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FOURIER-FEYNMAN TRANSFORM AND CONVOLUTION
OF FOURIER-TYPE FUNCTIONALS ON WIENER SPACE

Byoung Soo Kim

ABSTRACT. We develop a Fourier-Feynman theory for Fourier-type func-

tionals AFF and A/k\F on Wiener space. We show that Fourier-Feynman
transform and convolution of Fourier-type functionals exist. We also
show that the Fourier-Feynman transform of the convolution product of
Fourier-type functionals is a product of Fourier-Feynman transforms of
each functionals.

1. Introduction and preliminaries

Let Cy[0,T] denote the Wiener space, that is, the space of real valued
continuous functions x on [0,7] with x(0) = 0. Let M denote the class of
all Wiener measurable subsets of Cy[0,7] and let m denote Wiener measure.
(Cp[0,T], M, m) is a complete measure space and we denote the Wiener integral

of a functional F' by
/ F(x) dm(z).
Co[0,T]

A subset E of Cy[0,T] is said to be scale-invariant measurable provided pE
is Wiener measurable for every p > 0, and a scale-invariant measurable set
N is said to be scale-invariant null provided m(pN) = 0 for every p > 0. A
property that holds except on a scale-invariant null set is said to hold scale-
invariant almost everywhere (s-a.e.). Given two complex-valued functions F
and G on Cy[0,T], we say that F' = G s-a.e. if F(pz) = G(pz) for m almost
every x € Cy[0,T] for all p > 0.

Let C; and C7 denote the sets of complex numbers with positive real part
and nonzero complex numbers with nonnegative real part, respectively.
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Let F be a complex valued scale-invariant measurable functional on Cy[0, T']
such that

= V22 dm(x
I /C gy PO )

exists as a finite number for all real A > 0. If there exists an analytic function
J*(A) on C4 such that J*(X) = J(A) for all A > 0, then J*(\) is defined to
be the analytic Wiener integral of F' over Cy[0,T] with parameter A, and for
A € C; we write
anw
/ F(z) dm(z) = J* ().
Co[0,T]
Let F be a functional on Cy[0,T] such that fca:[vng] F(z) dm(x) exists for all
A € C4. If the following limit exists for nonzero real number g, then we call
it the analytic Feynman integral of F' over Cy[0,T] with parameter ¢ and we
write
anf, anw )
/ F(z)dm(z) = lim F(x)dm(z)
Co[0,T] A=—1q /Gy [0,T]
where A — —iq through C,..
Now we introduce the definitions of analytic Fourier-Feynman transform and
convolution product for functionals defined on Cy[0,T]. Let 1 < p < oo and let
q be a nonzero real number.

Definition 1. Let F' be a functional on Cy[0,7]. For A € C1 and y € Cy[0, T,
let

anw )

T\ (F)(y) = / F(z +y) dm(z). (1)

Cy[0,T]

For 1 < p < 0o, we define the L, analytic Fourier-Feynman transform 7, q(p )(F )
of F' on Cy[0,T] by the formula (A € Cy)

TP (F)(y) = Lim. T\(F)(y), (2)
A——iq
whenever this limit exists; that is, for each p > 0,
lim (T3 (F) (o) — T (EY ()P dim() = 0
/\—>—zq CQ[O,T]
where 1/p + 1/p’ = 1. We define the L; analytic Fourier-Feynman transform
T{V(F) of F by (A € Cy)
TV(F)(y) = lim Th(F)(y), (3)

A——1iq
for s-a.e. y € Cp[0,T], whenever this limit exists [2, 7, 8, 9].

By the definition of the analytic Feynman integral and the L; analytic
Fourier-Feynman transform, it is easy to see that for a nonzero real number ¢,

anfq
T (F)(y) = /C o F ) (4)
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and
anf,

T (F)(0) = / F(z) dm(z). (5)
Co[0,T7]

Definition 2. Let F' and G be functionals on Cy[0,7]. For A € C, and

y € Cy[0,T], we define their convolution product by

anw )

y+x y—x
FxG :/ F G d . 6
(Feenw = | F(55)6("5) dma (6)
Moreover if A = —ig for nonzero real ¢, the convolution product is defined by
anf
a y+zx y—
FxG),(y :/ F G dm(x 7
(PeGuw=[  F(¥5)6(5 ) dmia) (7)

if it exists [7, 8, 14, 15].

It is easy to see that commutative law holds for the convolution product [7].

Various results involving Fourier-Feynman transform on Wiener space have
been established and research based on this definition is continuing at the
present time [1, 3, 4, 5, 12]. Recently, Kim, Kim and Yang extended the
concepts of Fourier-Feynman transform and convolution on Wiener space to
the concept of Fourier-Yeh-Feynman transform and convolution on Yeh-Wiener
space [10, 11]. For a detailed survey of the previous work on the Fourier-
Feynman transfprm and related topics, see [13].

Now we describe the class of functionals that we work with in this pa-
per. Recently, Chung and Tuan [6] introduced the Fourier-type functionals via
the Fourier transform on Wiener space and investigate some properties of the
Fourier-type functionals.

Let f be the Fourier transform of f,

A =

6= (52)"" [ r@estia-§an. Ecr 0

where a’f: wiéy + -+ upén.

Let S(R™) be the Schwartz space of infinitely differentiable functions f()
decaying at infinity together with all its derivatives faster than any polynomial
of |@|~!. Note that the Fourier transform is an isomorphism on the Schwartz
space S(R™). Also, A¥f and A¥f are elements of S(R™) for all k =0,1,2,...,
where A denotes the Laplacian

0? 0? 0?
A= — 4~ 4oy =
ou? * Ou o ou?
Note that S(R™) is a subset of L!(R"), more precisely, for ¢ € S(R™) we know
that

loll = [ (+1aR)™ 0+ Pl di

<" (I8lloe + 11T+ PE() o] < o0
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Now we introduce the Fourier-type functionals defined on Wiener space.

Definition 3. Let {a1,a9,...,a,} be an orthonormal set of functions in
L[0,7] and let k be a nonnegative integer. For f € S(R™), the Fourier-type

functionals A*F and AFF on Wiener space Cy[0,T] are defined by

A"F(x) = A*f((@, ) 9)

AbF(x) = ARf({d, z)) (10)
where (@, z) = ((au,2),...,(an,z)) and (a;,z) denotes the Paley-Wiener-
Zigmund stochastic integral for j =1,2,...,n.

In this paper, we develop a Fourier-Feynman theory for Fourier-type func-

tionals A*F and A¥F on Wiener space. In Section 2, we show that Fourier-
Feynman transform of Fourier-type functionals exists. In Section 3, we show
that convolution of Fourier-type functionals exists. We also show that the
Fourier-Feynman transform of the convolution product of Fourier-type func-
tionals is a product of Fourier-Feynman transforms of each functionals.

We close this section by introducing a well-known Wiener integration for-
mula for functionals f((&@,z)) = f({aq,z), ..., {an,x));

1
[ @) =02 [ f@es{-glata, oy
Co[0,T] Rn 2
where [@]* = Y7 3.
2. Fourier-Feynman transform of Fourier-type functionals

In this section we show that the L, analytic Fourier-Feynman transforms
Tq(p )(AkF ) and Tq(p )(AkF ) of the Fourier-type functionals exist. We also es-
tablish a relationship between T,”) (AFF) and TP (AFF).

Theorem 2.1. Let the Fourier-type functional AFF be given by (9). Then

for all p with 1 < p < oo and for all nonzero real number q, the L, analytic

Fourier-Feynman transform Tq(p ) (AFF) exists and is given by the formula
7 n/2 ;

TR F)y) = (52) [ afr@esn{ )i - @yl (2)

2T R™ 2

for s-a.e. y € Cy[0,T].

Proof. Using the Wiener integration formula (11), we obtain

LAMF)W) = [ AR + () dm(a)

C[0,T]

_ (%)"/Q i N f(ii + (6, ) exp ~ 5 il } di

()" [ ats@en{-3la- @y}
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for all A > 0 and y € Cy[0,7]. Let A € CY and let {\,} be a sequence in C7Y
which converges to A. Since A¥f is an element of S(R"™) and since S(R™) is a
subset of L'(R™), we can apply dominated convergence theorem to show that

lim T, (A*F)(y) = TA(AFF)(y)

and so Th(A*F)(y) is a continuous function of A in C7. Let D be a closed
contour in C;. By the Fubini theorem and the Cauchy theorem,

A
/ A* (@) eXp{——W— <a,y>\2}dadA ~0.
D R'Fl 2

Hence by the Morera’s theorem, [, A¥ f(@) exp{—3|i — (a
alytic function of A in Cy. Hence for A € C and y € Cy|0,

st = (5)" [ ats@es{-3la- @} az

L)%} dit is an an-
]

)

In case p = 1, by the dominated convergence theorem,

T (AFF)(y) = ,\EI} T\(A"F)(y)

—q n/2 1
- (5" [ ats@e{Fia— P}
for y € Cy[0,T]. If 1 < p < oo, again by the dominated convergence theorem,
the Wiener integral

’

—dg\"n/2 . 7 . . . p
/ ‘ (—q) AR f (i) exp{—q|u—<047 py>|2} dU—TA(AkF)(Py)‘ dm(y)
Colo,7]! N 2T R7 2

goes to 0 as A — —iq for each p > 0. Hence T\")(A*F)(y) exists and is given
by (12) for s-a.e. y € Cp[0,T] and for all desired values of p and q. a

As we have seen in (5), the Ly analytic Fourier-Feynman transform of F
evaluated at 0 is equal to the analytic Feynman integral of F'. Hence we have
the following corollary.

Corollary 2.2. Let the Fourier-type functional AFF be given by (9). Then
AFF is analytic Wiener integrable and
anw )\ n/2 )\
AFF(z)dm(z) = (=— AR f(@) expd —=|a|? b da 13
Ly A F@ i@ = (2)" [ atr@en{-Jar}ar a3
for all X € C,. Moreover, AFF is analytic Feynman integrable and
anf . .
q _ n/2
/ AFF(z) dm(z) = (ﬂ) / A* (@) exp{ﬂmﬁ}dﬁ (14)
CO[O,T] 27'(' n 2

for all nonzero real number q.

In the following theorem we evaluate Fourier-Feynman transform of A*F,
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Theorem 2.3. Let the Fourier-type functional @ be given by (10). Then
for all p with 1 < p < oo and for all nonzero real number q, the L, analytic

Fourier-Feynman transform Tq(p )(@7) exists and is given by the formula
— 1 n/2 Z
(@) (Ak :<7) b opfr {7742 . .q}q
TG R = (52)" [ As@en{- g i@y - a}da ()
for s-a.e. y € Cy[0,T].

Proof. Using the Wiener integration formula (11) we obtain

LAF) W) = [ A0V + () dm(a)

Co[0,T]
A \"/2 — A
(2 kf(g o _ 2152V an
—(3)" [ A5+ @ exp{~5lor} do
A\ /2 — A
(A k(i e o2 g
~(3)" [ Mr@ew{-3l- @} i
for all A > 0 and y € Cy[0,T]. By (8) we have
TA(ARF)(y)
o AN\/2 1 \/2 b £y D TP R,
= (E) (%> /n RnA f(u)exp{—§|v— (a@,y)] —|—zu-v}dudv.
But since

A
/exp{—f|ﬁ—<d’,y>|2+iﬁ~ﬁ}dﬁ
e 2

= /Rn exp{—% v— [(&, y) + %ﬁ] ’ +i{d,y) - U — %\m?}dﬁ
_ (?)n/zexp{—%|ﬁ|2+z<a,y> i},
we have
DERW) = (52)" [ At eo{ gLl + i) @} di

for all A > 0 and y € Cy[0,77]. Let A € CY and let {\,} be a sequence in C7Y
which converges to . Since A¥f is integrable on R"™, we can apply dominated
convergence theorem to show that

lim T, (ﬁ')(y) =T (@) (v)

n—oo

and so T\(A¥F)(y) is a continuous function of X in C}. Let D be a closed
contour in C;. By the Fubini theorem and the Cauchy theorem,

1
AF £(@) expd ——|d|? +i(@,y) - @ ¢ d@d\ = 0.
|| aks@es{-g5iak + i) -a)
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Hence by the Morera’s theorem, [, A* f(@) exp{—5x|d|? + (@, y) - @} dii is an
analytic function of A in C;. Hence for A € C; and y € Cy[0,T1,
— 1 n/2 1
LR = (5) | AN@e{ =gyl +itdy) o} di
In case p = 1, by the dominated convergence theorem,
TM(AFF)(y) = lim Ty(AFF)(y)
A——iq
(5 )"/2 N f(ii) exp{ | + ila. y) - ) di
= — X —_—— .
o . P17 4

for y € Cy[0,T]. If 1 < p < oo, again by the dominated convergence theorem,
the Wiener integral

1 \n/2 i
_ Ak — o2 P ) 9 d—'
/CO[O,T]K??T) / f(u)eXp{ 2q|u‘ +i(d, py) - i } i

’

— P
~ TR (py)| dm(y)
goes to 0 as A — —iq for each p > 0. Hence Tq(p)(@)(y) exists and is given
by (15) for s-a.e. y € Cy[0,T] and for all desired values of p and gq. O
The following corollary is a parallel result of Corollary 2.2 for the Fourier-

type functional AFF. Tt can be obtained by (15) and (5).

Corollary 2.4. Let the Fourier-type functional @' be given by (10). Then

AFF is analytic Wiener integrable and

anwx 1 \n/2 K pr 1 . .
/ AFF(z) dm(z) = (7) AR F(7) exp{——|v| }dv (16)
Co0,T7 2m R" 2A
for all A € C,. Moreover, @7 18 analytic Feynman integrable and
anfy 1 n/2 7
/ AFF(z) dm(z) = (7) / AR (@) exp{——|ﬁ|2} di  (17)
Co[0,T] 2 n 2(]
for any nonzero real number q.
Comparing equations (12) and (15), we obtain a relationship between the

Fourier-Feynman transforms of A*F and A*F as in the following theorem.

Theorem 2.5. Let the Fourier-type functionals A¥F and A*F be given by (9)
and (10), respectively. Let 1 < p < oo and let ¢ be any nonzero real number.
Then we have

T (RFF)(y) = (i) T, (A F)ay) exp{ 2l )P} (18)

for s-a.e. y € Cy[0,T].
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Proof. Replacing ¢ with —1/¢ and y with gy in (12), we have
T®), (A*F)(gy)

~(52)" [ Atr@en{- 5 i~ da.n P} ai

) n/2 : .
- (ﬁq) - AFf (i) eXp{*ilﬁl2 +ild,y) - — )@, y>|2} dil.

Finally by (15) we have the desired result. O

If we take y = 0 in (18) above, by (5) we have a relationship between the
analytic Feynman integrals of A¥F and AFF as follows.

Corollary 2.6. Let the Fourier-type functionals AFF and AFF be given by
(9) and (10), respectively. Then we have

anf, anf_; /4
/ AFF () dm(z) = (—ig)™? / AMF() dm(z)  (19)

Co[0,T7] Co[0,T7

for any nonzero real number q.

3. Convolution of Fourier-type functionals

In this section we will show the existence of the convolution product for
the Fourier-type functionals on Wiener space. We also show that the Fourier-
Feynman transform of the convolution product of Fourier-type functionals is a
product of Fourier-Feynman transforms of each functionals.

Lemma 3.1. Let f,g € S(R™) and let k be a nonnegative integer. For A € CY
and @ € R™, let

h(\, @) = (;ﬁ)n/z/nﬂf(q"j;)yf ( ﬂﬂ) exp{—%|11’|2}dﬁ. (20)
Then h(\, {(d&,y)) exists for a.e. y € Cy[0,T].

Proof. First note that
w+ U

[ movojaa < (B[] jakp(TET) atg(C ) daas

Letting ﬁ:(u'f—l—ﬁ)/\/ﬁ and 7 = (@ — i) /v/2, we have
n/2
/\h( ) i < (V) //\A’“ (D) Ak ()| di di

My
= (Bt pa At

But as we have seen in Section 1, A*f and AFg are elements of S(R™) and
S(R™) is a subset of L!'(R™). Hence the right hand side of the last inequality is
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a finite number and so h(\, @) exists for a.e. W € R™. Since the Paley-Wiener-
Zigmund integral (a;,y), for j =1,...,n, exists for a.e. y € Cy[0,T], now it is
easy to see that h(\, (@,y)) exists for a.e. y € Cy[0, 7. O

Next we show that the convolution product of the Fourier-type function-
als exists. Since we have two kinds of Fourier-type functionals, the existence
theorem of the convolution product is divided into three cases. In Theorem
3.2 below, we consider the convolution product of A¥F and A*G. While in

Theorem 3.3, we consider the convolution product of A¥F and A*G. Finally
in Theorem 3.4, we consider the convolution product of A*F and A*G.

Theorem 3.2. Let the Fourier-type functionals A*F and AFG are given by
(9) with corresponding f and g, respectively. Then for all nonzero real number
q, the convolution product (A*F x AkG)q exists and is given by the formula

(ARF + ARGy (y) = h(—ig, (d,y)), (21)
for a.e. y € Cy[0,T], where h is given by (20).
Proof. For all A > 0, by the Wiener integration formula (11), we have

(AFF 5« ARG\ (y)
a2 I G - g

) (e 3 ﬁ> () e
= h(A (@, y))

where h is given by (20). Let A € C} and let {\,} be a sequence in C7 which
converges to A. Then

() (0 e

< IAkf<<&’zj/>; ﬁ) Akg(< Z\/} ﬁ) exp{—g\ﬁlz} :

for all n = 1,2,..., where ¢ = min{Re(\,) : n = 1,2,...} > 0. By the same
argument as in the proof of Lemma 3.1, we know that the right hand side of
the above inequality is an integrable function of @ on R™ for a.e. y € Cy[0, T].
Hence we can apply dominated convergence theorem to show that

lim h(An, (@) = h(\ (@, 1)),

n—oo
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and so h(A,(d,y)) is a continuous function of A in C}. Let D be a closed
contour in C,. Then

//‘ 7)) (C 72; ) oy (€ yf ) ex {—5\ﬁl2}\dwa
(52" [ s () st () ana
:(%> /“D)/ pIEn )Akg(%)‘dﬁ,

V2 V2

where a = max{|A| : A € D} and I(D) denotes the length of the contour D. By
the same argument as in the proof of Lemma 3.1, we know that the integral on
the right hand side of the last inequality is finite for a.e. y € Cy[0,T]. Hence
we can apply Fubini theorem to show that

/ hOX (@, ) dA
D

:/n/p<2)7\r)n/2Akf(m\/>;ﬁ) Akg<<07734\/>§_ﬁ) eXp{—%lﬁP}d)\da‘.

But since the integrand on the right hand side of the above equation is an
analytic function of A in C,, the inner integral is equal to 0. Hence by the
Morera’s theorem, h(), (@, y)) is an analytic function of A in C,. Finally, we
can apply dominated convergence theorem once more to show that

(ARF + AG),y(y) = lim k(A (@y) = h(~i, (@)

for a.e. y € Cy[0,T) as we wished to prove. (]

A careful look at the proofs of Lemma 3.1 and Theorem 3.2, we see that
the essential conditions to ensure the results are the integrability of A* f and

A¥g. Since &k\f and X\’Cg are also elements of L!(R™), we have the following
theorems. We just state them without proofs.

Theorem 3.3. Let the Fourier-type functionals A*F and @ are given by
(9) and (10) with corresponding f and g in S(R™), respectively. Then for all

nonzero real number q, the convolution product (AFF x A*Q), exists and is
given by the formula

(AR ARG, (y)

= (50)" [ 2 (B S (S el G o

for a.e. y € Cy[0,T].

As we noted in Section 1, the convolution product for the Fourier-Feynman
transform is commutative. Hence we know that (A*F x AFG), also exists.
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Theorem 3.4. Let the Fourier-type functionals @‘ and K’C?? are given by
(10) with corresponding f and g in S(R™), respectively. Then for all nonzero

real number q, the convolution product (A*F x AFG), exists and is given by the
formula

(AFF = AFG),(y)
= (%)71/2 /n A/\kf(@’\y}; ﬁ) A/’“\,G((&’% ﬁ) eXp{*%\ﬁlz}dﬁy

for a.e. y € Cyl0,T).

(23)

Although the right hand sides of (22) and (23) can be expressed further

using the equations (8) for the Fourier transform ARF and AFG, we will not
give them here.

In our next theorem we show that the Fourier Feynman transform of con-
volution product of Fourier-type functionals A*F and AFG is the product of
transforms of each functionals.

Theorem 3.5. Let the Fourier-type functionals A*F and AFG are given by
(9) with corresponding f and g in S(R™), respectively. Let 1 < p < oo and let
q be a nonzero real number. Then

T@ ((AFF « AFG),)(y) = TP (AFF) (ﬁ) TP (ARG) (%) (24)
for a.e. y € Cy[0,T].

Proof. For all A > 0, by the expression (21) for convolution product of A*F
and AFG, we have

T,\((AkF*A’“G)q)(y):/C[O T](AkF*A’fG)q(A—l/%w)dm(x)
:/ h(—ig, \"1/2(&, ) + (&, y)) dm(z).
Co[0,T1]

By the Wiener integration formula (11) and the expression (20) for h, we have

Th((A*F x A*G) ) (y)
(2)7\T>n/2 —iq n/z/n/HA,C + 1+ <o‘2 y>>Akg(ﬁ_ﬁ\'}2<&’y>>

exp{—§(|17|2 + |a'|2)} di d.
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Letting & = (7 + %) /v/2 and 7 = (¥ — @) /V/2, we have
T ((A"F % A*G)g)(y)

A\ /2 —iq n/2 by
(2 —Y AR £ (i {_7
(27r> ( 2T ) (/,L 1 () exp 2
Az (dy))?
Akg(R) exp{ 5|7 = L]} 7).
( . 9() expy =3 NG
Now by the same argument as in the proof of Theorem 2.1, we can show that
the last expression is analytic in A € C} and we have

T atre st = (32)"( [ b exp{?q
(RHA’“g(F)exp{%qF < }

Finally by Theorem 2.1 we complete the proof. O

D)
)

Considering Theorems 3.3, 3.4 and the proof of Theorem 3.5, we see that

the relationship (24) holds for the Fourier-type functionals AFE and @ . We
state the results in Theorems 3.6 and 3.7 below without proofs.

Theorem 3.6. Let the Fourier-type functionals A*F and @ are given by
(9) and (10) with corresponding f and g in S(R™), respectively. Let 1 < p < oo
and let q be a nonzero real number. Then
P((AFF « AFG — T (AFR (i) TW (ARG (i) 25
(( )a) () = T"( )ﬂq( )\@ (25)
for a.e. y € Cyl0,T).

Theorem 3.7. Let the Fourier-type functionals AFF and AFG are given by
(10) with corresponding f and g in S(R™), respectively. Let 1 < p < oo and let
q be a nonzero real number. Then

b Ak Ak — b Ak Y p Akl Y
P(BF = MG, ) = TP (ARF) (J5) T (BRG)(5). (26)
for a.e. y € Cy[0,T).
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