THE IMAGINARY-TIME FEYNMAN PATH INTEGRAL

ADITYA BHARDWAJ

ABSTRACT. The Feynman path integral, which involves the integral of an oscillating
complex exponential over a space of paths, is difficult to make rigorous mathematical
sense of in many physical situations of interest. In this paper, we consider a special
kind of path integral known as the imaginary-time path integral. To make sense of this
integral, we begin by constructing the Wiener measure on an n-dimensional Wiener
space of paths and then state a helpful theorem characterizing integration with respect
to this measure. We then introduce basic operator semigroup theory in the context of
its relevance to evolution equations which describe physical systems. Finally, we give a
proof of the Trotter product formula and use it to prove a version of the Feynman-Kac
formula for potential functions that are continuous and of compact support; this gives
rigorous meaning to the imaginary-time Feynman path integral by connecting the idea
of an integral over a space of paths to a semigroup known as the heat semigroup.
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The state of a quantum mechanical particle at time ¢ can be described by a complex-

valued wave function 1 (z,t) € L?(R%). We interpret ) (z,t) as a probability amplitude so

that the quantity |¢(x,)|* gives the probability density of the particle being at a position

/ (e, |2 da.
A

x € R? at time t. We can then calculate the probability that the particle is in some Borel
set A in R% at time ¢ with the integral

If our particle starts off in some initial state ¢ (z,0), a natural question to ask is how
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the state of our particle evolves in time. Feynman’s path integral formulation of quantum
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mechanics is one way to answer this question. Feynman began by first considering the
following simpler question.

Question 1.1. Suppose it is given that a particle starts at position zy at time 0. Then
what is the probability amplitude K (z,t; xo,0) that the particle ends up at position x at
time t > 07

Let ¢[w(s)] be the probability amplitude that the particle takes the path w : [0,¢] — R?
to get from zy to x, where the path w is continuous and w(0) = zo and w(t) = =.
Then we can write the probability amplitude K(-) as just the sum of the probability
amplitudes ¢[-] along every path w(s) connecting z¢ and x. Feynman showed that the
probability amplitude that a particle takes a path w(s) from zg to x is given by the
complex exponential

eli/MSlw(s)]
where 7 is the reduced Planck constant and S[w(s)] is referred to as the action along the
path w(s) and is given by

Stwte)] = [ L (dj(f)g ~V(w(s)) ds,

2
is the kinetic energy of the

where m is the mass of the particle, the term 3m (d“;(ss)

particle along the path, and V(+) is the potential in which the particle is moving. Hence,
we can write K (-) heuristically as an integral over all paths w(s),

K(z,t;x0,0) = eW/MSW(S)] py,,

/all w(s) connecting zo and x
where the symbol Dw is used to refer to an integral over all paths. Notice that the action
Slw(s)] is symmetric in the sense that if we were to instead consider the reverse path w*(s)
where w*(0) = z and w*(t) = o then S[w*(s)] is equal to S[w(s)]. With this observation,
we can describe the time evolution of the state of the particle by the (heuristic) equation

(L.1) o, t) = / /WSO (4 (¢), 0) Du,
all w with w(0) ==

where each w : [0,¢] — R? is continuous and satisfies the condition w(0) = . Notice that
x( = w(t) can take on any value in R%. The complex exponential in the integrand of (1.1)
gives us the probability amplitude that the particle goes from position zy at time 0 to
position x at time ¢ while the wave function ¥ (w(t), 0) gives the probability amplitude that
the particle was at zg in the first place. Their product gives the probability amplitude
that the particle is at position z at time ¢ given that it was at position xy = w(t) at time
0. The integral then sums over all possible initial positions xo—the particle could have
been anywhere at time 0—and this yields the state ¥ (z,t) of the particle at time ¢.

The more conventional approach to quantum mechanics describes the time evolution
of the state of a particle by the Schréodinger equation

o

(1'2) Zﬁalﬂ(l‘a t) = H'(/J(J),t), ’(/)(JJ,O) = '(/)(m)v
d 02

where we have the operator H = —%A + V(z) with A = Y7, %5 denoting the

— 3
i=1 sz

Laplacian in R%. It can be shown via a physical derivation that the Schrédinger equation
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can be recovered from Feynman’s path integral [1]. If we solve (1.2) purely formally, we
can write the solution as

(1.3) b, t) = ey (z).

If we combine (1.3) with (1.1), we obtain

(14) ety =e M) - | lIMS(0o(1), 0) Do
over all paths w

which connects the time evolution in the Schrédinger approach to the time evolution in
the Feynman approach.

From a mathematical perspective now, we would like to determine what exactly it
means to integrate over a space of paths. Specifically, we want to give rigorous meaning
to the integral in (1.1). To do this, we might try to construct a measure on the space of
paths and then use the theory of Lebesgue integration to make sense of the path integral.
Unfortunately, it can be proved that there is no such measure that allows us to directly
make sense of Feynman’s path integral [2]. However, in 1947, when attending a talk by
Feynman, Mark Kac realized that if instead we pass to imaginary time by making the
substitution s = —is, then the Feynman path integral in (1.1) becomes

PP = [ O (— / E (d‘;(j))g V() ds> $((t),0) Do,

where for mathematical simplicity we have set all physical constants A, m to unity. The
idea is that we can then interpret the expression

exp (— /Ot; (d‘jlf))Q ds) Duw

as the Wiener measure on the space of continuous paths. Similarly, in the Schrédinger
approach, when we pass to imaginary time and set all physical constants to unity, the
Schrédinger equation becomes a heat equation with interaction term

13}
@Mx’t) = —Hy(z,t), ¥(x,0) = (x).

This equation has the formal solution 9 (z,t) = e *4(x) and so we can establish the
imaginary-time analogue of (1.4) as

(1.5) U(a,t) = e M(x) = FPry ().

This is the Feynman-Kac formula and establishing it is the main result of this paper.
We begin in Section 2 by constructing the Wiener measure and then giving a helpful
theorem that describes what integration with respect to this measure looks like. Next,
in Section 3, we introduce the basics of operator semigroup theory so that we have the
tools to make rigorous sense of the expression e~ * which characterizes the solution to
the heat equation (1.5). In Section 4, we make use of operator semigroup theory to prove
the Trotter product formula which plays a crucial role in our proof of the Feynman-Kac
formula. Finally, in Section 5, we prove the Feynman-Kac formula and briefly mention
how our approach in the imaginary-time case can be rigorously extended to the ”real-
time” Feynman path integral in (1.1). In this paper, we assume that the reader is familiar
with basic measure theory and functional analysis.
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2. CONSTRUCTION OF THE WIENER MEASURE

We want to make rigorous sense of an integral over a space of paths. To accomplish
this, we will first construct a measure on the space of all paths known as the Wiener
measure and then define integration with respect to this measure.

We begin by defining precisely what we mean by the space of all paths.

Definition 2.1. The d-dimensional Wiener space Cé’d is the space of all continuous paths
w : [0,#] — R? such that w(0) = 0, endowed with the supremum norm given by

lwllgra = sup [lw(s)]

s€[0,¢

where [|w(s)]| is the standard Euclidean norm on R?. To simplify notation, we shall write
Ch to refer to one-dimensional Wiener space.

Proposition 2.2. Wiener space is a separable Banach space.

Proof. We prove separability only and refer the reader to [3, Chapter 3] for the fact that
Wiener space is a Banach space.
Each w € ng is a function from R to R? so we can write it as

w(s) = (w1(s),wa(s),...,wa(s)).

The Weierstrass approximation theorem [4, Theorem 20.41] tells us that polynomials are
dense in C§ since [0,1] is a compact interval. Hence, the functions of the form

p(s) = (p1(s),p2(s), - -, Pn(s)),

where each p; is a polynomial, are dense in Cé’d. But the polynomials with rational
coefficients are a countable dense subset of the polynomials, and so this proves separability.
|

Our goal now is to construct a measure on the measurable space (Cé’d, B (Cé’d)), where
B (Cé’d) is the Borel o-algebra of Wiener space. We shall do this by defining the measure on
a special class of sets in Cé’d known as the cylinder sets and then using the Carathéodory
extension theorem to extend the measure to B(Cé’d). Our overall approach is guided by
that of Johnson and Lapidus’s construction of the Wiener measure on one-dimensional
Wiener space C§ [3]. However, we define the cylinder sets in a slightly different manner

which allows us to untroublesomely extend the construction to d-dimensional Wiener space
che.

Definition 2.3. Let A, Ay, ..., A, be Borel sets in R?, that is, sets in the Borel o-algebra
B(R?) of d-dimensional Euclidean space. Also, let sq,s2,...,5, be a sequence of times
satisfying the inequality

0<s1<s9<---<s, <t

Then the cylinder set I(sy,...,8n;A1,...,Apy) is the set consisting of all paths w in Cé’d
such that w(s;) € A; for all j = 1,2,...,n. We shall refer to the times s; as restriction
times and the Borel sets A; as their corresponding restriction windows. Figure 1 provides
an illustration of what a cylinder set looks like.
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Notation 2.4. The cylinder sets are of the form
{wech? w(s;) e Ajforj=1,2,...n}.
We denote the collection of sets of this form by Z. That is, Z is the collection of all

cylinder sets.

4
A

.,'J.-..
t t t t = Tirme
81 L] 83 t

FIGURE 1. Paths in C{ that are a part of the cylinder set
1(s1,89,83; A1, A, A3) passing through the Borel sets Aj, As, and As

at times s1, sg, and sz respectively.

We now define the Wiener measure for the cylinder sets.

Definition 2.5. The Wiener measure of a cylinder set is defined by the set function

(2.6)

m(I(sh.. Sn7A1,.. ,An
1 >d/2 —llug—uq |2
)

Y2y
e2(s1-0) x e — e 2(s2—s1) X ...
Ay J A 2 .91 —O 27T(82 — 51
d/2 lenmenl? 2
X T 26n—s1)  duidus ... du,
_ 51
n

:/ / / HGd(Uk*uk—l,Sk*Sk—l)dU
An Az VAL 5
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where in the final equality we let ug = 0 and sy := 0 and employ the simplification of

notation
1 a2 Jlu) 2
Galu,s) = e 2

2ms
which we shall use frequently in this paper.

Remark 2.7. One can think of the product of Gaussians in the integrand of (2.6) as a
product of probability densities. The first factor gives the probability density of a particle
being at u; € R? at time s; given that it started at the origin at time 0. The second
factor gives the probability density of a particle being at up € R¢ at time s, given that it
was at u; at time s; and so on and so forth. Hence, the integral over the entire product
of Gaussians gives the probability that a particle starting at the origin passes through all
of the restriction windows at the corresponding restriction times.

We now want to show that we can extend the set function m defined on the cylinder
sets to a measure on the measurable space (Cé’d7B(Cé’d)). The Carathéodory extension
theorem will allow us to do this provided that we satisfy its assumptions. Before stating
Carathéodory’s theorem, we introduce two definitions which are necessary to its under-
standing.

Definition 2.8. Let S be a collection of subsets of a set X. Then S is a semi-algebra if
and only if the following conditions are satisfied:
(i) The empty set and X are in S.
(ii) If A and B are two sets in S, then AN B is in S. (Closed under intersection)
(iii) If Aisin S, then its complement X \ A can be written as a finite union of pairwise
disjoint sets in S.

Definition 2.9. Let X be a non-empty set and let R be a collection of subsets of X
such that § € R. Then the set function p : R — [0, 00] is called a pre-measure on R if it
satisfies the following two properties:
(i) p(0) =0.
(ii) The set function p is countably additive. That is if {Ry}, is a sequence of
pairwise disjoint sets in R and (J;; Ry, is also in R, then

p (U Rk) = ZP(Rk)'
k=1 k=1

Theorem 2.10 (Carathéodory’s extension theorem for semi-algebras). Let S be a semi-
algebra of a nonempty set X and let p be a pre-measure defined on S. Then there exists a
measure p which extends p to o(S), the o-algebra generated by S, such that u(S) = p(S)
for all S € S. If u is o-finite, that is if X can be written as a countable union of sets of
finite u measure, then p is the unique extension of p.

Proof. Refer to [5]. O

In order to be able to apply Carathéodory’s extension theorem to extend the set func-
tion m defined on Z to the measurable space (Cé’d, lS’(Cé’d))7 we need to prove four things:
(1) 7 forms a semi-algebra of C(t)’d.
(2) m is a pre-measure.
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m is o-finite.
The o-algebra o(Z) generated by the cylinder sets is equal to the Borel o-algebra
B(Cy™) on Wiener space.

We shall prove them in the order listed above and in doing so will arrive at the main
result of this section, Theorem 2.35.

Proposition 2.11. The collection of all cylinder sets T forms a semi-algebra of Cé’d.

Proof. We will check that each of the conditions in Definition 2.8 is satisfied:

(i)

(iii)

(2.12)

The empty set in Cé"d is a cylinder set since it can be written as
{weck: w(t) € Oga}

because the empty set Qs in R? is a Borel set. The entire Wiener space Cé’d is
also a cylinder set since it can be written as

{weck: w(t) e RY}

because the entire n-dimensional Euclidean space R? is also a Borel set.
Let I and J be cylinder sets. Then INJ consists of all paths that are in both I and
J. This can be expressed as a cylinder set. The restriction times of I NJ are given
by the union of the restriction times of I and J. Furthermore, for a particular
restriction time in I N J that is is common to both I and J the corresponding
restriction window is given by the intersection of the restriction windows in [
and J. Otherwise, if the restriction time belongs to only one of I or J then the
corresponding restriction window is just the same restriction window as in [ or J.
Consider a general cylinder set C' = I(s1,...,5,;41,...,4,). We need to show
that we can write Cé’d \ C as a finite union of disjoint cylinder sets. There is a
direct way to show this, but we shall break up the proof into two cases because it
will illustrate something important about how we have defined the cylinder sets.
Case 1: None of the restriction windows of C are all of R?. A path that fails
to go through even one of the restriction windows of C' is a path that belongs to
Cé’d \ C. And if a path does not go through a particular restriction window A,
then it must go through its complement A¢ := R?\ A. Since the complement of a
Borel set is a Borel set, we can write C(t)’d \ C as a finite union of n cylinder sets
as follows:

C(t)’d \C =1(s1; A7) U I(s1,82;A1,AS) UI(s1,52,83; A1, A2, AS)U -
U[(51,...,Sn;Al,AQ,...,A;_l) UI(Sl,...,Sn;Al,AQ,...,A%).

Case 2: One or more of the restriction windows are all of R?. These restriction
windows are just extraneous conditions since all paths must pass through some
point in R? at any time. Hence, we can simply delete these restriction windows
and the corresponding restriction times from C' and then proceed in the same way
as we did in Case 1.

O

Case 2 in the above proof of Proposition 2.11 raises the question of whether m is
well-defined on Z since there are multiple ways to specify the same cylinder set. Given
any cylinder set we can always add more restriction times with corresponding restriction
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windows all of R%. These restriction times, which we shall refer to as artificial restriction
times, do not change the cylinder set nor its associated Wiener measure.

Definition 2.13. Let I be a cylinder set that is not the entire space Cé’d. Then the
minimal representation of I is such that I has no artificial restriction times.

Proposition 2.14. The Wiener measure m is well-defined on T in the sense that the
Wiener measure of the minimal representation of a cylinder set agrees with all other
representations which contain artificial restriction times.

To prove m is well-defined, we first need the following lemma.

Lemma 2.15 (Chapman-Kolmogorov Equation). Let r, s, t, be real numbers such that
r < s < t. Then the following equation holds:

Proof. The proof is a straightforward but lengthy computation that is outlined in [3,
Proposition 3.2.3] for R. After following the computation in Lapidus, we can recover
(2.16) by a simple application of Fubini’s theorem. a

Proof of Proposition 2.14. Suppose we have an arbitrary cylinder set given by
A=1I(s1,...,8n;A1,...,Ay). Then m(A) is given by (2.6). Now let B be a cylinder set
that is equivalent to A but has an artificial restriction time s,. Then there are two cases
to consider.

Case 1: 0 < 81 < -+- < 8, < 8, < t. Referring to Definition 2.5, we calculate

(2.17) m(B) =

/ 1 /2 2?||7a||2)/ / 12[ Gl i
N Sp—3n e _ _ o _ "
e \ 27 (8p — Sn) ¢ " N AUk — Uk—1, 8k — Sk—1 U

1 k=1
Using Fubini’s theorem and recognizing

1 /2 2?\\%,\\2) 4 1
Sp—sn =
/]Rd 270(sp — Sn) ¢ ta

as a standard Gaussian integral, we recover (2.6) from (2.17).

Case 2: s < sp < Sk4+1 where k € {0,1,...,n— 1} and s¢ := 0. This case is much like
Case 1 except we end up with two more Gaussians in the integrand instead of just one
as in (2.17). We then proceed in a similar fashion except we use Lemma 2.15 to recover
(2.6).

Finally, if B has multiple artificial restriction times instead of just one, then we apply
the above process multiple times—once for each artificial restriction time—until we recover
(2.6). |

We have shown that the collection Z of cylinder sets forms a semi-algebra and that m
is well-defined on this semi-algebra. We will now first prove two useful facts about m and
then proceed to show that m is a pre-measure and is o-finite.
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Proposition 2.18. We have m(Co%) = 1 and m()) = 0.

Proof. We can write Cé’d as the cylinder set {w € Cé’d : w(t) € R}, Hence, by Definition
2.5 we have

td 1 d/2 _
(219) m(CO’ ) = Tm e 2t d'LL = 1,
Rd

where we have recognized the integral in (2.19) as a standard Gaussian integral. Similarly,
since we can write the empty set as the cylinder set {w € C(t)’d s w(t) € Prat, it follows
directly from Definition 2.5 that m(@) = 0. O

Proposition 2.20. The set function m defined on Z is a pre-measure.

Lemma 2.21. The set function m is countably additive on T meaning that if {I;}52, is
a sequence of pairwise disjoint cylinder sets and |J,_, I, is also a cylinder set, then the
following equality holds

m (U Ik> => m(I)
k=1 k=1

where the Iy, are cylinder sets.

Proof. Refer to [6, Chapter 2]. O

Proof of Proposition 2.20. By Proposition 2.18, we have that m(f)) = 0, and by Lemma
2.21 we know that m is countably additive. It then follows directly from Definition 2.9
that m is a pre-measure. ([l

Proposition 2.22. We have that m is o-finite.
Proof. Wiener space Cé’d can be written as the cylinder set
{weck: w(t) e RY}
and by Proposition 2.18, we have that m(CS’d) =1 0

We have now satisfied the conditions of Carathéodory’s extension theorem and so
we know that we can extend the pre-measure m to a measure on the measurable space
(Cé’d, U(I)). To complete the construction, all that is left is to prove the following propo-
sition.

Proposition 2.23. The sigma algebra o(Z) generated by the cylinder sets is the Borel
. t,d
o-algebra of Wiener space B(Cy®).

To prove this proposition, we first need to establish two lemmas and a result known as
the Dynkin 7-A theorem.

Lemma 2.24. The function Fy : C(t)’d — R defined as
Fs(w) == w(s),

where 0 < s < t, is continuous.
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Proof. We want to show that Fy is continuous at any w € Cé’d. Suppose we are given
e>0andw € Cé’d. Then choose § = e. It follows that for all v € Cf, if ||y — wl|,ea < &
0
then we have
IF0) = Bl = 1(5) = w9 £ sup (") =) = Iy~ g < 6 ==
s’€lo,
O

Lemma 2.25. Let X and Y be two metric spaces, and let f : X — Y be a continuous
function. Then f is Borel measurable meaning that for any U € B(Y), we have f~1(U) €
B(X).

Proof. The proof follows directly from the discussion in [7, Chapter 2]. |

Notation 2.26. Let M be a metric space with metric d. We denote an open ball of
radius 0 centered at x € M as

Bs(z) = {y : d(z,y) < 0}
and similarly a closed ball as
Bs(x) = {y : d(z,y) < o}.

Definition 2.27. Let X be a set and P be a non-empty a collection of subsets of X such
that if A and B are in P then AN B € P. Then P is a w-system.

Remark 2.28. Comparing Definitions 2.8 and 2.27, it is clear that any semi-algebra is a
m-system, and hence Z is a w-system.

Definition 2.29. A \-system is a collection L of subsets of a set X satisfying the following
conditions:
(i) 0 e L and X € L.
(ii) If A€ L, then X \ Aisin L (Closed under complements).
(iii) If Ay, Ao, ... are a sequence of pairwise disjoint sets in L, then |J;=, 4; € L.

Remark 2.30. From Definition 2.29, it is clear that any o-algebra is a A-system and
hence B(Cé’d) is a A-system.

Theorem 2.31 (Dynkin 7-\ theorem). If P is a w-system and L is a A-system, then
o(P) C L provided that P C L.

Proof. See [8, Theorem 2.4]. O

Harnessing the power of Lemmas 2.24 and 2.25 and the Dynkin 7-\ theorem, we can
now finally prove Proposition 2.23.

Proof of Proposition 2.23. We need to show that o(Z) = B(Cé’d). Our strategy will be to
show that o(Z) C B(C}) and B(C}) C o ().

We first show that o(Z) C B(C}). Consider the function Fj : Cé’d — R such that
Fs(w) = w(s). By Lemma 2.24, F; is continuous and hence by Lemma 2.25 it is Borel
measurable. Now notice that any arbitrary cylinder set can be written as follows:

I(s1,. . 8n5 AL, .., Ap) = FL (A N F N (Ag) NN F T (AR).

S1
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Then it follows from the Borel measurability of each Fj, that their countable intersection
is Borel measurable and hence I is clearly in B(Cé’d). Now since 7 is a m-system and
B(Cé’d) is a A-system, by Theorem 2.31 it follows that o(I) = B(Cé’d).

It now remains to show that B (Cé’d) C o(Z). Since the collection of open subsets of C(t)’d
forms a m-system (the intersection of two open sets is an open set) by Theorem 2.31 it
suffices to show that the open subsets of Cé’d are in o(Z). However, since Cé’d is a Banach
space, every open subset of Cé’d can be written as a countable union of open balls. Hence,
we only need to show that every open ball is in ¢(Z) since by the definition of a o-algebra
if the open balls are in ¢(Z) then their countable union (open subsets) is in o(Z). But
every open ball can be written as a countable union of closed balls as follows:

Biw) = |J B._1i(w).

n
{n:0<t<r}

Since a countable union of countable unions is countable, to complete the proof we only
need to show that every closed ball is in o(Z).

Let Bs(wo) be an arbitrary closed ball in Cé’d. Now consider the set S := {s1, s2, s3,...}
consisting of a sequence of all the rational times in [0,¢]. This set is countable and
everywhere dense in [0, t]. Now for each positive integer N we define

K = {w € G ;) = wolsy)]| < 8 for j = 1,2,..., N}

where |-|| is the standard Euclidean norm in R?. The condition |lw(s;) — wo(s;)] < &
specifies all paths which pass through a closed ball in R? at a specific time. A closed ball
is a Borel set, and so it is clear that every K is a cylinder set. This means that every Ky
is in o(Z) and hence Ny_,; Kn is in o(Z). We can complete the proof then by showing
that Bg(wO) = ﬂ?\]o:1 Ky.

Since Bs(wp) consists of paths that are at most § away from wy at any time whereas
K consists of paths that are at most ¢ away from wy at only N times, it is clear that
Bs(wo) € Ky for any N. Hence, Bs(wo) € Ny—, Kn-

To finish the proof, we now just need to show that (y_, Ky C Bs(wg). We shall do
this by proving the contrapositive: if a path w is not in Bs(z¢) then it is not in Nr—1 Kn-
If w is not in Bs(xg) then there exists a time s’ in [0, ¢] and a positive real number d; such
that

lw(s") = wo(s)I| = 6 + 1.
Now since S is everywhere dense in [0, t], we can choose a subsequence {s;} from S such
that sy — s’ as k — oo, and hence, since all paths in Cé’d are continuous, w(sg) — w(s’)
and wo(sk) — wo(s) as k — co. By the definition of a limit, it follows that there exists
some k such that the following two inequalities hold:

o
(232 o) — (sl < 2
/ 51
(2.33) llwo(s") — wo(sk)| < 71
Combining (2.32) and (2.33) and using the triangle equality yields
0
(2.34) lw(sk) = wolsk) = (w(s') —wo(s))] < 7
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Finally, after applying the reverse triangle inequality to (2.34) and recognizing that
lw(s") — wo(s")|| = & + &1 we obtain

lo(s) — sl — (6 -+ 6)] < &

which implies that there exists some k such that

o1
llw(sk) — wo(sk)|l > 6 + 5
This means that w is not in any K which has sy, as a restriction time and hence w is not
in Ny Kn- O

Hence, we have shown that the Wiener measure m that we defined on the semi-algebra
T of cylinder sets can be extended to the Borel o-algebra B(C(t)’d) of Wiener space. The
following theorem summarizes everything we have proved about the Wiener measure thus
far.

Theorem 2.35. There exists a unique, countably additive, probability measure m on the
measurable space (Cé’d,B(Cé’d),m) such that if I is a cylinder set (Definition 2.3) then
m(I) is given by (2.6).

We now conclude this section by stating a helpful theorem regarding integration with
respect to the Wiener measure.

Theorem 2.36 (Wiener’s Integration Formula). Suppose f : R™ — R is a function which
depends on the values of paths in Cé’d at only finitely many times. Then the following
formula holds:

flw(s1),w(s2),...,w(sy))dm(w) =

t,d
CO

—

n
L flur,ug, i) [T Galun = uk—1, 56 — sp—1) dU.
Rt k=1

Proof. The proof for one-dimensional Wiener space Cf is given in [3, Theorem 3.3.5] but
the theorem holds for Ci® [2, Theorem 20.2]. O

Corollary 2.37. Theorem 2.36 holds for complex-valued functions f : R — C.

Proof. The proof follows directly by breaking up f into its real and imaginary parts
f=Re(f)+i-Im(f). O

Theorem 2.36 and Corollary 2.37 are extremely important because they allow us to
convert an integral over a space of paths into a familiar integral over Euclidean space.
They will play a crucial role in our proof of the Feynman-Kac formula.

3. OPERATOR SEMIGROUPS AND THE FREE HEAT EQUATION

We now turn to the basic theory behind operator semigroups with two goals in mind:

(1) to understand the free heat semigroup which characterizes the solution to the heat
equation and
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(2) to provide the necessary background for the proof of the Trotter product formula
in the next section.
For the remainder of this paper we shall let X denote a Banach space, and we will write
D(-) to denote the domain of an operator.

Definition 3.1. A strongly continuous semigroup (or Cy semigroup) is a family of bounded
linear operators {T'(t) : t € RT := [0,00)} from X to X that satisfies the following three
properties:
(i) T(s+1t) =T(s)T(t) for all s and ¢ in RT. (Semigroup Property)
(if) T'(0) = I where I is the identity operator. (Identity Property)
(iii) For all ¢ € X, if t — 0T, then T(t)¢p — ¢ with respect to the norm on X.
(Continuity Property)

Definition 3.2. A contraction semigroup is a Cj semigroup such that ||T(¢)|| < 1 for all
t € RT where ||-|| is the operator norm on the Banach space X.

Definition 3.3. The generator A : D(A) C X — X of a Cy semigroup {T'(¢t)} is the
linear operator defined by the equation

(3.4) Ap= tim L0 _ vy, TWO-TO9 _ 47

t—0+ t t—0+ t o dt

where D(A) is all ¢ € X such that the limit in (3.4) exists.

t=0

Remark 3.5. It is a well known fact that a Cy semigroup is determined uniquely by its
generator. That is, if {T'(t)} and {S(¢)} are two semigroups that have the same generator,
then T'(t) = S(t) for all t € R*. A concise proof of this can be found in [9, Theorem
I1.1.4].

Although Definition 3.3 seems straightforward enough, in practice it can often be quite
tricky to determine exactly what the domain of the generator looks like. For this reason,
it is often helpful to be able to work on a smaller subspace of the generator’s domain.

Definition 3.6. A core D of a linear operator A is a subspace that is dense in D(A) with
respect to the graph norm

I6ll4 = lloll + 1Al -

Although for the purposes of this paper Definition 3.6 is all we need, there are a number
of fascinating theorems relating properties of an operator A to subspaces which are cores
of A; the interested reader is referred to [9, Chapter 1].

Now that we are better acquainted with Cy semigroups and their generators, a natural
question to ask is what sorts of operators generate Cy semigroups. We devote the next
two definitions and subsequent proposition to answering this question.

Definition 3.7. The graph of an operator A : D(A) C X — X is defined as the following
set:

G(A) ={(p,A9) e X x X : ¢ € D(A)}.

Definition 3.8. An operator A : D(A) C X — X is a closed operator if its graph G(A) is
a closed subset of X x X. In more concrete terms, this means that if {¢, }°2 is a sequence
of functions from D(A) such that lim,_, ||¢r, — @[y = 0 and lim, o [|Adn — yllx =0,
then ¢ € D(A) and y = A¢.
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Definition 3.9. An operator A is said to be closable if whenever {¢,}52 ; is a sequence of
operators from D(A) such that lim, o ||¢n| = 0, then lim, , || 4@y, || = 0. The closure
A of an operator A is the operator associated with the closure G(A) of the graph of A.

Proposition 3.10. To be the generator of a Cy semigroup, an operator A must satisfy
the following two necessary but not sufficient conditions:

(1) A must be closed.
(2) D(A) must be dense in X.

Proof. Refer to [9, Theorem II.1.4] O

With some of the basics of operator semigroup theory in hand, we can now apply it
to study a certain class of problems known as evolution equations. In general, a physical
system can often be described by its initial state whose evolution in time is governed by
a differential equation. The following definition makes this concrete.

Definition 3.11. An evolution equation is a differential equation
d

(3.12) %u(t) = Au(t)

along with initial state
u(0) = ¢

where A : D(A) C X — X is an operator, u(t) € D(A) for all ¢ > 0, and the equality in

(3.12) is understood to mean that the following limit holds:

u(t+ h) — u(t)

li
1im h

h—0

=0.

- Au(t)‘

Semigroups turn out to be a powerful tool for understanding solutions to evolution
equations as the following theorem demonstrates.

Theorem 3.13. Suppose the operator A in (3.12) is the generator of a Cy semigroup
{T(t)}. Then u(t) = T(t)¢ is differentiable with continuous derivative (continuously dif-
ferentiable) for allt € [0,00) and is the unique solution to the evolution equation problem

Lu(t) = Au(t), u(0) = ¢ € D(A).

Proof. Refer to [10, Chapter II] for a thorough proof or to [3, Theorem 9.1.4] for a simpler
proof that omits uniqueness. (]

Theorem 3.13 is of extreme significance from both a physical and a mathematical
perspective. Using the tools of operator semigroup theory, it tells us two important things
about the solutions of an evolution equation. First, it gives a condition for a solution to
an evolution equation to exist and be unique. From a physical perspective this is very
convenient as uniqueness means that there is no ambiguity regarding how the state of the
system evolves in time. And secondly, since u(t) == T(t)¢ is continuously differentiable,
Theorem 3.13 tells us that the evolution of a physical system depends continuously on its
initial state.

Now that we are familiar with how operator semigroup theory can be applied to evo-
lution equations, we examine a specific example which is of especial interest to us—the
free heat equation. We first introduce the following definition and theorem which will be
of use to us.
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Definition 3.14. Let f(x) and g(z) be two functions defined on R?. Then their convo-
lution is defined as

(Feo)a) = [ fla=ua) v

Theorem 3.15 (Young’s Inequality). Let f and g be functions in LP(R?) and L1(R?)

respectively such that

1 1 1
S+ =>+1
poq

with 1 < p,q, <1 < oo. Then the following inequality holds:

1+ gllr < 1Al Lo lglla -
Proof. Refer to [7, Theorem 3.9.4] O

We now proceed with our analysis of the free heat equation.

Example 3.16. Let us begin with the free Schrodinger equation which is obtained by
getting rid of the potential function V'(-) in (1.2). Then, when we pass to imaginary time
and set all physical constants to unity, the free Schrédinger equation turns into the free
heat equation

0 1
where z € RY, A = Z?:o 5372? is the Laplacian in R?, 9y(z) is a function describing the
initial state of the system, and the Banach space we are working in is L?(R?) the space
of all square integrable complex-valued functions on R?. We define the free Hamiltonian
as the operator Hy := —%A with domain
D(Hp) = {¢ € L*(R?) : At is in L*(R?) in the distributional sense}.!
We can then rewrite (3.17) as

(318) (e t) =~ Ho (2, 2), 6(2,0) = o).

It is a well known fact [12] that the solution to this equation is given by

—lz—y|?

B19) v = [ () T )y = (Galet) ) ).

2
—lll

where we remind ourselves that Gg(z,t) = (2nt)~%2e=2 . Now we can write this
solution in semigroup notation as

1/1(%15) = T(t)%(m) = (Gd(mvt) * 1/)0)(33)
where we define T'(0) := I.

The family of operators {T'(t)} forms a Cy contraction semigroup. The semigroup
property T'(s +t) = T(s)T'(t) can be easily verified by applying Lemma 2.15. Also, the
continuity property that T'(t)yo(x) — 1bo(x) with respect to the L? norm as n — oo can
be seen conceptually (and with some effort proved rigorously) by noting that the Gaussian
Ga(z,t) becomes like a Dirac § function as t — 0. Finally, we can prove that {T'(t)} is

IFor a quick refresher on distributional derivatives and the distributional Laplacian see [11].
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a contraction semigroup by showing that || T(t)oll 2 < |10l 2 for all 19 € L?*(R?) and
all t € RT:

| T () voll 2 = [[(Ga(w,t) * o) ()| 2
< ||Galx, )| o1 1Yol .2 by Theorem 3.15

= ll%oll 2,

where in the last equality we have recognized ||Gq4(z,t)|/ ;1 as a standard Gaussian integral.
It can be shown through a fairly lengthy computation that —Hy is the generator of the
contraction semigroup {7'(¢)} [3, Chapter 10]. Hence, by Theorem 3.13 we know that the
solution T'(t)1o(z) is unique and continuously differentiable.

Finally, we notice that if we were to solve (3.18) purely formally we would obtain the
solution

O(z,t) = e Hogpg(z).

Hence, we often write the semigroup T'(t) as e~*o. This notation emphasizes the fact
that the semigroup has generator —Hy and provides the solution to the heat equation. We
should be careful with this notation however because semigroups do not always possess
all the analogous properties of the exponential function.

Remark 3.20. The Gaussian in (3.19) that shows up in the solution to the heat equation
is reminiscent of the Gaussians that showed up when we were constructing the Wiener
measure in Section 2. In fact, using Theorem 2.36, we could have written the solution as

Y(x,t) = e Hogpg () = y o (w(t) + x) dm(w).
¢l
This gives us a flavor for how semigroups related to heat equations might be represented
as integrals over Wiener space.

We now conclude this section by talking about a special kind of semigroup which will
be of use in the next section. Suppose A is a bounded operator from X to X. Then for
any t € R, we can write

L th Ak
—
= k!

This sum converges absolutely since || A|| is finite because A is bounded. The semigroup
{T(t)} is called a uniformly continuous semigroup and its generator is the bounded oper-
ator A. In this case, it is conventional to use the notation e/ instead of T'(t) to refer to
the semigroup.

T(t) = eth =

4. THE TROTTER PRODUCT

We will now use some of the ideas that we developed in the previous section to prove
the Trotter product formula which plays a crucial role in our proof of the Feynman-Kac
formula. Our approach in this section will be to prove a related theorem known as the
Chernoff product formula and then show that the Trotter product follows as a direct
application.

To motivate the importance of the Trotter product, let us first consider a special case
where we deal with uniformly continuous semigroups which are generated by bounded
operators A, B, and A + B.
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Proposition 4.1. Suppose A and B are bounded operators on a Banach space X such
that A and B commute, that is AB = BA. Then et4etB = t(A+B)

Proof Sketch. The proof follows by writing out e!(4*+5) as the power series
i e (A+ B)*
kK
k=0

using the binomial formula and the commutativity of A and B to expand A+ B, and then
using the Cauchy product rule to recover e“e®. The Cauchy product rule can be used
because each of the power series corresponding to e, eZ, and eA*? converge because A,
B, and hence A + B are bounded. O

Proposition 4.1 is unfortunately quite restrictive; not only do the operators in question
A, B have to be bounded, they also have to commute. We hope then to find a formula that
is more broadly applicable even if it is only loosely similar to the multiplicative property
in Proposition 4.1.

We first state a theorem that will be of considerable use in the remainder of this section.

Theorem 4.2 (Limit Theorem). Suppose A is an operator that generates a contraction
semigroup {Ta(t)} on a Banach space X, and let D be a core of A. Additionally, let
{4,122, be a sequence of operators that generate contraction semigroups {Ta, (t)} such
that for each ¢ € D, we have that ¢ is in the domain of A, for alln > N € N where N
might depend on the specific ¢ and that

Apd — Ad as n — oo.
Then for each ¢ € X,
Ty, () = Ta(t)p as n— 0

and the convergence is uniform on all compact intervals of t in [0,00).

Proof. See [13]. O

We now state and prove the Chernoff product formula.

Theorem 4.3 (Chernoff Product). Let X be a Banach space and let L(X) be the set of
all bounded operators from X to X. Let F : [0,00) — L(X) be a continuous map such that
|E@)]| <1 for allt € [0,00) and F(0) = I where I is the identity operator. Furthermore,

let A be an operator on X that generates a contraction semigroup {Ta(t)} and let D be a
core of A. Then if

(4.4) hli)%l+ M¢ = A¢
for each ¢ € D, then for each ¢ € X,
(45) T (F(t/n)" 6 = Ta(t)

where the convergence in (4.5) is uniform on compact intervals of t in [0, 00).

To prove the Chernoff product formula we first introduce the following useful notation.
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Notation 4.6. For fixed ¢ > 0 let

0, o Flt/m) T

t/n
for any n € N.
Next, we prove the following two lemmas.

Lemma 4.7. For any n € N, the semigroup {Tg, (t)} generated by Q,, is a contraction
semigroup.

Proof. To prove {Tg, (t)} is a contraction semigroup we just need to show that || Tg,, (¢)| <
1 for all t € RT. Each Q, is clearly a bounded operator since both F(t/n) and I are
bounded. Hence, we can use the exponential notation and write the semigroup operators
Tg, (t) as e!@n . Now since the identity operator I commutes with any operator, by
Proposition 4.1 we have

th| _

en(F(t/n)fl)H _ HefnlenF(t/n)

le

Now by power series expansion of e ! we can clearly see that e~ = e~". Using this,

the triangle inequality, and the fact that ||F(¢)|| <1 for all ¢ > 0 we obtain

||€th|| _ HefnlenF(t/n) — e enF(t/n)

< e el FE/m < gmnen — 1
]

Lemma 4.8. Let X be a Banach space and let B : X — X be a bounded operator such
that ||B|| < 1. Then the following inequality holds for all v» € X and for all n € N:

[(en=0 = ) w| < valiB - Dywll.
Proof. Refer to [10, Lemma 8.5]. O
With the above two lemmas in hand, we can now prove the Chernoff product formula.

Proof of Theorem 4.3. By change of variable, we have for all ¢ € D

. F(h) -1 .
@9) i TGt (#(1/m) 1o
= lim % (F(t/n)—1I)¢ by letting m = % since t is fixed
n—oo
= lim Q¢ = A¢. by (4.4)
n—oo

Note that when we made the change of variable from h to n we went from a R-valued
variable to a N-valued variable. In (4.9) we have shown that for all ¢ € D,

Qnd — Ap as n — oo,
and so it follows from Theorem 4.2 that for all ¢ € X
(4.10) T, ()Y — Ta(t)y as n— o0



THE IMAGINARY-TIME FEYNMAN PATH INTEGRAL 19

uniformly on compact intervals of ¢ in [0,00). Now since |F(t)|| < 1 for all ¢ > 0, by
Lemma 4.8 we obtain the following inequality:

1(Tq, (t) — (F(t/n)")] = || (9" — t/n ") ¢||
H( = F@/m)) 9|
< Vn|(F(t/n) - D)o

5104
- % 1Qnd].

Since Q¢ — A¢p as n — oo, it follows that the entire expression ﬁ |Qn || goes to 0

uniformly on compact intervals of ¢ € [0, 00) as n goes to infinity. Hence, by the inequality
established above, it follows that

(4.11) [(Tq, (t) — (F(t/n))")¢ll = 0 as n — oo
uniformly on compact intervals of ¢. Combining (4.10) and (4.11), we conclude that
I(Ta(t) = (F(t/m)™)éll > 0 as n - o

uniformly on compact intervals of ¢ for all ¢ € D. But now D is dense in D(A), and by
Proposition 3.10, D(A) is dense in X. Therefore, D is dense in X, and since both T4 (%)
and (F'(t/n))™ are bounded and hence continuous operators, it follows that

[(Ta(t) — (F(t/n))"))|| = 0 as n — oo
for all ¥ € X uniformly on compact intervals of ¢. a

We now state the Trotter product formula and show that its proof follows from a direct
application of the Chernoff product.

Theorem 4.12 (Trotter Product). Let A, B, and the closure of their sum A+ B be
operators on X that generate contraction semigroups {Sa(t)}, {Se(t)}, and {T'(t)} re-
spectively. Then for all ¢ in X, the following limit holds uniformly on compact intervals

of t € RT:
dm (s (%) s (L ))%—T(tw,

where the convergence is in the norm of X.

Proof. We let
F(t) = Sa(t)Sp(t).
Then the proof is simply a matter of verifying that the assumptions of Theorem 4.3 are

satisfied. Since both S4(t) and Sp(t) are contraction semigroups, it is clear that for all
t e RT,

IE@] = 1Sa@®)Ss@)] < [Sa@ ISs@)] < 1.
Also, by the identity property of Cy semigroups

F(0) = Sa(0)- Sp(0)=1-1=1.
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Finally, we recognize that D := D(A) N D(B) is a core of A+ B. We can show through a

computation [3, Theorem 11.1.4] that for all ¢ € D, we have
F(h)-1

lim ————¢=(A+B)p=(A+B
Jim ———¢ = (A+B)é = (4+ B)9,

where in the last equality we use the fact that the operator A + B is equivalent to its
closure A 4+ B on D. Hence, all the assumptions of Theorem 4.3 are satisfied, and so the
proof is complete. O

The Trotter product gives us a relationship between the contraction semigroups gen-
erated by two operators and the contraction semigroup generated by their sum. This will
play a crucial role in our proof of the Feynman-Kac formula in which we deal with the
Hamiltonian operator H formed by the operator sum f%A + V.

5. THE FEYNMAN-KAC FORMULA

We are now prepared to prove the Feynman-Kac formula. We begin by introducing
some of the necessary background which will be required for the proof. First, we state a
standard result from measure theory which we will need.

Theorem 5.1 (Dominated Convergence Theorem). Let {f,,}732, be a sequence of complez-
valued measurable functions on the measure space (X, %, 1) that converges pointwise to a
function f. If for all x € X this sequence of functions satisfies the inequality

(@) < g(2),

where g is a real-valued measurable function such that fX lg| dp < o0, then

i [ fodu= / fdy
X X

n—roo

Proof. Refer to [14, Theorem 1.34]. O

Next, we introduce a definition and prove a result regarding multiplication operators.

Definition 5.2. Suppose f is a real-valued function on R?. Then the operator M f on
L?(R?) of multiplication by f is the operator such that

Mip=fo
for all ¢ € D(My) = {¢ € L2(R?) : f¢ € L2(R%)}.

Proposition 5.3. Suppose V : R — R is a continuous function of compact support.

Then the multiplication operator My is a bounded linear operator with operator norm
Myl =Vl

Proof. Since V is a continuous function of compact support, it is in L>°(R?) and |V| has
a least upper bound M = ||V|| ;. Hence,

1Myl =Vl < M@l = M|¢] 2

for all ¢ € D(My ). The linearity of My follows directly from the linearity of multiplication
by functions and so My is a bounded linear operator.
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It remains to show that ||My | = ||V . It is clear that

M M
||MV|| _ sup || V¢||L2 < sup H QSHL2 - M.
sep(My) Dl L2 sep(y) 19llp2

To complete the proof then, we just need to show that | My || > M —e for all € satisfying
M > € > 0. Suppose we are given such an €. Let

E.={z cR*: |V(z)| > M —¢&}.
Each E. is Lebesgue measurable since V' and hence |V is continuous. Now define

b@) = {1 z€E.

0 otherwise

Since V is of compact support it follows that ¢.(z) is in L2(RY). Moreover, it is clear
from the definition of ¢.(x) that the inequality |V (z)¢.(x)] > (M — €)|¢e ()| is satisfied.
Hence,

IMyole _ IVolle  (faa IV (@)ée(a)da) '

[My|| = sup 2 =
sep(My)  N19llLe el 2 (Jga |6<(x)|? dz) 1/2
M@,
16 (@)l .2
We can make ¢ arbitrarily small, and so it follows that |My| =M = ||V]| ;- O

Notation 5.4. Henceforth, we will just write V instead of My to denote the operator
of multiplication since My ¢ = V¢. It should be clear from the context whether we are
referring to the function by itself or as a multiplication operator. For clarity, if we think
there might be any ambiguity then we will write V(-) to emphasize that we are only
talking about the function.

We now state the Feynman-Kac formula which provides a mathematically rigorous
connection between an integral over paths and the heat semigroup which characterizes
the time evolution of an imaginary-time quantum particle.

Theorem 5.5 (Feynman-Kac Formula). Let the potential function V : R — R be a con-
tinuous function of compact support. Then the heat semigroup generated by the operator
—H = —(—3A+V) is given by the formula

56) e = [ e (= [ Vel +a)ds) vlelt) + ) am)

0]

where 1 € L?(R?) is a complex-valued function with domain all of R.

We justify the assumption that 1) has domain all of R? by the fact that a particle should
have some probability amplitude of being at any given point in space. Also, notice that the
way we state the Feynman-Kac formula here is slightly different from how we stated it in
the introduction in (1.5). In (1.5), we considered an integral over a space of paths w with
the condition w(0) = z. However, in (5.6) we are integrating with respect to the Wiener
measure on Wiener space where the condition on the paths is that w(0) = 0. Hence, we
must translate all the paths in Wiener space by z. The +z term in the argument of V ()
and v (-) takes care of this.
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Before proceeding in earnest to the proof of the Feynman-Kac formula, we will first
require four lemmas.

Lemma 5.7. The sum of operators H = —%A + V is a closed operator and hence equal
to its closure H = f%A + V.

Proof. Refer to [3, p. 278]. O
Lemma 5.8. The semigroup e~ generated by the operator —H is a contraction semi-
group.

Proof. Refer to [3, Chapter 12]. O

Lemma 5.9. Suppose a sequence of complez-valued functions { f,,}5°; on R? converges to
a function f in the LP sense where 1 < p < co. Then there evists a subsequence { fn,}52,
that converges pointwise to f everywhere in R? except perhaps on a set of Lebesgue measure
zero.

Proof. See [14, Theorem 3.12]. O

Lemma 5.10. Let our potential function V (-) satisfy the inequality V (z) > 0 for all x in
its domain. Also, let C € R be a constant. Then the semigroup generated by —(H + C)
satisfies (in the L? sense) the equality e " +C)qy = e=tCe~tHy) for all ¢ € L*(R?).

Proof. From Lemma 5.8 it is clear that e *#+C) is a contraction semigroup. It is a

natural strategy then to apply the Trotter product formula (Theorem 4.12).

First assume C' > 0. Then He‘tCH < 1. Using the Trotter product formula, the
semigroup property of e~ and the fact that e~*“ commutes with everything, we obtain
(5.11) eft(HJrC)w — lim (ef(t/n)Hef(t/n)C)nd} — lim e—tC (ef(t/n)H>n¢

n—oo n—oo
— lim e tCe tHy — o~tC—tHy,
n—oo
as desired.
Now consider the case where C' < 0. Then the Trotter product formula is not directly
applicable since [e*¢|| > 1. However, e!“e~*“ is a contraction semigroup since by
Proposition 4.1,

[e*emt€ = [l = i = iz =1.

The operator e *¢~¢) commutes with everything, and so using similar reasoning as
before, we obtain

(5.12) tCetHAO) Yy, — o —tHAC=Clyy iy (e—(t/n)(C—me—(t/n)H)” "
n—oo
_ —t(C—C) ( 7(t/n)H)n o —t(C—C) ,—tH
e © ‘ vEae T e
— (tCetC—tHy,
where the first equality is justified using the exact same reasoning as in (5.11) since e*“ is a

contraction semigroup. It immediately follows from (5.12) that e~ *(H+C) = ¢=tCe~tH [
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Proof of Theorem 5.5. Notice that if the Feynman-Kac formula holds for a given potential
function V(-) then it holds for any V(-) + C where C' € R is a constant. This is because
on the right hand side of (5.6) the integral in the exponent becomes — fo )+ Cds. We
can then integrate this constant term to get e ~*¢ which we can then pull out of the entire
Wiener integral since it does not depend on the path w. Similarly, by Lemma 5.10, we
get a factor of e*¢ the left hand side of 5.5 as well. Hence, we can assume without loss
of generality that V(z) > 0 for all z in its domain.

Since V (+) is a continuous function of compact support, by Proposition 5.3, the operator
V is a bounded linear operator. Hence, the semigroup e~*V generated by the operator
—V is uniformly continuous and has the familiar power series representation

o0 k
—tV _ (=tV)
e =3 EE
k=0
Also, since V is a multiplication operator it is clear that for all t € Rt, e=*V is a multi-
plication operator as well.
Now we know from Example 3.16 that the free heat semigroup is a contraction semi-

group given by

(5.13) e oy () = /R d(zm)*d/%*”“zzy‘ﬁ¢(y) dy.

From (5.13) it is clear that

ey
(5.14) e Hoe Vo (a) = (2mt) Y2 / T W)y
R
With (5.14) in hand we can now calculate the n-th Trotter product:

(efa/n)Hoef(t/n)vy W(z)

d
5 —llz—yy 11 n—1
(2) T v (e Cmtne=mVY" ™ i) gy
d
( )2 A = a/mv(
e 2@/n) e n yl)x

d

(27”5) : / BB /vy (e—u/n)Hoe—(t/n)V)”’Qw(m)ddeyl
]Rd

n
= observmg the general pattern)

—dn *Hyk 1-vill? >
27t 2 SCi/m —(t/n) 3= V(yk)
( : ) /]Rd /]Rd S € SR V(Yn) dyn - - - dy1,

n tlmes
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where in the last equality we set yo = x so that the notation works out. Now let us make
the substitution uy = yr — x for all kK =1,2,...n. We obtain

(6515) (e tmY) )

dn no_

-4z llup—1—urll® -

27t 2 - T =(t/n) 3 V(uxta)

— ( m ) / P = V(up + ) duy, - - - duy
n Rnd

—(t/n) 32 V(u+a) " t\ -
= / e K=1 k (up, + ) H Gy (Uk—l — Uk, ) au,
Rnd Pt} n

where we let ug = yo—x = 0 and employ the standard simplification of notation by writing
Jgna instead of [, -+ [pu. We would like to write the integral in (5.15) as an integral
over Wiener space. Since ¢(-) is complex-valued, we can do this by applying Corollary
2.37. This yields

n —(t/n) 35 V(w(kt/n)+e)
a6y (et Yy = [ TOOETD i

To complete the proof, we need to be able to apply the Trotter product formula (Theorem
4.12) to the left hand side of (5.16). We already know that e~*/0 and e~*# are contraction
semigroups from Example 3.16 and Lemma, 5.8 respectively. Also, eV is a multiplication
operator and so by Proposition 5.3 its operator norm ||e~*V'|| is equal to [[e~*"||, ... Hence,

etV is also a contraction semigroup since for all t € R*:

g . = (—o)n
e = lle™ e = | D2 "7V O"
k=1 oo
_ R (v ()
sup kz::l( ) (V@)
= sup S (D (V)
z€Rd :
oo k
= suﬂg Z(—l)k%W(aﬁﬂk since V(-) >0
w€R :

ko etV < q,

I
(]2
*
=
w0
=
T
=

—
=
8 2
m
=
&

k=

where we were able to write the L° norm as a supremum instead of as an essential
supremum since V(-) and hence e=*V (") are continuous functions.

Having satisfied the assumptions of Theorem 4.12, we can apply the Trotter product
formula. This yields the following the limit which holds in the L? norm for all 1) € L?(R%):

(5.17) lim (e—wn)Hoe—(t/n)V)" N

n—o0
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By Lemma 5.9 it follows that there exists a subsequence {n;} such that the convergence
in 5.17 holds pointwise for all 2 € R? except perhaps on a set of Lebesgue measure zero.
The function V(w(-) 4+ z) is continuous since it is a composition of continuous functions
and so consequently the exponent

t & kt
Ly (w () +x)
nj n;

in the integrand of (5.16) is a Riemann sum that converges to the Riemann integral

— /Ot V(w(s) +x)ds

as j — oo for any w € Cé’d and = € R?. Hence,

nj

=& 3 V(w(kt/n;)+x) : .
e " ES ’ ’(/J(w(t) + x) e~ fo V(w(s)+z) ds¢(w<t) + Z‘) as j — oo
for any € R? and any w € Cé’d. We now rewrite (5.16) using the subsequence {n;} and
take the limit as j — co on both sides. This yields

’Vlj
lim (e_(t/nj)Hoe—(t/nj)V)nj w(m) — lim e_(t/nj)k§1v(w(kt/nj)+x)

j— 00 j—00 Jot.d
J J Co

P(w(t) +2) dm(w)

j
—(t/n;) 3 V(w(kt/n;)+z)
(5.18) = e y(z) = lim e R=1

—00 Jpt.d
J Co

Pw(t) + z) dm(w)

Now if can pull the limit inside the integral in 5.18 then the proof is complete. Fortunately,
the integrand satisfies the inequality

—(t/ny) 35 V(w(kt/n;)+w) (t/n5) SNV Elloe
e k=1 e k=1

P(w(t) +2)| < |9 (w(t) + =

= eVl |ip(w(t) + z)|,

and since e!llVllze |4 (w(t) + x)| depends on the path w at only one time ¢, we can use
Theorem 2.36 to conclude

/ MVl |y (wo(t) + )] dm(w) = / MVl ly(y + )] - Galy, £) dy < oo,
C(t)’d Rd

where the inequality holds because 1 is in L2(R?) and hence |¢(-)| is bounded except
perhaps on a set of Lebesgue measure zero. Hence, by the dominated convergence theorem

(t/ng) 5> V(w(kt/ng) )
PE T () + @) dm(w)

lim e
] —00 t,d
J Co

-/ e (= [ Vet + a1 ds) vt + ) dmie

and the proof is complete. O
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Remark 5.19. Through a limiting argument, it is possible to extend the proof above to
the more general case where the potential function V(-) is only required to be bounded
[3, Chapter 12].

By proving the Feynman-Kac formula, we have provided a rigorous mathematical un-
derpinning for the imaginary-time Feynman path integral. In certain cases, we can extend
this approach back to the "real-time” Feynman path integral via methods of analytic con-
tinuation. The precise details of how this is accomplished are well beyond the scope of
this paper; we refer the interested reader to [3].

RESOURCES

The figure in this paper was made using Inkscape and the TexText package.
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