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Let Cy denote the Yeh-Wiener space, i.e., the space of all
real-valued continuous functions f(z, %) on I? = {0, 1] x [0, 1]
such that f(0,y) = f{z,0)=0. Yeh has defined a Gaussian
probability measure on Cy such that the mean of the process

m(x, y) = Scyf(x, y)dvf=0

and the convariance
Ris,t,0,0) = | fls, 0.f(o, v)dsf = (12) min (s, 2 min (5, 1)
.

Consider now a linear transformation of Cy onto Cp of
the form

T: flx, y)— 9z, y)

1.1
=flz, ¥) + S K(z,y,s, t)f(s, t)dsdt ,
12

which is often called a Fredholm transformation. The main
purpose of this paper is to find the corresponding Radon-
Nikodym derivative thus showing how the Yeh-Wiener inte-
grals transform under the transformation.

The transformations considered here contain the Volterra trans-

formation
TIf 0 = £, ) + || Ko, 0,5, 050, Odsdt
as a special case.

Such transformations in Wiener space have bsen studied a great
deal by Cameron and Martin [1], Woodward [9], Segal [5], [6], and
Shepp [7], and the results have proved very useful in the evaluation
of various Wiener integrals.

The transformation theorems in this paper are based on stochastic
integrals called the generalized Paley-Wiener-Zygmud (P.W.Z.) inte-
grals given in [3] and [4]. For a function h(x, y) € L*(I*) and f(w, y) € Cy,
the generalized P.W.Z. integral is defined to be

12) |, prdes =lim | uf)dr
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where (hf), is the =™ partial sum of the Fourier expansion of
hzx, y)f(x,y) with respect to a C.O.N. set belonging to a class of
C.O.N. systems {a,(z, )} with each a.(x,y) of B.V. satisfying the
condition

n

Lim. 3, 9) | | ats, dsat = -

700 je==1

and the limit and on the right of (1.2) is an ordinary Riemann-Stieltjes
(R-S) integral. It it known that the limit in (1.2) exists for almost
all f in C, and it is essentially independent of the particular choice of
the C.O.N. set in the class. (For details see [3] and [4].)

The Fredholm determinant D(K) of K(z,v,s,t)e L}I*) for N =
—1is defined by

DK)=1
- 1 K(xly yly xly yl)' ° 'K(xla yu xk; yk)
+ > -—-S ........................ N dx,dy,. - «dx,dy, .
=ikl ) e
K(xky yk; xly yl)' * .K(xk’ y/ay xk) yk)

2. Statement of main results.

THEOREM I. Suppose that each K(v,y,s, t),1=1,2, 3,4, is con-
tinuous on I* and absolutely continuous in x,y for each (s, t) e I* and
K\(0,y,s t)=K\(x, 0, s, t) =Ky, 0,s,t)=K,(0,¥, 8, t)=0. Let K(x,y,s,1)
be defined on I* by
Kz, y,s,t) if v <sy<t
Kz, 9,5, t) ifae>sy>t
Kz, y,s,t) fe>s y<t
K.z, y,s,t) if o <s,y>t
(2.1) K(z, y, s, ty=12"(K, + K)(z, y, z, t) ife=sy<t
274K, + K)(x, ¥y, =, t) ife=sy>t
27YK, + K)(=, v, 8, ¥) ife<s,y=t
27YK, + K) (=, 9, 8,Y) ife>s,y=t
4K + K+ K, + K)a,y,6,y) fe=sy=t,

where (K, + K))(z, v, x, t) = K\(z, v, z, t) + Kz, y, x, t), etc., and let
¢(x! S! t) = K(x! t+’ s! t) - K(x7 t~7 S? t)
¥(y, s, 1) = K(s*, v, 5, 8) — K(s7,9,5,1) .

To be definite at each jump discontinuity, let us agree that the
partials take left-hand limit whenever it fails to exist at a point, i.e.,

(2.2)
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0? . 02
ayaxK(a/y yy 8, t) = H(xy yy 8, t) = (u,v)ll(?l’y—~) avauK(u, 1}, S, t)
(2.3) 9 s s, 1) = A, 5, 1) = lim 2 5 ;
. ax'P » S, = (.’U, S, - uil;r_lqaup(u, S, ) ’

3 e
ay"/(yy 8, 1) = By, s, t) = }g}l%“f(’uy s, 1),

and assume that there exists an integrable function M(s, t) such that

for all (s, t)e I*
SUPw yyere IH(.’,U, Y, s, t)l
var, y)e1? H(xy Y, s, t)
var,.; H(x,1,s,t

(2.4)  H( ) < M(s, t) .
varusl H(ly ?/, S! t)
var,., Az, s, t)
va'rye[ B(yy Sy t)

Also assume that
(2.5) |A(x, s, )|, | By, s, )| = B, a constant, and
(2.6) DK)+ 0.

Then for any Yeh-Wiener measurable functional F(f), we have
under the Fredholm transformation (1.1)

(2.7) |, F@)dg = |DU)| | F(Tf)-exp (=00

where

O(f) = S[a;axglm"” U, 5, 1) f(s, )ds dt]zdxdy

(2.8)

o .
+ ZSIQ[ayaQGS]ZK(x’ y’ S’ t)f(s’ t)ds dt]d f(xa y) ]

and “ = 7 indicates the existence of one side implies that of the other
and the equality.

THEOREM II. Let h(z,y)e L* on I*, K(x,y,s,t) and F(f) as in
Theorem I. Then under the (nonlinear) transformation

L: f(z,y) —9(x,y) = f(=,9) + fi(z, ¥)

(2.9) 4 Sﬂ Ko, y, z, 8, O)f (s, H)ds dt
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v
0

where fi(x, y) = S th(s, t)ds dt, we have

|, F@dig = [ DE)| | FILp)-exp(~T()dss |

where

’0\2

v () = | e w) + 55

g Kz, v, 5, 1) f(s, )ds dtT do dy
72

2

+ 2§12[h(m, v + SﬂK(m, Y, 5, 8) £ (s, t)ds dt] df (@, ) -

0Yyox

3. Definitions. C & responding to each continuous function f(x, ¥)
on I?, the (»") quasi-polyhedric function f, (x, ¥) of f(x, ) is defined
to be

(3.1) S (@, ¥) = amy + bix + ¢y + di

on each square @;; = [(? — L)/n, i/n] X [(j — V)/n,j/n],¢,5=1,2, -+, m,
where a;;, b;;, ¢;;, and d;; are so chosen that f,,(x, ¥) and f(x, y) agree
at the vertices (¢/n, j/n), (i/n, (j — 1)/n), ((i — 1)/n, j/n) and ((z — 1)/n,
(¢ — D/n).

REMARKS. (i). Since the function f, (x, ¥) is linear horizontally
and vertically in each square Q;;, we see that f(z,y) is continuous
on I*. Furthermore the sequence {f.,(x, ¥)} converges to f(x,y) uni-
formly on I* as n— <. Evaluating a,;, b;;, ¢;;, and d;; explicitly, and
then combining terms, we have on each square Q;;,

Fuola, 9) = 5(2, DYty —n(i D nli—Dy + (-1 -]

+ f(i w : %)km@y +n(j = D + niy — i(j — 1)]
(3.2) g

+ f(%’ : ;L >[~n2my + njz + n(i — Dy — j(i — 1]

+ f<i " =2 m 1>[n2xy — njw — niy + 9] .

(ii) If K(x,vy,s,t) is continuous on I‘, then for each (s, t)e I*
we can think of K(x, v, s, t) as a function in z, ¥ and so we have the
(n*) quasi-polyhedric function K, (x, v, s, t) in x, ¥, namely for (z, y) €
Qi3 1,5 =1,2, -+, n, we have
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K(n)(xy yy Sy t)
= K<% —Z; s, t)[ngxy —n(j — Do —n(i — Dy + (@ — 15 — 1)
+ K(Z —1 I t)[—nzwy + n(j — Dz + niy — i(j — 1]
(3.3) n 'n'’

+ K(J—, I 1, s, t)[—nzxy + njx + (i — )y — j@E — 1]
n n
i—1j5—1 . . . ..

+ K<_—n y TS t){nxy — mjx — niy + 4] .

We also see that K, (z, v, s, ) 3K(w, v, s,t) on I* as n— <, provided
that K(z, vy, s, t) is continuous on I*. Here “ =7 indicates uniform
convergence.

For each ¢ > 0 let

D.(s) =sgns —sle if [s|=c¢

(3-4) =0 if |s|>e.

Let K(x, v, s, t) and +(y, s, t) be as in Theorem I. Then the function
defined by

(3.5) L.(x,y,s,t) = K(x,9,s,t) + 27[2.(s — ©) — 2.(8N]v(y, s, 1)
is continuous in x, s. Now define

(3.6) J(x,s,t) = L.(x, t, s, t) — L(x, 7,8, 1),

and

K.(x,9,8,t) = L{z, y, s, t) + 27 [Q.(t — v) — 2.(t")]J(=, s, t)
= K(x, y, 5, 1) + 27[2.(s — 2)Q2(s)]¥(y, s, 1)
3.7 + 272.(t — y) — 2.(tD)]s(=x, s, 1)
+ 47[0u(s — @) — Q.20 — v) — LK, + K.
— K, — K)(s, t,s, 1) .

Then K.(z, vy, s, t) is continuous on I*, and K,(0,y, s, t) = K.(z, 0, s, t)
= 0. Furthermore K.(x, y, s, t) is uniformly bounded in ¢, z, ¥, s, £, and
lim, ,, K.(2, 9, s, t) = K(z, ¥, s, t). Now, define

Cx,s) =¢/2 if —e<s—a=e

(3.8) .
=0  otherwise.

Then from (3.7), (3.4), (3.8), and (2.8) it follows
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Hs(xy Y, s, t) = %KE(Q?, Y, s, t)

®9) = H(z, y, s, t) + C.(z, 9By, s, t) + C.(y, DAz, s, t)

+ Cs(x, S)'Cs(y, t)'(K1 + Kz - Ka - K4)(sy Z, 3, t) ’

with the understanding that whenever the partial derivatives are not
defined at a point, then the value at the point to be the left-hand
limit with respect to x and y (for the uniqueness sake) as in (2.3).
Thus by using the mean-value property and the dominated convergence,
we see that for almost all (x, ¥) in I*

lim g H.(z, 4,5, )/ (s, t)ds dt
12

=0+

3.10) = SH(m u, s, ) (s, t)ds dt + g:B(y, @, O f (@, 1)t
+ S:A(x, s, Wf(s, yds+(K,+K,—K,~K)@, 9,2, 9)-f(x, 9 .
But the right hand side of (3.10) is exactly equal to
(82/8y8x)gﬂK(x, y, s, 8)f (s, tyds dt .

Therefore for a.a. (x, y) in I*

. 0
lim | ==K, v, 5, 0 (s, Ods di

(3.11)

5 K, y,5,1)f (s, tyds dt .

62
0Yox

4. Some Preliminary Lemmas.

LEmMMA 1. Let K, (2, v,s,t) be the n-th polyhedric function in
(z, y) with the understanding that K., (x, y, s, t) = 0 for all (z,y, s, t)&
I, For 4,5,p,g=1,2,«-«,n let

. (q+1)/n [ (p+1)/n v g
@ A= (L s, 6) - (ns—pl Lt —gl)dsdt -

(¢—1/n J (p—1)/n

Then for any f e C, we obtain:

( 1) SIZ K(n)( 7’&’ n y 8) t>f(n)(sy t)dS dt - p%l Awlw ( ) ’

n’n

22

.o . 2 z (n) ﬁ __(Z.
(i) | 5 Koo, 4,8, D F s, s dt = w2 3 Bigf( 2, L)
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Jor (x,y)e <7' — 1, Z) X (J————l, —3@—), where

n n n

my o A (n) ( (n)
B, = Ai.‘;ﬂq - Ai-’il,qu - Aigﬂ,pq =+ Aiﬁl,i—lm ’

i35 pg

A2

0 2
i) | |1 g B @ v s, D ls, s dt [derdy

K3 n 2
= 3 | 3 Bas(E D]

1,51 Lp,g=1 n n

2

() || 5o Kol 0, 5, 0 F (s, s at |4 f (o, )

= n? Z [ Z 157;))41 (ﬂ_, i)]'dﬁfm ’

t,5=1 Lp,g=1 n n

where

duf = (5 L) - (2R L) - p(L, 12

n’ n n n n n

+f<i—1,j_l).

n n

The proof of this lemma is similar to that of corresponding results
in [1]. Next, we consider a transformation of C, to C;:

T: 9w, 1) = @, 9) + | Koo, 9,5, 0F(s, Dids dt .

Then by (i) of Lemma 1 and the fact that f,,(i/n, j/n) = f(i/n, j/n)
at each 4+ and j, we have

NVECIN B SRR B S (_21_9_.--:
(4'2) T‘g</n) ,n) _f<,ny n)'*‘p%:lAwpq ny 77/>’ ’L!j 172! !n°

The determinant 4(K,,) of this transformation is given by
(4-3) A(Km) = det (A;kp + 511))[,1) = 1, 2, ) w

where A7, = A7), with I= (@¢-Dn+5, P=(p—Dn+q, 154,37, 0, 0=
.

LEMMA 2. Let F(f) be a Yeh-Wiener measurable functional which
depends only on the n* wvalues of f(x,y) at (x,y) = (i/n, j/n); ¢,5 =
1,2, ---, n. Let the n™ quast-polyhedric function in z,y, K., (z, ¥, s, t),
satisfy that K., (z, y,s,t) =0 if ¢ =0 ory =0, and that 4(K,,) + 0.
Then
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|, F@dg = (KD | Flfw+ | Kl 5 050 tds )

5 :
exp (= | || 5755 Ko, .5, 0o, s dt [ dy

9 g[il 6—_;8.’0 Ko (@, U, 8, 8) (5, t)ds dt]d e y)}d},f )

In view of Lemma 1 and a Yeh-Wiener integral formula (see Theo-
rem I, [11]) the proof is word for word identical to that of the cor-
responding lemma in [1].

Lemma 3. If K(w, y, s, t) is continuous on I*, and if the Fredholm
determinant D(K) == 0, then

lim 4(K,,,) = D(K) .

Proof. Using (4.3), we may expand 4(K,) as:

A(K ) = det (Afp + 01p)1.pe1 2,000 ,m2

n2 1 n2 }
=1+ ,Zl Afp + o7 Z:, det (A%;p)ii-1.0

2! r/7

+ cee + —_— Z det (A;k»ipj).;,jz..l,-.- n2
Pl P p2=1

(4.4)

=1+ Z Ag}pq + = Z det( ;f;:zip]qj)i i=1e

Pg=1 2! P1:91> P2 q2=1

1 < (n)
+ + (77/2)' PI’QPT)‘.’,*‘IZ;;Pn?y‘In?‘-‘I det (Apiqip]qj)i Tz eeeal e
Let M be the bound for K on I‘. Then by (4.1) we have |n*A{},,| =<
M uniformly in n, %, 7, p, ¢. Thus by Hadamard’s inequality it follows:

(4.5) |det (A, 4 )isoreee | < (M) YN .

Upon using (4.5) in (4.4), we conclude that |4(K,,)| is uniformly
bounded by the convergent series 1 + >2., MY N"2/N!, and for each N'

lim ZW. det (A(m )1 jEL e N

PP ;05
NP1 P NN =L

K(Sn ty, 8, tx)' * 'K(su ti Sy, tA’)
= g ............................ dsldtl cen dsz\,dtN .
12N

K(s.’\'y t:\'y 819 tl) K(SN; tA\'y s;\'y t\)

Hence the conclusion follows.
Similarly it follows:
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LEMMA 4. Let K(w, vy, s, t) be a bounded integrable function with
D(K) # 0 and let {K,(x, v, s, t)} be a set of Borel measurable functions
which are uniformly bounded in N, x, Y, s, t, and let lim,_+ K;(x, ¥, s, t) =
Kz, y, s, t). Then lim, .+ D(K;) = D(K).

LemMMA 5. For each (s,t)e I* let H(x,y, s, t) satisfy that

sup |H(w,y,s, )], var H(x,y,s, 1), var H(v, 1, s, t), var H(1, y, s, t)
(z,y) e 1? zel yel

(w,y) el

are all dominated by an integrable function M(s,t). Then

“.6) S,[SIH (@, y,s, ) f(s, t)ds dt]d 1@, y)

_ glz £, t)[SﬂH(x, v, 8, Af (@, y)ds di .

Proof. Let “||-||” denote the supremum of the absolute value.
Then from the fact that

vat e | Hw, v, 5 050, 0ds dt
12
@ varye,S H, 1,5, 6,0/, tdsdt =< 17| MG, vdsar <
12 Jr2
var, ., g HQ, y, s, 1) (s, )ds dt
I2

the left member of (4.6) exists as an ordinary R—S integral. Hence
for the net: 2; =i/n,y;, =J/n;4,5=1,2,-+-,n, and z,_, < z} < 2,
Y =Y, =Y, wWe have with 4,1 (x,y) = f@,y) — f@i, y;) —
f(xi, yj—l) + f(xi—'ly yj—l)y

SUH(CE Uy 5, 0 (s, t)ds dt]d ()

4.8) =1im 31 || H@t, v, 056, 0ds de 4,76, 0)

n—oo 1,71

n

=1im | s, 0] S Het, u7, 5, 0407 @, ) |ds de -

i59=1

But

5 H@E U35 040 @, 1) |

4.9 = [IFIIl var H(w,y,s,t) + varH(, 1, s, t) + varH(l, y, s, 1)
( . ) (z,y) e 12 zel yel
+ [H(L, 1, s, t)[]
= 4l f11 M(s, 0)

and since M(s, t) is finite a.e. we see that for a.a.(s, t) e I*
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lim 3y HG!, v, 5, 04 @, 9) = | H, v,5,047@,9) -

n-—00 §,5=1

Thus (4.6) follows from this, (4.8) and (4.9) by dominated convergence.

LemMmA 6. Let H(x,y, s, t) be as in Lemma 5, and let

In In
(4.10) H@, y, s, t) = n“‘g" S” Hu, v, s, H)du dv
(¢—1)/nJ (p—1)/n
~1p], (2=14a}, . _
f07 (/U ’_I/)e( " ”ﬂ]x( n yn]yp9q—‘1)2y N

Then for every f (x; y)e Cy

lim S [SﬂH(m, Y, 8, ) f o (5, )ds dt]zclx dy

n—roa

(4.11) _ Sﬂ[sﬂ H(z, y, s, ) f(s, tyds dt]zdx dy ,

(4.12) f Sﬂ[gﬂm(x, U, 8,8 f o (5, £)ds dt]zdx dy f < <| Xl SﬂM(s, t)ds dt>2 :

lim | [| 8@, v, 5,076, s dt |47 (0, 9

n—roa

(4.13)
= Sﬂ[gﬂﬂ(x’ Y, 8, t)f(s, t)ds dt]df(x, Y) .

Proof. (4.11) and (4.12) are immediate. By (4.7) the function
S H(, y, s, ) f(s, ds dt is of B.V. Now
2

Slz[gﬂﬂ”(x, Y, s, t) f(s, t)ds dt]df(x, Y)

=3 gﬂ[mg”’" g”’" Hu, v, s, )du, dv]f(s, tds dt-4, f ,

?2,q¢=1 (p—1)/nJ (¢—1)/n
st 1(2 4)- B ) (25D 05 5.
Since

S[ngl S”" H(u, v, s, t)du dv]f(s, t)ds dt

2 (=1} /nJ(p—D)/n

is the average value of S H(x, y, s, t)f(s, t)dsdt in the square
12

((@ — 1)/n, g/n] x ((@ — 1)/n, p/n], the existence of the R—S integral
implies
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lim Szz[gzzﬂn(x’ Y, s, 1) f(s, t)ds dt]df(x, Y)

n-—>co

4.14)
= | || He, v, 076, s at|ir @, ) -
I2 I2

Now,

var H™(xz,y,s,t) < var H(x,y,s,t) < M(s, t)

(2,y) e 12 (z,y) € I2

var H*(z, 1, s, t)<varH(fc 1,8, t) < M(s, t)
(4.15) et

VarH (L, y,st= var H(1,y,s,t) = M, )
|H 1,1,s,86)| < sup |H(z,y,s,0)| < Ms,t) .

(z,9) e I2
Seeing the fact that H"(x, y, s, t) is constant in x, ¥ in each square

(p;l —Q—] (EI__—_E, %] and that f,,(v,y) and f(v,y) agree on the

n 'n n

vertices of this square, we can write
gﬂl:gﬂHn(x, y, 89 t)f(’n)(S$ t)ds dt]df('n)(xy y)

_ (g2 e .
= 3 | (2L s t) 5 (s, s dt 4, f

P,q=1 n

_ Sﬂ Fnls, t)[ 3 H( L, s, t)zl,,q f]ds dt .

Pyg=1

Therefore
{0 00000 50
_ Sﬂ[gﬂm(x, Y, 8, 8)fim(s, t)ds dt]d Fo(@, 1) l

= || et = w0l S H(E, L, 5, 0)a,,7 Jas at |

< 417 = £l 71 MG, Das dt
thus obtaining

lim | [ | H@, 9,5, 0f (s, ) dt [df (2, )
4.1
@19 = lim SI[S Ho(, y, 5, ) f (s, t)ds dt]df(oc v .

N—r00

Hence (4.13) follows from (4.14) and (4.16).

COROLLARY. Let K(x,y, s, t) be as in Theorem I, K.(x,y, s, t) the
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corresponding function defined by (3.7), and K, ., (z,¥,s,t) the n
quasi-polyhedric function of K, in x, y. Then

2 2
tim [ ], 5055 Koo 05 95 5, 0o, s it [ iy

n—oo

4.17) -
= Slz[glza—yaxlfe(x, Y, 8, 1) f (s, t)ds dt] dedy ,
. o
}:»IB Sﬂ[ Kﬂ ayawKe,(n)(xy yy 8, t)fm)(sy t)ds dt]df(m(x, y)
(4.18) ’

= ([, 52Kt v, 5, 06, st Jir @, ) -

Proof. In view of (3.9), (3.8), and (2.4) we obtain

sup | H.(@, y,5,0)| < Mis, ) + 2 + 16 + K.~ K,

(z,9) el 4¢?

- 4)(3: t9 8, t)] ’

var H.(z,y,s t) < M(s, t) + —f—M(s, t) + -el—zl(Kl + K, — K,

(z,y) € I2

- 4, ’ t’ ’ 4 ’
(4.19) )(s i )| .
var H,(z, 1, s, t) < M(s, t) + %[25 + M(s, t)] + 2—{_32-[(Kl+K2
zel
- Ks - K4)(8, ty s, t)l ’
var H(L,y, 5, 1) < M(s, ) + o-[28 + M(s, ] + 55| (Ki 4 Ko
yel &€ 2¢
- Ka - K4)(Sy ty Sy t)l .
Let M.(s, t) be the sum of the four right members of (4.19). From
(8.3) it is obvious that

420) 2K n=n|" " LTk t)du d
( '2 ) axay € (n)(xs Y, S’ ) - nS(q——l)lnS(p—l)/na/Uau e(us 7.7, S, ) u av

for (p—Dn<z=pn(@—1)/n<y=gq/npqg=1,---, n. Hence

from (4.10), (4.20), and the fact that (0*/0vou)K.(u, v, s, t)=H.(u, v, s, t),
we see that

aZ

(4'21) a—ya—a—;He-(n)(xy Y, s, t) = Hs”(x’ Y, S, t) .

Thus the conclusions follow directly from Lemma 6°
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5. Some discussions on resolvent kernels. Let us denote the
resolvent kernel of K(z, v, s, ) in the Fredholm transformation (1.1)
by K*(z, vy, s, t), i.e., if

6.1 0@, ) = F@,0) + | K@, v, 5,07, s dt ,
then
5.2) F, 1) = 9w, 9) + | K*@, v, 5 09(s, s dt .

Let K(x, v, s, t) be a bounded L*kernel on I* with D(K) == 0, and set
(5.3) D, Y, 8, t) = K*(z, v, s, 1) D(K) .

Then, using the familiar results for resolvent kernels for Fredholm
integral equations with » = —1 (see [8], pp. 66-75), we can establish

5.4) Kz, y,s, t)+K*x, vy, s, )= -\. 2K(x, Y, u, v)- K*(u, v, s, t)dudv ,
I

v

(5.5) D@, y,5,1) = 3, Culs, v, 5, t)/n!

n=0
where Cy(z, vy, s, t) = —K(x, ¥, s, t), and other C,s are found succes-
sively by

C.@, ¥, s, t) = JK) - K(®, ¥, s, 1)
— ng Kz, y, u, v)C,_,(u, v, s, t)dudv ,
72

K(x, ¥, @, y) + -+ K%, Yyy Tny Yo)

J(K) = _S .(TL).S ...............................
2 72
K(@py Yny @1y Y1) *+» K(Ty Yny Ty Y)
dedy, -+ dx,dy,, .

(5.6)

By Hadamard’s inequality it follows from (5.6) that

G, ¥y 8, 8)| = (n + D)TORJ K"
Therefore the series in (5.5) is absolutely and uniformly convergent.
If K(z, vy, s, t) satisfies the assumptions in Theorem I, then

S ZK(ac, y, u, V)C,(u, v, s, t)dudv
I

is continuous on I* for n = 0,1, 2, ---, and hence from (5.6) we sce
that the jumps for C,(u, v, s, t) coincides with those for K(z, v, s, t),
and thus it takes average value at each jump, and so does
Simeo Cul, ¥, s, t)/n! by uniform convergence. By absolute convergence
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we may rearrange the terms in the series (56.5), and then use the
uniform convergence to obtain

2@ v, 51 = 521 Ke, v, 5,0
(5.7) - /ng K(x) yy ur ,U)‘Cn—l(uv /U, S’ t)dud’l]]
Ie
=C-K(z,y,s,t) —E K(z, y, u, v)- 2 (u, v, st)dudv ,
2

where C = 3\ J,(K)/n!. Corresponding to each Ke (x, y, s, t), define
K(t)(xv yy Sa t) by
K(t)(xy yy Sy t) = D(K),@(“(m, yy Sy t)

(5.8) = D[ C-K (o, 4, 5,1)

—S 2Ks(ac, Y, u, V) F(u, v, s, t)dudv] .
I
Then K@ (z, v, s, t) is continuous on I*, and since < (u,w,s,t) is

bounded, we have that KX (x, v, 8, t) is uniformly bounded in ¢, x, ¥, s, t,
and from (3.9), (4.19), and (5.8) it follows that

2

H(t)(my Y, 89 t) = K(ﬂ;)(ﬂ?, Y, S, t)

oyox

(5.9) — D(K)[C-Hs(w, ¥, 8, 1)

- g He(xr Y, U, ’U)'@('Mz, v, 8, t)dudv] ’
12

and sup(x u)el2|H(t)(my y, 8, t) ,a Var(x,ylelzﬂ(t)(mv Y, s, t)y VarzeIH(t)(x, 1! S, t)'
and var,., H%(1,y,s,t) are all dominated by |D(K)|(|C|+ || ).
M(s, t). Furthermore, by Lemma 4

(56.10) 51_1'&1 D(K}) = D(K*) = D™(K) .
6. Additional lemmas. Utilizing (3.7), (3.9), (3.11), (5.8), and
(5.9), we have the following
LEMMA 7. If K(z, v, s, t) satisfies the hypotheses of Theorem I, then
[ 1K@, 5,5, 0) — K@, v, 5, 017G, )dsdt |
= de(1 + O[S II-IKI

(6.1) S,Q[E,Jg;_x K.z, vy, s, t)f (s, t)dsdt]zdxdy
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< rlfnZ[gﬂM(s, Hdsdt + 26 + 4| K| |

lim glz[g  3yan K(ac Y, s, 1) f(s, t)dsdt] dxdy

=07t

(6.2) .
= |5os) Ko v, 5, 055, tydsdt [ dady
69 K050 = Ko, 05,0 £, tdsde |
= 4L + 9K DE)-(IC] + L=z )
i K*(z, y, s, ©)f(s, t)dsdt | dedy
6.4) g [S :0yow ]
= (171 DEFC] + 17| | MGs, tidsat + 26 + 41K,
}iﬁggﬂ[gﬂ 5255 K@ v, 5,07 (s, t)dsdt] dody
(6.5) B

0 ] )
- gﬂ[ay&xK‘t’ (@, v, s, ) f (s, t)det] dady .

The following two lemmas are the key results:

LEeMMA 8. Let K(x,y, s, t) be as in Theorem I. Then

| Lo w5, 0765 e o,

defined as in (1.2) converges for a.a. f wn Cy, and any two C.O.N.
sets 1n the class lead to the same value for a.a. f wn Cy. Further-
more, we have

=0T

Lim. g [S s K v 5, D5 G, t)dsdt]df(x v)
(6.6) 2
- Sﬂ[@%gﬂmx, y. 5, 6 (s, t)dsdt]d* f(@,y) on Cy ,

where the mean convergence ts 1n L*-sense.

Proof. First we observe that

L[ayaxg K(x, v, s, t)f(s, t)dsdt]d f (2, y)
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:S [SI 5 s, O f (s, t)dsdt]d*f(x, ¥)
(6.7) § [SB(@/, z, ) f (@, t)dt]d* 7@, )
+ | 14w 5,976, vds |0 7@,

| (K K= K= K@, 0, 0,0)- 7@, 04 0, 9)

and the existence and the consistency of each of last three expres-
sions follow in the similar manner as in the generalized P.W.Z. integral

»

E  hfd*f. On account of (3.9) and Lemma 5 we may write
2

e o

B S U r0ydx

6 L s t)[gﬂcs(x, 9B, s, O (v, 1) |dsdt

s, 1)1 (s, t)dsdt]df(x ”)

+{ s o] o 0w, 5, 0dr @, Jisae
+S,Z(K1+K2"K3—K4)(S’ t, s, t)[SﬂCs(ac, s)C.(y, t)df(x, y)]dsdt .

Obviously,

1L g
:S [gﬂayax

Thus to establish (6.6) we need only show that

s, O f (s, t)dsdt]df(x )

s, 1)1 (s, t)dsdt] 0 fx, y) for a.a.feC, .

Lim. SZZ 16, t)[SIZCe(x, 9By, s, t)df (z, y)]dsdt

e—0T

(6.9)
:LU:B(% @, f (@, t)dt]d*f(x, y) on Cy,

and so on. To see this we observe that the Yeh-Wiener integral
| ALLs6 0| Cw 98w, 5 07, v |isdt} s
cy UJr2 12

= % {S [HC(x s')B(y, ¢, t’)ds’dt’]zds dt dx dy
14 tJs
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+ UIGSC(@ 9B, 5, )dady) dsdt]z
+ §14<S:§ZCE(Q;’ s)B(y, s, t')dwdy)
X (S”SS’CE(x, s)B(y, s, t)dxdy)dsdtds’dt'} ,

AL [V Bw. 2 07@ tat [, o) s
= %{S [S:(!:B(y, x, t’)dt’)zdx’]dmdtdy

+ —i—Uﬂ(S;B(y, @, t)dt)dxdy]z} )

and
S{Sf (s, t>[§,205<x, $)B(y, s, )df (=, y)]dsdt}
A1 1B v, 056 vatjae s w)a.s

S [S By, @, ') min (s, 2)C.(x, 5)B(y, s, t)dxdy] min (¢, #')dsdtds’

(“B(?J 4 t)[‘ S'Cs(x, s)B(y, s, t)dxdy]dx’dy’)dsdtdt'

-4
+|,

55 (S B, o, t’)[SOSOCE(s, %) B(y, s, t)dmdy]dy')dx'dsdtdt’} .

The techniques leading to the evaluation of above integrals can be
found in [3] and [4]. Using these and then taking the limit as ¢—0*,

we get

lim S Y{Slzf(s, t)[SﬂCe(as, s)B(y, s, t)df(z, y)]dsdt

e—0T JC

1 2
~ | [\ B, o, 07 @, vatjaer@, w}def = 0,
2L Jo
which is exactly the same as (6.9).

LEMMA 8. Let K(x, vy, s, t) satisfy the hypotheses of Theorem I.
Then for its resolvent kernel K* we have

(6.10) S,z[a;;xg K@, v, 5, 1) F (@, t)dsdt]d* f, )

converges for almost all f in Cy and is essentially independent of the
particular choice of the C.O.N. set, and
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l.i.m.g U G K (o, v, 0F (s, t)dsdt]df(@ ")

0t

(6.11)

S I:oyomg K*(z, y, s, 0) (s, t)dsdt]d*f(m, y) on Cyp.

Proof. The claim on (6.10) can be treated as that in (6.7). As

for (6.11) we may use (5.9) with H.(z, 4, s, t) = G;MJK:@’ Y, s, t) to see
that

S [S Om K@, y, 8, O, t)dsdt]df(a, ")

— D(K){Cglz[g,zagf(;

0 N ) .
- S/E[Sﬂ(g/zayaxK:(x’ Y, %, V). (U, s 8, t)dudv)f(s, t)dsdi]df(.@, y)} ,

U, 5, )F (s, Ddsdt |df @, 1)

and the first term in the braces converges in the mean to
cf [ @ovon)| K@, v, 5,056, asdt |a 7, w
2 Ji2

on C; by the preceding lemma. Therefore, in view of (5.3) and (5.7), it
remains to show that

l.i.m.gl [S (512&?;0% Ax, y, w, V)7 (U, v, 8, t)dudv)f(s t)dsdf]dj(% )

0t

- S[Oyargqlm@ Y, w, )2 (u, v, s, t)dudv) £, t)dsdt]d f(, v)

on C, whose proof is essentially on the same lines as that of Lemma 8.

LEMMA 9. Let F(f) be a nonnegative Yeh- Wiener measurable func-
tional on C,, and let K(x,y, s, t) satisfy the hypotheses of Theorem I.
Then under the Fredholm transformation T in (1.1), we have

(6.12) |, Fod oz DE)| FTh)-exp (=00, 1 .

v Cy

where O(f) is given by (2.8).

Proof. First we assume that F(f) is a bounded nonnegative func-
tional continuous on C, with respect to the uniform topology, and is
dependent only on the =»* values of f at (x,y) = (i¢/n,j/n); 1,5 = 1,
2, +++, n. Since lim, - D(K.) = D(K) ++ 0 and lim,_.. D(K. ,,,) = D(K.)

b
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by Lemma 4, there exist ¢’ and N(¢) such that 0 < ¢ < ¢’ and n = N(e)
imply D(K.) # 0 and D(K.,,) # 0. For such ¢ and » we may apply
Lemma 2 to obtain

|, F@)drg = 14Koi)|| F| Fiot | Kunlcs -, 8, OF (s, st |

sy

0° 2
(6.1 cexp{—| [] 5o5m Koo @95, 0F (s, st | dndy

S Uﬂayax K, (@935:8) Fonr (5, t)dsdt]d fm)x,y)}d}, .

As n— oo f,(z, ¥) = f(z, y) and K, . (z,¥,s,t) = K.(2,y,s,t). Hence
9u(%, Y) = fi (@, y) + S K. (x, Y, 5, ) f (s, )dsdt S g9(z, y) = f(x,y) +
S K.(x, 9, s, t)f(s, t)dsdt. Therefore F(g,) — F(g) boundedly. Thus
lim, g F(g,)dyg = g F(g)dyg.. Now, by Fatou’s lemma it follows from
(6.13) w1th the help "of Lemma 3, (4.11), and (4.13) that

ScyF(g)dYg > ;D(KJ‘LYF[ f S K-, -, 5 ), t)dsdt]

(6.14) -eXp{ § [Szzo;jaxK (@, y, 8, 1) f (s, t)dsdt] dxdy

N2

‘2512[5125—;%&(””’ 4, 5, 0).F 6, tidsdt |dF (s, )} f -

By (6.1) S K.z, 9, 5 1) F(s, t)dsdt:t:g Kz, y, s, 1) (s, t)dsdt as &— 0",
2 2 ‘
and hence

F[ £+ SﬂKs(-, ., s, (s, t)d'sdt] - F[ f+ SﬂK(-, ., 8, (s, t)dsdt]

boundedly. Since “mean convergence” implies the existence of an
almost everywhere convergent subsequence, it follows.from (6.6) that
there exists a monotone sequence ¢, | 0 such that

n~»00

1im§ [S,zayaxK @, v, s, )1 (s, t)dsdt]df(x ¥)
(6.15)

S [afawﬂ K, 3, 5, D1 (s, t)dsdt]d* f(@, y) for a.a.feC,.

Now we replace ¢, for ¢ in (6.14), and then use Fatou’s Lemma together
with (6.2) and (6.15) to arrive at (6.12). This completes the proof for
the case when F'(f) in nonnegative, bounded, and continuous in uniform
topology. To obtain the result for arbitrary nonnegative measurable
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functionals, we go through, as usual, the following steps: after proving
it for the preceding case, we go to characteristic functionals of inter-
vals, then 0-sets, then 0;-sets, and then mull-sets. (In the last case
we get equality rather than inequality, both sides being zero.) Then
to characteristic functionals of measurable sets, nonnegative simple
functionals, nonnegative bounded Yeh-Wiener measurable functionals,
and then finally nonnegative Yeh-Wiener measurable functionals. For
the details of these steps see [2: pp. 391-392].

On account of (5.9), (5.10), (6.3), (6.5), and (6.11) we can establish
the following on the same lines as above:

LeMMA 9. Let F(g) be a nohnegati’ue Yeh-Wiener measurable
functional on Cy, and let K(x, y, s, t) be as in Theorem I and K*(x,y,s,t)
its resolvent kernel. Then under the tramsformation

T 9@, y) — fle, ) = 9, v) + sﬂK*(w, Y, 8, )g(s, tydsdt ,
we have
|, F(A)dsf = | DE| | F(T0)-expl—0*(0))dro

where

2

0 2
o*(g) = K [axaySﬂK*(x’ Y, s, t)g(s, t)dsdt] dxdy

12

(6.16)

az * *
+ 2] [5r] K@ 0., 0006, st [a0(e, )

7. Proof of theorems. WeZ prove ~Theorem I for nonnegative
Yeh-Wiener measurable functionals first. In this case by Lemma 9
we have under the transformation 7 in (1.1),

(1.1) |, F@da = | DE)I| FITF1exp(~0()d:s |

and upon applying Lemma 9’ on tne right-hand side of (7.1), we obtain
under the transformation

T g, 9) — f@, 9) = 9@, 9) + | K@, 9, 5, 0)g(s, Odsdt

[, FIT1exp (0},
(1.2) "
= |D(K)|| | F(T-T9) exp (~0(T0))-exp (~ 0" @) -
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Hence if we show that

(7.3) O(T'g) + @*(g) = 0 for a.a. g in Gy,
then it will follow from (7.1) and (7.2) that

|, Fl@)irg = | DK)|| | FITF]exp (= 0(/))drf
= | Fadg,

and hence the theorem will follow for the case. Observe now that if
T(f) = g and so T '(g) = f, then

| K@, u, 5, 0f (s, Odsdt = g, 9) — £(2,9) »
(7.4)
[ K@ v, 5, Da(s, tdsdt = £ @, 9) = 965, 9) ,

and from (3.10) and (3.11), we see that the left-hand side of the first
equation in (7.4) is absolutely continuous, and

2

ayaxSIzK(x’ y? S’ t)f(sy t)dsdt

is continuous. Therefore (0*/0yox)[g(x, v) — f(x, y)] is also continuous.
Therefore by the corollary to Theorem 4 in [3], we see that

Slza;;x[g(x, y) — f, Pld*lo(x, v) — f(x, ¥)]

(7.5)

= {50 0 — 7o, w1 oy

Hence from (2.8), (7.4), and (7.5) it follows that

O(Tg) = O(f)
= S,z{gga—x[g(x, v) — f(=, y)]}zdxdy
* 2§I2ay;x[g(x’ y) — flx, Yld*f(x, y)
7. i 2
" - 512{8_555[9(90! y) — f(x, ?/)]} dxdy

+ ?‘Sﬂa?%x[g(w, y) — flx, y)]d*f(x, y)

B 2512{5_5(;'&[9(%, y) — [z, y)]}zdxdy ,
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and from (6.16) and (7.4)

20) = | {52551/ @ 0) — o0, 01} doay
(1.7) 2
* 2§Izayaax[f(xs y) — 9@, ld*g(z, v) .

Therefore (7.3) follows from (7.6) and (7.7). Hence the theorem holds
for any nonnegative Yeh-Wiener measurable functionals. For arbitrary
real Yeh-Wiener measurable functionals the theorem will also hold by
considering the positive part and the negative part separately. For
complex functionals we get the same result once we consider real part
and imaginary part separately. This completes the proof of Theorem I.

To prove Theorem II we consider the following two transforma-
tions

L: f(x,y) — 9z, ) = f(x,9) + folx, y) ,
L: f(z, ) — Wz, y) = f(z,9) + SﬁK(x, Y, 8, 1) f (s, t)dsdt .

The theorem now follows by the use of Cameron-Martin translation
theorem (see [11] or more precisely Theorem 1.4 in [4] on L, and then
our Theorem I for L..

REMARK. As mentioned in the introduction our theorems in one-
dimensional version have slightly different forms from the ones given
in [1], the difference being in the expressions of @(f) and ¥ (f). The
@(f) in [1] is given by

1 d 1 2
O(f) = S[—g Kz, s) f(s)ds] da
oLdz Jo
(7.8)

- 23[5% K@, 8)f 0)ds [d7@) + | Tl fHo)
and ours is in the form

(1.9 O(F) = S [-O%c SOK(x 5) f(s)ds]zdx + zg [d% SK(x 5) f(s)ds]d* f@) .

1 1
0 0
However by the assumptions given on K(z, s) in [1], we have that

21K, )76 = L Kw, 9/ ()ds + | Ko, 97 (s

= [Klr, ©) — Kiw, DI @) + | - Ko, ) (6)ds

1
0
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19
= J@)f @) + | 5 Ko, 97 @)ds .
But assuming absolute continuity of J(x) with J'(x) € L*, it follows
from Theorem 5 in [3] that

| @ @F@af@ - —;—S:J(x)d[fz(x)] for a.a. feCy .
Also as mentioned earlier

T N B 1 li i

[ 55K )7 @ds o) = ||| £ K, 7 60ds |ar@
for almost all f in C,,. Thus (7.8) and (7.9) represent essentially the
same thing.
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