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Stochastic delay equations with
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In this note we prove an existence and uniqueness result for the solution of multidimensional stochastic de-
lay differential equations with normal reflection. The equations are driven by a fractional Brownian motion
with Hurst parameter H > 1/2. The stochastic integral with respect to the fractional Brownian motion is a
pathwise Riemann—Stieltjes integral.
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1. Introduction

Consider a stochastic delay differential equation with positivity constraints. More precisely, we
deal with a stochastic delay differential equation with normal reflection on R? of the form

t t
X(t):n(O)—i—/ b(s,X)ds—i—/ o(s, X(s—r)dW +Y(@), te(0,T],
0 0

(1.1)
X()=n(@)), te[—r0].

Here, r denotes a strictly positive time delay, WH? = {W#:J j =1,... m)} are independent
fractional Brownian motions with Hurst parameter H > % defined in a complete probability
space (€2, F,P), the hereditary term b(s, X) depends on the path {X (u), —r < u < s}, while
n:[—r,0] > Ri is a non-negative smooth function with RY = {ue RY: u; >0fori=1,...,d}
and Y is a vector-valued non-decreasing process which ensures that the non-negativity constraints
on X are enforced.
Set
t

t
Z(t):n(O)—l—/ b(s,X)ds~|—/ o(s, X(s—r)dw},  1e]0,TI. (1.2)
0 0

It is known that we have an explicit formula for the regulator term Y in terms of Z: for each
i=1,....d,

Yi(t) = max (Z'(s))", tel0,T].
s€[0,1]
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The solution of (1.1) then satisfies

ZB)+Y@®), te€[0,T],

X(t):{n(t), t e l—r,0l.

We call (1.1) a delay differential equation with reflection with hereditary drift driven by a frac-
tional Brownian motion. To the best of our knowledge, this problem has not been considered
before in the extensive literature on stochastic differential equations.

There are many references to stochastic systems with delay (see, as a basic reference, [9]),
but the literature concerning stochastic differential equations with delay driven by a fractional
Brownian motion is scarce. The existence and uniqueness of solutions [2,7,10,12], existence
and regularity of the density [7] and convergence when the delay goes to zero [3] have all been
studied.

On the other hand, there has been little work on stochastic differential equations with delay
and non-negativity constraints. We can only refer the reader to the book by Kushner [5] dedicated
to the study of numerical methods for this class of equations, and the paper of Kinnally and
Williams [6], where the authors obtain sufficient conditions for existence and uniqueness of
stationary solutions for stochastic differential equations with delay and non-negativity constraints
driven by standard Brownian motion.

As described in the paper of Kinnally and Williams [6], there are some models affected by
some types of noise where the dynamics are related to propagation delay and some of them are
naturally non-negative quantities, for instance, applications such as rates and prices in Internet
models, and concentrations of ions or proportions of a population that are infected (see the refer-
ences in [6]). Therefore, it is natural to consider stochastic differential equations with delay and
non-negativity constraints. In this paper, we initiate the study when the noise is not a standard
Brownian motion but a fractional Brownian motion.

The main novelty of this paper is the use of non-negative constraints dealing with fractional
Brownian motion. We have used Skorokhod’s mapping.

Set

Ci (R4, R = {x e CR+,RY):x(0) e RL}.
We now recall the Skorokhod problem.
Definition 1.1. Given a path z € CL (R, R?), we say that a pair (x,y) of functions in
Cy (R, R?) solves the Skorokhod problem for z with reflection if:

1. x(t) =z(@) + y(@) forallt =0 and x(t) € Ri for eacht > 0;
2. foreachi=1,...,d, y'(0) =0 and y' is non-decreasing;

3. foreachi=1,...,d, f(; x'(s) dyi(s) =0forallt >0, so yi can increase only when x'is
at zero.
It is known that we have an explicit formula for y in terms of z: foreachi =1, ....,d,

Y= S?[S,’i](z ).
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The path z is called the reflector of x and the path y is called the regulator of x. We use
the Skorokhod mapping for constraining a continuous real-valued function to be non-negative
by means of reflection at the origin. We will apply it to each path of z defined by (1.2). Note
that because we are dealing with a multidimensional case, the mapping will be applied to each
component.

We must also explain how to understand the stochastic integral appearing in (1.1). Since
H > %, the stochastic integral in (1.1) is defined using a pathwise approach. Indeed, if we have
a stochastic process {u(z),t > 0} whose trajectories are A-Holder continuous with A > 1 — H,
then the Riemann-—Stieltjes integral fOT u(s) dWSH exists for each trajectory (see Young [13]). Us-
ing the techniques introduced by Young [13] and the p-variation norm, Lyons [8] began the study
of integral equations driven by functions with bounded p-variation, where p € [1, 2). Zihle [14]
introduced a generalized Stieltjes integral using the techniques of fractional calculus. The integral
is expressed in terms of fractional derivative operators and coincides with the Riemann—Stieltjes
integral fOT f dg when the functions f and g are Holder continuous of orders A and S, respec-
tively, with A + 8 > 1. Using this Riemann—Stieltjes integral, Nualart and Rascanu [11] obtained
the existence and uniqueness of a solution for a class of multidimensional integral equations.

In this paper, also using the Riemann—Stieltjes integral, we will prove the existence and unique-
ness of a solution to equation (1.1). Our results are inspired by those in Nualart and Rascanu [11]
and Ferrante and Rovira [3]. Using some estimates presented in those papers, we will first prove
our results for deterministic equations and will then easily apply them pathwise to fractional
Brownian motion.

Since our definition of the stochastic integral holds for H > %, we cannot extend our approach
to the case H € (%, %). However, in a forthcoming paper, we will use the method used by Hu and
Nualart in [4] to consider the case H < %

The structure of the paper is as follows. In the next section, we give our hypothesis and we
state the main results of our paper. In Section 3 we give some useful estimates for Lebesgue
and Riemann-Stieltjes integrals inspired by the results in [11] and [3]. Section 4 is devoted to
proving our main result: the existence, uniqueness and boundedness of solutions to deterministic
equations. In Section 5 we recall how to apply the deterministic results to the stochastic case,
while the Appendix is devoted to giving some technical results such as a fixed point theorem and
some properties related to the Skorokhod problem.

2. Main results

Let o € (O, %) and r > 0. Let (s,7) C [—r, T] and denote by Wg’oo(s, t; Rd) the space of mea-
surable functions f:[s, ] — R4 such that

| lasoey i= Sup (|f<u>|+ / Mdv) -

u€ls,t] (u — v)a+l
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For any 0 < A < 1, denote by Cl(s,t;Rd) the space of A-Holder continuous functions
f:[s, 1] — R< such that

= f + - <00,
”f”)t(s,t) ” ||oo(s,t) sfiliggz (U u))‘ <

where

||f||oo(s,t) = sup |f(u)l.
uels,t]
Since we will use the spaces Wg’oo(—r, T; Rd) and C*(—r, T; Rd) extensively, we will use
the notation || flle,cor) = | f la,00(=r,T)s 1 f llsrr) := I flla,ra=r, 1) | fllac) := | flla=r, 7y and

I fllootry == I1f lloo(=r,T)-
Consider the following hypothesis.

(H1) o:[0,T] x R4 — RY x R™ is a measurable function such that there exist some constants
B > 0 and My > 0 such that the following properties hold:

L. |o(t,x) —o(t,y)| < Molx — y| Vx,y e R Vi €[0, T];
2. lo(t,x) —o(s,x)| < My|t —s|P Vx e R4, Vt,s € [0, T].

(H2) b:[0,T] x C(—r, T;R?) — R? is a measurable function such that for every t > 0
and f € C(—r,T; Rd), b(t, f) depends only on {f(s); —r < s < t}. Moreover, there ex-
ists some by € L (0, ¢t; Rd) with p > 2 and VN > 0 there exists some Ly > 0 such that:

L [b(t,x) — b(t,y)| < Lnsup_, o< 1x(s) — y(s)| Vx,y suchthat [|x[eory < N,
I¥lloogy <N Vt [0, T,
2. |b(t, x)| < Losup_, -, [x(s)] + bo(t) ¥t € [0, T].

(H3) There exist some y € [0, 1] and Ko > 0 such that
lo(t.x)| < Ko(1+x|")  VxeR? Vie[0,T].

Under these assumptions, we are able to prove that our problem admits a unique solution. Our
main result reads as follows.

Theorem 2.1. Assume that n € Wg (=1, 0; Ri), and that b and o satisfy hypotheses (H1)
and (H2), respectively, with B > 1 — H. Set ag := min{%, BY.Ifee(1—H,ap) and p < é, then
the equation (1.1) has a unique solution,

X e LYQ, F, P W™ (—r, T; RY)),

and for P-almost all w € Q, X (w, -) € C'=%(0, T; RY).
Moreover, ifoa € (1 — H,ag vV (2 — y)/4) and (H3) holds, then E (|| X||” )) <ooVp>1.

o,00(r
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Examples. Note that the following equations satisfy our hypothesis:

(a) (linear example) for any a, b € R,

t t

X(t):r—i—/ X(s—r)ds—i—/ (aX(s—r)—l—b)dWsH—i—Y(t), te(0,T],
0 0

X@t)=t+r, t €[-r,0]

(b) (non-linear example)

t

t
X(t):/ cos(X(s))ds+/ sin(s + X (s —r)dW +v@0),  1€(,TI,
0 0

X(@t) =12, ¢ €[—r,0l.

3. Preliminaries

In this section, we give some useful estimates for Lebesgue and Riemann—Stieltjes integrals.
These types of estimates were presented in the work of Nualart and Rascanu [11] and adapted to
the delay case by Ferrante and Rovira [3]. Since our results are directly inspired by these works,
we do not give the proofs, but instead direct the reader to these references.

We will need to introduce a new norm in the space Wg (s, t; Rd): for any A > 1,

“ If(u)—f(v)ldv)

(u— v)‘x‘H

I fller,n(s,) == sup eXp(—)\u)(lf(u)|+/

u€ls,t]

It is easy to check that for any A > 1, this norm is equivalent to || f ||, c0(s,s)-

3.1. Lebesgue integral

We first consider the ordinary Lebesgue integral. Given a measurable function f :[—r, T] — R?,
we define

t
FOU) ) = / b(u, f)du.
0
We first recall some estimates that constitute an obvious adaptation of [3], Proposition 2.2.

Proposition 3.1. Assume that b satisfies (H2) with p = é and [s,t] C [0, T].If f € W(‘)” O (=r,
t;RY), then FO (f)() = [;bu, f)du e C'=%(s,t; RY) and

LFPO] gy =dP A+ 1S llooi=rn):

1 S Neowsi=r.1)
(b) 0)) (=,

2. HF (f) ’|a,k(s,t) = d ()\l—2a + )\l—a
forall A > 1, where dDie {1, 2}, are positive constants depending only on o, t, Lo and By 4 =
lBoll £ 1/e-
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3.2. Riemann-Stieltjes integral

Let us now consider the Riemann—Stieltjes integral introduced by Zihle, which is based on frac-
tional integrals and derivatives. We refer the reader to the paper of Zéhle [14] and the references
therein for a detailed presentation of this generalized Stieltjes integral and the associated frac-
tional calculus. Here, we will just recall some basic facts.

Fix a parameter 0 < o < % Denote by W;_“’OO(O, T; R) the space of measurable functions
g:[0, T]1 — R such that

lg(t) — g(s)| "g(y) — g )| dy) .

_ = su
llglli-e 00,1 P ((t—s)l_a s (y—s)i@

O<s<t<T

Moreover, if g belongs to W}_“’OO(O, T; R), then we define

1 —a
Ao (g) = WOQSE&T |(D,1— 8-)(s)]

gl —a 00,7 < 00,

R
T I'd-—ol(o)

where Dtl: “g;— denotes a fractional Weyl derivative,
8- (5) = (8(5) — 8(1=)) 1 (0. (5),

where g(t—) = limg\ 0 g( — ¢) and I" is the Euler function. We also denote by W(‘))"I(O, T;R)
the space of measurable functions f on [0, T] such that

"o 1)~ o)
o= [ L as +/ [ =L s <o

Note that if f is a function in the space W(‘)x’l(O, T;R) and g € W}‘“"’O(o, T;R), then the
integral fot f dg exists for all £ € [0, T] and we can define

t T
GUNH() = /0 F(s)dgy = /O F() L0 (s) dgs.

Furthermore, the following estimate holds:

'/Otfdg

Moreover, if f € Wg’OO(O, T), it is proved in [11], Proposition 4.1, that for each s < t,

t
/fdg

= Aa(@I Sl (3.1

< Aa(®)Ca7(t — )" fllaco- (3.2)
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Let us consider the term
t
GO (f)(1) = /O o (s, f(s =) dgs.

For the Riemann-Stieltjes integral, we will also give a version of [3], Proposition 2.4.

Proposition 3.2. Let g € W}_“’OO(O, T). Assume that o satisfies (H1) and [s,t] C [0, T]. If
fe W(()”’OO(—r, T:RY), then

GO(f)eC'™ s, t; R C W™ (s, 1; RY)

and
LG O _aisry = Aa@dD (1411 fllaoo(—ri—r);

Ao d®
21657 (D apiry = 585 (L4 1 o)
forall A > 1, where d), i € {3, 4}, are positive constants independent of A, f and g.

Finally, we recall [3], Proposition 2.6. Consider ¢(y, «) defined such that ¢(y, @) = 2« if
y=1, oy,a) > 1 + 2"‘)/—_1 if % <y<land p(y,0) = if 0 <y < 11__2;. Note that
oy, a) € o, 2a].

Proposition 3.3. Let g € W}*‘W(o, T). Assume that o satisfies (H1) and (H3). If f €
Wg(—r, T; RY), then

1G5 = Aa(8)d® (1 + mﬂ)

A—o(y.)

for all A > 1, where d® is a positive constant depending only on «, B, T,d,m and By, =
Dol 1/e-

4. Deterministic integral equations

In this section, we give all the deterministic results.
For simplicity, let us assume that 7T = Mr. Set 0 < o < %, g€ W;_a’oo(O, T; Rd) and n €
WS‘ X (=r, 0; R‘i). Consider the deterministic stochastic differential equation on R4

1 t
X(t)=n(0)+/ b(s,x)ds+/ o (s, x(s —r))dgs + y(@), 1€(0,T],
0 0
4.1)
x(1) =n(), te[—r0],

where, foreachi=1,...,d,

¥y ()= max (Z'(s))”,  tel0,T],
s€[0,r]
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and

t t
z(t) =n(0) + / b(s,x)ds + / U(s,x(s - r)) dgs, tel0,T].
0 0
The existence and uniqueness result reads as follows.

Theorem 4.1. Assume that b and o satisfy hypotheses (H1) and (H2), respectively, with p = 1/«
and 0 <o < min{%, B}. The equation (4.1) then has a unique solution x € W(‘)x’oo(—r, T; Ri).

Proof. To prove that equation (4.1) admits a unique solution on [—r, T'], we shall use an induc-
tion argument. We will prove that if equation (4.1) admits a unique solution on [—r, nr], then we
can further prove that there is a unique solution on the interval [—r, (n + 1)r].

Our induction hypothesis, for k < M, is the following:

(Hx) The equation

t t
k) = n(0) +/ b(s, x*)ds +/ a(s,xk(s - r)) dgs + vk (1), t €0, kr],
0 0
fay=n@.  rel-ro0]
where, foreachi =1,...,d,
Vi) = max (z())",  t€l0,krl,
s€[0,1]
with
t t
() =1(0) +/ b(s, x*) ds +/ o(s.xF(s —r)dgs.  1€[0.krl,
0 0
has a unique solution xk e Wg"oo(—r, kr; Ri).

The initial case can be easily checked. Assume now that (H;) is true for all i <n, wheren < M.
We wish to check (Hp1).

Clearly, for ¢ € [—r, nr], x"*1(¢) will coincide with x" (¢), the solution of the equation of (Hy).
Moreover, for t € [—r, nr], y,+1(¢) will coincide with y, (t). We can therefore write the equation
of (Hp4+1) as

t

t
") = n(0) —i—/ b(s, x"1yds +/ o (s, x"(s — r)) dg
0 0
@ =n@),  1el-r0l
Moreover, using the notation introduced in the previous section, we have

") =n0) + FO Y + GO0 + yup1 (1), 1€[0, (n+ Drl,
") = @), te[—r,0].
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The proof will be divided into three steps:

1. if x"*! is a solution of (Hy41) in the space C(—r, (n + 1)r; RY), then x" ! € Wy (—r,
(n+ Dr;RY);
2. the solution is unique in the space C(—r, (n + 1)r; Ri);
3. there exists a solution in the space C(—r, (n + 1)r; Ri).
Step 1: If x"*! is a solution of (Hyy1) in the space C(—r, (n + l)r;Ri), then x"t! e
W > (—r, (n + Dr; RL). We can write

1
12" o0 (n41)r)

t n+1 _ wn+l
— ap (|x"+1(t)|+/ [x" () — x (S)lds>
]

te[—r,(n+1r —r (t - S)a—H
t R —
S Sup (|xn(t)| +/ M ds>
te[—r,nr] - (= S)a+
nr |,.n+l 1) — x"
+ Sup <|Xn+l(t)| +/ |x ( ) i](s)| dS
telnr,(n+1)r] —r (t —s)*
t 1,n+1 n+l1
X" (1) — X" (s)]
d 4.3
B *-2

1
< ”xn ”a,oo(—r,nr) + ”xn-i- ||o¢,oo(nr,(n+1)r)

[’" |x"HL(e) — x™(nr) + x" (nr) — x"(s)|
ds
—r (t — S)a+1

+ sup
telnr,(n+1)r]

" (@) = x" ()|
=< 2”)Cn”ot,oo(—r,nr) + ||)Cn+1 ”a,oo(nr,(n—i—l)r) + sup "
telnr,(n+1)r] Ol(t - nr)

= 2||xn ”a,oo(—r,nr) + A+ A,
where

1
A= ”)CnJr e, 00(nr, (n+1)r) s

@) = x" (nr)|
Ay = sup

teirm+r] o —nr)

From our hypothesis, it is clear that [|x" ||, 00(—r,nr) < 00. So, to complete this step of the proof,
it suffices to check that A| < oo and Ay < o0.
We begin with the study of A;. Clearly,
b) ¢,.n+1
A1 = n0)]+ ”F (x )||a,oo(nr,(n+l)r) (4.4)
G @ oo 1y + 13041 Ol -
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One of the keys to our proof is the study of the behavior of y. We note that from its definition,
it_is clear t_hat if y' is increasing at ¢ (i.e., y' (t)_ > y'(t - g) for & < gy small _enough), then
y'(t) = —z' () > 0. Moreover, by construction, y'(s) > —z'(s) for any s. So, if y* is increasing

at ¢, then forall s < ¢,

Y (1) = Y () =y (1) — ¥ (s) < =2/ (1) + 2 (s) < |2 (1) — 2" (s)].

Fort e (nr,(n+ 1)r)yandi €{1,...,d}, set
té = inf{u; yi(u) = yi(t)} v nr.

Since y' is increasing, we note that y'(s) = y'(#}) for all s € [#}, ¢]. Then,

/f D O = O /fé D1 1) = Y @]
n n

r (t _s)aJrl r (t _S)a+1

- /fé Y () = ¥ ()]
- n

r (t§ — syt

1zl () — 2 ()]
5/ nt110) 7 Zng 1 S 40
n

r (t(l) - S)a+1
On the other hand, we have

Y O =1Yh 1 DI < sup |2y (9)].

1
Ofsfto

So, combining (4.5) and (4.6), we have that

lynt1 ||oz,oo(nr,(n+l)r) = d(“Zn-H ”ot,oo(nr,(n+l)r) + llzn ”oo(O,nr))»

where we can use the bound

lzn41 ”a,oo(nr, (n+1)r)

<O+ [FP "] + GO

a,00(nr,(n+1)r)

Now combining (4.4), (4.7) and (4.8), we obtain that

AL =@+ D (IO + [FP D] oy

+ ” G’(‘a) (xn) ”a,oo(nr,(n-‘rl)r)) +d|lzn ”00(0””)‘

ds

a,00(nr,(n+1)r)"

4.5)

(4.6)

4.7

4.8)

(4.9)

From our hypothesis and Propositions 3.1 and 3.2, it is easy to obtain that ||z, ||co0,nr) < 00. It
therefore only remains to check the norms of the Lebesgue and Riemann—Stieltjes integrals.
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On the one hand,
” F® (xn+1) ”

a,00(nr,(n+1)r)

t t ! b u,x"“ du
< sup (/ |b(s, x"TH|ds + fs|(—+1)| ds)
telnr,(n+1)r1 \JO nr (t —s)

t
< sup ( / <L0 sup |x"+‘(u)|+b0(s)>ds (4.10)
0

telnr,(n+1)r] —Ir<u=s

. / Lo [/ (SUp_y <ycye X" ()] + bo(u)) du ds)
n

- (f _ s)OH—l

l—a

1-2
n+1 A * b
X" Noo(—r.(n+1)r) + + 1 og ) 1PolLye

-

<Ly <T + 1
On the other hand, to study the Young integral, we will use Proposition 3.2 and the fact that
x" e Wg’oo(—r, nr; Ri). Forany A > 1,

||G’(,U)(Xn)” < e)u(VH-l)r HG,(,U)()C")”

a,00(nr,(n+1)r) — a,A(nr,(n+1)r)

@ “4.11)
- Aq(g)d YGRS

= 2120 (1 + ”xn”ot,)n(fr,nr))

So, combining (4.9), (4.10) and (4.11), and using the facts that [[x"|lqr(—rnr) < 00 and
X" loo(—r.(1+1)r) < 00 for A > 1, we get that Aj < 0.

We now deal with the term A,. We can write the decomposition

WO = x" @) _ Ly b6 " ds] ], o2 (s = 1) dgs|

t—nr)¢ - t—nr)¢ t—nr)%
( ) ( ) ( ) @.12)
[Ynr1(E) = yuy1(nr)|
(t —nr)* ’
Using the same arguments as in (4.5), we get
sup (Vi1 (@) — Yui1(nr)|
telnr,(n+1)r] (t - nr)a
. t)—2
<d sup |Zn41(t) — Zpy1(nr)] (4.13)
telnr, (n+1)r] (t —nr)e
t t
b(s, x"t1)ds o (s, x"(s —r))dg,
§d< sup [ [, b( ) |+ sup | [,y 0 (s, x"( ) g5|>_
refnr, (n+1)r] (t —nr)* relnr, (n+1)r] (t —nr)®
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Moreover, from Propositions 3.1 and 3.2, we obtain the estimates

t
b(s, x"tHds
sup | [, b( ) ds|

() (n+1 120
telnr.nyr) (& —nr)® =P e

d(l) n+1
< }"20‘—_1(1 + ||X ||oo(7r,(n+l)r))v

| [ o(s,x" (s — 1)) dg;

| (o) 1-2
Sup S G (o (xn) B r —2a
t€lnr,(n+1)r] (t —nr)* ” ”1 a(nr, (2+1)r)
dD e (g)
rZail (1 + ”xn”a,oo(—r,nr))-
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4.14)

4.15)

So, using the facts that ||x"||lq,c0(—rnr) < 00 and ||x"+1||oo(_r,(n+1)r) < 00, and combining

(4.12), (4.13), (4.14) and (4.15), we obtain that A, < oo.
The proof of the first step is now complete.
Step 2: Uniqueness of the solution in the space C(—r, (n + D)r; Ri).

Let x and x" be two solutions of (4.2) in the space C(—r, (n + 1)r; Ri) and choose N large

enough so that || X ||co(—r, (1)) < N and [|X'||oo(—r,(n+1)r) < N.
For any 7 € [0, (n + 1)r],

sup |x(s) —x'(s)| = sup |z(s) =2/ ()| + sup |y(s) —y'(s)].
s€l0,1] 5€l0,1] s€l0,1]

Moreover, using Lemma A.2, we have

sup |y(s) — ¥ ()| < K; sup |z(t) — 2/ (¢)].
5s€[0,¢] s€[0,7]

So, combining the last two inequalities, we get that

sup |x(s) —x'(s)| < (1+ K;) sup |z(s) —2'(s)]
s€[0,¢] s€[0,1]

<(1+Kj) sup
s€[0,7]

/S (b(u,x) — b(u, x")) du
0

=+ K)Ly sup
s€l0,1]

/S sup |x(v) — x'(v)| du
0

0<v<u

t
<Ly(+K)) sup [x(v) — x"(v)| du.
0 vel0,u]

Now applying Gronwall’s inequality, we have that for all ¢ € [0, (n + 1)r],

sup |x(s) —x'(s)| =0.
s€[0,1]
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So,
X = %" loo(—r.(r+1yr) =0

and the uniqueness has been proven.

Step 3: Existence of a solution in C(—r, (n + 1)r; Ri).

In the space C(—r, (n + D)r; ]R‘j_), we can deal with the reflection term using the Skorokhod
mapping. Nevertheless, since the coefficient b is only locally Lipschitz, we will need to use a
fixed point argument in C(—r, (n + 1)r; ]Ri) based on Lemma A.1.

Let us consider the operator

L:C(—r,(n+ Dr;RY) — C(=r, (n + Dr; RY)
which is such that
t t
L(u)(t) =n(0) +/ b(s,u)ds +/ o(s,x”(s - r)) dgs + yn+1.4(2), tel0,(n+ Drl],
0 0

Lu)(t) =n(), te[-r0]

where x" is the solution obtained in (Hy) and if
t t
i@ =10 + [ b ds+ [ o5 =) de.
0 0

then y} (1) = maxsego.1(zh,, ()~ foralli=1,...,d.

Note that £ is well defined. Moreover, if u = L(u), then u(t) = x"(¢) for any ¢ € (—r, nr). We
will use the notation u™* = L(u).

We next introduce a new norm in the space C(—r, (n + 1)r; Ri): forany A > 1,

I fllooa(—r,tyry i= sup e M[f()].
te[—r,(n+1)r]

These norms are equivalent to || f loo(—r, (+1)r)-
We now check that we can apply Lemma A.1. Note first that
< nlloo,n=r0) + In(O) +  sup

t
/ b(s,u)ds
1€[0,(n+1)r] 0

t
/ O’(S, x"(s — r)) dg
0

6™ oo, A (=r, (n+1)r)

e—At

—At +d  sup e M|zpprau(0)]  (4.16)

tel0,(n+1)r]

t
/ b(s,u)ds
0

+ sup ¢
t€[0, (n+1)r]

< nllcosr—roy + @+ DInO)| +(d+1) sup e ™
tel0,(n+1)r]

t
/ a(s, x"(s — r)) dg;
0

)

+d+1) sup e M
1€l0, (n+Dr]
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where we have.used computations similar to those in (4.6). Indeed, for fixed ¢, let #; :=
inf{u; y'(u) = y'(¢)}. Then,
e M Iy Ol e yh )l <e Mz, @),

and taking suprema, we have

sup e Myppiu@l<d  sup e M|zup1. ()] (4.17)
t€l0,(n+1)r] tel0,(n+1)r]

t
/ b(s,u)ds
0

Moreover, we have

sup e M

tel0,(n+1)r]

t t
<Ly sup e M / sup |u(v)|ds+ sup e / bo(s)ds| (4.18)
tel0,(n+1)r] 0 —r=<v<s tel0,(n+1)r] 0
< B e rns i+ 2 bl 1
A )\1 o
and, from Proposition 3.2,
_ ! Aq(g)d™
sup e / o (52" (s — ) dgs| < 2 (). (419
1[0, (n+1)r] 0 A

So, combining (4.16), (4.18) and (4.19), we have

™ oo, 1 (=r, (i 1)r) < M1 (A) + Mo (M) [t 00,3 (=r, (n4+1)r) »

where
d+1ncC
M1 = lInlloc,a =0 + (@ + DO + === 1boll L1
Ag( )d(4)
i+ DS (I g rnr),

)Llea

1
My(2) = (d + l)LOX.

Choose A = Ag large enough so that M>(Agp) < % . Then, if ||uloo,5o(—r,+1)r) < 2M1(Xo), We
have

™ |0, (—r.(n+1yr) < 2M1(R0)
and so L(By) C By, where

By ={ueC(—r,(n+ Dr; RL); [lulloo,rg(—r,mt1yr) < 2M1(R0)}.
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The first hypothesis in Lemma A.1 is thus satisfied with the metric po associated with the norm
I lloo.rg(=r.(n+1)r)-

To complete the proof, we only need to find a metric p; satisfying the second hypothesis of
Lemma A.1.

Note first that if u € By, then ||u||oo(—r, (1+1)r) < 2e*0+Dr M () := Np. Consider u, u’ € By
and A > 1. We then have

1£(u) — £(u/)||oo,k(—r,()1+l)r) = sup e_M|Zn+1,u(t) - Z;/1+1,u(t)|
tel0,(n+1)r]

+ osup e My — Y, O
tel0,(n+1)r]

From Lemma A.2, note that given ¢ € [0, (n 4 1)r], there exists some #, <t such that

/ /
|)’n+1,u(t) - yn+1,u(t)| < Kilzn+1,u(t2) — Zntlu ().
So,
—At / —AL ’
e M ynr1,u@) — yn+1,u(t)| < Kie 2|Zn+l,u(t2) - Zn+1’u(t2)|

and it easily follows that

SUp e M g1 () = Vo w OIS K Sup e M 2t — 2oy WO
te[0,(n+1)r] te[0,(n+1)r]

Then,
L) — L) oo, p(—r,n+1)r)

t
<(+K;) sup e**’/ |b(s,u) — b(s,u’)|ds
te[0,(n+1)r] 0

t
<Ly,(14+K;) sup e_)"/ sup |u(v) —u'(v)|ds
te[0,(n+1)r] 0 O<v<s

f
<Ly,(14+K;) sup / e 9™ sup  |u(v) —u'(v)|ds
0

tel0,(n+1)r] —r<v<s

1
< Lyy(1+ Kz)xllu — ' {loo, A (=r, (141)r) -

. Ly, (14K, .. .
So, if we choose A = A such that M < %, then the second hypothesis is satisfied for the

LN0(1+K1) 0

metric pj associated with the norm || - |00, 4, (—r,(n+1)r) and a = o

We now check that the solution is (1 — «)-Holder continuous.

Proposition 4.2. Assume that b and o satisfy hypothesis (H1) and (H2), respectively, with p =
1/ and 0 < o < min{%, B). The solution x of equation (4.1) then belongs to C'=*(0, T; R?)
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with
Ixh—a@,7) <d©(1+ A () (1 + X la00(—r1) )

where d© is a positive constant independent of f and g.

Proof. Note that

lxl—a©,7) < lzl1—«©,7) + 1Yl 1—a,7)-

For fixed t € [0, T], set 1, = inf{u' <ty (u) = y'(t)}. Then, y' is increasing in #, and it is easy
to check that |y* () — y' ()| < |z' (tx) — 7' (s)| for all s € (0, t,). For all s € (0, t,), it thus holds
that
Y () =Y @) _ [27(t) = 2'()]
=9 = (-9l

and it then follows easily that ||y|[1—«©0,7) < dllzll1-«(,T)- SO,

lxll1—a,7) < (d + Dllzll1—a,T)
< (d+D(InO)] + ”F(b)(x)”pa(o,n + HGﬁ")(x)Hlfa(o,r))-

Using Propositions 3.1 and 3.2, we easily complete the proof. (]

We will now give an upper bound for the norm of the solution. Recall the definition of ¢(y, «):

20, y=1,
1_|_20z—1 1—20[< |
> s sy <l
oy, a) = y —a -7
1 —-2«a
o, 0<y< .

Lemma 4.3. Assume (H1), (H2) and (H3). The unique solution of equation (4.1) then satisfies
¥ a0ty < 48 (IMllaco(—r.0) + Aal@) + 1) exp(T (df" +dP A ()70 D)),

Proof. First, we need to obtain an upper bound for ||x||4,5(-). We begin with the estimates

t
_ lx(2) — x(s)]
XN,y < IMllea=r0) + sup e M(lx(f)l-l-/ ————ds

1€[0,T] (@t —s)etl
0
_ |x () —n(s)l
< Inllar(-r0)+ sup e “<|x(r>|+/ e ds
@HEr0) te[O,pT] _r (t—s)etl
t 1) —
|x (1) — x(s)] ds>

0 (t— S)oz+l

O 1x (1) — n(s)|
< Inllarcr) + I lanco.r) + sup e—“/ @ = no)l
@ M0 0D 1€[0,T] —r (t—s)etl

(4.20)
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Moreover,
Ixlla,50,7) < Izlla,20,7) + 1Y lla,20,7) (4.21)
and using the same arguments as in (4.5) and (4.6), we have,
I¥lle,10,7) < dllzllan©,T)- (4.22)
We also know that
Izlles0.7) < O+ [FP @ | 4507 F 167 | g0.1y- (4.23)

So, combining (4.20)—(4.23) and applying Propositions 3.1 and 3.3, we get that

L P
¥l < 10lai-r0) + @ + DInO)] +(d + 1)d<2>< ETR

(4.24)

5) ”x”a,)\(r)
+ Aa(9)(d + 1)d (1 e )+ 5

with
0
t —
B:= sup e*)‘t/ Mds.
1€[0,T] —r (=95

It remains to investigate B. We can decompose this term as follows:

0 0

t)—n 0) —

B < sup e_’\’/ Mds—i— sup e—“/ Mds
1e[0.7] - (=s)" 1€[0,7] - (=9

—At

1 e
— sup ——[x(?) = nO)| + [I7lle,5.(~r,0) (4.25)
o sefo,7] !

IA

IA

1
E(Bl + By + B3) + Inlla,r(—r,0)»

where

e—)nt t
By = sup - f|b(s,x)|ds,
ref0,1] 0
—At t

By = sup - /a(s,x(s—r))dgs,
trefo,71l 1% Jo
oM
By= sup —|y(1)|.
1€[0,T]

Using the same arguments as in (4.17), we get that

—At C_M

By= sup ——|y(t)| <d sup
refo,1] 1t 1€[0,T]

lz(t)] =d(B1 + Ba).

tﬂt
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We now consider By and B;. For B, we can write

e—)»l‘ t
By < sup /O(Lo sup |x(u)|+bo(s)>ds

refo, 7] 1% —r<u<s

N —A(t—s) e—kt
SLO( sup e~ "'|x(s)|) sup / ds + sup 1ol 11/«
sel-r,T1 refo,71Jo (& —5)* 1€[0.7] 201

< Lox*'T(1 — a)l|xllgxory + Car® Dol 1/

Next, we obtain a bound for B;. We will use the hypothesis (H3).

—At t —_
By < sup ea Aa(g)(/ Mds

refo,7] ! s*

S o (s, X(S—r))—a(y x(y —r))l
/ / —y)atl dde)

it ‘

1 — A

< sup oA, (g)(KO/ Mds
ref0,7] t* s*

(s —r) —x(y — 1) 1
+°‘M°/ / ( (s — yyet] +(s—y>a+1—ﬁ>dyds>

1-2« —\t t—r 1%

t e

< sup Aa(g>(1<o—e M 4 Ko f O 4
1€[0,T] -«  J_ (s+nr)¢

+ aMolix] /t—r e—A(z—s) ds 4 otMotﬂ 20+1 —At )
o X
OO | =5« " T B—a)B—a+1)

Now, using the inequalities
N
sup the ™M < <ﬁ> e,
t€[0,T] A
t—r e—A(t—s) t e—k(t—u)
/ ds=e [
- (=5 o t—ustr)*

—A(t—u)
< e—“/ du <e™27Ir — w),
o (t—u)

the Holder inequality and the fact that | £ (s)|” <|f(s)| + 1, we get

e /fr I ds < e M0y —2a+1-y /tr 7|x(s)| ds ’
), e T L (e

t—r
= Ca,y,Te (1 + /;r (s _|_r)(ﬂ(}/,0t) ds
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1 g=Mt—u)
< Copyr| 14 Ixlarme™ | ——du
=ty @A (r o uf

< Cay. (1 + IXlane 2207,

where we have used the fact that ¢(y, o)y —2a + 1 — y > 0. We thus obtain

1-2 —
Ko <1—2(x) “A2a_1+aM0((ﬂ—2a+1)e)ﬂ 2 2amiop

Bzf‘\“(g)<1_a c B=)(B—a+1)

+ Coy. + Ixllane ™ (@Ml (1 — )2~ + KOCQ,V,TMW—I))

< Aa(@)Capy (1 + 227 42200 x5 ).
Finally, combining (4.24), (4.25) and the estimates for B, B| and B,, we have
lxlleney < Mi(A) + Ma(A) N1 x e nr)

with

My () =200 llen(—ro) + @+ 1) (In(O)I + Ay (9)d® + Copy

C
13 (9 4 ol e + Aa<g))),

d+1C,

M) = A—o(y.@)

(Aa(@ (@D + Capy) + Lol (1 —a) +d?).

Choosing A = Ag large enough so that M (Ag) = %, we then have
X ller,200r) < 2M1(R0).
Set
20 = [2Ca.a(d® + Ag()(d® +1) + Lo) ]/ ¢
< da(2Ca,d(d(2) +L0))1/(1—<p(y,oz)) +Aa(g)l/(l—(p(y,a))da(zca’d(l +d(5)))1/(1—(p(y,a))
<dD 4@ Ay (g)!/ -9
with
dél) —d, (zca,a'(d(Z) + Lo))l/(lff/)(y,a))’
dé2) —d, (an,d(l +d(5)))1/(1—<p(y,a)).
This implies that

1 e, 00y < exp(T (dSV + dP Aa ()= D)) 201 (39)
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and the proof is then easily completed. Note that we can choose dél), d&z) which do not depend
on B ory. O

5. Stochastic integral equations

In this section, we apply the deterministic results in order to prove the main theorem of this paper.
The stochastic integral appearing throughout this paper, fOT u(s)dWs, is a pathwise Riemann—
Stieltjes integral and it is well know that this integral exists if the process u(s) has Holder con-
tinuous trajectories of order larger than 1 — H.
Setaee (1 — H, %). For any § € (0, 2), by Fernique’s theorem (see [1], Theorem 1.3.2), we
have

E(exp(Aq(W)*)) < o0.

Then, if u = {u;,t € [0,T]} is a stochastic process whose trajectories belong to the space
W;'f’ ! (0, T), it follows that the Riemann—Stieltjes integral fOT u(s) dW; exists and we have that

T
/ u(s) dWs
0

where G is a random variable with moments of all orders (see [11], Lemma 7.5). Moreover, if
the trajectories of u belong to Wg (0, T), then the indefinite integral fOT u(s)dW; is Holder
continuous of order 1 — « and with trajectories in Wg‘ 0, T).

The existence and uniqueness of a solution then follows from Theorem 4.1. In order to get
the existence of a moment of any order, we need only note that if « < (2 — y)/4, then 1/(1 —
@(y,a)) <2 and E(exp(C Ay (W)/1=¢@)yy < o0,

=Gllulla,1,

Appendix

In this appendix, we just give a fixed point theorem, well posed to our problem, and recall a result
with some properties of the solution of the Skorokhod problem.

Lemma A.1. Let (X, p) be a complete metric space, and po and p1 two metrics on X which are
equivalent to p. If L: X — X satisfies:
1. there exists some ro > 0, xg € X such that if By = {x € X; po(x0, x) < ro} then L(By) C
Bo;
2. there exists some a € (0, 1) such that p1(L(x), L(¥)) <ap1(x,y) forall x,y € By,

then there exists some x* € L(Bo) € X such that x* = L(x*).

Proof. Forall n € N, set

Xn41 = L(xn).
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Clearly, x,, € L(By) for all n € N. Moreover,

P1(Xn+1, Xn) = p1(L(xn), L(Xn-1)) < ap1(xn, Xp—1) < --- <a" p1(x1, x0)
and

Iol(anrp, Xp) < pl(xﬂ+ps xn+p71) + -+ o1t Xn)

n

<d"@ '+ da+Dpi(x1,x0) < p1(x1,x0) = 0

1—a
as n — oo.
Since (X, p) is a complete metric space and By is closed in X, there exists some x* € By such
that x,, — x*. Furthermore, from the second hypothesis of the lemma, we get that

p1(L(xn), L(x™)) < apy(xp, x™).

Since p1(x,, x*) — 0, L(x,,) — L(x*) and it follows that x* = L(x*). O

Lemma A.2. For each path z € C(R4,RY), there exists a unique solution (x,y) to the Sko-
rokhod problem for z. Thus, there exists a pair of functions (¢, ¢) :C (R4, R?) — Cy (R, R*)
defined by (¢ (2), ¢(2)) = (x, y) such that the following holds: There exists a constant K; > 0
such that for any 71, z2 € C+ (R4, Rd), we have, for each t > 0,

lp(z1) — @ (z2) 0,101 < Killz1 — 22ll00,[0,115

lo(z1) — @ @2) oo, 0,1 < Killzt — 22ll00,[0,1]-

Proof. See [6], Proposition A.0.1. O
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