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WHITE NOISE BASED STOCHASTIC CALCULUS
ASSOCIATED WITH A CLASS
OF GAUSSIAN PROCESSES

Daniel Alpay, Haim Attia, and David Levanony

Abstract. Using the white noise space setting, we define and study stochastic integrals with
respect to a class of stationary increment Gaussian processes. We focus mainly on continuous
functions with values in the Kondratiev space of stochastic distributions, where use is made
of the topology of nuclear spaces. We also prove an associated Ito formula.

Keywords: white noise space, Wick product, stochastic integral.

Mathematics Subject Classification: 60H40, 60H05, 60G15, 60G22, 46A12.

1. INTRODUCTION

In this paper we study stochastic integration with respect to stationary increment
Gaussian processes {X,,(t),t € R} with covariance functions of the form

Cont) " B (0 Fon(s)] = [ =D i =
J (1.1)

=r(t) +r(s) — r(t — s) — r(0),

where m is a measurable positive function subject to

m(u)du
—_— 1.2
1+u? < 00, (1.2)
R
and
Klu™" if |ul<1,
< - 1.3
7mm_{KMW it Jul > 1, (1.3)
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with b < 2, N € Ny, and 0 < K < oo, where
[ itu_\ m(u)
r(t)——/{e _1_u2—|—1} 2 du

This class includes in particular fractional Brownian motion; see (1.6) below. An asso-
ciated Ito formula is subsequently derived. We use methods from infinite dimensional
analysis, and the paper should be of interest to readers in this field, as well as to
readers in stochastic processes, operator theory and reproducing kernel spaces.

We work in the white noise space setting as developed by T. Hida, and in particular
the Gelfand triple (S1, W, S_1) consisting of the Kondratiev space S; of stochastic
test functions, of the white noise space W, and the Kondratiev space S_; of stochastic
distributions; see [21-23|. Various notions pertaining to these works, which are used
in the introduction, are recalled in Sections 2 and 4. In infinite dimensional analysis
usually a number of Gelfand triples may be used to study a given problem. The reason
of using this Gelfand triple is the existence of an inequality, called Vage inequality,
associated with the Wick product, (see (4.13)), which allows us to use locally Hilbert
space methods and offers a powerful framework for stochastic integration. The a priori
estimate (4.13) for the Wick product offers new insights into convergence questions
in the representing formulas for the stochastic processes under consideration, and
improvements and extensions of earlier versions of Ito integration and formulas. For
other recent applications of this inequality to problems in infinite dimensional analysis,
see for instance [2] and [7].

Explicit constructions of X,, and its derivative, which we use below, are detailed
in [4] utilizing this setting. A key role in the arguments of [4] is played by the operator
T, defined via

T f (u) = \/m(u) f(w), (1.4)

where fdenotes the Fourier transform of f:

f = [ e fae
R
Since m satisfies (1.3), the domain of T}, contains in particular the Schwartz space

Z(R). We note that the operator T,, will not be local in general: The support of T, f
need not be included in the support of f. The example

m(u) = ule™2 (1.5)
given in [4] illustrates this point. The choice

1
m(u) = —u|'727 H € (0,1), (1.6)
2w
corresponds to the fractional Brownian motion By with Hurst parameter H, such
that

E(By(t)Br(s)) = Vi {[t*7 + |s[" — |t — s>},
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where

I'(2 —2H) cos(mH)

Vi == —amm

(1.7)

with I denoting the Gamma function. For this choice of m, the operator T},, has been
introduced in [15, (2.10), p. 304] and in [11, Definition 3.1, p. 354].
It is easy to see that, when m is even,

Tof =T (1.8)

In this paper we focus on the real-valued case, and therefore will restrict ourselves to
even functions m.

The new results in the present paper are as follows: In Section 3 we prove a new
result on continuous functions with values in the dual of a countably normed Hilbert
space; see Theorem 3.1. This result, together with Vage inequality, allows us to define
the stochastic integral in Section 5: Let Y be an S_j-valued continuous function
defined for ¢ € [a,b]. Our main result, see Theorem 5.1 below, states that the integral

/ Y (£)OWin (£)dt, (1.9)
R

(with ¢ being the Wick product to be defined below) usually understood in the sense
of Pettis, is a limit of Riemann sums, with convergence in a Hilbert space norm sense.
In the case of the fractional Brownian motion, a related characterization was given
in [13, (3.16), p. 591]. Still, our methods and the methods of [13] are quite different.
Finally in Section 6 we prove an associated Ito formula.

The paper consists of six sections besides the introduction. With the proof of
Theorem 5.1 in mind, we begin Section 2 with a short review of the topology of
countably normed spaces and of their duals. In the next section, we prove Theorem
3.1 on continuous functions with valued in the dual of a perfect space. The main
features of Hida’s theory of the white noise space are then reviewed in Section 4.
Various notions, such as the Wick product and the Kondratiev spaces, appearing in
this introduction, are defined there. In Section 5 we state and prove the stochastic
integration Theorem 5.1. An Ito-type formula is proved in Section 6. The last section
is devoted to a number of concluding observations. In particular, our results are
compared with other stochastic calculus results. In this regard, we note that Gaussian
processes with singular measures and their associated stochastic calculus are studied
in [5]. While the framework of this work is set within the white noise space, the infinite
dimensional tools utilized in [5] and here are different.

Notation is standard. In particular we set

N={1,2,3,...} and Ny=NuU{0}.
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2. COUNTABLY NORMED SPACES

Nuclear spaces are an indispensable part of the foundation upon which white noise
theory, to be utilized below, is built. In this section we review part of the theory of
nuclear spaces, as developed in [19] and [20]. We use the notation of these books.

Let ® be a vector space (on R or C) endowed with a sequence of norms (|| - ||,)pen-
Assume that the norms are defined by inner products and that the sequence is in-
creasing:

p<q=|hllp <|hllg; Vhe P

Denote by H, the closure of ® with respect to the norm || - ||,. For p < ¢, a
Cauchy sequence in H, is a Cauchy sequence in #,, and this defines a natural map
from H, into H,. In general, this map need not be one-to-one. A counterexample is
presented in [19, p. 13]. This phenomenon will not occur in the case of reproducing
kernel Hilbert spaces, as is shown in the following proposition. In this statement,
recall that the positive kernel K, is said to be smaller than the positive kernel K, if
the difference K, — K, is positive.

Proposition 2.1. Given the notation above, let p < q, and assume that H, and H,
are reproducing kernel Hilbert spaces of functions defined on a common set Q with
respective reproducing kernels I, and K,. Assume that

KQ(Z’w) S KP(Zaw)

in the sense of reproducing kernels. Then Hq is a subset of H, and the inclusion is
contractive.

Proof. This follows from the decomposition
Kp(z,w) = Kq(z,0) + (Kp(z, w) — Kq(z,w))

of K, into a sum of two positive kernels, and of the characterization of the reproducing
kernel Hilbert space associated with a sum of positive kernels. See [8, §6] for the
latter. [

In the sequel we assume that H, C H, when p < ¢. The inclusion will not be in
general an isometry. The space @ is the projective limit of the spaces H,. It will be

complete if and only if
(o)
=) Ha
n=1

See [19, Théoréme 1, p. 17].
Denote by ®' the topological dual of ®. Then

"
n=1

where H/, denotes the topological dual of H,,. Furthermore, denote by

(v,u), ved, wued,
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the duality between ® and ®’. By definition, for u € H, and v € H.. one has

(v, u) = (v, ),
where (v, u), denotes the duality between H, and H., and

[vlls, = sup (v,u)r, and  [{v,u)r| < [Jollag ||ulln, - (2.1)
uEH -,
lull2,. =1

Moreover, note that, for p > r and v € 7—[; and v € H, C H,p, one has
(v,u) = (v,u), = (v, u)p. (2.2)

Indeed, (2.2) expresses the values of the linear functional v on u. See [20, p. 56]
for a discussion of this point.

We refer the reader to [19, §5.1, pp. 41-44] for the definition of the strong topology
on ®'. To ease the reading of Gelfand-Shilov [19], we make the following remark: In
verifying that a topological vector space V is Hausdorff, it is necessary and sufficient
to check the following: For every v € V there exists a neighborhood of 0, say N, such
that v & A. See for instance [17, Proposition 9, p. 70]. This is the condition which is
used and verified in [19, §5.1].

The complete, countably normed space ® is called perfect, or a Montel space,
when any subset of ® is bounded and closed if and only if it is compact. A sufficient
condition for ® to be perfect is that, for every r € N there exists a p > r such that
the inclusion from %, into H, is compact. See [19, Théoréme 1, p. 55|. The condition
is not necessary, and insures in fact that we have a Schwartz space. See the papers
[27] and [16]. It will be called nuclear if the above inclusion can be chosen to be of
trace class (as an operator between Hilbert spaces).

3. CONTINUOUS FUNCTIONS WITH VALUES IN THE DUAL
OF A PERFECT SPACE

The following theorem is the key to our construction of the stochastic integral as a
limit of Riemann sums. See also [25, Proposition 2.1, p. 990] for a related discussion.

Theorem 3.1. Let (E,d) be a compact metric space, and let f be a continuous
function from E into the dual of a countably normed perfect space ® = (), Hn,
endowed with the strong topology. Then there exists a p € N such that f(E) C H,,
and f is uniformly continuous from E into H,,, the latter being endowed with its norm
induced topology.

Proof. We divide the proof into a number of steps.
Step 1. f(E) is compact.

Indeed, the dual space ®' endowed with the strong topology is a Hausdorff space;
see [19, §5.1, pp. 41-42|. Since F is compact and the function f is continuous, it follows
that f(F) C ®' is compact.
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Step 2. There exists an r € N such that f(E) C H. and f(FE) is bounded in #...

Since f(F) is compact, it is bounded in @ [19, Proposition 1, p. 54], and, see
[19, Définition 5, p. 30| for the notion of a bounded set in a topological vector space.
By the characterization of bounded sets in the strong dual of a perfect space, see
[19, Théoréme 2, p. 45|, there exists an r € N such that f(¢t) € H. for allt € E.

Step 3. Set r as in the previous step. Let ¢t € E and let (s,,)men be a sequence of
elements of E such that lim,, o d(t, s,,) = 0. Then, for every h € H,.,

Jim (f(sm) = f(2),h) = Tim (f(sm) = f(2),h)r = 0. (3.1)

Indeed, the function f is continuous in the strong topology of ®', and therefore
sequentially continuous in the strong topology, and hence weakly sequentially conti-
nuous.

Step 4. There exists a p > r such that the inclusion map from H, into #, is compact.
Such a p exists since the space ® is assumed perfect.

Before turning to the fifth step, we observe the following: Since E is a metric space,
it is enough to verify continuity by using sequences; see for instance [17, Théoréme 4,
p. 58]. Furthermore, we note that in Step 3, we cannot say in general that f(s,) tends
to f(t) in the norm of H,, yet we have:

Step 5. Set p as in Step 3. The function f is continuous from E into H;, the latter
endowed with its norm topology.

Set t € E and let (t,)nen be a sequence of elements of E such that
lim,, 00 d(ty,, t) = 0. Since f is continuous, it follows that

ftn) — £(t) (3.2)

in the strong topology of ®’. Using [19, Théoréme 4, p. 58], one has f(t,) — f(t) in
norm in #j,. In the proof of [19, Théoréme 4, p. 58|, the integers r and p depend a
priori on the sequence. We repeat this argument and verify that the same r and p
can be taken for all sequences f(t,).

The argument of [19] is as follows. Assume that (3.2) does not hold. Then, there
exist an € > 0, a subsequence (t,,, )men, and a sequence (A, )men of elements in the
closed unit ball of H,, such that

I(f(tn,,) — f(t), hm>p| 2 €. (3.3)

Since the inclusion map from #,, into #, is compact, the sequence (h;,)men has a
convergent subsequence in H,. Denote this subsequence by (A, )men as well, and set

h= mlgn00 hn € Hr.
Writing (recall (2.2))
<f(tnm> - f(t)a hm>p = <f<tnm) - f(t)a hm - h>r + <f<tnm) - f(t)’ h>r7
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we see that
lim (f(tn,,) — f(t), hm)p = 0.

m—r o0

Indeed, using (2.1), we have

lim (f(tn,,) = f(t), hyn — h)r =0,

m—o0

since f(FE) is bounded in H!., and from Step 3, with s, = t,,,

lim (f(tn,,) — f(t),h) = 0.

n— oo

A contradiction with (3.3) is hence obtained, thus verifying the Step 5 statement.

Step 6. f is uniformly continuous from £ into H,,.
This stems from the fact that E is compact and that 7—[; is Hausdorff. O

We conclude this section with the definition of a Gelfand triple: Consider a com-
plete countably normed space ®, and let (-,-) denote an inner product on ®, which
is separately continuous in each variable with respect to the topology of ®. Let H be
the closure of ® with respect to the norm defined by that inner product. The triple
(@, H,d') is called a Gelfand triple. See [20, p. 101]. An important Gelfand triple
consists of the Schwartz space .7 (R) of rapidly decreasing functions, of the Lebesgue
space Lo on the real line and of the Schwartz space of tempered distributions. In the
following section we recall a stochastic counterpart of this Gelfand triple, which is
used below.

4. THE WHITE NOISE SPACE

Let Z(R) denote the Schwartz space of real-valued, rapidly decreasing functions. It
is a nuclear space, and by the Bochner-Minlos theorem (see [20, Théoréme 2, p. 342]),
there exists a probability measure P on the Borel sets F of the dual space Q = . (R)’
such that

5]

/ei<“”s>dP(w) =e 2, VseZR). (4.1)
Q

The real-valued space
W = L2 (Q7 ‘/—:7 P)

is called the white noise space. For s € .7(R), let @, denote the random variable
Qs(w) = (w, s).

It follows from (4.1) that
[IsllLy @) = 1@sw-
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Therefore, Q5 extends continuously to an isometry from Ly (R) into W, which we will
still denote by @. In [4] we define

Xm(t) = Q1 (110.4)- (4.2)

It follows form the construction in [4] that X,,(¢) is real-valued when m is even.
See formula (4.7) below.

In the presentation of the Gelfand triple associated with the white noise space we
follow [23]. Let ¢ to be the set of sequences

(al,a27...)7 (43)

indexed by N with values in Ny, for which only a finite number of elements a; # 0. The
white noise space W, being a space of Lo random variables on the probability space
(2, F, P) specified above, admits a special orthogonal basis (Hy)aer, indexed by the

set ¢ and built in terms of the Hermite functions hy and of the Hermite polynomials
hy as

H,(w) = H Py (Qﬁ;(w))
k=1

We refer the reader to [23, Definition 2.2.1, p. 19] for more information. In terms of
this basis, any element F' € W can be written as

F:ZfaHav fa eER, (44)
a€el
with
IEISy = ) faal < co.

acW

There are quite a number of Gelfand triples associated with W. In [3,6], and here, we
focus on (S1, W, S_1), namely the Kondratiev space S; of stochastic test functions,
W defined above, and the Kondratiev space S_; of stochastic distributions. To define
these spaces we first introduce, for k& € N, the Hilbert space H; which consists of
series of the form (4.4) such that

1/2
I1F |, < <Z(a!)2f3(2N)‘““> < o0, (4.5)

act

where
(ZN):I:ka — (2 . 1):tka1 (2 . 2):|:ka2 (2 . 3):‘:]6043 e

and the Hilbert space #}, consisting of sequences G' = (gq)aer such that

1/2
[efF=s <Zgi<2N>’““> < o0,

ael
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and the duality between an element F' = 3 ., faHo € Hy and a sequence G =
(go)ace € Hj, is given by

<G F S 1,81 Za'faga
ael

The map which to F' € W associates its sequence of coefficients with respect to
the basis (Hy)ace allows to identify W as a subspace of H) for every k € Ny, and it
is important to note that

IFN < | Fllw, YEewW. (4.6)

The spaces S; and S_; are defined by

Sy=()He and S =] H.

k=1 k=1

The space S; is nuclear, see [23].

The process {X,,(t), t € R} defined in (4.2), is written in the series form

:Z/T T (w)duH v, (4.7)
k:l

where the series converges in the norm of W, and has an S_;-valued derivative given

by the obvious formula
oo

Win(t) = 3 (Trha) () H 0, (4.8)

k=1

where (%) is the sequence in ¢ with all entries equal to 0, with the exception of the
k-th, which is equal to 1. Furthermore, the series (4.8) converges in the norm of Hly s,
where N is as in (1.3). See [4, Theorem 7.2].

Remark 4.1. Obviously, as H.xy = H.w(w), it follows that X,,(t) = X, (¢, w),
Wi (t) = Wy (t,w). To simplify the notation, we however omit the w-dependence
throughout, unless specifically required.

Proposition 4.2. We claim that:

(a) Win(t) € Hiyy3 for allt € R,
(b) there exists a constant C such that

[Win(t) = Win(s)lly,, < Onlt —s], Vs €R, (4.9)

(c) it holds that
X (t) = Wy(t), teR, (4.10)

in the norm of H'y 5, and more generally, in the norm of any ’H; with p > N +3.
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Proof. Claim (a) is proved in [4, Proof of Theorem 3.2, p. 1098]. It is also shown there,
see [4, Lemma 3.8, p. 1089, that there exist constants C7,Cy such that

Vi, s € R: |Tinhw(t) — Tmhi(s)| < |t — s| - (C1k™ 2 + Co). (4.11)

Since
1@l = (k)N
we can write for all £,s € R then

[Win(t) = Wan ()l <ZIT hi(t) = Tonhi(3) Q5 s, <

< |t—8|{§:(01k: 2 +02)(2k)N3} —

k=1
=Cn|t — s
with

)(2k) N3, (4.12)

which proves (b). We now prove ( ). For t,s € R, with ¢t # s, and Cy as in (4.12), we
have

t ~ ~
vt J (Tl (w) — Tonhie(t))duH v
Xm(t) — X =
H ()= Xn() _ypr _H : S
t—s t—s
7"§\r+3 H§V+3
¢
[ |u—tldu
<Oyi———<
< Cn = =
t —
< w —0 as s—t.
The last claim follows from the fact that the spaces H,, are increasing with de-
creasing norms. O

The Wick product is defined with respect to the basis (Hy)aer by
HoOHs = Hopp.

It extends to a continuous map from Sy x Sy into itself and from S_; x .S_; into itself.
Let I > 0, and let £ > [+ 1. Consider h € H; and u € Hj},. Then, Vage’s inequality
holds:

[AOull < A(k — D\ Al][wlx (4.13)

where
1/2
Ak —1) = <Z(2N)”—k>a> < 0. (4.14)

ael
See [23, Proposition 3.3.2, p. 118].
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To conclude this section, we specify the conditions under which the process X,
has P-a.s. continuous sample paths. This property will be utilized in the last step of
the proof of (6.1) below, the Ito formula associated with X,,.

By [4, Lemma 6.1], (1.3) with N = 0 leads to
B[|Xm(t) = Xi(s)]’] = 2Re{r(t — 5)} <
<2C|t— s>+ Colt —s) < (4.15)
< 2(01 + 02>(|t - $|2 \ |t - $|),
where the first equality is due to item (2) of aforementioned lemma, while the following
inequality is due to item (3), with C;, C5 some finite, positive constants.

Recall that X, is a Gaussian process. Then, for all t,s € R, |t — s| < 1, it follows
from (4.15) that

E[| X (t) — X (s)[*] < 12(Cy 4 Co)?|t — s|?. (4.16)

By Kolmogorov’s continuity criterion, see e.g. [26, Theorem I-1.8], it follows that there
exists a P-a.s. continuous modification of X,,, a modification we consider here.

Remark 4.3. Obviously, there are functions m, e.g. m corresponding to the fractional
Brownian motion with Hurst parameter H < 1/2, that do not meet (1.3) with N =0,
hence the continuity of the associated sample paths should be verfied by other means.

5. THE WICK-ITO INTEGRAL

The main result of this section is the following theorem.

Theorem 5.1. Let Y(t), t € [a, b] be an S_1-valued function, continuous in the strong
topology of S_1. Then, there exists a p € N such that the function t — Y (£)OWp,(t)
is Hy,-valued, and

b
/ Y () OWon ()t = Tim SV (b, )0 (Xom (rsn) — Xon (b))

where the limit is in the 7—[; norm, with A :a =tg <t; < --- <t, =b a partition of
the interval [a,b] and |A| = maxo<p<n—1(tk+1 — tk)-

Proof. We proceed in a number of steps.
Step 1. Wy (t) € Hy 5 for t € R, and satisfies (4.9):

IWon(8) = Win(s) 3, < Cnlt—sl, ¥t,s€R

for some constant Cy.
See Proposition 4.2.
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Step 2. There exists a p € N, p > N + 3, such that Y (t) € H,, for all ¢ € [a, b], being
uniformly continuous from [a, b] into H,,.

Theorem 3.1 with E = [a,b] ensures that a p (not necessarily larger than N + 3)
exists with the stated properties. Since the norms || - ||H; are decreasing, we may

assume that p > N + 3.
Using Véage’s inequality (4.13), it follows that, for p > N + 3,

1Y ()OWin(t) = Y (s)0Win (s, <
<Y () = Y()OWn (DIl + [V ()0(Win () = Wi ()], <
< Alp— N = 3)[Y (1) = Y(&)llpllWon () [ 45+
+ Alp = N = 3)[Y () [, Wi (8) = Wi (8) | 43,

where A(p — N — 3) is defined by (4.14), with || - ||, = || - l3;, used to simplify the

notation.

In view of Step 2, the integral f; Y (t)OW,, (t)dt makes sense as a Riemann integral
of a Hilbert space valued continuous function.

Step 3. Let A be a partition of the interval [a,b]. We now compute an estimate for

b n—1
/ Y () OWm()dt = Y Y ()0 (X (trg1) — Xom(ta)) =

_ :Z;:: ( /t ” (V) — Y(tk))QWm(t)dt> .

Let p be as in Step 2, and let € > 0. Since Y is uniformly continuous on [a, b] there
exists an 1 > 0 such that

t—s| <n=[Y(t) = Y(s)llp <e
Set
C = max |[Win(s)||nss and A= A(p— N —3).
segla,

Let A be a partition of [a, b] with

|A] = max {[te41 — |} <n.
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‘We then have

tr »
n—1 [ tet1
<Y | [ 1o - venowaol,a | <
k=0 e

<4y (/ 1Y (@) =Y @), (W ()l v 3t | <

<CA 1Y () = Y(t))ll, dt <

6. AN ITO FORMULA

We extend the classical Ito’s formula to the present setting. We need the extra
assumption that the function

r(t) = | Tomli0,4llL.m)

is absolutely continuous with respect to the Lebesgue measure. This is in particular
the case for the fractional Brownian motion. This is also the case e.g. for the function
m defined in (1.5), where, for that m,

r(t) = \/827{1—6—%(1“2)}.

Theorem 6.1. Suppose that r(t) is absolutely continuous with respect to the Lebesgue
measure, and that the process X,, has a.s. continuous sample paths. Let f : R — R
be a C%(R) function. Then

f(Xm(t) = f(Xm(to)) + /f'(Xm(S))OWm(S)dSJr
o (6.1)

t
+ %/f”(Xm(s))r’(s)ds, to <teR,
to

where the equality holds in the P-almost sure sense.
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Proof. We prove for t > ty = 0. The proof for any other interval in R is essentially
the same. We divide the proof into a number of steps. Step 1-Step 8 are constructed
so as to show that (6.1) holds, for all ¢t > 0, for C? functions with compact support,
with the equality holding in the 7—[; sense. This implies its validity in the P-a.s. sense
(actually, holding for all w € ), hence, setting the ground for the concluding Step 9,
in which the result is extended to hold for all C? functions f.

Step 1. For every (u,t) € R?, it holds that
eiuXm(t) e W,
and '
X QW (1) € Hiy s (6.2)
Indeed, since X, is real, we have
|ei“X’"(t)| <1, Vu,teR,

and hence e™X=(®) € W. Since W C Hy,, and since W, (t) € H)y_ 5 for all t € R, it
follows from Vage’s inequality (4.13) that (6.2) holds.
In the following two steps, we prove formula (6.1) for exponential functions. For
a € R, we set
g(x) = exp(iax).
Step 2. It holds that

9/ (Xm(t)) = iag(Xm (£)) OWn(t) + %(ia)Qg(Xm(t))T'(t)- (6.3)

Indeed, g(X,,(t)) belongs to S_;, see [23, p. 65], and we have from [23, Lemma
2.6.16, p. 66]:

9(Xin(t)) = exp(iaXn(t)) = exp® (me(t) + 1('04)2 ”Tm[t|i2(R)) =

= N

= exp® (me(t) + 2(ia)2r(t)) .

The hypothesis that r is absolutely continuous with respect to Lebesgue measure
comes now into play. Since the function ¢ — W,,(¢) is continuous in S_; and since
X!, = W, see Proposition 4.2, an application of [23, Theorem 3.1.2] with

h(t) = iaWp (t) — %r’(t)

leads to

We thus obtain (6.3).
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Step 3. Equation (6.1) holds for exponentials.
Indeed, it follows from (6.3) that

1ag( X (8))OWn(s)ds+

p=§
>
s
I
p=§
>
3
e
+
o\ﬂ

This can be written

that is

t
et Xm(t) — 1 4 /iuei“X’"(S)OWm(s)der
0 (6.4)
+ % /(iu)QeiuX’"(S)r’(s)ds.
0
In the following two steps, we prove (6.1) to hold for Schwartz functions.
Step 4. The function (u,t) — e™Xm M OW,, (t) is continuous from R? into Hin s

We first recall that the function ¢ — X,,(¢) is continuous, and even uniformly
continuous, from R into W, and hence from R into H/y, 5 since

lullaey,, < llulby  for wew.

Therefore, the function (u,t) — ¢*Xm(®) is continuous from R? into H'y 13- Further-
more,

Hei“le(tl)QWm (t1) — eiUZX"'L(tz)OWm (t2) [l

N+3 —
< [[(e Xm0 — Xt )OTW, (1) ey, +
X D O (Wi (t2) — Wi (1)) ey, <

< A(2)||(eiu1Xm(t1) _ emQX,n,(tz))|‘H,N+l . ||Wm(t1)||"rt§v+3+

+A@) e gy (Win(t2) = Wan(t)) g
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where A(2) is defined by (4.14). This completes the proof of Step 4, since t — W, (t)
is continuous in the norm of H)y, ; and (u,t) — e™Xm(t) is continuous in the norm
of Hiyyq-

Step 5. (6.1) holds for f in the Schwartz space.

Let s be in the Schwartz space. Replace u by —u in (6.4), and multiply both sides
of this equation by s(u). Integrating with respect to u, and interchanging order of
integration, we obtain

/ s(u)e U Xm® gy = / s(u)du + / / (—iu)s(u)e ™ Xm S dy | OW,, (s)ds+

R R 0 R
t

_'_%//((_iu)zs(u)e—mxm(s)) dur(s) ds.
0 R

Continuity of the function in the previous step allows the use Fubini’s theorem for
functions with values in a Hilbert space (see [14, Theorem 2.6.14, p. 65|, [12, Propo-
sition 9, p. 97]), and to interchange the order of integration.

Since

5 (x) = / (—iw)s(w)e~"du and 5"(z) = / (—iu)2s(w)e—""du,
R R

we obtain

S(Xon(t)) =5(0) + / (8 (Xon () OWin (5)ds +
0

1 / ~\// /
+ 5/(5) (X (8))r(s) ds.
0

This completes the proof of Step 5, since the Fourier transform maps the Schwartz
space onto itself.

To show that (6.1) holds for f of class C? with compact support, we use the
concept of approximate identity. For € > 0, define

Step 6. It holds that

and for every r > 0
lim ke(z)dz = 0. (6.6)

e—0
|z|>r
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Indeed, (6.5) follows directly from the fact that k. is an N(0, €?) density.
Furthermore, for |z| > r > 0,

oo o0

]. / _ £22 d ]. X $22 E2d <

e 22dx = —e 22 —(dx

eV 2 eV 2 €2 T o
I

T

oo
€ Tr a2 € _ 2
< /—26 22 oy = e 22 — 0 as e—0.
V2w € V2T
4

The properties in Step 6 express the fact that k. is an approximate identity. There-
fore, it follows from [18, Theorem 1.2.19, p. 25] that, for every continuous function
with compact support,

elg%”ke*f_flloo =0.
Step 7. The functions

1

2me

(ke * f)(z) =

e
®
[
o
S
I
—~
S
| |
&
no
~—
=
S
~—
U
S

are in the Schwartz space.

One proves by induction on n that the n-th derivative

(ke /)™ (@)

is a finite sum of terms of the form

Je (- W)p@c — ) f (u)d,

€

2me

where p is a polynomial. That all limits,

lim 2™ (ke x f)™ () =0,

|z|— 00

is then shown using the dominated convergence theorem.

Step 8. (6.1) holds for f of class C? and with compact support.

A function f of class C? with compact support can be approximated, together
with first two derivatives, in the supremum norm by Schwartz functions. This is done
as follows. Take for simplicity ¢ = %, n =1,2,.... We apply [18, Theorem 1.2.19,
p. 25] to f, f" and f”. Set

an =kinxf, bn=kimxf, and ¢, =kypm* [
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Integration by parts shows that

Furthermore,
lim [ja, — f|loc =0,
n—oo
lim ||b, — f'[|ec = 0,
n—oo
lim ||, — f"]|eo = 0.
n—oo

For every n, we have

an (X (1)) = an(0) + /a;(Xm(s))OWm(s)ds + % /a;{(Xm(s))r'(s)ds.
0 0

We claim that, for a given ¢, the sequence (an (X, (t)))nen is a Cauchy sequence
in any H,, since

l[an (X (t)) — am(Xm(t))HH;, < lan(Xm (1) — an(Xm(s)lIw < llan — am|lso,

and denote by f(X,,(t)) the corresponding limit.
Similarly, the sequence

t

(O/bn(Xm(u))OWm(u)du>

neN

is a Cauchy sequence in Hj,, since

IN

/bn(Xm(u))OWm(u)du—/bm(Xm(u))QWm(u)du
0 0

Hp
t

< [ 10 = b X ) OW o )ty <

t

<A(2) / [[(br, = b ) (X () |92, [[Woen () [ 341, ., du <
0

t
< A@)llbn — bl / W () e .
0
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Denote t
/ f,(Xm (u))QWm(U)du
0

to be its limit. A similar argument holds for

/ en(Xom (u)r' (u)du.

0

Details are omitted.

Note that we have actually shown (6.1) to hold for C? functions with compact
support with the equality understood in the ’H; sense. This implies that it also holds
in the P-a.s. sense.

Step 9. (6.1) holds with probability 1 for all f € C%(R).

Here, we follow key arguments of the corresponding proofs of the standard Ito rule,
given in e.g., [26, Theorem IV-3.3, p. 138], [24, Theorem 3.3, p. 149]. Specifically, the
following standard localization argument is utilized. Let 7 be a stopping time defined
by

v =inf{s >0 : |X,,(s)| > N}.

Set, .
XN(s) Y X, (s Aw).

Then, by Step 8, (6.1) holds for { X[ (s), s >0}, a.s., for all f € C*(R). Fix an
arbitrary € > 0 and let N = N(€) < oo be such that

P( sup | X, (s)| > N) <e.
0<s<t
As (6.1) holds for X a.s., it then follows that (6.1) holds for X,, with probability
greater that 1 —e, for all f € C?(R). The arbitrariness of € completes the proof of the
fact that (6.1) holds, P-a.s. for all ¢ € R. This suggests that both sides of (6.1) are
modifications of one another. Since both are t-continuous (see the discussion at the
end of Section 4 specifying sufficient conditions on m for the continuity of the LHS),

they are in fact indistinguishable processes, which is to say that (6.1) holds for all
t e R, P-a.s. O

7. CONCLUDING REMARKS

1. Note that no adaptability of the integrand with respect to an underlying filtra-
tion is assumed. In this sense, one may regard the integral defined here in fact as a
Wick-Skorohod integral.

2. Due to the fact that ||F||], < ||F|lw for all F € W (see (4.6)), it follows that the
integral defined in Theorem 5.1, being an #, limit of Riemann sums, is defined in a
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weaker sense than the standard Ito and Skorohod integrals, which are defined in an Lo
sense. This is a reasonable price to pay so as to integrate with respect to a larger class
of non-Ls integrands. This places the proposed integral well within existing stochastic
integration theory, as a non-trivial extension is formulated, at the (expected) expense
of a somewhat weaker sense of convergence. Specifically, one may consider the integral
proposed in [1], written as a limit of Riemann sums, see [1, Proposition 4, Section 7],
making it compatible with the integral presented here in Theorem 5.1. Then, while
the limit in [1] is understood in the Lo sense, here, the limit of the Riemann sums is
taken in the weaker 7—[;, sense.

3. We note the reduction of the calculus derived here to the standard Ito calculus
when r(t) = |t|. This case corresponds to setting H = 1/2 in (1.6) and (1.7), so that
Vis2 =1 and m(u) = 5=. For example, for Y () = B(t), both stochastic integrals give

t

/ B(t)dB(t) =

0

B2(t) —t

See [3]. Furthermore, for the fractional Brownian motion with Hurst parameter H €
(0,1), i.e. (up to a multiplicative constant) r(t) = |t|>, our integral coincides with
that proposed in e.g. [13] and [9,10].

4. Note that our Ito formula for X,, being the fractional Brownian motion with
Hurst parameter H € (0, 1), hence m(t) = 5= |t[* =2/, coincides with that of Bender [9]
specified for C? functions with values in a space of distributions. We note however the
difference between the proofs. In [9] Bender shows that the S-transforms of both sides
of equation (6.1) agree. The conclusion that (6.1) holds in fact for all w € Q follows
from the fact that the S-transform is injective. Here one can use Bender’s approach for
C? distributions (with derivatives understood in the sense of distributions), replacing
Bender’s r/(t) = t?#=1 (¢t > 0) with the derivative of a general r. We omit the
computations which are essentially the same. An apparent advantage of our (and
Bender’s [9,10]) white noise space based approach to the construction of the associated
Ito formula, lies in the conditions assumed: While [1] requires the integrand u to
belong (in the notation of that paper) to Dom 6%, effectively to a subclass of Ly, no
restriction is required here. Moreover, while a specific exponential growth condition
cited in [1, (16)] is assumed in [1, Theorem 2], no growth conditions are imposed on
the C%(R) functions dealt with in Theorem 6.1.
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