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INTRODUCTION

TUDY of the dynamical behavior of quantized
physical systems, since the beginning of the quan-
tum theory, has been almost exclusively restricted to
systems satisfying either the requirements of nonrela-
tivistic mechanics or, in the case of quantized fields, the
requirements of special relativity. This paper is the first
of a projected series, to appear in various journals,
which will be devoted to extending the quantum theory
to the basically broader context of general relativity.
The eventual program envisaged falls naturally into

four parts: (1) Study and development of a number of

usually neglected aspects of standard quantum me-
chanics which must be considered when attention is
focused on the nonlinear features arising from the
metric structure of the configuration space of a certain
general class of systems. (2) Specialization to those
members of this general class in which the specific co-
variant geometry of a four-dimensional continuum
plays the leading role. (3) The carrying out of a re-
formulation of the “traditional” theory, in which spe-
cialized aspects of general relativity become promi-
nently displayed. (4) A study of interacting systems,
including those of the Fermi type which possess no
classical analogs, in the context of general relativity.

In the following sections a start is made on the first
of these four parts. The prototype for the general class
of systems to be considered is the system consisting of a
nonrelativistic particle moving in a curved space of »
dimensions. The extension of standard quantum me-
chanics to this system is quite straightforward and in-
volves nothing new. However, the notational develop-
ments required for the statement of well-known
theorems in the context of curved spaces are generally
unfamiliar. Therefore it was deemed worthwhile to
begin at the beginning, and retrace familiar ground in
considerable detail.

The motivation for the general program outlined is,
of course, a desire ultimately to attack the problem of
the role played by gravitation in the quantum domain.
No apology will be made for this motivation, although
needless to say, recent experiments have nothing to do
with it!* In the author’s opinion it is sufficient that the

* Work supported by the Institute of Field Physics.

! The total lack of pertinent experimental information is at once
obvious if one recalls that the characteristic length for quantum-
gravidynamical processes is (%G/c®)¥~107%8 cm (where G is the
universal gravitation constant) corresponding to energies of the
order of 10" Bev.

problem is there, like the alpinist’s mountain. Beyond
that, however, the historical development of physics
teaches a suggestive lesson in this connection, namely,
that the existence of any fundamental theoretical struc-
ture which is far from having been pushed to its logical
mathematical conclusions® is a situation which may
have great potentialities.

The present work follows the traditional path in
emphasizing classical-quantum analogies. At the same
time an attempt is made to present the material from
as modern a viewpoint as possible. In recent years a
number of formal mathematical techniques have been
developed which have a capacity for coming to grips
with various physical problems in a more direct fashion
than older methods, and which, owing to the additional
insights which they therefore bestow, may eventually
transform even the pedagogical approach to the quan-
tum theory. Chief among these techniques are the quan-
tization methods of Feynman® and Schwinger! and
their various extensions, involving functional integra-
tion or differentiation and the analysis of the many
characteristic Green’s functions or ‘“propagation func-
tions” to which they give easy access. Since the problem
of the quantum role of gravitation may justly be re-
garded as one of the most formidable in theoretical
physics, it is well to have as many of these new methods
available for use as possible. Accordingly, special atten-
tion is devoted in the following sections to the classical
and quantum action principles, and a study of Feynman
quantization in curved spaces is incorporated. The
development presents no difficulty, but leads to a slight
surprise, a rather curious ambiguity in the definition
of the quantum Hamiltonian, involving the invariant
curvature.

Extension of Schwinger’s theory to curved spaces, on
the other hand, is a different matter, and there is some
doubt that it can be done at all, at least without ex-
tensive modification. Several independent serious efforts

‘in this direction have thus far produced no success,®

2 E.g., pre-Lorentzian electrodynamics, or pre-Lambian quan-
tum electrodynamics.

3R. P. Feynman, Revs. Modern Phys. 20, 327 (1948).

4J. Schwinger, Phys. Rev. 82, 914 (1951). No attempt is made
to compile a bibliography of the Feynman-Schwinger theory.
Among the principal contributors mention may be made of
Peierls, Edwards, Salam, Matthews, Killen, Lehmann, and
Nambu.

5 Private communication from P. G. Bergmann, and unpub-
lished work of the author.
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although the problem must presently be regarded as
still an open one.

Subsequent papers will deal with the important prob-
lems posed by the existence of constraints, with systems
obeying Fermi statistics in a nonlinear context, and
finally with the actual quantization procedure for the
gravitational field. An interesting fact will be noted in
the course of this development, namely, that whenever
a system possesses a classical analog, its quantum
theory is in every case essentially completely deter-
mined by the corresponding classical theory. This may
be regarded as the ultimate extension of Bohr’s famous
correspondence principle.

1. CLASSICAL TRANSFORMATION THEORY

A classical dynamical system is described by means
of a set of 2 variables ¢%, p;, i=1---n, which, if the
system is subject to no constraints, may at a given
initial instant be independently specified. The ¢’ are
commonly known as coordinates and the p; as momenta.
The fact that #» may be nondenumerably infinite for
many systems of primary interest is of no importance
in the present discussion. The simplicity of the formal
mathematics for the finite case will be retained through-
out, it being tacitly assumed (as is in fact the case) that
the limiting procedures implied in the passage to con-
tinuum cases involve no difficulties of principle.

An experimental measurement performed on a phys-
ical system generally gives information about the value
of some function(al) F of the ¢’s and p’s. F is known as
a physical observable. In the classical theory any func-
tion(al) of the ¢’s and #’s is, in principle, an observable.

Of fundamental importance in the development of
the dynamical theory is the Poisson bracket of two
observables F and G, which is defined by

oF oG oF oG

: : (1.1)
dq* 0p:  dps d¢*

(FG)=

In this paper, a summation is to be understood over
repeated indexes unless the contrary is explicitly stated.
For many purposesit is convenient to introduce a slightly
more compact notation through the replacements

xqui, xﬁ-———'pz (12)
Equation (1.1) may then be rewritten in the form
aF oG
(F.G)=eap—— —, (1.3)
0x:* dx;P

where eqs Is the two-dimensional antisymmetric permu-
tation symbol, the indexes a and B ranging over the
values 1, 2.

The notation of (1.2) and (1.3) emphasizes the sym-
metry between coordinates and momenta which is char-
acteristic of both classical and quantum transformation
theory and which has its quantum expression in the
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wave-particle dualism. This symmetry does not, how-
ever, persist in detail in the dynamical theory of actual
physical systems.® This fact has been anticipated here
by the difference in the position of the index on the
¢’s and p’s.

From (1.1) or (1.3) the well-known corollaries follow
immediately

(F1,F3)=— (Fq,Fy), (1.4)
(B, [(F,Fe - +))
= (F,F1)df/0F 1+ (F.F)af/oFy+---. (1.5)
Also the Poisson-Jacobi identity
(F1,(Fo,F'3)) 4 (Fo, (F3,1) + (Fa, (F1,F2)) =0, (1.6)

may be obtained with the aid of the three-dimensional
permutation symbol eqs. in terms of which the left side
of (1.6) may be written

%fabc(Fa, (Fb,Fc)) = €abc€af€ys

oF, dFy,  o'F,

Ax;® ;Y 6xi56x,-5

The quantity multiplying eqs. in the latter expression is
symmetric in @ and b, and hence the whole expression
vanishes.

Consider a transformation in the description of a
dynamical system, from the variables ¢%, p; (or %) to a
set of variables £, u=1---2%n. Consider the 2x#-dimen-
sional antisymmetric matrix formed by taking the
Poisson brackets of all possible pairs £,, &. Using the
notation of (1.3) it is not difficult to show that the
determinant of this matrix is given by

| (Ewt) | =[0(x)/0(O) T (1.7)

Evidently, if the Jacobian d(x)/d(£) of the transforma-
tion x,%—¢, is nonvanishing the matrix (£,,£) has an
inverse. This inverse defines the so-called Lagrange
bracket’ {£,,%, ], satisfying

{[E“;Sﬂ']}(fl’)fd)za}w- (18)
Since
€av€fy="0ag, (1.9)
the Lagrange bracket is given explicitly by
dx:® OxP
{Igu,gv ]}E €af = {Igvygl-l I} (110)
9, 0&,

Out of the set of all possible transformations ¢,
p—&, classical dynamics focuses attention on certain
special ones known as canonical transformations. The
set of all canonical transformations may be defined as

6 Notwithstanding the fact that the symmetry idea has been
sufficiently impressive to have been invoked on at least two
occasions as a rigorous dynamical principle: M. Born, Proc. Roy.
Soc. (London) A165, 291 (1938); H. Yukawa, Phys. Rev. 77,
219 (1950). :

7" Whittaker [Analytical Dynamics (Cambridge University
Press, New York, 1937), p. 298] uses the symbols ( ) and [ ]
for the Poisson and Lagrange brackets, respectively. The symbol
[ ] is, however, here reserved for the commutator bracket used
in the quantum theory.
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the most general set of transformations ¢%, p—¢°, P;
(or x;2—%;%) such that

(i) there exists an essentially unique (up to trivial
modifications) differential form of the type

Apdqi+Ba'dpi+Cpidg'+Dg'dps,
which is an exact differential for all members of
the set.®

(ii) The members of the set form a group.

It must be specified that the coefficients 4, B, C, D are
independent of the p’s and ¢’s, and trivial cases may
be excluded by imposing the conditions

A#B, C#D.
Furthermore, the trivial exact differential
3(4+B) (P:dq'+q'dp:)+3 (C+D) (pidgi+g'dps),

may be subtracted from the original form, and the result
divided by %(4 — B) to obtain a canonical form

DidGi—qG'dpt ¢ (pdgi—qidps), (1.12)

where ¢=(C—D)/(4—B). In order that a second
transformation ¢¢, p—q‘, p; be canonical the expression

Pl —Gidp+ ¢ (Pdq'— q'dpy), (1.13)

must also be an exact differential. The group property
of canonical transformations may then be applied to
the result of ‘subtracting ¢ times (1.12) from (1.13),
leading to the condition {*=—¢, or

¢=—1.

1.11)

(1.14)

Therefore, the set of all canonical transformations may
be characterized by the statement

Pqi—q'dpi—pdqg+qdpi
= eqp(02dxf— T,2dTP)=dV, (1.15)
for some V.
An explicit form for ¥V may depend on any or all of
the ¢%, ps, ¢°, D:. However, if V is regarded as a function

of the ¢¢, p; (or &;%) alone then evidently

6V (')IJC]C‘s
— = €y¥1" — €q8T;%, (116)
o%;# T,
62V 6206105
= {(.’Ei",f,ﬂ ]}—' €agbijt €k . (117
9%, 29%;f d%,~9%,8

The expression on the right of (1.17) can be symmetric
under interchange of the indexes 7, @ with the indexes
4, B if and only if

{22 |= eapdis, (1.18)
and hence

(fii“,f}jﬂ)-: éaﬁaﬁ. (119)

8 Here the dg’, dp; are to be expressed in terms of the dg, dp;
or vice versa,
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Equation (1.18) or (1.19) may be used in place of
(1.15) as an equally valid characterization of a canonical
transformation.

The importance of canonical transformations lies in
the existence of their well-known invariants.® For ex-
ample, the Poisson bracket of two observables F and G
remains unchanged if in (1.1) the ¢¢, p; are replaced by
g%, Ps. This is readily shown with the aid of (1.19):

oF G
(PG = e e o o
0x:® dxP 0x.® dx P ax;” 9z}

0%, 0% OF 0G

F oG
—=(F,G). (1.20)

x;Y 6:8;}

= (&,7,%1°)

Lagrange brackets remain similarly invariant. For many
purposes, therefore, the ¢%, ; may be replaced by the
¢, P; as equally valid canonical variables.

The explicit construction of canonical transforma-
tions is conveniently carried out with the aid of gener-
ators. Four standard types of generators are commonly
considered, which may be denoted by S.., and which
are related to the V of (1.15) by

S1e=3(VEqPitq'ps). (1.21)

Computation of dS., with the aid of (1.15) shows that
the solution of a set of simultaneous equations of any
one of the following four types,

Pi=0S41/00", q'=051+/0ps, (1.22a)
Pi=084-/9¢, pi=—0984-/9¢", (1.22b)

i=—aS_,/0ps, qi=0S_+/3ps,  (1.22¢)
qi=—09S__/8pi, pi=—0S__/9¢", (1.22d)

yields a canonical transformation.’® Here S;, is an
arbitrary function of the p; and §¢* alone, S;_ of the
¢* and ¢‘ alone, S_; of the p; and p; alone, and!S__ of
the ¢¢ and P, alone.

Three elementary but important examples of canoni-
cal transformations may be obtained immediately with
the aid of (1.22a):

(3) The identity transformation:

Sir=p:4' @'=¢q', Pi=pi (1.23)
(i) “Phase” transformations:
Si+=00+®(9), @'=¢, Pi=pitod/d¢’. (1.24)
(#9t) Point transformations:
Se=p0:9'0), =09, Pi=pi(99"/0¢). (1.25)

? Using (1.18) it is not hard to show that integrals of the form
Sdghdpiy- - -dg*mdpim, m=1- - -n, the summation being carried out
in such a way that the indexes ;- - -im are all different, are canon-
ically invariant. The case m=n yields the canonical invariance of
the volume element in phase space, or the alternative fact that
the Jacobian of a canonical transformation is equal to +1.

10 The most general canonical transformation can be obtained
through a combination of these four types.
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Of special importance in the development of the
dynamical theory to follow are the infinitesimal ca-
nonical transformations:
q1=qz+§qz, Z_h=1>¢+5[h, or
The function ¥ of (1.15) must in this case be an in-
finitesimal v satisfying

dv=— e,p(0x,;dx P+ x,2ddxF).
An infinitesimal generator for the {ransformation is
given by

T:0= x4 0x:%. (126)

(1.27)

s=%(v+eagx¢°‘5x¢5), (128)
satisfying
ds= €qpdoc;%0x5, (1.29)
so that
05/ 0%:%= €qp0xf, Or %= — eapds/dxf, (1.30a)

s being expressed as a function of the x;* alone. In
terms of ¢%, p; (1.30a) becomes

8qi=—0s/0pi, Opi=9s/dq",

s=0 gives the identity transformation; an infinitesimal
phase transformation is given by s= ¢(g), where ¢ is
an infinitesimal function of the coordinates; and an
infinitesimal point transformation is given by

s=pi(g), Pi= pitp;iON/ ¢,

where the \? are infinitesimal.

If F is a function(al) of the ¢?, p; with fixed functional
form, then under the transformation (1.30) its value
suffers a change of amount

OF= (0F/dx;%)x:2=— (F,s).

If, on the other hand, F is regarded as a fixed physical
magnitude whose functional dependence on the canoni-
cal variables changes under (1.30), the amount of this
change may be defined as

(1.30b)

(1.31)

qi': ‘Il— >‘i7

(1.32)

5F (¢,0)=F(g,0)—F (¢,), (1.33)
where B
F(q,p)=F(g,p)- (1.34)
Evidently
8F=—6F=—58F=(F,s), (1.35)

correct to the first infinitesimal order.

This last result may be used to rederive the canonical invariance
of Poisson brackets under infinitesimal transformations. One

writes

(F,G)=(F(3,p), G(3,p))
=(F(g.p)+8F(@.p), G(a.p)+6G(@.p)
= (F,G)+06(F,G)+(F,6G)+ (3F,G)
= (F,G)+(s,(F,G))+ (F,(G,9)) + (G, (s,F)),
which leads to (1.20) in virtue of the Poisson-Jacobi identity (1.6).

Consider now a finite canonical transformation from
a set of variables x;%(1) to a second set x,%(2). From

BRYCE S.
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(1.15) we have
eaplwi*(1)dwf (1) —2:#(2)dwf (2) ]=dV, (1.36)

where V is some function of the wx;*(1) and ;%(2).
Suppose the variables #,%(1) and «,(2) are subjected
to independent infinitesimal canonical transformations:

(1) =a2(1)+bx,2(1),

dx(1)= —eapds(1) /x5 (1), (1.37)
T2(2)=x:%(2)+0x:%(2),
8:%(2) = — €aps(2) /% (2). (1.38)

Then there must exist some new function ¥ which
differs infinitesimally from V, such that

AV = eap[ T:2(1)d# (1) — :2(2)dz# (2) ]
=dV+ eag[axi“(l)dxiﬂ(l)—l—xi“(1)d6x,ﬂ(1)
ad 6x,“(2)dﬂcf(2) — X (Z)déxlﬁ (2)]
=dV+d{2[s(2)—s(1)]

+eap[wi (Do (1) —2(2)dxA(2) ]}, (1.39)
Evidently _ _
V=V+56V+6V, (1.40)
where
V= eag[xi"‘(l)Sxiﬂ(l) —-x.;“(Z)éxiﬁ(Z)], (141)
§V=2s(2)—s(1)]. (1.42)

The infinitesimal §V represents a change in the func-
tional form of V which is required to characterize the
new canonical transformation Z;*(1)—&;%(2), whereas
8V simply represents the change in the value of the
original function due to the changes dx:%(1), 6x:%(2) in
the values of the variables.

If the canonical transformation wx;* (1)—x,*(2) is de-
scribed by means of one of the generators S.., then it
follows from (1.21) and (1.42) that

65 .=s(2)—s(1), (1.43)

in which s(1) and s(2) are to be re-expressed in terms
of the variables suitable to the generator in question.
We therefore have

Theorem:
The variation in the functional form of the generator of
a finite canonical transformation, due to independent
infinitesimal canonical transformations of its argu-
ments, is equal to the difference of the independent
infinitesimal generators.
2. THE CLASSICAL ACTION PRINCIPLE
The “trajectory” of a physical system is described by
a set of functions ¢*(f), t=1---n, which determine the
configuration of the system at any time {. Classical
dynamical theory may be based on the following

Dynamical postulate:
The class of all trajectories q(t) of a physical system
is determined by the unfolding-in-time of a canonical
transformation.
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This implies the existence, in addition to the “coordi-
nates” ¢(¢), of a set of momenta p;(¢) which depend on
the trajectory, or which, alternatively, may help to
specify the trajectory.

The infinitesimal generator of the canonical trans-
formation ¢'(¢), p:()—¢*(t-+6¢), p:(#+06t), where ¢ is an
arbitrary infinitesimal “displacement” in time, will have
the general form"

§= _H(Q(t),ﬁ(t),t)fst, (21)

where H is some explicit function of the coordinates and
momenta, and possibly also of the time. H is known as
the Hamiltonian function(al), or, simply, the Hamil-
tonian, and its exact form depends on the system in
question. Equations (1.30b) together with the relations
0gi=g'st, 8p;=pdt lead immediately to the familiar
Hamiltonian equations for the trajectory

§'=0H/dp;, pi=—0H/dq’, (2.2)

the dot denoting the total time derivative. From (2.2)
it follows that the time rate of change of any physical
observable F is given by

F= (F,H)+0F/at (2.3)

[see (1.32)], where the partial derivative 8/9¢ is taken
with respect to any explicit dependence on ¢ which F
may have. Since the Poisson bracket is canonically in-
variant it may be taken with respect to the canonical
variables appropriate to the time in question as well as
with respect to any other canonical variables. If F and
G are any two physical observables the time rate of
change of their Poisson bracket is given by

d(F,G)/dt= (F.G)+ (F,&), (2.4

which follows from (2.3) together with the Poisson-
Jacobi identity (1.6).

The finite canonical transformation which relates the
coordinates and momenta at two different times, ¢’ and
¢, may generally be described by one or more of the
four types of generators considered in (1.22). In the
present context these equations become

pil)=0S14/0g'(t"),  qi(t)=3S41/0p:lt), (2.50)
pi(")=03S4—/0gi ("), pu(t)=—0S4_/gi(¢), (2.5b)
gi(t")=—3S_/opi(l"), ¢i(t)=03S_1/3p:(t), (2.50)
gi(t")=—3S__/api(1"), pit)=—03S-/gi(¥). (2.50)

Very often we wish to single out a particular value of
one of the canonical variables. This is done by affixing
one or more primes to the variable in question. The
value thus indicated will be independent of the par-
ticular value of the time involved. Thus,

q,i(»:qli: P’i(¢)=P’h (26)

To avoid confusion in application of this convention,

independent of ¢.

1t The minus sign is arbitrary and is chosen to correspond to
convention.
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the following modification in notation will be introduced :

SN EN=S" V"¢ ),  (2.7a)
S ("W 1g =S |¢),  (2.7b)
S+ ("N @N=S@" L |p'¥),  (2.7¢)
SN WN=S@" ¥ |¢).  (2.7d)

That is, the values of the canonical variables and the
values of the time will be separately specified in the
generating functions. On the other hand, the + and —
signs will be dropped, as indicated, since the arguments
themselves are sufficient to indicate which generator
is meant.

The finite generators must be related in some way to
the Hamiltonian which generates the infinitesimal dis-
placements in time. This relation is readily determined
with the aid of the theorem of the preceding sec-
tion, (1.43). For definiteness, consider the function
S| p'). Let 8¢, 8¢, 8p's, 8¢’ be arbitrary in-
finitesimal variations in its arguments. The variations
6t”, &' will give rise to a change in the form of this
generator, considered as a function of the ¢”’% 2.
From (1.43) and (2.1), the amount of this change is
s""—s'=—H"st'"+H'st' where H and H"' are the values
of the Hamiltonian at the times ¢ and ¢, respectively,
for the particular trajectory specified by the arguments
¢, 1", ¢’, . The variations 8q’’%, §p’;, on the other hand,
give rise to a change in value, which may be computed
with the aid of (2.5a). The total variation in the
generator is

5S(q",t"|p',t')=p"iﬁql”—H”ﬁt"-l—q'iép'ri—H’ét', (283,)

where p"";=p;(t""), ¢"*=¢*(') for the trajectory in ques-
tion. Similarly,

BS(q/I,tII[ql,tl)=Plliaqlli__Hllatll_Plzaq/i+H16t/, (Z.Sb)
3S(P”,t” lpl,t/) —_— qlliaplli_Hllétll

+gisp' A HS, (2.8¢)
BS(PN,t” l q,,t,) — _qlliaplli_HHatll
—p'dg +HS.  (2.8d)

By expressing all the quantities on the right of (2.8) in
terms of the arguments appearing on the left, one is led
to the Hamilton-Jacobi equations for the various gener-
ators. These are, respectively,

8S/0t"+H(q",0S/9q" t")=0 2.0
—a8S/3t+H(3S/ap',p'¥)=0 (2.92)
0S/9t"+H(q",05/9¢",t")=0 2.0b
—3S/8t'+H (¢, —8S/d¢, ¢')=0 (2.9b)
8S/0t"+H(—3S/ap", p”, ¢")=0 290
—65/315'+H(3S/6P',P’,t,)=0 ( . C)
aS/at"+H(=aS/ap", p, £)=0] =, gy
—aS/at+H(¢', —aS/dq, ¥)=0]" @
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In the integration of the Hamiltonian equations (2.2)
a given trajectory is generally determined by specifying
the ¢° and p; at a given “initial” time. Use of the
generating functions, on the other hand, implies a
different determination of the trajectory, namely, by
specifying either the coordinates or the momenta (not
both) at two different times. Actually, such a specifica-
tion is not always possible. For example, if a representa-
tion is chosen (as is customary) in which the ¢¢ are
physical coordinates, the function S(p”,#"’|p’,t') may
not exist (e.g., in the case of the free particle). On the
other hand, the function S(¢”,#’|¢’,¥') may be multi-
valued (as in the case of the particle in a box) reflecting
the fact that there may be more than one trajectory
(the reflected trajectories) between the space-time
points ¢’, ¢/ and ¢”, 1.

The function S(¢”#""|¢’,t') is of special importance in
the developments to follow, and is known as the
classical action. We now study this function in greater
detail, ignoring for the time being the possibility of its
being multivalued. Let us denote by

= (q" "¢’ q¥),
1 t/,.

the trajectory determined by the points ¢/, ¢ and ¢”/,
The explicit form of the right-hand side of (2.10) may
be obtained by breaking into the trajectory at time !
and solving the set of simultaneous equations

—a8S(q" V| q,t)/dqi=p:(£)=0S(q,t|¢',t')/dg". (2.11)

The action S is so far uniquely determined only up to
an arbitrary constant. In virtue of (2.11) and the
Hamilton-Jacobi equations (2.9b), this constant may
be so adjusted that for all ¢", ¢, ¢/, ¢, ¢, ¥/,

S(qll’l/l | ql,tl) — —S(ql,t, | q”,t,/),

(2.10)

(2.12)

and

S@" ¢ ) =TS" " |g)+S(gtl ¢ ¥) Ja=aext, (2.13)

¢ »

the instruction “g=ge¢’’ indicating that the quantity
in the brackets is to be made an extremal with respect
to the ¢% The extremal values are given precisely
by (2.10).

By breaking the trajectory into infinitely many pieces
we see that the action may be regarded as formed in
the following way:

S@@" 2 ¢ ) ={Slgde, v """ }amtar,

where S[q]ly, #9"*" is a functional of an arbitrary tra-
jectory g between the points ¢/, ¢’ and ¢”, ¢”, satisfying
the variational equation

(2.14)

gt t')y

{65Cqde, """ /8q} a=a, v 1010 e =0,  (2.15)

and the combination laws
SLgde, v " =SLglacw, s """ +S[g]e, 1™, (2.16)
SCgle, """ =—=S[gle, " (2.17)
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Equations (2.16) and (2.17) 1mply that S[¢] may be
expressed in the form
R

Nrar »"’”"sz
.

a’

L(g,q,0)dt. (2.18)

L is a function(al) of the ¢¢ and their time derivatives
(and also possibly of the time), known as the Lagrangian
of the system in question.

When S[¢] is expressed in the form (2.18), the varia-
tional equation (2.15) is known as the principle of
stationary action. Performing the indicated variation,
with the restrictions ¢‘(¢)=¢"%, ¢*(t')=q""%, o¢i ()=
8¢¥(#")=0, and making an integration by parts, one
obtains the familiar Lagrangian ‘“equations of motion”

for the trajectory
dL d oL
0= (2.19)
aqt dt 6q

Equations (2.19) are of the second order in contrast to
the Hamiltonian equations (2.2) which are of the
first order.

The relation between the Lagrangian and Hamil-
tonian functions may be determined with the aid of
(2.8b), (2.14), and (2.19). Denote by 8¢*(¢) the variation
in a given trajectory produced by variations 8¢’?, 8¢/,
8¢’"% 8¢ in its end points. Then, with an obvious
notation,

Sqi(t)=bdq'i— g6t dgi(l")="5¢"i—¢"idt", (2.20)
and
BS(qI,,l,/!q’,l,)
l//
[ ]
4 a=(a"", " la(t) ', t")
= L8t — L5t/
v d oL\
+[[ ~~( ﬁql)dtj
dt aq* a=(a"", t""|q(t)]q’s t")
" "
=( ) 5 1q__ [( ) q//i_Ll/jlatl/
( )5q’1+[( ) ¢i—L ]m', (2.21)
Comparison of (2.8b) and (2.21) shows that
=dL/dg, (2.22)
H=pigi—L. (2.23)

A few tacit assumptions have been made. Firstly, it
has been assumed that the Hamiltonian function, and
hence the Lagrangian and action functions, are unique
for a given system. Actually, a slight lack of uniqueness
in these functions is allowed. The physics of a given
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system is entirely contained in the Lagrange equations
(2.19), and from their variational manner of derivation
it is evident that they are unchanged if the Lagrangian
is replaced by

L=L+dd/dl, (2.24)

where @ is an arbitrary function of the ¢¢ and ¢. This re-
placement produces a change in the momenta, given by

Di= pi+0%/d¢?, (2.25)

which is simply a phase transformation [ (1.24)7]. The
corresponding transformation of the action is given by

Slade, vt =S[gly, v """+ (¢" ") —2(¢'¥)), (2.26)
S(g" 1" 1¢'#)=S(g" "¢ #)+®(g" ")~ (¢ t), (2.2T)

which leaves the combination laws (2.16, 2.17) invari-
ant. Phase transformations will be employed on several
occasions in the future.

Secondly, the assumption that the generating func-
tion S(¢”",t"|¢',¥') exists at all (at least in some canoni-
cal representation) is equivalent to insisting that the
first of the Hamiltonian equations (2.2) be solvable for
the p; in terms of the ¢? ¢* (and possibly #). The La-
grangian equations (2.19) will then be obtained by
substituting the resulting expressions for the p, into
the second of the Hamiltonian equations. If, however,
the first of the Hamiltonian equations is not thus
solvable the function S(¢”,#’|¢’,¥') will not exist, and
the Lagrangian function and the action principle will
not exist in the usual sense. This case, the occurrence
of which implies that the ‘“velocities” ¢* are not all
independently specifiable, has been considered by
Dirac!? who has shown that a modified Lagrangian
theory may still be constructed for it. It is of little
practical importance, however, and will be ignored in
this series of papers.

Much more important is the opposite case in which
the momenta are not all independent, so that (2.22)
cannot be solved to express the ¢°in terms of the ¢?, p;
(and #). This case has also been considered by Dirac!?
and leads to various possibilities, some of which will be
carefully studied in subsequent papers of this series.
One possible consequence, for example, is that the
generating function S(¢”,#’|¢',t'), although it exists,
may not define a unique trajectory [implying lack of
unique solubility of (2.11)7]. This would mean that
many different extremal trajectories could be inserted
into the right-hand side of (2.18), all leading to the
same value of the action. In the present paper, however,
such possibilities will be excluded.

3. CONSERVATION LAWS

Suppose we make a change in the representation of a
physical system at any instant from a set of canonical
variables ¢%(?), p:(¢) to another set ¢*(¢), p;(¢). Consider

12P. A. M. Dirac, Can. J. Math. 2, 129 (1950).
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the function V of (1.15) which characterizes this
canonical transformation. If the form of V, considered
as a function of ¢%, p;, ¢%, Pi, remains constant in time
then, by (1.42), the generators of infinitesimal displace-
ments in time must be equal in the two representations.
That is, H=H where H and I are the Hamiltonian
functions for the two representations. (H and H may,
of course, have different functional forms.) This result
also follows from the canonical invariance of Poisson
brackets, equations like (2.3) being independent of the
choice of representation.

If, however, the form of V changes with time, so
that ¥ must be regarded as having an explicit depend-
ence on ¢, H and H will no longer be equal but will be
related by

—2(H—H)st=15V. (3.1)

If the change of representation is described by one of
the generators Sy, this equation may be replaced by

H=H-93S,./dt, (3.2)

which is a special case of the theorem at the end of
Sec. 1. _

It may happen that the generator is such that H=0.
From the right-hand side of (3.2) we see that this will
be the case if the generator satisfies a Hamilton-Jacobi
equation. The new variables ¢%, p; are then constant in
time and, when expressed as functions of the ¢% 2,
and ¢, are known as constants of the motion. It is clear
that the functions S(¢",t"’|#',t'), etc., considered in the
previous section are special cases of such generators,
which transform the canonical variables at an arbitrary
time ¢/ back to their comstant values at some fixed
initial time #'.

A solution of the Hamilton-Jacobi equation gives a
complete set of 27 independent constants of the motion.
Except in very special cases, however, the Hamilton-
Jacobi equation cannot be solved by finite methods, and
is therefore unsuitable for the practical determination
of constants of the motion. We must usually be content
with a knowledge of only some of them, and for this
purpose an investigation of infinitesimal changes of
representation is more useful.

The change in the Hamiltonian under a canonical
transformation generated by an infinitesimal s is
given by

H=H—0s/3, (3.3)

which follows from (1.28) and (3.1). Now suppose that
H, when expressed in terms of the ¢?, p;, has the same
functional form as does H when expressed in terms of
the ¢?, .. Then, from (1.32),

H— (H,s)=H(q,p,t)=H (q,p,t) = H— 35/,
or

$=(s,H)+09s/3t=0. (34)

Therefore, constants of the motion may be determined
by discovering those infinitesimal canonical transforma-
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tions which leave the form of the Hamiltonian function
invariant. A special case is provided by the Hamiltonian
itself when it has no explicit dependence on the time.
It then leaves itself invariant under its own infinitesimal
transformations and is a constant of the motion.

Since the form of the Hamiltonian function remains
invariant under an infinitesimal canonical transforma-
tion generated by a constant of the motion, the ¢¢ p;
satisfy the same equations of motion as the ¢, p;, and
it is evident that a constant of the motion may also be
regarded as the generator of an infinitesimal canonical
transformation which transforms trajectories into tra-
jectories.’® From this point of view it is often easier to
work directly from the Lagrangian than from the
Hamiltonian. For example, suppose the Lagrangian
function remains invariant under the transformation

I'=q'=dg', '={'—a¢,, 3.5)

where the 8¢° are certain infinitesimal functions of the
¢* and ¢ alone. Invariance of the Lagrangian function
implies invariance of the Lagrangian equations and
hence also of the Hamiltonian equations, so that ¢éis a
trajectory if ¢*is. Moreover, invariances of this type are
generally very easy to spot. Using the Lagrangian
equations, we have

oL oL d
0q'+——08G°=—(pdq"),
aq" aq* dat

0= (3.6)

so that the constant of the motion in this case is p.0¢°.
Evidently p.6¢° generates the transformation from the
trajectory ¢° to the trajectory ¢'—dg.

If the Lagrangian function has no explicit dependence
on the time then the classical action must remain in-
variant if the whole trajectory (together with its end
points) is displaced in time by a constant &/ as well as
in coordinate space by the amounts 8¢’ above. Using
previous results, we may express this by writing

0=0S=2p"0q"i—p'd¢'"— (H"—H")ot.  (3.7)
Since &/ is arbitrary we have
H'=H, (3.8
and
p"6q" 1= p"8q"". (3.9)

Equations like (3.8) or (3.9) are known as conserva-
tion laws.

13 This way of looking at things enables one to use a simple
argument to prove that the Poisson bracket of two constants
of the motion, F and G, is also a constant of the motion: If F¥
and G are finite, render them infinitesimal through multiplication
by a constant infinitesimal. Let the function G generate an in-
finitesimal canonical transformation which transforms trajec-
tories into trajectories. The change in 7 under such a transforma-
tion from one trajectory to another is 6F'= — (F,G). But since F,
being a constant of the motion, is constant along both trajectories,
its change 8F is also a constant; q.e.d. This result can also be
obtained formally from (2.4).
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4. QUANTUM TRANSFORMATION THEORY

Historically the quantum theory has been built up
by analogy from classical dynamics. Many routes may
be followed in this development, and it is somewhat a
matter of taste which is chosen. In order to parallel
the development of Sec. 1 as closely as possible we begin
with the construction of the quantum analog of the
classical Poisson bracket.

Perhaps the most elegant formal argument leading
to the quantum analog is that due to Dirac!*: Let us
assume, as given, the general mathematical framework
of quantum mechanics, involving linear operators, state
vectors, and their adjoints, and the probability inter-
pretation of these quantities. Real physical observables
are represented in the quantum theory by Hermitian
operators F, G, etc. A quantum analog for the classical
Poisson bracket is expected to satisfy identities parallel-
ing as closely as possible (1.4, 1.5, 1.6). Equation (1.4)
offers no particular difficulty. However, in generalizing
(1.5) we must discover a rule for defining functions of
several operators, and the derivatives of such functions.
Formally we may expand the classical forms. of these
functions in series of products of their arguments. The
classical arguments can then be replaced by the corre-
sponding quantum operators, provided we can resolve
the ambiguity which arises in the ordering of these
operators due to the fact that they, unlike their classical
counterparts, do not necessarily commute with one
another.

In this series of papers we shall have to devote con-
siderable attention to this ordering problem. However,
let us set it aside for the present and suppose we have
the quantum analog of some simple classical observable
F expressed as a product of operators Fy, Fs, - - .

F=F1F2"'. (4.1)

The differential law for this operator has the simple form
OF=[(8F1)Fy- - - J+[F1(6F3) -+ - 14+ -~ (4.2)

Suppose now that the variation indicated is due to an
infinitesimal canonical transformation, whatever that
may mean in the present context. In the quantum
theory as in the classical theory we try to express this
variation in the form (1.32), the only difference being
that s is now an infinitesimal operator. Thus

0F=— (F;S)7
6F@= - (Fiys)7

Equations (4.2, 4.3, 4.4) will be simultaneously satisfied
for arbitrary s if and only if the following law is satisfied :

(F1F2,F3) = (FI,FS)F2+F1 (F21F3)7 (45)

where Fi, Fs, F; are arbitrary operators, the order of

(4.3)

i=1,2--. (4.4)

4P A, M. Dirac, The Principles of Quantum M echanics
(Oxford University Press, New York, 1947), third edition, §21.
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the factors being now important. Equation (4.5), com-
bined with the identity

(F17F2)= - (F2;F1); (4-6)

implies also

(F,FoF3)= (F1,Fo)F3+Fy(F,Fs). (4.7)

If one now considers a quantum Poisson bracket of the
form (A B,CD) one finds that it may be re-expressed in
two different ways with the aid of (4.5) and (4.7),
depending on which is used first:
(AB,CD)=[(4,C)D+C(4,D)]B
+A[(BC)D+C(BD)] (48a)
=[(4,0)B+4(B,C)1D

+CL(4,D)B+A(B,D)]. (4.8b)
Subtracting one form from the other, one gets

where [ ] denotes the commutator. Equation (4.9) can
hold for arbitrary operators if and only if, for any pair
A, B, (4,B) always stands in a constant numerical
ratio to [4,B]. Since [4, B]is anti-Hermitian if 4 and
B are Hermitian, whereas (4,B) must be Hermitian, the
numerical constant must be imaginary. Experimental
physics tells us we must set

(4,B)= (ih)'[4,B], (4.10)

where %=1.054X10"%" erg sec. From (4.10) it is but a
step to show that quantum Poisson brackets also satisfy
the Poisson-Jacobi identity :

(B, (Fo, o))+ (Fa, (F3,Fy)) + (Fs, (F1,F))
= — 1l %50 (F o FoF o+ F FoF,

—FF Fy—FyFF)=0. (4.11)

Combining (4.3) and (4.10) we have the familiar
result that an infinitesimal canonical transformation is,

in the quantum theory, simply an infinitesimal unitary

transformation:
F=F+6F=F+ih \[F,s]=UFU™, (4.12)
where
U=1—ih"1s, (4.13)
U-t=1+it%s. (4.14)

More generally, a finite unitary transformation in the
quantum theory will be expected to correspond in the
classical theory to a finite canonical transformation. It
should not be supposed, however, that the group of all
unitary transformations in the quantum theory is iso-
morphic with the group of all canonical transformations
in the classical theory. Such an isomorphism is pre-
vented from existing by the ambiguity in the definition
of the quantum analogs of general classical quantities,
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resulting from the noncommutativity of basic operators
such as ¢, p;. In general the most that can be established
is a mapping from one group into the other, which
becomes one-to-one only in the classical limit %—0.
However, in the special cases to be considered in this
series of papers, the ambiguity can be essentially re-
moved from all physically significant quantum analogs,
and a considerably stronger result can be established,
namely, that there exists a subgroup of the full unitary
group which is isomorphic to the group of all those
canonical transformations which have any physical
significance in the classical theory. This is an alternative
statement of the fact that the classical theory in every
case completely determines the corresponding quantum
theory.

In the classical theory a canonical transformation can
be regarded from two points of view, either as producing
a change in the value of a physical observable F, as in
(1.32), or as producing a change in the functional form
of the observable, its value remaining fixed, as in (1.35).
These alternatives have their analogs in the quantum
theory. In the classical theory a change in the functional
form is caused by a change of representation from one
set of canonical variables to another. In the quantum
theory the analogous change is in the represeniative
(o”|F|o’) of F as the representation in terms of basic
vectors |a’) is changed. The |a) are orthogonal eigen-
vectors of a complete set of commuting Hermitian
operators a;. If the a; are subjected to a unitary trans-
formation

&;= Ua-;U_l, (415)
the new operators &; will define an eigenbasis
|&)="U|a). (4.16)

If U is given by (4.13) then the resulting change in the
representative of F'is

5o |Flo)=(&"|F|&)— (| F|a)
= (| (U-FU~F)| )
= —it o | [F,s] ")

= —(a"[F|o). @.17)

It is to be noted that the eigenvalues & and o are
identical. Therefore here, just as in our development
of the classical theory, the use of primes will have the
effect of singling out particular values of the variables,
independently of the representation.

The generators of finite canonical transformations in
the classical theory have also their quantum analogs,
vi2., in the “transformation functions”

@’ @)/ (D)=(" MU/ (1))
=("(2)| U/ (2))

(4.182)
(4.18b)

between two sets of commuting Hermitian operators,
a;(1) and ;(2), which are related by a finite unitary
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transformation

Oti(2)= Uai(l) U (419)

Suppose the operators a;(1) and «;(2) are subjected to
independent infinitesimal canonical transformations:

a(1) =ai(1)+itLa:(1),5(1)], (4.20)
&:(2) = (2)+ih[a:(2),5(2)]. (4.21)

The corresponding changes in the eigenvectors |a/ (1)),
|/ (2)) will be

§la’(1))=—it"s(1) |/ (1)),
§le/ (2))=—it's(2) |/ (2)),

producing a change in the transformation function of
amount

5" ()] W)= (2) | [s(2)—s(D) ]|/ (1)). (4.24)

Equation (4.24) is the quantum analog of the theorem
at the end of Sec. 1.

In the problems usually considered (4.24) has an
immediate application in the dynamical theory, just as
(1.43) is applied in the classical theory to obtain the
Hamilton-Jacobi equations. For the more general sys-
tems at which the present work is aimed; however, a
slight modification of (4.24) will be necessary in order
that the normalization of the vectors |o/(1)) and |&/(2))
be permitted to undergo desirable variations. We simply
call attention to this fact here, postponing fuller discus-
sion to the next section.

The question of normalization arises in the represen-
tation of an arbitrary state vector |) as a superposition
of eigenvectors |a’), which is possible owing to the
completeness condition on the operators a;:

(4.22)
(4.23)

= [ leriate'1v), (.29

where /'do’ indicates an integration and/or summation

over all eigenvalues o’. The “volume element” do’ will -

generally contain a density function which serves to
adjust the normalization. An explicit expression of the
normalization is obtained by multiplying (4.25) on the
left by (&’’|, which leads to
@’|a)=08(a" ), (4.26)
where
[oarars@ra=sen, @

for arbitrary f(<).

5. QUANTUM DYNAMICS AND THE COORDINATE
REPRESENTATION

Continuing the sequence of analogies to classical
theory, one may base quantum dynamical theory on the
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Dynamical postulate:

The temporal behavior of the operators representing the
observables of a physical system is determined by the
unfolding-in-time of a unitary transformation.

The infinitesimal generator of the unitary transforma-
tion —i-+6¢ will have the form s=—Hét where H is
the quantum analog of the classical Hamiltonian, as-
suming it can be unambiguously defined. The time rate
of change of any physical observable will then be given
by the quantum form of (2.3).

F= (ih)~\[F,H]40F/ét.

In order to discover the appropriate quantum form
for a given Hamiltonian it will be necessary to study
the basic operators out of which it is constructed, in
particular the operators ¢¢, p; corresponding to the
classical coordinates and momenta. These operators
must satisfy the commutation relations

(5.1)

Lg,¢"]1=0, (5.2)
[qi,Pj]= ihaji) (53)
[p:,pi]=0, (5.4)

corresponding to the analogous classical Poisson bracket
relations. Equations (5.2) permit us to choose the ¢*
as a set of Hermitian operators defining a complete
eigenbasis. A normal notation for expressing this

would be
¢Old D)= D¢ ®), (5.5)

where the dependence of the ¢* on the time is explicitly
indicated. However, since the prime singles out a par-
ticular eigenvalue of ¢, independently of the time, it is
more convenient to make the replacement

ld@D)=1q'0),

¢lg' H=q"q¢ ), (5.7)

making the dependence of ¢? on ¢ explicit only when it
is necessary to avoid confusion.

We now assume that a nafural metric is defined in the
space of the ¢?, and choose the normalization of the | ¢’,t)
according to?®

(5.6)
and write

(" tldn=8(q"¢ 1, (5.8)

where

fmmmmwmﬁwx (5.9)

for arbitrary f(¢"), d,¢’ being the invariant volume ele-
ment. The notation reflects the fact that the metric,
and hence the normalization, may change with time.
The explicit form for d.g’ is

dig'=g(q' dg'*- - -dg'™,

15 The development here follows a previous paper: B. S. DeWitt,
Phys. Rev. 85, 653 (1952).

(5.10)
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where g(g,t) is the determinant of the metric tensor.
This implies
3(¢",g N=g*q"Dé(¢"—q) (5.11a)

=g ¢ ,08(¢"—¢), (5.11b)

6(¢"—¢') being the ordinary #n-dimensional delta
function.
From (5.11) one may obtain the formal identities

(¢""—¢'98(q" ¢ 1) =0, (5.12)

a / /
5*”—,5(61 ')
q 7

] 190
=——08(¢",¢' ) ———{Ing(¢’,) (¢",¢',1), (5.13)
aq’t 29q"

) p)
(¢"— q’“’)g-,,;ﬁ(q”,q’,t) =— (q’”'—q"');;f3 (9", ,t)
q q

= 5115 (q”)q’yt) .

From these identities it is easy to obtain the representa-
tive of the operator p; in the coordinate representation,
the representative, or “matrix element,” of ¢* being

< N’t qi ’7t>= ,ié(q”,q,7t> = ,lia( /’7 ,’t) M (5'15)
q q q g o\g 9
Taking the matrix element of (5.3), we get

(5.14)

ihd;%(q" ,q' 1) = f "t g " 0q"" | il ')
—(q"tpil ¢ g 1 ¢l ¢ 1)) dug""
=(¢"—¢'){q" t| pil g 1),
which, in view of (5.12) and (5.14), implies

<f]//;t | leq,’t>

(5.16)

a
= —ili—25(q",¢ )+ Fi(q"08(¢",¢' D), (5.17)
aq’
where the F;(g,?) are certain functions of the ¢* and ¢.

Alternative forms of (5.17) are

<¢I">¢|Pit Q';t>

d
=g“5(q”,t)[—iﬁa-Z?—I-Gj(q”,t)]‘S(q"—q’) (5.182)
q

d
=g“*(q",t)[iﬁb—,—,+Gj(q’,t)]5(q”-Q')» (5.18b)
q 7

where

Gj=Fj+%iﬁa(lng)/6qf. (519)

The commutation relations (5.4) will impose restric-
tions on the functions F;. Taking the matrix element

387
of (5.4) and using (5.18), one gets
0= [ (@ alpdg" X" il

—{g"tlpsl g (g | pil g D)

9?2 I} d
- ~%<q",z>[h2 G )G )~
aq""“aq/’ aq'i aq/,

+Gi(q" 1)G;(¢' ,t) —h? - +ihGi(q t)i

7 b J b aq”faq’i k] ’aq"i

0
6,0 )—— Gl G (¢~
q %

a a
B _ih[a ” -Gf(Q",f)—5‘7],01'(9"#)]5(9",?',1)
g q

9 F)
= —iﬁ[ Fi(¢" ) ———F f(q”,t)]é (¢"¢1)  (5.20)
6q”i aqn,-

which implies?®
F;=09F/d¢ (5.21)

for some function F of the ¢¢ and ¢.
A final restriction on F is imposed by the Hermitian
condition on the ;. We must have

(@t pil g 0* =g 1 psl g",0)- (5.22)

Insertion of (5.17) into (5.22) and use of the identity
(5.13) yields the condition

Fi=F+1ih Ing, (5.23)
which implies that F has the form
F=—&—2i% Ing, (5.24)

where ® is some real function of the ¢ and #. The de-
pendence of the representative of p; on ® may be re-
moved by performing the unitary phase transformation

Pi= e (UMNp M= p L 5d/dqi, (5.25)

or alternatively by redefining the basis vectors accord-
ing to

g/ t) = (g ). (5.26)

The transformation (5.26) simply changes the phase of
the eigenvector |¢’,t) by the amount #~%b(¢’,). Since
this phase was arbitrary to begin with, we may assume
that the adjustment (5.26) has already been made and
write the representative of p; in the standard form

<q”’tlpilql)l>

o 1 o
= —ih[ ~I——[ lng(q”,t)] ]6(4",9’,0-
aqlli 4 aqlli

16 There is no difficulty in defining the derivative of an operator
function of commuting variables.

(5.27)
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A more conventional representation of the g% p; is
in terms of differential operators acting on the repre-
sentative, or ‘“wave function”

¥(g,0={(qt|¥) (5.28)

of an arbitrary state |¢). The differential form F, (') of
an operator F is defined by

Fo (g V)={qg V' [F(t)|¥), (5.29)
and in particular,

To=q" (5.30)
pig=—18[3/9¢'+%(Ing"),]. (5.31)

Here we use the abbreviations
=10, (5.32)
f.=49f/d¢’, (5.33)
J=0f(g /9", (5.34)

where f is an arbitrary function of the ¢° and ¢. The
prime is henceforth understood as occurring on the ¢’
and ¢ together unless otherwise indicated. Repeated
differentiation is denoted by additional indexes after
the comma.

The assumption that coordinate space possesses a
natural metric means that special importance is at-
tached to point transformations in this space. We pro-
ceed to examine these transformations. Here we run
into a slight notational problem. In the classical theory
a point transformation is a canonical transformation,
(1.25). In the quantum theory we may expect it to be
describable as a unitary transformation:

§'=g'(g,)=Uq'U™ (5.35)
If we now follow our usual convention, according to
which a prime singles out a particular eigenvalue inde-
pendently of the representation, we shall have §’'*=¢’*
and |¢'f')=U|q ). But if we do this, a given eigen-
value will refer to different points of coordinate space,
depending on the representation; ¢’ will refer to that
point whose coordinate values in the new representation
are identical with the coordinate values of the original
point in the original coordinate system. This raises
difficulties in eigenvector normalization, since the nor-
malization condition (5.8) and (5.9), depending on the
invariant volume element, is designed to be independent
of the coordinate system chosen. Therefore, it is more
convenient to regard the prime as singling out a par-
ticular point of coordinate space!” and write

7'=q'(¢\t), (5.36)
!q"t/>= IQ'J'% (537)
¢l )=q"g\t). (5.38)

17 This also avoids difficulties arising from coordinate trans-
formations for which the spectra of ¢¢ and §¢ are not identical.
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Under a point transformation the determinant of the
metric tensor transforms according to

g=9q/84|%, (5.39)

where |dg/9¢| denotes the coordinate Jacobian. There-
fore

Ing=Ing+2 In| dq/aq|, (5.40)
and
(Ing),i=d(Ing)/3q'+2| 83/0q| 3| 0/ /0q*
= (9¢1/8q%) (Ing), ;+2(3q7/ g%, ;. (5.41)

Equation (5.41) may be used with (5.31) to obtain the
point transformation law for the momenta:

Pig=—1h[3/3q 4% (Ing’), ]
=—i#(dq'7/3q')[3/dq'+%(Ing’), ;]
—31h(3¢"/9q"%), ;
(5.42)
(5.43)

=3{piv, 99'7/97"%},
pi=3{p;, 9¢°/0q°},

where { } denotes the anticommutator. Equation (5.43)
is the quantum generalization of the last of (1.25). The
symmetrization effected by the anticommutator insures
that the transformation leaves the Hermitian character
of the p; unchanged.!8

An infinitesimal point transformation is given by

or

U=1—%it{p.,5¢%}, (5.44)
§i=UqiU—'=gi—dq’, (5.45)
fh’= UPiU_1=Pi+%{?j;5qj- ’5}7 (546)

where the 6¢* are arbitrary infinitesimal functions of the
¢’s and ¢ [see (1.31), (4.13)].1 The vector U(#)|¢' V)
is an eigenvector of (') corresponding to the eigen-
value ¢’%. This eigenvalue refers, in the coordinate sys-
tem §, to a point which in the coordinate system ¢ has
the coordinate values ¢'*+8¢"%. Therefore U(V)|q¢',t)
must be proportional to the eigenvector |¢'+d¢’,t’):

U)|q't)y=A"q+8¢ ). (5.47)

The proportionality constant A’* is not necessarily
equal to unity since the operator U refers the normaliza-
tion back to that obtaining at the point ¢/, whereas the
normalization required at the point ¢'+8¢” will generally
be different. 4’ is readily evaluated by considering the

18 Any other method of symmetrization would lead to the same
result. For example, one might expand d¢’/9dg’ in a power series
in the ¢’s. The operator p; could then be inserted between the ¢’s
in any symmetrical fashion in each term of the series. The result
of commuting p; symmetrically to the left and to the right through
the ¢’s would be to produce two terms proportional to % which
cancel each other, leaving (5.43).

19 The unitary operator describing a finite point transformation
has the general form U=exp[—3:%{p;,A’}] where the A? are
finite functions of the ¢’s and ¢.
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representative of an arbitrary state vector |¢). We may
write

A [)+-8g"0(g' ¥ [¥)/8q")
=A"g 48 1 [9)={d ¥ [U () |¥)
=g ¥ ) +3i7 gV [{padq’} |¥)
= (¢ |¥)+5q"9(g" V' |¥)/d¢""
+300¢"% i+3(Ing’), dg" UV [¥).
Comparison of the first and last lines shows that
A=1+46¢%;, (5.49)

where the dot followed by an index denotes the covari-
ant derivative. The physical meaning of (5.49) is quite
clear. If the points of any small region of coordinate
space are subjected to displacements d¢¢, the volume of
the shifted region is increased by the factor 4. Volume
is conserved only if the displacements are divergence-
less. This applies specifically to the displacement of the
invariant volume element, which is effected by the
operator U.

A similar situation exists in regard to displacements
in time. The appropriate unitary operator in this case is

V=1+itHot, (5.50)

where &8¢ is an arbitrary infinitesimal function of the
time. The vector V(#')|¢’,/') is an eigenvector of the
operators V (#')q (') V—(¢') = ¢*(¥'+6t’) corresponding to
the eigenvalues ¢'%.?° Therefore

V()¢ ¥ )y=B" ¢ +dt'). (5.51)

The normalization constant is determined in this case
by the representatives (5.15) and (5.27) of the ¢’ and
s, respectively, and by the relation
8(q" ' t+o0)=0(g",q' 1) +8t05(q",q,t) /3t
=[1—%6i0 Ing(q",8)/0¢16(¢",¢',t) (5.52)
which follows from (5.11). We have first of all
" tg®1g0
=" VOV OFOVOV )0
=B¥(q" ) B}(q' ,1){q" t+0t| g*(t-+6t) | ¢’ t+61)
= B¥(¢",1) B¥(¢',)¢"" %8 (q" ¢ t+1)
=|B(¢",0)|[1—35t0 Ing(q"”2)/ot]
X{g"tlg' ) ¢ 1),

(5.48)

(5.53)
which implies

B=1+[%d(Ing)/dt+ 2iw )¢,

20 These eigenvalues are the coordinate values of a point at the
time #'4-84’. A point at the original time # having the same coordi-
nate values ought not, strictly speaking, to be called the same
point, because (a) we have permitted the use of “moving”’ coordi-
nate systems by allowing our point transformations to be time
dependent, and (b) we have admitted the possibility that the
metric structure of the coordinate space may vary with time.
Under such circumstances it becomes somewhat meaningless to
compare two points at different times.

(5.54)
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where w is some real function of the ¢’s and ¢. Secondly,
<q”,t l bi (t) l Q':t>
=—ihB¥™(¢" 1) B}(¢',1)
a 1 9

X {———+~' " lng(quy t+5t)] |5((I", qu t+6t)

aqlli 4 i aqlli

1 )
- Ing(gyt l
aqllq; 4 >aqllq,

X|B(q)[6(q", ¢, 1-+81)

=

Ia Y 9% Ing(q¢" 1) o
+1ﬁ[ —B¥(¢" ) — $o————— ]6(9 7' )
¢ atag"t .

dq
=(q"t|ps(t) | 1)

+hot dw(q” 1)/ 3¢ 16(q",q' ),  (5.55)

which implies
(5.56)

We may set =0 by introducing a new representation

t’
|q',t'>=exp(i [ )i

Since w is simply a numerical function of the time, this
transformation leaves the representatives of the ¢%, p,
unchanged, and we assume it already to have been
carried out.

The change in the representative of an arbitrary state
vector |¢) under a displacement in time may then be
expressed in the form

(g 0ot |[¥)=B=Hg /' |V [¥)
=[1—-%(0Ing'/a)t" Kg' V' |¥)
+ (@)~ W [HE) )3, (5.58)

which leads to the Schrédinger equation for the wave

function,
ity (g ) =Ho (W7 1), (5.59)

the dot followed by a ¢ denoting conservative differentia-
tion with respect to the time:

V.= 9/3+1(3 Ing/ 0. (5.60)

When the metric is allowed to vary with time such a
modified derivative is required in order to insure con-
servation of probability, as expressed by the time in-
variance of the integral

w, i-_-O.

(5.57)

[ @yt =wiv: (5.61)

We may finally write down the appropriate general-
ization of (4.24) for the case of the dynamical trans-
formation function {¢",#"’|¢,t’'). Using the symbol 8 now
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to denote the operation
W=y 60+ 398¢° i+ .0, (5.62)
we have
8g" " g )y =itg" " | [5{pa(t"),0¢' (")}
—H(")ot"—3(p:(1) 0q (1)) +H()ot | ¢/, (5.63)

which has an obvious analogy with (2.8b).

It is possible to push the analogy even further by
introducing a quantum analog for the classicalaction
function. This is done with the aid of the concept of
well-ordered operator functions.?! Let f(¢”,¢’|¢,/') be
an arbitrary function of the ¢”, ¢/, ¢/, #'. The operator

Flq@), " [q(#),¥)
= f dvq” f dug'[¢" Q" [ H)g ], (5.64)

is said to be the well-ordered operator form of
F@" g, I f(¢" | ¢ ') can be expanded as a
power series in the ¢'’¢ ¢’% its well-ordered operator
form is obtained simply by replacing the ¢’% ¢’%, re-
spectively, by ¢(t’), ¢’(¥) in a time-ordered fashion.
Any operator F may be expressed as a well-ordered
operator F(q(¢"),t/"|q(¢),'), the associated function
being simply its matrix element:

("0 g ) =Lg" V" |Flq ).

In practice a given operator is generally expressed in a
form which is not time ordered to begin with. To obtain
it in its well-ordered form it is necessary to take into
account the commutation effects of permuting its vari-
ous components.

The quantum analog of the classical action is the
well-ordered operator form of a function $(¢”,t"|q’,t')
defined by

<q”,t” | ql7t,>= (gllgl)._% exp[ih—lg(qﬂ,tﬂ ‘ q,,t/)]‘
Using (5.62) one has
g 1" ')
=it [ (88/0q")oq " i—Lihoq'"i - (08/91")51
+(98/9q'9)6q —yihdg": i+ (98/91)8 Kg" " | ¢',)
=/L'a—}<qll,tll I [Bs(q(t//),tll ' q(tl),tl>

(5.65)

(5.66)

—Lihoqt (1) —%ikdq ()] ¢ ). (5.67)
Comparison with (5.63) yields
pit")=9(g (") 1| (V) ) /0g (¢,
W):_as@(w),mq@),t/)/aqi(m,} (568)
H("y=—o8(q(t") " | g () 1) /a1,
H()=08(q(") 1" | g(t) 1) /3¢, } (5:69)

which are the analogs of the classical Hamilton-Jacobi

#P. A. M. Dirac, reference 14, §32. This famous section of
Dirac’s book has been phenomenally fruitful in its stimulation of
the modern developments of the action principle.
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equations. The derivatives on the right-hand sides must,
be taken with 8 in its well-ordered form.

The operator 8 is generally non-Hermitian, in spite
of the fact that its variation 88 7s Hermitian when the
displacements 8¢* are chosen independent of the ¢’s so
as to commute with everything. In his development of
the theory of quantized fields from a single dynamical
principle Schwinger* assumes the existence of an Her-
mitian operator S which, when its components are
ordered in some prescribed manner, possesses the same
variation as 8 with ¢-independent 8¢%. From the compo-
sition law

6<q/l’tll ! qut/>= fdt”,qlll(5<q//’tll | q”,,t”’><q/”,l”’ } g/,tl>

+<q”,t” { q”/,t,”>6<ql”,t"l I ql,t’>>
zih—1<ql17t11[ [6S(q(t//),t“ I q(t”/),t”/)
+88(q(t") " [¢@),1) ]l ¢ 4.

Schwinger infers that .S may be chosen so as to satisfy??

(5.70)

S<tlllt/)=s(tl/lt///)_*_S(lll/”I), (571)
and hence may be expressed in the form
g
S| )= f L, (5.72)
¢

where L is a quantum analog of the classical Lagrangian
function. While such an operator certainly exists in the
cases Schwinger considers, namely, interacting fields
possessing a Lagrangian which never involves any one
field more than quadratically, it is questionable, because
of operator ordering complications, whether the same
is true for the nonlinear systems of primary interest in
the present investigation. The difficulties will be ap-
parent after we have constructed the explicit Hamil-
tonian operator for a special case.

6. SPECIAL SYSTEM

As stated in the introduction, the prototype for the
systems to be covered by the present analysis is the
system consisting of a nonrelativistic particle moving
in a curved space of # dimensions. The Lagrangian for
this system has the general form

L=3gi0° ¢+ aid’—v, (6.1)
where the g;;(=g;), a;, v are functions of the ¢’s and
possibly also of the time ¢. In the case of an actual
particle moving in three dimensions ¢; and v may be the
vector and scalar potentials, respectively, describing the
effect of an impressed electromagnetic field. In general,
however, a; and v will not have such a specialized
significance.

22 The operator § does nof satisfy a relation of this type, although
its variation does.
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The form (6.1) embraces (at least approximately) all
known physical systems which satisfy Bose statistics
and possess a classical analog. It may be regarded as an
invariant under point transformations,?

7'=q"(q), (6.2)
provided one imposes the transformation laws
d¢* 9¢'
Gis=———"8k1, (6.3)
aq" 9’
aq’ 0q*
Gi=—o a,-f—g,k-——) (6.4)
aq* ot
agt agé 8qf
I=v—a——3gi— (6.5)
ot a! at

The form is also invariant under phase transformations

L=L+d®/dt, (6.6)
provided ¢; and v are made to transform according to
ai=a;+9,;, 6.7)
b=1— 0D /0L. (6.8)

The equations of motion which follow from the
Lagrangian function (6.1) are

qisq’+ ki 147 q*+ (9gis/0t— fi) ¢

+(~)a,~/6t-|—v, i=0; (69)

where
Lik,i]=3%(gi, s+ gar, i— &in, 3), (6.10)
fi=a;,i—ai, ;. (6.11)

These equations are evidently invariant in form under
point and phase transformations. In the cases of greatest
interest, which will eventually be studied in this series,
there exist also other groups of transformations under
which these equations remain invariant. When such
other transformation groups exist the matrix (g;) is
generally singular. We do not consider these cases in
the present paper, but assume that (g;;) is nonsingular
and possesses an inverse (g¥) satisfying

gikgkj—_—aji. (612)
For a particle moving in a curved space, g;; is the
metric of the space (up to an arbitrary constant factor).
We extend this interpretation and assume quite gener-
ally that g;; is the natural metric for the space of the ¢,
even when the ¢¢ are field amplitudes, nondenumerably
infinite in number. Thus we may therefore eventually
be dealing with the Riemannian geometry of a space
having a nondenumerable infinity of dimensions.

23 Tf the point transformation is expressed in the form §*=g(q,?)
then the derivatives d¢’/d¢ may be replaced by — (9¢%/dg’)9¢’/ ot.
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The momenta of the canonical formalism are given in
the present case by

Since (g:;) is nonsingular these equations may be solved
to express the “velocities” in terms of the momenta:

§'=g"(pi—a;). (6.14)
The Hamiltonian then becomes
H=piji— L=3g%(p;— a;) (pj—a;j)+v.  (6.15)

The action function S(¢”,#’|¢’,) may be obtained
either by solving the equations of motion (6.9) and
substituting into the integral /" Ldt, or by solving the

Hamilton-Jacobi equations

aS 1,145 aS "
_7+§g 1( Ili_a )( 5 —a
ot aq aq'"

as ( S a’i)(——““ )+7,_0 (6.17)

____..+ 1g/u
ot
We assume that the g;;, a;, v together with their first
and second derivatives are continuous functions of the
¢* and ¢. The quantities appearing in (6.16) may be
expanded about the point ¢,/ giving
St q' )
= "=y (g =) (g ¢
15 (& it g i it g i) (¢ =) (¢ = ¢'7)
X(¢"* ="M+ /12 [g sj mit g im 158
F&' w1, it 8 v, ot g iw a— g ™ (Ligym ] (ki)
+Likm] [ +[il,m] [ jkn])]
X (@~ (¢ =D~ —¢)
+o(ql1_ql)5}+a/,i(qlli_qli)
HH@ 0 005/ (¢ = ¢ ) (=)
_ (a"'a',-—l-v’) (tll—tl>+0(q”—q/)3
ol =) ("~ g) ot~ 1),
where o= gia;.
As a preliminary to the quantum-mechanical de-
velopments of the next section it is useful to examine
the present system from a statistical viewpoint. Suppose

we have an ensemble of a large number N of such sys-
tems, all identical, described by a distribution function
f(g,p,t) such that Nf(g,p,t)dq*- - -dqdp,- - -dp. repre-
sents the number of systems having coordinates in
the range dg'---dg" at ¢ and momenta in the range
dp1- - -dpy at p, at the time ¢. Since dg'- - -dgdp,- - -dpn
is a canonical invariant® and since the number of sys-
tems remains constant, f(g,p,/) must have vanishing
total time derivative. Written in the form

(f,H)+9f/9t=0,

becomes

)+v”—0 (6.16)

dq’

(6.18)

(6.19)

this statement Liouville’s conservation
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theorem.?* It may also be written in the integral form

f fgpt)dg- - -dgrdpy- - -dpn=1.  (6.20)

Instead of asking for the number of systems in the range
dg'---dqmdp:- - -dp., and thereby specifying the tra-
jectories of these systems by means of initial conditions
q°, ps, one may also ask for the number of systems having
trajectories specified by means of certain end-point
conditions. Thus, one may work with a function
F(q" V"¢ V) such that NF(¢"t"|¢ ,)dvq"dvq repre-
sents the number of systems having coordinates in the
volume element d;/¢’ at ¢, ¢’ and in the volume element
dyq” at ¢”, . From (2.8b) and (5.10),

F(q’l,t,l ‘ ql7t/>

=¢"D(" " ¢ ) (g ' (¢ ¢ ) E), (6.21)
where
pg" g ) =—aS(q" ' |¢ t) /¢,  (6.22)
D= |Djil, (6.23)
o' PRy
D;; = (6.24)

=aq//,'— n(?q"faq'i.

The determinant D, which is simply the Jacobian in-
volved in changing the specification of the trajectory
from the variables ¢/, p’ to the variables ¢/, ¢”/, was
first introduced by Van Vleck.? It satisfies an important
conservation law, namely,

aD/9"+3(¢"D)/dg" =0,
q‘IIiEg//ij(P/Ij___ a/"j) :g//z][(aS/aq//])_(Ll/j]’
which follows from the insertion of (6.21) into the
necessary conservation law

(6.25)
(6.26)

gfl——%a (g/I;-F)/at//_{_gll.—‘za (g//%qlljb‘)/aq//iz 0’ (6.27)
together with use of the identity
ap'i/ot"+q"ap’i/9¢" =0, (6.28)

which can be obtained either by differentiating (6.16)

2¢ Liouville, J. math. 3, 349 (1838). Any distribution function
may evidently be used to generate an infinitesimal canonical
transformation which changes trajectories into trajectories. The
resulting change may be described as a “rotational’” displacement
of the phase-space trajectories in the regions where the distribution
function is nonvanishing. Since an actual distribution function is
never negative the “rotation” is always in the same sense.

2 J, H. Van Vleck, Proc. Natl. Acad. Sci. 14, 178 (1928). This
delightful paper extends the central idea of the WKB method and
shows explicitly how quantum mechanics with its statistical inter-
pretation passes asymptotically to the classical theory in the
Correspondence Principle limit #—0. Van Vleck considers the
general case in which the variables ¢’%, p”; are referred back to an
arbitrary canonical set o/, 8’ and not merely to the ¢’¢, p’;. If the
a' are chosen as the action variables for a multiply-periodic con-
servative system, the asymptotic equivalence of the stationary
state matrix elements of an arbitrary operator to the Fourier
amplitudes of the corresponding classical quantity then follows
immediately from his work.
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with respect to ¢’/ or by observing that the p’; may be
regarded as constants of the motion, i.e., the fixed values
of the momenta at an initial time ¢/. Equation (6.25)
may also be derived directly, without appeal to the
conservation law (6.27), by differentiating (6.28) with
respect to ¢’’%, multiplying by D~/ where

DYkD =655 (6.29)
and using the theorem
[A]7%8]|A|=tr(47%4), (6.30)

which holds for an arbitrary nonsingular matrix 4. In
this way one may derive (6.27) instead of using it as a
starting point.

If the Lagrangian (6.1) is regarded literally as de-
scribing a particle subject to forces derived from vector
and scalar potentials in a curved n-dimensional space,
then the distribution function F(q”,#""|¢,t') describes
the motion of an ensemble of such particles. If
F(g"t"|q ') is nonvanishing only over a small range
of the variables ¢’* and ¢'’%, then the ensemble has the
form of a cluster or “packet,” the motion of which
approximates that of a single particle. The density of
particles in the packet is Np"" where

p=plg" V)= f (" g )deg', (6.31)
satisfying the conservation laws

f A’ =1,  (6.32)

g 2a(g" ")/ 0"+ ({0 m).=0,  (6.33)

where the dot denotes covariant differentiation with
respect to the ¢”’%, and where

p"{¢" = f §""Fdyq . (6.34)

In the next section we shall need the first few terms
in the explicit expansion of the Van Vleck determinant.
Using the expansion (6.18) one finds

Dji= (" =) g s+ [jkiY (¢"*—q'*)
Lkl i+ [g,0] o +-[R7i
— g (Cigm )[Rl +Cikym Y [1j,n )
+Litm ] [jkn])]
X (¢"*—q")(¢"'—¢')+o0(¢"—¢)%

+3(0g' /0 + i) F0(g" = ) +o ("), (6.35)
Then, using the matrix theorem
JA+B|=|4]|]14+471B|

= |A| (1 +tr (4 B)+3[tr (4—B)
—3tr(4'B)2+---}, (6.36)
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which may be obtained by replacing 4 by 1447'B in
the integrated form of (6.30),
| 4| =etma, (6.37)

and expanding both the logarithm and exponential,
one finds

D(q”,l"]q’,t’)
— (tu_t/)_ng//;g/;.{1+%Rlﬁ(qui_ q/i) (QN’.‘_ q/,)
+o(q"—q)*+o[ (" =1)(¢"—¢)]

+o(t"—1)?%, (6.38)
where
Rij': - g“Rik;’l
Ririi=%(gij, ko—giv, ki— &rs, i+ &1, i7)
+gmn (LigymLkim]—kjm]liln]).  (6.39)

The Rii;; are the components of the Riemann lensor.
We have defined R;; in such a way that the scalar
R=giR,; (6.40)
is positive for a space of positive curvature.
In (6.38) terms linear in (¢’i—¢’%) and (#'—¢') inside
the curly brackets have been removed by replacing the
factor g/, which would normally appear in front as a

result of a straightforward application of (6.36) to
(6.35), by the factor

glgt=g[14+¢ (g, «(¢""—¢"
_i_gl_%(agl*/atl) (t”‘_tl)
+3g 74, u (" =g =g+ -], (641)
and noting that g"~*(g'%), ;=3¢'7*¢ i1, i, etc. The resulting

more symmetric form for the Van Vleck determinant
emphasizes the symmetry relation

D(q/,)tl, [ q’,tl) = (_ 1) ”D(ql,t, l q”?t/,)? (6'42)

which is a necessary consequence of (2.12). A corollary
of (6.25) and (6.42) is the conservation law for a packet
moving backwards in time:

aD/ol'+9(¢'*D)/dq'=0. (6.43)

7. FEYNMAN QUANTIZATION

In this section we adopt an approach to Feynman’s
theory due to Pauli,? which is based on Van Vleck’s
work.?® We introduce the following structure,

(g g )e= (2min)~ing"" DY (q" " | ¢ 1) g
Xexp[i#1S(q" " |¢' )], (7.1)

and then show that it can be used to define the exact

26 This may be verified by direct computation for a spherical
surface. In defining the Riemann tensor there are nearly as many
conventions as authors. Expression (6.39) is, for example, the
negative of the tensor defined by Bergmann [P. G. Bergmann,
Introduction to the Theory of Relativity (Prentice-Hall, Inc., New
York, 1946), Eq. (11.39)].

27 W. Pauli, Feldquantisierung, lecture notes, Ziirich (1950-
1951), appendix.
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quantum transformation function in the limit #'—#'.
Expression (7.1) is an invariant under point trans-
formations and, moreover, satisfies the relation

@0 gV)*=(g Vg ") (7.2)
in virtue of (2.12) and (6.42). Next we show that
lim ("' )e=5(g" ). (7.3)

11—t

To do this we first compare the action function
S(q"#" ¢ t') with the action function So(¢”,#"’|¢’,¢') for
the same system with ¢; and v set equal to zero and
gi; rendered time-independent. The expansion of
So(q”’#"|¢'¥') involves just the portion contained in
the curly brackets on the right-hand side of (6.18).
Therefore
S(g" " g 1)=Su(g"t"|¢'t))

+o(g"' =) +o("=1), (7.4
D(¢" V"¢ 1) =Do(g" V" |¢ )[40 (t"=1)]. (7.5)

Moreover, since the Hamiltonian function Ho=%g%po.po;
is a constant of the motion for the modified system,

So(g" "¢ ) =5 ("= 1)g"p'0ip’os. (7.6)

Therefore, noting that as #’—1’ the p’y; become infinite
except when ¢"”i=¢'* (for all ), we may write, for an
arbitrary function f,

lim

NNy

f deq" f(g) "1 gt )e

— t},in},(z,m'h)—énfdpfm. . 'dﬁlonf(l]”)g"%

XD g ¢ =T+ o(g"— )+ o'~ )]
XexplitSo(g" " |41)]
[/ — 1) /2wif g (g

Xf exp[5ih (1" —1)g"ip’ 0ip’ o]

Xdp'or - -dp’on
=f(4),

from which (7.3) follows.

The next step in the identification of {¢",¢"|¢’,t'). is
to show that it nearly satisfies a Schrodinger equation.
Using (6.16), (6.25), and (6.38), one finds

g | q Ve —Hor (0)(q" 4" | ¢t )e
=42 tD40[g" g0 (g"AD) /og" 1]/ 0¢'"
X(E" L |¢0)e
=R +o(g" =) +o(t"=))g" " 14 )e

(1.7

(7.8)
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where the operator H - (#'’) is defined by

0 oy oY
Ijq"(t/’)¢E _%hzgu_; '(g//;;g//w : +iﬁd“”‘ .
aqlli anI] aqllz

J
+ [%iﬁgu_%WT <g1/-.}dllz‘)+_%a//ia//i+ vll]¢, (7'9)
ag

when acting on an arbitrary wave function y(¢",t").
With the help of (5.31), which can be rewritten in

the form . '
(g*pig ™y =—1hd/3q", (7.10)

one sees that H,.(¢) is the differential form of the

operator

H=3g%(pi—a)gig" (p—a)g v (7.11)
If it were not for the term on the right-hand side of
(7.8) this operator could immediately be identified as
the quantum analog of the Hamiltonian function (6.15)
for the system (6.1). Because of this term, however,
the quantum theory that one arrives at by applying
the Correspondence Principle via (7.1) is determined
not by the operator H but by the operator

H, =H-+7;7*R. (7.12)
That is, in virture of (7.3) and (7.8), one has
lim (/=)7L " | ¢ t)e=<g" ¥ |V )+ ]
tll__)tl
J
= lim —{{¢""|¢'¥)e={¢" 1" |¢1)+1=0, (7.13)
11—’ at

and hence
<qll7l/, I q,’t/>0= <q,l’il, | q’?t/>++0(t/l_ t,) 2) (7'14)

where (¢’,/'’|¢’,/')+ is the transformation function
generated by the Hamiltonian operator H,. We shall
discuss this curious result in further detail after develop-

ing the rest of the theory.
Let us first point out that the Schrodinger equation

it.o (¢ )= Heg (W (¢ V) (7.15)

is invariant under point transformations. This is obvious
if the point transformation is time independent, since
the right-hand side of (7.9) involves only covariant
derivatives and invariant combinations, and the extra
term 7572R’ in (7.15) is an invariant by itself. However,
the conservative time derivative on the left of (7.15) is
not invariant under time dependent point transforma-
tions ¢é= ¢i(g,!). From (5.60) one has

N +1(61ng)¢
¢"(q’t)=(5?)q a\ o /,

i o +1(81ng J
tkt(q,t)=(1§)g 4\ ot )5

(7.16)
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Therefore, from the relation
oy Ei'2 oy dg*
()2
/3 ottt , dqt ot

together with the transformation law (5.40) for Ing,
one may conclude that

(7.17)

%

q
V. (@) =g+, —
at

1 o ¢ 9%
+—[ (Ing), —+2— —
4 ot dq dgiol

].p. (7.18)

The Schrédinger equation (7.15) nevertheless remains
invariant, since, as one may readily verify, the trans-
formation laws (6.4) and (6.5) for a; and v add identical
extra terms onto its right-hand side.

The Feynman formulation of the quantum theory
follows from (7.14). If the transformation function is
broken up into infinitely many pieces by means of the
composition law

O
— f(q”,t” 1 q”,’t”l>+dt/'lq”/<q”,,t”1 | q’,t’>+, (7-19)

one may replace ( )+ by { ). in each of the pieces and
write

<q//’t//|qi’tl>+=N_)ETIAlt-‘)0 fdt(l)g(l) e

det(”"](m@";t”IQ(N)J(N)%' o

X<q(2)7l(2) | q(l)rt(1)>0<q(1>;t(1) IQ',’%: (720}
where At=max ("' —t@™ .. (D —g® 1Oy with
> > > > > ¢ From the expression (7.1)
for (¢"t'"| ¢’ ,t'). and the form of the expansion (6.18) for
the action, the (in the limit) infinitely multiple integral
receives significant contributions from the integrand
only when the differences ¢”i—g¢®Mi ...q@i—gM®i
gVi—g'? are of the order of (#Af)? or smaller. Therefore,
introducing the symbol = to denote equivalence as far
as use in the infinitely multiple integral is concerned,
and using the easily verified relation

[2min (1" =)} f dvq" f(g")(q" =) (q""—q")

Xexp[il'S(q",t"|¢'1)]

=ih("—1)g i if(g)+o(t" =)}, (7.21)
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one may write
Q" g e
=[2min (" —¢) T [1+5R ("' — ¢ ) (¢""—¢'7)]
Xexplst1S(q" " | ¢ ,¥')]
=[2mih (' — ) 1 +75hR (' —1')]
Xexp[i#1S(g" 1" | ¢ ,¥)]

= L2t (" — ) T4 exp[iliS_ (¢ ¢ ,) ], (7.22)

where S_ is the action function for a “classical” system
with Hamiltonian function H_=H—+#%?R and La-
grangian function L_=L+%°R:

S._(q”,t” l q,,t/) —_ S(q”,t” l q,,t,)+11—2h2RI (t”_'tl)
+o[ (" —1)(¢"—¢)].

The Feynman formulation now becomes

(7.23)

(q")tﬂ | ql:tl>+
ql/’t’/ t//
-f exp[m—l [ L_<q,q',z>dt]a[qj, (7.24)
a'\t i

where the symbols on the right-hand side are to be
understood merely as formal abbreviations:

[

q',t

= lim
N—w0,At—0

f...f[27riﬁ(t”_t(N))]—%ndt(N)q(N>...

X[ 2mik (1@ — W) Jin

X dyog® 2wt (10— )4, (7.25)
tl/
[ rwana
t’
i I g (V) ((N)
_ytm | LS-(g" 7 [gn )+
+S-(g®® gV M) +S_ (W1 ¢ 1)]. (7.26)

The formal ‘“functional integration” indicated in
(7.24) has been described by Feynman® as a ‘“‘path
summation.” According to his interpretation the trans-
formation function {(¢",¢""|¢,/')+ is to be obtained by
summing a complex amplitude over all possible paths
in ¢, ¢ space between the points ¢’, ¢/ and ¢"/, ¢”’. The
phase of the amplitude associated with each path is
obtained by integrating the classical Lagrangian along
this path. In the case of systems for which the equa-
tions of motion are linear it is found that the specifica-
tion of the path by means of intermediate points
g, 1. . g N “together with the requirement that
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the path follow a true classical trajectory between these
points [as implied by (7.26)] is actually unnecessary.
The functional integral can be evaluated purely for-
mally, without regard to its rigorous definition as an
infinitely multiple integral. The result generally contains
an unknown (infinite) normalization factor, which is
properly accounted for when (7.25) is used but which
always cancels out in the computation of any physically
measurable quantity. The situation will certainly not
be so simple in the general nonlinear cases involving
curved spaces, because of the occurrence of a variable
metric density in the volume elements d, wg® - - - d,ang¥),

The result expressed by (7.24) is even more curious
than the previous result following from (7.8). In order
to obtain the transformation function for a quantized
system having Hamiltonian operator H, one must use,
in the Feynman summation, the action corresponding
to a classical system having Hamiltonian H_. Whereas
Pauli’s formalism makes use of the Lagrangian L,
Feynman must employ L_ to get the same result. When
the author first discovered this phenomenon he thought
that he had made an error in sign [e.g., in (7.21)] and
that the occurrences of #5%2R actually cancel each other
when one passes from Pauli’s formalism on to that of
Feynman. A straightforward computation patterned
directly after Feynman’s original paper,® however,
demonstrates the reality of the phenomenon.?®

Instead of stating the result in a symmetric manner
one may also state it in the following forms: If the
Lagrangian L is used in the Feynman summation then
one obtains the transformation function (¢”,#" | ¢, )4+
generated by the Hamiltonian operator H, . =H+§#R.
On the other hand, in order to obtain the transformation
function (¢”#"|¢’,t') generated by the operator H one
must use the Lagrangian L__= L+3%%R (corresponding
to the Hamiltonian H__=H—¢#%R) in the Feynman
summation. If ¢ space is flat then, of course, all these
alternatives coalesce into a single theory. However, in
the general case with nonvanishing R there is clearly
an ambiguity in making the traditional passage from
the classical theory to the quantum theory. The scalar
curvature R is constructed out of quantities which
already exist in the classical theory, and it has just the
right dimensions, when multiplied by #2 to stand as a
separate term in the Hamiltonian operator. The choice
of a numerical factor to stand in front of #2R is unde-
termined ; all choices lead to the same classical theory
in the limit #—0. This, however, is the only ambiguity
in the quantum Hamiltonian.

That the quantum theory goes over to the classical
theory in the limit #—0 is particularly transparent in
the Feynman formalism. Thus, for example, in (7.24)
when % is small the only paths which make in-phase

28 J. L. Anderson (private communication).
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contributions to the formal sum are those which cluster
about that path between ¢/, ¢ and ¢”, ¢/ which makes
the action integral stationary, i.e., the classical tra-
jectory. A wave packet |¢(¢”,/’”)|? must move along
such a trajectory, the particular trajectory taken de-
pending on phase relationships in the initial wave func-
tion ¥(¢’,¢'). The Pauli formalism also makes this obvi-
ous, for one may write |(g",t"|¢',t')|*=|{¢" 1" |¢',t')|*
= (2rh)~"g"*D(¢" V" | ¢,t")¢' 7}, and, in virtue of (6.25),
this structure satisfies the classical packet conservation
law (6.27), which in the quantum theory is simply the
law of conservation of probability. This particular
structure corresponds to an “exploding” packet, which
initially has a delta-function form, with all values of
momentum equally probable. However, as Van Vleck’s
work shows,?”® there is no need to make the initial
specification in terms of coordinates ¢'¢; any complete
set of commuting variables will do as well, and hence
any type of packet may be specified.

The Feynman formalism provides a compact repre-
sentation not only of the transformation function itself,
but also of the matrix elements of arbitrary operators.
For example, let f be an arbitrary function of the ¢’s
and ¢. Then, adopting the choice H,; for the Hamil-
tonian operator, which results from the use of the simple
Lagrangian L in the path summation, we may write

@ g ") g )
— fdt”’ql”<q” t” | qlll t,”>-|—{—f(q", t”l)<q”1 tllliql t’>—{—|—

e
-

[ sawnem

q’,t
t//
Xexp[ifrlf L(q,q’,t)dt]&[q]. (7.27)
"

Here it is to be understood that ¢"”’, #/ is included

among the variable points used to specify the path:
g

f . d[q]

'

= lim

. 3 11 (MHNY) T—in
M,N—)w,A;_wf f[2mh(t ! )]

XdyorngMEN) [ Qi (pMHD — 17) [dn
)(d,mq'”[Z')riﬁ(t'”—t(M)):I—%"‘ .-
Xd gD 2mih ¢V —1) 4 (7.28)

Matrix elements involving the momentum may be ob-
tained in a similar manner. For example,
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@ B0} e
1
2_2_ fd:wq"'[(q",l”|ju(1"’)]q"',t"')++

Xf(q//l’t///) <q’”,l”’ | ql’ll>+++<qll,tll 1 q”,,ll”>++
XA NG" | p) g ) ]

1 pa’t
2 f Q@) 4" pe ")+ Bi(")]
a’t

2
Xexp[ih“f L(q,q,t)dt}é[:q]. (7.29)

Here one makes use of the coordinate representation
(5.27) of the momentum operator, and the identity
(5.13). The significance of the arrows in the final ex-
pression is obvious. The momentum at the point ¢’/ '
may be defined either with respect to the trajectory
coming from the past or with respect to the trajectory
going into the future:

‘p‘///i= —3S(q(M+1),¢(M+D lq"’,t"’)/aq””, (7.30)
B =05 (g " |10 ,100) fag " (7.31)
To obtain the symmetrized form involving the anti-

commutator, one must average the two.
A final example, in which the momenta appear

quadratically, is given by
@ L)) I s ) |

¢

. _ﬁ2fdi"’q”l<q/’ytu { ql”,t”l>++
X (f///i]‘<qlll’llll l ql’tl>+‘+‘]‘) i

—_ h2fdt,Ilqlllfl/l{,j<qll7tll l q”l,l/,/>—i—}-.i<q,”,t”1 i Q,,ll>++.j

e
=f (") fii(q(") ") pi(8)
q’, ¢
tl/
xexp[m—lf L(q,q',i)di}é[q]. (7.32)

Here a covariant integration by parts has been per-
formed,?® the dot followed by one or more indexes denot-
ing covariant differentiation with respect to the ¢’’’
It is now possible to derive Schwinger’s dynamical
principle directly from Feynman’s formulation. Re-
membering that Schwinger’s theory is valid in precisely
those cases in which the functional integrals can be
evaluated without regard to their rigorous definitions as

29 If one applies these procedures to the product of two or more
operators F ('), G(#'"")- - - which are functions of the canonical
variables taken at different times, then one obtains the matrix
elements of the time ordered product [F(¢""")G(¢'")- - - ], provided
the path summation is understood to be carried out only over
paths which contain no parts moving backwards in time.
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infinitely multiple integrals (and hence in which the
distinction between p; and p;, for example, is unneces-
sary), one may, in these cases, write purely formally

g" 1 g )

qll , tll tl/ ‘/ ’
=ikt f {5 f Ldt exp[ifrl f Ldt] ]6[(]]
q/' t/ tl tl
' / t,)

o 1
J,
the L in the final expression being the operator
Lagrangian.

In the more general case it is possible to write an
approximate expression for the well-ordered quantum
analog of the classical action function. From (5.66),
(7.1), and (7.14), we obtain

8+ (9",t" I qlatl)
=S(¢" "¢ t)—%in In[D(¢" 2" | ¥/ (2win)™]
o[ B2 (¢ —1)7].

(7.33)

ziﬁ..l(qn,tu

(7.34)
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The well-ordered operator form follows from this by
the method indicated in Sec. 5. In the case of a free
particle in one dimension we have exactly
8(q(#"),¢" 1q(#),1)
=3"—=0)"LP (") —2(t")g () +¢* ()]
Lt In[2win (' — 1) ].
The variation of this operator is given by

88= ("= 1) Lq(t")—q(#) JLoq(¢") —bg(+)]
—3(" =)L (") —29(")q () +g*(¢) 1 (60" —ot')
5 (=)L (68 —6t'), (7.36)
which, since [¢(¢"),q(#')]=—1h({""—¢'), is the same as
the variation of the operator

S ) =5("—1)"[g(")—q()

(7.35)

i

1
- f POdt, (7.37)

when written in the form indicated.



