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Abstract. In this note we prove an existence and uniqueness result of the solution for a
singular stochastic differential delay equation with hereditary drift driven by a fractional

Brownian motion with Hurst parameter H > % Then we show, when the delay goes to zero,

that the solution to this equation converges to the solution for the equation without delay.
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1. Introduction

Consider the following stochastic differential equation,
XT(t) = n(0) + j‘o b(s,X")ds + BY, te (0,T]
Xr(t) = n(t)a te [—I’,O],

driven by an additive fractional Brownian motion (fBm) B" with Hurst parameter H. Here r
denotes a strictly positive time delay, (Bf,t > 0) is a fractional Brownian motion with Hurst
parameter H > %, defined in a complete probability space (Q2,F,P). The hereditary term
b(s,X") depends on the path {X"(u),—r < u < s}, while n : [-r,0] - RY is a smooth function.
We call (1) a delay differential equation with hereditary drift driven by a fractional Brownian
motion; and to the best of our knowledge this problem has not been considered before in the

wide literature on stochastic differential equations. Conceiving IO b(s,X")ds as a Lebesgue

(1)
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integral, Nualart and Rascanu [6] have studied the existence and uniqueness of the solution for
a class of such integral equations without delay and they also proved that the solution is
bounded on a finite interval.

In our paper, using also the Lebesgue integral, we will first prove the existence and
uniqueness of a solution to equation (1), in a way that extends the results of Nualart and
Rascanu[6]. Then we will study the convergence of the solution to this equation when the
delay r tends to zero and the drift coefficient b depends on (S, X;(S)). As occurs for the
Brownian motion case, we are able to prove that the solution to the delay equation converges,
almost surely and in LP, to the solution of the equation without delay. Throughout the paper,
we shall prove first our results for deterministic equations and then we will easily apply them
pathwise to fractional Brownian motion equations.

The structure of the paper is as follows. In the next section we state the main results of our
paper. In Section 2 we give some useful estimate for Lebesgue integrals. Section 3 is devoted
to the existence, uniqueness and boundedness of the solution to deterministic equations. In
section 4, we study the convergence of the deterministic equations. Finally, in Section 5 we
apply the results of the previous sections to stochastic equations driven by fractional Brownian
motion and we give the proof of our main theorem.

2. Main Results

Let r denotes a strictly positive time delay(r > 0) and a € (%, 1). We will also denote by
WS ([-r, T]; RY) the space of measurable functions f : [0,T] - RY such that

t
[flacer = sup_ (IO [ 1) - fS)It-5)P+'ds ) < e
te[-r.T] 0
For any A € (0, 1], we will consider C*(—r, T;IRY) as the space of A-Holder continuous
functions f : [0, T] - RY such that

fO-fe)l _ .

Ifllcry = [flleory + sup p ;

“res<<T - (1-5)
where
[y = sup (D)
te[-r,T]

We then consider the spaces W(()a’w) ([-r, T];RY) and C*(-r, T; RY) with the corresponding
norms

1Nl aco(-r0) = sup (|n(t)|+jtr In(t) — n(s)|(t_s)ﬂ+lds)’

te[-r,T]

Mllacro) = [Mllecroy + sup (0 = ()|t - )P,

—r<s<t<T
where
[I1llso(-r0) = sup [1(S)].
se[-r,0]
Let b : [0,T] x C(-r,T;RY) — RY is a measurable function such that for every t > 0 and
f e C(-r,T;RY), b(t,f) depend only on {f(s);—r <s<t}. Moreover, there exists
bo € LP(0,T;RY) with p > 2 and YN > 0 there exists Ly > 0.
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We will further assume b to satisfy the following hypotheses:
«(HI) Vt e [0,TIVXY, [Xlle@ =N, [[Yllory < N, ona
b0, 1) = b(t.y)|< Ln sup [x(s) = y(s)],

—r<s<t
e(H2) |b(t,x)|[< Lo sup |X(S)[+bo(t), Vvt e [0,T],
—r<s<t
«(H3) [b(x,t) —b(ty)[< Lafx—yl, VX, [X|< N,lyl< N,vt € [0,T],
o(H4) |b(t,x)|< Lo|x(t)[+bo(t), vt e [0,T].

3. Estimates for the Integrals

In this section we will obtain some estimates for the Lebesgue integral. In both cases, we

will recall some well-known results and obtain some estimates well suited to our equation. In
(a’w)

the space Wy ([-r, T]; RY) we need to introduce a new norm, for any A > 1, that is

t
[flle.acy = sup eXp(—/lt)(|f(t)|+_"0 If(t) — f(s)|(t - S)““ds),

te[-r,T]
and it is easy to check that, for any A > 1, this norm is equivalent to |[f|| 4 .-

3.1. The Lebesgue integral

Let us consider first the ordinary Lebesgue integral. Given f : [0,T] - RY a measurable
function, we define

FO® = | ; (s)ds.

Proposition 3.1.[2] Let0 < a < % and f : [0,T] - R%e a measurable function. If
FH() e W0, T;R?) and

Foorf FEE0 <o 12

then it is possible to define

t
F(f)(t) = [ b(s,Hds.

0
Proposition 3.2.[2] Assume that b satisfies (H;) and (H,) with p = L. If
f e Wi (-r, T;RY), then FO(f)(.) = [ b(s,fds € C'*(0, T;R¢) and
o[FO )] 1—e < d'(1 +|[flloqry), |

2

S O B (R o)

;tl—a
forall 2 > 1 where d',i € {1,2} are positive constants depending only on a, T, L, and
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Boa = [IBoll &
If f,h € WS (0, T;RY) such that |[f]|..cy < N, and |||« < N, then

IFO(F) — FO(M) | < ;I'Ea [

forall A > 1, where dy = C,tLnI'(1 — @) depends on a, T and Ly of (H1) and (H2).

4. Deterministic Integral Equations

Here we will prove a result on existence and uniqueness of the solution to equation (1). We
will also obtain a bound for the ||. |[o 1) norm of this solution. In order to obtain a bound whose
dependence on r could be controlled, we will introduce a new method to compute this estimate.
Set 0 <a <+, and n € W§™(-r,0;RY) N C'-*(-r,0;RY), to consider the deterministic
stochastic differential equation (1) on RY.

Adopting the notations introduced in the previous sections, we can give the following
other expression for equation (1):

X(®) = n(0) + F®(x)(t) + B, te (0,T],
X(t) = T’(t)a te [_ra O]
Subsequently the result on existence and uniqueness reads as follows.

Theorem 4.1. Assume that b satisfies hypothesis (H1) with p = %,0 < B,0 <1and
)
1) g

1+

O<a<ag= min{%,ﬁ,

Then equation (1) has a unique solution x € Wi ([-r, T|;RY) N C-([-r, T;RY).

Proof. Stepl: For x e C¢([-r,T|;RY), if x e W{*(-r,T;RY) is a solution, then
FP(x) € C=¢([0,T];R%)(see Proposition 3.2).
Furthermore

X(t)—X(s
IXIl-ary = [[Xllooqry + sup XOXE)|

1_
resaaeT (t=8)

x(t)—x(s
< O acroy + IFOO® 10+ sup ZOXOL gy
res<t<t (1-9)

X(t)—x(s
< 17O ey + IFPOD 1 + sup XOXEL
0<s<t<T t—S)

D-n(s X(t)—n(s
v s OOl KOO
—res<t<0 (=S) —r<s<0<t<T t-s)
X(1)—x(0 X(0)—n(s
< 19O 1-aro) + IFPOOM 1o+ sup (' OO, KO ?_(a)'>+||8r'||1_a
—r<s<0<t<T (t) (_S)

< 2> 1-ac-r0) + IFO O | 1-a + B 1-0) < 0.

Step 2: Uniqueness.
Consider X and X/ two solutions such that ||X||1—¢r) < N and |[X/||1—4ry < N, to note that
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x(® X' O] < [FP001) - FO X)),
sup e Mx(®) —x' (Y] <sup e HFO)(t) - FO X)L,

te[-r.T] t[0,T]
and
p e [ XOKOGOKED o
P _ a+1
te[-r,T] r (t-s)
~aup e[| KOXOLKOAOD o
_ a+l
te[0,T] r (t-s)
Ux()—x (O)|—-(jx(s)—x (s
< sup e[ KOKOLEOAOD o
te[-r,T] 0 (t-s)
rsup e [ HOXOEEEOAOD
P _ o+l
te[0,T] r (t-=s)
Therefore
X = X'la.2y < IF® 0O = FOX)(®) [ +U,
where
0
te[0,T] T (t-5)
This U deserves a further study Indeed
U <sup e x(s) —X'(s)|— < Uy,
te[0,T] al
with
Ui =sup EXFO0 ) - FOX)D).
te[0,T] al
Moreover,
Ui < & sup ta |I (b(s,x) — b(s,x"))ds|
t€[0,T]
< a sup  |(x(u) — x'(u)|ds
te[0,T] t 0 _reuss
@ —Mt-s)
< e sup j —ds

—r<uss te[0,T]

IA

L oa— —
=2 T = a) X=Xl aac-
So

7€
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X =X laay < IF® X)) = FOX)(®)]]+U.
< [FOX) ) = FOX)®) | aar + AT = @) [X = X' || aacr)s

with
IFP00 - FOIOlair < S =X o
Subsequently

)= Xasir < (2 + 0 =) ) IX =X o
Choosing A large enough so as

(v wra-m) < 4
leads to

5 IX=Xlaam <0,

and obviously X = X'.
Step3: Existence.
Let us consider the operator L : Wy ([-r, T];RY) - C-([-r,T];RY), defined by
L(y)(©) = n(0) + F*()(t) + B, te (0,T];

L(y)(®) = n(1), te [-r,0]. 2)
In order to prove the existence of y = L(y)(t) we will use a fixed point argument based on the
following Lemma with the notation y* = L(y)(t).

Lemma 4.1. Let (X, p) be a complete metric space and po, p1, p2 SOme metrics on X equivalent
to p. Assume that | : X — X satisfies the following conditions.

1. There exists uo > 0, Xo € Xsuchthatif By = {x € X : po(Xo,X) < uo} then(By) < By,

2. There exist ¢ : (X, p) — [0,+o] lower semicontinuous function and some positive constants
Co,Kop such that when N,(a) = {x € X : ¢(X) < a},

(@) 1(Bo) = Ny(Co),

(0) p11(X),1(y)) < Kopi1(X,y), X,y € No(Co) M Bo,

3. There exists a € (0,1) such that p>(1(x),1(y)) < apa2(X,y),Vx,y € I(By).

Then, there exists x* € 1(By) < X such that x* = I(x*).

Proof. We shall check individually on each of the three conditions of this lemma.
Condition 1: Note that fort € [—r,0],

v+ [ O Olge ey [0 D1 g

o)  (t-s)

and fort € (0,T],

o || 0T Ol [ OO g, [ Oy
T () 0 (t-s)

Hence

Iy*®llaze < Inllaacro + IFOMOI+IBE oz +E,
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where

E — Sup e_lt IO Mds.
t[0,T] - ('[—S)O‘Jrl

Clearly E < E; + E;, , with
0 (1) — -
E =sup g I ly"(©-n(s) ds < C, sup gt ]y*(t) _ n(s)‘,

a
te[0,T] -r (t—S)OHrl te[0,T] t
0 0)—
£, _sup ot 1 OO g
p | A(-1,0)
te[0,T] T (=s)

To study E;, one can repeat similar arguments to those used to estimate U when we proved
uniqueness. However we shall give here only a sketch of these arguments. Observe first that

Ei <Ei1+Ei,

where
-t
Eii = Cu sup £25 [ [bs,y)ids |
t[0,T] 0
At ('t
Eiz = Co sup S5 [ BH(Y)Ids
te[0,T] 0
t (=
Eii < CaLO< sup eAS‘Y(5)|> sup J. Lta?lds
te[-1,T] tefo,1] © 0 (t-9)
At t
+ Co sup &5 j Ibo(S)[ds
te[0,T] 0
< CaLoM*IF(a - I)HY”a,k(r) + CaBo,a.
Moreover,
e M oH e M oH
Eip = Co sup =5—[Bfjt <Cq sup =— (B
te[0,T] te[0,T]
< Cq, sup e*t*! sup |BY|
t€[0,T] t€[0,T]

1-a
< cu( ) e B0,
So
I-a
El < CaLolla_lr(a - l)llY”a,)L(r) + CaBO,a + C(lt__/{x) el—a ”BF HOO(O)a

and
[Y* D) leam < Mi(A) + Ma(AD)(1 + [ly®) [[a.2) + MDY [| 0.2,
where
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I-a
i) = 2l + (1G5 et )8+ i + Cab,

M (1) = /lf'_zza . Ms(A) = CaloA® T (@ = D|Y] s

Furthermore, we can choose A = A large enough in order to have M, (1¢) + M3(4¢) < %

Yl aaom < 2(1 +Mi(o)), then ||y*|las,m) < 2(1+Mi(40)) and so L(By) < By, where
Bo = {y € W ([-r. TLERY, Iyl aiom < 201 +Mi(20))}
The condition 1 is satisfied as the metric py is associated to the norm ||. || 41,(r)-
Condition 2: Notice that ify € By , then ||Y|| goory < 26*T(1 + M;(40)) = No.

Then repetition of the same arguments we have used in step 2 of theorem 4.1 yields that for all
y,y € Boandforall A > 1

L) - Lyl ( S+ Lra —a)>IIY—Y’||a,Mr>-

Condition 3: From the proof of the above condition we deduce that for all y, y' € L(Bo)
L) = Lol —E2 Iy =Y oo »

l-a
with C' = dy + o 'LnT(1 — ).
So, it suffices to choose A = A such that

c -
ll—(l -

L
-

5. Convergence as the Delay Goes to Zero

Our aim here is to study what happens when the delay r tends to zero. We will assume the
validity of the hypotheses (H1), (H2) and (H3), (H4) throughout this section.

Set X" as the solution of the integral delay equation (1) on RY and X as the R? solution of
the integral equation

X(t) = 1(0) +j; b(s. X)ds + B, te(0.T].

From the previous sections and the paper of Nualart and Rascanu [6], we know that these
solutions exist, they are unique with X" € W™ (r, T;RY) and x € W§™(0, T;RY).
The main result of this section is the theorem that follows.

Theorem 5.1. Assume that b satisfy hypotheses (H1), (H2) and (H3), (H4) with p = L,
0<B, 0<t1and

0<ac<ap:= min{%,ﬂ, 5531}

then

lim (X = X[ = 0.
r-0

Proof. Actually, we will prove that there exists 4 such that

lim (X" = X[l = O
r-0
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Let us choose N s0 as || X[ a0 < N and supo<r<r, ||X" || a0y < N to get that

IFOX) ~ FOX) ar < ~3 =X g

/ll—a
This allows for writing
d
X =X"ar < =X =X a2

Hence, if we choose 4 large enough to ensure that

dN < 1
/ll—a - 27
we arrive at the required result
lim ||X" = X||g.1, = 0 =lim [|X = X"|| g0 = 0. |
r-0 r-0
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