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Feynman path integrals in a phase space are analyzed in detail. The analysis is based on the theory of operator
symbols, in contrast with the traditional approach based on the direct use of canonical commutation relations.
Particular attention is paid to the Weyl and Wick symbols, which are the most important in applications. The
set of paths on which the integral is concentrated is studied. It is found that these paths are always
discontinuous. This discontinuity is responsible for errors in certain papers on path integrals in a phase space.
The most important properties of the Weyl and Wick symbols are reviewed.
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INTRODUCTION

1) Method of path integrals

763

The method of path integrals plays a central role in

the mathematics of theoretical physics, primarily be-
cause of two circumstances: First, the path integral
is unusually graphic and versatile.
tum-mechanical quantity can be written as the sum of

With it, any quan-
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the effects of virtual classical paths. The simple de-
pendence on the Planck constant # makes it simple to
see that in the limit # —~0 the quantum-mechanical quan-
tity is determined primarily by a real classical path,
i.e., by a path which satisfies the principle of least
action. Second, the method of path integrals is very
convenient from the technical standpoint. It is a sim-
ple matter to use this method to construct perturba-
tion-theory series and semiclassical asymptotic ex-
pressions.

In this paper we shall work from the theory of opera-
tor symbols to analyze path integrals systematically.

2) Path integral in a phase space, operator symbols, and
guantization

The Feynman path integral in a phase spa,cel is
t

2 {Lae
J=se”' § M dp ) de (0. (1)
where L is the Lagrangian
L=H(p, 99— 2 prt

(within a total derivative), and H is the Hamiltonian of
of the system. The integral in (1) is evaluated along
one set of paths or another, depending on the problem
at hand. A[For example, to find the matrix element
(g2 |€®/™¥ |g,) we would evaluate the integral in (1)
along paths satisfying the boundary conditions g(0)
=q1,9(t) =q..]

What is the mathematical meaning of this integral?
In other words, how do we evaluate it?

According to one point of view, the integral in (1) is
simply a convenient hieroglyphic, shorthand for an al-
gorithm and perturbation theories.? This point of view
is too restrictive, On the other hand, the traditional
(Wiener) view of the path integral as an integral along
a measure in a function space runs into excessive com-
plexities here and is thus also imperfect.”

Another reason that the interpretation of integral (1)
from the standpoint of measure theory is unsatisfac-
tory is that it must also be suitable for systems of fer-
mions, and in this case the integration is carried out
over “anticommuting variables.” This approach is also
algebraic in nature and clearly is related to no measure
of any kind. Our own point of view is that the integral
in (1) should be understood as the limit of a finite num-
ber of approximations. But which approximations? It
has been shown previously® that the integral in (1) is
very sensitive to the choice of its approximations; the
resulting ambiguity is of the same nature as the uncer-
tainty in quantization. This is a fundamental point,
and we shall pursue it in more detail.

To specify the quantization means to establish a
common rule according to which each classically ob-
servable quantity f(p, q) is associated with a quan-

1) We note, however, that an approach to path integrals is
being developed at the present time on the basis of far-
reaching generalizations of the concept of a measure. See
Ref. 3 for a detailed discussion of the questions involved
here.
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tum-mechanical observable f, i.e., an operator ina
Hilbert space.z’ The correspondence f —~f should be
linear. In this situation the function f is called the
“gymbol of operator” /. Once this correspondence has
been established, an operation arises in the function
space which duplicates the product of operators: If
f,f1.f> are the symbols of the operators £, /i, », and
f=Ffs, thenf=£,*f,. The operation denoted by the aster-
isk, being bilinear in f; and f;, is specified by the inte-
gral®
fip, =Viefd) Py @)

= { Kn(p. ¢i P 05 oo 00 11 (P1s 90 f2 (P2, 00 4Py dpadgy dos.

2
The Weyl and Wick quantizations are the most impor-
tant for practical applications. The Wick quantization
is an extremely important tool for studying systems
with an infinite number of degrees of freedom.

3) Use of symbols of operators to construct a path integral

We denote by A some Hamiltonian and by H(p, q) its
symbol. At small values of ¢ we have

G @) =exp (ﬁ-f{ )=i +T'h—1§+0(t’).
The symbol of the operator G(¢) is thus
G =1+ H+0 () =etWE (140 (1) . 3

We denote by T(t) the operator whose symbol is U(z)
=expl(t /ih)H] . It follows from (3) that

Goy=00d+0@). @

Let us consider the operator identity G(¢) =(G(t/N))".
In it, we replace the operator G(//N) by the operator
Uit/ {J) As a result we find an approximate expression
for G:

én=(0 ()" ()
1t follows from (4) that limy.. G, () =G(). Since the

symbol of the operator U{(t/N) is known, we can trans-
form from operators to symbols in (5):

GN(t)=U(—;V)c...tU(-1—$—), (8)

Noting that the operation asterisk is specified by inte-
gral (2), we find an expression Gy as a multiple inte-
gral, G=1imy..Gy. An analogous construction can be

2) For example, with the product 5§ we can associate the
operator pj or the operator g or also the operator
(4 + 35)/2, where p and § are the ordinary momentum and
coordinate operators. R

%) The correspondence f —f is not completely arbitrary. The
principal requirement imposed on it is the correspondence
principle:

O lim (s 1) (pr D=f (s D2 By @)y @ lmA(fy o fa—ty o f)=— s .
h-0 h=0

wheref,, f is the ordinary product of functions, and [f,, f,]
are the Poisson brackets, All the other requirements im-
posed on the quantization stem from technical convenience.
(This definition of quantization is a particular case of the
more general definition proposed in Ref. 5. See also Refs.
6 and 7.)
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carried out in the case in which the Hamiltonian H de-
pends on f. Tobocman’s paper® is based on similar
considerations.

4) Scope of this paper

Expression (6) is the initial finite approximation of
the path integral (1). The functions X, in (2) are dif-

ferent, depending on the nature of the symbols, i.e., on

the quantization method, so that the integrals in (6) are
also different. It has been shown® that to take the limit
in a simple-minded way in (6) for the basic types of
symbols would be to erase the differences among them,
so that the result would always be the same {(and this
result would thus be correct only under certain special
circumstances).

In this paper we shall analyze the behavior of inte-
gral (6) in the limit N—=, We shall see that the limit-
ing expression has the original form in (1) only in the
case of Weyl symbols; in other cases, the expression
has certain added details, the most typical of which
is the appearance of integrals with a displaced argu-
ment in the exponential function in (1). For example,
the integral

t
§ Hpe+0), g ae ™
[

appears in place of the integral

1y

{HEO, 9@ @®

Nonintegral terms also arise in the exponential func-
tion in (1), taking different forms for different kinds

of symbols. After the correct expression for integral
(1) has been written, it is found that this integral is the
limit of finite approximations of a general kind, one of
which is (6). The approximation is constructed in the
following manner. We consider the Hilbert space
(11, t;) of paths with the scalar product

‘1

(Iv I)=Szz(t)dtv Z=(Pyy +vvr P> Q11 oo s Qn)- IZ=Z(P?+43)-

L 1Y
)]

In 9t,, t;) we consider a sequence of nested finite-
dimensional subspaces #% C #y+1 Which consist of dif-
ferentiable paths. The integral

’1

(@ 0—pDat for p(), g€y

L
is a function of a finite number of variables. Replac-
ing the path integration in (1) by an integration over #%,
we find a finite approximation of integral (1): J
=limy..Jdy. To a large extent, the limit N—== in inte-
gral (6) is based on intuition, so this limit must be jus-
tified. A justification “at the physical level” will be
given in the present paper. This justification will be
less than rigorous because of a free transposition of
various limits. The rigor can be restored by ordinary
methods, by making natural assumptions regarding
the Hamiltonian. We will also determine the paths on
which integral (1) is concentrated. We shall show that
these paths are necessarily discontinuous. This cir-
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cumstance clarifies the difference® between integrals
(7) and (8). Furthermore, it will be shown that the set
of paths on which the integral is concentrated is not
determined unambiguously: This set can be varied by
increasing the smoothness of the coordinates at the
expense of the momenta (or vice versa), but it is im-
possible to arrange events such that both the coordi-
nates and the momenta are continuous. This circum-
stance is in agreement with the uncertainty principle.”

In addition to these qualitative results, this paper
contains many equations which express various physi-
cal entities as path integrals. As a rule, these equa-
tions are not new, and their derivation by the theory of
symbols is primarily of methodological value (aside
from the refinements mentioned above). The advan-
tages of this derivation over the traditional derivation
(based on commutation relations®) are that, first, it is
simpler and, second, it can be extended to the case in
which the phase space is curved and in which there are
no natural coordinates in this space with canonical rela-
tions (Poisson brackets), An example of this type is
given in Ref. 10,

Finally, we note that this method which takes a limit
in integral (6). A similar attempt was made in Ref.
2, but the equations derived there are, unfortunately,
not exactly correct™ They do not have the argument
shifts as in (7).

To make this paper self-contained, we are also fur-
nishing a supplement with a brief review of the proper-
ties of the various symbols.

1. PATH INTEGRAL FOR THE EVOLUTION
OPERATOR SYMBOL

a: Weyl evolution operator symbol
1) Basic construction

We denote by H some operator in L*(R"), and we de-
note by H(p, q) its Weyl symbol:

= echiodg (a, Bdads, H(p, g)= | e=r+dg(a, p)dach,

(1.1)
where p=(Pr,. - ., D) G=0G1,- - ., Gy @=(ay, ...,
a,,), B=(ﬁ1, . . ,ﬁn), aﬁ=2 a(ﬁ{, B(‘i:EB‘a‘; da
=da, -+ da,, d8=dB, - -dB,. We shall be using some
similar notation below. Here $; and g, are the ordi-
nary momentum and coordinate operators in R":

2 Incidentally, this difference is unimportant in the case of
quantum field theory: It arises only in the quasilocal terms
and is thus eliminated by renormalization.

5 It was shown in Ref. 9 that a path integral can be calculated
along paths with a continuous coordinate and a discontinuous
momentum.

%) Equations for the basic physical quantities in terms of path
integrals based on canonical relations were derived in the
1950’ s and 1960’ s in Refs. 12-16.

") Incidentally, Ref. 2 reproduces the basic part of Ref. 4,
which contains a construction of the path integral by means
of symbols, with an erroneous reference to a paper! by one
of the authors of Ref. 2 instead of Ref. 4.
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(5af) (8) =+ 2L

e @) 6 =51 ). (1.2)
The functions ¢(c, 8) may be either ordinary functions
or generalized functions; furthermore, they may de~ -
pend on the Planck constant % as a parameter. Accord-
ingly, the symbol H(p, g) may also depend on % as a
parameter. Where necessary we specify this depen-
dence by a subscript: H,(p, q), ¢,(a, B).

For convenience we set
0 1
Ils(p, q)v m=(_1‘ on .

If y=(p,7), then

M\ - (B . (F
zay=(p, 9)0(? ) =t 9’=(£ )
Pn In

(I, is the unit matrix of order n). We denote by f,(x)
({=0,...,N) the Weyl symbols of certain operators,
and we denote by Gy(x) the Weyl symbol of their pro-
duct. Using the formula for the composition of Weyl
symbols (see the Supplement), we immediately find

2
Gy (x) =_(,T)‘m"§ foys) -.. In (Uwag) P o an+t y d”-!l:
N-1
Ky= Zil (* 0¥ 142+ Y1420F 101 + Ty40Z1) + Y10Us + Ya02g + 210Y1,

where xy =x. This equation takes a simpler form if
we set fy=1 and change the notation of the integration
variables, y;=x1, ¥~ Va1 in the case 2> 1, x, ~xpa?

1 4 N, aN
Gn(¢)=m5h(lh) coeIulyn) B ¥ dVydVz,
(1.3)

N
Ky= Z‘: (Zr0Ur+ Un©Tp11 + Tar10OD), Ty4y=2.

The integration can be carried out over the variables
x;. Since these variables appear in a power no higher
than the second in the exponent, we can use the statis-
tical-phase method here.

We transform Kjy:

Kp=xz0y+ 220 s —~y)+ ... +2Z80 (Un—V¥n-1)+UNOZNs
+ 20 (24 — 23) + 2,0 (x3— Zs)
’ IN+1OZN for odd N,
+ {z,vm (zy-1—Tw+1) forevenN.
(1.9)

Equating the derivatives with respect to x; to zero, we
find
h—% =0, yp —Yra+ 2 — T =0, k=2,...,, N. (1.5)

Now the cases of even and odd N diverge slightly. Let
us first consider the case of even N. In this case Egs.
(15) can be solved unambiguously for the x,:

k-1

Tw=n+ ) Wari—y2), 1<k
1

x (1.6)
Tgpg =T+ ) oo —y2)s 1R -)21-
®

y
2

The fact that Eqs. (1.5) can be solved unambiguously
means that the quadratic form on the second row in
(1.4) is nondegenerate. We can thus apply the statisti-
cal-phase method in its simplest version.

We now introduce the continuous parameter 7, such

766 Sov. Phys. Usp. 23(11), Nov. 1980

that #; ST </, and we assume xz; =x(Tas), Xoper =%(To41),
ya=9(Ta):
1o t—ty
@ =F(o D) =T N D,
where T, =f ~ &/N(t; -~ t; x(7), %(7), and (1) are con-
tinuously differentiable functions of 7; and g(7;x) is a
continuous function of the variables 7 and x.

Under these conditions we can take the imit N—= in
(1.6):

1y
2()=y )= | § (5 ds= LDE2CD
T

_ .y , (1.7
z(‘l’)=-‘t+-§- s y(s) ds=z+—2—(y(f)—-ll (tl))'
ty

Expression (1.4) for Ky is an integral sum, except for
the first and last terms on the first row. In the limit
N— these terms become equal to %(f)wy(;) and
y(f)wx(ty), respectively. Also using (1.7), we find the
following expression for K =limKy:

1 .
K=z (t)oyt)— | Z(0) 0y (v) ds
L2

LY 1 R
——;—- gz (t) to); (Tdr+y @) oz + g zaz dT
t, L

ty .
=—% f ¥ () @y (3) v + - (zop () + ¥ (t) 02) + 4 ¥ G ap (2,).
ts

(1.8)

We now incorporate the factor (1/71)*"" in the normal-
ization of the differentials in front of integral (1.3), and
we introduce the notation G=1imGy. For G we {find the
final expression

L2}
Gttt =fexp {7 [[em v as
LA '

H
— 3 [ ol vt 2oy )+ v @D o+ 3y Doy ) ]} [T do (o
1,
(1.9)
The integral is evaluated over all paths.

We turn now to the case of odd N. The solution of (1.5)
in this case is

At

N1
=Y+ D) Gun—yu) 1<k —; '
1

= (1.10)

T =2x+ 2 (Y211 —Ya1)» 1Sk<—1!;—i,

13
The equations are thus not always solvable and the solu-
tions not always unambiguous. The condition under
which the equations are solvable follows from the first
group of equations in (1.10) with 2=(N+1)/2 (we re-
call that xy. =x):

N-1{

—3z
T=Y1— 2 (Yar+1—ya) =0. (1-11)

Where the equations are solvable, the solution depends
on xy as a parameter. It follows that the stationary-
phase method can be used to evaluate the integral over
X3, . » .y Xy-1; the remaining integral, written as a
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function of xy, is necessarily
{ enm2on azy = (20)7 8 (enpm) = (@) I8 (g),

where ¢y is the left side of (1.11), and cy# 0 is some
constant,

As before, we examine the continuous limit, and as
before, we introduce the functions x(7), %(r), and y(1).
From (1.10) we find

z(n) =L Z ) <2 )+ D=y (1)

For K =1imKy we find an expression like (1.8):

13

z,
K=Z(t) y(tz)—-% j z (%) oy (1) d'r—% f Z(t) oy (v) dT+ ¥ (8) oz
1y 4y
1, . '

,1
+ ﬂ z (v) 07 (%) 41 + z07 (t,) = _-:-5 ¥ (v) oy (v) dt
ty

+Hz—g W@ +y ) oz ) +y ez + 5y @) oy ). (1.12)

From (1.12) we see that the integration over %(f;) leads
to a factor

5 (1: ¥ (‘1);-” (‘i)) .

This result is in complete agreement with the circum-
stance that in the limit N—= the condition (1.11) be-
comes

gl (1.13)

Using (1.13), we can write the final expression for G as

Gty y|2)=

Vi) +y(ts)

1,
exp {% [5 gty () de

P -
— 5’ y () oy (1) dv+4y () oy (¢ |} ] dy ).
fr

(1.14)
We have a few final comments on this topic.

a) For a given quantity we find two integral represen-
tations, (1.9) and (1.14). One representation can be
transformed into the other in the following manner:

We denote the integrands of the path integrals in (1.9)
and (1.14) by Fy(x, y) and Fy(x, y), respectively; F,(x, )
is a function of the point in phase space, x, and a func-
tional of the path y =y(t). Here F, contains the factor
o(y(t,) - y(t,)/2) —x. 1t is easy to see that

2 Fou(t)+¥(ty)or+x0d) |~

Fa(e, ) =g | Fo @ v) €™ 4z (@=p).

This relation corresponds to multiplication of the given
operator by the unit operator

) i_i(;"'; Frax+rox)
x)e

1 —~
G (ta, ta]2) = Tz § G (1, 4] a7 da

before the limit is taken.

b) Equations (1.9) and {1.14) can be simplified slight-
ly by setting

y@) =z +ul).

Equation (1.9) becomes
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lg 1a
Gy, ty]x)= \‘ exp {%H‘ g(t; ot u(r) d‘t-—% ‘ uou dt

Y
i iy

—%u () ou (tz)] } 1] du ).

(1.9")
Equation (1.14) becomes

Gy, by x) = j exp {%[Tg(t; r+u(t)dt
f

_%15' woisdv ]} | du (0.
(1.14)

c) We can transform integral (1.9") by substituting
8(a - L u(t)) +u(ty))) into the integrand and then carrying
out a further integration over a. This is an identity
transformation, since [ 6(a - 3wty +u(ts))du=1.

As we see in Sec. ¢ below, the result will not be
affected if we do not complete the integration over a in
(1.9):

1
G(ty, tyy 2) = I exp {—t-‘h—[f(g (¢H z+u(‘r))-—%u¢oﬁ) d‘t]
1
—zrt)out}8(e—g[u)+u@]).

(1.15)

In other words, the integral is not changed if the inte-
gration is carried out over only those paths which sat-
isfy the following condition instead of over all paths:

SwE) +u)=a, (1.16)

where @ is an arbitrary point in phase space. Although
the integrand in (1.15) depends on a as a parameter, the
integral does not depend on a.

This property of integral (1.9’) is analogous to the
properties of the path integrals which arise in gauge
field theories. It might naturally be called the “gauge
singularity.”

From this standpoint, the transformations u(t) —u(t)
+c, where c is a constant, can be treated as guage
transformations; relation (1.16) can be thought of as
the condition which fixes the gauge; and the integral in
(1.14’) can be found from (1.15) by choosing a special
gauge, a=0.

At first glance, the gauge property of integral (1.9')
seems contradictory: It follows formally from (1.9)
and (1.15) that

Gty tii @) =G (b by ) | da =G (tg, 15 2)-00.

Contradictions do not arise because of the definition
of the path integral: Roughly speaking, this integral
is a fraction in which both the numerator and denomin-
ator contain a factor [ da. This point is explained in
more detail in the following section.

2) Approximations of a general type

The path integrals in (1.9), (1.9’), (1.14), (1.14"), and
(1.5) were introduced in the preceding section on the
basis of intuitive considerations. In the present sec-
tion we shall give them a more exact meaning; we shall
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essentially be giving them a mathematical definition.

We first consider the integral in (1.14’). We denote
by #ty, t2) the Hilbert space which consists of the func-
tions x(¢), ¢ <t<t,, which take on values in the phase
space [i.e., this Hilbert space consists of classical
paths with a scalar product

iz
(z, 7) = S 22 (1) dt,

2]

(1.17)
where

z (t) = (pl (t), «r ey Pa (t)) [0 (t)! .
2 ()= (P )+ ().

- gn (1),

We denote by Py the family of orthogonal-projection
operators with the properties

dim Pyd¥ (£, £) =d (N) <o,
PNPNH:PNHPN:PN.

lim Py =1,
N~oo

where I is the unit operator in#; ,,,, and the limit is

" understood in the strong sense. The second condition
in (1.18) means that the subspaces #; =Py¥;, ., are
nested: %N C%‘q.

We denote by #(t,, £;)C #%t,, t,) a set of continuously
differentiable paths, and we denote by #°(#y, f)
< #\t,, t,) that subset of #which consists of paths satisfy-
ingthe condition ‘

(1.18)

(1.19)

We set #y =Py#"(t1,t;). In the space ¥ty f;) we con-
sider the operator B with a region of definition consis-
ting of the space #%t, f)

z{t) + z (ty) =0.

du
Bu=u)~d—t-.

(1.20)

In the spaces #5% we now consider the operators By
which satisfy the conditions

(1.21)

The latter condition must hold for any f €#°%¢,, t,).
(In (1.21), as in the similar limiting expressions which
we will see below, we mean the convergence in the
sense of the metric of the Hilbert space #(ty, f,).]
Finally, we denote by d®«, L=dimPy%"(t;, f;) the
Lebesque measure in the space #5. We set

det By 520, By=BY%, lim ByPyj=Bf.
N

1
2 Sgg(f.:+u(t))dt-%(u. Byw)
S e B atu
Gy— . (1.22)

[}
—5{t, Byu)
Se 2ik N dl'u

Obviously, expression (1.3), which has the same nota-
tion, transforms into the particular case in (1.22) after
an integration over x; and the substitution fi(y)
=exp{1/inlt, - t,/N)g(Ty;¥)}, for odd N. Case (1.22)
corresponds to a special choice of subspaces ¥y
=Py#(t,, &) and operators By. The integrals in (1.14)
and (1.15) are determined in a completely analogous
way. The only difference is that instead of the function-
al f :ﬁ g(r; x +ulr))dr in the first case we consider the
functional [{2g((r;¥(r) d7 + 3y(t))wy(f), and in the sec-
ond case we consider the functional [ g(t;x +a+i{7))dr
~ aw(@(ty) - u(t)) .
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We turn now to integral (1.9’). We consider the Hil-
bert space #(ty, t,) =H(t, 1,) OR", where (1, t,) is
the space of paths considered previously, R%" is a real
Euclidean space of dimensionality 2z withanordinary
scalar product, and w is the number of degrees of
freedom. The elements of #(t, #;) are the pairs
{x, a}, xEH(t, t,), aER™, and the scalar product is
defined by

({.‘t, (l), {y' ﬁ)) = (Iv y) + ((l, ﬁ) (1.23)

With each path u(f) € #(t, #,) we associate an element %
of the space #(ty, ):

i={u,a}, a=g @) +ut) (1.29)

We denote the set of elements 7 in (1.24) by #(t, t,).
In # we consider the operator B whose region of defi-
nition is #:

Bi={o g, ot —uE)} (1.25)

We see that
u (8 ou (1) = 2FLED) 4 )y ey,

It follows that the quadratic form in the exponential
function in (1.9") is equal to —(1/24n)(z, B7). We now
consider, in the space #{t,, f;), the projection opera-
tors Py with the properties in (1.18) and the operators
By, in the spaces #y =Py#(t1, t;) with properties ana-
logous to (1.21):

det By 50, limByPyf=Bf, limByPyf= B

for any f€# (11, ). (In contrast with the operator By,
the operator B is not self-adjoint and in fact not even
symmetric.”) We define the function Gy by an expres-
sion like (1.22):

t
-&-{ fgu, :!+u(1))d1~%(|:, fNE)}
~ e £ [ L
GN= - 1T~ = ~ ’
[ BR * By

(1.26)

g
where 7% =1{u(#), 1(ulty) +u(t,))} EFH (b1, )l t) EH (84, t,).

In the following section we shall show that the func-
tions Gy and Gy defined by Eqs. (1.22) and (1.26) con-
verge to the function G(t, , |x) in the limit N~ This
function is the Weyl evolution operator symbol. The
operator with the Weyl symbol g(t; x) serves as the in-
finitesimal operator of this evolution.

3) Derivation

We should check to see that the functions Gy and Gy
defined by (1.22) and (1.26) converge to the function
G(ty, t; |x), which is the Weyl symbol of the operator
G(ty, t2), which in turn satisfies the conditions

5 In the spacefﬂtl, t,) we consider the operator J defined by
J {z, u} ={z, —a).

It is simple to show that the operator JB.is self-adjoint. In
this connection it is natural to single out a class of approxi-
mations for which the condition (Py JByPy) *= Py JByPy holds
in addition to (1.26).
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ih L= (1) Gt 1), G 1=,

where £{t) is the operator with Weyl symbol g{t; x).
We first use approximations (1.22) and (1.26) to cal-

culate the path integral in the case g{#;x) =u{f)x, where
u(t) is some arbitrary function. The integrals in (1.22)

and (1.26) are evaluated by the stationary-phase method.

These integrals should be evaluated at a fixed N, and
then the limit N—= = should be taken. Under our as-
sumptions regarding the operators By and By, the re-
sult will be the same as if we had applied the station-
ary-phase method directly to the limiting exponential
function. The calculations are very simple and can be
omitted. They are slightly different in the cases of
approximations (1.22) and (1.26), but, as expected, they
lead to a common result®:

G (25, tdz):exp{-i—:—'—[zs u()de
3%

_% S" S‘ssign (t—s)u(t) ou(s) dtds]},
" (1.2m

The same result is found by evaluating integral (1.16).
The parameter @ drops out of the answer. We now as-
sume that g(7;x) is an arbitrary function which can be

represented by a Fourier transformation:

g )= | =g (v dv.

We note that

ty
t L A P noumes
3’5’(0; y(0))do= f(j e'“'lu ’ g (o; v) dv) da,
I '
where u(T) =h6(7 - g)v. We need to find the path inte-
gral

(1.28)

e .
Pi={ (] g0 @) doe™") [ dy.
31
Substituting the value of the internal integral in (1.28)
into (1.29), transposing the integration over dv and do
with the path integration, and using Eq. (1.27), we find

(1.29)

te 12

F, = 5 (S e—ivg (0} ) dv) do= f—g (0; z) do.

o
1 1y

(1.30)

[The second term in the exponential function in (1.27) is
equal to —(#/4i)vwv sign(0) =0 in the case u(r) =hov6(r

-~ g) since vwv=0. The uncertainty in sign 0 is unim-
portant here.]

Let us consider the more general integral

ta 1 ..
Fa={(Tg@iy@)ao)"e™ | [ay, n>1.

i

Working in a similar way, we find

(1.31)

%) The role of the denominators inEqs. (1.22) and (1.26) is that
they are sued to cancel out det Py and det EI,. We wish to
call attention to the fact that the limiting operator B=1im By
is not degenerate: It follows from the condition Bf = 0,

F %, t) lice., £t +f (8) = 0] thatf =0. On the other
hand, the operator B = lim By is degenrate: Bi,= 0, where
%o = {ug, @}, uplx) =const = «. .
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ta
Yy 1
=i YyCu+.dup)dt +5nK

Fp = YE(Ui: V) ... B (0, v,) dw d0 fe i 1 dv
v o
~ -~ —ix(oy I ih— 00 -
= ( E(Oiv) ... (o va)e Tttt e sten o 3 gy dro.
(1.32)

It follows in an obvious way from (1.32) that
Fy =0 ((t2 — 8)") as

t, - 1.

We now consider the integrals in (1.9) and (1.14).
Expanding exp(1/ih [ g(y(7), 7}d7) in a series, and using
the results, we find

oo iz
6=3 (5) o Fa=1+7 | €63 Ddr+0 (=107, (1.33)
1] 151
where Fy is given by (1.32) for >0, Fy=1, and the
second equation holds in the limit #,—~#;. We can now
prove the composition formula

2
SG (t2 | 2) G (2, £ {22) R Crematsgasten)) dgy dzy = Glty, £ 2).

(1.34)

1
(nRy®

For this purpose we use the expansion (1.33). We
transpose the summation with the integration over x;
and x,; then the integral in (1.34) transforms into a sum
of terms of the type

Ty | £ (0 0 - EOmiva) B (e ) - £ )

ih
- An - " -
<e ixy E oy +ixg Suy + < [L"i‘“"h sign(o;—ay) + Z u‘uuh.u gn(r, Th)]

X e‘i"(“m'ﬂ'mﬂml) I dvi [ dua [] do, I dvea dz, dzs,
(1.35)

where the integration over g; is between the limits #4
< g, <{' and that over 7, is between the limits '€ 1,
<f.

Integrating over x; and x; in (1.35) {the stationary-
phase method is convenient here), we find a new ex-
pression for (1.35):

e B0 ) o B @i vm) B (T ) - § (T un)

% e—i:( Z"l"‘E"h)*’%[z”i“’“h sign(a,—dh)+2uimuk sign(rl—rh)]
i?‘u o -
ez 2% "I[duindvkn da,lld‘rh.

We now change the notation, setting ux =v e, T2 =£rl,,,.:(.s)
Then (1.36) can be rewritten in the more compact form
[ 2000 .. & (Cnini vman) 0 —00)
B —Cp) 8 (Omyy—L) .. B (Oman—1)
xe ™ 2"’#%27“”“ Sen(r=op) [ dus J] doy,
(1.37)

and the integral over all g; is between the limits ¢,
<g;<t. The sum of expressions (1.37) over all m
and » satisfying m +»n =N can be written

minl

1 q~ ~ .
T ) g(O;vy) ... g(on;un) (0 —ay
FO@—)) ... (O — )+ 8 (Gn— 1))
. i\ .
we E"“’Tl”im"k sign(o,~6),) n do, l—I do,
~ ~ Zix o, + - 0, si L=
= Til" 5 g(O5v) ... g{Oxn;vn)e Son g Swiny sianto;-cp) Haws ][ do,.

(1.38)
By virtue of (1.33), the sum of the right sides of (1.38)
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over all N> 0 is equal to G(#;, #|x). This proves Eq.
(1.34).

Differentiating identity (1.34) with respect to #,, set-
ting t' =4, and using the second equation from (1.33),
we find -

Gty i 1 [1 2
’Bt, 24 _'—(nh)’"SWg (t2: ) G (tz) 8y Izz) eih (210%3+x30%+x0x)) dz, dz.

(1.39)

We adopt the notation G(#,, #,), 2(#) for the operators
whose Weyl symbols are G(#, £, |x) and g(t; x), respec-
tively. Equation (1.39) is equivalent to the operator
equation

Bt — 456061, 1).

4) Paths on which the path integral is concentrated

The path integrals G =1imGy, and G =limGy defined
above, where G, and Gy, are determined from (1.22) or
(1.26), are superficially reminiscent of integrals over
a measure in a function space with a density

s (um)J;u () ) exp’ { _T‘h : 1 (v) e (%) dr}
1

or

ty
exp { ——%[ S u (t) au (Ddr+u() (ou(t,)]}

33
respectively. Obviously, however, neither of these ex-
pressions could be interpreted as the density of any
measure in any sense. We must therefore refine the
formulation of the problem of determining the particu-
lar paths on which these path integrals are concentra-
ted.’® We can formulate the problem as follows: We
assume that # is some Hilbert space consisting of
classical trajectories x(f), 4 <t<f. We denote by S(»)
a sphere of radius » in #. We now consider a sequence
of orthogonal projection operators with properties
(1.18); we denote by ) the space Py ¥ and by Sy(7)
the intersection of S(7) with #y. We consider the inte-
gral

Iy = e—Zi’—h-(v. Byw)
VES ()
where d”y is the Lebesque measure in Py &, L
=dimPy #, and By are operators with properties (1.21).
We denote by Jy(*) the integral analogous to (1.40) but

extended to the entire space Py#, and we set

In(n)
Fulr)= J:((;,) .

"y, (1.40)

(1.41)
Obviously, lim,..2y(r) =1.

We now assume that there is some sequence of pro-
jection operators P, with property (1.18) such that

1) for each »> 0 there exists a limit #») =lim,..Zy(7)
and

2) there exists a limit lim,..%,(v), and lim,..9(r) =1,

10) It these integrals were integrals over a measure, the prob-
lem would be one of describing a space in which this measure
was concentrated,
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In this case we say that the path integral in (1.14) is
concentrated in the space #. Analogously, we are
defining what we mean when we say that the integral
(1.9) is concentrated in the space #.

If the function e'/2*%'3¥ generated a measure in any

function space K, then any Hilbert space containing K
would have these properties. Our definition of the
space in which the integral is concentrated is thus a
natural generalization of the definition used in the situ-
ation in which the integral is generated by a measure.

The definition could of course be altered in such a
manner that the role of the Hilbert space and # would
be played by a Banach space or a linear topological
space with suitable properties. This approach can ap-
parently yield the same exhaustive description of the
trajectories to which the integral is concentrated as is
currently done, for example, for a Wiener measure.
We shall not pursue this point further.

We now show that the integral in (1.14) is concentra-
ted in the space #(ty, ;) with scalar product (1.17).
For simplicity we assume the case of one degree of
freedom. We introduce an orthonormal basis in #%,, t,)
consisting of vectors which satisfy the condition x(#,)
+x(f) =0: (er¥/T2 Mt /g) (0/e"/T(2"1))  The expansion
of a trajectory in this basis is an expansion in the Four-
ier series

2= Sa@att) T w2
- .42
.z(m)=(';§:3 , m=2+1, a(m), f(m)—

where a(m) and B(m) are the Fourier coefficients of
the momentum and coordinate, respectively, and x(m)
=x(=m). From (1.42) we find

i3

S zoz dv = ni S\ m (@ (m) B (m)— B (m) @ (m)).

Y
We denote by &} the subspace of #{#, ;) which con-
sists of trajectories whose Fourier-series expansion
contains those terms in (1.42) for which |n] <N. Look-
ing ahead to the calculations below, we shall abandon
the sphere in # and instead consider the ellipsoid

Sy(o, 1, 7) defined by the inequality
2 (O (m)]am)+p(m)|p(m) )< (1.43)
| P

We can find the integral Jy over ellipsoid (1.43):

t
1 g‘ .
-5 xox dr
In(r)= e Tk

Sylo,pn, 1)

1] de da dp dp

r2

= Sdsﬁ (s—- > (Om))am))
—r2 mT'_‘lsN
i3

i

T

dv
+rm)|pmp)e T ] dadadpdp

= [ fen{f 3 m@mB@—Fmam)

- et

+ip[s— 3 (@(ma(m)om

m—1
l s

+B(m)B(m) p (m)) | | I] da da dp dB-dp
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[ e _miPr o p2 2Ny 1 1
< )

2nip rx [GNF O . 1 _PPR% (m) i (m)
,m_—lill;N ( nim? )
<

(the integration contour swings below the poles).
The integral Jy(=) is equal to Jy (=) = (R*/7*)*** 14 (2N

+1)11]*, Hence
In () _ g PP —iprd 1 d
In(o0) ) 2nip i (my p ey CF
m_l‘l (i_ nim® )
[lsn
Furthermore,
iprd_ ,—ipr?
¥)=lim 72— [t P () dp, (1.449)
where
Fo= 1 (1-EVoopm ) (1.45)
i
The infinite product in (1.45) converges if
2 1 2n+41
St B < ., (1.46)

In the case o(m)=pu(m)=1, in which we are interested,
condition (1.46) is obviously satisfied. The first factor
in the integrand in (1.44) assumes the value 5(p) in the
limit »—%=. The function F(p) is obviously regular at
=0 under condition (1.46), and F(0)=1. We thus
have lim,..%(») =1.

We have proved our assertion. This discussion
leads, however, to another, extremely curious result:
It turns out that it is possible to specify a space of
paths on which the integral in which we are interested
is concentrated and for which the smoothness of the
momenta is improved at the expense of the smoothness
of the coordinates; alternatively, it is possible to spec-
ify a different space, in which the smoothness of the
coordinates is improved at the expense of the smooth-
ness of the momenta. We denote by #°* the Hilbert
space of paths with the scalar product

(@0, 9)= Sla @+ lo@+ )+ IpEn+HPRE+D. (1 47)

Here #%" denotes the subspace of paths for which
(21 +1) =B(2rn+1) =0 with n > N. Ellipsoid (1.43) in
the space # is a sphere in &%(o, u). We now assume

G@ 1) =@+ D, p @+ 1) =@+ )2, >0, (1.48)

Condition (1.46) obviously holds. We can show that
condition (1.48) guarantees the continuity of the mo-
menta. It follows from (1.47) that

a(2n+1):_ﬂ"')_. Z|y(n)|z< oo, (1.49)

Vo@ntn’
On the other hand, from (1.48) we bave 2;1/0(2r+1)
<%  s0 that

(1.50)

Condition (1.50) implies that the momenta are continu-
ous. With regard to the coordinates, we see from
(1.48) that their differential properties are worse at
any ¢ > 0 than those of functions which are square-
summable. (They may have singularities which are not

3 fa(@n1)] < oo,
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square-integrable.) For ¢ >1/2 the coordinates may in
fact be generalized functions. By changing the roles of
o(n) and p(n), we are improving the smoothness of the
coordinates at the expense of the momenta.

This result agrees well with the uncertainty princi-
ple: The value of any function at a point can be mea-
sured only if this function is continuous at that point.
Consequently, the coordinate and momentum cannot be
simultaneously continuous. When we try to get more-
detailed information on the coordinate (i.e., when the
smoothness of the coordinate is improved) we find we
can do so only by degrading the situation for the mo-
menta (conversely, the smoother the momentum, the
poorer the differential properties of the coordinate).

Which space should we use to evaluate the integral?
The answer apparently runs as follows: The space
H (1, t;) is suitable in all cases. In some cases, bet-
ter results (i.e., a faster convergence of the finite-
dimensional approximations) can be obtained with a dif-
ferent space #°*. The particular situation determines
which space should be used. For example, if g=(2)p?
+v(g), then it is natural to consider a space which
guarantees the continuity of 4 but not its differentiabi-
lity. It seems obvious that in this case the integral will
be determined primarily by paths that are similar to
Brownian trajectories.

5) Perturbation theory

Equation (1.33) (more precisely, the first equation
there) can be thought of as a perturbation-theory series
for the evolution operator symbol. The corresponding
unperturbed infinitesimal operator is g=0. The terms
in this series are given in (1.32); they are expressed
explicitly in terms of the Fourier transformation of
the symbol representing the infinitesimal evolution
operator. This circumstance is frequently disadvan-
tagous. We shall accordingly put the perturbation-
theory series in a form which explicitly involves the
symbol representing the infinitesimal operator itself.

We consider an operator in the functional space

‘]
ot

1 . [} [}
L=—— sign (t—s)ar—mmaz—(‘) dtds, (1.51)

i
2

[

where (7;,%,) is an arbitrary interval which includes the
interval (#, #,). [In practice, the cases (f, ;) = (¢, f2)
and 7 ===, f, =+% are convenient.] We note that the
functional
F = 5

10Kty

(1.52)

Z(040y) ... B (0, vp) 7 O H b x(OnIvy) ggn

is an eigenfunctional for L with the eigenvalue
—1— >\ sign (0, — 0.) v,0v..
The function in (1.32) can thus be written
F,= j ENLE [ oiyms d"0 170 == 'L j Fr d™ 470 Jrryese
~eint (jzg @i z©@)da)"|
1
Using (1.33), we finally find
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s
'.——Su(v: =(1))dt
G(ty ty|x)=erle i

L(,,=,. (1.53)

b: Wick evolution operator symbol
1) Basic construction

We denote by @*(¢), and a(i) (i=1,...,n) the Bose
or Fermi creation and annihilation operators:

[a(), a* ()]s =hb,,

where H is some operator in the Fock space, and
H(a*, a) is its Wick symbol,

H=SHGw ... ixljs... )a* @) ... a* @ ai) ... a0,
H@* )= H(@y...5|J;... )a* () ... a* () a @) ... a(fy).

In the Bose case, a(j)=(1/v2)g(5) +ip(j)) are holo-
morphic coordinates of the phase space, and a*(j)=(1/
vV2Xq(4) - ip(4)) are antiholomorphic coordinates of the
phase space. Inthe Fermi case, a(;j) are the genera-
tors of a Grassman algebra with involution. In both
cases, we can use the notation a* ={a*(5), . . ., a*(§)),
ab=23a(7)b(j). When applied to a number or a func-
tion, the asterisk means complex conjugation (unless
otherwise stipulated); when applied to an element of the
Grassmann algebra, it means an involution; a(7) and
a*(j) are independent variables in the Bose case and
independent generators of the Grassmann algebra in
the Fermi case,'

The basic equations and their derivations are essen-
tially the same in the Bose and Fermi cases, so we
shall discuss only the Bose case in detail. The Fermi
case will be covered in the final subsection of this sec-
tion.

We denote by f,(a*, @) the Wick symbols of the opera-~
tors f; (=1,...,N), Gy=fi* fy; also, Gy is the
Wick symbol of Gy. Using the composition formula for
the Wick symbols, we find

Gria* @)= (i) | @ e el @) o fy @ )

1
—_—X
X er Ndada,...da%-qday,,

N2 2.1)

Ky=(a*—a})a,+ 3 (0h—ak+) arvi+(ahor—a*)a.

As before, we introduce the continuous parameter ¢, (¢,
<t<t), and we set

11) The relationship between the Wick symbols and the operators
in the Bose case can also be described by equations analogous
to the Weyl equations in (1.1). We denote by f (a*, a) a func-
tion in the phase space which can be represented as a Fourier
transform:

far = T et nase an
We set

= S 7G*, 2 AT, g1 dge g,
The function f is the Wick symbol of the operator f . The im-
portant distinction between the Wick and Weyl symbols is
that the Weyl equations in (1.1) are meaningful for essential-
ly any functions f, while the analogous Wick equations are

meaningful for only entire analytic functions of p,, ¢, of a
certain class. (see the Supplement),
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ay=a(n), ai=a*(n),

A
—) 8(T); a*,
fa(a*, @) =i Kot

where a(t)={a(r;1),. .., a(r;n)} is the phase path in
the complex coordinates, al(t; k) =(1/v2)(q(t; k) +ip(t; 2)),
a*x(t)={a*(r;1),. .., ax(7;n)}, a(r; k), and g(7;a*,a) are
continuously differentiable functions of 7, Ty, ={; - (r/
N)(#; - t1), and 8=(1/N)(t, - t;). Furthermore, the
form of the integrand in (2.1) suggests that the notation
af =a*, ay =a is natural; equivalently, it suggests the
boundary conditions

a* (t)) = a*,

(2.2)

for the phase paths a(r). Under these assumptions, Ky
has the following value in the limit N -~

a(t) =a

la
K=limKy= | 280 ac—0)dv+ @ (¢, +0)—ata  (2.3)
17140
[the last term for Ky in (2.1) does not appear in the in-
tegral sum). Incorporating the factor (272) ™™™ in the
normalization of the differentials, we find the following
final expression for G =1imGy:

t
G (ty, ty|a®, a)= exp {T:- f g(v; a* (1), a(x—0)) dv
0

a¥(ty)oge, t+
a(t))y=a

1
+%‘£0""T°1"1a(r—0) dt+ - (a* (8 +0)—a¥) a}
1

x [ da* (v) da (%).
i .29

We wish to call attention to the following circumstances.

1. Equations (2.3) and (2.4) contain the expressions
7-0and £, +0. These expressions remind us of the
analogous shift of the arguments in the expressions be-
fore the limit is taken:

N-1 1Y
3 Bg(mia* (@) aliy) > | g(mat(x), dx—0)dr,
[}

t+0
2

N-
Z (a® (¥1) — 6* (Th+1)) @ (Tney)
[}

» e da*
=A% e > | Eaa—0dr,

T=Ty %0
(2.5)

(a* (tw-y) —a*)a — (a* (t; +0)—a*)a.

[We recall that 7, =#, - kA, A=(t-1)/N; the first
equation in the second row was found with the help of
the Lagrange equation, and Txy <7, <7,.] If the tra-
jectory «(7) is continuously differentiable, then we can
of course replace 7T~ 0 by Ty and {1 +0 by #. Actually,
however, as in the Weyl case, the integral (2.4) is con-
centrated on discontinuous paths. The shift of the ar-
guments is therefore important. Also important is the
subtle point that the shift of the argument a(7) in the
expression for K is smaller than in the first term in the
exponential function in (2.4). This can be seen from Eq.
(2.5); in the expression for the first term before the
lmit is taken the shift is A =T, = Tp,, While in the ex-
pression for K before the limit is taken the shift is

Tp— Tae1< A, This circumstance could be incorporated
in Eq. (2.4), but we shall not do this since we shall be
discussing below a refinement of Eq. (2.4) which ex-
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plicitly incorporates the difference in the shift of the
arguments [see Eq. (2.19) below].

2. We also note that in the abgence of an argument
shift the first term in the exponential function in (2.4)
would be

e .
[e@ior @, a) s, (2.6)

)]
The integrand in (2.6) is meaningful if the function
g{T; a*, @) is a continuous function of T and of the phase
variables p,, g5 At the same time, the expression in
(2.1) before the limit is taken contains the sum

A Y g (tx; 6F, Grss)

in an exponential function. Since the arguments a;, Gza1
have different numbers, they are independent complex
variables. Expression (2.1) thus assumes that it is
possible to continue the function g{(t; a*, a) analytically
into the complex region in the phase variables ps, gs.
This is a point of fundamental importance: According
to the meaning of the problem at hand, the function
g(1; a*, a) is the Wick symbol of an infinitesimal evolu-
tion operator, but we know that the Wick symbol Ala*,a)
of any operator A is an entire function of phase vari-
ables.

3. We mentioned earlier that Eq. (2.1) suggests that
the notation af =a*, ay = a would be natural; this nota-
tion is equivalent to (2.2). Let us adopt this notation;
we note that a; and ay are not present in (2.1). We are
thus justified in setting ag=ay =aq, ay =af =a*. With
this notation we can now rewrite Eq. (2.1) in the more
compact form

N-1
1 < P ) 3 } N-1
= (2 iaa(v,iap, gy, ) Hlap—apyqday,,)
h ( 5 3 kal ksl 1[ daz dah, (2.7)

1

Fy (a*. a)= S e

The formal limit N—=%= in (2.7) would lead us to Eq.
(2.4) without the term in the exponential function which
is outside the integrals. The same result could be
found by ignoring the shift of the argument in the last
term in the exponential function in the integrand in
(2.4). Adding to Egs. (2.2) their complex conjugates,
we find

(2.8)

In the absence of an argument shift, Eq. (2.8) cause the
term outside the integrals in the exponential function in
(2.4) to vanish.

a (t) ==a, a* () = a*.

4. Equations (2.2) and (2.8) show that integral (2.4) is
to be evaluated along closed phase paths. These equa-
tions, however, play very different roles. The most
obvious difference between them can be seen by examin-
ing an approximation of the general type for the inte-
gral (2.4). We see that, because of the argument shift,
the holomorphic coordinates of the phase path, a(7),
a*(7), participate in the construction of the approxima-
tion on the interval ¢; € 7 <f, — ¢, while the antiholo-
morphic coordinates participate on the interval /1 + ¢
<7<t where 0> 0 is some number. Equations (2.8)
thus hold on intervals of the paths a(#) and a*(f) which
are not involved in the construction of the finite-di-
mensional approximations. At the same time, Egs.
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(2.2) hold on important parts of the paths, Although
these differences are not so obvious, they can also be
seen in the original approximation [(2.1), (2.7)] of inte-
gral (2.4).

There is yet another important circumstance related
to these differences. When the method of steepest des-
cent is applied to integral (2.4) on a stationary trajec-
tory, Eqs. (2.2) always hold. At the same time, if this
trajectory is complex, it may not satisfy (2.8).

Taking all these circumstances into account, we in-
corporate (2.2) in the description of the integration
range for integral (2.4), and we omit (2.8).

2) Approximations of a general type

We set

a(t) =a+b(t), a* (t) =a* 4 b* (). (2.9)

Using conditions (2.2), we can transform (2.3) for K
to
iz

dpe
K= 5 dz

11 +0

(2.10)

b(t—0) dt.

We adopt (2.10) as the basis for the further construc-
tions. We denote by X'(#,, ;) the Hilbert space of the
trajectories a(f) =1/V2(q(¢) + p(t)) with the scalar pro-
duct
ta
(@} a) = [ at @ ar () .
ty
We denote by #(t1, £)C (11, £;) the subset of X ¢y, t;)
which consists of continuously differentiable pa_ths, and
we denote by 5 (#, t,) C #(ty, 13) the subset of # (41, £;)
which consists of paths satisfying the condition

(2.11)

a(t) =alty) =0 (2.12)
We consider the operator B,, which is defined on
%0(11) tZ):

(Baf) (v) =B (8~ 0 — ) B (c—1,) = f (1+0). (2.13)

We note that the operator B, is nilpotent: It follows
from (2.13) that B"=0 for n > (t, - #)/6. It follows that
for any 6> 0 and f#0, fe # %, t;), we have

Re (8 (*, 1) + (Bof*, ) > 0. (2.14)

We turn now to a description of the approximations.
We assume that Py are orthogonal projection operators
in #(t,, t;) with properties (1.18), #x =Py, 1), #n
=P, #%t, 1,). We denote by By, operators in #y
which have the following properties:

1) limBy ,Pyf = B,f for any path fe #°(t,, t2).

2) For each § >0 there exists a number N, such that
at N> N, a relation analogous to (2.14) holds,

Re (6 (/*, ) + (Brof*. ) >0 (2.15)
for f#0, fe ' -
We define Fy...(0 ], f1; 4, a) as follows:
Fros®linlat o= | e {1{+ | gmat . atc-epar

o4

\ 1+e

+ By, ob* ) — 6%, ) | } |} dbaor.
(2.16)

B3
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where b€ #ty, ), alT) =a+5(1),e>3>0, and 6>0
is a number which satisfies condition (2.15). We de-
note by F...(8|ts, ,|a*, a) the analogous function ob-
tained from (2.16) in the case g(7;a™, ) =0.

We then set

F o (8{ 11, £y [ 0¥,
Gr,ea @t tola%, o) =Rt Glute (sl (2.17)
G, o= lim lim Gy, e o (8)- (2.18)

8+0 N—+eo
Equation (2.18) serves as a definition of the path inte-
gral:

Gl (22, 141 a®, a)

tg
= | ex{3[+ | smiar@ er—epar
a*(fy}=a, t1+e
a(l }=a
3 4 (1~0) dv+ (a* (t,+0) —a*) a ]} [] da* (1) da (x).
(2.19)

The evolution operator symbol G is related to G, , by

12

+ |

hite

G (Ly, t,]a*, a) =eI§ToG" o (Ey, L2 a*, a).
&>0
We note a characteristic feature of integral (2.19): It
involves holomorphic path coordinates a(t), a*(r) on the
interval #; + o< 7 <, and antiholomorphic coordinates
of this path on the interval {; <7 < ¢, - ¢ (see footnote 4
at the end of Sec. 1).

Equations (2.16)-(2.20) contain a description of a
scheme of finite approximations of the path integral for
the evolution operator symbol. These approximations
are quite general and seem to be the most convenient
for applications.

It should be kept in mind, however, that this scheme
is still not the most general scheme possible; it is
easy to see that it does not include the original approx-
imation, (2.1). This omission can be remedied by
generalizing the scheme: We “permit” the numbers
o, £, and 6 to depend on N,

3) Derivation, paths on which the integral is concentrated

As in the Weyl case, the generalization of Egs.
(2.18)-(2.20) is based on an evaluation of an integral
for the function g(t; 2", a), which is a linear function of
a and a*. We assume g{¢; a*, a) =At)a* +f*(t)a. ltis
convenient to assume f{t) =f*(t) =0 for <t and £ > t,.
We set

i for Hte<<t<ty,
f'mz{ 0 for T>b, T<t+e,
: fFirte) for a<r<l—¢,
h(T):{ 0 for T>i—e, Tty (2.21)

ty
fi={ r@as.
1
In terms of this notation, the exponential function in

(2.16) becomes
T @ Fo0) 1 (6%, £ + (2, B) + (Biy, ob*, D)8 (5%, b).  (2.22)

Using the method of steepest descent, we can evalute
the integral in (2.16); for Gy ,..,(8) we find the following
expression:
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(2.20) -

Cr oo (® i [F et Fs=0-Byy, = Pysa Pyyi)] (2.23)
N, ¢, 0 - . .
To find the operator (5 ~ By )™ we should solve the
equation

(8 — Bya) Pyo = Py,

Taking the limit N— in this equation, and using (2.13),
we find

(2.29)

We will have to take the limit 6 =0 below. Obviously,
Eq. (2.24) with 6 =0 can be solved only if ¥(7) =0 for
7>, —o. Under this condition, this equation has a
solution with the boundary condition @(¢,) = ¢(z,) =0,
which is defined uniquely for #; +o <7 <#:

89 (1) —0 (5, — 0 —1)8 (T — ) e g (1 +0) = (1),

ty-0
9@ =lim@—By = | p(o)ds.
For t; <7 <t;+0, the function ¢ is not defined on this
interval; it is arbitrary, except for the single require-
ment'? ¢(ty) =0*.

We now recall that £> 0, so it follows from (2.21) that
the function f; has the necessary property (i.e., fi=0
for 7>t ~g). We finally find

tg—0 ta
lim lim (6— By, o ' Pufo= | Fo(dds= | f*(9ds.
3-+0 N—oo -0 T+e-~o
Hence,
gim Yim (8§ — By, o) " Pnfay Pnfs) = 6 (s ~1—2&+0)f*s)f(v)ds dr.
0 N+ t1+0<T<ts,
fi+e<s<ty
Thus

i3
G (t;, t;; a*, a)=exp [—:T 5 @*f () +f*(v)a)dr
iy
—x { S 8(s—7—0)f*(5) f (v) dsdr .
€T, aty
(2.25)
The term -0 in (2.25), which supplements the definition
of 6(1 - s) at T=s, is not important if the functions f(s)
and f(7) are ordinary functions, but does become im-
portant for generalized functions.

Let us assume that the function g{o; a*, @) can be rep-

resented as a Fourier transformation:

g(z; a*, a)= j g (t; v, v)e—itetotarm) dy* dp, (2.26)
Using (2.25), we can evaluate the integral

G™ (ty, ti; a*, a)
g

1
= lim ( S g (t; a* (1), a(t—a)))"eﬁm"b.' i H db* db.
B.ed>—50 he

(2.27)

As in the Weyl case, we substitute (2.26) into (2.27),
and we transpose the path integration with the integra-
tion over 7, v, and v*. We then use integral (2.25) with

FO=hNus =) @)= v ¢ ~m.

12) We recall that the region of definition of the operator Bo is
the space (¢ 1,t2), which consists of paths with homoge-
neous boundary conditions.
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As a result we find

G (ty, ty]a*, a)

~ ~ Lao(D Sher <
= j g(ti; vh m).. . g (Ta;i VR, Va) 6 (o(Zea)+{Zok)e)-» Setrieisy-5-0)

X d"v d™ d"t,

(2.28)

The integral in (2.4) can be expressed in terms of the
integrals in (2.28) by a series

Gt ty] a* )=, (—:-,‘—)' 76 (&2, ] a%, 0). (2.29)

It follows from Egs. (2.28) and (2.29) that G(t;, t; | a*,a)
is a Wick evolution operator symbol; the infinitesimal
operator corresponding to this evolution has the sym-
bol g(t; a*,a). To derive this result from (2.28) and
(2.29) would be to reproduce the corresponding part of
the derivation completely for the case of Weyl sym-
bols, and we shall accordingly skip this step.

As in the case of Weyl symbols, we are defining what
we mean when we say that the integral in (2.4) is con-
centrated on some set of functions or other and when
we say that is concentrated on a set of paths #(¢, t,)
which are square-summable. However, there is hard-
ly any point in a further refinement of the set of paths
on which the integral in (2.4) is concentrated (this re-
finement would be similar to that which was carried out
for the case of Weyl symbols).

4) Perturbation theory

We can put the perturbation-theory equations in (2.28),
(2.29) in a form which is at once more compact and
more convenient for applications. We consider the op-
erator L in the functional space

. 5 6 - -
L=—i . S 5 O(s—t—0) Bty Gorgn IS4 A<t <t (2.30)
it se7n ¢ ) .
We note that the functional u = e/ J (Tiax@ ™ 55 5y
eigenfunctional for L if g(1; a*(7), a(7)} = a*(1)f (1)
+f*(7)a(T):

Lu=¢ [ 0G6—1—0)1* ()1 () dtdsu. (2.31)

Equation (2.25) for the evolution operator symbol can
thus be rewritten

q 3
w S 8(T: (1), a¥(1))dt
G (L, t]a*, a)=et'le “

(2.32)

S
We now note that series (2.29) is none other than an ex-
pansion in the eigenfunctions of the operator L. It then
follows from (2.28) and (2.29) that Eq. (2.32) remains
valid for functionals g{(7; a*, a) which are Wick symbols
of operators of a general kind. We note that all the ar-
gument shifts in the preceding steps are concentrated
in the term -0 in Eq. (2.30). It is not difficult to see
that the presence of this term is equivalent to the fol-
lowing equation (at least from the standpoint of the per-
turbation theory):

Lg = 0. (2.33)

In using the perturbation theory we are thus justified
in ignoring the term — 0 in (2.30). replacing it with
(2.33).
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5) Method of steepest descent

The equation for the stationary path of the integral,
(2.16), transforms in the limit N—~=, 5§~0 into an equa-
tion for the stationary path of integral (2.19):

o G+ +tEem et @ =0 4<T<t—0,

(2.34)

——ad?a(r—o)—}-%wa_g(t; a* (1), a(t—e)) =0, Hto<<r<<ly

The boundary conditions on these equationsare a(t)
=alty) =a, a*(t;) = a*(t,) =a*. We note, however, that
a(7) appears in Eq. (2.37) only for f, <7 <f -0, and
a*(7) appears only for t; — 0 <T <f. Accordingly, only
the following relations are important:

(2.35)

The functions a(f) and a*(#), which serve as the solution
of Eqs. (2.34) with conditions (2.35), are not necessari-
ly complex conjugates. If they are not, this means that
the trajectory is complex, a(t)=1/VZ(gt) +ip()), a*(®)
=1/VZ(g(t) - ip(1)): ¢ =(q(t;1),. .., qlt;n)), p(t)
=(p(t;1), ..., plt;n)), where q(t, k) and p(t; &) are
complex functions. The functions a(t) and a*(#), which
are the solution of system (2.34) with condition (2.35),
may also be other than complex conjugates in the limit
e=0=0. Inthis case the relations a(t;) =a*, a*(f)
=a* can of course not be satisfied. Accordingly, when
we use the method of steepest descent we should treat
the functions a{f) and a*() as independent functions sat-
isfying Eqs. (2.34) and condition (2.35). The reason
that the functions a(f) and a*(¢) are not complex conju-
gates is that the operator B,, defined in Eq. (2.13), and
its limit B=1lim,.¢ B, are not self-adjoint.

a* (t;) =a*, a(t) =a.

Let us consider some simple examples. /

1) g(r; a*, @) =f*(t)a+a*f(r). (This example was dis-
cussed in the preceding section.) With e=0=0, Egs.
(2.30) yield

da (1)

—dL;‘(—'!-i—if’=0. T+if=0.

Also using (2.35), we find

€ 1

a(‘r)=a—-i5 1(s) ds, a‘(‘r)=a'-——t_r]'(s)ds.
33 T

If fand f* are complex conjugates, then the functions

al(t) and a*(7) may also be complex conjugates only if

Fitf ds =0,

2) g{7; a*, a) = wa®™a (a harmonic oscillator). With ¢
=g=0, Eqs. (2.34) yield

da ()

— d_"__.‘;:‘) +loa* (1)=0, ==+ iva(r)=0.

Hence, using (2.35), we find

a* (-,.—) =q¥ellt-t) g (1;) = gei{t1—Vo,

In this case the path integral is Gaussian, so it is equal
(within a factor) to the value of the functional in the in-
tegrand on the stationary path:

1, —laym
Gty ti]a*, Q)=c(ts. ll)eh(lm(" 1) i)n‘a’

The simplest way to find the constant ¢ is to use Eq.
(2.29).
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In this case we have z(7; v*, v) =—wb'(v)6'(v*), so that

*
am o~ hZoho BTy -y

-0
v, dv? ... Bup d08 Ip—_:q;.::o

6"ty 1,10, 0)=(—1)"e" 5

Because of the term -0 in the argument of ¢ we have

al’l
Bog ... 00,

1

&~ h2oR08(T, -7~ 0) i — 0
for n>0. We thus have c(t,, f,) =G{fy, £2; 0, 0)=1, which
is the same as the result found previously.™

&) Fermi case

Equation (2.4) and its refinements—Eqs. (2.17)-
(2.20)—remain in force; it is simply necessary to re-
place the ordinary integration by an integration over
anticommuting variables. The heuristic derivation
and justification of these equations remain essentially
the same; the only difference is that the functions f(7)
and £ *{1) now do not take on numerical values but anti-
commute with each other, with the operators (i) and
@*(7) and with their symbols a(i) and a*(i).

The perturbation-theory equations, (2.32) and (2.35),
also remain valid. The only point to note is that the
variational derivatives should be understood as left-
hand products, and it should be kept in mind that they
do not commute, in contrast with the Bose case, so
that their order is rigidly fixed.

The situation is slightly different with the set of paths
on which the integral is concentrated. Instead of the
space #(fy, f;) of square-summable paths we should
consider the space of paths satisfying

]
Y la* e @) dt< oo,

3}
where 1l il denotes the norm in the Grassman algebra.
c: Symbols of other types
1) Definition of p-q and q-p symbols

The definition of p — ¢ symbols, like that of the g-p
symbols, which we shall discuss below, is analogous to

13) we note that the series

U=5 2 (—o) o = PR NN drr,

al 9y, ...0

=t
n=0

is easily summed for any function K(7y, 75):
»,
(o § gy BCe| v
sn - o Kz, soRnndt ds an
= S Bv (v;) Bv* () «.. 6v (Tn) 6U* (¥n) ¢ oz v

Hence

'S’ 8y . -w{ Kt dov(iet) dt ds
Samdoe(r) T
Uw=elt

p=D*=0
S - Sv'v d1-0 Sxa, 8)o*(th(s) df ds
[

[1 dv (o) dv* (y=det (1 +-a k),
1

where K is an operator in Lz(ti, t,) defined by the function

K, (Rf) (D =f,:2}( (7, 9f (s) ds. In our case we have K(1,5)
= h6 (7-—s—0), i.e,, the operator K is a triangle with a zero
diagonal. Accordingly, det (1+ wRy=1.
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dt.

the definition of the Weyl symbols.

We assume that f{p, ) is a function in the phase space
which can be represented as a Fourier transformation:

1, 0 = | T o) eeodu av.
We associate with this function the operator
f= S T (4, v) eiPuei® dudv.

The function f is called the “p — g symbol” of the opera~
tor 7. If the function f is associated with another oper-
ator,

f= S T, v) eitvetér du dv,

then the function f is called the “g ~p symbol” of the
operator f.

2) Basic construction

The original finite-dimensional approximation of the
p - ¢ symbol of the evolution operator is

N
i—‘h-[A;a(rk; Par WHEN]

Gu (P gl ft)=(2,+h)"m-” 5 € [1dpag,
1
(3.1)
where
Po=Ds INn=¢, A=‘—.%ﬂ'1 (3 2)

Ey =pla—+pl@a—~q)+ ... +Pya(@— qna)-

By analogy with the preceding results, introducing the
continuous parameter 7, (#; S 7 < B), we set p, =p(Ta),
av=0q(Ty), Ta=1; — K/N(t; - t;), and we combine all the
terms in (3.2) other than the first into an integral sum.
Then we take the limit N~ in (3.2):

K=‘}vigxu=p(q(tz)—q)—fp(r)é(r)dr. (3.3)

]
Incorporating the coefficient of the integral in (3.1) in
the normalization of the differential, and taking the
formal limit N—~«<, we find the final expression for G:

Gt 1P, Q)

i
2 [ o mn, qe=0-p) dreptaid-)
= et e
Plty)=P, ati)=¢

[1dp (v dg (v).

(3.9)
The initial finite-dimensional approximation of the ¢
~ p symbol of the evolution opeNrator is

: L (a Y atwipy. q_pHEy) N1

1 ih i PRt TRt N
Gy (82 t] Py 4)=W:,—) 5 e ! : >\ dpdg,
1

(3.5)
where qo=gq, py =p, A=t - ,/N, and

+ Py (@ — In-g)
+ plg— gy
(3.6)
As before, we introduce the continuous parameter 7,
and we group all the terms except the last in an inte-
gral sum. Then we take the limit N—~= in (3.6):

4]

K=limKy=— | pgdv+pg—q ).

t

Eyn=p@h—+prl@a—a@)+ ...

(3.7)
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The final expression for G is

Gt ty]p) 9

ty
1§ @ oe-0, qoy-p0 srrnie-aun)
+0

= e t

] [] drdq.
q(ty)=q, p(l))=p

(3.8)
As in the Weyl and Wick cases, the integrals in (3.4)
and (3.8) are the limits of finite-dimensional approxi-
mations of a more general type than the original. These
approximations are constructed by analogy with the
Weyl and Wick symbols. The sign of 7 -0 in (3.4) and
(3.8) has the same meaning as the analogous sign in the
case of Wick symbols. Precisely as in the Wick case,
we must not replace 7 - 0 by 7 in any of these equations,
but in contrast with the Wick case the shift of the argu-
_ ment is introduced in only one place in Eqs. (3.4) and

(3.8).

Approximations of a general type can be constructed
and justified on the basis of the same considerations as
in the Weyl and Wick cases. In particular, to justify
approximations of the general type of integrals (3.4) and
(3.8) we would naturally use, respectively, the p— ¢
and g - p symbols of the operator of the evolution gen-
erated by the infinitesimal operator §(t) =u()p +v(8)g.
Here the p — g symbol is

Gtz ty; Py )

ti
=exp{—%[5 wE@ptv( g dr+ S 0(s—t—0)v(s)u(t)dsdt}],

t LK, Ity

(3.9)
and the g — p symbol is

Gt ti b, =esp {[ | @@ PHr@moar
t

-

L, (<,

B(s—t—O)u(s)v(t)dsdt]}.

(3.10)

Equations (3.9) and (3.10), like the analogous equations
in the theory of Weyl and Wick symbols, can be used
as a basis for a perturbation theory for calculating the
evolution operator symbol for the case of an arbitrary
infinitesimal operator. The perturbation-theory series
is given by an equation analogous to the corresponding
equation in the theory of Weyl and Wick symbols:

ta

) —:h— { et p(@, gemas
Gty ty | p, g)=ettle

p{O)=p,
(T)=q

(3.11)

where g(7;p, q) is the p ~ g or g - p symbol of the infi-
nitesimal evolution operator, and the operator L is

L= 8(s—t—0) oy ds e (3.12)
for the p — ¢ symbols and
. &

L:~—5 0 (s —1~-0) gy ds dt (3.13)

for the ¢ — p symbols.

The perturbation-theory series is constructed by ex-
panding the second exponential function in (3.11) in
powers of its argument. Each term of this series is
expressed explicitly in terms of the Fourier transform
of the function g(7; p, ¢) with respect to p, g. The re-
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sulting equations are analogous to Egs. (1.33) and
(2.29), and we shall not dwell on them here.

To study the set of paths on which the integrals in
(3.4) and (3.8) are concentrated we proceed in the same
manner as in the Weyl case, and we find the same re-
sults.

3) Matrix elements of the evolution operator

We shall make use of the relationship between the ¢
- p operator symbols and their matrix elements in the
x representation. We assume that A is the same oper-
ator in L2(R"), that A(p, ¢) is its g — p symbol, and that
{x IA ]y) is a matrix element. Then (see the Supple-
ment)

N 1 £ p(y-x)
(@ ALY) = g § 1P, 3 e " . (3.14)

As the operator A we consider the g - p symbol of the
evolution operator. Substituting the expression for G
from (3.8) into (3.14), integrating first over p and then
over p(ty), we find

Gty ti|z, Y)=(z| G|y
tl
2 {§ aen pie-0), a(0)-p) deap-gttn)
i

= (u{h)ﬂ 5 e”

1
x8(p(t)—p) e " [[dp (1) dg (1) d"p

8(g (ta) — )

1y
. % {§ s ps-0), qt0)-p de+ptew-gta |
__1 f
= b S e

¢
% f(a(t: P(x=0), 4(1)~pq) dT
t S(g(ty)— 2

x 8(g(ty—y) [[dp B dg ().

x 8@t -] dpag)=[e

We finally find
Gtz )z =Gy

. . .
— eTS“’"- P(z—0), g1)=pg] dtH dp (v) dg ().

)=y,
gf".)-=x

(3.15)
A few comments are in order regarding this derivation.

1) The integral over p is evaluated by making use of
the function in the integrand.

2) In integrating over p(#;), we take into accounrt the
dependence of the term outside the integral on p(t),
and we ignore the dependence of the first term in the
argument on p(t;). Our defense for this approach runs
as follows: Let us consider a finite approximation of
the integral in (3.8) given by Eqs. (3.5) and (3.6). In-
tegrating first over p» and then over py =p(t,), we find a
finite approximation of the last integral in (3.15); it is
easy to see that 5(¢(7;) - v) is replaced by the integral

(3.18)

(2_:‘1’”_,.5 %[Agu”; P Ay~ PrtY o)) d"pw,
where A=(/, - 1;)/N. Setting gx-1 =¢{/;), we find that in
the limit N— the integrals in (3.16) become 6(g(/,)
-

For the integral in (3.15) we can construct finite ap-
proximations of a general type by working from the ap-
proximations of the symbols. The approximations are
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of the form

Fr(ts, 112, 4)

GN (12, 4z, y)= Fg,"(t,. MENE

In contrast with the case of the symbols, the denomin-
ator is not found from the numerator in the case g{7;
b, q) = 0; it remains the same as for the operator sym-
bol . The reason for this difference is that in the
case g(7; p, g} =0 the evolution operator is a unit opera-
tor, and its symbol is identically 1, while the matrix
element is 5(x - y).

We are naturally interested in what would happen if
we replaced the g - p symbols by p — g symbols or Weyl
symbols in this construction. The answer, easily seen,
is that Bq. (3.15) is altered in the following manner:

In the case of p ~ ¢ symbols, p(7 ~0) is replaced by
p(7), while ¢(7) is replaced by ¢(r - 0). In the case of
Weyl symbols, the only change is that (7 - 0) is re-
placed by p(7); there is no argument shift of p(r) or
g(7). These distinctions are important: In choosing
the symbol for the infinitesimal operator, we should
use the formula corresponding to this symbol to derive
the matrix element of the evolution operator. If the in-

finitesimal operator is of the form 2{(t) =A(¢, p) + B(t, 3), -

of course, then the p — g, ¢~ p and Weyl symbols of this
operator are the same, so it makes no difference which
version of Eq. (3.15) is used. In general, this is not
so; a very simple example is an operator of the type
Z=ap in LX(R'). 1ts g-p symbol is pq, while its Weyl
symbol is pg — (h/2i). Therefore, if we use the ver-
sion of Eq. (3.15), in which the shift of the argument

is ignored, and if we substitute g=pq into it, in order
to calculate {x|e'?/*|y), we obtain a wrong answer.'¥

2. PATH INTEGRAL FOR THE SCATTERING
OPERATOR SYMBOL AND FOR A PARTITION
FUNCTION

a: Path integral for the scattering operator symbol
1) Formal definition of the scattering operator

We assume that some systém evolves over time in
accordance with the Schrodinger equation

(ih—;’t—-—l?(t)) $=0. ' (4.1)
We write the solution of Eq. (4.1) with the initial condi-
tion (") =¢ as

v =6 t)e.

The operator G(t, t') satisfies the operator equation and
initial condition

(i =—B®)&a n)=0, C¢. =1, (4.2)

i.e., it is an evolution operator. We now assume that
the solutions of (4.1) with the initial data (0)=¢ €D,
where D is some region in the state space, have in the
limits ¢+ the asymptotic form

1) We find (x| "¥1/%% 3>, where gy is the operator whose Wey!

symbol is pg. Obviously, g= g+ (k/2i); consequently,
(it y) = ¢7ER (g[etet/Ir]y),
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ey, ~ WO ~ ety (4.3)

where H, is some operator different from A(). It
follows from (4.3) that ¢. and ¥, are linear functions
of ¢:

be=Ta0, =79, (4.4)
where V, =1im, .. V(t),
V (¢) = e (2, 0), (4.5)
According to (4.4),
Y= VeV
the operator
§=v.
is called the (formal) “scattering operator.” Clearly,
$—1m§q, ), (4.8)

{0,
P ingies

where

S, )=V () V1 (') = e~tHuiinG (g, 0) (G (2, 0)) et Balih
= e~ tHuthG (¢, t') et Holth,

(4.7

From (4.7) we find the evolution equation for 8(, #)
which is analogous to (4.1) and an initial condition:

wBED _go§e e, ¢, -1, (4.8)
where
R @) =e-tRung, (g B, B, ()= A ()— B, (4.9)

Equations (4.7) and (4.8) (in the interaction picture) are
the basis for writing the scattering operator symbol as
a path integral.

In most applications,
(4.10)

where Hy,, is independent of /. The scattering operator
in this case depends on @ as a parameter; $=§S, and is
called “adiabatic.” In some particularly simple cases,
the adiabatic scattering operator has values in the limit
a—~0. This case includes, in particular, the case of
nonrelativistic quantum mechanics, with

ﬁl () = Ao, >0,

ﬁo=ii;ﬁz= —2"‘—:*143ﬂd51n1¢=” @ ¢,

where v(x) is a rapidly decaying potential.

2) Wey! symbol of the scattering operator

We consider the Hamiltonian

E“ﬁo‘f'ﬁh I?o=‘£’—

e H=v(q).

(4.11)

We assume that the potential v(¢; g) tends rapidly toward
Zero as |t ( —~w, at a fixed g. A typical example is

(4.12)

The operator ¢'#0/" hag a Weyl symbol ot Emin, Using
the composition formula for Weyl symbols and (4.7),
and carrying out some obvious transformations, we
find a relationship between the operator symbols

G(ts, t1) and S(ts, t1):

vt q) =e>itly (g).
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Stz 14 { Py @)

G (ta, 14 | b, q0) e— 2|mh PRt Tmk Z\mh pi+ \h - e-a)

p2) dpy dp, dgy.
(4.13)

Substituting in G(t, ; |p, g) from (1.9), we find a path-
integral expression for S(t;, #;):

Stz bl pr @)

1y
= {exp {%[S (85 y () — 3 voy) dv +zay () +y () 0z

L) e o,
(4.14)

1
eI S
x8(2p—py—

+zr oy +ost (p— %) o u(p+

where Ap =p(ty) - plsy).

The integral in (4.14) has the same gauge singularity
as the original integral in (1.9). This property can be
proved by precisely the same arguments as in Subsec-
tion a3; we shall skip the proof.

The operator 8(fy, #;) has a value in the limit #; =~
t; ~+=. Its symbol should have the same property.
We can transform (4.14) to make this circumstance
immediately obvious. We fix a number 7 >0 and set

vt ) =06(T— [thv(4 g)-

We denote by S7(t,, #1) the operator found from Sz, 1)
by replacing v(¢; ¢) by vr(¢; ¢), and we denote by Splts,tr ]
3 q) the symbol of the operator S r(t,, £,). Clearly,

S(ts, 1) =limyp .. S (¢, £,), and the symbols of these
operators are related by an analogous expression. We
now note that for £, > T, #{; <-T we have

Sr(tas 1) =8r (tas T) S2 (T, —T)Sp (=T, 4y). (4.15)

Furthermore, the operators Splty, T) and §p(~ T, #,)

are found from S(#, T) and S(~ T, #;), respectively, in
the case v(f;¢)=0. Accordingly, the path integrals for
their symbols can be calculated by the stationary-phase
method, i.e., are concentrated on classical paths.
Taking into account the form of the operator H,, we
find that these paths are

(4.16)

g@)=a+—mt, p)=b, a, b=const.

We now transform from operators to symbols in (4.15),
using the composition formula for Weyl symbols. We
write Sr(f, #1|p, ¢) as a single path integral, noting that
the path integrals for the symbols of the operators
Sr(t,, T) and S¢(~ T, ;) are concentrated on functions of
the type in (4.16). As a result we find that the path
integral for the symbol of the operator Sr(#, #) is con-
centrated on functions of the type

’ o, <7, P, 1t1<T,
q(t) =" a++%‘t t>T, p(f)={ P+ t>T,
a.+Et t<-T, p- t<—T,

where 7(¢), and 5(t) are arbitrary functions, and a, and
p. are constants.

We now let T go to <, and we thereby transform from
the operator 8. (4, t;) to the operator 3(#;, f1).

We would naturally expect on the basis of the consid-
erations above that the path integral for S(t, #; |p, g)
would be concentrated on paths having functions of the
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type in (4,18) as their asymptotic expressions in the
limit (#|—:
pO)=P®)+ Pour+ () + Pur- ®,
() =7 () + (PoutS+ (8) + pas- (1)),
where 5(f)=0 in the limit |¢| ==, (¢) has finite limits

at t—=¢e0, lim,.,.5(t) =Goup lim,...g(t) =7;,, and #.(#)
and s,(#) are fixed functions with the properties

(4.17)

lim r, (t)= hm se()=1, lim r. ()= lim s, () =0. (4.18)
t-teo t~Foo t+Foo
These functions are otherwise arbitrary. In particu-
lar, we can set

ro() =5 () =8 (—1). (4.19)

re ) =54 () =0 ),

All the functions in (4.17) which have limits at /=t
will be assumed to converge rapidly enough to satisfy
limiting relations of the type lim,.,. /() =0 and such
that integrals of the type [ = |t5(¢)|dt, etc., exist.

Under the assumption that the integral in (4.14) is
concentrated at paths of the type (4.17), we transform
the terms outside the integral in the argument in (4.14):

20 (y 1)~y (E)) + 5y () oy ) + 9t (P—3E) — 22 P+ F)°

= —g(P(t)—p )+ (P() 7 (t) — P(E)T (&)

—3 e +pE))

(4.20)
All the terms on the right side of (4.20) except the last
clearly have limits as ¢, ~+=,fj—~=°. With regard to
the integral term in the argument in (4.14), we easily
see that for functions of the type in (4.17) it also has
limits as f; =+, {; *—~o, The argument thus has limits
as fp ~+°, {; =— only if

+(p—z (@ +pen) i+ 25 (p

%(pout‘;'pm):P- (4.21)

Proceeding on the basis that the integral in (4.14) clear-
ly has a limit as #, =+, {; ===, we would naturally as-
sume that it is concentrated at functions of the type
(4.17), which satisfy the gauge condition (4.21). Equa-
tion (4.21) only partially eliminates the gauge singular-
ity of the integral in (4.14). To eliminate it completely,
we must supplement it with an analogous equation con-
cerning the coordinates. In contrast with the momen-
ta, this relation is not dictated by any sort of neces-
sary condition. We choose it in the form

';— (auut +5m) =r, (4.22)

where 7 is an arbitrary constant. Using conditions
(4.21) and (4.22), we can write the scattering operator
symbol as

S 9= [exp {4 f (B2 40t g)— 5 (pe—gp)) dt

1 ~ -
+ 5 (Poutout — Progin) —~ ¢ (Pout — Pm)]} 8 ( p— % {(Pout 1 Pin) )

X 8 (r—% (Gout + 2w ) 1 4P () A7) APous dpya.
(4.23)
(The functions (f) and () are related to the functions
p(2) and ¢(t) by (4.17).] Although the right side of
(4.23) depends on the parameter », the left side does
not. The arguments leading to the integral in (4.23)
have been somewhat intuitive. We shall derive Eq.
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(4.23) below at the level of rigor of this paper.

In (4.23) we can carry out the integration over p.
For this purpose we use the stationary-phase method.
Varying the argument with respect to p, we find

20 0.

m

(4.24)

Before we substitute the expression for p(f) from (4.24)
into the argument in (4.23), we transform it:
1y B ty
% 5 qp di=%qp ]:—% S qp dt=2Lm (t2P5ut— 1Pk
ty L
t ty

}"%‘ (Eoutpou!"";lnpln) —% qu dt4...= % S (8 (2) Pout +9(—1) po)2dt-

t t,
ta

+';' (Eoutpout —anpm) - %‘ S ép dt + RS
ty
(4.25)
where the ellipsis denotes terms which tend toward
zero in the limits f; ~+x, {3 ~—x,

Using (4.24) and (4.25), we find
t. . -
[ [&— (pa—gp) ]at
4
I

= =% [ [@— 2 @O Poue+8 (— 1 pr)?]

t
+% (;outpout_ ;mpm) 4+ el
(4.26)

A summable function stands within the integral, so we
take the limit # ~+%, f; ~—= in (4.26). We finally find

o

s a=fex {7 [ | [—F P+ @O pato(—t 4o g (0)] 2t

-

-~ ¢ (Pout = Pin) + Poutaout - PmEln]}
X 6 (r— 3 @out+ ) ) 8 (P— 5 (Pous + Pux) ) [147 ) dpout dpra-
(4.27)

Comment. In evaluating the integral over p, we car~-
ried out the transformations in the argument required
by the stationary-phase method, but we ignored the de-
terminant which arose. This procedure is justified on
the basis of the definition of the path integral,

Sn(p, g)

T

where Sy(p, ¢) is a finite integral constructed in the
manner of Sec. 1, and S¥(p, ¢) is the integral found
from Sy(p, ¢) in the case v{f;¢)=0. The determinants
which arise in the integration over p are the same in
the numerator and denominator and thus cancel out.
We apply Eq. (4.27) to the case

S (P ¢)= lim
Nwoo

vit; ) =f(0)g (4.28)
Using the stationary-phase method, we find

mg+ 1) = 0. (4.29)
Hence,

qO=—gm | li—sl1@dsratomt (4.30)

The asymptotic behavior of ¢(¢) in the limits t =+« is

t
m

(b_% T/(.)ds) +-2‘7 fd(l)dt+a+0(i) t»J-oo,

—o0

q(y=
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q(t)=7"-(b+—;- fl(l)dt)—% S sf (8)ds+a+0(1) t—+—o0.

Thus

oo

~ 1
Poul=b";-5 1) ds, gout=so+3— | of (9 ds,

-

(4.31)

ro=bty [ 10a fama—ge

3 f (s) ds.

'a-.’.g '8'——13

The appearance of relations involving the integration
variables means that corresponding 6-functions appear.
Taking account of these functions and also of the factor
8(p ~ 3(Pour +p,)) in (4.27), we can evaluate the inte-
gral over po p;,, and b. As a result we find asa
supplement to (4.31)

(4.32)

We should now substitute expression (4.30) for ¢(t) into
the argument of the exponential function in the path in-
tegral in (4,27) and then integrate the result over a. As
a result of the obvious calculations, using (4.31) and
(4.32), we find™

o ® ™

swoo=exp{g[ § (¢+2e)roa—f {1 1@ @dsa ]}

—oo -0 —0o

b = p.

(4.33)

As expected, the result is independent of the parameter
¥ which appears on the right side of (4.27). Equation
(4.23) must be justified; this can be done by means of
arguments which are the same as those used for Eqs.
(1.9) and (1.4), and we shall omit this justification.

3) Wick symbol of the scattering operator symbo/
We assume A =, + A,(t),
Ho=[o@a* () a(p) dp,

HiO=3 (Van €11 -oey Pl s o) a%(p) -
ves 8% (pm) @ (gn) ... algy) d7pd"g.

(4.34)

Using the interaction picture, (4.8), we note that the
path integral for (%, #1) is the same as the path inte-
gral for the evolution operator which is generated by
the infinitesimal operator g with the symbol g{¢;a*,a)
=H,(t; e**“a*, e"**“q). Applying Eq. (2.32), we find
S (t;, ty | a*, a)
ty
= ¢thLexp [—;—S Hjy (3 ei™a® (1), e~i™a (1)) dt] L“l)___a_ .

4 a(ty)=a%

(4.35)

18 T streamline the calculations, we first integrate by parts:

t 1
S q'dq=qq|"— S qadt.
ty {
It is easy to see that

t,
s TN 3 i
2 [R5 | O PoutH0(—0 70 =5 (outdont 21z

ty~+ f
Hence, using (4.29), we find that the argument is

1 ‘f 1

Z ] f(® g de4 5 (Poutdout— Pingin)— ¢ (Pout — Pin).
Substituting in the expression for ¢(¢) from (4.30), and using
(4.31) and (4.32), we find (4.33).
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Equation (4.35) is the basis for the diagram technique
in perturbation theory. In the relativistically invariant
case, it is more convenient to consider the field vari-
ables than the integration variables a(r) and o*(1). As
a result, Eq. (4.35) is transformed into the Hori equa-
tion, which is the most convenient starting point for the
development of the Feynman-diagram technique. The
corresponding formal transformations can be found in
Ref. 2.

b: Path integral for a partition function

1) Expression of the partition function as a path integral

We denote by A some operator in L*(R"), and we de-
note by A(p, g) its Weyl symbol. In this case

{ i
SpA= @Ry S A (p, q)dpdqg. (5.1)

If A is an operator in a Fock space, its trace in the
Bose and Fermi cases is expressed in terms of the
Wick symbol in slightly different ways:

1
Spd=iz J 4@, 0eF " ) dtde, (5.2)
where £=1 in the Bose case and £=-1 in the Fermi
case. We assume that G(B) is an evolution operator
with an imaginary time ¢ =—ihB. Setting g=-ikH, /=0,
t; =B, inBgs. (1.9), (1.15), and (2.4), we find the Weyl
and Wick symbols, respectively, for the operator G(8).
Then using Eqs. (4.36) and (4.37), we find the partition
function. Equations (1.9) and (1.15) yield

E@=SpC@= | E‘XP{—:S[H(!I(T))'l"z':‘,;y(“)m!.l(“)]d‘f}n dy @)

and (5.3)

B
E ()= 5P G®) ~w | exp{—j [H(y(x» + g ¥ () oy (1) ] dr
v©oy @} [] dv (),

(5.4)

respectively. The integral in (5.3) is evaluated along
closed paths, while that in (5.4) is evaluated over all
paths. As expected, Eq. (5.3) can be found from (5.4)
by carrying out an additional integration over a.

+ 5 a0 ©)—y @) +55

We turn now to the Wick symbols. Here it is more
convenient to consider the expression in (2.1) before
the limit is taken. To find the corresponding approxi-
mation of the partition function, we should multiply
(2.1) by €*™P2* and then integrate over da*da. We in-
troduce the notation a* =af, a=ay. We note that the
integrand in terms of this notation does not contain g,
and a}, so we are justified in writing ag=ay and ay
=ay. With this notation in mind, we find the final
expression for the partition function:

E (@)= SpGB)
B

- 5 exp{j [-H@ @ a@— o)+ L 8 2 (@) Jdr} || da*da.
Q

(5.5)

The integral is taken over periodic paths with a period
B in the Bose case and over antiperiodic paths in the
Fermi case:
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a(B) =ea(0), a* (B) =ea* (0). (5.8)
A few comments are in order regarding this derivation.

1) According to the derivation, the path integrals in
(5.3)~(5.5), like the corresponding integrals for the

evolution operators, should be understood as the limit-
ing values of the ratios

2 ()= Jim S, (5.6")
where E,,,(B) is the direct finite approximation of inte-
grals (5.3)-(5.5), which can be found from the numer-
ator in the corresponding equation for the evolution
ope: itors [ see (1.22) and (1.20)] by an additional inte-
gration over dpdg. The denominator Fy is the same
as in (1.22) or (1.26). This method of defining the path
integral is not convenient, because of the different
properties of the differential term in the numerator
and denominator in (5.6). In both cases the term is of
the form (v, By), where B =w(d/dt), but in Eq. (5.3)

the boundary conditions are periodic, while in (1.26)
there are no boundary conditions at all. There is a
corresponding difference in Eqs. (5.4) and (1.22). This
inconvenience can be avoided in the following manner:
We consider the operator

BW=%3 (F®+3®m—1), (5.7)
and we denote by Z(B) the corresponding partition
function, Z™(B) =Spe™®¥0. Finally, we set

2n (B)
B@)=lim lim =5 (5.8)

where Zy(8), Z,(8) are finite-dimensional approxima-

tions of the corresponding integrals, constructed from
the same. system of finite-dimensional projection oper-
ators Py.

The role of the operator Hy(}) is as follows: It has a
single eigenvalue Ey(}) =0, while all its other eigen-
values have the behavior E,()) =+« in the limit A—~c,
Accordingly, lim, .. %, (8)=1. Instead of (5.7) we could
consider any other operator having the same property.

In the case of the Wick symbols, an approximation
of the general kind for the integral in (4.39) can be
constructed with the help of an equation analogous to
(4.43):

_En@)

E(g)= llm lim lim "}3’ Ik

Aeco £+0 Nooo

The parameter ¢ >0 appears in the numerator and de-
nominator of the right side because of the argument
shift in Eq. (5.5). As Hy(}) in the Wick case it is natu-
ral to consider the operator

=2 S k) a* k) a k). (5.9)

2) We wish to call attention to the fact that the path
integral for the partition function in the Wick version,
in contrast with the path integral for the evolution oper-
ator symbol, contains an argument shift only in the
first term in the argument of the exponential function.
The reason lies in the different properties of the dif-
ferential term in these integrals: In both cases it is
of the form (Ba*, a), where B=d/dr, but in the case of
the partition function the operator B has periodic or

H )
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antiperiodic boundary conditions and is thus self-ad-
joint, while in the case of the evolution operator it has
homogeneous boundary conditions and is thus symmet-
ric, but it is definitely not self-adjoint.

2) Example

We consider a system with a single degree of free-
dom: the Bose version of second quantization. We set
A=wa*a (5.9

(corresponding to a harmonic oscillator).

Taking into account the periodic boundary conditions,
we can expand the path in a Fourier series:

(5.10)

As ¥, we consider the subspace of paths for which the
Fourier coefficients are nonvanishing only for lnl <N.
In this case,

hond Ld
a(v)= D) a,e2mnvB, ¥ (t)= 3, ale-2mni/,
= ey

N .
Ex ()= SGXP ( - (ﬁme'z’"“/ﬁ-{- —2—;"3 ) a,‘.a,.] ﬁda,‘. da,
e ¥

N
I (be-snoet £ 52
N

Analogously,

N

Ey. @)= Z (ﬁle-zﬂing/p_i_ﬁ;‘in_)—i.

-N

Hence
kﬁl -2nine/f
{4+-—e
EN(ﬂ)ﬂ =_7-_1n|-1( antn )
Eva) o N ’ :
IT (1t on)
In|=1 . .
We find

N

@ »=limlim J[ (1+ g e-2minert).
el N it

We denote by ¢ (8, A) the function within the first limit.

We have

In CD,:i [10 (14 g2n e-zminesp) 4 1n (1— 42 ezmine's) |
1

2nin

hBA
2nin

M s

(1 — e—2mine/B_ g2nine/B) L R, (B, 1),

(5.11)
where R.(8, 2) is an absolutely converging series, in
which the limit £-+0 can be taken term by term. Ob-
viously,

. < KB \2
Lim B, (8, 1)~§1n[1+( )]

2nn

We denote by 7. (8, ) the first term on the right side of
(5.11). We use an identity which holds on the interval
~T<Xx <7

8 (z) (n—2) — 8 (— 2) (4 2) = 2T E, (5.12)
1
From (5.12) we find

T~ Mo -2 (e B o (25) (a2
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We thus have lim,.. T:(8, \) =—hB2/2,

Jim ®, (B, )= e-hev2 TT (1 + (:ﬂ’; )2]
b c—hBA2

-hpA
T (eMBM2 — g=hEh/2) — t—ePP

[

We finally find

£ (B) = lim lim lim 28— i

Aoy __ 1
A+ Es0 N-ooo En, 2 (B Ax-.m o O, ) (o hber

SUPPLEMENT

PROPERTIES OF THE SYMBOLS
a: Weyl symbols

1) Definition

We assume p={(py,...,p),a=(q1,...,q,), where
Py and g, are the canonical coordinates in the phase
space Ry,; H is an operator in the space L*(R"); and
H(p, q) is its Weyl symbol,

Hip, o= [ 47480 gz, ) da ap,
B, 9= [ K580 g @, p) da ap,

where $=(p1,. . . ,P.),G=(d1, . . . ,n), and p; and ,
are the ordinary momentum and coordinate operators.
The function ¢ in (S.1) may be either an ordinary func-
tion or a generalized function. In particular, we do not
rule out the case in which H(p, ¢) is a polynomial. In
this case, ¢(a,B) is a linear combination of derivatives
of a 6-function, and the relationship between an opera-
tor and its symbol is purely algebraic. If

(s.1)

H{p, g)= ") b, npq",
then

E= z Am, n (l‘;'"‘;")n (S.Z)
where m and n are multiple indices [m =(my, my, . . . ),
n=(m,m,...); p"=pI"p2, ¢" =415, . . . ; and
(™3™ denotes the symmetric product. [The “symmet-

ric product” of noncommuting operators A1}, . . . AW is
the operator (41, ... ,AW), defined by

(@1 dy o tan A= ZTcl—l-m'—k_‘ﬁ ah., a:,” 7L A:}’). (s.3)

where @, are numbers and M=(ky+*** +ky.] In partic-
ular, if H(p, q)=(p*/2m) +v(q), then A=(p*/2m) +v(g);
if H(p, 9)=pq, then H=(1/2)p§ +3p) =gp + (n/2i).

2) Relationship with the matrix elements

We consider the g representation. Solving the Cauchy
problem for the equation
=1 @r B
and then setting =1, we find

-~ 4 agh
(B8 (o f o oy o BT, (s.4)

Hence

(Bc+ Eg—h)

@nw=foc.n te+andadp= [K@ ) 1@)d,

where K(sl s")=(s|H|s’) is the matrix element of the
operator H, given by
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, ip .
. — 2 (+e)
Ko o=gmfo(55.8) e “ e

1 ~i (£ ptp)+ L 4
= | H (0 o)e L R P

.
&8 -8

— g | B e 9 6 (=25 ) T Tap g

a5, 555) £ 0,

=@Enap
(8.5)
Equation {(S.5) can be inverted:
B o= [K (s=F. 0+ 5) rar (S.6)

3) Multiplication law

If H=H,H,, then the matrix elements for these opera-
tors are related by
(s.7)

Hence, using (S.5) and (S.6), we find the relationship
between their symbols:

K@= Kokt o

H (p, q)={(H1 9 H4) (P, 9)
% &P, 3 P1s Q15 Prs )

=(ﬂ:):_n j Hy(p1y 1) Hy (Psy q4) ¢ dpy dgy dpj dgs,
(s.8)
where
s=p(@a—9)¥ps Ga—P+plgg—q)= =2 SPd‘Z» (5.9)
A

A A,

and 4, A, is a rectilinear triangle in phase space
with the vertices A=(p, ¢), A; =(p1, q1), A2 =(p3,q2). In
particular, with n=1, this triangle has an area |s/2].
We consider the following operator in L:(R*):

9t 91 )

L=‘2‘(ap1 30s P2 001 (s.10)

Setting U() =e'**, we easily find
01 (pus w71 00) = e | P21 — D) (0= 33)

—(P2— P} (@1~ g N F (P1s Ps 45+ €2) dPidpday dy;.

(s.11)
Comparing (8.11) with (8.7) and (S.8), we find

(8.12)

LG

(Hy» H3) (B 9)=U () H1H3) (p1, Pay 91, 90) | py=p,=p)
=gy =4

where HyH, = H1(p{, ¢DH:(p3, g).

From (S.12) we find a power-series expansion of
Hl * Hz:

)"
v 1) (o D= D L0 (g0 00 1y (as 98) |y (s.13)
9,=9,=q
This equation can be rewritten
ih 8 ih 8 ~
R B Y X q~735—) (. [E=P-
o]
th @ ik By o~
=11, (P_T?’]: s O“rT 55 ) I (p, 9) ‘E=P'.
° 9=q
(S.14)

The first terms of the expansion in powers of H yield

Uy s B (py =TT (py ) Mo (0 )5 (G e S8 ),

ih ¢ ally aily gl ally
(ap aq dy ap

in accordance with the general definition of quantization.

In conclusion, we write the composition formula in
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terms of the Fourier transform of the symbols:

o o
r - 5 (ap'—pa)

¢ (e, ﬂ):jq)l(a—~a’,ﬂ-—ﬁ’)q‘,(a’, Pre (S.15)

de’ B
[Equation (S.15) can be derived most simply from Eq.
(s.12).]

4) Hermitian-adjoint operator. Trace

The matrix elements of the Hermitian-adjoint opera-
tors H and A, =HA* are related by Ki(sy, s3) =K(s3, s1).
Using (S.5) we find that the symbols for these operators
are complex conjugates:

Hp, 9 =Hp, 0. (s.18)

Furthermore, Spd=[K(s, s)ds. Hence, using (S.5),
we find

Sp f1=(2:1;,,),.5”(pv 9)dpdg. (8.17)
Analogously,
89 (Ha12)= s | M1 (0, ) Ay 7 ) dp da. (s.18)

5) Linear canonical transformations

We denote by I a unitary operator in L*(R") which
performs a linear canonical transformation,

UpU-1=py= Ap+Bj+a,

OqU-1= 1= CF+ Dg+b, (s.19)
where (#5) is a real simplicial matrix, and a and b are
arbitrary vectors. It follows from (S.1) that the sym-
bols of the operators & and B, = UAA™ are related by

Hy(p. 9 = H (Ap + Bq+ a, Cp+ Dg+ b), (s.20)

In other words, a linear transformation of the symbols
reduces to a change of variables. It can be shown®'"
that this property is an unambiguous characteristic of
Weyl symbols. We note the relationship between the
quantum-mechanical and classical linear canonical
transformations. Ignoring the first equations in (S.13),
and eliminating the caret (") on § and 4, we find a
classical canonical transformation, which may natural-
ly be called the classical version of transformation
(S.13). Inversely, putting a caret on p and ¢ in the
equations for the classical linear canonical transforma-
tion, we find the quantum-mechanical canonical trans-
formation which may naturally be called the quantum-
mechanical version of the classical transformation.

6) Reflections

We associate with each classical linear canonical
transformation a unitary operator 0, defined within a
factor, which performs the quantum-mechanical ver-
sion of this operation in accordance with Eq. (S.19).
We thus have a projection representation of the group
of classical linear canonical transformations. In gen-
eral, it is not possible to reduce the ambiguity in the
association of an operator with a canonical transfor-
mation,'® but for certain families of canonical transfor-

16) Within a factor, the operator corresponding to a parallel
translation by a vector x +(@,8) is T, = exp {i /n(Bp—cq)}- K
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mations this can be done. One such family is the fam-
ily of reflections

Pr=—p+ 2py @ = —q+ 2. (s.21)

The reflection in (S.21) at the point (p,, g¢) is naturally
associated with the operator U, ,,, Which has the Weyl
symbol

Unp,, o (Ps q}=(th)" & (P— po} 6 (a— 90)- (s.22)
From (8.8), (S.14), and (S.22) we find
Oy, 0Pl = —F+2p0 Uy (U o= —a-+200, (s.23)

U:Ja. © L, Ur=l.

We consider a Hilbert space of operators with a scalar
product (4, B) =Sp{AB*). Equations (S.18) and (S.22)
show that in this space the reflection operators [7,,,
play the role of generalized orthonormal system analo-
gous to ¢'” in ordinary space, L. The Weyl symbols
serve as a Fourier transformation:

nh

Dpy, 0 Upe, o) = (T3 )" 81— P9 8 (11— 20), (s.24)

By | H .0 Up. g dpda, H(p, 9=23p (A05. 0

This interpretation of the Weyl symbols may serve as
the basis for some far-reaching generalizations.!® The
Weyl symbols were introduced by Weyl in his well-
known book,'® but he gave no equations of operator cal-
culus there. The equations given in the present paper
are scattered over a large number of papers, some of
which have been speculative or philosophical in na-
ture.2’ At this point it does not seem possible to say
just who should be credited with each particular equa-
tion. One of the first papers using the Weyl symbols
in the modern manner was that by Grunewold.?? (A con-
struction based on a path integral is carried out in that
paper, but for a corresponding automorphism in opera-
tor algebra rather than for an evolution operator in a
state space.) The analytic properties of the Weyl sym-
bols were the subject of Ref. 22.

b: Wick symbols. Bose version
1) Definition and basic properties

We denote by F; the Fock space of entire antianalytic
functions f(z) of » variables with the scalar product
(S.25)

The product of differentials incorporates a normaliza-
tion factor which ensures that

1 -
o=z [1@gwe 7 [ s,

¢, h=1 for 1@ =1 (s.26)

there existed a factor c(x} #0 which made the correspondence
unambiguous, this factor would have to satisfy the equation

1
Ty 01
c@ew=catrne oy o={_} o). *)

Equation (* is contradictory, since its left side is symmetric

with respect to x and y but its right side is not. Consequent-
ly, the ambiguity in the representation of the group of linear
canonical transformations is a fundamental property of quan-
tization. [Equation(® follows from the equation ?’, T,
=gt/zwy Tz4+y,» which in turn follows from (8,15).]
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In F; there are creation and annihilation operators
and G:

@NE=2f (), @) D=h -1 ). (s.27)
Dzp
With each operator written in the normal Wick form,
A= Ampy @¥man, (s.28)
we associate a corresponding Wick symbol,
Az, 5)= E Appzmzt, (S .29)

[The coefficients A, in Eqs. (5.28) and (S.29) are the
same; here m and » are the multiple indices.] The
symbol A(z, 2) is a contraction in R*" of the entire ana-
lytic function of two invariables,

A (v, 5) = 3] Appvman

(see below). The effect of the operator on a vector is
defined by

LG-op
(j;)(;)=-:75,4(2, v)l(l_))e"( ’ I ¢vdv. (8.30)
The symbol of the operator A=A\4,is expressed in
terms of the symbols of the operators A, and A, by

[eod  (8.31)

The functions A(z, v)A,(z, v}, Ay(7, 2) in Egs. (S.30) and
(S.31) are analytic continuations of the corresponding
symbols. The symbol for the operator A; =A*, the
Hermitian adjoint of 4, is the complex conjugate of the
symbol of the operator A:

":T F-2)(z-9)

4G ) e 40 (5 D=5 [ 4G 0 4G e

4,6 )=4G o

(s.32)

In particular, the symbol for the self-adjoint operator
is real.

The trace of the operator can be expressed in terms
of its Wick symbol by means of

SpA=):—"SA(;, o [] dzds (s.33)

In F* we consider a family of vectors which depend on
the parameter v»:

D (et

(S.34)

(These vectors are “coherent states.”) It turns out that
the Wick symbol of the operator 4 is its average value
over this state:
(®,, 4o,
W (s.35)
From (8.35) we see that it is possible to continue the
symbol analytically to C**:

A (v, v)=

(0, do,)

EComan (S.36)

Az, v)=

[From (8.25) it follows that (&,, &;)=¢'*®.] The Wick
symbols have yet another important property: In F,
there is an orthonormal basis consisting of the vectors

sk
ATV an (8.27)

where k=(k,, . . ., k,) is a multiple index, and |k|
=27k, (ky are the so-called occupation numbers).
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We denote by |4l the matrix of the operator 4 in
the basis (8.37), where & and ! are multiple indices.
We consider the generating function for the matrix
elements A,

2 LI

Az, z)wz ———-—V RPTREIN L3
The function A is closely related to the Wick symbol of
the operator A:

(S.38)

A )=AF 2)e” (s.39)

To conclude this section, we write the expansion for
the composition of symbols in powers of 1. We con-
sider the operator

8=2 Z(aiz;.+'z%)’

where 2, =x; +iv,. We recall that the solution of the
Cauchy problem for the heat-conduction equation,

az,, az,.

f;; —Au, (s.40)

is given by the Poisson kernel.
it can be written

In complex coordinates,

b= [ Ka—0T=-970% ]| wdn (s.41)
where
1~
Kz, ;)"::_n e_ T (S.42)

[Equation (S.38) has the same normalization of differen-
tials as in the preceding integrals.] Comparing Eqs.
(S.41), (S.42), and (S.31), we find

_ ha - - -
(Ao ) G )= VAL ) A (5, 2 vme o7

(The operator A,; acts on A;, 4, as on the function v, 7.
The arguments z, z serve as parameters.) Equation
(S.43) can be rewritten in the equivalent form

- - 8 - - @ -
(4; #4,)(z, 2) = 4, (Zv l+h;':)r) A, (v, 3) I;:;=A: (z+hE-_ z) Ay (2, V) |yeey

(s.44)
The first few terms of the expansion in powers of % are

(r o) G )= Ay 5,0 43 G )+ G 220,
'z
in agreement with the general concept of quantization.
2) Relationship between the Wick and Wey! symbols

In the space F; we consider the operators

(8.45)

= V— (@n+a3)  Ph=— l/_ (ap—a¥).

It is easy to see that these operators satisfy the same
commutation relations as the ordinary coordinate and
momentum operators. Furthermore, it can be shown
that by diagonalizing the operators g, of the type in
(S.45) we find the ordinary 7 representation, in which
the operators j, and § have the form in (1.2).'" We

N We set by = INZ 24, + zp,z), hy = INZ (q —ipy), where g,
and p, are the coordinate and momentum operators in the
§ representation and have the form in (1.2). We set
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(5.43) '

thus find it possible to consider both the Wick and Weyl
symbols, Ay, 4(2,2) and Ay, (p, ¢), for the same op-
erator A. The arguments of these functions are re-
lated by (S.45):

qh=—7i§(lh+;h). Pn:-;iTi-(lh—;h)- (S-46)
To relate the Wick and Weyl symbols we first give the
Wick symbol of the reflection operator Uvo- a0 it turns
out to be

2 - -
- =T (2=2e)(2-12,)
., &
Km. 2 (2, z)=¢e N

(8.47)

where z, Z, are related to pg, g, as in (5.46).'® It fol-
lows from the second equation in (S.24) and from (S.35)
that

- § -
Awick (2 5)=W S Awey1 (b, 9) Kp, q(z, 2)dpdq

- G- Be-n)

=(%)" 5 Aweyt (0 DYe * dv dv.
(S8.48)

The Wick symbol is thus a solution of the Cauchy prob-
lem of the heat-conduction equation (S.40), for the time
t=h/2; the Weyl symbol is the initial condition for
this problem.

3) Anti-Wick symbols

We write the operator A in the anti-Wick normal
form:
(s.49)

The generating function A(z, 2) for the coefficients A,
is called the “anti-Wick symbol” of the operator A:

(8.50)

A= & ppam @n.

AG 9= ZAmnz"‘;".

Dy=e T, @, . (9=bir L B, (o).

The functions §, ,. .., &, (s) form an orthogonal (but not nor-
mal) basis in Li{rm) [<I> &, = hi/2Thi g ‘(s/w/— . H, (s/AR)
where H,, are the Hermlte functlons] We consider the map~
ping of L, LYR") —~F,, defined by

ke Zhn
Loy, o=t

It is easy to see thatL is an isomorphism of spaces and that
Lo, L 1=4 a,, LfL"1=a}, where a, and 2} are operators of
the type in (s. 27). Accordingly, L§,L~1= 1N (a, + af),
Lpsl™'= 1NZ (G,~4a2). Finally, we note that the isomorphism
L can be specified in integral form by means of the generat-
ing function for Hermite polynomials:

xp[ g (F—2VE5+5) | f0)ds,

o P
@@=t fe

(Ref. 23).

18) Equation (S.47) is found in the following manner: Using
(S.44), we find that if © 44, is the Equation with the Wick
symbol in (S.47), then

apV

Pon @ = ¥ o, ga (— 2T 2200 h'Vp an‘;m PR a%+ 2ok

where zy= 1/AV2 (py+ ipy). ™ follows that the operator Voao
dlffers from the operator u,, 0q0 by a factor: b,oqo— c(porqop)
l,oqo Hence, using (S.24) and (8.235), we find a relation-
ship between the Wick and Weyl symbols which differs from
{S.47) in the presence of a factor ¢ on the right-hand side.
We also note that both thc Wick and Weyl symbols of the
unit operator are identically 1. Consequently, ¢~ 1.
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The Wick and anti-Wick symbols of a given operator
are related by

1= -
5 - 1 . - =5 (2-0)(z—0)
A (s, ’)=F YA(v, v)e h

I] avés. . (s.51)

In other words, the Wick symbol is the soiution of the
Cauchy problem for the heat-conduction equation,
(S.40), at the time ¢ =h; the anti-Wick symbol is the
initial condition. Equation (S.51) permits a generali-
zation of the definition of the anti-Wick symbol: We _
assume that the Wick symbol /f(E z) of the operator A
permlts integral representation (S.51) with some func-
tion A(7, v); then A(7, ») is called the anti-Wick symbol
of the operator A.

There are several important duality relations be-
tween the Wick and anti-Wick symbols. Let us ex-
amine the most important of them:

(8.52)

2) We assume that D(4) is a set of values of the quad-
ratic form (Af, /), with f running over the unit sphere,
It £l =1. [it can be shown that D(A) is a convex set on
the complex plane; see, for example, Ref. 24.] We
furthermore assume that D(A) is a set of values of the
Wick symbol of the operator A and that D(A) is a con-
vex ghell of the set of values of the anti-Wick symbol.
Then

1) Spﬁﬁ ——- AG 0BG 9 [ deei

(s.53)

3) We agsume that Aisa self-adjoint operator and
that ¢(x) is a function of a real variable which is con-
vex downward.

D (4) = D (&) = D (4).

1 S QA (z, z)) dedzgSquA)s S oG M H d: &z (S.54)
Equatlons (S.53) and (S.54)Aare useful for studying the
spectrum of the operator A.

We note in conclusion that the anti-Wick symbols, in
contrast with the Weyl and Wick symbols, exist for
only a comparatively narrow set of operators. For ex-
ample, the Schrodinger operator H = ($%/2m) +v(3) has
an anti-Wick symbol only if the potential is consistent
with the integral representation

1
- =(g-a'n
v(q)=5 e ? u(g’)dg.

It necessarily follows that the potential is analytic.
Wick symbols were introduced in Ref. 25 (for both the
Bose and Fermi versions). Their properties were
studied in detail in Ref. 26. The anti-Wick symbols
first appeared in papers on quantum optics.’*® The
properties of these symbols which we have seen here
have been taken from Ref. 29. The relationship be-
tween the Weyl and Wick symbols was established in
Ref. 30.

¢: Wick symbols. Fermi case

The definitions of the Wick symbol [Eqs. (S.28) and
(S.29)] remains the same; the only difference is that
now 2z, and z, are not complex variables but the genera-
tors of a Grassmann algebra A with involution. The
superior bar denotes the involution. Consequently,
A(z,z) e A. Equations (S.32) and (S.39), which relate
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the symbols of the adjoint operators and which relate
the symbol of an operator and the generating function
for its matrix elements in the basis of occupation num-
bers, are completely conserved. The definition of the
scalar product, (S.25), in the Fock space and also Eqgs.
(S.30) and (S.31) for the action of an operator on a vec-
tor and for the product of operators remain the same,
with one change: The factor 1/k" in front of the inte-
gral should be replaced by k" (the sign [ means, of
course, an integral over the anticommuting variables).
Equations (85.27) and (S.43) remain valid, but with re-
finements: 3/9; ; in (8.27) means the left-hand deriva-
tive, and the operator 4, in (S.43) is

A 3= (a/8v,) 8/05;, (8.55)

where the indices » and ! denote the right-hand and
left-hand derivatives. Equation (S.44) can be modified:
(A1 = 4,) (G, 3)

-

=Al(;, +h ;8;-) 46 01 =4 u)A,(z‘+h.;T, ,)I

v==z

(8.56)

(3/37 denotes the left-hand derivative and 3/3v the
right-hand derivative). The equation for the trace
changes substantially:

SpA AT S A, z)e Il dz ds. / (S.5'7)

The correct order of the factors must be observed in
all the equations. (This is unimportant in the Bose
case. However, the equations of the preceding section
which are cited here have been written in a form such
that they remain applicable in the Fermi case.)

In the Fermi case we can also examine analogies
between the Weyl and anti-Wick symbols. The Weyl
symbols and the associated path integrals were studied
in detail in Ref. 31, and we will not discuss them here.

The anti-Wick symbols in the Fermi case lose all
their remarkable properties, and there is no particular
point in studying them here.

~d: p-q and g-p symbols

1) Definition and basic properties

We associate the following operators with the function
H(p, g) of the type in (S.1)
= PV, paadp,  #,= | P, paads,  (S.58)
where p;, §, are the momentum and coordinate opera-
tors. The function H(p, g) is called the p — g symbol of
the operator Hy and the ¢ — p symbol of the operator H,.
If the function H(p, ¢) is a polynomial,

Hip, q= 2 Bm,ap™q%,

the operators l?l and l}z can be defined in a purely al-

gebraic manner:
izl = 2 hmni"‘a"x ﬁl = 2 hmn‘;"l;m-

We agsume that H is some operator and that Hy(p, )
and H;;(p, g) are its p~ g and g - p symbols, respec-
tively; also, K(sy, s2) ={s,|Hls) is the matrix element
in the g representation. The symbols Hy and H, are
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related to K(Sl, Sz) by

-0 (-0
Hooo={K@ae™ d, Ao ko= K@ ue™  d,
(8.59)
K (81, 5)
P P
_ 1 "i_h(""") -~ 1 —_h(‘l_'t)
—WS H;;(P. ) e dp—(ZTh)RS ”Eﬁ(p' 8)e d

Equations (S.59) are derived in the same way as the
analogous equations for the Weyl symbols. From them
we find multiplication laws and equations for the trace:
(A',;; ‘Bsa)(l’- q)

- -I.l,;(q-a.)(p—m)

. ,
e W CPAY TP 91 dps,
(s.60)
1 Tlh- (@~ aXp—p,)
Aos 28,00 O=r [ 4o o 0B (01 an)e dpy das,

P U I
Sp A= | 4.5 (0 D dpde=pis | 4. (b 9 dpdg,
(8.61)

o 1 ———— 1 —
= \A. (5, 9)B... (P, dg= . (P, 9)B. . (p, X
Sp AB* (ZM),,SApa(p q)B”(p q)dpdg (ZM),.SA”(;: 9 ”(p qydpdg

We also find a relationship between the p =g and g-»
symbols of a given operator,

- T @a-p)

1
Haa (p, ‘1)—-W S Ha;' (F1, Q1) e p1dq1,

ﬁ(q-q.)(v—p.) (S.62)

1
H&ﬁ [¢:8 q)=(27,7)7. S ”SE (1. q1)e p1dgy.

In contrast with the Weyl and Wick symbols, the re-
lationship between the symbols of adjoint operators is
complicated. If A=B* then

Aa;(l’y‘l):Bai; (P, 9). (s.63)

We note that the function (1/27h)e*/ @1 #P gerves as
the Green’s function for the Cauchy problem for the
equation du/3h =i32/3pdgu. Equations (S.62) can thus
be rewritten

L ]

o
- = XN S .
H”(p. g)=e H”(p. )]

(S.64)

It also follows that the expansion of compositions (S.60)
in powers of h is

33

th ——

(4552850 D= P Tl oo 0 By (7 9 gy (5.65)
—ih—L

Us; B )0 D=e PORA oy By B0 gy (S66)

5
1 Pymp

2) Relation with the Wey! symbols

Comparing the third equation in (S.59) with (S.6), we
find a relationship between the Weyl symbol H(p, q) of

the operator A and its ¢ - p symbol:
H(p q) .
-
W (py ).
ap
(s.67)

ml,‘

- i—z,‘-(q—q.)()’—».)

255 Ha;)([’n q1)e dpydq =e

Comparing this equation with Eq. (S.64), we find

_dh_o
Hip, = * POUH - (p, ).

(S.68)
The $5 and §p symbols are the basis for the theory of
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pseudodifferential operators; the modern state of this
theory is presented in Ref. 32,

FIG. 1.

Comment. The equations relating the symbols in
(S.64), (8.67), and (S.68) and also (S.48) and (S.51) sug-
gest an interpolation. We set

Hy(p, q)=e“°”aﬁﬂ~ ~(py q)s
qP

r:

._". -
A (G, sy=e %292 4z ),

The mutual relations between the interpolation sym-
bols H,, A, and the four types of symbols discussed
above are conveniently described by the diagram in
Fig. 1.
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