analog of Eq. (2.8) we have, therefore,

5(E, ol ¢, 0)=(i/B)(§, o] bw|s”, 0);  (2.56)



THEORY OF QUANTIZED FIELDS

but

sw=F—F, (2.57)

where F and F are, respectively, the operators gener-
ating infinitesimal transformations of { and {. This is
just of the form (2.53); and conversely, by employing
a particular w we obtain from Eq. (2.56) a differential
equation to determine the transformation function that
defines the new representation.

The commutation relations of our theory are implicit
in the significance of F as an infinitesimal generating
operator. We shall consider first those transformations
that do not alter the surface ¢, so that éx,=0. It is
convenient to write

(2.58)

where 7, is a unit timelike vector and do is the numerical
measure of the surface element. To avoid irrelevant
geometrical complications in the following discussion,
we shall henceforth restrict ¢ to be a plane surface, so
that #, is constant on ¢. Note, incidentally, that
coordinate derivatives can be decomposed into compo-
nents normal and tangential to o,

9= "uan+atu:

do,=ndo,

On=—n,0,, 0= (0u+nm,)0, (2.59)

and that the equations of motion read
0,114=(1/¢)(0L£/3p*) — 11,2 (2.60)

We have here introduced the notation
Me=n,I0,* (2.61)

for a quantity which, more precisely, should be written
11*(x, a).
The generating operator F now becomes

Fis= f doTI=6¢=. (2.62)

Another significant form, associated with a different
base vector system, is obtained from Eq. (2.53) with

fr=—I12¢°. (2.63)
Indeed, we have

(‘:fda',f.,=-—5fdon"‘¢“

=— f do(T1*6¢p*+ 611%¢%), (2.64)
so that

F=Fyn=— f dosTIoge. (2.65)

It should be emphasized again that these operator
expressions are symbolic in the sense that the actual
positions in which 8¢ and 6II* appear depend upon
the structure of the lagrange function.
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To obtain the proper interpretation of Fsy or Fim,
it is necessary to recognize that some of the II* can be
identically equal to zero. This expresses the possibility
that, derivatives in timelike directions of some of the ¢*
may not occur in the lagrange function. Accordingly,
we shall divide the quantities ¢ and II* into two sets:
¢° and II¢, called the canonical variables, and ¢4, II4,
termed the constraint variables, in which the second
set is characterized by

4=0. (2.66)

The name ascribed to the ¢4 refers to the fact that, for
these quantities, the equations of motion (2.60) de-
generate into equations of constraint,

(1/¢)(0£/3¢*)=0,,I1,4, (2.67)

that is, relations among the variables on ¢. The nature
of these relations can be made more apparent by
exploiting the requiremrent that Eq. (2.66) be inde-
pendent of the coordinate system. We shall later show
that the implied restriction on the structure of £ is
expressed by

n ILA—n,I0,4= (i/h)I1S 4. (2.68)

On multiplication with #,, we obtain from this equation
that

L4 = (i/ B)1°S 1, (2.69)

which enables the constraint equations to be written
(1/0)(0L£/3¢4) = (i/h)d,11%S,,%4n,.  (2.70)

We shall now assume that it is possible to solve the left
side of Eq. (2.70) for ¢4, thus exhibiting explicitly the
constraint variables as functions of the canonical vari-
ables. This excludes systems for which the ¢4 are
fundamentally ambiguous in consequence of the ex-
istence of gauge transformations. The latter situation
will be discussed subsequently in terms of the familiar
example provided by the electromagnetic field.

It is evident from these considerations, and from the
structure of the generating operators,

Fis= f doTI6¢%,

Fan=-fd0’5ﬂ“¢", 2.71)

that only the canonical variables are dynamically
independent on o. Accordingly, F;4 is to be interpreted
as the generator of that infinitesimal transformation of
the commuting operator set { on ¢ which is produced
by changing ¢¢ into ¢*— 8¢°. Similarly, Fsy is regarded
as generating the infinitesimal transformation of ¢ in
which II° is replaced by II*—éII°. Thus, ¢* and II° are
special examples of a set of independent field coordi-
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nates, and the most general possibility is implicit in the
transformation (2.53). Associated with any such set of
operators is the conjugate set appearing in F, as II is
conjugate to ¢% and —¢° to II°.

We shall now examine the change in the matrix of G,
an arbitrary function of field variables on ¢, which is
produced by the infinitesimal transformation generated
by Fsg, say. Thus, we have

8", o|GIg", 0)=(¥(¢", 0), GE¥ (", 7))
+ (3% (¢, 0), G¥ (", 0))
==/, o|[G, Fsll$", 0). (2.72)

On the other hand, we have
5(§./’ U[G[ g-,/, 0') = (g‘,) UI 6¢G[ {//’ U)’

where §,G means the change in G produced on increasing
¢° by 8¢¢. This simply expresses the fact that replacing
¢° by ¢°—d¢® in both G and { leaves the relation
between them, and therefore the matrix, unaltered.
We thereby infer the commutation relation,

[G, Fss]=1hd4G,

(2.73)

(2.74)

with its evident generalization in regard to the field
coordinates, including, in particular,

[G, Fsu]=1houG. (2.75)

Of special importance are the results obtained from
Egs. (2.74) and (2.75) with G=¢® and II*:

[w(x), ] da'nb(x'w(x')]=ma¢a<x),
’ (2.76)
[na(x), [ da'ﬂb(x'>a¢b<x'>]=o,

and

[fda’aﬂb(x')¢”(x’), H“(x)] =ihdII%(x),

(2.77)
[ f do/ ST )b ('), ¢a<x)]=0,

in which we have invoked the dynamical independence
of the ¢°® and the II®.

To extract explicit commutation relations among the
¢2 and II* we must know the operator properties of §¢¢
and 4I1°. The requirement that the formalism be
invariant with respect to time reflection supplies the
desired information. It will be shown in Sec. III that
d¢%(x’) and 8II%(x’) commute with all field quantities
¢%(x) and II*(x), on o, except when both ¢ and &
designate components of fields that possess half-integral
spin, in which event they anti-commute. Accordingly,
the commutation relations of Egs. (2.76) and (2.77)
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become

f do'T¢%(x), (&) Judgd(x) = iibge(x),

fda’[II“(x), (%) ] 8¢%(x") =0,

(2.78)
f do/ ST )[9P(x'), T12(x) T = ihTIo(x),
f 4o/ ST\ [ @5('), $°(x) 1 =0,
where
[4, B]l.=AB—BA (2.79)
and
[4, B],=AB+BA. (2.80)

Since the ¢ and 6II* are quite arbitrary, we have
derived the fundamental commutation relations,

[¢%(x), () ] = 1hdapd,(x—27),
[¢*(x), °(+') Je=[TI"(x), IT*(x") o =0. (2.81)

Here 6,(x—2x') denotes the three-dimensional delta-
function, which is defined by

f do's,(x— ) (=) =f(@), (2.82)

where f(x) is an arbitrary function. The commutation
properties of the ¢4 can then be obtained from their
explicit expression in terms of the canonical variables.
Thus, according to Eq. (2.70),

(1/0)[0£/0¢4(x), p*(x') o= 0,d,(x—2") S, n,, (2.83)

and
[0£/0¢4(x), To(x') ]L=0. (2.84)

In the requirement that commutators be employed,
for components of an integral spin field, and anti-
commutators for components of a half-integral spin
field, we have the connection between the spin and
statistics of particles. We shall note here that the
commutation properties of a Bose-Einstein system,
that is, an integral spin field, can be represented by
means of differential operators. According to Eq. (1.13),
a suitable representative of an arbitrary state obeys

8", a)=(i/B)(’, 0| Fas|)

fdaﬂ“&ﬁ“

in which ¢ is not altered. Now the characteristic
property of an integral spin field is that 6¢* commutes
with all dynamical variables and can therefore be
treated as a number. The representation involved in

- (i/h)(r', .

), (2.85)
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Eq. (2.85) is evidently that which is labeled by the
continuous eigenvalues of the ¢%(x) at all points of o.
In terms of the notation

3(¢',0|)= f dade® (x)(8/5¢% (x))(¢', o), (2.86)

we obtain
(1/1)(8/8¢ (x))(¢', o|)=(¢', o[ TI*(x) ), (2.87)
and similarly,
ih(8/811 (x)) (I, ¢ | )= (I, o[ $*(x)]).  (2.88)

We shall make further application of the general
commutation relations (2.74) and (2.75) by successively
placing G=P,, J,,, and Q. According to Eq. (2.30),
the last term of Eq. (2.32) makes no contribution to
P,, so that

P,= —fdaH“a,¢“+(1/c)fday£. (2.89)
In the evaluation of 6P, we encounter

(1/0) f do,38= f d0,0,(11,%6¢%) = f d0,0,(11,%66%)

= f dod,(11°6¢°), (2.90)

whence

6Pv=fd”(avn“ﬁ(b“—ﬁﬂ"avqb“)- (2.91)

The rearrangements of Eq. (2.90) have involved Eq.
(2.17), as simplified by the equations of motion, and
the assumption that the system is spatially closed. We
thereby obtain

[¢°(x), Py]=(h/i)d,9°(x),
(1), P,]=(h/1)0,11%(x), (2.92)

in virtue of the commutativity of P, with é¢° and 8I1¢,
which is a consequence of the fact that half-integral
spin field components must appear paired in the vector
P,. Incidentally, a commutator [F®, F®7] which has
been evaluated by considering the effect on F® of the
transformation generated by F®, can equally well be
viewed from the reverse standpoint. Thus, the relations
(2.92) -also exhibit P, in the role of the translation
generator.

The angular momentum tensor J,, is easily brought
into a form analogous to (2.89),

Ju=— f doTIL (2,0, — %,3,) %+ i/ B)S 9?8 ]

+(1/6) f (o5, 8—do,m,2).  (2.93)
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The contribution of the second term to 8J,, is evaluated
as follows,

5(1/0) f (o2, 8 —do 2, L)
= f [do,x,0\(I1\%8¢%) — do,x,dn(I1x*5¢%) ]
= f do(%,9,—x,9,) (I[\*6¢=)
+ [ o —do, 11,0500

=qu[(x“a,—-x,,a,)(ﬂ“6¢“)

+ (nJLe—n,I1,%)0¢%].  (2.94)

Therefore,

M= "f dodTI[ (x,0,— 2,0,)$°+ (i/ 1) S ., *P¢7 ]

+ f doT (6,0, — 2,0, 15— (i B)TIS,, b

+n,J1,2—n,IL,2 7502, (2.95)

We have thus derived the commutation relations
L% T ]= (xu(/7) 0y~ 2,(1/7)0,) $°+ Sus PP,
[11%, T ]= (wu(#/1)0,— 2,(%/7)9,) 1 — IS, >

+ (#/7) (nuI1,* — m,11,%),
0=—TI%S,, 44 (%/3) (nud1, A — m,I1,4),

(2.96)

which exhibit J,, in the role of the rotation generator
and illustrate the formation of J,, as the superposition
of orbital and spin angular momenta. The third equa-
tion of Eq. (2.96), the statement that II4=0 is a
property independent of the coordinate system, has
already been employed in Eq. (2.68).

According to Eqs. (2.47) and (2.48), the charge
operator is given by

0= — (ie/h) f doTIoegs, 2.97)
Therefore, we have

80=— (ie/h) f do(ST1%e*po+-11%%6¢%), (2.98)

from which we obtain the commutation relations

[¢° Q=ee*¢?, [II% Q]=—eeolI*  (2.99)



922

These indicate the significance of e as the elementary
charge, and exhibit Q in the role of the phase transfor-
mation generator. Note, however, that the derivation
of Eq. (2.99) from the latter viewpoint is not restricted
to the canonical variables, although nothing new is
obtained thereby.

The general infinitesimal operator (2.31) describes
the transformation from the commuting operator set
¢, o to {—06¢, o+ 0, as indicated by

Y((§—8¢), o+d0)=[1—(/B)FI¥({’, o). (2.100)
The operator F is additively composed of two parts,
F=F;ss+Fsa, (2.101)

where Fs4 induces, via §¢% a change in the commuting
operator set defined in relation to the local coordinate
system provided by a fixed o,

Y((§—085), 0)=[1— (/W) Fs J¥(', ), (2.102)

while

Fs= (l/c)fda,‘T“,Bx, (2.103)
generates the change in o described by éx,, for a fixed
set of commuting operators defined relative to o,

(', o480)=[1—(i/ B)Fs, ]U(, o). (2.104)

Consistent with our restriction to plane surfaces, we
consider only rigid displacements of o, for which the
generating operator has already been given in Eq.
(2.36).

Differential equations that describe the change in
the representative of an arbitrary state, as produced
by rigid displacements, are inferred from

8:(¢7, o|)=(8¥ (¢, 0), W)= (i/B) (¢, ¢| Fsz]). (2.105)
In terms of the notation
82(¢"y o)) =€udu(¢’, o) +3endn(d’, o]), (2.106)

we obtain generalized Schrodinger equationst for
translations,

/i)8u(t", o)) =&, 7| Pu(o)])
- f ©, | Puo) | £, )ds"(", ), (2.107)

and rotations,

(h/i)ﬁ,.,({", a'l)——'(fl’ O'IJMV(O')D
=f(§-,: ol Jw(a) |, a)ds" (¢, o). (2.108)

An operator G(¢), which is constructed from field
quantities on ¢, has a matrix ({’, ¢|G(s)| ¢, ¢) that is

4 Note that these Schrodinger equations have been obtained
from the Heisenberg picture, in which the arbitrary state vector
is fixed. P. A. M. Dirac, The Principles of Quantum Mechanics
(The Clarendon Press, Oxford, 1947), third edition, Sec. 32.
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independent of o, since the relation between G(s) and
the { on o is unchanged by an alteration of the surface.
The components of P,(c) referred to axes based on ¢
are of this nature; and, consequently, the matrix of
P,(0) in Eq. (2.107) involves the orientation of o
relative to the coordinate system, but is otherwise
independent of ¢. Commutation relations between P,,
Juw and G(o) follow from this property of the G(o)
matrix. Thus, we have

0=26.G(a)— (i/m)[G(0), Fs.], (2.109)
whence
[G(o), Pu]=(R/1)8,G(a), (2.110)
and
[G("')y ]un]= (h/'i)spyG(O')- (2.111)

As the first of several illustrations of these commu-
tation relations, we choose G(o)=¢*(x). According to
Eq. (2.25), we have

. [o=(x), Pul=(R/1)3,9(x), (2.112)
an
[d’a(x); ]uv:|= (xu(R/1)0,—x,(h/1)0,) $p*(x)

+Su*P9f(x), (2.113)

which is in agreement with Egs. (2.92) and (2.96), but
without the restriction of the latter to the components
¢ A particularly simple example is provided by
G(e)=0Q, the total charge. Since this operator is
independent of o, we have

[Qs Pl»‘]= [Q: J/-W:'=O; (2114)

which state, inversely, that P, and J,, are unaffected
by phase transformations. The effect of a displacement
of ¢ on the quantity G(¢)= P)er(o), where ex(o) is an
arbitrary vector that is rigidly attached to ¢, comes
entirely from the rotation of the vector ex(s),

8.(Prer(a)) = — €uPue,(0). (2.115)
Therefore, we have
[P, P,]=0, (2.116)
and
[P)\) J#l’]:ih(av)\Pu_&p)\Pv)- (2.117)

Our last example, G(o)=Jrer®(0)ec?(0), where
both ex®(¢) and e,?(s) are arbitrary vectors rigidly
attached to o, is actually an extension of the type of
operator under consideration, since

IanerWe, @ = (1/c) f do[oerx®T ie?

_xnex(2) T;J.)\e)\(l)] (2.118)

involves space-time coordinates, in addition to field
variables. The necessary revision of Eq. (2.109) is

8.G(0) = (i/W)[G(0), F3:]+0.G(a), (2.119)

where 3.G (o) denotes the displacement induced change
in G(g), associated with the explicit appearance of
space-time coordinates. In the example provided by
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Eq. (2.118), 9.G(s) arises from the translation (but
not rotation) of o,

(I ner Ve @)= (exPr— exPr)exPe, D,
On combining this with
8o(Jaer®e @)= — €., uie, Ve — e, nuerPe, @, (2.121)
we again obtain Eq. (2.117), and
[T aer Tur = ih(nT - 0xid oot Senl -8 ). (2.122)

We may remark, as an example of a general procedure
for constructing representations of operator commuta-
tion properties, that the identity

(Lo, Taedy Jund—LL6%, T ]y Tael
=02 [/ Jw]] (2.123)

leads to analogous commutation relations for the
representatives of orbital and spin angular momentum
in Eq. (2.113).

In a final comment concerning commutation rela-
tions, we observe that the commutators of generating
operators are of significance in connection with integra-
bility conditions for the infinitesimal transformations
generated by these operators.® If F® and F® are two
such generators of infinitesimal transformations, we
have

BV, ) = W(§— 0%, o+ 5V0) =¥ (¥, o)
= —(/WFO¥E, o),
V(Y ) =W((¢—87)', 0+ 8P0) —¥(¥, o)
= —(/WFOYE, o).

(2.120)

(2.124)

8(¢yy aa| &, o) = (i/ﬁﬂ)f (dx)(§1, 1] 6L[x][ &2, a2),
a2

or
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Now, the difference between the results of the two ways
in which these transformations can be successively
applied may be regarded as the effect of a third, related
transformation,

(6W6® — DMWY (¢’ )
=V (({+ (308D —8D5DV) ), g+ (D8P —5D5M)g)
—¥({', o)

=—(/RFY(, o).

Therefore,

(2.125)

[F®, FO]=ihFu2 (2.126)

is a condition necessary to the integrability of Eq.
(2.124). A simple illustration of this viewpoint is
provided by rigid displacements:

3Dy, =, 0D — ¢, 00y

(2.127)
. Fi)=e0DP, + 1 a0,
since
(56D — @MY x, = — ¢, Ve, F-¢,, D¢,
—(— enPen@+ en@er,O)x,
=¢,1—¢,, My, (2.128)

is another rigid displacement. The ensuing commutation
relations are just Egs. (2.116), (2.117), and (2.122).

In our discussions of the variational principle (2.14),
we have dealt with the properties of a given dynamical
system. The principle is also applicable, however, to
variations in which the system is altered, as character-
ized by a change in the structure of the lagrange
function. For a variation of this type, we have

(2.129)

6({1/7 Ull §_2"’ ‘Tﬁ) = (z/b'c)f (dx)f(g-lly 0'1] g—a, a)dg-a(g-a, 0’] B‘BEx:” g'b) U)dg-b(g—b, UI (2’,, 0'2)1 (2130)

where the surface o contains the point x. If two independent variations of this nature are applied successively

we obtain

828V (¢, 01| 52", 02) = (i/ hic) f (dx)[ f 8Oy, a1f ¢, 0)die(re, o 80 Llx]]$2", 02)
L) .

+f (1, aaf o elx][ ¢, 0)dg P8P (5% o] 8y, ‘”)]

=(1'/h6)2f (dx)[ f @x)(5), 01 8@ L[ 160 £[x]| £, 02)

+f”(dx’)(§‘1’, o160 e[x]6@ Ll ]| &2, 02)]. (2.131)

We shall introduce here a notation for chronologically ordered operators,

A(x)B(x'),
B(x")A (),

(A(®)B()) =

x> %
(2.132)
x0,>x0)

5 See, for example, H. Weyl, The Theory of Group and Quantum Mechanics (E. P. Dutton and Company, Inc., New York, 1931), p. 177.
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which is an invariant concept provided that the operators involved commute when x—x’ is a spacelike interval
and that the positive sense of time is preserved. Thus we may write Eq. (2.131) more compactly as

WD (g1 o1| 2", a2) =8D8W (¢, a1 2", 02)

= (i/he)? f ”(dx) f ﬂ(dx')(fx', o1 (6% £[x16® Lla' D)+ 52", 02). (2.133)

These results will find frequent application in later
work.

We shall conclude this section by indicating, in
connection with a Bose-Einstein field, a method for con-
structing the transformation function ({{/, 1|2, 02),
which has as its classical analog the Hamilton-Jacobi
theory of field mechanics. The actual motion of the
system is implicit in the form assumed by the variation
of the action integral,

o1

W= [fdo"n"&b"—}- GHPF(U)+%6W']MV(U):| ’

4 o2

(2.134)

in which we continue the restriction to plane spacelike
surfaces. It is implied by Eq. (2.134) that Wy, can be
exhibited as a function of o1, o2, and of the ¢* on these
surfaces, and therefore that the II¢, P, and J,, associ-
ated with each surface can also be so exhibited. With
the aid of commutation relations between the ¢ on
a1 and on ¢y, it will be possible to order the operators
in Eq. (2.134) so that the ¢° on g; everywhere stand to
the left of the ¢ on os. The differential expression, thus
ordered, shall be denoted by §W(¢1, o1; @2, 02), from
which we obtain differential equations connecting the
various ordered operators,

(8/8¢°(x1))W=TI%(x1), (8/89"(x2))W = —TII*(xs),
5, VW="P,(d1), 8,2W=—Pu(as), (2.135)
5nv(l)w=-]w(°'l): 5,“,(2)W= —JM(‘W):

where x, and x, are arbitrary points on ¢; and o,
respectively. In conjunction with the commutation
relations (2.81), these Hamilton-Jacobi operator equa-
tions serve to determine the ordered operator
W (¢, g1; P2, 02), to within an additive constant.

It is important to recognize that W W ,, and indeed,
that ‘W is a non-hermitian operator.® This is a conse-

6 The elementary example of a one-dimensional free particle

will suffice to illustrate this. The Hamilton-Jacobi equations for
the construction of W (x(,), x(t2), 8), t=t1—1,, are

(8/02(t1)) W = —(9/0x(t2)) W=p, —(8/0t)W=p?/2m.
According to the solution of the equations of motion,

x(b) —x(t2) = (¢/m)p,
[x(t), 2(t2) 1= — iht/m,

we have

whence

—(8/86)W = (m/28) (x(t,) — x(t2))? .
= (m /208 [a2(t)) — 2(t) x(t2) +22(t) 1—3Fi / 2t.

The solution of the Hamilton-Jacobi operator equations is

W = (m/20) [x2(82) — 25 (81) 2 (t2) +%(2) H+-¥i#i log (A1),

quence of the noncommutativity of the ¢* on ¢; and on
o2 in a manner which depends upon the location of
these surfaces. Thus, if the operator W, is first ordered
and then varied, the result will differ from what is
obtained by ordering 6W1,. We now turn to the differ-
ential characterization of the transformation function
labelled by eigenvalues of ¢ on ¢; and o,

8(¢', 01/ 9", a2)

= (i/h) (¢, 01| W (1, 01; b2, 02) | 9", 02),
and observe that, in virtue of the ordering in 6W, the
operators ¢° on ¢; and on o act directly on their respec-

tive eigenvectors and can be replaced by the associated
eigenvalues:

8(¢’1 Ull ¢") 0'2)
=(i/h)6W (¢, 01; ¢”, 02)(¢', 71| ", 02).

The transformation function is thereby obtained as’
(¢, 01| 9", o) =exp[ (/)W (&', 01; ¢", 02)], (2.138)

where the constant of integration, which is additively
contained in ‘W, can be determined from the condition

(2.136)

(2.137)

lim (¢, 01 ¢", 02)=5(¢'—¢").  (2.139)

III. TIME REFLECTION

The general physical requirement of invariance with
respect to coordinate transformations applies not only
to translations and rotations of the coordinate system,
but also to reflections of the coordinate axes. Among

which should be compared with the hermitian action integral

W io=3mw2t= (m/2t)(x(t) — x(¢2))?
= (m/26) [x2(8r) — 2x(41) % (82) + 22(t2) ]— }ihh.

Incidentally, the analog of Eq. (2.138) is

(&, tr| 2", t2) =exp[G/B)W (+, x*, 8)]
= (At)~* exp[ (im/2ht) (&' — x)2],

where the constant 4 is determined to be
A=2wik/m
from the analog of Eq. (2.139),

}ij.p(x’, bla’, ) =8(x"—x"").

7 The exponential form of Eq. (2.138) is familiar as a basis for
establishing a correspondence connection with classical Hamilton-
Jacobi particle mechanics. Dirac employed this form in a discus-
sion of unitary transformations and recognized, in part, that the
Hamilton-Jacobi equations are rigorous as relations among
ordered operators (see the end of the section quoted in reference
4). In Feynman’s version of quantum mechanics [R. P. Feynman,
Revs. Modern Phys. 20, 367 (1948)], the exponential form is
employed for infinitesimal time intervals, with the real part of W
defined as the classical action integral.
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the latter transformations, time reflection has a singular
position. Its special nature can be indicated by the
transformation properties of some integrated physical
quantities. Thus, the expectation value of the energy-
momentum vector,

<Pv>=(1/6)fd0'p<Tuv>7 (3.1)

is actually a pseudovector with respect to time reflec-
tion. With the plane surface ¢ chosen perpendicular to
the time axis, the components of (P,) are obtained as
three-dimensional volume integrals,

(Po)=(1/¢) f do(Tor),
(3.2)

(PY=(1/c) f do(To), k=1,2,3,

and the time reflection xy——uaxp, xr—xx induces
(Po)—{Py), (Pry——(Py), according to the transforma-
tion properties of tensors. This differs in sign from a
proper vector transformation. In particular, the energy
does not reverse sign under time reflection. More
generally, this property of (P,) is obtained from the
pseudovector character of do,, which expresses the
pseudoscalar nature of a four-dimensional volume
element with respect to time reflection. Similarly, the
expectation value of the charge

©=1/0) f do(i)=(1/c) f i) (3.3)

behaves as a pseudoscalar under time reflection. Hence,
this transformation interchanges positive and negative
charge, and both signs must occur symmetrically in a
covariant theory. Indeed, for some purposes the re-
quirement of charge symmetry can be substituted for
the more incisive demand of invariance under time
reflection.

The significant implication of these properties is that
time reflection cannot be included within the general
framework of unitary transformations. Thus, on re-
ferring to the Schrodinger equation for translations
(2.107), or the analogous operator equation (2.110), we
encounter a contradiction between the transformation
properties of the proper vector translation operator 8,
and of the pseudovector P,. This difficulty appears
most fundamentally in our basic variational principle
(2.14). With £ behaving as a scalar and (dx) as a
pseudoscalar, reflection of the time axis introduces a
minus sign on the right side of this equation. However,
it is important to notice that the scalar nature of £
cannot be maintained for that part of the lagrange
function which describes half-integral spin fields. In-
deed, such contributions to £ behave like pseudoscalars
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with respect to time reflection.® If we were to consider
only such a half-integral spin field, the basic dynamical
equation would preserve its structure under time
reversal, but at the expense of violating the general
transformation properties of all physical quantities;
charge would remain unaltered, and energy would
reverse sign under time reflection. The latter difficulty
simply indicates that, on inclusion of the contributions
of integral spin fields, the various parts of £ would
transform differently, thus emphasizing again the
general failure of Eq. (2.14) to admit time reflection as
a unitary transformation.

To aid in investigating the extended class of transfor-
mations that is required to include tirhe reflection we
shall introduce some notational developments. The
scalar product of two vectors, ¥, and ¥, can be written

(a| b) = ‘I’;‘I’b: \I/bq’a*, (34)

thereby being regarded as the invariant combination of
a vector ¥, with the dual, complex conjugate vector
¥,* We allow operators to act both on the left and on
the right of vectors, ¥ and ¥*. Thus, an operator
associated with A, the transposed operator A7, is
defined by®
AV=VAT V'A=ATV", 3.5)
or by
(a[ A | b) = \I’a‘A‘I/b= ‘I’bA T‘I’a‘. (36)
We also define the associated complex conjugate
operator 4%
(A¥)*=A"T", 3.7
The connection with the hermitian conjugate operator
At is obtained from the definition of the latter,

(AT)*=T"A1, (3.8)

8 The fundamental invariant of a spin } field is W=ytya.
The transformation that represents time reflection, ¥’ = Ry, can

be obtained from its equivalence with a rotation through the
angle = in the (45) plane; R=exp[ir}oss]=1i045. Accordingly,
VY =Y IRy Ry =—,

which indicates the pseudoscalar character of the spin § field
lagrange function, with respect to time reflection. The corre-
sponding behavior of fields with other spin values can be obtained
from the observation that a spinor of rank # contains fields of
spin 3n, 3n—1, ---. The basic invariant and time reflection
operator for a spinor of rank # are

w='l’1k1"1 70(k)¢1
=1
and
R=exp[17r% E 0’45(")]= H i045(k).

k=1 k=1

Therefore,
VY =¥IR v P RY=(— ),

k=1
which shows the pseudoscalar nature of the lagrange function for
all half-integral spin fields.

9 Note how the familiar property of transposition, (4B)T
=BTAT, follows from this definition: AB¥=A(¥BT)=¥BTAT,
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namely,

At=4"T, (3.9)

Conventional quantum mechanics contemplates
transformations only within the ¥ vector space, and
contragradient transformations within the dual ¥*
space. We shall now consider transformations that
interchange the two spaces, as in

Y, —¥=V¥," (3.10)
The effect of Eq. (3.10) is indicated by
(a]0)=¥,"¥y=¥:¥3"= (b| ), @3.11)
and
(a]|A|8)=T*AVy=V4¥,*=(b| AT|a). (3.12)
More generally, if
V;*=RVY,, (3.13)
where R is a unitary operator, we have
(@lo)=(bla), (al4|)=(b|Ala), (3.19)
in which
A=(RAR™M)T. (3.15)

Now, we have
AB=(RABR)T=(RBR)T(RAR)T=BA, (3.16)

and therefore
(a|[4, B]|b)=—(b|[4, B]|a). (3.17)

We have here precisely the sign change that is required
to preserve the structure of equations like Eq. (2.110)
under time reflection.

We now examine whether it is possible to satisfy the
requirement of invariance under time reflection by
means of transformations of the type (3.13). When we
introduce the coordinate transformation

k=1,2,3, (3.18)
in conjunction with the eigenvector transformation
(', 0)=R¥(Y', 0), (3.19)

the fundamental dynamical equation (2.14) becomes

5(?2", 02] §-'1’, 0’1)

9—60= — Xo, ?Ck= Xk,

= (i/ o) (B2, o] 8 f @D E, o), (3.20)

where
£=(RELRT=LT((R$p*R™)7T, £9,(R$p=R1)T). (3.21)

In the last statement, the = sign indicates the effect of
the coordinate transformation (3.18) on the components
of the gradient vector, while the notation £7( )
symbolizes the reversal in the order of all factors
induced by the operation of transposition. The operator
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R will now be chosen to produce that linear transfor-
mation of the ¢,

R¢p*R~1=R*F¢h, 3.22)
which compensates the effect of the gradient vector

transformation. Thus. we have

L= (£) £7(¢°7, d,9°7), (3.23)

where the (&) sign here refers to the fact that the
structure of the lagrange function, for half-integral
spin fields, can be maintained only at the expense of a
change in sign. We now see that if

£=2(¢°7, 9,0°7), (3.24)

the form of our fundamental dynamical equation will
have been preserved under time reflection, since Eq.
(3.20) will then differ from Eq. (2.14) only in the
substitution of ¢°T for ¢= as the appropriate field
variable, and in the interchange of ¢, and o2, which
simply reflects the reversed temporal sense in which
the dynamical development of the system is to be
traced.

Invariance under time reflection thus requires that
inverting the order of all factors in the lagrange function
leave a scalar term unchanged, and reverse the sign of
a pseudoscalar term. This can be satisfied, of course,
by an explicit symmetrization or antisymmetrization of
the various terms in £. When the lagrange function,
thus arranged, is employed in the principle of stationary
action, the variations 8o¢* will likewise be disposed in a
symmetrical or antisymmetrical manner. We must now
recall that the equations of motion (2.18), which do
not depend explicitly on the nature of the field commu-
tation properties, have been obtained by postulating
the equality of terms in §o&£ that differ basically only
in the location of 8¢¢=. Since such terms appear with
the same sign in scalar components of £, and with
opposite signs in pseudoscalar components, we deduce
a corresponding commutativity, or anticommutativity,
between 80> and the other operators in the individual
terms of 8o L.

The information concerning commutation properties
that has thus been obtained is restricted to operators at
common space-time points, since this is the nature of
the terms in £. Commutation relations between field
quantities located at distinct points of a space-like
surface are implied by the general compatibility re-
quirement for physical quantities attached to points
with a spacelike interval. Components of integral spin
fields, and bilinear combinations of the components of
half-integral spin fields, are the basic physicial quan-
tities to which this compatibility condition applies. By
considering the general possibilities of coupling between
the various fields, we may draw from these two expres-
sions of relativistic invariance the consequence that the
variations 8¢%(x’), and therefore the conjugate varia-
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tions 8I1%(x’), commute or anticommute with ¢%(x),
II%(x) for all x and «’ on a given o, where the relation
of anticommutativity holds when both a and b refer to
components of half-integral spin fields. The consistency
of this statement with the general commutation rela-
tions that have already been deduced from it is easily
verified. By subjecting the canonical variables in Eq.
(2.81) to independent variations, we obtain

[¢%(x), 6¢°(x") Ja=[11%(x), 6¢°(x") ] =0,
[d’a(x): 6Hb(x,) ]i: = [Ha(x)’ anb(x/):]:!: = 0:

which is valid for all x, ' on ¢. In addition, Eq. (2.81)
properly states that all physical quantities commute at
distinct points of ¢.

We conclude that the connection between the spin

(3.25)

927

and statistics of particles is implicit in the requirement
of invariance under coordinate transformations.?

10 The discussion of the spin and statistics connection by W.
Pauli [Phys. Rev. 58, 716 (1940)] is somewhat more negative in
character, although based on closely related physical requirements.
Thus, Pauli remarks that Bose-Einstein quantization of a half-
integral spin field implies an energy that possesses no lower bound,
and that Fermi-Dirac quantization of an integral spin field leads
to an algebraic contradiction with the commutativity of physical
quantities located at points with a spacelike interval. Another

ostulate which has been employed, that of charge symmetry
EW. Pauli and F. J. Belinfante, Physica 7, 177 (1940)7], suffices
to determine the nature of the commutation relations for suffici-
ently simple systems. As we have noticed, it is a consequence of
time reflection invariance. The comments of Feynman on vacuum
polarization and statistics [Phys. Rev. 76, 749 (1949)] appear to
be an illustration of the charge symmetry requirement, since a
contradiction is established when the charge symmetrical concept
of the vacuum is applied to a Bose-Einstein spin } field, or to a
Fermi-Dirac spin 0 field.
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In Part I of the present series of papers an approximate equation was derived governing the diffusion of
high energy gamma-rays through matter. In Part IT an approximate solution of this diffusion equation was
obtained in the energy region where the total gamma-ray cross section was substantially independent of
energy. In the present paper, by consideration of the methods employed in obtaining the solution in II,
a refinement of the solution is carried out which reduces the errors introduced by the approximations made
both in the energy distribution and the angular distribution of the multiply-scattered gamma-rays. The
solution is also modified to take into partial account the effect of small variations of the total gamma-ray
cross section with energy. An upper and lower bound on the solution is obtained when the cross section is

independent of energy.

I. INTRODUCTION

N the first (I) of the present series of papers,! an
approximate equation governing the diffusion of
gamma-rays through matter was derived. The gamma-
ray energies for which the equation is valid extends
from a few Mev up to energies (depending on the
material) where the radiation of gamma-rays by the
secondary electrons (photoelectrons, Compton recoils,
and pairs) produced by the primary gamma-rays be-
comes important. In the second (II) paper of the series,
the solution of the diffusion equation was considered
in the energy range where the total cross section for
gamma-rays was practically independent of energy. In
all materials this latter energy range coincides prac-
tically with the energy range over which the diffusion
equation itself is valid. However, in order to obtain a
solution to the equation, even with this restriction, it
* Supported by the AEC and by a grant-in-aid from the Scien-
tific Research Society of America.
1L. L. Foldy, Phys. Rev. 81, 395 (1951), hereinafter referred

to as I, and L. L. Foldy and R. K. Osborn, Phys. Rev. 81, 400
(1951), hereinafter referred to as II.

was necessary to make a rather poor approximation to
the Klein-Nishina formula; and this last approximation
leads to rather large errors, especially for gamma-rays
whose energy lies far below the energy of the incident
gamma-rays. The present paper is directed towards
refining the approximation somewhat, making certain
corrections to the solution to improve its accuracy, and
studying the magnitudes of the remaining errors. The
notation used is the same as in I and II, and reference
should be made to these papers for the meaning of
symbols not sufficiently defined below.
II. APPROXIMATIONS TO THE KLEIN-NISHINA
FORMULA FOR WHICH THE DIFFUSION
EQUATION CAN BE SOLVED

The equation governing the diffusion of gamma-rays
derived in I is

af(O’, f, m g-)/ag'+¢Tf(a’ E; m, g-)

= (/) f f K(/)(e", &, o, Ddean’, (1)



