8 PROPERTIES OF SCALING FUNCTIONS IN g(¢'¢)? FOR... 2503

‘K. Symanzik, Nuovo Cimento Lett. 6, 77 (1973).

’N. Christ, B. Hasslacher, and A. Mueller, Phys. Rev.
D 6, 3543 (1972), referred to hereafter as CHM.

8C. G. callan, Phys. Rev. D 5, 3202 (1972); K. Symanzik,
Comm. Math. Phys. 18, 227 (1970).

K. Wilson, Phys. Rev. 179, 1499 (1969); R. A. Brandt,
Ann. Phys. (N.Y.) 44, 221 (1967); R. Brandt and
G. Preparata, Nucl. Phys. B27, 541 (1971); Y. Frish-
man, Phys. Rev. Lett. 25, 966 (1970).

8W. Zimmermann, in Lectures on Elementary Particles
and Quantum Field Theory, edited by S. Deser et al.
(MIT Press, Cambridge, Mass., 1971), Vol. 1.

°D. Gross and S. B. Treiman, Phys. Rev. D 4, 1059
(1971).

10For a derivation of the Callan-Symanzik equation in
the framework of the Bogolubov, Hepp, Parasiuk, and
Zimmermann renormalization procedure, see J. Low-
enstein, Commun. Math, Phys. 24, 1 (1971) and Univer-
sity of Maryland Report No. 73-068, 1972 (unpublished).

11f in Eq. (2.12a) one neglects B and vy, keeping v,, one
gets for # =1 the solutions F,(x?) =c, (x%) ¢%/rn+1)
which coincide with summation of a special class of
perturbation-theory graphs as given by R. Gatto and
P. Menotti (Ref. 19).

2R. Jackiw, R. Van Royen, and G. B. West, Phys. Rev.
D 2, 2473 (1970); H. Leutwyler and J. Stern, Nucl.

Phys. B20, 77 (1970).

oy, Leu?w?ler and P. Otterson, University of Bern Re-
port, 1972 (unpublished).

14The regularity of the theory for g=g* is more easily
discussed in momentum space.

”’Recently Parisi has given an argument against the
simultaneous vanishing of 8(g) and y(g). This would
prevent Bjorken scaling in asymptotically scale-
invariant field theories. See G. Parisi, Laboratori
Nazionali di Frascati Report No. 72/94 (unpublished)
and the preceding related papers: S. Ferrara, R. Gatto,
A. F. Grillo, and G. Parisi, Phys. Lett. 38B, 333
(1972); G. Parisi, Phys. Lett. 41B, 114 (1972).

18Moreover, the different behavior in g of the n=0
moment is due to the graphs 1(a) which derive from a
contraction of graphs of the type shown in Fig. 2, which
contribute only to the semidisconnected part of the
commutator, and thus contribute neither to the scatter-
ing nor to the inclusive-annihilation channel.

1., Schwartz, Theorie des distvibution (Herman, Paris,
1950), Chap. III

184, D. Abarbanel, M. L. Goldberger, and S. B. Treiman,
Phys. Rev. Lett. 22, 500 (1969); G. Altarelli and H. R.
Rubinstein: Phys. Rev. 187, 2111 (1969).

UR. Gatto and P. Menotti, Nuovo Cimento 24, 881 (1971).

20A. R. Swift and B. W. Lee, J. Math. Phys. 5, 908 (1964).

PHYSICAL REVIEW D

VOLUME 8, NUMBER 8

15 OCTOBER 1973

Finite-Dimensional Path-Summation Formulation for Quantum Mechanics

Philip Pearle
Hamilton College, Clinton, New York 13323
(Received 22 November 1971; revised manuscript received 13 June 1973)

The phase-space path-summation formulation of quantum theory is reviewed. The relationships to classical
mechanics, and the greater generality (as compared with the original configuration-space path-summation
formulation of Feynman) are stressed. Then the formulation is extended so that one can express the
transition amplitude, between states (belonging to an arbitrary basis) of a finite-dimensional quantum system

(with arbitrary Hamiltonian), in path-summation form.

I. INTRODUCTION

Dirac! first emphasized that a relationship exists
between a quantum-mechanics transition amplitude
and the classical-mechanics action function.

Consider a quantum system which has a classical
analog, with canonical operators? X, P, and Ham-~
iltonian H. Write the transition amplitude as

(x,| exp(—iHt/ht)|x,) = expiS' (x,, x5 )/7].  (1.1)

Dirac argued that the complex-valued function S’
is analogous to the real-valued action function

t
S 3 00= [ Ly, x5 1), ey, 25 00

[x(x,, x,; ) is the actual classical trajectory begin-

ning at x, at time zero and ending at x, at time ¢.
L is the classical Lagrangian.] It can be proved?
that

1imS’ =S, if the limit is real. (1.2)
A0
This interesting manifestation® of the classical
limit is not obtained for all Hamiltonians, because
the limit is not necessarily real. For example,
a Hamiltonian which is an odd function of p (and
does not depend upon x) leads to a real transition
amplitude (1.1):

exp(is /)= ()™ [ " dp cos{i{ pl, - o)~ H(p)e]},

so the real part of S’ is just 0 or 7 in this case.
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An important class of Hamiltonians that do satisfy
(1.2), however, are the Hamiltonians of nonrel-
ativistic classical mechanics for which (1.2) is the
well-known lowest-order WKB approximation.
Dirac further showed the relevance of the clas-
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sical principle of stationary action to quantum
mechanics. Break the time interval ¢ up into N
intervals of duration € (#=Ne), and write exp(-itH/
%) as the product of N terms exp(—-ieH/%). Then

it follows from (1.1) that

exp[éS’(xN, Xo3 t)]: f AX oy c dx, exp{%[S’(xN, Ky €)+o o+ 8'(x,, x,_y;€) +o oo+ 8 (), xo;e)]} (1.3)

If (1.2) is satisfied in the limit as 7#—0, the exponent in (1.3) becomes the classical action, calculated for

a continuous trajectory in configuration space. This trajectory passes through the points x, at times 7,
obeys the equations of motion in between these points, and suffers a discontinuity in velocity at these points.
Dirac pointed out that in this limit, the major contribution to the integral in (1.3) will come from trajec-
tories in the neighborhood of the actual classical trajectory for which the action is stationary.

Feynman® brought into consideration the limit of S’ as #-0. His argument is limited to the class of non-
relativistic Hamiltonians quadratic in the velocity. For such Hamiltonians, one can show that $’ is equal
to S to first order in ¢ (apart from an additive term that is independent of x,, x,). In other words, the clas-
sical action S “dominates” both the expansion of S’ in powers of /# and the expansion of S’ in powers of ¢.

Because of this, Feynman could prove that

lim f dxXy-,*** dx, exp {ﬁ
€E=>Q,N>o

Ne=t

exp[i—; S’ (x, xo;t)] =

i.e., S (plus an additive term) can be substituted
for each S’ in Eq. (1.3), because only terms up to
first order in € make a contribution to the tran-
sition amplitude when € is sufficiently small.

Feynman’s “path summation” expression (1.4)
for the transition amplitude has a number of in-
teresting features. First, a »eal function S de-
termines the complex function S’. Second, S has
the classical interpretation of the action. Third,
following Dirac’s argument, the classical limit
7 -0 is manifest. In later work, Feynman as
well as other authors® have tended to deemphasize
these features. Equations such as (1.3) have been
termed path-summation expressions, even though
the exponent in the integrand may be complex and
bear no relation to a classical action.

Unfortunately, Feynman’s argument is restricted
to a limited class of Hamiltonians, because usually
S’ is not equal to S to first order in ¢{. Attempts®™®
to extend this to other classes of Hamiltonians, or
to the transition amplitude between eigenstates of
operators other than the position operator, have
met with only limited success. For this reason,
one has not been able to regard the Feynman formu-
lation as an alternative that is completely equiv-
alent to quantum mechanics.

There is, however, a path-summation formula-
tion based upon phase space, rather than configura-
tion space, which holds the promise of being ap-
plicable to a wider class of Hamiltonians. It was
first mentioned briefly by Feynman, °enlarged upon
by Tobocman,” and later found independently by
Davies, !* and again by Garrod.!? We shall review

2 s

X, Xyoy3€) +0 00 +S(x,, X;€) + Nilig 1n(2niﬁe/m)]} , (1.4)

this phase-space formulation in the remainder of
this introductory section, paralleling the discussion
already given of the configuration-space formula-
tion. Then we will present what appears to us to
be a natural extension of this formulation to quan-
tum systems with a finite number of degrees of
freedom.

Consider the transition amplitudes

(b, | exp(=iHt /) |x,) = (207) ™M exp[iS; (p,, x;1) /7],
(1.5a)

(x,| exp(=iHt /)| p,) = (2n7) V2 expliSy(x,, poit) /7]
(1.5b)

The complex valued functions Sj, S, are analogous
to the real valued functions:

S (P, X5 t) =X, (P, X3t ), X3b) = PiXy (1.6a)

Sz(xp po;t) = S(xl, xo(xp po;[);t) +DoXp - (I-Gb)

S;» S, are well-known classical generating functions
of canonical transformations between x,, p, and
%, ;. Indeed, one® can show that

lim§; =S, , (1.7a)
h->0
lim S} =S, (1.7b)
h—>0

wheve the limit is always veal *3

Next, following Tobocman,” we break the time
interval ¢ up into 2N intervals of duration €/2, and
write exp(-itH /%) as the product of 2N terms
exp(—-ieH/2%). Between pairs of terms we insert
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alternately the resolutions of the identity [dp|p)(p| and [dx|x){x|. Then it follows from (1.5) that
exp[;—i,s'(x”,xo;t)] =(2177'Z)"fdp2,,_lfdx2”_2--- fdxzfdpl

' i ! ’
XeXp{g[Sé(xM, Dan-153€) +S1( Doy -1y Xoy 25 3€) ++ + + +55(x5, p1;3€) +Si( Py, xo;%e)]} . (1.8)

In the limit as # - 0, according to (1.6) and (1.7), the exponent in the integrand of (1.8) is just the classical
action

s= [ (bi-Hx, plar (1.9)

calculated for a certain discontinuous trajectory in phase space. This trajectory proceeds according to
the classical equations of motion except for alternate discontinuities in position and momentum coordinates
every e seconds.

There exists a classical variational principle'* which states that the action integral (1.9) is stationary
under arbitrary variations of botk p and x, treated as independent variables, in the neighborhood of the
actual classical trajectory in phase space. (The two Euler-Lagrange equations are just Hamilton’s equa-
tions.) Thus, following Dirac’s argument, in the limit 7~ 0 the major contribution to the integral in (1.8)
comes from trajectories in the neighborhood of the actual classical trajectory, for which the exponent in
the integrand is equal to the classical action and is stationary.

So far we have pointed out that Dirac’s arguments involving configuration space have precise analogs in
the context of phase space. We now turn to Feynman’s path-summation expression, and consider its ana-
log.

We might hope to pass from Eq. (1.8) to a path-summation expression by approximating Sj, S; in the ex-
ponent by their values to order ¢, and taking the limit e - 0. However, upon expanding (1.5) in powers of
t, we find that to first order Sj, S; are not generally real:

Si( by, %o51) == 1% = K b |H lxo>/< p1,xo> +0(¢?), (1.10a)

Sa(xas p13t) = 2Py ~ K xa | H | p1) /%2 £y) +O(2?) . (1.10p)
So substitution of (1.10) into (1.8) will not yield what we consider to be an acceptable path-summation ex-
pression. Suppose, however, that H is written in symmetrically ordered form:

H=3A+A"), A=) c,G(X)F,(P) (1.11)

(the constants ¢, are real and will generally depend upon 7). We note that if AT and A are substituted for H in
(1.10a) and (1.10b), the resulting expressions will be real to first order in ¢. This suggests the following
argument.

In analogy with (1.5) we define

(p,| exp(~itA" /i) | x,) = (277) "2 expliS,( by, x05t) /7], (1.12a)

(%, | exp(=itA/h) | py ) = (27%) Y2 expliS,(x,, py3t) /7] . (1.12b)
To first order in ¢,

Sy = ~ b1y = tH (x5, po) +O(£?), (1.132)

Sz = %oy ~ tH(%y, p,) +O(t2) (1.13b)

[H(x, p) is obtainedfrom (1.11) by substituting the variables x, p for the operators X, P]. Equations (1.13)
are the expressions for the classical generating functions S,, S, [Eqgs. (1.6)] to first order in ¢
As (1.8) follows from (1.5), so it follows from (1.12) that

(x|[exp(-icA/2h) exp(—iecAT /20))¥ | x,)
=(2mm)~¥ _[di’zlv—l fdxan—a' e f ax, f ap, GXP{%[Sz(x, ban-132€) +5,(Pay-1» Xay-233€) +* =

+‘§2(x21p1;%€) +SL(P1, Xo;éG)]}. (1-14)
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We expect that the formal limit of (1.14), the phase-space path-summation expression

exp[%s’(x,xo;t)} = lim (2nﬁ)‘”fdp2N_lfdx2N_z---fdxzfdpl

€0 N—>w
Ne=t

{

) .
X exp 1;;[52(95: Dan-153€) +S1(Dapo1s Xoy-253€) +++ = +S,(%, py35€) +S,( g, xo;'%e)]} (1.15)

can be rigorously justified for a wide class of
Hamiltonians, as was done by Nelson®® utilizing a
theorem of Trotter'® for the analogous Feynman
expression (1.4).

Cohen' first showed that the path-summation
expression (1.15) yields the transition amplitude
generated by the symmetrized Hamiltonian opera-
tor (1.11). He also pointed out that different forms
for S(x, p;t) lead to transition amplitudes corre-
sponding to differently ordered Hamiltonian opera-
tors, correcting an impression given by Kerner
and Sutcliffe’® that only one form for a phase-space
path-integral formulation was possible (the form
espoused by Garrod*?). The realization that the
phase-space formulation can be applicable to a
wider class of Hamiltonians than is possible with
the configuration-space formulation was implicit
in the work of Davies, ! but was first explicitly
stated by Kerner and Sutcliffe'® [however, a rig-
orous proof of (1.15) remains to be given].

In Secs. II and III of this paper, we shall show
how to extend the path-summation formulation
described here (i.e. corresponding to a symme-
trized Hamiltonian) to finite-dimensional quantum
systems. Our criterion for such an extension is
the maintenance of as many features of the path-
summation expression (1.15) as is possible. Thus
we will not be able to relate the exponent in the
path-summation expression to a classical action,
or obtain a classical limit as 7 -0, as such quan-
tities do not exist for finite-dimensional quantum
systems. However, we will demand that the path-
summation exponent be real, we will require that
equations [(1.11) through (1.15)] have finite dimen-
sional analogs, and we will show (in Sec. IV) how
the finite-dimensional path-summation expression
reduces to (1.15) in the limit as the dimensionality
becomes infinite.

II. FINITE-DIMENSIONAL QUANTUM SYSTEM

When one wishes to treat a finite-dimensional
quantum mechanical system by a path-summation
formulation, one must first answer the question:
What is to be the nature of the “path?” In Feyn-
man’s path-integral formulation, the path may be
regarded as an actual continuous classical trajec-
tory in configuration space. However, since the
coordinates of points in configuration space are
also eigenvalues of the position operator, one may

]
also regard the path as a “trajectory” through the
possible eigenvalues. In fact, since it is actually
only the eigenvalues at times ¢=0, ¢, 2¢,..., Ne
that are specified, one may visualize the physical
system as “hopping” from eigenvalue to eigenvalue
every € seconds.

In the phase-space path-integral formulation,
one could regard the physical system as tracing
out a classical trajectory in phase space. But
because the trajectory is discontinuous, much of
the appeal to classical intuition is lost. We prefer
to regard the system as proceeding along a “quan-
tum mechanical trajectory,” moving from one
permitted eigenvalue to another (alternating be-
tween position eigenstate and momentum eigen-
state). This latter point of view makes it possible
to extend the phase-space path-summation formu-
lation to finite-dimensional systems in a natural
way.

Consider an n-dimensional quantum system with
orthonormal basis vectors |[#)(» =0, 1,...,%-1),
and Hamiltonian H. We wish to express the transi-
tion amplitude

(v| exp(—iHt/)|7vy) = expliS' (v, vo;8) /] (2.1)

in path-summation form. The |#) vectors may be
regarded as the finite-dimensional analog of posi-
tion eigenvectors. It is necessary to introduce
another set of orthonormal basis vectors |k)(k=0,
1,...,n-1), the finite-dimensional analog of
momentum eigenvectors, which are defined by
their projections on the |#) basis:

(r|ky= n~Y2 exp(i2nvk/n). (2.2)
It is also useful to define operators R and K,
Rlry=r|r), K|k =Ek|E), (2.3)

which we shall call “conjugate” operators, although
they do not, of course, have the commutation re-
lations enjoyed by X and P.

We saw in Sec. I that, while S’, Sj, S; are not gen-
erally real (not even to first order in f), one may
split the Hamiltonian into a sum of terms so that
a path-integral form involving the real functions
S, S;, S, can be obtained. Accordingly, by analogy
with (1.11) and (1.12), we define

(k| exp(~it AT /n0)|7) = w2 expliS, (B, ;1) /7],
(2.4a)
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(r|exp(- itA/7) | k) = n~ Y2 expliS, (7, k;t) /7], H=%A+A") (2.5)
(2.4b) and the further condition that S,, S, be real to first
order in €. If these constraints are satisfied, then

where the operator A is restricted by the condition the following equation is correct fo order €:

J

(r|exp(~ieH /F)|s)= ?j (r|exp(—ieA/2r) | E)XE|exp(~ieAT /2| s) =n~t $ exp%%[sg(r, ky3e) +5,(k, s;%e)]} .

(2.8)
As a consequence of (2.6), we can express the transition amplitude in the path-summation form:
(r|exp(-iHt/I) |7y = lim ¥ Z 2 Z Z exp h,[Sz('r, Bay-153€) +S1(Rap 15 Tan- 252€) +*
5"36-11_’;""’ kaN-1 T2N-2 1
+8,(73, ky53€) +Sx(kp'ro,2€)]} 2.7)

Equation (2.7), the finite-dimensional analog of (1.15), is rigorously correct. The limit in (2.7) exists,
essentially because finite-dimensional matrices are beunded operators. S,, S, need only be evaluated to
order ¢, and so are real.

To implement (2.7), we need to express S, S, in terms of matrix elements of H. This is accomplished
as follows. The first term in the expansion of S, S, in powers of € is found by setting =0 in (2.4) and
utilizing (2.2):

S,(r, k;0) == S,(k, 7;0) =2nivk/n. (2.8)
By taking the complex conjugate of (2.4a) and comparing with (2.4b) we can express S, in terms of S,:

S,(7, kize) == S (k,v; — 3€) = —Tﬁ—rk —3e(r|alk) +0(e?). (2.9)

We have introduced an operator a with real matrix elements (v|a| 4. [By expanding (2.4) in powers of ¢
we find
(rlalB=(r|Al B /Lr|B) .] (2.10)
Equation (2.9) is the analog of (1.13). In order that (2.6)
e ,
(v| exp(—iHe/B)| s) =n™? Z: exp{—;:[%ﬁk(v -s)/n—-3e((r|al B +(s|al k))]} (2.11)
=0 .
hold to order €, the matrix elements (7| a| % must satisfy the equation
.
(r|H| sy =(2n)™* 2 [(r|al B +(s|a| B ]expli2nk(r - s)/n] (2.12)
=0
The quantity in the exponent of (2.11) may be regarded as the finite-dimensional analog of the classical
action (multiplied by ¢%™!, evaluated for € seconds). In particular, 3[(z|a|k +(s|a|®] is the finite-dimen-

sional analog of the classical Hamiltonian (averaged over € seconds). (7|a|% must be real and satisfy
(2.12). We find (see Appendix) that

n-1
(rla|B == ;j Z 1+ expi 2nk,7, /n]™ Trlexp(-i2nk (R —7)/n)H exp(~i 2uv (K - k)/n)] (2.13)
150 7,50
—
is the solution of these constraints, when it exists. to finding the classical action). Lastly we insert
Thus, given a finite-dimensional Hamiltonian S,, S, into the path-summation expression (2.7).
operator H we can proceed to construct a path-
summation expression for the transition amplitude III. DISCUSSION
as follows. First we use (2.13) to construct (7|a| %)
(which is equivalent to finding the classical Hamil- The solution for (7| a| B certainly exists if the
tonian in the infinite-dimensional problem). Then first term on the right-hand side of (2.13) is not

we use (2.9) to construct S,, S, (which is equivalent infinite, i.e., if
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exp(i2nky,/m)=-1 (0<k,r, sn-1) (3.1)
is not satisfied. Satisfaction of (3.1) requires that
2k,7, =n(odd integer). (3.2)

Clearly the solution (2. 13) exists for n odd, since
(3.2) cannot be fulfilled in this case.

When 7 is even there are certain values of 7, &,
for which (3.1) is satisfied. However, if the trace
expression in (2.13) vanishes, then the solution for
(r| a| B exists (one omits these terms'® from the
sum). The vanishing of the trace expression im-
plies the existence of linear relations between
some matrix elements of H:

'i (s|exp(-i2mk,R/n)H exp(-i21v,K/n)| s)
§=0

= E exp(—i 2wk, s/n)s|H|7, +s)

=0 (3.3)

[in (3.3) we have employed the cyclic notation

|7 +n) =|7)]. Sometimes the linear relations (3.3)
can be satisfied, perhaps with an appropriate
choice of the arbitrary phase factors multiplying

the state vectors |7), perhaps with a reassignment
J

L exp[-2i(6 - 6,)]
3 expi
2 expre —iexp[-3i(26,+ 6+ 6,)]

Thus for #=2, a path-summation transition ampli-
tude can be made identical to that of quantum me-
chanics, even if the limit € -0 is not taken. This
suggests the possibility of formulating quantum
mechanics in terms of path summations involving
a fundamental time unit € which is not set equal to
zero; however, we will not pursue this any further
here.

When % is even and the constraint equations (3.3)
cannot be satisfied, one can still express the tran-
sition amplitude in path-summation form by con-
verting the problem to #+ 1 dimensions. The new
Hamiltonian’s first » rows and columns are taken
to be identical to those of the n-dimensional Ham-
iltonian. The (z+1)st row and the (z+ 1)st column
are taken to be zero. Since the new Hamiltonian
has an odd number of dimensions, the mathemati-
cal difficulty we have encountered is overcome.
Moreover, the physical problem is unchanged,
since no quantum transitions are possible from a
state in the original n-dimensional space to the
(n +1)st state, or vice versa [however, the (z+1)st
state does participate in the path summation].

Thus we can produce a path-summation expres-
sion for the transition amplitude for any finite-di-
mensional quantum system.

iexpl3i(26,+6+6,)]
- eXP[%i(G - 91)]

of the numbers 7 to the eigenvectors.

We illustrate these equations by considering the
case n=2. Whenv =k =1, the condition (3.1) is
satisfied, which tells us that the constraint equa-
tion (3.3) must be obeyed:

(O|H|1) —(1|H|0y=0.

Since H is Hermitian, it is possible to satisfy this
constraint by an appropriate choice of the phase
factors of the states |0), |1). This makes the ma-
trix (|H|s) completely real; in fact, the matrix
(r|H| B is also real. We may then evaluate (2.13),
obtaining

(rla|B=@|H|B/r|k. (3.4)

[From (3.4) and (2.10), it follows that A=H.] One
may directly verify that (3.4) is indeed the solution
of (2.12).

Incidentally, when n=2, Eq. (2.6) can be satisfied
exactly (not merely to order €) by an appropriate
choice of S,, S;: This is not true for arbitrary =.
Indeed, the most general 2X2 unitary matrix,

cosfexp(if,)  sinbexp(ib,) ]

expro [—s‘m@ exp(-26,) cosdexp(~i0,)

can be written in path-summation form

exp[-3i(6~6,)]  iexp[4i(26,-6-6,)]
—iexp[-i(26,-6-6,)] -exp[li(6-06)] |

-

IV. CONCLUDING REMARKS

An extension of the results of Sec. III to quantum
systems with a countably infinite or uncountably
infinite number of basis states can encounter dif-
ficulties. We have no proof of the existence of the
formal extensions of expressions (2.7) and (2.13)
to such systems. Moreover, even if they should
exist, a real exponent in a path-summation expres-
sion does not guarantee that it bears a simple re-
lationship to the classical action. Nonetheless, we
believe that this approach can be fruitful. For ex-
ample, we have been able to use these results to
show?® (at least formally) that a path-summation
expression in which an arbitrary classical Ham-
iltonian is expressed in terms of classical harmon-
ic-oscillator action-angle variables yields the
transition amplitude for a related quantized Ham-
iltonian operator between harmonic-oscillator en-
ergy eigenstates. However, here we will content
ourselves with showing how the usual phase-space
path-summation expression described in the Intro-
duction can be recovered by applying the proce-
dures of Sec. II.

We set x=»A (A is an infinitesmal length), p
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=+/ik/n), and take the limit A =0, n—-x, A~ L (L
is the length of the “box” in which vectors are
normalized to one). In the limit L -, the path
summation (2.7) becomes the path integral (1.15),
with S,, S, given by (2.9):

-
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Sz(x9 p;%€) == sl(ps X5 = ';‘G)
=xp —s€(x|alp) + O(€?). (4.1)

In order that the Schrédinger equation be satisfied by
the transition amplitude, (x| a|p) must satisfy (2.12):

(x| H| x4y = (477) f_:dp[(xl alp) +(x,l al p)lexplip(x — x,) /7). (4.2)

We also require (x|a|p) to be real. The unique solution of these constraints, analogous to (2.13), is

(x|a|p) = (wk)™* f_:dpl f_wdxl[1+expip1x1/ﬁ]'1 Trlexp(- ip, (X - x)/M)H exp(— ix,(P - p)/%)] (4.3)

Equation (4.3) can be evaluated for an arbitrary Hamiltonian. It is simplest to first cast the Hamiltonian
in the symmetrical form (1.11). Insertion of (1.11) into (4.3), together with the continuum analog of (A.7)

results in

(xlalpy = @nm) f " ap, f " dx, Tr{exp(— i2,0C=2/1) 3 €,G(OF (P) expl— iz, (P - p)/h’)]. (4.4)

Straightforward evaluation of the trace yields the result

(xlalp) = (2mm)~ f dp,dx,dp,dx, exp(~ip,(x, = %)/B) D ¢,G(5,)F (b,) expl= ix,(p, = p)/F)

= tZ ClG‘(x)F;(p) .

Thus we obtain, as the continuum limit of our pro-
cedure for finite-dimensional systems, the results
of Sec. II [compare (4.1) and (4.5) with (1.13)].

We have not given examples of how to handle in-
finite dimensional bases labeled by continuous
indices of semi-infinite range, or a combination
of discrete and continuous indices (such as the
hydrogen-atom energy eigenstates). However, we
believe that many of these cases can be treated by
the methods shown here, as limiting cases of fi-
nite-dimensional quantum systems.

Incidentally, we remark that no one has shown
how to express a transition amplitude between
states belonging to diffevent bases in path-summa-
tion form.

Finally, we would like to point out that, in view
of the arbitrariness permitted to our Hamiltonians,
it is possible to express unitary operators other
than the time translation operator in path-summa-
tion form.
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APPENDIX

In this appendix we will find the real solution
(r|a|® that satisfies Eq. (2.12):

(4.5)

(r|H| s) =(2n)‘l'g kr|al® +(s|alB]
xexpli2nk(r - s)/n]. (A1)

We first write (A1) as an operator equation. Noting
that

n-L/2 i (r|a| &) expli2nk(r - s)/n]

=(v|aexp(i2mvK/n)|s), (A2)
and that if (s|a|®) is real,
(slal® =(k|a'|s), (A3)
then (A1) implies

H=2"1p"1/2 ;53 {[1£)(t]| a exp(i2mtK/n))

+[6)(t| aexp(i2ntk/n)]'}.  (A4)

[We adopt the notation that letters preceding # in
the alphabet (%, I, m) are labels for eigenvectors of
K, while letters succeeding » in the alphabet (7, s,
t,) are labels for eigenvectors of R. ]

We now wish to evaluate

Trlexp(- i27kR /n)H exp(~ i2mrK/n)]. (A5)

This trace expression applied to the first term in
(A4) yields
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272 30 D exp(— i2mkt/n) (L 1)t | a| 1) expli2ml(t =7)/n) =271 Y D (k| E)tl alL)(I] )
1 t i t

=3(klal?) . (A86)

In order to evaluate the second term in (A4) it is useful to know the operator identity

exp(—i2mvK/n) exp(—i2nkR /n) = exp(~ i27kR /n) exp(- i27vK /n) exp(i2n17k/n) . (A7)

With the help of (A7) and (A3), the trace applied to the second term in (A4) yields

271~V 2 exp(i 277k /n) Z Z exp(-727i(t +7)/ni%ll a’ |t)(t] 1) exp(- i2nkt/n)
1 t

It follows from (A4), (A5), (A8), and (A8) that
(klalr) =2[1 +exp(i2mrk/n)]™

provided the first factor on the right-hand side of (A9) is not infinite.

=27 exp(i2mk/n) ) 3 (klt)Ila"|£)1]7)
1 t

=3(k|a|r) exp(E2mrk/n). (A8)

Trlexp(-i27kR/n)H exp(~i2mrK/n)], (A9)

If the factor is infinite and the trace

does not vanish, no solution exists. If the factor is infinite, but the trace vanishes, we can take (|a|7)

=0.%
Thus the solution of (Al) is

(r|alk) == 2 S [1+exp@2m7,k,/n) ]~ Trlexp(-i27k,(R - 7)/n)H exp(- i277,(K - k)/n)].

~Or

We must verify that this solution is real. If one
takes the complex conjugate of (A10), replaces the
summation indices k;, 7, by Bi=n~ky, vi=n-7y,

(A10)

r

respectively, and utilizes (A7) to commute the
exponential factors in the trace, one ends up once
more with (A10).
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