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STOCHASTIC DIFFERENTIAL EQUATIONS DRIVEN BY AN
ADDITIVE FRACTIONAL BROWNIAN SHEET

OussaMA EL BARRIMI AND YOUSSEF OUKNINE

ABSTRACT. In this paper, we show the existence of a weak solution for a
stochastic differential equation driven by an additive fractional Brownian
sheet with Hurst parameters H, H' > 1/2, and a drift coefficient satisfy-
ing the linear growth condition. The result is obtained using a suitable
Girsanov theorem for the fractional Brownian sheet.

1. Introduction

First introduced by Kolmogorov [10] and further studied by Mandelbrot and
Van Ness in [11], the fractional Brownian motion (fBm for short) is a Gaussian
process with stationary increments and long range dependence property, that
have attracted many authors in various scientific areas, such as econometrics,
network traffic analysis, telecommunications, and so on. Some surveys and
comprehensive literature concerning fractional Brownian motion could be found
in [13].

Regarding the fBm’s generalization to the two parameters case, the fractional
Brownian sheet to be defined more precisely in the sequel, appears to be a
suitable candidate. Recently there has been a growing interest in studying
stochastic differential equations governed by fractional Brownian sheet (see
[6], [16]). This interest comes from the large number of applications of the
fractional Brownian sheet in practice.

Let us now consider the following stochastic differential equation

t s
(1.1) Xy =2+ / / b(v, u; Xy o) dudv + BT
0 0

where b : [0, 7]>xR — R is a Borel function, and BHH' g a fractional Brownian
sheet with Hurst parameters H, H' > 1/2.

In the singular case H, H' < 1/2, by applying Girsanov theorem, the authors
in [6] have proved that the equation (1.1) admits a unique weak solution, if the
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coefficient b satisfies the linear growth condition
(1.2) |b(t, s;x)| < C(1+ |z|), C > 0.

The motivation for the present paper is to construct a weak solution for the
equation (1.1) when H, H' > 1/2. It is well known that in this case, the appli-
cation of Girsanov theorem requires more regularity assumptions on the drift
coefficient (in the one parameter case, the Holder continuity property is needed
to ensure the existence of a weak solution, see [14] for details). This is due to
the fact that the more regular is the noise, the more regularity assumptions
are needed on the drift coefficient. In this paper, we will see that even when
H,H' >1/2, we can construct a weak solution to (1.1) assuming only that the
drift b satisfies the linear growth condition (1.2). The idea behind our proof
is as follows. We will use a transformation formula (see Corollary A.3) for
fractional Brownian sheet, which changes fractional Brownian sheet of Hurst
parameters H, H' > 1/2 into some integral with respect to a fractional Brow-
nian sheet with Hurst parameters H, H' < 1/2. Consequently, the application
of Girsanov theorem can be dealt with as in the case H, H' < 1/2.

The paper is organized as follows. Section 2 contains some preliminaries on
the fractional Brownian sheet. In Section 3, we present the main result which
is stated in Theorem 3.1. The technical ingredients needed for the proofs are
established in the Appendix.

2. Preliminaries

In this section, we review some of the basic concepts of the fractional Brow-
nian sheet, some properties and tools used in the proofs.

A fractional Wiener random field BH-H' = {st’H/,t, s € [0,T]} referred to
as fractional Brownian sheet, stands for a two-parameter centered Gaussian
process with covariance function given by

RH,H’ (t7 S5 t/7 8/) = E(Blils’H/BtPI’:s}’I/)

]. ’ ! !
-3 ( 2H | (1y2H g _t|2H) (82H F () s — o PH ) ,

where H,H' € (0,1). According to [3], [9], the fractional Brownian sheet
vanishes almost surely on the axes and admits a continuous version. Note that
in case H, H' = 1/2 one gets a standard Brownian sheet.

It is a well known fact that a fractional Brownian motion Bf = {BF t €
[0,T]}, H € (0,1), admits the following integral representation (see [1], [2],

[12])

t
BtH:/ Ky (t,s)dBs,
0
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B being a standard Brownian motion and K (t, s) a square integrable Volterra
kernel given by

(2.1)
Ki(t,s)= cH(t—s)H_%—kcH(%—H)/ (1—(5)%—H)(u—s)H—%du 10.4(5),
where

2o [ 2HEG-H) 17

(2:2) o = [r(;+H)F(2—2H)}

is the normalizing constant. From (2.1) we have

82(;’ (t,s) = cu (; H) (;)%_H (t— )73,

Appealing to [4], one can consider the following representation in law of the
fractional Brownian sheet

BIH //KHtt)KHf(ss)th/s,

where W is a standard Brownian sheet. The covariance kernel of the fractional
Brownian sheet can be written as

N
Ry (t,s;t',s") :/ / KHH/(t s;v,u) Ky o (', 850, u)dudo,

where Kg g is the square integrable Volterra kernel;
Ky (t, s; t, S,) = Ky (t, t/)KH/ (s, S/)7

and K is the kernel defined by (2.1).
Take now 0 < H, H' < 1/2, and let ¢ be the set of step functions on [0, T
Let ‘H be the Hilbert space defined as the closure of ¢ with respect to the scalar
product
(Lj0,x[0,5]> L[o,¢1x[0,s) % = Rr,mr (L, 551", 5").
The mapping 1 ¢ x[0,s] — st’H/ can be extended to an isometry between H
BH’H/

and the Gaussian subspace associated with , such isometry is denoted by

= B (g).
We introduce also the linear operator Kj; p, from ¢ to L*([0,T]?) defined
by

(Kp )t s) = Kuu (T, T3 t, s)p(t, s)
2
/ / (v, u) (t,s))aaKgH (v, u;t, s)dudv.

For any pair of step functions ¢ and 1 in { we have

(Kgr 0 K i) 12 jo,112) = (0, V) n
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This is an immediate consequence of the fact that
(Kt 0.4 (0,8) (v, w) = Kp o (2, 850, 0).

Accordingly, the operator Kj; ;, provides an isometry between ¢ and L2([0,T]?)
that can be extended to the Hilbert space H.
Define the process W = {W, 5, t,s € [0,T]} by

Wi = B (K5 1) ™ 10 4% 10,9))-

Then W is a standard Brownian sheet, moreover B-H " has the integral rep-
resentation

t s
BﬁéH = / / Kp o (t,s;0,u)dW,y .
0 Jo
We need also to define an isomorphism Ky g from L?([0, T]?) onto
IH+%,H/+%(L2)

associated with the kernel Ky g/ (t,s;v,u) in terms of the fractional integrals
as follows:

(KH,H’SD)(t»3):IQH’QH/t%_HS%_H/I%_H’%_HtH_%SH/_%QQ o eLQ([O,T]Q).

Note that, for ¢ € L%([0,T]?), I*# is the left-sided fractional Riemann Liouville
integral of order («, ) defined by

(23)  IPp(z,y) = m / ' / (@ — )y — )P (v dudo,

where I' is the Gamma function (see [5] for the one parameter case). We note
that (2.3) can be written as follows:

1Pz, y) = I1°(I° (- y))(z).

The inverse of Kp g is given by
;
— 1_ i g ~i_gl_g _1 /_1 /
( }, )(t,s) = t3—Hgh—H p3—H3—H'yH—} JH'—§ prH2H’ )

where, for p € IH#+2:H'+3(L2) D*F is the left-sided Riemann-Liouville deriv-
ative of order (a, 3) defined by

@B (g0 = 1 d? Ty o(u,v) o
Doa) = FT R a B ey o G

If  vanishes on the axes and is absolutely continuous, it can be proved that

’ ’ 7 d2()0
2.4 K o)(t,s) =t st —aa—Ha-Hys-Hgy—H — *
( ) ( H @)( ?S) S S dtds
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3. Main result

In this section, by using a transformation formula for fractional Brownian
sheet established in Corollary A.3, we construct a weak solution to the equation
(1.1) when the Hurst parameters H,H’ > 1/2. To do so we shall follow the
approach developed in [14] for the one-parameter case, where the authors use
a suitable Girsanov’s theorem.

By a weak solution to (1.1) we mean a sextuple (€2, F, {F s }+ 50,77, P X,
BHH"Y guch that

(1) (£,F,P) is a probability space equipped with the filtration {F; s }+ sef0,1)
that satisfies the usual conditions,

(2) X is an {Fs}4 se(0,7) adapted process, and BHEH' i5 an {Ft.s}t,se0.1)
fractional Brownian sheet,

(3) X and BP-H satisfy (1.1).

Theorem 3.1. Suppose that b(t, s; x) satisfies the linear growth condition (1.2).
Let BEH' pe g fractional Brownian sheet with Hurst parameters H, H' > 1/2.
Then the equation (1.1) has a weak solution.

Proof. Let us first define I, y = —b(t, S;st’H/ + z). Set Eﬁ;H, = Btﬁ?H/ +
fg fos lyndudv. By mean of the integral representation of the fractional Brow-

nian sheet and the transformation formula presented in Corollary A.3, we get
that

t s
Btl,{s’H :BES’H +/ / ly wdudv
/ / vudUdU+CHH// / 2H 1 S—U)QHl_ldBi;,H’l_H/
0 JO

[CH}H, (t —v) =2 (s — u)l_QH/lv,ududv + dBi;H’l_H/
For given ¢,s in (3.1) and any 0 < v <¢,0 <wu < s, let
E;LH,kH’ _ Bi;H,LH/ N /v /u C,}}H/ (t— y)l,gﬂ(s o J;)l’QHlly@da:dy
/ / Ki_gi-m(v,uy,z)dW, .
/ / CH Lt —y) 2 (s — :v)l_QH,ly,zdxdy

:/ / Kl—H,l—H’(U7u§yax)[Kl_—lH,l—H’
o Jo
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(/ / C’E}H, (t —n)' =2 (s — m)lQH/lmmdmdn)
0 Jo

(y, x)dzdy + dWy,I] .

Let & be the Doléans-Dade exponential defined by

A T T 1 T T
€T7T = eXp{_/ / 9y,x dWy,w - 5/ / 912/@ dﬂfdy},
0 0 0 0
where

Jyz = Kf}H’l,H, (/ / C’H (T — n)t =2 (T — m)l_gH/ln,mdmdn> (y,x).

Using the transformation formula, we know that (Esz Jo<i<T,0<s<T IS an
FESH’H fractional Brownian motion with Hurst parameters H, H' € (%, 1) with

~ g ~ !
respect to the new measure P defined by % =&, if (BtlS H,1=R )o<i<T,0<s<T

is an FP, T fractional Brownian motion with Hurst parameters (1 — H,
1—-H") under the measure P.
Next, if we want to show that (B tlgH 1= Jo<t<T,0<s<T IS an }'Bl o

fractional Brownian motion with Hurst parameters (1 — H,1 — H) under the
measure IP, we need first to verify that the conditions imposed in Girsanov
theorem [6, Theorem 3] hold. To do this, we will apply the same arguments
as in [14]. From (2.4) and the linear growth property of b, we obtain for
y,z € (0,7

1 gl H H-LH -1 H L H 1~1 1-2H 1-2H'
y2 a2 I 2y” e 0 (T — ) (T — =)

|gy,m| =

by, B + z>|]

1 1 gy
= C_ , 5—H 3-H
r(H =T =gt
// ) 2H(T—u)l_QH/vH_%qu_ﬂb(v,u;BE;LH/+z)|

y—v)2 +H(m—u) 2 ' qudy

(1 + 2] + 1B ]|oc)
T D(H-3)T(H = 3)

— ’ _1 r_1
/ / 1 2H(T_u)1 2H1}H 2uH 3

— )2 +H( u)%3+H/dudv,

—1 1_ g 1_ @/
Capy? o2

where F() is the standard Gamma function.
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Then, using Holder’s inequality and direct calculation, we have for 1 < ¢ <
2

3—2H'

/ (T — u)172H/uH'7%(x - u)%g“q/du
0

T , a=t
(/ (T —w) ™ )dU) |
0

Q=

r H _1 =34 q
< (u iz —u) ) du
0
2—2H'—1 o o1
2H'—2+1 pt 4 /_3£ T « — (T —=)
x Ba(qH 2+ Lal 2 +1) |2q—2qlf’—1|q7;1 7
—

where B(+,-) is the standard Beta function. As a result, we have for 1 < p <
5oom and 1< ¢ < 5755

ool < oot COTIA+IBT ) rs iy oy,

1 3
qu(qH’—%+1,qH’—?q+1)

r_ 1 r_ 1
1 p 3p T272H 77+(T )272[‘[ 75
xBr(pH — =+ 1,pH — — +1
(PH =5 +1p 5 T T

T2 2H77_~_(T y)272H7%
|2p 2pH 1|—

Therefore, we obtain

T T
/ / |gy,x|2dxdy
0 0

(1+ |2] + | BT ||
M (H - 3)T (H - 3)

2
3
B%(pH—g—Fl,pH——p—Fl)

<4 [CH,H’ 5

T T
% B%(qH’— % +1,qH — ﬂ +1)/ / y2H73+%$2H’73+%
[T474H'7§ 4T — )4 4H' 77} [T4 4H -2 (T — y)4 4H— }dwdy

If%<H§%and%<H'§3 then 5 —4H —
2— % > 0. Consequently, we have

T T
/ / |gy,w|2d5€dy
0 0

1+ |2| + | BT ||o)
M (H—3)T (H - 3)

2 2 ! 2
2>2-2>0and5—4H' —2 >

3
<4[CH,Hf B%(pH—§+1,pH—§+1)
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x B (qH' — g 4 1,qH — % +1)

T2—2H' - , .2
W—S—T B(2H—2+75 4H—q)]
T2—2H S 2
m+T B(2H — 2+f5 4H—p)]

On the other hand, 1f 3 <H<1 and < H' < 1, then, for

an d5 1w <4< 35F 2H”
Hence,

T T
/ / |9y, |*dady
0 0

, 2
(1+ ]z + | BFH || )
P (H - 5)T(H - 3)

5_4H 4H <p< 3 2H
we conclude that5 4H—7 >0and 5—4H' — > 0.

3
Br(pH -2 +1,pH -2 1 1)

4\ Cx
H.H 5 5

2 3
xBi(qH’—%+17qH’—Eq+1)

7220 ’ 2 2
—  _+T* P BORH -2+ 25— 4H — )
2 q’ q

2H' — 2 +

T2—2H 92
- 4+ T*2HpBoH - 2+f5 4H — =
2H—2+2 ( p)

Finally, using a version of Novikov criterion for two-parameter processes, we
can prove the fact that E[¢r 1] = 1. Indeed, it suffices to show that for some

A>0
T T
E exp ()\/ / |gy,$|2dxdy>] < o0,
0 0

which is an immediate consequence of the exponential integrability of a Gauss-
ian process (see [7]). This completes the proof. O

Remark 3.2. The uniqueness in law property can be deduced similarly as in
[6, Theorem 5]. Indeed, it suffices to consider (B™-H', X) to be a weak solution
of the equation (1.1), and use the same approach investigated in the proof of
the main theorem 3.1.

Appendix A. Appendix

The purpose of this section is to establish a transformation formula for a
fractional Brownian sheet (see [8], [15] for the one parameter case). Let us first
recall that

(K?J,H’]-[O,t]x[O,s])(tlv 5/) = KH,H’ (tﬂ S5 t/; SI) = KH(tv t/)KH’ (Sa 5/)7
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where Ky, K} can be also defined by (see [5]):

1

Ku(t:t) = gy - 0" =G - 3 H + 5. 55 10.4(),
ch r_1 s—s’
KH'(575/): F(T}i‘r%)(s/_s) 2}7‘(7_1{1 Hl_7 H/+é’ s )1[0’5](8/),

F(a,b,c, z) being the Gauss hypergeometric function and cy is the constant
defined in (2.2). We note that Ky can be also defined in term of fractional
integral as (see [8])

Kp(tt) =cgt's=H (IH—%-H—%) (t)).
As a result

(K Lo, x0,5)) (s 8")
= CH?H/(t/)%—H(S/)%fH’ (IHf%,H’fé H-1 .H’—%> @, s).

Similarly (Kj; ;,)~" can be written as

(Kfra)  Logxpo.s) (' 8)
T AL CORR (R i P S TGN}
Lemma A.1. Let H,L € (0,1), H',L' € (0,1). Then
((KZ,L')_lK}},H/1[0,t}x[o,s])(t/a5/)

_ CHH (t/)lfoL(S/>17H’7L’ (IHfL,H’fL’ H4L-1 .H’+LL1> (t',s').
crL,L

Moreover,

(K, KL, 1 K lo,x0,5) (5 8") = (Km0 1jo,x(0,5) (', ')
Proof. Similar to the proof of [8, Lemma 3.5] for the one parameter case. [
Theorem A.2. Let BEH pe g fractional Brownian sheet, and let L,L €

(0,1). Then there exists a unique (up to modification) fractional Brownian
sheet BLL' such that, we have a.s

T rg?
H,H _ CHH' 1-H-L, 1-H'—L' (yH-L,H' —L' H+L—1 H'+L'—1
Bt,s = H/ / v u I . . (U,U)

u—3=s

t s
CH,H’,L,L'/ / FQl-K' -L' H -L',1+H - L, )
0 JO
_t ’ ’ ’
F(1= K~ L, H= L1+ H— L, —)(t - )" (s =" ~"dBL"
v B

Proof. We follow the same arguments as in [8, Theorem 5.1], and we use Lemma
Al O
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Corollary A.3. Let B™TH " be a fractional Brownian sheet. Then there exists
a unique (up to modification) fractional Brownian sheet B'~H:1= H' such that

= Cu / / v)2H=1(5 - )2H’71dBlfH,17H' ws.
Proof. Set L:=1— H and L' :=1— H' in Theorem A.2. O
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