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ANALYSIS OF THE ROSENBLATT PROCESS

CIPRIAN A. TUDOR!

Abstract. We analyze the Rosenblatt process which is a selfsimilar process with stationary increments
and which appears as limit in the so-called Non Central Limit Theorem (Dobrushin and Major (1979),
Taqqu (1979)). This process is non-Gaussian and it lives in the second Wiener chaos. We give its
representation as a Wiener-It6 multiple integral with respect to the Brownian motion on a finite
interval and we develop a stochastic calculus with respect to it by using both pathwise type calculus
and Malliavin calculus.

Mathematics Subject Classification. 60G12, 60G15, 60H05, 60HO7.

Received March 3, 2007. Accepted June 4, 2007.

1. INTRODUCTION

A selfsimilar object is exactly or approximately similar to a part of itself. Selfsimilar processes are invariant in
distribution under suitable scaling. They are of considerable interest in practice since aspects of the selfsimilarity
appear in different phenomena like telecommunications, economics, hydrology or turbulence. We refer to the
work of Taqqu [44] for a guide on the appearance of the selfsimilarity in many applications and to the monographs
by Samorodnitsky and Taqqu [40] and by Embrechts and Maejima [13] for complete expositions on selfsimilar
processes.

In this work we analyze a special class of selfsimilar processes that are limits in the so called Non Central
Limit Theorem (see Dobrushin and Major [11] or Taqqu [43]). Let us briefly recall the general context.

Consider (&,)nez a stationary Gaussian sequence with mean zero and variance 1 such that its correlation

function satisfies
2H—2

r(n) :=E(én) =n ¥ L(n) (1)
with H € (3,1) and L is a slowly varying function at infinity (see e.g. [13]). Denote by H,,(x) the Hermite

polynomial of degree m given by H,,(z) = (fl)me§ dcg:‘n e~ . Let g be a function such that E(g(&)) =0

and E(g(£)?) < oo. Suppose that g has Hermite rank equal to k; that is, if g admits the following expansion
in Hermite polynomials

o) =Y e Hy(x), = %E (9(€0H; (£0)))
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then
k = min{j; c; # 0}.
Since E [g(£0)] = 0, we have k > 1. Then the Non Central Limit Theorem [11,43] says that

1 [nt]
nH g (fj)
=1

converges as n — oo in the sense of finite dimensional distributions to the process

t k 1, 1-H
zh) = et [ [T =% ) asabn)...aB). @

where xy = max(z,0) and the above integral is a multiple Wiener-Itd stochastic integral with respect to a
Brownian motion B(y))yer (see [29] for the definition). The constant ¢(H, k) is positive and it will be taken
such that E (Z%(1)?) = 1. The process (Z¥(t))i>o is called the Hermite process and it is H-selfsimilar in the
sense that for any ¢ > 0, (Z#(ct)) =D (cH Zk (1)), where “ =(%) ” means equivalence of all finite dimensional
distributions, and it has stationary increments.

When k = 1 the process given by (2) is nothing else that the fractional Brownian motion (fBm) with Hurst
parameter H € (1,1). For k > 2 the process is not Gaussian. If k = 2 then the process (2) is known as the
Rosenblatt process (it was actually been named in this way by Taqqu in [42]).

The fractional Brownian motion is of course the most studied process in the class of Hermite processes due to
its significant importance in modeling. A stochastic calculus with respect to it has been intensively developed
in the last decade. We refer, among others, to [4,5,9,16].

Our main interest consists here in the study, from the stochastic calculus point of view, of the Rosenblatt
process. Although it received a less important attention than the fractional Brownian motion, this process
is still of interest in practical applications because of its self-similarity, stationarity of increments and long-
range dependence. Actually the very large utilization of the fractional Brownian motion in practice (hydrology,
telecommunications) are due to these properties; one prefers in general {Bm before other processes because it
is Gaussian and the calculus for it is easier; but in concrete situations when the gaussianity is not plausible for
the model, one can use use for example the Rosenblatt process. There exists a consistent literature that focuses
on different theoretical aspects of the Rosenblatt processes. Let us recall some of these works. For example,
extremal properties of the Rosenblatt distribution have been studied by J.M. Albin in [2] and [3]. The rate of
convergence to the Rosenblatt process in the Non Central Limit Theorem has been given by Leonenko and Ahn
[23]. Pipiras [31] and Pipiras and Abry [1] studied the wavelet-type expansion of the Rosenblatt process. A law
of iterated logarithm has been given in [15].

Among the applications of the Rosenblatt process in statistics or econometrics, we mention the following:

e in the unit root testing problem with errors being nonlinear transforms of linear processes with long-
range dependence, the asymptotic distributions in the model are shown in [47] to be functionals of
Hermite processes;

e limiting distributions of the parabolically rescaled solutions of the heat equation with singular non-
Gaussian data have similar behavior to the Rosenblatt distribution (see [24]);

e the Rosenblatt distribution also appears to be the asymptotic distribution of an estimator related to the
semiparametric bootstrap approach to hypothesis tests (see [18]) or to the estimation of the long-range
dependence parameter [21].

Besides these more or less practical applications of the Rosenblatt process, denoted in the sequel by Z, our
motivation is also theoretical; it comes from the recent intensive interest to push further the stochastic calculus
with respect to more and more general integrator processes. We believe that this process constitutes an inter-
esting and instructive example where the recent developed techniques of the generalized stochastic calculus can
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find a significant test bench. We also mention that, since the process is not Gaussian, several new ideas are
needed to develop the calculus for it (for example to prove its stochastic integral form on a finite interval or to
use divergence type calculus).

We actually use the two principal methods to develop a stochastic integration theory: the pathwise type
calculus and the Malliavin calculus/Skorohod integration. The first approach (that includes essentially the
rough paths analysis, see [35], and the stochastic calculus via regularization, see [37]) can be directly applied
to the Rosenblatt process because of its regular paths and of the nice covariance structure; a pathwise Ito
formula can be written and Stratonovich stochastic equation with Z as noise can be considered. The Malliavin
calculus and the Skorohod integration are in general connected in a deeper way to the Gaussian structure of the
integrator process and as it will be seen in the present work, Skorohod It6 formula can be derived in a complete
form only in particular cases. Although the formula we obtain is rather complicated and not easily tractable,
the principal signification of the result is the fact that one can precisely see here that the Gaussian nature of the
integrator process is decisive in the stochastic integration theory; once we go out from the Gaussian context,
one cannot obtain It6’s formulas that end by a second derivative term.

We would like to mention that some of our results can be directly proved for the more general class of Hermite
processes of arbitrary order. For example, the construction of the Wiener integrals or the stochastic calculus via
regularization. But in some other places the fact that the process lives in the second Wiener chaos is important
and the extension of the results to a higher order Wiener chaos needs a detailed and careful analysis; for example
the Skorohod type calculus or the integral representation as a multiple integral with respect to the Brownian
motion with a finite time horizon.

We organized our paper as follows. Section 2 presents basic properties of the Rosenblatt process. In particular
we prove a stochastic integral representation on a finite integral that will be useful for the construction of the
stochastic calculus. In Section 3 we introduce Wiener integrals with respect to Z by following the ideas in [22,25].
We define in Section 4 the Hilbert-valued Rosenblatt process and we consider stochastic evolution equations with
this process as noise. Section 5 describes the application of the stochastic calculus via regularization introduced
by Russo and Vallois in [37] to the Rosenblatt process and in Section 6 we discuss the Skorohod (divergence)
integral: we define the integral and we give conditions that ensure the integrability and the continuity of the
indefinite integral process. In Section 7 we prove the relation between the pathwise and the divergence integrals:
here the pathwise integral is equal to the Skorohod integral plus two trace terms (in the fBm case there is only
a trace term). Finally Section 8 contains a discussion on the It6 formula in the Skorohod sense.

2. ON THE ROSENBLATT PROCESS

In this section we will analysis some basic properties of the Rosenblatt process; in particular we are interested
in its representation as a stochastic integral on a finite interval. As we said, this process is obtained by taking
k = 2 in the relation (2), so

2—H 2—H

22(0)i= 200 = (i) | [ ( / (o) T (s )y ds) AB(y1)dB(y2) 3)

where (B(y),y € R) is a standard Brownian motion on R. The constant a(H) is a positive normalizing constant
and it is chosen such that E(Z(1)?) = 1. It follows actually from [25] that

2 ﬂ(%aHil)Q R
a(H)" = < 2H(2H1)>

Recall that the process (Z(t))icjo,r] is selfsimilar of order H and it has stationary increments; it admits a
Holder continuous version of order 6 < H. Since H € (%, 1), it follows that the process Z exhibits long-range
dependence.
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Since our main interest consists in the construction of the stochastic calculus with respect to the process Z,
the representation (3) is not very convenient; as in the fBm case, we would like to represent Z; as a stochastic
integral with respect to a Brownian motion with time interval [0,7]. Recall that the fBm with H > % can be
written as

Bl = /0 t KH(t,5)dW, (4)

with (Wy,t € [0,T]) a standard Wiener process and
1 t 3 1
KH(t,s)chsi_H/ (u—s)T 24 2du (5)

where t > s and

1
— 2
rr = < H(2H —1) : > (6)
B(2—2H,H - 1)
Note that to prove the representation (4) (at least in law) it suffices to see that the right member has the same
covariance R as the fBm; otherwise, it can be easily seen from the expression of the kernel K that the right
member in (4) is H-selfsimilar with stationary increments and as a consequence it cannot be nothing else but
a fractional Brownian motion with parameter H.

Since the Rosenblatt process is not Gaussian, the proof in its case of a similar representation to (4) needs a

supplementary argument; in fact we have the following

Proposition 1. Let K be the kernels (5) and let (Z(t))icjo,1) be a Rosenblatt process with parameter H. Then
it holds that

A ) e oK™
2y =aan [ [ | (1, 0) 75— (s ya)el | AB()dB(ye) 7
o Jo y1Vys2 au au
where (By,t € [0,T]) is a Brownian motion,
, H+1
and )
1 H o2
d(H)’H+1 <2(2H—1)> ' ©)
Remark 1.

i) As far as we know the above representation has not been previously proved. This fact is not surprising
since even the corresponding representation of the fBm by using the kernel K is rather new (it is due
to [27]). For the sake of completeness, we present a proof of the Proposition 1 in the Appendix.

ii) The constant d(H) is a normalizing constant, it has been chosen such that E(Z(t)Z(s)) =
(#1421 — |t — 5|27 Indeed,

E(Z(t)Z(s)) = 2d(H)2/OAS/OAde1dy2
t s 6 H'

K oK™ oK™ oK™
dud
< Lo Tt T ) T ) T ) )

2
t s UAv 6KH’ 8KH'
_ 2
= 2d(H) /0 /0 dudv </0 90 (u, 1) 0 (Uayl)dy1>

= 2d(H)*(H'(2H' —1))? /Ot /O lu — v*"2dudv = R(t, s).
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iii) It can be seen without without difficulty that the process

) G oK
2 =am | [ V (1) 5 ()
y1Vy2

defines a H selfsimilar process with stationary increments. Indeed, for any ¢ > 0,

ct pct ct aKH/ aKH’
zen= [ [ V 1) 5 ()
Yy1Vy2

e ' 8KH’ aKH’
- -y d
/0 A [le? o (CUayl) ou (C'U,’yQ)c u

c

A ) G oK
= cu, ¢ cu, cys)cdu
I V 5 e ) T (cu, )

and since B(cy) =@ ¢2 B(y) and oK™ (cu,cy;) = H ~% MgHI (u,y;) we obtain Z(ct) =@ H Z(t).

ou u
The fact that Z’ has stationary increments follows from the relation

dB(y1)dB(y2)

dB(y1)dB(y2)

dB(y1)dB(y2)

dB(cyr)dB(cy2)

Ko (t+h,s)— K" (t,s) = K™ (t — s, h)

for any s,t € [0,T], s <t and h > 0.
From now on we will use the version of the Rosenblatt process given by the right side of (7).
We will finish this section by proving that the Rosenblatt process possesses a similar property to the fBm,
that is, it can be approximated by a sequence of semimartingales (here actually, since H > %, by a sequence of
bounded variation processes). In the fBm case, the property is inherited by the divergence integral (see [4,6,7]);

this fact can be used to construct financial models with the Rosenblatt process as noise (see [6]).
The basic observation is that, if one interchanges formally the stochastic and Lebesque integrals in (7), one

gets
“ ” ‘ “ uaKHl 6KHI
2= [ (/ / W(u,an(u,yg)dB(yl)dB(yz)) du

but the above expression cannot hold because the kernel alg: (u,y1) ng (u,y2) does not belong to L2([0,T]?)
H' H-—2

since the partial derivative Mgu (u,y1) behaves on the diagonal as (u —y1) = .
Let us define, for every € > 0,

t t t aKHI aKH/
d(H)/O/O [/MVyz du (u+€’y1) Ju (U+€,y2)du
u uaKH’ aKH/
/0 </0/0 90 (u+€,y1)—au (u+5,y2)dB(y1)dB(y2)> du

= /Ot Ac (u)du.

Since A. € L?([0,T] x Q) for every ¢ > 0 and it is adapted, it follows that the process Z¢ is a semimartingale.
Proposition 2. For every t € [0,T], Z°(t) — Z(t) in L*().

Z: (1)

dB(y1)dB(y2)
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Proof. We have

Z5(t) — 2(t) = / / AB(y1)dB(y:)

AL (e e~ 2 ) 2 () )
Ve ou &, Y1 u €, Y2 ou y Y1 u y Y2

t t t t
E|Z5(t) — Z(t)]* = 2/ / dyldyg/ / dvdu
0 Jo y1Vy2 Jyi1Vyz

" 8KH'(U+ )8KH’(UJr )faK—H,(u )—H’(u )
ou P Ou €, Y2 ou y Y1 u » Y2

and

(2 e 2 ot ) = 2 ) 2 )
v+e v+te —— — (v .
v » Y1 90 y Y2 v » Y1 90 y Y2
Clearly the quantity ( (u +e yl) (u +e,y2) — au (u yl) (u, yg)) converges to zero as € — 0 for
every u, y1,y2 and the conclusmn follows by the dominated convergence theorem. (I

3. WIENER INTEGRALS

The covariance structure of the Rosenblatt process allows to construct Wiener integrals with respect to it.
We refer to Maejima and Tudor [25] for the definition of Wiener integrals with respect to general Hermite
processes and to Kruk et al. [22] for a more general context. Let us recall the main points and translate this
construction in our context.

One note that

// Lio,g) (1, y2)dB(y1)dB(y2)

where the operator I is defined on the set of functions f : [0,7] — R and takes values in the set of functions
g:10,T]? — R? and it is given by

T H' H'
1)) =) [ )2 ) 25— (g (10)

1VYy2

If f is an element of the set £ of step functions on [0, 7] of the form

n—1
f - Z ai]‘(t7,7ti+1]7 t; € [0, T] (11)
=0

then we naturally define its Wiener integral with respect to Z as

/f WZw) = S (Zu, — 2 / / )1 y2)dB (1 )AB(yo). (12)

=0

Let H be the set of functions f such that

173, =2 / / (g1, ) dyr dy < . (13)
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It can be seen that

2
T Tl T oOKH' oKH
1713, = 2d(H)? / / / F) 2R () P (o) | dyrdys
0 0 y1Vy2 8U 8U

T T T T
H)Q/ / dyldyg/ / dudv
0 0 y1Vy2 Jyi1Vya

oKH’ OKH OKH OKH'
x f(u) f(v) 9 (u, 1) 50 (wﬂw(%yﬂw(%yﬂ

g [ [ ([ 25 i)
- H(2H—1)/O /O F)F(0)|u — v2H2dvdu,

It can be proved as in [25] or [22] that the mapping

/- / " fwazw

defines an isometry from € to L?(Q) and it can be extended by continuity to an isometry from H to L2(£2)
because £ is dense in H (see [33]). We will call this extension the Wiener integral of f € H with respect to Z.

Remark 2. It follows from Pipiras and Taqqu (see [33]) that the space H contains not only functions but
its elements could be also distributions. Therefore it is suitable to know subspaces of H that are spaces of
functions. A such subspace is |H| where

H| ={f:[0,T] — R|/ / w)||f (0)||u — v|*22dudv < oo}.

It actually holds
L7 ([0,T]) C |H| C H.

The space |H| (and hence H) is not complete with respect to the norm || - || but it is a Banach space with
respect to the norm

e =HCE -0 [ [ @@l o2
The Wiener integrals fo w)dZ(u) and fo u)dZ(u) are not necessarily independent when the functions f

and g are orthogonal in H. A charaeterlzatlon of their independence is given in the next result.

Proposition 3. Let f,g € H. Then fo u)dZ(u) and fo u)dZ(u) are independent if and only if

H' H'
<f(~)a§u <-,y1>,g<->a§—u<-,yg>> 0 ae () € 0.1 (1)
y

where H' is the space analogous to H corresponding to the Hurst parameter H'.

Proof. We use a result by Ustunel-Zakai [41] (see also Kallenberg [20]): two multiple Wiener-It6 integrals with
respect to the standard Wiener process I,,(f) and I,,,(g) with f, g symmetric, f € L?[0,T]" and g € L2[0,T|™
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are independent if and only if f ®1 g =0 a.e. on [0, T]™*"~2, where

T
(f ®1 g)(tl, ceytpn_1,81,.. .,Sm_l) = / f(tl, C ,tn_l,t)g(sl, .. .,Sn_l,t)dt.
0

Let us apply the above result to

T H’ H'
oK 0K
F(y1,y :1,2y,y/ flu u,y u, y2)du
(y1,92) = 10,92 (11 2)y1vy2()au( )=~ (u42)
and
T H' H’
0K 0K
Gy,y)=1,2y7y)/ g(u) u,y u, y2)du.
(Y1, 2 [0t](12y1vy2( 8u( 1)8u( 2
Then
T
(F &1 G)unm) = [ ds
0
T H’ H' T H' H’
0K 0K 0K 0K
- _— d d
[ A0 T ) Tt [ g0 T ) T )
T T H/ H/
oK 0K /
_ H zer ey o 2H —2d d
o) [ [ Ftuda0) 5 ) H— (o v
and the conclusion follows easily. O

As an immediate consequence, we obtain

Corollary 1. If f® g = 0 a.e. on [0,T)? then the random variables fOTf(u)dZ(u) and fOTg(u)dZ(u) are
independent.

Remark 3. The Non Central Limit Theorem given by [11,43] can be extended to Wiener integrals (see [25]).
More precisely, under suitable assumptions on the deterministic function f € H one obtains that the sequence

niH ]Ze;f <%) 9(&)

converges weakly when n — oo, to the Wiener integral [ f(u)dZ(u) (g and &; were introduced in Sect. 1).

4. INFINITE DIMENSIONAL PROCESS AND STOCHASTIC EVOLUTION EQUATIONS

In this part we define a Hilbert-valued Rosenblatt process and we consider stochastic evolution equations
driven by it.

Let us consider U a real and separable Hilbert space and @ a nuclear, self-adjoint positive and nuclear
operator on U. There exists then a sequence 0 < A, \, 0 of eigenvalues of @ such that > ., A, < co. Moreover
the corresponding eigenvectors form an orthonormal basis in U. We define the infinite dimensional Rosenblatt

process on U as
2(t) = 3"V rwen; (1) (15)

v>0

where (z;);>0 is a family of real independent Rosenblatt processes.
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Note that the series (15) is convergent in L?(Q) for every ¢ € [0, T] since

EZt) =Y NE@E) =) ")\ <.

Jj=>1 Jj=>1
Note also that Z has covariance function R(t,s) in the sense that for every u,v € U, and for every s,t € [0, T
E(Z(t),u)u{Z(s),v)yv = R(t,$){Qu,v)y.

This can be proved exactly as fBm case (see [46]).

In some situations the assumption that @ is nuclear is not convenient. For example one cannot take @ to be
the identity operator, that is A, = 1 for every n. Therefore, if >~ A\, = oo we will consider a bigger real and
separable Hilbert space U; D U such that the inclusion U C U; is nuclear. Then the quantity

Z(t) = sz(t)ej (16)

is well-defined stochastic process in Uj.
In the sequel we will consider the infinite dimensional Rosenblatt process to be defined by (16).

Following the one dimensional case, one can introduce Wiener integrals with respect to the Hilbert-valued
process Z. Let V be another Hilbert space Let (®5,s € [0,7]) a stochastic process with valued in the space of
linear operators L(U, V). We put for every ¢ € [0, T]

/Ot 0.dZ(s) =) /Ot ®.e;dZ;(s)

Jjz1

where fot Pse;dZ;(s) is a V valued random variable. Note that the integral exists in L2(, V) if

/ t $,dZ(s)

0

2
E

2
= [I1®ellnl < oo
v J

Remark 4. If the integrand ¢ does not depend on time, then we find
2

t 2 t
/@dZ(s) Z|<I>en|2vE‘/ dz(s)| =213 [De, |’
0 1% j 0 j

and it can be seen that the integral fot ®dZ(s) exists if and only if @ is a Hilbert-Schmidt operator.

E

Now we introduce stochastic evolution equations driven by the infinite-dimensional Rosenblatt process. Let
A : Dom(A) C V — V be the infinitesimal generator of the strongly continuous semigroup (etA)te[O,T]. We
study the equation
dX(t) = AX(t)dt + ®dZ(t) (17)
where X(0) =2 € V and ® € L(U; V). We will consider mild solution of (17), that is, (when it exists), it can
be written as

t
X(t) =z + / et=940dZ(s). (18)
0
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We will not assume that ® is Hilbert-Schmidt (although the integral [ ®dZ exists if and only if ® is Hilbert-
Schmidt); this assumption is unnecessary because, under suitable hypothesis on A, the integral fot elt=9)Apdz (s)
will exist even when @ is not Hilbert-Schmidt operator.

The method used in the fBm case will allow to prove the next theorem.

Theorem 1. Let Z be given by (16) with H € (3,1). Consider ® € L(U;V) and A : Dom(A) CV — V
be a negative self-adjoint operator. Then there exists a mild solution X of the equation (17) if and only if the
operator ®*G g (—A)P is a trace class operator, where

Gpr()\) = (max (A, 1)) 724, (19)

Remark 5. In [45] in the fBm case is assumed that the spectrum of A, 0(A) C —(oco, —I] with I > 0. The
situation when 0 is an accumulation point of the spectrum is not treated; this case is solved in [12].

Proof. The proof is similar as in [45] because the covariance structure of the Rosenblatt process is identical to
the one of the fractional Brownian motion. O
If S! denotes the unit circle and A is the Laplacian on the circle, we have

Corollary 2. Assume that U =V = L?(S') and A = A s the Laplacian on U. Denote by (en, fn)n>1 the
eigenvectors of A that form an orthonormal basis in L*(SY). Let (¢,)n be a bounded sequence of non-negative

real numbers and
Z(t) = 3 Vanenzat) + 3 Vi fuia(t)

with (zj,%;); independent real Rosenblatt processes. Then (17) has an unique mild solution such that X (t) €
L2(Q,V) if an only if

Z qnn_4H < 0.

n

5. PATHWISE STOCHASTIC CALCULUS

At this point, we will start to develop a stochastic integration theory with respect to the Rosenblatt process.
In general, for processes that are not semimartingales, 1t0’s theory cannot be applied. One needs generalized
alternative ways to integrate stochastically with respect to such processes. In general these generalized method
are essentially of two types: the first is the pathwise type calculus and (here we included the rough path
analysis [35] and the stochastic calculus via regularization [37]) and the second type is Malliavin calculus and
the Skorohod integration theory [29]. In general the pathwise type calculus is connected to the trajectorial
regularity and/or the covariance structure of the integrator process. The Malliavin calculus instead is very
related to the Gaussian character of the driven process.

Since the Rosenblatt process with H > 1 has zero quadratic variation (see [38]) and regular paths (Holder
continuous of order H —¢), the pathwise calculus can be naturally applied to construct stochastic integrals with
respect to it. Here we choose to use the approach of Russo and Vallois. Let us list first the main ingredients of
the stochastic calculus via regularization.

Let (X¢)i>0 and (Y;)¢>0 continuous processes. We introduce, for every t,

¢ Xs E*Xs
r(g,y,dX)z/ y, e e
0

9 9

D A o
ds, I'(e,Y,dX) = / el G S
0
t X - X S—¢€
%@, Y,dX) = / Y, 2o g
0 2e
and .
(Xs-‘rE - X(sfg)+)(y;'+€ - Yr(sfs)Jr)

9

ds.

c.x vy = |
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Then the forward, backward and symmetric integrals of Y with respect to X will be given

t t
/ Yd X = lim I (c,Y,dX), / YdtX = lim I'(e,Y,dX),
0 0

e—0+ e—0+
and

e—0*t

t
/ Yd°X = lim I°(,Y,dX) (20)

0
provided that the above limits exist uniformly in probability (ucp). The covariation of X and Y is defined as

[Xa Y]t = ucp — 11161+ Ce (Xa Y)(t)

If X =Y we denote [X, X] = [X] and when [X] exists then X is said to be a finite quadratic variation process.
When [X] =0, then X is called a zero quadratic variation process.

The Rosenblatt process is clearly a zero quadratic variation process since
‘1
EC.(Z,Z)(t) = E/ E(XSH — X,)kds =te2H71 0.
0

Therefore the stochastic calculus via regularization can be directly applied to it. Precisely, it follows from
Proposition 4.2 of the Russo and Vallois survey [39] that every f € C?(R), the integrals

t t t
[reoax, [reoax [rooex
0 0 0
exist and are equal and we have the It6’s formula

F(X0) = F(Xo) + / f(X)dOX. (21)

Remark 6. An immediate consequence of the existence of the quadratic variation of the Rosenblatt process is
the existence and uniqueness of the solution of a Stratonovich stochastic differential equation driven by Z (see
[38] and see also [28]). Concretely, if 0 : R — R and b: [0,7] x R — R satisfy some regularity assumptions and
V' is a locally bounded variation process, then the equation

dX(t) = o(X(1))d°Z(t) + b(t, X (t))dV (t) (22)

with X (0) = G where G is an arbitrary random variable, has an unique solution (see [38] for the definition of
the solution).

6. SKOROHOD INTEGRAL WITH RESPECT TO THE ROSENBLATT PROCESS

In this part we define a divergence integral with respect to (Z(t))c[o,77. Constructing generalized Skorohod
integrals with respect to processes that are not necessarily Gaussian or semimartingales constitutes a frequent
topic. For results in this direction, we refer among others, to [17,19,26,34], or [22].

We will need some basic elements of the Malliavin calculus with respect to a Wiener process (W;).epo,7)- A
complete exposition can be found in e.g. [29]. By S we denote the class of smooth random variables of the form

F=fWy,....Wt.), t1,...,tn €[0,T) (23)

n
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where f € Cg°(R™). If F is of the form (23), its Malliavin derivative is defined as

DiF = gf
i=1

'-'7th)1[0,ti](t)) te [O,T]

The operator D is an unbounded closable operator and it can be extended to the closure of S (denoted DF-P,
k > 1 integer, p > 2) with respect to the norm

k
IFIE, = EIFIP + Y EIDYFI, 1y, FESk>=1p>2
Jj=1

where the jth derivative D) is defined by iteration.
The Skorohod integral ¢ is the adjoint of D. Its domain is

T
E/ usDsFds
0

Dom(6) = {u € L*([0,T] x )/

< C||F|2}
and D and ¢ satisfy the duality relationship
T
E(Fé(u)) = E/ D Fus,ds, F e€S8,u€ Dom(d). (24)
0

We define L*? = L? ([0, T];D**). Note that L** C Dom(§). We denote d(u) = fOT us0Ws. We will need the
integration by parts formula

Fo(u) =6(Fu) + /OT DsFus (25)

if F e DY? and u € LY2.

It is also possible to define a double anticipating integral with respect to W. Basically, a two parameter
stochastic process (ust)s,cjo,7) 18 said to be twice Skorohod integrable (u € Dom(6®))) if for every t the
process s — u(t,s) in Skorohod integrable and the process t — J(u(t,-)) is again Skorohod integrable with
respect to the Wiener process. The double anticipating integral of u will be denoted by §(2) (w).

We also mention that the Skorohod integral with respect to the fBm B¥ with Hurst parameter H > % is
defined through a transfer operator

T T T KH
/0 gsdBf:/O / g,.%(r,s)drdWs (26)

where the integral in the right side above is a Skorohod integral with respect to W. Moreover g is Skorohod
integrable with respect to B if the quantity féT gr%(r, s)dr is Skorohod integrable with respect to W.

Definition 1. Let us consider a square integrable stochastic process (gs)sejo,r]- Following (12) and (26) we
define its Skorohod integral with respect to Z by

/09st // )(y1,y2)dB(y1)dB(y2)

H' H'
-[ [ (/ ] >%<u,yl>%<u,yg>du>dB(m)dB(yg). (27)



242 C.A. TUDOR
We will say that a process g is Skorohod integrable with respect to Z if the process Ig € Domd®, where §(2)
is the double Skorohod integral with respect to the Brownian motion B.

We refer to [30] for the study of double (and multiple) Skorohod integrals.

Remark 7. Note that the Skorohod integral coincides with the Wiener integral if the integrand g is a deter-
ministic function in H. Another Skorohod integral with respect to Z has been introduced in [22] as the adjoint
of some Malliavin derivative with respect to Z but this integral does not coincide with the Wiener integral for
deterministic integrands.

Next lemma gives a condition that ensures the Skorohod integrability.

Lemma 1. Let g € L?(2;H) be such that g € L*? and

T T
E/ / ||Dm17m2g||$_‘d$1dx2 < 00. (28)
o Jo

Then g is Skorohod integrable with respect to Z and

/O iz

Proof. We use Meyer’s inequality for the double Skorohod integral (see [30], p. 320) and we obtain

/OT 9s62(s)

E < cst.

T T
Ellg|2 + E / / ||Dx1,x29|31dx1dx21 | (20)

2
E < cst.

T T
E/ / 1(9)(y1,y2)dy1dys
o Jo

T T T T )
+E / / / / (Dm,zQI(g) (Y1,92)) dxleQdyldyQ]
0 0 0 0

T T
EH(2H - 1)/O /0 g(w)g(v)|u — v|*2dudv

T T T T
+ / / deydes / / Doy 239(6) Doy 0y ()|t — 0] —2dudu
0 0 0 0

T T
Ellg|2 + E / / |Dx1,ng||%dx1dx2] - 0

= cst.

= cst.

Corollary 3. If g € L*(Q; |H|) be such that g € L?? and

T T
E[ [ IDsglbydodes < oc. (30)
0 0

Then g is Skorohod integrable with respect to Z and
T

/ 9s0Z(s)
0

T T
E|lgl2, +E / / 1D g Py

2

£ < cst.|gll? (31)

where

lgl* =
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Example 1. The Rosenblatt process Z is Skorohod integrable with respect to Z and

T
/ gs0Z(s)| < est. / / R(u,v)|u — v[*2dudv.
0

Proof. We treat the two terms in the right side of (29). Clearly

E

T ,T
E||Z|3, = cst./ / R(u,v)|u — v|*2dudv.
o Jo
We have, for every x1,z2 € [0,T],

o', zo)du’

v 9KH oK H
Dmﬁw=wmmm%uy /

/
x1VTo au

and then (note also that aK

(t s) is positive and therefore we omit the absolute value at a certain point)

T T T T T T
E/ / HD;ChMgH‘deacldacg :/ / dI1d$2/ / lu — v|*# ~2dudv
0 0 0 0 x1Vxgs Jx1Vro

y OKH' /” oKH KM
x

v 6KH( ! I ! ! !
W(u ,xl)W(u , xo)du 50 (v, 21) 5 (v, zg)dv

1V

1V

’ ’7 2
T T u v u' Av H'
K K
:/ / |u—v|2H*2dudv/ / / a—,(u’,xl)a—,(v’,zl)dxl
o Jo 0o Jo 0 u v
T T
:cst./ / R(u,v)|u — v[*~2dudv.
o Jo

We finish the section by a result on the continuity of the indefinite Skorohod integral process. This shows that
the indefinite integral keeps the same order of Holder regularity as the Rosenblatt process.

Proposition 4. Let g € L?? such that

sup [|gr 2, < oo
T

Then the indefinite Skorohod integral process (Xt = f(f 9s07Z(s),t €0, T]) admits a Hélder continuous version
of order § < H.

Proof. We can write

X - 5—//<[m /wm%fwmm%mmw@>
+2/ / (/ oK™ uy1)8§5/(%y2)du> dB(y1)dB(y2)
VAT =

= J1 +2Jy + J3.

(u,yz)dU> dB(y1)dB(y2)
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Then
E[X; - X,|" <c(p)E (J] + J5 + J5) .
By Meyer’s inequality (30], p. 320)

2
OKH' OKH'
E|J,|P < du| d
| /117 < c(p // </1vy2 5 (u,y1) 50 (u, y2) U> y1dys

2
t ptopt gt ¢ "% -
oK oK
E Dy u ), yo)du | dzidzadyd
/s/s/o/o[ lyz/ylvwg Gu )y (W v2) “] z1dzady1dys
%
i [

dI1d$2/ / |Day 290D 11712gv||u—v|2H 2dudv

P
2

P
2

IN

/|u o= 2dvdu

c(p, H)sup [|g-|l5,
s

c(p, H) sup ||g.||5,(t — s)P*.
i

In a similar way, we can find the same bound for the terms Jy and Js (see also [4], proof of Prop. 1). The
conclusion will following by the Kolmogorov’s continuity criterium. O

7. THE RELATION BETWEEN THE PATHWISE AND THE SKOROHOD INTEGRALS

Let g a stochastic process. Recall that its forward integral with respect to Z is the limit ucp as ¢ — 0 of
1T 1T
I(69.42) = 2 [ 020 +0) = Z)ds = 2 [ 6@ (fcleon) = £l 2 ds (32
0 0

where the kernel fs is given by

© KM oK™
50 (u, x) oy (u, y)du. (33)

fs(z,y) = d(H)l[OVS]z(x,y)/

xVy

We will need the following integration by parts formula (see [30]): if F' € D*2 u € L2([0,T]* x ) such that for
every s, u(-,s) € Dom(d), then Fu € Dom(5®) and

F§® (u) = 6@ (Fu) + 2 /0 ’ Do Fé(u(-, o))da — / / DY) Fu(a, B)dadg. (34)
We apply relation (34) to (32) and we obtain
I (c,9,d2) = %/OT 0P (g5 (fsre (%) = fs( %)) ds
[ Pags et i) daas
L / / / D9, (fore(8,0) - f,(8,)) dBdads, (35)
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We can already observe, besides the first divergence type term, the appearance of two trace terms. Recall that

in the fBm case the corresponding term I~ (e, g,dB) can be decomposed in a divergence term plus a only a
trace term.

Definition 2. We say that a stochastic process g € LY? admits a trace of order 1 if

1 (T /T
[ ] Dagidfita) - £itia)) dads (36)
o Jo
converges in probability as ¢ — 0. The limit will be denoted by T+ (D™ g).

We say that a stochastic process g € L2 admits a trace of order 2 if

é/OT /OT /OT ng)ﬁgs (fote(B,a) — f5(B, @) dBdads (37)

converges in probability as ¢ — 0. The limit will be denoted by T2 (D g).
We have the following relation between the divergence and the pathwise integral.
Theorem 2. Let g € L?? such that

T T
E[lgl/3 + B / / | Das 913y dandirs < 0.

Assume that g has traces of order 1 and 2. Then g is forward integrable with respect to Z and it holds
T T
/ 9sd™Z(s) = / 9:0Z(s) + 2T (DWg) — TrP (D@ g). (38)
0 0

Proof. See the Appendix. O

8. ON THE ITO FORMULA IN THE SKOROHOD SENSE

We study Itd’s formula for the Rosenblatt process in the divergence sense. As we mentioned before, the
Gaussian nature of the integrator process is essential in the framework of the divergence calculus and this fact
can be entirely observed here. We state an It6 formula for the Rosenblatt process where we could observe the
presence of “the expected terms” (first and second derivatives terms) and a new term involving higher order
derivatives. We are actually able to compute this new term in the It6 formula only in particular cases; but
more relevant than these formulas, which are not easily tractable, is the fact that one can observe from the
computations contained here that the standard method to obtain divergence type change of variables formulas
(see e.g. [29]) does not work here, in the sense that one cannot hope to obtain It6’s formulas that stop at f”.

We will deduce the Skorohod It6 formula by using the pathwise It6 formula. Recall that for any function
feC*(R)

F(Z@®) = £(0) + / F1(Z()d=2(s)
— f(0)+ / F(Z())62(s) + 277D (DD f(2(s))) — Tr® (D £ (Z(s)))

provided that the above terms exist.
We will now analyze the two trace terms appearing in the above formula.
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8.1. The trace of order 1
Recall that

TrO(DW f(Z(s))) = uep — hH(l) B.

where

Lt /
B. = E/O dS/O daDa f'(Z(5))0 (fste(-s ) = s5(- )

Lt ! 11
= g/0 ds/o daf (Z(S))DQZ(s)(S (fs+€('704)—fs(-,04)).

The Malliavin derivative of Z(s) is given by

Vy1

s s H' H'
DaZZ(s) = 20(H) 1} (0) < / ( [ A wa)?y <u,y1>du> dB(yn).

Thus

Ba = gd(H)/O dsf”(Z(S)) /Osé(fs-i-a('aa) _fs('va)) da

° s é)KH/ aKH/
X/O </aVy1 Iu (u, ) M (U,yl)du> dB(y1)

where fs is given by (33). By using the integration by parts formula (25) it holds that

5= 2w [ asrz6) [ aa

: ) oK
</ [5(fs+s(u0<)fs(-,0<)) | ) ()

Vy1

dB(y1)

+§d(H) /OT dsf"(Z(s)) /0 da

S
></
0

.= B! + B2

s H' H'
/avy1 82(“ (u, @) 62(“ (u, y1)du(fore(yr, @) — fs(yl,a)l dy

(39)
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We regard first the term B2 because it can be treated in the same manner for any function f. We can write

T s
B? = 2ol(H)Q/ dsf”(Z(s))/ do
€ 0 0
s s 9KH OKH
></O dyl /a\/yl ou (U’aa) ou (u7y1)du’

ste g H' OKH
10 stel2 d
X [ [0,5+e] (y1, @) /aVyl v (v, ) v (v, y1)dv

s 9KH OKH
—1p0,42(¥1, @) /a 5 (v, ) 5 (v,yl)dvl

Vi

= gd(H)Q/ dsf"(Z / du/ dv </UAU 8KH'( ,a)ag(—:/(v,a)da>2
H)2/O dv/o du|u—v|2H_2§/(v_E)vu f"(Z(s))ds
with A(H) = H'(2H' — 1)d(H) and we have
/ v [ dulu— o2 2(— /( a)f”(Z(S))dS>
+2A(H / dv/ dulu — v~ 2( / "z ) (42)

Therefore we have the convergence in L!'(Q) as e — 0

B? - 2A(H / / "z — o2 dudu = H/OT /OT F(Z (u)u* 1 du (43)

since the first summand in (42) converges to the limit and the second one goes to zero by the dominated
convergence theorem.
The study of the term B! is rather difficult to be done in general. We will study it in some particular cases.

8.2. The trace of order 2

Recall that
Tr® (D(Q)f’(Z(s))) = ucp — hH(l) C.

where

/ ds / / Das /' (Z(5)) (fore(es B) — folev, B)) dadd

/ds// (Fore(@. ) — fu(e, ) dadB

$))Da,pZ(s) + " (Z(s))DaZ(s)Dp Z(s)]
:@+@.
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We can write

2
uAv 8KH/ aKH/
1 _ //
C. = /f ds/O du/ </0 o™ (u, @) 5 (’U,Oé)dOé)

2
d(H)*(H'(2H' —1))? f ds/ du/ dv|u — v|*~2

€ 0

— 2d(H2(H'(2H' —1))? /O t / dulu — v[2H-2 (% /(U_E)vu f”(Z(s))ds)

and then clearly

L H / P20 (44)
0

in L'(Q) as e — 0.
The term denoted by C? can be handled in the following way:

02

iﬂ“ﬂ’ 0//DZ )DsZ(s) (fure(a, ) — f(a, 3)) dad3

gd(H) / dsf"(Z / / dadB (fs+e(a, B) — fs(a, 8))

' ) oK
B -
X (/O d (yl) /O(vy1 ou (’U/, Oé) ou (U’a yl)du’>

' * 9K oK
x </o dB(m)/ﬁ W(“vﬁ)ﬁ(%%ﬁ“) : (45)

Vy2

At this point we can state the following version of the It6’s formula by putting in evidence the first and second
derivatives terms plus a new term involving higher order derivatives of the function f.

Theorem 3. Let f € C*(R). Then, for every t € [0,T]

F(Z(t) = /f 162 (s +H/f’ ))s2H-Lds + N,

where Ny = ucp — lime_o(2BL — C?) where B! and C? are given by (40) and (45) respectively (provided that
the limit exists).

Proof. Is is a consequence of the computations contained in this section. ([

We will give the explicit expression of the process N, is particular situations.

8.3. Particular cases

In this paragraph we compute explicitly the remaining trace term for two particular choices of the function f.



ANALYSIS OF THE ROSENBLATT PROCESS 249

The case f(x) = 2.
In this case the term C? clearly vanishes. We will determinate the limit of the term Bl. We have

H)/Otds/osda/ot/otdB(yl)dB(ya)

s aKH’ aKHI
X Lvyl u (u; OC) u (Ua yl)d’l},(fere(yQ’ a) — fs (y27 O[))

and by Fubini we get

bt ¢ v gKH OKH
Ba1 = 4d(H)2 / dB(yl)dB(yg)/ dv/ du 3 (u,y1) (u,y2)
o Jo 2 ¥ U Ju

Y

1 v g oK
X <E /(ﬂ 6)vuds> (/ 5 (u, @) 5 (v,a)da)

= 4d(H)*H'(2H' — / / dB(y1)dB(y2)

t v gKH OKH , 1 v
<[ f LS LS NN s
Y2 Y1 ou ou € J(v—e)vu

and then one can prove that

K" K :
Bl — 4d(H)*H'(2H' — / / dB(y1)dB( yg)/ dv/ du%(u,yl)%(u,yg)m—ﬂﬂ{ ~2. (46)

The case f(z) = z3. In this case we need to compute both terms C2 and B’ because they have both non-trivial
contributions. Let regard the term (40). It holds by calculating first the integral da

B! = Bd(H)QH'(zhr' - 1)/tZ(s)ds
0

s ste  HKH OKH' S
[// BB [ [ de< ) S ()~ o]

oK 2H' -2
- [ annani) [ [0S 2 ol — o

and the integration by parts formula for the double Skorohod integral gives
Bl =By + B:? + B2?
where

1,1 12 / ! !
BM! = —d(H) H'(2H' —1) [ ds
0

s ste  pKrH OKH R
[/ [ anwanwze) [Ca [ @l e

Y1 Y2

s KM oK™ /
B(y1)dB( _2H'—2
- [ annan 26 [ [T ) o 2.
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4
B} = — 8d(H) H'(2H' - / ds/ do
OKH'

&

s s 6KH’ ,
></O (/ du’ 5 (v, ) M (u,y1)> dB(y1)
T

aVyi
aKH oK .
Bw) | du/ (1,0) =5 (v, ) u — 22

s s s gKH OKH ,
—/0 dB(yz)/a du/yzdv By (U,Oé)w(%yzﬂu*ﬂw 21

and

24 , ¢
= ?d(H)“H’(QH’f 1)/ ds
0

s pste s aKH' aKH'
x dyrdy / —— (1) — (v, y2)du
l/o /0 e Yy1Vy2 ou’ ' ou’ ’

s s+e KH’ KH’ ,
x/ du/ dva@u (u,yﬂaav (v, y2)u — v[* 72

Y1 Y2

s s s aKH’ aKH'
- dy dyz/ — (W, y1) ——— (v, y2)du
/ / ! yl\/y2 ou' ' ou’ ’

OKH' /
/ du/ dv (u,y1)—5— (v,y2)|u—v|2H 2.
Y1 Y2 8U

Now,

BY' = 12d(H)*H'(2H' — / / dB(y1)dB(y2)

OKH , 1 /v
/ dv/y1 du (u,y1) 5 (U,y2)| v|2H —2 <g /(v_a)vu Z(S)ds)

and we have the convergence as in the proof of Theorem 2

1 ) t ot t v OKH OKH -
Bl — 12d(H)*H'(2H' — 1)/ / dB(yl)dB(yg)/ dv/ duZz, 3 (u,y1) 5 (v,y2)|u —v|*7 72.(47)
0 Jo Y2 Y1 u v

To treat the term B2 one needs to use again the integration by parts formula (25) and one obtains

BY? — —48d(H)*(H'(2H' — / / dB(y1)dB(y2)

oK™ oK™
/dv/ du/ dulu — o/ [P 2|y — |22 B (u', 1) Er (v, 92)
Y2 Y1

—48d(H)3(H' (2H' — /dv/ / du/dufu — v 2|0 — o2H 2|y — o/ P2,
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Concerning B we similarly have
BY? — 24d(H)*(H'(2H' — / dv / / du/dufu — o ~2|u — o2 2y — o/ P2, (48)
Let’s study now C2. In this case

24 t s s
¢z = Zagny /0 ds /0 /0 dadB (fure (o B) = folor B)

t ot 59 H' aKH' s 6KH’ aKH'
<[ apenas) [ Z5 TG g | (0,95 — (0 pa)

Vy1 du Vy2 v

24 t s s
+?/O ds/o /O dadf (fsqe(a, B) — fs(a, B))

s S OK OKH' s 9KH OKH'
—_— d
X /0 dyl /avyl au (’U,, a) au (ua yl)du/ﬁ 6’() (Uv ﬂ) 8’1) (”U, y2) v

V2

and by the same type of calculations as above we can prove that as e — 0

’ ’

C? — 24d(H)*(H'(2H' — / / dB(y;)dB( y2))/ du/ /u du/u dv (49)

_ 0K OKH
o [PH 2|y — o/ 21 28 (u, y1)—F— o0 (v,92)

+24d(H)*(H'(2H' — / du’ / / dudv

l|2H’ |2H 2|u . ,U|2H -2 (50)

X |u —

X|u—u 2o —

We can summarize

Theorem 4. We have

2(1)? —2/t (5)62(s) + 121

4(2H - 1) v KM oK™ -
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and

Z(t)? = 3/OtZ(s)25Z( )+ 24(d(H)§;2i* )* /t Z(s)s*7~1ds

+24d(H)?H'(2H' — / / dB(y1)dB(y2)

¢ o' oK HI 2H' -2
x [ dv dqu — (1) (v, y2)|u — vl

vo " ov
+72d(H)*(H'(2H' — / / dB(y1)dB(y2)

, OKH’
dv/ du / du|u |2H 72| |2H 72 (Ul,yl) (’U,yz)
‘/92 Y1 Y1 6 ! 81}

+24d(H) (Hl 2Hl / d’l)/ / du’du|u |2H | ’U|2H,72|u o u/|2H’72.

Remark 8. One can note the appearance of a term involving f” in the expression of the summand Ck..
Therefore one cannot hope to have It6’s formulas that end with a second derivative term. We believe that it
could be very interesting to find the general expression of the It6 formula for the Rosenblatt process. We also
feel that a such formula should be very different from the Gaussian case, involving the derivatives of f of any
order and the so-called cumulants (see the Appendix, proof of Prop. 1). Actually, the basic difference comes
from the fact that the law of a Gaussian process is determined by the covariance function while for processes in
a second chaos, the law is determined by the cumulants of any order. Due to this fact, we expect to have such
cumulants in the change of variables formula for non-Gaussian processes (their appearance can be noted in the
case f(x) = 2%) and also mixtures of multiple Skorohod integrals and deterministic integrals with cumulants.

9. APPENDIX

9.1. Proof of the Proposition 1

Let us denote by Z'(t) the right hand side of (7). Consider by,...,b, € R and t,...,t, € [0,T]. We need to
show that the random variables

ZblZ(tl), ZblZ’(tl)
=1 =1

have the same distribution.

We will use the following criterium by Fox and Taqqu (see [14]): If f € L?([0,T)?) is a symmetric function,
then the law of the multiple Wiener-It6 integral I5(f) is uniquely determined by its cumulants, where the mth
cumulant of f is given by

em(f) = wr} - fx1, @) f(z2,23) - .. f(@m—1,Tm) f (Tm, T1)dx1 . . . sy (51)

In other words, if two symmetric functions f,g € L2([0,T]?) have the same cumulants, then the multiple
Wiener-It6 integrals of order two I2(f) and I2(g) have the same law.
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We will show that, for every ¢, s € [0,T], the random variables Z; + Z; and Z] + Z! have the same law; the
general case case will follow by a similar calculation. It holds that

Zé + Zg = IQ (ft,s)

where

t oK oKH'
u (U’ayl) ou (u,yg)du

Jt.s(W1,92) = 1po,q(y1) 10,4 (92)/
Yy1Vy2

s 9K OKH

90 (wm)w(myz)duv. (52)

+ 110, (¥1)1[0,5) (?/2)/

Y1Vy2

. —1)!
We have denoting by a, := %QT’Id(H)m

Cm(fs,t) = a(m) . ft,s(ylvy2)---ft,s(ymayl)dyl---dym

a(m)/ dy; ...dym

y /t aKH’( )aKH’ s 1 / KH’ )8KH'( a
y1Vy2—au ui, Y1 o0 Uuyz U1 U1, Y1 —0u U1, Y2)au;

Yy1Vy2
t H H H’ H
0K 0K K oK
X ——(u2,y2) (u2,y3 du2+/ (uz2, y2) —5— (uz2, y3)dus
</@/2\/y3 ou ou Yy2Vys Ou
X ...
t H' H' s H H’
0K 0K 0K 0K
—a myIm) 5 moy d m m» . my Im d m
(/m e N e P +/ymvy1 ot ) T (s )u)

and by classical Fubini theorem

em(fst) = a(m }:v/ / dus ...
tje{t,s}
) oK
X (/0 0—M(U1;y1) Dy, (tm, y1)dy1
whue gt oK
X <J€ . (u1,92) 9is (u2,y2)dy2

U —1 AU, aKH’ aKH’
X/ — (Ums Ym) o (U, Y ) AYm
0

OUp—1 Ouy,
t tim
m 3 [ [T
tje{t,s}
X |ug — ug|? H'=2 lug — U3|2Hl_2 g — u1|2H/_2 (53)

with a(m) = a(m) (H'(2H' —1))™.
The computation of the cumulant of Z; + Z; is similar. Indeed, we can write, for s,t € [0,T]

Z(t) + Z(s) = Ir(9s,1)
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where

t H—2 H—2 s H-—2 H—2
gs,t = a(H) (/ (u—y1)+2 (u—y2)+2 du+/ (U—y1)+2 (u7y2)+2 du)
0 0

and the mth cumulant of the kernel g, ; is given by

cm(gs,t) = b(m)/ dyl...dym
t H—2 S H_2
X (/ (w1 —y1) % (w1 —y2)4 e du1+/ (w1 —y1)37 (w1 —y2) N dul)
0 0
t H—2 H_2 s oo o
) (/ (uz —92) 47 (uz —ys)4” dup + /(u2*y2)+2 (u2 —ys)4° du2)
0 0
t H-—2 s oo o
(/ (tn = ) 4™t — 1047 du1+/< )T — 1) dum>
0
t1 tm
Z / / dU1

tje{t s}

= /R(Ul *yl)

H—-2 —2
. ./(umfl - ym)+2 (um — ym)+2 dym
R

m

2 d _ H;2 _ #d

( yl) y1 [ (w1 y2)+ (u2 y2)+ Y2
R
H

Since for any a > 0

/R (u — )2 (v — )% dy = B(a, 2a — D)fu — o2

we get
H
cm(gs,t) = b(m)B(, H — 1 / / duy ..
tje{t,s}
|ug — u2|2H/_2 |ug — u3|2H 2 e — ul|2H/_2 (54)
and it remains to observe that a/(m) = b(m) which implies that (53) equals (54). O

9.2. Proof of Theorem 2
By (35) and Definition 2, it suffices to show that the term

/ (52) gé fa—i—a(v )_fs('7 )))ds

converges to

/0 0025

in L2(Q) as ¢ — 0.
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We can write, by Fubini,

A=< [Cas [ g (Geelonim) = i) BB (w)

T ’ oK oK
= dB(y1)dB (u)—— (u, y1) —— (u, y2)du
/O /O (y1) (yz)/ylvyzg() 5y (W) =5 —(u,2)

T T T
:/ / I(ge)(ylayQ)dB(yl)dB(yQ):/ 967 (s)
o Jo 0

where we denoted by

g (u) == /u gsds. (55)

—€

By using (31), it is sufficient to check that
g€ —e—0Y9 in LQ(Qa H)

and

T T
/ / El| D, o (0° — 9)|2dzrdars —eo 0.
0 0

‘We will show that
9% [12) < c(H)llgllim (56)
and

T T T T
/O / 1Dy 6 g s < c(H) / / | Dy s g1 1 . (57)

The bound (56) has been proved in [5], proof of Proposition 3, Step 1. Concerning the bound (57), we can write

T T
/ / E[| Dy, 67| lrs s
0 0

T T T T
— o(H) / / dzyda / / Dar sG] 1Dy g — 0272 dudo

1 T T T T v u
SC(H)E—Q/O /o dx1d$2/0 /0 dudv|u—v|2H*2/ / dsds’ | Dy, 295Dz, 2095 |

T T T T 1 s+e ps’+e
< o(H) / / dzyda / / dsds' | D, 239Dy anter| | = / / o[22 dudy | |
o Jo o Jo €% Js s

It follows from [5], proof of Proposition 3, Step 1, that
1 s+e ps'4e
—2/ / lu — v|*2dudv < ¢(H)|s — s'|*H 2
e? J, o

and thus (57) follows.

Now we can finish the proof proceeding as in [5], proof of Proposition 3, Step 3. Consider a sequence g" of
simple processes of the form g™ = Z?;ol Fil(y, t,,,) with F; € S and t; € [0, T] such that [g, — g[| — 0 in L3(Q2)
when n — oo (the existence of a such sequence follows easily by the densite of £ in H). Then by (31) we have
that

T T
/ 920Z(8) —n—oo / 9s0Z(s).
0 0
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Denote by g™ the approximation process of the form (55) associated to g". We can write, for any € > 0 and
n>1,

T T 2 T T 2
B[ gz~ [ go209) <3(B|[ goze)- [ ooz
0 0 0 0

2

T T 2 T T
+E/ g?’séZ(s)f/ g20Z(s)| +E / ggéZ(s)f/ 9s07Z(s)
0 0 0 0

By (56) and (57) it follows that for n large enough and for any § > 0

2

T T 2 T T
B|[ gzt~ [ 9260 <3(B|[ grcozs)- [ grozs)| +5
0 0 0 0
and we can conclude by taking e — 0. O
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