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Abstract

We study a representation for the inverse transform of the generalised Fourier—Feynman transform on the
function space C, [0, T] which is induced by a generalised Brownian motion process. To do this, we
define a transform via the concept of the convolution product of functionals on C,;[0, T]. We establish
that the composition of these transforms acts like an inverse generalised Fourier—-Feynman transform and
that the transforms are vector space automorphisms of a vector space &E(C,,[0, T]). The vector space
&E(Cqp[0, TT) consists of exponential-type functionals on C, [0, T'].
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1. Introduction

Let Cy[0, T'] denote one-parameter Wiener space. The concept of the analytic Fourier—
Feynman transform (FFT) of functionals on Wiener space Cy[0, T] was introduced by
Brue [1] and developed in [2, 8, 11]. This transform and its properties are similar
in many respects to the ordinary Fourier transform of functions on Euclidean space.
In [8-10], Huffman et al. defined a convolution product (CP) for functionals on
Co[0, T'] and obtained various results involving the analytic FFT and the CP. For an
introduction to the analytic FFT and further results, see [12] and the references therein.

In [5], Chang and Skoug defined a generalised analytic Fourier—Feynman transform
(GFFT) for functionals on the very general function space C,;[0, T]. The function
space C, [0, T], induced by a generalised Brownian motion process (GBMP), was
introduced by Yeh [13, 14] and used extensively in [3-7].

The representation for an inverse transform of the ‘analytic’ GFFT has been
studied [4, 6, 7], but the inverse transform of the GFFT investigated in [4, 6, 7] is
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not an analytic transform. In this paper, we study other representations for the inverse
transform of the analytic GFFT on the function space C,;[0, T']. To do this, we define a
transform via the concept of the CP of functionals on C, [0, T']. We next establish that
the composition of the transforms studied in this paper acts like an inverse GFFT and
that these transforms are vector space automorphisms of a vector space &(C, [0, T]).
The vector space E(C, [0, T']) consists of exponential-type functionals on C, [0, T

The Wiener process used in [1, 2, 8—11] is free of drift and stationary in time, while
the stochastic process used in this paper, as well as in [3—7], is nonstationary in time
and is subject to a drift.

2. Preliminaries

In this section we present a brief background and some well-known results about
the function space C,;[0, T'] induced by a GBMP.

Let a(f) be an absolutely continuous real-valued function on [0, 7] with a(0) =0
and @’(¢) € L*[0, T], and let b(f) be a strictly increasing, continuously differentiable
real-valued function with »(0) = 0 and #’(¢) > O for each ¢t € [0,T]. The GBMP
Y determined by a(f) and b(r) is a Gaussian process with mean function a(f) and
covariance function r(s, ) = min{b(s), b(¢t)}. For more details, see [3, 5, 7, 13, 14].
By [14, Theorem 14.2], the probability measure ¢ induced by Y, taking a separable
version, is supported by C,,[0,7] (which is equivalent to the Banach space of
continuous functions x on [0, 7] with x(0) = O under the sup norm). Hence, the
function space induced by Y is (C,[0, T1, B(Cy [0, T1), ), where B(C, [0, T]) is
the Borel o-algebra of C,;[0,7]. We complete this function space to obtain the
measure space (C,p[0, T], W(CyplO0, T1), u), where W(C,,[0,T]) is the set of all
Wiener measurable subsets of C, 5[0, T].

Remark 2.1. (i) The coordinate process defined by e,(x) = x(¢) on C,,[0,T] x [0, T]
is also the GBMP determined by a(¢) and b(¢).

(i1) The function space C, [0, T] reduces to the Wiener space Cy[0, T'], considered
in [1, 2, 8-11], if and only if a(¢) = 0 and b(¢) = ¢t for all ¢ € [0, T].

A subset B of C,,[0, T] is said to be scale-invariant measurable provided that pB
is W(C, [0, T])-measurable for all p > 0, and a scale-invariant measurable set N is
said to be a scale-invariant null set provided that u(pN) = 0 for all p > 0. A property
that holds except on a scale-invariant null set is said to hold scale-invariant almost
everywhere (s-a.e.). A functional F is said to be scale-invariant measurable provided
that F' is defined on a scale-invariant measurable set and F(p -) is W(C,;[0, T])-
measurable for every p > 0. If two functionals F and G defined on C, [0, T'] are equal
s-a.e., we write F' = G. Note that the relation ‘=’ is an equivalence relation.

Let Li’b[O, T] (see [3] and [5]) be the space of functions on [0, T] which are
Lebesgue measurable and square integrable with respect to the Lebesgue—Stieltjes
measures on [0, 7] induced by a(-) and b(-); that is,

T
Lﬁyh[O, T]= {v : f v2(s) db(s) < +o0 and f
0 0

T
V2(5) dlal(s) < +oo},
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where |a|(-) denotes the total variation function of a(-). Then Lﬁ,h [0, T] is a separable
Hilbert space with inner product defined by

T T
(U, V)ap = fo u(Ov(r) dmya (1) = j; u(t)v(2) d[b(t) + lal(1)],

where my,,, denotes the Lebesgue—Stieltjes measure induced by |al(-) and b(-). In
particular, note that [|ul,» = +/(u, u),p = 0 if and only if u(z) = 0 a.e. on [0, T].
Let

C;’b[O, T]= {w € Copl0,T] : w(t) = f z(s) db(s) for some z € Li,b[O, T]}.
0

For w € C;’b[O, T1, with w(r) = fot 2(s) db(s) for t € [0, T], we define the operator
D:C,,[0,T] - Liﬁ ,[0, T by the formula

w'(1)

Dw(t) =z(t) = 08

(2.1)

Then C;’b = C;’b[O, T with inner product

T
(wiwae, = fo Dwi())Dws (1) db(1)

is a separable Hilbert space. The two separable Hilbert spaces Li’b[O, T]and C;’b[O, T]
are (topologically) homeomorphic under the linear operator given by (2.1). The inverse
operator of D is given by

!
(D™'2)(1) = f z(s)db(s), 1€[0,T].
0
In addition to the conditions put on a(¢) above, we now add the condition
T
f la’ ()P dlal(r) < +oo. 2.2)
0

The function a : [0, T] — R satisfies (2.2) if and only if a(-) is an element of C;’b[O, T].
Under the condition (2.2), we observe that for each w € C;’b[O, T with Dw = z,

T T ’
(w,a)c:, = fo Dw(t)Da(t) db(r) = fo Z(”ng

T
db(t)=f z(t) da(t).
0

For more details, see [7].
Let {e,};”, be a complete orthonormal set in (C;’b[O, T1Il- IIC; b) such that the De,,

are of bounded variation on [0, T]. For w € C;’b[O, T]and x € Ca,b'[O, T], we define the
Paley—Wiener—Zygmund (PWZ) stochastic integral (w, x)~ as follows:

n—oo

T n
(w,)" = lim f D w,e)c;, Dej(0)dx(t)
(R :

if the limit exists.
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Note that for wy, w, € C;,b[O, Tlwith Dw; =z;, j=1,2,

T T
wi,wa)e,, = f 21(0)22(1) db(1) # f 21(022(0) d[b(1) + lal()] = (21, 22)ap-
0 0

This fact tells us that the two Hilbert spaces C;’b[O, T1and Li’ »10, T'] are not isometric.
Thus, in this sense, our definition of the PWZ stochastic integral is different from the
definition given in [3—6]. But we emphasise the following fundamental facts. For each
w e C(’l’b[O, T], the PWZ stochastic integral (w, x)~ exists for s-a.e. x € C,,[0,T]. If

Dw=ze¢€ Li, 10, T is of bounded variation on [0, T'], then the PWZ stochastic integral
(w, x)~ equals the Riemann—Stieltjes integral fOT z(t) dx (). Furthermore, for each
weE C;’b [0,T], (w, x)~ is a Gaussian random variable with mean (w, a)c;.b and variance
”Wllz,;,b' Also, we note that for w, x € C7 [0, T1], (w, )™ = (W, X)c, .

We make use of the following integration formula:

2 _ T B
fRexp{—au + Bu}du = \/;exp{g} (2.3)

for complex numbers « and 5 with Re(a) > 0.

3. Generalised Fourier-Feynman transform and convolution product

Denote the function space integral of a W(C,;[0, T])-measurable functional F' by

E[F] = EJ[F()] = f F) du(x)

Capl0.T]

whenever the integral exists. Throughout this paper, C, C, and @+ denote the set
of complex numbers, complex numbers with positive real part and nonzero complex
numbers with nonnegative real part, respectively. For each A € C, 1'/? denotes the
principal square root of A; that is, 1!/? is always chosen to have nonnegative real part,
so that 1712 = (A" is in C, for all A € C,.

We are now ready to state the definitions of the generalised analytic Feynman
integral and the L; analytic GFFT.

DeriniTion 3.1. Let F : C, 5[0, T] — C be a scale-invariant measurable functional such
that for each A > 0, the function space integral

JQ) = EJ[F(7 )] = f FO22) du(x)
Copl0,T]

exists and is finite. If there exists a function J*(A1) analytic in C,. such that J*(1) = J(1)
for all A > 0, then J*(1) is defined to be the analytic function space integral of F' over
C,»[0, T] with parameter A and, for A € C,, we write

E™[F] = E™[F(x)] = J*(A).
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Let g be a nonzero real number and let F be a functional such that E*™[F] exists for
all 1 € C,. If the following limit exists, we call it the generalised analytic Feynman
integral of F with parameter g and we write
EMi[F] = BN F(x)] = Tlim E(F)
——ig
AeCy

Derinition 3.2. Let F be a scale-invariant measurable functional on C,;[0, T'] and let
g be a nonzero real number. For 1 € C, and y € C,,,[0, T, let

TA(F)(y) = EXMF(y + 0)).
We define the L analytic GFFT, T (F), of F by the formula (if it exists)
T/ (F)) = lim Ta(F))
AeC,
for s-a.e. y € C,5[0,T].

If 7" (F) exists and if F ~ G, then T"(G) exists and T"(G) ~ T,"(F). By the
definitions of the generalised analytic Feynman integral and the L; analytic GFFT, it
is easy to see that for a nonzero real number g,

anf,

T(F)(y) = Ex '[F(y + x)]
if the integrals exist. In particular, if both integrals exist,
anf,

TOF)(0) = EY[F(0). 3.1)

Next we give the definition of the convolution product (CP) of functionals on the
function space C, [0, T].

DeriniTion 3.3. Let F and G be scale-invariant measurable functionals on C, [0, T'].
For A € C,, we define their CP, (F = G), (if it exists), by

EM[F((y+x)/V2)G((y - x)/ V2)], 1€C,,
EXUF(+ 9/ V) G- 0/ VD), A=—iq, q€R, q#0.

When A = —ig, we denote (F * G), by (F * G),.

(F G0y = {

4. Exponential-type functionals

Let & be the class of all functionals having the form
Wy (x) = exp{(w, x)7} 4.1

for each w € C;,b[O, T1] and for y-a.e. x € C,p[0,T]. Given g € R\ {0}, let &, , be the
class of all functionals having the form

\Pw,q,a(x) = Kw,q,a‘Pw(-x) 4.2)
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for u-a.e. x € Cy[0,T], where ¥, is given by (4.1) and K,, 4, is the complex number
given by

_ i 2 )
Kuga = exp (5wl + (-ig " Pona)c, | (43)
Also, given g € R\ {0}, let &, _, be the class of all functionals having the form
\Pw,q,—a(x) = Kw,q,—a‘Pw(x) (44)
for u-a.e. x € C, [0, T'], where K,, , _, is the complex number given by

i

3, — i Pon ), | (4.5)

Kygy-a= exp{

The functionals given by (4.1) and linear combinations (with complex coeflicients)

of the ¥, are called the (partially) exponential-type functionals on C,;[0, T]. The
functionals given by (4.2) and (4.4) are also partially exponential-type functionals.

Remark 4.1. The classes &, &, and &, _, are dense in Lr(C, 5[0, T]).

We denote the set of all partially exponential-type functionals on C,;[0, T] by
E(Cyp[0, T, that is,
&E(C,p[0,T]) = Span &.

For notational convenience, let ¥, 0,(x) = Wy 0-a(x) = ¥\(x) and &y, = Ep s = E.
Then we see that

e U &0 € E(Capl0,TD).

geR
We also observe that &(C,,[0, T']) = Span &, , = Span &, _, for every g € R. The class
&E(C,[0, T]) of exponential-type functionals is a complex linear space and is dense in
Ly(Capl0, TD.

Remark 4.2. The class &(C,[0, T]) is a commutative (complex) algebra under the
pointwise multiplication and with identity ¥, = 1.

Note that every exponential-type functional is scale-invariant measurable. Since
we shall identify functionals which coincide s-a.e. on C, [0, T'], E(Cy 5[0, T]) can be
regarded as the space of all s-equivalence classes of partially exponential-type
functionals. Throughout this paper, we assume that (4.1) holds for s-a.e. x € C,,[0, TT].
More precisely, the quotient space &E(C,,[0, T])/~ is again denoted by the same
symbol E(C, 5[0, T]) in the rest of this paper.

TueoreM 4.3. Let W, € E(Cy 5[0, T]) be an exponential-type functional of the form
(4.1). Then, for all real q # 0, the L, analytic GFFT of ¥,, Tf,l)(‘I’W), exists and is
given by the formula

TOED) = Pogaly) (4.6)

for s-a.e. 'y € Cupl0,T), where ¥, ,, is given by (4.2) above. Thus, T;l)(‘PW) is an
element of &(C, 5[0, T]).

https://doi.org/10.1017/5S0004972716001039 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972716001039

430 S.J. Chang and J. G. Choi [7]

Proor. By the change of variable theorem and (2.3), for every p > 0,

2
Edlexplow, 711 = exp {Z- Il + pOw, )y, .
Thus we obtain, for all 4 > 0 and s-a.e. y € C,,[0, T,
TA(,)() = exp{(w,y) ) Ex[exp{d™" > (w, x)7}]
-1 2 -1/2
= exp {06 )” + Wi, + 7 P0n ), |

The last expression is an analytic function of A throughout C, for all y € C,,[0, T]. In

view of Definition 3.2, Tf,”(‘I’W) exists and is given by (4.6) for all g € R \ {0}. |
Remark 4.4. Let F be an element of E(C, [0, T]). Then F can be written as
n
Fr o, 4.7)
j=1
for a finite sequence {wy, ..., w,} of functions in C;’b [0, T'] and a sequence {cy, ..., Cy}

in C. Since the analytic GFFT T, ((]1) is linear, from (4.6), (4.2) and (4.3), it follows that
T,S') 1 E(Cypl0,T]) — E(C,p10,T]) is a vector space epimorphism.

The following corollary follows from (3.1), (4.6), (4.2) and (4.3).

CoroLLARY 4.5. Let Y, be as in Theorem 4.3. Then, for all real q # 0, the generalised
analytic Feynman integral E*4[W,,] of ¥,, exists and is given by the right-hand side
of (4.3). Thus, in view of (4.7), every exponential-type functional F is generalised
analytic Feynman integrable.

In our next theorem, we obtain the CP of functionals in E(C, [0, T']).

Tueorem 4.6. Let VY, and¥,,, be exponential-type functionals of the form (4.1). Then
the CP of ¥, and ¥,,,, (¥, * ¥,y exists for all real q # 0 and is given by

(lPW' * \sz )q(y) = K(Wl—wz)/ ‘@q,a‘{](wwm)/ \/i(y) (48)
fors-a.e.y € Capl0,T1, where K, .5, , is the complex number given by (4.3) with
w replaced by (wy — w2)/ V2. Furthermore, (¥,,, % P,,,), is an element of &(Cy,[0, T)).

Proor. Proceeding as in the proof of Theorem 4.3, for all 4 > 0 and for s-a.e.
y € Ca,b[09 T]y

y+/l*”2x y—/l*”Qx
Je (=5

V2 V2
w1+ wa,y)” 1 (wi=wy \”
ol ey (L )

—ex {(W1+W2 )N}ex {il'wl—wz 2 +/l—1/2(W1—W2 a) }
(G B L L Evi vl B &Y )

ab ab

(B, * Pua) = Eo[
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But the last expression is an analytic function of A throughout C, forally € C,;[0, T].
Hence, in view of Definition 3.3, (‘¥,,, * ¥,,,), exists and is given by

Py, = ¥yy)g(»)
e[ ) L

= K(Wl—Wz)/‘/i,q,a‘{’(wﬁwz)/\@(y)
for all g e R\ {0} and s-a.e. y € C, [0, T']. Since E(C,,[0,T]) is a complex algebra,

wi —wy ||?

V2

Cs " (—iq)*'/2( - \;§W2 ’ a)c;.b} (4.9)

(oo * W)y = Ky, iy vaga T oo sw)/va
~ K -wnViga Lo i)Yy, v3
is an element of &(C, [0, T]). O

(4.10)

Remark 4.7. The class &(C,p[0, T]) of exponential-type functionals is a non-
commutative algebra with the operation .

The following corollary follows immediately from (4.10).

Cororrary 4.8. Let ¥, € E(C,[0,T]) be given by (4.1). Then, for all real q # 0,
(W, * Wo)g and (Yo * ¥,,), are elements of E(Cq [0, T1). Also, it follows that

(P = ‘PO)q()’) = Kw/\@’q’a‘l’w/ \Fz(y)

for s-a.e. y € Cyp[0,T], where Kw/\@q,a is the complex number given by (4.3) with w
replaced by w/ V2, and

(Po * Py = K, 3,40 Pz

for s-a.e. y € C,p10,T], where K \pg—atS the complex number given by (4.5) with w
replaced by w/ V2.

Applying simple modifications of the proofs of Theorems 4.3 and 4.6, and using
the parallelogram equality

2 2 2 2
wip+wolle +wp —walle =2(Iwille + [walle
[Iwq 2||Ca,b [lwr zllca’b (I 1||Ca,b I 2||Ca,b)’
we can obtain the following corollary.

CoroLLarY 4.9. Let ¥, and ¥,,, be as in Theorem 4.6. Then, for all real q # 0,
T;l)((‘}’wl * W0 T;l)((‘l’w1 * Wo),) and T;l)((‘l’o *W,,,),) all exist and are elements
of E(Cy [0, T]). Furthermore, for all real q # 0,

TOP, * W) ) = TP, * W0l )TV (Fo # Wau)g) )
for s-a.e. y € Cop[0,T].
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Remark 4.10. Any functionals F and G in &(C, [0, T]) can be represented as linear
combinations of exponential-type functionals. Thus, for all real g # 0, (F * G),,
(F % ¥)g, (P * Gy, TS (F % G),), TS ((F * Wy),) and T, (¥ * G),) all exist and
are elements of &(C, [0, T']). Furthermore, for all real ¢ # 0,

TO(F % G))(y) = TSV(F + o)) TV (Po = G)g) ) (4.11)
for s-a.e. y € Cy 5[0, TT.

5. A representation for the inverse GFFT

In [1, 2, 8-11], the authors established the existence of the analytic FFT T,(F) for
F in several large classes of functionals on the Wiener space Cy[0, T']. Specifically,
they demonstrated that for all real g # 0,

T_y(Ty(F)) = F,
where T, denotes the analytic FFT on Cy[0, T']. That is, the analytic FFT ‘T’ acting
on various classes of functionals on Co[0, T'] has the inverse transform ‘7T_,’. On the
other hand, for almost every functional F on C,;[0,TT], TEI(])(T;D(F )) # F. This raises
the question of how to construct an inverse transform of the analytic GFFT.

There have been several recent attempts to represent the inverse GFFT [4, 6, 7]. In
this section, we define another function space transform via the CP of functionals on
C.»10,T]. We then investigate fundamental relationships among the analytic GFFT,
the new function space transform and the CP. We also construct an inverse transform
of the analytic GFFT for the functionals in the algebra &(C,,[0, T']). The following
observations will be very useful in the development of our inverse GFFT.

In view of Definitions 3.2 and 3.3,

TOF)) = B RO + 0] = B F \/5(“7;))] = (F(V2 ) % W), ).

However, by the effect of the drift function a(¢) of the GBMP introduced in Section 2,
EM[F(x)] # EXM[F(=x)]
for almost every functional F' on C,;[0, T']. This yields
TV(F)(y) # EN[F(y - x)]

and so the CP of functionals on C,;[0, T] is not commutative.
The above discussion leads us to the following definition for the inverse GFFT on
the function space C,;[0, T']. Given a functional F on C,;[0, T], let

T;(F)(y) = (F(V2 ) « W), () (5.1)
and

T, (F)(y) = (Wo * F(V2 ), (). (52)
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‘We have the identities

anf,

Ty (F)y) = Ex“[F(y + x)] = T(F)(y),
T, (F)() = EX[F(y - )],
(F % W0)y) = T (F(- | V2))(y),
(Wo * F)g(y) = T, (F(- / V2)()
for s-a.e. y € Cy 5[0, T] if the transforms exist.

Lemma 5.1. Let ¥, € E(C,[0, T]) be as in Theorem 4.3. Then:
(1) forallreal g # 0 and s-a.e. y € C,p[0,T],

T,;(‘Pw)(Y) = T(gl)(\yw)(y) = \Pw,q,a(y)a

where Y, , 4 is given by (4.2); and
(i) forallreal g # 0 and s-a.e. y € C[0,T],

Tq_(le)(y) = lPw,q,fa(y),

where W, , _, is given by (4.4).

433

(5.3)

(54)
(5.5)

(5.6)

(5.7)

Proor. Equation (5.6) follows from (5.1) and (5.3) with F replaced by ¥,, and (4.6);

(5.7) follows from (5.2) with F replaced by ¥,,.

]

Remark 5.2. (i) Using (4.7), the fact that T, is linear and (5.7), one can see that

Tq‘ :8(Cypl0,T]) — E(C,pl[0,T]) 1s a vector space epimorphism.

(ii) By a close examination, for each exponential-type functional F € E(C,,[0, T]),

T} (T, (F)) ~ T, (T} (F)),

that is,
D= ~ T (TM

Our next result now follows easily from (4.7), (4.11), (5.4), (5.5), (5.6) and (5.7).

ProrosiTioN 5.3. Let F and G be elements of E(C, 5[0, T1). Then, for all real q # 0,

TO(F + G)g)y) = T((Jl)(ﬁ”(p(%)))(y)T;”@;(G(%)))(y)

and

e =Tl ol o

for s-a.e. y € Cy [0, T], respectively.

Theorem 5.4 below follows easily from (5.6) and (5.7) and the fact that E(C, [0, T'])

is the linear span of the exponential-type functionals.
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THeoREM 5.4. Let F be an element of E(C, [0, T1). Then, for all real g # 0,

- (7D = (D) ~
T (TOT (T F)) ~ F.
That is, in view of (4.7), (5.6) and (5.7), the Ly analytic GFFT, T} : &(C4[0,T1) —
E(Cypl0, T)), is a vector space automorphism and the GFFT T;l) has the inverse
transform
(D=1 _ = (1 -
T} =T, 0T/ oT,.
REmMARK 5.5. We finally emphasise that the inverse transform of the L; analytic GFFT
T;l) cannot be represented as a single analytic GFFT. However, we have the following

diagram:
=T}
E(Capl0,T1) L E(Capl0,T1)
S e
et .
E(Capl0,T1) E(Cupl0,T1)
T_q szq

In Theorem 5.4, we see that the composition of transforms 7, o Tflq) oT, on
&E(C,p[0,T]) is an inverse transform of Ttgl). Moreover, we have the six possibilities

for the inverse transform of T,;U.
- (1) - _ 7= - (1) _ (1) - -
T_qu_q qu _T_quq oT_q —T_q oT_quq

_ (D) - - _ - - () _ - (1) -
_T_quqoT_q_quT_qu_q—TqoT_qu_q.

In a similar way to the discussion of the inverse transform of T(l), it also follows that

-1 1 -
{Tq o= qu) oT 0 T;]).
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