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Abstract

Using a temporally weighted norm we first establish a result on
the global existence and uniqueness of solutions for Caputo fractional
stochastic differential equations of order o € (1,1) whose coefficients
satisfy a standard Lipschitz condition. For this class of systems we
then show that the asymptotic distance between two distinct solutions
is greater than t~'2 % as t — oo for any € > 0. As a consequence, the
mean square Lyapunov exponent of an arbitrary non-trivial solution
of a bounded linear Caputo fractional stochastic differential equation
is always non-negative.
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1 Introduction

Fractional differential equations is now receiving an increasing attention due
to their applications in a variety of disciplines such as mechanics, physics,
chemistry, biology, electrical engineering, control theory, viscoelasticity, heat
conduction in materials with memory, amongst others. For more details, we
refer the interested reader to the monographs [1], [12], [11], [5], [L0], [13] and
the references therein.

In contrast to the huge number of publications in deterministic fractional dif-
ferential equations, there have been only a few papers dealing with stochastic
differential equations involving with a Caputo fractional time derivative and
most of these articles have attempted to establish a result on the existence
and uniqueness of solutions. Here, we distinguish two type of solutions:

The first one is mild solutions and we refer the reader to [2, [I4] for a result
on the existence and uniqueness of this type of solutions.

The other type of solution is defined as a solution of an associated stochastic
integral equations and as far as we are aware the only reference for the ques-
tion of existence and uniqueness of this type of solutions is [15]. However, in
this paper there is a gap in the argument about the successive approximation
method for extending the result about the local existence and uniqueness
of solutions to the global existence and uniqueness of solutions. This gap
comes from the fact that the kernel in the stochastic integral equations de-
pends on time and this fact is a characteristic property of Caputo fractional
systems, see Remark [6] for a more detail.

To fill in the gap mentioned above in [I5], a special weighted norm called
Bielecki type norm is introduced. With respect to this norm, we are able to
prove that the operator associated with the stochastic integral equation is
globally contractive and its fixed point gives rise to the appropriate global
solution of the system. Furthermore, we also show that the solutions depend
continuously on the initial values.

After showing the existence of global solutions, our interest is to investigate
the asymptotic behavior of solutions. Our contribution in this direction is
to establish a lower bound on the asymptotic distance between two distinct
solutions of a fractional stochastic differential equation. As a consequence,
we show that the mean square Lyapunov exponent of an arbitrary non-
trivial solution of a bounded linear Caputo fractional stochastic differential



equation is always non-negative. This surprising fact was obtained in the
deterministic fractional differential equations [4].

The paper is structured as follows: In Section 2, we introduce briefly about
Caputo fractional stochastic differential equations and state the main results
of the paper. The first part of Section [Blis devoted to show the result on the
global existence and uniqueness of solutions (Theorem [I]). The second main
result (Theorem [2]) concerning a lower bound on the asymptotic separation
of solutions is proved in the second part of Section Bl

2 Preliminaries and the statement of the main re-
sults

Consider a Caputo fractional stochastic differential equation (for short Ca-
puto FSDE) of order a € (3,1) of the following form

CDgX (1) = bt X(0) + o1, X (1)) T, 1)

where b, 0 : [0,00) x R = R%, ¢ : [0,00) x R? = R? are measurable and
(Wit)tefo,00) is a standard scalar Brownian motion on an underlying complete
filtered probability space (2, F,F := {Fi}ic(0,00),P). For each t € [0,00),
let X; := L2(Q, 7;,P) denote the space of all F;-measurable, mean square
integrable functions f = (f1,,..., fq)T : @ — R¢ with

[ flms =

d
> E(Ifi?) = VEISI%,
i=1

where R? is endowed with the standard Euclidean norm. A process X :
[0,00) — L(£2, F,P) is said to be F-adapted if X (¢) € X; for all ¢ > 0. For
each n € Xy, a F-adapted process X is called a solution of (Il) with the
initial condition X (0) = 7 if the following equality holds for ¢ € [0, c0)

¢ ¢
X(t) = 77—|—L (/ (t — 1) (1, X (1)) dr —|—/ (t— 1) Lo(r, X (7)) dWT> ,
I'(a) \Jo 0
(2)
where I'(0) := [;° 7% ! exp (—7) dr is the Gamma function, see [15, p. 209].
In the remaining of the paper, we assume that the coefficients b and o satisfy
the following standard conditions:



(H1) There exists L > 0 such that for all 2,y € R?, ¢ € [0, 00)

(H2) o(-,0) is essentially bounded, i.e.

llo(+,0)||oc :=esssup ||o(7,0)| < oo

T7€[0,00

and b(-,0) is L2 integrable, i.e.

/ (7, 0)|2 dr < oo.
0

Our first result in this paper is to show the global existence and uniqueness
solutions of (Il) when (H1) and (H2) hold. Furthermore, we also show the
continuity dependence of solutions on the initial values.

Theorem 1 (Global existence and uniqueness & Continuity dependence on
the initial values of solutions of Caputo FSDE). Suppose that (H1) and (H2)
hold. Then

(i) for any n € Xo, the initial value problem (Il) with the initial condition
X(0) = n has a unique global solution on the whole interval [0, c0)
denoted by ¢(-,n);

(ii) on any bounded time interval [0, 7], where T > 0, the solution ¢(-,n)
depends continuously on 7, i.e.

lim sup |l¢(t,¢) — @(tn)|lms = 0.
(= tel0,T]

Our next result is to establish a lower bound on the asymptotic separation
between two distinct solutions of ().

Theorem 2. Let n,( € Xy such that 1 # (. Then, for any € > 0,

. l-a
limsup t72 ¢||lo(t,n) — @(t, () |lms = 00

t—o00

Finally, we give an application of the main results concerning the mean
square Lyapunov exponent of non-trivial solutions to a bounded bilinear
Caputo FSDE. To formulate this result, we consider the following equation

dWw; (3)

“Dfa(t) = A(t)a(t) + B(t)a(t)—,



where A, B : [0,00) — R4 are measurable and essentially bounded, i.e.

esssup [[A(t)]|, esssup [ B(t)]| < oo.
te[0,00) te(0,00)

By virtue of Theorem [I], for each n € Xy \ {0}, there exists a unique the
solution of (3], denoted by ®(-,n), satisfying the initial condition X (0) = .
The mean square Lyapunov exponent of ®(-,n) is defined by

. 1
Ams(@(-,m)) = hmsupglogH(I)(t,n)Hms, (4)
t—o0

see e.g. [7]. In the following corollary, we show the non-negativity of the
mean square Lyapunov exponent of an arbitrary non-trivial solution.

Corollary 3 (Non-negativity of mean square Lyapunov exponent for so-
lutions of linear Caputo fsde). The mean square Lyapunov exponent of a
nontrivial solution of (3]) is always non-negative, i.e.

)\ms(q)(’vn)) >0 for all ne %0 \ {0}

Proof. Let n € Xp \ {0} be arbitrary. Using Theorem 2], we obtain

lim suptlz‘;aaﬁﬂq)(ﬂ M |lms = 00,
t—o00

where € > 0 is arbitrary. Hence, there exists 7" > 0 such that
1@t ) |lms > ¢ () forallt > T,

which together with () implies that

Ams(®(+,m)) > lim sup % log (t_(%+€)) =0.

t—o0

3 Proof of the main results

3.1 Existence, uniqueness and continuity dependence on the
initial values of solutions

Our aim in this subsection is to prove the result on global existence, unique-
ness and continuity dependence on the initial values of solutions to the



equation (). In fact, in order to prove Theorem [I[i) it is equivalent to show
the existence and uniqueness solutions on an arbitrary interval [0, 7], where
T > 0 is arbitrary. In what follows we choose and fix a T' > 0 arbitrarily.

Let H2([0,T]) be the space of all the processes X which are measurable,
Fr-adapted, where Fr := {F; }icjo,7), and satisfies that

[ Xz := sup [|X(t)]|ms < oc.
0<t<T

Obviously, (H2([0,77]), || - |lm2) is a Banach space. For any n € Xo, we define
an operator T, : H*([0,77]) — H?([0, T]) by

160 = 1+ s ( [t mtuimemy s [ nrtotrn e d )
5)

The following lemma is devoted to showing that this operator is well-defined.

Lemma 4. For any 1 € Xy, the operator 7, is well-defined.

Proof. Let & € H?([0,T]) be arbitrary. From the definition of 7,¢ as in (&)
and the inequality ||z + vy + 2|2 < 3(||z]|? + ||y||®> + ||z||?) for all z,y,z € RY,
we have for all ¢ € [0, T

T2, < 3l + (| € - i o)

: ©)
W, )

[ =g ([ b yiier)
- k([ imempar). @

2 (|lb(r, €()) = b(r, 0)||* + [|b(r, 0)*)
2L2[I€(m)II* + 2b(r, 0) %

t

+ﬁ5E< 6[ (t—7)"o(r.&(r)d

By the Holder inequality, we obtain

0/ )21 (7, € (7)) dr

2

IN

From (H1), we derive

Ib(r, (7))

IN

IN



Therefore,

e([Imempiar) < 2w ([ lemiPar)+2 [ ool i

T
< 20T sup E(J€(0)]?) +2 / 1b(r, 02 dr
te[0,7 0

which together with (7)) implies that
2
2L2T2a 2T2a—1 T
E(‘ ) < €112+ /0 1b(7, 0)]|* dr.

- 2a—1 20 — 1
(8)
Now, using Ito’s isometry (see e.g. [9, p. 87] ), we obtain

/0 (t— 1) b (r,€ (v)) dr

2
2

E O/t(t — 7)o (r,&(7)dW.|| | = 12;3 </Ot(t - T)a_lffi(T,ﬁ(T))dWT>
_ 1<;dE </Ot(t _ 7)20‘_2|ai(7,£(7))|2d7->

t

_E / (t = 7)o (r,& (7)) 2dr.

0

From (H1), we also have

lo(7,€())II* < 2Ll + 2llo (7, 0] < 2L2[|€(7)II* + 2o (-, 0) 5.
Therefore, for all ¢ € [0,T] we have

2
L t
< 2I’E / (t— )22 ()P dr + 2o, 0% / (t— )22 g7
0 0
T2a—1 2T2a—1 9
8]

2
o (0.

/0 (t— 7)o (1, € (r))dW,

2172

IN

This together with (@) and (8) implies that ||7,{||y. < co. Hence, the map
T, is well-defined. O



To prove existence and uniqueness of solutions,we will show that the operator
T, defined as above is contractive under a suitable temporally weighted
norm (cf. [8, Remark 2.1] for the same method to prove the existence and
uniqueness of solutions of stochastic differential equations). Here, the weight
function is the Mittag-Leffler function Fs,_1(+) defined as:

Eoo-1(t) := kZ:;) T(@a k1) for all t € R.

For more details on the Mittag-Leffler functions we refer the reader to the
book [12, p. 16]. The following result is a technical lemma which is used
later to estimate the operator 7.

Lemma 5. For any o > % and v > 0, the following inequality holds:

t
Y 200—2 20—1 20—1
—_— t— FEoo_ dr < Egq_ t .
I‘(Za—l)/o( ) 2a 1(77' ) T = L2a 1(7 )

Proof. Let v > 0 be arbitrary. Consider the corresponding linear Caputo
fractional differential equation of the following form
CDgi_lzn(t) = yx(t). (9)

The Mittag-Leffler function Ea,_1(7t2*~1) is a solution of (), see e.g. [5
p. 135]. Hence, the following equality holds:

t
By (y20-1y — 1 v / t_ 2e2p 20-1y 4
2a—-1(VE") T2a 1) 0( 7) 20-1(Y7°"7) dr,

which completes the proof. O
We are now in a position to prove Theorem [I1

Proof of Theorem[1. Let T > 0 be arbitrary. Choose and fix a positive
constant ~ such that
3LA(T +1)I'(2a — 1)
I'(a)?

(10)
On the space H?([0,77), we define a weighted norm || - ||, as below

1] = sup | EUXOP)

T i i2a-1) for all X € H2([0,T]). 11
teo,] \| Faa—1(yt2071) ((0,77) (11)



Obviously, two norms |||z and |||, are equivalent. Thus, (H?([0,77), ||-|l1)
is also a Banach space.

(i) Choose and fix n € Xy. By virtue of Lemma @], the operator 7, is well-
defined. We will prove that the map 7, is contractive with respect to the
norm || - [|5.

For this purpose, let {,{A € H?([0,T]) be arbitrary. From (B) and the in-
equality ||z +y||2 < 2(]|z||? + [Jy||?) for all z,y € R?, we derive the following
inequalities for all ¢t € [0, T:

e ([rew-néa|)

2

2 / a—1 —~
= r(a)2E O/(t_T) (b(m,& () —b(r,£(t)))dr
¢ 2
2 a—1 —~
+r(a)2 0/ t—7)*" (o (1, () — a(r,E (1)) dW.

Using the Holder inequality and (H1), we obtain

t 2
/ b(r,& (1)) — b(r, € (7)) dr
0
< I / (t — ) 2E (¢ (r) — E()]]) dr
0
On the other hand, by Ito’s isometry and (H1), we have
t 2
/ (7, € (7)) = o (1, (7)) W
0

= — 22 (1,6 (1)) — o(r, E()| dr
—E/O(t ) o (7,6(7)) —o(m, E ()] d

IN

2 /0 (t — )22 2E(|¢ (r) — £ dr



Thus, for all ¢ € [0,7] we have

~ 12 2L2(t+1) [ o N
B(|neo-ngn]) < Zooe? [ e-nm e - € an
which together with the definition of | - ||, as in (IIJ) implies that

~ 2
E (HT’?§ () - Tng(t)H > 2L2(t+ 1) [y (t — 1) 2 Bpq1(yr2* V) dr o

< 1€=¢15-

Eoo—1 (22 1) - N(a)? Eq-1(yt?71)
In light of Lemma [5, we have for all ¢ € [0, T]

£ (HTng () - T”at)u2> _ 2Q2a - HIXT +1)
Epa1(y1%71) - [(a)?y

Consequently,

e — €]12.

9T (20 — 1)L2(T + 1)
T'(a)?y '

By (I0), we have x < 1 and therefore the operator 7, is a contractive map
on (H?([0,71),] - |l4). Using the Banach fixed point theorem, there exists
a unique fixed point of this map in H2([0,77]). This fixed point is also the
unique solution of (IJ) with the initial condition X (0) = n. The proof of this
part is complete.

1T€ — Tna‘v < K[I€ ~ EH’Y? where k := \/

(ii) Choose and fix T' > 0 and 1, ¢ € Xg. Since ¢(+,n) and ¢(+, () are solutions
of () it follows that

o(t,n) —et,)=n—-¢ + —F(l(l) /0 (t — T)a—l(b(T, o(1,n)) = b(r, (1, ¢))) dr
1 t o
+ P(Oé) /0 (t — T) 1(0(77 (;0(7', T])) — O'(T, QO(T7 C))) dW‘r

Hence, using the inequality ||z +y + 2|2 < 3(||=|> + |lyl|* + ||z[|?) for all
r,y,2z € R% (H1), the Hélder inequality and Ito’s isometry (see Part (i)),
we obtain

2 t
E (ot - ot OF) < 2L [ 2R (lotrn) - plr.OIP) dr
F(a) 0
L3E(In — ¢IP).

10



By definition of || - ||, we have
E (le(t.n) — et OI°)  _ 3LAt+1) fot = 7)** *Baas(yr* ") dr
Eoa-1(y1?*7) - Da)p Eaa-1(y1?*7)
le(-m) =@ Ol + 3E(lIn — ¢I%).

By virtue of Lemma [5] we have

3LA(T +1)I'(2a — 1)
2

(o) le(n) = (-, OII2 +3ln — ¢l

leCm) = (Ol <

Thus, by (I0) we have
<1 3L (T +1)T (20— 1)

) loCom) — ol OI2 < 3lln — ¢[%.

T (@)?
Hence,
%erétesfé%} lle(t,n) = @(t; ¢)llms = 0.
The proof is complete. O

We conclude this section with a discussion on the gap in the proof of global
existence of solutions for Caputo fractional stochastic differential equation
in [15].

Remark 6. For a € (%, 1), we consider a Caputo fractional stochastic differ-
ential equation on a Banach space X of the following form

dWy

dt’
wheret € (0,71, b,o : [0, T]xL2(£; X) — L2(Q; X) are measurable functions
satisfying the following conditions:

CDg a(t) = b(t,x(t)) + o(t,z(t)) (12)

(i) there exists a constant L > 0 such that for all ¢ € [0,7] and z,y € L2
E(|lo(t, ) = b(t,)[?) + E(llo(t,2) — o(t,y)|*) < LE(||z — y|I*);

(ii) the functions b, o are bounded, i.e. for some z¢ € L?(Q; X) and b > 0,
there exists a constant M > 0 such that

E([lb(t,2)lI*) < M2, E(|lo(t,2)]*) < M?

for all (t,z) € Ry := {(t,z) : 0 <t < T,E(||]x — x0||?) < b%}.

11



Using a similar approach as in [3] [6], the authors in [I5] have proven the
existence and uniqueness of local solutions on a small interval [0, 73], where
Ty is a parameter depending on b defined as in [I5, Theorem 3.3, p. 209].
Conerning the global existence of solutions, the authors used the method
of successive approximation, see [I5, Theorem 3.4, p. 209]. However, this
method seems not applicable to fractional stochastic differential equations.
More precisely, by the history-dependence of solutions to fractional differ-
ential equations, the solutions of the problem

Dox(t) =b(t,x(t)) +olt,x(t)De,  te [T* T +9),
z(T*) =az* € L?()X),

and of the problem

Dox(t) =b(t,a(t)) +o(t,z(t) D, te€[0,T*+9),
2(0) =m0 € L2(Q;X)

are not the same by using a shift of the time.

3.2 A lower bound on the asymptotic separation of two dis-
tinct solutions

Proof of Theorem[2. Suppose a contradiction, i.e. there exists a positive
constant A\ > 12_—°‘a such that

limsup t*j(t,n) — (t, ¢)lms < o, (13)

t—o00

for some n,( € Xp, n # (. Then, there exist constants T > 0 and K > 0
such that
lo(t. ) — ot Ollfs < Kt forall t > T. (14)

From (@) and the inequality ||z + y + z||* < 3(||z]|* + [|y[|* + ||2]|?) for all
z,y,z € R%, we have

2

3
I =<l < Bllott.m) — o O + g

/O (t = 1) (b o) — b p(7. ) dr

/0 (t — 1) Vo (r,n) — o (7,)) AW,

3 2

" T2

12



Taking the expectation of both sides and using the Ito’s isometry, (H1), we
obtain

In—Cllzs < 3E(le(t.n) — ot )7

3L ' a—1 — (T T
rolm ([ et — ot Ol o

312

T(ay /0 (t = 72 2p(r,m) — (7, Q)lI2s dr.

2

From ([4), we derive that lim;— E(|¢(t,1n) — ¢(¢,¢)||?) = 0. Hence, to
derive a contradiction and therefore to complete the proof it is sufficient to
show that

2

lim 11(6) =0, where (1) = E ( [ =t - o0l df)
(15)
and

t—o00

t
lim I5(t) =0, where I5(t) ::/(t—T)Za_2||g0(T,77)—<p(7',C)H?ms 7. (16)
0
To prove (I5), choose and fix § € ($,152). Note that the existence of

such a & comes from the fact that § < 152 (equivalently, A > £%). For
t > max{T"/9 1}, we have

L) < 2E </
0

+28 ([ 6= 7 et - o)) )

(t—1)*Me(r,n) — (1, Q) dT)

2

Using the Holder inequality, we obtain
9 I
n < 2 /O (t— 722 dr /0 lo(r,n) — o(r, Ol dr
t t
w2 [ e=rtar [ letrm = e Ol o

Since

td - n t . (t . t5)2a—1
t—7)* % dr < —— t—7) 0 dr < ——
/0 (t=7) = (t—t5)2_20“/ta( 7) T="9a-1

13



it follows together with (I4)) that

L < 2% supyso (T, m) = (7, Ollms 2K (t —0)21 [t ) i
it = (t — 9)2—2a 2% — 1 P
2t% SupP¢>o llo(m,m) — @(7,¢)l|lms 2K (t — t5)2a
— (t _ t6)2—2a (2a _ 1)t26)\ :

By definition of §, we have 2§ < 2— 2« and 2a < 26\. Hence, letting t — oo
in the preceding inequality yields that lim; . I1(¢) = 0 and thus (I5) is
proved. Concerning the assertion (I6), let ¢ > T be arbitrary. By (I4)), we
have

T
B < [ = 2l - ol Ol dr 4 K [ 6= 77
0
= %supl!s@(nn) o(m Ol +K/ )22 ar
(t—=T)>7%* >0
Therefore,
t
limsup I»(¢t) < K lim Sup/ (t —7)2 2= g, (17)
t—o0 t—o0 T

Note that for ¢ > 2T we have

t

t
/ (t — 1) 2P dr = /2 (t — )2 2072 dr 4
T

T
92-2a 3 o N\ gt _—
< —t2—2°‘/T r d¢+<§> [ @-rptar

2

t
(t— 7')2‘”_27'_2)‘ dr

o

92—2a7—22+1 1 £ 212X
< —
S @ DE a1 <2> !
which together with (IT) and the fact that o € (%, 1) JA > 12__0; > a — %,
implies that lim;_,o I2(t) = 0. The proof is complete. O
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