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White Noise-based Stochastic Calculus
with respect to multifractional Brownian motion
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Abstract

Stochastic calculus with respect to fractional Brownian motion (fBm) has attracted a lot of interest
in recent years, motivated in particular by applications in finance and Internet traffic modeling.
Multifractional Brownian motion (mBm) is a Gaussian extension of fBm that allows to control the
pointwise regularity of the paths of the process and to decouple it from its long range dependence
properties. This generalization is obtained by replacing the constant Hurst parameter H of fBm by
a function h(t). Multifractional Brownian motion has proved useful in many applications, including
the ones just mentioned.

In this work we extend to mBm the construction of a stochastic integral with respect to fBm.
This stochastic integral is based on white noise theory, as originally proposed in [15], [6], [4] and
in [5]. In that view, a multifractional white noise is defined, which allows to integrate with respect
to mBm a large class of stochastic processes using Wick products. It6 formulas (both for tempered
distributions and for functions with sub-exponential growth) are given, along with a Tanaka Formula.
The cases of two specific functions h which give notable It6 formulas are presented.
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Fractional Brownian motion (fBm) [26, 31] is a centered Gaussian process with features that make it
a useful model in various applications such as financial and teletraffic modeling, image analysis and
synthesis, geophysics and more. These features include self-similarity, long range dependence and the
ability to match any prescribed constant local regularity. Fractional Brownian motion depends on a
parameter, usually denoted H and called the Hurst exponent, that belongs to (0,1). Its covariance
function Ry reads:

YH 2H 2H 2H
Ri(t,s) i= TE(1t" + [s* — ¢ — ")

)

(1.1)
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where g is a positive constant. A normalized fBm is one for which vy = 1. Obviously, when H =
fBm reduces to standard Brownian motion.
A useful representation of fBm B) of exponent H is the so-called harmonizable one:

1 eitu -1 ~

H —

1
27

3 3 N
where ¢, := (W) = (m) for 2 in (0,1) and W denotes the complex-valued

Gaussian measure which can be associated in a unique way to W, an independently scattered standard
Gaussian measure on R (see [36] p.203-204 and [35] p.325-326 for more information on the meaning of
Jo fu) W(du) for a complex-valued function f). From (1.1) and Gaussianity, it is not hard to prove
that fBm is H-self-similar.

The fact that most of the properties of fBm are governed by the single number H restricts its application
in some situations. Let us give two examples. The long term correlations of the increments of fBm decay
as k(H=2) where k is the lag, resulting in long range dependence when H > 1 /2 and anti-persistent
behavior when H < 1/2. Also, almost surely, for each ¢, its pointwise Holder exponent is equal to
H. Since H rules both ends of the Fourier spectrum, i.e. the high frequencies related to the Holder
regularity and the low frequencies related to the long term dependence structure, it is not possible to have
at the same time e.g. a very irregular local behavior (implying H close to 0) and long range dependence
(implying H > 1/2). As a consequence, fBm is not adapted to model phenomena which display both
these features, such as Internet traffic or certain highly textured images with strong global organization.
Another example is in the field of image synthesis: fBm has frequently been used for generating artificial
mountains. Such a modeling assumes that the regularity of the mountain is everywhere the same. This
is not realistic, since it does not take into account erosion or other meteorological phenomena which
smooth some parts of mountains more than others.

Multifractional Brownian motion (mBm) [33, 3] was introduced to overcome these limitations. The basic
idea is to replace in (1.2) the real H by a function h(t). More precisely, we will use the following definition
of mBm:

Definition 1.1 (Multifractional Brownian motion). Let h : R — (0,1) be a continuous function and
a:(0,1) = R be a C function. A multifractional Brownian motion with functional parameters h and
« is defined as:

eitu -1 ~

B (1) = a(h(t))/ — i W(du). (1.3)
R |u|
Its covariance function reads [2]:
1
R (t,9) = a(h(t)) a(h(s)) €, . | 3 (17 + [P [t — o)), (14)

where hy 5 1= M and ¢, has been defined in (1.2).
It is easy to check that mBm is a zero mean Gaussian process, the increments of which are in general
neither independent nor stationary.
For T in RY , we will again call (h, o)-multifractional Brownian motion on [0, 7] the centered Gaussian
process whose covariance function is equal to R} o) on [0,77] x [0, T].
When o = vt & — é, we get that:
’ 2
R (ts) = ——te | (e g s — [¢ = o). (1.5)
C(h(t) C(h(s)) - 2

As a consequence, if h is the constant function equal to the real H, then BU:%¢) is a normalized fBm. For
this reason, we will call B") a normalized mBm. Since in the sequel we will consider only normalized
mBm, we simplify the notation and write from now on B for B(":%<) and Ry, for Rna.y-
One can show [18, 19] that the pointwise Holder exponent at any point ¢ of B™ is almost surely equal to
h(t) A Bn(t), where By (t) is the pointwise Holder exponent of h at ¢. In addition, the increments of mBm
display long range dependence for all non-constant h(t) (the notion of long range dependence must be
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re-defined carefully for non-stationary increments, see [2]). Finally, at least when h is C*, for all u € R,
mBm locally "looks like” fBm with exponent A(u) in the neighbourhood of u in the following sense [33]:

. BMW(u+rt) — BM(u)
lim

r—04 rh(“)

= B (y), (1.6)

where the convergence holds in law. These properties show that mBm is a more versatile model that
fBm: in particular, it is able to mimic in a more faithful way local properties of financial records, Internet
traffic and natural landscapes [7, 30, 14] by matching their local regularity. This is important e.g. for
purposes of detection or real-time control. The price to pay is of course that one has to deal with the
added complexity brought by having a functional parameter instead of a single number.

Because of applications, in particular in finance and telecommunications, it has been an important
objective in recent years to define a stochastic calculus with respect to fBm. This was not a trivial
matter, as fBm is not a semi-martingale for H # % Several approaches have been proposed, based
mainly on Malliavin calculus [12, 1, 17], pathwise approaches and rough paths ([39, 11, 16] and references
therein), and white noise theory [15, 6, 5]. Since mBm seems to be a more flexible, albeit more complex,
model than fBm, it seems desirable to extend the stochastic calculus defined for fBm to it. This is the
aim of the current work. In that view, we will use a white noise approach, as it offers several advantages
in our frame. The main task is to define a multifractional white noise as a Hida stochastic distribution,
which generalizes the fractional white noise of, e.g., [15, 6]. For that purpose, we use the properties
of the Gaussian field (BU1) (t))(¢,#r)erx (0,1)- I particular, it is a crucial fact for us that the function

H — (BU)(t)) is almost surely C°°. This entails that multifractional white noise behaves essentially as
fractional white noise, plus a smooth term. We obtain an Ito formula that reads:

f(T,B<h>(T))f(o,0)+/0 %(t,B(h)(t)) dt+/0 gf

T

T 2
w3 [ (GiRc) GEesO0) @

(t, BM(t)) dB™ (1)

dt

where the meaning of the different terms will be explained below.

The remaining of this paper is organized as follows. In section 2, we recall basic facts about white noise
theory. We study a family of operators, noted (M) ;. (0,1)" which are instrumental for constructing the
stochastic integral with respect to mBm in section 3. Section 4 defines the Wiener integral with respect
to mBm. We build up a stochastic integral with respect to mBm in section 5. Various instances of Ito
formula are proved in section 6. Finally, section 7 provides a Tanaka formula, along with the study of
two particular A functions that give notable results. Readers familiar with white noise theory may skip
the next section.

2 White noise theory

We recall in this section the standard set-up for classical white-noise theory. We refer e.g. to [27, 21] for
more details.

2.1 White noise measure
Let Z(R) :={f € C*®(R) : Y(p,q) € N? | |lim |zP (@ (x)| = 0} be the Schwartz space. A family of
x| ——+o0
functions (fy),cy of (Z(R))N is said to converge to 0 as n tends to +oo if for all (p,q) in N2 we have
lim sup |2? Fo ()| = 0. The topology hence given on .7 (R) is called the usual topology. Let .#/(R)

n—+oo zER
denote the space of tempered distributions, which is the dual space of .¥(R). The Fourier transform of
a function f which belongs to L'(R) U L?(R) will be denoted f or F(f):

F)©) = 7€) = /R e f(2)dz, € €R. (2.1)
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Define the probability space as Q :=.% (R) and let F := B(.% (R)) be the o-algebra of Borel sets. The
Bochner-Minlos theorem ensures that there exists a unique probability measure on €2, denoted u, such
that:

/ <> ) = e V2w vr e 2(R), (2.2)
' (R)

where < w, f > is by definition w(f), i.e the action of the distribution w on the function f. For f in
Z(R) the map, noted < ., f >, from Q to R defined by < ., f > (w) =< w, f > is thus a centered
Gaussian random variable with variance equal to || f ||iz ®) under the probability measure p, which is
called the white-noise probability measure. In other words,

E[<. f>]=0, El< . f > = Ifll22@)

for all f in .#(R). Besides, for a measurable function F, from .# (R) to R, the expectation of F with
respect to p is defined, when it exists, by E[F] := E,[F] := [, F(w)u(dw). Equality (2.2) entails that
the map (¢ defined on . (R) by

g : (y(R)a<a>L2(R)) - (L2(Qvfa :LL)7<7>(L2(Q,]-‘,H))
= () =< >

is an isometry. Thus, it extends to L?(R) and we still note ( this extension. For an arbitrary f in L?(R),

we then have < ., f >:= 1ir_1£1 < ., fn > where the convergence takes place in L?(Q, F, u) and where
n—-+0oo

(fn)pen s a sequence of functions which belongs to .#(R) and converges to f in L*(R). In particular,
define for all ¢ in R, the indicator function 1o 4 by

(2.3)

1 if 0<s
11[0,15] (S) = -1 if t<s
0 otherwise,

)

t
0 exceptift=5s=0

NN

Then the process (Et)te]R, defined for ¢ € R, on Q2 by:
Bi(w) == B(t,w) := <w, gy > (2.4)

is a standard Brownian motion with respect to p. It then admits a continuous version which will be
denoted B. Thanks to (2.4) we see that, for all functions f in L?(R),

L(flw)=<w,f>= /Rf(s)st(w) I — a.s. (2.5)

2.2 Properties of Hermite functions and space .'(R)

For every n in N, define

2 d” 2
hp(x) = (=1)"e” d—n(efx ) the n'" Hermite polynomial (2.6)
x
and
en(x) = 7r_1/4(2"n!)71/2e_z2/2hn(:c) the n'" Hermite function (2.7)

We will need the following properties of the Hermite functions:

Theorem 2.1. 1. The family (ex),cy belongs to (Z®R)" and forms an orthonormal basis of L2(R)
endowed with its usual inner product.

2. There exists a real constant C such that, for every k in N, ma§(|ek(x)| < C(k+ 1)71/12. More
fAS]

precisely, there exist positive constants C' and v such that, for every k in N,

Ck+1)"Y2 if |zl <2vVEk+1,

2 2.8
Ce™ ™ if x| >2vEk+ 1. (28)

lex(2)] < {
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See [37] for proofs.
In order to study precisely . (R) and its dual .’/(R) it is desirable to have a family of norms on the
space .’(R) which gives us the usual topology.

Definition 2.1. Let (| |p)p€Z be the family of norm defined by
2 <R 2
Iflo = k+2)" < fex >T2m),  V(p,f) €Zx L*(R). (2.9)
k=0

For p in N, define the spaces .%,(R) := {f € L*(R), |fl, < +oo} and S_p(R) as being the completion
of the space L*(R) with respect to the norm | |_p-

Remark 2.2. For a function f which is not in L?(R), we may still define |f], by allowing |f], to be
infinite.

It is well known (see [27]) that the Schwartz space . (R) is the projective limit of the sequence (.#,(R))

and that the space .#/(R) of tempered distributions is the inductive limit of the sequence (Z,(R)),cy-

This means firstly that both equalities .(R) = ﬂNYp(R) and .7’ (R) = UNXP(R) hold. Secondly that
pE pE

peN

convergence in .#’(R) is nothing but convergence in .7, (R) for every p in N and that convergence in
' (R) is convergence in .Z,(R) for some p in N. Moreover one can show that, for any p in N, the dual
space Z5(R) of .7, (R) is .Zp,(R). This is the reason why we will write Z,(R) in the sequel to denote the
space ., (R). Finally one can show that the usual topology of the space .’(R) and the topology given by

the family of norms (| | p)peN are the same (see [20] appendix A.3 for example). Moreover, convergence

in the inductive limit topology coincides with both convergence in the strong and the weak™ topologies
of /' (R).
In view of definition 2.1, it is convenient to have an operator defined on .7 (R) whose eigenfunctions are

the sequence (ey), oy and eigenvalues are the sequence (2n + 2),en. It is easy to check that the operator

A, defined on Z(R), by )

d 2

verifies these conditions. Moreover A is an isometry from (.7 (R), | |,) to (L*(R),| |,).

It may thus be extended to an operator, still denoted A, from y(R)‘ h_ Z1(R) to L2(R). It is then easy
to show (see [27] p.17-18 for instance) that A is invertible and that its inverse A~! is a bounded operator
on L2(R). Let us note |g|2 := ||g] |2LQ(R) for any g in L?(R). For p in Z, let AP denote the p** iteration of the
operator A, if p belongs to N, and of A~! otherwise. Then Dom(A?) = .%,(R) and Dom(A~?) = L*(R)
where Dom(U) denotes the domain of the operator U and p belongs to N. Moreover, for every ¢ in Z and
every f = Y050 < frex >p2pyer in Dom(A?), the equality A7f = 50 2k +2)T < frey > 12(R)Ck
holds. Hence,

—+oo

IF12=1A9710 =D (2k +2)* < f,ex >T2(m), Vq € 7. (2.11)
k=0

2.3 Space of Hida distributions

From now on we will denote as is customary (L?) the space L%(€, G, ) where G is the o-field generated
by (< ., f>) fer2(r)- Neither Brownian motion nor fractional Brownian motion, whatever the value of H,
are differentiable (see [31] for a proof). However, it occurs that the mapping t +— B (t) is differentiable
from R into a space, noted (S)", called the space of Hida distributions, which contains (L?). In this
section we recall the construction of (S)*.

For every random variable ® of (L?) there exists, according to the Wiener-It6 theorem, a unique sequence
(fn)pen of functions f, in EQ(R") such that ® can be decomposed as

+oo
0= 310 212
n=0
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where L2(R") denotes the set of all symmetric functions f in L2(R"™) and I,,(f) denotes the n'® multiple
Wiener-1t6 integral of f defined by

L.(f) = Rnf(t)dB”(t) :n!/(/ ’ e ) ftr,---  tn)dB(t1))dB(t2) - - - dB(ty)), (2.13)

R J— —o00

with the convention that Io(fo) = fo for constants fo. Moreover we have the isometry E[®?] =

< +oo +oo
Zn! ||fn||2L2(1Rn)- For any ® := Y I,(f,) satisfying the condition > n! |A®"fn|(2) < +o00, define

n=0 n=0

the element I'(A)(®) of (L?) by

where A®™ denotes the n'" tensor power of the operator A defined in (2.10) (see [25] appendix E for
more details about tensor products of operators). The operator I'(4) is densely defined on (L?) and
is called the second quantization operator of A. It shares a lot of properties with the operator A. In
particular it is invertible and its inverse I'(A) ™" is bounded (see [27]). Let us denote ||<p||§ = ||<p||?L2)
for any random variable ¢ in (L?) and, for n in N, let Dom(T'(4)") be the domain of the n*® iteration

of T'(A4). The space of Hida distributions is defined in a way analogous to the one that allowed to define
the space . (R):

Definition 2.2. Define the family of norms (|| [|,) ) pez by:

|, = ||F(A)p¢||o = [[IC(A)P @[ 12), Vp€Z, VP e (L) NDom(I(A)"). (2.15)
For any p in N, let (S,) := {® € (L?) : T(A)P® exists and belongs to (L*)} and define (S—,) as being
the completion of the space (LQ) with respect to the norm || ||_,

As in [27], we let (S) denote the projective limit of the sequence ((Sp)),cy and (S)" the inductive

limit of the sequence ((S-p)),cy- Again this means that we have the equalities (S) = ON(SP) (resp.
pe

(8)" = UN(S_p)) and that convergence in (S) (resp. in (S)") means convergence in (S,)" for every p
pe

in N (resp. convergence in (S_,) for some p in N ). The space (S) is called the space of stochastic test
functions and (S)* the space of Hida distributions. As previously one can show that, for any p in N,
the dual space (S,)" of S, is (S—,). Thus we will write (S_,), in the sequel, to denote the space (S,)".
Note also that (S)" is the dual space of (S). We will note <, > the duality bracket between (S)* and
(S). If @ belongs to (L?) then we have the equality <®,p> =< ®,¢ >12) = E[® ¢|. Furthermore,
as one can check, the family (| f] P)pez is an increasing sequence for every f in .#(R). Thus the family
Nl <. f> ||P)pez is an increasing sequence for every f in . (R).

Remark 2.3. (i) A consequence of the previous subsection is that for every element [ := Zj;i% Anén
in '(R) where (a,),cy belongs to RY there exists po in N such that f belongs to Zp,(R). Moreover

if we define ® := S0 a, < . e, >, then ® belongs to (S—_,,) C (S)" and we have ||<I>||2_p0 = |f|2_p0 =

2
S W < +o00. Conversely, every element ®, written as ® := S0 by, < ., e, > where (by,)
b,
(2n+2)2ro0 < +o0.

In this case the element f := Z bnen belongs to L, (R) and hence is a tempered distribution which

verifies |f|7p0 = ||¢||7p0 = Zn 0 (2n+2)2170'

(7i) Let y(R”) be the space of symmetric Schwartz functions defined on R™. Let p in N* and ® be

an element of (S—,). Then ® can be written ® = S0 I,(F,), where (Fn)pen 18 a sequence in

(fl(R”))N, where fl(R”) is the dual of ﬁR”)

neN
belongs to RY, belongs to (S)" if and only if there exists an integer po such that S

Since we have defined a topology given by a family of norms on the space (S)* it is possible to define a
derivative and an integral in (S)* (see [22] chapter 3 for more details about these notions). Let I be an
interval of R (which may be equal to R).
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Definition 2.3 (stochastic distribution process). A function ® : I — (S)* is called a stochastic
distribution process, or an (S)™process, or a Hida process.

Definition 2.4 (derivative in (S)*). Lettg € I. A stochastic distribution process ® : I — (S)* is said
to be differentiable at to if the quantity }13% =l (®(to +1) — P(to)) exists in (S)". We note L2 (ty)
the (S)™derivative at to of the stochastic distribution process ®. ® is said to be differentiable over I if it

is differentiable at to for every tg in I.

The process @ is said to be continuous, C*,--- CF --. in (S)" if the (S)"-valued function @ is, con-
tinuous, C*,--- ,C*, ... We also say that the stochastic distribution process ® is (S)"-continuous and
so on. It is also possible to define an (S)*-valued integral in the following way ([27, 22]). We first
recall that L!(R,dt) denotes the set of measurable complex-valued functions defined on R such that

||f||L1(]R) = fR [f(t)] dt < +o0.

Theorem-Definition 2.1 (integral in (S)*). Assume that ® : R — (S)* is weakly in L*(R,dt), i.e
assume that for all ¢ in (S), the mapping u —< ®(u), ¢> from R to R belongs to L*(R,dt). Then
there exists an unique element in (S)”, noted [, ®(u)du such that

< / O (u)du, p > = / < D(u),p > du  for all ¢ in (S). (2.16)
R R

We say in this case that ® is (S)"-integrable on R in the Pettis sense. In the sequel, when we do not
specify a name for the integral of an (S)*-integrable process ® on R, we always refer to the integral of
® in Pettis’ sense. See [27] p.245-246 or [22] def. 3.7.1 p.77 for more details.

Recall from (2.5) that Iy(f) = [, f(s) dB(s). For pin N, let I{" : (L*(R),| |_,) — (L), ]| ||_,) be
the map defined by pr)(f) =< ., f>. For fin L?(R) and p in N we have, using [27] p 26, the equality
117 (|, = P @D = 1L AP = 1A (Do = 11,

Hence I 1(p ) is an isometry and we can extend it to .¥_,(R). Since we can do this for every integer p in N,
we may then give a meaning to I;(f) =< ., f > for every tempered distribution f as being the element

1P (f) where f belongs to ., (R).

Remark 2.4. We will also note f]R f(s) dB(s) the quantity < ., f > when f belongs to /' (R). Hence
we give a meaning to the quantity fR f(s) dB(s) for every f in ' (R).

2.4 S-transform and Wick product

For n in .7(R), the Wick exponential of < .,n >, denoted : e<~"> : is defined as the element of (S)
given by : e<> ;4 S kT I, (n®F) (equality in (L2)). More generally, for f € L*(R), we define
. e<+/> : as the (L?) random variable equal to e<-/>~3If[i (see [25] theorem 3.33). We will sometimes
note exp® < ., f > instead of : e<+/> :. This random variable belongs to L?(2, i) for every integer p > 1.
We now recall the definition of the S-transform of an element ® of (S*), noted S(®) or S[®]. S(P) is
defined as the function from .7 (R) to R given by

Vne S (R), S(@)(n):= <P;:e<1” > . (2.17)

Note that S® () is nothing but E[® : e<-7> :] = ¢~3l6 E[® ¢<7>] when ® belongs to (L2). Following
[5], formula (6) and (7), define for n in ./(R) the probability measure Q, on the space (2, F) by its

Radon-Nikodym derivative given by dd(% def, e<m>.. The probability measures @, and p are equivalent.
Then, by definition,
Vo e (L?),  S(D)() = Eg, [0]. (2.18)

Lemma 2.5. 1. Let p be a positive integer and ® be an element of (S—p). Then

S(@) ()| < |@]]_, e2V"e, for anyn in 7 (R). (2.19)
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2. Let & := ;:5 ap < .,ex > belong to (S)". The following equality holds for every n in .7 (R):

—+oo

S(®)(n) = Zak< 1, €k > 12(R)- (2.20)
k=0
Proof. Item 1 is proved in [27] p.79. Item 2 is an easy calculation left to the reader. O

Another useful tool in white noise analysis is the Wick product:

Theorem-Definition 2.2 ([27] p.92). For every (®,V) € (S)" x (S)", there exists a unique element of
(S)*, called the Wick product of ® and ¥ and noted ® o W, such that, for every n in . (R),

S(®oW)(n) = S(®)(n) S(¥)(n). (2.21)
Lemma 2.6. For any (p,q) € N>, X € (S§_,) and Y € (S_,),

S(X oY) < [IX[|, [[Y]]_g elmoxtriar, (2.22)
Proof. The proof is easy since, for every 7 in .¥(R), using lemma 2.5,
(X o Y)(n)| = [SX) ()] 1SO) )] < IIX]I_,, X1 |[Y]|_, 3 < |||, [[Y]]_, elMmaxtoiar. O
k times

% —
For any ® in (S)* and k in N* let ®°* denote the element ® o ---o ® of (S)*. We can generalize the
definition of exp® to the case where ® belongs to (S)*:

Definition 2.5. For any ® in (S)* such that the sum ;20 %!k converges in (S)*, define the element
exp® ® of (S)" by exp® ® := ZZ:(DJ qj:!k .

For f in L?(R) and ® :=< ., f >, it is easy to verify that exp®® given by definition 2.5 exists and
coincide with : e<+/> : defined at the beginning of this section.

Remark 2.7. If ® is deterministic then, for all ¥ in (S)*, ® o ¥ = ®W. Moreover, let (Xt)er e a

(T2
Gaussian process and let H be the subspace of (L?) defined by H = vectg{X;;t € R}\L ). If X and' Y
are two elements of H then X oY = XY — E[XY].

We refer to [25] chapters 3 and 16 for more details about Wick product. The following results on the
S-transform will be used in the sequel. See [27] p.39 and [21] p.280-281 for proofs.

Lemma 2.8. The S-transform verifies the following properties:
(i) The map S : ® — S(®), from (S)" to (S)", is injective.
(ii) Let ® : R — (S)" be an (S)* process. If ® is (S)"-integrable over R then
S(/]R O (u) du)(n) = /RS(Q)(U))(n) du , for all n in 7 (R).

(iii) Let ® : R — (S)" be an (S)"-process differentiable at t. Then, for every n in /(R) the map
u s [S®(u)](n) is differentiable at t and verifies S|4 (t)](n) = 4 [S[®(t)](n)]-

It is useful to have a criterion for integrability in (S)" in term of the S-transform. This is the topic of
the next theorem (theorem 13.5 in [27]).

Theorem 2.9. Let ® : R — (S)" be a stochastic distribution process satisfying:
(i) The map t — S[®(t)](n), from R to R, is measurable for all n in 7 (R).

(ii) There is a natural integer p, a real a and a function L in L*(R,dt) such that for all n in & (R),
[S(@ () ()] < L() "1

Then ® is (S)"-integrable over R.
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Lastly, when the stochastic distribution process is an (L?)-valued process, the following result holds (see
[5]):

Theorem 2.10. Let X : R — (L?) be such that the function t — S(X;)(n) is measurable for all n in
S (R) and that t — || Xy, is in L' (R, dt). Then X is (S)"-integrable over R and

‘/ X, dt g/ 11X, dt.
R 0 R

3 The operators My and their derivatives

3.1 Study of My

Let us fix some notations. We will still note @ or F(u) the Fourier transform of a tempered distribution
u and we let L} (R) denote the set of measurable functions which are locally integrable on R. We also
identify, here and in the sequel, any function f of L}, (R) with its associated distribution, also noted T%.
We will say that a tempered distribution v is of function type if there exists a locally integrable function
f such that v = T (in particular, < v, ¢ >= [, f(t) ¢(t) dt for ¢ in S (R)).

Let H € (0,1). Following [15], we want to define an operator, denoted My, which is specified in the
Fourier domain by

Ma(a)(y) = Y2 /g

CH

Y), y € R*. (3.1)
This operator is well defined on the homogeneous Sobolev space of order 1/2 — H, L% (R):

Ly(R) :={ue " ([R) : u=Ty; f€ Lj,(R) and |[ul|;; < +oo}, (3.2)

where |[ul|*}, = + L ' 2@ (€)Pde derives from the inner product on L2 (R), defined by:
H

U Sy = %H /R €2 ()T @) de, (3.3)

and ¢y has been defined right after formula (1.4) (the normalization constant c—ﬁ; will be explained in
remark 3.5). It is well known - see [8] p.13 for example - that (L% (R), <,>) is a Hilbert space. The
nature of the spaces L% (R) when H spans (0,1) is described in the following lemma, the proof of which
can be found in [8] p15, theorem 1.4.1 and corollary 1.4.1.

Lemma 3.1. If H is in (0,1/2], the space L3 (R) is continuously embedded in LY/ (R). When H is in
[1/2,1), the space LY (R) is continuously embedded in L% (R).

Since My (u) belongs to L?(R) for every u in L3, (R), My is well defined as its inverse Fourier transform,
i.e.:

o —

1
My (u)(z) == 2—}“(MH (u))(—x), for almost every = in R. (3.4)
™
The following proposition is obvious in view of the definition of Mpy:
Proposition 3.2. My is an isometry from (L} (R), <,>g) to (L*(R), <,>r2g))-

Let £(R) denote the space of simple functions on R, which is the set of all finite linear combinations of
functions 1, 4)(.) with a and b in R. It is easy to check that both . (R) and £(R) are subsets of L (R).
It will be useful in the sequel to have an explicit expression for My (f) when f is in .7 (R) or in E(R).
To compute this value, one may use the formulas for the Fourier transform of the distributions | |*, a in
(—1,1), given for instance in [9] (chapter 1, § 3). This yields, for almost every = in R,

s b—x a—x
MH(]l[a,b])(z) = 2cHF(H+1/2)c20s(§(H71/2)) [b—z?/2 7~ Ja—a?/2H | (3.5)

By the same method, for f in Z(R) one gets, for almost every real z:

10
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for0 < H <1/2 My / K xmf/g fa=t) = @), (3.6)
for H=1/2 My (f)(z) = (3.7)
for1/2 < H < 1 My(f)(z) = H/R%dt (3.8)

1
po T'(2H+1)sin(mrH) .
where Yy = 5173} SOS(%(H71/2)) = 2F((H T3 cos(E (T )1/2)). When f belongs to .(R), equality

(A.1) of [15] yields (up to a constant), for almost every x in R,

My (f)(z) = QH% [/R(t — )|t — x|H*3/2f(t>dt} (3.9)
—VH —21

where QH = 12 = 2enT(H + 1/2) cos(Z(H = 12))" (3.10)

In order to extend the Wiener integral with respect to fBm to an integral with respect to mBm (in
section 4.2) we will need the following equality:

———<,>p

Proposition 3.3. £(R) = L% (R).

This is a straightforward consequence of the following lemma:

Lemma 3.4. Let 0 : R — C be a measurable function, continuous on R*, such that |J|2 is locally
integrable at 0 and that © — @ ’ is locally integrable at +occo. Define L2(R) := {u € /'(R) : U =
Ty f € LZOC(R) such that ||ul], < 400} where < u,v >, = [, lo(€)” w(€) D (€) dE. If E(R) C L2(R),
define E(R) 70 as the completion of E(R) for the norm || ||,. Then, the space (LZ(R),<,>,) is a
Hilbert space which also verifies m<’>" = L2(R).

Proof. The fact that (L2(R),<,>,) is a Hilbert space is obvious. One needs only to show that the
orthogonal space of £(R) for the norm || ||, is equal to {Og(r)}. Let uin LZ(R) be such that < u,v >, = 0

for all v in £(R). In particular, for all £ in R, [, lo(€)]” w(€) 1 (0,1 (5) d¢ = 0. For all ¢ in .7(R),

[ v [l a© Tog©a)at—o,

where 1) denotes the derivative of 1. Thanks to the assumptions on |a| and x —

U(z) , Fubini theorem

applies. Moreover, an integration by parts yields

AE%Ea@(Aw@aa%ﬁﬁé‘/b@fﬁﬂﬁgﬁ.

Thus < |o|*@, 4 >= 0 for all ¢ in & (R). Since & — |o(€)]°0(€) belongs to Ll .(R), it is easy to deduce
that v is equal to 0. (|

Remark 3.5. 1. Because the space . (R) is dense in L3 (R) for the norm || ||, (see [8] p.13), it is
also possible to define the operator My on the space . (R) and extend it, by isometry, to all elements
of L% (R). This is the approach of [15] and [6] (with a different normalization constant). This clearly
yields the same operator as the one defined by (3.1). However this approach does not lend itself to an
extension to the case where the constant H is replaced by a function h, which is what we need for mBm.
2. For the same reasons as in 1. it is possible to define the operator My on the space E(R) and extend
it, by isometry, to all elements of L% (R). Again, this extension coincide with (3.1). We will use this
idea 1n section 4.2.

11
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In view of (3.3), we find that

1 (e —1)(e7 ¢ — 1)
< Lo, Lpo,5) >H= z ) MEas d¢ = Ry (t, s). (3.11)

As in the case of standard Brownian motion, one deduces that the process (B(*) (t));er> defined for all
(t,w) in R x Q by:

B (1)(w) := B (t,w) := < w, M (L) >, (3.12)

is a Gaussian process which admits, as the next computation shows, a continuous version noted B(*?) :=
(B (H) (t));cr- Indeed, under the probability measure p, the process B (H) is a fractional Brownian motion
since we have, using (3.11) and proposition 3.2,

=< Mu(Ly.4), Ma(Lj,5) >r2(r)
= <lpnLps >y = Rult;s). (3.13)

Remark 3.6. The reason of the presence of the constant \4—2:” in formula (3.1) is now clear since this
constant ensures that, for all H in (0,1), the process BW) defined by (3.12) is a normalized fBm.

Because our operator My is defined on a distribution space, we can not apply the considerations of [15]
p-323ff about the links between the operator My and Riesz potential operator. However it is crucial for
our purpose that My is bijective from L%, (R) into L?(R):

Theorem 3.7 (properties of My). 1. For all H in (0,1), the operator My is bijective from L3 (R)
into L*(R).

2. For all H in (0,1) and (f,g) in (L2(R) N L3 (R))”

)

< fa MH(g) >L2(]R) =< MH(f)ag >L2(R)' (314)

Moreover (3.14) remains true when f belongs to Li,.(R) N L3, (R) and g belongs to ./ (R) (in

this case (3.14) reads < f, Mu(g) >= < Mu(f),g >p2(r), where <,> denotes the duality bracket
between 7' (R) and Z(R)).

3. There exists a constant D such that, for every couple (H, k) in (0,1) x N*,
D 2/3
max |Mp(er) (@) < 22 (+1)77,

Proof. 1. Since My is an isometry, we just have to establish the surjectivity of My, for all H in (0, 1).
The case H = 1/2 being obvious, let us fix H in (0,1)\{1/2}, g in L?(R) and define the complex-valued

function wy, on R by w?, (&) = ;—g7|§|H—1/ %§(€) if € belongs to R* and w?, (0) := 0. Define the tempered

distribution v¥; by v¥; := s=w$;, where for all tempered distribution T', by definition, < T, f >:=< T, f >

— 27
for all functions f in .#(R) and where f(x) = f(—x) for all z. We shall prove that v¥, belongs to L% (R)
and that My (vY;) = g. Note first that for all u in .'(R), @ = 2mii. Tt is clear that vY, = wy; and that

v9, belongs to Li. (R). Moreover, thanks to formula (3.3), we see that

2 COH T a2 -
vl = 53,2/R|£|1 e A(3] dfz%élg(é)IQdéz 91172 gy < +00-

This shows that v¥; belongs to L% (R). We can then compute My (vY;) and obtain, for almost every ¢ in
R

?

My (of)(€) = Y22 |¢[/> 108 (€) = Y2Z ]~ wg (€) = 5(6).

12
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The previous equality shows that My (v%) is equal to g in L*(R) and then establish the surjectivity of
Mp.

2. See equality (3.12) of [6]. The case where f belongs to L}, .(R) N L% (R) is obvious, in view of (3.14),
using the density of .#(R) in L% (R).

3. is shown in lemma 4.1 of [15]. O

Of course if we just consider functions in L% (R) instead of all elements of L% (R), the map My is not
bijective any more.

oM
3.2 Study of <1

oM
We now study the operator <5

in section 5.
Heuristically, we wish to differentiate with respect to H the expression in definition (3.1), i.e. differentiate

. It will prove instrumental in defining the integral with respect to mBm

the map H — m( ) on (0,1) for (u,y) in L%(R) x R*, assuming this is possible. By doing so, we

define a new operator, denoted g—}{, from a certain subset of L% (R) to L*(R). Of course, in order to

compute the derivative at Hy of H — My (u)(y), we need to consider a neighbourhood Vi, of Hp in (0,1)

and thus consider only elements u which belong to (] L% (R). However, as will become apparent, the
HeVh,

formula giving the derivative makes sense without this restriction.

In order to define in a rigorous manner the operator 65”;” , we shall proceed in a way analogous to the

one that allowed to define My in the previous subsection. It will be shown in remark 3.9 that this

construction effectively defines the derivative, in a certain sense, of the operator My .

We will note ¢, the derivative of the analytic map H — ¢z where ¢z has been defined in (1.4) and set

’

By = i—g Let H belong to (0,1). Define:

Ta(R) ={ue .S (R) : ©=Ts; f€Lj(R) and [[u];, g < +00}, (3.15)
where the norm || [|5,, ) derives from the inner product on I'y; (R) defined by
1 C2H o~y =
<wvsg, = o [ Gumle)? 7O T de (3.16)
" JR

By slightly adapting lemma 3.4, it is easy to check that (I'm(R), <,>;, &)) is a Hilbert space which
verifies the equality 'y (R) = y(R)<7>6H = 5(R)<’>6H. Note furthermore that, for every H in (0, 1),
the inclusion T'y (R) C L% (R) holds. We may now define the operator 6(%,” from (I'y (R), <, >5, ®)) to
(L*(R), <, >2(r)), in the Fourier domain, by:

%(u)(y) = —(Bu +Inly|) \ﬁ—Q_HW |y|1/2_H u(y), for every yin R*. (3.17)
In particular, one can check that, for f in .7 (R), %(f)(y) = %MH(f)(y) for almost every real .

—

Since B%H (u) belongs to L?(R) for every u in I'g (R), 6(%,” is well defined and given by its inverse Fourier

transform from (Tg (R), <,>5, &) to (L*(R), <, >r2(g)):

1
%(u)(z) = %]:(a]\g—l;[("))(fz), for almost every x in R.
oMy

As in the previous subsection it will be useful to compute % (f) for f in #(R). We summarize, in
following proposition, the main properties of 6MH .

Proposition 3.8. ag;” is an isometry from (L (R), <,>5,®)) to (L*(R), <,>p2)) which verifies:

Vf € Tu(R), llyy = 128 (Dll oy (319)
v(fa g) € (FH(R) n L2(R))2a < ngjfl (f)ag >L2(]R) =< fa BMH( ) >L2(]R)’ (319)
Vi € L(R)UER), and for a.e. x €R, %(f)(z) = [ Mu(f)()]. (3.20)

13
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Proof. Equality (3.18) results immediately from the definition of % and from (3.17). For any couple
of functions (f,g) in (Ug(R) N L2(R))?,

< 661)\/][{}1 (f))g >L2(]R) = < aé\?—]H (f) g >L2(]R)

“Lg (Br+ nlyl) 2= 1y~ F(w)alu)dy
= <f7%( )>L2(R)7<f’ BMH(g) >L2(]R)'
It just remains to prove (3.20). Since we will not use (3.20) in the sequel for f in E(R), we will just

establish it here on .(R). Let f be in .(R) and H in (0,1). Formulas (3.6), (3.7) and (3.8) can be

summarized by
_ —(3/2—H)
My (f)(x) =~y < |y ,flx+y) > for almost every real x,

where we have written, by abuse of notation, |y|_(3/2_H) for the tempered distribution y |y|_(3/2_H)
and f(z + y) for the map y — f(x +y). Using theorem 5.17 which is given in subsection 5.5 below, we
may write

o
OH
Furthermore, for almost every real x, we may write:

B (1) (@) = o T (1)) = o Fy = —(Br + In ) C' (0720 ) (o)

My () @) =7 <ly" > fa+y) > +ym <y Py, fa+y) >.  (3.21)

= —BuMu(f)(z) -

— =Py = ol ) ().

Define, for every real z, I(—x) := F(y — |y|(1/27H) ln|y|f( ))(—x) and, for every H in (0,1), vy =
2 F’(3/2 H)sin(5(1/2—H))+7I'(3/2— H)cos(5(1/2— H). Using [9] (p.173 — 174) we get, after some

computations,

I(=) = (—eaV2m)ym < [y "2 nly|, fz+y) > —vi < [y 2 fla+y) >

We finally have, for almost every real x,

/
OMpy ) = —VH ¢y + VH
B (1)) = (L
which is nothing but (3.21) since % + cHV\P/IE = . O
Remark 3.9. For all positive real v and real H in (0,1) let X, (R) be the space defined by

EHJ«(R) = FH(R) ﬂ (

) < Jylm 2 faty) > 4w <yl Dy, fla+y) >

L2, (R)) Land ¥y (R) == U Y r(R). It is possible to

H'€[H—r,H+7] re(0,min(H,1-H))

show that, for all f in Xy (R), %(f)() (resp. %(f)() ) is the derivative, in the L?(R)-sense, of

Mpu(f) (resp. of Mu(f) ). Note moreover that the inclusion E(R)U . (R) C () Xa,-(R) holds.
reRy

4 Wiener integral with respect to mBm on R

4.1 Wiener integral with respect to fBm

Similarly to what is performed in [15] and [6] (in these works this is done only for functions of L% (R)),
it is now easy to define a Wiener integral with respect to fractional Brownian motion. Indeed, for any

INote that we have the equality N L2 (R) = L2(R) N LE(R) for every [a,b] C (0,1).
Hea,b]

14
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element g in L% (R), define 7% (g) as the random variable < ., My(g) >. In other words, for all couples
(w,9) in @x L% (R):

T (g)(w) =< w, Myr(g) >= / Mir(g)(s) dB(s) (w), (4.1)

where the Brownian motion B has been defined just below formula (2.5). We call the random variable
JH(g) the Wiener integral of g with respect to fBm. Once again, when g is a tempered distribution
which is not a function, g(s) does not have a meaning for a fixed real s and J (g) is just a notation for
the centered Gaussian random variable < ., My (g) >.

Remark 4.1. Note that, for H in (0,1), we are able to give a meaning to JH(g) only for elements g
which belong to L} (R) and not anymore for all elements g in '(R) as was the case for [, g(s)dB(s)
(see remark 2.4).

4.2 Wiener integral with respect to mBm

We now consider a fractional Brownian field A := (A(t, H))(t H)eRx(0,1)’ defined, for all (¢, H) in Rx (0, 1)

and all w in Q, by A(t,H)(w) := B (t,w) := <w,Mpg(1gy) >. We wish to generalize the previous
construction of the Wiener integral with respect to fBm to the case of mBm. This amounts to replacing
the constant H by a continuous deterministic function h, ranging in (0, 1). More precisely, let R, denote
the covariance function of a normalized mBm with function h (see definition 1.5). Define the bilinear form
<, >, on E(R) x E(R) by < g4, Lgq >, =Ry (t,s). Our construction of the integral of deterministic
elements with respect to mBm requires that <, >, be an inner product:

Proposition 4.2. <, >, is an inner product for every function h.
Proof. See appendix B. O

Define the linear map Mj, by:

My, - (E(R)7<7>h) - (L2(R)7<7>L2(R))
Lo, = Miu(Lp.) = Muw) (o) 7= Ma (L)l gy

Define the process E(h)(t) = <., My(lp,y) >, t € R. As Kolmogorov’s criterion and the proof of
following lemma show, this process admits a continuous version which will be noted B . A word on
notation: we write B() both for an fBm and an mBm. This should not cause any confusion since an
fBm is just an mBm with constant A function. It will be clear from the context in the following whether
the "h” is constant or not. Note that:

a.s., vt e R, BM(t) = B (1) (4.2)

[H=h(t)
In view of point 2. in remark 3.5 we may state the following lemma.
Lemma 4.3. (i) The process B") is a normalized mBm.

(i) The map My is an isometry from (E(R), <,>;) to (L*(R), <,>r2(x))-

Proof. The process B is clearly a centered Gaussian process. Moreover, for all (s,t) in R?,

E[B(h)(t)B(h)(S)] = E[< -aMh(]l[O,t]) >< -aMh(]l[O,s]) >] =< Mh(]l[o,t]);Mh(]l[O,s]) >L2(]R)
1 o (1—€)(1 — e %)
= 5 < Moy (Lio,)s M) (Ljo,s]) > pam) = ch(t)ch(s)/R e dg

2

Ches 1, 0n 2h 2%
— (g7 be |t — YY) = Rp(t,s) = < Loy, Lig.g >, - O
enChe) 2 (|2l + 5] |t — s ) n(t,s) [(0,¢)s Lo,s] >,

—<> . . .
By isometry, it is possible to extend Mj, to the space E(R) " and we shall still note Mj, this extension.

Define the isometry J" := ( o M}, on 5(R)<’>h, i.e:

15
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T ER) <) B (LAR), < > pem) o (B2, <> 0)
—>

]l[O,t] — Mh(]l[o,t]) < -;Mh(]l[o,t]) > .
We can now define the Wiener integral with respect to mBm in the natural following way:

Definition 4.1. Let B be a normalized multifractional Brownian motion. We call Wiener integral

on R of an element u in 5(R)<>h with respect to B, the element J"(u) of (L?) defined thanks to the
isometry J" given just above.

Remark 4.4. It follows from definition 4.1 that the Wiener integral of a finite linear combination of
Junctions Lo 4 is T"(3 et arlio,]) = Sohes akBt(:). Moreover, for any element u in 5(R)<>h (which

may be a tempered distribution), the Wiener integral of u with respect to mBm, still denoted J"(u), is

given by J"(u) def nEIJIrloo T"(un), for any sequence of functions (Un) ey in E(R)N which converges to u

in the norm || ||, and where the convergence of J"(uy) holds in (L?).

Since we now have a construction of the Wiener integral with respect to mBm, it is natural to ask which

functions admit such an integral. In particular, we do not know so far whether . (R) C & (R)<>h. The

<>
next section contains more information about the space E(R) .

5 Stochastic integral with respect to mBm

5.1 Fractional White Noise

The following theorem will allow us to give a concrete example of a derivative of an (S)"-process.

Theorem 5.1. 1. For any real H in (0,1), the map My (1 1) : R — .7"(R) defined by My (1 1)(t) :=
Mg (10,4)) is differentiable over R and its derivative, noted %[MH(]I[W])], is equal to
SN2 My (er)(t) ex, where the convergence is in 7' (R).

2. For any interval I of R and any differentiable map F : I — #'(R), the element < .,F(t) > is a
differentiable stochastic distribution process which satisfies the equality

4 < JF(t) >=<.,LF(t) >.

Proof. The proof of point 1 is a mere re-writing of the one of lemma 2.15 of [4] by replacing M by
the operator Mpy. Point 2 is theorem 2.17 of [4]. O

Let H € (0,1). The process (B (t)), .y defined in (3.12) is an fBm, and My (1o ) belongs to L*(R)
for every real t. Hence, using equality (3.14), we may write, for every real ¢ and almost surely:

+oo
B(H)(t) = < 'aMH(]l[O,t]) > = < "Z< MH(]]‘[O,t])vek >L2(]R) g >
k=0
400 400 t
= Z< ]1[07,5],MH(€]€) >L2(R) <. ep> = Z </ MH(ek)(u)du) < .ep>. (51)
k=0 k=0 \0

(5.1) and the previous theorem lead to the definition of fractional white noise [15, 6]:

Example 5.2 (Fractional white noise ). Let:
+oo

WD) :=>" Mu(er)(t) <. e > (5.2)
k=0

Then (W) (t)ser is a (S)"-process and is the (S)"-derivative of the process (B (1) ter-
The proof of this fact is simple: for any integer p > 2, using remark 2.3, the mean value theorem and
the dominated convergence theorem,

16



inria-00580196, version 1 - 27 Mar 2011

A P 2

T

too 1 t+r
Z <_ My (er)(u) du — MH(ek)(t)) <. ep>

P — o\ By
too t+r 2
- Z (%/ My (er)(u) du —MH(ek)(t)> ek
k=0 ¢ .
I 1 [ttr 2
= Z (2k + 2)*220 <;/ (Mg (er)(u) — My (eg)(t)) du) - 0. (5.3)
k=0 t

Remark 5.3. In particular we see that for all (t, H) in R x (0,1), WU (t) belongs to (S_,) as soon as
p=2.

Remark 5.4. There are several constructions of fBm. In particular, operators different from My may
be considered. [4] uses an operator denoted Mf on the grounds that fBm as defined here is not adapted
to the filtration generated by the driving Brownian motion as soon as H # 1/2. While this is indeed a
drawback, the crucial property for our purpose is that the same probability space (' (R), G, ) is used for
all parameters H in (0,1). This allows to consider simultaneously several fractional Brownian motions
with H taking any value in (0, 1), which is necessary when one deals with mBm. We choose here to work
with My rather than with Mf and M of [4] as its use is simpler. Mf and ME would nevertheless
allow for a more general approach encompassing the whole family of mBm at once. This topic will be
treated in a forthcoming paper.

5.2 Multifractional White Noise

The main idea for defining a stochastic integral with respect to mBm is similar to the one used for fBm.
We will relate the process B(") to Brownian motion via the family of operators (MH)(He(o,l))- This
will allow to define a multifractional white noise, analogous to the fractional white noise of example 5.2.
From a heuristic point of view, multifractional white noise is obtained by differentiating with respect to
t the fractional Brownian field A(¢, H) (defined at the beginning of section 4.2) along a curve (t, h(t)).
Assuming that we may differentiate in the sense of (S)" (this will be justified below), the differential of
A reads:

OA OA dBH) OA
dA(t,H) = E(t, H) dt + a—H(t, H) dH = = (t) dt + a—H(t, H) dH
O\
— Ww(H) ‘g
WD (t)dt + = (t H) dH, (5.4)

where the equality will be shown to hold in (S)*. With a differentiable function h in place of H, this
formally yields

OA
_ h(t
dA(t, h(t)) = (WO (¢) + 1 (1) a—H(t,H)]H:h(t)) dt. (5.5)
In view of the definition of the stochastic integral with respect to fBm given in [15], [24] and [5], it then

seems natural to set the following definition for the stochastic integral with respect to mBm of a Hida
process X : R — (8)™:

4X@MW@:4X@M@MW
oA

= /RX(S) o (WD (s) + h'(s)a—H(s, H)|=n(s))ds. (5.6)

We shall then say that the process X is integrable with respect to mBm if the right hand side of (5.6)
exists in (§)". Remark that when the function h is constant we recover of course the integral with respect
to fBm.
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In order to make the above ideas rigorous, we start by writing the chaos expansion of B("). Since My (9)
belongs to L?(R) for all (g, H) in . (R) x (0, 1), we may define, for all H in (0,1), My : &' (R) — %" (R),
by

< Mp(w),g> = <w,Mg(g9) >, forp—ae w in Q=9(R). (5.7)
Moreover, in view of remark 3.5, we may extend (5.7) to the case where g belongs to L% (R) by writing,

for all g in L% (R) and almost every w in Q,

< Mpg(w),g>= lim < My(w),g,> = lim <w,My(g,) > = <w,Mg(g) >, (5.8)

n—-+oo n—-+oo

for every sequence (gy),,cy of functions of .#’(R) which converges to g in the norm [[ [|;2 (). For all real
H
t and integer k in N, define the element of L, (R):

t
dy) = My (en). (5.9)
It is clear that, for all ¢ in R, the family of functions (dgct))keN forms an orthonormal basis of Li(t)(R).

Let us now write the chaos decomposition of mBm. For almost every w and every real ¢t we get, using
(3.14) and (5.8),

BM (t)(w) =< w, My, (1, t]) >=< w, My)(Lpoy) >=< My (w), Lo, >

+oo
=< Mh(t) Z< 11[015 d( >L2 (R)d(t) >=< Mh(t) Z< Mh(t)(ll[O t]) €k > L2(R )dg) >
k=0 k=0
400 .
= Z < Mh(t)(]l[o,t])aek >L2(]R) < Mh(t)(w),dé) >
k=0
400 )
= Z < My (Ljo,1))s €6 > 1oy < w, My (dY) >
k=0
We get finally:
+oo
a.s, vVt € R, B(h) (/ Mh(t ek > L€ > (510)

We would then like to define multifractional white noise as the (§*)-derivative of B, which would be
formally defined by:

+oo
W(h)(t) = Z dﬁ / Mh(t) ek)( )dS)} < ., e >, (511)

assuming h is differentiable. The following theorem states that, for all real ¢, the right hand side of (5.11)
does indeed belong to (S)* and is exactly the (S)*-derivative of B(") at t.

Theorem-Definition 5.1. Let h : R — (0,1) be a C' function such that the derivative function h' is
bounded. The process W) := (WM (t)), g defined by formula (5.11) is an (S)*-process which verifies
the following equality in (S)™:

+oo t
wh( ZMh(t er)( ek > +h(t) Z (/O ngl (ex)( s)’H:h(t)ds) <. el >. (5.12)
k=0

Moreover the process B is (S)*-differentiable on R and verifies in (S)

dB™
dt

In order to prove this theorem, we will need two lemmas.

t)=wh) = %[A(t, h(t))]. (5.13)
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¢
Lemma 5.5. For H in (0,1) and f in . (R), define g5 : Rx (0,1) = R by g¢(t, H) := / My (f)(z)dz.
0
Then
(i) The function g¢ belongs to C>(R x (0,1),R),

+oo
(ii)) Ve € R, My (f)(z) = aH/ uH 2 (f (2 +u) — f/(x — w)) du.

0

where apr has been defined by (3.10).
In particular, the function (x, H) — My (f)(z) is differentiable on R x (0,1).

(iii) Assume that h: R — (0,1) is differentiable. Then, for any real to

Gt BNy, = M (F)(00) + 1) [ B ()0 (5.14)

Proof. (i) Define uy on R x (0,1) by pus(t, H) i= [ (u—t)lu — t{"*? f(u) du, for f in #(R).
Using (3.9) we get, for all (¢, H) in R x (0, 1), the equality

95(t, H) = amlpg(t, H) — pp (0, H)J. (5.15)

A change of variables yields

pup(z, H) :-/z |t—x|H1/2f(t)dt+/+oo It — |2 (1) dt

oo
/0 W2 (f(o ) — f(z —u) du. (5.16)

Thanks to (5.15) and to the fact that the map y — «y is C* on (0, 1), it is sufficient to show that
the function py belongs to C*°(R x (0,1)). In view of applying the theorem of differentiation under the
integral sign, define j(z, H,u) := u =Y2(f(x+u) — f(x —u)) for u in R*.. Let n in N and (a1, as) in N
such that a1 + a2 = n. For almost every u in R, (z, H) + j(x, H,u) is C™ on R x (0, 1) with partial
derivatives given by
o"j

Ox*10H 2
Fix (x0, Ho) in R x (0,1). Let us show that ps is C™ in a neighbourhood of (xq, Hp). Choose (a, b) such
that a < g < b and H;y, Hy such that 0 < H; < H < Hy < 1. We have

(o, H,u) = (Inu) a2 (00 (@ 4 u) — £ (2 —u)).

a"j Hy—1/2 @
(2, How)| < o)™ T ] Ly, sup [ £ (z £ )
g e H < Wl Lpcucry s I k)

+ [ul| Inul ™[ f) (@ + w)| Tagpuy, (5:17)
where (@) (x4 u) := f@)(x + u) — f@)(x —u). A Taylor expansion shows that there exists a real

D such that, for all (u,z) in R x (a,b), |u* |f©®)(u+z)| < D. As a consequence, there exists a real
constant C' such that, for almost every u in R* and every (x,H) in [a,b] x [Hy, Hs],

g Hi—1/2 [ @2
| gregires (@, How)| < C [lul™ 2 ) Lgocuery + [ nul™ s L] (5.18)

Since the right hand side of the previous inequality belongs to L!(R), the theorem of differentiation
under the integral sign can be applied to conclude that the function py is of class C™ in [a, b] x [Hy, Hs],
for all integer n and all f in ./(R). This entails (7).

(ii) (5.15) and (5.16) yield

P +00
Mu(£)(@) = s g (e, 1) QH/O W ) — e — u))d, (5.19)

which establishes (i7) and the fact that (z, H) — Mg (f)(x) belongs to C*(R x (0,1)).
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(iii) For a differentiable function h, we have, for every real tg,

d _ 99y
t,h(t
alor &y, = 5

(5.15), (5.19) and (3.20) show that, for every f in . (R),

(t0,h(t0)) + (1) 22 (1, h(to)).

S = [ () o = [ () de
and finally:

d to
s (RO, = Maey (lt0) + (00 [ B0y

Lemma 5.6. The following inequalities hold:

(i) V]a,b] C (0,1),3peR: VkeN,  sup )%(ek)(u)‘ <pk+1)% In(k+1).
(H,u)€[a,b]xR

(ii) Vt € R, Vr € R%, IDy(r) €ER, Vk € N : [tsupt ] | [ge, (u, h(u))]] < Dy(r) (k + 1)2/3.
u€|t—r,t+r

—

Proof. (i) Since . (R) is a subset of FH( ), (3.17) entails that BMH (ex) belongs to L'(R) N L%(R) for

every k in N. Furthermore & (y) = (—i)" ' v/2mex(y) for every mteger k in N* and for almost every real
y (see lemma 1.1.3 p.5 of [37]). Thus, for every H € [a,b] and almost every u € R,

Oarten) (u) = L PMaen) (—y) = — L /Rei“y(ﬂH +nfyl) 2 [y[V2 T G (y) dy
= ju / " My (er)(y) dy — L / |y (i fy)) (=) en(y) dy
R R

= —Bu Mp(ex)(u) + %Aeiu”ylm_}](m [y1) ex(y) dy- (5.20)

=:Vi (u)

Then, using (2.8), we see that there exists a family of real constants denoted (p;);;<;, such that we
have, for every couple (H, k) in [a,b] x N and almost every real u,

—H —H
Vi@ <1 [y covmr 012 I fylllex@)ldy + [, mrr w12 (M fy))lex(y)ldy]
2vVk+1 o H “+oo o H R
<pz[+ / [Iny| y"*Hdy) + / y' 2 (Iny)e "V dy } 5.21
(k+1)1/12( 0 ) ( o V/ETT ) ( )
:I£k+1) ::IZ(k+1)

An integration by parts yields

I = ps((pa + Ink)(1 + k¥4 H/2)) < pg K34 H2 1 k. (5.22)

) ) _ (k) 1/2-H g (1/2—H)
Using the Change of variables u = y,/7, we get I’ < pg f2 \/E| ul (Inw)e ™ du = pg J = where

Jéa) = 6 *u/*Inue ~u’qu. When § > 3e, an integration by parts shows that Ja(a) 59 1e=" In§
for 0 < o < 1/2, and that tha) <0« f;oo ~* Inu du for —1/2 < o < 0. Hence we get

_ E=V/AH 2 In g f H<1/2
Ja/2=) { nk for 0<H<1/ (5.23)

2¢/ky kl/A—H/2 for 1/2<H <1
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and we finally obtain
(k) Ink
17 < ps LH/2-1/4"

Using (5.20) to (5.24), item 3 of theorem 3.7 and the fact that both functions H — Sy and H — é are
continuous on [a, b] we get, for every k in N,

(5.24)

sup |2 (ep) (u)| < po (k+ 1)+ pro sup [((k+ D77 4 (k+ )Yk + 1)

(H,U)E[a,b]XR He[a,b]
<pir (k+1)*2In(k +1). (5.25)
(73) Let t € R and r > 0 be fixed and define [a,b] := [ inf  h(u), sup h(u)]. Using (5.14) we
u€ft—r,t4r] we[t—r,t+r]

have, for every k in N,

sup [ ge, (u. h(w))]] < sup  [Mip(ex)(u)l

wE[t—r,t+r) (H,u)€la,b] xR
([t ) sup  |W(u)|  sup | S5 (ex) (u)).
w€E[t—r,t+7] (H,u)€[a,b] xR
The result then follows from (i) above and item 3 of theorem 3.7. O

Remark 5.7. In the sequel, we will only need the bounds of (i) and (ii) with (k+1) in liew of (k + 1)2/3.

We may now proceed to the proof of theorem 5.1.
Proof of theorem 5.1. From equality (5.11) defining multifractional white noise and equality (5.14),
we have formally

“+o0
W (t) ZMh(t er)( er >+ h(t Z/ 6MH(€") )’H:h(t)ds <. ep >. (5.26)

In order to establish that W) (t) is well defined in (S)* and that equality (5.12) holds, it is sufficient to
show that both members on the right hand side of the previous equality are in (S)”.

+oo

For ¢ in R, definition (5.2) of fractional white noise shows that ZMh(t)(ek)(t) < e >= W)
k=0

and thus belongs to (S)”.

+oo
Let us show that Vi (¢ Z/ BMH s)ds < .,er > belongs to (L?). Using (3.19) we may write
2
E[VPZI( )] Zk O< BH (ek) H[Ot LZ(]R) Zk 0< €k, BH (]l[O,t]) >L2(]R)
= ||6—H( [07t])||L2(R) = ||]l O,t]||5H < +o0.

As a consequence, W) (t) is the sum of an (S)* process and an (L?) process, and thus belongs to (S)*.
We are left with proving equality (5.13), i.e. that W) (t) is indeed the (S)* derivative of B (t) for
any real t.
Let 7 # 0 and t > 0 (the case t < 0 follows in a similar way). The equality W) (t) = W"R®)(t) +
W (t) Vi (t) and remark 5.3 entail that W) (t) belongs to (S—,) as soon as p > 2. For such a p, one
computes:

Ty (1) = || EEAED=B0 ooy
2

Jio ngk (t+ 7, h(t+7)) = ge,(t, h(t))) d

; A0 e

k=0

= 1 ger L+ 7 h(t+7)) — ge, (4, A(E) ) d
72 (2k+2)2p {( r )7dt

-p

PRI I CED

k=0

::Jp,nk(t)
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Using lemma 5.6 and the Mean-Value theorem we obtain, for r in (—1/2,1/2)\{0}:

2

1 d 7 (k+1)?

Fpealt) < (k42" (2 uE[t—f}lQIi)t-i-l/Q] |du{g6k(u,h(um|> s (2k+2)"
< 22(571) (k+1)12(p71))

where D := 5,5(1 /2). Since J, , x(t) — 0, equality (5.13) follows from the dominated convergence
r—

theorem.

Remark 5.8. In (ii) of lemma 5.6, the real constant E(T) can be taken independent of t if the function
t—t h'(t) is bounded over R.

We note that multifractional white noise is a sum of two terms: a fractional white noise that belong to
(S—p) as soon as p > 2, and a "smooth” term which corresponds to the derivative in the ” H” direction.
This is a direct consequence of the fact that the fractional Brownian field A(¢, H) is not differentiable in
the t direction (in the classical sense) but infinitely smooth in the H direction.

Proposition 5.9. Forp > 2, the map t — |[W ") (t) is continuous.

-y
Proof. By definition,

> X (g, (th(1)
w® (¢ = dt Tk .
VRO, =2 = G

2
Using the estimate given in lemma 5.6 (ii), we see that ||W(h)(t)||7p is the sum of a series of continuous
functions that converges normally on any compact. O

5.3 Generalized functionals of mBm

In the next section, we will derive various It6 formulas for the integral with respect to mBm. It will be
useful to obtain such formula for tempered distributions. In that view, we define generalized functionals
of mBm as in [4].

Theorem-Definition 5.2. Let F' be a tempered distribution. Fort in R, define

1 =

= Jaaph® DR < By > I (( My (Ljo,1)) )®k) (5.28)
k=0

where the functions & m 1 are defined for (x, H, k) in R x (0,1) x N by

F(BM(1)) :

-k 22 22
Smn(a) = (V2) 7 o/ (Vo)) exp{— 5 g} = wV AR A exp{— Lo Yeu(e/ (V2ET)).
(5.29)
Then for all t in R, F(B"(t)) is a Hida distribution, called generalized functional of B (t).
Proof. This is an immediate consequence of [27] p.61-64 by taking f := My (1) O

Remark 5.10. As shown in [{], when F = f is of function type, F(B"(t)) coincides with f(B"(t)).
The following theorem yields an estimate of ||F (B (t)||2_p which will be useful in the sequel.

Theorem 5.11. Let h : R — [Hy, Hy] C (0,1) be a continuous function, B™ an mBm, p € N and
F e Z,(R). Then there is a constant C]SHI’HQ), independent of F, such that

(h) 2 —4ph(t) 4Aph(t)\p—h(t) ~(Hy,Ha)| 12
vt > 0, [[F'(BY™ (1))]|_, < max{t™ ™"V ¢} Cy R (5.30)
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Proof. For H € (0,1) and p € N, Theorem 3.3 p.92 of [4] ensures that there exists C’I()H) such that,
vVt > 0,
IF(BH )N, < max{t—*PH ¢#hH = H (| p2
Now if H belongs to [Hi, Hs, it is easy to show, by examining closely the iteration of (23) p.94 in [4],
that one can choose a constant C#1:12) independent of H. We hence have
Vt >0, VH € [Hy, H,], ||F(BH(t))||§p < max{t~PH ¢RI = OO |2 (5.31)
For ¢t > 0, one only needs to set H = h(t) in (5.31) to get (5.30). O

5.4 S-Transform of mBm and multifractional white noise

The following theorem makes explicit the S-transforms of mBm, multifractional white noise and gener-
alized functionals of mBm. ,

We denote by « the heat kernel density on Ry x R i.e y(t,x) := \/21? exp{=}ift#0and 0ift =0.
Theorem 5.12. Let h: R — (0,1) be a C* function and (B™W(t)),cp (resp. (WM (t)),cr) be an mBm
(resp. multifractional white noise). Forn € /(R) and t € R,

(i) S[BM(1)](n) = < n, ML) > 2Ry = gn(t, h(t)), where g, has been defined in lemma 5.5.

(ii) SV @)](n) = glgn(t, h(t)] = My (n)(t) + h'(t)/o G- ((8)| gy ds-
(iii) For p € N and F € /_,(R),
S[EBD ())(n) = <F,7 <t2h(t)7 - /O Mp i) (n) (u) du>>~

Furthermore, there exists a constant Cp,, independent of F,t and n, such that
2 _ _
ISIF(BM(6)](n)]” < max{t~ "0, ¢Ph Oy =0 ¢ P2 exp{| APn|g}. (5.32)

Proof. (i) Thanks to (5.10) and lemma 2.5 we have, for every n in .(R) and ¢ in R,

+oo
S(BM () (n) = Z < Mpgy(Ljo,) €k > 2y < 1€k >r2(r) = < Miy(L10,41)5 1 > 12y
k=0

=< H[O,t]aMh(t) (77) >L2(]R) = gn(tv h’(t))
(#7) This is a straightforward consequence of lemma 2.8, (5.13) and (i).
1

(ii7) The first equality results from theorem 7.3 p.63 in [27] with f = Mj4)(1,4) and from the equality
(7). Equality (5.32) results from (5.30) as in theorem 3.8 p.95 of [4]. O

Remark 5.13. Using lemma 2.5 and (5.11) we may also write:

+oo
V(tn) ERx S R), S D)(0) = Glgen (t.AE)] < x> r2m)- (5.33)
k=0

5.5 The multifractional Wick-It6 integral

We are now able to define the Multifractional Wick-It6 integral, in a way analogous to the definition of
the fractional Wick-It6 integral. In the sequel of this work, we will always assume that h is a C' function
on R with bounded derivative.
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Definition 5.1 (The multifractional Wick-Ité integral). Let Y : R — (S)" be a process such that the
process t +— Y (t) o W(t) is (S)"-integrable on R. We then say that the process Y is dB™ -integrable
on R or integrable on R with respect to mBm B™ . The integral of Y with respect to B is defined by

/Y(s) dB™M (s) ::/Y(s)oW(h)(s)ds. (5.34)
R R
For a Borel set I of R, define [, Y ( (5)dB™M) (s) := S 11(s) Y (5)dB™M) (s).

When the function & is constant, the multifractional Wick-It6 integral coincides with the fractional Ito6
integral defined in [15], [6], [4] and [5]. In particular, when the function h is identically 1/2, (5.34)
is nothing but the classical Itd integral with respect to Brownian motion, provided of course Y is Ito-
integrable. The multifractional Wick-Ito integral verifies the following properties:

Proposition 5.14. (i) Let (a,b) in R?, a < b. Then f: dB™M (u) = BM(b) — B™(a) almost surely.

(ii) Let X : I — (S*) be a dB™ -integrable process over I, a Borel subset of R. Assume [, X (s)dB™ (s)
belongs to (L?). Then E[[, X (s)dB™M (s)] = 0.

Proof. (i) From (ii) of theorem 5.12, ¢ > S(1(, 4 (%) W (t))(n) is measurable on R for any 7 in .7 (R).
Moreover, for any integer pg > 2, we have

1S (W0 (&) WD @) )] < (WP ()], e2ro

thanks to lemma 2.5. By proposition 5.9, t s |[WW ) (t)[|_,, is continuous thus integrable on [a,b].
Theorem 2.9 then entails that t — Ly, 3 (t) WM (t) is (S*)-integrable over R. It is easily seen that the

S-transforms of f; dB™ (u) and B™ (b) — B (a) coincide. The result then follows from the injectivity
of the S-transform.
(74) One computes: ==L [g0(s,h(s))]=0

—_—~
s / X(5)dB® (5))(0) = / S(X())(0) S(W®(5))(0) ds =0.

Now, when [, X (s)dB™"(s) belongs to (L?), E[[, X (s)dB™M (s)] = S([, X (s)dB™(s))(0). O

Theorem 5.15. Let I be a compact subset of R and X : ¢ +— X(t) be a process from I to (L?) such that
t — S(X(t)(n) is measurable on I for all n in S (R) and t — || X (t)||, belongs to L*(I). Then X is
dB™ -integrable on I and there exist a natural integer q and a constant C; such that,

t) dB™M (t) ‘

< Cr /I||X(1f)||0 dt. (5.35)

—q

Proof. For n € .7(R), the measurablhty on I of t +— S(X(t) o W(t))(n) is clear since
S(X(t) o W (t))(n) = S(X(t))(n) 2[g, (¢, h(t))]. By lemma 2.6, we have, for any integer ¢ > 2,

S (1) o W)W < [1X Ol WP @], ¢

for every t in I. Since t s |[[IW() (t)||_, is continuous by proposition 5.9 and ¢ — [|X(¢)|[, belongs to

LY(I) by assumption, the result follows from theorem 2.9. We refer to theorem 13.5 of [27] for the upper
bound. O

Remark 5.16. One can show, using appendiz A, that inequality (5.35) is true for every integer q > 2.

It is of interest to have also a criterion of integrability for generalized functionals of mBm. In that view,
we set up the following notation: for p € N, 0 < @ < b, we consider a map F : [a,b] — /_,(R) (hence
F(t) is a tempered distribution for all ¢). We then define F(t, B"(t)) := F(t)(B™(t)). Recall the
following theorem (see [10], lemma 1 and 2 p.73-74):
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Theorem 5.17. Let I be an interval of R, t — F(t) be a map from I into .7/_,(R), t — ¢(t,.) be a
map from I into S (R) and to € 1. If both maps t — F(t) and t — ©(t,.) are continuous (respectively
differentiable) at to, then the function t —< F(t),¢(t,.) > is continuous (respectively differentiable) at
to.

Theorem 5.18. Let p € N, 0 < a < b and let F : [a,b] = Z_,(R) be a continuous map. Then the
stochastic distribution process F(t, B (t)) is both (S)*—integrable and dB™ -integrable over [a, b].

Proof. We shall apply theorem 2.9.

The measurability of ¢t — S[F(t, B ())](n) results from (iii) of theorem 5.12, the continuity of the two
maps t — F(t) and t — (t%(t),. — fg My, y(1) (u) du) and theorem 5.17.

Since h is bounded on [a, b], lemma 2.5 and (5.30) yield

— — 1 2 1
ISLE (B ()])(0)] < mase{t= O 24002 O s |P(s)|,, exp{ 5147n[3)

s€la,b

2pH> L Hy, H. 1
ST PG T 0 VO max | F(5)1, explg]amlg),
(5.36)
where Hy := n%inb ]h(s) and Hy := m[a)z]h(s). This yields the second condition of theorem 2.9 and shows
s€|a, s€la,

that F(t, BM(t)) is (S)* —integrable over [a, b].
For dBM-integrability, we first note that, by theorem 5.12 (ii),

S[F(t, BM(1) o W (1)](n) = S[F(t, B (1))](n) %[gn(m h(t))]-

Since the function t — <L[g, (¢, h(t))] is continuous (by lemma 5.5), the measurability of ¢ — S[F (¢, B (t))o
W (1)](n) for every function 7 in .7(R) follows.

Moreover, for every integer pg > max{p,2}, F(t, B")(t)) and W (¢) belong to (S_,,) for all ¢ in [a, b].
Using lemma 2.6 and (5.30), we may write, for all ¢ in [a, b],

[SIE(8, BM () o W O]()| - < [|F(8, BM )|, WD DI, exp {Inl5,}

(5.37)
< K exp{|nl,,},
Hy
where K i= sup [IWOHB]|_y, (Y7 +80)()F +6%) VO™ max|F(e)]_y,.
tela, scla,
Theorem 2.9 applies again and shows that t — F(t, B (t)) o W) (t) is integrable over [a, b]. O

Remark 5.19. Recall that a function f : R — R is said to be of polynomial growth if there is an integer
m in N and a constant C such that for all x € R, |f(z)] < C(1+ |2|™). The previous theorem entails in

particular that both quantities f: f(BM(t)) dt and fab F(BM(t)) dBM(t) exist in (S)™ if f is a function
of polynomial growth.

Example 5.20 (Computation of fOT BM(t) dBM(t)). Let T >0 fived. Then
T T T
dBM (¢
I:= / BM(t) dBM (1) = / WM () o BM (1) dt = / T()OB(h)(t) dt. (5.38)
0 0 0

Let us prove that the last quantity is equal to +B™" (T)<>2 =1 (BMW(T)oB™W(T)) = 1 (BM (T)2—T2h(T))
(see remark 2.7). It is sufficient to compute the S-transforms of both sides of the equality. For n in . (R),

s ( | B win® <t>) ()= [ SEOO@SW OOt = [ a,0.10) o 10
= LT HT) = L(SBDM)M)’ = 5 5 (BOT) 0 BOT)) (1)
~5 (% (BM(T)” - T2h(T))) (). (5.39)
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To end this section, we present a simple but classical stochastic differential equation in the frame of
mBm.

Example 5.21 (The multifractional Wick exponential). Following [15] formula (4.8) and [6] example
3.6, let us consider the multifractional stochastic differential equation

{dX(t) = a(t)X (t)dt + B(t)X (t)dB™ (t) (5.40)

X(0) € (5,

where t belongs to Ry and where o : R — R and f: R — R are two deterministic continuous functions.
(5.40) is a shorthand notation for

X(t)X(O)+/O a(s) X (s) ds+/0 B(s) X (s) dBM (s), (5.41)

where the previous equality holds in (S)*. Rewrite the previous equation in terms of derivatives in (S)*
as:

X
—- () = a(t) X(0) + B(t) X(£) oW (1) = (aft) + BOW M (1)) 0 X (1) (5.42)
X(0) € (8%).

We thus are looking for an (S8*)-process, noted Z, defined on Ry such that Z is differentiable on Ry
and verifies equation (5.42) in (S*). As in [6], it is easy to guess the solution of (5.42) if we replace
Wick products o by ordinary products. Once we have a solution of (5.42), we replace ordinary products
by Wick products. This heuristic reasoning leads to defining the process Z := (Z(t)teﬂh) by

Z(t) := X(0) o exp® (/toz(s)ds + /tﬂ(s)dB(h)(s)), teRy, (5.43)
0 0
where exp® has been defined in section 2.4.
Theorem 5.22. The process Z defined by (5.43) is the unique solution in (S*) of (5.42).
Proof. This is a straightforward application of theorem 3.1.2 in [24]. O

Remark 5.23. (i) [2/] uses the Hermite transform in order to establish the theorem. However it is
possible to start from (5.41), take S-transforms of both sides and solve the resulting ordinary stochastic
differential equation.

(ii) Equation (5.40) may be solved with other assumptions on «, 3. We refer to [29] for more on stochastic
differential equations driven by mBm.

Remark 5.24. In particular when X (0) is deterministic, equal to z, a() = « and B() = B are constant
functions, the solution X of (5.41) reads

X(t) =wexp{BBM(t) + at — 182"} te Ry, (5.44)

which is analogous to formula (3.31) given in [6] in the case of the fractional Brownian motion.

5.6 Multifractional Wick-1t6 integral of deterministic elements versus Wiener
integral with respect to mBm

In section 4.2, we have defined a Wiener integral with respect to mBm. It is natural to check whether this
definition is consistent with the multifractional Wick-Ito integral when the integrand is deterministic.
More precisely, we wish to verify that [, f(s) o W) (s)ds = J"(f) for all functions f such that both
members of the previous equality exist and that the left-hand side member is in (L?). In that view we
first prove the following theorem.
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Theorem 5.25. Let f: R — R bea determmzstzc function which belongs to L, (R). Let Z := (Z(t),cp)

be the process defined on R by Z(t) = fo s)dB" (s). Then Z is an (S*)-process which verifies the
following equality in (S*)

+oo
/ f(s)dBM (s (/ F(8)Lge, (s, h(s))]ds ) < ep > (5.45)

2
Moreover Z is a (centered) Gaussian process if and only if S5 (fo gek s, h(s ))]ds) < Ho0,
for all t. In this case,

t +oo t 2
Z(t) :/0 F(s)dB™ (s) ~ N (O,Z </0 f(s)%[gek(s,h(s))]ds> ) , Vt € R. (5.46)

In particular, the process Z is Gaussian when the function f belongs to C*(R,R) and is such that
sup| f'(t)| < +oc.
teR

Proof. We treat only the case t € R’ . The other case follows similarly. Let f be in Li (R). In order
to show (5.45) let us establish a), b) and c) below.

a) s f(s) o W(s) is (S)"-integrable over [0, 1].

Let n € /(R) and s in [0, ¢], using lemma 2.5, we get: —eL(s)

S(7(s) e W) )] = [£(5)] [SWD ()] < 5 ) WPy, €20

for s in [0,t] and for pg > 2. Since L is the product of a continuous function and a function of Li (R),
a) is a consequence of theorem 2.9.

b) U := (fo )L [ge, (s, h(s ))]ds) < .,ep > belongs to (S_,,) as soon as py > 2.
Lemma 5.6 entalls that there exists a real D such that, for every py > 2, we have

2 f f(s) ds[gek(s h(s))] d +oo SZ]EIUpf]‘dS [gey, (oD
||\I]f||_pO - k 0 (2k+2)P0 ||f||L1 ([0,t]) k=0 (2k+2)2p0
(k+1
D2 ||1l31 0.1y A2 ot <+ 00,
c) Ji f( dB<h>( (fo ds gek s h( ))]ds) <. ex > in (8%).
Denote & := dB h) L 1ge, (s,h(s))]< .,exr >) ds and define the (S*)-process
fe 0 0 ds k

:0,t] — (S*) by T( ) = Z oo f(9) s[gek(s h(s))] < .,er >. Moreover, for N in N*, define on [0, ],
™ s = TN(s) = Shlo f(s )ds[gek(s h(s))]< .,ex >. Obviously we have, in (§*), &y = fOtT s)ds
Uy = hm fo 7n(s) ds. It then remains to show that ®; = hm fo 7n(s) ds in (S*). Let us use, for

this purpose theorem A.2. Let py be an integer greater than or equal to 2. It is easily seen that 7, and
7 are weakly measurable on [0,¢] for every n in N (see definition A.1) and that, 7, (s) and 7(s) belongs

to (S—p,) for every n in N and s in [0,¢]. Moreover, both functions s — |[|7,,(s)[|_,, and s — [|7(s)[|_,,

belong to L'([0, ], du) since ||7,(s)||_,, < [[7(s)[|_,, < [f(s)] D\/z (2k 4 2) 727D for a certain D
given by lemma 5.6 (ii). We hence have shown that both functions 7, (. ) and 7(.) are Bochner integrable
on [0,t]. Besides, for every (n,m) in N? with n > m, we have
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| ) = o)l s = [ 3 T < e > ds

= 1
mt —Po

o 1/2
oo SUP [ [ge (5. (s))]]

t
s€[0,t
g/ Z f(s ds (e, (8, h(8))]< s e > ds < M Z €04
0

2
k=m+1 k=m+1 (2k+ 2) P
—Po
t
= [ Im () =Tm()II_,, ds
oo . 1/2
<MD 0
(k_z:mH (2k + 2)2(p°‘1>> (nym)=(+00,4-00)
where M := || f|| 1o, and D is again given by (u) of lemma 5.6. Theorem A.2 then applies and
allows to write that 1im fot Tn(s) ds = fo ) ds in (8*). We hence have shown that ¥y =

Nhrf fo T~ (s) ds = fo s)ds = @y in (§*). This ends the proof of ¢) and establishes formula (5.45).
—+oco

If 028 (fo )L [ge, (s, h(s ))]ds) < +oo, for all ¢, then Z(t) is the (L?)-limit of a sequence of
independent Gaussian variables. Formula (5.46) is then obvious. When f is of class C'! and such that

2

sup|f'(t)] < +o0, an integration by parts yields that Z </ f(8) L [ge, (s, h(s ))]ds) < +00. O

teR k=0

It is easy to check that definitions 4.1 and 5.1 coincide on the space £(R). Indeed for f := >"}_; arlgy,)

in E(R), remark 4.4 and equality (5.13) entail that J"(f) = S p_; akB,g:) almost surely. According

to (i) of proposmon 5.14, we have the equality [, f( dB(h)( )ds = ZZ 1 Jo Lo (5)W ) (s)ds =

S he1 akB ") almost surely. This implies in particular that I fo f( )dB™ (s )ds||(L2) = ||fl],, for all f

in £(R) since we have ||J"(f Pllz2y = [l 1], for such f. Since Wiener 1ntegrals with respect to standard
(L2

Brownian motion are the elements of the set { [, f(s) dB(s), f € L*(R)} = {[; f(s) dB(s), f € E[R )+ ),

it seems natural to give the following definition.

Definition 5.2. (Wiener integral with respect to mBm)
For an mBm B, define the Gaussian space Oy, by

(L?)

O = { [ 1) dBO) ), 1 € E®))

We call Wiener integral with respect to B the elements of ©,.

(r?
Remark 5.26. (i) Obviously, ©5, = {3725 ([ f( (s h( s)ds) < .,ex > : feER)} ). Thanks
to definition 4.1, theorem 5.25 and the fact that jh fR s) dB™M (s) on £(R), we have
" <>,
On ={J"(u) : ue&(R) } (5.47)

In other words, the set of Wiener integrals in the sense of definition 4.1 and 5.2 coincide.
(ii) When h is a constant function equal to H we find that O, = Oy = {< ., Mg(f) > : f€ L%4(R)}

since 5(R)<7>h = 5(R)<7>H = L?%(R). This is ezactly what is expected in view of (4.1).

In fact we can be a little more precise in the case of fBm. Let supp(K) denote the set of measurable
functions f: R — R with compact support.

Proposition 5.27. Let H € (0,1). Then:

(i) Let f R >—> R be in L}, (R) N L% (R). Then [, f(s) dB™)(s) belongs to (L?) if and only if
Jo £(s) dBH () = TH(f).
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(ii) Li,e(R) N L3 (R) Nsupp(K) C {f : R =R [y f(s) dBH)(s) € (L?)}.

(iii) For p-almost every f in L}, (R) N supp(K) N{f : R = R : [, f(s)dBH)(s) € (L?)}, f is in
L (R) and verifies [, f(s) dB™)(s) = JH(f).

Proof. (i) Let f € L}, (R)NL%(R) and define & := fR s) dBU)(s). By theorem 5.25, &5 = S /%0 <
[, My (er) >< .,er > where the equality holds in (S)". If we assume that ®; belongs to (L?), then the
equality is valid in (L?). Besides, since f belongs to L, .(R) N L% (R) we have, according to theorem 3.7,
TJH(f) =< , Mu(f) >= 342 <MH(f) ek > o) < ok >= > 420 < [, Mu(ex) >< ., ex > in (L?).
T112e converse part is obvious since [, f(s) dBH)(s) = JH(f) entails that [, f(s) dB¥)(s) belongs to
L

(u))Smce fisin L1 (R) N supp(lC) theorem 5.25 entails that

Je f(8)dBH) (s 0 (Jo F(8)Mpy(eg)(s)ds) < ., er, > = 020 < f,Mp(ex) >< .,ex > in (S)" (one
only needs to replace 11[0,,5] by lléupp(f), where supp(f) denotes the support of f in theorem 5.25). Besides,
since f belongs to L% (R), JH(f) exists and is equal to Z %0 < fyMp(eg) >< .,e, > in (L?).

(iid) Fix f in L} (R) N supp(K)N{f : R = R: [, f( B<H>( ) € (L2)} and define € as subset of w
in €2 such that (5.8) is true for all g in {ey : k € N}. Clearly Q belongs to G. As soon as f is in Q, we
can write [, f(s) dB")(s) = 3020 < My(f),ex >< ., > in (L?). This entails that My(f) belongs
to L?(R) and then, by bijectivity of My, that f belongs to L% (R). O

Remark 5.28. This proposition shows in particular, that for p—almost every g in supp(K):
g€ L}(R) & / € (L?).

Moreover, in this case,

7Y (g) &) / o(s) dBUD (s).

6 Ito Formulas

6.1 It6 Formula for generalized functionals of mBm on an interval [a,b] with
0<a<b

Let us fix some notations. For a tempered distribution G and a positive integer n, let G denote
the n' distributional derivative of G. We also write G’ := G(!). Hence, by definition, the equality
<G, p>=— < G,¢ > holds for all ¢ in #(R). For a map t — F(t) from [a, ] to /_,(R) we will note
9°E (t) the quantity (F(£))™, that is the n™ derivative in .#" (R), of the tempered distribution F(t).

Hence we may consider the map t — a Z(t) from [a,b] to .#’(R). Moreover for any to in [a, b], we will
F(tot+r)—F(to)

note W(to) the quantity }136 when it exists in ._,(R), for a certain integer p. When it

exists, %—If(to) is a tempered distribution, which is said to be the derivative of the distribution F'(t) with
respect to t at point ¢t = ¢o. In line with section 5.3, we then define, for ¢y in [a, b] and a positive integer
n, the following quantities:

O"F
oxm

(10, B(10)) = (F(t0) ™ (B"(t0))  and 9 (10, B(10)) = (00 (10) ) (B"(10)).

Theorem 6.1. Letp e N, a and b two reals with 0 < a < b, and let F be an element of C*([a,b], /- ,(R))

such that both maps —z and 8615, from [a,b] into _,(R), are continuous. Then the following equality

holds in (S)*:

oF
ot

— (s, B(h)( )) ds + /b aa—F(s,B(h)(s)) dB(h)(s)

a T

F(b, B™ (b)) — F(a, B" (a)) = /

b 2
+%/a (%[Rh(s,s)]) 871;“(8’3(,1)(8)) ds. (6.1)
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Remark 6.2. Recall that for all t in [a,b], £[Ru(t,t)] =2 t>"O-1 (B'(t) tInt + h(t)).

Proof. We follow closely [4] p.97-98 for this proof. First notice that the three integrals on the right
side of (6.1) exist since all integrands verify the assumptions of theorem 5.18. According to lemma 2.8
it is then sufficient to show equality of the S-transforms of both sides of (6.1). It is easy to see that,
for every n € ./ (R), the function ¢ — = (t%(t), .= fot My y(n) (u) du) is differentiable from (0, ] into
. (R). Using theorem 5.12 and theorem 5.17 we may write, for ¢ in [0, b]:

&SR BO W) ) = <F(t),v (t%@, = [ Mo @ du>>

_ <%_Z;(t),7 (t%(”,. —/O M y(n) (u) d“>>

+2 22O (W(2) thnt + (1)) <F(t),% (t%“%- Ot Mo (n) () dU>>

— a6, h(2))] <F(t>, % (t%“% [ M) @ du>> =L+ R+
0

Now, I} = S(%—f(t)(B(h)(t)))(n) = S(%—?(t,B(h)(t)))(n) using theorem 5.12 (iii). Besides, since ~

fulfills the equality % = %%, we get

I = t2PO~1 (0 (4) tInt + h(t)) <F(t), % <t2h<t>,. - /Ot My () (u) du>>

0’F
2

L) 5550 B0 W) ) )

N =

Using (i7) of theorem 5.12,

Is = SOV (1)) <g—§<t>,7(t2h<t>,. [ a ) () du>>

Finally, we obtain

L5, BP0)0) = 5( Tt BPW0) ) )+ 8 (W) 0 I8 0, B0(1) ) ()

In the proof of theorem 6.6 we will need the particular case where the function F(.) is constant, equal
to a tempered distribution that we denote F. In this case we have the following

Corollary 6.3. Let 0 < a < b and F be a tempered distribution. Then the following equality holds in
(S):

FBOW) - FEO@) = [ FE0E) a6+ L [ (L) Pee) s

Remark 6.4. Of course when the function h is constant on R, we get the Ité formula for fractional
Brownian motion given in [4].
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6.2 It6 Formula in (L?)

In this subsection, we give two further versions of Itd formula. The first one holds for functions with poly-
nomial growth but weak differentiability assumptions, whereas the second one deals with C''? functions
with sub-exponential growth.

6.2.1 It6 Formula for certain generalized functionals of mBm on an interval

Theorem 6.1 does not extend immediately to the case a = 0 because the generalized functional is not
defined in this situation, since My (1) converges to 0 a.s and in L?*(R) when ¢ tends to 0 (see theorem-
definition 5.2). As in [4], we now extend the formula to deal with this difficulty. We will need the
following lemma which is a particular case of lemma 6.8 below.

Lemma 6.5. Let f: R — R be a continuous function such that there exists a couple (C,\) in R x Ry
with | f(y)] < CeN”, for all real y. Let g: R — R be a measurable function such that Pn% g(t) =0 and
—

define Ly on R X R by Ly(u, ) := [5 f(y)v(u,z —y) dy. Then )11?8+ Lf( g(t),x) = f(xg), for all

real xq.

Theorem 6.6. Let ' : R — R be continuous at 0 and of polynomial growth. Assume that the first
distributional derivative of F is of function type (defined at the beginning of section 3.1). Then the
following equality holds in (L?):

F(B™(b)) — F(0) = / bF’(B(h)(s)) dB<h><s)+§ / b (dds[Rh(s s)]) F'(BM(s)) ds.  (6.2)

Proof. We follow again closely [4].
Step 1: th%l F(B™(t)) = F(0) in (S*). In order to establish this fact, let us use theorem 8.6 of [27].
—04

Since F' is of polynomial growth, we may write, thanks to formula (29) of [4], that there exist two reals
C and M and a positive integer m such that E[F(B" (1)) ] C?*(1+ é?nrzz‘, 7™y < M2, for all ¢ in

[0,0]. Since || : e~ : ||, = e3 1715 Cauchy-Schwarz inequality yields

ISIEBM )](n)] = [E[FBM (1)) e | < |EBM )l [|: €= < ],
< (1+ M) eIl for all ¢ in [0,b] and 7 in .%(R). (6.3)

It then just remains to show that tli%rlJr S[F(BM™(t))](n) = F(0). Thanks to theorem 5.12 and lemma
—
6.5, we get,

t]_i>%1+S[F(B(h)(t))](n) = tl—i}gl-i-/ F(y )\/W {2t21h(t) (/0 Mh(t)(n)(u) du — y) } dy

= t&%ﬂ- F(y <t2h(t / Mh(t) ) du — ) dy
= tgr& Lp (t%(t) / My (n)(u) du ) = F(0). (6.4)

&@mn%ﬁpmmnww = 7 F'(BM (1)) dBM(t) in ()"
a—

Define [Hy, H2] := [ min h(t), max h(t)] and let us prove the two following facts
te[0,b] te[0,b]

(i) There exists a constant D; which depends only of F' such that [|[F"(B™)(t)|| _, < D; max { t%l, t%}
for all ¢ in (0, b].
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Let us first notice that, for all (x,b,t) in R x R* x (0,b], we have

exp {—a2/4t>M} < e /A 4 e(b) exp {—a?/4b*12},

where e(b) = 1if b > 1 and e(b) = 0 if b < 1. Note moreover that the function = — F'(z) (e~ /4 +
e(b) exp {—x2/4b*2}) belongs to L!(R) since F’ is of function type and belongs to .#/(R). Since the
operator A~! has a norm operator equal to 1/2 (see [27] p.17) and using the equality |Mh(t)(]l[07t])|(2) =
2"t we get the following upper bound, valid for all k in N,

| < F/’g(t h(t),k > 2 = ’f]R F/ ‘T 771/4(k!)1/2tkh t)eXP{ t2h(t) }ek(l'/(\/_fh t) dw’
2
< /2 sup|e,€ (f]R |F/ T | eXP{—zﬁW} d:c) £2kh(t) L

2
< 72 sup { suplez (u)| : k € N} (/ |F'(z)] (6_12/4 +e(b) exp {—x?/4b*H2}) dm) $2kh(t) k1,
u€eR R

=:Dgp
Using (ii) of remark 2.3 and again the fact that the operator A~! has a norm operator equal to 1/2 (see

(2) p-17 of [27] ) we can write, for all real ¢ in (0, b], that

—+00

2 — —
I|F/(BM 1)~ = H J2ath(® Z (k1) ™' 2k F' Eanyn > In (( My (Ljo,4)) )®k)

-1

! Tt 2 _1.\®k e (2
B Wz(k!) LR < > 1 1A ((Mag (Lo,0) )PF) |
k=0

:|A*1(1th(t)(]l[0,fr]))| ik

= 1\* D 11
| —4kh(t) 42kh(t) 7.1 [ = 2kh(t) 0 { }
< 27Tt2h(t) E (kD' e t k! (2) t < — MAX |\ 5 o | (6.5)

(ii) fé) F'(BM(t)) dBM(t) exists in (S)" and is equal to 1i%1Jr fab F'(BM(t)) dB™(t) in the sense of
a—r
(S)"
In order to establish the existence of fob F'(BM(t)) dB™(t) in (S)*, let us use theorem 2.9. From

theorem-definition 2.2, we know that F'(B™ (t))o W) (1)) belongs to (S) for every ¢ in (0, b]. Moreover
using lemma 2.6 we get, for n € .(R) and t € (0, ],

S(F'(BM(1) <>W(h)(t))(n)’ <NE(BW )y WP (@)]]_y exp{lnl3}

= 1 1
< K max {ge b explnl2), (6.6)

=:L(t)

where we have defined K := % sup |[W®M(#)||_,. The function t +— S(F'(BM (1)) o W (t))(n) is
te[0,b]

measurable on [0,b] since S(F'(BM(t)) o WM (t))(n) = S(F'(BM(t)))(n)S(W ™ (t))(n) using the-
orems 5.12 and 5.17. Moreover, since £ belongs to L*([0,b]), theorem 2.9 applies and shows that
f F'(BM(t)) aB™(t) is in (S)*. Tt then just remains to use theorem 8.6 in [27] to show the con-
vergence, in the sense of (S)", of f: F'(BM(t)) dBM(t) to f F'(BM(t)) dBM(t) as a tends to 0.
Let (an)neN be a decreasing sequence of real numbers Wthh tends to 0 when n tends to 4+oo and

f F'(BM(t)) dB™ (¢ f F'(BM(t)) dBM(t). For every n € .#(R) and every n € N,
S(\Iln = fo II-[O,an]( ) S(F’(B(h)( ) @ W(h)( ))(n) dt. Using (6.6) and the dominated convergence
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theorem, it is easy to show that lim S(¥,,)(n) = 0. Hence theorem 8.6 of [27] applies and shows that

limn, f F'(BM(t)) aB™ (¢ f F’ P (t)) dBM(t) in (S)".
a—r

Step 3: Proof of (6.2)
For any real a such that 0 < a < b, we have, thanks to corollary 6.3,

b b
FED®) - BV @)~ [ FED ) dse) =5 [ (i) 60 e) ds

Steps 1 and 2 ensure that the left hand side has a limit in (S)* when a tends to 0. Using theorem

2.9, it is easy to see that fo (L [Ru(s,s)]) F"(B™M(s)) ds belongs to (S)". Hence using the dominated

convergence theorem and lemma 2.8 we deduce that li%lJr f: (L[Ru(s,s)]) F"(BM(s)) ds is equal
a—r

to fo (L[Ru(s,s)]) F"(B™M(s)) ds in (S)". Since we have proved that, for all ¢ in [0,b], F(B"(¢))
belongs to (L?), the same holds for the right hand side of (6.2) and then this equality holds also in
(L%). O

Remark 6.7. As in the case of fBm (see [4]), the fact that both sides of the equality (6.2) are in (L?) does
not imply that every single element of the right hand side is in (L?). This will be true if, for instance,

b
F"(BM(t)) belongs to (L?) and/o d [Rp(s, )]

- |[E"(BM (s))]], ds < +o0.

6.2.2 Ité Formula in (L?) for C'? functions with sub-exponential growth
Let us begin with the following lemma:

Lemma 6.8. Let T >0 and [ :[0,T] x R = R be a continuous function such that there exists a couple
(Cr, A1) of R x RY such that II%S%X |f(t,v) | < C'TeATy2 for all real y. Define a > Ar, I, :== (0, %) and
te
Jr :Rx Ry x I, = R by Jp(z,t,u) = fR (u,xz —y) dy. Then Js is well defined and moreover
lim ng,t,u) = f(0, xo)
(z,t,u)—(x0,0+,0+

Proof. This is an immediate consequence of theorems 1 p.88 and 2 p.89 of [38]. O

Let us now give an It6 formula for functions with subexponential growth.

Theorem 6.9. Let T > 0 and h : R — (0,1) be a C' function such that h' is bounded on R. Let f be
a CH2([0,T] x R,R) function. Furthermore, assume that there are constants C > 0 and \ <

1
4 max t2h(?)

te[0,T]
such that for all (t,z) in [0,T] x R,
g g aQ_f } Az?
max {17,0)].| (m)' ' o). | 2L 0|} < oo (6.7)

Then, for all t in [0,T), the following equality holds in (L?):

f(r, BM(T)) :f(0,0)+/0T %(t,B(h)(t)) dt+/OT %(t,BW(t)) dB™M (t)

2 [ (o) Zoesvwa o

Proof. Our proof is similar to the one of theorem 5.3 in [5]. Let T > 0 and ¢t € [0,7]. Formula (6.8)
may be rewritten as

0
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In order to show that all members on the right hand side of (6.9) are in (L?), let us use theorem 2.10. If

af 8f 8f i
G belongs to {f, s oL W} we may write, thanks to (6.7), g

1 1 dv -1/2
E[G(t, BM (1) < 02/ {—— (— —4)\> 2} — < C% (1 - 4N max £2h0)TVE
(t, B™(t)) Lo i3 (mm VY oo ( max, )
(6.10)
Since B (t) = BH () g=n(t) a.s, it is easy to see (in view of [5] p.978) that B (t) is a Gaussian variable

with mean equal to fot My (n)(u) du = g,(t, h(t)) and variance equal to t**(*) under the probability Q,
which has been defined in (2.18). Hence, for every ¢ in (0,7] and 7 in . (R),

S(G(t, BM())(n) = Eq, [G(t, B (1))] =/ G(t,u+gy(t,h(t)) ) v, ) du

¢ 1 2
= Gl th<t>+/ M, d —w/2 qu. 6.11
/}R ( " Mm@ dr ) e (6.11)

Using the theorem of continuity under the integral sign, we see that the functions t +— S[G(t, B")(t))](n)
and t — S[G(t, BM(t)) o W (t)](n) are continuous on [0,T]. Moreover, in view of (6.10), t +
|G(t, B (t))]|, belongs to L'([0,T7]). Furthermore, note that

[ () 3Le800)

Thus, theorem 2.10 applies and shows that all members on the right side of (6.9) are in (L?).

Let us now show that ¢ +— %(t, BM(t)) o WM (t) is (S)*-integrable over [0, T).

Reasoning as in the estimate (6.6), we note that there exists an integer ¢ > 2 such that %g(t, BM(t)) o
W (t) belongs to (S—,) for every ¢ in [0,T]. Moreover, for every 1 in .#(R) and every ¢ in (0,T] we
have, using lemma 2.6,

T
dt < 2M / t2O=L B! () tInt 4 h(t)| dt < +oo.
0

0

5 (G 0) oW o) <n>'<HgmB%))HO||W<h><t>||2 exp{lnl3)

Since t — ||g t, B (¢ H belongs to L'([0,77]), theorem 2.9 applies on [0, 7] to the effect that

fOT %(t, BM(t)) dB™(t) belongs to (S)*. Tt then just remains to show the following equality for all ¢
in [0, 7] and 7 in .7 (R):

s(f Fesmmann)om=s(resnw) - o0~ [ Fasvwa)o

—s(% [ (Gimenn) Seso) dt) (). (6.12)

Using (6.11) with G = f and applying the theorem of differentiation under the integral sign, we get

HF[SEEBO®)M)] = fo & [f(tutgn(t,h()) (O, u)] du

=/R v(t%(t)aU)% [f(tu+gy(t,h(1) )] du+/}R F(t,utgy(t,h(t))) % [y (2" )] du.

=:U1(t) =:Uz(t)

Now,
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00 = [ 0,0 SHeu gyt b)) dut [ 00 Gttt b)) Tt o)
=5(X e s0w)) o+ 5 (L sw0) ) (W“”()) ().

8%y

Besides, using the equality %Z = %W and an integration by parts, we get

U2(t) — li

Loy [ O L g gy @) 220 ) du = L Loy s (2L g o)) .

82

Hence we obtain, for any € > 0, upon integrating ¢t — U; (t) + Uz(t) between ¢ and T,

(7 B - st 8O = [ 5 (L 0w))

T : T
+/€ S(%(t,B(h)(t))oW(h)(t)> (n) dt+%/€ %[t%(”]s(a f( BM(¢ )))(n) dt. (6.13)

Let us now show that lim S (f(s BM(e)) (n ) = f(O 0) = S (f(0, B™(0)) (n). For every e > 0, (6.11)

can be rewritten as S(f(s B(h =/ f v(e2M), g, (e, h(e)) — y) dy.
For a fixed T > 0, let )\T,CT be such that (6.7) is fulfilled. There exists b > 0 such that £2"(¢)

belongs to I, (defined in lemma 6.8) as soon as 0 < ¢ < b. Hence we may write, for any ¢ in (0,b),
S(f(e,BM(e))(n) = Js(gy(e,h(e)),e,e2)). Since lim £2*(*) and li%1+gn(5,h(5)) are equal to 0,
e—

e—=0+

lemma 6.8 applies with 29 = 0, and yields 11%1+ S (f(e,BM(e)) (n) = £(0,0).
E—r

Let us now establish (6.12). Thanks to the fact that both the functions t + S[G(t, B (¢))](n) and
t — S[G(t, B (t)) o WM ()](n) are continuous on [0, 7] and using the dominated convergence we can
take the limit when € tends to 0 on the right hand side of (6.13) and finally get

SIA(T, BO(T) ~ £0.0)](n) = § ( ) dt) () +5 ( | G50 i <t>) )

+s<§ / < o) %(t,B%))) (n) dt. (6.14)

O
Remark 6.10. We observe that if we take expectations on both sides of Ito’s formula (6.7), we get
exactly formula (1) of theorem 2.1 of [23], which is a general weak Ito formula for Gaussian processes,
in the particular case where the Gaussian process is chosen to be an mBm.

7 Tanaka formula and examples

In this section we first give a Tanaka formula as a corollary to theorem 6.6 with F' : & — |z — a|. We
then consider the case of two particular A functions that give noteworthy results.

7.1 Tanaka formula

Theorem 7.1 (Tanaka formula for mBm). Let h : R — (0,1) be of class C*, a € R and T > 0. The
following equality holds in (L?):
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T T
. d
|BM(T) — a| = |a| + /0 sign (BM(t) — a) dB"(t) + /O - [Bi(t,1)] Sray(BM (@) dt,  (7.1)
where the function sign is defined on R by sign(z) := Lg: (z) — Ir_(2).
Proof. This is a direct application of theorem 6.6 with F': z — |z — al. O

Remark 7.2. That the previous equality holds true in (L?) does not imply of course that both integrals
above are in (L?). This last result will be established in a forthcoming paper.

7.2 It6 formula for functions i such that £[R,(¢,t)] =0

If h verifies £[Ry,(t,t)] = 0, then the second order term gi{ (t, BM(t)) disappears in It6 formula. The

formula is then formally the same one as in ordinary calculus. In this case, (7.1) reads:

|IBMN(T) —a| = |a| + / : sign(B™ (t) — a) dB™M (t).
0

Note that the “local time” part disappears in this equality.
Solving the differential equation 4 [Rj(t,t)] = 0 yields two families of functions, denoted (h1 1)y - and
+

(hQ»k)AeRi:
VA>0, hiy: (—oo,—eMU(e} +o00) — (0,1)
t > 1nA\t|’
and
VA<0, hay: (—e*0) U (0,e*) — (0,1)
t — ln)it\'

In order to obtain an mBm defined on a compact interval, we may choose a compact subset of (—oo, —e*)U
(e}, +00) when A > 0 and a compact subset of (—e*,0) U (0,e*) when A < 0.

Figures 1 and 2 display examples of mBm with functions hi(t) := = defined on [e + 1073,100] and
ha(t) := =% defined on [1073,1/e — 1072].

1

ol 4

; " LY

Figure 1: t — BU"(¢) with hi(t) == ; on Figure 2: t — BU"2)(t) with ho(t) := =% on
[e +1073,100]. [1.1073,1/e — 1073].

Note moreover that lim h;(t) = lim h(t) =0 for i = 1, 2.
t—+o0o t—0
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7.3 It6 formula for functions i such that £[R,(¢,t)] =1

The situation where £ [Ry,(t,t)] = 1 is interesting since then It6 formula is formally the same as in the
case of standard Brownian motion. As a consequence, Tanaka formula takes the familiar form :

T
|B(h)(T) _ al _ |a| +/0 sign(B(h)( ) — a dB(h / (S{ } B( ))

Thus, instead of a ”weighted” local time as in (7.1), we get here an explicit expression for the local time
of mBm for a family of & functions that we describe now.
The solutions of the differential equation are given by

he o (e, 40)\{-1,0,1} — R
H

t In(t—c) (72)

1
2 Inlt] ?

where ¢ € R.

Recall that h. is required to range in (0,1). Denote, for ¢ € R, I. := {t € (¢,4+0)\{—-1,0,1} : 0 <
he(t) < 1}. For ¢ in (—o0,1/4), let t1 := t1(c) = %\/1_—40 and ty := ta(c) = @. Then I is
explicitly given as follows:

Ve € (—oo, —2], I.=(1+c¢t1) U (t2, +00),
Ve e (=2,-1], I, = (t1,1 4 ¢) U (ta, +00),
Ve € (—1,0), I. = (t1,0) U (0,1 + ¢) U (ta, +00),
Ve € [0,1/4), I. = (t1,t2) U (1 + ¢, +00),
Ve > 1/4, I. = (1 + ¢, +00).

Figures 3 and 4 display examples of multifractional Brownian motion with regularity functions hs(t) :=

;ln(lf]tl) defined on [2 + 1073,5] and hy4(t) := élnl(rflt‘l) defined on [1_2\/5 +1073,-1072].

; o
f 1l

S
&g
S
>
S
o
S
=
S
w
S
©
S
°

2 25 3 35 4 4.5 5

Figure 3: t — B3)(t) with hy(t) := 12021 on Figure 4: ¢ — B (t) with hy(t) := 3 T on

[2+1073,5]. 1545 41073, -1073].

Note that the case ¢ = 0 yields the constant function h. = 1/2, i.e. standard Brownian motion. Moreover,
since . 1i£Ln he(t) = 1/2 for every ¢, we see that the family of functions h. behaves, asymptotically, like
—>+00
the constant function equal to 1/2. However this does not mean that there is convergence in law of B("*)
to Brownian motion; in fact one needs to scale B("<). For every t in R*, define the process X; on R by
(he)
Xi(u) == %@. Then {X:(u); u € Ry} #) {B(u); u € Ry} where B still denotes a Brownian
— 400

motion and £ denotes convergence in law.
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8 Conclusion and future work

In this paper we have used a white noise approach to define a stochastic integral with respect to multifrac-
tional Brownian motion which generalizes the one for fBm based on the same approach. This stochastic
calculus allows to solve some particular stochastic differential equations. We are currently investigating
several extensions of this work. In order to apply this calculus to financial mathematics or to physics,
it is necessary to study further the theory of stochastic differential equations driven by a mBm. This is
the topic of the forthcoming paper [29].

The Tanaka formula we have obtained suggests that one can get several integral representations of local
time with respect to mBm. Finally, since mBm is a Gaussian process, it seems also natural to investigate
the links between the construction of stochastic integral with respect to mBm that we gave and the one
provided by Malliavin calculus. An extension in higher dimension is also desirable.
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Appendix

A Bochner integral

All the following notions about the integral in the Bochner sense come from [22] p.72, 80 and 82 and
from [27] p.247.

Definition A.1 (Bochner integral [27] p.247). Let I be a subset of R endowed with the Lebesgue measure.
One says that ® : I — (S)* is Bochner integrable on I if it satisfies the two following conditions:

1. @ is weakly measurable on I i.e u—< ®(u), ¢ > is measurable on I for every ¢ in (S).

2. There exists p € N such that ®(u) € (S—p) for almost every u € I and u — [|®(u)||_, belongs to
LY(I).

The Bochner-integral of ® on I is denoted [, ®(s) ds .
Properties A.1. If ®: I — (S)" is Bochner-integrable on I then

1. there exists an integer p such that

’ /1 B(s) ds

2. ® is also Pettis-integrable on I and both integrals coincide on I.

< e, ds (A1)

Remark A.1. The previous property shows that there is no risk of confusion by using the same notation
for both the Bochner integral and the Pettis integral.

Theorem A.2. Letp € N and (9,), oy be a sequence of processes from I to (S)" such that ®,,(u) € (S—p)
for almost every w € I and for every n. Assume moreover that ®,, is Bochner-integrable on I for every
n and that

lim /fbms—fbns . ds=0.
o S 1)~ a0,

Then there exists an (S)"-process (almost surely (S—,)-valued), denoted ®, defined and Bochner-integrable
on I such that
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n—-+oo

lim /1 |@(s) — @n(s)||_, ds = 0. (A.2)

Furthermore, if there exists an (S)"-process, denoted ¥, which verifies (A.2), then ¥(s) = ®(s) for almost
every s in I. Finally the following equality holds:

lim I<I)n(s) ds = /Iq)(s) ds in (S*).

n—-+o0o

B  Proof of proposition 4.2

Let B™ be a normalized mBm on R with covariance function noted R,. It is well known that
one can define on the linear space spang{Rn(t,.) : ¢ € R} an inner product, denoted <,>g , by
< Ru(t,.), Rn(s,.) >p, = Ra(t,s) (see [25] p.120 ff.). Define =), the closure of spang{Rp(t,.) : t € R}
for the norm || ||, . The space (Zp, || [|,) is called the Cameron-Martin space (or Reproducing Kernel
Hilbert Space (R.K.H.S.)) associated to the the Gaussian process B™. Let £(R) denote the quotient
space obtained by identifying all functions of £(R) which are equal almost everywhere. On £(R) x £(R)
define a bilinear form, noted <,>;, by < Lo, 1o >, = Rn(t,s). Then <,>, is an inner product
provided the linear map ky, : g‘(]R) — Ep defined by wp(lj04) = Rn(t,.), t € R, is injective. De-

2

(L
fine Zj, := vectg{BM(t) : t € R} ) the first Wiener chaos of B™. Tt is a well-known property of
(L2
R.K.H.S. that the map 7, : (Zn, || ||, ) — (spang{BM(t) : t € R} ), I['l(z2)), defined for all real ¢ by

Th(Ry(t,.)) = BM(t) is an isometry. As a result, sy, is injective if and only if 7, o #y, is injective. The
next proposition states that this is indeed the case for any continuous function h:

Proposition B.1. Let h be a continuous function defined on R and ranging in (0,1). The family
(B™") (t))er~ s linearly independent on R, i.e for every positive integer n, (B1,B2---,Bn) in R™ and
(t1 b2+ ,tn) in (R*)", such that t; # t; for i # j, the equality

> 8 BM(t) =0 as, (B.1)
j=1

implies 81 = By = - = B, = 0.

The proof of this proposition requires the following lemma, the proof of which is easy and left to the
reader.

Lemma B.2. Define, for t € R, the function A; : R — C by A (§) = % if £ #0 and A:(0) :=t.
Then, for all t, A; is C*° on R and verifies, for every n € N,

t (it)"

Ag")(O) RN

(B.2)

where Ag") denotes the n'" derivative of Ay.

Proof. of proposition B.1. Let us use a proof by contradiction. By decreasing n if necessary we
may always assume that (81,82 -+, 3,) belongs to (R*)". Besides, thanks to (4.2) and lemma 4.3 (i),
equality (B.1) also reads <., > 74 8j Mp(,)(Ljo,;) >=0 a.s. By taking Fourier transforms, we get

i1 B Mi;y(Ljo,e;1) =0 a.e.. Using (3.1) this yields

S oa g 1 (€)= 0, VEERT, (B.3)
j=1
where we have defined, for j in {1;2;--- ;n}, a; = 5; (ch(tj))_l. By re-arranging if necessary the (¢;);,

we may assume without loss of generality that h(t1) > h(te) > -+ = h(t,). Let card(A) denote the
cardinal of the set A. We distinguish three cases.
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First case: card({h(t1); h(ta); - ;h(tn)}) = 1.

Since h(t1) = h(t2) = --- = h(t,) =: H, we get, by multiplying equality (B.3) by |§|H_1/2 and taking in-
verse Fourier transform, Y~ ; a; 1jo,;) =0 almost everywhere on R. This entails that {ay; ag;- -+ ;o }
and then {B1; Bo2;- - ; Bn} is equal to {0}.

—

Second case: h(t;) > h(tz). Using that 1 4(£) = A¢(§), (B.3) reads:

eit1€ _ - ) —h(t; eiti€ «
aq ( 'Lf 1) — _Za_] |€|h(t )—h(t;) (Tl)’ Vé‘ c R*. (B4)
=2

By lemma B.2 and taking the limit when & tends to 0 in (B.4), we get ay = 0 which constitutes a
contradiction.

Third case: h(t;) = h(ta).

There exists an integer r in {2;3;---;n — 1}, (k1, k2, , k) in (N*)" with 2 < ky < ko < -+ < k. = n,
such that h(ty) = h(ts) = --- = h(tg,) = H
h(tkl"l‘l) = h(tk1+2) == h(tkz) =: Hp

. ) (B.5)
h(tk,_y+1) = h(te,_,42) = -~ = h(ts,) =: H,

where 1 > Hy > Hy > --- > H, > 0. Note that when r = 1 we have card({h(t1); - ;h(tn)}) =1
(treated in the first case) and when r = n we have card({h(t1);--- ; h(t,)}) = n and then h(t1) > h(ts)
(treated in the second case). We hence assume from now that 2 <k <n—land2<r<n—1.
Define the sets I, Io, -, I, by Iy := {1;2;--- ;k1}, Lo := {k1 + L; ks + 25+ s ka}, -+, I := {kre1 +
Likr—1+2;--+ 5k }. Using lemma B.2, equality (B.3) can be rewritten as

SN ay g A9 =0, VEeR" (B.6)

=1 jeI,
Lemma B.3. For every p in N*,
> a;th =0 (Lp)
jeli

Let us admit this lemma for the moment. The equalities (L) for p in {1;2;--- ; k1} yield the following
linear system:

[T B 7 P R, a 0
o R Qs 0
" ' = .. (B.7)
R R Uk, 0
=:D

The determinant of this system is a Vandermonde determinant which is non zero since all the ¢; are
distinct from each other. As the result, the only solution is a1 = ay = - - ax, = 0 which constitutes a
contradiction and proves the proposition. (I

We now present a sketch of proof of lemma B.3.

Proof of lemma B.3. By multiplying both sides of equality (B.6) by |§|Hl*1/2 and then taking the
limit when £ tends to 0, we get, using lemma B.2, .., «; t; = 0, which is equality (L1). Now, fix p
in N*. Starting from equality (B.6) we first

- multiply both sides of equality (B.6) by [¢ |H171/ % and call (B.6 bis) the resulting equality. For any &
in R*, we then take the p'" derivative of both sides of equality (B.6 bis) at point £. We call (F;) the
equality thus obtained. It reads:

SO% oy e AL @) =0, veeRrr, (Ev)

=1 j€eI,
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where [g(f)](p ) denotes the p'™® derivative of the p-times differentiable map & — g(&).

Now, starting from (E7), we recursively perform the following operations successively for [ = 2,... r:

- multiply both sides of equality (E;—1) by |£ |H1_Hl*1+p and call (E;_; bis) the resulting equality.

- take the p'" derivative of both sides of equality (E;_; bis) at every point ¢ in R* and call (E;) the
resulting equality.

Equality (E,) then reads:

T

PIPBETE

=1 jel,
(p)
) )
[ “[|§|H1HL_ At_(g)](p) Jg|HaHi+p ) .|§|H3H2+p} o || Heatp | g HemHeoatp

=[-117(©)
=0, VEeR" (E)

4P

Lemma B.2 yields that 5111% Q; Agf) € = ST O tf“. We want to let ¢ tend to 0 in the previous
—

equality. However, for (I,7) in {1;2;---;r} x I, 51in% [ -]l(pj)(f) = +o00. Nevertheless, it is easy to show
. ,

L@
that, for every (1, 7) in {1;2;---;r} x I, ghm )i €)

——b1 >~ exists in C* and is independent of j. Define
S0 AT (E) Jelr P J

lim [P ()
€20 A7) () [¢l M

map on R such that [-- ]l(z) (&) = ¢ ¢ Agf) &) (1+ U,;(€)). Equality (E,) then reads

c = ,I1=1,...,r. Denote, for (I,7) in {1;2;--- ;r} x I;, U ; : R — C, the continuous

T

doa Y o [T AR 1+ Uiy(e) =0, VEER". (B.8)

=1 jeI,

Upon multiplying both sides of the previous equality by |§|H17HT we get, for £ in R*

a Y AYO A+ UE) == a S a e AP @) 1+ U,E).  (BY)
=2

Jje€n Jel
Since Hy > Hj for [ in {2;--- ;r}, taking the limit when £ tends to 0 in (B.9) and using lemma B.2 yields
c1i? (p+1)7" Yje, o 271 =0, which is nothing but (L,1). This ends the proof. 0

Remark B.4. Another way to establish that Ry(.,.) defines an inner product on g(R) for H in (0,1)
is to use (3.3) and (3.13).
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