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Let Cla, b] denote the space of continuous functions x(f)
defined on [a, b] 2 x(a) = 0. This space is called Wiener space.
Using the Wiener integral we define, for each nonnegative
integer }M, what we call the 3 Ilstow, M complex Wiener,
M Feynman, limiting M complex Wiener, and limiting M
Feynman integrals of a functional F'(x) on C[a, b] and show
various relationships which exist between these integrals. In
particular we give necessary and sufficient conditions for a finite
dimensional functional F'(x) to be M Ilstow integrable on
Cla, b].

We consider the set of linear functionals x(t)),---, x(t,)
where a = 4, < ¢, < --- < t,= b and obtain conditions on g;(u) >
the functional

1.1 (@) = gu[x(E)] - - - gala(t.)]
is M Ilstow and limiting M Feynman integrable on C|a, b].
We then apply these results to the functional

F(t, & 1) =exp (S

"ot — s, w(s) + E]ds)a[m(t) + e

a

where 0 <t <t,, —0<f<o and 2€C|[0, t,] and show that for
appropria:ce functions 6(¢, &) and ¢(£), the limiting M Feynman
integral G(t, &, q) of F (¢, &, x) exists for

(¢, & @)e(0,t) O R @ (R, — {0}

and satisfies there the integral equation

A —7 1/2( e -2 2
Gt &0 = (Got) | _otm exp (LHE2E Yau

(1.2) + <_—iq>”2gt(t — s)-V2ds
27:' o

2(t — s)

oo A (& N2
x g 8., w)C(s, u, ¢) exp <M>du .

For M = 0 the definitions of the above mentioned integrals reduce
to the definitions of the Ilstow, complex Wiener, Feynman, limiting
complex Wiener, and limiting Feynman integrals as defined by R. H.
Cameron in [2]. He used the Ilstow integral as an intermediate
integral in his definition of the Feynman integral. The word “llstow”
is a contraction of “inverse Laplace Stieltjes transform of Wiener’s”.

Many of the theorems in this paper are generalizations of theorems
in [2]. However, the techniques developed in § 4, applied when M = 0,
allow us to reduce the hypothesis of several theorems of [2]. In
particular, we obtain a condition for the Ilstow and limiting Feynman
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172 D. L. SKOUG

integrability of F'(x) defined by (1.1), that only requires each g} to be
essentially of bounded variation on any bounded interval, instead of
each g} being continuous as required by Theorem 7.2 of [2].

These more general integrals allow us to weaken the conditions
required on ¢ and still obtain the existence of G(t, &, Q.

2. Generalized Ilstow and complex Wiener integrals and the
banach space B(M, \).

DerFINITION 2.1. Let M be a nonnegative integer. Let F'(ox) be
Lebesque @ Wiener integrable on [0, o] ® Cfa, b] and assume 3f,(s)
on [0, )3 f,(0) = 0, f,, is left continuous and of bounded variation

on every bounded interval [0, s], T [dfy(s)| < oo for some X\ > 0,
and for almost all sufficiently large X\,

S FOvba)de = x-wre—hdf,xs) :
Cla,b] 0

Then F(x) will be said to be M Ilstow integrable on Cla, b] and f,(s)

is called the MuIlstow integral of F'(x) with parameter s and we
LMW,

write fy(s) = gc[a ., F(x)dz.

Notation., Let I, = {F(x)|F(x)is M Ilstow integrables on C|a, b]}.
We use the next lemma in the proof of several theorems.

LEMMA 2.1. Suppose f is of bounded variation on every bounded
interval of [0, =) such that for some \, = 0, S e |df(s)| < . Then
0
for N>\,

(2.1) S:‘e*“df(s) = N%S:oe““dg(s)
where
2.2) 9(s) = 274 (s — oy df (o) .

In addition, g ts absolutely continuous on every bounded interval
[0, s} and g(0) = 0. Finally for x>\,

2.3) [[e ldgto)| = 3T 17 (s) |

Proof. Same as proof of Lemma 5 on pp. 346-347 of [2].



GENERALIZED ILSTOW AND FEYNMAN INTEGRALS 173

THEOREM 2.1. I,S I, for M=0,1,2,-.-. Furthermore if
F(x)el, then

(2.4) Funsls) = 223 6 — )hdruto)
and
(2-5) .ﬁw+2(8) = 277—%5:(3 - P)%dfnzﬂ(P) = SZfM([O)d(O

so that the (M + 2) Ilstow integral of F(x) is differentiable a.e. on
[0, =) and its derivative is fy(s).

Proof. Assume F'(x)el, with M Ilstow integral f,(s). Define
Fu+(8) by equation (2.4) and note that (2.1)-(2.3) imply F'(x) e I,.,.
To obtain the second equality of (2.5), integrate the middle expression
by parts, substitute for f,., from (2.4) and interchange order of
integration.

DEFINITION 2.2. Let A0 be 5 Ren=0. Let F(x)el, with M
Ilstow integral fy(s). Then if

(2.6) [Cle 1drus) | <

we say that F(x) is M complex Wiener integrable on C[a,b] with
revar parameter . (A is called the reciprocal variance or revar
parameter since in [1], »~' denoted the variance parameter) and we
define the value of the M complex Wiener integral to be

”,JI

[} Fade =] "edfy )
Cla,b] 0

where if M is odd the square roots have values in the right half
plane. If Rex = 0 the M complex Wiener integral will be called an

M Feynman integral. For » = —1igq, g real, we denote the M Feynman
M

integral of F'(x) by qu F(x)dw.

Note that a functlonal F'(x) is M Feynman integrable if and only
if its M Ilstow integral is of bounded variation on [0, cc). In order
to remove this somewhat restrictive condition we shall generalize the
above definition slightly.

DEFINITION 2.3. If in Definition 2.2 we replace (2.6) by

@) | lema dfus) | < =
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for all > Ren > 0 and if the right member of

wd o

S ! F(z)dx = A\"2 lim S e AN f(s)
Cla,b] 7=0

(Ren>0)

exists, we say that F(x) has a limiting M complex Wiener integral
with revar parameter A and we give it the value and notation
specified above.

Notation. The symbol A= B shall mean the existence of A
implies the existence of B and the equality A = B.

In terms of the analytic Wiener integral, defined by Cameron on
anW
p. 289 of [2], and denoted by S XF(oc)dx, we have the following
Cla,b]
theorem.

THEOREM 2.2. For Rex =0

wyl —wil anlv
S F@de= SC[a b]F(x)dw = Sc[ b]F(x)dx

Cla,b]

and if Fel, then for almost all suffictently large positive \ we have

v n

‘ S F(\2x)de = SI ’ F(x)d .
Cla,b) Cla,b]

Proof. Same as proof of Theorem 1 of [2] as the additional
factor A2 doesn’t affect analyticity.

Notation. Let W(M,\) = {F(x)| F(x) is M complex Wiener inte-
grable on C[a, b] with revar parameter A},
W(M,\) = {F(x)| F(x) is limiting M complex
Winear integrable on C[a,b] with revar pa-
rameter A\}.

The following theorem follows directly from Lemma 2.1 and
Theorems 2.1 and 2.2.

THEOREM 2.3. WM, NS W(M + 1,\) for Rex>0 and M =
0,1,2,---. W(M,\)S WM + 1,)\) for Rex=0 and M =0,1,2,---.
Furthermore 1if F(x)e W(M,\) then the M and (M + 1) complex
Wiener integrals of F(x) are equal (both being equal to the analytic
Wiener integral of F(x) by Theorem 2.2). A stmilar statement holds

i case F(x) e W’(M, ).
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We now define for M =0,1,2,--- and \» = 0, a space B(M,)\) of
functionals of Cla, b] and discuss some of its properties. In particular
B(0, ») = B, where B; was defined on p. 297 of [2].

DEFINITION 2.4. Let =0 and Me{0,1,2, ---} be given. Let
F(x) be a functional defined on Cla, b] 3 F(ox) is Lebesque @ Wiener
measurable in (o, z) on [0, \ 2] ® Cla, b] and >

2.8) Ny(F) = S”ez—ﬂdpg | F(o-t) | do < o

2 Cla,b]
where we interpret A% to be +co if A = 0. Assume further that
there exists a left continuous function f(s) of bounded variation on
every bounded subinterval of [0, <) 3

(2.9) N, ) = "o |df@)| < o

and such that for almost all o >\

(2.10) p“”zre“"sdf(s) - S F(o-tw)de .
] Cla,bl

Then we say F'e B(M,)\) and define the norm of F to be NyM, F) =
N(F) + N)(M, F). Note that N, = N] where N is defined by (2.1)
of [2] while NJ(M, -) = NJ(-) if and only if M =0 where N is
defined by (2.2) of [2].

DEFINITION 2.5. We say that two elements F, and F, of B(M, )
are equivalent if for almost all (o,2) on [0, x 3] Cla,b] we have
F\(px) = Fy(px). We define B(M,\) as the space of equivalence
classes of elements of B(M, \).

THEOREM 2.4. The space B(M,\) has the following properties:
(a) BIM, ST, for n=Z0and M=0,1,2, ...,

(b) B(M,\) is a Banach space with norm N,(M, -).

(¢) BM,\)SB(M -+ 1,\) for x>0, and M=0,1,2, ---.
(d) 0=N £ n= B(M,\)SB(M,N,).

Proof. Property (a) follows from the definitions of B(M, \) and
I,. Property (b) follows from Theorem 2 of [2]. Property (c) follows
from equations (2.3), (2.4), (2.9) and (2.10). Property (d) follows as
0 =\, =\, implies that N, (M, F') < N, (M, F).

3. Finite dimensional functionals. Let a,(t), ---, a,(t) be real
functions of bounded variation on [a, b] and let g(u,, ---,u,) be a real
or complex function defined almost everywhere on R,. Let
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3.1) F(a) = g[SZal(t)dx(t), S:an(t)dx(t)] .

Then F(x) will be called an “n-dimensional functional” on Cla,b]. If
g(u,, +++,u,) is Lebesque measurable on R, we call F' a measurable
n-dimensional functional. If «(¢), ---, a.(f) are an orthonormal set
on [a, b], (3.1) will be said to express F'(x) in “normalized form”.

Our next theorem is a generalization of Theorem 3 of [2] and
gives necessary and sufficient conditions that a finite dimensional
functional be M Ilstow integrable and a formula for the M Ilstow
integral.

THEOREM 3. Let F(x) be a measurable n-dimensional functional
on Cla, b] expressed in normalized form by (3.1). Let Me{0,1,2,---}.
Let K=0 iof n< M while if n> M let K equal (n — M)/2 or
(n +1— M)/2 whichever is an integer. Then F(x) s M Ilstow
integrable on Cla, bl if and only if the following four conditions
are satisfied:

(1) For sufficiently large N, the quantity N(F') is finite, where

NiF) = @y erdp|

n

(A .. +ui)>du.

X (o= u, -+, o7, | exp .

(2) The function I.(M,s) defined by

(3 +2k)

3.2 LM, s>:§2, - Sg(ul,.--,un>du1---duﬁ,+2k
ulf‘~~~w—uM+2k<Zs

has (K — 1) continuous derivatives all of which of course vanish for
s<0.

(3) The(K—1)thderivative I.*~" (M, s) has a left hand derivative,
which we denote by IX(M, s), which is of bounded variation on every
bounded interval and which is a true Kth derivative of I,(M, s) except
on the countable set where it has jumps.

(4) For sufficiently large N, the quantity NJF, M) is finite,
where

NiF, My = () e a o
A( ] ) 27[ Oe l L it (3 ( ’ 8)1 .

Moreover when conditions (1) through (4) are satisfied we have
for s=0

bie 2k 2
g”"’s Fo)ds = (51;)( i, 5)

Cla,b]
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Note that when K = 0, conditions (2) and (3) reduce to I,(M,s) being
of bounded variation on every bounded interval.

COROLLARY TO THEOREM 3. For
M=12 ..-,1I, . &I,,B(M-—1,0)
< B(M, 0), B(M,0) £ B(M — 1,0), W(M — 1, 0)
Z WM, 0 and WM, 0L WM-—1,0).

Proof. Let g(uy, ---,u;) be the characteristic function of a j-
dimensional sphere of radius 1”2 about the origin. Let a,(t), «--,
o,;(t) be an orthonormal set on [a,b]. Let

Fiw) = g[SZal(t)dx(t), g:a]-(t)dx(t)] :

Then for M =1,2, -+, F,(x)el, and F,.(x)¢ I, ,. This follows
by noting that by use of (2.4) and (3.2) we obtain for s =0

(27-['-)(M+2)/2

(%)

LM, s) = min {1, s/}

so that by Theorem 3, F, ,(x)<c I,, while

LM — 1,8) = Iio(M + 1, 5)
2(2ms) T+

0=s<
P(M +5) ’ s=1
_ 2
21/—2_(27'6)””2”2 Sl 12 M)
s — iz , 1
I‘<M n 2> 0( )" "o s>
2

so that lim, ;. [[A,(M — 1,s) = —c and hence F(x)¢ I,_,.
Similarly for M = 1,2, ---, one can show that

Fy(x)e B(M, 0) N W(M,0) and Fy(x)eB(M +1,0)U W(M + 1,0) .

For M =3,4, --- it follows that F,(x)e B(M — 2,0) N W(M — 2, 0)
while F(x)¢ B(M — 3,0) U W(M — 3,0). Finally letting g(u,, u,) = 1
and writing F(x) in form (3.1) one obtains F'(x)e B(0, 0) N W(0, 0)
and F'(x) ¢ B(1,0) U W(1,0).

4. Products of functions of (xt;). In this section we consider
the set of linear functionals, «(t), ---, 2(¢,), and obtain conditions
under which produects of the form
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(4.1) F(x) = g.[@(t)] « -+ g.[2(t.)]

are M Ilstow and limiting M Feynman integrable on Cla,b]. F(x)
as given by (4.1) is an n-dimensional functional but here we wish to
obtain simpler conditions for M Ilstow integrability than those given in
Theorem 3. In Theorem 7.1 of [2], R. H. Cameron showed that each
gY being continuous and g¢; and g; both being absolutely integrable
on R was sufficient to insure Ilstow integrability. Here we will only
require each of the g!s to have a derivative essentially of bounded vari-
ation on any bounded interval, and satisfy certain growth conditions.

In Theorem 4 we will find it necessary to express certain Lebesque-
Lebesque Stieltjes iterated integrals as Laplace Stieltjes transforms.
We shall now develop the required notation and lemmas to achieve
this objective.

LEMMA 4.1. Assume f(u) is absolutely continuous on [c¢,d] and
has a derivative f'(u) which is essentially of bounded variation on
[e,d]. Let ¢(u) = ess,_.. lim f'(w + h) and assume Var (g, [¢, d]) < .
Let acle,d] and let g(u) = {f(w) — fla)}/(w — a) for ucle,d], w # a
and let g(a) = ¢(a). Then g(u) is of bounded variation on [c, d] and
Var (g, [¢, d]) < Var (g, [c, d]).

Proof. This lemma follows from the observation that for all
% €le, d] we have g(u) = S sl(uw — a)t + aldt.

LEMMA 4.2. Assume fi(u), ---, f.(u) are of bounded variation
on [e,d]. Let 1 £k <n and assume that g (u) and g,(u) are such
that for all wele, d] we have | fi(u)| < g,(w) for 1 =1,2,---,k, while
[ fiw) ] Z g.(u) for i=k+1,---,n. Let K, = maX,c,q0.(w) and
K, = maxX,c,q 9.(0). Then

Var(TT £i le, dl) = Kt~ Kz [ K3 Var (£, [e, d)) +
K3, Var (7, [¢, ) |

Notation. Let m be a positive odd integer. For ¢=1,2,...,m,
let k; be a positive constant and let ¢,(s) = (s*)/(k;). Let w, =0,
vi(w) = 20 gl — i), and () = Ui + Gu(Us) + DTy du(Us — Uiy).
For ¢ =0 and j =1, 2, let S;(0) = {u]|v;(u) <o}. Note that S;(g) is
an open m-dimensional ellipsoid with its center at the origin.

LEMMA 4.3. For ¢ =1,3, ---, m, assume g,(u;) 18 bounded and
Lebesque integrable on every bounded interval of R,. For 1 =2,4, .-,
m — 1, assume h;(w;_,, U;, U;1,) 1S Borel measurable in its three vari-
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ables and is right continuous and of bounded variation with respect
to u; on every bounded interval [—2d,2d] for any u;_,, u;_,€[—d,d].
For notational purposes we will denote the function hi(u;,,, u;, U;.;)
by h;(u;). Also assume that Var (h,(s), —2d < s < 2d) is bounded on
Uiy, Ui €[—d, d]. Then for j =1,2, A(0) exists and is of bounded
variation on 0 =<0 <y for any v >0 where A;,(0) is the iterated
Lebesque-Lebesque Stieltjes integral
a0y =" gwdu, - | gutudu,|” dp)” d g
AT gy w0

which for notational purposes we shall write as

(m+1)/2

(m) (m—1)/2
40 = |7 e I i) T )i - duda,

0=V j(u)<o k=

Further if f(o) is continuous on [0, v] then

(4.2)

U2k

m—1)/2
x (( kr_f d hzk(uzk)>dumdum_2-~~du3du1.

In addition if f(g) is continuous on [0, o) then the existence (as a
Sinite number) and absolute convergence of the right side of the
Jollowing equation implies the existence of the left and equality.

(m+1)/2

lim | fo)a4,0) = | -" |7 sors@)( T g

(4.3) me1y)2
X ( kl:[ d hzk(uzk)>dum co o duydu, .

U2k

Proof. As S;(o) is an open set in R, one can show that

| ] duwd -+ |7 sy, sy oy )y o)
is bounded and Borel measurable in its (m + 1)/2 variables u,, 4, +, U,,.
Hence A;(0) exists for 0 < o < v. By breaking up the g,’s and k;’s
appropriately one can write A;(o) as the difference of two monotonic
increasing functions and so A;(¢) is of bounded variation on every
bounded interval. Equation (4.2) follows from the general limiting
sum type of argument. As y— o, S;(6) — R, and so by dominated
convergence in each variable we obtain (4.3).

In the following lemma and theorem we will use the notation
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developed by Cameron in Theorem 7.1 of [2].

LEMMA 4.4. Assume h(u) 1is absolutely continuous on every
bounded interval of R, and ¢(u) = ess, .. limh'(w + h) is of bounded
variation on every bounded interval of R,. Also assume that for some

A>0,B=0 and 0 <~ < 2 we have | h(u)| < A" and SV | de(s)] <
—v
Ae? for all we R, and V> 0. Then for 0 =1 <j <k, >0 and

ui, e R, we have

\"_htw) BiBidu; = xrih)] + " BB wdu,

(4.4 = ML ()] + Nt — 1)
% Sw Eszﬁduj[ h(w;) — h(ufk)]
e u; — i,

where the integral in the last term of (4.4) exists both as a Riemann
Stieltjes tntegral and as o Lebesque Stieltjes inmtegral and where
I'ih(ug) = h(u;) — h(ul).

Proof. The first equality follows directly by noting that
NEE; — S‘” EiEidu,

while the second equality follows from integration by parts which is
justified by the above growth conditions.

THEOREM 4. Let a =t,<t, <-.-+<t,=b. Fort=12,---,n—1
assume ¢,(u) is absolutely continuous on every bounded subinterval
of R, and ¢, (u) = ess,.. limgi(u + h) 1s of bounded wvariation on
every bounded subinterval of R,. Furthermore assume for some
0<vy<2and B>0

(4.5) lg:w)| = B
(4.6) | lo)1ds =B
14
4.7) | 1des) | = Be
-V
vV
(4.8) | |do(s)| = Ber”
—v
(4.9) | ) | < BeP
for i =12, -« n—1,uecR and V > 0. Furthermore assume

| le@1ds < B.
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Let F(x) be given as in (4.1). Then there exists a function r(\),
analytic for Ren > 0, continuous for Rex = 0, and which for real
N > 0 satisfies

PO\ = S FOvha)de .
Cla,b]

Furthermore F(x) is M Ilstow and limiting M Feynman integrable
for all values of the parameter for M =1 and F(x)ec B(1,\) for all
N> 0,

Proof. By using techniques similar to those used by Cameron in
proving Theorem 7.1 of [2] (in particular using (4.4) in place of (7.8)
of [2]) we obtain for » > 0

_ « .0, u,) AU
F h¥ 1/2b Z' — S gw(u'n)go,n( s Yy . n d n
W =) et —a) eXp< 200 — a)) “

o (z.qj—lf o h#(0.)9.(04+1)
+ Z S_m |/27L'(T¢;+1 - Tq)

R’—-llzg

JCla,b)

2 —00
U Qj(n—1)
J=1

( o0t (T — TV)'” )
2rn(Ti — Ti)'"

SRItR e kb o )

<

i=1

q
(4.10) X <I_:J;- daiH'?(lOi! O, pi+l)>d(0q+1dxoq A dlol
X S‘” Gy S‘” 9u04+:1)0,0,(T; — T))
Qaln—1) J—co —e 21| 27( T, — T)|'"?
o 9 (0T — TY)Paiyy >
X [ P Vi+1
(L

N (0 —0i) Lo(0— 0) e }
X exp{ 2(;————2,{ 7 + ;*—-—Ti —7r T w>

x (1 du,Hi0s, 04, 01 )dp, o, - -+ do.dp.dw

where Q;(n — 1) is the class of all finite sets of integers v, v,, - -+, v,,,
satisfying
Qn — 1) ={v, -, vulvi=Lv.,=2v+21=12++,q,9,., =0}
Qz(n - 1) = {”19 cey Yo \ Y, > 1y Vi =Y + 2’ 1= 1y2s cr0y @y Yo = /}’L}
Qs(n - 1) = {yla."yyq+1ly1 :Oy Vi = Y; +2: 1= 1,2, 0 q, vq+1:n}

(4.11)  H¥(0;, 05, 0i+1)

vit1—1 vi+1—1
p k k X
k:[_!+1gk(a:i+l,vi+lai + B 1,0;4,0501) — k=1;!:+1g/:(aui,ui+lloi + B 0i11)
- 1 e
O — QL 05 — ::’ti'-kl
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and where in the sum over Q;(n — 1), p, = 0, and the integrals in the
two sums exist both as iterated Riemann-Riemann Stieltjes integrals
and as iterated Lebesque-Lebesque Stieltjes integrals.

Now define ¢¥(a;, 0;.,) by the equation

Vi+1—1

40, 0511) = . le {afi+1,vi+1¢k(a£€i+1,vi+lai + Bty Pitt)

=vit+

(4.12) Vi+1—1
X H g](au ;+1, v1+10. + /8 Pt u1+1(01+1)}

J=vi+
J#k

Then as g, = ¢, a.e. we see that

Vig1—1
L[ TL @0 Blinnr0i0) | = 8100 010 ne.
Thus for any d >0 and p;, 0;r,€[—d,d] we apply Lemma 4.1 and
4.2 and obtain

Va‘r (H#(pzy S, 10¢+1)y —2d < S < 2d)
(4.13) < Var (¢¥(s, 0ir1), —2d < s < 2d)
S (Ve — Vs — 1)'Brinrimle(3d)T .

Hence we see that H} is of bounded variation as a function of ¢; on
every bounded interval and as 0 < v < 2 the integrals on the right
side of (4.10) converge absolutely for A > 0.

Next we apply Lemma 4.3 to the right side of (4.10) and obtain
by use of (4.3)

(4.14) S FOia)de = x%re—mdf(u)
Cla,b] 0

where f(u) = fi(u) + fi(w) + fi(w) and

_ 9.(5)98.(0, s)ds
Fiw) = Sw V27(b — a)

— e g (00)P}0) (& 9.0l (T — T
pluy =, 2 Sw S[27r(Tq'H—Tq)]‘”(iﬂ 2n(T] — T;_)™ )

2
;Y,@itn=1)

(H d, HE(0s, 05, pm))dpm -+ do,dp,

q+1 gn((oqﬂ)aO l‘2(T — T )‘/2
fo(w) = Qs{n—1) Swu/ S 2r|2n(Tqe, — T

&g ()it (T, — TY)'*
8 (E 22 (17 — T, )" )

o

X <IqI d, Hi(p;, 05, Pi+1)>d40q+1 -+ dodw

=1
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Vi) = {s|s* < 2u(d — a)}
Vz(u) = {[1017 tt |0q+1v (2T O'q]

& ((01 0;_,)" (0, — 03)
X +,§i T-T'<2“}

V3(u) = {[wy [021 cc ‘0q+1y [ZTIRERN aq] w?

N z <pz = 1@:» <; - ‘%}2 < 2u}

In order to show that F'(x) is M Ilstow integrable for M =1 we
need to obtain bounds on the variation of f(u) for w = 0. First we
note that for 7 = 1,2, and 3, f;(w) is left continuous (by definition
of V,(u)) and of bounded variation on every bounded subinterval of
[0, ). Now for j =1,2 and 3, let f;(u) denote what we obtain be
replacing ¢¥,, b% g.,, and do Hi(0i, 05y 0521) by |08a 1, [P*], 19,1 and
| do H}0:y 05, 0511) | respectwely in f(u). Then clearly f;(u)1 and for
0 < u <u, < = we have

Var (ij [u’n uz]) = Var (fir [uu uz]) = fAj(uz) - fAj(ul) .

Thus we see that it will suffice to obtain bounds on f ;(w). First note
that for all w =0

2 = 1 9.(8)g8.(0, 5) | , e
Fw) < L, oL ds < Bi2a — o) "

Next we see that V,(u)< V,(u) and Vi(u) S Vi(u) where

VZ(“) = {[101, c*y Ogt1y Oy "'!aq]X!(Oil éﬁy lowl §2?2}
V3(u) = {[W:sz * 0y Ogy1y Oy "'raq] l ‘101| éﬁ'rigzi §2’ﬁ, wzézu}

and @ = [2u(b — )], Thus for [0, +++, 0, Osy +++, 0,] € Vi(u) we
have it o0, + By il €[—2a, 2a] for © =1,2,-+-,q, so that by
Lemmas 4.1 and 4.2 and equation (4.13) we see that

Var (H¥0;, s, 0i11), —20 < 5 < 21)
= (Viy — v — 1)*Brinii~texp 2B(34) .

Hence by replacing V,(u) by Vi(u) in fi,(u) we obtain
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fZ(u) = > <I111 Ve, — Vs — 1)2B"i+1—vi—1625(312)7>(ﬁ it (T — T’)”z)

g Q;(n—1) =1 27T(T’ z— )1/2
Eantd (000,00 Do
X S_& S—_u [27’C(Tq+1 — T )]1/2 (H lgvz((oz) |> IOG—H (01

Bremohr e (T, — TY)P(ve — vi — D'aifl,
22Ty — TOI" o= 2a(T7 — Ti)”

= X

2
U Q;(n—1)
j=1"7

2n~1BneBn[3(2u(b—u))l/Z]T

3|27 (t, — a)]'*

<

since ¢ < (n/2), while by (2.6) of [4] and (7.38) of [2],

— T (Ti — TPy — vi — D’agis;
) 2 [27Z(Tq+1 Tq)] 1I211__I 27’[(T—'H~ - 1)1/2 £

U Q;(n—1)
j=1 7

= (2r(t - 1 | 5 (o) T Em— v =1y

UQ (n—1)
=1 J

< [27(t, — a)]7"*3 " exp {(n — L)~}
< 213 2m(t, — a)] .

Thus 0 < v < 2 implies Swe—‘“dfz(u) < = for » > 0.
0

Similarly we can show that for » > 0
Fum) < 2e+2B* exp (nB(3[2u(b — a)]?))3~'w[2u(d — )]
and hence for x> 0, S e "df(u) < . Thus for » > 0
NAF) = [Tevdo| 1P (o) do < B°
Cla,b]
and
N1, ) = {Te jdgw) | = 3 |ea i) < o
so that F(x) e B(1,\) for A > 0 and in particular, F'(x) is M Ilstow
integrable for M = 1.

Next for xo3ReX = 0 let

4.15) y(\) = wg“’ S Gu(t) ++ + g EO + -+ Ep=dus, -+ - d, .

Then by (7.5) of [2] we have w(\) = S _ FOtade for all 1> 0.
4
Clearly ++(\) is analytic for Rex > 0 and contmuous for Rex = 0.
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Hence F(\%zx)dz has an analytic extension throughout the right
half plail[ae’b]continuous up to the imaginary axis. But for almost all
0>0, g (o i)z = o] “e-rdf(s). Thus as S et | df(s)| < o for
all o >0 we know that ,02 S e *df(s) is analytic in the right half
plane and equal to the analytic extension of Sc[a “F(p tx)da there.
Thus 2 g e *df(s) approaches a limiting value on the imaginary axis
when we 0approach from the right hand plane and so the limiting M
Feynman integral of F exists for M =1 which concludes proof of

theorem.
If we restrict the bounds on Var ¢;, Varg;, and ¢; we obtain the
following corollary which proves useful in a later section.

COROLLARY TO THEOREM 4. Assume the hypotheses of Theorem 4
are satisfied where conditions (4.7)-(4.9) are replaced by

|l a8 = BIL + v,
||,|do)| = BIL+ V*], and |gu)| S BIL+ |ul]

for 1 =1,2, .- n—1,uecR,V >0, and d>0. Then the con-
clusions of Theorem 4 hold and in addition we have N,(F) < B* and

N, 1) = in[zf_(;:aa)}jsd)”(l N [ 20-a ]dn/zf[—du}—])
3[27(t, — @) » .

i = G Bl B b a1

REMARK. Let us point out at this time that the techniques used
in Theorem 4 allow us to strengthen Theorems 7.1 and 7.2 of [2].
For, clearly, if we put the same restrictions on g, as we put on
each ¢;,7=1,2, ..., n — 1, then the conclusions of Theorem 4 hold
for M = 0. Also if condition (4.6) was relaxed so that

SV Igi(s)ldséBeBVTs fori:l,2,---,n,
-y

then one can show, using the techniques of Theorem 4, that Fel,
and F e B(0,)\) for all » > 0. However these same techniques do not

imply F¢ W(M, 0) since in this case ¢(\) as defined by (4.15) is not
necessarily continuous up to Rex = 0.

5. Entire functions of integrals of (s, z(s)). Our first theorem
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deals with M Ilstow and limiting M Feynman integrability of
functionals of the form

(5.1) Fi(z) = ¢[Sz0(s, x(s))ds]g(x(b)) :

THEOREM 5.1. Assume @(z) is an entire function satisfying
| @) | < AeP'*'. For each scla,b] assume 6(s,w) is absolutely con-
tinuous as a function of u on every bounded interval of R,. Also,
for each s e[a,b], assume O(s, u) = ess;_.. lim 0,(s, u + h) is of bounded
variation as a jfunction of wu on every bounded interval of R,.
Furthermore assume |0(s, V)|, S” [g(w) | dw, and Sm | 0(s, w) |dw are

bounded by B while | (s, V)|,
v v R
|, 106, w) | and | |d.dis, w)|
—y —v

are bounded by Bl + |V]%) for each secla,b]l, VeR, and some
d20=d<2. Then for M=1,2,---, the functional F¥(x) as defined
by (5.1) is M Ilstow and limiting M Feynman integrable for all
values of the parameter and F*(x)e B(M,\) for all A > 0.

Proof. Since @(z) is an entire function such that | @(z)| < Ae?!
we obtain, by use of Cauchy’s inequality, that @(z) = >7_,a,2" for
all z where a, = 1 and for n > 0

(5.2) la.| < A(%)" :

Thus on Cla, b] we have F¥(x) = >.>,a,F#x) where
Fi@) = g@®) | 06, a(s)ds |

for n =0,1,2, -... Now for » > 0 we have

b (n)

Fix)y =\ -\ F,(x;s)ds, ---ds,
).,

a

where
Fo(w;9) = Fu(; s, -+, 8,) = g(@(b) IT 6(s;, (s.))

when s, ---, s, are distinct elements of (a,d) but F,(x;s) =0 when
8, =+, s, are elements of [a, b] but a,s,, ---, s, b are not distinct.

We note that for each n > 0 and each se|a, b]*, F,(x;s) satisfies
the hypotheses of the Corollary to Theorem 4. Hence for each s in
[, b]* we have for A > 0
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NyF.(+;s) < B*+,
N, F(+; 8)) < H(s)
= B*'[21(b — a]% + K,(n) + Kyn)[min{s,, ---,s,} — a] 2

where

Kl(,n/) — 2%+2B7b+1(1 + 3d)n+13—1(2n-)—-—1/2

% (1 I [_2—(—l)7_\l_—a)—][d(ﬂ+1)+1]l2f[—d&%]>

and

K,(n) = 2"B*+(1 + 8%)"+13-(27)i

% <1 i [_2_(_1)_7-\:—_61_)_][d(n+1)][2['|:_d(—n_l_21)—+2.]> .

Moreover for each s, F, (x;s) is M Ilstow and limiting M Feynman
integrable for each value of the parameter for M =1,2, ..., and
F,(x;s)e BA,\) for all A > 0. By Corollary to Theorem 6.4 of [2]
(which can be generalized to apply here) we obtain

b (n)
a

Nyt Fy = |- [ Heyds, -+ ds,
< B*(b — a)"[27(b — a)]% + (b — a)"K,(n) + 2n(b — a)"K,(n)

where the last inequality follows from (8.12) of [2]. Clearly
N,(F} < B**(b — a)” so that for » > 0

Ni(1, 3 a.F?) = 3, Ni(L, 0, F)
< ([27(b — a)] 2 + 1) Z:,DB"“(b — a)"a,
+ 3,0 — 0a,[K(n) + 20K (n)]

where K (0) = K,(0) = 1. By use of (5.2) the above series converge
for 0 <d <2 by the ratio test and thus the series > ,a,F con-
verges in the B(1, \) topology for each A > 0 and since the series
also converges uniformly to F* it converges in the B(1, \) topology
to F'* and so F'*c B(1,\) for all A > 0. In particular F'* is M Ilstow
integrable for M =1,2, ...,

Next we will show that F* is limiting M Feynman integrable
for M = 1. First apply Corollary to Theorem 4 to the functionals
F,(x; s) and obtain functions +,(\, s) which are analytic for Rex > 0
and continuous for Re\ = 0 for each % > 0 and s¢[a,b]*. In addition
for ReX = 0 we have
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(n+1) n
vy 8) = V0" LT ) T 0 w)BLES -+ By, - du,

so that for sea,bd]” and ReX =0, |, (A, s)| < | N[+, Hence
letting

b (n) b
i) = |5 v, syds, - ds,

we have
(5.3) [t (W) | < |0 |02 (b — o)

for Ren>=0and n =1,2,.-.. Clearly +%(\) is analytic for Rex > 0
and continuous for Rex =0 for n =1,2, --.. Similarly we apply
Corollary to Theorem 4 to F§ and obtain +r¥(A\) with the same
properties.

Next we see that as the series >.7.,a,F¥2x) converges uniformly
in x over Cla, b] we have for each real » > 0

S Fi(vbayds = i‘,ang Fivto)de
(5.4) Cle,b] n=0 Cle,b)
= >, a,¥i(®) .
n=0
But by (5.2) and (5.3) the last member of (5.4) converges uniformly
in » for any closed subset of ReXx = 0 and hence the first member of

(5.4) has an analytic extension throughout Rex > 0. New let ff
denote the M Ilstow integral of F#* for M = 1. Then

Nit, B = e 1dpto)|
for each N > 0 and for almost all o > 0

|, Filob)do = o\ edsis) .
Cla,b] 0

Hence p% Swe"“dff(s) has an analytic extension in the half plane

Rep > 0, coontinuous for Rep = 0, and so the limiting M Feynman

integral of F* exists for M = 1 which concludes proof of theorem.
Next we will show that for appropriate functions ¢ and o, the

analytic Wiener and limiting M Feynman integrals of the functional

(5.5) F(t, &, z) = exp [S:&[t — s, o(s) + E]ds]o[x(t) + 4

satisfy a certain integral equation.
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THEOREM 5.2. Assume 6(t, &) 1s bounded and continuous on
[0, t] @ (— o=, o) and satisfies for all te]0,t]

(5.6) S';l o(t, &) |ds < B .

Assume d(&) is bounded and continuous on (— oo, ) and satisfies
(5.7) ["lo@us= 5.

Then the analytic Wiener integral

(5.8) G(t, &, \) = SC[W’JF(t g, 2)dz

exists for (¢, &, N)e H = (0,%) R (—o0, )X {Rer = 0} and satisfies
wn H the integral equation

G(t, &, \) = (-z—)“ﬁyﬁslo(u) exp <—&@%—Lz>du
(5.9)

(22) e = syrasl” o, wG(s, u,3) exp (_Azﬁ_:%;j)ds

with boundary condition

(5.10) lim G(¢, &, \) = 0(8)
holding for all (5, \)e(—co, )R {ReX > 0}.

Proof. The existence of G(¢, &, \) for all points of H follows from
Theorem 8.2 of [2]. Moreover by (0.11) of [2] and the continuity of
the functions involved we have

cfo,t

G.11) Gt £\ :S ]exp[S:g[t — s, v Ea(s) + 5]ds]o[x—%x(t) + &lda

for x> 0 and (¢, &) e H, = (0, £,) Q (— o, o).

Next we note that by use of Theorem 7 on page 66 of [3]
(which can be proved for » = 1 under weakened conditions on ¢* and
0%) we have that if o%&*) and 6%(t, &%) are bounded and continuous for
(t, e H, = [0, %] ® (—ce, =) then

(5.12) G, &%) = SC[O exp [S:a*[t — s, a(s) + & ds] oty + &fda

exists on H, and on H, satisfies
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G¥(t, &% = (27rt)*1/2r oH(w) exp<— (& ;: un)? )du
(5.13) -

RV S PRRNIPY I R " (8 =)
+ (27) So(t 5) dss_wﬁ (s, w)G¥(s, 1) exp( S )du
with boundary condition
(5.14) lim G¥(¢, &%) = o%(¢&) .

Thus, if for » > 0 we define 6%t, u) = 6(¢, N 2uw), ot(u) = (R,
and & = A3t then 6* and o¢* are bounded and continuous and so
Gi(t, &%) as defined by (5.12) exists on H, and on H, satisfies (5.13)
and (5.14). But for x>0, 04t — s, a(s) + &] = Ot — s, M 2a(s) + £],
ofla(s) + & = o[\ 3a(t) + £], and G(¢, &, \) = G¥(t, A} &). Hence substi-
tuting into (5.13) we see that for >0 and (¢ &) e H, G, & N)
satisfies (5.9). Then by use of Corollary to Theorem 8.2 of [2] G(¢, &, )
is bounded in any closed bounded subset of Rex = 0 for all (¢, &) e H,
and so by use of (5.6) and (5.7) we see that both sides of (5.9) are
analytic functions of X for Re > 0, continuous for Rex = 0 and as
(5.9) holds for all » > 0 it must hold throughout H.

Boundary condition (5.10) is verified by noting that

lim <l>1/2§:(t — s)"Y*ds

t—o+ \ 27T
(5.15)

X S:oﬁ(s, w)G(s, w, \) €xp (—)“z(—ft__—z)zz—>du =0

and

‘(%m>llzsiwo(u) exp (—k—(é—gﬁ—%&x)du —0(%)

= (5) | o + &) — o@ exp (=22 )au|

—0as t— 0+,

THEOREM b5.3. Assume 6(t, &) satisfies the hypotheses of Theorem
5.1 where [a,b] =[0,%]. Assume o(§) satisfies the hypotheses of

Theorem 5.2. Then for M =1,2,-.., the limiting M Feynman
integral
~ -5
(5.16) Gt &0 = | " Pt 5 v
clo,t]

where F (¢, &, x) 1s defined by (5.5), exists for
(t, & el =(0,t) QR ® (B, — {0})
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and satisfies in H the integral equation (1.2). Furthermore if we
assume Var _. ., 6(§) < B then

(5.17) lirr+1 G(t, &, q) = o) .

=0

Proof. The existence of (5.16) for M =1,2,.--, and all (¢,&,q9) e H
follows from Theorem 5.1.. But by use of Theorem 2.2 we see that
G(t, &, q) = G(t, &, —qi) where G is defined by (5.8). Then substituting
into (5.9) establishes (1.2).

To establish (5.17) first note that

}iﬁ?( _2:;] )mg:(t - s)"‘/zdsg:ﬂ(s, w)G(s, u, q) exp <%£(—Et—:—g))—2>du =0

for all &, geR, g+ 0. Also by contour integration and integration
by parts one obtains

(Get) 1l o exn (S Jau

=7+ () T e exw (=)o

- U;E) as t — 0" by dominated convergence.

Similarly

(Get) Voo (SE 0 )u— 2 as im0

REMARK. In view of the remark at the end of §4 we see that
the conclusions of Theorem 5.1 will hold for M = 0 under the ad-
ditional assumption that ¢’ is of bounded variation on every bounded
interval and satisfies

14
|, 1dg')| < BIL+ | VI
Also the conclusion of Theorem 5.3 will hold for M = 0 under the

additional assumption that ¢’ is of bounded variation on every bounded
interval and satisfies

|, ldo') < BIL+ V1.

The author wishes to express his gratitude to Professor Robert
Cameron for his encouragement and valuable advise .
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